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ABSTRACT
Staphylococcus aureus is a major opportunistic human pathogen, commonly

found in the nose and on the skin of healthy individuals. S. aureus can cause a

broad spectrum of diseases, ranging from minor skin infections to life

threatening sepsis and necrotising pneumonia. First reported in Australia in

2004, Clonal complex 75 (CC75), defined by multilocus sequence typing (MLST),
is highly divergent from S. aureus at each MLST locus, and is believed to be a

novel lineage of S. aureus. CC75 is common in tropical northern Australia where
it is associated with skin lesions in the Indigenous population, although CC75

has also been reported elsewhere in the Asia Pacific region and South America.
This thesis presents the characterisation of CC75 with the following aims: (i)

determining the evolutionary position of CC75 within the genus Staphylococcus;

(ii) investigating the resolving power of high-resolution melt (HRM) analysis for

rapid screening to identify new CC75 MLST alleles; and (iii) investigating
whether saturating dyes such as LCGreen+ are superior to non-saturating dyes

such as SYBR Green for the discrimination of sequence variants utilising HRM

analysis. Major findings from this thesis are: (i) the striking divergence in the

multilocus sequence analysis (MLSA) and MLST housekeeping genes within the

core genome between CC75 and S. aureus and the phenotypic characteristic
lacking staphyloxanthin, responsible for the golden colour pigment in S. aureus,
support CC75 to be a different species from S. aureus (CHAPTER 2); (ii) HRM

using SYBR Green in full length MLST amplicons reliably discriminates CC75

MLST alleles at only two (tpi and gmk) out of seven loci (CHAPTER 3); (iii) the

robustness of PCR (as measured by CT values) correlates inversely with the

reproducibility of HRM curves (as measured by the variation of Tm values)
(CHAPTER 3); (iv) HRM using SYBR Green on full length MLST amplicons lacks

the resolving power to detect new CC75 MLST alleles (CHAPTER 4); and (v)

saturating dyes such as LCGreen+ are not necessarily superior to non-saturating
dyes such as SYBR Green for the discrimination of sequence variants (CHAPTER

5). In the presence of LCGreen+ at low MgCl2 concentration (2mM), HRM is

confounded by an inverse correlation between DNA concentration and Tm. This
ii

effect is eliminated when the MgCl2 concentration is increased to 6mM

(CHAPTER 5).
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CHAPTER 1
LITERATURE REVIEW

CHAPTER 1 : Literature Review

1.1 Staphylococcus aureus
1.1.1 General characteristics
Staphylococcus was discovered in the 1880s by a Scottish surgeon, Sir Alexander
Ogston (1881). Ogston reported that the bacterium was responsible for causing

certain pyogenic abscesses in humans. Under the microscope, the bacterium
appeared grape-like clusters of round cells. Ogston named the bacterium

“staphylococcus”, derived from the Greek nouns staphyle (a bunch of grapes)

and coccus (a grain or berry). In 1884, German physician and microbiologist,
Friedrich Julius Rosenbach, isolated the major human pathogen in pure culture

and proposed the species name Staphylococcus aureus based on the
characteristic carotenoid pigmentation of the colonies, staphyloxanthin,
(Rosenbach, 1884), with “aureus” defined as golden in Latin.

Staphylococcus aureus has been established as a Gram-positive coccus, usually

arranged in the form of clusters. S. aureus is a non-motile, non-spore-forming

facultative anaerobe, which ferments glucose to produce mainly lactic acid and

ferments mannitol (Todar 2008). S. aureus produces catalase and coagulases.

S. aureus grows well under high osmotic pressure and low moisture conditions
(Tortora et al., 2006). This assists the bacterium to survive and grow in the
anterior nasal passages and on the skin of humans and animals, in some food

such as processed meat (Todar 2008), and on environmental surfaces in varying

conditions (Lowy, 1998). Since its discovery, S. aureus has been long recognised
as a pathogenic Gram-positive bacterium that causes a broad spectrum of
diseases, ranging from minor localised skin infections to more serious

conditions including post-operative wound infections, bacteraemia and
necrotising pneumonia (Chambers, 2005; Deurenberg et al., 2007).
1

Humans are a natural reservoir for S. aureus, and asymptomatic colonisation is
more common than infection. Approximately 25-50% of healthy humans are
potentially being colonised with S. aureus (Lowy, 2011), with 20-30%

persistently colonised in the nose, and 60% intermittently carrying the

bacterium (Kluytmans et al., 1997). Colonisation is generally not a problem for
most healthy individuals. However, once S. aureus breaches the skin
membranes, the bacterium can cause infection in any tissues in the body
(Chambers, 2001; Lindsay and Holden, 2006). Higher infection rates are

common among immuno-compromised individuals, particularly hospitalised
patients with frequent cathether insertions and injections (Lowy, 2011).
Infections range from minor localised skin infections including boils to lifethreatening diseases such as bacteraemia and necrotising pneumonia.

1.1.2 General characteristics of the genome

The advent of technological advances, particularly whole genome sequencing
and molecular typing has enabled us to gain a better understanding as to how

bacteria evolve, and to associate dominant clones with pathogenic

characteristics. In 2009, 15 annotated whole genome sequences of S. aureus
were published (Johnson et al., 2001; Kuroda et al., 2001; Baba et al., 2002;

McDougal et al., 2003; Holden et al., 2004; Gill et al., 2005; Lindsay, 2008;

Lindsay, 2010). These genomes were representative S. aureus isolates primarily
selected on the basis of their known pathogenicity, in addition to differing

antibiotic resistance profiles and environmental source. To date (as of 4th of

February, 2013), more than 600 S. aureus genomes are available in the public
domain (http://www.ebi.ac.uk/genomes/bacteria.html).

The S. aureus genome is comprised of a single circular chromosome of
approximately 2.8 megabase pairs (Mbps) in size, containing approximately

2,700 coding sequences (CDS) and sometimes one or more plasmids, with a G+C
content of approximately 33% (http://www.ebi.ac.uk/genomes/bacteria.html).
2

The comparison of the available S. aureus genomes has revealed a well

conserved overall structure. The genome is made up of two major components:
(i) the conserved core genome, which is present in all isolates; and (ii) the

variable or accessory genome, which is only found in certain isolates
(Figure 1.1).

A large proportion of the core genome, referred to as the core genes, are highly

conserved and found in approximately 90% of S. aureus isolates (Lindsay,

2008). These core genes typically encode proteins that are essential for growth
and survival of the microorganism, such as the housekeeping genes. The core

genome can be regarded as the “backbone”, and can be a useful tool for tracking

the evolution of the most recent ancestor of bacterial isolates (Sarkar and

Guttman, 2004). Approximately 18% of the core genes are involved in metabolic

pathways, 9% are in involved in multiple transport systems, 6% in RNA

synthesis, 5% in regulation processes, and 4% are involved in protein synthesis
(Kuroda et al., 2001; Lindsay, 2008).

Unlike the core genome, the accessory genome is highly diverse owing to high

rates of horizontal gene transfer (HGT) of mobile elements. As a result, the

accessory genome accounts for most of the genetic variation within the species
(Feng et al., 2008). The accessory genome consists of genes of which their

functions are not known to date are as follows: (i) virulence; (ii) drug and metal

resistance; (iii) metabolism; (iv) genomic islands such as vSAα and vSAβ; (v)

mobile genetic elements (MGEs) such as bacteriophages, staphylococcal cassette

chromosomes (SCCs), pathogenicity islands (SaPIs), plasmids, and transposons
(Lindsay, 2010). These “accessory” genes typically encode proteins for the

adaptation to specific hosts, niches, or environments. Approximately 38% of the

accessory genes have no function assigned to them, such as hypothetical
proteins and membrane proteins (Lindsay, 2008; Castillo-Ramírez et al., 2011).
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Figure 1.1: Circular diagram of the S. aureus MRSA252 genome.
MRSA252 is a representative isolate of the epidemic methicillin-resistant S. aureus

(EMRSA-16) lineage in UK hospitals belonging to ST36 by multilocus sequence typing

(MLST) (further details in Section 1.3.1). Key for the circular diagram: scale (in Mb);

annotated CDSs coloured according to predicted function represented on a pair of
concentric circles, representing both coding strands; orthologue matches shared with other
sequenced S. aureus strains (blue): N315, Mu50, MW2, MSSA476, COL, RF122,
USA300_FPR3757, NCTC8325 and JH9; S. epidermidis RP6a (purple); %G+C plot; GC skew

plot (>0% olive, <0% purple). Colour coding for CDS functions: dark blue,
pathogenicity/adaptation; black, energy metabolism; red, information transfer; dark green,

surface associated; cyan, degradation of large molecules; magenta, degradation of small

molecules; yellow, central/intermediary metabolism; pale green, unknown; pale blue,

regulators; orange, conserved hypothetical; brown, pseudogenes; pink, phage and insertion
sequence elements; gray, miscellaneous (Reproduced from Lindsay, 2008).
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1.1.3 Population structure

Before the advent and increasing affordability of whole genome sequencing,
bacteriophage typing was firstly used to depict the population structure of

S. aureus in the 1950’s (Rountree and Beard, 1958). Other typing techniques
that are more commonly used to date include pulsed-field gel electrophoresis
(PFGE), multilocus sequence typing (MLST), spa typing and multilocus variable

number tandem repeat analysis (MLVA). Each of these typing techniques will be
further discussed in Section 1.3 under molecular typing methods for S. aureus.

The population structure of a bacterial species can be better understood by

determining the genetic variation between strains based on the nucleotide
sequence data from multiple (housekeeping) genes of its conserved core

genome (Lindsay, 2010). By determining the genetic variation between strains,

the different lineages of S. aureus could be identified. In S. aureus, approximately
ten dominant lineages in humans and multiple minor lineages make up the

bacterial’s populations. The dominant S. aureus lineages in humans are

commonly identified based on their clonal complexes (CCs) defined by MLST, as
well as by spa typing, SCCmec typing and DNA microarray analysis (Lindsay,

2010; Willems et al., 2011). The dominant S. aureus lineages are CC1, CC5, CC8,

CC12, CC15, CC22, CC25, CC30, CC45 and CC51, while the minor lineages include

CC59, CC80, CC121, CC152 and CC239. Several groups have demonstrated the

association between the different S. aureus lineages (i.e. carriage isolates versus
disease-causing isolates and methicillin-sensitive versus methicillin-resistant
isolates) with different geographical regions (Cockfield et al., 2007; Ruimy et al.,
2008; Ruimy et al., 2009; Grundmann et al., 2010; Ruimy et al., 2010). The

correlation between the different lineages with geographical distributions of

isolates was further supported by a recent study conducted by Monecke and
colleagues (2011) using microarray analysis. Over 3,000 clinical and veterinary

isolates obtained from 11 countries were assigned to 34 distinct ST lineages
(Figure 1.2). The results obtained from microarray analysis were in

concordance with MLST analysis.
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Next, the extent of recombination within a bacterial population needs to be

determined to gain a better understanding of the evolution of the bacteria over
both short-term and long-term periods. In the case of S. aureus, this leads to a

considerable degree of insights into understanding why certain strains,
particularly methicillin-resistant S. aureus (MRSA) (further discussed in
Section 1.2), disseminate successfully worldwide and yet only a few clones
were responsible for severe infections.

As emphasised by Giffard (2010), the impact of recombination on population
structures remains debatable. Phylogenetic trees of evolutionary markers such

as the rRNA genes may only represent the phylogeny of the rRNA genes. If the
overall population structure is determined solely based on the rRNA genes, it

may mask the phylogeny of the whole genome and disrupt the clonal population
structures of the bacterial species (Spratt and Maiden, 1999; Giffard, 2010).

Therefore, the choice of genes for analysing bacterial population structures is

important to ensure the genetic variation within the population is neutral

(Selander et al., 1987). Ideally, genes encoding enzymes involved in essential
metabolic processes, known as housekeeping genes, are used because they are
expected to evolve at a slow and constant rate (Spratt, 2004).
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Figure 1.2: Network graph showing the relationships between the 34 distinct lineages defined by MLST and geographical distributions.
Asterisks in red represent multiple countries (Adapted from Monecke et al., 2011).

Recent rapid advances in nucleotide sequencing technology (next-generation

sequencing) and novel analytical techniques have simplified the assessment of
the genetic relatedness between isolates and the extent of recombination within

bacterial populations and its consequences. MLST is the most commonly used
microbial typing method for inferring population structure and history of

recombination. This method involves PCR amplification and subsequent
nucleotide sequencing of approximately 450 bp internal fragments of seven

conserved housekeeping genes (Section 1.3.1). The relative contribution of
recombination compared with point mutation to clonal diversification can be

estimated from MLST data (Feil et al., 2000; Spratt, 2004). It is possible to
estimate whether the variant allele in each SLV arises from its ancestral allele by

recombination or by point mutation in a bacterial species. Recombination
usually introduces multiple nucleotide changes, whereas point mutation

introduces only a single nucleotide change and the resulting allele will most
likely be novel (Feil et al., 2001).

Staphylococcus aureus was one of the first species which was extensively
studied via MLST. Feil and colleagues (2003) showed that recombination is less
frequent in S. aureus compared with other bacterial species with higher
recombination rates such as Neiserria meningitidis (Enright and Spratt, 1999)
and Streptococcus pneumoniae (Feil et al., 2000). Approximately 90% of the

SLVs possess unique alleles, suggesting that they are formed by point mutation,
whereas approximately 10% of the SLVs are formed by recombination (Giffard,

2010). The population snapshot constructed using eBURST shows that S. aureus
is a clonal bacterium (Enright et al., 2000; Grundmann et al., 2002; Feil et al.,

2003), with large CCs composed of progenitors (central genotypes) and

substantial numbers of variant alleles in SLVs (Feil et al., 2004) (see

Section 1.3.1). Despite the vast majority of S. aureus clonal variants arise by

point mutation, recombination is frequent enough to have a substantial impact
on the population structure (Feil et al., 2003; Lindsay and Holden, 2006). The

phylogenetic trees constructed from the different MLST loci provided evidence
that recombination occurred, particularly at the arcC locus. The non-congruent
8

tree at the arcC locus suggests that recombination may have contributed to the
evolution of S. aureus over the longer term (Feil et al., 2003).

Apart from the genes that are necessary for growth and survival in the core

genome, the genes encoding virulence and resistance located on mobile genetic
elements in the accessory genome of S. aureus can be transferred horizontally

between species. MRSA isolates are present in most of the major CCs, as well as
within minor CCs and singletons (genotypes which do not correspond to any

CC) (Giffard, 2010). This suggests that the mobile genetic element, SCCmec, has

either been acquired on multiple separate occasions or it has been horizontally
transferred within S. aureus strains.

A paper reviewed by (Deurenberg and Stobberingh, 2008) described the two

possible theories to establish the relationship between the first and the various,

current MRSA clones. The first theory, called the single-clone theory, is

proposed by Kreiswirth and colleagues (1993), suggesting that the various
MRSA clones shared a common ancestor which have acquired SCCmec only

once. The single-clone theory also suggests that the development of SCCmec
types I-V is through mutations over time. The second theory, called the multiclone theory is proposed by Musser and colleagues (1992) that SCCmec was

introduced several times into S. aureus strains with different genetic
backgrounds. The multi-clone theory is further supported by several studies
(Enright et al., 2002; Deurenberg and Stobberingh, 2008). A major finding of

Enright’s study (2002) was that 11 major MRSA clones corresponding to five
CCs were identified. 281 MRSA isolates with the same ST (Section 1.3.1) carry

different SCCmec types, which presumably had been acquired on multiple

occasions. This suggests that horizontal gene transfer of the mec genes might

occur, which further supports the multi-clone theory (Enright et al., 2002).

The development of next-generation deep sequencing over the last five years

has advantages over MLST. The substantial reduction in cost and the production

of large volumes of sequence data with next-generation sequencing appear to be
9

more attractive than characterising strains based on seven housekeeping MLST
genes. To date, more than 500 complete genome sequence data sets of S. aureus
are available (http://www.ebi.ac.uk/genomes/bacteria.html). The abundance of

whole genome sequence data of S. aureus enabled the examination of genetic
variation and evolutionary changes that define closely related strains. While

whole genome sequencing might potentially overtake and outweigh MLST and
other typing techniques which focus on only a number of genes, MLST might

still be a valuable microbial typing tool for inferring phylogenetic relationships
between strains for another few years before it is made redundant.

1.2 Clinical impact
Australia, in particular, has played a significant role in the epidemiology of

S. aureus. In 1952, a pandemic clone of penicillin-resistant S. aureus, referred to
as “phage type 80/81” based on its bacteriophage susceptibility pattern, was
first isolated from neonatal infections in eastern Australia (Isbister et al., 1954).

By 1957, the phage type 80/81 subsequently spread to USA and the UK and
became responsible for almost all the outbreaks in hospitals as well as
community (Williams, 1959). In the 1960s, the incidence of phage type 80/81

began decreasing with the introduction of methicillin, but only to be replaced by
the rise of methicillin-resistant S. aureus (MRSA).

The first report of MRSA was from the UK in 1961, two years after methicillin

came into clinical use (Jevons, 1961). The MRSA strain COL was one of the

earliest hospital-acquired methicillin-resistant S. aureus (HA-MRSA) strains,

referred to as the “archaic clone”, isolated from a patient in Colindale in the UK
in 1960. The archaic clone harboured a mobile genetic element termed
staphylococcal cassette chromosome mec (SCCmec), SCCmecI (Jevons, 1961).

The archaic clone began spreading to other European countries soon after its

isolation in 1960, and eventually disseminated worldwide (Barrett et al., 1968;
Rountree and Beard, 1968; Hiramatsu, 1995). By the 1980s, the archaic clone
had significantly receded, having been overtaken by other new, highly

successful HA-MRSA strains such as the New York/Japan and Hungarian clones.
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The New York/Japan and Hungarian clones carried novel SCCmec types,

SCCmecII and SCCmecIII respectively, which marked a new pandemic wave.

Since then, MRSA has been regarded as a major cause of nosocomial infections
worldwide, particularly in healthcare facilities (Grundmann et al., 2006). The

emergence of gentamicin-resistant MRSA was first noted in eastern Australia in

1976 (Perceval et al., 1976), and eventually disseminated to other countries

including the USA, Ireland and the UK in the 1980s (Boyce and Causey, 1982;

Boyce et al., 1983; Keane and Cafferkey, 1984; Duckworth et al., 1988). There

were increasing concerns when multidrug-resistant MRSA was first noted in the

state of Victoria in the early 1980s in Australia, (Harvey and Pavillard, 1982;

Pavillard et al., 1982). Multidrug-resistant HA-MRSA soon became endemic in
eastern Australian hospitals in the late 1980s and 1990s, and spread to other

parts of Australia (Turnidge et al., 1989; Nimmo et al., 2003). Due to the MRSA

policy implementation in Western Australia, in which MRSA screening is
required for anyone who had been hospitalised or had been a healthcare
employee outside of Western Australia for the past 12 months, these multidrug-

resistant HA-MRSA strains were not established in Western Australian hospitals

(Turnidge et al., 1989; Nimmo et al., 2003). However, these strains subsequently

spread to the UK, leading to worldwide pandemics of HA-MRSA (Cookson and

Phillips, 1988).

A rise in incidents of HA-MRSA infections led to the increased use of the

glycopeptide antibiotic, vancomycin. However, to the dismay of both clinicians
and microbiologists, the increased use of vancomycin resulted in the emergence
of

vancomycin-intermediate-S.

aureus

(VISA)

strains,

with

reduced

susceptibility towards vancomycin. VISA is defined as S. aureus which has

intermediate

sensitivity

to

vancomycin

with

a

Minimum

Inhibitory

Concentration (MIC)=4-8 µg/mL according to the Clinical and Laboratory

Standards Institute (CLSI, formerly known as NCCLS). VISA was first noted in
Japan in the late 1990s (Hiramatsu et al., 1997), followed by vancomycin-

resistant-S. aureus (VRSA) strains which was first noted in Michigan in 2002

(CDC, 2002a, b; Chang et al., 2003; Weigel et al., 2003). VRSA is defined as

S. aureus resistant to vancomycin with a Minimum Inhibitory Concentration
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(MIC)≥16 µg/mL according to the Clinical and Laboratory Standards Institute
(CLSI, formerly known as NCCLS).

Despite being regarded as a nosocomial pathogen, there has been increasing

reports of MRSA infections acquired within the community over the last decade

(Deurenberg and Stobberingh, 2008). The emergence of community-acquired

methicillin-resistant S. aureus (CA-MRSA) has been documented not only in the
community setting, but also in healthcare facilities worldwide. One of the

earliest cases of CA-MRSA was noticed in Indigenous populations in remote
Western Australia in the early 1990s (Udo et al., 1993; Coombs et al., 2004;

O'Brien et al., 2004). It became evident that MRSA was increasingly isolated
from patients in remote communities without known risk factors for developing
MRSA, with the first cases reported in the Kimberley, the northern region of
Western Australia (O'Brien et al., 1999). These CA-MRSA strains were known as

“WA-MRSA”, as they were distinct from the multidrug-resistant HA-MRSA
strains based on the PFGE profiles. Although WA-MRSA strains was not

associated with hospital infections, one strain was responsible for an outbreak

in a hospital in Perth in the mid 1990s (O'Brien et al., 1999). This strain, known

as MRSA-WA95/1, failed to be discriminated from the predominant CA-MRSA
strains using five typing methods (O'Brien et al., 1999). Subsequently, a second

strain, known as the WA-MRSA-7 or Queensland MRSA, was reported in
CA-MRSA infections among Caucasian populations in Queensland (Munckhof et

al., 2003). Reports of genetically distinct strains of CA-MRSA from other remote

regions within Australia have since been recorded (Maguire et al., 1998;

Munckhof et al., 2003; Munckhof et al., 2009). The emergence of CA-MRSA
infections were also documented in northern America among the rural

Indigenous populations (Groom et al., 2001; Baggett et al., 2003), and in other

countries including Taiwan (Boyle-Vavra et al., 2005), Belgium, Germany and

the Netherlands (Deurenberg et al., 2005).

In general, CA-MRSA infections were isolated from healthy individuals

(asymptomatic carriers) with skin and soft tissue infections, but without any
known risk factors for MRSA infections. However, invasive infections such as
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bacteraemia and necrotising pneumonia have also been reported with CA-MRSA

infections (Labandeira-Rey et al., 2007; Campanile et al., 2010). Most CA-MRSA

cases were reported from Indigenous populations (O'Brien et al., 1999; Baggett

et al., 2004), men who had sex with men (Diep et al., 2008), prisoners and
military personnel (Aiello et al., 2006), athletes (CDC, 2003; Beam and Buckley,

2006), and children in child-care centres (Shahin et al., 1999). The common risk

factors proposed to contribute to the emergence of CA-MRSA in Australian
Indigenous and American Indian communities are poor hygience, over-crowded

living conditions, high rates of skin infections and exposure to antibiotics
(Currie and Carapetis, 2000; Groom et al., 2001; Bailie et al., 2005).

Several studies have provided strong evidence for the association between
community-acquired strains of S. aureus with the Panton-Valentine leukocidin

(PVL) toxin (Lina et al., 1999; Gillet et al., 2002; Vandenesch et al., 2003; Miller
et al., 2005). However, there is controversy among several other research

groups as conflicting results were obtained, in which PVL may not necessarily

contribute to the virulence of S. aureus (Voyich et al., 2006; Ellington et al.,

2007; Tong et al., 2010a; Boakes et al., 2012). Additionally, PVL may also be

present in hospital-acquired strains in S. aureus (Rossney et al., 2007; Boakes et

al., 2012).

The Australian Group for Antimicrobial Resistance (AGAR) 2006 S. aureus

surveillance program reported an increase of MRSA infections from 10.3% in
2000 to 16% in 2006 (Coombs et al., 2009). The increase in MRSA incidences in
Australia is due to the emergence of CA-MRSA and over 50% of CA-MRSA

infections are PVL positive. The 2010 surveillance program (SAP2010) in

Australia reported an increase of CA-MRSA incidences from 6.6% in 2000 to

11.6% in 2010, and a reduction of HA-MRSA incidences from 6.7% in 2008 to
5.9% in 2010 (Coombs et al., 2012). 62.5% of CA-MRSA infections were PVL

positive, recording a 21% increase compared to the 2006 survey. The increase
in PVL-positive MRSA in Australia is due to the spread of the Queensland clone
(ST93) the introduction of multiple international CA-MRSA clones.
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The emergence of antibiotic resistance and the transfer of mobile genetic
elements (MGE) contributing to virulence and pathogenicity in S. aureus has

further compromised the effectiveness of existing drug treatments for S. aureus
infections. The reduction in the efficacy of β-lactam antibiotics since their first
introduction into clinical use is particularly worrying. The choice of

antimicrobial agents to treat S. aureus infections has become increasingly

problematic with the increasing prevalence of multidrug-resistant strains. In

Australia, first generation cephalosporins, clindamycin, lincomycin and
erythromycin are commonly used to treat less severe MSSA infections, while

flucloxacillin and dicloxacillin (penicillinase-resistant penicillins) remain the

most effective choice of antibiotics to treat serious methicillin-sensitive
S. aureus (MSSA) infections (Rayner and Munckhof, 2005). A combination of two

antibiotics, such as rifampicin and fusidic acid are useful to treat HA-MRSA
which are generally multi-resistant. For most CA-MRSA which are non multi-

resistant, cotrimoxazole remains the antibiotic of choice (Rayner and Munckhof,

2005). Vancomycin and teicoplanin are generally used to treat serious MRSA
infections, but newer antibiotics such as linezolid, tigecycline, ceftaroline,
daptomycin and telavancin serve as alternatives for patients who fail on
conventional therapy (Tong et al., 2012).

The majority of the publications have a strong emphasis on MRSA and

unfortunately, very little focus on MSSA. This is mainly because MSSA infections
are generally easier to treat compared to MRSA infections which poses more

serious threats clinically and in the community. Nevertheless, S. aureus remains
a serious public health burden. Since the last decade, global efforts to minimise
incidences of healthcare-acquired staphylococcal infections have recently
achieved some success. Interventions, such as nasal decolonisation, were shown

to be effective at reducing S. aureus bacteraemia cases in dialysis patients
(Tacconelli et al., 2003), and post-operative wound infections (Walsh et al.,
2011) in the USA. In Europe, several research groups reported a reduction in
MRSA infections with the introduction of decolonisation interventions (Vos et
al., 2009; Edgeworth, 2011). In Australia, hand hygiene resulted in marked
reductions in MRSA infections and bacteraemia cases on a statewide level
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(Grayson et al., 2008). Despite improvements in the reduction of healthcareacquire S. aureus infections, community-acquired S. aureus infections remain a

global problem (Ellis et al., 2007; Tong et al., 2008; Garza et al., 2009). Thus, it

remains a challenge to find interventions to combat S. aureus infections in the
community.

1.3 Molecular typing methods for S. aureus
Bacterial typing entails the usage of methods for differentiating strains of a
particular bacterial species from one another. Typing of S. aureus is generally

employed to either characterise outbreak strains or for small-scale
retrospective epidemiological studies (Weller, 2000; Trindade et al., 2003;

Vainio et al., 2008; Phuti et al., 2009; Rasschaert et al., 2009; Vindel et al., 2009).

Conventional typing methods are based on phenotypic differences between

strains, such as phage typing, biochemical tests and antiobiotic susceptibility
testing. Since the advent of molecular genotyping methods, conventional typing
methods have largely been replaced by genotyping methods. Genotyping

methods can be divided into two main cateogories, which are “band-based”, and
“sequence-based” (Deurenberg and Stobberingh, 2008).

There are several

genotyping methods currently used for S. aureus characterisation, and as such

only the most commonly used or pertinent methods in relation to this project
will be discussed in greater detail in Sections 1.3.1-1.3.5.

1.3.1 Multilocus sequence typing (MLST)
Multilocus sequence typing (MLST) is a sequence-based method which involves

polymerase chain reaction (PCR) amplification, followed by deoxyribonucleic
acid (DNA) sequencing of internal fragments of conserved housekeeping genes

of approximately 450 base pairs (bp) in length. Housekeeping genes are chosen

because they encode enzymes involved in essential metabolic processes, and
evolve at a slow and constant rate (Maiden, 2006). Seven loci are used for most

MLST schemes as this usually achieves sufficient resolution for characterization
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of species of interest. For each locus, an allele is assigned a distinct number in

the order of discovery. Each isolate is defined by a string of seven numbers
(allelic profile) which represents the combination of alleles of the seven loci.

The allelic profile of each isolate is given a distinct number referred to as a

“sequence type” (ST) (Enright et al., 2002).

MLST was first established in 1998 for the human pathogen Neisseria

meningitidis and has since gained acceptance as a universal and portable

method for characterizing bacteria (Maiden et al., 1998). Since then, MLST has
been applied to more than 60 bacterial species as well as five fungal species of

clinical and veterinary relevance, with 39 MLST schemes hosted at the
University of Oxford, UK (http://pubmlst.org), 27 at the Imperial College,

London, UK, (http://www.mlst.net), 4 at the Environment Research Institute,
University
and
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College
at

the

Cork,

Institut

Ireland

Pasteur,

(http://www.pasteur.fr/recherche/genopole/PF8/mlst/).

(http://mlst.ucc.ie/)
Paris,

France

The MLST database for S. aureus was established in 1999, in which clones of
MRSA and MSSA within 155 isolates recovered from patients with severe

hospital-acquired and community-acquired infections were typed using MLST

(Enright et al., 2000). To date (as of 11th of February, 2013), 2,442 STs and
between 198 (gmk) and 373 (aroE) alleles per MLST locus have been recorded
in the S. aureus MLST scheme (Table 1.1).

Table 1.1: The seven MLST housekeeping genes of Staphylococcus aureus.
No. of
Length of MLST
MLST locus Gene product
alleles
fragments (bp)
arcC
aroE
glpF
gmk
pta
tpi
yqiL

carbamate kinase

294

456

guanylate kinase

198

429

shikimate dehydrogenase

373

glycerol kinase

phosphate acetyltransferase
triosephosphate isomerase

acetyl coenzyme A acetyl transferase

16

321
285
283
298

456
465
474
402
516

The relationship of the STs within the population can be inferred by using the
“based upon related sequence types” (BURST) algorithm, which assigns groups
of related STs. STs sharing identical alleles at more than five or six of the loci are
grouped into central genotypes (progenitors), known as clonal complexes (CCs).

CCs are groups of closely related but non-identical isolates likely to arise from a

recent common ancestor. A refined version of the algorithm, eBURST, was

subsequently developed to manage large data sets (Feil et al., 2004). eBURST
defines a cluster of STs as CCs, where all STs within a CC are linked as single
locus variants (SLVs) to at least one other ST. SLVs and double locus variants
(DLVs) are STs that differ at one and two of the seven loci respectively, due to

point mutation or recombination (Feil et al., 2004). For each CC, eBURST

identifies the ST that is most likely to represent the founder, which is predicted

on the basis of parsimony as the ST that has the largest number of SLVs in the
CC. Patterns of descent of all STs within each CC from the primary founder can

be extracted from the eBURST output. The population snapshot of S. aureus
constructed by eBURST is illustrated in Figure 1.3.
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Figure 1.3: The population snapshot of S. aureus defined by eBURST (as of 13th of
February, 2014).
Each “dot” represents a distinct Sequence Type (ST) and the number beside the dot is the

ST. Clusters of related STs correspond to Clonal Complexes (CCs). The blue, yellow and
black dots represent the CC founder (central founding STs), single locus variants (SLVs) or

subgroup founding STs, and closely-related STs or unlinked singletons respectively. The

size of each dot reflects the relative abundance of an ST in comparison to other STs in the
MLST data set. The major CCs of S. aureus include CC1, CC5, CC8, CC15, CC20, CC22, CC25,

CC30, CC45, CC59, CC88, CC97, CC121 and CC239 (Lindsay, 2010). ST2198, highlighted in a

red box, represents one of the STs belonging to CC75, with six other STs as SLVs. Further
details will be presented in CHAPTER 2-CHAPTER 4.

One of the questions that MLST help answer is whether the bacterial species
conforms to the clonal model of population structure, where horizontal gene
transfer does not occur, or the non-clonal model, where genetic diversity is

randomized by frequent horizontal gene transfer (Maiden, 2006). For example,

MLST revealed that S. aureus has lower horizontal gene transfer (HGT)
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compared to other microorganisms such as N. meningitidis. Feil and colleagues
(2003) reported that the diversification of the core genome in S. aureus occurs
15 times more frequently by point mutation than by homologous

recombination, which is in contrast with N. meningitidis where alleles change

between 5-10 times more frequently by horizontal gene transfer than point

mutation (Feil et al., 2003; Turner and Feil, 2007). Feil and colleagues (2003)

also found no correlation between ST and the virulence of a given strain. This
indicates that the virulence potential of S. aureus is greatly impacted by the

accessory genome (Section 1.1.3), and not the core genome (Feil et al., 2003;

Turner and Feil, 2007). Additionally, MLST allows the relative contribution of
recombination to be compared with point mutation to clonal diversification
(Feil et al., 2000; Spratt, 2004). The variant allele in each SLV could be
determined whether it arises from its ancestral allele as a result of either

recombination or point mutation (Feil et al., 2001). As previously mentioned in
Section 1.1.3, alleles that differ by multiple nucleotide changes are generally a
result of recombination. Alleles that differ by only a single nucleotide change are

generally a result of point mutation, with the resulting allele most likely be

novel (Feil et al., 2001).

A study conducted by Enright and colleagues (2002) characterised 359 MRSA

and 553 MSSA isolates collected from 20 countries between 1961 and 1999 by

MLST, and 304 of the MRSA isolates were further subjected to SCCmec typing.
Eleven major epidemic MRSA clones defined by MLST analysis were found in
more than one country, including the archaic clone belonging to CC8, the New

York/Japan or the Paediatric clone belonging to CC5, the UK EMRSA-16
belonging to CC30, the Berlin epidemic MRSA belonging to CC45, and the UK

EMRSA-15 or Barnim epidemic belonging to CC22 (Enright et al., 2002). The 11

major clones defined by MLST were in congruence with other typing methods

such as pulsed-field gel electrophoresis (PFGE) and DNA microarray analysis.
Enright and colleagues (2002) demonstrated that MLST can reveal the

complexity of evolutionary events leading to the emergence of epidemic MRSA

and MSSA clones from an ancestral MSSA isolate (ST8).
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MLST has both advantages and disadvantages. The major advantages of this
method include the global portability of data among laboratories and the fact
that MLST data is fully accessible for comparison over the internet (Maiden et

al., 1998; Ibarz Pavon and Maiden, 2009). Since MLST is a sequence-based
typing method, sequence data obtained is highly reproducible compared to
methods based on DNA banding patterns. However, MLST also suffers from a

few drawbacks. Firstly, the method is costly, time-consuming and laborious as

sequencing of seven genes is required (Li et al., 2009). Secondly, the use of

highly conserved housekeeping genes often fails to detect the variability of
closely-related strains (Li et al., 2009).

1.3.2 Single nucleotide polymorphism (SNP)-based genotyping
Single nucleotide polymorphism (SNP)-based genotyping has been developed as
a rapid and cost-effective alternative to more cumbersome sequence-based
genotyping methods for characterising bacteria. The pioneering work of Keim

and colleagues (2004) in identifying a small subset of SNPs defining tree branch

points (key phylogenetic positions) known as canonical SNPs (canSNPs),

coupled with variable number tandem repeats (VNTRs) and single nucleotide
repeats (SNRs) forms the basis of SNP-based genotyping methods. The

combination of canSNPs, VNTRs and SNRs led to the development of
Progressive Hierarchical Resolving Assays using Nucleic Acids (PHRANA). The

PHRANA approach was first applied to Bacillus anthracis and provided high

resolving power and accuracy in defining the phylogenetic relationships
between B. anthracis isolates compared to any of the three (canSNPs, VNTRs

and SNRs) assays used independently (Keim et al., 2004). PHRANA resolved 476

unique genotypes among 1067 B. anthracis isolates. In contrast, canSNPs,
VNTRs and SNRs resolved 8, 209 and 418 genotypes respectively, when each

assay was applied individually to the same isolates. This shows that when each
assay is used individually, canSNPs lack resolving power while VNTRs and SNRs
have high levels of homoplasy due to high mutation rates.
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In the same year, Robertson and colleagues (2004) developed a computerised
approach for identifying small sets of SNPs derived from MLST databases. SNPs
were identified using the computer software “Minimum SNPs”, which involves

concatenating the sequences for each ST in the MLST database. The
concatenated sequences are then aligned to identify sets of SNPs with a high
Simpson’s index of diversity (D). The measure of D in this context refers to the

probability that any two STs selected at random will be discriminated by the

SNPs. For S. aureus, seven resolution-optimised SNPs (arcC210, tpi243, arcC162,

gmk129, aroE132, yqiL333 and tpi241) were identified with a D value of 0.95

with respect to the S. aureus MLST database (Robertson et al., 2004). A real-time
PCR assay for interrogating the resolution-optimised SNPs has been developed.

The concordance between SNP profiles and the S. aureus population structure
defined by MLST was determined by Stephens and colleagues (2006). The seven

resolution optimised SNPs derived from the S. aureus MLST database

(Robertson et al., 2004) resolved the major MRSA lineages into 27 genotypes

(Stephens et al., 2006). When tested on 107 diverse MRSA Australian isolates
obtained from four different collections, nine SNP-based genotypes were

unambiguously genotyped. The resolving power of the SNP-based MLST
genotyping was increased with the addition of three virulence genes and four

SCCmec markers (SCCmec-associated plasmids pT181, pI258 and puB110,

SCCmec). Twenty one SNP-based genotypes were resolved with the addition of
the virulence genes and SCCmec markers, while 17 and 24 genotypes were

resolved with the addition of only SCCmec locus and all loci (virulence genes,
SCCmec markers) respectively. This analysis proves to be a robust and efficient
typing method with a high resolving power which is practical for typing a large
number of samples.

The advantages of the SNP-based assays over MLST include fast turn-around-

time and low cost for typing a large number of samples. However, the resolving

power of SNP-based assays will never equal full sequence determination by

MLST (see Section 1.5.4.3). Regardless of these shortcomings, the SNP-based
approach provides preliminary insight into the population structure of bacterial
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species with substantially reduced time, effort and cost compared to full MLST

determination.

1.3.3 Multilocus variable number tandem repeats analysis (MLVA)
Multilocus variable number tandem repeats analysis (MLVA) is a typing method

which analyses the differences in the number of repeat units at multiple

variable number of tandem repeat (VNTR) loci. The differences in the number of
repeat units, reflected by the banding patterns produced by gel electrophoresis
are the basis for discriminating different bacterial strains. The method involves

PCR amplification of multiple VNTR loci, followed by separation of the
amplicons by gel electrophoresis for size determination. The size of the

amplicon varies according to the size and number of repeat units, and the
banding pattern can be visualised by eye and analysed by using the software
BioNumerics (Applied Maths, Sint-Martens-Latem, Belgium).

MLVA profiles are defined on the basis of the size and number of repeat units
reveal the genotype and infer phylogenetic relationships (Keim et al., 2000;

Tenover et al., 2007). The number of repeat units for each locus is determined

by subtracting the sizes of the flanking regions from the size of the amplicon,
and dividing the difference by the size of the repeat. The result is then rounded

to the nearest number (Ikawaty et al., 2008). Analogous to MLST, the
combination of numbers corresponding to the number of repeats at each VNTR

loci is referred to as a MLVA “allelic profile”, also known as a MLVA type

(Pourcel et al., 2009). MLVA profiles can then be compared at the S. aureus
database

of

the

“MLVAbank

for

(http://minisatellites.u-psud.fr/ MLVAnet/).

Bacterial

Genotyping”

website

One of the earliest MLVA schemes was established for genotyping and
B. anthracis (Keim et al., 2000; Le Fleche et al., 2001) and Yersinia pestis (Le

Fleche et al., 2001). The first MLVA scheme for S. aureus was developed in 2003
(Sabat et al., 2003). Since then, at least six S. aureus MLVA schemes have been
published (Sabat et al., 2003; Hardy et al., 2004; Francois et al., 2005; Ikawaty et
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al., 2008; Pourcel et al., 2009; Schouls et al., 2009). The first five S. aureus MLVA

schemes target different VNTR markers, ranging from five (Sabat et al., 2003) to

ten loci (Francois et al., 2005). This lack of consensus on the set of VNTR

markers used impedes the potential application of MLVA for routine S. aureus
typing. Therefore, the sixth MLVA scheme, termed the “MLVA-14 assay” was

developed with the aim of providing a uniform S. aureus MLVA scheme (Pourcel

et al., 2009). This MLVA-14 assay is composed of two complementary panels:

Panel 1 with 10 VNTR markers; Panel 2 with four markers (Pourcel et al., 2009).

These loci were selected encompassing intergenic, coding regions and S. aureus
repeat

elements,

which

provide

discrimination

for

investigating

the

epidemiology of S. aureus. An important finding was that high resolution was
obtained using only 10 VNTR loci from panel 1. 215 MLVA profiles was

discriminated for 309 S. aureus isolates from three well-established collections

and 13 published S. aureus genome sequences with a D=0.9946 compared to

MLST and spa typing. Therefore, the four additional markers (panel 2) are only

used to provide higher resolution when necessary. This MLVA-14 assay was

further validated on 278 isolates recovered from French patients with cystic
fibrosis during a period of 30 months (Vu-Thien et al., 2010). 110 MLVA profiles
were in concordance with MLST and spa typing.

Since its first use to type S. aureus in 2003 (Sabat et al.), MLVA has been

demonstrated to have a discriminatory power and reproducibility comparable

to PFGE and a consistency comparable with spa typing and MLST (Malachowa et

al., 2005; Sabat et al., 2006; Pourcel et al., 2009; Vu-Thien et al., 2010). In other

instances, MLVA also demonstrated higher resolving power compared to typing
methods such as PFGE (Francois et al., 2005) and MLST (Hardy et al., 2004) for

determining the relatedness of S. aureus strains and outbreak analysis. This
shows that VNTRs may be appropriate evolutionary markers for studying
transmission events and geographical spread of S. aureus (Hardy et al., 2004).

Owing to its high discriminatory power and reproducibility, MLVA is gaining

wide acceptance as a typing method for S. aureus and many other bacterial
species, including Francisella tularensis (Farlow et al., 2001; Johansson et al.,
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2004) and Mycobacterium tuberculosis (Le Fleche et al., 2002). Since its first use

to type bacteria in 2000, MLVA has been applied to more than 40 bacterial
species, with 22 schemes hosted at the University of Orsay, France
(http://minisatellites.u-psud.fr/MLVAnet/), six at the “Groupe d'Etudes en

Biologie

at

Prospective”,

the

France

Institut

(http://www.mlva.eu/)

Pasteur,

Paris,

(http://www.pasteur.fr/recherche/genopole/PF8/mlva/).

and

six

France

In comparison to other genotyping methods, MLVA has both advantages and
disadvantages. Advantages of MLVA are that it is rapid, easy to perform,
inexpensive and reproducible with high resolution for tracking outbreaks of
S. aureus. Similar to MLST, the use of multiple loci provides an overview of the
diversity within a bacterial population (Vergnaud and Pourcel, 2009).

Disadvantages include rapid evolution of VNTR loci due to high mutation rates;
therefore these loci usually have a high level of homoplasy (Li et al., 2009).

Consequently, analyses based on such loci may not accurately reveal the
relationships of closely related strains or clusters (Vergnaud and Pourcel,
2009).

1.3.4 Pulse-field gel electrophoresis (PFGE)
Pulsed-field gel electrophoresis (PFGE) was developed in the mid 1980’s to
study the chromosomal rearrangements in a variety of prokaryotes (Schwartz

and Cantor, 1984; Dunnen and Ommen, 1991). Since its inception, PFGE has
been used as a whole genome typing tool with high discriminatory power to

assess the epidemiological relationships for most clinically important bacteria,
including Escherichia coli 0157:H7 (Barrett et al., 1994) and S. aureus (Goering

and Winters, 1992; Reed et al., 2007b). This method uses rare-cutting
restriction enzymes to digest the bacterial chromosome and involves

electrophoresis in an alternating electric field within a gel matrix to separate
DNA fragments on the basis of size (Schwartz and Cantor, 1984; Kaufmann,

1998; Peters, 2009). The resulting PFGE banding patterns are used to determine
the degree of relatedness of the bacterial strains. While conventional agarose
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gel electrophoresis is limited to resolving DNA fragments of up to 50kb using a

constant electric field in one direction, PFGE allows resolution of large DNA
fragments up to 10Mb (Kaufmann, 1998). For S. aureus (which has a low

genomic G+C content (Kuroda et al., 2001)), the most commonly used

restriction enzyme is SmaI (van Belkum et al., 1998) which cleaves the
chromosome at the high G+C recognition site (CCC/GGG) (Kaufmann, 1998;
Maule, 2000).

PFGE is a useful typing tool for characterising S. aureus strains responsible for

hospital and community outbreaks (Ichiyama et al., 1991; Goering and Winters,

1992; Bannerman et al., 1995; Reed et al., 2007b), particularly in Western
Australia (Pearman et al., 1985; Wei and Grubb, 1992; Wei et al., 1992; Udo and
Grubb, 1993; Udo et al., 1993; O'Brien et al., 1999; O'Brien et al., 2007). A study

in 2003 (McDougal et al.) revealed that PFGE was highly discriminatory in
resolving eight major S. aureus clones from 957 isolates which were

indistinguishable by MLST and spa typing. As such, PFGE has been regarded as
the gold standard for typing S. aureus.

Despite the advantages of PFGE as a standard tool for epidemiological studies

on a wide range of bacteria, it is not without problems. The major limitation of
PFGE is the potential change in the DNA banding patterns due to minor genomic

changes (Dunnen and Ommen, 1991). In addition, the method is time-

consuming, laborious, requires high quality DNA and may lack discriminatory
power for identifying bands of nearly similar size (Li et al., 2009). The

variability of DNA concentration from well-to-well, percentage of agarose gel,
electrophoresis voltage and gel temperature may affect the banding patterns

produced (Li et al., 2009). The inconsistency and lack of standardization in the
interpretation of banding patterns among laboratories also complicate the
analysis of bacterial typing (Cookson et al., 1996; van Belkum et al., 1998).

These drawbacks prompted various research groups to improve the analysis of
PFGE. As an example, a standardized scheme for the interpretation of banding

patterns to differentiate isolates from suspected outbreaks of infection was
proposed by Tenover and colleagues (1995). Four categories of relatedness on
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the basis of absence and presence of a band have been proposed: (i)
indistinguishable with no band differences; (ii) closely related with two to three

band differences; (iii) possibly related with four to six band differences and (iv)
different with seven or more band differences (Tenover et al., 1995; Kaufmann,
1998).

In spite of the shortcomings, PFGE remains a powerful tool for infection control,

outbreak investigations and determining the relationship among bacterial
strains.

1.3.5 Typing of the staphylococcal protein A (spa) locus
Staphylococcal protein A (spa) typing is a method for typing S. aureus based on
sequence determination of the polymorphic X region of the protein A (spa) gene.

The spa gene is approximately 2,150 bp in length and harbours two functionally
distinct regions: the Fc-binding region which contains five 150 bp repeats and

the X region which contains varying numbers of 24 bp repeats at the protein
sequence (Frénay et al., 1994). Only one hypervariable locus is used in spa

typing (Shopsin et al., 1999) as opposed to seven loci and multiple VNTR loci

used in MLST and MLVA respectively. Although spa typing is based on a single

locus, the method is highly discriminatory because of the sequence changes in
the repeat region, resulting from point mutations (occurring at a low rate),

deletions or additions of repeats (occurring at a faster rate) (Shopsin et al.,

1999; Kahl et al., 2005; Hallin et al., 2009)}. This enables spa typing to be used
for both long- and short-term epidemiological studies (Koreen et al., 2004;
Mathema et al., 2008).

Two spa type nomenclatures have been established over the last decade; one

developed by Shopsin and colleagues (1999) and another by Harmsen and
colleagues (2003). The general approach is similar for both nomenclatures; each

repeat identified is defined by a code: alphanumerical for the Shopsin
nomenclature and numerical for the Harmsen nomenclature. The Harmsen
nomenclature is more widely used because it has a similar approach to the well26

established typing method MLST (numerical cataloguing). As allele numbers

define an ST in MLST, each repeat unit in the X region of the spa gene is defined
by a single integer, where all repeat units are then designated as a distinct “spa
type” (“t”) (Mathema et al., 2008). Assignment of spa types is determined with

the Ridom Staph Type software (Ridom GmbH) which is freely available at the
spa typing website (http://www.spaserver.ridom.de/) (Harmsen et al., 2003).

The “based upon repeat pattern” (BURP) algorithm has been developed to
denote the relatedness of spa types; it is a method that is analogous to the

eBURST that is used in MLST. To date (as of 17th of September, 2012), more than

11,000 spa types and over 500 repeat units are recorded in the spa typing
website.

Spa typing has become a popular tool for S. aureus typing in the last few years.

One of the most important applications of spa typing is distinguishing strains for
outbreak investigation purposes. Shopsin and colleagues (1999) evaluated the

use of spa typing for outbreak investigation on two well-documented strain
collections: the Centers for Disease Control and Prevention (CDC) collection

comprising 29 epidemiologically related strains from four distinct outbreaks

and the New York City (NYC) collection comprising five major MRSA clones.

Thirteen distinct spa types were identified in 27 out of 29 related strains in the

CDC collection, while five major clones corresponding to 24 distinct spa types
were found in the NYC collection (Shopsin et al., 1999). Vainio and colleagues

(2011) reported the substitution of PFGE with spa typing as a primary typing

method for national laboratory-based surveillance of MRSA in Finland. In
addition to its use in outbreak investigations, spa typing can be used for

phylogenetic and population-based analyses (Koreen et al., 2004). The method

reported a concordance of 88% with microarray to determine genetic variation,

with improved discriminatory power compared to MLEE, PFGE and coa typing
(Koreen et al., 2004).

The main advantage of spa typing is the electronic portability of sequence data.

This is particularly useful for rapid data sharing and comparison between
laboratories without needing to transfer bacterial strains. Another advantage of
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spa typing is that the method only utilizes one hypervariable locus (Shopsin et
al., 1999), as opposed to seven loci used in MLST and multiple VNTR loci in

MLVA. Therefore, it is cheaper and easier to perform compared to MLST and

MLVA. However, there are limitations to spa typing such as the same or related
spa loci being present in different clonal lineages possibly caused by
recombination events (Robinson and Enright, 2004; Strommenger et al., 2008),
and the fact that DNA sequencing may be costly and time-consuming when
applied to a large number of samples.

1.3.6 Summary
In summary, there is no single method that is universally ideal for typing

S. aureus because each method has its strengths and weaknesses, as discussed

above. Several groups compared the different typing methods for S. aureus and
concluded high concordance levels between methods (Tang et al., 2000; Oliveira

et al., 2001; Malachowa et al., 2005; Aires-de-Sousa et al., 2006; Cookson et al.,
2007; Melles et al., 2007; Faria et al., 2008; Vainio et al., 2008; Rasschaert et al.,
2009; Schouls et al., 2009; Furuya et al., 2010; Holmes et al., 2010). The two

most important criteria for choosing a typing method are its discriminatory

power and reproducibility. Each typing method is tailored to fit into two main
applications: short-term outbreak surveillance or long-term epidemiological

studies. Surveillance of local outbreaks of bacterial infections may be achieved
by using fast-evolving markers such as those studied by MLVA (van Belkum et
al., 1998; Schouls et al., 2009) and spa typing (Koreen et al., 2004), whereas

long-term epidemiological studies involving conserved and stable markers may
be more suited to methods such as MLST and PFGE (Cooper and Feil, 2004).
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1.4 Clonal Complex 75 (CC75) (S. argenteus)
Over the last decade, the increasing reports of novel MRSA strains in the

community remain a global public health concern. In Western Australia, two
isolates which were identified to possess new STs (ST75 and ST258),

corresponding to a new CC defined by MLST, have not been previously noted in

other countries (O'Brien et al., 2004). Shortly after the first report, the same

research group reported the isolation of ST75 and a new ST (ST883) differing at

five loci compared with ST75 (Coombs et al., 2004). All the CA-MRSA isolates
identified as belonging to the new CC (CC75) were recovered from the Northern

Territory, Australia. These CA-MRSA isolates were also defined as non-

multiresistant, in which the isolates were resistant to less than three antibiotics

(Coombs et al., 2006), and were highly divergent from S. aureus at each MLST

locus, except for aroE (explained further in CHAPTER 2). The sequence identity
of the vast majority of S. aureus MLST alleles is ≥97%. In contrast, the sequence
identity between CC75 and other S. aureus MLST alleles ranges between 9095% (McDonald et al., 2006).

Since the first report in 2004, McDonald and colleagues (2006) reported a high

case of carriage of this community-acquired S. aureus from a community study
of impetigo at three remote Aboriginal communities in the Northern Territory.

This new group of S. aureus was termed Clonal Complex 75 (CC75) as defined by
MLST, comprising of 25% of all isolates and 71% of methicillin-resistant
isolates, and all the CC75 isolates were PVL negative (McDonald et al., 2006). In
the clinical setting at the Royal Darwin Hospital in the Northern Territory, CC75

is the fourth most common clonal group which makes up about 10% of isolates

(Tong et al., 2010a). CC75 does not belong to any of the previously described
clonal groups, and is believed to be a novel lineage of S. aureus. This high

divergence of CC75 from conventional S. aureus was further supported by a
recent study conducted by Monecke and colleagues (2011) using microarray
analysis (Figure 1.2).
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Although first noted in northern Australia, CC75 has also been documented in
other parts of the world, such as Cambodia (Ruimy et al., 2009), the Amazonian

rainforest of French Guiana (Ruimy et al., 2010), Canada, China, Czech Republic,

England, Gabon, Germany, Ireland, Malaysia, Martinique, Taiwan, USA

(http://saureus.mlst.net) and Fiji {Jenney, 2014 #2365}. The presence of CC75

in other geographic regions apart from Australia suggests that CC75 may be
widely distributed but unnoticed until recently. This is possibly due to the lack

of microbiological diagnostics to detect CC75 in developing countries. In the
case of developed countries, the under-detection of CC75 could be due to

difficulties in typing the bacterium using the standard MLST primers.

The taxonomic status of CC75 is poorly understood at the time of its discovery.
Therefore, the premise of this thesis focuses on the characterisation of CC75
(further discussed in CHAPTER 2-CHAPTER 5).

1.5 High-resolution melting (HRM) analysis
1.5.1 Real-time polymerase chain reaction (PCR)
Since the invention of the Polymerase chain reaction (PCR) in the mid 1980’s,

the most significant refinement of the method was noted with the use of
thermostable Taq polymerase, substituting the thermolabile Klenow fragment

of E. coli DNA polymerase (Saiki et al., 1987). The overall performance of PCR

using Taq polymerase was significantly improved with an increase in specificity,
sensitivity and yield of products (Saiki et al., 1987). PCR is used to amplify

nucleic acids for a wide variety of applications such as cloning, sequencing and
gene-based diagnostics. However, conventional PCR has limitations when used

for target quantitation. The simplest approach to quantify targets is to measure

the amount of products at the reaction end-point. However, the concentration of

the final product does not necessarily correlate with the concentration of the

starting material. This is due to the PCR plateau phase, in which nearly the same
amount of products amplified is obtained after a sufficient number of cycles,
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regardless of the initial amount of template {Pryor, 2006 #959}. The plateau
phase is caused by the exhaustion of limiting PCR reagents.

The two most common approaches for quantitation by conventional PCR are

dilution and co-amplification of a target with a known amount of competitor.
The dilution method requires serial dilutions to extinction of a control of known

concentrations compared with a sample of unknown concentrations (Sykes et

al., 1992). Both the control and sample will stop amplifying at a matching
concentration. The extent of DNA degradation is measured, and because the

initial concentration of the control is known, the initial concentration of the
sample can be deduced (Sykes et al., 1992) (Ouspenskaia et al., 1995). The

second method requires both the target and competitor which share similar

primer binding sites, to compete for the same primers during PCR amplification.
The amplified products of the target and competitor can be differentiated via

electrophoresis post-PCR (Zentilin and Giacca, 2007). The ratio of the amounts
of the target and competitor is a reflection of the ratio of the amounts of both

products amplified during PCR. The amount of the target can be estimated
according to the ratio of the target/competitor reaction products because the
initial amount of the competitor is known (Zentilin and Giacca, 2007). Both

methods are time-consuming, laborious and require post-PCR manipulation
such as gel electrophoresis. For the dilution method, multiple dilutions are
necessary, but the detection range is limited thus restricting the accuracy of

quantitation. The second quantitation method requires competitor construction
and multiple competitive reactions for a single analysis.

The development of real-time PCR in the mid 1990’s was in large part driven by
the need for accurate quantitation of PCR targets (Higuchi et al., 1992). Real-

time PCR is based on the principles of conventional PCR but with continuous
monitoring of product accumulated at each cycle as the reaction progresses

(Higuchi et al., 1992). This could be achieved by monitoring the changes in
chemistry within the PCR reaction vessel (Logan et al., 2009). The number of
amplification cycles required to reach a certain threshold amount of product is
known as the “cycles to threshold” (CT) during the exponential phase of PCR
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(Kubista et al., 2006). The CT is a function of the target concentration. In
qualitative terms, a low target concentration results in a high CT and high target

concentration results in a low CT. The usual practice is for target concentration

to be determined by reference to a standard curve that relates target
concentration to CT (Kubista et al., 2006).

Figure 1.4: Example of a real-time PCR amplification and standard curve plot.
(a) Amplification plot showing the change in fluorescence against the cycle number.
(b) Standard curve plot showing the CT values against the concentration of the PCR target,

using a logarithmic scale.

An important feature of real-time PCR is that PCR product is detected and
quantified while it is within the reaction tube. Without exception, this has been
achieved using fluorescence chemistry. A real-time PCR device is a fluorescence

reader coupled to a thermocycler. There are two broad families of fluorescence–
based methods used in real-time PCR, namely double-stranded DNA (dsDNA)
intercalating fluorescent dyes, and fluorescence labeled probes.

1.5.1.1 Intercalating dyes
The initial development of real-time PCR made use of dsDNA intercalating dyes

such as ethidium bromide. Ethidium bromide was mainly used as a nucleic acid
stain in gel electrophoresis and an intercalating dye in the early days of real-

time PCR (Higuchi et al., 1992). Primarily due to its toxicity and carcinogenicity,
ethidium bromide was subsequently replaced by other dyes such as the
32

asymmetric cyanine dyes which include SYBR Green I (Kubista et al., 2006),

BEBO (Bengtsson et al., 2003) and Thiazole Orange (TO) (Berndl and

Wagenknecht, 2009). Asymmetric cyanine dyes possess two aromatic systems

containing nitrogen, one of which is positively charged and linked by a methine

bridge (Figure 1.4) (Zipper et al., 2004). These dyes exhibit little or no
fluorescence when free in solution due to the linkage of both aromatic systems,

which convert electronic excitation energy into heat that dissipates into the
surrounding solution (Bengtsson et al., 2003; Zipper et al., 2004). However, they

fluoresce when bound to dsDNA, resulting in a large increase in fluorescence

quantum yield (Monis and Giglio, 2006). When there is an increase in amplicons

amplified as PCR progresses, the intercalating dye then binds to each new copy
of dsDNA, thus the fluorescence intensity increases proportional to the amount
of amplicon produced.

Figure 1.5: The chemical structure of examples of asymmetric cyanine dyes.
(a) SYBR Green (reproduced from Kubista et al., 2006), (b) BEBO (reproduced from

Bengtsson et al., 2003), and (c) Thiazole Orange (Reproduced from Berndl and

Wagenknecht, 2009).

The exact mechanisms of SYBR Green I binding to dsDNA are not well described

in the literature. The change in the conformation of the dye when bound to

dsDNA which results in fluorescence emission is still poorly understood. One
plausible explanation based on studies of other asymmetric cyanine dyes such

as BEBO which has been shown to be similar to SYBR Green (Bengtsson et al.,

2003), suggests the fluorescence released by SYBR Green when bound to dsDNA

is by minor groove binding and the rotation around the methine bond is

restricted (Ioannou et al., 2010) (Kubista et al., 2006). The shape of BEBO
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complements its binding to the DNA minor groove (Bengtsson et al., 2003), and
changes its configuration when bound to dsDNA.

A number of alternative dyes such as SYTO-9 (Monis et al., 2005) and LCGreen

(Wittwer et al., 2003) were developed. These will be further discussed in
Section 1.5.3 under high-resolution DNA melting analysis.

A disadvantage of intercalating dyes is that they bind non-specifically to any

dsDNA including primer dimers and spurious PCR products (Kubista et al.,
2006), with a potential for false positive signals. Consequently, fluorescence-

labeled probe-based methods that only generate a signal when the desired PCR
product is present have also been developed.

1.5.1.2 Fluorescence probes
Sequence-specific

chemistries

are

based

on

fluorescently-labelled

oligonucleotide probes that generate a fluorescence signal only when

hybridized to a complementary DNA sequence (Gibson, 2006). In practice, this
is one of the strands of the desired PCR product. The three most commonly used

formats are hydrolysis (Taqman or 5’ nuclease) probes, hairpin (molecular

beacons) probes and tandem-hybridization fluorescence resonance energy
transfer (FRET) probes.

Essentially all probe-based detection methods involve a fluorescent reporter

dye and a quencher dye. Hybridization-mediated modulation of the distance
between the fluorophore and quencher is what confers the conditional

fluorescence properties on these probes. For Taqman and molecular beacons,
two dye molecules are attached to a single probe; a fluorescent reporter dye on

the 5’ end and a quencher dye on the 3’ end of the probe. The exonuclease

activity of the DNA polymerase cleaves the 5’ end of the Taqman probe when
the probe binds to a complementary strand of DNA during annealing. When the
probe is cleaved, the fluorescent dye on the 5’ end is dissociated from the
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quencher on the 3’ end of the probe, thus light signal is generated (Figure 1.6)
(Giulietti et al., 2001) (Gibson, 2006).

Anneal

Extend

Figure 1.6: Principles of the TaqMan hydrolysis probe.
The 5'-nuclease activity of polymerase used in PCR cleaves hydrolysis probes during the

amplicon extension step, which separates the detectable reporter fluorophore (R) from a
quencher (Q). Fluorescence is released when excited by an external light source (hυ)

(Reproduced from Koch, 2004).

For molecular beacons, while the middle region of the probe is complementary
to the target template, the ends of the probe are complementary to each other.

At low temperature, the ends anneal forming a hairpin structure. The close

proximity of the reporter dye and quencher eliminates the ability of the dye to
fluoresce.

During

annealing,

molecular

beacons

hybridize

to

their

complementary target causing the hairpin structure to open and separate the 5'
end reporter dye from the 3' end quencher. As the quencher is no longer in close
enough proximity to absorb the emission from the reporter dye, the dye
fluoresces thus light is emitted (Figure 1.7) (Piatek et al., 1998).
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Figure 1.7: Principles of the Molecular Beacons probes.
When the hairpin (loop) binds to its complementary target, the molecule changes its
conformation to distance the fluorophore from the quencher, allowing fluorescence to be

emitted. Molecular beacons emit a fluorescent signal only when the probes are hybridized
to

their

targets

(Reproduced

from

http://www.ebiotrade.com/buyf/productsf/qiagen/custom_oligonucleotides_stock_primer
s.htm).

In contrast to Taqman and Molecular Beacons, for FRET probes, dyes are

attached separately to different probes which are designed to anneal adjacent to

each other on the target template. The method is based on energy transfer
between a donor dye to an acceptor dye. The upstream probe is labelled with a

donor (fluorescent) dye on the 3’ end and the downstream probe with an

acceptor dye on the 5’ end. When both probes anneal to the target template,
energy is transferred between the two dyes as they are in close proximity.
Fluorescence from the donor is at the excitation frequency for the acceptor dye,

resulting in light signal emission (Figure 1.8) (Giulietti et al., 2001) (Monis and
Giglio, 2006).
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A
Acceptor dye

Donor dye

No reporter fluorescence
detected

hυ

Primer

A

Probe 1

hυ

Probe 2

A

hυ

Reporter fluorescence
detected because of FRET

No reporter fluorescence
detected

A

Figure 1.8: Principles of the Fluorescence resonance energy transfer (FRET)
probes.
When both probes hybridize to the target template, energy is transferred between the

donor dye (D) and acceptor dye (A) as they are in close proximity. Excitation of D by an
external light source (hν) leads to longer wavelength emission by A. (Reproduced from
Koch, 2004).

The major advantage of sequence-specific detection is the unambiguous

detection of target sequences without contaminating signals due to primer
dimer and non-specific PCR reactions (Gibson, 2006). However, they are

inherently more complex and expensive than the intercalating dye-based
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method (Gibson, 2006) (Monis and Giglio, 2006). DNA melting curve analysis is
able to add specificity to intercalating dye-based methods, without

compromising the simplicity of the approach. This will be discussed in detail in
the Section 1.5.2 of this review.

1.5.2 DNA melting analysis
DNA melting is the process where double-stranded DNA (dsDNA) separates into

single-stranded DNA (ssDNA) when heated. This usually occurs in the range of
50-100°C. DNA melting occurs when thermal effects overcome the hydrogen

bonds that bind the two DNA strands together. Guanine/cytosine (G/C) base
pairs are linked by three hydrogen bonds while adenine/thymine (A/T) base

pairs are linked by two hydrogen bonds. Therefore, DNA strands of the same
length with more Gs and Cs have more hydrogen bonds, and more energy is

required to disrupt the hydrogen bonds in GC-rich fragments. A commonly used

convention is to describe the melting properties of DNA fragments, which is the

melting temperature (Tm). The Tm is the point where 50% of the DNA is in the
form of dsDNA and the remainder is ssDNA.

The Tm of a DNA fragment depends on the length of the DNA, its G+C content

(%G+C) and the ionic content of the solution. Several algorithms for predicting

the Tms of short DNA fragments have been developed, principally to aid PCR

primer design. The earliest of these methods is based only on the G+C content

and length according to the following formula (Marmur and Doty, 1962):

Tm = 64.9 + 41.0 X

yG + zC – 16.4
wA + xT + yG + zC

[Equation 1]

where w, x, y and z are the number of bases of A, T, G and C respectively, and the
G+C content is adjusted in the bracket. This equation is based on the assumption

that DNA melting occurs under standard conditions (in a buffered solution of
50mM Na+, 50nm of oligonucleotide and a pH close to 7.0). This formula was
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made more generally applicable by adding a salt correction factor as shown in
the equation below (Howley et al., 1979):

Tm = 100.5 + 41.0 X

yG + zC – 16.4

wA + xT + yG + zC

-

82.0.0

wA + xT + yG + zC

+ 16.6log([Na+])
[Equation 2]

where the length of the sequence is adjusted in the second bracket, and the salt-

correction is adjusted in the third bracket. This equation assumes that DNA
melting occurs under standard conditions at 50 nm of oligonucleotide and a pH
close to 7.0.

Subsequent findings by other research groups led to the conclusion that not
only the G+C content, length and ionic environment of the solution affect the

melting of DNA, but also the order of the different nucleotides in the DNA

sequences. Therefore, the “Nearest Neighbour” model described by SantaLucia
and colleagues (1996) was adopted using the equation as follows:
Tm =

Σ(∆Hd) + ∆Hi

Σ(∆Sd) + ∆Si + ∆Sself + R X lnCTa

+ 16.6log([Na+])

[Equation 3]

b

where ∆Hd and ∆Sd are the enthalpy and entropy for helix formation

respectively, ∆Sself is the entropic penalty for self-complementary sequences, ∆Hi

and ∆Si are the sums of the initiation enthalpies and entropies, and R is the gas
constant (fixed at 1.987 cal/Kmol). CTa is the total strand concentration in molar

units. Constant b adopts the value of 4 for non-self-complementary dsDNA, or 1

for self-complementary dsDNA or for dsDNA when one of the strands is in

significant excess. Equation 3 is based on the same assumption as Equations 1
and 2 that DNA melting occurs in a buffered solution at a pH near 7.0.
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The Nearest Neighbour model depends on a set of experimental thermodynamic
parameters for Tm calculations: the melting enthalpies and entropies for DNA

duplex formation. At least 11 sets of Nearest Neighbour thermodynamic

parameters have been published to predict the melting stability of DNA
fragments from their sequences (Owczarzy et al., 1998). These thermodynamic

parameters were obtained based on ten unique Nearest Neighbour base pair
“doublet” sequences in duplex DNA: AA/TT, AG/CT, AT/AT, AC/GT, GA/TC,

GG/CC, GC/GC, TA/TA, TG/CA and CG/CG. Table 1.2 shows an example of four

sets of Nearest Neighbour thermodynamic parameters reported (Breslauer et
al., 1986; SantaLucia et al., 1996{Sugimoto, 1996 #946; Allawi and SantaLucia,
1997). As an example, using the set of thermodynamic parameters described by

SantaLucia and colleagues (1996) (Table 1.2) and the assumptions stated

above, the predicted enthalpy (∆H°) and entropy (∆S°) for a DNA sequence of 5’
–GCTACG– 3’ is shown below:
5’ –GCTACG– 3’
3’ –CGATGC– 5’
Prediction of ∆H° = ∆H° GC – CT – TA – AC – CG
CG – GA – AT – TG – GC

+ ∆H° initiation + ∆H° symmetry

= ([-11.10] + [-6.10] + {-6.30] + [-8.60] + [-10.10])+ 0.00 + 0.00
= -42.20 kcal/mol
= -4,220 cal/mol

Prediction of ∆S° = ∆S° GC – CT – TA – AC – CG
CG – GA – AT – TG – GC

+ ∆S° initiation + ∆S° symmetry

= ([-28.40] + [-16.10] + {-18.50] + [-19.30] + [-25.50])+ [5.90] + [-1.40]

= -115.10 eu
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These enthalpy (∆H°) and entropy(∆S°) values are then used in Equation 3 to
predict the Tm of the DNA sequence:

Tm =

Σ(∆Hd) + ∆Hi

Σ(∆Sd) + ∆Si + ∆Sself + R X lnCTa

+ 16.6log([Na+])

b

=
=

-4,220

-115.10 + 1.987 X ln 0.5

+ 16.6log([5 X 10-8])

34.29°C

One would expect similar predicted Tm values for the same DNA fragment using
all the different methods. However, in most cases, the different methods predict
slightly different Tms. Therefore it is difficult to determine which method is the

best for the most accurate Tm prediction. One alternative to resolve this problem
is to use the average of the Tms predicted by all the different methods
(Panjkovich and Melo, 2005).
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0.00

Initiation at G-Ca

0.00

0.00
-1.34

-20.13

-16.70

-26.60

-26.70

-27.80

-13.50

-20.8

-17.30

-12.90

-16.90

-23.90

0.00

0.00

0.00

-6.70

-11.10

-10.10

-7.70

-6.10

-8.60

-7.40

-6.30

-6.50

-1.40

-9.00

-5.90

-15.60

-28.40

-25.50

-20.30

-16.10

-23.00

-19.30

-18.50

-18.80

-23.60

0.00

+0.60

+0.60

-10.90

-10.50

-11.80

-8.80

-6.60

-9.40

-8.20

-6.60

-5.60

-15.20

-1.40

-9.00

-9.00

-28.40

-26.40

-29.00

-23.50

-16.40

-25.50

-21.00

-18.40

Thermodynamic
Parameter Set 3 (Sugimoto
et al., 1996)
ΔH°
ΔS° (eu)
(kcal/mol)
-8.00
-21.90

0.00

+2.30

+0.10

-8.00

-9.80

-10.60

-8.20

-7.80

-8.40

-8.50

-7.20

-7.20

-1.40

+4.10

-2.80

-19.90

-24.40

-27.20

-22.20

-21.00

-22.40

-22.70

-21.30

-20.40

Thermodynamic
Parameter Set 4 (Allawi
and SantaLucia, 1997)
ΔH°
ΔS° (eu)
(kcal/mol)
-7.90
-22.20

entropic penalty for the maintenance of symmetry in self-complementary duplexes. (Reproduced from Owczarzy et al., 1998; Panjkovich and Melo, 2005).

duplexes containing at least one G-C base pair. bInitiation parameter for duplexes containing only A-T base pairs. cSymmetry correction refers to the

given by an unfavourable entropy (ΔS°) resulting from a loss of translational freedom after the formation of the first duplex DNA. aInitiation parameter for

ΔH° and ΔS° values are important parameters to be used for accurate calculation of the Tm. a and bInitiation parameters include the initiation-free energy

Symmetry
correctionc

Initiation at A-Tb

-11.00

GG/CC

-11.10

GC/CG

-11.90

CG/GC

-5.60

GA/CT

-7.80

CT/GA

-6.50

GT/CA

-5.80

CA/GT

-6.00

TA/AT

-8.60

-24.00

ΔS° (eu)

ΔH°
(kcal/mol)
-8.40

ΔH°
(kcal/mol)
-9.10

ΔS° (eu)

(SantaLucia et al., 1996)

Thermodynamic Parameter
Set 1 (Breslauer et al., 1986)

AT/TA

Thermodynamic
Parameters
Sets
(References)
Propagation
sequences
AA/TT

Table 1.2: Thermodynamic parameters for DNA helix initiation and propagation in 1M NaCl.

Software programs based on different methods are available for Tm prediction

calculation, and examples include MELTSIM (Blake et al., 1999), MELTING (Le
Novere,

2001),

DAN

(http://www.uk.embnet.org/SOFTWARE/EMBOSS/),

POLAND (Steger, 1994) and dnaMATE (Panjkovich et al., 2005).

The relationship between the Tm of a DNA fragment, its %G+C and length may

be depicted graphically (Figure 1.9). At any given %G+C, the Tm increases with

length, but asymptotes to a certain value with little increase above 150bp.

Figure 1.9: The relationship between the Tm and length of DNA fragments with
different %G+C.
The predicted Tm values were calculated using Equation 2 based on Howley’s (1979) salt
adjusted method.

In the 1960’s, ultraviolet (UV) absorption spectroscopy played an important
role in understanding the physical properties of DNA molecules (Marmur and

Doty, 1962);Sinden, 1994 #973}. Each of the four DNA bases has a characteristic

absorption spectrum due to their aromatic structure. The sum of the absorption
spectra of the four DNA bases has an absorption maximum at 260nm
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wavelength (Mandel and Marmur, 1968; Allen, 2010). Therefore, the melting of

DNA can be measured by UV absorbance at 260 nm. When the relative

absorbance is plotted against temperature, thermal melting profiles in

sigmoidal (“S”) shapes were obtained (Marmur and Doty, 1962; Mandel and

Marmur, 1968) (Figure 1.10). The Tm corresponding to half of the increase in

relative absorbance of the DNA is determined based on these thermal melting
profiles (Mandel and Marmur, 1968; Rozners and Moulder, 2004; Hammouda

and Worcester, 2006). Differential melting curves generated based on the

derivative of absorbance versus temperature were used to examine the stability
and melting behaviour of the DNA molecules (Schaeffer et al., 1982). Tms

determined from the differential melting curves can be used to identify DNA

sequence. In general, measuring DNA melting using UV absorbance requires 10-

40 µg of DNA (Marmur and Doty, 1962) and 10-14 hours to perform (melting

rate is generally 1-2°C/min within the range of 7-85°C, with a 10-minute

interval to reach temperature equilibrium) (Marmur and Doty, 1962; Mandel
and Marmur, 1968; Owczarzy et al., 1998).
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Figure 1.10: Example of thermal melting profiles of E. coli K12 DNA.
E. coli K12 DNA was suspended in various KCl concentrations (numbers shown in the
graph). The relative absorbance was measured from the range of 65-104°C. The

temperature corresponding to half the increase in the relative absorbance is designated as
the melting temperature (Tm), indicated as red crosses (Adapted from Marmur and Doty,

1962).

Advances in real-time PCR have resulted in the development of a new approach

to DNA melting analysis based on fluorescence. In comparison to the UV-

method, the fluorescence-based DNA melting technique in conjunction with

real-time PCR requires only a small amount of DNA (≅ 10ng) and is significantly
faster (DNA melting normally takes 5-30 minutes to perform). Fluorescence-

based DNA melting analysis makes use of the same platform, chemistries
(fluorescence) and optics as real-time PCR. This method involves the monitoring
of a change in fluorescence when the intercalating dye is released from dsDNA

as it denatures when temperature increases (Wittwer et al., 1997b)

(Figure 1.11). Discrimination of genuine from spurious PCR products and
discrimination of different products which is analogous to sizing by gel

electrophoresis, and identification of sequence variants can be performed along
with quantification of targets in real-time PCR in one single platform.
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Figure 1.11: Example of a melt profile of a DNA strand.
When the DNA intercalating dye binds with double-stranded DNA, the dye fluoresces. As

the double stranded DNA dissociates into single-stranded DNA during denaturation, the

fluorescence decreases. The melting temperature (Tm) is the point where half of the DNA is

single-stranded DNA and the remainder is double-stranded DNA (Reproduced from
Wittwer, 2006).

The first reports on fluorescence-based DNA melting analysis were by Wittwer
and colleagues in 1997 (Wittwer et al., 1997a; Wittwer et al., 1997b). Their

original aim was to monitor DNA amplification in glass capillary tubes using
three different fluorescence techniques: an intercalating DNA dye SYBR Green I;

a dual-labelled 5’-exonuclease hydrolysis probe; and adjacent fluorescein and
Cy5-labeled hybridization probes (Wittwer et al., 1997b). Instead, they
discovered that they could monitor the process of DNA melting with
fluorescence as dsDNA dissociates with a decrease in fluorescence intensity.
PCR product denaturation was observed when the product was heated through

its Tm. When the fluorescence data acquired was plotted as a function of

temperature, “spiral curves” were obtained. These “spiral curves”, now known

as melting curves reflect the characteristics of the DNA fragments. In the same

year, product differentiation by DNA melting analysis using SYBR Green was
reported (Ririe et al., 1997). Anticipated PCR products were discriminated from

non-specific products and primer dimers based on their Tms. Products differing
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in length and sequence were detected based on the DNA melting curves
(Figure 1.12).

Figure 1.12: DNA melting curves and melting peaks representing the unique
profiles of pure and mixed PCR products.
A represents a 180-bp fragment of the hepatitis B surface antigen gene, C represents a 536-

bp fragment of the human β-globin gene, B represents a mixture of both genes. (a) Melting
curves generated based on the fluorescence data acquired as a function of temperature.
Pure products (A and C) are differentiated by their differing Tms, while B is distinguished by

the different shape of its melting curve. (b) First derivative melting peaks (-dF/dT)

generated from melting curves of pure and mixed products to further confirm the intended
product (Reproduced from Ririe et al., 1997).

DNA melting analysis enables different PCR products of different length to be

distinguished (Ririe et al., 1997). This led to further investigations of the
method to detect PCR products of the same length, differing by only one base
pair. Although single base genotyping in PCR products of up to167 bp (Lipsky et

al., 2001) has been reported, discrimination of PCR products with single base

changes remains difficult. This is because the earlier generation instruments

used for DNA melting analysis had lower resolution in temperature control and
temperature increments (i.e. ≤3 data points/°C). Therefore, single base changes
could not be accurately identified due to ambiguous and rough melting curves

obtained. Manipulation of data such as smoothing of melting curves is necessary
to discriminate genotypes more accurately.
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The limitations of DNA melting analysis using first generation instruments was

resolved by using fluorescence-labelled oligonucleotide probes, usually FRET or
guanosine quenching to genotype single base variants (Lay and Wittwer, 1997;
Crockett and Wittwer, 2001; Reed et al., 2007a). Lay and colleagues (1997)

were the first to report DNA melting analysis using dual-labelled

oligonucleotides after the advent of probe-based melting analyses. They
demonstrated successful genotyping of the factor V Leiden mutation with a
fluorescein-labelled FRET (donor) probe and a Cy5-labelled (acceptor) primer.

Wild-type homozygotes, mutant homozygotes and heterozygotes were

distinguished based on probe melting curves. DNA melting analysis was
simplified by using only one labelled oligonucleotide (a fluorescein-labelled
probe) instead of two (Crockett and Wittwer, 2001). A fluorescence-labelled
acceptor primer was not necessary for genotyping because quenching of
fluorescein fluorescence occurs during hybridization of the fluorescein-labelled

probe adjacent to guanosines (Crockett and Wittwer, 2001). Mutations for

factor V Leiden, haemoglobin C, hemoglobin S, methylenetetrahydrofolate
reductase and the cystic fibrosis-associated deletion F508del were successfully
detected based on Tm differences (Crockett and Wittwer, 2001).

Although probe-based melting analyses allow detection of single base variants,
only variants under the probe region (usually ≤30 bp) are detected. Therefore

probe-based melting analyses are only useful for interrogation of known SNPs

and scanning for unknown mutations in very short DNA fragments. For longer

DNA fragments (i.e. ≥ 200bp) with multiple SNPs located at multiple sites of the

fragments, multiple probes are necessary to cover all mutation sites for

genotyping. This may require multiple steps for analysis (multiple reactions for
DNA melting analysis) and may not be cost-effective. These limitations have

been overcome using “High-Resolution Melt” (HRM) analysis, developed as a
result

of

advances

in

DNA

melting

analysis

using

high-resolution

instrumentation and novel saturating dyes. HRM analysis allows genotyping

without probes, and enables the discrimination of as little as a single base
difference between large amplicons.
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1.5.3 High-resolution DNA melting analysis
The development of high-resolution DNA melting analysis was mainly driven by

the need for SNPs interrogation particularly in large DNA fragments. The term
“High-resolution melt” (HRM) first appeared in 2003 when a method was

published using fluorescence-labelled primers to interrogate SNPs in up to a
303bp amplicon, including homozygotes differing in a single base (Gundry et

al.). In the same year, HRM analysis was also reported to successfully genotype
SNPs in amplicons >500bp without any labelled primers, using a saturating dye

and a compatible high-resolution instrument (Wittwer et al., 2003). The

detection of heterozygous and homozygous sequence variants led Wittwer and
colleagues to conclude that HRM analysis has the potential to scan for unknown
polymorphisms (2003).

The term HRM is not clearly defined although it is widely used in the literature.

There is controversy among different research groups because HRM is defined
differently. Early evidence of DNA melting described by Wittwer and his team
(1997a) utilised the first generation LightCycler with a non-saturating dye,

SYBR Green. The reason why SYBR Green was less successful in detecting

heterozygotes remain uncertain until the “dye redistribution” phenomenon
(Figure 1.13) was explained (Wittwer et al., 2003). An understanding of the dye

redistribution mechanism led to the invention of a saturating dye, LCGreen in
2003 (Wittwer et al.), which has been patented by Wittwer and colleagues
(2006) and Idaho Technology: WO/2006/121423. Wittwer and colleagues
(2003) also demonstrated better results such as high-resolution melting curves

can be achieved with saturating dyes and compatible high-resolution
instruments which are specifically tailored for HRM analysis, particularly with
respect to heterozygote detection.

An initial criticism was that HRM only applies to DNA melting using saturating
dyes on high-resolution instruments. However, publications have shown HRM

analysis can be conducted using non-saturating dyes such as SYBR Green with

compatible high-resolution platforms such as Corbett Life Science’s Rotor-Gene
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6000 (Price et al., 2007; Stephens et al., 2008; Tong et al., 2009b; Merchant-

Patel et al., 2010; Richardson et al., 2010; Tong et al., 2010a; Tong et al., 2010b;

Lilliebridge et al., 2011; Tong et al., 2011; Andersson et al., 2012). Without using

saturating dyes, these groups demonstrated accurate and reproducible melting

curves for the identification of genomic and hypervariable regions in bacterial

genotyping. This suggests that the term HRM is acceptable when non-saturating
dyes are used with high-resolution instrumentation.

Non-saturating dyes such as SYBR Green inhibit PCR when used at high

concentrations (Wittwer et al., 1997a; Gundry et al., 2003; Wittwer et al., 2003).

Wittwer et al. (2003) and Giglio et al. (2003) demonstrated that non-saturating
dyes favour larger sized DNA fragments with high G+C content when used at

saturating concentrations. Non-saturating dyes are capable of redistributing
from melted to unmelted dsDNA regions during DNA melting (Figure 1.13a)

(Gundry et al., 2003; Wittwer et al., 2003). As a result, the ability to detect
heteroduplexes is limited due to the redistribution of dye molecules

(Figure 1.13b). Both the heterozygotes and homozygotes had similar melting
curves with very small Tm difference and cannot be discriminated from each

other. Although it was possible to detect heterozygotes when SYBR Green was

added after PCR amplification at high concentrations for subsequent DNA

melting analysis (Gundry et al., 2003), this however defeats the purpose of a

single-step, closed-tube method for rapid and efficient genotyping. Despite its
limitation in differentiating heterozygotes from homozygotes, SYBR Green has

been reported to be useful for genotyping purposes, allowing discrimination of

many alleles associated with human (diploid) and microbial (haploid) targets

(Lipsky et al., 2001; Gundry et al., 2003; Herrmann et al., 2006a).

In contrast to non-saturating dyes, saturating dyes can be used at saturating
(high) concentrations to saturate available binding sites (Figure 1.13c) without

inhibiting the PCR (Wittwer et al., 2003). The first commercialised saturating

dye was LC Green (Idaho Technology), developed in 2003 (Wittwer et al.).

LC Green I, the first saturating dye of the LC Green family, is specifically
designed to be used with high-resolution instruments such as Idaho
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Technology’s HR-1 for HRM analysis to differentiate heterozygotes from
homozygotes (Figure 1.13d) (Gundry et al., 2003; Wittwer et al., 2003).

Heterozygotes melted at lower temperatures and had different shapes of
melting curves compared to homozygotes. Other examples of saturating dyes

available for HRM analysis include EvaGreen (Biotium and BioRad), LCGreen+

(Idaho Technology), SYTO9 (Invitrogen) and ResoLight (Roche).

Apart from the advances in chemistries (saturating dyes), high-resolution
instruments are essential for HRM analysis. The main key features of high-

resolution instruments include accurate temperature control and small
temperature increments (generally ≅10 data points/°C) to generate smoother

and more accurate melting curves. The first high-resolution melting instrument
was Idaho Technology’s HR-1, invented in 2003 using glass capillary format.

HR-1 (used in conjunction with LCGreen) was aimed at providing HRM analysis
with as much accuracy and precision as possible (Reed et al., 2007a), but was

only able to process one sample at a time (Herrmann et al., 2006b).

Subsequently, instruments with plate-based formats such as Idaho Technology’s

LightScanner (96-well plate), Applied Biosystem’s ABI 7900HT (96 to 364-well

plate) and BioRad’s iCycler (96-well plate) were developed to allow analysis of a

larger number of samples concurrently.
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Figure 1.13: The physical properties and melting characteristics of a saturating
and a non-saturating dye.
(a) The non-saturating dye molecules from the melted regions can redistribute to the

neighbouring unmelted regions of the double-stranded DNA during DNA melting, resulting
in a small temperature shift in the melting curves. (b) The distinction between

heterozygotes and homozygotes were not obvious from the derivative (-dF/dT) melting

plot. (c) The saturating dye molecules from the melted region cannot redistribute to the

unmelted region of the fully saturated double-stranded DNA, resulting in more accurate

melting profiles. (d) The -dF/dT plot showing a clear differentiation of heterozygotes from
homozygotes. (Adapted from Wittwer et al., 2003; Taylor et al., 2010).

An alternative to the glass capillary and plate-based instruments is the Corbett
Life Science’s Rotor-Gene platforms based on a centrifugal-rotary system. The
Rotor-Gene 3000, the first Corbett’s rotor instrument, was capable of
conducting DNA melting analysis. Subsequently, the Rotor-Gene 6000 was

developed to support HRM analysis. Samples are arranged in a circular format
and are spun continuously at 400 rpm in a chamber of moving air (Snyman,

2009), allowing the smallest recorded melting rate of 0.006°C/s compared to
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≅0.1°C/s in other high-resolution instruments such as Roche’s LightCycler and
Idaho Technology’s LightScanner (Herrmann et al., 2007). About 1667 data

points are acquired in a Rotor-Gene 6000 compared to only 100 data points for
a LightCycler and LightScanner. Therefore the Rotor-Gene 6000 provides the
smallest temperature increment in comparison to the other available high-

resolution platforms. Due to the unique rotation-based system, greater

temperature parallelism (i.e. well-to-well thermal uniformity of 0.01°C) is

achieved between samples (Snyman, 2009).

At least seven instruments are available commercially for HRM analysis: ABI’s
7900HT, Cepheid’s SmartCycler, Corbett’s Rotor-Gene 6000, Idaho Technology’s

HR-1 and LightScanner-384 well and Roche’s LightCycler 480-96 well and -384

well. The performance of instruments for both DNA melting and HRM analysis

had been evaluated and compared (Herrmann et al., 2006a; Herrmann et al.,
2006b; Herrmann et al., 2007). The variables and characteristics of different

HRM instruments are summarized in Hermann and colleagues (2006a) reported
that the plate-based instruments had the greatest well-to-well variability due to

temperature non-uniformity across the block during heating and cooling
(melting cycles). In the same year, they evaluated the performance of four other
high-throughput machines excluding plate-based instruments: SmartCycler

(Cepheid), HR-1 (Idaho Technology), and LightCycler 1.2 and LightCycler 2.0

(Roche) that could heat continuously at 0.1°C/s, to genotype homozygotes from
heterozygotes at the human β-globin sickle-cell mutation using LC Green Plus

(Herrmann et al., 2006b). HR-1 was found to be best suited for discriminating
the wild-type and mutant homozygous samples by small Tm differences of

0.09°C, while all four instruments were capable of detecting heterozygous
samples.

The choice of instruments and compatible dyes play an important role in

determining the performance of HRM analysis for genotyping known sequence
variants and identifying unknown sequence variants.
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Table 1.3: Devices commercially available for HRM analysis.
Sample
Data
Melting
Tm SDn,
Tm SDts,
Instrument
format

ABI: 7900 HT
Cepheid:
SmartCycler
Corbett:
Rotor-Gene
6000
Idaho
Techonology:
HR-1
Idaho
Technology:
LightScanner384 well
Roche:
LightCycler
480 -96well
Roche:
LightCycler
480 -384well
a Observed

96

Tm range,
d°C
1.24

0.028

72

0.09

0.018

0.012

32

0.06

0.105

0.096

0.024

384

0.45

10

0.110

0.144

0.014

96

0.67

10

0.090

0.160

0.017

384

0.71

points/°C
4.2

rates,a °C/s
0.014

°Cb
0.274
0.065

0.051

10

0.006

0.020

200

0.100

384-well
plate

12

96 -well
plate

96 or 384 well plate
16
individual
cassettes
72 or 100plastic
tubes
1 glass
capillary

384 -well
plate

10

0.100

°Cc
e

n

32

0.22

melting rates (programmed at 0.1°C/s when possible).

b

Standard deviation of the Tm within a genotype for melting curves (relevant to genotyping

c

Standard deviation of the Tm within a genotype after temperature shifting (relevant to

d

Temperature range based on the number of samples (n) analysed.

and instrument temperature homogeneity).

heterozygote scanning and melting curve superimposability).
e

Calculation not possible.

(Reproduced from Herrmann et al., 2006a; Herrmann et al., 2006b; Herrmann et al., 2007).

HRM analysis allows discrimination of sequence variants on the basis of two

criteria: difference in Tm (normally to detect homozygotes) and change in

melting curve shape (particularly to detect heterozygotes). It is important to

note that the length of DNA fragments can impact the performance of HRM
analysis to detect polymorphisms. The relationship between the Tm differences,
length of the DNA fragments and number of G+C changes is illustrated in

Figure 1.14. Two DNA fragments that differ in one G+C change can have a Tm

difference, depending on the length of the fragments. For example, one
difference in the total G+C content in two fragments of less than 100bp will

cause a bigger Tm difference (0.8°C) compared to two 1000bp fragments with a
Tm difference of 0.1°C. The same applies to multiple G+C differences for larger
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DNA fragments. Interestingly, a Tm difference of 0.2°C was observed in two DNA
fragments with one G+C change at 200bp, two G+C changes at 400bp, three G+C
changes at 600bp and four G+C changes at 800bp respectively (Figure 1.14).

Therefore, the Tm difference between two DNA fragments decreases as the
length of the DNA fragments increases, correlating to the number of G+C
changes (single nucleotide polymorphisms).

Figure 1.14: The relationship between the Tm differences, length of DNA
fragments and numbers of G+C differences.
Taking into account that the salt concentration is constant, the predicted Tm values are
calculated

according

to

Equation

2

from

Section

1.4.2

with

modification:

∆Tm = 41(∆G+C)/N; ∆G+C is the number of G+C differences and N is the length of the DNA

fragment. This figure provides a prediction of the performance of HRM analysis when
melting curves of similar shape with different Tms are compared.

Although successful HRM analysis on large DNA fragments of up to 1kb has been
reported, smaller fragments (≤ 300bp) are preferred to achieve a higher

sensitivity to detect single base changes (Wittwer et al., 2003; Reed and
Wittwer, 2004). Reed and colleagues (2004) demonstrated that HRM analysis

correctly differentiated homozygotes from heterozygotes at different amplicon
lengths ranging from 120 to 313bp, with a decreasing Tm difference as the
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amplicon length increased (Figure 1.15). When larger fragments such as 400bp

to 1kb with mutations in the centre of the DNA fragments were used, the

sensitivity and specificity of HRM analysis were reduced from 100% to 96.1%

and 99.4% respectively (out of 672 samples screened) (Reed and Wittwer,
2004).

Liew and colleagues (2004) reported that not all sequence variants with single
base changes could be distinguished by Tm differences. This is because
approximately 84% of human single-base differences (SNPs) result in an A/T to
a G/C base change with a Tm difference of 0.8-1.4°C (Liew et al., 2004; Reed et

al., 2007a). The Tm difference for the remaining 16% of human SNPs are

approximately less than 0.4°C because the base changes are neutral (i.e. an
AT, a TA, a GC or a CG) (Table 1.4) (Venter et al., 2001; Liew et al.,

2004; Reed et al., 2007a). Although most homozygotes can be resolved from
each other, approximately 4% of human SNPs will not be resolved as there will

be no Tm difference based on the nearest-neighbour prediction (Liew et al.,

2004; Reed et al., 2007a). One alternative to overcome this problem is to

conduct a “spiking” experiment, where a known homozygote is mixed into each
unknown homozygote after the first round of HRM, and then the mixture is

melted again (Reed et al., 2007a). If the samples are different from one another,
the resulting melting curves will be able to distinguish all genotypes apart.
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Figure 1.15: Effect of amplicon length and resolution of mutation detection by
HRM analysis.
Red, blue and green lines represent mutant homozygotes, heterozygotes and wild-type
homozygotes respectively. (a) The mutants are most clearly discriminated at the shortest

amplicon which is 120bp, with a 0.5°C Tm difference between the homozygous mutant and

wild-type samples. (b), (c) and (d) As the amplicon increases in length, the distinction

between the two homozygous samples decreases. (Reproduced from Reed and Wittwer,
2004).
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Table 1.4: Classification of human single nucleotide polymorphisms (SNPs),
occurrence and predicted Tms.
SNP Class
Base Change
Occurrence in the
Predicted Tm
human genome
differences (°C)a
(%)
I
CT, TC, GA, AG
64
>0.5 (average of 1.0)
II
CA, AC, GT, TG
20
>0.5 (average of 1.0)
III
CG, GC
9
0.2-0.5
IV
AT, TA
7
<0.2
a

The predicted Tm differences between two homozygous samples.

Class I and II SNPs are the easiest to be identified by HRM analysis and the frequency of its
occurrence is higher in the human genome. In contrast, class III and IV SNPs are more
difficult to be detected because they differ by just one hydrogen bond, resulting in a smaller
melting curve Tm difference of 0.2-0.5°C and 0.2°C respectively.

(Reproduced from Venter et al., 2001; Liew et al., 2004; Applied Biosystems and
Technologies, 2010).

While most homozygotes can be discriminated based on Tm differences, HRM is
particularly useful for discriminating from homozygotes on the basis of shape
difference(s) of melting curves even when their Tm values are the same

(Stephens et al., 2008), illustrated in Figure 1.16. Usually a double peak is
observed on the derivative melting curve plots for heterozygous samples.
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Figure 1.16: Examples of different plots obtained from HRM analysis for factor V
(Leiden) 1691GA.
Red, blue and green lines represent mutant homozygotes, heterozygotes and wild-type
homozygotes respectively. (a) Normalized melting curves, (b) The first derivative (-dF/dT)

melting plot, and (c) difference plot with the wild-type homozygotes set as the baseline
(reference curve). Both the wild-type and mutant homozygotes are distinguished from each

other based on their different Tms, while the mutant heterozygotes are easily discriminated

from the homozygotes based on their different shape of melting curves. (Reproduced from
Erali et al., 2008).

Although HRM analysis has been reported to be the best method for mutation

scanning because no post-PCR handling is required and the cost is minimal
(Reed et al., 2007a), it is not without problems. In particular, the accuracy and

efficiency of the technique depends on the instrumentation and dsDNA

intercalating dyes. The precision of temperature control of instruments

(Herrmann et al., 2006b), concentration and types of dyes, ionic strength
(concentration) of DNA, and length of DNA fragments (Wittwer et al., 2003;

Reed et al., 2007a; Wittwer, 2009) can affect the ability of HRM analysis to

correctly discriminate sequence variants. However, once the technique is
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optimized, HRM analysis serves as a simple, rapid and robust tool for a wide

variety of applications. The burden of unnecessary sequencing is also greatly
reduced, thus making HRM analysis cost-effective.

To conclude, the definition of HRM remains debatable as to whether one can

only incorporate saturating dyes with high-resolution instruments for HRM

analysis. In my thesis, the term HRM is used in the results chapters (CHAPTER 3
and CHAPTER 4) utilizing SYBR Green, a non-saturating dye, with the Corbett

Life Science’s Rotor-Gene 6000 device. The reproducibility and/or limitation of
HRM analysis using SYBR Green will be explored and determined.

1.5.4 Applications of HRM analysis
HRM analysis was first used for interrogating single-nucleotide polymorphisms

(SNPs). In addition, this technique has been applied in scanning for unknown

mutations. HRM analysis has also been used in a wide variety of applications
such as genotyping of tandem repeats, methylation analysis and confirmation of

copy number variants based on mixed homozygous-heterozygous samples ratio
(Reed et al., 2007a; Vossen et al., 2009). This review focuses on the two main
applications: SNP genotyping and mutation scanning.

1.5.4.1 Single nucleotide polymorphism (SNP) genotyping
Single nucleotide polymorphisms (SNPs) are gene variations resulting from a
single nucleotide difference. SNPs are important DNA markers to study and
understand complex genetic disorders (Okamoto et al., 2006) such as

cardiovascular diseases, as well as human and microbial evolution (Ye et al.,

2002). The cause of an individual’s susceptibility to specific diseases such as
sickle-cell anaemia and identification of hereditary genetic disorders such as

diabetes, cystic fibrosis and breast cancer can be determined by SNP genotyping
(Syvanen, 2005; Montgomery et al., 2010). Various different methods for SNP

genotyping based on gel electrophoresis (i.e. PCR, denaturing gradient gel
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electrophoresis),

columns

(i.e.

denaturing

high

performance

liquid

chromatography) and fluorescence (probes-based assays i.e TaqMan, molecular

beacons and FRET) detection formats have been developed. However, most of

the commonly used SNP genotyping methods involve post-PCR handling such as

gel electrophoresis, and require considerable time and cost for optimization.

Therefore, closed-tube methods such as HRM analysis that do not require
sample processing after PCR are preferred as the process of “mutation analysis”

is simplified and the risk of contamination (amplicon carryover during post-PCR
handling) is eliminated (Reed et al., 2007a).

HRM analysis allows genotyping without probes (Reed et al., 2007a), and
enables the discrimination of as little as a single base difference between
amplicons. Gundry and colleagues (2003) were the first to report high-

resolution genotyping without probes using fluorescently-labelled primers.

Amplicons ranging from 44-304bp in length with polymorphisms in the HTR2A
(T102C), β-globin (haemoglobin S, C and E) and cystic fibrosis (F508del, F508C,
I507del, I506V) genes were detected and differentiated. All homozygotes were

differentiated from each other by differences in Tms, with the smallest Tm

difference of <0.2°C for β-globin sequence variants, while all heterozygotes
were distinguished based on their unique melting curve shape differences.

Despite the ability of HRM analysis to genotype single base variants, genotyping
became more difficult with the increase in amplicon size and the distance from

the labelled-primer (Reed et al., 2007a). This was resolved with the advent of
novel saturating dyes. Wittwer and colleagues (2003) demonstrated successful

genotyping by HRM analysis without fluorescently-labelled primers, using a

saturating dye, LCGreen. Melting of the entire amplicon of up to 544bp fragment

with two melting domains (which is useful for identifying unknown sequence
variants) was detected.

High-resolution amplicon melting is mainly applied in human and microbial

genotyping, although the technique has recently been documented in plants.

Genotyping of variants associated with inherited diseases in human and
detection of variants in infectious diseases targets by HRM analysis using
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different dyes and instruments are listed in Table 1.5 and Table 1.6
respectively (Montgomery et al., 2010).

Table 1.5: Genotyping of human genetic disorders.

Genes
AMH
CFTR
HBA
HBB
HFE
IL10

KIR2DL4
KIR2DS4
KIR3DL2
MTHFR
MTHFR
PAH
RET
TPMT

Amplicon Dye
size (bp)
152

198-201
134-196
38
40

150-162
297
149
266

45-50
50-54
59

140-250
82-165

Instrument

Reference

EvaGreen

RotorGene

(Rigon et al., 2010)

SYBR Green

RotorGene

(Pornprasert et al., 2008)

LCGreen+

HR-1

LCGreen+

HR-1

LCGreen+

HR-1

Syto9

RotorGene

ResoLight

LC480

ResoLight

LC480

ResoLight

LC480

ResoLight

Syto9/ResoLight

LC480

LCGreen+

RotorGene/
LC480
LightScanner

LCGreen+

RotorGene

LCGreen+

LC480

(Reproduced from Montgomery et al., 2010).
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(Zhou et al., 2004)
(Liew et al., 2004)
(Liew et al., 2004)

(Tedde et al., 2008)

(Gonzalez et al., 2009)
(Gonzalez et al., 2009)
(Gonzalez et al., 2009)

(Norambuena et al., 2009)

(Kristensen and Dobrovic,
2008)
(Gundry et al., 2008)
(Margraf et al., 2008)
(Efrati et al., 2009)

Table 1.6: Detection of bacterial, viral, fungal and parasitic organisms associated
with infectious diseases in humans.
Organism
Gene/
Amplicon Dye
Instrument Reference
Locus
size (bp)

Bacteria

25
bacterial
species
Bacillus
anthracis
Campylobacter
jejuni
Campylobacter
jejuni/
Campylobacter
coli
Chlamydia
psittaci
Chlamydia
trachomatis
Klebsiella
pneumonia*
Mycobacteriu
m species
Mycobacteriu
m tuberculosis
Salmonella
enterica
Staphylococcus
aureus*
Staphylococcus
aureus*
Staphylococcus
species

16S rRNA

Herpes simplex

glycoprotein
D
IBV S1

Virus

Infectious
bronchitis
Influenza A
Influenza B
Varicellazoster

Fungus
Candida
species

VNTR loci*

CRISPR loci*
flaA*

ompA
omp1
blaSHV*
hsp65
rpoB
gyrA
spa*
spa*
16S rRNA

viral matrix
(M)
HA1

216-217
137-955
435
620

LCGreen+

HR-1

Syto9

RotorGene

LCGreen+
SYBR
Green

98-274

SYBR
GreenER
ResoLight

583
39

105

SYBR
Green
LCGreen I

89

LCGreen+

125-193
168-288

ResoLight

HR-1

RotorGene
RotorGene
LC480

RotorGene
HR-1

LC480
HR-1

96-216
372

SYBR
Green
SYBR
Green
EvaGreen

153

LCGreen+

HR-1

179

LCGreen I

HR-1

230-435
164

ORF 1, 21,
37, 60, 62

65-103

internal
transcribed
spacers
(ITS1, ITS2),
rDNA genes

800

Syto9

LCGreen I

LCGreen+
SYBR
Green

Parasite/Other
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RotorGene
RotorGene
RotorGene

RotorGene
HR-1

RotorGene
LC480

(Cheng et al.,
2006)
(Fortini et al.,
2007)
(Price et al.,
2007)
(MerchantPatel et al.,
2010)
(Mitchell et
al., 2009)
(Raherison et
al., 2009)
(Andersson
et al., 2009)
(Odell et al.,
2005)
(Pietzka
et
al., 2009)
(Slinger et al.,
2007)
(Stephens et
al., 2008)
(Tong et al.,
2009b)
(Slany et al.,
2010)
(Dames et al.,
2007)
(Hewson et
al., 2009)
(Lin et al.,
2008)
(Nakagawa et
al., 2008)
(Toi
and
Dwyer, 2008)
(Mandviwala
et al., 2010)

Anopheles
gambiae
Aspergillus
species

Cryptosporidium
species

Dientamoeba
fragilis
Plasmodium
falciparum

kdr
internal
transcribed
spacer
(ITS1), 5.8S
rRNA
internal
transcribed
spacer
(ITS2), 5.8S
rRNA
16 SSU rRNA
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Syto9

RotorGene

(Bass et
2007)
(Erali et
2006)

440-450

Syto9

RotorGene

(Pangasa et al.,
2009)

SYBR
Green
EvaGreen

LC480

(Hussein et al.,
2009)
(Andriantsoani
rina et al.,
2009)

83-104

662

LCGreen+

HR-1

Pfdhfr,
167-200
RotorGene
Pfdhps, Pfcrt,
Pfmdr1
*Tandem repeats as targets used for repeat genotyping using HRM analysis
(Adapted from Montgomery et al., 2010).

al.,
al.,

Wittwer’s success in high-resolution genotyping prompted other researchers to
employ HRM analysis in SNP genotyping. Liew and colleagues (2004) utilised

HRM analysis with LCGreen for SNP genotyping of single base variants of small

amplicons, ranging from 38-50bp. The SNPs targeted cover all four classes of

SNPs (Table 1.4). Heterozygotes were easily distinguished from homozygotes

for all SNP classes by distinct melting curve shape differences. For SNPs in class
1 or 2 (factor V, prothrombin, MTHFR genes), wild type and mutant

homozygotes were easily differentiated by Tm difference(s) of ≥1.0°C. For SNPs
in class 3 or 4, the β-globin homozygous mutant (haemoglobin S 17AT; class

4) was distinguished from the wild-type with a 0.2°C Tm difference, but the HFE
homozygous mutant (187CG; class 3) could not be discriminated from the
wild-type.

Not all SNPs can be genotyped; therefore not all homozygous sequence variants

can be differentiated. “Spiking” of samples where a known genotype is mixed
into unknown sample(s) is necessary for genotyping. This has been
demonstrated by Liew and colleagues (2004) that discrimination of two

homozygotes is possible with the addition of a known genotype to the unknown

sample before or after PCR. An option besides spiking of samples is to include

unlabelled probes for genotyping. Unlabelled-probes for HRM analysis are
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useful when amplicon (PCR product) melting alone does not provide sufficient

information for discriminating different variants with high polymorphic regions
(Reed et al., 2007a). Additional melting data focusing on the region under the

probe were obtained in addition to the full-length amplicon. Unequal

concentrations of primer are used to generate one DNA strand in excess. Some
of these excess strands hybridize with the complementary unlabelled probe.

Both the probe and the amplicon will be saturated with dye, producing melting
regions for both the probe and amplicon respectively (Figure 1.17). Each
melting region provides unambiguous genotyping. When combined together,

both the probe and amplicon melting provide better resolution for genotyping,
and discrimination between different homozygotes is possible.
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Region 1
Region 2

Figure 1.17: Discrimination of probe and amplicon melting based on their
differing shapes of melting curves.
Black line represents wild-type homozygotes, blue represents mutant homozygotes (region
1: GA), and red (region 1: GA), green (region 2: GA) and orange (region 2: CT)

represent mutant heterozygotes respectively. (a) Normalized melting curves showing the

probe melting (56-74°C) and amplicon melting (≅80-83°C) regions. (b) The first -dF/dT
plot of the probe region showing distinct melting peaks of each allele. Different shapes of

melting curves representing different alleles were apparent and easily discriminated from
one another. (c) The difference plot of the amplicon melting region using the wild-type
homozygotes as the baseline. (Adapted from Zhou et al., 2005).

Zhou and colleagues (2004) were the first to report successful genotyping by

HRM analysis using only an unlabelled-probe with a saturating dye, LCGreen
and a pair of unlabelled-primers; heterozygotes were discriminated from

homozygotes, and wild-type homozygotes were differentiated from mutant

homozygotes. Two unlabelled-probes were used in conjunction with LC Green

to genotype multiple sequence variants of exon 11 of the CFTR gene with
simultaneous scanning of the entire amplicon. Based on direct observation on
66

the normalized melting curves, it was not clear what information could be

extracted. The wild-type, homozygous and heterozygous mutants were
differentiated based on the clustering of samples into groups with similar
melting curve shapes. The distinction between different heterozygotes was not

obvious based on amplicon melting alone. Therefore, probe melting was used to

increase the resolution of discrimination between heterozygous samples and
detect homozygous variants more easily.

1.5.4.2 Mutation scanning

Mutation scanning is defined as the process where “a segment of DNA is
screened via one of a variety of methods to identify variant gene region(s)”

according to the U.S. National Library of Medicine (NLM, 2011). Methods used

for mutation scanning to identify sequence alterations before the advent of HRM

analysis include single-strand conformation polymorphism analysis (SSCP)
(Orita et al., 1989), denaturing high performance liquid chromatography

(dHPLC) (Xiao and Oefner, 2001), denaturing gradient gel electrophoresis

(DGGE) (Fodde and Losekoot, 1994), temperature gradient capillary

electrophoresis (TGCE) (Li et al., 2002), mass spectrometry (Bocker, 2007) and
sequencing. Some of these methods, however, are laborious and time consuming

because sample processing post-PCR such as separation of samples on a gel or

other matrix is required (Reed and Wittwer, 2004). In contrast, HRM analysis is

a single-step, closed tube method which does not require any sample processing
after PCR. Therefore, HRM minimises and potentially eliminates PCR
contamination risks and significantly reduces analysis time, making HRM
analysis an ideal technique for mutation scanning.

Although HRM analysis was initially used for detecting and genotyping known

mutations (i.e. SNPs), this method is also applied to discover unknown genetic
mutations which may result from a single base change or multiple base changes,
insertions and/or deletions (Wittwer et al., 2003; Reed et al., 2007a).

After the first publication of HRM analysis used to scan for unknown

polymorphisms (Wittwer et al., 2003), Reed and collegues (2004) further
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demonstrated scanning for heterozygous single-base changes using a set of
genetically engineered plasmids. The accuracy of detection of heterozygous

single-base changes by HRM analysis (100%) is higher compared to sequencing
(99.9%) (Reed and Wittwer, 2004).

HRM analysis is mainly focused on variants associated with genetic diseases and
tumours in humans, although the method is increasingly becoming more

popular in microbiology, interrogating known SNPs and scanning for unknown
mutations. Scanning of variants associated with genetic diseases and tumours in

human by HRM analysis using different dyes and instruments are listed in
Table 1.7 (Montgomery et al., 2010).

Table 1.7: Variant scanning of human genetic diseases and tumours.

Genes

Amplicon
size (bp)
Genetic diseases

Dye

Instrument

Reference

ACADM

12-223

LCGreen I

HR-1

188-330

ResoLight

LC480

(McKinney et al.,
2004)
(Liyanage et al.,
2008)
(Chang et al.,
2009)
(Nguyen-Dumont
et al., 2009)

APOB
APOC2
ATM
BRCA1
BRCA1/2
BRCA1/2
BRCA1/2
BRCA1/2
CDKN2A/CDK4
CFTR
CFTR

Tumours
CFTR
ENG

156-365
<350

217-420
159-534
136-435
292-445
95-280

121-410
179-408
146-322
175-458
138-356

EvaGreen

LCGreen+

LCGreen+

ResoLight
LCGreen+

HR-1

LightScanner
LightScanner
LC480

ResoLight

LightScanner/
LC480
LC480

LCGreen+

LightScanner

ResoLight
LCGreen+
LCGreen+
LCGreen I

LC480

LightScanner
LightScanner
HR-1

LCGreen I

HR-1
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(van der Stoep et
al., 2009)

(Takano et al.,
2008)
(De Leeneer et al.,
2008)
(Sadr-Nabavi et
al., 2009)
(de Juan et al.,
2009)
(Pjanova et al.,
2007)
(Audrezet et al.,
2008)
(Montgomery et
al., 2007)

(Chou et al., 2005)

(Vandersteen et al.,
2007)

FBN1
LMNA
LPL
MLH1
OTC
PAH
PARK2
RET
SCN5A
SLC22A5
BRAF
BRAF
EGFR
EGFR
EGFR
ERBB2
FLT3
JAK2
KIT
KRAS
KRAS
PIK3CA
TP53
TP53

179-301
175-374

ResoLight

152-283

ResoLight/Syto9/
SYBR GreenER
ResoLight

146-266

LCGreen+

195-387
154-283
167-235
14-235

152-394
119-312
190-250
190-250
121-250
204-236
186-248
214-252
326
126

170-235
92

167

130-135
136-245
134-653

ResoLight

LC480

RotorGene
LC480
LC480

LightScanner

LCGreen+

LightScanner

Syto9

RotorGene

LCGreen+

HR-1

Syto9

RotorGene

LCGreen I

HR-1

LCGreen I

HR-1

Syto9

RotorGene

Syto9

RotorGene

LCGreen+

HR-1

LCGreen I

HR-1

LCGreen I

HR-1

ResoLight
LCGreen+

LC480
RotorGene

LCGreen I

HR-1

Syto9

RotorGene

Syto9

RotorGene

Syto9
Syto9

RotorGene
RotorGene

LCGreen+

LightScanner

(Adapted from Montgomery et al., 2010).
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(Hung et al., 2009)

(Millat
et
al.,
2009a)
(Chang et al., 2009)

(Rouleau et al.,
2009)
(Dobrowolski et al.,
2007b)
(Dobrowolski et al.,
2007a)
(Bardien et al.,
2009)
(Margraf et al.,
2006)
(Millat
et
al.,
2009b)
(Dobrowolski et al.,
2005)
(Willmore-Payne et
al., 2005)
(Simi et al., 2008)
(Do et al., 2008)

(Willmore-Payne et
al., 2008)
(Willmore-Payne et
al., 2006)
(Willmore-Payne et
al., 2006)
(Tan et al., 2008)
(Jones et al., 2008)
(Willmore-Payne et
al., 2005)
(Do et al., 2008)
(Simi et al., 2008)
(Simi et al., 2008)
(Krypuy et al.,
2007)
(Garritano et al.,
2009)

1.5.4.3 SNP nucleated mini-MLST (Minim) typing
SNP nucleated mini-MLST typing, also briefly known as “Minim typing”, is a
novel typing method developed based upon multiple HRM-mediated

interrogation of internal MLST gene fragments that contain several resolution-

optimized SNPs (Richardson et al., 2010; Lilliebridge et al., 2011; Tong et al.,

2011; Andersson et al., 2012). Minim typing is an improved variant approach to

the MLST-derived SNP typing assays based on kinetic PCR (Robertson et al.,
2004; Huygens et al., 2006; Price et al., 2006a; Price et al., 2006b; Stephens et al.,

2006; Honsa et al., 2008). A software program known as “HRMType” was
designed using the STATA statistical analysis package (StataCorp, College
Station, Texas, USA) to assign an HRM curve profile to each relevant ST on the

MLST database on the basis of G+C content (Richardson et al., 2010; Lilliebridge

et al., 2011; Tong et al., 2011; Andersson et al., 2012). The output of HRMType

was then converted into a Microsoft Excel-based key, with types defined by
HRM termed “MelTs”, and the alleles of each fragment are encoded according to

the absolute number of G+C content. The purpose for encoding the alleles based
on their G+C content was to maintain the relationship between the allele

numbers and the Tm values as more alleles are known. Information such as the
frequencies of predicted MelT types, the resolving power of HRM typing with

respect to complete MLST analysis and the generation of a key for converting
between MLST and MelT data and vice versa could be obtained from HRMType.

As with most typing methods, Minim typing has both its strengths and
weaknesses. The advantages are that Minim can be performed at low cost and
high throughput on a real-time PCR device using generic real-time PCR master-

mix, and the method has been proven to have excellent correlation with and
similar resolving power to MLST and PFGE. The limitations are that: (i) alleles

with the same G+C content but of a different sequence are not usually possible
to be discriminated by HRM; (ii) novel MLST alleles may not be detected if the

mutation(s) does not change the G+C content or if the mutation(s) is found
outside the interrogated internal MLST fragments; and (iii) the HRMType key

will need to be updated as the MLST database is updated with new STs being
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deposited. Nevertheless, Minim typing is significantly cheaper and faster
compared to MLST which requires an initial seven PCR reactions followed by

capillary sequencing and analysis. Although the resolving power of Minim
typing will not equivalent to MLST, Minim typing can be used as an initial rapid

typing to screen isolates at a low cost while providing results that are
concordant with MLST data.

1.6 Objectives of this study
The overall objective of this study was to characterise the novel lineage of
S. aureus: Clonal Complex 75 (CC75) (S. argenteus). The prevalence of CC75 in

the Top End of Australia raises important questions, such the nature of its
evolutionary relationship with S. aureus and other staphylococcal species,
whether it is a rapidly disseminating clone or a long term resident of the Top

End. MLST and PFGE were regarded as the “gold standards” for typing S. aureus.

Due to issues associated with reproducibility and data output, MLST

outweighed PFGE, and several alternative approaches such as MLVA, spa typing
and SCCmec typing were developed to produce high discriminatory power for

typing S. aureus. As highlighted in Section 1.3, each method has its advantages

and disadvantages. The primary aim of this study was to develop a rapid, costeffective, reproducible and robust method using HRM analysis for CC75. The
methods presented in three results chapters (CHAPTER 3-CHAPTER 5) were

designed using the real-time PCR platform. The central hypothesis of this study

was that HRM-based typing methods would provide some insight into
understanding the population structure of CC75.
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In this thesis, four results chapters are presented addressing the following
research aims:

1. To determine the evolutionary position of CC75 within the genus
Staphylococcus using six evolutionary markers (CHAPTER 2).

2. To assess the resolving power of HRM analysis with SYBR Green to
discriminate CC75 MLST alleles (CHAPTER 3).

3. To use HRM analysis with SYBR Green to scan for novel CC75 MLST
alleles based on isolates of known sequence deduced from CHAPTER 3
(CHAPTER 4).

4. To investigate the resolution of LCGreen+ dye on HRM analysis
(CHAPTER 5).
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CHAPTER 2
DETERMINATION OF THE
EVOLUTIONARY POSITION OF
CC75 ISOLATES WITHIN THE
GENUS STAPHYLOCOCCUS

CHAPTER 2 : Determination of the evolutionary
position of CC75 isolates within the genus
Staphylococcus

2.1 Introduction
Surveillance of staphylococcal carriage and disease in the tropical Top End of

northern Australia yielded methicillin-susceptible and methicillin-resistant

Staphylococcus isolates that were highly divergent from S. aureus at the seven

MLST loci. These isolates were shown to be closely related to each other and
were designated as Clonal Complex 75 (CC75) (McDonald et al., 2006). CC75

accounted for 25% of all isolates and 71% of total methicillin-resistant

Staphylococcus isolates recovered during a study of impetigo in three remote

Aboriginal communities (McDonald et al., 2006). Clinical CC75 isolates were
recovered from a case-control study of S. aureus carriage at the Royal Darwin

Hospital (RDH), Northern Territory, Australia (Tong et al., 2009a). The sequence
identity of the vast majority of S. aureus MLST alleles is ≥97%, however, the

sequence identity between CC75 and other S. aureus MLST alleles ranges
between 90-95% (McDonald et al., 2006). CC75 does not belong to any of the

previously described clonal groups and is therefore difficult to classify given its
uncertain taxonomic status. Thus, the central aim of this study was to

investigate the evolutionary position of CC75 within the genus Staphylococcus.

For clarity purposes, the term “CC75” is used to refer to the novel group and
“conventional S. aureus” is used to refer to S. aureus excluding CC75.

A wide variety of molecular DNA-based methods for bacterial identification at

the species level have been developed. The 16S ribosomal RNA (16S rRNA) has

been by far the most commonly used gene target for bacterial phylogenetic
classification at the genus and species levels. The reason is that 16S rRNA is

present in almost every bacterial species and the function of the gene has not
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changed over time. However, species definition based on 16S rRNA is

challenged as this gene evolves slowly and fails to discriminate closely related
species (Hanage et al., 2006). These limitations can be overcome by using

multiple protein coding genes to increase the resolution of discriminating

closely related species. This approach is an extension of the multilocus sequence

typing (MLST) system and is termed multilocus sequence analysis (MLSA)
(Gevers et al., 2005).

MLSA has been used extensively to infer the phylogenetic relationships of

strains within bacterial genera, and to classify strains into species (Christensen
et al., 2004; Holmes et al., 2004). An MLSA system for Staphylococcus has been
developed utilising phylogenetic markers such as the glyceraldehyde-3-

phosphate dehydrogenase (gap) (Yugueros et al., 2000), heat shock protein
(hsp60) (Goh et al., 1996), RNA polymerase beta-subunit (rpoB) (Drancourt and

Raoult, 2002), superoxide dismutase (sodA) and elongation factor Tu (tuf)

(Martineau et al., 2001). These gene targets were shown to be well-conserved in

Staphylococcus species, but with sufficient sequence variation to allow for

species-specific identification (Ghebremedhin et al., 2008). These gene targets

were also reported to be more discriminative than 16S rRNA for the

identification of bacterial species, thus provide more accurate insight into how
bacterial isolates have evolved over time (Drancourt and Raoult, 2002;

Ghebremedhin et al., 2008). Therefore, an MLSA approach was used in this
study with the aim to investigate the evolutionary position of CC75. The

sequences of six gene fragments (16S rRNA, gap, hsp60, rpoB, sodA and tuf)

were utilised based on the work of Ghebremedhin and colleagues (2008). MLST
was also used to further examine the relationship between CC75 and

conventional S. aureus. Phenotypic tests such as Slidex agglutination and API

Staph tests were also carried out to investigate if there is a phenotype that is
diagnostic for CC75, as preliminary MLST findings indicated that CC75 is highly
divergent from conventional S. aureus.
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The results of this study were aimed at providing an insight not only into the
evolutionary position of CC75 within the genus Staphylococcus, but also an
overview of the diversity within CC75 and conventional S. aureus.

2.2 Materials and methods
2.2.1 Bacterial isolates
Five CC75 and two ST93 isolates were included in this study. Three CC75

isolates (HS2, HS42 and M34) were derived from two prospective skin health
studies in remote Aboriginal communities in the Northern Territory, Australia,

with M34 previously reported (McDonald et al., 2006). Two CC75 (SCC1119 and
SCC1302) and two ST93 (SCC1299 and SCC1325) were clinical isolates from a

prospective case-control study of S. aureus carriage at the RDH, Northern

Territory, Australia (Tong et al., 2009a). Each of these isolates was identified as

CC75 (HS2, HS42, M34, SCC1119 and SCC1302) or ST93 (SCC1299 and

SCC1325) using a SNP genotyping method based on MLST (Huygens et al.,

2006), and were nuc positive for the confirmation of the identity of S. aureus
using a real-time PCR assay conducted by Ms. Rachael Lilliebridge. The clinical

isolates were identified as catalase and coagulase positive by the RDH Pathology
staff. The CC75 isolates were identified as being different genotypes based on

previous kinetic SNP-typing data (Drs. Annette Dougall and Deborah Holt,

personal communication). All the CC75 isolates were methicillin resistant
except for HS2 and HS42, and all the ST93 isolates were methicillin resistant.

2.2.2 Bacterial cultures and genomic DNA extraction
Bacterial isolates were plated from glycerol stocks onto horse blood agar
(Oxoid, Thermo Fisher Scientific Australia Pty Ltd) and incubated at 37°C
overnight. To extract genomic DNA, a single colony was selected and cultured in

5mL of Todd-Hewitt yeast broth (Oxoid), and grown at 37°C overnight with

agitation. DNA was extracted from 1mL of pelleted bacterial cells using the
QIAamp DNA minikit (QIAGEN Pty Ltd, Doncaster, Australia) according to the
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manufacturer’s instructions, with the addition of 100µg/mL of lysostaphin
(Sigma, Saint Louis, USA) at the cell lysis step. The DNA was eluted in 200µL of
10mM Tris, 0.5mM EDTA, pH 9, and stored at -20°C until use.

2.2.3 Multilocus sequence analysis (MLSA)
Based on the work of Ghebremedhin and colleagues (2008), six gene fragments
(16S rRNA, gap, hsp60, rpoB, sodA and tuf) were selected for investigating the

phylogenetic position of CC75 isolates within the genus Staphylococcus
(Table 2.1). PCR amplification of the gene fragments was carried out on a

Corbett Palm Cycler PCR instrument (QIAGEN), using previously published
primers and conditions (Table 2.1). The PCR products were purified using a
QIAquick PCR Purification Kit (QIAGEN) as per the manufacturer’s instructions.

The purified PCR products were sequenced by either Bioscience North Australia
(Charles Darwin University, Darwin, Australia) or Macrogen Inc. (Seoul, South
Korea).

The DNA sequence chromatogram for each isolate was analysed using Chromas

Pro software version 2.33 (Technelysium Pty. Ltd., Tewantin, Australia).

Partial sequences of both forward and reverse directions for each isolate were
combined into a single consensus sequence using BioEdit© sequence alignment
editor version 7.0.9 (Ibis Biosciences, Carlsbad, CA). The DNA sequences of the

CC75 isolates were compared with five conventional S. aureus strains (S. aureus
Mu3, S. aureus N315, S. aureus Newman, S. aureus USA300 and S. aureus RF122)

and 10 other Staphylococcus species (S. capitis, S. epidermidis, S. haemolyticus,

S. hominis, S. hyicus, S. intermedius, S. lugdunensis, S. simulans, S. sciuri and
S. warneri) (Table 2.2). The DNA sequences for each gene were aligned using

Clustal W (Thompson et al., 1994). These alignment files were used as input for
MEGA version 4.0 software to construct phylogenetic trees using the Neighbourjoining method (Tamura et al., 2007). DNA sequence identity analysis was done
with BioEdit.
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tufTseq271F
tufTseq1138R

sodA-R

tuf

sodA

rpoB2491F
rpoB3241R
sodA-F

hsp60-R

hsp60-F

gap2-R

gap1-F

16S 907R

16S 27F

Primer
name

rpoB

hsp60

gap

16S
rRNA

Gene
targets

AGA GTT TGA TCM
TGG CTC AG
CCG TCA ATT CMT
TTR AGT TT
ATG GTT TTG GTA
GAA TTG GTC GTT TA
GAC ATT TCG TTA
TCA TAC CAA GCT G
GAA TTC GAI III GCI
GGI GAY GGI ACI ACI
AC
CGC GGG ATC CYK IYK
ITC ICC RAA ICC IGG
IGC YTT
AAC CAA TTC CGT ATI
GGT TT
GCI ACI TGI TCC ATA
CCT GT
CCI TAY ICI TAY GAY
GCI YTI GAR CC
ARR TAR TAI GCR TGY
TCC CAI ACR TC
AAY ATG ATI ACI GGI
GCI GCI CAR AT GGA
CCI ACI GTI CKI CCR
CCY TCR CG

Primer sequence
(5’ – 3’)

885

429

751

600

931

950

Amplicon
size (bp)

95°C (3mins)

95°C (3mins)

95°C (3mins)

95°C (3mins)

94°C (2mins)

Initial
Denaturation
94°C (5mins)

Table 2.1: Oligonucleotide primers and PCR conditions used for MLSA.

95°C (30s)

95°C (30s)

55°C (30s)

44°C
(1min)
35 cycles of:

35 cycles of:

53°C (30s)

95°C (30s)

35 cycles of:

54°C
(2mins)

40 cycles of:

55°C (30s)

53°C
(1min)
40 cycles of:

30 cycles of:

Annealing

95°C (1min)

94°C (20s)

94°C (45s)

Denaturation

72°C (1min)

72°C (45s)

72°C (1min)

72°C (5mins)

72°C (40s)

72°C
(1.5mins)

Extension

PCR thermocycling conditions

72°C
(7mins)

NIL

72°C
(5mins)

72°C
(10mins)

72°C
(5mins)

Final
Extension
72°C
(5mins)

(Martineau
et al., 2001)

(Poyart et al.,
2001)

(Drancourt
and Raoult,
2002)

(Goh et al.,
1996)

(Ghebremed
hin et al.,
2008)

(Lane, 1991)

Reference
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S. capitis
S. epidermidis
S. haemolyticus
S. hominis
S. hyicus
S. intermedius
S. lugdunensis
S. sciuri
S. simulans
S. warneri

−
−
−
−
−
−
−
−
−
−

AP009324
BA000018
AP009351
AJ938182
CP000730

DQ321676
DQ321683
DQ321687
DQ321688
DQ321689
DQ321690
DQ321693
DQ321697
DQ321698
DQ321699

gap

AF325885
AF325872
AF325888
AF325875
AF325876
AF325869
AF325870
AY820256
AF325877
AF325887

hsp60

AJ343940
AJ343906
AJ343910
AJ343911
AJ343913
AJ343914
AJ343917
AY820257
AJ343956
AJ343958

rpoB

AF036322
AF029245
U92809
AF053572
AF019778
AY123723
AF053570
AY820255
AF053584
AF053569

sodA

tuf

AF298798
AF298800
AF298801
AF298802
EU571080
EU571083
AF298803
AY763434
AF298805
AF298806

GenBank accession numbers for phylogenetic analyses

Genome
sequence

Staphylococcus species

Mu3
N315
Newman
RF122
USA300

S. aureus strains

Staphylococcus
strains

Table 2.2: Accession numbers of Staphylococcus used for phylogenetic analyses.

2.2.4 Multilocus sequence typing (MLST)
MLST on the arcC and pta loci was performed as previously described by

Enright and colleagues (2000). PCR products at the aroE locus could not be
amplified consistently for any CC75 isolates using the previously published
S. aureus MLST primers (Enright et al., 2000), and amplification on some of the

other loci were also unreliable. Therefore, alternative primer sets were

designed specifically for CC75 isolates for MLST analysis (Table 2.3), based on
the work of Dr. Alex Stephen (glpF-R75, gmk-F75, gmk-R75, tpi-F75, yqil-F75

and yqil-R75) and Dr. Deborah Holt (aroE-F 75 internal, aroE-R2 75 internal)
(Ng et al., 2009). The glpF, gmk, tpi and yqiL primers were designed utilising

sequence flanking the regions of the MLST fragments. In the case of the aroE

locus, the primers were designed based on the CC75 aroE allele sequence of
ST1223.

PCR amplification of the MLST gene fragments was carried out on a Corbett

Palm Cycler PCR instrument (QIAGEN), using the primers and conditions as
described in Table 2.3. The PCR products were purified using the QIAquick PCR

Purification Kit (QIAGEN) according to the manufacturer’s instructions. The
purified PCR products were sequenced by either Bioscience North Australia or
Macrogen Inc. The DNA sequence chromatogram for each isolate was analysed

using Chromas Pro. Partial sequences of both forward and reverse directions

for each isolate were combined into a single consensus sequence using BioEdit©.

The DNA sequences of the CC75 isolates were compared with other MLST allele
sequences

of

each

locus

in

the

S.

aureus

MLST

database

(http://saureus.mlst.net) to assign allelic profiles and sequence types (STs). The

DNA sequences for each locus were aligned using Clustal W (Thompson et al.,
1994). The alignment files were used as input for MEGA version 4.0 software to
construct phylogenetic trees using the Neighbour-joining method (Tamura et al.,
2007).
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aroE-F 75
internal
aroE-R2
75
internal
glpF-up

gmk-F75

pta up

tpi-F75

yqil-F75

aroE

gmk

pta

tpi

yqiL

glpF

arcC-up

arcC

yqil-R75

tpi dn

pta dn

gmk-R75

glpF-R75

arcC-dn

Primer
name

MLST
locus

CTA GGA ACT GCA
ATC TTA ATC C
AGG TAA AAT AGC
ATG TGC AAT TC
ATC GTT TTA TCA
GGG CCA TC
TCA TTA ACT ACT
ACG TAA TCA TA
GTT AAA ATC GTA
TTA CCT GAA GG
GAC CCT TTT GTT
GAA AAG CTT AA
TCG GAC ATT CTG
AAC GTC GTG AA
TTT GCA CCT TCT
AAC AAT TGT AC
CAG CAT ATA GAA
CAC CAA TTG GC
CGT TGT GGA ATT
GAT ACC GGA AC

TTG ATT CAC CAG
CGC GTA TTG TC
AGG TAT CTG CTT
CAA TCA GCG
AAC TTT AAG TCT
TTA GGG TTA GA
CAT TTC AGC ATC
GTT TAA CGT

Primer
sequence
(5’  3’)

598

475

575

488

573

456

570

Amplicon
length
(bp)

516

402

474

429

465

412

456

Locus
length for
MLST (bp)

95°C
(5mins)

Initial
Denatura
-tion

Table 2.3: Oligonucleotide primers and PCR conditions used for MLST analysis.

95°C (1mins)

55°C (1min)

35 cycles of:

Annealing

72°C
(1min)

Extension

PCR thermocycling conditions

Denaturation

72°C
(5mins)

Final
Extension

(Ng et al.,
2009)

(Ng et al.,
2009)

(Ng et al.,
2009)

(Ng et al.,
2009)

(Ng et al.,
2009)

(Ng et al.,
2009)

(Enright et
al., 2000)

Reference

2.2.5 Comparison between CC75 and S. aureus ST93 gene sequences
MLSA was carried out on two clinical S. aureus ST93 isolates (SCC1299 and
SCC1325) based on the hsp60, rpoB, sodA and tuf gene fragments as previously

described (Section 2.2.3). When the whole genome of an ST93 clinical isolate
(JKD6159) was subsequently published (Chua et al., 2010), the gap gene

sequence was used and compared to CC75, five conventional S. aureus strains
and 10 other Staphylococcus species.

The genes flanking hsp60 in CC75 (isolate MSHR1132-1, accession number

FR821777) and ST93 (isolate JKD6159, accession number CP002114) were

downloaded from NCBI GenBank. The alignment of DNA sequences for each

neighbouring gene, construction of phylogenetic trees, and DNA sequence
identity analysis were as described in Section 2.2.3.

2.2.6 Phenotypic tests
All bacterial isolates used in this study were subjected to Slidex Staph Plus

agglutination test (bioMérieux − Australia Pty. Ltd., Baulkham Hills, New South
Wales, Australia). The Slidex Staph Plus test is based on the production of low-

affinity PBP2a, which is encoded by the mecA gene, for the identification of

MRSA. Presence of clumping in the blue latex particles formed within 30
seconds in the sensitised latex reagent is indicative of positive results for MRSA
while absence of clumping indicates negative results for MRSA.

The bacterial isolates were also subjected to API Staph strip test (bioMérieux −
Australia Pty. Ltd., Baulkham Hills, New South Wales, Australia) for the

identification of Staphylococcus at the species level based on 20 biochemical
tests. An inoculum of bacterial suspension adjusted to a 0.5 McFarland was

prepared for each isolate, following the recommendations of the manufacturer.

The API Staph strip tests were as follows: fermentation of glucose, fructose,

mannose, maltose, lactose, trehalose, mannitol, xylitol, melibiose, raffinose,
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xylose, saccharose, alphamethylglucoside, and N-acetylglucosamine; reduction

of nitrate to nitrite; production of acetyl methyl carbinol, alkaline phosphatase,
arginine dehydrolase, and urease; and lysostaphin resistance. The strips were
developed after 24 hours of incubation at 37°C. The tests were divided into

groups of three, in which the addition of the values corresponding to positive

reactions within each group form a seven-digit numerical profile. These profiles

were then compared with the index supplied by the manufacturer (API Staph
System

version

4.1)

and

with

the

apiweb

identification

software

(https://apiweb.biomerieux.com/) (bioMérieux − Australia Pty. Ltd., Baulkham

Hills, New South Wales, Australia).

2.3 Results
2.3.1 Estimation of the evolutionary position of CC75 isolates within
the genus Staphylococcus
Four CC75 isolates (HS2, HS42, M34 and SCC1302) were selected for this study.

The sequences of these CC75 isolates were compared to the sequences of five

conventional S. aureus and 10 other Staphylococcus species. The conventional

S. aureus isolates were selected on the basis of the major S. aureus lineages and
clonal complexes (CCs), namely Types I and IIa, and CC5, CC8 and CC151

respectively, for which whole genome sequences were available at the time the
study was conducted.

The 16S rRNA gene sequences of the CC75 isolates were identical to the five

conventional S. aureus strains used in this study; therefore, this gene was

excluded for further analyses. Neighbour-joining trees were constructed for the

remaining gene fragments (gap, hsp60, rpoB, sodA and tuf). Interestingly, similar

levels of diversity were observed within the CC75 and conventional S. aureus
sequences. The sequences of the rpoB and tuf genes among the five S. aureus
strains were identical (Table 2.4 and Table 2.5), while the gap, sodA and hsp60

genes among the five S. aureus strains were 99-100% (Table 2.6), 99-100%

(Table 2.7) and 96-100% (Table 2.8) identical to each other respectively. The
84

four CC75 isolates had identical sequences at the rpoB, gap and sodA genes

(Table 2.4, Table 2.6 and Table 2.7), while the tuf and hsp60 gene sequences
among the CC75 isolates were 99-100% (Table 2.5) and 97-100% (Table 2.8)

identical to each other respectively. A consistent pattern was observed, in which

CC75 was significantly divergent from the other Staphylococcus species,

including conventional S. aureus. The sequence identities of the rpoB, tuf, gap
and sodA of CC75 were 93-94% (Table 2.4), 99% (Table 2.5), 98% (Table 2.6)

and 94-95% (Table 2.7) identical to conventional S. aureus respectively.

Interestingly, CC75 and conventional S. aureus had the lowest sequence identity
of 93-94% at the hsp60 gene compared to the aforementioned genes
(Table 2.8). The relationship of CC75 within the genus Staphylococcus was

further exemplified by the phylogenetic trees, showing that CC75 is indeed
distinct from conventional S. aureus (Figure 2.1). Nevertheless, CC75 is still

most closely related to conventional S. aureus than any other Staphylococcus
species examined (Figure 2.1).

In order to further examine the phylogenetic relationship between CC75 and
conventional S. aureus, MLST was carried out on the CC75 isolates and their

allele sequences were compared to those of conventional S. aureus. To aid
presentation, only a subset of conventional S. aureus MLST alleles was included
in the neighbour-joining trees. These alleles were selected as a representation of
the major CCs including CC1, CC5, CC8, CC9, CC10, CC12, CC15, CC22, CC25,
CC30, CC45, CC51, and unique STs such as ST93, ST151, ST239, ST398,

exemplifying the diversity within the conventional S. aureus population
structure. Allele sequences of the eight STs belonging to CC75 that were
available in the S. aureus MLST database at the time the study was conducted
(http://saureus.mlst.net) were also used in this analysis (Table 2.9). The

results obtained showed that the CC75 alleles were clearly separated from all
the other conventional S. aureus alleles at each MLST locus (Figure 2.2).

The aroE sequences of the CC75 isolates obtained in this study were closely

related to the CC75 ST1223 aroE allele sequence, with between zero to five

polymorphisms. At the time this study was conducted, the new alleles were not
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submitted to the MLST database due to the truncated aroE sequences (using

internal primers designed based on the aroE ST1223 sequence). However, they
were deposited into GenBank (Table 2.10). When the whole genome sequence
of a CC75 isolate (MSHR1132-1) was published subsequently, the aroE primers
were re-designed based on the sequence of MSHR1132-1 (Dr. Deborah Holt,

personal communication) for MLST analysis. With the full length (456bp) aroE
fragment for MLST analysis, all the new alleles and STs arising from this study
were subsequently deposited into the MLST database (Table 2.9).

It is believed that most of the CC75 aroE alleles in the MLST database (except for
ST1223, ST1823, ST1824, ST1848, ST1850, ST2198, ST2250) could possibly be
incorrect because they are more closely related to conventional S. aureus than

CC75 allele sequences (Table 2.9). As outlined in Section 2.2.4, difficulties in
amplifying PCR products at the aroE locus were consistent for all CC75 isolates
using the previously published S. aureus MLST primers (Enright et al., 2000).
Therefore, most of the aroE alleles in the MLST database are possibly incorrect

due to the conjunction of primer template mismatches and PCR contamination.

This was also the case for some of the alleles at the other six loci for some of the
CC75 STs (Table 2.9).

All the CC75 isolates from this study corresponded to none of the known STs

belonging to CC75, with one to three loci of each isolate having an allele
sequence not present in the MLST database at the time this study was
conducted (Table 2.9). As a result, three new STs were yielded (Table 2.9). The

two CC75 isolates from community surveillance (HS2 and HS42) possessed
identical MLST alleles, but differed from the other community isolate (M34) and
two clinical isolates (SCC1119 and SCC1302) at all seven loci. The two clinical
isolates (SCC1119 and SCC1302) possessed identical MLST alleles, but differed
from one community isolate (M34) at five loci (arcC, aroE, pta, tpi and yqiL). The

results were as expected, based on previous kinetic SNP-typing data. The MLST
data from this section also showed an average of 9.78% nucleotide divergence

between CC75 and conventional S. aureus strains at seven MLST loci, ranging
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from 5.3% at gmk to 15.6% at aroE. In contrast, a maximum of 1.98% nucleotide

divergence was observed between the different conventional S. aureus strains.

Subsequently, after the completion of this study, 30 additional STs were present
in the MLST database, of which two were new STs (ST1848 and ST2198)
identified from our collection of CC75 isolates. ST2198 and ST1848 were

submitted to the MLST database at approximately the same time as the other
STs identified in this study, and they will be presented in CHAPTER 3 and
CHAPTER 4 respectively.
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CC75 HS2 (1)
CC75 HS42 (2)
CC75 M34 (3)
CC75 SCC1302 (4)
S. aureus Mu3 (5)
S. aureus N315 (6)
S. aureus Newman (7)
S. aureus RF122 (8)
S. aureus USA300 (9)
S. capitis (10)
S. epidermidis (11)
S. haemolyticus (12)
S. hominis (13)
S. hyicus (14)
S. intermedius (15)
S. lugdunensis (16)
S. sciuri (17)
S. simulans (18)
S. warneri (19)

Staphylococcus
strains
(rpoB gene no.)

100
100
100
94
94
94
94
94
89
88
90
91
86
87
88
85
84
90

1

100
100
94
94
94
94
94
89
87
90
91
86
87
88
85
84
90

2

100
94
94
93
93
93
88
87
90
91
86
87
89
85
84
90

3

94
94
93
93
93
88
87
90
91
86
87
89
85
84
90

4

100
100
100
100
89
88
89
90
86
88
89
85
85
89

5

100
100
100
89
88
89
90
86
88
89
85
85
89

6

100
100
89
89
89
90
85
88
89
85
85
89

7

100
89
89
89
90
85
88
89
85
85
89

8

89
89
89
90
85
88
89
85
85
89

9

89
90
90
87
87
88
84
87
90

10

87
87
84
84
87
84
82
86

11

92
86
87
90
84
87
89

12

85
89
91
83
86
91

13

% Identity with the rpoB gene no.:

Table 2.4: DNA sequence identity matrix of the rpoB gene sequences of the Staphylococcus species.

88
87
82
88
89

14

88
85
85
87

15

83
86
88

16

81
82

17

87

18

19

89

CC75 HS2 (1)
CC75 HS42 (2)
CC75 M34 (3)
CC75 SCC1302 (4)
S. aureus Mu3 (5)
S. aureus N315 (6)
S. aureus Newman (7)
S. aureus RF122 (8)
S. aureus USA300 (9)
S. capitis (10)
S. epidermidis (11)
S. haemolyticus (12)
S. hominis (13)
S. hyicus (14)
S. intermedius (15)
S. lugdunensis (16)
S. sciuri (17)
S. simulans (18)
S. warneri (19)

Staphylococcus
strains
(tuf gene no.)

100
99
99
99
99
99
99
99
94
95
95
94
92
91
91
91
89
95

1

99
99
99
99
99
99
99
94
95
95
94
92
91
91
91
89
95

2

99
99
99
99
99
99
94
94
94
93
92
91
91
91
89
95

3

99
99
99
99
99
94
94
94
93
92
91
91
91
89
95

4

100
100
100
100
94
94
95
93
93
91
92
91
89
95

5

100
100
100
94
94
95
93
93
91
92
91
89
95

6

100
100
94
94
95
94
92
91
91
91
89
95

7

100
94
94
95
94
92
91
91
91
90
95

8

94
94
95
94
92
91
91
91
90
95

9

97
96
95
93
93
94
92
92
97

10

95
95
92
93
93
91
93
95

11

96
92
91
95
91
90
94

12

92
92
95
91
91
93

13

% Identity with the tuf gene no.:

Table 2.5: DNA sequence identity matrix of the tuf gene sequences of the Staphylococcus species.

95
91
92
91
94

14

89
91
90
92

15

90
91
92

16

88
91

17

92

18

19

90

CC75 HS2 (1)
CC75 HS42 (2)
CC75 M34 (3)
CC75 SCC1302 (4)
S. aureus Mu3 (5)
S. aureus N315 (6)
S. aureus Newman (7)
S. aureus RF122 (8)
S. aureus USA300 (9)
S. capitis (10)
S. epidermidis (11)
S. haemolyticus (12)
S. hominis (13)
S. hyicus (14)
S. intermedius (15)
S. lugdunensis (16)
S. sciuri (17)
S. simulans (18)
S. warneri (19)

Staphylococcus
strains
(gap gene no.)

100
100
100
98
98
98
98
98
89
88
90
86
85
85
88
80
85
90

1

100
100
98
98
98
98
98
90
88
90
86
85
85
88
80
85
90

2

100
98
98
98
98
98
89
88
90
86
85
85
88
80
85
90

3

98
98
98
98
98
90
88
90
86
85
85
88
80
86
90

4

100
100
100
100
90
88
89
87
86
85
87
80
85
90

5

99
100
100
90
88
89
87
86
85
87
80
85
90

6

100
100
90
88
90
87
86
85
88
80
85
90

7

100
90
89
90
87
86
85
88
80
85
90

8

90
89
90
87
86
85
88
80
85
90

9

91
89
86
83
84
87
81
86
92

10

89
87
83
85
86
82
85
89

11

90
84
85
90
81
85
89

12

83
83
88
80
83
87

13

% Identity with the gap gene no.:

Table 2.6: DNA sequence identity matrix of the gap gene sequences of the Staphylococcus species.

86
82
79
81
82

14

83
82
83
84

15

79
85
88

16

81
82

17

88

18

19
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CC75 HS2 (1)
CC75 HS42 (2)
CC75 M34 (3)
CC75 SCC1302 (4)
S. aureus Mu3 (5)
S. aureus N315 (6)
S. aureus Newman (7)
S. aureus RF122 (8)
S. aureus USA300 (9)
S. capitis (10)
S. epidermidis (11)
S. haemolyticus (12)
S. hominis (13)
S. hyicus (14)
S. intermedius (15)
S. lugdunensis (16)
S. sciuri (17)
S. simulans (18)
S. warneri (19)

Staphylococcus
strains
(sodA gene no.)

100
100
100
94
94
95
94
95
76
75
72
76
71
73
74
65
74
72

1

100
99
95
95
95
94
95
76
75
72
75
70
73
74
65
74
72

2

100
94
94
95
94
95
76
75
72
76
71
73
74
65
74
72

3

95
95
95
94
95
76
75
72
76
71
74
75
65
74
73

4

100
100
99
100
76
77
74
76
72
74
75
66
74
73

5

100
99
100
76
77
74
76
72
74
75
66
74
73

6

99
100
76
76
74
76
72
74
75
66
74
73

7

99
77
77
73
76
72
74
75
66
74
73

8

76
76
74
76
72
74
75
66
74
73

9

90
87
87
82
82
85
74
86
89

10

86
88
80
81
84
76
84
87

11

90
78
82
88
74
81
86

12

80
83
90
75
85
86

13

% Identity with the sodA gene no.:

Table 2.7: DNA sequence identity matrix of the sodA gene sequences of the Staphylococcus species.

79
78
73
77
79

14

82
73
79
82

15

73
81
85

16

74
76

17

85

18

19
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CC75 HS2 (1)
CC75 HS42 (2)
CC75 M34 (3)
CC75 SCC1302 (4)
S. aureus Mu3 (5)
S. aureus N315 (6)
S. aureus Newman (7)
S. aureus RF122 (8)
S. aureus USA300 (9)
S. capitis (10)
S. epidermidis (11)
S. haemolyticus (12)
S. hominis (13)
S. hyicus (14)
S. intermedius (15)
S. lugdunensis (16)
S. sciuri (17)
S. simulans (18)
S. warneri (19)

Staphylococcus
strains
(hsp60 gene no.)

100
97
99
93
93
93
93
94
86
83
88
86
81
83
86
78
82
86

1

97
100
94
94
93
93
94
86
84
88
86
82
83
86
79
82
86

2

98
93
93
93
93
93
86
84
88
86
82
82
86
79
82
86

3

94
94
93
93
94
86
83
87
86
81
83
86
78
82
86

4

100
99
99
96
86
85
88
87
81
84
86
79
83
88

5

99
99
96
86
85
88
87
81
84
86
79
83
88

6

100
97
86
85
88
86
82
84
86
78
83
88

7

97
86
85
88
86
82
84
86
78
83
88

8

87
84
87
86
82
85
87
78
82
88

9

86
86
86
80
82
86
79
83
86

10

84
84
81
82
84
76
84
84

11

90
82
84
85
81
84
88

12

83
84
86
82
82
89

13

% Identity with the hsp60 gene no.:

Table 2.8: DNA sequence identity matrix of the hsp60 gene sequences of the Staphylococcus species.

85
81
81
79
83

14

81
80
82
83

15

81
83
88

16

79
80

17

83

18

19

gap

rpoB

sodA

tuf

hsp60

Figure 2.1: Neighbour-joining trees of gap, hsp60, rpoB, sodA and tuf gene
sequences.
Neighbour-joining trees were derived from four CC75 isolates, five S. aureus strains and ten
different Staphylococcus species. The boxes highlighted in red indicate the position of CC75

in the trees. Scale bars and numbers represent the number of nucleotide differences.

93

94

arcC
aroE

glpF

continued on next page.

gmk

95
tpi

yqiL

Figure 2.2: Neighbour-joining trees of representative MLST allele sequences of the arcC, aroE, glpF, gmk, pta, tpi and yqiL loci from the
S. aureus MLST database.
Only a subset of alleles was included in the phylogenetic tree to aid presentation. The alleles were selected to encompass as much diversity as possible.
The boxes highlighted in red indicate the position of CC75 alleles in the trees. Scale bars and numbers represent the number of nucleotide differences.

pta

Table 2.9: MLST alleles of CC75 isolates

Sequence
type (ST)

arcC

aroE

MLST allele for:
glpF gmk
pta

tpi

yqiL

Country of
origin of first
isolate

STs present in the MLST database at the time this study was conducted
ST75
36
3a
43
34
39
52
49
WA, Australia
ST850
36
3a
43
79
39
52
49
WA, Australia
ST883
36
4a
43
34
107
116
105
WA, Australia
ST1223
151
187
20
101
145
150
131
Cambodia
ST1284
151
123a
93a
2a
145
150
2a
Malaysia
a
a
a
a
ST1288
151
1
14
5
145
150
11
Malaysia
ST1303
151
31a
173
101
145
150
131
WA, Australia
ST1304
36
45a
43
34
39
52
49
WA, Australia
New STs yielded from this studyb
ST1823
151
187
20
149
145
150
131
NT, Australia
(Isolates
HS2, HS42)
ST1824
207
269
43
150
107
116
105
NT, Australia
(Isolate
M34)
ST1850
36
273
43
150
39
52
49
NT, Australia
(Isolates
SCC1119,
SCC1302)
STs subsequently available in the MLST database after the completion of this study
ST1593
151
123a
20
101
145
150
131
Czech Republic
ST1594
151
1a
20
101
145
150
131
Czech Republic
ST1667
151
235a
215
34
175
180
169
Ireland
ST1719
151
3a
20
101
145
150
131
Ireland
a
ST1793
151
3
20
101
198
150
131
Martinique
ST1848d
36
272
43
34
107
116
105
NT, Australia
ST1927
151
47a
20
101
145
150
3a
China
ST2035
10a
14a
270
6a
10a
3a
2a
UK
ST2043
36
14a
271
34
107
116
105
UK
a
ST2044
36
298
43
34
107
116
105
UK
ST2196
151
4a
215
34
175
180
169
Taiwan
ST2198C
36
269
43
34
107
116
105
NT, Australia,
Germany
ST2225
151
23a
15
2a
145
20a
11a
USA
ST2238
151
1a
20
1a
145
150
131
Canada
ST2250
151
325
215
34
175
180
169
England
ST2258
151
1a
4a
34
175
180
169
Taiwan
ST2259
151
1a
1a
34
175
180
169
Taiwan
ST2260
151
23a
15a
34
175
180
169
Taiwan
ST2261
151
13a
1a
34
175
180
169
Taiwan
a
a
ST2262
151
4
2
34
175
180
169
Taiwan
ST2277
151
167a
43
34
175
180
169
Germany
ST2351
151
23a
15a
2a
256
261
15
Taiwan
ST2483
151
1a
215
34
175
180
169
Malaysia
ST2596
151
123a
321
34
256
261
49
Malaysia
ST2602
36
1a
43
34
107
116
105
USA
ST2617
36
123a
43
34
107
116
105
Gabon
ST2731
151
23a
20
101
145
150
131
Japan
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Table 2.9 continued from previous page.
a Possibly incorrect alleles, ST75 and ST1304 may be identical; ST1593, ST1594, ST1719

and ST1927 may be identical; ST883 may be ST2198; ST2044 may be ST1848.
b

New alleles yielded from this study were deposited in GenBank (Table 2.10) and new

STs were submitted to the MLST database.

c New

allele and ST yielded from subsequent experiments were deposited in GenBank and

d New

allele and ST yielded from subsequent experiments were deposited in GenBank and

MLST database respectively, and will be further discussed in CHAPTER 3.
MLST database respectively, and will be further discussed in CHAPTER 4.

Table 2.10: Accession numbers of CC75 sequences obtained in this study.

Gene targets

gap

hsp60
rpoB
sodA
tuf
Gene targets
arcC
aroE
gmk

CC75 isolates
GenBank accession numbers for phylogenetic analyses
(MLSA)
HS2
HS42
M34
SCC1302

GQ141068
GQ141064
GQ141076
GQ141074
GQ141080

GQ141069
GQ141065
GQ141077
GQ141073
GQ141081

GQ141067
GQ141063
GQ141075
GQ141071
GQ141079

GQ141066
GQ141062
GQ141074
GQ141070
GQ141078

−
−
GQ141060

−
−
GQ141060

GQ141057
GQ141058
GQ141061

−
GQ141059
GQ141061

GenBank accession numbers for MLST analyses
HS2
HS42
M34
SCC1302

It was concluded that the results in this study provided strong support that
CC75 is significantly divergent from conventional S. aureus and the other

Staphylococcus species. Despite the high level of divergence, CC75 remains most
closely related to conventional S. aureus than any other species within the
Staphylococcus genus.

2.3.2 Investigation of the relationship between CC75 and S. aureus
ST93
ST93 is currently the most dominant CA-MRSA clone in Australia. Although first

described in the early 2000s in Southeast Queensland, ST93 has increasingly
been reported in other parts of Australia (Coombs et al., 2009). ST93 is a

singleton defined by MLST eBURST (single STs that do not share at least five
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alleles with another ST in the S. aureus MLST database) and is regarded being

unique compared with other conventional S. aureus clones. Therefore it was of

interest to investigate the relationship between ST93 and the highly divergent
CC75.

Two clinical S. aureus ST93 isolates (SCC1299 and SCC1325) were subjected to

MLSA as per Section 2.3.1, based on the gap, hsp60, rpoB, sodA and tuf gene

fragments. A consistent pattern was observed for four genes (rpoB, tuf, gap and
sodA), in which ST93 is most closely related to conventional S. aureus than to

CC75 as anticipated (Figure 2.3). Interestingly, this was not the case for the
hsp60 gene; ST93 clusters with CC75. The ST93 hsp60 sequences are 97-99%

identical to CC75, compared to a sequence identity of 93-94% between ST93

and conventional S. aureus. The hsp60 gene sequences suggest that ST93 is more
closely related to CC75 than to conventional S. aureus.

Due to the unexpected high sequence identity between ST93 and CC75 at the

hsp60 gene, further investigation was carried out to determine whether there is
any evidence of recombination between ST93 and CC75. The most straight-

forward approach is to compare the sequence identities of the hsp60
neighbouring genes of ST93 with CC75 based on the published genome

sequence of ST93 (isolate JDK6159) (Chua et al., 2010) and CC75 (isolate

MSHR1132-1) (Holt et al., 2011). The sequence identity of JKD6159 and
MSHR1132-1 of the four upstream genes adjacent to hsp60, encoding a sodiumpotassium

transport

protein,

succinyl-diaminopimelate

dessuccinylase,

leukocidin S and leukocidin F subunits, were 95%, 82%, 89% and 85%

respectively (Figure 2.4). The sequence identity of JKD6159 and MSHR1132-1

of the two downstream genes, encoding a GroES protein and hypothetical
membrane protein, were 98% and 83% respectively (Figure 2.4).

The sequence identity of the hsp60 neighbouring genes indicate that most likely

recombination occurred between CC75 and ST93 at the hsp60 gene, its
upstream gene, encoding a sodium-potassium transport protein and its
downstream gene, encoding a GroES protein. Hence, the other hsp60
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neighbouring genes of ST93 showed lower levels of sequence identity compared

to CC75, and more similar to conventional S. aureus, as expected. This is further
supported by the concatenated MLST sequence data; CC75 is highly divergent
from ST93 (Figure 2.5), with an average of 9.92% nucleotide divergence

between ST93 and CC75, compared to a maximum of 1.98% nucleotide

divergence between the different conventional S. aureus strains (Section 2.3.1).

The data obtained in this study confirm the high level of core nucleotide
divergence between CC75 and conventional S. aureus.
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gap

rpoB

tuf
sodA

hsp60

Figure 2.3: Neighbour-joining trees of hsp60, rpoB, sodA and tuf gene sequences.
Neighbour-joining trees were derived from four CC75 isolates, two S. aureus ST93 isolates,

five conventional S. aureus strains and ten different Staphylococcus species. The boxes

highlighted in blue and red indicate the position of ST93 and CC75 in the trees respectively.
Scale bars and numbers represent the number of nucleotide differences.
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Hypothetical membrane protein

Putative leukocidin F subunit

Figure 2.4: Neighbour-joining trees of hsp60 neighbour gene sequences.
Neighbour-joining trees were derived from CC75 isolate MSHR1132-1, two S. aureus ST93 isolates, five conventional S. aureus strains and ten different
Staphylococcus species. The boxes highlighted in blue and red indicate the position of ST93 and CC75 in the trees respectively. Scale bars and numbers
represent the number of nucleotide differences.

Putative leukocidin S subunit

Succinyl-diaminopimelate dessucinylase

Upstream neighbouring genes of hsp60

Sodium-potassium transport protein

GroES protein

Downstream neighbouring genes of hsp60

Figure 2.5: Neighbour-joining tree constructed from the concatenated MLST
sequences of CC75 isolate MSHR1132-1 (ST1850), ST93 isolate JKD6159 and four
conventional S. aureus isolates.
The conventional S. aureus isolates were selected to encompass the major S. aureus lineages

and CCs. ST93 clusters with the conventional S. aureus isolates, indicating that it is more

closely related to conventional S. aureus than to CC75. Scale bar and number represent the
number of nucleotide differences.

2.3.3 Phenotypic properties of CC75
The results in Sections 2.3.1 and 2.3.2 suggest that the classification of CC75 as
a novel taxon could be justified. Therefore, further investigation was carried out
to determine whether there is any phenotype characteristic of CC75.

The results of the biochemical tests showed that three out of five CC75 isolates

tested were positive for the Slidex agglutination test (M34, SCC1119 and

SCC1302), indicating that they are MRSA. The other two CC75 isolates (HS2 and
HS42) were negative for the Slidex agglutination test, indicating that they are

MSSA. The API Staph test yielded results typical for conventional S. aureus for

the CC75 isolates. Although it has been demonstrated that CC75 is significantly
distinct from conventional S. aureus genotypically (see Sections 2.3.1 and
2.3.2), this has not been demonstrated phenotypically.
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2.4 Discussion
The main aim of this study was to clarify the uncertain taxonomic status of
CC75. At the commencement of this study, the whole genome sequence of CC75
has not been published. Therefore, MLSA and MLST seemed ideal for inferring

phylogenetic relationships between CC75 and the other species within the

Staphylococcus genus. The data obtained from this study demonstrated that
CC75 is phylogenetically divergent from other Staphylococcus species including

conventional S. aureus, although CC75 remains most closely related to S. aureus
compared to other Staphylococcus species. This is consistent with the

subsequent findings of Ruimy and colleagues (2009) and Monecke and

colleagues (2011) based on multilocus sequence and DNA microarray data. This

study also showed that CC75 is approximately eight times more divergent from

other conventional S. aureus than the most divergent conventional S. aureus
from each other. Therefore, it was concluded that the most common recent

ancestor between CC75 and conventional S. aureus existed long before the most
common recent ancestor of conventional S. aureus.

Recently, Larsen and colleagues (2012) proposed the repositioning of the gmk

locus of the S. aureus MLST scheme. This is because of a 12bp overlap between
the 3’ end of the reverse gmk primer and the 3’ end of the 429bp MLST region

used to define the gmk alleles. Larsen and colleagues (2012) argued that many

alleles with a polymorphism(s) in the 12bp region are likely to be not genuine
due to suboptimal DNA sequence quality toward the end of the gmk amplicons.

The polymorphisms in the 12bp region may also be masked by the primer
sequence. Therefore, it was proposed that the 12bp overlap region to be
excluded from the 429bp gmk region. The consequence of this was that 12
alleles and 48 STs were affected in the S. aureus MLST database, resulting in a

change of 11 allele numbers and 28 ST numbers. MLST analysis in this study

was conducted prior to the new gmk S. aureus MLST scheme. Therefore, the two
new gmk alleles identified in four isolates (with two polymorphisms in the 12bp
region) in this study were no longer new according to the new gmk S. aureus

MLST scheme. Due to the revision of the gmk S. aureus MLST scheme, alleles 149
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and 150 were subsequently known as alleles 101 and 34 respectively. The

consequence of the change in allele 149 to 34 resulted in ST1823 being
subsequently known as ST1223, whereas the change in allele 150 to 34 did not

have an impact on all the original STs (ST1824, ST1848, ST1850, ST2043 and
ST2044) except for ST1849 which was subsequently changed to ST2198.

An unexpected finding was that ST93 is more closely related to CC75 than to

conventional S. aureus at the hsp60 gene, and its upstream and downstream
genes encoding a sodium-potassium transport protein and GroES protein
respectively. These data suggest that recombination might occur between CC75

and ST93 at the three aforementioned genes, given the lower levels of sequence
identity of CC75 and ST93 at the other genes used for MLSA (gap, rpoB, sodA and
tuf) and MLST (arcC, aroE, glpF, gmk, pta, tpi and yqiL).

Although it was demonstrated that CC75 is highly divergent genotypically, a
phenotypic test diagnostic for CC75 was not established in this study. However,

data subsequently available from the publication of the whole genome of a CC75

isolate (MSHR 1132-1) showed that MSHR1132-1 lacked the carotenoid
pigment, staphyloxanthin (Holt et al., 2011). The staphyloxanthin pigment is
responsible for the golden color characteristic of S. aureus as well as providing

protection against oxidative stress. A total of 126 CC75 isolates within our

collection were tested by plating onto chocolate agar with extended incubation
at 37°C for 48 hours (conducted by Dr. Deborah Holt and Prof. Phil Giffard).

None of the CC75 isolates tested produced the staphyloxanthin pigment;
however, brilliant white colonies formed instead when cultured on chocolate

agar plates (Holt et al., 2011). In contrast, all clinical conventional S. aureus

isolates tested were pigmented. Therefore, it was concluded that CC75 is non-

pigmented, therefore providing a phenotype that is diagnostic for CC75.

The CC75 lineage presents a very interesting and challenging case study in

bacterial taxonomy, as the definition and concept of a species remains debatable

as to whether one should follow the conventional guideline which takes into
account both phenotypic and genetic differences. The “gold standard” for the
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description of new species is commonly based on DNA-DNA hybridisation, such
as the threshold of <70% DNA-DNA hybridisation, which corresponds to <97%

16S DNA sequence identity (Janda and Abbott, 2007). However, Petti and
colleagues (2007) argued that there is no universal definition for species
identification based on 16S rRNA sequencing, as the criteria for establishing a
new species is very subjective and vary widely among different research groups.

In the case of CC75, this lineage is essentially phenotypically identical to
conventional S. aureus, except for the lack of the staphyloxanthin pigment (Holt

et al., 2011). Additionally, the identical 16S rRNA sequencing data between

CC75 and conventional S. aureus would without a doubt classify CC75 belonging

to conventional S. aureus. Nonetheless, the striking divergence of the MLSA and
MLST housekeeping genes in the core genome provides evidence for CC75 to be

regarded as a new species or subspecies of S. aureus. As proposed by Gevers and
colleagues (2005), core genome divergence is considered a useful means to

describe species and sufficient to promote this taxon to at least a new

subspecies. Therefore, it was concluded that the high level of core genome
divergence of CC75 outweighs the apparent phenotypic similarities and

identical 16S rRNA sequences between CC75 and conventional S. aureus to
support CC75 as a new species.

To conclude, it has been demonstrated that CC75 is genotypically divergent

from conventional S. aureus but remains closely related to conventional
S. aureus. The presence of CC75 in other geographical regions apart from

Australia suggests that CC75 may be widely distributed but under detected due
to technical difficulties in amplifying MLST PCR products using conventional

primers. The high level of core genome divergence based on the MLSA and
MLST housekeeping genes justifies a formal reclassification of CC75 as a novel
taxon. The name Staphylococcus argenteus (silver staph) has been proposed to

replace CC75, which reflects the absence of the staphyloxanthin pigment (Holt

et al., 2011). The population structure of CC75 is poorly understood. The next
two chapters (CHAPTER 3 and CHAPTER 4) will describe the effectiveness and

limitations of HRM analysis using SYBR Green to resolve CC75 MLST alleles to
better understand the core genome diversity of CC75. CHAPTER 3 describes
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investigating the resolving power of HRM analysis to discriminate CC75 MLST

alleles of known sequence, and CHAPTER 4 describes the performance of HRM
analysis to identify new CC75 MLST alleles.
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CHAPTER 3

ASSESSMENT OF THE RESOLVING
POWER OF HRM ANALYSIS TO
DETECT NEW CC75 MLST ALLELES

CHAPTER 3 : Assessment of the resolving power of HRM
analysis to discriminate CC75 MLST alleles

3.1 Introduction
The genetic diversity of a collection of isolates from a bacterial taxon can be
described using four key parameters. First, the maximum nucleotide sequence
divergence observed in pair-wise comparisons of orthologous sequences from

the core genome provides a measure of the antiquity of the most recent
ancestor of the isolates. Second, the number of sequence variants present in the

isolates provides a measure of the extent that the collection of isolates

represents the total genetic diversity of the taxon. Third, linkage between allelic
states throughout the core genome provides a measure of the frequency of

horizontal gene transfer involving the core genome. Finally, gene content
measurements and identification of mobile genetic elements indicate the nature

of the accessory genome. MLST data provides a useful measure of core genome
nucleotide sequence divergence, and estimates the core genome diversity
within the collection of CC75 isolates tested in this study.

The previous chapter (CHAPTER 2) demonstrated that CC75 is phylogenetically
divergent from conventional S. aureus. MLST data revealed an average of 9.65%
nucleotide divergence between CC75 and conventional S. aureus within the

MLST loci. In contrast, a maximum of 1.98% nucleotide divergence between the
different conventional S. aureus strains was recorded within the MLST loci (Holt
et al., 2011). Despite being genotypically distinct from conventional S. aureus,

CC75 is still capable of causing S. aureus-like disease. The significance of CC75 is
not just that it is a novel taxon which is highly diverged from other
Staphylococcus species, but that CC75 also appears to be a highly abundant

human pathogen in some regions of the world (Section 1.4). The detection of
CC75 in other parts of the world apart from Australia suggests that CC75 is
widely distributed but unnoticed until recently. This is possibly due to the
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technical difficulties in performing MLST on CC75 isolates using the standard
MLST primers. The lack of microbiological diagnostics and biochemical tests to

distinguish CC75 from conventional S. aureus may also be a factor contributing

to under-reporting of CC75.

One of the central aims of this study was to investigate the core genome

diversity of CC75 to better understand the population structure of CC75. This

can be inferred from MLST data, in which the diversity of CC75 could be

measured by determining the number of sequence variants in our collection of
CC75 isolates. Therefore, it was of interest to identify new CC75 MLST alleles as
this will add to the knowledge of CC75 population structure and diversity. The
simplest approach for discovering new CC75 MLST alleles would be to carry out
MLST on all CC75 isolates available for characterisation, but MLST is relatively

expensive and laborious (see Section 1.3.1). It was hypothesised that there
would be little diversity within the collection of CC75 isolates tested. This is

because most of the CC75 isolates were recovered from a small geographical
area with a small human population. Therefore, if a small proportion of isolates
to be screened were expected to possess new alleles, gene scanning would be

efficient because only a small proportion of isolates need to be sequenced,

thereby saving cost and time. Due to the anticipated low diversity within the
tested collection of CC75 isolates, it was justified to use gene scanning for

identifying new sequence variants as the number of new alleles to be detected
was expected to be low. Putative new alleles identified would then be confirmed
by DNA sequencing.

Scanning DNA regions from multiple samples for novel sequence variants can be
performed using methods such as single strand conformational polymorphism
(Orita et al., 1989), conformation sensitive gel electrophoresis (Ganguly, 2002),

denaturing gradient gel electrophoresis (Fodde and Losekoot, 1994) and
denaturing high-performance liquid chromatography (Xiao and Oefner, 2001).
These methods, however, have varying sensitivities and are labour-intensive.

110

Advances in chemistries (fluorescent dsDNA binding dyes), next-generation
real-time PCR instruments and software enabled the development of highresolution melting (HRM) analysis. HRM is based on the principle that a given

DNA sequence has distinct and reproducible dissociation kinetics upon melting.
During melting, the change in fluorescence is monitored as the dsDNA dye is

released from an amplicon in response to increased temperature (Ririe et al.,

1997). The Tm difference is predominantly used to discriminate DNA sequence

variants, but the shape of the HRM curves can also be used to differentiate
sequence variants, especially when they have the same Tm values
(Section 1.5.3).

To date, HRM has not been used to detect new sequence variants in full length

MLST fragments (approximately 450bp). The five novel MLST-based HRM

typing schemes (Richardson et al., 2010; Lévesque et al., 2011; Lilliebridge et al.,
2011; Tong et al., 2011; Andersson et al., 2012) recently published, used

portions of MLST DNA fragments between 100-300bp for genotyping.
Amplicons of <300bp are the recommended length for HRM analysis (Reed et

al., 2007a; Applied Biosystems and Technologies, 2010). This is mainly because

larger ∆Tms are usually seen in shorter DNA fragments. With longer DNA

fragments, more complicated melting profiles (KapaBiosystems, last accessed
July 2011) and smaller ∆Tms are likely to be seen; therefore it is more difficult to

distinguish the different sequence variants. Our research team has
demonstrated that SYBR Green is a robust and reproducible chemistry for HRM

analysis (Price et al., 2007; Stephens et al., 2008; Andersson et al., 2009; Tong et

al., 2009b; Merchant-Patel et al., 2010; Richardson et al., 2010; Lilliebridge et al.,

2011; Tong et al., 2011; Andersson et al., 2012). Therefore, HRM analysis with

SYBR Green was used in this study to test its ability to detect new alleles on full

length MLST fragments. The results arising from this study will provide insight

not only into CC75 population structure and diversity, but also the effectiveness
and limitations of HRM analysis to identify new sequence variants.

The results of this study are presented in two Chapters. CHAPTER 3
encompasses the description of the resolving power of HRM analysis with SYBR
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Green to discriminate CC75 MLST alleles of known sequence. The most

appropriate analysis method for HRM inter-run comparisons was also

determined. CHAPTER 4 encompasses the use of HRM analysis with SYBR
Green to scan for new CC75 MLST alleles.

3.2 Materials and methods
3.2.1 Bacterial isolates
Seventy four CC75 isolates from four collections were included in this study.

Fifty five isolates were from a community study of impetigo at three remote
Aboriginal communities in the Top End, Northern Territory, Australia
(McDonald et al., 2006), 13 were from a hospital study of S. aureus carriage at
the Royal Darwin Hospital, Northern Territory, Australia (Tong et al., 2009a)

and six were from a community and hospital screening study conducted in Fiji
{Jenney, 2014 #2365}.

3.2.2 MLST
MLST was carried out as previously described in Section 2.2.4.

3.2.3 Real-time PCR and HRM analysis
Real-time PCR and HRM analysis was carried out on a Rotor-Gene 6000 real-

time PCR instrument (Corbett Life Science). Each reaction contained 1X
Platinum SYBR Green qPCRSuperMix-UDG (Invitrogen Life Technologies),

0.5µM of each primer and 1µL of a 1:10 dilution of the DNA template, in a final
volume of 10µL. The real-time PCR thermocycling parameters were: 50°C for
2min; 95°C for 2min; 40 cycles of 95°C for 25s, 60°C for 25s and 72°C for 2min;

and 50°C for 20s; followed by HRM ramping from 71 to 85°C at 0.05°C

increments and 2s waiting before each acquisition. The gain optimisation for

both the Green and HRM channels were set at minumum and maximum
readings at 1 and 3, and minumum and maximum gains at -10 and 10
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respectively. The primers used were those used for MLST analysis (Table 2.3).
The reactions were carried out in duplicate.

3.2.4 HRM data analysis

Efficient PCR amplification is essential prior to HRM analysis. Our anecdotal
evidence is that HRM curves appear to be unreliable for amplicons with CT
values over 25. Therefore, only samples with a CT<25 were included for

analyses. The HRM data was analysed using the Rotor-Gene 6000 software

version 1.7 (QIAGEN, Australia) based on three steps: First, a normalised HRM

graph was constructed by normalising the fluorescence before and after the
melting region, and plotting the normalised fluorescence against the

temperature; the normalisation regions for HRM analysis of each fragment are

listed in Table 3.1. Second, the normalised graph was converted to a difference
graph, in which one HRM curve was arbitrarily defined as the baseline and all

the other HRM curves were subtracted from the baseline; the difference graph

can be useful to visualise the differences in HRM curves. Last, a negative first

derivative melt curve (-dF/dT) graph was used to determine the Tms of PCR
products. The Tm is defined as the steepest point of the slope of the raw HRM

curve and forms the peak of the -dF/dT. The -dF/dT graph is a useful indicator

of PCR product identity, as primer-dimers and spurious products are more

easily identified from the expected products based on the melt peak profiles.

Spurious products are usually detected at lower temperature than the expected
product.

Table 3.1: HRM normalisation regions used in this study.

MLST locus
arcC
aroE
glpF
gmk
pta
tpi
yqiL

HRM normalisation region (°C)
75.00 – 76.00, 81.00 – 82.00
73.50 – 74.00, 79.00 – 79.50
80.00 – 80.50, 83.00 – 83.50
75.00 – 76.00, 81.00 – 82.00
76.00 – 77.00, 82.00 – 83.00
76.00 – 77.00, 82.00 – 83.00
76.00 – 77.00, 82.00 – 83.00
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Normalised data for each locus was exported from individual Rotor-Gene run
files into Microsoft Excel as the Rotor-Gene software does not support inter-run

comparisons. A normalised HRM graph of the combined data was plotted for

each locus. The normalised data was also used to construct a difference graph,
in which the mean of all isolates of one allele from all runs was calculated and

used as the baseline. The difference graph was then plotted by subtracting the
normalised fluorescence data of the baseline from the normalised fluorescence
data for each isolate.

A procedure for temperature normalisation between runs was developed. The
rationale for this was that inter-run temperature normalisation would most

likely improve HRM inter-run comparisons. One isolate was selected for
temperature normalisation and was included in each run. The term ‘reference
isolate’ was used in this study to refer to the isolate selected for temperature

normalisation. When more than one replicate of this isolate was present in a
run, the first replicate was used as the reference. The Tm of this reference isolate

was determined based on the -dF/dT graph. Temperature normalisation was
achieved by normalising the Tm of the reference isolate and all other isolates to

the Tm of the reference isolate in the first run. The reference isolates used for

temperature normalisation for each locus are listed in Table 3.2. Normalised

and difference graphs were then generated as previously described.

Table 3.2: Reference isolates used for temperature normalisation for each locus.
Reference isolates
MLST Allele
MLST locus
arcC
SCC1302
36
aroE
HS2
187
glpF
HS2
20
gmk
M34
34
pta
SCC1302
39
tpi
HS2
150
yqiL
SCC1119
49

95% confidence intervals (CIs) for the HRM curves for each allele of known

sequence were defined by calculating the mean and standard deviation (SD) at
each temperature of the normalised fluorescence for all replicates of each allele
sequence. The 95% CI for the normalised fluorescence at each temperature
were calculated as the mean ± (1.96 X SD).
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The criteria for allele discrimination, based on the 95% CIs of each allele, were:

(i) when the 95% CIs of two alleles do not overlap entirely with each other, then
the alleles were regarded to be discriminated from each other; and (ii) when the

95% CIs of two alleles overlap entirely with each other, then the alleles were
regarded to not be discriminated from each other.

The equation ∆Tm = 41((∆G+C)/N), where ∆G+C is the number of G+C

differences and N is the length of the DNA fragment (Schildkraut, 1965; Kibbe,
2007), was used to predict Tm differences conferred by the differences in G+C

content.

3.2.5 Sensitivity and specificity of HRM analyses to detect a new

allele

The term ‘active melting region’ refers to the region in which dsDNA dissociates
into ssDNA during melting. To calculate sensitivity and specificity of a new allele
detected by HRM analysis, pre- and post-melt regions were set immediately

before and after the active melt regions of the amplicons (Table 2.3). This is to
exclude “spikes” or “slopes” in the fluorescence of the HRM curves
(LifeTechnologiesCorporation, 2012) to minimise the likelihood of false

positives to be detected by HRM.

Table 3.3: Active melt regions of the amplicons used for sensitivity and
specificity calculations.
MLST locus
arcC
aroE
glpF
gmk
pta
tpi
yqiL

Active melt regions of the amplicons (°C)
78.75 – 80.40
74.10 – 77.40
81.00 – 82.50
76.90 – 79.00
77.40 – 80.00
78.50 – 80.75
77.00 – 81.00

For this study, the term ‘reference curve’ refers to an HRM curve of the mean of
an allele for an MLST locus (baseline).

115

The sensitivity and specificity of HRM analysis for detecting new alleles were

defined on the basis of the criteria for discrimination of the alleles as outlined
above: (i) true positive (TP) = an HRM curve that is considered discriminated

from the reference HRM curve and that is a different allele to the reference
curve; (ii) false positive (FP) = an HRM curve that is considered discriminated
from the reference HRM curve and that is the same allele to the reference curve;

(iii) true negative (TN) = an HRM curve that is not considered discriminated
from the reference HRM curve and that is the same allele to the reference curve;

and (iv) false negative (FN) = an HRM curve that is not considered discriminated
from the reference HRM curve and that is a different allele to the reference

curve. A Microsoft Access database was setup to calculate the sensitivity and
specificity for each locus. This was achieved by converting the HRM data from

wide (Microsoft Excel) to long format using Stata/IC software version 10.1
(StataCorp, 2007) which was then uploaded into Microsoft Access.

The sensitivity and specificity were calculated based on the number of alleles

and the different combination of the number of alleles of known sequence for
each locus as follows:

Sensitivity

=

TP

Specificity

TP + FN

=

TN

TN + FP

For all of the combinations of the number of alleles of known sequence for each
locus, the mean sensitivity and specificity were determined. For example, there
were three combinations each when one allele (i.e. (i) 36; (ii) 151 or (iii) 207)
and two alleles (i.e. (i) 36 and 151; (ii) 36 and 207 or (iii) 151 and 207) were

known at the arcC locus. A mean sensitivity and specificity were calculated for
all pairwise combinations of alleles of known sequence for each locus.
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3.2.6 Investigation of the correlation between the efficiency of PCR
with the reproducibility of HRM curves
For each locus, the Tm of every HRM curve for each allele was determined based

on the dF/dT graph in each Rotor-Gene run file. The variation of Tm (Tm spread)
for each allele was determined by subtracting the minimum Tm value from the

maximum Tm value. Due to the unequal number of HRM curves present for each
allele at each locus, the comparison of the variation of Tm determined for each

allele may not be accurate. It is assumed that the more HRM curves present in a

run, the bigger the variation of Tm, which could confound the comparison

between the variations of Tm for each allele.

To eliminate this confounding factor, the allele with the biggest variation of Tm

for each locus was identified. Of these seven alleles, the allele with the least

number of HRM curves contributing to the Tm variation calculation was

determined. This minimum number of HRM curves was then selected at random
using an online random generator for the other six alleles. Specifically, allele

116 at the tpi locus recorded the biggest variation of Tm of 0.13°C compared to
the other tpi alleles (0.03-0.12°C variation of Tm). Tpi allele 116 had the least

number of HRM curves (16 HRM curves) compared to the alleles with the
biggest variation in Tm from the other six loci (between 25-46 HRM curves for

arcC allele 151, aroE allele 273, glpF allele 43, gmk allele 34, pta allele 107 and
yqiL allele 49). Therefore, 16 HRM curves were selected at random for the other

six alleles using an online random number generator for analyses and the Tm

variation calculated.

The relationship between the efficiency of PCR with the reproducibility of HRM
curves was examined using a linear regression. The correlation was further

examined using Pearson’s and Spearman’s tests for parametric and nonparametric data respectively.
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3.3 Results
3.3.1 MLST of selected isolates
Five CC75 isolates which had previously been subjected to full MLST
(Section 2.2.4) were included in this study. A further 13 and 56 isolates were

subjected to full or partial MLST determination respectively, for this study

(Table 3.4). These isolates were selected for sequencing based on preliminary
HRM results; isolates with HRM curves that appeared different from curves of

known sequences were selected for sequencing. Three new STs were identified

from six isolates, and eight new alleles were identified at five loci (Table 3.4).
One new ST, ST1849, which is represented by a single isolate from the Fiji study
and two isolates from the Top End community surveillance, differed from

ST1824 only at the arcC locus. ST1849 was submitted to the MLST database.

The other two new STs identified from this study, however, have not yet been
submitted to the MLST database. One of the new STs (ST New i), represented by

a single isolate from the Fiji study, resulted from new allele sequences at the
aroE, pta and tpi loci. The other new ST (ST New ii), represented by two isolates

from the Fiji study, resulted from new allele sequences at the aroE, glpF, pta, tpi

and yqiL loci. Of the known CC75 alleles present in the MLST database, the

following alleles were not found among the 74 isolates included in this study:

325 (aroE), 173, 270 (glpF), 79 (gmk), 175, 198, 256 (pta), 180 (tpi) and 169

(yqiL).
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2
1
2
1

No. of isolates
2
1
1
1
1
1
1
1
2
1
1

2

2
1
3
9
1

No. of isolates

-

36
36
36
36
36
36
36
151
207
36
-

151

arcC
(465 bp)
151
207
36
36
36

269
273
187
aroE
new iia
269
269
273
273

aroE
(456 bp)
187
269
273
269
aroE
new ia
aroE
new iia

Isolates with full MLST profiles
Allelic profile
glpF
gmk
pta
tpi
yqiL
ST
(465 bp) (429 bp) (474 bp) (402 bp) (516 bp)
20
101
145
150
131
1223
43
34
107
116
105
1824
43
34
39
52
49
1850
43
34
107
116
105
2198b
215
34
pta
tpi
49
ST New ic
a
a
new i
new i
glpF
34
pta
tpi
yqiL
ST New iic
new ia
new iia
new iia
new ia
Isolates with partial MLST profiles
43
34
107
116
34
107
52
101
107
tpi
new iia
116
39
Table continued on next page. Table

Table 3.4: MLST profiles of CC75 isolates.
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c

b

a

30

28

43
43
43
43
43
31

Isolates with partial MLST profiles
39
116
101
34
39
39
52
39
107
145
107
52
52
116
25
30
28

New STs identified in this study which have not yet been submitted to the MLST database.

New STs identified in this study which have been submitted to the MLST database.

New alleles identified in this study which have not yet been submitted to the MLST database.

No. of Isolates
7
2
1
1
1
1
3
1
1
1
1
1
2
1
1
4
2
6
Total number
of isolates
sequenced
49
105
49
105
49
49
105
34
-

3.3.2 Determination as to whether temperature normalisation
improves HRM inter-run comparisons at the tpi locus
It was predicted that inter-run temperature normalisation would improve HRM

inter-run comparisons. Preliminary data revealed a variation of ±0.5°C between

different runs and Rotor-Gene devices without temperature normalisation (data
not shown). Therefore, this experiment determined whether temperature

normalisation would improve HRM inter-run comparisons. The procedure for

inter-run temperature normalisation was outlined in Section 3.2.4. The tpi

locus was used as the model system as tpi is one of the MLST loci with the most
number of alleles of known sequence within our collection of CC75 isolates.

The results showed that temperature normalisation improved HRM inter-run

comparisons for the tpi locus. Without inter-run temperature normalisation,
three distinct HRM profiles were visualised on the normalised and difference
graphs, corresponding to tpi alleles new i, 52 and new ii (profile 1), 150

(profile 2) and 116 (profile 3) (Figure 3.1 andFigure 3.2). In contrast, with
inter-run temperature normalisation using isolate HS2 (allele 150) as the

reference isolate, four distinct HRM profiles corresponding to alleles new i and
52 (profile 1), new ii (profile 2), 150 (profile 3) and 116 (profile 4) were

observed on the normalised and difference graphs (Figure 3.3 and Figure 3.4).

A similar Tm variation of each allele was observed for each approach. Therefore,

it was concluded that normalised data analysed with temperature normalisation
is a more appropriate method to evaluate inter-run comparisons of HRM curves.
This method was subsequently applied to the six remaining loci.
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Figure 3.1:

Normalised

HRM

graph

generated

without

temperature

normalisation for the tpi locus (475bp amplicon).
Normalised HRM curves of tpi alleles new i (orange), 52 (blue), new ii (pink), 150 (black)
and 116 (purple). Three distinct HRM profiles were observed, with tpi alleles new i, 52 and

new ii (profile 1) differentiated from 150 (profile 2) and 116 (profile 3). Each allele
recorded a variation of Tm ranging between 0.10°C-0.30°C.
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Figure 3.2: Difference graph generated without temperature normalisation for
the tpi locus (475bp amplicon).
HRM curves for all isolates of known sequence of tpi alleles new i (orange), 52 (blue), new ii

(pink), and 116 (purple) being compared to the mean of allele 150 (black) as the baseline.
Three distinct HRM profiles were observed; tpi alleles new i, 52 and new ii (profile 1) were

differentiated from 150 (profile 2) and 116 (profile 3) based on the 95% CI of each allele.

Solid and dotted lines represent isolates of known sequence and 95% CI of each allele
respectively.
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Figure 3.3: Normalised HRM graph generated with temperature normalisation
for the tpi locus (475bp amplicon).
Normalised HRM curves of tpi alleles new i (orange), 52 (blue), new ii (pink), 150 (black)

and 116 (purple) with isolate HS2 (allele 150) used as the reference isolate for temperature
normalisation. Four distinct HRM profiles were observed, with alleles tpi new i and 52

(profile 1) differentiated from new ii (profile 2), 150 (profile 3) and 116 (profile 4). Each
allele recorded a variation of Tm ranging between 0.10°C-0.25°C.

124

Figure 3.4: Difference graph generated with temperature normalisation for the
tpi locus (475bp amplicon)
HRM curves for all isolates of known sequence of tpi alleles new i (orange), 52 (blue), new ii

(pink), and 116 (purple) being compared to the mean of allele 150 (black) as the baseline.
Four distinct HRM profiles were observed, with tpi alleles new i and 52 (profile 1)

differentiated from new ii (profile 2), 150 (profile 3) and 116 (profile 4) based on the 95%
CI of each allele. Solid and dotted lines represent isolates of known sequence and 95% CI of
each allele respectively.
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3.3.3 Discrimination of alleles of known sequence at the tpi locus by
HRM analysis
The previous data set analysed with temperature normalisation in
Section 3.3.2 was used in this section to determine the resolving power of HRM

to discriminate tpi alleles of known sequence. This was achieved using the 95%
CI of each tpi allele as the key indicator for discrimination of alleles.

Five alleles of known sequence were present at the tpi locus (475bp amplicon)
containing six SNPs, and these alleles were tpi new i, 52, new ii, 150 and 116.

The G+C contents for tpi alleles new i and 52 are the same, while there is one,

three and four G+C content increases for alleles new ii, 150 and 116

respectively, compared with alleles new i and 52. The tpi alleles were predicted
to be discriminated by HRM analysis on the basis of G+C content, corresponding
to four predicted HRM profiles: alleles new i and 52 (profile 1); new ii

(profile 2); 150 (profile 3); and 116 (profile 4). The predicted ∆Tm resulting

from one, three and four changes in G+C content are 0.09°C, 0.26°C and 0.35°C
respectively.

The experimental data showed that tpi alleles differing in G+C content were

discriminated by HRM analysis as predicted. The order of the Tms of the alleles

observed was as predicted; alleles new ii (profile 2), 150 (profile 3) and 116
(profile 4) were discriminated from each other and from alleles new i and 52

(profile 1) (Figure 3.1-Figure 3.4), based on the criteria as described in

Section 3.2.4. Alleles new i and 52, which shared the same G+C content, could
not be discriminated (Table 3.5), as expected. The ∆Tm values observed were
comparable to the predicted ∆Tm values. The mean ∆Tm resulting from one,

three and four changes in G+C content were 0.10°C, 0.20°C and 0.30°C

respectively (data not shown).
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Table 3.5: Discrimination of alleles by HRM analysis at the tpi locus based on the
95% CI of each allele of known sequence.

New i, 52, new ii, 150 and 116 are the alleles of known sequence at the tpi locus. Tpi alleles

with different G+C content could be discriminated from each other.

From these results, the sensitivity and specificity of HRM analysis for detecting

new alleles could be inferred. The sensitivity and specificity were calculated

using the parameters as per Section 3.2.5. The sensitivity for a novel tpi allele
to be detected by HRM analysis when one, two, three or four alleles were known

was 0.99, 0.99, 0.98 and 0.99 respectively (Figure 3.5). The specificity for a new

tpi allele to be detected by HRM analysis when one, two, three or four alleles

Sensitivity of HRM detecting
a new allele

were known was 0.90, 0.88, 0.86 and 0.86 respectively (Figure 3.6).
1.00
0.80
0.60
0.40
0.20
0.00
0

1

2

3

4

No. of known alleles at the tpi locus

5

Figure 3.5: Sensitivity of HRM analysis to detect a new allele with a given number
of known alleles at the tpi locus.
The sensitivity of HRM analysis detecting a new allele at the tpi locus was 0.99, 0.99, 0.98

and 0.99 when one, two, three or four alleles were known respectively.
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Specificity of HRM detecting a
new allele

1.00
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0.40
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No. of known alleles at the tpi locus

4

5

Figure 3.6: Specificity of HRM analysis to detect a new allele with a given number
of known alleles at the tpi locus.
The sensitivity of HRM analysis detecting a new allele at the tpi locus was 0.90, 0.88, 0.86

and 0.86 when one, two, three or four alleles were known respectively.

The results provided support for the hypothesis that CC75 tpi alleles of different

G+C content are able to be resolved by HRM analysis. Therefore, the aim of the

experiments in Sections 3.3.4-3.3.9 was to determine whether the different
CC75 alleles of the remaining six MLST loci would be discriminated by HRM
analysis.

3.3.4 Discrimination of alleles of known sequence at the arcC locus
by HRM analysis
At the arcC locus (570bp amplicon), three alleles of known sequence containing
two SNPs were present within the tested collection of CC75 isolates. ArcC alleles

36 and 151 had one and two G+C content increases respectively, compared with

allele 207 (Figure 3.7). All three alleles were predicted to be discriminated

from each other on the basis of G+C content, corresponding to three HRM
profiles, in the order of alleles 207 (profile 1), 36 (profile 2) and 151 (profile 3).

The predicted Tm differences resulting from one and two G+C content changes
at the arcC locus are 0.07°C and 0.14°C respectively.
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The order of the Tms of the alleles observed was as predicted (Figure 3.7a and
3.7b). Alleles 207 and 36 could be discriminated from allele 151 (Figure 3.7b),

based on the criteria as described in Section 3.2.4. However, alleles 207 and 36

could not be discriminated from each other despite their differing G+C content
(Figure 3.7b) (Table 3.6). The ∆Tm values observed were comparable to the

predicted ∆Tm values. The mean ∆Tm resulting from one and two changes in G+C
content were 0.05°C and 0.10°C respectively (data not shown).

The sensitivity for a new arcC allele to be detected by HRM analysis when one or

two alleles were known was 0.97 and 0.88 respectively (Figure 3.8). The

specificity for a new arcC allele to be detected by HRM analysis when one or two
alleles were known was 0.81 and 0.84 respectively (Figure 3.9).
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Figure 3.7: HRM graphs generated using temperature normalisation for the arcC
locus (570bp amplicon).
(a) Normalised and (b) difference graphs of HRM curves belonging to alleles 207 (pink), 36

(black) and 151 (blue). Isolate SCC1302 (allele 36) was used as the reference isolate for
temperature normalisation and the mean of allele 36 was used as the baseline for the
difference graph. Alleles 207 and 36 could be discriminated from allele 151 based on the

95% CI, while there was no clear separation between allele 207 from 36. Solid and dotted

lines represent isolates of known sequence and 95% CI of each allele respectively.
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Table 3.6: Discrimination of alleles by HRM analysis at the arcC locus based on
the 95% CI of each allele of known sequence.

207

36

151

207

36

No

Yes

151

Yes

207, 36 and 151 are the alleles of known sequence at the arcC locus. All arcC alleles with
differing G+C content could be discriminated from each other except for alleles 36 and 207.

Sensitivity of HRM detecting
a new allele

1.00
0.80
0.60
0.40
0.20
0.00
0

1

2

3

4

No. of known alleles at the arcC locus

5

Figure 3.8: Sensitivity of HRM analysis to detect a new allele with a given number
of known alleles at the arcC locus.
The sensitivity of HRM analysis detecting a new allele at the arcC locus was 0.97 and 0.88

when one or two alleles were known respectively.
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Specificity of HRM detecting a
new allele
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Figure 3.9: Specificity of HRM analysis to detect a new allele with a given number
of known alleles at the arcC locus.
The specificity of HRM analysis detecting a new allele at the arcC locus was 0.81 and 0.84

when one or two alleles were known respectively.

3.3.5 Discrimination of alleles of known sequence at the aroE locus
by HRM analysis
At the aroE locus (456bp amplicon), five alleles of known sequence containing
eight SNPs were present within the tested collection of CC75 isolates. AroE

alleles 187 and new ii, and alleles 269 and 273 share the same G+C content.
When compared with allele new i, alleles 187 and new ii, and alleles 269 and
273 had a single and two G+C content increases respectively (Figure 3.10).
Alleles with different G+C content were predicted to be discriminated from each

other, corresponding to three HRM profiles, in the order of aroE alleles new i

(profile 1), 187 and new ii (profile 2) and 269 and 273 (profile 3). The predicted
Tm differences (using the equation as described in Section 3.2.4) resulting from
one and two G+C content changes are 0.09°C and 0.18°C respectively.

The order of the Tms of the alleles observed was not as predicted; the HRM
results showed that aroE alleles new i and new ii melted first, followed by
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alleles 187, 269 and 273 (Figure 3.10a). None of the aroE alleles could be

discriminated from each other based on the criteria as described in
Section 3.2.4 despite their differing G+C content (Table 3.7). A trend in the
melting pattern, however, suggested that aroE alleles new i and new ii could

possibly be differentiated from alleles 269 and 273 (Figure 3.10b). A difference

graph showing only the means and 95% CIs for all isolates of known sequence
was plotted to facilitate visualising the differences between each aroE allele
(Figure 3.11). The ∆Tm values observed were comparable to the predicted ∆Tm

values. The mean ∆Tm resulting from one and two changes in G+C content were

each 0.10°C (data not shown).
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Figure 3.10: HRM graphs generated using temperature normalisation for the
aroE locus (456bp amplicon).
(a) Normalised and (b) difference graphs of HRM curves belonging to aroE alleles new i

(pink), 187 (black), new ii (blue), 273 (purple) and 269 (yellow). Isolate HS2 (allele 187)

was used as the reference isolate for temperature normalisation and the mean of allele 187

was used as the baseline for the difference graph. None of the alleles were discriminated
from each other, although a pattern seemed to indicate that alleles 269 and 273 could
possibly be discriminated from alleles new i and new ii. Solid and dotted lines represent
isolates of known sequence and 95% CI of each allele respectively.
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Figure 3.11: Difference graph of the aroE locus generated using temperature
normalisation, showing only the means and 95% CIs of each allele.
A difference graph of aroE HRM curves for all isolates of known sequence of aroE alleles

new i (pink), 187 (black), new ii (blue), 273 (purple) and 269 (yellow) with the mean of

allele 187 as the baseline. Solid and dotted lines represent the mean of isolates of known
sequence and 95% CI of each allele respectively.
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Table 3.7: Discrimination of alleles by HRM analysis at the aroE locus based on
the 95% CI of each allele of known sequence.

New i, new ii, 187, 273 and 269 are the alleles of known sequence at the aroE locus. None of

the aroE alleles could be discriminated from each other despite some having different G+C
content.

Although none of the aroE alleles could be differentiated from each other using
the specified criteria, the sensitivity for a new allele to be detected by HRM

analysis when one, two, three or four alleles were known was 0.57, 0.34, 0.20

and 0.09 respectively (Figure 3.12). The specificity of HRM to detect a new aroE

allele when one, two, three or four alleles were known was 0.86, 0.90, 0.94 and

0.96 respectively (Figure 3.13).

Sensitivity of HRM detecting
a new allele
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No. of known alleles at the aroE locus
Figure 3.12: Sensitivity of HRM analysis to detect a new allele with a given
number of known alleles at the aroE locus.
The sensitivity of HRM analysis detecting a new allele at the aroE locus was 0.57, 0.34, 0.20
and 0.09 when one, two, three or four alleles were known respectively.
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Figure 3.13: Specificity of HRM analysis to detect a new allele with a given
number of known alleles at the aroE locus.
The specificity of HRM analysis detecting a new allele at the aroE locus was 0.86, 0.90, 0.94
and 0.96 when one, two, three or four alleles were known respectively.

3.3.6 Discrimination of alleles of known sequence at the glpF locus
by HRM analysis
At the glpF locus (573bp amplicon), four alleles of known sequence containing
four SNPs were present within the tested collection of CC75 isolates. GlpF alleles
new i and 43 share the same G+C content. When compared with allele 20, alleles
new i and 43, and allele 215 had one and two increases in their G+C content

respectively (Figure 3.14). The glpF alleles were predicted to be discriminated

from each other on the basis of G+C content, corresponding to three HRM
profiles in the order of alleles 20 (profile 1), new i and 43 (profile 2) and 215
(profile 3). The predicted Tm differences (using the equation as described in

Section 3.2.4) resulting from one and two G+C content changes are 0.07°C and
0.14°C respectively.

The order of the Tms of the alleles observed was not as predicted; the HRM

results showed that glpF allele 20 melted first, followed by alleles 215 and
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new i, and allele 43 (Figure 3.14). None of the glpF alleles could be

discriminated from each other based on the criteria as described in
Section 3.2.4 despite their differing G+C content (Table 3.8). However, allele

20 might possibly be differentiated from the other three glpF alleles when its
curve shape is taken into consideration (Figure 3.14a and 3.14b). The

experimental ∆Tm values observed were different to the predicted ∆Tm values;
the mean ∆Tm resulting from one and two changes in G+C content were 0.20 and
0.40°C respectively (data not shown).

Despite the poor discrimination between the glpF alleles, the sensitivity for a

new allele to be detected by HRM analysis when one, two or three alleles were

known was 0.77, 0.52 and 0.40 respectively (Figure 3.15). The specificity of
HRM to detect a new glpF allele when one, two or three alleles were known was
0.86, 0.89 and 0.89 respectively (Figure 3.16).
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Figure 3.14: HRM graphs generated using temperature normalisation for the glpF
locus (573bp amplicon).
(a) Normalised and (b) difference graphs of HRM curves belonging to alleles 20 (black), 321

(orange), 43 (pink) and 215 (blue). Isolate HS2 (allele 20) was used as the reference isolate

for temperature normalisation and the mean of allele 20 was used as the baseline for the
difference graph. None of the alleles could be discriminated from each other despite the

differences in their G+C content. Solid and dotted lines represent isolates of known
sequence and 95% CI of each allele respectively.
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Table 3.8: Discrimination of alleles by HRM analysis at the glpF locus based on
the 95% CIs of each allele of known sequence.

20, new i, 43 and 215 are the alleles of known sequence at the glpF locus. None of the glpF
alleles could be discriminated from each other despite some having different G+C content.

Sensitivity of HRM detecting a
new allele
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Figure 3.15: Sensitivity of HRM analysis to detect a new allele with a given
number of known alleles at the glpF locus.
The sensitivity of HRM analysis detecting a new allele at the glpF locus was 0.77, 0.52 and
0.40 when one, two or three alleles were known respectively.
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Figure 3.16: Specificity of HRM analysis to detect a new allele with a given
number of known alleles at the glpF locus.
The specificity of HRM analysis detecting a new allele at the glpF locus was 0.86, 0.89 and
0.89 when one, two or three alleles were known respectively.

3.3.7 Discrimination of alleles of known sequence at the gmk locus
by HRM analysis
At the gmk locus (488bp amplicon), two alleles of known sequence containing

two SNPs were present within the tested collection of CC75 isolates. Gmk allele
101 had one G+C content increase compared with allele 34 (Figure 3.17). Both

alleles were predicted to be discriminated from each other on the basis of G+C
content, corresponding to two HRM profiles in the order of alleles 34 (profile 1)

and 101 (profile 2). The predicted Tm difference (using the equation as
described in Section 3.2.4) resulting from one G+C content change is 0.08°C.

The order of the Tms of the alleles observed was as predicted and allele 34 was

discriminated from allele 101 (Figure 3.17) based on the criteria as described

in Section 3.2.4 (Table 3.9). The ∆Tm values observed were comparable to the

predicted ∆Tms. A mean ∆Tm resulting from one G+C content change was 0.09°C

(data not shown).
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Figure 3.17: HRM graphs generated using temperature normalisation for the gmk
locus (488bp amplicon).
(a) Normalised and (b) difference graphs of HRM curves belonging to alleles 34 (black) and

101 (pink). Isolate M34 (allele 34) was used as the reference isolate for temperature

normalisation and the mean of allele 34 was used as the baseline for the difference graph.
Allele 34 was clearly discriminated from allele 101. Solid and dotted lines represent isolates
of known sequence and 95% CI of each allele respectively.

142

Table 3.9: Discrimination of alleles by HRM analysis based on the 95% CIs of each
allele that do not overlap with each other at the gmk locus.

34 and 101 are the alleles of known sequence at the gmk locus. The two gmk alleles could

be discriminated from each other.

The sensitivity and specificity for a new allele to be detected by HRM analysis
when a single allele was known were 1.000 (Figure 3.18) and 0.84

(Figure 3.19) respectively.
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Figure 3.18: Sensitivity of HRM analysis to detect a new allele with a given
number of known alleles at the gmk locus.
The sensitivity of HRM analysis detecting a new allele at the gmk locus was 1.00 when one
allele was known.
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Figure 3.19: Specificity of HRM analysis to detect a new allele with a given
number of known alleles at the gmk locus.
The specificity of HRM analysis detecting a new allele at the gmk locus was 0.84 when one
allele was known.

3.3.8 Discrimination of alleles of known sequence at the pta locus by
HRM analysis
At the pta locus (575bp amplicon), five alleles of known sequence containing
seven SNPs were present within the tested collection of CC75 isolates. Pta
alleles 107 and new i share the same G+C content. When compared with alleles
107 and new i, alleles 39, new ii and 145 had one, two and three G+C content

increases respectively (Figure 3.20). The pta alleles were predicted to be

discriminated from each other on the basis of G+C content, corresponding to

three HRM profiles in the order of pta alleles 107 and new i (profile 1), 39
(profile 2), new ii (profile 3) and 145 (profile 4). The predicted Tm differences

(using the equation as described in Section 3.2.4) resulting from one, two and
three G+C content changes are 0.07°C, 0.14°C and 0.21°C respectively.

The order of the Tms of the alleles observed was not as predicted; the HRM
results showed that pta allele 107 melted first, followed by alleles 39, new i,
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new ii and 145 (Figure 3.20a and Figure 3.20b). None of the pta alleles could

be discriminated from each other based on the criteria as described in
Section 3.2.4 despite their differing G+C content (Table 3.10). When the shape
of the HRM curves is taken into consideration, however, allele 107 might

possibly be differentiated from the other four pta alleles, and alleles new i and
39 might possibly be differentiated from alleles new ii and 145 (Figure 3.20b).

A difference graph showing only the means and 95% CIs for all isolates of

known sequence was plotted to facilitate visualising the differences between
each pta allele (Figure 3.21). The ∆Tm values observed were comparable to the

predicted ∆Tm values. The mean ∆Tm resulting from one, two and three changes
in G+C content were 0.05°C, 0.10°C and 0.14°C respectively (data not shown).

Despite the poor discrimination between the pta alleles, the sensitivity for a

new allele to be detected by HRM analysis when one, two, three or four alleles
were known was 0.74, 0.55, 0.41 and 0.25 respectively (Figure 3.22). The

specificity of HRM to detect a new pta allele when one, two, three or four alleles

were known was 0.89, 0.90, 0.92 and 0.91 respectively (Figure 3.23).
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Figure 3.20: HRM graphs generated using temperature normalisation for the pta
locus (575bp amplicon).
(a) Normalised and (b) difference graphs of HRM curves belonging to alleles 107 (orange),

new i (blue), 39 (black), new ii (pink) and 145 (green). Isolate SCC1302 (allele 39) was used
as the reference isolate for temperature normalisation and the mean of allele 39 was used

as the baseline for the difference graph. None of the alleles were discriminated from each

other, although a pattern seemed to indicate that allele 107 might possibly be differentiated

from all other alleles, and alleles 39 and new i might be differentiated from new ii and 145.

Solid and dotted lines represent isolates of known sequence and 95% CI of each allele
respectively.

146

Figure 3.21: Difference graph of the pta locus generated using temperature
normalisation, showing only the means and 95% CIs of each allele.
A difference graph of pta HRM curves belonging to alleles 107 (orange), new i (blue), 39
(black), new ii (pink) and 145 (green) with the mean of allele 39 was used as the baseline.

Solid and dotted lines represent the mean of isolates of known sequence and 95% CI of
each allele respectively.

Table 3.10: Discrimination of alleles by HRM analysis at the pta locus based on
the 95% CIs of each allele of known sequence.

107, new i, 39, new ii and 145 are the alleles of known sequence at the pta locus. None of

the pta alleles could be discriminated from each other despite some having different G+C
contents.
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Figure 3.22: Sensitivity of HRM analysis to detect a new allele with a given
number of known alleles at the pta locus.
The sensitivity of HRM analysis detecting a new allele at the pta locus was 0.74, 0.55, 0.41
and 0.25 when one, two, three and four alleles were known respectively.
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Figure 3.23: Specificity of HRM analysis to detect a new allele with a given
number of known alleles at the pta locus.
The specificity of HRM analysis detecting a new allele at the pta locus was 0.89, 0.90, 0.92
and 0.91 when one, two, three and four alleles were known respectively.
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3.3.9 Discrimination of alleles of known sequence at the yqiL locus
by HRM analysis
At the yqiL locus (598bp amplicon), four alleles of known sequence containing
11 SNPs were present within the tested collection of CC75 isolates. YqiL alleles

new i and 105 share the same G+C content. When compared with allele 131,

allele 49 and alleles new i, and 105 had two and three G+C content increases

respectively (Figure 3.24). The yqiL alleles were predicted to be discriminated
from each other on the basis of G+C content, corresponding to three HRM

profiles in the order of yqiL alleles 131 (profile 1), 49 (profile 2), and new i and
105 (profile 3). The predicted Tm differences (using the equation as described in

Section 3.2.4) resulting from two and three G+C content changes are 0.14°C

and 0.21°C respectively.

It was not clear which alleles melted first (Figure 3.24a and 3.24b). None of

the yqiL alleles could be discriminated from each other based on the criteria as
described in Section 3.2.4 despite their differing G+C content (Table 3.11).

When the shape of the HRM curves is taken into consideration, however, alleles
131, new i and 105 could possibly be differentiated from allele 49
(Figure 3.24b). A difference graph showing only the means and 95% CIs for all
isolates of known sequence was plotted to facilitate visualising the differences
between each yqiL allele (Figure 3.25). The ∆Tm values observed were

comparable to the predicted ∆Tm values. The mean ∆Tm resulting from two and

three changes in G+C content were each 0.10°C respectively (data not shown).

Despite the poor discrimination between the yqiL alleles, the sensitivity for a

new allele to be detected by HRM analysis when one, two or three alleles were

known was 0.75, 0.54 and 0.45 respectively (Figure 3.26). The specificity of

HRM to detect a new yqiL allele when one, two or three alleles were known was
0.76, 0.80 and 0.82 respectively (Figure 3.27).
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Figure 3.24: HRM graphs generated using temperature normalisation for the yqiL
locus (598bp amplicon).
(a) Normalised and (b) difference graphs of HRM curves belonging to alleles 131 (blue), 49

(black), new i (pink) and 105 (purple). Isolate SCC1119 (allele 49) was used as the

reference isolate for temperature normalisation and the mean of allele 49 was used as the

baseline for the difference graph. None of the alleles could be discriminated from each

other, although allele 105 could possibly be discriminated from all other alleles when the

shape of HRM curves was taken into consideration. Solid and dotted lines represent isolates

of known sequence and 95% CI of each allele respectively.
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Figure 3.25: Difference graph of the yqiL locus generated using temperature
normalisation, showing only the means and 95% CIs of each allele.
A difference graph of yqiL HRM curves belonging to alleles 131 (blue), 49 (black), new i

(pink) and 105 (purple) with the mean of allele 49 was used as the baseline. Solid and

dotted lines represent the mean of isolates of known sequence and 95% CI of each allele
respectively.

Table 3.11: Discrimination of alleles by HRM analysis at the yqiL locus based on
the 95% CI of each allele of known sequence.

131, 49, new i and 105 are the alleles of known sequence at the yqiL locus. None of the yqiL
alleles could be discriminated from each other despite some having different G+C contents.

151

Sensitivity of HRM detecting a
new allele

1.00

0.80

0.60

0.40

0.20

0.00
0

1

2

3

4

5

No. of known alleles at the yqiL locus
Figure 3.26: Sensitivity of HRM analysis to detect a new allele with a given
number of known alleles at the yqiL locus.
The sensitivity of HRM analysis detecting a new allele at the yqiL locus was 0.75, 0.54 and

0.45 when one, two or three alleles were known respectively.
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Figure 3.27: Specificity of HRM analysis to detect a new allele with a given
number of known alleles at the yqiL locus.
The specificity of HRM analysis detecting a new allele at the yqiL locus was 0.76, 0.80 and
0.82 when one, two or three alleles were known respectively.
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3.3.10 Investigation of the correlation between the efficiency of PCR
with the reproducibility of HRM curves
Although only the tpi and gmk CC75 MLST alleles were reliably discriminated by
HRM analysis (Sections 3.3.3-3.3.9), closer examination of the data suggested

that the PCR efficiency (as measured by the CT values) seemed to correlate with

the reproducibility of HRM curves (as measured by the variation of Tm values).
One flaw in the experimental design was that the alleles for each locus did not

have the same number of HRM curves contributing to the data. Thus, subanalysis was carried out using an equal number of HRM curves for the allele
with the largest Tm variation for each locus (see Section 3.2.6).

It was observed that as the mean CT increased, the variation of Tm increased for

six loci, but not for the aroE locus (Figure 3.28). The tpi and gmk loci recorded
the lowest mean CT (tpi: CT10.27; gmk: CT11.73) and the lowest mean variation

of Tm (tpi: 0.13°C; gmk: 0.20°C). This might possibly explain why the tpi and gmk

alleles could be discriminated from each other (Sections 3.3.3 and 3.3.7). The

aroE locus recorded the highest mean CT of 15.46 compared to the other six loci

(mean CT ranged from 10.27-13.85), and it was expected that a higher mean

variation of Tm would be obtained for aroE. However, this was not the case and
will be further discussed in Section 3.4.

A linear regression test was used to assess the linear strength of the

relationship between the mean CT and the mean variation of Tm. The mean CT

was positively correlated with the variation of Tm for the seven loci, with a

coefficient of determination of r2=0.3407, and a Pearson’s correlation coefficient

of r=0.5837 (Figure 3.28). The correlation between the mean CT and the mean
variation of Tm for each locus was further supported by a Spearman’s rank

correlation coefficient of ρ=0.5357. The Spearman’s rank correlation coefficient

was used because it measures the degree of correlation between two variables
that do not rely on the data belonging to any particular distribution (Griffiths,
1980).
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Figure 3.28: The relationship between the mean CT and the mean variation of Tm
for each CC75 MLST locus.
The relationship between the mean CT and the mean variation of Tm for each CC75 MLST

locus was determined by conducting a linear regression test. A positive correlation between

the mean CT and the mean variation of Tm for the seven CC75 MLST loci was obtained
(r2=0.3407, r=0.5837, ρ=0.5357).

3.4 Discussion
This study investigated the effectiveness and limitations of HRM analysis using

SYBR Green to discriminate CC75 MLST alleles in full length MLST fragments. All
the known alleles at the tpi (475bp) and gmk (488bp) loci and two out of three

alleles at the arcC locus (570bp) were discriminated by HRM analysis, whereas

none of the alleles for the other four MLST loci (aroE (456bp), glpF (573bp), pta
(575bp) and yqiL (598bp)) could be reliably discriminated from each other by
HRM using SYBR Green.

Poor allele discrimination could be due to the full length MLST amplicons used

in this study which are larger (456-598bp) than the typical amplicon sizes
(<300bp) used for HRM analysis. The Tm change for a single G+C content

difference in these large fragments may have exceeded the detection limit for
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reliable ∆Tm discrimination of the different alleles using the Corbett Rotor-Gene

device. Previous studies have demonstrated reliable discrimination of sequence
variants (including sequence variants resulting from a single base difference) in
amplicons up to 300bp (Gundry et al., 2003; Reed and Wittwer, 2004; Millat et

al., 2009a; Applied Biosystems and Technologies, 2010; Montgomery et al.,
2010).

From the data obtained, amplicon size did not affect how well the MLST alleles
were discriminated by HRM; aroE is the smallest MLST fragment (456bp) but

none of the aroE alleles were resolved by HRM. In this study, the mean

experimental ∆Tm differences resulting from one, two and three G+C content
changes for the seven MLST loci were 0.06°C, 0.10°C and 0.15°C respectively.
Tpi is the only locus with alleles having four G+C content changes (∆Tm of

0.30°C). The greater the number of G+C content differences between the
different alleles, the greater the ∆Tm, therefore the easier the different alleles to
be discriminated by HRM.

The experimental ∆Tms obtained in this study were comparable with the
predicted ∆Tms for six loci (arcC, aroE, gmk, tpi, pta and yqiL), however, larger

experimental ∆Tms were obtained at the glpF locus. When there were one and

two G+C content changes, the glpF experimental ∆Tms were 0.20°C and 0.40°C

respectively, compared to the predicted ∆Tms of 0.07°C and 0.14°C. A possible
explanation is the presence of different SNPs which may change the G+C content

outside the sequenced MLST regions, as the primers used for MLST PCR in this
study, except for aroE, are outside the sequenced MLST regions, hence there
were “blind spots” for which the sequence was unknown. The HRM profiles,
∆Tms and assignment of alleles were predicted on the basis of MLST allele

sequences, however, HRM analysis was performed on full length MLST
amplicons. HRM curves of isolates with identical MLST allele sequence may be
different to each other due to their different sequences in full length amplicon

and therefore, the Tms of these isolates may be different. As a result, these
isolates may be artificially clustered together as one HRM profile, and their ∆Tms

may artificially be larger than expected. The possibility of isolates with identical
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MLST allele sequence having different full length amplicon sequence may also

explain why the order of the experimental Tms of the glpF alleles based on the

G+C content were different to the predicted Tms. Our results showed that glpF

allele 20 melted first, followed by alleles 215, new i and 43, contradicting the
predicted HRM profiles in the order of alleles 20 (profile 1), new i and 43
(profile 2) and 215 (profile 3).

In addition to assessing the ability of HRM to discriminate known CC75 MLST

alleles in full length MLST fragments, this study also investigated the ability of

HRM to detect new alleles. This was achieved by calculating the sensitivity and
specificity of HRM detecting new CC75 MLST alleles, inferred from the HRM
data. The results of this study demonstrated an inverse correlation between the

number of known alleles with the sensitivity of HRM detecting a new allele. One
consequence is that the HRM curve(s) may be incorrectly assigned as an allele of
a known sequence. The specificity provides a measure of the number of known
alleles being incorrectly assigned as new alleles (false positive). Our data
demonstrated that the number of known alleles correlated directly with the

specificity of HRM detecting a new allele. This is because outlier HRM curve(s)
of a known allele is more likely to fall within the 95% CIs of another known
allele (true negative increases) as the number of known alleles increases.

The anticipation of a small number of new alleles within the collection of CC75

isolates tested in this study due to their collection from a small geographical

area with a small human population justified the use of HRM as a cheaper and
faster method compared to MLST. The positive predictive value (PPV) of HRM

detecting new alleles is dependent on the prevalence of new alleles. In this

study, the PPV of HRM detecting new alleles would be low given the scarcity of

new alleles within the collection of CC75 isolates tested. For example, assuming

1% of the CC75 isolates possess a new allele and HRM provides a sensitivity and
specificity of 0.57 and 0.86 respectively for detecting a new allele, the PPV is
0.04 using the formula as follows:
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PPV =

(sensitivity X prevalence)

[(sensitivity X prevalence) + (1 – specificity) X (1 – prevalence)]

Given the same prevalence with higher sensitivity and specificity of 0.99 and
0.90 respectively for detecting a new allele, the PPV is 0.09. The low PPV values

suggest that HRM may not be useful for detecting new alleles. Nonetheless, new
alleles may still be detected even if the known alleles could not be discriminated
from each other, depending on the ∆Tms between the new alleles and the known
alleles.

It is unclear as to what factors hinder a successful HRM assay. The accepted
definitions of the term “robust PCR” within the context of HRM analysis, in
general, include: (i) samples amplifying at low CT values; (ii) samples with high
yields of final PCR products; and (iii) samples with low amounts of PCR artefacts
(i.e. primer dimer or spurious products). A successful HRM assay is almost

entirely dependent on a well-optimised and robust PCR assay (White and Potts,
2006), although the reason for this is not fully understood. In general, the HRM

assay should not be compromised, unless: (i) the PCR product yield is below the

reliable detection limit of the real-time PCR instrument; or (ii) spurious
products are generated that are of similar size to the intended PCR products and

cannot be discriminated from the intended PCR products. Our preliminary
results demonstrated that samples with CTs>25 produce unreliable HRM curves,

therefore such assays were classed as “failed” and excluded from these analyses.
This is consistent with the findings of Grando and colleagues (2012). Closer

examination of the experimental data showed that the PCR reactions for
different loci yielded different CT values on average, i.e. the amplification

efficiencies of the PCR reactions differed from locus to locus. One striking
observation was the inverse correlation between the reproducibility of the Tm
values and the absolute CT values; the robustness of the PCR assay (as measured
by CT values) correlates with the reproducibility of HRM curves (as measured by

the variation of Tm values). The reproducibility of HRM curves affects allele

discrimination. It was observed that alleles that were reliably discriminated i.e.
at the tpi and gmk loci had small variation of Tm values.
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It was postulated that the longer it takes for the intended PCR products to be

amplified, the higher the likelihood for spurious products to be generated. For
samples with low CT values, it takes less time for the PCR products to be

amplified. It was reasoned that binding of primers to intended target sites
depletes free primers, hence less opportunity for spurious products to be
generated. On the contrary, samples with high CT values take longer for the

amplification of PCR products to complete. In this scenario, free primers are

available more abundantly to bind to unintended target sites. As a result, there
would be more opportunity for spurious products to be produced. The variation

of Tms observed in this study varied from locus to locus, possibly because the

amount of the spurious products generated vary for different PCR reactions
from locus to locus. This may explain the data obtained in this study, in which

the mean CT and the mean variation of Tm for each locus may not have an

absolute correlation. The prediction of this model is that spurious products may

be present in addition to the intended PCR products. However, there was no

evidence of spurious products when PCR products of each locus were subjected
to electrophoresis or DNA sequencing. This suggests two possibilities: (i) either
the amounts of spurious products were insufficient to be visualised using these

methods, or (ii) the spurious products may not be present at all, and the model

is incorrect. Apart from the predicted model that spurious products may
potentially be amplified in addition to intended PCR products, we have not
formulated another plausible model to explain the observations in this study.

The overall findings of this study reflect limitations of HRM data analysis that

may limit the usefulness of HRM in discriminating CC75 MLST alleles. Firstly,
the criteria set for allele discrimination (Sections 3.2.4-3.2.5) in this study are
highly stringent. Specifically, if the HRM curve overlapped entirely with the 95%

CIs of an allele of known sequence, then it was regarded to not be discriminated
by HRM. The consequence is that new alleles might not be identified (false

negatives). An alternative would be to reduce the stringency of the criteria.
Another option would be to use the RotorGene ScreenClust HRM software,

which is based on principal component analysis to analyse HRM data. The
ScreenClust software, however, was not available at the time this study was
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conducted. When the software was commercially available subsequently, it was
not purchased and therefore not available in the laboratory for analyses.

The second limitation of HRM data analysis in this study is that different
number of HRM curves for each allele was used to calculate the sensitivity and
specificity of HRM detecting a new allele, depending on the number of isolates of
known MLST sequence that were available (see Section 3.3.1). Therefore, the

sensitivity and specificity calculated for each allele for each locus may have been

affected by this. An alternative for future studies would be to use an equal
number of HRM curves for each allele per locus as per the analysis for

investigating the correlation between PCR efficiency and HRM curves

reproducibility (Section 3.2.6). Nevertheless, the results very consistently
showed that the number of known alleles is inversely correlated with the
sensitivity of HRM detecting a new allele, and this is what would have been
predicted from what is known about HRM data interpretation. It may be
concluded that the correlation observed in this study is valid.

Lastly, the primers used for MLST PCR in this study, with the exception of aroE,
are outside the regions used for MLST sequence analysis. The predictions of
HRM profiles, ∆Tms and allele assignments were based on the MLST allele

sequences; however, the HRM analysis was performed on full length amplicons.
The resulting amplicons using the MLST primers include small flanking regions

at both the 5’- or 3’- ends of the full length amplicons (between 27-70bp) which

are not included in the MLST sequence analysis. Therefore, it is possible that
isolates with identical MLST allele sequences may not share identical full length

amplicon sequences. As a result, the HRM curves of these isolates may be
different to each other, and thus, the Tms of these isolates may be different.
These isolates may artificially be predicted as belonging to the same HRM
profile; therefore, their range of variation of Tms may be artificially large. The

sequence data of regions outside MLST is not available for every sequenced
CC75 isolate. This is primarily due to poor sequence data quality at the first and
last 50 bases of the sequence for most isolates. Therefore, it remains unknown

as to whether sequence differences that may change the G+C content are
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present outside the interrogated MLST regions. It is recommended for future

studies to consider redesigning primers that correspond to regions where the
full sequence is known.

In summary, this chapter demonstrates that HRM discriminates only two out of

three alleles at the arcC locus and all the alleles at the gmk and tpi loci differing

in G+C content of CC75 isolates. Allele discrimination is dependent on the

reproducibility of HRM curves. The results from this study show that the
robustness of PCR (as measured by CT values) correlates with the
reproducibility of HRM curves (as measured by the variation of Tm values). The

probability of a new allele to be detected by HRM decreased as the number of
alleles of known sequence increased. Despite the limitations discussed, HRM
may be useful as an initial tool to rapidly screen isolates at a lower cost

compared to MLST. To our knowledge, this is the first report of HRM analyses
performed on full length MLST fragments.
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CHAPTER 4

INVESTIGATION OF THE
PERFORMANCE OF HRM ANALYSIS
USING SYBR GREEN
TO SCAN FOR
NEW CC75 MLST ALLELES

CHAPTER 4 : Scanning for novel CC75 MLST alleles
using HRM analysis with SYBR Green

4.1 Introduction
The previous chapter (CHAPTER 3) demonstrated the effectiveness and
limitations of HRM analysis using SYBR Green to discriminate CC75 MLST alleles
of known sequence on full length MLST amplicons. Only two out of three arcC

alleles and all the tpi and gmk alleles were discriminated by HRM, whereas none
of the alleles for the other four MLST loci (aroE, glpF, pta and yqiL) could

reliably be discriminated from each other by HRM. As previously stated, the
robustness of PCR as measured by CT values correlates inversely with the

reproducibility of HRM curves as measured by the variation of Tm values. Alleles

that were reliably discriminated i.e. at the tpi and gmk loci had smaller variation
of Tms compared to other loci.

Despite the poor discrimination of alleles of known sequence by HRM analysis,
the aim of this study was to investigate whether new MLST alleles could be

detected by HRM analysis using SYBR Green on CC75 isolates of unknown
sequence, and whether new sequence type(s) would be yielded based on the

HRM data inferred. Alleles were classified from HRM data of CC75 isolates of
unknown sequence in this study based on the 95% CIs of alleles of known
sequence from CHAPTER 3.

4.2 Materials and methods
4.2.1 Bacterial isolates
One hundred and twenty two CC75 isolates from four collections were included

in this study. Eighty nine isolates were from two community studies of impetigo
at five remote Aboriginal communities in the Top End, Northern Territory,
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Australia (McDonald et al., 2006), 29 were from a hospital study of S. aureus
carriage at the Royal Darwin Hospital, Northern Territory, Australia (Tong et al.,

2009a) and four were from a community and hospital screening study
conducted in Fiji {Jenney, 2014 #2365}.

4.2.2 Real-time PCR and HRM analysis
Real-time PCR and HRM analysis was carried out on a Rotor-Gene 6000 realtime PCR instrument (Corbett Life Science) as previously described in

Section 3.2.3. The primers used were those used for MLST analysis (see
Table 2.3). The reactions were carried out in duplicate.

4.2.3 HRM data analysis
The criteria for assessing HRM data was as previously outlined in Section 3.2.4,
in which only samples with a CT<25 were included for analyses, as HRM curves

were unreliable for amplicons with CT values over 25. Where samples did not

meet the criteria or results were ambiguous, PCR and HRM assays were
repeated. HRM data was analysed with temperature normalisation.

For this study, the term ‘uncharacterised isolate’ refers to a CC75 isolate

without a full MLST profile, or a CC75 isolate which have not been subjected to
sequencing at any MLST loci.

The criteria for allele discrimination were based on the 95% CIs of each allele as
previously described (Section 3.2.4). When the HRM curve of an

uncharacterised isolate is within the 95% CIs of an allele of known sequence,
then the HRM curve is regarded as the known allele. When the HRM curve of an

uncharacterised isolate is outside of the 95% CIs of an allele of known sequence,
then the HRM curve is flagged as indicating a potential new allele.
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The uncharacterised CC75 isolates were analysed based on two steps: First,

allele assignments were inferred from HRM data based on the criteria
described. In cases where the isolates conformed to the 95% CIs of more than

one known allele, both alleles were assigned e.g. alleles 49/131. In cases where
multiple replicates were present for an isolate, all combinations of allele were
assigned e.g. alleles 187/269/273/new i. Second, representative isolates which

were predicted to have new alleles inferred from HRM data were selected to be
confirmed by DNA sequencing (Section 4.2.4).

4.2.4 MLST
MLST was carried out as previously described in Section 2.2.4.
Representative CC75 isolates which were selected for sequencing were as

follows: (i) ten isolates which were predicted to have new alleles (three isolates
(M56, M60, M229) at the glpF locus, one isolate (KEBA31037V4S1) at the gmk
locus, four isolates (HS32, M49, SCC1036, SCC1318-1) at the pta locus and two
isolates (M104, SCC1036) at the yqiL locus); and (ii) ten isolates which were

predicted to have alleles of known sequence (one isolate (M226) at the arcC
locus, three isolates (HS112, M185, SCC1165) at the aroE locus, one isolate
(M53) at the glpF locus, two isolates (M64, M85) at the gmk locus, one isolate
(M196) at the pta locus and two isolates (M262, M264) at the yqiL locus).

Of the ten isolates which were predicted to have a known allele by HRM, one
new allele was unexpectedly detected at the aroE locus from one isolate (see

Section 4.3.8). Therefore, twenty additional uncharacterised CC75 isolates
(HS39, HS54, HS74, HS94, M44, M76, M77, M170, M206, M213, M247, M260,
M261, M277, SCC1080, SCC1100, SCC1103, SCC1106, SCC1128 and SCC1195)

were selected for full MLST profiling, to identify any additional novel alleles that

had not been detected by HRM analysis. All of the twenty additional isolates
sequenced have not been previously subjected to sequencing at any MLST loci,
and were selected at random using an online random number generator.
165

4.3

Results

4.3.1 Putative new alleles at the tpi locus inferred from HRM data
It was anticipated that putative new alleles would be easier to be detected at the

tpi and gmk loci. This is because all the known alleles at the tpi and gmk loci

were reliably discriminated by HRM analysis using SYBR Green, as

demonstrated in CHAPTER 3. Therefore, the results of this study at the tpi and
gmk loci were presented first, followed by the remaining MLST loci (arcC, aroE,
glpF, pta and yqiL).

Using the criteria for allele discrimination as described in Section 4.2.3, the

HRM data showed that 19 of the 122 uncharacterised CC75 isolates were
classified to have new alleles at the tpi locus (Figure 4.1). None of these
candidate isolates, however, showed convincing evidence for a new tpi allele

(Figure 4.1). This is because only a small section of the HRM curves of the
candidate isolates for a new allele were outside of the 95% CIs of each known
tpi allele and were not within the active melting region (see Section 3.2.5).
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Figure 4.1: Difference graph of the tpi locus (475bp amplicon) generated using
temperature normalisation, showing candidate isolates which were predicted to
have new alleles.
A difference graph of tpi HRM curves belonging to alleles new i (orange), 52 (blue), new ii
(pink), and 116 (purple), with the mean of allele 150 (black) used as the baseline. Dotted

lines represent 95% CI of each of the known tpi allele. Solid grey lines represent candidate

isolates predicted to have new alleles.

4.3.2 Putative new alleles at the gmk locus inferred from HRM data
At the gmk locus, the HRM data showed that 45 of the 122 uncharacterised CC75
isolates were classified to have new alleles (Figure 4.2). None of the 45

candidate isolates, however, showed convincing evidence for a new allele,

except for one isolate (KEBA31037V4S1) (Figure 4.2). Only a small region of
the HRM curves for the 44 candidate isolates predicted to have new alleles were

outside of the 95% CIs of each of the known gmk allele and were not within the
active melting region (see Section 3.2.5) (Figure 4.2).
167

Isolate KEBA31037V4S1 was selected for sequencing to confirm the HRM
results. The sequencing results revealed that isolate KEBA31037V4S1 to have a
known gmk allele 34 (Table 4.1).

Figure 4.2: Difference graph of the gmk locus (488bp amplicon) generated using
temperature normalisation, showing candidate isolates which were predicted to
have new alleles.
A difference graph of gmk HRM curves belonging to alleles 34 (black) and 101 (pink), with

the mean of allele 34 used as the baseline. Dotted lines represent 95% CI of each of the

known gmk allele. Solid grey lines represent candidate isolates predicted to have new
alleles.

4.3.3 Putative new alleles at the arcC locus inferred from HRM data
At the arcC locus, the HRM data showed that 5 of the 122 uncharacterised CC75
isolates were classified to have new alleles (Figure 4.3). None of these
candidate isolates, however, showed convincing evidence for a new arcC allele

(Figure 4.3). Only a small section of the HRM curves for the candidate isolates
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for a new allele were outside of the 95% CIs of each known arcC allele and were
not within the active melting region (see Section 3.2.5) (Figure 4.3).

Figure 4.3: Difference graph of the arcC locus (570bp amplicon) generated using
temperature normalisation, showing candidate isolates which were predicted to
have new alleles.
A difference graph of arcC HRM curves belonging to alleles 207 (pink), 36 (black) and 151

(blue), with the mean of allele 36 used as the baseline. Dotted lines represent 95% CI of

each of the known arcC allele. Solid grey lines represent candidate isolates predicted to

have new alleles.

4.3.4 Putative new alleles at the aroE locus inferred from HRM data
At the aroE locus, the HRM data showed that 65 of the 122 uncharacterised

CC75 isolates were classified to have new alleles (Figure 4.4). None of these
candidate isolates, however, showed convincing evidence for a new aroE allele

(Figure 4.4). Only a small section of the HRM curves for the candidate isolates
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for a new allele were outside of the 95% CIs of each known aroE allele and were
not within the active melting region (see Section 3.2.5) (Figure 4.4).

Figure 4.4: Difference graph of the aroE locus (456bp amplicon) generated using
temperature normalisation, showing candidate isolates which were predicted to
have new alleles.
A difference graph of aroE HRM curves belonging to alleles new i (pink), 187 (black), new ii
(blue), 273 (purple) and 269 (yellow), with the mean of allele 187 used as the baseline.

Dotted lines represent 95% CI of each of the known aroE allele. Solid grey lines represent

candidate isolates predicted to have new alleles.
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4.3.5 Putative new alleles at the glpF locus inferred from HRM data
At the glpF locus, the HRM data showed that 5 of the 122 uncharacterised CC75
isolates were classified to have new alleles (Figure 4.5). None of these
candidate isolates, however, showed convincing evidence for a new glpF allele

(Figure 4.5). Only a small section of the HRM curves for four candidate isolates
for a new allele were outside of the 95% CIs of each known glpF allele and were

not within the active melting region (see Section 3.2.5) (Figure 4.5).

Isolates M56, M60 and M229 were selected for sequencing to confirm the HRM
results. The sequencing results revealed that all three isolates have a known
glpF allele 43 (Table 4.1).
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Figure 4.5: Difference graph of the glpF locus (573bp amplicon) generated using
temperature normalisation, showing candidate isolates which were predicted to
have new alleles.
A difference graph of glpF HRM curves belonging to alleles 20 (black), 321 (orange), 43

(pink) and 215 (blue), with the mean of allele 20 used as the baseline. Dotted lines

represent 95% CI of each of the known glpF allele. Solid grey lines represent candidate
isolates predicted to have new alleles.
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4.3.6 Putative new alleles at the pta locus inferred from HRM data
At the pta locus, the HRM data showed that 9 of the 122 uncharacterised CC75

isolates were classified to have new alleles (Figure 4.6). All the candidate
isolates did not show convincing evidence for a new pta allele, except for one
isolate (SCC1318-1) (Figure 4.6). Only a small section of the HRM curves for

eight candidate isolates for a new allele, were outside of the 95% CIs of each

known pta allele, and were not within the active melting region (see

Section 3.2.5) (Figure 4.6).

Isolates SCC1318-1, HS32, M49 and SCC1036 were selected for sequencing to

confirm the HRM results. The sequencing results revealed that isolate
SCC1318-1 to have a known pta allele 39, while the other three isolates have an
allele 107 (Table 4.1).
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Figure 4.6: Difference graph of the pta locus (575bp amplicon) generated using
temperature normalisation, showing candidate isolates which were predicted to
have new alleles.
A difference graph of pta HRM curves belonging to alleles 107 (orange), new i (blue), 39

(black), new ii (pink) and 145 (green), with the mean of allele 39 used as the baseline.

Dotted lines represent 95% CI of each of the known pta allele. Solid grey lines represent

candidate isolates predicted to have new alleles. Solid brown lines represent the replicates
of isolate SCC1318-1, which appeared to have a different Tm and curve shape compared to

all the known pta alleles. This suggests the potential of SCC1318-1 to have a new pta allele.

4.3.7 Putative new alleles at the yqiL locus inferred from HRM data
At the yqiL locus, the HRM data showed that 7 of the 122 uncharacterised CC75
isolates were classified to have new alleles (Figure 4.7). None of these
candidate isolates, however, showed convincing evidence for a new yqiL allele

(Figure 4.7). Only a small section of the HRM curves for five candidate isolates
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for a new allele were outside of the 95% CIs of each known yqiL allele and were
not within the active melting region (see Section 3.2.5) (Figure 4.7).

Isolates M104 and SCC1036 were selected for sequencing to confirm the HRM
results. The sequencing results revealed that both isolates have a known yqiL
allele 105 (Table 4.1).

Figure 4.7: Difference graph of the yqiL locus (598bp amplicon) generated using
temperature normalisation, showing candidate isolates which were predicted to
have new alleles.
A difference graph of yqiL HRM curves belonging to alleles 131 (blue), 49 (black), new i
(pink) and 105 (purple), with the mean of allele 49 used as the baseline. Dotted lines

represent 95% CI of each of the known yqiL allele. Solid grey lines represent candidate
isolates predicted to have new alleles.

175

4.3.8 Sequence analysis of predicted new alleles
Due to frequent overlapping of confidence limits for the different alleles for the

majority of isolates, the ambiguity in allele assignment can only be resolved

with DNA sequencing. Therefore, ten additional isolates (one isolate (M226) at
the arcC locus, three isolates (HS112, M185, SCC1165) at the aroE locus, one

isolate (M53) at the glpF locus, two isolates (M64, M85) at the gmk locus, one
isolate (M196) at the pta locus and two isolates (M262, M264) at the yqiL locus),
classified to have known alleles by HRM, were also selected for sequencing to
confirm allele identities.

Of the ten isolates classified to have known alleles by HRM, nine were
concordant with the sequencing results: arcC allele 36 (isolate M226), aroE

allele 273 (isolates HS112, M185), glpF allele 43 (isolate M53), gmk allele 34

(isolates M64, M85), pta allele 39 (isolate M196), yqiL allele 49 (isolates M262,

M264) (Table 4.1). Interestingly, one new allele was detected at the aroE locus
from one isolate (SCC1165) by sequencing. This new aroE allele shared the

same G+C content as alleles 187 and new ii (previously identified in CHAPTER 2
and CHAPTER 3). As previously mentioned, aroE allele new ii was yielded from

two Fijian isolates, and have not yet been submitted to the MLST database. The
new allele differed by two SNPs (within the trimmed MLST region used for

MLST analysis) at positions 156 (AC) and 328 (GA) for allele 187, and

differed by four SNPs at positions 123 (GA), 195 (TC), 255 (AG) and 328

(GA) for allele new ii. The HRM curve of the new aroE allele overlapped with
the 95% CIs of alleles 187 and new ii (Figure 4.8) as expected. The HRM curve

of the new aroE allele also overlapped with the 95% CIs of alleles new i and 273
despite having different G+C content to these known alleles (Figure 4.8). Isolate

SCC1165 was further subjected to full MLST profiling for the six remaining loci.
The sequencing results revealed that isolate SCC1165 was an SLV of ST2198,

differing only at the aroE locus (Table 4.1). The new aroE allele and ST yielded

from isolate SCC1165 was subsequently submitted to the MLST database and
was assigned as allele 272 and ST1848.
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Table 4.1: Sequence analysis of predicted new alleles

Table continued on next page.
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Table 4.1 continued from previous page
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Table 4.1 continued from previous page.
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NA
*
+

no amplification of PCR
new alleles predicted by HRM were alleles of known sequence revealed by DNA sequencing
non-CC75 isolate possesses CC75 allele
discrepancy of allele assignment between data inferred from HRM and DNA sequencing

Table 4.1 continued from previous page.

Figure 4.8: Difference graph of the aroE locus generated using temperature
normalisation, showing a new allele detected by DNA sequencing but not
revealed by HRM analysis.
A difference graph of aroE HRM curves belonging to alleles new i (pink), 187 (black), new ii

(blue), 273 (purple) and 269 (yellow), with the mean of allele 187 used as the baseline.
Dotted lines represent 95% CI of each of the known allele and solid black line represents

the mean of allele 187. Solid green line represents a new allele identified from one clinical
isolate (SCC1165) by DNA sequencing which was not identified by HRM analysis. The HRM

curve of this new aroE allele is within the 95% CIs of alleles new i, 187, new ii and 273,
therefore it was not detected as a new allele by HRM.
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To determine whether additional new alleles not detected by HRM analysis

would be detected by sequencing, a further twenty uncharacterised CC75
isolates were selected for full MLST profiling.

The results obtained with sequencing for the twenty uncharacterised CC75

isolates were mostly concordant with the HRM results, except for five occasions
(Table 4.1). For isolates SCC1195, SCC1103, HS39, HRM predicted an allele

20/215 at the glpF locus, but sequencing revealed an allele 43. Similarly, HRM

predicted a glpF allele new i/215 for isolate HS74 and a pta allele new ii/145 for
isolate SCC1100, but sequencing revealed a glpF allele 43 and a pta allele 39

respectively. Of the twenty uncharacterised CC75 isolates sequenced, seven

isolates corresponded to ST1850 and ten isolates corresponded to ST2198, as
predicted (Table 4.1). Interestingly, one new ST was identified from one isolate
(M213), resulted from a new combination of known allele sequences, differing

only at the aroE locus (an SLV of ST1850) (Table 4.1). This new ST has not yet
been submitted to the MLST database. Surprisingly, two isolates (HS94 and

SCC1106) which were previously identified as CC75 using a kinetic SNP-typing
method based on MLST (conducted by Drs Annette Dougall and Deborah Holt),
were revealed to be non-CC75 isolates by sequencing (Table 4.1) and were not
subjected to further analysis.

4.4 Discussion
This study investigated the resolving power of HRM analysis using SYBR Green
to detect new CC75 MLST alleles. The results obtained in this study

demonstrated poor detection of new CC75 MLST alleles by HRM using SYBR
Green, as predicted based on the results from CHAPTER 3. Of the ten candidate

isolates which were classified to have new alleles by HRM, none were revealed
to be new by sequencing. Of the twenty uncharacterised isolates which were

selected at random for full MLST characterisation, there was considerable

concordance between HRM and sequencing data. Seven and ten isolates
corresponded to known STs ST1850 and ST2198 respectively. Of the 119
(17 isolates X 7 loci) HRM reactions, five yielded results discordant with
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sequencing data. One isolate (M213), predicted to correspond to ST1850 by

HRM, was revealed by sequencing to be a new ST resulting from a new
combination of known alleles. For this isolate (M213), the alleles predicted by
HRM were concordant with sequencing at each locus except for aroE.

As previously mentioned in CHAPTER 3, the sensitivity of HRM detecting a new

allele is inversely correlated with the number of alleles of known sequence
(Figure 3.5, Figure 3.8, Figure 3.12, Figure 3.15, Figure 3.18, Figure 3.22

and Figure 3.26). In this study, of the forty isolates selected for sequencing to
confirm the allele identities classified by HRM analysis, only one new allele (at
the aroE locus) was detected by sequencing. Given the prevalence of 1/40

isolates possess a new allele in this study, a sensitivity of 0.09 and a specificity
of 0.96 when four alleles were known at the aroE locus (CHAPTER 3
Section 3.3.5), the PPV of HRM detecting a new allele is 0.05 using the formula
as follows:

PPV =

(sensitivity X prevalence)

[(sensitivity X prevalence) + (1 – specificity) X (1 – prevalence)]

The low PPV value suggests that HRM is not an effective means for detecting
new alleles. However, the low PPV value was somewhat to be expected given the
scarcity of new alleles within the collection of CC75 isolates tested.

The poor resolving power of HRM analysis to detect new alleles is attributed to

the lack of diversity within the collection of CC75 isolates tested in this study
due to their collection from a small geographical area with a small human
population. In hindsight, if none of the alleles were known, then HRM would

have been able to reveal the different alleles quite effectively, at least at the gmk
and tpi loci. It was also undeniable that most of the HRM assays in this study

were not robust. The reason for that remains a mystery; however, it may very

well be linked to the inverse correlation between the reproducibility of the HRM

curves (as measured by the variation of Tm values) and the amplification
efficiencies of the PCR assays (as measured by CT values) as observed in

CHAPTER 3. HRM would be able to reliably discriminate the different alleles at
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loci (i.e. at gmk and tpi) with the smallest variation of Tm values. However, new

alleles may still be detected by HRM even if the known alleles could not be

discriminated from each other, depending on the delta Tms between the new
alleles and the known alleles.

To conclude, this chapter demonstrates that HRM analysis using SYBR Green is
not optimal for detecting new CC75 MLST alleles in full length MLST amplicons;

the results obtained in this chapter were consistent with CHAPTER 3. There
were several occasions where alleles classified by HRM were not concordant

with sequencing data. The performance of HRM analysis to resolve CC75 MLST
alleles in full length MLST amplicons will be further investigated using a

saturating dye such as LCGreen. This will be reported in the next Chapter
(CHAPTER 5).
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CHAPTER 5

INVESTIGATIONS ON LCGREEN+
DYE RESOLUTION ON
HIGH-RESOLUTION MELT (HRM)
ANALYSES

CHAPTER 5 : Investigations of LCGreen+ dye resolution
on HRM analyses

5.1 Summary
Background: High-resolution melting (HRM) analysis discriminates DNA
sequence variants based on the relationship between temperature and duplex

dissociation. HRM using saturating dyes such as LCGreenPlus is reported to

have superior ability to resolve sequence variants compared with the nonsaturating dye SYBR Green.

Methods: We attempted to adapt a SYBR Green HRM assay aimed at

discriminating alleles of the Staphylococcus argenteus glpF multilocus sequence
typing (MLST) locus to LCGreenPlus.

Results: Initially, very poor resolving power was obtained. The procedure was

confounded by an inverse correlation between PCR amplicon concentration and
Tm. Increasing the [MgCl2] from 2 mM to 6 mM eliminated this effect. PCR plus
HRM assays performed with MgCl2 at 6 mM resulted in robust resolution of glpF

alleles with different G+C content, despite the PCR yield being less reproducible

with 6 mM MgCl2 than with 2 mM MgCl2. Similar results were observed with two
other smaller amplicons, although with the smallest amplicon (83 bp), a direct

correlation between amplicon concentration and Tm was observed in the

samples with lowest DNA concentration. We hypothesise that changes in Tm are

consequent to changes in the amplicon/LCGreenPlus stoicheometry, binding
saturation, and impact of LCGreenPlus on Tm. We also hypothesise that
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increasing the [Mg2+] concentration reduces LCGreenPlus binding to the DNA,

and thus its impact on Tm. Supporting evidence includes the observation that

fluorescence was always decreased by increasing [MgCl2].

Conclusions: [MgCl2] concentration affects HRM reproducibility as a result of
its effect on the sensitivity of Tm to amplicon concentration.

5.2 Introduction
The two previous chapters (CHAPTER 3 and CHAPTER 4) demonstrated the

limitations for the discrimination of CC75 MLST alleles using HRM analyses with

SYBR Green. Despite their G+C content differences, only the alleles at the tpi and
gmk loci could be discriminated.

As previously mentioned in the literature review (CHAPTER 1), criticisms have
been made about the use of non-saturating dyes such as SYBR Green for HRM

analysis. A limitation of SYBR Green is the inhibition of PCR amplification when
used at high (saturating) concentrations. However, when SYBR Green is used at

non-saturating concentrations compatible with PCR, it is difficult to visualise
low melting domains (regions of a DNA with low G+C content). This is because
the SYBR Green melt curve of the amplicon is vertically compressed during the

initial stages of melting. Gundry and colleagues (2003) demonstrated that SYBR
Green dye molecules are released from unmelted, low melting domains or

heteroduplex of the DNA during melting. The dye molecules are then bound to

unmelted, higher melting domains or homoduplex of the DNA. As a result, the
amount of SYBR Green bound to the DNA does not change during the early
stages of melting; hence, the information content in the melt curves is reduced.
Therefore, low melting domains are generally not detected with SYBR Green.

Saturating dyes such as LCGreen+® (Idaho Technology) have since been

developed which can be used at saturating concentrations without inhibiting
188

PCR (Wittwer et al., 2003). When used at saturating concentrations, the
LCGreen+ melt curve of the amplicon at all stages of melting can easily be
visualised (including melt curves with no or minimal damping of the reduction
in fluorescence in the early stages of melting). LCGreen+ dye molecules cannot

redistribute from the melted to unmelted, higher melting domains of the DNA
during melting (Gundry et al., 2003; Wittwer et al., 2006). Instead, the dye

saturates all the available binding sites of the amplicon, and the change in

fluorescence intensity can be observed clearly. Therefore, low melting domains
and heteroduplexes that are usually not detected with SYBR Green can be
detected with LCGreen+ (Wittwer et al., 2003; Taylor et al., 2010).

The factors that limit the reproducibility of HRM analysis are not fully
understood. As demonstrated in CHAPTER 3, there is a correlation between the

robustness of the PCR reaction and the reproducibility of HRM analysis.
Although this is intuitively rational, upon reflection it is not completely obvious

why this should be so. A PCR reaction that yielded a smaller than usual mass of

reaction product should not greatly compromise HRM analysis, unless the

amount of product was so small that it approached the detection limit of the

real-time PCR device. This is because the in-built software for data analyses in
HRM devices generally encompasses normalization functions to enable direct
curve comparison. A “poor” PCR reaction may also yield non-specific products.

However, this would only interfere with HRM analysis if the non-specific

products were of similar size to the primary PCR product.

This study investigated whether LCGreen+ is superior to SYBR Green for HRM-

based discrimination of CC75 MLST alleles. The glpF locus was initially chosen

as the model system. This is because none of the glpF alleles could reliably be
discriminated from each other with HRM using SYBR Green despite the G+C
content differences in three out of four alleles (CHAPTER 3 Section 3.3.6). The

results of this study were unexpected, revealing a previously unreported

phenomenon that can confound HRM analyses with LCGreen+. This
phenomenon was further investigated using other PCR products.
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5.3 Materials and methods
5.3.1 Bacterial isolates
Isolates HS2, M34, P1220 and SOVA33107V3S1, which harbour MLST glpF
alleles 20, 43, 20a and 215 respectively, were used in glpF-based experiments.

An ST93 S. aureus (non-CC75) isolate (SCC3049) was used in experiments with
PCR amplicons derived from the tpi241/243 (168bp) and gmk286 (83bp)
minim fragments of S. aureus (Lilliebridge et al., 2011) to validate the results

obtained from initial glpF-based experiments. The minim fragments contain

resolution-optimised SNPs covering small regions of the MLST loci. The
resolution-optimised SNPs were identified using the Minimum SNPs software

package. Only SNPs that change the G+C content were included for the minim

typing analysis to increase the likelihood of allele discrimination by HRM.

DNA was extracted using the boiling method as described previously

(Section 2.2.2) and diluted 1:10 in ddH2O prior to use in real-time PCR and
HRM assays. For the glpF-based experiments, two DNA extracts of each of the

four isolates were used unless stated otherwise. For the tpi241/243 and
gmk286 experiments, one DNA extract of one ST93 isolate was used.
5.3.2 Real-time PCR and HRM analysis

The PCR and HRM assays were optimised and carried out using a Corbett Rotor-

Gene 6000 instrument (QIAGEN, Australia). Each reaction contained 1X
LCGreen+ HRM Master Mix (manufactured by BioFire Diagnostics (Salt Lake
City, Utah, USA) and supplied by TrendBio (Preston, Victoria, Australia)), 0.5µM

of each primer (Sigma-Aldrich), 1µL of diluted 1:10 DNA template, and ddH20 in

a final volume of 10µL. The real-time PCR thermocycling parameters for
LCGreen+ were: 95°C for 2mins; 40cycles of 95°C for 30s, 63°C for 30s and 72°C

for 30s; 95°C for 30s and 28°C for 30s. This was followed by HRM ramping from
72-90°C at 0.05°C increments and 2s waiting before each acquisition. The gain
optimisation for both the Green and HRM channels were set at a minumum and
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maximum reading of 1 and 3, and a minumum and maximum of -10 and 10

respectively. The primers used are listed in Table 5.1. The PCR and HRM glpF
assay

using

SYBR

Green

were

conducted

as

described

previously

(Section 3.2.3). Reactions were routinely carried out in duplicate with

LCGreen+ and SYBR Green unless stated otherwise.

On occasions where PCR products were subjected to remelting, the procedure
was as follows: 95°C for 30s, 28°C for 30s and HRM ramping from 72-90°C with

fluorescence data acquisition at 0.05°C increments and 2s waiting before each

acquisition for LCGreen+; and 95°C for 1min, 50°C for 1min and HRM ramping

from 71-85°C with fluorescence data acquisition at 0.05°C increments and 2s

waiting before each acquisition for SYBR Green. PCR products were diluted 1:2,

1:5, 1:10 and 1:20 in LCGreen+ HRM Master Mix to maintain the ionic

environment of the solution. This was done using different PCR reactions
initially, and subsequently from pooled reactions.

Raw HRM curves were normalised using the Rotor-Gene 6000 software version

1.7 (QIAGEN, Australia) and the normalisation temperatures for the different
fragments are listed in Table 5.1.

Table 5.1: Primers, amplicon size and high-resolution melt (HRM)
normalisation regions for the three fragments used in this study.

Fragment
name
glpF

tpi241/243
gmk286

Primers (5’  3’)

CTA GGA ACT GCA ATC TTA ATC C
AGG TAA AAT AGC ATG TGC AAT TC
GTAAATCATCAACATCTGAAGAT
GCCCCATCAATATCAGTTTGTG
GAAGTAGAAGGTGCAAAGC
CAAGTGATCTAAACTTGGAGG
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Amplicon
size (bp)
573
168
83

HRM
normalisation
regions (°C)
80.0-81.0, 88.5-89.5
76.0-76.5, 85.0-85.5
73.0-73.5, 85.0-85.5

5.4 Results
5.4.1 Initial determination of the resolving power of HRM analyses
using LCGreen+
The objective of this experiment was to determine whether HRM using
LCGreen+ would provide greater resolving power to discriminate CC75 glpF

alleles than SYBR Green. Optimised LCGreen+ cycling conditions were

determined by a combination of gradient PCR and the inclusion of an extension
step at 72°C for 30s (data not shown), the latter of which was contrary to the
recommended protocol in the LCGreen+ HRM Master Mix documentation.

Two melting domains were obtained with LCGreen+ (Figure 5.1a) compared to

a single melting domain with SYBR Green (Figure 5.2a; reproduced from
Section 3.3.6 Figure 3.14a). However, in this experiment, HRM with LCGreen+

(Figure 5.1a) did not provide greater resolving power to discriminate the glpF

alleles of CC75 isolates compared with SYBR Green. The Tms of the PCR products
were poorly correlated with the alleles. For example, one of the replicates for
allele 321 had a different HRM curve from the other replicates (Figure 5.1a),

with a variation of Tm of approximately 0.5°C. With SYBR Green, a trend was
observed that allele 20 might be differentiated from all the other glpF alleles

based on the normalised difference graph (Figure 5.2b; reproduced from

Section 3.3.6 Figure 3.14b), however, robust discrimination of these alleles

has not been demonstrated. Despite the poor discrimination of glpF alleles with
SYBR Green, the reproducibility of the Tm with SYBR Green is better compared

to LCGreen+. With LCGreen+, it was observed that allele 321 melted first instead
of allele 20 compared with SYBR Green (Figure 5.1).

It was also noted that in accordance with previous reports, LCGreen+ elevates
the Tm. The Tms of the two melting domains visualised with LCGreen+ were at

least 0.4°C and 3.6°C higher than the Tm of the single melting domain visualised
with SYBR Green (Table 5.2).
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Table 5.2: The melting temperature (Tm) differences recorded between
LCGreen+ and SYBR Green.
Isolate
Allele
LCGreen+a
SYBR
Greenb
Tm of Melting
domain 1 (°C)
20
83.3-84.1
HS2
321
82.4-83.1
P1220
43
83.4-83.9
M34
215
82.9-83.4
SOVA33107V3S1
a Two melting domains were obtained with LCGreen+.

b Only one melting domain was obtained with SYBR Green.

Tm of Melting
domain 2 (°C)
86.3-86.8
85.6-86.3
86.3-86.8
86.1-86.3

Tm (°C)
81.9
82.0
82.0
81.9

Although initial results showed that LCGreen+ did not discriminate the glpF
alleles, a number of observations were made on closer examination of the data

obtained. A variation of Tm values of up to 0.5°C of the same allele was observed

(Figure 5.1a), compared to a variation of Tm of ≤0.2°C of the same allele

recorded for SYBR Green (Figure 5.2a; reproduced from Section 3.3.6

Figure 3.14a). A large variation of fluorescence at the end of the PCR (terminal
fluorescence) of up to 16 fluorescence units for the same allele was also seen

with LCGreen+ (Figure 5.1b), compared with ≤10 fluorescence units for the
same allele with SYBR Green. With LCGreen+, the Tm values were poorly

correlated with the allele, but interestingly, seemed to be correlated with the
amount of PCR product as measured by the terminal fluorescence (Figure 5.1).
For example, the replicate of allele 321 (Extract 2 replicate 1) with the lowest

terminal fluorescence melted later compared to the other three replicates, with
a variation of 0.4°C Tm in each of the melting domains between the replicates. In

contrast, this correlation between PCR product concentration and Tm was not
seen with SYBR Green (Section 3.3.6).

The relationship between PCR product concentration and Tm with LCGreen+

could have a confounding impact on the HRM assay, and therefore it was further
investigated.
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Figure 5.1: High-resolution melting plots of four alleles at the glpF locus using
LCGreen+.
(a) Raw HRM and (b) normalised HRM plots of alleles 321 (pink), 20 (green), 43 (purple)

and 215 (blue). Different terminal fluorescence of the same allele was observed. An inverse

correlation between the PCR product concentration and the Tm was also observed. It was
hypothesised that the Tm is a function of PCR product concentration.
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Figure 5.2:

High-resolution

melting

plots

generated

with

temperature

normalisation at the glpF locus.
(a) Normalised and (b) difference graphs of HRM curves belonging to alleles 20 (black), 321

(orange), 43 (pink) and 215 (blue). Isolate HS2 (allele 20) was used as the reference isolate

used for temperature normalisation. The mean of allele 20 was used as the baseline for the
difference graph. None of the alleles were clearly discriminated from each other despite the

differences in their G+C content. Solid and dotted lines represent isolates of known
sequence and 95% CIs of each allele respectively. (Reproduced from Section 3.3.6
Figure 3.14).
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5.4.2 Investigation of the correlation between the PCR product
concentration with the Tm
The results in the previous section led to the hypothesis that the Tm becomes a

function of the DNA concentration when the DNA is stained with LCGreen+. This
hypothesis was tested by subjecting the glpF allele 321 samples to PCR in

LCGreen+ Master Mix, making a dilution series of the reaction products in the
same Master Mix (1:2, 1:5, 1:10 and 1:20), then subjecting the dilutions to HRM

analysis. The results supported the hypothesis. The Tm values in both melting
domains were strongly inversely correlated with the DNA concentration as
measured by the fluorescence at the start of the HRM analyses (Figure 5.3). The

range of Tm values approached 1°C, which is enough to seriously compromise

HRM analyses. Interestingly, a variation of 10 fluorescence units was seen in the
duplicates of 1:2 dilution compared to ≤2 fluorescence units for the duplicates
of other dilutions (Figure 5.3a). However, the melt curves for the 1:2 dilution

duplicates were robust, with similar Tms in each of the melting domains
(Figure 5.3b).

A flaw in the design of the initial experiment (Figure 5.3) was that the dilutions

of the PCR products were made from different reactions (i.e. undiluted PCR

products from tube 1, 1:2 dilutions from tube 2, 1:5 dilutions from tube 3 etc).
The absolute concentration in replicate dilutions was slightly different because

there was variation in the PCR efficiencies. Therefore, the experiment was

repeated using pooled reactions of replicate PCR products to make all the

dilutions. Similar results were obtained using pooled reactions to make the
dilutions; the PCR product concentration was consistently inversely correlated

with the Tm (Figure 5.4). The variation in fluorescence was once again seen in

the 1:2 dilution duplicates, but with similar Tms recorded.

It was concluded that the results in this experiment provided strong support for
the hypothesis that the Tm measured in HRM analyses using LCGreen+ is a
function of DNA concentration. This phenomenon has the potential to confound
HRM analyses. Subsequent investigations were directed towards understanding
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the physico-chemical basis for this phenomenon (Section 5.4.3), and
determining whether it is a generalised phenomenon that is observed with
other PCR products (Section 5.4.4).
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Figure 5.3: High-resolution melting curves of the undiluted and diluted glpF PCR
products of allele 321 from different reactions.
(a) Raw HRM and (b) normalised HRM plots of allele 321 subjected to HRM with different
PCR products to prepare each dilution. Pink, orange, blue, purple and brown represent

undiluted, 1:2, 1:5, 1:10 and 1:20 dilutions for allele 321. The lower the PCR product
concentration (terminal fluorescence), the higher the Tm.
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Figure 5.4: High-resolution melting curves of the undiluted and diluted glpF PCR
products of allele 321 from pooled reactions.
(a) Raw HRM and (b) normalised HRM plots of allele 20a subjected to HRM with pooled
PCR products to prepare each dilution. Pink, orange, blue, purple and brown represent

undiluted, 1:2, 1:5, 1:10 and 1:20 dilutions for allele 20a. The correlation between the PCR

product concentration with the Tm is reproduced with pooled, diluted PCR products.
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5.4.3 The modulation of magnesium on the relationship between
PCR product concentration and Tm
It is well-known that the Tm or melting curve is influenced by factors such as salt

(i.e. NaCl, MgCl2) concentration and dye concentration (Norambuena et al.,

2009; Applied Biosystems and Technologies, 2010; Ottová et al., 2011).

Magnesium ions have been shown to bind tightly to the phosphate sugar

backbone of nucleotides and DNA (Blanchard et al., 1993), hence stabilising
DNA duplexes (von Ahsen et al., 2001; Ottová et al., 2011). The results in

Section 5.4.2 have demonstrated that high PCR product concentration recorded
low Tms. This was an unexpected phenomenon, and developing hypotheses

regarding the mechanism was a challenge. As a first step to obtain insight into
this phenomenon, the effect of increasing magnesium concentrations on the

relationship between the PCR product concentration and the Tm was

investigated.

This experiment was initially conducted on previously undiluted and diluted

PCR products of allele 20a (isolate P1220) from different reactions
(Section 5.4.2). Initially, when MgCl2 at a final concentration of 3mM was added

post-PCR, the correlation between the PCR product concentrations with the Tm
was still observed (data not shown). However, when MgCl2 at a final
concentration of 5mM was added to the same undiluted and diluted PCR

products and subjected to another HRM analysis, the PCR product concentration

no longer correlated with the Tm (data not shown). Subsequently, this
experiment was repeated using the same set of previously undiluted and diluted

PCR products of allele 321 (isolate P1220) from pooled reactions

(Section 5.4.2) with the addition of MgCl2 at a final concentration of 6mM. The
results showed that the Tm was no longer a function of the PCR product

concentration at high MgCl2 concentration (only 6mM shown) (Figure 5.5). A

reduction in terminal fluorescence was also observed when MgCl2 was added to

the same samples at any PCR product concentration. Despite the variation of
terminal fluorescence observed for each dilution (Figure 5.5a), the spread of Tm

values was reduced from 1.0°C with 2mM MgCl2 to <0.2°C with 6mM MgCl2
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(Figure 5.5b). It is noteworthy that the variation in terminal fluorescence was

seen again in the duplicates of 1:2 dilution at 2mM and 6mM MgCl2
concentrations

(Figure 5.5a)

although

similar

Tms

were

recorded

(Figure 5.5b). This was consistent with the results obtained in Section 5.4.2.
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Figure 5.5: The effect of MgCl2 at a final concentration of 6mM post-PCR on the Tm
of undiluted and diluted glpF PCR products of allele 321 from pooled reactions.
(a) Raw HRM and (b) normalised HRM plots of allele 321 of undiluted and diluted PCR

products subjected to HRM using pooled reactions, with MgCl2 at a final concentration of
2mM (red) and 6mM (blue) respectively. Both the undiluted and diluted PCR products with
Mg2+ increased to a final concentration of 6mM are clustered with very small Tm spread.

This provided evidence that the PCR product concentration no longer correlated with the
Tm at high MgCl2 concentration.
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The addition of MgCl2 at a final concentration of 5 and 6mM post-PCR eliminated
the effect of the PCR product concentration influencing the Tm. Therefore, the

aim of the next experiment was to determine whether LCGreen+ would be able

to discriminate the four glpF MLST alleles with MgCl2 added post-PCR and prior

to HRM analyses. This was done by conducting HRM using LCGreen+ of the glpF

PCR products of alleles 20, 321, 43 and 215, with MgCl2 at a final concentration
of 6mM added post-PCR. The results were as predicted based on the G+C

content of each glpF allele (Figure 5.6); three distinct HRM profiles were
observed, with allele 20 (HRM profile 1) differentiated from alleles 321 and 43
(HRM profile 2) and allele 215 (HRM profile 3), with <0.05°C Tm variation for
each allele.
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Figure 5.6: The effect of MgCl2 at a final concentration of 6mM added post-PCR on
the Tm of glpF alleles 20, 321, 43 and 215.
(a) Raw HRM and (b) normalised HRM plots of glpF alleles 20 (green), 321 (pink), 43

(purple) and 215 (blue). Three distinct HRM profiles were seen, with alleles 20 and 215
differentiated from each other and from alleles 321 and 43. The spread of HRM curves was
extremely tight, with a spread of Tm <0.05°C observed for each allele.
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The next experiment was carried out to determine whether a similar effect

would be observed when MgCl2 was added to samples prior to PCR. This was

done using reactions prepared with MgCl2 added at a final concentration of
6.0mM prior to PCR and HRM analyses. The results showed a reduction in the
PCR amplification efficiency (≥5 CTs later and ≥8 fluorescence units of terminal

fluorescence reduced) when MgCl2 at a final concentration of 6.0mM was added

prior to PCR compared to MgCl2 at a final concentration of 2mM (data not

shown). The Tm was no longer a function of PCR product concentration with the
addition of MgCl2 at a final concentration of 6mM (Figure 5.7).

Initial observation of Figure 5.7b was that the aberrant HRM curves during the

initial stages of melting of the PCR product in the first melting domain within
80.5-83.5°C, indicate that non-specific amplification products were generated
during PCR, thus the anomalous drop in fluorescence. However, when these PCR
products were subjected to electrophoresis, spurious products were not

detected on the agarose gel (data not shown). Closer examination of the first
melting domain suggested that the predicted products started to melt within
83.5-84.5°C. Therefore, the HRM curves were re-normalised at different regions
at 83.5-84.5°C (leading range) and 88.5-89.5°C (trailing range) with regions

from 80.5-83.5°C excluded as anomalous HRM curves were produced. With re-

normalisation regions from 83.5-89.5°C, similar results were obtained

compared with MgCl2 at a final concentration of 6mM added post-PCR

(Figure 5.8). The PCR product concentration no longer correlated with the Tm,
and alleles 20 and 215 were clearly discriminated from each other and from
alleles 20a and 43 (Figure 5.8). A variation of Tm of ≤0.05°C was seen for each

allele. Consistent with the data obtained previously, a reduction in terminal
fluorescence was observed at higher MgCl2 concentration.

205

Figure 5.7: The effect of MgCl2 at a final concentration of 6mM on the Tm added
prior to PCR for glpF alleles 20, 321, 43 and 215.
(a) Raw HRM and (b) normalised HRM plots of glpF alleles 20 (green), 321 (pink), 43

(purple) and 215 (blue). Non-specific products seemed to be amplified during PCR in the
first melting domain. The two melting domains obtained with the addition of 6mM Mg2+
prior to PCR were not as obvious compared to previous data.
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Figure 5.8: Normalised HRM plot of glpF alleles 20, 321, 43 and 215 renormalised at 83.5-84.5°C and 88.5-89.5°C with MgCl2 at a final concentration of
6mM added prior to PCR.
Green, pink, purple and blue represent glpF alleles allele 20, 321, 43 and 215 respectively.

When renormalised at 83.5-84.5°C and 88.5-89.5°C, similar results were obtained

compared with 6mM Mg2+ added post-PCR. Three distinct HRM profiles were observed,

with alleles 20 (green) and 215 (blue) discriminated from each other and from alleles 321

(pink) and 43 (purple). This was consistent with the predicted HRM curves based on the
G+C content of each glpF allele.

The results in this study demonstrate that LCGreen+ provides better resolving
power for the discrimination of glpF alleles of S. argenteus compared to SYBR

Green. However, this is only the case with elevated MgCl2 concentrations

(i.e. 6mM). At lower MgCl2 concentrations (i.e. 2mM), the Tm is a function of DNA
concentration, and this phenomenon confounds HRM analyses.
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5.4.4 Investigation of the association between the Tm, PCR product
concentration and MgCl2 using tpi241/243 and gmk286 PCR
amplicons
To determine whether the modulation of magnesium on the relationship
between the PCR products is a general property of HRM using LCGreen+ and not

specific to the glpF MLST amplicons of CC75 isolates, the key experiments were
repeated with two other PCR amplicons differing in lengths using pooled

reactions. Because MLST fragments are unusually large for HRM analysis, the

two PCR amplicons chosen were smaller and more typical of the fragment sizes
used in HRM analyses. Both amplicons, tpi241/243 (168bp) and gmk286

(83bp), internal fragments of the housekeeping genes used in S. aureus MLST
analysis, were two of the six fragments used for Minim typing of S. aureus
(Lilliebridge et al., 2011). The experiments were conducted twice for the
tpi241/243 and gmk286 amplicons using an S. aureus ST93 isolate (SCC3049).

ST93 was used because it was one of the conventional S. aureus isolates
available in our collection. Tpi241/243 and gmk286 were used because the
primers, which were specifically designed for conventional S. aureus and not

CC75 for HRM analyses, were available in the laboratory.

SCC3049 was initially subjected to PCR and HRM using LCGreen+ for both the
tpi241/243 and gmk286 amplicons. Next, PCR products were diluted in 1:2, 1:5,

1:10 and 1:20 using pooled reactions, with and without the addition of MgCl2 at

a final concentration of 6.0mM and subjected to re-melting. In the case of the
tpi241/243 amplicon, the results obtained were essentially identical to those

obtained for the glpF MLST CC75 amplicon: at 2mM MgCl2, there was an inverse

correlation between DNA concentration and Tm, and the correlation was

eliminated at 6mM MgCl2 (Figure 5.9a and Figure 5.9b). However, with the
gmk286 amplicon, a somewhat different result was obtained (Figure 5.10a and

Figure 5.10b): in the presence of 2mM MgCl2, the expected inverse correlation

between Tm and DNA concentration was observed, except for samples in 1:5,

1:10 and 1:20 dilutions, which all displayed similar Tm values. In the presence of
6mM MgCl2, a direct correlation between Tm and DNA concentration was

observed. In particular, the 1:5, 1:10 and 1:20 dilutions showed no inverse
208

correlation of Tm and DNA concentration at 2mM MgCl2. A variation of Tm of

≅0.6°C was also observed (Figure 5.10b). The HRM curves for the 1:20

dilutions appeared to be erratic compared to the other dilutions, suggesting that
fluorescence levels were close to the lower detectable limit. This experiment
was conducted twice and the outcomes were consistent.

It was concluded that the inverse correlation between Tm and DNA

concentration in the presence of LCGreen+ is a generalised phenomenon, with
the qualification that there appears to be a lower boundary of DNA

concentration, below which, the inverse correlation is not seen. In the lower

range of DNA concentrations, while there is no correlation between Tm and DNA
concentration in the presence of 2mM MgCl2, there is a direct correlation

between Tm and DNA in the presence of 6mM MgCl2.
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Figure 5.9: The effect of MgCl2 at a final concentration of 6mM on the Tm of
tpi241/243 PCR product from pooled reactions.
(a) Raw HRM and (b) normalised HRM plots of undiluted and diluted tpi241/243 PCR

products using pooled reactions, with MgCl2 at a final concentration of 2mM (red) or 6mM

(blue). The amount of PCR products did not correlate with the Tm at high MgCl2
concentration.
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Figure 5.10: The effect of MgCl2 at a final concentration of 6mM on the Tm of
gmk286 PCR products from pooled reactions.
(a) Raw HRM and (b) normalised HRM plots of undiluted and diluted gmk286 PCR products
using pooled reactions, with MgCl2 at a final concentration of 2mM (red) or 6mM (blue). At

low (i.e. 2mM) MgCl2 concentration, an inverse correlation between the Tm and PCR product

concentration was observed. However, at high (i.e. 6mM) MgCl2 concentration, a reverse
effect was observed.
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5.5 Discussion
This study investigated the resolving power of LCGreen+ to discriminate CC75
MLST alleles at the glpF locus by HRM analysis. Initial results showed that

LCGreen+ did not resolve the different glpF alleles, and did not provide HRM

resolving performance superior to SYBR Green. There was poor reproducibility
of HRM curves (alleles) with respect to the Tm, with a large variation of Tm of up

to 0.5°C of the same allele. Preliminary results also showed that the Tm was not

correlated with the allele, but surprisingly, was correlated with the PCR product

concentration. Further investigation with different dilutions of the glpF PCR
products subjected to HRM confirmed that the higher the dilution of PCR
products (the lower the DNA concentration), the higher the Tm observed.

LCGreen+ is known to increase the Tm of DNA by 1-3 °C (Laurie et al., 2007;

BioFireDiagnostics, last accessed August 2013). This is consistent with our

results, in which a mean Tm increase of 1.3-4.3°C with LCGreen+ was seen
compared with SYBR Green (Section 5.4.1). We postulate that the only relevant

parameter that changes in accordance with DNA concentration, in the presence

of a constant LCGreen+ concentration, is the stoichiometry between the DNA
and the LCGreen+ dye. In this model, stoichiometry changes will modulate the

saturation state of the dsDNA with the LCGreen+ dye molecules, if the
concentration of LCGreen+ is comparable to the concentration of LCGreen+
binding sites in the dsDNA. Despite the numerous publications in the literature
stating that LCGreen+ is a saturating dye which can be used at high
concentrations without inhibiting PCR, our data suggests that LCGreen+ is not at

saturating concentrations with at least some of the DNA concentrations used in

this study. We suggest that the binding of the LCGreen+ dye molecules to the
dsDNA depletes free LCGreen+ such that the LCGreen+ dye no longer saturates

the dsDNA. In this scenario, the degree of saturation would decrease as the DNA
concentration increases. As the Tm is a function of the degree of saturation of

LCGreen+ binding, this would then lead to the observed inverse correlation

between Tm and DNA concentration. The plausibility of this model is dependent
on whether LCGreen+ is at a concentration that could ever be plausibly less than
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saturating. The concentration of LCGreen+ in the BioFire LCGreen+ HRM Master

Mix appears to be a trade secret. However, in the published descriptions of
LCGreen (the LCGreen+ dye commercial precursor), it was stated that LCGreen
was used at a final concentration of 10µM (Wittwer et al., 2003), and here, we

assume that the BioFire LCGreen+ HRM Master Mix reflects this. The

concentration of each PCR primer in the reactions in this study was 0.5 µM.
Even if only 10% of the primers were consumed during PCR, the solution of PCR

product would have a concentration of incorporated base-pairs of 11.25µM,

which is more than the assumed concentration of LCGreen+. Therefore, it was
concluded that it is numerically plausible for the LCGreen+-DNA stoichiometry
to affect the saturation state of LCGreen+ binding.

The unexpected inverse correlation between DNA concentration and the Tm led

on to further investigation to explore the possibilities to minimise or eradicate

the problem. Our results showed that elevated magnesium concentrations (i.e.
6mM)

completely

eliminated

the

inverse

correlation

between

DNA

concentration and the Tm. It is noteworthy that, in common with LCGreen+, Mg2+

binds dsDNA. We postulate that Mg2+ and LCGreen+ directly or indirectly

compete for dsDNA binding, and that at 6mM Mg2+, there is either insufficient

LCGreen+ binding to affect the Tm, or less LCGreen+ is required for the DNA to
be saturated. Either of these mehanisms have the potential to eliminate the
effect of DNA-LCGreen+ stoichiometry on the Tm. In the presence of 6mM MgCl2,
the Tm values were intermediate between the Tm value extremes at 2mM MgCl2.
Specifically, with the more concentrated DNA solutions, raising the MgCl2

concentration increased the Tm, while with the more dilute DNA solutions,
raising the MgCl2 concentration decreased the Tm. Consistent with this model,

LCGreen+ fluorescence at any DNA concentration is significantly less with 6mM

Mg2+ compared to 2mM Mg2+. While the relationship between MgCl2

concentration and Tm is complex, Tm and MgCl2 concentration are reported to be
positively correlated within the range of 2mM-6mM MgCl2 concentration as
shown in the results obtained in this study. Therefore, our results demonstrate

that in the more dilute DNA solutions, any Tm increase due to an increase in
MgCl2 concentration is more than offset by a Tm decrease, which we suggest is
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due to a decrease in LCGreen+ binding. Conversely, in the more concentrated
DNA solutions, the increase in Tm in accordance with increased MgCl2

concentration suggests that Tm is less prone to modulation by changes in DNA-

LCGreen+ stoichiometry, consistent with a lower degree of saturation. A

prediction of this model is that increasing the MgCl2 concentration from 2mM to
6mM would reduce LCGreen+ binding.

The inverse correlation between glpF PCR product concentration and Tm was

also seen with other amplicons (tpi241/243 and gmk286) at low Mg2+

concentration (2mM), and appears to be a general property of LCGreen+. The

elimination of the PCR product concentration and Tm relationship was also seen
with the 168bp tpi241/243 amplicon when the Mg2+ concentration was
increased to 6mM. Interestingly, a differing effect was seen with the 83bp

gmk286 amplicon at high MgCl2 concentration (6mM). The Tms were positively

correlated with PCR product concentration; the higher the DNA concentration,
the higher terminal fluorescence and the Tm. This observation is difficult to

explain and does not fit into our previously described working model. It is

noteworthy that gmk286 was the smallest of the PCR fragments used in this
study, and the evident noise in the melt curves derived from the more diluted

samples (1:5, 1:10 and 1:20) of this PCR product demonstrate that the DNA
concentration in these experiments was close to the detection limit of the

Corbett Rotor-Gene 6000 device. The lack of a clear inverse correlation between

DNA concentration and Tm for the 1:5, 1:10 and 1:20 samples may be ascribed

to the concentration of DNA being insufficient to decrease the concentration of

free LCGreen+ dye molecules to a point at which it cannot completely saturate
the DNA. The direct correlation between Tm and DNA concentration in the

presence of 6mM MgCl2 was only observed at DNA concentrations at which the

inverse correlation at 2mM MgCl2 was not observed, suggesting that both
phenomena are related to direct or indirect competition between LCGreen+ and
Mg2+ for DNA binding. The manifestation of the direct correlation between Tm

and DNA concentration only at DNA concentrations close to the lower detection

limit capacity of the Corbett Rotor-Gene 6000 suggests that it is of limited
practical significance.
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It is also important to note that the performance of HRM analyses with
LCGreen+ was unaffected by the reduction in PCR amplification efficiency at
high MgCl2 concentration (i.e. at a final concentration of 6mM). It is well-known

that excess Mg2+ causes the reduction in the fidelity of DNA polymerases and
increases the likelihood in the yield of non-specific products (Gundry and

Poulson, 2011). However, spurious products were not detected on the agarose
gel despite the anomalies observed in the first melting domain of glpF with the

addition of MgCl2 at a final concentration of 6mM prior to PCR. This

phenomenon is difficult to explain; excess Mg2+ stabilizes the DNA duplexes and

may prevent complete denaturation of the DNA (Blanchard et al., 1993). With

LCGreen+, the Tms at any DNA concentration were approximately similar with
the addition of MgCl2 at any concentration (data not shown). In contrast, with

SYBR Green, the Tm values increase as the MgCl2 concentration increases (data

not shown). With LCGreen+, two melting domains were observed with the
573bp glpF amplicon, but only one melting domain was observed with both the

168bp tpi241/243 and 83bp gmk 286 Minim fragments. This could be due to

the length, G+C content and SNPs present in the DNA fragments. As opposed to
LCGreen+, only one melting domain was observed with SYBR Green for all

fragments. SYBR Green is a non-saturating dye; when used at non-saturating
concentrations, the SYBR Green dye released during HRM analysis binds to
remaining unmelted DNA, thus damping the reduction in fluorescence during

the early phase of the melting. Therefore, the information content in the melt
curves at the early phase of melting is reduced, making it difficult to visualise

products melting at lower temperatures. In particular, this compromises the
interrogation of polymorphic sites in the early melting domains.

One observation that is difficult to explain is the variation in terminal

fluorescence of ≥10 fluorescence units observed in the 1:2 dilutions of glpF PCR
products, although the variation of Tms observed in the normalized HRM plot

was very minimal (<0.1°C). Since there is no correlation between the terminal

fluorescence with the Tm, and the variation in the terminal fluorescence is only

seen in the 1:2 dilutions of glpF PCR products, explanations for these
observations remain unclear.
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This study has implications for the optimisation of HRM procedures utilising

LCGreen+ dye. Our search for both the scientific and product support literature

revealed that is it often stated that the Mg2+ concentration is critical when

optimising HRM assays. However, there are disparities regarding the stated
bases for this. In some instances, there is a supposition that the only reason to
optimise the Mg2+ concentration is to optimise the PCR (Reed et al., 2007a;

RocheAppliedScience, 2009; Vossen et al., 2009). Conversely, Er and Change

(2012) report that Mg2+ can directly impact the melting curves, but they do not

elaborate further. There are instances of product support literature that make

similar statements, and in particular state that optimisation of Mg2+

concentration

is

critical

for

the

detection

of

heterozygotes

(LifeTechnologiesCorporation, 2012; KapaBiosystems, last accessed July 2011).

The basis for this appears to be the finding of Gundry and colleagues (2003) that

heterozygotes are more easily identified at lower Mg2+ concentration as there is

more formation of heteroduplexes. Interestingly, the product support literature

for LCGreen+ does not mention the impact of Mg2+ concentration on melting

curves (BioFireDiagnostics, last accessed August 2013, last accessed February
2014a, b).

From the data in this study, it was shown that MgCl2 concentration can have

profound effects on HRM analyses that are independent of effects on PCR, or

heteroduplex formation. Our data emphasise that optimal MgCl2 concentrations
for PCR and HRM may differ, and that this can be the case even when
heteroduplex detection is not required. For example, it appears that for our glpF

HRM assay, the optimum MgCl2 concentration for HRM is higher than the

optimum MgCl2 concentration for PCR. A potential problem with LCGreen+ is
that the lower MgCl2 concentration for optimal heterozygote detection is

inconsistent with higher MgCl2 concentration required for Tm reproducibility.

Also significant to the optimisation of HRM assays was our finding that if the
optimum MgCl2 concentration for HRM was used, then the reproducibility of the

HRM analyses became resistant to large differences in the PCR reaction yields
that were the consequence of non-optimal MgCl2 concentration for the PCR. In
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the early stages of this study, we hypothesised that the large differences in PCR
yield may lead to poor HRM reproducibility due to limitations of the
normalisation function in the Corbett Rotor-Gene 6000 software. However, once

the MgCl2 concentration had been elevated to 6mM, melting curves derived
from very different DNA concentrations were normalised with complete
success. Thus, there is no evidence that the normalisation function is vulnerable

to large differences in DNA concentration.

We have not systematically investigated this phenomenon with other
conditionally fluorescent dyes, which would be of interest for future studies.

The prediction from our model is that the dyes that increase the Tm when bound
to dsDNA would be particularly prone to inverse correlation between Tm and

DNA concentration.

In summary, we have demonstrated that for HRM analyses with LCGreen+ at

low MgCl2 concentration (i.e. 2mM), the Tm is inversely correlated with the PCR
product concentration as measured by the terminal fluorescence. This is a
previously unreported phenomenon with considerable potential to confound

HRM analyses using LCGreen+, especially when the PCR yield is not necessarily

the same for each reaction. The effectiveness of the normalisation software in
accommodating differences in PCR yield means that the Tm reproducibility may

be the most critical parameter when optimising MgCl2 concentration,

particularly in microbial genotyping procedures where heteroduplex formation

is not usually an issue. More specifically, providing the MgCl2 concentration is
high enough, optimising the PCR to ensure consistency of yield appears

unnecessary. Also, it may be the basis for anecdotal reports that consistency in

amplimer concentration is required for robust HRM analyses. The data of this

study showed that LCGreen+ is superior to SYBR Green for the discrimination of
CC75 glpF alleles at high MgCl2 concentration.
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CHAPTER 6

GENERAL DISCUSSION

CHAPTER 6 : General Discussion

At the commencement of this PhD project, the taxonomic status of CC75 was
poorly understood. The question as to whether CC75 should be regarded as a

new species remains a challenging yet interesting case study in systematic

bacteriology, given there is no universal definition of a bacterial species under

the current taxonomic guidelines. The two main guidelines for bacterial species
classification

are based on: (i) phenotypic characteristics (including

morphological characteristics, cellular compositions, growth requirements and
metabolic characteristics); and (ii) genotypic characteristics (such as DNA-DNA

hybridisation (DDH) and 16S rRNA gene sequencing, in which isolates showing

≥70% DNA hybridisation and >97% 16S rRNA gene sequence identity are
defined as the same species (Janda and Abbott, 2007; Fraser et al., 2009)).

At the commencement of this project, we were unable to demonstrate any

phenotypic characteristics for CC75 that distinguished CC75 from conventional

S. aureus. Results typical for conventional S. aureus were obtained for CC75 with

the API Staph biochemical test (CHAPTER 2). Subsequently, with the
publication of the whole genome data of the clinical CC75 isolate, MSHR1132-1

(Holt et al., 2011), it was revealed that MSHR1132-1 lacks the genes for the

synthesis of staphyloxanthin, a carotenoid pigment which is responsible for the
golden-coloured pigment of S. aureus. A further 126 CC75 isolates within our

collection were tested for the production of staphyloxanthin by plating onto
chocolate agar (Oxoid) and incubating at 37°C for 48 hours. None of the CC75

isolates produced staphyloxanthin; brilliant white colonies were formed on the
chocolate agar plates. This phenotypic characteristic enables CC75 to be
distinguished from conventional S. aureus.

At the genotypic level, the data in CHAPTER 2 demonstrated an average of

9.78% of nucleotide divergence between CC75 and conventional S. aureus
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within seven MLST loci, and an average of 3.88% of nucleotide divergence

between CC75 and conventional S. aureus within five phylogenetic MLSA
markers. A maximum of almost 1.00% nucleotide divergence was observed
within the seven MLST loci from eight STs found in our collection of CC75

isolates (n = 43 isolates). A maximum of 0.53% nucleotide divergence was
observed within the five phylogenetic MLSA markers from five CC75 isolates. In
contrast, a maximum nucleotide divergence of 1.98% was observed within the

seven MLST loci from over 2,000 STs of over 5,000 conventional S. aureus
isolates while a maximum divergence of 1.00% was observed within the five
MLSA markers from five representative conventional S. aureus isolates. The

results arising from the subsequent whole genome sequence data of
MSHR1132-1 further confirmed the high level of divergence between CC75 and
conventional S. aureus {Holt, 2011 #1347}.

Although DNA-DNA hybridisation (DDH) and 16S rRNA gene sequencing are
among the most commonly used molecular methods and are still considered the

gold standard in bacterial taxonomy, both methods have major drawbacks. The
DDH assays are laborious and time-consuming. 16S rRNA gene sequences lack

the sensitivity to resolve closely related species (Fox et al., 1992; Janda and
Abbott, 2007; Chan et al., 2012). In this study, the 16S rRNA sequences of the

CC75 isolates were identical to that of conventional S. aureus, implying that

CC75 would be classified within the conventional S. aureus group. This conflicts
with the MLST and MLSA data.

There is a need for new methods given the limitations of the gold standards and
the increasing availability of whole genome sequence data in the current

genomic era for defining a bacterial species. Recent studies have emphasised
the use of genetic diversity and ecological data to delineate prokaryotic species
(Konstantinidis et al., 2006; Fraser et al., 2009; Staley, 2010; Chan et al., 2012).

This includes the use of MLSA (Fraser et al., 2009) or MLST (Cooper and Feil,

2004; Maiden, 2006; Ibarz Pavon and Maiden, 2009), which utilises
concatenated sequences of multiple housekeeping genes to discern clustering
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patterns among populations of closely related taxa; a species defined by

taxonomists in general correspond to well-resolved, distinct clusters. However,

previous studies have shown that there is no universal cut-off to delineate
species and the examination of clusters does not necessarily reveal a clear

separation of species. For example, Streptococcus pseudopneumoniae is a

bacterium of unknown taxonomic status and a closely-related species to

S. pneumonia and S. mitis, a major human pathogen and a commensal bacterium
with a history of uncertain taxonomic status respectively (Hanage et al., 2006).
The level of sequence diversity within MLSA housekeeping genes observed in

these three closely-related streptococcal species is striking, with average
nucleotide sequence diversity ranging from 1.1% for S. pneumonia to 3.0% for

S. pseudopneumoniae and up to 5.1% for S. mitis (Hanage et al., 2006). The

distance between two S. mitis strains selected at random is similar to the

average distance between S. pneumonia and S. pseudopneumoniae strains
(Hanage et al., 2006), implying that the use of a fixed level of sequence

divergence for differentiating species would either regroup S. pneumonia and
S. pseudopneumoniae, or split S. mitis so that nearly every isolate was a species

of its own. This is clearly an unsatisfactory approach for defining bacterial

species.

Whole genome sequence data, which utilises average nucleotide identity,
calculated from pair-wise comparisons of all sequences shared between any two
strains (Goris et al., 2007; Richter and Rossello-Mora, 2009; Chan et al., 2012),

appears to be the most promising method for bacterial species classification as
it mirrors DDH. Average nucleotide identity (ANI) has been shown to correlate
strongly with DDH values, with an ANI value of ≥95% corresponding to the

traditional 70% DDH cut-off value (Chan et al., 2012). More recently, a novel

approach known as the Genome Blast Distance Phylogeny (GBDP) has been
developed to predict digital DDH values that mimics the actual experimental
DDH values by comparing the sequences of whole or partial sequenced genomes

(Meier-Kolthoff et al., 2013). The DDH values are predicted using three
statistical models: generalised linear models, generalised additive models and
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Loess models. The model that provides the best correlation to DDH is then used
for delineating prokaryotic species. Meier-Kolthoff and colleagues (2013)

claimed that GBDP provided better correlation to DDH compared to ANI, and

suggested that their digital DDH could potentially replace experimental DDH.

This approach can overcome the technical difficulties in DDH experiments while
retaining the traditional 70% DDH cut-off value. However, this brings fresh

conceptual and methodological challenges; bacterial taxonomy remains a
conservative discipline.

The striking divergence observed in both the MLSA and MLST housekeeping

genes in the core genome of CC75 from conventional S. aureus and the lack of
staphyloxanthin support CC75 to be regarded as a new species. The name
Staphylococcus argenteus (silver

staph),

a

reflection

of

the

staphyloxanthin, has been proposed to replace CC75 (Holt et al., 2011).

lack

of

The next area of interest in this study was to investigate whether HRM analysis

using SYBR Green would be a cheaper and faster method for rapid screening to
identify new CC75 MLST alleles compared to MLST.

The factors that limit the reproducibility of HRM analysis are not fully

understood, although it is widely accepted in the literature that a successful

HRM assay is almost entirely dependent on a well-optimised PCR (White and

Potts, 2006; Applied Biosystems and Technologies, 2010; KapaBiosystems, last
accessed July 2011). The data arising from CHAPTER 3 and CHAPTER 5
provided an insight into understanding this unexplained phenomenon.

CHAPTER 3 described the resolving power of HRM analysis using SYBR Green
to discriminate CC75 MLST alleles in full length MLST fragments. Only two out
of three alleles at the arcC locus and all the alleles at the gmk and tpi loci were
discriminated by HRM analysis. It was hypothesised that poor allele
discrimination observed at the remaining loci (aroE, glpF, pta and yqiL) is a

result of the large size amplicon. Reliable discrimination of sequence variants is
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generally observed in amplicons less than 300bp (Gundry et al., 2003; Reed and
Wittwer, 2004; Millat et al., 2009; Applied Biosystems and Technologies, 2010;

Montgomery et al., 2010). This may be the limit of most of the currently

available device for reliable discrimination of sequence variants by HRM

analysis {Taylor, 2009 #522;Montgomery, 2010 #1030}. This is also consistent
with the findings of Lilliebridge and colleagues {, 2011 #1340}, in which the

upper limit for robust discrimination of sequence variants with one base pair
change in the G+C content by HRM analysis is of ≤200bp in length and 0.2°C ∆Tm

on the Corbett Rotor-Gene 6000 platform. In contrast, full length MLST
amplicons were used in this study, and these amplicons are larger than the
typical amplicon sizes used for HRM analysis. Tpi and gmk are the smallest
amplicons compared to five other loci, hence that may be the reason why all the

tpi and gmk alleles were discriminated by HRM. The variation of Tms for gmk, tpi
and arcC (ranging from 0.10-0.20°C) are comparatively smaller than aroE, glpF,

pta and yqiL which ranged from 0.20-0.30°C, 0.10-0.30°C, 0.15-.0.35°C and 0.15-

0.60°C respectively. This implies that the variation of Tm is a function of
amplicon length. The reproducibility of Tm is postulated to affect how well

sequence variants are discriminated by HRM. If the variation of Tms for each of
the alleles at the aroE, glpF, pta and yqiL loci could be reduced from 0.40°C to
0.20°C, then the reproducibility of Tms at these loci could be improved and the
different alleles could be resolved better. This should be explored further in

future studies to understand the mechanism for the lack of reproducibility of
Tms at the aroE, glpF, pta and yqiL loci.

Based on preliminary work for this study, samples with CTs>25 have been

demonstrated to produce unreliable HRM curves, therefore such assays were

regarded as “failed” and excluded from HRM analyses in this study (data not
shown). An interesting outcome from CHAPTER 3 was the inverse correlation

between the robustness of PCR (as measured by CT values) with the
reproducibility of HRM curves (as measured by the variation of Tm values) for

samples with CTs<25. It was hypothesised that spurious products may be
generated in addition to the intended PCR products for samples with high CTs.
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However, our data do not fit into the predicted model as there was no evidence

of spurious products when PCR products of each locus were subjected to
electrophoresis or DNA sequencing. It remains unclear as to why the variation

of Tms was different between loci. Also, a variation in terminal fluorescence of
up to 10 fluorescence units for the same allele was observed for the SYBR Green
HRM assays (CHAPTER 3 and CHAPTER 4), however, there was no correlation

between the PCR product yields (as measured by terminal fluorescence) with

the Tm variation. It is not stated clearly in the literature the reasons that isolates

with identical sequences have different Tms. We suspect that the variations in
salt concentration in the reaction mixture may be a contributing factor to
isolates with identical sequences having different Tms. The ratio between the

availability of free SYBR Green dye molecules and the amount of SYBR Green

dyes bound to the dsDNA may be a contributing factor to the observed
phenomenon. We suggest that the binding of the SYBR Green dyes to the dsDNA

depletes the free SYBR Green dye molecules, and hence the degree of

“saturation” in SYBR Green binding would modulate the Tm. Nevertheless, the
same DNA extracts for each isolate were used for the SYBR Green HRM assays at

all MLST loci in this study. Therefore, we could not formulate an explanation as
to why isolates with identical sequences have different Tms.

The experiments for both CHAPTER 3 and CHAPTER 4 were conducted

simultaneously; despite the lack of resolving power to discriminate CC75 MLST
alleles by HRM analysis (CHAPTER 3), HRM was used in CHAPTER 4 to

determine whether: (i) new alleles could be detected in CC75 isolates of

unknown sequence type; and (ii) novel combination of known alleles yielding
new sequence type(s) would be identified. As expected, the HRM results
obtained from this study were consistent with CHAPTER 3 in terms of poor
detection of new alleles by HRM.

As previously mentioned in CHAPTER 3, the sensitivity of HRM detecting a new
allele is inversely correlated with the number of known alleles. The PPV would

be low if new alleles within the collection of CC75 isolates were expected to be
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rare. In contrast, if new alleles were common, then the PPV would be higher. As
shown in CHAPTER 4, the poor detection of new alleles by HRM is due to the

rarity of new alleles to be found within our collection of CC75 isolates and the
poor reproducibility of Tms, hence the low PPV was somewhat as anticipated.

The low PPV suggests that HRM may not be useful for detecting new alleles.

However, new alleles may still be detected if the Tms between the new alleles
and known alleles are well-separated.

The primary aim of this study was to use minimal number of HRM reactions for

rapid screening for new alleles, however, shorter fragments could be used for

HRM analysis to identify CC75 MLST alleles. One way to achieve this would be to
divide each MLST fragment into two to three sub fragments for HRM analysis.
This approach has been applied by Lévesque and colleagues (2011) to

characterise Campylobacter jejuni isolates. They have shown that their HRM

results were consistent with MLST, and HRM resolved 92% of the C. jejuni MLST
alleles at a cost of 20 Canadian dollars per isolate compared with 100 Canadian
dollars for MLST. In comparison with this study which only involved a single

HRM reaction per isolate for each MLST locus (at only AUD5), the method
adopted by Lévesque and colleagues (2011) involves multiple reactions per

isolate for each locus. Another alternative would be to apply the Minim typing
approach (Richardson et al., 2010; Lilliebridge et al., 2011; Tong et al., 2011;

Andersson et al., 2012), in which multiple fragments of MLST alleles containing
resolution optimised SNPs with a change in G+C content are used. It is
worthwhile to explore this Minim typing for future studies, particularly when

more STs become available from the MLST database. One pitfall is that Minim
typing is not specifically designed for scanning new alleles but rather predicting

the tested samples into known STs. However, new alleles could still be detected
if the SNPs are within the interrogated sub-fragments. Another option would be

to conduct a spiking experiment, where samples of unknown genotypes are

mixed with a sample of a known genotype and the mixed samples are subjected
to a re-melt (Reed et al., 2007). If the mixed samples are different from the
known sample, the resulting HRM curves of the mixed samples would be
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discriminated from the known sample based on their differing melt profile. One
drawback of the spiking method is that it requires a post-PCR sample
processing step.

The more commonly used methods for mutation scanning such as denaturing
high-performance liquid chromatography (dHPLC) and Sanger sequencing

could be employed, but as mentioned previously, both methods are more
laborious and time-consuming than HRM analysis. As opposed to dHPLC in

particular, HRM analysis scans through a range of temperatures rather than
relying on specific temperature that requires optimisation (Xiao and Oefner,

2001; Chou et al., 2005). The sensitivity of sequencing detecting new alleles
remains consistent as the number of known alleles and amplicon length

increase. In comparison, the sensitivity of dHPLC detecting new alleles should
not differ significantly as the number of known alleles increases, because the

method involves mixing denatured and reannealed PCR amplicons of two alleles
at a time; however, the intensity of labour increases as the number of known

alleles increases. The sensitivity of dHPLC remains consistent as the amplicon
length increases of up to 1.5kb (Xiao and Oefner, 2001). As previously

mentioned in CHAPTER 3, the sensitivity of HRM detecting new alleles

decreases as the number of known alleles and amplicon length increase.

The results of this study demonstrate that the discriminatory power of HRM to
screen for new alleles in full length MLST fragments is less than that of full

MLST profiling. New MLST alleles containing the same G+C content as alleles of

known sequence were not discriminated by HRM analysis (CHAPTER 4). Since

the commencement of this PhD project, the cost of whole genome sequencing
has reduced significantly from over AUD5,000 per isolate 5 years ago to less
than AUD500 per isolate at present. One of the main aims of this PhD project

was to investigate the phylogenetic position of CC75 within the genus
Staphylococcus and to investigate the level of diversity in the core genome of
CC75. This could be achieved by performing MLST, but MLST involves the
sequencing of seven genes and it is expensive and laborious. While whole228

genome sequencing may likely supplant many typing and scanning methods in

the near future, the speed, low-cost and simplicity of HRM and availability of its

generic platform in many laboratories suggest that HRM may have considerable

utility as an initial screening tool. This relates to another major aim of this PhD

project which was to apply HRM analysis for rapid screening to detect new
CC75 MLST alleles.

An interesting outcome arising from CHAPTER 5 is the inverse correlation

between the PCR product concentration and the Tm observed in the LCGreen+

HRM assays as opposed to the SYBR Green HRM assays in the previous chapters.
Also unexpected is that when optimising HRM in the presence of LCGreen+,

identifying the MgCl2 concentration that confers Tm reproducibility can be
important, and is separate from optimising MgCl2 concentration for PCR

specificity or heteroduplex formation. It would be interesting for future studies
to further investigate the phenomenon where the reproducibility of HRM is
affected by MgCl2 concentration as a result of its effect on the sensitivity of Tm to

DNA concentration with other saturating dyes. The prediction from our working
model is that the dyes that increase the Tm when bound to dsDNA would be
particularly prone to inverse correlation between Tm and DNA concentration.

In conclusion, this thesis has contributed to the understanding of the taxonomic

status of CC75. The high level of divergence in the MLSA and MLST

housekeeping genes within the core genome supports CC75 as a novel species.
More recently, a new phylogenetic group of S. aureus mainly derived from
monkeys was reported (Schaumburg et al., 2012). This group of S. aureus from

monkeys are more closely related to CC75 than to conventional S. aureus.
However, S. aureus from monkeys are phylogenetically distinct from CC75 and

conventional S. aureus, suggesting that it is a new lineage within the

Staphylococcus genus. This provides motivation for future studies to perform
comparative genomics analysis in CC75, conventional S. aureus and monkey

S. aureus isolates with the emerging affordability of whole genome sequencing.

The availability of GBDP to predict digital DDH values could also be used to
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further assess the phylogenetic position of CC75 and the monkey S. aureus

isolates within the genus Staphylococcus. This thesis has for the first time used
HRM analysis to explore its effectiveness and limitations to identify new

sequence variants of CC75 on full length MLST fragments. Despite the inability
to identify new alleles, HRM can be useful as an initial tool for rapid and cheap

screening prior to MLST or whole genome sequencing. While whole genome
sequencing may supersede many microbial genotyping methods in future, the

low cost and speed of HRM and its generic platform (real-time PCR device)

suggest that HRM analysis will still likely to be used for routine genotyping

and/or initial screening, particularly for laboratories with limited resources.
This thesis provided the foundation for future studies to investigate the

mechanism for the lack of Tm reproducibility in the loci with poor allele
discrimination. This thesis also showed for the first time a direct comparison

between the non-saturating SYBR Green and saturating LCGreen+ dyes using

HRM for the discrimination of sequence variants on full length MLST fragments.
Contrary to commonly accepted view, saturating dyes such as LCGreen+ are not
necessarily superior to non-saturating dyes such as SYBR Green for the

discrimination of sequence variants. This thesis demonstrated that in the
presence of LCGreen+ at low MgCl2 concentration (2mM), HRM is confounded

by an inverse correlation between DNA concentration and Tm. This effect is
eliminated when the MgCl2 concentration is increased to 6mM. LCGreen+ is

superior to SYBR Green for the discrimination of MLST alleles; however, this is
only the case at high MgCl2 concentration. It would be interesting to further

investigate this phenomenon in future with other fluorescent dyes available
commercially.
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Appendix A: Analysis Plan
The queries listed below describe the commands used for Chapter 3 HRM data
analyses.

Analysis Table 1: Allele 95% CI
Query:CI_Allele_Q
Columns: Locus Allele Temperature meanMelt stdMelt l95 u95

Commands: SELECT Melt_Curve.Species, Melt_Curve.Locus, Iso_Allele.Allele,

Melt_Curve.Temp, Avg(Melt_Curve.Melt) AS meanMelt, StDev(Melt_Curve.Melt)
AS

stdevMelt,

Round(Avg([melt])-1.96*StDev([melt]),3)

AS

l95,

Round(Avg([melt])+1.96*StDev([melt]),3) AS u95, Count(Melt_Curve.Melt) AS

CountOfmelt FROM Iso_Allele INNER JOIN Melt_Curve ON (Iso_Allele.Species =
Melt_Curve.Species) AND (Iso_Allele.Iso = Melt_Curve.Iso) AND (Iso_Allele.Locus
=

Melt_Curve.Locus)

GROUP

BY

Melt_Curve.Species,

Melt_Curve.Locus,

Iso_Allele.Allele, Melt_Curve.Temp ORDER BY Melt_Curve.Temp;

Analysis Table 2: 95% CI for each existing allele combination
Query:Exist_CI_Q
Columns: Locus Exist_Comb Allele Temperature l95 u95

Commands: SELECT Allele_Exist.Species, Allele_Exist.Locus, Allele_Exist.Exist,
Allele_Exist.Allele,

CI_Allele_Q.Temp,

FROM

INNER

Min(CI_Allele_Q.l95)

AS

l95,

Max(CI_Allele_Q.u95) AS u95, Count(CI_Allele_Q.Species) AS CountOfSpecies
Allele_Exist

JOIN

CI_Allele_Q

ON

(Allele_Exist.Allele

=

CI_Allele_Q.Allele) AND (Allele_Exist.Locus = CI_Allele_Q.Locus) GROUP BY

Allele_Exist.Species, Allele_Exist.Locus, Allele_Exist.Exist, Allele_Exist.Allele,
CI_Allele_Q.Temp;

Analysis Table 3: Detect_IsoAllele_Q
Query:Detect_IsoAllele_
Columns: Locus Exist_Comb Isolate_Id Exist New NewDet

Commands: SELECT Exist_CI_Q.Locus, Exist_Detect.Exist AS Exist_Comb,
Iso_Allele.Iso,

Exist_CI_Q.Allele

AS

Exist,
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Iso_Allele.Allele

AS

New,

Max(((IIf([melt]<[l95]

Or

Sum((IIf([melt]<[l95]

Round(Min((IIf([melt]<[l95]

Or

[melt]>[u95],1,0))))
Or

AS

[melt]>[u95],1,0)))

NewDet,

AS

[melt]>[u95],Melt_Curve.temp))),2)

nDet,
AS

minTemp, Round(Max((IIf([melt]<[l95] Or [melt]>[u95],Melt_Curve.temp))),2)

AS maxTemp, Count(Melt_Curve.Temp) AS CountOftemp FROM (Exist_CI_Q

INNER JOIN Melt_Curve ON Exist_CI_Q.Temp = Melt_Curve.Temp) INNER JOIN

(Iso_Allele INNER JOIN Exist_Detect ON (Iso_Allele.Locus = Exist_Detect.Locus)
AND

(Iso_Allele.Allele

Exist_Detect.Exist)

(Melt_Curve.Species
Iso_Allele.Locus)

Exist_CI_Q.Locus,

AND
=

AND

=

Exist_Detect.Allele))

(Exist_CI_Q.Locus

Iso_Allele.Species)

(Melt_Curve.Iso

Exist_Detect.Exist,

Iso_Allele.Allele;

=

=

ON

(Exist_CI_Q.Exist

=

(Melt_Curve.Locus

=

Exist_Detect.Locus)

AND

Iso_Allele.Iso)

Iso_Allele.Iso,

AND

GROUP

BY

Exist_CI_Q.Allele,

Analysis Table 4: Detect_Iso_Q
Query:Detect_Iso_Q
Columns: Locus Exist_Comb New Isolate_Id IsoDet
Commands:

SELECT

Exist_Wide_V.ExistA_1,
Exist_Wide_V.ExistA_4,

Detect_IsoAllele_Q.Locus,

Exist_Wide_V.ExistA_2,

Detect_IsoAllele_Q.New,

IIf(Sum([Newdet])=Count([Newdet]),1,0)
Sum(Detect_IsoAllele_Q.NewDet)

AS

Exist_Wide_V.Exist,

Exist_Wide_V.ExistA_3,

Detect_IsoAllele_Q.Iso,

AS

IsoDet,

nAlleleDet,

Count(Detect_IsoAllele_Q.NewDet) AS nAllele FROM Exist_Wide_V INNER JOIN
(Exist_Allele_Q INNER JOIN Detect_IsoAllele_Q ON (Exist_Allele_Q.Locus =
Detect_IsoAllele_Q.Locus) AND (Exist_Allele_Q.Exist = Detect_IsoAllele_Q.Exist))

ON (Exist_Wide_V.Locus = Exist_Allele_Q.Locus) AND (Exist_Wide_V.Exist =
Exist_Allele_Q.Exist) GROUP BY Detect_IsoAllele_Q.Locus, Exist_Wide_V.Exist,
Exist_Wide_V.ExistA_1,

Exist_Wide_V.ExistA_2,

Exist_Wide_V.ExistA_3,

Exist_Wide_V.ExistA_4, Detect_IsoAllele_Q.New, Detect_IsoAllele_Q.Iso;
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Analysis Table 5: Detect_New_Q
Query:Detect_New_Q
Columns: Locus Exist_Comb New probDet
Commands:

SELECT

Detect_Iso_Q.ExistA_1,
Detect_Iso_Q.ExistA_4,

Detect_Iso_Q.Locus,

Detect_Iso_Q.ExistA_2,

Detect_Iso_Q.Exist_Comb,
Detect_Iso_Q.ExistA_3,
Detect_Iso_Q.New,

Round(Sum([isodet])/Count([isodet]),2) AS probDet, Sum(Detect_Iso_Q.IsoDet)
AS nDet, Count(Detect_Iso_Q.IsoDet) AS nIso FROM Detect_Iso_Q GROUP BY
Detect_Iso_Q.Locus,

Detect_Iso_Q.ExistA_2,
Detect_Iso_Q.New;

Detect_Iso_Q.Exist_Comb,

Detect_Iso_Q.ExistA_1,

Detect_Iso_Q.ExistA_3,

Detect_Iso_Q.ExistA_4,

Analysis Table 6: Detect_Avg_Q
Query:Detect_Avg_Q
Columns: Locus Exist_Comb avgProb
Commands:

SELECT

Detect_New_Q.ExistA_1,
Detect_New_Q.ExistA_4,

Detect_New_Q.Locus,

Detect_New_Q.ExistA_2,

Detect_New_Q.Exist_Comb,

Detect_New_Q.ExistA_3,

Count(Detect_New_Q.New)

AS

nNew,

Round(Avg([probDet]),2) AS avgProb FROM Detect_New_Q GROUP BY
Detect_New_Q.Locus,

Detect_New_Q.Exist_Comb,

Detect_New_Q.ExistA_1,

Detect_New_Q.ExistA_2, Detect_New_Q.ExistA_3, Detect_New_Q.ExistA_4;
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Appendix B: Data Dictionary
The following tables listed below were used for Chapter 3 HRM data analyses.
CI_Allele_Q
Table

Variable

Type

1

Species

Cat

3

Allele

Cat

2
4
5
6
7
8

Locus

Temperature
meanMelt
stdMelt
l95

u95

Cat
Num

Derived
Derived
Derived
Derived

Detect_Avg_Q
Table

Variable

Type

1

Species

Cat

3

Exist_Comb

Text

2
4

Locus

avgProb

Cat

Derived

Detect_Iso_Q
Table

Variable

Type

1

Species

Cat

3

Exist_Comb

Text

2
4
5
6

Locus
New

Isolate_Id
IsoDet

Cat

Derived
Derived
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Detect_IsoAllele_Q
Table

Variable

Type

1

Species

Cat

3

Exist_Comb

Text

2
4
5
6
7

Locus

Isolate_Id

Cat

Exist

Derived

NewDet

Derived

New

Detect_New_Q

Derived

Table

Variable

Type

1

Species

Cat

3

Exist_Comb

Text

2
4
5

Locus
New

probDet

Cat

Derived
Derived

Exist_Allele
Table

Variable

Type

1

Species

Cat

3

Exist_Comb

Text

2
4

Locus
Allele

Cat
Cat
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Exist_CI_Q
Table

Variable

Type

1

Species

Cat

3

Exist_Comb

Text

2
4
5
6
7
Exist_Comb

Locus

Cat

Allele

Cat

l95

Derived

Temperature Num
u95

Derived

Table

Variable

Type

1

Species

Cat

3

Exist_Comb

Text

2

Locus

Isolate_Allele

Cat

Table

Variable

Type

1

Species

Cat

3

Isolate_Id

2
4

Locus

Cat

Allele

Cat

Table

Variable

Type

1

Species

Cat

3

Isolate_Id

Melt_Curve

2
4
5

Locus

Temperature
Melt

Cat
Num
Num
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Appendix C: Entity Relationship Diagram
The entities and the relationships between the entities used for Chapter 3 HRM
data analyses were depicted in the Entity Relationship Diagram below.
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