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ABSTRACT 

Staphylococcus aureus is the leading bacterial cause of morbidity and mortality in New 

Zealand.  Diseases caused by S. aureus range from extremely common, relatively minor 

skin and soft tissue infections such as folliculitis and impetigo (school sores), through to 

less common, but potentially life threatening infections, such as osteomyelitis and 

endocarditis. This thesis describes the epidemiology of skin infections caused by S. 

aureus in New Zealand, with particular emphasis on the relationships between ethnicity 

and the incidence of disease. It also outlines the recent evolution of S. aureus in New 

Zealand, focusing on the emergence and dissemination of methicillin resistant S. aureus 

(MRSA) clones, and clones resistant to topical antimicrobials.  In summary, the thesis 

provides a contemporary overview of key aspects of S. aureus skin disease in New 

Zealand. 

 

The first part of the thesis systematically describes the epidemiology of S. aureus 

disease in New Zealand, and focuses on a significant increase in S. aureus skin 

infections, with the greatest burden of disease in Māori and Pacific children.   

 

The second part of the thesis examines the possible microbiological reasons for the high 

rates of S. aureus skin infections in Māori and Pacific children, with particular focus on 

the prevalence of S. aureus colonisation, and the S. aureus clonal complexes circulating 

in this demographic group.  This work demonstrates that the prevalence of S. aureus 

colonisation in Māori and Pacific children in Auckland, and the S. aureus clonal 

complexes that colonise these children, are similar to those found in other parts of the 

world.  However, the thesis documents (i) the high rate of fusidic acid resistance in S. 

aureus isolates, particularly from Māori and Pacific children, and (ii) the emergence of 

a fusidic acid-resistant, methicillin-resistant sequence type 5 (ST5) S. aureus clone, 
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which has swept aside other major MRSA clones to become the dominant MRSA in 

New Zealand. 

 

Finally, the thesis explores the possible reasons for the high rate of fusidic acid 

resistance in S. aureus in New Zealand.  This work points to the significant increase in 

topical fusidic acid usage in New Zealand, particularly in Māori and Pacific children, as 

the likely cause of a concurrent increase in fusidic acid resistance, due to the emergence 

of fusidic acid-resistant S. aureus clones.  Genomic analysis of the dominant methicillin 

susceptible CC1 clone and the methicillin resistant CC5 clone demonstrates the 

presence of mobile genetic elements harbouring the acquired fusC gene, with 

considerable genetic similarity between these elements across different S. aureus 

clones.  Of most concern is the co-location of the fusC gene and the mecA gene 

(responsible for methicillin resistance) on the same mobile genetic elements, meaning 

that selection of fusidic acid resistant strains by high population usage of this topical 

antimicrobial was likely also co-selecting for MRSA.  This work therefore provides an 

underlying genomic explanation for the dramatic emergence of fusidic acid-resistant 

ST5 MRSA in New Zealand over the past decade. 
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THESIS STRUCTURE 

Work in this thesis has been structured and formatted in accordance with 

recommendations in the University of Auckland 2011 document ‘Guidelines for 

Including Publications in a Thesis.’   

 

The main body of each chapter is structured as either a published manuscript, or a 

manuscript suitable for publication, with accompanying Tables and Figures.  A 

contextual framework is provided with each chapter, including the significance of each 

chapter to the field.  
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PART A: STAPHYLOCOCCUS AUREUS DISEASE IN THE 

21ST CENTURY: NEW ZEALAND AND BEYOND 

BACKGROUND 

From the first description of Staphylococcus aureus in the late 19th Century, infections 

due to S. aureus have continued to cause major morbidity and mortality. Since the 

introduction of the first antimicrobial agents over seventy years ago, S. aureus has 

displayed a remarkable ability to adapt and respond to environmental selective 

pressures.  Although S. aureus is often considered the prototype nosocomial pathogen, 

the emergence and epidemic spread of community-associated methicillin-resistant S. 

aureus (CA-MRSA) throughout many parts of the world has changed the face of S. 

aureus disease in the 21st century.  In particular, the spread of the USA300 CA-MRSA 

clone across North America has been of major public health concern, resulting in 

substantial increases in the incidence of S. aureus disease in that continent [1]. For 

example, one study from the United States described a national increase in ambulatory 

and emergency department visits for skin infections from 17.2 to 32.5 cases per 100,000 

population between 1997 and 2005 [2]. This increase was believed to be attributable to 

the emergence and spread of the USA300 CA-MRSA clone.  

 

In order to identify the trends, distribution and demographics of a specific infectious 

disease, population-based studies are required.   In population-based studies, all cases of 

the disease in question amongst residents of a population are included, and selection 

bias is limited.   Information from such population studies can then be used to inform 

strategies intended to prevent and control of infections. The clinical and scientific focus 

on CA-MRSA, in particular USA300 in North America, has meant that the 

epidemiology and pathogenesis of S. aureus disease in other parts of the world is far 
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less well defined in the published literature.  Studies of S. aureus disease in New 

Zealand have, to date, generally been confined to one geographic region, or to one 

specific aspect of S. aureus disease such as bloodstream infections or MRSA infections. 

In particular, the comparative proportion and epidemiology of infections due to 

methicillin-susceptible S. aureus (MSSA) and MRSA is relatively unexplored.  

Furthermore, the demographic characteristics of patients with S. aureus infections 

acquired in the community setting compared with those acquired in the hospital setting 

have not previously been defined in New Zealand. 

 

In this context, Part A of this thesis contains four published papers that provide a 

contemporary overview of the epidemiology of S. aureus disease, with a strong focus on 

those features distinct to the New Zealand setting.  
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1. CHAPTER 1. STAPHYLOCOCCUS AUREUS “DOWN UNDER’: 

CONTEMPORARY EPIDEMIOLOGY OF STAPHYLOCOCCUS AUREUS 

IN AUSTRALIA, NEW ZEALAND AND THE SOUTH WEST PACIFIC 

1.1. ABSTRACT 

The clinical and molecular epidemiology of Staphylococcus aureus disease has changed 

considerably over the past two decades, particularly with the emergence and spread of 

community-associated methicillin-resistant S. aureus (CA-MRSA) clones.  Indeed, 

some of the first global descriptions of CA-MRSA were from remote indigenous 

communities in Western Australia, and from Pacific Peoples in New Zealand.  The 

epidemiology of S. aureus infections in the South West Pacific has several unique 

features, largely due to the relative geographic isolation and unique indigenous 

communities residing in this region.  In particular, a number of distinct CA-MRSA 

clones circulate in Australia and New Zealand, such as sequence type (ST) 93 MRSA 

(‘Queensland clone’) and CC75 S. aureus in Australia, and ST30 MRSA (‘Southwest 

Pacific clone) in New Zealand.  In addition, there is a disproportionate burden of S. 

aureus disease in indigenous paediatric populations, particularly in remote Aboriginal 

communities in Australia, and in Pacific Peoples and Māori in New Zealand.  In this 

review, we provide a contemporary overview of the clinical and molecular 

epidemiology of S. aureus disease in the South West Pacific region, with a particular 

focus on features distinct to this region. 
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1.2. INTRODUCTION 

Staphylococcus aureus is a major human pathogen, and infections with S. aureus are 

associated with considerable morbidity and mortality [3-5]. The clinical and molecular 

epidemiology of S. aureus infections has changed dramatically over the past two 

decades. Remarkably, the first indication of the change to come was a report from 

Western Australia of the emergence of community-associated methicillin-resistant S. 

aureus (CA-MRSA) causing infections in remote indigenous communities [6].  

Subsequent emergence and epidemic spread of successful CA-MRSA clones in many 

parts of the world followed, most notably the USA300 clone in North America [7].  

Initial reports of CA-MRSA described several distinct features, including the emergence 

of these strains in patients without traditional epidemiological risk factors for MRSA 

infection, and low rates of resistance to non-β-lactam antimicrobials. Specifically, 

patients with CA-MRSA infections were younger, had minimal co-morbid illness and 

lacked prior healthcare contact compared to patients with infections due to healthcare-

associated MRSA (HA-MRSA) strains [1, 7]. More recent studies suggest further 

changes in the epidemiology of S. aureus disease, with the emergence and spread of 

CA-MRSA clones in the healthcare setting [8]. However, although the changing 

epidemiology of S. aureus disease in North America has been extensively characterised, 

comparatively little is known about the epidemiology of S. aureus disease in the 

Southern Hemisphere.  Of note, the relative geographic isolation (both of and within) 

Australia, New Zealand and the South Pacific (collectively referred to as the South 

West Pacific) has resulted in the circulation of a diverse range of S. aureus strains [9, 

10].  Moreover, the epidemiology of S. aureus infections in the South West Pacific has 

distinct sociodemographic features compared to several other settings, with a 

disproportionate burden of S. aureus disease in unique indigenous populations. This 

review will describe the contemporary clinical and molecular epidemiology of S. aureus 
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disease in the South West Pacific, with a focus on those epidemiological characteristics 

specific to this setting.  

 

1.3. CLINICAL EPIDEMIOLOGY AND DEMOGRAPHICS OF 

STAPHYLOCOCCUS AUREUS DISEASE IN THE SOUTH WEST PACIFIC  

1.3.1. Skin and soft tissue infections  

The most common clinical manifestation of S. aureus disease is skin and soft tissue 

infection (SSTI) and, similar to other settings [2, 11], recent studies describe an increase 

in the incidence of SSTI in Australia and New Zealand over the past decade [12-15]. 

For example, one Australian study examined national hospitalization coding data, and 

observed an increase in the rate of hospital admissions for cutaneous abscesses from 46 

per 100,000 population in 1999-2000 to 62 per 100,000 population in 2007-2008, with 

the highest incidence in the under-five year age group [12]. Utilising an expanded range 

of hospital discharge codes, another descriptive study assessed trends in the incidence of 

serious S. aureus disease across the New Zealand population between 2000 and 2011 

[15]. These authors observed a significant increase in national rates of hospitalizations 

for S. aureus skin infections, from 81 per 100,000 population in 2000 to 140 per 

100,000 in 2011 (P < 0.001).  Similarly, using laboratory-based surveillance, a recent 

study from Auckland, New Zealand described a significant (P < 0.001) increase in non-

invasive S. aureus infections between 2001 and 2011, largely driven by community-

onset MSSA infections [16]. 

 

In addition to rising rates of S. aureus SSTI, distinct socio-demographic differences 

have been described for S. aureus SSTI in the South West Pacific, with a strikingly 

disproportionate burden of disease in indigenous communities, particularly in paediatric 
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populations. A recent study of S. aureus SSTI in New Zealand children found that 

Māori (indigenous New Zealander) were twice as likely and Pacific Peoples almost 

three times as likely to be admitted to hospital with S. aureus SSTI compared to 

European children [14]. Similarly, in Australia, Aboriginal children were twelve times 

more likely to be hospitalised with skin infections than non-Aboriginal children in 

Western Australia [17], and Aborigines and Torres Straight Islanders accounted for 

37% of cases of infection, predominantly SSTI, in a Queensland study while 

constituting only 3.6% of the population [18]. The underlying reasons for these notable 

disparities are unclear, but likely contributory factors include domestic overcrowding, 

factors related to household hygiene and delayed or inadequate access to healthcare [13, 

14, 17, 18]. 

 

Data are scarce from regions other than Australia and New Zealand, although a 

prospective study of skin disease in Fiji [19] found that a quarter of school-aged 

children (885/3462; 25.6%) had active impetigo, with S. aureus isolated from 57% 

(323/563) of swabs.  

 

1.3.2. Invasive S. aureus infections 

S. aureus causes a spectrum of invasive infections, including osteomyelitis, necrotizing 

pneumonia and bloodstream infection.  In particular, S. aureus bacteraemia (SAB) is 

associated with considerable morbidity and mortality, with reported global incidence 

rates varying between 14 and 41 per 100,000 population [4, 20], although it should be 

noted that differences in case ascertainment and study methodology limit comparisons 

between regions.  To date, a number of population-based studies of SAB in Australia, 

New Zealand and the South Pacific have been performed, with estimated overall annual 

SAB incidence rates between 11 and 65 per 100,000 population (Table 1). Similar to S. 
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aureus SSTI, significant socio-demographic variation has been described in SAB 

incidence, with rates considerably higher in indigenous populations.  Notably, in one 

Australian study from the Northern Territory, SAB incidence in the Aboriginal 

population was six times higher than in the non-Aboriginal population, with the highest 

reported SAB incidence rate to date (172 per 100,000 population) [21]. 

 

In Australia, concern that healthcare-associated SAB was largely preventable led to the 

introduction of a national program to improve the hand-hygiene compliance of 

healthcare workers. Implementation of the program in 2009-10 was temporally 

associated with a reduction in SAB rate [22]. Subsequently, data on rates of SAB 

associated with Australian public hospitals have been publicly available [23], 

predominantly as a performance marker for infection control interventions.  In 2012-13, 

the overall national rate of SAB was 0.9 per 10,000 patient days, although differences in 

the range and types of patients treated at each centre are likely to contribute to varying 

rates between regions. Interestingly, the national reported number of healthcare-

associated SAB cases decreased by 8% between 2010-11 and 2012-13, a trend also seen 

in other geographic settings [11, 24]. In keeping with these findings, a recent study in 

Auckland, New Zealand also observed a significant decrease in invasive S. aureus 

infections between 2001 and 2011 [16]. These authors suggested that local measures to 

improve infection control practices, such as improvements in hand hygiene compliance 

and measures to reduce intravascular device-related infections, may have contributed to 

this observed decrease [16]. 
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Table 1 - Epidemiological studies of Staphylococcus aureus bacteraemia (SAB) in Australia and New Zealand  

Location, 
[reference] 

Time 
period 

Type of study Number 
of SAB 
cases 

Age group(s) Overall SAB 
incidence 

(per 100,000 
population) 

SAB incidence 
(per 100,000 

population) in 
Indigenous 
populations 

Community-
onset, % 

Crude 30-
day case 
fatality 

ratio, % 

MRSA 
prevalence, 

% 

Auckland and 
Christchurch, NZ 
[25] 

1996 - 
1997 

Prospective 424 Adults (≥ 16 
years) 

41 Māori, 31; PP, 91 50 19 5 

Auckland and 
Christchurch, 
NZ[26] 

1996 - 
1997 

Prospective 125 Children (<16 
years) 

16.9 NR 70 3 6 

Christchurch, NZ 
[27]  

1998 - 
2006 

Retrospective 779 Adults and 
children 

21.5 Māori, 17.9; PP, 
23.1 

64 18 0.4 

Australia, multi-
centre [28] 

1999 - 
2002 

Retrospective 3,192 Adults and 
children 

35 NR 49 21b 27 

Canberra, Australia 
[4] 

2000 - 
2008 

Retrospective NR Adults and 
children 

26.3 NR NR NR NR 

Alice Springs, 
Australia [29] 

2003 - 
2006 

Retrospective 125 Adults and 
children 

NR 160.7 c NR 13 d 21 

Northern Territory, 
Australia [21] 

2006 - 
2007 

Prospective 110 Adults and 
children 

65 172 NR NR 25 

Suva, Fiji [30] 2006 - 
2007 

Retrospective 128 Adults and 
children 

50.1 iTaukei, 66.2 NR NR 2.3 

Australia and NZ, 
multi-centre [31] 

2007 - 
2008 

Prospective 1,994 Adults and 
children 

NR NR 60.8 20.6 e 24.1 

Australia, multi-
centre [32] 

2007 - 
2010 

Prospective 7,539 Adults and 
children 

11.2 62.5 60.6 18.1f NR 

 

a Includes community-onset healthcare-associated cases 
b Based on 30-day follow-up of 785 patients at two hospitals 
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c Reported rate of 8.1 per 100,000 in non-indigenous population 
d Based on 90-day follow-up 
e Data available for 1,865 patients 
f Data available for 6,916 patients 

Abbreviations: SAB, Staphylococcus aureus bacteraemia; MRSA, methicillin-resistant Staphylococcus aureus; NR, not reported; PP, 

Pacific Peoples; NZ, New Zealand 
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1.4. ANTIMICROBIAL RESISTANCE PATTERNS OF STAPHYLOCOCCUS 

AUREUS IN THE SOUTH WEST PACIFIC 

A number of national and international surveillance platforms exist for monitoring of 

antimicrobial resistance in S. aureus in the South West Pacific.  These include: (i) the 

Regional Resistance Programme, which monitors antimicrobial resistance in 12 Asia-

Pacific (APAC) countries, including Australia and New Zealand [33], and (ii) 

systematic national surveillance programmes such as those effected by the Australian 

Group on Antimicrobial Resistance (AGAR), and the Institute of Environmental 

Science and Research (ESR) in New Zealand [34-36]. Data from such surveys indicate 

that, as in other settings, antimicrobial resistance patterns in S. aureus have changed in 

the South West Pacific over the past decade, predominantly due to the emergence of 

CA-MRSA strains.  For example, biennial AGAR survey data showed a significant 

increase in the prevalence of clinical MRSA isolates in outpatients from 11.5% in 2000 

to 17.9% in 2012 [36]. In comparison, the proportion of MRSA in S. aureus isolates 

from hospital inpatients remained stable between 2005 (31.9%) and 2011 (30.3%), 

although there were significant inter-state differences in MRSA prevalence [37]. Of 

note, data from these latter surveys showed a decreasing trend in hospital MRSA 

resistance rates to many non β-lactam antimicrobials, particularly erythromycin, 

tetracycline, co-trimoxazole, ciprofloxacin and gentamicin, suggesting an infiltration of 

non-multiresistant CA-MRSA clones into the healthcare setting and replacement of 

previously endemic healthcare-associated clones [36].   

 

Rates of MRSA are comparatively lower in New Zealand, with recent aggregate 

national antimicrobial susceptibility data showing a stable MRSA prevalence of 

approximately 10% [38]. Similar to Australia, rates of resistance in MRSA to many 

non-β-lactam antimicrobials, specifically erythromycin, clindamycin and 
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fluoroquinolones have declined over the past five years, again reflecting the emergence 

of CA-MRSA clones in this setting [42].  Interestingly however, the rates of fusidic acid 

resistance in MRSA in New Zealand have increased dramatically, from 12.1% in 2008 

to 37.4% in 2012 [38]This increase is likely to be due to the rapid emergence of a 

sequence type (ST) 5 MRSA clone in New Zealand (see below), which typically 

displays resistance to fusidic acid [39]. Contemporary data on resistance rates in MRSA 

in Australia and New Zealand are displayed in Table 2.  

 

There are few studies on MRSA prevalence from other countries in the South West 

Pacific.  However, one study from Samoa found an MRSA prevalence of 17%, with the 

majority of MRSA isolates (22/34; 64.7%) resistant only to β-lactam antimicrobials 

[40]. In addition, a recent study from Fiji [30] found an MRSA prevalence rate of 6.2% 

(20/323) in S. aureus skin isolates from children, with all 20 isolates resistant to only β-

lactams and no more than one other class of antimicrobial.   

 

 
1.5. MOLECULAR EPIDEMIOLOGY OF STAPHYLOCOCCUS AUREUS IN 

THE SOUTH WEST PACIFIC 

The relative geographic isolation and distinct indigenous communities residing within 

the South West Pacific have contributed to the diverse nature of circulating S. aureus 

strains in this region.  Indeed, the earliest reported CA-MRSA infections, due to an ST8 

CA-MRSA strain, were from indigenous communities in the remote Kimberly region in 

Western Australia [6].  Similarly, reports in the mid-1990s from New Zealand 

suggested that an ST30 MRSA clone (colloquially known as the ‘South West Pacific’ 

clone) was responsible for an increasing number of community-associated infections in 

Pacific Peoples [41, 42]. This section will review the major contemporary S. aureus 
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clones in the South West Pacific, with a specific focus on clones distinct to each 

geographic setting. The standard nomenclature of multilocus sequence type (MLST) 

and SCCmec typing will be used to describe MRSA clones (e.g. ST5-IV refers to an 

ST5 strain containing the type IV SCCmec element). 

 

1.5.1. Australia 

Since 2008, the predominant CA-MRSA clone in Australia has been the ST93-IV 

Queensland clone [43]. First identified in 2000 in a study in Ipswich in southeast 

Queensland [44], this clone harbours the lukF-PV / lukS-PV (PVL) genes, is typically 

susceptible to non-β-lactam antimicrobials, and has successfully spread throughout 

Australia. A singleton by MLST, ST93-IV is associated with both skin infections and 

severe invasive infections such as necrotizing pneumonia and osteomyelitis [45]. 

Interestingly, there have been recent reports describing the emergence and transmission 

of this clone in other parts of the world, largely facilitated by international travel [46, 

47]. Genomic analysis of nationally representative ST93 isolates has revealed genetic 

diversity within the ST93 clone [48, 49], and more recent phylogenetic data suggest this 

clone emerged in Western Australia in the 1970s, and acquired the mobile SCCmec-IV 

on at least two occasions in the mid-1990s [50].  Of note, despite a relative lack of 

known virulence-associated determinants compared to other CA-MRSA clones, a 

representative ST93 strain (JKD6159) was shown to be significantly more virulent than 

other CA-MRSA clones, (including USA300) in murine models of skin infection and 

systemic sepsis [51]. The exact mechanism(s) for this increased virulence potential is 

unclear, although recent data suggest that increased production of exotoxins, 

particularly α-haemolysin and phenol soluble modulin α3 (PSMα3), may be partially 

contributing to this observation [50, 52]. 
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Table 2 - Antimicrobial susceptibility patterns in methicillin-resistant 

Staphylococcus aureus (MRSA) isolates in Australia and New Zealand 

 

 

Antimicrobial 

Country  

% resistant (number tested) 

Australia – 

community isolates 

[28] 

Australia – hospital 

isolates [29] 

New Zealand – 

hospital and 

community isolates 

[38] 

Clindamycin 13.3 (510) 29.7 (713) 17.4 (7419) 

Ciprofloxacin 37.5 (510) 66.9 (713) 24.3 (4923) 

Co-trimoxazole 10.2 (510) 30.7 (713) 1.5 (7940) 

Erythromycin 39.2 (510) 64.0 (713) 27.1 (7846) 

Fusidic acid 5.1 (510) 4.0 (713) 37.4 (4794) 

Gentamicin 9.4 (510) 30.4 (713) 4.2 (3687) 

Mupirocin 1.6 (510) 1.0 (713) 9.5 (5142) 

Tetracycline 14.5 (510) 33.5 (713) 2.4 (7090) 
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Another distinct clone that has emerged as a major cause of community-onset S. aureus 

infections in Australia, specifically in indigenous populations in the Northern Territory, 

is clonal complex (CC) 75 S. aureus.  In one recent study, CC75 accounted for 8% of all 

MSSA isolates and 69% of MRSA isolates recovered from skin lesions in Aboriginal 

children in the Northern Territory, although was rarely isolated from patients with 

hospital-onset infections [53]. Phenotypically, strains from this lineage are typically 

non-pigmented, and genomic analysis of a representative CC75 strain (MSHR1132) 

showed that this strain lacked an operon encoding the carotenoid pigment, 

staphyloxanthin [10].  Another key distinguishing genomic feature of this clone is the 

marked genetic divergence from other S. aureus lineages, with approximately 10% 

nucleotide diversity from other S. aureus lineages [10]. The differential phylogeny of 

CC75 has led to the suggestion this clone be renamed as a separate species - 

Staphylococcus argenteus [10, 53]. 

 

A number of other CA-MRSA clones are known to circulate in Australia, with the six 

most common identified in an AGAR survey in 2012 being (in decreasing order of 

prevalence): ST93-IV, ST30-IV, ST1-IV, ST45-IV, ST78-IV and ST5-IV [43]. In 

contrast to the diverse nature of CA-MRSA clones, circulating HA-MRSA clones in 

Australia are more restricted:  ST239-III (also known as ‘Aus2/3 EMRSA’) has been 

endemic in eastern Australia since the late 1970s [54, 55], and was the dominant HA-

MRSA clone until recently when it was replaced by ST22-IV (also known as ‘EMRSA-

15’). The latter first appeared in 2000 and was likely due to importation by overseas 

healthcare workers[56]. Of concern is the recent identification of PVL-positive ST22-IV 

as the cause of a nosocomial outbreak in a neonatal intensive care unit in Sydney[57]. 

PVL-positive ST22-IV has successfully disseminated in both the hospital and 
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community in India [58], and there are reports of outbreaks in both Europe and Japan 

[59]. 

 

1.5.2. New Zealand and Polynesia  

For almost two decades, the predominant CA-MRSA clone in New Zealand has been 

the South West Pacific ST30-IV clone [60]. First isolated in the Auckland community 

in 1992 from individuals who had contact with Western Samoa[41], this clone emerged 

throughout the mid-1990s and early 2000s to become the major cause of CA-MRSA 

infections throughout New Zealand, and it has subsequently been reported from several 

other regions including Europe and North America[61]. Interestingly, a study of S. 

aureus skin isolates from Samoa in 2007 [40] found that ST30-IV comprised only 12% 

(4/34) of MRSA, with the three most common MRSA clones being ST8-IV (USA300) 

(13/34; 29%), ST93-IV (Queensland clone) (9/34; 26%) and ST1-IV MRSA (9/34; 

26%). Similar to other CA-MRSA clones, ST30-IV harbours the lukF-PV / lukS-PV 

genes and is predominantly associated with skin infections in otherwise healthy 

individuals, although recent data suggest that ST30-IV is also responsible for a sizeable 

proportion of MRSA infections in patients with prior healthcare exposure [62].  Recent 

phylogenomic analysis suggests that SWP ST30-IV may have emerged independently 

from an ancestral CC30 clone in 1967, although this study did not include isolates from 

New Zealand or Samoa [63].  

 

Since 2005, an ST5-IV clone has rapidly displaced ST30-IV as the predominant CA-

MRSA clone in New Zealand, accounting for approximately half of all MRSA in a 

national period-prevalence survey in 2012 [34]. Although the underlying reasons for the 

rapid and sustained emergence of this clone are unclear, it is noteworthy that this clone 

typically displays resistance to fusidic acid, and in New Zealand, fusidic acid is the 
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recommended topical antimicrobial agent for the treatment of impetigo [64]. Indeed, 

recent data suggest that community prescriptions for fusidic acid have increased 

significantly in New Zealand over the past decade [221]. 

 

There are few data on the molecular epidemiology of S. aureus infections from other 

regions in the South West Pacific, although a recent study from Fiji [30] found that 

clonal complex (CC)1 MRSA accounted for all community MRSA isolates, and the 

most common MRSA types in the hospital setting were ST239-III (14/36; 39%), CC1 

(15/36; 42%), CC30 (5/36; 14%), CC59 (1/36; 3%) and CC101 (1/36; 3%). 

 

1.5.3. MSSA clones 

Despite the majority of S. aureus disease in Australia and New Zealand being due to 

MSSA, relatively little is known about the molecular epidemiology and population 

structure of MSSA circulating in either country.  However, a recent study of 

community-onset S. aureus disease in Auckland children identified three predominant 

MSSA clones: CC1, CC121 and CC30, which together accounted for approximately 

two-thirds of MSSA isolates [65]. Of note, the prevalence of lukF-PV / lukS-PV genes 

in MSSA isolates was 56%, a rate higher than that reported from a previous New 

Zealand study, which detected the lukF-PV / lukS-PV genes in 37% of disease-causing 

MSSA isolates [66]. In a recent Australian study on community-onset S. aureus 

infections presenting to general practices in South-Eastern Australia [67], the MSSA 

population consisted of 25 different strains, with the lukF-PV / lukS-PV genes detected 

in at least four clonal clusters and one singleton (CC1, CC20, CC121, CC30 and ST93).  

Three of the PVL-positive lineages (CC1, CC30, and ST93) were also identified in the 

CA-MRSA population. Amongst a collection of 105 MSSA isolates in Fiji, a diverse 
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range of CCs were detected, with the most common being CC5, CC7, CC14, CC75 and 

CC121 [33]. 

 

1.5.4. Emerging MRSA clones in Australia and New Zealand 

Over the past decade, a number of notable overseas CA-MRSA clones have been 

detected in both Australia and New Zealand.  These include ST8-IV (USA300) [43, 62], 

ST59-V (‘Taiwan CA-MRSA’), and ST772-V (‘Bengal Bay clone’) [43, 62]. In 

addition, a recent New Zealand study described the isolation of CC398 MRSA from 

nine patients [68], with two distinct clusters: one due to CC398 isolates harboring lukF-

PV / lukS-PV genes and associated with travel to South-East Asia, and the other due to 

an ST398 strain similar to the European CC398 lineage [69].  CC398 MRSA has also 

recently been reported from an individual in Australia [70], and has also been detected 

in an Australian swine herd [71]. 

 

 
1.6. CONCLUSIONS 

In summary, the clinical and molecular epidemiology of S. aureus disease in the South 

West Pacific has changed considerably over the past two decades.  Important limitations 

of this review include the paucity of data available from South West Pacific regions 

other than Australia and New Zealand, and the comparative lack of data on the 

molecular epidemiology of MSSA.  Notable features include the emergence and 

dissemination of distinct CA-MRSA clones, particularly ST93-IV and CC75 in 

Australia, and ST30-IV and fusidic acid-resistant ST5 in New Zealand. Moreover, 

international travel has facilitated both the exportation of these clones to other settings, 

and the importation of overseas MRSA clones into this relatively isolated region. Of 

most concern however, are observations of increasing rates of S. aureus SSTI in both 
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Australia and New Zealand, particularly in indigenous paediatric populations.  Future 

work should aim to understand the factors driving this trend in order to inform specific 

strategies designed to reduce the burden of staphylococcal disease in this region.  
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2. CHAPTER 2. STAPHYLOCOCCUS AUREUS DISEASE IN NEW 

ZEALAND, 2000-2011 

2.1. ABSTRACT 

The incidence of invasive and non-invasive Staphylococcus aureus disease in New 

Zealand is amongst the highest reported in the developed world. Using nationally 

collated hospital discharge data, we analysed the epidemiology of serious S. aureus 

infections in New Zealand between 2000 and 2011.  There was a significant increase in 

S. aureus skin infections, while the incidence of staphylococcal sepsis and pneumonia 

remained stable.  We observed marked ethnic and sociodemographic inequality across 

all S. aureus infections, with the incidence of all forms of S. aureus disease highest in 

Māori and Pacific Peoples, and in those patients residing in areas of high socioeconomic 

deprivation.  This study is one of the few to assess trends in S. aureus disease across an 

entire nation.  The increase in S. aureus SSTI, coupled with the observed demographic 

disparities, is of considerable concern.  Future work should aim to reduce this disturbing 

national trend. 
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2.2. INTRODUCTION 

Despite advances in diagnosis and therapeutics, the clinical and economic burden of 

Staphylococcus aureus infections remains a significant public health problem [1].  In 

several parts of the world, most notably North America, the epidemiology of S. aureus 

infections has changed dramatically over the past decade, predominantly due to the 

epidemic spread of a strain of community-associated methicillin-resistant S. aureus 

(CA-MRSA) [72, 73]. Infections caused by CA-MRSA most commonly manifest as 

skin and soft tissue infections (SSTI), and typically occur in patients without a history 

of healthcare exposure [1]. In addition, distinct sociodemographic associations have 

been described for CA-MRSA infection, including younger age, distinct ethnic groups, 

and economic deprivation [1, 62, 74]. Although the epidemiology of S. aureus disease 

has been well studied in North America, comparatively little is known about the trends 

and demographics of S. aureus infections in other geographic settings, particularly in 

the Southern Hemisphere.  Knowledge of the overall burden and distribution of S. 

aureus disease, regardless of methicillin-resistance, at a population level is crucial in 

informing strategies around prevention and control of such infections. 

 

In New Zealand, the incidence of invasive and non-invasive S. aureus infections is 

reportedly higher than other developed countries, with rates highest in Māori 

(indigenous New Zealanders) and Pacific Peoples [14, 16, 20, 25]. For example, in one 

study, Māori were twice as likely and Pacific Peoples four times as likely to develop S. 

aureus bacteraemia compared to European patients [25]. To date however, studies 

describing S. aureus infections in New Zealand have generally been confined to one 

geographic region, children, or to one specific aspect of S. aureus disease such as 

bloodstream infection or MRSA infection [25, 26, 31, 62] Accordingly, we sought to 
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describe the longitudinal trends and demographics of S. aureus disease across the entire 

New Zealand population for the 12-year period from 2000 to 2011.   

 
2.3. METHODS 

2.3.1. Study setting 

New Zealand is an island nation in the South-West Pacific, with a resident population of 

approximately 4.4 million people.  The population is ethnically diverse, consisting of 

the following ethnicities: 67% European, 15% Māori, 10% Asian, 7% Pacific Peoples 

and 1% of other ethnicities [75] New Zealand has a public healthcare system, with data 

on all publicly funded hospital admissions recorded by the New Zealand Ministry of 

Health in the National Minimum Dataset (NMDS).  In addition to basic patient 

information such as age, sex and ethnicity, these data include principal and additional 

hospital discharge diagnoses, which since July 1999, have been coded using the 

International Classification of Diseases, Tenth Edition (ICD-10). Our study population 

included all adult and paediatric patients discharged from New Zealand hospitals for the 

12-year period between January 2000 and December 2011.   

 

2.3.2. Data collection and definitions 

In New Zealand, a unique identifier – the National Health Index (NHI) number - is 

assigned to each person accessing public health services, and can be used to extract 

information about patient hospitalizations from the NMDS. Patients were identified 

from the NMDS on the basis of S. aureus-related ICD-10 discharge codes. These ICD-

10 codes were: A410 (sepsis due to S. aureus), J152 (pneumonia due to 

staphylococcus), and B956 (S. aureus as the cause of diseases classified elsewhere).  A 

case of S. aureus SSTI was defined as: (i) a patient who had a principal discharge 

diagnosis of an SSTI (using an epidemiological case definition validated in a previous 
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study [76]), plus (ii) an additional discharge diagnosis of B956, and (iii) no additional 

discharge diagnoses containing either A410 or J152. The NHI number can also be used 

to filter out unrelated hospital admissions. We filtered our data to exclude the following 

groups: overseas visitors; patients on waiting lists; hospital attendances that did not 

include an overnight stay; hospital transfers; and hospital readmissions within 30 days 

of first admission. 

 

The following information was extracted from the NMDS about each patient who had a 

S. aureus-related hospital discharge: age; sex; ethnicity and socioeconomic status 

derived from the New Zealand deprivation index (NZDep) [77]. The NZDep score is an 

area-based measure of socioeconomic deprivation derived from New Zealand census 

data, and is based on various measures of deprivation, including: household income, 

household ownership, household occupancy, employment and education levels, and 

access to telecommunications. It is expressed as a score between one and ten, a score of 

ten representing the most deprived neighbourhoods. In order to determine whether any 

increasing trends in S. aureus disease were related to a general increase in all hospital 

admissions, we obtained information from the NMDS on all acute overnight hospital 

admissions in New Zealand over the study period, applying the same exclusion filters 

described above. 

  

2.3.3. Statistical analysis 

Age-adjusted incidence rates were calculated per 100,000 population, and were 

standardised to the age distribution of the 2006 New Zealand census [10].  These 

incidence rates were stratified according to sex, ethnicity, NZDep score and geographic 

region.  For analysis, ethnicity was grouped into four major ethnic groupings: European, 

Māori, Pacific Peoples and Asian/other.  In order to determine possible geographic 
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differences in the incidence of S. aureus disease across New Zealand, four broad 

geographic regions were analysed: Northern, Midland, Central and Southern (Figure 1).  

Population denominator data were obtained from Statistics New Zealand 

(http://www.stats.govt.nz).  A Poisson regression model, using log population data as an 

offset variable, was used to assess trends over time. The Kruskal-Wallis analysis of 

variance test was used to determine differences in the geographic incidence of S. aureus 

infections. Relative risks were calculated with 95% confidence intervals (CI), and all 

statistical analysis was performed using SAS (version 9.3, SAS Institute Inc., Cary, NC, 

USA) or STATA (Version 11.1, StataCorp).  A P value of < 0.05 was considered 

statistically significant.  

 

 
2.4. RESULTS 

A total of 61,522 S. aureus-related hospital discharges were identified over the study 

period. The overall averaged 12-year incidence of all S. aureus infections was 127 per 

100,000 population per year (95% confidence interval [CI], 122 – 133 per 100,000).  

The overall incidence of S. aureus SSTI was 108 per 100,000 (95% CI, 105 - 111 per 

100,000), of S. aureus sepsis was 14 per 100,000 (95% CI 13-16 per 100,000), and of 

staphylococcal pneumonia was 5 per 100,000 (95% CI, 4 – 6 per 100,000). The 

incidence of sepsis due to S. aureus and pneumonia due to staphylococcus did not 

change significantly over the study period; however, the incidence of S. aureus SSTI 

increased significantly from 81 per 100,000 (95% CI, 78 – 84 per 100,000) in 2000 to 

140 per 100,000 (95% CI, 137 – 144 per 100,000) in 2011 (P < 0.001) (Figure 1), 

representing an increase of approximately 5% each year.  In contrast, the rate of acute 

all-cause hospital discharges in New Zealand fell significantly from 9,657 per 100,000 

population (95% CI, 9,625 – 9,689 per 100,000) in 2000 to 8,701 per 100,000 

http://www.stats.govt.nz/
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population in 2011 (95% CI, 8,673 – 8,729 per 100,000) (P < 0.001).  Consequently, the 

relative proportion of S. aureus SSTI to all hospital discharges doubled, from 0.8 % in 

2000 to 1.6 % in 2011. 

 

Figure 1 - Annual rates of Staphylococcus aureus related hospital discharges and 

all-cause acute hospital discharges in New Zealand, 2000 – 2011. 95% confidence 

intervals are displayed, although are too small to be visible for all-cause hospital 

discharges. 
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There was no significant geographic variation in the incidence of staphylococcal 

pneumonia (P = 0.8); however, significant geographic variation was observed in the 

incidence of staphylococcal sepsis (P = 0.02) and SSTI (P = 0.01) (Figure 2).  In 

particular, there was a distinct North-South gradient for staphylococcal SSTI, with rates 

in the Northern and Central regions approximately three times rates in the Southern 

region.  

 

We also observed marked sociodemographic variation in the incidence of S. aureus 

infections (Table 3).  Males were significantly more likely than females to have all 

forms of staphylococcal disease; this difference was most marked for S. aureus sepsis 

(relative risk [RR], 1.9; 95% CI, 1.8 – 2.0).  The incidence of both sepsis and 

pneumonia was significantly higher in patients over 70 years (62 and 24 per 100,000 

population per year, respectively) when compared with other age groups (Table 1). In 

contrast, the incidence of S. aureus SSTI was highest in the under five-year age group 

(242 per 100,000 population per year). The incidence of all disease types was highest in 

Māori and Pacific Peoples (Table 3).  In particular, compared to European patients, 

Māori were three times more likely and Pacific Peoples five times more likely to have a 

S. aureus SSTI.  The incidence of S. aureus disease also varied significantly according 

to socioeconomic deprivation, with the incidence of sepsis, pneumonia and SSTI 

significantly higher in those patients residing in areas of high socioeconomic 

deprivation.  This disparity was most marked for SSTI, with patients residing in areas of 

high deprivation almost four times more likely to have S. aureus SSTI than those 

residing in areas of low deprivation (RR 3.7, 95% CI 3.6 – 3.8). There appeared to be an 

independent association between S. aureus disease and ethnicity after adjusting for 

socioeconomic status, such that for each tier of socioeconomic deprivation, all three 
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types of S. aureus disease were commoner in Māori and Pacific Peoples when 

compared to European and other people (Figure 3). 

 

Figure 2 - Average annual age-standardised rates (ASR) of staphylococcal sepsis 

(A) and staphylococcal SSTI (B) across New Zealand, 2000 – 2011. 
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Table 3 - Incidence and demographics of Staphylococcus aureus related hospital discharges in New Zealand, 2000 – 2011. 

 

 

 

 

 

Demographic 

Sepsis due to Staphylococcus aureus Pneumonia due to staphylococcus SSTI due to Staphylococcus aureus 

Number 
of patients 

Age-
adjusted 
incidence 

per 
100,000 

(95% CI) 

RR 

(95% CI) 

P Number 
of patients 

Age-
adjusted 
incidence 

per 
100,000 

(95% CI) 

RR 

(95% CI) 

P Number 
of patients 

Age-
adjusted 
incidence 

per 
100,000 

(95% CI) 

RR 

(95% CI) 

P 

Age, years             

<5 301 9.1 (8.9 – 
9.3) 

0.7 (0.6 – 
0.8) 

<0.001 213 6.5 (6.3 – 
6.6) 

1.9 (1.6 - 
2.2) 

<0.001 7974 241.9 
(241.0 – 
242.9) 

2.8 (2.7 – 
2.9) 

<0.001 

5-14 315 4.4 (4.3 – 
4.5) 

0.4 (0.3 - 
0.5) 

<0.001 91 1.3 (1.2 – 
1.4) 

0.4 (0.3 – 
0.5) 

<0.001 7449 105.0 
(104.8 – 
105.3) 

1.2 (1.1 – 
1.3) 

<0.001 

15-29 521 5.4 (5.3 – 
5.5) 

0.4 (0.3 – 
0.5) 

<0.001 236 2.4 (2.3 – 
2.5) 

0.7 (0.6 – 
0.8) 

<0.001 10247 105.8 
(105.6 – 
106.0) 

1.2 (1.1 – 
1.3) 

<0.001 

30-69 3213 13.5 (13.4 
– 13.6) 

Reference  812 3.4 (3.3 – 
3.5) 

Reference  20787 87.4 (87.3 
– 87.5) 

Reference  

≥ 70 2579 62.3 (61.9 
– 62.7) 

4.6 (4.4 – 
4.9) 

<0.001 1003 24.2 (24.0 
– 24.5) 

7.1 (6.5 – 
7.9) 

<0.001 5781 139.8 
(139.2 – 
140.3) 

1.6 (1.5 – 
1.7) 

<0.001 

Sex             

Male 4338 19.7 (19.1 
– 20.3) 

1.9 (1.8 – 
2.0) 

<0.001 1407 6.5 (6.2 – 
6.9) 

1.8 (1.7 – 
1.9) 

<0.001 29580 126.4 
(125.0 – 
127.9) 

1.4 (1.3 – 
1.5) 

<0.001 

Female 

 

2591 10.0 (9.7 – 
10.5) 

Reference  948 3.7 (3.5 – 
3.9) 

Reference  22658 91.9 (90.7 
– 93.1) 

Reference  
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Ethnicity             

European 4557 12.1 (11.7-
12.4) 

Reference  1678 4.5 (4.3 – 
4.7) 

Reference  24163 73.6 (72.6 
– 74.6) 

Reference  

Māori 1322 31.0 (28.9 
– 33.1) 

2.6 (2.5 – 
2.7) 

<0.001 385 8.8 (7.6 – 
10.0) 

1.9 (1.8 – 
2.1) 

<0.001 15386 222.4 
(218.2 – 
226.7) 

3.0 (2.9 – 
3.1) 

<0.001 

Pacific 672 38.1 (34.6 
– 41.5) 

3.2 (3.0 – 
3.3) 

<0.001 175 8.2 (6.6 – 
9.7) 

1.8 (1.7 – 
2.0) 

<0.001 9708 360.8 
(352.4 – 
369.2) 

4.9 (4.8 – 
5.0) 

<0.001 

Other 377 8.6 (7.7 – 
9.6) 

0.7 (0.6 – 
0.8) 

<0.001 117 (2.7 (2.1 – 
3.2) 

0.6 (0.5 – 
0.7) 

<0.001 2976 50.4 (48.5 
– 52.3) 

0.7 (0.6 – 
0.8) 

<0.001 

NZDep score a             

1-3  1303 9.2 (8.7 – 
9.7) 

Reference  418 3.0 (2.7 – 
3.3) 

Reference  7475 52.8 (51.6 
– 54.1) 

Reference  

4-7  2547 12.9 (12.4 
– 13.4) 

1.4 (1.3 – 
1.5) 

<0.001 989 4.9 (4.7 – 
5.3) 

1.7 (1.6 – 
1.8) 

<0.001 16257 85.6 (84.3 
– 86.9) 

1.6 (1.5 – 
1.7) 

<0.001 

8-10 3064 23.3 (22.5 
– 24.1) 

2.5 (2.4 – 
2.6) 

<0.001 946 6.9 (6.5 – 
7.4) 

2.3 (2.2 – 
2.4) 

<0.001 28445 197.3 
(195.0 – 
199.6) 

3.7 (3.6 – 
3.8) 

<0.001 

 

Abbreviations: CI, confidence interval; RR, relative risk; NZDep, New Zealand Deprivation score. 

a NZDep 1-3, low deprivation; 4-7, medium deprivation; 8-10 high deprivation. 
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2.5. DISCUSSION 

In this study, we analysed the longitudinal incidence and epidemiology of serious S. 

aureus disease across the entire New Zealand population. We observed a dramatic 

increase in the incidence of S. aureus SSTI, while the incidence of S. aureus sepsis and 

pneumonia remained relatively stable.  Our finding of a persistent increase in serious S. 

aureus SSTI over the past decade is of significant public health concern, particularly 

given the overall decrease in acute hospital admissions in New Zealand.    

 

The factors underlying the increase in such infections are unknown, but risk factors for 

the development of S. aureus skin infections are multifactorial, and are likely to include 

household crowding, delayed or inadequate access to healthcare, and issues relating to 

household hygiene [78, 79]. The reasons for the relatively unchanged rate of S. aureus 

sepsis and staphylococcal pneumonia in New Zealand are unclear; however, recent 

studies highlight the decreasing incidence of invasive S. aureus infections in other 

geographic settings, particularly amongst those patients recently exposed to or receiving 

healthcare [24, 80]. Although improvements in healthcare infection prevention practices 

are likely to be important factors in the decrease of invasive infections [81], other 

possible unexplored contributory factors include changes in host susceptibility to S. 

aureus infection (e.g. improved management of co-morbid conditions such as 

cardiovascular disease and diabetes) or temporal changes in the virulence profiles or 

transmissibility of circulating S. aureus strains. 
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Figure 3 - Admission rate ratios for Staphylococcus aureus related hospital 

discharges by ethnicity according to level of deprivation in New Zealand, 2000 – 

2011. Staphylococcal sepsis (A); staphylococcal pneumonia (B); staphylococcal 

SSTI (C). Abbreviations: NZDep, New Zealand Deprivation Index.  
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In keeping with other studies of infectious diseases in New Zealand [13, 79], we found 

notable sociodemographic disparity in the incidence of S. aureus infections, with the 

incidence of all S. aureus infections highest in Māori or Pacific Peoples, and in people 

residing in areas of high socioeconomic deprivation. Interestingly, even after adjusting 

for socioeconomic deprivation, we found that the incidence of all S. aureus disease was 

significantly higher in Māori and Pacific Peoples when compared to patients of 

European and other ethnicities, a pattern that is seen for infectious diseases generally in 

New Zealand [79]. The underlying reasons for this apparent ethnic disparity in 

staphylococcal disease are uncertain.  Unexplored possibilities include a higher 

prevalence of S. aureus colonisation in Māori or Pacific Peoples, or differences in the 

circulating S. aureus strain types amongst distinct ethnic groups, as previously 

described in our setting [62].  However, an alternative possibility is that the area-based 

NZDep score used to record socioeconomic deprivation does not fully represent those 

facets of poverty that are important in the development and prevention of serious S. 

aureus disease.  These unmeasured risk factors include aspects of health literacy 

relating to early management of insect bites and skin infections; availability of 

household amenities such as access to hot water, and affordable and timely access to 

healthcare.  Specific individual and household-level studies are required to determine 

the relative contribution of such potentially modifiable risk factors.   

 

We also observed significant geographic variation in the incidence of S. aureus SSTI, 

with a distinct North-South gradient. This finding is likely to be explained by the 

distribution of population groups in New Zealand, with the groups most affected by S. 

aureus SSTI residing predominantly in the North Island.  However, other possible 

contributory factors include geographic differences in access to and provision of 
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healthcare, and climatic differences, with the upper North Island having a relatively 

warmer and more humid climate compared to Southern regions. 

 

A limitation of our study was our use of hospital discharge data for case ascertainment.  

This meant we were unable to determine the proportion of cases occurring in the 

community vs. hospital setting, although previous studies have demonstrated that the 

majority of S. aureus infections in New Zealand have their onset in the community [16, 

25, 62].  However, our aim was not to provide detailed information on individual S. 

aureus infections, but rather to provide a broad overview of the trends and 

demographics of serious S. aureus infections across the entire New Zealand population.   

In addition, our data represent only those patients who have hospital discharges related 

to S. aureus disease; they do not represent those patients who present in primary care, or 

who attend hospital but are not admitted. For example, a recent study of children with 

SSTI in one New Zealand region found there were an estimated 14 primary care cases 

for every one hospital admission [82]. Furthermore, these data only represent those 

instances where an etiological agent has been described and recorded in the discharge 

diagnoses.  It is therefore highly likely that the overall burden of staphylococcal disease 

in our setting is substantially higher than that estimated here.  

 

In summary, our study provides valuable longitudinal data on the burden of serious S. 

aureus disease in the New Zealand population, and represents one of the few studies to 

systematically assess the epidemiology and demographics of staphylococcal infections 

across an entire nation.   The steady and significant increase in serious S. aureus SSTI 

coupled with notable sociodemographic disparity in disease incidence is a disturbing 

national trend.  A concerted multimodal public health intervention is urgently required 

to tackle this problem. 
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2.6. ADDITIONAL INFORMATION 

2.6.1. Significance and context  

To date, most epidemiological studies investigating S. aureus disease in New Zealand 

have been confined to one or two geographic regions (Table 4).  This study represents 

the first to describe the incidence, trends and demographics of serious (i.e. those 

patients requiring overnight hospitalisation) S. aureus infections across the entire New 

Zealand population. The key finding of a significant and sustained increase in S. aureus 

SSTI is in keeping with other studies presented in this thesis, and the impact of this 

dramatic increase, particularly on antimicrobial prescribing and antimicrobial 

resistance, is examined in later chapters. 

 
Table 4 - Epidemiological studies of Staphylococcus aureus infections in New 

Zealand published since 2000 

Year Authors Brief description of 
study 

Geographic region 

2001 Hill et al. [25] Prospective study of 
424 adults with SAB 

Auckland and 
Christchurch 

2001 Hill et al. [26] Prospective study of 
125 children with 
SAB 

Auckland and 
Christchurch 

2005 Upton et al. [83] Retrospective case 
series of 60 adults 
with S. aureus post-
surgical mediastinitis 

Not reported 

2005 Miles et al. [84] Retrospective case 
series of 58 children 
admitted to ICU with 
S. aureus sepsis 

National 

2009 Turnidge et al. [31] 

 

 

 

Prospective 
observational study of 
1,994 cases of SAB  
in Australasia 
(including 134 from 
NZ) 

Auckland and 
Tauranga 
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2010 Huggan et al. [27] Retrospective 
population-based 
study of 779 patients 
with SAB 

Christchurch 

2010 Muttaiyah et al. [66] Clinical and 
molecular 
epidemiological study 
of 411 patients with 
MSSA infections 

Auckland 

2013 Williamson et al. [14] Retrospective 
population-based 
study of 1,860 
children with 
community-onset S. 
aureus SSTI 

Auckland 

2013 Williamson et al. [62] Clinical and 
molecular 
epidemiological study 
of 3,323 patients with 
MRSA infections 

National 

2014 Williamson et al. [16] Retrospective 
population-based 
study of 16,249 
patients with S. 
aureus infections 

Auckland 

2014 Williamson et al. [65] Clinical and 
molecular 
epidemiological study 
of 163 children with 
community-onset 
invasive S. aureus 
infections 

Auckland 

2014 Bowles D et al. [85] Retrospective case 
series of 44 patients 
with community-
acquired S. aureus 
pneumonia 

Wellington 
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2.6.2. Distribution of S. aureus infections in New Zealand, stratified by DHB 

In order to describe the distribution of S. aureus infections across New Zealand, four 

broad geographic areas were used, based on New Zealand District Health Board (DHB) 

catchment areas.  These were classified as follows (Table 5): 

 

Table 5 - Classification of geographic regions used in this study. 

Geographic region DHBs  Approximate population size 
(2013 census) 

Northern Northland DHB 

Waitemata DHB 

Auckland DHB 

Counties Manukau DHB 

155,800 

528,500 

441,100 

481,700 

Midland Waikato DHB 

Lakes DHB 

Tairawhiti DHB 

Taranaki DHB 

365,700 

101,800 

46,200 

108,300 

Central MidCentral DHB 

Whanganui DHB 

Capital & Coast DHB 

Hutt Valley DHB 

Wairarapa DHB 

166,000 

63,200 

288,100 

142,700 

39,900 

Southern Nelson Marlborough DHB 

West Coast DHB 

Canterbury DHB 

South Canterbury DHB 

Southland DHB 

136,800 

32,600 

502,000 

55,600 

300,400 
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A detailed breakdown of the incidence of S. aureus sepsis, pneumonia and SSTI by 

DHB is shown below in Figures 4 to 6. 

 

Figure 4 - Average annual age-standardised rates of staphylococcal sepsis by 

District Health Board, New Zealand, 2000 – 2011. Vertical bars represent 95% 

CIs. The red horizontal bar represents the overall age-standardised rate across 

DHBs (14.61 per 100,000 population). 
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Figure 5 - Average annual age-standardised rates of staphylococcal pneumonia by 

District Health Board, New Zealand, 2000 – 2011. Vertical bars represent 95% 

CIs. The red horizontal bar represents the overall age-standardised rate across 

DHBs (4.94 per 100,000 population). 
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Figure 6 - Average annual age-standardised rates of staphylococcal SSTI by 

District Health Board, New Zealand, 2000 – 2011. Vertical bars represent 95% 

CIs. The red horizontal bar represents the overall age-standardised rate across 

DHBs (107.84 per 100,000 population). 
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3. CHAPTER 3. INCIDENCE, TRENDS AND DEMOGRAPHICS OF 

STAPHYLOCOCCUS AUREUS INFECTIONS IN AUCKLAND, NEW 

ZEALAND, 2001 - 2011 

3.1. ABSTRACT 

New Zealand has a higher incidence of Staphylococcus aureus disease than other 

developed countries, with significant sociodemographic variation in incidence rates.  In 

contrast to North America, the majority of disease is due to methicillin-susceptible S. 

aureus (MSSA), although relatively little is known about the comparative demographics 

of MSSA and methicillin-resistant S. aureus (MRSA) infections in New Zealand.  Our 

objectives were to describe the trends, incidence and patient demographics of all S. 

aureus infections in patients presenting to our institution between 2001 and 2011, and 

compare the epidemiology of MSSA and MRSA infections. We identified all patients 

with S. aureus infections over the study period. A unique S. aureus infection was 

defined as the first positive S. aureus culture taken from the same patient within a 

thirty-day period.  Standard definitions were used to classify episodes into community- 

or healthcare-associated S. aureus infection.  

 

There were 16,249 S. aureus infections over the study period.  The incidence increased 

significantly over the study period from 360 to 412 per 100,000 population (P < 0.001), 

largely driven by an increase in community-associated non-invasive MSSA infections.  

When compared with MSSA infections, patients with non-multiresistant MRSA 

infections were more likely to be older, have hospital-onset infections and be Māori or 

Pacific Peoples. Our work provides valuable baseline data on the epidemiology and 

trends of S. aureus infections in New Zealand.  The significant increase in community-
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associated S. aureus infections is of public health importance. Future studies should 

investigate the reasons underlying this concerning trend.   
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3.2. INTRODUCTION 

Staphylococcus aureus is a major human pathogen, and infections caused by S. aureus 

result in significant morbidity and mortality [4]. Although most commonly associated 

with skin and soft tissue infections (SSTI), S. aureus is also responsible for a range of 

serious invasive infections, including osteomyelitis, necrotizing pneumonia and 

bacteraemia [7].  In addition, S. aureus disease occurs commonly in both community 

and healthcare settings amongst a variety of demographic groups [4, 32, 86]. To date, 

many studies assessing the burden of S. aureus infections have focused on one 

particular aspect of S. aureus disease, such as a specific clinical syndrome (e.g. 

bloodstream infections or SSTI), specific patients (e.g. adults only) or a specific place 

of acquisition (e.g. healthcare-associated infections).  Furthermore, as a consequence of 

the recent epidemic of community-associated methicillin resistant S. aureus (CA-

MRSA) in North America, many studies have focused exclusively on describing the 

epidemiology and burden of MRSA infections [87, 88].  As such, population-based data 

on the overall extent of S. aureus disease, regardless of clinical syndrome, healthcare 

exposure or antimicrobial resistance profile, are limited. 

 

The reported incidence of S. aureus disease in New Zealand is higher than that from 

similar developed countries [14, 20, 25]. However, in contrast to several other settings, 

particularly North America, the vast majority of S. aureus disease in New Zealand is 

due to methicillin-susceptible S. aureus (MSSA) [25, 26, 66].  Distinct demographic 

associations have been described for S. aureus infections in New Zealand, including 

age, ethnicity and economic deprivation [62]. To date however, relatively little is known 

about the comparative epidemiology of infections caused by MSSA and MRSA strains 

in our setting.  Moreover, no studies have systematically assessed longitudinal trends in 

the overall incidence and epidemiology of S. aureus infections in New Zealand.  
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Accordingly, we sought to: (i) describe the incidence, trends and patient characteristics 

of S. aureus infections in patients presenting to our hospital over an 11-year period, and 

(ii) compare the demographics of infections caused by MSSA and MRSA strains. 

 

 
3.3. METHODS 

3.3.1. Setting, patients and isolates 

Auckland District Health Board (ADHB) is a tertiary-level, university-affiliated 

institution exclusively serving a population of approximately 500,000, within a larger 

metropolitan region of 1.4 million inhabitants.  Auckland is the largest city in New 

Zealand, and has an ethnically diverse population, having the following major 

population groups: European (52%); Asian (29%), Pacific Peoples (11%); Māori 

(indigenous New Zealander, 8%) and other ethnicities (2%) [75].  

 

All specimens that cultured S. aureus between January 1st 2001 and December 31st 2011 

were identified from the laboratory database in the Department of Clinical 

Microbiology, Auckland City Hospital, New Zealand.  In order to restrict the analysis to 

isolates that were likely to represent clinically relevant infections, all screening isolates 

(anterior nares; axillae; groin) and isolates from genital swabs, pharyngeal swabs and 

stool were excluded.  In addition, all specimens that did not have a culture site specified 

were excluded.  A sterile culture site was defined as one matching the US Centers for 

Disease Control and Prevention (CDC) surveillance systems definition [73]. A unique 

S. aureus infection was defined as the first positive S. aureus culture taken from the 

same patient within a thirty-day period.  All S. aureus isolates were identified using 

standardised laboratory protocols. Antimicrobial susceptibility testing was performed 

by agar dilution and results were interpreted according to Clinical and Laboratory 
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Standards Institute recommendations [89].  In keeping with previous studies, strains that 

were phenotypically resistant to <3 non β-lactam antimicrobials were defined as non-

multidrug-resistant MRSA (nmMRSA), and strains that were resistant to ≥3 non-β-

lactam antimicrobials were defined as multidrug-resistant MRSA (mMRSA) [21, 90]. 

 

3.3.2. Data collection  

The following demographic information was extracted from the hospital administrative 

database about each patient who had an inpatient hospital admission associated with a 

positive S. aureus culture: age, gender, ethnicity, residence in a long term care facility, 

and number of previous hospitalizations in the preceding twelve months. In addition, 

hospital discharge diagnoses related to each hospital admission (coded using the 

International Classification of Diseases, Tenth Edition, Clinical Modification [ICD-10-

CM] codes) were obtained for each patient. The NZ Deprivation index (NZDep) score 

was used to assign socioeconomic status to each patient.  This score is an area-based 

measure of deprivation derived from New Zealand census data, and is based on various 

measures of deprivation, including: household income, household ownership, household 

occupancy, employment and education levels, and access to telecommunications [91].  

It is expressed as a score between one and ten, a score of ten representing the most 

deprived neighbourhoods.   

 

Population denominator information for the ADHB catchment region was obtained 

from the 2001 and 2006 New Zealand censuses, and from linear interpolation between 

census data for the study period [75]. For analysis, ethnicity was grouped into four 

major groupings: European, Māori, Pacific Peoples and Other ethnicities. 
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3.3.3. Definitions of S. aureus-related hospital admissions 

Based on previously described methodology, a list of ICD-10-CM codes for S. aureus-

related clinical syndromes were developed (a detailed list of codes are shown in Table 

1) [13, 79, 92]. These syndromes were: (i) skin and soft tissue infection (SSTI); (ii) 

musculoskeletal infection; (iii) respiratory infection; (iv) endovascular infection; (v) 

central nervous system infection, and (vi) sepsis / bacteraemia. For analysis, these 

categories were further classified as either non-invasive infections (SSTI) or invasive 

infections (all other clinical syndromes).   All S. aureus bloodstream infection were 

classified as invasive infections.  In addition, other invasive S. aureus infections were 

defined by the isolation of S. aureus from a clinical specimen, plus ≥1 ICD-10-CM 

discharge diagnoses associated with an invasive clinical syndrome (Table 6).  For 

positive S. aureus culture results with ≥1 ICD-10-CM discharge codes associated with 

an invasive clinical syndrome, the principal discharge code was regarded as the most 

likely clinical syndrome. A non-invasive infection was defined as the isolation of S. 

aureus from a non-sterile site, with a principal or secondary ICD-10-CM discharge 

diagnosis associated with a SSTI (Table 6) and no ICD-10-CM codes associated with an 

invasive clinical syndrome.  

 

Based on definitions adapted from similar studies [62], cases were described as 

community-associated if S. aureus was isolated from a patient within 48 hours of 

hospital admission who: (i) had no history of hospitalization or surgery in the preceding 

calendar year, (ii) did not reside in a long-term care facility (LTCF), and (iii) did not 

have any prior or current ICD-10-CM discharge diagnoses relating to hemodialysis.  

Conversely, cases were described as healthcare-associated (HCA) S. aureus infection if 

one or more of these risk factors were documented.  Healthcare-associated cases were 

further classified as hospital-onset (HCA-HO) or community-onset (HCA-CO) 
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depending on whether the specimen was taken > 48 hours or ≤ 48 hours respectively, 

following hospital admission.  

 
Table 6 - International Classification of Diseases, Tenth Revision (ICD-10-CM) 

codes for Staphylococcus aureus–related infections and associated clinical 

syndromes 

ICD-10-CM codes and associated clinical syndromes  

Skin and soft tissue infection 

L01.0, L01.1 – Impetigo 

L02.0-L02.9 – Cutaneous abscess, furuncle and carbuncle 

L03.01-L03.9 – Cellulitis 

L0.40-L04.9 – Acute lymphadenitis 

L05.0 – Pilonidal cyst with abscess 

L08.0 – Pyoderma 

L08.1, L08.8, L08.9 – Other infections of skin and subcutaneous tissue 

L30.3, 30.8, L30.9 – Dermatitis unspecified and other specified (eczema) and infective eczema 

Musculoskeletal infection 

M00.0 – Staphylococcal arthritis and polyarthritis 

M00.9 – Pyogenic arthritis, unspecified 

M46.2 – Osteomyelitis of vertebra 

M46.3 – Infection of intervertebral disc 

M46.5 – Other infective spondylopathy 

M60.0 – Infective myositis 

M60.8 – Other myositis 

M60.9 – Myositis, unspecified 

M70.1-M70.7 – Bursitis 

M71.0-M71.1 – Abscess of bursa, other infective bursitis 

M86.0-M86.9 – Osteomyelitis 
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Respiratory infection 

J15.2 – Pneumonia due to staphylococcus 

J15.9 – Bacterial pneumonia, unspecified 

J86.0 – Pyothorax with fistula 

J86.9 – Pyothorax without fistula 

J85.0 – Gangrene and necrosis of lung 

J85.1 – Abscess of lung with pneumonia 

J85.2 – Abscess of lung without pneumonia 

P23.2 – Congenital pneumonia due to staphylococcus 

Endovascular infection 

I33.0 – Acute and subacute infective endocarditis 

I33.9 – Acute endocarditis, unspecified 

I38 – Endocarditis, valve unspecified 

I39.8 – Endocarditis, valve unspecified, in diseases classified elsewhere 

T82.6-T82.9 – Infection and inflammatory reaction due to cardiac valve prosthesis 

Central nervous system infection 

G00.3 – Staphylococcal meningitis 

G06.0-G06.2 – Intracranial and intraspinal abscess and granuloma 

Sepsis / bacteraemia a 

A41.0 – Sepsis due to Staphylococcus aureus  

P36.2 – Sepsis of newborn due to Staphylococcus aureus 

 

a Case definition also included all Staphylococcus aureus bloodstream isolates.  
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3.3.4. Statistical analysis 

Categorical variables were compared using the χ2 or Fisher’s exact test as appropriate.  

Non-parametric data were compared using the Mann-Whitney U test or Kruskal-Wallis 

test. Incidence rates were calculated per 100,000 population, and a Poisson log-linear 

regression model was used to assess trends in incidence rates using log population 

denominator data as the offset variable. Multivariate logistic regression analysis using a 

stepwise backward elimination model was used to identify factors associated with 

nmMRSA infections. All statistical analysis was performed using GraphPad Prism 

(Version 5.02) or STATA (Version 11) and a two-tailed P value of < 0.05 was 

considered significant. 

 
3.4. RESULTS 

3.4.1. Patients and incidence rates 

Over the 11-year study period there were 26,244 unique S. aureus isolates identified 

from the laboratory database, including 16,249 patients with ≥1 ICD-10-CM discharge 

diagnoses consistent with a S. aureus-related clinical syndrome.  Of these, 3,752 / 

16,249 (23%) patients were classified as having an invasive infection, and 12,497 / 

16,249 (77%) as having a non-invasive infection. Overall, 8,754 / 16,249 (54%) of 

infections were classified as community-associated, 5,523 / 16,249 (34%) as HCA-CO, 

and 1,972 / 16,249 (12%) as HCA-HO (Figure 7). The 11-year averaged incidence of all 

S. aureus related-hospitalizations over the study period was 366 per 100,000 population 

per year, and increased significantly from 360 per 100,000 population in 2001, to 412 

per 100,000 population in 2011 (P < 0.001). This rise was related to significant 

increases in community-associated (P < 0.001) and HCA-CO (P = 0.02) infections 

(Figure 7A); non-invasive (P < 0.001) infections (Figure 7B); and those caused by 
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MSSA strains (P < 0.001) (Figure 7C).  The incidence of invasive S. aureus infections 

decreased significantly over the study period from 102 to 73 per 100,000 population per 

year (P < 0.001) (Figure 7B), and there was no significant change in the incidence of 

HCA-HO infections (Figure 7A).  When stratified by age (Figure 8A), the incidence of 

S. aureus-related hospitalizations was highest in the under five and over 75 year age 

groups (1305 and 646 per 100,000 population per year respectively), and when stratified 

by ethnicity (Figure 8B), the incidence was highest in Māori and Pacific Peoples (981 

and 873 per 100,000 population per year respectively). In addition, when stratified by 

NZDep score (Figure 8C), the highest incidence of S. aureus-related hospitalizations 

was in those patients residing in areas of high socioeconomic deprivation (higher 

NZDep scores (Figure 7C). 
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Figure 7 - Incidence of Staphylococcus aureus infections per 100,000 population 

per year in patients hospitalized at Auckland District Health Board, New Zealand, 

2001-2011, stratified by (A) place of acquisition; (B) invasive vs. non-invasive 

infection and (C) MSSA vs. MRSA.   

 

A. 

 

 

 

B. 

 

 

 

C. 
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Figure 8 - Incidence of Staphylococcus aureus infections per 100,000 population 

per year in patients hospitalized at Auckland District Health Board, New Zealand, 

2001-2011, stratified by (A) age; (B) ethnicity; and (C) NZDep score according to 

(i) place of acquisition and (ii) MSSA, nmMRSA and mMRSA.  
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3.4.2. Characteristics of S. aureus infections in relation to place of acquisition and 

clinical syndrome 

The median age of all patients with S. aureus infections was 22 years (interquartile 

range [IQR] 6 - 50). There was a statistically significant gradient in the age distribution 

of patients according to place of acquisition, with the median age highest in patients 

with HCA-HO infections (median age 40 years, IQR 8-67), and lowest in patients with 

community-associated infections (median age 13 years, IQR 4-37) (Table 7).  The 

proportion of patients with invasive infections differed significantly according to place 

of acquisition, with 56% of HCA-HO infections classified as invasive, compared to 

only 26% of HCA-CO and 14% of community-associated infections (P < 0.001).  

Patients of European ethnicity were more likely to have HCA-HO infections than 

community-associated infections (54% vs. 36%; P < 0.001), whereas Māori or Pacific 

patients were more likely to have community-associated than HCA-HO infections (22% 

vs.17%; P < 0.001 and 34% vs. 22%; P < 0.001 respectively) (Table 7). In addition, 

there was variation in the socioeconomic distribution of S. aureus infections across 

acquisition category, such that patients residing in less deprived areas were more likely 

to have HCA-HO infections than community-associated infections (23% vs. 19%; P < 

0.001). Conversely, patients in more deprived areas were more likely to have 

community-associated infections than HCA-HO infections (47% vs. 40%; P < 0.001) 

(Table 7). 
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Table 7 - Characteristics and patient demographics of Staphylococcus aureus 

infections, Auckland District Health Board, New Zealand, 2001 – 2011 

 

Characteristic All S. aureus 
infections            

(n = 16,249) 

Community-
onset (CO) (n 

= 8,754) 

Healthcare-
associated, 

community-
onset (HCA-

CO)                
(n = 5,523) 

Healthcare-
associated, 

hospital-onset 
(HCA-HO)             
(n = 1,972) 

P value 

Age, median, years 
(IQR)  

Gender, male  

22 (6 – 50) 

9,098 (56) 

13 (4 – 37) 

4,967 (57) 

35 (10 – 60) 

2,965 (54) 

40 (8 – 67) 

1,166 (59) 

< 0.001 c 

< 0.001 d 

Clinical syndrome 

  Invasive 

  Non-invasive 

Ethnicity a 

  European 

  Māori 

  Pacific 

  Other 

NZDep b 

  1-3 

  4-7 

  8-10 

 

3,752 (23) 

12,497 (77) 

 

6,824 (42) 

3,211 (20) 

4,802 (30) 

1,327 (8) 

 

3,093 (20) 

5,443 (35) 

6,861 (45) 

 

1,220 (14) 

7,534 (86) 

 

3,114 (36) 

1,908 (22) 

2,932 (34) 

743 (8) 

 

1,553 (19) 

2,780 (34) 

3,915 (47) 

 

1,427 (26) 

4,096 (74) 

 

2,658 (48) 

978 (18) 

1,444 (26) 

427 (8) 

 

1,105 (21) 

1,976 (37) 

2,202 (42) 

 

1,105 (56) 

867 (44) 

 

1,052 (54) 

325 (17) 

426 (22) 

157 (8) 

 

435 (23) 

687 (37) 

744 (40) 

 

 

< 0.001 d 

- 
 

< 0.001 d 

< 0.001 d 

< 0.001 d 

0.25 d 

 

< 0.001 d 

0.015 d 

< 0.001 d 

 

a Data available for 16,164 infections (8,697 CO; 5,507 HCA-CO; 1,960 HCA-HO) 

b Data available for 15,397 infections (8,248 CO; 5,283 HCA-CO; 1,866 HCA-HO) 

c P value calculated using Kruskal-Wallis test 

d P value calculated using χ2 test 

Abbreviations: IQR, interquartile range; MSSA, methicillin-susceptible Staphylococcus aureus; MRSA, 

methicillin-resistant Staphylococcus aureus; CO, community-onset; HCA-CO, healthcare-associated, 

community-onset; HCA-HO, healthcare-associated, hospital-onset.    
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3.4.3. Comparison of MSSA, nmMRSA and mMRSA infections 

The incidence of MSSA infections increased significantly from 306 per 100,000 in 

2001 to 361 per 100,000 in 2011 (P < 0.001).  In contrast, the incidence of MRSA did 

not increase over the study period (Figure 7). Overall, 1,957 / 16,249 (12%) of 

infections were caused by MRSA (1,804 [94%] nmMRSA and 117 [6%] mMRSA). 

There were distinct demographic differences between patients with MSSA, nmMRSA 

and mMRSA infections, such that patients with mMRSA infections were significantly 

older than patients with either MSSA (median 52 years vs. 22 years; P < 0.001) or 

nmMRSA (median 52 years vs. 16 years; P < 0.001), and were more likely to have 

invasive infections than patients with MSSA (44% vs. 24%; P < 0.001) or nmMRSA 

(44% vs. 17%; P< 0.001). Patients with MSSA or nmMRSA did not differ significantly 

according to the place of acquisition of their infection (Table 8).  However, when 

compared to patients with nmMRSA, patients with mMRSA infections were 

significantly more likely to have HCA-CO or HCA-HO infections (50% vs. 33%; P < 

0.001 and 25% vs. 13%; P < 0.001, respectively).  

 

Given that the number of patients with mMRSA infections was relatively small (n=117) 

compared to patients with MSSA (n=14,292) or nmMRSA (n=1,840), we concentrated 

on comparing risk factors associated with either MSSA or nmMRSA infections (Table 

9).  On multivariate analysis, factors associated with nmMRSA isolation were: age over 

75 years (odds ratio (OR), 1.77 [95% CI, 1.44-2.17]); Māori or Pacific Island ethnicity 

(OR, 1.48 [95% CI, 1.26-1.75] and OR, 2.41 [95% CI, 2.09-2.78] respectively); and 

HCA-HO infection (OR, 1.37 [95% CI, 1.15-1.62]).  In addition, nmMRSA infections 

were less likely to be invasive than MSSA infections (OR 0.64 [95% CI, 0.55-0.74]).
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Table 8 - Patient characteristics associated with methicillin-susceptible Staphylococcus aureus (MSSA) infections, non-multidrug 

resistant methicillin resistant S. aureus (nmMRSA) infections and multidrug resistant MRSA (mMRSA) infections, Auckland 

District Health Board, New Zealand, 2001-2011 

Characteristic MSSA                
(n = 14,292) 

nmMRSA 
(n=1840) 

mMRSA                
(n = 117) 

P OR of MSSA vs. 
nmMRSA (95% CI) 

P OR nmMRSA vs. mMRSA 
infection (95% CI) 

Age, median, IQR a 22 (6-50) 16 (3-47) 52 (31.5-71.5) < 0.001 - < 0.001 - 

Male sex b 8,028 (56) 1,005 (55) 69 (59) 0.34 1.19 (0.83-1.69) 0.23 0.85-1.04 

Clinical syndrome b        

  Invasive  3,390 (24) 311 (17) 51 (44) < 0.001 1.53 (1.35-1.74) < 0.001 0.26 (0.18-0.39) 

  Non-invasive 10,902 (76) 1,529 (83) 66 (56) - - - - 

Place of acquisition b        

  CO 7,732 (54) 993 (54) 29 (25) 0.93 1.0 (0.91-1.11) < 0.001 3.56 (2.32-5.47) 

  HCA-CO 4,851 (34) 614 (33) 58 (50) 0.64 1.03 (0.93-1.14) < 0.001 0.51 (0.35-0.74) 

  HCA-HO 1,709 (12) 233 (13) 30 (25) 0.40 0.94 (0.81-1.08) < 0.001 0.42 (0.27-0.65) 

Ethnicity b, c         

  European 6,223 (44) 544 (30) 57 (49) < 0.001 1.84 (1.65-2.04) < 0.001 0.44 (0.30-0.64) 

  Māori 2,845 (20) 349 (19) 17 (15) 0.37 1.06 (0.94-1.19) 0.27 1.37 (0.81-2.33) 

  Pacific Peoples 3,942 (28) 832 (46) 28 (24) < 0.001 0.41 (0.37-0.46) < 0.001 2.92 (1.89-4.51) 

  Other 1,210 (8) 103 (5) 14 (12) < 0.001 1.56 (1.27-1.92) 0.013 0.44 (0.24-0.79) 

NZDep band b, d        

  1-3 2,792 (21) 275 (16) 26 (25) < 0.001 1.37 (1.20-1.57) 0.029 0.58 (0.37-0.92) 

  4-7 4,864 (36) 546 (32) 33 (31) < 0.001 1.21 (1.09-1.35) 1.0 1.02 (0.67-1.56) 

  8-10 5,903 (44) 911 (53) 47 (44) < 0.001 0.69 (0.63-0.77) 0.11 1.39 (0.94-2.07) 
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a P value calculated using Kruskal Wallis test 

b P value calculated using χ2 test  

c Data available for 16,164 infections (14,220 MSSA, 1,828 nmMRSA and 116 mMRSA) 

d Data available for 15,397 infections (13,559 MSSA, 1,732 nmMRSA and 106 mMRSA) 

e Abbreviations: OR, odds ratio; CI, confidence interval; IQR, interquartile range; MSSA, methicillin-susceptible Staphylococcus aureus; nmMRSA, 

non-multidrug resistant methicillin-resistant Staphylococcus aureus; mMRSA, multidrug resistant methicillin-resistant 
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Table 9 - Multivariate analysis of factors associated with non-multidrug resistant 

methicillin-resistant Staphylococcus aureus (nmMRSA) infections, Auckland 

District Health Board, New Zealand, 2001-2011. 

 

Characteristic OR of nmMRSA vs. MSSA infection (95% CI) 

Sex  

  Male Reference 

  Female 0.96 (0.86-1.06) 

Type of infection  

  Non-invasive Reference 

  Invasive 0.64 (0.55-0.74) 

Age band (years)  

  15 to 49 Reference 

  Under 5 0.98 (0.85-1.14) 

  5 to 14 1.12 (0.97-1.29) 

  50 to 74 1.09 (0.92-1.08) 

  Over 75 1.77 (1.44-2.17) 

Ethnicity  

  European Reference 

  Māori 1.48 (1.26-1.75) 

  Pacific Peoples 2.41 (2.09-2.78) 

  Other 0.99 (0.79-1.25) 

NZDep score  

  1-3 (low) Reference 

  4-7 (medium) 0.98 (0.84-1.15) 

  8-10 (high) 1.10 (1.14-1.29) 

Place of acquisition  

  CO Reference 

  HCA-CO 1.08 (0.96-1.21) 

  HCA-HO 1.37 (1.15-1.62) 

Abbreviations: OR, odds ratio; CI, confidence interval; MSSA, methicillin-susceptible Staphylococcus 

aureus; nmMRSA, non-multidrug resistant methicillin-resistant Staphylococcus aureus; CO, community-

onset; HCA-CO, healthcare-associated, community-onset; HCA-HO, healthcare-associated, hospital-

onset.   
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3.5. DISCUSSION 

In this study, we systematically assessed the trends, incidence and demographics of 

patients hospitalized with S. aureus infections in our setting.  We found notable 

demographic differences between community and healthcare-associated S. aureus 

infections, as well as differences in the comparative epidemiology of MSSA and 

MRSA.  Our findings have implications for the following reasons. 

 

First, by assessing all S. aureus infections, rather than just one specific aspect such as 

MRSA or nosocomial infections, our data provide a broad and comprehensive 

representation of the trends and burden of S. aureus disease in our setting. We observed 

an increase in the overall incidence of S. aureus infection, largely driven by an increase 

in community-associated non-invasive infections. Our finding of a significant increase 

in the incidence of hospitalizations for skin infections is in keeping with other recent 

studies in New Zealand [13, 14, 79], and further highlights this concerning national 

trend.  Although reasons for this increase are unclear, suggested contributory factors 

include delayed access to healthcare, increases in household crowding and declining 

socioeconomic circumstances for specific population groups [13, 79].  However, in 

contrast to the increase in non-invasive infections, the incidence of invasive S. aureus 

infections decreased significantly over the study period from 102 to 73 per 100,000 

population per year (P < 0.001). This trend is in keeping with recent reports from North 

America, [88, 93, 94] and may, in part, be due to improved local infection control 

practices, such as improvements in hand hygiene compliance and measures to reduce 

healthcare-associated bloodstream infections, including those caused by S. aureus [81]. 

  

Second, we found that in our setting, the vast majority (88%) of S. aureus infections 

were caused by MSSA, and the incidence of MSSA increased significantly over the 
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study period.  Conversely, the incidence of MRSA infections remained stable; therefore 

the percentage contribution of MRSA to the overall burden of S. aureus disease actually 

decreased.  This finding is in sharp contrast to North America, where studies suggest 

approximately 40-60% of S. aureus infections are caused by MRSA, largely due to the 

epidemic spread of the USA300 clone [88, 94].  However, despite the large burden of 

MSSA infections in our setting, relatively little is known about the molecular 

epidemiology of MSSA strains in New Zealand.  In particular, the extent to which the 

observed increase in community-associated MSSA SSTI is driven by the spread of one 

MSSA clone, or is due to a range of MSSA lineages is unknown.  Interestingly, after 

multivariate analysis, we found that nmMRSA infections were more common than 

MSSA infections in Māori and Pacific Peoples compared to European patients.  The 

reasons for this observation are unclear, although numerous studies have described an 

association between nmMRSA isolation and other distinct ethnic groups, for example 

African-Americans [94] and Australian Aboriginals [21]. Moreover, an association 

between specific community-associated MRSA clones and Indigenous ethnic groups 

has recently been demonstrated in New Zealand [62]. Future work should investigate 

the possible host, bacterial and socioenvironmental factors that predispose such groups 

to infection with certain MRSA clones. 

 

In our locale, patients with multiresistant MRSA represented a distinct epidemiological 

group, in that they were older, more likely to be European and more likely to have 

healthcare-associated infections than patients with MSSA or nmMRSA.  This finding is 

consistent with a recent study from our setting, which showed that specific 

multiresistant MRSA clones (e.g. sequence type 22 (ST22) MRSA and ST239 MRSA) 

were associated with prior healthcare exposure, and were more likely to be isolated 

from older European patients [62].  It is possible that our observation may reflect 
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circulation and acquisition of mMRSA in long-term residential care facilities, with 

elderly European patients markedly overrepresented in long-term residential care 

facilities in New Zealand compared to non-European and Indigenous groups [95].   

 

There were several limitations with our study.  In particular, our analysis was restricted 

to patients with S. aureus-related hospitalizations, and did not include patients who only 

received treatment in primary care.  Furthermore, we used a relatively conservative and 

specific method of case ascertainment in that we only included patients who had 

culture-proven S. aureus disease plus a hospital discharge code describing a S. aureus-

related clinical syndrome, rather than all patients who had a positive S. aureus culture. 

Moreover, most patients discharged from hospital with an infectious disease diagnosis 

do not have any identified etiological agent[79]. As such, the true burden of S. aureus 

disease in our setting is likely to be considerably higher. In addition, we did not have 

patient-level information on factors such as medical co-morbidities or antibiotic usage.  

However, our main aim was not to provide detailed descriptive information on specific 

clinical syndromes, but rather to provide a broad overview of the demographics and 

trends of a large number of S. aureus infections. 

 
3.6. CONCLUSIONS 

In conclusion, our study provides valuable baseline information on the epidemiology 

and trends of S. aureus infections in a New Zealand population.  There were notable 

sociodemographic differences in disease burden, with the incidence highest in Māori 

and Pacific Peoples.  Importantly, we observed a steady and significant increase in S. 

aureus infections, predominantly due to a rise in non-invasive community-associated 

MSSA.   Future work should investigate the clinical and molecular epidemiological 

associations underlying this concerning trend. 
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3.7. ADDITIONAL INFORMATION 

3.7.1. Significance and context  

This study is the first to study the longitudinal incidence and demographics of S. aureus 

disease in Auckland, New Zealand, and provides insight into the changing 

epidemiology of S. aureus infections in our setting.  Although comparisons with other 

settings are limited by methodological differences, the most comparable study is one by 

Hadler et al., who analysed data from the Veterans Affairs Maryland Health Care 

System (VAMHCS) in the United States over a ten-year period, between 1998 and 2008 

[88]. Similar to our methodology, these authors matched laboratory-based data from 

patients who had S. aureus isolated from clinical specimens, with hospital discharge 

coding data.  They identified 3,674 unique S. aureus infections, with the majority (77%) 

classified as non-invasive infections, remarkably similar to our finding of 12,497 / 16, 

249 (77%) of patients with a non-invasive infection.  In contrast however, 61% of 

infections in this US study were caused by MRSA, compared to a MRSA prevalence of 

only 12% in our study. These authors also observed an increase in community-onset, 

non-invasive S. aureus infections, although this was attributable to an increase in 

MRSA infections, rather than MSSA infections. 

 

3.7.2. S. aureus bloodstream infections in Auckland, New Zealand 

S. aureus bacteraemia (SAB) is one of the most important manifestations of S. aureus 

disease, and is associated with considerable morbidity and mortality [5]. In the pre-

antibiotic era, mortality rates due to SAB were as high as 80%, and despite modern 

medical care, recent studies have reported SAB all-cause mortality rates between 15-

25%. Because of its high clinical and economic burden, SAB is also the most 

commonly studied manifestation of S. aureus disease, with reported incidences varying 
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between geographic regions, likely due to differences in health care delivery, infection 

control practices, and differing study methodologies.  In order to determine the 

incidence and outcomes of SAB in Auckland, specific data on SAB were analysed 

separately from the dataset generated as part of the above study.  

 

The overall number of SAB cases between 2001 and 2011 was 1,883, with an overall 

annual average incidence of 40.9 per 100,000 population.  SAB incidence decreased 

significantly over the study period from 48.6 per 100,000 population in 2001, to 31.2 

per 100,000 population in 2011 (Figure 9):  

 

Figure 9 - Incidence of S. aureus bacteraemia in males and females resident in 

Auckland District Health Board, 2001 – 2011. 

 

 

The median age of patients with SAB was 51 years (IQR 19 – 70 years). The incidence 

of SAB was highest in the under one and over 75 year age groups, and in Māori and 

Pacific peoples (Figure 10 and Figure 11). 
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Figure 10 – Incidence (blue bars) and in-hospital mortality (red-line)  of S. aureus 

bacteraemia in residents in Auckland District Health Board, 2001 – 2011, stratified 

by age. 

 

 

Figure 11 - Incidence of S. aureus bacteraemia in residents of Auckland District 

Health Board, 2001 – 2011, stratified by ethnicity.  
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3.7.3. Outcomes 

The median length of stay in hospital for patients with SAB was 15 days (IQR 8-28 

days). The median LOS was significantly longer for patients with HCA-HO SAB 

compared to patients with either HCA-CO SAB or CO-SAB (22.5 vs. 11 days; P < 

0.001, and 22.5 vs. 11 days; P < 0.001, respectively).  However, the median LOS did 

not differ significantly between patients with HCA-CO and CO SAB (11 days vs. 11 

days; P = 0.68).  Overall, 266 / 1,883 of patients with SAB died in hospital, with a case 

fatality risk (CFR) of 14.1% (Table 10).  The CFR increased with age, with the highest 

CFR in patients aged 75 and over (Figure 10). 

 

On multivariate analysis (STATA, version 13.1), using in-hospital death as the 

dependent variable, the only independent predictor of in-hospital death was advanced 

age (Table 11), with patients aged 75 years and over four times more likely to die in-

hospital than those in the 25-49 year age group. 
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Table 10 - Demographic characteristics of patients with S. aureus bacteraemia and 

associations with in-hospital mortality 

Characteristic All cases of 
SAB 

(n=1,883) 

Number of in-
hospital deaths (%) 

P  OR (95% CI) 

Age, median, years   - - 

  Dead 69.5 266 (14.1) <0.001 - 

  Alive 47 1,617 (85.9)  - 

Sex     
  Female 686 99 (14.4) 0.78 Ref 
  Male 1,197 167 (13.9)  1.0 (0.8-1.4) 
Resistance phenotype     

  MSSA 1,714 230 (13.4) 0.008 Ref 
  MRSA 169 36 (21.3)  1.7 (1.2-2.6) 
Ethnicity     
  European 1,025 181 (17.7) <0.001 Ref 
  Māori 280 26 (9.3)  0.5 (0.3-0.7) 
  Pacific 404 39 (9.6)  0.5 (0.3-0.7) 
  Other 159 16 (10.1)  0.5 (0.3-0.9) 
NZDep group      
  1-3 (low deprivation) 420 79 (18.8) 0.004 Ref 
  4-7  (medium deprivation) 673 95 (14.1)  0.9 (0.7-1.1) 

  8-10 (high deprivation) 684 79 (11.5)  0.8 (0.7-0.9) 

Place of acquisition     

  CO 491 62 (12.6) 0.07 Ref 

  HCA-CO 668 85 (12.7)  1.0 (0.7-1.4) 

  HCA-HO 724 119 (16.4)  1.4 (0.9-1.9) 
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Table 11 - Multivariate analysis of factors associated with in-hospital mortality in 

cases of Staphylococcus aureus bacteraemia, Auckland District Health Board. 2001 

– 2011. 

Characteristic P value OR (95% CI) 

Resistance phenotype   

  MSSA - Ref 

  nmMRSA 0.312 1.29 (0.79 – 2.10) 

  mMRSA 0.462 1.54 (0.49 – 4.91) 

Ethnicity   

  European - Ref 

  Māori 0.989 1.00 (0.61 – 1.66) 

  Pacific 0.495 0.86 (0.56 – 1.32) 

  Other 0.77 0.37 (0.43 – 1.37) 

NZDep group   

  1-3 (low deprivation) - Ref 

  4-7  (medium deprivation) 0.246 0.81 (0.57 – 1.15) 

  8-10 (high deprivation) 0.129 0.74 (0.51 – 1.09) 

Place of acquisition   

  CO - Ref 

  HCA-CO 0.74 0.74 (0.50 – 1.09) 

  HCA-HO 0.49 0.88 (0.60 – 1.66) 

Age band   

  <1 year 0.557 0.78 (0.34 – 1.79) 

  1-4 years 0.294 0.52 (0.15 – 1.03) 

  5-9 years 0.37 0.12 (0.02 – 0.88) 

  10-14 years 0.11 0.41 (0.14 – 1.23) 

  15-24 years 0.38 0.66 (0.27 – 1.65) 

  25-49 years - Ref 

  50-74 years <0.001 2.10 (1.34 – 3.29) 

 >74 years <0.001 4.61 (2.88 – 7.39) 
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3.7.4. Discussion 

Our finding of an overall annual SAB incidence of 40.9 per 100,000 population in 

Auckland is remarkably similar to the previous findings of Hill et al., who described an 

annual SAB incidence of 41 per 100,000 population in 1996-1997 in Auckland and 

Christchurch, although this study only assessed SAB in adults [25].  In addition, 

Huggan et al. described an average annual SAB incidence of 21.5 per 100,000 

population in a retrospective study of SAB between July 1998 and June 2006 in 

Christchurch [27].  

 

One notable finding from this work was that the number of SAB cases was almost twice 

as high in males as in females. Similarly, our previous work has shown higher rates of 

S. aureus sepsis in males compared to females [15]. Furthermore, our findings are 

consistent with previous studies that have shown higher rates of SAB in males 

compared to females. However, despite these differences in SAB incidence, we did not 

find a comparable difference in in-hospital mortality between males and females.  This 

observation is in keeping with other studies, where in some instances, the reported 

mortality was actually higher in females, despite a higher SAB incidence in males [96, 

97]. The reasons for this paradoxical observation is unclear, but possible reasons 

include gender-based differences in accessing healthcare, or gender-based differences in 

host responses to infection due to either hormonal factors or concurrent comorbid 

illness.   

 

We also found that increasing age was an independent predictor of in-hospital mortality 

in patients with SAB.  This finding is consistent with several other studies, all of which 

identified age as a strong predictor of mortality in SAB [5, 31].  Although we did not 

have information on co-morbid conditions, other studies have found that, even after 
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adjusting for the presence of co-morbid conditions, increasing age remains an 

independent predictor of mortality in SAB, suggesting that there may be intrinsic host 

factors that predispose to poor outcomes in SAB (e.g. diminished immune response) 

[98].  Alternatively, it is possible that there may be differences in the medical care and 

management of elderly patients with SAB, when compared to younger patients. 
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4. CHAPTER 4:  INCREASING INCIDENCE AND SOCIODEMOGRAPHIC 

VARIATION IN COMMUNITY-ONSET STAPHYLOCOCCUS AUREUS 

SKIN AND SOFT TISSUE INFECTIONS IN NEW ZEALAND CHILDREN 

4.1. INTRODUCTION 

Infection of the skin and subcutaneous tissues (SSTI) is the most common clinical 

manifestation of disease caused by Staphylococcus aureus [1]. The burden of SSTI is 

particularly high in childhood, accounting for approximately 70 hospitalizations per 

100,000 children per year in one recent North American study [2]. In many regions, the 

increasing incidence of paediatric SSTI is associated with the epidemic spread of 

community-associated methicillin-resistant S. aureus (CA-MRSA) clones, most notably 

the USA300 clone in North America [7].  

 

The incidence of paediatric SSTI in New Zealand is reportedly higher than in other 

developed countries [13]. A recent study, highlighting socioeconomic and ethnic 

inequalities in infectious diseases in New Zealand, suggested that the incidence of 

hospital admissions due to SSTI had more than doubled in the past two decades [13]. 

However, the distinct population groups affected by S. aureus SSTI in New Zealand 

have not previously been characterized. In addition, the extent to which CA-MRSA 

strains contribute to the burden of paediatric SSTI in New Zealand is relatively 

unknown.  

 

We performed a retrospective cross-sectional study of all cases of community-

associated S. aureus SSTI in children presenting to our hospital during a four-year 

period. Our aims were: (i) to determine the incidence and antimicrobial resistance 
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profiles of S. aureus SSTI in Auckland children and (ii) to describe the demographic 

variation in paediatric S. aureus SSTI in our setting. 

 
4.2. METHODS 

Auckland District Health Board is a tertiary-level university-affiliated institution, 

serving a population of approximately 500,000 inhabitants, within a larger metropolitan 

population of 1.46 million. Auckland is the largest city in New Zealand, and has an 

ethnically diverse paediatric population, consisting of the following major population 

groups: European (47%); Pacific Island peoples (19%); Māori (indigenous New 

Zealander, 14%) and other ethnicities (5%). 

 

By searching our laboratory database, we identified all hospitalized children (<15 years) 

between January 2007 and December 2010 with clinical specimens that yielded S. 

aureus. We defined a unique episode as the first positive S. aureus culture taken from 

the same patient within a 30-day period. For specific analysis of S. aureus SSTI, we 

included all children who: (i) had a positive S. aureus culture from a non-sterile site and 

(ii) had a principal discharge diagnosis described in the International Classification of 

Disease, Tenth Revision (ICD-10-CM) subchapter “Infections of the skin and 

subcutaneous tissue” (L01 – L08) [99]. A community-associated SSTI was defined as 

one in which the S. aureus isolate was recovered within 48 hours of hospital admission. 

Age-standardized incidence rates for children presenting with S. aureus SSTI were 

calculated using denominator populations from the 2006 New Zealand census, and from 

projected population data for the Auckland region (www.stats.govt.nz).  

 

Demographic information about each patient was extracted from our hospital 

information database, including age; gender; ethnicity; length of stay (days); 
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requirement for operative procedure; cost of stay, and primary discharge diagnosis 

based on ICD-CM-10 discharge codes. We used the NZ deprivation index (NZDep) to 

assign socioeconomic status to each patient.  The NZDep score is an area-based 

measure of deprivation derived from census data, and is based on the following 

variables of deprivation: household income, household ownership, household 

occupancy, employment and education levels, access to independent transportation and 

access to telecommunications.  It expressed as a score between one and ten, a score of 

ten representing the most deprived neighbourhoods [91]. 

 

Antimicrobial susceptibility testing of S. aureus isolates was performed by agar 

dilution, according to Clinical and Laboratory Standards Institute recommendations 

[89]. In keeping with other studies, an MRSA isolate was considered non-multidrug-

resistant if it displayed phenotypic resistance to < 3 classes of non-β-lactam 

antimicrobials [21].  

 

Statistical analysis was performed using SAS software (Version 9.2) and a two-tailed P 

value of < 0.05 was considered significant. The Northern X Regional Ethics Committee, 

New Zealand, granted ethical approval for this study.  
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4.3. RESULTS 

A total of 1860 children had a S. aureus culture specimen taken within 48 hours of 

hospital admission from a non-sterile site plus a principal discharge diagnosis consistent 

with a SSTI (Table 12). The average annual incidence of children presenting to our 

hospital with S. aureus SSTI was 522 per 100,000 population.  Using a regression 

model, the incidence of S. aureus SSTI increased significantly over the study period 

from 422 to 612 per 100,000 population. (P = 0.03) (Figure 12). The highest incidence 

of S. aureus SSTI occurred among Māori and Pacific children and was 1488 and 1215 

per 100,000 population, respectively (Figure 12). Furthermore, when stratified by 

NZDep score, the highest incidence of S. aureus SSTI occurred in children residing in 

the most socioeconomically deprived neighbourhoods (Figure 12).  

 

Overall, 244/1860 (13%) of paediatric SSTIs were caused by MRSA strains.  All of the 

244 CA-MRSA isolates were non-multidrug-resistant (Table 13). The incidence of 

MRSA SSTI did not increase significantly over the study period (P = 0.62). 

Consequently, the percentage contribution of MRSA to SSTI actually decreased. There 

was a significant association between ethnicity and CA-MRSA SSTI (P < 0.001) (Table 

12). Of note, children of Pacific Island ethnicity were almost three times more likely to 

have a CA-MRSA SSTI than European children (Table 12). In addition, CA-MRSA 

infection was more common in those children residing in lower socioeconomic areas 

(OR 2.3, 95% CI 1.3 – 3.8). When ethnicity and socioeconomic status were analysed 

together in a logistic regression model, ethnicity remained an independent risk factor for 

CA-MRSA SSTI (P = 0.008).  
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Figure 12 - Incidence of Staphylococcus aureus skin and soft tissue infection 

hospitalizations in Auckland children by year and by (A) Ethnicity and (B) NZDep 

score.  
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Table 12 - Demographic characteristics of children hospitalized with community-

onset Staphylococcus aureus skin and soft tissue infection, Auckland, New Zealand, 

2007 – 2010  

 

 

Characteristic 

 

All children with 

S. aureus SSTI 

(n=1860) 

Comparison between children with CA-MSSA 

and CA-MRSA SSTI 

 

MSSA 

(n=1616) 

 

MRSA 

(n=244) 

 

P 

value a 

 

OR 

(95 % CI) 

Age, years 

  Mean ± SD 

  Median (IQR) 

 

 

4.9 ± 4.1 

4.0 (1.4 – 8.1) 

 

5.0 ± 4.1 

4.1 (1.4 – 8.2) 

 

4.9 ± 4.1 

3.4 (1.2 – 8.1) 

 

 

0.12 

0.76 b 

 

 

- 

Sex  

  Female   

  Male 

 

 

877 (47) 

983 (53) 

 

762 (87) 

854 (87) 

 

115 (13) 

129 (13) 

 

1.0 

 

Reference 

1.0 

Ethnicity  

  European 

  Māori 

  Pacific Island 

  Other 

 

330 (18) 

517 (28) 

832 (45) 

181 (9) 

 

309 (94) 

447 (86) 

706 (84) 

154 (85) 

 

21 (6) 

70 (14) 

136 (16) 

17 (15) 

 

<0.001 

 

 

Reference 

2.2 (1.4 – 3.8) 

2.8 (1.8 – 4.6) 

1.6 (0.8 – 3.2) 

NZDep score 

  1-3 (low deprivation) 

  4-7 (medium 
deprivation) 

  8-10 (high deprivation) 

 

234 (12) 

480 (26) 

1146 (62) 

 

218 (93) 

413 (86) 

985 (85) 

 

16 (7) 

67 (14) 

161 (15) 

 

<0.001 

 

Reference 

2.2 (1.3 – 3.9) 

2.3 (1.3 – 3.8) 

 

Length of stay, days 

  Mean ± SD 

  Median (IQR) 

 

 

2.3 ± 2.1 

2.0 (1.0 – 3.0) 

 

2.2 ± 1.9 

2.0 (1.0 – 3.0) 

 

2.4 ± 3.1 

2.0 (1.0 – 3.0) 

 

0.28 

1.0 b 

 

- 

Requirement for operative 
procedure  

1359 (73) 1174 (86) 185 (14) 0.32 - 

Cost of stay, NZ dollars 

  Mean ± SD 

  Median (IQR) 

   

 

 

3372 ± 4778 

2723 (2060 – 3706) 

 

 

3300 ± 3891 

2720 (2057-3712) 

 

 

3846 ± 8588 

2767 (2081 – 3733) 

 

 

0.764 

0.64 b 

 

- 
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Note: Data are number (%) of patients unless stated otherwise.  

Abbreviations: OR, odds ratio; CI, confidence interval; NZDep, New Zealand 

Deprivation Index score; IQR, interquartile range; CA-MRSA, community-associated 

methicillin-resistant Staphylococcus aureus, CA-MRSA, community-associated 

methicillin-susceptible Staphylococcus aureus; SSTI, skin and soft tissue infection. 

a Comparisons between CA-MSSA and CA-MRSA SSTI performed using t test or χ2 

test, except where stated. 

b Mann Whitney U test 
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Table 13 - Antimicrobial susceptibilities of Staphylococcus aureus isolates from 

community-onset skin and soft tissue infections in Auckland children 

 

 

Antibiotic 

Number of resistant strains / number of strains tested 

(% resistant) 

MSSA 

 

MRSA 

Amikacin 0/1616 (0) 0/244 (0) 

Ciprofloxacin 4/104 (4) 31/244 (9) 

Clindamycin 1/5 a- 15/227 (7) 

Doxycycline 4/1616 (2) 0/244 (0) 

Erythromycin 131/1616 (8) 39/242 (16) 

Fusidic acid 13/51 (25) 52/233 (22) 

Gentamicin 12/1616 (7) 3/244 (1) 

Mupirocin 3/15 a 30/231 (13) 

Penicillin 1513/1615 (94) - 

Oxacillin 0/1616 (0) - 

Rifampicin 0/4 (0) 0/230 (0) 

TMP-SMX 4/1614 (2) 0/244 (0) 

Vancomycin 0/1616 (0) 0/244 (0) 
 

Note: Percentage value only given if number of strains tested > 100.  Antimicrobials 

that displayed intermediate susceptibility were classified as resistant.  

Abbreviations: TMP-SMX; trimethoprim-sulfamethoxazole; MSSA, methicillin 

susceptible Staphylococcus aureus; MRSA, methicillin-resistant Staphylococcus 

aureus. 
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4.4. DISCUSSION 

Our findings highlight the marked sociodemographic variation in the epidemiology of S. 

aureus SSTI in New Zealand children.  The overall incidence of hospitalization for S. 

aureus SSTI (522 per 100,000 population) was higher than that reported in other 

developed countries [78, 100] and the incidence in Māori and Pacific Island children 

(1488 and 1215 per 100,000 population, respectively) is the highest published incidence 

of S. aureus SSTI in any country to date. Our findings have important implications for 

several reasons.  

 

First, the identification of specific demographic groups in which S. aureus SSTI is 

highly prevalent may allow targeted community-level interventions designed to prevent 

disease or facilitate early effective treatment. Sociodemographic disparities in S. aureus 

disease have been described in other distinct ethnic groups, including Aboriginal 

Australians, African-Americans and Native Americans [101, 102].  It is likely that the 

strikingly high incidence of S. aureus SSTI in Māori and Pacific Island children is 

multifactorial, with a variety of socioeconomic and cultural factors contributing to 

disease burden. For example, children of Pacific Island ethnicity are exposed to 

particularly high levels of household crowding when compared to other population 

groups in New Zealand [103]. Interestingly, even after adjusting for socioeconomic 

status, we found that ethnicity was an independent risk factor for CA-MRSA infection. 

The reasons for this association are unclear, but may reflect possible amplification and 

ensuing spread of transmissible CA-MRSA strains in settings of domestic crowding, as 

has been suggested for other indigenous sociocultural groups [102].  
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Second, we also demonstrated a significant morbidity and economic burden associated 

with S. aureus SSTI in our paediatric population.   Approximately three-quarters of 

children presenting with S. aureus SSTI required incision and drainage of their 

infection. Previous studies have demonstrated that the same populations 

disproportionately affected by S. aureus SSTI, namely Māori and Pacific Island 

children, experience greater difficulties in accessing healthcare compared to other 

groups in New Zealand [103, 104]. In addition, a study in our setting showed a high 

prevalence of lukSF-PV genes in MSSA strains, most frequently isolated from younger 

Māori and Pacific patients presenting with SSTI [66]. Moreover, a recent meta-analysis 

found that SSTI caused by S. aureus strains with lukSF-PV genes were more likely to be 

treated surgically than strains without lukSF-PV genes [105]. It is therefore possible that 

the high rates of operative procedures in children presenting to our hospital may reflect 

a combination of advanced disease presentation and / or infection with S. aureus strains 

with a higher prevalence of lukSF-PV genes. We also observed a significant increase in 

the overall incidence of S. aureus SSTI over the study period, although the reasons for 

this are unclear.  However, a recent study observed an increasing incidence of all close 

contact infectious diseases in New Zealand, and suggested that a combination of 

sociocultural factors, including widening economic disparities between ethnic groups, 

may be responsible for this increase [79].  

 

Finally, we found that, in our region, the burden of S. aureus SSTI was predominantly 

due to CA-MSSA infection, rather than CA-MRSA. This finding is in contrast to other 

geographic settings, particularly North America, where the epidemiology of 

community-associated S. aureus infection has changed dramatically over the past 

decade, such that CA-MRSA strains are now responsible for the majority of paediatric 

SSTI [101]. Therefore, in our setting, an anti-staphylococcal β-lactam agent should still 
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be considered a reasonable choice of empiric antimicrobial therapy for the majority of 

paediatric SSTI, although incision and drainage remains the primary therapy for 

uncomplicated abscesses [106]. However, in some population groups with higher rates 

of CA-MRSA, most notably Pacific Island children, consideration should be given to an 

alternative or adjunctive empiric agent, particularly in severe S. aureus-related clinical 

syndromes. 

 

There were several limitations with our study.  In particular, the retrospective nature of 

analysis limited the amount of detailed demographic data we could collect. Further 

studies should evaluate a range of epidemiological risk factors for S. aureus SSTI, 

including those specifically relating to measures of household crowding and the 

domestic environment. Finally, our method of case ascertainment only detected those 

children presenting to hospital with a S. aureus SSTI; it is likely that the true incidence 

of S. aureus SSTI in our setting is considerably higher. 
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4.5. ADDITIONAL INFORMATION 

4.5.1. Significance and context 

This study represented the first study in New Zealand to systematically determine the 

trends of the incidence of S. aureus SSTI in a paediatric population.  Moreover, to date, 

there are very few studies from other settings that have attempted to measure the 

incidence of paediatric S. aureus SSTI. The majority of other studies describing the 

epidemiology of paediatric S. aureus SSTI are from the United States – this is likely due 

to the epidemic of USA300 CA-MRSA SSTI over the past two decades. Table 14 below 

provides an overview of the most comparable studies measuring the incidence of S. 

aureus SSTI in other paediatric populations. In all studies, the incidence of S. aureus 

SSTI increased significantly over the study periods – a similar finding to the results 

described in this chapter. One of the key observations from the study presented in this 

thesis was the dramatically high incidence of S. aureus SSTI in Māori and Pacific 

children.  Although methodologies differ between studies, the reported incidence in 

Māori and Pacific children (1488 and 1215 per 100,000 population, respectively) is, to 

date, still far higher than the published incidence from other developed countries. 

 

In addition to the substantial clinical burden of disease, paediatric S. aureus SSTI also 

has a considerable economic burden in our setting.  During the four-year period from 

2007 to 2010, the total cost of 1,860 hospitalisations for community-onset S. aureus 

SSTI in residents of Auckland District Health Board was $6,272,814 - an average of 

$1,568,203 per year.  Notably, this figure relates only to the direct hospital costs of 

these infections – i.e. the cost associated with each inpatient admission.  These costs do 

not include the indirect economic and societal costs associated with each infection (for 

example, time taken off work by parents; school absenteeism; travel and parking  
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Table 14 - Comparable population-based studies of paediatric S. aureus SSTI, 

relevant to this thesis. 

 

Study Brief description of study Reported incidence 
of S. aureus SSTI in 
children 

Geographic 
region 

Suaya 
et al.,  

2014 
[110] 

Data source: ICD-9 coding data derived from the Healthcare Cost 
and Utilization Project (HCUP) Nationwide Inpatient Sample 

(NIS) of the Agency for Healthcare Research and Quality (the largest 
U.S. database of inpatient stays representing approximately 20% of 
all-payer discharges occurring in U.S.A. community hospitals 
annually). 

Incidence calculation: Population incidence of S. aureus SSTI during 
2001-2009, stratified by age (children classified as ≤17 years) 

Additional findings relevant to this thesis: 

1. Significant increase in S. aureus SSTI over the study period 

2001: 250 per 
100,000 population 

2009: 327 per 
100,000 population 

United 
States 
(nationwide) 

Frei at 
al.,  

2010 
[100] 

Data source: ICD-9 coding data derived from the National Hospital 
Discharge Survey (provides annual information to the public on 
characteristics of patients discharged from nonfederal, short-stay 
hospitals in the United States (excluding federal, military, and 
Department of Veteran Affairs hospitals). 

Incidence calculation: Paediatric (defined as ≤ 19 years) population 
incidence of S. aureus SSTI between 1996-2006. 

Additional findings relevant to this thesis: 

1. Significant increase in S. aureus SSTI over the study period 

2.  Children with MRSA SSTI more likely to be white than black (OR, 
4.64; 95% CI, 4.41–4.88) 

 

Average annual 
incidence of 69.9 
hospital discharges 
for SSTI per 100,000 
population, with S. 
aureus concurrently 
coded in 19.6% of 
cases. 

United 
States 
(nationwide) 

Gerber 
et al.,  

2008 
[111] 

Data source: ICD-9 coding data derived from the Paediatric Health 
Information System (an administrative database managed by the Child 
Health Corporation of America, which contains inpatient data from 
more than 40 US children’s hospitals. 

Incidence calculation: Incidence of S. aureus SSTI per 1,000 hospital 
admissions (not discharges) in children (defined as <18 years of age) 
in 2002 and 2007 

Additional findings relevant to this thesis: 

1. Children with MRSA infection more likely to be black than white 
(29% vs. 22%; OR, 1.45; 95% CI, 1.39–1.50). 

2.  No significant difference in median age or sex of children with 
MRSA and MSSA infections 

3. No significant difference in median length of hospital stay between 
children with MRSA and MSSA infections 

2002: Incidence of S. 
aureus SSTI 5.9 per 
1000 hospital 
admissions 

2007: Incidence of S. 
aureus SSTI 15.9 per 
1,000 hospital 
admissions 

United 
States 
(nationwide) 
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expenses, etc.).  It is highly probable therefore, that the actual economic cost of these 

infections to our society is considerably higher. Furthermore, these costs represent only 

those hospitalisations occurring in residents of Auckland District Health Board, whose 

catchment contained only 8.8% of the New Zealand paediatric (<15 year old) 

population, as measured in the 2006 census (www.stats.govt.nz). 

 

Another notable finding from this study was the high prevalence of fusidic acid 

resistance, both in MSSA (25%) and MRSA (22%).  However, an important caveat to 

this observation is that primary susceptibility testing for all S. aureus against topical 

antibiotics such as mupirocin and fusidic acid may not be routine in many diagnostic 

microbiology laboratories, and was not routine for MSSA isolates in the testing 

laboratory used for this study (Department of Clinical Microbiology, LabPlus, 

Auckland District Health Board).  This means that reported susceptibility results for 

MSSA in this study may be biased by selective inclusion of isolates that were identified 

as having unusual patterns of resistance, or were from patients who had failed to 

respond to treatment with other antimicrobial agents.  However, unlike MSSA, ‘first-

line’ susceptibility testing of MRSA routinely included fusidic acid testing during the 

period of this study, and the reported susceptibility rate of 23% is likely to approximate 

the true community prevalence of fusidic acid resistance in MRSA isolates. The fusidic 

acid resistance rate of 23% in this study is considerably higher than contemporaneous 

fusidic acid resistance rates from similar developed countries.  For example, in a study 

performed during 2007-2008, Castanheira et al. reported a fusidic acid resistance rate in 

S. aureus of only 7% in Australia, and only 0.3% in the United States [107, 108]. 

 

Importantly, a previous study of antimicrobial resistance in S. aureus in New Zealand 

also demonstrated a high rate of fusidic acid resistance [109]. These authors found that 
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fusidic acid resistance in S. aureus increased from 2.4% in 1982 to 17% in 1999.  In 

addition, they also observed an alarmingly high rate (28%) of mupirocin resistance, and 

commented that: ‘the high prevalence of mupirocin and fusidic acid resistance is of 

concern as mupirocin is an important topical antibiotic for the eradication of MRSA 

and renewed interest has been shown in the use of fusidic acid for treating MRSA.’ 

 

To date however, there has been no work exploring the underlying causes, mechanisms 

and consequences of the high rate of fusidic acid resistance in S. aureus in New 

Zealand.  These topics will be investigated further in Part C of this thesis. 
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PART A: SUMMARY OF KEY FINDINGS 

In Part A of this thesis, I have attempted to systematically describe the epidemiology of 

S. aureus disease in New Zealand, utilising a combination of nationally collected and 

curated hospital discharge data, combined, where possible, with laboratory data on S. 

aureus infections. 

 

The most important key findings from this collection of work are: 

• There has been a significant increase in the incidence of S. aureus SSTI in New 

Zealand over the past decade 

• In Auckland, this increase has been driven by an increase in community-onset 

MSSA infections 

• The highest burden of S. aureus SSTI, both in Auckland and in the rest of New 

Zealand, is in Māori and Pacific children 

• The rates of resistance to those topical antibiotics commonly used to treat S. 

aureus (fusidic acid and mupirocin) are higher in New Zealand than in similar 

developed countries. 

 

The following sections of this thesis will explore the possible reasons for the high rates 

of S. aureus SSTI in Māori and Pacific children, and will describe the impact of the 

increasing rates of skin infections on both antimicrobial prescribing and antimicrobial 

resistance, specifically in relation to topical antibiotics.
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PART B: UNDERSTANDING THE CAUSES OF 

STAPHYLOCOCCUS AUREUS INFECTIONS IN NEW 

ZEALAND 

BACKGROUND AND DETERMINANTS OF SKIN INFECTIONS 

Part A of this thesis described the incidence, trends and demographics of S. aureus 

disease in New Zealand.  One of the key findings of this work was the dramatically high 

incidence of S. aureus SSTI in Māori and Pacific children. The reasons for this marked 

disparity are unknown, but this finding is consistent with the observation that Māori and 

Pacific Peoples generally have higher rates of close-contact infectious diseases than 

other ethnic groups in New Zealand [79].  It is highly likely that a combination of host, 

environmental, societal and microbiological factors contribute to the high burden of S. 

aureus SSTI in Māori and Pacific children.   

 

Although there are no published case-control studies examining risk factors specifically 

for paediatric S. aureus SSTI, evidence from case series, both in New Zealand and 

overseas, suggest that important determinants of skin infections in Māori and Pacific 

children include those discussed below. 

 

Socioeconomic factors 

Work presented in Part A of this thesis demonstrated a correlation between higher rates 

of socioeconomic deprivation and S. aureus SSTI.  Some factors that may contribute to 

this relationship include: 

• The ability to access timely and affordable medical care that may assist in the 

prevention and earlier treatment of skin infections. Possible barriers to accessing 
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medical care include: transport (e.g. lack of a car, cost of fuel); language; 

primary care fees and prescription costs. 

• The ability to afford utilities related to personal cleaning and hygiene, such as 

hot water and laundry facilities. 

• The ability to afford basic first-aid supplies (e.g. disinfectant solution; band 

aids) that may prevent subsequent infection 

• Living in overcrowded houses, which may facilitate transmission of S. aureus 

between family members.  

 

Environmental factors 

In New Zealand, there is evidence of seasonality in SSTI, with the incidence of skin 

infections higher in the summer and autumn months [13]. The increased temperature 

and humidity in the summer months may lead to: 

• Conditions that facilitate increased breeding of biting insects 

• Increased skin exposure and outdoor play, leading to skin abrasions and wounds. 

Such skin damage may, in turn, allow bacterial entry into damaged tissue and 

subsequent infection. 

 

Health literacy 

Health literacy is defined as ‘the degree to which individuals have the capacity to 

obtain, process, and understand basic health information and services needed to make 

appropriate health decisions.’ To date, there is little published data on the role of health 

literacy in the prevention and management of S. aureus skin infections in children, both 

in New Zealand and elsewhere.  However, a qualitative report on health literacy and 

skin infections, prepared for the New Zealand Ministry of Health in 2013 
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(http://www.healthliteracy.org.nz/wp-content/uploads/2013/11/Report-skin-

infections.pdf), found that some of the major health literacy barriers for parents and 

caregivers included: 

• Difficulty in communicating with healthcare providers, and inconsistent advice 

from primary care practitioners. 

• Difficulty in reading information materials, and ‘information overload’ 

 

Microorganism factors 

To date, the contribution of bacterial traits (such as antimicrobial resistance and 

virulence determinants) to the high rates of S. aureus skin infections in Māori and 

Pacific children, has not been specifically studied.  There are a number of potential 

mechanisms by which these traits may contribute to a high incidence of skin infections. 

• Although antimicrobial resistance in S. aureus isolates per se does not contribute 

to increased bacterial virulence, it is possible that high levels of bacterial 

resistance to common antibiotics may lead to treatment failure and progression 

of disease.  Moreover, increased circulation of resistant S. aureus clones in the 

community may lead to higher population rates of colonisation with such clones.  

Work presented in Part A of this thesis demonstrated that two potentially 

important resistance phenotypes in S. aureus isolates from childhood skin 

infections were: (i) methicillin resistance, and (ii) resistance to topical antibiotics 

used for the treatment of impetigo, such as fusidic acid and mupirocin.   

• S. aureus produces a range of virulence factors involved in adhesion, invasion 

and immune evasion. In particular, the Panton–Valentine leucocidin toxin (PVL) 

has been extensively studied regarding its role in disease pathogenesis and 

severity. A recent meta-analysis demonstrated that the presence of the lukF-PV 

and lukS-PV genes encoding PVL was strongly associated with SSTI, and that 
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‘PVL-positive’ S. aureus SSTI were more likely to be treated surgically than 

‘PVL-negative’ infections [105].  This is consistent with a previous New 

Zealand study from 2008 that assessed the prevalence of the lukF-PV and lukS-

PV genes in MSSA isolates from Auckland [66].  This study found that ‘PVL-

positive’ infections were strongly associated with several factors, namely age 

<19 years, Pacific ethnicity, community-onset SSTI, and requirement for 

surgical intervention.  To date however, there are no other studies specifically 

examining virulence determinants in S. aureus SSTI isolates from Māori and 

Pacific children. 

 

Prevalence of colonisation 

Previous studies have demonstrated an association between colonisation with S. aureus 

and subsequent nosocomial infections, including bacteraemia and post-operative wound 

infection [112-114]. In addition, one previous US study suggested an association 

between nasal carriage of MRSA (although not MSSA) and increased risk of 

subsequent community-onset SSTI in children [115]. Although methodologies and 

study populations differ, the prevalence of colonisation in the anterior nares is generally 

between 20%-40% of the healthy population [116].  However, recent studies have 

highlighted the significance of colonisation at other anatomical sites, such as the axillae, 

perineum, oropharynx and intestine.  In particular, the oropharynx has been suggested 

as an important reservoir for S. aureus colonisation in healthy individuals, and in one 

study, oropharyngeal colonisation with MRSA was found to be associated with failure 

to eradicate MRSA colonisation [117]. To date however, there are no studies assessing 

the prevalence and sites of S. aureus colonisation in Māori and Pacific children. It is 

possible that higher rates of colonisation in these demographic groups may contribute to 
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high rates of S. aureus SSTI, and importantly, decolonisation of S. aureus from carriage 

sites in these children may be a potentially modifiable risk factor for S. aureus SSTI.  

 

In this context, Part B of this thesis will examine some of the microorganism factors 

that may contribute to the high rates of S. aureus SSTI in New Zealand, with a specific 

focus on the demographic group that has the highest burden of disease – namely Māori 

and Pacific Peoples. 

 

As the epidemiology of S. aureus has changed, so too have diagnostic and typing 

methods, with a considerable shift away from phenotypic characterisation, towards 

rapid molecular diagnosis and detailed genotypic analysis. In Parts B and C of this 

thesis, several molecular methods are used to further characterise the strains of S. 

aureus in New Zealand.  As such, the first Chapter in Part B provides an overview of 

current molecular methods used in the diagnosis and typing of S. aureus.  
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5. CHAPTER 5: CONTEMPORARY GENOMIC APPROACHES IN THE 

DIAGNOSIS AND TYPING OF STAPHYLOCOCCUS AUREUS  

5.1. INTRODUCTION 

Staphylococcus aureus is a major human pathogen, causing considerable global 

morbidity and mortality [1]. Infections caused by S. aureus range from non-invasive 

disease such as skin and soft tissue infection, to severe conditions such as osteomyelitis, 

endocarditis and sepsis [7]. In addition, S. aureus is a frequent coloniser, found in 

approximately 20-30% of human populations without causing clinical disease [118]. A 

number of factors contribute to the success of S. aureus as both a commensal and a 

pathogen. These include an array of virulence determinants, as well as the capacity to 

successfully acquire numerous antimicrobial resistance determinants [119-121].  

 

The first methicillin-resistant S. aureus (MRSA) strains were reported in the early 

1960s [122], only a few months after the introduction of this antimicrobial for human 

use.  In the 1980s and early 1990s, MRSA emerged as a major problem in healthcare 

facilities, largely due to the spread of epidemic clones of healthcare-associated MRSA 

(HA-MRSA) such as EMRSA-15 and EMRSA-16 [123]. However, since the mid-late 

1990s, the clinical and molecular epidemiology of S. aureus disease has changed 

considerably, both in Australasia and beyond [1, 124]. In particular, the emergence of 

community-associated MRSA (CA-MRSA) infections in young patients with no 

preceding healthcare contact, and the epidemic spread of CA-MRSA clones have 

changed the landscape of S. aureus disease in the 21st Century [125]. Moreover, 

advances in molecular methodology, particularly in molecular typing methods, have led 

to novel insights into the transmission and spread of S. aureus in both community and 

healthcare settings.   
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In this context, the purpose of this review is to provide an overview of key advances in 

the molecular diagnosis and typing of S. aureus, with a particular focus on the clinical 

impact and utility of genomic technologies. 

 

 
5.2. RAPID MOLECULAR DETECTION OF S. AUREUS FROM CLINICAL 

SPECIMENS 

At present, the cornerstone of microbiological diagnosis of S. aureus infection remains 

the growth of S. aureus from clinical specimens.  However, there are notable limitations 

with standard phenotypic methods, particularly relating to turnaround time (TAT) for 

conventional culture and antimicrobial susceptibility testing (AST). Over the past 

decade, a number of rapid molecular tests have been developed. These are generally 

based on identification of a S. aureus species-specific marker, with or without detection 

of mecA, the gene responsible for production of the atypical penicillin-binding protein 

(PBP2a) that confers methicillin resistance in staphylococcal species [126-128]. To 

date, the two most common clinical situations where these tests have been employed 

are: (i) in the rapid speciation and mecA profiling of S. aureus from blood cultures, and 

(ii) screening for the presence of S. aureus, particularly MRSA, in the context of 

infection prevention and control.  

 

5.2.1. Rapid detection of S. aureus from blood cultures 

S. aureus is one of the most common causes of bloodstream infections, in both hospital 

and community settings [129]. Despite advances in modern healthcare, S. aureus 

bacteraemia (SAB) is still associated with considerable mortality, with one prospective 

Australasian study from 2009 describing a 30-day all-cause mortality rate of 

approximately 20% [31]. Several studies have highlighted the detrimental effects of 
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inappropriate or delayed empiric antimicrobial therapy on clinical outcomes of SAB [5]. 

For example, a recent meta-analysis assessed 510 episodes of MRSA bloodstream 

infection, and found that the 30-day all-cause mortality was significantly higher in 

patients receiving inappropriate empiric therapy compared to patients receiving 

appropriate treatment (49.1% vs. 33.3%; P < 0.001) [96]. Similarly, a study of hospital-

onset SAB found that delayed antimicrobial treatment was an independent predictor of 

SAB-related death [OR, 3.8; 95% confidence interval (CI), 1.3–11.0], with MRSA 

infection the most significant factor associated with delayed appropriate therapy [OR, 

8.3; 95% CI, 2.6–16.8] [130]. In theory, rapid differentiation of S. aureus from other 

staphylococcal species, along with antimicrobial resistance profiling, should allow early 

and definitive antimicrobial treatment to be instituted. 

 

In the past, conventional diagnosis of SAB involved growth of bacteria in blood culture 

media, followed by presumptive identification of gram-positive cocci (GPC) in clusters, 

and then plating onto solid media for identification and susceptibility testing.  

Depending on workflow within individual settings, this process could take between 48 

and 72 hours. In some laboratories, the use of chromogenic agar had decreased the TAT 

for rapid speciation and detection of MRSA, although this approach still required 

prolonged incubation [131, 132]. The advent of matrix-assisted laser desorption 

ionization-time-of-flight (MALD-TOF) mass spectrometry in clinical laboratories has 

greatly reduced the time to definitive identification of bacteria from screening swabs or 

from critical clinical specimens including as blood cultures. Methods such as pellet 

purification, lysis centrifugation and rapid subculture followed by MALDI-TOF mass 

spectrometry can provide final identification in from one to six hours for the time of 

blood culture growth detection [133-135]. Any rapid molecular methods must now be 

considered with this improved benchmark in mind. 
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A number of molecular platforms have been developed to facilitate the rapid diagnosis 

of SAB; these tests generally involve detection of S. aureus from blood culture bottles, 

or less commonly, detection of S. aureus directly from blood taken from a patient with 

clinical signs of sepsis [126, 128].  

 

The most commonly utilised molecular tests in the rapid diagnosis of SAB are those 

employed when a blood culture bottle is found to contain GPC resembling 

staphylococci [127]. An aliquot of the blood culture broth is used for subsequent 

molecular testing, generally using PCR amplification, followed by a number of 

detection methods (e.g. fluorescent probes for real-time detection; microarray 

hybridisation).  PCR-based assays, such as the Cepheid Xpert™ MRSA/SA Blood 

Culture assay [136] and the BD GeneOhm StaphSR assay [137, 138], are commonly 

used molecular tests for direct detection of S. aureus from blood cultures. When 

compared to conventional culture methods, both assays have high reported rates of 

sensitivity and specificity for identification of MSSA and MRSA, with a manufacturers 

report suggesting sensitivity and specificities of 98.8-100% and 97.2-100%, 

respectively, for the BD GeneOhm StaphSR assay [127], with similar high reported 

rates of sensitivity and specificity for the Cepheid Xpert™ MRSA/SA assay [136, 139, 

140] 

 

In order to differentiate between S. aureus and other staphylococcal species, primers for 

a S. aureus species-specific marker are generally incorporated into molecular assays. 

The most common S. aureus species markers used to date are the staphylococcal protein 

A (spa) gene or the staphylococcal nuclease (nuc) gene. Rapid detection of methicillin 

resistance is performed by detection of the mecA gene, although there is potential for 
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false detection of MRSA in mixed specimens containing mecA-harbouring methicillin-

resistant coagulase-negative staphylococci (CoNS) and MSSA [136, 141]. In order to 

overcome this, most molecular assays also contain primers targeting the region between 

the mecA-containing staphylococcal chromosomal cassette (SCCmec), and orfX gene, a 

gene unique to S. aureus, where SCCmec inserts into the S. aureus chromosome. In 

some S. aureus strains, there may be an SCC element that lacks the mecA gene - so 

called ‘empty cassette variants’ [136]. For example, MSSA476 contains a 23kb SCC 

element (SCC476) that carries a fusidic acid resistance determinant, but does not contain 

mecA [142]. In assays that only target a S. aureus species marker and the orfX-SCCmec 

junction, these ‘empty cassette variants’ may be reported as MRSA, although 

phenotypically and genotypically are actually methicillin-susceptible [137]. Such false-

positive results may lead to inappropriate antimicrobial treatment, or unnecessary 

isolation of patients.  Moreover, one Australian study highlighted the potential for false 

negative MRSA results due to genetic variation in the junctional orfX-SCCmec target of 

the SCCmec region [143].  

 

In addition to PCR-based molecular assays, the Verigene Gram-positive blood culture 

(BC-GP) test is an automated microarray-based platform that can identify several gram-

positive bacteria, including S. aureus and major CoNS from positive blood culture 

bottles [144, 145]. In this assay, there are also targets for several common resistance 

genes found in gram-positive pathogens, including mecA.  A recent study described a 

sensitivity and specificity of 100% and 100% for identifying S. aureus, and 100% and 

100% for identifying S. epidermidis, respectively, when compared to conventional 

laboratory methods, and a sensitivity and specificity of 100% and 100% respectively, 

for detection of the mecA gene [146]. 
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Compared to studies describing laboratory performance, there are fewer studies 

describing the clinical and economic impact of rapid molecular assays in patients with 

SAB.  One prospective Australian study assessed the impact of using the GeneXpert 

MRSA/SA BC test on antimicrobial prescribing in 151 patients with gram-positive 

cocci detected in blood cultures [147]. These authors found that rapid detection of 

MRSA by the GeneXpert MRSA/SA allowed appropriate institution of vancomycin 

therapy in 54% of patients, and cessation of inappropriate antibiotics in 16% of patients 

with bacteraemia due to CoNS [147]. In a similar study, Parta et al. also found that the 

use of the GeneXpert MRSA/SA BC significantly reduced the use of antimicrobial 

therapy in patients with CoNS bacteraemia compared to patients who had their SAB 

diagnosed using traditional methods (76% vs. 55%; P < 0.01) [139]. In addition, a 

recent study by Frye et al., found that the time to identification of MSSA, MRSA and 

CoNS in positive blood cultures was significantly reduced using rapid molecular testing 

compared to conventional methods (47.3 hours pre-implementation vs. 34.1 hours post-

implementation; P < 0.0001), even when molecular testing was batched and performed 

once or twice daily [148]. Notably however, this study found that use of rapid testing 

had no impact on clinical outcomes, including time to optimal antimicrobial therapy, 

length of hospital stay or mortality [148]. These authors suggested that introduction of 

rapid molecular testing alone would not improve clinical outcomes unless other factors 

were incorporated, including ‘on-demand’ molecular testing, active clinician 

notification of test results, and the inclusion of rapid test results into an existing 

antimicrobial stewardship program.  

 

Although molecular testing for the diagnosis of SAB potentially offers a faster TAT 

than conventional methods, there are a number of factors to consider prior to the routine 

implementation of such technology in clinical microbiology laboratories.  In particular, 
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pre-analytical factors such as the sterility of blood culture collection and the blood 

culture system used (e.g. charcoal vs. non-charcoal bottles) may impact on the result 

obtained [149]. In addition, integration into existing workflows is a potentially rate-

limiting step, as many laboratories may be unable to offer a ‘round the clock and on-

demand’ service, but instead may batch tests to be performed when convenient.  

Furthermore, the cost of implementation, training and maintenance of molecular 

systems may be prohibitive to many centres. Finally, current rapid molecular tests are 

generally unable to provide information on non-mecA mediated mechanisms of 

resistance, and do not provide information on S. aureus strain types.  As such, 

conventional culture is still required in addition to molecular testing for full 

antimicrobial susceptibility testing and epidemiological typing. 

 

5.2.2. Rapid screening for MRSA 

In theory, screening of those patients colonised with MRSA at hospital admission may 

facilitate appropriate infection prevention and control measures, and ultimately reduce 

hospital infections with MRSA.  The use of rapid molecular screening tests on nasal 

swabs may reduce the TAT of conventional screening to only a few hours, allowing for 

faster isolation of patients.  A number of molecular assays are available for detection of 

MRSA (+/- MSSA) in nasal swabs [127], which similar to assays described above, rely 

on detection of S. aureus species markers, and elements of the SCCmec complex.  As 

such, these screening assays also are subject to the same technical considerations around 

false positive and negative results, in addition to logistical issues around laboratory 

workflow and timely reporting of results.  

 

Moreover, in practice, there are generally a number of other interventions that 

accompany molecular testing, including decolonisation of nasal MRSA, isolation of 
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patients and institution of transmission-based precautions [150]. A detailed assessment 

of evidence for each of these measures is outside the scope of this review, and has been 

summarised in recent work by Kock et al [151]. These authors concluded that although 

rapid molecular screening tests for MRSA could significantly reduce the TAT for 

detection, this generally did not translate into a reduction in MRSA acquisition or 

infection [151]. Similarly, a previous meta-analysis also found that the use of rapid 

screening tests did not reduce the incidence of MRSA acquisition [OR 0.87, 95% CI, 

0.61–1.24] [151]. 

 
5.3. MOLECULAR TYPING METHODS FOR S. AUREUS 

For many years, classification and typing of bacterial species has relied on phenotypic 

traits displayed by bacteria, such as growth in the presence of a specific nutrient or 

antibiotic, or a distinct biochemical profile. Advances in molecular methodology over 

the past 30 years have transformed the way that infectious diseases are diagnosed and 

tracked. Molecular typing of organisms provides additional, complementary 

information to traditional epidemiological investigations, and has shed new insights on 

the evolution, emergence and transmission of many organisms, including S. aureus.  

However, molecular methods used to type S. aureus vary in their discriminatory power, 

reproducibility, cost and labour-intensiveness.  The following section provides a brief 

overview of the main molecular methods used to date in the typing of S. aureus. 

 

5.3.1. Pulsed field gel electrophoresis (PFGE) 

PFGE (also known as DNA macrorestriction typing) was the first commonly used 

molecular typing tool for S. aureus, and for many years has been considered the ‘gold 

standard’ of molecular typing methods [152]. This method is based on the digestion of 

S. aureus genomic DNA in an agarose plug using a restriction endonuclease (RE) 
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enzyme (typically SmaI). SmaI is a type 2 RE derived from Serratia marcescens, which 

recognizes and ‘cuts’ distinct sequences within S. aureus. However, certain strains of S. 

aureus, notably those belonging to livestock-associated CC398, are unable to be typed 

by SmaI, due to methylation-mediated blockage of the restriction site [153]. For typing 

of CC398 strains, a methylation-insensitive RE enzyme, Xmal is used instead [153].  

 

The large DNA fragments obtained by restriction digest are then separated by PFGE, 

and the resultant banding pattern can be compared with those obtained from other S. 

aureus isolates [154]. Differences in PFGE banding patterns arise when there are 

changes in DNA content, e.g. acquisition or loss of mobile genetic elements, 

recombination, or mutations that affect restriction sites.   Due to its highly 

discriminatory nature, the main utility of PFGE is as a local epidemiological tool for 

investigating outbreaks of disease, rather than for national or international molecular 

surveillance.  However, in several parts of the world, particularly North America, there 

have been significant attempts to standardise PFGE methodologies for S. aureus typing 

in order to facilitate comparisons between laboratories [155]. Over the past decade 

however, there has been a shift from PFGE as the ‘gold standard’ S. aureus typing 

methodology to multilocus sequence typing (MLST; see below).   In most cases, there is 

a correlation between PFGE banding pattern and MLST at the S. aureus clonal complex 

level [156, 157]. However, PFGE banding patterns may vary considerably within CC 

and STs, and this banding variation does not necessarily correlate with phylogenetic 

relatedness of isolates [158].  

 

5.3.2. Multilocus sequence typing (MLST) 

MLST is a DNA sequence-based technique for determining the molecular epidemiology 

and genetic relatedness of several organisms, including S. aureus.  It is an adaptation of 
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multilocus enzyme electrophoresis (MLEE), an older technique used to compare the 

electrophoretic mobilities of metabolic housekeeping enzymes. In MLST, the nucleotide 

sequences of fragments of seven metabolic housekeeping genes (ranging from 

approximately 400-500bp) are amplified by PCR and sequenced [159]. The DNA 

sequences at each of the seven loci (arcC, aroE, glp, gmk, pta, tpi, and yqi) are 

compared to known alleles at each locus.  Sequences are submitted to a central database 

(https://saureus.mlst.net), which generates an allelic profile of seven integers; this, in 

turn is used to designate the sequence type (ST).   As of 22nd October, 2014, the S. 

aureus MLST database contained 2,137 STs (based on 4,703 entries).   

 

MLST offers a number of advantages over PFGE as a molecular typing tool.  The 

unambiguity of DNA sequences allows high inter-laboratory reproducibility, and 

facilitates the comparison of a large number of STs [160]. In addition, the use of 

relatively stable housekeeping genes for sequence analysis has greatly enhanced 

understanding of the population genetics and evolutionary processes of S. aureus.  

MLST data has been used extensively to characterise the population structure of S. 

aureus, and these data have revealed that S. aureus is highly clonal, with a limited 

number of major CCs that predominate globally.  These CCs  (mainly CC1, 5, 8, 15, 22, 

30, 45, 59, 80, and 121) are frequently detected in published studies, although the 

reported frequency varies according to geographic origin, place of strain acquisition (i.e. 

hospital vs. community setting), and relative prevalence of MSSA vs. MRSA [160, 

161]. In particular, hospital-associated MRSA strains usually belong to one of five CCs 

(CC5, CC8, CC22, CC30, CC45), whereas community-associated MRSA strains are 

much more diverse in relation to their genetic lineage [1]. 

 

https://saureus.mlst.net/
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In addition to molecular classification, the sequence data generated by MLST also 

allows investigation of evolutionary divergence within S. aureus. One of the most 

commonly used methods used to analyse the phylogeny of S. aureus from MLST data is 

the based upon related sequence types (eBURST) algorithm, which groups together 

strains with similar allelic profiles. In the eBURST algorithm, a founding ST is 

predicted within each CC [162]. This ancestral ST is assumed to have reached 

dominance within the population due to a relative fitness advantage, and then gradually 

diversifies over time (by mutation and / or recombination) to give rise to descendants, 

which can differ at one, two or three loci (single locus variants, SLVs; double locus 

variants, DLVs or triple locus variants, TLVs) [162].  

 

Although MLST has greatly advanced our understanding of the S. aureus population 

structure, there are some drawbacks associated with this method.  Most notably, its 

broad classification into CCs and STs means that, in comparison to PFGE, it lacks the 

discriminatory power required to investigate local outbreaks, or to track the emergence 

and spread of new S. aureus clones [157, 163]. However, this lack of discriminatory 

power can be partially overcome by combination with a marker or markers from the 

variable genome. For example, the combination of MLST with  SCCmec has proven 

invaluable in describing the global spread of MRSA with or without the addition of 

information about other loci [164]. In addition, comparisons of local studies with the 

global MLST database may not always be valid, as this database tends to be used for ST 

assignment of novel strains, and thus contains an over-representation of rare STs.  

 

5.3.3. spa typing 

spa typing is a DNA sequence-based typing method which involves PCR amplification 

and sequencing of the polymorphic X region of the S. aureus protein A gene [164, 165]. 
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Protein A is a virulence factor and cell wall component that binds to the Fc fragment of 

immunoglobulin, thus preventing phagocytosis. The C-terminal region of the spa gene 

is highly polymorphic and contains a variable number of short 24 bp repeat units that 

are flanked by conserved regions [164]. Sequence variation in this polymorphic region 

can either be due to variation in the number of repeats, or variation within individual 

repeats. Each repeat is assigned a code (e.g. r01, r02 etc.), and the spa type is then 

deduced based on the sequence and order of the specific repeats (e.g. 

r26r23r17r34r17r20r17r12r17r16 = spa t002). There are several software programs that 

allow interpretation and quality control of spa sequences; the most widely used being 

the Ridom database (https://spa.ridom.de). The main advantages of spa typing as a 

molecular typing tool for S. aureus are the rapidity and reproducibility of results [166]. 

This has led to its widespread adoption in many reference laboratories, and studies have 

demonstrated that spa typing generally has higher discriminatory power than MLST, 

such that many spa types can belong to the same ST or CC.  In addition, there is 

generally good correlation of the spa type and MLST at the CC level [157]. However, 

spa typing is less discriminatory than PFGE, meaning that where a particular spa type is 

highly prevalent within a population, PFGE may be a more appropriate tool for local 

outbreak investigation [45]. Another drawback of this or other methods based on single 

loci is the possibility of misclassification due to recombination and /or homoplasy 

[167]. 

 

5.3.4. Microarray-based typing 

Another method used to type S. aureus is DNA microarray analysis.  In addition to 

providing information about the S. aureus strain type, additional information can be 

determined about the presence or absence of other relevant genes, such as those 

associated with antimicrobial resistance or virulence [61]. One commonly used DNA 

https://spa.ridom.de/
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microarray assay is the CLONDIAG S. aureus Genotyping kit (Alere Technologies) 

[168]. This assay utilises genomic S. aureus DNA, and employs a multiplex linear PCR 

assay, in which the resulting biotin-labelled amplicons are hybridised to target 

sequences in the S. aureus genome, corresponding to known genes and their allelic 

variants. This allows for: (i) broad classification of S. aureus into major CCs [169], (ii) 

classification of the SCCmec complex into distinct allotypes [170], and (iii) detection of 

genes associated with antimicrobial resistance, virulence and adhesion [61].  

 
 
5.3.5. Whole genome sequencing 

Advances in high-throughput and massively paralleled sequencing technology have led 

to new insights into the composition and structure of the S. aureus genome. The S. 

aureus genome is approximately 2.8Mb in size, and of this, approximately 2.3Mb 

comprises the ‘core’ genome, which is generally defined as those genes present in all 

analysed isolates. Collation and comparison of single nucleotide polymorphisms (SNPs) 

in the core genome is, to date, the most discriminatory method for typing and 

phylogenetic analysis of S. aureus strains. Detailed description of sequencing 

technologies and bioinformatic analysis is beyond the scope of this review, but 

overarching principles have been covered in several recent articles [171-175].  

 

WGS has been recently applied to the prevention, diagnosis and surveillance of S. 

aureus infections [172, 173]. Two of the most relevant applications of WGS to the 

clinical microbiology laboratory, are: (i) AST, and (ii) in the context of an outbreak 

setting. Recently, Gordon et al. used WGS data to perform in silico identification of 

known antimicrobial resistance genes in S. aureus [176]. Results were then compared 

with phenotypic susceptibilities to a range of common antimicrobials (determined using 

standard laboratory methods).  These authors found that the overall sensitivity and 
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specificity of in silico genotypic prediction of resistance were 97% (95% confidence 

interval [95% CI], 95% to 98%) and 99% (95% CI, 99% to 100%), with a rate of major 

and very major errors (0.7% and 0.5%, respectively) well within the US Food and Drug 

Administration limits (<3% and <1.5%, respectively) for marketing approval of 

susceptibility test methods for all drugs, except penicillin and clindamycin.  Moreover, 

recent work has demonstrated the feasibility of performing WGS directly from single 

bacterial colonies of several pathogens, including S. aureus, on primary isolation plates, 

rather than from purified DNA [177], thus bringing this technology even closer to the 

clinical laboratory.  However, there remain a number of important limitations in the 

application of this technology to routine AST. For example, in addition to pre-defined 

resistance mutations, it is likely that unidentified mutations (e.g. in promoter or 

regulatory regions) may also mediate resistance.  Furthermore, in silico resistance 

prediction does not account for gene expression levels, which may result in genotypic / 

phenotypic discordance. It is unlikely therefore, that WGS will totally replace 

phenotypic AST, but instead, will complement existing conventional methods. 

 

The other major clinical use of WGS is in detailed molecular tracking of hospital 

outbreaks, including those caused by S. aureus.  For example, Harris et al. used WGS 

data in the identification of an MRSA outbreak in a special care baby unit, and 

demonstrated a transmission link between two temporally distinct cases that would 

otherwise have been missed by conventional methods [178]. Other authors have 

similarly applied WGS to investigation of S. aureus outbreaks and have demonstrated 

transmission events that may not otherwise have been detected [179-181]. However, 

although WGS analysis has demonstrated utility in enhanced molecular surveillance, 

there are some significant barriers to overcome before this technology becomes routine 

in infection prevention and control workflow.  Most importantly, standardised 
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bioinformatic analysis and timely translation of sequence data into clinically relevant 

and interpretable information is still beyond the scope of most laboratories, although it 

is likely that software programs and data analysis will become increasingly ‘user-

friendly’ over the next few years. A number of issues still require detailed study to 

allow more robust interpretation of results in the clinical setting. These include the 

‘cloud’ of genetic variability seen in single patients, the evolution of genomic variability 

during an epidemic and the variable rate of mutation between staphylococcal strains 

[182].  

 

5.4. SUMMARY 

In summary, molecular testing has transformed the diagnosis, prevention, management 

and tracking of S. aureus disease.  Rapid testing for SAB can significantly reduce 

laboratory TAT, and potentially led to improved patient outcomes. However, rate-

limiting factors are not primarily technological, but relate more to issues around cost, 

laboratory workflow and how and when results are acted upon.  In addition, advances in 

molecular typing have provided enormous insights into the population genetics and 

transmission of S. aureus, and the advent of WGS promises a radical shift in the 

surveillance of S. aureus infections over the next decade.  
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5.5. ADDITIONAL INFORMATION  

5.5.1. Staphylococcal chromosomal cassette (SCC) mec typing 

One of the key factors behind the success of S. aureus as a pathogen is its ability to 

harbour numerous genes associated with virulence and antimicrobial resistance.  These 

genes (e.g. the PVL genes, or the mecA gene) may be found in different S. aureus clonal 

complexes, and are often encoded on mobile genetic elements (MGE), thus facilitating 

their transfer between S. aureus clones.  The staphylococcal cassette chromosome 

(SCC) is a distinct MGE that contains, amongst other genes, two key gene complexes 

[183, 184]:  

• The mec gene complex, which includes the mecA gene, and variably, a repressor 

gene (mecI) and a signal transducer gene (mecR1). 

• The ccr gene complex, encoding serine recombinases that mediate integration 

and excision of the SCCmec element [185] 

In addition to these gene complexes, the SCCmec element can also contain numerous 

genes and pseudogenes of unknown function, and may also contain genes associated 

with antimicrobial resistance [170]. A schematic of the basic structure of the SCCmec 

complex is shown in Figure 13. The regions outside of the ccr and mec genes vary in 

length and are designated the ‘J’ (joining) regions, and may contain insertion sequences, 

genes of unknown function and genes associated with antimicrobial resistance. 
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Figure 13 - Schematic diagram of the structure of the staphylococcal chromosomal 

cassette element. 

 

 

The SCCmec element integrates into the S. aureus chromosome at the attB site within 

the 3’ end of the orfX gene (orfX encodes a ribosomal methyltransferase) [185]. This 

insertion changes the attB gene into attR1.  However, despite the insertion of the 

SCCmec element, the translated amino acid sequence of the orfX gene remains 

unchanged, and the function is thought to be unaltered (Table 15) [186] 

 

Table 15 - Nucleotide and amino acid sequences of the attB and attRI sites in the 

Staphylococcus aureus chromosome 

 

Attachment site Nucleotide sequence Translated amino acid sequence 

attB GAGGCGTATCATAAGTAA Glu-Ala-Tyr-His-Lys-Stop 

attR1 GAAGCTTATCATAAATGA Glu-Ala-Tyr-His-Lys-Stop 
 

 

The SCCmec is delineated by specific flanking direct repeat (DR) sequences, which are 

recognised by the cassette chromosome recombinases. The attL site delineates the 

downstream junction of the SCCmec element with the S. aureus chromosome.  An 
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invariant 8bp repeat sequence (TATCATAA) has recently been shown to be present in 

both chromosomal and SCCmec insertion sites [185]. 

 

5.5.2. mec gene complexes 

The mec gene complex consists of the mecA gene, regulatory genes and insertion 

sequences.  The mecA gene encodes a modified penicillin-binding protein (PBP2a) 

which does not bind β-lactam antibiotics, and can continue cell-wall synthesis in the 

presence of β-lactam antibiotics. To date, there are three described mecA allotypes – 

mecA, mecA1 and mecA2.  mecA1 and mecA2 are only found in staphylococci of animal 

origin, and are not found in S. aureus [184]. Within these three allotypes, a total of 32 

different allelic variants of mecA have been identified [170]. In addition, the same mecA 

allotype can be found within different MRSA clones, and conversely, different mecA 

allotypes can be found within the same MRSA clone.   

 

There are 4 distinct mec gene complexes (A, B, C1 and C2) with variations on the 

composition and order of genes within the complex [183]. 

• Class A: contains the mecA gene, the entire mecR1 and mecI genes upstream of 

mecA, and the IS431 insertion sequence downstream of mecA. 

• Class B: contains mecA, a truncated mecR1 gene due to the presence of the 

IS272 insertion sequence upstream of mecA, and IS431 downstream of mecA.  

• Class C: contains mecA, a truncated mecR1 gene due to the presence of IS431 

upstream of mecA, and IS431 downstream of mecA. Class C1 and C2 are 

distinguished by differing orientations of the IS431 sequence. 
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5.5.3. Cassette chromosome recombinase (ccr) gene complex 

The ccr gene complex is comprised of one or more ccr genes, plus several surrounding 

ORFs, generally of unknown function.  To date, three main ccr genes have been 

described (ccrA, ccrB and ccrC), which share <50% DNA sequence homology [183, 

187, 188]. Depending on the level of nucleotide similarity, a number of allotypes of 

each ccr gene have been described [183]. In general, ccr allotypes (e.g. ccrA1, ccrA2, 

ccrA3, etc.) share 50–85% DNA sequence identity while ccr alleles (e.g. nucleotide 

differences within ccrA1) share >85% DNA sequence identity. The ccr gene complex is 

numbered according to the allotypes present: 

• Type 1: ccrA1B1 

• Type 2: ccrA2B2 

• Type 3: ccrA3B3 

• Type 4: ccrA4B4 

• Type 5: ccrC 

 

5.5.4. J (joining) regions 

The SCCmec element also contains regions between the mec and ccr complexes, called 

J (joining) regions.  These regions often contain genes encoding proteins of unknown 

function, or may contain genes encoding antimicrobial resistance determinants.  They 

are designated: 

• J1: the region between the ccr gene complex and the downstream junction 

between the SCCmec element and the chromosome 

• J2: the region between the ccr and mec complexes 

• J3: the region between the mec complex and the orfX junction 

Variations in the J region are used to further define SCCmec subtypes. 
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5.5.5. SCCmec classification 

SCCmec elements are generally classified according to the types of mec and ccr 

complexes present [183].  To date, there are 11 described SCCmec elements, with sizes 

ranging from 20-60kb, and each containing distinct combinations of mec and ccr 

complexes (Table 16). 

 

Table 16 - Classification of SCCmec complexes  

 

SCCmec type ccr gene complex mec complex Example strain(s) 

I 1 (ccrA1B1) B COL 

II 2 (ccrA2B2) A N315, Mu50, Mu3 

III 3 (ccrA3B3) A 85/2082 

IV 2 (ccrA2B2) B USA300, E-MRSA-15, MW2 

V 5 (ccrC) C2 TSGH17, PM1 

VI 4 (ccrA4B4) B HDE288 

VII 5 (ccrC) C1 JCSC6082 

VIII 4 (ccrA4B4) A C10682, BK20781 

IX 1 (ccrA1B1) C2 JCSC6943 

X 7 (ccrA1B6) C1 JCSC6945 

XI 8 (ccrA1B3) E LGA251 
 

SCCmec elements are further classified into subtypes by sequence differences within 

the J regions.  These sequences may include genes of unknown function or 

antimicrobial resistance determinants.  In addition, composite SCCmec elements have 

been described that contain two ccr complexes [189]. In many cases however, only two 

flanking DRs are detected, suggesting these composite elements actually represent one 

SCCmec element containing two ccr complexes.  
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5.5.6. SCC elements that do not harbour mecA 

Several SCC elements have been described that do not harbour mecA, although these 

elements generally: (i) integrate into the orfX site, (ii) are flanked by DRs, and (iii) 

contain the ccr gene complex.  Examples of genes contained in these SCC elements 

include the mercury resistance operon (SCCHg) [188], the fusC gene encoding fusidic 

acid resistance (SCCfusC) [142], and the type I capsule gene cluster (SCCcap1) [190]. 

A detailed genotypic analysis of the SCC regions in dominant MSSA and MRSA clones 

in New Zealand will be presented in Part D of this thesis. 
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6. CHAPTER 6. CLINICAL AND MOLECULAR EPIDEMIOLOGY OF 

COMMUNITY-ONSET INVASIVE STAPHYLOCOCCUS AUREUS 

INFECTION IN NEW ZEALAND CHILDREN 

Work presented in Part A of this thesis demonstrated a significant increase in the 

incidence of S. aureus SSTI in New Zealand, which, in Auckland, was largely driven by 

an increase in the incidence of community-onset MSSA infections.  Indeed, the vast 

majority of S. aureus infections in New Zealand are due to MSSA, with the prevalence 

of MRSA in national surveys of antimicrobial resistance remaining stable for the past 

decade, between approximately 8-10% [191].  Despite the large burden of MSSA 

disease, remarkably little is known about the clonal complexes of MSSA circulating in 

New Zealand.  At the time of this work, only one published study had systematically 

assessed the molecular epidemiology of MSSA isolates from New Zealand [66]. These 

authors found that amongst a random sample of 53 MSSA isolates collected in 

Auckland in 2008, the three most common CCs were CC1, CC30 and CC5 [66]. 

Interestingly, these authors also demonstrated a high rate of PVL-positive MSSA 

isolates (37%), with a particularly high rate amongst MSSA isolates associated with a 

SSTI (48%).  Apart from this previous study, there has been no other work 

systematically assessing the molecular determinants of virulence in S. aureus SSTI 

isolates from New Zealand. 

 

It has been suggested that for some S. aureus clones, specifically USA300 MRSA in 

North America, the presence of distinct virulence determinants may have contributed to 

successful clonal expansion and replacement of other clones, leading to an epidemic of 

SSTI due to USA300 [7].  For example, the 31-kb genomic island known as the 

arginine catabolic mobile element (ACME) is thought to be particularly important in the 

emergence of USA300 [192].  This element includes genes that encode proteins thought 
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to be important in bacterial survival in acidic environments and provide tolerance to 

polyamines that are found on human skin.  

 

In this context, our aim was to undertake a study to assess the distribution of clonal 

complexes and prevalence of virulence determinants in MSSA isolates from Auckland 

children, in order to determine whether any distinct clonal types or virulence 

determinants have contributed to the increased rates of MSSA SSTI in this group.  
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6.1. INTRODUCTION 

Staphylococcus aureus is a major human pathogen, both in adults and children [1, 193]. 

The spectrum of S. aureus disease ranges from non-invasive manifestations such as skin 

and soft tissue infection (SSTI), to serious invasive disease such as pneumonia and 

endocarditis [7]. Over the past two decades, the incidence of both invasive and non-

invasive S. aureus disease has increased in several settings, including Europe, North 

America and New Zealand [1, 14, 62, 194]. In many countries, particularly the United 

States, this increase has been driven by the unprecedented rise in infections caused by a 

predominant strain of community-associated methicillin-resistant S. aureus (CA-

MRSA) [195, 196].  

 

New Zealand has a high incidence of both invasive and non-invasive S. aureus disease 

[14, 25, 26].  Moreover, similar to reports from North America, the incidence of 

community-associated paediatric SSTI is increasing in New Zealand [13]. In contrast to 

North America however, the vast majority of S. aureus infections in New Zealand are 

caused by methicillin-susceptible S. aureus (MSSA) strains, rather than CA-MRSA [16, 

66]. 

 

Clinical isolates of S. aureus harbour an array of virulence factors involved in adhesion, 

invasion and immune evasion [120]. In particular, the Panton Valentine leucocidin toxin 

(PVL) has been extensively studied regarding its role in disease pathogenesis and 

severity [105, 197-199]. PVL is a bicomponent pore-forming cytotoxin and has been 

implicated as an important virulence factor in both invasive and non-invasive S. aureus 

disease [66, 198]. However, a recent meta-analysis found that, in comparison with 

isolates causing SSTI, the lukF-PV and lukS-PV genes encoding PVL were less 

commonly identified among S. aureus isolates causing invasive disease [105].  
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Moreover, the presence of the lukF-PV and lukS-PV genes in invasive S. aureus isolates 

was not shown to correlate with adverse clinical outcomes [105]. Similarly, a recent 

Australian study also found no difference in mortality between patients with “PVL-

positive” and “PVL-negative” invasive S. aureus infections [200].  In addition, a 

previous study in our setting found that the prevalence of the lukF-PV and lukS-PV 

genes in nasal carriage MSSA isolates was the same as the prevalence of the lukF-PV 

and lukS-PV genes in disease-causing MSSA isolates (31% vs. 37% respectively; P = 

0.33), suggesting that PVL is not the primary determinant of S. aureus disease severity 

[66]. To date however, few studies have systematically assessed and compared 

molecular determinants of virulence, other than PVL, between S. aureus isolates 

causing invasive and non-invasive disease.   

 

Accordingly, we sought to (i) describe the incidence and demographics of invasive S. 

aureus disease in children admitted to our hospital between 2007 and 2010, and (ii) 

compare the clonal complexes and virulence gene repertoire (including PVL), of S. 

aureus causing invasive and non-invasive disease in these patients.  

 

 
6.2. METHODS 

6.2.1. Setting, patients and isolates 

Starship Children’s Hospital (SCH) in Auckland, New Zealand is a tertiary-level 

university-affiliated institution, serving a population of approximately 500,000 

inhabitants, within a larger metropolitan population of 1.46 million. We performed a 

retrospective cross-sectional analysis of all children (<15 years) admitted to Starship 

Children’s Hospital with S. aureus infections over the four-year period from January 

2007 and December 2010. All children with S. aureus isolated from a clinical specimen 
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were identified from the laboratory database in the Department of Microbiology, 

Auckland City Hospital. A unique S. aureus infection was defined as the first positive S. 

aureus culture taken from the same patient within a thirty-day period.  All S. aureus 

isolates were phenotypically identified using standard laboratory methods. 

Antimicrobial susceptibility testing of S. aureus isolates was performed by agar 

dilution, and results were interpreted according to Clinical and Laboratory Standards 

Institute recommendations [89].   

 

6.2.2. Data collection and case definition 

Using the hospital information database, demographic information was obtained about 

each patient who cultured S. aureus from a clinical specimen. The following 

information was recorded: age; gender; ethnicity; and discharge diagnoses associated 

with each hospital admission, based on the International Classification of Disease, 

Tenth Revision (ICD-10) codes [99].  

 

Similar to previously described methodology [92], a list of ICD-10 codes was 

developed for S. aureus-related clinical syndromes (Table 6). These ICD-10 codes were 

then grouped into the following broad categories for analysis: (i) skin and soft tissue 

infection (SSTI); (ii) musculoskeletal infection (iii) respiratory infection; (iv) 

endovascular infection; (v) central nervous system infection and (vi) bacteraemia, site 

not specified.  For cases that had ≥ 1 of these ICD-10 codes associated with a S. aureus 

culture, the principal discharge diagnosis was regarded as the representative clinical 

syndrome. A case was described as community-onset if S. aureus was isolated from a 

patient within 48 hours of hospital admission.  
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All cases of S. aureus bloodstream infection were classified as invasive infections.  In 

addition, other invasive S. aureus infections were defined by the isolation of S. aureus 

from a sterile body site (as defined by the Centers for Disease Control and Prevention 

Active Bacterial Core surveillance program [24]), plus ≥1 ICD-10 discharge codes 

associated with an appropriate clinical syndrome (Table 6).  

 

6.2.3. Molecular characterisation and comparison of invasive vs. non-invasive S. 

aureus isolates  

Detailed molecular characterization of invasive S. aureus isolates was performed by 

DNA microarray analysis (StaphType, CLONDIAG, Germany) using previously 

described methods [201]. In brief, this assay detects 334 target sequences in the S. 

aureus genome, corresponding to 186 genes and their allelic variants. This allows for: 

(i) broad classification of S. aureus into major clonal complexes (CCs) [169]; (ii) 

classification of the SCCmec complex into distinct allotypes [170], and (iii) detection of 

genes associated with antimicrobial resistance, virulence and adhesion [169]. In order to 

compare molecular features of invasive and non-invasive isolates, DNA microarray 

analysis was also performed on a sample of S. aureus isolates obtained from paediatric 

patients attending SCH with uncomplicated, non-invasive S. aureus SSTI.  These 

isolates were obtained during the same study time period (between February 2008 and 

April 2008), and were collected as part of a previous study carried out in our department 

[66]. 

 

6.2.4. Statistical analysis 

Age-standardised incidence rates for children presenting with community-onset 

invasive S. aureus infections were calculated using denominator population information 
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from the 2006 New Zealand census, and from projected population data for the 

Auckland region [75]. Rates were calculated for the following ethnicities: European; 

Māori (Indigenous New Zealander); Pacific Peoples, and other ethnicities. Categorical 

variables were compared using the χ2 or Fisher’s exact test, and non-parametric 

variables were compared using the Kruskal-Wallis analysis of variance test.  Two-

dimensional multi-dimensional scaling (MDS) was used to visualise S. aureus sub-

groups following formation of a distance matrix derived from the DNA array using 

PRIMER v6.1.15. The null hypothesis that there was no difference in virulence genes 

between invasive and non-invasive S. aureus isolates was tested using permutational 

analysis of variance (PERMANOVA) [202]. In addition, the interaction between CCs, 

virulence genes and invasive vs. non-invasive status was also assessed using 

PERMANOVA. Statistical analysis was performed using GraphPad Prism (Version 

5.02), PERMANOVA+ (Version 1.0.2) or R (Version 3.0.1). A two-tailed P value of < 

0.05 was considered statistically significant.   

 

 
6.3. RESULTS 

6.3.1. Incidence and clinical features of CO-invasive S. aureus infections 

Between January 2007 and December 2010, 2329 children had S. aureus isolated from a 

clinical specimen plus ≥1 ICD-10 discharge code(s) associated with a S. aureus-related 

clinical syndrome.  Of these 2329 children, 163 (163/2329; 7%) were classified as 

having community-onset invasive S. aureus infection (Table 17).  The average annual 

incidence of invasive community-onset S. aureus disease in children during the study 

period was 52 per 100,000 population (95% confidence interval [CI], 44 – 60 per 

100,000).  When stratified by age, the highest incidence was in the under 1 year age 

group (83 per 100,000 population (95% CI, 52 – 130 per 100,000), and when stratified 
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by ethnicity, the highest incidence was in Māori children (132 per 100,000 population 

(95% CI, 98 – 176 per 100,000) (Figure 14).  The commonest clinical syndrome 

associated with invasive S. aureus infection was musculoskeletal infection (91/163; 

56%), followed by bacteraemia, site not identified (37/163; 23%), respiratory infection 

(27/163; 17%), endovascular infection (7/163; 4%) and central nervous system infection 

(1/163; 1%) (Table 17). 

 

Table 17 - Clinical characteristics of children with community-onset invasive 

Staphylococcus aureus infections admitted to Starship Children’s Hospital, 

Auckland, New Zealand, 2007 - 2010 

Characteristic Number of children with invasive S. aureus 

infection, n=163 (%) 

Male gender 

Age, median, years (IQR) 

Site / type of infection 

Musculoskeletal  

Bacteraemia / sepsis 

Respiratory 

Endovascular 

Central nervous system 

 

Ethnicity 

European 

Māori 

Pacific Island 

Other 

92 (56.4) 

7 

 

91 (56) 

37 (23) 

27 (17) 

7 (4) 

1 (1) 

 

 

49 (30) 

46 (28) 

53 (33) 

15 (9) 

 

Abbreviations: IQR, interquartile; CNS, central nervous system. 
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6.3.2. Isolates and comparison of molecular features of invasive and non-invasive S. 

aureus isolates  

Of the 163 children with invasive S. aureus disease, 19 children (19/163; 12%) had 

isolates that were methicillin-resistant. Of the 163 invasive S. aureus disease episodes, 

isolates from 72 episodes were available from stocked cultures for molecular 

characterization (68 MSSA and 4 MRSA).  Of these 72 isolates, 54 (75%) were 

associated with musculoskeletal infection, 10 (14%) with respiratory infection, 6 (8%) 

with bacteraemia and 2 (3%) with endovascular infection.  In order to identify possible 

genotypic associations with invasiveness, the DNA microarray profiles of these 72 

isolates were compared to the DNA microarray profiles of a convenience sample of 54 

non-invasive S. aureus SSTI isolates from children collected during the study period 

(50 MSSA and 4 MRSA). 

 

Based on DNA microarray results, a total of 18 different clonal complexes (CCs) were 

detected amongst the invasive and non-invasive isolates (Figure 15). The DNA 

microarray was unable to resolve the CCs of two isolates.  The three predominant CCs 

causing SSTI or invasive disease during the study period were CC1 (45/126; 36%), 

CC121 MSSA (19/126; 15%) and CC30 MSSA (17/126; 13%).  The lukF-PV and lukS-

PV genes were found in isolates from eight clonal complexes: CC25 (3/3; 100%), CC88 

(2/2; 100%), CC121 (16/19; 84%), CC30 (12/17; 71%), CC1 (34/45; 67%), CC45 (2/7; 

29%), CC59 (1/4; 25%) and CC5 (1/6; 17%). 
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Figure 14 - Incidence of community-onset invasive Staphylococcus aureus infection 

in children admitted to Starship Children’s Hospital between 2007 and 2010, 

stratified by (A) Ethnicity and (B) Age.  

 

 

When tested using univariate analyses, there was no significant difference in the 

prevalence of virulence, regulatory or adhesion genes between invasive and non-

invasive S. aureus isolates (Table 18). Of note, there was no difference in the detection 

of the lukF-PV and lukS-PV genes between invasive and non-invasive S. aureus isolates 

(42/72, 58% vs. 29/54, 54%; P = 0.72). The commonest agr group detected in both 

invasive and non-invasive isolates was agr group III (54% and 50%, respectively).  On 

PERMANOVA testing, there were no significant differences in the virulence gene 

repertoire between invasive and non-invasive strains (Pseudo-F = 1.3337, P = 0.1731) 

(Figure 3).  Figure 16 shows the MDS map of 126 S. aureus isolates differentiated on 

the basis of their virulence gene repertoire. This MDS map demonstrates that, for 
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example, the virulence gene repertoire of CC1 isolates (green triangles) is distinct to the 

virulence gene repertoire of CC30 isolates (black squares). Explored statistically, a 

significant interaction was observed between CCs and invasive status (Pseudo-

F=2.0625, P = 0.0001), suggesting that distinct combinations of virulence genes may be 

present in invasive isolates within specific CCs (Figure 17). On pairwise testing 

between invasive and non-invasive strains, a significant difference between invasive 

and non-invasive status was observed within three CCs: CC1 (t = 2.0853, P < 0.001), 

CC30 (t = 3.2966, P = 0.007), and CC121 (t = 2.1472, P = 0.02) (Figure 17).  However, 

our sample size within CCs was insufficient to conclusively determine which 

combination(s) of genes were responsible for these statistical differences. 
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Figure 15 - Distribution of clonal complexes (as determined by DNA microarray) 

in invasive and non-invasive isolates of Staphylococcus aureus. 
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Table 18 - Prevalence and comparison of regulatory and virulence genes in 

invasive and non-invasive Staphylococcus aureus isolates from children admitted to 

Starship Children’s Hospital, Auckland, New Zealand, 2007 – 2010. 

 

Gene(s) 

Invasive 

S. aureus 

(n = 72) 

Non-invasive 

S. aureus 

(n = 54) 

 

P a 

agr group 

   agr I 

   agr II 

   agr III 

   agr IV 

 

13 (18) 

10 (14) 

38 (53) 

10 (14) 

 

 

12 (22) 

4 (7) 

27 (50) 

11 (20) 

 

0.65 

0.39 

0.85 

0.35 

Capsule type 

   5 

   8 

 

Toxin genes 

   tst 

   egc 

   sea 

   seb 

   sec 

   sel 

   etA 

   etB 

 

 

13 (18) 

59 (72) 

 

 

4 (6) 

25 (35) 

28 (39) 

13 (18) 

8 (11) 

8 (11) 

1 (1) 

0 

 

4 (7) 

50 (93) 

 

 

5 (9) 

26 (48) 

21 (39) 

14 (26) 

6 (11) 

6 (11) 

4 (7) 

2 (4) 

 

0.11 

0.11 

 

 

0.49 

0.14 

1.0 

0.38 

1.0 

1.0 

0.16 

0.18 

 

Haemolysin and leucocidin genes 

   lukF-PV / lukS-PV 

   hla 

   hlb 

 

 

42 (58) 

68 (94) 

62 (86) 

 

29 (54) 

54 (100) 

45 (83) 

 

1.0 

0.93 

0.80 
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MSCRAMMS and biofilm-associated genes 

   bbp 

   clfA 

   clfB 

   cna 

   fin 

   fnbA 

   fnbB 

   sdrC 

   sdrD 

 

Other genes 

   ACME locus 

   edinA 

   edinB 

   sak 

   chp 

   scn 

 

 

68 (94) 

71 (98) 

71 (98) 

54 (75) 

60 (83) 

72 (100) 

72 (100) 

65 (90) 

65 (90) 

 

 

0 

2 (3) 

3 (4) 

64 (89) 

35 (49) 

69 (96) 

 

 

53 (98) 

54 (100) 

54 (100) 

45 (83) 

41 (76) 

54 (100) 

54 (100) 

52 (96) 

51 (94) 

 

 

2 (4) 

0 

1 (2) 

50 (93) 

25 (46) 

52 (96) 

 

0.39 

1.0 

1.0 

0.28 

0.37 

1.0 

1.0 

0.29 

0.51 

 

 

0.18 

1.0 

0.63 

0.55 

0.86 

1.0 

 

Note: All values are numbers of isolates (%) unless otherwise specified. 

a Fishers exact test  
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Figure 16 - Non-metric multidimensional scaling of virulence genes in invasive and 

non-invasive Staphylococcus aureus isolates based on Euclidean distances. 

 

 

Figure 17 - Non-metric multidimensional scaling of virulence genes in 

Staphylococcus aureus isolates according to clonal complex (as determined by DNA 

microarray) based on Euclidean distances. 
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6.4. DISCUSSION 

In this study, we measured the incidence of community-onset invasive S. aureus disease 

in children presenting to our hospital between 2007 and 2010, and systematically 

compared the genotypic characteristics of invasive and non-invasive S. aureus isolates. 

Using univariate testing, we found no difference in the clonal distribution of S. aureus 

strains or prevalence of tested virulence factors between invasive and non-invasive 

isolates.  However, we observed a significant interaction between CC and invasive 

status, with three CCs (CC1, CC121 and CC30) demonstrating a significant association 

with invasive S. aureus infections.  This finding is in keeping with other studies that 

have also observed an interaction between specific S. aureus CCs and clinical 

syndromes.  For example, one previous study found a strong association between CC30 

MSSA and infective endocarditis [28] and another recent study found an association 

between distinct subgroups of CC121 S. aureus and disease type [203]. Although we 

were unable to determine which genes were responsible for the association between CC 

and invasiveness, our findings suggest that there may be differences in invasive and 

non-invasive S. aureus disease according to phylogenetic grouping. Notably, we found 

no difference in the prevalence of lukF-PV and lukS-PV genes between S. aureus 

isolates causing invasive disease and those S. aureus isolates causing uncomplicated 

SSTI.  This finding is similar to other recent studies that also found no difference in 

disease type based on the presence of PVL genes [66, 200]. Interestingly however, we 

found an unexpectedly high prevalence of lukF-PV and lukS-PV genes in both invasive 

and non-invasive MSSA isolates (57% and 50% respectively). This rate of PVL-

positive MSSA is higher than that reported from several previous studies [66, 90, 204, 

205], but is comparable to a recent African study, in which the lukF-PV and lukS-PV 

genes were detected in 130/228 (57%) of clinical MSSA isolates [206]. In addition, our 

rate of PVL-positive MSSA is higher than that reported from a previous study in New 
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Zealand, which detected the lukF-PV and lukS-PV genes in 37% of disease-causing 

MSSA isolates [66]. The reasons for the high rate of PVL positive MSSA in our study 

are unclear, but may be partly due to the fact that we only assessed MSSA isolates from 

paediatric patients. The age-specific incidence of infections caused by PVL-producing 

S. aureus strains has been previously described, with younger patients having a 

disproportionately higher rate of infections due to PVL-producing S. aureus strains 

[90]. Although this association may be partially mediated by age-related immunological 

protection, supportive data for this hypothesis remain inconclusive [207, 208].  

 

Our study also provides valuable information on the genotypes of MSSA strains 

circulating in New Zealand. Despite the fact that approximately 90% of S. aureus 

infections in New Zealand are caused by MSSA strains [16, 25, 26], only one previous 

study has provided data on the molecular epidemiology of MSSA strains circulating in 

our region [66]. Based on DNA microarray data, we found a diverse range of MSSA 

CCs causing disease, although three MSSA strain types predominated (CC1, CC121 

and CC30) and together accounted for two-thirds of all MSSA strains identified. 

Interestingly, in one child with osteomyelitis, we detected an MSSA isolate belonging 

to CC398. Although CC398 MRSA has recently been described as a cause of 

community-associated MRSA infection in New Zealand [68], to our knowledge, CC398 

MSSA has not previously been reported in our country.  

 

Finally, we observed significant demographic variation in the incidence of community-

onset invasive S. aureus disease amongst children in our setting.  Ethnic variation in 

invasive S. aureus disease has been described previously, most notably in North 

America, where in one study, the incidence of invasive MRSA infections was more than 

four times higher in black infants compared to white children from the same population 
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[209]. In addition, Gutierrez et al found that amongst children in California, black 

children were 1.5 times more likely to be hospitalised with staphylococcal infection 

than white children [193]. The reasons for the remarkably high disease burden in Māori 

and Pacific Island children in New Zealand are unclear, but are likely to be due, in part, 

to a combination of societal, environmental and host factors, including barriers in 

accessing health care, household crowding, hygiene and nutrition. Future studies should 

assess modifiable risk factors that may reduce this serious disease burden and ethnic 

disparity. 

 

There were a number of limitations with our study.  In particular, the retrospective 

nature of analysis limited the amount of data we could collect, particularly information 

relating to duration of preceding disease course, prior antibiotic usage, medical co-

morbidities, and clinical outcomes.  In addition, the DNA microarray assay we used for 

genotypic typing of staphylococcal CCs may not provide the same degree of resolution 

as other molecular typing methods, such as multi-locus sequence typing or spa typing. 

It is, therefore, possible that there may be additional epidemiological or molecular 

associations with distinct S. aureus sublineages within CCs that we were unable to 

detect. Finally, the DNA microarray we used only detects the presence of commonly 

studied virulence genes - it is not a complete representation of virulence genes within S. 

aureus, nor does it quantify virulence gene expression. 

 

In summary, our study provides valuable information on the clinical and molecular 

epidemiology of invasive S. aureus disease in New Zealand children. We observed 

notable sociodemographic variation in the incidence of S. aureus disease in our setting, 

with rates highest in Māori and Pacific children.  The vast majority of disease was 

caused by MSSA strains, which were genetically diverse.  Based on DNA microarray 
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data, we identified an interaction between invasive disease and distinct S. aureus clonal 

complexes. Future research should include a strong focus on identifying the host and 

environmental factors that, along with other potential organism virulence factors, are 

contributing to the patterns of invasive S. aureus disease observed in New Zealand. 
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6.5. ADDITIONAL INFORMATION 

6.5.1. Significance and context 

This study represents the first to systematically identify multiple virulence determinants 

in S. aureus isolates from New Zealand.  In addition, at the time of publication, this 

study represented the largest molecular epidemiological description of circulating 

MSSA clones in New Zealand. Subsequent to this work, a recently published study 

describing circulating S. aureus clones from the Southwest Pacific found that the 

dominant CCs (in decreasing order) were CC5, CC30, CC1 and CC121, although these 

isolates were collected between 2007 and 2008 [161].  In our study, the three most 

dominant clones were CC1, CC121 and CC30, accounting for over 60% of all S. aureus 

clones, although again, approximately 40% of isolates in our study were collected 

during 2008. Work presented in Chapter 8 provides a more contemporary and detailed 

analysis of the circulating MSSA CCs in New Zealand, and examines some of the 

reasons for the dominance of specific CCs in our setting. 

 

6.5.2. SplitsTree comparison of microarray data from S. aureus isolates 

The large amount of data generated by DNA microarray analysis described in the above 

paper can make comparative analysis of strains difficult.  One method of visualising 

similarities or differences between array hybridisation patterns is to generate a network 

tree using a software programme such as SplitsTree [210]. SplitsTree can infer 

phylogenetic networks from data such as DNA sequence alignments or distance 

matrices.  However, because there is a high rate of recombination in many of the genes 

covered by the array, the network tree generated by SplitsTree is not a true phylogenetic 

tree, but rather a way of visualising related strains, and can be used to predict the CC of 

strains [211]. The network tree is generated by converting the array hybridisation 
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profiles into ‘sequence’ files, whereby a ‘positive’ signal becomes an ‘A’, ‘negative’ 

becomes ‘T’, and ‘ambiguous’ becomes ‘G’.  These sequences are then converted into a 

FASTA file (using the software programme CLUSTALX [212], and entered into 

SplitsTree (Version 4.12.8) with default settings  (Distance transformation: Neighbour-

Net; Variance: ordinary least squares).  The network tree generated from this study is 

shown below in Figure 18.  The scale bar represents the number of differences between 

strain sequences (the scale on this picture is set at 0.1, representing a 10% difference.  

The colour coding represents different clonal complexes, and illustrates the clustering of 

isolates from the same clonal complex based on array hybridisation profiles.  As evident 

from Figure 18, there is clear clustering of isolates from the same S. aureus CC.
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Figure 18 - SplitsTree analysis of DNA microarray data generated from Williamson et al., 2014 
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6.5.3. Ethnic differences in S. aureus clonal complexes 

One of the aims of this work was to investigate the contribution of various virulence 

factors to the high rate of S. aureus SSTI in Māori and Pacific children. Previous work 

in other geographic areas has demonstrated a correlation with specific S. aureus CCs 

and different ethnic groups.  For example, Tong et al. found that the phylogenetically 

distinct CC75 strain was more prevalent amongst Indigenous populations in the 

Northern Territory of Australia [21]. Prior to work in this thesis, the presence of any 

associations between S. aureus CCs and ethnicity had not been described in New 

Zealand.  In order to investigate this further, a sub-analysis was undertaken as part of 

work described in this chapter, in which basic patient demographics were correlated 

with the CCs of the infecting S. aureus strain.  Categorical variables were compared 

using the χ2 or Fisher’s exact test, and non-parametric variables were compared using 

the Kruskal-Wallis test. All statistical analyses were performed using GraphPad Prism 

(Version 5.02) and a two-tailed P value of < 0.05 was considered significant.  

 

Results are displayed in Table 19.  There were no significant associations between age 

or gender of the infected person and S. aureus CC. Although some clones appeared to 

be more common in Māori and Pacific children (CC1, CC121, CC30 and CC188), these 

associations were not statistically significant.  It is possible however, that the relatively 

small number of cases meant there was insufficient power to adequately detect any 

associations between S. aureus CC and ethnic groups.  

 

  



 

- 148 - 

Table 19 - Association between S. aureus clonal complexes (CCs) and patient 

characteristics. 

 

 

Characteristic 

CC1 

MSSA 

(n=43)  

CC121 

MSSA 

(n=19) 

CC30 

MSSA 

(n=12) 

CC45 

MSSA 

(n=7) 

CC188 

MSSA 

(n=5) 

CC15 

MSSA 

(n=5) 

CC5 

MSSA 

(n=5) 

CC30 

MRSA 

(n=5) 

Male gender a 26 (60) 13 (68) 6 (50) 4 (57) 3 (60) 2 (40) 2 (40) 5 (100) 

Age, median, 

years b 

6  6 7 8 7 7 6 4 

Māori  / Pacific 

Island ethnicity 

c 

29 (67) 15 (79) 

 

9 (75) 

 

2 (29) 

 

5 (100) 

 

2 (40) 

 

3 (60) 

 

2 (40) 

 

Note: Data are number (%) of patients unless otherwise specified.  MSSA, methicillin-susceptible 

Staphylococcus aureus; MRSA, methicillin-resistant Staphylococcus aureus 

a P = 0.53, χ2 test 

b P = 0.71, Kruskal-Wallis test 

c P = 0.10, χ2 test 

  

6.5.4. Resistance determinants identified in S. aureus clones from this study 

In addition to identifying common molecular virulence determinants, the DNA 

microarray method used in this study also identified S. aureus antimicrobial resistance 

determinants, including those associated with resistance to antimicrobial agents such as 

mupirocin and fusidic acid. The fusidic acid resistance determinants identified by the 
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array are the far1 gene (also known as fusB) and the fusC gene [168].  The mupA gene 

associated with high-level mupirocin resistance is also detected by the array.  

 

Overall, 47/126 (37%) isolates contained fusC, and 30/126 (24%) contained mupA. 

Interestingly, we observed a strong correlation between S. aureus CCs and these 

resistance genes, such that CC1 S. aureus invariably contained fusC, and was positive 

for mupA in 24/45 (53%) isolates (Table 20).  The high prevalence of fusC detection 

(37%) is in keeping with previous phenotypic work described earlier in Chapter 4, 

which found a relatively high prevalence of fusidic acid resistance (23%) in S. aureus 

isolates associated with SSTI in children.  However, the prevalence described in this 

study (37%) is extremely high, and the reasons for this will be explored in Part C of this 

thesis.  In addition, the association between fusC and specific S. aureus CCs 

(particularly CC1 and CC5) will also be examined in more detail. 
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Table 20 - Prevalence of fusB, fusC, and mupA in S. aureus strains from this study. 

 

S. aureus CC fusB fusC mupA 

CC1 (n=45) 0 45 (100) 24 (53) 

CC10 (n=1) 0 0 0 

CC12 (n=1) 0 0 0 

CC121 (n=19) 1 (5) 1 (5) 2 (10) 

CC15 (n=5) 0 0 0 

CC188 (n=5) 0 0 0 

CC20 (n=1) 0 0 0 

CC25 (n=3) 0 0 0 

CC30 (n=17) 0 0 1 (6) 

CC398 (n=1) 0 0 0 

CC45 (n=7) 0 0 0 

CC5 (n=6) 0 0 0 

CC59 (n=4) 0 0 3 (75) 

CC6 (n=4) 0 0 0 

CC8 (n=2) 0 1 (50) 0 

CC88 (n=2) 0 0 0 

CC97 (n=1) 0 0 0 

ST779 (n=1) 0 0 0 
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7. CHAPTER 7. STAPHYLOCOCCUS AUREUS NASAL AND 

OROPHARYNGEAL COLONISATION IN SCHOOL-AGED CHILDREN 

IN AUCKLAND, NEW ZEALAND 

There is relatively little information about the prevalence of S. aureus carriage in New 

Zealand.  Only two studies have systematically assessed carriage in a healthy New 

Zealand population – one in a predominantly adult population, and another cross-

sectional study in children aged four years (Table 21). 

 

Table 21 - Studies assessing Staphylococcus aureus carriage in healthy New 

Zealand populations. 

 

Study Study population S. aureus carriage rate MRSA prevalence 

Best et al., 

2011 [213] 

424 volunteers in the 

Auckland region; no 

young children 

included 

Nasal carriage: 18% 

Not tested for 

oropharyngeal carriage 

1 / 424 (0.2%) 

Berry et al., 

2015 [214] 

139 children aged 

four and a half years 

in the Auckland or 

Waikato region 

Overall carriage: 54% 

Nasal carriage: 39% 

Oropharyngeal carriage: 

32% 

11 / 110 (10%) 

 

To date, there are no studies assessing S. aureus carriage in school-aged children in 

New Zealand, particularly in those demographic groups at highest risk of skin 

infections, namely Māori and Pacific children residing in areas of high socioeconomic 

deprivation.  In this work, we sought to determine the prevalence of S. aureus 

colonisation in school-aged children in New Zealand, and compare the prevalence of 

colonisation with the prevalence found in other New Zealand and international studies 
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of S. aureus carriage.  The following section is written in the style of a brief journal 

article intended for publication.
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7.1. INTRODUCTION 

Staphylococcus aureus is a major human pathogen, causing a spectrum of non-invasive 

and invasive infections.  In addition, S. aureus is also a successful commensal, 

colonising a range of anatomical sites.  The anterior nares are generally regarded as the 

primary site for S. aureus colonisation [116], with multiple cross-sectional studies 

describing colonisation rates in the anterior nares of both children and adults of 

approximately 20-40% [118, 215].  However, recent studies have highlighted the 

potential importance of S. aureus carriage at other body sites.  In particular, the 

oropharynx has been identified as a reservoir of S. aureus carriage, with several studies 

describing higher rates of oropharyngeal than nasal carriage [216, 217].  

 

Previous studies have demonstrated an association between colonisation with S. aureus 

and subsequent nosocomial S. aureus infection, including bacteraemia and post-

operative wound infection [112, 113]. To date however, the relationship between S. 

aureus colonisation and subsequent risk of community-onset infection has been less 

well defined.  One study from North America suggested a potential association between 

nasal colonisation with methicillin-resistant S. aureus (MRSA) and increased risk of 

subsequent community-onset SSTI, with SSTI developing in 23% of children colonised 

with MRSA in a six-month follow-up period, vs. 8% of children colonised with 

methicillin-susceptible S. aureus [115]. In New Zealand, the incidence of S. aureus 

SSTI is amongst the highest reported in the developed world, with particularly high 

rates in Māori (indigenous New Zealander) children and children of Pacific Island 

ethnicity [14, 15].  Moreover, the incidence of community-associated MRSA infection 

is also reportedly higher in these demographic groups [14, 62].  However, the specific 

risk factors for S. aureus SSTI in these groups have not been well described.  In 

particular, it is unknown whether Māori and Pacific children have higher rates of S. 
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aureus colonisation than other ethnic groups. In this context, the specific aims of this 

study were to determine the prevalence of S. aureus colonisation in Māori and Pacific 

school-aged children, and the antimicrobial resistance patterns of the colonising strains 

in Māori and Pacific school-aged children. 

 
 
7.2. METHODS 

New Zealand is an island nation in the Southwest Pacific, with a population of 

approximately 4.4 million.  Auckland is the largest city in New Zealand, with a 

metropolitan population of approximately 1.4 million.  The paediatric population is 

ethnically diverse, consisting of the following major population groups: European 

(47%); Pacific Island peoples (19%); Māori (indigenous New Zealander, 14%) and 

other ethnicities (5%).  

 

For a one-month period, between 14th October 2013 and 15th November 2013, we 

performed a cross-sectional study of children (aged 5-13 years) attending three schools 

in central Auckland.  These schools were selected for inclusion on the basis of their 

high proportion of Māori and Pacific students, and geographic location in low 

socioeconomic neighbourhoods. The sampling was repeated one year later in October 

2014. 

 

Swabs were taken from the anterior nares and oropharynx, and from any open skin 

lesions present at the time of recruitment. The following demographic information was 

obtained about each patient: age, ethnicity, and socioeconomic status, as determined by 

the NZ Deprivation index (NZDep).  The NZDep score is an area-based measure of 

deprivation derived from New Zealand census data, and is based on various measures of 

deprivation, including: household income, household ownership, household occupancy, 
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employment and education levels, and access to telecommunications. It is determined 

by the person’s place of residence, and is expressed as a score between one and ten, a 

score of ten representing the most deprived neighbourhoods. 

 

Specimens were transported to LabTests community pathology laboratory (Auckland, 

New Zealand) and plated onto blood agar within 24 hours of collection.  Identification 

of S. aureus isolates was performed using a MALDI-TOF MS Biotyper (Brüker, 

Germany). Antimicrobial susceptibility testing was performed by disk diffusion and 

interpreted according to the European Committee on Antimicrobial Susceptibility 

Testing standards (www.eucast.org).  

 

Categorical variables were compared using the χ2 or Fisher’s exact test as appropriate. 

Non-parametric data were compared using the Mann–Whitney U test or 

Kruskal-Wallis test. For analyses, subjects’ ethnicity was classified as: Māori, Pacific, 

or Other, (which included European and Asian children). All statistical analysis were 

performed using STATA (Version 13.1, StataCorp, USA). 

 
 
7.3. RESULTS 

7.3.1. Patient characteristics and prevalence of S. aureus colonisation 

Of the 893 children sampled in 2013, 56.7% (506/893) were colonised with S. aureus 

either in the nares, oropharynx or at both sites (Table 22). The median age of colonised 

children was significantly higher than that of non-colonised children (9.2 years vs. 8.4 

years; P < 0.01), but the prevalence of colonisation did not differ significantly by 

gender, ethnicity or NZDep score.  

 

http://www.eucast.org/
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Overall, the prevalence of oropharyngeal colonisation was significantly higher than the 

prevalence of nasal colonisation (367/893, 41.1% vs. 281/893, 31.5%; P < 0.001). 

(Table 23) Interestingly, of the 367 children with oropharyngeal colonisation, 225/367 

(61.3%) did not have nasal colonisation, and were only colonised in the oropharynx. 

The combination of nasal and oropharyngeal swabs increased the identification of S. 

aureus colonisation by 25.2%. There were no significant associations between the 

prevalence of nasal and/or oropharyngeal colonisation and age, ethnicity or NZDep 

score (Table 23). 

 

7.3.2. Antimicrobial resistance patterns 

Of the 506 children who were colonised with S. aureus, 88/506 (17.4%) were colonised 

with MRSA at the nares and / or oropharynx. There were no significant differences 

between the median ages of children colonised either with MRSA, or with MSSA, or 

with both MRSA and MSSA, but the prevalence of MRSA colonisation was 

significantly higher in Māori children, compared to the prevalence in children of Pacific 

or Other ethnicity (23.9% vs. 10.3% and 6%, respectively; P <0.01) (Table 24). 

 

A total of 680 S. aureus isolates were recovered from the 506 colonised children. Of 

these 680 strains, 123/680 (18.1%) were MRSA. Approximately 30% of all S. aureus 

strains were resistant to fusidic acid, and fusidic acid resistance was significantly higher 

in MRSA than MSSA (82.9% vs. 19.2%, P < 0.01) (Table 25). 

 

Of 506 patients who were found to have S. aureus at the first sampling period in 

October 2013, 279 of these patients (54.1%) were also found to carry S. aureus at the 

second sampling period. Children with exclusive oropharyngeal colonisation were 
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significantly more likely to remain colonised after one year than children with exclusive 

nasal colonisation (76/231; 32.9% vs. 27/139; 19.4%, P = 0.006). 

 

 
Table 22 - Characteristics of colonised vs. non-colonised children, Auckland, 2013. 

 

Characteristic Colonised with 

S. aureus (n=506) 

Not colonised with 

S. aureus (n=387) 

P 

Age, median, years 

(IQR) 

9.2 (7.3-11.3) 8.4 (6.3-10.9) < 0.01 

Ethnicity    

  Māori 176 (34.8) 136 (35.1) NS 

  Pacific 281 (55.5) 221 (57.1)  

  Other 49 (9.7) 29 (7.5)  

NZDep    

  Low 19 (3.8) 7 (1.8) NS 

  Medium 21 (4.2) 24 (6.2)  

  High 466 (92.0) 355 (91.7)  

 

Abbreviations: IQR, interquartile range; NS, not significant 
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Table 23 - Nasal and oropharyngeal carriage of Staphylococcus aureus in 

Auckland schoolchildren, 2013 

 

 Nasal 

(n=281) 

Throat 

(n=367) 

Nasal and 

throat 

(n=142) 

Exclusive 

nasal 

(n=139) 

Exclusive 

throat 

(n=225) 

P 

Number of 

children 

colonised 

281 (31.5) 367 

(41.1) 

142 (15.9) 139 (15.6) 225 (25.2)  

Age, median, 

years (IQR) 

9.4 9.2 9.8 9.0 8.9 NS 

Ethnicity       

Māori 107 (38.1) 119 (32.3) 50 (3.5) 57 (41) 69 (30.7) NS 

Pacific 153 (54.4) 208 (56.7) 80 (56.3) 73 (52.5) 128 (56.9)  

Other 21 (7.5) 40 (10.9) 12 (8.4) 9 (6.5) 28 (12.4)  

NZDep       

Low 10 (3.9) 16 (4.4) 7 (4.9) 3 (2.2) 9 (4) NS 

Medium 12 (4.3) 15 (4.1) 6 (4.2) 6 (4.3) 9 (4)  

High 259 (92.2) 336 (92.2) 129 (90.8) 130 (93.5) 207 (92)  

 

Abbreviations: IQR, interquartile range; NS, not significant 
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Table 24 - Demographic associations with MRSA and MSSA carriage 

 

 MRSA (n=74) MSSA (n=418) MRSA and 

MSSA (n=14) 

P 

Age, median, 

years (IQR) 

8.9 (7.2-10.7) 9.2 (7.6-11.4) 9.1 (6.5-11.0) NS 

Ethnicity     

  Māori  42 (56.8) 127 (30.3) 7 (50) <0.01 

  Pacific  29 (39.2) 245 (58.6) 7 (50)  

  Other  3 (4.1) 46 (11) 0  

NZDep     

  Low 5 (6.8) 14 (3.3) 0 NS 

  Medium 2 (2.7) 17 (4.1) 2 (14.3)  

  High 67 (90.5) 387 (92.5) 12 (85.7)  

     

 

Abbreviations: IQR, interquartile range; NS, not significant; MSSA, methicillin 

susceptible S. aureus; MRSA, methicillin-resistant S. aureus 
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Table 25 - Antimicrobial susceptibility patterns of S. aureus isolates from children, 

2013. 

 

 All strains (n=680) MSSA 

(n=557) 

MRSA 

(n=123) 

Penicillin - 496 (89.1) - 

Oxacillin 123 (18.1) - - 

Erythromycin 66 (9.7) 42 (7.5) 24 (19.5) 

Clindamycin 59 (8.7) 40 (7.2) 19 (15.4) 

Fusidic acid 209 (30.7) 107 (19.2) 102 (82.9) 

Mupirocin 53 (7.8) 46 (8.3) 7 (5.7) 

 

Abbreviations: MSSA, methicillin susceptible S. aureus; MRSA, methicillin-resistant S. 

aureus 
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7.4. DISCUSSION 

In this study, we assessed S. aureus colonisation in a large group of New Zealand 

schoolchildren.  These children were predominantly of Māori or Pacific ethnicity, and 

attended schools located in areas of high socioeconomic deprivation.  We found that S. 

aureus colonisation rates were comparable to another recent study of S. aureus carriage 

in New Zealand children aged between 4 and 5 years [214], where a colonisation rate of 

54% was described, although no data on ethnicity or socioeconomic deprivation was 

provided in that study.  Furthermore, our findings are in keeping with studies of S. 

aureus colonisation in children from other geographic settings.  For example, Blumental 

et al. assessed S. aureus carriage in 333 Belgian children aged 3-6 years, and found a 

carriage rate of 55% [218], and similarly, Quintero et al. assessed S. aureus colonisation 

in 250 Venezuelan children aged 2-6 years, and found a colonisation rate of 56% [219].  

Importantly, we found no statistical difference between colonisation rates in Māori 

children (56.4%), Pacific children (55.9%) and children of other ethnicities (62%). Our 

findings suggest that the high rates of S. aureus skin infections in Māori and Pacific 

children [14] cannot be attributed merely to high rates of S. aureus colonisation, and 

therefore that other host, organisms and environmental factors are likely to be important 

contributory factors.   

 

We also found that exclusive throat carriage was significantly higher than exclusive 

nasal carriage (25.2% vs. 15.6%, P < 0.001).  This is in contrast to recent work by 

Esposito et al. who assessed S. aureus nasal and throat carriage in primary and 

secondary school children aged between 6 and 17 years in Milan, Italy [220].  They 

found an overall S. aureus carriage rate of 53.1%, with exclusive nasal carriage higher 

than exclusive throat carriage (27.9% vs. 13.2%; P < 0.01).  However, our findings are 

in keeping with work by Mertz et al., who described exclusive S. aureus throat carriage 
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in 30.2% of healthy individuals in a Swiss community, compared to an exclusive nasal 

carriage rate of 27.3% [217].  We found no association between age, ethnicity or 

socioeconomic deprivation and site of carriage, suggesting that other bacterial or host 

factors may be more important in determining carriage niche.   

 

In keeping with other recent work [221], we also found a high rate of resistance to 

fusidic acid (30.7%) in the colonising strains, with a higher prevalence in MRSA, than 

in MSSA (82.9 % vs. 19.2%).  This difference is likely to reflect the dominance of ST5 

‘AK3” MRSA, which is generally fusidic acid-resistant.  Similar to our previous 

findings [14, 62], we also found an association between MRSA and ethnicity, with 

MRSA colonisation highest in Māori, although the reasons for this are unclear. 

 

There were several imitations with our study.  We did not have information on some 

patient-level risk factors for S. aureus colonisation (potentially of importance with 

regard to MRSA colonisation) such as preceding hospitalization, prior skin infection, or 

antimicrobial use.  In addition, we did not have molecular typing data on S. aureus 

strains (although work is ongoing) – which would have allowed us to determine 

whether the strains of S. aureus colonizing the anterior nares and oropharynx were 

genetically similar.  

In summary, we found that S. aureus colonised just over half of all schoolchildren who 

attended schools in a low socioeconomic setting.  This finding is in keeping with 

colonisation rates in other settings, and suggests that the high rates of S. aureus skin 

infections in New Zealand children cannot be attributed solely to high rates of 

colonisation.  
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8. CHAPTER 8. CLINICAL AND MOLECULAR EPIDEMIOLOGY OF 

METHICILLIN-RESISTANT STAPHYLOCOCCUS AUREUS IN NEW 

ZEALAND: RAPID EMERGENCE OF SEQUENCE TYPE 5 (ST5)-

SCCMEC-IV AS THE DOMINANT COMMUNITY-ASSOCIATED MRSA 

CLONE 

Although the prevalence of MRSA in New Zealand has remained stable at 

approximately 8-10% for the past decade [191], work presented in Chapter 4 of this 

thesis described marked demographic variation in the prevalence of MRSA, with 

MRSA rates highest in Māori or Pacific Peoples.  Similarly, in other geographic settings 

there has been an observed association between ethnicity and the incidence of MRSA 

infection, particularly infection due to community-associated MRSA (CA-MRSA).  For 

example, the first isolations of CA-MRSA in Australia and in New Zealand were from 

Aboriginal communities and Pacific Peoples, respectively [124].  In addition, CA-

MRSA infections in North America have been associated with Native Americans, 

African-Americans and First Nation peoples in Canada [1]. To date however, few 

studies have explored the reasons why MRSA infections may be higher in these 

population groups.  In particular, outside of North America, there are relatively few 

studies (and none in New Zealand) that have systematically assessed and quantified the 

disease burden and circulating strain types of MRSA in specific demographic groups.  It 

is plausible that the circulation of different MRSA clones (with varying virulence and 

transmissibility traits) in distinct population groups may contribute to the higher 

incidence of SSTI in such groups.   For example, a recent study assessing S. aureus 

colonisation in household contacts of patients with S. aureus SSTI found that 

colonisation with USA300 MRSA was more common amongst household contacts than 

colonisation with other S. aureus strain types [222]. Furthermore, USA300 MRSA was 

more likely to be an infecting strain, rather than a colonising strain.  These authors 
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suggested that some clones of S. aureus may have higher pathogenic potential than 

others.  Similarly, a study from Queensland, Australia [18] described the circulation of 

distinct CA-MRSA clones in Aboriginal communities, particularly ST93 MRSA. 

 

The first known isolation of MRSA in New Zealand was in 1975 [223], and throughout 

the 1970s and 1980s, MRSA isolation was sporadic, and largely associated with the 

hospital setting [60]. However, in the early 1990s, there was a steady increase in 

patients from whom MRSA was isolated in a community setting, and it was noted that 

these MRSA strains were generally only resistant only to β-lactam antimicrobials, in 

contrast to hospital-associated MRSA strains, which commonly were resistant to several 

classes of antimicrobials.  In 1992, a distinct phage pattern was noted amongst MRSA 

isolates from patients in the Auckland community who had contact with Western Samoa 

[191]. This clone was designated as the South West Pacific (SWP) clone (also known as 

Western Samoan Phage Pattern, ‘WSPP’) and it rapidly displaced other MRSA clones 

in New Zealand to become the most common circulating MRSA clone in New Zealand 

throughout the 1990s.  Belonging to multilocus sequence type (ST) 30, SWP ST30 is 

similar to CA-MRSA clones in other parts of the world, in that it is generally resistant 

only to β-lactam antimicrobials, and harbours the lukF-PV / lukS-PV genes encoding the 

Panton Valentine leucocidin (PVL) toxin [224].  In 2005, a newly emerged ST5 MRSA 

clone (the ‘AK3’ clone) was identified in the Auckland region, and this clone has 

subsequently spread throughout New Zealand [124]. To date however, relatively little is 

known about the demographic associations of MRSA in New Zealand, and whether 

disease due to certain MRSA types is more common in different demographic groups, 

particularly Māori and Pacific Peoples. In this context, the aim of the work described in 

this chapter was to look for associations between disease due to MRSA clones in New 
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Zealand and patient demographics, and to investigate the emergence of the recently 

described AK3 MRSA clone.  
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8.1. ABSTRACT 

The predominant community-associated MRSA strains vary between geographic 

settings, with ST8-IV USA300 being the commonest clone in North America, and the 

ST30-IV Southwest Pacific clone established as the dominant clone in New Zealand for 

the past two decades. Moreover, distinct epidemiological risk factors have been 

described for colonisation and/or infection with CA-MRSA strains, although these 

associations have not previously been characterized in New Zealand.  Based on data 

from the annual New Zealand MRSA survey, we sought to describe the clinical and 

molecular epidemiology of MRSA in New Zealand. 

All non-duplicate clinical MRSA isolates from New Zealand diagnostic laboratories 

collected as part of the annual MRSA survey were included. Demographic data was 

collected for all patients, including age, gender, ethnicity, social deprivation index and 

hospitalisation history.  

 

MRSA was isolated from clinical specimens from 3,323 patients during the 2005 to 

2011 annual surveys. There were marked ethnic differences, with MRSA isolation rates 

significantly higher in the Māori and Pacific Island population. Over the study period, 

there was a significant increase in CA-MRSA, and a previously unidentified PVL-

negative ST5- IV spa t002 clone replaced the PVL-positive ST30-IV Southwest Pacific 

clone as the dominant CA-MRSA clone.  Of particular concern was the finding of 

several successful and virulent MRSA clones from other geographic settings, including 

ST93-IV (Queensland CA-MRSA), ST8-IV (USA300) and ST772-V (Bengal Bay 

MRSA). Ongoing molecular surveillance is essential to prevent these MRSA strains 

becoming endemic in the New Zealand healthcare setting.    
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8.2. INTRODUCTION 

The global emergence of community-associated methicillin-resistant Staphylococcus 

aureus (CA-MRSA) over the past two decades has been well described [1].  Of note, the 

predominant CA-MRSA vary between geographic settings, with USA300 the 

overwhelmingly dominant CA-MRSA clone in North America, and the ST93 

Queensland CA-MRSA clone emerging as the most common CA-MRSA clone in 

Australia [119, 225].  In particular, the epidemic spread of the USA300 clone 

throughout North America has resulted in considerable morbidity, with several studies 

describing increasing rates of emergency department attendances and hospitalizations 

for CA-MRSA-associated skin and soft tissue infections (SSTI) [100, 226]. 

Initial reports of CA-MRSA strains described the emergence of these strains in patients 

with a lack of traditional epidemiological risk factors for MRSA infection and/or 

colonization [7].  In particular, patients with CA-MRSA infections were younger, had 

minimal comorbid illness and lacked prior healthcare contact compared to those patients 

with infections due to healthcare-associated MRSA (HCA-MRSA) strains [1, 7].   

Furthermore, distinct socio-demographic associations have been described for CA-

MRSA infection, including ethnicity, socioeconomic deprivation and incarceration [1].  

Recently however, as the prevalence of CA-MRSA strains has increased, the 

epidemiological distinction between these strains and HCA-MRSA strains has become 

less well defined, with numerous reports of nosocomial outbreaks of infections due to 

CA-MRSA strains [227, 228].  

 

In New Zealand, the ST30 South West Pacific (SWP) clone has been the predominant 

CA-MRSA for the past two decades [224].  Similar to prevalent CA-MRSA strains in 

other settings, ST30 SWP is characterized by carriage of the type IV SCCmec element, 

and of the lukF-PV and lukS-PV genes [60].  However, recent surveillance data suggest 
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that an ST5-SCCmec IV (ST5-IV) CA-MRSA clone may be emerging as a more 

common cause of CA-MRSA infection in New Zealand [34].  To date however, 

relatively little is known about the distinct epidemiological associations for CA-MRSA 

infection in New Zealand, although previous studies have suggested that infection with 

CA-MRSA strains may be more common in Māori (Indigenous New Zealander) and 

Pacific Island populations (Pacific Peoples) [229]. Moreover, the comparative burden 

and epidemiology of CA-MRSA and HCA-MRSA infections has not previously been 

described in our geographic setting. 

 

In this context, we sought to (i) describe the clinical and molecular epidemiology of 

MRSA in New Zealand, and (ii) to describe the emergence of a previously unidentified 

ST5-IV MRSA strain as the predominant CA-MRSA clone in New Zealand. 

This work was presented, in part, at the 52nd Interscience Conference on Antimicrobial 

Agents and Chemotherapy, 2012 in San Francisco. 

 

 
8.3. METHODS 

8.3.1. Setting, patients and data collection 

New Zealand is an island nation located in the South West Pacific, with a resident 

population of approximately 4.4 million.  The population is ethnically diverse, 

consisting of 67% European, 15% Māori, 10% Asian, 7% Pacific Peoples and 1% of 

other ethnicities.  

 

In New Zealand, a national survey of MRSA isolates is performed in August of each 

year.  All New Zealand community and hospital laboratories refer consecutive, non-

duplicate MRSA isolates to the Institute of Environmental Science and Research (ESR), 
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Wellington, New Zealand for molecular typing.  As part of this survey, basic patient 

data is collected, including age, gender and specimen type (clinical vs. screening 

isolate).  We analysed patient data from each year of the survey between 2005 and 

2011. In order to minimize any influence that changes in screening practices may have 

had on MRSA isolation rates, demographic analysis was restricted to those patients who 

had a clinical isolate sent for testing. Using hospital admission data recorded by the 

New Zealand Ministry of Health, the following additional demographic information was 

extracted about each patient: ethnicity, number of previous hospitalizations in the 

preceding year, and socioeconomic status based on the New Zealand deprivation index 

(NZDep).  The NZDep score is an area-based measure of deprivation derived from 

census data, and is based on the following variables of deprivation: household income, 

household ownership, household occupancy, employment and education levels, access 

to independent transportation and access to telecommunications.  It is expressed as a 

score between one and ten, a score of ten representing the most deprived neighborhoods 

[77]. For analysis, ethnicity was grouped into four major ethnic groupings: European, 

Māori, Pacific Peoples and Asian/other ethnicities. When MRSA isolation was 

associated with a hospital attendance or admission, all hospital discharge diagnoses 

related to that event were obtained, coded using the International Classification of 

Diseases, Tenth Edition, Clinical Modification (ICD-10-CM) codes [99].   

 

Cases were described as community-associated (CA-MRSA) if MRSA was isolated 

from a patient within 48 hours of hospital admission and / or who: (i) had no history of 

hospitalization or surgery in the preceding calendar year (ii) did not reside in a long-

term care facility (LTCF) and (iii) did not have any prior or current ICD-10-CM 

discharge diagnoses relating to hemodialysis or implantable devices.  Conversely, cases 

were described as healthcare-associated (HCA-MRSA) if one or more of these risk 
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factors were documented.  Healthcare-associated cases were further described as 

hospital-onset (HCA-HO) or community-onset (HCA-CO) depending on whether the 

specimen was taken >48 hours or ≤48 hours, respectively, following hospital admission.  

 

8.3.2. Isolate collection and analysis 

Identification of S. aureus isolates and determination of methicillin resistance was 

carried out by individual laboratories prior to sending specimens to ESR.  Prior to 2009, 

bacteriophage typing was the routine method used to type MRSA at ESR.  From 2009 

onwards, molecular typing was performed by PCR amplification and sequencing of the 

polymorphic X region of the staphylococcal protein A (spa) gene, using previously 

described methods[165].  An internal validation study was conducted in 2009 to ensure 

concordance between the two typing methods (data not shown).  spa sequences were 

analysed using Ridom StaphType software, Version 2.0.3 (Ridom GmbH, Würzburg, 

Germany).  Clustering of clonal complexes of related spa types (Spa-CCs) was 

performed using the based upon repeat pattern (BURP) algorithm of the Ridom 

software [230].  In addition to phage and spa typing, pulsed-field gel electrophoresis 

(PFGE) and multi-locus sequence typing (MLST) were used to further define and 

characterise MRSA strains.  PFGE and MLST were performed as previously described 

[154, 159].  SCCmec typing  and PCR amplification for detection of lukF-PV and lukS-

PV genes was performed on representative isolates from each inferred MLST clonal 

complex, using previously described methods [66, 187]. 

 

8.3.3. Statistics and rates 

Period-prevalence rates of MRSA isolation from clinical specimens were calculated per 

100,000 population, and were stratified according to age and ethnicity.  Population 
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denominator data were obtained from Statistics New Zealand 

(http://www.stats.govt.nz). Categorical variables were compared using either the χ2 or 

Fisher’s exact test. Non-parametric data were analysed using the Mann-Whitney U test. 

Odds ratios were calculated with 95% confidence intervals. A regression model was 

used to determine changes in period-prevalence rates over time.  A two-tailed P value of 

< 0.05 was considered significant, and all statistical analysis was performed using SPSS 

software (Version 19). 

 
 
8.4. RESULTS 

8.4.1. Patients and period-prevalence rates of MRSA isolations 

MRSA was isolated from clinical specimens from 3,323 patients during the 2005 to 

2011 annual surveys.  The overall period-prevalence rate of clinical MRSA isolation 

increased significantly from 8.6 to 18.0 per 100,000 population (P <0.001; Figure 19).  

When stratified by age, the highest period-prevalence rates were in the under five and 

over 65 year age groups (Figure 19).  Full demographic information, including ethnicity 

was available for 2,878 patients.  When stratified by ethnicity, period-prevalence rates 

of MRSA isolations were consistently higher in the Māori and Pacific Peoples ethnic 

groups (Figure 19). 

 

 

 

http://www.stats.govt.nz/
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Figure 19 - Methicillin-resistant Staphylococcus aureus (MRSA) period-prevalence 

rates for clinical isolates in New Zealand, 2005 – 2011, stratified by (A) age, and 

(B) ethnicity 

 

A. 

 

 

 

 

 

 

 

 

 

B. 
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8.4.2. Molecular epidemiology of MRSA strains and emergence of ST5-IV clone as 

the dominant CA-MRSA clone 

Of the 3,323 isolates, 1569 (47.2%) were typed using phage typing and 1754 (52.8%) 

typed using spa typing.  Ten major MRSA clonal complex (CC) / sequence types (ST) 

were identified over the study period (Table 26).  The seven most frequent MRSA 

clones identified, accounting for 85.2% of all clinical MRSA, were ST30-IV (24.8%), 

ST5-IV (20.4%), ST22-IV (18.8%), ST1-IV (10.2%), ST8-IV (5.9%), ST93-IV (3.3%) 

and ST239-III (1.8%). Of the 3,323 MRSA isolates, 460 (13.9%) were unable to be 

assigned a clonal complex or sequence type by phage typing (278 isolates) or spa typing 

(182 isolates) (Table 26).  

 

An ST5-IV MRSA clone was identified for the first time in the 2005 survey, and rapidly 

became the predominant CA-MRSA clone in New Zealand. Representative isolates 

from this clone were negative for the lukF-PV and lukS-PV genes.  The relative 

proportions of the seven predominant MRSA clones isolated from clinical specimens 

between 2005-2011 are shown in Figure 20.  Notably, the proportion of ST5-IV 

increased significantly over the study period, from 0.3% in 2005 to 34.7% in 2011 (P 

<0.001), and the proportions of ST30-IV and ST22-IV decreased significantly from 

28.1 to 16.2% (P <0.001) and 37.8 to 8.9% (P <0.001), respectively.  

 

There was an age-related distribution of the seven commonest MRSA clones, with 

ST22-IV isolated from older patients (median age 79 years, interquartile range [IQR] 62 

- 86 years), followed by ST239-III (median 69 years, IQR 48 – 79 years), ST8-IV 

(median 37 years, IQR 18 – 61 years), ST30-IV (median 27 years, IQR 14 – 43 years), 

ST1-IV (median 26 years, IQR 7 – 53 years) and ST5-IV (median 17 years, IQR 4 – 42 

years). 
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Table 26 - Molecular epidemiology of methicillin-resistant Staphylococcus aureus 

isolates referred to the Institute of Environmental Science and Research for New 

Zealand annual MRSA surveys between 2005-2011. 

 

Predicted clonal 
complex / 
sequence type 

Number 
analysed by 

bacteriophage 
typing between 

2005–2008 

Number 
analysed by spa 
typing between 

2009–2011 

spa types (n) 

ST30 

(n=825) 
484 341 

t019 (309); t975(5); t1347(5); 
t138(4); t122(3); t1752(3); t021(2); 

t779(2); t1133(1); t1273(1); 
t2895(1); t3723(1); t4341(1); 
t4672(1); t5994(1); t6653(1) 

ST5 

(n=678) 
148 530 

t002(461); t045(23); t548(10); 
t062(7); t306(7); t010(4); t105(3); 

t088(2); t1781(2); t5677(2); 
t009(1); t214(1); t242(1); t311(1); 

t1154(1); t4323(1); t4865(1); 
t5213(1); t6787(1) 

ST22 

(n=625) 
404 221 

t032(153); t1401(14); t022(12); 
t1214(5); t852(4); t5501(4); 

t005(3); t379(3); t5538(3); t718(2); 
t790(2); t5785(2); t7428(2); 

t557(1); t578(1); t688(1); t749(1); 
t906(1); t1370(1); t1415(1); 

t1467(1); t3612(1); t5836(1); 
t605(1); t6648(1) 

ST1 

(n=340) 
129 211 

t127(178); t701(11); t267(5); 
t386(3); t591(3); t7136(3); t359(1); 
t521(1); t559(1); t693(1); t1418(1); 

t5100(1); t5736(1); t5837(1) 

ST8 

(n=196) 
58 138 

t008(118); t024(10); t2849(2); 
t6229(2); t711(1); t1610(1); 

t1627(1); t1882(1); t2558(1); 
t4919(1) 

ST93 

(n=110) 
10 100 t3949(66); t202(30); t1819(1); 

t4178(1); t6487(1); t7328(1) 

ST239 

(n=61) 
47 14 t037(10); t631(1); t4150(2); 

t4866(1) 

ST772 

(n=14) 
2 12 t657(10); t345 (1); t5310 (1) 

ST36 

(n=11) 
9 2 t018(2) 
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CC398 

(n=3) 
- 3 t034(2); t011(1) 

Not determined 

(n=460) 
278 182 

t1853(24); t976(16); t375(14); 
t189(11); t437(9); t324(8); t282(6); 
t148(4); t065(3), t179(3); t186(3); 

t216(3); t316(3); t1265(3); 
t1767(3); t2143(3); t019(2); 

t021(2);  t084(2); t121(2); t878(2); 
t1781(2); t9257(2); t8493(2); 

t005(1); t026(1); t040(1); t044(1); 
t064(1); t088(1); t089(1); t127(1); 
t237(1); t304(1); t442(1); t586(1); 
t638(1); t688(1); t690(1); t771(1); 

t786(1); t791(1); t985(1); t1028(1); 
t1126(1); t1309(1); t1839(1); 
t1849(1); t1895(1); t2062(1); 
t2078(1); t2085(1); t2321(1);  
t2815(1); t3979(1); t4359(1); 
t4448(1); t4467(1); t5110(1); 
t5181(1); t5190(1); t5191(1);  
t5562(1); t5782(1); t5784(1); 
t6256(1); t6681(1); t7211(1); 
t7334(1); t8349(1); t9258(1); 

t9269(1); t9508(1) 

Total 

(n=3323) 
1569 1754 - 
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Figure 20 - Relative proportions of methicillin-resistant Staphylococcus aureus 

(MRSA) clones circulating in New Zealand, 2005 – 2011. 
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8.4.3. Isolation of other emerging MRSA strains in New Zealand 

Fourteen patients with ST772-V MRSA (Bengal Bay MRSA) were identified over the 

study period (2 patients in 2008; 4 in 2009; 2 in 2010 and 6 in 2011). Ten of these 

patients were of Indian ethnicity. The spa types associated with ST772-V were t657 (10 

isolates), t345 (one isolate) and t5310 (one isolate). In addition, three patients with CA-

MRSA isolates belonging to CC398 were identified in 2011. The associated spa types 

were t034 (2 isolates) and t011.  

 

8.4.4. Community vs. healthcare-associated MRSA in New Zealand 

The period-prevalence rates of CA-MRSA and HCA-MRSA infections are shown in 

Figure 21.  The period-prevalence rate of CA-MRSA increased significantly over the 

study period from 5.7 to 9.3 per 100,000 population (P <0.001).  In addition, the period-

prevalence rate of HCA- CO MRSA increased from 2.4 to 7.4 per 100,000 population 

(P <0.001). In contrast, the period-prevalence of HCA HO-MRSA did not change 

significantly over the study period (Figure 21). 

 

In comparison to patients with HCA-MRSA, patients with CA-MRSA were 

significantly younger, more likely to be Māori or Pacific Peoples, and were more likely 

to reside in a deprived neighborhood (Table 27). In addition, there were distinct 

associations between specific MRSA clones and their isolation in either the community 

or healthcare setting.  ST30-IV, ST5-IV, and ST93-IV were significantly more likely to 

be isolated from patients in the community, whereas ST22-IV and ST239-III were more 

likely to be isolated from patients in a healthcare setting (Table 27). 
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Figure 21 - Period-prevalence rates of community-associated methicillin-resistant 

Staphylococcus aureus (CA-MRSA), healthcare-associated community-onset 

MRSA (HCA-CO MRSA) and healthcare-associated hospital-onset (HCA-HO 

MRSA) in New Zealand, 2005 – 2011. 
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Table 27 - Sociodemographic and molecular epidemiological associations of 

community-associated MRSA (CA-MRSA) and healthcare-associated MRSA 

(HCA-MRSA) in New Zealand, 2005 - 2011 

 

Characteristic 

 

 

CA-
MRSA 

(n=1346) 

 

HCA 

CO-
MRSA 

(n=1132) 

 

HCA 

HO-MRSA 

(n=400) 

 

CA-MRSA isolation vs. 
HCA-CO MRSA isolation 

 

CA-MRSA isolation vs. HCA-
HO MRSA isolation 

 

P  

 

OR (95% CI)  

 

P  

 

OR (95% CI)  

Age, years 

Median (IQR) 

 

27 (10 – 
47) 

 

50 (19 – 
78) 

 

64 (29 – 80) 

 

< 0.001 a 

 

- 

 

< 0.001 a 

 

- 

Gender 

  Male 

  Female 

 

692 (51.4) 

654 (49.6) 

 

590 (52.1) 

542 (47.9) 

 

230 (57.5) 

170 (42.5) 

 

0.75 

- 

 

0.97 (0.83-1.14) 

- 

 

0.032 

 

0.78 (0.62-0.99) 

Ethnicity  

  European 

  Māori 

  Pacific Island 

  Other 

 

470 (34.9) 

466 (34.7) 

345 (25.6) 

65 (4.8) 

 

559 (49.4) 

332 (29.3) 

203 (17.9) 

38 (3.4) 

 

230 (57.5) 

97 (24.2) 

58 (14.5) 

15 (3.8) 

 

0.001 

0.005 

<0.001 

0.07 

 

0.8 (0.6-0.9) 

1.3 (1.1-1.5) 

1.6 (1.3-1.9) 

1.5 (0.9-2.2) 

 

<0.001 

<0.001 

<0.001 

0.36 

 

0.4 (0.3-0.5) 

1.7 (1.3-2.2) 

2.1 (1.5-2.8) 

1.3 (0.7-2.4) 

NZDep score 

  1-3 (low deprivation) 

  4-7 (medium deprivation) 

  8-10 (high deprivation) 

 

158 (11.7) 

362 (26.9) 

826 (61.4) 

 

171 (15.1) 

311 (27.5) 

650 (57.4) 

 

70 (17.5) 

129 (32.2) 

201 (50.3) 

 

0.014 

0.75 

0.046 

 

0.7 (0.6-0.9) 

0.9 (0.8-1.2) 

1.2 (1.0-1.4) 

 

0.003 

0.036 

<0.001 

 

0.6 (0.5-0.9) 

0.8 (0.6-1.0) 

1.6 (1.2-2.0) 

MRSA clone  

  ST30-IV 

  ST5-IV 

  ST22-IV 

  ST1-IV 

  ST8-IV 

  ST93-IV 

  ST239-III 

 

438 (32.5) 

335 (24.9) 

87 (6.5) 

161 (11.9) 

80 (5.9) 

64 (4.8) 

5 (0.4) 

 

232 (20.5) 

218 (19.3) 

282 (24.9) 

106 (9.4) 

66 (5.8) 

33 (2.9) 

22 (1.9) 

 

50 (12.5) 

48 (12.0) 

154 (38.5) 

38 (9.5) 

23 (5.8) 

9 (2.2) 

29 (7.3) 

 

<0.001 

0.001 

<0.001 

0.04 

0.93 

0.02 

<0.001 

 

2.2 (1.8-2.7) 

1.4 (1.1-1.7) 

0.25 (0.2-0.3) 

1.3 (1.0-1.7) 

1.0 (0.7-1.5) 

1.7 (1.1-2.7) 

0.2 (0.06-0.5) 

 

<0.001 

<0.001 

<0.001 

0.17 

1.0 

0.03 

<0.001 

 

3.4 (2.4-4.7) 

2.4 (1.7-3.4) 

0.1 (0.01-0.2) 

1.3 (0.9-1.9) 

1.0 (0.6-1.7) 

2.2 (1.6-4.7) 

0.05 (0.02-0.1) 
 

Note: Data are number (%) of patients unless stated otherwise.  

a Mann-Whitney U test 

Abbreviations: OR, odds ratio; CI, confidence interval; IQR, interquartile range; ST, sequence type, 

NZDep, New Zealand Deprivation Index score. 
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8.5. DISCUSSION 

To our knowledge, this represents the first study to systematically assess the clinical and 

molecular epidemiology of MRSA from New Zealand. We analysed seven years of data 

from our national MRSA survey, and found that, although rates of MRSA isolation 

were generally low in comparison to other developed countries, there were notable 

demographic and epidemiological findings.  

 

Most notably, an ST5-IV clone rapidly emerged over the study period and displaced 

ST30-IV as the dominant CA-MRSA clone.  Interestingly, unlike many other CA-

MRSA clones, including ST30-IV, this ST5-IV clone characteristically does not harbor 

the lukF-PV and lukS-PV genes. MRSA strains belonging to ST5 represent a large and 

diverse group, and are geographically widespread [158].  The origin of this recently 

emerged ST5-IV strain in our region is unclear, but based on studies from other settings 

it seems probable that this clone emerged from a locally circulating ST5 methicillin-

susceptible S. aureus (MSSA) strain which acquired the small, mobile SCCmec-IV 

element [158]. Future work should attempt to characterize the possible clinical and 

molecular reasons for the successful emergence of this clone in New Zealand.   

 

In addition, we observed a significant increase in the burden of CA-MRSA disease over 

the study period. In our setting, this was largely due to two CA-MRSA clones, ST30-IV 

and ST5-IV. The reasons for the marked increase in CA-MRSA over the study period 

are unclear, but may, in part, reflect the increasing incidence of SSTI in New Zealand 

over the past decade [13, 79].  Of note, the population groups with the highest burden of 

SSTI in New Zealand, namely Māori and Pacific Peoples, are the same population 

groups that carry the greatest burden of CA-MRSA disease.  A strong association 

between CA-MRSA disease and distinct indigenous groups in other settings has been 
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previously described, including Aboriginal Australians , and American Indians [1]. The 

reasons for this association are multifactorial, but are likely to involve a combination of 

poor hygiene, nutrition and domestic crowding [13, 79]. Further research should attempt 

to understand the interaction of host and sociodemographic factors that predispose to 

CA-MRSA infection in these groups. 

 

We also observed a three-fold increase in the burden of community-associated MRSA 

disease in patients with prior healthcare exposure (HCA-CO MRSA).  The reasons for 

this significant increase are uncertain, but it seems probable that a number of factors 

may have contributed, including an increase in the community reservoir of MRSA and 

changes in the delivery of healthcare, such that many medical treatments and procedures 

are now undertaken in a community setting. As such, the clinical and molecular 

epidemiology of HCA-CO MRSA disease may share both community and hospital 

characteristics.  In our data, this was reflected by the specific MRSA clones causing 

HCA-CO disease; it was notable that ST5-IV and ST30-IV, both clones which are 

predominantly associated with CA-MRSA, contributed to approximately 40% of HCA-

CO MRSA isolates. The infiltration of CA-MRSA clones into the healthcare setting has 

been recently described, and it has been suggested that CA-MRSA strains may 

ultimately replace traditional HCA-MRSA strains in the healthcare environment [12].  

However, despite the increase in HCA-CO MRSA, we did not observe any increase in 

HCA-HO MRSA over the study period.  This may, in part, be due to local initiatives 

over the past several years designed to prevent healthcare-associated infections, in 

particular a national campaign to improve hand hygiene compliance in acute care 

settings [81]. Future efforts should be directed towards reducing the rate of HCA-HO 

MRSA even further, in addition to addressing the increasing burden of HCA-CO 

MRSA. 
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Interestingly, we also observed the emergence of several clones associated with CA-

MRSA disease in other geographic settings, most notably the ST8-IV USA300 clone 

from North America and the ST93-IV Queensland clone from Australia. Although we 

did not have specific epidemiological information relating to overseas travel, it seems 

probable that emergence of these clones in New Zealand was due to sporadic 

introduction and “spillover” from other settings with ensuing community spread, rather 

than local emergence of these clones.  Of concern was the observation that the USA300 

clone accounted for approximately 6% of HCA-HO MRSA isolations over the study 

period.  This successful clone is notable for its apparent transmissibility and ability to 

harbor several virulence factors [1].  Of further concern was our finding of fourteen 

MRSA isolates belonging to ST772-V.  ST772-V MRSA, also dubbed the “Bengal Bay 

clone”, is noted for its resistance to multiple antibiotic classes and its ability to harbor 

several virulence factors including the lukF-PV and lukS-PV genes and the enterotoxin 

gene cluster (egc) . An epidemiological link with travel to the Indian subcontinent has 

previously been described for patients from whom ST772 MRSA has been isolated [31].  

Although we did not have information related to overseas travel, it is notable that of the 

fourteen patients with ST772 MRSA in New Zealand, ten (71%) were of Indian 

ethnicity.  

 

There were a number of limitations with our study.  Most notably, we did not have 

information relating to clinical syndromes associated with specific MRSA clones. 

Future prospective studies should monitor the type and severity of disease caused by 

MRSA in our setting, particularly in light of the recent emergence of the lukF-PV / 

lukS-PV-negative ST5-IV clone.  In addition, the data we analysed was based on annual 

monthly “snapshot” surveys, rather than continuous surveillance.  As such, we had no 

information on MRSA colonisation / infection from the time periods outside the annual 
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surveys.  Despite this limitation however, isolates and data were collected consistently 

each year, and from all diagnostic microbiology laboratories in New Zealand, thus 

providing a nationally representative profile of the epidemiology of MRSA.  Finally, in 

this study, we focused exclusively on MRSA.  In our setting however, S. aureus disease 

is predominantly due to MSSA strains, which frequently harbor the lukF-PV / lukS-PV 

genes [66].  Future studies should attempt to assess the clinical and molecular 

epidemiology of disease caused not only by MRSA, but also by MSSA.  

 

In summary, we found notable temporal and sociodemographic differences in the 

epidemiology of MRSA in New Zealand.  The increase in CA-MRSA was consistent 

with reports from other settings, and the burden of CA-MRSA was disproportionately 

carried by the Māori and Pacific Peoples ethnic groups. We identified several MRSA 

clones not previously known to circulate in New Zealand, including an ST5-IV clone 

that rapidly displaced ST30-IV as the dominant CA-MRSA clone.  Of particular 

concern was the finding of several successful and virulent MRSA clones from other 

geographic settings, including ST93-IV (Queensland CA-MRSA), ST8-IV (USA300) 

and ST772-V (Bengal Bay MRSA). Ongoing molecular surveillance is essential to 

ensure early identification and tracking of such strains, and to prevent these MRSA 

strains becoming endemic in the New Zealand healthcare setting.    
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8.6. ADDITIONAL INFORMATION 

8.6.1. PFGE and microarray analysis of ST5 strains 

This study represents one of the few published studies to describe the longitudinal 

molecular epidemiology of MRSA across an entire nation, and provides valuable insight 

into ‘where’ and ‘when’ particular MRSA clones have emerged in New Zealand.  In 

particular, the most notable finding from this study was the rapid emergence of ST5 

MRSA-IV (the ‘AK3’ clone), with the concurrent decline of the ST30-IV (‘WSPP’ 

clone). More recent national surveillance data from 2013 describe a further increase in 

the proportion of AK3 amongst MRSA strains isolated in New Zealand, such that in 

2013, AK3 accounted for 52.5% of all MRSA in New Zealand (Figure 22, taken from 

[191]). 

 

Figure 22 - Incidence of isolation of the predominant MRSA clones in New 

Zealand, 2004 – 2012, (95% confidence intervals indicated by bars). 
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In order to further understand the possible genotypic factors underlying the emergence 

of AK3 MRSA, DNA microarray analysis of 30 CC5 isolates was performed.  These 

isolates were selected from historical strain collections at the Institute of Environmental 

Science and Research, and included the ‘index’ AK3 strain (NZMRS05_115), first 

isolated in Auckland in 2005. Twenty-six isolates were selected for microarray analysis 

on the basis of their similarity of their pulsed-field gel electrophoresis (PFGE) profiles 

to the index AK3 strain (Figure 23). PFGE banding patterns were analysed using 

BioNumerics software version 6.6 (Applied Maths, St-Martens-Latem, Belgium), with 

the Dice coefficient and unweighted-pair group method with arithmetic averages, at 

settings of 0.5% optimisation and 1.5% position tolerance. PFGE banding patterns were 

interpreted using the criteria described by Tenover et al [154] applying a similarity cut-

off of 85%. For comparison, four ‘non-AK3’ ST5 isolates were included in the PFGE 

and DNA microarray analysis. 
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Table 28 - Clonal complex 5 (CC5) MRSA strains included in the PFGE and DNA 

microarray analysis. 

Strain name Place of isolation Year of isolation AK3 clone by PFGE AMR profile 

MRS05/115 Auckland 2005 Yes FaR 

MRS08/1326 Palmerston N 2008 Yes FaR 

MRS08/1365 Auckland 2008 Yes FaR 

MRS08/1390 Auckland 2008 Yes EmR, ClR, FaR 

MRS08/490 Christchurch 2008 No CipR, GmR, EmR 

MRS08/879 Hastings 2008 Yes FaR 

MRS08/1326 Palmerston N 2008 Yes FaR 

MRS08/1778 Auckland 2008 Yes FaR 

MRS09/518 Auckland 2009 Yes EmR, ClR, FaR 

MRS09/522 Hastings 2009 Yes FaR 

MRS09/511 Auckland 2009 Yes FaR 

MRS09/512 Auckland 2009 Yes FaR 

MRS10/15 Auckland 2010 Yes FaR 

MRS10/189 Hastings 2010 Yes FaR 

MRS10/2251 Auckland 2010 Yes FaR 

MRS10/3 Auckland 2010 Yes EmR, ClR, FaR 

MRS10/8 Auckland 2010 Yes FaR 

MRS11/12 Gisborne 2011 Yes FaR 

MRS11/1804 Hastings 2011 No EmR, CipR 

MRS11/2 Whangarei 2011 Yes EmR, ClR, FaR 

MRS11/30 Hastings 2011 Yes  CipR, GmR, EmR, 
MuR, FaR 

MRS11/7 Gisborne 2011 Yes FaR 

MRS11/263 Auckland 2011 Yes FaR 

MRS12/01 Auckland 2012 Yes FaR 

MRS12/04 Auckland 2012 Yes FaR 

MRS12/21 Auckland 2012 Yes FaR 

MRS12/22 Auckland 2012 Yes FaR 

MRS12/29 Auckland 2012 Yes FaR 

USA800 USA U No - 

WA-MRSA-3 Perth, Australia U No EmR 

 

Abbreviations: PFGE, pulsed-field gel electrophoresis; AMR, antimicrobial resistance; FaR, fusidic acid-

resistant, EmR, erythromycin resistant, CipR, ciprofloxacin resistant, GmR, gentamicin resistant, ClR, 

clindamycin resistant, MuR, mupirocin resistant.
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Figure 23 - Pulsed-field gel electrophoresis (PFGE) profiles of 30 clonal complex 5 (CC5) isolates used for DNA microarray 

analysis. Isolates forming part of the AK3 ‘core’ (as determined by PFGE similarity) are inside the red box. 
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By microarray testing, all isolates belonged to agr group II, consistent with studies 

performed on other CC5 S. aureus [61].  In addition, all isolates contained mecA, and 

25/30 (83%) contained the fusC gene.  When array hybridisation patterns were 

compared using a SplitsTree analysis (methodology described in Chapter 6.5.2), there 

was good correlation between PFGE profiles and array hybridisation patterns, such that 

strains identified as being in the AK3 ‘core’ by PFGE clustered together in the 

SplitsTree network (Figure 24).  Importantly, 25/26 (96%) strains within the AK3 core 

contained fusC, conferring phenotypic resistance to fusidic acid. 

 

Fusidic acid acts by inhibiting protein translocation through binding to elongation factor 

G (EF-G; encoded by the fusA gene).  Resistance can develop through point mutations 

in fusA, which results in an altered EF-G protein that does not bind to fusidic acid. 

However, the fusB or fusC genes can also confer resistance, and are acquired genes (cf. 

chromosomal), present on mobile genetic elements [231].  The exact mechanism of 

resistance conferred by these genes in unknown, although it is postulated that these 

genes encode EF-G–binding proteins that protect the staphylococcal translation 

apparatus from inhibition by fusidic acid [232].  

 

In Chapter 7 of this thesis, we found that the dominant MSSA clone (CC1) invariably 

contained fusC, and was phenotypically resistant to fusidic acid. In this work, we have 

demonstrated that the recently emerged AK3 ST5 MRSA clone is also predominantly 

fusidic acid-resistant, harbouring the same acquired resistance gene, fusC, as the 

dominant CC1 MSSA clone. These preliminary findings suggest a selection advantage 

for these clones in New Zealand, particularly for AK3 MRSA, which is now the 

dominant MRSA clone in New Zealand.  In addition, these findings also suggest that 

horizontal gene transfer of fusC may have occurred between S. aureus clones, although 
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the genetic context of the fusC gene cannot be determined by DNA microarray analysis, 

which identifies only the presence or absence of pre-defined genes. Work presented in 

Chapters 9 and 10 of this thesis will examine, in detail, the genetic context of the fusC 

gene in dominant S. aureus clones in New Zealand.
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Figure 24 - SplitsTree analysis of DNA microarray profiles from 30 clonal complex 5 (CC5) S. aureus isolates.  

 

Isolates not in AK3 core by PFGE 
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PART B: SUMMARY OF KEY FINDINGS 

In Part A of this thesis, I described a significant increase in the incidence of S. aureus 

SSTI in New Zealand, largely driven by community-onset MSSA infections. In 

addition, I reported that the demographic groups with the largest burden of disease 

were Māori and Pacific children, and suggested that the underlying reasons for this 

were likely to include a combination of host, environmental, societal and 

microbiological factors. In Part B, using a range of molecular and statistical 

techniques, I attempted to determine some of the microorganism factors that may 

have contributed to the high incidence of S. aureus SSTI in Māori and Pacific 

children.  Overall, the key findings from work presented in Part B suggest that 

microorganism factors are unlikely to be the major contributor to the high burden of 

S. aureus SSTI in Māori and Pacific children. In particular:  

 

• Based on DNA microarray data, there were no differences between the 

prevalence of some virulence factors in strains of S. aureus associated with 

invasive disease, and in strains associated with skin and soft tissue infection.   

• There were no clear differences between the relative prevalence of the MSSA 

clones circulating in New Zealand and those strains reported to be circulating 

in many other global regions. 

• The rate of S. aureus colonisation in Māori and Pacific children was not 

higher than the rate described in other published studies, although the rate of 

exclusive throat carriage was unexpectedly high. 

• The prevalence of distinct virulence factors (e.g. PVL; ACME) in the most 

common MRSA clone in New Zealand (the ‘AK3’ clone) did not appear to 
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contribute to the increasing incidence of MRSA in New Zealand, although the 

AK3 clone has emerged as the overwhelmingly predominant MRSA clone in 

New Zealand over the past decade. 

 

However, perhaps the most important finding from Part B was the high prevalence of 

fusidic acid resistance in S. aureus in New Zealand. We found that CC1 MSSA 

invariably contained the fusC gene, and that AK3 MRSA was generally fusidic acid 

resistant, also mediated by fusC. 

 

The final Part of this thesis will explore the possible reasons for the high rate of 

fusidic acid resistance, including an assessment of the potential contribution of 

increased prescribing of fusidic acid, and the genomic factors that may explain the 

spread of the fusC gene.
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PART C: COLLATERAL DAMAGE: THE IMPACT OF 

INCREASING RATES OF SKIN INFECTIONS ON 

ANTIMICROBIAL PRESCRIBING AND RESISTANCE IN 

STAPHYLOCOCCUS AUREUS 

One of the major drivers of antimicrobial resistance is the use, misuse and overuse of 

antimicrobials.  The use of antimicrobials exerts a positive selection pressure on 

bacterial strains that have either intrinsic or acquired resistance to a specific 

antimicrobial.  This, in turn, can lead to clonal expansion of such resistant strains, and 

the spread of these resistant clones.  Moreover, when strains contain multiple resistance 

genes, the use of one specific antimicrobial can lead co-selection of strains that are 

resistant to several antibiotics.  In New Zealand, there is historic evidence of overuse of 

antimicrobials, leading to high rates of antimicrobial resistance in S. aureus.  For 

example, until March 2000, the topical antimicrobial mupirocin (‘Bactroban’) was 

available to purchase ‘over the counter’.  A New Zealand study from 2001 described 

increasing rates of mupirocin resistance in S. aureus, predominantly in isolates from 

patients in the community setting [233]. These authors noted an increase in mupirocin 

resistance in S. aureus isolated from Auckland residents, from approximately 5% in 

1992, to 25% in 2000 [233].  Interestingly, these authors also commented that: ‘In 

cautioning against the use of mupirocin, we do not advocate using fusidic acid topically 

as an alternative. Resistance to this topical agent is reported, and unlike mupirocin, it is 

available in oral and intravenous formulations that are used for treatment of 

multiresistant S. aureus infections.’  Similarly, in overseas settings, particularly parts of 

Europe, it has been postulated that widespread use of tetracycline in livestock has 

resulted in an increase in tetracycline-resistant MRSA, specifically sequence type 398 

MRSA [69]. 
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Accordingly, the aims of Part C are (i) to determine whether the observed high 

prevalence of fusidic acid resistance in S. aureus described in Chapters 4 and 5 is 

associated with increased consumption of fusidic acid, (ii) whether high rates of topical 

fusidic acid prescribing are associated with the same demographic groups that have a 

high incidence of skin infections, (iii) whether the emergence of AK3 MRSA is 

temporally associated with an increase in fusidic acid prescribing, and (iv) whether the 

genetic determinants of fusidic acid resistance are similar in different fusidic acid 

resistant S. aureus clones. 
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9. CHAPTER 9. HIGH USAGE OF TOPICAL FUSIDIC ACID AND RAPID 

CLONAL EXPANSION OF FUSIDIC ACID-RESISTANT 

STAPHYLOCOCCUS AUREUS 

In the majority of cases, S. aureus SSTI is diagnosed and managed in the primary care 

setting, and, depending on the specific clinical manifestation, treatment may involve 

administration of a topical or oral antimicrobial agent. A Cochrane review in 2012 

demonstrated superiority of topical antimicrobials vs. placebo, (pooled risk ratio [RR] 

2.2; 95% CI 1.2 to 3.1) for the treatment of mild to moderate impetigo, with no 

difference in efficacy between the two most commonly used topical antimicrobials, 

mupirocin and fusidic acid [254]. In New Zealand, fusidic acid is the recommended 

agent for the empiric treatment of impetigo [64, 249].  Previous work in Chapters 4 and 

5 demonstrated an unexpectedly high prevalence of fusidic acid resistance in S. aureus 

isolates, mediated by the fusC gene.  However, to date, there are no published data on 

population usage of fusidic acid in New Zealand, and no contemporary systematic 

analysis of the prevalence of fusidic acid resistance in S. aureus in New Zealand.  In 

this context, the aims of this chapter were: (i) to perform a systematic survey of the 

prevalence of fusidic acid resistance in S. aureus isolates from the community; (ii) to 

describe community dispensing patterns to topical fusidic acid in New Zealand; and (iii) 

determine the S. aureus clonal complexes and genetic resistance mechanisms associated 

with fusidic acid resistance in New Zealand. 
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9.1. INTRODUCTION 

Although evidence-based prescribing supports the use of topical antimicrobials for only 

a few dermatological indications, including impetigo, studies suggest that topical 

antimicrobials are often prescribed for a number of other, non-indicated, skin conditions 

[234].  Importantly, previous work has demonstrated that injudicious use of topical 

antimicrobials, such as fusidic acid (FA) or mupirocin, is associated with the rapid 

development of resistance. For example, a study in 1999 in New Zealand (NZ) 

suggested that unrestricted usage of mupirocin contributed to a high rate (30%) of 

mupirocin resistance in community isolates of S. aureus [233].  The same study also 

demonstrated a FA resistance rate of 17% [109]. To date however, efforts to design and 

implement antimicrobial stewardship programs have focused predominantly on 

antimicrobials administered by the oral or intravenous route, rather than topical 

antimicrobials. In this context, the aims of our study were: (i) to assess prescribing 

trends for topical FA and mupirocin in NZ, and (ii) to compare historic and 

contemporary phenotypic and genotypic resistance patterns to these agents. 

 
 
9.2. METHODS 

NZ is an island nation in the South West Pacific, with a population of approximately 

4.47 million. We analysed national data on community dispensations of topical FA and 

mupirocin, obtained from the NZ Ministry of Health, for the period between January 

1993 and December 2012. To determine contemporary rates of FA and mupirocin 

resistance, a sample of 500 community S. aureus clinical isolates from wound swabs 

was collected in August 2013 in Auckland, NZ. Antimicrobial susceptibility testing was 

performed by disk diffusion and interpreted according to EUCAST criteria for FA 
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(www.eucast.org) and CLSI criteria for mupirocin [89]. The following demographic 

data were obtained about patients with S. aureus isolations: age, sex, and ethnicity.  

 

Molecular typing was performed by spa typing [165], and detailed molecular 

characterization of FA-resistant (FA-R) isolates was performed by DNA microarray 

analysis (StaphType, Clondiag, Germany) [235]. In addition to contemporary isolates, 

representative historic FA-R S. aureus isolates from 1999, and FA-R clonal complex 

(CC) 5 methicillin-resistant S. aureus (MRSA) isolates from 2005 – 2007 were also 

analysed, including the first isolated CC5 MRSA strain in NZ [6]. 

 

Community dispensations of topical FA and mupirocin were calculated as dispensations 

per 1000 population per month. Population denominator data were obtained from 

Statistics NZ (http://www.stats.govt.nz).  A regression model was used to determine 

statistically significant changes in dispensing rates over the study period. All statistical 

analysis was performed using STATA software (Version 11.1, StataCorp). 

 

 
9.3. RESULTS 

Between January 1993 and December 2012, there were 1,864,489 dispensations for FA 

and 2,117,579 dispensations for mupirocin. There was a significant increase in 

community dispensing rates for FA (P <0.001) and a decrease in dispensing rates for 

mupirocin (P <0.001) (Figure 1). Marked seasonality in dispensing was observed, with 

dispensing rates highest in the Southern Hemisphere summer and autumn months 

(Figure 25). 

 

http://www.stats.govt.nz/
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Figure 25 - Community dispensing rates for topical fusidic acid and mupirocin in 

NZ, January 1993 to December 2012. 

 

 

 

Table 29 - Demographic characteristics of patients in relation to the fusidic acid 

susceptibility of their Staphylococcus aureus isolate 

Variable Fusidic acid- resistant  S. aureus, 
n=146 (%) 

Fusidic acid-susceptible    S. aureus, 
n=359 (%) 

P value 

Age, median years, IQR 25, 10-53 25, 9-50 NS 

Male sex 74 (51) 177 (49) NS 

Ethnicity    

   European 62 (43) 156 (43) NS a 

   Māori 31 (21) 64 (18) - 

   Pacific 35 (24) 99 (28) - 

   Other 12 (8) 40 (11) - 

Abbreviations: NS, not significant. 

a 4 x 2 χ2 test 
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Twenty-nine percent (147/500) of contemporary S. aureus isolates were FA-R; 11% 

(55/500) were mupirocin resistant, and 8% (41/500) were resistant to both agents. There 

were no significant associations between FA-resistance and patient age, sex or ethnicity 

(Table 29). Amongst the 440 isolates available for spa typing, 125 spa types were 

detected (Table 30). The dominant methicillin-susceptible S. aureus (MSSA) clone 

(t127 MSSA) was invariably FA-R (Figure 26), and the dominant MRSA clone (t002 

MRSA) was predominantly FA-R, with a resistance rate of 89% (Figure 26).  By DNA 

microarray, all t127 isolates belonged to clonal complex 1 (CC1) and all t002 isolates 

belonged to CC5. All t127 and t002 FA-R isolates were found to harbour the fusC gene. 

 

In addition to contemporary isolates, 18 FA-R S. aureus isolates from the Auckland 

region, collected as part of a 1999 NZ study [3], underwent molecular characterisation. 

All isolates were MSSA, and 44% (8/18) were resistant to mupirocin. Of the 18 isolates, 

10 were spa t127, and 8 were t098, a single repeat variant of t127. All belonged to CC1, 

and, similar to the contemporary t127 isolates, all were found to harbor the fusC gene. 

Molecular analysis was also performed on a random sample of 17 FA-R t002 MRSA 

obtained from national surveys of MRSA performed between 2005 and 2007.  All 

isolates belonged to CC5, and none displayed phenotypic resistance to mupirocin. 

Similar to spa t127 CC1 isolates, all CC5 t002 isolates contained the fusC gene. 

 

 
9.4. DISCUSSION 

We assessed longitudinal dispensing and resistance patterns to topical antimicrobials in 

a NZ community setting. Most notably, the prevalence of FA resistance in S. aureus 
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Table 30 - spa types of Staphylococcus aureus isolated from patients in the 
Auckland community, August 2013 

 

Methicillin-susceptible S. aureus Methicillin-resistant S. aureus 

spa type Number of isolates spa type Number of isolates 

t127 

t189 

t002 

t159 

t1265 

t084 

t019 

t645 

t148 

t876 

t012 

t121 

t359 

t701 

t2221 

t304 

t026 

t179 

t216 

t5213 

t6367 

t6811 

t008 

t010 

t015 

t065 

t085 

t091 

t1077 

t160 

t211 

t2207 

t267 

t272 

t346 

t362 

t386 

t4956 

t659 

t878 

t005 

82 

48 

23 

14 

13 

11 

8 

8 

6 

6 

5 

5 

5 

5 

4 

4 

3 

3 

3 

3 

3 

3 

3 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

1 

t002 

t127 

t019 

t008 

t3949 

t010 

t021 

t024 

t032 

t068 

t1265 

t1381 

t242 

t5501 

t6811 

t701 

t059 

28 

7 

6 

3 

3 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

 



 

- 201 - 

t021 

t045 

t062 

t078 

t088 

t094 

t1028 

t122 

t126 

t1309 

t1381 

t1402 

t1451 

t169 

t171 

t177 

t1784 

t1855 

t1858 

t2049 

t209 

t2143 

t2524 

t2548 

t258 

t2636 

t269 

t2720 

t2783 

t279 

t284 

t2883 

t292 

t3092 

t3202 

t321 

t330 

t3326 

t335 

t3489 

t3662 

t394 

t4085 

t4171 

t437 

t4727 

t4951 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 
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t4989 

t5268 

t5386 

t5448 

t548 

t570 

t5993 

t6181 

t630 

t6449 

t653 

t657 

t669 

t6928 

t7026 

t732 

t7623 

t342 

t853 

t2155 

t4047 

t4032 

t164 

t213 

t1094 

t114 

t1598 

t436 

t2360 

t3626 

t059 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Total 381 Total 59 
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Figure 26 - Methicillin-susceptible Staphylococcus aureus (MSSA) spa types (1A) 

and methicillin-resistant Staphylococcus aureus (MRSA) spa types (1B) in relation 

to fusidic acid-resistance, Auckland, 2013 (only the thirty most common spa types 

are shown). Abbreviations: FA-S, fusidic acid-susceptible; FA-R, fusidic acid-

resistant. 
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increased dramatically, from 17% in 1999 to 29% in 2013.  Our contemporary FA 

resistance rate is amongst the highest reported globally [107, 108, 231, 236], and is in 

keeping with recent nationwide data from NZ showing a marked increase in FA 

resistance amongst MRSA from 7.8% in 2003 to 37.4% in 2012 [38]. Concurrent with 

this increase in FA resistance was a significant increase in community dispensing rates 

for topical FA in NZ.  Although there are noted limitations in ecological correlations of 

antimicrobial prescribing and the development of resistance, we hypothesize that the 

dramatic increase in FA resistance has been driven by high and increasing usage of FA 

in the NZ community. This hypothesis is supported by low rates of FA resistance in 

other countries that have low use of FA.  In particular, FA resistance rates in S. aureus 

are extremely low in the United States (0.3%) [107], where FA is not yet licensed for 

use.  The drivers for increased topical FA prescribing in NZ are unclear, although recent 

data show a significant increase in national rates of skin infections, particularly in the 

under-five age group [13, 14].  Indeed, despite high resistance rates, FA remains a first-

line recommended empiric agent in NZ for topical treatment of impetigo[64].  However, 

we found no correlation of FA resistance with age, sex or ethnicity, suggesting FA-R 

clones are not confined to one specific demographic group and are now endemic in our 

community.  Importantly, usage of other formulations of FA (i.e. oral or intravenous) is 

extremely low in NZ (data not shown) and their usage is unlikely to have impacted on 

the emergence of resistance. 

 

In contrast to FA resistance, we found a marked decrease in mupirocin resistance rates, 

from 28% in 1999 to 11% in 2013.  This decrease was concurrent with declining 

dispensing rates for mupirocin.  These opposing trends are likely due to differential 

funding patterns, with topical FA being fully subsidized by the NZ Ministry of Health, 

while mupirocin is only partially subsidized.  This means that patients pay an additional 
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fee (approximately NZ$3; ~US$2.50) for mupirocin, which may make mupirocin a less 

attractive option for patients and prescribers. Importantly, mupirocin was available to 

purchase ‘over the counter’ in NZ until 2000, when usage became ‘prescription only’ 

[14]. This regulatory change is likely to have resulted in an even greater decrease in 

usage than that evident from dispensing data alone.   

 

Second, we found that FA resistance was highly clonal, and was associated with two 

dominant clones, spa t127 CC1 MSSA and t002 CC5 MRSA, which both harbored the 

fusC gene. t127 CC1 MSSA was also identified in FA-R isolates from the Auckland 

region in 1999, suggesting marked clonal expansion of this clone over the past 15 years.  

Of particular concern are recent data describing the rapid emergence of t002 CC5 

MRSA in NZ over the past decade[62]. This clone, first described in NZ in 2005, is 

typically FA-R, and is now the dominant community-associated MRSA clone in NZ, 

accounting for approximately 50% of all MRSA in NZ[34]. Similar to FA-R CC1 

MSSA, it is plausible that the dramatic emergence of CC5 MRSA is directly related to 

high and increasing use of topical FA.  Therefore, our data suggest that, in addition to 

FA use selecting out solely for strains containing FA resistance determinants, there is 

also co-selection of other resistance genes, namely mecA in CC5 MRSA.  

 

Finally, we found that FA resistance in dominant clones was due to the presence of the 

acquired fusC gene, rather than chromosomal point mutations in the fusA gene (the gene 

encoding elongation factor-G) [231]. The fusC gene was first reported in a strain 

isolated in 1998 in the United Kingdom [142], and has subsequently been described as a 

mechanism of FA resistance in other settings [107, 108, 231, 237, 238]. Our data 

suggest that the fusC gene was circulating in NZ as early as 1999, and is now the 

primary mechanism of FA resistance in our setting. 
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There were several limitations with our study. Although our analysis was confined to 

the Auckland region of NZ, our regional findings are consistent with nationwide data 

that indicate a considerable increase in FA resistance in MRSA across NZ [38]In 

addition, disk diffusion testing for mupirocin resistance limited detection to those 

isolates displaying high-level resistance. Finally, we did not perform analysis for co-

existent mechanisms of FA resistance (e.g. detection of point mutations in the fusA 

gene) although previous studies indicate that multiple FA resistance mechanisms are 

rarely detected together[231].  

 

In summary, our study describes a dramatic increase in FA resistance in S. aureus in a 

NZ community setting, concurrent with a significant increase in topical FA usage. Our 

experience in NZ is a disconcerting national example of the consequences and collateral 

damage of the overuse of topical FA and should serve as a stark warning to other 

countries considering the widespread and largely unregulated use of topical 

antimicrobials. 
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9.5. ADDITIONAL INFORMATION 

9.5.1. Prevalence of fusidic acid resistance in a national collection of S. aureus  

This work represents the first study to assess the impact of topical antimicrobial 

prescribing in New Zealand, and has demonstrated a dramatic increase in topical fusidic 

acid usage, concurrent with both: (i) an increase in the incidence of S. aureus skin 

infections, and (ii) increasing prevalence of fusidic acid resistance in S. aureus.  A 

similar study in England noted an increase in hospital admissions for S. aureus disease 

between 1990 and 2004 with a concurrent increase in community prescribing for 

staphylococcal disease (specifically of flucloxacillin and fusidic acid) [11]. However, 

these authors did not assess the impact of increased prescribing on antimicrobial 

resistance.  A limitation of the work presented in Chapter 9 was that it was confined to 

the Auckland region, and may not be representative of the prevalence of fusidic acid 

resistance in other parts of New Zealand.  In order to determine the prevalence and 

genetic determinants of fusidic acid resistance in nationally representative S. aureus 

isolates, we used isolates obtained from a nationally representative survey of 

antimicrobial resistance in S. aureus, conducted by the Institute of Environmental 

Science and Research in 2014. 

 

9.5.2. Methods 

A duplex PCR reaction, enabling simultaneous amplification of both the nuc and fusC 

genes was created. The staphylococcal nuclease (nuc) gene is ubiquitous in S. aureus, 

and was utilised as a positive control in the duplex PCR assay. Primer sequences used 

for both nuc and fusC were adapted from Brakstad et al. [239] and Chen et al. [240], 

respectively (Table 31). 
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Table 31 - Primer sequences for fusC and nuc PCR reactions 

 

Primer Primer sequence (5’ to 3’) Amplicon size 
(bp) 

Reference 

fusC-R CTG TCA TAA CAA ATG TAA TCT CC 411 Brakstad et al. 

fusC-F GGA CTT TAT TAC ATC GAT TGA C   

nuc-R AGC CAA GCC TTG ACG AAC TAA AGC  279 Chen et al. 

nuc-F GCG ATT GAT GGT GAT ACG GTT   
 

Cycling parameters used were: 95°C for 10 minutes, followed by 32 cycles of 

denaturation at 95°C for 30 seconds, annealing at 50°C for 30 seconds, and extension at 

72°C for 40 seconds, completed with a final elongation step of 72°C for 10 minutes.  

PCR products were separated using 2% agarose gel, and viewed via a UV 

transilluminator (Figure 27).  Spa typing was performed using previously described 

methods [165].  

 

9.5.3. Results 

Of 751 S. aureus isolates, 180/751 (24%) displayed FA resistance. Of these 180 FA-

resistant isolates, 160/180 (89%) were found to contain fusC. As previously described in 

Section 8.6, fusidic acid resistance was highly clonal, and was predominantly associated 

with spa t127 and spa t002 (Table 32). 
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1     2     3      4     5     6     7     8     M     9    10   11   

             

 17   18   19   20   21   22   23   24    M   25   26   27   28   

Figure 27 - fusC and nuc duplex PCR results from 32 of the 180 FA resistant S. 

aureus isolates. The nuc gene produced a 279 bp product; the fusC gene produced 

a 411 bp product. Lanes 8, 9 and 18 show examples of fusC negative, nuc positive 

isolates. Lanes M contain molecular size marker (100 bp DNA ladder, first visible 

band being 200 bp) 
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Table 32 - spa types associated with the presence of fusC in national S. aureus 

isolates 

 

spa type Number of isolates containing fusC (%) 

t127 t127 (101) 

t002 t002 (29) 

t2221 4 

t948 4 

t13919 3 

t1784 3 

t386 3 

t045 2 

t177 2 

t189 2 

t2601 2 

t321 2 

t105 1 

t1062 1 

t1252 1 

t128 1 

t1381 1 

t13853 1 

t172 1 

t1951 1 

t211 1 

t2207 1 

t311 1 

t359 1 

t3964 1 

t4601 1 

t4956 1 

t548 1 

t559 1 

t5837 1 

t659 1 

t6787 1 

t688 1 

t693 1 

t922 1 
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9.5.4. Discussion 

Using data and isolates from the 2014 national S. aureus survey conducted by ESR 

[261], we found that the national prevalence of fusidic acid resistance in S. aureus was 

24%, a lower prevalence than that described in section 8.6.  However, data from this 

report describe marked regional variation in the prevalence of fusidic acid resistance, 

with the highest prevalence in the Northern, Midland and Central regions, compared to 

the Southern region (30.4%, 26.0%, 24.1% and 16.3%, respectively) [261]. This finding 

of a fusidic acid resistance rate of approximately 30% in the Northern region is similar 

to our finding of a resistance rate of 28% in Auckland.  In addition, data from the 2014 

national study also describe a higher prevalence of fusidic acid resistance in S. aureus 

isolated from patients in the youngest age group (39.6% in the <5 year age group vs 

22.9% in ≥5 year olds, p <0.001).  Although the data do not allow the reasons for the 

age-related difference in the prevalence of fusidic acid to be determined with certainty, 

likely contributory reasons include a higher rate of S. aureus skin infections in the 

paediatric population [15], which, in turn, may lead to higher antimicrobial prescribing 

in this population group.  In order to explore this idea further, work presented in the 

next chapter will assess in detail, the demographic variation in dispensing of topical 

antimicrobials.
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10. CHAPTER 10: DEMOGRAPHICS OF TOPICAL ANTIMICROBIAL 

DISPENSING IN THE NEW ZEALAND COMMUNITY, 2006 - 2013 

Work presented in Part A described an increase in S. aureus SSTI in New Zealand, and 

subsequent work in Part B demonstrated that this increase was associated with both an 

increase in topical fusidic acid usage and an increase in fusidic acid resistance. In 

addition, a recent national report described higher rates of fusidic acid resistance in S. 

aureus isolated from young children, and from patients in the Northern region of New 

Zealand [261]. However, the work described in Chapter 8 only assessed aggregate 

national dispensing data, and did not describe the specific demographic groups to whom 

topical antimicrobials were dispensed. Information on population-based usage patterns 

is important in monitoring the prudent use of topical antimicrobials.  For example, one 

study from the United States that assessed prescribing practices in outpatient settings, 

found that the most common diagnoses associated with topical antimicrobial prescribing 

were malignant or benign neoplasm of the skin (11.9% of topical antimicrobial 

prescribing), impetigo (8.5%), and insect bite (3%) and cellulitis (3%) [234]. These 

authors suggested that much of the topical antimicrobial usage in this study was not 

evidence based.   

 

Accordingly, the aim of this Chapter was to describe dispensing patterns for topical 

antimicrobials amongst different demographic groups in New Zealand. The following 

section is written as a journal article intended for publication.
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10.1. ABSTRACT 

To date, most studies assessing antimicrobial consumption in the community have 

focused on systemic formulations of antimicrobials.  Consequently, there are few data 

available on topical antimicrobial usage in the community setting.  Accordingly, our 

aim was to describe the pharmacoepidemiology of community dispensing for topical 

antimicrobials, specifically fusidic acid and mupirocin, in the New Zealand community 

setting. Data on community dispensings of all formulations of topical fusidic acid and 

mupirocin between January 2006 and August 2013 were obtained from the New 

Zealand National Pharmaceutical Collection.  Community dispensing rates were 

calculated per 1,000 dispensings per month, and were stratified by age, ethnicity and 

geographic region. There was a significant increase in community dispensing rates for 

topical fusidic acid (P < 0.001), while the dispensing rate for mupirocin did not change.  

Dispensing rates for fusidic acid were highest in the under-five year age group, in 

Pacific Peoples, and in the Northern region of New Zealand. The increasing rates of 

fusidic acid dispensing are likely to reflect increasing rates of skin disease in New 

Zealand.  These data are of considerable concern in the context of a rapidly emerging 

fusidic acid-resistant Staphylococcus aureus clone in the New Zealand community.
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10.2. INTRODUCTION 

Antimicrobial resistance is one of the biggest public health threats of the modern age 

[241]. One of the major strategies to combat this threat is to ensure the optimal and 

judicious use of existing antimicrobial agents – the concept of antimicrobial stewardship 

(AMS) [242]. To date however, AMS guidelines have largely focused on systemically 

administered antimicrobials, rather than topical antimicrobial agents [243]. Topical 

antimicrobials, such as mupirocin and fusidic acid, are commonly prescribed for a 

number of dermatological conditions, although evidence-based prescribing supports 

their use for only a few specific indications, including impetigo, treatment of acne, and 

eradication of nasal colonisation with Staphylococcus aureus [244-246]. Although data 

are limited on their use for other conditions, studies suggest that topical antimicrobials 

are frequently prescribed for a number of other, non-evidence-based indications, 

including surgical and wound prophylaxis, and treatment of minor wounds and skin 

infections [234]. The use and misuse of topical antimicrobials has been associated with 

the rapid development of bacterial resistance to these agents. We have recently 

demonstrated a dramatic increase in fusidic acid resistance in S. aureus isolates in New 

Zealand, concurrent with a significant increase in topical fusidic acid dispensing [221]. 

 

Compared to other developed countries, New Zealand has strikingly high levels of skin 

infection, with the highest incidence in Māori (indigenous New Zealander) and Pacific 

children residing in areas of high socioeconomic deprivation [13, 15]. Despite the high 

burden of skin infections in Māori children, a recent study in New Zealand suggested 

that Māori children may actually receive fewer prescriptions for oral antimicrobials 

when compared to non-Māori children [247]. To date however, there are no studies 

describing the demographics of dispensing for topical antimicrobial agents in New 

Zealand. Such information is valuable in the context of our observation of high 
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dispensing levels of topical antimicrobials in New Zealand [221]. Accordingly, using 

nationally collated community dispensing data, we sought to describe the demographics 

and geographic variation of dispensing of topical antimicrobial agents, specifically 

fusidic acid and mupirocin, in the New Zealand community setting. 

 

 
10.3. METHODS 

New Zealand is an island nation in the South West Pacific, with a population of 

approximately 4.47 million. The population is ethnically diverse, consisting of the 

following major ethnicities:  67% European, 15% Māori, 10% Asian, 7% Pacific 

Peoples and 1% of other ethnicities [248]. Although New Zealand has a predominantly 

publicly funded healthcare system, patients aged over six years usually pay a fee to 

access primary healthcare, and a fee for prescription medications, including topical 

antimicrobial agents.  The exact prescription fee depends on whether the medication is 

fully or partially subsidised by the New Zealand Ministry of Health. Data on both fully 

and partially subsidised community dispensings are maintained in a central data 

warehouse, the ‘National Pharmaceutical Collection.’ Dispensing data from the 

Collection for topical formulations of topical fusidic acid and mupirocin were obtained 

between January 2006 and August 2013.  These data include basic demographic 

information such as patient age and ethnicity. During the study period fusidic acid was 

fully subsidised, meaning that patients (aged >6 years) paid a nominal (currently NZ$5) 

prescription charge.  However, mupirocin was only partially subsidised, meaning that in 

addition to the nominal prescription charge, patients (aged >6 years) paid an additional 

charge (approximately NZ$3) at the discretion of the dispensing pharmacy.  
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Unlike systemic antimicrobials, topically administered medications are not assigned 

defined daily doses (DDDs).  Therefore, community dispensings of topical fusidic acid 

and mupirocin were calculated as 1000 dispensings per month. Population denominator 

data were obtained from Statistics New Zealand (http://www.stats.govt.nz), and 

dispensing rates were stratified according to age and ethnicity.  For analysis, ethnicity 

was grouped into five major ethnic groupings: European, Māori, Pacific Peoples, Asian 

and Other. In order to determine possible geographic differences in dispensing rates, 

four broad geographic regions of New Zealand were analysed: Northern, Central, Mid-

Central and Southern. A Poisson regression model was used to determine changes in 

dispensing rates over the study period. Rate ratios were calculated with 95% confidence 

intervals (CI), and all statistical analysis was performed using STATA (Version 11.1, 

StataCorp). A P value of < 0.05 was considered statistically significant. 

 

 
10.4. RESULTS 

During the study period, there were 1,309,771 dispensings for fusidic acid and 710,151 

dispensings for mupirocin. When stratified by age, dispensing rates were highest in the 

under-five year age group for both fusidic acid and mupirocin (Table 33).  Although the 

community dispensing rate for fusidic acid increased significantly in all age groups over 

the study period, the rate of increase was most marked in the under-five year age group, 

with an average increase of 1.01 dispensings per 1,000 population per year (Figure 28). 

Conversely, the average annual dispensing rate for mupirocin decreased significantly in 

both the under-five and 5 to 14 age groups (P < 0.001), and did not increase 

significantly in other age groups (Figure 28).   

   

http://www.stats.govt.nz/
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When stratified by ethnicity, dispensing rates were highest in Pacific Peoples and 

Māori.  In particular, when compared to European patients, Pacific Peoples were 

approximately three times and Māori twice as likely, to receive a community 

dispensation of fusidic acid (Table 33).  This ethnic gradient was similar, although less 

marked for community dispensings of mupirocin (Table 33). There was a significant 

increase in community dispensing rates of fusidic acid across all ethnic groups, except 

‘Other’ (Figure 29). 

 

We observed notable seasonal variation in the level of dispensing of topical 

antimicrobials, with dispensing rates of both fusidic acid and mupirocin highest during 

the Southern Hemisphere summer and autumn months of December to May (Table 33).  

In addition, there was marked geographic variation in dispensing of fusidic acid, with 

rates in the Northern region almost twice as high as in other regions (Table 33). 
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Table 33 - Characteristics of community dispensings for topical fusidic acid or 

mupirocin based on data from the National Pharmaceutical Collection, New 

Zealand, January 2006 – August 2013 

 Fusidic acid Mupirocin 

Variable Number of 
dispensations 

Average 
dispensation 
rate a 

RR  

(95% CI) 

Number of 
dispensations 

Average 
dispensation 
rate a 

RR  

(95% CI) 

Sex       

  Male 619,996 3.32 0.95 (0.94 – 0.96) 376,889 1.77 0.91 (0.90 – 0.92) 

  Female 681,716 

 

3.47 Reference 330,141 1.92 Reference 

Age       

  < 5 306,288 11.70 5.83 (5.80 – 5.86) 126,653 4.84 4.46 (4.42 – 4.49) 

  5  - 14 285,093 5.06 2.52 (2.51 – 2.53) 140,904 2.49 2.30 (2.29 – 2.32) 

  15 - 34 208,129 2.01 Reference 112,500 1.08 Reference 

  35 to 54 189,641 1.72 0.86 (0.85 – 0.87) 116,390 1.05 0.97 (0.96 – 0.98) 

  55 to 74 193,718 3.00 1.49 (1.48 – 1.50) 127,257 1.97 1.82 (1.80 – 1.83) 

  75 and over 118,894 2.72 2.71 (2.69 – 2.72) 83,350 3.81 3.51 (3.48 – 3.54) 

Ethnicity       

  Māori 276,022 5.13 1.90 (1.89 – 1.91) 117,771 2.19 1.21 (1.20 – 1.22) 

  Pacific  186,021 8.64 3.21 (3.19 – 3.22) 50,298 2.34 1.29 (1.28 – 1.30) 

  European 690,165 2.69 Reference 465,001 1.81 Reference 

  Asian  89,006 2.74 1.02 (1.01-1.03) 37,538 1.16 0.36 (0.35 – 0.37) 

  Other 12,795 0.67 0.25 (0.24-0.26) 1,191 0.06 0.03 (0.02 – 0.04) 

Season b       

  Summer 293,206 3.06 1.06 (1.05 – 1.07) 167,026 1.74 1.10 (1.09 – 1.11) 

  Autumn 307,322 3.21 1.11 (1.10 – 1.12) 172,101 1.79 1.13 (1.12 – 1.14) 

  Winter 276,387 2.88 Reference 151,304 1.58 Reference 

  Spring 272,097 2.84 0.98 (0.97 – 0.99) 152,757 1.59 1.01 (1.00 – 1.02) 

Geographic region       

  Northern 680,375 4.82 1.84 (1.83 – 1.85) 288,150 2.04 1.27 (1.26 – 1.28) 

  Mid-Central 216,631 2.88 1.10 (1.09 – 1.11) 150,533 2.00 1.25 (1.24 – 1.26) 

  Central 214,403 2.75 1.05 (1.04 – 1.06) 149,576 1.92 1.19 (1.18 – 1.20) 

  Southern 198,632 2.62 Reference 121,892 1.61 Reference 
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a Average dispensing rate over the study period per 1,000 population per month 

b Summer (December to February); Autumn (March to May); Winter (June to August); Spring 

(September to November) 

c Dispensing rate ratio compared to reference 

Abbreviations: RR, rate ratio; CI, confidence interval. 
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Figure 28 - Community dispensing rates for topical fusidic acid (A) and mupirocin 

(B) in the New Zealand community setting stratified by age group, January 2006 – 

August 2013. 
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Figure 29 - Community dispensing rates for topical fusidic acid (A) and mupirocin 

(B) in the New Zealand community setting stratified by ethnicity, January 2006 – 

August 2013. 
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10.5. DISCUSSION 

In this study, we assessed the demographics of dispensing of topical antimicrobial 

agents across the entire New Zealand population. Overall, the highest dispensing rates 

for both fusidic acid and mupirocin were in children, and in Māori and Pacific Peoples; 

these groups also had the most marked increase in dispensing rates of fusidic acid.  

These dispensing patterns are consistent with recent work showing the high and 

increasing rates of skin infections, including impetigo, in Pacific and Māori children 

[13], and further reflect the considerable burden of skin disease in these groups.  In 

addition, the high rates of dispensing in the Northern region reflect the higher incidence 

of skin disease in this region, which has the highest population of Māori and Pacific 

Peoples in New Zealand (www.stats.govt.nz).  

  

Of concern is recent work suggesting that increasing usage of topical fusidic acid in the 

New Zealand community setting is driving the emergence of fusidic acid-resistant S. 

aureus clones, including a sequence type 5 (ST5) methicillin-resistant S. aureus 

(MRSA), which is now the predominant MRSA clone in New Zealand.  Although a 

recent systematic review concluded that topical fusidic acid was more effective than 

placebo, and at least as effective as oral antimicrobial agents in the treatment of mild 

impetigo, the authors of this review noted increasing rates of resistance to topical 

antimicrobials [245]. In addition, these authors also recommended that if a topical 

antimicrobial were to be used for treatment of impetigo, it should not be an 

antimicrobial that could also be administered systemically.  Indeed, previous authors 

have suggested that the use of topical fusidic acid monotherapy should either be 

restricted or abolished entirely [248], given the high likelihood of antimicrobial 

resistance developing. Importantly, despite high rates of resistance to fusidic acid in 

New Zealand, fusidic acid is still recommended for the first-line treatment of impetigo.  
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For example, a recently proposed protocol for the empiric treatment of impetigo in 

Auckland, New Zealand noted an overall fusidic acid resistance rate of 27% in S. 

aureus isolates from wound swabs [249]. However, the authors proposed that, as fusidic 

acid is fully subsidised by the New Zealand Ministry of Health, it should be the 

recommended first-line agent for the topical treatment of impetigo. Although there are 

no defined resistance thresholds at which topical antimicrobial agents would no longer 

be considered useful empiric therapy, treatment failure has been documented when 

topical antimicrobials have been used against strains known to be resistant to these 

agents [14]. As such, the wisdom of recommending usage of topical fusidic acid in New 

Zealand in the face of such high levels of bacterial resistance is highly questionable. 

 

In addition, given that there are limited evidence-based indications for prescribing 

topical antimicrobials in older age groups, our data suggest that a large number of 

community dispensings of topical antimicrobials may be for inappropriate indications.  

This suggestion is consistent with a previous study from the United States that assessed 

topical antimicrobial use in the outpatient setting between 1993 and 2007 [234]. These 

authors found that the most frequent diagnoses associated with topical antimicrobial use 

were not evidence-based indications, including skin neoplasms, insect bites and 

cellulitis [234].  

 

There were a number of limitations with our data.  In particular, these data are a 

measure of antimicrobial dispensings, not of actual usage.  It is therefore possible that 

although dispensed, these antimicrobials were not used, or conversely, may have been 

used beyond their prescribed indication, including in other household members.  
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In summary, our study represents one of the few to assess dispensing trends for topical 

antimicrobials across an entire nation.  We observed a striking increase in community 

dispensings of topical fusidic acid, particularly in Māori and Pacific children, consistent 

with increasing levels of S. aureus SSTI in our setting, and concurrent with recent work 

showing an increase in the prevalence of fusidic acid-resistant S. aureus in New 

Zealand.  Regulatory interventions are urgently required around topical antimicrobial 

prescribing in New Zealand in order to mitigate the collateral damage from sustained 

high topical antimicrobial usage. 
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11. CHAPTER 11: IDENTIFICATION OF GLOBALLY DISSEMINATED 

FUSIDIC ACID-RESISTANT STAPHYLOCOCCUS AUREUS CLONES 

HARBORING NOVEL fusC-CONTAINING STAPHYLOCOCCAL 

CHROMOSOME CASSETTE REGIONS 

In Chapter 9, I described a high prevalence (28%) of fusidic acid-resistance in S. aureus 

isolates in Auckland, associated with the presence of the fusC gene.  However, the DNA 

microarray analysis used in this work does not provide any genomic context for the 

fusC gene – i.e. it is unknown whether this gene is chromosomal or plasmid-mediated. 

The following Chapter provides information on the genetic location of the fusC gene, 

and suggests that horizontal gene transfer, mediated by distinct SCC elements is the 

primary mechanisms of gene transfer.  This Chapter is written in the style of a 

manuscript intended for publication. 
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11.1. INTRODUCTION 

Staphylococcus aureus is a major human pathogen, and infections with S. aureus are 

associated with considerable morbidity and mortality [1].  The commonest clinical 

manifestation of S. aureus disease is skin and soft tissue infection (SSTI), and in many 

countries, the incidence of S. aureus SSTI has increased considerably over the past 

decade [11-13, 250].  In particular, New Zealand has amongst the highest reported 

incidence rates of S. aureus SSTI in the developed world, with a significant recent 

increase in SSTI rates [15]. 

 

In the majority of cases, S. aureus SSTI is diagnosed and managed in the primary care 

setting, and, depending on the specific clinical manifestation, treatment may involve 

administration of a topical or oral antimicrobial agent [106].  In New Zealand, two of 

the most commonly used topical antimicrobial agents are mupirocin and fusidic acid. 

We have recently described a significant increase in topical fusidic acid usage in New 

Zealand over the past two decades, concurrent with an increase in fusidic acid resistance 

rates in S. aureus, from 17% in 1999 to 29% in 2013 [221].  The increase in fusidic acid 

resistance was associated with the emergence of two dominant S. aureus clones, clonal 

complex 5 (CC5) methicillin resistant S. aureus (MRSA) and CC1 methicillin-

susceptible S. aureus (MSSA) [221].  Furthermore, the second most predominant 

MRSA clone in New Zealand, CC1 MRSA, was also found to be invariably fusidic-acid 

resistant [221].  In all three clones, fusidic acid resistance was associated with the 

presence of the fusC gene [221], although the genetic background of the fusC genes in 

these clones has not previously been characterised. In particular, CC5 MRSA 

(colloquially known as the ‘AK3’ clone) has rapidly emerged over the past decade to 

become the dominant MRSA clone in New Zealand, currently accounting for 

approximately 57% of all MRSA, and displacing the formerly prevalent sequence type 
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30 (ST30) South West Pacific clone [62].  The AK3 CC5 MRSA clone, first isolated in 

2005, is typically resistant to fusidic acid and is associated mainly with community-

onset skin infections, although recent data suggest this clone is also emerging as a cause 

of healthcare-associated MRSA infection in New Zealand [62]. To date however, the 

origin and evolutionary history of AK3 CC5 MRSA have not been determined, and it is 

unknown whether AK3 CC5 MRSA emerged from locally circulating CC5 MSSA, or 

alternatively, was introduced into New Zealand, with subsequent transmission and 

spread.  Furthermore, the extent to which common mobile genetic elements are shared 

amongst fusC-harboring S. aureus clones is also unclear, although previous work has 

described the fusC gene in staphylococcal cassette chromosome (SCC) elements, in 

both methicillin-susceptible S. aureus (MSSA) and MRSA clones [142, 189]. 

 

Accordingly, the aims of this study were: (i) to characterise the genetic background of 

the fusC gene in the dominant fusidic acid-resistant clones in New Zealand, namely 

CC5 MRSA, CC1 MSSA and CC1 MRSA, and (ii) to compare the genetic background 

of fusC-containing regions in S. aureus isolates from New Zealand with publicly 

deposited S. aureus genome sequences.   

 

 
11.2. METHODS 

11.2.1. Selection, identification and susceptibility testing of bacterial strains 

A total of 121 fusidic acid-resistant S. aureus isolates were used in this study (58 CC5 

MRSA, 59 CC1 MSSA and 4 CC1 MRSA).  These strains were obtained from (i) 

national surveys of MRSA carried out in New Zealand between 2005 and 2013 

(https://surv.esr.cri.nz/antimicrobial), (ii) historic strain collections in the National 

Antimicrobial Reference Laboratory in the Institute of Environmental Science and 

https://surv.esr.cri.nz/antimicrobial
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Research (ESR), Wellington, New Zealand, and (iii) a contemporary molecular 

epidemiological survey of S. aureus isolates carried out in 2013, in Auckland, New 

Zealand [221]. Isolates were selected for inclusion on the basis of their spa types, with 

all CC5 MRSA isolates belonging to spa t002 and all CC1 MSSA and CC1 MRSA 

isolates belonging to spa t127.  S. aureus strains belonging to these spa types have 

recently been identified as the predominant fusidic acid resistant clones in New Zealand 

[221]. Identification of isolates was performed by standard laboratory methods, and 

antimicrobial susceptibility testing was performed by disk diffusion and interpreted 

according to either CLSI or EUCAST criteria. 

 

11.2.2. Molecular typing and DNA microarray analysis 

Molecular typing of was performed by spa typing, as previously described [165].  spa 

sequences were analysed using Ridom StaphType software, Version 2.0.3 (Ridom 

GmbH, Wuerzburg, Germany). Initial molecular characterization of representative 

historic and contemporary FA-resistant isolates was performed by DNA microarray 

analysis (StaphType, Clondiag, Germany) [168, 169].  In brief, this assay allows for: (i) 

broad classification of S. aureus into major CCs [169], (ii) classification of the SCCmec 

complex into distinct allotypes [170], and (iii) detection of genes associated with 

antimicrobial resistance, virulence and adhesion [169]. Determination of multilocus 

sequence type (MLST) was performed in silico, by extracting S. aureus MLST alleles 

from de novo assemblies, and comparing to allele sequences in the online S. aureus 

MLST database (http://saureus.mlst.net).  

 

 

 

 

http://saureus.mlst.net/
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11.2.3. Sequencing and genomic analysis of strains 

Genomic DNA was extracted from S. aureus isolates, and sequencing was performed 

using either 2 x 100bp paired end chemistry on an Illumina HiSeq platform, or 2 x 

250bp paired end chemistry on an Illumina MiSeq platform (Supplementary Table 1).   

In order to determine the genomic context of the fusC gene, reads from all strains 

underwent de novo assembly using Velvet (Version 1.2.10), and were annotated using 

Prokka [251]. Contigs were analysed using Geneious software (Biomatters, Auckland, 

New Zealand), and were searched for the presence of the fusC gene, based on a 

previously described fusC gene sequence [142]. Open reading frames (ORFs) spanning 

an approximately 50 kb region either side of the fusC gene were predicted using 

Glimmer [22], and all ORFs were analysed using BLASTn, with an Expect value (E) 

cut-off of 1 x 10-4.  All gene matches were manually inspected for consistency.  In order 

to identify the fusC gene in published S. aureus genome sequences, a BLAST search 

was performed of all deposited S. aureus sequence data at the National Centre for 

Biotechnology Information (NCBI). Sequences were extracted, and aligned against 

fusC-containing regions in New Zealand CC5 MRSA, CC1 MSSA and CC1 MRSA. 

Sequence alignments were performed using ClustalW, and were visualized using a 

combination of Artemis [252] and Mauve [253]. 
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11.3. RESULTS 

11.3.1. Clonality and genotypic mechanisms of antimicrobial resistance in 

contemporary S. aureus isolates  

In order to investigate the genotypic mechanisms of FA resistance in dominant FA-

resistant contemporary MSSA and MRSA clones in New Zealand, all strains underwent 

DNA microarray analysis. All 63 t127 isolates belonged to CC1, and all belonged to agr 

group III and capsular type 8. The lukF-PV and lukS-PV genes were detected in 59% 

(37/63) of CC1 isolates (34/59 [58%] of MSSA and 3/4 [75%] of MRSA).  All t127 

CC1 MSSA isolates contained the fusC gene, and were found in association with 

cassette chromosome recombinase (ccr) genes ccrA1 and ccrB1.  The t127 CC1 MRSA 

isolates also contained fusC, in addition to genes associated with a type IV SCCmec 

element, including mecA, truncated mecR1 (∆mecR1), ccrA2 and ccrB2, ugpQ and dcs. 

Of the 63 t127 isolates, 46% (29/63) were phenotypically resistant to mupirocin, and all 

harbored the mupA gene.  Other antimicrobial resistance genes detected in t127 CC1 

isolates included blaZ (54/63; 86%), qacA (17/63; 27%), aadD (9/63; 14%), and ermC 

(3/63; 5%).   

  

All 58 FA-resistant t002 MRSA isolates belonged to CC5, and by microarray, all 

belonged to agr group II and capsular group 5.  All CC5 MRSA isolates contained the 

fusC gene, and none contained the lukF-PV and lukS-PV genes. In addition, all t002 

CC5 MRSA isolates contained genes associated with a type IV SCCmec element, 

namely mecA, ∆mecR1, ccrA2 and ccrB2, and ugpQ. None of the FA-resistant t002 

CC5 MRSA isolates were phenotypically or genotypically resistant to mupirocin. Other 

identified genotypic resistance determinants in CC5 MRSA included blaZ (55/58; 

95%), aadD (4/58; 7%) and ermC (2/58; 3%). 
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11.3.2. The genetic context of the fusC gene in dominant fusidic-acid resistant 

clones 

To determine the genetic organisation of the region surrounding the fusC gene in the 

three dominant FA-resistant clones in New Zealand, a subsample of 55 fusidic acid-

resistant isolates (45 CC5 MRSA, 8 CC1 MSSA and 2 CC1 MRSA) were analysed by 

whole genome sequencing, including one historic t127 CC1 MSSA isolate from 1999, 

and the index ‘AK3’ t002 CC5 MRSA isolate from 2005 (Table 34). The 639bp fusC 

gene was identified in contigs from all sequenced strains, and displayed 100% 

nucleotide identity to the fusC gene previously described by Holden et al [20].   

 

All 8 CC1 MSSA contained a ~22.8kb SCC-element that had > 99.9% nucleotide 

identity to the fusC-containing SCC476 element, previously described in the CC1 MSSA 

strain, MSSA476 [20] (Figure 30). This SCC476 element contained 18 coding sequences 

(CDS), with the fusC gene located approximately 18.7kb downstream of the 5` end of 

the region (Figure 1).   In addition to the fusC gene, this region contained 18 other 

ORFs, including ccrAB1 genes, and genes associated with a type 1 restriction 

modification system.  

 

Notably, the 2 CC1 MRSA isolates contained a novel composite SCC element, which 

we termed SCCmec-SCC476.  This element was approximately 43.8kb long, contained 

35 ORFs, and was flanked by direct repeat (DR) sequences (Figure 30).  There were 

two distinct components within this element, delineated by repeat sequences within the 

element.  The first component, located immediately downstream of the orfX gene, was a 

~21kb region, consisting of 17 ORFs, and containing both a class B mec gene complex 

(mecA, a truncated mecR1 gene, an IS272 insertion sequence upstream of mecA, and the 

IS431 gene downstream of mecA) and ccrAB2 genes. This domain displayed >99% 
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DNA sequence identity to a previously described type IVa SCCmec element from S. 

aureus strain 8/6-3P (JCSC1978; GenBank accession number AB063173) [254]. The 

second domain of the composite SCCmec-SCC476 element consisted of a ~22.8kb 

region that displayed >99.9% DNA sequence homology with the 22.8kb SCC476 of 

MSSA476, and also with the SCC476 region of the 8 sequenced CC1 MSSA isolates, 

described above. At the junction between the SCCmec-SCC476 region was an inverted 

repeat sequence (IR-L), followed by a DR sequence (Figure 30).   
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Table 34 - Fusidic acid-resistant Staphylococcus aureus strains from New Zealand 

used in this study 

Strain name Year of isolation MSSA/MRSA MLST spa type 

NZ_MRSA_05_155 2005 MRSA 5 t002 

NZ_MRSA_06_1090 2006 MRSA 5 t002 

NZ_MRSA_06_1132 2006 MRSA 5 t002 

NZ_MRSA_06_1405 2006 MRSA 5 t002 

NZ_MRSA_06_188 2006 MRSA 5 t002 

NZ_MRSA_06_1970 2006 MRSA 5 t002 

NZ_MRSA_06_2004 2006 MRSA 5 t002 

NZ_MRSA_06_228 2006 MRSA 5 t002 

NZ_MRSA_07_1928 2007 MRSA 5 t002 

NZ_MRSA_07_2046 2007 MRSA 5 t002 

NZ_MRSA_07_2182 2007 MRSA 5 t002 

NZ_MRSA_07_826 2007 MRSA 5 t002 

NZ_MRSA_07_887 2007 MRSA 5 t002 

NZ_MRSA_08_1326 2008 MRSA 5 t002 

NZ_MRSA_08_1365 2008 MRSA 5 t002 

NZ_MRSA_08_1390 2008 MRSA 5 t002 

NZ_MRSA_08_1778 2008 MRSA 5 t002 

NZ_MRSA_08_879 2008 MRSA 5 t002 

NZ_MRSA_09_511 2009 MRSA 5 t002 

NZ_MRSA_09_512 2009 MRSA 5 t002 

NZ_MRSA_09_518 2009 MRSA 5 t002 

NZ_MRSA_09_522 2009 MRSA 5 t002 

NZ_MRSA_10_15 2010 MRSA 5 t002 

NZ_MRSA_10_189 2010 MRSA 5 t002 

NZ_MRSA_10_19 2010 MRSA 5 t002 

NZ_MRSA_10_2251 2010 MRSA 5 t002 

NZ_MRSA_10_275 2010 MRSA 5 t002 

NZ_MRSA_10_3 2010 MRSA 5 t002 

NZ_MRSA_10_8 2010 MRSA 5 t002 

NZ_MRSA_11_12 2011 MRSA 5 t002 

NZ_MRSA_18B 2011 MRSA 5 t002 

NZ_MRSA_11_2a 2011 MRSA 5 t002 

NZ_MRSA_11_2b 2011 MRSA 5 t002 

NZ_MRSA_11_30 2011 MRSA 5 t002 

NZ_MRSA_11_3219 2011 MRSA 5 t002 

NZ_MRSA_11_455 2011 MRSA 5 t002 

NZ_MRSA_13_0833 2013 MRSA 5 t002 

NZ_MRSA_13_6740 2013 MRSA 5 t002 

NZ_MRSA_13_5295 2013 MRSA 5 t002 

NZ_MRSA_13_5328 2013 MRSA 5 t002 

NZ_MRSA_13_1105 2013 MRSA 5 t002 

NZ_MRSA_13_2791 2013 MRSA 5 t002 
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NZ_MRSA_13_3067 2013 MRSA 5 t002 

NZ_MRSA_13_1540 2013 MRSA 5 t002 

NZ_MRSA_13_7906 2013 MRSA 5 t002 

NZ_MRSA_13_6218 2013 MRSA 1 t127 

NZ_MRSA_13_1094 2013 MRSA 1 t127 

NZ_MSSA_99_S43 1999 MSSA 1 t127 

NZ_MSSA_13_7541 2013 MSSA 1 t127 

NZ_MSSA_13_4130 2013 MSSA 1 t127 

NZ_MSSA_13_7484 2013 MSSA 1 t127 

NZ_MSSA_13_5897 2013 MSSA 1 t127 

NZ_MSSA_13_8121 2013 MSSA 1 t127 

NZ_MSSA_13_5079 2013 MSSA 1 t127 

NZ_MSSA_13_0642 2013 MSSA 1 t127 

 

Abbreviations: MSSA, methicillin-susceptible Staphylococcus aureus; MRSA, methicillin-resistant S. 

aureus; MLST, multilocus sequence type  
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Figure 30 - Schematic diagram illustrating the genetic organisation of the 

staphylococcal cassette chromosome (SCC) 476 (SCC476) element in CC1 MSSA, 

the SCCmecAK3 element in CC5 MRSA, and the SCCmec-SCC476 in CC1 MRSA. 

Blue arrows indicate direct and inverted repeat sequences flanking the SCC 

elements.  White arrows represent genes encoding hypothetical proteins.  

Methicillin resistance and fusidic acid resistance genes (mecA and fusC) are shown 

in green and orange, and ccrAB genes are shown in red.  The hsdR, hsdS and hsdM 

genes represent the genes of the type I restriction-modification system.  The 

direction of the arrows indicates the direction of transcription for ORFs. The grey 

shaded area represents regions that share >99% DNA sequence homology. 
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In all 46 sequenced t002 CC5 MRSA isolates, the fusC gene was located within a 

~28.5kb SCCmec element, which we termed SCCmecAK3.  The entire 28.5kb 

SCCmecAK3 element contained 26 putative ORFs, and, similar to the sequenced CC1 

MRSA isolates above, this CC5 SCCmecAK3 element contained genes associated with a 

type IV [2B] element, (i.e. a class B mec gene complex and ccrAB2 genes).  Unlike the 

composite SCCmec-SCC476 element in CC1 MRSA however, only one set of ccrAB 

genes were identified within the SCCmecAK3 element. The fusC gene was located in the 

joining (J1) region between the ccrAB2 gene complex and the downstream junction 

between the SCC element and the chromosome (Figure 30).  

 

Interestingly, a 10.3kb region flanking the fusC gene in CC5 MRSA displayed >99% 

nucleotide sequence homology with the fusC-containing region in the sequenced CC1 

MSSA and CC1 MRSA isolates (Figure 30).  In all three clones (CC1 MSSA, CC1 

MRSA and CC5 MRSA), this fusC-containing region contained 9 ORFs, including the 

tirS gene, recently described as encoding the 280 amino acid Toll/interleukin-1 receptor 

(TlR) – domain [255]. A GenBank search revealed that this 10.3kb region displayed 

over >99% nucleotide identity to nine other fusC-containing SCC regions (Table 35).  

This included a recently described fusC-containing SCC-element from an ST239 S. 

aureus isolated in Taiwan (strain NTUH-4729; GenBank accession number KF527883) 

[237], and four fusC-containing SCCmec regions from ST22 S. aureus from the United 

Kingdom [256] (Table 35). 
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11.3.3. Identification of published fusC-containing sequences in S. aureus and 

comparison with New Zealand strains 

A BLASTn-based search of the GenBank database (http://www.ncbi.nlm.nih 

.gov/GenBank/) identified nine S. aureus genomes (1 complete, 8 draft), and 20 

deposited SCC sequences that contained the fusC gene (Table 35). The nine genomes 

were globally distributed, and using in silico MLST, belonged to ST1 (3 ST1 MSSA, 1 

ST1 MRSA), ST5 (2 MRSA; 1 MSSA) and ST72. The ST of one genome (M0480) 

could not be determined in silico. In all 29 deposited genomes and SCC sequences, fusC 

was present within an SCC element, although in four cases, the complete structure of 

the SCC element could either not be determined, or was not reported (Table 35). 

 

Alignment of fusC-containing sequences (29 published and 55 from this study) revealed 

that fusC was located in a conserved ~1.3kb region across all sequences.  In addition to 

containing fusC, this region also contained 2 putative CDS, although a BLASTX and 

Pfam search [257] did not assign any functional roles for these putative proteins.    

 

http://www.ncbi.nlm.nih/
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Table 35 - Publicly available fusC-containing Staphylococcus aureus genome sequences, with associated multilocus sequence types 

and staphylococcal cassette chromosome (SCC) elements  

 

Isolate Accession number Draft or 
complete 
genome 

MLST  Clonal 
complex 

Country Year of 
isolation 

MSSA or 
MRSA 

SCCmec subtype c Reference 

06BA18369 ARXY00000000 Draft 5 5 Canada 2006 MSSA NA [31] 

091751  AHZH00000000 Draft 5 5 Switzerland 2001 MRSA SCCmecVI - 

HST_084  AZTF00000000 Draft 72 8 Lebanon 2011 MRSA ND  - 

KT_314250 a, d AOCP00000000 Draft 1 1 Malaysia 2008 MSSA NA - 

M0480 KK013382.1 Draft ND b  ND b USA 2003 MRSA ND  - 

MUF256 a, d AZSE00000000 Draft 1 1 India 2012 MSSA NA [32] 

MUM475 AZGS00000000 Draft 1 1 India 2012 MRSA ND  [32] 

WMCS6087 KI978115.1 Draft 5 5 USA NR MRSA ND  - 

MSSA476 a, d BX571857.1 Complete 1 1 UK 1997 MSSA NA [12] 

HDE288 AF411935.3 NA 5 5 Portugal 1996 MRSA SCCmecVI [33] 

M06/0171 HE980450.1 NA 779 - Ireland 2006 MRSA Novel [189] 

NTUH-4729 d KF527883.1 NA 239 - Taiwan NR MRSA SCCmec III [237] 

45394F d GU122149.1 NA NR NR UK 2008/2009 MRSA SCCmecIV - 

CMFT306 d HF569104.1 NA 22 22 UK 2008/2009 MRSA SCCmec IV [24] 

CMFT303 d HF569103.1 NA 22 22 UK 2008/2009 MRSA SCCmec IV [24] 

CMFT535 d HF569115.1 NA 22 22 UK 2008/2009 MRSA SCCmec IV [24] 

CMFT201 d HF569098.1 NA 22 22 UK 2008/2009 MRSA SCCmec IV [24] 

CMFT181 HF569097.1 NA 149 5 UK 2008/2009 MRSA SCCmec IV [24] 

CMFT3002 HF569102.1 NA 149 5 UK 2008/2009 MRSA SCCmec IV [24] 

CMFT106 HF569093.1 NA 149 5 UK 2008/2009 MRSA SCCmec IV [24] 

CMFT492 HF569112.1 NA 36 30 UK 2008/2009 MRSA SCCmec II [24] 

CMFT352 HF569107.1 NA 36 30 UK 2008/2009 MRSA SCCmec II [24] 

CMFT151 HF569095.1 NA 36 30 UK 2008/2009 MRSA SCCmec II [24] 
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CMFT283 HF569100.1 NA 36 30 UK 2008/2009 MRSA SCCmec II [24] 

CMFT120 HF569094.1 NA 36 30 UK 2008/2009 MRSA SCCmec II [24] 

CMFT2 HF569101.1 NA 36 30 UK 2008/2009 MRSA SCCmec II [24] 

CMFT489 HF569111.1 NA 36 30 UK 2008/2009 MRSA SCCmec II [24] 

CMFT463 HF569110.1 NA 36 30 UK 2008/2009 MRSA SCCmec II [24] 

CMFT532 HF569114.1 NA 36 30 UK 2008/2009 MRSA SCCmec II [24] 

 

Abbreviations: SCC, staphylococcal cassette chromosome; MLST, multilocus sequence type; MSSA, methicillin-susceptible Staphylococcus aureus; MRSA, 

methicillin-resistant S. aureus; NA, not applicable; NR, not reported; ND, not determined 

a Isolates containing SCC476 

b Unable to be determined using in silico MLST 

c As reported in published references 

d Isolates containing tirS gene in 10.3kb area of DNA sequence homology surrounding fusC
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11.4. DISCUSSION 

We recently demonstrated a high rate (28%) of fusidic acid resistance in dominant S. 

aureus clones in New Zealand, concurrent with high usage of topical fusidic acid, and 

associated with the presence of the fusC gene [221].  In this present study, we 

performed detailed molecular characterisation of the genetic context of the fusC gene in 

fusidic acid-resistant MSSA and MRSA clones in New Zealand. Importantly, we found 

that the fusC gene was invariably present in mobile SCC elements, across a range of S. 

aureus MLST groups. 

 

All eight sequenced CC1 MSSA isolates in our study, including one from 1999, 

contained an 22.8kb SCC element that was >99% genetically similar to the fusC-

containing SCC476 element present in MSSA476, a CC1 MSSA isolated from a patient 

in the United Kingdom in 1997 [142]. Recently, CC1 MSSA has been described as the 

dominant MSSA clone in New Zealand [221], and it is possible this clone was imported 

into New Zealand from overseas, with subsequent clonal expansion due to the selective 

pressure exerted by high population usage of fusidic acid. In addition, we also identified 

the same SCC476 element in two other CC1 MSSA clones, one from India, isolated in 

2012 [258], and one from Malaysia, isolated in 2008, consistent with global 

dissemination of this SCC element. 

 

In both CC1 MRSA and CC5 MRSA isolates from New Zealand, the fusC gene was 

present in novel SCCmec elements, although the structure of these was distinct for each 

clone.  In CC5 MRSA isolates, fusC was present within the SCCmec J1 region, whereas 

in CC1 MRSA, fusC was part of a larger composite element.  Importantly, the finding 

of fusC in the same mobile genetic element as mecA (i.e. within SCCmec elements) is of 

particular concern in New Zealand, as there is clear evidence to suggest that high usage 
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of topical fusidic acid has resulted in co-selection of MRSA strains[221].  Indeed, recent 

surveillance data suggest that the two most common MRSA strains in New Zealand are 

CC5 MRSA and CC1 MRSA, accounting for 57% and 9%, respectively, of all MRSA 

in New Zealand [39]. 

 

In CC1 MRSA, we identified a large (~44kb) composite SCC element (SCCmec-

SCC476), which was a fusion between a type IV [2B] SCCmec region from a previously 

described CA-MRSA clone, JCSC1978[254], and SCC476 from MSSA476.  Such 

composite SCC elements, demarcated by flanking repeat sequences, are likely to be 

formed by ccrAB recombinase-mediated integration due to the presence of multiple att 

sites, either on the staphylococcal chromosome, or on the SCC element[185]. In the 

SCCmec-SCC476 element detected in CC1 MRSA, we identified att sites at the junction 

between the two domains, in addition to two sets of ccrAB genes, one in each domain.  

However, it is unclear whether one, or both, sets of ccrAB genes contributed to 

formation and insertion of this composite element.  Recently, a large (~51kb) composite 

SCC element was described from an ST779 MRSA clone from Ireland, in which one 

domain of this element contained the fusC gene [189].  To our knowledge however, 

ours is the first description of a composite fusC-harbouring SCCmec element in CC1 

MRSA. Similar to CC5 MRSA, it is highly likely that a key factor in the emergence of 

CC1 MRSA in New Zealand is the selective advantage conferred by fusC in the context 

of high fusidic acid use. 

 

Interestingly, a GenBank search revealed that, when detected in S. aureus genomes, 

fusC was always present within SCC elements, and was reported across a range of S. 

aureus MLST groups.  Our findings suggest that, similar to mecA transmission, SCC-

mediated horizontal gene transfer is the major mechanism of fusC dissemination. This is 
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distinct from the mechanism of dissemination of the other major acquired fusidic acid 

resistance gene, fusB, which is primarily transferred on plasmids, such as pUB101 and 

pUB102 [169, 259].   Indeed, recent work has described fusB in association with a 

highly clonal p11819-97 plasmid amongst the dominant European CA-MRSA CC80 

clone [260].   

 

Of note, amongst all CC1 and CC5 isolates in our study, there was a ~10.3kb region of 

>99% DNA homology surrounding the fusC gene, suggesting a common ancestral 

origin for this specific region.  Moreover, within this region was the tirS gene encoding 

a TlR domain, named TirS.  Recent work has suggested that TirS may contribute to 

bacterial virulence by interfering with TLR2 signalling pathways, and enhancing 

bacterial survival within the host [255].  It is possible, that in addition to the fusC gene, 

the presence of TirS may also confer a selective advantage for these dominant clones in 

our setting, although it is presently unknown whether clinical infections caused by TirS-

producing S. aureus are more severe than TirS-deficient strains. However, it is of 

concern that, in addition to genes encoding antimicrobial resistance, there is also 

evidence of horizontal transfer of a co-located putative virulence factor. Of further 

interest was our finding that, in all SCC sequences, fusC was present within a conserved 

~1.8kb region, which also contained two putative CDS. Given the consistent finding of 

these putative CDS in association with fusC, it is possible that these proteins may play a 

role in regulation or modulation of fusC transcription.  Future work should attempt to 

elucidate whether these proteins have a function in relation to fusC expression. 

 

In summary, our work describes the genotypic context of the fusC gene in dominant S. 

aureus clones in New Zealand, and also in deposited S. aureus genome sequences.  We 

found that fusC was invariably located within SCC elements, suggesting that SCC-



 

- 243 - 

mediated horizontal transfer is the primary mechanism of fusC dissemination.  The 

genotypic association of fusC with mecA has important implications for the emergence 

of MRSA clones in populations with high usage of fusidic acid, and the colocation of 

fusC with tirS in dominant S. aureus clones may confer an additional fitness advantage.  

Future work should attempt to further define the molecular mechanisms responsible for 

the emergence and spread of fusidic acid-resistant S. aureus.  
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PART C: SUMMARY OF KEY FINDINGS 

In Part C of this thesis, I have described a significant increase in the usage of topical 

fusidic acid in New Zealand over the past two decades.  This is concurrent with an 

increase in the prevalence of fusidic acid resistance in S. aureus, both in the Auckland 

region, and throughout New Zealand.  This work also demonstrates that topical fusidic 

acid is used in those population groups most affected by skin infections, namely Māori 

and Pacific children; however, the relatively high usage in elderly patients is of concern, 

and warrants further investigation. 

 

The fusC gene, the product of which interferes with fusidic acid-mediated inhibition of 

protein synthesis, confers the vast majority of fusidic acid resistance in S. aureus in 

New Zealand.  This work demonstrates that the fusC gene is present in the dominant 

circulating S. aureus clones in New Zealand, and is strongly associated with S. aureus 

strains belonging to CC1 and CC5.  Detailed molecular analysis, using whole genome 

sequencing, demonstrates that the fusC gene is always present in SCC elements, and 

this likely to be the mechanism of horizontal transfer of the fusC gene between S. 

aureus strains.  In addition, we have also demonstrated significant areas of homology 

between fusC-containing SCC regions in different S. aureus lineages, suggesting shared 

ancestry amongst these fusC-containing regions. 
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THESIS SUMMARY AND FUTURE WORK 

Findings in this thesis can be summarised into four major points: 

 

• There has been a significant increase in the incidence of S. aureus skin 

infections in New Zealand over the past decade, which has predominantly 

affected Māori and Pacific children. 

• The increase in the incidence of skin infections in New Zealand children is 

concurrent with an increase in community dispensing of a topical antimicrobial 

commonly used to treat skin infections, i.e. fusidic acid. 

• The increase in topical fusidic acid usage was concurrent with a marked increase 

in fusidic acid resistance in S. aureus, both in the Auckland region, and also in a 

collection of national S. aureus isolates. 

• Dominant MSSA and MRSA clones in New Zealand are almost invariably 

resistant to fusidic acid, and share a common genetic determinant of fusidic acid 

resistance, namely the fusC gene.   

 

Taken together, the work in this thesis provides a stark example of how well-intended 

responses (high rates of antimicrobial prescribing) to a significant public health problem 

(a national epidemic of S. aureus skin infections in New Zealand), can have 

considerable unintended consequences at both a population level (i.e. high rates of 

antimicrobial prescribing and antimicrobial resistance), and a molecular level (positive 

selection for genetic determinants of resistance), and has highlighted a number of 

potential questions for future research: 
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1. If not bacterial, what are the factors driving the high rates of childhood skin 

infections in New Zealand? 

Work in this thesis has demonstrated limited differences between the S. aureus clonal 

lineages causing colonisation and those causing infection in children in New Zealand.  

In addition, based on DNA microarray analysis, the virulence profiles of strains causing 

invasive infection did not differ from those causing non-invasive infection.  Moreover, 

the prevalence of colonisation was not markedly higher in Māori and Pacific children 

compared to overseas studies.  It is therefore highly unlikely that the high rates of skin 

infections in New Zealand are driven predominantly by bacterial factors.  Future work, 

such as a case-control study of childhood skin infections, should attempt to understand 

the environmental and social factors that contribute to high rates of skin infections.  

Particular attention should be given to those risk factors that are modifiable (e.g. 

improvements in health literacy and access to healthcare). 

  

2. What can be done to tackle the problem of high fusidic acid resistance in New 

Zealand? 

This work has clearly highlighted the high rates of fusidic acid resistance in S. aureus in 

New Zealand.  In the face of such high levels of resistance, it is highly questionable 

whether fusidic acid should continue to be recommended as a first-line topical agent for 

impetigo.  In addition to urgent regulatory interventions on the use of fusidic acid in 

New Zealand, future research should be aimed at conducting robust clinical trials that 

assess the clinical utility of alternative compounds, such as antiseptic agents, in the 

treatment of localised impetigo. 
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3. Are there factors, other than fusidic acid resistance, that are contributing to 

the success of the AK3 ST5 MRSA clone in New Zealand? 

Although it is likely that positive selection pressure exerted by high use of fusidic acid 

has contributed to the emergence of AK3 ST5 MRSA in New Zealand, it is possible that 

other bacterial and environmental factors may have contributed to the dramatic 

emergence of this clone.  For example, it is possible that this clone may harbour, or 

express, more genotypic and phenotypic determinants of ‘fitness’ than other MRSA 

clones in New Zealand. Future work should compare the fitness of the AK3 clone (e.g. 

by comparative growth assays) with other common MRSA clones in New Zealand, in 

addition to assessing the expression of genes and operons known to contribute to S. 

aureus fitness and virulence (e.g. the agr regulatory system) in the AK3 clone. 

 

4. What genetic factors are contributing to the spread of the fusC gene? 

The finding that, when present, the fusC gene is always located in an SCC element 

provides an explanation for the dissemination of fusC amongst S. aureus strains.  

However, the finding that fusC was always co-located with 3 other CDS was 

unexpected, and warrants further investigation.  It is possible that this region constitutes 

a fusC operon, with the co-located genes having a regulatory function on transcription 

of the fusC gene.  Future work should identify the functional roles, if any, for these 

gees, e.g. by mutagenesis studies. 
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