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Summary 
 
Methicillin-resistant Staphylococcus aureus (MRSA) is a successful modern pathogen associated with 
many clinical manifestations including asymptomatic colonisation, superficial skin infections and severe 
invasive diseases. Over the last three decades, numerous MRSA clones have emerged worldwide within 
healthcare environments, the community and in livestock settings, many of which encode a wide variety 
of antimicrobial resistance (AMR) and virulence-associated genes. Panton-Valentine leukocidin (PVL)-
negative sequence type (ST)-22-MRSA carrying staphylococcal cassette chromosome mec (SCCmec) 
element Type IV is the pandemic healthcare associated (HA)-MRSA clone in several European countries. 
In Ireland, ST22-MRSA-IV has predominanted in hospitals for over three decades, accounting for 
approximately 80% of all MRSA bloodstream infections. However, the prevalence of PVL-positive MRSA 
in Ireland has also gradually increased, with several outbreaks reported in neonatal intensive care units 
(NICU) and paediatric units. Studies reporting on the population structure of MRSA in Ireland have 
focused primarily on healthcare associations, neglecting potential reservoirs in the community. The 
epidemiological work presented in Chapters 3, 4 and 5 investigated the community associated (CA)-MRSA 
population in Irish hospitals and the association of these lineages with infection outbreaks using high 
resolution, short-read, Illumina MiSeq-based whole-genome sequencing (WGS). This work underscores 
the critical importance of on-going surveillance of MRSA to track circulating strains and monitor changing 
patterns. 
 
The first part of this study investigated multiple distinct outbreaks of PVL-positive CA-MRSA in several 
Irish hospitals (H1-H3) using WGS. Between 2011 and 2020, a total of 46 suspected outbreak-associated 
isolates were recovered from 36 individuals across three separate Irish hospitals and submitted to the 
national MRSA reference laboratory (NMRSARL) for analysis. Thirty-five of these isolates were from 
patients, one from a healthcare worker (HCW) and the remaining eleven isolates from members of two 
separate families, at least one member of each had received hospital H2-based treatment for MRSA 
infection. The 46 isolates underwent whole-genome multi-locus sequence typing (wgMLST) and single 
nucleotide polymorphism (wgSNP) genotyping. The previously suggested thresholds of ≤24 wgMLST 
allelic differences and ≤15 SNPs were used for inferring epidemiological relationships and close 
relatedness between S. aureus isolates. The investigation revealed two unrelated PVL-positive ST8-
MRSA-IVa outbreaks within two separate Irish hospitals (H1 and H2) over a four-month period between 
2017 and 2018. The wgMLST/wgSNP-based minimum spanning trees (MSTs) revealed two distinct 
clusters, CH1 (8/10 H1 isolates) and CH2 (6/6 H2 isolates). Within each cluster, neighbouring isolates 
were separated by ≤5 allelic differences; however, ≥73 allelic differences were identified between the two 
clusters, indicating two separate outbreaks. The occurrence of two distinct, concurrent MRSA outbreaks 
within a third hospital (H3, maternity hospital) over a 15-month period in 2018–2020 was also confirmed 
from wgMLST/wgSNP-based MSTs. Two separate isolate clusters, CH3-SCI (14/15 PVL-positive ST5-
MRSA-IVc isolates) and CH3-SCII (4/4 PVL-negative ST88-MRSA-V isolates) were identified. Within 
each cluster, neighbouring isolates were separated by ≤24 allelic differences, whereas the two clusters were 
separated by 1822 allelic differences, confirming two distinct H3 outbreaks. One of the H3 ST88-MRSA-
V outbreak-associated isolates was recovered from a HCW working in this hospital, highlighting the 
involvement of HCWs in MRSA transmission events. Lastly, intra-familial transmission of PVL-positive 
ST1-MRSA-V+fus+tirS+ccrA1 and PVL-negative ST97-MRSA-V+fus was identified in two separate 
families associated with hospital H2. The presence of three separate clusters (FC1, FC2 and FC2) were 
observed from the wgMLST/wgSNP-based MSTs, FC1 (4/4 ST1 isolates from family 1 only), FC2-ST1 
(4/4 ST1 isolates from family 2) and FC2-ST97 (3/3 ST97 isolates from family 2). Neighbouring isolates 
within each cluster were closely related and exhibited ≤7 allelic differences. Although intrafamilial 
transmission was apparent, the detection of ≥48 allelic differences between the clusters indicated no 
interfamilial transmission between the two separate families.  

As part of the CA-MRSA outbreak investigations, surveillance of the CA-MRSA population 
currently circulating in Irish hospitals was also carried out, primarily focused on CA-MRSA associated 
with maternity patients, as these are typically healthy individuals with minimal MRSA risk factors, 
including limited exposure to the healthcare environment. A total of 330 CA-MRSA isolates recovered 
between 2011 and 2022 from 13 different Irish hospitals (H1–H13) (N=326), a Dublin-based General 
Practitioner (GP) (N=2) and a regional GP (N=2) were investigated using core-genome multi-locus 
sequence typing (cgMLST). The population structure analysis revealed a diverse population of CA-MRSA 
in Irish hospitals, with 32 different STs and 91 different spa types identified. The isolates were 
predominantly ST1 (12.7%), ST5 (22.7%), ST8 (14.5%) and ST22 (18.4%), while the spa types mainly 
included t002 (13.4%), t008 (11%), t127 (12.2%) and t032 (7.3%). This investigation also highlighted a 
high prevalence of PVL-positive CA-MRSA (91/330, 27.6%) in Irish hospitals, reflective of global trends 



where PVL-positive CA-MRSA is continually increasing. The increasing introduction of PVL-positive 
CA-MRSA into healthcare settings, transmission and association with outbreaks is a serious concern. In 
recent years, multiple importations of multi-drug resistant (MDR) PVL-positive CA-MRSA clones have 
been reported, including the ST772-MRSA-V Bengal Bay clone and the ST8-MRSA-IV USA300 clone.  
 
A PVL-positive ST5-MRSA-IVc lineage associated with a protracted 15-month outbreak in H3 was found 
to exhibit genotypic similarities to previously described ‘Sri Lankan clone’ isolates which were recently 
reported as emerging in a large teaching hospital in Sri Lanka, Australia and the UK. The second part of 
this study investigated the widespread dissemination and diversity of this novel CA-MRSA lineage across 
numerous disparate geographical regions over a 17-year period using WGS. Thirty PVL-positive ST5-
MRSA-IVc isolates (including the 14 H3 outbreak-associated isolates) submitted to the NMRSARL 
between 2013 and 2022 were investigated. Additional PVL-positive ST5-MRSA-IVc clinical isolates 
(N=56) and WGS datasets (N=128 including 46 isolates from the Sri Lankan teaching hospital) recovered 
from eleven countries including Australia, Czech Republic, Denmark, Germany, Kuwait, Norway, Saudi 
Arabia, Sri Lanka, Sweden, UAE and the UK between 2005 and 2021 were also investigated. A majority 
(142/214, 66.4%) of the isolates were from infections, and where detailed metadata were available 
(168/214; 78.5%), slightly more than half were community associated (85/168, 51%). For comparative 
purposes, 29 PVL-positive and 23 PVL-negative ST5-MRSA-I/II/IVa/IVc/IVg/V isolates (N=41) and 
WGS datasets (N=11) for isolates recovered between 2003 and 2021 from Algeria, Australia, Czech 
Republic, Denmark, Germany, Ireland, Kuwait, Norway, Saudi Arabia, Senegal, Slovakia, Sri Lanka, 
Sweden, UAE and the UK were also investigated. The core-genome single nucleotide polymorphism 
(cgSNP)-based maximum likelihood tree (MLT) grouped 209/214 (97.7%) PVL-positive ST5-MRSA-IVc 
isolates into Clade I with an average of 110 cgSNPs between isolates. The five remaining PVL-positive 
ST5-MRSA-IVc isolates grouped into Clade III with an average of 92 cgSNPs. Clade II contained seven 
PVL-positive ST5-MRSA-IVa comparators, whereas the remaining 45 comparators formed an outlier 
group. A cgMLST-based MST revealed a comparably low average of 57 allelic differences between the 
214 PVL-positive ST5-MRSA-IVc isolates. These isolates were identified as ‘Sri Lankan’ clone, 
predominantly spa type t002 (186/214, 86.9%) with little population diversity which harboured a similar 
range of virulence genes and variable antibiotic resistance-encoding genes to one another. The association 
of Sri Lankan clone isolates with both community and hospital infections in 12 countries spanning 17 years 
reflects its widespread dissemination internationally and its potential to become a dominant CA-MRSA 
clone.  
 
The bacteriophage-encoded PVL cytotoxin is considered one of the most significant S. aureus virulence 
factors and is a genetic marker associated with many major CA-MRSA lineages. To date, several PVL-
encoding bacteriophages with distinct structural organisations have been described lysogenised into the S. 
aureus chromosome. The third part of this study investigated the PVL-encoding bacteriophage lysogenised 
in the genome of the PVL-positive ST5-MRSA-IVc Sri Lankan clone. The assembled genomes of the Sri 
Lankan clone (N=214) and comparator (N=52) isolates described in the second part of this study were 
investigated for pvl-associated bacteriophage DNA. Twenty-six representative Sri Lankan clone isolates 
and eight comparator isolates also underwent Oxford Nanopore long-read sequencing and hybrid-assembly 
with the Illumina-based short-read sequences to further investigate the PVL-encoding phage genome. All 
26 Sri Lankan clone isolates and seven Clade II comparators lacked an intact lysogenized PVL-encoding 
phage genome, but harboured a unique chromosomally integrated 9.6 kb PVL-encoding phage remnant. 
This remnant exhibited 100% sequence homology with the 3′ junction of the well-characterized PVL-
encoding phage φSa2wa.  
 Using specially designed primers specific to the Sri Lankan clone PVL phage remnant, an in-
silico PCR analysis was performed to screen the pubMLST database for additional strains harbouring this 
phage remnant. This pubMLST search resulted in ten PVL-positive ST5-MRSA-IVc, seven PVL-positive 
ST5-MRSA-IVa and one ST5-MSSA additional assembled genomes harbouring an identical 9.6 kb PVL-
encoding phage remnant. A cgSNP-based MLT revealed that the ten ST5-MRSA-IVc pubMLST isolates 
grouped into Clade I with 209/214 of the ST5-MRSA-IVc Sri Lankan clone isolates with an average of 
110 cgSNPs. The seven ST5-MRSA-IVa pubMLST isolates grouped with the seven ST5-MRSA-IVa 
comparators in Clade II with an average of 78 cgSNPs. The ST5-MSSA isolate branched out next to Clade 
III Sri Lankan clone isolates exhibiting between 196–240 SNPs to these isolates. These findings suggested 
that the ST5-MRSA-IVc Sri Lankan clone Clade I/III and the ST5-MRSA-IVa Clade II isolates all arose 
from a PVL-positive common ancestor harbouring the 9.6 kb phage remnant, very likely a PVL-positive 
methicillin-susceptible ancestor. The stable chromosomal integration of PVL in the Sri Lankan clone 
potentially contributes to its widespread dissemination. Additionally, this remnant may be a useful genetic 



marker for the Sri Lankan clone, as the earliest Sri Lankan clone study isolate recovered in 2005 also 
harboured the remnant. 

The application of WGS for MRSA epidemiological investigations is highly advantageous as it provides a 
highly discriminatory tool with unprecedented resolution for accurately tracking spread, monitoring 
transmission and investigating suspected outbreaks. The increasing prevalence of CA-MRSA, including 
MDR PVL-positive CA-MRSA lineages in the community and in hospital settings in Ireland is a serious 
cause for concern. This study highlighted the importance of local and international surveillance in 
monitoring the emergence and transmission of notable MRSA clones.  
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1.1 Staphylococcus aureus 

Staphylococcus is a genus of Gram-positive facultatively anaerobic, coccus-shaped 

bacteria currently recognised to consist of at least 52 different species and 28 subspecies 

(Lee et al., 2018). Traditionally, Staphylococcus species are categorised into two separate 

groups based on their ability to produce the coagulase enzyme which clots blood plasma 

(Foster, 1996). Coagulase binds to and activates prothrombin present in plasma, 

converting fibrinogen to fibrin and promoting clot formation. Both coagulase-negative 

staphylococci, such as Staphylococcus epidermidis and coagulase-positive 

staphylococci, like Staphylococcus aureus (S. aureus) are abundantly present in the 

microbiome colonising the skin and mucosal membranes of healthy humans and animals 

(Ahle et al., 2021). Staphylococcus aureus is recognised as one of the most important 

opportunistic bacterial pathogens, which causes significant morbidity and mortality 

worldwide. The success and widespread dissemination of this pathogen is facilitated by 

its ability to rapidly acquire/lose a wide range of virulence and antimicrobial resistance 

determinants during interactions with other commensal staphylococcal species within the 

microbiome (Otto, 2010). In addition to its use of host fibrinogen to manipulate the 

human coagulation system, S. aureus has evolved overtime to carry a vast arsenal of 

virulence and immune evasion factors, all of which contribute to its success within the 

host environment.  

 

1.1.1 Staphylococcus aureus: carriage and transmission 

Staphylococcus aureus as a commensal bacterium is typically found as part of the normal 

flora which colonises human and animal mucosal surfaces, particularly the nares, axillae, 

skin and gastrointestinal tract (Thomer et al., 2016). There are three distinct categories 

of S. aureus carriers in humans including persistent carriers, transient/intermittent 

carriers and non-carriers. Approximately one in three (20–30%) healthy individuals 

within the general population are persistently colonised with S. aureus, with the anterior 

nares and skin acting as primary ecological niches (Sakr et al., 2018). A large proportion 

(60–70%) of the population are categorised as intermittent carriers. In particular, those 

working within the healthcare environment who are frequently transiently exposed to the 

bacteria during interactions with colonised/infected patients (Sakr et al., 2018). A small 

minority (~20%) are non-carriers who almost never carry S. aureus. The vast majority of 

colonised individuals are asymptomatic carriers who go on to transmit the bacteria, most 

commonly through skin-to-skin contact, but also by contaminating objects in the 
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environment and by airborne spread (Kong et al., 2016; Sassmannshausen et al., 2016). 

Persistent carriers who are oftentimes colonised with a higher bacterial load are a high 

risk group for subsequent infection. Other risk factors for infection include 

hospitalisation and invasive medical procedures, older age, genetic predisposition, 

obesity, HIV infection, intravenous drug use and diabetes (Sakr et al., 2018).  

 

As a human pathogen, S. aureus frequently invades the skin, soft tissue and bloodstream 

leading to the onset of clinical manifestations ranging from skin infections, infective 

endocarditis to bacteraemia and necrotising pneumonia (Pollitt et al., 2018; Tong et al., 

2015). The continued emergence and spread of novel S. aureus strains has established 

the organism as a serious threat to public health and the consequences can be observed 

in countries such as the United States of America (USA) where endemic levels result in 

significant mortality and morbidity among patients annually (Gajdács, 2019; Kourtis et 

al., 2019). In 2017 alone, there was an estimated 119,000 S. aureus bloodstream 

infections (BSIs) in the USA, with 20,000 of these resulting in deaths (Kavanagh, 2019; 

Kourtis et al., 2019).  

 

1.1.2 Staphylococcus aureus genome 

Comparative analysis of different S. aureus strains revealed a common architecture; a 

typical genome size of ~2.8 mega base pairs (Mbp), a mean GC content of ~32% and 

~2,600 protein-coding sequences (J. Wang et al., 2012). The S. aureus genome can be 

divided into two segments: the core-genome and the accessory genome (Bosi et al., 2016; 

El Garch et al., 2009).  

 

The core genome makes up approximately 75% of the complete genome and contains a 

set of conserved ‘core-stable’ genes and ‘core-variable’ genes shared by the majority of 

S. aureus strains (El Garch et al., 2009). These are species-specific genes and also genes 

associated with house-keeping functions which are essential for growth and survival.  

 

The accessory genome consists of the remaining 25% and can be defined as genes 

associated with non-essential functions. The composition of the accessory genome varies 

significantly between different S. aureus strains (Bosi et al., 2016; El Garch et al., 2009). 

Accessory genomes include mobile genetic elements (MGEs), recently acquired 

functional genes and non-expressed genes (Rankin et al., 2011). Six distinct types of 
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MGEs account for approximately 15–20% of the S. aureus accessory genome. This 

includes plasmids, transposons (Tn), pathogenicity islands (PIs), staphylococcal cassette 

chromosome mec elements (SCCmec), bacteriophages and insertion sequences (IS). 

These elements are often acquired through horizontal gene transfer (HGT; transfer of 

genetic matter between strains) and encode for secondary processes regarding host 

specificity, immune evasion, toxins, virulence and antimicrobial resistance (Rankin et 

al., 2011). In recent years the expansion of whole genome sequence projects on the S. 

aureus genome has revealed a considerable variation in the MGE content of different 

populations of S. aureus isolates, highlighting the significance of MGE selection in 

environmental adaptation (Lindsay et al., 2012).  

 

1.2 Emergence of antimicrobial resistance in Staphylococcus aureus 

The initial introduction of penicillin as an antimicrobial agent in the early 1940s resulted 

in significant reductions in staphylococcal infections (Schmidt et al., 2015). Within the 

context of S. aureus, approximately 85% of all strains were susceptible to <0.1 mg/L of 

penicillin (Schito, 2006). The mechanism of action of this b-lactam antibiotic involves 

targeting and inhibiting transpeptidase enzyme activity, which typically catalyses the 

final step in bacterial cell-wall biosynthesis. This prevents cross-linking of the bacterial 

peptidoglycan chains (Lowy, 2003). By the mid-1940s however, reports of penicillin-

resistant staphylococcal strains were well-documented and by the early-1960s, ~80% of 

all staphylococcal isolates were resistant to penicillin (Lowy, 2003). Widespread 

resistance was associated with acquisition of plasmid-encoded penicillinase (a b-

lactamase enzyme) production by the bacteria resulting in the destruction of the peptide 

bond of the b-lactam ring which rendered the drug ineffective for clinical use. The spread 

of penicillin-resistant S. aureus was considered a pandemic with resistant strains 

observed in both the healthcare environment and in the community.  

 

Widespread and inappropriate use of antimicrobial agents is recognised as a major 

driving force in the rapid evolution and acclimatization of S. aureus against various 

selective pressures (Chambers and Deleo, 2009; Lowy, 2003). Antimicrobial resistance 

against a wide-range of broad-spectrum antibiotics, including b-lactams, macrolide-

lincosamide-streptogramins, tetracyclines, aminoglycosides, fluoroquinolones and 

glycopeptides is now well-documented in S. aureus strains globally (Lowy, 2003). The 
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emergence of multi-drug resistance (MDR; resistance to at least one agent in ³3 classes 

of clinically relevant antimicrobials) has also been reported, posing a major threat to 

public health.  

 

1.2.1 Methicillin resistance in Staphylococcus aureus 

Methicillin was designed as a semi-synthetic b-lactam drug to target and circumvent the 

rise of penicillin-resistant strains of S. aureus (Otto, 2012). Much like its predecessor, 

methicillin also targets and inhibits bacterial cell wall biosynthesis, with the added 

advantage of resistance to b-lactamases. By the early-1960s, methicillin- and broad-

spectrum b-lactam resistance was described in S. aureus strains (Fig. 1.1). The 

acquisition of mecA which encodes for an altered penicillin-binding protein 2a (PBP2a) 

by methicillin-susceptible S. aureus (MSSA) led to the rise of methicillin-resistant S. 

aureus (MRSA). The modified PBP2a encoded by mecA has a reduced affinity for b-

lactam antibiotics (Asghar, 2014). The mec gene is usually encoded on the SCCmec 

element which integrates into the bacterial chromosome at the orfX locus (Sowash and 

Uhlemann, 2014). In addition to mec, SCCmec also encodes for the mec gene complex, 

alongside a site-specific cassette chromosome recombinase (ccr) gene complex and a 

joining (J) region. To date, fourteen types of SCCmec elements (I-XIV) have been 

described with distinct characteristics observed in each (Fig. 1.2). Interestingly, in 2011, 

a highly divergent homologue of the mecA gene, termed mecC was described on SCCmec 

element Type XI in Ireland, the United Kingdom (UK) and Denmark (Fig. 1.2) (García-

Álvarez et al., 2011; Shore et al., 2011). The mecC gene typically exhibits 70% sequence 

homology to mecA, and has been found in MRSA of both human and animal origins 

(García-Álvarez et al., 2011).  
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Figure 1.1. Timeline of antimicrobial resistance in S. aureus. Abbreviations: MRSA, 

methicillin-resistant S. aureus; VISA, vancomycin-intermediate S. aureus; VRSA, 

vancomycin-resistant S. aureus; HA-MRSA, healthcare-associated methicillin-

resistant S. aureus; CA-MRSA, community-associated methicillin-resistant S. aureus; 

LA-MRSA, livestock-associated methicillin-resistant S. aureus). Adapted from Schmidt 

et al., 2015.  

*Recent findings indicate that MRSA emerged 130–200 years ago on hedgehog 

populations in Denmark and Sweden, and periodically infected humans and cattle. This 

was long before clinical use of methicillin was introduced in the 1960s (Larsen et al., 

2022).  
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Figure 1.2. Schematic diagram showing the genetic organisation of the 14 SCCmec types 

(I-XIV) currently recognised in S. aureus. The pink strip denote the locations of the mec 

complexes. The blue strip denotes the locations of the cassette chromosome recombinase 

(ccr) complexes. Selected genes are indicated as coloured triangles. Country and year of 

first report are indicated in the brackets. Adapted from Uehara, 2022. 
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In addition to chromosomal cassette elements such as SCCmec, other MGEs including 

pathogenicity islands, plasmids, bacteriophages and insertion sequences can also encode 

for virulence factors and antimicrobial resistance determinants to aid MRSA prevalence 

(Carroll et al. 1995; Malachowa and DeLeo, 2010). Currently, the primary recommended 

‘gold standard’ first-line therapy against serious MRSA infections is glycopeptide 

therapy, particularly vancomycin. In recent years however, vancomycin-resistant and 

vancomycin-intermediate S. aureus (VRSA and VISA) have been isolated in numerous 

regions worldwide (Otto, 2012).  

 

Methicillin-resistant Staphylococcus aureus has emerged as one of the leading pathogens 

associated with antimicrobial resistance globally. With persistent carriage of S. aureus 

currently at 20–30% within the general population, approximately two in 100 people are 

colonised with MRSA specifically (American Society for Microbiology, 2015). 

Additionally, it is a causal agent in the increased incidence of bacterial infections within 

healthcare settings and in the community (Guo et al., 2020; Morell and Balkin, 2010). 

Although therapeutic use of methicillin is widely recognised as a driving force behind 

the rise in nosocomial MRSA, recent studies have shown that emergence of MRSA 

predates the clinical introduction of methicillin. In 2017, Harkins et al., described the 

evolutionary history of archetypal MRSA isolates and suggested that acquisition of an 

ancestral SCCmec type I element in the mid-1940s led to b-lactamase-mediated 

methicillin resistance in S. aureus strains long before widespread use of methicillin 

(Harkins et al., 2017). Another recent study by Larsen et al., in 2022 reported that MRSA 

possibly emerged 130–200 years ago in hedgehog populations in Denmark and Sweden, 

and periodically infected humans and cattle too (Larsen et al., 2022). This preceded the 

introduction of methicillin into clinical practice in the late-1950s.  
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1.2.2 SCCmec element 

The highly diverse SCCmec element is defined by four main components, which include 

the presence of the mec and ccr gene complexes, integration of the element within the 

SCC integration site sequence (ISS) of the bacterial chromosome and presence of 

flanking direct repeat (DR) sequences on either side of the integrated SCCmec element 

(Urushibara et al., 2019). At present, the International Working Group on the 

Classification of Staphylococcal Cassette Chromosome Elements (IWG-SCC) recognise 

grouping of SCCmec elements into one of fourteen categories (I-XIV) based primarily 

on the unique combinations of six mec gene complexes, eight ccr gene complexes and 

three J-regions (Fig. 1.2) (Sowash and Uhlemann, 2014; Uehara, 2022; Urushibara et al., 

2019). The composition of the mec gene complex includes the mec gene encoding for 

PBP2a, regulatory elements which control expression of the mec gene (mecR1-mecI) and 

associated insertion sequence (IS431). The ccr gene complex plays a pivotal role in the 

inter/intra-species transfer and movement of the SCCmec element as it controls 

integration/excision into the bacterial chromosome. The complex consists of the ccrAB 

or ccrC genes and associated open reading frames coding for site-specific recombinases. 

SCCmec elements range in size – from ~20 kb to the longest reported length of 67 kb. 

Many different subtypes have been defined based on variations in the three J-regions.  

 

Nowadays, S. aureus strains carrying SCCmec elements constitute significantly to the 

increasing burden of this highly successful pathogen (Enright et al., 2002). Numerous 

genetically diverse MRSA lineages have descended independently from the same 

common ancestral MSSA following acquisition of different variants of SCCmec 

elements and there is clear evidence that in a single event of genetic acquisition, SCCmec 

transforms highly susceptible S. aureus strains into MDR pathogens with enhanced 

virulence and transmissibility (Enright et al., 2002; Rolo et al., 2017). Additionally, the 

unique combination of SCCmec genes within each of the different elements has also been 

linked with distinct antimicrobial resistance profiles (Mohammadi et al., 2014). 

Typically, MRSA strains harbouring larger SCCmec elements (II and III) exhibit multi-

drug resistance, while strains carrying smaller SCCmec elements (IV and V) typically 

express low-level antimicrobial resistance (Udo and Al-Sweih, 2017).  
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1.2.3 Acquisition of antimicrobial resistance genes 

Alongside transfer of MGEs such as SCCmec, acquisition of different types of 

antimicrobial resistance genes is also very common in S. aureus strains. Transfer 

typically occurs through mechanisms of horizontal gene transfer including 

transformation, bacteriophage transduction or bacterial conjugation (Fig. 1.3) (Álvarez-

Martínez et al., 2020); with the latter being the primary mechanism aiding the 

dissemination of antimicrobial resistance genes in/out of pathogenic S. aureus strains 

(Malachowa and DeLeo, 2010). These resistance genes are typically plasmid-encoded 

and are transferred from the donor bacterium into the recipient during direct cell-to-cell 

contact. Numerous distinct antimicrobial resistance genes have been described in S. 

aureus strains (Fig. 1.3), with the most commonly observed conferring resistance against 

b-lactams (blaZ), macrolide-lincosamide-streptogramins (erm(A)/(B)/(C)) and 

tetracyclines (tet(K)/(L)/(M)) (Malachowa and DeLeo, 2010).  

 

 

 
Figure 1.3. Antimicrobial resistance mechanisms and resistance acquisition mechanisms 

in S. aureus. Examples of different types of acquired antimicrobial resistance genes (red) 

identified in S. aureus. Adapted from Álvarez-Martínez et al., 2020. 
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1.3 Staphylococcus aureus virulence factors 

In addition to antimicrobial resistance, virulence mechanisms are another important 

aspect in the pathogenesis of S. aureus. The extensive assortment of structural and 

secreted virulence factors harboured by S. aureus strains are typically categorised as 

toxins, adhesins, degradative enzymes and immunomodulators (Otto, 2012; Watkins et 

al., 2012). These virulence determinants collectively facilitate entry, attachment and 

immune evasion of S. aureus cells within the host environment during colonisation and 

infection. Many of these virulence factors are commonly produced by the majority of S. 

aureus strains (e.g., a-haemolysin, phenol-soluble modulins), while others are obtained 

through MGE exchange between different lineages (e.g. superantigens, Panton-Valentine 

leukocidin) (Watkins et al., 2012). These MGE-encoded virulence genes are often carried 

on extra-chromosomal plasmids, transposons or bacteriophages which are either securely 

retained even as the strain evolves, or are rapidly discarded if they impose a significant 

fitness cost (Malachowa and DeLeo, 2010). This accounts for the significant diversity 

often observed between S. aureus lineages. 

 

1.3.1 a-haemolysin and phenol-soluble modulins  

a-haemolysin and phenol-soluble modulins are two of the most commonly-observed 

virulence factors carried within the core set of genes of S. aureus. These highly cytolytic 

toxins have previously been described as major virulence determinants found in virtually 

all S. aureus strains. The a-haemolysin/a-toxin is a small b-barrel pore-forming 

cytotoxin, encoded by the hla gene and has a broad range of cellular specificity and is 

well-characterised for its role in the lysis and destruction of epithelial/endothelial cells 

and immune cells, including erythrocytes and different types of leukocytes (Berube and 

Wardenburg, 2013; Vandenesch et al., 2012). Likewise, phenol-soluble modulins 

(PSMs) are small a-helical peptides which function as cytotoxins efficiently lysing 

erythrocytes/leukocytes, while also acting as pro-inflammatory agents against host 

neutrophils (Cheung et al., 2014; Periasamy et al., 2012). Numerous studies have also 

recently highlighted the role of PSMs in the structuring, stability and detachment of 

biofilms during infection, particularly on indwelling medical devices.  
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1.3.2 Superantigens/immune evasion cluster proteins 

Superantigens are a notable family of potent immunomodulators associated with 

increased survival, transmission and pathogenicity of S. aureus strains. At least 29 

distinct members within this superfamily of virulence toxins have been described within 

different S. aureus lineages, most notably staphylococcal enterotoxins (SEs) and toxic 

shock syndrome toxins such as TSST-1 (Hu et al., 2021; Hu et al., 2011). Additionally, 

recent studies suggest that ~80% of all clinically-relevant S. aureus strains harbour at 

least one superantigen gene, the majority of which are MGE-encoded genes carried on 

plasmids (Holtfreter et al., 2007). With the remarkable ability to recruit and activate a 

significant number of host T lymphocytes (20–30%) during colonisation and infection, 

these super-antigenic toxins manipulate normal host immune responses leading to the 

induction of ‘cytokine storms’ and apoptosis (Noli Truant et al., 2022).   

   

Another important virulence factor facilitating the survival of S. aureus in the host 

environment is the human-specific immune evasion cluster (IEC). Collectively, these 

secreted proteins function as immune-modulators counteracting host innate immune 

responses, particularly through inhibition of neutrophil phagocytosis, chemotaxis and 

complement activation (Ahmadrajabi et al., 2017; Hau et al., 2015). The cluster consists 

of staphylococcal enterotoxins (SEA/SEP), chemotaxis inhibitory protein (CHIP), 

staphylococcal complement inhibitory protein (SCN) and staphylokinase (SAK) 

(Ahmadrajabi et al., 2017). These virulence factors are typically encoded by genes 

(sea/sep, chp, scn and sak) carried on b-haemolysin-converting bacteriophages, with 

different S. aureus isolates harbouring unique combinations of the genes (Hau et al., 

2015). These phages lysogenize the majority of S. aureus lineages adapted to human 

hosts, and integrate into the chromosomal β-haemolysin gene (hlb) during lysogenisation 

resulting in disruption of hlb. So far, eight different variants of the IEC genes have been 

described (Fig. 1.4), with scn present within each variant (Chai et al., 2022). The variants 

are characterised as Type A (scn, sea, sak, chp), B (scn, chp, sak), C (scn, chp), D (scn, 

sak, sea), E (scn, sak), F (scn, chp, sak, sep), G (scn, sak, sep), and H (scn only) (Fig. 

1.4) (Wamel et al., 2006). In the current study, three novel IEC variants were also 

detected. This included Novel type 1 (sep only), Novel type 2 (scn, sea, sak, sep) and 

Novel type 3 (sak, sep).  
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Figure 1.4. Schematic diagram of the eight different immune evasion cluster (IEC) types 

(A–H) recognised in S. aureus. Arrow boxes indicate the presence of sea, sak, chp, and 

scn genes. Dashed lines indicate the absence of one or more of these genes. Adapted from 

van Wamel et al., 2006. 

*Three novel IEC variants were detected in the current study. This included Novel type 

1, sep only; Novel type 2, sak, scn, sea and sep; Novel type 3, sak and sep. 
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1.3.3 Panton-Valentine leukocidin 

Panton-Valentine leukocidin (PVL) is a bicomponent exotoxin expressed by at least 2–

5% of all S. aureus isolates, including MRSA (Lina et al., 1999). With structural 

similarities to a-haemolysin toxins, PVL also forms cytolytic pores in the leukocyte cell 

membrane after binding to complement receptors leading to cell destruction and tissue 

necrosis within the host (Kaneko and Kamio, 2004; Lina et al., 1999). The PVL toxin is 

encoded by two genes (lukF-PV, lukS-PV) which are located in the genomes of a range 

of lysogenic bacteriophages integrated into the S. aureus chromosome (Fig. 1.5) (Lina et 

al., 1999). Eight distinct types of these PVL bacteriophages bearing either an icosahedral 

morphology or elongated-head shape have been described (ΦPVL, Φ108PVL, 

Φ7247PVL, ΦSa2958, ΦSa2USA, ΦSa2MW, ΦSLT, ΦTCH60), and transmission 

between staphylococcal species is suggested to be limited by phage/bacterial specificity 

factors (Boakes et al., 2011). Although the overall importance of the toxin as a virulence 

determinant in pathogenicity is often debated, many studies have associated PVL-

producing S. aureus isolates with more serious, invasive infections and also recurrent 

skin/soft tissue infections.  
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Figure 1.5. Schematic diagram of a typical Panton-Valentine leukocidin (PVL)-encoding bacteriophage lysogenised in the S. aureus chromosome. 

The phage is approximately 40,000–50,000 bp in size. The pvl genes encode for the PVL cytotoxin, a virulence factor commonly associated with 

CA-MRSA strains. The typical structure of the bacteriophage includes the lysogeny module (highlighted in orange), DNA replication and 

transcription genes (highlighted in pink), the head and tail packaging region (highlighted in green), lysis module (highlighted in dark purple) and 

the lukS/F-PV genes region (highlighted in blue). Attachment sites (attL and attR) are typically present at the proximal and distal junction ends of 

the phage/chromosomal regions. Created using SnapGene v6.0.6 (https://www.snapgene.com). 
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1.4 Traditional molecular typing techniques 

Molecular typing facilitates epidemiological surveillance of both methicillin-susceptible 

and methicillin-resistant S. aureus. Focusing primarily on discreet genotypic variabilities 

between isolates, molecular typing can be used to define transmission pathways, inform 

Infection Prevention and Control (IPC) measures, monitor prevalence, track spread and 

to investigate the emergence of novel antimicrobial-resistant strains (Al-Obaidi et al., 

2018; Trindade et al., 2003). Traditionally, discrimination of S. aureus was achieved 

through the use of typing tools that differentiate isolates based on phenotypic traits such 

as antimicrobial susceptibility patterns or phage typing patterns (Collins et al., 1984). 

These methods had limited discriminatory powers and were replaced by molecular typing 

approaches such as DNA fingerprinting (e.g., pulsed-field gel electrophoresis; PFGE), 

variations within the coding sequences of segments of seven core housekeeping genes 

(multi-locus sequence typing; MLST), variations in the repeat units within the 

staphylococcal protein A gene (spa typing) or characterisation of the SCCmec element 

(SCCmec typing). High-throughput comparison of antimicrobial and virulence genetic 

determinants by DNA microarray profiling has also been widely employed (Al-Obaidi et 

al., 2018; Asadollahi et al., 2018). Undeniably, these standardised typing systems with 

significant discriminatory power and reproducibility have been invaluable for 

epidemiological investigations on S. aureus and have facilitated the collective analysis 

of strains worldwide via internet-based databases (Trindade et al., 2003). 

 

1.4.1 Pulsed-field gel electrophoresis 

Developed in the early 1980s, PFGE used to be referred to as the ‘gold standard’ DNA-

based molecular typing technique for genotyping S. aureus isolates, due to its high 

resolution and sensitivity (Le Bourgeois et al., 2015; Sharma-Kuinkel et al., 2016). 

During this period, the PFGE approach provided higher typeability and greater 

discriminatory power than other commonly employed typing tools, including phage 

typing and ribotyping (Gibson et al., 1995; Tenover et al., 1994). The PFGE process 

involves lysing the bacterial cell in agarose plugs to isolate its intact bacterial genomic 

DNA molecule (Tenover et al., 1994). This is followed by digestion into high molecular 

weight fragments (~10 Mb) using restriction endonucleases that cleave DNA 

infrequently (e.g., SmaI). Fragments are resolved/separated according to size in agarose 

gels by reorienting the electrical field between spatially-distinct electrodes over an 

extended period of time. The migration of the DNA fragments through the gel at varying 
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speeds results in a unique DNA banding pattern, commonly referred to as ‘DNA 

fingerprints’. The gel can then be visualised using computer software programs, such as 

GelCompar and BioImage which analyse and identify polymorphisms in the DNA band 

patterns. Variations in the fingerprints of different isolates are compared by the programs 

to determine close relatedness and confirm clonality (Sharma-Kuinkel et al., 2016). 

Despite its high discriminatory power and widespread availability, the process lacked 

adequate inter-laboratory reproducibility, as well as being labour-intensive (2–3 days). 

Currently, although standardisation of guidelines and data interpretation techniques have 

greatly reduced these limitations, use of PFGE for molecular typing of S. aureus has been 

largely replaced by state-of-the-art whole-genome sequencing (WGS)-based approaches.  

 

1.4.2 Multi-locus sequence typing 

Multi-locus sequence typing is a molecular typing approach based on Sanger sequencing 

technology. It allows for the systematic discrimination of S. aureus isolates based on the 

polymerase chain reaction (PCR) amplification and subsequent sequencing of 450–500 

bp internal fragments of seven well-conserved house-keeping gene loci (arcC, aroE, 

glpF, gmk, pta, tpi, and yqiL) (Enright et al., 2000). The process unambiguously 

characterises S. aureus isolates based on nucleotide variations within each of these seven 

genes, and assigns a specific integer for each distinct genotype (Maiden et al., 2013). The 

integers for each of the seven loci are combined to generate an allelic profile and each 

distinct allelic profile is assigned a uniquely corresponding integer referred to as a ST. 

Isolates with the same ST are genetically indistinguishable at each of the seven loci 

included in the MLST scheme (Maiden et al., 2013; Robinson and Enright, 2004). 

Sequence types which differ at only one of the seven gene loci are typically defined as 

the same CC (Enright et al., 2000). Over the years, a MLST database 

(https://pubmlst.org/ saureus/) consisting of allelic profiles of 8150 distinct STs (database 

accession update: 08-03-2023) has been collectively populated by researchers worldwide 

(Robinson and Enright, 2004). As the traditional MLST technique uses only seven stable 

core-genome housekeeping genes, the resolution of this tool is quite limited. For 

suspected outbreak investigations of closely-related strains, use of MLST has been 

replaced by more-discriminatory genotyping techniques, such as spa typing.  

 

 

 

https://pubmlst.org/saureus/
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1.4.3 spa typing 

The spa typing method is a single-locus typing technique based on sequencing of a 

highly-conserved gene (spa). The spa gene encodes for staphylococcal protein A, a key 

cell surface immune evasion virulence factor secreted by the majority of S. aureus 

isolates (Hallin et al., 2007; Sowash and Uhlemann, 2014). The 3' end of the spa gene 

carries a polymorphic X region which contains variations in the number of tandem 

repeats and base sequence within each repeat. This is known as the variable number 

tandem repeats (VNTR), and each sequence motif is typically 24 bp in size (Hallin et al., 

2007). The spa typing tool, much like MLST also employs PCR-amplification and 

Sanger sequencing for this highly discriminatory molecular typing process. Specialised 

software assigns each individual repeat variant a unique repeat code and isolates are 

assigned a ‘spa type’ based on the order/succession of specific repeats. Following 

assignment of a novel spa type to an S. aureus strain, the information is documented and 

uploaded into a publicly accessible web-based depository (http://spaserver.ridom.de) 

which currently contains 20,954 spa types and 835 spa repeats from 159 different 

countries (database accession update: 08-03-2023). Spa typing is commonly utilised in 

clinical and epidemiological investigations as a rapid, cost-effective alternative to MLST 

(Sowash and Uhlemann, 2014). It is highly concordant with MLST as spa types 

commonly correlate with CCs and STs defined by MLST (O'Hara et al., 2016). This 

technique has enabled investigations of local S. aureus hospital outbreaks and global 

surveillance studies where high discriminatory power is needed to differentiate between 

genetically similar strains (Hallin et al., 2007).  

 

1.4.4 SCCmec typing 

SCCmec typing is a molecular typing tool which takes advantage of the diversity in 

genomic content, structural composition and organisation of SCCmec elements, 

particularly in the mec and ccr gene complex (Asghar, 2014; Hallin et al., 2007; Shore 

et al., 2012). The presence of allotypic differences in the mec complex (Class A, B, C1, 

C2 and D) and in the ccr complex (ccrAB1, ccrAB2, ccrAB3, ccrAB4 and ccrC) allows 

for classification of SCCmec elements into types (Fig. 1.2) (IWG-SCC, 2009). 

Additionally, polymorphisms in the J-regions (J1-J3), the non-essential SCCmec 

component located between mec and ccr gene complexes are also employed for defining 

SCCmec subtypes (IWG-SCC, 2009; Sowash and Uhlemann, 2014). Oliveira and de 

Lencastre, 2002, designed a single-step multiplex-PCR (M-PCR) approach to assign 
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SCCmec subtypes based on the structural variations in eight gene loci (A-H) within the 

J-region. A more complete typing method based on a set of six M-PCR reactions was 

developed by Kondo et al., 2007, whereby allotypic differences in mec, ccr and also in 

the J-regions are identified and SCCmec types are assigned. To date, fourteen distinct 

SCCmec types (I-XIV) and numerous subtypes have been described in MRSA clones 

(Fig. 1.2), but the M-PCR strategy for SCCmec typing still only covers a subset of these 

(Saber et al., 2017; Sowash and Uhlemann, 2014; Urushibara et al., 2019). To combat 

this limitation in SCCmec typing and subtyping, an in silico approach based on WGS 

data is now widely available (https://cge.cbs.dtu.dk/services/SCCmecFinder/) (Kaya et 

al., 2018). 

 

1.4.5 DNA microarray profiling 
DNA microarray profiling is a highly effective tool for S. aureus genotyping due to its 

discriminatory power for outbreak investigations (Monecke et al., 2008). It is often 

proposed as a suitable alternative to both MLST and SCCmec typing as it examines a 

large number of genes and markers in the genome as opposed to only a select number of 

genes. The abundant availability of whole genome sequences for a wide-range of S. 

aureus strains in recent years has led to the advancement of many genotyping techniques, 

including microarray profiling (Monecke et al., 2008). Notably, microarray techniques 

have been expanded with oligonucleotide probes to allow for identification of additional 

virulence and pathogenicity-associated genes. The S. aureus Genotyping Kit 2.0 (Abbott 

[Alere Technologies GmbH], Jena, Germany) is one of the most extensively used 

microarray tools for strain identification. This array permits the detection of 333 target 

sequences which characterise approximately 170 clinically-relevant resistance and 

virulence genes (Shittu et al., 2015; Shore et al., 2012). Based on these markers, DNA 

microarray profiling identifies isolate STs, antimicrobial resistance and virulence genes, 

and also SCCmec-associated genes (Shittu et al., 2015).  

 

1.5 Whole-genome sequencing 

Although traditional molecular typing techniques have been shown to be well-suited 

highly discriminatory and reliable tools for monitoring S. aureus transmission and 

circulation, these techniques are still quite limited in their abilities and focus primarily 

on only a single specific polymorphic gene or target element. Rapid advancements in 

https://cge.cbs.dtu.dk/services/SCCmecFinder/
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next-generation sequencing (NGS) technologies in recent years have resulted in the 

replacement of conventional molecular typing tools with novel whole-genome based 

systems in many diagnostic and research facilities worldwide. These whole-genome 

approaches have completely revolutionised how S. aureus epidemiological investigation 

and surveillance is performed, offering significantly higher resolution, increased inter-

laboratory reproducibility and accuracy for strain characterisation (Durand et al., 2018). 

With its unmatched discriminatory power, WGS can distinguish between isolates on the 

basis of STs, spa types, SCCmec types, serotypic/genotypic differences, virulence 

factors, antimicrobial resistance and can be used to decipher new and emerging MGEs 

(Deurenberg et al., 2017; SenGupta et al., 2014). In contrast to Sanger-based sequence 

genotyping, NGS generates more data, offers a single protocol approach for strain 

identification and also makes genotyping at the single nucleotide level feasible 

(Deurenberg et al., 2017; Quainoo et al., 2017). The evolution and era of sequencing 

technologies can be divided into three separate categories commonly referred to as 

generations; First Generation, Next/Second Generation and Third Generation 

Sequencing (Park and Kim, 2016).  

 

1.5.1 First generation sequencing 

First generation sequencing approaches typically represents the two DNA sequencing 

techniques developed in the 1970s; Maxam-Gilbert sequencing that involves a chemical 

degradation method whereby the target DNA is radio-labelled and split into four 

chemical cleavage reactions (sequencing-by-cleavage) and Sanger sequencing (chain-

termination method), which is based on a sequence-by-synthesis approach (Heather and 

Chain, 2016; Park and Kim, 2016). In the latter, fluorescently-labelled chain-terminating 

nucleotide sequences selectively incorporated by a DNA polymerase during the in-vitro 

replication of a DNA template are detected (Heather and Chain, 2016). Both of these 

methods provided the necessary foundations which led to the development of all the other 

generations of sequencing technologies utilised today. Sanger sequencing remains the 

only first generation technique still routinely employed for individual gene sequencing 

(Dewey et al., 2012). Although it is labour-intensive and only sequences a few hundred 

base pairs at a time (<1000 bp), it generates highly accurate and easily interpretable data 

(Heather and Chain, 2016).  
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1.5.2 Second/Next (short-read) generation sequencing 

The rise in WGS for comprehensive genomic analyses over the last decade has led to the 

replacement of many traditional DNA sequencing approaches with second/next 

generation sequencing technologies (Quail et al., 2012). These technologies produce 

millions of short sequence reads with a size of 50-500 bp in a relatively shorter timeframe 

in comparison to older methods such as Sanger sequencing (Park and Kim, 2016; Quail 

et al., 2012). To achieve this, the entire genome is broken down into smaller fragments 

which are then amplified and subsequently sequenced (Heather and Chain, 2016). Such 

NGS platforms include Roche 454 (Branford, Connecticut, USA), Applied 

Biosystems/Life Technologies’ SOLiD (Grand Island, New York, USA), Ion Torrent’s 

PGM (Guilford, Connecticut, USA) and Illumina systems (Eindhoven, The Netherlands) 

which all serve as high-throughput sequencing technologies for generating large volumes 

of data rapidly and provide high-resolution insights into the complete genome of 

organisms (Heather and Chain, 2016; Park and Kim, 2016). The Illumina platform in 

particular has undergone significant advancements over the years and currently 

dominates the high-throughput sequencer market (Quail et al., 2012). Within many 

clinical microbiology laboratories nowadays, researchers can study complete genomic 

profiles of numerous isolates in a matter of days (SenGupta et al., 2014). These 

advancements in Illumina’s technology and its corresponding bioinformatics-based 

analysis tools have greatly improved the output and analysis speed of this technology 

making it an ideal approach for genotyping bacterial strains (Quainoo et al., 2017).  

 

The Illumina sequencing process typically involves four basic steps (Fig. 1.6), starting 

with library preparation whereby DNA sequencing libraries are prepared by random 

fragmentation of high molecular weight DNA into shorter fragments of specific sizes 

(Heather and Chain, 2016; Qin, 2019). Adapter sequences are then annealed/ligated onto 

the ends of these fragments (Qin, 2019). The use of preparation kits provided by Illumina 

allows for the fragmentation and ligation reactions to be combined into a single step 

commonly referred to as tagmentation (Feng et al., 2018). The library sample is then 

denatured, loaded into a reagent cartridge and inserted into the Illumina sequencer. 

Within the sequencer, the cluster generation process begins whereby the adapter-ligated 

single-stranded DNA fragments bind onto the surface of a flow cell with oligonucleotide 

primers which are complementary to the library adapters (Fig. 1.6) (Besser et al., 2018; 

Qin, 2019). The free ends of the fragments bind to the flow cell through base pairing and 
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each bound fragment undergoes repeated bridge PCR amplification that generates 

distinct clusters (Heather and Chain, 2016). Following cluster generation, the template 

fragments can then be sequenced (Fig. 1.6). To do this, fluorescently-labelled nucleotides 

which correspond to each of the four nucleotide bases are incorporated into new DNA 

strands which are complementary to the initial template (Besser et al., 2018; Heather and 

Chain, 2016). During each sequencing cycle, a fluorescent labelled nucleotide is added 

to the growing DNA strand of each fragment cluster, a laser excites this newly 

incorporated nucleotide and the fluorescence signals emitted are detected by an optic 

scanner (Dewey et al., 2012). These nucleotides also act as terminators of synthesis for 

each reaction, which are removed after detection occurs allowing for the next sequencing 

cycle to commence (Besser et al., 2018; Suaya et al., 2014). Illumina currently offer a 

wide range of sequencing platforms which include the MiSeq, HiSeq, NovaSeq, NextSeq 

and MiniSeq, all with varying levels of throughput (Besser et al., 2018). The MiSeq in 

particular is one of the most frequently employed systems as it generates high-quality 

short reads at an affordable run cost while providing the greatest time benefit (Besser et 

al., 2018).  
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Figure 1.6. Schematic diagram of the Illumina sequencing technology. The process 

follows four basic steps: genomic DNA library preparation, cluster generation through 

PCR bridge amplification, sequencing-by-synthesis and data analysis. Adapted from 

Brown, 2012. 

 

 

 

 

 



 24 

1.5.3 Third generation (long-read) sequencing 

Shortly after the introduction of NGS, third generation sequencing (TGS) systems also 

emerged on the market. In contrast to the base-by-base sequencing provided by NGS 

platforms, TGS technologies on the other-hand are often referred to as single-molecule 

long-read sequencing whereby the genome is directly sequenced in real-time as a single 

long DNA molecule and not broken down or amplified (Dewey et al., 2012; Park and 

Kim, 2016). Currently, the most popular commercially available third generation 

platforms include Pacific Biosciences’ (PacBio) Single Molecule Real Time (SMRT) 

sequencing (Menlo Park, California, USA) and Oxford Nanopore Technologies’ (ONT) 

ION systems (Littlemore, Oxford, UK) (Heather and Chain, 2016).   

 

The PacBio SMRT system, which was released for commercial use in 2011 closes and 

circularises a double-stranded DNA fragment by ligating hairpin adapters onto the strand 

ends to create a single-strand template referred to as a SMRTbell (Ardui et al., 2018; 

Rhoads and Au, 2015). Library preparation also involves annealing the adapter with a 

primer and a polymerase before loading onto a SMRT cell. This specialised flow-cell 

consists of 150, 000 microscopic observation chambers/wells, known as the zero-mode 

waveguides (ZMW) which allows for real-time detection of the single-molecule DNA 

undergoing sequencing. The sequencing-by-synthesis reaction occurs at the bottom of 

each ZMW chamber and involves binding the adapters with the immobilised polymerase 

to replicate the target DNA molecule. Replication involves incorporation of four 

fluorescently-labelled nucleotides into the newly synthesised DNA, resulting in 

production of distinct fluorescence signals upon excitation. As each nucleotide passes 

through the polymerase, the signal produced is detected by a laser and the colour/duration 

of each light pulse emitted is recorded by a camera. The pulses corresponding to each 

ZMW are then interpreted as a sequence of bases or a continuous long read sequence. 

    

Oxford Nanopore took high-throughput long-read sequencing to the next level with the 

introduction of the MinION sequencer in 2014 (Ambardar et al., 2016; Lu et al., 2016). 

This inexpensive, pocket-sized universal serial bus (USB)-device operates by measuring 

small base-specific changes in the electrical conductivity generated as the DNA template 

strand passes through a biological nanopore. After library preparation where DNA 

fragments also undergo adapter-ligation and end-repair, the sample is loaded onto a flow-

cell. This process also takes place within a flow-cell containing two ionic electrolyte-
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filled chambers separated by a thin high-voltage membrane. When a voltage bias is 

applied across the membrane, an ionic current is produced which flows through the 

nanopore to translocate a DNA molecule. As the DNA moves through the nanopore, the 

ionic current is disrupted and the change in current is measured as a characteristic 

‘squiggle plot’ by a sensor. The squiggle can then be processed and interpreted by the 

MinKNOW software. The MinION flow-cell contains 512 channels with 4 nanopores 

each, allowing for sequencing of up to 512 independent DNA molecules simultaneously. 

A significant drawback for both PacBio SMRT and ONT MinION long-read sequencing 

is that although the systems provide access to longer single-molecule DNA fragments, 

the sequencing error rates are significantly high (10–20%) and affect the accuracy of the 

raw reads (Ambardar et al., 2016). To combat this limitation, an innovative process 

known as hybrid assembly was recently developed. This bioinformatics-based approach 

involves scaffolding fragmented NGS short reads with longer TGS data to increase 

overall accuracy and allow for error corrections (Heather and Chain, 2016; Park and Kim, 

2016).  

 

1.6 NGS-based S. aureus typing and epidemiological investigations 

As it stands, short-read NGS is still the primary choice for WGS-based genotyping and 

characterisation of closely-related strains due to the higher sequencing error rates of TGS 

platforms (Park and Kim, 2016). Although these systems are still not as affordable as 

conventional molecular typing techniques, NGS-based genotyping is highly 

advantageous in its ability to provide a wide-range of molecular, clinically-relevant 

information in a relatively short timeframe (Deurenberg et al., 2017). The Illumina NGS 

MiSeq benchtop sequencing platforms is currently one of the most popular sequencing 

systems in research and clinical settings due to its relatively lower cost, low error rates 

and high throughput. Following completion of an MiSeq Illumina sequencing run, 

forward and reverse FASTQ files (for paired-end reads) are generated for each sample 

included in the library (Holmes et al., 2018). The FASTQ files containing all sequence 

reads and quality data associated with each sample are usually stored in Illumina’s 

BaseSpace cloud platform (Deurenberg et al., 2017). Current commercially available and 

user-friendly tools for analysing these files and genotyping (e.g., core-genome and 

whole-genome MLST) include Seqsphere (Ridom GmbH, Münster, Germany) and 

BioNumerics (Applied Maths, Sint-Martens-Latem, Belgium). Sequence assembly, 
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quality assessment, data analyses and visualisation can all be performed within these 

software programs (Deurenberg et al., 2017; Holmes et al., 2018).  

 

Core-genome and whole-genome multi-locus sequence typing (cgMLST and wgMLST, 

respectively) employ comprehensive MLST schemes to analyse nucleotide sequence data 

from the thousands of genes within the core and/or accessory genomes. These WGS-

based genotyping tools have higher resolution capabilities and greater discriminatory 

power than conventional MLST (Bosi et al., 2016; Rankin et al., 2011). Although the 

advantages of WGS-based MLST over conventional MLST is quite evident, it is still 

important for newly sequenced isolates to be analysed within the context of older isolate 

collections present in the pubMLST database (Inouye et al., 2012). This database stores 

a significant amount of information which serve as a framework for describing newly 

sequenced isolates. An advantage of the novel cg/wgMLST system is that there is 

backwards compatibility between them and older MLST schemes, thus novel strains and 

lineages can also be defined using previously assigned ST and CC identifiers determined 

by conventional MLST (Deurenberg et al., 2017; Inouye et al., 2012).  

 

1.6.1 cgMLST 

For epidemiological investigations of closely-related S. aureus isolates based on WGS, 

conventional MLST has been expanded and modified further from its initial usage of 

seven house-keeping gene loci to include a wider range of 1,861 pre-defined genes from 

the stable core-genome (Earls et al., 2018; Leopold et al., 2014). Core-genome MLST is 

a standardised, highly reproducible process developed by Leopold et al., in 2014 and 

involves pairwise gene-by-gene comparisons of each locus to establish an allelic profile 

for each isolate (Leopold et al., 2014). Although its resolution far surpasses that of 

traditional MLST, it is still not sensitive enough for distinguishing outbreak-associated 

isolates (Quainoo et al., 2017). As a result, its use in outbreak investigations is limited, 

however it is a valuable tool when comparing groups of isolates acquired over an 

extended period from different geographical regions where accessory genomes are of 

little relevance (Earls et al., 2018). There are currently no conclusive thresholds or 

benchmarks for assigning isolate relatedness based on cgMLST allelic differences, but 

previous studies have suggested that an allelic difference threshold of ≤24 is a suitable 

parameter for defining close relatedness between isolates (Earls et al., 2018; Schürch et 

al., 2018).  



 27 

1.6.2 wgMLST  

Further expansion of the MLST scheme led to the development of wgMLST, which not 

only includes core-genome loci as in cgMLST, but also incorporates accessory genomes 

to analyse a total of 3,904 loci in a standardised S. aureus wgMLST scheme (Earls et al., 

2018). The inclusion of accessory gene loci in the wgMLST scheme ensures any relevant 

information is not overlooked when investigating relatedness of genetically similar 

isolates. The wgMLST application is advantageous for local epidemiological 

investigations as it provides a complete breakdown of the genome capturing allelic 

variants and sequence features (Earls et al., 2018; Kingry et al., 2016). Due to its higher 

typing resolution, wgMLST is often employed for gene-by-gene comparisons during 

MRSA outbreak analysis and strain tracking. The scheme also takes an allelic difference 

of ≤24 as an appropriate threshold for defining isolate relatedness (Kingry et al., 2016; 

Schürch et al., 2018).  

 

1.6.3 Analysis of single nucleotide polymorphisms 

The development of highly advanced WGS typing techniques also allows for distinction 

between isolates based on single nucleotide variations/polymorphisms (SNVs/SNPs) 

(Al-Obaidi et al., 2018). The variations occur at a single base position in the DNA 

sequence as a result of point mutations which gradually accumulate over time. Mutation 

rates vary between different species, and current estimations suggest that the rate of 

mutation in MRSA is between 2–10 SNPs in a single genome per year. Consequently, 

this high resolution genotyping tool is often employed for tracking transmission and 

confirming close-relatedness between isolates (Al-Obaidi et al., 2018). The analysis uses 

a suitable reference genome that is closely related to the query isolates to detect SNP 

distributions amongst the isolate collection under investigation. This provides higher-

level discrimination compared to most other typing techniques (Schürch et al., 2018). 

Similar to the wgMLST scheme, SNP analysis is also performed based on the whole 

genome, however in this instance, the suggested threshold applied for defining isolate 

relatedness is ≤15 wgSNPs (Schürch et al., 2018).  

 

1.7 Epidemiology of MRSA 

With the initial discovery of methicillin resistance in the early 1960s, MRSA colonisation 

and infection were predominantly attributed to hospitals and other healthcare 

environments only. By the late 1990s however, MRSA strains causing infections in 
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young, healthy individuals with no prior exposure to hospitals within the general 

population were reported steadily (Dukic et al., 2013). Clear distinctions were noted in 

the pathogenicity, antimicrobial resistance patterns and virulence properties of these 

MRSA strains causing infections within healthcare settings versus those causing 

community infections (Dukic et al., 2013; Lakhundi and Zhang, 2018). Accordingly, 

strains were categorised as either healthcare-associated (HA-MRSA), community-

associated (CA-MRSA), and more recently livestock-associated (LA-MRSA) based 

primarily on the types of SCCmec elements and range of antimicrobial resistance genes 

harboured, and also in carriage of PVL-encoding genes between CA- and HA-MRSA 

strains (Fig. 1.1) (Lakhundi and Zhang, 2018). Likewise, distinct epidemiological and 

genotypic properties were recognised in LA-MRSA strains. The distinctions proved 

effective for surveillance of MRSA, as characteristic genotypic traits correlated strongly 

with the epidemiology of MRSA within these settings. For example, the high virulence 

and transmissibility of CA-MRSA strains could be attributed to the presence of 

lukS/lukF-PV pvl genes, which were not commonly found in HA-MRSA strains (Hu et 

al., 2015; Lakhundi and Zhang, 2018). Nowadays however, the lines have become 

increasingly blurred, with traditional HA-MRSA clones emerging outside of the 

healthcare environment into community settings (Fig. 1.1) (Choo, 2017).  

 

Numerous CA-MRSA lineages have also emerged in healthcare settings in recent years. 

This includes major epidemic clones, such as the clonal complex (CC)8/sequence type 

(ST)8-MRSA-IV USA300 and the CC1/ST772-MRSA-V Bengal Bay clones which were 

originally described as CA-MRSA only (Blomfeldt et al., 2017; Nimmo, 2012). These 

clones have now invaded hospitals and are widely reported as causal agents of 

nosocomial MRSA infections and outbreaks globally. The introduction of CA-MRSA 

clones into healthcare environments has resulted in greater clonal diversity and higher 

potential in transmission/virulence than HA-MRSA clones (Choo, 2017). It has been 

predicted that these clones will eventually replace many of the archetypal HA-MRSA 

clones within healthcare settings (Choo, 2017; Henderson and Nimmo, 2018). Kouyos et 

al., 2013, utilised mathematical models to propose the likelihood of a balanced co-

existence between HA- and CA-MRSA strains due to high rates of hospitalisation and 

discharges maintaining hospital–community interactions. Consequently, the 

conventional approach for categorising strains as either HA-MRSA or CA-MRSA based 

on molecular characteristics and virulence/resistance patterns are no longer fully accurate 
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(Choo, 2017; Otter and French, 2012). In practice, more accurate epidemiological 

analysis of MRSA should practice: (a) extensive scrutiny of details of acquisition and 

onset in either community or healthcare settings; and (b) employment of more 

comprehensive and informative genotyping techniques (Henderson and Nimmo, 2018; 

Otter and French, 2012).  

 

1.7.1 Healthcare-associated MRSA  

Healthcare-associated MRSA were often traditionally associated with nosocomial 

infections including infective endocarditis, surgical site infections, BSIs, pneumonia 

following invasive medical procedures, time in intensive care units or prolonged 

hospitalisation (Choo, 2017). Categorised based on virulence, multi-antibiotic resistance 

profiles and high incidence rates, HA-MRSA were always a major cause for concern in 

healthcare settings globally (Choo, 2017; Lindsay, 2013). The majority of HA-MRSA 

strains frequently reported belong to a few distinct lineages or CCs including CC5, CC8, 

CC22, CC30 or CC45 (Fig. 1.7) (Katayama et al., 2005). While the CC5 and CC8 

lineages are the most commonly observed nosocomial lineages worldwide, CC22 is 

predominantly present within Europe and Australia and CC30 within the UK (Chambers 

and Deleo, 2009). The CC45 lineage is mostly prevalent across Europe and the USA 

(Chambers and Deleo, 2009). These lineages typically carry larger SCCmec elements, 

particularly type I, II and III.       

As a globally-relevant clonal complex, the dominant clones within the CC5-MRSA 

complex have been extensively investigated. Phylogenetic studies on these clones 

revealed high genetic diversity even amongst strains carrying the same SCCmec type 

circulating within the same country (Challagundla et al., 2018; Geraci et al., 2016). For 

example, a ST5/CC5 lineage, commonly referred to as the ‘Paediatric Clone’ is 

considered to be a clinically-relevant clone often recovered from neonates, adult patients 

and healthcare workers (HCWs) (Geraci et al., 2016; McTavish et al., 2019; Udo and Al-

Sweih, 2017). Over the years, close proximity between MRSA-infected patients and 

HCWs alongside frequent direct contact between different healthcare personnel and also 

the hospital environment has been noted as an important factor in the successful 

dissemination of HA-MRSA (Cimolai, 2008). Analysis of studies and outbreak reports 

between 1980 and 2006 showed MRSA transmission likely occurred from HCWs to 

hospitalised patients in 93% (63/68) of cases (Albrich and Harbarth, 2008). Likewise, a 

study of the relationship between MRSA environmental contamination and patient 
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acquisition in a nine-bed intensive care unit (ICU) over a 14-month period showed that 

in 35.7% (20/56) of cases, MRSA isolated from patients were indistinguishable to those 

isolated from the environment (Hardy et al., 2006). In most cases, national guidelines on 

the prevention and control of MRSA do not recommend routine MRSA screening of 

HCWs. Screening is typically only recommended following the identification of an 

infection cluster or outbreak (Department of Health, Ireland, 2013). The implementation 

of routine MRSA screening protocols for healthcare professionals and facility-wide 

environmental cleaning protocols should be considered as both have been shown to 

positively impact the management of HA-MRSA outbreaks in numerous instances (Ben-

David et al., 2008; Blok et al., 2003; Garvey et al., 2018; Watson et al., 2016).  

 

 
Figure 1.7. The global population structure of MRSA presented by eBURST analysis. 

The different sequence types (STs) and the corresponding cluster/clonal complex (CC) 

to which they belong are indicated. Circle size indicates the frequency of a particular ST 

within the associated CC group. Red circles represent HA-MRSA, blue circles represents 

CA-MRSA and purple circles represent LA-MRSA. The black triangle denotes the 

predominant HA-MRSA ST in Ireland currently. Adapted from Lakhundi and Zhang, 

2018.  
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1.7.2 Community-associated MRSA  

Community-associated MRSA were historically defined as MRSA responsible for 

infections in the community in healthy individuals without pre-disposing risk factors or 

recent contact with the healthcare environment (Otter and French, 2012). The prevalence 

of CA-MRSA has been widely investigated in the USA where the CC8/ST8-MRSA-IV 

USA300 clone emerged and became endemic before spreading to other parts of the world 

(Table 1.1) (Nimmo, 2012; Planet, 2017). USA300 carries the small SCCmec type IV 

element and harbours the lukF/S-PV pvl virulence genes typically associated with most 

community-associated clones (Fig. 1.8). Additionally, USA300 also harbours the 

arginine catabolic mobile element (ACME) gene cluster, which also facilitates the 

evasion of host immune responses, persistence on human skin and colonisation of 

mucosal membranes (Fig. 1.8) (Lepuschitz et al., 2018). CC1/ST1-MRSA-IV USA400 

is another prevalent CA-MRSA clone in the USA (Table 1.1). In Asia, the predominant 

CA-MRSA clone is the CC59/ST59-MRSA-IV, while in Europe, the CC30/ST30-

MRSA-IV Southwest Pacific clone and CC80/ST80-MRSA-IV are widely prevalent CA-

MRSA clones (Table 1.1) (Lepuschitz et al., 2018).  

 

CA-MRSA typically cause skin and soft tissue infections (SSTIs), but have also been 

linked with more severe, life-threatening conditions including osteomyelitis, sepsis and 

necrotizing pneumonia (Asghar, 2014; DeLeo et al., 2010; Otto, 2012). The exceptional 

success of CA-MRSA strains is believed to be a result of the enhanced pathogenicity and 

transmissibility provided by the PVL cytotoxin, as well as the reduced fitness burden of 

harbouring less antimicrobial resistance genes and smaller SCCmec elements compared 

to the MDR profile and larger SCCmec elements carried by most HA-MRSA strains 

(Otto, 2012). Increased expression of core-genome encoded toxins, particularly PSMs 

and α-haemolysin have also been observed in many CA-MRSA clones (Fig. 1.8) (David 

and Daum, 2010; Rasigade et al., 2013).  
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Figure 1.8. Schematic diagram of virulence factors typically linked with common CA-

MRSA strains. Abbreviations: ACME, arginine catabolic mobile element; SCCmec, 

staphylococcal cassette chromosome mec. Adapted from David and Daum, 2010.  
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Table 1.1 Prominent community-associated (CA)-MRSA clones globally 

Abbreviations: CC, clonal complex; PVL, Panton-Valentine leukocidin; +, positive; -, negative; ST, sequence type 

Name Lineage description First reported Year Reference 

Western Australia (WA)-1 PVL- ST1-MRSA-IV  Australia  1989 Udo et al., 1993  

Western Australia (WA)-2 PVL- CC88/ST78-MRSA-IV  Australia 1995 Coombs et al., 2020  

European (EDK-97) clone PVL+ CC80/ST80-MRSA-IV Europe: Denmark 1997 Stegger et al., 2014  

USA400/MW2 PVL+ CC1/ST1-MRSA-IV  USA 1999 Ammerlaan and Bonten, 
2006 

Queensland (Qld) clone PVL+ ST93-MRSA-IVa Australia 2000 Munckhof et al., 2003 

USA1100/South Western Pacific 
(SWP)  PVL+ CC30/ST30-MRSA-IV South America: Uruguay 2002 Leme et al., 2021 

USA300 PVL+ CC8/ST8-MRSA-IV USA 2003 Tenover et al. 2009 

Bengal Bay PVL+ ST772-MRSA-V South Asia: India, 
Bangladesh 2004 Steinig et al., 2019 

Taiwan clone  PVL+ CC59/ST59-MRSA-V  East Asia: Taiwan 1997 Ward et al., 2016 

USA300-Latin American variant 
(LV) PVL+ CC8/ST8-MRSA-IV South America: Ecuador, 

Colombia 2005 Planet et al., 2015 

‘African clone’ PVL- CC88/ST88-MRSA-IV Sub-Saharan Africa: Ghana 1978 Wang et al., 2022 
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1.7.3 Livestock-associated MRSA  

Since its initial emergence in Belgium in the early 1970s amongst domestic cattle, the 

characterisation of LA-MRSA has become a developing area of research (Anjum et al., 

2019). Global epidemiological investigations on LA-MRSA outbreaks have identified 

livestock as domestic reservoirs for zoonotic transmission of MRSA into humans 

(Elstrøm et al., 2019). Human carriage is now also strongly associated with direct 

prolonged exposure to infected farm animals, particularly in farm workers, their family 

members, veterinarians, and those working in abattoirs (Crombé et al., 2013; Lakhundi 

and Zhang, 2018). A CC398 clone is the most commonly observed MRSA lineage 

associated with livestock globally (Fig. 1.7) (Lakhundi and Zhang, 2018). This clone 

originally emerged in pigs across Europe, but has now also been detected in other farm 

animals in Europe and North America and has since been linked to incidences of patient-

to-patient transmission within hospital settings (Anjum et al., 2019; Crombé et al., 2013). 

CC398 isolates typically carry SCCmec types IVa or V, however other type IV variants, 

type III and non-typeable (NT) SCCmec elements have also been identified in pig strains 

(Butaye et al., 2016). Other distinct lineages of MRSA reportedly associated with 

different livestock species include CC1, CC9 and CC130 (Fig. 1.7) (Elstrøm et al., 2019; 

Lakhundi and Zhang, 2018). In CC130 for example, a mecC-positive MRSA strain has 

emerged as a novel human pathogen with zoonotic origins. These CC130-MRSA strains 

harbour the highly divergent SCCmec XI element on which the mecC gene is situated, 

and are predominantly associated with bovine sources (Lozano et al., 2020; Shore et al., 

2011). Although this ST130-MRSA-XI lineage has also been identified in small 

infected/colonised wild animals including hedgehogs (Monecke et al., 2013a). 

Interestingly, the samples taken from these wild animals were from 2003 (the earliest 

detection of this strain), long before identical isolates were also recovered in humans, 

suggesting that ST130-MRSA-XI carrying mecC is a zoonotic lineage which originally 

emerged in small wild animals, before spreading to bovine hosts and then to humans 

(Lozano et al., 2020; Monecke et al., 2013a). Although LA-MRSA has contributed very 

little to the healthcare burden of MRSA so far, with infection/transmissions still relatively 

low and human colonisation mostly being asymptomatic and transient, continuous 

widespread misuse of antimicrobial agents within agricultural and veterinary settings 

could eventually exacerbate this burden (Butaye et al., 2016; Sharma et al., 2016).  

 

 



 35 

1.8 MRSA in Ireland 

For several decades, the burden of MRSA has had a significant impact on Irish hospitals 

and the community, playing a major role in the prevalence of infectious diseases and 

responsible for widespread morbidity and mortality in Ireland (Looney et al., 2017). 

Currently, over 1 in 10 cases (10.6%) of all invasive S. aureus infections in Ireland are 

associated with MRSA (EARS-Net, 2021). When MRSA first became endemic in Irish 

hospitals in the early 1970s, the majority of nosocomial cases reported were 

predominantly surgical wound infections and traumatic skin lesions (HSE, 2005). 

Nowadays, MRSA contributes significantly to the incidence of bloodstream infections, 

osteomyelitis, infective endocarditis and necrotizing pneumonia. By the mid-1990s, 

MRSA began to emerge outside hospitals in Ireland, particularly within nursing homes 

and other healthcare-related settings. A study carried out in Dublin, Ireland during this 

period revealed that 8.6% of residents within six different nursing homes were carriers 

of MRSA (HSE, 2005). Additionally, 24% of environmental samples taken from these 

nursing homes were also positive for MRSA (HSE, 2005). Shortly after this, reports of 

community-associated MRSA infections in individuals within the general population 

with no underlying risk factors or close contact with hospitalised patients began to 

appear. Recent findings indicate that approximately 12% of all MRSA isolates now 

recovered in Ireland are community-associated, with the majority of these manifesting 

primarily as skin and soft tissue infections (SSTIs) (HSE, 2005).  

 

As a result of extensive surveillance on both HA- and CA-MRSA in Ireland over the 

years, the epidemiology of prevalent clonal types, major shifts in patterns of circulation 

and timelines of predominance are all well-documented. The ST250-MRSA-I/I-pls clone 

was prevalent in Irish hospitals in the 1970s and early 1980s, followed by ST239-MRSA-

III-pI258/Tn554 in the mid-to-late 1980s, and then ST8-MRSA-II in the early-1990s 

(Kinnevey et al., 2014; Shore et al., 2005). This continued into the late 1990s before the 

clone was displaced by ST36-MRSA-II and then ST22-MRSA-IV shortly after in 2002 

(Kinnevey et al., 2014). Since then, this PVL-negative ST22-MRSA-IV clone (often 

referred to as the EMRSA-15 clone) which often results in invasive nosocomial 

bloodstream infections has maintained its prevalence in hospitals in Ireland and in many 

other countries across Europe (Broderick et al., 2021). The clone currently accounts for 

approximately 70–80% of all MRSA-BSI isolates recovered in Irish hospitals (66.6% in 

2021) (NMRSARL, 2020; NMRSARL, 2021). The increased diversity (greater 
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resistance profiles and virulence gene carriage) in MRSA clones being introduced into 

Ireland in recent times suggests that displacement of this highly successful HA-MRSA 

ST22 clone could occur at any time (NMRSARL, 2020). In relation to predominant CA-

MRSA clones in Ireland, ST8-MRSA-IV and ST30-MRSA-IV have been the most 

notable, resulting from the importation of novel strains and lineages over the years 

(Brennan et al., 2012).  

 

1.8.1 Surveillance 

Surveillance of antimicrobial resistant pathogens in Ireland including MRSA is carried 

out as part of an international collaboration with the European Centre for Disease 

Prevention and Control (ECDC). Ireland contributes to this collection and reporting of 

accurate data on antimicrobial resistance (AMR) through the publicly-funded ECDC 

European Antimicrobial Resistance Surveillance Network (EARS-Net). Since its 

establishment in 2002, the Irish National MRSA Reference Laboratory (NMRSARL) has 

acted as the national surveillance laboratory for the EARS-Net project (NMRSARL, 

2021). Based in St. James’s Hospital in Dublin, all relevant MRSA samples from 

hospitals and community health centres are referred to the NMRSARL for identification 

and genotyping to confirm suspected outbreaks and transmission. The carriage of novel 

antimicrobial resistance mechanisms and the pvl lukS/F-PV virulence genes by CA- and 

HA-MRSA isolates is also monitored by the reference laboratory.  

 

1.8.2 Prevalence 

According to a recent report published by EARs-Net, out of 1,232 S. aureus isolates 

received by the NMRSARL in 2021 as part of the EARs-Net surveillance project, only 

130 of these were MRSA (EARS-Net, 2021). This indicates a 10.6% decrease in the 

number of MRSA BSIs in Ireland between 2017–2021 (Fig. 1.9) (EARS-Net, 2021). The 

Irish Department of Health also reported on the gradual decrease in MRSA BSIs since 

the alarming peak in 2006 when the incidence of MRSA BSIs reached 42% (Department 

of Health, Ireland, 2018). This figure declined to 22.8% in 2012, 16.1% in 2017 and then 

10.5% in 2021(HSE HPSC, 2019; Kinnevey et al., 2014). The epidemic PVL-negative 

MRSA ST22-IV clone has remained the predominant cause of BSIs in Ireland. Despite 

this decline in the number of reported MRSA BSIs over this 15 year period, Ireland still 

ranked mid-level (14th out of 29 EARS-Net countries) in terms of MRSA-BSI 
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distribution in 2021, indicating that MRSA should still be considered a major threat to 

public health (Fig. 1.9) (HSE HPSC, 2019).  

The proportion of PVL-positive MRSA clones has steadily increased since 2002 

(O'Connell and Brennan, 2014). These pathogens were mostly responsible for SSTIs and 

in some cases, invasive illnesses. The number of PVL-positive MRSA submitted to the 

NMRSARL increased from 0.2% in 2002 to 1.4% in 2006, and by 2011, was at 8.8% 

(NMRSARL, 2018; Shore et al., 2014). In 2022, 16.8% of non-BSI MRSA isolates 

received by the NMRSARL were PVL-positive (NMRSARL, 2021). As in previous 

years, the predominant sequence types for these PVL-positive isolates were ST5, ST8 

and ST30, which all typically carry type IV or V SCCmec elements (NMRSARL, 2014; 

NMRSARL, 2018; Shore et al., 2014). These PVL-positive MRSA strains caused 

outbreaks within nosocomial and community settings in Ireland, further confirming the 

unreliability of using expression of PVL toxin as an indicator of MRSA’s community 

association. Most recently, an assessment of recent trends and incidence of MRSA in 

Ireland by the NMRSARL revealed the presence of a traditional LA-MRSA lineage 

(ST398) within the community (NMRSARL, 2021). This PVL-positive strain is now 

frequently being associated with colonisation and infection of individuals with 

epidemiological links to Southeast Asia. 
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Figure 1.9. Distribution and prevalence of MRSA bloodstream infections (BSIs) in EARS-Net countries in 2021. Adapted from EARS-Net, 2021.  
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Additionally, increased incidence of the PVL-positive MDR clone (ST772-MRSA-V), 

commonly referred to as the ‘Bengal Bay clone’ has been observed in Ireland 

(NMRSARL, 2021). This CA-MRSA clone is frequently associated with skin/soft tissue 

infections and has led to several outbreaks within Irish hospitals in recent years. Constant 

movement and transfer of patients, HCWs and visitors between different healthcare 

environments could potentially be contributing to the introduction of PVL-positive CA-

MRSA into healthcare settings (Earls et al., 2017). Additionally, socioeconomic factors 

which primarily include movement of HCWs from abroad, increased international travel 

and recent displacement followed by subsequent migration of those fleeing conflict into 

Ireland also contribute to the importation of novel MRSA strains into Ireland (Choo, 

2017; Otter and French, 2012; Shore et al., 2014).

 

1.8.3 Infection prevention control measures in Ireland 

Currently, treatment of confirmed MRSA infections is dependent on infection type (HSE, 

2005). Doxycycline from the tetracycline antibiotic class or co-trimoxazole are 

recommended for treating non-severe cases except when infections occur in those who 

are pregnant or in children under the age of twelve. Glycopeptides such as vancomycin 

are recommended and limited for the treatment of severe cases where use is appropriate. 

Prolonged use of glycopeptide therapy is not common practice due to the association 

between extended use and selection of glycopeptide resistance. Linezolid, daptomycin or 

clindamycin are the alternative treatment options available for MRSA infections. 

 

In MRSA-positive patients, decolonisation is often only considered if the patient is at 

risk of developing an infection or if persistent MRSA transmission has been noted within 

a specific hospital unit (HSE, 2005). The most effective MRSA decolonisation therapy 

currently available in Ireland is nasal and body decolonisation typically performed using 

2% topical nasal mupirocin and 4% chlorhexidine or 7.5% povidone-iodine (HSE, 2005). 

This decolonisation approach focuses primarily on nasal carriage and completely ignores 

patients who present exclusively with oral colonisation. A recent study carried out within 

inpatient wards of a tertiary referral hospital in Ireland over a two-year period screened 

for MRSA and MSSA in patients and HCWs using nasal swabs and oral rinses (Kearney 

et al., 2020). The outcome of the study showed that the oral cavity is a significant 

reservoir for S. aureus as a significant proportion of those who underwent screening were 

only colonised orally. Decolonisation practices should include routine oral screening, 
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especially in those who experience recurrent infections or those considered to be 

recurrent MRSA carriers where decolonisation attempts have repeatedly failed.  

 

According to current Irish national clinical guidelines, targeted screening is more 

appropriate as opposed to universal screening of all patients (HSE, 2005). Routine 

screening of HCWs is also not mandatory, unless HCWs are directly linked by 

epidemiological evidence to a particular cluster of MRSA infections. Typically, only 

patients exhibiting pre-defined MRSA risk factors are screened upon admission into 

hospitals. This includes patients re-admitted after previously being MRSA-positive, 

patients who were transferred from another hospital/healthcare facility and those who 

were in-patients within the last six months. Other risk factors include patients admitted 

with skin conditions or non-intact skin and those undergoing high/medium risk surgeries 

or renal dialysis. Patients in the intensive care unit (ICU) or special care baby unit 

(SCBU) are also screened upon admission, with the latter undergoing routine screening 

weekly thereafter. Routine screening of patients is also commonly only practiced in cases 

of outbreaks or confirmed transmission within a specific hospital ward.  

 

In relation to CA-MRSA, screening to detect asymptomatic carriage between close 

contacts is currently not recommended practice in Ireland unless advised by a clinician 

(HSE, 2005). Screening is typically only offered when ongoing infections are occurring 

within the same household or closely-associated cohort e.g., prison, nursing homes or 

military camps. In practice, these recommendations may be inadequate as recent findings 

within a large acute hospital in Dublin, Ireland highlighted widespread transmission of 

MRSA and MSSA (screening for carriage of MSSA is even less common) from HCW-

to-patients, HCW-to-HCW, patient-to-patient and environmental contamination by 

HCW/patient, all under non-outbreak conditions over extended periods of time 

(Kinnevey et al., 2021; Kinnevey et al., 2022). Comprehensive investigations into the 

epidemiology of MRSA are fundamental to improving current IPC measures and 

reducing the human and financial impact of this pathogen. The advent of WGS provides 

a highly discriminatory tool with unprecedented resolution for effectively monitoring 

MRSA and better informing IPC strategies.  
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1.9 Project aims 

The epidemiology of MRSA in Ireland is continuously evolving, with numerous distinct 

CA-MRSA clones emerging and disseminating widely across hospitals and community 

settings in recent years. Ongoing surveillance is critical in understanding MRSA 

epidemiology and controlling the spread of emerging clones. Whole-genome sequencing 

provides a suitable high-resolution tool for accurately tracking spread, monitoring 

transmission and characterising novel strains (Earls et al., 2018; Earls et al., 2017). 

Accordingly, the goal of this project was to expand on the currently limited knowledge 

of CA-MRSA in Irish hospitals using WGS. 

 

• The first research chapter (Chapter 3) of this project aimed to employ WGS to 

investigate multiple distinct PVL-positive CA-MRSA outbreaks in numerous 

Irish hospitals. This study also aimed to characterise the CA-MRSA population 

currently circulating in Irish hospitals. This primarily focused on CA-MRSA 

associated with maternity patients, as these are typically healthy individuals with 

minimal MRSA risk factors, including limited exposure to the healthcare 

environment. 

 

• Following on from the first part of this project where a novel PVL-positive CA-

MRSA ST5-MRSA-IVc clone was identified and associated with a protracted 

maternity unit outbreak in Ireland, the second research chapter (Chapter 4) aimed 

to investigate this emerging clone using WGS. Similar isolates had recently been 

described in Sri Lanka, Australia and the UK. A WGS-based phylogenetic 

framework was constructed to assess the widespread international dissemination 

and diversity of this PVL-positive CA-MRSA clone across twelve different 

countries over a 17-year period.  

 

• In Chapter 4 of this project, the dissemination of the novel PVL-positive ST5-

MRSA-IVc ‘Sri Lankan’ clone was described. The final research chapter 

(Chapter 5) of this project aimed to further characterise this emerging clone by 

using WGS to investigate the PVL-encoding bacteriophage lysogenised into the 

bacterial genome. The distinct PVL-encoding bacteriophage remnant associated 

with the PVL-positive Sri Lankan clone had previously not been described in the 
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literature. In-depth characterisation of this remnant could provide insights into 

the successful dissemination of the Sri Lankan clone, its evolutionary origins and 

its relationship to other MRSA clones.  
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General Materials and Methods 
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2.1 Bacterial Isolates 

A total of 662 S. aureus isolates were investigated in the present study. This included 

isolates recovered in (i) Ireland between 2011–2022 (PVL-positive MRSA [N=109], 

PVL-positive MSSA [N=1], PVL-negative MRSA [N=273]) and (ii) isolates recovered 

internationally between 1998–2021 (PVL-positive MRSA [N=253], PVL-positive 

MSSA [N=15], PVL-negative MRSA [N=11]). Table 2.1 provides a breakdown of all 

isolates investigated.  

 

2.2 General Microbiological Methods 

2.2.1 Microbial culture and long-term storage  

For long-term storage, all isolates were individually preserved in cryogenic bead vials 

using the Protect Bacterial Preservation System (Technical Services Consultants Ltd., 

Heywood, UK) and stored at -80°C. Routine culture of isolates was performed by 

aseptically streaking a single bead onto Columbia Blood Agar (CBA; Fannin Ltd., 

Dublin, Ireland), followed by incubation at 37°C for 18 h in a static incubator 

(Gallenkamp, Leicester, UK). 

 

2.2.2 Chemicals, water and reagents 

All chemicals used were of analytical grade or molecular biology grade and were 

purchased from Merck (Sigma-Aldrich Ireland Limited, Arklow, Ireland) or the Promega 

Corporation (Madison, Wisconsin, USA), unless otherwise stated. Preparation of buffers 

and other chemical solutions was performed using molecular grade water generated by 

the Millipore Milli-Q® IQ 7003 Pure and Ultrapure Water Purification System (Merck, 

Millipore Ireland, Co. Cork, Ireland). For preparation of agarose gels and gel 

electrophoresis buffers, 5´ stock solution of Tris-borate/EDTA buffer (TBE) was 

prepared using 0.45 M Tris base, 0.45 M boric acid and 0.01 M EDTA with a pH of 8. 

The stock was diluted to a working concentration of 0.5´ prior to use. Enzymes, buffers 

and deoxynucleotide triphosphates (dNTPs) were purchased from Promega. All 

oligonucleotide primers used were purchased from Merck. 
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Table 2.1 Details of all 662 S. aureus isolates investigated in the present study  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Includes 14 of the isolates from Chapter 3 and 46 previously described isolates (McTavish et al., 2019) 

b Includes all 266 isolates from Chapter 4 

Abbreviations: WGS, whole genome sequencing; CA-MRSA, community-associated methicillin-resistant Staphylococcus aureus; MSSA, 

methicillin-susceptible Staphylococcus aureus.

Chapter Purpose of the study  Number of isolates Years of 

isolation 

Source of isolates 

  MRSA MSSA   

3 CA-MRSA in Ireland: Investigating emerging 
lineages and distinct outbreaks of PVL-positive CA-
MRSA in hospital settings by WGS  

358 14 2011–2022 Australia, China, Egypt, Germany, 

India, Ireland, Namibia, Nepal, Saudi 

Arabia, UAE, UK and USA 

4 An emerging Panton-Valentine leukocidin (PVL)-
positive CC5-MRSA-IVc clone recovered from 
hospital and community settings over a 17-year 
period from 12 countries investigated by WGS 
 

285a 0 2003–2022 Algeria, Australia, Czech Republic, 
Denmark, Germany, Ireland, Kuwait, 
Norway, Saudi Arabia, Senegal, 
Slovakia, Sri-Lanka, Sweden, UAE 
and UK 

5 Characterisation of a 9.6 kb Panton-Valentine 
leukocidin (PVL)-encoding bacteriophage remnant 
harboured by a CC5- MRSA-IVc clone recovered 
from hospital and community settings over a 17-year 
period from 12 countries investigated by WGS 

283b 2 2003–2022 Algeria, Australia, Czech Republic, 
Denmark, Germany, Ireland, Kuwait, 
Luxembourg, Norway, Saudi Arabia, 
Senegal, Slovakia, Sri-Lanka, Sweden, 
UAE and UK 
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2.2.3 Liquid handling 

Pipetting and dispensing of microvolumes of liquid was performed using one of the 

single channel Gilson pipettes (P2L, P20L, P200L, P1000L GilsonTM PIPETMANTM 

Classic 4-Pipette Kit) (Gilson, Wisconsin, USA) which cover volume transfers between 

0.2–1000 µl. For repetitive pipetting of microvolumes of liquid (20–200 µl), transfer was 

performed using either the 8-channel or 12-channel ErgoOne® multichannel pipette 

(Starlab Group, Hamburg, Germany). Disposable pipette tips at 20, 200 and 1000 µl were 

used with the pipettes (Starlab Group). For dispensing larger volumes (1–25 ml), the 

PIPETBOY acu 2 (Integra Biosciences, Berkshire, UK) pipette controller was used.  

 

2.3 Isolate molecular characterisation 

Identification, molecular typing analyses of all isolates recovered in Ireland was 

undertaken at the National MRSA Reference Laboratory (NMRSARL), St. James’s 

Hospital, Dublin (Table 2.1).  

 

2.3.1 Identification of S. aureus isolates 

Isolates were confirmed as S. aureus at the NMRSARL using the tube coagulase test 

which detects extracellular staphylocoagulase as previously described (Rossney et al., 

1990). Isolates were also tested using the PastorexTM Staph-Plus Latex Agglutination 

Test (Bio-Rad, Marnes la Coquette, France), which detects fibrinogen affinity antigen 

(clumping factor), protein A, and capsular polysaccharides produced by S. aureus 

according to the manufacturer’s instructions.  

 

2.3.2 Identification of MRSA isolates  

Methicillin resistance was determined with 30 µg cefoxitin disks (Oxoid Ltd., 

Basingstoke, UK) using the European Committee on Antimicrobial Susceptibility 

Testing (EUCAST) methodology and interpretive criteria (EUCAST, 2023) ((EUCAST), 

2023). Methicillin resistance-encoding genes were detected in isolates by multiplex PCR 

targeting the mecA and mecC genes using mec gene-specific oligonucleotide primers 

(NMRSARL, 2018; Oliveira and de Lencastre, 2002; Shore et al., 2011). The 20 µl PCR 

reaction volumes contained the relevant oligonucleotide primers (Merck), 1.5 mM 

MgCl2, 5´ Green GoTaq Flexi buffer and 2.5 U GoTaq DNA polymerase (Promega). 

The following thermal cycling conditions were used: 94°C for 2 min, followed by 35 
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cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s, with a final extension at 72°C 

for 5 min.   

 

2.3.3 spa typing and identification of pvl genes 

Isolates underwent conventional spa typing (NMRSARL, 2018). The spa typing process 

involved genomic DNA extraction using the InstaGene matrix solution according to 

manufacturer’s instructions (BioRad, München, Germany), followed by PCR 

amplification of the polymorphic X region in the staphylococcal protein A (spa) gene. 

Primers, protocols and PCR conditions used have been described by the European 

Network of Laboratories for Sequence Based Typing of Microbial Pathogens (SeqNet; 

www.seqnet.org/). Purification of PCR products was carried out using the GenElute PCR 

Clean-Up Kit (Merck) and commercial Sanger-based sequencing was performed using 

Eurofins Genomics DNA sequencing services (Eurofins, Konstanz, Germany). Detection 

of the Panton-Valentine Leukocidin (PVL)-encoding genes, lukF/S-PV was performed 

by multiplex PCR to obtain co-amplification of the two genes as previously described 

(Lina et al., 1999; NMRSARL, 2018). The PCR assays contained oligonucleotide 

primers (Merck), sample template, dNTPs, MgCl2, 5´ Green GoTaq Flexi buffer and 

GoTaq DNA polymerase (Promega).  

 

2.3.4 Antimicrobial susceptibility testing 

Isolates underwent antimicrobial susceptibility testing against a panel of 18 antimicrobial 

agents using EUCAST and Clinical Laboratory Standards Institute (CLSI) approved 

methodology and interpretive criteria as previously described (CLSI, 2020; EUCAST, 

2023). Where interpretive criteria are not available from EUCAST or CLSI, criteria 

developed at the NMRSARL was used (NMRSARL, 2014; Rossney et al., 2007). MDR 

was defined as resistance to ≥3 separate classes of clinically relevant antibiotics. All 23 

antimicrobial agents tested are listed in Table 2.2, alongside disk concentrations and the 

most up-to-date relevant clinical breakpoints (CLSI, 2020; McManus et al., 2015). 

 

 

 

 

 

http://www.seqnet.org/
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Table 2.2. Antimicrobial agents and clinical breakpoints used for antimicrobial 

susceptibility testing 

Antimicrobial 
agent 

Disk 
concentration 
(µg/disk) 

  
Zone diameter 
breakpoints (mm)ᵃ 
  

Reference for 
interpretive 
criteria 

    S (≥) Iᵇ R(≤)   
Amikacin (Ak) 30 15 None 15 (EUCAST, 2023) 

Ampicillin (Ap) 10 29 None 28 (CLSI, 2020) 

Chloramphenicol 
(Cl)  

30 18 None 18 (EUCAST, 2022) c 

Ciprofloxacin (Cp) 5 50 None 21 (EUCAST, 2023) 

Erythromycin (Er) 15 21 None 21 (EUCAST, 2023) 

Fusidic acid (Fd) 10 24 None 24 (EUCAST, 2023) 

Gentamicin (Gn) 10 18 None 18 (EUCAST, 2023) 

Kanamycin (Kn) 30 18 14–17 13 (CLSI, 2020) 

Lincomycin (Ln) 2 17 15–16 14 (Rossney et al., 2007) 

Linezolid (Lz) 10 21 None 21 (EUCAST, 2023) 

Mupirocin (Mp) 200 30 16–29 15 (Rossney et al., 2007) 

Neomycin (Nm) 30 18 16-17 15 (Rossney et al., 2007) 

Rifampicin (Rf) 5 26 None 26 (EUCAST, 2023) 

Streptomycin (St) 25 16 14–15 13 (Rossney et al., 2007) 

Tetracycline (Te) 30 22 None 22 (EUCAST, 2023) 

Tobramycin (Tb) 10 18 None 18 (EUCAST, 2023) 

Trimethoprim (Tp) 5 14 None 14 (EUCAST, 2023) 

Vancomycin (Vn) 30 15 None 14 (CLSI, 2020) 

ᵃ Zones of growth inhibition around each antibiotic disk were recorded in mm and 

interpreted as resistant (R), intermediate (I) and susceptible (S), according to the 

guidelines referenced (CLSI, 2020; EUCAST, 2023; Rossney et al., 2007).  

ᵇ None, no intermediate breakpoint indicated for this antimicrobial agent in the European 

Committee on Antimicrobial Susceptibility Testing (EUCAST) or Clinical and 

Laboratory Standards Institute (CLSI) guidelines (CLSI, 2020; EUCAST, 2023). 
c According to the latest EUCAST report (2023), the clinical efficacy of chloramphenicol 

has been questioned and breakpoints are currently under review (30th March 2023). 
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2.4 Genomic DNA Isolation 

2.4.1 Qiagen DNeasy® Blood and Tissue Kit extraction 

For genomic DNA extractions, all isolates were re-activated from the -80°C stock onto 

fresh CBA plates. This was done by removing a single bead using sterile forceps from 

the cryogenic bead vial, inoculating this bead onto a plate using a sterile inoculating loop 

and incubating this plate overnight at 37°C in a static incubator. Following 18 h 

incubation, a single colony from the reactivated culture was then lawned onto half of a 

fresh CBA plate and incubated overnight at 37°C in a static incubator. Genomic DNA 

extractions through enzymatic lysis of the bacterial cells were performed using Inter-

Array lysis buffer and lysis enhancer (Iter-Array fzmb GmbH, Bad Langensalza, 

Germany) and the Qiagen DNeasy® Blood and Tissue Kit (Qiagen, West Sussex, UK) in 

accordance with the manufacturer’s instructions. A 1 µl inoculating loop of the lawned 

culture was added into 200 µl of lysis buffer/lysis enhancer in a 1.5 ml Eppendorf tube 

(Eppendorf, Hamburg, Germany) and incubated at 37°C for 3 h in a shaking thermomixer 

(Eppendorf ThermoMixer® C). Following lysis, 25 µl of Proteinase K and 200 µl of AL 

buffer (both supplied with the Qiagen kit) was added to the mixture to digest proteins in 

the lysate. Samples were then incubated at 70°C for 30 min in a heating block (Grant 

Instruments Cambridge Ltd., Shepreth, UK). Following incubation, 200 µl of ice cold 

100% (v/v) EtOH was added to the mixture to increase yield of DNA and aid 

precipitation. DNA isolation was performed according to manufacturer’s instructions 

using DNeasy Mini spin columns with silica membranes that bind DNA, collection tubes 

and 500 µl AW1/AW2 wash buffers (all supplied with the Qiagen kit). Extracted DNA 

was eluted in 100 µl of sterile, prewarmed molecular-grade water in fresh Eppendorf 

tubes and then concentrated by heating to 70°C for 30 min with the lids of the tubes open. 

Samples were stored at 4°C (short-term) or at -20°C (long-term).  

 

2.4.2 Quality assurance and concentration of extracted DNA 

The concentration and purity of extracted nucleic acid was measured by UV absorbance-

based quantification on the NanoDrop spectrophotometer 2000c (Fisher Scientific™, 

Massachusetts, USA). To confirm purity of each DNA sample, 260/280 nm and 260/230 

nm absorbance ratios of approximately 1.8–2.0 and 2.0–2.2, respectively, were deemed 

acceptable. For samples undergoing WGS, DNA concentration was further confirmed 

using the Qubit Fluorometer 3.0 (Invitrogen/Fisher Scientific™, Massachusetts, USA). 
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2.4.3 Gel electrophoresis  

To further confirm the integrity and quality of extracted genomic DNA, samples were 

visualised by gel electrophoresis using 1% (w/v) agarose gels. Gels were prepared by 

dissolving 4 g of agarose powder (Merck) in 400 ml 0.5´ TBE buffer (see Section 2.2.2). 

Agarose gels were casted in 8 x 10 cm gel trays with 1.5 mm 20-well combs (Genesee 

Scientific, San Diego, California, USA). DNA loading dye was purchased from Promega 

and DNA molecular size markers from Bioline (Singapore City, Singapore). Gel-Red 

nucleic acid stain (Biotium, Fremont California, USA) for fluorescent staining of the 

DNA was added to the melted agarose gel at a final concentration of 1´. Gel 

electrophoresis was performed in a Galileo Bioscience gel box (Cambridge, 

Massachusetts, USA) using a ConsortTM Power Supply EV222 (B-2300 Turnhout, 

Belgium) set at 90 V and 80 mA for 1 h. Following electrophoresis, gels were visualised 

under ultraviolet light in the Alpha Innotech Transilluminator AVT26U (Protein Simple, 

California, USA) and the AlphaImager Mini software (Protein Simple). The gels were 

photographed and captured images were printed on a Mitsubishi P93DW printer (Sant 

del Vallés, Barcelona, Spain).  

 

2.5 Whole-genome sequencing  

2.5.1 Second generation sequencing (Illumina) 

Genomic DNA extraction was performed using the DNeasy® Blood and Tissue Kit 

(Qiagen) as described in Section 2.4. All isolate DNA samples underwent sequencing 

preparation using the Illuminaâ DNA Prep (M) Tagmentation Kit (Illumina, Eindhoven, 

The Netherlands) (Fig. 2.1). The libraries were scaled to yield a minimum of 70´ 

coverage per isolate. 
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Figure 2.1. Simplified workflow of the short-read whole genome sequencing process employed for the present study
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2.5.1.1 Tagmentation and post-tagmentation clean-up  

Tagmentation of samples was performed using 15 µl of 250–300 ng diluted genomic 

DNA, 5 µl of Tagmentation Buffer and 5 µl of Bead-Linked Transposome (both supplied 

with the Illumina kit) mixed in 0.2 ml PCR tubes (Fisher Scientific™, Dublin, Ireland). 

The mixture was incubated at 55°C for 15 min in a PCR thermal cycler (Biometra TOne, 

Thistle Scientific Ltd., Glasgow, UK). To stop tagmentation, each sample was 

resuspended in 5 µl of Tagment Stop Buffer (Illumina) and incubated again at 37°C for 

15 min. Following incubation, the content of each tube was transferred into separate wells 

of a 96-well PCR plate (Fisher Scientific). The plate was placed onto a 96-well plate 

magnet (Fisher Scientific) for 3 min. When the supernatant separated from the beads, the 

supernatant was discarded and the plate was removed from the magnet. Samples were 

washed by resuspending in 100 µl of Tagment Wash Buffer (Illumina), placing the plate 

back on the magnet and discarding the supernatant once clear. The washes were repeated 

three times.  

 

2.5.1.2 Amplification of tagmented DNA 

Immediately following post-tagmentation clean-up, samples were resuspended in a 

master mix of 10 µl Enhanced PCR Mix (Illumina) and 10 µl nuclease free water. 

Samples were transferred back into fresh 0.2 ml PCR tubes and 5 µl of the dual index 

adapter primer mix (Illumina Nextera DNA CD Indexes (96 Indexes, 96 Samples)) was 

added from the 96-well plate. A unique index adapter well was used for each sample to 

be loaded onto the same run. Sample libraries underwent amplification on the PCR 

thermal cycler using the following conditions: 68°C for 3 min, 98°C for 3 min, 5/6 cycles 

of 98°C for 45 s, 62°C for 30 s, and 68°C for 2 min, then 68°C for one min, followed by 

a 10°C hold.  

 

2.5.1.3 PCR clean-up of libraries 

Following amplification, the content of each tube was transferred into separate wells of 

a 96-well PCR plate and the plate was placed on the magnet for 5 min. Once clear, 22.5 

µl of the supernatant was transferred into separate wells of a 96-well Midi plate 

(Abgene/Fisher Scientific™, New Hampshire, USA) alongside a master mix of 22.5 µl 

Sample Purification Beads (Illumina) and 20 µl nuclease free water for PCR clean-up of 

the amplified libraries. Samples were thoroughly mixed, incubated at room temperature 

for 5 min, then placed onto the magnet for a further 5 min. Once clear, 62.5 µl of the 
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supernatant was transferred into fresh wells of the Midi plate with 7.5 µl of undiluted 

Sample Purification Beads (Illumina). Samples were thoroughly mixed, incubated at 

room temperature for 5 min, then placed back onto the magnet for a further 5 min. With 

the plate still on the magnet, the supernatant was discarded and samples were covered 

with 100 µl of freshly prepared 80% ethanol (v/v) and incubated for 30 s. The ethanol 

wash was repeated twice and the samples were left to air dry for 5 min. The plate was 

then removed from the magnet, and samples were resuspended in 17 µl of Resuspension 

Buffer (Illumina). Samples were incubated at room temperature for 2 min before being 

placed back onto the magnet for a further 2 min. Once clear, 15 µl of the supernatant was 

transferred into fresh 0.2 ml PCR tubes. Samples were stored at -20°C for up to 30 days.  

 

2.5.1.4 Library quantification and pooling 

The concentration of each DNA sample was measured using the Qubit Fluorometer 3.0 

(Invitrogen), according to manufacturer’s instructions. Samples exhibiting 

concentrations <4 ng/µl were excluded and library preparation was repeated on these 

samples. For the remaining samples, DNA library concentrations were adjusted to 4 nM, 

and 5 µl of each sample (up to 40 and 60 samples for a MiSeq Reagent Kit v2 or v3 

cartridge (Illumina), respectively) was pooled into one Eppendorf tube. The final 

concentration of the pooled library was confirmed using the Qubit Fluorometer 3.0. A 

concentration of approximately 2 ng/µl was deemed appropriate, as per Illumina 

protocols. 

 

2.5.1.5 Denaturation and MiSeq loading  

In a clean Eppendorf tube, 5 µl of freshly diluted 0.2 N NaOH was added to 5 µl of the 

4 nM pool and incubated at room temperature for 5 min to allow for denaturation of the 

pooled library. The denatured pool was then diluted to a concentration of 12 pM using 

prechilled HT1 Hybridisation Buffer (Illumina). The PhiX (Illumina) adapter-ligated 

library used as a control for Illumina sequence runs was also diluted to 12 pM using the 

HT1 buffer. Immediately before loading the library, 6 µl of the PhiX control library was 

added to 594 µl of the denatured/diluted DNA library. To ensure full denaturation and 

separation of the DNA strands of the library, the sample was incubated at 96°C for 2 min 

on a heating block (Grant Instruments), followed by 5 min incubation on ice. A 500-cycle 

v2 (or a 600-cycle MiSeq Reagent v3 kit to extend read lengths from 2 ´ 250 bp paired-
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end reads up to 2 ´ 300 bp and also double the amount of output per flow cell) MiSeq 

paired-end sequencing kit (Illumina) was used to sequence the pooled normalised DNA 

libraries on an Illumina MiSeq instrument according to manufacturer’s instructions.  

 

2.5.1.6 Sequence data processing and exportation  

The quality of each sequencing run could be visualised on the Illumina MiSeq system 

through the cluster density and quality score (Q30) assessments according to the 

manufacturer’s instructions. The cluster density value was used to predict data quality 

and yield of run with the optimal raw cluster density of v2 Reagents set at 1000-1200 

K/mm2 and v3 Reagents set at 1200–1400 K/mm2, as per manufacturer’s guidelines. The 

error rates in base calling were accessed by the quality score whereby a score of 30 

represented an error rate of 1 in 1000 with the corresponding accuracy of the base calls 

at 99.9%. On completion of the sequencing run, the Illumina MiSeq system performed 

adapter trimming to demultiplex the sequence reads into separate FASTQ files. The 

generated FASTQ files were then exported from the MiSeq via the Illumina BaseSpace 

cloud (Fig. 2.2) (https://basespace.illumina.com/). 

 

2.6 Bioinformatic Analyses 

2.6.1 Genome assembly (de novo assembly) 

For short-read sequencing, the resulting FASTQ files were submitted directly into the 

BioNumerics calculation engine (BioNumerics v8.0; Applied Maths, Sint-Martens-

Latem, Belgium). The BioNumerics incorporated SPAdes assembly tool v3.7.1 (Applied 

Maths) was used to perform de novo assembly (Fig. 2.2). Quality of assembled reads was 

assessed using the quality statistics in-built tool within BioNumerics v8.0 (Applied 

Maths). Sequence reads were assessed based on the average read quality (average score 

>30) as per software developer guidelines. The average quality of the reads retained after 

trimming were expected to be higher than that of the raw sequence reads as bad quality 

reads had been filtered and trimmed out. The de novo assemblies were assessed based on 

the length of the median contig (N50 >100,000). The number of contigs observed in each 

isolate were expected to be <400. The short-read FASTQ datasets were also imported 

into the VELVET genome assembly tool (v1.2.10) incorporated within Ridom 

SeqSphere+ v7.0.4 (Ridom GmbH, Münster, Germany) (Fig. 2.2). Quality filtering was 

https://basespace.illumina.com/
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undertaken with SeqSphere+ (Ridom) and trimmed reads were de novo assembled using 

default settings.     

 

2.6.2 Genotyping and SCCmec subtyping 

Antimicrobial resistance profiles, virulence-associated genes, spa types and traditional 

MLST were determined in silico using appropriate SeqSphere+ (Ridom GmbH) task 

template tools (Bletz et al., 2015). Staphylococcal cassette chromosome mec (SCCmec) 

element subtypes were confirmed using the web-based SCCmecFinder tool 

(https://cge.cbs.dtu.dk/services/SCCmecFinder/) (Kaya et al., 2018).  

 

 

 

 

 

 

https://cge.cbs.dtu.dk/services/SCCmecFinder/
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Figure 2.2. Simplified workflow of the whole genome data processing and analysis tools employed in the present study.  
Abbreviations: wg, whole-genome; cg, core-genome; MLST, multilocus sequence typing; MST, minimum spanning tree.
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2.6.3 Multi-locus sequence typing 

To accurately distinguish isolates from one another and determine relatedness, both 

traditional and novel multi-locus sequence typing approaches were employed using 

BioNumerics v8.0 (Applied Maths) and SeqSphere+ v7.0.4 (Ridom) (Fig. 2.2).  

 

2.6.3.1 Core-genome multi-locus sequence typing  

Core-genome MLST (cgMLST) was performed using SeqSphere+ v7.0.4 (Ridom) 

software with the cgMLST scheme previously described by Leopold et al., 2014. The 

scheme targets 1,861 conserved genes within the core-genome loci, including the seven 

traditional MLST housekeeping genes (arcC, aroE, glpF, gmk, pta, tpi and yqiL). 

Following de novo assembly using SeqSphere’s VELVET pipeline v1.2.10 (Ridom), the 

query isolates underwent the Basic Local Alignment Search Tool (BLAST)-based 

pairwise comparison against 40 publicly available S. aureus reference genomes using the 

pre-defined SeqSphere+ task templates (Ridom) (Altschul et al., 1997).  

 

2.6.3.2 Whole-genome multi-locus sequence typing  

Whole-genome MLST (wgMLST) typing was performed using BioNumerics v8.0 

(Applied Maths) software with two different automated pipelines. The S. aureus 

wgMLST scheme within BioNumerics v8.0 (Applied Maths) software was designed to 

analyse 3,904 gene loci, thus providing higher typing resolution. This included the 1,861 

core set of genes previously defined by Leopold et al. 2014, alongside S. aureus 

accessory loci. Firstly, the incorporated SPAdes assembly software v3.7.1 within 

BioNumerics v8.0 (Applied Maths) performed assembly-free allele calling on the 

sequence reads directly, to determine which loci were present/absent and confirm MLST 

profiles. The software used a k-mer approach (pairwise comparison of a set of genomes 

based on all the possible subsequences/substrings of length ‘k’ in the sequence data), with 

a default k-mer length of 35 bases applied to all sequence reads. Only loci with a 

minimum total coverage of 3´ (minimum forward and reverse coverage of 1´) were 

retained for wgMLST profiling, as per BioNumerics v8.0 (Applied Maths) 

recommendations. Secondly, a BLAST search was carried out on de novo assembled 

genomes of the study isolates against the alleles of the seven classical MLST 

housekeeping genes and 31 publicly available reference genome sequences. This 

approach is known as assembly-based calling, and a default minimum similarity 



 58 

threshold (minimum BLAST similarity between one of the reference genomes and the 

study isolate) of 80% was applied.  

 

2.6.4 Single nucleotide polymorphism analysis  

For further strain typing and confirmation of genetic relatedness between isolates, a 

whole genome single nucleotide polymorphism (wgSNP) analysis approach was 

employed using Bionumerics v8.0 (Applied Maths) (Fig. 2.2). For this analysis, a suitable 

reference genome closely related to the query genomes was used to identify SNP 

distribution in the isolates under investigation. The workflow involves choosing an 

appropriate reference sequence, mapping the raw sequence reads against this reference 

and filtering out relevant SNPs. The strict SNP filtering template on the Bionumerics 

v8.0 (Applied Maths) software retained only SNP positions with a minimum total 

coverage of 5´ (minimum forward and reverse coverage of 1´). Positions with at least 

one unreliable (N) base, one gap or one ambiguous base (non-ACGT) were all removed, 

as were non-discriminatory positions between query sequences.  

 

2.6.5 Phylogenetic tree generation 

2.6.5.1 Minimum spanning trees 

Minimum spanning trees (MSTs) were generated using BioNumerics v8.0 (Applied 

Maths) and SeqSphere+ v7.0.4 (Ridom) to visualise the identified cg/wgMLST-based 

allelic differences and wgSNPs between study isolates (Fig. 2.2). Bootstrap resampling 

(1000 replicates) using distance matrices was used to determine the similarities between 

isolates. The MST algorithm computed the shortest distance between isolates and 

visually represented this using connected nodes. The previously proposed threshold of 

≤24 allelic differences or ≤15 SNPs for assigning S. aureus isolate relatedness (Schürch 

et al., 2018) and inferring the likelihood of a transmission event were applied to all MSTs. 

Using these recommended thresholds based on previous studies (Earls et al., 2018; 

Lepuschitz et al., 2018; Schürch et al., 2018), all isolates which exhibited allelic 

differences of 0–24 or 0–15 SNPs from one another were identified as a cluster group of 

closely related isolates and a grey partitioning was applied to each cluster for easier 

visualisation.  
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3.1. Introduction 

The establishment of CA-MRSA into healthcare settings in recent years has marked a 

significant change in the epidemiology of MRSA (Byers and Decker, 2008; David and 

Daum, 2010; Sowash and Uhlemann, 2014). Historically, CA-MRSA were primarily 

associated with superficial SSTIs in young healthy individuals with no known MRSA 

risk factors (Sowash and Uhlemann, 2014). Nowadays however, CA-MRSA is frequently 

reported as a major cause of nosocomial MRSA infections worldwide (Byers and Decker, 

2008; Sowash and Uhlemann, 2014). As CA-MRSA clones continue to gain traction 

within healthcare environments, distinctions between community and healthcare 

associations continue to blur, raising questions in relation to which clones will 

predominate and spread widely (Byers and Decker, 2008; David and Daum, 2010). 

      

There is growing evidence indicating that the increased presence of CA-MRSA clones in 

healthcare environments eventually leads to displacement of predominant HA-MRSA 

clones within these settings (Cohen et al., 2021; David et al., 2014; Sowash and 

Uhlemann, 2014). CA-MRSA lineages have a separate evolutionary trajectory 

independent to that of HA-MRSA clones, and often demonstrate greater fitness, 

enhanced virulence and transmission potential, in comparison to the classic hospital 

clones being replaced (Otto, 2012; Watkins et al., 2012). Contrary to initial classification 

of CA-MRSA lineages as PVL-encoding strains carrying smaller SCCmec elements (IV 

and V) and fewer resistance determinants than HA-MRSA, numerous PVL-positive and 

PVL-negative MDR CA-MRSA clones have emerged as nosocomial pathogens over the 

last two decades (Table 1.1) (Earls et al., 2019; Kim et al., 2007; Lepuschitz et al., 2018). 

 

In the USA for example, the PVL/ACME-positive CC8/ST8-MRSA-IV USA300 clone 

led to displacement of the predominant hospital CC5/ST5-MRSA-II USA100 clone, and 

is now a major lineage circulating worldwide (Broderick et al., 2021). USA300 originally 

emerged in the late 1990s as a CA-MRSA clone, with initial reports indicating 

transmission and SSTI outbreaks amongst those in close contact within prisons, the 

military and sports teams (Planet, 2017). By the mid-2000s, the clone had spread into 

hospital emergency departments and taken hold in many healthcare facilities, rapidly 

becoming a leading cause of nosocomial BSIs (Nimmo, 2012; Planet, 2017). Successful 

introduction of USA300 into the healthcare environment necessitated the redefinition of 

this highly prevalent clone. USA300 is now classified as both a CA- and HA-MRSA 
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pathogen which frequently causes severe clinical infections while also surviving 

asymptomatically as part of the normal microflora of healthy individuals (Alam et al., 

2015). Like many other CA-MRSA strains, USA300 initially exhibited a very limited 

antimicrobial resistance profile and was primarily only resistant to methicillin. Nowadays 

however, resistance to non-b-lactams, including macrolides and fluoroquinolones is 

widely reported amongst USA300 isolates, along with carriage of many other plasmid-

mediated resistance determinants (Nimmo, 2012; Tenover and Goering, 2009).  

 

Similarly, replacement of predominant HA-MRSA in healthcare settings by a CA-MRSA 

clone has also been documented in the Indian subcontinent with the emergence of the 

‘Bengal Bay’ clone (Blomfeldt et al., 2017; Monecke et al., 2013a). This PVL-positive 

CC1/ST772-MRSA-V clone was first isolated as part of a community setting study in 

India in 2004, before quickly overtaking the previously dominant HA ST239-MRSA-III 

clone in the healthcare environment (Broderick et al., 2021; Steinig et al., 2019). Like 

USA300, the ST772 Bengal Bay clone is also primarily associated with SSTIs, but more 

severe clinical manifestations including necrotizing pneumonia and BSIs have been 

observed (Steinig et al., 2019). Transmission of Bengal Bay MRSA has now extended 

beyond the Indian subcontinent, with recent and frequent reports of the clone in the 

Middle East, Africa, Australia and Europe, including in Ireland (NMRSARL, 2021; 

Senok et al., 2020; Steinig et al., 2019). Brennan et al., 2012, reported localised outbreaks 

of the ST772 Bengal Bay clone in two separate neonatal intensive care units (NICUs) in 

Ireland between 2010 and 2011. A HCW was identified as the probable index case based 

on recent travel and hospitalisation during this period. Subsequent investigations into its 

widespread dissemination suggested travel history to the Indian subcontinent and familial 

associations with this region were primary contributing factors (Blomfeldt et al., 2017; 

Steinig et al., 2019). Recent studies on ST772 Bengal Bay MRSA isolates also indicate 

that the lineage has evolved to acquire the MDR profiles of classic HA-MRSA clones, 

carrying a more extensive arsenal of antimicrobial resistance genes, compared to other 

CA-MRSA strains (Blomfeldt et al., 2017; Monecke et al., 2013a). Monecke et al., 

2013a, recently described the presence of staphylococcal enterotoxin A (sea) and the 

PVL cytotoxin genes, lukS/F-PV on the same prophage within archetypal ST772-MRSA-

V Bengal Bay isolates. This is a unique marker for the Bengal Bay clone as the sea gene 

is typically associated with b-haemolysin gene (hlb) converting phages rather than PVL-
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encoding phages (Wamel et al., 2006). Additionally, the single dominant clade (ST772-

A) of the Bengal Bay clone that has successfully spread globally acquired a 

chromosomally-integrated MDR plasmid encoding the antimicrobial resistance genes 

blaZ, aphA3, msrA, mphC and bcrAB in the early 1990s, alongside a PVL-encoding 

bacteriophage, small SCCmec V element and numerous other virulence factors (Steinig 

et al., 2021; Steinig et al., 2019).  

 

In Europe, the prevalent CA-MRSA population is diverse and numerous strain types are 

currently circulating and competing within both hospital and community settings (Junie 

et al., 2018; Romero and de Souza da Cunha, 2021). Frequent importation of CA-MRSA 

clones, including USA300 and Bengal Bay ST772 is often reported, and although these 

clones are dominant epidemic lineages rapidly spreading within the USA and India 

respectively, neither have established the same dominance in Europe (Turner et al., 

2019). In recent years, numerous outbreaks have been linked to the diverse CA-MRSA 

strains circulating widely across Irish hospitals, including the PVL-positive Bengal Bay 

clone and the introduction of a novel PVL-negative ST78-MRSA-IVa (NMRSARL, 

2021). Earls et al., 2019, also recently described the emergence and circulation of a PVL-

negative European CC1/ST1-MRSA-IV in Ireland. This MDR CA-MRSA clone is 

thought to have originated from South-Eastern Europe, before spreading across Europe 

and becoming endemic in Germany, Romania and numerous Irish hospitals (Earls et al., 

2021).  

 

Currently, ST22-MRSA-IV (also known as EMRSA-15) is one of the clinically relevant 

HA-MRSA clones circulating in Europe. In Ireland particularly, this endemic PVL-

negative clone is the predominant cause of MRSA nosocomial infections and accounts 

for the majority of MRSA BSIs (70–80%) (NMRSARL, 2017; Broderick et al., 2021). 

Although in recent years, a noticeable decrease in the number of MRSA BSIs caused by 

ST22-MRSA-IV has occurred. As the prevalence of PVL-negative ST22-MRSA-IV 

decreases, the proportion of PVL-positive MRSA isolates being submitted to the 

NMRSARL for investigation has gradually increased (Fig. 3.1) (Shore et al., 2014). This 

includes PVL-positive ST22-MRSA which differ from the nosocomial EMRSA-15 

clone. The NMRSARL reported detection of the pvl genes in 16.8% of all non-BSI 

MRSA isolates submitted for investigation in 2022, a significant increase from 8.8% in 

2011 and 0.2% in 2002 (NMRSARL, 2021; Shore et al., 2014). These PVL-positive 
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isolates typically harbour SCCmec types IV or V and predominantly belong to CC5, CC8 

or CC30 (Rossney et al., 2007; Shore et al., 2014). The rise in PVL-positive MRSA in 

Ireland has been attributed to an increase in outbreaks and clusters observed in healthcare 

settings in recent years (NMRSARL, 2021).  
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Figure 3.1. Increasing prevalence of PVL-positive MRSA in Ireland between 2002 and 2022. Total numbers of MRSA and PVL-positive MRSA 

submitted to the National Reference Laboratory have been reported previously for the years 2002-2011 (Shore et al., 2014) and from 2013-2022 

(NMRSARL Annual Reports). 
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For the purpose of reducing the substantial burden of MRSA on public health and IPC 

efforts, it is important to monitor the complex dynamics and characteristics of the 

constantly evolving MRSA population within the wider community in Ireland. To date, 

a very limited number of wide-scale studies and reports are available on the CA-MRSA 

population in Ireland (Broderick et al., 2021). Furthermore, there are currently no WGS-

based surveillance systems in place investigating the prevalence and introduction of 

novel CA-MRSA clones into the healthcare environment from the ever-growing 

reservoirs of MRSA in the community. WGS provides the highest resolution for strain 

discrimination through use of cgMLST schemes for broad scale population structure 

investigations and epidemiological analyses or wgMLST schemes for tracking 

transmission and investigating infection outbreaks (Bernaquez et al., 2021). WGS-based 

surveillance techniques greatly outweigh conventional approaches, allowing for better 

characterisation of transmission routes, detection and monitoring of outbreaks and also 

identification of emerging lineages. The development of high-throughput WGS over the 

last decade has transformed MRSA research and provides a new gold standard for highly 

informative molecular and epidemiological investigation of microbial pathogens.  

 

The purpose of the present study was to use WGS to investigate infection outbreaks 

associated with PVL-positive CA-MRSA strains occurring in Irish hospitals in recent 

years and to examine the epidemiology and population structure of CA-MRSA in Ireland 

in order to identify the likely origins of these outbreaks. To further highlight the 

occurrence of localised CA-MRSA outbreaks in Irish hospital settings, these outbreak 

isolates were compared within the context of similar international strains. The population 

structure analysis in this study focused primarily on CA-MRSA associated with patients 

routinely attending maternity hospitals in Ireland, as three outbreaks investigated 

between 2011 and 2020 occurred in maternity, neonatal or paediatric units. Isolates 

recovered from maternity hospital patients provide an accurate representation of the 

general CA-MRSA population in Ireland, as patients attending maternity services are 

typically healthy individuals with minimal MRSA risk factors, including limited 

exposure to the healthcare environment and antibiotics (Holm et al., 2021). Broderick et 

al., 2021, recently reported on a three-year study in an Irish maternity hospital which 

showed that the prevalence of MRSA colonisation in pregnant patients in Ireland was 

approximately 1.6%. Another study carried out in the USA in 2009 which involved 

screening of pregnant patients and patients in labour also revealed that 2.1% of these 
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patients carried MRSA (Reusch et al., 2008). These findings are in agreement with data 

reported by the Centers for Disease Control and Prevention (CDC) on the overall 

prevalence of MRSA carriage in the general population, which indicated that about two 

in every 100 individuals are asymptomatic carriers of MRSA (CDC, 2019). Additionally, 

MRSA is increasingly being associated with outbreaks in NICUs in Ireland and 

internationally (Alsubaie et al., 2012; Brennan et al., 2012; Madigan et al., 2018), with 

horizontal transmission from colonised parents to neonates being considered a major 

route of entry and spread of MRSA within this environment (Holm et al., 2021).   
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3.2 Materials and Methods 

3.2.1 Isolate collection 

A total of 372 MRSA isolates recovered between 1998–2022 were investigated in the 

current study. The collection comprised of outbreak-associated isolates, Irish and 

international comparator reference isolates (CRFs), a collection of CA-MRSA isolates 

representative of circulating CA-MRSA populations in Ireland and ST22-specific CRFs, 

as ST22 is the predominant lineage circulating in Ireland. Isolates were stored as 

described in Chapter 2, Section 2.2.1. A breakdown of the isolate collection is provided 

below. 

 

3.2.1.1 Outbreak isolates 

Forty-six MRSA isolates from 36 individuals suspected of being involved in several 

distinct infection outbreaks between 2011 and 2020 (Table 3.1) were submitted to the 

NMRSARL for routine analyses. These outbreak-associated isolates were recovered in 

three separate Irish hospitals (H1–H3) from patients (N=35) and a HCW (N=1) who had 

previously attended or worked at one of these hospitals. Eleven of these isolates were 

recovered from members of two separate family clusters (FCs), each of which had at least 

one member who had attended the emergency department or who was hospitalised in H2 

during 2011, 2012, or 2018 due to an MRSA infection (Table 3.1).  

 

3.2.1.2 Irish comparator reference isolates for outbreak investigation 

Twenty MRSA isolates also submitted to the NMRSARL were included as CRFs due to 

their similarity to the outbreak-associated isolates. These isolates included PVL-positive 

MRSA identified as spa types t002, t008, and t127 recovered between 2014 and 2019 

from community general practice clinics, regional Irish hospitals, or Dublin-based 

teaching hospitals other than those included in the present study (Tables 3.2 and 3.3). 
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Table 3.1. Forty-six MRSA outbreak-associated isolates investigated (2011–2020) 

      No. of isolates investigated [N]       
CCᵃ No. of 

isolates 
Hospital [N] Sources [N] Recovery 

dates 
spa typesᵇ PVL(+/-) 

CC5 15 H3 Maternity unit [10], Special care baby 
unit [3], Paediatric emergency 
department [1], Outpatient department 
[1] 

2018–2020 t002 PVL+ [14] 
PVL- [1] 

  4 H3 Special care baby unit [2], Paediatric 
unit(1), Staff member [1] 

2019 t4667 PVL+ 

CC8 15 H1 [9] 
H2 [6] 

Cardiac unit [6], Neonatal intensive care 
unit [5], Outpatient department [2], 
Gynaecology [1], Paediatric outpatient 
department [1]  

2017–2018  t008 PVL+ 

  1 H1 Emergency department 2018 t723 PVL+ 

CC1 8 H2 Family cluster 1: Carriage [2], 
Superficial infection [2]  
Family cluster 2: Carriage [2], 
Superficial infection [1], Invasive 
infection [1] 

2011–2018  t127 PVL+ 

CC97 3 H2 Family cluster 2: Carriage [3] 2018 t267 PVL- 

ᵃ CC groups assigned based on hybridisation patterns obtained from DNA microarray profiling (Abbott, Jena, Germany)  

ᵇ spa types assigned using Ridom Seqsphere+ v4.1 (Ridom GmbH, Münster, Germany) 

Abbreviations: CC, Clonal Complex; H, Hospital; spa, staphylococcal protein A type; PVL, Panton-Valentine Leukocidin 
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Table 3.2. Twenty-seven comparator reference isolates included in the outbreak study (2014-2019) 

      No. of isolates investigated [N]        
CCᵃ No. of 

isolates 
Hospital [N) Sources [N] Recovery dates spa 

typesᵇ 
PVL(+/-) References/Biosample 

no. 
Irish CRFs  
CC5 4 H4 [1], H11 [1], 

H12 [1], H13 [1]  
General medicine [2], Emergency 
department [1], Paediatric unit [1] 

2018–2019  t002 PVL+  This study  

CC8 10 H2 [1], H3 [1], H5 
[1], H6 [1], H8 [1], 
H10 [1], H12 [2], 
GP-Dublin [2] 

Emergency department [2], General 
practice surgery Dublin [2], Emergency 
department - regional hospital [1], 
Intensive care unit Dublin teaching 
hospital [1], Regional hospital [1], 
Hospital [1), Dialysis [1], Not known 
[1]  

2018–2019  t008 PVL+ This study 

CC1 4 H7 [1], H12 [1], 
GP-Regional [2] 

General practice submitted through a 
regional hospital [2], Not known [2] 

2014–2018  t127 PVL+  This study 

CC149 1 H11 Outpatient department  2018 t002 PVL+ This study 

CC852 1 H11 General medicine 2018 t127 PVL+ This study 
International CRFs  
CC5 2 International  United Arab Emirates-human [1], Saudi 

Arabia-human [1] 
NK t002 PVL+ SAMN15214112 

SAMN15214113/ 
Monecke et al., 2013b 

CC1 2 International United Arab Emirates-human [1], 
Egypt-bovine [1] 

NK t127 PVL+  SAMN15214126 
SAMN15214127 

CC97 3 International United Arab Emirates-human [1], Saudi 
Arabia-human [1], Germany imported 
from Egypt-poultry meat [1] 

2014 [1] 
NK [2] 

t267 [2] 
NK [1] 

PVL- SAMN15214128/  
Müller et al., 2016 
SAMN15214129/ 
Monecke et al., 2012 
SAMN15214130 

ᵃ CC groups assigned based on hybridisation patterns obtained from DNA microarray profiling (Abbott, Jena, Germany) for the Irish isolates. 
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ᵇ spa types assigned using Ridom Seqsphere+ v4.1 (Ridom GmbH, Münster, Germany) for the Irish isolates. 

Abbreviations: CC, Clonal Complex; H, Hospital; GP, general practitioner; spa, staphylococcal protein A type; PVL, Panton-Valentine 

Leukocidin; NK, not known. 
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Table 3.3. Molecular characterisation, antimicrobial resistance and virulence gene profiles of 46 CA-MRSA outbreak isolates and 27 CRFs from 

the present study 

No. of isolates investigated [N] 

Sourceᵃ Individuals [N] Isolates [N] spa-ST-SCCmec [N] Antibiotic resistance AR genes PVL(+/-) IEC type 
CC8-MRSA               
H1 8 10 t008-ST8-IVa [9] 

t723-ST8-IVa [1] 
  

Ap, Kn, Nm, Er, Cp [2] 
Ap, Cp [8] 
  

aphA3, blaZ, fosB, lmrP, mecA, 
mph(C), mprF, msr(A) [2] 
blaZ, fosB, lmrP, mecA, mprF [8] 
  

PVL+ [10] 
  

B [8] 
C [1] 
E [1] 
  

H2 2 6 t008-ST8-IVa [6] 
  

Ap, Cp [6] 
  

blaZ, fosB, lmrP, mecA, mprF [6] 
  

PVL+ [6] 
  

B [6] 
  

CRFs 10 10 t008-ST8-IVa [10] 
  

Kn, Nm, Ap, Er, Cp [5] 
Kn, Nm, Ap, Er, Cp, Mp [1] 
Ap, Cp [1] 
Ap, Er [1] 
Ap, Er, Cp [2] 

aphA3, blaZ, fosB, lmrP, mecA, 
mph(C), mprF [2] 
aphA3, blaZ, fosB, lmrP, mecA, 
mph(C), mprF, msr(A) [3] 
aphA3, blaZ, fosB, lmrP, mecA, 
mph(C), mprF, msr(A), qacC [1] 
blaZ, fosB, lmrP, mecA, mph(C), 
mprF [1] 
blaZ, fosB, lmrP, mecA, mph(C), 
mprF, msr(A) [3] 

PVL+ [10] B [9] 
E [1] 
  

CC5-MRSA               
H3 18 19 t002-ST5-IVc [15] 

t4667-ST88-V [4] 
  

Ap [14] 
Ap, Cp [1] 
Gn, Kn, Tb, Ap, Cp [4] 
  

blaZ, fosB, lmrP, mecA, mprF 
[15] 
aac-aphD, blaZ, mecA, mprF [4] 
  

PVL+ [18] 
PVL- [1] 
  

B [2] 
G [16] 
F [1] 
  

CRFs 7 7 t002-ST5-IVc [6] 
t002-ST149-IVc [1] 
  

ND [2] 
Ap, Er [3] 
Ap [1] 
  

blaZ, fosB, lmrP, mecA, mprF [3] 
blaZ, erm(C), fosB, lmrP, mecA, 
mprF [3] 
blaZ, fosB, fusc, lmrP, mecA, 
mprF [1] 
  

PVL+ [7] G [7] 
  

                                                    Table 3.3 continued overleaf 
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Sourceᵃ Individuals [N] Isolates [N] spa-ST-SCCmec [N] Antibiotic resistance AR genes PVL(+/-) IEC type 

CC1, CC97-MRSA            
H2-FC1 
  

3 4 t127-ST1-
V+fus+tir+ccrA1 [4] 
  

Gn, Kn, Nm, Tb, Ap, Fd, Te 
[4] 
  

aacA-aphD, aphA3, blaZ, fusC, 
mecA, mprF [4] 
  

PVL+ [4] 
  

D [4] 
  

H2-FC2 5 7 t127-ST1-
V+fus+tir+ccrA1 [4] 
t267-ST97-V+fus [3] 
  

Gn, Kn, Tb, Ap, Er, Fd [4]  
Gn, Kn, Tb, Ap, Fd [3]  
  

aacA-aphD, erm(C), fusC, mecA, 
mprF [4] 
aacA-aphD, blaZ, fusC, lmrP, 
mecA, mprF [3] 
  

PVL+ [4] 
PVL- [3] 
  

D [4] 
E [3] 
  

CRFs 10 10 t127-ST1-
V(fus+tir+ccrA1) [4] 
t267-ST97-V+fus [3] 
t127-ST1-
IV(fus+tir+ccrA1) [1] 
t127-ST859-V [1] 
t127-ST1-IV [1] 
  

Gn, Kn, Nm, Tb, Ap, Fd, Te 
[1] 
Ap, Er, Fd [1] 
Gn, Ak, Kn, Nm, Tb, Fd [1] 
Ap, Te, Tp [1] 
Kn, Nm, Tb, Ap, Te, Tp [1] 
ND [5] 
  

aacA-aphD, blaZ, lmrP, mecA, 
mprF [2] 
aacA-aphD, fusC, lmrP, mecA, 
mprF [1] 
aacA-aphD, aphA3, blaZ, erm(C), 
fusC, mecA, mprF [1] 
aacA-aphD, aphA3, blaZ, fusC, 
lmrP, mecA, mprF [1] 
aacA-aphD, blaZ, lmrP, mecA, 
mprF, tet(K) [1] 
erm(C), fusC, lmrP, mecA, mprF 
[1] 
aacA-aphD, blaZ, fusC, lmrP, 
mecA [1] 
blaZ, lmrP, mecA, mprF, tet(K) 
[1] 
aadD, blaZ, lmrP lnuA, mecA, 
mprF, tet(K) [1] 
  

PVL+ [7] 
PVL- [3] 
  

D [1] 
E [3] 
G [6] 
  

aIsolates recovered from patients with admission histories to hospitals H1–H3. Isolates associated with H3 recovered from patients following 

discharge.  
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Abbreviations: spa, staphylococcal protein A type; ST, sequence type; SCCmec, staphylococcal chromosomal cassette harbouring mec; AR, 

antimicrobial resistance; PVL, Panton-Valentine leukocidin; ND, not determined; +, positive; -, negative; H, hospital; FC, family cluster; CRFs, 

comparator reference isolates. Ap, ampicillin; Gn, gentamicin; Ak, amikacin; Kn, kanamycin; Nm, neomycin; Tb, tobramycin; Er, erythromycin; 

Fd, fusidic acid; Te, tetracycline; Cp, ciprofloxacin; Tp, trimethoprim. 
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3.2.1.3 International comparator reference isolates for outbreak investigation 

Seven international CRFs were selected following comparison of the DNA microarray 

profile patterns (see Section 3.2.4) of isolates recovered from H3 and each H2-associated 

family cluster (FC) to an international S. aureus DNA microarray profile database 

comprising >25,000 S. aureus isolates from humans and animal sources. The seven CRFs 

selected exhibited highly similar array patterns to those of the FC isolates and consisted 

of two PVL-positive ST5 MRSA from humans, two PVL-positive ST1 MRSA from 

human (N=1) and bovine (N=1) hosts, and three PVL-negative ST97 MRSA from 

humans (N=2) and poultry meat (N=1) in three countries in the Middle East (Egypt, 

Saudi Arabia and United Arab Emirates [UAE]) (Table 3.2). 

 

3.2.1.4 Comparative investigation of the population structure of outbreak- and non-

outbreak-associated CA-MRSA  

A total of 330 Irish MRSA isolates recovered from infected patients and screening 

samples between 2011–2022 and submitted to the NMRSARL were investigated as part 

of the CA-MRSA population structure study (Table 3.4). This included the 46 outbreak 

isolates described above in Section 3.2.1.1 and the 20 Irish CRFs described in Section 

3.2.1.2. Isolates were recovered from patients in 13 different Irish hospitals (H1–H13) 

(N=326), a Dublin-based General Practitioner (GP) (N=2) and a regional GP (N=2) 

(Table 3.4). The majority of these isolates represented CA-MRSA isolates recovered 

from maternity units in H1 (N=212), H2 (N=25) and H3 (N=46). The remaining isolates 

(N=47) were similar isolates recovered from a children’s hospital H4 (N=10) and various 

teaching hospitals (H5[2], H6[6], H7[2], H8[3], H9[8], H10[4], H11[3], H12[4], H13[1]) 

and GPs (N=4) across Ireland.        
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Table 3.4. Epidemiological and clinical information for 330 CA-MRSA Irish isolates investigated 

  No. of isolates investigated(N) 
ST No. of 

isolates 
Hospital [N]a spa types [N] Recovery 

dates 
PVL(+/-) SCCmec 

type [N] 
Antibiotic resistance [N] 

ST1 42 H1 [27], H2 [9], H3 
[2], H4 [1], H7 [1], 
GP-regional [2] 

t127 [38], t1784 [1], t2279 
[1], t5388 [2] 

2011–2022 PVL+ [12], 
PVL- [30] 

IVa [25] 
IVc [2] 
V [15] 

Ap [41], Gn [15], Ak [1], Kn [36], Nm [31], 
Sp [20], Tb [16], Er [30], Fd [16], Te [24], Rf 
[1], Ln [4], Cp [11], Tp [3] 

ST5 75 H1 [44], H2 [1], H3 
[22], H4 [2], H6 [2], 
H9 [1], H12 [2], H13 
[1] 

t002 [41], t053 [2], t062 [2], 
t10467 [1], t111 [1], t127 
[1], t1400 [1], t1802 [3], 
t2383 [1], t242 [1], t311 
[16], t319 [2], t442 [1], t509 
[1], t688 [1] 

2014–2022 PVL+ [18],  
PVL- [57] 

II [2] 
IVa [7] 
IVc [30] 
IVg [8] 
IVh [3] 
V [22] 
NT [2] 

Ap [74], Gn [3], Ak [3], Kn [5], Nm [5], Sp 
[1], Tb [3], Er [25], Fd [23], Te [4], Rf [1], Ln 
[23], Cp [38], Cl [1], Tp [24] 

ST6 18 H1 [16], H5 [1], H9 
[1] 

t304 [16], t648 [1], t711 [1] 2014–2022  PVL- [18] IVa [16] 
IVc [1] 
V [1] 

Ap [16], Gn [2], Kn [3], Nm [1], Tb [3], Er [8], 
Te [4], Ln [8], Cp [6], Tp [2] 

ST7 1 H1 t289  2021 PVL- NT Ap 
ST8 48 H1 [29], H2 [9], H3 

[2], H5 [1], H6 [1], 
H8 [1], H10 [1], H12 
[2], GP-Dublin [2] 

t008 [35], t064 [2], t1476 
[5], t20561 [1], t334 [1], 
t4146 [1], t451 [1], t723 [1], 
ND [1] 

2016–2022 PVL+ [33], 
PVL- [15] 

IVa [34] 
IVc [1] 
IVd [2] 
V [4] 
NT [7] 

Ap [48], Gn [5], Kn [20], Nm [14], Tb [5], Er 
[22], Fd [5], Te [5], Ln [6], Cp [42], Cl [1], Tp 
[9] 

ST22 61 H1 [48], H3 [1], H4 
[2], H6 [1], H7 [1], 
H8 [2], H9 [4], H10 
[1], H11 [1] 

t032 [23], t002 [1], t005 [3], 
t020 [2], t022 [5], t025 [1], 
t10279 [1], t13735 [2], 
t14500 [1], t1612 [2], 
t17846 [1], t19070 [1], 
t19933 [1], t223 [2], t2231 
[1], t2892 [1], t2933 [1], 
t2945 [3], t309 [2], t3841 
[1], t4422 [1], t4623 [1], 
t515 [1], t608 [1], t852 [2] 

2014–2022  PVL+ [7], 
PVL- [54] 

IVa [6] 
IVc [5] 
IVh [49] 
V [1] 

Ap [61], Gn [6], Ak [1], Kn [6], Nm [2], Sp 
[2], Tb [5], Er [21], Fd [24], Te [3], Rf [2], Ln 
[11], Cp [51], Tp [11] 

      Table 3.4 continued overleaf  
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ST No. of 
isolates 

Hospital [N]a spa types [N] Recovery 
dates 

PVL(+/-) SCCmec 
type [N] 

Antibiotic resistance [N] 

ST30 11 H1 [10], H6 [1] t012 [2], t019 [5], t021 [1], 
t304 [1], t779 [1], ND [1] 

2014–2022 PVL+ [8], 
PVL- [3] 

IV [1] 
IVc [9] 
NT [1] 

Ap [11], Kn [1], Nm [1], Tb [1], Er [1], Fd [4], 
Cp [2], Tp [1] 

ST39 1 H1 t007 2014 PVL- II Ap, Gn, Kn, Nm, Tb, Er, Ln 
ST45 6 H1 [4], H4 [10, H9 

[1] 
t132 [2], t362 [2], t266 [1], 
t20358 [1] 

2014–2022 PVL- [6] IV [1] 
IVb [4] 
NT [1] 

Ap [6], Er [5], Fd [1], Cp [1] 

ST59 3 H1 [3] t976 [1], t437 [1], t3952 [1] 2017–2021 PVL+ [1], 
PVL- [2] 

IVa [1] 
V [1] 
NT [1] 

Ap [3], Kn [1], Nm [1], Sp [1], Er [2], Ln [1] 

ST72 1 H1 t324 2022 PLV- IVc Ap [1], Cp [1] 
ST80 1 H1 t934 2022 PVL- IVa Ap [1], Er [1], Te [1], Cp [1] 
ST88 10 H1 [4], H3 [4], H4 

[2] 
t4667 [4], t5562 [2], t690 
[2], t786 [1], t13249 [1] 

2018–2022 PVL+ [7], 
PVL- [3] 

IVa [6] 
V [4] 

Ap [10], Gn [4], Kn [5], Nm [1], Tb [4], Er [2], 
Fd [1], Te [1], Cp [6], Cl [1], Tp [1] 

ST97  6 H2 [3], H6 [1], H10 
[2] 

t267 [4], t12805 [2] 2016–2019 PVL- [6] V [4] 
NT [2] 

Ap [6], Gn [4], Kn [4], Tb [4], Fd [4] 

ST130 1 H3 t843 2021 PVL- NT Ap 

ST149 2 H9 [1], H11 [1] t002 [2] 2016–2018 PVL+ [1], 
PVL- [1] 

IVa [2] Ap [2], Er [1], Fd [2], Cp [1] 

ST152 1 H1 t355 2022 PVL+ IVa Ap, Kn, Nm, Tb, Er, Te, Cp, Tp 

ST508 2 H1 [2] t19352 [1], t20681 [1] 2020–2022 PVL- [2] IVc Ap [2], Cp [1] 

ST580 1 H1 t1039 2021 PVL- IVa Ap 

ST672  9 H1 [5], H2 [1], H3 
[3] 

t3841 [8], t3175 [1] 2020–2022 PVL- [9] V [9] Ap [9], Gn [1], Kn [2], Nm [2], Tb [1], Er [3], 
Fd [8], Cp [9], Tp [8] 

       Table 3.4 continued overleaf 
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ST No. of 
isolates 

Hospital [N]a spa types [N] Recovery 
dates 

PVL(+/-) SCCmec 
type [N] 

Antibiotic resistance [N] 

ST772 12 H1 [1], H3 [11] t657 [12] 2017–2021 PVL+ [1], 
PVL- [11] 

V [11] 
IVc [1] 

Ap [12], Gn [12], Ak [1], Kn [12], Nm [12], 
Tb [12], Er [12], Fd [1], Cp [12], Tp [12] 

ST779 4 H1 [4] t878 [4] 2015–2020 PVL- [4] V [4] Ap [4], Fd [4] 

ST789 4 H1 [2], H2 [2] t091 [3], t1943 [1] 2018–2022 PVL- [4] V [4] Ap [4], Gn [4], Ak [1], Kn [4], Nm [4], Tb [4], 
Te [3], Cp [4], Tp [3] 

ST852 1 H11 t127 2018 PVL+ III Ap, Te, Tp  

ST1649 1 H1 t701 2022 PVL- IVc Ap, Cp, Tp 

ST2149 1 H1 t008 2022 PVL- IVc Ap, Cp 

ST2689 1 H1 t5608 2022 PVL- IVa Ap, Kn, Nm, Er, Fd, Te, Tp 

ST2884 1 H1 t693 2022 PVL+ IVa Ap, Er, Cp, Tp 

ST3738 1 H4 t032 2021 PVL- IVh Ap, Fd, Cp 

ST5050 2 H1 [2] t321 [1], t5977 [1] 2021–2022 PVL- [2] IVa [2] Ap [2], Kn [2], Nm [2], Sp [2], Er [2], Te [2], 
Cp [2] 

ST5084 1 H1 t359 2019 PVL- IVc Ap 

ST6953 1 H4 t1476 2021 PVL- NT Ap, Gn, Kn, Tb, Cp, Tp 

a Isolates recovered from 13 different hospitals and two General Practitioners between 2011–2022.  

Abbreviations: N, number; H, hospital; GP, General Practitioner; ND, not determined – spa types could not be determined using in-silico techniques 

on the available genomic sequence data; ST, sequence type; PVL, Panton-Valentine leukocidin; +, positive; -, negative; Ap, ampicillin; Gn, 

gentamicin; Ak, amikacin; Kn, kanamycin; Nm, neomycin; Sp, streptomycin; Tb, tobramycin; Er, erythromycin; Fd, fusidic acid; Te, tetracycline; 

Rf, rifampicin; Ln, lincomycin; Cp, ciprofloxacin; Cl, chloramphenicol; Tp, trimethoprim.
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3.2.1.5 International comparator reference isolates for ST22-MRSA-IV investigation 

Of the 330 CA-MRSA isolates recovered from Irish hospitals, 61 were identified as 

ST22-MRSA of which 7/61 were PVL-positive. The current study sought to compare 

these Irish PVL-positive ST22-MRSA isolates with similar international strains. For this 

comparative investigation, all available 30,142 S. aureus assembled genomes in the 

pubMLST database (https://pubmlst.org) (accessed 28th March 2023) were screened to 

identify all ST22 S. aureus strains. A total of 5,149 ST22 genomes were identified as 

‘exact/nearest matches’ to the ST22 loci combinations. Using lukS/F-PV PVL PCR 

primers (PVL-F; ATGTCTGGACATGATCCAA and PVL-R; 

AACTATCTCTGCCATATGGT) designed by Ma et al., 2006, an in-silico search was 

performed on these 5,149 ST22 genomes to identify PVL-positive strains. A total of 417 

genomes were positive for the PVL PCR product. Only a subset of these international 

strains (N=34) had epidemiological information available regarding country and year of 

isolation (Table 3.5). One of these strains was excluded from the analysis due to the poor 

quality of the WGS files available.       

    

An extensive search of the National Center for Biotechnology Information (NCBI), 

Sequence Read Archive (SRA)/GenBank, European Nucleotide Archive (ENA) 

databases and publicly available literature using the following search parameters: ‘ST22, 

CC22, PVL-positive, Staphylococcus aureus’ provided four additional international 

isolates. Two of these isolates were excluded from the analysis due to the poor quality of 

the WGS files available. The sequences of the other two isolates that were deposited into 

the ENA database by a research laboratory from the University of Nottingham (UK) were 

included in this study (Table 3.5). In total, genomic data for 35 international CRF strains 

(21 MRSA and 14 MSSA strains) recovered in eight different countries (Australia, China, 

Germany, India, Namibia, Nepal, UK and USA) were included as epidemiologically 

unrelated PVL-positive ST22 comparators for the PVL-positive ST22 Irish CA-MRSA 

isolates in this study (Table 3.5).  

 

3.2.2 NMRSARL molecular characterisation 

All Irish isolates originally submitted to the NMRSARL underwent species identification 

and phenotypic antimicrobial susceptibility testing as described in Chapter 2, Section 2.3. 

The NMRSARL also performed spa typing on these 330 isolates as described in Chapter 

2, Section 2.3.3. Ninety-four different spa types were identified for 328/330 (99.4%) 

https://pubmlst.org/
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isolates and the two remaining isolates were non-typeable (Table 3.1). The predominant 

spa types detected were t002 (12.5%), t127 (11.9%), t008 (11%), t032 (7.9%), t304 

(5.2%), t311 (4.9%) and t657 (3.7%) (Table 3.6). 
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Table 3.5. Seven PVL-positive ST22-MRSA isolates from Ireland and 35 international CRFs investigated 
 

Countrya  Isolates [N] Recovery 
dates 

spa-ST-SCCmec [N] AR genes [N] Virulence factor genes IEC 
type 
[N] 

References/ 
pubMLST ID/ 
Biosample no.  

(a) NMRSARL isolates  
Ireland 7 2017–2022 t005-ST22-IVc [1] 

t005-ST22-IVa [1] 
t309-ST22-ND [2] 
t852-ST22-IVc [2] 
t4422-ST22-IVc [1] 

blaZ [7], ccrA2/B2 [6], ccrAA 
[1], mecA [7], mecR-truncated 
[5], erm(C) [3], lmrP [7], aac-
aphD [6], aadD [3], dfrA [5], 
ugpQ [7], mprF [7], sdrM [7], 
tet(K) [1] 

aur [7], ebpS [7], eno [7], hl 
[7], hla [7], hlgA/B/C [4], 
hlgB/C [3], lukF/S-PV [7], 
lukX/Y [7], seg [7], sei [7], 
sec [2], sel [2], sspA/B/P [7], 
tst1 [2] 

B [7] 
 

This study 

(b) pubMLST search isolates  
Australia 2 Unknown t1802-ST22-IVc [1] 

t005-ST22-IVa [1] 
blaZ [2], ccrA2/B2 [2], mecA 
[2], mecR-truncated [2], lmrP 
[2], aac-aphD [2], aadD [1], 
dfrA [2], ugpQ [2], mprF [2], 
sdrM [2] 

aur [2], ebpS [2], eno [2], hl 
[2], hla [2], hlgA/B/C [2], 
lukF/S-PV [2], lukX/Y [2], 
seg [2], sei [2], sspA/B/P [1], 
sspA/P [1], tst1 [1] 

B [2] 
 

36217 
37770 
 

China 5 2019 t309-ST22-MSSA [4]  
t309-ST22-ND [1] 

blaZ [5], ccrAA/C [1], mecA 
[1], lmrP [5], mprF [5], ugpQ 
[1], sdrM [5], erm(C) [1] 
 

aur [5], ebpS [5], eno [5], hl 
[5], hla [5], hlgA/B/C [5], 
lukF/S-PV [5], lukX/Y [5], 
seg [5], sei [5], sspA/B/P [5] 

B [5]  
 

45763 
45766 
45767 
45769 
45770 

Germany 5 2002–2007 t1977-ST22-IV [2] 
t845-ST22-MSSA [1] 
ND-ST22-IV [2] 

blaZ [5], ccrA2/B2 [4], mecA 
[4], mecR-truncated [4], mprF 
[5], qacC [1], fusC [4], lmrP 
[5], ugpQ [4], sdrM [5] 
 

aur [5], ebpS [5], eno [5], hl 
[5], hla [5], hlgA/B/C [5], 
lukF/S-PV [5], lukX/Y [5], 
seg [5], sei [5], sspA/B/P [4], 
sspB/P [1] 

B [5] 6927 
7087 
7210 
7570 
7767 

India 1 2017 t1328-ST22-IVa 
 

blaZ, ccrA2/B2, mecA, mecR-
truncated, lmrP, aac-aphD, 
dfrA, mecA, tet [K], ugpQ, 
mprF, sdrM 

aur, ebpS, eno, hl, hla, 
hlgA/B/C, lukF/S-PV, 
lukX/Y, seg, sei, sspA/B/P 
 

B 43059 
 

      Table 3.5 continued overleaf 
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Countrya  Isolates [N] Recovery 
dates 

spa-ST-SCCmec [N] AR genes [N] Virulence factor genes IEC 
type 
[N] 

References/ 
pubMLST ID/ 
Biosample no.  

Namibia 2 2009 ND-ST22-MSSA [2]  blaZ [2], lmrP [2], aac-aphD 
[2], dfrA [1], mprF [2], sdrM 
[2] 
 

aur [2], ebpS [2], eno [2], hl 
[2], hla [2], hlgA/B [2], 
lukF/S-PV [2], lukX/Y [2], 
seg [2], sei [2], sspA/B/P [2] 

B [2] 7459 
7529 
 

Nepal 3 (animal 
samples) 

2016 t005-ST22-IVa [2] 
t309-ST22-IVa [1] 

ccrA2/B2 [3], mecA [3], mecR-
truncated [3], lmrP [3], aac-
aphD [2], dfrA [3], erm(C) [2], 
ugpQ [3], mprF [2], sdrM [3] 

aur [3], ebpS [3], eno [3], hl 
[3], hla [3], hlgA/B/C [2], 
hlgA/B [1], lukF/S-PV [3], 
lukX/Y [3], seg [2], sei [1], 
sspA/B/P [3], tst1 [3] 

B [3] 
 

42631 
42633 
42634 
 

UK 12 1998–2011 t474-ST22-IVc [2] 
t474-ST22-IVd [1] 
t005-ST22-IVc [2] 
t852-ST22-IVc [1] 
t1304-ST22-MSSA [1] 
t1372-ST22-MSSA [1] 
t1977-ST22-IV [1] 
t13828-ST22-MSSA 
[1] 
ND-ST22-IVa [1] 
ND-ST22-IVc [1] 

blaZ [12], ccrA2/B2 [9], mecA 
[9], mecR-truncated [9], lmrP 
[12], aac-aphD [6], aadD [6], 
dfrA [5], erm(C) [4], fusC [1], 
ugpQ [9], mprF [12], sdrM 
[12] 
 

aur [12], ebpS [12], eno 
[12], hl [12], hla [12], 
hlgA/B/C [9], hlgB/C [1], 
hlgB [1], hlgA/B [1], lukF/S-
PV [12], lukX/Y [12], seg 
[12], sei [12], sec [2], 
sspA/B/P [11], sspB/P [1] 

B [9] 
Hlb-
intact 
[2] 
C [1] 

6805 
6875 
6876 
7665 
7680 
8602 
8733 
11170 
11429 
11622 
11889 
13558 

USA 
 

3 2009–2012 t005-ST22-MSSA [2] 
ND-ST22-IVc [1]  

blaZ [3], ccrA2/B2 [1], mecA 
[1], mecR-truncated [1], aac-
aphD [3], lmrP [3], aadD [1], 
dfrA [3], ugpQ [1], mprF [3], 
sdrM [3] 
 

aur [3], ebpS [3], eno [3], hl 
[3], hla [3], hlgA/B/C [3], 
lukF/S-PV [3], lukX/Y [3], 
seg [3], sei [3], sem [2], sen 
[3], seo [3], seu [3], 
sspA/B/P [2], sspB/P [1] 

B [2] 
C [1] 

27002 
39268 
39328 
 

(c) NCBI search isolates  
UK 2 2009 t005-ST22-MSSA [2] blaZ [2], lmrP [2], aac-aphD 

[2], dfrA [2], mprF [2], sdrM 
[2] 

aur [2], ebpS [2], eno [2], hl 
[2], hla [2], hlgA/B/C [2], 
lukF/S-PV [2], lukX/Y [2], 
seg [2], sei [2], sspA/B/P [2] 

B [2] SAMEA5605434 
SAMEA5605435 



 82 

a Irish NMRSARL isolates and international isolates recovered from pubMLST and extensive literature search.  

Abbreviations: ND, not determined –spa type could not be determined using in-silico techniques on the available genomic sequence data; ST, 

sequence type; SCCmec, staphylococcal chromosomal cassette harbouring mecA; PVL, Panton-Valentine leukocidin; +, positive; -, negative; IEC, 

immune evasion cluster, ID, identification; no., number. 
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Table 3.6. spa type and repeat profiles of 330 CA-MRSA isolates recovered from Ireland 

investigated in the present study 
spa type [N] spa type repeat succession spa type [N] spa type repeat succession 
t002 [44] 26-23-17-34-17-20-17-12-17-16 t19352 [1] 08-16-02-23-16-34-34-17-34-

16-34 
t005 [3] 26-23-13-23-31-05-17-25-17-25-16-

28 
t1943 [1] 07-23-21-17-34-12-23 

t007 [1] 15-12-16-16-16-16-02-25-17 t19933 [1] 26-23-23-13-23-31-340-17-31-
29-17-24-25-17-25-16-28 

t008 [36] 11-19-12-21-17-34-24-34-22-25 t20358 [1] 09-02-16-34-34-34-17-34-16-
16-34 

t012 [2] 15-12-16-02-16-02-25-17-24-24 t20561 [1] 11-19-12-02-17-34-24-34-34-
22-25 

t019 [5] 08-16-02-16-02-25-17-24 t20681 [1] 08-16-02-23-16-34-17-34-16-34 

t020 [2] 26-23-31-29-17-31-29-17-25-17-25-
16-28 

t2892 [1] 26-23-13-23-31-29-17-31-29-
17-25-16-28 
 

t021 [1] 15-12-16-02-16-02-25-17-24 t223 [2] 26-23-13-23-05-17-25-17-25-
16-28 

t022 [5] 26-23-13-23-31-29-17-31-29-17-25-
17-25-16-28 

t2231 [1] 26-23-31-29-17-31-29-17-25-
16-16-28 

t025 [1] 26-23-23-13-23-29-17-31-29-17-25-
17-25-16-28 

t2279 [1] 07-23-21-16 

t032 [24] 26-23-23-13-23-31-29-17-31-29-17-
25-17-25-16-28 

t2383 [1] 08-16 

t053 [2] 26-23-17-34-17-20-17-12-17-34 t242 [1] 26-23-17-13-17-20-17-12-17-16 

t062 [2] 26-23-17-12-17-16 t266 [1] 09-02-16-13-13-13-17-34-16-34 

t064 [2] 11-19-12-05-17-34-24-34-22-25 t267 [4] 07-23-12-21-17-34-34-34-33-34 

t091 [3] 07-23-21-17-34-12-23-02-12-23 t289 [1] 26-23-21-17-34-12-23-02-12-23 

t10279 [1] 26-23-23-13-23-31-31-17-31-29-17-
25-17-25-16-28 

t2933 [1] 26-23-13-23-05-17-25-17-25-
16-16-28 

t1039 [1] 08-16-02-25-02-25-24-65-17-25 t2945 [3] 26-23-23-13-23-31-29-23-31-
29-17-25-17-25-16-28 

t10467 [1] 26-23-17-34-17-20-17-66-16 t304 [17] 11-10-21-17-34-24-34-22-25 

t111 [1] 26-23-17-16 t309 [2] 26-23-05-17-25-17-25-16-28 

t127 [40] 07-23-21-16-34-33-13 t311 [16] 26-23-17-34-20-17-12-17-16 

t12805 [2] 07-23-12-21-17-34-34-34-33-34-34-
34-34-33-34 

t3175 [1] 26-22-17-20-17-12-17-16 

t132 [2] 09-34-16-34 t319 [2] 26-23-17-34-20-17-12-16 
t13249 [1] 07-21-34 t321 [1] 07-23-16-34-33-13 
t13735 [2] 26-23-23-13-23-23-13-23-31-29-17-

31-29-17-25-16-16-28 
t324 [1] 07-23-12-12-17-20-17-12-12-17 

t1400 [1] 26-23-17-34-20-17-12-17 t334 [1] 11-12-21-17-34-22-25 

t14500 [1] 26-23-23-13-23-31-29-17-31-29-17-
25-17-25-25-17-25-25-16-28 

t355 [1] 07-56-12-17-16-16-33-31-57-12 

   Table 3.6 continued overleaf 
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spa type [N] spa type repeat succession spa type [N] spa type repeat succession 
t1476 [6] 11-10-17-34-24-34-22-25 t359 [1] 07-23-12-21-17-34-34-33-34 

t1612 [2] 26-23-23-13-23-31-29 t362 [2] 09-34 

t1784 [1] 07-34-33-13 t3841 [9] 26-22-17-20-17-12-17-16-16 

t17846 [1] 26-23-23-34-23-31-29-17-31-29-17-
25-17-25-28 

t3952 [1] 04-20-17-31-16-34-34 

t1802 [3] 26-16-16-28 t4146 [1] 11-12-12-34-22-25 

t19070 [1] 26-23-23-13-23-31-29-23-31-29-17-
25-16-28 

t437 [1] 04-20-17-20-17-25-34 

t4422 [1] 07-23-13-23-31-05-17-25-17-24-25-
16-28 

t442 [1] 35-17-34-17-20-17-12-17-16 

t451 [1] 11-12-05-17-34-24-34-22-25 t693 [1] 07 

t4623 [1] 26-23-13-23-31-29-132-17-31-29-17-
25-17-25-16-28 

t701 [1] 11-10-21-17-34-24-34-22-25-25 

t4667 [4] 07-13-13-13-34-33-13 t711 [1] 04-21-17-34-24-34-22-25 

t509 [1] 26-23-17-20-17-12-17-16 t723 [1] 11-19-12-34-22-25 

t515 [1] 26-23-23-13-23-31-29-17-31-29-17-
25-16-16-28 

t779 [1] 08 

t5388 [2] 07-23-21-16-34-33-21-13 t786 [1] 07-12-21-17-13-34-34-33-34 

t5562 [2] 07-12-21-17-13-34-33-34 t843 [1] 04-82-17-25-17-25-25-16-17 

t5608 [1] 26-23-17-34-17-13-17-20-17-12-17-
16 

t852 [2] 07-23-13-23-31-05-17-25-17-
25-16-28 

t5977 [1] 07-23-16 t878 [4] 26-23-17-34-21-25-33-16 

t608 [1] 26-23-31-29-17-25-17-25-16-28 t934 [1] 07-23-12-34-34-34-34-33-34 

t648 [1] 11-21-17-34-24-34-22-25 t976 [1] 04-20-17-20-31-16-34 

t657 [12] 26-23-13-21-17-34-33-34 ND [2]  

t688 [1] 26-23-17-34-17-16   

t690 [2] 07-12-21-17-13-13-34-34-34-33-34   

Abbreviations: spa, staphylococcal protein A; N., number; ND, not determined.  
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3.2.3 Genomic DNA isolation 

All Irish isolates underwent genomic DNA extraction as described in Chapter 2, Section 

2.4.1. 

 

3.2.4 DNA microarray profiling 

DNA microarray profiling was performed to preliminarily identify isolates deemed 

similar to the outbreak-associated isolates based on spa types and carriage of pvl genes. 

Array profiling can infer STs, SCCmec types and details virulence factors and 

antimicrobial resistance profiles prior to WGS-based confirmation. Genomic DNA 

extraction was performed as described in Section 2.4.1. DNA microarray analysis was 

performed using the S. aureus Genotyping Kit 2.0 (Abbott [Alere Technologies GmbH]) 

as per manufacturer’s instructions. The kit consisted of all required reagents and 

microtitre strips containing DNA microarray chips. Each chip consisted of 333 probes 

corresponding to ~170 S. aureus target sequences (including allelic variants of the genes), 

including species-specific antimicrobial resistance genes, virulence factor genes, 

SCCmec genes and other pathogenicity markers. The DNA microarray process detects 

the presence or absence of these genes. The protocol is detailed below.  

 

3.2.4.1 Linear PCR amplification and biotin labelling  

Each genomic DNA sample was diluted to the desired concentration (0.5–1.5 µg/µl) 

using sterile molecular-grade water to a final volume of 5 µl. This was combined with a 

master-mix containing 4.9 µl of B1 labelling buffer and 0.1 µl of B2 DNA polymerase. 

The 10 µl sample underwent PCR amplification and biotin labelling using a PCR thermal 

cycler (Biometra TOne) at the following conditions: 96°C for 5 min, 45 cycles of 62°C 

for 20 s, 72°C for 40 s and 96°C for 1 min. 

 

3.2.4.2 Array hybridisation  

Each 10 µl amplified PCR product was mixed with 90 µl of C1 hybridisation buffer. The 

microtitre wells within the array strip were washed with 200 µl of sterile water, the water 

was discarded and 100 µl of C1 buffer was added to each well. The microarray strip was 

then incubated at 55°C for 2 min at 550 rpm in a BioShake iQ thermoshaker (Q 

instruments, Jena, Germany). Following incubation, the C1 buffer was discarded and the 

PCR samples with the added buffer was distributed into the microarray strip (one sample 

per well). The strip was incubated at 55°C for 1 h at 550 rpm in a thermoshaker to allow 
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for hybridisation to occur. Following hybridisation, each well of the microarray strip was 

washed three times with 200 µl of C2 wash buffer.  

 

3.2.4.3 Streptavidin-horseradish-peroxidase (HRP)-conjugation and staining 

 For conjugation, a 1:100 ratio of the conjugation mixture (1 µl of C3 HRP-reagent buffer 

and 99 µl of C4 conjugate buffer) was prepared for each sample. This 100 µl C3/C4 mix 

was added to each well of the microarray strip, followed by a 10 min incubation at 30°C 

and 550 rpm to allow for binding of the streptavidin-HRP with the biotin-labelled target 

of each sample. After conjugation, each well was washed twice with 200 µl of C5 wash 

buffer. Following this, staining of the bound HRP-conjugate was performed by addition 

of 100 µl of reagent D1 which contained the tetramethylbenzidine (TMB) HRP-substrate 

to each well. The strip was incubated at room temperature for 5 min without agitation of 

the strip. The D1 reagent was then fully discarded from each well and the strip was 

analysed immediately. 

 

3.2.4.4 Data acquisition and analysis  

Analysis of the microarray strip was performed using the ArrayMate Reader software 

(Abbott [Alere Technologies GmbH]) as per manufacturer’s instructions. The software 

scans for signals of positive hybridisation events and generates digital images of the 

microarray. The generated image depicts either weak or strong signals which indicates 

the quality of the samples analysed. The arraymate readout interprets detection of each 

specific target sequence/marker as either ‘positive’, ‘negative’ or ‘ambigiuous’ based on 

a previously described algorithm (Monecke et al., 2008). The microarray results of each 

sample were then compared to the array profiles of previously characterised strains stored 

within the ArrayMate (Abbott [Alere Technologies GmbH]) public database in order to 

perform assignment of STs, CCs and SCCmec types.  

 

3.2.5 Whole-genome sequencing  

All Irish study isolates underwent short-read WGS as described in Chapter 2, Section 

2.5.1.  

 

3.2.6 Bioinformatic analyses 
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All study isolates underwent de novo assembly, spa type confirmation, SCCmec 

subtyping, MLST, in silico antimicrobial resistance profiling and virulence gene 

identification as described in Chapter 2, Section 2.6.  

 

3.2.6.1 wgSNP analysis 

With an appropriately chosen reference sequence, wgSNP offers the ultimate resolution 

in determining relatedness between epidemiologically linked isolates (Uelze et al., 2020). 

To ensure SNPs are adequately detected, a reference strain which is closely-related to the 

set of isolates under investigation is required (Uelze et al., 2020). The WGS sequence of 

this reference strain must also be a high quality closed reference genome with a low 

number of contigs in order for it to permit calling of SNP positions with high accuracy 

(Uelze et al., 2020). For this investigation, a total of 73 isolates (46 Irish outbreak 

isolates, 20 Irish CRFs and seven international CRFs) recovered from infected patients 

and screening samples between 2011–2020 underwent wgSNP-based analysis in 

Bionumerics v8.0 (Applied Maths) as described in Chapter 2, Section 2.6.4. 

 

3.2.6.2 Minimum spanning trees  

Generation of MSTs was performed as described in Chapter 2, Section 2.6.5.1. The MSTs 

constructed included: (i) a wgMLST-based MST and a wgSNP-based MST with 73 

isolates (46 Irish outbreak isolates, 20 Irish CRFs and seven international CRFs) in the 

suspected CA-MRSA outbreak study, (ii) a cgMLST-based MST with all 330 Irish 

isolates from the present study, (iii) a cgMLST-based MST with 61 Irish ST22-MRSA 

isolates from the present study. A second cgMLST-based MST with seven Irish PVL-

positive ST22-MRSA isolates and 35 international PVL-positive ST22 S. aureus CRF 

isolates and lastly, (iv) a cgMLST-based MST and a wgMLST-based MST with twelve 

Irish ST722-MRSA isolates from the present study. 

 

3.2.7 Serial passaging  

To investigate the genomic stability of MRSA isolates over extended periods of time, 

serial passaging of representative isolates (N=4) from four different lineages (CC1, CC5, 

CC8 and CC97) investigated in this study was carried out. Isolates were re-activated from 

bead storage at -80°C and single colonies were sub-cultured onto CBA plates every 24 h 

for a total of 10 days as described in Section 2.4. On days 2, 4, 8 and 10 of growth, a 
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single colony was randomly selected to undergo DNA extraction as described in Chapter 

2, Section 2.4, followed by WGS as described in Chapter 2, Section 2.5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 89 

3.3 Results 

3.3.1. WGS investigation of PVL-positive outbreak-associated clones in Irish 

hospitals 

The 46 CA-MRSA outbreak-associated isolates investigated were recovered from 36 

different individuals attending three separate Irish hospitals (H1–H3) over a nine-year 

period (2011–2020) (Table 3.1). In addition, 27 epidemiologically unrelated but 

genotypically similar CRFs were included for context; 20 of these were Irish isolates 

submitted to the NMRSARL from Dublin-based teaching hospitals and regional clinics 

(2014–2019), and seven international CRF isolates were selected from the global 

microarray database based on the close similarity of their array profile patterns to the 

corresponding outbreak-associated isolate array profiles (Table 3.2).  

 

3.3.1.1 H1- and H2-associated t008-ST8-MRSA outbreaks  

To investigate possible transmission events within and between two separate Irish 

hospitals, 10 ACME- and PVL-positive ST8-MRSA-IVa (USA300) isolates recovered 

in a Dublin-based maternity hospital (H1) between 2017–2018 and six additional isolates 

from a separate Dublin-based hospital (H2) were investigated using WGS (Table 3.3). 

The H1 isolates were recovered from eight patients from the outpatient unit (N=3), the 

gynaecology department (N=1), the emergency department (N=1) and the neonatal 

intesive care unit (N=5) (Table 3.1). The H2 isolates were recovered from two separate 

patients during one week within the same period of the H1 outbreak and were also 

identified as ACME- and PVL-positive ST8-MRSA-IVa (Table 3.3). One H1 isolate was 

identified as spa type t723, whereas the remaining 15 H1 and H2 isolates were t008 

(Table 3.3). Ten CRFs identified as PVL-positive t008 ST8-MRSA-IV (Table 3.2) and 

the USA300 type reference strain FPR3757 (GenBank Accession no. CP000255.1 for 

FPR3757 WGS sequence) were also investigated for comparative purposes. WgMLST-

based and wgSNP-based MSTs were constructed for these H1, H2 and CRF isolates 

(Figs. 3.2a and 3.3a). As the FPR3757 strain was not closely related to the isolates in the 

present study and its WGS sequence also contained many contigs, rendering it unsuitable 

for a SNP analysis, it was excluded from the wgSNP-based MST.    
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Figure 3.2. Minimum spanning trees (MSTs) based on whole-genome multi-locus 

sequence typing (wgMLST) analysis of the 42 Panton–Valentine leucocidin (PVL)-

positive and four PVL-negative MRSA outbreak-associated isolates investigated in 

addition to epidemiologically unrelated but genotypically similar comparator reference 

isolates (CRFs). In each MST, MRSA isolates recovered from separate hospitals or 

families and identified as distinct spa types are indicated by separate colours. 

Genotypically similar but epidemiologically unrelated CRFs included for comparative 

purposes are indicated in each MST as red circles. Closely related clusters of isolates 

(≤24 wgMLST allelic differences [Schürch et al., 2018]) are outlined with grey 

shadowing. A black dot in the centre of each circle is used to indicate PVL-negative 

isolates which were included in the study as they were identified as the 

same spa types/STs as the outbreak-associated PVL-positive MRSA and were recovered 
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in the same hospital over the relevant time periods. The PVL-negative t267 isolates were 

included as they were also recovered from one of the families affected by the PVL-

positive t127 MRSA lineage. The numbers on each branch indicate the numbers of 

wgMLST allelic differences detected between neighbouring isolates. The 

epidemiological information for each isolate is provided in Table 3.1 and CRF in Table 

3.2. Genotypic data for outbreak isolates and CRFs is provided in Table 3.3. (a) 

wgMLST-based MST constructed from the t008, ST8-IVa MRSA isolates associated 

with hospitals 1 and 2 (H1 (N=10) and H2 (N=6)), CRFs (N=10) and the USA300 

reference strain FPR3757. The two distinct clusters, CH1 and CH2, refer to isolates 

recovered from hospitals H1 and H2, respectively. (b) wgMLST-based MST constructed 

from the t002-ST5-IVc (N=15) and t4667-ST88-V (N=4) isolates associated with 

hospital 3 (H3) and CRFs (N=7). With the exception of the PVL-negative isolate 

M18/1063, all t002-ST5-IVc isolates formed a distinct subcluster (CH3–SCI), and all 

four t4667-ST88-V isolates formed a second subcluster (CH3–SCII). (c) wgMLST-based 

MST constructed from the t127-ST1-V+fus+tirS+ccrA1(N=8) and t267-ST97-

V+fus (N=3) isolates recovered from multiple members of two distinct families (FC1 

(N=4) and FC2 (N=7)), of which each family had at least one member that either attended 

the emergency department of, or was admitted to, hospital 2 (H2), and 10 

epidemiologically unrelated CRFs. Three distinct subclusters were apparent (FC1 (t127), 

FC2 (t127) and FC2 (t267)), each of which consisted of all of the isolates identified as 

each distinct spa type and from each separate family. 
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Figure 3.3. Minimum spanning trees (MSTs) based on the single nucleotide 

polymorphism (SNP) analysis of the 42 Panton–Valentine leucocidin (PVL)-positive and 

four PVL-negative MRSA outbreak-associated isolates investigated in addition to 

epidemiologically unrelated but genotypically similar comparator reference isolates 

(CRFs). In each MST, MRSA isolates recovered from distinct hospitals or families and 

identified as distinct spa types are indicated by separate coloured circles. Genotypically 

similar but epidemiologically unrelated CRFs included for comparative purposes are 

indicated in each MST as red circles. Closely related clusters of isolates (≤15 SNPs) are 

outlined with grey shadowing (Schürch et al., 2018). A black dot in the centre of each 

circle is used to indicate PVL-negative isolates which were included in the study as they 

were identified as the same spa types/STs as the outbreak-associated PVL-positive 

MRSA and were recovered in the same hospital over the relevant time periods. The PVL-

negative t267 isolates were included as they were also recovered from one of the families 

affected by the PVL-positive t127 MRSA lineage. The number on each branch indicates 
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the numbers of SNVs detected between neighbouring isolates. The epidemiological 

information for each isolate is provided in Table 3.1 and CRF in Table 3.2. Genotypic 

data for outbreak isolates and CRFs is provided in Table 3.3. (a) wgSNP-based MST 

constructed from the t008, ST8-IVa MRSA isolates associated with hospitals 1 and 2 [H1 

(N=10) and H2 (N=6)] and CRFs (N=10). The two distinct clusters CH1 and CH2, refer 

to isolates recovered from hospitals H1 and H2, respectively. (b) wgSNP-based MST 

constructed from the t002-ST5-IVc (N=15) and t4667-ST88-V (N=4) isolates associated 

with hospital 3 (H3) and CRFs (N=7). With the exception of M18/1063 and M19/0811, 

all t002-ST5-IVc isolates formed a distinct sub-cluster (CH3-SCII), and all four t4667-

ST88-V isolates formed a second sub-cluster (CH3-SCI). (c) wgSNP-based MST 

constructed from the t127-ST1-V+fus+tirS+ccrA1 (N=8) and t267-ST97-V+fus (N=4) 

isolates recovered from multiple members of two distinct families [FC1 (N= 4) and FC2 

(N= 7)] from which each had at least one member associated with hospital 2 (H2) and 10 

epidemiologically unrelated CRFs. Three distinct sub-clusters were apparent, FC1 

(t127), FC2 (t127) and FC2 (t267) each of which consisted of all the isolates identified 

as each distinct spa type and from each separate family. 
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The wgMLST- and SNP-based MSTs revealed two discrete clusters termed CH1 (8/10 

H1 isolates) and CH2 (all six H2 isolates)) within which the majority of H1 and H2 

isolates clustered, respectively (Figs. 3.2a and 3.3a). Isolates within CH1 were closely 

related with a median of 0 (average: 1.5; range: 0–4) allelic differences and 0 (average: 

1.1; range: 0–6) SNPs. The two remaining H1 isolates (M18/0227 and M18/0013) 

differed from CH1 isolates by ≥73 allelic differences and ≥120 SNPs (Figs. 3.2a and 

3.3a). Within CH2, isolates were also closely related with a median of 0.5 (average: 0.5; 

range: 0–5) allelic differences and 0 (average: 0.8; range: 0–5) SNPs. These findings 

suggested high genetic relatedness between the isolates belonging to each cluster. By 

contrast, none of the epidemiologically unrelated CRFs clustered within CH1 or CH2. 

The 10 ST8 CRFs and the FPR3757 reference exhibited an average of 74 allelic 

differences between neighbouring isolates and none clustered with CH1 or CH2. These 

findings indicated the occurrence of two separate MRSA outbreaks in H1 and H2 that 

were independent of one another and involved genetically distinct MRSA strains. The 

H1 outbreak involved the eight CH1 isolates while the H2 outbreak involved the six CH2 

isolates. The eight closely related CH1 isolates were recovered from six separate 

neonates (age <1) from the NICU of H1 and from two adult patients (aged 23–39) in the 

emergency department and outpatient department of H1. The six CH2 isolates on the 

other hand were recovered from patients (aged 76–78) in a cardiac unit within H2. 

Whereas all 16 isolates recovered from H1 and H2 exhibited ciprofloxacin and ampicillin 

resistance, two distinct phenotypic antibiotic resistance patterns were identified by the 

NMRSARL (Table 3.3). Additionally, isolates M18/0227 and M18/0013 from H1 also 

exhibited resistance to erythromycin, kanamycin and neomycin (Table 3.3). By contrast, 

the 10 CRFs exhibited five distinct antimicrobial susceptibility patterns (Table 3.3).  

 

3.3.1.2 H3-associated ST5 and ST88-MRSA outbreaks  

To investigate two separate outbreaks caused by two distinct MRSA clones occurring 

concurrently within the same maternity unit of a regional Irish hospital (H3), nineteen 

MRSA isolates recovered from 17 separate patients and one HCW associated with this 

hospital were investigated using WGS (Table 3.1). These isolates were recovered 

between 2018–2020 from patients in the maternity ward (N=10), the special care baby 

unit (SCBU) (N=5), the outpatient department (N=1), the emergency department (N=1), 

the paediatric unit (N=1) and from a HCW (N=1) (Table 3.1). Fifteen of the isolates were 

recovered over a 15-month period during 2018–2020 and identified as t002 ST5-MRSA-
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IVc isolates. The other four isolates were recovered during one month in 2019 and 

identified as t4667 ST88-MRSA-V (Table 3.2). Eighteen of the isolates were PVL-

positive, and one t002 isolate was PVL-negative (Table 3.3). To confirm the occurrence 

of two distinct MRSA outbreaks within H3 during the same time-period, these 19 isolates 

were subjected to a wgMLST analysis. Five Irish t002 CRFs and two international 

epidemiologically unrelated PVL-positive CC5-MRSA-IV CRFs (125–318618 and 37–

158951) selected on the basis of having highly similar DNA array profiles to the t002 

isolates were also included for comparative purposes (Table 3.2).  

 

The MSTs constructed based on the wgMLST- and SNP-analyses of the H3-associated 

isolates and seven CRFs revealed two distinct subclusters consisting of either t4667 

(subcluster CH3–SCI, N=4 isolates) or t002 (subcluster CH3–SCII, N=14) (N=13 in the 

wgSNP-based MST) isolates. The PVL-negative t002 ST5-MRSA-IVc isolate from H3 

(M18/1063) did not cluster with any other isolates and exhibited 324 allelic differences 

to the CH3–SCII subcluster (Figs. 3.2b and 3.3b). Using the pre-defined thresholds for 

inferring close relatedness between S. aureus isolates (£24 allelic differences and £15 

SNPs) (Schürch et al., 2018), all four t4667 isolates within CH3–SCI were deemed to be 

closely related as they exhibited a median of 1 (average: 1; range: 1–2) allelic differences 

and 0 (average: 0.25; range: 0–1) SNPs from one another. These four isolates were 

recovered from three neonatal SCBU/paediatric patients (age <1) and one HCW in H3 

during a one-month period in 2019. All four yielded identical phenotypic antibiotic 

susceptibility profiles, and exhibited resistance to ≥3 classes of clinically relevant 

antibiotics.     

 

According to the wgMLST-based MST, the 14 t002 isolates within CH3-SCII were also 

closely related to one another, exhibiting a median of 1 (average: 3.6; range: 0–24) allelic 

differences for all 14 isolates (Figs. 3.2b and 3.3b). The SNP-based MST correlated with 

the wgMLST-based MST tree and showed a median of 1 (average: 1.15; range: 0–2) SNP 

for 13 isolates with the exception of isolate M19/0811, which was separated from its 

nearest CH3–SCII neighbour by only 28 SNPs (Figs. 3.2b and 3.3b). Four isolates within 

CH3-SCII (M18/1033, M19/0889, M19/0930 and M19/1191) were genetically 

indistinguishable with no allelic differences observed despite being recovered from four 

separate patients in different units within H3 at intervals of eleven, one, and two months 
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apart, respectively (Fig. 3.2b and 3.3b). The 14 closely related isolates within CH3-SCII 

were recovered from seven separate neonates (age <1), two children (aged 2) and five 

adult patients (aged 24–40) in the maternity unit, SCBU, outpatient department and 

paediatric emergency department of H3. 

 

The PVL-negative t002 ST5-MRSA-IVc isolate M18/1063 did not cluster within either 

CH3-SCI or CH3-SCII and exhibited 324 allelic differences to the CH3-SCII cluster (Fig. 

3.2b). None of the CRFs clustered within CH3-SCI or CH3-SCII and exhibited a 

minimum of 80 allelic differences and 80 SNPs to the closest relative isolate within CH3-

SCII. Subclusters CH3-SCI and CH3-SCII were separated by 1822 allelic differences 

and ~9544 SNPs, which strongly indicated the occurence of two distinct independent 

MRSA outbreaks within H3 (Figs. 3.2b and 3.3b). One outbreak involved the four t4667 

CH3-SCI isolates while the second involved 14 t002 CH3-SCII isolates. All 15 t002 

isolates exhibited ampicillin resistance while the PVL-negative isolate M18/1063 also 

exhibited ciprofloxacin resistance. All four t4667 isolates exhibited resistance to ≥3 

classes of antibiotics and exhibited identical resistance profiles which also included 

resistance to ampicillin and ciprofloxacin (Table 3.3).  

 

3.3.1.3 H2-associated ST1- and ST97-MRSA family outbreaks  

To investigate the possible transmission of a PVL-positive CC1-MRSA between two 

separate families associated with the same Dublin-based hospital (H2) and also confirm 

the transmission of a separate distinct PVL-negative CC97-MRSA within family 2 (FC2) 

at the same time, eleven isolates recovered from members of these two separate unrelated 

families were investigated using WGS (Table 3.1). At least one member from each of the 

two families had attended H2 as a result of an MRSA infection. Four isolates recovered 

from three family members belonging to family 1 (FC1) between 2011-2012 were 

investigated. Of these four isolates, two samples were recovered from one individual 

(aged 23) within the family; once during treatment for a SSTI and also subsequently as a 

screening sample. Another sample was recovered from a separate family member (aged 

24) who presented to the emergency department of H2 with a SSTI also. The other isolate 

was recovered from a screening sample of a third family member (a neonate: age <1). 

All four isolates were identified as PVL-positive t127 ST1-SCCfus MRSA (Table 3.3). 
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In an unrelated episode, seven isolates recovered from five family members belonging to 

family 2 (FC2) during a seven-month period between 2017–2018 were also investigated. 

Of these seven, one isolate was recovered from a family member who was an inpatient 

in H2 as a result of an invasive MRSA infection (aged 81) and another from a family 

member who presented to H2 with a superficial MRSA infection (aged 46). Two more 

isolates were recovered as screening samples from the individual with the previous SSTI. 

The three remaining isolates were recovered from screening samples of three other family 

members (aged 3–76). Of the seven isolates, four were also identified as PVL-positive 

t127 ST1-SCCfus isolates while three were identified as PVL-negative t267 ST97-

SCCfus isolates (Table 3.3). The phylogenetic investigation of isolates from the two 

separate families also included ten CRFs. Five of these were international isolates 

identified as either PVL-positive ST1 (N=2) or PVL-negative ST97 isolates (N=3). The 

other five CRFs were Irish PVL-positive ST1 isolates recovered from hospitals separate 

from H2 (Table 3.2). These CRF isolates were selected as suitable comparators based on 

the detection of the fusC gene and the similarities of SCCmec elements harboured by 

these isolates which were similar to those harboured by the H2-associated family cluster 

isolates in this investigation.    

 

Three separate clusters (FC1-t127, FC2-t127 and FC2-t267) were observed on the 

wgMLST-based and wgSNP-based MSTs constructed (Figs. 3.2c and 3.3c). Within each 

of these distinct FC1-t127, FC2-t127 and FC2-t267 family clusters, isolates were 

separated from their nearest neighbour by ≤7 allelic differences or ≤8 SNPs. Isolates 

belonging to FC1 (t127) were separated from their nearest neighbouring isolate by a 

median of 4 (average: 4.6; range: 3–7) allelic differences and 1 (average: 3; range: 1–7) 

SNP, which indicated that these isolates are closely-related. Isolates belonging to FC2 

(t127) were separated from their nearest neighbour by a median of 6 (average: 3.8; range: 

2–7) allelic differences and 5 (average: 4.7; range: 1–8) SNPs which again indicated close 

genetic relatedness between these clustering isolates. FC2 (t127) isolates were separated 

by 48 allelic differences or 52 SNPs to the FC1 (t127) isolates. The three PVL-negative 

t267 isolates which clustered into FC2-t267 also exhibited a median of four (average: 4; 

range: 4–4) allelic differences and four (average: 4; range: 4–4) SNPs (Figs. 3.2c and 

3.3c). In contrast, none of the comparator strains clustered within FC1-t127, FC2-t127 or 

FC2-t267 (Figs. 3.2c and 3.3c). The PVL-positive ST1 CRFs were closest to the FC1-

t127 cluster and exhibited a minimum of 44 allelic differences (or 59 SNPs) from an 
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isolate within this cluster. The three PVL-negative ST97 CRFs on the other hand were 

closest to the FC2-t267 cluster and exhibited a minimum of 72 allelic differences (or 76 

SNPs) from an isolate within this cluster (Fig. 3.2c and 3.3c).    

The FC1, FC2, and CRF t127 ST1 isolates harboured genes indicative of SCCmec IV, V 

or the SCCmec V subtype (V+fus+tirS+ccrA1) previously identified in sporadic PVL-

positive CC1 isolates. The FC2 and CRF t267 ST97 isolates harboured genes indicative 

of SCCmec V+fus previously identified in sporadic CC97 isolates. Collectively, these 

findings indicated transmission of a distinct t127 strain amongst members of family 1, 

the transmission of another distinct t127 strain amongst members of family 2 alongside 

the spread of a t267 strain within family 2 also. This investigation revealed that direct 

transmission of the t127 isolates between the two families investigated was unlikely due 

to the identification of 48 allelic differences between the two t127 clusters. All eleven 

t127 and t267 isolates exhibited resistance to ≥3 classes of antibiotics which included 

phenotypic resistance to ampicillin, fusidic acid, tobramycin, gentamicin and kanamycin 

by all isolates (Table 3.3).  

 

3.3.1.4 Serial-passaged isolates  

The wgMLST-based analysis of the colonies randomly selected from serial passage of 

the representative CC1, CC5, CC8 and CC97 MRSA isolates from the PVL-positive CA-

MRSA investigation revealed high genetic similarities between each passage. The 

CC8/ST8-MRSA-IVa isolate M18/0227 passaged derivatives exhibited an allelic 

difference range of 0–1, the CC5/ST5-MRSA-IVc isolate M18/1033 passaged 

derivatives exhibited no allelic differences while the CC1/ST1-MRSA-SCCfus isolate 

M18/0051 passaged derivatives and the CC97/ST97-MRSA-SCCfus isolate M18/0578 

passaged derivatives revealed allelic difference ranges of 1–1 and 0–3 between each 

passage, respectively.  

 

3.3.2. CA-MRSA population in Ireland  

In order to investigate the general population of CA-MRSA in Ireland, 330 isolates 

recovered from 13 different Irish hospitals (H1–H13), a Dublin-based GP and a regional 

GP between 2011–2022 were investigated by WGS (Table 3.4). The majority of isolates 

were recovered from adult patients attending outpatient departments (61%; 201/330), 

while the remaining were recovered from inpatient units (20%; 67/330) or from unknown 
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sources (19%; 62/330). Among this collection of isolates, one sample was recovered in 

2011 (0.3%), three in 2012 (0.9%), 19 in 2014 (5.8%), two in 2015 (0.6%), 15 in 2016 

(4.5%), 15 in 2017 (4.5%), 72 in 2018 (21.8%), 39 in 2019 (11.8%), 39 in 2020 (11.8%), 

70 in 2021 (21.2%) and 55 in 2022 (16.7%). 

 

Epidemiological information regarding specimen site was available for the majority of 

isolates investigated (77%; 253/330). The majority of isolates were recovered from 

screening samples (72%; N=182), specifically nasal, throat and groin. The remaining 

were infection site isolates (28%; N=71), including samples from superficial infections 

and blood cultures. Information regarding age of patient at time of specimen collection 

was also available for the majority of isolates investigated (99%; 326/330). Isolates were 

mainly from adult patients (aged: 18–118) (84%, N=273), while the remaining were 

recovered from children/teenagers (aged: 2–17) (4%; N=13) and neonates (age: <1) 

(12%; N=40). The median age for the patient demographic was 32. As previously 

mentioned, 91 different spa types were identified by the NMRSARL for 328/330 (99.4%) 

isolates and the dominant spa types were t002 (13.4%), t127 (12.2%), t008 (11%), t032 

(7.3%), t304 (5.2%), t311 (4.9%) and t657 (3.7%) (Table 3.6). The assigned spa types 

were re-confirmed for all isolates using the appropriate SeqSphere+ (Ridom GmbH) task 

template tool (see Chapter 2, Section 2.6.6). 

3.3.2.1 MLST 

Multi-locus sequence types (STs) were determined for all 330 Irish isolates from the 

WGS data (see Section 3.2.6). A total of 32 different STs were identified. The dominant 

STs were ST5 (22.7%, N=75), ST22 (18.4%, N=61), ST8 (14.5%, N=48) and ST1 

(12.7%, N=42), followed by ST6 (5.4%, N=18), ST772 (4%, N=12), ST30 (3%, N=11), 

ST88 (3%, N=10) and ST672 (2.7%, N=9). Six isolates each were assigned to ST45 and 

ST97 (2%), four isolates to ST779 and ST789 (1%), three to ST59 (1%), and lastly, two 

to ST149, ST508 and ST5050 (0.6%). The remaining 15 STs identified were all 

associated with a single isolate each (0.3%) (Table 3.4).  

3.3.2.2 Carriage of mecA and pvl lukF/S-PV genes 

All Irish isolates investigated harboured the mecA gene. Of the 330 isolates, 27.6% 

(N=91) harboured the lukF/S-PV pvl genes. Within the 32 different STs identified in this 

study, isolates harbouring pvl genes were only associated with twelve of these STs (Table 
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3.1). The predominant ST containing PVL-positive isolates was ST8 (36.2%; 33/91), 

followed by ST5 (19.7%; 18/91), ST1 (13.1%; 12/91), ST30 (8.8%; 8/91), ST88 (7.7%; 

7/91) and ST22 (7.7%; 7/91). The other STs (ST59, ST149, ST152, ST772, ST852 and 

ST2884) were all associated with only a single PVL-positive isolate each (1.1%; 1/91). 

3.3.2.3 NMRSARL phenotypic antimicrobial susceptibility  

The majority of isolates within the study population exhibited phenotypic resistance to 

the broad-spectrum β-lactam agent, ampicillin (98.8%; 326/330) (Table 3.4). A 

significant proportion of isolates under investigation were also phenotypically resistant 

to ciprofloxacin (58.8%; 194/330), erythromycin (42%; 139/330), kanamycin (31.8%; 

105/330), fusidic acid (28.8%; 95/330), lincomycin (24%; 80/330), trimethoprim (24%; 

80/330), neomycin (24%; 79/330), tobramycin (18.5%; 61/330), gentamicin (17.6%; 

58/330) and tetracycline (15.2%; 50/330). A small number of isolates also showed 

resistance to streptomycin (7.9%; 26/330), amikacin (2%; 7/330), chloramphenicol 

(0.9%; 3/330) and rifampicin (0.9%; 3/330).  

3.3.2.4 Investigation of CA-MRSA population structure using WGS 

For surveillance of the CA-MRSA population circulating in Irish hospitals, a cgMLST-

based MST was constructed for all 330 isolates investigated. Within the MST, all isolates 

were colour-coded based on ST and predominant STs as well as the ST1, ST5, ST8, ST88 

and ST97 outbreaks previously investigated were also clearly labelled (Fig. 3.4). Among 

the collection, 91 different spa types and 32 distinct STs were identified. Despite this 

extensive genetic diversity, a significant proportion of the population belonged to four 

major STs, including ST5 (22.7%), ST22 (18.4%), ST8 (14.5%) and ST1 (12.7%). 

Analysis of the population structure revealed that isolates belonging to each of these 

prevalent STs were detected throughout the entire 11-year study period, whereas others 

were intermittently detected. ST1, ST5 and ST8 are all major strains commonly 

associated with CA-MRSA lineages widely circulating in Ireland. ST22 is the 

predominant lineage currently accounting for approximately 70–80% of all MRSA BSIs 

in Ireland. The majority of isolates belonging to these predominant STs were also mainly 

assigned to prevalent spa types commonly reported in MRSA isolates in Europe 

(Asadollahi et al., 2018). This included t002 amongst ST5 isolates (54.7%; 41/75), t008 

amongst ST8s (72.9%; 35/48), t032 amongst ST22s (37.7%; 23/61) and t127 in ST1 

isolates (90.5%; 38/42) (Table 3.4). SCCmec type IV and V which are typically 
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associated with CA-MRSA strains were also the predominant SCCmec elements 

identified within the population of isolates investigated in this study (Fig. 3.4). SCCmec 

type IV was found in 69% (228/330) of isolates with subtypes IVa (N=104), IVc (N=55) 

and IVh (N=53) being the most common. SCCmec type V was associated with 24% 

(80/330) of isolates. The remaining isolates carried SCCmec II (N=4), III (N=1), IVb 

(N=4), IVd (N=2), IVg (N=8), IV; subtype unknown (N=2) or were non-typeable (NT) 

strains (N=17). 
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Figure 3.4. Minimum spanning tree (MST) based on core-genome multi-locus sequence typing (cgMLST) analysis of the 330 CA-MRSA Irish 

isolates (Panton–Valentine leucocidin (PVL)-positive [N=91] and PVL-negative [N=239]) investigated in the current study. In the MST, MRSA 

isolates were colour-coded based on their assigned sequence types (STs). Thirty-two different STs were identified in this study. The numbers on 

each branch indicate the number of cgMLST allelic differences detected between neighbouring STs. The median/average/range of allelic 

differences between isolates within each ST group is clearly labelled. Closely related clusters of isolates (≤24 cgMLST allelic differences [Schürch 

et al., 2018])are outlined with grey shadowing. A red square around a node is used to indicate a PVL-positive isolate. The predominant STs have 

also been clearly labelled on the MST, alongside all the outbreak-associated isolate clusters. The epidemiological information for each isolate 

investigated is shown in Table 3.4.  
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The cgMLST-based analysis revealed that isolates belonging to the same ST clustered 

closer together and exhibited fewer allelic differences to one another than with other 

neighbouring ST groups. Within STs where ³2 isolates were present, isolates exhibited 

allelic differences ranging between 0 and 467. Table 3.7 provides a detailed breakdown 

of allelic differences based on ST grouping. In contrast, STs exhibited >1000 allelic 

differences to neighbouring ST groups on average (Fig. 3.4). Collectively, these findings 

indicate the presence of several genetically distinct variants of CA-MRSA circulating 

widely across Ireland. 

The cgMLST phylogenetic analysis also highlighted the increase in the proportion of 

PVL-positive MRSA in Ireland in recent years. In particular, the clusters of PVL-positive 

outbreak-associated isolates stood out within the context of the overall general CA-

MRSA population under investigation. These distinct outbreak isolate clusters which 

were primarily observed within predominant STs were either well-dispersed within the 

ST population (ST8, ST30 and ST88) or were localised to a subgroup branching out close 

to their ST groups (ST1, ST5 and ST22) (Fig. 3.4). In addition to the outbreak isolates 

within ST1, ST5, ST8, ST88 and ST97, this WGS investigation also revealed patterns of 

transmission/emergence of novel strains within some of the other circulating STs. 

Notably, an increase in PVL-positive ST22-MRSA, separate to the endemic PVL-

negative ST22 EMRSA-15 was observed. Additionally, evidence of transmission of a 

PVL-negative ST772-MRSA with similarities to the PVL-positive ST772 Bengal Bay 

clone was also noted from the cgMLST-based MST. These STs were analysed further 

and the outcome of the investigation is detailed below.   
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Table 3.7. Allelic differences between isolates [N=330] assigned to the same sequence 

type in the CA-MRSA investigation  

ST No. of isolates Allelic differences between isolates 
ST1 42 Median of 257 (average: 208; range: 0–319) 

ST5 75 Median of 267 (average: 236; range: 0–341) 

ST6 18 Median of 81 (average: 87; range: 0–148) 

ST8 48 Median of 157 (average: 206; range: 0–415) 

ST22 61 Median of 107 (average: 146; range: 0–297) 

ST30 11 Median of 169 (average: 267; range: 0–467) 

ST45 6 Median of 237 (average: 181; range: 6–301) 

ST59 3 Median of 265 (average: 270; range: 263–283) 

ST88 10 Median of 211 (average: 180; range: 0–257) 

ST97 6 Median of 140 (average: 98; range: 0–165) 

ST149 2 115 

ST508 2 18 

ST672 9 Median of 85 (average: 79; range: 7–123) 

ST772 12 Median of 0 (average: 13; range: 0–76) 

ST779 4 Median of 49 (average: 49; range: 5–93) 

ST789 4 Median of 73 (average: 72; range: 59–86) 

ST5050 2 56 

Abbreviation: ST, sequence type 
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3.3.2.5 Comparative investigation of Irish PVL-positive ST22-MRSA and international 

PVL-positive ST22-MRSA-IV  

A comparative phylogenetic investigation was undertaken to describe the relationship 

between the PVL-negative ST22-MRSA-IV and PVL-positive ST22-MRSA-IV isolates 

recovered in this study and to illustrate the circulation of both PVL-positive and PVL-

negative ST22-MRSA within Irish hospitals. Overall, sixty-one ST22-MRSA isolates 

recovered from patients (N=60) and a HCW (N=1) across nine different Irish hospitals 

(H1, H3, H4, H6, H7, H8, H9, H10 and H11) between 2014–2022 were identified as part 

of the larger CA-MRSA population structure study described above (Table 3.4). High 

genetic diversity was noted between these ST22 isolates, which included 25 different spa 

types and four SCCmec subtypes (IVa, IVc, IVh and V) (Table 3.4). The endemic PVL-

negative ST22-MRSA-IV clone which predominates Irish hospitals and typically 

accounts for approximately 70–80% of MRSA BSIs is mainly associated with spa type 

t032 (Shore et al., 2014). The ST22-MRSA isolates recovered in the current study were 

consistent with this as the majority were also confirmed as t032 (37.7%; 23/61). Seven 

of the ST22 isolates were identified as PVL-positive ST22-MRSA-IVa/IVc submitted to 

the NMRSARL from three separate Irish hospitals between 2017–2022. The isolates 

were from the H1 maternity hospital and in the maternity units of two other separate Irish 

hospitals (H8 and H11) and were recovered from screening samples (N=5) and infections 

(N=2) of young individuals (aged 26–37) attending these maternity units. These PVL-

positive strains were described as t005-ST22-IVc, t005-ST22-IVa, t852-ST22-IVc, 

t4422-ST22-IVc, t10279-ST22-IVc and t309-ST22-NT (Table 3.5), suggesting the 

transmission of numerous genetically distinct PVL-positive ST22-MRSA strains within 

the community and in healthcare environments in Ireland. Additionally, the PVL-

negative HA ST22-MRSA-IV clone typically harbours a minimal number of 

antimicrobial resistance and virulence genes (Broderick et al., 2021). By contrast, many 

of the PVL-positive ST22-MRSA-IV isolates investigated here carried more resistance 

and virulence genes than the PVL-negative strains in addition to the pvl genes, 

particularly tst-1, erm(C) and tet(K).  

      

According to the cgMLST-based phylogenetic analysis performed, the PVL-negative 

ST22-MRSA isolates exhibited a median of 97 (average: 117; range: 1–297) allelic 

differences from one another, while the PVL-positive ST22-MRSA isolates exhibited a 
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median of 146 (average: 138; range: 43–208) allelic differences (Fig. 3.5a). The closest 

branching PVL-positive ST22-MRSA to the 54 PVL-negative ST22-MRSA isolates 

differed from these isolates by a median of 255 (average: 254; range: 233–275) allelic 

differences (Fig. 3.5a). To further characterise the PVL-positive ST22-MRSA and 

determine if these isolates belonged to widely dispersed lineages circulating 

internationally or if they were novel strains which emerged in Ireland independently, 

these NMRSARL isolates underwent phylogenetic comparison against relevant 

international strains from eight different countries (Table 3.5). An extensive search of 

publicly available literature and the NCBI/SRA/GenBank/ENA databases provided 35 

different WGS sequence datasets relating to PVL-positive ST22 S. aureus comparator 

strains (21 MRSA and 14 MSSA strains). These isolates were recovered from Australia, 

China, Germany, India, Namibia, Nepal, UK and the USA between 1998–2019 (Table 

3.5). A cgMLST analysis was performed and a MST was constructed for all 42 isolates 

(7 Irish and 35 international PVL-positive ST22 strains). In the cgMLST-based MST, all 

42 study isolates exhibited a median of 151 (average: 149; range: 0–247) allelic 

differences from one another (Fig 3.5b). The seven Irish PVL-positive ST22-MRSA 

isolates were dispersed throughout the MST and neighboured many of the international 

CRFs. Notably, two Irish PVL-positive ST22-MRSA-IVc isolates recovered between 

2017–2018 from H1 and H11 exhibited only 29–30 allelic differences to a cluster (C1) 

containing closely related (£24 allelic differences) PVL-positive ST22-MRSA-IVc 

isolates recovered from the UK (N=4) and USA (N=1) between 2011–2012 (Fig. 3.5b). 

These findings indicate that PVL-positive ST22-MRSA strains which have achieved 

global dissemination are also successfully circulating within Ireland.   

 

The 42 PVL-positive ST22 isolates investigated all had largely similar antimicrobial 

resistance and virulence gene profiles but exhibited distinct spa types and harboured three 

different SCCmec subtypes (IVa, IVc and IVd) (Table 3.5). The majority of isolates 

(90.5%; 38/42) carried Type B (sak, scn, chp) immune evasion cluster genes. A small 

number of isolates also harboured the toxic shock syndrome toxin-1 encoding tst-1 gene 

(N=6), the fus gene (N=5) and the antimicrobial resistance erm(C) (N=10) and tet(K) 

(N=2) genes (Table 3.5).  
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Figure 3.5. Minimum spanning trees (MST) based on core-genome multi-locus sequence typing (cgMLST) analysis of ST22-MRSA isolates. (a) 

Sixty-one Irish ST22-MRSA isolates (Panton–Valentine leucocidin (PVL)-positive [N=7] and PVL-negative [N=54]) recovered as part of the CA-

MRSA population structure analysis. (b) Seven PVL-positive ST22-MRSA Irish isolates and 35 additional epidemiologically unrelated PVL-

positive ST22 international Staphylococcus aureus comparator reference isolates (CRFs) (21 MRSA and 14 MSSA). Closely related clusters of 

isolates (≤24 cgMLST allelic differences [Schürch et al., 2018]) are outlined with grey shadowing. The numbers on each branch indicate the 

numbers of cgMLST allelic differences detected between neighbouring isolates. The epidemiological and genotypic information for each Irish 

isolate is shown in Table 3.4 and the CRFs in Table 3.5. (a) MST constructed from 61 Irish ST22-MRSA isolates (PVL-positive [N=7] and PVL-

negative [N=54]) recovered from nine different Irish hospitals between 2014–2022. Isolates assigned to different spa types are indicated by separate 

colours. A red square around a node is used to indicate a PVL-positive isolate (b) MST constructed from the seven PVL-positive ST22-MRSA 

Irish isolates identified in the CA-MRSA population structure analysis and 35 additional PVL-positive international CRFs (21 MRSA and 14 

MSSA). Irish isolates assigned to different spa types are indicated by separate colours and international strains are shaded in grey. The international 

strains belonged to a variety of spa types including t005, t13828, t1977, t1372, t1304, t852, t474, t309, t1328, t845, t1977 and t1802. ST22-MRSA-

IVc isolates recovered from the UK (N=4) and USA (N=1) between 2011–2012 formed a distinct cluster (Cluster 1 [C1]).  
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3.3.2.6 Evidence of transmission of PVL-negative ST772-MRSA in a NICU in Ireland  

To investigate the possible transmission of a PVL-negative variant of the PVL-positive 

ST772-MRSA-V Bengal Bay clone within a NICU of an Irish hospital over a two-week 

period in 2021, twelve MRSA isolates recovered between 2017–2021 were investigated 

using WGS (Table 3.8). Eleven of these isolates were recovered from 11 different NICU 

patients (aged <1) in H3 over two weeks in 2021 and one other isolate was recovered 

from a patient (aged 37) in the emergency department of H1 in 2017. The 11 H3 NICU 

isolates were PVL-negative t657/ST772-MRSA harbouring SCCmec V (N=10) or IVc 

(N=1). The remaining isolate from H1 was a PVL-positive t657/ST772-MRSA-V isolate, 

possibly belonging to the Bengal Bay clone. These isolates were identified as part of the 

larger CA-MRSA population structure study described above (Table 3.4), where close 

genetic relatedness between the NICU ST772 isolates was observed on the cgMLST-

based MST (Fig. 3.4). As the NICU isolates were all recovered from separate patients in 

the same hospital unit within a relatively short time-period and appeared to be identical 

to one another, this prompted further analysis.      
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Table 3.8. Twelve ST772-MRSA Irish isolates investigated in the present study 

H [N] ST-
SCCmec 

No. of 
Isolates 

Sources(N) Age of 
patient 

Recovery 
dates 

spa 
typesᵇ 

PVL(+/-) AR genes(N) Virulence factor genes IEC 

H3 [11] ST772-
MRSA-V 

10 NICU [10] <1 [10] 2021 [10] t657 [10] PVL- [10] blaZ [10], ccrAA/C [10], mecA 
[10], lmrP [10], aac-aphD [10], 
aphA3 [10], mphC [10], ugpQ 
[10], fosB [10], mprF [10], 
msrA [10], sdrM [10] 

aur [10], ebpS [10], eno 
[10], hl [10], hla [10], 
hlgA/B/C [10], lukX/Y [10], 
sei [10], sec [10], sspB/P 
[10] 

H (scn) 
[10] 

 ST772-
MRSA-
IVc 

1 NICU <1 2021 t657 PVL- blaZ, ccrAA/C, mecA, lmrP, 
aac-aphD, aphA3, mphC, 
ugpQ, fosB, mprF, msrA, sdrM 
 

aur, ebpS, eno, hl, hla, 
hlgA/B/C, lukX/Y, sei, sec, 
sspB/P 

H (scn) 

H1 [1] ST772-
MRSA-V 

1 ED 37 2017 t657 PVL+ blaZ, ccrAA/C, mecA, lmrP, 
aac-aphD, aphA3, mphC, 
ugpQ, fosB, mprF, msrA, sdrM 
 

aur, ebpS, eno, hl, hla, 
hlgA/B/C, lukF/S-PV, 
lukX/Y, sei, sec, sspB/P 

sea, scn 
 

Abbreviations: N, number; H, hospital; ST, sequence type; NICU, neonatal intensive care unit; ED, emergency department; SCCmec, 

staphylococcal chromosomal cassette harbouring mecA; PVL, Panton-Valentine leukocidin; +, positive; -, negative; IEC, immune evasion cluster. 
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By cgMLST, the PVL-negative NICU isolates exhibited a median of 0 (average: 0; range: 

0–1) allelic differences from one another and between 73–76 allelic differences to the 

PVL-positive H1 isolate (Fig. 3.6a). By wgMLST, the NICU isolates exhibited a median 

of 3 (average: 3; range: 1–9) allelic differences from one another and between 96–106 

allelic differences to the PVL-positive H1 isolate (Fig. 3.6b), indicating that there was 

likely one transmission event or outbreak between the patients in the NICU of H3. 

Genomic comparison of the PVL-negative t657/ST772-MRSA-IVc/V isolates recovered 

in this study against the well-established PVL-positive t657/ST772-MRSA-V Bengal 

Bay clone revealed high genetic similarities between these strains, despite the lack of pvl 

genes in the Irish study isolates. Analysis of the typical position of the PVL-encoding 

bacteriophage integration site revealed a complete absence of the phage in the PVL-

negative NICU isolates, although more thorough investigation is required. Comparison 

of the PVL-negative H3 NICU isolates with the PVL-positive H1 isolate in this study 

revealed that the H1 isolate differed from the NICU isolates through carriage of the pvl 

genes and an additional immune evasion cluster gene. All isolates carried the 

staphylococcal complement inhibitor (scn) gene but only the PVL-positive isolate 

harboured the staphylococcal enterotoxin A (sea) gene. These preliminary findings 

suggest that the emergence of this PVL-negative t657/ST772-MRSA lineage is worth 

exploring further to determine its origins, route of transmission into hospitals and its 

relationship to the Bengal Bay clone which is known to be circulating widely across Irish 

hospitals and community settings. Further analysis is currently ongoing and involves 

collation of an extensive collection of similar PVL-positive and PVL-negative ST772 

isolates from numerous disparate regions.  
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Figure 3.6. Minimum spanning trees (MST) based on core-genome multi-locus sequence 

typing (cgMLST) analysis and whole-genome multi-locus sequence typing (wgMLST) 

analysis of the 12 Irish ST772-MRSA isolates (Panton–Valentine leucocidin (PVL)-

positive [N=1] and PVL-negative [N=11]) recovered as part of the CA-MRSA population 

structure analysis. Hospital association is indicated (H1 and H3). Closely related clusters 

of isolates (≤24 cg/wgMLST allelic differences [Schürch et al., 2018]) are outlined with 

grey shadowing. The numbers on each branch indicate the numbers of cg/wgMLST 

allelic differences detected between neighbouring isolates. The epidemiological and 

genotypic information for each isolate investigated is shown in Table 3.4 and 3.7. (a) 

cgMLST-based MST constructed from 12 Irish ST772-MRSA isolates (PVL-positive 

[N=1] and PVL-negative [N=10]) recovered from two different Irish hospitals between 

2017–2021. A red square around a node is used to indicate a PVL-positive isolate. (b) 

wgMLST-based MST constructed from 12 Irish ST772-MRSA isolates (PVL-positive 

[N=1] and PVL-negative [N=10]) recovered from two different Irish hospitals between 

2017–2021. A red square around a node is used to indicate a PVL-positive isolate. 
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3.4 Discussion 

This study provided insights into the epidemiology of CA-MRSA in Ireland and 

confirmed the transmission of PVL-positive CA-MRSA into healthcare settings and 

subsequent association of these lineages with infection outbreaks. Multiple repeated 

introductions of PVL-positive CA-MRSA, specifically ST8-MRSA-IV (USA300 clone), 

ST772-MRSA-V (Bengal Bay clone) and ST88-MRSA-IV (‘African’ clone) have all 

previously been identified in Ireland, as well as association of these lineages with 

outbreaks in nosocomial settings (Brennan et al., 2012; Earls et al., 2018; Shore et al., 

2014). Many of these lineages are highly transmissible clones with the capability to 

spread widely and possibly displace predominant strains, making the high prevalence of 

PVL-positive CA-MRSA lineages observed in the current study a major concern. The 

PVL-negative ST22-MRSA-IVa lineage has maintained its predominance in Irish 

hospitals since 2002, but periodic replacement of dominant clonal types has occurred 

several times previously in Ireland (Shore et al., 2012). With the increased diversity in 

lineages being introduced into hospitals, potentially from the community as observed in 

the current study, another displacement could potentially occur in the near future. 

Alongside the prevalent ST1, ST5 and ST8 lineages reported in this study, genetically 

diverse PVL-positive ST22-MRSA and PVL-negative ST772-MRSA strains were also 

described. While the overall proportion of these strains were quite low (2% for PVL-

positive ST22; 3% for PVL-negative ST772), the circulation of these genetically distinct 

strains is still concerning. Reports of PVL-positive ST22-MRSA-IV associated with both 

healthcare and community outbreaks is well-documented, particularly in India where it 

now predominates together with the CA-MRSA ST772 Bengal Bay clone within 

healthcare environments (Shore et al., 2014). In Ireland, the circulation of novel distinct 

PVL-positive ST22 CA-MRSA lineages, separate to the highly prevalent PVL-negative 

HA ST22-MRSA, has been linked with outpatient clinics and NICUs (Broderick et al., 

2021). Similarly, the Bengal Bay clone has also been associated with colonisation and 

infection of both HCWs and NICU patients in Ireland (Brennan et al., 2012). 

Characterisation of these lineages reveal that importation into Ireland may have occurred 

on a number of different occasions. Introduction of these genetically distinct lineages 

which were originally identified from disparate geographical regions into Ireland 

suggests that surveillance of patient travel history and family background should be at 

the forefront of IPC measures to combat MRSA spread, alongside targeted patient 

screening. 
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Earls et al., 2017, also recently reported the emergence and extensive spread of a novel 

multidrug resistant t127/ST1-MRSA-IV within healthcare environments and the 

community in Ireland (Earls et al., 2017). The proportion of this t127 CA-MRSA lineage 

identified at the NMRSARL gradually increased from 1–7% between 2010–2015 (Earls 

et al., 2017). In the current study, PVL-positive t127 ST1-MRSA isolates which caused 

outbreaks within two separate families associated with the same hospital several years 

apart were identified. This demonstrated the involvement of intra-familial transmission 

in the spread of MRSA in the community. A previous report suggested that intra-familial 

transmission of MRSA is quite common and can result in two-thirds (67%) of all 

household contacts of an index carrier becoming colonised from the same strain 

(Mollema et al., 2010). Furthermore, recent travel history recorded for some members of 

Family 2 indicated that they had travelled to the Middle East in the past, which suggests 

possible importation of these strains into Ireland and subsequent spread within the family. 

Additionally, the involvement of HCWs in the spread of CA-MRSA within healthcare 

settings is becoming increasingly recognised (Earls et al., 2017). The current study 

revealed the presence of two distinct outbreaks involving PVL-positive ST5-MRSA and 

ST88-MRSA lineages which occurred simultaneously within one hospital. One of the 

ST88 isolates was recovered from a HCW within this hospital. The transfer of staff and 

patients between different healthcare facilities has been suggested as a likely contributor 

to the successful transmission of CA-MRSA in Ireland, although no evidence of this was 

noted in the present study where outbreaks were specific to separate hospitals (Brennan 

et al., 2012; Earls et al., 2017; L. Wang et al., 2012).  

 

Traditionally, resistance to multiple classes of clinically relevant antibiotics is not a 

common characteristic of CA-MRSA. This is no longer the case as MDR is now 

increasingly observed in many CA-MRSA strains including in PVL-positive populations 

across Asia, Europe, the USA and Australia (Brennan et al., 2012; Earls et al., 2017; 

Macedo-Vinas et al., 2013; Wang et al., 2012). In the present study, although the majority 

of the population exhibited resistance to only a limited number of the antibiotic classes 

tested, MDR was detected in 37% of the PVL-positive CA-MRSA outbreak isolates 

investigated. Acquisition of additional antimicrobial resistance determinants by CA-

MRSA strains, including the well-established ST8 USA300 through MGEs has been 

suggested as a potential factor aiding CA-MRSA’s successful invasion of healthcare 

settings (Lindsay et al., 2012). This is of major concern as it limits the treatment options 
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available for infected patients and greatly impacts their clinical outcomes. Phenotypic 

resistance to tetracycline, ciprofloxacin and erythromycin was detected in 9%, 13% and 

46% of isolates investigated as part of the PVL-positive CA-MRSA outbreak study, 

respectively (Table 3.1). Furthermore, the PVL-positive t127 and PVL-negative t267 

isolates investigated in the present study all exhibited phenotypic resistance to fusidic 

acid and carried the fus gene. Although systemic use of fusidic acid in Ireland has 

significantly decreased, it is still often prescribed as a topical treatment for SSTIs (Earls 

et al., 2017). Overall, this demonstrates the advantage of epidemiological investigations 

such as this one in informing antimicrobial treatment options and implementing infection 

prevention and control (IPC) strategies. 

   

Outbreak studies were often limited to characterisation of strains by spa typing and 

traditional MLST approaches (Brennan et al., 2012; Broderick et al., 2021). These 

techniques have lower discriminatory power in comparison to WGS-based tools, and are 

inadequate for discerning differences among closely related strains, particularly in 

outbreak situations. Using WGS, the current study confirmed outbreaks caused by 

distinct PVL-positive CA-MRSA lineages (ST8-MRSA-IVa, ST88-MRSA-V and ST5-

MRSA-IVc) within separate Irish hospitals attending to maternity and paediatric patients. 

Transmission of CA-MRSA strains within NICUs and among pregnant patients is of 

concern, and outbreaks of this nature within such settings have been increasingly reported 

in recent years (Gould et al., 2009; Sanchini et al., 2013; Sowash and Uhlemann, 2014). 

In the present study, many of the outbreak isolates were recovered from patients within 

the same hospital wards, from HCWs and also from family clusters, indicating that there 

are currently numerous routes for CA-MRSA importation into hospital settings. The 

majority of these CA-MRSA outbreak isolates belonged to strains circulating locally in 

the community which were then imported into hospitals. The family cluster outbreaks 

also revealed an alternate route of transmission with the importation of international 

strains by travel resulting in household spread, followed by introduction into hospitals.  

 

The current study demonstrated the high resolution offered by WGS over conventional 

molecular typing for investigation of outbreaks and transmission of MRSA strains both 

within and outside healthcare settings. In conclusion, although this study successfully 

highlights the changing epidemiology of MRSA in Ireland and uses WGS to supplement 

the currently limited data on CA-MRSA spread, the actual burden of this pathogen could 
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be significantly worse. Some limitations to the study include reliance on only those 

isolates submitted to the NMRSARL and also lack of sufficiently detailed 

epidemiological information on patient travel history and family background. 

Additionally, although maternity hospital patients are thought to be reflective of the 

general MRSA population, it is important to note that there may be some level of 

disparity between strains circulating in maternity settings and those within the general 

community. Addressing these limitations will positively impact MRSA surveillance 

investigations and inform more effective IPC approaches. 
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4.1 Introduction  

4.1.1 PVL-positive MRSA in Ireland 

Between 1999 and 2005, the overall prevalence rate reported for PVL-positive MRSA in 

Ireland was approximately 1.8% and the predominant lineages identified were ST5, ST8, 

ST22, ST30, ST80 and ST154, all harbouring SCCmec type IV (Shore et al., 2014). Since 

then, the proportion of PVL-positive MRSA isolates submitted to the NMRSARL 

annually has increased significantly (NMRSARL, 2020; Shore et al., 2014). According 

to recent NMRSARL reports, the prevalence of PVL-positive isolates increased from 

0.2% in 2002 to 8.8% in 2011 and 16.8% in 2022 (Fig. 3.1), with the most frequently 

recognised STs including ST1, ST5, ST8 and ST30 which typically harbour SCCmec 

types IV or V (NMRSARL, 2021; Shore et al., 2014). These PVL-positive lineages now 

account for approximately 35% of all circulating strains in Ireland (NMRSARL, 2021; 

Monecke et al., 2011).  

 

4.1.2 Identification of a novel PVL-positive ST5-MRSA clone in Ireland 

Chapter 3 of this study described the recent emergence of a PVL-positive CC5/ST5-

MRSA lineage harbouring the SCCmec type IVc element in an Irish hospital. This CC5 

lineage was associated with a distinct MRSA outbreak in the maternity unit of a regional 

Irish hospital (H3) which involved 13 separate patients over a 15-month period between 

2018 and 2020. Prior to this, similar isolates had been identified within a major teaching 

hospital in the rural North-Central province of Sri Lanka in 2014, as well as in Australia 

and the UK and were described by McTavish et al., 2019 as ‘Sri Lankan clone’ MRSA. 

The isolates were recovered over a four-month period as part of a general population 

study of MRSA causing clinical infections in Sri Lanka. The majority of PVL-positive 

isolates recovered in the study (56/62; 90.3%) belonged to the dominant CC5/ST5-

MRSA-IVc Sri Lankan clone. To confirm whether this PVL-positive CC5 lineage was 

genotypically diverse or part of a single circulating clone, a WGS-based phylogenetic 

investigation (Fig. 4.1) was undertaken by McTavish et al. The analysis, which also 

included representative previously sequenced PVL-positive ST5-MRSA-IVc isolates 

from the UK and Australia revealed that the CC5/ST5-MRSA-IVc isolates formed a 

single phylogenetic clade (Fig 4.1), suggesting widespread geographical circulation of 

this clone. The majority of the UK ST5-MRSA-IVc samples (10/13; 76.9%) in the Sri 

Lankan clade were associated with patients with known travel links to Sri Lanka. Six 
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related spa types were associated with the Sri Lankan clone including t010, t045, t1062, 

t5490, t7342 and t002; with the latter being the predominant spa type (50/56; 89.3%).  
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Figure 4.1. Phylogenetic investigation performed by McTavish et al. 2019, on CC5 isolates from Sri Lanka, England, Australia, and Argentina to 

describe the Sri Lankan clone. Phylogeny inferred by maximum likelihood analysis. Country of origin denoted by colour of sample name: blue, 

England; red, Sri Lanka; green, Australia; yellow, Argentina. (A) Unrooted phylogenetic tree indicating relationships between international CC5 S. 

aureus based on SNP analysis of whole genome sequences. Clinical information relating to each isolate is also shown (red, invasive; blue, skin 

and soft tissue infection; green, screening/carriage sample; grey, unknown). (B) The Sri Lankan clade. Triangle indicates UK patients with known 

links to Sri Lanka. SCCmec types: red, IV-a; yellow, IV-c; green, VI; grey, NT. In gene profile section, ■ indicates presence of gene. Image from 

McTavish et al., 2019.  
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Where origin of the sample was recorded, the majority of the Sri Lankan clone isolates 

recovered in the study were primarily associated with community and hospital-onset 

SSTIs (42/50; 84%), with the remainder from invasive infections including bacteraemia, 

empyema and osteomyelitis. All but one PVL-positive ST5-MRSA-IVc isolate 

harboured the sed/sej/ser enterotoxin genes, which are typically harboured on plasmids 

(Fig. 4.2). Greater variability was observed in carriage of genes encoding antimicrobial 

resistance, including erm(C) and tet(K), which suggests dynamic loss/acquisition of 

mobile genetic elements within this clone. A chromosomal mutation associated with 

quinolone resistance (grlA 80:S-F) was also noted sporadically. Similarly, a recent 

genomic analysis of MRSA circulating in the UAE by Senok et al. 2020, also revealed 

the presence of the PVL-positive CC5/ST5-MRSA-IVc Sri Lankan clone in secondary 

and tertiary care facilities, further demonstrating wider geographical spread of this clone. 

The UAE ST5-MRSA-IVc isolates also exhibited two distinct profiles based on the 

presence or absence of the sed/sej/ser enterotoxin genes (Fig. 4.2).  
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Figure 4.2. Staphylococcus aureus pSM31 plasmid present in a PVL-positive CC5/ST5-MRSA-IVc Sri Lankan clone isolate M4761 carrying the 

ser, sej, sed enterotoxin genes and β-lactamase genes including blaZ, blaR1 and blaI. Isolate sequence underwent hybrid assembly following long-

read and short-read sequencing. The hybrid assembled genome was annotated using RAST v2.0 (https://rast.nmpdr.org) and visualised using 

SnapGene v6.0.6 (https://www.snapgene.com).  
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4.1.3 Prevalence of CC5/ST5-MRSA in Ireland and internationally  

Clonal complex 5 MRSA includes several epidemic clones associated with ST5 

responsible for community and healthcare-associated infections globally. This includes 

the well dispersed USA800 and USA100 clones (Breurec et al., 2011). USA800 is a 

PVL-positive ST5-MRSA clone (also known as the Paediatric clone) which was first 

detected in neonatal patients in a paediatric hospital in Portugal in the late 1990s, before 

gradually spreading across other parts of Europe, including Ireland (Shore et al., 2005) 

and also into North/South America (Sá-Leão et al., 1999). Many isolates belonging to 

this clone are known to harbour a SCCmec structural variant similar in size to type IV 

but with a novel ccrAB allotype, termed SCCmec type VI (Conceição et al., 2010; 

Oliveira et al., 2006). This ST5-MRSA clone now circulates widely within the 

community and in hospital settings and is associated with a variety of clinical 

manifestations including severe nosocomial infections (de Miranda et al., 2007). 

Although PVL-negative, the USA100/ST5-MRSA-II clone (also known as the New 

York/Japan clone) is another clinically relevant ST5 lineage which has achieved global 

dissemination (Grundstad et al., 2019). USA100 isolates typically exhibit a high level of 

antimicrobial resistance and are often associated with a variety of invasive infections 

across all patient populations (Grundstad et al., 2019). In Ireland, ST5-MRSA-II has been 

a common clonal type since the early 1990s with numerous variants of the clone 

identified over the years (Shore et al., 2005). This includes Irish AR07.3, AR07.4 and 

AR11, which all exhibit distinct antimicrobial resistance profiles (Shore et al., 2005). 

Additionally, ST5-MRSA-II isolates are typically associated with spa types t002 and 

t003 (Monecke et al., 2011). In Ireland, ST5-MRSA-II assigned to spa type t045 have 

also been reported (Monecke et al., 2011). Spread of MRSA through travel and migration 

is well-described (McTavish et al., 2019; Shore et al., 2014), and can explain the 

diversity of clones imported into Ireland. The significant increase observed in the 

proportion of PVL-positive MRSA including increased incidences of ST5-MRSA in 

recent years, has primarily been attributed to an increase in the number of outbreaks and 

infection clusters in Irish community and hospital settings (NMRSARL, 2021). This is 

evidenced by the multiple distinct outbreaks within a short period of time described in 

Chapter 3 of this study. 
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4.1.4 Surveillance of the emerging PVL-positive Sri Lankan clone 

The importation of the PVL-positive ST5-MRSA-IVc Sri Lankan clone into Ireland as 

well as its subsequent association with infection outbreaks within Irish nosocomial 

settings is of concern. Additionally, the lower fitness cost imposed by carriage of a 

smaller SCCmec element (Type IV) could potentially allow for stable populations of this 

CA-MRSA clone to arise and disseminate widely across community and nosocomial 

settings (Breurec et al., 2011). Chapter 3 of this study focused only on localised 

investigation of the Sri Lankan clone within a specific hospital setting in Ireland. 

Similarly, international investigations on this clone have also only provided country-

specific genomic characterisation of the clone (McTavish et al., 2019; Senok et al., 

2020). The initial genomic investigation of the Sri Lankan clone from Sri Lanka, the UK 

and Australia by McTavish et al., 2019, highlighted the need for investigation of a larger 

collection of isolates from numerous disparate geographical regions in order to accurately 

elucidate the origins and dissemination of the Sri Lankan clone. Consequently, the 

present study sought to further investigate the Sri Lankan clone using a comprehensive 

collection of PVL-positive ST5-MRSA-IVc isolates from Irish hospital and community 

settings in comparison with the previously reported Sri Lankan clone (McTavish et al., 

2019) and similar international isolates to determine the clone's global distribution, 

diversity and population structure for the first time using WGS.  
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4.2 Materials and Methods 
 
4.2.1 Isolate collection 

Two hundred and eighty-five isolates recovered from 15 different countries between 

2003 and 2022 were investigated including: (i) PVL-positive CC5/ST5-MRSA-IVc 

isolates (2005–2022) from 12 countries across Europe, Asia, Australia and the Middle 

East similar to and including 46 previously described Sri Lankan clone isolates 

(McTavish et al., 2019) (ii) PVL-negative t311/ST5-MRSA-V isolates recovered from 

five separate Irish hospitals between 2015–2019 and (iii) PVL-positive and PVL-

negative comparator CC5/ST5-MRSA–I/II/IVa/IVc/IVg/V isolates recovered between 

2003–2021. Isolates were stored as described in Chapter 2, Section 2.2.1. A detailed 

breakdown of the isolate collection is provided below. 

 

4.2.1.1 Irish study isolates  

Fifty-six MRSA isolates submitted to the NMRSARL between 2013–2022 were 

investigated in this part of the study. This included 14 previously described PVL-positive 

ST5/t002-MRSA-IVc outbreak-associated isolates recovered from a maternity ward 

(N=9), the special care baby unit (SCBU) (N=3), the outpatient department (N=1) and 

the paediatric emergency department (N=1) of a regional Irish maternity hospital (H3) 

between 2018–2020 (see Chapter 3). These isolates were suspected to be outbreak-

associated due to the short 15-month period between isolate recovery in the same 

hospital, and subsequently underwent confirmatory WGS analysis. The isolates were 

genotypically similar to Sri Lankan clone isolates which were previously described by 

McTavish et al., 2019. A search of the NMRSARL collection for PVL-positive 

t002/ST5-MRSA-IVc and related spa types revealed 16 additional isolates recovered 

between 2013 and 2022 (Table 4.1). This included two more recent (2021) patient 

isolates from the same maternity unit and 14 patient isolates from nine other hospitals 

across Ireland (H2, H4, H9, H11, H13–H15 and H17–H18).  
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Table 4.1. Antimicrobial resistance and virulence-associated gene profiles of 214 PVL-positive CC5/ST5-MRSA-IVc Sri Lankan clone isolates 

and 52 additional PVL-positive [N=29] and PVL-negative [N=23] CC5/ST5-MRSA-I/II/IVa/IVc/IVg/V comparator isolates investigated 

Country  Isolates [N]  Year(s) of 
isolation 

spa-ST-SCCmec 
[N] 

AR genesa [N] PVL 
(+/-) 

IEC Type [N] Reference 

Algeria Comparator [1] 2003 t450-ST5-IVa aadD, erm(C), fosB, lmrP, mprF, tet(M), 
vga(A), sdrM 

+ B This study 

Australia Sri Lankan clone [1] 2015 t002-ST5-IVc blaZ, fosB, lmrP, sdrM  + G McTavish et al., 
2019 

Czech 
Republic 

Sri Lankan clone [6] 2018–2021 t002-ST5-IVc  blaZ [4], fosB [6], lmrP [5], sdrM [6], 
mprF [6], erm(C) [1] 

+  G [4]  
E [1] 
Novel type 3 (sak, 
sep) [1] 

This study 

Comparators [2] 2019–2021 t002-ST5-IVa [1] 
t002-ST5-II [1] 

aadD [1], blaZ [2], erm(A) [1], fosB [2], 
kdpA/B/C/D/E [1], lmrP [2], mprF [2], 
sdrM [2], xylR [1] 

-  G [1] 
B [1] 

 

Denmark Sri Lankan clone [66] 2007–2021 t002-ST5-IVc  blaZ [61], fosB [65], lmrP [65], mprF 
[65], sdrM [66], erm(C) [31], tet(K) [3], 
mupA [3], qacA [3], qacC [1], cat [1] 

+  G [59] 
F [7] 

This study 

 Comparators [10] 2013–2015 t002-ST5-IVa [2] 
t002-ST5-V [8] 

blaZ [9], fosB [10], lmrP [10], mprF 
[10], sdrM [10], aacA-aphD [7], erm(C) 
[2], tet(K) [1] 

+ [7] 
- [3] 

G [8] 
F [1] 
B [1] 

 

Germany Sri Lankan clone [20] 2011–2019 t002-ST5-IVc [15] 
t535-ST5-IVc [2] 
t579-ST5-IVc [1] 
ND-ST5-IVc [2] 

blaZ [18], erm(C) [11], fosB [20], lmrP 
[20], mprF [20], sdrM [19], tet(K) [1], 
qacA [1], msr(A) [1] 

+  G [16] 
E [1] 
Novel type 1 (sep 
only) [1]  
Novel type 2 (sak, 
scn, sea, sep) [1] 

This study 

 Comparators [2] 2014–2017 t105-ST5-IVc  blaZ [1], fosB [1], lmrP [1], mprF [2], 
sdrM [1] 

+  B  

                   Table 4.1 continued overleaf 
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Country  Isolates [N]  Year(s) of 
isolation 

spa-ST-SCCmec 
[N] 

AR genesa [N] PVL 
(+/-) 

IEC Type [N] Reference 

Ireland Sri Lankan clone [30] 2013–2022 t002-ST5-IVc  blaZ [29], fosB [30], lmrP [30], mprF 
[30], sdrM [30], erm(C) [5] 

+  G [29] 
None [1] 

This study 

 Comparator [17] 2013–2019 t002-ST5-I [1] 
t002-ST5-IVa [2] 
t002-ST5-IVc [3] 
t002-ST5-IVg [2] 
t311-ST5-V [9]  

blaZ [13], erm(C) [10], fosB [17], lmrP 
[17], mprF [17], sdrM [17], fusC [10], 
fexA [1], aadD [1], qacA [1], merA [1] 

+ [2] 
- [15] 

G [2] 
F [2] 
B [3] 
E [9] 
Novel type 1 (sep 
only) [1]  

 

Kuwait Sri Lankan clone [1] 2013 t002-ST5-IVc blaZ, erm(C), fosB, lmrP, mprF, sdrM  + G This study 
 Comparator [1] 2013 t002-ST5-IVa blaZ, erm(C), fosB, lmrP, mprF, sdrM + G  

Norway Sri Lankan clone [24] 2007–2021 t002-ST5-IVc [23] 
t1062-ST5-IVc [1] 

blaZ [23], fosB [24], lmrP [24], mprF 
[24], sdrM [24], erm(C) [9], tet(K) [2], 
vga(A) [1] 

+  G [23] 
Novel Type 2 
(sak, scn, sea, 
sep) [1] 

This study 

 Comparators [12] 2003–2020 t311-ST5-IVa [4] 
t311-ST5-IVc [2] 
t002-ST5-IVa [3] 
t105-ST5-IVc [1] 
t3089-ST5-IVa [1] 
t442-ST5-V [1] 

blaZ [12], fosB [12], lmrP [12], mprF 
[12], sdrM [12], erm [C] [1], tet(K) [1], 
aacA-aphD [2], dfrA [2], tet(M) [2], 
aphA3 [3], mph(C) [1], msr(A) [1], sat 
[3], qacC [1] 

+ 
[11] 
- [1] 

G [3] 
B [5] 
A [4] 

 

Saudi 
Arabia 

Sri Lankan clone [4] 2010–2017 t002-ST5-IVc  blaZ [3], fosB [4], lmrP [4], mprF [4], 
sdrM [4], erm(C) [2], aphA3 [1], sat [1] 

+  G [4] This study 

 Comparator [1] 2010 t311-ST5-IVa blaZ, fosB, lmrP, mprF, sdrM - B  
 
Senegal 
 

Comparators [2] 2007 t311-ST5-IVa  aacA-aphD [1], aadD [1], blaZ [1], dfrA 
[2], fosB [2], lmrP [2], mprF [2], qacC 
[1], tet(M) [2], sdrM [2] 

+  B [2] This study 

              Table 4.1 continued overleaf 
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Country  Isolates [N]  Year(s) of 
isolation 

spa-ST-SCCmec 
[N] 

AR genesa [N] PVL 
(+/-) 

IEC Type [N] Reference 

Slovakia Comparator [1] 2020 t002-ST5-IVc blaZ, fosB, lmrP, mprF, sdrM - B This study 
Sri Lanka Sri Lankan clone [33] 2014 t002-ST5-IVc [21] 

t010-ST5-IVc [1] 
t045-ST5-IVc [2] 
t062-ST5-IVc [4] 
t1062-ST5-IVc [1] 
ND-ST5-IVc [4] 

blaZ [33], fosB [33], lmrP [33], mprF 
[33], sdrM [33], erm(C) [14], tet(K) [4] 

+  G [31] 
Novel type 1 (sep 
only) [1] 
Novel Type 2 
(sak, scn, sea, 
sep) [1] 

McTavish et al., 
2019 

Sweden Sri Lankan clone [2] 2005–2009 t002-ST5-IVc blaZ [2], erm(C) [1], fosB [2], lmrP [2], 
mprF [2], sdrM [2], tet(K) [1] 

+  G [2] This study 

United 
Arab 
Emirates 

Sri Lankan clone [15] 2017–2019 t002-ST5-IVc [12] 
t010-ST5-IVc [1] 
t045-ST5-IVc [1] 
t306-ST5-IVc [1] 

blaZ [15], erm(C) [9], fosB [15], lmrP 
[17], mprF [17], sdrM [17] 

+  G [15] This study 

 
 

Comparator [3] 2018 t105-ST5-IVc [2] 
t002-ST5-IVa [1]  

blaZ [1], erm(C) [1], fosB [3], lmrP [3], 
mprF [3], sdrM [3]  

+ G [1] 
B [2] 

 

United 
Kingdom  

Sri Lankan clone [12] 2005–2015 t002-ST5-IVc [5] 
t062-ST5-IVc [2] 
ND-ST5-IVc [5] 

blaZ [12], fosB [12], ImrP [12], mprF 
[12], sdrM [12], erm(C) [4], tet(K) [2], 
sat [1] 

+ G [11] 
D [1] 

McTavish et al., 
2019 

a Genotypic information was extracted from whole-genome data using Ridom SeqSphere+ v7.0.4 (Ridom GmbH, Münster, Germany) and S. 

aureus Genotyping Kit 2.0 (Abbott [Alere]) microarray technology (Monecke et al., 2016).  

Abbreviations: ND, not determined – isolates not available and spa types could not be determined using in-silico techniques with the available 

genomic sequence data; ST, sequence type; SCCmec, staphylococcal chromosomal cassette harbouring mecA; PVL, Panton-Valentine leukocidin; 

+, positive; -, negative; IEC, immune evasion cluster; scn; staphylococcal complement inhibitor, sea; staphylococcal enterotoxin a gene, sep, 

staphylococcal enterotoxin p gene; sak, staphylokinase gene. 
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Surveillance of ST5-MRSA submitted to the NMRSARL for investigation also revealed 

a noticeable increase in the number of PVL-negative ST5-MRSA isolates during the 

same period of the protracted PVL-positive t002/ST5-MRSA-IVc outbreak in H3. 

Notably, there was an increase in the number of PVL-negative t311/ST5-MRSA-V 

isolates submitted to the NMRSARL from five separate Irish hospitals. Due to the close 

genetic relationship between spa type t002 (repeat succession: 26–23–17–34–17–20–17–

12–17–16) and spa type t311 (repeat succession: 26–23–17–34–20–17–12–17–16), 

which differ by only one spa repeat and association of both spa types with ST5, a 

comparative investigation was undertaken to illustrate the circulation of both PVL-

positive and PVL-negative ST5-MRSA within Ireland. Twenty-six PVL-negative 

t311/ST5-MRSA-V isolates recovered between 2015–2019 from H1, H3, H6, H13 and 

H14 were investigated as part of this study within the context of the fourteen previously 

described PVL-positive t002/ST5-MRSA-IVc outbreak isolates recovered between 

2018–2020 from H3 (Table 4.2).  

 

4.2.1.2 Irish comparator reference isolates 

Nineteen comparator NMRSARL isolates (two PVL-positive ST5-MRSA-IVa, one 

PVL-negative ST6045-MRSA-V and 16 PVL-negative ST5-MRSA-I/IVc/IVg/V) 

recovered from nine hospitals (H2–H4, H9, H13, H19–H22) between 2013 and 2019 

were investigated as part of the current study (Table 4.1 and 4.2).  

 

4.2.1.3 International study isolates 

Additional PVL-positive ST5-MRSA-IVc clinical isolates or WGS datasets from 

disparate geographical locations were sought for comparison to the Irish PVL-positive 

ST5-MRSA-IVc isolates. Contact with international collaborators, a literature search 

(Table 4.3) and an extensive search of the NCBI, SRA, GenBank and ENA databases 

using the following search terms: ‘ST5’, ‘CC5’, ‘spa type t002’, ‘PVL-positive’, ‘lukF-

pv’, ‘lukS-pv’, ‘MRSA’ and ‘SCCmec IVc’ yielded 184 international strains. This 

included clinical isolates (N=56) and WGS datasets (N=82) from international 

collaborators as listed in Table 4.1 and summarised below. From the literature search, 46 

PVL-positive ST5-MRSA-IVc Sri Lankan clone isolates were recovered (Table 4.3).  
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Table 4.2. Molecular characterisation, antimicrobial resistance and virulence gene profiles of the 26 t311, 14 t002 ST5-MRSA and seven 

comparator isolates investigated in the present study 

     No. of isolates investigated [N]       
spa-ST-SCCmec Isolates 

[N] 
Sourceᵃ Antibiotic resistance AR genesa PVL(+/-) IEC Type 

 (a) Study isolates       
t002/ST5-MRSA-IVc 14 H3 Ap [14] blaZ, fosB, lmrP, mecA, mprF [14]  PVL+ [14]  G [14]  

t311/ST5-MRSA-V 26 H1 [1] 
H3 [1] 
H6 [4] 
H13 [11] 
H14 [9] 

Ap, Fd, Cp, Tp [8] 
Ap, Fd, Cp, Er, Tp [14]  
Ap, Fd, Te, Rf [2] 
Ap, Fd, Er, Te, Rf [2]  

 blaZ, fosB, fusC, ImrP, mecA, erm(C), mprF, sdrM 
[13] 
blaZ, fosB, fusC, ImrP, mecA, mprF, sdrM [8] 
fosB, fusC, ImrP, mecA, mprF sdrM, tet(M) [3] 
blaZ, fosB, fusC, ImrP, mecA, mprF, sdrM, tet [M], 
msrA [1] 
blaZ, fosB, fusC, ImrP, mecA, erm(C), mprF, sdrM, 
qac(A) [1] 

PVL- [26] E [22] 
B [4]  

 (b) Comparator 
isolates 

      

t311/ST6045-MRSA-V 1 H13 Ap, Fd, Cp, Er, Tp  
  

blaZ, fosB, fusC, ImrP, mecA, erm(C), mprF, sdrM 
  

PVL- 
  

E 
  

t002/ST5-MRSA-IVc 4 H3 [1] 
H4 [2] 
H21 [1] 

Ap [1] 
Ap, Cp [2] 
Ap, Er [1]  

blaZ, fosB, lmrP, mecA, mprF [1] 
blaZ, fosB, ImrP, mecA, mprF, sdrM, merA/B, qacA [1] 
fosB, ImrP, mecA, mprF, sdrM, erm(C) [1] 
blaZ, fosB, ImrP, mecA, mprF, sdrM [1]  

PVL- [4] 
  

F [2] 
B [1] 
Novel type 1 
(sep only) [1]  

t002/ST5-MRSA-IVg 2 H9 [1] 
H13 [1] 

Ap [1] 
Ap, Cl [1] 

blaZ, fosB, ImrP, mecA, mprF, sdrM [1] 
fosB, fexA, ImrP, mecA, mprF, sdrM [1] 
  

PVL- [2] 
  

B [1] 
E [1] 

aGenotypic information was extracted from whole-genome data using Ridom SeqSphere+ v7.0.4 (Ridom GmbH, Münster, Germany). 
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Abbreviations: spa, staphylococcal protein A type; ST, sequence type; SCCmec, staphylococcal chromosomal cassette harbouring mec; N, number; 

ampicillin (Ap), chloramphenicol (Cl), ciprofloxacin (Cp), erythromycin (Er), fusidic acid (Fd), rifampicin (Rf), tetracycline (Te), trimethoprim 

(Tp); AR, antimicrobial resistance; PVL, Pantone-Valentine leukocidin; +, positive; -, negative.
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Table 4.3. Literature search to identify previously investigated PVL-positive CC5/ST5-MRSA-IVc Sri Lankan clone isolates 
 

Part (a): Literature search results; closest hits 
PMID Country Year DOI No. of isolates 

in study 
ST PVL+/- SCCmec type 

31080781 

 

United Kingdom, Sri Lanka, 
Australia 

2019 https://doi.org/10.3389/fcimb.2019.00123  56 (46 
included in 
study) 

ST5 PVL+ IVc 

33122734 United Arab Emirates 2020 https://doi.org/10.1038/s41598-020-75565-w  14 ST5 PVL+ IVc 

33939761 United States of America 2021 https://doi.org/10.1371/journal.pone.0250975 2 ST5 PVL+ IVc 

33118033 Czech Republic 2021 https://doi.org/10.1093/jac/dkaa404 11 ST5 PVL+ IVc 
28399994 United States of America 2017 http://dx.doi.org/10.1016/j.fm.2017.01.015  3 ST5 PVL+ Not mentioned 
23916451 China 2013 http://dx.doi.org/10.1016/j.bjid.2013.02.007 6 ST5 PVL+ IV 

23922169 Sweden 2013 https://doi.org/10.1007/s10096-013-1929-2  25 ST5 PVL+ Not mentioned 

25838886 United States of America 2015 https://doi.org/10.1186/s13756-015-0048-5  6 ST5 PVL+ Not mentioned 

29912846 Israel 2017 https://doi.org/10.1093/ofid/ofx163.1709 28 ST5 PVL+ IV 

34094618 

 

The Philippines 2021 https://doi.org/10.5365/wpsar.2020.11.1.004  2 ST5 PVL+ IV 

32764618 Germany 2020 https://doi.org/10.1038/s41598-020-70112-z  4 ST5 PVL+ IV 

30424799 Italy 2018 https://doi.org/10.1186/s13073-018-0593-7  10 ST5 PVL+ IV 

32883933 Brazil 2020 https://doi.org/10.4103/ijmm.IJMM_20_157 2 ST5 PVL+ IV 

29386909 China 2018 https://doi.org/10.2147/IDR.S153399 1 ST5 PVL+ IV 

Part (b): Literature search results; partial hits (potential comparator isolates) 

      Table 4.3 continued overleaf 
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PMID Country Year DOI No. of isolates 
in study 

ST PVL+/- SCCmec type 

34670645 Brazil 2021 https://doi.org/10.3201/eid2711.210097  167 ST5 Not 
mentioned 

IV 

23269731 USA 2013 https://doi.org/10.1128/JCM.02429-12 1 ST5 PVL+ II 

23765159 

 

Chile 2013 https://doi.org/10.1007/s10096-013-1907-8  2 ST5 PVL- IVc, IV non-
typeable 

23765686 

 

USA 2014 https://doi.org/10.1002/ppul.22815 42 ST5 PVL- II 

30322522 Sweden 2018 https://doi.org/10.1016/j.vetmic.2018.09.017 12 ST2659 PVL+ Not mentioned 
29676483 China 2018 https://doi.org/10.1002/jcla.22456 29 ST5 Not 

clarified 
III 

18948410 Spain 2009 https://doi.org/10.1093/jac/dkn430 15 ST5 PVL- IV 
Abbreviations: ST, sequence type; PVL, Panton Valentine Leukocidin; +, positive; -, negative; SCCmec type, Staphylococcal Cassette 

Chromosome mec. 
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https://doi.org/10.1002/jcla.22456
https://doi.org/10.1093/jac/dkn430
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(i) Clinical isolates 

Fifty-six PVL-positive ST5-MRSA-IVc isolates recovered between 2005–2021 in the 

Czech Republic (N=6), Germany (N=4), Kuwait (N=1), Norway (N=24), Saudi Arabia 

(N=4), Sweden (N=2) and UAE (N=15) underwent WGS at the Dublin Dental University 

Hospital Microbiology Research Unit (DDUH, Ireland) (Table 4.1).  

 

(ii) WGS datasets  

WGS datasets for PVL-positive ST5-MRSA-IVc isolates from Denmark (2007–2021) 

(N=66) and Germany (2011–2019) (N=16) were received. WGS datasets for the 46 PVL-

positive ST5-MRSA-IVc Sri Lankan clone isolates previously described by McTavish et 

al., 2019, were downloaded from ENA (accession number PRJEB27049). These patient 

isolates were recovered in a Sri Lankan hospital over a four-month period in 2014 

(N=33), the UK between 2005–2015 (N=12) and Australia in 2015 (N=1) (Table 4.1).  

 

4.2.1.4 International comparator reference isolates 

The literature search and contact with international collaborators also yielded 35 

international comparators (24 clinical isolates and eleven WGS sequences; Table 4.1). 

The twenty-four clinical ST5-MRSA-II/IVa/IVc/V comparator isolates (19 PVL-positive 

and five PVL-negative) were recovered in Algeria (N=1), the Czech Republic (N=2), 

Germany (N=1), Kuwait (N=1), Norway (N=12), Saudi Arabia (N=1), Senegal (N=2), 

Slovakia (N=1) and the UAE (N=3) between 2003 and 2021 and underwent WGS at 

DDUH (Table 4.1). The comparator WGS datasets were received from Denmark (seven 

PVL-positive and three PVL-negative; 2013–2015) and Germany (one PVL-positive; 

2017). 

4.2.2 NMRSARL molecular characterisation 

All Irish isolates included in the current study underwent species identification and 

phenotypic antimicrobial susceptibility testing at the NMRSARL as described in Chapter 

2, Section 2.3. The NMRSARL also performed spa typing on these isolates as described 

in Chapter 2, Section 2.3.3. 

4.2.3 Genomic DNA isolation 

All clinical isolates underwent genomic DNA extraction as described in Chapter 2, 

Section 2.4.1. 
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4.2.4 Whole-genome sequencing  

4.2.4.1 Second-generation Illumina short-read sequencing  

All clinical isolates underwent short-read WGS as described in Chapter 2, Section 2.5.1.  

4.2.4.2 Third-generation ONT MinION long-read sequencing  

As the cost per sample (DNA isolation, library preparation and sequencing reagents) for 

third generation sequencing is significantly higher than second generation sequencing, a 

selection of the study isolates were chosen to construct representative hybrid assemblies 

(combination of long-read and short-read whole-genome sequence data). Where clinical 

samples were available, thirty-four isolates representative of the different countries under 

investigation were selected for long-read sequencing (Fig. 4.3). This included Sri Lankan 

clone isolates (N=26) recovered from the Czech Republic (N=1), Denmark (N=6), 

Germany (N=2), Ireland (N=8), Kuwait (N=1), Norway (N=3), Saudi Arabia (N=2), 

Sweden (N=1) and UAE (N=2). Eight comparators from Algeria (N=1), Germany (N=1), 

Ireland (N=1), Norway (N=3), and UAE (N=2) also underwent long-read sequencing. 

4.2.4.2.1 High molecular weight genomic DNA extraction      

Isolates were re-activated from the -80°C stock onto fresh CBA plates as described in 

Chapter 2, Section 2.4.1. Enzymatic lysis was performed by adding 1 µl inoculating loop 

of the lawned culture into 200 µl of lysis buffer/lysis enhancer (Iter-Array fzmb GmbH) 

in a 1.5 ml tube (Eppendorf). The mixture was incubated at 37°C for 3 h in a shaking 

thermomixer (Eppendorf ThermoMixer® C). Following lysis, genomic DNA extraction 

was performed using the MagAttract High-Molecular Weight Kit (Qiagen) as per 

manufacturer’s instructions. Briefly, 20 µl of Proteinase K, 4 µl RNase A solution and 

150 µl Buffer AL (all supplied with the MagAttract Qiagen kit) were added to the 200 µl 

sample mixture to digest proteins in the lysate. Samples were then incubated at 15–25°C 

for 30 min in a shaking thermomixer (Eppendorf). Following incubation, 15 µl of 

MagAttract Suspension G was added to each sample, followed by 280 µl Buffer MB. 

Samples were then incubated again at 15–25°C for 3 min in a shaking thermomixer 

(Eppendorf) set to 1400 rpm. Following incubation, samples were placed onto a magnetic 

separation rack (NEBNext New England BioLabs, Massachusetts, USA) for 1 min to 

allow for bead separation and removal of supernatant. DNA isolation was performed 

according to manufacturer’s instructions using 700 µl Buffer MW1 and Buffer PE 

(supplied with the MagAttract Qiagen kit). Extracted DNA was eluted in 100 µl of sterile 
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molecular-grade water in fresh Eppendorf tubes. Samples were stored at 4°C (short-term) 

or at -20°C (long-term). The concentration/purity of extracted DNA was measured as 

described in Chapter 2, Section 2.4.2. 
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Figure 4.3. Simplified workflow of the long-read whole genome sequencing process employed for the present study.

Sequencing and Analysis

Whole genome sequencing

(ONT MinION)

Data processing

(MinKNOW, Guppy v6.4.6, Porechop v0.2.4)

Bioinformatics-based analyses

(Unicycler v0.5.0: hybrid-assembly, RAST v2.0: 
annotation, Bandage v0.8.1 & SnapGene v6.2: 

sequence visualisation)

Library Preparation
(Oxford Nanopore Technologies [ONT] EXP-NBD104 & SQK-LSK109 Kits) 

DNA repair and end-prep Native barcode ligation Adapter ligation and clean-up Priming and loading on flow cell

Genomic DNA Extraction
(Qiagen MagAttract High-Molecular Weight Kit) 

DNA isolation/purification 
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4.2.4.2.2 Library preparation   

Library preparation was performed with the Native Barcoding Expansion 1–12 (EXP-

NBD104) kit and the Ligation Sequencing (SQK-LSK109) kit (ONT, Oxford, UK). 

Sequencing was performed on the MinION platform using a R9.4.1 SpotON flow cell 

with the MinKNOW software v20.10 (ONT) as per manufacturer’s instructions.  

 

(i) DNA repair and end-prep  

For each isolate included in the library, 1.5 μg of HMW gDNA was adjusted to a volume 

of 48 μl in sterile molecular-grade water. The 48 μl gDNA sample was added to a master 

mix containing 3.5 μl NEBNext FFPE DNA Repair Buffer, 3.5 μl Ultra II End-prep 

reaction buffer, 3 μl Ultra II End-prep enzyme mix and 2 μl NEBNext FFPE DNA Repair 

Mix (all supplied by New England BioLabs). The master mix was incubated in a PCR 

thermal cycler (Biometra TOne) at 20°C for 10 min and 65°C for 10 min. Following 

incubation, 60 μl of resuspended Agencourt AMPure XP beads (Beckman Coulter, 

California, USA) was added to the end-prep reaction mix. The samples were incubated 

on a Hula mixer (Fisher Scientific™) for 25 min at room temperature. Following 

incubation, samples were placed onto a magnetic separation rack (New England 

BioLabs) for 1 min to pellet beads and pipette off the supernatant. While on the magnet, 

the beads were washed twice with 200 μl of freshly prepared 70% ethanol without 

disrupting the pellet. After pipetting off any residual ethanol, the beads were left to dry 

for ~30 s, before removal from the rack and resuspension in 28 μl of sterile water. The 

samples were then incubated at room temperature for 20 min, and placed back onto the 

magnetic rack. When clear and colourless, 26 μl of the eluate was removed and retained 

in fresh 1.5 ml Eppendorf tubes. The repaired and end-prepped DNA samples were 

quantified using a Qubit Fluorometer 3.0 (Invitrogen/Fisher Scientific™) with a recovery 

aim >700 ng.  

 

(ii) Native barcode ligation 

For native barcode ligation, 800 ng of each end-prepped sample to be barcoded was 

prepared in 22.5 μl of sterile water. The following reagents were added to the DNA 

samples in the order given below, mixing by flicking the tube between each sequential 

addition: 2.5 μl Native Barcode (ONT) and 25 μl Blunt/TA Ligase Master Mix (New 

England BioLabs). The mix was incubated at room temperature for 20 min. Following 

incubation, 50 μl of resuspended AMPure XP beads was added to the reaction and the 
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samples were incubate on the Hula mixer for 25 min at room temperature. Samples were 

placed on the magnetic rack to pellet beads, followed by washing of beads and removal 

of eluate as previously described in the ‘DNA repair and end-prep’ section. Equimolar 

amounts of each barcoded sample was pooled into a fresh Eppendorf tube. The pool was 

quantified on the Qubit Fluorometer 3.0 with a recovery aim >700 ng. The >700 ng 

pooled sample was diluted to a volume of 65 μl in sterile water. 

 

(iii) Adapter ligation and clean-up  

To perform adapter ligation, the following reagents were added to the 65 μl 

pooled/barcoded DNA samples in the order given below, mixing by flicking the tube 

between each sequential addition: 5 μl Adapter Mix II (AMII) (ONT), 20 μl NEBNext 

Quick Ligation Reaction Buffer (5X) and 10 μl Quick T4 DNA Ligase (both supplied by 

New England BioLabs). The mix was incubated at room temperature for 10 min. 

Following incubation, 50 μl of resuspended AMPure XP beads were added to the reaction 

and the samples were incubate on the Hula mixer for 25 min at room temperature. 

Following incubation, samples were placed onto a magnetic separation rack (New 

England BioLabs) for 1 min to pellet beads and pipette off the supernatant. The beads 

were then washed and resuspended with 250 μl Long Fragment Buffer (LFB) (ONT) 

twice. This clean-up step removed any unprepared DNA from the library preparation. 

The beads were placed back onto the magnetic rack to pellet and residual LFB was 

pipetted off. The beads were left to dry for ~30 s, before removal from the magnetic rack 

and resuspension in 17 μl of Elution Buffer (EB) (ONT). The samples were then 

incubated at 37°C for 20 min in a static incubator (Gallenkamp), before being placed 

back onto the magnetic rack. When clear and colourless, 15 μl of the eluate was removed 

and retained in fresh 1.5 ml Eppendorf tubes. The adapter ligated/barcoded pooled 

sample was quantified using the Qubit Fluorometer 3.0 with a recovery aim of ~430 ng.  

 

(iv) Priming and loading on flow cell  

For priming and loading of the SpotON flow cell, the visual guide provided by ONT was 

followed (Available at: https://youtu.be/Pt-iaemrM88). Briefly, 5–50 fmol of the final 

prepared library was loaded onto the flow cell via the SpotON sample port in a dropwise 

fashion. The ports were closed gently along with the MinION device and the sequencing 

run was commenced using the MinKNOW software v20.10 (ONT). MinKNOW allowed 

for real-time viewing of reads processed and sequencing run metrics. 

https://youtu.be/Pt-iaemrM88
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(v) Post-sequencing processing 

On completion of the run, the generated raw-reads (FAST5 files) were processed using 

command-line bioinformatic tools. The reads underwent base-calling using Guppy v6.4.6 

(ONT; https://github.com/nanoporetech/rerio). Adapter trimming and demultiplexing of 

the sequence reads was performed using Porechop v0.2.4 

(https://github.com/rrwick/Porechop). The output generated were separate FASTQ files 

for each sequenced isolate. 

 

4.2.4.3 Hybrid assembly 

Isolates selected for hybrid assembly underwent genome scaffolding using paired-end 

short-read MiSeq sequences (Illumina) and long-read MinION sequences (ONT) using 

the Unicycler v0.5.0 pipeline (https://github.com/rrwick/Unicycler). Short-read 

assemblies and hybrid-assembled genomes were annotated using the web-based RAST 

v2.0 server (https://rast.nmpdr.org). Visualisation of assembled genomes was performed 

using Bandage v0.8.1 (https://rrwick.github.io/Bandage/) and SnapGene v6.2 (GSL 

Biotech LLC; https://www.snapgene.com).  

 

4.2.5 Bioinformatic analyses 

All study isolates underwent de novo assembly, spa type confirmation, SCCmec 

subtyping, MLST, in silico antimicrobial resistance profiling and virulence gene 

identification as described in Chapter 2, Section 2.6.  

 

4.2.5.1 Molecular characterisation 

In silico DNA microarray profiling using probes of the S. aureus Genotyping Kit 2.0 

(Abbott) was performed as previously described (Monecke et al., 2016). Briefly, in silico 

oligonucleotide probes corresponding to ~170 S. aureus target sequences were used to 

assign CCs, STs and identify virulence and pathogenicity-associated genes. Probe 

sequences were mapped onto assembled genomes of the study isolates to predict DNA 

array hybridization patterns and these patterns were compared with in vitro array results 

(Monecke et al., 2016).  

 

Additional investigations into alleles of interest were performed using the European 

Bioinformatics Institute (EBI) multiple sequence alignment tool, Clustal Omega 

https://github.com/nanoporetech/rerio
https://github.com/rrwick/Porechop
https://github.com/rrwick/Unicycler
https://rast.nmpdr.org/
https://rrwick.github.io/Bandage/
https://www.snapgene.com/
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(https://www.ebi.ac.uk/Tools/msa/clustalo/) and the BLAST search engine (NCBI) 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi).    

 

4.2.5.2 Maximum likelihood analysis 

A maximum likelihood phylogenetic analysis based on core-genome SNPs was 

performed for (i) 266 Irish and international isolates (214 Sri Lankan clone isolates and 

52 comparators) under investigation (ii) 47 Irish isolates (40 ST5-MRSA-IVc/V and 

seven comparators) under investigation. Firstly, core-genome alignment and SNP-based 

variant calling was performed on all study isolates. The isolates were mapped against a 

study-specific reference genome (isolate 141087; oldest Sri Lankan clone isolate 

investigated [2005])/(isolate M150014; oldest Irish ST5-MRSA study isolate [2015]), 

using Snippy v4.6.0 (https://github.com/tseemann/snippy). Recombinant SNPs were 

removed using Gubbins v3.2.1 (https://github.com/nickjcroucher/gubbins) and a 

pairwise cgSNP distance matrix was generated using snp-dists v3 

(https://github.com/tseemann/snp-dists). A cgSNP-based maximum-likelihood tree 

(MLT) was constructed through IQ-TREE v2.2.0 (http://www.iqtree.org) using 

recommended IQ-TREE guidelines. A minimum number of bootstrap replicates (1000) 

was used and the general time reversible (GTR) + ascertainment bias correction (ASC) 

substitution model was applied to the SNP data, as recommended by IQ-TREE 

guidelines. The phylogenetic tree was visualized and annotated through Interactive Tree 

of Life v6.5.8 (https://itol.embl.de). 

 

4.2.5.3 Minimum spanning tree  

A cgMLST-based MST was constructed for 266 Irish and international isolates (214 Sri 

Lankan clone isolates and 52 comparators) under investigation as described in Chapter 

2, Section 2.6.5.1. A cgMLST-based and wgMLST-based MST was constructed for 47 

Irish isolates (40 ST5-MRSA-IVc/V and seven comparators) under investigation as 

described in Chapter 2, Section 2.6.5.1. 

 

 

 

 

 

 

https://www.ebi.ac.uk/Tools/msa/clustalo/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://github.com/tseemann/snippy
https://github.com/nickjcroucher/gubbins
https://github.com/tseemann/snp-dists
http://www.iqtree.org/
https://itol.embl.de/
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4.3 Results 
 
4.3.1 The CC5/ST5-MRSA-IVc Sri Lankan clone 

To characterise the PVL-positive ST5-MRSA-IVc Sri Lankan clone in detail based on 

its molecular epidemiology and phylogenetic diversity, 266 MRSA isolates recovered 

between 2003 and 2022 were investigated. This included 214 PVL-positive CC5/ST5-

MRSA-IVc isolates from 12 countries similar to and including 46 ‘Sri Lankan clone’ 

isolates and 29 PVL-positive and 23 PVL-negative ST5-MRSA-I/II/IVa/IVc/IVg/V 

comparator isolates (Table 4.1). The PVL-positive ST5-MRSA-IVc isolates belonged to 

eight closely related spa types (t002, t010, t306, t045, t062, t1062, t535 and t579), with 

t002 predominating (186/214; 86.9%) (Table 4.4). Six closely related spa types were 

identified among the comparator isolates (t002, t105, t311, t442, t450 and t3089), half of 

which were also t002 (26/52; 50%) (Table 4.4). 

  

Where detailed clinical metadata were available (168/214; 78.5%), just over half of the 

PVL-positive ST5-MRSA-IVc isolates were CA-MRSA, defined as isolates recovered 

from patients with no hospitalisation history within the six months prior to isolate 

recovery (85/168; 50.6%), while the remainder (50/168; 29.8%) were HA-MRSA or 

were from hospitalized patients (33/168; 19.6%). Most isolates were from infection sites 

(142/214; 66.3%), with the remainder from carriage (50/214; 23.4%) or unknown sites 

(22/214; 10.3%) (Table 4.5). The majority of infection isolates were from SSTIs (83/142, 

58.5%), other infection types (9/142, 6.3%) or were unknown (50/142, 35.2%). 

Information available for the comparator isolates (34/52; 65.4%) showed that these 

isolates were predominantly HA-MRSA isolates (22/34; 64.7%) followed by CA-MRSA 

(12/34; 35.3%). The comparator samples were recovered from carriage sites (18/52; 

34.6%), infection sites (24/52; 46.2%) including SSTI (N=21), other (N=3) or unknown 

sites (10/52; 19.2%) (Table 4.5).  
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Table 4.4. spa type and repeat profiles of 214 CC5/ST5-MRSA-IVc Sri Lankan clone 

isolates and 52 CC5/ST5-MRSA-I/II/IVa/IVc/IVg/V comparator isolates investigated 
aspa types were confirmed using Ridom SeqSphere+ v7.0.4 (Ridom GmbH, Münster, 

Germany) spa-typing task template  

Abbreviations: spa, staphylococcal protein A; no., number; ND, not determined.  

 

 

 

 

 

 

 

 

 

 

spa typea [N] spa type repeat succession No. of repeat 
differences to t002 

Sri Lankan clone [214]   
t002 [186] 26-23-17-34-17-20-17-12-17-16 0 

t010 [2] 26-17-34-17-20-17-12-17-16 1 

t306 [1] 26-23-17-34-17-20-17-12-17-17-16 1 

t045 [3] 26-17-20-17-12-17-16 3 

t062 [6] 26-23-17-12-17-16 4 

t1062 [2] 26-23-17-34-17-02-17-12-17-16 1 

t535 [2] 26-17-16 7 

t579 [1] 26-23-17-17-20-17-12-17-16 1 

ND [11]   

 
Comparators [52] 

  

t002 [26] 26-23-17-34-17-20-17-12-17-16 0 

t105 [5] 26-23-17-34-17-20-17-17-16 1 

t311 [18] 26-23-17-34-20-17-12-17-16 1 

t442 [1] 35-17-34-17-20-17-12-17-16 2 

t450 [1] 26-23-17-34-16 5 

t3089 [1] 26-23-17-34-34-20-17-17-16 2 
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Table 4.5. Details of clades (I-III) and outgroup observed in the cgSNP-based MLT of 214 CC5/ST5-MRSA-IVc Sri Lankan clone isolates and 

52 CC5/ST5-MRSA-I/II/IVa/IVc/IVg/V comparator isolates investigated 
 

Clade No. of 
isolates 

Isolate group Sources [N] Infection/Carriage Recovery 
dates 

spa typesa [N] PVL(+/-) 

I 209 Sri Lankan clone Australia [1], Czech Republic 
[6], Denmark [66], Germany 
[20], Ireland [29], Kuwait [1], 
Norway [24], Saudi Arabia [3], 
Sri Lanka [33], Sweden [2], 
UAE [12], UK [12] 

Infection [138] 
Carriage [50] 
Unknown [21] 

2005–2022 t002 [183] 
t010 [2] 
t045 [2] 
t062 [6] 
t1062 [2] 
t535 [2] 
t579 [1] 
ND [11] 

PVL+ [209]  

II 7 Comparators Denmark [2], Ireland [2], 
Norway [2], UAE [1]  

Infection [4] 
Carriage [2] 
Unknown [1] 

2009–2018  t002 [7] PVL+ [7] 

III 5 Sri Lankan clone  Ireland [1], Saudi Arabia [1], 
UAE [3] 

Infection [4] 
Unknown [1] 

2010–2019  t002 [3] 
t045 [1] 
t306 [1] 

PVL+ [5] 

Neighbouring 
Clade III 

1 Comparator Kuwait Unknown 2013 t002 PVL+ 

Outgroup 44 Comparators Algeria [1], Czech Republic [2], 
Denmark [8], Germany [2], 
Ireland [15], Norway [10], Saudi 
Arabia [1], Senegal [2], Slovakia 
[1], UAE [2] 

Infection [20] 
Carriage [16] 
Unknown [8] 

2003–2021 t002 [18] 
t105 [5] 
t3089 [1] 
t311 [18] 
t442 [1] 
t450 [1] 

PVL+ [21] 
PVL- [23] 

aspa types assigned using Ridom Seqsphere+ v4.1 (Ridom GmbH, Münster, Germany). 

Abbreviations: N, number; spa, staphylococcal protein A type; PVL, Panton-Valentine Leukocidin.
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Epidemiological information available for some of the PVL-positive ST5-MRSA-IVc 

isolates from Denmark (N=9), Ireland (N=2) and the UAE (N=1) revealed that these 

isolates were from patients with international links. The Irish isolates were recovered 

from patients with a history of travel to Sri Lanka and Turkey. Within the Danish subset, 

one patient had been hospitalized in Vietnam, four were from Sri Lanka and four had 

travelled to Sri Lanka. The UAE isolate was from a patient from Bangladesh. 

Epidemiological data available for the comparator isolates revealed that isolates from 

Norway (N=3) were from a patient from Afghanistan, a patient who had travelled to 

Vietnam, and another with a history of hospitalisation in Brazil. Additionally, a Danish 

comparator isolate was recovered from a patient with a Sri Lankan name.  

 

4.3.2 Phylogenetic analysis of Sri Lankan clone isolates 

To investigate the population structure of the Irish PVL-positive CC5/ST5-MRSA-IVc 

isolates relative to international strains, all isolates and comparators were subjected to 

WGS-based phylogenetic analyses. The construction of SNP-based MLT and cgMLST-

based MST trees yielded comparable findings regarding isolate relatedness and 

clustering (Figs. 4.4 and 4.5). 

 

4.3.2.1 Core-genome SNP analysis 

CgSNP analysis based on 12,245 SNPs showed that all 214 PVL-positive CC5/ST5-

MRSA-IVc isolates exhibited a pairwise SNP-distance median of 107 (average: 116; 

range: 0–410). The SNP-based MLT grouped the vast majority of isolates (209/214, 

97.7%) including all 46 ‘Sri Lankan clone’ isolates into one clade, termed Clade I (Fig. 

4.4). Clade I isolates had a median of 106 (average: 110; range: 0–287) SNPs between 

isolates. The remaining five PVL-positive ST5-MRSA-IVc grouped into Clade III 

exhibiting a median of 86 (average: 92; range: 69–127) SNPs (Fig. 4.4). The isolates 

within Clade III included a spa type t002 isolate recovered from Saudi Arabia in 2010, a 

t002 isolate recovered from Ireland in 2013 and three t002/t306/t045 isolates recovered 

from UAE between 2018–2019 (Table 4.5). Clade III differed from Clade I by a median 

of 232 (average: 237; range: 159–410) SNPs. Most comparator isolates (44/52) formed 

an outgroup at the base of the MLT. A single PVL-positive CC5/ST5-MRSA-IVa 

comparator (isolate Z4294; spa type t002 recovered in Kuwait in 2013) branched out 

next to Clade III (thick black branch in Fig. 4.4).  
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Figure 4.4. Maximum likelihood tree (MLT) based on phylogenetic analysis of 12,245 core-genome single nucleotide polymorphisms (cgSNPs) 

for 214 Panton-Valentine leukocidin (PVL)-positive CC5/ST5-MRSA-IVc Sri Lankan clone isolates and 52 additional PVL-positive (N=29) and 

PVL-negative (N=23) CC5/ST5-MRSA-I/II/IVa/IVc/IVg/V comparator isolates. Sri Lankan clone isolates were recovered from 12 countries 

across Europe, Asia, Australia and the Middle East between 2005–2022. Separate node colours/shapes represent country of recovery, sample types 

and SCCmec types as indicated in the legend. Blue branches represent PVL-positive CC5/ST5-MRSA-IVc Sri Lankan clone isolates (N=209/214) 

forming Clade I. Green branches represent PVL-positive CC5/ST5-MRSA-IVa comparator isolates (N=7/52) forming Clade II. Red branches 

represent the remaining PVL-positive CC5/ST5-MRSA-IVc Sri Lankan clone isolates (N=5/214) forming Clade III. The thick black branch 

represents a PVL-positive CC5/ST5-MRSA-IVa comparator isolate (N=1) branching out next to Clade III. The thin black branches represent the 

comparator outgroup isolates (N=44) which separate away from Clades I–III. Labels for the 52 comparator isolates are highlighted in orange. 

Isolate names, year of recovery and spa types are all indicated in the branch labelling. Country-specific isolate pairs or clusters containing closely 

related isolates that differed by ≤10 cgSNPs are shaded in grey. The divergent subgroup of 15 Irish isolates (lacking the bbp gene) within the large 

Sri Lankan clade (Clade I) is indicated by an asterisk and the isolate names are highlighted in green. The epidemiological and genotypic information 

for each isolate investigated is provided in Table 4.1. The cgSNP-based MLT was constructed using IQ-TREE v2.2.0 (http://www.iqtree.org) and 

the phylogenetic tree was visualised and annotated through Interactive Tree of Life v6.5.8 (https://itol.embl.de). 

http://www.iqtree.org/
https://itol.embl.de/
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Figure 4.5. Minimum spanning tree (MST) based on core genome multi-locus sequence type (cgMLST) analysis of 1,861 target genes for 214 

Panton-Valentine leukocidin (PVL)-positive CC5/ST5-MRSA-IVc Sri Lankan clone isolates and 52 additional PVL-positive (N=29) and PVL-

negative (N=23) CC5/ST5-MRSA-I/II/IVa/IVc/IVg/V comparator isolates. Sri Lankan clone isolates were recovered from 12 countries across 

Europe, Asia, Australia, and the Middle East between 2005–2022. Separate node colours represent country of isolation as indicated in the legend. 

Partitions within nodes represent the presence of ≥2 isolates per node. Comparator isolates are indicated in the MST by black squares. Closely 

related clusters of isolates (≤20 allelic differences to the closest neighbouring isolate within the RIG) are outlined within grey shadowing. Branch 

numbers indicate the number of allelic differences between neighbouring isolates. Node numbers indicate the 36 related isolate groups (RIGs) in 

the population (Table 4.5). The subgroup of closely related Irish isolates consisting of 15 isolates with a distinct genotypic profile to other Sri 

Lankan clone isolates is outlined in green. The genotypic and epidemiological information for each isolate is provided in Table 4.1. The cgMLST-

based MST was constructed using Ridom SeqSphere+ v7.0.4 (Ridom GmbH, Münster, Germany). 
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The remaining seven comparators (all PVL-positive ST5/t002-MRSA-IVa) grouped into 

Clade II, forming the closest neighbour to Clade I (Fig. 4.4). The comparator isolates 

within Clade II included two isolates recovered from Denmark in 2015, two from Ireland 

between 2016–2018, two from Norway between 2009–2011 and one isolate recovered 

from UAE in 2018 (Table 4.5). Clade II differed from Clades I and III by a median of 

176 (average: 178; range: 123–331) and 230 (average: 234; range: 207–277) SNPs, 

respectively. In general, the PVL-positive ST5-MRSA-IVc isolates did not group 

according to their country of origin or year of recovery; however, 24 small country-

specific clusters of closely related isolates that differed by ≤10 cgSNPs were evident 

(shaded in grey in Fig. 4.4). 

 

4.3.2.2 Core-genome MLST analysis 

The PVL-positive ST5-MRSA-IVc isolates and comparators were also investigated by 

cgMLST analysis. As cgSNP analysis revealed low genotypic diversity among these 

isolates recovered over 17 years, the previously recommended threshold of ≤24 cgMLST 

allelic differences for defining closely related isolates (Schürch et al., 2018) was lowered 

to ≤20. The 214 PVL-positive ST5-MRSA-IVc isolates exhibited a median of 55 allelic 

differences from one another (average: 59; range: 0–200). The 209 Clade I and five Clade 

III isolates exhibited a median of 54 (average: 57; range: 0–153) and 42 (average: 43; 

range: 28–56) allelic differences, respectively. Clade III isolates differed from Clade I by 

a median of 116 (average: 117; range: 70–200) allelic differences. Clade II comparator 

isolates differed from Sri Lankan clone Clade I and Clade III by a median of 87 (average: 

86; range: 36–174) and 106 (average: 93; range: 28–134) allelic differences, respectively.  

 

Although the findings of the phylogenetic analysis confirmed limited diversity between 

isolates within Clade I (ST5-MRSA-IVc), Clade II (ST5-MRSA-IVa) and Clade III 

(ST5-MRSA-IVc), McTavish et al., 2019, described the ‘Sri Lankan clone’ as a PVL-

positive ST5-MRSA lineage harbouring a type IVc SCCmec element. In accordance with 

this definition, only the 214 CC5/ST5-MRSA-IVc isolates within Clades I and III are 

hereafter referred to as ‘Sri Lankan clone’. The tree topology observed in the cgSNP 

analysis where Clade II ST5-MRSA-IVa isolates grouped between Sri Lankan clone 

Clade I and III suggests that this PVL-positive ST5-MRSA-IVa lineage originally 

emerged from a common progenitor as the PVL-positive ST5-MRSA-IVc Sri Lankan 

clone and acquired a different SCCmec subtype. 
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Thirty-six related isolate groups (RIGs) comprising 123/266 study isolates were evident 

in the cgMLST-based MST (Fig. 4.5 and Table 4.6). Isolates within each RIG exhibited 

≤20 allelic differences to the closest neighbouring isolate in the RIG. Most RIGs included 

Sri Lankan clone isolates only (30/36 RIGs) and the remaining six (RIGs 31–36) included 

comparator isolates only (Fig. 4.5). There were 32 country-specific RIGs (27 Sri Lankan 

clone isolates only (RIGs 1–2, 4–10, 12–13, 15–30) and five comparator isolates only 

(RIGs 31, 33–36)) as follows: Denmark (N=16), Norway (N=4), Ireland (N=4), Germany 

(N=3), UAE (N=3), Sri Lanka (N=1) and Czech Republic (N=1). The remaining four 

RIGs comprised isolates from two or more countries (Fig. 4.5 and Table 4.6). RIG-3 

comprised eight Sri Lankan clone isolates from Denmark (N=3), Sri Lanka (N=2), 

Germany (N=1), Kuwait (N=1) and the UAE (N=1), with an allelic difference range of 

6–20 between neighbouring isolates in the RIG and a range of 6–36 allelic differences 

for the entire RIG (Fig. 4.5). Sri Lankan clone isolates from Norway (N=2) formed two 

separate RIGs (RIG-11 and RIG-14) with Sri Lankan clone isolates from Germany (N=1) 

and Denmark (N=1) with allelic difference ranges of 1–21 and 18–20, respectively. One 

comparator isolate from Norway formed a third RIG (RIG-32) with two comparator 

isolates from Ireland. The close relatedness between these isolates from disparate 

geographic regions indicated international transmission of the Sri Lankan clone.  
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Table 4.6. Genotypic details for 36 related isolate groups (RIGs); of the 266 (214 CC5/ST5-MRSA-IVc Sri Lankan clone isolates, 29 PVL-positive 

and 23 PVL-negative CC5/ST5-MRSA-I/II/IVa/IVc/IVg/V comparator strains) study isolates, 123 (105 Sri Lankan clone isolates and 18 

comparator isolates) formed RIGs 
RIGa Isolate [N] Country [N] Years of 

isolation 
spa-ST-SCCmec [N] AR genesb [N] PVL(+/-) IEC type [N] 

1 18 Ireland 2018–2021 t002-ST5-IVc blaZ [17], fosB [18], lmrP [18], mprF [18], 
sdrM [18] 

+ G 

2 5 Ireland 2020–2022 t002-ST5-IVc blaZ [5], fosB [5], lmrP [5], mprF [5], 
sdrM [5], erm(C) [4] 

+ G 

3 8 Denmark [3] 
Germany [1] 
Kuwait [1] 
Sri Lanka [2] 
United Arab Emirates [1] 

2013–2019 t002-ST5-IVc blaZ [8], fosB [8], lmrP [8], mprF [8], 
sdrM [8], erm(C) [6], tetK [1] 

+ G 

4 3 Denmark 2018–2019 t002-ST5-IVc [2] 
t002-ST5-IVa [1] 

blaZ [3], fosB [3], lmrP [3], mprF [3], 
sdrM [3], erm(C) [2] 

+ G 

5 2 United Arab Emirates 2017 t002-ST5-IVc blaZ [2], erm(C) [2], fosB [2], lmrP [2], 
mprF [2], sdrM [2] 

+ G 

6 3 Denmark 2017–2020 t002-ST5-IVc blaZ [3], fosB [3], lmrP [3], mprF [3], 
sdrM [3], erm(C) [2] 

+ G 

7 2 Germany 2019 t535-ST5-IVc blaZ [2], fosB [2], lmrP [2], mprF [2], 
sdrM [2] 

+ G 

8 2 United Arab Emirates 2018 t002-ST5-IVc blaZ [2], fosB [2], lmrP [2], mprF [2], 
sdrM [2] 

+ G 

9 2 Denmark 2014 t002-ST5-IVc blaZ [2], fosB [2], lmrP [2], mprF [2], 
sdrM [2] 

+ F 

10 3 Denmark 2015–2016 t002-ST5-IVc blaZ [3], fosB [3], lmrP [3], mprF [3], 
sdrM [3] 

+ G 

11 3 Norway [2] 
Germany [1] 

2011–2013 t002-ST5-IVc [2] 
ND-ST5-IVc [1] 

blaZ [3], fosB [3], lmrP [3], mprF [3], 
sdrM [3], erm(C) [1], tet(K) [1] 

+ G 

      Table 4.6 continued overleaf 
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RIGa Isolate [N] Country [N] Years of 
isolation 

spa-ST-SCCmec [N] AR genesb [N] PVL(+/-) IEC type [N] 

12 2 Denmark 2012–2015 t002-ST5-IVc blaZ [2], fosB [1], lmrP [1], mprF [2], 
sdrM [2], erm(C) [2] 

+ G 

13 2 Denmark 2015–2016 t002-ST5-IVc blaZ [2], fosB [2], lmrP [2], mprF [2], 
sdrM [2], erm(C) [2] 

+ G 

14 3 Norway [2] 
Denmark [1] 

2008–2010 t002-ST5-IVc blaZ [3], fosB [3], lmrP [3], mprF [3], 
sdrM [3], erm(C) [2], tet(K) [1] 

+ G 

15 4 Norway 2007–2010 t002-ST5-IVc blaZ [4], fosB [4], lmrP [4], mprF [4], 
sdrM [4] 

+ G 

16 2 Norway 2007–2008 t002-ST5-IVc blaZ [1], fosB [2], lmrP [2], mprF [2], 
sdrM [2], erm(C) [1] 

+ G 

17 3 United Arab Emirates 2019 t002-ST5-IVc blaZ [3], fosB [3], lmrP [3], mprF [3], 
sdrM [3] 

+ G 

18 5 Denmark 2016–2017 t002-ST5-IVc blaZ [5], fosB [5], lmrP [5], mprF [5], 
sdrM [5], erm(C) [5] 

+ G 

19 3 Denmark 2016 t002-ST5-IVc fosB [3], lmrP [3], mprF [3], sdrM [3], 
erm(C) [2], mupA [3], qacA [3] 

+ F 

20 2 Denmark 2019 t002-ST5-IVc blaZ [2], fosB [2], lmrP [2], mprF [2], 
sdrM [2] 

+ G 

21 3 Denmark 2015 t002-ST5-IVc blaZ [3], fosB [3], lmrP [3], mprF [3], 
sdrM [3] 

+ G 

22 2 Germany 2012 t002-ST5-IVc blaZ [2], fosB [2], lmrP [2], mprF [2], 
sdrM [2] 

+ Novel Type 2 
(sak, scn, sea, 
sep) 

23 2 Germany 2013–2014 t002-ST5-IVc blaZ [1], fosB [2], lmrP [2], mprF [2], 
sdrM [1], erm(C) [2] 

+ G 

24 4 Denmark 2012–2013 t002-ST5-IVc blaZ [4], fosB [4], lmrP [4], mprF [4], 
sdrM [4], erm(C) [3], tet(K) [2] 

+ G 

25 3 Norway 2020 t002-ST5-IVc blaZ [3], fosB [3], lmrP [3], mprF [3], 
sdrM [3], erm(C) [3] 

+ G 

      Table 4.6 continued overleaf 
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RIGa Isolate [N] Country [N] Years of 
isolation 

spa-ST-SCCmec [N] AR genesb [N] PVL(+/-) IEC type [N] 

26 3 Sri Lanka 2014 t002-ST5-IVc 
t010-ST5-IVc 
t045-ST5-IVc 

blaZ [3], fosB [3], lmrP [3], mprF [3], 
sdrM [3] 

+ G 

27 4 Czech Republic 2018–2021 t002-ST5-IVc blaZ [4], fosB [4], lmrP [4], sdrM [4], 
mprF [4] 

+ G [3] 
Novel Type 3 
(sak, sep) 

28 2 Denmark 2018–2019  t002-ST5-IVc 
t002-ST5-IVa 

blaZ [2], fosB [2], lmrP [2], mprF [2], 
sdrM [2] 

+ G 

29 2 Denmark 2018–2019  t002-ST5-IVc blaZ [2], fosB [2], lmrP [2], mprF [2], 
sdrM [2], erm(C) [1] 

+ G 

30 3 Denmark 2017–2019 t002-ST5-IVc blaZ [3], fosB [3], lmrP [3], mprF [3], 
sdrM [3] 

+ G 

*31 2 Norway 2005–2008 t311-ST5-IVc blaZ [2], fosB [2], lmrP [2], mprF [2], 
sdrM [2], aphA3 [2], sat [2] 

+ A 

*32 3 Ireland [2] 
Norway [1] 

2009–2018 t002-ST5-IVa [2] 
t002-ST5-IVa [1] 

blaZ [3], fosB [3], lmrP [3], mprF [3], 
sdrM [3], erm(C) [3] 

+ G 

*33 3 Denmark 2013–2015  t002-ST5-V blaZ [3], fosB [3], lmrP [3], mprF [3], 
sdrM [3], aac-aphD [2] 

+ [2] 
- [1] 

G 

*34 3 Denmark 2013–2014 t002-ST5-V blaZ [3], fosB [3], lmrP [3], mprF [3], 
sdrM [3], aacA-aphD [3] 

+ [2] 
- [1] 

G 

*35 3 Ireland 2015–2019  t311-ST5-V blaZ [2], fosB [3], lmrP [3], mprF [3], 
sdrM [3], fusC [3], erm(C) [2] 

- E 

*36 4 Ireland 2017–2019  t311-ST5-V blaZ [4], fosB [4], lmrP [4], mprF [4], 
sdrM [4], fusC [4], erm(C) [3] 

- E 

aRIGs were defined as groups of isolates exhibiting ≤20 cgMLST allelic differences to their closest neighbouring isolate within the RIG. RIGs 

identified following core-genome multi-locus sequence type minimum spanning tree (cgMLST MST) analysis using SeqSphere+. 
bGenotypic information extracted from whole genome data using Ridom SeqSphere+ v7.0.4 (Ridom GmbH, Münster, Germany) and S. aureus 

Genotyping Kit 2.0 (Abbott [Alere]) microarray profiling.  

*Asterisk indicates RIGs containing only comparator isolates.  
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Abbreviations: RIG, Related isolate group; n, number; ND, not determined – isolates not available and spa types could not be determined using in 

silico techniques on the available genomic sequence data; ST, sequence type; SCCmec, staphylococcal chromosomal cassette harbouring mecA; 

PVL, Pantone-Valentine leukocidin; +, positive; -, negative; IEC, immune evasion cluster; sep, staphylococcal enterotoxin p gene.  
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4.3.2.3 Analysis of sub-clades 
Potential sub-clades (RIGs 1–36) observed on the cgSNP-based MLT and cgMLST-

based MST phylogenetic trees were further investigated using in silico DNA microarray 

profiling and WGS data to identify possible RIG/country-specific characteristics. A 

genotypic difference was observed between the overall Sri Lankan clone population and 

15/18 Irish Sri Lankan clone isolates in RIG-1 (Table 4.6). These 15 isolates (shaded in 

green in Figs. 4.4 and 4.5) formed a distinct Irish sub-clade within the cgSNP-based MLT 

(Fig. 4.4) and lacked the bbp gene (also known as sdrE) encoding a surface-associated, 

bone sialoprotein-binding protein. The absence of bbp in these 15 isolates was confirmed 

by analysing hybrid assembled genomes (Fig. 4.6). The absence of the bbp gene in only 

this Irish sub-clade suggested that local divergence of the Sri Lankan clone could 

potentially have occurred in Ireland.  
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Figure 4.6. Comparative structural organisation of the serine-aspartate repeat protein-encoding (sdr) locus of (a) the sdrE/bbp-negative PVL-

positive CC5/ST5-MRSA-IVc Sri Lankan clone Irish isolate M181179 and (b) the sdrE/bbp-positive PVL-positive CC5/ST5-MRSA-IVc Sri 

Lankan clone Irish isolate M180912. The tandemly arranged sdr genes sdrC (~2904 bp), sdrD (~4140 bp) and sdrE (~3462 bp) encode Sdr surface 

proteins (members of the Microbial Surface Components Recognising Adhesive Matrix Molecules [MSCRAMM] family). A divergent subgroup 

of 15 PVL-positive CC5/ST5-MRSA-IVc Sri Lankan clone Irish isolates recovered between 2018–2021 lacked this sdrE/bbp gene. Isolate 

sequences underwent hybrid assembly following long-read and short-read sequencing. The hybrid assembled genomes were annotated using RAST 

v2.0 (https://rast.nmpdr.org) and visualised using SnapGene v6.0.6 (https://www.snapgene.com).  
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4.3.3 Genotypic profiling of the Sri Lankan clone 

4.3.3.1 Strain assignment  

DNA microarray profiling, SCCmecFinder and Ridom Seqsphere+ template tools for 

detection of antimicrobial-resistance and virulence-associated genes revealed that most 

genes in Sri Lankan clone isolates (N=214) were homogenously distributed. Microarray 

analysis grouped Sri Lankan clone isolates into two categories including ‘CC5-MRSA-

IVc (sed/sej/ser+)’ (200/214; 93.5%) and ‘CC5-MRSA-IVc (sed/sej/ser-)’ (14/214; 

6.5%). The two groups differed by the presence/absence of the sed/sej/ser enterotoxin 

genes, which were located on a plasmid of approximately 27 kb (Fig. 4.2). Of the five 

Sri Lankan clone Clade III isolates (Fig. 4.4), four isolates were “CC5-MRSA-IVc 

(sed/sej/ser-)”.  

 

4.3.3.2 Antimicrobial resistance genes 

The β-lactamase encoding gene blaZ was harboured by the majority of the Sri Lankan 

clone isolates (202/214; 94.4%). The fosB gene encoding fosfomycin resistance and the 

sdrM gene encoding a putative multi-drug efflux pump were also detected in the majority 

of Sri Lankan clone isolates (213/214; 99.5%). The sdrM gene typically encodes 

resistance to norfloxacin, acriflavine and ethidium bromide antimicrobial agents. The 

lmrP gene encoding a multidrug transporter mediating resistance against macrolides, 

lincosamides, streptogramins and tetracycline was also detected in most isolates 

(212/214; 99.1%). Additional antimicrobial resistance genes variably detected among the 

Sri Lankan clone isolates included those conferring resistance to erythromycin [erm(C)] 

(88/214; 41.1%) and tetracycline [tet(K)] (13/214; 6.1%) (Table 4.1).  

 

4.3.3.3 Immune evasion cluster types  

IEC-type G was predominant amongst Sri Lankan clone isolates (196/214; 91.6%) (Fig. 

1.4). The remaining isolates harboured IEC-type F (7/214; 3.3%), IEC-type E (2/214; 

0.9%), IEC-type D (1/214; 0.5%) or were non-typeable IEC variants harbouring sep only 

(2/214; 0.9%), sak and sep (1/214; 0.5%) or sak, scn and sea-sep (4/214; 1.9%). One Sri 

Lankan clone isolate recovered from Ireland in 2013 (M130242) lacked lysogenic β-

haemolysin converting bacteriophages, carried no IEC genes and harboured an intact, 

untruncated hlb gene.  
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4.3.4 Comparative investigation of similar PVL-positive and PVL-negative ST5-

MRSA in Irish hospitals 

Within the context of the previously confirmed ST5-associated outbreak in an Irish 

hospital (see Chapter 3, Section 3.3.2.2), together with the increase in ST5-MRSA 

isolates submitted to the NMRSARL within this time period, the transmission of novel 

PVL-positive and PVL-negative ST5-MRSA lineages in Irish hospitals was investigated. 

Forty-seven MRSA isolates recovered from nine separate Irish hospitals between 2013 

and 2020 underwent WGS analysis (Table 4.2). This included the 14 previously 

described PVL-positive t002/ ST5-MRSA-IVc outbreak-associated isolates from H3 and 

26 PVL-negative t311/ST5-MRSA-V isolates from five separate Irish hospitals including 

H3. Seven other isolates including a PVL-positive t311/ST6045-MRSA-V and six PVL-

negative t002/ST5-MRSA-IVc/IVg isolates recovered during this period (2013–2019) 

were also included for comparative purposes. Isolate ST6045 was included due to the 

allelic profile similarities between ST5 (1–4–1–4–12–1–10) and isolate ST6045 (1–4–

359–4–12–1–10). The 14 PVL-positive t002/ST5-MRSA-IVc isolates were recovered 

between 2018–2020 from patients in the maternity ward (N=9), the SCBU (N=3), the 

outpatient department (N=1) and the paediatric emergency department (N=1) of H3. 

Where metadata was available (23/26; 88.5%), the PVL-negative t311/ ST5-MRSA-V 

isolates were recovered between 2015–2019 from patients in the general wards (N=19), 

the SCBU (N=2), emergency department (N=1) and the high dependency unit (N=1) of 

H1, H3, H6, H13 and H14. The comparator isolates were recovered from the H3 

maternity unit (N=1), the gynaecology ward (N=1) and general wards (N=5) of H4, H9, 

H13 and H21.  

 

All 14 PVL-positive t002/ST5-MRSA-IVc isolates exhibited phenotypic resistance to 

ampicillin. The 26 PVL-negative ST5/t311-MRSA-V isolates exhibited resistance to a 

variety of antimicrobial agents including ampicillin (26/26; 100%), fusidic acid (26/26; 

100%), ciprofloxacin (22/26; 84.6%), trimethoprim (22/26; 84.6%) and erythromycin 

(16/26; 61.5%) (Table 4.2). Resistance to tetracycline and rifampicin was also observed 

in a few isolates (4/26; 15.4%) (Table 4.2). Genotypic characterisation also confirmed 

that all the PVL-negative t311 isolates harboured the fusC gene which encodes resistance 

to fusidic acid. The PVL-negative t311/ST6045-MRSA-V comparator isolate exhibited 

a similar resistance profile to the t311/ST5-MRSA-V isolates including resistance to 

ampicillin, fusidic acid (including carriage of the fusC gene), erythromycin, ciprofloxacin 
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and trimethoprim. One PVL-negative comparator t002/ST5-MRSA-IVc isolate exhibited 

phenotypic resistance to ampicillin and ciprofloxacin while the remaining comparator 

t002/ST5-MRSA-IVc/IVg isolates exhibited resistance to ampicillin (5/5; 100%), 

erythromycin (1/5; 20%), ciprofloxacin (1/5; 20%) and chloramphenicol (1/5; 20%).  

 

4.3.5 Phylogenetic analysis of Irish ST5-MRSA isolates 

To investigate the genetic relatedness of these novel ST5-MRSA strains circulating in 

Irish hospitals during the same period, all 47 study isolates and comparators were 

subjected to WGS-based phylogenetic analyses. For this investigation, the pre-defined 

thresholds for inferring epidemiological relationship between S. aureus isolates were 

deemed appropriate (Schürch et al., 2018); ≤15 cgSNPs or ≤24 cg/wgMLST allelic 

differences was considered as indicating close relatedness and indicative of recent 

transmission. 

 

4.3.5.1 Core-genome SNP analysis 

The cgSNP analysis based on 2,179 SNPs revealed distinct lineage-specific clades of 

ST5-MRSA. The majority of the H3 outbreak-associated PVL-positive t002/ST5-

MRSA-IVc isolates (13/14; 92.9%) grouped into one clade, termed Clade I (Fig. 4.7) and 

exhibited a pairwise SNP-distance median of 4 (average: 4; range: 0–8) from one another. 

Despite the genotypic similarities between the PVL-negative t311/ST5-MRSA-V+fus 

study strains, the isolates grouped into two separate clades, termed Clade II and III (Fig. 

4.7). Clade II isolates had a median of 3 (average: 3; range: 0–4) SNPs between one 

another and consisted of only isolates recovered from H6. The remaining PVL-negative 

t311/ST5-MRSA-V isolates (22/26; %) recovered from four separate hospitals grouped 

into Clade III alongside the PVL-negative t311/ST6045-MRSA-V comparator isolate 

(red asterisk in Fig. 4.7). Clade III isolates had a median of 87 (average: 75; range: 1–

137) SNPs between one another and the ST6045 comparator exhibited between 62–107 

cgSNPs to its neighbouring ST5 Clade III isolates. The remaining comparator isolates 

(6/7; 85.7%) formed an outgroup at the base of the tree (Fig. 4.7). Clade II differed from 

Clade III by a median of 476 (average: 477; range: 460–497) SNPs while Clade I differed 

from Clade II and III by a median of 586 (average: 585; range: 562–594) and 607 

(average: 606; range: 572–629) SNPs, respectively. These findings indicate that 

numerous distinct ST5-MRSA lineages have been independently introduced into Ireland 

and are all disseminating widely within different Irish hospitals.  



 163 

 
Figure 4.7. Maximum likelihood tree (MLT) based on phylogenetic analysis of 2,179 

core-genome single nucleotide polymorphisms (cgSNPs) for 14 Panton-Valentine 

leukocidin (PVL)-positive t002/ST5-MRSA-IVc isolates, 26 PVL-negative t311/ST5-

MRSA-V isolates and seven additional PVL-negative t002/ST5-MRSA-IVc/Ivg (N=6) 

and t311/ST6045-MRSA-V (N=1) comparator isolates. Isolates were recovered from 

eight separate hospitals across Ireland between 2003–2020. Separate node colours/shapes 

represent hospital and SCCmec types as indicated in the legend. Green branches 

represent the PVL-positive t002/ST5-MRSA-IVc isolates forming Clade I. Blue 

branches represent the PVL-negative t311/ST5-MRSA-V isolates forming Clades II and 

III. Labels for the comparator isolates which separate away from the main branch are 

highlighted in red. Isolate names, year of recovery and spa types are all indicated in the 

branch labelling. Clusters containing closely related isolates that differed by ≤15 cgSNPs 

are shaded in grey. The t311/ST6045-MRSA-V comparator which grouped among the 

t311/ST5-MRSA-V isolates is indicated by a red asterisk. The epidemiological and 

genotypic information for each isolate investigated is provided in Table 4.16. The 
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cgSNP-based MLT was constructed using IQ-TREE v2.2.0 (http://www.iqtree.org) and 

the phylogenetic tree was visualised and annotated through Interactive Tree of Life v6.5.8 

(https://itol.embl.de). 
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In general, the isolates grouped according to the hospital in which they were recovered, 

with numerous hospital-specific clusters of closely related isolates that differed by ≤15 

cgSNPs observed on the MLT (shaded in grey in Fig. 4.7). Notably, a PVL-negative 

t311/ST5-MRSA-V isolate (M190223) recovered from H3 in 2019 grouped closely with 

two other PVL-negative t311/ST5-MRSA-V isolates (M160175 and M160197) 

recovered from H14 in 2016 exhibiting only 17–19 SNPs to these isolates. Despite the 

three-year gap in recovery date, the close phylogenetic relationship between these 

isolates is indicative of transmission of this particular strain between H3 and H14, 

possibly by frequent transfer of patients or HCWs between the two hospitals. 

 

4.3.5.2 Core/whole-genome MLST analysis 

The cgSNP analysis described above revealed numerous clusters (≤15 cgSNPs) of 

closely-related PVL-negative ST5-MRSA isolates which were all recovered from 

separate patients within these hospitals. This is indicative of further ST5-associated 

outbreak events in Irish hospitals within this time-period, separate to the previously 

described H3 PVL-positive t002/ST5-MRSA-IVc outbreak. These suspected outbreaks 

were further investigated using cg/wgMLST tools. The cgMLST-based and wgMLST-

based MSTs constructed also revealed that the PVL-negative t311/ST5-MRSA-V 

isolates formed hospital-specific clusters (C1–C3) of closely related isolates (≤24 allelic 

differences) with no evidence of ST5-MRSA transmission between hospitals in most 

cases (Fig. 4.8a and 4.8b). PVL-negative t311/ST5-MRSA-V isolates (M150014, 

M150285, M150742, M160175, M160197, M190217, M190185, M190369 and 

M190183) from H14 clustered into C1, PVL-negative t311/ST5-MRSA-V isolates 

(M170452, M170884, M170132, M170706, M190756, M190757, M190757-2, 

M190758 and M190759) from H13 clustered into C2 while PVL-negative t311/ST5-

MRSA-V isolates (M170325, M170329, M180154 and M180155) from H6 clustered 

into C3. The previously described PVL-positive t002/ST5-MRSA-IVc outbreak isolates 

(M180913, M181028, M181032, M181033, M181034, M181086, M181143, M181179, 

M190811, M190889, M190929, M190930, M191191 and M200029) clustered together 

into C4.  
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Figure 4.8. Minimum spanning trees (MSTs) based on (a) core-genome multi-locus sequencing typing (cgMLST) and (b) whole-genome multi-

locus sequencing typing (wgMLST) analysis of 14 Panton-Valentine Leukocidin (PVL)-positive t002/ST5-MRSA-IVc and 26 PVL-negative 

t311/ST5-MRSA-V isolates and seven PVL-negative t311/t002 ST5/ST6045-MRSA-IVc/IVg/V comparator isolates recovered from Irish hospitals 

between 2013 and 2020. In each MST, MRSA isolates belonging to each group stated are indicated by separate colours. Closely related clusters 
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of isolates with ≤24 cg/wgMLST allelic differences are outlined with grey shadowing. Clusters of closely related isolates are indicated as C1–C4. 

The numbers on each branch indicate the numbers of cg/wgMLST allelic differences detected between neighbouring isolates. A red square is used 

to indicate a PVL-positive isolate. The epidemiological information for each isolate investigated is shown in Table 4.6.  
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Within both MSTs, the H3 t311/ST5-MRSA-V isolate (M190223) clustered into C1 with 

the H14 t311/ST5-MRSA-V isolates (Fig. 4.8a and 4.8b). Additionally, the t311/ST6045-

MRSA-V comparator isolate (M160621) exhibited only 26 cgMLST (39 wgMLST) 

allelic differences to the closest neighbouring t311/ST5-MRSA-V isolate (M150285) 

within C1 and 41 cgMLST (57 wgMLST) allelic differences to the closest neighbouring 

t311/ST5-MRSA-V isolate (M170884) within C2. In contrast, the six remaining ST5-

MRSA comparator isolates (M130531, M170561, M180016, M181063, M190374 and 

M190476) separated from the clusters and exhibited a minimum of 242 cgMLST (325 

wgMLST) allelic differences to the closest neighbouring cluster (C4) (Fig. 4.8a and 

4.8b).  

 

Collectively, the findings of this SNP/MLST-based phylogenetic analysis indicates the 

occurrence of multiple outbreaks caused by distinct ST5 lineages within different Irish 

hospitals concurrently. The similarities in spa types and period of recovery between the 

investigated PVL-positive and PVL-negative t002/t311 ST5 isolates appears to be purely 

coincidental with no other links observed between the groups of isolates. The increase in 

the proportion of novel ST5-MRSA isolates being submitted to the NMRSARL in recent 

years is most likely due to the occurrence of several separate unrelated outbreaks within 

several hospitals. 
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4.4 Discussion 
 
The increasing prevalence of PVL-positive MRSA isolates from non-BSIs and hospital 

outbreaks both in Ireland and internationally is concerning. A general population study 

of MRSA in Sri Lanka by McTavish et al., 2019, revealed a highly prevalent PVL-

positive CC5-MRSA-IVc lineage in a Sri Lankan hospital and also identified it in the UK 

and Australia. Chapter 3 of this study also described similar isolates from 13 patients 

recovered during a protracted Irish maternity unit hospital outbreak between 2018–2020. 

Consequently, this study aimed to further characterise the international dispersal of this 

CA-MRSA clone based on its molecular epidemiology and phylogenetic diversity. To 

achieve this, a comparative genomic analysis of 214 Sri Lankan clone and 52 comparator 

isolates from Ireland and 14 other countries was performed, with isolate recovery 

spanning almost two decades.  

 

The phylogenetic analysis revealed that the vast majority of Sri Lankan clone isolates 

group into a single primary clade and that the clone is relatively homogenous compared 

with other PVL-positive CA-MRSA clones that have diverged more significantly over 

time (Challagundla et al., 2018). Greater diversity maybe revealed in future studies with 

more disparately recovered isolates. Additionally, the segregation of Sri Lankan clone 

isolates largely into country-specific RIGs probably reflects local transmission and clonal 

evolution. Some Danish isolates in country-specific RIGs also formed household-

specific clusters (RIGs 4, 9–10, 13, 18–21, 24 and 29) (Table 4.6 and Fig. 4.5). In some 

cases, different members of the same household presented with either carriage or 

infection. Furthermore, two isolates recovered from separate patients within the same 

Danish hospital clustered together and were closely related (RIG–30) (Table 4.6 and Fig. 

4.5). These findings highlight the significance of CA-MRSA transmission in both 

community and hospital settings. Only limited inter-country dissemination of closely 

related Sri Lankan clone isolates was detected (RIG-3, RIG-11 and RIG-14) (Table 4.6), 

although this possibly reflects the limited collection of isolates available for 

investigation. 

 

The Sri Lankan clone isolates investigated were ST5, predominantly spa type t002 or 

closely related spa types and harboured a relatively small number of antimicrobial-

resistance genes. DNA microarray and WGS data analyses revealed variable IEC gene 
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cluster (sea/sak/scn/sep/chp) and plasmid-encoded enterotoxin genes (sed/sej/ser) 

detection, while the majority of other molecular characteristics were highly conserved. 

Although the predominant IEC variant among the Sri Lankan clone isolates in this study 

was type G (91.6%), six other IEC types were detected including IEC-types D/E/F and 

three non-typeable variants. Additionally, while the sed/sej/ser enterotoxin genes were 

absent in a small number of isolates investigated (6.5%), the majority harboured these 

genes. Variation in IEC types and enterotoxin genes probably reflects loss/gain of β-

haemolysin converting bacteriophages encoding IEC genes and sed/sej/ser-encoding 

plasmids (Varshney et al., 2009; Xia and Wolz, 2014). The prevalence of the MDR PVL-

negative European CC1-MRSA-IV clone in Ireland exemplifies the importance of 

mobile genetic elements in the successful dissemination of emerging MRSA clones 

(Challagundla et al., 2018; Earls et al., 2019; Lindsay et al., 2012; Watkins et al., 2012). 

Earls et al., 2021, recently described the emergence of a distinct variant of the European 

CC1-MRSA-IV harbouring conjugative plasmid-encoded ileS2/mupA and qacA genes 

which confer high-level mupirocin and chlorhexidine resistance. The study reported on 

the subsequent rapid expansion of this CC1-MRSA-IV clone across Europe in the late 

1990s (Earls et al., 2019; Earls et al., 2021). The European CC1-MRSA-IV is now the 

predominant endemic CC1-MRSA clone in Ireland, and the variant has been associated 

with community transmissions and multi-hospital outbreaks (Earls et al., 2021).  

 

Periodic replacement of predominant MRSA clones in Irish hospitals is well-documented 

(Kinnevey et al., 2014; Shore et al., 2005), thus the recovery of the Sri Lankan clone in 

10 Irish hospitals over a nine-year period (2013–2022) is concerning. Additionally, the 

absence of the bbp/sdrE calcium binding cell surface protein encoding gene within only 

the Irish maternity unit hospital outbreak-associated Sri Lankan clone isolates is 

interesting. This outbreak-specific variation very likely reflects local loss of the gene as 

other Irish isolates investigated harboured the gene. Previous reports have demonstrated 

the distinct roles played by each sdr MSCRAMM (microbial surface components 

recognizing adhesive matrix molecules) surface protein in S. aureus pathogenicity (Liu 

et al., 2015; Sabat et al., 2006). Other studies have also reported that expression of the 

bbp gene may correlate with genes for methicillin-resistance and PVL, suggesting that 

this variation in the Irish maternity unit outbreak isolates may be somewhat significant 

(Wiśniewska et al., 2014). Further research is required to continue monitoring the local 

evolution of this clone as it becomes more prevalent.  
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Although this study has provided the most extensive insight to date into the population 

structure, international dissemination and diversity of this novel PVL-positive CA-

MRSA CC5 clone, there were some limitations to the study in regard to the 

epidemiological and clinical data available. Limited Sri Lankan clone isolates/WGS 

datasets were recovered following comprehensive literature and WGS database searches 

making it difficult to assess its true prevalence. Additionally, the majority of Sri Lankan 

clone isolates available for investigation were recovered mainly from Europe and the 

Middle East, making it difficult to fully determine the global burden of this clone. 

Another possible limitation is the timespan in which isolates were recovered. The earliest 

Sri Lankan clone isolate available for this study was recovered in 2005, indicating that 

predecessor strains belonging to this lineage could potentially have been missed. 

Furthermore, historical and contemporary data on MSSA progenitor populations is 

limited in most MRSA lineages (Steinig et al., 2021), including the Sri Lankan clone. 

Despite the limited epidemiological data available, the present study also found 

associations between some of the patient samples with countries in South-East Asia, 

specifically Sri Lanka, which further supports prior research by McTavish et al., 2019, 

linking the possible origins of this PVL-positive CC5-MRSA clone with this 

geographical region. Future investigations require a more comprehensive isolate 

collection with good quality metadata, including potential progenitor MSSAs from more 

numerous and disparate regions. 

 
This study highlighted the wide-spread transmission of not only a novel PVL-positive 

ST5-MRSA lineage in Irish hospitals, but also PVL-negative ST5-MRSA. Phylogenetic 

analysis of the PVL-negative t311/ST5-MRSA-V+fusC isolates recovered from 

numerous separate Irish hospitals during the same period of time revealed the association 

of these isolates with transmission events and multi-hospital outbreak clusters. The 

circulation of PVL-positive and PVL-negative ST5-MRSA within hospital settings is 

now commonplace in Ireland, however the spread of ST5 CA-MRSA lineages 

harbouring the SCCmec V+fusC element is interesting as it is not well-described in the 

literature. The majority of ST5 lineages previously described in Ireland have primarily 

been associated with SCCmec IV/II elements, including HA ST5-MRSA-II (USA100) 

and ST5-MRSA-IV (USA800) (Broderick et al., 2021; Monecke et al., 2011). In the 

present study, a comparator strain identified as t311/ST6045-MRSA-V+fusC exhibited 

only 26 cgMLST (39 wgMLST) allelic differences to a neighbouring t311/ST5-MRSA-
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V+fusC isolate. The cgSNP analysis also revealed that this strain grouped into a clade 

comprised of t311/ST5-MRSA-V+fusC isolates. This close phylogenetic relatedness 

observed between isolates assigned to the same spa type but separate MLST groups 

demonstrates the advantages of employing multiple typing tools in conjunction for 

surveillance and transmission studies.  

 

In conclusion, international and local surveillance of emerging MRSA clones is 

important for monitoring transmission. The association of a novel PVL-positive clone 

with both community and hospital settings in 12 countries spanning 17 years reflects its 

emergence internationally. The circulation of novel PVL-positive and PVL-negative 

CC5-MRSA lineages in Irish hospitals also highlights the diversity in MRSA populations 

being introduced into Ireland, very likely through migration and international travel.  
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Chapter 5 

A distinct Panton-Valentine leukocidin (PVL)-

encoding bacteriophage remnant harboured by 

the CC5/ST5-MRSA-IVc Sri Lankan clone 

investigated by WGS 
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5.1 Introduction  

Staphylococcus aureus is a highly clonal species as evidenced by its well-conserved core 

DNA region which makes up approximately 75% of its entire genome (Turner et al., 

2019). Much of its diversity is largely determined by MGEs in the accessory genome 

(Turner et al., 2019). This primarily includes bacteriophages (also known as phages), 

plasmids, transposons and pathogenicity islands, which often encode virulence, toxin and 

antimicrobial resistance genes and are acquired through horizontal transfer (Malachowa 

and DeLeo, 2010). In general, bacteriophages are considered to be one of the most 

important MGEs carried by S. aureus and are closely linked with staphylococcal diversity 

and evolution (Malachowa and DeLeo, 2010; Xia and Wolz, 2014). These small intra-

cellular bacterial viruses are commonly classified into two separate groups based on their 

life cycles (Howard-Varona et al., 2017). Lytic (virulent) phages typically infect the 

bacterial host, replicate and release progeny particles through lysis of the host (Howard-

Varona et al., 2017). Lysogenic (temperate) phages on the other hand, integrate into the 

host bacterial genome as a prophage (Howard-Varona et al., 2017). Integration of 

temperate phages into the chromosome of S. aureus typically occurs through site- and 

orientation-specific recombination between an attachment site sequence present in the 

bacterial chromosome (attB) and bacteriophage genome (attP) (Fig. 5.1) (Leinweber et 

al., 2021). Different temperate phages integrate into different regions of the bacterial 

chromosome based on the location of the attachment site sequence (Leinweber et al., 

2021). The insertion of the linear phage genome into the bacterial chromosome is 

mediated by a phage-encoded integrase protein (Int), resulting in the duplication of the 

attachment site sequence at the ends of the integrated lysogenic phage genome (Fig. 5.1) 

(Leinweber et al., 2021). Temperate phages within the chromosome of S. aureus 

mediates the acquisition of a range of virulence factors and immune evasion cluster genes 

(Rohmer and Wolz, 2021; Rotman et al., 2020).  

 

Most S. aureus strains harbour multiple temperate phages integrated into their genome at 

the same time (Ingmer et al., 2019; Rohmer and Wolz, 2021). These commonly include 

the highly prevalent β-haemolysin-converting prophages, present in virtually all S. 

aureus strains recovered from humans (Wamel et al., 2006). In contrast, virtually all 

animal strains of S. aureus lack β-haemolysin-converting prophages (Howden et al., 

2023). β-haemolysin-converting phages integrate into the bacterial chromosomally-

encoded β-haemolysin gene, hlb, resulting in insertional inactivation of hlb. These 
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phages carry combinations of S. aureus Immune Evasion Cluster (IEC) genes 

(sak/scn/chp/sea) within the phage genome (Fig. 1.4) and promote immune evasion 

(Rohmer and Wolz, 2021; Wamel et al., 2006). Such phages are known as converting 

phages as they mediate the gain and loss of several functions such as the loss of the ability 

to express β-haemolysin and gain of the ability to express proteins such as 

staphylokinase, enterotoxin A and other IEC proteins. Similarly, integration of prophages 

into lipase genes within S. aureus is also common, as seen with the ϕ11.1 prophage which 

lysogenises the chromosomal lipase gene, geh (Byang et al., 2022). Lysogeny of ϕ11.1 

into geh results in insertional inactivation of glycerol ester hydrolase production (Byang 

et al., 2022; Xia and Wolz, 2014). This disruption through phage integration is often 

referred to as negative conversion (Xia and Wolz, 2014), and is thought to confer 

protection against lipid toxicity to the bacteria (Byang et al., 2022).  

 

 

 
 

Figure 5.1. Integration of a PVL-encoding bacteriophage into the S. aureus 

chromosome. Insertion occurs via the attP and attB sites and forms two new attachment 

sites, attR and attL. P1/P2/P3; phage binding sites, B1/B2/B3; chromosome binding 

sites. Adapted from Boakes et al., 2011. 
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The genes which encode for the PVL cytotoxin (lukF/S-PV) are also typically located in 

the genomes of lysogenic prophages (Fig. 5.1) (Boakes et al., 2011). To date, several 

distinct icosahedral-head or elongated-head PVL-encoding phages have been described 

in S. aureus, including φPVL, φ108PVL, φSLT, φSa2USA, φSa2958 and φ5967PVL 

(Fig. 5.2) (Boakes et al., 2011; Prabhakara et al., 2013). The genomes of these phage are 

approximately 45 kb in size and are commonly organised into four main functional 

modules including lysogeny, DNA replication/transcription, head and tail packaging and 

lysis (Coombs et al., 2020). The lukF/S-PV toxin genes are typically located adjacent the 

well-conserved lysis module, with most of the genomic diversity among different PVL-

encoding phages occurring in the DNA processing and morphogenesis modules (Fig. 5.2) 

(Coombs et al., 2020).  

 

As a result of its epidemiological association with numerous prominent clones, including 

the widely disseminated CA-MRSA USA300 and Bengal Bay clones, PVL has been 

extensively investigated in recent years for its role in fitness and transmissibility (Balaji 

et al., 2017; Boakes et al., 2011). Several studies have characterised many different PVL-

encoding phages, particularly the φSa2USA phage (Fig. 5.2d) (Boakes et al., 2011; 

Coombs et al., 2020; Prabhakara et al., 2013). Initially described in the hypervirulent 

ST8-MRSA-IV USA300, φSa2USA is now one of the most dominant PVL-encoding 

phage types associated with MRSA worldwide (Boakes et al., 2011; Sanchini et al., 

2014). It is suggested that USA300 most likely acquired the φSa2USA phage from its 

MSSA ancestor (Coombs et al., 2020). The dominant Western Australian ST93-MRSA-

IV CA-MRSA clone (Queensland clone) is also known to have acquired 

φSa2USA/φSa2wa-st93 from an ancestral MSSA clone (Coombs et al., 2020; Coombs 

et al., 2012). Similarly, the well-dispersed ST1-MRSA-IV CA-MRSA USA400 clone 

also harbours a PVL phage (φSa2MW) with close structural similarities to the USA300 

associated φSa2USA (Zhang et al., 2011). These findings indicate the occurrence of 

horizontal transfer of PVL phages between S. aureus strains (Coombs et al., 2020). By 

contrast, genomic analysis of the Bengal Bay clone revealed a novel distinct PVL-

encoding phage (Monecke et al., 2013a; Prabhakara et al., 2013). This ST772-MRSA-V 

CA-MRSA clone harbours the ΦIND772PVL phage, which contains parts of a hlb-

converting phage translocated into its structural module, particularly the staphylococcal 

enterotoxin (sea) gene (Fig. 5.3) (Prabhakara et al., 2013). Co-carriage of pvl and sea on 

the same prophage has not been reported in other S. aureus lineages or within any other 



 177 

sequenced PVL-encoding phage (Balaji et al., 2017). This highlights possible lineage-

specific evolution of PVL phage within S. aureus clones. 
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Figure 5.2. The genome map of representative S. aureus Panton-Valentine leukocidin (PVL)-encoding bacteriophages. Structural comparison of 

six distinct PVL phages; (a) φPVL, (b) φ108PVL, (c) φSLT, (d) φSa2USA, (e) φSa2958 and (f) φ5967PVL illustrated based on assembled genomes 

deposited in the GenBank database under accession Nos. AB009866.2, AB243556.1, AB045978.2, CP012120.2, AP009363.1 and AP011955.1, 

respectively. The typical components of the bacteriophage genome are highlighted by colour; lysogeny module (orange), DNA replication and 
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transcription genes (pink), head and tail packaging genes (green), lysis module (dark purple) and the lukS/F-PV region (blue). The assembled 

genomes were annotated using RAST v2.0 (https://rast.nmpdr.org) and visualised using SnapGene v6.0.6 (https://www.snapgene.com).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://rast.nmpdr.org/
https://www.snapgene.com/
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Figure 5.3. The genome map and structural organisation of a typical ΦIND772PVL bacteriophage harboured by the PVL-positive ST772-MRSA-

V Bengal Bay clone. The typical components of the bacteriophage genome are highlighted by colour; lysogeny module (orange), DNA replication 

and transcription genes (pink), head and tail packaging genes (green), lysis module (dark purple) and the lukS/F-PV region (blue). The 

staphylococcal enterotoxin A (sea) gene typically encoded by β-haemolysin-converting prophages is highlighed in red and an asterisk indicates its 

novel location on the ΦIND772PVL phage. The publicly available reference genome of ΦIND772PVL (accession number CP010526.1) was 

annotated using RAST v2.0 (https://rast.nmpdr.org) and visualised using SnapGene v6.0.6 (https://www.snapgene.com).  
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This part of the present study sought to investigate the PVL phage type lysogenised into 

the genome of the PVL-positive CC5/ST5-MRSA-IVc Sri Lankan clone. Chapter 4 of 

this study provided the most comprehensive analysis of this emerging clone to date and 

identified Sri Lankan isolates within twelve separate countries over a 17-year period 

(2005–2022). To further characterise the Sri Lankan clone and identify its key molecular 

markers, a comparative analysis of the PVL gene sequences, the chromosome/phage 

integration sites and structural organisation of the PVL phage harboured by this clone 

was undertaken. 
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5.2 Materials and Methods 
 
5.2.1 Isolate collection 

A total of 285 samples including 128 clinical isolates and 157 WGS sequence datasets 

from 16 different countries recovered between 2003 and 2022 were investigated in this 

study. The collection comprised of PVL-positive CC5/ST5-MRSA-IVc Sri Lankan clone 

isolates recovered from 13 countries between 2005–2022, PVL-positive and PVL-

negative comparator CC5/ST5-MRSA–I/II/IVa/IVc/IVg/V isolates recovered between 

2003–2021 and PVL-positive comparator CC5/ST5-MSSA isolates recovered between 

2009–2019. Isolates were stored as described in Chapter 2, Section 2.2.1. A breakdown 

of the isolate collection is provided below. 

 

5.2.1.1 Sri Lankan clone isolates  

The 214 PVL-positive ST5-MRSA-IVc isolates recovered between 2005–2022 and 

defined as ‘Sri Lankan clone’ isolates in Chapter 4 were further investigated in this study 

(Table 4.1). This included isolates from Australia (N=1), Czech Republic (N=6), 

Denmark (N=66), Germany (N=20), Ireland (N=30), Kuwait (N=1), Norway (N=24), 

Saudi Arabia (N=4), Sri-Lanka (N=33), Sweden (N=2), United Arab Emirates (N=15) 

and United Kingdom (N=12).  

 

Ten additional PVL-positive ST5-MRSA-IVc genomes identified by in silico PCR 

analysis of assembled S. aureus isolate genomes in the pubMLST database (see Section 

5.2.5.2) were also included in the study (Table 5.1). The assembled genomes included 

one sample recovered from Luxembourg in 2009 and nine other samples with unknown 

country/year of recovery.  

 

5.2.1.2 Comparator isolates 

The 52 comparator PVL-positive (N=29) and PVL-negative (N=23) CC5/ST5-MRSA-

I/II/IVa/IVc/IVg/V isolates recovered between 2003–2022, which were included in the 

study of the Sri Lankan clone in Chapter 4, were further investigated here (Table 4.1). 

These included isolates from Algeria (N=1), Czech Republic (N=2), Denmark (N=10), 

Germany (N=2), Ireland (N=17), Kuwait (N=1), Norway (N=12), Saudi Arabia (N=1), 

Senegal (N=2), Slovakia (N=1) and United Arab Emirates (N=3).  
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Nine additional PVL-positive ST5-MRSA-IVa (N=7) and ST5-MSSA (N=2) 

comparators submitted to the NMRSARL in 2019 (N=1) or identified by in silico PCR 

analysis of assembled S. aureus isolate genomes in the pubMLST database (N=8) (see 

Section 5.2.5.2) were also included in the study (Table 5.1). The assembled pubMLST 

genomes were samples with unknown country/year of recovery.  

 

 

Table 5.1. Additional PVL-positive CC5-MRSA/MSSA isolates identified by in-silico 
PCR analysis 

pubMLST IDa Sample accession Year Country 
PVL-positive ST5-MRSA-IVc 
9736 ERR211934 Unknown Unknown 
9743 ERR211966 Unknown Unknown 
12049 ERR212816 Unknown Unknown 
10203 ERR212871 Unknown Unknown 
25420 ERR540754 Unknown Unknown 
26854 ERR540938 Unknown Unknown 
28139 ERR541062 Unknown Unknown 
28178 ERR541068 Unknown Unknown 
30101 ERR714842 Unknown Unknown 
20953 SRR917592 2009 Luxembourg 
PVL-positive ST5-MRSA-IVa 
9688 ERR204190 Unknown Unknown 
10741 ERR212783 Unknown Unknown  
9832 ERR212986 Unknown Unknown 
24398 ERR527305 Unknown Unknown 
30114 ERR702114 Unknown Unknown 
27603 ERR715326 Unknown Unknown 
25947 ERR737419 Unknown Unknown 
PVL-positive ST5-MSSA 
14797 ERR109505 Unknown Unknown 

a Assembled S. aureus isolate genomes in the pubMLST database harbouring the 9.6 kb 
PVL-encoding phage remnant 
Abbreviations: PVL; Panton-Valentine leukocidin, SCCmec; staphylococcal cassette 
chromosome mec, MSSA; methicillin susceptible Staphylococcus aureus.  
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5.2.2 NMRSARL molecular characterisation 

All Irish isolates included in the present study underwent species identification and 

phenotypic antimicrobial susceptibility testing at the NMRSARL as described in Chapter 

2, Section 2.3. The NMRSARL also performed spa typing on these isolates as described 

in Chapter 2, Section 2.3.3. 

 

5.2.3 Genomic DNA isolation 

All clinical isolates underwent genomic DNA extraction as described in Chapter 2, 

Section 2.4.1. 

 

5.2.4 Whole-genome sequencing  

5.2.4.1 Second-generation Illumina short-read sequencing  

All clinical isolates underwent short-read WGS as described in Chapter 2, Section 2.5.1.  

 

5.2.4.2 Third-generation ONT MinION long-read sequencing  

Where clinical samples were available, thirty-four clinical isolates representative of the 

different countries under investigation underwent long-read WGS as described in 

Chapter 4, Section 4.2.4.2.  

 

5.2.4.3 Hybrid assembly 

Isolates selected for hybrid assembly underwent genome scaffolding using paired-end 

short-read MiSeq sequences (Illumina) and long-read MinION sequences (ONT) as 

described in Chapter 4, Section 4.2.4.3. 

 

5.2.5 Bioinformatic analyses 

All study isolates underwent de novo assembly, spa type confirmation, SCCmec 

subtyping, MLST, in silico antimicrobial resistance profiling and virulence gene 

identification as described in Chapter 2, Section 2.6.  

5.2.5.1 Bionumerics-based genome analysis tools 

The search function within BioNumerics v8.0 (Applied Maths) was used to analyse and 

annotate the short-read assembled genomes of the study isolates. The BioNumerics v8.0 

(Applied Maths) chromosome comparison tool was used for side-by-side in silico 

comparison of the genomes of different isolates. 
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5.2.5.2 In-silico PCR analysis and pubMLST search 

The Sri Lankan clone isolates under investigation in this study harboured a PVL-

encoding bacteriophage with a distinct genetic organisation (see Section 5.3.1). To 

identify additional strains carrying lysogenized PVL phages with a similar genetic 

organisation, all available 29,504 S. aureus assembled genomes in the pubMLST 

database (https://pubmlst.org) were screened using the pubMLST BLAST function 

(accessed 2nd Nov. 2022). An in-silico PCR primer design tool incorporated within 

SnapGene v6.0.6 (https://www.snapgene.com) was used to construct forward and reverse 

primers specific to the Sri Lankan clone PVL phage for the BLAST search (Table 5.2). 

The primers used targeted an 856 bp amplicon of all assembled genomes harbouring 

similar PVL-encoding bacteriophage as the Sri Lankan clone isolates. A 75 bp sequence 

“∆Phage-seq probe” (Table 5.2) that spanned the chromosomal/5'-phage junction was 

used as a probe against the assembled genomes to confirm in silico PCR results. 

 
5.2.5.3 Maximum likelihood analysis 

A maximum likelihood phylogenetic analysis based on core-genome SNPs was 

performed for all 285 study isolates (224 Sri Lankan clone isolates and 61 comparators) 

as described in Chapter 4, Section 4.2.5.2. 

 

 
Table 5.2. Primers and phage sequence search probe used for in-silico PCR analysis 

Primera Primer sequencec 

CC5Chromosome-F 5'-ATTCGATTGCACGTTCTG-3' 

CC5Phage-R 5'-ACTTAACAGACGAGTTATTGCAC-3' 

Probeb Probe sequence 

∆Phage-seq probe GAGTTGTTTAAAGGTATAAAATCTTTTATAGAAAAAGT

GTATGATAGTATAAATAAAAAAGCTAAGCCTTGTATG 

a Primers designed using SnapGene v6.0.6 (https://www.snapgene.com). 
b 75 bp probe to confirm in silico PCR results. 

 

 

 

 

 

https://pubmlst.org/
https://www.snapgene.com/
https://www.snapgene.com/
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5.3 Results 

5.3.1 Characterisation of the Sri Lankan clone PVL-encoding bacteriophage 

To characterise the PVL-encoding bacteriophage associated with the Sri Lankan clone, 

the short-read assembled genomes of the 214 PVL-positive CC5/ST5-MRSA-IVc Sri 

Lankan clone isolates recovered from twelve different countries between 2005 and 2022 

were examined for pvl-associated bacteriophage DNA (Table 4.1). In addition, the short-

read assembled genomes of the 29 PVL-positive comparator CC5/ST5-MRSA-

IVa/IVc/V isolates recovered from eight different countries between 2003–2019 were 

also analysed for comparative purposes (Table 4.1). The genome analysis revealed that 

the Sri Lankan clone isolates (N=214) under investigation harboured the lukF/S-PV 

genes, the phage lysis genes encoding amidase and holin and partial remnants of the 

phage structural genes encoding the tail fiber and major teichoic acid biosynthesis 

protein. The genes associated with lysogeny, DNA replication/transcriptional regulation 

and packaging/structure, typically present in the lysogenised bacteriophage genome 

(Coombs et al., 2020) were not detected. In addition, the seven PVL-positive comparator 

isolates which grouped into Clade II in the cgSNP analysis performed in Chapter 4, 

Section 4.3.2.1 also harboured a similar incomplete PVL-associated bacteriophage (Fig. 

5.4). The PVL-positive comparator isolate Z4294 neighbouring Sri Lankan clone Clade 

III isolates in the cgSNP MLT also harboured an incomplete phage (Fig. 5.4). By 

contrast, the remaining PVL-positive comparators (N=21) which formed outgroup 

isolates in the cgSNP MLT all harboured complete PVL-encoding bacteriophages (Fig. 

5.4). 

 

To further investigate the unique genetic organisation of the PVL-encoding 

bacteriophage harboured by the Sri Lankan clone isolates, twenty-six representative Sri 

Lankan clone isolates (24 MLT Clade I and two MLT Clade III isolates; Chapter 4, 

Section 4.3.2.1) available for long- and short-read sequencing underwent hybrid-

assembly (Fig. 5.4). Additionally, eight comparator isolates also underwent hybrid-

assembly (five outgroup and three MLT Clade II comparators; Chapter 4, Section 4.3.2.1) 

(Fig. 5.4). The 26 hybrid-assembled Sri Lankan clone isolates were recovered between 

2005 and 2021 from Czech Republic (N=1), Denmark (N=6), Germany (N=2), Ireland 

(N=8), Kuwait (N=1), Norway (N=3), Saudi Arabia (N=2), Sweden (N=1) and the UAE 

(N=2). The eight hybrid-assembled comparator isolates were recovered between 2003 
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and 2019 from Algeria (N=1), Germany (N=1), Ireland (N=1), Norway (N=3), and the 

UAE (N=2).  
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Additional isolates

PVL+ ST5-MSSA comparator harbouring an intact pvl-encoding phage

PVL+ ST5-MSSA comparator harbouring a 9.6 kb pvl-encoding phage remnant

PVL+ ST5-MRSA-IVa comparators harbouring a 9.6 kb pvl-encoding phage remnant

PVL+ ST5-MRSA-IVc Sri Lankan clone isolates harbouring a 9.6 kb pvl-encoding phage remnant
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Additional Isolates

PVL+ ST5-MSSA with intact phage

PVL+ ST5-MSSA with 9.6 kb phage remnant

PVL+ ST5-MRSA-IVa

PVL+ ST5-MRSA-IVc
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Figure 5.4. Maximum likelihood tree (MLT) based on phylogenetic analysis of 12,911 single nucleotide polymorphisms (SNPs) for 224 PVL-

positive CC5/ST5-MRSA-IVc Sri Lankan clone isolates (includes the 10 additional CC5/ST5-MRSA-IVc pubMLST isolates) and 61 PVL-positive 

(N=38) and PVL-negative (N=23) CC5/ST5-MSSA/MRSA-I/II/IVa/IVc/IVg/V comparator isolates (includes the 8 additional PVL-positive 

CC5/ST5-MRSA-IVa [N=7] and CC5/ST5-MSSA [N=1] pubMLST isolates and a PVL-positive CC5/ST5-MSSA comparator from the Irish 

National MRSA reference laboratory [N=1]). A total of 285 study isolates (Sri Lankan clone and comparator isolates) were recovered from 16 

different countries between 2003–2022. Sri Lankan clone isolates were recovered from 13 countries across Europe, Asia, Australia and the Middle 

East between 2005–2022. Separate node colours/shapes represent country of recovery, sample types and SCCmec types as indicated in the legend. 

The blue branches represent PVL-positive CC5/ST5-MRSA-IVc Sri Lankan clone isolates (N=219/224) forming Clade I. The green branches 

represent PVL-positive CC5/ST5-MRSA-IVa comparator isolates (N=14/61) forming Clade II. The red branches represent the remaining PVL-

positive CC5/ST5-MRSA-IVc Sri Lankan clone isolates (N=5/224) forming Clade III. The thick black branches represent a PVL-positive 

CC5/ST5-MSSA comparator isolate (pubMLST database ID 14797, Accession No. ERR109505) and a PVL-positive CC5/ST5-MRSA-IVa 

comparator isolate (N=2) branching out next to Clade III. The thin black branches represent the comparator outgroup isolates (N=45) which 

separate away from Clades I–III. Isolate names, year of recovery and spa types are all indicated in the branch labelling. All available 29,504 

Staphylococcus aureus assembled genomes (accessed 16th Nov. 2022) in the pubMLST database (https://pubmlst.org) were screened using in silico 

PCR and isolates (N=18) carrying the PVL-phage remnant recovered from the database are highlighted in pink (PVL-positive CC5/ST5-MSSA; 

N=1), turquoise (PVL-positive CC5/ST5-MRSA-IVa; N=7) and blue (PVL-positive CC5/ST5-MRSA-IVc; N=10) within the MLT. A PVL-

positive Irish MSSA isolate (M190008 highlighted in orange) harbouring an intact PVL-encoding phage was also included for comparative 

purposes. The limited available metadata on the 18 pubMLST isolates are provided in Table 5.1. The available genotypic information for the 

original 266 study isolates and all 19 additional isolates is provided in Tables 4.1 and 5.3, respectively. The cgSNP-based MLT was constructed 

https://pubmlst.org/
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using IQ-TREE v2.2.0 (http://www.iqtree.org) and the phylogenetic tree was visualised and annotated through Interactive Tree of Life v6.5.8 

(https://itol.embl.de). 

http://www.iqtree.org/
https://itol.embl.de/
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Closer examination using these hybrid-assembled genomes confirmed that all 26 Sri 

Lankan clone isolates lacked an intact lysogenized PVL-encoding phage (Fig. 5.5). 

However, the isolates harboured a chromosomal remnant encoding the lukF/S-PV genes 

as well as remnants of the phage structural and lysis genes (Fig. 5.5). In each case, the 

phage remnant was 9,616 bp, with an intact downstream attachment site (attL), but no 

upstream attachment site (attR). An identical phage remnant was observed in the three 

Clade II comparator isolates and the single PVL-positive ST5-MRSA-IVa comparator 

isolate (Z4294) next to Clade III (Fig. 5.4). The four remaining outgroup comparator 

isolates all harboured a complete bacteriophage genome of 44,823 bp which shared 

99.99% sequence homology with the well-characterized PVL-encoding phage phiSa2wa 

(accession no. ON989481.1) (Fig. 5.5) (Coombs et al., 2020). 

 

A comparative sequence analysis of the 9,616 bp remnant harboured by the Sri Lankan 

clone isolates against a 44,823 bp reference phiSa2wa phage genome revealed that the 

phage remnant exhibited 100% sequence homology with the 3′ junction of phage 

phiSa2wa. Additionally, analysis of the chromosomal sequences upstream of the phage 

remnant revealed the absence of 614 bp of bacterial chromosomal sequence. This 614 bp 

sequence is typically present adjacent to the attR attachment site. This finding suggests 

that possible imprecise excision of the PVL phage also resulted in the deletion of a small 

fragment of the bacterial chromosome (Fig. 5.6). Furthermore, all isolates investigated 

by hybrid-assembly which harboured the PVL-phage remnant showed the presence of an 

identical chromosomal sequence adjacent to the remnant (Fig. 5.5). This suggests that 

the PVL-encoding phage remnant is a stable component securely integrated into the 

chromosome of the Sri Lankan clone. This stable integration of PVL could potentially be 

contributing to the widespread dissemination of the clone, as evidenced in this study 

where Sri Lankan clone isolates were recovered from twelve countries across Europe, 

Asia and the Middle East. 
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Figure 5.5. Comparison of the structural organisation of the Panton-Valentine leukocidin (PVL) lukF/S-PV genes and associated phage DNA 

sequences within the chromosome of a PVL-positive CC5/ST5-MRSA-IVc comparator isolate harbouring an intact lysogenised PVL-encoding 

bacteriophage genome, and a PVL-positive CC5/ST5-MRSA-IVc Sri Lankan clone isolate carrying a PVL-encoding phage remnant. The 

organisation of phage DNA regions was determined by hybrid assembly. (a) Comparator isolate 323179 (United Arab Emirates, 2018) harbouring 

a fully intact lysogenised PVL-encoding bacteriophage genome (~45,000 bp) with 99.99% sequence homology to the PVL-encoding phage 

phiSa2wa (accession no. ON989481.1). (b) Sri Lankan clone isolate M181179 (Ireland, 2018) harbouring a 9,616 bp PVL-encoding phage remnant 
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with 100% sequence homology to the 3' end junction of the phiSa2wa phage. The typical components of the bacteriophage genome are highlighted 

by colour; lysogeny module (orange), DNA replication and transcription genes (pink), head and tail packaging genes (green), lysis module (dark 

purple) and the lukS/F-PV region (blue). Attachment sites (attR and attL) are typically present at the proximal and distal junction ends of 

lysogenized prophage genomes integrated in the bacterial chromosome. The phage remnant probably arose from an imprecise excision event that 

resulted in loss of most of the phage genome and a 614 bp chromosomal DNA sequence upstream and including the attR site. In isolate M181179, 

the annotated bacterial chromosome flanking sequence and phage remnant’ sequence are indicated. All available 29,504 S. aureus assembled 

genomes in the pubMLST database (https://pubmlst.org) (accessed 2nd Nov. 2022) were screened by in silico PCR using primers 

CC5Chromosome-F* (5'-ATTCGATTGCACGTTCTG-3') and CC5Phage-R* (5'-ACTTAACAGACGAGTTATTGCAC-3') indicated in (b) 

which yield an 856 bp amplimer with assembled genomes harbouring the 9.6 kb phage remnant. A 75 bp sequence “∆Phage-seq probe” (highlighted 

in light blue in (b)) that spanned the chromosomal/5'-phage junction was used as an in silico probe against the assembled genomes to confirm in 

silico PCR results. The hybrid assembled genomes were annotated using RAST v2.0 (https://rast.nmpdr.org) and visualised using SnapGene v6.0.6 

(https://www.snapgene.com). 

 

 

 

 

 

 

 

https://pubmlst.org/
https://rast.nmpdr.org/
https://www.snapgene.com/
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Figure 5.6. The 614 bp bacterial chromosome sequence deleted in Sri Lankan clone 

isolates. Analysis of the chromosomal sequences upstream of the phage remnant revealed 

the absence of 614 bp of bacterial chromosome, typically present adjacent to the attR 

attachment site. Analysis performed using SnapGene v6.0.6 

(https://www.snapgene.com).  
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https://www.snapgene.com/
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5.3.2 pubMLST search for isolates harbouring the 9,616 bp Sri Lankan clone PVL-

phage remnant 

To identify previously assembled genomes in the pubMLST database carrying a similar 

PVL-phage remnant to Sri Lankan clone isolates and determine how widely distributed 

this remnant is, further in silico analysis was performed. A pubMLST BLAST search 

was carried out using study-specific primer sequences and a phage sequence search probe 

(Table 5.2). The ∆Phage-seq probe was designed to cover the upstream junction between 

the bacterial chromosome and the phage remnant. A positive match indicated a truncated 

phage and a negative or incomplete match indicated an intact phage. Of the 29,504 

pubMLST S. aureus genomes screened; 18 genomes were positive matches for carriage 

of this 9,616 bp PVL-phage remnant. Further analysis through SCCmecFinder and 

Ridom Seqsphere+ template tools confirmed that ten of these were PVL-positive 

CC5/ST5-MRSA-IVc, seven were PVL-positive CC5/ST5-MRSA-IVa and the 

remaining isolate was a PVL-positive CC5/ST5-MSSA strain. 

 

The ten PVL-positive ST5-MRSA-IVc isolates were assigned to spa type t002 (N=8), 

t1154 (N=1) or were untypeable (N=1) (Table 5.3). Two closely related spa types were 

identified among the comparator isolates; t002 (N=6) and t045 (N=1) (Table 5.3). The 

CC5-MSSA isolate was assigned to spa type t002 (Table 5.3). Epidemiological 

information was available for only one isolate; a t002/ST5-MRSA-IVc isolate recovered 

in Luxembourg in 2009 (Table 5.1).  

 

5.3.2.1 Phylogenetic analysis of Sri Lankan clone and pubMLST isolates 

Despite the limited metadata available regarding year/country of recovery for the 

pubMLST isolates (Table 5.1), a phylogenetic analysis was performed against the 266 

MRSA isolates described in Chapter 4 of this study. This analysis included the 18 

pubMLST isolates, 214 PVL-positive CC5/ST5-MRSA-IVc Sri Lankan clone isolates 

recovered between 2005–2022 from 12 countries, 29 PVL-positive and 23 PVL-negative 

ST5-MRSA-I/II/IVa/IVc/IVg/V comparator isolates (Fig. 5.4). Additionally, a PVL-

positive t002/ST5-MSSA isolate (M190008) submitted to the NMRSARL from an Irish 

hospital in 2019 harbouring an intact PVL-encoding phage was also included for 

comparative purposes.  
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Table 5.3. Antimicrobial resistance and virulence-associated gene profiles of additional PVL-positive CC5-MRSA/MSSA isolates identified by 

in-silico PCR analysis (N=18) and from NMRSARL (N=1) 
a 

Genotypic information was extracted from whole-genome data using Ridom SeqSphere+ v7.0.4 (Ridom GmbH, Münster, Germany) genotyping. 
b This isolate harboured an intact hlb gene and therefore did not have an IEC type. 

Abbreviations: ND, not determined – information not available and spa types not determined using in-silico techniques on the available genomic 

sequence data; ST, sequence type; SCCmec, staphylococcal chromosomal cassette harbouring mecA; PVL, Panton-Valentine leukocidin; +, 

positive; -, negative; IEC, immune evasion cluster. 

 

Isolates(N)  Year(s) of 
isolation 

spa-ST-SCCmec(N) AR genesa(N) PVL 
(+/-) 

IEC Type(N) Enterotoxin 
genes(N) 

ST5-MRSA-IVc 
10 2009 [1] 

ND [9] 
t002-ST5-IVc [8] 
t1154-ST5-IVc [1] 
ND-ST5-IVc [1] 

blaZ, fosB, lmrP, mprF, sdrM, erm(C) [5] 
blaZ, fosB, lmrP, mprF, sdrM [2] 
fosB, lmrP, mprF, sdrM [1] 
blaZ, fosB, lmrP, mprF, sdrM, erm(C), tet(K) [1] 
aphA3, cat, blaZ, fosB, lmrP, mprF, sdrM, erm(C), 
tet(K) [1] 

+ [10] G sed/sej/ser [9] 
None [1] 

ST5-MRSA-IVa 
7 ND [7] t002-ST5-IVa [6] 

t045-ST5-IVa [1] 
blaZ, fosB, lmrP, mprF, sdrM, erm(C) [4] 
blaZ, fosB, lmrP, mprF, sdrM [3] 

+ [7] G [6] 
Noneb [1] 

 

sed/sej/ser [7] 

ST5-MSSA 
2 2019 [1] 

ND [1] 
t002-ST5 [2]  blaZ, fosB, lmrP, mprF, sdrM, erm(C) [1]  

blaZ, fosB, lmrP, mprF, sdrM [1] 
+ [2]  A [1] 

G [1] 
sed/sej/ser [2] 
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The cgSNP MLT analysis based on 12,911 SNPs revealed that the ten PVL-positive 

CC5/ST5-MRSA-IVc pubMLST isolates grouped into Clade I with 209/214 of the ST5-

MRSA-IVc Sri Lankan clone isolates (shaded in blue in Fig. 5.4). These isolates 

exhibited a pairwise SNP-distance median of 105 (average: 110; range: 0–287) from one 

another. The seven PVL-positive CC5/ST5-MRSA-IVa pubMLST isolates grouped with 

the seven ST5-MRSA-IVa comparator isolates in Clade II (shaded in turquoise in Fig. 

5.4) and exhibited a median of 85 (average: 78; range: 3–120) from one another. The 

PVL-positive CC5/ST5-MSSA pubMLST isolate branched out next to the Clade III ST5-

MRSA-IVc Sri Lankan clone isolates and also neighboured the PVL-positive ST5-

MRSA-IVa comparator isolate (Z4294) next to Clade III (shaded in pink in Fig. 5.4). 

This MSSA strain exhibited between 196–240 SNPs to Clade III Sri Lankan clone 

isolates and 179 SNPs to the comparator Z4294 isolate. Finally, the Irish PVL-positive 

MSSA comparator isolate (M190008) with the intact phage grouped with the other 

outgroup comparator isolates at the base of the MLT (shaded in orange in Fig. 5.4). 

 

5.3.3 Genotypic profiling of the pubMLST isolates 

5.3.3.1 Strain assignment  

Analysis of the antimicrobial resistance and virulence genes associated with the 

pubMLST isolates revealed that these strains shared close similarities to the Sri Lankan 

clone isolates described in Chapter 4 of this study. The majority of Sri Lankan clone 

isolates (200/214; 93.5%) from Chapter 4 were classified as ‘CC5-MRSA-IVc 

(sed/sej/ser+)’. Similarly, all of the pubMLST isolates (18/18) also harboured the 

sed/sej/ser enterotoxin genes (Table 5.3).  

 

5.3.3.2 Antimicrobial resistance genes 

The blaZ gene was detected in the majority of the pubMLST isolates (17/18; 94.4%) 

(Table 5.3), as with the majority of Sri Lankan clone isolates from Chapter 4 (202/214; 

94.4%). The fosB gene and sdrM were also detected in all the pubMLST isolates (18/18) 

(Table 5.3) and in the majority of Sri Lankan clone isolates from Chapter 4 (213/214; 

99.5%). The lmrP gene was detected in all the pubMLST isolates (Table 5.3) and in most 

of the Sri Lankan clone isolates from Chapter 4 (212/214; 99.1%). The majority of the 

PVL-positive ST5-MRSA-IVc (7/10; 70%), ST5-MRSA-IVa (4/7; 57%) and the ST5-

MSSA (1/1) pubMLST isolates harboured the erythromycin resistance erm(C) gene 

(Table 5.3). This gene was also detected in 41.1% of the Sri Lankan clone isolates from 
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Chapter 4. Only one of the PVL-positive ST5-MRSA-IVc pubMLST isolates (1/10; 

10%) carried the tetracycline resistance tet(K) gene (Table 5.3), comparable to Chapter 

4 where only 6% of the Sri Lankan clone isolates carried this gene.  

 

5.3.3.3 Immune evasion cluster types  

IEC-type G was predominant amongst the pubMLST isolates (17/18; 94.4%) (Table 5.3), 

as with the Sri Lankan clone isolates from Chapter 4 (196/214; 91.6%). The remaining 

PVL-positive ST5-MRSA-IVa pubMLST isolate carried no IEC genes and harboured an 

intact, untruncated hlb gene.  

Collectively, these findings indicate that the in silico PCR analysis permitted the 

detection of ten additional PVL-positive ST5-MRSA-IVc Sri Lankan clone isolates and 

eight other comparator isolates (including a ST5-MSSA strain) which all harboured an 

identical PVL-encoding phage remnant and similar molecular characteristics as the 

isolates described in Chapter 4 of this study.  
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5.4 Discussion 
 
The first comprehensive report of the PVL-carrying CC5/ST5-MRSA-IVc Sri Lankan 

clone was provided by McTavish et al., in 2019 following its detection in a Sri Lankan 

hospital. Chapter 3 and 4 of this study provided insights into the prevalence of this clone, 

illustrating its expansion across Europe, Asia and the Middle East, including its 

involvement in an MRSA infection outbreak within a maternity hospital in Ireland. In 

this chapter, a WGS-based molecular analysis was performed to characterise the PVL 

phage harboured by this emerging PVL-positive CA-MRSA lineage. The PVL-encoding 

region of Sri Lankan clone isolates was investigated against the genome of representative 

PVL phages commonly associated with S. aureus strains. 

 

Within the Sri Lankan isolates investigated, approximately 80% of the phage genome 

had been deleted leaving behind a 9.6 kb PVL-encoding remnant integrated into the 

chromosome of the bacteria (Fig. 5.5). A search of the literature revealed no other 

instances where this remnant had been reported, suggesting that this feature may be a 

useful genetic marker for the Sri Lankan clone. The presence of the 9.6 kb remnant within 

the chromosome of all the Sri Lankan clone isolates investigated, including the earliest 

study isolate (141087, recovered in 2005), indicates that this feature was present in the 

early history of the PVL-positive ST5-MRSA-IVc Sri Lankan lineage. Carriage of the 

entire PVL prophage genome possibly imposed a fitness cost on the Sri Lankan clone or 

its progenitor(s), resulting in imprecise excision of the phage (Yoon et al., 2019). 

Additionally, the stable retention of only the pvl lukF/S-PV genes (Fig. 5.5), while the 

lysogeny, morphogenesis and mobility-associated components of the phage were 

discarded also suggests that PVL could potentially be providing a survival advantage to 

the bacteria. Association of PVL-carrying S. aureus strains with increased virulence and 

enhanced transmissibility has previously been reported (Bhatta et al., 2016; Jaiswal et 

al., 2022).  

 

Defective PVL-encoding bacteriophages with truncated tail formation genes have been 

described in MRSA (Kaneko and Kamio, 2004; Ma et al., 2006; Wirtz et al., 2009). 

Using electron microscopy, Kaneko and Kamio, 2004, examined a 40 kb φPVL phage 

isolated from a S. aureus strain and found no evidence of a tail structure within the phage 

particle, although analysis of the nucleotide sequence of the phage revealed that it 
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encoded tail-associated genes (Kaneko and Kamio, 2004). Furthermore, experimental 

attempts to infect other S. aureus strains with this phage particle were unsuccessful. 

Collectively, these findings indicated that this φPVL phage was defective. Wirtz et al., 

2009, also reported the presence of a defective PVL-encoding phage in the successful 

CA-MRSA USA300 lineage. These researchers reported that bacterial lysis and phage 

release allowed for successful excision and replication of the φSa3USA hlb-converting 

phage of strain USA300. However, excision/replication of the USA300-associated 

φSa2USA PVL-encoding phage could not be achieved. The findings of the investigation 

suggested that φSa2USA is a replication-defective prophage.  

Interestingly, all of the PVL-positive ST5-MRSA-IVa comparator isolates which 

grouped into Clade II (the closest neighbour to PVL-positive ST5-MRSA-IVc Sri Lankan 

Clade I) and the single PVL-positive ST5-MRSA-IVa comparator isolate Z4294 located 

adjacent to Clade III in the cgSNP MLT also harboured the 9.6 kb phage remnant (Fig. 

5.4). These findings suggest that Clade II isolates, isolate Z4294 and Sri Lankan clone 

Clade I/III all emerged from a PVL-positive common ancestor harbouring the 9.6 kb 

phage remnant, very likely a PVL-positive CC5/ST5-MSSA (Earls et al., 2021). This 

suggestion was further supported by the detection of a PVL-positive CC5/ST5-MSSA 

isolate (ERR109505) in the pubMLST database by in silico PCR that also harboured the 

same 9.6 kb phage remnant. Isolate ERR109505 also grouped adjacent to Sri Lankan 

Clade III isolates in the cgSNP MLT (Fig. 5.4). The complete absence of SCCmec 

element sequences in this pubMLST MSSA isolate and its close phylogenetic proximity 

to Sri Lankan clone isolates also supports the probability of a PVL-positive MSSA 

progenitor giving rise to the Sri Lankan clone. It is likely that an ancestral MSSA 

acquired an intact PVL phage and subsequently SCCmec (or SCCmec first, then the PVL 

phage) and an imprecise excision event resulted in the remnant.  

 

As the majority of Sri Lankan clone isolates investigated in this study (219/224; 98%) 

grouped within Clade I, this indicates that Clade I went on to disseminate widely across 

different continents in comparison to Sri Lankan Clade III and PVL-positive ST5-

MRSA-IVa Clade II. Furthermore, as the in silico PCR search of the pubMLST database 

resulted only in the identification of CC5/ST5 S. aureus strains, it is likely that this phage 

remnant may currently be conserved to CC5. At present, all publicly available genome 

databases have been exhausted in the search for relevant CC5/ST5 S. aureus strains for 
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this study. Further contact with international collaborators also yielded a limited number 

of isolates. It is currently common practice for researchers to upload isolate WGS 

sequences into public databases without also providing complete metadata describing 

attributes of the samples (country/year of recovery, isolate type etc.). Similarly, the 

paucity of WGS data on MSSA isolates is also a significant hindrance to epidemiological 

investigations such as the one carried out in this study. During WGS-based 

investigations, MSSA isolates are often disregarded and only a limited number of these 

isolates are sequenced. The provision of complete metadata and increased sequencing of 

MSSA strains would contribute significantly to mitigating these limitations. 

To definitively trace the exact origin, evolutionary pathway and emergence of Sri Lankan 

Clade I and the phage remnant, further investigations with older CC5/ST5 MRSA and 

MSSA strains harbouring the same 9.6 kb phage are required. With increasing levels of 

PVL-positive CA-MRSA strains being reported worldwide (Bhatta et al., 2016; Klein et 

al., 2020), including in Ireland (NMRSARL 2020; Shore et al., 2014), understanding the 

origins and factors associated with the emergence of these lineages is of great importance.  
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6.1 CA-MRSA in Ireland 

The work presented in this thesis provides the most detailed insights to date into the 

diverse population of CA-MRSA currently circulating in Ireland. While the prevalence 

and epidemiology of HA-MRSA in Ireland has been extensively investigated, 

data on CA-MRSA epidemiology is scarce and incomplete. Unlike many other countries, 

there are currently no formal surveillance systems in place to monitor the prevalence and 

spread of CA-MRSA in Ireland. In the USA, geographical surveillance of CA-MRSA is 

continuously advancing. In recent years, epidemiological investigations have been 

enhanced with the use of geocoded electronic health record databases to identify CA-

MRSA incidence rates in the community and also identify possible risk factors, including 

community demographics, household crowding, gender and age (Casey et al., 2013; 

Immergluck et al., 2019; Jackson et al., 2016). In Japan, a nationwide surveillance study 

on CA-MRSA was recently undertaken involving isolates recovered from 244 healthcare 

facilities over a decade (Yamaguchi et al., 2022). The study analysed changes in the 

molecular and epidemiological characteristics of CA-MRSA and accounted for region, 

period of isolation, patient age and gender (Yamaguchi et al., 2022).  

 

As the incidence of CA-MRSA continues to rise globally and several successful 

epidemic clones are reported on frequently, epidemiological surveillance on a national 

level becomes increasingly critical in the fight against MRSA. To address this lack of 

adequate data on CA-MRSA incidence in Ireland, Chapter 3 of this study investigated 

the population structure and diversity of CA-MRSA in Irish nosocomial settings, 

including the association of numerous distinct PVL-positive CA-MRSA lineages with 

infection outbreaks. The findings presented in Chapter 3 revealed that the overall genetic 

diversity and distribution of CA-MRSA in Ireland is high. Over the 11-year study period 

(2011–2022) where CA-MRSA isolates were recovered primarily from maternity 

patients without traditional risk factors, 32 different STs and 91 different spa types were 

identified. These findings reflect the increasing global prevalence of CA-MRSA. The 

diversity observed also highlights the considerable threat posed by MRSA in Ireland. 

According to Health Protection Surveillance Centre (HPSC) correspondence with the 

Coombe Women’s and Infants University Hospital, Ireland in 2010, a three-year survey 

of CA-MRSA colonisation in maternity patients revealed a prevalence of 1.6% 

(Department of Health, Ireland, 2013). A similar 2-year study of obstetrics patients in a 

Canadian hospital between 2008 and 2010 found MRSA carriage to be 0.34% among this 
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cohort (Wang et al., 2018). Another study carried out in a Danish maternity hospital in 

2015 found an even lower prevalence of 0.11% (Holm et al., 2021).  

 

According to the epidemiological work presented in Chapter 3, ST5 is the dominant CA-

MRSA in Ireland, accounting for 22.7% of all CA-MRSA isolates recovered. 

Interestingly, ST5 also accounted for a significant proportion of all PVL-positive isolates 

recovered in this study (19.7%), and was associated with an outbreak spanning 15-

months in an Irish maternity hospital. The findings presented in Chapters 4 and 5 further 

expanded on the emergence of the PVL-positive ST5-MRSA-IVc lineage responsible for 

this outbreak and described the global dissemination of this clone. With the changing 

epidemiology of MRSA, ST5 is rapidly becoming a prevalent CA-MRSA worldwide. 

Outbreaks of PVL-positive ST5 CA-MRSA are now common, several having occurred 

in NICUs, maternity units and in paediatric care units (Broderick et al., 2021; Madigan 

et al., 2018; Rokney et al., 2017; Sola et al., 2012). This predominance of ST5 warrants 

rigorous surveillance and immediate investigation of all ST5 CA-MRSA strains 

emerging in hospitals and in the community.  

 

6.2 Transmission dynamics of CA-MRSA in Ireland  

The results presented in this thesis are helpful in understanding the numerous reservoirs 

aiding the spread of CA-MRSA in Ireland specifically. Currently, national IPC measures 

aimed at reducing transmission appear to rely heavily on procedures developed by other 

countries. For example, a proportion of the national clinical guidelines provided by the 

Health Protection Surveillance Centre (HPSC) for reporting CA-MRSA transmission are 

based on strategies in place in the UK (Department of Health, Ireland, 2013). These 

recommendations may not be entirely relevant to Ireland, as CA-MRSA risk factors and 

transmission dynamics are known to vary depending on geographical locations, 

socioeconomic factors and sociodemographic variables (Hasanpour et al., 2023; King et 

al., 2022). A comparison between the UK and Ireland indicates significant differences in 

the rates of urbanisation and in the population living below the poverty line (CSO, 2022a; 

Francis-Devine, 2023; Government Office for Science UK, 2021). This suggests that risk 

factors such as household overcrowding and lower socioeconomic statuses may be 

considerably more relevant in one setting than the other. Additionally, despite the 

population growth rate in Ireland being estimated at 1% in 2020 compared to 0.4% in the 

UK, the diversity in the ethnic makeup of Ireland is not as extensive (The World Bank, 
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2020). This could also result in differences in MRSA epidemiology on a local level. 

Understanding the transmission dynamics at play in Ireland specifically will allow for 

the development of targeted infection control strategies. This study highlighted the 

importance of household transmission, patient-to-HCW/HCW-to-patient transmission 

and global travel in the persistence of MRSA in the community and its subsequent 

introduction into healthcare settings. 

 

6.2.1 International travel and migration 

In Chapter 3, the transmission of two distinct CA-MRSA strains (a PVL-positive ST1-

MRSA-V+fus+tirS+ccrA1 and a PVL-negative ST97-MRSA-V+fus) among several 

members of the same family was revealed. Recent travel history recorded for some 

members of this family indicated that they had travelled to the Middle East, suggesting 

possible importation of these strains into Ireland and subsequent spread within the family. 

Similar isolates have been recovered in the Middle East and in people who had previously 

travelled to and from Middle Eastern countries (Monecke et al., 2012). The likelihood of 

zoonotic transmission of this MDR lineage into humans from livestock or domestic 

animals has also been extensively reported (Feltrin et al., 2015; Monecke et al., 2011; 

Monecke et al., 2012). Similarly, the investigation of the PVL-positive ST5-MRSA-IVc 

Sri Lankan clone described in Chapter 4 identified Irish patients with recent travel to Sri 

Lanka and Turkey.  

 

Increased immigration into Ireland in recent years as a result of escalating political and 

economic instability in other parts of the world could also be a contributing factor to the 

prevalence of CA-MRSA in the community. According to the Central Statistics Office 

(CSO), there was a 15-year high in immigration into Ireland in 2022 (CSO, 2022b). 

Additionally, following COVID-19 lockdowns and restrictions, travel into Europe has 

rebounded strongly, with tourism expected to fully return to pre-pandemic levels in 2023 

(UNWTO, 2023). It has also been suggested that the COVID-19 pandemic exacerbated 

the global AMR problem and shifted focus away from antimicrobial stewardship in an 

attempt to control the spread of the virus (Elmahi et al., 2022). Studies reported increased 

incidences of antimicrobial-resistant infections during the pandemic, increased 

prevalence of MDR pathogens and higher use/misuse of antibiotics, antivirals and 

antimalarial agents (Elmahi et al., 2022; Khaznadar et al., 2023). Collectively, this could 

all have contributed towards the increasing prevalence of CA-MRSA worldwide and 
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could also aid the displacement of predominant endemic clones by novel strains with 

increased transmissibility. Although screening patients based on international travel and 

migration would pose a substantial financial burden on the healthcare sector, improved 

documentation of patient travel history and family background would aid retrospective 

studies when attempting to trace strain transmission.  

 

6.2.2 Household transmission 

As described in Section 6.2.1 above, the results presented in Chapter 3 revealed intra-

familial transmission of CA-MRSA in Ireland. Members of two separate families 

associated with hospital H2 had previously received treatment for either a serious MRSA 

infection or a SSTI. This led to screening of other family members within the same 

household to detect colonisation. Brennan et al., 2012, also recently reported another 

instance where screening of family members led to detection of CA-MRSA household 

transmission in Ireland. These researchers identified a HCW who had transmitted the 

ST772-MRSA-V Bengal Bay clone to her child, as well as to other NICU staff and 

patients. Household environments serve as a key reservoir for transmission of CA-

MRSA, acting as an intermediate source for transmission to other household contacts 

(Davis et al., 2012; Scott et al., 2008). The index first colonises surfaces within the home, 

which then maintains the transmission cycle of MRSA. This also plays a role in 

recolonisation of patients who had previously undergone antibiotic treatment or 

decolonisation (Davis et al., 2012). Survival of MRSA within the home environment is 

suggested to be dependent on fomites such as dust composition, surface material as well 

as temperature, humidity and strain type, which all highlight the importance of good 

hygiene practice to reduce transmission (Davis et al., 2012). Focusing primarily on 

patient decolonisation is not sufficient in preventing the spread of MRSA in the 

community, particularly with growing concerns regarding chlorhexidine and mupirocin 

resistance (Hardy et al., 2018). Household environmental decontamination should be 

considered as an important measure to control household transmissions, specifically in 

the homes of patients who are persistent carriers.  

 

6.2.3 Healthcare workers  

The involvement of HCWs in the transmission of CA-MRSA within healthcare settings 

was also highlighted in this study. Among the outbreaks described in Chapter 3, a staff 

member within the maternity unit of a regional Irish hospital was associated with a ST88-
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MRSA-V outbreak. Recent studies by Kinnevey et al., in 2021 and 2022, undertaken in 

a large-acute Dublin-based hospital also extensively investigated the role played by 

HCWs in the transmission of MRSA/MSSA in non-outbreak settings. Numerous 

transmission events involving HCW-to-patient, HCW-to-HCW and environmental 

contamination due to shedding of MSSA/MRSA isolates by HCWs and patients were 

evident in these studies. Although patient-to-patient transmission events were also 

observed, the researchers concluded that only a minority of these S. aureus hospital 

acquisitions were as a result of patient-to-patient transmission. Additionally, a recent 

study by Sassmannshausen et al. 2016, into the prevalence of MRSA amongst different 

HCWs revealed higher prevalence in nurses than in medical doctors, possibly as a result 

of closer, more frequent contact between nurses and patients. 

 

Despite approximately one-third of the general population being carriers of S. aureus 

(Sakr et al., 2018), screening of HCWs for MSSA is not normally undertaken 

(Department of Health, Ireland, 2013). In regard to MRSA, the current national IPC 

guidelines in Ireland only recommend screening HCWs upon identification of a possible 

link with an infection outbreak cluster (Department of Health, Ireland, 2013). Routine 

investigation of environmental MRSA is also not common practice in most countries 

including Ireland (Department of Health, Ireland, 2013). Good IPC practice necessitates 

monitoring the effectiveness of cleaning and decontamination practices. Improved 

hygiene practices and more thorough and effective environmental decontamination 

strategies should be considered for healthcare settings, particularly during patient 

transfer. Secondly, periodic staff screening for MSSA and MRSA should also be 

considered, particularly for nurses and healthcare assistants, irrespective of associations 

with known outbreaks. The primary barriers currently affecting the implementation of 

periodic staff screening include cost and a general reluctance among HCWs to screening 

as positive results may result in exclusion from work or feelings of stigma. However, the 

risk of S. aureus transmission from HCWs to vulnerable patients and subsequent 

infection greatly outweigh these concerns. In the Netherlands where active surveillance 

screening on HCWs is regularly performed, MRSA-positive staff are often assigned to 

non-patient contact work areas, offered decolonisation therapy and promptly returned to 

their regular roles following successful decolonisation (Lekkerkerk et al., 2017; 

Souverein et al., 2016). This approach contributes towards the lower MRSA colonisation 

rates in the Dutch population compared with other nations (Souverein et al., 2016).  
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6.2.4 Key improvements to IPC measures to limit transmission  

As evidenced by recent epidemiological investigations carried out in Ireland and from 

the findings presented in this study (Brennan et al., 2012; Broderick et al., 2021; Earls et 

al., 2018; Earls et al., 2017; Earls et al., 2019; Kinnevey et al., 2021; Kinnevey et al., 

2022; Shore et al., 2014), IPC resources currently allocated towards managing the 

complex public health challenges presented by MRSA are inadequate. In countries with 

low-intermediate MRSA prevalence rates, such as the Netherlands, risk assessments are 

carried out following hospital admission to identify MRSA risk groups (Westgeest et al., 

2022). This is followed by deployment of a ‘search and destroy’ policy whereby patients 

who are deemed high-risk are screened and isolated (Westgeest et al., 2022). This 

approach has been crucial in maintaining low MRSA colonisation and infection rates. In 

countries with endemic MRSA prevalence, universal patient screening upon admission 

has been proposed as a potential tool in controlling the spread of MRSA, although the 

cost-benefit of this approach is subject to debate (Borg et al., 2021; Roth et al., 2016). In 

the UK, the effectiveness of mandatory admission screening has been heavily scrutinised 

(Care, 2014; Deeny et al., 2013). Targeted screening followed by decolonisation has been 

suggested as a more effective approach in this setting (Deeny et al., 2013), although non-

compliance with universal screening could potentially have hindered the success of this 

approach. According to the Department of Health and Social Care, a policy 

recommending mandatory MRSA screening in the UK was followed in less than two-

thirds of admissions (Department of Health, UK, 2014).  

The application of either universal screening or upgrades to current targeted screening 

practices in Ireland would require improvements to existing hospital designs. Severe 

overcrowding in Irish hospitals has resulted in over-reliance on multi-bed wards, making 

it difficult to adequately isolate patients in single-bed rooms (Irish Nurses and Midwives 

Organisation, 2022). Additionally, hospital overcrowding also results in bed shortages 

and high bed occupancy rates. With high demands for hospital beds, HCWs and cleaning 

staff have limited time to effectively clean and decontaminate patient care equipment and 

shared bathroom facilities between patients, which may result in inadequate 

decontamination. Contaminated hospital environments are well recognised reservoirs for 

transmission of pathogens, even after the colonised/infected patient has vacated the 

environment (Boyce, 2007). Despite increased over-capacity in Irish hospitals, only 162 

additional inpatient beds are due to become available nation-wide in 2023 (The Irish 
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Times, 2023). The rapidly growing population in Ireland will also further contribute to 

the current pressure on healthcare services, including demands for more hospital beds. 

According to national Central Statistics Office data, the population of Ireland increased 

by 8% between 2016 and 2022, and now exceeds the 5 million threshold for the first time 

since 1851 (CSO, 2022c). Additional government investment into the healthcare system 

is crucial in lowering MRSA transmission rates in Ireland. A variety of approaches 

should be considered, including (i) the provision of more single-occupancy rooms in 

hospitals, (ii) cohorting of patients according to MRSA colonisation status when 

isolation rooms are unavailable and (iii) designating staff to caring for MRSA patients to 

avoid further transmission to non‐colonised patients.  

6.3 Antimicrobial resistance in Ireland 

The findings presented in this study also reflect the ongoing antimicrobial resistance 

crisis, which is considered one of the top ten global public health threats according to the 

World Health Organisation (WHO) (Pariente et al., 2022). Traditionally, resistance to 

multiple classes of clinically relevant antibiotics is not a common characteristic of CA-

MRSA, but is increasingly being reported among PVL-positive CA-MRSA strains 

worldwide (Udo, 2013). In Chapter 3 of this study where outbreak-associated CA-MRSA 

strains were investigated, MDR was detected in 37% of these strains. Most notably, the 

PVL-positive ST1-MRSA-V and PVL-negative ST97-MRSA-V intra-familial strains 

exhibited phenotypic resistance to fusidic acid and also carried the fus gene. Although 

systemic use of fusidic acid has significantly reduced in Ireland, it is still readily 

prescribed as a topical treatment for SSTIs (Earls et al., 2017). Additionally, importation 

of SCCfus carrying MRSA strains from countries where inappropriate use of topical 

antibiotics is common could also be occurring. Numerous studies have concluded that 

the widespread use of topical antimicrobial agents such as fusidic acid and mupirocin 

often results in increased bacterial resistance and reduced susceptibility to these agents 

(Carter et al., 2018; Nong et al., 2021). Prolonged exposure to these topical agents could 

also potentially be contributing to the emergence of MDR CA-MRSA strains, as fusC or 

mupA-harbouring S. aureus strains can co-select for other antimicrobial resistance genes 

such as mecA, blaZ and qacA (Carter et al., 2018). Currently, IPC protocols recommend 

focus should be placed on treating the underlying skin condition first before 

decolonisation can be considered. To reduce the introduction of CA-MRSA into 

healthcare settings from the community, patients with skin infections should be isolated 
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and offered decolonisation treatments following admittance (Department of Health, 

Ireland, 2013).  

According to HPSC reports, outpatient use of antibiotics is mid-to-high in Ireland in 

comparison with other reporting European countries (HPSC, 2023). Interestingly, there 

is also high seasonal fluctuations in antibiotic use in Ireland, with winter use appearing 

to be significantly higher than summer use (Fig. 6.1a) (HPSC, 2023). This indicates the 

possible misuse of antibiotics as a treatment option for seasonal influenza and other viral 

respiratory infections. The use of broad-spectrum antibiotics such as macrolides and 

fluoroquinolones have remained stable in recent years in Ireland, and is relatively high 

in comparison to other European countries, despite associations with MRSA 

selection/resistance (HPSC, 2023; Department of Health, Ireland, 2013).  

 

 

 

 

 

 



 213 

 
Figure 6.1. Antibiotic consumption in the community in Ireland. (a) Total outpatient antibiotic consumption in Ireland by month from January to 

December expressed in Defined Daily Doses (DDD) per 1000 inhabitants per day. Seasonal fluctuation showing latest data for year 2023 in red, 

2022 in blue and past years in grey. (b) Regional variations in rates of antibiotic consumption in the community in Ireland. Data for latest year 

provisional to 2023Q1. The level of antibiotic consumption for each country in the European Centre for Disease Prevention and Control (ECDC) 

map is indicated with a black line (|). Rate for Ireland when ECDC map was last published is indicated with an asterisk (*). Current rate for Ireland 

is indicated by the triangle. Adapted from Health Protection Surveillance Centre - Public MicroB Report Viewer (HPSC, 2023).
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Earls et al., 2017 recently reported on the transmission of the MDR European CC1-

MRSA-IV clone within and between hospitals in Ireland and the involvement of HCWs 

in these transmission events. This CA-MRSA clone encodes resistance to 

MLSB (macrolide, lincosamide and streptogramin B) compounds, aminoglycoside-

streptothricin antibiotics (aadE-sat-aphA3), tetracycline [tet(K)] and β-lactams (blaZ) 

(Earls et al., 2017).  

There is also wide regional variations at county level in the use of antibiotics in Ireland 

(Fig. 6.1b) (HPSC, 2023). This suggests that awareness and education regarding misuse 

and overuse may require a targeted approach. Additionally, guidelines for prescribing 

antibiotics need to be reviewed and further standardised. Considering that the annual 

expenditure for medicines in Ireland currently exceeds €2.5b (approximately 14% of the 

total national health budget and ~7% of GDP) (Global Legal Insights, 2022), reducing 

inappropriate use of antibiotics could contribute significantly towards tackling the 

problem of AMR and also help to alleviate some of the economic burden on the 

healthcare sector.  

In livestock settings, lineages such as CC398, CC130 and CC1/t127 identified in 

colonised farm animals are considered emerging reservoirs of MRSA for transmission to 

humans (Elstrøm et al., 2019). These strains frequently harbour a wide variety of AMR 

genes, possibly as a direct consequence of the extensive use of antibiotics in agriculture 

(Cuny et al., 2015). Livestock and livestock-associated S. aureus strains are also 

frequently exposed to antimicrobial agents and heavy metals which are naturally present 

in the environment or introduced through pollution by farm disinfectants and 

preservatives (Cuny et al., 2015; Dweba et al., 2018). This exposure sometimes results 

in co-selection of AMR genes with heavy metal resistance genes by S. aureus strains 

(Dweba et al., 2018). For example, the classic livestock-associated CC398-MRSA-V 

lineage typically exhibits high-level resistance to β-lactams, tetracyclines, macrolides, 

aminoglycosides, cadmium and zinc (Matuszewska et al., 2022; Sharma et al., 2016). 

Human-adapted variants of CC398 more commonly only exhibit resistance to macrolides 

(Bouiller et al., 2022; Matuszewska et al., 2022). Similarly, the CC130-MRSA lineage 

commonly found in dairy cattle carrying the SCCmecXI–blaZ/mecC element, tet efflux 

and arsenic resistance operon genes (arsB/arsC) has also been recovered from humans, 

including in Irish patients (Kinnevey et al., 2014; Shore et al., 2011). Interestingly, this 
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lineage has also been associated with European hedgehog populations, which are now 

regarded as long-standing reservoirs of mecC-MRSA, even predating the advent of the 

antibiotic era (Larsen et al., 2022).  

Fortunately, significant progress has been made in reducing the overall use of antibiotics 

in livestock as a result of effective EU legislation. This has resulted in a 47% reduction 

in annual sales of antibiotics for animal use in the EU/EEA, Switzerland and UK in the 

last decade (FEFAC, 2022). New regulations have also placed a ban on routine 

prophylactic antibiotic use in livestock and recommends preventative use for exceptional 

cases only (Simjee and Ippolito, 2022). According to the World Organisation for Animal 

Health (WOAH), global antibiotic use in animals has also reduced by 27% in the last 

three years (Animal Health Europe, 2022). With increasing reports of zoonotic 

transmissions of MRSA to humans over the last decade (Anjum et al., 2019; Butaye et 

al., 2016; Elstrøm et al., 2019), these are much needed initiatives. 

6.4 Superiority of WGS-based typing methods for investigating S. aureus 

The current study demonstrated the high resolution and unparalleled discriminatory 

abilities offered by WGS over conventional molecular typing methods. In Chapters 3, 4 

and 5, various WGS-based typing tools were employed for a combined epidemiological 

and phylogenetic approach to (i) investigate CA-MRSA outbreaks and transmission 

within and outside healthcare settings, (ii) describe the CA-MRSA population structure 

in Ireland and (iii) elucidate the widespread dissemination of a novel emerging clone 

internationally.  

 

In the outbreak studies presented in Chapter 3, the phenotypic antimicrobial 

susceptibility profiles, spa types and close proximity in recovery dates (December 2017–

March 2018) of t008/ST8-MRSA-IVa isolates from two separate Irish hospitals (H1 and 

H2) inferred high genetic similarities between these isolates, thus suggesting possible 

transmission between the two Dublin-based hospitals. By contrast, wgMLST-based and 

wgSNP-based phylogenetic analyses revealed that outbreaks within the two hospitals 

were caused by two genotypically distinct PVL-positive USA300 strains (Clusters CH1 

and CH2 in Figs. 3.2a and 3.3a). Similarly, in the wgMLST-based and wgSNP-based 

presented in this Chapter, isolate M18/0106, a t723 isolate (spa repeat succession: 11–

19–12–34–22–25) clustered closely with t008 isolates (spa repeat succession: 11–19–
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12–21–17–34–24–34–22–25) exhibiting between 4–6 allelic differences (or 6–8 SNPs) 

from these isolates. Prior to the introduction of WGS-based phylogenetic tools, 

investigations using conventional techniques only or analysis based on spa types alone 

would prematurely have excluded this isolate from the outbreak study. 

         

In Chapter 3, WGS-based cgMLST was also used to investigate the epidemiology of CA-

MRSA in Ireland. The cgMLST MST permitted the identification of major circulating 

lineages, many of which possess enhanced antimicrobial resistance and virulence 

determinants (Fig. 3.4). A second cgMLST-based MST was also constructed to compare 

the emerging PVL-positive ST22-MRSA population in Ireland with epidemiologically 

unrelated international PVL-positive ST22 strains (Fig. 3.5b). This in silico analysis was 

facilitated by the availability of high-quality whole-genome sequences in public 

databases. This accessibility to large public repositories of genomes recovered from 

numerous disparate geographical locations across an extensive period of time highlights 

the powerful resource provided only by WGS.  

The unrivalled sensitivity and precision offered by WGS-based technologies was 

demonstrated in Chapter 4 of this study. Second and third generation WGS tools were 

employed to produce highly accurate de novo assemblies, which permitted thorough 

investigation of the emerging novel Sri Lankan clone. A cgSNP-based MLT and 

cgMLST-based MST was constructed and a major clade (Clade I) of the PVL-positive 

ST5-MRSA-IVc Sri Lankan clone was identified (Figs. 4.4 and 4.5). The cgSNP 

phylogenetic investigation also permitted the identification of smaller emerging clades 

(Clade II and Clade III) of the PVL-positive ST5 lineage, a finding which would have 

been overlooked if only one molecular typing tool was employed for this analysis. 

Similarly, the cgMLST phylogenetic investigation permitted the detection of related 

isolate groups which were not easily discernible on the cgSNP MLT. This highlighted 

the varying applications of different WGS-based typing methods, the importance of 

choosing appropriate typing techniques and also the usefulness of employing multiple 

approaches for WGS data interpretation.  

Aside from its application in high-resolution phylogenetic analyses in this study, the 

combination of short-read WGS data with long-read data also greatly improved the 

analysis of S. aureus isolates. The construction of higher quality genomes allow for the 
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detection of distinct lineage-specific genetic markers, which could potentially be relevant 

in understanding the divergence and evolutionary history of novel S. aureus clones. In 

Chapters 4 and 5, hybrid-assembled WGS data was used to characterise the PVL-

encoding phage remnant and the sdrE/bbp gene in the emerging PVL-positive ST5-

MRSA-IVc Sri Lankan clone (Figs. 4.6 and 5.5). 

6.4.1 Future applications of WGS in S. aureus investigations  

Despite advancements in sequencing technologies in recent years, adoption of WGS for 

routine use to guide public health surveillance and outbreak investigations in Ireland has 

been slow. As evidenced by the results presented in this study, hospital-based 

microbiology laboratories would greatly benefit from integration of WGS into routine 

clinical microbiology laboratories. As the primary surveillance tool, WGS would provide 

timely, clinically relevant information allowing for real-time investigation of 

transmission events and rapid management of infection outbreaks. Currently, the barriers 

hindering the integration of WGS into routine clinical settings include complexity of 

WGS data analysis as there are limited user-friendly/automated analysis software 

available and also lack of standardisation in regard to data analysis and quality control 

measures. To bridge this gap between research use of WGS and routine clinical 

applications, additional investments into infectious disease surveillance is needed. This 

would provide the resources to bring sequencing technologies in-house, particularly into 

acute public hospitals across the country. Further improvements could include (i) 

provision of training to current laboratory staff, (ii) recruitment of more researchers with 

specialist knowledge of WGS technologies into hospital laboratories, (iii) standardisation 

of WGS typing techniques to allow for interlaboratory reproducibility, particularly in 

terms of isolate relatedness thresholds and (iv) access to standardised software packages 

and user-friendly bio-informatic workflows which would allow for easier data analysis 

and data interpretation.  

The integration of WGS into more routine clinical settings will also significantly reduce 

the turn-around time between patient screening and data acquisition, possibly 

encouraging more screening and increasing the current genome sequence data pool. From 

current literature, the disparities in the number of epidemiological studies carried out on 

MSSA relative to MRSA is clearly evident. Similarly, the availability of WGS MSSA 

data within public genome databases is also limited. It is suggested that MSSA strains 
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are often dismissed as carriage isolates, despite their associations with clinically relevant 

invasive infections (Zhu et al., 2022). This oversight also negatively impacts parallel 

studies between MRSA and MSSA to determine the evolutionary history of novel 

emerging clones. Many of the major circulating CA-MRSA clones including the 

epidemic European CC80-MRSA-IV, European CC1-MRSA-IV and CC8-MRSA-IV 

USA300 emerged from ancestral MSSA strains (Earls et al., 2021; Stegger et al., 2014; 

Strauß et al., 2017). In Chapter 5 of this study, the exact origins of the PVL-positive Sri 

Lankan clone could not be accurately determined as only a limited number of potential 

progenitor MSSA sequences were recovered following an extensive search. To gain 

further insights into the emergence of this clone, increased availability of MSSA genome 

data is required.  

6.5 Concluding remarks 

The emergence of CA-MRSA is a clinical and epidemiological problem which has had 

serious implications on global public health and infection prevention. The epidemiology 

of MRSA has evolved rapidly in recent years as the boundaries and distinctions between 

CA-MRSA and HA-MRSA blur. There is now frequent introduction of CA-MRSA into 

healthcare settings and reports of HA-MRSA transmission in the community, with 

significant overlap in the MDR profiles and virulence determinants of these emerging 

strains. Similarly, increasing reports of human infections caused by LA-MRSA strains 

and transmission of LA-MRSA between humans in the community also demonstrates the 

limited relevance of current epidemiological distinctions. As major reservoirs of MRSA 

continue to emerge and thrive outside the healthcare environment, the traditional HA-

MRSA, CA-MRSA and LA-MRSA classifications may no longer be appropriate. There 

is a need for better, more comprehensive approaches to MRSA surveillance which will 

acknowledge the changing epidemiology of this pathogen. At present, the discriminatory 

power offered by conventional surveillance tools such as MLST and/or spa typing is 

insufficient for accurately identifying transmission routes, confirming outbreaks and 

investigating complex genomic characteristics. With complete integration of high 

resolution WGS-based technologies into routine epidemiological investigations at a 

local, regional and national level, the current weaknesses in existing surveillance systems 

and infection control policies can be addressed. 

 



 219 

Bibliography  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 220 

Ahle, C. M., Stødkilde-Jørgensen, K., Poehlein, A., Streit, W. R., Hüpeden, J., and 
Brüggemann, H. (2021). Comparison of three amplicon sequencing approaches 
to determine staphylococcal populations on human skin. BMC Microbiol. 21(1), 
221. https://doi.org/10.1186/s12866-021-02284-1  

Ahmadrajabi, R., Layegh-Khavidaki, S., Kalantar-Neyestanaki, D., and Fasihi, Y. (2017) 
Molecular analysis of immune evasion cluster (IEC) genes and intercellular 
adhesion gene cluster (ICA) among methicillin-resistant and methicillin-sensitive 
isolates of Staphylococcus aureus. J Prev Med Hyg. 58(4), e308–e314. 
https://doi.org/10.15167/2421-4248/jpmh2017.58.4.711  

Al-Obaidi, M., Suhaili, Z., and Mohd Desa, M. N. (2018). Genotyping approaches for 
identification and characterization of Staphylococcus aureus. InTech. 
https://doi.org/10.5772/intechopen.75969  

Alam M. T., Read T.D., Petit R.A., Boyle-Vavra, S., Miller L.G., Eells S.J., et al. (2015). 
Transmission and microevolution of USA300 MRSA in U.S. households: 
evidence from whole-genome sequencing. mBio. 6(2), e00054-00015. 
https://doi.org/10.1128/mBio.00054-15  

Albrich, W. C., and Harbarth, S. (2008). Health-care workers: source, vector, or victim 
of MRSA? Lancet Infect Dis. 8(5), 289-301. 
https://doi.org/https://doi.org/10.1016/S1473-3099(08)70097-5  

Alsubaie, S., Bahkali, K., Somily, A. M., Alzamil, F., Alrabiaah, A., Alaska, A., et al. 
(2012). Nosocomial transmission of community-acquired methicillin-resistant 
Staphylococcus aureus in a well-infant nursery of a teaching hospital. Pediatr Int. 
54(6), 786-792. https://doi.org/10.1111/j.1442-200X.2012.03673.x  

Altschul, S. F., Madden, T. L., Schäffer, A. A., Zhang, J., Zhang, Z., Miller, W., et al. 
(1997). Gapped BLAST and PSI-BLAST: a new generation of protein database 
search programs. Nucleic Acids Res. 25(17), 3389-3402. 
https://doi.org/10.1093/nar/25.17.3389  

Álvarez-Martínez, F. J., Barrajón-Catalán, E., and Micol, V. (2020). Tackling antibiotic 
resistance with compounds of natural origin: a comprehensive review. 
Biomedicines. 8(10), 405. https://doi.org/10.3390/biomedicines8100405  

Ambardar, S., Gupta, R., Trakroo, D., Lal, R., and Vakhlu, J. (2016). High throughput 
sequencing: an overview of sequencing chemistry. Indian J Microbiol. 56(4), 
394-404. https://doi.org/10.1007/s12088-016-0606-4  

American Society for Microbiology (2015). FAQ: The threat of MRSA: Report on an 
american academy of microbiology colloquium held in Copenhagen, Denmark, 
in November 2013. https://doi.org/10.1128/AAMCol.Nov.2013  

Ammerlaan, H. S. M., and Bonten M. J. M. (2006) Daptomycin: graduation day. Clin 
Microbiol Infect. 12(8), 22-28. https://doi.org/10.1111/j.1469-
0691.2006.01627.x  

Animal Health Europe (2022). Trends in Animal Antibiotic Use - Europe. 
https://animalhealtheurope.eu/resources/trend-reports/trends-in-animal-
antibiotic-use/ [Accessed July 17, 2023]. 

Anjum, M. F., Marco-Jimenez, F., Duncan, D., Marín, C., Smith, R. P., and Evans, S. J. 
(2019). Livestock-Associated methicillin-resistant Staphylococcus aureus from 

https://doi.org/10.1186/s12866-021-02284-1
https://doi.org/10.15167/2421-4248/jpmh2017.58.4.711
https://doi.org/10.5772/intechopen.75969
https://doi.org/10.1128/mBio.00054-15
https://doi.org/https://doi.org/10.1016/S1473-3099(08)70097-5
https://doi.org/10.1111/j.1442-200X.2012.03673.x
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.3390/biomedicines8100405
https://doi.org/10.1007/s12088-016-0606-4
https://doi.org/10.1128/AAMCol.Nov.2013
https://doi.org/10.1111/j.1469-0691.2006.01627.x
https://doi.org/10.1111/j.1469-0691.2006.01627.x
https://animalhealtheurope.eu/resources/trend-reports/trends-in-animal-antibiotic-use/
https://animalhealtheurope.eu/resources/trend-reports/trends-in-animal-antibiotic-use/


 221 

animals and animal products in the UK. Front Microbiol. 10, 2136-2136. 
https://doi.org/10.3389/fmicb.2019.02136  

Ardui, S., Ameur, A., Vermeesch, J. R., and Hestand, M. S. (2018). Single molecule real-
time (SMRT) sequencing comes of age: applications and utilities for medical 
diagnostics. Nucleic Acids Res. 46(5), 2159-2168. 
https://doi.org/10.1093/nar/gky066  

Asadollahi, P., Farahani, N. N., Mirzaii, M., Khoramrooz, S. S., van Belkum, A., 
Asadollahi, K., et al. (2018). Distribution of the most prevalent spa types among 
clinical isolates of methicillin-resistant and -susceptible Staphylococcus aureus 
around the world: a review [Review]. Front Microbiol. 9(163). 
https://doi.org/10.3389/fmicb.2018.00163  

Asghar, A. H. (2014). Molecular characterization of methicillin-resistant Staphylococcus 
aureus isolated from tertiary care hospitals. Pak J Med Sci. 30(4), 698-702. 
https://doi.org/10.12669/pjms.304.4946  

Balaji, V., Yamuna, D. B., Francis, Y. I., and Priya Doss, G. (2017). Molecular 
characterization of Panton-Valentine leukocidin (PVL) toxin-encoding phages 
from South India. New Microbes New Infect. 20, 34-38. 
https://doi.org/10.1016/j.nmni.2017.08.005  

Ben-David, D., Mermel, L. A., and Parenteau, S. (2008). Methicillin-resistant 
Staphylococcus aureus transmission: the possible importance of unrecognized 
health care worker carriage. Am J Infect Control. 36(2), 93-97. 
https://doi.org/10.1016/j.ajic.2007.05.013  

Bernaquez, I., Gaudreau, C., Pilon, P. A., and Bekal, S. (2021). Evaluation of whole-
genome sequencing-based subtyping methods for the surveillance of Shigella 
spp. and the confounding effect of mobile genetic elements in long-term 
outbreaks. Microb Genom. 7(11). https://doi.org/10.1099/mgen.0.000672  

Berube, B. J., and Wardenburg, J. B. (2013). Staphylococcus aureus α-Toxin: Nearly a 
Century of Intrigue. Toxins. 5(6), 1140-1166. 
https://doi.org/10.3390/toxins5061140  

Besser, J., Carleton, H. A., Gerner-Smidt, P., Lindsey, R. L., and Trees, E. (2018). Next-
generation sequencing technologies and their application to the study and control 
of bacterial infections. Clin Microbiol Infect. (4), 335-341. 
https://doi.org/10.1016/j.cmi.2017.10.013  

Bhatta, D. R., Cavaco, L. M., Nath, G., Kumar, K., Gaur, A., Gokhale, S., et al. (2016). 
Association of Panton-Valentine leukocidin (PVL) genes with methicillin 
resistant Staphylococcus aureus (MRSA) in Western Nepal: a matter of concern 
for community infections (a hospital based prospective study). BMC Infect Dis. 
16(1), 199. https://doi.org/10.1186/s12879-016-1531-1  

Bletz, S., Mellmann, A., Rothgänger, J., and Harmsen, D. (2015). Ensuring backwards 
compatibility: traditional genotyping efforts in the era of whole genome 
sequencing. Clin Microbiol Infect. 21(4), 347.e341-344. 
https://doi.org/10.1016/j.cmi.2014.11.005  

Blok, H. E., Troelstra, A., Kamp-Hopmans, T. E., Gigengack-Baars, A. C., 
Vandenbroucke-Grauls, C. M., Weersink, A. J., et al. (2003). Role of healthcare 

https://doi.org/10.3389/fmicb.2019.02136
https://doi.org/10.1093/nar/gky066
https://doi.org/10.3389/fmicb.2018.00163
https://doi.org/10.12669/pjms.304.4946
https://doi.org/10.1016/j.nmni.2017.08.005
https://doi.org/10.1016/j.ajic.2007.05.013
https://doi.org/10.1099/mgen.0.000672
https://doi.org/10.3390/toxins5061140
https://doi.org/10.1016/j.cmi.2017.10.013
https://doi.org/10.1186/s12879-016-1531-1
https://doi.org/10.1016/j.cmi.2014.11.005


 222 

workers in outbreaks of methicillin-resistant Staphylococcus aureus: a 10-year 
evaluation from a Dutch university hospital. Infect Control Hosp Epidemiol. 
24(9), 679-685. https://doi.org/10.1086/502275  

Blomfeldt, A., Larssen, K. W., Moghen, A., Gabrielsen, C., Elstrøm, P., Aamot, H. V., 
et al. (2017). Emerging multidrug-resistant Bengal Bay clone ST772-MRSA-V 
in Norway: molecular epidemiology 2004-2014. Eur J Clin Microbiol Infect Dis. 
36(10), 1911-1921. https://doi.org/10.1007/s10096-017-3014-8  

Boakes, E., Kearns, A. M., Ganner, M., Perry, C., Hill, R. L., and Ellington, M. J. (2011). 
Distinct bacteriophages encoding Panton-Valentine leukocidin (PVL) among 
international methicillin-resistant Staphylococcus aureus clones harboring PVL. 
J Clin Microbiol. 49(2), 684-692. https://doi.org/10.1128/JCM.01917-10  

Borg, M. A., Suda, D., Scicluna, E., Brincat, A., and Zarb, P. (2021). Universal admission 
screening: a potential game-changer in hospitals with high prevalence of MRSA. 
J Hosp Infect. 113, 77-84. 
https://doi.org/https://doi.org/10.1016/j.jhin.2021.03.024  

Bosi, E., Monk, J. M., Aziz, R. K., Fondi, M., Nizet, V., and Palsson, B. Ø. (2016). 
Comparative genome-scale modelling of Staphylococcus aureus strains identifies 
strain-specific metabolic capabilities linked to pathogenicity. Proc Natl Acad Sci 
USA. 113(26), e3801-e3809. https://doi.org/10.1073/pnas.1523199113  

Bouiller, K., Zeggay, A., Gbaguidi-Haore, H., Hocquet, D., Chirouze, C., and Bertrand, 
X. (2022). Epidemiology and risk factors of nasal carriage of Staphylococcus 
aureus CC398 in two distinct cohorts in France. Front Microbiol. 13, 1068420. 
https://doi.org/10.3389/fmicb.2022.1068420  

Boyce, J. M. (2007). Environmental contamination makes an important contribution to 
hospital infection. J Hosp Infect. 65, 50-54. 
https://doi.org/https://doi.org/10.1016/S0195-6701(07)60015-2  

Brennan, G. I., Shore, A. C., Corcoran, S., Tecklenborg, S., Coleman, D. C., and 
O'Connell, B. (2012). Emergence of hospital- and community-associated Panton-
Valentine leukocidin-positive methicillin-resistant Staphylococcus aureus 
genotype ST772-MRSA-V in Ireland and detailed investigation of an ST772-
MRSA-V cluster in a neonatal intensive care unit. J Clin Microbiol. 50(3), 841-
847. https://doi.org/10.1128/JCM.06354-11  

Breurec, S., Zriouil, S. B., Fall, C., Boisier, P., Brisse, S., Djibo, S., et al. (2011). 
Epidemiology of methicillin-resistant Staphylococcus aureus lineages in five 
major African towns: emergence and spread of atypical clones. Clin Microbiol 
Infect. 17(2), 160-165. https://doi.org/https://doi.org/10.1111/j.1469-
0691.2010.03219.x  

Broderick, D., Brennan, G. I., Drew, R. J., and O'Connell, B. (2021). Epidemiological 
typing of methicillin resistant Staphylococcus aureus recovered from patients 
attending a maternity hospital in Ireland 2014–2019. Infect Prev Pract. 3(1), 
100124. https://doi.org/https://doi.org/10.1016/j.infpip.2021.100124  

Brown, S.M. (2012). Sequencing-by-Synthesis: explaining the Illumina sequencing 
technology. Genomics and Epigenetics. 

https://doi.org/10.1086/502275
https://doi.org/10.1007/s10096-017-3014-8
https://doi.org/10.1128/JCM.01917-10
https://doi.org/https://doi.org/10.1016/j.jhin.2021.03.024
https://doi.org/10.1073/pnas.1523199113
https://doi.org/10.3389/fmicb.2022.1068420
https://doi.org/https://doi.org/10.1016/S0195-6701(07)60015-2
https://doi.org/10.1128/JCM.06354-11
https://doi.org/https://doi.org/10.1111/j.1469-0691.2010.03219.x
https://doi.org/https://doi.org/10.1111/j.1469-0691.2010.03219.x
https://doi.org/https://doi.org/10.1016/j.infpip.2021.100124


 223 

https://bitesizebio.com/13546/sequencing-by-synthesis-explaining-the-illumina-
sequencing-technology/ [Accessed July 17, 2023]. 

Butaye, P., Argudín, M. A., and Smith, T. C. (2016). Livestock-associated MRSA and 
its current evolution. Curr Clin Micro Rpt. 3(1), 19-31. 
https://doi.org/10.1007/s40588-016-0031-9  

Byang, Z., Amit, P., Deepak, P., Philippe, G., Patrick, T.-C., Alexandra, G., and Karine, 
G. (2022). Staphylococcus aureus prophages are gatekeepers of exogenous lipid 
utilization to control membrane flexibility and bacterial fitness. bioRxiv. 478126. 
https://doi.org/10.1101/2022.01.27.478126  

Byers, D. K., and Decker, C. F. (2008). The changing epidemiology of methicillin-
resistant Staphylococcus aureus. Dis Mon. 54(12), 756-762. 
https://doi.org/https://doi.org/10.1016/j.disamonth.2008.09.005  

Carroll, D., Kehoe M.F., Cavanagh, D., and Coleman, D. C. Novel organization of the 
site-specific integration and excision recombination functions of the 
Staphylococcus aureus serotype F virulence-converting phages phi 13 and phi 42. 
Mol Microbiol. 16(5), 877–893. https://doi.org/10.1111/j.1365-
2958.1995.tb02315.x  

Carter, G. P., Schultz, M. B., Baines, S. L., Silva, A. G., Heffernan, H., Tiong, A., et al. 
(2018). Topical antibiotic use coselects for the carriage of mobile genetic 
elements conferring resistance to unrelated antimicrobials in Staphylococcus 
aureus. Antimicrob Agents Chemother. 62(2), e02000-02017. 
https://doi.org/doi:10.1128/aac.02000-17  

Casey, J. A., Cosgrove, S. E., Stewart, W. F., Pollak, J., and Schwartz, B. S. (2013). A 
population-based study of the epidemiology and clinical features of methicillin-
resistant Staphylococcus aureus infection in Pennsylvania, 2001-2010. Epidemiol 
Infect. 141(6), 1166-1179. https://doi.org/10.1017/s0950268812001872  

CDC (2019). Methicillin-resistant Staphylococcus aureus (MRSA). 
https://www.cdc.gov/mrsa/healthcare/index.html [Accessed July 17, 2023]. 
  

Chai, M., Sukiman, M. Z., Kamarun Baharin, A. H., Ramlan, I., Lai, L. Z., Liew, Y., et 
al. (2022). Methicillin-resistant Staphylococcus aureus from peninsular 
malaysian animal handlers: molecular profile, antimicrobial resistance, immune 
evasion cluster and genotypic categorization. Antibiotics. 11(1), 103. 
https://doi.org/10.3390/antibiotics11010103  

Challagundla, L., Luo, X., Tickler Isabella, A., Didelot, X., Coleman David, C., Shore 
Anna, C., et al. (2018). Range expansion and the origin of USA300 North 
American epidemic methicillin-resistant Staphylococcus aureus. mBio. 9(1), 
e02016-02017. https://doi.org/10.1128/mBio.02016-17  

Challagundla, L., Reyes, J., Rafiqullah, I., Sordelli, D. O., Echaniz-Aviles, G., 
Velazquez-Meza, M. E., et al. (2018). Phylogenomic classification and the 
evolution of clonal complex 5 methicillin-resistant Staphylococcus aureus in the 
Western Hemisphere. Front Microbiol. 9, 1901-1901. 
https://doi.org/10.3389/fmicb.2018.01901  

https://bitesizebio.com/13546/sequencing-by-synthesis-explaining-the-illumina-sequencing-technology/
https://bitesizebio.com/13546/sequencing-by-synthesis-explaining-the-illumina-sequencing-technology/
https://doi.org/10.1007/s40588-016-0031-9
https://doi.org/10.1101/2022.01.27.478126
https://doi.org/https://doi.org/10.1016/j.disamonth.2008.09.005
https://doi.org/10.1111/j.1365-2958.1995.tb02315.x
https://doi.org/10.1111/j.1365-2958.1995.tb02315.x
https://doi.org/doi:10.1128/aac.02000-17
https://doi.org/10.1017/s0950268812001872
https://www.cdc.gov/mrsa/healthcare/index.html
https://doi.org/10.3390/antibiotics11010103
https://doi.org/10.1128/mBio.02016-17
https://doi.org/10.3389/fmicb.2018.01901


 224 

Chambers, H. F., and Deleo, F. R. (2009). Waves of resistance: Staphylococcus aureus 
in the antibiotic era. Nat Rev Microbiol. 7(9), 629-641. 
https://doi.org/10.1038/nrmicro2200  

Cheung, G. Y. C., Joo, H.-S., Chatterjee, S. S., and Otto, M. (2014). Phenol-soluble 
modulins – critical determinants of staphylococcal virulence. FEMS Microbiol 
Rev. 38(4), 698-719. https://doi.org/10.1111/1574-6976.12057  

Choo, E. J. (2017). Community-associated methicillin-resistant Staphylococcus aureus 
in nosocomial infections. Infect Chemother. 49(2), 158-159. 
https://doi.org/10.3947/ic.2017.49.2.158  

Cimolai, N. (2008). The role of healthcare personnel in the maintenance and spread of 
methicillin-resistant Staphylococcus aureus. J Infect Public Health. 1(2), 78-100. 
https://doi.org/10.1016/j.jiph.2008.10.001  

CLSI (2020) Performance standards for antimicrobial susceptibility tests, 33rd ed. 
https://www.nih.org.pk/wp-content/uploads/2021/02/CLSI-2020.pdf [Accessed 
July 17, 2023]. 

Cohen, R., Afraimov, M., Finn, T., Babushkin, F., Geller, K., Alexander, H., et al. (2021). 
Clonal replacement of meticillin-resistant Staphylococcus aureus during repeated 
outbreaks in a long-term care facility. J Hosp Infect. 107, 23-27. 
https://doi.org/https://doi.org/10.1016/j.jhin.2020.10.023  

Collins, J. K., Smith, J. S., and Kelly, M. T. (1984). Comparison of phage typing, plasmid 
mapping, and antibiotic resistance patterns as epidemiologic markers in a 
nosocomial outbreak of methicillin-resistant Staphylococcus aureus infections. 
Diagn Microbiol Infect Dis. 2(3), 233-245. https://doi.org/10.1016/0732-
8893(84)90036-1  

Conceição, T., Tavares, A., Miragaia, M., Hyde, K., Aires-de-Sousa, M., and de 
Lencastre, H. (2010). Prevalence and clonality of methicillin-resistant 
Staphylococcus aureus (MRSA) in the Atlantic Azores islands: predominance of 
SCCmec types IV, V and VI. Eur J Clin Microbiol Infect Dis. 29(5), 543-550. 
https://doi.org/10.1007/s10096-010-0892-4  

Coombs, G. W., Baines, S. L., Howden, B. P., Swenson, K. M., and O'Brien, F. G. (2020). 
Diversity of bacteriophages encoding Panton-Valentine leukocidin in temporally 
and geographically related Staphylococcus aureus. PLoS One. 15(2), e0228676. 
https://doi.org/10.1371/journal.pone.0228676  

Coombs, G. W., Goering, R. V., Chua, K. Y., Monecke, S., Howden, B. P., Stinear, T. 
P., et al. (2012). The molecular epidemiology of the highly virulent ST93 
Australian community Staphylococcus aureus strain. PLoS One. 7(8), e43037. 
https://doi.org/10.1371/journal.pone.0043037  

Crombé, F., Argudín, M. A., Vanderhaeghen, W., Hermans, K., Haesebrouck, F., and 
Butaye, P. (2013). Transmission dynamics of methicillin-resistant 
Staphylococcus aureus in Pigs. Front Microbiol. 4, 57-57. 
https://doi.org/10.3389/fmicb.2013.00057  

CSO (2022a). Survey on Income and Living Conditions (SILC). 
https://www.cso.ie/en/statistics/socialconditions/surveyonincomeandlivingcondi
tionssilc/ [Accessed July 17, 2023].  

https://doi.org/10.1038/nrmicro2200
https://doi.org/10.1111/1574-6976.12057
https://doi.org/10.3947/ic.2017.49.2.158
https://doi.org/10.1016/j.jiph.2008.10.001
https://www.nih.org.pk/wp-content/uploads/2021/02/CLSI-2020.pdf
https://doi.org/https://doi.org/10.1016/j.jhin.2020.10.023
https://doi.org/10.1016/0732-8893(84)90036-1
https://doi.org/10.1016/0732-8893(84)90036-1
https://doi.org/10.1007/s10096-010-0892-4
https://doi.org/10.1371/journal.pone.0228676
https://doi.org/10.1371/journal.pone.0043037
https://doi.org/10.3389/fmicb.2013.00057
https://www.cso.ie/en/statistics/socialconditions/surveyonincomeandlivingconditionssilc/
https://www.cso.ie/en/statistics/socialconditions/surveyonincomeandlivingconditionssilc/


 225 

CSO (2022b). Population and Migration Estimates, April 2022. 
https://www.cso.ie/en/releasesandpublications/ep/p-
pme/populationandmigrationestimatesapril2022/keyfindings/#:~:text=The%20c
ombination%20of%20natural%20increase,now%20stands%20at%205%2C100
%2C200%20persons. [Accessed July 17, 2023]. 

CSO (2022c). Census of Population 2022 - Summary Results. 
https://www.cso.ie/en/releasesandpublications/ep/p-
cpsr/censusofpopulation2022-summaryresults/keyfindings/ [Accessed July 17, 
2023].  

Cuny, C., Wieler, L. H., and Witte, W. (2015). Livestock-associated MRSA: the impact 
on humans. Antibiotics. 4(4), 521-543. 
https://doi.org/10.3390/antibiotics4040521  

David, M. Z., Cadilla, A., Boyle-Vavra, S., and Daum, R. S. (2014). Replacement of HA-
MRSA by CA-MRSA infections at an academic medical center in the midwestern 
United States, 2004-5 to 2008. PLoS One. 9(4), e92760. 
https://doi.org/10.1371/journal.pone.0092760  

David, M. Z., and Daum, R. S. (2010) Community-associated methicillin-resistant 
Staphylococcus aureus: epidemiology and clinical consequences of an emerging 
epidemic. Clin Microbiol Rev. 23(3):616-687. 
https://doi.org/10.1128/CMR.00081-09 

Davis, M. F., Iverson, S. A., Baron, P., Vasse, A., Silbergeld, E. K., Lautenbach, E., et 
al. (2012). Household transmission of meticillin-resistant Staphylococcus aureus 
and other staphylococci. Lancet Infect Dis. 12(9), 703-716. 
https://doi.org/10.1016/S1473-3099(12)70156-1  

de Miranda, O. P., Silva-Carvalho, M. C., Ribeiro, A., Portela, F., Cordeiro, R. P., 
Caetano, N., et al. (2007). Emergence in Brazil of methicillin-resistant 
Staphylococcus aureus isolates carrying SCCmecIV that are related genetically 
to the USA800 clone. Clin Microbiol Infect. 13(12), 1165-1172. 
https://doi.org/https://doi.org/10.1111/j.1469-0691.2007.01830.x  

Deeny, S. R., Cooper, B. S., Cookson, B., Hopkins, S., and Robotham, J. V. (2013). 
Targeted versus universal screening and decolonization to reduce healthcare-
associated meticillin-resistant Staphylococcus aureus infection. J Hosp Infect. 
85(1), 33-44. https://doi.org/10.1016/j.jhin.2013.03.011  

DeLeo, F. R., Otto, M., Kreiswirth, B. N., and Chambers, H. F. (2010). Community-
associated meticillin-resistant Staphylococcus aureus. Lancet. 375(9725), 1557-
1568. https://doi.org/10.1016/S0140-6736(09)61999-1  

Department of Health, Ireland (2013). Prevention and control methicillin-resistant 
Staphylococcus aureus (MRSA). National clinical guideline No. 2. 
https://www.hpsc.ie/a-
z/microbiologyantimicrobialresistance/infectioncontrolandhai/guidelines/File,14
478,en.pdf [Accessed July 17, 2023]. 

Department of Health, Ireland (2018). Ireland’s first One Health Report on antimicrobial 
use and antimicrobial resistance. 

https://www.cso.ie/en/releasesandpublications/ep/p-pme/populationandmigrationestimatesapril2022/keyfindings/#:~:text=The%20combination%20of%20natural%20increase,now%20stands%20at%205%2C100%2C200%20persons
https://www.cso.ie/en/releasesandpublications/ep/p-pme/populationandmigrationestimatesapril2022/keyfindings/#:~:text=The%20combination%20of%20natural%20increase,now%20stands%20at%205%2C100%2C200%20persons
https://www.cso.ie/en/releasesandpublications/ep/p-pme/populationandmigrationestimatesapril2022/keyfindings/#:~:text=The%20combination%20of%20natural%20increase,now%20stands%20at%205%2C100%2C200%20persons
https://www.cso.ie/en/releasesandpublications/ep/p-pme/populationandmigrationestimatesapril2022/keyfindings/#:~:text=The%20combination%20of%20natural%20increase,now%20stands%20at%205%2C100%2C200%20persons
https://www.cso.ie/en/releasesandpublications/ep/p-cpsr/censusofpopulation2022-summaryresults/keyfindings/
https://www.cso.ie/en/releasesandpublications/ep/p-cpsr/censusofpopulation2022-summaryresults/keyfindings/
https://doi.org/10.3390/antibiotics4040521
https://doi.org/10.1371/journal.pone.0092760
https://doi.org/10.1128/CMR.00081-09
https://doi.org/10.1016/S1473-3099(12)70156-1
https://doi.org/https://doi.org/10.1111/j.1469-0691.2007.01830.x
https://doi.org/10.1016/j.jhin.2013.03.011
https://doi.org/10.1016/S0140-6736(09)61999-1
https://www.hpsc.ie/a-z/microbiologyantimicrobialresistance/infectioncontrolandhai/guidelines/File,14478,en.pdf
https://www.hpsc.ie/a-z/microbiologyantimicrobialresistance/infectioncontrolandhai/guidelines/File,14478,en.pdf
https://www.hpsc.ie/a-z/microbiologyantimicrobialresistance/infectioncontrolandhai/guidelines/File,14478,en.pdf


 226 

https://www.gov.ie/pdf/?file=https://assets.gov.ie/10119/c8584ac256e94ed8ace
cd5feaf066398.pdf#page=null [Accessed July 17, 2023]. 

Department of Health, UK (2014). Implementation of modified admission MRSA 
screening guidance. 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/att
achment_data/file/345144/Implementation_of_modified_admission_MRSA_scr
eening_guidance_for_NHS.pdf [Accessed July 17, 2023]. 

Deurenberg, R. H., Bathoorn, E., Chlebowicz, M. A., Couto, N., Ferdous, M., García-
Cobos, S., et al. (2017). Application of next generation sequencing in clinical 
microbiology and infection prevention. J Biotechnol. 243, 16-24. 
https://doi.org/https://doi.org/10.1016/j.jbiotec.2016.12.022  

Dewey, F. E., Pan, S., Wheeler, M. T., Quake, S. R., and Ashley, E. A. (2012). DNA 
sequencing: clinical applications of new DNA sequencing technologies. 
Circulation. 125(7), 931-944. https://doi.org/10.1161/circulationaha.110.972828  

Dukic, V. M., Lauderdale, D. S., Wilder, J., Daum, R. S., and David, M. Z. (2013). 
Epidemics of community-associated methicillin-resistant Staphylococcus aureus 
in the United States: a meta-analysis. PLoS One. 8(1), e52722. 
https://doi.org/10.1371/journal.pone.0052722 

Durand, G., Javerliat, F., Bes, M., Veyrieras, J.-B., Guigon, G., Mugnier, N., et al. 
(2018). Routine whole-genome sequencing for outbreak investigations of 
Staphylococcus aureus in a national reference center. Front Microbiol. 9, 511-
511. https://doi.org/10.3389/fmicb.2018.00511  

Dweba, C. C., Zishiri, O. T., and El Zowalaty, M. E. (2018). Methicillin-resistant 
Staphylococcus aureus: livestock-associated, antimicrobial, and heavy metal 
resistance. Infect Drug Resist. 11, 2497-2509. 
https://doi.org/10.2147/idr.s175967 

Earls, M. R., Coleman, D. C., Brennan, G. I., Fleming, T., Monecke, S., Slickers, P., et 
al. (2018). Intra-hospital, inter-hospital and intercontinental spread of ST78 
MRSA from two neonatal intensive care unit outbreaks established using whole-
genome sequencing. Front Microbiol. 9, 1485-1485. 
https://doi.org/10.3389/fmicb.2018.01485  

Earls, M. R., Kinnevey, P. M., Brennan, G. I., Lazaris, A., Skally, M., O'Connell, B., et 
al. (2017). The recent emergence in hospitals of multidrug-resistant community-
associated sequence type 1 and spa type t127 methicillin-resistant Staphylococcus 
aureus investigated by whole-genome sequencing: implications for screening. 
PLoS One. 12(4), e0175542-e0175542. 
https://doi.org/10.1371/journal.pone.0175542  

Earls, M. R., Shore, A. C., Brennan, G. I., Simbeck, A., Schneider-Brachert, W., 
Vremerǎ, T., et al. (2019). A novel multidrug-resistant PVL-negative CC1-
MRSA-IV clone emerging in Ireland and Germany likely originated in South-
Eastern Europe. Infect Genet Evol. 69, 117-126. 
https://doi.org/https://doi.org/10.1016/j.meegid.2019.01.021  

Earls, M. R., Steinig, E. J., Monecke, S., Samaniego Castruita, J. A., Simbeck, A., 
Schneider-Brachert, W., et al. (2021). Exploring the evolution and epidemiology 

https://www.gov.ie/pdf/?file=https://assets.gov.ie/10119/c8584ac256e94ed8acecd5feaf066398.pdf#page=null
https://www.gov.ie/pdf/?file=https://assets.gov.ie/10119/c8584ac256e94ed8acecd5feaf066398.pdf#page=null
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/345144/Implementation_of_modified_admission_MRSA_screening_guidance_for_NHS.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/345144/Implementation_of_modified_admission_MRSA_screening_guidance_for_NHS.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/345144/Implementation_of_modified_admission_MRSA_screening_guidance_for_NHS.pdf
https://doi.org/https://doi.org/10.1016/j.jbiotec.2016.12.022
https://doi.org/10.1161/circulationaha.110.972828
https://doi.org/10.1371/journal.pone.0052722
https://doi.org/10.3389/fmicb.2018.00511
https://doi.org/10.2147/idr.s175967
https://doi.org/10.3389/fmicb.2018.01485
https://doi.org/10.1371/journal.pone.0175542
https://doi.org/https://doi.org/10.1016/j.meegid.2019.01.021


 227 

of European CC1-MRSA-IV: tracking a multidrug-resistant community-
associated meticillin-resistant Staphylococcus aureus clone. Microb Genom. 
7(7). https://doi.org/10.1099/mgen.0.000601  

EARS-Net (2021). EARS-Net data on antimicrobial resistance in Ireland, 2021. 
https://www.hpsc.ie/a-
z/microbiologyantimicrobialresistance/europeanantimicrobialresistancesurveilla
ncesystemearss/ears-netdataandreports/ [Accessed July 17, 2023]. 

El Garch, F., Hallin, M., De Mendonça, R., Denis, O., Lefort, A., and Struelens, M. J. 
(2009). StaphVar-DNA microarray analysis of accessory genome elements of 
community-acquired methicillin-resistant Staphylococcus aureus. J Antimicrob 
Chemother. 63(5), 877-885. https://doi.org/10.1093/jac/dkp089  

Elmahi, O. K. O., Uakkas, S., Olalekan, B. Y., Damilola, I. A., Adedeji, O. J., Hasan, M. 
M., et al. (2022). Antimicrobial resistance and one health in the post COVID-19 
era: What should health students learn? Antimicrob Resist Infect Control. 11(1), 
58. https://doi.org/10.1186/s13756-022-01099-7  

Elstrøm, P., Grøntvedt, C. A., Gabrielsen, C., Stegger, M., Angen, Ø., Åmdal, S., et al. 
(2019). Livestock-associated MRSA CC1 in Norway; introduction to pig farms, 
zoonotic transmission, and eradication. Front Microbiol. 10, 139. 
https://doi.org/10.3389/fmicb.2019.00139  

Enright, M. C., Day, N. P., Davies, C. E., Peacock, S. J., and Spratt, B. G. (2000). 
Multilocus sequence typing for characterization of methicillin-resistant and 
methicillin-susceptible clones of Staphylococcus aureus. J Clin Microbiol. 38(3), 
1008-1015. https://doi.org/10.1128/JCM.38.3.1008-1015.2000  

Enright, M. C., Robinson, D. A., Randle, G., Feil, E. J., Grundmann, H., and Spratt, B. 
G. (2002). The evolutionary history of methicillin-resistant Staphylococcus 
aureus (MRSA). Proc Natl Acad Sci USA. 99(11), 7687-7692. 
https://doi.org/10.1073/pnas.122108599  

EUCAST (2023). Breakpoint tables for interpretation of MICs and zone diameters. 
 Version 13.0. https://www.eucast.org/ [Accessed July 17, 2023]. 

FEFAC (2022). EMA: -47% decrease in animal antibiotics sales in the past ten years. 
https://fefac.eu/newsroom/news/ema-47-decrease-in-animal-antibiotics-sales-in-
the-past-ten-years/ [Accessed July 17, 2023].  

Feltrin, F., Alba, P., Kraushaar, B., Ianzano, A., Argudín, M. A., Di Matteo, P., et al. 
(2015). A livestock-associated, multidrug-resistant, methicillin-resistant 
Staphylococcus aureus clonal complex 97 lineage spreading in dairy cattle and 
pigs in Italy. Appl Environ Microbiol. 82(3), 816-821. 
https://doi.org/10.1128/AEM.02854-15  

Feng, K., Costa, J., and Edwards, J. S. (2018). Next-generation sequencing library 
construction on a surface. BMC Genomics. 19(1), 416-416. 
https://doi.org/10.1186/s12864-018-4797-4  

Foster, T. (1996). “Staphylococcus,” in Medical Microbiology, ed. S. Baron (University 
of Texas Medical Branch at Galveston, Galveston, Texas). 
https://pubmed.ncbi.nlm.nih.gov/21413338/ [Accessed July 17, 2023]. 

https://doi.org/10.1099/mgen.0.000601
https://www.hpsc.ie/a-z/microbiologyantimicrobialresistance/europeanantimicrobialresistancesurveillancesystemearss/ears-netdataandreports/
https://www.hpsc.ie/a-z/microbiologyantimicrobialresistance/europeanantimicrobialresistancesurveillancesystemearss/ears-netdataandreports/
https://www.hpsc.ie/a-z/microbiologyantimicrobialresistance/europeanantimicrobialresistancesurveillancesystemearss/ears-netdataandreports/
https://doi.org/10.1093/jac/dkp089
https://doi.org/10.1186/s13756-022-01099-7
https://doi.org/10.3389/fmicb.2019.00139
https://doi.org/10.1128/JCM.38.3.1008-1015.2000
https://doi.org/10.1073/pnas.122108599
https://www.eucast.org/
https://fefac.eu/newsroom/news/ema-47-decrease-in-animal-antibiotics-sales-in-the-past-ten-years/
https://fefac.eu/newsroom/news/ema-47-decrease-in-animal-antibiotics-sales-in-the-past-ten-years/
https://doi.org/10.1128/AEM.02854-15
https://doi.org/10.1186/s12864-018-4797-4
https://pubmed.ncbi.nlm.nih.gov/21413338/


 228 

Francis-Devine B. (2023). Poverty in the UK: Statistics. 
https://commonslibrary.parliament.uk/research-briefings/sn07096/ [Accessed 
July 17, 2023]. 

Gajdács, M. (2019). The continuing threat of methicillin-resistant Staphylococcus 
aureus. Antibiotics. 8(2), 52. https://doi.org/10.3390/antibiotics8020052  

García-Álvarez, L., Holden, M. T., Lindsay, H., Webb, C. R., Brown, D. F., Curran, M. 
D., et al. (2011). Meticillin-resistant Staphylococcus aureus with a novel mecA 
homologue in human and bovine populations in the UK and Denmark: a 
descriptive study. Lancet Infect Dis. 11(8), 595-603. 
https://doi.org/10.1016/s1473-3099(11)70126-8  

Garvey, M. I., Wilkinson, M. A. C., Bradley, C. W., Holden, K. L., and Holden, E. 
(2018). Wiping out MRSA: effect of introducing a universal disinfection wipe in 
a large UK teaching hospital. Antimicrob Resist Infect Control. 7(1), 155. 
https://doi.org/10.1186/s13756-018-0445-7  

Geraci, D. M., Giuffrè, M., Bonura, C., Graziano, G., Saporito, L., Insinga, V., et al. 
(2016). A snapshot on MRSA epidemiology in a neonatal intensive care unit 
network, Palermo, Italy. Front Microbiol. 7, 815-815. 
https://doi.org/10.3389/fmicb.2016.00815  

Gibson, J. R., Fitzgerald, C., and Owen, R. J. Comparison of PFGE, ribotyping and 
phage-typing in the epidemiological analysis of Campylobacter jejuni serotype 
HS2 infections. Epidemiol Infect. 115(2), 215–225. 
https://doi.org/10.1017/s0950268800058349  

Global Legal Insights (2022). Pricing and Reimbursement Laws and Regulations 2022 
Ireland. https://www.globallegalinsights.com/practice-areas/pricing-and-
reimbursement-laws-and-regulations/ireland [Accessed July 17, 2023]. 

Gould, I. M., Girvan, E. K., Browning, R. A., Mackenzie, F. M., and Edwards, G. F. S. 
(2009). Report of a hospital neonatal unit outbreak of community-associated 
methicillin-resistant Staphylococcus aureus. Epidemiol Infect. 137(9), 1242-
1248. https://doi.org/10.1017/S0950268809002234  

Government Office for Science UK (2021). Trend Deck 2021: Urbanisation. 
https://www.gov.uk/government/publications/trend-deck-2021-
urbanisation/trend-deck-2021-urbanisation [Accessed July 17, 2023]. 

Grundstad, M. L., Parlet, C. P., Kwiecinski, J. M., Kavanaugh, J. S., Crosby, H. A., Cho, 
Y. S., et al. (2019). Quorum sensing, virulence, and antibiotic resistance of 
USA100 methicillin-resistant Staphylococcus aureus isolates. mSphere. 4(4). 
https://doi.org/10.1128/mSphere.00553-19  

Guo, Y., Song, G., Sun, M., Wang, J., and Wang, Y. (2020). Prevalence and therapies of 
antibiotic-resistance in Staphylococcus aureus. Front Cell Infect Microbiol. 10, 
107-107. https://doi.org/10.3389/fcimb.2020.00107  

Hallin, M., Deplano, A., Denis, O., De Mendonça, R., De Ryck, R., and Struelens, M. J. 
(2007). Validation of pulsed-field gel electrophoresis and spa typing for long-
term, nationwide epidemiological surveillance studies of Staphylococcus aureus 
infections. J Clin Microbiol. 45(1), 127-133. 
https://doi.org/10.1128/JCM.01866-06  

https://commonslibrary.parliament.uk/research-briefings/sn07096/
https://doi.org/10.3390/antibiotics8020052
https://doi.org/10.1016/s1473-3099(11)70126-8
https://doi.org/10.1186/s13756-018-0445-7
https://doi.org/10.3389/fmicb.2016.00815
https://doi.org/10.1017/s0950268800058349
https://www.globallegalinsights.com/practice-areas/pricing-and-reimbursement-laws-and-regulations/ireland
https://www.globallegalinsights.com/practice-areas/pricing-and-reimbursement-laws-and-regulations/ireland
https://doi.org/10.1017/S0950268809002234
https://www.gov.uk/government/publications/trend-deck-2021-urbanisation/trend-deck-2021-urbanisation
https://www.gov.uk/government/publications/trend-deck-2021-urbanisation/trend-deck-2021-urbanisation
https://doi.org/10.1128/mSphere.00553-19
https://doi.org/10.3389/fcimb.2020.00107
https://doi.org/10.1128/JCM.01866-06


 229 

Hardy, K., Oppenheim, B., Gossain, S., Gao, F., and Hawkey, P. (2006). A study of the 
relationship between environmental contamination with methicillin‐resistant 
Staphylococcus aureus (MRSA) and patients' acquisition of MRSA. Infect 
Control Hosp Epidemiol. 27, 127-132. https://doi.org/10.1086/500622  

Hardy, K., Sunnucks, K., Gil, H., Shabir, S., Trampari, E., Hawkey, P., and Webber, M. 
(2018). Increased usage of antiseptics is associated with reduced susceptibility in 
clinical isolates of Staphylococcus aureus. mBio. 9(3), e00894-00818. 
https://doi.org/doi:10.1128/mbio.00894-18  

Harkins, C. P., Pichon, B., Doumith, M., Parkhill, J., Westh, H., Tomasz, A., et al. (2017). 
Methicillin-resistant Staphylococcus aureus emerged long before the 
introduction of methicillin into clinical practice. Genome Biol. 18(1), 130. 
https://doi.org/10.1186/s13059-017-1252-9  

Hasanpour, A. H., Sepidarkish, M., Mollalo, A., Ardekani, A., Almukhtar, M., Mechaal, 
A., et al. (2023). The global prevalence of methicillin-resistant Staphylococcus 
aureus colonization in residents of elderly care centers: a systematic review and 
meta-analysis. Antimicrob Resist Infect Control. 12(1), 4. 
https://doi.org/10.1186/s13756-023-01210-6  

Hau, S. J., Sun, J., Davies, P. R., Frana, T. S., and Nicholson, T. L. (2015). Comparative 
prevalence of immune evasion complex genes associated with β-hemolysin 
converting bacteriophages in MRSA ST5 isolates from swine, swine facilities, 
humans with swine contact, and humans with no swine contact. PLoS One. 
10(11), e0142832. https://doi.org/10.1371/journal.pone.0142832  

Heather, J. M., and Chain, B. (2016). The sequence of sequencers: The history of 
sequencing DNA. Genomics. 107(1), 1-8. 
https://doi.org/10.1016/j.ygeno.2015.11.003  

Henderson, A., and Nimmo, G. R. (2018). Control of healthcare- and community-
associated MRSA: recent progress and persisting challenges. Br Med 
Bull. 125(1), 25-41. https://doi.org/10.1093/bmb/ldx046  

Holm, M. K. A., Winther, T. N., Kammann, S., Rasmusson, M. S., Brooks, L., Westh, 
H., et al. (2021). Prevalence of MRSA nasal carriage among pregnant women in 
Copenhagen. PLoS One. 16(1), e0246343. 
https://doi.org/10.1371/journal.pone.0246343  

Holmes, A., Dallman, T. J., Shabaan, S., Hanson, M., and Allison, L. (2018). Validation 
of whole-genome sequencing for identification and characterization of Shiga 
Toxin-Producing Escherichia coli to produce standardized data to enable data 
sharing. J Clin Microbiol. 56(3), e01388-01317. 
https://doi.org/10.1128/JCM.01388-17  

Holtfreter, S., Grumann, D., Schmudde, M., Nguyen, H. T. T., Eichler, P., Strommenger, 
B., et al. (2007). Clonal distribution of superantigen genes in clinical 
Staphylococcus aureus isolates. J Clin Microbiol. 45(8), 2669-2680. 
https://doi.org/10.1128/JCM.00204-07  

Howard-Varona, C., Hargreaves, K. R., Abedon, S. T., and Sullivan, M. B. (2017). 
Lysogeny in nature: mechanisms, impact and ecology of temperate phages. Isme 
J. 11(7), 1511-1520. https://doi.org/10.1038/ismej.2017.16  

https://doi.org/10.1086/500622
https://doi.org/doi:10.1128/mbio.00894-18
https://doi.org/10.1186/s13059-017-1252-9
https://doi.org/10.1186/s13756-023-01210-6
https://doi.org/10.1371/journal.pone.0142832
https://doi.org/10.1016/j.ygeno.2015.11.003
https://doi.org/10.1093/bmb/ldx046
https://doi.org/10.1371/journal.pone.0246343
https://doi.org/10.1128/JCM.01388-17
https://doi.org/10.1128/JCM.00204-07
https://doi.org/10.1038/ismej.2017.16


 230 

Howden, B. P., Giulieri, S. G., Wong Fok Lung, T., Baines, S. L., Sharkey, L. K., Lee, 
J. Y. H., et al. (2023). Staphylococcus aureus host interactions and adaptation. 
Nat Rev Microbiol. 21(6), 380-395. https://doi.org/10.1038/s41579-023-00852-y  

HPSC (2023). Primary Care Antimicrobial Consumption Results. https://www.hpsc.ie/a-
z/microbiologyantimicrobialresistance/europeansurveillanceofantimicrobialcons
umptionesac/PublicMicroB/SAPC/Report1.html [Accessed July 17, 2023]. 

HSE (2005). The control and prevention of MRSA in hospitals and the community. 
Published on behalf of Strategy for the Control of Antimicrobial Resistance in 
Ireland (SARI) by HSE, Health Protection Surveillance Centre. 
https://www.hse.ie/eng/services/publications/healthprotection/the-control-and-
prevention-of-mrsa-in-hospitals-and-the-community.pdf [Accessed July 17, 
2023].  

HSE HPSC (2019). Antimicrobial resistance in Ireland 2018: annual epidemiological 
report. https://www.hpsc.ie/a-
z/microbiologyantimicrobialresistance/europeanantimicrobialresistancesurveilla
ncesystemearss/ears-
netdataandreports/annualreports/Antimicrobial%20resistance%20in%20key%20
pathogen%20causing%20invasive%20infections%20in%20Ireland%202018.pdf 
[Accessed July 17, 2023]. 

Hu, D.L., Li, S., Fang, R., and Ono, H. K. (2021). Update on molecular diversity and 
multipathogenicity of staphylococcal superantigen toxins. Animal Diseases. 1(1), 
7. https://doi.org/10.1186/s44149-021-00007-7  

Hu, D. L., Maina, E. K., Omoe, K., Inoue, F., Yasujima, M., and Nakane, A. 
Superantigenic toxin genes coexist with specific staphylococcal cassette 
chromosome mec genes in methicillin-resistant Staphylococcus aureus. Tohoku J 
Exp Med. 225(3), 161–169. https://doi.org/10.1620/tjem.225.161   

Hu, Q., Cheng, H., Yuan, W., Zeng, F., Shang, W., Tang, D., et al. (2015). Panton-
Valentine leukocidin (PVL)-positive health care-associated methicillin-resistant 
Staphylococcus aureus isolates are associated with skin and soft tissue infections 
and colonized mainly by infective PVL-encoding bacteriophages. J Clin 
Microbiol. 53(1), 67-72. https://doi.org/10.1128/jcm.01722-14  

Immergluck, L. C., Leong, T., Malhotra, K., Parker, T. C., Ali, F., Jerris, R. C., et al. 
(2019). Geographic surveillance of community associated MRSA infections in 
children using electronic health record data. BMC Infect Dis. 19(1), 170. 
https://doi.org/10.1186/s12879-019-3682-3  

Ingmer, H., Gerlach, D., and Wolz, C. (2019). Temperate phages of Staphylococcus 
aureus. Microbiol Spectr. 7(5), 0058-2018. 
https://doi.org/doi:10.1128/microbiolspec.gpp3-0058-2018  

Inouye, M., Conway, T. C., Zobel, J., and Holt, K. E. (2012). Short read sequence typing 
(SRST): multi-locus sequence types from short reads. BMC Genomics. 13, 338-
338. https://doi.org/10.1186/1471-2164-13-338  

Irish Nurses and Midwives Organisation (2022). Annual hospital overcrowding record 
broken – 118,662 people on trolleys so far in 2022. 
https://inmo.ie/Home/Index/217/14132#:~:text=Figures%20collated%20by%20t

https://doi.org/10.1038/s41579-023-00852-y
https://www.hpsc.ie/a-z/microbiologyantimicrobialresistance/europeansurveillanceofantimicrobialconsumptionesac/PublicMicroB/SAPC/Report1.html
https://www.hpsc.ie/a-z/microbiologyantimicrobialresistance/europeansurveillanceofantimicrobialconsumptionesac/PublicMicroB/SAPC/Report1.html
https://www.hpsc.ie/a-z/microbiologyantimicrobialresistance/europeansurveillanceofantimicrobialconsumptionesac/PublicMicroB/SAPC/Report1.html
https://www.hse.ie/eng/services/publications/healthprotection/the-control-and-prevention-of-mrsa-in-hospitals-and-the-community.pdf
https://www.hse.ie/eng/services/publications/healthprotection/the-control-and-prevention-of-mrsa-in-hospitals-and-the-community.pdf
https://doi.org/10.1186/s44149-021-00007-7
https://doi.org/10.1620/tjem.225.161
https://doi.org/10.1128/jcm.01722-14
https://doi.org/10.1186/s12879-019-3682-3
https://doi.org/doi:10.1128/microbiolspec.gpp3-0058-2018
https://doi.org/10.1186/1471-2164-13-338
https://inmo.ie/Home/Index/217/14132#:~:text=Figures%20collated%20by%20the%20Irish,for%20hospital%20overcrowding%20on%20record


 231 

he%20Irish,for%20hospital%20overcrowding%20on%20record. [Accessed July 
17, 2023].  

IWG-SCC: International Working Group on the Classification of Staphylococcal 
Cassette Chromosome Elements. (2009). Classification of Staphylococcal 
Cassette Chromosome mec (SCCmec): guidelines for reporting novel SCCmec 
elements. Antimicrob Agents Chemother. 53(12), 4961. 
https://doi.org/10.1128/AAC.00579-09 

Jackson, K. L., Mbagwu, M., Pacheco, J. A., Baldridge, A. S., Viox, D. J., Linneman, J. 
G., et al. (2016). Performance of an electronic health record-based phenotype 
algorithm to identify community associated methicillin-resistant Staphylococcus 
aureus cases and controls for genetic association studies. BMC Infect Dis. 16(1), 
684. https://doi.org/10.1186/s12879-016-2020-2  

Jaiswal, R., Garg, A., Tripathi, P., and Venkatesh, V. (2022). Epidemiology of Panton-
Valentine leukocidin in clinical Staphylococcus aureus isolates - A prospective 
study at a tertiary care centre in North India. Clin Epidemiol Glob Health. 15, 
101006. https://doi.org/https://doi.org/10.1016/j.cegh.2022.101006  

Junie, L. M., Jeican, II, Matroş, L., and Pandrea, S. L. (2018). Molecular epidemiology 
of the community-associated methicillin-resistant Staphylococcus aureus clones: 
a synthetic review. Clujul Med. 91(1), 7-11. https://doi.org/10.15386/cjmed-807  

Kaneko, J., and Kamio, Y. (2004). Bacterial two-component and hetero-heptameric pore-
forming cytolytic toxins: structures, pore-forming mechanism, and organization 
of the genes. Biosci Biotechnol Biochem. 68(5), 981-1003. 
https://doi.org/10.1271/bbb.68.981  

Katayama, Y., Robinson, D. A., Enright, M. C., and Chambers, H. F. (2005). Genetic 
background affects stability of mecA in Staphylococcus aureus. J Clin 
Microbiol. 43(5), 2380. https://doi.org/10.1128/JCM.43.5.2380-2383.2005  

Kavanagh, K. T. (2019). Control of MSSA and MRSA in the United States: protocols, 
policies, risk adjustment and excuses. Antimicrob Resist Infect Control. 8(1), 103. 
https://doi.org/10.1186/s13756-019-0550-2  

Kaya, H., Hasman, H., Larsen, J., Stegger, M., Johannesen, T. B., Allesøe, R. L., et al. 
(2018). SCCmecFinder, a web-based tool for typing of Staphylococcal Cassette 
Chromosome mec in Staphylococcus aureus using whole-genome sequence data. 
mSphere. 3(1), e00612-00617. https://doi.org/10.1128/mSphere.00612-17  

Kearney, A., Kinnevey, P., Shore, A., Earls, M., Poovelikunnel, T. T., Brennan, G., et al. 
(2020). The oral cavity revealed as a significant reservoir of Staphylococcus 
aureus in an acute hospital by extensive patient, healthcare worker and 
environmental sampling. J Hosp Infect. S0195-6701(20)30103-1. 
https://doi.org/10.1016/j.jhin.2020.03.004  

Khaznadar, O., Khaznadar, F., Petrovic, A., Kuna, L., Loncar, A., Omanovic Kolaric, T., 
et al. (2023). Antimicrobial resistance and antimicrobial stewardship: before, 
during and after the COVID-19 pandemic. Microbiol Res. 14(2), 727-740. 
https://doi.org/10.3390/microbiolres14020052  

Kim, E. S., Song, J. S., Lee, H. J., Choe, P. G., Park, K. H., Cho, J. H., et al. (2007). A 
survey of community-associated methicillin-resistant Staphylococcus aureus in 

https://inmo.ie/Home/Index/217/14132#:~:text=Figures%20collated%20by%20the%20Irish,for%20hospital%20overcrowding%20on%20record
https://doi.org/10.1128/AAC.00579-09
https://doi.org/10.1186/s12879-016-2020-2
https://doi.org/https://doi.org/10.1016/j.cegh.2022.101006
https://doi.org/10.15386/cjmed-807
https://doi.org/10.1271/bbb.68.981
https://doi.org/10.1128/JCM.43.5.2380-2383.2005
https://doi.org/10.1186/s13756-019-0550-2
https://doi.org/10.1128/mSphere.00612-17
https://doi.org/10.1016/j.jhin.2020.03.004
https://doi.org/10.3390/microbiolres14020052


 232 

Korea. J Antimicrob Chemother. 60(5), 1108-1114. 
https://doi.org/10.1093/jac/dkm309  

King, T., Schindler, R., Chavda, S., and Conly, J. (2022). Dimensions of poverty as risk 
factors for antimicrobial resistant organisms in Canada: a structured narrative 
review. Antimicrob Resist Infect Control. 11(1), 18. 
https://doi.org/10.1186/s13756-022-01059-1  

Kingry, L. C., Rowe, L. A., Respicio-Kingry, L. B., Beard, C. B., Schriefer, M. E., and 
Petersen, J. M. (2016). Whole genome multilocus sequence typing as an 
epidemiologic tool for Yersinia pestis. Diagn Microbiol Infect Dis. 84(4), 275-
280. https://doi.org/10.1016/j.diagmicrobio.2015.12.003  

Kinnevey, P. M., Kearney, A., Shore, A. C., Earls, M. R., Brennan, G., Poovelikunnel, 
T. T., et al. (2021). Meticillin-resistant Staphylococcus aureus transmission 
among healthcare workers, patients and the environment in a large acute hospital 
under non-outbreak conditions investigated using whole-genome sequencing. J 
Hosp Infect. 118, 99-107. https://doi.org/10.1016/j.jhin.2021.08.020  

Kinnevey, P. M., Kearney, A., Shore, A. C., Earls, M. R., Brennan, G. I., Poovelikunnel, 
T. T., et al. (2022). Meticillin-susceptible Staphylococcus aureus transmission 
among healthcare workers, patients and the environment in a large acute hospital 
under non-outbreak conditions investigated using whole-genome sequencing. J 
Hosp Infect. 127, 15-25. 
https://doi.org/https://doi.org/10.1016/j.jhin.2022.05.004  

Kinnevey, P. M., Shore, A. C., Brennan, G. I., Sullivan, D. J., Ehricht, R., Monecke, S., 
and Coleman, D. C. (2014). Extensive genetic diversity identified among 
sporadic methicillin-resistant Staphylococcus aureus isolates recovered in Irish 
hospitals between 2000 and 2012. Antimicrob Agents Chemother. 58(4), 1907-
1917. https://doi.org/10.1128/AAC.02653-13  

Klein, S., Hannesen, J., Zanger, P., Heeg, K., Boutin, S., and Nurjadi, D. (2020). Entry 
of Panton–Valentine leukocidin-positive methicillin-resistant Staphylococcus 
aureus into the hospital: prevalence and population structure in Heidelberg, 
Germany 2015–2018. Sci Rep. 10(1), 13243. https://doi.org/10.1038/s41598-
020-70112-z  

Kondo, Y., Ito, T., Ma, X. X., Watanabe, S., Kreiswirth, B. N., Etienne, J., and 
Hiramatsu, K. (2007). Combination of multiplex PCRs for Staphylococcal 
Cassette Chromosome mec type assignment: rapid identification system for mec, 
ccr, and major differences in junkyard regions. Antimicrob Agents 
Chemother. 51(1), 264-274. https://doi.org/10.1128/AAC.00165-06  

Kong, E. F., Johnson, J. K., and Jabra-Rizk, M. A. (2016). Community-associated 
methicillin-resistant Staphylococcus aureus: an enemy amidst us. PLoS 
Pathog. 12(10), e1005837. https://doi.org/10.1371/journal.ppat.1005837  

Kourtis, A., Hatfield, K., Baggs, J., Mu, Y., See, I., Epson, E., et al. (2019). Vital signs: 
epidemiology and recent trends in methicillin-resistant and in methicillin-
susceptible Staphylococcus aureus bloodstream infections — United States. 
MMWR Morb Mortal Wkly Rep. 68(9):214-219. 
https://doi.org/10.15585/mmwr.mm6809e1  

https://doi.org/10.1093/jac/dkm309
https://doi.org/10.1186/s13756-022-01059-1
https://doi.org/10.1016/j.diagmicrobio.2015.12.003
https://doi.org/10.1016/j.jhin.2021.08.020
https://doi.org/https://doi.org/10.1016/j.jhin.2022.05.004
https://doi.org/10.1128/AAC.02653-13
https://doi.org/10.1038/s41598-020-70112-z
https://doi.org/10.1038/s41598-020-70112-z
https://doi.org/10.1128/AAC.00165-06
https://doi.org/10.1371/journal.ppat.1005837
https://doi.org/10.15585/mmwr.mm6809e1


 233 

Kouyos, R., Klein, E., and Grenfell, B. (2013). Hospital-community interactions foster 
coexistence between methicillin-resistant strains of Staphylococcus aureus. PLoS 
Pathog. 9(2), e1003134-e1003134. https://doi.org/10.1371/journal.ppat.1003134  

Lakhundi, S., and Zhang, K. (2018). Methicillin-resistant Staphylococcus aureus: 
molecular characterization, evolution, and epidemiology. Clin Microbiol 
Rev. 31(4), e00020-00018. https://doi.org/10.1128/CMR.00020-18  

Larsen, J., Raisen, C. L., Ba, X., Sadgrove, N. J., Padilla-González, G. F., Simmonds, M. 
S. J., et al. (2022). Emergence of methicillin resistance predates the clinical use 
of antibiotics. Nature. 602(7895), 135-141. https://doi.org/10.1038/s41586-021-
04265-w  

Le Bourgeois P, Passerini D, Coddeville M, Guellerin M, Daveran-Mingot M.L., and 
Ritzenthaler P. PFGE protocols to distinguish subspecies of Lactococcus 
lactis. Methods Mol Biol. 1301, 213–224. https://doi.org/10.1007/978-1-4939-
2599-5_17 

Lee, A. S., de Lencastre, H., Garau, J., Kluytmans, J., Malhotra-Kumar, S., Peschel, A., 
et al. (2018). Methicillin-resistant Staphylococcus aureus. Nat Rev Dis 
Primers. 4(1), 18033. https://doi.org/10.1038/nrdp.2018.33  

Leinweber, H., Sieber, R. N., Larsen, J., Stegger, M., and Ingmer, H. (2021). 
Staphylococcal phages adapt to new hosts by extensive attachment site 
variability. mBio. 12(6), e0225921. https://doi.org/10.1128/mBio.02259-21  

Lekkerkerk, W. S. N., Haenen, A., van der Sande, M. A. B., Leenstra, T., de Greeff, S., 
Timen, A., et al. (2017). Newly identified risk factors for MRSA carriage in The 
Netherlands. PLoS One. 12(11), e0188502. 
https://doi.org/10.1371/journal.pone.0188502  

Leme, R. C. P., Bispo, P. J. M., & Salles, M. J. (2021). Community-genotype methicillin-
resistant Staphylococcus aureus skin and soft tissue infections in Latin America: 
a systematic review. Braz J Infect Dis. 25(1), 
101539. https://doi.org/10.1016/j.bjid.2021.101539 

Leopold, S. R., Goering, R. V., Witten, A., Harmsen, D., and Mellmann, A. (2014). 
Bacterial whole-genome sequencing revisited: portable, scalable, and 
standardized analysis for typing and detection of virulence and antibiotic 
resistance genes. J Clin Microbiol. 52(7), 2365-2370. 
https://doi.org/10.1128/JCM.00262-14  

Lepuschitz, S., Huhulescu, S., Hyden, P., Springer, B., Rattei, T., Allerberger, F., et al. 
(2018). Characterization of a community-acquired-MRSA USA300 isolate from 
a river sample in Austria and whole genome sequence based comparison to a 
diverse collection of USA300 isolates. Sci Rep. 8(1), 9467. 
https://doi.org/10.1038/s41598-018-27781-8  

Lina, G., Piémont, Y., Godail-Gamot, F., Bes, M., Peter, M.O., Gauduchon, V., et al. 
(1999). Involvement of Panton-Valentine leukocidin—producing Staphylococcus 
aureus in primary skin infections and pneumonia. Clin Infect Dis. 29(5), 1128-
1132. https://doi.org/10.1086/313461  

https://doi.org/10.1371/journal.ppat.1003134
https://doi.org/10.1128/CMR.00020-18
https://doi.org/10.1038/s41586-021-04265-w
https://doi.org/10.1038/s41586-021-04265-w
https://doi.org/10.1007/978-1-4939-2599-5_17
https://doi.org/10.1007/978-1-4939-2599-5_17
https://doi.org/10.1038/nrdp.2018.33
https://doi.org/10.1128/mBio.02259-21
https://doi.org/10.1371/journal.pone.0188502
https://doi.org/10.1016/j.bjid.2021.101539
https://doi.org/10.1128/JCM.00262-14
https://doi.org/10.1038/s41598-018-27781-8
https://doi.org/10.1086/313461


 234 

Lindsay, J. A. (2013). Hospital-associated MRSA and antibiotic resistance—What have 
we learned from genomics? Int J Med Microbiol. 303(6), 318-323. 
https://doi.org/https://doi.org/10.1016/j.ijmm.2013.02.005  

Lindsay, J. A., Knight, G. M., Budd, E. L., and McCarthy, A. J. (2012). Shuffling of 
mobile genetic elements (MGEs) in successful healthcare-associated MRSA 
(HA-MRSA). Mob Genet Elements. 2(5), 239-243. 
https://doi.org/10.4161/mge.22085  

Liu, H., Lv, J., Qi, X., Ding, Y., Li, D., Hu, L., et al. (2015). The carriage of the serine-
aspartate repeat protein-encoding sdr genes among Staphylococcus aureus 
lineages. Braz J Infect Dis. 19(5), 498-502. 
https://doi.org/https://doi.org/10.1016/j.bjid.2015.07.003  

Looney, A. T., Redmond, E. J., Davey, N. M., Daly, P. J., Troy, C., Carey, B. F., et al. 
(2017). Methicillin-resistant Staphylococcus aureus as a uropathogen in an Irish 
setting. Medicine. 96(14), e4635-e4635. 
https://doi.org/10.1097/MD.0000000000004635  

Lowy, F. D. (2003). Antimicrobial resistance: the example of Staphylococcus aureus. J 
Clin Invest. 111(9), 1265-1273. https://doi.org/10.1172/jci18535  

Lozano, C., Fernández-Fernández, R., Ruiz-Ripa, L., Gómez, P., Zarazaga, M., and 
Torres, C. (2020). Human mecC-carrying MRSA: clinical implications and risk 
factors. Microorganisms. 8(10). https://doi.org/10.3390/microorganisms8101615  

Lu, H., Giordano, F., and Ning, Z. (2016) Oxford nanopore minION sequencing and 
genome assembly. Genomics Proteomics Bioinformatics. 14(5):265-
279. https://doi.org/10.1016/j.gpb.2016.05.004  

Ma, X. X., Ito, T., Chongtrakool, P., and Hiramatsu, K. (2006). Predominance of clones 
carrying Panton-Valentine leukocidin genes among methicillin-resistant 
Staphylococcus aureus strains isolated in Japanese hospitals from 1979 to 1985. 
J Clin Microbiol. 44(12), 4515-4527. https://doi.org/10.1128/jcm.00985-06  

Macedo-Vinas, M., Conly, J., Francois, P., Aschbacher, R., Blanc, D., Coombs, G., et al. 
(2013). O036: Antibiotic resistance and molecular epidemiology of Panton-
Valentine leukocidin positive methicillin-resistant Staphylococcus aureus 
(PVL+-MRSA): an international survey. Antimicrob Resist Infect Control 2(1), 
O36. https://doi.org/10.1186/2047-2994-2-S1-O36  

Madigan, T., Cunningham, S. A., Patel, R., Greenwood-Quaintance, K. E., Barth, J. E., 
Sampathkumar, P., et al. (2018). Whole-genome sequencing for methicillin-
resistant Staphylococcus aureus (MRSA) outbreak investigation in a neonatal 
intensive care unit. Infect Control Hosp Epidemiol. 39(12), 1412-1418. 
https://doi.org/10.1017/ice.2018.239  

Maiden, M. C. J., Jansen van Rensburg, M. J., Bray, J. E., Earle, S. G., Ford, S. A., Jolley, 
K. A., et al. (2013). MLST revisited: the gene-by-gene approach to bacterial 
genomics. Nat Rev Microbiol. 11(10), 728-736. 
https://doi.org/10.1038/nrmicro3093  

Malachowa, N., and DeLeo, F. R. (2010). Mobile genetic elements of Staphylococcus 
aureus. Cell Mol Life Sci. 67(18), 3057-3071. https://doi.org/10.1007/s00018-
010-0389-4  

https://doi.org/https://doi.org/10.1016/j.ijmm.2013.02.005
https://doi.org/10.4161/mge.22085
https://doi.org/https://doi.org/10.1016/j.bjid.2015.07.003
https://doi.org/10.1097/MD.0000000000004635
https://doi.org/10.1172/jci18535
https://doi.org/10.3390/microorganisms8101615
https://doi.org/10.1016/j.gpb.2016.05.004
https://doi.org/10.1128/jcm.00985-06
https://doi.org/10.1186/2047-2994-2-S1-O36
https://doi.org/10.1017/ice.2018.239
https://doi.org/10.1038/nrmicro3093
https://doi.org/10.1007/s00018-010-0389-4
https://doi.org/10.1007/s00018-010-0389-4


 235 

Matuszewska, M., Murray, G. G. R., Ba, X., Wood, R., Holmes, M. A., and Weinert, L. 
A. (2022). Stable antibiotic resistance and rapid human adaptation in livestock-
associated MRSA. eLife. 11:e74819. https://doi.org/10.7554/eLife.74819  

McManus, B. A., Coleman, D. C., Deasy, E. C., Brennan, G. I., O' Connell, B., Monecke, 
S., et al. (2015). Comparative genotypes, Staphylococcal Cassette Chromosome 
mec (SCCmec) genes and antimicrobial resistance amongst Staphylococcus 
epidermidis and Staphylococcus haemolyticus isolates from infections in humans 
and companion animals. PLoS One. 10(9), e0138079-e0138079. 
https://doi.org/10.1371/journal.pone.0138079  

McTavish, S. M., Snow, S. J., Cook, E. C., Pichon, B., Coleman, S., Coombs, G. W., et 
al. (2019). Genomic and epidemiological evidence of a dominant Panton-
Valentine leucocidin-positive nethicillin resistant Staphylococcus aureus lineage 
in Sri Lanka and presence among isolates from the United Kingdom and 
Australia. Front Cell Infect Microbiol. 9, 123. 
https://doi.org/10.3389/fcimb.2019.00123  

Mohammadi, S., Sekawi, Z., Monjezi, A., Maleki, M. H., Soroush, S., Sadeghifard, N., 
et al. (2014). Emergence of SCCmec Type III with variable antimicrobial 
resistance profiles and spa types among methicillin-resistant Staphylococcus 
aureus isolated from healthcare- and community-acquired infections in the west 
of Iran. Int J Infect Dis. 25, 152-158. https://doi.org/10.1016/j.ijid.2014.02.018  

Mollema, F. P. N., Richardus, J. H., Behrendt, M., Vaessen, N., Lodder, W., Hendriks, 
W., et al. (2010). Transmission of methicillin-resistant Staphylococcus aureus to 
household contacts. J Clin Microbiol. 48(1), 202. 
https://doi.org/10.1128/JCM.01499-09  

Monecke, S., Baier, V., Coombs, G. W., Slickers, P., Ziegler, A., and Ehricht, R. (2013). 
Genome sequencing and molecular characterisation of Staphylococcus aureus 
ST772-MRSA-V, “Bengal Bay Clone”. BMC Research Notes. 6(1), 548. 
https://doi.org/10.1186/1756-0500-6-548  

Monecke, S., Coombs, G., Shore, A. C., Coleman, D. C., Akpaka, P., Borg, M., et al. 
(2011). A field guide to pandemic, epidemic and sporadic clones of methicillin-
resistant Staphylococcus aureus. PLoS One. 6(4), e17936. 
https://doi.org/10.1371/journal.pone.0017936  

Monecke, S., Gavier-Widen, D., Mattsson, R., Rangstrup-Christensen, L., Lazaris, A., 
Coleman, D. C., et al. (2013a). Detection of mecC-positive Staphylococcus 
aureus (CC130-MRSA-XI) in diseased European hedgehogs (Erinaceus 
europaeus) in Sweden. PLoS One. 8(6), e66166. 
https://doi.org/10.1371/journal.pone.0066166  

Monecke, S., Jatzwauk, L., Müller, E., Nitschke, H., Pfohl, K., Slickers, P., et al. (2016). 
Diversity of SCCmec elements in Staphylococcus aureus as observed in South-
Eastern Germany. PLoS One. 11(9), e0162654. 
https://doi.org/10.1371/journal.pone.0162654  

Monecke, S., Jatzwauk, L., Weber, S., Slickers, P., and Ehricht, R. (2008). DNA 
microarray-based genotyping of methicillin-resistant Staphylococcus aureus 

https://doi.org/10.7554/eLife.74819
https://doi.org/10.1371/journal.pone.0138079
https://doi.org/10.3389/fcimb.2019.00123
https://doi.org/10.1016/j.ijid.2014.02.018
https://doi.org/10.1128/JCM.01499-09
https://doi.org/10.1186/1756-0500-6-548
https://doi.org/10.1371/journal.pone.0017936
https://doi.org/10.1371/journal.pone.0066166
https://doi.org/10.1371/journal.pone.0162654


 236 

strains from Eastern Saxony. Clin Microbiol Infect. 14(6), 534-545. 
https://doi.org/10.1111/j.1469-0691.2008.01986.x  

Monecke, S., Müller, E., Buechler, J., Rejman, J., Stieber, B., Akpaka, P. E., et al. 
(2013b). Rapid detection of Panton-Valentine leukocidin in Staphylococcus 
aureus cultures by use of a lateral flow assay based on monoclonal antibodies. J 
Clin Microbiol. 51(2), 487–495. https://doi.org/10.1128/JCM.02285-12  

Monecke, S., Skakni, L., Hasan, R., Ruppelt, A., Ghazal, S. S., Hakawi, A., et al. (2012). 
Characterisation of MRSA strains isolated from patients in a hospital in Riyadh, 
Kingdom of Saudi Arabia. BMC Microbiology. 12, 146-146. 
https://doi.org/10.1186/1471-2180-12-146  

Monecke, S., Slickers, P., and Ehricht, R. (2008). Assignment of Staphylococcus aureus 
isolates to clonal complexes based on microarray analysis and pattern 
recognition. FEMS Immunol Med Microbiol. 53(2), 237-251. 
https://doi.org/https://doi.org/10.1111/j.1574-695X.2008.00426.x  

Morell, E. A., and Balkin, D. M. (2010). Methicillin-resistant Staphylococcus aureus: a 
pervasive pathogen highlights the need for new antimicrobial development. Yale 
J Biol Med. Vol 83(4), 223-233. https://pubmed.ncbi.nlm.nih.gov/21165342/ 
[Accessed July 17, 2023]. 

Müller, A., Seinige, D., Jansen, W., Klein, G., Ehricht, R., Monecke, S., et al. (2016). 
Variety of antimicrobial resistances and virulence factors in Staphylococcus 
aureus isolates from meat products legally and illegally introduced to 
Germany. PLoS One. 11(12), e0167864. 
https://doi.org/10.1371/journal.pone.0167864 

Munckhof, W. J., Schooneveldt, J., Coombs, G. W., Hoare, J., and Nimmo, G. R. (2003). 
Emergence of community-acquired methicillin-resistant Staphylococcus aureus 
(MRSA) infection in Queensland, Australia. Int J Infect Dis. 7(4), 259–264. 
https://doi.org/10.1016/s1201-9712(03)90104-4  

Nimmo, G. R. (2012). USA300 abroad: global spread of a virulent strain of community-
associated methicillin-resistant Staphylococcus aureus. Clin Microbiol Infect. 
18(8), 725-734. https://doi.org/https://doi.org/10.1111/j.1469-
0691.2012.03822.x  

NMRSARL (2014). National MRSA Reference Laboratory Annual Report 2014. 
https://www.stjames.ie/media/NMRSARLAnnualReport2014.pdf [Accessed 
July 17, 2023]. 

NMRSARL (2016). National MRSA Reference Laboratory Annual Report 2016. 
https://www.stjames.ie/media/NMRSARLAnnualReport2016.pdf [Accessed 
July 17, 2023]. 

NMRSARL (2017). National MRSA Reference Laboratory Annual Report 2017. 
https://www.stjames.ie/media/NMRSARLAnnualReport2017.pdf [Accessed 
July 17, 2023]. 

NMRSARL (2018). National MRSA Reference Laboratory Annual Report 2018. 
https://www.stjames.ie/media/NMRSARLAnnualReport2018.pdf [Accessed 
July 17, 2023]. 

https://doi.org/10.1111/j.1469-0691.2008.01986.x
https://doi.org/10.1128/JCM.02285-12
https://doi.org/10.1186/1471-2180-12-146
https://doi.org/https://doi.org/10.1111/j.1574-695X.2008.00426.x
https://pubmed.ncbi.nlm.nih.gov/21165342/
https://doi.org/10.1371/journal.pone.0167864
https://doi.org/10.1016/s1201-9712(03)90104-4
https://doi.org/https://doi.org/10.1111/j.1469-0691.2012.03822.x
https://doi.org/https://doi.org/10.1111/j.1469-0691.2012.03822.x
https://www.stjames.ie/media/NMRSARLAnnualReport2014.pdf
https://www.stjames.ie/media/NMRSARLAnnualReport2016.pdf
https://www.stjames.ie/media/NMRSARLAnnualReport2017.pdf
https://www.stjames.ie/media/NMRSARLAnnualReport2018.pdf


 237 

NMRSARL (2020). National MRSA Reference Laboratory Annual Report 2020. 
https://www.stjames.ie/media/AnnRpt2020.pdf [Accessed July 17, 2023]. 

NMRSARL (2021). National MRSA Reference Laboratory Annual Report 2021. 
https://www.stjames.ie/media/MRSAAnnualReport2021.pdf [Accessed July 17, 
2023]. 

Noli Truant, S., Redolfi, D. M., Sarratea, M. B., Malchiodi, E. L., and Fernández, M. M. 
(2022). Superantigens, a paradox of the immune response. Toxins. 14(11), 800. 
https://doi.org/10.3390/toxins14110800 

Nong, Y., Taiaroa, G., Pasricha, S., Guérillot, R., Monk, I. R., Baines, S. L., et al. (2021). 
Clinical relevance of topical antibiotic use in coselecting for multidrug-resistant 
Staphylococcus aureus: insights from in vitro and ex vivo models. Antimicrob 
Agents Chemother. 95(5), e02048-20.65(5). 
https://doi.org/doi:10.1128/aac.02048-20  

O'Hara, F. P., Suaya, J. A., Ray, G. T., Baxter, R., Brown, M. L., Mera, R. M., et al. 
(2016). spa typing and multilocus sequence typing show comparable 
performance in a macroepidemiologic study of Staphylococcus aureus in the 
United States. Microb Drug Resist. 22(1), 88-96. 
https://doi.org/10.1089/mdr.2014.0238  

Oliveira, D. C., and de Lencastre, H. (2002). Multiplex PCR strategy for rapid 
identification of structural types and variants of the mec element in methicillin-
resistant Staphylococcus aureus. Antimicrob Agents Chemother. 46(7), 2155-
2161. https://doi.org/10.1128/aac.46.7.2155-2161.2002  

Oliveira, D. C., Milheiriço, C., and de Lencastre, H. (2006). Redefining a structural 
variant of Staphylococcal Cassette Chromosome mec, SCCmec Type VI. 
Antimicrob Agents Chemother. 50(10), 3457-3459. 
https://doi.org/10.1128/aac.00629-06  

Otter, J. A., and French, G. L. (2012). Community-associated meticillin-resistant 
Staphylococcus aureus: the case for a genotypic definition. J Hosp Infect. 81(3), 
143-148. https://doi.org/https://doi.org/10.1016/j.jhin.2012.04.009  

Otto, M. (2010). Staphylococcus aureus toxin gene hitchhikes on a transferable antibiotic 
resistance element. Virulence. 1(1), 49-51. https://doi.org/10.4161/viru.1.1.10453  

Otto, M. (2012). MRSA virulence and spread. Cell microbiol. 14(10), 1513-1521. 
https://doi.org/10.1111/j.1462-5822.2012.01832.x  

Pariente, N., on behalf of the PLos Biology Staff Editors. (2022). The antimicrobial 
resistance crisis needs action now. PLoS Biol. 20(11), e3001918. 
https://doi.org/10.1371/journal.pbio.3001918  

Park, S. T., and Kim, J. (2016). Trends in next-generation sequencing and a new era for 
whole genome sequencing. Int Neurourol J 20(2), 76-83. 
https://doi.org/10.5213/inj.1632742.371  

Periasamy, S., Chatterjee, S.S., Cheung, G.Y., and Otto, M. (2012) Phenol-soluble 
modulins in staphylococci: What are they originally for? Commun Integr Biol. 
5(3), 275–277. https://doi.org/10.4161/cib.19420  

Planet, P. J., Diaz, L., Kolokotronis, S. O., Narechania, A., Reyes, J., Xing, G., et al. 
(2015). Parallel epidemics of community-associated methicillin-resistant 

https://www.stjames.ie/media/AnnRpt2020.pdf
https://www.stjames.ie/media/MRSAAnnualReport2021.pdf
https://doi.org/10.3390/toxins14110800
https://doi.org/doi:10.1128/aac.02048-20
https://doi.org/10.1089/mdr.2014.0238
https://doi.org/10.1128/aac.46.7.2155-2161.2002
https://doi.org/10.1128/aac.00629-06
https://doi.org/https://doi.org/10.1016/j.jhin.2012.04.009
https://doi.org/10.4161/viru.1.1.10453
https://doi.org/10.1111/j.1462-5822.2012.01832.x
https://doi.org/10.1371/journal.pbio.3001918
https://doi.org/10.5213/inj.1632742.371
https://doi.org/10.4161/cib.19420


 238 

Staphylococcus aureus USA300 infection in North and South America. J Infect 
Dis. 212(12), 1874–1882. https://doi.org/10.1093/infdis/jiv320  

Planet, P. J. (2017). Life after USA300: the rise and fall of a superbug. J Infect 
Dis. 215(1), 71-77. https://doi.org/10.1093/infdis/jiw444  

Pollitt, E. J. G., Szkuta, P. T., Burns, N., and Foster, S. J. (2018). Staphylococcus aureus 
infection dynamics. PLoS Pathog. 14(6), e1007112. 
https://doi.org/10.1371/journal.ppat.1007112  

Prabhakara, S., Khedkar, S., Shambat, S. M., Srinivasan, R., Basu, A., Norrby-Teglund, 
A., et al. (2013). Genome sequencing unveils a novel sea enterotoxin-carrying 
PVL phage in Staphylococcus aureus ST772 from India. PLoS One. 8(3), e60013. 
https://doi.org/10.1371/journal.pone.0060013  

Qin, D. (2019). Next-generation sequencing and its clinical application. Cancer Biol 
Med. 16(1), 4-10. https://doi.org/10.20892/j.issn.2095-3941.2018.0055  

Quail, M. A., Smith, M., Coupland, P., Otto, T. D., Harris, S. R., Connor, T. R., et al. 
(2012). A tale of three next generation sequencing platforms: comparison of Ion 
Torrent, Pacific Biosciences and Illumina MiSeq sequencers. BMC Genomics. 
13, 341. https://doi.org/10.1186/1471-2164-13-341  

Quainoo, S., Coolen, J. P. M., van Hijum, S. A. F. T., Huynen, M. A., Melchers, W. J. 
G., van Schaik, W., et al. (2017). Whole-genome sequencing of bacterial 
pathogens: the future of nosocomial outbreak analysis. Clin Microbiol Rev. 30(4), 
1015. https://doi.org/10.1128/CMR.00016-17  

Rankin, D. J., Rocha, E. P. C., and Brown, S. P. (2011). What traits are carried on mobile 
genetic elements, and why? Heredity. 106(1), 1-10. 
https://doi.org/10.1038/hdy.2010.24  

Rasigade, J.-P., Trouillet-Assant, S., Ferry, T., Diep, B. A., Sapin, A., Lhoste, Y., et al. 
(2013). PSMs of hypervirulent Staphylococcus aureus act as intracellular toxins 
that kill infected osteoblasts. PLoS One. 8(5), e63176-e63176. 
https://doi.org/10.1371/journal.pone.0063176  

Reusch, M., Ghosh, P., Ham, C., Klotchko, A., Singapuri, S., and Everett, G. (2008). 
Prevalence of MRSA colonization in peripartum mothers and their newborn 
infants. Scand J Infect Dis. 40(8), 667-671. 
https://doi.org/10.1080/00365540801946520  

Rhoads, A., and Au, K. F. (2015). PacBio sequencing and its applications. Genomics, 
Proteomics and Bioinformatics. 13(5), 278-289. 
https://doi.org/https://doi.org/10.1016/j.gpb.2015.08.002  

Robinson, D. A., and Enright, M. C. (2004). Multilocus sequence typing and the 
evolution of methicillin-resistant Staphylococcus aureus. Clin Microbiol Infect. 
10(2), 92-97. https://doi.org/10.1111/j.1469-0691.2004.00768.x  

Rohmer, C., and Wolz, C. (2021). The role of hlb-converting bacteriophages in 
Staphylococcus aureus host adaption. Microb Physiol. 31(2), 109-122. 
https://doi.org/10.1159/000516645  

Rokney, A., Baum, M., Ben-Shimol, S., Sagi, O., Anuka, E., Agmon, V., et al. (2017). 
Dissemination of the methicillin-resistant Staphylococcus aureus (MRSA) 
pediatric clone (ST5-t002-IV-PVL+) as a major cause of community associated 

https://doi.org/10.1093/infdis/jiv320
https://doi.org/10.1093/infdis/jiw444
https://doi.org/10.1371/journal.ppat.1007112
https://doi.org/10.1371/journal.pone.0060013
https://doi.org/10.20892/j.issn.2095-3941.2018.0055
https://doi.org/10.1186/1471-2164-13-341
https://doi.org/10.1128/CMR.00016-17
https://doi.org/10.1038/hdy.2010.24
https://doi.org/10.1371/journal.pone.0063176
https://doi.org/10.1080/00365540801946520
https://doi.org/https://doi.org/10.1016/j.gpb.2015.08.002
https://doi.org/10.1111/j.1469-0691.2004.00768.x
https://doi.org/10.1159/000516645


 239 

(CA) staphylococcal infections in Bedouin children, Southern Israel. Pediatr 
Infect Dis J. 38(3), 230–235. https://doi.org/10.1093/ofid/ofx163.1709  

Rolo, J., Worning, P., Nielsen, J. B., Bowden, R., Bouchami, O., Damborg, P., et al. 
(2017). Evolutionary origin of the Staphylococcal Cassette Chromosome mec 
(SCCmec). Antimicrob Agents Chemother. 61(6). 
https://doi.org/10.1128/aac.02302-16  

Romero, L. C., and de Souza da Cunha, M. d. L. R. (2021). Insights into the epidemiology 
of community-associated methicillin-resistant Staphylococcus aureus in special 
populations and at the community-healthcare interface. Braz J Infect Dis. 25(6), 
101636. https://doi.org/https://doi.org/10.1016/j.bjid.2021.101636  

Rossney, A. S., English, L. F., and Keane, C. T. (1990). Coagulase testing compared with 
commercial kits for routinely identifying Staphylococcus aureus. J Clin Pathol. 
43(3), 246-252. https://doi.org/10.1136/jcp.43.3.246  

Rossney, A. S., Shore, A. C., Morgan, P. M., Fitzgibbon, M. M., O'Connell, B., and 
Coleman, D. C. (2007). The emergence and importation of diverse genotypes of 
methicillin-resistant Staphylococcus aureus (MRSA) harboring the Panton-
Valentine leukocidin gene (PVL) reveal that pvl is a poor marker for community-
acquired MRSA strains in Ireland. J Clin Microbiol. 45(8), 2554-2563. 
https://doi.org/10.1128/JCM.00245-07  

Roth, V. R., Longpre, T., Coyle, D., Suh, K. N., Taljaard, M., Muldoon, K. A., et al. 
(2016). Cost analysis of universal screening vs. risk factor-based screening for 
methicillin-resistant Staphylococcus aureus (MRSA). PLoS One. 11(7), 
e0159667. https://doi.org/10.1371/journal.pone.0159667  

Rotman, S. G., Sumrall, E., Ziadlou, R., Grijpma, D. W., Richards, R. G., Eglin, D., et 
al. (2020). Local bacteriophage delivery for treatment and prevention of bacterial 
infections. Front Microbiol. 11, 538060. 
https://doi.org/10.3389/fmicb.2020.538060  

Sabat, A., Melles, D. C., Martirosian, G., Grundmann, H., van Belkum, A., and 
Hryniewicz, W. (2006). Distribution of the serine-aspartate repeat protein-
encoding sdr genes among nasal-carriage and invasive Staphylococcus aureus 
strains. J Clin Microbiol. 44(3), 1135-1138. 
https://doi.org/10.1128/jcm.44.3.1135-1138.2006  

Saber, H., Jasni, A. S., Jamaluddin, T. Z. M. T., and Ibrahim, R. (2017). A Review of 
Staphylococcal Cassette Chromosome mec (SCCmec) Types in coagulase-
negative staphylococci (CoNS) species. Malays J Med Sci. 24(5), 7-18. 
https://doi.org/10.21315/mjms2017.24.5.2  

Sakr, A., Brégeon, F., Mège, J.-L., Rolain, J.-M., and Blin, O. (2018). Staphylococcus 
aureus nasal colonization: an update on mechanisms, epidemiology, risk factors, 
and subsequent infections. Front Microbiol. 9, 2419-2419. 
https://doi.org/10.3389/fmicb.2018.02419  

Sanchini, A., Del Grosso, M., Villa, L., Ammendolia, M. G., Superti, F., Monaco, M., 
and Pantosti, A. (2014). Typing of Panton-Valentine leukocidin-encoding phages 
carried by methicillin-susceptible and methicillin-resistant Staphylococcus 

https://doi.org/10.1093/ofid/ofx163.1709
https://doi.org/10.1128/aac.02302-16
https://doi.org/https://doi.org/10.1016/j.bjid.2021.101636
https://doi.org/10.1136/jcp.43.3.246
https://doi.org/10.1128/JCM.00245-07
https://doi.org/10.1371/journal.pone.0159667
https://doi.org/10.3389/fmicb.2020.538060
https://doi.org/10.1128/jcm.44.3.1135-1138.2006
https://doi.org/10.21315/mjms2017.24.5.2
https://doi.org/10.3389/fmicb.2018.02419


 240 

aureus from Italy. Clin Microbiol Infect. 20(11), O840-O846. 
https://doi.org/https://doi.org/10.1111/1469-0691.12679  

Sanchini, A., Spitoni, M. G., Monaco, M., Raglio, A., Grigis, A., Petrò, W., et al. (2013). 
Outbreak of skin and soft tissue infections in a hospital newborn nursery in Italy 
due to community-acquired meticillin-resistant Staphylococcus aureus USA300 
clone. J Hosp Infect. 83(1), 36-40. 
https://doi.org/https://doi.org/10.1016/j.jhin.2012.09.017  

Sassmannshausen, R., Deurenberg, R. H., Köck, R., Hendrix, R., Jurke, A., Rossen, J. 
W. A., et al. (2016). MRSA prevalence and associated risk factors among health-
care workers in non-outbreak situations in the Dutch-German EUREGIO. Front 
Microbiol. 7, 1273. https://doi.org/10.3389/fmicb.2016.01273  

Schito, G. C. (2006). The importance of the development of antibiotic resistance in 
Staphylococcus aureus. Clin Microbiol Infect. 12, 3-8. 
https://doi.org/https://doi.org/10.1111/j.1469-0691.2006.01343.x  

Schmidt, T., Kock, M. M., and Ehlers, M. M. (2015). Antimicrobial resistance in 
staphylococci at the human–animal interface. Intech. 
https://doi.org/10.5772/61785 [Accessed July 17, 2023].  

Schürch, A. C., Arredondo-Alonso, S., Willems, R. J. L., and Goering, R. V. (2018). 
Whole genome sequencing options for bacterial strain typing and epidemiologic 
analysis based on single nucleotide polymorphism versus gene-by-gene–based 
approaches. Clin Microbiol Infect. 24(4), 350-354. 
https://doi.org/https://doi.org/10.1016/j.cmi.2017.12.016  

Scott, E., Duty, S., and Callahan, M. (2008). A pilot study to isolate Staphylococcus 
aureus and methicillin-resistant S. aureus from environmental surfaces in the 
home. Am J Infect Control. 36(6), 458-460. 
https://doi.org/https://doi.org/10.1016/j.ajic.2007.10.012  

SenGupta, D. J., Cummings, L. A., Hoogestraat, D. R., Butler-Wu, S. M., Shendure, J., 
Cookson, B. T., et al. (2014). Whole-genome sequencing for high-resolution 
investigation of methicillin-resistant Staphylococcus aureus epidemiology and 
genome plasticity. J Clin Microbiol. 52(8), 2787. 
https://doi.org/10.1128/JCM.00759-14  

Senok, A., Nassar, R., Celiloglu, H., Nabi, A., Alfaresi, M., Weber, S., et al. (2020). 
Genotyping of methicillin resistant Staphylococcus aureus from the United Arab 
Emirates. Sci Rep. 10(1), 18551. https://doi.org/10.1038/s41598-020-75565-w  

Sharma, M., Nunez-Garcia, J., Kearns, A. M., Doumith, M., Butaye, P. R., Argudín, M. 
A., et al. (2016). Livestock-associated methicillin resistant Staphylococcus 
aureus (LA-MRSA) clonal complex (CC) 398 isolated from UK animals belong 
to European lineages. Front Microbiol. 7, 1741. 
https://doi.org/10.3389/fmicb.2016.01741  

Sharma-Kuinkel, B. K., Rude, T. H., and Fowler, V. G. (2016). Pulse Field Gel 
Electrophoresis. Methods Mol Biol. 1373, 117–130. 
https://doi.org/10.1007/7651_2014_191 

Shittu, A. O., Oyedara, O., Okon, K., Raji, A., Peters, G., von Müller, L., et al. (2015). 
An assessment on DNA microarray and sequence-based methods for the 

https://doi.org/https://doi.org/10.1111/1469-0691.12679
https://doi.org/https://doi.org/10.1016/j.jhin.2012.09.017
https://doi.org/10.3389/fmicb.2016.01273
https://doi.org/https://doi.org/10.1111/j.1469-0691.2006.01343.x
https://doi.org/10.5772/61785
https://doi.org/https://doi.org/10.1016/j.cmi.2017.12.016
https://doi.org/https://doi.org/10.1016/j.ajic.2007.10.012
https://doi.org/10.1128/JCM.00759-14
https://doi.org/10.1038/s41598-020-75565-w
https://doi.org/10.3389/fmicb.2016.01741
https://doi.org/10.1007/7651_2014_191


 241 

characterization of methicillin-susceptible Staphylococcus aureus from Nigeria. 
Front Microbiol. 6, 1160. https://doi.org/10.3389/fmicb.2015.01160  

Shore, A., Rossney, A. S., Keane, C. T., Enright, M. C., and Coleman, D. C. (2005). 
Seven novel variants of the Staphylococcal Chromosomal Cassette mec in 
methicillin-resistant Staphylococcus aureus isolates from Ireland. Antimicrob 
Agents Chemother. 49(5), 2070-2083. https://doi.org/10.1128/AAC.49.5.2070-
2083.2005  

Shore, A. C., Brennan, O. M., Deasy, E. C., Rossney, A. S., Kinnevey, P. M., Ehricht, 
R., et al. (2012). DNA microarray profiling of a diverse collection of nosocomial 
methicillin-resistant Staphylococcus aureus isolates assigns the majority to the 
correct sequence type and Staphylococcal Cassette Chromosome mec (SCCmec) 
type and results in the subsequent identification and characterization of novel 
SCCmec-SCCM1 composite islands. Antimicrob Agents Chemother. 56(10), 
5340-5355. https://doi.org/10.1128/AAC.01247-12  

Shore, A. C., Deasy, E. C., Slickers, P., Brennan, G., O'Connell, B., Monecke, S., et al. 
(2011). Detection of Staphylococcal Cassette Chromosome mec Type XI carrying 
highly divergent mecA, mecI, mecR1, blaZ, and ccr genes in human clinical 
isolates of clonal complex 130 methicillin-resistant Staphylococcus aureus. 
Antimicrob Agents Chemother. 55(8), 3765-3773. 
https://doi.org/10.1128/AAC.00187-11  

Shore, A. C., Tecklenborg, S. C., Brennan, G. I., Ehricht, R., Monecke, S., and Coleman, 
D. C. (2014). Panton-Valentine leukocidin-positive Staphylococcus aureus in 
Ireland from 2002 to 2011: 21 clones, frequent importation of clones, temporal 
shifts of predominant methicillin-resistant S. aureus clones, and increasing 
multiresistance. J Clin Microbiol. 52(3), 859-870. 
https://doi.org/10.1128/JCM.02799-13  

Simjee, S., and Ippolito, G. (2022). European regulations on prevention use of 
antimicrobials from January 2022. Braz J Vet Med. 44, e000822. 
https://doi.org/10.29374/2527-2179.bjvm000822  

Sola, C., Paganini, H., Egea, A. L., Moyano, A. J., Garnero, A., Kevric, I., et al. (2012). 
Spread of epidemic MRSA-ST5-IV clone encoding PVL as a major cause of 
community onset staphylococcal infections in Argentinean children. PLoS One. 
7(1), e30487. https://doi.org/10.1371/journal.pone.0030487  

Souverein, D., Houtman, P., Euser, S. M., Herpers, B. L., Kluytmans, J., and Den Boer, 
J. W. (2016). Costs and benefits associated with the MRSA Search and Destroy 
policy in a hospital in the region Kennemerland, The Netherlands. PLoS One. 
11(2), e0148175. https://doi.org/10.1371/journal.pone.0148175  

Sowash, M. G., and Uhlemann, A.-C. (2014). Community-associated methicillin-
resistant Staphylococcus aureus case studies. Methods Mol Biol. 1085, 25-69. 
https://doi.org/10.1007/978-1-62703-664-1_2  

Stegger, M., Wirth, T., Andersen, P. S., Skov, R. L., De Grassi, A., Simões, P. M., et al. 
(2014). Origin and evolution of European community-acquired methicillin-
resistant Staphylococcus aureus. mBio. 5(5), e01044-01014. 
https://doi.org/10.1128/mBio.01044-14  

https://doi.org/10.3389/fmicb.2015.01160
https://doi.org/10.1128/AAC.49.5.2070-2083.2005
https://doi.org/10.1128/AAC.49.5.2070-2083.2005
https://doi.org/10.1128/AAC.01247-12
https://doi.org/10.1128/AAC.00187-11
https://doi.org/10.1128/JCM.02799-13
https://doi.org/10.29374/2527-2179.bjvm000822
https://doi.org/10.1371/journal.pone.0030487
https://doi.org/10.1371/journal.pone.0148175
https://doi.org/10.1007/978-1-62703-664-1_2
https://doi.org/10.1128/mBio.01044-14


 242 

Steinig, E., Aglua, I., Duchêne, S., Meehan, M. T., Yoannes, M., Firth, C., et al. (2021). 
Phylodynamic signatures in the emergence of community-associated MRSA. 
Proc Natl Acad Sci USA. 119(45), 
e2204993119. https://doi.org/10.1101/2021.04.30.442212  

Steinig, E. J., Duchene, S., Robinson, D. A., Monecke, S., Yokoyama, M., Laabei, M., 
et al. (2019). Evolution and global transmission of a multidrug-resistant, 
community-associated methicillin-resistant Staphylococcus aureus lineage from 
the Indian subcontinent. mBio. 10(6). https://doi.org/10.1128/mBio.01105-19  

Strauß, L., Stegger, M., Akpaka, P. E., Alabi, A., Breurec, S., Coombs, G., et al. (2017). 
Origin, evolution, and global transmission of community-acquired 
Staphylococcus aureus ST8. Proc Natl Acad Sci USA. 114(49), e10596-e10604. 
https://doi.org/10.1073/pnas.1702472114  

Suaya, J. A., Mera, R. M., Cassidy, A., O'Hara, P., Amrine-Madsen, H., Burstin, S., and 
Miller, L. G. (2014). Incidence and cost of hospitalizations associated with 
Staphylococcus aureus skin and soft tissue infections in the United States from 
2001 through 2009. BMC Infect Dis. 14, 296. https://doi.org/10.1186/1471-2334-
14-296  

Sá-Leão, R., Santos Sanches, I., Dias, D., Peres, I., Barros, R. M., and de Lencastre, H. 
(1999). Detection of an archaic clone of Staphylococcus aureus with low-level 
resistance to methicillin in a pediatric hospital in Portugal and in international 
samples: relics of a formerly widely disseminated strain? J Clin Microbiol. 37(6), 
1913-1920. https://doi.org/10.1128/JCM.37.6.1913-1920.1999  

Tenover, F. C., Arbeit, R., Archer, G., Biddle, J., Byrne, S., Goering, R., et al. (1994). 
Comparison of traditional and molecular methods of typing isolates of 
Staphylococcus aureus. J Clin Microbiol. 32(2), 407-415. 
https://doi.org/10.1128/jcm.32.2.407-415.1994  

Tenover, F. C., and Goering, R. V. (2009). Methicillin-resistant Staphylococcus aureus 
strain USA300: origin and epidemiology. J Antimicrob Chemother. 64(3), 441-
446. https://doi.org/10.1093/jac/dkp241  

The Irish Times (2023). Record health budget yields just 162 additional hospital beds, 
with more than half at one institution. 
https://www.irishtimes.com/health/2023/04/28/record-health-budget-yields-just-
162-additional-hospital-beds/ [Accessed July 17, 2023]. 

The World Bank (2020). Population growth (annual %). 
https://data.worldbank.org/indicator/SP.POP.GROW [Accessed July 17, 2023]. 

Thomer, L., Schneewind, O., and Missiakas, D. (2016). Pathogenesis of Staphylococcus 
aureus bloodstream infections. Annu Rev Pathol. 11, 343-364. 
https://doi.org/10.1146/annurev-pathol-012615-044351  

Tong, S. Y. C., Davis, J. S., Eichenberger, E., Holland, T. L., and Fowler, V. G. (2015). 
Staphylococcus aureus infections: epidemiology, pathophysiology, clinical 
manifestations, and management. Clin Microbiol Rev. 28(3), 603-661. 
https://doi.org/10.1128/CMR.00134-14  

https://doi.org/10.1101/2021.04.30.442212
https://doi.org/10.1128/mBio.01105-19
https://doi.org/10.1073/pnas.1702472114
https://doi.org/10.1186/1471-2334-14-296
https://doi.org/10.1186/1471-2334-14-296
https://doi.org/10.1128/JCM.37.6.1913-1920.1999
https://doi.org/10.1128/jcm.32.2.407-415.1994
https://doi.org/10.1093/jac/dkp241
https://www.irishtimes.com/health/2023/04/28/record-health-budget-yields-just-162-additional-hospital-beds/
https://www.irishtimes.com/health/2023/04/28/record-health-budget-yields-just-162-additional-hospital-beds/
https://data.worldbank.org/indicator/SP.POP.GROW
https://doi.org/10.1146/annurev-pathol-012615-044351
https://doi.org/10.1128/CMR.00134-14


 243 

Trindade, P. A., McCulloch, J. A., Oliveira, G. A., and Mamizuka, E. M. (2003). 
Molecular techniques for MRSA typing: current issues and perspectives. Braz J 
Infect Dis. 7, 32-43. https://doi.org/10.1590/s1413-86702003000100005  

Turner, N. A., Sharma-Kuinkel, B. K., Maskarinec, S. A., Eichenberger, E. M., Shah, P. 
P., Carugati, M., et al. (2019). Methicillin-resistant Staphylococcus aureus: an 
overview of basic and clinical research. Nat Rev Microbiol. 17(4), 203-218. 
https://doi.org/10.1038/s41579-018-0147-4  

Udo, E. E., Pearman, J. W., and Grubb, W. B. (1993). Genetic analysis of community 
isolates of methicillin-resistant Staphylococcus aureus in Western Australia. J 
Hosp Infect. 25(2), 97–108. https://doi.org/10.1016/0195-6701(93)90100-e  

Udo, E. E. (2013). Community-acquired methicillin-resistant Staphylococcus aureus: the 
new face of an old foe? Med Princ Pract. 22 (1), 20-29. 
https://doi.org/10.1159/000354201  

Udo, E. E., and Al-Sweih, N. (2017). Dominance of community-associated methicillin-
resistant Staphylococcus aureus clones in a maternity hospital. PLoS One. 12(6), 
e0179563-e0179563. https://doi.org/10.1371/journal.pone.0179563  

Uehara, Y. (2022). Current status of Staphylococcal Cassette Chromosome mec 
(SCCmec). Antibiotics. 11(1). https://doi.org/10.3390/antibiotics11010086  

Uelze, L., Grützke, J., Borowiak, M., Hammerl, J. A., Juraschek, K., Deneke, C., et al. 
(2020). Typing methods based on whole genome sequencing data. One Health 
Outlook. 2(1), 3. https://doi.org/10.1186/s42522-020-0010-1  

UNWTO (2023). Impact assessment of the COVID-19 outbreak on international tourism. 
https://www.unwto.org/impact-assessment-of-the-covid-19-outbreak-on-
international-
tourism#:~:text=International%20tourism%20recovered%2063%25%20of%20p
re%2Dpandemic%20levels%2C%20in,(%2D21%25%20over%202019). 
[Accessed July 17, 2023].  

Urushibara, N., Aung, M. S., Kawaguchiya, M., and Kobayashi, N. (2019). Novel 
Staphylococcal Cassette Chromosome mec (SCCmec) Type XIV (5A) and a 
truncated SCCmec element in SCC composite islands carrying speG in ST5 
MRSA in Japan. J Antimicrob Chemother. 75(1), 46-50. 
https://doi.org/10.1093/jac/dkz406  

Vandenesch, F., Lina, G., and Henry, T. (2012). Staphylococcus aureus hemolysins, bi-
component leukocidins, and cytolytic peptides: a redundant arsenal of membrane-
damaging virulence factors? Front Cell Infect Microbiol. 2,12. 
https://doi.org/10.3389/fcimb.2012.00012  

Varshney, A. K., Mediavilla, J. R., Robiou, N., Guh, A., Wang, X., Gialanella, P., et al. 
(2009). Diverse enterotoxin gene profiles among clonal complexes of 
Staphylococcus aureus isolates from the Bronx, New York. Appl Environ 
Microbiol. 75(21), 6839-6849. https://doi.org/doi:10.1128/AEM.00272-09  

Wamel, W. J. B. v., Rooijakkers, S. H. M., Ruyken, M., Kessel, K. P. M. v., and Strijp, 
J. A. G. v. (2006). The innate immune modulators staphylococcal complement 
inhibitor and chemotaxis inhibitory protein of Staphylococcus aureus are located 

https://doi.org/10.1590/s1413-86702003000100005
https://doi.org/10.1038/s41579-018-0147-4
https://doi.org/10.1016/0195-6701(93)90100-e
https://doi.org/10.1159/000354201
https://doi.org/10.1371/journal.pone.0179563
https://doi.org/10.3390/antibiotics11010086
https://doi.org/10.1186/s42522-020-0010-1
https://www.unwto.org/impact-assessment-of-the-covid-19-outbreak-on-international-tourism#:~:text=International%20tourism%20recovered%2063%25%20of%20pre%2Dpandemic%20levels%2C%20in,(%2D21%25%20over%202019)
https://www.unwto.org/impact-assessment-of-the-covid-19-outbreak-on-international-tourism#:~:text=International%20tourism%20recovered%2063%25%20of%20pre%2Dpandemic%20levels%2C%20in,(%2D21%25%20over%202019)
https://www.unwto.org/impact-assessment-of-the-covid-19-outbreak-on-international-tourism#:~:text=International%20tourism%20recovered%2063%25%20of%20pre%2Dpandemic%20levels%2C%20in,(%2D21%25%20over%202019)
https://www.unwto.org/impact-assessment-of-the-covid-19-outbreak-on-international-tourism#:~:text=International%20tourism%20recovered%2063%25%20of%20pre%2Dpandemic%20levels%2C%20in,(%2D21%25%20over%202019)
https://doi.org/10.1093/jac/dkz406
https://doi.org/10.3389/fcimb.2012.00012
https://doi.org/doi:10.1128/AEM.00272-09


 244 

on β-hemolysin-converting bacteriophages. J Bacteriol. 188(4), 1310-1315. 
https://doi.org/doi:10.1128/JB.188.4.1310-1315.2006  

Wang, B., Suh, K. N., Muldoon, K. A., Oake, N., Forster, A., Ramotar, K., and Roth, V. 
R. (2018). Risk factors for methicillin-resistant Staphylococcus aureus (MRSA) 
colonization among patients admitted to obstetrical units: a nested case-control 
study. J Obstet Gynaecol Can. 40(6), 669-676. 
https://doi.org/https://doi.org/10.1016/j.jogc.2017.09.025  

Wang, J., Liu, Y., Wan, D., Fang, X., Li, T., Guo, Y., et al. (2012). Whole-genome 
sequence of Staphylococcus aureus strain LCT-SA112. J Bacteriol. 194(15), 
4124. https://doi.org/10.1128/JB.00710-12  

Wang, L., Liu, Y., Yang, Y., Huang, G., Wang, C., Deng, L., et al. (2012). Multidrug-
resistant clones of community-associated meticillin-resistant Staphylococcus 
aureus isolated from Chinese children and the resistance genes to clindamycin 
and mupirocin. J Med Microbiol. 61(9), 1240-1247. 
https://doi.org/https://doi.org/10.1099/jmm.0.042663-0  

Wang, W., Li, H., Li, M., Dong, Y., Bai, Y., Li, F., et al. (2022). Molecular evolution 
and genomic insights into community-acquired methicillin-resistant 
Staphylococcus aureus sequence type 88. Microbiol Spectr. 10(4), e0034222. 
https://doi.org/10.1128/spectrum.00342-22  

Ward, M. J., Goncheva, M., Richardson, E., McAdam, P. R., Raftis, E., Kearns, A., et al. 
(2016). Identification of source and sink populations for the emergence and 
global spread of the East-Asia clone of community-associated MRSA. Genome 
Biol. 17(1), 160. https://doi.org/10.1186/s13059-016-1022-0  

Watkins, R. R., David, M. Z., and Salata, R. A. (2012). Current concepts on the virulence 
mechanisms of meticillin-resistant Staphylococcus aureus. J Med Microbiol. 
61(9), 1179-1193. https://doi.org/10.1099/jmm.0.043513-0  

Watson, P. A., Watson, L. R., and Torress-Cook, A. (2016). Efficacy of a hospital-wide 
environmental cleaning protocol on hospital-acquired methicillin-resistant 
Staphylococcus aureus rates. J Infect Prev. 17(4), 171-176. 
https://doi.org/10.1177/1757177416645342  

Westgeest, A. C., Schippers, E. F., Sijbom, M., Visser, L. G., de Boer, M. G. J., Numans, 
M. E., et al; On behalf of the MRSA network Holland West. (2022). Exploring 
the barriers in the uptake of the Dutch MRSA 'Search and Destroy' policy using 
the cascade of care approach. Antibiotics. 11(9), 1216. 
https://doi.org/10.3390/antibiotics11091216  

Wirtz, C., Witte, W., Wolz, C., and Goerke, C. (2009). Transcription of the phage-
encoded Panton–Valentine leukocidin of Staphylococcus aureus is dependent on 
the phage life-cycle and on the host background. Microbiology. 155(11), 3491-
3499. https://doi.org/https://doi.org/10.1099/mic.0.032466-0  

Wiśniewska, K., Piórkowska, A., Kasprzyk, J., Bronk, M., and Świeć, K. (2014). Clonal 
distribution of bone sialoprotein-binding protein gene among Staphylococcus 
aureus isolates associated with bloodstream infections. Folia Microbiol (Praha). 
59(6), 465-471. https://doi.org/10.1007/s12223-014-0321-7  

https://doi.org/doi:10.1128/JB.188.4.1310-1315.2006
https://doi.org/https://doi.org/10.1016/j.jogc.2017.09.025
https://doi.org/10.1128/JB.00710-12
https://doi.org/https://doi.org/10.1099/jmm.0.042663-0
https://doi.org/10.1128/spectrum.00342-22
https://doi.org/10.1186/s13059-016-1022-0
https://doi.org/10.1099/jmm.0.043513-0
https://doi.org/10.1177/1757177416645342
https://doi.org/10.3390/antibiotics11091216
https://doi.org/https://doi.org/10.1099/mic.0.032466-0
https://doi.org/10.1007/s12223-014-0321-7


 245 

Xia, G., and Wolz, C. (2014). Phages of Staphylococcus aureus and their impact on host 
evolution. Infect Genet Evol. 21, 593-601. 
https://doi.org/https://doi.org/10.1016/j.meegid.2013.04.022  

Yamaguchi, T., Nakamura, I., Sato, T., Ono, D., Sato, A., Sonoda, S., et al. (2022). 
Changes in the genotypic characteristics of community-acquired methicillin-
resistant Staphylococcus aureus collected in 244 medical facilities in Japan 
between 2010 and 2018: a nationwide surveillance. Microbiol Spectr. 10(4), 
e0227221. https://doi.org/10.1128/spectrum.02272-21  

Yoon, E. J., Lee, H., Kim, D., Shin, J. H., and Jeong, S. H. (2019). Methicillin-resistant 
Staphylococcus aureus blood isolates harboring a novel pseudo-Staphylococcal 
Cassette Chromosome mec element. Front Microbiol. 10, 540. 
https://doi.org/10.3389/fmicb.2019.00540  

Zhang, M., Ito, T., Li, S., Jin, J., Takeuchi, F., Lauderdale, T. L. Y., et al. (2011). 
Identification of the third type of PVL phage in ST59 methicillin-resistant 
Staphylococcus aureus (MRSA) strains. FEMS Microbiol Lett. 323(1), 20-28. 
https://doi.org/10.1111/j.1574-6968.2011.02355.x  

Zhu, H., Luo, H., Zhong, Q., Cao, X., Gu, S., Peng, S., et al. (2022). Comparison of 
molecular characteristics between methicillin-resistant and -susceptible 
Staphylococcus aureus clinical isolates by whole-genome sequencing. Infect 
Drug Resist. 15, 2949-2958. https://doi.org/10.2147/idr.s359654  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://doi.org/https://doi.org/10.1016/j.meegid.2013.04.022
https://doi.org/10.1128/spectrum.02272-21
https://doi.org/10.3389/fmicb.2019.00540
https://doi.org/10.1111/j.1574-6968.2011.02355.x
https://doi.org/10.2147/idr.s359654


 246 

Appendix 
 
 
 



Multiple distinct outbreaks of PantoneValentine
leucocidin-positive community-associated meticillin-
resistant Staphylococcus aureus in Ireland investigated
by whole-genome sequencing
B.A. McManus a, B.K. Aloba a, M.R. Earls a, G.I. Brennan b, B. O’Connell b,
S. Monecke c,d,e, R. Ehricht c,d, f, A.C. Shore a, D.C. Coleman a,*

aMicrobiology Research Unit, Division of Oral Biosciences, Dublin Dental University Hospital, University of Dublin, Trinity College
Dublin, Dublin, Ireland
bNational MRSA Reference Laboratory, St James’s Hospital, Dublin, Ireland
c Leibniz Institute of Photonic Technology (IPHT), Jena, Germany
d InfectoGnostics Research Campus Jena e. V., Jena, Germany
e Institut fuer Medizinische Mikrobiologie und Hygiene, Medizinische Fakultaet ‘Carl Gustav Carus’, Dresden, Germany
f Friedrich-Schiller University, Institute of Physical Chemistry, Jena, Germany

A R T I C L E I N F O

Article history:
Received 29 July 2020
Accepted 24 November 2020
Available online 28 November
2020

Keywords:
Community-associated MRSA
PantoneValentine leucocidin
PVL toxin
Healthcare-associated infection
outbreaks
Whole-genome sequencing

S U M M A R Y

Background: PantoneValentine leucocidin (PVL)-positive community-associated meti-
cillin-resistant Staphylococcus aureus (CA-MRSA) is increasingly associated with infection
outbreaks.
Aim: To investigate multiple suspected PVL-positive CA-MRSA outbreaks using whole-
genome sequencing (WGS).
Methods: Forty-six suspected outbreak-associated isolates from 36 individuals at three
separate Irish hospitals (H1eH3) and from separate incidents involving separate families
associated with H2 were investigated by whole-genome multi-locus sequence typing
(wgMLST).
Findings: Two clusters (CH1 and CH2) consisting of 8/10 and 6/6 PVL-positive t008 ST8-
MRSA-IVa isolates from H1 and H2, respectively, were identified. Within each cluster,
neighbouring isolates were separated by !5 allelic differences; however, "73 allelic
differences were identified between the clusters, indicating two independent outbreaks.
Isolates from the H3 maternity unit formed two clusters (CH3eSCI and CH3eSCII) com-
posed of four PVL-negative t4667 ST5-MRSA-V and 14 PVL-positive t002 ST5-MRSA-IVc
isolates, respectively. Within clusters, neighbouring isolates were separated by !24 allelic
differences, whereas both clusters were separated by 1822 allelic differences, indicating
two distinct H3 outbreaks. Eight PVL-positive t127 ST1-MRSA-Vþfus and three PVL-
negative t267 ST97-MRSA-Vþfus isolates from two distinct H2-associated families FC1
(N ¼ 4) and FC2 (N ¼ 7) formed three separate clusters (FC1 (t127), FC2 (t127) and FC2
(t267)). Neighbouring isolates within clusters were closely related and exhibited !7 allelic
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differences. Intrafamilial transmission was apparent, but the detection of "48 allelic
differences between clusters indicated no interfamilial transmission.
Conclusion: The frequent importation of PVL-positive CA-MRSA into healthcare settings,
transmission and association with outbreaks is a serious ongoing concern. WGS is a highly
discriminatory, informative method for deciphering such outbreaks conclusively.

ª 2020 The Author(s). Published by Elsevier Ltd
on behalf of The Healthcare Infection Society. This is an open access article

under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Community-associated meticillin-resistant Staphylococcus
aureus (CA-MRSA) infections were originally defined as those
occurring in otherwise healthy populations without traditional
healthcare-associated MRSA (HA-MRSA) risk factors [1]. CA-
MRSA infections can range from superficial skin and soft tis-
sue infections (SSTIs) to life-threatening illnesses [2].

Several genotypic characteristics of CA-MRSA strains pre-
viously indicated an evolutionary trajectory independent to that
of HA-MRSA clones, which was subsequently confirmed by whole-
genome sequence (WGS)-based phylogenetic studies [1,2]. CA-
MRSA lineages typically carry smaller staphylococcal chromoso-
mal cassette elements harbouringmec (SCCmec) such as SCCmec
types IV and V, fewer antimicrobial resistance determinants and
larger arsenals of virulence factor-encoding genes than HA-MRSA.
These are considered contributory factors in the ability of CA-
MRSA to infect otherwise healthy individuals. The boundaries
between CA-MRSA and HA-MRSA have increasingly blurred as CA-
MRSA lineages have diversified and become increasingly preva-
lent in hospitals and other healthcare settings [1].

The expression of PantoneValentine leucocidin (PVL) was
originally considered one of the hallmark traits of CA-MRSA;
however, reports of PVL-negative CA-MRSA have been
increasing [3]. PVL is encoded by the lukF-PV and lukS-PV genes
located in the genomes of a range of lysogenic bacteriophages.
SSTIs are considered the classic presentation of PVL-positive
CA-MRSA strains, although more serious infections such as
necrotizing pneumonia may ensue.

Meticillin-susceptible S. aureus (MSSA) isolates belonging to
clonal complex (CC)8 and multi-locus sequence typing (MLST)
sequence type (ST) 8 emerged from Central Europe and spread
to the USA about 160 years ago [4]. There it developed into the
well-documented CA-MRSA clone USA300, following the
acquisition of SCCmec IVa, the pvl genes, and the arginine
catabolic mobile element (ACME), the latter of which is
thought to enhance its ability to persist on human skin [4,5].
The USA300 clone has since achieved global spread although it
has yet to become endemic outside of North America, probably
due to competition by native CA-MRSA clones in these regions
[4,6]. Whereas the CA-MRSA population in Europe is diverse,
the prevalence of USA300 is increasing [7,8].

The PVL-positive ST5-MRSA-IV USA800 clone is well dis-
persed globally and predominantly associated with CA- and HA-
SSTIs [9,10]. Recent WGS studies revealed a closely related
PVL-positive CC5-MRSA-IVc clade of the USA800 clone (known
as the Sri Lankan clade), comprising isolates from Sri Lanka, the
UK, and Australia, and the association of the USA300 clone with
infection outbreaks in neonatal intensive care units [10,11].

In Ireland, PVL-negative ST22-MRSA-IV remains the predom-
inant cause of MRSA bloodstream infection (BSI), and the

prevalence of PVL-positive MSSA is also low (0.8%) [12]. The
proportion of PVL-positive MRSA isolates submitted to the Irish
National MRSA Reference Laboratory (NMRSARL) has gradually
increased since 2002 (Supplementary Figure S1) [13,14]. Between
2011 and 2017, the PVL genes were detected in an average of
9.5% of MRSA isolates sent to the NMRSARL. These PVL-positive
isolates harboured SCCmec types IV or V and predominantly
belonged to CC5 (14.7%), CC8 (31.4%), or CC30 (17.6%) [13e15].
Outbreaks caused by PVL-positive ST772-MRSA-V (known as the
pandemic Bengal Bay clone) and PVL-negative ST78-MRSA-IVa
and ST1-MRSA-IV [16,17] CA-MRSA lineages have been reported in
Irish hospitals also. Earls et al. recently demonstrated the
transmission of multidrug-resistant PVL-negative ST1-MRSA-IV
isolates, originally considered a CA-MRSA lineage, within and
between hospitals in Ireland and the involvement of healthcare
workers (HCWs) in transmission events [17].

The advent of WGS has revolutionized the epidemiological
investigation of microbial pathogens over the last decade. In
laboratories where WGS is the most cost-effective method for
highly informative molecular typing and the required bio-
informatic tools are available, conventional molecular typing
approaches have largely been replaced by WGS-based techni-
ques, although isolate lineages are still described according to
conventional MLST. WGS has facilitated the expansion of the
traditional S. aureus MLST scheme based on seven loci to a core
genome (cg) MLST scheme based on 1861 loci, providing a
globally available, standardized, and highly discriminatory
method for strain comparison and population structure inves-
tigations [18]. Strain discrimination resolution can be further
enhanced using whole-genome (wg) MLST, which analyses a
total of 3904 loci including the cgMLST loci, or single nucleotide
variation (SNV) analysis for the investigation of infection out-
breaks or transmission studies [19]. Isolates exhibiting !24
wgMLST or cgMLST allelic differences or !15 SNVs are deemed
closely related and indicative of recent transmission [20].

The purpose of the present study was to use WGS to inves-
tigate the genetic relatedness of isolates recovered during
distinct outbreaks caused by ST8, ST5, and ST1 PVL-positive
MRSA within healthcare and community settings in Ireland.

Methods

Bacterial isolates

Forty-six MRSA isolates from 36 individuals suspected of being
involved in several distinct infection outbreaks between 2011 and
2020 were submitted to the NMRSARL for routine analyses and
investigated here (Table I). Thirty-five isolates were from
patients or HCWs who had previously attended or worked at one
of three Irish hospitals (H1eH3). Eleven isolates were recovered
from members of two separate families, each of which had at
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least one member who had attended the emergency department
or who was hospitalized in H2 during 2011, 2012, or 2018 due to
an MRSA infection (Supplementary Table S1).

Twenty MRSA isolates submitted to the NMRSARL were
included as comparator reference isolates (CRFs) including
PVL-positive MRSA identified as spa types t002, t008, and t127
recovered between 2014 and 2019 from community general
practice clinics, regional Irish hospitals, or Dublin-based
teaching hospitals other than those included in the present
study (Supplementary Table S1).

Seven international CRFs were selected following compar-
ison of the DNA microarray profiling patterns (see below) of
isolates recovered from each H2-associated family cluster (FC)
to an S. aureus DNA microarray profile database. This database
comprises about 25,000 microarray profiles of human and ani-
mal strains recovered worldwide [21]. The seven CRFs selected
exhibited highly similar array patterns to those of the FC iso-
lates and consisted of two PVL-positive ST5 MRSA from humans,
two PVL-positive ST1 MRSA from human (N¼ 1) and bovine (N¼
1) hosts, and three PVL-negative ST97 MRSA from humans (N ¼
2) and poultry meat (N¼ 1) in three countries in the Middle East
(Supplementary Table S1).

Identification, molecular characterization and
antimicrobial susceptibility testing

Isolates were confirmed as S. aureus using the tube coagu-
lase test and as MRSA using 30 mg cefoxitin discs (Oxoid Ltd,
Basingstoke, UK). Isolates underwent antimicrobial suscepti-
bility testing against 15 antimicrobial agents (Supplementary
Table S2) as described previously [22,23]. The PVL-encoding
lukF-PV and lukS-PV genes were detected by PCR, spa typing
was performed as previously described and DNA microarray
profiling was performed using the S. aureus Genotyping Kit 2.0
(Abbott (Alere Technologies GmbH), Jena, Germany) according
to the manufacturer’s instructions [24e26]. Isolate STs and
SCCmec types were inferred based on spa types and/or DNA
microarray profiles prior to WGS-based confirmation.

Passaged isolates

To investigate the genomic stability of each lineage inves-
tigated in this study, serial passaging of representative MRSA
(CC1:M18/0051, CC5:M18/1033, CC8:M18/0227, and
CC97:M18/0578) was undertaken. Isolates were reactivated
from storage at e80%C on Microbank cryogenic bead vials (Pro-
Lab Diagnostics, Birkenhead, UK) and single colony subcultured
on fresh Columbia blood agar plates every 24 h for a total of 10
days. On days 2, 4, 8, and 10, a single colony was randomly
selected and subjected to WGS.

Whole-genome sequencing

WGS was carried out on all isolates investigated using DNA
extracted as described previously [25]. Libraries were prepared
using the Nextera DNA Flex Library Preparation kit (Illumina,
Eindhoven, the Netherlands) according to the manufacturer’s
instructions. Prepared libraries were subjected to paired-end
sequencing using the MiSeq instrument (Illumina) using the 500-
cycle MiSeq Reagent kit v2 (Illumina). Libraries were scaled to
yield a minimum of &70 coverage per isolate and the quality of

each sequencing run was determined according to cluster density
and Q30 values according to the manufacturer’s instructions. All
read datasets are available in the NCBI Sequence Read Archive as
BioProject PRJNA638834.

Bioinformatic analyses

The BioNumerics software package v7.7 and incorporated
SPAdes assembly software v3.7.1 (Applied Maths, Sint-Martens-
Latem, Belgium) was used to perform wgMLST, pairwise SNV
analyses, and to construct minimum spanning trees (MSTs) as
previously described [25]. Both assembly-based and assembly-
free methods were used to detect and identify MLST alleles as
described previously [25]. Sequence reads were also assembled
using the VELVET assembler incorporated within SeqSphereþ
software version 7 (Ridom GmBH, Münster, Germany). Pre-
viously identified spa types and inferred STs were confirmed
based on these assemblies using the web-based SCCmecFinder
tool (https://cge.cbs.dtu.dk/services/SCCmecFinder/) [27].
The resistance and virulence task templates within
SeqSphereþ were used to identify antimicrobial resistance
genes and virulence factor genes, respectively.

Results

Investigation of ST8-MRSA-IV outbreaks at hospitals H1
and H2

Ten isolates recovered from eight patients at the outpatient
(N ¼ 3), gynaecology (N ¼ 1), emergency department (N ¼ 1),
and neonatal intensive care unit (N ¼ 5) of a maternity hospital
in Dublin (H1) during a four-month period spanning 2017 and
2018 were investigated. All 10 isolates were identified as ACME-
and PVL-positive ST8-MRSA-IVa, features characteristic of the
USA300 clone (Supplementary Table S1). Six additional isolates
recovered from two separate patients at a separate Dublin
hospital (H2) during one week within the same period of the H1
outbreak were also identified as ACME- and PVL-positive ST8-
MRSA-IVa. One H1 isolate was identified as spa type t723,
whereas the remaining 15 H1 and H2 isolates were t008
(Table I). To investigate possible transmission events within
and between hospitals H1 and H2, all isolates underwent WGS.

A wgMLST-based MST tree was constructed for all 16 iso-
lates, the USA300 type strain FPR3757 (GenBank accession
number CP000255.1) and 10 t008 PVL-positive MRSA-IV CRFs.
This MST revealed two discrete clusters (CH1 (eight out of 10 H1
isolates) and CH2 (all six H2 isolates)) within which the majority
of H1 and H2 isolates clustered, respectively (Figure 1a).

A separate SNV-based MST constructed for the same isolates
but excluding the FPR3757 type strain also revealed the same
discrete clusters (Supplementary Figure S2a). Isolates within
CH1 and CH2 were differentiated from the USA300 type strain
FPR3757 by 73 and 80 allelic differences, respectively
(Figure 1a) and each cluster was separated by "127 SNVs
(Supplementary Figure S2a). Isolates within CH1 were all
closely related with a median of 0 (average: 1.5; range: 0e4)
allelic differences or 0 (average: 1.1; range: 0e6) SNVs. The
two remaining H1 isolates differed from CH1 isolates by "73
allelic differences (Figure 1a) and "120 SNVs (Supplementary
Figure S2a). Isolates within CH2 were also closely related
with a median of 0.5 (average: 0.5; range: 0e5) allelic
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Figure 1. Minimum spanning trees (MSTs) based on whole-genome multi-locus sequencing typing (wgMLST) analysis of the 42
PantoneValentine leucocidin (PVL)-positive and four PVL-negative MRSA isolates investigated in addition to epidemiologically unrelated
but genotypically similar comparator reference isolates (CRFs). In each MST, MRSA isolates recovered from separate hospitals or families
and identified as distinct spa types are indicated by separate colours. Genotypically similar but epidemiologically unrelated CRFs included
for comparative purposes are indicated in each MST as red circles. Closely related clusters of isolates (!24 wgMLST allelic differences
[20]) are outlined with grey shadowing. A black spot in the centre of each circle is used to indicate PVL-negative isolates which were
included in the study as they were identified as the same spa types/STs as the outbreak-associated PVL-positive MRSA and were recovered
in the same hospital over the relevant time periods. The PVL-negative t267 isolates were included as they were also recovered from one
of the families affected by the PVL-positive t127 MRSA lineage. The numbers on each branch indicate the numbers of wgMLST allelic
differences detected between neighbouring isolates. The epidemiological information for each isolate and CRF investigated is shown in
Supplementary Table S1. (a) MST constructed from the t008, ST8-IVa MRSA isolates associated with hospitals 1 and 2 (H1 (N ¼ 10) and H2
(N ¼ 6)), CRFs (N ¼ 10) and the USA300 reference strain FPR3757. The two distinct clusters, CH1 and CH2, refer to isolates recovered from
hospitals H1 and H2, respectively. (b) MST constructed from the t002-ST5-IVc (N ¼ 15) and t4667-ST5-V (N ¼ 4) isolates associated with
hospital 3 (H3) and CRFs (N ¼ 7). With the exception of the PVL-negative isolate M18/1063, all t002-ST5-IVc isolates formed a distinct
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differences (Figure 1a) or 0 (average: 0.8; range: 0e5) SNVs
(Supplementary Figure S2a).

By contrast, the 10 ST8 CRFs and the FPR3757 reference
exhibited an average of 74 allelic differences between neigh-
bouring isolates and none clustered with CH1 or CH2
(Figure 1a). These findings indicated the occurrence of two
separate outbreaks caused by genetically distinct strains, one
in H1 involving the 8/10 CH1 isolates and the other in H2
involving the six CH2 isolates. Whereas all 16 isolates recovered
from H1 and H2 exhibited ciprofloxacin and ampicillin resist-
ance, two distinct phenotypic antibiotic resistance patterns
were identified. By contrast, the 10 CRFs exhibited five distinct
antibiotic susceptibility patterns (Table I).

Investigation of ST5-MRSA outbreak at hospital H3

Nineteen isolates from 17 separate patients and one HCW
associated with the maternity unit of a regional Irish hospital
(H3) recovered between 2018 and 2020 were sent to the
NMRSARL for epidemiological analysis. Fifteen isolates identi-
fied as t002 ST5-MRSA-IVc (commonly referred to as USA800)
were recovered over a 15-month period during 2018e20 and
four t4667 ST5-MRSA-V isolates were recovered during one
month in 2019 (Supplementary Table S1). Eighteen were PVL-
positive and one t002 isolate was PVL-negative. These isolates
were recovered from patients in thematernity (N¼ 10), special
care baby (N ¼ 5), outpatient (N ¼ 1), emergency (N ¼ 1), and
paediatric (N ¼ 1) units, and from an HCW (N ¼ 1) and sub-
jected to WGS to determine whether the isolates were part of a
protracted outbreak or two separate outbreaks.

Both wgMLST-based (Figure 1b) and SNV-based
(Supplementary Figure S2b) MSTs were constructed based on
all 19 isolates, five Irish t002 CRFs, and two international PVL-
positive CC5-MRSA-IV CRFs (125e318618 and 37e158951;
Supplementary Table S1), which were selected on the basis of
having highly similar DNA array profiles to the t002 isolates
investigated here. These MSTs revealed two distinct sub-
clusters consisting of either t4667 (subcluster CH3eSCI, N ¼ 4
isolates) or t002 (subcluster CH3eSCII; N ¼ 14) isolates. The
PVL-negative t002 ST5-MRSA-IVc isolate from H3 (M18/1063)
did not cluster with any other isolates and exhibited 324 allelic
differences to the CH3eSCII subcluster (Figure 1b). All four
t4667 ST5-MRSA-V isolates within CH3eSCI were closely related
and exhibited a median of 1 (average: 1; range: 1e2) allelic
difference (Figure 1b) and 0 (average: 0.25; range: 0e1) SNVs
(Supplementary Figure S2b). These four isolates were recov-
ered from three patients and one HCW in H3 during a one-
month period in 2019 (Supplementary Table S1). All four yiel-
ded identical phenotypic antibiotic susceptibility profiles, and
exhibited resistance to "3 classes of antibiotics (Table I).
According to the wgMLST-based MST, the 14 t002 ST5-MRSA-IVc
CH3eSCII isolates exhibited a median of 1 (average: 3.6; range:
0e24) allelic difference (Figure 1b). Four isolates within
CH3eSCII were genetically indistinguishable (M18/1033, M19/
0889, M19/0930 and M19/1191) despite being recovered from

four separate patients at intervals of 11, one, and two months
apart, respectively (Supplementary Table S1). Seven CRFs
(Supplementary Table S1) exhibited "80 allelic differences to
the closest relative isolate within CH3eSCII (Figure 1b). The
SNV-based MST subclusters correlated with those of the
wgMLST-based tree with the exception of isolate M19/0811,
which was separated by its nearest CH3eSCII neighbour by 24
allelic differences (Figure 1b) or 28 SNVs (Figure S2b),
respectively.

All 15 t002 isolates exhibited phenotypic ampicillin resist-
ance and one also exhibited ciprofloxacin resistance (Table I).

Collectively, these findings revealed the occurrence of two
separate outbreaks in H3, one involving ST5-MRSA-V (CH3eSCI)
and the other involving ST5-MRSA-IVc (CH3eSCII).

Investigation of ST1-MRSA and ST97-MRSA isolates
recovered from two separate families associated
with H2

These isolates were recovered from two separate, unre-
lated families; referred to as FC1 and FC2. Four isolates were
recovered from three FC1 members during a three-month
period spanning 2011 and 2012. Of these four isolates, two
were recovered from separate members who presented at the
H2 emergency department with SSTIs. Two were from screen-
ing samples e one from an individual previously treated for a
SSTI, and one from a third family member (Supplementary
Table S1). All four isolates were identified as PVL-positive
t127 ST1-MRSA and exhibited phenotypic resistance to "3
classes of antibiotics (Table I).

In an unrelated episode, seven MRSA isolates were recov-
ered from five FC2 members during a seven-month period
spanning 2017 and 2018. Two isolates were recovered from
infections in two family members (one of whom was a H2
inpatient) and the remaining five isolates were collected from
screening samples of one of these patients and three other
family members (Supplementary Table S1). All seven isolates
were identified as PVL-positive t127 ST1-MRSA (N¼4) or PVL-
negative t267 ST97-MRSA (N ¼ 3) and exhibited phenotypic
resistance to "3 classes of antibiotics (Table I).

To investigate the potential transmission of the isolates
within FC2 and explore potential relatedness of the t127 iso-
lates to those from FC1, all 11 FC1 and FC2 isolates underwent
WGS. Three international PVL-negative ST97 CRFs, two inter-
national and five Irish PVL-positive ST1 CRFs were also inclu-
ded. Separate wgMLST and SNV-based MSTs revealed that
within each distinct family cluster and spa type, isolates were
separated from their nearest neighbour by !7 allelic differ-
ences or !8 SNVs. Isolates belonging to FC1 (t127) were sepa-
rated from their nearest neighbouring isolate by a median of 4
(average: 4.6; range: 3e7) allelic differences (Figure 1c) or 1
(average: 3; range: 1e7) SNV (Supplementary Figure S2c).

Isolates belonging to FC2 (t127) were separated from their
nearest neighbour by a median of 6 (average: 3.8; range: 2e7)
allelic differences (Figure 1b), 5 (average: 4.7; range: 1e8)

subcluster (CH3eSCI), and all four t4667-ST5-V isolates formed a second subcluster (CH3eSCII). (c) MST constructed from the t127-ST1-
VþfusþtirSþccrA1 (N ¼ 8) and t267-ST97-Vþfus (N ¼ 3) isolates recovered from multiple members of two distinct families (FC1 (N ¼ 4)
and FC2 (N ¼ 7)), of which each family had at least one member that either attended the emergency department of, or was admitted to,
hospital 2 (H2), and 10 epidemiologically unrelated CRFs. Three distinct subclusters were apparent (FC1 (t127), FC2 (t127) and FC2
(t267)), each of which consisted of all of the isolates identified as each distinct spa type and from each separate family.
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SNVs (Supplementary Figure S2c) and by 48 allelic differences
or 52 SNVs to the FC1 (t127) isolates. Each of the t127 and t267
CRFs investigated were separated from their neighbouring
isolate by "44 allelic differences (Figure 1c). The three spa
type t267 isolates from FC2 were separated from each other by
a median of 4 (average: 4; range: 4e4) allelic differences
(Figure 1c) and 4 (average: 4; range: 4e4) SNVs (Supplementary
Figure S2c). The three ST97 CRFs exhibited "72 allelic differ-
ences or "76 SNVs to the FC2 isolates.

The FC1, FC2, and CRF t127 ST1 isolates harboured genes
indicative of SCCmec IV, V or the SCCmec V subtype
(VþfusþtirSþccrA1) (Table SI) previously identified in sporadic
PVL-positive CC1 isolates [28]. The FC2 and CRF t267 ST97
isolates harboured genes indicative of SCCmec Vþfus
(Supplementary Table S1) previously identified in sporadic
CC97 isolates [28].

Collectively, these findings indicated the transmission of
distinct MRSA strains among two separate families. One t127
strain was transmitted among FC1 members, whereas two
distinct t127 and t267 strains were independently transmitted
among several FC2 members. Direct transmission of the t127
isolates between the two families investigated was deemed
unlikely due to the identification of 48 allelic differences
between the two t127 clusters (Figure 1c).

Serially passaged isolates

The wgMLST analysis of colonies randomly selected from
serial passage of the ST8-MRSA-IVa isolate M18/0227, ST5-
MRSA-IVc isolate M18/1033, ST1-MRSA-VþfusþtirSþccrA1 iso-
late M18/0051, and ST97-MRSA-Vþfus isolate M18/0578
revealed a maximum of two, zero, three, and three allelic
differences between each passage, respectively.

Discussion

Despite the decreasing reports of MRSA infections in Ireland
in recent years, the proportion of PVL-positive MRSA has con-
tinually increased since 2002 (Supplementary Figure S1)
[13,14]. The present investigation revealed the transmission of
distinct PVL-positive CA-MRSA lineages within separate Irish
hospitals (H1eH3). Three of these lineages (ST8-MRSA-IVa, ST5-
MRSA-V, and ST5-MRSA-IVc) were associated with outbreaks in
neonatal care facilities (Supplementary Table S1). Outbreaks
of ST5 and ST8 CA-MRSA infections have been reported in
neonatal and paediatric care units previously [11].

Multidrug resistance (resistance to "3 classes of clinically
relevant antibiotics) is not a common characteristic of CA-
MRSA, but is increasingly reported among PVL-positive MRSA
populations in Europe, North and South America, Asia, and
Australia [29]. In the present study, multidrug resistance was
detected in 17/46 (37%) isolates, including those belonging to
the ST1, ST5, ST8, and ST97 lineages (Supplementary Table S1).

The USA300 isolates were recovered from neonatal, paedi-
atric, and adult patients in two separate hospitals. All were
identified as PVL-positive t008/t723, ST8-MRSA-IVa and exhibi-
ted ampicillin and ciprofloxacin resistance (Supplementary
Table S1). Despite these similarities, wgMLST revealed the
presence of distinct clusters of isolates within each hospital and
no evidence of transmission between the two. HCW-associated
CA-MRSA transmission between hospitals in Ireland has

previously been suggested, as transfer of staff between distinct
healthcare facilities is common [17]. Each cluster was sepa-
rated from the USA300 type strain by "73 allelic differences
(Figure 1a) indicating separate, unrelated outbreaks. Due to the
identification of t008 spa type and carriage of the SCCmec type
IVa, these isolates bear the closest similarity to the clone
originating in North America; however, no travel histories were
available for the patients investigated [4].

Isolates identified as PVL-positive ST5-MRSA-IVc were
recovered from H3-associated individuals over a 15-month
period during 2018e20. These isolates were identified as spa
types t002 and t4667, which correlated with the two distinct
subclusters identified by wgMLST (Figure 1b). The t4667 iso-
lates belonging to CH3eSCI were all recovered during the same
month, harboured SCCmec V, exhibited multidrug resistance,
and were recovered from a HCW and patients. The PVL-positive
t002 isolates were recovered between 2018 and 2020, har-
boured SCCmec IVc, and exhibited ampicillin resistance
(Supplementary Table S1). The low average number of allelic
differences (3.4) detected among the H3 isolates compared to
the average 75.7 allelic differences among CRFs is indicative of
a protracted ST5 MRSA outbreak in H3.

The PVL-positive t127 ST1-MRSA isolates were from two
separate families (FC1 and FC2) with links to H2; however, the
FC1 t127 isolates were recovered during 2011 and 2012,
whereas the FC2 t127 isolates were recovered during 2018
(Supplementary Table S1). Based on the detection of 48 allelic
differences between the FC1 and FC2 t127 isolates and the fact
that these isolates were recovered more than five years apart
(Supplementary Table S1), it is likely that these isolates rep-
resent independent transmission networks. The !24 allelic
differences or!15 SNV thresholds for inferring epidemiological
relationships between S. aureus isolates were deemed appro-
priate for all lineages investigated and were supported by the
available epidemiological information [20].

Similar SCCmec type VþfusþtirSþccrA1 elements were
detected in all FC1 and FC2 t127 isolates and SCCmec Vþfus
elements were detected in the PVL-negative FC2 t267 ST97
isolates. Genes indicative of similar elements have also been
identified in both PVL-positive ST1 and PVL-negative ST97 iso-
lates recovered in the Middle East, an area where some
members of FC2 had travelled, suggesting possible importation
of these strains from this geographical region and subsequent
intrafamilial transmission [28,30]. Previous research has shown
that MRSA transmission is common in the household and can
result in 67% of household contacts of an index carrier
becoming colonized with the same strain [31].

The present study demonstrated the high resolution offered
by WGS for investigation of outbreaks and transmission of MRSA
strains both within and outside healthcare settings. For each
separate investigation, distinct wgMLST- and SNV-based MSTs
were congruent (Figure 1 and Supplementary Figure 2). The ST8
isolates recovered from H1 and H2 were deemed highly similar
based on phenotypic antibiotic susceptibility patterns and spa
types, suggestive of possible transmission between the two
Dublin-based hospitals. However, these isolates were separated
into genotypically distinct clusters by wgMLST, indicating the
independent transmission of two distinct USA300 strains within
each hospital and highlighting the advantage of WGS over con-
ventional molecular typing techniques. The unparalleled dis-
criminatory power offered by WGS also demonstrated the
possibility of outbreak-associated isolates being incorrectly
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excluded from outbreak investigations if based on spa types
alone. In the present investigation, isolate M18/0106, identified
as t723 (repeat succession: 11e19e12e34e22e25), exhibited
between four and six allelic differences (Figure 1a), and between
six and eight SNVs (Supplementary Figure S2a) to the seven t008
(repeat succession: 11e19e12e21e17e34e24e34e22e25) iso-
lates in CH1.

As WGS becomes increasingly available to more clinical
microbiology laboratories, the high resolution offered by the
technology will help to inform and direct infection prevention
and control strategies for outbreak management in real-time,
both within healthcare facilities and/or private households.
The high resolution offered by WGS can often reveal trans-
mission events directly. This information would be highly
beneficial in the implementation of routine strategies for: (i)
decontamination (e.g. improved cleaning and monitoring of
the most frequently outbreak-associated fomites within
healthcare facilities and domestic settings); (ii) transmission
risk minimization (e.g. screening of HCWs, incoming patients,
and the identification of long-term carriers); and (iii) decolo-
nization (e.g. use of topical or systemic prophylactic therapies
for management of endogenous infection risk prior to admit-
tance to healthcare facilities, which may also reduce the risk of
outbreak-associated infections in healthcare settings). In
addition, the WGS data can be utilized to inform approaches
for antimicrobial treatments.

In the present study, two PVL-positive ST8-MRSA-IVa MRSA
infection outbreaks in two Dublin-based hospitals were shown
to be unrelated, a protracted PVL-positive ST5-MRSA-IVc out-
break in a Dublin-based teaching hospital was revealed and the
intrafamilial transmission of PVL-positive ST1-MRSA-
VþfusþtirSþccrA1 and PVL-negative ST97-MRSA-Vþfus iso-
lates in two separate families was described.

In conclusion, the prevalence of PVL-positive MRSA is con-
tinually increasing in Ireland. The frequent importation of CA-
MRSA strains into healthcare settings and increasing association
with HCWs and infection outbreaks is a serious concern. The
application of WGS is highly advantageous in the ongoing sur-
veillance of MRSA strains and investigation of suspected
outbreaks.
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Background: A novel PantoneValentine leukocidin (PVL)-positive meticillin-resistant
Staphylococcus aureus (MRSA) clonal complex (CC)5-MRSA-IVc (‘Sri Lankan’ clone) was
recently described from Sri Lanka. Similar isolates caused a recent Irish hospital outbreak.
Aim: To investigate the international dissemination and diversity of PVL-positive CC5-
MRSA-IVc isolates from hospital and community settings using whole-genome sequencing
(WGS).
Methods: Core-genome single nucleotide polymorphism (cgSNP) analysis, core-genome
multi-locus sequence typing (cgMLST) and microarray-based detection of antimicrobial-
resistance and virulence genes were used to investigate PVL-positive CC5-MRSA-IVc (N ¼
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214 including 46 ‘Sri Lankan’ clone) from hospital and community settings in 12 countries
over 17 years. Comparators included 29 PVL-positive and 23 PVL-negative CC5/ST5-MRSA-
I/II/IVa/IVc/IVg/V.
Results: Maximum-likelihood cgSNP analysis grouped 209/214 (97.7%) CC5-MRSA-IVc into
Clade I; average of 110 cgSNPs between isolates. Clade III contained the five remaining
CC5-MRSA-IVc; average of 92 cgSNPs between isolates. Clade II contained seven PVL-
positive CC5-MRSA-IVa comparators, whereas the remaining 45 comparators formed an
outlier group. Minimum-spanning cgMLST analysis revealed a comparably low average of 57
allelic differences between all CC5/ST5-MRSA-IVc. All 214 CC5/ST5-MRSA-IVc were iden-
tified as ‘Sri Lankan’ clone, predominantly spa type t002 (186/214) with low population
diversity and harboured a similar range of virulence genes and variable antimicrobial-
resistance genes. All 214 Sri Lankan clone isolates and Clade II comparators harboured a
9616-bp chromosomal PVL-encoding phage remnant, suggesting both arose from a PVL-
positive meticillin-susceptible ancestor. Over half of Sri Lankan clone isolates were from
infections (142/214), and where detailed metadata were available (168/214), most were
community associated (85/168).
Conclusions: Stable chromosomal retention of pvl may facilitate Sri-Lankan clone
dissemination.

ª 2022 The Author(s). Published by Elsevier Ltd
on behalf of The Healthcare Infection Society. This is an open access article

under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Meticillin-resistant Staphylococcus aureus (MRSA) contrib-
utes significantly to the prevalence of infectious diseases
worldwide. Expression of PantoneValentine leukocidin (PVL), a
bicomponent beta-barrel toxin that causes leukocyte lysis or
apoptosis via pore formation [1], has been associated with
increased MRSA virulence and transmissibility [2e4]. PVL is
encoded by the lukF-PV and lukS-PV genes (known as pvl)
harboured by lysogenic converting bacteriophages [5]. Carriage
of pvl was traditionally associated with community-associated
(CA)-MRSA, frequently responsible for skin and soft tissue
infections (SSTIs), however CA-MRSA lineages are increasingly
associated with hospital infection and outbreaks [6e9]. In
some cases, highly virulent CA-MRSA with increased trans-
missibility and greater clonal diversity have surpassed
healthcare-associated (HA)-MRSA as the dominant hospital
MRSA lineages [7,10,11]. Over the last decade, PVL-positive
MRSA clones causing mainly superficial SSTIs have emerged in
Irish healthcare and community settings [12,13]. In 2020, the
Irish National MRSA Reference Laboratory (NMRSARL) identified
pvl in 25% of all non-bloodstream infection MRSA submitted for
investigation, up from 20% in 2017 and attributed this to an
increase in HA-outbreaks [14,15].

McTavish et al. recently described a dominant PVL-positive
clonal complex (CC) 5 MRSA lineage harbouring a type IVc
staphylococcal cassette chromosomemec (SCCmec) element in
Sri Lanka and also identified it in the UK and Australia, referred
to hereafter as the ‘Sri-Lankan clone’ [16]. This lineage was
also recently reported in the United Arab Emirates [17]. The
emergence of a PVL-positive CC5-MRSA-IVc lineage in Irish
hospitals was reported in 2021 [13]. Multiple suspected PVL-
positive CA-MRSA outbreaks were investigated and a PVL-
positive CC5-MRSA-IVc lineage was identified as being respon-
sible for a 15-month maternity unit outbreak involving 13
patients. The widespread dissemination of novel MRSA lineages
with subsequent replacement of predominant clonal types is

not uncommon and has been described previously in Ireland
and internationally [18e21].

To date, only localized investigations focused on country-
specific genomic characterization of PVL-positive ST5-MRSA-
IVc isolates, such as the Sri-Lankan clone, have been reported
[13,16,17]. This study sought to further investigate the PVL-
positive CC5-MRSA-IVc population from Irish hospital and
community settings in comparison with a comprehensive col-
lection of similar isolates from 12 countries spanning 17 years
using whole-genome sequencing (WGS). WGS provides unri-
valled sensitivity and precision for comparing and monitoring
the development and spread of historical, current, and
emerging clones, as well as tracing infection outbreaks with
extremely high resolution.

Methods

MRSA isolates

MRSA isolates (N ¼ 266) recovered between 2003 and 2022
were investigated: (1) 214 PVL-positive CC5/sequence type
(ST)5-MRSA-IVc isolates (2005e2022) from 12 countries similar
to and including 46 previously described Sri-Lankan clone iso-
lates [16] and (2) 52 comparator CC5/ST5-MRSAeSCCeI/II/IVa/
IVc/IVg/V isolates (29 PVL-positive and 23 PVL-negative)
recovered between 2003 and 2021. Isolates were cryogeni-
cally stored at -80 "C. Detailed isolate information and avail-
able metadata are provided in Table I and in Supplementary
Table S1.

Irish MRSA

All 47 Irish MRSA isolates investigated were submitted to the
NMRSARL between 2013 and 2022. These included 14 previously
described PVL-positive ST5/t002-MRSA-IVc maternity unit out-
break isolates recovered between 2018 and 2020 that were sim-
ilar to the Sri-Lankan clone and had a median of three (average:
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six; range: 0e27) core-genome multi-locus sequence type
(cgMLST) allelic differences between isolates [13]. The emer-
gence of this clonal type in Irish hospitals appeared to be recent
but a search of the NMRSARL collection for PVL-positive t002-
MRSA-IVc and related spa types revealed 16 additional isolates
recovered between 2013 and 2022 (Table I and Supplementary
Table S1). These included two more recent (2021) patient iso-
lates from the maternity unit and 14 patient isolates from nine
other hospitals. Seventeen comparator NMRSARL isolates (two
PVL-positive ST5-MRSA-IVa and 15 PVL-negative ST5-MRSA-I/IVc/
IVg/V) recovered between 2013 and 2019 were also investigated
(Table I and Supplementary Table S1).

International MRSA

Additional PVL-positive ST5-MRSA-IVc isolates or WGS data-
sets from disparate geographical locations were sought for
comparison. Contact with international collaborators, an
extensive search of the National Center for Biotechnology
Information (NCBI) Sequence Read Archive (SRA)/GenBank, the
European Nucleotide Archive (ENA) databases and a literature
search (Supplementary Table S2) yielded 219 international iso-
lates or WGS datasets (80 clinical isolates and 139 WGS
sequences; Table I and Supplementary Table S1). Of these, 184
were PVL-positive ST5-MRSA-IVc isolates similar to the Sri-
Lankan clone, whereas 35 were PVL-positive (N ¼ 27) and PVL-
negative (N ¼ 8) ST5-MRSA-II/IVa/IVc/V comparator isolates.

Clinical isolates
Fifty-six PVL-positive ST5-MRSA-IVc isolates recovered

between 2005e2021 in the Czech Republic (N ¼ 6), Germany
(N ¼ 4), Kuwait (N ¼ 1), Norway (N ¼ 24), Saudi Arabia (N ¼ 4),
Sweden (N ¼ 2) and the United Arab Emirates (UAE) (N ¼ 15)
underwent WGS at the Dublin Dental University Hospital
Microbiology Research Unit (Ireland) (Table I and
Supplementary Table S1). Twenty-four ST5-MRSA-II/IVa/IVc/V
comparator isolates (19 PVL-positive and five PVL-negative)
recovered in Algeria (N ¼ 1), the Czech Republic (N ¼ 2),
Germany (N¼ 1), Kuwait (N¼ 1), Norway (N¼ 12), Saudi Arabia
(N ¼ 1), Senegal (N ¼ 2), Slovakia (N ¼ 1) and the UAE (N ¼ 3)
between 2003 and 2021 were also sequenced (Table I and
Supplementary Table S1).

Whole-genome sequences
WGS datasets for 46 previously described PVL-positive ST5-

MRSA-IVc Sri-Lankan clone isolates were downloaded from
ENA (accession number PRJEB27049) [16]. These patient iso-
lates were recovered in a Sri-Lankan hospital over four months
in 2014 (N ¼ 33), the UK between 2005 and 2015 (N ¼ 12) and
Australia in 2015 (N ¼ 1) (Table I). WGS datasets for PVL-
positive ST5-MRSA-IVc isolates from Denmark (2007e2021)
(N ¼ 66) and Germany (2011e2019) (N ¼ 16) were received.
Comparator STST5-MRSA-IVa/IVc/V WGS datasets from Den-
mark (seven PVL-positive and three PVL-negative; 2013e2015)
and Germany (one PVL-positive; 2017) were also included
(Table I and Supplementary Table S1).

Genomic DNA extraction and whole-genome
sequencing

For short-read sequencing, genomic DNA was extracted
and sequencing libraries prepared using the Illumina! DNA

Prep Kit (Illumina, Eindhoven, The Netherlands) as described
previously [19]. Libraries were scaled to exhibit "50 # cov-
erage and sequenced using a 600-cycle MiSeq paired-end
Reagent Kit v3 (Illumina) on an Illumina MiSeq sequencer
according to the manufacturer’s instructions. Short- and
long-read datasets for isolates sequenced in Dublin were
submitted to the NCBI SRA database under BioProject Nos.
PRJNA896922 and PRJNA638834). Short-read datasets for
Danish isolates were submitted to the NCBI SRA database
under BioProject Nos. PRJNA839593, PRJNA865897,
PRJNA869909 and PRJNA898141.

For long-read sequencing, genomic DNA extractions and
library preparations were performed as described previously
[22]. Sequencing was performed on the MinION platform using
a R9.4.1 Flow Cell with the MinKNOW software v20.10
(Oxford Nanopore Technologies, UK) as per manufacturer’s
instructions.

Hybrid assemblies were performed by genome scaffolding
using paired-end short-read and long-read sequences using the
Unicycler v0.5.0 pipeline (https://github.com/rrwick/
Unicycler). Assembled genomes were annotated using the
web-based RAST v2.0 server (https://rast.nmpdr.org) and
visualized using Bandage v0.8.1 (https://rrwick.github.io/
Bandage/) and SnapGene v6.0.6 (GSL Biotech LLC; https://
www.snapgene.com).

Whole-genome sequence analysis

Short-read FASTQ files were assembled, quality assessed
and analysed using BioNumerics software (BioNumerics v8.0;
Applied Maths, Sint-Martens-Latem, Belgium), Ridom
SeqSphereþ software v7.0.4 (Ridom GmbH, Münster, Germany)
and web-based SCCmecFinder tool (https://cge.cbs.dtu.dk/
services/SCCmecFinder/) as described previously [13].

Molecular characterization

DNA microarray profiling was undertaken using the S. aureus
Genotyping Kit 2.0 (Abbott (Alere Technologies GmbH), Jena,
Germany) or WGS analysis. The DNA microarray chip harbours
333 target sequences for approximately 170 antimicrobial-
resistance and virulence-associated genes and other genes
and sequences that can assign S. aureus to CCs and/or STs as
described previously [23,24]. WGS-based DNA microarray
profiling was undertaken using in silico probes of the S. aureus
Genotyping Kit 2.0. Probe sequences map on to assembled
genomes to predict DNA array hybridization patterns [25] and
these patterns were compared with in vitro array results.
Additional investigations into alleles of interestwere performed
using the Clustal Omega multiple sequence alignment tool
(https://www.ebi.ac.uk/Tools/msa/clustalo/), and NCBI
BLAST search engine (https://blast.ncbi.nlm.nih.gov/Blast.
cgi). S. aureus immune evasion cluster (IEC) types were
assigned using microarray profiling. b-haemolysin converting
bacteriophages encode combinations of the IEC genes (sea/sak/
scn/sep/chp), permitting isolates to be clustered into one of
eight IEC types based on the combination of genes carried [26].

Phylogenetic analysis

Relatedness between MRSA recovered over an extended
time period (2003e2022) was investigated using cgMLST. A
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Figure 1. (a) Maximum likelihood tree (MLT) based on phylogenetic analysis of 12,245 core-genome single nucleotide polymorphisms
(cgSNPs) for 214 PVL-positive CC5/ST5-MRSA-IVc Sri-Lankan clone isolates and 52 additional PantoneValentine leukocidin (PVL)-positive
(N ¼ 29) and PVL-negative (N ¼ 23) CC5/ST5-MRSA-I/II/IVa/IVc/IVg/V comparator isolates. Sri-Lankan clone isolates were recovered from
12 countries across Europe, Asia, Australia and the Middle East between 2005e2022. Separate node colours/shapes represent country of
recovery, sample types and SCCmec types as indicated in the legend. Blue branches represent PVL-positive CC5/ST5-MRSA-IVc Sri-Lankan
clone isolates (N ¼ 209/214) forming Clade I. Green branches represent PVL-positive CC5/ST5-MRSA-IVa comparator isolates (N ¼ 7/52)
forming Clade II. Red branches represent the remaining PVL-positive CC5/ST5-MRSA-IVc Sri-Lankan clone isolates (N ¼ 5/214) forming
Clade III. The thick black branch represents a PVL-positive CC5/ST5-MRSA-IVa comparator isolate (n ¼ 1) branching out next to Clade III.
The thin black branches represent the comparator outgroup isolates (N ¼ 44) which separate away from Clades IeIII. Labels for the 52
comparator isolates are highlighted in orange. Isolate names, year of recovery and spa types are all indicated in the branch labelling.
Country-specific isolate pairs or clusters containing closely related isolates that differed by "10 cgSNPs are shaded in grey. The divergent
subgroup of 15 Irish isolates (lacking the bbp gene) within the large Sri-Lankan clade (Clade I) is indicated by an asterisk and the isolate
names are highlighted in green. The epidemiological and genotypic information for each isolate investigated is provided in Table I and
Supplementary Table S1. Corresponding SNP distance matrix data is provided in Supplementary Table S3. (b) Minimum spanning tree (MST)
based on core genome multi-locus sequence type (cgMLST) analysis of 1861 target genes for 214 PVL-positive CC5/ST5-MRSA-IVc Sri-
Lankan clone isolates and 52 additional PVL-positive (N ¼ 29) and PVL-negative (N ¼ 23) CC5/ST5-MRSA-I/II/IVa/IVc/IVg/V comparator
isolates. Separate node colours represent country of isolation as indicated in the legend. Partitions within nodes represent the presence
of ‡2 isolates per node. Comparator isolates are indicated in by red squares. Closely related clusters of isolates ("20 allelic differences to
the closest neighbouring isolate within the RIG) are outlined within grey shadowing. Branch numbers indicate the number of allelic
differences between neighbouring isolates. Node numbers indicate the 36 related isolate groups (RIGs) in the population (Supplementary
Table S1). The subgroup of closely related Irish isolates consisting of 15 isolates with a distinct genotypic profile to other Sri-Lankan clone
isolates is outlined in green. The corresponding cgMLST pairwise isolate distance matrix is provided in Supplementary Table S4. The
cgMLST-based MST was constructed using Ridom SeqSphereþ v7.0.4 (Ridom GmbH, Münster, Germany).
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minimum spanning tree (MST) based on 1861 core-gene loci was
generated for all isolates using the SeqSphereþ (Ridom)
cgMLST scheme as previously described [27,28]. Core-genome
alignment and variant calling based on single-nucleotide
polymorphisms (SNPs) was performed on all isolates mapped
against a study-specific reference genome from MRSA isolate
141087 (2005; earliest year of recovery for Sri-Lankan clone
isolates investigated), using Snippy v4.6.0 (https://github.
com/tseemann/snippy). Recombinant SNPs were removed
using Gubbins v3.2.1 (https://github.com/nickjcroucher/
gubbins) and a pairwise cgSNP distance matrix generated
using snp-dists v3 (https://github.com/tseemann/snp-dists). A
cgSNP-based maximum-likelihood tree (MLT) was constructed
through IQ-TREE v2.2.0 (http://www.iqtree.org) using recom-
mended IQ-TREE guidelines. The phylogenetic tree was
visualized and annotated through Interactive Tree of Life
v6.5.8 (https://itol.embl.de).

Results

MRSA

MRSA isolates (N ¼ 266) recovered between 2003 and 2022
were investigated. These included 214 PVL-positive CC5/ST5-

MRSA-IVc isolates from 12 countries similar to and including
46 ‘Sri-Lankan clone’ isolates [16] and 29 PVL-positive and 23
PVL-negative ST5-MRSA-I/II/IVa/IVc/IVg/V comparator isolates
(Table I and Supplementary Table S1). The PVL-positive ST5-
MRSA-IVc isolates belonged to eight closely related spa types,
with t002 predominating (186/214; 86.9%) (Table I and
Supplementary Table S1). Six closely related spa types were
identified among the comparator isolates, half of which were
t002 (26/52; 50%) (Table I and Supplementary Table S1).

Phylogenetic analysis of Sri-Lankan clone isolates

To investigate the population structure of Irish PVL-positive
CC5/ST5-MRSA-IVc relative to international isolates, all iso-
lates and comparators were subjected to WGS-based phylo-
genetic analyses. The construction of SNP-based MLT and
cgMLST-based MST trees yielded comparable findings regard-
ing isolate relatedness and clustering (Figure 1a, b).

Core-genome SNP analysis
CgSNP analysis based on 12,245 SNPs showed that all 214

PVL-positive CC5/ST5-MRSA-IVc isolates exhibited a pairwise
SNP-distance median of 107 (average: 116; range: 0e410)
(Supplementary Table S3). The SNP-based MLT grouped the vast
majority of isolates (209/214, 97.7%) including all 46 ‘Sri-
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United Arab Emirates

b

Figure 1. (continued)
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Lankan clone’ isolates [16] into one clade, termed Clade I
(Figure 1a). Clade I isolates had a median of 106 (average: 110;
range: 0e287) SNPs between isolates (Supplementary
Table S3). The remaining five PVL-positive ST5-MRSA-IVc
grouped into Clade III exhibiting a median of 86 (average: 92;
range: 69e127) SNPs (Figure 1a). Clade III differed from Clade I
by a median of 232 (average: 237; range: 159e410) SNPs. Most
comparator isolates (44/52) formed an outgroup at the base of
the MLT (Figure 1a). A single PVL-positive CC5/ST5-MRSA-IVa
comparator (isolate Z4294) branched out next to Clade III (thick
black branch in Figure 1a). The remaining seven comparators
(all PVL-positive ST5/t002-MRSA-IVa) grouped into Clade II,
forming the closest neighbour to Clade I (Figure 1a). Clade II
differed from Clades I and III by a median of 176 (average: 178;
range: 123e331) and 230 (average: 234; range: 207e277) SNPs,
respectively (Supplementary Table S3). This tree topology
confirmed the identity of all 214 CC5/ST5-MRSA-IVc as ‘Sri-
Lankan clone’. Hereafter Clades I and III isolates are referred
to as ‘Sri-Lankan clone’. In general, Sri-Lankan clone isolates
did not group according to their country of origin or year of
recovery; however, 24 small country-specific clusters of closely
related isolates that differed by !10 cgSNPs were evident
(Figure 1a).

Core-genome MLST analysis
As cgSNP analysis revealed low genotypic diversity among

Sri-Lankan clone isolates recovered over 17 years, the pre-
viously recommended threshold of !24 cgMLST allelic differ-
ences for defining closely related isolates [28] was lowered to
!20. The 214 Sri-Lankan clone isolates exhibited a median of
55 allelic differences from one another (average: 59; range:
0e200) (Supplementary Table S4). The 209 Clade I and five
Clade III Sri-Lankan clone isolates exhibited a median of 54
(average: 57; range: 0e153) and 42 (average: 43; range:
28e56) allelic differences, respectively. Clade III isolates dif-
fered from Clade I by a median of 116 (average: 117; range:
70e200) allelic differences. Clade II comparator isolates dif-
fered from Sri-Lankan clone Clade I and Clade III by a median of
87 (average: 86; range: 36e174) and 106 (average: 93; range:
28e134) allelic differences, respectively (Supplementary
Table S4). These findings confirmed limited diversity within
the Sri-Lankan clone population.

Thirty-six related isolate groups (RIGs) comprising 123/266
study isolates were evident in the cgMLST-based MST
(Figure 1b, Supplementary Table S5). Isolates within each RIG
exhibited !20 allelic differences to the closest neighbouring
isolate in the RIG. Most RIGs included Sri-Lankan clone isolates
only (30/36 RIGs) and the remaining six (RIGs 31e36) included
comparator isolates only (Figure 1b and Supplementary
Table S5). There were 32 country-specific RIGs (27 Sri-Lankan
clone isolates only (RIGs 1e2, 4e10, 12e13, 15e30) and five
comparator isolates only (RIGs 31, 33e36)) as follows: Denmark
(N¼ 16), Norway (N¼ 4), Ireland (N¼ 4), Germany (N¼ 3), UAE
(N ¼ 3), Sri Lanka (N ¼ 1) and Czech Republic (N ¼ 1). The
remaining four RIGs comprised isolates from two or more
countries. RIG-3 comprised eight Sri-Lankan clone isolates from
Denmark (N ¼ 3), Sri Lanka (N ¼ 2), Germany (N ¼ 1), Kuwait
(N ¼ 1) and the UAE (N ¼ 1), with an allelic difference range of
6e20 between neighbouring isolates in the RIG and a range of
6e36 allelic differences for the entire RIG (Figure 1b and
Supplementary Table S5). Sri-Lankan clone isolates from Nor-
way (N ¼ 2) formed two separate RIGs (RIG-11 and RIG-14) with

Sri-Lankan clone isolates from Germany (N ¼ 1) and Denmark
(N ¼ 1) with allelic difference ranges of 1e21 and 18e20,
respectively. One comparator isolate from Norway formed a
third RIG (RIG-32) with two comparator isolates from Ireland.

Irish sub-clade
Potential sub-clades (RIGs 1e36) observed on the cgSNP-

based MLT and cgMLST-based MST phylogenetic trees were
further investigated using in silico DNA microarray profiling and
WGS data to identify possible RIG/country-specific character-
istics. A genotypic difference was observed between the
overall Sri-Lankan clone population and 15/18 Irish Sri-Lankan
clone isolates in RIG-1. These 15 isolates formed a distinct
Irish sub-clade within the cgSNP-based MLT (Figure 1a) and
lacked the bbp gene (also known as sdrE) encoding a surface-
associated, bone sialoprotein-binding protein. The absence of
bbp in these 15 isolates was confirmed by analysing hybrid
assembled genomes (Supplementary Figure S1a).

Genotypic profiling of the Sri-Lankan clone

Strain assignment and antimicrobial resistance genes
DNA microarray profiling, SCCmecFinder and Ridom

Seqsphereþ template tools for detection of antimicrobial-
resistance and virulence-associated genes revealed that most
genes in Sri-Lankan clone isolates (N ¼ 214) were homoge-
nously distributed (Supplementary Table S1). Microarray anal-
ysis grouped Sri-Lankan clone isolates into two categories
including ‘CC5-MRSA-IVc (sed/sej/serþ)’ (200/214; 93.5%) and
‘CC5-MRSA-IVc (sed/sej/ser-)’ (14/214; 6.5%). The two groups
differed by the presence/absence of the sed/sej/ser enter-
otoxin genes, which were located on a plasmid of approx-
imately 27 kb. Of the five Sri-Lankan clone Clade III isolates
(Figure 1a), four isolates were “CC5-MRSA-IVc (sed/sej/ser-)”
(Supplementary Table S1). The b-lactamase gene blaZ and the
multi-drug transporter encoding gene lmrP mediating resist-
ance to macrolides, lincosamides, streptogramins and tetra-
cycline was harboured by the majority of Sri-Lankan clone
isolates (202/214; 94.4% and 212/214; 99.1%, respectively).
Antimicrobial genes detected are shown in Table I and
Supplementary Table S1.

IEC types
IEC-type G was predominant amongst Sri-Lankan clone iso-

lates (196/214; 91.6%). The remaining isolates harboured IEC-
type F (7/214; 3.3%), IEC-type E (2/214; 0.9%), IEC-type D (1/
214; 0.5%) or were non-typeable IEC variants harbouring sep
only (2/214; 0.9%), sak and sep (1/214; 0.5%) or sak, scn and
sea-sep (4/214; 1.9%). One Sri-Lankan clone isolate (M130242;
Supplementary Table S1) lacked lysogenic b-haemolysin con-
verting bacteriophages and carried no IEC genes.

Epidemiological data

Where detailed metadata were available (168/214; 78.5%),
just over half of Sri-Lankan clone isolates were CA-MRSA (85/
168; 50.6%), while the remainder (50/168; 29.8%) were HA-
MRSA or were from hospitalized patients (33/168; 19.6%)
(Supplementary Table S1). Most isolates were from infection
sites (142/214; 66.3%), with the remainder from carriage (50/
214; 23.4%) or unknown sites (22/214; 10.3%). The majority of
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infection isolates were from SSTIs (83/142, 58.5%), other
infection types (9/142) or were unknown (50/142).

Epidemiological information available for some Sri-Lankan
clone isolates from Denmark (N ¼ 9), Ireland (N ¼ 2) and the
UAE (N ¼ 1) revealed that these isolates were from patients
with international links. The Irish isolates were recovered from
patients with a history of travel to Sri Lanka and Turkey,
respectively. Within the Danish subset, one patient had been
hospitalized in Vietnam, four were from Sri-Lanka and four had
travelled to Sri-Lanka. The isolate from the UAE was from a
patient from Bangladesh (Supplementary Table S1).

pvl-encoding bacteriophage regions

Clade I and III Sri-Lankan clone (N¼ 214) and Clade II (N¼ 7)
comparator isolate short-read assembled genomes were
investigated for pvl-associated bacteriophage DNA. All isolates
harboured the lukF/S-PV genes, the phage lysis genes encoding
amidase and holin and remnants of phage structural genes
encoding the tail fiber and major teichoic acid biosynthesis
protein. Genes associated with lysogeny, DNA replication/
transcriptional regulation and packaging/structure were not
detected [29].

Twenty-six representative Sri-Lankan clone isolates (24 MLT
Clade I and two MLT Clade III isolates) available for long- and
short-read sequencing underwent hybrid-assembly to further
investigate chromosomal regions surrounding pvl. These 26/
214 isolates (2005e2021) were from Czech Republic (N ¼ 1),
Denmark (N¼ 6), Germany (N¼ 2), Ireland (N¼ 8), Kuwait (N¼
1), Norway (N ¼ 3), Saudi Arabia (N ¼ 2), Sweden (N ¼ 1) and
the UAE (N ¼ 2). Additionally, eight comparator isolates
underwent hybrid-assembly (five outgroup and three MLT Clade
II comparators, Supplementary Table S1). All 26 Sri-Lankan
clone isolates lacked an intact lysogenized pvl-encoding
phage genome, but harboured a chromosomal remnant
encoding the lukF/S-PV genes as well as remnants of phage
structural and lysis genes (Supplementary Figure S2). In each
case, the phage remnant was 9,616 bp, with an intact upstream
attachment site (attL), but no downstream attachment site
(attR) (Supplementary Figure S2b). An identical phage remnant
was observed in the three Clade II comparator isolates and the
single PVL-positive ST5-MRSA-IVa comparator isolate (Z4294)
next to Clade III (Figure 1a). The four remaining outgroup
comparator isolates all harboured a complete bacteriophage
genome of w45,000 bp which shared 99.99% sequence homol-
ogy with the well-characterized PVL-encoding phage phiSa2wa
(accession no. ON989481.1) (Supplementary Figure S2a) [29].
The phage remnant exhibited 100% sequence homology with
the 30 junction of phage phiSa2wa (Supplementary Figure S2b).
Chromosomal sequences adjacent the pvl-phage remnant were
identical in all isolates investigated by hybrid assembly.

Discussion

The emergence of PVL-positive MRSA is a public health
concern globally. These organisms were originally associated
with community-onset infections, especially SSTIs but also
including necrotizing pneumonia, necrotizing fasciitis, and
sepsis [2e4,30,31]. Patients with community onset SSTIs often
seek treatment in hospital emergency departments, providing
entry routes for CA-MRSA clones into hospitals [32,33]. The

spread of PVL-positive CA-MRSA clones into hospitals and
resistance to a wide range of antimicrobials is well documented
[8,12,34,35].

The increasing prevalence of PVL-positive MRSA isolates
from non-bloodstream infections and hospital outbreaks both
in Ireland and internationally is concerning [8,13,34,35]. In
2019, McTavish et al. characterized a dominant PVL-positive
CC5-MRSA-IVc lineage in a Sri Lankan hospital and also identi-
fied it in the UK and Australia [16]. In 2021, similar isolates from
13 patients during a protracted Irish maternity unit hospital
outbreak were described [13]. Consequently, our investigation
sought to compare Irish PVL-positive CC5-MRSA-IVc with the
previously reported Sri-Lankan clone and similar international
isolates to determine the clone’s global distribution, diversity
and population structure for the first time.

Phylogenetic analysis of 214 Sri-Lankan clone and 52
comparator isolates revealed that the Sri-Lankan clone is
relatively homogenous compared with other PVL-positive CA-
MRSA clones that have diverged more significantly over time
[35]. Greater diversity maybe revealed in future studies with
more disparately recovered isolates. The vast majority of Sri-
Lankan clone isolates (209/214, 97.7%) recovered over 17
years grouped into Clade I (Figure 1a) by cgSNP analysis with
an average of 110 cgSNPs (57 cgMLST allelic differences)
between isolates (Supplementary Tables S3 and S4, respec-
tively). The five remaining Sri-Lankan clone isolates formed
Clade III that differed from Clade I by an average of 237 SNPs
(117 cgMLST allelic differences). Seven PVL-positive ST5/
t002-MRSA-IVa comparator isolates in Clade II formed the
closest neighbour to Sri-Lankan Clade I. Segregation of Sri-
Lankan clone isolates into country-specific RIGs (27/30
RIGs) by cgMLST probably reflects local transmission and
clonal evolution (Supplementary Table S5). Some Danish
isolates (N ¼ 27) in country-specific RIGs also formed
household-specific clusters (RIGs 4, 9e10, 13, 18e21, 24 and
29) (Supplementary Table S1). In some cases, different
members of the same household presented with either car-
riage or infection. Additionally, two isolates recovered from
separate patients in a Danish hospital clustered in RIG-30,
with 16 cgSNPs (9 cgMLST allelic differences) between iso-
lates (Supplementary Table S1). These findings highlight the
significance of CA-MRSA transmission in both community and
hospital settings. Only limited inter-country dissemination of
closely related Sri-Lankan clone isolates was detected (RIG-
3, RIG-11 and RIG-14), although this possibly reflects the
limited collection of isolates available for investigation.

Sri-Lankan clone isolates investigated were ST5, predom-
inantly spa type t002 or closely related spa types and har-
boured a relatively small number of antimicrobial-resistance
genes (Table I and Supplementary Table S1). DNA microarray
and WGS data analyses revealed variable IEC gene cluster (sea/
sak/scn/sep/chp) and plasmid-encoded enterotoxin genes
(sed/sej/ser) detection, while the majority of other molecular
characteristics were highly conserved (Supplementary
Table S1). Although IEC-type G (91.6%) was predominant
among Sri-Lankan clone isolates, six other IEC types were
detected (Supplementary Table S1). Additionally, sed/sej/ser
enterotoxin genes were absent in only a small number of iso-
lates (6.5%). The absence of the bbp gene within Irish mater-
nity unit hospital outbreak-associated isolates (Figure S1a) very
likely reflects local loss of the gene as other Irish isolates
harboured the gene. Variation in IEC types and enterotoxin
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genes probably reflects loss/gain of converting bacteriophages
encoding IEC genes and sed/sej/ser-encoding plasmids [36,37].
The prevalence of the multi-drug-resistant PVL-negative
European CC1-MRSA-IV clone in Ireland [18,19] exemplifies the
importance of mobile genetic elements in the successful dis-
semination of emerging MRSA clones [31,35,38]. Earls et al.
described the emergence of European CC1-MRSA-IV from a
South-Eastern European meticillin-susceptible S. aureus
(MSSA) CC1 lineage, and its subsequent rapid expansion across
Europe in the late 1990s [18,19]. European CC1-MRSA-IV is now
the predominant endemic CC1-MRSA clone in Ireland, asso-
ciated with community transmissions and multi-hospital out-
breaks [19]. Periodic replacement of predominant MRSA clones
in Irish hospitals is well-documented [39], thus the recovery of
the Sri-Lankan clone in 10 Irish hospitals over a nine-year
period (2013e2022) is concerning (Table I and Supplementary
Table S1).

The Sri-Lankan clone chromosomally integrated defective
9.6 kb pvl-encoding phage remnant (Supplementary Figure S2b)
may be a useful genetic marker, as the earliest Sri-Lankan
clone study isolate (141087, 2005) harboured this remnant.
The remnant probably arose by imprecise excision of a lyso-
genized pvl-phage genome, possibly as a result of a fitness cost
imposed on the bacteria through carriage of the entire pro-
phage genome [40]. Stable chromosomal pvl-retention without
phage mobility-associated genes may provide a survival
advantage. Defective pvl-encoding bacteriophages with trun-
cated tail formation genes have been described in MRSA
[41,42]. Furthermore, a defective pvl-phage has been reported
in the successful CA-MRSA clone USA300 [43]. In the Sri-Lankan
clone, approximately 80% of the phage genome has been
deleted leaving the pvl-encoding remnant.

The seven PVL-positive ST5/t002-MRSA-IVa comparator
isolates in Clade II (the closest neighbour to Sri-Lankan Clade
I) and the single ST5-MRSA-IVa comparator isolate Z4294
located adjacent to Clade III in the cgSNP MLT also harboured
the 9.6 kb phage remnant. These findings suggest that Clade II
isolates, isolate Z4294 and Sri-Lankan clone Clade I and III
isolates emerged from a PVL-positive common ancestor har-
bouring the 9.6 kb phage remnant, very likely a PVL-positive
ST5-MSSA [19]. Sri-Lankan clone Clade I then went on to dis-
seminate widely. Interestingly, a PVL-positive CC5-MSSA iso-
late identified in the puBMLST database by in silico PCR that
also harboured the 9.6 kb phage remnant clustered beside
comparator isolate Z4294 and adjacent to Sri Lankan Clade III
(Figure 1 and Supplementary Figure S2).

This study had some limitations. Limited Sri-Lankan clone
isolates/WGS datasets were recovered following compre-
hensive literature and WGS database searches making it diffi-
cult to assess its true prevalence (Supplementary Table S2).
Historical and contemporary data on MSSA progenitor pop-
ulations is limited in most MRSA lineages [44], including the Sri-
Lankan clone. Future investigations require a more compre-
hensive isolate collection with good quality metadata, includ-
ing potential progenitor MSSAs from more numerous and
disparate regions.

In conclusion, international and local surveillance of
emerging MRSA clones is important for monitoring trans-
mission. The association of Sri-Lankan clone isolates with SSTIs
in both community and hospital settings in 12 countries span-
ning 17 years reflects its emergence internationally. The stable

chromosomal integration of pvl in the Sri-Lankan clone
potentially contributes to its dissemination.
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