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Summary

Methicillin-resistant Staphylococcus aureus (MRSA) is a prevalent pathogen responsible for hospital- and 

community-acquired infections worldwide. Molecular typing o f  Irish MRSA isolates has revealed that 

different MRSA strains have predominated at different tim e periods and currently ST22-MRSA-IV 

predominate in Irish hospitals. Isolates o f  this highly-clonal strain are difficult to discriminate effectively with 

currently used typing methods including multilocus-sequence typing (MLST), staphylococcal cassette 

chromosome mec (SCCmec) typing, spa  typing and pulsed-field gel electrophoresis (PFGE).

In the present study, the ability o f  combining sequencing o f  the SCCmec encoded direct repeat unit 

(dru) with spa  and PFGE typing to enhance discrimination o f  ST22-MRSA-IV isolates (n = 168) recovered in 

one Irish hospital during 2007 and 2008 was investigated. The combination o f  all three typing methods 

yielded the highest number o f  type combinations (65) and the highest discriminatory power (Simpson's index 

o f diversity o f  96.53) compared to any o f  the individual typing methods used alone or in pairwise 

combinations. Analysis o f  epidemiological information for a subset o f  ST22-MRSA-IV isolates validated the 

relationships inferred using combined spa, dru and PFGE typing data. The combination o f  all three typing 

methods significantly enhanced discrimination o f  the ST22-MRSA-1V isolates. Such an approach may also be 

beneficial for typing isolates o f  other highly-clonal MRSA strains.

There is little or no data regarding sporadically-occurring MRSA isolates in Ireland which also cause 

infections among patients and may at some stage emerge as more prevalent clones in the future. The second 

part o f this study aimed to perform molecular characterisation o f  a group o f  MRSA isolates with sporadically- 

occurring antibiogram-resistogram (AR) and/or PFGE types recovered from Irish hospitals between 2000 and 

2006 using spa, SCCmec typing and MLST. Extensive genetic diversity was identified among the 58 sporadic 

MRSA isolates investigated including 22 spa types, 17 STs, six o f  which were novel STs (CC5; {ST985, 

ST1435, ST930}, CC l {STI336 and ST11I5} and CC8 {ST1337}) and 24 SCCmec types and subtypes. 

Combining the results o f  MLST, SCCmec and spa  typing resulted in 37 type combinations with isolates 

exhibiting ST22-MRSA-IVh and spa  type t032 predominating (19%), followed by ST8-MRSA-IVd/t064 

(14%), ST8-MRSA-lVd/t451 (5%) and ST5-MRSA-VVt242 (5%). The remaining 33 type combinations only 

occurred in one isolate each. Fifteen previously identified SCCmec types and subtypes were identified among 

48/58 isolates including SCCmec IVh (22%), IVd (21%), V t (7%), II (5%), IIIB (3%), IVA (3%), IVa (3%), 

IVc (3%), IVg (3%), IIA (1.7%), IID (1.7%), \Wmer (1.7%), SCCmec I - p is  (1.7%), SCCmec IID with 

ccrAB4 (1.7%) and SCCmec HE with ccrAB4 (1.7%).

In addition, seven possible novel SCCmec subtypes were also identified among 7/58 sporadic 

isolates by SCCmec typing. Targeted short- and long-range PCR amplification and subsequent sequencing of 

segments o f  5/7 possible novel SCCmec subtypes resulted in the identification o f  novel subtypes o f  SCCmec I 

(I with ccrC  and the regions between pl258 & Tn554 and Tn5J4 & orJX, 1/58 isolates), II (II with ccrC  and 

the region between pl258  & T niJ-/, 1/58 isolates), IV (IV with ccrAB4  but without ccrAB2, 1/58 isolates; IVa



with SCC476, 1/58 isolates) and V j (V j with ccrAB4, 1/58 isolates). Three additional sporadic MRSA 

isolates harboured possible novel SCCmec types in which the ccr and/or mec gene complexes were not 

detected and whole-genome DNA sequencing o f  one o f  these isolates (M06/0171, ST779 and spa type t878) 

revealed the presence o f  a novel 48.5-kb SCCmec composite island (SCCwec-CI). The novel SCCmec-Cl 

consisted o f  a 26.5-kb novel SCCmec element with a novel allele o f  ccrC l and a novel mec complex which 

was tentatively termed class F mec and consisted o f  mecA and a 14 bp copy o f  m ecRI. A  novel 17.7-kb SCC 

element with a novel ccrAB4  allele was located downstream from SCCmec IX as well as a 3-kb SCC-like 

element. Segments o f  this novel SCCmec-C\ exhibited between 90-97% DNA sequence identity with DNA 

sequences previously identified in Staphylococcus epidermidis. These findings provide further evidence o f 

horizontal transfer o f  SCC-associated DNA between coagulase-negative staphylococci and S. aureus and 

provide an important insight into how novel SCCmec elements are generated.

Thirty-seven sporadic MRSA isolates representative o f each MLST, spa  and SCCmec type 

combination identified among the sporadic MRSA isolates underwent DNA microarray analysis using the 

Staphy-Type Kit (Alere Technologies, Germany) in order to investigate concordance between SCCmec and 

CC/ST assignment by the DNA microarray analysis with SCCmec typing and MLST, respectively and to 

investigate the presence o f  antimicrobial resistance and virulence-associated genes among the sporadic 

MRSA isolates. The DNA microarray assigned 21% o f isolates to the correct ST and 98% were assigned to 

the correct CC. Two isolates (5%) were not automatically assigned to any ST or CC following DNA 

microarray analysis. Eighty-nine percent o f  isolates were automatically assigned to the correct SCCmec type 

or subtype. An additional 8% o f isolates were only assigned to the correct SCCmec subtype following manual 

analysis including SCCmec HE with ccrAB4, IlD and IID with ccrAB4. The DNA microarray was unable to 

subtype 41% o f isolates including those harbouring SCCmec IV subtypes (apart from IVA) and it could not 

efficiently differentiate SCCmec types IIA and IIB or IIIA and IIIB.

The DNA microarray also detected multiple resistance genes among the sporadic MRSA isolates 

including mecA (100%), tet efflux (S9%), fo sB  (73%), aacA-aphD  (59%), erm(A) (38%), aadD  (35%) aphA- 

3& sat (24%), erm iQ  (22%), tet{M) (19%), tet(K) (16%), mupA (11%), dfrA (8%), InuA (5% )JusB  (5%) and 

fu sC  (5%). The most predominant virulence-associated genes were the immune evasion cluster genes sak, chp 

and sen (43%), followed by egc (41%), entA (38%), entK & Q (22%), entB  (14%), tst (11%), entC & L (8%), 

entD, J  & R (8%), entH  (8%) and etD & edinB  (3%). The findings o f  this study reveal that discrimination o f 

the highly clonal ST22-MRSA-IV strain can be enhanced using a novel combination o f  spa, d m  and PFGE 

typing. This study also demonstrated significant genetic diversity among Irish sporadically-occurring MRSA 

isolates and identified six novel SCCmec subtypes and two novel SCCmec types including a novel 48.5-kb 

SCCmec-CI element, which appears, at least in part, to have originated in S. epidermidis. This latter finding 

fijrther highlights the extensive variation within SCCmec and the potential for genetic transfer between 

staphylococci which may result in the emergence o f  a novel successful MRSA strains in the future.
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1.1 Staphylococcus aureus

The staphylococci are Gram-positive bacteria belonging to the Micrococcaceae family. 

Although more than 30 staphylococcal species have been described (Van Belkum et al., 

2009), Staphylococcus aureus is considered to be the most pathogenic in humans, causing a 

wide range o f infections including skin and soft tissue infections, bone, joint and implant 

infections, pneumonia and septicaemia. Staphylococcus aureus produces a wide array of 

toxins including haemolysins, toxic shock syndrome toxin and staphylococcal enterotoxins 

(Deurenberg and Stobberingh, 2008). In particular, the presence o f a cytotoxin known as 

Panton-Valentine leukocidin (PVL) is associated with increased virulence in certain S. 

aureus strains (Lina et al., 1999; Rossney et ah, 2007). Staphylococcus aureus is a natural 

commensal in approximately 60% of healthy individuals including 30% persistent and 30% 

transient colonisation and although multiple body sites may be colonised in humans and 

animals, the anterior nares are the most frequent carriage site for S. aureus (Chambers et 

al., 2009; Van Belkum et al., 2009). However, once contamination occurs through a breach 

in the skin or mucous membranes, it can go on to infect any tissue in the body (Lindsay and 

Holden, 2004). Staphylococcus aureus carriers are at a higher risk o f infection and are 

presumed to be an important source for S. aureus strains that spread among healthy 

individuals.

1.2 Emergence of antibiotic resistance in Staphylococcus aureus

The emergence o f antibiotic resistance in S. aureus began in the mid 1940s with the 

introduction o f penicillin into clinical practice and shortly afterwards the emergence o f S. 

aureus strains were reported harbouring a plasmid encoded penicillinase (P-lactamase) 

which caused hydrolyses o f the P-lactam ring o f penicillin that is essential for antimicrobial
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activity for this class o f antibiotic (Fig. 1.1) (Kirby, 1944; Barber and Rozwadowska- 

Dowzenko, 1948; Chambers et al., 2009). This led to the development of penicillinase- 

resistant semi-synthetic penicillins such as methicillin and oxacillin and within two years of 

their introduction into clinical practice, the first methicillin-resistant S. aureus (MRSA) 

isolates were reported in England (Fig. 1.1) (Jevons et al., 1961). Many early MRSA 

isolates were resistant to multiple antibiotics and caused severe invasive infections and 

outbreaks in hospitals across Europe (Shanson et al., 1981). These archaic MRSA strains 

circulated in hospitals in Europe until the 1970s, however they never spread beyond the 

hospital setting and had virtually disappeared from hospitals by the 1980s (Chambers and 

Deleo, 2009).

A resurgence in MRSA infections occurred in the late 1970s due to the emergence 

of other highly successful MRSA lineages as well as descendents of the archaic MRSA 

clone (Fig. 1.1) (Enright et al., 2002; Robinson and Enright, 2003; Mato et al., 2004; 

Deurenberg and Stobberingh, 2008). By the mid 1980s, clonal dissemination of MRSA 

strains had occured across the world, with varying prevalence rates of hospital-associated 

(HA) MRSA infections as well as healthcare associated infections in different countries 

(Chambers et al., 2009; Van Belkum et a l, 2009). Certain MRSA clones became epidemic 

in hospitals in particular countries such as the epidemic MRSA (EMRSA) strains in the 

United Kingdom (UK) termed EMRSA-15 and EMRSA-16 which emerged in the early 

1990s (Richardson and Reith, 1993; Cox et al., 1995).

Resistance to P-lactam antibiotics is determined by penicillin binding protein 2' or 

2a (PBP2') encoded by the methicillin resistance gene {mecA) (Matsuhashi et al., 1986; 

Song et al., 1987; Ito et al., 2001). PBP2' has a much lower binding affinity to all P-lactam
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Fig. 1.1 Timehne o f the emergence o f antibiotic resistance in S. aureus including the emergence o f penicillin-resistant S. aureus (PRSA), the 

emergence of methicillin-resistant S. aureus (MRSA) in hospitals (hospital-associated (HA)-MRSA), communities (community-associated (CA)- 

MRSA) and livestock (livestock-associated (LA)-MRSA) in the USA and worldwide, the emergence o f vancomycin-resistant S. aureus (VRSA) 

and the identification o f a MRSA isolate recovered in 2005 harbouring the multidrug resistance gene cfr which was reported in 2010 (Shore et 

al., 2010). The timeline indicates the year in which an event occurred or was reported. Arrows indicate approximate length o f time for each 

pandemic/epidemic. Adapted from de Leo and Chambers (2009).





antibiotics compared to the four other PBPs (Hartman and Tomasz, 1984; Reynolds and 

Brown, 1985). PBP2' is a high molecular weight class B transpeptidase that catalyses the 

formation o f cross-bridges in bacterial cell wall peptidoglycan which takes over the 

function o f cell wall synthesis when normally occurring PBPs are inactivated by ligating p* 

lactam antibiotics (Pinho et al., 2001). The mecA gene is encoded by a large mobile genetic 

element (MGE) termed the Staphylococcal Cassette Chromosomal mec (SCCmec) 

(Katayama et al., 2000; Ito et al., 2001). SCCmec also harbours cassette chromosome 

recombinase (ccr) genes that are responsible for the site specific integration o f SCCmec and 

precise excision from the S. aureus genome at the SCCmec attachment site (attBscc) 

located near the origin o f replication at the 3' end o f a conserved open reading frame 

termed, orfX. Until recently the function o f orJX was unknown but in recent months it has 

been annotated as a 23S rRNA methyltransferase (http://www.uniprot.org/uniprot/POC 1 VO) 

(Shore et al., 2011). SCCmec is also flanked by direct- and inverted- repeat sequences at 

either end (Ito et al., 2001).

While the mechanism and exact route o f SCCmec transfer is unknown several 

different studies have provided evidence that suggest that mecA and SCC were once 

individual genetic components that originated in coagulase-negative staphylococci (CoNS) 

and were transferred to S. aureus (Wielders et al., 2001; Wu et al., 2001; Tsubakishita et 

ah, 2010). The origin o f SCCmec is unknown but there is substantial evidence for the 

generation o f  similar SCCmec elements in coagulase negative staphylococci (CoNS) with 

subsequent transfer between staphylococci (Wisplinghoff et al., 2003; Mongkolrattanathai 

et al., 2004; Takeuchi et al., 2005; Holden et ah, 2006; Zong et al., 2010). A number of 

SCCmec and SCC-like elements have been described in CoNS and it has been suggested
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that the mecA gene in all staphylococci may descend from an evolutionary precursor of the 

mecA gene in S. sciuri (Couto et al., 1996; Archer and Niemeyer, 1994; Hiramatsu et al., 

2001; Wisplinghoff et al., 2003; Mongkolrattanothai et al., 2004). However, the most 

recent evidence came from a study that identified mecA and its regulatory genes in the 

chromosome o f S. fleurettii, a commensal bacteria o f animals (Tsubakishita et al., 2010), 

suggesting that this may be the origin o f the mec gene complex found in SCCmec.

Following the increased prevalence o f MRSA in hospitals, glycopeptides such as 

vancomycin first introduced in 1958 and the more recently introduced teicoplanin, became 

the treatment o f choice for MRSA infections (Schito et al., 2006). Vancomycin was the 

only treatment option for MRSA infections for several decades. However, S. aureus 

isolates with a reduced susceptibility were first reported in 1996 in Japan and became 

known as vancomycin-intermediate S. aureus (VISA) (Fig. 1.1) (Hiramatsu et al., 1997a & 

1997b). VISA or GISA (glycopeptides-intermediate S. aureus to reflect intermediate 

susceptibility to all glycopeptides) strains resulted from the overuse o f vancomycin due to 

an increasing burden o f MRSA infections in hospitals. Vancomycin-resistant S. aureus 

(VRSA) isolates exhibit a vancomycin minimum inhibitory concentration (MIC) o f  > 16 

mg/L (CLSl). Staphylococcus aureus isolates are classified as GISA if  they exhibit 

vancomycin MICs o f 4-8 mg/L and/or teicoplanin MICs o f 16 mg/L. With isolates 

described as hetero-glycopeptide-intermediate S. aureus (hGISA), the majority o f  bacteria 

exhibit susceptible MICs, but a minority population (perhaps as few as 10'^ cells) exhibit 

MICs in the intermediate category i.e. 4-8 mg/L (Tenover et al., 1998; Brown et al., 2005: 

Fitzgibbon et al., 2007). VISA and hVISA strains synthesise greater quantities of 

peptidoglycan resulting in a thicker cell wall that traps and binds vancomycin, thereby
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preventing it from reaching its target in the cytoplasmic membrane (Hanaki et a l, 1998; 

Cui et al., 2000). Both VISA and hVISA strains have been reported in many countries 

around the world including Japan (Hiramatsu et al., 1997), the USA (Hubert et al., 1999; 

Hageman et al., 2001) Belgium (Denis et al., 2002), France (Ploy et al., 1998; Solh et a l, 

2003; Mallaval et al., 2004; Cartolano et al., 2004) and Ireland (Rossney et al., 2003; 

Rossney et al., 2005; Fitzgibbon et al., 2007). Both have been associated with treatment 

failures and hVISA appear to be precursors of VISA that develop after prolonged exposure 

to vancomycin (Fitzgibbons et al., 2007).

Vancomycin-resistant S. aureus (VRSA) strains with vancomycin MICs > 16 mg/L

were first detected in the USA in 2002 (Center for Disease Control and Prevention (CDC),

2002). This VRSA isolate was recovered from a swab of a catheter exit site from a dialysis

patient who had previously received vancomycin treatment. Genetic analysis of the VRSA

isolate revealed a multiresistant conjugative plasmid into which the transposon ln l546,

containing the vancomycin resistance determinant (vanA) had integrated. The presence of a

vancomycin resistant enterococci {Enterococcus faecalis) was also detected from the same

infection site suggesting that transfer of the vanA resistance gene had occurred from E.

faecalis to S. aureus (Weigel et al., 2003). To date there have been just nine documented

cases of VRSA in the USA (Chang et al., 2003; Finks et al., 2009), two documented cases

of VRSA from India (Tiwari et al. 2006) and one case of VRSA from Jordan (Bateineh et

al., 2006). The emergence of reduced susceptibility and resistance to vancomycin and other

glycopeptides is a cause for concern for future treatment options o f S. aureus infections as

vancomycin is often the drug of last resort to treat S. aureus infections. It should be noted

that the emergence o f vancomycin resistance in S. aureus was anticipated as a study done

in 1992 demonstrated transfer of glycopeptide resistant genes from E. faecalis to S. aureus
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but naturally occurring transfer between E. faecalis and S. aureus was not detected in 

clinical isolates until 2002 (Noble et al., 1992; Clark et al., 2005).

New classes o f antibiotics are needed for the future to overcome this threat and in 

the early 2000s linezolid became the first new antimicrobial agent specifically targeting 

Gram-positive bacteria to enter clinical use since the glycopeptides in the 1950s and this 

was followed by the introduction o f daptomycin in 2003. However, in 2001, Prystowsky et 

al. reported resistance to linezolid in vancomycin resistant enterococci (VRE) and in the 

same year linezolid resistance was described in a MRSA isolate recovered from an 85 year 

old man undergoing peritoneal dialysis (Prystowsky et a l ,  2001; Tsiodras et al., 2001). 

Linezolid acts by binding to the 50S subunit o f the bacterial ribosome via interaction with 

the 23S rRNA, thereby blocking protein synthesis. Resistance to linezolid may occur by a 

mutation in the 23S rRNA gene resulting in resistance against linezolid. Linezolid 

resistance is uncommon as the mutation occurs infrequently (Besier et al., 2008).

Recently the emergence o f a multidrug resistance gene {cfr) which mediates 

resistance to phenicols, lincosamides, oxazolidinones, pleuromutilins and streptogramin A 

(Phlops A) has been reported in a limited number o f MRSA isolates in both animals and 

humans (Monecke et al., 2007; Toh et al., 2007; Kehrenberg et al., 2009; Mendes et al., 

2010; Moralis et al., 2010; Shore et al., 2010) (Fig. 1.1). The cfr gene can be plasmid or 

chromosomally located and four plasmids have been identified to date including ^SCFSl, 

pSCFSS, }pSCFS6 and pSCFSJ (Kehrenberg et ah, 2004; Kehrenberg et al., 2007; 

Kehrenberg et al., 2009; Shore et al., 2010). The cfr gene encodes an rRNA 

methyltransferase that methylates the adenosine at position 2503 in 23S rRNA {Escherichia 

coli 23S rRNA gene numbering) which interrupts the binding sites for these antimicrobial
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agents (Kehrenberg et al., 2005). Emergence o f the multidrug resistant cfr gene in already 

successful MRSA such as USA300 is alarming and will require ongoing surveillance in the 

future (Shore et al., 2010). MRSA exhibiting daptomycin resistance were also reported in 

two studies in the mid 2000s (Hayden et al., 2005; Marty et al., 2006). The mechanism for 

resistance against daptomycin is currently unknown. Each wave o f emergence o f S. aureus 

resistance to antibiotics appears to be driven by antibiotic selective pressure due to overuse 

o f antibiotics in hospitals and the horizontal transfer o f resistant determinants from other 

bacterial species to S. aureus.

1.3 MRSA in the community and in animals

1.3.1 Community-associated MRSA

Staphylococcus aureus has evolved to exploit ecological niches created by modern 

medicine and intensive care. The emergence o f resistance to penicillin and methicillin were 

both identified as HA-infections initially, however, in both instances they also emerged in 

the community (Fig. 1.1) (Roundtree and Freeman, 1956; Udo et al., 1993). CA-MRSA 

appears to be generated by the acquisition o f the SCCmec element by prevalent CA-MSSA 

strains which then proceed to become successful CA-MRSA strains (Udo et al., 1993; O’ 

Brien et al., 2004). Until the 1990s, MRSA were primarily associated with hospital- 

associated infections. However, the epidemiology o f MRSA infection changed significantly 

due to the emergence o f community-associated MRSA (CA-MRSA) strains (Fig. 1.1), 

which were first identified in 1993 in Western Australia in remote areas (Udo et al., 1993). 

The deaths o f four otherwise healthy children between 1997 and 1999 were the beginning 

of what is now an epidemic o f CA-MRSA in the USA (CDC, 1999). CA-MRSA has now 

spread to many countries worldwide (Vandenesch et al., 2003; Tristan et al., 2006; David
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and Daum, 2010). CA-MRSA are usually distinct from HA-MRSA as they are highly 

virulent and can cause fatal infections in healthy adults and children without any of the 

typical risk factors associated with HA-MRSA (Herold et al., 1998; CDC, 1999; Millar et 

al., 2007). PVL has been considered as a possible marker for CA-MRSA as well as for 

increased virulence (Vandenesch et al., 2003; Boyle-Vavra and Daum, 2007). However, 

previous studies have indicated that PVL does not appear to be produced by all CA-MRSA 

isolates (O' Brien et al., 2004; Said-Salim et al., 2005; Diep et al., 2006; Rossney et al., 

2007; Kim et al., 2007; Zhang et al., 2008). PVL is encoded by the pvl genes lukF-PVand 

lukS-PV which encode a two-component pore-forming cytolytic toxin that targets 

mononuclear and polynuclear cells and causes cell death by necrosis and apoptosis 

(Vandenesch et al., 2003; Said-Salim et al., 2005; Boyle-Vavra et al., 2007; Rossney et al., 

2007).

A general international agreement for universal assignment of CA-MRSA describes 

them as isolates recovered in an outpatient setting or from patients within 48 h of hospital 

admission (Deurenberg et al., 2007). Furthermore, patients from which the MRSA isolates 

are recovered must have no history of MRSA infection and no history in the previous year 

of either hospitalisation, association with a healthcare facility, dialysis or surgery. 

Additionally, the patient should not have any indwelling catheters or medical devices that 

pass through the skin (Deurenberg et al., 2007). A number of risk factors that have been 

identified for CA-MRSA include gastrointestinal disease, intravenous drug use, direct 

contact with an individual who has a skin infection with CA-MRSA, indirect contact with 

contaminated objects such as shared soap bars and towels in sports facilities and jails and 

close contact among military recruits (Millar et al., 2007).
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1.3.2 Animal-associated MRSA

The prevalence of MRSA among livestock including swine, horses and companion animals

as well as in meat products appears to have increased according to recent publications

(Catry et al., 2010). This extension of MRSA to different animal species is of particular

concern to the general public and in particular to people who work with livestock or are in

contact with livestock or animals. Until recently, MRSA were thought to be exclusive to

humans and although there have been sporadic occurrences of MRSA in animals, these

appeared to be of human origin. Examples include the isolation of MRSA from cows with

mastitis in 1972 (Devriese et ah, 1972), MRSA recovered from a cat was suspected to be

the source of an outbreak in a geriatric ward in 1988 (Scott et a l, 1988), repeated nasal

carriage of MRSA in two nurses was linked to a pet dog in 1998 (Smith et al., 1989) and

three studies described the recovery of MRSA from horses (Anzai et al., 1996; Hartmann et

al., 1997; Shimizu et al., 1997). An increase of MRSA reported in animals during the

1990s has continued in to the 2000s (Fig. 1.1). However, it should be noted that this may be

due in part to an increase in awareness leading to more investigations of MRSA prevalence

in livestock. In Ireland, MRSA was recently reported in cats (Moodley et al., 2006; Abbot

et ah, 2010), dogs (Abbot et al., 2006, Moodley et al., 2006; Abbot et al., 2010) and horses

(O' Mahony et al., 2005; Moodley et al., 2006; Abbot et al., 2010). Each of these studies

reported associations between the MRSA recovered from the animals and human

individuals in contact with them. A retrospective study in Denmark documented the rapid

spread of a particularly successful MRSA clone in swine that appears to be the dominant

livestock associated clone (LA-MRSA) (Guardabassi et al., 2007). Transmission of this

clone from pigs to farmers as well as to other animals has also been reported (Voss et al.,

2005). Antimicrobial consumption is considered to be a possible driving force for the

10



emergence and spread o f this particular clone as it exhibits resistance to many antimicrobial 

agents (Catry et al., 2010). This is an important new reservoir for MRS A that may have 

implications for food-home disease.

Since 1999, there have been numerous studies o f food products that have been 

contaminated by MRSA including pork, minced pork, beef, chicken, veal, rabbit and wild 

boar (Loo et al., 2007; Pu et al., 2009; Lozano et al., 2009; Kluytmans, 2010; Bystron et 

al., 2010; Weese et al., 2010). These included incidents that may have resulted from 

contamination from the hands o f retail workers as MRSA isolates that are prevalent in 

humans were isolated from certain meat products such as minced pork. However the 

MRSA clone that has emerged from swine was also detected among food products (Loo et 

al., 2007; Lozano et al., 2009).

1.4 Staphylococcal Cassette Chromosome (SCO

Both SCCmec and non-mec SCC elements are classified and characterised according to

their car complex genes and their overall genetic composition (Katayama et al., 2000; Ito et

al., 2001; Okuma et al., 2002; Wisplinghoff et al., 2003; IWG-SCC, 2009). The acquisition

o f resistance determinants by S. aureus has presented a major challenge in the control and

prevention o f staphylococcal infections and SCCmec in particular has been identified as an

important feature in the success o f HA- and CA-MRSA infections as well as in the recently

emerged LA-MRSA infections (IWG-SCC, 2009). SCCmec types are defined based on two

fundamental components that are present in all S>CCmec types; the mec complex and the

ccr complex. Further subtypes may be assigned by detecting variation that occurs in the

SCCmec regions outside o f these two complexes, which have been termed the J regions

indicating joining or jigsaw  region i.e. non essential component o f SCCmec. SCCmec
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typing is now considered an important tool for differentiating between MRSA isolates and 

tracking their dissemination when used with other MRSA typing techniques.

1.4.1 The mec complex

Five different mec classes (A-E) have been described among staphylococci that vary in 

their genetic structure (Fig. 1.2). The mecA gene and an integrated copy o f the insertion 

sequence element \S431mec downstream of mecA are conserved among mec classes A-E 

(Fig. 1.2). The mec regulatory genes include m ecRl (encoding the signal transducer protein, 

M ecRl) and m eci (encoding the repressor protein, MecI), which are sometimes truncated 

by the integration o f insertion sequences IS/272 and \S431 upstream from mecA and are 

sometimes completely absent (Katayama et al., 2001; Lim et al., 2003; Ito et al., 2004). 

The class A mec complex consists o f the conserved mecA and \S431mec gene as well as 

intact regulatory genes m ecRl and m eci (class A mec\ mecl-mecRl-mecA-\S43Imec) 

(Katayama et al., 2001). Class A mec subtypes have also been described which have 

integrated IS431 and IS l 182 downstream from mecA as shown in Fig. 1.2 (Katayama et al., 

2001; Shore et al., 2005). Truncations o f the regulatory mec genes in both the class B mec 

complex and the class C mec complex are the results o f the integration o f a truncated 

IS7272 element and \S>431, respectively; class B mec (AIS7272-Awec/?7-wec/i-IS431wec) 

and class C mec (\S43l-lS.mecRl-mecA-\'&431-mec) (Fig. 1.2). There are two class C mec 

complexes (C l and C2) in which IS^i7 has inserted into the SCCmec element in different 

orientations i.e. IS^57 o f class C l is inserted in the opposite direction compared to \S431 in 

class C2 (Fig. 1.2). Two other mec complexes have been described including the class D 

mec complex and the class E mec complex (Fig. 1.2). Both class D and E mec complexes 

have a mecA and lS,mecRl organisation and both lack an insertion sequence upstream of
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mecA {AmecRl-mecA-lS43\mec) (Fig. 1.2). The size of ̂ m ecRl is 1282 bp and 781 bp in 

class D and E mec complexes, respectively (Katayama et al., 2001; Lim et a i, 2003; 

Hanssen & Sollid, 2005). Classes A-C are the most prevalent mec complexes in MRSA, 

whereas the class D mec complex has only been reported in S. caprae (Katayama et al., 

2001) and the class E mec complex was previously reported in one MRSA isolate (Lim et 

al., 2003). Recently, a second class E mec complex similar in structure to class A mec 

(mecA, mecRl, mecl) except for the presence of the blaZ gene adjacent to meci has been 

described (Shore et al., 2011). Additionally, while all previously recognised mec complex 

genes (mecA, mecRl and mecl) are almost identical, the recently identified class E mec 

complex genes were found to be highly divergent exhibiting 62%, 45% and 66% amino 

acid (aa) identity, respectively (Shore et al., 2011).

1.4.2 The ccr complex

According to guidelines for assigning SCC/wec nomenclature published in 2009, novel ccr 

genes should exhibit < 50% DNA sequence identity to the three currently known ccr genes 

{ccrA, ccrB and ccrC) and novel ccr allotypes should exhibit between 50% and 85% DNA 

sequence identity to known ccr allotypes (IWG-SCC, 2009). If a ccr complex is identified 

that exhibits > 85% sequence homology to a known ccr allotype than it was suggested that 

they be referred to as alleles of that allotype (IWG-SCC, 2009). There are currently eight 

known ccr complex allotypes which consist of the ccr genes ccr A and ccrB that occur as 

part of a ccr complex (ccrAB) or the ccrC complex (Katayama et a l, 2000; Ito et al., 2001). 

The eight ccr complex allotypes include types 1 (ccrABl), 2 (ccrAB2), 3 (ccrAB3), 4 

(ccrAB4), 5 (ccrCl), 6 (ccrAJ and ccrBS), 1 {ccrAl and ccrB6) and 8 {ccrAl and ccrB3) 

and recently several alleles of the ccrAB4 and ccrCl allotypes have been identified in both
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Fig.1.2 Schematic diagram o f the genetic organisation o f the mec complexes of 

staphylococci. The illustrations o f the mec complexes, A, B, C l, C2, and D are based on a 

study by Katayama et al. (2001), the illustration o f mec complex E is based on the study by 

Lim et al. (2003) and the illustrations o f mec complexes A.3 and A.4 are based on a study 

by Shore et al. (2005). The mec complexes A, B, C and E indicated in bold have previously 

been identified in MRSA (Katayama et al., 2001; Lim et al., 2003; Ito et al., 2004; Shore et 

al., 2005). Adapted from Shore et al. (2005).



MRSA isolates and in other staphylococcal species (Mongkolrattanathai et al., 2004; Ender 

et al., 2007; Higuchi et al., 2008; Takano et al., 2008; Chen et al., 2009). The ccrAB and 

ccrC genes encode recombinases that are necessary for the site- and orientation-specific 

integration and accurate excision o f the SCCmec element. It should also be noted that 

several SCCmec elements have also been described that harbour more than one ccr 

complex and ccr complexes have recently being reported in SCC-like elements in S. aureus 

and in other staphylococcal species (IWG-SCC, 2009).

1.4.3 SCC/nec types

The different combinations o f the mec and ccr gene complexes are used to define the 

different SCCmec types and several PCRs have been developed to detect the different 

SCCmec types (Fig. 1.3) (Okuma et al., 2002; Kondo et al., 2007). SCCmec type 

nomenclature is assigned using Roman numerals which are designated according to the 

order in which they are reported and to date 11 SCCmec types have been described in the 

literature in S. aureus {SCCmec types I-XI) (Fig. 1.3). Details for the 11 SCCmec type 

elements may also be viewed on the SCCmec website 

(http://www.sccmec.org/Pages/SCC TypesEN.html). Multiplex PCR methods have been 

described for further subtyping o f these main SCCmec elements that target variation that 

occurs within the J-regions o f the SCCmec elements (Oliveira et al., 2002; Milheirifo et al., 

2007). Variation in the J-regions may include the insertion o f  many different MGEs such as 

insertion sequences and transposons (IWG-SCC, 2009). SCCmec types I-III, VI and VIII 

have been associated with HA-MRSA and SCCmec types IV, V and VII have been 

associated with CA-MRSA, while in some places SCCmec types IV have now become 

prevalent in the hospital environment and SCCmec types IV and V have also been
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associated with LA-MRSA (Moodley et a l ,  2006; IWG-SCC, 2009; FeBler et al., 2010; 

Huber et al 2010; Schijffelen et al., 2010; Vanderhaeghen et ah, 2010). The recently 

described SCCmec types IX, X and XI appear to be distinct from previously described 

SCCmec elements that have evolved in humans and it is possible that SCCmec IX-XI have 

evolved in a niche distinct from humans such as animals (Shore et al., 2011; Li et al., 

2011).

1.4.3.1 SCCwgctvpel

SCCmec type I consists o f a class B mec complex and type 1 ccrAB complex {ccrABl) and 

is 34 kb in size (Fig. 1.3) (Ito et al 2001). MRSA isolates that were prevalent in the 1960s 

were found to harbour SCCmec type I (Ito et al., 2001; Enright et al., 2002). Current 

prevalent MRSA strains do not harbour SCCmec I possibly due to its large size which may 

compromise the competiveness o f the bacterial host. It has also been suggested that 

defective recombinase genes in SCCmec I limited the potential for horizontal gene transfer 

between staphylococci (Ito et al., 2001; Chambers and Deleo, 2009). Subtypes o f SCCwec 

type I have also been reported including SCCmec la which is the SCCmec type o f ST247- 

MRSA-I which used to predominate in many countries worldwide including Spain, 

Belgium and Portugal as well as the Czech Republic, Poland, Sweden, Italy, Scotland, 

Germany and the Netherlands. (Deplano et al., 2000; Oliveira et al., 2001; Krzyszton- 

Russjan et al., 2002; Murchan et al., 2003; Shore et al., 2005).

1.4.3.2 SCCmec tvpe II

SCCmec type II consists o f a class A mec complex and a ccrAB2 complex and is the largest 

known SCCiwec type (53 kb) (Ito et al., 2001). SCCmec type II also harbours a number of 

additional antimicrobial resistance genes which confer resistance to aminoglycoside
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Fig. 1.3 Schematic organisation of previously published SCCmec types I-VIII. SCCmec 

I element recovered from prototype strain NCTC10442 (AB033763). SCCmec II 

recovered from prototype N315 (D86934). SCCmec type Wlmer element recovered from 

85/2082 (AB037681). SCCmec type IV elements recovered from CA05 (AB0633172) 

and ZH47 (AM292304). SCCmec type VI element recovered from HDE288 

(AF411935). SCCmec type VII recovered from JCSC6082 (AB373032) and SCCmec 

type VIII recovered from C l0682 (C l0682). Accession numbers are shown in 

parenthesis beside prototype strains. Adapted from IWG-SCC, (2009).



antibiotics due to the integration o f plasmid ^U B l 10 and erythromycin and spectinomycin 

resistance encoded by an integrated transposon Tr\554 (Murphy et a i ,  1985; Ito et al., 

1999). Several subtypes o f SCCwec II elements (Ila, lib and IIA-IIE) ranging in size from 

27-40 kb have also been reported (Hisata et al., 2005; Shore et al., 2005). SCCmec types 

IIA-E were harboured by MRSA isolates that predominated in Irish hospital during the 

1990s and in one o f two endemic MRSA clones in the UK until the present (EMRSA-16), 

ST5-MRSA-II was also a common clonal type among Irish MRSA isolates from 1992 to 

1993 but never predominated (Shore et al., 2005). However subsequent SCCmec types that 

have been identified, in particular SCCmec type IV, have been more successful, possibly 

due to their smaller sizes. It is possible that SCCmec II elements became prevalent in 

certain regions due to increased antibiotic selective pressures.

1.4.3.3 SCCmec tvpe \\\mer

SCCmec type \\\m er consists o f a class A mec complex and a ccrAB3 complex (Ito et al., 

2001). It was initially described as the largest SCCmec element (67 kb) due to the presence 

of what was thought to be a long J3 region harbouring an additional ccrC l complex (allele 

ccrC3), the mercury operon and a restriction modification system. However, it was 

reclassified recently as a composite o f two smaller SCC elements; SCCmec III (31 kb) and 

SCCmercury (36kb) (Fig. 1.3) (Chongtrakool et al., 2006). Chongtrakool et al. (2006) also 

reported SCCmec III subtypes; SCCmec IIIA which lacks SCCmercury and SCCmec IIIB 

which lacks SCCmercury & p T lS l  and a novel SCCmec subtype was also identified in 

2005 termed SCCmec III - pI258Hn554 (Shore et al., 2005; Chongtrakool et ah, 2006). 

SCCmec type III elements have been associated with one particularly successful MRSA
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clone referred to as the ST239-MRSA-III clone (Chongtrakool et al., 2006) which has 

become prevalent in hospitals around the world.

1.4.3.4 SCCmec IV

SCCmec type IV consists o f  a class B mec complex and ccrAB2 and was first identified in 

two CA-MRSA isolates in 2002, nine years after the first emergence o f  CA-MRSA in 

Western Australia (Udo et al., 1993; Baba et a l ,  2002; Ma et a l ,  2002). Numerous 

SCCmec subtypes have been identified including SCCmec types IVA (Oliveira and de 

Lencastre, 2002), IVa (Baba et a l ,  2002; Ma et al., 2002), IVb (Ma et al., 2002), IVc 

(Adcock et al., 1998), IVd (Ma et al., 2006), IVE and IVF (Shore et al., 2005), IVg (Kwon 

et al., 2005) and IVh (Milheiri9 0  et al., 2007). Novel subtypes o f  SCCmec  IV elements 

have also been reported recently (Boakes et al., 2010; Laurent et al., 2010). Investigations 

focused on the emerging CA-MRSA isolates in the 1990s identified an association between 

these smaller SCCmec IV elements which range in their size from ca. 20-25 kb and usually 

harbour only one resistance determinant, mecA (Baba et ah, 2002; Okuma et al., 2002; 

Fang et al., 2008). In recent years certain SCCmec IV elements have also been detected in 

LA-MRSA (FeBler et al., 2010; Huber et al., 2010). Additionally, SCCmec  type IV 

elements have also been identified in S. epidermidis isolates (W isplinghoff et al., 2003; 

Smyth et al., 2010).

1.4.3.5 SC C m ecY

SCCmec type V consists o f  a class C2 mec complex and ccrC  (allele ccrCI)  and the first 

isolate harbouring SCCmec  type V was identified in a CA-MRSA isolate in Australia (Ito 

et al., 2004). SCCmec type V is similar in size to SCCmec  type IV (24 kb), harbours no 

additional resistance determinants and has been found to harbour a restriction-modification
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system encoded by hsdS, hsdM  and hsdR (Ito et al., 2004) (Fig. 1.3). Ito et al. (2004) also 

identified ccrC  in SCC elements other than SCCmec such as SC C capl and the 

SCCmercury element that forms a composite element in SCCmec \\\m er. In recent years, 

MRSA isolates harbouring SCCwec type V elements have also been detected in LA-MRSA 

isolates (Huber et a l 2010; Schijffelen et al., 2010; Vanderhaeghen et al., 2010). There 

have also been numerous subtypes o f  SCCmec V reported recently, including the SCCmec 

type V t element which was harboured by CA-MRSA isolates recovered from patients in 

Taiwan with a class C2 mec complex and two ccrC  complexes including ccrC  alleles ccrC2 

and ccrC8  (Boyle-Vavra et al., 2005; Higuchi et al., 2008). Additionally, variants o f  

SCCmec V which harbour novel alleles o f  the ccrC l allotype and mec class C have been 

reported (Argudi'n et al., 2010; Coombs et al., 2010). Conceifao et a l  (2010) also described 

a variant o f  SCCmec V that lacked the amplimer indicative o f  the region between pl258  and 

ln 5 5 4  that is usually present in the J3 region in SCCmec V elements. Chlebowicz et al. 

(2010) described a SCCmec V element harbouring two alleles o f  the ccrC l complex 

(alleles ccrC8  and ccrClO ) and Schijfflen et al. (2010) described a composite SCCmec V 

element harbouring two ccrC  complexes within the SCCmec element and a SCC-like 

element integrated upstream o f  SCCmec (Concei9ao et al., 2010; Chlebowicz et al., 2010; 

Schijfflen et al., 2010).

1.4.3.6 SCCmec VI

SCCmec type VI was first described in 2001 as a SCCmec type IV element but was later 

reclassified as SCCmec type VI (ccrAB4 and class B mec) (Oliveira et al., 2001; Oliveira et 

al., 2006). SCCmec type VI is 20.9 kb in size and was related to the paediatric clone (ST5- 

MRSA-VI) which was dominant in hospitals in Portugal in 1990s and has also been
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reported in Poland, France and the UK and the USA, Argentina and the Columbia (Oliveira 

et al., 2001; Enright et al., 2002; Oliveira et ah, 2006; Concei^ao et al., 2010).

1.4.3.7 SCCmec VII

The first S>CCmec VII element was recovered from a CA-MRSA isolate in 2002 from a 42- 

year old woman in Sweden (Berglund et a l ,  2008). Characterisation o f this novel SCCmec 

element revealed a 32-kb composite element consisting o f SCCmec VII (26.7 kb) (class Cl 

mec complex & ccrC) and a 5.6 kb SCC-like element (CC6082) located downstream from 

SCCmec that did not harbour any mec complex genes or ccr complex genes but was 

recognised as a possible remnant o f a SCCmec element due to the presence o f flanking 

integration site sequences (ISS). The SCCmec element harboured the first documented 

class Cl mec complex in an MRSA isolate (Berglund et al., 2008). The ccrC  gene 

exhibited 99.9% identity to the ccrC  gene that is harboured by SCCmercury. However, 

ccrC o f SCCwec VII was 1,677 bp in size which is 133 bp larger than ccrC o f SCCmercury 

(Berglund et al., 2008). The mecA gene was the only resistance gene harboured by this 

composite element. The novel SCC-like element CC6082 harboured a type 1 restriction 

modification system DNA methylase gene (hsdM), a gene encoding a membrane protein 

homologue and a gene encoding a hypothetical protein similar to a reverse transcriptase as 

well as two additional ORFs of unknown function (Berglund et al., 2008).

1.4.3.8 SCCmec VIII

SCCmec type VIII harbours a class A mec complex and a ccrAB4 complex and the first 

MRSA isolate found to harbour SCCmec VIII was recovered from a 58-year-old male in 

2003 with a percutaneous endoscopic gastrostomy (Zhang et al., 2009). The SCCmec type 

VIII element was recovered from prototype strain C l0682 and was associated with the
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Canadian epidemic MRSA strain (CMRSA9), which is a typical HA-MRSA strain in 

Canada (Zhang et al., 2009) (Fig. 1.3). Interestingly, D N A sequence analysis performed by 

Zhang et al. (2009) suggested that SCCmec VIII may have been generated from 

homologous recombination between the previously described SCCrp62a and SCC-Cl 

elements o f  S. epiderm idis strains RP62A and ATCC12228, respectively 

(Mongkolrattanothai et al., 2004; Zhang et al., 2009). The genomic background o f  

CMRSA9 was similar to that o f  early archaic M RSA strains isolated in the UK in the early 

1960s (Gill et al., 2005; Zhang et al., 2009). Zhang et al. hypothesised that the CMRSA9 

strain may have evolved from an early ancestral MRSA strain such as NC TC 10442 or COL 

and replaced the original SCCmec type I element with SCCmec VIII through a 

recombination event with other staphylococcal species (Zhang et al., 2008).

1.4.3.9SC C w ecIX

SCCmec IX harbours a class C2 mec complex and a novel allele o f  the ccrABl complex 

for which ccrA and ccrB  exhibited 94.1% and 92.2% genetic identity compared with the 

ccrABl complex harboured by SCCmec I o f  NCTCI0442 (Li et al., 2011). Additionally, 

six ORFs surrounding the ccr genes exhibited 58.3-65.9%  genetic identity to the 

corresponding region within SCCmec I o f  NCTC 10442 (Li et al., 2 0 1 1). The J1 region o f  

SCCmec IX also harboured a CadD X  operon, a copB  gene and two arsenate resistance 

operons; arsRBC  and arsDARBC  and all 20 ORFs in the J1 region o f  SCCmec IX exhibited 

nucleotide identities o f  between 83.8-100% with the J1 region o f  SCCmec in S. 

haemolyticus (Li et al., 2011). SCCmec IX was harboured by the MRSA isolate JCSC6943 

which was recovered from a Thai participant at the 19'*’ International Pig Veterinary 

Conference in Denmark, 2006 (Li et al., 2011).
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1.4.3.10 SCCwgcX

SCCmec X harbours a novel class C l-like mec complex (6422 bp) which was distinct from 

the class Cl mec complex harboured by SCCmec VII (7212 bp) with respect to the 

integration site o f an insertion sequence IS431 which was inserted into different locations 

o f the m ecRl gene (Li et al., 2011). Furthermore, the orientation o f the class C l mec 

complex in SCCmec X is in reverse to all previously described mec complexes (Li et al., 

2011). SCCmec X also harboured a novel ccr complex consisting o f  a ccrAl gene that 

exhibited 94.1% genetic identity to that o f ccr A o f the ccrABl compex harboured by 

SCCmec I of N C TC 10442 and a ccrB gene which shared the closest genetic identity o f 

89.1% to ccrB6 harboured by S. saprophyticus (ATCC15305) (Li et al., 2011). SCCmec X 

also harboured a cadDDX  operon, a copB gene and an arsRBC  operon in the J 1 region and 

an arsRBC operon in the J3 region (Li et al., 2011). SCCmec X was harboured by the 

MRSA isolate JCSC6945 which was recovered from a Canadian participant at the 19'*’ 

International Pig Veterinary Conference in Denmark, 2006 (Li et al., 2011).

1.4.3.11 SCCfflgcXI

SCCmec XI harbours a novel class E mec complex {blaZ, mecA, m eci and mecR), which 

was highly divergent compared to previously described mec complexes (Shore et a l ,  2011). 

The mecA, mecI and mecR genes which are usually almost identical in previously described 

SCCmec types exhibited 62%, 45% and 66% amino acid (aa) identity, respectively, with 

the corresponding genes in GenBank (Shore et al., 2011). The only previous report o f a 

mec operon harbouring a blaZ  gene was in M. caseolyticus where a transposon harboring a 

mec gene complex with the same genetic organization as that in SCCmec XI was integrated
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downstream o f orfiC and was flanked by DRs and this transposon was located next to a non- 

wee^ containing SCC element (Tsubakishita et al., 2010). The blaZ  gene identified in 

SCCmec XI exhibited 67% aa identity with previously known S. aureus (Shore et al., 

2011). The mecA gene was also found to be distantly related to all previously described 

mecA homologs in S. kloosii, S. sciuri, S. vitulinis and M. caseolyticus (Shore et al., 2011). 

SCCmec XI also harboured a novel ccr complex consisting o f a ccrAl and ccrB3 genes 

exhibiting 86% and 93% aa identity to previously described ccrAl and ccrB3 genes in the 

GenBank database (Shore et al., 2011). SCCmec XI also harbours an arsenic resistance 

operon in the JI region which exhibited 79-93%  aa identity to the arsenic operon genes 

arsC, arsB and arsR.

It should be noted that SCCmec XI has been identified in two separate MRSA 

clones by two separate groups including Shore et al. (2011) who detected SCCmec XI from 

two MRSA isolates (M l0/0148 and M l0/0061) recovered from two separate patients in 

two separate hospitals and there was no indication o f  any epidemiological connection 

between the two patients. The Wellcome Trust Sanger Institute (Cambridge, United 

Kingdom) have also previously determined the whole genome sequence o f an MRSA 

isolate (LGA25I) which harboured a SCCmec XI element and comparative analysis 

revealed that the SCCmec XI elements identified by both groups were 99% identical (Shore 

et al., 2011). Additionally a 3-kb SCC remnant was identified downstream o f the SCCmec 

XI element in M I0/0061 described by Shore et al. (2011) but was absent in the SCCmec XI 

element in LGA25I described by Wellcome Trust Sanger Institute. Interestingly, the two 

MRSA isolates isolated in Ireland were recovered from a 64-year old female and an 85-year
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old male but their genotypic background suggests a possible animal background and 

LGA251 was recovered from a bovine source (Shore et a l, 2011).

1.4.4 s e e  non-mec elements

Numerous SCC and SCC-like elements that do not harbour the mecA gene have been 

described in S. aureus and in other staphylococcal species. These SCC and SCC-like 

elements may be defined by the presence of one of the fundamental components of 

SCC/wec or the ccr complex and by flanking characteristic terminal repeat sequences 

(Hanssen and Solid, 2006). The following have been described in S. aureus; (a) 

SCCmercury forms a composite element with SCCmec type III as discussed in section 

1.4.3.3; (b) CC6082 is a possible remnant of a SCC-like element that forms a composite 

element with SCCmec VII as discussed in section 1.4.3.7; (c) SCCcapl has also been 

described in a methicillin-susceptible S. aureus (MSSA) isolate and encodes capsular 

polysaccharide type 1 encoded by the capl gene, a S. aureus virulence factor which makes 

the bacterial cell more resistant to phagocytosis (Luong et al., 2002). SCCcapl was found 

to be defective in mobilisation as it lacks the ccrA homologue and it harbours a ccrB3 

homologue with a nonsense mutation (Luong et ah, 2002); (d) A SCC-like element 

{SCC476) harbouring ccrABl and a putative fusidic acid resistance gene (fusC) as well as a 

restriction modification system encoded by hsdM, hsdR and hsdS was identified in a MSSA 

isolate (MSSA476) in a 2004 study and SCC476 was subsequently detected in a SCCmec 

type IVa element in MRS A isolates from Malta in 2010 (Holden et al., 2004; Scicluna et 

al., 2010). The following SCC-like elements have been described in CoNS species; (a) The 

S. epidermidis strain ATCC12228 was found to harbour a composite 57 kb SCC element 

which did not harbour mecA. The authors termed the SCC element a SCC-composite island
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(SCC-CI) because it harboured a smaller 19 kb SCC element (SCCpbp4) 

(Mongkolrattanothai et al., 2004). Both SCC-CI and SCCpbp4 harboured their own ccr 

complexes, ccrAB4 and ccrAB2, respectively (Mongkolrattanothai et a l ,  2004). SCCpbp4 

harbours genes encoding a penicillin-binding protein and a teichoic acid biosynthesis 

protein {pbp4 and tagF  genes respectively), as well as ccrAB2 flanked by classical SCC- 

specific terminal repeats, while SCC-CI harboured a second ccr complex (ccrAB4), three 

IS431 elements, and genes mediating resistance to heavy metals (cadmium and mercury 

resistance gene cluster) (Mongkolrattanothai et al., 2004). (b) The SCC element in the S. 

hominis (ATCC27844) termed SCC/226i  harboured no antibiotic resistance genes or MGEs 

but both IRs and DRs were present on either termini and a ccrABl allele was also identified 

(Katayama et al., 2003). The ccrAB4 genes have also been identified and located 

downstream of SCCwec IIA-IIE elements and SCCmec remnants in MSSA and MRSA in a 

previous study by Shore et al. (2008). This ccrAB4 complex exhibited 100% DNA 

sequence identity with ccrAB4 harboured by SCC-CI o f S. epidermidis strain ATCC12228 

(Shore et al., 2008) and this study also linked the ccrAB4 gene to the S>CCmec element with 

the same DNA sequence as links SCC-CI to SCC-pbp4 in S. epidermidis indicating that 

more o f the SCC-CI element may be present in these isolates. SCC and SCC-like elements 

that are harboured by CoNS species have not been as extensively investigated compared to 

SCCmec elements in S. aureus.

There have also been numerous reports recently regarding the arginine catabolic 

mobile element (ACME) which was first identified in a ST8-MRSA-IVa/USA300 MRSA 

strain in 2006 following whole genome sequencing (Diep et al., 2006). ACME elements 

have been described as SCC-like elements as they are integrated downstream of SCCmec,
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use the same attachment site for integration within orfiC as SCCmec. ACME is also flanked 

by repeat sequences similar to SCCmec elements and the SCCmec encoded ccr genes 

catalyse integration and excision o f ACME from the staphylococcal chromosome (Diep et 

al., 2006). ACME elements described to date range in size from 31 kb in ST8-MRSA-IVa 

to 34 kb in S. epidermidis (Diep et a l,  2006). ACME have been reported in the majority o f 

ST8-MRSA-IVa isolates investigated to date as well as a small number o f isolates 

representing other MRSA clones (Goering et al., 2007; Ellington et al., 2008; Monecke et 

al., 2009; Tenover and Goering, 2009; Shore et al., 2011). ACME appears to be more 

prevalent and more diverse among CoNS (Diep et al., 2006; Pi et al., 2009; Miragia et al., 

2009).

Diep et al. (2008) showed by constructing isogenic mutants containing deletions of 

ACME and SCCmec in a USA300 MRSA clinical isolate that ACME contributes to the 

survival and enhanced virulence o f MRSA strains by demonstrating that deletion of the 

ACME element significantly attenuated the pathogenicity or fitness o f the USA300 strain 

whereas deletion o f the SCCmec IV element did not affect competitive fitness.

Substantial evidence has been reported in the literature for the horizontal transfer of 

SCCmec, SCC and SCC-like DNA between S. aureus and CoNS including S. epidermidis, 

S. haemolyticus, S. hominis and S. warneri (Wisplinghoff et al., 2003; Diep et al., 2006; 

Hanssen et al., 2004; Mongkolrattanothai et al., 2004; Miragia et al., 2005; Shore et al., 

2008; Zhang et al., 2009). CoNS may constitute a potentially significant reservoir for 

antibiotic resistance genes in S. aureus and may have a significant impact on the emergence 

o f novel MRSA strains (Hanssen and Sollid, 2004). The current knowledge base regarding
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SCCmec and SCC-like elements will very likely benefit from future investigations focused 

on CoNS.

1.5 MRSA typing methods

In order to develop effective strategies for controlling and preventing the spread o f MRSA 

in hospitals and communities, in-depth molecular characterisation o f MRSA is required 

(Deurenberg and Stobberingh, 2008). Antibiogram-resistogram (AR) typing is an 

antimicrobial-susceptibility testing method often used for phenotypic typing of MRSA 

isolates in Ireland. In addition, several genotypic typing methods have also been developed 

including band-based typing methods that distinguish isolates based on different banding 

patterns following restriction digestion or PCR followed by agarose gel electrophoresis and 

sequence-based genotyping methods which can be used to investigate the genetic 

background o f MRSA isolates. The method used for typing MRSA depends on the purpose 

o f an epidemiological investigation. Outbreak situations require the use o f highly 

discriminatory typing methods to define the relatedness o f isolates recovered in a hospital 

unit or ward, during a short period o f time. With long-term epidemiological investigations, 

the relationship between isolates recovered over years or decades or from extended 

geographic locations needs to be determined. In these types o f studies isolates may appear 

to be very different using a highly-discriminatory typing method even though they may 

share a recent common ancestor and therefore necessitate the use o f a typing method that is 

more stable over time. Until recently, the band-based typing method pulsed-field gel 

electrophoresis (PFGE) was still considered by many to be the gold standard for typing o f 

MRSA in outbreak situations. However, in recent years, the emphasis has moved towards 

sequence-based typing methods, such as multilocus-sequence typing (MLST) and
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sequencing of the S. aureus protein A gene (spa typing) which are often used in 

combination with SCCmec typing and offer unambiguous data when compared to band- 

based typing methods. Multilocus-sequence typing is considered to be the standard typing 

method for MRSA in long-term epidemiological investigations and is a recommended part 

of the suggested nomenclature for describing MRSA clones along with their respective 

SCC/wec types (Enright et al., 2002). High-throughput whole-genome sequencing 

technology has progressed rapidly in the last decade and may be considered the ultimate 

typing tool in the future. It has also facilitated progress in primer and probe design for 

microarray technologies. The following section discusses the uses o f some of the more 

commonly used typing techniques for MRSA. Whole-genome sequencing and microarray 

technologies will be discussed in chapters five and six respectively.

1.5.1 Antibiogram-resistogram typing (AR typing)

Antimicrobial susceptibility testing is often used at the initial stages of investigating any 

bacterial population, including MRSA. However, variation may occur in the expression of 

antibiotic resistance markers due to loss or gain of MGEs such as plasmids or transposons 

encoding antibiotic resistance determinants or mutations in genes targeted by antibiotics 

may also result in a resistance phenotype because of antibiotic pressures within hospitals 

(Rossney et ah, 1994). Antibiogram-Resistogram typing is a form of antimicrobial 

susceptibility testing in which isolates are discriminated based on their susceptibility to a 

panel of 23 antimicrobial agents (Rossney et al., 1994). The 23 antimicrobial agents 

include an extensive array of antimicrobials and chemicals, some of which are not in 

clinical use, thus antibiotic pressure has a reduced affect on an isolate’s AR type (Rossney 

et a l, 1994). Isolates are assigned an AR type number based on the susceptibility pattern
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obtained (see Table 1.1 for commonly occurring AR type patterns). If there are any 

discrepancies in a susceptibility pattern of an isolate, such as resistance to an antimicrobial 

agent that is not normally associated with that AR type, this may indicate a variant of an 

AR type caused by the integration of a MGE into the chromosome of the isolate or a 

mutation in a gene or loss of a resistance gene. AR typing is relatively inexpensive, easy to 

use and allows large numbers of isolates to be typed rapidly (Rossney et al., 1994). 

However, it is widely accepted that in order to comprehensively characterise MRSA 

isolates, the isolates need to be investigated at a molecular level.

1.5.2 Pulsed-field gel electrophoresis (PFGE)

Pulsed-field gel electrophoresis of S. aureus genomic DNA after digestion with a restriction 

endonuclease that cleaves DNA infrequently e.g. Smal for S. aureus is one of the most 

discriminatory typing techniques for S. aureus. It is considered by many to be the gold 

standard for investigations of MRSA outbreaks in a hospital setting as well as hospital to 

hospital transmission due to its high discriminatory power which is due to the fact that it 

detects genetic variation that can accumulate rapidly (Deurenberg and Stobberingh, 2008). 

Staphylococcus aureus genomic DNA is digested with a rare-cutting restriction 

endonuclease such as Smal m d  the resulting fragments are separated by PFGE in which the 

direction of the electric field is changed periodically to allow larger fragments to be 

separated, as all linear double-stranded DNA molecules that are larger than ca. 50 kb 

migrate through agarose gels at the same rate (Fig. 1.4). The resulting banding patterns are 

then analyzed by visual inspection using the criteria proposed by Tenover et al. (1995) 

(Table 1.2) and by computer-assisted analysis of gel images using, for example, the Gel 

Compar software in the Bionumerics software package (Applied Maths, Sint-Martens-
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Latem, Belgium). The proposal by Tenover et al. (1995) for interpreting PFGE banding 

patterns (in outbreak situation only over relatively short period o f time) suggested that 

bacterial isolates yielding the same PFGE profile are considered as belonging to the same 

strain and isolates exhibiting PFGE patterns that differ by a single genetic event such as the 

acquisition or loss o f a MGE, which is reflected by one to three band differences, are 

considered as closely related. Isolates exhibiting PFGE profiles with four to six band 

differences, which reflect two genetic events, are to be considered possibly related and 

isolates exhibiting PFGE profiles with six or more band differences representing three or 

more genetic events were considered unrelated (Table 1.2) (Tenover et al., 1995). 

However, the proposal by Tenover et al. (1995) does not consider a single genetic event 

such as a rearrangement event resulting in the relocation o f a restriction site which may 

increase the size o f one fragment length while decreasing another fragment length resulting 

in four band differences between two PFGE patterns and two rearrangements could result 

in eight band differences (Goering, 2010). PFGE patterns may also be unaffected by 

genetic events that occur in between two restriction sites, thus two isolates that differ by a 

single genetic event may not be detected by analysing PFGE patterns (Goering et al., 

2010).

PFGE is time-consuming, expensive and laborious and intra- laboratory 

comparisons o f complex banding patterns can be difficult (Rossney et al., 2006). In 

addition, PFGE is generally considered inadequate in long-term epidemiological 

investigations or population studies due to the rapid accumulation o f variation that it detects 

because clones that have arisen decades ago will have undergone a lot o f variation making 

it difficult to discern whether it’s descendants are derived from a common ancestor.
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Fig 1.4 Examples of pulsed-field gel electrophoresis fingerprint patterns obtained by 

digesting total genomic DNA from MRSA isolates with a rare cutting restriction 

endonuclease (Smal) followed by separation of the resulting band fragments based on 

fragment size by PFGE, staining with ethidium bromide and visualisation of the band 

patterns on a UV transilluminator. Band patterns are subject to visual inspection and 

computer-assisted analysis using the Gel Compar software in Bionumerics (Applied 

Maths, Sint-Martens-Latem, Belgium). PFGE profiles were assigned 5-digit pulsed field 

type (PFT) numbers using the guidelines of Tenover (Tenover et al, 1995). PFTs that 

differed by 6 bands or less were assigned to the same PFT groups (PFG). Lanes 1 and 

15; lambda DNA ladder (Promega Corporation, Madison, Wl), lanes 2, 4, 6, 8, 10, 12 

and 14; AR06 isolates and lanes 3, 5 ,1,9 ,  11 and 13; AR43 isolates. AR06 and AR43 

isolates do not appear to be closely related (i.e. more than 7 band differences). 

Unpublished data taken from a study by Shore et al. (2005).





Table 1.1 Resistance profiles of the most commonly-occurring AR types of MRSA 

recovered from patients in Irish hospitals from 1999-present day.

AR type Resistance pattern
AR06.1 Ap
AR06.1 + C p Ap, Cp
AR06.3 Ap, Cd
AR06.3 + Cp Ap, Cd, Cp
AR06.5 Ap, Cd, Er
AR06.5 + Cp Ap, Cd, Cp, Er
AR06.6 Ap, Er
AR06.6 Ap, Cp, Er
AR07.0 Ak*, Ap, Cd, Cp, Er, Kn, Ln, Nm, Sp, Tb
AR07.0 + Mp Ak*, Ap, Cd, Cp, Er, Kn, Ln, Mp, Nm, Sp, Tb
AR07.2 Ak*, Ap, Cd, Cp, Er, Kn, Nm, Sp, Tb
AR07.2 + Fd Ak*, Ap, Cd, Cp, Er, Fd, Kn, Nm, Sp, Tb
AR07.3 Ak*, Ap, Cp, Er, Kn, Nm, Sp, Tb
AR07.4 Ak*, Ap, Cp, Er, Kn, Ln, Nm, Sp, Tb
AR13.0 Ak*, Ap, Cd, Cp, Eb, Er, Gn, Kn, Ln, Me, Nm, Pma, Sm, Sp, Tb
AR13.0 + Cp Ak*, Ap, Cd, Eb, Er, Gn, Kn, Ln, Me, Nm, Pma, Sm, Sp, Tb
AR13.0 + Tp Ak*, Ap, Cd, Cp, Eb, Er, Gn, Kn, Ln, Me, Nm, Pma, Sm, Sp, Tb, Tp
AR13.1 Ak*, Ap ,Cd, Cp, Eb, Er, Gn, Kn, Ln, Me, Mp, Nm, Pma, Sm, Sp, Tb
AR13.1+ Rf Ak*, Ap, Cd, Cp, Eb, Er, Gn, Kn, Ln, Me, Mp, Nm, Pma, Rf, Sm, Sp, Tb
AR13.1 Ak*, Ap, Cd, Cp, Eb, Er, Gn, Kn, Ln, Me, Mp, Nm*, Pma, Sm, Sp, Tb
AR13.1+Tp Ak*, Ap, Cd, Cp ,Eb, Er, Gn, Kn, Ln, Me, Mp, Nm, Pma, Sm, Sp, Tb, Tp
AR14.0 Ak*, Ap, Cd ,Cp, Eb, Er, Gn, Kn, Me, Nm, Pma, Sm, Sp, Tb
AR14.2 Ak*, Ap, Cd, Cp, Eb, Er, Gn, Kn, Me, Mp, Nm, Pma, Sm, Sp, Tb
AR14.4 Ak*, Ap, Cd, Cp, Eb, Er, Gn, Kn, Me, Nm, Pma, Sm, Sp, Tb, Tp
AR14.4 + Mp Ak*, Ap, Cd, Cp, Eb, Er, Gn, Kn, Me, Mp, Nm, Pma, Sm, Sp, Tb, Tp
AR14.4 + Mp & Fd Ak*, Ap, Cd, Cp, Eb, Er, Fd, Gn, Kn, Me, Mp, Nm, Pma, Sm, Sp, Tb, Tp
AR43 Ap, Cd*, Cp, Er, Kn, Nm, Sm, Sp, Tp
AR43 + Te Ap, Cd*, Cp, Er, Kn, Nm, Sm, Sp, Te, Tp
AR43 + Cd Ap, Cd, Cp, Er, Kn, Nm, Sm, Sp, Tp
AR43 + Mp Ap, Cd*, Cp, Er, Kn, Mp, Nm, Sm, Sp, Tp
AR43 Ap, Cp, Er, Kn, Nm, Sm, Sp ,Tp

Resistance profiles for com m only occurring AR types taken from the North/South study o f  
M RSA in Ireland, (1999). Abbreviations: Ak; amikacin, Ap; am picillin, Cd; cadmium 
acetate/cadmium nitrate, Cp; ciprofloxacin, Eb; ethidium bromide, Er; erythromycin, Fd; fusidic 
acid, Gn; gentamycin, Kn; kanamcin, Ln; lincom ycin, Me; mercuric chloride, Mp; mupirocin, 
Nm; neom ycin, Pma; phenyl mercuric acetate, Rf; rifampicin, Sm; streptomycin, Tb; 
tobramycin, Te; tetracycline and Tp; trimethoprim. Resistance to chloramphenicol, 
sulphonamide or vancom ycin w as not observed in any A R  type. A R  type follow ed by +; 
additional resistance phenotype associated with AR type, * Intermediate resistance level.



TABLE L2. Tenover’s guidelines for interpreting PFGE patterns of discrete sets of 

MRSA isolates during potential outbreaks*

Category No. of genetic Typical no. of fragm ent Epidemiological

differences differences com pared interpretation

com pared  with to  outbreal< pattern

ou tb reak  strain

Indistinguishable 0 0 Isolate is part of the 

outbreak

Closely related 1 2-3 Isolate is probably part of 

the outbreak

Possibly related 2 4-6 Isolate is possibly part of 

the outbreak

Different >3 Isolate is not part of the 

outbreak

*From Tenover et  a i ,  1995



Differentiating clonal populations o f MRSA that exhibit limited genetic diversity can also 

be problematic with PFGE because if there is limited genetic diversity within a strain some 

epidemiologically unrelated isolates may, by chance, have similar or indistingushable 

PFGE patterns. In Ireland, the AR type o f an isolate is commonly combined with the PPG 

to differentiate strains and in Ireland the most prevalent AR-PFG type combination is AR- 

PFG 06-01, which has predominated in Irish hospitals since the early 2000s (Rossney et al., 

2006). However, recent advances in molecular typing methods have resulted in PFGE being 

replaced in many typing centers and'research studies by DNA sequencing based typing 

methods.

1.5.3 Multilocus-sequence typing (MLST)

Multilocus sequence typing (MLST) is a DNA sequencing-based typing method that has 

been used to characterise a range o f bacterial species as well as other organisms including 

yeasts and fungi. In the case o f S. aureus, seven housekeeping genes are sequenced in part 

and the sequences are compared to those in the corresponding MLST database 

(http://saureus.mlst.net) (Fig. 1.5). Each gene is assigned a distinct allelic number and the 

combination o f the alleles o f the seven housekeeping genes gives an allelic profile, which is 

allocated a sequence type (ST) number (Fig. 1.5). Different STs can then be assigned to 

clonal complexes (CC) using the eBURST (based upon repeated sequence types) algorithm 

for the analysis o f the evolutionary relatedness o f isolates (Feil et al., 2004). MRSA isolates 

are assigned to the same CC if  a minimum o f 5/7 MLST alleles are identical to at least one 

other ST within that CC (Enright et al., 2000). MLST is an efficient tool for the 

investigation o f clonal evolution as it uses the seven housekeeping genes, which are stable 

over a sufficient length o f time for long-term epidemiological investigations. MLST data is
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also highly portable and unambiguous. However, MLST is not the most discriminative 

method for short-term studies. It is also time-consuming, laborious and expensive when 

compared to DNA sequencing-based typing methods such as spa typing which involve 

sequencing of a single gene only.

1.5,4 spa typing

spa typing is a genotypic typing approach that involves sequencing of an internal region of 

the S. aureus spa gene encoding protein A. This typing method differentiates MRSA strains 

based on variability within the polymorphic X region of the spa gene (Fig. 1.6). The 

polymorphic X region consists of a variable number of 21-27 bp tandem repeats (VNTRs), 

which vary in their composition due to deletion and duplication of the repetitive units as 

well as point mutations resulting in different spa types (Shopsin et ah, 1999; Mellmann et 

al., 2007). Results can be submitted to a spa server housing a centralised database where 

ca. 7,500 spa types have been submitted to date. This includes 431 different spa repeats and 

a total of ca. 149,000 S. aureus isolates from 76 countries. The spa typing technique is an 

effective epidemiological typing tool that is rapid, cost effective and requires minimal 

expertise with good inter-laboratory comparability. The discriminatory value of the spa 

gene is higher compared to the seven housekeeping genes used for MLST but it does not 

surpass the discriminatory power of PFGE (Shopsin et al., 1999). The variation rate of the 

polymorphic region of the spa gene means it is useful for short-term epidemiological typing 

(Shopsin et al., 1999). However, it is also useful in long-term studies particularly because 

the MLST ST and/or CC of an isolate can be predicated from the spa type since an isolate’s 

spa type is lineage (CC/ST)-specific (Cookson et a l,  2007; Mellman et a l,  2007). In
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Fig. 1.5 Multilocus sequence typing (MLST) for S. aureus includes seven housekeeping 

genes {arcC, aroE, glpF, gmk, pta, tpi and yqiP) situated around 70% of the S. aureus 

genome (represented by the black circle) which are targeted for amplification using 

published primers and PCR conditions that can be viewed on the MLST website 

http://www.mlst.net (Enright et a l, 2000). Sequenced amplimers are compared to 

known alleles for each housekeeping gene that have been published on the MLST 

website. The combination o f the seven alleles for an isolate is assigned a sequence type 

(ST) and if 5/7 alleles are identical in two isolates they are assigned to the same clonal 

complex (CC).



1514R
spa 113F spa

X region

Fig. 1.6 Structure of the S. aureus protein A gene {spa), spa typing involves the 

amplification of the polymorphic X region near the 3' end of the spa gene using a 

forward primer {spa 113 F) and a reverse primer {spa 1514R) as described by the 

European Network of Laboratories for Sequence Based Typing of Microbial Pathogens 

(SeqNet, www.seqnet.org.). spa types are assigned using the Ridom Staphtype software 

package version 1.5 beta (Ridom GmbH) and the SpaServer website 

(http://spaserver2.ridom.de). spa types are assigned based on the variable quantity of 

repeat units within the polymorphic X region and the variation within the repeat units. 

Abbreviations: S; gene coding for signal sequence, A-E; immunoglobulin G-binding 

regions, X; polymorphic X region. Adapted from Shopsin et ai, 1999.



addition, the ‘based upon repeat pattern’ (BURP) algorithm was recently appended to the 

spa typing technique to infer clonal relatedness between spa  repeat regions.

It should be noted that many national S. aureus reference laborotories in other 

countries now use spa typing as an alternative to MLST and PFGE (Grundmann et al., 

2010; Personal communication). Similar typing techniques targeting polymorphism in a 

single coding or non-coding region o f DNA have been investigated including the use the 

coagulase gene (coo) repeat region nucleotide sequences for long-term typing o f S. aureus 

(Shopsin et al., 2000) and more recently the use o f the direct repeat unit {dru) region which 

is located in the hypervariable region between mecA and \S431mec o f SCCmec has shown 

potential for differentiating between MRSA isolates from Scotland that exhibited limited 

diversity by PFGE (Witte et al., 2001; Goering et al., 2008). dru typing will be discussed 

further in Chapter 3.

1.6 Evolution of MRSA

It is now widely accepted that in order to characterise MRSA isolates, each isolate needs to

be analysed using the combination of SCCmec typing and identification o f the genotypic

background using MLST or spa typing, (i.e. ST22-MRSA-IVh) (Enright et al., 2002).

Thousands o f MRSA strains have undergone MLST analysis and currently there are 1,859

STs (accession date: 03.12.10) listed in the MLST database (http://saureus.mlst.net). The

prevalent HA-MRSA clones have been identified among relatively few CCs (CCS, CC8,

CC22, CC30 and CC45) (Enright et ah, 2002; Robinson & Enright, 2003). Community-

associated MRSA appear to have evolved separately from HA-MRSA and the main CA-

MRSA genotypes identified include C C l, CCS, CC30, CC59 and CC80 (Skov and Jensen,

2009). It is not clear why certain MRSA clones are unable to thrive in certain locations
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when they are successful in other locations. One example o f such a strain is the ST247- 

MRSA-Ia clone that predominated in the 1990s in Spain, Belgium and Portugal as well as 

the Czech Republic, Poland, Sweden, Italy, Scotland, Germany and the Netherlands but 

according to Shore et al. (2005), it has only occurred sporadically in Ireland (Deplano et 

al., 2000; Oliveira et al., 2001; Krzyszton-Russjan et al., 2002; Murchan et a l, 2003; Shore 

et al., 2005).

The general consensus from the literature is that the SCC/wec element has 

transferred into S. aureus clones on numerous occasions and that the SCCmec element has 

evolved since its initial introduction into the S. aureus genome. Evidence for multiple 

transfers o f SCCmec into MSSA were reported by Enright et al. (2002) that suggested that 

for one type o f SCCwec to be present in more than one lineage or ST, indicates multiple 

transfers of the SCCmec element into S. aureus (Enright et al., 2002). Further recent 

evidence for SCCwec transfer into different MSSA clones includes the acquisition S>CCmec 

types IV and V by CA-MSSA (Udo et al., 1993; O ’ Brien et al., 2004) and the acquisition 

o f the SCCwec V element by the ST398 LA-MRSA clone (discussed in section 1.4.3.5) 

which is distinct from other MRSA clones and is untypeable by PFGE using Sm al as the 

restriction enzyme and other typing methods do not offer enough discrimination (Bens et 

al., 2006). Another recent example o f SCCmec acquisition in a HA-MRSA isolate includes 

the acquisition o f the recently identified SCCmec type VIII by a STS clone {spa type t008) 

which had a similar genotypic background to the archaic clones that were prevalent in the 

1960s, (discussed in section 1.4.3.8) (Zhang et al., 2009).

Certain MRSA clones appear to be more capable o f carrying SCCmec elements and 

conversely the SCCmec elements associated with CA-MRSA appear to have higher
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capabilities for spreading among MRSA clones compared to HA-MRSA. Indeed, SCCmec

types IV and V, which were considered genetic markers for CA-MRSA, have now become

associated with prevalent MRSA clones in hospitals and healthcare settings as well as in

the community in numerous countries worldwide including Australia (Udo et al., 1993;

Coombs et al., 2006), UK (Otter et al., 2004), the USA (CDC, 2003; Mcdougal et al., 2003;

Diep et al., 2006; Tenover and Goering, 2009) and Ireland (Rossney et al., 2005; Rossney

et al., 2007). Additionally, SCCmec types IV and V elements have also been recently

associated with LA-MRSA (Moodley et al., 2006; IWG-SCC, 2009; FeBler et al., 2010;

Huber et al 2010; Schijffelen et al., 2010; Vanderhaeghen et al., 2010). It should be noted

that the recent integration o f a SCCmec type V element into a ST398 MSSA strain has

resulted in the emergence o f a highly successful MRSA clone in livestock (particularly in

pigs), which has caused infections in humans (Schijffelen et al., 2010; Wassenberg et al.,

2010). It should also be noted that the number o f novel SCCmec types, subtypes and SCC

elements being identified in recent years indicates that the potential for diversity among

SCCmec types is very significant. The possible integration o f novel SCCmec elements into

MSSA clones could eventually result in a very successful MRSA clone. Such clones may

occur sporadically in some countries while being prevalent in other countries as with the

ST247-MRSA-Ia clone (Shore et al., 2005). Recent studies have documented similarities

between CA-MRSA and sporadically-occurring MRSA in hospitals which include a high

level o f diversity in their genotypic background and frequent carriage o f SCCmec type IV

(de Sousa and de Lencastre, 2003). This study suggested that due to their limited antibiotic

resistance, certain sporadic MRSA isolates may have a reduced capacity for spread and

maintenance in the hospital environment, which was dominated by multi-drug resistant

MRSA clones, however sporadic clones may be in an advantageous position in a
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community environment which is free o f the biological cost o f maintaining multidrug 

resistance mechanisms (de Sousa and de Lencastre, 2003). There is little information in the 

literature regarding the evolutionary origins o f sporadic MRSA clones as well as their 

possible contributions to more prevalent MRSA populations. Further investigations into 

this potential reservoir may provide valuable insights into MRSA evolution.

1.7 MRSA in Ireland

The first report o f MRSA in Ireland occurred just 10 years after the initial report in England 

(Hone and Keane, 1971). Following major increases in its prevalence during the late 1970s, 

1980s and 1990s, MRSA have now been endemic in Ireland for over three decades 

(Coleman et al., 1985; Carroll et al., 1989; Rossney and Keane, 2002; Rossney et al., 2003; 

Rossney et al., 2006). The European antimicrobial resistance surveillance network (EARS- 

Net), which collates data on invasive S. aureus blood-stream infections was established in 

1998 to monitor antimicrobial resistance across Europe. Data collected by EARS-Net found 

that Irish HA-MRSA infections were among the highest in Europe with approximately 40% 

o f S. aureus infections attributed to MRSA during the mid 2000s (Fig. 1.7) (EARS-Net, 

2009). Since 2006, the proportions o f S. aureus blood-stream infections that were MRSA 

decreased from 42% in 2006 to 38.5% in 2007, 33.7% in 2008 and 27.1% in 2009 (Fig. 1.7) 

(EARS-Net, 2009). Although the trends in the proportions o f MRSA infections are 

decreasing in Ireland, they are still relatively high and compare to the UK and southern 

European countries (EARS-Net, 2009). According to the most recent report by EARS-Net, 

the lowest MRSA prevalence rates are still in the Netherlands (approximately 1%) and the 

Nordic countries (approximately < 3%) where increasing trends have been observed in 

recent years possibly due to CA-MRSA. Significant decreases in the percentage o f MRSA
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Fig. 1.7 Trends for Staphylococcus aureus I mQ\\\\c\Wm resistant S. aureus (MRSA) 

bloodstream infections and the proportion of S. aureus infections attributed to MRSA 

including percentages from 1999 to 2010*. (Adapted from EARS-Net) (accession 

date 05/10/10). A more accurate indication o f MRSA proportions over the time 

period is obtained from the percentages due to increasing numbers o f laboratories 

reporting to EARS-Net in the preliminary years. * Preliminary data for 2010 using 

quarter 1 and 2 of 2010.
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proportions have been reported in France (33% in 2002 to 24% in 2008), Slovenia (21% in 

2000 to 7% in 2007) and the UK (44% in 2005 to 31 % in 2008). Both Malta and Portugal 

reported proportions o f MRS A over 50% in 2008, o f which Portugal has seen an increasing 

trend since 2000. In Ireland, a study by Shore et al. (2005) undertook an in-depth molecular 

characterisation o f representative nosocomial MRSA isolates recovered in Irish hospitals 

between 1971 and 2002 to identify the major clones that predominated in Ireland during 

this time period. The study found that the earliest MRSA, recovered during the 1970s and 

the early 1980s, belonged to ST250-MRSA-I or ST250-MRSA-I - pis. This clone was 

displaced in the mid to late 1980s by ST239-MRSA-IIlwer or the variant ST239-MRSA- 

\\\mer - p/255 & Tn55^. This in turn was displaced in the early 1990s by ST8-MRSA-II 

(IIA-IIE) and by 1999 ST36-MRSA-II and ST22-MRSA-IV were also among the 

predominant clones. ST22-MRSA-IV was the predominant MRSA clone by 2002 (Shore et 

al., 2005). It should be noted that a number o f MRSA clones that were predominant in 

other countries were recovered in Ireland but never predominated i.e. ST5-MRSA-II and 

ST247-MRSA-Ia (Shore et al., 2005). Thus the study by Shore et al. (2005) demonstrated 

that there have been major changes in the predominant MRSA genotypes in Ireland since 

MRSA became endemic in the late 1970s, but also revealed a previously unrecognized 

level o f diversity within S>CCmec elements. It should also be noted that the first report of a 

CA-MRSA infection in Ireland was reported in 2005 by Rossney et al. (2005). While CA- 

MRSA are usually reported as being genetically distinct (i.e. usually harbour SCCmec IV 

or V) and phenotypically distinct from HA-MRSA as the strains are typically more 

susceptible to a wider range o f antibiotics and may often produce PVL as discussed in 

section 1.3.1, in Ireland, there appears to be no unique marker or combination o f markers

36



that can substitute for descriptive epidemiology for defining CA-MRSA (Rossney et al., 

2007).

Molecular typing has shown that each decade since the 1970s and early 1980s has 

been associated with a major shift in the predominant MRSA clonal type in Irish hospitals 

(Shore et a l,  2005). Since the late 1990s, a strain designated locally as AR-PFG 06-01, 

belonging to the international MRSA clone classification ST22-MRSA-IV, which is similar 

to the UK epidemic strain EMRSA-I5 has predominated in Irish hospitals and its 

prevalence increased from 22% in 1999 to 80% in 2003 (Shore et al., 2005; Rossney et al., 

2006). EMRSA-15 (ST22-MRSA-IV) was first reported in England in 1991 by Richardson 

and Reith (1993) and has since been described as a pandemic strain as it has been reported 

in numerous countries worldwide including Australia, Azores, Barnim, Canada, Germany, 

Malta, Ireland, spain and the UK (Richardson and Reith, 1993; Johnson et al., 2001; Hsu et 

al., 2005; Smith et al., 2005; Melter et al., 2006; Rossney et al., 2006; de Sousa et al., 

2008; Goering et al., 2008; Monecke et al., 2008; Scicluna et al., 2010). It has also been 

described among patients with HA-MRSA (Pearman et al., 2001; Perez-Roth et al., 2004; 

Udo et al., 2008; Wolter et al., 2008; Coombs et al., 2009), CA-MRSA (Faria et al., 2005; 

Rossney et al., 2007; Marchese et al., 2009; Boakes et al., 2010) and among companion 

animals (Carroll et al., 1995; O'Mahony et a l, 2005; Moodley et al., 2006).

While one particular MRSA strain may be the predominant strain in a particular 

setting such as is the case in Ireland, previous examples have shown that predominant 

MRSA strains may be displaced after a certain period of time (De Sousa et al., 1998; 

Amorim et al., 2002; Pe'rez-Roth et al., 2004; Shore et al., 2005). Possible reservoirs from 

which future predominant MRSA clones may emerge should be considered for
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investigation and these may include previously investigated reservoirs such as previously 

predominant MRSA clones that may now occur sporadically in a region, importation o f 

MRSA clones from other countries and zoonotic spread o f MRSA clones. Furthermore, a 

reservoir that has not previously been investigated in Ireland in any depth, includes 

sporadically-occurring MRSA isolates. The most recent report from EARS.net (EARS.net, 

2009) shows that the proportions o f S. aureus infections since 2007 are decreasing across 

Europe, however it should be noted that this data is only for bloodstream infections. It is 

possible that the emergence o f one or more novel MRSA clones could occur displacing 

other established MRSA clones.

1.8 The role of virulence factors in MRSA prevalence

MRSA isolates harbour genes encoding an impressive array o f antimicrobial 

resistance determinants however, virulence factors also play an important role in 

determining the pathogenesis o f MRSA infections (Skrupky et al., 1998). The role of 

microbial surface components recognizing adhesive matrix molecules (MSCRAMM) at the 

initial stages o f infection facilitates adherence to foreign materials such as catheters as well 

as host tissues thereby providing a critical step in establishing an infection (Lowy et al., 

1998). Other important virulence factors include exoenzymes and toxins. Exoenzymes 

include proteases, lipases and hyaluronidases, which may cause tissue destruction and 

facilitate spread o f infection, and there are numerous toxins which may be produced 

including haemolysins, leukocidins, exfoliative toxins {etD and edinB), toxic shock 

syndrome toxin (TSST-1), enterotoxins and PVL. Exfoliative toxins cause staphylococcal 

scalded skin syndrome, a disease predominantly affecting infants and characterized by the 

loss o f superficial skin layers, dehydration and secondary infections. Toxic shock syndrome
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toxin and staphylococcal enterotoxins such as entA, entB, the egc etc, may induce massive 

cytokine production, which may result in toxic shock syndrome and sepsis. PVL is an 

important virulence factor which has been associated with an increased virulence in CA- 

MRSA (Lowy et al., 1998; Vandenesch et al., 2003) (see sections 1.1 and 1.3.1). The 

immune evasion cluster (lEC) is an important virulence factor which is involved in 

bacterial attachment and immune evasion. Until recently SCCmec elements were only 

associated with resistance determinants. However, Queck et al. (2009) reported a toxin 

which has the ability to kill white and red blood cells and significantly affect the capacity 

o f MRSA to cause disease (Queck et al., 2009). This potent toxin was encoded by psm-mec 

which was found to be located on SCCwec types II, III and VIII (Queck et al., 2009). This 

finding was significant as the presence o f a virulence factor in SCCmec may give the 

element and therefore the isolate harbouring the element a fitness or survival advantage in 

the absence o f antibiotic selective pressure.

1.9 Aims of the present study

1.9.1 Enhanced discrimination of highly clonal ST22-MRSA-IV isolates recovered 

from an Irish hospital between 2007 and 2008

Currently there is no effective method for subtyping o f currently endemic ST22-MRSA-IV 

(AR-PFG 06-01) isolates which are highly-clonal, difficult to differentiate using currently 

available typing methods and account for >80% of isolates in Irish hospitals. Thus tracking 

o f this strain within a hospital setting is difficult using established typing techniques as they 

exhibit similar PFGE patterns, a limited number o f spa types, SCCmec IV and ST22. One 

objective o f the present study was to investigate the efficacy o f a relatively novel typing 

method, dru typing, in combination with PFGE and spa typing to discriminate among
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highly clonal ST22-MRSA-IV isolates recovered in an Irish hospital where ST22-MRSA- 

IV is endemic and to investigate the potential o f the combined integrated typing approach 

to facilitate epidemiological tracking o f this MRSA strain.

1.9.2 Characterisation of sporadically occurring MRSA isolates recovered from Irish 

hospitals between 2000-2006 and animals between 2004-2006

Shore et al. (2005) has previously shown that in Irish hospitals displacement o f 

predominant MRSA clones has occurred on several occasions since the early 1970s. The 

current endemic MRSA strain, ST22-MRSA-IV, has been prevalent since the early 2000s. 

However the prevalence rates o f MRSA associated with S. aureus bloodstream infections 

has declined since 2007 (EARS-net, 2009). Possible displacement o f ST22-MRSA-IV may 

occur sometime in the future and a novel endemic MRSA strain may emerge.

1.9.2.1 Objectives

• To investigate the genotypes and SCCmec types o f a selection o f 49 sporadically- 

occurring MRSA isolates from patients in Irish hospitals between 2000 and 2006 

and nine sporadically occurring MRSA isolates from horses between 2004 and 

2006. All sporadic MRSA isolates were selected based on AR-PFG typing results. 

Genotyping o f all MRSA isolates was performed using spa typing, SCCmec typing 

and MLST.

• Another objective o f  the present study was to use a DNA microarray (Staph-type 

kit) to perform in-depth molecular characterisation o f a selection o f the sporadic 

MRSA isolates in order to compare SCCmec and genotype assignment by the DNA 

microarray with SCCmec typing by standard multiplex PCRs and genotype 

assignment by MLST, respectively.
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• To investigate the prevalence o f antimicrobial resistance genes and virulence gene 

among sporadic MRSA isolates using the DNA microarray.

• To characterise novel S>CCmec types and subtypes identified
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Chapter 2 

Materials and Methods
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2.1 General Microbiological Methods

2.1.1 Bacterial culture media, storage and growth conditions

All MRSA isolates, unless otherwise stated, were cultured on Trypticase Soy Agar (TSA) 

plates (Oxoid Ltd., Hampshire, UK) and incubated overnight at 37°C in a static incubator 

(Gallenkamp, Leicester, UK). Isolates were stored in individual Protect bacterial preserver 

vials (Technical Services Consultants Ltd., UK) at -70°C and were cultured by removing a 

single bead from each vial using a sterile forceps, inoculating it onto a TSA plate followed 

by overnight incubation at 37°C in a static incubator (Gallenkamp). Individual colonies 

from these plates were subcultured onto fresh TSA plates and incubated for 18 h at 37°C.

2.1.2 Chemicals, enzymes, buffers and oligonucleotides

Unless otherwise indicated, all chemicals used were o f analytical grade or molecular 

biology grade and were purchased from the Sigma-Aldrich chemical company, (Tallaght, 

Dublin, Ireland). Tris-EDTA (TE) buffer was used routinely in many experiments and 

consisted o f 10 mM Tris-HCl and 1 mM EDTA (tetrasodium), pH 8. Tris-borate/EDTA 

electrophoresis (TBE) buffer was prepared at 5x concentration and consisted o f 0.45 M 

trizma base, 0.45 M boric acid, 0.01 M EDTA, pH 8. This was diluted in ultrapure water 

(section 2.1.3) to 0.5x concentration and was used as the buffer for agarose gel 

electrophoresis. A commercial blue/orange loading dye (Promega Corporation, Madison, 

Wisconsin, USA) was used for loading DNA samples on to agarose gels for electrophoresis 

and for tracking migration during electrophoresis. Proteinase K, lysozyme and lysosptaphin 

solutions were prepared using molecular biology reagent water (Sigma-Aldrich) to the 

concentrations stated in the Qiagen DNeasy kit protocol, (Qiagen, Crawley, West Sussex, 

UK). All enzymes and buffers were purchased from Promega and stored at -20°C.
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2.1.3 Water

The Milli Q Biocel system (Millipore Ireland, Carrigtwohill, Co. Cork, Ireland) was used to 

provide ultra-pure water used for the preparation of buffers and agarose gels. Molecular 

biology reagent water was purchased from Sigma-Aldrich and used in all PCR reactions 

and for DNA dilutions.

2.1.4 Identification of isolates as S. aureus and confirmation of methiciliin resistance

All isolates were identified as S. aureus at the national MRSA Reference Laboratory 

(NMRSARL) by detecting staphylocoagulase production using the tube coagulase test 

method which detects extracellular coagulase (Rossney et al. 1990) and isolates were also 

tested for the presence of clumping factor using the Pastorex^^ Staph-Plus kit (Bio-Rad, 

Hercules, California, USA). MRSA isolates required testing for both staphylocoagulase 

production and the presence of clumping factor because results may have been uncertain 

using the tube coagulase test method alone due to the following factors: (i) coagulase 

production by non staphylococcal species such as Pseudomonas aeruginosa and Serratia 

marcescens and coagulase production by non-5'. aureus staphylococcal species such as S. 

hyicus and S. intermedius, (Rossney et al., 1990) (ii) The tube coagulase test requires up to 

24 h for results however isolates producing fibrinolysin may be positive after 6 h 

incubation but negative after 24 h incubation and (iii) if an isolate's plasma's anticoagulant 

was acid citrate dextrose, bacteria that can utilise citrate may give a false-positive result 

(Rossney et al., 1990). If an isolate produced neither staphylocoagulase nor clumping 

factor, identification was based on the detection of thermostable deoxyribonuclease and if 

necessary, biochemical identification with API Staph identification strips (BioMerieux, sa, 

Marcy-I’Etoile, France) were performed as described previously (Rossney et al., 1994).
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Tests for methicillin resistance were undertaken at the NMRSARL using 10-)ig 

methicillin disks (Oxoid) on Columbia blood agar (International Diagnostics Group Pic. 

Bury, UK) containing 7% (v/v) defibrinated horse blood as described previously (Hewitt et 

al., 1969) and incubation at 30°C for 20 h. Isolates were also tested against 30-|j.g cefoxitin 

disks on BBL Mueller-Hinton II agar (MH) (Becton Dickinson and Company, Sparks, MD, 

USA) using Clinical and Laboratory Standards Institute (CLSl) methodology (CLSI 2006). 

Further confirmation o f an isolates susceptibility to either methicillin and/or cefoxitin was 

investigated by testing against oxacillin with l-(4,g and 5-|uig disks on Columbia Blood Agar 

(CBA) at 30”C. Isolates were tested for the production of PBP2' using the Mastalex^™ 

MRSA kit (Mast Diagnostics, Bootle UK) according to the manufacturer's instructions. The 

Mastalex^"’ MRSA kit involves an agglutination reaction between PBP2' and a monoclonal 

antibody specific for PBP2'. Oxacillin MICs were determined using the E-test^"’ system 

antibiotic gradient strips (AB Biodisk, Solna, Sweden). The presence o f  mecA was 

investigated in any isolate exhibiting an oxacillin MIC o f < 4 mg/L by PCR using the 

primers described by Oliveira and de Lencastre (Oliveira and de Lencastre, 2002).

All MRSA isolates were also investigated by a biotyping method which investigated 

hydrolysis of urea in Christensen's urea medium which contained Urea agar base, (Oxoid) 

with 2% (w/v) urea (Merck, Darmstadt, Germany). Urease production was used for 

interpretation purposes with AR typing (see section 2.2.1).
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2.2 AR typing and PFGE

AR typing and PFGE of all MRSA isolates included in this study was undertaken before 

the commencement o f this investigation by the NMRSARL located at St. James's hospital, 

Dublin.

2.2.1 AR typing

AR typing of all isolates was performed by disk diffusion and susceptibility was 

determined by two methods: The CLSI methodology was used for all MRSA isolates 

recovered after 2005 (CLSI, 2006; Rossney et al., 2007) and for all isolates recovered 

before 2005, the method described by Rossney et al. was used (Rossney et a l, 1994). The 

23 antimicrobials and breakpoints used in each method are listed in Table 2.1. Each isolate 

was assigned an AR type number based on the susceptibility pattern obtained. AR type 

numbers were assigned chronologically and 46 AR type numbers have been assigned to 

date i.e. AR01-AR46. For a list of the most frequently occurring AR types and subtypes 

since the 1990s, see Table 2.2. AR subtypes were identified based on slight variations to an 

existing patterns e.g. if an isolate lost a plasmid carrying a resistance gene, this was 

identified in the AR typing pattern due to the loss of that resistance phenotype. AR 

subtypes were identified by a third numeral in the AR type number e.g. AR06.1. An 

antimicrobial susceptibility pattern that shares no similarity to any known AR type is 

classified as unfamiliar (Unf). Isolates described as No Type (NT) display susceptibility 

patterns which indicate a certain AR type, but a urease production test (which is included in 

the final interpretation of AR type patterns), suggests that the isolate does not belong to this 

AR type e.g. AR06 is the most prevalent AR type in Irish hospitals and MRSA isolates that
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yield AR06 type patterns are usually urease negative. However an isolate that displays a 

susceptibility pattern associated with AR06 but is urease positive is reported as NT.

2.2.2 PFGE

PFGE involved extraction and digestion of chromosomal DNA from isolates using the 

method previously described by Rossney et al. (2006) for MRSA isolates recovered before 

2003 and the achromapeptidase method previously described by MacKenzie et al. (2002) 

was used for MRSA isolates recovered after 2003 and the rare cutting restriction 

endonuclease Sma\ was used to digest chromosomal DNA (Promega). 5'/waI-digested 

chromosomal DNA from the S. aureus reference strain NCTC 8325 was used as a control 

for all PFGE gels (Struelens et al., 1993). The clamped homogenous electrical field 

(CHEF) electrophoresis system and the CHEF DRIII PFGE system (Bio-Rad) were used 

for PFGE with 0.5x TBE as the electrophoresis buffer (see section 2.1.2), which was 

maintained at 4°C during electrophoresis by recirculation through a Bio-Rad chiller (Bio- 

Rad). Following PFGE, agarose gels were stained for 30 min with 0.5 mg/1 ethidium 

bromide, destained for 15 min in distilled water and examined using a UV transilluminator 

and photographed (Chapter 1, Fig. 1.4). Following visual inspection and computer-assisted 

analysis of gel images using the Gel Compar software in Bionumerics, PFGE profiles were 

assigned 5-digit pulsed field type (PFT) numbers using the guidelines of Tenover (Tenover 

et al., 1995). In Ireland, related PFTs are assigned blocks of 1000 numbers starting at 

00001, so a particular series of related PFTs are in the 00001-00999 group and the next 

group of related PFTs are in the group 01000-01999. Sporadically-occurring patterns are 

assigned a number within the series 99,000-99,999 in blocks of 100 numbers so that 

numbers are reserved for each sporadically occurring pattern to cater for future variants of
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Table 2.1 CLSI disk diffusion breakpoints for antibiogram-resistogram (AR) 
typing

Antimicrobial agent |o,g/disk
R (mm)

Breakpoints 
I (mm) S (mm)

Amikacin 30 14 15-19 20
Ampicillin 10 28 * 29
Cadmium acetate 130 10 11-15 16
Chloramphenicol 30 12 13-17 18
Ciprofloxacin 5 15 16-20 21
Erythromycin 15 13 14-22 23
Ethidium bromide 60 13 14 15
Fusidic acid 10 23 24-26 27
Gentamicin 10 12 13-14 15
Kanamycin 30 13 14-17 18
Lincomycin 2 14 15-16 17
Mercuric chloride 10 13 14 15
Mupirocin 5 12 13-19 20
Mupirocin 200 15 16-29 30
Neomycin 30 15 16-17 18
Phenyl mercuric acetate 10 24 25-28 29
Rifampicin 5 16 17-19 20
Spectinomycin 500 13 14-19 20
Streptomycin 25 13 14-15 16
Sulfonamide 300 12 13-16 17
Tetracycline 30 14 15-18 19
Tobramycin 10 17 18 19
Trimethoprim 5 10 11-15 16
Vancomycin 30 14 * 15
Antimicrobials used for AR typing, concentrations used in micrograms per disk 
(|j.g/disk) and breakpoints for each antimicrobial agent in millimetres (mm). 
Abbreviations: R; resistant, I; intermediate, S; susceptibility, * No intermediate 
breakpoint. (CLSI, 2006; Rossney et al, 2007).



Table 2.2 Resistance patterns of the most commonly-occurring AR types of MRSA 
from patients in Irish hospitals in 1999.

AR type Resistance pattern
AR06.1 Ap
AR06.1 + C p Ap, Cp
AR06.3 Ap, Cd
AR06.3 + Cp Ap, Cd, Cp
AR06.5 Ap, Cd, Er
AR06.5 + Cp Ap, Cd, Cp, Er
AR06.6 Ap, Er
AR06.6 Ap, Cp, Er
AR07.0 Ak*, Ap, Cd, Cp, Er, Kn, Ln, Nm, Sp, Tb
AR07.0 + Mp Ak*, Ap, Cd, Cp, Er, Kn, Ln, Mp, Nm, Sp, Tb
AR07.2 Ak*, Ap, Cd, Cp, Er, Kn, Nm, Sp, Tb
AR07.2 + Fd Ak*, Ap, Cd, Cp, Er, Fd, Kn, Nm, Sp, Tb
AR07.3 Ak*, Ap, Cp, Er, Kn, Nm, Sp, Tb
AR07.4 Ak*, Ap, Cp, Er, Kn, Ln, Nm, Sp, Tb
AR13.0 Ak*, Ap, Cd, Cp, Eb, Er, Gn, Kn, Ln, Me, Nm, Pma, Sm, Sp, Tb
AR13.0 + Cp Ak*, Ap, Cd, Eb, Er, Gn, Kn, Ln, Me, Nm, Pma, Sm, Sp, Tb
AR13.0 + Tp Ak*, Ap, Cd, Cp, Eb, Er, Gn, Kn, Ln, Me, Nm, Pma, Sm, Sp, Tb, Tp
AR13.1 Ak*, Ap ,Cd, Cp, Eb, Er, Gn, Kn, Ln, Me, Mp, Nm, Pma, Sm, Sp, Tb
A R13.1+Rf Ak*, Ap, Cd, Cp, Eb, Er, Gn, Kn, Ln, Me, Mp, Nm, Pma, Rf, Sm, Sp, Tb
AR13.1 Ak*, Ap, Cd, Cp, Eb, Er, Gn, Kn, Ln, Me, Mp, Nm*, Pma, Sm, Sp, Tb
AR13.1+Tp Ak*, Ap, Cd, Cp ,Eb, Er, Gn, Kn, Ln, Me, Mp, Nm, Pma, Sm, Sp, Tb, Tp
AR14.0 Ak*, Ap, Cd ,Cp, Eb, Er, Gn, Kn, Me, Nm, Pma, Sm, Sp, Tb
AR14.2 Ak*, Ap, Cd, Cp, Eb, Er, Gn, Kn, Me, Mp, Nm, Pma, Sm, Sp, Tb
AR14.4 Ak*, Ap, Cd, Cp, Eb, Er, Gn, Kn, Me, Nm, Pma, Sm, Sp, Tb, Tp
AR14.4 + Mp Ak*, Ap, Cd, Cp, Eb, Er, Gn, Kn, Me, Mp, Nm, Pma, Sm, Sp, Tb, Tp
AR14.4 + Mp & Fd Ak*, Ap, Cd, Cp, Eb, Er, Fd, Gn, Kn, Me, Mp, Nm, Pma, Sm, Sp, Tb, Tp
AR43 Ap, Cd*, Cp, Er, Kn, Nm, Sm, Sp, Tp
AR43 + Te Ap, Cd*, Cp, Er, Kn, Nm, Sm, Sp, Te, Tp
AR43 + Cd Ap, Cd, Cp, Er, Kn, Nm, Sm, Sp, Tp
AR43 + Mp Ap, Cd*, Cp, Er, Kn, Mp, Nm, Sm, Sp, Tp
AR43 Ap, Cp, Er, Kn, Nm, Sm, Sp ,Tp

Resistance profiles for commonly occurring AR types taken from the North/South study o f 
MRSA in Ireland, (1999). Abbreviations: Ak; amikacin, Ap; ampicillin, Cd; cadmium 
acetate/cadmium nitrate, Cp; ciprofloxacin, Eb; ethidium bromide, Er; erythromycin, Fd; fusidic 
acid, Gn; gentamycin, Kn; kanamcin, Ln; lincomycin. Me; mercuric chloride, Mp; mupirocin, 
Nm; neomycin, Pma; phenyl mercuric acetate, Rf; rifampicin, Sm; streptomycin, Tb; 
tobramycin, Te; tetracycline and Tp; trimethoprim. Resistance to chloramphenicol, 
sulphonamide or vancomycin was not observed in any AR type. AR type followed by +; 
additional resistance phenotype associated with AR type, * Intermediate resistance level.



such a pattern (Rossney et a i ,  2006). Groups o f related PFTs that differed by less than or 

equal to six bands were designated PFT groups (PFG) and were described by the first two 

digits o f their PFT e.g. PFG-00, PFG-01, PFG-02 etc. PFGs were combined with AR typing 

results to give AR-PFG types (Rossney et al., 2006).

2.3 Bacterial isolates

2.3.1 MRS A isolate groups

Four groups o f MRS A isolates were investigated in this study. The first group included 173 

MRSA isolates collected from Beaumont hospital (BH), Dublin during 2007 and 2008. 

Beaumont hospital is a 700-bed acute hospital located in Beaumont, North Dublin, Ireland. 

The second group o f MRSA isolates consisted o f 27 MRSA isolates recovered from Irish 

hospitals during the time period 1989-2002, which have previously been described in detail 

(Shore et al., 2005). These MRSA isolates were included for comparison with the BH 

MRSA isolates and two isolates (E l206 and El 174) recovered from 2002 was used for 

comparison with the third group o f isolates. The third group o f isolates consisted o f a 

selection o f  MRSA isolates representative o f the sporadic MRSA population recovered in 

26 Irish hospitals between 2000 and 2006. Sporadic isolates were selected for inclusion in 

this study if  they had an unusual PFGE pattern such as a PFT that was allocated into the 99 

series o f PFTs, an unfamiliar or NT AR type, or a AR-PFG type combination that was 

unusual. The fourth group o f isolates included 10 AR-PFG type 06-01 MRSA isolates, 

representative o f the prevalent endemic MRSA strain in Ireland that were collected from 

eight different Irish hospitals during the period 2003-2006. These were included in the 

study as MRSA isolates that were representative o f the endemic MRSA strain from the
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same time period as the sporadic MRSA isolates and prior to the investigation o f BH 

MRSA isolates.

2.3.1.1 Highly clonal ST22-MRSA-IV isolates recovered from Beaumont hospital (BH 

MRSA isolates)

MRSA isolates were collected from 90 patients and 83 environmental sites in four wards 

including a general medical ward, a renal ward, a general surgical ward and a vascular 

surgical ward in Beaumont hospital (Table 2.3). BH MRSA isolates were collected as part 

o f a larger research project undertaken in Beaumont hospital in collaboration with this 

laboratory to assess the impact o f environmental decontamination and improved hand 

hygiene on rates o f MRSA colonisation and infection (Creamer et al., 2010). 

Discriminating between isolates o f the highly clonal MRSA strain, ST22-MRSA IV, that is 

currently endemic in Irish hospitals, is difficult due to the limited genetic diversity 

exhibited by isolates o f this clone. Improving the discrimination o f ST22-MRSA-IV 

isolates was the primary objective for investigating the BH isolates used in this study. A 

combination o f genotyping techniques for differentiating among isolates o f ST22-MRSA- 

IV was investigated. The MRSA isolates were recovered over two six-week study periods 

in each o f the four wards between January 2007 and September 2008. Patients in these 

wards were considered representative o f the patients cared for in this hospital. Only MRSA 

isolates collected during 2007 (n=85) were investigated as part o f the present study, 

however, they will be discussed with the entire collection o f 173 isolates for interpretation 

reasons. Isolates recovered from patients and their immediate ward environments during 

the same six-week study period are referred to as “pairs o f isolates” (n = 18). One pair of 

isolates were recovered nine weeks apart. The remainder o f isolate pairs were recovered
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Table 2.3. MRSA isolates recovered from four wards of Beaumont hospital 

(BH MRSA isolates) (n=173)

Iso late
no.

S ource D ate of 
isolation

AR
type*

Pairs^ W a rd Pulsed-field 
type (PFT)'

2 P 28/05/2007 NT Luke's 02017
7 P 28/05/2007 06.1 Luke's 01018

298 E 20/06/2007 06.6 Luke's 01002
300 E 20/06/2007 06.6 Pair 11 Luke's 01018
303 E 20/06/2007 06.6 Luke's 01039
312 E 20/06/2007 06.6 Luke's 01002
315 E 20/06/2007 06.1 Luke's 01018

00145 P 02/07/2007 06.3 Luke's 01039
00349 P 11/07/2007 06.5 Luke's 01049
00365 P 13/07/2007 06.5 Luke's 01151

141 P 11/06/2007 06.6 Peter's 01063
183 P 12/06/2007 06.1 Peter's 01018
245 P 19/06/2007 06.3 Peter's 01018
163 E 11/06/2007 06.5 Peter's 01006
173 E 11/06/2007 NT Peter's 01039

00152 P 02/07/2007 06.1 Peter's 01039
00154 P 02/07/2007 06.5 Pair 12 Peter's 01002
00183 P 03/07/2007 06.6 Peter's 01018
00208 P 04/07/2007 Unf Peter's 01024
00224 E 04/07/2007 06.5 Peter's 01018
00223 E 04/07/2007 06.5 Peter's 01018
00226 E 04/07/2007 06.5 Pair 12 Peter's 01002
00238 E 04/07/2007 06.5 Pair 13 Peter's 01018
00240 E 04/07/2007 06.5 Peter's 01018
00303 P 09/07/2007 06.5 Pair 13 Peter's 01018
00312 P 09/07/2007 06.1 Peter's 01018
00262 P 06/07/2007 06.1 Peter's 01018
00379 P 13/07/2007 06.5 Peter's 01126
00471 E 30/07/2007 New03 AB Cleary 00041
00489 P 30/07/2007 06.1 Pair 02 AB Cleary 01042
00494 E 30/07/2007 06.1 Pair 02 AB Cleary 01042
00503 E 30/07/2007 NT AB Cleary 01039
00542 P 01/08/2007 06.6 AB Cleary 01030
00513 P 31/07/2007 06.1 AB Cleary 01024
00460 P 30/07/2007 06.6 Pair 03 AB Cleary 01039
00467 E 30/07/2007 06.6 Pair 03 AB Cleary 01039
00597 P 08/08/2007 06.1 AB Cleary 01018
00638 P 09/08/2007 06.5 AB Cleary 01049
00667 P 13/08/2007 06.5 AB Cleary 01024
00684 P 13/08/2007 06.1 Pair 04 AB Cleary 01039
00725 E 15/08/2007 06.5 AB Cleary 01039
00726 E 15/08/2007 06.1 Pair 04 AB Cleary 01063
00745 P 17/08/2007 Unf AB Cleary 01018
00777 P 20/08/2007 NT Pair 01 AB Cleary 01024
00795 E 21/08/2007 06.5 AB Cleary 01018
00801 E 21/08/2007 06.5 AB Cleary 01018
00804 E 21/08/2007 06.5 AB Cleary 01018
00831 E 22/08/2007 06.5 Pair 01 AB Cleary 01039
00833 E 22/08/2007 U nf AB Cleary 01146
00851 P 21/08/2007 06.5 Pair 05 AB Cleary 01018
00868 E 22/08/2007 06.5 AB Cleary 01018
00871 E 22/08/2007 06.5 AB Cleary 01018
00873 E 22/08/2007 06.5 AB Cleary 01039
00875 E 22/08/2007 06.5 AB Cleary 01039
00878 E 22/08/2007 06.5 Pair 05 AB Cleary 01039
00887 E 22/08/2007 06.5 Pair 11 AB Cleary 01018

Continued overleaf



Table 2.3 continued
Isolate

no.
Source D ate o f 

isolation
AR

ty p e '
Pairs^ W ard Pulsed-field 

type (PFT)'
00893 E 22/08/2007 06.5 AB Cleary 01018
00953 P 27/08/2007 06.5 AB Cleary 01018
00992 P 28/08/2007 06.5 AB Cleary 01018
01003 P 03/09/2007 06.1 AB Cleary 01024
01010 P 03/09/2007 06.6 AB Cleary 01039
01019 P 03/09/2007 06.1 AB Cleary 01039
01025 P 03/09/2007 06.6 AB Cleary 01039
01027 P 03/09/2007 06.6 AB Cleary 01042
01042 P 03/09/2007 06.5 AB Cleary 01039
01088 E 04/09/2007 06.5 AB Cleary 01039
01207 P 10/09/2007 NT AB Cleary 01042
01531 P 29/08/2007 06.1 AB Cleary 01088
01375 P 04/10/2007 U nf AB Cleary 01024
02014 E 20/11/2007 06.5 AB Cleary 01039
01258 P 05/10/2007 Unf Pair 14 Paul's 01024
01277 P 05/10/2007 06.6 Paul's 01039
01322 P 08/10/2007 06.6 Paul's 01039
01329 E 10/10/2007 Unf Pair 14 Paul's 01024
01395 P 10/10/2007 06.6 Paul's 01018
01569 P 07/11/2007 06.3 Paul's 01018
01438 E 07/11/2007 06.5 Paul's 01018
01573 E 07/11/2007 06.5 Paul's 01018
01623 P 29/10/2007 06.3 Paul's 01039
01625 P 29/10/2007 06.5 Paul's 01024
01629 P 29/10/2007 06.5 Paul's 01032
01647 P 31/10/2007 06.5 Paul's 01042
01669 P 01/11/2007 06.5 Paul's 01075
01844 P 12/11/2007 06.5 Paul's 01018
01905 P 15/11/2007 06.5 Paul's 01039
01894 P 13/11/2007 06.1 Paul's 01039
01959 E 19/11/2007 Unf Paul's 01018
01961 E 19/11/2007 06.5 Paul's 01018
01978 E 19/11/2007 06.5 Paul's 01049
01266 P 01/10/2007 06.5 Paul's 01042
01452 P 11/10/2007 13 Paul's 00216
01829 P 08/11/2007 06.5 Paul's 01018
02355 P 04/01/2008 06.3 Luke's 01114
02386 P 04/01/2008 06.5 Luke's 01075
02391 P 04/01/2008 06.5 Luke's 01006
02783 P 28/01/2008 06.6 Luke's 01002
02815 P 28/01/2008 06.1 Luke's 01039
02881 P 05/02/2008 06.3 Luke's 01039
02911 P 05/02/2008 06.5 Luke's 01039
03002 E 07/02/2008 06.5 Luke's 01018
03032 P 18/02/2008 06.5 Peter's 01022
03746 E 18/03/2008 06.6 Peter's 01039
03764 P 18/03/2008 06.6 Peter's 01018
03940 E 19/03/2008 06.5 Pair 06 Peter's 01018
03035 P 18/02/2008 06.5 Pair 15 Peter's 01039
03091 P 21/02/2008 06.6 Peter's 01042
03123 P 25/02/2008 Unf Pair 16 Peter's 01154
03201 E 28/02/2008 06.5 Peter's 01022
03213 E 28/02/2008 Unf Peter's 01154
03219 E 28/02/2008 Unf Pair 15 Peter's 01154
03222 E 28/02/2008 Unf Peter's 01154
03225 E 28/02/2008 Unf Peter's 01154
03288 E 04/03/2008 06.5 Pair 06 Peter's 01018
03300 E 04/03/2008 Unf Pair 16 Peter's 01154
03304 E 04/03/2008 06.5 Pair 06 Peter's 01018

Continued overleaf



Table 2.3 continued
Iso late

no.
S ource D ate of 

isolation
A R

ty p e '
Pairs^ W a rd Pulsed-field 

type (PFT)'
03308 E 04/03/2008 U nf Peter's 01154
03376 E 11/03/2008 U nf Peter's 01154
03626 P 10/03/2008 NT Peter's 01039
03638 E 11/03/2008 Unf Peter's 01154
03642 E 11/03/2008 U nf Peter's 01154
03646 E 11/03/2008 U nf Peter's 01154
03651 E 11/03/2008 06.5 Peter's 01154
03663 E 11/03/2008 Unf Peter's 01154
03693 E 11/03/2008 06.5 Peter's 01154
03832 E 10/04/2008 Unf Peter's 01154
03886 E 10/04/2008 06.6 Peter's 01018
03064 P 18/02/2008 U nf Peter's 01018
06443 E 21/08/2008 U nf Peter's 99083
04038 P 14/04/2008 06.5 Pair 07 AB Cleary 01018
04485 P 23/04/2008 06.5 AB Cleary 01039
04497 P 24/04/2008 06.3 AB Cleary 01039
04747 E 29/04/2008 06.3 AB Cleary 01018
04607 E 29/04/2008 06.5 AB Cleary 01156
04294 E 22/04/2008 06.5 Pair 07 AB Cleary 01018
05002 P 26/05/2008 06.5 Pair 08 AB Cleary 01042
05006 P 26/05/2008 06.6 AB Cleary 01024
05018 P 26/05/2008 06.1 AB Cleary 01018
05087 E 27/05/2008 06.6 AB Cleary 01049
05060 E 27/05/2008 06.6 Pair 18 AB Cleary 01049
05058 E 27/05/2008 06.6 Pair 18 AB Cleary 01049
05068 E 27/05/2008 06.5 Pair 08 AB Cleary 01024
05075 E 27/05/2008 06.3 AB Cleary 01018
05117 P 28/05/2008 06.6 Pair 18 AB Cleary 01049
05149 E 29/05/2008 06.3 AB Cleary 01018
05158 E 29/05/2008 06.3 AB Cleary 01018
05094 E 27/05/2008 06.3 AB Cleary 01018
05091 E 27/05/2008 06.3 AB Cleary 01018
05023 P 26/05/2008 06.3 AB Cleary 01018
05076 E 27/05/2008 06.3 AB Cleary 01018
05177 P 29/05/2008 06.3 AB Cleary 01018
02317 P 02/01/2008 06.5 Paul's 01018
05219 P 25/06/2008 U nf Pair 17 Paul's 01024
05239 P 26/06/2008 06.5 Paul's 01077
05245 P 30/06/2008 06.6 Pair 10 Paul's 01039
05327 E 01/07/2008 U nf Pair 17 Paul's 01024
05328 E 01/07/2008 06.6 Paul's 01039
05331 E 01/07/2008 06.6 Pair 10 Paul's 01039
05332 E 01/07/2008 06.6 Paul's 01039
05336 E 01/07/2008 06.6 Pair 09 Paul's 01039
05354 P 01/07/2008 Unf Paul's 01006
05295 E 09/07/2008 06.6 Pair 10 Paul's 01039
05412 E 03/07/2008 U nf Paul's 01024
05540 P 10/07/2008 Unf Paul's 00080
05599 P 14/07/2008 U nf Paul's 01018
05656 E 15/07/2008 Unf Paul's 01018
06314 P 07/08/2008 06.5 Paul's 01049
05996 P 05/08/2008 06.5 Paul's 01018
05840 E 17/07/2008 U nf Pair 09 Paul's 01006
05864 P 21/07/2008 06.6 Paul's 01039
05962 P 31/07/2008 06.5 Paul's 01049
06382 P 18/08/2008 06.5 Paul's 01018
06470 P 25/08/2008 06.5 Paul's 01047
06484 E 01/09/2008 06.5 Paul's 01047

‘Isolate antibiogram-resistogram (AR) and pulsed-field types (PFTs) were
determined by the NM SRARL. ^Isolate pairs included isolates from a patient and



the patient's immediate ward environment during the same six-weeic study period. 
Abbreviations: E; environment, P; patient, Unf; unfamiliar AR pattern or variant 
o f  a known AR pattern, NT; AR type pattern indicative o f  AR06 but urease 
positive. New03; An A R pattern identified in 1999 that was assigned the AR type 
name New03,



between one and 16 days apart (Table 2.3). In general, one isolate per patient or patient’s 

immediate ward environment was investigated. PFGE and AR typing were undertaken by 

the NMRSARL according to previously described methods (section 2.2) (Rossney et al., 

2007) prior to the commencement o f this investigation.

2.3.1.2 ST22-MRSA-1V (AR-PFG 06-01) isolates recovered between 1989 and 2002 

(Historical ST22-MRSA-1V isolates)

Twenty-seven MRSA isolates, which have previously been described in detail (Shore et al., 

2005), were included for comparison with spa typing and dru typing results for the 1st 

group o f MRSA isolates (BH MRSA isolates) and one isolate (AR06/1095) was included 

among a group o f comparator MRSA isolates for comparison o f spa typing, SCCmec 

typing and MLST with the third group o f MRSA isolates (The sporadic MRSA isolates) 

(Table 2.4). The isolates were recovered between 1989 and 2002 and represent ST22- 

MRSA-IV (AR-PFG 06-01) isolates that were among the predominant MRSA strains 

among patients in Ireland during this time period. MRSA isolates recovered prior to 1999 

were from Dublin hospitals only. MRSA isolates from 1999 were recovered from patients 

in hospitals that participated in the North/South study o f MRSA in Ireland, a two week 

prevalence study o f  MRSA in both the Republic o f Ireland and the North o f Ireland. 

(Rossney et al., 2003). MRSA isolates recovered in 2002 were from blood culture 

specimens from hospitals that participated in EARSS (Shore et al., 2005). All isolates had 

previously undergone AR, PFGE and SCCmec typing and MLST as described previously 

(Shore et al., 2005; Shore, 2005)
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2.3.1.3 Sporadic MRSA isolates

A total o f 58 MRSA isolates were selected as representatives o f sporadically-occurring 

MRSA isolates submitted to the NMRSARL between 2000 and 2006, including those 

recovered from the 26 Irish hospitals that participated in EARSS during that time period 

(Table 2.5). Sporadic isolates were identified based on their unfamiliar or variant AR 

patterns and also by PFGE patterns which were distinct from PFGE patterns described for 

endemic MRSA isolates during the same time period. These unfamiliar or NT AR patterns 

occurred sporadically (S) and the 46 resistance patterns identified among the 58 sporadic 

MRSA isolates are displayed in Table 2.6 (sporadic AR types S1-S46). Unfamiliar AR 

typing patterns and unfamiliar PFTs were identified by comparison with previously 

recognised AR patterns and PFGE profiles o f MRSA isolates from Ireland from 1971 to the 

present. All 58 MRSA isolates were obtained from the NMRSARL including nine 

veterinary isolates recovered between 2004 and 2006 that had been submitted to the 

NMRSARL for characterisation. The former group o f isolates included a pair of MRSA 

isolates, one which was recovered from a patient and the other from an associated horse.

2.3.1.4 AR-PFG 06-01 isolates recovered between 2003 and 2006

A total o f 10 AR-PFG 06-01 isolates recovered from eight different Irish hospitals between 

2003 and 2006 were included in the study (Table 2.7) for comparison with the highly clonal 

ST22-MRSA-IV isolates from Beaumont hospital and also with the sporadic isolates (Table 

2.3 and Table 2.6 respectively). ST22-MRSA-IV was inferred based on the AR-PFG type. 

These MRSA isolates were recovered from bloodstream infections as part o f the EARSS 

project.
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Table 2.4. ST22-MRSA-1V (AR-PFG 06-01) isolates recovered 

between 1989-2002 («=27)

Isolate no. Year of 
isolation

AR06 subtype PFT

AR06/0.1264 1989 AR06.5 01018
AR06/0250 1993 AR06.3 01033
AR06/0251 1993 AR06.3 01033
AR06/0318 1993 AR06.5 01018
AR06/0340 1993 AR06.5 01017
AR06/2008 1998 AR06.3 + Cp 01002
AR06/2024 1998 AR06.5 + Cp 01002
AR06/2110 1998 AR06.5 + Cp 01002
AR06/2170 1998 AR06.1 01000
AR06/3143 1999 AR06.3 01014
AR06/3147 1999 AR06.5 01000
AR06/3190 1999 AR06.5 01000
AR06/3222 1999 AR06.5 01000
AR06/3362 1999 AR06.3 01014
AR06/3363 1999 AR06.3 01014
AR06/3416 1999 AR06.3 + Cp 01002
AR06/3430 1999 AR06.5 + Cp 01000
AR06/3591 1999 AR06.5 + Cp 01000
AR06/3637 1999 AR06.3 + Cp 01000
AR06/1095 2002 AR06.3 01029
AR06/1098 2002 AR06.3 01010

E1115 2002 AR06.5 + Cp & Fd 01010
E1123 2002 AR06.6 01010
E1164 2002 AR06.1 01010
El 174 2002 AR06.5 + Cp 01028
El 203 2002 AR06.5 + Cp 01029
El 206 2002 AR06.6 + Cp 01018

MLST, AR, PFGE and SCC/wec analysis were undertaken 
previously, (Shore et al, 2005; Shore, 2005) (PFGE was not 
published). Isolates were included as comparator strains for spa and 
dru typing. Abbreviations: ST; Sequence type, as determ ined by 
MLST.



Table 2.5. Sporadically-occurring MRSA isolates recovered between 2000 

and 2006 (« = 58)

Isolate
no.

Y ear of 
isolation

AR
type'

Pulsed field 
type (PFT )'

AR-PFT^ Hospital
(H)

Sample
type

MOO/0005.2 2000 SI 00139 S I-00 H8 Unknown
E0754 2001 S2 00075 S2-00 HI Blood
E0898 2002 S3 99402 S3-99.4 H7 Blood
E0996.2 2002 S4 01039 S4-01 H12 Blood
E l 263 2003 S5 03030 S5-03 H16 Blood
M03/0178 2003 S6 99558 S6-99.5 H6 Unknown
E1421 2003 S7 99513 S7-99.5 H13 Blood
M04/0189 2004 S8 00052 S8-00 H4 Unknown
E2011 2004 S9 00159 S9-00 H3 Blood
El 775 2004 SIO 99015 SI 0-99 H5 Blood
M04/0203 2004 S ll 00198 SI 1-00 H6 Unknown
M04/0132 2004 S12 00173 SI 2-00 H25 Veterinary''
E l 749 2004 S13 01018 S13-01 H9 Blood
M04/0081 2004 S14 00190 SI 4-00 H25 Veterinary
M04/0115 2004 S15 00189 SI 5-00 H25 Veterinary
M04/0134 2004 S16 00189 SI 6-00 H25 Veterinary
M04/0177 2004 S17 00012 SI 7-00 H4 Unknown
El 890 2004 S18 01002 S18-01 H3 Blood
E2081 2004 S19 01018 S19-01 H14 Blood
E2051 2004 S20 01039 S20-01 H6 Blood
E2078 2004 S21 03052 S21-03 H2 Blood
M05/0315 2005 S18 01018 S18-01 H17 Unknown
M05/0287 2005 S22 02038 S22-02 H9 Unknown
E2598 2005 S23 03025 S23-03 H2 Blood
E2632 2005 S24 02020 S24-02 H3 Blood
M05/0239 2005 S12 99029 SI 2-99 H2 Unknown'*
E2166 2005 S12 00196 SI 2-00 HIO Blood
E2431 2005 S25 99030 S25-99 H3 Blood
M05/0327 2005 S26 01042 S26-01 H18 Unknown
M05/0320 2005 S26 01039 S26-01 H18 Unknown
M05/0328 2005 S26 01039 S26-01 H18 Unknown
E2543 2005 S27 03056 S27-03 H7 Blood
E2581 2005 S28 99032 S28-99 H2 Blood
M05/0233 2005 S29 99059 S29-99 H2 Unknown
E2518 2005 S30 03055 S30-03 H23 Blood
M05/0257 2005 S31 99519 S31-99.5 H20 Unknown
M05/0101 2005 S32 00168 S32-00 H ll Unknown
M06/0223 2006 S32 99040 S32-99 H19 Unknown
M06/0041 2006 S33 99058 S33-99 H6 Unknown
M06/0042 2006 S34 00154 S34-00 H6 Unknown
M06/0116 2006 S3 5 02041 S3-02 H21 Unknown
M06/0225 2006 S36 99041 S36-99 H19 Unknown
E2794 2006 S37 01117 S37-01 HIO Blood
M06/0349 2006 S3 8 01039 S38-01 H22 Unknown
M06/0165 2006 S39 00210 S39-00 H26 Veterinary
M06/0168 2006 S39 00211 S39-00 H26 Veterinary
M06/0169 2006 S40 00189 S40-00 H26 Veterinary
M06/0232 2006 S41 99057 S41-99 H25 Veterinary
E2752 2006 S15 99033 SI 5-99 H15 Blood
M06/0007 2006 S42 01018 S42-01 H17 Unknown
M06/0140 2006 S43 01018 S43-01 H17 Unknown
M06/0316 2006 S44 03058 S44-03 H23 Unknown

Continued overleaf



Table 2.5 continued
Isolate
no.

Year of 
isolation

AR
type'

Pulsed field 
type (PFT)^

AR-PFT^ Hospital
(H)

Sample
type

M06/0308 2006 S30 03055 S30-03 H23 Unknown
M06/0318 2006 S30 03059 S30-03 H23 Unknown
M06/0317 2006 S30 03059 S30-03 H23 Unknown
M06/0I42 2006 S45 99035 S45-99 H12 Unknown
M06/0171 2006 S46 99035 S46-99 HI Unknown
M06/0230 2006 S12 99057 SI 2-99 H25 Veterinary
AR type, antibiogram-resistigram type was determined based on the resistance 

pattern to a panel o f 23 antimicrobials (Table 2.1). AR typing patterns in this 
table were referred to as sporadically occurring (S) and are shown in Table 2.6. 
Sporadic AR types exhibited susceptibility patterns that are different to 
previously recognised AR type patterns or display slight variations to a 
previously recognised AR type pattern.
PFGE profiles were assigned 5-digit pulsed field type (PFT) numbers using 

the criteria of Tenover (Tenover et a l, 1995). Related PFTs are assigned blocks 
of 1000 numbers starting at 00001, so a particular series of related PFTs are in 
the 00001-00999 group and the next group of related PFTs are in the group 
01000-01999. Groups of related PFTs that differ by less than six bands were 
assigned to a pulsed field group (PFG) and are referred to by the first two 
numbers o f their PFT e.g. PFG-00, PFG-01, PFG-02, etc. Sporadic patterns are 
assigned numbers within the series 99,000-99,999 in blocks o f 100 numbers so 
that numbers are reserved for each sporadically occurring pattern to cater for 
future variants of such a pattern. These PFGs are described using three 
numerals e.g. variants of AR06 type patterns were allocated the 99500-99599 
series o f numbers and the PFG group was referred to using the first three 
numbers (PFG-99.5)
^AR-PFG, AR-PFG combinations were used to describe each isolate and 
include the AR typing number followed by the PFT number which was 
described by the first two numbers of the 5-digit PFT code, (i.e. AR-PFG 06- 
0 1 ).

A pair o f isolates that included an isolate recovered from a horse (M05/0239) 
and an isolate recovered from an associated man (M04/0132).



Table 2.6 Antibiogram-resistogram (AR) patterns of the 58 sporadic MRSA 

isolates investigated

Isolate no. AR type AR patterns pattern
MOO/0005.2 SI Ak, Ap, Cd, Cp, Er, Gn, Kn, Nm, Sm, Su, Tb, Tp
E0754 S2 Ak, Ap, Cd, Eb, Er, Gn, Kn, Nm, Rf, Sm, Su, Tb, Te
E0898 S3 Ak, Ap, Cd, Cp, Eb, Er, Gn, Kn, Me, Nm, Pma, Tb, Te, Tp, Sm, Su
E0996.2 S4 Ak, Ap, Cd, Cp, Er, Kn, Nm, Sm, Tb
E l 263 S5 Gn, Ap, Cd, Kn, Rf, Tb
M030178 S6 Ap, Me, Cd, Pma
E1421 S7 Ap, Cd, Cp, Fd, Te
M04/0189 S8 Ap, Cd, Cp, Eb, Er, Gn, Kn, Me, Mp, Pma, Sm, Tb
E2011 S9 Ap, Cd, Cp, Er, Gn, Kn, Ln, Me, Mp, Pma, Sm, Tb
E1775 SIO Ak, Ap, Cd, Cp, Er Gn, Kn, Nm, Sm, Tb, Ln, Mp, Sm
M04/0203 S l l Ak, Ap, Cd, Cp, Er, Gn, Kn, Nm, Sm, Tb, Ln, Su, Tp, Sm
M04/0132 S12 Ap, Er, Gn, Kn, Nm, Tb, Te, Su, Tp
M05/0239 S12 Ap, Er, Gn, Kn, Nm, Tb, Te, Su, Tp
E2166 S12 Ap, Er, Gn, Kn, Nm, Tb, Te, Su, Tp
M06/230 S12 Ap, Er, Gn, Kn, Nm, Tb, Te, Su, Tp
E l 749 S13 Ap, Er, Cd, Cp, Kn, Nm
M04/0081 S14 Ap, Er, Cd, Gn, Kn, Tb, Te, Rf, Su, Tp
M04/0115 S15 Ap, Er, Gn, Kn, Tb, Te, Rf, Su, Tp
E2752 S15 Ap, Er, Gn, Kn, Tb, Te, Rf, Su, Tp
M04/0134 S16 Ap, Er, Gn, Kn, Sm, Tb, Te, Su
M04/0177 S17 Ak, Ap, Gn, Kn, Nm, Sm, Tb, Te
El 890 S18 Ap, Cd, Cp, Er, Gn, Kn, Tb, Mp
M05/0315 S18 Ap, Cd, Cp, Er, Gn, Kn, Tb, Mp
E2081 S19 Ap, Cp, Er, Fd, Ln
E2051 S20 Ap, Cp, Er, Ln
E2078 S21 Ap, Ln, Te
M05/0287 S22 Ak, Ap, Cd, Cp, Er, Gn, Kn, Nm, Tb, Ln, Mp, Sm
E2598 S23 Ak, Ap, Cp, Er, Kn, Nm, Tb, Ln, Sm
E2632 S24 Ak, Ap, Cd, Cp, Er, Gn, Kn, Nm, Tb, Ln, Mp, Sm
E2431 S25 Ak, Ap, Cl, Cp, Er, Gn, Kn, Sm, Tb, Ln, Te, R f
M05/0327 S26 Tb, Ap, Cd, Cp, Er, Fd, Ln
M05/0320 S26 Tb, Ap, Cd, Cp, Er, Fd, Ln
M05/0328 S26 Tb, Ap, Cd, Cp, Er, Fd, Ln
E2543 S27 Ak, Ap, Cd, Cp, Kn, Nm, Tb
E2581 S28 Ap, Cp, Er, Fd, Ln, Tb
M05/0233 S29 Ap, Cd, Kn, Nm, Sm, Te
E2518 S30 Ap, Gn, Kn, Tb
M06/0308 S30 Ap, Gn, Kn, Tb
M06/0318 S30 Ap, Gn, Kn, Tb
M06/0317 S30 Ap, Gn, Kn, Tb
M05/0257 S31 Ap, Fd
M05/0101 S32 Ak, Ap, Kn, Nm, Tb
M06/0223 S32 Ak, Ap, Kn, Nm, Tb
M06/0041 S33 Ap, Er, Gn, Kn, Sm, Su, Tb, Ln, Fd, R f
M06/0042 S34 Ak, Ap, Cd, Cl, Cp, Er, Gn, Fd, Kn, Nm, Tb, Ln, Te, Rf, Sm
M06/0116 S35 Ak, Ap, Cd, Cp, Er, Gn, Fd, Kn, Nm, Tb, Ln, Sm
M06/0225 S36 Ap, Er, Kn, Nm, Sm, Te
E2794 S37 Ap, Cd, Cl, Cp, Er, Gn, Kn, Nm, Tb, Ln, Mp
M06/0349 S38 Ap, Cp, Fd, Kn, Nm, Tb
M06/0165 S39 Ap, Er, Gn, Kn, Rf, Tb, Te, Tp
M06/0168 S39 Ap, Er, Gn, Kn, Rf, Tb, Te, Tp
M06/0169 S40 Ap, Gn, Kn, Rf, Tb, Te, Tp
M06/0232 S41 Ap, Cp, Er, Gn, Kn, Nm, Su, Tb, Te, Tp
M06/0007 S42 AP, Cp, Er, Gn, Kn, Mp, Tb
M06/0140 S43 Ap, Cd, Cp, Er, Fd, Mp, Tp
M06/0316 S44 Ak, Ap, Gn, Kn, Tb
M06/0142 S45 Ap, Er, Gn, Kn, Tb
M06/0171 S46 Ap, Fd, Mp, Nm, Tb

Resistance patterns determined for 58 sporadic M RSA isolates by antibiogram
resistogram typing (see Table 2.1). Abbreviations: Ak; amikacin, Ap; ampicillin, Cd; 
cadmium acetate/cadmium nitrate. Cl; chloramphenicol, Cp; ciprofloxacin, Eb; 
ethidium bromide, Er; erythromycin, Fd; fusidic acid, Gn; gentam ycin, Kn; kanamcin, 
Ln; lincom ycin. Me; mercuric chloride, Mp; mupirocin, Nm; neom ycin, Pma; phenyl



m ercuric acetate, Rf; rifampicin, Sm; streptomycin, Su; sulphonamide, Tb; 
tobramycin, Te; tetracycline, Tp; trimethoprim, S; sporadic AR pattern number.



Table 2.7. Representative AR-PFG 06-01 EARSS MRSA isolates 

recovered from bloodstream infections between 2003 and 2006 

(«=10)

Year of 
isolation

Isolate no. AR type* Pulsed-field 
type (PFT)'

Hospital (H)

2003 El 427 06.5 + Cp & Fd 01018 H14
2003 El 620 06.5 + Cp 01042 H2
2003 El 662 06.3 + Cp 01039 HIO
2004 El 702 06.5 + Cp 01024 H2
2004 E2015 06.1 01018 H3
2005 E2181 06.5 + Cp & Fd 01018 HI3
2005 E2246 06.5 + Cp 01063 H14
2005 E2253 06.5 + Cp & Fd 01039 H24
2006 E2855 06.3 +Cp 01018 H7
2006 E3069 06.1 01039 H13

AR-PFG 06-01 M RSA isolates used for comparison with the sporadic 
isolates (recovered during the same period) and the BH M RSA isolates 
(recovered prior to the BH M RSA investigation and recovered after the 
historical ST22-M RSA-IV isolates which were also used as comparators), 
‘isolate antibiogram-resistogram (AR) and pulsed-field types (PFTs) were 
determined by the NM SRARL.
Abbreviations: H; hospital. Antibiogram-resistogram (AR-PFG) type; 
MRSA isolates are often described by their AR type and PFG. All MRSA 
isolates in this Table have the AR-PFG type 06-01.



2.3.2 Reference strains

Previously published reference strains for SCCmec types I -V I, unless otherwise stated, 

were used as positive controls throughout the investigation for all SCCmec typing PCRs as 

well as for comparative purposes for SCCmec multiplex PCR patterns and are listed in 

Table 2.8.

2.4 Molecular typing of MRSA

2.4.1 Genomic DNA extraction from MRSA isolates

Qiagen’s DNeasy Blood and Tissue kit, (Qiagen, Crawley, West Sussex, UK) was used for 

the extraction o f  total genomic DNA from MRSA isolates for SCCmec typing, MLST, spa 

and dru typing according to the manufacturer's instructions. Each MRSA isolate was 

cultured as described in section 2.1.1. A single pure colony was removed from a TSA plate 

and lawned onto a fresh TSA plate using a bacteriological loop and incubated overnight at 

37°C in a static incubator (Gallenkamp). A 2.5 cm^ area o f MRSA was removed from the 

MRSA lawn after 18 h and was suspended in a 250 (il solution containing lysostaphin 

(Sigma-Aldrich) at a final concentration o f 0.2 mg/ml, lysozyme (Sigma-Aldrich) at a final 

concentration o f  0.2 g/|il and TE buffer (see section 2.1.2) and this solution was then 

incubated for 2-3 h at 37°C for cell lysis, followed by the addition o f proteinase K and 

buffer AL (supplied with the kit) and incubation at 70°C for 30 min to digest proteins and 

remove any contamination from the nucleic acids. The DNA was next bound to a mini

column with a silica-gel membrane that selectively binds DNA and the cellular debris was 

washed off during several steps involving a series o f buffers (supplied with the kit) 

containing ethanol and salt and centrifugation. During the centrifugation steps the genomic
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DNA was selectively bound to the DNeasy Blood and Tissue kit membrane as 

contaminants passed through. Remaining contaminants and enzyme inhibitors were 

removed in two efficient wash steps and the DNA was then eluted into 200 |u.l of elution 

buffer and stored at 4°C for short-term storage (4-6 weeks) or at -20°C for long-term 

storage (> 6 weeks). The quality of extracted genomic DNA was assessed following 

electrophoresis through 0.8% w/v agarose gels and using a Nanodrop 2000c 

spectrophotometer (Thermo Fisher Scientific Inc. USA).

2.4.2 DNA sequencing

Sequencing of DNA amplimers was undertaken commercially by one of the following 

unless otherwise stated; I. Eurofins MWG Operon (MWG) (Anzingerstrass, Ebersberg, 

Germany), using the Genome Sequencer^^ FLX system from Roche Diagnostics GmdH 

(Lewes, East Sussex, UK), 2. Cogenics (Takeley, Essex, UK) using the dideoxy chain 

termination method of Sanger et al. (1977) and an automated Applied Biosystems 373A 

DNA sequencer (Foster City, California, USA) and dye-labelled terminators. Sequence 

analysis was undertaken using BioNumerics software package version 5.1. (Applied Maths, 

Sint-Martens-Latem, Belgium) unless otherwise stated. 3. Geneservice Limited (Source 

Bioscience) using the Illumina Genome Analyser 2 system (www.geneservice.co.uk) 

(Cowley Rd, Cambridge CB4, United Kingdom).

2.4.3 SCCwec typing

The SCCwec elements harboured by the MRSA isolates were investigated using four 

multiplex PCR assays to identify (i) the mec complex type (class A, B and C) (Kondo et a l, 

2007), the ccr complex type (ccrABl, ccrAB2, ccrABS, ccrAB4 and ccrC) (Kondo et al., 

2007), (iii) the various J regions and meci (Oliveira and de Lencastre, 2002) and (iv) the
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Table 2.8. MRSA reference strains used for SCCmec typing

Reference
strain

SCCmec
type
(ccr/mec)

M ultiplex PCR target Nucleotide
sequence
accession
no.

Source reference

Phenotype II 
43.1

I (IB) ccr and mec complexes 
and J regions

NA'
Shore et a i,  2005

AR07.4/0237 II (2A) ccr and mec complexes 
& and J regions

NA' Shore et a i,  2005^

E0898 Ulmer
(3A)

ccr and mec complexes 
and J regions

NA' Shore et a i, 2008

CA05 IVa (2B) ccr and mec 
complexes, J regions 
and J 1 regions of 
SCCmec IV subtypes

A 8063I72 Ma et al. 2002

WIS V (5C ) ccr and mec complexes 
and J regions

A 8 I2 I2 I9 Ito et al., 2004

M06/0318 V (5 C & 5 ) ccr and mec complexes 
and J regions

NA' This study^

HDE288 VI (48) ccr and mec complexes 
and J regions

A F4II935 Oliveira et al., 
2006

8/63-P IVb (28) JI regions SCCmec of 
IV subtypes

A8063I73 Ma et al., 2002

JCSC/4788 IVc (28) Jl regions SCCmec of 
IV subtypes

A8266532 Kishii et al., 2008

JCSC/4469 IVd (28) Jl regions SCCmec of 
IV subtypes

A8097677 Ma et al., 2006

M04/0177 IVg (28) Jl regions SCCmec of 
IV subtypes

n a ' This study^

El 749 IVh (28) Jl regions SCCmec of 
IV subtypes

NA' This study^

AR43/3330.1 IVE (28) Jl regions SCCmec of 
IV subtypes

A J8I0I2I Shore et al., 2005

Previously described strains were used as positive controls for all SCCwec typing PCRs 
and for comparative purposes in all SCCmec typing multiplex PCRs.
'N A ; N o accession number: SCCmec  type was identified by SCCmec  typing based on 
previously identified multiplex patterns (Kondo et a i ,  2007; Oliveira & De Lencastre, 
2002; M ilheiri90 et a i ,  2007).
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SCCmec IV subtype (Milheirifo et ah, 2007). Primer binding regions for SCCmec IVa 

(mec class B and ccrAB2 complex) are shown in Fig. 2.1. PCR primers and conditions were 

as described previously.

2.4.4 Investigation of potentially novel SCCmec types and subtypes harboured by 

MRSA isolates that yielded additional or fewer amplimers than expected

During the course o f this study, a number o f MRSA isolates were found to yield SCCmec 

types with extra ccr genes as well as extra segments between different plasmids, 

transposons and open reading frames that would not usually be linked with the associated 

SCCmec types and a number o f MRSA isolates did not yield expected amplimers specific 

to their SCCmec type using the primers and PCR parameters described in section 2.4.3. The 

extra genes and amplimers were further investigated by amplification and sequencing o f the 

gene or DNA sequence in question using the same PCR conditions described above with 

GoTaq polymerase (Promega) for the initial amplification methods (Kondo et al.,2007; 

Oliveira et al., 2002) and also using the Expand long template PCR system according to the 

manufacturer's instructions (Roche). The undetected amplimers were further investigated 

by amplification using primers designed for regions flanking the missing amplimers using 

GoTaq DNA polymerase and Expand long template PCR system. PCR products were 

purified using the GenElute™ PCR Clean-Up Kit (Sigma-Aldrich). Sequencing was 

performed commercially by Cogenics as described in section 2.4.2. The sequences o f these 

genes were analysed using the DNA Strider’’’’'̂  1 .3fll software package for DNA and 

protein analysis (CEA/Saclay, Gif-sur-Yvette, France) and the BioNumerics software 

package (version 5.1) (Applied Maths, Ghent, Belgium). Searches o f the EMBL and
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GenBank databases for nucleotide sequences were performed using the BLAST family of 

computer programs (Altschul et a l, 1990).

2.4.5 spa typing

All MRSA isolates included in this study were subjected to spa typing. Amplification of the 

spa gene was performed using the primers and thermal cycling conditions described by the 

European Network of Laboratories for Sequenced Based Typing of Microbial Pathogens 

(SeqNet; http://www.seqnet.org). Primers for the polymorphic X region of the spa gene are 

shown in Fig. 1.6. Amplimers were sequenced commercially by MWG (section 2.4.2). 

Subsequent sequence analysis was performed using the Ridom Staphtype software package 

version 1.5 beta (Ridom GmbH, Wurzburg, Germany) and ridom spa types were assigned 

using the SpaServer website (http://spaserver2.ridom.de).

2.4.6 MLST

MLST was performed on 42/58 of the sporadic MRSA isolates based on results from spa 

and SCCmec typing. MLST was performed using the method described on the MLST 

website http://www.mlst.net (Enright et al., 2000). This scheme relies on the DNA 

sequences of 7 housekeeping genes including arcC, aroE, glpF, gmk, pta, tpi andyqil (Fig. 

1.5). Genes were amplified using the PCR protocol from the S. aureus MLST website 

(http://saureus.mlst.net). Amplimers were sequenced commercially by MWG as described 

in section 2.4.2. Sequence analysis was undertaken using the BioNumerics software 

package. Allele sequences were compared to sequence type alleles that are published on the 

MLST website, (http://www.mlst.net) and a sequence type (ST) was assigned to the seven 

genes of each MRSA isolate. The assignment of STs to a clonal complex (CC) was
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SCCmec IVa cassette •

I--------------- 1 r

J3 region J2 region J1 region

class B mec ccrAB2 complex

hDi— □ □ -a -n n -----------
1 kb

Fig. 2.1. Schem atic representation o f  SCCm ec  IVa. The mec complex and the ccr 

complex are detected in two separate multiplex PCRs described previously by Kondo et 

al. (2007) which include primers to detect mec class A (mecA-mecI amplified), B 

{mecA-\SI272; shown in Fig 2.2) and C (mecA-\S431 amplified). The ccr complex is 

classified by the amplification of an amplimer specific to each ccr complex {ccrABJ- 

ccrAB4, ccrC). A multiplex PCR described by Oliveira et al., (2002) was used to 

identify SCCmec subtypes by targeting variation in the joining regions (J regions). The 

J1 region is located between the left junction region and the ccr complex, the J2 region 

is located between the ccr complex and the mec complex and the J3 region is located 

between the mec complex and orp(. A  SCCmec IV subtyping multiplex PCR was also 

used to subtype all SCCmec IV elements based on differences in the J1 region 

(Milheirifo et al., 2007).
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undertaken using the rule that 5/7 alleles should be identical to the allelic profile o f at least 

one ST within a CC to be assigned to that CC.
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Chapter 3

Improved discrimination of ST22-MRSA-IV isolates by 

combining PFGE, spa and dru typing data

57



3.1 Introduction

Since the late 1990s, a strain designated locally as AR-PFG 06-01, belonging to the 

international MRSA clone ST22-MRSA-IV similar to the UK epidemic strain EMRSA-15, 

has predominated in Irish hospitals (Rossney et al., 2006; Rossney and O'Connell, 2008). 

EMRSA-15 (ST22-MRSA-IV) was first reported in England in 1991 (Richardson and 

Reith, 1993) and has since been described as a pandemic MRSA strain due to the 

predominance o f ST22-MRSA-IV among nosocomial MRSA strains in many countries 

worldwide, including England (Johnson et al., 2001), Ireland (Rossney et al., 2006), 

Scotland (Goering et al., 2008), Germany (Monecke et al., 2008), Portugal (Aires-de-Sousa 

et al., 2008), the Czech Republic (Melter et al., 2006), Malta (Scicluna et al., 2009), New 

Zealand (Smith and Cook, 2005) and Singapore (Hsu et al., 2005). ST22-MRSA-IV has 

also been identified among patients with HA-MRSA in Australia (Pearman et al., 2001; 

Coombs et al., 2009) Kuwait (Udo et al., 2008) the USA (Wolter et al., 2008), Spain 

(Perez-Roth et al., 2004), among CA-MRSA in Ireland (Rossney et al., 2007), the UK 

(Boakes et al., 2010), Denmark (Faria et al., 2005) and Italy (Marchese et al., 2009), 

among healthcare workers (Soliman et al., 2009; Amorim et al., 2009) and among small 

companion animals including cats and dogs (Baptiste et al., 2005; O'Mahony et al., 2005; 

Moodley et al., 2006; Grinberg et al., 2008).

Effective molecular typing permits the genetic relatedness o f isolates to be 

determined which in turn allows the spread of different MRSA strains to be monitored both 

locally and globally. However, differentiating between isolates o f some MRSA strains is 

very difficult, particularly in an endemic setting due to the limited genetic diversity 

exhibited by certain MRSA strains such as ST22-MRSA-IV (Tenover et al., 2006; Goering
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et al., 2008). ST22-MRSA-IV isolates yield indistinguishable or closely related PFGE 

patterns (Goering et al., 2008). In Ireland, ST22-MRSA-IV isolates belong to a PFGE 

group described as PFG-OI and exhibit the non-multi-antibiotic-resistant AR type AR06 or 

closely related AR patterns (Rossney et al., 2006). ST22-MRSA-IV isolates also yield a 

limited number of spa types (Khandavilli et al., 2009; Soliman et al., 2009).

Sequencing of the SCCwec-associated dru region of MRSA isolates is a novel 

approach which has shown potential for differentiating MRSA isolates exhibiting limited 

diversity by PFGE, including EMRSA-15 isolates from Scotland (Witte et al., 2001; 

Goering et al., 2008). The dru region is a non-coding DNA segment consisting of a 

variable number of 40-bp imperfect tandem repeat sequences (VNTRs) located in the 

hypervariable region between mecA and \S431mec ofSCCmec  (Nahvi et al., 2001; Goering 

et al., 2008; Goering et a l, 2010) (Fig. 3.1). Several studies have shown that the majority 

of MRSA isolates investigated harbour the dru region and dru regions ranging in size from 

one to 15 repeat units have been described from MRSA isolates (Nahvi et al., 2001; Witte 

et al., 2001; Tenover et al., 2006; Tohda et al., 1997; Goering et al., 2008) 

(http://www.dru-typing.org). Tohda et al. (1997) showed that the dru region appears to be 

stable over time by dru typing several colonies of individual MRSA isolates before and 

after repeated subculture (Tohda et al., 1997). Similar to spa typing, there is now an 

internationally agreed dru typing nomenclature and web-based dru database (Goering et a l, 

2008) (http://www.dru-typing.org).

Currently, there is no effective method for subtyping ST22-MRSA-IV isolates. The 

objective of this part of the present study was to investigate the efficacy of dru typing in 

combination with PFGE and spa typing to discriminate among three different groups of
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meci dru region lS431mec

mecRl mecA

I 1  1---
1 kb Hypervariable region

Fig. 3.1 Schematic representation o f the dru region of MRSA. The dru region is a non

coding DNA segment consisting o f a variable number o f 40-bp imperfect tandem repeat 

sequences (VNTRs) located in the hypervariable region between mecA and \'&431mec of 

SCCmec (Nahvi et a l, 2001; Goering et a l,  2008).





ST22-MRSA-IV isolates including (i) ST22-MRSA-IV isolates collected from an Irish 

hospital (Beaumont Hospital (BH)) where the strain is endemic (ii) comparator historical 

ST22-MRSA-IV isolates recovered from patients in Irish hospitals between 1989 and 2002 

that were previously characterised by SCCmec typing and MLST (Shore et al., 2005) and 

(iii) comparator ST22-MRSA-IV isolates recovered from patients in Irish hospitals between 

2003 and 2006.
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3.2 MATERIALS AND METHODS

3.2.1 Isolates and experimental design

MRSA isolates («=173) recovered from 90 patients and 83 environmental sites in four 

wards in Beaumont hospital (BH) between May 2007 and September 2008 were 

investigated (see Chapter 2, section 2.3.1.2 and Table 2.3 for full details o f isolates). 

Isolates recovered from individual patients and their immediate ward environments during 

the same six-week study period were referred to as pairs or triplets o f isolates. Culture 

media, growth and storage conditions are described in section 2.1.1. A selection o f 

comparator MRSA isolates were also investigated for comparison with the PFGE, spa and 

dru types o f the BH MRSA isolates, including (a) 27 historical Irish ST22-MRSA-IV 

isolates recovered between 1989 and 2002 (see chapter 2, section 2.3.1.2 and Table 2.4) 

and (b) 10 endemic MRSA isolates recovered between 2003 and 2006 exhibiting the AR- 

PFG type 06-01 indicative o f ST22-MRSA-IV (see chapter 2, section 2.3.1.4 and Table 

2.7). All BH and comparator MRSA isolates were previously subjected to AR and PFGE 

typing at the NMRSARL as described in chapter 2, sections 2.2.1 and 2.2.2 respectively.

3.2.2 Molecular typing

MLST and SCCmec typing {ccr, mec and J 1 region identification) were undertaken for the 

historical ST22-MRSA-IV isolates in a previous study by Shore et al. (2005). All BH and 

comparator MRSA isolates were typed by spa, dru and SCCmec IV subtyping in the 

present study. The BH MRSA isolates and the 10 comparator ST22-MRSA-IV isolates 

were also subjected to three additional multiplex PCR assays for SCCmec typing for the 

identification o f the ccr and mec gene complexes and characterisation o f the JI regions 

(Chapter 2, section 2.4.3). One isolate representative o f each spa type identified among the
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173 BH MRSA isolates was typed by MLST. Genomic DNA for use in spa, dru, MLST 

and SCCmec typing was extracted using Qiagen’s DNeasy Blood and Tissue kit according 

to the manufacturer’s instructions and as described in chapter 2 (section 2.4.1). spa typing, 

analysis of spa sequences and assignment of spa types was performed according to the 

Seqnet guidelines described in chapter 2 (section 2.4.5). MLST was performed and 

sequences were analysed as described in chapter 2 (section 2.4.6).

For dru typing, the dru repeat region was amplified and sequenced as described 

previously (Goering et al., 2008). The BioNumerics Tandem-Repeat Sequence Typing 

(TRST) plug-in tool was used for dru sequence analysis and assignment of dru types, dru 

types were assigned using an alpha-numeric nomenclature (Goering et al., 2008). In brief, 

each distinct 40-bp repeat sequence within the dru region was designated a dru repeat (dr) 

number to indicate the number o f nucleotide changes from the consensus sequence (the 

consensus sequence is available at http://www.dru-typing.org). An alphabetic designation 

was used to distinguish the pattern of sequence variation from other drs. Each combination 

of drs was assigned a dru type (dt) number indicating the number of repeat sequences 

present and an alphabetic designation to indicate different tandem arrangements of specific 

repeats.

3.2.3 Cluster analysis of spa and dru types

The BioNumerics’ Spa-typing and TRST plug-in tools were used for cluster analysis of spa 

and dru types, respectively. With both of these plug-ins, sequences are compared and 

aligned using an algorithm based on the DSI (duplication, substitution and indels) model 

for pairwise alignment of repeats which considers that modification of sequences can occur 

through duplication of tandem repeats, substitutions, insertions and deletions (the latter two
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events are collectively termed indels) (Bensen, 1997). A similiarity matrix is generated 

based on the DSl model and used to construct a minimum spanning tree (MST); the type 

with the greatest number of related types is assigned as the root node and the other types 

derive from this node. In the present study, the default parameters were used for alignment 

of sequences. These included the following: a 250% cost for the introduction of a single 

gap in one repeat, a 50% cost for the extension of a created gap and a 25% cost for the 

duplication of a repeat or the extension of a duplicated repeat. The maximum number of 

neighbouring repeats that were taken into account to create a duplicate series of repeat units 

was three. The default cost matrix was used where (a) the maximum number of differences 

in nucleotides/amino acids between two repeats represents a cost of five (i.e. where there is 

a gradual cost between 0 and 5 mismatches and differences >5 are given 100% of the cost) 

and (b) a change in a nucleotide resulting in an amino acid change was penalised twice as 

much as a change in a nucleotide that did not give rise to an amino acid change (i.e. the 

relative weight of a nucleotide change cost was 1 and that of an amino acid change cost was 

2). The software creates groups of certain distance intervals or similarity values (which 

BioNumerics terms ‘bins’) and converts the data into distance units. Because of the highly 

clonal nature of the BH MRSA isolates investigated, the bin distance was set to 0.5% (i.e. 

two entries that have a similiarity of > 99.5% had a distance of zero (distance interval 99.5 

-  100% = distance 0) on the MST and two entries that had a similiarity of between 99 and 

99.5% had a distance of 1; distance interval 99 -  99.5% = distance 1). Using the MSTs, the 

following criteria were established for clustering dru types and for clustering spa types; spa 

types and dru types were deemed to belong to different clusters if  they differed by a MST 

distance value > 2 (i.e. if they shared < 98.5% similarity). Therefore, if two spa types or
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two dru types had MST distance values < 2, they were considered to be closely related (i.e. 

they formed a subgroup).

3.2.4 Clustering of MRSA isolates

BH MRSA isolates were assigned a 3-digit cluster code with the first number representing 

the spa type, the second representing the dru type and the third representing the PFT (Table 

3.1). For example, spa type t032, dru type dtlOa and PFT 01018 were assigned the codes 

01,01 and 1, respectively, and isolates with this spa, dru and PFGE type combination were 

assigned the 3-digit cluster code (C) 01.01.1. Additional subtypes recognised by each 

typing method were designated by alphabetic suffixes aft:er the relevant numerical element 

of the cluster code (Table 3.1). The overall relatedness of isolates was investigated by 

constructing a composite dendrogram in BioNumerics of all BH isolates exhibiting PFG-01 

(ST22-MRSA-1V) identified during the present study using the averages of the similarity 

matrices from the individual experiments (PFGE, spa and dru typing) and unweighted pair 

group method with arithmetic averages (UPGMA) clustering.

Epidemiological information obtained as part of the larger research project was used 

to confirm the validity of the relationships inferred from the combined PFGE, spa and dru 

typing data for a subset of ST22-MRSA-IV isolates. Epidemiological data included bay 

area and bed number corresponding to the patient or patient’s immediate environment 

(mattress, bed frame, locker, pillow or whether it was an air sample). For patients only, the 

probable source of the patient’s MRSA (whether it was HA or whether the patient was 

MRSA positive on admission or had a previously known MRSA-positive status) was also 

recorded. An isolate was deemed to be HA if the patient was negative upon admission 

screening but upon subsequent screening was found to be MRSA-positive.
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3.2.5 Discriminatory power and concordance oispa, dru and PFGE typing

The ability of PFGE, spa and dru typing individually and of every combination of these 

typing methods (i.e. PFGE and spa typing; PFGE and dru typing; spa and dru typing; and 

spa, dru and PFGE typing) to discriminate among the BH ST22-MRSA-IV isolates and 

among the comparator ST22-MRSA-IV isolates was assessed quantitatively by calculating 

Simpson’s Index of Diversity (SID) with 95% confidence intervals (Cl) using an online 

tool developed by Faria et al. (available at www.comparingpartitions.info) (Faria et al., 

2008). SID provides an objective assessment of the discriminatory power of a typing 

method (Grundmann et al., 2001; Faria et al., 2008).

The agreement between the typing methods was determined by calculating the 

Adjusted Rand Index (ARI) using the above online tool (Faria et al., 2008). The ARI 

indicates the overall concordance between two typing methods and includes a correction 

factor to take into account the possibility that concordance could have arisen by chance. 

The online tool was also used to calculate the Wallace coefficient (W) (Faria et al., 2008) 

which indicates the probability that two isolates classified as the same type by one method 

will also be classified as the same type using another method. Hence the W coefficient 

gives a quantitative estimate of the value of including additional typing methods. A high W 

coefficient suggests that including a particular additional method does not yield further 

information. The W coefficient also provides directional information about the concordance 

of typing methods in that it quantifies the probability that isolates clustered by one typing 

method (e.g. PFGE) will be assigned to the same cluster by a second typing method (e.g. 

spa typing) and vice versa (Faria et al., 2008). Where the value of the W coefficient is low 

when comparing one method to another and results are similar in both directions (e.g. spa
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Table 3.1 Cluster code nomenclature used to describe clusters identified by spa, dru and PFGE typing

spa typing dru typing PFGE

Type Repeat succession Type
cluster
code'

Type
subcluster

code'

Type Repeat succession Type
cluster
code'

Type
subcluster
code'

PFT^ Type
cluster
code

Type
subcluster
code

t032 26-23-23-13-23-31-29-17-
31-29-17-25-17-25-16-28

01 founder dtlOa 5a-2d-4a-0-2d-5b-3a-
2g-3b-4e

01 nsc 01018 1 founder

t022 26-23-13-23-31-29-17-31-
29-17-25-17-25-16-28

01 Ola dtlOj 5a-2d-4a-0-2d-7a-3a-
2g-3b-4e

01 Ola 01002 1 la

t628 26-23-23-13-23-31-29-17-
31-29-17-31-29-17-25-17-
25-16-28

01 01c dtlOn 5a-2d-4a-0-2d-3b-3a-
2g-3b-4e

01 01c 01022 1 Ic

tl214 26-23-23-13-23-31-29-17-
31-29-17-25-16-28

01 Old dtlOi 5a-2d-4a-0-2d-4f-3a-
2g-3b-4e

01 Old 01024 1 Id

t515 26-23-23-13-23-31-29-17-
31-29-17-25-16-16-28

01 . Olda dtlOo 5a-2d-4a-0-2d-4f-3a-
2g-2c-4e

01 Olda 01030 1 le

t4622 26-23-23-13-23-31-31-29-
17-31-29-17-25-16-16-28

01 Oldaa dtlOp 5a-2d-4a-1 b-2d-7a- 
3a-2g-3b-4e

01 Olaa 01032 1 If

t018 15-12-16-02-16-02-25-17-
24-24-24

02 nsc d tlla 5a-2d-4a-0-2d-5b-3a-
2g-3b-4e-3e

02 nsc 01039 1 Ig

tl802 26-16-16-28 03 nsc dtl lo 5a-2d-4a-0-2d-5b-3a-
2g-3b-4e-4e

02 02a 01042 1 Ih

t025 26-23-23-13-23-29-17-31-
29-17-25-17-25-16-28

04 nsc dtllj 5a-2d-2d-4a-0-2d-5b-
3a-2g-3b-4e

02 02aa 01047 1 li

1578 26-23-23-13-23-31-29-17-
31-29-17-25-17-25-28

05 nsc dt5b 5a-2d-4a-5b-3a 03 nsc 01049 1 Ij

14623 26-23-13-23-31-29-132-17-
31-29-17-25-17-25-16-28

06 nsc dt6e 5a-7a-3a-2g-3b-4e 04 nsc 01063 1 Ik

tl865 26-23-23-17-31-29-17-25-
17-25-16-28

07 nsc dt7c 5a-2d-2d-4a-0-3e-3e 05 nsc 01075 1 11

t2951 26-16-31-29-17-25-17-25-
16-28

08 nsc dt7g 5a-2d-7a-3a-2g-3b-4e 06 nsc 01077 1 Im

Continued overleaf



Table 3.1 continued

spa typing dru typing PGFE

Type Repeat succession Type
cluster
code’

Type
subcluster

code’

Type Repeat succession Type
cluster
code’

Type
subciuster
code^

PFT^ Type
cluster
code

Type
subcluster
code

12978 04-20-17-20-17-31-16-16-
34

09 nsc dl7i 5a-2d-4a-0-2d-3b-4e 07 nsc 01088 1 In

13185 26-23-23-20-31-29-17-31-
29-17-25-17-25-16-28

10 nsc dl8a 5a-2d-4a-0-2d-2g-3b-
4e

08 nsc 01114 1 lo

13213 26-23-23-13-23-31-29-17-
31

11 nsc dl8p 6d-0-2d-7a-3a-2g-3b-
4e

09 nsc 01126 1 I P

14122 26-23-23-13-23-31-29-23-
31-29-17-25-17-16-28

12 nsc dl9j 5a-2d-4a-0-2d-5b-3a-
2g-3b

10 nsc 01146 1 i q

14267 26-23-13-23-31-36-25-28 13 nsc dl9p 5a-2d-4a-0-7a-3a-2g-
3b-4e

11 nsc 01151 1 Ir

14765 26-23-23-13-23-31-29-17-
31-17-25-16-28

14 nsc 01154 1 Is

1190 11-17-34-24-34-22-25 15 nsc 01156

00041

00080

00216

1
2

2

2

11

founder

2a

2b

02017 3 nsc

99083 4 nsc

^spa and dru types that shared a distance value >2 on the MSTs (i.e. if they shared <98.5% similiarity) were assigned distinct cluster codes (Fig. 3.2). spa and 
dru types that shared >98.5% similiarity on the MST (i.e. if they shared a MST distance <2) were assigned spa subcluster codes. Subclusters were assigned 
alphabetic suffixes following the relevant numerical element of the cluster code, spa types and dru types that were identified as subgroups of spa / dru types 
that were already assigned to spa / dru subclusters were assigned additional alphabetic suffixes e.g. spa type t5 15 was assigned the spa cluster code 01 da as it 
is a subgroup of tl214 {spa cluster code Old) which is a subgroup of spa type t032 {spa cluster code 01). For each cluster that consisted of more than one spa 
or dru type, the type that was assigned as the founder using the MSTs was not assigned a subcluster code but retained the original cluster code designation.



^Pulsed-field types (PFT) were designated distinct cluster codes if they differed by >6 bands. PFTs that differed by < 6 bands were assigned subcluster codes. 
For PFT clusters that was represented by more than one PFT, the most frequently occurring PFT was assigned the numerical value for that cluster code and all 
other PFTs were assigned alphabetic suffixes. Abbreviations: nsc, no subcluster code.
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to dru versus dru to spa), the inference is that isolates clustered by one typing method may 

be subdivided by the other typing method (Carrico et a l, 2006).
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3.3 RESULTS

3.3.1 BH MRSA isolates

3.3.1.1 PFGE and AR typing

A total o f 26 PFTs representing four PFGs were identified among the 173 BH MRSA 

isolates investigated (Table 3.2). The number o f band differences that occur between the 26 

PFTs identified are shown in Table 3.3. PFG-01 predominated accounting for 97% of 

isolates (168/173). The 168 PFG-01 isolates exhibited 21 PFTs which differed by <6 bands 

and the two most predominant PFTs, PFT 01018 (34%, 57/168) and PFT 01039 (23%, 

39/168), which accounted for 57.1% of all PFG-01 isolates (96/168), differed from each 

other by only a single band (Table 3.3). The majority of PFG-01 isolates (135/168, 80.4%) 

exhibited AR type AR06 and were assigned to the AR-PFG type 06-01 (Table 3.2). AR 

types, subtypes and patterns o f all BH MRSA isolates investigated are shown in Table 3.4. 

Five PFG-01 isolates (5/168, 3%) exhibited non-typeable (NT) AR patterns (Table 3.4). 

Non-typeable (NT) AR patterns differ from the AR06 group o f patterns only with regard to 

resistance to lincomycin. The remaining 28 PFG-01 isolates (28/168, 16.7%) exhibited a 

recently recognised AR pattern (currently described as ‘Unfamiliar’) which includes 

resistance to the aminoglycosides gentamicin, kanamycin, tobramycin as well high-level 

mupirocin resistance (Rossney and O ’Connell, 2008). Most isolates with this ‘Unfamiliar’ 

AR pattern in the present study (25/28, 89.3%) were resistant to mupirocin (MIC >1024 

mg/L) and one isolate was susceptible to gentamicin (but resistant to kanamycin and 

tobramycin). The five isolates that did not exhibit PFG-01 PFGE patterns belonged to PFG- 

00 (« -  3), PFG-02 (« = 1) and PFG-99 (« = 1) (Table 3.2). The three PFG-00 isolates 

exhibited the multi-antimicrobial resistance patterns AR13, AR14 and New03. The single
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Table 3.2 Molecular typing results for 173 MRSA isolates recovered from four wards of Beaumont hospital during two six-week study 
periods in 2007 and 2008

DG Cluster code' spa type dru type PFT AR-PFG type^ 
(no. of isolates) SCCmec type ST^ Isolate no.s"*

la 01.01.1 t032 dllOa 01018 06-01 (8) IVh ST22 00795, 00801, 00804, 00868, 00183, 00893, 00992, 
03002

la Ol.Olc.l t032 dll On 01018 06-01 (14) IVh ND 245, 300, 00851, 00871, 00887, 00953, 01569, 
01961, 01829, 02317, 04038, 04294, 05996, 06382

la Ol.Ola.l t032 dllOj 01018 06-01 (10) IVh ND 00224, 00223, 00238, 00240, 00303, 00312, 03764, 
03940, 03288, 03304,

la Ol.Ola.l 1032 dllOj 01018 Unf-01 (5) IVh ND 00745, 01959, 03064, 05656, 05599,
la Olda.Ola.l 1515 dllOj 01018 06-01 (1) IVh ND 01395
la 04.01 a. 1 1025 dllOj 01018 06-01 (1) IVh ST22 183
la 01.10.1 1032 dl9j 01018 06-01 (1) IVh ND 1844
lb Ola.Ola.l 1022 dllOj 01018 06-01 (1) IVh ND 03886
2 Olc.01.1 1628 dllOa 01018 06-01 (9) IVh ST22 04747, 05075, 05149, 05158, 05094, 05091, 05023, 

05076, 05177
3 01.06.1 1032 dl7g 01018 06-01 (2) IVh ND 00262,00597
4a Old.Ol.lg 11214 dllOa 01039 06-01 (6) IVh ST22 01019, 0025, 02014, 02815, 02911, 04485
4a Oldaa.Ol.lg 14622 dtlOa 01039 06-01 (1) IVh ST22 04497
4a Olda.Ol.lg 1515 dtlOa 01039 06-01 (4) IVh ST22 303,00503,00684,01010
4a Olda.Ol.lg 1515 dllOa 01039 NT-01 (1) IVh ND 01277
4a 01d.02a.lg 11214 dll lo 01039 06-01 (1) IVh ND 05864
4a 01da.02a.lg 1515 dll lo 01039 06-01 (1) IVh ND 01894
4b Ol.Ola.lg 1032 dllOj 01039 06-01 (1) IVh ND 01623
4b Ol.Ola.lg 1032 dllOj 01039 NT-01 (1) IVh ND 03626
4b 01.01.Ig 1032 dllOa 01039 06-01 (3) IVh ND 00725, 00873, 00878
4b 01.01.Ig 1032 dllOa 01039 NT-01 (1) IVh ND 173
4b Ol.Olb.lg 1032 dll Oaf 01039 06-01 (6) IVh ND 05245, 05328, 05331, 05332, 05336, 05295
4b Ol.Olda.lg 1032 dllOo 01039 06-01 (1) IVh wilhoul dcs ND 00145
4b 12.01a.lg 14122 dllOj 01039 06-01 (1) IVh ST22 02881
5 Olda.Ol.lk 1515 dllOa 01063 06-01 (1) IVh ND 00726
6 Ola.Ol.lg 1022 dllOa 01039 06-01 (4) IVh ST22 00831,00875,01088, 03035

Continued overleaf



Table 3.2 continued

DG C luster code' spa type <//•« type PFT ^ ^ f jso la te ^ ^  SCC/wectype ST^______________________ Isolate no. **

6 Ola.Olaa.lg t022 dll Op 01039 06-01 (2) IVh ND 00460,00467
7 01da.07.1g t515 dl7i 01039 06-01 (1) IVh ND 01042
8 01da.08.lg t515 dl8a 01039 06-01 (1) IVh ND 03746
9 07.01 a. 1 tl865 dllOj 01018 06-01 (3) IVh ST22 7,315,05018
10 07.01a.la tl865 dllOj 01002 06-01 (1) IVh ND 312
11 Ol.Olc.li t032 dll On 01047 06-01 (2) IVh ND 06470, 06484
12 06.01.1 m 14623 dllOa 01077 06-01 (1) IVh ST22 05239
13 01.01.lb t032 dllOa 01006 Unf-01 (1) IVh ND 05840
13 Ol.Olc.lb t032 dll On 01006 06-01 (1) IVh ND 02391
13 Ol.Ola.lb t032 dllOj 01006 Unf-01 (1) IVh ND 05354
14 Old.Ol.lb tl214 dllOa 01006 06-01 (1) IVh ND 163
15 Ol.Ola.le t032 dllOj 01030 06-01 (1) IVh ND 00542
16 01.01a.lh t032 dllOj 01042 NT-01 (1) IVh ND 01207
16 Olda.Ol.lh t515 dllOa 01042 06-01 (3) IVh ND 00489,00494,01266
16 01.01.Ih t032 dllOa 01042 06-01 (1) IVh ND 00208,
16 Ol.Olc.lh t032 dll On 01042 06-01 (1) IVh ND 05002
16 Old.Ol.lh tl214 dtlOa 01042 06-01 (1) IVh ND 03091
17 01.01a.ld t032 dllOj 01024 06-01 (2) IVh ND 01003,05006
17 01.01a.ld 1032 dllOj 01024 NT-01 (1) IVh ND 00777
17 01.01a.ld 1032 dllOj 01024 Unf-01 (7) IVh ND 01258, 01329, 01375, 05219, 05327, 05412
17 Ol.Olc.ld 1032 dll On 01024 06-01 (4) IVh ND 00513,00667,01625,05068
18 Ol.Ola.lq 1032 dllOj 01146 Unf-01 (1) IVh ND 00833
19 Olda.Ol.lc 1515 dllOa 01022 06-01 (1) IVh ND 03032

Olda.Ol.lc 1515 dllOa 01022 06-01 (1) IV,
nonsublypeable

ND 03201

20 01.01.11 1032 dllOa 01075 06-01 (1) IVh ND 01669
20 01.02aa.ll 1032 d lll j 01075 06-01 (1) IVh ND 02386
21 01.03.1 1032 dl5b 01018 06-01 (2) IVh ND 01438,01573
22 lO.Olda.ls 13185 dllOo 01154 06-01 (2) IVh ND 03651,03693
22 lO.Olda.ls 13185 dllOo 01154 Unf-01 (13) IVh ST22 03123, 03213, 03219, 03222, 03225, 03300, 03308, 

03376, 03638, 03642, 03646, 03663, 03832
Continued overleaf



Table 3.2 continued

DG C luster code* spa type dru type PFT AR-PFG^ (no. 
of isolates) SCCmec  type S t 3 Isolate no. '*

23 01.01.Ij t032 dtlOa 01049 06-01 (2) IVh ND 00349, 05962
23 05.01.Ij t578 dtlOa 01049 06-01 (1) IVh ST22 06314
23 01da.02aa. Ij t515 d t l l j 01049 06-01 (1) IVh ND 00638
24 Ol.O la.la t032 dtlOj 01002 06-01 (3) IVh ND 298,00154,00226
24 Olda.Ol.la t515 dtlOa 01002 06-01 (1) IVh ND 02783
25 Ol . l l . l j t032 dt9p 01049 06-01 (1) IVh ND 01978
26a 01a.09.1j t022 dt8p 01049 06-01 (3) IVh ND 05087, 05060, 05058
26b 01.09.1j t032 dt8p 01049 06-01 (1) IVh ND 05117
27 11.01.Ig t3213 dtlOa 01039 06-01 (1) IVh ST22 01905
28 11.01.Ih 13213 dtlOa 01042 06-01 (1) IVh ND 01647
29 13.01.Ig t4267 dtlOa 01039 06-01 (1) IVa ST22 00152
30 14.01.1k t4765 dtlOa 01063 06-01 (1) IVh ST22 141
31 01.01.I f t032 dtlOa 01032 06-01 (1) IVh ND 01629
32 01.01.Ir t032 dtlOa 01151 06-01 (1) IVh ND 00365
33 01.01a.lt t032 dtlOj 01156 06-01 (1) IVh with ccrAB4 ND 04607
34 01.02.1p t032 dtl la 01126 06-01 (1) IVh with ccrC 

and Tn554 to orfi(
ND 00379

35 03.01.Ig tl802 dtlOa 01039 06-01 (1) IVh ST22 01322
36 01.01.lo t032 dtlOa 01114 06-01 (1) IVh ND 02335
37 08.04. In t2951 dt6e 01088 06-01 (1) IVh ST22 01531
38 02.05.3 t018 dt7c 02017 NT-02 (1) II without 

pUBIIO
ST36 2

39 15.01a.2 tl9 0 dtlOj 00041 New03-00(1) Characterized by 
ccrAB4, class A 
mec, mecl, and 
dcs

STS 05540

'Based on the nomenclature in Table 3.1, each isolate was assigned a 3-digit cluster code in which the first numbers represent the spa type, the second 
represent the dru type and the third represent the PFT.

 ̂Unf, unfamiliar (these isolates exhibited hitherto unfamiliar AR pattern); NT, nontypeable (these AR patterns that differed from the AR06 group of patterns 
only with regard to the resistance of lincomycin).



 ̂One isolate representative o f each spa type identified in the present study underwent MLST. Abbreviation: ND, not determined.

The sources, dates of isolation, wards on which patients were located when MRSA was isolated as well as AR types are shown in Table 2.3, Chapter 2.



Table 3.3. Matrix showing the number of band differences between the pulsed-field types (PFT) identified among the MRSA 
isolates recovered from Beaumont hospital

PFT
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ooo00o

00216

01002
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01018

01022

01024

01030

01032

01039

01042

01047

01049

01063

01075

01077

o
o00oo

01114

01126

01146

01151

01154

01156

02017

99083

00041
00080 4
00216 7 9
01002 9 12 11
01006 10 10 12 4
01018 9 11 11 2 2
01022 11 12 11 2 4 4
01024 10 12 11 4 2 2 2
01030 10 11 12 5 1 3 5 3
01032 11 15 14 6 5 5 5 5 4
01039 9 13 11 3 3 1 5 3 2 6
01042 11 13 12 5 3 3 3 1 2 4 2
01047 9 10 9 2 3 2 4 4 5 7 3 5
01049 11 13 12 1 5 3 3 5 4 5 2 4 3
01063 9 12 11 4 4 2 6 4 3 5 1 3 4 3
01075 10 12 11 6 4 4 4 2 3 5 3 1 6 5 2
01077 9 11 10 1 3 1 3 3 4 6 2 4 1 2 3 5
01088 10 10 13 6 2 4 6 4 1 5 3 4 6 5 2 3 5
01114 11 12 11 4 6 6 2 4 5 5 5 4 4 3 4 2 5 4
01126 15 12 15 4 4 4 4 4 3 5 3 5 6 5 4 4 5 2 2
01146 10 13 10 2 3 1 2 1 4 4 2 2 3 4 3 3 2 5 5 5
01151 10 12 14 6 5 5 5 5 4 2 4 4 4 4 5 5 6 5 5 5 6
01154 9 13 14 5 3 3 7 5 2 4 2 3 5 4 3 5 4 3 6 5 4 4
01156 12 15 14 5 7 6 3 5 6 2 6 4 5 4 7 5 6 7 3 5 6 3 6
02017 8 12 12 11 9 9 10 10 9 9 9 9 9 9 8 8 8 8 8 9 10 9 9 9
99083 8 8 12 14 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 9



Table 3.4. Antibiogram-Resistogram (AR) Patterns identified among the 173 BH 
MRSA isolates.

AR-PFG (w) AR Type / Subtype («) Antim icrobial Resistance Pattern'

06-01 (135) 06.1 (1) Ap
06.1 +C p(15) Ap, Cp
06.1 +Cp, F d & M p (l) Ap, Cp. Fd, Mp^
06.3 + Cp(13) Ap, Cd, Cp
06.3 + Cp & Fd (3) Ap, Cd, Cp, Fd
06.5 + C p (l) Ap, Cd, Er, Fd
06.5 + Cp (40) Ap, Cd, Cp, Er
06.5 + Cp & Fd (28) Ap, Cd, Cp, Er, Fd
06.6+Cp (19) Ap, Cp, Er
06.6 + C p& M p^(l) Ap, Cp, Er, Mp^
06.6 + C p& Fd(12) Ap, Cp, Er, Fd
06.6 + C p & R f(l) Ap, Cp, Er, Rf

NT-01 (5) N T^(l) Ap, Cd, Cp, Er, Fd, Ln
N T^(l) Ap, Cd, Cp, Er, Ln
NT^ (2) Ap, Cd, Er, Ln
N T^(l) Ap, Cp, Fd, Ln

Unf-01 (28) Unfamiliar'’ (23) Ap, Cd, Cp, Er, Gn, Kn, Ln, Mp, Tb
Unfamiliar'* (I) Ap, Cp, Er, Gn, Kn, Mp, Tb
Unfamiliar'* (1) Ap, Cp, Er, Kn, Mp, Tb
Unfamiliar'' (3) Ap, Cp, Er, Gn, Kn, Tb

NT-02 (1) N T^(l) Ap, Cd, Cp, Er, Ln, Sp

Unf-99(1) Unfamiliar (1) Ap, Er, Kn, Nm

13-00(1) 13.1 (1) Ap, Cd, Cp, Er, Eb, Gn, Kn, Ln, Me, Nm, Pma, Sm, Sp, Tb
14-00(1) 14.4(1) Ap, Cd, Cp, Er, Eb, Gn, Kn, Me, Nm, Pma, Sm, Sp, Tb, Tp
New03-00(1) New03 + M p(l) Ap, Cd, Cp, Er, Eb, Gn, Kn, Ln, Me, Mp, Pma, Sm, Tb

Antimicrobials tested: Ap, ampicillin; Cd, cadmium acetate; Cp, ciprofloxacin; Er,
erythromycin; Eb, ethidium bromide; Fd, fusidic acid; Gn, gentamicin; Kn, kanamycin; 
Ln, lincomycin; Me, mercuric chloride; Mp, mupirocin; Nm, neomycin; Pma, phenyl 
mercuric acetate; Rf, rifampicin; Sp, spectinomycin; Sm, streptomycin; Tb, tobramycin; 
Tp, trimethoprim; Vn vancomycin.

Low-level mupirocin resistance (MIC <16 mg/L).
^‘NT’, these AR patterns differ from the AR06 group of patterns only with regard to 
resistance to lincomycin but are not assigned to an AR type pending PFGE analysis 
because previous experience with these AR patterns showed that with these isolates, the 
AR pattern alone is an unreliable guide to AR type (44).
‘̂ ‘U n f , Unfamiliar. Twenty-eight PFG-01 isolates (28/168, 16.7%) exhibited a recently 
recognised AR pattern (currently described as ‘Unfamiliar’) which includes resistance 
to the aminoglycosides gentamicin, kanamycin, tobramycin as well high-level 
mupirocin resistance.



PFG-02 isolate exhibited a ‘NT’ resistance pattern which included spectinomycin 

resistance (Table 3.2). The PFG-99 isolate exhibited a hitherto unfamiliar AR pattern and 

was urease-positive (Table 3.2).

3.3.1.2 sya typing

Seventeen spa types were identified among the 168 PFG-01 isolates but 55.4% of isolates 

(93/168) belonged to spa type t032. The proportions of other spa types among PFG-01 

isolates were as follows: t515 (16/168, 9.5%), t3185 (15/168, 8.9%), tl214 (10/168, 6%), 

t022 (10/168, 6%), t628 (9/168, 5.4%), tl865 (4/168, 20.4%) and t3213 (2/168, 1.2%) 

while spa types t025, t578, tl802, t2951, t4122, t4267, t4622, t4623 and t4765 were 

exhibited by single isolates only (Table 3.2). The spa type distribution among isolates 

exhibiting PFG-00 (3/173), PFG-02 (1/173) and PFG-99 (1/173) were tl90  (3), t018 (1) 

and t2978 (1), respectively (Table 3.2).

3.3.1.3 dru tvping

Seventeen dru types were identified among the 168 PFG-01 BH MRSA isolates, with dtlOa 

predominating (61/168, 36.3%) followed by dtlOj (43/168, 25.6%), dtlOn (22/168, 13%), 

dtlOo (16/168, 9.5%), dtlOaf (6/168, 3.6%), dt8p (4/168, 2.4%), dt5b (2/168, 1.2%), dt7g 

(2/168, 1.2%), dtlOp (2/168, 1.2%), d tllj (2/168, 1.2%) and dtl lo (2/168, 1.2%). The dru 

types dt6e, dt7i, dt8a, dt9j, dt9p and dtl la  were exhibited by single isolates among the 

remaining PFG-01 isolates (Table 3.2). The three PFG-OO isolates {spa type tl90) exhibited 

dru types dtlOa (2/3) and dtlOj (1/3) while the dru types of the PFG-99 {spa type t2978) 

and PFG-02 {spa type t018) isolates were dtlOi and dt7c, respectively (Table 3.2).
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3.3.1.4 MLST and SCCmec typing

One isolate representative of each of the 20 spa types identified was typed using MLST and 

four STs belonging to four distinct CCs were identified (Table 3.2). Isolates exhibiting the 

17 spa types found among the 168 PFG-01 isolates were all identified as ST22 (7-6-1-5-8- 

8-6, CC22), while isolates representative of spa types t018, tl90 and t2978 were identified 

as ST36 (2-2-2-2-S-3-2, CC30), ST8 (3-3-1-1-4-4-3, CC8) and ST87 (19-23-15-2-41-20- 

15, CC59), respectively (Table 3.2). SCCmec typing of all 173 isolates revealed that the 

majority of PFG-01 isolates (163/168, 97%) harboured SCCwec IVh (ccrAB2, class B mec, 

dcs, J1 region IVh). Of the remaining five PFG-01 isolates, one harboured SCCmec IVa 

{ccrAB2, class B mec, dcs, J1 region IVa) and four harboured novel SCCmec IV variants 

(Table 3.2) including (i) a non subtypeable SCCmec IV element (ccrAB2, class B mec, dcs, 

J1 region not identified) (ii) a SCCmec IVh element {ccrAB2, class B mec, dcs, J1 region 

IVh) which also yielded an amplimer corresponding to the amplification of ccrAB4, (iii) a 

SCCmec IVh element which failed to yield an amplimer corresponding to the dcs region 

and (iv) a SCCmec IVh element which also yielded amplimers corresponding to ccrC and a 

region located between TnJ5^ and orfX normally associated with SCCmec III (Table 3.2).

Among the five non PFG-01 isolates, one spa type tl90 (ST8) isolate and the spa 

type t2978 (ST87) isolate harboured SCCmec HE (AR-PFG 13-00; ccrAB2, class A mec, 

dcs, J1 region SCCmec IVb) and SCCmec IVb (ccrAB2, class B mec, dcs and J1 region 

IVb), respectively. The three remaining non PFG-01 isolates harboured novel SCCmec 

variants (Table 3.2). One tl90  (STS) isolate yielded four of the five amplimers expected for 

a SCCmec HE element with ccrAB4 {ccrAB2, J1 region IVb, dcs and ccrAB4, Shore et al., 

2008) but yielded a mec class amplimer larger than any of those expected for class A, B or
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C mec complex. Simplex PCRs for the class A, B and C mec complexes using the same 

primers and conditions used for the multiplex PCR revealed that the isolate yielded an 

amplimer using the class A mec primers only but that this was ca. 3000 bp instead o f the 

expected size o f 1963 bp for a class A mec complex. The t018 (ST36) isolate harboured 

SCCmec II {ccrAB2, class A mec, dcs, kdp and JI region IVb) but failed to yield the 

amplimer corresponding to the amplification of pU B l 10 which is normally associated with 

SCCmec II. The third tl90  isolate (New03-00) harboured ccrAB4 and class A mec, 

suggestive o f a possible SCCmec VIII element but also harboured amplimers corresponding 

to the amplification o f m eci and dcs. The SCCmec element harboured by the latter MRSA 

isolate (00471) was investigated further and is discussed in Chapter 6.

3.3.1.5 Clustering o f isolates

The 173 MRSA isolates were divided into clusters based on spa, dru and PFGE typing 

data. Each isolate was assigned a 3-digit cluster code with the first number representing the 

spa type, the second representing the dru type and the third representing the PFG (Table 

3.1). Subgrouping among spa and dru types was investigated by constructing minimum 

spanning trees (MSTs, Fig. 3.2., panel (a-f)) and subgrouping among PFGE types was 

based on the numbers o f band differences between PFTs, as described below.

3.3.1.5.1 Cluster analysis o f  spa types

A MST constructed from all spa types identified for the BH MRSA isolates is shown in 

Fig. 3.2, panel (a), spa types were deemed to be distinct if they differed from all other spa 

types identified in the present study by a MST distance >2 (<98.5% similar) and were each 

assigned different spa cluster codes with numerical values ranging from 01-15 (Fig. 3.2, 

panel (a) and Table 3.1). spa types that shared >98.5% similiarity on the MST (i.e. if they
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shared a MST distance <2) were assigned spa subcluster codes (Table 3.1). Each spa type 

within a subcluster, except for the spa type designated as the founder of a subgroup, was 

assigned an additional alphabetic suffix following the relevant numerical cluster code 

(Table 3.1). Using these criteria, five spa type subgroups were identified including (i) t032 

and t022, (ii) t032 and t628, (iii) t032 and tl214, (iv) tl214 and t515 and (v) t515 and t4622 

(Fig. 3.2, panel (a)). The spa type t032 was assigned the founder of a major spa cluster 

consisting of 80.3% (139/173) of the isolates investigated and was designated spa cluster 

code 01 (Fig. 3.2, panel (a) and Table 3.2). The MST showed that some spa types were 

subgroups of spa types already assigned to spa subgroups, so additional alphabetic suffixes 

were added to the alphanumeric spa subcluster code (see Fig. 3.2, panel (A) and Table 3.1).

3.3.1.5.2 Cluster analysis o f  dru types

A MST constructed from 16 dru types identified among the 168 PFG-01 BH MRS A 

isolates is shown in Fig. 3.2, panel (a). With dru typing, individual MSTs were generated 

for all dts harbouring the same number of dru repeat units that were represented by more 

than one dt. MSTs for dts with 11 (dtl la, dtl Ij and dtl lo), 10 (dtlOa, dtlOj, dtlOn, dtlOo, 

dtlOp and dtlOaf), nine (dt9j and dt9p), eight (dtSa and dt8p) and seven (dt7c, dt7g and 

dt7i) repeat units are shown in Fig. 3.2, panels (b -  f), respectively. Only one dt was 

identified with five (dt5b) or six (dt6e) dru repeat units.

dru type cluster codes were based on the number of dru repeat units in the first 

instance (i.e. dts with 10 repeats were assigned dru cluster code 01; dts with 11 repeats 

were assigned dru cluster code 02) (Table 3.1). Thereafter, subgroups of closely-related dru 

types were identified using the same criteria as were used for subgrouping of spa types i.e 

dru types that shared a MST distance < 2, indicated >98.5% similiarity and were assigned
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(a)

(b) (c)

(d)

(e) ^

(f) ^

Fig 3.2 Cluster analysis of spa types of 172 ST22-MRSA-IV isolates (panel (a)) and 

cluster analysis of dru types of 168/172 BH ST22-MRSA-IV isolates using minimum 

spanning trees (MSTs) (panels (b-f). MSTs generated using the BioNumerics software 

program representing the 20 spa types (panel (a)) and the dru types with 10 (panel (a)), 

11 (panel (c)), 9 (panel (d)), 8 (panel (e)) and 7 (panel (f)) identified among the BH



MRSA isolates. Each individual circle represents a spa type or dru type, and the 

numerical values on the branch represents the similarity (expressed as the MST 

distance) between the two spa or two dru types. The BioNumerics software creates 

groups of certain distance intervals or similarity values (termed bins) and converts these 

data into distance units. The bin distance was set to 0.5% (i.e., two entries at a distance 

of 1 on the MST have between 99 and 99.5% similarity and two entries at a distance of 

2 have between 98.5 and 99% similarity, etc.). spa types and dru types were assigned 

the same cluster code if they were separated by a MST distance < 2 (i.e. if they showed 

> 98.5% similarity) (Table 3.1). spa types that were detected among the five non-PFG 

01 isolates are indicated by a blue background colour.



dru subcluster codes (Table 3.1). Subgroups were recognised among dts with 11 (2 

subgroups) and 10 (6 subgroups) dru repeat units only (Fig. 3.2. panels (b and c)). All 

remaining dru types were deemed different because they differed from all other dru types 

identified by a MST distance value >2 and were assigned distinct dru cluster codes with 

numerical values ranging from 03-11 (Table 3.1 and Fig. 3.2, panels (d - f)).

3.3.1.5.3 Cluster analysis o f PFTs

For cluster analysis, each of the four PFGs was assigned a PFGE cluster code consisting of 

a number ranging from 1 to 4. Where PFGs were represented by more than one PFT, the 

most frequently occurring PFT was assigned the numerical value for that PFG and all other 

PFTs were assigned additional alphabetic suffixes (Table 3.1) e.g. within PFG-01, the most 

frequently occurring PFT was PFT 01018 which was assigned PFGE cluster code 1; PFT 

01002 was assigned PFGE subcluster code la; PFT 01006, PFGE cluster code lb etc. as 

shown in Table 3.1. Within PFG-00, PFT 00041 was assigned PFGE cluster code 2 while 

PFT 00080 and 00216 were assigned PFGE subcluster codes 2a and 2b, respectively. The 

only PFTs in PFG-02 and PFG-99 were assigned PFGE cluster codes 3 and 4, respectively 

(Table 3.1).

3.3.1.6 Discriminatory power and concordance of spa, dru and PFGE typing data 

The ability of PFGE, spa and dru typing to discriminate among the 168 PFG-01 (ST22- 

MRSA-IV) isolates was determined quantitatively by calculating the SID for each 

individual typing method and for all combinations of the three methods (Table 3.5., panel 

(A)). The individual typing methods PFGE, spa and dru typing yielded 21,17 and 17 types, 

respectively, whereas the combination of PFGE and spa typing, PFGE and dru typing, and 

spa and dru typing yielded 44, 43 and 37 types, respectively. The combination of spa, dru
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and PFGE typing yielded the largest number of type combinations (65 types) and the 

highest discriminatory power (SID 96.53) with the narrowest 95% Cl (Table 3.5., panel 

(a)). Of the three individual methods, PFGE was the most discriminatory (SID 81.34) 

followed by dru typing (SID 77.83) and spa typing (SID 66.90) (Table 3.5 (a)).

The enhanced discrimination obtained by combining all three typing methods was 

confirmed by the Adjusted Rand Index (ARI) and Wallace coefficient (W) values (Table 

3.6). Using the ARI the probability that similar clustering of isolates would be obtained 

using the combination of spa, dru and PFGE when compared to the use of any one of the 

typing methods individually or in pairwise combination was <69% (range ca. 0.7% -  69%, 

Table 3.6). In addition, the low W coefficients obtained for the comparison of individual 

methods suggests that no method is redundant and that each method contributes additional 

information. The highest value for the comparison between a pair of individual methods 

was obtained with PFGE and spa typing (W 0.482) but the comparison between spa typing 

and PFGE was much lower (W 0.272) (Table 3.6). Hence the PFGE type could predict the 

spa type with 48% probability whereas the ability of the spa type to predict the PFGE type 

was only 27%.

The relatively low and similar W coefficient values obtained in either direction with 

PFGE and dru typing (W coefficient for PFGE against dru typing: 0.345 compared with W 

coefficient for dru against PFGE typing: 0.290) indicates that isolates clustered by PFGE 

typing may be subdivided by dru typing and dru typing may also be subdivided by PFGE 

(Table 3.6). This also holds true for spa and dru typing (W coefficients: 0.277 and 0.413, 

respectively) and PFGE and spa typing (W coefficients: 0.482 and 0.272, respectively). 

High W coefficient values were obtained when combinations of methods were used where
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Table 3.5 Discriminatory power of spa, dru and PFGE typing methods calculated 

using Simpson’s Index of Diversity (with 95% confidence intervals, Cl) for ST22- 

MRSA-IV isolates recovered from (a) BH (n=168), (b) Irish hospitals between 1989

and 2002 (n=27) and (c) Irish hospitals between 2003 and 2006 (n=10) 

(a)

Typing methods No. of types Simpson's index of 
diversity

95% Cl

spa 17 66.90 59.36-74 .44
dru 17 77.83 73.86-81 .80
PFGE 21 81.34 77.38 -  85.31
spa & dru 37 90.84 88.66-93 .02
spa & PFGE 44 91.00 88.12 -93 .89
dru & PFGE 43 93.57 92.08 -95 .66
spa, dru & PFGE 65 96.53 95.53 -97 .5 2

(b)

Typing methods No. of types Simpson's index of 
diversity

95% Cl

spa 16 88.60 78.30-98.91
dru 5 57.55 38.90-76.20
PFGE 9 88.32 82.75-93.89
spa & dru 20 97.15 94.19-100.12
spa & PFGE 22 97.72 94.69-100.75
dru & PFGE 17 94.87 90.62-99.12
spa, dru & PFGE 24 98.86 96.99-100.73

(c)

Typing methods No. of types Simpson's index of 
diversity

95% Cl

spa 5 75.56 52.37-98.74
dru 3 64.44 49.69-79.20
PFGE 5 80.00 64.20-95.80
spa & dru 8 95.56 89.36-101.75
spa & PFGE 7 91.11 80.08-102.14
dru & PFGE 8 95.56 89.36-101.75
spa, dru & PFGE 9 97.78 92.72-102.84



TABLE 3.6 Concordance of spa, dru and PFGE typing methods individually and 

combination for the 168 ST22-MRSA-IV recovered from Beaumont hospital.

Typing method spa dru PFGE spa & 
dru

spa & 
PFGE

dru & 
PFGE

spa, 
dru & 
PFGE

Adjusted Rand Index'

spa

dru 0.090

PFGE 0.143 0.141

spa & dru 0.339 0.523 0.144

spa & PFGE 0.333 0.109 0.602 0.321

dru & PFGE 0.076 0.389 0.461 0.400 0.406

spa, dru & PFGE 0.136 0.224 0.271 0.526 0.534 0.687

Wallace Coefficient^

spa 0.277 0.272 Q211 0.272 0.105 0.105

dru 0.413 0.290 0.413 0.157 0.290 0.157

PFGE 0.482 0.345 0.186 0.482 0.345 0.186

spa & dru 1.000 1.000 0.379 0.379 0.379 0.379

spa & PFGE 1.000 0.386 1.000 0.386 0.386 0.386

dru & PFGE 0.540 1.000 1.000 0.540 0.540 0.540

spa, dru & PFGE
■ ■

1.000 1.000 1.000 1.000 1.000 1.000

isolates by calculating the Adjusted Rand Index (ARI) using an online tool 
('www.comparingpartitions.infol (Faria et a l, 2008). The ARI indicates the overall 
concordance between two typing methods and includes a correction factor to take into 
account the possibility that concordance could have arisen by chance.
2 The online tool was also used to calculate the Wallace coefficient (W) (Faria et a l, 
2008) which indicates the probability that two isolates classified as the same type by 
one method will also be classified as the same type using another method. Hence the W 
coefficient gives a quantitative estimate of the value of including additional typing 
methods. A high W coefficient suggests that including a particular additional method 
does not yield further information. The W coefficient also provides directional 
information about the concordance of typing methods in that it quantifies the probability 
that isolates clustered by one typing method (e.g. PFGE) will be assigned to the same 
cluster by a second typing method (e.g. spa typing) and vice versa (Faria et a l, 2008).



one method in the combination was being compared with itself (e.g. spa typing and PFGE 

against spa typing) (Table 3.6).

3.3.1.7 Cluster analysis of isolates based on the combination of spa, dru and PFGE typing 

results

Seyenty cluster codes respresentatiye of each different combination of spa, dru and PFGE 

type were identified among the 173 isolates inyestigated (Table 3.2). Among the 168 PFG- 

01 isolates, 65 cluster codes were identified (Table 3.2). Many of the isolates with different 

cluster codes exhibited only minor differences by either spa, dru and/or PFGE typing. To 

further inyestigate the relationship between PFG-01 isolates, a dendrogram was generated 

from the ayerages of the similarity matrices from spa, dru and PFGE typing data for all 

PFG-01 isolates (Fig. 3.3). Isolates with the same cluster code were indistinguishable using 

all typing methods and shared 100% similarity on the dendrogram and so were assigned to 

the same dendrogram group (DG). Isolates with cluster codes that shared > 98.5% 

similarity on the dendrogram were deemed to be yery closely related and were also 

assigned to the same DG while those with <98.5% similarity were deemed to be 

distinguishable and were assigned to different DGs (Fig. 3.3). Using these criteria, a total of 

37 DGs were identified among the 168 PFG-01 isolates (Table 3.2 and Fig. 3.3). Four of 

these DGs (DG-1, DG-4, DG-23 and DG-26) were diyided into subgroups because they 

included isolates that shared between 98.5% and 99% similarity (Fig. 3.3).

DG-1 and DG-4 were the largest groups identified and consisted of 41/168 (24.4%) 

and 28/168 (16.7%) isolates, respectiyely (Fig. 3.3). Isolates within DG-1 exhibited seyen 

cluster codes all with PFT 01018, spa types t032, t022, t515 or t025 and dru types dtlOa, 

dtlOj, dtlOn or dt9j (Fig. 3.3 and Table 3.2). The majority of DG-1 isolates shared >99%
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similarity except for the one DG-lb isolate which shared 98.6% similarity with other group 

DG-1 isolates (Fig. 3.3). Isolates within DG-4 exhibited 10 cluster codes with PFT 01039, 

spa types t032, t4122, tl214, t515 and t4622 and dru types dtlOa, dtlOj, dtlOaf, dtlOo or 

dtl lo (Fig. 3.3 and Table 3.2). All DG-4a isolates shared >99% similarity as did all DG-4b 

isolates while DG-4a and DG-4b isolates shared 98.59% similarity with each other (Fig. 

3.3).

Five distinct cluster codes were identified among the five non PFG-01 isolates; these 

isolates shared <90% similarity with each other and with all other isolates investigated 

using a dendrogram generated from the averages of the similarity matrices from spa, dru 

and PFGE typing data for all isolates investigated in the present study (data not shown). 

Therefore, these five isolates were deemed to be distinguishable and were assigned distinct 

DGs as follows: DG-38, cluster code C02.05.3 {spa type tOlS, dru type dt7c, PFT 02017), 

DG-39, C15.01a.2 (tl90, dtlOj, 00041), DG-40, C15.01.2a (tl90, dtlOa, 00080), DG-41, 

C15.01.2b (tl90, dtlOa, 00216) and DG-42, C09.01d.4 (t2978, dtlOi, 99083) (Table 3.2).

3.3.1.8 Combining the dendrogram groupings with epidemiological evidence 

The dendrogram groupings for one hospital ward during two six-week study periods were 

analysed in the context of available epidemiological data from the larger investigation. 

Dendrograms were generated from the averages of the similarity matrices from spa, dru 

and PFGE typing data for all PFG-01 isolates recovered from patient and environmental 

sites in one ward (Ward One) from (i) July to September 2007 with one additional isolate 

recovered in November 2007 (Study Period I, « = 38) (Fig. 3.4, panel (a)) and (ii) April to 

May 2008 (Study Period II, n = 22) (Fig. 3.4, panel (b)).
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Fig. 3.3 Composite dendrogram generated using UPGMA clustering and the averages of 

the similarity matrices from spa, dru and PFGE typing for the 168 ST22-MRSA-IV 

isolates investigated during the present study. Isolates were assigned 3-digit cluster 

codes with the first number representing the spa type, the second representing the dru 

type and the third the PFT. Isolate cluster codes were then assigned to dendrogram 

groups (DGs) as follows: isolates with cluster codes that shared > 98.5% similarity on 

the dendrogram were deemed to be very closely related and were assigned to the same 

DG. Those isolates with cluster codes sharing <98.5% similarity were deemed to be 

distinguishable and were assigned to different DGs. The dendrogram demonstrates that 

the PFG-01 isolates were assigned to 65 cluster codes that were divided into 37 DGs. 

The red, dashed vertical line shown marks 98.5% similarity.
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Fig. 3.4 Composite dendrogram generated using UPGMA clustering and the averages of 

the similarity matrices from spa, dru and PFGE typing for 38 PFG-01 MRSA isolates 

investigated during Study Period I (panel a) and 22 PFG-01 MRSA isolates investigated 

during Study Period II (panel b). Available epidemiological information for each 

isolate, as well as cluster codes and dendrogram groups (DGs) are indicated. DGs were 

assigned to the different cluster codes determined from the dendrogram depicting all 

PFG-01 isolates identified in the present study (Fig. 3.3). The dendrogram shows that 

the PFG-01 isolates from Study Period I (« == 38) and Study Period II {n = 22) were 

differentiated into 12 and eight DGs, respectively.

“The abbreviation ‘SO’ instead of a bed number indicates a single occupancy room.

'’HA, hospital-acquired; OA, MRSA-positive on admission; OA-K, MRSA-positive 

status known at time of admission to ward; >72 h, MRSA status determined 72 h after 

admission to ward.

The pairs or triplets of isolates recovered during Study Periods I and II are indicated 

and represent isolates recovered from different patients and from their immediate 

environment during the same study period. Each pair consists of one isolate from a 

patient and at least one environmental isolate.



Twelve DGs were identified among the 38 PFG-01 isolates recovered during Study 

Period 1 (Fig. 3.4, panel (a)). The largest DG recognised was D G -la consisting o f 11 

isolates which shared >99% similarity. The earliest D G -la isolate was recovered on 

08/17/2007 from a patient who was MRSA-positive on admission to the ward (Fig. 3.4, 

panel (a)). Over the next 10 days, D G -la isolates were recovered from three patients and 

seven environmental sites; MRS A from two o f these patients with D G -la isolates were 

deemed to have been hospital-acquired (Fig. 3.4, panel (a)).

The second largest DG (DG-4) consisted o f nine isolates belonging to DG-4a («=6) 

or DG-4b («=3) which shared >98.5% similarity (Fig. 3.4, panel (a)). The earliest DG-4 

isolate was recovered from a bed mattress on 07/30/2007 and belonged to DG-4a (Fig. 3.4, 

panel (a)). Two weeks later, a second DG-4a isolate was recovered from a patient whose 

MRSA was considered to have been hospital-acquired. Over the next nine days, DG-4b 

isolates were recovered from a mattress, a bed rail and a pillow (Fig. 3.4, panel (a)). 

Subsequently, DG-4a isolates were recovered from three additional patients and one 

environmental site but none o f the MRSA from the patients were deemed to have been 

hospital-acquired (Fig. 3.4, panel (a)). Four pairs o f isolates were recovered during Study 

Period 1 but isolates from one pair only (Pair 02) were assigned to the same DG (DG-16) 

(Fig. 3.4, panel (a)). These Pair 02 isolates were indistinguishable by all typing methods 

used and were recovered from a patient and the patient’s bed mattress on the same day (Fig. 

3.4, panel (a)).

During Study Period II, eight DGs were identified among the 22 PFG-01 isolates 

recovered with DG-2 isolates predominating (9/22, 40.9%) (Fig. 3.4, panel (b)). The 

earliest DG-2 isolate (recovered on 04/29/2008) came from a bed mattress. The next DG-2
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isolate was recovered almost four weeks later from a patient who was known to have been 

MRSA-positive on admission to that ward. Subsequently DG-2 isolates were recovered 

from six environmental sites (including bed mattresses, bed rails and air) and from another 

patient who was also found to have been MRSA-positive on admission (Fig. 3.4, panel (b)). 

Four DG-26 isolates were identified during Study Period II including a triplet of isolates 

(Triplet 01) recovered from a patient, the patient’s bed mattress and bed rail, and an 

additional environmental isolate with no associated patient isolate. Two DG-la, two DG-4a 

and two DG-17 isolates were also identified during Study Period II (Fig. 3.4, panel (b)). 

The two DG-la isolates (Pair 03) were recovered from a patient and eight days later from 

that patient’s locker while the DG-4a isolates were recovered from two patients within 24 

hours of each other. The first DG-17 isolate was from a patient and one day later, the 

second isolate was recovered from a bed rail of a different bed (Bed 10) in the same bed 

bay (Fig. 3.4, panel (b)). A DG-16 isolate had been recovered the previous day from the 

patient in Bed 10 (Pair 06). These DG-16 and DG-17 isolates (Pair 06) differ by one PFGE 

band only and while they shared 98.1% similarity on the dendrogram generated from all 

PFG-01 isolates (Fig. 3.3), they shared ca. 98.4% similarity on the dendrogram of PFG-01 

isolates recovered in Ward One during Study Period II (Fig. 3.4, panel (b)).

3.3.2 Comparator MRSA isolates

Thirty-seven comparator MRSA isolates were investigated and included 27 historical 

ST22-MRSA-IV isolates recovered between 1989 and 2002 and 10 ST22-MRSA-IV 

isolates recovered between 2003 and 2006. Both groups of isolates were typed by spa, dru 

and SCCwec IV subtyping for comparison with the BH MRSA isolates. Pulsed-field types, 

spa, dru, MLST and SCCmec typing results for the historical ST22-MRSA-IV isolates and
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Table 3.7 Molecular typing results for historical ST22-MRSA-IV isolates 
recovered between 1989 and 2002

Isolate no. spa type dru type PFT ST SCCmec IV 
subtype

AR06/0.1264 t3505 dtlOa 01018 22 IVh
AR06/0250 t005 dtlOv 01033 22 IVa
AR06/0251 t902 dtlOa 01033 22 IVa
AR06/0318 t022 dtlOa 01018 22 IVh
AR06/0340 t022 dtlOa 01017 22 IVh
AR06/2008 t032 dtlOj 01002 22 IVh
AR06/2024 t032 dtlOj 01002 22 IVh
AR06/2110 t032 dtlOa 01002 22 IVh
AR06/2170 tl467 dt03a 01000 22 IVh
AR06/3143 t4902 dtlOa 01014 ND IVa
AR06/3147 t3504 dtlOa 01000 ND IVh
AR06/3190 t3506 dtlOa 01000 ND IVh
AR06/3222 t790 dtlOa 01000 22 IVh
AR06/3362 t005 dtlOa 01014 22 IVa
AR06/3363 t005 dtlOa 01014 22 IVa
AR06/3416 t032 dtlOj 01002 22 IVh
AR06/3430 t515 dtlOa 01000 ND IVh
AR06/3591 t032 dtlOg 01000 22 IVh
AR06/3637 t531 dtlOa 01000 22 IVh
AR06/1095 t032 dtlOa 01029 22 IVh
AR06/1098 t032 dtlOv 01010 22 IVh
E1115 t032 dtlOj 01010 22 IVh
E1123 t4253 dtlOa 01010 22 IVh
E l 164 t3501 dtlOa 01010 22 IVh
El 174 tl802 dtlOa 01028 22 IVh
E l 203 t2945 dtlOj 01029 22 IVh
El 206 t032 dtlOv 01018 22 IVh

MLST, PFGE and SCCmec analysis was undertaken by Shore et al. (2005). The 
isolates were included in this study as comparator isolates for spa, dru typing and 
PFGE typing. Abbreviations: ND, Not determined; PFT, pulsed-field type.; ST, 
sequence type as determined by multilocus sequence typing.



Table 3.8. Molecular typing results for the ST22-MRSA-IV isolates recovered 
between 2003 and 2006 (/i=10)___________________________________________

Isolate no. spa type dru type PFT ST SCCmec IV 
subtype

El 427 t032 dtlOt 01018 22 IVh
El 620 t025 dtlOj 01042 22 IVh
El 662 t2945 dtlOj 01039 22 IVh
El 702 t032 dtlOa 01024 22 IVh
E2015 t4766 dtlOa 01018 22 IVh
E2181 t032 dtlOa 01018 22 IVh
E2246 t032 dtlOj 01063 22 IVh
E2253 t022 dtlOa 01039 22 IVh
E2855 t032 dtlOj 01018 22 IVh
E3069 t022 dtlOa 01039 22 IVh

The isolates were included in this study as comparator isolates for spa, dru typing 
and PFGE typing. Abbreviations: ND, Not determined; PFT, pulsed-field type; 
ST, sequence type as determined by multilocus sequence typing.



Table 3.9. Antibiogram-Resistogram (AR) patterns identified among ST22-MRSA- 

IV isolates recovered from (a) 27 ST22-MRSA-IV isolates (1989-2002) and (b) 10 

ST22-MRSA-IV isolates (2003-2006)

(a)

AR subtype («) Antibiogram resistogram pattern

AR06.1 + C p  (2) Ap, Cp
AR06.3 (5) Ap, Cd
AR06.3 + Cp (5) Ap, Cd, Cp
AR06.5 (6) Ap, Cd, Er
AR06.5 + Cp (6) Ap, Cd, Cp, Er
AR06.5 + C p & F d ( l) Ap, Cd, Cp, Er, Fd
AR06.6(1) Ap, Er
AR06.6 + C p (l) Ap, Cp, Er

(b)

AR subtype («) Antibiogram resistogram pattern

AR06.1 + C p  (2) Ap, Cp
AR06.3 + Cp (2) Ap, Cd, Cp
AR06.5 + Cp (3) Ap, Cd, Cp, Er
AR06.5 + Cp & Fd (3) Ap, Cd, Cp, Er, Fd

’Antimicrobials tested: Ap, ampicillin; Cd, cadmium acetate; Cp, ciprofloxacin; Er, 
erythromycin; Eb, ethidium bromide; Fd, fusidic acid; Gn, gentamicin; Kn, kanamycin; 
Ln, lincomycin; Me, mercuric chloride; Mp, mupirocin; Nm, neomycin; Pma, phenyl 
mercuric acetate; Rf, rifampicin; Sp, spectinomycin; Sm, streptomycin; Tb, tobramycin; 
Tp, trimethoprim; Vn vancomycin.
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the ST22-MRSA-IV isolates recovered between 2003 and 2006 are shown in Tables 3.7 

and 3.8 respectively.

3.3.2.1 PFGEand AR typing

Nine PFTs were identified among the 27 historical ST22-MRSA-IV isolates (Table 3.7). 

PFT 01000 predominated (7/27, 26%), followed by 01002 (4/27, 15%), 01010 (4/27, 15%), 

01018 (3/27, 11%), 01014 (3/27 11%), 01033 (2/27, 7%) and 01029 (2/27, 7%) while 

01017 and 01028 each occurred only once among this group o f isolates (Table 3.7). The 

following PFT's were identified among both the BH MRSA isolates and the historical 

MRSA isolates; 01018, 01002, 01042, 01039, 01024 and 01063.

Five PFT's were identified among the ST22-MRSA-IV isolates recovered between 

2003 and 2006 with 01018 predominating (4/10 isolates, 40%) followed by 01039 (3/10, 

30%) (Table 3.8). The following PFTs occurred once among this group o f isolates; 01042, 

01024 and 01063 (Table 3.8). These five PFTs were also identified among the BH and 

historical ST22-MRSA-IV isolates.

All o f the comparator MRSA isolates exhibited AR type AR06 and were assigned to 

the AR-PFG type 06-01 (Table 3.7 and 3.8 respectively). AR types, subtypes and patterns 

of the 27 historical ST22-MRSA-IV isolates and the 10 ST22-MRSA-IV isolates 

investigated are shown in Table 3.9, panels (a) and (b), respectively.

3.3.2.2 sva  typing

3.3.2.2.1 Historical ST22-MRSA-IV isolates

Sixteen spa types were identified among the 27 historical ST22-MRSA-IV isolates (Table 

3.7). The predominant spa type was t032 (9/27, 33%) followed by t005 (3/27, 11%) and
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t022 (2/27, 7%) and the following spa types occurred once each; t3505, t902, tl467, t4902, 

t3504, t3506, t790, t515, t531, t4253, t3501, tl802 and t2945 (Table 3.7). The following 

spa types occurred among both the BH and the historical ST22-MRSA-IV isolates; t022, 

t032, t515andtl802.

3.3.2.2.2 ST22-MRSA-IV isolates recovered between 2003 and 2006 

There were five spa types identified among the 10 ST22-MRSA-IV isolates with t032 

predominating (5/10, 50%) followed by t022 (2/10, 20%) with spa types t025, t2945 and 

t4766 occurring once (Table 3.8). The following spa types were identified in the BH, the 

historical and 2003-2006 ST22-MRSA-IV; t032 and t022.

3.3.2.3 dru typing

3.3.2.3.1 Historical ST22-MRSA-1V isolates

Five dru types were identified among the 27 historical ST22-MRSA-IV isolates with dtlOa 

predominating (17/27, 63%) followed by dtlOj (5/27, 19%) and dtlOv (3/27, 11%) and dru 

types dtlOg and dt03a occurred in one isolate each (Table 3.7). dru types dtlOa and dtlOj 

were identified in both the BH and the historical ST22-MRSA-IV isolates.

3.3.2.3.2 ST22-MRSA-1V isolates recovered between 2003 and 2006

Three dru types were identified among the 10 ST22-MRSA-1V isolates recovered between 

2003 and 2006 with dtlOa predominating (5/10, 50%) followed by dtlOj (4/10, 40%) and 

dtlOt occurred in one isolate only (Table 3.8). dru types dtlOa and dtlOj were identified in 

the BH, the historical and 2003-2006 ST22-MRSA-IV isolates.
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3.3.2.4 SCCmec IV subtvping o f historical ST22-MRSA-IV isolates and ST22-MRSA-IV

isolates recovered between 2003 and 2006

Two StCCmec IV subtypes were identified among the historical ST22-MRSA-IV isolates, 

SCC/nec IVh (22/27, 81%) and SCCwec IVa (5/27, 19%) (Table 3.7). Both SCCmec IV 

subtypes were also identified among the BH MRSA isolates. The five historical isolates 

harbouring SCCmec type IVa exhibited 3 spa types, including t902 and t4902 in one isolate 

each and t005 (3/5 isolates), which were only identified among this group o f isolates only 

(Table 3.7). All 10 ST22-MRSA-IV isolates recovered between 2003 and 2006 harboured 

SCCwecIVh (Fig. 3.8).

3.3.2.5 Cluster analysis o f spa types

Individual MSTs were constructed from spa types identified for comparator MRSA isolates 

including historical MRSA isolates (Fig. 3.5, panel (a)) and AR-PFG 06-01 MRSA isolates 

(Fig. 3.6, panel (a), spa types were deemed to be distinct if they differed from all other spa 

types identified in the present study by a MST distance >2 (<98.5% similar).

3.3.2.5.1 Historical MRSA isolates

There were nine subgroups identified among the historical MRSA isolates including; (i) 

t032 and t515, (ii) t032 and 3501, (iii) t032 and t022, (iv) t022 and t3505, (v) t022 and t790, 

(vi) t790 and t2945, (vii) t790 and t005, (viii) t5I5 and t531 and (ix) t005 and t4902 (Fig.

3.5, panel (a)). The spa type t022 was assigned the founder o f the cluster and six spa types 

formed subgroups with spa types that were already part o f a subgroup (Fig. 3.5, panel (a)). 

Six spa types were deemed distinct from other spa types as they had a MST value >2 (Fig.

3.5, panel (a)).
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3.3.2.5.2 ST22-MRSA-IV isolates recovered between 2003 and 2006 

Two spa type subgroups were identified among the AR-PFG 06-01 MRSA isolates 

including; (i) t032 and t022 and (ii) t032 and t2945 (Fig. 3.6, panel (a)), spa type 032 was 

assigned the founder of the cluster (Fig. 3.6, panel (a)).

3.3.2.6 Cluster analysis of dru types

Individual MSTs were generated for dts harbouring the same number of dru repeat units 

that were represented by more than one dru type. Individual MSTs were constructed for 

each group of the comparator MRSA isolates including historical ST22-MRSA-IV isolates 

(Fig. 3.5, panel (b)) and ST22-MRSA-IV isolates recovered between 2003 and 2006 (Fig. 

3.6, panel (b)).

3.3.2.6.1 Historical MRSA isolates

Five dru types were identified among the historical MRSA isolates and dtlOa was assigned 

as the founder o f the cluster (Fig. 3.5, panel (b)). Subgroups were also identified with dtlOa 

and three other dru types (dtlOg, dtlOv and dtlOj) (Fig. 3.5, panel (b) and one dru type was 

excluded (dt3a).

5.3.2.6.2 ST22-MRSA-IV isolates recovered between 2003 and 2006

Three dru types were identified among the ST22-MRSA-IV isolates recovered between 

2003 and 2006 and dtlOa was assigned the founder of the cluster (Fig. 3.6, panel (b)). The 

remaining two dru types, dtlOj and dtlOt, formed subgroups with dtlOa (Fig. 3.6, panel 

(b)).

81



Fig 3.5 Cluster analysis of spa and dru types for historical MRSA isolates using minimum 

spanning trees (MSTs). MSTs generated using the BioNumerics software program 

representing the 16 spa types (panel (a)) and the 5 dru types (panel (b)) identified among 

the 27 historical MRSA isolates. Each individual circle represents a spa type or dru type, 

and the numerical value on the branch represents the similarity (expressed as the MST 

distance) between the two spa or two dru types. The BioNumerics software creates groups



of certain distance intervals or similarity values (termed bins) and converts these data into 

distance units. The bin distance was set to 0.5% (i.e., two entries at a distance of 1 on the 

MST have between 99 and 99.5% similarity and two entries at a distance of 2 have between 

98.5 and 99% similarity, etc.). spa types and dru types were assigned the same cluster code 

if they were separated by a MST distance < 2 (i.e. if they showed > 98.5% similarity) 

(Table 3.1).



(a)

(b)

Fig. 3.6 Cluster analysis of spa and dru types for ST22-MRSA-IV MRSA isolates 

recovered between 2003 and 2006 using minimum spanning trees (MSTs). MSTs generated 

using the BioNumerics software program representing the 5 spa types (panel (a)) and the 

dru types (panel (b)) identified among the 10 ST22-MRSA-IV MRSA isolates investigated. 

Each individual circle represents a spa type or dru type, and the numerical values on the 

branch represent the similarity (expressed as the MST distance) between the two spa or two 

dru types. The BioNumerics software creates groups of certain distance intervals or 

similarity values (termed bins) and converts these data into distance units. The bin distance 

was set to 0.5% (i.e., two entries at a distance of 1 on the MST have between 99 and 99.5% 

similarity and two entries at a distance of 2 have between 98.5 and 99% similarity, etc.). 

spa types and dru types were assigned the same cluster code if they were separated by a 

MST distance < 2 (i.e. if they showed > 98.5% similarity) (Table 3.1).
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3.3.2.7 Discriminatory power and concordance of spa, dru and PFGE typing data

3.3.2.7.1 Historical MRS A isolates

The ability of PFGE, spa and dru typing to discriminate among the historical ST22-MRSA- 

IV isolates was determined quantitatiyely by calculating the SID for each individual typing 

method and for all combinations of the three methods (Table 3.5, panel (b)). The individual 

typing methods of PFGE, spa and dru typing yielded nine, sixteen and five types 

respectively, whereas the combinations of PFGE and spa typing, PFGE and dru typing, and 

spa and dru typing yielded 22, 17 and 20 types respectively. The combination of spa, dru 

and PFGE yielded the largest number of type combinations (24 types). Of the three 

individual methods spa typing was the most discriminatory (SID 88.60), followed by PFGE 

(88.32) and dru typing (57.55) (Table 3.5, panel (b)). The enhanced discrimination obtained 

by combining all three typing methods was confirmed by the Adjusted Rand Index (ARI) 

and Wallace coefficient (W) values (Table 3.10). Based on the ARI, the probability that the 

isolate clustering patterns obtained using the combination of spa, dru and PFGE typing 

methods would be similar to those obtained using any one of the typing methods 

individually or in pairwise combinations of the methods was < 66% (range, ca. 9% to 66%) 

(Table 3.10). In addition, the low W coefficients obtained for the comparison of individual 

methods suggests that no method is redundant and that each method contributes additional 

information. The highest value obtained for comparison between a pair of individual 

methods was for PFGE and dru typing (W coefficient, 0.439) (Table 3.10), but the value 

for comparison between dru typing and PFGE was much lower (W coefficient, 0.121) 

(Table 3.10). Hence the PFGE could predict the dru type with a 44% probability whereas 

the dru type could predict the PFGE type with only a 12% probability. High W coefficients
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were obtained for comparisons between a combination of two or three methods and one of 

the methods individually (e.g., the combination of spa typing and PFGE compared to spa 

typing alone) (Table 3.10).

3.3.2.7.2 ST22-MRSA-IV isolates recovered between 2003 and 2006 

The ability of PFGE, spa and dru typing to discriminate among the 10 ST22-MRSA-IV 

isolates was determined quantitatively by calculating the SID for each individual typing 

method and for all combinations of the three methods (Table 3.5 (c)). The individual typing 

methods of PFGE, spa and dru typing yielded five, five and three types respectively, 

whereas the combinations of PFGE and spa typing, PFGE and dru typing, and spa and dru 

typing yielded seven, eight and eight types respectively (Table 3.5, panel c). The 

combination of spa, dru and PFGE yielded the largest number of type combinations (nine 

types). Of the three individual methods PFGE was the most discriminatory (SID 80.00) 

followed by spa typing (SID 75.56) and dru typing (SID 64.44) (Table 3.5, panel (c)). The 

enhanced discrimination obtained by combining all three typing methods was confirmed by 

the Adjusted Rand Index (ARl) and Wallace coefficient (W) values (Table 3.11). Based on 

the ARl, the probability that the isolate clustering patterns obtained using the combination 

of spa, dru and PFGE typing methods would be similar to those obtained using any one of 

the typing methods individually or in pairwise combinations of the methods was < 65% 

(range ca. 5% to 65%) (Table 3.11). In addition, the low W coefficients obtained for the 

comparison of individual methods suggests that no method is redundant and that each 

method contributes additional information. The highest value obtained for comparison 

between a pair of individual methods was for PFGE and spa typing (W coefficient, 0.444) 

(Table 3.11), but the value for comparison between spa typing and PFGE was lower (W
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TABLE 3.10 Concordance of spa, dru and PFGE typing methods individually and 

combination for the 10 ST22-MRSA-IV isolates recovered between 2003 and 2006

Typing method spa dru PFGE spa & 
dru

spa & 
PFGE

dru & 
PFGE

spa, 
dru & 
PFGE

Adjusted Rand Index

spa

dru 0.095

PFGE 0.231 0.129

spa & dru 0.231 0.155 0.118

spa & PFGE 0.463 0.049 0.561 0.291

dru & PFGE 0.085 0.155 0.314 OAll 0.291

spa, dru & PFGE 0.131 0.079 0.167 0.656 0.378 0.656

Wallace Coefficient

spa 0.273 0.364 0.182 0.364 0.091 0.091

dru 0.188 0.125 0.125 0.062 0.125 0.062

PFGE 0.444 0.222 0.111 0.444 0.222 0.111

spa & dru 1.000 1.000 0.500 0.500 0.500 0.500

spa & PFGE 1.000 0.250 1.000 0.250 0.250 0.250

dru & PFGE 0.500 1.000 1.000 0.500 0.500 0.500

spa, dru & PFGE 
1̂  1 .

1.000 1.000 1.000 1.000 1.000 1.000

MRSA isolates by calculating the Adjusted Rand Index (ARI) using an online tool 
(www.comparingpartitions.infol (Faria et a l, 2008). The ARI indicates the overall 
concordance between two typing methods and includes a correction factor to take into 
account the possibility that concordance could have arisen by chance.
2 The online tool was also used to calculate the Wallace coefficient (W) (Faria et al, 
2008) which indicates the probability that two isolates classified as the same type by 
one method will also be classified as the same type using another method. Hence the W 
coefficient gives a quantitative estimate o f the value o f  including additional typing 
methods. A high W coefficient suggests that including a particular additional method 
does not yield further information. The W coefficient also provides directional 
information about the concordance o f typing methods in that it quantifies the probability 
that isolates clustered by one typing method (e.g. PFGE) will be assigned to the same 
cluster by a second typing method (e.g. spa typing) and vice versa (Faria et al., 2008).



TABLE 3.11 Concordance of spa, dru and PFGE typing methods individually and in 

combination for the 27 comparator ST22-MRSA-IV isolates recovered between 1989 and 

2002

Typing method spa dru PFGE spa & 
dru

spa & 
PFGE

dru & 
PFGE

spa, 
dru & 
PFGE

Adjusted Rand Index'

spa

dru 0.090

PFGE 0.093 0.008

spa & dru 0.371 0.076 0.116

spa & PFGE 0.307 0.008 0.300 0.430

dru & PFGE 0.072 0.137 0.580 0.259 0.285

spa, dru & PFGE 0.165 0.031 0.160 0.564 0.662 0.352

Wallace Coefficient^

spa 0.250 0.200 0.250 0.200 0.100 0.100

dru 0.067 0.121 0.067 0.027 0.121 0.027

PFGE 0.195 0.439 0.098 0.195 0.439 0.098

spa & dru 1.000 1.000 0.400 0.400 0.400 0.400

spa & PFGE 1.000 0.500 1.000 0.500 0.500 0.500

dru & PFGE 0.222 1.000 1.000 0.222 0.222 0.222

spa, dru & PFGE 1.000 1.000 1.000 1.000 1.000 1.000

ST22-MRSA-IV isolates by calculating the Adjusted Rand Index (ARI) using an online 
tool (www.comparingpartitions.infol (Faria et a i, 2008). The ARI indicates the overall 
concordance between two typing methods and includes a correction factor to take into 
account the possibility that concordance could have arisen by chance.
2 The online tool was also used to calculate the Wallace coefficient (W) (Faria et a i, 
2008) which indicates the probability that two isolates classified as the same type by 
one method will also be classified as the same type using another method. Hence the W 
coefficient gives a quantitative estimate of the value of including additional typing 
methods. A high W coefficient suggests that including a particular additional method 
does not yield further information. The W coefficient also provides directional 
information about the concordance of typing methods in that it quantifies the probability 
that isolates clustered by one typing method (e.g. PFGE) will be assigned to the same 
cluster by a second typing method (e.g. spa typing) and vice versa (Faria et a i, 2008).



coefficient, 0.364) (Table 3.11). Hence the PFGE could predict the dru type with a 44% 

probability whereas the dru type could predict the PFGE type with a 36% probability. High 

W coefficients were obtained for comparisons between a combination of two or three 

methods and one of the methods individually (e.g., the combination of spa typing and 

PFGE compared to spa typing alone) (Table 3.11).

3.3.3 Cluster analysis of spa typing and dru typing results for BH and comparator 

ST22-MRSA-IV isolates

MSTs were constructed of the spa types and the dru types of all isolates including the 168 

BH ST22-MRSA-IV isolates and the 37 comparator ST22-MRSA-1V isolates to compare 

the spa and dru types of isolates recovered in 2007 and 2008 with the spa and dru types 

isolates recovered between 1989 and 2006 (Fig. 3.7, panel (a) and ( b -  f) respectively).

3.3.3.1 Cluster analvsis of spa types for all ST22-MRSA-1V isolates 

Cluster analysis of the 32 spa types identified among the 205 ST22-MRSA-IV isolates 

investigated identified 14 spa type subgroups including; (i) t032 and t628, (ii) t032 and 

t2945, (iii) t032 and t3501, (iv) t032 and tl214, (v) t032 and t4765, (vi) t032 and t022, (vii) 

t022 and t3505, (viii) t022 and t790, (ix) t022 and t005, (x) t790 and t005, (xi) t005 and 

t4902, (xii) tl214 and t515, (xiii) t515 and t422, (xiv) t531 and t4122 (Fig. 3.7, panel (a)). 

The spa type t032 was assigned as the founder of the main cluster (Fig. 3.7, panel (a)). Two 

spa types (t032 and t022) occurred in all three groups of MRSA isolates (Fig. 3.7, panel 

(a)). Seventeen spa types were deemed to be distinct because they differed from all other 

spa types identified by a MST distance value >2 (Fig. 3.7, panel (a)).

84



3.3.3.2 Cluster analysis of dru typing results

Cluster analysis identified nine dru type subgroups among the 205 ST22-MRSA-IV isolates 

investigated including (i) dtlOa and dtlOaf, (ii) dtlOa and dtlOy, (iii) dtlOa and dtlOt, (iy) 

dtlOa and dtlOg, (y) dtlOa and dtlOn, (yi) dtlOa and dtlOj, (yii) dtlOj and dtlOp, (yiii) 

dtl lo and dtl Ij and (ix) dtl lo and dtl la  (Fig. 3.7, panel (b - f)). Only dru types harbouring 

10 dru repeats were detected in all three groups of MRSA isolates and these included dru 

types dtlOj and dtlOa. Seven dru types harbouring seven, eight and nine dru repeats were 

deemed distinct from each other as they had MST values >2 (Fig. 3.7, panel (b - f))- dru 

types dt3a, dt5b and dt6e were excluded from MST clustering as these were the only dru 

identified with three, five and six repeat units, respectively.
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t032

t022

dtlOa

(C )

(d) ^

(e)

(f) 0 __1_0

Fig 3.7 Cluster analysis of dru types of 168/172 PFG-01 BH ST22-MRSA-IV isolates, 27 

historical and 10 2003-2006 ST22-MRSA-IV isolates (panels (a-f)) and cluster analysis of 

172 BH, 27 historical and 10 2003-2006 ST22-MRSA-IV isolates (panels (a-f)) using 

minimum spanning trees (MSTs). MSTs generated using the BioNumerics software



program representing the 32 spa types (a) and the 20 dru types (b) with 7, 8, 9, 10 and 11 

repeat units identified among the 173 BH MRSA isolates, the 27 historical ST22-MRSA-IV 

isolates and the 10 ST22-MRSA-IV isolates. Each individual circle represents a spa type or 

dru type, and the numerical values on the branch represent the similarity (expressed as the 

MST distance) between the two spa types or two dru types. The BioNumerics software 

creates groups of certain distance intervals or similarity values (termed bins) and converts 

these data into distance units. The bin distance was set to 0.5% (i.e., two entries at a 

distance of 1 on the MST have between 99 and 99.5% similarity and two entries at a 

distance of 2 have between 98.5 and 99% similarity, etc.). spa types and dru types were 

assigned to the same cluster if they were separated by a MST distance < 2 (i.e. if they 

showed > 98.5% similarity) (Table 3.1). spa types and dru types that were detected in all 

three groups of MRSA isolates are displayed as circles with no background colour, spa 

types that were detected among the five non-PFG 01 isolates are indicated by a blue 

background colour, dru types dt3a, dt5b and dt6e were excluded as they were the only dru 

types detected with their respective number of dru repeat units.



4.1 DISCUSSION

Epidemiological tracking of ST22-MRSA-IV isolates is a major challenge as they exhibit 

limited diversity with PFGE and spa typing, the most frequently used epidemiological 

typing methods available for MRSA. The present study sought to determine whether 

integration of PFGE, spa and dru typing data would provide improved discrimination 

among ST22-MRSA-IV isolates recovered in 2007 and 2008 in a large tertiary-referral 

hospital in Ireland (BH) and a group of comparator ST22-MRSA-IV isolates recovered in 

various Irish hospitals between 1989 and 2006.

For all groups of isolates investigated the combined use of the PFGE, spa and dru 

typing data yielded the highest number of type combinations and the highest discriminatory 

power with the narrowest 95% Cl. However, the combination of typing data from all three 

methods for both groups of comparator isolates yielded higher SIDs (SIDs 98.86 and 97.78 

for the historical and 2003-2006 ST22-MRSA-IV isolates, respectively) than for the BH 

isolates (SID 96.53). This indicates that the combination of all three methods offers better 

discrimination over a long period of time due to more genetic diversity over time.

The pairwise combinations of (i) spa and dru typing (ii) spa and PFGE typing and

(iii) dru and PFGE typing yielded SIDs in excess of 90% for each group of isolates

including the BH ST22-MRSA-IV isolates (SIDs 90.84, 91.00 and 93.57, respectively)

(Table 3.5, panel (a)), the historical ST22-MRSA-IV isolates (SIDs, 97.15, 97.72 and

94.87, respectively) (Table 3.5, panel (b)) and the 2003-2006 ST22-MRSA-IV isolates

(95.56, 91.11 and 95.56, respectively) (Table 3.5, panel (c)). For each group of isolates, the

95% CIs overlapped indicating that these combinations of typing methods had similar

discriminatory powers with each group of MRSA isolates investigated. The most
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discriminatory typing method for each group of isolates was PFGE for the BH ST22- 

MRSA-IV isolates and the 2003-2006 ST22-MRSA-IV isolates (Table 3.5, (panel (a & c)) 

and spa typing for the historical ST220-MRSA-IV isolates (Table 3.5 panels (b)).

Faria et al. compared the ability of several typing methods, including PFGE and spa 

typing, to discriminate among a diverse collection of 198 S. aureus strains including 116 

MRSA and 82 MSSA isolates recovered between the late 1950s until the mid 2000s from 

various geographic location around the world (Faria et a l, 2008). They reported that spa 

typing and PFGE typing could differentiate among their MRSA isolates with SIDs of 95.85 

and 94.27 respectively. While the historical ST22-MRSA-IV isolates exhibited slightly 

higher SIDs for spa typing and PFGE typing (88.60 and 88.32, respectively) than the BH 

(66.9 and 81.34, respectively) and the 2003-2006 (75.56 and 80.00, respectively) ST22- 

MRSA-IV isolates they were still lower when compared to the SIDs of the typing results 

reported by Faria et al., (2008). Faria et al. (2008) also found that the combination of PFGE 

and spa typing had a discriminatory power of 98.32 whereas the SID of the combination of 

PFGE and spa typing in the present study was 91.00, 97.72 and 91.11 for the BH, historical 

and 2003-2006 ST22-MRSA-IV isolates, respectively. These findings indicate that while 

the combination of PFGE and spa typing is highly discriminatory for collections of diverse 

MRSA isolates or MRSA isolates collected over long periods of time such as those 

investigated by Faria et al. (2008) or the historical ST22-MRSA-IV recovered over a 13- 

year period, it is less adequate in local epidemiological studies where strain diversity is 

limited, as with the ST22-MRSA-IV isolates recovered between 2003 and 2006, and those 

from 2007 and 2008. Interestingly, while the SID values for the combination of PFGE and 

spa typing were lower than that o f the combination of PFGE and dru typing for the BH and
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2003-2006 ST22-MRSA-IV isolates, the reverse was true for the historical ST22-MRSA- 

IV isolates. This may also be due to the fact that the historical ST22-MRSA-IV isolates 

were recovered over a longer period of time than the other isolates and indicates that the 

polymorphic X-region of the spa gene accumulates genetic variation more rapidly 

compared to the dru region i.e. 16 spa types were identified compared to just five dru types 

among the historical ST22-MRSA-IV isolates which were recovered between 1989 and 

2002 (Table 3.5, panel (b)).

While the BH ST22-MRSA-IV isolates were differentiated into 65 type 

combinations by integrating spa, dru and PFGE typing data, some of the types identified 

using each individual method exhibited only minor differences and were assigned to 

subgroups. All 21 PFTs identified among the BH isolates were assigned to a single group 

(PFG-01) and were deemed to be possibly related according to the criteria of Tenover et al. 

as they all differed by <6 bands (Tenover et al., 1995). These criteria were originally 

devised for a range of bacterial species, including S. aureus, but can present problems with 

clonal populations of MRSA exhibiting limited genetic diversity (Goering, 2004). A cut-off 

value of 80% similarity has been proposed for grouping clusters of MRSA isolates with a 

cut-off of 95% similarity for recognition of subtypes (Murchan et al., 2003; Faria et al., 

2008). In the present study, dendrogram clustering of PFGE data showed that all BH ST22- 

MRSA-IV isolates shared >80% similarity with each other and <87% similarity with the 

five non ST22-MRSA-IV isolates recovered during the study. The most frequently 

occurring PFTs (PFT 01018 and PFT 01039) differed from each other by a single band and 

shared 98% similarity with each other but differed from other PFTs exhibited by PFG-01 

isolates by similarity values ranging from 87% -  95% (data not shown). With PFGE, undue
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weight cannot be placed on a single band difference, so for the majority of the isolates in 

the study population (57%), PFGE alone cannot provide reliable differentiation.

Unlike PFGE, for which there are agreed interpretive criteria (Tenover et al., 1995), 

to date there is no international consensus for interpreting the significance of differences 

between spa types or dru types. Consequently, isolates with different spa types or dru types 

are deemed to be distinct even though they may be closely related if the types differ by 

changes consistent with a single genetic event such as duplication of a tandem repeat, a 

point mutation or a base insertion or deletion. To investigate the significance of such 

differences objectively, spa and dru types were assigned as subgroups using MSTs if they 

shared >98.5% similarity which equated to a MST distance value of 2. This MST distance 

value was chosen as the cut-off for subgroup recognition because a MST cut-off distance of 

1 (indicating >99% similarity) resulted in all dru types being assigned as distinct groups 

even though some dru types differed by the presence or absence of a single repeat unit 

(Table 3.1).

A cut-off value of 2 (>98.5% similarity) grouped six of the 17 spa types recognised 

among the BH ST22-MRSA-IV isolates investigated into five spa subgroups (Table 3.1 and 

Fig. 3.2, panel (a)). Each spa type within each subgroup differed from the other member of 

the subgroup by the presence or absence of one, two or three tandem repeats. However, 

three spa types that differed from other spa types by the presence or absence of one only 

repeat unit (t025 and t032; t578 and t032; and t4623 and t022) were not assigned as 

subgroups as they differed by a MST distance of 3 (i.e. they shared between 98% and 

98.5% similarity) (Fig. 3.2, panel (a)).
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A cut-off value of 2 (>98.5% similarity) grouped ten of the 16 spa types recognised 

among the 27 historical ST22-MRSA-IV isolates into nine subgroups and the 10 ST22- 

MRSA-IV isolates recovered between 2003 and 2006 yielded two subgroups consisting of 

three spa types among the five spa types identified (Fig. 3.5 and 3.6, panel (a)). While spa 

type t022 was assigned as founder of spa types identified among the historical ST22- 

MRSA-IV isolates (Fig. 3.5, panel (a)), t032 was assigned as the founder of the BH and 

2003-2006 ST22-MRSA-IV isolates (Fig. 3.6, panel (a)). However, these two spa types 

differ by the loss or gain of one spa repeat unit only and they were assigned as cofounders 

of the MST generated from the spa types for all three groups of MRSA isolates (Fig. 3.7, 

panel a). The spa type t032 was the most common spa type identified among the three 

groups of ST22-MRSA-IV isolates investigated in the present study and isolates exhibiting 

this spa type have been present in Irish hospitals since 1989. Whether, spa type t032 was 

generated by the addition of a spa repeat to the spa type t022 or spa type t022 was 

generated by the loss of a spa repeat from t032 remains unclear, but both spa types are 

represented among Irish MRSA isolates recovered since 1989 up to the present day.

With dru typing, eight of the \6-dru types identified and clustered among the BH 

ST22-MRSA-IV isolates were grouped into six subgroups (Table 3.1 and Fig. 3.2, panel (b 

- c)). The dru types within each subgroup differed by nucleotide changes in one or two 

repeat units only. The historical ST22-MRSA-IV isolates yielded three subgroups among 

four of the five dru types identified (Fig. 3.5, panel (b)) and the 2003-2006 ST22-MRSA- 

IV isolates yielded three subgroups among the three dru types identified (Fig. 3.6, panel 

(b)). dru types dtlOa and dtlOj were present in all three groups of isolates and dtlOa was 

found to be the founder of the dru types with ten repeats (Fig. 3.7, panel (b)).
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While spa typing and PFGE are well established methods for typing MRSA 

isolates, relatively few studies have investigated the usefulness o f dru typing for MRSA. 

Smyth et al. (2010) identified 42 dru types among 111 isolates o f the pandemic nosocomial 

strain ST239-MRSA-I1I, recovered from diverse geographical locations. Goering et al. 

(2008) identified 13 dru types among 47 EMRSA-15 (ST22-MRSA-IV) isolates from 

Scottish hospitals and 12 dru types among 57 EMRSA-16 (ST36-MRSA-11) isolates and 

reported that there were no dru types in common between EMRSA-15 and EMRSA-16. In 

contrast, dru typing o f CA-MRSA USA300 (ST8-MRSA-1V) isolates from patients from 

various geographical locations in the USA showed that 29 o f the 30 isolates investigated 

exhibited a single dru type (dt9g) furthermore Larsen et al. (2009) found that CC80 CA- 

MRSA isolates from Denmark exhibited a single dru type (dtlOa) (Larsen et al., 2009). The 

results o f these studies indicate that CA-MRSA strains exhibit less genetic diversity within 

the dru region compared with the nosocomial MRSA strains EMRSA-15 (ST22-MRSA- 

IV), EMRSA-16 (ST36-MRSA-11) or ST239-MRSA-1II. This difference may reflect the 

fact that the nosocomial strains have been extant longer than CA-MRSA strains 

(Richardson and Reith, 1993; Cox et al., 1995; Vandenesch et al., 2003; Smyth et al., 

2010) and hence the dru region o f the CA-MRSA strains may have had less time to 

undergo genetic change. In the present study, 17 spa types were identified among the 168 

BH ST22-MRSA-1V isolates o f  which four, t032, t515, t022 and tl214, were further 

differentiated into 12, six, four and two dru types, respectively. Nevertheless, dru typing 

cannot be used as a standalone method for typing MRSA isolates as the two predominant 

types recognised among the ST22-MRSA-1V isolates investigated (dtlOa and dtlOj) were 

also identified among the three ST8-MRSA-11 variant isolates in the present study and

among the CC80-MRSA-IV isolates reported in the Danish study (Larsen et al., 2009).
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They were also the two most prevalent dru types detected among all three groups of ST22- 

MRSA-IV isolates in the present study indicating the prevalence of MRSA isolates 

exhibiting these dru types. Three dru types identified among ST22-MRSA-IV isolates in 

the present study (dtlOa, dtl la  and dtSa) were also identified among the ST239-MRSA-I11 

isolates investigated by Smyth et al. (2010). These data indicate that an isolate’s dru type is 

not lineage or SCCmec type-specific, but unrelated MRSA lineages sharing 

indistinguishable dru types may reflect the presence of related SCCwec elements in diverse 

genetic backgrounds, dru typing of additional MRSA strains may indicate if dru typing 

would be useful for tracing the spread of SCCmec elements between different 

staphylococcal isolates.

The composite dendrogram generated from the combined spa, dru and PFGE typing 

data for all BH ST22-MRSA-IV isolates was constructed to provide a visual representation 

of the overall relatedness of isolates. Using a cut-off value of 98.5% similarity, isolates 

were differentiated into 37 Dendrogram Groups (DGs), 17 of which (46%) contained more 

than one isolate and 10 contained isolates comprising more than one cluster code, further 

indicating the close relatedness of the isolates investigated. Of the 10 DGs consisting of 

isolates belonging to different cluster codes, four contained isolates with spa and/or dru 

types that were not assigned as subgroups (Fig. 3.3 and Table 3.2). Three isolates with spa 

types that were deemed to be distinct from all other spa types identified in the present study 

using MSTs (t025, t4122 and t578) (Fig. 3.2, panel (a)) were assigned to DG-la, DG-4b 

and DG-23a, respectively. DG-la and DG-4b included isolates exhibiting other spa types 

while only DG-23a consisted of only one isolate (06314) (Fig. 3.3). Five isolates with dru 

types that were deemed to be distinct using MSTs (dt9j: 1/168 isolates, DG-la; d tllo :
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2/168 isolates, DG-4a; and dtl Ij: 2/168 isolates, DG-20 and DG-23b) were also assigned to 

DCs that included isolates exhibiting other dts except for DG-23b which consisted of only 

one isolate (00638) (Fig. 3.3). In each case, even though either the spa type or the dru type 

of these isolates were deemed to be distinguishable (Richardson and Reith, 1993; Cox et 

al., 1995; Vandenesch et al., 2003; Smyth et a l, 2010) from all other spa or dru types in 

the study, they yielded indistinguishable PFGE patterns and indistinguishable or closely 

related dru or spa types, respectively, compared to other isolates within the DG (Table 3.2). 

These findings highlight the need for caution when interpreting data from individual typing 

methods and show how combining data from the three typing methods permits a more 

informative evaluation of the relationship between isolates.

In the present study, analysis of available epidemiological information for a selected 

subset of BH ST22-MRSA-IV isolates was used to confirm the validity of the relationships 

inferred from the combined PFGE, spa and dru typing data (Fig. 3.4, panels (a) and (b)). 

During the study periods, isolates belonging to different DGs predominated during each 

period (DG-la during the earlier period and DG-2 during the later period). Certain isolates 

within DG-la differs from DG-2 isolates with regard to spa type only with DG-la isolates 

exhibiting spa type t032 while DG-2 isolates belong to spa type t628. These spa types 

differ by a MST distance of 1 and were assigned to the same subgroup. However, only nine 

isolates exhibiting spa type t628 were recovered during the study and all nine were 

recovered from Ward One during Study Period II suggesting that the difference between 

t032 and t628 is significant (Fig. 3.4, panels (a) and (b)).

Six pairs and one ‘triplet’ of isolates were recovered from individual patients and 

their immediate ward environments during the same time periods. Two pairs (Pair 02
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exhibiting DG-16 and Pair 03 with DO-la) and two of the ‘triplet’ of isolates (Triplet 01 

with DG-26a) were each indistinguishable from the other (Fig. 3.4, panels (a) and (b)). The 

third isolate of Triplet 01 belonged to DG-26b, which differs from DG-26a only with 

regard to spa type. The spa type of DG-26a is t022 whereas that of DG-26b is t032. The 

MST distance between these spa types is 1 and hence t022 was assigned a subgroup of 

t032. The DG-26 isolates share an infrequently occurring and distinct dru type (dtSp) and 

the only four isolates with this dru type identified in the present study were recovered 

during Study Period II; all isolates were recovered from the same bed-bay suggesting that 

in this instance, the difference in spa type (t032 and t022) between the DG-26a and DG26b 

isolates may not be significant and that the inclusion of dru typing is informative regarding 

the relationship between these particular isolates.

The remaining four pairs of isolates belonged to different DGs. One of these pairs 

of isolates, Pair 06 (DG-16 and DG-17), differs only with regard to PFGE (a one-band 

difference) and shares ca. 98.4% similarity (Fig. 3.4, panel (b)) suggesting that these 

isolates should be considered to be very closely related. The other three pairs of isolates 

(Pair 01, Pair 04, and Pair 05) that belong to different DGs appear to be distinguishable. 

With Pair 01 {spa types t032 and t022; dru types dtlOj and dtlOa and PFT 01024 and 01039 

which exhibit a 3-band difference), the inclusion of data from all three typing methods 

supports the conclusion that these isolates are distinguishable exhibiting <96% similarity on 

the composite dendrogram (Fig. 3.4, panel (a)). Interestingly, the environmental isolate of 

Pair 01 was recovered from a different bed-bay two days after the patient’s isolate was 

cultured when the patient was in a separate bay. Pair 04 isolates belonged to DG-4a and 

DG-5 (they exhibited spa types tl214 and t515; shared a common dru type (dtlOa) and
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exhibited PFTs 01039 and 01063 which exhibit a single band difference and the composite 

dendrogram showed these isolates shared <98.5% similarity (Fig. 3.4, panel (a)). Pair 05 

isolates belonged to DG-Ia and DG-4b. These isolates shared the same spa type (t032) and 

although they belonged to dru types that were assigned as subtypes of each other (dtlOa 

and dtlOn) and exhibited PFTs (01039 and 01018) that differed by a single band, the 

composite dendrogram showed that they shared <98% similarity (Fig. 3.4, panel a) 

suggesting they are distinguishable.

Based on the results of this study, it is recommended that when performing 

epidemiological investigations of a highly clonal MRSA strain, such as ST22-MRSA-IV, in 

an endemic hospital setting, optimal tracking can be achieved by combining spa and PFGE 

typing data with dru typing data. PFGE and spa typing are routinely used for typing of 

MRSA isolates (Grundmann et al., 2010; Murchan et al., 2003) and while dru typing may 

not be as well established or widely used for typing MRSA isolates, it involves the same 

techniques and principles as spa typing (i.e. DNA sequencing of a variable number tandem 

repeat (VNTR) unit). Therefore, use of dru typing by a laboratory that currently uses DNA- 

based sequencing methods for routine epidemiological typing of MRSA should not require 

additional expertise or result in a major increase in costs. In addition, all spa, dru and PFGE 

data analysis can be performed using a commonly used software package (i.e. 

BioNumerics) and if required, statistical analysis of results can be readily and easily 

attained using a previously published free online tool (www.comparingpartitions.info 

<http://www.comparingpartitions.info>). However, the ability of dru typing in combination 

with PFGE and spa typing to discriminate among isolates of highly clonal strains of MRSA 

other than ST22-MRSA-IV remains to be determined.
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In conclusion, the present study has shown that the combination of spa, dru and 

PFGE typing data provides enhanced discrimination among isolates of the ST22-MRSA-IV 

clone. It has revealed a previously unrecognised level of diversity among ST22-MRSA-IV 

isolates that can be used to provide data fundamental to epidemiological tracking of isolates 

of this pandemic MRSA strain.
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Chapter 4

Molecular characterisation of sporadically-occurring MRSA 

isolates from Irish hospitals and animals
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4.1 Introduction

The first report o f MRSA appeared in the literature in 1961 shortly after the introduction o f  

methicillin into clinical practice (Jevons et al., 1961). M RSA were first reported in Irish 

hospitals just ten years later in 1971 (Hone and Keane, 1974). Following a major increase 

in the prevalence o f  MRSA in Irish hospitals in the late 1970s and again in the 1980s and 

1990s, it has now been endemic for three decades (Coleman et al., 1985; Carroll et a l ,  

1989; Rossney and Keane, 2002; Rossney et al., 2003; Rossney et al., 2006). Shore et al. 

(2005) undertook in-depth molecular characterisation o f  representative nosocomial MRSA 

isolates recovered in Irish hospitals between 1971 and 2002 and identified the major clones 

that predominated in Ireland during this time period (see Chapter 1, section 1.7). Shore et 

al. (2005) demonstrated that there have been major changes in the predominant MRSA 

genotypes in Ireland since MRSA became endemic in the late 1970s, but also revealed a 

previously unrecognised level o f  diversity within SCCmec  elements. ST22-MRSA-IV has 

been identified as the predominant MRSA clone in Ireland since 2002 (Shore et al., 2005).

The general consensus from the literature is that the SCCmec  element has 

transferred into MSSA strains on numerous occasions and the SCCmec  element has 

evolved since its initial introduction into the S. aureus genome. Evidence for multiple 

transfers o f  SCCmec  into M SSA was reported by Enright et al. (2002) which suggested that 

for one type o f  SCCmec to be present in more than one lineage indicates multiple transfers 

o f  the SCCmec  element into S. aureus (Enright et al., 2002). Numerous SCCmec variants 

have also been described for SCCmec I (Shore et al., 2005; Monecke et al., 2009), SCCmec 

II (Shore et al., 2005; Oliveira et al., 2002), SCCmec  III (Oliveira et al., 2002; Arakere et 

al., 2009; Shore et ah, 2005), SCCmec  IV (Milheiri9o et al., 2007) and SCCmec  V (Boyle

98



Vavra et al., 2005; Argudm et al., 2010; Chlebowicz et al., 2010; Schijffelen et al., 2010; 

Li et al., 2011). The variation that can occur within a SCCmec element may be the result of 

the accumulation o f spontaneous point mutations and acquisition or loss of mobile genetic 

elements such as transposons, insertion sequences and plasmids which may encode 

antibiotic resistance determinants or virulence factors as well as by recombination events. 

These areas o f variability are usually confined to the J regions o f the SCCmec element as 

described in Chapter 1, (section 1.4.3) (Fig. 1.3). However, variations in the fundamental 

components o f SCCmec have also been described in the literature, i.e. different ccr 

complex and mec class allotypes and combinations (Boyle-Vavra et al., 2005; Shore et al., 

2005; Berglund et al., 2008).

The following SCCmec variants have been identified and published so far in 2010: 

A SCCmec element harbouring the mec class B complex and the ccrABl complex 

indicative o f SCCmec IV but also harbouring a ccrC complex identical to ccrC  harboured 

by SCCmec V and SCCmec VII elements (Laurent et al., 2010) and a SCCmec IV element 

that was not typeable using the primers published by Milheiri9 0  et al. (2007) for SCCmec 

IV subtypes (a-h) (Boakes et al., 2010). Both SCCmec IV variants were identified in 

studies in Belgium, England, France, Wales and Western Australia (Boakes et al., 2010; 

Coombs et al., 2010; Laurent et al., 2010). SCCmec V variants were identified in the 

Atlantic Azores islands, Spain and Western Australia including a SCCmec V element 

exhibiting novel alleles o f  the ccrC l allotype and a SCCmec V element lacking an 

amplimer in the J1 region specific to SCCmec V (Argudm et al., 2010; Chlebowicz et al., 

2010; Concei9ao et ah, 2010; Coombs et al., 2010; Schijffelen et al., 2010). 

Staphylococcus aureus strains appear to be constantly rearranging their genetic background
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through genetic events such as horizontal gene transfer with other CoNS or recombination 

between SCCwec/SCC-like elements in MRSA and CoNS (Ito et al., 2001; Daum et a l,  

2002; Hanssen et al., 2004; Mongkolrattanathai et al., 2004; Hanssen and Ericson, 2005; 

Shore et al., 2008). The potential reservoir for recombination events includes 

SCCmec/SCC-like elements from sporadic MRSA isolates. Sporadic MRSA isolates are 

isolates that are found to be distinct from any o f the main clones that have either previously 

been prevalent in a region or are currently prevalent in the region using genotypic and/or 

phenotypic typing techniques. So in Ireland, a sporadic isolate is distinct in AR type and/or 

PFT from any o f the isolates which have been prevalent since 1971 to the present day.

Many MRSA clones that occur sporadically or not at all in one region are often 

prevalent in another region. Examples include the ST247-MRSA-IA clone which has been 

identified as a dominant clone in many hospitals in Spain and Portugal but never 

predominated in Ireland (Dominguez et al., 1994; Oliveira et al., 1998; Shore et al., 2005). 

Similarly, some strains o f the ST239-MRSA-III clone have caused problems in Irish 

hospitals (i.e. ST239-MRSA-III, phenotype AROI) but other strains occurred sporadically 

(i.e. ST239-MRSA-III, phenotype AR23) (Rossney et al., 1994; Shore et al., 2005). It 

remains unclear why different MRSA clones become more prevalent in various 

geographical locations at different times or why a particular clone only occurs sporadically 

in particular countries but it may be due to one or many reasons including bacterial 

(antimicrobial resistance and virulence), environmental and host factors, competition with 

other MRSA clones or because o f a fitness cost due to a SCCmec element or other large 

mobile genetic elements. Recent examples include the USA300 clone which is the 

predominant clone in USA and has been isolated at a low frequency in Europe, though
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increasing prevalence has been reported in Australia (Rossney et al., 2007; Monecke et al., 

2009). ST398-MRSA-IVA^ has also become more prevalent in swine since 2005 and has 

also caused infection in pig fanners (Lozano et al., 2009; Voss et al., 2005; de Neeling et 

al., 2007; Van Wamel et al., 2009; Fessler et al., 2010; Potel et al., 2010). Recent 

investigations have also reported on the presence o f MRSA in livestock (Battista et al., 

2005; Walther et al., 2008; Wagenaar et ah, 2009; Neela et al., 2009), which is an issue for 

veterinary staff, farmers, pet owners and horse owners. Moodley et al. reported that MRSA 

from equine and small animal hospitals in the UK and Ireland could be clustered into two 

distinct clonal clusters, CCS and CC22, respectively (Moodley et al., 2006). There are five 

main lineages o f MRSA that have been very successful on a global scale including CCS, 

CCS, CC22, CC30 and CC45 (Moore & Lindsay et al., 2002; Mcdougal et al., 2003; 

Robinson and Enright, 2004; Cockfield et al., 2007). Three o f these lineages, CCS, CC22 

and CC30, have previously been associated with predominant Irish MRSA strains (Shore et 

al., 2005).

Certain MRSA isolates harbour SCCmec elements that confer advantageous 

attributes for a given environment. For example, traditionally HA-MRSA isolates were 

reported as isolates harbouring SCCmec l-Ill elements and these SCCmec elements encode 

multiple resistance determinants which may be on small transposons or plasmids (Ito et al., 

2001). CA-MRSA were reported as harbouring SCCmec IV and SCCmec V elements 

which increased in prevalence in the late 1990s and 2000s, respectively. This distinction 

between HA- and CA- MRSA does not appear to be as valid as previously described so 

called genetic markers for community MRSA strains are appearing in HA-MRSA. For 

example, in Ireland, SCCmec IV is the predominant SCCmec type among HA- and CA-
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MRSA (Shore et al., 2005; Rossney et al., 2006; Rossney et al., 2007). It is possible that 

SCCmec IV and subsequent SCCmec elements are more easily transferred between strains 

and are less o f a burden on the bacterial cell due to their smaller size and this may be a 

factor in the success o f clones harbouring this SCCmec element (Hanssen and Sollid, 

2005). MRSA isolates harbouring SCCmec IV also do no not carry the psm-mec gene 

which limits virulence and induces biofilm growth in an isolate (Queck et al., 2009; Kaito 

et al., 2011). The psm-mec gene has primarily been associated with SCCmec II and 

SCCmec III (Kaito et ah, 2008; Kaito et al., 2011).

While ST22-MRSA-IV isolates predominate in Irish hospitals (Rossney et al., 

2006; Rossney et al., 2007), sporadic MRSA strains are also a significant cause o f MRSA 

infection among patients. Because MRSA have been endemic in Irish hospitals for more 

than three decades and because previous studies have shown major replacements of 

predominant clones with previously sporadic clones during this time period, it is essential 

that populations o f new and emerging MRSA clones from Irish hospitals are monitored and 

that they undergo comprehensive molecular characterisation because one or more o f these 

strains may become more prevalent in the future, not only in Ireland but in other 

geographic locations. In addition, it is important to investigate the level of molecular 

diversity that is present within their SCCmec types because they may act as a potential gene 

pool for recombination events with SCCmec elements o f other MRSA populations which 

may contribute to the emergence o f new or variant MRSA strains, possibly with novel 

SCCmec elements. In-depth molecular analysis o f SCCmec is also essential in order to gain 

a better understanding o f the role o f SCCmec elements in the evolution o f MRSA.
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The main objectives o f this part o f the present study were to investigate the 

genotypes and SCCmec types o f a selection o f 49 sporadically-occurring MRSA isolates 

from Irish hospitals recovered between 2000 and 2006 and nine sporadically occurring 

MRSA isolates from horses, recovered between 2004 and 2006. The 58 sporadic MRSA 

isolates were chosen based upon unusual AR and PFGE typing patterns previously 

determined at the NMRSARL. Twelve MRSA isolates representative o f the endemic ST22- 

MRSA-IV clone (AR-PFG 06-01) recovered during the same time period were selected for 

comparison with the sporadic MRSA isolates based on their AR-PFG types. Genotyping o f 

all MRSA isolates was performed using spa typing, SCCmec typing and MLST. 

Comparisons were made between the 58 sporadic MRSA isolates and the 12 comparator 

MRSA isolates as well as to previously described predominant MRSA clones in Ireland and 

elsewhere.
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4.2 Materials and methods

4.2.1 Isolates and experimental design

Forty-nine sporadic MRSA isolates representative of the sporadic MRSA population 

recovered in Irish hospitals between 2000-2006 and nine sporadic MRSA isolates 

representative of sporadic MRSA isolates recovered from horses between 2004 and 2006 

were selected for investigation based on their unfamiliar or variant AR and/or PFGE typing 

patterns which were different to those of MRSA strains previously identified in Ireland (see 

Chapter 2, sections 2.2.1 and 2.2.2 for details of AR and PFGE typing). Fifty AR-PFG 

patterns were identified among the 58 sporadic MRSA isolates as detailed in Chapter 2, 

section 2.2.1 (listed in Chapter 2, Table 2.6). Details of the 58 sporadic MRSA isolates are 

discussed in chapter 2, section 2.3.1.3 and are shown in Tables 2.5 and 2.6. The 58 sporadic 

MRSA isolates were also compared to 12 comparator MRSA isolates recovered between 

2002 and 2006, consisting of 10 AR-PFG 06-01 MRSA isolates described in chapter 2, 

section 2.3.1.4 and Table 2.6 and two of the historical ST22-MRSA-IV isolates exhibiting 

AR-PFG 06-01 (E1206 and El 174) described in chapter 2, section 2.3.1.2 and Table 2.4. 

Culture media, growth and storage conditions for all isolates are described in section 

Chapter 2, section 2.1.1.

4.2.2 Molecular typing

All sporadic MRSA and comparator MRSA isolates were typed by spa typing and by the 

four multiplex PCR assays for SCCmec typing, spa typing was performed according to 

seqnet guidelines as described in Chapter 2, section 2.4.5. Analysis of spa sequences and 

assignment of spa types was performed as described in Chapter 2, section 2.4.6. Clustering 

of spa types was performed using Based upon Repeat Patterns (BURP) analysis to assess
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the clonal relatedness between isolates (Mellmann et al., 2007). Using the BURP algorithm

spa types were clustered together if  they had five or more spa repeats and if  they had a cost

value o f less than four, where the cost value accounts for the number o f steps o f evolution

between spa types. Therefore, a cost value o f one correlates to one nucleotide change or

loss/gain o f one repeat unit between two spa type sequences. Any spa  type that had four or

less spa repeats was excluded from further analysis because they had limited information

content and no reliable evolutionary history could be inferred (Mellmann et al., 2007).

Group founders within BURP clusters with at least three different spa types were defined

as the spa type with the highest founder score i.e. the spa type to which the relevant spa

types and strains were most related (Mellmann et al., 2007). Multiplex SCCmec typing

PCRs to identify the mec class, the ccr type, the J regions and the IV subtypes were

performed as described in Chapter 2, section 2.4.3 (Oliveira and de Lencastre, 2002; Kondo

et al., 2007; Milheiri9 0  et ah, 2007). Previously described MRSA reference strains were

used as positive controls for multiplex PCR assays (i) - (iv) (Chapter 2, section 2.3.2 and

Table 2.8). SCCmec V elements that were identified by the multiplex PCR assays were

confirmed as S>CCmec V or SCC/wec V t using primers previously described by Higuchi et

a l  which differentiate between the ccrC  alleles 2 and 8 o f the ccrC l allotype (Higuchi et

al., 2008). MLST was performed on one representative o f each spa/SCCmec type

combination and sequences were analysed as described in Chapter 2, section 2.4.6 (Enright

et al., 2000). The sporadic MRSA isolates were assigned to the same CCs if a minimum of

5/7 MLST alleles were identical to at least one other ST within that CC. For the purpose of

this investigation if the identification o f a ST that shared five or more alleles in common

with another ST in the MRSA MLST database occurred (www.saureus.MLST.net) and if

that ST had not yet been assigned a CC, then the CC was named after the first ST that was
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submitted. The relatedness o f MLST genotypes o f the sporadic MRSA isolates and the 

comparator MRSA isolates and the evolutionary relationship among similar STs was also 

investigated using the eBURST (Based Upon Related Sequence Types) algorithm (Feil et 

al., 2004). This algorithm can be used to predict the ancestral genotype as well as patterns 

o f evolutionary descert within a CC. STs were assigned to the same cluster if they exhibited 

5/7 identical alleles and eBURST assigned the most likely founder for each cluster based 

on the ST that had the largest amount of single locus variants (slv's) in a cluster (Feil et al., 

2004).
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4.3 Results

Forty-nine MRSA isolates representative of the sporadic MRSA population from 26 Irish 

hospitals between 2000 and 2006, nine MRSA isolates representative of sporadically 

occurring MRSA isolates from horses between 2004 and 2006 and 12 AR-PFG 06-01 

comparator MRSA isolates recovered from eight Irish hospitals between 2003 and 2006 

were investigated by spa typing and BURP analysis and SCCmec typing and a 

representative of each spa type/SCCwec type combination was investigated by MLST. 

Molecular typing results for the sporadic MRSA isolates are described below in sections

4.3.1 and in Table 4.1 and those of the comparator MRSA isolates, representative of the 

endemic MRSA strain in Irish hospitals since 2002, are described in sections 4.3.2 and 

Table 4.2.

4.3.1 Sporadic MRSA isolates

The 58 sporadic MRSA isolates were selected based on their PFGE typing patterns and AR 

typing patterns which were unusual when compared to AR and PFGE typing patterns 

identified among Irish MRSA isolates (Chapter 2, section 2.2 and Table 2.5).

4.3.1.1 spa tvping of sporadic isolates and clustering bv BURP analvsis

Twenty two spa types were identified among the 58 sporadic MRSA isolates with t032

predominating (12/58, 21%), followed by t064 (8/58, 14%), tl90 (5/58, 9%), t242 (5/58,

9%), t008 (4/58, 7%), t002 (3/58, 5%), t451 (3/58, 5%), t727 (2/58, 3%), tl27  (2/58, 3%)

and t018 (2/58, 3%) (Table 4.1). Each of the remaining 12 isolates exhibited individual spa

types (Table 4.1). Fourteen o f the 22 spa types identified were differentiated into four

cluster groups using the BURP algorithm (Fig. 4.1). Cluster 1 consisted of t064 (group

founder), t008, t4268, t451 and tl90 (cost values, between two and four) (Fig. 4.1). Cluster
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Table 4.1 MLST, spa and SCCmec typing results for sporadically-occurring MRSA 

isolates recovered in Irish hospitals between 2000 and 2006 (n=49) and nine 

sporadically occurring MRSA isolates recovered from horses

Isolate no. MLST
spa type SCC/nec type AR-PFG

c c ST Allelic profile
MOO/0005.2* 8 8 3-3-1-1-4-4-3 tl90 VI: ccrAH4 and class A m ec S I-00
M04/0189 8 8 3-3-1-1-4-4-3 tl90 HE + ccrAB4 S8-00
E2011 8 8 3-3-1-1-4-4-3 tl90 IID + ccrAB4 S9-00
E1775 8 8 3-3-1-1-4-4-3 tl90 IID SI 0-99
M04/0132'’ 8 8 3-3-1-1-4-4-3 t451 IVd SI 2-00
M04/0081'' 8^ 8^ 3-3-1-1-4-4-3 t064 IVd SI 4-00
M04/0115'' 8^ 8^ 3-3-1-1-4-4-3 t064 IVd SI 5-00
M04/0134'' 8^ 8^ 3-3-1-1-4-4-3 t064 IVd SI 6-00
M05/0239 8 8 3-3-1-1-4-4-3 t064 IVd SI 2-99
E2166 8^ 8^ 3-3-1-1-4-4-3 t064 IVd SI 2-00
M05/0233' 8 8 3-3-1-1-4-4-3 t008 \  1 > rAB4- S29-99
M06/0223 8 8 3-3-1-1-4-4-3 t008 IVA S3 2-99
M06/0042 8 8 3-3-1-1-4-4-3 tl90 IIA S34-00
M06/0165'‘ 8^ 8^ 3-3-1-1-4-4-3 t064 IVd S3 9-00
M06/0168'‘ 8^ 8^ 3-3-1-1-4-4-3 t064 IVd S39-00
M06/0169'* 8^ 8^ 3-3-1-1-4-4-3 t064 IVd S40-00
M06/0232'* 8 8 3-3-1-1-4-4-3 t451 IVd S41-99
E2752 8 8 3-3-1-1-4-4-3 14268 IVd SI 5-99
M06/0230'' 8^ 8^ 3-3-1-1-4-4-3 t451 IVd SI 2-99
E0898 8 239 2-3-1-1-4-4-3 t037 Wlmercuiy S3-99.4
E2431 8 239 2-3-1-1-4-4-3 t030 IIIB S25-99
M04/0203 8 239 3-3-1-1-4-4-3 tl209 IIIB SI 1-00
M05/0101’ 8 i. ,̂-;7’ 1-3-1-1-4-4-3 t008 IVA S32-00
M06/0041' 8 985' 3-3-1-1-4-19-16 t008 I -  pis S3 3-99
El 749 22 22 7-6-1-5-8-8-6 t032 IVh S13-01
El 890 22^ 22^ 7-6-5-1-8-8-6 t032 IVh S18-01
E0996.2 22^ Tf- 7-6-5-1-8-8-6 t032 IVh S4-01
E2081 22 22 7-6-5-1-8-8-6 t022 IVh S19-01
E2051 22^ 22^ 7-6-5-1-8-8-6 t032 IVh S20-01
M05/0315 iH- 27} 7-6-5-1-8-8-6 t032 IVh S18-01
M05/0327 22 22 7-6-1-5-8-8-6 t032 IVh S26-01
M05/0320 22 22 7-6-1-5-8-8-6 t032 IVh S26-01
M05/0328 22^ 22^ 7-6-5-1-8-8-6 t032 IVh S26-01
E2581 22 22 7-6-1-5-8-8-6 t032 IVg S28-99
E2794 22 22 7-6-1-5-8-8-6 t2951 IVh S3 7-01
M06/0349 22^ 22^ 7-6-5-1-8-8-6 t032 IVh S3 8-01
M06/0007 22^ 22^ 7-6-5-1-8-8-6 t032 IVh S42-01
M06/0140 22^ T f 7-6-5-1-8-8-6 t032 IVh S43-01
E2518 5 5 1-4-1-4-12-1-10 t242 Vt S30-03
E2598 5 5 1-4-1-4-12-1-10 t002 II S23-03
M06/0318 5 5 1-4-1-4-12-1-10 t242 Vt S30-03
M06/0317' 5 5 1-4-1-4-12-1-10 1242 \ '  r - p!25S & Tn5.5/ S30-03
M06/0316 5 5 1-4-1-4-12-1-10 t242 Vt S44-03
E0754' 5 5 1-4-1-4-12-1-10 tl09 1 c'lv ( region between 

Tnj J4  & or/.Y. region 
between pl25S  & Tn55-/

S2-00

M06/0308' 5 1435* 1-4-1-4-164-1-10 t242 Vt S3 0-03
E2543 5 998 120-4-1-4-12-1-54 t067 IVc S27-03
M06/0142' 5 930' 1-65-1-4-117-1-10 t002 No nicc complex identified 

met A, lciAB2 and (/t.s 
detected/'

S45-99

Continued overleaf
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Table 4.1 continued

Isolate no. MLST spa type SCCmec type AR-PFG
CC ST Allelic profile

E1263' 5 100 1-65-1-4-12-1-10 t002 No ct r or me- complex 
identified (/c.v and inecA 
detected'’

S5-03

M05/0287 30 36 2-2-2-2-3-3-2 t018 II S22-02
E2632 30 36 2-2-2-2-3-3-2 t012 II S24-02
M06/0116' 30 36 2-2-2-2-3-B-2 t018 II c t vC and the region 

between pl25S & Tn.55-/'
S3 5-02

E2078' 1 ’ 1-1-178-1-1-1-1 tl27 IVc S21-03
M05/0257* 1 1 l - l - l - l - l - l - l 12279 iVa plus cvrAHl^ S31-99.5
M06/0225' 1 1 115 ’ 1-1-1-1-4-19-1 tl27 IVa S36-99
M 03/0I78' 45 45 10-14-8-6-10-3-2 t727 No c'cr or niec complex 

identified dcs and niecA 
detected*'

S6-99.5

E1421 45 45 10-14-8-6-10-3-2 m i IVa S7-99.5
M04/0177 361 361 4.3-1.1.11-72-64 t315 IVg SI 7-00
M06/0171' 779 779 3-138-1-15-100-1-

10
t878 niccA, cci i cltAH4 and 

region between Tn5.i7 & 
orfX detected'’

S46-99

All 58 sporadic MRS A were selected based on unfamiliar or variant PFGE

patterns and/or antibiogram resistogram typing (AR-PFG) patterns as described in 

Chapter 2, section 2.2.1-2.

'Novel type combination identified for these isolates due to a novel spa type, 

SCCmec type or MLST (indicated by blue font).

MLST was not performed on these isolates but the ST and CC was inferred based 

on spa typing and MLST results of isolates with the same spa type.

Novel sequence types (ST)

"'Sporadic MRSA isolates recovered from horses 

^Novel SCCmec subtypes 

^ o v e l  SCCmec types
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Table 4.2 Molecular characteristics of 12 comparator AR-PFG 06-01 MRSA 

isolates^ exhibiting ST22-MRSA-IVh recovered in Irish hospitals between 2002 

and 2006

Isolate
no.

Pulsed- 
field type 

(PFT)

spa type

E l 427 01018 t032
E l 620 01042 t025
E l 662 01039 t2945
El 702 01024 t032
E2015 01018 t4766
E2181 01018 t032
E2246 01063 t032
E2253 01039 t022
E2855 01018 t032
E3069 01039 t022
E l 206 01018 t032
El 174 01028 tl8 0 2

'AR-PFG 06-01 MRSA isolates recovered during the approximate same time period as the 
sporadic MRSA isolate group and representative of the endemic MRSA strain ST22-MRSA-IV. 
PFGE was undertaken previously at the NMRSARL.
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Cluster 1

/
/

t l90

Cluster 2

Cluster 3 Cluster 4

Fig. 4.1 BURP analysis of spa types of sporadically-occuring MRSA isolates. Fourteen 

of the 22 spa types were differentiated into four clusters using the BURP algorithm as 

described in section 4.2.2. spa types were clustered together if they had > five spa 

repeats and if they had a cost value < 4 where the cost accounts for the number of steps 

of evolution between spa types. A low cost value indicates close evolutionary 

relatedness between two spa types. The following five spa types were defined as 

singletons by BURP (tl09, tl27, t315, t878 and t2951) as they could not be clustered 

with any other spa type i.e. cost greater than 5 and the following three spa types were



excluded (t727, tl209 and t2279) as they all had < three spa repeats. Cost values are 

shown in parenthesis. Group founders are shown in blue and are determined based on 

the spa type that shares the highest sequence identity with the greatest number of spa 

types within that cluster as determined by the cost values.



2 consisted o f  t012 (group founder), t018, t030 and t037 (cost values, between one and 

four). Cluster 3 consisted o f  t002 (group founder), t067 and t242 (cost values, between two 

and three) and Cluster 4 consisted o f  t022 and t032 with no group founder (cost value = 1) 

(Fig. 4.1). Five spa  types were defined as singletons by BURP (tl09 , t l2 7 , t315, t878 and 

t2951). A low cost value between two spa  types indicates close evolutionary relatedness 

between the isolates exhibiting these spa  types.

4.3.1.2 SCCmec typing

Twenty-four SCCmec  types were identified among the 58 sporadic MRS A isolates. These 

consisted o f  15 previously identified SCCmec types and subtypes, six possible novel 

SCCmec subtypes and three possible novel SCCmec types in which the ccr and/or mec 

gene complexes were not detected (Table 4.1). O f the previously identified SCCmec 

elements, the most predominant were SCCmec IVh (13/58, 22%) followed by SCCmec IVd 

(12/58, 21%), SCCmec  V t (4/58, 7%), SCCmec II (3/58, 5%), SCCmec IIIB (2/58, 3%), 

SCCmec  IVA (2/58, 3%), SCCmec  IVa (2/58, 3%), SCCmec IVc (2/58, 3%) and SCCmec 

IVg (2/58, 3%) and the following SCCmec types occurred in one isolate only; SCCmec IIA 

(M 05/0287), SCCmec  IID (E l775), SCCmec \Wmer (E0898), SCCmec  I - p is  (M06/0041), 

SCCmec IID with ccrAB4 (E2011) and SCCmec HE with ccrAB4 (M 04/0189) (Table 4.1). 

The following potentially novel SCCmec subtypes were identified as follows: (i) SCCmec 

typing o f  isolate MOO/0005.2 indicated a SCCmec type VI element due to the presence o f  

ccrAB4 and mec class B. However, all other typing data for this isolate, indicated that it 

was similar to previously described ST8, spa  type t l9 0  isolates which harbour SCCmec 

IVE/F and ccrAB4, suggesting that this isolate may harbour a novel subtype o f  SCCmec 

type IV element (Table 4.1). (ii) Isolate M05/0233 yielded a SCCmec  V j element plus an
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additional ccrAB4 (Table 4.1). (iii) Isolate M06/0317 was found to harbour a SCCmec V t - 

p/255 & Tn55^. (iv) Isolate E0754 was found to harbour a SCCmec 1 element and 

additional amplimers corresponding to the amplification o f ccrC, a region between p/255 

and Tn55^ and another region between ln 5 5 4  and orflC. All three o f these additional 

amplimers are usually associated with a SCC/wec \Wmer element (Table 4.1). (v) Isolate 

M05/0257 was identified as harbouring a SCCmec I element with an additional amplimer 

corresponding to a ccrABl complex, (vi) Isolate M06/0116 was identified as harbouring a 

SCCmec II element with additional amplimers corresponding to the amplification o f ccrC  

and a region between p/255 and Tn554, genes commonly associated with a SCCmec \\\mer 

element (Table 4.1). The three potentially novel SCCmec elements were identified in the 

following sporadic isolates; (a) Isolate M06/0142 yielded amplimers corresponding to 

ccrAB2, dcs and mecA but no mec complex class was assigned (Table 4.1). (b) Isolates 

E l263 and M03/0178 both yielded similar SCCmec typing amplimers including mecA and 

dcs, no mec gene or ccr complex was detected (Table 4.1). (c) Isolate M06/0I71 yielded 

amplimers for ccrC, ccrAB4 and dcs, mecA was detected but no mec complex class was 

assigned (Table 4.1).

4 .3 .1.3 MLST o f spa tvpe/SCCwgc type combinations

MLST identified 17 STs, including six novel STs, belonging to eight clonal complexes 

(CCs) among the sporadic MRSA isolates with STS (CCS) the predominant ST identified 

(19/5S, 33%) followed by ST22 (CC22) (15/58, 26%), ST5 (CC5), (6/5S, 10%), ST36 

(CC30) (3/5S, 5%), ST45 (CC45) (2/58, 3%) and ST239 (CC239) (2, 3%) and the 

following 11 STs occurred only once; ST985 (CCS), ST 1337 (CCS), ST 1435 (CC5), ST930 

(CC5), ST99S (CC5), ST 100 (CC5), STl (CCl), ST 1336 (C C l), ST1115 (C C l), ST361

109



(CC361) and ST779 (CC779) (Table 4.1). Sixteen isolates were not subjected to MLST but 

the STs were inferred from spa type and S>CCmec type combinations (Table 4.1). The six 

novel STs identified among the 58 sporadic MRS A isolates occurred in one isolate each 

and belonged to three CCs including CC5 (ST985, ST1435 and ST930), CCl (ST1336 and 

ST1115) and CCS (ST1337). The relationships between STs were analysed using the 

eBURST algorithm which assigns a ST to a cluster if  it is a single locus variant (slv) or a 

double locus variant (dlv) o f a ST within the cluster i.e. a slv exhibits 6/7 identical alleles to 

at least one other ST within a cluster and a dlv exhibits 5/7 identical alleles of a ST to at 

least one other ST within a cluster. The eBURST algorithm assigned 12/17 STs into three 

clusters and five STs could not be assigned to a cluster (Fig. 4.2, cluster a-c). Cluster (a) 

consisted o f all STs identified within CC5 including STS, STIOO, ST1435, ST930, ST998 

with STS identified as the ancestral ST o f cluster (a). STIOO, ST998 and ST 1435 were slv's 

and ST930 was a dlv o f ST5 (Table 4.1 and Fig. 4.2, cluster (a)). Cluster (b) consisted of 

STs within CC8, including STS, ST239, ST1337 and ST9S5 with STS identified as the 

ancestral ST o f cluster (b). STS was a slv o f ST239 and a dlv o f ST9S5 and ST1337 (Table 

4.1 and Fig. 4.2, cluster (b)). Cluster (c) consisted o f  STs within CCl including STl, 

ST 1336 and STl 115 with STl identified as the ancestral ST. ST 1336 was a slv and STl 115 

was a dlv o f STl (Table 4.1 and Fig. 4.2, cluster (c)). Twenty-two isolates were not 

allocated to a cluster group as they each shared less than 5 o f the 7 MLST alleles with all 

other STs identified among the sporadic isolates; ST36 (CC30), ST361 (CC361), ST45 

(CC45), ST779 (CC779) and ST22 (CC22) (Table 4.1 and Fig. 4.2, singletons).
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4.3.1.4 Type combinations using spa typing. SCCmec typing and MLST data

A total o f 37 type combinations were identified among the 58 sporadic MRS A isolates 

using a combination o f spa typing, SCCmec typing and MLST (Table 4.1). ST22-MRSA- 

IVh and spa type t032 was the predominant type combination (11/58, 19%), followed by 

ST8-MRSA-IVd and t064 (8/58, 14% (six yeterinary isolates)), ST5-MRSA-Vt and t242 

(3/58, 5%), ST8-MRSA-IVd and t451 (3/58 yeterinary isolates, 5%). Thirty-three type 

combinations each occurred in one isolate only (Table 4.1). Fifteen isolates exhibited a 

noyel type combination due to the identification o f either a noyel SCCmec type or a noyel 

ST (Table 4.1). Three spa  types were identified in more than one ST but within the same 

CC including t008 (CCS: ST8, ST 1337 and ST985), t242 (CCS: ST5 and ST 1435) and tl27  

(CCl: ST1336and ST1115).

All isolates harbouring SCCmec IVh exhibited ST22 and all isolates harbouring 

SCCmec IVd exhibited ST8. Isolates harbouring the SCCmec V j element all exhibited CCS 

including STS (4/5 isolates) and ST1435 (1/5 isolates) which differed at one o f the MLST 

alleles only. Isolate MOS/0233 harboured SCCmec V j and ccrAB4 and exhibited STS. 

Isolates harbouring the SCCmec II element exhibited ST36 (CC30) (3/4 isolates, 75%) and 

STS (1/4 isolates, 25%), while isolates with other SCCmec II subtypes {SCCmec IID, IID + 

ccrAB4 and HE + ccrAB4) exhibited CCS. The three isolates harbouring SCCmec III 

elements exhibited CCS (ST239). The three isolates harbouring SCCmec IVa exhibited STs 

that belonged to two CCs including C C l; STl (1/3 isolates, 33%) and STl 115 (1/3 isolates, 

33%) which differed at two alleles and CC4S; ST4S (1/3 isolates, 33%). Two isolates 

harboured SCCmec IVc and exhibited STs that belonged to two CCs including CC12S; ST 

998 (2/3 isolates, 66%) and C C l; ST 1336 (1/3 isolates, 33%). Two isolates harbouring

1 1 1
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Fig. 4.2 Clustering of sequence types (STs) of the sporadically-ooccuring MRSA 

isolates using eBURST. The 17 STs that were identified by MLST for the 58 sporadic 

MRSA isolates were clustered into clusters (a), (b) and (c). Cluster (a) consisted of five 

STs that were assigned to CCS and STS was assigned as the founder o f the cluster. 

ST 100 was a single locus variant (slv) of STS and the remaining STs within cluster (a) 

were double locus variants (dlvs) of STS. There were three STs assigned to cluster (b) 

including STl which was the cluster founder and ST 1336 (slv of ST l) and STl l IS  (dlv 

of STl). All three STs were CCl .  Cluster (c) consisted of four STs which were assigned 

to CC8 and included STS (cluster founder), ST239 (slv of STS), STl 337 (dlv of STS) 

and ST9SS (dlv o f STS). Five STs could not be clustered with any other STs from the 

sporadic MRSA isolates and they included ST36 (CC30), ST361 (CC361), ST4S 

(CC4S), ST779 (CC779) and ST22 (CC22).



SCCmec IVA exhibited CCS (STS and ST1337). Two isolates harbouring SCCmec IVg 

exhibited ST22 (CC22) and ST361 (CC361) and the isolate harbouring SCCmec I -  pis 

exhibited ST9S5 (CCS). The six novel SCCmec subtypes identified were associated with 

CCS (STS; MOO/0005.2 and M05/0233), CCS (STS; E07S4 and M06/0317), CC30 (ST36; 

M06/0116) and CCl (ST l; M05/0257). The four isolates harbouring novel SCCmec types 

exhibited ST779 (CC779) (M06/0171), ST45 (CC45) (M03/0178), ST 100 (CCS) (E l263) 

and ST930 (CCS) (M06/0142) (described in section 4.3.1.2 and Table 4.2).

4.3.2 SCCmec typing, MLST and spa typing of AR-PFG 06-01 MRSA isolates

Twelve AR-PFG 06-01 MRSA isolates from eight different Irish hospitals which were 

recovered during the approximate same time period (2002-2006) as the sporadic isolates 

were subjected to SCCmec typing, MLST and spa typing for comparative purposes with the 

SS sporadic MRSA isolates. Isolates belonging to AR-PFG 06-01 predominated in Irish 

hospitals since 2002 and are indicative of the ST22-MRSA-IV genotype. The 12 AR-PFG 

06-01 MRSA isolates were confirmed as ST22-MRSA-IVh by MLST and SCCmec typing. 

Six spa types were identified among the 12 AR-PFG 06-01 MRSA isolates with t032 

predominating (6/12 isolates, 50%) followed by t022 (2/12 isolates, 2S%) and four spa 

types each occurred once (t02S, tlS02, t294S and t4766) (Table 4.2). Analysis o f these spa 

types using the BURP algorithm as described in section 4.2.2 identified one cluster 

consisting o f 4/S spa types with the spa type t4766 excluded because it had less than three 

spa repeats and tIS02 excluded because it had a cost value greater than five (Fig. 4.3). The 

cost values between clustered spa types were between one and three as shown in Fig. 4.3.
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4.4 Discussion

International molecular epidemiology studies have previously established that a limited set 

of epidemic clones have been responsible for a large majority of nosocomial MRSA 

infections worldwide (CCS, CCS, CC22, CC30 and CC45) (de Lencastre et al., 2007). 

These epidemic clones share a common genetic background with successful MSSA 

lineages, suggesting that the genetic backgrounds confer a selective advantage to S. aureus 

irrespective of their antibiotic resistance profiles (de Lencastre and Oliveira, 2007; Hallin et 

al., 2007). A study by Hallin et al. also suggested that the SCCmec type as well as the 

insertions or deletions of other mobile genetic elements may be involved in modulating the 

epidemic behaviour of MRSA strains of a similar genetic background independently of 

fitness cost (Hallin et al., 2008). In the same study, the authors identified that sporadic 

MRSA isolates that were collected over an 11-year period exhibited genetic backgrounds 

that were very similar to those of epidemic MSSA isolates with no associated fitness loss. 

Half of these sporadic MRSA isolates differed from epidemic MRSA isolates in their 

accessory genomes (i.e. SCCmec types, antibiotic resistance profiles). Information 

regarding sporadic MRSA populations in the literature is relatively limited. Studies have 

been published on sporadically-occurring MRSA isolates from the USA (Brady et al., 

2007), Belgium (Hallin et al., 2008), Malta (Scicluna et al., 2010), Malaysia (Ghaznavi- 

Rad et al., 2010), Sweden (Melin et al., 2009), Switzerland (Stranden et al., 2009), Hong 

Kong (Ho et al., 2009) and Finland (Kanerva et al., 2009). However, to date there has been 

no published data regarding sporadically-occurring MRSA isolates from Ireland. The 

present study investigated 49 sporadically-occurring MRSA isolates recovered from Irish 

hospitals over a six-year period (2000-2006) and nine sporadically occurring MRSA
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0  t2945 

(3)

Fig. 4.3 BURP analysis of AR-PFG 06-01 MRSA spa types. One cluster was identified 

among the AR-PFG MRSA isolates using the BURP algorithm as described in section 

4.2.2. spa types were clustered together if they had > four spa repeats and if they had a 

cost value < 5 where the cost accounts for the number of steps o f evolution between spa 

types. Cost values are shown in parenthesis, spa type t4766 was excluded as it had less 

than three spa repeats and spa type tl802 was excluded as it had a cost value < 5. The 

spa type t032 was determined to be the group founder (shown in blue) as this spa type 

shared the most sequence identity with spa types within the cluster as determined by the 

cost values. A low cost value indicates close evolutionary relatedness between isolates 

exhibiting these spa types.
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isolates recovered from horses over a two year period (2004-2006) which were selected 

based on PFGE and AR typing results which were significantly different to MRS A strains 

previously identified as predominant in Irish hospitals.

4.4.1 Type combinations using MLST, spa and SCC/nec typing

Considerable diversity was identified among the 58 sporadic MRSA isolates investigated 

using each typing method used i.e. spa typing; 22 types, SCCwec typing; 20 types, and 

MLST; 17 STs. The combination of the three typing methods identified 37 type 

combinations and these included three possible novel SCCwec types, six novel SCCmec 

subtypes and MLST identified six novel STs (Table 4.1). Only four type combinations 

occurred more than once including ST22-MRSA-IVh, spa type t032 in 11 isolates (E l749, 

E l890, E0966.2, E2051, M05/0315, M05/0327, M05/0320, M05/0328, M06/0349, 

M06/0007 and M06/0140), ST8-MRSA-lVd, spa type t064 in eight isolates (M04/0081, 

M04/0115, M04/0134, M05/0239, M06/0165, M06/0168, M06/0169 and E2166), all of 

which were recovered from horses except for M05/0239 and E2166, ST5-MRSA-Vt, spa 

type t242 in three isolates (E2518, M06/0318, and M06/0316) and ST8-MRSA-IVd, spa 

type t451 in three isolates (M04/0132, M06/0232 and M06/0230), all of which were 

recovered from horses (Table 4.1). MLST assigned all 58 sporadic MRSA isolates to one of 

eight CCs. The five major pandemic nosocomial lineages were all present including CCS 

(11/58, 19%), CC8 (23/58, 40%), CC22 (14/58, 24%), CC30 (3/58, 5%) and CC45 (2/58, 

3%). Other CCs identified included the very successful CA-MRSA lineage CCl (3/58, 

5%), as well as CC361 and CC779 which were identified as singletons because they were 

not assigned to any CC in the MLST database (Table 4.1). All spa types identified among 

the sporadic MRSA isolates correlated, as expected, with the MLST genotypes and an
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evolutionary signal comparable to eBURST was detected by BURP analysis (Table 4.1 and 

Fig. 4.1). All of the MLST CCs were differentiated into the following spa types by BURP 

analysis: Cluster 1 spa types were harboured by isolates exhibiting CCS genotypes 

including STS (t064, 426S, t451 and tl90), ST985 (tOOS) and ST 1337 (tOOS). Cluster 2 spa 

types (to 12, tOlS, t030 and t037) were harboured by isolates exhibiting CCS (ST239; t030 

and t037) and CC36 (ST30; t012 and tOlS). The association of these closely related spa 

types with these STs is in keeping with findings reported by Robinson et al. (2003) which 

identified that the chromosome of ST239 strains is composed of 20% and 80% 

contributions from ST30 and STS clones respectively, due to large chromosomal 

replacement (Robinson and Enright, 2003; Robinson and Enright, 2004). Cluster 3 spa 

types were harboured by isolates exhibiting CCS genotypes including STS (t242, t002), 

ST 100 (t002), ST930 (t002), ST99S (t067) and ST 1435 (t242) and cluster 4 (t032 and t022) 

consisted of spa types harboured by isolates exhibiting CC22 (ST22) genotypes.

The most prevalent type combination, which was identified in 11/5S (19%) sporadic 

isolates, was ST22-MRSA-IVh and spa type t032 (Table 4.1). Previous studies have shown 

that isolates belonging to this MRSA clone have been present in Irish hospitals since the 

1990s and that they been endemic since 2002 (Shore et al., 2005; Rossney et al., 2006). 

This is also demonstrated by the comparator MRSA isolates investigated in the present 

study, that were recovered from patients in Irish hospitals during the same time period as 

the sporadic isolates, the majority of which yielded the same type combination (ST22- 

MRSA-IVh) except for six isolates which differed in their spa types, though as shown in 

Fig. 4.3 by BURP analysis, these spa types were all closely related (Table 4.2 and Fig. 4.3). 

While these 11 sporadic ST22-MRSA-IVh isolates were assigned to PFG-01 based on their
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PFGE pattern, which is indicative of ST22-MRSA-IVh, their AR-type patterns were 

distinctly different compared to previously described ST22-MRSA-lVh isolates or any 

MRSA strains previously investigated from Ireland (Table 4.2). Significant resistance 

phenotypes included lincosamide resistance (E2051), mupirocin resistance (E l890, 

M05/0315, M06/0007 and M06/0140), fusidic acid resistance (M05/0327, M05/0320, 

M05/0328 and M06/0349) and aminoglycoside resistance (E l749, E l890, E0996.2, 

M05/0315, M05/0327, M05/0320, M05/0328, M06/0349, M06/0007 and M06/0140) 

(Chapter 2, Table 2.6).

The second and third most prevalent type combinations were STS-MRSA-IVd and spa 

type t064 (8/58, 14%) and spa type t451 (3/58, 5%). Both of these type combinations have 

been reported in humans and horses previously by Moodley et al., (2006). In total, 9/11 of 

the sporadic MRSA isolates assigned to these two type combinations were recovered from 

horses while the remaining two isolates were recovered from patients in hospitals. This 

included a pair of isolates, M05/0239, (ST8MRSA-IVd, spa type t064) which was 

recovered from a man with recent contact with a horse and M04/0132 (ST8-MRSA-IVd, 

spa type t451) which was recovered from the associated horse. These two isolates differ in 

spa type only and the spa types were assigned to the same cluster group by BURP with a 

cost value of three indicating a close evolutionary relationship. Further inspection of these 

two spa types revealed an additional spa repeat in t451. The polymorphic region of the spa 

gene is known to accumulate genetic mutations at a higher rate compared to MLST 

housekeeping genes and due to this faster evolutionary clock, has a much higher 

discriminatory rate (Faria et al., 2008). It is probable that these two isolates descended from 

a recent common ancestral clone, however, whether the spa repeat was lost or gained
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remains unknown. The other non-veterinary associated MRSA isolate was the isolate 

E2166 (ST8-MRSA-IVd, spa  type t064), which was also assigned to the same PFG (PFG- 

00, indicative o f  STS) as 7/9 veterinary MRSA isolates and also had a similar AR type 

pattern to these seven isolates. E2166 was recovered from a patient in a hospital in 2005 

and additional epidemiological data for E2166 was unavailable. These findings suggest the 

possible transmission o f  a MRSA strain between horses and humans.

The fourth and final type combination that was exhibited by more than one isolate was 

ST5-MRSA-Vt and spa  type t242 (3/58, 5%). This is the first report o f  the SCCmec Vt 

element in Ireland since it was first reported by Boyle-Vavra et al. (2005) in China and it 

has only been described among isolates exhibiting ST59 in the literature (Boyle-Vavra et 

al., 2005). This is, to our knowledge, the first report o f  a SCCmec V t  element harboured by 

CC5, which is one o f  the five major pandemic MRSA clones. CC5 clones have been 

reported in Irish hospitals in previous studies including ST5-MRSA-II and ST5-MRSA-IV 

in the 1990s (Shore et al., 2005) and PVL positive ST5-MRSA-IV was also previously 

reported (Rossney et ah, 2007). However, these strains never predominated in Ireland. It 

should be noted that the S>CCmec typing PCRs performed in the present study (described in 

Chapter 2, section 2.4.3) could not sufficiently detect the SCCmec V t  element beyond 

assigning it as S>CCmec V. An additional PCR reaction was performed using primers 

previously published by Higuchi et al. to identify the ccrC l alleles 2 and 8  thereby 

allowing identification o f  the ccrC2  and ccrC8  alleles that are both present in S>CCmec V t  

(Higuchi et ah, 2008). There have been several SCCmec V variants reported previously 

including the SCCmec V t element detected using the primers published by Higuchi et al. 

(2008) and other variants o f  SCCwec V which harbour novel ccrC l alleles and mec class C
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have been reported (Argudm et ah, 2010; Coombs et ah,  2010). C oncei9 ao et a l  (2010) 

also described a variant o f  SCCm ec  V that lacked the amplimer indicative o f  the region  

betw eenp l2 5 8  and Tn55^ which is usually present in the J1 region in SCCm ec  V elements. 

Chlebow icz et al. (2010), described a SCCm ec  V elem ent harbouring two alleles o f  the 

cc rC l  com plex (alleles ccrC 8  and ccrClO)  and Schijfflen et a l  (2010) described a 

com posite S C C m ec  V elem ent harbouring two ccrC  com plexes within the SCCm ec  element 

and a SCC-like elem ent integrated upstream o f  S C C m ec  (C oncei9 ao et al., 2010; 

C hlebow icz et al., 2010; Schijfflen et al., 2010). The first SCCmec V elem ent described in 

2005 by B oyle-V avra et al. (2005) was not detected in this study (Boyle-Vavra et al., 

2005).

A  total o f  33 type com binations (57% ) were each identified in one isolate only. O f  

these type com binations 15/33 types were identified as a novel type combination as 

determined by the presence o f  a novel ST or SC C m ec  type (Table 4 .1). Twenty-two o f  

these 33 sporadic M R SA  isolates were assigned to previously described SCCm ec  types and 

subtypes o f  S C C m ec  I, II, III, IV and V t including SCCm ec  type I - p is  element 

(M 06/0041), SC C m ec  IID + ccrAB4  elem ent (E 2011), SCC m ec  HE +  ccrAB4  element 

(M 04/0I89), S C C m ec  type II (M 05/0287, E2598 and E 2632), SCC m ec  types HA and HD, 

but lacked ccrAB4  normally associated with these SC C m ec  types, (M 06/0042 and E l775 

respectively) S C C m ec Wlmer elem ent (E0898), SCC m ec  type HIB (M 04/0203 and E 243I), 

which is defined by the loss o f  p H S /  and SCCm ercury  (O liveira and de lencastre, 2002). 

Six S C C m ec  IV subtypes were identified including S C C m ec  IVa (E1421 and M 06/0125), 

IVc (E2543 and E 2078), IVd (E2752), IVg (E258I and M 04/0177), IVh (E2794 and 

E2081) and IV A (M 06/0233 and M 05/0101) (Table 4 .1). The remaining 10 isolates
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harboured (i) six possible novel SCCmec subtypes based on variations in the J regions 

observed by PCR and (ii) three possible novel SCCmec elements based on the lack of 

detection o f ccr and/or mec complex genes by PCR.

4.4,2 Novel SCCmec subtypes

Novel SCCmec subtypes were identified among 6/58 sporadic MRSA isolates including 

subtypes o f SCCmec I, II, IV and V jand are discussed as follows

4.4.2.1 MOO/0005.2

The first novel SCCmec subtype was identified in isolate MOO/0005.2, which yielded a 

class A mec complex and ccrAB4 indicating the presence o f a type VI SCCmec element. 

However, the genotypic background o f  this isolate (STS, spa type tl90 ) was not typical of 

isolates previously found to harbor a SCCmec type VI element, which has been reported in 

a STS genetic background (Oliveira et al., 2006; Concei^ao et al., 2010). In addition, 

isolates with this genotype {spa type tl9 0  and ST8-MRSA-IV) have previously been found 

to harbor SCCmec IVE or IVF which yield a SCCmec IVb or IVc amplimer by SCCmec IV 

subtyping (Milheiri^o et al., 2007). However, SCCmec IV subtyping did not identify any J1 

region amplimers indicating possible loss o f part o f the J 1 region with the ccrAB2 complex. 

Further investigations would be required to confirm a SCCmec type VI element in a novel 

genetic background or a possible novel SCCmec IVE/F which has lost ccrAB2 and retained 

ccrAB4 (described in more detail in Chapter 6).

4.4.2.2 M05/0233

M05/0233 harboured a novel SCCmec subtype V j element, which was identified due to the 

presence o f an additional ccrAB4 complex, hence three ccr complexes are present in the
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M05/0233 genome i.e. ccrC2, ccrC8  and ccrAB4. M 05/0233 exhibited t008 by spa  typing 

and STS whereas all other SCCmec type V t isolates identified in the present study 

exhibited spa  type t242 and belonged to ST5/CC5. One possibility is that a MSSA isolate 

harbouring a mobile genetic element or SCC-like element harbouring ccrAB4 acquired the 

SCCmec V j element. The possibility that a SCCmec Vy element harbouring an additional 

ccrAB4 gene has been acquired by a STS lineage o f  M SSA thereby becoming MRSA is less 

likely as there were already two ccr complexes within SCCmec Vj. Further investigation is 

required to determine the location o f  the ccrAB4 complex and is described in Chapter 6.

4.4.2.3 M 06/0317

M06/0317 harboured a novel SCCmec type V j element that failed to yield an amplimer 

corresponding to the amplification o f  the region between pl258  and Tn55^. The amplimer 

indicative o f  a region between pl258  and Tx\554 was also missing from the J1 region o f  a 

SCCmec type V variant element described by Concei9 ao et al. (Concei9 ao et al., 2010). 

M 06/0317 exhibited spa  type t242 and STS and is therefore indistinguishable genetic 

background to three other SCCmec V j elements harboured by isolates exhibiting STS and 

spa  type t242, described in this investigation, apart from the failure to amplify the region 

between p l258  and Tn554. Further investigation is required to determine the structure o f  

the J1 region in M 06/0317 in future studies.

4.4.2.4 E0754

E0754, harboured a novel SCCmec type I subtype, which was identified due to the 

detection o f  additional amplimers indicating the presence o f  a ccrC  gene and a region 

between Tn55¥ and orpc. These SCCmec regions are normally only found in association 

with SCCmec Wlmer and SCCmec V elements. E0754 exhibited t l0 9  by spa  typing which
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is a sporadically occurring spa type which was not assigned a cluster group by BURP and it 

was assigned to STS by MLST, which has been associated with SCCmec types I-IV 

(Enright et al., 2002; Robinson and Enright, 2003; Shore et al., 2005; Oliveira et al., 2006; 

Moon et al., 2010). Further investigation was required to determine if  a SCC-like element 

harbouring these additional genes was incorporated into this SCCwec I element and is 

described in more detail in Chapter 6.

4.4.2.5M06/0116

Isolate, M06/0116 harboured a novel SCCmec II subtype, which was also identified due to 

the detection o f additional amplimers associated with SCCmec Wlmer and SCCmec V 

element amplimers for ccrC  and a region between p/255 & Tx\554. The genetic background 

o f M06/0116, i.e. spa type t018 and ST36/CC30, is consistent with carriage o f a type II 

SCCmec element. Further investigation was required to determine whether a possible 

recombination event between a mobile genetic element harbouring a ccrC  gene has 

integrated in to a SCCwec II element and is described in more detail in Chapter 6.

4.4.2.6 M05/0257

The sixth and final SCC/wec subtype was identified in M05/0257, which harboured a 

SCCmec IVa plus an additional ccrABl complex and exhibited a STl and spa  type t2279 

genotypic background. Its AR type pattern consisted o f two resistance phenotypes 

(ampicillin resistance and fusidic acid resistance). Holden et al. recently reported the 

presence o f a putative fusidic acid resistance determinant ifusC) harboured by a SCC-like 

element which also harboured a ccrABl complex in an MSSA strain exhibiting a STl 

genotypic background (Holden et al., 2004). The SCC-like element was recently detected 

in a CC5-MRSA isolates which also harboured a SCCwec IVa element in Malta (Scicluna
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et al., 2010). However the genetic organisation for these isolates was never determined. 

Further investigation was required to identify the location o f the additional ccrABl 

complex either within SCCmec IVa or more likely located outside o f SCCmec possibly on 

a SCC-like element such as described previously (Holden et al., 2004; Scicluna et al., 

2010). Further investigation is described in Chapter 6.

4.4.3 Possible novel SCCm^c elements

4.4.3.1 Novel SCCwec tvpe: M06/0171

Three possible novel SCCmec elements were identified. Isolate M06/0171 yielded ccrC 

and mecA with an unknown mec class as no mec regulatory genes were detected. This novel 

SCCwec element was also identified in an unusual genotypic background by MLST 

(ST779; 3-138-1-15-100-1-10), so no inferences could be made, based on its genotype. It 

also had an unusual PFG (PFG-99) and had a sporadic AR type which was only identified 

in M06/0I71 and included resistance phenotypes for neomycin, tobramycin, fusidic acid, 

mupirocin and ampicillin (Chapter 2, Table 2.6).

4.4.3.2 Novel SCCwgc type: M06/0142

The second possible novel SCCmec element was identified in M06/0142, which yielded 

ccrAB2, dcs and mecA amplimers but no mec complex class could be assigned as no mec 

regulatory genes were detected. A novel ST type was identified for M 06/0I42 (ST930), 

however it clustered with the CCS group (Table 4.1 and Fig. 4.1), which has been 

associated with SCCmec type I elements in France, Germany and the UK, SCCmec II 

elements in Finland, Ireland, Japan, UK and USA, SCCmec III elements in Belgium, 

SCCmec IV elements in France, Portugal, UK and USA, PVL positive SCCmec IV
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elements in Ireland, SCCmec V elements in Korea and SCCmec VI in Portugal (Enright et 

a i,  2002; Robinson and Enright, 2003; Shore et al., 2005; Oliveira et al., 2006; Rossney et 

al., 2007; Moon et al., 2010). The identification o f a ccrAB2 complex would suggest it may 

be more similar to a SCCmec II or IV element harbouring a variant class A or B mec 

complex, respectively. A variation in the mec region such as a mutation in the primer 

binding regions within m eci and m ecRl could explain the negative PCR result for mec 

region amplification. Further investigation is required to establish whether the element 

harbours a variant o f a previously described mec region or if  it is novel. The PFG type was 

sporadically occurring (PFG-99) and its sporadic AR type only occurred in M06/0142 and 

included resistance phenotypes for kanamycin, tobramycin, gentamicin, erythromycin and 

ampicillin (for resistance profile see S45 in Chapter 2, Table 2.6).

4.4.3.3 Novel SCCmec type: E1263 and M03/0178

The third possible SCCmec element was identified in two sporadic MRSA isolates 

including (a) E1263 and (b) M03/0178. Both isolates yielded identical SCCmec typing 

patterns indicating a possible novel SCCmec type in different genetic backgrounds (Table 

4.1). Both isolates yielded mecA and dcs however no regulatory mec regulatory genes or no 

ccr genes were detected by SCCmec typing (Table 4.1). (a) E1263 exhibited t002 by spa 

typing and ST 100 (CCS) which is a single locus variant (slv) o f ST5 which has been 

associated with multiple SCCmec types. E l263 also exhibited PFG-03 and this along with 

CC5 have previously been associated with a SCCmec type II element and a PVL positive 

SCCmec IV element in Ireland (Shore et al., 2005; Rossney et al., 2006). The sporadic AR 

type for E l263 exhibited resistance phenotypes to cadmium acetate, rifampicin ampicillin, 

gentamicin, kanamycin and tobramycin (Chapter 2, Table 2.6). (b) M03/0178 exhibited
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t727 by spa typing and ST45 was identified by MLST, which is associated with SCCmec 

types II, IV and V elements (Robinson and Enright, 2003; Shore et al., 2005; Monecke et 

al., 2008). A sporadic PFG type was identified (PFG-99.5) and its sporadic AR type 

exhibited resistance phenotypes for ampicillin, cadmium acetate, mercuric chloride and 

phenyl mercuric acetate (Chapter 2, Table 2.6).

In depth molecular characterisation identified that the current endemic MRSA strain 

(ST22-MRSA-IVh) was predominant among the 58 sporadic MRSA isolates (13/58 

isolates, 22%) but that isolates differed from AR type patterns o f  the current endemic strain 

due to additional resistance phenotypes for macrolide-lincosamide-streptogramin B, 

mupirocin, fusidic acid and aminoglycoside resistance. SCCmec IV subtypes including 

IVA, IVa, IVc, IVd, IVg and IVh as well as possible SCCmec IV variants accounted for 

over 60% o f sporadic MRSA isolates investigated. The frequent acquisition o f SCCmec 

type IV elements into all o f the main lineages o f MRSA (CCS, CCS, CC22, CC30, CC45) 

has been observed in previous studies and SCCmec type IV elements were identified in 

CCl ,  CCS, CC22 and CC45 in this study (Robinson and Enright, 2003). This study 

revealed extensive genetic diversity among the Irish sporadic nosocomial MRSA isolates. 

Thirty-seven distinct type combinations were identified among the sporadic MRSA isolates 

using MLST, spa and SCCmec typing and these included three possible novel SCCmec 

types and six novel SCCmec variants. The considerable variability observed within 

SCCmec o f these isolates further highlights the diversity o f  SCCmec. This represents a 

significant gene pool for recombination events with other SCCmec elements and SCC-like 

elements from S. aureus and other Staphylococcal species. The full characterisation o f the 

sporadic MRSA isolates from hospitals in Ireland is an important and potentially beneficial
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undertaking for future reference in the event o f one o f these sporadic isolates becoming 

more prevalent. The extreme diversity observed among these elements may lead to a 

capable and efficient SCCmec type element producing a predominant MRSA strain in the 

future.
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Chapter 5

DNA microarray analysis of sporadically-occurring 

nosocomial MRSA isolates from Ireland
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5.1 Introduction

MRSA has been endemic in Irish hospitals for more than three decades (Hone and Keane, 

1974). A study by Shore et al. (2005) o f MRSA strains in Irish hospitals between 1971 and 

2002 demonstrated that different MRSA clones have predominated at different time periods 

while others only occurred sporadically. In addition, a trend was observed in that study in 

which each major clone was displaced after a certain period o f time by another, which in 

Ireland appeared to occur approximately once per decade (Shore e/ al., 2005). Shore et al. 

(2005) also found a previously unrecognised level o f diversity among S>CCmec elements in 

MRSA isolates from Ireland. According to published EARSS data for the period 2002 to 

2009, MRSA bacteraemia trends have declined significantly recently from 38.5% in 2007 

to 27.1% in 2009 (EARS-Net, 2009) (Chapter 1, Fig. 1.7). The underlying reasons for this 

decrease are unclear, though it could be speculated that the emergence o f a new 

predominant MRSA clone may be preceded by a decrease in the prevalence o f a currently 

prevalent MRSA clone such as ST22-MRSA-IV in Ireland. As discussed in Chapter 4, 

section 4.4, sporadic MRSA isolates represent a reservoir o f SCCwec elements that may act 

as a potential gene pool for recombination events with SCC/wec elements from other 

MRSA populations which may potentially result in the emergence o f  a novel predominant 

MRSA clone. Coagulase-negative staphylococcal species such as S. epidermidis and S. 

haemolyticus have been shown to be potential reservoirs for horizontal transfer into MSSA 

and MRSA o f mobile genetic elements (MGEs) such as transposons, plasmids and SCCmec 

or SCC-like elements (Mongkolrattanothai et al., 2004; Berglund & Soderquist, 2008).

The success o f S. aureus is also partly attributed to its ability to adapt to changing 

conditions in hospital environments such as antibiotic selective pressure by the acquisition
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and expression of a diverse array of antibiotic resistance-associated and virulence- 

associated determinants through spontaneous mutation, recombination and acquisition of 

MGEs. These include antimicrobial resistance determinants such as the aminoglycoside 

resistance (aacA-aphD, aadD and aphA-3), macrolide-lincosamide-streptogramin B (MLS) 

resistance, fusidic acid resistance (fusA, fusB  and fusC) and mupirocin resistance (mupA 

and ileS) and virulence associated determinants i.e. the immune evasion cluster (lEC) 

which is involved in bacterial attachment and immune evasion, staphylococcal enterotoxins 

which have been implicated in food poisoning and several autoimmune allergic and 

autoimmune diseases are usually located on MGEs, exfoliative toxins such as etD and 

edinB and the SCC-like element ACME, which has been shown to contribute to the 

survival and enhanced virulence of MRSA strains.

Informative and efficient typing techniques are required for the early detection and 

discrimination of bacterial isolates, to establish clonal relatedness between strains and to 

trace the geographic dissemination of bacterial clones so that appropriate measures can be 

taken to prevent the spread of MRSA (Faria et al., 2008; Hoefnagels-Schuermans et al., 

1997). The most common methods routinely used to type MRSA strains include (1) PFGE 

of total cellular DNA following digestion with restriction endonucleases such as Smal (a 

rare cutting restriction enzyme), which is still regarded by some people as the method of 

choice for typing of MRSA in outbreak situations but it is time consuming, laborious and 

standardisation of the interpretation of banding patterns is difficult (Chapter 2, section 

2.2.2) (Rossney et al., 1994; Rossney et ah, 2006). (2) In Ireland, AR typing, which 

determines the susceptibility of isolates to a panel of 23 antimicrobial agents, is used in 

conjunction with PFGE to describe MRSA isolates recovered in Irish hospitals but many
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isolates are assigned as unfamiliar or nontypeable due to previously unrecognised 

antimicrobial susceptibility patterns Rossney et a l, 2007). AR typing may not be 

considered the most appropriate for epidemiological studies due to the relatively frequent 

loss and gain of resistance determinants. (3) SCCmec typing, as described in Chapter 2 

(section 2.4.3), which identifies the main SCC/wec elements and certain SCCmec subtypes, 

requires the use of multiple multiplex PCRs and methods need to be constantly updated to 

incorporate new types and subtypes (Boyle-Vavra et al., 2005; Berglund et al., 2008; 

Coombe et al., 2006; IWG-SCC, 2009; Chen et al., 2010). (4) MLST is commonly used for 

typing of MRSA in long-term and global epidemiological investigations but lacks the 

discrimination required for local and outbreak situations and can be expensive as it involves 

sequencing of the internal fragments of seven unlinked housekeeping genes (Chapter 2, 

section 2.4.5) (Enright et al., 2000). (5) spa typing offers more discrimination than MLST 

as it requires DNA sequence analysis of just one gene, the S. aureus protein A gene and the 

MLST can often be inferred from the spa type (Harmsen et al., 2003). The combination of 

MLST and SCCwec typing results are commonly used to describe MRSA clones (Enright 

et al., 2000; Robinson and Enright, 2002).

Recent progress in high-throughput sequencing technologies have resulted in the 

publication of whole genome sequences of at least 14 S. aureus strains with many more on 

the way (De Leo and Chambers, 2009). Subsequent comparison of these sequences has 

facilitated the development of DNA microarrays, to detect the presence or absence of genes 

in S. aureus isolates, as well as RNA expression arrays (Lindsay and Holden, 2004; 

Koessler et al., 2006). Whole-genome microarrays allow simultaneous hybridisation of an 

isolates genome against the whole content of multiple S. aureus genomes thus providing a
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large amount o f information about the strain's genome composition (Garch et al., 2009). 

Recent investigations have used these whole genome microarrays for studies in 

comparative genomic analysis as well as characterisation o f CA-MRSA) (Koessler et al., 

2006; Goering et ah, 2009, Kuhn et al., 2010). However, these are expensive and require 

dedicated platforms and software that restrict their use to specialised research laboratories 

(Garch et ah, 2009).

Several groups have recently developed DNA microarrays that are more focused but 

still retain the facility to provide detailed information about the genetic composition of S. 

aureus isolates (Saunders et al., 2004; Monecke et al., 2007; Garch et al., 2009). Saunders 

et al. developed an oligonucleotide probe microarray for the investigation of the evolution 

o f epidemic MRSA using virulence-associated genes and housekeeping genes. Their data 

showed that this type o f array could provide detailed information about gene carriage in S. 

aureus and provided a powerful tool for the detection o f large-scale genomic recombination 

events (Saunders et al., 2004). The DNA microarray developed by Garch et al. (2009) 

(StaphVar Array) was focused on resistance determinants and virulence-associated genes 

located on the accessory or core variable genome with the goal o f detecting pathogenicity 

factors and the distribution o f MGEs among CA-MRSA strains (Garch et al., 2009). 

Monecke et al. (2007) developed a diagnostic DNA microarray hybridisation kit known as 

the Staphy-Type Kit for reliable detection o f S. aureus resistance genes, pathogenicity and 

strain specific markers, thus allowing the precise assignment o f strains to MLST CCs 

and/or STs (Monecke et al., 2007).

The Staphy-Type kit is an alternative typing approach for S. aureus, including 

MRSA which detects a S. aureus genotype by comparison to a large database o f reference
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s. aureus isolates which have previously been analysed using the microarray and MLST 

(Monecke et al., 2008). The presence and characterisation o f SCCmec, antimicrobial 

resistance and virulence-associated genes are also detected by this microarray system 

(Monecke et al., 2008). The array permits the simultaneous detection o f 334 S. aureus 

genes and alleles including species specific markers (i.e. spa, nuc), accessory gene 

regulator {agr) alleles {agr I-IV), antimicrobial resistance genes including mecA, fosB, 

aminoglycoside resistant genes and genes encoding MLS resistance, genes encoding 

virulence factors such as toxic shock syndrome toxin {tst), Panton-Valentine Leukocidin 

ipvl), exfoliative toxins {etD and edinB) as well as enterotoxin genes, ACME and 

MSCRAMMs (x.Q.fnb, bbp), capsule type-specific genes (capl, cap5 or cap8) and SCCwec 

genes {ccr, mec and accessory genes).

The technology is based on a linear PCR amplification which incorporates biotin- 

16-dUTP into the PCR amplimers. Amplimers are hybridised to the microarray probes and 

in the next step horseradish-peroxidase-streptavidin conjugate is added and the biotin-16- 

dUTP binds to the conjugated streptavidin. A staining step in which tetramethyl benzidine 

(TMB) reacts with the horseradish peroxidase forming a blue reaction product at sites on 

the microarray chip where the probes have become hybridised with amplimers is followed 

by analysis using a designated reader and microarray imaging software (Iconoclust, Alere), 

which allows automated analysis o f the microarray chips. The microarray software has 

been developed to assign isolates to MLST CCs and STs by comparing the DNA 

microarray pattern to those o f a collection o f previously characterised reference strains in 

the Arraymate database that have also previously underwent MLST analysis (Monecke et 

al., 2008). Several studies have used this microarray technology to characterise MRSA
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isolates, including isolates recovered in Germany, Western Australia and Malta (Monecke 

et al., 2008; Coombs et al., 2010; Scicluna et al., 2010).

The main objective o f this part of the present study was to use the Staphy-Type Kit 

DNA microarray to perform in-depth molecular characterisation o f MRSA isolates 

representative o f both sporadically-occurring MRSA strains and the endemic ST22-MRSA- 

IVh strain, recovered from patients in Irish hospitals between 2000 and 2006. This was 

carried out in order to compare the SCCmec and genotype assignment by the DNA 

microarray with SCCmec typing by the standard multiplex PCRs and genotype assignment 

by MLST and to investigate the antimicrobial resistance and virulence-associated genes 

harboured by these MRSA isolates.
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5.2 Materials and methods

5.2.1 Isolates and experimental design

A total o f 37 sporadic MRSA isolates recovered from patients in Irish hospitals between 

2000 and 2006 were investigated using the DNA microarray. This included one isolate 

representative o f each MLST, spa type and SCCwec type combination identified among the 

58 sporadic MRSA isolates investigated in Chapter 4 (section 4.3.1.4 and Table 4.1). In 

addition, 12 ST22-MRSA-IVh isolates recovered between 2000 and 2006, representative of 

the MRSA strain endemic in Irish hospitals since 1999, were included as comparator 

isolates and are described in Chapter 4 (section 4.3.2 and Table 4). All MRSA isolates were 

subjected to DNA microarray analysis as previously described by Monecke et al. (2008) 

using the commercially available S. aureus Array Hybridisation Kit (Alere technologies). 

The genotype and SCCmec type assignment o f each isolate as determined by MLST 

analysis and SCCmec typing was compared with the corresponding assignments obtained 

using the DNA microarray. The prevalence o f antimicrobial resistance and virulence- 

associated genes among these isolates was also investigated using the DNA microarray. 

The specific loci that are targeted by the DNA microarray are listed in Table 5.1.

5.2.2 Bacterial culture media, storage and growth conditions

All MRSA isolates for DNA microarray analysis were cultured on CBA plates (Oxoid) and 

incubated overnight at 37°C in a static incubator (Gallenkamp). Luria Burtani agar (L) 

(Oxoid) was substituted for CBA for one mucoid sporadic MRSA isolate (E2581) as a less 

rich medium. A single pure colony was removed from a CBA or L plate and lawned onto a 

fresh TSA plate using a bacteriological loop and incubated overnight at 37°C in a static 

incubator (Gallenkamp). For the sporadic mucoid MRSA isolate E2581, additional wash
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Table 5.1 Genes targeted by DNA microarray

Gene target Description Genomic
location

aacAaphD Gentamicin and kanamycin resistance 
determinant

Tn400J

aadD Kanamycin and neomycin and tobramycin 
resistance

pUBllO

Agr I-IV? Accessory gene regulator genes; alleles I-IV Core genome
aphA Resistance to kanamycin/structurally-related 

aminoglycosides, including amikacin
Tn5405

aur Aureolysin secreted zinc-metalloproteinase Core variable
bacA Undecaprenyl-diphosphatase 

mediates bacitracin susceptibility
Core genome

bap Surface protein involved in biofilm 
formation

Putative
composite
transposons

bbp Bone sialoprotein-binding protein Core genome
blal Beta-lactamase repressor (inhibitor) pI258
blaR Beta-lactamase regulatory protein pI258
blaZ Beta-lactamase

penicillinase
pI258

cap5 Capsular polysaccharide allele, serotype 5 Genomic
island

cap8 Capsular polysaccharide allele, serotype 8 Genomic
island

cat-pC221 Chloramphenicol resistance gene pC221
ccrA alleles Cassette chromosome recombinase A alleles SCCmec
ccrA-l-MSSA476 Cassette chromosome recombinase A, 

specific for MSSA47(5
SCC476

ccrAA-85-2082 Cassette chromosome recombinase AA, 
marker for ccrC

SCCmec

ccrB alleles Cassette chromosome recombinase B alleles SCCmec
ccrC-85-2082 Cassette chromosome recombinase C SCCmec
cfr Chloramphenicol, florfenicol and 

clindamycin resistance
pSCFSS

chp Chemotaxis-inhibiting protein (CHIPS) hlb converting 
phage

clfA Clumping factor A Core genome
clfB Clumping factor B Core genome
cna Collagen-binding adhesin Genomic

island
coa Staphylocoagulase Core variable
dfrA Mediates trimethoprim resistance VSK514
ebh Cell wall associated fibronectin-binding 

protein
Core genome

ebpS Cell surface elastin binding protein Core genome
Continued overleaf



Table 5.1 continued

Gene target Description location
edinB Epidermal cell differentiation inhibitor B Pathogenicity

island
eno Enolase

phosphopyruvate hydratase 
laminin binding protein

Core genome

entA Enterotoxin A hlb converting 
phage

entB, entK and entQ Enterotoxin B, K and Q Pathogenicity island

entC, entL and tst Enterotoxin C and L, toxic shock syndrome 
toxin

D
MBE gene cluster

entC and entL Enterotoxins C and L MBE gene cluster
entD, entJ and entR Enterotoxins D, J and R entD plasmid
entG, entU, entM, 
entN, entI and entO

Enterotoxins G, U. M. N, I and 0 egc

entH Enterotoxin H Transposon
entV Enterotoxin V (Chimera of entM  and enti) Core variable
erm(A) Macrolide-lincosamide-streptogramin B Tn554
erm{B) Macrolide-lincosamide-streptogramin B ln554
erm{C) Macrolide-lincosamide-streptogramin B Tn554
etD Exfoliative toxin D Pathogenicity island
fusB Fusidic acid resistence pUBlOl
fexA Chloramphenicol and florfenicol 

resistance
pSCFSS

fib Fibrinogen binding protein Core genome
fnbA Fibronectin-binding protein A Core variable
fnbB Fibronectin-binding protein B Genomic island
fosB Fosfomycin resistance Core genome
yo55-plasmid Fosfomycin resistance fosB  plasmid
gapA Glyceraldehyde 3-phosphate dehydrogenase Core genome
hi Putative membrane protein Core genome
hla Haemolysin alpha (alpha toxin) Core genome
Mb Haemolysine beta Core genome
hid Haemolysin delta Core genome
hlgA Haemolysin gamma Core genome
him Putative haemolysin III Core genome
hsdS Restriction modification specificity subunit Core genome
hysA Hyaluronate lyase Genomic Island
icaA Intercellular adhesion protein A Gene cluster
icaC Intercellular adhesion protein C Gene cluster
icaD Intercellular adhesion protein D Gene cluster
isaB Immunodominant antigen B Core variable 

genome
isdA Haeme-binding protein Gene cluster
katA Catalase A Core genome
kdpA-SCC Potassium-translocating ATPase A SCCmec

Continued overleaf



Table 5.1 continued

Gene target Description location
kdpB-SCC Potassium-translocating ATPase B SCCmee
kdpC-SCC Potassium-translocating ATPase C SCCmec
kdpD-SCC Potassium-translocating ATPase D SCCmec
kdpE-SCC Potassium-translocating ATPase E SCCmec
I in A Lincosamide resistance protein Tn554
ImrP Putative transporter protein Core genome
lukF/S Panton-Valentine leucocidin Prophage
map-7 Major histocompatibility complex class II 

analog protein
Core variable

mecA Methicillin resistance SCCmec
meci Methicillin-resistance regulatory protein SCCmec
mecR Signal transducer protein MecRl SCCmec
msr{A) Macrolide efflux protein A
merA Mercuric reductase 

Hg(II) reductase
SCCmec

merB Mercuric reductase 
Hg(II) reductase

SCCmec

mpbBM Macrolide 2'-phosphotransferase II Transposons
mprF Virulence factor which mediates insensitive 

to defensins
Core variable

msrA Erythromycin resistance
mupA Mupirocin resistance ileS plasmid
nucl Thermostable nuclease (TNase) Core genome
plsSCC Plasmin-sensitive surface protein SCCmec
proteinA IgG binding protein A Core genome
Q2YUB3 Multidrug resistance protein Core genome
fusC Fusidic acid resistance SCC476
qacA Quaternary ammonium compound 

Resistance protein A 
Multidrug efflux protein 
Antiseptic resistance protein

Plasmid

qacC Quaternary ammonium compound 
resistence protein C 
(Ethidium bromide resistance)

Plasmid

saeS Histidine protein kinase Core genome
sak Staphylokinase, S. aureus plasminogen hlb converting

activator bacteriophage
sarA Staphylococcal accessory regulator A Core genome
sasG-COL S. aureus surface protein G genomic island
sat S. aureus surface protein G ^U BllO
sbi IgG-binding protein Propage
sen Staphylococcal complement inhibitor 

(SCIN)
hlb converting phage

sdrC Serine aspartate repeat protein C Core genome
sdrD Serine aspartate repeat protein D Core genome
sdrD-MSSA476 Core genome

Continued overleaf



Table 5.1 continued

Gene target Description location
setB Signal peptide Variable genome
setC Putative staphylococcal enterotoxin Transposons
splA Serine protease A Genomic island
splB Serine protease B Genomic island
sslOJ-11 alleles Staphylococcal superantigen-like protein Genomic island
splE Serine protease-like exoprotein E Genomic island
sspA-C66 Extracellular serine protease Core genome 

housekeeping gene
sspB Cysteine protease Core genome
tet Efflux Tetracycline efflux protein Core genome
tetK Tetracycline efflux protein pT181
tetM Tetracycline resistance Core genome or 

transposonal
ugpQ Glycerophosphoryl diester 

phosphodiesterase
SCCmec

vanA Vancomycin/teicoplanin A-type resistance 
protein

pLW043

vatA Virginiamycin A acetyltransferase plP630
vatB Acetyltransferase inactivating streptogramin 

A
Streptogramin A, lincosamide, 
pleuromutilin resistance

vga pl680

vgb Virginiamycin B hydrolase 
streptogramin lyase

Plasmid

vraS Sensor protein Core genome
vwb von Willebrand factor 

binding factor
Core genome

xylR Xylose repressor SCCmec

Linear amplification was performed on all gene targets with subsequent hybridisation to 
a DNA microarray Staphy-Type Kit (Alere, Jenna, Germany) followed by analysis 
using a designated reader and IconoClust software (Arraymate, Alere). The location of 
the gene targets are indicated and include the core genome or the variable genome (i.e. 
mobile genetic elements including pathogenicity islands, SCCmec or SCC-like 
elements, plasmids, bacteriophages and transposons).



steps were performed to eliminate any extracellular matrix which may interfere in the 

whole genome extraction process. This involved the removal o f a 2.5 cm^ area o f MRSA 

culture growth from a MRSA lawn on L agar after 18 h followed by resuspension in 250 p.1 

o f 1 X TE buffer (Chapter 2, section 2.1.2), followed by thorough vortexing for 30 s, and 

centrifugation at 11,000 rpm. The supernatant was discarded and the wash step was 

repeated three times after which the cell pellet was retained for use in genomic DNA 

extraction.

5.2.3 Preparation o f whole genome DNA for DNA microarray analysis

Genomic DNA for use with the DNA microarray was extracted from MRSA isolates 

according to the Staphy-Type Kit manufacturer’s instructions. In brief, a 2.5 cm^ area of 

MRSA culture growth was removed from a CBA plate following 18 h incubation and was 

resuspended in a 200 |o,l solution o f lysis buffer A1 and lysis enhancer A2 (both supplied 

with the Staphy-Type Kit). The suspension was then incubated with shaking (250 rpm) for 

1 h at 37°C. This was followed by the addition o f proteinase K and buffer AL (both 

supplied with the DNeasy Blood and Tissue Kit, Qiagen) and the samples were incubated at 

70°C for 30 min. Following this lysis step, Qiagen’s DNeasy Blood and Tissue kit was used 

according to the manufacturer's instructions and as described in section 2.4.1 (Chapter 2). 

For the final DNA elution step, 50 |4,1 o f molecular biology reagent water (Sigma-Aldrich) 

was applied directly onto the mini-column filter and incubated at room temperature for 10 

min followed by a centrifuge spin at 8000 rpm for 1 min, (Qiagen). The resulting DNA 

samples were concentrated and solvents were removed by an evaporation step in a QB dry 

heating block (Thomas Scientific, New Jersey, USA) at 70°C for 30 min with the caps of 

the samples removed. DNA samples were run on 0.8 % (w/v) agarose gels to test DNA
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quality and the absence of RNA. Concentrations (ng/|al) for each sample were determined 

using the Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific Inc. USA).

5.2.4 Linear PCR ampliilcation and microarray hybridisation and detection

For amplification and labelling, a linear and thermally synchronised primer elongation 

reaction was performed on all isolates using PCR mastermix and primers supplied by Alere 

and a G-storm GSl thermocycler (Applied Biosystems, USA) (Monecke et al., 2008). This 

allows all targets to be amplified and labelled with biotin-16-dUTP simultaneously, using 

one specific primer for each of the 334 targets. Following linear PCR, amplimers were 

hybridised to the arrays, each of which carried a set of 334 different probes. The biotin-16- 

dUTP labelled PCR products were mixed with a hybridisation buffer (buffer Cl supplied 

with Staphy-Type Kit) to a volume of 100 p.1 and transferred to prepared wells of the 

microarray strips, each of which contained a microarray integrated at the bottom of each 

well. Preparation of the wells included one wash step with ultra-pure water (Chapter 2, 

section 2.1.3) followed by one incubation step at 55°C for two min with shaking using 

hybridisation buffer C l. The capped wells containing the hybridisation mixture were 

incubated for 1 h at 55°C with shaking (550 rpm). After the hybridisation step, the 

hybridisation mixture was completely removed from the wells and a washing step was 

performed three times using a washing buffer (C2) supplied with the Staphy-Type Kit. The 

wash steps were followed by the addition of horseradish peroxidase conjugate (HRP- 

conjugate) which consisted of reagent C3 containing streptavidin-HRP and Buffer C4 in a 

1:100 ratio (both supplied with the Staphy-Type Kit). The HRP-conjugate was transferred 

to the microarray strips and incubated at 30°C for 10 min at 550 rpm. After the biotin-16- 

dUTP had bound to the conjugated streptavidin the HRP-conjugate solution was removed
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and one wash step was performed using washing buffer C5 (supplied with the Staphy-Type 

Kit). Once all of washing buffer C5 was removed, staining of the biotin-HRP conjugate 

was performed using reagent D1 (supplied with the Staphy-Type Kit). Reagent D1 contains 

the substrate tetramethyl benzidine (TMB), which yields a blue reaction-product in the 

presence of HRP. A 100 |o,l volume of TMB was transferred into each microarray and 

incubated at room temperature for 5 min without agitation. Then reagent D1 was discarded 

completely and immediately analysis was performed using a designated reader and 

IconoClust software (Arraymate, Alere). The Arraymate reader recorded an image of each 

DNA microarray chip and the IconoClust software interpreted raw data as “positive”, 

“negative” or “ambiguous”, using a previously described algorithm which was based on 

light transmission through the individual spots of the microarray (Monecke et al., 2007; 

Monecke et al., 2008). Breakpoints for the definition o f positive, ambiguous or negative 

signals were defined for each individual signal based on the average values for control 

spots and species markers (femA, gapA, katA, coa, spa, sak and sbi). If a value was less 

than 25%, the experiment was assigned as negative, 25-33% was assigned as ambiguous 

and <33% was assigned as positive (Monecke et al., 2007). The IconoClust software can 

assign S. aureus isolates to MLST CCs and STs by comparison of the DNA microarray 

profiles to those of a collection of reference profiles of previously characterised and MLST 

typed reference strains in the Arraymate database (Monecke et al., 2008).
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5.3 Results

Details of the CC, ST and SCCmec type assignments for the 37 sporadic MRSA isolates 

and the 12 comparator ST22-MRSA-IVh isolates using PCR and the DNA microarray and 

the overall DNA microarray profile data for these isolates are shown in Tables 5.2-5.10 and 

Figs. 5.1-5.3. For descriptions of the genes targeted by the DNA microarray see Table 5.1.

5.3.1 Comparison of the CC, ST and SCCmec type assignment using the DNA 

microarray and PCR

5.3.1.1 Clonal complex and sequence type assignment for 37 sporadic MRSA isolates

The DNA microarray assigned 95% (35/37) of the sporadic MRSA isolates to the correct 

CC and 12 of these isolates were also assigned to the correct ST (Table 5.2). Two sporadic 

MRSA isolates, M04/0177 and M06/0171, could not be assigned to any CC using the 

microarray software but using MLST these isolates were assigned to two rare STs, ST361 

and ST779, respectively (Table 5.2). One other ST779-MRSA isolate has previously been 

analysed using the DNA microarray in Germany by Monecke et al. (personal 

communication) and this isolate was found to exhibit a similar DNA microarray pattern 

when compared to M06/0171. ST779-MRSA has been found sporadically in the UK, 

France and Australia. These isolates harboured a class C2 mec gene complex (mecA and 

ugpQ) but carriage of ccr genes varied (ccrAA and ccrC or ccrAA and ccrA/B4 or no 

detectable recombinases) (Monecke et al., 2011).
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Table 5.2 Comparison of the sequence type and SCCmec type assignment of the 37 sporadic MRS A isolates as determined using PCR 
and the DNA microarray and details of the SCC/nec-associated genes detected in these isolates using the DNA microarray.

MRSA 
isolate no.

ST/CC-SCCmec type 

(PCR)‘

CC/ST SCCmec
type

ST/CC-SCCmec type 

(Microarray)^

Automatic
assignment

Manual SCCmec 
assignment

SCC/Mec-associated genes detected using the 5. aureus DNA microarray

-se
A

I
cc

MOO/0005.2 CC8/ST8
ccrAB4  

and class 
A  mec

CCS, VI
ccrAB4  & class A  

mec

M04/0132 CC8/ST8 IVd CC8, IV IV

M04/0189 CC8/ST8
IIE&

ccrAB4
ST8, II & 
ccrAB4

HE & ccrAB4

M05/0233 CC8/ST8
ccrAB4

STS, U nf V & ccrAB4

M05/0239 CC8/ST8 IVd CC8, IV IV

M06/0041 CC8/ST8 l-pls CCS, I l-pls

M06/0042 CC8/ST8 IIA STS, II IIA/B

M06/0223 CC8/ST8 IVA CCS, IV IVA

El 775 CC8/ST8 IID STS, II IID

E2011 CC8/STS
IID &

ccrAB4 STS, II & ccrB4 IID & ccrAB4

E2752 CCS/STS IVd CCS, IV IV

Continued overleaf



Table 5.2 continued

MRSA 
isolate no.

ST/CC-SCC/wec type 

(PCR)‘

CC/ST SCCm ec
type

ST/CC-SCCwiec type 

(Microarray)^

A utom atic
assignm ent

M anual SCCitwc 
assignm ent

SCC/M^c-associated genes detected using the S. aureus DNA tnicroarray

M 04/0203 CC8/ST239 IIIB ST239, III III

M 05/010I
CC8/

ST1337
IVA CC8, IV IVA

E 0898 CC8/ST239 Illmer ST239, Illmer \Wmer

E2431 CC8/ST239 IIIB ST239, III III

E l 749 CC22/ST22 IVh
ST22-MRSA-

IV IV

E2081 CC22/ST22 IVh
ST22-MRSA-

IV
IV

E 2794 CC22/ST22 IVh
ST22-MRSA-

IV
IV

E2581 CC22/ST22 IVg
ST22-MRSA-

IV
IV

E 0754

E 2518

CC5/ST5

CC5/ST5

I & ccrC  
& region 
between 
pl258  & 
Tn554

V t

CCS, Unf

CCS, Unf

I & ccrC

Continued overleaf



Table 5.2 continued

MRSA 
isolate no.

ST/C C -SC C m ec  type 

(PC R )'

CC/ST SC Cm ec
type

ST/C C -SC C m ec  type 

(M icroarray)^

Automatic
assignment

Manual SCCm ec  
assignment

SCCmec-associated genes detected using the 5'. aureus DNA m icroarray

Oi

5 i SSS a: ee

E2598 CC5/ST5 II CC5-MRSA-II II

M06/0142 CC5/ST930

novel 
ccrAB2, 
dcs and 
mecA 

detected 
but no 

mec class 
detected

CCS, IV

IV; ccrAB2, dcs 
and mecA 

detected but no 
mec class detected

E2543 CC5/ST998 IVc CCS, IV IV

M06/0308 CCS/
STI435 V t CCS, Unf

M06/0317 CCS/ STS V t CCS, U nf

Novel"'; 
dcs and 
mecA 

detected 
but no 

ccr/mec 
class 

detected

E1263 CCS/STIOO CCS, U nf 
SCCmec

dcs and mecA 
detected but no 
ccr/mec class 

detected

Continued overleaf



Table 5.2 continued

MRSA 
isolate no.

ST/CC-SCCmec type 

(PCR)'

CC/ST SCCmec
type

ST/CC-SCCmec type 

(Microarray)^

A utom atic
assignm ent

M anual SCCmec 
assignm ent

SCCmec-associated genes detected using the S. aureus DNA microarray

Ol

3

e:

M05/0287 CC30/ST36 II CC30-MRSA-II II

M06/0116 CC30/ST36

II & ccrC  
& region 
between 
pl258  & 

ln 5 5 4

CC30-MRSA-1I II & ccrAA

E2632 CC30/ST36 II CC30-MRSA-II

E2078 C C I/
STI336

IVc CCI-MRSA-IV IV

M05/0257 CCI/ST I IVa
CCI-MRSA-IV 

& Q6GD50
IV

M06/0225 C C I/
S T III5 IVa CCI-MRSA-IV IV

Continued overleaf



Table 5.2 continued

MRSA 
isolate no.

ST/CC-SCC#nec type 

(PCR)‘

CC/ST SCCmec
type

novel''; 
dcs and 
mecA 

detected 
but no 

ccr/mec 
class 

detected

ST/CC-SCCmec type 

(Microarray)^

Automatic
assignment

Manual SCCmec 
assignment

SCC/wcc-associated genes detected using the S. aureus DNA microarray

Ol
5

I aa
■se

Q
-I- ss ec

M03/0178 CC45/ST45
U nf genotype 

and Unf 
SCCmec

dcs and mecA 
detected but no 
ccr/mec class 

detected

E1421 CC45/ST45 IVa CC45-MRSA-
IV IV

M04/0177 CC361/
ST361 IVg U nf genotype, 

SCCmec IV
IV

M06/0171 CC779/
ST779

novel ; 
ccrC, 

ccrAB4, 
mecA. No 
mec class 
detected

U nf genotype, 
and SCCmec 

type

ccrAA ccrAB4, 
mecA. No mec 
class detected

The sequence type (ST) and SCCmec type of each isolate was identified using four multiplex PCRs as described in Chapter 2, section 2.4.3 and 
multilocus sequence typing (MLST) as described in Chapter 2, section 2.5, respectively.

The clonal complex (CC)/ST and SCCmec type of each isolate was also determined using the S. aureus Array Hybridisation Kit, (Alere 
technologies) (see section 5.1.4). SCCmec types were also assigned manually by visual interpretation of DNA microarray SCCmec patterns.



 ̂Possible novel SCCmec type (ccrAB2, dcs and mecA detected but no mec class detected)

Possible novel SCCmec type (dcs and mecA detected but no ccr/mec class detected)

 ̂Possible novel SCCmec type (ccrC, ccrAB4 and mecA detected but no mec class detected)

Abbreviations: +; indicates a positive result for a gene target, indicates a negative result for a gene target, A; ambiguous result for a gene target, 
Unf; unfamiliar,



5.3.1.2 SCCmec assignment by DNA microarrav analysis compared to SCCwec typing for 

sporadic MRSA isolates

The DNA microarray correctly assigned 33/37 sporadic MRSA isolates (89%) to the same 

SCCmec type as was assigned by SCCmec typing PCR but the DNA microarray could not 

identify SCCwec V t elements in four sporadic MRSA isolates (M05/0233, E2518, 

M06/0308 and M06/0317) (Table 5.2). The latter isolate, M06/0317 was found to harbour a 

noyel subtype o f SCCwec V j which lacked the region between p/2JS and ln554  by 

SCCmec typing (Chapter 4, section 4.4.2.3). Manual analysis o f the DNA microarray 

S,CCmec pattern for these four isolates identified a SCC/wec V element (class C mec and 

ccrC) (Table 5.2) which was unrecognised by the DNA microarray IconoClust software but 

the DNA microarray does not detect the two ccrC  complexes that are harboured by 

SCCmec V j elements (ccrC2, class C mec and ccrC8). Therefore, the SCCmec elements 

harboured by these isolates would be assigned as SCCmec type V elements using the DNA 

microarray with subsequent manual analysis as a standalone method while SCCmec typing 

detected SCCmec V t elements.

5.3.1.3 SCCmec subtyping by DNA microarray analysis for sporadic MRSA isolates 

SCCmec subtyping by the DNA microarray was less informatiye compared to SCCmec 

typing as it was unable to assign SCCmec subtypes to SCCmec II elements (1/7, 14%), 

SCCmec III elements (2/3, 67%) and SCCmec IV elements (12/14, 86%).

5.3.1.3.1 SCCmec type II  elements

One isolate (M06/0042) was found to harbour SCCmec IIA by SCCmec typing and 

SCCmec IIA/B by DNA microarray (Table 5.2). The DNA microarray was unable to 

distinguish between SCCmec IIA/IIB as they differ due to the absence o f a MLS resistance
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transposon (Tn5J^) which is present in SCCmec IIA but Tn554 is not detected by the DNA 

microarray. Following manual analysis, the DNA microarray was able to assign the same 

SCCmec type II elements as SCCmec typing for SCCmec type II (isolates E2598, E2632 

and M05/0287) (kdp (A-E), meci, m ecRl, xylR and aadD), SCCmec type HE and ccrAB4 

(M04/0189) (mecRl and ccrAB4), SCCmec type IID (E l775) (mecl, m ecRl and xylR) and 

SCCmec IID and ccrAB4 (E2011) (mecl, mecRl, xylR and ccrAB4) (Table 5.2).

5.3.1.3.2 SCCmec type III and IV  elements

One isolate (E0898) harbouring a SCCmec \Wmer element could be differentiated from 

SCCmec III elements by the DNA microarray due to the absence o f ccrC and the mer 

operon in the former SCCmec III element (Table 5.2). However, two isolates (M04/0203 

and E2431), harbouring SCCmec type III elements could not be differentiated into SCCmec 

III subtypes IIIA/IIIB as the DNA microarray does not detect Tx\554 (MLS resistance) 

which is harboured by IIIA. SCCmec typing detected a SCCmec type IIIB element in both 

isolates (Table 5.2). The DNA microarray and SCCmec typing both identified SCCmec IV 

elements harboured by 14/37 sporadic MRSA isolates, however the DNA microarray could 

only differentiate two SCCmec IVA elements in isolates, M06/0223 and M05/0I01 due to 

the presence o f an aminoglycoside resistance gene {aadD) present in pU Bl 10 o f SCCmec 

IVA (Table 5.2). The DNA microarray was unable to subtype SCCmec types (a-h). 

SCCmec typing was able to detect SCCmec types IVa (2/14, 14%), IVc (2/14, 14%), IVd 

(3/14, 21%), IVg (2/14, 14%), IVh (3/14, 21%) and IVA (2/14, 14%) (Table 5.2).
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5.3.1.4 Comparison o f SCCmec patterns detected by DNA microarrav analysis and

SCCmec typing for seven novel SCCmec subtypes and two novel SCCmec types among 

nine sporadic MRSA isolates

SCCmec typing detected six sporadic MRSA isolates harbouring novel SCCmec subtypes, 

one BH MRSA isolate harbouring a novel SCCmec subtype and three isolates harbouring 

two novel SCCmec type patterns (Table 5.2). DNA microarray analysis could only assign 

SCCmec types to one isolate (MOO/0005.2) and subsequent manual analysis for further 

investigation or confirmation o f SCCmec typing patterns identified was performed.

5.3.1.4.1 Novel SCCmec subtypes

The six novel SCCmec subtypes were identified in the following isolates: (a) MOO/0005.2 

was automatically assigned as SCCmec VI (class B mec and ccrAB4) by the microarray 

IconoClust software and by SCCmec typing (Table 5.2), however as discussed in section

4.4.2.1 (Chapter 4) the genotypic background o f this isolate (STS, spa type tl90) was not 

typical o f isolates previously found to harbour SCCmec type VI elements. MOO/0005.2 may 

harbour a variant o f a SCCmec IV element that has lost ccrAB2. (b) E0754 was found to 

harbour a SCCmec I element with an additional ccrC, a region between p/255 and Tn55^ 

and a region between Tn55¥ and orfiC hy SCCmec typing. The DNA microarray was less 

informative assigning the SCCmec pattern as unknown (Table 5.2). Subsequent manual 

analysis identified a SCCmec I element with an additional ccrC  which agreed with SCCmec 

typing but the DNA microarray does not detect the other additional regions detected by 

SCCmec typing (p/25S and Tn554/T\\554 and orfiC). (c) M 06/0116 was found to harbour a 

SCCmec II element (class A mec and ccrAB2) with an additional ccrC and region between 

p/25S and Tn554 by SCCmec typing. The DNA microarray was less informative assigning
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SCCmec II to the SCCmec pattern and subsequent manual analysis identified a SCCmec II 

element and ccrAA but ccrC  was not detected (Table 5.2). ccrAA is associated with ccrC  

complexes and may indicate the presence o f a novel ccrC  allele o f  the ccrC l allotype that 

was undetected by the DNA microarray. The DNA microarray also does not detect the 

other additional region which was detected by SCCmec typing (p/255 and Tn55^). (d) 

SCCmec typing detected a novel subtype o f SCC/wec Vy in isolate M06/0317 (SCCmec V j 

- region between p/2S8 and Tn55^) (Chapter 4, section 4.4.2.3). However the DNA 

microarray does not detect this region therefore this novel SCCmec V t subtype was not 

detected by microarray analysis, (e) SCCmec typing detected a novel SCCmec type in 

isolate M06/0142 (ccrAB2, dcs, mecA but with an unknown mec class) (Chapter 4, section

4.3.1.2 and Table 4.1). The DNA microarray was more informative compared to SCCmec 

typing detecting a SCCmec IV element {mecA, ^.mecRl, ugpQ, dcs and ccrAB2). This may 

be due to an interruption in the primer binding regions for the mec class PCR and this 

indicates a possible novel SCCmec IV subtype, (f) The DNA microarray was more 

informative compared to SCCmec typing for isolate M05/0257. SCCmec typing detected a 

SCCmec IVa element (class B mec, ccrAB2 and JIVa) with an additional ccrABl complex 

(Chapter 4, section 4.3.1.2 and Table 4.1) while the DNA microarray detected a SCCmec 

IV element and an adjacent SCC-like element (SCC476) harbouring ccrABl and a fusidic 

acid resistance determinant (fusC) which has been identified in MSSA and MRSA in 

previous studies (Holden et a l ,  2004; Scicluna et a i ,  2010).

5.3.1.4.2 Novel SCCmec types

The three sporadic MRSA isolates that were found to harbour novel SCCmec elements by 

SCCmec typing in section 4.3.1.2 (Chapter 4) and by microarray analysis were as follows:
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(a) E l263 and M03/0178 both harboured the same SCCmec pattern as determined by 

SCCmec typing {dcs and mecA detected but no ccr/mec class detected). The DNA 

microarray was unable to assign a SCCmec type to either isolate as it could not detect a ccr 

complex (Table 5.2). However, mec class B genes were detected (mecA, AmecRl, ugpQ 

and dcs) which suggests that a mutation in the primer binding regions may have interfered 

with the SCCmec typing mec class PCR (Table 5.2). As no ccr class was detected by 

SCCmec typing or by DNA microarray analysis, it is likely that these isolates harbour a 

novel SCCmec type with novel or absent ccr classes and a possible variant o f a class B 

mec. (b) A novel SCCmec type was detected in M06/0171 by both SCCmec typing and 

DNA microarray analysis. SCCmec typing detected ccrC  and mecA but no mec class was 

detected while the DNA microarray detected ccrAB4, ccrAA and mecA but no mec class 

was detected. The presence o f ccrAA and the detection o f ccrC  by SCCmec typing but not 

by the DNA microarray suggests a novel ccrC allele o f the ccrC l allotype and the detection 

o f ccrAB4 by the DNA microarray but not be SCCmec typing would also suggest a novel 

allele o f the ccrAB4 complex. Therefore the detection o f two possible novel alleles of ccrC 

and ccrAB4 and a possible novel mec class would suggest a novel SCCmec element.

5.3.1.5 Clonal complex and sequence tvpe assignment for 12 comparator ST22-MRSA-IV 

isolates

The microarray assigned the 12 comparator ST22-MRSA-IVh isolates to ST22 and 

SCCmec IV but it could not subtype the SCCmec IV elements (Table 5.3).
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5,3.2 Antimicrobial resistance and immune evasion cluster (lEC) genes identified 

among the sporadic and ST22-MRSA-IV isolates

Apart from mecA, tet efflux was the most predominant resistance gene identified among the 

sporadic MRSA isolates. A total of 33 isolates (89%) were positive for tetracyline 

resistance genes including a tet efflux (33/37, 89%) followed by tet{M) {1I2>1, 19%) and 

tet{K) (6/37, 16%). Genes encoding fosfomycin resistance were identified including/oj'5 

(27/37, 73%) and fosB  located on a plasmid (3/37, 8%), while 14/37 (38%) sporadic MRSA 

isolates harboured at least one of three genes encoding resistance to macrolide, lincosamide 

and streptogramin B (MLS) compounds, (including erm{A) (14/37, 38%), erm(C) (8/37, 

22%) and InuA (2/37, 5%) (Table 5.4 and Fig. 5.1). Aminoglycoside resistance genes were 

detected in 32/37 sporadic MRSA isolates (86%) including aacA-aphD (22/37, 59%), aadD 

(13/37, 35%), aphK-3 (9/37, 24%) and sat (9/37, 24%) (Table 5.4 and Fig. 5.1). Other 

antimicrobial resistance genes identified included mupA (4/37, 11%; encodes high-level 

mupirocin resistance), dfrA (3/37, 8%; encodes trimethoprim r e s i s t a n c e ) , (2/37, 5%; 

encodes fusidic acid resistance) and fiisC  (2/37, 5%; encodes fusidic acid resistance) 

(Table. 5.4 and Fig. 5.1). The following lEC types were detected among the sporadic 

MRSA isolates using the microarray: lEC type A {entA, sak, chp and sen) (5/37, 14%), lEC 

type B {sak, chp, sen) (16/37, 43%), lEC type D (entA, sak and sen) (10/37, 27%), lEC type 

E (sak and sen) (2/37, 5%) and one novel lEC type (sen), while three sporadic MRSA 

isolates did not harbour any lEC genes (Table 5.4 and Fig. 5.1). For a description of lEC 

genes and a list of lEC types see Table 5.1 and Table 5.5 respectively.
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Table 5.3 Comparison of the sequence type and SCC/nec type assignment of the 12 comparator MRSA isolates determined using 
PCR and the DNA microarray and details of the SCCmec-associated genes detected in these isolates using the DNA microarray.

MRSA
isolate

ST-SCCmec type 
(PCR)

ST-SCCmec type (Microarray) SCCmec associated genes detected using the S. aureus DNA microarray

CC/ST SCCmec
type

Automatic
assignment

Manual
SCCmec

assignment

m
ec

A
A

m
pr

R
I

u
b

d
O

cc
rA

l
cc

rB
l

c 1

<N

cc
rB

2 I kd
oB

kd
oC

kd
oD

m
ec

l
m

ec
R

xv
IR

m
er

A/
B

cc
rA

A

V)

>
“5
V)

El 427 CC22/ ST22 IVh ST22, IV ST22, IV + + - - - + + +

E1260 CC22/ ST22 IVh ST22, IV ST22, IV + + + - - + + +

El 662 CC22/ ST22 IVh ST22, IV ST22, IV + + + - - + + +

El 702 CC22/ ST22 IVh ST22, IV ST22, IV + + + - - + + +

E2015 CC22/ ST22 IVh ST22, IV ST22, IV -1- + + - - - + + +

E2181 CC22/ ST22 IVh ST22, IV ST22, IV + + - - + + +

E2246 CC22/ ST22 IVh ST22, IV ST22, IV + + + - - - + + +

E2253 CC22/ ST22 IVh ST22, IV ST22, IV + - - - + + +

E2855 CC22/ ST22 IVh ST22, IV ST22, IV + + + - - - -1- +

E3069 CC22/ ST22 IVh ST22, IV ST22, IV + + + - - - + + +

El 206 CC22/ ST22 IVh ST22, IV ST22, IV + + + - - - + + +

E1174 CC22/ ST22 IVh ST22, IV ST22, IV + + + - - - + +

The comparator MRSA isolates included 12 endemic ST 22-MRSA-IVh isolates described in Chapter 4 , section 4.3.2 and Table 4.2. 
Abbreviations: +; positive result, negative result.



Table 5.4 Genes encoding agr, antimicrobial resistance and immune evasion cluster genes identified by DNA microarray analysis of 37 
sporadic MRSA isolates recovered in Ireland between 2000 and 2006

MRSA  
isolate no.

S C C m ec  type 
(PCR & DNA

M acrolide- 
lincosam ide- 
streptogram in B 
resistance genes

Am inoglycoside 
resistance genes

M iscellaneous resistance genes

Im m une Evasion C luster (lE C ) 
genes

m icroarray)

erm
 

(A
)

erm
 

(C
)

lin
A

aa
c-

ap
H

D

aa
dD

§■ 5«5 df
rA

fa
rl

Q
6G

D
S0

m
up

A

tet
 (

K
)

tet
 (

M
)

tet
 e

ff
lu

x

fo
sB

fo
sB

pl
as

m
id

Q ftU en
tA

lEC
 

ty
pe

MOO/0005.2 ST8-MRSA- 
ccrAB4 and mec 
class A

+ + + + + + + E

M 04/0132 ST8-MRSA-lVd - - - + - + + + - - • - + + + + + - + + - D

M 04/0189 ST8-MRSA-IIE 
plus ccrAB4

+ + + + + + + D

M05/0233 ST8-MRSA-Vt 
plus ccrAB4

+ + + + n

M 05/0239 ST8-MRSA-IVd - + - + + - + - - - - + + + + + - + - D

M06/0041 ST8-MRSA-I-
pls

+ + + + + -t- B

M 06/0042 ST8-MRSA-11A + " - + -1- - - - + - - + - + + - + - + + - D

M 06/0223 ST8-MRSA-IVA - - - - + + + - + - + + - D

E l 775 ST8-MRSA-IID + - - + - + + + - + + ■ A

Continued overleaf



Table 5.4 continued

MRSA  
isolate no.

SC C m ec  type 
(PCR i& DNA

M acrolide- 
lincosam ide- 
streptogram in B 
resistance genes

Am inoglycoside Misc. resistance genes

Im mune Evasion C luster (lE C )

m icroarray)

erm
 

(A
)

erm
 

(C
)

lin
A

aa
c-

ap
hD

aa
dD

ap
hA

_3

df
rA

fa
r!

Q
6G

D
50

m
up

A 2
"53 tet

 (
M

)

tet
 e

ff
lu

x

fo
sB

fo
sB

pl
as

m
id

55 .I ' S!O en
tA

se
lp

lEC
 

ty
pe

E2011 ST8-MRSA-IID 
plus ccrAB4

+ H- + + + + A

E2752 ST8-MRSA-IVd - + - + - - - + - - - - + + + - - + - D

M04/0203 ST8-MRSA-III + - - + + + + + - - - - - - -

M05/0101 ST1337-MRSA-
IVA

+ + + + + + D

E0898 ST239-MRSA-
lUmer

+ + + + A + + + D

E2431 ST998-MRSA-
III

+ + + + + +

E l 749 ST22-MRSA-
IVh

+ + + + B

E2081 ST22-MRSA-
IVh

+ + + + B

E2794 ST22-MRSA-
IVh

+ + + + + + + B

Continued overleaf



Table 5.4 continued

MRSA 
isolate no.

SCCmec  type 
(PCR & DNA

M acrolide- 
lincosamide- 
streptogram in B 
resistance genes

Aminoglycoside Misc. resistance genes

Im m une Evasion C luster (lEC )

m icroarray)

erm
 

(A
)

erm
 

(C
)

lin
A

aa
c-

ap
hD

aa
dD <

I- i fa
r!

Q
VO
ex m

up
A

tet
 (

K
)

te
t(

M
)

ef
flu

x

fo
sB CQ

pl
as

m
id

-sc
(•n en

tA

se
lp

!E
C 

ty
pe

E2581 ST22-MRSA-
IVg

+ + + + B

E0754 ST5-MRSA-I 
plus ccrC & 
region between 
pl258 & Tn55-/

+ + + + + + + + B

E2518 ST5-MRSA-Vt - - - + + + + + - - B

E2598 ST979-MRSA-II - - - + + + - + + + - * B

M 06/0142 ST930-MRSA- 
novel' [ccrAB2, 
dcs, mecA 
detected with 
unicnown mec 
class)

+ + + + + + + B

E2543 ST998-MRSA-
IVc

+ -f + + + B

Continued overleaf



Table 5.4 continued

MRSA 
isolate no.

SCCm ec  type 
(PC R  & DNA

M acrolide- 
lincosamide- 
streptogram in B 
resistance genes

Aminoglycoside Misc. resistance genes

Im m une Evasion C luster (lEC )

m icroarray)

erm
 

(A
)

erm
 

(C
)

lin
A

aa
c-

ap
hD

aa
dD ■«:

§■ Q df
rA

fa
r!

Q
6G

D
50

m
up

A 2

X3
E

s fo
sB aa

pl
as

m
id

s t s:;j en
tA

se
lp

/EC
 

ty
pe

E l 263 STIOO-MRSA- 
novel^ {dcs, 
mecA detected, 
unknown 
ccr/mec class)

+ + + A B

M06/0308 ST1435-MRSA-
Vt

-h + + + + + B

M06/0317 ST5-MRSA-Vt - - - + + - + + + - - B

M05/0287 ST36-MRSA-II - + + -1- - - - - - - - + - + + + - A

M06/0116 ST36-MRSA-II 
plus ccrC  plus 
region between 
pl258  & Tn554

+ + + + + + + A

E2632 ST36-MRSA-I1 + - - + + - - - - - + - - + + - + + + + - A

E2078 ST1336-MRSA-
IVc

+ + + + + D

M05/0257 STl-M RSA-IVa - - - - - - - - - + - - - + - - + - -1- + - D

Continued overleaf



Table 5.4 continued

MRSA  
isolate no.

SC C m ec  type 
(PCR &  DNA

M acrolide- 
lincosamide- 
streptogram in B 
resistance genes

Am inoglycoside Misc. resistance genes

Im mune Evasion Cluster (lE C )

m icroarray)

erm
 

(A
)

erm
 

(C
)

lin
A

aa
c-

ap
hD

aa
dD

ap
hA

_3

to df
rA

fa
rl

Q
6G

D
50

m
iip

A

tet
 (

K
)

tet
 (

M
)

tet
 e

ff
lu

x

fo
sB

fo
sB

pl
as

m
id

t ;jto en
tA S '% lE

C 
ty

pe

M06/0225 ST1115-MRSA-
IVa

+ + + + + + + E

M03/0178 ST45-MRSA- 
noveP (dcs, 
mecA detected, 
unknown 
ccr/mec class)

+

E1421 ST45-MRSA-
IVa

+ + + + + + B

M 04/0177 ST361-MRSA-
IVg

+ + + + + + B

M06/0171 ST779-MRSA- 
novel’ (ccrC, 
ccrAB4, mecA 
detected but 
unknown mec 
class)

+ + + + + + + B

Abbreviations: +; positive results negative results, A; ambiguous, Unf; unfamiliar, novel ; ccrAB2, dcs, mecA detected with unknown mec
2 3class, novel ; dcs, mecA detected, unknown ccr/mec class, novel ; ccrC, ccrAB4, mecA detected but unknown mec class, n; Novel lEC type.
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Fig. 5.1 Prevalence of antimicrobial resistance genes and immune evasion cluster (lEC) 

genes among the 37 sporadic MRSA isolates recovered in Ireland between 2000 and 

2006 identified using the DNA microarray. Genes encoding resistance to macrolide, 

lincosamide and streptogramin B compounds such as erythromycin were detected in 

14/37 isolates (38%). Apart from mecA, tet efflux was the predominant resistance gene 

(33/37, 89%). The predominant lEC gene was sen (34/37, 92%). For a list of all 

microarray gene targets see Table 5 .\.fosB *\fosB  gene harboured on a plasmid.



Table 5.5 The immune evasion cluster (lEC) genes that define the lEC type A-G and a 
novel lEC type identified in the present study

lEC types' Gene combination Source reference
A sea, sak, chp, sen van Wamel et a l, 2005
B sak, chp, sen van Wamel et al., 2005
C ehp, sen van Wamel et al., 2005
D sea, sak, sen van Wamel et al., 2005
E sak, sen van Wamel et al., 2005
F selp, sak, chp, sen van Wamel et a i, 2005
G selp, sak, sen van Wamel et al., 2005
Novel sen This study
lEC types as described previously by van Wamel et a i, (2005) and one novel lEC type 

identified in the present study. lEC cluster genes were detected using the Staphy-Type 
DNA microarray (Alere, Germany).



The only resistance gene, apart from mecA, detected in the 12 comparator MRSA 

isolates was erm{C) (8/12, 67%). With the lEC genes, 11/12 (92%) of the comparator 

MRSA isolates harboured lEC type B {sak, chp and sen) (Table 5.6).

5.3.3 Accessory gene regulator genes and superantigen genes identifled among the 

sporadic and ST22-MRSA-IV isolates

The predominant agr allele detected among the sporadic MRSA isolates was agri (20/37, 

54%) followed by agrW (8/37, 22%), agr\\\ {im, 19%) and agrW  (2/37, 5%) (Table 5.7 

and Fig. 5.2). The most prevalent superantigen genes detected in the 37 sporadic MRSA 

isolates were the egc cluster {entG, entl, entM, entN, entO and entU/entY) (15/37, 41%) and 

entA (14/37, 38%) (Table 5.7 and Fig. 5.2). Certain egc genes were also present in isolates 

that did not have the full complement of egc genes including isolate E1775 {entG, entl and 

entM), E2632 and isolate E2598 {entG, entM, entN, entO and entU/entY). Other 

superantigen genes detected were entK and entQ (8/37, 22%), entB (5/37, 14%) and six 

superantigen genes were found in three isolates each (8%) including isolates E l749, E2081 

and E2581 {entC and entL), M06/0223, M05/0101 and E2598 {entD, entJ and entR) and 

entH was detected in isolates E2078, M06/0225 and M05/0257 (Table 5.7) (Fig. 5.2). 

These were followed by tst (4/37, 11%) and etD & edinB (1/37, 3%) (Table 5.9 and Fig. 

5.3).

All of the comparator isolates were found to harbour agrl by the microarray (Table 

5.8 and Fig. 5.2). The most predominant superantigen genes identified among the 12 

comparator MRSA Isolates were the egc genes, followed by entC and entL (7/12, 58%) and 

entD (2/12, 17%) (Table 5.8).
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5.3.4 MSCRAMMs and other virulence-associated genes identifled among the 

sporadic and ST22-MRSA-IV isolate

The most prevalent virulence-associated genes detected in the 37 sporadic MRSA isolates 

included aur and allelic variants of the ica and cap genes, which occurred in 100% of 

isolates (Table 5.9 and Fig. 5.3). The following MSCRAMM genes were detected in all 37 

sporadic MRSA isolates; bbp, clfA, clfB, ebpS, eno, fib, fnbA, sdrC, vwb, isaB, mprF, isdA 

and ImrP (Table 5.9 and Fig. 5.3). The most prevalent genes after these were map (35/37, 

97%), sdrD (36/37, 97%), ebh and sasG (33/37, 89%),/«Zj5 (29/37, 78%) and cna (15/37, 

41%) (Table 5.9 and Fig. 5.3).

The most prevalent virulence associated genes detected in the 12 comparator MRSA 

isolates included aur (100%) and allelic variants of the cap and ica genes (100%), (8/12 

isolates, 73%). The 12 comparator MRSA isolates were all positive for all of the 

MSCRAMM genes except for ebh and fnbB  which were not detected, map and sdrD were 

positive in 10/12 isolates (83%) and 11/12 isolates (92%) respectively (Table 5.10). One 

isolate (E2246) was negative for sdrD (Table 5.10). See Table 5.1 for descriptions of genes.
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Table 5.6 Genes encoding agr, antimicrobial resistance and immune evasion cluster genes identified by DNA 
microarray analysis of 12 ST22-MRSA-IVh isolates recovered in Ireland between 2000 and 2006

M RSA
isolate

no.

ST-SCCmec type 
(PCR and DNA 

microarray)

M acro lide- 
lincosam ide- 
s trep to g ra m i 
n B resis tance 

genes

A m inoglycosides Misc. resistance genes
Im m u n e Evasion C lu s te r 

( lE C ) genes

erm
 

(A
)

erm
 

(C
)

U
nA

aa
c-

ap
hD

aa
dD 5 '

8- df
rA

fa
rl

Q
6G

D
S0

m
up

R 2

tet
 (

M
)

tet
 e

ff
lu

x

fo
sB

fo
sB

pl
as

m
id

en
tA

se
lp

lE
C 

ty
pe

E1427 ST22-MRSA-IVh - - - - - - - - - • - - - - - + + + - - B

E l 260 ST22-MRSA-lVh - + " “ • - - - " ■ - - - - - - + + + - - B

E l 662 ST22-MRSA-IVh - - - - • - - - - - - - - - - - + + + - - B

E l 702 ST22-MRSA-IVh - + - - - - - - - - - - - - - - + + + - - B

E2015 ST22-MRSA-IVh - - - - - - * ■ ■ * - - - - - + + + “ • B

E2181 ST22-MRSA-IVh - + - - - - - - - - * - - - - - + + + * - B

E2246 ST22-MRSA-IVh - + - - - - - - - - - - - - - - + + + - - B

E2253 ST22-MRSA-IVh - + - - - - - - - - - - - - - - + + - - B

E2855 ST22-MRSA-IVh - - - - - - - - • * - - - - - + + + - - B

E3069 ST22-MRSA-IVh - - - - - - - - - “ - - - - - - + + - f - - B

E l 206 ST22-MRSA-IVh - + - - - - - - - - - - - - - - + + + - B

E l 174 ST22-MRSA-IVh - f - - - - - - - • - - - - - - - - - - - -



Abbreviations: +; positive results negative results, A; ambiguous. SCCwec and 
genotype assignment for all isolates were compared between results for the microarray 
and by PCR methods described in Chapter 2, section 2.4.3 and section 2.4.5.



Table 5.7 Genes encoding accessory gene regulators and superantigen genes identified by DNA microarray analysis of 37 sporadic 
MRSA isolates recovered in Ireland between 2000 and 2006

MRSA  
isolate no.

SC C m ec  type 

(PCR and DNA m icroarray)

Accessory gene 
regulators

Superantigen genes

ag
rI

ag
rl

l

ag
rl

ll

ag
rl

V

lu
kF

/S
- 

PV

et
D

/e
di

nB

en
t 

A

en
t 

B

en
t 

C

en
t 

D

en
t 

E

en
t 

G

en
t 

H

en
t 

I

en
t 

J

en
tK

/Q

en
t 

L

en
t 

M

en
t 

N

en
t 

O

en
t 

R

en
tU

/Y

MOO/0005.2 STS-MRSA-ccr/iB-/ and mec class A +

M 04/0132 ST8-MRSA-IVd + - - - - - - + +

M 04/0189 ST8-MRSA-1IE plus ccrAB4 + +

M05/0233 ST8-MRSA-Vt +

M 05/0239 ST8-MRSA-IVd + - - - - - - + + +

M06/0041 ST8-MRSA-I-p/j + + +

M 06/0042 ST8-MRSA-IIA + +

M 06/0223 ST8-MRSA-IVA + + + -

E1775 ST8-MRSA-IID + - - - + - - + - - - - + - + - - - + - - - A

E2011 ST8-MRSA-IID plus ccrAB4 + +

E2752 ST8-MRSA-IVd + - - - - - - + A

M04/0203 ST8-MRSA-IIIB + +

Continued overleaf



Table 5.7 continued

MRSA 
isolate no.

SCCmec  type 

(PCR and DNA m icroarray)

Accessory gene 
regulators Superantigen genes

ag
rI

ag
rU

ag
rl

ll

ag
rl

V

>a.

et
D

/e
di

nB

en
t 

A

en
t 

B

en
t 

C

en
t 

D

en
t 

E
1 en

t 
G

en
t 

H

en
t 

I

en
t 

J

en
tK

/Q

en
t 

L

en
t 

M

en
t 

N

en
t 

O

en
t 

R

en
t 

U
/Y

M05/0101 ST1337-MRSA-1VA + + + + + *

E0898 ST239-MRSA-IIImer + -f -f

E2431 ST239-MRSA-IIIB + +

El 749 ST22-MRSA-lVh + - ' - - - - - - + - - + - + - - + + + 4- - +

E2081 ST22-MRSA-IVh + A + - - + - + - - + + + + - +

E2794 ST22-MRSA-IVh + - - - - - - - - - - - + - + - - - + + + - +

E2581 ST22-MRSA-lVg - - - - A + - - + - + - - + + + + - +

E0754 ST5-MRSA-1 plus ccrC & region - + - - - - - - - - A - + - + - - - + + + - +
between pl258 & Tn554

E2518 ST5-MRSA-Vt - + - - - - - - - - - - + - + - - - + + + - +

E2598 ST979-MRSA-II - + - - - - - - - - -1- - + - - + - - + + + + +

M06/0142 ST930-MRSA-novel' {ccrAB2, dcs, mecA - + - - - - - - - - - - - + - - - + + + - +
detected with unknown mec class)

Continued overleaf



Table 5.7 continued

SCCmec  type 

(PCR)

Accessory gene 
regulators Superantigen genes

MRSA
isolate

ag
rI

ag
rl

l

ag
rl

ll

ag
rl

V

>
0 .

el
D

/e
di

nB

en
t 

A

en
t 

B

en
t 

C

en
t 

D

en
t 

E

en
t 

G

en
t 

H

en
t 

I

en
t 

J

en
tK

/Q

en
t 

L

en
t 

M

en
t 

N

en
t 

O

en
t 

R

en
tU

/Y

E2543 ST998-MRSA-1VC - + - * - - - - - - - - - + - - - + + -1- - +

M06/0308 ST1435-MRSA-Vt - + - - - - - - - - A - + - + - - - + + + - +

M06/0317 ST5-MRSA-Vt - + - - - - - - - - A - - + - - “ + + + - +

E1263 STlOO-MRSA-novel^ (dcs, mecA 
detected, unknown ccr/mec class)

+ + + + + + +

M05/0287 ST36-MRSA-II - - + - + - - + - - - - + - + - - - + + + - +

M06/0116 ST36-MRSA-II plus ccrC plus region 
between pl258 &  Tn554

+ + + + + + + +

E2632 ST36-MRSA-II - + - + - - A - - - - 4- - - - - - + + + - +

E2078 ST1336-MRSA-IVC - + - - - - + -1- - - - - + - - + - - - - - -

M05/0257 STl-MRSA-IVa - - + + +

M06/0225 ST1115-MRSA-IVa - + +

M03/0178 ST45-MRSA-noveP (dcs, mecA detected, 
unknown ccr/mec class)

+ + + + + + +

Continued overleaf



Table 5.7 continued

MRSA
isolate

SCCmec  type 

(PCR)

Accessory gene 
regulators

Superantigen genes

I I I I I
E1421 ST45-MRSA-IVa

M04/0177 ST361-MRSA-IVg

M06/0171 ST779-MRSA-novel {ccrC, ccrAB4, 
mecA detected but unknown mec class

iar. novel ; ccrAB2, dcs, mecA detected with unknown mecAbbreviations: +; positive results negative results. A; ambiguous, Unf; unfami
9 "5

class, novel ; dcs, mecA detected, unknown ccr/mec class, novel ; ccrC, ccrAB4, mecA detected but unknown mec class.
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Fig 5.2 Prevalence of superantigens and accessory gene regulators among the 37 

sporadic MRSA isolates recovered in Ireland between 2000 and 2006 identified using 

the DNA microarray. The predominant superantigens among the 37 sporadic MRSA 

isolates were the egc cluster (15/37 isolates, 41%) and entA (14/37 isolates, 39%).
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Table 5.8 Microarray detection of accessory gene regulators and superantigen genes for 12 comparator MRSA 
isolates.

MRSA
Isolates SCCmec type (PCR)

Accessory gene 
regulators

Superantigen genes

ag
rI

ag
rl

l

ag
rl

ll
l

a g
rl

V

luk
 

F
/S

-V
V

et
D

/e
di

nB

en
t 

A

en
t 

B

en
t 

C

en
t 

D

en
t 

E

en
t 

G

en
t 

H

en
t 

I

en
t 

J

en
tK

/Q

en
t 

L

en
t 

M

en
t 

N

en
t 

O

en
t 

R

en
tU

/Y

El 427 ST22-MRSA-IVh + - - + - - - - - + • - + - + - - + + - +

E l 260 ST22-MRSA-IVh + - - + - - - - - - - - + - + - - - + + + - +

El 662 ST22-MRSA-IVh + - - - - - - - - - - - - + - - - + + + - +

El 702 ST22-MRSA-IVh + - - + - - - - - + - - + - + - - + + + + - 4 -

E2015 ST22-MRSA-IVh + - - + - - - * “ + - f * + - + - - + - f + - +

E2181 ST22-MRSA-IVh + - - + - - - - “ + - - + - + - - + + -1- + - +

E2246 ST22-MRSA-lVh + - - A - - - - - - - - + - - f - - + + + - - f

E2253 ST22-MRSA-IVh + - - A - - - - - - + - + - ■ f - - - + + + - -1-

E2855 ST22-MRSA-IVh + - + - - - - - + - - + - * + + + + - +

E3069 ST22-MRSA-IVh + - - + - - - - - - - - + - + - - - + + + - +

El 206 ST22-MRSA-IVh + - - - - - - - - - - + - + - - + + + + - +

E1174 SR22-MRSA-IVh + - - - - - * • • + ■ • + • + ‘ * + + + +

Abbreviations: +; positive results negative results, A; ambiguous. SCCmec and genotype assignment for all isolates were 
compared between results for the microarray and by PCR methods described in Chapter 2, section 2.4.3 and section 2.4.5.



Table 5.9 Microbial surface components recognizing adhesive matrix molecules (MSCRAMMs) genes and other virulence 
associated genes of the 37 sporadic MRSA isolates recovered in Ireland between 2000 and 2006 as determined using the DNA 
microarray

MRSA  
isolate no.

SC C m ec  type (PCR and 
DNA m icroarray)

au
r

cap
 

5

cap
 

8

bb
p

cl
fB

cn
a

eb
pS

en
o

fn
bA

fn
bB

m
ap

sd
rC

sd
rD

vw
b

sa
sG

is
aB

m
pr

F

is
dA .s

MOO/0005.2 ST8-MRSA-ccMB'^ and 
mec class A

+ + + + + + + + + + + + + + + +

M 04/0132 ST8-MRSA-IVd - 4- - + + + + - + + + + + + + + + + + + +

M 04/0189 ST8-MRSA-IIE & ccrAB4 + + * + + + - + + + + + + + - + + - + + + 4-

M05/0233 ST8-MRSA-Vt plus 
ccrAB4

+ + + + + + + + + + + + + -f- -1- + + + +

M 05/0239 ST8-MRSA-IVd + + - + + + + - + + + + + + + + + + 4- + +

M06/0041 ST8-MRSA-I-p/^ + + - + + + + - + + + + + + + + + + + -h + + +

M 06/0042 ST8-MRSA-I1A + + - + + + -H - + + + + + + + - 4- - + + 4- +

M06/0223 ST8-MRSA-IVA + + - + + + + - + + + + + + + + + + 4- + +

E l 775 ST8-MRSA-I1D + + + + + + A + + + + + + + + + 4- - -t- + + +

E2011 ST8-MRSA-I1D plus 
ccrAB4

+ + + + + + + + + + + + + + 4- + 4- +

E2752 ST8-MRSA-IVd + + - + + + + - + + + + 4- + + + +

Continued overleaf



Table 5.9 continued

MRSA  
isolate no.

SC C m ec  type (PCR and 
DNA m icroarray)

au
r

ca
p

5 ca
p

8 bb
p

Cl
fA

cn
a

eb
h

eb
pS

en
o

fn
bA

fn
bB

m
ap

sd
rC

sd
rD

5! is
aB

m
pr

is
dA

im
rP

M04/0203 ST8-MRSA-I1IB + - + + + + + + + + + + + + + + + 4- 4 + + 4-

M05/0101 ST1337-MRSA-1VA + -f - + 4- -f + - + + + + + + + + 4- 4- + + + + +

E0898 ST239-MRSA-IIImer + - + + + - 1 - + -t- + + + + + + 4- 4- 4- + + + +

E2431 ST998-MRSA-IIIB + - + + + + + + + - 1 - + + + + + + + + + + + +

E l 749 ST22-MRSA-IVh + + - + + + + - + + + + - + 4- 4- + + 4- + +

E2081 ST22-MRSA-lVh + + - + + + + + “ + + + + - + + + 4- 4- 4- 4- + 4-

E2794 ST22-MRSA-lVh + + - + + + + + - + + + + + 4- + + + + + + + +

E2581 ST22-MRSA-IVg + + - + + + + - + + + + - + + + - f - 4- +

E0754 ST5-MRSA-I plus ccrC &  
region between pl258  &  
Tn5J4

+ + + + + + + + + + + + + + + + 4-

E2518 ST5-MRSA-Vt + - -1- + + + - + + + + 4- 4- 4- 4- 4- + + +

E2598 ST979-MRSA-II + -1- - + + + - + + + -1- + + 4- 4- 4- 4- 4- 4- + + +

M 06/0142 ST930-MRSA-novel' + + - + + + - + + + + + + + + + + + + + + +

E2543 ST998-MRSA-IVC + + - + + + + - + + + + + + 4- + 4- 4- 4- 4- + 4-

M 06/0308 ST1435-MRSA-Vt + 4- - + + - + + + 4- + + + + + + + + 4-

Continued overleaf



Table 5.9 continued

MRSA  
isolate no.

SC C m ec  type (PCR  and 
DNA m icroarray)

au
r

ca
p

5 ca
p

8 bb
p

Cl
fA

Cl
fB

1 : 
cn

a

eb
h

eb
pS

en
o

fn
bA

fn
bB

m
ap

sd
rC

sd
rD

vw
b

sa
sG

is
aB

m
pr

is
dA

im
rP

M 06/0317 ST5-MRSA-Vt + + - + + + - + + + + + + + + + + + +

E1263 STlOO-MRSA-novel^ + + - + - + + + + + + + + + + + + +

M 05/0287 ST36-MRSA-II + - + + + + + + + + + - + + - - + + +

M 06/0116 ST36-MRSA-II plus ccrC 
plus region between pl258 
& Tn554

+ + 4- + + + + + + + + + + + + + + + + +

E2632 ST36-MRSA-II + - + + + + + + + + - + + + + - + + + +

E2078 ST1336-MRSA-IVC + - + + -1- + + + + + + + + + + + + + + + +

M 05/0257 STl-MRSA-IVa + - + + + + + + + + + + + + + + + + + +

M 06/0225 ST1115-MRSA-lVa + - + + + + + + + + + + + + - + + + + + + + +

M 03/0178 ST45-MRSA-novel^ + - + + + + + + + + + + + + + + + + + + + -

E1421 ST45-MRSA-IVa + - + -1- + + + + + + + + -t- + + + 4- + + + ■

M 04/0177 ST361-MRSA-IVg + - + + + + - + + + + - + + + + + + + + + +

M06/0171 ST779-MRSA-noveP -1- - + - + + + + + + + + + + + + +

Abbreviations: +; positive results negative results, A; ambiguous, Unf; unfami 
class, novel ; dcs, mecA detected, unknown ccr/mec class, novel ; ccrC, ccrAB4,

iar. novel ; ccrAB2, dcs, mecA detected with unknown mec 
mecA detected but unknown mec class.
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Fig 5.3 Prevalence of virulence associated and MSCRAMMs genes among the 37 

sporadic MRSA isolates recovered in Ireland between 2000 and 2006 identified using 

the DNA microarray. Predominant virulence associated genes present in all 36 sporadic 

MRSA included ica, aur followed by the cap serotypes cap5 (24/37, 65%) and cap8 

(13/37, 35%) followed by tst (4/37 isolates, 11%) and etD & edinB (1/36 isolates, 3%).



All 37 isolates harboured the same 13 MSCRAMM genes. In addition 36/37 harboured 

map, whereas the presence of sasG, fnbB, ebh and cna were variable.



Table 5.10 Microarray results for genes encoding microbial surface components recognizing adhesive matrix molecules 
(MSCRAMM) targets for 12 comparator MRSA isolates

SCCm ec  type 
(PCR and DNA 

m icroarray)

au
r

cap
 

H
/J

/K

cap
 

I/
J/

K

ica
 

A
/C

/D

bb
p

cl
fA

cn
a

eb
h

eb
pS

en
o -Q

fn
bA

fn
bB

m
ap

sd
rC

sd
rD

"i 8 is
aB

m
pr

F

isd
A

in
tr

P

El 427 ST22-MRSA-IVh + - + + + + + - + + + - + + + + + + +

El 260 ST22-MRSA-IVh + + - + + + - + + + + - + + + + 4- + + +

El 662 ST22-MRSA-IVh + - + + + 4- + - + 4- + - A + + + + + + +

El 702 ST22-MRSA-IVh + + - + + + + - + + + + - + + + + -f + + + +

E2015 ST22-MRSA-IVh + - + + + + + - + + + - + + 4- + + + + +

E2181 ST22-MRSA-IVh + + - + + + 4- - + + + + - + + + + 4- 4- + + +

E2246 ST22-MRSA-IVh + + - + + + -f - + + + + - + + - + + 4- + +

E2253 ST22-MRSA-IVh - + -f + + + - + + + - + + + + + +

E2855 ST22-MRSA-IVh + + - + + + + + - + + + - + + + + + + + + +

E3069 ST22-MRSA-IVh + + - + + + + - + + + - + + + 4- + 4- + + +

El 206 ST22-MRSA-lVh + + - + + + + - + + + + - A + + + + 4- + + +

El 174 ST22-MRSA-IVh - - - - + + + - + + + + • + + + + + + + +

Abbreviations: +; positive results negative results, A; ambiguous. SCCmec and genotype assignment for a 
between results for the microarray and by PCR methods described in Chapter 2, section 2.4.3 and section 2.4.5.

1 isolates were compared



- ■'■''■ ■ ■"• . H ' , f j . ’.



5.4 Discussion

5.4.1 Genotype and SCCmec type assignment

The DNA microarray assigned 35/37 (95%) sporadic MRSA isolates to the correct CC, 12 

of which were also correctly assigned to the correct ST (Table 5.2). The 12 comparator 

MRSA isolates were all assigned to the correct ST (ST22) (Table 5.3). The two sporadic 

MRSA isolates that could not be assigned to any CC or ST by the microarray are rare STs 

and included ST779 (M06/0171) which was previously identified as the ST of an isolate 

recovered in the United Arab Emirates in 2003 (http://saureus.m 1 st.net). The microarray 

pattern for sporadic MRSA isolate M06/0171 yielded a similar microarray pattern to that of 

another ST779-MRSA isolate that underwent MLST and DNA microarray analysis 

previously however, the Staphy-Type database has not yet been updated to include this 

microarray pattern (Monecke, Personal communication). Unfortunately, the country of 

origin or any additional information for this isolate was unavailable. The second ST that 

was not automatically identified by the microarray was ST361, which was exhibited by 

sporadic MRSA isolate M04/0177 (Table 5.2). This ST had been found in two other 

isolates that have been submitted to the MLST website and included one MRSA isolate 

identified in the United Arab Emirates and one PVL-positive MSSA isolate identified in the 

UK. The 35 sporadic MRSA isolates that were assigned to the correct CC or ST all 

belonged to one of the six lineages (CCl, CCS, CCS, CC22, CC30 and CC45) (Table 5.2). 

Since the major lineages have been well characterised in numerous studies using this 

microarray system (Monecke et al., 2006; Monecke et al., 2008; Scicluna et al., 2010), 

there is a wealth o f data for comparison and subsequent genotype assignment for isolates 

exhibiting these lineages, however rarely-occurring clones such as ST779 and ST361, have
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not been characterised to the same level and the IconoClust software could not assign these 

isolates to a genotype due to lack o f  comparable data (M onecke et al., 2008). Therefore, the 

microarray database requires constant updates with microarray patterns for isolates yielding  

novel or rare STs.

The D N A  microarray assigned 89% (33/37) o f  sporadic M R SA  isolates and all 12 

comparator M RSA isolates to the correct SCCm ec  type follow ing manual analysis (Table 

5.2) (M onecke et al., 2006; M onecke et al., 2008; Scicluna et al., 2010). H owever, certain 

SCCwec subtypes and variants could not be detected due to limitations with the primers 

and probes selected for the microarray S>CCmec pattern assignm ent (Table 5.2). The D N A  

microarray was unable to distinguish between SCCm ec  types IIA or IIB and IIIA or IIIB as 

it does not detect Tx\554 (M LS resistance) which is harboured by IIA and IIIA, respectively  

but it is not harboured by SCC m ec  types IIB or IIIB. The D N A  microarray also could not 

detect SCCmec  IV subtypes (a-h) as there are no SCCmec IV subtyping probes on the 

microarray. SCCm ec  IV subtypes are usually identified by a m ultiplex PCR described by 

Milheiri9 0  et al. targeting variation in the J1 region o f  SCC m ec  type IV elem ents 

(described in Chapter 2, section 2 .4 .3) (M ilheirifo et al., 2007). The D N A  microarray also 

could not differentiate between SCC m ec  type V and SCCm ec  type V t elem ents as SCC m ec  

V t harbours tw o alleles o f  the c c r C l  allotype {ccrC2  and ccrCS)  but the D N A  microarray 

detects one ccrC  a llele harboured by SCCm ec  V (GenBank accession  number: A B 03767I)  

Table 5.2). The D N A  microarray software and database may be updated in the future once 

suitable markers for detection o f  these SCCm ec  subtypes and SCC m ec  variants are 

identified.
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Twelve sporadic MRS A isolates could not be assigned a SCCmec type

automatically by the IconoClust software, which could not recognise the microarray

SCCmec type patterns. SCCmec type assignment was possible for 8/12 isolates following

manual analysis however the four sporadic MRSA isolates harbouring SCCmec Vy (E2518

and M06/0308), SCCmec V t plus ccrAB4 (M05/0233) and SCCmec V t - p/255 and Tn554

(M06/0317) were found to harbour SCCmec V elements following manual analysis as

discussed earlier. SCCmec assignment for the remaining eight isolates using the microarray

was possible after further manual analysis o f the microarray SCCmec patterns (Table 5.2).

The eight isolates included the following; (a) E0754 which harboured a novel SCCmec type

I variant element {SCCmec type I and ccrC) that was not automatically recognised by the

IconoClust software (Table 5.2); (b) E l775 was found to harbour a SCCmec type IlD

element by SCCmec typing, SCCmec II was automatically assigned to the microarray

SCCmec pattern and subsequent manual analysis detected a SCCmec IID element but it

also harboured the ccrAA gene (GenBank accession number: AM292304.1), which is

associated with the ccrC  complex. However, ccrC was not detected in this isolate either by

PCR or using the DNA microarray (Table 5.2) (Monecke et al., 2008). The iconoclust

software may not have been able to assign a SCCmec type due to the detection o f ccrAA

with a SCCmec type II element. This presence of ccrAA may indicate the presence o f a

novel ccrC  allele that was not detected by any o f the methods used in this study or the loss

o f a ccrC  gene; (c) In the case o f isolate E l421, which harboured a SCCmec type IVa

element, and isolate M04/0177, which harboured a SCCmec type IVg element, it is unclear

why the IconoClust software could not assign either isolate to SCCmec type IV elements

(Table 5.2); (d) The four novel SCCmec types could not be assigned to any SCCmec type

by the Arraymate IconoCIust software, however the microarray SCCmec patterns did
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correlate with the previous results obtained by SCCmec typing and for three o f  these 

isolates the DNA microarray proved to be more informative (Table 5.2).

In the case o f isolate MOO/0005.2, SCCmec VI was assigned by SCCmec typing and 

also by the DNA microarray automatically. However, it is possible that this isolate may 

harbour a variant SCCmec type IV element due to its genotypic background (STS, spa  type 

tl90) as discussed in Chapter 4 (section 4.4.3). Isolates exhibiting this genotype have 

previously harboured SCCmec type IV elements with adjacent ccrAB4 and it is possible 

that the SCCmec element harboured by MOO/0005.2 is a variant SCCmec IV element that 

also harbours an adjacent ccrAB4 and has lost ccrAB2.

The DNA microarray proved to be more informative for 4/37 (11%) o f the sporadic 

MRSA isolates including M06/0142 (CC5/ST930) for which SCCmec typing detected 

ccrAB2, dcs, mecA but did not assign a mec complex class, indicating a possible novel 

SCCmec element (Table 5.2). The microarray detected a SCCmec type IV element in this 

isolate similar to the paediatric clone (CC5-MRSA-IV) which was in agreement with the 

isolates CC suggesting a possible mutation in the primer-binding region o f \S1272 in the 

mec region o f this isolate or a possible deletion, insertion, or recombination and genetic 

rearrangement event. The paediatric clone was first identified in Portugal in 1991 and has 

since been reported in Poland, France, UK, USA, Argentina, Columbia and Ireland 

(Oliveira et al., 2001; Enright et ah, 2002; Shore et al., 2005; Rossney et al., 2007). 

Additional information was also obtained for two isolates, E1263 and M03/0178 using the 

microarray that harboured a possible novel SCCmec type identified by SCCmec typing. 

SCCmec typing identified dcs and mecA, but no mec or ccr gene complex types could be 

assigned to either isolate (Table 5.2). DNA microarray analysis detected mecA, dcs and
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ugpQ but no ccr complexes were detected indicating two possible novel SCCmec elements 

in two different clones as discussed in Chapter 4, section 4.4.2 (Table 5.2). The fourth 

isolate, M05/0257, harboured a SCCmec type IVa variant element due to the presence o f an 

additional ccrABl by SCCmec typing. The microarray was able to detect the presence of 

SCCmec type IV in M05/0257 and a SCC-like element {SCC476) was also detected (Table 

5.2). SCC476 has been previously reported in STl-M SSA (MSSA476) and in a CC5- 

MRSA isolate recovered from a hospital in Malta (Holden et ah, 2004; Scicluna et a i,  

2010). SCC476 integrates into the same site as SCCmec in MSSA {prfX) and harbours a 

putative fusidic acid resistance gene (fusC) and ccrABl (Holden et al., 2004). The presence 

offu sC  correlates with the AR pattern for M05/0257 which included fusidic acid resistance 

(Chapter 2, Table 2.6) and with SCCmec typing for M05/0257 which yielded SCCmec IVa 

and ccrABl (Chapter 4, section 4 .3 .1.2 and Table 4.1). The SCC476 element identified in a 

Maltese MRSA isolate exhibited a CCS genotypic background and further characterisation 

for the location and structure beside SCCmec has not been reported (Scicluna et al., 2009). 

M05/0257 exhibited STl which is the same genotypic background as the SCC476 

harbouring MSSA strain identified by Holden et al. (Holden et al., 2004). This is the first 

report o f  SCC^7<5 in a MRSA isolate from Ireland. Further investigation was required to 

determine the structure ofSC C 476  in MRSA and is discussed in detail in chapter 6.

To conclude, there was good correlation between genotype and SCCmec assignment 

using MLST and SCCmec typing, respectively and the DNA microarray. The 58 sporadic 

MRSA isolates investigated represented a challenge for the ability o f the DNA microarray 

to assign the correct CC/ST and the correct SCCmec type or SCCmec pattern due to the 

level o f diversity exhibited by these isolates in their genotypic background as well as the
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SCCmec elements they harboured. Sporadically occurring isolates represent a problem for 

the DNA microarray because they are rarely encountered by the DNA microarray so they 

may not be in the Staphy-Type database for comparison. It should be noted that two rarely 

occurring STs could not be assigned but genotype assignment will improve as more isolates 

are investigated using the DN A microarray. SCCmec  type IV elements could not be 

subtyped using the DNA microarray and SCCmec type V elements could not be 

differentiated from SCCmec  V t elements, though additional probes will be designed in the 

future to address these problems. Another minor drawback was the inability o f  the 

designated software (IconoClust) to assign SCCmec type nomenclature to 12 sporadic 

MRSA isolates however, subsequent manual analysis o f  the microarray SCCmec  pattern 

improved microarray SCCmec  correlation with SCCmec  typing. The majority o f  these 12 

isolates were either novel SCCmec  types or novel SCCmec  variant elements. Additionally, 

the DNA microarray was found to be more informative for 4/37 sporadic MRSA isolates 

investigated in this study. This was due to the amplification o f  gene targets by linear PCR 

for detection by the DNA microarray probes, which only used one primer whereas the 

conventional multiplex PCRs used for SCCmec typing use primer pairs, thus a mutation in 

one o f the primer pairs would result in a negative result for the gene target being 

investigated.

5.4.2 Antimicrobial resistance genes

The chromosomal and plasmid locations o f  the fosfomycin resistance gene fosB  have been 

reported previously and both are detected using the DNA microarray (Mlynarczyk et a l ,  

1985; Area et al., 1997). DNA microarray analysis detected the chromosomal-located 

fosfomycin resistance gene fosB  in 73% { lU h l )  o f  sporadic M RSA isolates and plasmid-
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located fo sB  in 8% (3/37) sporadic MRSA isolates (Table 5.4 and Fig. 5.1). The fosB  

resistance determinant was identified in CCs reported previously by Monecke et al. 

including isolates exhibiting CCS, CC5 and CC30 (Monecke et al., 200S) and also for the 

sporadically occurring ST361 for which comparison could not be made with previously 

published STs (Table 5.4).

DNA microarray analysis revealed that 3S% (14/37) o f sporadic MRSA isolates 

harboured one o f the following genes encoding MLS resistance; erm (A) was detected in 

CCS-SCCwec types \-pls, IIA, IID, IID and ccrAB4 and HE and ccrAB4. CCS-SCCmec 

types I plus ccrC and region between pl258 and II. CC30-SCCmec types II, II plus ccrC 

and region between pl258 and Tn55^ and region between Tn55¥ and orJX and ST239- 

SCCmec types IlIB and \\\mer. erm (C) was detected only in isolates harbouring SCCmec 

IV elements and exhibiting C C l, CCS, CCS and CC22 and lnu(A) was identified in one 

isolate exhibiting ST22-MRSA-IV (Table 5.4 and Fig. 5.1). Only one isolate (E2794) 

harboured two o f the genes encoding resistance to MLS (erm{C) and lnu{A)). Genes 

encoding MLS resistance are carried on a transposon TnJ5^ which may be present in 

multiple copies in the S. aureus genome either in the chromosome or on MGEs such as 

s e e  elements or plasmids (Malachowa and Deleo, 2010). Phenotypic resistance to 

macrolides (erythromycin) and lincosamides (lincomycin) was determined by AR typing 

and identified resistance to erythromycin and lincomycin in 19/37 (51%) MRSA isolates 

(Chapter 2, Table 2.6). This may be due to an unidentified gene.

Aminoglycoside resistance determinants and the phenotypic aminoglycoside 

resistance were detected among 84% (31/37) MRSA isolates by the DNA microarray and 

by AR typing, respectively, and this has relevance for using aminoglycosides such as
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gentamicin, kanamycin, neomycin, tobramycin or amikacin for treatment of MRSA 

infections (Table 5.4 and Fig. 5.1) (Chapter 2, Table 2.6). The remaining six isolates were 

found to lack resistance phenotypes or resistance determinant by both AR typing and the 

DNA microarray and these included the following isolates; E2081 and E2581 

(CC22/ST22), E2078 (CC1/ST1336), M05/0257 (CCl/STl) or M03/0178 and E1421 

(CC45/ST45).

Previous studies have reported on the use of the older antibiotic combination 

treatment trimethoprim/sulfamethoxazole which may have a role in treating MRSA 

infections (Pappas et al., 2009). Use of this antibiotic combination has had some success in 

decolonisation usually in conjunction with mupirocin, rifampicin or fusidic acid 

(Buehlmann et a l, 2008; Fung et al., 2002; Parras et al., 1995). Resistance to trimethoprim 

has been observed previously in ST239-MRSA-III and ST247-MRSA-I (Grim et al., 2005). 

Trimethoprim resistance is mediated by the dfrA gene which is located on plasmid pSK5l4 

and was detected in three of the sporadic ST8-MRSA isolates by the DNA microarray 

(M05/0239, M04/0132 and E2752) (Table 5.4 and Fig. 5.1). However, AR typing results 

for the 37 sporadic MRSA isolates identified trimethoprim resistance in an additional three 

isolates which were not detected by the DNA microarray (MOO/0005.2, M04/0203 and 

E0898) (Chapter 2, Table 2.6). In addition to the dfrA gene detected by the DNA 

microarray, there are a number of dfr genes that can be detected by PCR including dfrG and 

dfrK (Kadlec et a l,  2009; Kadlec et al., 2010). This may be due to a mutation in the gene 

encoding dihydrofolate reductase {dhfr) which is a target of trimethoprim-sulfamethoxazole 

and is not detected by the DNA microarray (Dale et al., 1995). An alternative possibility is 

the presence of an unidentified gene conferring trimethoprim resistance. There have been
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limited studies and case reports on the effectiveness o f trimethoprim-sulfamethoxazole and 

further studies are required (Grim et al., 2005; Pappas et al., 2009).

Fusidic acid resistance was detected by DNA microarray analysis by detection of 

the fu sB  or fu sC  resistant determinants in four o f the sporadic MRSA isolates and these 

isolates also had fusidic acid resistance phenotypes by AR typing (Table 5.4 and Fig. 5.1). 

AR typing also detected resistance to fusidic acid in an additional four isolates (E2081, 

ST22-SCCwec IVh; E2581, ST22-SCCwec IVg; M06/0041, STS-SCCmec l-pls and 

M06/0116, ST36-SCC/wec II, ccrC  and region between pl258 and Tn55^) (Chapter 2, Table 

2.6). Fusidic acid resistance in these latter isolates may be due to a mutation in fusA  which 

encodes elongation factor G (EF-G) in S. aureus and is the target for fusidic acid (Besier et 

al., 2003). Mutations in fusA  result in reduced affinity for EF-G by fusidic acid and another 

possibility is that these isolates harboured the fu sB  resistance determinant (Besier et al., 

2003; O ’ Neill et al., 2004). The presence o f fusA  mutations are not detected by the DNA 

microarray which may explain why the phenotypic resistance to fusidic acid observed in 

the four isolates was not predicted by the microarray. The two fusidic acid resistant 

determinants detected by the DNA microarray include fu sB  which is located on a plasmid 

pUBIOl and SCC476 which harbours a fusidic acid resistant determinant (fusC) similar to 

fusB  (Table 5.4 and Fig. 5.1) (O’Brien et al., 2002; Holden et al., 2004).

The gene encoding high-level mupirocin resistance (mupA) was detected in four 

sporadic MRSA isolates (E2794, ST22-SCCwec-IVh; E2632 and M05/0287, ST36- 

SCCmec II and M06/0171, ST779-SCC/wec ccrAB4, ccrC, mecA and no mec class 

detected) by the DNA microarray and mupirocin resistance was also detected 

phenotypically by AR typing. AR typing also identified high level mupirocin resistance in
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an additional three isolates (M04/0189, STS-SCCwec HE and ccrAB4; E2011, ST8- 

SCCmec IID and ccrAB4 and E1775, ST8-SCC/wec IID) (Table 5.4 and Fig. 5.1). Failure of 

the microarray to predict mupirocin resistance in these latter three isolates may be 

explained by the loss o f the plasmid harbouring mupR or the presence o f a novel gene 

encoding high level mupirocin resistance that has not yet been identified.

The DNA microarray detected a number o f genes encoding tetracycline resistance 

including a gene encoding general tet efflux in 89% (33/37) MRSA isolates but AR typing 

identified a tetracycline resistance phenotype in only 57% (21/37) MRSA isolates 

indicating that some o f the tetracycline resistance genes detected were non-functional or not 

expressed. The DNA microarray also detected tet (K) (encoded on a plasmid \>T181 and 

encodes a tetracycline efflux protein) (Guay et al., 1993), which was detected in 17% 

(6/36) MRSA isolates including M06/0042, STS-SCCmec IIA; E0898, ST239-SCCwec 

\Wmer, E0754, ST5-SCCwec I, ccrC  and region between p/255 and Tn554, region between 

Tn55^ and orfK-, E2078, ST1336-SCCwec IVc; M06/0225, STl 115-SCCwec IVa and 

M04/0177, ST361-SCCwec IVg (Table 5.4 and Fig. 5.1). AR typing also detected a 

tetracycline resistance phenotype for these six isolates (Chapter 2, Table 2.6). 

Chromosomally located tet (M) (protects ribosomes from inhibitory effects o f tetracycline) 

was detected in 19% (7/37) MRSA isolates including M04/0132, M05/0239 and E2752, 

ST8-SCCwec IVd; M05/0233, STS-SCCmec V t and ccrAB4; M04/0203, ST8-SCCwec 

IIIB; E2431, ST239-SCCwec IIIB; E142I, ST45-SCCmec IVa (Table 5.4 and Fig. 5.1) 

(Burdett, 1990; Warsa et al., 1996).

The 12 comparator MRSA isolates did not harbour any antimicrobial agent 

resistance genes except for erm{C), which was identified in 58% (7/12) MRSA isolates
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(Table 5.5). This is in agreement with previous studies by Monecke et al. as ST22 tend to 

be non-multiantibiotic-resistant but resistance appears to be emerging (Monecke et al., 

2008).

In conclusion, the most common resistance genes among sporadic MRSA isolates 

from Ireland after the mecA resistance gene included the tet efflux resistance determinant 

(89%), aminoglycoside resistance genes (84%) and chromosomally located fosB  (72%). 

Analysis o f antimicrobial resistance genes detected by the DNA microarray identified 

multiple resistance genes in all CCs, however the use o f AR typing was more informative 

than the DNA microarray. While DNA microarray analysis is useful for obtaining a picture 

o f known antimicrobial resistance genes present in an isolate’s genome, AR typing has not 

been replaced as a more informative method as it detects resistance phenotypes due to less 

common or novel mechanisms that are not detected by the DNA microarray, however AR 

typing is time consuming and laborious whereas the DNA microarray is high-throughput 

and can provide data rapidly.

5.4.3 Virulence associated genes

lEC encoding lysogenic bacteriophage are usually S. aureus serotype F bacteriophages and 

can harbour genes entA, selp, sak, chp and sen or combinations o f these genes (see Table 

5.5 for lEC type combinations). The DNA microarray detected lEC type B (43%) as the 

predominant lEC type among the sporadic MRSA isolates, followed by lEC type D (27%), 

lEC type A (14%), lEC type E (5%) and a novel lEC type {sen) in isolate M05/0233 

(2.8%). No lEC encoding bacteriophge genes were detected by the microarray in three 

sporadic MRSA isolates (M04/0203, ST239-SCCwec IIIB; E2431, ST239-SCCwec IIIB
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and M03/0178, ST45-SCCwec dcs, mecA no mec class or ccr complex detected) (Table 5.4 

and Fig. 5.1). lEC type B was detected by the DNA microarray in 92% (11/12) comparator 

isolates. lEC types have been assigned to each combination o f genes according to type 

combinations reported previously (Van Wamel et ah, 2005; Kumagai et al., 2007).

Microarray analysis revealed that certain CCs were associated with certain agr 

types as has been described previously (Monecke et al., 2008). These included agr type I 

(CCS, CC22 and ST361) which was the predominant agr type identified in 54% (20/37) of 

the sporadic MRSA isolates, agr type II (CCS), agr type 111 (C C l, CC30 and ST779) and 

agr type IV (CC45) (Table 5.7 and Fig. 5.1). These associations are in keeping with 

previous reports except for CC45 which is usually associated with agr type I (Feng et al., 

2007; Monecke et al., 2008). The DNA microarray detected the presence o f agr type I in all 

12 comparator ST22-MRSA-IV isolates (Table 5.8).

All superantigens are located on MGEs including bacteriophages, pathogenicity 

islands, genomic islands, plasmids and the egc (Thomas et al., 2006). The different 

staphylococcal enterotoxin genes have been reported previously in several unrelated CCs 

and this was also evident among the sporadic MRSA isolates with all o f the superantigens 

detected being found in numerous clones (Table 5.7 and Fig. 5.2) (Monecke et al., 2008). 

The DNA microarray detected egc (entG, enti, entM, entN, entO  and entU/Y) in 15/37 

(41%) sporadic MRSA isolates and a further four isolates (E2632, E2598, E l775 and 

M04/0177) were identified as harbouring an incomplete egc cluster with two isolates 

(E2632 and E2598) harbouring 5/6 o f the egc cluster genes, E l 775 harboured 3/6 egc genes 

and M04/0177 harboured 1/6 egc genes (Table 5.7 and Fig. 5.2). These incomplete egc 

clusters may be due to problems with low DNA concentrations or they may represent
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evolutionary intermediates similar to those found by Thomas et al. (2006). Thomas et al. 

reported evidence to suggest that recombination events between egc genes can result in 

novel enterotoxins, i.e. the recombination between entManA enti in the study by Thomas et 

al. (2006) produced a novel gene, en tV (Thomas et al., 2006).

Another mobile genetic element identified by the DNA microarray was a 

pathogenicity island harbouring entB, entK  and entQ  in four sporadic MRSA isolates 

(M04/0132, ST8-SCCwec IVd; M05/0239, STS-SCCwec IVd; M06/0041, ST8-SCCmec 1- 

pls\ E2078, ST1336-SCCwec IVc) and a variant o f this pathogenicity island reported 

previously by Monecke et al. was identified which had lost entB and was detected in 

another four sporadic MRSA isolates (M04/0203, ST239-SCCmec IIIB; E0898, ST239- 

SCCmec Wlmer, E2431, ST239-SCCwec IIIB; M05/0257, STl-SCCwec IVa) (Table 5.7 

and Fig. 5.2) (Monecke et al., 2008). There were two other MGEs detected by the DNA 

microarray which have previously been reported by Monecke et al. (2008); the first was a 

plasmid harbouring entR, entJ and entD  in three sporadic MRSA isolates (M06/0233, 

M05/0101 and E2598) and the second was a MGE harbouring a gene cluster {entC and 

entL) in three sporadic MRSA isolates (E l749, E2081 and E2581), while entA which is 

harboured by the lEC cluster was detected in 14 sporadic MRSA isolates with one 

ambiguous result (Table 5.7 and Fig. 5.2) (Monecke et a l ,  2008). DNA microarray analysis 

detected the presence o f two MGEs among the comparator isolates including egc in all 12 

isolates and the MGE harbouring entC  and entL was detected in 7/12 isolates (Table 5.8). 

DNA microarray analysis indicated that four MGEs and one variant MGE were present 

among the 36 sporadic MRSA isolates. The egc was present in all the major CCs except for
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CCl. The enterotoxins entC  and entL were associated with ST22 while the other MGEs 

were present in numerous CCs (Table 5.7).

The toxic shock syndrome toxin gene tst which was detected in 4/37 (11%) sporadic 

MRSA isolates (Table 5.7 and Fig. 5.2) and was not detected among the 12 comparator 

MRSA isolates (Table 5.8). While tst has previously been reported to be associated with 

entC (Fitzgerald et al., 2006; Monecke et al., 2008), there was no evidence to suggest that 

they were located on the same mobile element among the sporadic MRSA isolates as no 

isolate harboured both tst and entC  together (Table 5.7). The DNA microarray did not 

detect the presence o f lukS-PV  and lukF-PV  which encode Panton-Valentine leukocidin 

toxin (PVL) (Tables 5.7 and 5.8). This is not unexpected as all sporadic and comparator 

MRSA isolates were HA-MRSA which are not commonly associated with pvl.

Capsular polysaccharide serotypes encoded by cap5 were detected in 25/37 isolates 

and serotype 8 encoded by cap8 were detected in 12/37 isolates (Table 5.7 and Fig. 5.2) 

and the 12 comparator MRSA isolates belonged to serotype 5 (Table 5.8). Three S. aureus 

capsular polysaccharide serotypes have been reported in previous studies and most S. 

aureus isolates belong to serotypes type 5 or type 8 which is supported by these results 

(Bhasin et al., 1998). DNA microarray analysis also detected the nearly ubiquitous 

presence o f MSCRAMM genes in the sporadic MRSA isolates except for map, sdrD, ebH  

and sasG  (Table 5.9 and Fig. 5.3) and the comparator MRSA isolates except for ebh,fnbB, 

map and sdrD  (5.10). Due to the roles MSCRAMM genes have in microbial adhesion to 

host tissue, which is a critical event in pathogenesis o f most infections and their prevalence 

among S. aureus, MSCRAMM genes are o f interest for the development o f antimicrobial 

agents (Patti et al., 1994; Monecke et al., 2009).

159



The Staphy-Type DNA microarray can provide a huge amount o f information for 

one PCR reaction and at a fraction o f the cost o f complete SCCmec typing and MLST 

while also providing additional information on other antimicrobial resistance and virulence 

associated genes. The DNA microarray detected a high prevalence o f MGEs harbouring 

enterotoxin genes with 12/37 sporadic MRS A isolates harbouring two MGEs, 2/37 sporadic 

MRSA isolates harbouring no MGEs, and the remaining isolates harboured one MGE. One 

o f these MGEs (the egc cluster) was missing certain genes that may be suggestive o f 

possible evolving MGEs (see Table 5.1 for genes co-located on MGEs). Unfortunately, 

recently identified genes such as fudoh  described by Kaito et al. (2008) which inhibits 

colony spreading ability in MRSA isolates harbouring SCCmec type II, III and VIII and a 

virulence associated gene psm-mec harboured by SCCmec type II elements described by 

Queck et al. (2009) have not been included in the DNA microarray as o f yet. However, 

improvements to the DNA microarray in the future based on allelic variants o f known 

genes and the emergence o f novel antibiotic resistance genes and virulence associated 

genes will improve its predictive value. Evidence suggests that MRSA are constantly 

evolving, therefore ongoing high-throughput surveillance is essential to monitor emergence 

o f new strains.
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Chapter 6

In-depth molecular analysis of six novel SCCmec subtypes and the 

determination of the genetic structure of a novel S>CCmec type using high- 

throughput whole-genome sequencing
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6.1 Introduction

Technological advances made in recent years have enhanced our ability to investigate and 

characterise MRSA populations and to develop an understanding o f the evolution that has 

occurred among MRSA and other staphylococcal lineages (Lindsay and Holden, 2006). 

MRSA have been shown to be highly adaptable organisms that can adjust rapidly to 

changing environments. MRSA can acquire antimicrobial resistance determinants in 

environments where antibiotic usage is high and can also acquire virulence-associated 

genes that can be integrated into the accessory or core-variable genome (Lindsay and 

Holden, 2006; Garch et al., 2009). In particular, the SCCmec element has emerged as a 

hotspot for genetic exchange between different staphylococcal species as is evident by the 

numerous SCC/wec types and subtypes that have been reported to date. Numerous 

staphylococcal species other than S. aureus have been shown to harbour SCCmec or SCC- 

like elements (Susuki et al., 1993; Archer et al., 1994; Diekema et al., 2001; Hanssen et al., 

2004). Hanssen et al. previously reported findings supporting evidence for horizontal gene 

transfer due to conservation identified among ccrAB alleles obtained from different 

staphylococcal species (Hanssen et al., 2004). Until recently, novel SCCwec types or 

subtypes identified by SCCmec typing or DNA microarray analysis have been further 

investigated using long range PCR which may involve a trial and error approach if there is 

limited information available regarding a novel S>CCmec type or subtype element. Several 

research groups have previously employed whole genome sequencing techniques such as 

the chain termination method by Sanger et al. (1977) to investigate MRSA strains and 

compare them to previously published MRSA strain sequences (Sanger et al., 1977; Holden 

et al., 2004; Highlander et al., 2007; Howden et al., 2008; Baba et al., 2009; Holden et al..
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2010). Next generation sequencing techniques have been developed which have significant 

reductions in the cost, complexity and time required to sequence large amounts of DNA. 

High-throughput whole-genome sequencing and assembly using pyrophosphate sequencing 

technology (454 Life Sciences Technology, Roche) has been used by a number of groups 

including a recent investigation by Bloemendaal et al. (2010) which sequenced a S. aureus 

and a S. epidermidis genome using 454 sequencing technology. Subsequent analysis of the 

two sequences revealed evidence for interspecies transfer of SCCmec between S. 

epidermidis and S. aureus (Bloemendaal et al., 2010). Schijffelen et al. (2010) also used 

454 sequencing technology to sequence a ST398 MRSA strain and compared the genomic 

sequence to other previously sequenced MRSA genomes resulting in the detection of a 

novel SCCwec type V element which harboured two ccrC complexes and a pseudo-SCC 

element (Schijffelen et al., 2010).

The rapid high-throughput whole-genome sequencing technique offered by 454 Life 

Sciences (Roche) uses a next generation sequencer (Genome Sequencer (GS) FLX 

sequencer) (Margulies et al., 2005), which was introduced commercially in 2004. An 

emulsion based sample preparation step is required, which involves the random 

fragmentation of the entire genome and the addition of specialised adapters to each of the 

fragments (Margulies et al., 2005). These adapters are used for purification, amplification 

and sequencing steps. Individual DNA fragments are hybridised to specialised beads in 

conditions which induce a 1:1 ratio between bead and DNA fragment. The DNA 

fragment/bead hybrids are then captured within droplets of a PCR-reaction-mixture oil 

emulsion and each DNA fragment is amplified within each droplet which results in each 

bead carrying several million copies of a unique DNA template (Margulies et al., 2005).

163



After template amplification, the DNA strands are denatured and the beads are deposited 

into wells o f a PicoTiterPlate device (Roche). Each PicoTiterPlate device contains 

approximately 1.6 million wells and the diameter o f these wells allows for just one bead per 

well. The next step involves the sequencing o f all DNA fragments simultaneously within 

the open wells o f the PicoTiterPlate device after the addition o f smaller beads which 

contain enzymes required for sequencing using a pyrosequencing technique (Ronaghi et al., 

1996; Margulies et al., 2005). Sequencing using the pyrosequencing technique involves a 

fluidics subsystem o f the Genome Sequencer (GS) FLX Instrument (Roche) which flows 

individual nucleotides in a sequential order over the PicoTiterPlate device which contains 

hundreds of thousands o f wells containing one bead and associated amplified single 

stranded DNA fragments. Each time a nucleotide that is complementary to the single strand 

o f DNA is incorporated into the complementary strand o f DNA, pyrophosphate is released 

which is converted to ATP by enzymes that have been added to the wells o f the fibre optic 

slide (Ronaghi et al., 1996; Margulies et al., 2005). This ATP is used by a bioluminescent 

luciferase enyme which produces photons. The unetched side o f the fibre optic slide is in 

optical contact with a sensor camera allowing capture o f  the emitted photons from the 

bottom o f each o f the individual wells. The combination o f signal intensity and positional 

information generated across the fibre optic plate allows the GS FLX software (Roche) to 

determine the sequence o f more than 1,000,000 individual reads per 10-hour instrument run 

simultaneously (Margulies et al., 2005).

The main objective o f this part o f the present study was to further characterise the 

genetic structure o f novel SCCmec subtypes identified using SCCwec typing and DNA 

microarray analysis in five sporadic MRSA isolates (E0754, M06/0I16, M05/0257,
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MOO/0005.2 and M05/0233) and one Beaumont hospital (BH) MRSA isolate (00471) and 

one novel SCCwec element detected in a sporadic MRSA isolate (M06/0171) (Table 6.1). 

The novel SCCmec subtypes included variants o f SCCwec types I, II, IV and V j harboured 

by the five sporadic MRSA isolates (Chapter 4 section 4.3.1.2 and Table 4.1) and one BH 

MRSA isolate (00471) (Chapter 3, section 3.3.1.4 and Table 3.2) (Table 6.1). Isolate 

M06/0171 harboured a novel SCCwec type with two ccr complexes {ccrC and ccrAB4) and 

mecA which were detected by SCCmec typing PCR and/or DNA microarray analysis but 

the mec regulatory genes were not detected using these methods (Chapter 4, section 4.3.1.2 

and Table 4.1) (Table 6.1). These novel SCCmec types and subtypes may represent 

intermediate stages in the evolution o f SCCmec types which may become more prevalent in 

the future and they also represent a potential gene pool for recombination events with other 

staphylococcal species harbouring SCCmec and SCC-like elements. The elucidation o f the 

genetic structure o f these novel SCCmec types and subtypes will offer insights into the 

evolutionary history o f SCCmec in MRSA and other staphylococcal species and additional 

information regarding their SCCmec types will increase the typeability o f MRSA during 

epidemiological investigations during which S>CCmec typing plays a central role.
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Table 6.1 Summary of the molecular characteristics of the seven MRSA isolates identified in the present study as harbouring novel 
SCCmec subtypes or types________________________________________________________________________

Isolate no. CC/ST spa
type

SCCmec type

SCCmec typing 
PC R '

DNA 
m icroarray '

Description 
of SCCmec

Prim ers used to amplify and sequence additional am plim ers

Amplimers Prim ers used References

E0754 CC5/ST5 tl09 SCCmec I 
(mec class B & 
ccrABl), 
ccrC,
region between 
p/255 & Tn554, 
region between 
Tn554 & orfX

SCCmec I 
ccrC

Novel 
SCCmec I 
subtype

ccrC
ccrC-or/X 
pl258- Tn554 
ln554- orp(

yF & yR 
yF & orpCK 
RIF F3 & RIF R1 
R 1FF10& R IFR 13

Kondo et al., 2007 
Shore et al., 2005 
Oliveira et al., 
2002

M06/0116 CC30/
ST36

t018 SCCmec II 
(mec class A & 
ccrAB2), 
ccrC &
region between 
Tn554 & orfi(

SCCmec II 
ccrC

Novel 
SCCmec II 
subtype

ccrC
ccrC-orfX 
Tn554- orfiC

yF & yR 
yF & orp i R 
RIFF10& RIFR13

Kondo et al., 2007 
Shore et al., 2005 
Oliveira et al., 
2002

M05/0233 CC8/ST8 t008 SCCmec V j 
(mec class C & 
ccrC) & 
ccrAB4

SCCmec V Novel 
SCCmec V j 
subtype

ccrAB4 a4.2 & (34.2 Kondo et al., 2007

MOO/0005.2 CC8/ST8 tl90 VI (ccrAB4, class B 
mec) & dcs

VI Novel 
SCCmec IV 
subtype^

ccrAB4 a4.2 & [34.2 Kondo et al., 2007

M05/0257 C C l/STl 12279 IVa
(mec class B and 
ccrAB2) & 
ccrABl

IV a&
SCC476
(^ccrABl
+Q6GD50)

Novel 
SCCmec IV 
composite 
element

ccrABl
SCC476

a l  & Pc 
See Table 6.2

Kondo et al., 2007 
Present study

00471 CC8/ST8 tl9 0 VIII (ccrAB4, class 
A mec, mecl & dcs)

VIII Novel 
SCCmec II 
subtype'*

J1 region of 
SCCmec IVb to 
ccrAB4

LCIVb R and ccrB4 F Shore et al., 2008

Continued overleaf



Table 6.1 continued

Isolate no. CC/ST
SC C m ec  type

Description  
o f SCCm ec

Primers used to am plify and sequence additional am plim ers

spa
type

SC C m ec  typing  
PCR'

DNA
microarray^

Am plim ers Prim ers used References

M06/0171 CC779/ t878 mecA, ccrC, ccrAB4 mecA, Novel Targeted See Table 6.2 Present study
ST779 and region between ccrAB4 & SCCmec amplification yF & yR Kendo et al., 2007

Tn554 & orp ( ccrAA type between contigs 
1,2,16,93 and 10

a4U & p4U Ruppe et al., 2009

^SCCmec type as determined by PCR.
^SCCmec type as determined by DNA microarray analysis using the StaphType kit (Alere, Germany).
^SCCmec typing and DNA microarray analysis identified a SCCmec type VI element, however all other data for this isolate, including its genetic 
background (PFG-00, indicative o f STS; STS by MLST and spa type tl90) together with the presence o f class B mec complex in this isolate, 
were indicative of the presence of a variant of IVE/F SCCmec element normally associated with isolates belonging to this genotype.

SCCmec typing and DNA microarray analysis identified a SCCmec type VIII element {mec class A and ccrAB4 complex), however, all other 
typing data (STS-tl90) together with the presence o f class A mec indicated a SCCmec type IIA-IIE element.



6.2 Materials and methods

6.2.1 Isolates investigated

Further molecular characterisation was undertaken for seven MRS A isolates, six o f which 

were found to harbour novel SCCwec subtypes (this included five sporadic MRSA isolates 

and one BH MRSA isolate) and one sporadic isolate which harboured a possible novel 

SCCmec type. Details o f the genotyping and SCCmec typing results o f these isolates are 

shown in Table 6.1.

6.2.2 Investigation of the novel SCC/wec subtypes harboured by six MRSA isolates

Six o f the seven isolates listed in Table 6.1 exhibited five different SCCwec patterns by 

SCCmec typing PCR and DNA microarray analysis. The SCCmec typing patterns indicated 

that these isolates harboured novel SCCmec subtypes o f SCCmec types I (E0754), II 

(M 06/0116), IV (M05/0257), V j (M05/0233) and VI (MOO/0005.2) and VIII (00471). The 

novel SCCmec type I, II and V t subtypes were identified by DNA microarray analysis 

and/or SCCmec typing due to the detection o f additional SCCwec-associated regions in 

these three MRSA isolates (Table 6.1). The additional amplimers identified in these isolates 

i.e. ccrC  and the regions between pl258 and TnJ5-^ and Tn554 and orJX for E0754, ccrC 

and the region between Jn554  and o rp ( for M06/0116 and ccrAB4 for M05/0233 (Table 

6.1), were amplified by simplex PCR using the individual primer pairs that resulted in these 

amplicons during the multiplex SCCmec typing PCRs i.e. primers yF and yR (Kondo et al., 

2007) were used to amplify ccrC  in E0754 and M 06/0116; primers a4.2 and P4.2 (Kondo et 

al., 2007) were used for the amplification o f ccrAB4 in M05/0233; the region between 

p/255 and Tn554 in E0754 were amplified using primers RIF F3 & RIF4 R9 (Oliveira et 

al., 2002); the region between TnJ5^ and orfi( in E0754 and M 06/0I16 were amplified
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using RIFS FIO & RIFS R13 (Oliveira et al., 2002) (Table 6.1). All PCRs were performed 

using Go-Taq (Promega) DNA polymerase and the same conditions as were used for the 

relevant multiplex SCCmec typing PCRs described in Chapter 2 (section 2.4.3) with 

subsequent sequencing using the same primers as were used for PCR.

S,CCmec typing and DNA microarray analysis indicated that isolate M00/000S.2 

harboured a SCCwec type VI element (class B mec complex and ccrAB4). However all 

other data for this isolate, including its genetic background (PFG-00 indicative o f STS, STS 

by MLST and spa type tI90) together with the presence of a class B mec complex in this 

isolate, were indicative o f the presence o f a variant of IVE/F ^CCmec element with 

adjacent ccrAB4 normally associated with isolates belonging to this genotype but lacking 

ccrAB2 (Chapter 4, section 4.3.1.2 and Table 4.1). The ccrAB4 complex identified in this 

isolate was amplified using the primers and conditions described for ccr multiplex PCR in 

Chapter 2 (section 2.4.3) with subsequent sequencing (Chapter 2, sections 2.4.2). A novel 

SCCmec IV subtype was identified in the sporadic MRSA isolate, M05/02S7 (Table 6.1). 

M0S/02S7 was found to harbour a SCCmec type IVa element by SCCmec typing plus an 

additional amplimer corresponding to the amplification o f ccrABl (Table 6.1). In addition, 

DNA microarray analysis also identified the presence o f a SCC-Iike element {SCC476), 

which harbours ccrABl and the fusidic acid resistance determinant fusC , in this isolate 

(Table 6.1). The molecular structure o f SCC476 in isolate M0S/02S7 was investigated 

using short- and long-range targeted PCR amplification as described in Chapter 2 (section 

2.4.4) (Fig. 6.1). Primers for the investigation o f SCC476 were designed based on SCC476 

harboured by MSSA^7<5 (GenBank accession number: NC_0029S3) (Table 6.2). 

Confirmation that the amplimer sizes were as expected for SCC476 was performed using a
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Table 6.2 Primers designed for investigation of the novel SCCmec element in M06/0171 and SCC476 in 
M05/0257

Primers Nucleotide sequence 5'-3D Location‘s Region amplifled Expected 
amplimer size

M06/0171 (novel SCCmec element)*
C1_F GAATCAACGCATGACCCAAGG Unpublished

C2_R AAACCTGACTGTCATTGTACA Unpublished contig 1-contig 2 632 bp^

C2_F TATTAAAATAAGTGGAACAAT Unpublished

C16_R GATTCCTACAATTGATAAAAATGG Unpublished contig 2-contig 16 674 bp

C16_F ACAAACTCATCACTTATGATACGC Unpublished

C93_R ATGCCAGACTAATTACTCGGTTAGA Unpublished contig 16-contig 93 1221 bp

C93_F TTCTAAATATTTCATCTTGGCTA Unpublished

C10_R AGGATTATGCTCTTCACCATTA Unpublished contig 93-contig 10 1739 bp

M05/0257 (SCCmec IVa and SCC476)^
39067-39087hsdM-F ATGCATCTTGATTAAATGGTA

hsdM-R TGCCGAAGTAGCTACCTTT 39947-39929 Internal region of hsdM 880 bp

hsdS-F GTGACATACTCATAAATTA 37606-37625

hsdS-R TATTGGACTATTACTAAGCT 38844-38825 Internal region of hsdS 1238 bp

hsdR-¥ TTGTGATCGTAGCCATCTA 34567-34586 Internal region of hsdR 997 bp

Continued overleaf



Table 6.2 continued

Primers Nucleotide sequence 5'-3D Location'* Region amplifled Expected 
amplimer size

hsdR-R AACCTTTACTTCATACAATG 35564-35545

fa r l-F AGTAAAGCAGTTAGTATATC 52852-52871

fa r l-R TCATAACAAATGTAATCTCCT 53388-53368
Internal region offa r l 536 bp

SCC-dr TCATTGGAAATTCGCTCCTAT 57223-57203 farl-SC C -dr 4371 bp

JCSC4744 (SCCm ec  IVa)^

IVa-Jl AGAAGCTGATATATTGCGAACT 15293-15314 J1 region o f SCCmec IVa 
to hsdM Unknown

“T-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Nucleotide sequences designed based on the whole genome sequence of MRSA isolate M06/0171 for closure o f contig gaps. 

^Nucleotide coordinates from MSSA isolate MSSA476 (GenBank accession no. NC_002953).

^Nucleotide coordinates from MRSA isolate JCSC4744 which harbour SCCmec IVa (GenBank accession no. AB266531).

“̂ Unpublished primers were designed during the current study based upon the whole genome sequence o f isolate M06/0171 for closure 
o f contig gaps. Primers were also designed based on the nucleotide coordinates o f isolates MSSA^Zd and JCSC4744.

^The expected amplimer size was larger than expected by ca. 180 bp indicating sequence that was not included in final assembly.
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Fig. 6.1 Schematic representation showing the comparative genetic organisation of (A) SCCmec and SCC-/76 in MRSA isolate 

M05/0257, (B) SCCmec IVa previously described in MRSA isolate CA05 (Genbank accession number: AB0633172) and (C) the 

SCC476 element harboured by MSSA-/7(5 (Genbank accession number: NC_002953). The location o f primers that were used for PCR 

amplification to confirm the presence of the hsd operon and ccrABl in M05/0257 are indicated by short arrows ( ► ) and those used for 

PCR amplification from SCCmec IVa to SCC476 and across the entire SCC476 element are indicated by long arrows ( ^  ).
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1-kb DNA molecular size ladder (Promega, USA). Primers were also designed to detect a 

region encompassing part o f the J1 region o f the SCCmec type IVa element and the 

neighbouring part o f SCC476 in order to determine the location o f the SCC476 element in 

this isolate (Table 6.1 and Fig. 6.1). The sixth novel SCCmec subtype was identified in a 

BH MRS A isolate 00471 (Table 6.1). SCCmec typing resulted in the identification o f a 

SCCmec type VIll element in this isolate due to the presence o f  a mec class A and ccrAB4 

complex. However, this isolate exhibited STS, spa type tl9 0  and PFG-00 (indicative of 

STS), while SCCmec VIII has previously only been reported in Canadian MRSA isolates, 

which exhibit pulsed-field type CMRSA9 and spa type tOOS (Zhang et a i ,  2009). Since BH 

isolates had not undergone DNA microarray analysis BH MRSA isolate 00471 was 

processed using the DNA microarray in order to gain additional information on the 

SCCmec element harboured by this isolate (Chapter 5, section 5.2.4; Table 6.1). Long- 

range PCR amplification was also performed to detect the location o f ccrAB4 in this isolate 

using the primers LClVb R and ccrB4 F, which were previously described by Shore et al. 

(2008) (Table 6.1).

The location of some o f  the additional amplimers with respect to the SCCmec 

element were also investigated i.e. ccrC  in E0754 and M 06/0116 and ccrAB4 in M05/0233, 

MOO/0005.2 and 00471. Long range PCR amplification from orJX to ccrC  was performed 

using template DNA from E0754 and M 06/0I16 and the primers orfX^-R previously 

published by Shore et al. (2005) and yF published previously by Kondo et al. (2007) (Table 

6.1). Long range PCR amplification from the left junction o f a SCCmec IV element 

downstream from SCCmec was performed using the primers LCIVb R and ccrB4 F in 

00471 (Table 6.1) (Shore et al., 2008). Short range PCR amplification was performed using
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primers a4U and P4U for detection of a ccrAB4 complex that was detected by the 

microarray in Chapter 5 in isolate M06/0171, but was not detected using the primers 

described by Kondo et al. (2007) (Ruppe et al., 2009). All short-range PCR amplifications 

were performed as described in Chapter 2, (section 2.4.4) and all long-range PCR 

amplifications were performed according to the manufacturer's instructions (Chapter 2, 

section 2.4.4).

UPGMA trees were constructed from the comparison of the nucleotide sequence 

alignments between all ccrC alleles and between all ccrAB4 alleles sequenced in this 

investigation using the CLUSTAL W sequence alignment computer programme (Higgins 

and Sharp, 1988). Previously sequenced ccrC and ccrAB4 alleles were also included for 

comparison using CLUSTALW and included previously sequenced ccrC alleles harboured 

by 06-03228 which is a S. pseudointermedius isolate harbouring SCCmec V j {mec class C, 

ccrC2 and ccrCS) (GenBank accession number: FJ5449), PMl which is a S. aureus isolate 

harbouring SCCmec V t {mec class C, ccrC2 and ccrCS) (GenBank accession number: 

AB462393), WIS which is a S. aureus isolate harbouring SCCmec type V {mec class C and 

ccrC) (GenBank accession number: AB 121219) and TW20 which is a S. aureus isolate 

harbouring SCCmec type \Wmer {mec class A, ccrABS and ccrC) (GenBank accession 

number: FN433596). The previously sequenced ccrAB4 alleles were harboured by HDE288 

which is a S. aureus isolate harbouring SCCmec VI {mec class B and ccrAB4) (GenBank 

accession number: AF411935), C l0682 which is a S. aureus isolate harbouring SCCmec 

VIII {mec class A and ccrAB4) (GenBank accession number: FJ390057), ATCC12228 

which is a S. epidermidis isolate harbouring a SCC-CI element which harbours a ccrAB4 

complex (GenBank accession number: BK001539) and CHE482 which is a S. aureus
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isolate harbouring a novel SCCmec type previously described as SCCmec N1 (mecA, 

AmecR and ccrAB4) (GenBank accession number: EF126185) (Ender et al., 2007).

6.2.3 Investigation of the novel SCCmec type harboured by one MRSA isolate

A total o f three sporadic MRSA isolates were identified as harbouring possible novel 

SCCwec types by both SCCmec typing (Chapter 4, section 4.3.1.2 and Table 4.1) and DNA 

microarray analysis (Chapter 5, section 5.3.1 and Table 5.2). These included E1263 and 

M03/0178, both o f  which harboured a class B mec complex but no ccr complex was 

detected in either MRSA isolate by PCR or by microarray analysis. The third isolate 

(M06/0171) harboured two ccr complexes (ccrC and ccrAB4) and while mecA was 

identified, no mec regulatory genes were detected (Table 6.1). Further detailed 

investigations were undertaken for M06/171 as there was more information available for 

this isolate with which to proceed. The ccrC  complex o f M06/0171 was detected by 

SCCmec typing but not by microarray analysis and the ccrAB4 complex was detected by 

microarray analysis but not by SCCmec typing PCR (Table 6.1). The ccrC  complex was 

investigated further by simplex PCR amplification using the same primers used for the 

multiplex PCR with same conditions and subsequent sequencing o f the resulting amplimer 

(Chapter 2, sections 2.4.4 and 2.4.2, respectively) (Table 6.1). Since no amplimer was 

obtained for ccrAB4 by SCCmec typing PCR, primers previously published by Ruppe et al. 

(2009) were used to amplify the ccrAB4 complex in this isolate as they detect more ccrAB4 

alleles compared to the primers used for SCCmec typing by Kondo et al. (2007) (Table 

6.1). Rapid whole genome sequencing using the GS FLX instrument (Roche) which uses 

454 pyrosequencing technology as described previously by Margulies et al. (2005) was 

undertaken to determine the genetic structure o f the novel SCCmec element harboured by
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M06/0171. Genomic DNA for use in high-throughput whole genome sequencing was 

extracted from M06/0171 using the Staphy-Type Kit according to the manufacturer’s 

instructions (Chapter 5, section 5.2.3). DNA samples were electrophoresed on 0.8 % (w/v) 

agarose gels to test DNA quality and the absence o f RNA. Genomic DNA samples were 

sent for high-throughput whole genome sequencing to Beckmann Coulter Genomics using 

the Genome Sequencer FLX Instrument (Roche) with 15 X coverage across the genome 

(Danvers, MA, USA). Analysis, annotation and assembly o f the contigs o f the whole 

genome sequence was performed using Artemis viewer software 

(http://www.sanger.ac.uk/resources/software/artemis/) (Rutherford et a i ,  2000; Berriman 

and Rutherford, 2003). Searches o f the EMBL and GenBank databases for nucleotide 

sequence similarities were performed using the BLAST family o f computer programs 

(Altschul et al., 1990). The closure o f gaps between contigs that were found to harbour 

SCCmec related sequence was performed using short-range PCRs using primers designed 

from the whole genome sequence (Table 6.2).
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6.3 Results

6.3.1 Further investigation of novel SCCmec subtypes harboured by six MRSA 

isolates

6.3.1.1 E0754

The sporadic MRSA isolate E0754 harboured a novel SCCmec I subtype with ccrC, a 

region between p/255 and Tn55¥ and a region between T nJJ^  and orfiC. Sequence analysis 

of the ccrC  specific amplimer that this isolate yielded revealed that it exhibited 99% DNA 

sequence identity with ccrC previously identified in SCCmec \Wmer from MRSA strain 

TW20 (GenBank accession number: FN433596) (Fig. 6.2 (A)) (Holden et al., 2010). The 

amplimer corresponding to the amplification o f the region between p/25S and Tn554 

exhibited 94% DNA sequence identity with the J3 region o f SCCmec V and VII and 91% 

DNA sequence identity with the J3 region in SCCmec type \\\mer. An amplimer 

corresponding to the amplification o f the region between T nJJ^  and orfiC exhibited 99% 

DNA sequence identity with the same region o f SCCwec type Winter. A ca. 4-kb amplimer 

was obtained following PCR amplification o f the region from orfiC to ccrC  in this isolate 

indicating that the ccrC  gene was located in the J3 region o f the SCCmec element similar to 

the location o f ccrC  in SCCmec \\\mer (Chapter 1, Fig. 1.3).

6.3.1.2 M06/0116

Sporadic MRSA isolate M 06/0116 harboured a novel SCCmec II subtype with ccrC  and the 

region between pl258 & ln554 . Sequence analysis o f  the ccrC  specific amplimer produced 

by this isolate revealed that it exhibited 100% DNA sequence identity with ccrC  harboured 

by a novel SCCmec element o f S. haemolyticus strain JCSC1435 (GenBank accession
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number; AP006716) (Fig. 6.2 (A)). The ampHmer corresponding to the amplification o f the 

region between p/255 and Tx\554 exhibited 94% DNA sequence identity with part o f the J3 

region o f SCCmec types V and VII and 91% DNA sequence identity with the J3 region of 

SCCmec type IWmer. A ca. 4-kb amplimer was also obtained following PCR amplification 

from orflC to ccrC  in this isolate indicating that the ccrC  gene was located in the J3 region 

o f the SCCmec.

6.3.1.3 M05/0233

Sporadic MRS A isolate M05/0233 was found to harbour a novel SCCmec V j subtype with 

ccrAB4. Sequence analysis o f the ccrAB4 specific amplimer from this isolate revealed that 

it exhibited 100% DNA sequence identity with ccrAB4 from the SCCmec VIII element in 

MRSA strain C l0682 (GenBank accession number: FJ390057), SCC-CI harboured by S. 

epidermidis (GenBank accession number: BK001539) and sporadic MRSA isolate 

MOO/0005.2 (Fig. 6.2 (B)).

6.3.1.4 MOO/0005.2

The SCCmec element o f sporadic MRSA isolate MOO/0005.2 was characterised by the 

presence o f class B mec and ccrAB4 indicative o f SCCmec VI. However all other data for 

this isolate, including its genetic background (PFG-00 indicative o f STS, STS by MLST 

and spa type tl90 ) together with the presence o f a class B mec complex in this isolate, were 

indicative o f the presence o f a variant o f IVE/F SCCmec element with adjacent ccrAB4 

normally associated with isolates belonging to this genotype but lacking ccrAB2 (Chapter 

4, section 4.3.1.2 and Table 4.1). Sequence analysis o f the ccrAB4 amplimer revealed that it 

exhibited 100% DNA sequence identity with ccrAB4 from the S. aureus SCCmec VIII 

element in MRSA strain C l0682 (GenBank accession number; FJ390057), SCC-CI
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(a)
_l E0754

TW20, S. aureus, SCCmec Ulmer, ccrC (FN4335%; 41085-41596)
I -  UMCG_M4, S. aureus, SCCmec V, ccrC8 (GQ902038: 7910-7311)

06-3228, S. pseudiraermedius, SCCmec V, ccrCS (FJ544922: 7905-7306)
_____________ IM06/0116

' JCSC1435, S. aureus, SCCmec, ccrC (AP006716; 64338-64849)

M06/0171
■ WIS, S. aureus, SCCmec V, ccrC (AB121219; 16327-16838)

' 25-60, S. haemofyticus, novel SCCmec, ccrC6 (EF190467: 196-707)
■ UMCG_M4, S. aureus, SCCmec V, ccrCIO (GQ902038: 23520-22922)
---------------06-3228, S. pseudiraermedius SCCmec V, ccrC2 (FJ544922: 24514-23916)

(b)
-M06/0171
• HDE288, S. aureus, SCCmec VI, ccrAB4 (AF411935: 8950-9881) 
— CHE482, S. aureus, SCCmec Nl, ccrAB4 (EF126186: 1245-2164)M05/0233

C10682, S. aureus, SCCmec Vm, ccrAB4 (FJ390057; 25792-24861)
ATCC12228, S. epidermidis SCCCI, ccrAB4 (BK001539: 27986-27055)
MOO/0005.2

Fig. 6.2 Unweighted Pair Group Method with Arithmetic Average (UPGMA) trees comparing the DNA sequences from the GenBank 

database that exhibited DNA sequence identity to (A) ccrC harboured by MRSA isolates E0754, M06/0116 and M06/0171 and (B) 

ccrAB4 harboured by MRSA isolates M06/0171, M05/0233 and MOO/0005.2 using the Basic Local Alignment Search Tool (BLAST). 

The sporadic MRSA strains are shown in blue font. Previously described staphylococcal species are indicated by the strain name 

followed by the SCCmec or SCC-like elements harbouring allelic variants of ccrC or ccrAB4. The GenBank accession number 

followed by the nucleotide coordinates of each DNA sequence exhibiting DNA sequence identity to a sequenced amplimer from a 

sporadic MRSA isolate is indicated in parenthesis. The UPGMA trees were constructed using ClustalW (Higgins and Sharp, 1988).



(■kl. ' < "



harboured by S. epidermidis (GenBank accession number: BK001539) and sporadic MRSA 

isolate M05/0233 (Fig. 6.2 (B)).

6.3.1.5 M05/0257

Sporadic MRSA isolate M05/0257 harboured a SCCwec type IVa element and SCC476, 

which was located downstream o f the J1 region o f SCCmec IVa (Fig. 6.1). All PCRs to 

determine the genetic organisation o f the SCC476 element in M05/0257 resulted in the 

same size amplimers as expected for a SCC476 element (Fig. 6.1) suggesting the same 

genetic organisation. An amplimer was obtained from the J1 region o f SCCmec IVa to the 

hsd  operon confirming that SCC476 was located adjacent to the left junction o f SCCmec 

IVa (Fig. 6.1).

6.3.1.6 00471

The BH MRSA isolate 00471, was found to harbour a SCCmec subtype VIII element by 

SCCmec typing and DNA microarray analysis (mec class A and ccrAB4 complex) (Table 

6.1). However, the genotype o f this isolate (ST8-tl90) suggested that this isolate was 

similar to isolates previously described in Ireland as harbouring SCCmec IIA-IIE with 

ccrAB4 located outside the SCCwec cassette. Long-range PCR using template DNA from 

MRSA isolate 00471 and previously described primers extending from ccrAB4, located 

outside o f  SCC/wcc, to the JI region o f SCCwcc elements IIA-IIE, resulted in an amplimer. 

This indicated that ccrAB4 was located outside o f SCCmec in this isolate and that it 

possibly harboured a novel SCCmec subtype similar to IIA-IIE due to the carriage o f class 

A mec complex as well as its genotype which is the same as ccrAB4 harboured by MRSA 

and MSSA isolates which were found to harbour SCCmec IID and IID remnants 

respectively (Shore et a i ,  2008).
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6.3.2 Detailed molecular analysis of the novel SCCmec element harboured by MRSA 

isolate M06/0171

The sporadic MRSA isolate M06/0171 was found to harbour ccrC, ccrAB4 and mecA by 

DNA microarray analysis and/or SCCwec typing but no mec regulatory genes were 

detected (Table 6.1). The ccrC  amplimer harboured by M06/0171 exhibited 96% DNA 

sequence identity with ccrC  from S. haemolyticus strain JCSC1435 (GenBank accession 

number: AP007616) (Fig. 6.2 (A)). This may explain why the DNA microarray did not 

detect this particular ccrC  allele as the microarray primers and probes used for ccrC  

detection were designed based on ccrC previously identified in S. aureus which exhibit 

94% and 96% DNA sequence identity to ccrC in S. haemolyticus in SCCmec V and 

SCCmec IWmer, respectively. Amplification and sequencing o f the ccrAB4 specific 

amplimer obtained using the primers previously published by Ruppe et al. (2009) indicated 

that ccrAB4 from M06/0171 exhibited 92% DNA sequence identity with ccrAB4 previously 

identified in SCCwec VI from MRSA isolate HDE288 (Genbank accession number 

AF411935) (Fig. 6.2 (B)) (Ruppe et al., 2009). Since the primers for ccrAB4 used in 

SCCwec typing were designed based on ccrAB4 from SCCmec type VI, this may explain 

why the ccrAB4 complex identified in M06/0171 was not detected by SCCmec typing.

6.3.2.1 Analysis o f the whole genome sequence o f MRSA isolate M06/0I71 revealed the 

presence o f a novel SCCmec element.

The location and genetic organisation o f SCCmec in M06/0171 was determined by whole- 

genome sequencing followed by PCR to close the gaps between the contigs (Table 6.2). It 

should be noted that 2/5 contig gaps remain to be closed (Fig. 6.3). This resulted in the 

identification o f a novel ca. 48.5-kb SCCmec composite island which was integrated at the
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NZ85/2082 AGCATTTAAGATTATGCOTOOA^A,AGCGTATCATAA,KTAAAACrAAAAATTA....... ».....ACTTAAAAACCGCATCATCAACTa41Aji2£AGAAGCGTATCATAAGTAGCGGAGOAGTTT

ATCC25923 AOCATTTAAGATTATGCGTGOAI^AGGCGTATCATAAATAAAACTAAAAATGG........».....CXX3TAAAAACCTCATCATCAACGGAIAA2£|AGAAGCGTATCATAAGTAGCGGAGGAGTTT
1

Fig 6.3 Schematic representation o f a novel SCCmec composite island idenitified in ST779-MRSA isolate M06/0171. (1) M06/0171 

harboured a novel 48.5kb SCCmec composite island (SCCmec-Cl) consisting of a 26.5 kb SCCmec element and a 17.7 kb SCC-like 

element. The SCCmec element consisted o f a unique combination of novel mec class tentatively designated mec class F {mecA and 

AmecRl (14bp)) and a ccrC  gene that exhibited 96% DNA sequence identity with ccrC previously identified in S. haemolyticus strain 

JCSC1435 (GenBank accession number; AP007616) (Fig 6.2 (C)). (2) The SCCmec-C\ was flanked by characteristic direct repeats 

(DR) (A & D) 29 bp in length and were compared to those previously described for NCTC10442 {SCCmec I), 85/1940 {SCCmec I), 

N315 {SCCmec II), 85/2082 {SCCmec \\\mer) and ATCC25923 (SCC-like) (Ito et al., 2001). The junction regions o f 85/2082 

{SCCmec Wlmer) (Ito et al., 2001) showed highest DNA sequence identity to those in M06/0171. The SCC-like element in SCCmec- 

Cl harboured a ccrAB4 complex that exhibited 91% DNA sequence identity with ccrAB4 harboured by SCCmec VI (HDE288) (Fig 6.2 

(A)). The novel SCC-like element was also flanked by DRs, 54 bp in length (DR54) (B & C). The nucleotide sequences o f the DR54 

sequences flanking the SCC-like element differed by just two nucleotide bases (B and C). The genes labelled as coding DNA 

sequences (cds) encoded hypothetical proteins except for cds 27 which showed 90% DNA sequence identity with a gene encoding a 

putative drug transporter in S. epidermidis strain RP62A (cds: SERP2380) (GenBank accession number: BK001539). Dotted lines 

indicate gaps between two contigs that have not yet been closed by PCR.
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exact same nucleotide position within orflC in M06/0171 as all other MRSA isolates 

identified to date (Fig. 6.3). This novel SCCwec Composite Island (SCCwec-CI) consisted 

of (a) a 26.5-kb novel SCCwec element, (b) an adjacent 17.7-kb novel SCC-like element 

and (c) a final 4.3-kb DNA sequence. The complete SCCmec-CI was flanked by direct 

repeat (DR) sequences, 29 bp in length, and inverted repeat (IR) sequences, 7-bp in length, 

which are characteristic o f SCCmec and SCC-like elements (Fig. 6.3). In addition, the 

SCC-like element was also flanked by novel 54-bp direct repeat (DR) sequences (Fig. 6.3 

and 6.4). These DRs exhibited partial DNA sequence identity (92%) with DRs previously 

identified in a SCC-like element SCC45394F  (Fig. 6.4) in S. aureus strain 45394F 

(Genbank accession number; G U I22149).

6.3.2.2 The mec and ccr complexes

The two fundamental genetic components for defining a SCCmec type include the mec and 

ccr gene complexes and a unique combination o f these genes was identified in the S>CCmec 

element o f M06/0171. The mec complex consisted o f a complete mecA gene and a 

truncated m ecRl gene (AmecRl), which was just 14 bp in length, \S431mec and 

glycerophoshoryl diester phophodiesterase (ugpQ) and no other genes commonly 

associated with the mec region were identified i.e. m eci ox other insertion sequences such as 

IS7272 (Fig. 6.3). Two ccr genes, ccrC  and ccrAB4, were identified (Fig. 6.3). The novel 

ccrC  allele was identified within the SCCmec element and exhibited 94% DNA sequence 

identity with ccrC  from S. haemolyticus (Figs. 6.2 (A) and 6.3). Chlebowicz et al. recently 

reported a ccrClO  allele o f the ccrCl allotype (Chlebowicz et al., 2010). The novel ccrC 

allelic variant detected in M06/017I will be tentatively referred to as a ccrC ll allele o f the 

ccrCl allotype. The novel ccrAB4 gene allele was located on the SCC-like element and
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exhibited 91% DNA sequence identity with ccrAB4 harboured by a SCCmec type VI 

element (Figs. 6.2 (B) and 6.3). Apart from ccrC  and the mec complex, the SCCmec 

element was differentiated into two distinct regions, J 1 and J2, while the J3 region could 

not be identified (Fig. 6.3).

6.3.2.3 SCCwgc J regions

The J 1 region was ca. 6-kb in size and consisted o f four coding DNA sequences encoding 

hypothetical proteins (cds 16-19) which were found to exhibit 90% DNA sequence identity 

with two S. epidermidis strains RP62A and ATCC12228 that harbour SCCmec type II and 

SCC-CI, respectively, (GenBank accession numbers: BK001539 and CP000029, 

respectively) (Fig. 6.3). The J2 region was ca. 14.8-kb in size and consisted o f eight cds 

regions including cds 9-14 located upstream of ccrC, which all exhibited 90% DNA 

sequence identity to cds encoding hypothetical proteins in the MRS A strain 453 94F 

(GenBank accession number: GU122149) and were similarly located adjacent to a ccr 

complex. The J2 region also harboured a truncated copy o f a gene encoding a restriction 

modification system hsdR (Fig. 6.3). The cds 7 exhibited 98% DNA sequence identity with 

a cds in SCCmec type VII element in S. aureus (GenBank accession number: AB373032) 

and cds 8 exhibited 99% DNA sequence identity with a cds in S. epidermidis strain RP62A. 

A 6-kb DNA sequence was also detected in the J2 region o f this SCCmec element that 

exhibited no significant identity with any sequences in the GenBank database (Fig. 6.3).

6.3.2.4 Novel SCC-like element

Apart from ccrAB4, the SCC-like element o f M06/0171 was differentiated into a total of 

eight cds (Fig. 6.3). Six cds regions encoded putative hypothetical proteins (cds 22-25 and 

28) which all exhibited 91% DNA sequence identity with two SCC elements including
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B C

DRS4: ATTTTTTAG'mTATTTGTGATAAGCTTCTX3CGTATCGGTTAATGATC3CGGTTr...» .DRS4 ATTmTAGTnTAnTGTGCTACGCTTCTaCGTATCGGTTAATGATQCGGTTr 

SCC476 DR: AGAAGCATATCA'TAAATOATGCGGTTT .»... DR: AGAAGCATATCA'TAAATGATGCGGTTT

Fig 6.4 Nucleotide sequences of tiie direct repeat sequences of SCC-like element identified in M06/0171. Comparison of DR54 

sequences that were identified in M06/0171 (Top sequence) which exhibited 95% DNA sequence identity with the direct repeats 

flanking SCC45JPF (lower sequence) (GenBank GU122149).
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SCCmec type II and SCC-CI from S. epidermidis strains RP62A and ATTC12228 

respectively (Genbank accession numbers; BK001539 and CP000029, respectively). The 

cds 27 exhibited 90% DNA sequence identity with a putative drug transporter (cds: 

SERP2380) in S. epidermidis strain RP62A. A gene encoding spermidine resistance (speG), 

exhibited 97% DNA sequence identity to SCC-CI of S. epidermidis (GenBank accession 

number: BK001539) and a gene encoding a thiamine biosynthesis precursor product {abpE) 

exhibited 90%> DNA sequence identity to S. epidermidis strain RP62A (Fig. 6.3). There 

were also two regions o f DNA sequence in the SCC-like element, located on either side of 

the ccrAB4 complex (1.4-kb upstream and 3.6-kb downstream respectively), that exhibited 

no significant DNA sequence identity with any sequences in the Genbank database (Fig. 

6.3).

The final 4.3-kb o f DNA sequence o f the SCC composite island was located 

adjacent to the SCC-like element and harboured two cds regions (Fig. 6.3). These included 

a cds which exhibited 100%) DNA sequence identity to a copA gene previously identified in 

ACME in the USA300 MRS A strain TCH1516 (GenBank accession number: CP000730) 

and in SCC-CI in the S. epidermidis strain A TCC12228. The cds 31 exhibited 98% DNA 

sequence identity with a putative lipoprotein in ACME in the USA300 strain TCH1516 

(GenBank accession number: CP000730).

6.3.2.5 Naming o f the Novel SCCmec element

The identification o f a novel mec complex (section 6.3.2.2), tentatively termed mec class F 

and a novel allele o f  the ccrCl allotype (section 6.3.2.2) tentatively named ccrC ll 

constitutes a novel SCCwec type with a previously unreported mec complex and ccr 

complex combination i.e. 5F. According to recent recommendations by IWG-SCC, a novel
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SCCmec type should be referred to by Roman numerals with the mec complex and ccr 

complex in parenthesis (IWG-SCC, 2009). Since there have been eleven SCCmec types 

reported to date (Chapter 1, Fig. 1.3), SCCmec XII (5F) was tentatively assigned to the 

SCCmec element harboured by M06/0171 pending consultation with the IWG-SCC 

Committee. Naming o f the SCCmec-C\ element should incorporate the name o f the 

SCCmec element followed by the fundamental elements that define SCCmec and SCC-like 

elements in parenthesis thus the SCCmec-C\ element in M06/0171 will be temporarily 

referred to as SCCmec XII (5F & 4) pending consultation with the IWG-SCC (IWG-SCC, 

2009).
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6.4 Discussion

The recent plethora o f novel SCCmec types, subtypes and SCC-like elements identified 

among MRSA and staphylococci is a cause o f concern considering that it is now common 

practice to define MRSA clones based on the combination o f a SCCmec type and genotypic 

background (MLST or spa type). Novel SCCmec subtypes are being detected with more 

than one ccr complex which sometimes indicates a composite element. Furthermore, novel 

allelic variants o f ccr complexes are being reported and a number o f non-mec containing 

SCC-like elements have been described in both S. aureus and other staphylococci (Luong 

et al., 2002; Katayama et al., 2003; Holden et a i ,  2004; Mongkolrattanothai et al., 2004; 

Heusser et al., 2007; Ruppe et al., 2008; Shore et ah, 2008). A recent study by Ruppe et al. 

(2008) reported a previously unrecognised diversity within SCCmec and SCC-like elements 

among CoNS, predominantly S. epidermidis and S. haemolyticus, originating from four 

separate countries. Ruppe et al. (2008) reported a total o f 15 mec-ccr combinations 

identified mostly in S. epidermidis, o f which a high percentage o f isolates investigated 

harboured two ccr complexes (35.4%) and a number o f isolates harboured three ccr 

complexes (7.3%) in addition to the mec complex (Ruppe et al., 2008). Shore et al. (2008) 

also reported the presence o f a ccrAB4 complex initially identified on a SCC-composite 

island (SCC-CI) in a S. epidermidis strain in ST8, spa type tl90  MRSA isolates harbouring 

SCCmec IIA-IIE, IVE and IVF, as well as MSSA isolates which also harboured remnants 

o f SCCmec elements (Shore et al., 2008). Chlebowicz et al. (2010) recently reported the in 

vivo loss o f the mec gene complex caused by recombination between the recombinase 

genes ccrCI allele 8 and ccrC l allele 10 in an MRSA isolate harbouring SCCmec type V j 

and exhibiting the ST398 genotypic background (Chlebowicz et al., 2010). Such
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investigations have underlined the potential for diversity among SCCmec and SCC-like 

elements in MRSA and other staphylococcal species.

Technological advances in recent years have resulted in more in-depth molecular 

investigations being undertaken on MRSA populations which will very likely result in the 

identification o f more SCCmec and SCC-like elements in S. aureus and in other 

staphylococci. In 2009, a proposal was published by an International Working Group on the 

classification o f staphylococcal SCCmec elements (IWG-SCC) for reporting o f novel 

SCCwec types and SCCmec subtypes, which stated that researchers should determine the 

entire nucleotide sequence o f any putative novel SCCmec element and that novel SCCmec 

subtypes may be defined by the presence o f MGEs such as insertion sequences, plasmids or 

transposons as well as characteristic genes, pseudogenes or non-coding regions present in 

the J regions (IWG-SCC, 2009).

6.4.1 Six novel SCCmec subtypes

In the present study, novel SCCmec subtypes harboured by five sporadic MRSA isolates 

and one BH MRSA isolate were investigated. Possible composite elements were detected in 

two sporadic MRSA isolates, E0754 {SCCmec type I, STS, spa type tl09 ) and M 06/0116 

(SCCmec type II, ST36, t018), due to the presence o f an additional ccrC  complex in each 

case which exhibited 99% DNA sequence identity with ccrC  harboured by SCCmec Illm^r 

and 100% DNA sequence identity with ccrC  harboured by a novel composite SCCmec 

element in S. haemolyticus, respectively (Fig. 6.2 (A)). An amplimer was also obtained 

following PCR amplification from ccrC  to orJX in both isolates, indicating that ccrC was 

located upstream from orpc. Additionally, both isolates also yielded amplimers indicative 

o f a region previously reported in the J3 region of SCCmec types \\\mer, V and VII
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elements (region between p/25S and Tn55^), however they shared only 94% DNA 

sequence identity with submitted sequences for this region in the Genbank database. E0754 

also yielded an amplimer corresponding to the amplification o f a region located between 

Tn55¥ and orfi{ previously reported in the J3 region of SCCmec type \Wmer, V and VII 

elements. This amplimer showed 94% DNA sequence identity with the same region of 

SCCmec types \Wmer, V and VII. Chlebowicz et al. (2010) recently reported findings that 

showed that parts o f  SCCmec V elements are highly similar to DNA sequences within 

SCCmec elements from S. haemolyticus and S. pseudointermedius (Chlebowicz et al., 

2010). Their findings were in keeping with the view that SCCmec elements have a mosaic 

structure and that certain parts o f these cassettes have a high tendency for intra- and 

interspecies recombination (Chlebowicz et al., 2010). The ccrC  complexes and the other 

amplimers identified in the SCCmec type I and II elements o f E0754 and M06/0116, 

respectively, may be the result o f such recombination events with SCCmec or SCC-like 

elements which may not yet have been identified in other staphylococcal species.

A sporadic MRSA isolate (M05/0233) belonging to STS and spa type t008 

harboured a SCCmec V j element with an additional ccrAB4 complex, which was found to 

exhibit 100% DNA sequence identity with ccrAB4 harboured by SCC-CI in S. epidermidis 

(Fig. 6.2 (B)), SCCmec VIII harboured by the CMRSA9 strain in Canada and also SCCmec 

II harboured by MRSA in Ireland (STS and spa type tl90 ) (Shore et al., 2005; Zhang et al., 

2009). Six sporadic MRSA isolates harboured SCCmec V j and with the exception of 

M05/0233 (STS and t008), they all exhibited CCS and t242 by MLST and spa typing, 

respectively. As discussed in Chapter 4, section 4.4.3 these findings indicate the possible
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integration o f a S>CCmec type V j element into an STS MSSA which may have already 

harboured a SCC-like element containing the ccrAB4 complex.

The ccrAB4 complex harboured by the sporadic MRSA isolate MOO/0005.2 (STS 

and tl90) exhibited 100% DNA sequence identity with the ccrAB4 complex harboured by 

SCCmec VIII and by SCC-CI in S. epidermidis and STS MSSA and MRSA (SCCwec II) in 

Ireland. While it is possible that MOO/0005.2 harbours a novel SCCmec element (i.e. mec 

class B and a ccrAB4 allele distinct from ccrAB4 harboured by SCCmec VI), other data for 

MOO/0005.2 suggests a SCCmec type IV variant element with the ccrAB4 complex located 

outside o f the SCCmec element similar to that described previously in STS/spa type tl90  S. 

aureus isolates (Shore et al., 200S) and further investigation is required to determine the 

location of ccrAB4.

Sporadic MRSA isolate M05/0257 (STS and t2279 harboured a SCCmec type IVa 

element and a SCC-like element {SCC476) previously reported by Holden et al. (2004) in 

MSSA (Fig. 6.1) (Holden et al., 2004). This is the first report o f  a SCC476 in a MRSA 

isolate in Ireland. However the presence o f the ccrABl complex and the fusidic acid 

resistant determinant (fusC) which are indicative o f SCC476 were previously reported in 

Maltese CC5-MRSA-IV and ST22-MRSA-IV isolates although no further characterisation 

o f the SCC476 element was undertaken for that study (Scicluna et al., 2008). Targeted PCR 

amplification indicated that the SCC476 element in M06/017I was similar in genetic 

organisation to the SCC476 element harboured by a MSSA isolate (Holden et al., 2004) 

(Fig. 6.1). The BH MRSA isolate 00471 (STS and tl90), harboured a SCCmec typing 

combination indicative o f a SCCmec type VIII element. Microarray analysis was performed 

on 00471 and although the IconoCIust software for microarray analysis could not assign a

183



SCCmec type to the microarray SCCmec pattern, manual analysis indicated that the 

SCCmec pattern was that o f a SCCmec VIII element. However, long range PCR indicated 

that the ccrAB4 complex was located outside o f the SCCmec element similar to what has 

been described previously for isolates o f this MLST and spa type (Shore et al., 2008). 

Thus, a ccr complex was not detected within the SCCmec element by any o f the methods 

used in this investigation. The BH MRSA isolate 00471 also harboured a mec class A 

complex which is present in SCCmec types II, III and VIII. This isolate may harbour a 

SCCmec element that has lost a ccr complex or a SCCmec element with a novel ccr 

complex in combination with mec class A. The genotypic background o f 00471 (STS and 

tl90) has also previously been associated with SCCmec elements in Ireland which suggests 

that 00471 may harbour a variant o f a SCCmec II element (Shore et al., 2005).

The BH MRSA isolate 00471 and the sporadic MRSA isolate MOO/0005.2 would 

have both been assigned incorrect SCCmec types using just SCCmec typing or microarray 

analysis as standalone methods (i.e. both MRSA isolates may harbour possible novel 

SCCmec II and IV or VI subtypes respectively, but were assigned as SCCmec types VI and 

VIII, respectively using SCCmec typing and the DNA microarray). This supports the view 

that the classical methods for SCCmec typing in both MRSA and other staphylococci may 

only detect a limited range o f SCCmec types and subtypes. However, recent and future 

developments with whole genome sequencing and microarray technologies will 

undoubtedly address this shortfall.

6.4.2 Genetic structure of a novel SCC/nec-composite island.

It has previously been suggested that mec gene complexes and ccr gene complexes go 

through complex recombination and rearrangement processes in the genomes o f CoNS with
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novel types of SCCwec and SCC-like elements being continuously generated, only a

fraction of which are transferred to S. aureus strains. Thus the level of diversity that exists

in SCC/wec and SCC elements in staphylococci is probably significantly underestimated

(Ito et a l, 2004). The novel SCCmec element detected in the sporadic MRSA isolate

M06/0171 (ST779 and t878) harboured a novel mec complex {mecA and AmecRl)

tentatively designated mec class F and a novel ccrC complex that exhibited 96% DNA

sequence identity with ccrC harboured by S. haemolyticus (Fig. 6.2 (A), 6.3). The novel

ccrC complex was tentatively designated as a ccrC ll allele of the ccrCl allotype (section

6.3.2.6). The truncated mecRl of mec class F consisted of only 14 bp and was located 100

bp downstream of mecA. Truncated copies of mecRl have been observed previously in

class B and C mec complexes but have been accompanied by the presence of insertion

sequences IS7272 and \S431, respectively (Chapter 1, Fig. 1.2). However no insertion

sequences were detected adjacent to AmecRl in M06/0171 (Fig. 6.3). The mec complex

arrangement mecA-AmecR has also been reported in mec class D in S. caprae (JA186) by

Katayama et al. (2001) and in mec class E in an MRSA strain by Lim et al. (2003) (Chapter

1, Fig. 1.2) (Katayama et al., 2001; Lim et al., 2003). However, the AmecR in the mec class

D complex (Katayama et al., 2001) was 1282 bp and the AmecRl in mec class E described

(Lim et a l, 2003) was 781 bp in size. It would appear that deletions may have occurred in

mec classes D, E and the novel mec class in M06/0171, which have resulted in the deletion

of meci and a segment of mecRl from the 3' side which have resulted in variable amounts

of the mecRl gene remaining in SCCmec. These deletion events appear to represent

separate events in the evolution of each of these mec complexes and therefore the mec

complex in M06/0171 is a novel mec complex. A possible explanation for the AmecRl of

mec classes D, E and the mec complex of M06/0171 lacking an insertion sequence may be
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the integration o f a MGE into the SCCmec element causing truncation o f AmecR and 

subsequent excision o f the MGE.

The combination o f a novel allele o f ccrC with a novel mec complex means the 

SCCmec element detected in M06/0171 should be assigned a novel SCCmec type number 

as described in section 6.3.2.5 according to recent recommendations (IWG-SCC, 2009). 

Thus, SCCmec XII (5F) was tentatively assigned to the novel SCCmec type harboured by 

M06/017I in section 6.3.2.6 pending consultation from the IWG-SCC. According to the 

recommendations published by the IWG-SCC, ccr genes that have nucleotide sequences 

exhibiting more than 85% similarity are to be assigned to the same allotype, hence all 

known ccrC  complexes have been assigned to the ccrC l allotype because they have all 

exhibited > 87% sequence similarity (IWG-SCC, 2009). The novel allele o f ccrC in 

M06/0171 exhibited 96% DNA sequence identity with ccrC  harboured by S. haemolyticus 

(Fig. 6.2 (A)), thus it represents a novel ccrC allele o f the ccrC l allotype and ccrC ll is the 

next available number for a ccrC l allele since Chlebowicz et al. (2010) reported the 

ccrClO allele. Similarly, the novel ccrAB4 complex harboured by the SCC-like element 

exhibited 91% DNA sequence identity to ccrAB4 harboured by SCCmec type VI in 

HDE288 and both o f these ccrAB4 complexes would have to be assigned as allelic variants 

of the same ccrAB4 allotype (Fig. 6.2 (B)).

The novel SCCmec-Cl also harboured a novel SCC element which was flanked by 

novel DR sequences which were 54 bp in length (DR54) and exhibited partial DNA 

sequence identity with previously described DR sequences which were 27 bp in length, 

flanking a SCC element SCC45394F, previously reported in a MRSA strain 45394F (Fig. 

6.4). Analysis o f the nucleotide sequence for SCC45394F, indicated a 26-kb SCC element
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harbouring a ccrABl complex as well as a restriction modification complex, a gene

encoding spermidine acetyltransferase (speG) and a putative fusidic acid resistance

determinant. SCCmec type IVk was also integrated downstream from the left junction o f

SCC45394F. SCC45394F was dissimilar to the SCC element detected in M06/0171 which

was 17.7-kb in size and harboured a novel allele o f a ccrAB4 complex, speG  and a putative

drug transporter gene (cds 27). Comparison o f the novel SCC-like element with other

staphylococcal sequences in the GenBank database using the BLAST family o f computer

programs indicated that this element may have originated in S. epidermidis as it exhibited

between 90% and 97% DNA sequence identity with two S. epidermidis strains (RP62A and

ATC12228) except for the ccrAB4 complex which exhibited 91% identity with the ccrAB4

complex in a SCCmec type VI element harboured by a MRSA strain (HDE288) (Fig. 6.2

(B)). The novel SCCmec-C\ element also harboured three regions o f DNA sequence which

exhibited no significant similarity to any o f the submitted sequences in the Genbank

database (Fig. 6.3). A region o f  low significant similarity may be identified by the BLAST

family o f computer programs if  a sequence is a low complexity sequence which is defined

as a sequence with an unusual composition i.e. unusual short repeat sequences that are

almost identical (Morgulis et al., 2005). However, low complexity sequence fails to explain

the regions o f low significant similarity detected in M06/0171 due to their low occurrence

in a genome and considering that the largest region o f low significant similarity was > 6-kb

in size and the smallest region o f low significance was 1.4-kb in size in M06/0171 (Fig.

6.3). It is possible that with advances with rapid whole genome sequencing, the detection of

novel segments o f DNA sequence that are not comparable to submitted sequences in the

Genbank database will be reported. With the exception o f these unidentifiable regions,

sequence analysis o f the remainder o f the novel SCCmec element indicated relatedness with
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s. epidermidis strains. It is possible that this novel SCCmec element was generated by 

recombination and rearrangement events in CoNS with subsequent transfer from S. 

epidermidis to S. aureus.

The novel SCCwec-CI was detected in a sporadically occurring clone (ST779 and 

spa type t878) for which there is currently little information available apart from its 

occurrence in the United Arab Emirates in 2003 as discussed in Chapter 5, section 5.4.1.1. 

The possible recent integration o f a novel SCCwec type that would appear to have 

originated in S. epidermidis into a sporadically occurring MSSA clone may have potential 

for the development o f a novel successful MRSA clone.
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Chapter 7 

General discussion
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7.1 General discussion

Staphylococcus aureus is an important pathogen capable o f causing a wide range of 

diseases in humans and animals largely due to its ability to express an extensive variety of 

virulence factors. The development o f antibiotics towards the end o f the second world war 

appeared to provide clinicians with an advantage for the treatment o f S. aureus infections. 

However the advantage was short lived due to emergence o f penicillin-resistant 

Staphylococcus aureus (PRSA) shortly after the introduction o f penicillin. The introduction 

of methicillin in the late 1950s was similarly followed by the emergence o f MRSA in the 

early 1960s and MRSA is now a problem in hospitals, the community and in animals in 

most countries worldwide. MRSA populations are formed by acquisition o f SCCmec by 

MSSA and subsequent expansion o f successful clones. It is important to determine whether 

colonisation or infection is due to particular major or sporadic MRSA strains. The ability to 

accurately determine the genetic relatedness o f MRSA isolates permits effective approaches 

for tracking the dissemination o f MRSA strains to be developed. Thus, an in-depth 

knowledge o f an MRSA strain's genotypic background including core genome and core 

variable genome (i.e. plasmids, transposons and mobile genetic elements such as SCCmec) 

facilitates the development o f typing methods for effective tracking o f highly clonal MRSA 

populations and sporadically occurring MRSA strains. Highly clonal MRSA may include a 

single MRSA strain, which is endemic and exhibits limited genetic diversity e.g. ST22- 

MRSA-IV. Sporadic MRSA strains may emerge as predominant MRSA strains locally or in 

another region in the future and they may also represent importation o f predominant MRSA 

strains from other regions to a region o f low prevalence. Thus, detailed molecular
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characterisation of MRSA isolates can facilitate effective tracking predominant and 

sporadic MRSA clones.

7.1.1 MRSA in Ireland

Methicillin-resistant S. aureus has been a major problem in Irish hospitals for many years 

and a study by Shore et al. (2005) identified the major MRSA clones that have been 

prevalent in Irish hospitals since MRSA was first reported in Ireland in 1971 (Hone and 

Keane, 1974; Shore et al., 2005). The current investigation focused on two very different 

MRSA populations that are present in Irish hospitals including (a) the highly-clonal MRSA 

strain ST22-MRSA-IV that has been endemic in Irish hospitals since 2002 and (b) 

sporadically-occurring MRSA isolates. The current predominant MRSA clone is similar to 

EMRSA-15 that predominates in the UK and was investigated in one Irish hospital during 

2007 and 2008. Tracking the spread of this MRSA strain is difficult because isolates are 

indistinguishable or exhibit only minor differences using established typing methods 

including AR typing, PFGE, MLST and SCCwec typing. The sporadic MRSA isolates 

investigated were recovered from hospitals around Ireland between 2000 and 2006 and 

exhibited considerable diversity in AR and PFG types.

7.1.1.1 Enhanced discrimination of a highiv clonal endemic ST22-MRSA-IV strain 

Smyth et al. (2010) used dru typing to investigate genetic diversity among isolates of the 

ST239-MRSA-III clone, and identified 42 dru types among 111 MRSA isolates. Tenover et 

al. (2006) investigated 30 ST8-MRSA-IVa isolates and the majority of isolates (29/30) 

exhibited a single dru type (dt9g). Goering et al. (2008) investigated 47 ST22-MRSA-IV 

(EMRSA-15) and 57 ST36-MRSA-II (EMRSA-I6) isolates from Scotland and detected 13 

and 12 dru types, respectively. As expected, the ST22-MRSA-IV isolates investigated
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could not be sufficiently discriminated using PFGE, spa or dru alone; e.g. 55.4% of isolates 

belonged to a single spa type, 57.1% belonged to just two PFTs and 62% belonged to just 

two dru types. However, the combination of all three typing methods (PFGE, spa and dru 

typing) significantly improved discrimination of ST22-MRSA-IV isolates, resulting in a 

higher number of type combinations (65) and significantly improved discriminatory power 

(SID 96.53), compared to any of these typing methods used alone or in pairwise 

combinations.

It is important to note that when these typing methods are used either individually 

or in different combinations, isolates assigned to different types can, in some instances, 

differ due to changes indicative of a single genetic event such as a point mutation e.g. 

difference in one repeat unit only in a spa or a dru type or a one to three band difference in 

a PFGE pattern (Tenover et al., 1995). The level of importance that is attached to these 

differences between two isolates requires careful consideration so that they are not over 

interpreted. Accurate interpretation of typing data requires the use of epidemiological 

information. Analysis of epidemiological information for a subset of ST22-MRSA-IV 

isolates investigated in the present study validated the relationships inferred using the 

combined spa, dru and PFGE typing data. This approach could be applied to significantly 

enhance discrimination of ST22-MRSA-IV isolates and potentially other highly-clonal 

MRSA strains in epidemiological typing investigations.

7.1.1.2 In-depth molecular characterisation of sporadically occurring MRSA isolates 

In contrast to the ST22-MRSA-IV isolates, the sporadic MRSA isolates investigated 

exhibited a high level of discrimination by each typing method. This is not surprising as 

extensive genetic diversity was identified in the present study among the 58 sporadic
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MRSA isolates investigated. The identification of seven novel SCCmec subtypes and two 

novel SCCmec types among the sporadic MRSA isolates highlights the potential for a novel 

MRSA clone to become prevalent in Irish hospitals and possibly displace the current 

endemic strain (ST22-MRSA-IV) as has occurred several times previously over the last 30 

years (Shore et al., 2005).

spa typing identified 22 spa types among the 58 sporadic MRSA isolates and cluster 

analysis assigned isolates representative of 17/22 spa types to four cluster groups, while the 

remaining five spa types were singletons. It should be noted that two different algorithms, 

MST and BURP, were used to investigate the clonal relatedness of spa types for the BH 

MRSA isolates and the sporadic MRSA, respectively. Both methods are similar and take 

into account duplication and excision of repeats, substitution, insertion and deletion of 

base-pair events and both algorithms attempt to minimise the cost values between spa types 

(i.e. parsimony assumption). However, an advantage of using MSTs is that a higher cost 

value is allocated to a nucleotide change resulting in an amino acid change compared to a 

nucleotide change that does not result in an amino acid substitution. In the present study the 

MST algorithm was chosen to investigate the BH MRSA isolates to allow further 

comparison with dru typing which cannot be investigated using the BURP algorithm. 

BURP analysis was chosen for investigation of the sporadic MRSA isolates as this has been 

more commonly used for describing MRSA populations in the literature. MLST identified 

17 STs among the sporadic MRSA isolates and they were clustered into eight CCs 

including six main MRSA CCs (CCI, CC5, CCS, CC22, CC30 and CC45) and two 

sporadic MRSA isolates (M04/0177 and M06/0171), exhibited singletons (ST36I and 

ST779, respectively). Six novel STs belonging to three CCs were identified including CC5
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(ST985, ST 1435 and ST930), CCl (ST 1336 and ST 111 5) and CCS (ST 1337). Twenty-four 

SCCmec types and subtypes were identified by SCCwec typing and by microarray analysis 

and included 15 previously identified SCCwec types and subtypes, seven possible novel 

SCCmec subtypes and two possible novel SCCmec types in which the ccr and/or mec gene 

complexes were not detected.

Further investigation o f five o f the novel SCCmec subtypes and one novel SCCmec 

type harboured by sporadic MRSA isolates as well as one novel SCCmec subtype 

harboured by a BH MRSA isolate identified evidence for transfer o f genetic material and 

recombination events between staphylococcal species. These included possible mosaic 

elements that were detected in two sporadic MRSA isolates (E0754 and M06/0116), both 

o f which were found to harbour an additional ccrC  within the J3 region downstream of orJX 

(see Chapter 6, sections 6.3.1.1 and 6.3.1.2). Furthermore, both isolates yielded additional 

PCR amplimers using previously described primers specific for amplification o f a region 

between pl258 & Tn55^ and a region between ln 5 5 4  & orfX  (Chapter 6, sections 6.3.1.1 

and 6.3.1.2). However, while the additional amplimers identified in E0754 exhibited DNA 

sequence identity with SCCmec types III, V and VII in S. aureus, the ccrC complex 

harboured by M 06/0116 exhibited DNA sequence identity with a ccrC  complex harboured 

by a composite SCCmec element in S. haemolyticus indicating possible interspecies 

transfer of SCCmec DNA (Takeuchi et al., 2005).

Additionally, the ccrAB4 complex was also harboured by three o f the isolates with 

novel SCCmec subtypes including M05/0233, MOO/0005.2 and 00471 (Chapter 6, section 

6.3.1 and Table 6.1). The ccrAB4 complex has previously been identified as an additional 

ccrAB4 complex in Irish STS, spa type tI90 MRSA isolates harbouring SCCmec types IIA-
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HE (Shore et al., 2008). The ccrAB4 complex in these isolates was found to exhibit 100% 

DNA sequence identity with ccrAB4 located in SCC-CI o f S. epidermidis (Shore et al., 

2008). The ccrAB4 complexes in M05/0223 (STS and spa type tOOS) and MOO/0005.2 (STS 

and spa type t451) both exhibited 100% DNA sequence identity with the ccrAB4 complex 

harboured by SCC-CI, which is also found in S>CCmec VIII. The ccrAB4 complex 

harboured by BH MRS A isolate 00471 (STS and spa type tl90 ) was found to be located 

downstream from a possible novel SCCmec subtype element similar to SCCmec IIA-IIE 

(Chapter 6, section 6.3.1).

The identification o f a novel SCCmec-C\ in isolate M06/0171 tentatively termed 

SCCmec XII (5F & 4) pending consultation with the IWG-SCC, also suggested possible 

recent transfer between CoNS and S. aureus as segments o f the novel SCCmec element 

exhibited between 90% and 97% DNA sequence similarity with SCC elements in two S. 

epidermidis strains, RP62A and A TCC12228, respectively as discussed in Chapter 6 

(section 6.4.2). The presence o f a novel SCCwec-CI element in a sporadically occurring S. 

aureus clone (ST779 and tS78) for which there is no information available in the literature 

may potentially represent a novel successful MRSA clone in the future. It should also be 

noted that there was evidence for transfer o f a sporadic MRSA strain between a man and a 

horse in two sporadic MRSA isolates including M05/0239 (ST8-MRSA-IVd and spa type 

t064) and M04/0132 (STS-MRSA-IVd and spa type t451), which differed only by the loss 

or gain of one spa repeat. An increasing prevalence o f LA-MRSA has been observed since 

the mid 1990s and transfer o f these strains to humans has been reported previously and with 

increasing frequency in recent years. This represents another important reservoir for MRSA 

strains and coupled with the extensive diversity that has been documented in CoNS as well
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as in CA-MRSA and HA-MRSA isolates, the potential for transfer of MGEs between 

staphylococci and the possible emergence of novel MRSA strains is substantial.

It should be noted that improved methods for performing molecular typing of 

microbial pathogens are in development. As discussed in Chapter 5, recent advances in 

high-throughput whole genome sequencing have facilitated primer design for use in DNA 

microarray technologies. Findings from this study using the DNA microarray Staphy-Type 

Kit (Alere technologies) indicated an abundance of MGEs harbouring antimicrobial 

resistance genes, enterotoxins, and other virulence determinants among sporadic MRSA 

isolates (Chapter 5, section 5.3). There are also other microarray systems available which 

target different selections of genes for different purposes i.e. more comprehensive virulence 

profiles or MGEs (Chapter 5, section 5.1).

The determination of the structure of the novel SCCmec element harboured by 

sporadic isolate M06/0171 was undertaken using whole genome sequencing, specifically 

the GS FLX sequencer from 454 Life Sciences (Roche), which is based on pyrosequencing 

technology that was introduced commercially in 2004 and has been described in detail in 

Chapter 6 (section 6.1) (Margulies et a i, 2005). Further advances that have been made in 

next generation sequencing which may be useful for molecular characterisation as well as 

identification and tracking of S. aureus and other important pathogens are described in the 

following sections.

7.1.2 Recent advances in whole genome sequencing

Advances in whole-genome sequencing technology have transformed the field of genetic 

research since the mid-2000s. Currently there are three commercially available next
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generation DNA sequencers including the (a) GS FLX sequencer using pyrosequencing 

technology (2004) (454 Life Sciences, Roche) (b) the Illumina genome analyser using 

polymerase based sequencing-by-synthesis (SBS) technology (2006) (Illumina) and (c) 

Sequencing by Oligo Ligation and Detection (SOLiD) using ligation-based sequencing 

technology (2007) (Applied Biosystems) (Mardis et al., 2008). The preparation o f the 

genomic DNA for each sequencer is similar and includes a random fragmentation step o f 

genomic DNA for each method. An emulsion PCR step is used to amplify the fragmented 

single-stranded DNA fragments for the GS FLX and SOLiD sequencers, which involves 

attachment o f the DNA fragments and attached adapters to beads in a 1:1 ratio and the 

addition o f necessary enzymes and oligonucleotides for PCR amplification (Margulies et 

al., 2005; Mardis et al., 2008). A bridge amplification step is undertaken for the Illumina 

sequencer, which involves amplification o f DNA fragments and adapters at each end o f the 

DNA fragment while attached to a flow channel cell with subsequent denaturation of 

double stranded DNA resulting in clusters o f amplified DNA template fragments (a flow

cell consists o f eight flow-cell channels, thereby allowing for simultaneous analysis of 

several samples on an Illumina sequencing system) (Mardis et al., 2008). For each method, 

amplification results in several million clones o f the original DNA fragment either attached 

to a bead (GS FLX and SOLiD) or in specific clusters on a flow cell (Illumina) (Margulies 

et al., 2005; Mardis et al., 2008). For the sequencing reactions the beads, now bound with 

several million DNA fragment copies, are either deposited into wells o f a PicoTiterPIate 

device (Roche) or they are covalently bound to the surface o f a specially treated glass slide 

(SOLiD) (Mardis et al., 2008).
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The main differences between each o f the next generation sequencing methods are 

in the sequencing chemistry that each method is based on. The GS FLX sequencer is based 

upon pyrosequencing technology that has been described in Chapter 6 (section 6.1). For the 

Illumina sequencing system, sequencing is based upon SBS technology. The flow-cell is 

placed in a fluidics cassette within the sequencer and each cluster is supplied with 

polymerase and four differentially labelled fluorescent nucleotides, each of which have 

their 3' -OH chemically inactivated ensuring that only a single base is incorporated for each 

cycle (Mardis et al., 2008). An imaging step identifies which nucleotide has been 

incorporated at each cluster after each cycle. Reactivation o f the 3' end by a chemical step 

which removes the fluorescent group allows for the next base incorporation cycle. Upon 

completion o f the sequencing run which may last for 4 days, the sequence o f each cluster is 

computed and a typical run yields ca. 40-50 million sequences ranging in size from 32-40 

bp (Mardis et al., 2008).

SOLiD sequencing is based on a unique ligation based sequencing technique and is 

the only next generation technique to demonstrate greater than 99.94% accuracy (Mardis et 

al., 2008). The sequencing technology is based upon sequential ligation with dye-labelled 

oligonucleotides to template fragments. In this method, the DNA sequence is determined 

by measuring the serial ligation o f a set o f semi-degenerate 8 bp oligonucleotides to the 

DNA by ligase (Mardis et al., 2008). The ligation-based sequencing starts with the 

annealing o f a universal sequencing primer that is complementary to the SOLiD-specific 

adaptors on the library fragments. This is followed by the addition o f a limited set of semi

degenerate 8 bp oligonucleotides and DNA ligase. Bases 3-5 are degenerate and are able to 

pair with any o f the template sequence. Bases 6-8 are also degenerate but are cleaved off.
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along with the fluorescent dye, as the reaction continues. Ligation of these oligonucleotides 

to the fragment DNA template results in a fluorescent readout. Subsequent chemical 

cleavage removes bases 6-8 and the fluorescent group and allows further ligation along the 

DNA fragment. Due to the degenerate regions of the oligonucleotides, the full DNA 

sequence is not determined until after five cycles of ligation for 25 bp DNA fragments 

(Mardis et al., 2008).

Recent and future advances made with whole genome sequencing will undoubtedly 

facilitate the development of novel methods for tracking, detecting and analysing MRSA 

clones and will provide an unprecedented wealth of information for investigating MRSA, 

MSSA and CoNS. Findings from this study have shed further light on the transfer of 

genetic elements between S. aureus and CoNS including S. epidermidis and S. 

haemolyticus using both traditional methods (i.e. amplification with subsequent sequencing 

of specific amplimers) and recently introduced technologies such as microarray 

technologies and next generation sequencing. These technologies will be essential in future 

investigations focused on the mobility and dynamics of MGEs between CoNS and S. 

aureus. The development of next generation sequencing technologies has decreased the 

cost of sequencing a whole bacterial genome and as more genome information is uncovered 

using these technologies, it will be possible to design more complex and informative 

microarrays for future investigations of MRSA and other staphylococcal species. It is very 

likely that such arrays will prove to be more efficient and informative than current typing 

techniques used to investigate MRSA which are more laborious, time consuming and less 

informative. A previous study has applied whole genome sequence to mapping genome-
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wide single nucleotide polymorphisms (SNPs) and insertions or deletions to a reference 

sequence that will be useful for long term investigations. (Harris et al., 2010).

7.2 Concluding remarks

The prevalence o f MRSA clones in different ecological niches worldwide is a worrying 

trend. MRSA has become an established pathogen in hospitals, healthcare associated 

facilities, the community and in animals. Certain difficulties may be encountered in 

tracking the dissemination o f particular MRSA clones in certain regions where they are 

endemic and also in detecting particular novel variants o f MRSA clones due to limitations 

with established methods that have been previously used for characterisation of MRSA 

isolates. However, these limitations are being overcome with advances made through next 

generation sequencing. Indeed, microarray technology which will undoubtedly develop 

rapidly in the coming few years as more information is produced from next generation 

sequencing will probably replace current typing techniques in the future. Findings from the 

present study have shown that discrimination o f the current endemic strain ST22-MRSA-IV 

in Ireland can be improved significantly using a recently developed dru typing system in 

combination with spa and PFGE typing. Current sporadically occurring MRSA strains may 

represent future endemic MRSA strains either displacing the current endemic strain in 

Ireland or becoming prevalent in other countries. While the predominant type combination 

identified among the 58 sporadic MRSA isolates recovered between 2000 and 2006 was the 

same as the current endemic strain in Ireland (ST22-MRSA-IV and spa type t032), there 

was still another 36 other type combinations identified and among these were six isolates 

that exhibited novel STs, seven isolates that harboured novel SCCmec subtypes and two 

isolates that harboured novel SCCmec types. Additionally there were three more novel
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SCCmec subtypes detected among the BH MRSA. Evidence for transfer o f a MRSA strain 

between a man and a horse was also identified. Findings from this investigation will be 

useful in the future should one o f these sporadic MRSA isolates become more prevalent in 

Ireland or in another location and in enhancing our understanding o f the evolution of 

MRSA and the extensive diversity within SCCmec.

This study also found evidence to suggest horizontal transfer o f SCCmec- 

associated DNA sequences between MRSA and CoNS. It is very likely that with increased 

investigations o f CoNS, there will be a plethora o f novel SCCmec, SCC and SCC-like 

elements identified, since methicillin resistance is more common among CoNS and appear 

to serve as a larger reservoir o f SCCmec elements for S. aureus to form MRSA. Indeed, the 

similarity and divergence between SCCmec from S. aureus and CoNS further illustrates the 

importance o f complete characterisation o f SCCmec elements in CoNS, in particular non- 

typeable SCCmec elements which are not detected using current PCR based methods. 

SCCmec typing schemes will have to be reviewed on a constant basis to allow for sufficient 

detection and assignment o f all SCCmec types. This will have implications for the current 

SCCmec nomenclature system recommended by the IWG-SCC (2009), which may not be 

suitable for the abundance o f SCCmec types in CoNS that appear to exhibit more extensive 

diversity compared to SCCmec among S. aureus.
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ST22-niethitillin-resistant Slaphylococcwi aureus type IV (ST22-M RSA-IV) is endem ic in Irish hospitals and 
is designated antibiogram -resistogram  type-pulsed-field group (AR-PF(;) 06-01. I.solates o f this highly clonal 
strain  exhibit limited numbers o f pulsed-tield gel electrophoresis (PF(ilE) patterns and spa types. This study 
investigated whether com bining P FdE  and spa typing with DNA sequencing of the staphylococcal cassette  
chrom osom e mec elem ent (SCCm ec)-associated direct repeat unit (dm  typing) would improve i.solate di.strim- 
ination. A total of 173 MRSA isolates recovered in one Irish hospital during periods in 2007 and 2(M)8 were 
investigated using antibiograni-resistogram  (AR), 1*F(JE, spa, d m ,  and SCCmec typing. Isolates representative  
o f  each o f the 17 pulsed-field group 01 (PF(;-01) .vpa types identified underwent m ultilocus sequence typing, and 
all isolates were ST22. Ninety-seven percent o f isolates (168 of 173) exhibited AR-I’F(J 06-01 or closely related 
AR patterns, and 163 of these isolates harbored SCC/wec type IVh. The com bination o f PFdE , spa, and d m  
typing methods significantly improved discrim ination of the 168 PFd-Ol isolates, yielding 65 type com binations 
with a Sim pson’s index of diversity (SID) of 96.53, compared to (i) pairwise com binations of s/w andJru typing, 
spa  and PF(!E typing, and dru  and PF(iIE typing, which yielded 37, 44, and 43 type com binations with SIDs of 
90.84, 91.00, and 93.57, respectively, or (ii) individual spa, dru, and PF(;E typing m ethods, which yielded 17,
17, and 21 types with SIDs of 66.9, 77.83, and 81.34, respectively. Analysis o f epidem iological information for 
a subset o f  PF(J-01 i.solates validated the relationships inferred using combined PF(JE, spa, and d m  typing 
data. This approach significantly enhances discrim ination o f ST22-MRSA-IV isolates and could be applied to 
epidem iological investigations of other highly clonal MRSA strains.

Staphylococcus aureus is an im portant  hum an pathogen, due 
largely to its ability to express a wide variety o f  virulence 
factors a n d  antimicrobia l resistance de te rm inan ts  which are 
often encoded  by mobile genetic  e lem ents  (7, 10, 21 ,24, 25, 39, 
56). Methicill in-resistant S. aureus (M R S A ) infections are a 
major public  health  problem worldwide, both in hospitals and 
in the comm unity ,  although the incidence varies. Ireland has 
one o f  the highest prevalence rates o f  nosocomial M R S A  in
fection in E u ro p e  and also has an emerging problem  with 
comm unity -acquired  M R S A  (C A -M R SA ) infections (http; 
//www.rivm.nl/earss/result/Monitoring_reports/Annual_reports 
.jsp) (49).

M R S A  first em erged  in Irish hospitals in 1971 (22) and, 
following a m ajor increa.se in prevalence in the late 1970s,
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’  P ub lished  a h ead  o f  p rin t on 24 M arch 2010.

1980s, and 1990s, has now been endem ic  in Ireland for three 
decades  (8, 9, 45-48). Molecular  typing showed that each de 
cade since the 1970s has been associated with a major shift in 
the p redom inan t  M R S A  clonal type in Irish hospitals (51). The  
c lone that p redom inated  in the 1970s and  early 1980s, ST250- 
M R SA -I  (or staphylococcal cassette chrom osom c m ec  e lem ent 
I [SCCwec I variant]),  was replaced by the ST239-MRSA-III  
(o r  SC C m ec  III variant) clone in the mid-1980s, and this clone 
was in turn displaced by the ST8-M RSA-II clone (harboring  
SC C m ec  IIA to HE) in the 1990s (51). Since the late 1990s, a 
st rain designated  locally as antibiogram-resis togram type- 
pulsed field g roup  (A R -P F G )  06-01, belonging to the in te rna
tional M R S A  clone classification ST22-M RSA-IV , which is 
similar to the United  Kingdom epidemic strain EM R SA -15 ,  
has p redom inated  in Irish hospitals,  and  its incidence in
c reased  from 22%  in 1999 to 80%  in 2003 (46, 47).

EM R SA -15  (ST22-M R SA -IV ) was first reported  in England 
in 1991 (44) and has since been described as a pandem ic 
M R S A  strain due to the p redom inance  o f  ST22-M RSA-IV  
am ong  nosocomial M R S A  strains in many countries (1, 17, 23, 
26, 33, 35 ,47 ,  50, 53). ST22-M RSA-IV  has also been identified 
am ong  patients with hospital-acquired (H A ) M R S A  infections
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(11, 42, 43, 60, 63) and C A - M R S A  infections (5, 15, 32, 49) in 

several countr ies, a m ong  health care workers (2, 55),  and  

am o n g  com panion  animals (3,  18, 36, 41).

Informative molecular typing is essential for investigating  

M R S A  strains and populations in individual institutions, c o u n 

tries, and wider geographic  areas. This  approach permits the  

gen et ic  relatedness o f  isolates to be determ ined , which in turn 

allows the spread o f  different M R S A  strains to  be m onitored  

both locally and globally. How ever,  differentiating am ong  iso

lates o f  som e  M R S A  strains is very difficult, particularly in a 

sett ing w here a single strain is endem ic ,  due to the limited  

gen et ic  diversity exhibited by M R S A  strains such as ST22-  

M R S A -I V  (17,  58). S T 2 2 -M R S A -IV  isolates yield indistin

guishable or closely re lated pulsed-lield gel  e lectrophoresis  

( P F G E )  patterns (17).  In Ireland, S T 2 2 -M R S A -IV  isolates  

b e lon g  to a P F G E  group described as pulsed-field group 01 

(P F G -0 1 )  and exhibit the non-m ultiantibiotic-resistant antibio-  

gram-resistogram ( A R )  type A R 0 6  or closely related A R  pat
terns (47).  S T 2 2 -M R S A -IV  isolates also  yield a limited number  

o f  spa  types following D N A  sequ en cin g  o f  the protein A  (spa)  

ge n e  (27, 55).

S equencing  o f  the SCC/nec-associated  direct repeat unit 
(dru )  o f  M R S A  isolates has shown potential for differentiating  

M R S A  isolates exhibiting limited diversity in P F G E  analyses,  
including E M R S A -1 5  isolates from Scotland (17, 62) . The dru  

region is a noncoding  D N A  segm ent consisting o f  imperfect  

40-bp variable-number tandem  repeats  (V N T R s )  located in 

the hypervariable region betw een  m ecA  and \S 4 3 Im ec  o f  
SCCmt'c (17, 38). T he  majority o f  M R S A  isolates investigated  

harbor the dn4 region, which ranges in size from I to 15 repeat  

units (17, 38, 58 , 59, 62) ( http://www.dru-typing.org). The dru  

region has been  shown to be stable over time by dru  typing o f  

individual M R S A  isolates following repeated subculture (59),  
and there is now an internationally agreed-upon dru  typing  

nom enclature  and a W eb-based  dru  database (17)  (http://www 

.dru-typing.org).
Currently,  there is no effective m ethod for subtyping o f  

S T 2 2 -M R S A -IV  isolates. T he objective o f  the present study 

was to investigate the eflicacy o f  dru  typing in com bination  with  

P F G E  and spa  typing to discriminate  am ong the highly clonal  

S T 2 2 -M R S A -IV  (P F G -0 1 )  isolates in an Irish hospital where  

S T 2 2 -M R S A -IV  is en d em ic  and to investigate the potential o f  

the com b ine d  integrated typing approach to facilitate e p id e 
m iological  tracking o f  this M R S A  strain.

MATERIAI^S AND M KTHODS

Isolates and  experim ental design. M RSA  isolates (« = 173) from 90 patients 
and 83 environm ental sites in four w ards in a 700-bed acute care hospital in 
Dublin, Ireland, w ere investigated. T he isolates were recovered over two 6-wcek 
study periods in each o f the four w ards between May 2007 and Septem ber 2008. 
Isolates recovered from individual patients and their im m ediate ward environ
m ents during  the sam e 6-week study period are referred to  as pairs or triplets of 
isolates. In the m ajority o f cases, one isolate per patien t o r patient-associated 
environm ental site was investigated.

The validity of inferences draw n from the typing data was confirm ed with 
epidem iological evidence during a pilot study in one ward. Epidemiological data  
collected included the num bers for the bed and bed bay corresponding to the 
patien t or the environm ental site from  whom/which the sam ple was taken and 
the sam ple date  and source (i.e.. a patient or an environm ental site). For patient 
isolates only, the probable source o f the p atien t’s M RSA  (w hether it was H A  or 
w hether the patient was M RSA  positive on admission o r had a previously known 
M R SA 'positive status) was also recorded. An isolate was deem ed to be HA if the

patient was negative for M RSA  upon admission screening but upon subsequent 
screening was found to  be positive for MRSA,

Isolates w ere identified as S. aureus and stored in bacterial preserver vials at 
-70®C and m ethicillin resistance was confirmed, all as described previously (49). 
All isolates w ere typed by A R  typing against a panel o f 23 antim icrobial agents 
as described previously (47. 49).

M olecular typing. All isolates w ere typed by D N A  m acrorestriction  digestion 
analysis using Sm al and PFGE, spa, dru. and SCCmt’c typing. O ne representative 
isolate o f each^/;fl type identified am ong the 173 M RSA  isolates investigated was 
typed by multilocus sequence typing (M UST). P I'G E  was perform ed as described 
previously (47). Each P FG E pattern  was assigned a 5-digit pulsed-field type 
(P IT )  to allow for future variation in PI-XJE patterns, and related  5-digit P IT s  

that differed by < 6  bands w ere abbreviated to 2-digit PFG s (47), PFCis were 
com bined with A R  typing results to  give A R -PFG s (47).

G enom ic D N A  for use in spa, dru, and SCCm er typing and M LST was ex
tracted  using a DNeasy kit according to  the instructions of the m anufacturer 
(O iagen, Crawley, U nited K ingdom). 5̂ (2 typing was perform ed using the prim ers 
and therm al cycling conditions described by the E uropean N etw ork o f I^ibora- 
tories for Sequence Based Typing of M icrobial Pathogens (SeqN et |http;//www 
.seqnet.org)). Analysis o f spa sequences and assignment o f spa types w ere p e r
form ed using the Spa typing plug-in tool o f the B ioN um erics software package 
(version 5.1: A pplied M aths. G hent, Belgium). For dru typing, the dru region was 
amplified and sequenced as described previously (17). The BioN um erics tandem - 
repeat sequence typing (TR ST) plug-in tool wiis used for dru sequence analysis 
and assignment of dru types, dru types w ere assigned using an alphanum eric 
nom enclature (17). S C C m tr typing was perform ed using four multiplex PCR 
assays to identify (i) the mec complex type (class A, B, or C ) (2S), (ii) the ccr 
complex type {ccrA lil, ccrAB2, ccrAH3, ccrAB4, or ccrC) (28), (iii) the various J 
regions and m ec! (40), and (iv) the S C O ie’c IV subtype (34). Previously de
scribed M RSA  control strains w ere used as positive controls for multiplex PCR 
assays i to iii (52). The following S. aureus reference strains and clinical isolates 
w ere used as positive controls for S C O n tr  IV subtyping: CA05 (S C O nt’C IV. 1/ 
IV a) (31). 8/63P {SCCmec IV .2/IV b) (31). JCSC4788 (S C O ncc IV .3/IVc) (30). 
JCSC4469 (SCCVnf-c IV .4/IV d) (30). M04/0177 (SCCm cr IV .5/IV g) (52). and 
E1749 (S C O iiT  IV .6/IV h) (52). MUS'l' was perform ed and sequences were 
analyzed as described previously (13, 52).

Investigating the stability of d m  types. The stability of the dru region was 
investigated using three M RSA  isolates that had previously been subjected \odru  
typing. These com prised two Irish ST8-M RSA-IV isolates, M05/(K)28 (49) and 
M06/0376, both of which exhibited dru type dt9g, and one EM RSA-15 isolate 
from the H arm ony collection with dru type dtlOh (17, 37). Each isolate was 
cultured on brain heart infusion (B il l)  agar (Becton D ickinson and Company, 
Sparks. M D) and incubated at 37®C for 24 to 48 h. Several colonies from each 
isolate were subsequently subcultured on fresh BHI agar plates and incubated at 
37°C for 24 to 48 h. This procedure was repeated  for a minimum o f 10 subcul
tures over a 14-day period. For each isolate, several colonies from the original 
and final subculture plates w ere analyzed by dru typing as described above.

C luster analyses o f spa and  dru types. The BioN um erics Spa typing and TR ST 
plug-in tools w ere used for cluster analyses o f spa and dru types, respectively. 
With both o f these plug-ins, sequences are com pared and aligned using an 
algorithm based on the DSI (duplication, substitution, and indels) model for 
pairwise alignm ent o f repeats, which considers that modification o f sequences 
can occur through duplication o f tandem  repeals, substitutions, insertions, and 
deletions (the la tte r two events are collectively term ed indels) (4). A similarity 
matrix is genera ted  based on the DSI model and used to construct a minimum 
spanning tree (M ST); the type with the greatest num ber o f related types is 
assigned as the root node, and the o ther types derive from this node. In the 
present study, the  default param eters w ere used for alignm ent o f sequences. The 
software crea tes groups o f certain  distance intervals o r similarity values (which 
BioNumerics term s bins) and converts the data into distance units. Because of 
the highly clonal nature o f the M RSA  isolates investigated in the present study, 
the bin distance was set to 0.5% , i.e., the d istance between two entries with 
> 99.5%  similarity was 0 (a d istance interval o f 99.5 to  100% similarity equals a 
d istance of 0) on the MST, and the distance between two entries with 99 to 99.5% 
similarity was 1 (a distance interval o f 99 to 99.5% similarity equals a d istance of 
1). U sing the M STs, the following criteria w ere estahli.shed for clustering of dru 
types and for clustering o f spa types: spa types and dru types were deem ed to 
belong to  different clusters if they w ere separated  by an MST distance of > 2  (i.e., 
if they showed < 98.5%  similarity). Therefore, if two spa types or two dru types 

w ere at an M ST distance o f ^ 2 .  they w ere considered to  be closely related (i.e., 
they form ed a subgroup).

C lustering  of isolates. Each isolate was assigned a 3-digit cluster code with the 
first num ber representing  ih cspa  type, the second representing  the dru type, and
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T A B L E  1. C lu ste r code n o m en c la tu re  used  to  describe  c lu sters  iden tified  by spa, d m ,  and  P F G E  typing'^

M e th o d Type R e p e a l successio n
Type c lu s te r  

code
Type su b c lu s te r  

co d e

spa  typ in g 1032 26-23-23-13-23-31-29-17-31-29-17-25-17-25-16-28 01 F o u n d e r
t022 26-23-13-23-31-29-17-31-29-17-25-17-25-16-28 01 O la
1557'’ 26-23-23-13-23-31-31-29-17-31-29-17-25-17-25-16-28 01 0 1 b '
1628 26-23-23-13-23-31-29-17-31-29-17-31-29-17-25-17-25-16-28 01 Ole
11214 26-23-23-13-23-31-29-17-31-29-17-25-16-28 01 O ld
1515 26-23-23-13-23-31-29-17-31-29-17-25-16-16-28 01 O lda
14622 26-23-23-13-23-31-31-29-17-31-29-17-25-16-16-28 01 O ld aa
l()18 15-12-16-02-16-02-25-17-24-24-24 02 N S C
11802 26-16-16-28 03 N SC
1025 26-23-23-13-23-29-17-31-29-17-25-17-25-16-28 04 N S C
1578 2 6-23-23-13-23-31-29-17-31-29-17-25-17-25-28 05 N S C
14623 26-23-13-23-31-29-132-17-31-29-17-25-17-25-16-28 06 N S C
11865 26-23-23-17-31-29-17-25-17-25-16-28 07 N S C
12951 26-16-31-29-17-25-17-25-16-28 08 N S C
12978 0 4-20-17-20-17-31-16-16-34 09 N S C
13185 26-23-23-20-31-29-17-31-29-17-25-17-25-16-28 10 N S C
13213 26-23-23-13-23-31-29-17-31 11 N S C
14122 26-23-23-13-23-31-29-23-31-29-17-25-17-16-28 12 N S C
14267 26-23-13-23-31-36-25-28 13 N S C
14765 26-23-23-13-23-31-29-17-31•17 -2 5 -16-28 14 N S C
1190 11-17-34-24-34-22-25 15 N S C

dru  typ ing d llO a 5a-2d -4 a-0 -2 d -5 b -3 a-2 g -3 b -4 e 01 N S C
dllO j 5a-2 d -4 a-0 -2 d -7 a-3 a-2 g -3 b -4 e 01 O la
d llO af 5a-2d-4 a-0 -2 d -2 c-3 a-2 g -3 b -4 e 01 01b
d llO n 5a-2d -4 a-0 -2 d -3 b -3 a-2 g -3 b -4 e 01 01c
d llO i 5a-2d-4 a-0 -2 d -4 f-3 a-2 g -3 b -4 e 01 Old
d llO o 5 a-2d-4a-0 -2d-4 f-3a-2g-2c-4e 01 O lda
d l lOp 5 a -2 d -4 a -lb -2 d -7 a -3 a -2 g -3 b -4 e 01 O laa
d l l  la 5 a -2 d -4 a-0 -2 d -5 b -3 a-2 g -3 b -4 e-3 e 02 N S C
d l l l o 5 a -2 d -4 a-0 -2 d -5 b -3 a-2 g -3 b -4 e-4 e 02 02a
d l l l j 5a-2 d -2 d -4 a-0 -2 d -5 b -3 a-2 g -3 b -4 e 02 0 2aa
d l5 h 5a-2 d -4 a-5 b -3 a 03 N S C
dlhe 5 a -7a-3a-2g-3b-4e 04 N S C
dl7c 5 a -2 d -2 d -4 a-0 -3 e-3 e 05 N S C
dl7g 5a-2 d -7 a-3 a-2 g -3 b -4 e 06 N S C
dl7i 5a-2d -4 a-0 -2 d -3 b -4 e 07 N S C
dl8a 5a-2d-4 a-0 -2 d -2 g -3 h -4 c 08 N S C
d l8 p 6 d -0 -2 d -7 a-3 a-2 g -3 b -4 e 09 N S C
dl9j 5a-2 d -4 a-0 -2 d -5 b -3 a-2 g -3 b 10 N S C
d l9 p 5 a -2 d -4 a -0 -7 a -3 a-2 g -3 b -4 e 11 N S C

P FC iE 01018 1 F o u n d e r
01002 1 la
0HXI6 1 lb
01022 1 Ic
01024 1 Id
01030 1 le
01032 1 If
01039 1 Ig
01042 1 Ih
01047 1 li
01049 1 Ij
01063 1 Ik
01075 1 11
01077 1 Im
01088 1 In
01114 1 lo
01126 1 Ip
01146 1 iq
01151 1 Ir
01154 1 Is
01156 I 11
IXKMl 2 F o u n d e r
00080 2 2a
(X)216 2 2b
02017 3 N S C
99083 4 N S C

" spa  an d  dru  types at a d is ta n c e  o f  > 2  o n  th e  M S T s ( i.e ., ty p es  th a t  sh o w ed  < 9 8 .5 %  s im ila rity )  w e re  a ssigned  d is tin c t c lu s te r  co d e s  (F ig . 1). spa  an d  dru  ty p es  th a t 
sh o w ed  > 9 8 .5 %  sim ila rity  o n  th e  M S T s (i.e .. ty p es  at an  M S T  d is ta n c e  o f  < 2 )  w ere  assig n ed  spa  su b c lu s te r  co d es. S u b c lu s te rs  w ere  a ssig n ed  a lp h a b e tic  suffixes fo llow ing  
th e  re le v a n t n u m erica l e le m e n t o f  th e  c lu s te r  c o d e , spa  types an d  dru  ty p es  th a t w e re  id en tifie d  as s u b g ro u p s  o f  spaldru  types th a t  w e re  a lre a d y  a ssig n ed  to  spaldru  
su b c lu s te rs  w ere  assig n ed  a d d itio n a l a lp h a b e tic  suffixes, e .g ., spa  type  l515 w as assig n ed  th e  spa  c lu s te r  co d e  O ld a , as it is a s u b g ro u p  o f  t l2 1 4  {spa c lu s te r  c o d e  O ld), 
w h ich  is a su b g ro u p  o f  spa  type  t032  {spa c lu s te r  c o d e  01). F o r  e a ch  c lu s te r  th a t  co n s is ted  o f  m o re  th a n  o n e  spa  o r  dru  ty p e , th e  ty p e  th a t  w as assig n ed  as  th e  fo u n d e r  
by usin g  th e  M STs w as n o t a ssig n ed  a su b c lu s te r  c o d e  b u t r e ta in e d  th e  o rig in a l c lu s te r  c tx ie  d e s ig n a tio n . P F I 's  w ere  d e s ig n a te d  w ith  d istin c t c lu s te r  co d e s  if they  d iffe red  
by > 6  b a n d s. P F T s th a t  d ifl'ered by < 6  b a n d s  w e re  assig n ed  su b c lu s te r  co d es. F o r  P F 1 ‘ c lu s te rs  th a t  w e re  r e p re s e n te d  by m o re  th an  o n e  P F T . th e  m ost f req u en tly  
o c c u rr in g  P I T  was assig n ed  th e  n u m erica l v a lu e  fo r th a t c lu s te r  c o d e  an d  all o th e r  P I T s  w e re  a ssig n ed  a lp h a b e tic  suffixes. N S C . n o  su b c lu s te r  code .

^ Iso la te s  ex h ib itin g  spa  type t557  w e re  rec o v e re d  from  staff m e m b e rs  on ly  d u r in g  a w id e r in v es tig a tio n  an d  w ere  a ssig n ed  spa  d u s te r  c o d e  01b b u t w e re  n o t in c lu d ed  
in th e  p re se n t study.
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T A B L E  2. D G s. c lu ste r codes, d a ta  from  spa, d m .  P F G E , S C O i f f  typing, M LST, and  A R -P F G s for 17.3 M R SA  isolates

DG Cluster code" spa type dm  type PIT AR-PFG'’ 
(no. of isolates) SCOnfc type ST

la 01.01.1 t032 dtlO a 01018 06-01 (8) IV h ST22
la Ol.O lc.l t032 dtlO n 01018 06-01 (14) IVh N D
la O l.O la.l t032 dtlO j 01018 06-01 (10) IVh N D
la 01.01 a. 1 t032 dtlO j 01018 Unf-01 (5) IVh N D
la O lda .O la .l t515 dtlOj 01018 06-01 (1) IVh N D
la 04.018.1 t025 dtlO j 01018 06-01 (1) IVh ST22
la 01.10.1 t032 dt9j 01018 06-01 (1) IVh N D
lb O la.O la .l t022 dtlO j 01018 06-01 (1) IVh N D
2 Olc.01.1 t628 dtlO a 01018 06-01 (9) IV h ST22
3 01.06.1 t032 dt7g 01018 06-01 (2) IV h N D
4a O ld .O l.lg tl2 1 4 dtlO a 01039 06-01 (6) IVh ST22
4a O ld aa .O l.lg t4622 dtlO a 01039 06-01 (1) IVh ST22
4a O lda .O l.lg t515 dtlO a 01039 06-01 (4) IVh ST22
4a O lda .O l.lg t515 dtlO a 01039 NT-01 (1) IVh N D
4a 0 1 d .02a.lg 11214 d t l l o 01039 06-01 (1) IVh N D
4a 0 1d a .0 2 a .lg t515 d t l l o 010,39 06-01 (1) IVh N D
4b O l.O la .lg t032 dtlOj 01039 06-01 (1) IV h N D
4b 01 .01a.Ig t032 dtlOj 01039 NT-01 (1) IV h N D
4b 01 .01.Ig t032 dtlO a 01039 06-01 (3) IV h N D
4b O l.O l.lg t032 dtlO a 01039 NT-01 (1) IVh N D
4b O l.O lb .lg t032 d tlO af 01039 06-01 (6) IVh ND
4b 01.01 da. Ig t032 dtlO o 01039 06-01 (1) IV h w ithou t dcs ND
4b 12.01a.lg t4122 dtlO j 01039 06-01 (1) IVh ST22
5 O lda .O l.lk t515 dtlO a 01063 06-01 (1) IVh ND
6 O la.O l.lg t022 dtlO a 01039 06-01 (4) IVh ST22
6 O la .O laa .lg t022 dtlO p 01039 06-01 (2) IVh ND
7 01da.07. Ig t515 dt7i 01039 06-01 (1) IVh ND
8 0 1 da .08 .lg t515 dt8a 01039 06-01 (1) IVh N D
9 07.01 a. 1 tl8 6 5 dtlO j 01018 06-01 (3) IVh ST22
10 07.01 a. la tl8 6 5 dtlO j 0HX)2 06-01 (1) IVh N D
11 O l.O lc.li t032 dtlO n 01047 06-01 (2) IVh N D
12 06.01.1 m t4623 dtlO a 01077 06-01 (1) IVh ST22
13 01.01.1b t032 dtlO a 01(X)6 Unf-01 (1) IVh N D
13 O l.O lc .lb t032 dtlO n 0I(K)6 06-01 (1) IVh ND
13 O l.O la .lb t032 dtlOj 01(X)6 Unf-01 (1) IVh ND
14 O ld .O l.lb tl2 1 4 dtlO a 01(X)6 06-01 (1) IVh ND
15 O l.O la .le t032 dtlO j 01030 06-01 (1) IVh ND
16 O l.O la .lh t032 dtlO j 01042 NT-01 (1) IVh ND
16 O lda .O l.lh t515 dtlO a 01042 06-01 (3) IV h N D
16 01 .01 .Ih t032 dtlO a 01042 06-01 (1) IV h ND
16 O l.O lc .lh t032 dtlO n 0KM2 06-01 (1) IV h ND
16 O ld .O l.lh tl2 1 4 d tlO a 01042 06-01 (1) IVh ND
17 01.01 a. Id t032 dtlOj 01024 06-01 (2) IVh ND
17 O l.O la .ld 1032 dtlOj 01024 NT-01 (1) IVh ND
17 O l.O la .ld 1032 dtlOj 01024 Unf-01 (7) IVh ND
17 O l.O lc .ld t032 dtlO n 01024 06-01 (4) IVh ND
18 O l.O la .lq t032 dtlOj 01146 Unf-01 (1) IVh ND
19 O lda .O l.lc t515 dtlO a 01022 06-01 (2) IV h (n = 1)

IV , n o n sub typeab le  (« = 1)
ND
ND

20 01.01.11 t032 dtlO a 01075 06-01 (1) IVh ND
20 01 .02aa .ll t032 d t l l j 01075 06-01 (1) IVh ND
21 01.03.1 t032 dt5b 01018 06-01 (2) IVh ND
22 lO .O lda.ls t3185 d t l ( b 01154 06-01 (2) IVh ND
22 lO .O lda.ls t3185 dtlO o 01154 Unf-01 (13) IVh ST22
23 01 .01 .Ij t032 dtlO a 01049 06-01 (2) IVh ND
23 05.01. Ij t578 dtlO a 0KM9 06-01 (1) IVh ST22
23 01d a .0 2 aa .lj t515 d t l l j 0UM9 06-01 (1) IVh ND
24 O l.O la .la t032 dtlOj 01002 06-01 (3) IV h ND
24 O ld a .O l.la t515 dtlO a 01002 06-01 (1) IVh ND
25 O l . l l . l j t032 d t9p 01049 06-01 (1) IV h ND
26a 01a.09.1j t022 d l8p 01049 06-01 (3) IVh ND
26b 01.09.1j t032 dt8p 01049 06-01 (1) IV h ND
27 11.01.Ig 13213 dtlO a 01039 06-01 (1) IV h ST22
28 11.01.Ih t3213 dtlO a 01042 06-01 (1) IV h ND
29 13.01.Ig 14267 dtlO a 01039 06-01 (1) IV a ST22
30 14.01.1k t4765 dtlO a 01063 06-01 (1) IVh ST22

C ontinued on following; page
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T A B L E  2— C ontinued

D('i Cluster code" spa type dm  type PFT AR-PFG'’ 
(no, of isolates)

SCCmec type ST

31 01,01, If t032 dllO a 01032 06-01 (1) IVh N D
32 0 1 ,01 ,Ir t032 dllO a 01151 06-01 (1) IVh N D
33 01,01 a. It t032 dllOj 01156 06-01 (1) IV h w ilh ccrAB 4 N D
34 01,02, Ip 1032 d l l l a 01126 06-01 (1) IV h w ilh c c r i' and  Tn.5.5-# to orfX N D
35 03 ,01 ,Ig 11802 dllO a 01039 06-01 (1) IVh ST22
36 01.01,10 t032 dllO a 01114 06-01 (1) IVh N D
37 08,04. In 12951 dl6e 01088 06-01 (1) IVh ST22
38 02,05,3 to 18 dl7c 02017 N T-02 (1) II w iihou l pUHI I O ST36
39 I5,01a,2 tl9 0 dllO j (MKMl N ew 03-00 (1) C h arac te riz ed  by ccrAB 4. class A 

m ec, m ecl, and  dcs
ST8

40 15,01,02a 1190 dtlO a 00080 14-(X) (1) C h arac te riz ed  by ccrAB 2. 
ccrA B 4. J1 type IV b, dcs. and  
novel m ec  com plex

N D

41 15,01,2b 1190 dllOj 00216 l.VOO (1) HE N D
42 09,01 d,4 12978 dtlOi 99083 U nf-99  (1) IVb ST87

“ B ased  on  th e  n o m e n c la tu re  p re se n te d  in T a b le  1. each  iso la te  w as a ssigned  a 3*digit c lu s te r  co d e  in w hich  th e  first n u m b er  re p re s e n ts  th e  spa  type, th e  seco n d  
re p re se n ts  th e  dn^  type, and  th e  th ird  r e p re se n ts  th e  P I T ,

'’ U n f, u n fam ilia r  ( th e se  iso la tes  ex h ib ited  a h ith e r to  u n fam ilia r  A R  p a tte rn ) ;  N T , n o n ty p ea b le  ( th e se  iso la tes  ex h ib ited  A R  p a tte rn s  th a t d iffe red  fro m  th e  A R 0 6  
g ro u p  o f  p a tte rn s  only  w ith reg a rd  to  res is tan ce  to  lincom ycin  [sec  T a b le  S I in th e  s u p p le m e n ta l m ate ria l for fu rth e r  d e ta ils]).

' O n e  iso la te  re p re se n ta tiv e  o f  each  spa  type  id en tified  in th e  p re se n t stu d y  u n d e rw e n t M I.S T . N D . not d e te rm in e d .

th e  th ird  re p re s e n tin g  th e  P F I ' {Table 1). F o r ex am p le , spa  type  t()32. d m  type 

d tlO a , a n d  P F I ' 01018 w e re  assigned  th e  co d e s  01 . 01 an d  1. respec tive ly , and  

iso la te s  w ith  th is  spa . d m ,  an d  P F ( iL  type  co m b in a tio n  w ere  assig n ed  th e  3-digit 

c lu s te r  c o d e  01.01.1. Sub ty p es  reco g n ized  by each  typ in g  m e th o d  w ere  d es ig n a ted  

by a lp h a b e tic  suffixes a fte r  th e  re levan t n u m erica l e le m e n t o f  th e  c lu s te r  code  

{ 'la b le  1). T o  in v e s t ig a te  th e  o v e ra ll  r e la te d n e s s  o f  iso la te s , a c o m p o s ite  

d e n d ro g r a m  fo r all P I '( i-O I  (S T 2 2 -M R S A -1 V ) iso la te s  id e n tif ie d  d u r in g  th e  

p re s e n t  s tu d y  w as c o n s tru c te d  in B io N u m e ric s  by u s in g  th e  a v e ra g e s  o f  th e  

s im ila r ity  m a tr ic e s  fro m  th e  in d iv id u a l e x p e r im e n ts  ( P lX i l i .  sp a .  a n d  d m  

ty p in g )  a n d  c lu s te r in g  by th e  u n w e ig h te d -p a ir  g ro u p  m e th o d  u s in g  a v e ra g e  

lin k a g e s  (U P G M A ) .

D isc rim in a to ry  pow ers o f a n d  co n c o rd a n c e  o f  d a ta  from  spa , dru ,  a n d  P F (iK  

ty p in g  m e th o d s . T h e  a b ilities  o f  P F ( jL .  spa , an d  d m  typ in g  m e th o d s  a lo n e  and  

in every  c o m b in a tio n  to  d isc rim in a te  am o n g  th e  PF G -01  (S T 2 2 -M R S A -1 V ) iso 

la te s  in v es tig a ted  w ere  assessed  q u a n tita tiv e ly  by c a lcu la tin g  S im p so n 's  ind ices o f 

d iv ers ity  (S ID s )  w ith 9 5 %  co n fid en ce  in te rv als  (C l)  u s in g  an  o n lin e  to o l d e v e l

o p e d  by F a r ia  e t al. (14 ) (av a ilab le  at h ttp ;//w w w .c o m p a rin g p a r litio n s .in fo ). S ID  

p ro v id es  an  o b jec tiv e  assessm en t o f  th e  d isc rim in a to ry  p o w er o f  a ty p in g  m eth o d  
(14, 20).

T h e  a c c o r d a n c e  a m o n g  th e  d a ta  from  the  typ in g  m e th o d s  w as d e te rm in e d  by 

ca lc u la tin g  th e  a d ju s te d  R a n d  index (A R I)  using  th e  o n lin e  to o l m en tio n ed  

ab o v e  (1 4 ). T h e  A R I in d ic a te s  th e  overa ll c o n c o rd a n c e  b e tw een  d a ta  from  two 

ty p in g  m e th o d s  an d  includes a c o rre c tio n  fac to r  to  ta k e  in to  a c co u n t th e  p o ss i

bility  th a t c o n c o rd a n c e  m ay have a risen  by ch an ce . T h e  o n lin e  to o l w as a lso  used 

to  c a lc u la te  th e  W allace  (W ) coefficien t (14). w hich  in d ica te s  th e  p ro b ab ility  th at 

tw o iso la te s  c lassified  as th e  sam e  type by o n e  m e th o d  will a lso  b e  classified  as the  

sam e  type  by a n o th e r  m eth o d . H en ce , the  W  coeffic ien t gives a q u a n tita tiv e  

e s tim a te  o f  th e  v a lu e  o f  inclu d in g  ad d itio n a l ty p in g  m eth o d s . A  h igh  W  coeffi

c ien t su g g ests  th a t in clu d in g  a p a rticu la r  ad d itio n a l m e th o d  d o e s  not y ield  f u r 

th e r  in fo rm a tio n . T h e  W  coeffic ien t a lso  p ro v id es  d ire c tio n a l in fo rm a tio n  ab o u t 

th e  c o n c o rd a n c e  o f  d a ta  from  typ ing  m e th o d s  in th a t it q u a n tif ie s  th e  p ro b ab ility  

th a t iso la te s  c lu s te re d  by o n e  typ ing  m e th o d  (e .g .. P F G E )  will b e  assig n ed  to  the  

sam e  c lu s te r  by a se co n d  typ ing  m eth o d  (e.g .. spa  ty p in g ) an d  vice v e rsa  (14). 

W h e re  th e  v a lu e  o f  th e  W  coefficient is low w h en  c o m p a rin g  o n e  m e th o d  to 

a n o th e r  a n d  re su lts  a re  s im ila r in b o th  d ire c tio n s  (e .g .. spa  to  d m  versu s  d m  to  

sp a ), th e  in fe ren c e  is th a t iso la tes  c lu s te re d  by o n e  ty p in g  m e th o d  m ay be 

su b d iv id ed  by th e  o th e r  typ ing  m eth o d  (6).

RESU L TS

M R S A  i.solales {n =  173) w ere recovered  from o n e  Dublin  

hospital during two 6-w eek  study period s in four different 

wards. T h e PFTs and A R -P F G s as w ell as the sp a , dru , and

SC C w er typing and M L ST  results for the 173 M R SA  iso lates  

are show n in Table 2.
1*F(;E and AR typin}>. T w enty-six PFT s representing four 

PFG s w ere identified  am ong the 173 iso la tes (T ab le 2). 

PFG -01 p redom inated , accounting for 97%  o f  i.solates (168 o f  

173), I'he 168 PFG -01 iso la tes exhib ited  21 highly sim ilar 

PFT.s, with the two m ost p redom inan l patterns (P F T  01018  

|/( ^ 57 | and PFT 01039  |/i = 3 9 |) , w hich accou n ted  for 57.1%  

o f  all PFG -01 iso la tes (96 o f  168), d iffering by only a single  

band.
T h e majority o f  PFG -01 i.solates (135 o f  168 |8().4% ]) exh ib 

ited A R  type A R 06  and w ere assigned  to A R -P F G  06-01 (T a

ble 2). T he A R  types and subtypes and the antim icrobial re
sistance patterns for all iso la tes investigated  are show n in 

T able SI in the su p p lem en ta l m aterial.

spa  typing. S even teen  spa  types w ere identified  am ong the  

168 iso la tes classilied  into P FG -01, but 55.4%  o f  these  iso lates  

(93  o f  168) b elon ged  to spa  type t032. T he proportions o f  

iso la tes o f  other spa  types am ong the PFG -01 iso la tes w ere as 

follow s: t515, 16 o f  168 (9.5% ); t3185, 15 o f  168 (8.9% ); t l2 1 4 , 

10 o f  168 (6% ); t022, 10 o f  168 (6% ); t628, 9 o f  168 (5.4% ); 

11865, 4 o f  168 (20.4% ); and t3213, 2 o f  168 (1.2% ). spa  types 

t025, t578, t l8 0 2 , t2951, t4122, t4267, t4622, t4623, and t4765  

w ere exhib ited  by single iso la tes on ly  (T ab le  2).

dru  typing. T he stability o f  the dru  region in three M R S A  

iso la tes w as confirm ed by the finding that several co lo n ies from  

original cultures o f  each iso late on BFII agar p la tes and from  

grow th fo llow ing a m inim um  o f  10 sequ en tia l subcultures ex 

hib ited  the sam e dru  types originally assigned  in earlier stud ies  

(i.e ., dt9g for M 06/0376 and M 05/0028 and dtlOh for the H ar

m ony E M R SA -15  i.solate).

S even teen  dru types w ere id entified  am ong the 168 PFG -01  

iso la tes, w ith dtlOa iso la tes (61 o f  168 (36 .3% |) predom inating. 

P roportions o f  iso la tes o f  oth er  types w ere as follow s: dtlOj, 43 

o f  168 (25.6% ); dtlO n, 22 o f  168 (13% ); dtlO o, 16 o f  168 

(9 .5% ); dtlO af, 6 o f  168 (3,6% ); dt8p, 4 o f  168 (2,4% ); dt5b, 2
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t190

t4267

13213

t4765 tO1014623

t025 t022 J ,

12951t628 t1865 t1M213185
11214 12970

t032 14622

14122

dtlOaf

dt10n

ItlOjdtlO a

ItlOp

(c) dt11j d t l l o  d t l l a

(XX)
dt9i dt9p

(d )(^ -0
( e > 5 ^

5 dt7l dt7c

F IG . 1. M STs g e n era ted  using the B ioN um erics so ftw are  p rog ram  rep resen tin g  the 20 spa types (a ) and  the dm  types w ith 10 (b), 11 (c), 9 (d), 
8 (e ), and  7 (f) rep e a t units identified  am ong  the  173 M R S A  iso la tes investigated . E ach individual circle rep resen ts  a d ifferen t spa or dm  type, and  
the num erical values on  the b ran ch es  re p re sen t the  sim ilarity  (expressed  as the  M ST d is tance) be tw een  two spa o r two dm types. T he  B ioN um erics 
softw are  c rea tes  g roups  o f certa in  d istance in tervals o r  sim ilarity  values ( te rm ed  bins) an d  converts  these  d a ta  in to  d istance units. T he  bin d is tance  
w as set to  0 .5%  (i.e., two e n trie s  a t a d istance  o f 1 on  the  M ST have betw een  99 and  99.5%  sim ilarity , and  two en trie s  a t a d istance o f 2 have 
betw een  98.5 and  99%  sim ilarity , e tc .). spa types and  dm  types w ere  assigned the  sam e c lu ste r code if they w ere sep a ra ted  by an M ST d is tance  
o f < 2  (i.e .. if they show ed > 9 8 .5 %  sim ilarity) (T ab le  1).

o f  168 (1.2%); dl7g, 2 o f  168 (1.2%); dtlOp, 2 o f  168 (1.2%); 
d t l l j ,  2 o f  168 (1.2%); and d t l l o ,  2 o f  168 (1.2%). The  dru 
types dl6e, dt7i, dl8a, dt9j, dt9p, and d t l  la  were exhibited by 
single isolates am ong the remaining PFG-01 isolates (Table 2).

M LST and  SCCmec  typing. By MLST, four distinct se
quence types (STs) were de tected  am ong 20 isolates represen
tative o f  each o f  the 20 spa types identified (Table 2). Isolates 
exhibiting the 17 spa types found among the 168 PFG-01 iso
lates were all identified as ST22 (i.e., M LST allelic profile 
7-6-1-5-8-8-6) and belonged to clonal complex 22 (i.e., CC22).

SC C m ec  typing revealed that the majority o f  PFG-01 iso
lates (163 of 168 |9 7 % |)  harbored  S C O n ec  IVh (with ccrAB I, 
class B m ec, dcs, and JI region type IVh). O f  the remaining five 
PFG-01 isolates, one harbored SC C m ec  IVa (with ccrA lU ,

class B m ec, dcs, and  J1 region type IVa) and four ha rbored  
novel SC C m ec  IV variants (Table 2).

C luster ing  of isolates. The 173 M R SA  isolates were divided 
into clusters based on spa, dru, and P F G E  typing data. Each 
isolate was assigned a 3-digit cluster code with the first num ber  
representing  the spa type, the second representing the dru  type, 
and the third representing  the PF T  (Tables 1 and 2). Sub
grouping among spa and dru types was investigated by c o n 
structing MSTs (Fig. 1), and subgrouping am ong P F G E  types 
was based on  the numbers of  band ditferences, as described 
below.

C luste r  analy.sis o f spa types. An MST constructed from all 
spa types identified is shown in Fig. la.  spa types were deem ed  
to be distinct if they differed from all o thers  identified by an
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TABLE 3. Discriminatory powers of dm, and PFGE 
typing methods"

Typing meihod(s) No. of 
types SID 9.“!% Cl

spa typing 17 66.90 59.36-74.44
dm  typing 17 77.83 73.86-81.80
PFG E 21 8 1..14 77.38-85.31
spa and dm  typing ?>1 90.84 88.66-93.02
spa typing and PFG E 44 91.00 88.12-93.89
dm  typing and PFG E 4,1 93.57 92.08-95.66
spa, dm, and PFG E typing 65 96.53 95.5.V97.52

" D isc rim in a to ry  p o w ers  o f  th e  m e th o d s  used  ind iv idua lly  and  in co m b in a tio n  
fo r  th e  K)8 Pl'(i-()1  (S T 2 2 -M R S A -IV ) iso la tes in v es tig a ted  w ere  m ea su red  by 
using  S ID  (wiih 9 5 %  C Is).

M ST  distance of > 2  (corresponding to < 9 8 .5 %  similarity) and 
were assigned diflerent spa cluster codes with numerical values 
ranging from 01 to 15 (Fig. la  and Table I), spa types that 
showed >98 .5%  similarity on the MST (i.e., those at an MST 
distance o f  < 2 )  were assigned spa subcluster codes (Table 1). 
Each spa type within a subcluster, apart  from the founder o f  a 
subgroup, was assigned an additional a lphabetic  suflix (Table 
1). T he  MST showed that some spa type subgroups contained 
further subgroups, so additional alphabetic suffixes were added 
to the alphanumeric  .v/w subcluster codes (Table  I).

Clu.sler analysis (»f dru types. For dru  typing, individual 
MSTs were generated  for all groups of distinct dru types har
boring the same number o f  dru  repeat units. MSTs ibr dru 
types with II ( d t l l a ,  dt l  Ij, and d t l  lo), 10 (dtlOa, dtlOi, dllOj, 
dtlOn, dtlOo, dtlOp, and dtlOaf), 9 (dt9j and dt9p),  8 (dt8a and 
dt8p), and 7 (dt7c, dt7g, and dt7i) repeat units are shown in 
Fig. Ic, b, d, c, and I, respectively.

dru type cluster codes were based on the num ber  o f  dru 
repeat units present (e.g., dru types with 10 repea ts  were as
signed dru cluster code 01) (Table 1). T hereaf te r ,  subgroups of 
closely related dru types were identified using the same criteria 
used for subgrouping o f  spa types (Table 1).

Cluster analysis of PFI’s. For cluster analysis, each of the 
four PFGs was assigned a P F G E  cluster code consisting o f  a 
num ber  ranging from I to 4. W here  PFGs were represented  by 
more than one PFF, the most frequently occurring P I T  was 
assigned the numerical value for that PFG and  all o ther  PFTs 
were assigned additional alphabetic suffixes (Table I).

Discriminatory powers o fan d  concordance of data from spa, 
dru, and PF(iE  typing methods. The abilities of P F G E ,  spa, 
and dru typing m ethods to discriminate am ong the 168 PFG-01 
(ST22-M RSA-IV) isolates were de te rm ined  quantitatively us
ing SID for each individual typing m ethod  and for all combi
nations o f  the three  m ethods (Table 3). The  combination  of 
spa, dru, and P F G E  typing yielded the largest num ber  o f  type 
combinations (65 types) and the greatest  discriminatory power 
(SID, 96.53) with the narrowest 95% Cl (Table 3). O f  the three 
individual methods, P F G E  was the most discriminatory (SID, 
81.34) (Table 3).

The  enhanced  discrimination obtained  by combining all 
three  typing m ethods was confirmed by the A R I and W coef
ficient values (Table 4). Based on the A R I,  the probability that 
the isolate clustering pa tte rns obtained using the combination 
of spa, dru, and P F G E  typing m ethods would be similar to 
those obtained using any one o f  the typing m ethods individu
ally or pairwise combinations o f  the m ethods was < 6 9 %  
(range, ca. 13 to 69% ) (Table 4). In addit ion, the low W 
coefiicients obtained for the comparison o f  individual m ethods 
suggest that no m ethod  is redundant  and that each m ethod 
contributes addit ional information. T he  highest value for the 
comparison between a pair o f  individual m ethods was obtained 
for PF'GE and spa typing (W coefficient, 0.482), but the value 
for the comparison between spa typing and P F G E  was much 
lower (W coellicient,  0.272) (Table 4). Hence,  the P F G E  type 
could predict the spa type with 48%  probability whereas the 
probability with which the spa type predic ted  the P F G E  type 
was only 27% . High W coeflicients were obtained for c o m p ar 
isons between a combination  o f  two or three m ethods and one 
o f  the m ethods individually (e.g., the combination  o f  spa typing 
and P F G E  and spa  typing a lone) (Table 4).

Cluster analysis o f i.solates based on the combination o f spa, 
dru, and PHJE typing results. Seventy cluster codes rep resen 
tative of each different combination  o f  spa, dru, and P F G E  
types were identified for the 173 isolates investigated (Table  2). 
For the 168 PFG-01 isolates, 65 cluster codes were identified 
(Table 2). Many o f  the isolates with different cluster codes 
exhibited only m inor diflerences by combinations o f  spa, dru, 
and/or P F G E  typing methods. To further investigate the re la
tionship among PFG-01 isolates, a dendrogram  was genera ted  
from the averages o f  the similarity matrices for spa, dru, and 
P F G E  typing data  for  all PFG-01 isolates (Fig. 2). Isolates that

TABLE 4. Concordance of data from spa, dm, and PFG E typing methods used individually and in com bination for
the 168 PFG-01 (ST22 M RSA-IV) isolates

T y p in g  n ie th o d (s)

A R I fo r c o m p a riso n with: W  c o e llic ien t fo r  c o m p a riso n  w ith:

spa
typ ing

dru
typ ing

P F G E
spa  an d  dru 

typ in g

spa  typ ing  
and  

P F G E

dru  typ ing  
and 

PFC .E
spa  ty p in g dru  typ ing P F G E

spa  a n d  dru 
typ ing

spa  ty p in g  
and  

P F G E

dru  typ ing  
and  

P F G E

spa , dru. 
an d  

P F G E  
typ in g

spa  typ ing 0.277 0.272 0.277 0.272 0.105 0.105
i ln i typ ing 0.090 0.413 0.290 0.413 0.1.57 0.290 0.157
P F G E 0.14.1 0.141 0.482 0..34.S 0.186 0.482 0.345 0.186
spa  and  d m  typing 0.339 0..‘i23 0.144 1.000 1.000 0.379 0.379 0.379 0.379
spa  typ ing  and 0.333 0.109 0.602 0.321 1.000 0.386 l.(XX) 0.386 0.386 0.386

P K i l i
dru  typ ing  and 0.076 0.389 0.461 0.400 0.406 0..S40 1.000 1.000 0..‘i40 0 .540 0.540

PFCili
sp a . dru. a n d  P lX iH n.1.% 0.224 0.271 0..‘;26 0..‘i.'!4 0.687 l.(X)0 l.O(X) l.OtK) l.O(K) l.(X)0 l.O(X)

typing
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sh o w e d  5 9 8 .5 %  similari ty  on  th e  d e n d r o g r a m  w e re  d e e m e d  to  

be  very closely r e la te d  a n d  w e re  a s s ig n ed  to  th e  s a m e  d e n d r o 

g ra m  g ro u p  ( D G ) ,  while  th o se  w ith  < 9 8 . 5 %  similari ty  w e re  

d e e m e d  to  be  d is t ingu ishab le  a n d  w e re  as s igned  to  dilTerent 

D G s  (Fig.  2). By using  th ese  c r i te r ia ,  a  to ta l  o f  37 D C s  w ere  

iden t i f ied  a m o n g  th e  168 PF G -01  i.solates ( T a b le  2 a n d  Fig. 2). 

T h r e e  o f  these  D G s  ( D G - I ,  D G -4 ,  a n d  D G -2 6 )  w e re  d iv ided 

in to  su b g ro u p s  b e c a u s e  they  in c lu d e d  iso la tes  tha t  sh o w ed  

b e tw e e n  98.5 a n d  99%  s imilarity  (Fig. 2). D G -1  a n d  D G - 4  w ere  

th e  largest  g ro u p s  iden t i f ied  a n d  co n s is te d  o f  41 o f  168 iso lates  

( 2 4 .4 % )  a n d  28 o f  168 iso lates  (1 6 .7 % ) ,  respec tive ly  (Fig. 2).

Five dist inct  c lu s te r  co d e s  w e r e  iden t i f ied  a m o n g  th e  five 

n o n -P F ( j - ( ) l  iso lates ;  th ese  iso la tes  sh o w e d  < 9 0 %  similari ty  to 

o n e  a n o t h e r  a n d  to  all o th e r  iso la tes  inves tiga ted  a c c o rd in g  to 

a d e n d r o g ra m  g e n e r a t e d  f rom  th e  av e ra g e s  o f  th e  s imilarity  

m a tr ic e s  for sp a , dru , a n d  P F G E  typ ing  d a t a  for  all i so la tes  

inves tiga ted  in the  p r e s e n t  s tudy  (d a t a  no t  show n).  T h e re f o r e ,  

th ese  five iso la tes  w e re  d e e m e d  to  be  d is t ingu ishab le  a n d  w ere  

ass igned  to d ist inc t  D G s  (D G -3 8  to  D G -4 2 )  (T a b le  2).

C o m b in in g  th e  d e n d r o g r a m  g ro u p in g s  w ith  e p idem io log ica l  

evidence .  T h e  d e n d r o g ra m  g ro u p in g s  for  o n e  hosp i ta l  w ard  

d u r in g  two 6-w eek study  p e r io d s  w e re  a n a ly z e d  in th e  con tex t  

o f  avai lab le  ep idem io lo g ica l  d a ta .  D e n d r o g r a m s  w e re  g e n e r 

a te d  f rom  th e  av e rag es  o f  the  s imilar i ty  m atr ic es  for spa , dru , 
a n d  P F ( J E  typing d a ta  for all P F G -0 1  iso la tes  r e c o v e re d  f rom 

p a t ie n t s  a n d  e n v i ro n m e n ta l  s i tes  in o n e  w a rd  (w ard  1) f rom  (i) 

July to  S e p te m b e r  2007, with  o n e  ad d i t io n a l  iso late  r e c o v e re d  

in N o v e m b e r  2007 (s tudy  p e r io d  I; ii ~  38) (Fig. 3, to p ) ,  a n d  
(ii) A pr i l  to  M ay  2008 (s tudy p e r io d  11; n  =  22) (Fig. 3, 
b o t to m ) .

Tw elve  D G s  w ere  identif ied  a m o n g  the  38 P FG -01  iso lates  

r e c o v e re d  d u r in g  study  p e r io d  1 (Fig. 3, top) .  The largest  D G  

reco g n ized  was D G - l a ,  cons is t ing  o f  1 1 isolates . T h e  ear l ies t  

D G - l a  iso late  was r e c o v e re d  f rom  a p a t i e n t  w h o  w as  M R S A  
posit ive  u p o n  adm iss io n  to  the  w a rd  (Fig. 3, top) .  O v e r  th e  next 

10 days, D G - l a  iso lates  w e re  r e c o v e re d  f rom  th re e  p a t ie n ts  

a n d  seven e n v i ro n m e n ta l  si tes; M R S A  isola tes  f rom  two o f  

these  p a t i e n t s  w ere  d e e m e d  to  have b e e n  H A  (Fig. 3, top) .

T h e  s e c o n d  largest  D G  ( D G -4 )  co n s is te d  o f  n ine  iso lates  

b e lo n g in g  to  D G -4 a  {n =  6) o r  D G - 4 b  {n = 3)  (Fig. 3, top) .  

T h e  ea r l ie s t  D G -4  iso late  w as r e c o v e re d  f rom  a b e d  m a t t re s s  

a n d  b e lo n g e d  to  D G - 4 a  (Fig. 3, top) .  T w o  w eek s  la ter ,  a se co n d  

D G - 4 a  iso late  w as r e c o v e re d  f rom  a p a t i e n t  w h o se  M R S A  

infec t ion  w as c o n s id e re d  to  have b e e n  H A .  S ub seq u e n t ly ,  

D G - 4 a  a n d  D G -4 b  iso la tes  w e re  r e c o v e re d  f rom  ad d i t io n a l  

p a t i e n t s  a n d  e n v i ro n m e n ta l  si tes,  b u t  n o n e  o f  th e  M R S A  iso

la tes  f rom  th e  p a t ie n ts  w e re  d e e m e d  to  have b e e n  H A  (Fig. 3, 

top) .  F o u r  pa irs  o f  iso la tes  w e re  r e a w e r e d  d u r in g  study  p e r io d  

I, bu t  iso la tes  f rom  o n e  pa ir  only  (p a i r  02) w e re  ass ig n ed  to  the  

s a m e  D G  (D G -1 6 )  (Fig. 3, top) .

D u r in g  study  p e r io d  II, e ight  D G s  w e re  iden t i f ied  a m o n g  the

22 PF G -01  iso la tes  r e c o v e re d ,  w ith  D G - 2  iso la tes  (9 o f  22 

(4 0 .9 % I) p r e d o m in a t in g  (Fig .  3, b o t to m ) .  T h e  ea r l ie s t  D G -2  

iso la te  c a m e  f rom  a  b e d  m a t t re s s .  S u b seq u e n t ly ,  D G - 2  iso la tes  

w e re  r e c o v e re d  f rom  six e n v i r o n m e n ta l  s i tes  a n d  f rom  two 

p a t ie n ts ,  b o th  o f  w h o m  w e re  M R S A  posit ive  u p o n  ad m iss io n  

(Fig. 3, b o t to m ) .  F o u r  D G - 2 6  iso lates ,  inc lud ing  a tr ip le t  o f  

iso la tes  ( t r ip le t  01) r e c o v e re d  f rom  a p a t i e n t  a n d  th e  p a t i e n t ’s 

m a t t r e s s  a n d  bed  rail, w e re  iden t i f ied  d u r in g  study  p e r io d  II. 

T w o  D G - l a ,  tw o  D G -4 a ,  a n d  two D G - I 7 iso la tes  w e re  also 

iden t i f ied  d u r in g  study  p e r io d  II (Fig. 3, b o t to m ) .  T h e  two 

D G - l a  iso la tes  (p a i r  03)  w e re  re c o v e re d  f rom  a p a t i e n t  an d ,  8 

days la ter ,  f rom  th a t  p a t i e n t ’s locker ,  w hi le  th e  D G - 4 a  iso lates  

w e re  r e c o v e re d  f rom  tw o p a t i e n t s  w i th in  24 h o f  e a c h  o th e r .  

T h e  first D G -1 7  iso la te  w as f rom  a p a t i e n t ,  a n d  1 day  la ter ,  the  

se c o n d  iso late  w as  r e c o v e re d  f rom  a b e d  rail  o f  a d if feren t  b ed  

(b e d  10) in th e  s a m e  b e d  bay o c c u p ie d  by th e  p a t i e n t  (Fig. 3, 
b o t to m ) .  A  D G - 1 6  iso la te  had  b e e n  r e c o v e re d  th e  p rev io u s  day 

f rom  th e  p a t ie n t  in b e d  10. T h is  D G - 1 6  iso la te  a n d  th e  D G -1 7  

iso la te  r e c o v e re d  f rom  th e  rail o f  bed  10 (p a i r  06)  differ  by o n e  
P F G E  b a n d  only, a n d  w hile  they sh o w e d  98 .1 %  similar i ty  on  

th e  d e n d r o g r a m  g e n e r a t e d  for all PF G -01  iso la tes  (Fig .  2), they 

sh o w e d  ca.  98 .4 %  s imilari ty  o n  th e  d e n d r o g ra m  for PFG -01  

iso la tes  r e c o v e re d  in w a rd  I d u r in g  s tudy  p e r io d  II (Fig. 3, 

b o t to m ) .

D IS C U S S IO N

E p id e m io lo g ic a l  t r ack in g  o f  S T 2 2 - M R S A -I V  iso la tes  is a 

m a jo r  cha l len g e ,  as  they exhibit  l im ited  diversi ty  by P F G E  a n d  

spa  typing ,  the  m os t  f req u e n t ly  u sed  e p id e m io lo g ic a l  typing 

m e th o d s  ava i lab le  for M R S A .  T h e  p re se n t  s tudy  inves tiga ted  

w h e th e r  in teg ra t io n  o f  P F G E ,  spa , a n d  dru  typing  d a t a  w ou ld  

p rov ide  im p ro v e d  d isc r im in a t io n  a m o n g  S T 2 2 -M R S A -1 V  iso

la tes  r e c o v e re d  in a la rge  t e r t ia ry - re le r ra l  hosp i ta l  in I re land .
A  to ta l  o f  168 S T 2 2 - M R S A -I V  iso la tes  w e re  inves tiga ted  

us ing  the  th r e e  typ ing  m e th o d s .  T h e  c o m b in e d  use  o f  the  

P F G E ,  spa , a n d  dru  typing  d a ta  y ie ld ed  th e  h ighes t  n u m b e r  o f  

type c o m b in a t io n s  (65 types)  a n d  th e  g re a te s t  d isc r im in a to ry  

p o w e r  (S ID ,  96.53) w ith  th e  n a r ro w e s t  9 5 %  C l .  F a r ia  e t  al. (14) 

c o m p a r e d  the  ab il i t ies  o f  severa l  typ ing  m e th o d s ,  inc lud ing  

P F G E  a n d  spa  typing, to  d isc r im in a te  a m o n g  a  d iverse  co l lec 

t ion  o f  M R S A  a n d  m e th ic i l l in -suscep t ib le  S. a ureus  isolates .  

T h e y  r e p o r t e d  th a t  spa  typing  a n d  P F G E  d i f fe re n t ia te d  th e i r  

M R S A  isola tes  w ith  S ID s  o f  95.85 a n d  94.27, respectively .  In 

c o n t r a s t ,  th e  S ID s  for  spa  a n d  P F G E  typ ing  o f  th e  ST22-  

M R S A - I V  iso la tes  o b ta in e d  in th e  p r e se n t  s tudy  w e re  66.9 a n d  

81.34, respectively.  F a r ia  e t  al. (14) a lso  fo u n d  th a t  th e  c o m 

b in a t io n  o f  P F G E  a n d  spa  typing h a d  a  d isc r im in a to ry  p o w e r  

y ie ld ing  a  S ID  o f  98.32, w h e r e a s  th e  S ID  for  this c o m b in a t io n  

o f  typ ing  m e th o d s  in th e  p r e s e n t  s tudy  w as 91.00. T h e s e  find

ings ind ica te  th a t  w hile  th e  c o m b in a t io n  o f  P F G E  a n d  spa

FIG. 2. Composite dendrogram  generated  using UPG M A  clustering and the averages of the similarity matrices from spa, dm , and PFG E typing 
data for the 168 PFG-01 MRSA (ST22 M RSA-IV) isolates investigated during the present study. Isolates were assigned 3-digit cluster codes 
(C) with the first num ber representing the spa type, the second representing the dm  type, and the third representing the PFT. Isolate cluster codes 
were then assigned to DGs as follows: isolates with cluster codes that showed 3:98.5% similarity on the dendrogram  were deem ed to be very closely 
related and were assigned to the same DG. Those isolates with cluster codes showing <98.5%  similarity were deem ed to be distinguishable and 
were assigned to ditferenl DGs. The dendrogram  dem onstrates that the PFG-01 isolates were assigned to 65 cluster codes that were divided into 
37 DGs. The red, dashed vertical line marks 98.5% similarity.
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typing is highly discriminatory for collections o f  diverse M R SA  
isolates, it is inadequate  in local epidemiological studies where  
strain diversity is limited, as with ST22-MRSA-IV, While the 
168 ST22-M RSA-IV  isolates investigated here were differen
tia ted into 65 type combinations by integrating spa, dru, and 
P F G E  typing data ,  some o f  the types identified using each 
individual m ethod exhibited only minor differences and were 
assigned to subgroups. All 21 PFTs identified am ong  the 168 
ST22-MRSA-1V isolates were assigned to a single group 
(PFG-Ol) and were deem ed to be possibly related according to 
the criteria of  Tenover  et al. (57), as they all diU'ered by s 6  
bands. These criteria  were originally devised for a range of 
bacterial species, including S. aureus, but can present problems 
with clonal populations o f  M R S A  exhibiting limited genetic 
diversity (16). A  cutoff of  80%  similarity for grouping clusters 
o f  M R S A  isolates, with a cutoff o f  95%  similarity for recogni
tion o f  subtypes, has been proposed previously (14, 37). In the 
present study, dendrogram  clustering of P F G E  data  showed 
> 8 0 %  similarity among all 168 ST22-M RSA-IV isolates. The 
most frequently occurring PFTs (P F T  01018 and PF T  01039) 
differed from each o ther by a single band and showed 98% 
similarity to each o ther  (data  not shown). With PFG E , undue 
weight cannot  be placed on a single band difference, so for the 
majority of  the isolates in the study population, P F G E  alone 
could not provide reliable differentiation. Unlike PF G E ,  for 
which there  are  agreed-upon interpretive criteria (57), spa and 
dru typing currently have no criteria defined by international 
consensus tor  interpreting the significance o f  differences in 
results. (Consequently, i.solates with different spa types or dm  
types are d eem ed  to be distinct even though they may be 
closely related if the types differ by changes consistent with a 
single genetic  event, such as duplication o f  a tandem  repeat,  a 
point mutation, o r  a base in.sertion or deletion. To investigate 
the significance o f  such differences objectively, spa and dru 
types were assigned as subgroups by using MSTs if they showed 
> 98 .5 %  similarity. This cutoff value g rouped  7 of the 17 spa 
types identified among the 168 ST22-M RSA-IV isolates inves
tigated into six spa subgroups (Table 1). Each spa type within 
each subgroup differed from the o ther  m em bers o f  the sub
group  by the presence or absence o f  one to three  tandem 
repeats. With dru typing, 10 o f  the 17 dru types identified were 
g rouped  into eight subgroups (Table 1). The dru types within 
each subgroup differed by nucleotide changes in one  o r  two 
repeat  units only.

While spa typing and P F G E  are well established m ethods for 
typing o f  M R S A  isolates, few studies have investigated the 
usefulness o f  dru typing for M RSA. Smyth et al. (54) identified 
42 dru types am ong 111 isolates of the pandem ic nosocomial

strain ST239-MRSA-II1. G oering  et al. (17) identified 13 and 
12 dru types am ong 47 EM R SA -15  (ST22-M RSA-IV) and 57 
E M R SA -16  (ST36-MRSA-1I) isolates, respectively. In con
trast, the majority o f  C A -M R S A  USA300 (ST8-M RSA-IV) 
and CC80 isolates from patients from various geographical 
locations exhibited dt9g and dtlOa, respectively (58, 29). The  
results of these studies indicate that C A -M R S A  strains exhibit 
less genetic  diversity within the dru region than nosocomial 
M R S A  strains. This dilference may reflect the fact that the 
nosocomial strains have been extant longer than C A -M R SA  
strains (12, 44, 54, 61). In the present study, 17 spa types were 
identified am ong 168 ST22-M RSA-IV isolates, o f  which 4, 
t032, t515, t022, and  t l214, were further differentiated into 12, 
6, 4, and 2 dru types, respectively. Nevertheless, dru  typing 
cannot be used as a stand-alone m ethod for typing M R SA  
isolates, as the two p redom inant  types recognized am ong  the 
ST22-MRSA-IV isolates (dtlOa and dtlOj) were also identified 
am ong the three ST8-MRSA-II variant isolates in the present 
study and am ong CC 80-M R SA -IV  isolates described in a p re 
vious study (29). Three  dru types identified am ong ST22- 
M R SA -IV  isolates in the present study (dtlOa, d t l l a ,  and 
dt8a) were also identified previously am ong  ST239-MRSA-1II 
isolates (54), while dtlOi has been identified in unrela ted 
M R S A  lineages, including EM R SA -15  (17) and the ST87- 
M R SA -IV  isolate in the present study. These da ta  indicate that 
an isolatc 's dru type is not lineage or SC C m ec  type specific. 
However, unre la ted  M R S A  lineages sharing indistinguishable 
dru types may reflect the presence o f  related SC C m ec  e lements 
in diverse genetic backgrounds.

The  composite  dendrogram  genera ted  from the combined 
spa, dru, and P F G E  typing data  for all 168 ST22-MRSA-IV 
isolates provides a visual representat ion  o f  the overall re la ted
ness o f  isolates. Using a cutoff o f  98.5% similarity, isolates 
were differentiated into 37 DGs, 17 (46%) o f  which contained 
more than one isolate and 10 o f  which contained isolates rep 
resenting more than one cluster code, further indicating the 
close relatedness o f  the isolates. O f  the 10 DGs consisting of 
isolates belonging to different cluster codes, 4 contained iso
lates with spa and/or dru types that  were not a.ssigned as sub
groups (Fig. 2 and Table  2), including D G - la  (t025 and dt9j), 
DG-4 (for DG-4b, t4 l22, and for DG-4a, d t l  lo),  DG-23 (t578 
and d t l l j ) ,  and DG-20 ( d t l l j ) .  In each case, the P F G E  pa t
terns were indis tinguishable from those o f  o th e r  isolates within 
that  DG. In addition, where the spa type was distinct, the dru 
type was indistinguishable from or closely related lo that of  
o ther  isolates within that D G ; where  the dru type was distinct, 
the spa type was indis tinguishable from or closely re la ted  to 
that o f  o ther  isolates within that D G  (Table 2). These  findings

FIG . 3, C om posite  d en d ro g ram  g e n era ted  using U P G M A  c lustering  and  the  averages o f the  sim ilarity  m a trices  from  spa, dru.  and  P F G E  typing 
d a ta  for 38 PFG-O l M R SA  iso la tes investigated  d u rin g  study  p e rio d  I ( to p )  an d  22 PFG-O l M R S A  iso la tes investigated  du ring  study pe rio d  II 
(b o tto m ). A vailable ep idem io log ical in fo rm ation  for each  iso late, as well as the  c lu ste r code an d  D G , is ind ica ted . D G s w ere assigned to  the 
d ifferen t c lu s te r codes  d e te rm in ed  from  the  d en d ro g ram  dep ic ting  all PFG -O l iso la tes identified  in th e  p re sen t study (Fig. 2). T he d en d ro g ram  
show s th a t the  PFG-Ol iso la tes  from  study p e rio d  1 (n = 38) and  study p e rio d  II (n = 22) w ere d ifferen tia ted  in to  12 and  8 D G s, respectively.", 
the  abb rev ia tion  SO  in place o f  a bed  n u m b er ind ica tes a s ingle-occupancy room .'’, O A . the p a tien t w as M R S A  positive on  adm ission; O A -K , the 
p a tie n t's  M R S A -positive  s ta tu s  w as know n a t the  tim e o f  adm ission  to  the  w ard; > 7 2  h, the  p a tie n t's  M R S A  s ta tu s  was d e te rm in ed  72 h a fte r 
adm ission  to  the w ard .', the  pair^ o r  tr ip le ts  o f  iso la tes recovered  du ring  study p e riods  1 and  II a re  ind ica ted  and  include iso la tes recovered  from  
p a tien ts  an d  from  th e ir  im m ed ia te  en v iro n m en ts  du ring  the  sam e study p eriod . E ach pa ir o r trip le t consists o f on e  iso late from  a p a tie n t a n d  at 
least one en v iro n m en ta l isolate.
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highlight the need for caution when interpreting da ta  from 
individual typing m ethods and show how combining da ta  from 
the three typing m ethods permits a more informative evalua
tion o f  the relationship among isolates.

In the present study, analysis o f  available epidemiological 
information for a selected subset o f  ST22-MRSA-IV isolates 
was used to confirm the validity o f  the relationships inferred 
from the combined PFG E , spa, and dru typing data. Six pairs 
and one triplet of isolates were recovered from individual 
patients and their immediate ward environm ents  during the 
same time periods, and by using the combination o f  all three 
typing methods, isolates in four o f  these pairs (pairs 01, 04, 05, 
and 06) were differentiated into distinct DGs. Isolates in pair 
01 differed by all three typing m ethods and exhibited < 9 6 %  
similarity on the composite dendrogram  (Fig. 3, top). In terest
ingly, the environmental isolate in pair 01 was recovered from 
a bed bay 2 days after the patient isolate was obtained while the 
patient was in a different bed bay. Pair 04 isolates belonged to 
DG-4a and DG-5 and differed in their spa type and PFT, and 
the composite dendrogram  showed that these isolates had 
< 9 8 .5 %  similarity (Fig. 3, top). Pair 05 isolates belonged to 
D G - la  and DG-4b, and a lthough they shared  the same spa 
type and belonged to dru types and PFTs that  were assigned as 
subtypes, the composite dendrogram  showed that they had 
< 9 8 %  similarity (Fig. 3, top), suggesting that they are distin
guishable. However, pair 06 isolates belonged to DG-16 and 
DG-17, differed only with regard to the P F G E  patterns (ex
hibiting a one-band difference), and showed ca. 98.4% similar
ity (Fig. 3, bottom), suggesting that these isolates should be 
considered to be very closely related.  Isolates in each o f  the 
two remaining pairs (pair 02, consisting of DG-16 isolates, and 
pair  03, consisting of D G - la  isolates) and the triplet (triplet 01, 
consisting o f  DG-26 isolates) were indistinguishable from each 
o th e r  (Fig. 3). This analysis revealed that certain patient and 
environmental ST22-MRSA-IV isolates could be differentiated 
while o thers  remained indistinguishable and showed that the 
combination o f  typing m ethods used in the present study sig
nificantly improves isolate discrimination and therefore  can be 
used for epidemiological tracking o f  isolates of this highly 
clonal strain.

Different DGs predom inated  am ong isolates from the two 
study periods (D G - la  in study period I and DG-2 in study 
period II). Particular isolates within D G - la  and DG-2 differed 
in the spa type only, with D G - la  isolates exhibiting spa type 
t032 while DG-2 isolates belonged to spa type t628. While 
these spa types were assigned to the same subgroup, only nine 
isolates exhibiting spa type t628 were recovered during the 
study and  all nine were recovered from ward 1 during study 
period II, suggesting that the difference between t032 and t628 
is significant (Fig. 3).

Based on the results o f  this study, it is recom m ended  that in 
performing epidemiological investigations o f  a highly clonal 
M R S A  strain, such as ST22-MRSA-IV, in a hospital setting 
where  the strain is endemic, optimal tracking can be achieved 
by combining spa and P F G E  typing da ta  with dru typing data. 
This approach has revealed a previously unrecognized level of  
diversity am ong ST22-MRSA-1V isolates that can be used to 
provide data  fundamental to epidemiological tracking o f  iso
lates o f  this pandemic M R SA  strain. P F G E  and spa typing are 
routinely used for typing of M R S A  isolates (19, 37), and while

d ri4  typing may not be as well established or widely used for 
typing o f  M R S A  i.solates, it involves the same techniques and 
principles as spa typing (D N A  sequencing o f  a V N T R  unit). 
Therefore ,  use o f  d r u  typing by a laboratory that currently uses 
DN A-based sequencing m ethods for routine epidemiological 
typing of M R S A  isolates should not require addit ional ex p er
tise or  result in a major increase in costs. In addit ion, all spa, 
d r u ,  and P F G E  data  analyses can be perform ed  with a c o m 
monly used software package (i.e., BioNumerics),  and if re 
quired, statistical analysis o f  results can be readily and easily 
a tta ined using a previously published free online tool (http: 
/ / W W W .comparingpartit ions.info). However, the ability o f  d r u  

typing in combination with PF G E  and spa typing to discrimi 
nate  am ong isolates o f  highly clonal strains o f  M R S A  o th er  
than ST22-MRSA-IV remains to be determined.
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