
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



Comparative Genetic Analysis of Nosocomial 

Methicillin-Resistant Staphylococcus aureus 

Populations in Ireland 1971-2004

A thesis submitted to the University of Dublin in fulfilment of the requirements for

the degree Doctor of Philosophy by

Anna Shore 

April 2005

Microbiology Research Unit, Department of Oral Medicine and Pathology, School 

of Dental Science, Dublin Dental School and Hospital,

Trinity College 

University of Dublin



TRINITY COLLEGE

1 3 NO V ^UUB

LIBRARY DUBLIN

%o!^



Declaration

I hereby dec lare  that  this thesis has not prev iously  been subm itted  fo r  a deg ree  at 

th is or  any o th e r  U nivers ity  and that it rep resen ts  m y ow n  unaided  woric, ex cep t  

w here  duly acknow ledged  in the text. I agree that  this thesis  m ay be lent o r  copied  

at the d iscretion o f  the librarian, T rin ity  C ollege Dublin.

A n n a  Shore



“  It is time to close the hook on infectious diseases, 
declare the war against pestilence w on... ”

U.S. Surgeon-General William H. Stewart, 1967



Summary
Methicillin-resistant Staphylococcus aureus (MRSA) is the most prevalent pathogen 

responsible for nosocomial infections worldwide and Ireland has one of the highest 

rates o f  nosocomial MRSA infections in Europe. In the past, phenotypic 

epidemiological typing techniques such as routine antimicrobial susceptibility testing 

and phage typing, and more recently, pulsed-field gel electrophoresis (PFGE), have 

been used to monitor the MRSA population in Irish hospitals. The aim of the present 

study was to perform a comprehensive molecular analysis of an extensive collection of 

MRSA isolates recovered from patients in Irish hospitals between 1971 and 2004, in 

order to assess the genetic relationships of nosocomial MRSA in Ireland since its first 

isolation over thirty years ago. Isolates were also investigated for the prevalence of 

lysogenic single-, double- and triple- converting serotype F phages, which encode the 

important virulence factors enterotoxin A (EntA) and staphylokinase (Sak).

A combination of multilocus sequence typing (MLST), which determines the genetic 

background of bacterial isolates and analysis of the staphylococcal chromosomal 

cassette (SCCm ec)  element, which carries the genetic determinant for methicillin- 

resistance mecA, was used in the present study to characterise the MRSA isolates. In 

addition, PFGE was performed on MRSA isolates collected during a surveillance study 

in 1999 to examine the relationship between isolates exhibiting a newly recognised 

phenotype (AR43) and isolates with other phenotypes collected during the same study.

M LST revealed that 160/162 isolates tested had the same genotypes as 

internationally spread MRSA clones including the Hungarian (ST239), Iberian (ST247), 

Archaic (ST250), New York/Japan (STS), EMRSA-I5 (ST22), EMRSA-16 (ST36) and 

Irish-I/Irish-2 (STS) clones. The remaining two isolates exhibited the novel genotypes 

ST496 and ST609. Using two different SCCmec typing methods, approximately half of 

the isolates (88/177) tested were found to harbour SCCmec  types I, lA, II, III or IV and 

two isolates were found to harbour no SCCmec element. The remaining 87 isolates (ca. 

49%) harboured novel and previously undescribed SCCmec  variants in three distinct 

genetic backgrounds; (i) 14IS1 isolates had the ST8 genotype and either one of five 

novel SCCm ec  II variants (IIA, IIB, IIC, IID and HE) or one of two novel SCCmec  IV 

variants (IVE and IVF); (ii) 4/87 isolates had the ST239 genotype and a novel SCCmec  

III variant IIIC; (iii) 9/87 isolates had a novel SCCmec  I variant associated with ST250.



Nucleotide sequencing revealed that the novel SCCm ec  elements IVE and IVF were 

similar to SCCmec  IVc and IVb, respectively, but differed in the region downstream of 

mecA. The  five SCCmec  II variants were similar to SCCmec  IVb in the region upstream 

of the ccr  complex but otherwise were similar to SC C m ec  II except for the following 

regions: S C C m ec  IIA and IID had a novel m ec  complex, A .4  {Is.mecl-\SI 182-bi.mecl- 

m ecRl -mecA-\S431 mec)\ SCCmec  IIC and HE had a novel mec  complex, A .3 ( IS / /S 2 -  

A.mecI-mecRl-mecA-IS43!mecy, SCCm ec  IID and HE lacked p U B llO ;  S C C m ec  IIC 

and HE lacked a region of DNA between Tn55^  and the m ec  complex; SCCm ec  HB 

lacked Tn554. The novel SCCmec  element IIIC was similar to SCCmec  III but differed 

by the absence of a ca. 3kb region found between pI258 and Tn554 in SCCmec  HI.

PFG E analysis of isolates from  1999 (n=67) revealed that AR43 isolates were 

possibly related to isolates with the phenotypes AR13 and AR14. This was confirmed 

by M LST where all AR13, A R K  and AR43 isolates were found to have the STS 

genotype. However, while all AR13 and A R 14 isolates harboured SCCm ec  II variants 

(HA-HE) all AR43 isolates harboured novel SCCmec  IV variants (IVE or IVF).

The majority of MRSA isolates investigated (106/110, 96%) were found to harbour 

lysogenic serotype F phage. Alm ost all of these isolates produced the phage encoded 

virulence factor Sak (103/110, 94%) and in addition over half of these isolates (58/110, 

53% ) also  produced the phage encoded virulence fac tor  and superantigen EntA. 

Through extensive genetic analysis it was also identified that two multiresistant MRSA 

isolates recovered from patients in different Irish hospitals in 1999 failed to express Sak 

due to insertional inactivation of the phage encoded sak gene by the insertion sequence 

element IS256. These two isolates harboured serotype F triple-converting phages but 

the sak  gene could not be expressed due to the presence of this insertion sequence 

within sak.

The present study demonstrated for the first time that most of the major international 

and pandemic clones of M RSA have spread to Ireland over the last 30 years and that 

major changes have occurred in the dominant clonal types of M RSA in Irish hospitals 

during this time period. In addition, a hitherto unexpected degree of diversity within 

S C C m e c  was revealed. N ine novel S C C m e c  v a r ian ts  w ere  id en t if ied  and 

comprehensively characterised and it was revealed that these variants may be the result 

o f  significant recombination and rearrangements between different SCCm ec  elements. 

T he present study has also identified that over half  of the Irish M R SA  isolates



investigated produced the virulence factor EntA, which is a superantigen known for its 

role in the pathogenesis of S. aureus infections. Finally, the present study identified the 

first ever  case  o f  insertional inactivation of a phage encoded virulence gene by an 

insertion sequence element.
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EM RSA Epidemic methicillin-resistant Staphylococcus aureus
EntA enterotoxin A
et al. and others
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g gram
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h hour(s)

HIb beta-toxin
hVISA heterogeneously vancomycin-intermediate Staphylococcus aureus

i.e. that is
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L broth

litre(s)
Luria-Bertani agar 
Luria-Bertani broth

M molar
mec methicillin resistance gene complex
mg milligram
mM millimolar
MIC m inimum  inhibitory concentration
min minute
ml millilitre
M LEE multilocus enzyme electrophoresis
MLST multilocus sequence typing
M M H Mater Misericordiae Hospital
M RSA methicillin-resistant Staphylococcus aureus
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N M R SA R L National M RSA Reference Laboratory, Ireland
No. number

O R F open reading frame

PBP penicillin binding protein
PCR polymerase chain reaction
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s second
Sak staphylokinase
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see staphylococcal chromosomal cassette
SCCmec staphylococcal chromosomal cassette mec
SDS sodium dodecyl sulphate
siv single locus variant
SSSS staphylococcal scalded skin syndrome
ST sequence type

TB E tris-borate EDTA
Tris tris (hydroxymethyl)aminomethane
TSA trypticase soy agar
TSB trypticase soy broth
TSS toxic shock syndrome

U unit
microgram

UK United Kingdom
li\ microlitre
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VISA vancomycin-intermediate Staphylococcus aureus
VRSA vancomycin-resistant Staphylococcus aureus
v/v % volume in volume: expresses the number of millilitres of an active

constituent in 100 millilitres of solution

w/v % weight in volume: expresses the number of grams of an active
constituent in 100 millilitres of solution

X-gal 5-bromo-4-chloro-indoyl-(3-D-galactoside

> greater than
< less than
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< less than or equal to
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Chapter 1 

Introduction



1.1 Staphylococcus aureus

The staphylococci are Gram-positive bacteria that belong to the M icrococcaceae 

family. A lthough many species of staphylococci have been described, Staphylococcus 

aureus is considered to be the most pathogenic. It is a major human pathogen and one 

of the leading causes of nosocomial and community acquired infections worldwide. It is 

a com m on coloniser of humans, where it can be carried in the anterior nares in up to 

40%  of healthy individuals (Van Belkum et a i ,  1997).

Staphylococcus aureus expresses many potential virulence factors including both 

secreted and cell surface proteins (Table 1.1). The secreted proteins include diverse 

enzymes and toxins that damage host tissue and cells (Projan & Novick, 1997) (Table 

1.1). Cell surface proteins include microbial surface components recognising adhesive 

matrix molecules (M SCRA M M s), which promote host tissue colonisation and factors 

that aid in establishing infection by allowing the bacteria to evade the host imm une 

system (Projan & Novick, 1997; Foster & Hook, 1998) (Table 1.1).

Due to this plethora of virulence factors, S. aureus is capable of causing a wide range 

o f diseases, from  superficial skin lesions to severe and life threa ten ing  system ic 

infections (Boyce, 1997). It is a common cause o f  skin and subcutaneous infections, 

including foliculitis, furunculosis, mastitis and impetigo. Staphylococcus aureus  also 

causes meningitis, pneumonia, urinary tract infections, phlebitis, food poisoning, toxic 

shock  synd rom e (TSS) and the b lis tering  skin d iseases  co llec tive ly  know n as 

staphylococcal scalded skin syndrome (SSSS). It is the most common hospital acquired 

organism  and is com m only associated with postoperative wound infections, catheter 

related infections and with persons whose immunity is com prom ised due to chronic 

illness, immunosupression, burns or traumatic injury. In these types of individuals it can 

cause deep-seated  infections such as osteomyelitis, endocarditis and overw helm ing  

septicaemia (Lowy, 1998).

1.2 Methicllin Resistant Staphylococcus aureus (MRSA)

1.2.1 The emergence of antibiotic resistance in S. aureus

Staphylococcal disease and S. aureus were first described in the late 19“’ century and 

were associated with high mortality rates (Ogston, 1882; Sheagren 1984a & 1984b; 

Reacher et al., 2000). It was almost 60 years later, with the developm ent of penicillin
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TABLE L I. Examples of potential virulence factors of S. aureus

Virulence Factors
Secreted Proteins__________
Staphylokinase

Lipase

Hyaluronidase

Cytotoxins a , p, 6, y & leukocidin

Enlerotoxins

Exfoliative toxin

Toxic Shock Syndrome toxin

Surface proteins___________
Fibronectin binding protein A & B

Collagen binding protein

Fibrinogen binding protein 
(clum ping factor)

Capsular polysacharide 

Protein A

Biological effect

Dissolves fibrin clots, promotes bacterial 
spread in the tissue by breaking down 
fibrin barriers surrounding the site of 
infection, induces secretion of defensins 
and neutralises their bactericidal activity

Hydrolyses lipids

Hydrolyses hyaluronic acid in connective 
tissue

Toxic to erythrocytes, leukocytes, 
macrophages, fibroblasts & platelets & 
causes damage to host tissue

Superantigens: stimulate mast cells & 
cause damage to host tissue

Superantigen; stimulate T cells to release 
cytokine & cause damage to host tissue

Superantigen: stimulate T cells to release 
cytokine & cause damage to host tissue

Mediate attachment to fibronection & 
invasion of mammalian cells

Mediates attachment to collagen

M ediates attachment to fibrinogen & 
protect against macrophage phagocytosis

Inhibit phagocytic engulfment & 
chemotaxis

Inhibits antibody mediated clearance & 
interacts with platelets

Reference

(Lahteenmaki et al., 2 0 0 1; 
Jin et al., 2004)

(Abdelnour ef a/., 1993) 

(Abdelnour e? a/., 1993)

(Dinges et al., 2000)

(Dinges e ta l., 2000) 

(Dinges et al., 2000) 

(Dinges et al., 2000)

(Foster (& Hook, 1998)

(F o s te r*  Hook, 1998; 
Rhem et al., 2000)

(Foster & Hook, 1998; 
Falmqvist et al., 2004)

(Luong & Lee, 2002)

(Forsgren & Sjoquist, 
1966; Nguyen et al., 2000; 
Falmqvist et al., 2002)



antibiotics for clinical use in the 1940’s that a dramatic decrease in morbidity and 

mortality due to S. aureus infections was observed (Brumfitt & Hamilton-Miller, 1989). 

However, soon after its introduction, resistance to penicillin G and structurally related 

penicillins emerged in many S. aureus isolates, due to the production of P-lactamase, a 

penicillinase enzyme that degrades the |3-lactam ring of this class of antibiotics (North 

& Christie, 1946) (Fig. 1.1). By the late I940’s over half of nosocomial S. aureus 

strains were (3-lactamase producers (Baber & Rozadowska, 1948). Other antibiotics 

were also discovered and introduced into clinical practice in the 1940’s and 1950’s 

including tetracycline, streptomycin and macrolides, but S. aureus isolates rapidly 

developed resistance to these agents (Fig. 1.1).

New semi-synthetic, penicillinase resistant (3-lactam antibiotics such as methicillin, 

oxacillin and flucoxacillin were subsequently developed and rapidly became the drugs 

of choice for anti-staphylococcal therapy. In 1961, just two years after the introduction 

of methicillin into clinical practice, the first methicillin-resistant isolates of S. aureus 

were described in England (Jevons, 1961) (Figs. 1.1 & 1.2). Many methicillin-resistant 

S. aureus  (MRSA) isolates were resistant to multiple antibiotics and caused severe 

invasive infections and outbreaks in many hospitals across Europe in the 1960’s 

(Shanson, 1981) (Fig. 1.1). In the early 1970’s, the prevalence of MRSA decreased but 

this was followed by an increase in predominance in the late 1970’s and into the 1980’s, 

not only in many European countries but in the USA (Klimek et al., 1976; Haley et al., 

1982) and Australia (Turnidge & Bell, 2000) (Fig. 1.1).

Since the I980 ’s, both the numbers and proportion of MRSA associated with 

nosocomial infections have increased significantly in many countries worldwide and are 

a major threat to public health. In the USA the prevalence of MRSA in hospitals 

increased from 2.4% in 1975, to 29% in 1991, 35% in 1996 and 54.5% in 1999 (Panlilio 

et al., 1992; Roberts et al., 1998). Similar trends have been reported in many European 

countries including Ireland and the United Kingdom (Cafferkey et al., 1985; Marples & 

Cooke, 1985; Speller et al., 1997; Reacher et al., 2000; Rossney & Keane, 2002a). In 

many Asian countries the levels of MRSA are much worse than in Europe and the USA; 

in many hospitals in Taiwan and China ca. 60-80% of S. aureus isolates are MRSA 

(W an g  et al., 2002; Aires de Sousa et al., 2003b). Today, MRSA is a serious 

nosocomial problem, causing increased morbidity and mortality in hospitals. One recent 

study has shown that nosocomial MRSA bloodstream infections result in a two-fold
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Abbreviations: HA, hospital acquired; CA, comm unity acquired; M RSA, methicillin-resistant S. aureus: VISA, vancomycin intermediate S. 

aureus] hVISA, hetero vancomycin intermediate S. aureus: VRSA, vancomycin resistant S. aureus.

FIG U R E 1.1. Chronological time line of the major events in the emergence of antibiotic resistance in S. aureus.



Plate B

FIGURE 1.2. Methicillin-resistant and methicillin-susceptibie S. aureus (MRSA & 

MSSA, respectively) isolates streaked on Columbia Blood Agar (CBA) plates with 

methicillin disks (white disks along the center of each plate). MRSA isolates are 

capable of growing in the presence of methicillin (Plate A). The growth of MSSA 

isolates is inhibited by methicillin (Plate B).



increase in attributable mortality when compared to nosocomial methcillin-susceptible 

S. aureus (MSSA) bloodstream infections (Cosgrove et al., 2003).

1.2.].1 Vancomycin resistant S. aureus (VRSA)

Vancomycin is a glycopeptide antibiotic that was introduced into clinical practice in 

the 1960’s and for several decades has been the only drug available to treat infections 

caused by MRSA isolates that are resistant to multiple antibiotics. The increased 

prevalence of MRSA led to increased usage of vancomycin and in 1997 the first ever S. 

aureus  isolates with reduced susceptibility to vancomycin were reported in Japan 

(Hiramatsu et a l ,  1997a & 1997b) (Fig. 1.1). Two types of reduced susceptibility to 

vancomycin were observed, the so-called vancomycin-intermediate S. aureus (VISA) 

and the hetero- vancomycin-intermediate S. aureus (hVISA). Isolates described as 

VISA have a minimal inhibitory concentration (MIC, the minimum concentration of 

antibiotic which will inhibit growth of the microorganism) of vancomycin of 8-16 mg/L 

(Walsh & Howe, 2002). MRSA isolates that are heterogeneously resistant to 

vancomycin (hVISA) are isolates in which the majority of the bacterial population are 

susceptible to vancomycin (MIC <4 mg/L) but a subpopulation of cells are capable of 

growing in the presence of higher vancomycin concentrations (MIC 8-16mg/L) (Walsh 

& Howe, 2002). Although the clinical significance of hVISA isolates is unclear, many 

researchers believe that both hVISA and VISA isolates are associated with treatment 

failures and that hVISA are precursors of VISA that develop after prolonged exposure 

to glycopeptides (Kim et al., 2000; Walsh & Howe, 2002).

The reduced susceptibility to vancomycin, seen in both hVISA and VISA isolates, is 

due to alterations in cell wall biosynthesis in these isolates, resulting in an unusally 

thickened cell wall capable of binding vancomycin, thus hindering vancomycin 

reaching its target (Hanaki et al., 1998; Cui et al., 2003). Both hVISA and VISA have 

been reported in many countries around the world including USA, France, Hong Kong, 

Ireland, Germany, Korea, Japan, India, Philippines, Singapore, Thailand, Vietnam, 

South Africa, Belgium and Brazil (Ploy et al., 1998; Sieradzki et al., 1999; Smith et al., 

1999; Chesneau et al., 2000; Ferraz et al., 2000; Hood et al., 2000; Kim et al., 2000; 

Hageman et al., 2001; Oliveira et al., 2001a; Denis et al., 2002; Rossney, 2003a).

Vancomycin-resistant S. aureus (VRSA) isolates demonstrate a vancomycin MIC 

>32 mg/L and, to date, only three clinical VRSA isolates have been identified (Centre 

for Disease Control and Prevention (CDC), 2002 & 2004; Chang et al., 2003) (Fig. 1.1).
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All three VRSA isolates were identified in the USA but are epidemiologically unrelated 

and have been found to carry the vanA gene which is not found in VISA or hVISA  

isolates. The vanA gene encodes high-level vancomycin resistance in enterococci and 

although it was demonstrated in 1992 that vanA could be transferred from enterococci 

to S. aureus  by conjugation in vitro (Noble et al., 1992), this resistant determinant was 

not identified in clinical S. aureus isolates until the isolation of the first VRSA isolate in 

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

dialysis patient who had previously received vancomycin treatment. A vancomycin- 

resistant enterococcus isolate harbouring the vanA gene was also recovered from the 

same swab and further molecular analysis indicated that conjugative transfer of vanA 

very likely had occurred from eneterococcus to S. aureus. The emergence o f  reduced 

susceptibility and resistance to vancomycin in S. aureus  is a cause for concern and 

threatens to compromise further out ability to treat infections caused by S. aureus.

1.2.1.2 Community acquired MRSA (CAMRSA)

Another worrying aspect in relation to MRSA, is the recent worldwide increase in 

the frequency o f  infections due to MRSA acquired in the community (community- 

acquired MRSA {CAMRSA})(Herold et al., 1998; Maguire et al., 1998; Rings Terry et 

al., 1998; Stacey et al., 1998; Cookson, 2000; Salmenlinna et al., 2002; Fey et al., 2003; 

Mongkolrattanothai et al., 2003; Stemper et al., 2004; Rossney et al., 2005) (Fig. 1.1). 

Community-acquired MRSA are isolates cultured from patients in an outpatient setting 

or from patients within 48 h of admission to hospital. In addition, in order for MRSA to 

be defined as CAM RSA it needs to be determined that MRSA was not acquired by the 

patient as a result o f  previous exposure to the health care system, such as during 

previous hospitalisation or nursing home residency or close contact with people who 

work at, or were recently discharged from, a health care facility. Community-acquired 

MRSA isolates can be highly virulent and can cause fatal infections in healthy adults 

and children with no direct ties to healthcare facilities and without the typical risk 

factors for infections (Herold et al., 1998; CDC, 1999). Recent studies suggest that the 

majority of CAM RSA strains have not originated in the hospital setting but that they are 

the result of acquisition of methicillin resistance determinants by M SSA isolates in the 

community (Okuma et al., 2002; Fey et al., 2003).

5



1.2.2 The mechanism of methicillin resistance in 5. aureus

The (3-lactam antibiotics disrupt bacterial cell wall synthesis and inhibit growth by 

binding to the enzym atic  site o f  penicillin binding proteins (PBPs), which are cell 

m em brane bound proteins that catalyse peptidoglycan crosslinking in the bacterial cell 

wall (Georgopapadakou et al., 1986). Staphylococcus aureus strains that are susceptible 

to the (3-lactam antibiotics (M SSA ) have four PBPs. M ethicillin-resistant S. aureus  

strains produce an extra PBP, PBP2a or PBP2', that has decreased (3-lactam affinity 

(Hartm an & Tom asz, 1984; Reynolds & Brown, 1985). This PBP2a is only bound at 

concen tra tions  well above the therapeutic  range o f  (3-lactam antib io tics  so it can 

perform all the PBP reactions essential for cell wall assembly when all other (3-lactam 

susceptible PBPs have been inactivated (Hartman & Tomasz, 1984 & 1986).

Penicillin binding protein 2a is encoded by the methicillin resistance gene, mecA, 

that is carried by a novel class of mobile genetic element designated staphylococcal 

chrom osomal cassette mec (SCCmec),  which is not found in M SSA (Beck, 1986; Ito et 

al., 1999; Katayama et al., 2000). All SCCmec  elements integrate into the chrom osome 

of  M SSA at the same site, attB^^ and converts them to MRSA. The attB,^.^.site is at the 3' 

end of an open reading fram e (ORF) o f  unknown function, designated or/Y, which is 

located near the origin of replication of the chromosome, between the genes encoding 

protein A (spa)  and a protein involved in purine biosynthesis (purA)  and is well 

conserved in S. aureus  isolates (Kuhl et al., 1978; Ito et al., 2001). W hen SCCmec  

integrates into the chromosome, it is flanked by direct- and inverted-repeat sequences at 

either end. The direct repeat is not the result o f  target duplication but is due to the fact 

that a 15 bp sequence found in the attB̂ ^ ,̂ is also present at one end o f  SCCmec  (Ito et 

al .,  2001). Both ends of S C C m ec  also contain inverted repeats which have been 

suggested to be recognised by SCCmec  recom binases responsible for m ovem ent of 

SCCmec  in and out of the chrom osome (Ito et al., 2001).

1.2.3 Staphylococcal chromsomal cassette mec (SCCmec)

To date, five types of the SCCmec  element {SCCmec  I, II, III, IV and V) and some 

variants, have been characterised in MRSA isolates from around the world (Ito et al., 

1999 & 2001; Oliveira et al., 2001c; Ma et al., 2002; Oliveira & de Lencastre, 2002a; 

Ito et al., 2003 & 2004). The fundamental genetic components of each SCCmec  element 

are the mec  gene- and cassette chrom osome recombinase (ccr) gene-complexes (Ito et
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al., 2001). It has been suggested previously that the rest of the SCCmec element, outside 

of the ccr and mec complexes be designated the junkyard (J) region, because it contains 

genes that are not essential components for SCCmec or the bacterial cell in which it 

resides (Ito et al., 2003). However, this J region can harbour integrated transposons, 

plasmids and insertion sequences, which can carry resistance genes for various 

antibiotics and heavy metals. The five SCCmec types described to date are defined on 

the basis of the class of mec gene complex and the type of ccr complex they possess and 

variants of each type are defined by the sequences in the J regions.

1.2.3.1 The cassette chromosome recobinase (ccr) gene complex

The ccr complex consists of the ccr genes ccrA and ccrB in combination {ccrAB) or 

ccrC  alone, as well as adjacent open reading frames (Katayama et al., 2000; Ito et al., 

2004). The ccrAB and ccrC  genes encode polypeptides with homology to the invertase 

resolvase family and are necessary for orientation specific integration and accurate 

excision of the SCCmec element. Five allotypes of the ccr complex have been described 

to date; ccrABX (type 1 ccr), ccrAB2 (type 2 ccr), ccrABS (type 3 ccr), ccrAB4 (type 4 

ccr) and ccrC  (type 5 ccr) (Ito et a i ,  2001 & 2004; Oliveira et at., 2001c).

! .2.3.2 The mec gene complex

The mec complex consists of an intact copy of the mecA gene encoding PBP2a, an 

integrated copy of insertion sequence element \S431mec downstream of mecA, and, 

when present, complete or truncated mec regulatory genes mec! and mecRi upstream of 

mecA (Hiramatsu et at., 2001) (Fig. 1.3). The mec gene complex encodes inducible 

methicillin resistance. The meci gene encodes a mecA transcription repressor protein, 

Mecl, and m ecR I  encodes a signal transducer protein with antirepressor activity, 

MecRl (Hiramatsu et al., 1992; Hurlimann-Dalei et al., 1992; Zhang et al., 2001). The 

predicted proteins of both mecl and m ecR l  are homologous with those of the blaZ  

regulatory genes, blal and blaRl,  respectively (Hiramatsu et al., 1992; Kuwahara-Arai 

et al., 1996). The blaZ gene encodes (3-lactamase, which is responsible for hydrolysing 

the (3-lactam ring in certain (3-lactam antibiotics (Gregory et al., 1997). Both Mecl and 

Blal are repressors of mecA  as well as blaZ  transcription (Lewis & Dyke, 2000; 

McKinney et al., 2001). The sensor transducer molecules MecRl and BlaRl cannot 

substitute for each other because they are specific for their cognate repressors
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FIGURE 1.3. Schematic diagram of the genetic organisation of the mec complexes of 

staphylococci. The illustrations of mec complex A, B, C l ,  C2 and D are based on 

studies by Katayama and co-workers (2001) and the illustration of mec complex Bl and 

E are based on studies by Lim and co-workers (2003). The mec classes A, B, B l,  C2 

and E indicated in bold have been previously identified in MRSA (Katayama et al., 

2001; Lim et a i ,  2003; Ito et al., 2004). Class A flanked by a copy of \S431 upstream 

of the mec complex and class C are mainly found in S. haemolyticus while class D has 

only been found in S. hominis (Katayama et at., 2001).



(M c K in n e y  et al., 2001). Inducible transcription o f  m ecA  by M ecl and M ecR l  is 

thought to involve the (3-lactam inducer binding to the extracellular sensor dom ain of 

M ecR l resulting in a transmembrane signal that triggers the cievage of both the sensor 

transducer and the M ecl repressor proteins bound to the operator of the mecA  region, 

thus allowing transcription of mecA and subsequenct production o f  PBP2a (Sharm a et 

al., 1998).

T he expression of methicillin resistance varies among M RSA strains and is still not 

completely understood. Some M RSA strains are susceptible to methicillin despite the 

presence  o f  niecA.  These isolates are often referred to as p re-M RSA , and PBP2a 

production  is not induced with methicillin because mecA  transcription is strongly 

repressed by mecl  (Kuwahara-Arai et al., 1996; Ito et al., 1999; Katayama et al, 2001). 

Constitutive methicillin-resistance requires alterations in, or the absence o f  the mecA 

and P-lactam ase regulatory genes. Many clinical M R SA  isolates have deletions or 

m u ta tions  in m e c l ,  or the m e c l  gene is com plete ly  deleted and this results  in 

derepression o f  mecA  and subsequent production of PBP2a (Kuwahara-Arai et al., 

1996; Sharm a et al., 1998; Shukla et al., 2004a; Weller, 1999). Ito and colleagues 

(1999) suggested that the strong repression of mecA  by m e c l  found in pre-M R SA  

isolates may be the original form of the mec  gene complex that was initially transferred 

from an unknown source to S. aureus and that subsequent deletions and mutations in 

this mec  complex, which were necessary for PBP2a production to occur in S. aureus,  

may have been selected for by the introduction of methicillin into clinical practice. 

Methicillin resistance in S. aureus can be heterogenously expressed, that is, only a small 

population subset are resistant to high concentrations o f  methicillin, or homogeneously 

expressed where all bacterial cells in the population express high level methicillin- 

resistance (Hiramatsu, 1995).

Five classes of the mec  gene complex (A-E) which vary in their genetic structure 

have been described for to date for staphylococcal species (Katayama et al., 2001; Lim 

et al., 2003; Ito et al., 2004) (Fig. 1.3). The Class A mec  complex has intact mecl  and 

m e c R I , as well as mec  A and \S431mec {mecI-mecRl-mecA-\S431 mec)  (K atayam a et  

al., 2001) (Fig. 1.3). Class A flanked by a copy of \S43I  upstream o f  the mec  complex 

has also been identified (Katayama et al., 2001) (Fig. 1.3). In the class B mec  complex, 

both m e c l  and the penicillin binding domain of m ec R l  are deleted and replaced by a 

portion o f  insertion sequence e lem ent \SI272  (A\S1272-AmecRl-mecA-lS43Imec)
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(Katayama et al., 2001) (Fig. 1.3). (Lim et al., 2003). A variation of the class B mec 

complex, designated class B1 mec, was identified in CAMRSA isolates from Australia, 

in which the insertion of IS/272 has deleted meci  and both the penicillin binding- and 

the membrane spanning- domains of mecRl  (Lim et al., 2003) (Fig. 1.3). Class C mec 

complex has a truncated copy of mecRI  flanked by \S431 {\S431 -AmecRl-mecA-  

\S)431mec) and two variants, class C l and C2 have been described differing only in the 

size of the mecRl  deletion (Katayama et al., 2001) (Fig. 1.3). The class D mec complex 

has a similar truncated mecRl  gene to that of the class B mec complex but it is not 

flanked by any insertion sequence {AmecRl-mecA-\S43] mec) (Fig. 1.3). The class E 

mec complex was identified in CAMRSA and is characterised by the absence of mecl  

and deletions in mecRI,  but with no flanking insertion sequences {AmecRl-mecA-  

\S43Imec)  (Ito et al., 2004) (Fig. 1.3). Class A, B, B l ,  C2 and E mec  have been 

identified in MRSA isolates to date (Katayama et al., 2001; Lim et al., 2003; Ito et al., 

2004) (Fig. 1.3). Class A mec flanked by two copies of IS43I  and class C l mec  are 

mainly found in Staphylococcus haemolyticus, while class D mec has only been found 

in Staphylococcus hominis (Katayama et al., 2001) (Fig. 1.3).

1.2.3.3 SCCmec type I

Type 1 SCCmec is 34 kb in size, has type 1 ccr genes, class B mec complex and apart 

from mecA has no additional antibiotic resistance genes (Fig. 1.4). SCCmec I has a large 

region of DNA located upstream of the ccr complex consisting of many ORFs of 

unknown function and a region which has a high level of homology to a large plasmin- 

sensitive surface protein of S. aureus known as the pis  gene (Ito et al., 2001) (Fig. 1.4). 

A region known as the downstream constant {dcs) region is located downstream of the 

mec complex in SCCmec I (Ito et al., 2001) (Fig. 1.4).

The type 1 SCCmec  element was detected in the first MRSA isolate recovered in the 

UK in 1961 and the majority of the earliest MRSA isolates from the 1960’s have been 

found to harbour this SCCmec  element (Ito et at., 2001; Enright et al., 2002; Oliveira et 

al., 2002b). The SCCmec  I element is not associated with MRSA strains that are current 

causes of epidemic disease. This may be due, in part, to the fact that isolates harbouring 

this SCCmec element were susceptible to many non |3-lactam antimicrobials because 

SCCmec  I does not harbour any antibiotic resistance determinants apart from mecA. In 

addition, SCCmec I consists of several large sections of DNA such as the 20 kb region
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FIGURE 1.4. Schematic diagram showing the genomic organisation of SCCmec  elements I, II, III, IV and V. Diagrams are based on the 

nucleotide sequences in the GenBank database under accession numbers AB033763, D86934, AB037671, AB063172 and AB121219, 

respectively.



upstream o f  mecA  and the dcs  region (Fig. 1.4), that do not appear to contribute to 

methicillin resistance, movement of the SCCmec  e lement or to survival of the bacterial 

cell. These large non-functional regions of DNA contribute to the relatively large size of 

S C C m e c  I (34 kb), which may comprom ise the com petiveness of the bacterial host 

without giving any selective advantage except for methicillin resistance.

The variant element SCCmec  lA, which varies from SCCmec  I by the presence of an 

in tegrated  plasm id p U B llO  dow nstream  of the mec  com plex  ( p U B l lO  encodes  

resistance to kanamycin, tobramycin and bleomycin) is associated with one of the most 

widely spread contemporary multidrug resistant M RSA clones (Oliveira et al., 2001c & 

2002b).

1.2.3.4 SCCmec type II

Type II SCCmec  is 53 kb in size, has the type 2 ccr  genes, a class A mec  complex, 

contains the dcs  region, and in addition to mecA, has two integrated antibiotic resistant 

determinants pU B l 10 and Tn554,  the latter encoding erythromycin and spectinomycin 

resistance (Ito et al., 2001) (Fig. 1.4). A copy of a potassium transporter operon kdp  is 

also located upstream of the ccr complex in type II SCCmec,  although many of the open 

reading fram es in this kdp  operon are disrupted (Ito et al., 1999) (Fig. 1.4). This 

SCCmec  element was first identified in an M RSA strain recovered in Japan in 1982 and 

has since been found to be ubiquitous among M RSA isolates worldwide, especially in 

Japan, Korea and the United States (Ito et al., 1999; Hiramatsu et al., 2001).

1.2.3.5 SCCmec type III

The type III S C C m ec  element is 67 kb, has the type 3 ccr  genes, a class A m ec  

complex and contains several antibiotic resistance genes including cadmium  resistance 

encoded  by i p T n 5 J ^ ,  tetracycline  and m ercury  res is tance  encoded  by pT181 , 

erythromycin and spectinomycin resistance encoded by T n55^  and mercury resistance 

genes located in the mer  operon between two copies of \S43I  (Ito et al., 2001) (Fig. 

1.4). Tw o variants o f  the type III SCCmec  e lem ent have been described. The variant 

e lem ent SCCm ec  IIIA differs from S C C m ec  III by the absence of p T lS l  and its 

flanking \S43I  e lem ents and the variant e lem ent SCCm ec  IIIB lacks the integrated 

copies  o f  J n 5 5 4 ,  p T lS l  and the m er  operon along with the associated  insertion 

sequences (Oliveira et al., 2001c). Type III SCCmec  was first identified in a M RSA  

isolate recovered in New Zealand in 1985. Today, this SCCmec  element and its variants
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are harboured by some of the major m ultiresistant pandemic clones that are current 

causes of epidemic MRSA disease especially in Asia, South America and New Zealand 

(Ito et al., 2001; Oliveira et al., 2001c & 2002b).

1.2.3.6 SCCmec type IV

The type IV SCCmec  element ranges in size from 20-24 kb, has type 2 ccr  genes and 

class B mec  complex and was first identified in two CA M RSA isolates in 2002 (M a et 

al., 2002) (Fig. 1.4). Several variants of SCCmec  IV have been described. Type IVa and 

IVb SCCmec  differ in their DNA sequences from the left extremity to the ccr  complex 

(L-C  region) but both carry dcs  and encode no additional an tib io tic  resis tance 

determinants other than mecA (Ma et al., 2002). Type IVc SCCmec  also differs in the L- 

C region and, upstream of the mec  complex, carries an integrated copy of transposon 

'Yr\400I (which encodes aminoglycoside resistance) flanked on either side by IS256 (Ito 

et al., 2003). Type IVd SCCm ec  has been partially sequenced from the left junction 

point to the ccr  complex and it too has a different L-C region (unpublished, Genbank 

accession num ber AB097677). Oliveira and de Lencastre described an SCCm ec  IVA 

elem ent which has type 2 ccr  and class B m ec  but harbours the integrated plasmid 

pU B l 10 (Oliveira & de Lencastre, 2002a). Another study described a type IV SCCmec  

e lem ent with type 4  cc r  genes instead of type 2 c c r  genes, which is outside the 

definition of SCCm ec  IV elements used by other researchers (O liveira  et al., 2001c). 

The type IV SCCmec element (type 2 ccr  & class A mec) is commonly found associated 

with CA M R SA  and many of the major pandemic, non-multiresistant hospital-acquired 

M RSA clones.

1.2.3.7 SCCmec  \/

The recently discovered type V SC Cm ec  element is 28 kb in size, has type 5 ccr  

genes, class C2 mec  and has no additional antibiotic resistance determinants (Ito et at., 

2004) (Fig. 1.4). The type V SCCm ec  element has a restriction-modification system 

encoded by hsciS, h sdM  and hsdR, and it has been suggested that this may help to 

stabilise this SCCmec  element in the bacterial chromosome (Ito et al., 2004) (Fig. 1.4). 

Unlike all other SCCmec  elements, SCCmec  V does not have the characteristic inverted 

repeats at the chrom som al-SC C /nec  junctions  and this is thought to be due to the 

presence of ccrC  genes in SCCmec  V rather than the ccrAB  genes found in SCCmec  I- 

IV (Ito et al., 2004). The type V SCCm ec  e lem ent has been found to be widely



distributed among CA M RSA in Australia but has yet to be identified in M R SA  from 

other parts of the world (Coombs et a i ,  2004; O'Brien et al., 2004a).

1.2.3.8 The origins and evolution ofSCCm ec

Staphylococcal chromosomal cassettes (SCCs) are a family of site specific mobile 

genetic elements that have been proposed to assist in the transport o f  various genetic 

markers between staphylococcal species (Ito et al., 2001; Katayama et at., 2003). Thus, 

SCCm ec  elements, the most prominent members o f  the SCC family, are SCCs that are 

specialised for the transfer of methicillin resistance genes (Ito et al., 2001). As the name 

suggests, SCCs are unique to staphylococci, they have a G-C content similiar to that of 

the staphylococcal genome, carry ccr  genes and many SCC elements carry additional 

determinants such as virulence genes, heavy metal resistance genes, antibiotic resistance 

genes and restriction modification systems (Luong et al., 2002; Katayama et a i ,  2003; 

Mongkolrattanothai et al, 2004).

A lthough the origin of S C C m ec  is unknown, it is believed that the SCC and the 

mecA  genes were once individual genetic components that came together in coagulase- 

negative staphylococci (CoNS) from where they transferred to S. aureus (Ito et a i ,  1999 

& 2001). There have been numerous different studies that have provided evidence to 

support this theory. A homologue of the mecA gene found in S. aureus has been found 

to be a native gene that is ubiquitous in independent isolates o f  the CoN S species 

Staphylococcus sciur'i, which may be the evolutionary precursor of the mecA  gene in 

M R SA  (Couto  et al., 1996; W u et al., 1998). Several d ifferent researchers  have 

described  SCC elem ents in CoNS with ccr  genes and other genes with variable 

hom ology  to those o f  S C C m ec  but without m ecA  that may be the evo lu tionary  

precursors of SCCmec  (Luong et al., 2002; Katayama et al., 2003; M ongkolrattanothai 

et al., 2004).

W isplinghoff  et al. provided further evidence for the transfer o f  SC Cm ec  between 

CoN S and S. aureus  when they identified S C C m ec  types 1-lV in the CoN S species 

Staphylococcus epidermidis  and the SCCmec  IV element of S. epidermidis  was found to 

be a lm ost 100% homologous to that o f  M RSA (W isplinghoff et al., 2003). This same 

study also documented that SC Cm ec  IV was rarely seen in M RSA Isolates recovered 

before the 1990’s but that it was prevalent in S. epidermidis  isolates from the 1970s, 

suggesting that the direction of interspecies transfer of SCCmec  IV may have been from 

the C oN S to S. aureus (W isp linghoff  et al., 2003). A nother study found that the
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insertion sequence IS /272, found in the class B mec complex of SCCmec  I and IV, is 

common in the CoNS species S. haemolyticus and S. epidermidis but not in S. aureus 

(Archer et al., 1996). Based on these findings it has been hypothesised that insertion of 

IS /272 into SCCmec occurred in CoNS, followed by transfer of the IS/272 containing 

SCCm ec  element to S. aureus (Archer et al., 1996). The insertion junction points of 

IS 1272 are identical in the SC C m ec  elements of S. epiderm idis  and S. aureus  

(Wisplinghoff et a l ,  2003). Lastly, the Class C2 mec complex, found in SCCmec  V of 

CAMRSA, is widely distrubuted among CoNS and it has the same deletion point for 

m ecR l  and insertion of \S431 in all species, suggesting that horizontal transfer of the 

class C2 mec  gene complex has occurred between staphylococcal species (Ito et al., 

2004).

It has been proposed that the first MRSA isolates emerged from an epidemic MSSA 

lineage upon aquisition of SCCmec  I from CoNS (Crisostomo et al., 2001; Enright et 

al., 2002) although the mechanisms and route of transfer of SCCmec  elements in 

staphylococci is still unknown (Ito et al., 2001; Ma et al., 2002).

1.2.4 Additional factors afTecting methicillin resistance

Although mecRl  and mecl largely control the expression of mec A, other genetic and 

environmental factors also have an influence on the expression of methicillin resistance. 

(Berger-Bachi et al., 1992, Chambers, 1997; Berger-Bachi, 1999; Berger-Bachi & 

Rohrer, 2002). Several normal staphylococcal genes are necessary for methicllin 

resistance, such as fem  (factors essential for methicillin resistance) or aux  (auxilliary) 

factors, which are necessary for peptidoglycan precursor formation (Gustafson et al., 

1994; Rohrer et al., 1999; Stranden et al., 1997). Two of the major global regulatory 

systems in S. aureus, accessory gene regulator {agr) and staphylococcal accessory gene 

regulator {sar), also play a role in maintenance of methicillin resistance by controlling 

the expression of cell wall and extracellular proteins (Piriz et al., 1996).

1.2.5 Evolution of MRSA

Early genetic analysis of MRSA isolates led many researchers to believe that mecA 

entered the S. aureus population once, resulting in a single clone that has since spread 

worldwide (Lacey and Grinsted, 1973; Kreiswirth et al., 1993). However, data from 

nore recent studies has shown that MRSA have evolved multiple independent times by 

neans of horizontal transfer of mecA into phylogenetically distinct MSSA isolates
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(M usser & Kapur, 1992; Fitzgerald et al., 2001). T he  majority of nosocomial M RSA 

infections are caused by relatively few pandem ic clones that have evolved by the 

introduction o f  SCCm ec  elements into five distinct epidemic MSSA lineages (Enright 

et al., 2002; O liveira  et al., 2002b). Using M ultilocus Sequence Typing  (M LST, the 

sequencing o f  seven unlinked housekeeping genes) and the program m e eBU RST the 

five pandemic M R SA  lineages can be visualised as clonal complexes (CCs) which are 

groups o f  genotypes/M LST sequence types (STs), that share a recent comm on ancestor 

(Feil et al.,  2004). Each CC is named after the ST o f  the ancestral genotype. The CCs 

of  the m ajo r  nosocom ial M RSA lineages are CCS, CCS, CC22, C C 30  and CC45 

(Enright et al., 2002; Robinson & Enright, 2003) (Table 1.2). In all o f  these lineages, 

with the possible exception of CC22, SCCmec  has been acquired on multiple occasions 

(Robinson & Enright, 2003).

The nam es orig inally  assigned to the M RSA  clones represent e ither a unique 

epidemiological characteristic or signify the geographic area from which they were first 

isolated (Table 1.2). For example, the Iberian clone was first identified in Spain in 1989, 

the Brazilian clone in Brazil in 1992, the New York/ Japan clone in metropolitan New 

York and in Tokyo  and the Pediatric clone in a paediatric hospital in Portugal in 1992 

(D om inguez et al., 1994; Teixeira et al. 1995; Roberts et al., 1998; Aires de Sousa et 

al., 2001a). This  nom enclature is cum bersom e and some M RSA clones were given 

many different nam es in different parts of the world (Table 1.2). However, a more 

rational and unam biguous scheme has been proposed based on ST and SCCmec  type 

(Enright et al.,  2002; Robison & Enright, 2004b). Table 1.2 shows the names given to 

som e of the m ore  com m on  nosocom ial M RSA  clones  using this m ore rational 

nomenclature.

1.2.6 Epidemic MRSA (EMRSA)

In the United K ingdom  (UK) the dom inant M RSA  strains are term ed epidem ic 

M RSA  (E M R SA ) (K err  et al., 1990). The first UK EM RSA strain was identified in 

1981 and was term ed  E M R S A -1 (M arples et al., 1986). A survey carried out in 

hospitals in the U K  in the late 1980s identified another 13 EM RSA strains which were 

designated E M R S A -2  to - 1 4  (Kerr et  al., 1990). In the early 1990’s EM RSA -15 and 

- 1 6  em erged (Cox et al., 1995; Richardson & Reith, 1993). Not only did EM RSA-15 

and E M R S A -16 become endemic in hundreds of hospitals across the United Kingdom, 

but they also caused outbreaks in several other countries around the world, including
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TABLE 1.2. Details of the major nosocomial MRSA clones identified within each MRSA 

genotype *

Clonal complex (CC)' 
(ancestral genotype)

MRSA clone
(ST/SCCmec type)^

Allelic profile^ Other names used to describe 
MRSA clone'*

CC8 ST8-MRSA-II
ST8-MRSA-IV
ST250-MRSA-I
ST239-MRSA-III
ST239-MRSA-IIIA
ST247-MRSA-IA

3-3-1-1-4-4-3 
3-3-I-1-4-4-3 
3-3-1-1-4-4-16 
2-3-I-I-4-4-3
2-3-I-I-4-4-3
3-3-I-I2-4-4-I6

Irish-1
EMRSA-2 & -6, clone V, Irish-2 
First MRSA, Archaic 
Hungarian, USA clone IV 
EM RSA -1 & -4 , Brazilian, Czech 
EMRSA-5 & -17, Iberian

CCS ST5-MRSA-II
ST5-MRSA-IV

I-4-I-4-12-1-I0
1-4-1-4-12-1-10

New York/Japan 
Paediatric

CC22 ST22-MRSA-IV 7-6-I-5-8-8-6 EMRSA-15

CC30 ST36-MRSA-11 2-2-2-2-2-3-2 E M RSA -16

CC45 ST45-MRSA-1V 10-14-8-6-10-3-2 Berlin
♦Adapted from Oliveira et al., 2001c; Enright et al., 2002 & Oliverira et a i ,  2002b.

'MRSA lineages can be visualised as clonal complexes (CCs) which are groups of  genotypes/MLST 

sequence types (STs), that share a recent common ancestor (Feil et al., 2004). Each CC is named after 

the ST of the ancestral genotype.

‘MRSA clones named using the nomenclature of Enright et al., 2002 based on their ST and SCCmec  type.

’ The alleles at each of the seven housekeeping genes used for MLST unambiguously define a strain. 

Alleles at the seven MLST loci in the order carbamate kinase (arcC), shikimate dehydrogenase (aroE), 

g lycerol kinase (g lpF),  guanylate kinase (gmk),  phosphate acetyltransferase (pta).  trioesphosphate 

isomerase {tpi) and acetyl coenzyme A iyqiL)

■*'fhe names originally assigned to the MRSA clones represent either a unique epidemiological 

characteristic or signify the geographic area from which they were first isolated. All EMRSA clones were 

first recovered in the United Kingdom.

Abbreviations: ST, sequence type (defined by the allelic profile); EMRSA, Epidemic MRSA.



Australia, New Zealand and Germany (Cookson, 1999; O ’ Neill et al., 2001). In 2000, a 

new multiresistant EMRSA strain was reported in the UK and was termed EMRSA-17 

(Aucken et al., 2002).

1.2.7 MRSA in Ireland

Methicillin-resistant S. aureus was first reported in Irish hospitals in 1971, ten years 

after the initial report of MRSA in England (Hone & Keane, 1974). It rapidly became 

endemic in Irish hospitals and the increasing prevalence observed in the I980’s and 

1990’s has continued into the 2 P ‘ century (Cafferkey et al., 1983 & 1985; Morgan & 

Harte-Barry, 1989; Murchan & the EARSS Steering group, 2002; Rossney & Keane, 

2002a).

The European Antimicrobial Resistance Surveillance System (EARSS), which 

collates data on invasive S. aureus blood stream infections was established in 1998 to 

monitor antimicrobial resistance across Europe. Data collected by EARSS found that 

MRSA levels among Irish nosocomial S. aureus isolates from blood cultures was one of 

the highest in Europe with levels similar to those found in the United Kingdom and 

Southern Europe (Murchan & the EARSS Steering group, 2002). The North/South 

study of MRSA, which was carried out to review the extent of the MRSA problem in 

both Northern Ireland (North) and the Republic of Ireland (South) found that in the 

Republic of Ireland in 1998, 36% o f S. aureus isolates from blood culture were MRSA 

(McDonald et al., 2002; Irish Department of Health & Children, 1999). Between 1999 

and 2001 the average incidence of MRSA among invasive S. aureus blood cultures in 

the South was 40.2% (Murchan & the EARSS Steering group, 2002). An MRSA level 

of 42.3% was recorded among cases of S. aureus bacteremia in the Republic of Ireland 

for 2003 (EARSS, 2003a, 2003b, 2003c & 2004a). In 2002 the National MRSA 

Reference Laboratory (NMRSARL) was opened at St. James’s Hospitals in Dublin and 

carries out extensive antimicrobial susceptibility investigations of MRSA isolates from 

the diagnostic laboratories that participate in EARSS. In 2003, the first hVISA isolates 

from an Irish hospital were reported and this reduced susceptibility to vancomycin in 

MRSA is o f  great concern because it can potentially result in the loss of the 

effectiveness of vancomycin to MRSA infections (Rossney, 2003a).
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1.2.8 Financial cost of MRSA

A major problem associated with MRSA, apart from the increased morbidity and 

mortality, is the financial cost associated with treating MRSA infections and preventing 

further spread to other patients. Nosocomial MRSA infections are associated with 

longer hospital stays and increased hospital costs (Abramson & Sexton, 1999). It has 

been estimated that treatment of nosocomial MRSA infections can cost between 

€10,000 and €36 ,000  per patient (Stone et a i ,  2002). One outbreak in the UK in the 

1990s had an estimated cost of £400,000 (Cox et a i ,  1995).

1.3 MRSA typing methods

Due to the increased frequency of MRSA as the causative agent of hospital and 

community acquired infection and the emergence of vancomycin resistance in MRSA, 

typing methods that can characterise isolates and identify clonal spread are essential. 

Typing of any bacterial pathogen aims at differentiating between strains among groups 

of isolates. Typing of MRSA isolates is an important tool for detecting and tracking 

outbreaks in local epidemiological investigations, for studying longer-term or global 

MRSA epidemiology and for analysis of MRSA population genetics. Bacterial typing is 

useful in an outbreak situation to determine if there is a common source for all isolates 

involved and to find out if spread of the outbreak strain has occurred (Pitt, 1999). 

Typing is also of use in identifying the occurrence of specific strains and in 

distinguishing between recurrence of the original strain and reinfection with new strains 

(Pitt, 1999). In longer-term and global epidemiological studies bacterial typing can be 

used to trace bacterial lineages of different strains or to show an association between 

certain strains and certain clinical presentations or diseases (Pitt, 1999).

There is an extensive range of both phenotypic and genotypic techniques available 

for epidemiological typing of MRSA, but the method used depends on the purpose of 

the analysis. For outbreak investigations, a method that uses a highly discriminatory 

genetic marker that accumulates variation rapidly is required and many workers 

consider pulsed field gel electrophoresis (PFGE) to be the “gold standard” for MRSA 

typing in this situation (Schmitz et a i ,  1998). For the first stage of an outbreak 

investigation technically simple methods, which give quick, reproducible and easy to 

interpret results, such as phage typing or antibiotic susceptibility testing, are commonly 

favoured. For longer-term or global studies a method that has the ability to distingush a
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large number of genotypes but which uses genetic variation that accumulates relatively 

slowly is required, and in recent years MLST has been effectively used for this purpose. 

Tenover and colleagues (1994) compared 12 different typing methods and found that no 

one method was superior. It has been suggested that the best results are obtained when 

more than one method is used (Tenover et a i,  1994; Jorgensen et al., 1996).

1.3.1 Phenotypic typing methods

Phenotypic techniques differentiate between isolates by detecting physical or 

morphological characteristics expressed by bacteria. These typing methods are often 

inexpensive, rapid, easy to use and are commonly used at the initial stages of an 

outbreak investigation. However, they may not be reliable for longer-term or global 

studies because phenotypic traits may be subject to variation, due to loss or gain of 

plasmids, transposons and bacteriophage.

1.3.1.1 Phage typing

Phage typing is based on the ability of different bacteriophage to lyse different S. 

aureus  strains and is one of the oldest methods for typing S. aureus isolates (Parker, 

1972). The International Union of Microbiology Societies (lUMS) subcommitee for 

staphylococcal typing, attempted to coordinate international phage typing techniques by 

defining a set of experimental phages that would type the majority of MRSA strains that 

were epidemic at that time (Richardson et a i,  1999). Although phage typing is a rapid 

typing method capable of processing large amounts of isolates, it has become less 

popular in recent years due to the development of molecular typing techniques and 

because of the weaknesses and limitations identified for this typing system. These 

weaknesses and limitations include, the increasing number of isolates that are phage 

non-typeable, poor reproducibility, and the high level of training and expertise required 

to employ this typing method routinely (Bannerman et a l ,  1995). Today, phage typing 

is mainly used in combination with other typing techniques at the first stage in the 

investigation of short-term outbreaks.

1.3.1.2 Antimicrobial susceptibility testing

Antimicrobial susceptibility testing is commonly used at the initial stages of 

investigating an MRSA population and the many different susceptibility testing 

methods available are relatively inexpensive, easy to use, and allow large numbers of
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isolates to be typed rapidly (Galdbart et al., 2000; Aucken et a i ,  2002; Denis et al., 

2004; Van der M ee-M arquet et a i ,  2004; Ko et al., 2005). However, there is often 

variation in the expression of antibiotic resistance markers due to loss or gain of 

p lasm ids and transposons encoding antibiotic resistance genes because of selective 

pressures exerted by widespread antibiotic usage in the hospital environm ent. An 

an tib iogram -resistogram  (AR) typing schem e devised by Rossney and colleagues, 

overcame this problem, by including an extensive range of antimicrobials and chemicals 

(mainly heavy metals) not in clinical use (Rossney et a i ,  1994a). These non-clinical 

antimicrobials and chemicals are not subject to the same selective pressure exerted by 

those used in the hospitals environment (Rossney et a i,  1994a). This AR typing scheme 

was devised using isolates that had also been analysed using plasm id screening, 

enterotoxin profiling, phage typing, PFG E and random amplified polymorphic DNA 

analysis using PCR (RAPD-PCR) (Rossney et al., 1994a). Using AR typing, isolates are 

assigned an AR type based on the pattern of resistance to the antimicrobials in the AR 

typing panel in conjunction with the additional data obtained from a combination of the 

phenotypic and genotypic investigations and takes variation due to plasmid loss in the 

M RSA population into account (Rossney et al., 1994a). To  date, 44  A R  types and a 

num ber of subtypes have been recognised. Before isolates are assigned to a new AR 

type they require full phenotypic  and m olecu lar  characterisation . A ntim icrobial 

susceptibilty testing is a particularly useful typing method for use in routine laboratory 

testing of MRSA isolates and in the initial stages of investigating an outbreak situation 

(Rossney et al., 1994a & 1994b; Tenover et al., 1994; Rossney & Keane, 2002b).

1.3.1.3 Other phenotypic typing methods

O ther less popular phenotypic typing methods include biotyping, serotyping and 

multilocus enzyme electrophoresis (MLEE). Biotyping is a simple and quick typing 

method that involves analysis of the biochemical and cultural characteristics of the test 

isolate. Serotyping involves detecting type specific cell surface antigens or capsular 

polysaccharides. Both biotyping and serotyping lack appropriate reproducibility and 

discriminatory power for typing of M RSA isolates and are mainly used as an adjunct to 

other typing methods (Fournier et a i ,  1987; Tenover et al., 1994).

Multilocus enzyme electrophoresis (M LEE) indexes variation within several 

essential housekeeping genes by analysing the electrophoretic mobilities of the gene 

products on starch gels (Selander et a i ,  1986). This typing method analyses genetic
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variation that accum ulates relatively slowly so its main use is in long-term or global 

epidemiological investigations. However, M LEE is rarely used today for typing MRSA 

iso la tes as it is labo r ious,  som ew hat subjec tive , exhibits  poor in te r-labora to ry  

reproducibility  and thus it has somewhat been outdated by the developm ent of more 

sophisticated D N A sequencing-based molecular typing techniques.

1.3.2 Genotypic typing methods

It has been found that the most effective typing m ethods for bacterial isolates are 

those that involve direct DNA-based analysis of chrom osomal or extra chromosomal 

genetic  e lem en ts ,  a llow ing  direct com parison o f  genotypes o f  d ifferen t isolates 

(H aw key , 1999). M any  genotypic  typing m ethods require the interpreta tion and 

comparison o f  com plex  DNA banding patterns on gels and there is often difficulty in 

com paring results between laboratories. In more recent years, DNA sequencing-based 

typing m ethods have been developed for molecular typing of M RSA isolates and have 

the advantages o f  unam bigous data interpretation, simplicity of large-scale database 

creation, standardised methods and speed. Although there are many different genotypic 

techniques available for epidemiological typing of M RSA isolates, only the methods 

that are m ost com m only used today will be discussed here.

! .3.2.1 Restriction analysis o f  chromosomal DNA

In fo rm ative  gene tic  f ingerprin ts  o f  the whole chrom osom e o f  M R SA  can be 

generated by restriction endonuclease digestion of the total genomic DNA followed by 

fragm ent separation by agarose gel electrophoresis. The fingerprint patterns obtained 

can be com plex but can be simplified by Southern hybridisation analysis using specific 

probes (Southern, 1975; Van Belkum, 2000). This approach results in simpler patterns 

consisting o f  only those fragm ents that carry sequences complementary to the probe. 

Cloned genom ic  sequences  or polymerase chain reaction amplification products of 

known genes are com m only used as probes with M RSA, including the aminoglycoside 

resistant determ inant encoding transposon Tn55^ and insertion sequences IS256, IS257 

and IS43I  w hich can occur in multiple locations within the chrom osom e (M onzon- 

Moreno et al., I 9 9 I ; Tenover e /a / . ,  1994; Kreiswrith a/., 1995).

Southern blot analysis o f  C/al-d igested  chromosomal DNA with mecA  and Tn55^^ 

DNA probes (Clal-mecA  and Cla\-Tn554  polymorphisms), combined with analysis of 

i 'm al-d iges ted  genom ic DNA banding patterns by PFG E (discussed below in section
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1.3.2.2) have been used previously for the m olecular characterisation o f  M RSA clones 

(D om inquez et al., 1994; Sanches et al., 1995; Teixeira  et a i ,  1995; Oliveira et a i ,  

1998; Roberts et a i ,  1998; Sa-Leao et al., 1999; Aires de Sousa et al., 2000 & 2001; 

C risostom o et al., 2001). These combined m ethods allowed the detection o f  widely 

spread lineages of M RSA but have now been replaced in more recent studies of M RSA 

populations, by DNA sequenced-based techniques, such as M LST and spaA  typing 

(Oliveira et a i ,  2001c; Enright et al., 2002; Ko et al., 2005).

1.3.2.2 Pulsed-field gel electrophoresis (PFGE)

P u lsed -f ie ld  gel e lec trophores is  o f  m acro res tr ic t ion  f ragm en ts  o f  bacteria l 

ch rom osom al D N A , genera ted  by restric tion e ndonuc leases  that c leave  DNA 

infrequently (such as Sma\),  often yield informative DNA fingerprint profiles that can 

be compared between isolates to determine isolate relatedness. For several years now, 

PFG E has been the most com m on molecular typing technique for epidem iological 

typing o f  M RSA isolates in short term- and local epidemiological studies (Richardson 

& Reith, 1993; Dom inguez et al., 1994; Bannerman et al., 1995; Cox et al., 1995; 

Schmitz et al., 1998; Von Eiff et al, 2001, McDougal et a i ,  2003). Although PFGE is a 

highly discriminatory typing method, it is expensive, time consuming and technically 

complicated. Furthermore, there is often difficulty in comparing results from different 

laboratories and it is not suitable for screening large numbers of isolates simultaneously.

In 1995, Tenover et al. proposed guidelines for interpreting DNA restriction patterns 

produced by PFG E in order to simplify the interpretation process when PFG E is used in 

a local study or outbreak situation (Tenover et al., 1995) (Table 1.3). Efforts have also 

been made in Europe and the USA to standardise certain aspects of the PFGE protocol 

in order to increase intercenter comparison o f  pulsed-field gels and to establish a web- 

based database o f  M RSA Sma\  restriction patterns that have been generated using a 

comm on protocol (McDougal et al., 2003; Murchan et al., 2003).

P F G E  ana lyses  uncharacterised  genetic  varia tion that appears to accum ula te  

relatively rapidly and is useful in an outbreak setting (Enright & Spratt, 1999). 

A lthough PFG E has been applied to isolates in long term and global epidemiological 

studies it is generally considered inadequate due to the rapid accumulation of variation 

that it detects (B lanc et a i ,  2002). Clones that have arisen decades ago will have 

undergone a lot o f variation making it difficult to discern whetever its descendents are 

derived from a comm on ancestor (Enright & Spratt, 1999).
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TABLE L3. Tenover’s guidelines for interpreting PFGE patterns of discrete sets of

isolates during potential outbreaks*

Category No. of genetic 
differences 
compared with 
outbreak strain

Typical no. of 
fragment differences 
compared to 
outbreak pattern

Epidemiological
interpretation

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 Isolates is not part of 
the outbreak

*From Tenover e? a/., 1995



1.3.2.3 Multilocus sequence typing (MLST)

M ultilocus sequence typing is a modification o f  M LEE that indexes variation at 

severa l unrela ted  loci by d irec t DNA sequenc ing , ra ther  than a n a ly s in g  the 

e lec trophoretic  m obilities o f  the gene products. In 2000, Enright and co llegues  

developed and validated a MLST typing scheme for M RSA and M SSA (Enright et al., 

2000). The automated nucleotide sequencing used by MLST is fast, allows results to be 

easily compared between laboratories, is unambiguous and allows far more variation to 

be detected than with M LEE (Maiden et al., 1998). With M LST, the sequences of 

internal fragments of seven housekeeping genes (seven alleles) are determined. For each 

different sequence of the same allele a distinct number is assigned and the allelic profile 

o f  the seven genes defines a sequence type (ST). Isolates with the same ST are 

considered to have the same com m on ancestor, i.e. belong to the same clone. The 

accum ulation  of nucleotide changes in housekeeping  genes is considered to be a 

relatively slow process, so the ST of a bacterial isolate is sufficiently stable over time 

for this method to be used in long-term and even global epidemiological studies of 

M RSA (Enright et al, 2002). Today, M LST is the most widely used M RSA typing 

method for grouping evolutionary related isolates in these types of studies (Oliveira et 

al., 2001c; Enright et al., 2002; Aires de Sousa & de Lencastre, 2003; M elter et al., 

2003; Robinson & Enright., 2003; Urwin & Maiden., 2003; Chung et al., 2004; Denis et 

al., 2004; Velazquez-M eza et al., 2004; Ko et al., 2005). Peacock et al. (2002) found 

that in a micro-epidemiological setting, MLST performed as well as PFGE.

].3.2.4 SCCmec typing

T he five SCCmec  types I-V described to date in M RSA  each carry a unique 

combination of ccr  and mec  genes as well as structural variations in the J regions (Ito et  

al., 2001; Ma et al., 2002; Ito et al., 2004) (Fig. 1.4). This can be exploited by using 

PCR primers based on sequences that define each SCCmec  type, which provides useful 

information in analyzing the relationship between different M RSA isolates. SCCmec  

typing has been shown to be a very useful typing tool when used in conjunction with 

M LST in long-term and global epidemiological investigations (Oliveira et al., 2001c; 

Enright et al., 2002; Chung et al., 2004; Perez-Roth et al., 2004; Velazquez-M eza et al., 

2004; Ko et a/., 2005;).
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1.3.2.5 Protein A and coagulase gene typing

T he protein A gene {spa) and the coagulase gene {coa) are found in all naturally 

occurring S. aureus isolates. DNA sequencing of a polymorphic 24-bp variable-number 

tandem  repeat (VNTR) within the 3' end of the spa gene has been shown to be a highly 

discrim inatory and rapid method of typing S. aureus isolates in an outbreak situation 

(Shopsin et al., 1999). With spa typing, sequencing of only a single locus i.e. the spa 

V N T R  region, which ranges in size from 200-600 bp is required, so it is less error 

prone, less time consuming and cheaper than M LST. However, there is still some 

debate with regard to its use in long-term studies. Oliveira et al. (2001b) found that spa 

typing was sufficient for outbreak investigations but that it should not be used alone for 

long term surveillance or population studies. Recently, Koreen et al. (2004) found spa  

typing to be a useful addition to the typing m ethods of S. aureus isolates in global 

epidemiological studies (Koreen et al., 2004).

The coa gene exhibits variation at the 3' end, resulting in numerous allelic forms and 

has been shown to be useful in typing o f  M RSA and M SSA in addition to spa typing. 

Both spa and coa typing have the advantages of only requiring amplification of a single 

locus, they are rapid methods that give unambiguous results and they are methods that 

can be standardised easily between laboratories. These methods also allow the creation 

of large-scale databases for interpretation and comparison of results. Montesinos et al. 

(2002) found that both spa and coa typing were useful techniques in the initial stages of 

investigating an outbreak.

1.3.2.6 DNA microarravs

In recent years, seven complete S. aureus genome sequences have become publically 

availab le  (K uroda et al., 2001; Baba et al., 2002; Holden et al., 2004; Lindsay & 

Holden, 2004). Using information from these genome sequences, comparative genomics 

and DNA microarrays are emerging as useful tools to provide extensive genotyping 

information for S. aureus isolates, especially concerning the evolutionary relationships 

between isolates (Fitzgerald et al., 2001; Dunman et al., 2004; Saunders et al., 2004). 

Unfortunately, microarray technology is very expensive, time consum ing and results 

require extensive analysis. A similar level of strain discrimination can be achieved 

using more rapid and cheaper typing methods such as PFG E and MLST. However, 

micorarrays have the added advantage of providing additional information regarding the 

gene content of the test isolate and it is thought that in the future, with its increasing
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automation, this technology will play an important role in epidemiological studies 

(Dunman et a i ,  2004).

1,4 Bacteriophage

1.4.1 Virulent and temperate bacteriophages

Bacteriophages (phages) are viruses that infect bacterial cells and can be virulent or 

temperate. Virulent phage can carry out lytic infection only, which results in lysis of the 

bacterial cell upon release of progeny phage. Temperate phage can either replicate by 

means of the lytic life-cycle or they can follow the lysogenic life-cycle and integrate 

into the bacterial chromosome (lysogenisation) and become non-infectious prophage. 

Bacterial cells with an integrated prophage are known as lysogens. During lysogeny 

most phage genes are not expressed including the lytic genes and the phage genome is 

replicated in synchrony with the host chromosome. Lysogenisation can result in the 

alteration of expression of one or more phenotypic traits by the host organism, a 

phenomenon termed lysogenic conversion. Lysogenic phage can mediate positive or 

negative conversion or in some cases both simultaneously. Positive conversion occurs 

when the temperate bacteriophage that integrates into the bacterial chromosome 

encodes some bacterial toxins, enzymes or virulence factors that the lysogen then 

expresses upon lysogenisation. Negative conversion occurs when the temperate 

bacteriophage integrates into the ORF of a bacterial chromosomal gene resulting in 

failure of the lysogen to express that gene.

Lysogenic conversion is responsible for controlling the expression of several 

important bacterial toxins, enzymes and virulence factors such as the botulinum toxin 

types C l,  D and C3 in Clostridium botulinum  (Ekiund et a / . ,1971; Ekiund et a l ,  1974; 

Popoff et a i ,  1990), diphtheria toxin in Corneybacterium diphtheriae (Freeman, 1951; 

Groman, 1984), cholera toxin in Vibrio cholera (Waldor & Mekalanos, 1996) and Shiga 

toxins 1 and 2 in Escherichia coli (Smith et al., 1983; Strockbine et al., 1986; O ’Brien 

& Holmes, 1987).

1.4.2 Lysogenic conversion in 5. aureus

Staphylococcus aureus, including MRSA, very often carry lysogenic phage, the latter 

of which fall into three main serological groups termed A, B and F. Four categories of 

lysogenic conversion have been reported in S. aureus isolates (Table 1.4). Single
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T A B L E  1.4. Examples of lysogenic conversion events reported in S. aureus

L ysogen ic
co n v ers io n
event*

P h ag e
invo lved

N egative
conversion**

Positive
c o n v ers io n '

B io log ical effec t on  Iysogen R eferen ce

S ing le (|)L54a Lipase Loss o f ability to degrade lipids via 
lipase activity

Lee & landolo , 1986

Serotype A P 'tox in — Loss o f ability to lyse erythrocytes 
via p-toxin  activity

C olem an er al., 1986

Serotype B — Staphylokinase
(Sak)

A cquisition  o f ability  to degrade 
fibrin  c lots via Sak activity

K ondo & Fujise, 1977

(|)PVL — Panton-V alentine 
Leukocidin (PVL)

A cquisition  o f ability  to degrade 
leucocytes via PVL activity

K aneko et a l., 1997

(|)ETA Exfoliative toxin 
A (ETA )

A cquisition  o f superantigen activity 
(stim ulates T  cells to release 
cytokine) via ETA & the ability to 
split hum an skin at the epiderm al 
layer (staphylococcal scalded skin 
syndrom e)

Y am aguchi e t al., 2000

D oub le (|)13 p-toxin Staphylokinase Loss o f ability  to lyse erythrocytes 
via P 'to x in  activity & acquisition of 
ab ility  to  degrade fibrin  clots via 
Sak activity

C olem an et al., 1989

T r ip le (|)A1
(|)A3

[3-toxin Staphylokinase & 
E nterotoxin A 
(E ntA )

Loss o f ability  to lyse erythrocytes 
via p-tox in  activity, acquisition of 
ability  to degrade fibrin  clots via 
Sak activ ity , acquisition of 
superantigen activity v ia EntA. 
EntA also  increases peristalsis and 
fluid loss & effects the central 
nervous system

C olem an et al., 1989

Q u a d ru p le <H2 p-toxin Staphylokinase, 
Enterotoxin A &
Sau42]

Loss o f ability  to lyse erythrocytes 
via P-toxin activity, acquisition o f 
ability  to degrade fibrin  clots via 
Sak activ ity , acquisition of 
superantigen activity v ia EntA. 
A cquisition  o f  resistance to lysis by 
a w ide variety  o f o ther phage via 
restriction m odification system  
Sat/421

D em psey et al., 2005

“L ysogenic conversion is tiie process by w hich a phage integrates into the bacterial chrom osom e resulting

in the lysogen ised  bacteria (the Iysogen) acquiring or losing the ability to express various phenotypic 

characteristics. In S. a ure us  ly sogen ic  conversion  can be classified  as a single-, double-, triple- or 

quadruple- conversion e v e n t , depending on the number of genes affected,

'’N egative conversion occurs when a Iysogen loses the ability to express som e phenotypic trait that was 

previously expressed by the host.

‘̂ Positive conversion occurs when a Iysogen acquires the ability to express som e phenotypic trait that was 

not previously expressed by the host



lysogenic conversion involves either the negative or positive conversion of one 

phenotypic property only (i.e. the loss or gain of expression of a single phenotypic 

property). Single conversion events reported in S. aureus include the following; the 

negative conversion of lipase activity by phage L54a (Lee & landolo, 1986), the 

negative conversion of |3-toxin activity by serotype A phage (Coleman et a i,  1986), the 

positive conversion of staphylokinase activity by a serotype B phage (Kondo & Fujise, 

1977), the positive conversion of Panton-Valentine leukocidin activity by (j) PVL 

(Kaneko et al., 1997 & 1998) and the positive conversion of exfoliative toxin A by 

(j)ETA (Yamaguchi et a i,  2000) (Table 1.4).

Double lysogenic conversion involves the simultaneous lysogenic conversion of two 

phenotypic traits. In S. aureus a double-converting serotype F phage (1)13 has been 

shown to be responsible for the concurrent negative conversion of (3-toxin activity and 

positive conversion of staphylokinase (Coleman et a i ,  1989) (Table 1.4). Triple 

lysogenic conversion involves the simultaneous lysogenic conversion of three 

phenotypic traits. In S. aureus the triple-converting serotype F phage (})A1 and (()A3 have 

been shown to be responsible for the simultaneous negative conversion of (3-toxin 

activity and positive conversion of staphylokinase and enterotoxin A (Coleman et al., 

1989). For over a decade, the 5. aureus serotype F phage, (j)42 was also considered to be 

a triple converting phage similar to (t)Al and <})A3 (Coleman et a i ,  1989) (Table 1.4). 

However, recent studies from this laboratory have revealed that <p42 is in fact a 

quadruple converting phage (Dempsey et a i ,  2005). In addition to the three previously 

reported conversion events reported for (\>42, it also encodes a novel restriction 

modification system, Sau42l, that confers the ability to resist lysis by a very wide range 

of other phage (Dempsey et al., 2005).

1.5 Aims of the present study

MRSA has been a major cause of serious noscomial infection in Irish hospitals for 

over 30 years. Both small-scale and surveillance studies of Irish nosocomial MRSA 

isolates have been carried out at various intervals over this 30 year period, mainly using 

phenotypic typing tools such as phage typing, plasmid profiling and routine 

susceptibility typing. These studies provided information at a phenotypic level that 

suggested that changes in the Irish MRSA population were occurring. Today however, 

the phenotypic typing tools used in these studies are outdated and it is now widely
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accepted that complete characterisation of MRSA isolates requires the use of genotypic 

typing methods. To date, no comprehensive genotypic analysis of the evolutionary 

epidemiology of the Irish MRSA population since 1971 has been performed.

It has been found previously that S. aureus isolates, including MRSA, commonly 

harbour serotype F phage, which can encode specific extracellular enzymes and toxins 

and other factors that can enhance the virulence of a bacterial isolate following 

lysogenic conversion. A comprehensive analysis of the prevalence of lysogenisation of 

MRSA isolates recovered in Irish hospitals has never been undertaken.

The aims and objectives of this present study were:

• To perform a comprehensive molecular characterisation of MRSA isolates 

recovered in Irish hospitals between 1971-2004. Irish MRSA isolates representative 

of those phenotypes that predominated as causes of nosocomial infections at various 

different times periods between 1971 and 2002 were selected for use in this present 

study, as well as some sporadic isolates that were recovered from a small number of 

hospitalised patients between 1971 and 2004.

• To investigate the occurrence of specific MRSA strains and genotypes among the 

Irish MRSA population in order to analyse their evolution over time and their 

genetic relatedness to each other and to internationally spread MRSA clones. The 

most up to date techniques recommended for these types of epidemiological typing 

studies were used including, PFGE and MLST as well as an extensive investigation 

into the types of SCCmec  elements harboured by Irish MRSA isolates.

• To identify specific MRSA strains and various international MRSA clones such as 

EMRSA and other major pandemic clones among the Irish MRSA population that 

may have spread from other countries to Irish hospitals or have originated in Ireland 

and perhaps are unique Irish MRSA clones.

• To investigate the prevalence of serotype F double- and triple- converting phage 

among a selection of the dominant phenotypes and genotypes of MRSA isolates 

recovered in Irish hospitals between 1971 and 2002. Some serotype F phage encode 

the virulence factor Enterotoxin A that has superantigen activity and may play an 

important role in the spread and dominance of certain MRSA strains in Irish 

hospitals.
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Chapter 2 

Materials and Methods

26



2.1 Bacterial isolates

2.1.1 Clinical MRSA isolates

One hundred and seventy-two M RSA isolates were investigated in the present study. 

These  iso la tes  were represen ta tive  o f  the m ost prevalen t pheno types  o f  M RSA  

recovered from  patients in Irish hospitals during eight previous study periods between 

1971 and 2002 and are listed in Table 2.1. Isolates were chosen to include each type or 

subtype that had been previously  shown to predom inate  during each of the study 

periods A-H (Table 2.1). All M RSA isolates used in this study were obtained from the 

Irish National M RSA Reference Laboratory (NM RSARL).

Isolates recovered prior to 1989 had been stored on individual nutrient agar slopes 

and stored at room temperature. Isolates from the study periods after and including 1989 

had been stored in individual Protect bacterial preserver vials (Technical Services 

Limited, United Kingdom) at -70°C. The only exception was three isolates from 1989, 

A R 09/0 .0064, A R 09/0.0065 and AR09/0.0066, that had been stored on nutrient agar 

slopes at room temperature for approximately nine months but were then transferred to 

individual Protect bacterial preserver vials and stored at -70°C.

All iso la te s  were reco n f irm ed  as S. a u r e u s  using the Pastorex Staph Plus 

identification system which is a rapid slide latex agglutination test that detects clumping 

factor, capsu la r  polysaccharide and protein A produced by S. aureus  strains (Sanofi 

Diagnostics Pasteur, 6565 185“’ A venue N.E. Redm ond, W A, USA). Isolates were 

tested for methicillin resistance at 30°C with 25 ^ig methicillin strips as described 

previously (Rossney et al., 1994). Prior to 1988 (study periods A, B and C) isolates 

were classif ied  into four phenotypes  (early M RSA and Phenotypes-I, -II and -III, 

respec tive ly )  based on a com bina tion  o f  antim icrobial agent resis tance  pattern, 

bac te riophage  typing, p lasm id  screening, location o f  resistance dete rm inan ts  and 

Southern hybridisation analysis of plasmid and chrom osomal DNA (Colem an et al., 

1985; C arro ll  et al., 1989). Phenotype-I and Phenotype-II isolates (Colem an et al., 

1985) w ere  prev iously  identif ied  betw een 1976-1984 (study period B) but only 

Phenotype-II isolates were available for this present study.

Isolates recovered after 1988 (study periods D-H) were characterised previously by a 

com bination of techniques including bacteriophage typing, restriction fragm ent length 

polm orphism  (RFLP) analysis o f  Sm al-digested total cellular DNA using pulsed-field 

gel e lectrophoresis (PFGE), random amplified polymorphic DNA analysis using PCR
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T A E L E  2.1. Clinical M RSA isolates used in this study
Study Y ear of 
period isolation

Isolate
no.

Phenotype/ 
AR type‘

Body site/ 
specim en type ^

H ospital/source R eference

A 1971-75 1612 Early MRSA NA FDVH', MMH-* & JSH" Coleman tf/a/., 1985
B 1976-'84 161.2 Phenotype-ll NA FDVH, MMH & JSH Coleman e fa l., 1985
B 1976-'84 58.2 Phenotype-11 NA FDVH, MMH & JSH Coleman e fa l., 1985
B 1976-'84 120.1 Phenotype-II NA FDVH, MMH & JSH Coleman et al., 1985
B 1976-'84 43.2 Phenotype-II NA FDVH, MMH & JSH Coleman eta l., 1985
B 1976-‘84 58.1 Phenotype-II NA FDVH, MMH & JSH Coleman eta l., 1985
B 1976-'84 120.2 Phenotype-II NA FDVH, MMH & JSH Coleman eta l., 1985
B 1976-'84 122.2 Phenotype-II NA FDVH, MMH & JSH Coleman eta l., 1985
B 1976-'84 138.1 Phenotype-II NA FDVH, MMH & JSH Coleman et al., 1985
B 1976-'84 161.1 Phenotype-II NA FDVH, MMH & JSH Coleman et al., 1985
B 1976-'84 43.11 Phenotype-II NA FDVH, MMH & JSH Coleman eta l., 1985
B 1976-'84 43.21 Phenotype-II NA FDVH, MMH & JSH Coleman et al., 1985
B 1976-'84 438.1 Phenotype-II NA FDVH, MMH & JSH Coleman e ta l,, 1985
B 1976-'84 438.2 Phenotype-II NA FDVH, MMH & JSH Coleman et al., 1985
B 1976-'84 57 Phenotype-II NA FDVH, MMH & JSH Coleman et al., 1985
B 1976-'84 79 Phenotype-II NA FDVH, MMH & JSH Coleman e ta l., 1985
C 1985-'87 84 Phenotype-llI NA FDVH Carroll et al., 1989

D 1989 0.1239 AROl Hand SJH'’ Rossney, 995; Rossney & Keane, 2002a
D 1989 0.1085 AROl Urine SJH Rossney, 995; Rossney & Keane, 2002a
D 1989 0.1118 AROl Catheter site SJH Rossney, 995; Rossney & Keane, 2002a
D 1989 0.1109 AROl Nose SJH Rossney, 995; Rossney & Keane, 2002a
D 1989 0.1206 AR02 Calf wound SJH Rossney, 995; Rossney & Keane, 2002a
D 1989 0.1228 AR02 Sputum SJH Rossney. 995; Rossney & Keane, 2002a
D 1989 0.1149 AR02 Urine SJH Rossney, 995; Rossney & Keane, 2002a
D 1989 0.1345 AR05 Leg ulcer SJH Rossney, 995; Rossney & Keane, 2002a
D 1989 0.1264 AR06 NA SJH Rossney, 995; Rossney & Keane, 2002a
D 1989 0.1267 AR07.4 Sputum SJH Rossney, 995; Rossney & Keane, 2002a
D 1989 0.1342 AR07.4 Urine SJH Rossney, 995; Rossney & Keane, 2002a
D 1989 0.1125 AR07.3 Groin SJH Rossney, 995; Rossney & Keane, 2002a
D 1989 0.0064 AR09 NA SJH Rossney, 995; Rossney & Keane, 2002a
D 1989 0.0065 AR09 NA SJH Rossney, 995; Rossney & Keane, 2002a
D 1989 0.0066 AR09 NA SJH Rossney, 995; Rossney & Keane, 2002a
D 1989 0.1336 ARNT* Nose SJH Rossney, 995; Rossney & Keane, 2002a

E 1993 0251 AR06 NA FDVH Rossney e* al, 1994b; Rossney & Keane, 2002a
E 1993 0113 ARNT* Urine SJH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0250 AR06 Sputum SJH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0318 AR06 Screening FDVH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0340 AR06 Wound SJH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0159 AR07.4 Wound SJH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0237 AR07.4 Wound FDVH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0257 AR07.3 Wound SJH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0202 AR07.3 Ear or nose SJH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0111 AR07.4 Sputum SJH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0220 ARM Wound SJH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0101 A R ll Screening FDVH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0089 A R l 1 Wound SJH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0190 A R ll NA SJH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0242 ARNT* Wound SJH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0067 ARNT* Wound FDVH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0132 AR13 Wound SJH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0055 AR13 Wound SJH Rossney e al, 1994b; Rossney & Keane, 2002a
E 1993 0236 AR13 Blood FDVH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0066 AR13 Screening FDVH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0246 AR14 Sputum SJH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0298 AR14 Wound SJH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0225 AR14 Sputum SJH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0078 AR14 Screening FDVH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0098 A R l 5 Wound FDVH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0104 A R I5 Wound FDVH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0070 AR22 Screening SJH Rossney al, 1994b; Rossney & Keane, 2002a
E 1993 0308 AR22 Wound SJH Rossney al, 1994b; Rossney & Keane, 2002a
E 1992 0073 AR23 NA Ext" Rossney al, 1994b; Rossney & Keane, 2002a

F 1998 2170 AR06 Wound SJH Rossney & Keane, 2002a
F 1998 2008 AR06 Wound SJH Rossney & Keane, 2002a
F 1998 2110 AR06 Sputum SJH Rossney & Keane, 2002a
F 1998 2024 AR06 Screening SJH Rossney & Keane, 2002a
F 1998 2189 AR07.0 Screening SJH Rossney & Keane, 2002a
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TABLE 2.1. (continued)
stu d y
period

Y ear of 
isolation

Isolate
no

AR type Body site/ 
specim en type

Hospital/
source

Reference

F 1998 2039 AR07.2 Ulcer swab SJH Rossney & Keane, 2002a
F 1998 2160 AR07.3 Sputum S J H Rossney &  Keane, 2002a
F 1998 2002 AR07.4 Screening SJH Rossney & Keane, 2002a
F 1998 2023 AR07.4 Screening SJH Rossney & Keane, 2002a
F 1998 2179 AR13 Screening SJH Rossney & Keane, 2002a
F 1998 2141 A R B Screening SJH Rossney & Keane, 2002a
F 1998 2142 AR13 Sputum SJH Rossney & Keane, 2002a
F 1998 2113 A R B Screening SJH Rossney & Keane, 2002a
F 1998 2027 AR14 Swab SJH Rossney & Keane, 2002a
F 1998 2175 AR14 Wound SJH Rossney & Keane, 2002a
F 1998 2188 AR14 Swab SJH Rossney & Keane, 2002a
F 1998 2080 AR14 Burn swab SJH Rossney & Keane, 2002a

G 1999 3144 NewOl* Nose N/S Study * Irish Dep. o Health & Ch Idren, 1999
G 1999 3581 New02* Blood N/S StudyCNf Irish Dep. o Health & Ch Idren, 1999
G 1999 3442 New03* Toe wound N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3686 New03* Throat N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3362 AR06 Nose N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3363 AR06 Eye N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3143 AR06. Nose N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3416 AR06 Urine N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3637 AR06 Eye N/S Study(N) Irish Dep. o Health cS: Ch Idren, 1999
G 1999 3190 AR06 Sputum N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3147 AR06 Throat N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3222 AR06 Sputum N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3591 AR06 Wound N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3430 AR06 Sputum N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3594 AR07.0 Elbow N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3384 AR07.0 Sputum N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3558 AR07.0 Nose N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3142 AR07.0 Chest drain N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3366 AR07.0 Wound N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3228 AR07.0 Sputum N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3139 AR07.0 Blood N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3572 AR07.0 Nose N/S Study Irish Dep o Health & Ch Idren. 1999
G 1999 3604 AR07.0 Sputum N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3188 AR07.4 Wound N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3033 AR07.4 Tracheostomy swab N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3137 A R B Hand N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3008 AR13 Wound N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3053 A R B Nose N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3114 A R B Groin N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3698 A R B Nose N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3635.2" A R B Urine N/S Study (N) Irish Dep. o Health & Ch Idren, 1999
G 1999 3243.2" A R B Urine N/S Study (N) Irish Dep. o Health & Ch Idren, 1999
G 1999 3596 A R B Hip wound N/S Study (N) Irish Dep. o Health & Ch Idren, 1999
G 1999 3017 A R B Wound N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3439 A R B Nose N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3317.2'^ AR13 Urine N/S Study (N) Irish Dep. o Health & Ch Idren, 1999
G 1999 3636.2'' A R B Groin N/S Study (N) Irish Dep. o Health & Ch Idren, 1999
G 1999 3330.2“ AR13 Urine N/S Study (N) Irish Dep. o Health & Ch Idren, 1999
G 1999 3258 AR13 Nose N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3453 AR13 Hip wound N/S Study (N) Irish Dep. o Health & Ch Idren, 1999
G 1999 3045 AR14 Throat N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3146 AR14 Sputum N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3225 AR14 Blood N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3352 A RI4 Wound N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3132 AR14 Sacral ulcer N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3369 AR14 Nose N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3600 A RI4 Traceostomy swab N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3685 AR14 Nose N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3411 A RI4 Nose N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3176.1' A RI4 Wound N/S Study (N) Irish Dep. o Health & Ch Idren, 1999
G 1999 3448 AR14 Heel swab N/S Study Irish Dep. o Health & Ch Idren, 1999
G 1999 3623 AR43 Nose N/S Study (N) Irish Dep. o Health & Ch Idren, 1999
G 1999 3246 AR43 Nose N/S Study (N) Irish Dep. o Health & Ch Idren, 1999
G 1999 3310 AR43 Urine N/S Study (N) Irish Dep. o Health & Ch Idren, 1999
G 1999 3402 AR43 Nose N/S Study (N) Irish Dep. o Health & Ch Idren, 1999
G 1999 3488 AR43 Catheter site N/S Study (N) Irish Dep. o Health & Ch Idren, 1999
G 1999 3635.1“ AR43 Urine N/S Study (N) Irish Dep. o Health & Ch Idren, 1999
G 1999 3331 AR43 Nose N/S Study (N) Irish Dep. o Health & Ch Idren, 1999
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T A B L E  2 .1 . (continued)
Study Y ear of 
period isolation

Isolate
no

AR type Body site/ 
specimen type

H ospital/
source

Reference

G 1999 3322 AR43 Nose N/S Study (N) Irish Dep. of Health & Children, 1999
G 1999 3317.1' AR43 Urine N/S Study (N) Irish Dep. of Health & Children. 1999
G 1999 3316 AR43 Tongue N/S Study (N) Irish Dep. of Health & Children, 1999
G 1999 3625 AR43 Wound N/S Study (N) Irish Dep. of Health & Children, 1999
G 1999 3330.1' AR43 Urine N/S Study (N) Irish Dep. of Health & Children, 1999
G 1999 3337 AR43 Wound N/S Study (N) Irish Dep. of Health & Children, 1999
G 1999 3665 AR43 Urine N/S Study (N) Irish Dep. of Health & Children, 1999
G 1999 3243.1*’ AR43 Urine N/S Study (N) Irish Dep. of Health & Children, 1999
G 1999 3328 AR43 Wound N/S Study (N) Irish Dep. of Health & Children, 1999
G 1999 3636.1*' AR43 Groin N/S Study (N) Irish Dep. of Health & Children, 1999
G 1999 3176.2' AR43 Wound N/S Study (N) Irish Dep. of Health & Children, 1999
G 1999 3487 AR43 Leg wound N/S Study (N) Irish Dep. of Health & Children, 1999
G 1999 3094 AR43 Wound N/S Study (N) Irish Dep. of Health & Children, 1999

H 2002 E1164 AR06 Blood EARSS'" Rossney e/ al., 2004
H 2002 El 185 ARNT* Blood EARSS Rossney et al., 2004
H 2002 EI098 AR06 Blood EARSS Rossney et al., 2004
H 2002 El 095 AR06 Blood EARSS Rossney et al., 2004
H 2002 El 174 AR06 Blood EARSS Rossney et al., 2004
H 2002 E1113 ARNT* Blood EARSS Rossney et al., 2004
H 2002 El 203 AR06 Blood EARRS Rossney ef al., 2004
H 2002 E1115 AR06 Blood EARSS Rossney et al., 2004
H 2002 El 139 ARNT* Blood EARSS Rossney et al., 2004
H 2002 El 123 AR06 Blood EARSS Rossney et a i ,  2004
H 2002 El 206 AR06 Blood EARSS Rossney et a i ,  2004
H 2002 El 100 AR07.0 Blood EARSS Rossney et a i ,  2004
H 2002 El 202 AR07.2 Blood EARSS Rossney et a i ,  2004
H 2002 El 140 AR13 Blood EARSS Rossney et a i ,  2004
H 2002 El 168 AR13 Blood EARSS Rossney et a i ,  2004
H 2002 E1154 AR13 Blood EARSS Rossney et a i ,  2004
H 2002 El 134 AR14 Blood EARSS Rossney et a i ,  2004
H 2002 El 119 A R I4 Blood EARSS Rossney et a i ,  2004
H 2002 E112I AR14 Blood EARSS Rossney et a i ,  2004
H 2002 El 183 AR44 Blood EARSS Rossney el a i ,  2003b & 2004
H 2002 El 038 Ne\v03* Blood EARSS Rossney et a i ,  2004
H 2002 E0908 New03* Blood EARSS Rossney et at., 2004

I 2003 M03/0073 AR44 Nose NMRSARL" Rossney et a i ,  2003b
1 2003 M03/0068 Unfam iliar-1* Burn NMRSARL NMRSARL (this study)
1 2003 M 03/0169.2 Unfamiliar-2* Blood NMRSARL NMRSARL (this study)
I 2003 El 520 Unfamiliar-3* Blood EARSS Rossney et al., 2004

J 2004 M03/0067 Unfamiliar-4* Blood NMRSARL NMRSARL (this study)

‘A R  type, antib iogram -resistigram  type w hich w as determ ined based on the pattern o f  resistance to a 
panel o f  22  an tim icrobials (the panel w as extended to 23  in 1998). Forty-four A R  types (A R 0 I-A R 4 4 )  
have been recogn ised  to date but only those m ost co m m o n ly  encountered during each study period w ere  
inclu ded  in this present study. A R  typing w as not availab le for iso la tes recovered prior to 1988. A R  
pattern o f  M R SA  iso la tes  used in this study are described  in T able  2.2.
"NA, inform ation not ava ilab le .
^FDVH , T he Federated D ublin  V oluntary Flospitals 
“'M M H , T he M ater M isericord iae H ospital 
^JSH, Jervis Street H ospital 
''SJH, St J a m es’s H ospital, Dublin.
^Ext, external source, this iso la te  w as recovered from  a patient in an Irish hospital w h o  had been  
p rev iou sly  h osp ita lised  in Bahrain
^N/S Study, iso la tes from  the R epublic o f  Ireland, co llected  during the N orth/South Study o f  M R SA  in 
Ireland 1999.
^N/S Study (N ), iso la tes from  Northern Ireland, co llec ted  during the N orth/South Study o f  M R SA  in 
Ireland 1999.
"’E A R SS , iso la tes from  unnam ed Irish laboratories that participate in the European A ntim icrob ial 
R esistan ce  Su rveillan ce  S y stem  (E A R SS).
" N M R S A R L , the N ational M R SA  R eference Laboratory, St Jam es’s H ospita l, Dublin.
* N o t ye t a ssign ed  an A R  type due to unfam iliar antib iotic  resistance patterns. A R  pattern designation  
aw aits PFG E, M L ST  and S C C m e c  analysis.
“■'These 12 iso la tes from  1999  w hich w ere recovered in pairs in m ixed culture from  s in g le  sam p les from  
ind ividual patients. Each pair is indicated by sharing the sam e letter su ffix .



TABLE 2.2. Antibiogram-Resistogram (AR) patterns exhibited by MRSA isolates used in this study
Antimicrobial Agent

A k A p  C d  C l C p  E b  E r  F d  G n  K n  L n

AR t y p e  
E a r ly  MRSA S R R S s R R S s S S

P h e n o ty p e - i r R R S s R R R R R S-'

P h e n o ty p c -II I M R R R s R R S R R s

ARO r S R R S s R' R s R ‘ R ‘ R

AR02" S R R S s R R R R R R'

AROS M R R S s S R R R R S

A R06" S R S'* S S-* S S" S'* S S S

AR07.(T M R R S R S R s s R R

AR07.2* R' R R S R s R s s R S

AR07.3* R S S'* R s R s s R s

AR07.4* R^ R S s R ‘ s R s s R R

A R 09 M R R s S R R s R R S

A R l l M R R s S R R s s R R

AR13‘ M‘ R R s R R R S'" R R R

AR14' M' R R s R R R s= R R S
A R 15 M R R s S R R s R R R

AR22 R R R s R R R s R R R

AR23 M R R s S R R R R R R

AR43" S R R= s R S R s S R S

AR44* R R R s R R R s R R R'

ARNT* S R R s s-' S s-* S" S S S

NewOl M R R s R R R s R R R

N cw 02 R R R s R R S s R R S
N ew 03 S R R s R R R s R R R

U n fam ilia r-1 S R R s R S R s S S S

U n fa m ilia r-2 M R R s R s S s R R S
U n fa m ilia r-3 R R R s R R R s R R S

U n fa m ilia r-4 M R R s R S R s R R R

M e M p N m P m a R f Sm S p S u T b T e T p V i

R S S R S R R s S R S S

R S R' R S R R R’ R^ R ‘ R ' s
R s R R M R R R R R S s
R s S R S R R R- M ‘ R R s
R s R' R S R R R R’ R’ R ' s
R s R M S R R S R R S s
S s S S S S S s S S S s
S R’ R S s s R s R S S s
S s R S s s R s R s s s
s s R S s s R s R s s s
s s R S s s R s R s s s
R s R R R R R R R R s s
R s R R s s R s R S s s
R R’ R R s R R s R s s s
R s- R R s R R s R s S-* s
R s S R s R R R R R R s
R s R R R R R M R R S s
R s R R R R S R R R s s
S S'* R S s R R S S S'* R s
R R’ R R s R R R R R R s
S S S S s S S S S S S s
R M S R s S R S R S S s
R s M R R R S R R R S s
R M S R s S R S R S S s
R S S R s S R S S S R s
R S R S s R S s R R S s

R M R R s R R R R R R s

S S R S s S S R R R R s



Abbreviations: Ale, amiicacin; A p, ampicil iin; C d, cadm ium  nitrate/cadmium acetate; Cl, chloram phenicol; Cp, ciprofloxacin; Eb, e th id ium  bromide; Er, ery thromycin; 
Fd, fusidic acid; Gn, gentamicin; Kn, kanam ycin; Ln, lincomycin; Me, mercuric chloride; Mp, mupirocin; Nm, neom ycin; Pma, phenylm ercuric  acetate; Rf, ri tampicin; 
Sm, s trep tom ycin ; Sp, spect inom ycin ; Su, su lphonam ide ; ; Tb , tobram ycin; Te, tetracycline; Tp , t r im ethoprim ; V n, vancom yc in ; S, susceptib le  to the indicated  
antimicrobial; R, resistant to the indicated antimicrobial; M, moderately resistant to the indicated antimicrobial
“Som e isolates classified as these A R  types may demonstrate  A R  patterns that vary sl ightly from the pattern indicated in the above table for that A R  type. For each A R  
pattern the variable antimicrobial agen t is indicated with a num ber suffix. The  num ber suffix 1 indicates that som e isolates classified as that A R  type are susceptible to 
the indicated antimicrobial agent; the n um ber  suffix 2 indicates that som e isolates classif ied as that A R  type are susceptib le  or m odera te ly  resistant to  the indicated 
antimicrobial agent; the num ber suffix 3 indicates that some isolates classif ied as that A R  type are moderately resistant to the indicated antimicrobial agent; the num ber 
suffix 4  indicates that som e isolates classified as that A R  type are resistant to the indicated antimicrobial agent.



(RAPD-PCR), plasmid screening, enterotoxin profiling (to detect enterotoxins A, B, C 

and D), biotyping (pigment production and hydrolysis of Tween 80 and urea) and 

antibiogram-resistogram (AR) typing (Rossney et al., 1994a, 1994b & 2004; Rossney, 

1995). Isolates were assigned an AR type on the basis of the pattern of resistance to the 

antimicrobials in the AR typing panel in conjunction with additional data obtained from 

a combination of the phenotypic and genotypic investigations described above. Forty- 

four AR types (AR01-AR44) and a number of subtypes have been recognised to date.

Four isolates from 2003 (study period I) and one from 2004 (study period J) were 

also included in this present study (Table 2.1). Isolate M03/0073 represents a newly 

recognised AR type (AR44) that was responsible for an outbreak in several Irish 

hospitals in 2003 (Rossney, 2003b). The four isolates M03/0068, M03/0169.2, E1520 

and M03/0067 were included because they gave unfamiliar AR patterns not yet 

assigned to AR types, and they required further genotypic investigation. Among isolates 

from 1999, a previously unfamiliar AR pattern, designated AR43, was predominant 

among isolates from the North of Ireland. AR43 isolates from six patients were 

recovered in mixed culture with MRSA isolates exhibiting other AR patterns (five 

AR13 and one AR14 pattern) (Table 2.1). Proportionally more isolates exhibiting AR 

patterns predominant in 1999 (AR06, AR07, AR13, AR14 and AR43) were included in 

the present study to investigate the relationship between isolates exhibiting this new AR 

type, AR43, and isolates exhibiting other AR types commonly recovered during the 

same study period.

Apart from the four isolates from 2003/2004 described above, no AR type could be 

assigned to 17 other MRSA isolates included in the present study (Table 2.1). Isolates 

with AR type “ARNT” (Table 2.1) are those that exhibited the AR06 pattern, but unlike 

all other AR06 isolates, were positive for the hydrolysis of urea and yielded PFGE 

patterns unlike those obtained from other AR06 isolates. Hence, assigning urease 

positive AR06 isolates to AR type AR06 was considered incorrect and these isolates 

(n=7) were assigned to no AR type (NT) pending PFGE, MLST and SCCmec analysis. 

Isolates designated New01-New03 (n=6) and unfamiliar (n=4) (Table 2.1) were not 

assigned AR types because they produced unfamiliar AR patterns and AR type 

designation awaits the results of various phenotypic and genotypic investigations 

including MLST and SCCmec  analysis.

28



All isolate numbers, sources, study periods and phenotypes are summarised in Table 

2.1. The resistance patterns of AR types encountered among isolates used in this present 

study are listed in Table 2.2.

2 . ] . I .] Hospitals

Isolates recovered between 1971 and 1984 were recovered from 10 Dublin hospitals 

including the Federated Dublin Voluntary Hospitals (FDVH), the Mater Misericordiae 

Hospital (MMH) and Jervis St. Hospital (JSH) (Table 2.1). The FDVH was a group of  

eight Dublin teaching hospitals, which in 1983, accounted for a combined total o f  1,231 

beds, housed the National Burns Unit and the Plastic Surgery Unit. Isolates recovered 

between 1985 and 1987 were from the FDVH only (Table 2.1). During the 1980’s many 

of the hospitals that previously constituted the FDVH were closed and their services 

relocated to St. James’s Hospital (SJH), Dublin. In 1988, the National Burns Unit was 

also transferred to SJH. Isolates recovered between 1989 and 1992-1993 were from 

either the FDVH of SJH (Table 2.1). Isolates from 1998 were recovered from SJH by 

which time this hospital catered for admission rates in excess of 20,000 patients per 

annum, covered all specialties except paediatrics and maternity and housed the National 

Bone Marrow Transplantation Service. Isolates recovered in 1999 were from hospitals 

m both the North and South of Ireland that participated in a two-week prevalence study 

)f MRSA (Table 2.1). Ninety-eight percent of Irish hospitals participated in this study 

Irish Department of Health & Children, 1999). In 2002, 2003 and 2004 isolates were 

rom blood culture specimens from those Irish hospitals (n=23) that participated in the 

European Antimicrobial Resistance Surveillance System Study (EARSS) (Table 2.1). 

"his level of participation represented a population cover rate of >90%.

1.1.2 Escherichia coli strains

The Escherichia coli strain D H 5a [F- (J)80d, /acZAmlS, en dA l ,  r e c A \ ,  h s d R l l ,  (rK- 

nK+), supE44, thi- \,  d-, gyrA96,  A { lacZYA-argF),  U169| (Hanahan, 1983) was used 

:s a host strain for plasmid pBluescript II KS (-) (Stratagene, La Jolla, California, 

USA).
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2.2 General microbiological methods

2.2.1 Bacterial culture media, growth conditions and storage

All S. aureus clinical isolates and strains were cultured in Trypt icase Soy Broth 

(TSB),  (Oxoid Ltd., Hampshire ,  England)  or on Trypt icase Soy Agar  (TSA) plates 

(Oxoid)  and incubated overnight  at 37°C in a static incubator (Gallenkamp,  Leicester, 

United Kingdom).  Liquid cultures  were shaken at 200 r.p.m. overnight  at 37°C in an 

orbital  incubator  (Gal lenkamp).  Isolates that had been stored in individual  Protect 

bacterial preserver vials at - 70°C  were cultured by removing a single bead from each 

vial using a sterile forceps,  inoculat ing it onto a TSA plate followed by overnight  

incubat ion at 37°C in a static incubator  (Gallenkamp). Isolates that had been stored on 

individual nutrient agar  slopes at room temperature were cultured by removing some 

colonies from the agar slope using a sterile inoculating loop, streaking these onto a TSA 

plate followed by overnight incubation at 37°C.

The  Escherichia coli strain D H 5 a  was routinely cultured on Luria-Bertani agar (LA) 

pH 7 .4  (Sam brook  & Russel l ,  2001)  at 37°C overn ight  in a s tat ic incubator  

(Gal lencamp) and, for liquid cultures, in Luria-Bertani broth (LB) pH 7.4 (Sambrook & 

Russell ,  2001)  at 37°C in an orbital shaker (Gallencamp) at 200 r.p.m. Derivat ives of  

D H 5 a  ha rbour ing recombinan t  plasmids were cultured and main ta ined  on LA 

containing 100 [xg/ml ampicillin.

All bacterial strains and isolates were stored at -80°C in individual Protect bacterial 

preserver  vials (Technical Services Limited, United Kingdom).  Bacteria were streaked 

onto the appropriate media plates to obtain confluent growth of  the bacterial isolate and 

grown overnight  at 37°C. Using a sterile inoculating loop, all the colonies on the plate 

were transferred to a Protect bacterial preserver vial and stored at -80°C .

2.2.2 Chemicals, enzymes, radioisotopes and oligonucleotides

All chemicals used were o f  analyt ical-grade or molecular  biology-grade and were 

pu rchased from the Sigma-Aldrich Chemical  Co. (Tallaght ,  Dublin,  Republ ic  of  

Ireland),  BD H (Poole, Dorset,  UK) or  Roche Diagnostics  Ltd. (Lewes,  East  Sussex,  

UK).  Enzymes  for molecular biology procedures were purchased from the Promega 

Corporat ion (Madison,  Wisconsin,  USA) ,  Roche Diagnost ics Ltd. or New England 

Bio labs  Inc. (Beverley,  M assachuse t t s ,  USA)  and were used accord ing  to the 

man ufac tu rer s ’ instructions. D N A molecular  weight  markers  were purchased from
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Promega. |a^^-P|dATP (3,000 C i / m m o l 110 TB q/m m ol') was purchased from Perkin 

Elmer (Life Sciences Inc., Boston, Massachusetts, USA). Oligonucleotide primers were 

custom synthesised by Sigma-Genosys Biotechnologies Ltd. (Cambridge, United 

Kingdom).

2.2.3 Buffers and solutions

Tris-EDTA (TE) buffer was used routinely in many experiments and consisted of 

10 mM Tris-HCl, 1 mM EDTA (tetrasodium), pH 8.

Tris-borate/EDTA electrophoresis (TBE) buffer was prepared at 5x concentration 

and consisted of 0.45 M Trizma base, 0.45 M boric acid, 0.01 M EDTA. This was 

diluted in distilled water to 0.5x concentration and was used as buffer for agarose gel 

electrophoresis.

DNA loading dye was prepared at lOx concentration and consisted of 30% (v/v) 

glycerol 0.25% (w/v) bromophenol blue and 3.8% (w/v) EDTA.

SSC was prepared at 20x concentration and consisted of 3.0 M NaCI and 0.3 M tri

sodium citrate, pH 7.0.

Proteinase K, lysozyme and lysosptaphin solutions were prepared in sterile distilled 

water at various concentrations depending on the protocol used and were stored at 

-20°C.

2.3 Analysis of genomic DNA

2.3.1 Extraction of genomic DNA from S. aureus

Total genomic DNA for use in MLST, SC C m ec  typing and SCCmec  element 

amplification was prepared from S. aureus strains and isolates using the Qiagen Dneasy 

kit system (Qiagen, Crawley, Wesr Sussex, UK) according to the manufacturer's 

instructions.

Total genomic DNA for use in Southern hybridisation experiments was prepared 

from S. aureus isolates using the method of Dempsey (1996). Cells were grown in 5 ml 

TSB at 37°C in an orbital shaker for 16 h and a 1.5 ml aliquot was harvested by 

centrifugation for 2 min. The supernatant was decanted and the pellet was washed once 

in 200 ^1 chromosomal buffer (CS) (100 mM Tris-HCl pH 7.5, 150 mM NaCl, 10 mM 

EDTA). The pellet was then resuspended in 100 [a1 CS containing a final concentration 

of 5 fxg/ml lysostaphin and incubated at 37°C for 30 min with constant gentle shaking.
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P ro te inase  K, 10 m g/m l,  was added to g ive a final concen tra t ion  o f  0 .5 ^xg/ml and  the 

suspension  w as incubated for 30  min at 55°C. T he  cells  were then lysed by the addition  

o f  100 ^̂,1 o f  5 %  (w /v) SD S (S ig m a-A ld r ich )  in 5 0 %  (v/v) e thanol and  incuba ted  at 

ro o m  tem p era tu re  with  gentle  shaking  fo r  20  min. T h e  D N A  w as then ex trac ted  three 

t im es  using an equal vo lum e o f  liquefied phenol w ashed  in T ris -bu ffer  (F isher Scientific 

U K  Ltd., L o u g h borough , Leicestershire , U K ) at ro o m  tem pera tu re  with cons tan t  gentle 

shak in g ,  cen tr ifugation  at 3 ,000  x g  fo r  30  min and rem oval o f  the aq u eo u s  layer  to  a 

fresh  tube each  time. T h e  D N A  in the aqueous  layer w as precipita ted by the addition  o f  

tw o  v o lu m e s  o f  ice-co ld  100% e thano l.  T h e  re su lt in g  D N A  p re c ip i ta te  w as  then  

transferred  to a fresh  tube, w ashed  twice with  70 %  (v /v) ethanol,  d ried  briefly  at 37°C, 

resuspended  in 100 pil Ix T E  pH8 and stored at -20°C.

T h e  co n cen tra t io n  o f  each  D N A  prepara tion  w as  d e te rm in ed  by m easu r in g  the ir  

ab so rb a n c e  at 2 6 0  nm  using  a sp ec tro p h o to m e te r  (G e n o sy s  2, T h e r m o S p e c t ro n ic ,  

T h e r m o  E lec tron  G roup , W altham , M A , U SA ) and ca lcu la t ing  the concen tra t ion  using 

the fo l low ing  fo rm ula ;  1 A 26 0  unit = 50 jig DNA.

2.3.2 Restriction endonuclease digestion of genomic DNA and agarose gel

electrophoresis

L arg e  sca le  re s tr ic t ion  en d o n u c le a se  d ig e s t io n s  o f  g en o m ic  D N A  fo r  S o u th e rn  

an a ly s is  w ere  ca rr ied  out with 10 |j,g o f  genom ic  D N A  in a 50  fxl vo lu m e co n ta in ing  

20  U o f  res tr ic t ion  en z y m e  (described  in the re lev an t  sec tions)  and  the ap p ro p r ia te  

restr ic tion  en z y m e  buffer accord ing  to the m anufactu rer 's  instructions. H orizontal 0 .8%  

(w /v) aga rose  (S igm a-A ld rich )  gels m ade  up in 0 .5x T B E  buffer con ta in in g  0.5 |j,g/ml 

e th id iu m  b ro m id e  per ml w ere  cast into horizonta l gel trays. D N A  load ing  dye w as  

added  to  the restr ic tion  en zy m e-d ig es ted  D N A  sam ples  at a final co n cen tra t io n  o f  Ix 

and  the sam ples  w ere  loaded  into the gel wells. A D N A  size s tandard  w as loaded  on 

each  gel. E lec tro p h o re s is  w as ca rr ied  ou t  at 20  V w ith  co n s tan t  cu r ren t  until the 

b ro m o p h en o l  b lue  track in g  dye had reach ed  the end  o f  the gel. D N A  in gels  w as 

v isu a l ised  on a H igh  pe r fo rm an ce  U V  t ran s i l lu m in a to r  (w av e len g th  345 nm , U ltra-  

V io le t  p ro d u c ts  Ltd (U V P ) ,  San G ab r ie l ,  C A , U S A ) and  p h o to g ra p h e d  us ing  the  

Im ageS to re  7 5 0 0  V ersion 7 .22 Gel D ocum enta tion  System  (U V P).
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2.3.3 Southern transfer of DNA from agarose gels

Fo l lowing  gel e lectrophoresis , DNA was t ransferred to BioBond™ Plus nylon 

m em b r a n e s  (S igma-Ald r ich )  by capi llary act ion using the method  of  Southern 

(Southern,  1975). The DNA was denatured by soaking the gel in 1.5 M NaCl,  0.5 M 

N a O H  for  45 min with gentle agi ta tion, af ter  which the gel was placed in a 

neutralisat ion solution (I M Tris-HCl,  pH 7.5, 1.5 M NaCl) for a further  45 min with 

shaking.  DNA fragments  were transferred to the nylon membranes using lOx SSC as 

the t ransfer buffer. Following t ransfer the membrane was baked at 70°C for 1 h.

2.3.4 Random primer labelling of DNA fragments with [a-^^P]dATP

For  Southern hybridisat ion experiments,  DNA fragments  were labelled with | a -  

‘̂P | d A T P  (6 ,000 Ci/mmol;  110 TBq/m mol)  by random primer label ling using the 

Prime-a-gene kit purchased from Promega. Probes were routinely labelled to a specific 

activity of  >10' ’ d.p.m. per jig of DNA. Purified DNA fragments (10-200 ng in a 30 |a1 

volume) were denatured by boiling for 2-3 min. Denatured DNA was added to a 

reac t ion  m ix ture  conta in ing  Ix label l ing buffer ,  which was  supp l ied by the 

manufacturer and contained a random mixture of hexanucleotides, dNTPs (dCTP, dGTP 

and dTTP) and bovine serum albumin (BSA). Three microlitres of  a-'^^P labelled dATP 

were added to the reaction mixture before adding 5 U of  Klenow DNA polymerase. The 

react ion was then left to incubate  at room tempera ture  for  I h. Unincorpora ted  

nucleot ides  were removed prior to hybridisat ion by passing the reaction mixture 

th rough a co lum n containing a size exclusion matrix  (SigmaSpin™ post-reaction 

columns,  Sigma-Aldrich)  following the protocol outlined by the manufacturer.

2.3.5 Southern hybridisation

Hybridisat ion reactions were carried out  in a rotary hybridisat ion oven (Hybaid,  

Teddington,  Middlesex,  UK) in 25 x 3.5 cm hybridisation bottles (Hybaid) according to 

the method of  Sambrook and Russell (2001). Nylon membranes  on which DNA had 

been t ransferred were rinsed in 6x SSC prior to hybridisation to remove excess salt. 

M em branes  were then incubated in the oven at 65°C in 15 ml of  prehybridisation 

so lu t io n  c o n ta i n in g  Ix D e n h a r d t ’s so lu t ion  | l %  (w/v)  Fico l l ,  1% (w/v)
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polyvinylpyrrolidone, 1% (w/v) BSA|, 6x SSC, 100 denatured salmon sperm

DNA (Sigma-Aldrich) and 0.5 % (w/v) SDS for a minimum of 2 h.

The radiolabelled probe (= 2 x 10  ̂ d.p.m.) was denatured by boiling for five min 

followed by incubation on ice and then added to the prehybridisation solution and 

incubated with the membrane at 65‘’C for 18 h. Following hybridisation, unbound probe 

was removed from the membrane by washing the membrane at room temperature for 5 

min in a solution consisting of 2x SSC, 0.1 % (w/v) SDS. This was followed by a second 

wash at 31°C in 0.1 x SSC, 0.5% (w/v) SDS for 30 min and a final wash at 64°C in 0.1 x 

SSC, 0.5% (w/v) SDS for 30 min. The membrane was then placed in an 

autoradiography cassette with a Kodak BioMax intensifying screen (Eastman Kodak 

Company, Rochester, New York, USA) and exposed to Kodak Biomax MS-1 X-ray 

film for 24 to 72 h at -70°C. Autoradiograms were developed using Kodak GBX 

developer and fixed in Kodak GBX fixer according to protocols supplied by the 

manufacturer. In order to reuse membranes in subsequent hybridisation experiments, 

bound probe was removed from membranes by immersing them in boiling distilled 

water, followed by a brief rinse in 2x SSC.

2.4 Recombinant DNA techniques

2.4.1 Extraction of plasmid DNA from E. coli
Small scale preparations of plasmid DNA for sequencing were prepared using the

GenElute™ plasmid miniprep kit according to the manufacturer's instructions (Sigma- 

Aldrich).

2.4.2 Polymerase chain reaction (PCR)

Specific sequences of S. aureus genomic DNA were amplified by PCR and cloned 

into pBluescript. Oligonucleotide primers were designed to amplify the required region

and were stored at a stock concentration of 1 mM in sterile water at -20°C. 

Amplification reactions were carried out in 50 [i\ volumes in 0.5 ml microfuge tubes 

(Eppendorf) containing 2.5 U Taq DNA polymerase (Promega), Ix Taq reaction buffer, 

2 mM MgC12, 250 ^iM (each) dATP, dTTP, dCTP, dGTP (Promega), 10 pm of both a 

forward and reverse primer and 10 ng of genomic DNA template in a Thermo Hybaid 

Multiblock System (MBS) thermal cycler (Thermo Hybaid, Ashford, Middlesex, 

England). If the PCR product was to be be cloned into an expression vector or
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sequenced, the reactions were carried out using the high fidelity proof reading enzyme 

mix Expand High Fidelity PCR System (Roche) and the buffers provided by the 

m anufacturer or p fu  polymerase (Promega). If the expected PCR product was above 5 

kb in size the Expand Long Template PCR system (Roche) was used. Amplification 

conditions and specific primers are described in the relevant sections. Amplification 

products  were separated by electrophoresis through 1% (w/v) agarose gels, unless 

otherwise stated, containing 0.5 |Ag/ml ethidium bromide and a DNA m olecular weight 

m arker was loaded on each gel. Following electrophoresis at 80V with constant current 

fo r  I h, the am plification products were visualised  on a UV trans il lum inato r  as 

described in section 2.3.2.

PCR products were either purified using the GenElute™ PCR DNA purification kit 

(S igm a-A ldrich) or the Prom ega SV gel and PC R clean up kit accord ing  to the 

m anufacturer’s instructions.

2.4.3 Ligation of DNA fragments

Purified PCR products were ligated to pBluescript II KS (-) phagemid digested with 

the appropriate  restriction endonuclease. Ligation o f  DNA fragm ents to pBluescript 

were carried out via restriction sites which had been designed within the oligonucleotide 

primers used in the amplification reactions. Ligation was carried out for 18 h at 25°C, in 

a 20 fxl reaction volume, with a 3:1 ratio of insert to vector DNA in Ix ligase buffer, 

with 1 U of T 4  DNA ligase (Promega).

2.4.4 Transformation of competent E. coli prepared using CaCl,

Transformation of E. coli strain D H 5 a  with CaCI^ was carried out by the method of 

Sam brook and Russell (2001). An overnight broth culture of D H 5 a  was inoculated into 

100 ml LB and grown at 37°C for 3 h at 200 rpm in an orbital incubator to an A600 of 

~0.5. The culture was then decanted in 50 ml volumes into ice-cold 250 ml Sorvall 

tubes and chilled on ice for 10 min. Cells were then pelleted by centrifugation in a 

Sorvall SS34 rotor at 5,000 x at 4°C for 10 min. Each pellet was resuspended in 10 ml 

of ice-cold 0.1 M CaCI^, and centrifuged as before. Pellets were then resuspended in 2 

ml 0.1 M CaCl^ for each 50 ml of original culture.

For each transformation experiment, 0.2 ml of this cell-suspension was transferred to 

a sterile microfuge tube on ice and plasmid DNA (up to 50 ng) was added to each tube
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and incubated on ice for 30 min. A known amount of a standard plasmid preparation 

was added to a separate tube as a positive control, and a second control tube was also 

included which contained no plasmid DNA. The tubes were then heat shocked at 42°C 

for exactly 90 s and rapidly transferred to an ice bath, followed by incubation in a water 

bath at 37°C in the presence of 0.8 ml LB m edium to allow the cells to recover and 

express the antibiotic resistance marker (ampicillin resistance in the case of pBluescript 

II KS |-1). A 0.1 ml aliquot of this suspension was then spread on LA plates containing 

antibiotic (100 ^ig ampicillin/ml in the case of pBluescript II KS |-]), 1 mM  isopropyl- 

D-thiogalactopyranoside (IPTG, Roche) and 100 [xg (5-bromo-4-chloro-3-indoyl-|3-D- 

galactopyranoside (X-gal, Roche) and incubated for 20 h at 37°C. Recombinants were 

identified using blue-white selection as described by Sambrook and Russell (2001).

2.5 DNA sequence analysis

DNA sequencing (unless otherwise stated) was performed on a commercial basis by 

Lark (Takeley, Essex, United Kingdom) using the dideoxy chain termination method of 

S anger  (S a n g e r  et al., 1977), and an autom ated A pplied  B iosystem s 373A DNA 

sequencer  (Foster  City, California, USA) and dye-labelled terminators. Analysis of 

chrom atogram s was carried out using the 373A Data Analysis programme version 1.2.0 

( A p p l i e d  B i o s y s t e m s )  or  C h r o m a s  v e r s i o n  2 . 3  ( a v a i l a b l e  at  

hhtp://w w w .technelysium .com .au/chrom as.h tm l). Sequence analysis was carried out 

using the D N A Strider™ 1. 3f l l  software package for DNA and protein analysis 

(CEA /Saclay, Gif-sur-Yvette, France). Searches o f  the E M B L and GenBank databases 

for nucleotide and amino acid sequence similarities were performed using the BLAST 

fam ily o f  com puter  programmes (A ltschul et a i ,  1990). Nucleotide and amino acid 

sequence  a lignm en ts  were carried out using C L U S T A L  W sequence  a lignm en t 

computer programme (Higgins & Sharp, 1988).
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Chapter 3

The Evolutionary Epidemiology of Irish Nosocomial 

MRS A Isolates Recovered Between 1971-2004.
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3.1 Introduction

3.1.1 Irish MRSA

3.1.1.1 I 97I - I 987

Since the first isolation of M RSA in Irish hospitals in 1971, various laboratory 

studies using mainly phenotypic techniques revealed that the M RSA population in Irish 

hospitals has continually been changing. In 1971, 5 .4  % of S. aureus isolates recovered 

f rom  D ublin  hospita ls  were resistant to m ethicill in  and to the com m only  used 

antimicrobials o f  that time, except for gentamicin and chloramphenicol (Hone & Keane, 

1974). Between 1971 and 1975 these M RSA isolates caused sporadic infections in 

several Dublin hospitals (Hone & Keane 1974; Cafferkey et a l ,  1983 & 1985).

Following the first reported case of MRSA bacteremia in a patient in an Irish hospital 

in 1976, M R SA  isolates that were also resistant to gentam cin becam e endem ic in 

Dublin hospitals (Cafferkey et a i ,  1983 & 1985; Coleman et al., 1985). Analysis of 

these methicillin- and gentamcin- resistant S. aureus (M G RSA ) isolates using plasmid 

screening and the location of resistance determinants identified two phenotypic groups 

(C olem an  et al., 1985). Phenotype-I isolates expressed high levels o f  resistance to 

gentamicin, were susceptible to fusidic acid, predominated as the major cause of MRSA 

nosocom ial infection in Dublin hospitals between 1976 and 1978 and were not 

recovered after 1982 (Coleman et al., 1985). Phenotype-II isolates predom inated in 

Dublin hospitals between 1978 and 1985, expressed low level gentamicin resistance, 

were fusidic acid resistant and commonly carried a plasmid that conferred resistance to 

c o m b in a t io n s  o f  e th id ium  brom ide , te tracy c lin e ,  k anam ycin ,  neom yc in  and 

trimethoprim (Coleman et a i ,  1985).

Between 1985 and 1987 isolates exhibiting a new M G R SA  phenotype caused an 

outbreak in two Dublin hospitals (Carroll et al., 1989; Humphreys et a i ,  1990). These 

Phenotype-III isolates were initially recovered from a patient in a Dublin hospital who 

had previously been hospitalised in Baghdad in Iraq. Using the various techniques 

available at the time including plasmid screening, hybridisatioin analysis, location of 

resistance determ inants  and bacteriophage typing, these Phenotype-III isolates were 

found to be distinct from both Phenotype-I and Phenotype-II isolates but very similar to 

M GRSA isolates recovered in 1984 from a Baghdad hospital (Carroll et a i ,  1989).
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3.1.1.2 1988-1998

Between 1989 and 1998 a four-fold increase in the number of patients with MRSA 

was observed in one Irish hospital (Rossney & Keane, 2002a). Routine susceptibility 

testing indicated that changes in the Irish MRSA population were occurring, with the 

possible emergence of EMRSA strains and an increasing proportion of isolates 

demonstrating susceptibility to gentamicin. Between 1988-1989, MRSA isolates 

exhibiting AROl (see Table 2.2, for AR patterns) were isolated from 74% of patients 

carrying MRSA and were similar, but not identical to the UK epidemic strain EMRSA-

I (Rossney, 1995; Rossney & Keane, 2002a). During the same time period, Phenotype-

II and Phenotype-Ill isolates were found to exhibit AR patterns AR02 and AR09 and 

were recovered from 30% and 4% of patients carrying MRSA, respectively, with 8% of 

patients carrying more than one AR type (Rossney, 1995). MRSA isolates exhibiting 

AROl and AR02 predominated until 1989 but have since been absent from the Irish 

MRSA population (Rossney, 1995; Rossney & Keane, 2002a).

During the period 1993-1994, 81% of patients carrying MRSA carried isolates 

exhibiting AR13, A R K , ARl 1, AR07 or AR06 with 61% exhibiting the multiresistant 

AR patterns AR13 and AR14 (Rossney & Keane, 2002a). Also, in 1993, AR15 and 

AR22 isolates occurred frequently in one Dublin hospital with AR22 isolates causing an 

outbreak in an intensive care unit (Rossney et al., 1994b).

By 1998, although MRSA isolates AR13 and AR14 (multiresistant isolates) 

predominated, their prevalence had decreased, while the prevalence of MRSA isolates 

AR06 and AR07 was increasing (Rossney & Keane, 2002a). All AR06 and AR07 

isolates are gentamicin susceptible and the gentamicin resistance rates among Irish 

MRSA isolates has continued to decline up to the present day. In 1999 58.4% of Irish 

MRSA isolates were gentamicin resistant (EARSS Steering Group, 2003), in 2002 this 

fell to 27.6% (EARSS Steering Group, 2003) and in the third quarter of 2004 (the latest 

EARSS report available) less than 10% of Irish MRSA were gentamicin resistant 

(EARSS, 2004b). This reflects a growing trend in many parts of Europe in which the 

predominate circulating strains of MRSA are less resistant to multiple antibiotics.

A dendrogram constructed from the analysis of the PFGE patterns of Smal-digested 

total genomic DNA of MRSA isolates exhibiting the most common AR types recovered 

from patients in Irish hospitals between 1989 and 1998, showed that the MRSA 

population could be divided into two main clusters (Fig. 3.1. Rossney & Keane, 2002a). 

The first cluster consisted of AR06 isolates only, while the second cluster was separated
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FIGURE 3.1. Dendrogram showing the percent reiatedness of DNA from MRSA 

isolates representative of the most common AR types recovered from patients in Irish 

hospitals between 1989 and 1998 (Rossney & Keane, 2002a). Following S m a l  

restriction endonuclease digestion, DNA fragments were separated by PFGE and the 

fragment profiles obtained were compared using the fingerprint profile analysis 

computer software package GelCompar (with a band tolerance of 1%, Dice coefficient 

and UPGMA clustering) (Rossney & Keane, 2002a). The dendrogram shows that the 

population of MRSA isolates investigated could be divided into two main clusters. 

Cluster I consisted of AR06 isolates only, while cluster II could be further separated 

into two major subgroups, one consisting of AROl and AR02 isolates and the other 

containing mainly AR14, AR13 and AR07 isolates. (Rossney & Keane, 2002a).



into two major subgroups, one consisting of AROl and AR02 isolates and the other 

containing mainly AR14, AR13 and AR07 isolates (Fig. 3.1. Rossney & Keane, 2002a). 

In this second cluster of the dendrogram AR13 and AR14 isolates appeared to be 

closely related, whilst AR07 isolates appeared distinct (Fig. 3.1. Rossney & Keane, 

2002a).

3.1.1.3 1999-2004

By 1999, isolates exhibiting A RI3, AR06, AR14 and AR07 predominated in the 

Republic of Ireland with prevalence rates of 31%, 26%, 19% and 18%, respectively 

(Rossney et al., 2003). The proportion of isolates exhibiting A R B  and A R M  had 

descreased from previous years (Rossney et al., 2003). In Northern Ireland AR43, 

A RI3 and AR06 predominated in 1999, with prevalence rates of 42%, 33% and 15%, 

respectively (Rossney et al., 2003). This was the first report of isolates exhibiting this 

new AR pattern, AR43 (Rossney et al., 2003). A dendrogram drawn from the 

fingerprint patterns obtained following PFGE of 5mal-digested total genomic DNA of 

isolates exhibiting this AR pattern showed that AR43 falls into the same cluster as 

AR13 and AR14, but the fingerprint patterns showed a great degree of heterogeneity 

(Fig. 3.2. Irish Dep. of Health and Children, 1999). Additional unfamiliar AR patterns 

were present in small numbers in the same study and were tentatively called NewOI, 

New02 and New03 until further genotypic investigations allowed an AR type to be 

assigned to these isolates (Irish Dep. of Health and Children, 1999). During this same 

study of MRSA in Ireland in 1999 it was also observed that the PFGE patterns of AR06 

and AR07 isolates appeared closely related to those of UK epidemic strains EMRSA-I5 

and EM RSA-I6, respectively (Irish Dep. of Health and Children, 1999; Rossney et al., 

2003).

Between 1999 and 2003, the Irish MRSA population was again shown to be 

changing. By 2003 isolates exhibiting AR06 (non-multiresistant isolates) accounted for 

80% of the MRSA isolates recovered from blood cultures from patients in Irish 

hospitals, while isolates exhibiting A RM , ARI3 and AR07 were also recovered but at 

low frequencies (Rossney et al., 2004). Between 1999 and 2003 New03 isolates were 

again identified but accounted for only 2.6% of MRSA isolates recovered (Rossney et 

al., 2004).

Another new AR pattern was reported by the NMRSARL in 2003 from a patient 

admitted to an Irish hospital who had previously been hospitalised in Singapore
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FIGURE 3.2. Dendrogram showing the percent relatedness of DNA fragment patterns 

from MRSA isolates showing AR types AR06, AR07.0, AR07.4, AR13, AR14 and 

AR43 investigated during the North/South study of MRSA in Ireland 1999 (Irish Dep. 

Of Health & Children, 1999). Following Smal restriction endonuclease digestion, DNA 

fragments were separated by PFGE and the fingerprint profiles obtained were compared 

using a computer the fingerprint profile anlaysis computer package GelCompar (with a 

band tolerance of 1%, Dice coefficient and UPGMA clustering) (Irish Dep. of Health & 

Children, 1999). The dendrogram shows that this population of MRSA isolates could be 

divided into four main groups. The AR types represented by each group are shown 

under (A) and the name of each group is indicated under (B) (Irish Dep. of Health and 

Children, 1999).



(Rossney, 2003b). The AR pattern produced by this isolate was unlike any AR pattern 

held in the N M R S A R L ’s database and was designated, AR44. MRSA isolates 

exhibiting this AR type were recovered from other patients. In 2003 and 2004, a small 

number of isolates with unfamiliar AR patterns were again observed among isolates 

recovered from patients in Irish hospitals. All of these isolates with unfamiliar AR 

patterns required further genotypic investigations before they could be assigned to AR 

types.

The most predominant phenotypes of MRSA identified in Irish hospitals during 

different time periods since 1971 are listed in Table 3.1

3.1.2 Investigating the genetic relatedness of MRSA isolates

In recent years, it has become evident from the different studies of the epidemiology 

and evolutionary relationships of nosocomial MRSA clones from various geographic 

areas of the world, that in order to understand the genetic relatedness of MRSA isolates, 

each isolate needs to be analysed for both the genotype of the MSSA isolate into which 

the SC C m ec  element was introduced and the type of SCCmec  element it harbours 

(Hiramatsu et ciL, 2001; Oliveira et al., 2001c; Enright et a i ,  2002, Oliveira et al., 

2002b; Robinson & Enright., 2003). A highly discriminatory molecular typing 

te:hnique, such as PFGE, is suitable for analysing the genotypes of MRSA isolates 

re;overed over a relatively short period of time. However, for long-term and global 

epidemiological studies, MLST has been shown to be the most powerful molecular 

technique for genotyping MRSA isolates (Enright et al., 2000 & 2002; Oliveira et a i ,  

2(02b; Robinson & Enright., 2003; Robinson & Enright., 2004b). Furthermore, 

coTiputer generated dendrograms, the traditional method used to analyse PFGE patterns 

anJ to assess the relationship between the isolates, provide little or no information on 

tht patterns of evolutionary decent among groups of related isolates. In contrast, the 

relitedness of MLST genotypes and the patterns of evolutionary descent among groups 

of isolates with similiar MLST genotypes can be discerned using an algorithm known as 

eBURST (Feil et al., 2004). The eBURST programme (which stands for Based Upon 

Reated Sequence Types), can be used to divide a set of MLST data into groups of 

relited isolates which can be visualised as clonal complexes (CCs) and it can also be 

ustd to predict both the ancestral genotype and the patterns of evolutionary decent 

witiin each CC. Using MLST and eBURST, Robinson & Enright (2003) have identified 

thefive major clonal complexes for nosocomial MRSA and have predicted the ancestral
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T A B L E  3.1. The most predominant phenotypes of MRSA identified in Irish hospitals

during different time periods since 1971

Y ear P re d o m in a n t  p h en o ty p es  
identified '

Reference

1971-1975 Early MRSA Hone & Keane, 1974; Coleman et al., 1985
1976-1978 Phenotype-I^ Coleman et al., 1985
1978-1984 Phenotype-11 Coleman et al., 1985
1985-1987 Phenotype-lII Carroll et at., 1989
1988-1989 AROl & AR02 Rossney, 1995; Rossney & Keane, 2002a
1993-1994 AR13 & A RM Rossney, 1995; Rossney & Keane, 2002a
1998 AR06, AR07, AR13 & AR14 Rossney & Keane, 2002a
1999 AR06, AR07, AR13, ARM , Irish Dep. Of Health & Children 1999;

(AR06, AR13 & AR43) Rossney et al., 2003
2002 AR06 Rossney et al., 2004
2003 AR06 Rossney et al., 2004
'isolate phenotypes represent those that predominated In certain hospitals in the 
Republic of Ireland only. Those indicated in parenthesis predominated In Northern 
Ireland.
^Phenotype-1 isolates were not available for investigation in this present study.



genotypes and patterns of decent of many genotypes within each clonal complex. 

Genotypes that differ from the ancestral genotype at only one of the seven MLST loci 

are referred to as single locus variants (siv) (Feil et al., 2004). A SLY that has further 

diversified resulting in a derivative genotype that differs from that of the ancestral 

genotype at two of seven MLST loci is known as a double locus variant (dlv) (Feil et 

al., 2004).

The SCCmec  type can be investigated using various PCR-based techniques that 

identify both the ccr and mec gene type or other sequences in the J regions specific to 

each SCCmec  element (Okuma et al., 2002; Oliveira et al., 2002a). Genetic studies of 

nosocomial MRSA populations in various different countries using MLST and SCCmec 

typing has revealed the majority of MRSA strains identified, have genotypes (i.e. 

sequence types, STs) within the five previously defined pandemic MRSA lineages 

(Denis et al., 2004; Perez-Roth et al., 2004; Velazquez-Meza et al., 2004; Ko et al., 

2005)

3.1.3 Aims

Epidemiological typing of Irish MRSA isolates over the last three decades has 

mainly depended upon antimicrobial susceptibility testing. The aim of this part of the 

present study was to comprehensively investigate the evolutionary epidemiology of 

nosocomial MRSA isolates that have been recovered in Irish hospitals between 1971 

and 2004 using a combination of molecular techniques. Multilocus sequence typing 

combined with SCCmec  typing was used to identify the major MRSA clonal types 

causing nosocomial infections during this time period (1971-2004). Furthermore, PFGE 

was performed in addition to MLST and SCCmec  typing on isolates recovered during a 

two-week study of MRSA in Ireland in 1999 in order to examine the relationship 

between isolates exhibiting a previously unfamiliar AR pattern, AR43, and other 

isolates also recovered during the two-week study.
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3.2 Materials and Methods

3.2.1 Pulsed-field gel electrophoresis (PFGE)

3.2.1.] Bacterial isolates

Pulsed-field gel electrophoresis was performed on 67 Irish MRSA isolates recovered 

from hospitalised patients in both the North and South of Ireland, during a two-week 

surveillance study of MRSA in 1999 (Table 3.2). These isolates were chosen for PFGE 

in order to investigate the relationship between isolates exhibiting a new AR type, 

AR43, and isolates exhibiting other AR types (AR06, AR07.0, AR07.4, A RI3 and 

A R M ) commonly recovered during the same study period (study period G). Pulsed- 

field gel electrophoresis was a suitable method for investigating the relationship 

between these isolates because they were recovered over a relatively short period of 

time (2 weeks).

3.2.1.2 Preparation o f  S. aureus chromosomal DNA in agarose plugs

A method described previously by Rossney (1995) was used to prepare S. aureus 

DNA for PFGE. This method is a modification of a method described by de Lencastre 

et al. (1994).

Chromosomal DNA was prepared from S. aureus cells grown in 5 ml TSB at 37°C 

for 18 h in an orbital shaker (Gallenkamp). Cells were harvested by centrifugation at 

2,500 X g  at 4°C for 10 min, resuspended in 500 jil PFGE buffer (10 mM Tris pH 8 ,  0.1 

M NaCI) and the centrifugation was repeated. Cells were resuspended in 200 |i,l PFGE 

buffer and diluted with an additional 1.8 ml PFGE buffer. A 0.2 ml aliquot of this 

bacterial suspension was mixed with 2% (w/v) molten InCert agarose (BioWhittaker 

Molecular Applications, Rockland, Maine, USA) dissolved in PFGE buffer. This 

suspension was transferred into casting moulds (4 x 9 x 25 mm; Bio-Rad, Hercules, 

California, USA) and were left to solidify at 4°C for 20 min.

Solidified agarose plugs were then incubated in I ml volumes of PFGE EC buffer (6 

mM Tris pH 8.0, I M NaCI, 0.1 M EDTA pH 8.0, 0.2 % (w/v) sodium deoxycholate, 

0.5 % (w/v) sodium lauroyl sarcosine) with lysostaphin (50 mg/l), lysozyme (100 mg/l) 

and RNase (50 mg/l) (Sigma) with gentle shaking in a waterbath at 37 °C for 3 h. The 

EC buffer was then decanted off and the plugs were incubated in 1 ml PFGE ES buffer 

(0.5 M EDTA pH 9.0, 1% (w/v) sodium lauroyl sarcosine) containing proteinase K (100 

mg/l) at 50°C with gentle shaking for 17 h.
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TABLE 3.2. Summary of the total number of Irish MRSA isolates investigated from

each study period and numbers typed by PFGE, MLST and SCCmec typing*

Study period A B C D E F G H 1 J
1971- 1976- 1985- 1989 1992- 1998 1999 2002 2003 2004
1975 1984 1987 1993

Reference’ 1 1 2 3 & 4 4 & 5 5 6 & 7 8 8 9
Source hospitals Dublin 1 Ireland Numbers typed by

North South South South PFGE MLST SCCmec
&

South
typing

Isolate Phenotype'’

Early MRSA i  .................. 1 1
Phenotype-II ... 15 (8 f 8 15
Phenotype-III 1 1
AROl 4 4 4
AR02 3 3 3
AR05 1 1 1
AR06 1 4 4 |0 (6 ) ‘ 8 10 23 27
AR07.0/07.2 2 9151! 2 9 9 13
AR07.3/07.4 3 5 3 2 2 13 13
AR09 3 3 3
A R ll 4 4 4
AR13 4 4 15 3 15 26 26
AR14 4 4 IL 3 11 22 22
ARIS 2 2 2
AR22 2 2 2
AR23 1 1 1
AR43 20 20 20 20
AR44 1 1 2 2
ARNT'' 3 3 7 7
New01“ 1 1 1
Ne»02" 1 1 1
New03' 2 2 4 4
Unfamiliar 1'' 1 1 1
Unfamiliar 2“' I 1 1
Unfamiliar 3'' 1 1 1
Unfamiliar 4** 1 1
Total in this study 1 15 1 15 29 17 71 22 4 1 67 162 177

*For more detail on all isolates see Table 2 .1 C h a p te r  2.
indicates that isolates exhibiting this phenotype were not recovered during the study period.

"References for the original studies involving these isolates: 1, Coleman et al., 1985; 2, Carroll et al., 
1989; 3, Rossney, 1995; 4, Rossney & Keane, 2002a; 5, Rossney et al., 1994b; 6, Irish Dep. of Health & 
Children, 1999; 7, Rossney et al., 2003; 8, Rossney et al., 2004; 9, this study.
'The most prevalent phenotypes during each study period are underlined.
‘'In the three cases where not all isolates of a particular AR type from a certain year were MLS typed, the 
numbers that were MLS typed are indicated in parenthesis adjacent to the number of available isolates 
(see section 3 .2 .2 .1).
These isolates have not yet been assigned to an AR type due to the unfam iliar antibiotic resistance 

patterns they produced. AR pattern designation awaits PFGE, MLST and SCCmec element analysis. 
A bbreviations: PFGE, pulsed-field gel electrophoresis; MLST, m ultilocus sequence typing; SCCmec, 
Staphylococcal cassette chromosome mec.



The agarose plugs were then washed five times (for a minimum period of 10 min per 

wash) in 5 ml TE buffer at 55°C with gentle shaking. Following the five washes, 5 ml of  

fresh TE buffer was added to each agarose plug, which were then held at 4°C for 2 h. 

Fresh TE buffer was again added to each plug, followed by incubation at 4°C until 

required for restriction endonuclease digestion. For long-term storage the plugs were 

stored in 0.5 M EDTA, pH 8.0 at 4°C and the buffer was replaced at monthly intervals.

3.2.1.3 Restriction endonuclease digestion o f  chromosomal DNA embedded in asarose  
plugs
An aliquot of each agarose plug containing DNA was incubated in TE buffer at 4°C 

for a minimum time o f  30 min, followed by equilibration in 150 [0,1 of restriction 

endonuclease buffer at 4°C for a least 30 min. DNA was digested in a total reaction 

volume o f  150 jxl using Sma\ (Promega) (20 units/plug), equilibrated at 4°C for 30 min 

and incubated at 25°C for 3 h.

3.2.1.4 Agarose gel electrophoresis

Agarose plugs containing digested chromosomal DNA were applied to 1.2 % (w/v)  

ultra-pure DNA grade agarose (Bio-Rad) gels prepared in 0.5 x TBE which were cast in 

210 X 127 mm trays. Bacteriophage lambda (X.) DNA fragments ranging in size from 

50-1000 kb (Sigma) were included on each gel as molecular size markers. In addition, 

the S. aureus  isolate NCTC8325 was included as a control on each gel that was to be 

analysed using the DENDRON computer package, to allow gel to gel comparisons. The 

clamped homogenous electrical field (CHEF) electrophoresis system and the CHEF 

mapper PFGE apparatus (Bio-Rad) were used for PFGE with 0.5 x TBE as the 

electrophoresis buffer, which was maintained at 4°C during electrophoresis by 

recirculation through a Bio-Rad minichiller (model 1000).

Gels were run at 6 V/cm with an initial switch time of 1 s and a final switch time of  

40 s over a 23 h period. Following electrophoresis, gels were stained for 30 min with 

0.5 mg/l ethidium bromide, destained for 15 min in distilled water and examined on a 

UV transilluminator and photographed.

3.2.1.5 Analysis and interpretation o f  DNA restriction patterns produced by PFGE  

The observational criteria described by Tenover et al. (1995) and shown in Table 1.3

were used to analyse the PFGE fingerprint profiles produced. In addition, the
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D E N D R O N  fingerprint profile anlaysis computer package version 2.0 (Soltech, Iowa 

City, Iowa, USA) was used to analyse the PFGE fingerprint patterns. In order to use this 

com puter package, the PFG E fingerprint patterns were digitised into the D EN D R O N  

softw are  package  using an Epson Perfec tion  1650 scanner  (Epson  UK Ltd., 

Hertfordshire, UK). The S. aureus  isolate NCTC8325 was used as a global standard to 

link data from  different gels. Any distortions in the images were corrected using the 

stra ightening and unwarping options o f  D EN D R O N . The fingerprint patterns o f  the 

various M RSA  isolates were compared by computing the similarity coefficient (S^b) 

between every pair. The computation of S^b values was based upon the band positions 

according to the form ula SAB=2E(2E+a+b), where E is the number of bands in patterns 

A and B sharing the same positions, a is the num ber of bands in pattern A with no 

correlation to any bands in pattern B and b is the num ber of bands in pattern B with no 

correlation to any bands in pattern A. An S^b of 0 .00 indicates that patterns A and B 

have no bands in comm on, an S^b of 1.00 indicates that all the bands in patterns A and 

B match and an S^b ranging from 0.01 to 0.99 represents patterns with increasing 

numbers of bands at the same position. Based on these S^b values a dendrogram  was 

created using the D EN DRON computer package.

3.2.2 Multilocus Sequence Typing

3 .2 .2 .1 Bacterial isolates

M ultilocus sequence typing (M LST) was performed on a total o f  162 of the 177 

M RSA isolates selected for use in this present study (Table 3.2). These 162 isolates 

included representatives of all o f  the predominant phenotypes of M RSA recovered from 

patients in Irish hospitals during eight study periods (A-H) between 1971 and 2002 

(Table 3.2). The only exception was study period B (1976-1984), where Phenotype-I 

and Phenotype-II isolates predominated but only Phenotype-II isolates were available 

for use in this present study. The num ber of isolates typed by M LST also included 

isolates recovered between 1989 and 2004 (study periods D-J respectively; Table 3.2) to 

which no AR type could be assigned because of the unusual AR or PFG E patterns they 

produced (ARNT, NewOl, New02, New03 and Unfamiliar 1-4; Table 3.2) patterns they 

produced and isolates from 2002 and 2003 (study periods H and I, respectively) with a 

relatively newly identified AR type, A R 44 (Table 3.2).

In total, 15 isolates were excluded from MLST (Table 3.3); 4 / 1 0  A R 06 isolates from 

1999 (study period G), 4/9 A R 07.0  isolates from 1999 (study period G) and 7/15
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T A B L E  3.3. MRSA clinical isolates that were not typed by MLST

AR type Isolate no. Study period (year isolated)
Phenotype-II 58.1 B (1 976-1984)
Phenotype-II 122.2 B (1976-1984)
Phenotype-H 43.21 B (1976-1984)
Phenotype-II 438.1 B (1976-1984)
Phenotype-II 438.2 B (1976-1984)
Phenotype-II 161.2 B (1976-1984)
Phenotype-II 120.2 B (1976-1984)

AR06 3143 G(1999)
AR06 3190 G(1999)
AR06 3147 G(1999)
AR06 3430 0(1999)

AR07.0 3142 G(1999)
AR07.0 3228 G(1999)
AR07.0 3572 0(1999)
AR07.0 3604 0(1999)



Phenotype-Il isolates recovered between 1976-1984 (study period B) (Table 3.3). The 

reasons for excluding these isolates are as follows; firstly as stated in chapter 2 (section 

2.1.1), proportionally more isolates recovered in 1999 exhibiting AR patterns AR06 and 

AR07.0 were included in the present study to investigate their relationship to isolates 

exhibiting the new AR type, AR43. All these AR 06 and A R 07.0  isolates were 

investigated by PFGE. However, 4/10 AR06 and 4/9 AR07.0 isolates from 1999 were 

excluded from MLST because their PFGE patterns and SCCmec  types were identical or 

almost identical to the other AR06 and AR07.0 isolates from 1999 that were MLS typed 

(see sections 3.3.1 and 3.3.3 for PFGE and SCCmec  typing results, respectively). Also, 

all AR 06 and AR07.0 isolates that were MLS typed from 1999 yielded the same STs. 

Hence, it was deemed unnecessary to MLS type all o f  the AR06 and AR07.0 isolates 

from 1999. In addition MLST of all 15 Phenotype-11 isolates was deemed unnecessary 

because although two different SCCmec  typing patterns were identified in these 

isolates, the MLS type of the eight Phenotype-11 isolates that were MLS typed were all 

the same (see sections 3.3 .2  and 3 .3 .3 .for MLST and S C C m e c  typing results, 

respectively).

3.2.2.2 MLST method

MLST typing was carried out as described previously (Enright et al, 2000). For each 

isolate the internal DNA fragments o f  seven housekeeping genes (carbamate kinase 

\arc\,  shikimate dehydrogenase \aro\ ,  glycerol kinase \glpF\,  guanylate kinase \gmk\,  

phosphate acetyltransferase \pta\,  trioesphosphate isomerase \tpi\ and acetyl coenzyme  

A acetyltransferase \yqiL\) were amplified in individual PCR reactions using the primer 

pairs described in Table 3.4. The PCR reaction was carried out in 96 well plates in a 

total reaction volume o f  50 îl containing approximately 0.5 fxg of chromosomal DNA, 

0.5 fxg o f  both the forward and reverse primer, lU  of Tag DNA polymerase (Promega), 

5 1̂ o f  10 X buffer (supplied with the Taq polymerase), 5 fxl of 25 mM MgCl2 and 0.2 

mM deoxynucleoside triphosphates (Promega). PCR reactions were performed with an 

initial 3 min denaturation step at 95°C, followed by 30 cycles of annealing at 55°C for 1 

min, extension at 72°C for 1 min and denaturation at 95°C for 1 min, and a final 

extension step at 72°C for 10 min. Amplification products were separated by 

electrophoresis through 1% (w/v) agarose gels and visualised on a UV transillminator as 

described previously in sections 2.3.2 and 2.4.2, respectively.
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T A B L E  3.4. Primer pairs used for amplification o f the seven housekeeping genes used 

in MLST*

P rim er Nuclcotidc sequence S'-3' A m plim er
size

Region am plifled

arcC-Vp
arcC-Dn

TTGATTCACCAGCGCGTATTGTC
AGGTATCTGCTTCAATCAGCG

456 bp Internal fragment of carbamate kinase 
gene(arcC)

aroE-Vp
aroE-Dn

ATCGGAAATCCTATTTCACATTC
GGTGTTGTATTAATAACGATATC

456 bp Internal fragment of sliikimate 
dehydrogenase gene (aroE)

glpF-Vp
gIpF-Dn

CTAGGAACTGCAATCTTAATCC
TGGTAAAATCGCATGTCCAATTC

465 bp Internal fragment of glycerol kinase 
%ene(glpF)

gmk-Vp
gmk-Dn

ATCGTTTTATCGGGACCATC
TCATTAACTACAACGTAATCGTA

429 bp Internal fragment of guanylate kinase
gene(^»mi)

pla-Vp
pla-Dn

GTTAAAATCGTATTACCTGAAGG
GACCCTTTTGTTGAAAAGCTTAA

474 bp Internal fragment of phosphate 
acetyl transferase gene (^wA)

Ipi-Vp
Ipi-Dn

TCGTTCATTCTGAACGTCGTGAA
TTTGCACCTTCTAACAATTGTAC

402 bp Internal fragment of triosephosphate 
isomerase gene {tpi)

yqiL-\Jp
yqiL-Dn

CAGCATACAGGACACCTATTGGC
CGTTGAGGAATCGATACTGGAAC

516 bp Internal fragment of acetyl coenzymeA 
acetyl transferase {yojL)

*Table adapted from Enright et a i ,  2000.



The PCR products in the 96 well plate were purified by the addition of 20% (w/v) 

polyethylene glycol 6000 (Sigma-Aldrich) and 2.5 M NaCI, followed by centrifugation 

at 1000 rpm for 30 s, incubation at room temperature for 30 min and centrifugation at 

3000 rpm for 1 h. The supernatant was then removed by inverting the 96 well plate on 

to tissue paper followed by centrifugation at 500 rpm for 20 s. The 96 well plate was 

again inverted onto clean tissue paper and centrifuged again at 500 rpm for 20 s. The 

PCR products in the 96 well plate were then reprecipitated by resuspension in 100 |al of 

cold 70% (v/v) EtOH and centrifugation of the 96 well plate in the upright position at 

3500 rpm for 30 min. The 96 well plate was again inverted on to tissue paper, 

centrifuged at 500 rpm for 20 s, inverted on clean tissue paper and centrifuged at 500 

rpm for 20 s. The 96 well plate containing the reprecipitated PCR products was then 

incubated at 37‘’C for 2 min to allow any excess EtOH to evaporate. Each PCR product 

in the 96 well plate was then resuspended in 12 fxl of sterile distilled water and mixed 

throughly by vortexing for 5 min, followed by centrifugation of the 96 well plate at 

1000 rpm for 30 s in the upright position and incubation at 4°C for 10 min. This 

vortexing and centrifugation step were repeated once more. The purified PCR products 

were detected by electrophoresis of 2 [il of each sample on a 1% (w/v) agarose gel 

containing 0.5 |o.g/ml ethidium bromide followed by visualisation on a UV 

transilluminator as described in sections 2.3.2 and 2.4.2.

The sequences of both strands of each PCR product were determined with the 

primers used in the initial PCR amplification step (Table 3.4) and with the ABl Big-Dye 

Fluorescent Terminator System using an ABI 3700 automated sequencer (Applied 

Biosystems, Warrington, UK) at the Genomics facility at the University of Bath (Bath, 

UK). For each isolate, the alleles at each of the seven housekeeping loci were identified 

by comparing the sequences obtained from the test isolates with sequences held in the 

MLST database (http://www.saureus.mlst.net). This database was also used to identify 

the allelic profile and hence the sequence type (ST) of each isolate.

3.2.3 SCCniec typing

3.2 .3 .1 Bacterial isolates

The SCCm ec  type of all 177 isolates included in this present study (Table 3.2) was 

determined using both a simplex and multiplex SCCmec typing method.

47



3 .2 3 .2  Simplex SCCmec typing

A simplex SC C m ec  typing method described by Robinson & Enright (2003) was 

used in this present study. This method is a modification of the method described 

previously by Okuma et al. (2002). Using this simplex S C C m ec  typing method, 

S C C m e c  types were assigned to each isolate by PCR detection o f  the type o f  c c r  

complex and the class of mec  gene complex (ccr-mec  genes) using primers described in 

Table 3.5. Five separate reactions were performed on each isolate to detect ccr  types 1, 

2 and 3 and mec  classes A and B (Table 3.5).

PCR amplifications were carried out in 50 îl volumes using Taq DNA polymerase 

(Promega) as described in section 2.4.2. PCR reactions were performed with an initial 3 

min denaturation step at 95°C, followed by 34 cycles of annealing at 55°C for 1 min, 

extension at 72°C  for 2 min and denaturation at 95°C for 1 min, and a final extension 

step at 72°C for 10 min. After PCR amplification, 10 |al of each PCR reaction was 

electrophoresed on a 1% (w/v) agarose gel containing 0.5 ^ig/ml ethidium bromide and 

was visualised on a UV transilluminator as described in sections 2.3.2 and 2.4.2. Each 

isolate was positive for one ccr  type and one mec  class only and from this the SCCmec  

type could be deduced because each SCCmec  type consists of a unique combination of  

ccr and mec  genes.

3.2.3.3 Multiplex SCCmec typing

The multiplex PCR method of Oliveira & de Lencastre (2002a) was also used for 

S C C m e c  typing. This method utilises nine primer pairs designed based on the 

nucleotide sequences o f  several SCCm ec  elements (Table 3.5). One of these primer 

pairs (MECA P4/P7) is a positive control that detects the presence o f  m ecA  in all 

SCCm ec  elements (Table 3.5). The remaining eight primer pairs amplify regions both 

common and unique to the SC C m ec  elements I, lA, II, III, IIIA, IIIB, IV and IVA, 

(Oliveira & de Lencastre, 2002) (Table 3.5).

The multiplex PCR reaction was performed in a total reaction volume o f  50  |al 

containing the following: approximately 5 ng of chromosomal DNA of  the test isolate; 

1.25 U of Taq DNA polymerase (Promega); 5 |j,l o f  10 X buffer (supplied with the Taq 

polymerase); 5 |i,l o f  25 mM M gCl2 ; 0.2 mM of each deoxynucleoside triphosphate 

(Promega); 200  nM of  primers KDP El, KDP R l ,  RIE4 F3 and RIE4 R9; 400 nM of  

primers CIE2 E2, CIE2 R2, MECIP2, MECI P3, RIE5F10, R1F5 R13, pUBI 10 Rl and
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T A B L E  3.5. Primer pairs used for SCCmec  typing

Primer Nucleotide sequence 5'-3' Location Amplimer Region Reference
___________________________________________________________________________________size______amplified___________________
Simplex
ccr
P2
a l

ATTGCCTTGATAATAGCCITCT
AACCTATATCATCAATCAGTACGT

25539-25518“
24845-24868"

694 bp Type 1 ccr Ito et al., 2001

p2
o3

ATTGCCTTGATAATAGCCITCT
TAAAGGCATCAATGCACAAACACT

25539-25518"
26325-26348"

936 bp Type 2 ccr Ito el al.. 2001

P2
a 4

ATTGCCTTGATAATAGCCITCT
AGCTCAAAAGCAAGCAATAGAAT

25539-25518'
5485-5508'

1791 bp Type 3 ccr Ito et al., 2001

mec
3490u
41IOBd

ATGATTCAATGCCTAAACCTAATCG
CrrrrrGTTTCAAAGTCATACTATTTTCAAC

43760-43736"
43110-43140"

650 bp Class A mec Robinson & 
Enright, 2003

3490u
41IOAd

ATGATTCAATGCCTAAACCTAATCG
GAATTATAACTGGGAATATTTTAAATCCCA

16636-16612''
15986-16015''

650 bp Class B mec Robinson & 
Enright, 2003

M ultiplex
C1F2F2
CIF2R2

TTCGAGTl'GCTGATGAAGAAGG
ATTTACCACAAGGACTACCAGC

18398-18419“ 
18892-1887P

495 bp Downstream of 
p/.v of SCCmec I 
& lA

Oliveira & de
Lencastre,
2002a

KDPFl
KDPRl

AATCATCTGCCATTGGTGATGC
CGAATGAAGTGAAAGAAAGTGG

10445-10467"
10728-10707"

284 bp Internal region of 
kdp operon 
unique to
SCCmec II

Oliveira & de
Lencastre,
2002a

MEC1P2
MECIP3

ATCAAGACTTGCAITCAGGC 
GCGGTTTCAATTCACTTGTC

42428-42447"
42636-42617"

209 bp Internal region of 
meci o f SCCmec 
II. III. IIIA &
IIIB

Oliveira & de
Lencastre,
2002a

DCSF2
DCSRI

CATCCTATGATAGCTTGGTC
CTAAATCATAGCCATGACCG

38011-37992' 
37670-37689"

342 bp Internal region of 
dcs of SCCmec 1, 
lA, II. IV, IVA

Oliveira & de
Lencastre,
2002a

RIF4F3
RIF4R9

GTGATTGITCGAGATATGTGG
CGCTTTATCTGTATCTATCGC

45587-45607'
45829-45809'

243 bp Region between 
pl258 & Tn554 
unique to
SCCmec III

Oliveira & de
Lencastre,
2002a

RIF5FI0
R1F5R13

n  CTTAAGTACACGCTGAATCG 
GTCACAGTAATTCCATCAATGC

59573-59594'
59986-59965'

414 bp Region between 
Tn554 & orfl( of 
SCCmec III & 
IIIA

Oliveira & de
Lencastre,
2002a

IS431P4 
pUBI lORl

CAGGTCTCTTCAGATCTACG
GAGCCATAAACACCAATAGCC

49963-49982"
50343-50323"

381 bp Left junction 
between IS 4 i/  & 
p U B llO of 
SCCmec 
lA. II & IVA

Oliveira & de
Lencastre,
2002a

IS431P4
P r i S l R l

CAGGTCTCTTCAGATCTACG
GAAGAATGGGGAAAGCTTCAC

29654-29673'
29976-29956'

303 bp Left junction 
between \S43I & 
pT181 unique to 
SCCmec III

Oliveira & de
Lencastre,
2002a

MECAP4
MECAP7

TCCAGATTACAACTTCACCAGG
CCACTTCATATCTTGTAACG

1190-1211'
1351-1332'

162 bp Internal region of 
mec A, all 
SCCmec types; 
Control

Oliveira & de
Lencastre,
2002a

Nucleotide coordinates from “SCOnec I, '’SCCmec II, ‘SCCmec III, ‘'SCC/nec IV and ‘mecA  gene 
published sequences, Genbank accession numbers A B033763, D86934, A B037671, AB063172 and 
Y00688, respectively (Song etal.,  1987; Ito et al., 2001; Ma et al., 2002).



pT181 R l; 800 nM of primers DCS F2, DCS R2, MECA P4, MECA P7 and IS431 P4. 

The multiplex PCR reactions were performed with an initial 4 min denaturation step at 

94°C, followed by 30 cycles of annealing at 53°C for 30 s, extension at 72°C for 1 min 

and denaturation at 94°C for 30 s, and a final extension step at 72°C for 4 min. 

Amplification products were separated by electrophoresis through 2% (w/v) agarose 

gels and visualised on a UV transillminator as described in sections 2.3.2 and 2.4.2. 

When multiplex PCR products are electrophoresed on agarose gels, isolates carrying the 

S C C m e c  elements I, lA, II, III, IIIA, IIIB, IV and IVA, produce characteristic 

amplification profiles consisting of amplimers of specific sizes and from this the 

SCCmec  type harboured by the test isolate can be interpreted (Table 3.6).

49



TABLE 3.6. Amplimer sizes expected for various SCCmec elements using the

multiplex SCCmec typing method*

SCCmec type Amplimer sizes (bp)'
I 495, 342 & 162
lA 495, 381, 342 & 162
II 381,342, 284, 209 & 162
III 414, 303,243, 209 & 162
IIIA 414, 243, 209 & 162
IIIB 209 & 162
IV 342& 162
IVA 381, 342 & 162
*Adapted from Oliveira & de Lencastre (2002a).
' See Table 3.5 for the corresponding region that was amplified and primers used to 
produce each amplimer.



3.3 Results 
3.3.1 MLST

A total of 162 MRSA isolates representative of the most predominant phenotypes of 

MRSA recovered from patients in Irish hospitals between 1971 and 2002 (Table 3.2, 

study periods A-H) as well as isolates representative of the unusual MRSA phenotypes 

recovered between 1989 and 2004, were examined using MLST (Table 3.2). Thirteen 

sequence types (STs) belonging to each of the five major clonal complexes (C C ’s) 

described to date for nosocomial MRSA isolates, were identified among the majority of 

the Irish isolates examined (161/162 isolates) (Tables 3.7, 3.8 and 3.9). The remaining 

isolate (1/162) had a ST that did not belong to any of the five major CCs and is termed a 

singleton (Table 3.7). Singletons are STs whose ancestral genotype is undefined.

Isolates recovered in Irish hospitals prior to 1985 exhibited ST250 (early MRSA and 

Phenotype II isolates, Table 3.7). Between 1985 and 1987, Phenotype-III isolates that 

caused an outbreak in two Dublin hospitals exhibited ST239 while the STs of the two 

most common phenotypes in 1989 were ST239 (AROl) and ST250 (AR02) (Table 3.7). 

In the 1990’s, ST8 isolates predominated (AR13, A R M ) but by the late 1990s, the 

prevalence of isolates with ST36 (AR07.0/07.2) and ST22 (AR06) had increased (Table 

3.7). By 2002, ST22 had become the major ST (AR06) (Table 3.7). AR43 isolates that 

predominated in the North of Ireland in 1999 also exhibited ST8.

Interrogation of the MLST database showed that all except two STs were identical to 

those previously described for MRSA. The first exception was a double locus variant 

(dlv) of STS which differed from ST5 at both the arcC  and yqiL  alleles. ST5 has alleles 

I and 10 of arcC  and yqiL, respectively, whereas the dlvSTS had a new allele, termed 

allele 63 of arcC  and allele 28 of yqiL  (Table 3.8). The arcC  alleles 63 and 1 differ at a 

single nucleotide site as do alleles 10 and 28 of yqiL. This novel ST was coined ST496 

and was identified from one isolate recovered in 2002 exhibiting AR type AR07.2 

(Table 3.7). The second ST that was not found in the MLST database was a single locus 

variant (slv) of ST8 that differed from ST8 at the grnk allele. ST8 has allele 1 at gm k  

while this new slv of ST8 has allele 58 (Table 3.8). The gm k alleles I and 58, differ 

from each other at a single nucleotide site. This novel ST was coined ST609 genotype 

and was identified from an isolate with an unfamiliar AR type (unfamiliar-4) recovered 

in 2004 (Table 3.7).
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TA BLE 3.7. M ultilocus sequence typing and SCCm ec typing results o f nosocomial

MRSA isolate recovered in Ireland 1971-2004

CC* ST" SC C m ec  typing Isolate
phenotype'

Y ears No. of 
isolates'

o th e r  nam e o f  MRSA clonal type

Sim plex
P C R

M ultiplex PCR"

8 ST239 III III AROl
ARIS
AR23
AR44

1989
1993
1993
2002/’03

4
2
1
2

Hungarian

8 ST239 III III  -  pI258/Tn554 Phenotype-III
AR09*
Unfamiliar-3

198S-’87
1989
2003

1
2
1

NA

8 ST239^ negative negative AR09* 1989 I NA

8 ST2S0 I 1 E arly  MRSA 
Phenotype-ll*

1971-’74
1978-‘84

1
9(4)

Archaic

8 ST250 I IV o r  I - p i s Phenotype-11*
AR02

1978-‘84
1989

6(4)
3

NA

8 ST247 1 la AR22
New02

1993
1999

2
1

Iberian, EMRSA-S, EMRSA-17

8 ST8 II II -  kdp AR05
AR13*
AR14*

1989
1993,’98,'99
1993

1
6
3

NA

8 STS II 11 — kdp & m eci AR14* 1993,'98,'99 10 NA

8 ST8 II U - k d p &  pU B llO AR13*
AR14*
NewOl
New03

1998,’99,'02
1999
1999
1999

19
3 
1
4

NA

8 ST8 II IV o r  11 -  kdp, mecI 
& pU B llO

A R B *
ARM *

1999
1998.'99 ,02

1
6

NA

8 ST8 IV IV -  dcs AR43 1999 20 NA

8 ST94 IV IV Unfamiliar-2 2003 1 NA

8 ST609 IV IVA Unfamiliar-4 2004 1 NA

5 STS II II AR07.3/07.4, 
ARl 1

1989,'93,'98,'99
1993

13
4

New York/Japan

5 STS IV IV U nfam iliar-1 2002 1 Peadiatric

5 §1496 II II AR07.2* 2002 1 NA

30 ST36 II II AR07.0/07.2* 1998,'99 ,02 12(8) EMRSA-16

30 ST30 IV IV ARNT* 1989,'93,’02 4 NA

30 ST34'' negative negative ARNT* 1993 I NA

22 ST22 IV IV AR06 1989;93,’98,’99,
’02

27(23) EMRSA-IS

45 ST45 IV IV ARNT* 2002 1 Berlin

S' ST12 IV IV ARNT* 2002 1 NA

The CCs, STs, SC Cm ec  types, phenotypes and numbers investigated o f those isolates that predominated  
during various time periods are indicated in bold (the predominant phenotypes at various time periods 
was discussed previously in section 3.1.1 & Table 3.1). Isolates that were also present but that did not 
predominate are indicated in plain text.



“A clonal com plex (CC) is an MRSA lineage that consists o f groups of genotypes/M LST sequence types 
(STs), that share a recent com mon ancestor (Feil et al., 2004). The name of each CC is derived from the 
ST of the predicted ancestral genotype.
*The sequence type (ST) is the genotype of each isolate as defined by the allelic profile, which is 
identified by sequencing of the internal fragm ents of the seven M LST house keeping genes. All novel 
STs identified in this present study are underlined. The allelic profiles of all STs identified am ong Irish 
MRSA isolates are listed in Table 3.8.
"Where the total num ber of isolates that were typed by MLST differed from those that were SCCmec 
typed for any given phenotype, the num ber in parenthesis indicates the total number of isolates that were 
typed by M LST and the other num ber indicates those that were typed by SC C m ec  typing. The MRSA 
isolate numbers o f those isolates that were not MLST typed are listed in Table 3.3
‘‘One A RN T isolate A R N T /0113 and one AR09 isolate A R09/0064 were identified as ST34 and ST239, 
respectively, but were negative for all SCCmec types and mecA using both SCCmec typing methods.
'S , a singleton is a ST whose ancestral genotype and thus clonal complex is unknown.
♦Isolates representative o f these phenotypes exhibited more than one ST or SCCmec type. The original 
MRSA isolate numbers of those isolates with each STISCCmec type are listed in Table 3.9.
NA, no other name for this clonal type



TABLE 3.8. The allelic profiles of the STs identified in Irish nosocomial MRSA 

isolates recovered between 1971 and 2004

Clonal Complex Sequence Type Alleleic profile'

8 8 3-3-1-1-4-4-3

8 239 2-3-1-1-4-4-3

8 250 3-3-1-1-4-4-16

8 247 3-3-1-12-4-4-16

8 94 3-3-1-1-4-4-45

8 609 3-3-1-58-4-4-3

5 5 1-4-1-4-12-1-10

5 496 63-4-1-4-12-1-28

30 30 2-2-2-2-6-3-2

30 36 2-2-2-2-2-3-2

30 34 8-2-2-2-6-3-2

22 22 7-6-1-5-8-8-6

45 45 10-14-8-6-10-3-2

S 12 1-3-1-8-11-5-11

‘The allelic profile is based on the alleles at each of the seven MLST loci in the order 
carbam ate kinase (arcC),  shikim ate dehydrogenase (aroE), glycerol kinase (gIpF), 
guanylate kinase (gmk),  phosphate acetyltransferase (pta), trioesphosphate isomerase 
(tpi) and acetyl coenzyme A (yqiL)



T A B L E  3.9. The CCs, STs, SCCmec  types, phenotypes and original isolate numbers of 

those isolates from phenotypic groups that demonstrated more than one ST or SCCmec

type

c c ST
Simplex

SC C m ec  type
Multiplex

Phenotype/ AR type MRSA isolate no. Y ear o f isolation

8 239 III III-pI258Arn554 AR09 0.0065 1989
8 239 III III-pI258Arn554 AR09 0.0066 1989

8 239 negative negative AR09 0064 1989

8 250 1 I Phenotype-II 43.2 1976-'84
ND ND I I Phenotype-II 58.1
ND ND 1 I Phenotype-II 122.2
ND ND I I Phenotype-II 43.21
8 250 I I Phenotype-II 138.1 1976--84
8 250 I I Phcnotype-II 57 1976-84
ND ND 1 I Phenotype-II 438.1
ND ND 1 1 Phenotype-II 438.2
8 250 I 1 Phenotype-II 79 1976--84

ND ND 1 I - pis Phenotype-II 161.2
ND ND I I -  pis Phenotype-II 120.2
8 250 I I - pis Phenotype-II 58.2 1976-'84
8 250 1 I -  pis Phenotype-II 120.1 1976-'84
8 250 1 1 -  pis Phenotype-II 161.1 1976-'84
8 250 1 I -  pis Phenotype-II 43.11 1976-84

8 8 II II - kdp A R B 0132 1993
8 8 11 II - kdp ARI3 0055 1993
8 8 II II - kdp ARI3 0236 1993
8 8 II II - kdp ARI3 0066 1993
8 8 II II - kdp A R B 2141 1998
8 8 II 11 - kdp AR13 3698 1999

8 8 II II - kdp AR14 0298 1993
8 8 II II - kdp AR14 0225 1993
8 8 II 11 - kdp AR14 0078 1993

8 8 II II - kdp & meet ARM 0246 1993
8 8 II II - kdp & meci ARM 2027 1998
8 8 II II - kdp & mecI AR14 2188 1998
8 8 II II - kdp & meci AR14 2080 1998
8 8 11 II - kdp & mee t ARM 3045 1999
8 8 II II - kdp & meci A RM 3146 1999
8 8 11 II - kdp & meci A RM 3369 1999
8 8 II 11 - kdp & meet ARM 3600 1999
8 8 11 11 - kdp & m e d ARM 3685 1999
8 8 II 11 - kdp & meci A RM 3411 1999

8 8 11 II -/td//5& pUBI10 A R B 2179 1998
8 8 11 II-/trf/)& p U B I1 0 AR13 2142 1998
8 8 II II-/trf/)& pU B 110 AR13 2113 1998
8 8 11 I I -;•(//) & pU B  110 A R B 3137 1999
8 8 II II-A J/j& p U B llO A R B 3008 1999
8 8 II II-A (//7& pU B llO A R B 3053 1999
8 8 II lI-/(:(//p& pU BlIO A R B 3114 1999
8 8 II lI-/tJpcS :pU B llO A R B 3635.2 1999
8 8 II II-A:<//p&pUBllO A R B 3243.2 1999
8 8 II l I - i tJ p & p U B llO A R B 3596 1999
8 8 II lI-A J/)& pU B 110 A R B 3017 1999
8 8 II l l - i tJ p & p U B llO ARI3 3439 1999
8 8 11 II - Arf/) & pUB 110 A R B 3636.2 1999
8 8 11 I I - /tJp & p U B I1 0 A R B 3317.2 1999
8 8 11 II-A rf/?& pU B I10 A R B 3258 1999
8 8 11 ll-/tJ /j& p U B 1 1 0 AR13 3453 1999
8 8 11 II-yt(//)& pU B110 A R B 1140 2002
8 8 11 II -A rfp& pU B llO A R B 1168 2002
8 g II II - W p & p U B llO A R B 1154 2002

continued overleaf



Table 3.9 continued
C C ST

Simplex
SCC m ec  type

Multiplex
Phenotype/ AR type MRSA isolate no. Y ear o f  isolation

g 8 II II -<:(//)& pUB 110 AR14 3352 1999
g 8 II II -A-rfp&pUBIlO AR14 3132 1999
g 8 II II - /trf/) & pUBI 10 A R I4 3176.1 1999

g 8 II 11 - kdp, meci & pUB 110 A R B 3330.2 1999

g 8 II U -  kdp.mec i & p V B  WO A RM 2175 1998
g 8 II U - kdp. meci & pVBWO A R I4 3225 1999
g 8 II U - k J p ,  m «(7& pU B I10 A R I4 3448 1999
g 8 II II-<;i/p, m « 7 & p U B I1 0 A R I4 1140 2002
g 8 II II-/W/7, m ecV& pUBIlO A R I4 1168 2002
g 8 II I l - i t /p ,  m ecV & pU B llO A R I4 II54 2002

5 496 II 11 AR07.2 El 202 2002

30 30 IV IV ARNT 0242 1993
30 30 IV IV ARNT 0067 1993
30 30 IV IV ARNT 1113 2002

30 34 negative negative ARNT 0113 1993

45 45 IV IV ARNT 1139 2002

S 12 IV IV ARNT 1185 2002

Abbreviations: CC, clonal com plex; ST, sequence type; ND, not determined.



3.3.2 SCCmec typing

Both the simplex and multiplex SCCmec  typing methods were used to detect the 

SCCm ec  types of ail 177 Irish MRSA isolates used in this present study. The simplex 

method detects the ccr-mec genes of SCCmec  I-IV and from this the SCCmec  type can 

be defined. The multiplex method identifies structural features both unique and 

common to each SCCmec  element I-IV as well as some variants, including the region 

outside of the ccr and mec complexes.

3.3.2.1 Simplex SCCmec typing

Using this method, 175/177 isolates (ca. 99 %) were found to carry SCCmec  types I, 

II, III or IV (Table 3.7). The SCCm ec  types of two isolates, AR09/0.0064 and 

A R N T /0113 recovered in 1989 and 1993, respectively, could not be determined using 

the simplex SCCmec  typing method because there was no amplification of the ccr-mec 

genes using the primers specific for SCCmec  types I-IV.

3.3.2.1.] SCCmec I

The type I SCCmec  element was identified in 22 isolates (ca. 12%) including all 

isolates recovered prior to 1985 (Early MRSA and Phenotype-II), AR02 isolates from 

1989, isolates exhibiting AR22 and isolates with the unfamiliar AR pattern termed 

New02 (Table 3.7).

3.3.2.1.2 SCCmec II

Eighty-four isolates (ca. 48%) were found to carry SCCmec  II, including AR13 and 

A R M  isolates that predominated in the 1990’s, AR07.0/07.2 isolates that also 

predominated in the late 1990’s, AR05, AR07.3/07.4 and A R l l  isolates, as well as 

isolates with the unusual AR patterns NewOl and New03 (Table 3.7).

3.3.2.1.3 SCCmec III

Type III SCCmec  was identified in 13 isolates (ca7% ) including AROl isolates that 

predominated in 1989, Phenotype-III, AR15 and AR44 isolates that all caused 

outbreaks at different time periods in Irish hospitals, as well as isolates with AR23, 

AR09 and an unfamiliar AR pattern (Unfamiliar-3) (Table 3.7).
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3.3.2.1.4 SCCmec IV

The type IV SCCmec  e lem ent was identified in 56 isolates (ca. 32% ) including 

iso la tes  that p redom inated  in N orthern Ireland in 1999 (A R 43) ,  iso la tes  that 

predominated in the South in 1999 and 2002 (AR06) as well as all isolates classified as 

ARNT and unfamilar-1,-2 and -A  (Table 3.7).

3.3.2.2 Multiplex SCCmec typing

Using the multiplex SCCm ec  typing method, the SCCmec  types o f  only 88/177 

isolates (ca. 50% ) could be directly identified. O f these 88 isolates, 84 were found to 

have the same SCCmec  element as identified with the simplex method (Table 3.7). The 

other four/88 isolates were found to harbour previously described SCCmec  variants. 

This included the following; A R 22 (n=2) and New02 (n = l)  isolates that were found to 

carry SCCmec  I by the simplex method but the multiplex method showed that they 

carried the previously described variant e lem ent SCCm ec  lA; the isolate with the 

unfamiliar AR pattern (n= l)  recovered in 2004 that was identified as SCCmec IV by the 

simplex method but was found to carry the previously described variant e lem ent 

SCCmec IVA by the multiplex method (Table 3.7).

O f the remaining 89/177 isolates, two (ca. 1%) were found to harbour no SCCmec  

e lem ent because there was no am plification of any SCCm ec  associa ted  regions, 

including mecA. These were the same two isolates A R 09/0 .0064  and A R N T/0113 

recovered in 1989 and 1993, respectively that were also SCCmec  negative using the 

simplex method (Table 3.7).

3.3.2.2.1 Identification o f  variant SCCmec types

The rest o f the isolates investigated in this present study (87/177) (ca.49 %) were 

found to harbour two different SCCmec  elements when investigated by the simplex and 

multiplex SCCmec  typing methods or the SCCmec  type could not be inferred because 

the multiplex patterns produced did not match those o f  previously described SCCmec  

elements.

Nine isolates {Phenotype-II (six/15), AR02 (3/3)} that were identified as SCCmec  I 

by the simplex method, failed to yield one of the bands characteristic of SCCm ec  I 

e lements by the multiplex method. (Table 3.7). The band that was absent was the 495 

bp band which results from the amplification of a region downstream of pis  in SCCmec  

I (Table 3.7; Fig. 3.3., panel A, lanes 2-5). Furthermore, the multiplex pattern obtained
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FIGURE 3.3. SCCmec  multiplex patterns and variant multiplex patterns found in Irish 

MRSA isolates.

Panel A: Lane 1: SCCmec  type I multiplex pattern. Lanes 2-5: SCCmec  IV multiplex 

pattern produced by AR02 isolates and six Phenotype-II isolates with SCCmec  type I 

ccr-mec  genes by the simplex method. Lane 6: SCCmec  type III multiplex pattern. 

Lane 7-9: the variant SCCmec  III multiplex pattern (III -  pI258/Tn554) characterised by 

the absence of the pI258/Tn55^ amplimer at 243 bp, produced by 2/3 AR09, 

Phenotype-III and unfamiliar-3 isolates with SCCmec  type III ccr-mec genes by the 

simplex method.

Panel B: Lane 1: SCCmec  type II multiplex pattern. Lanes 2-5: the SCCmec  multiplex 

patterns produced by isolates with phenotypes AR05, ARI3, A R M  and NewOl and 

New03 with type II ccr-mec genes by the simplex method. These multiplex patterns 

appear to be related to the type II SCCmec  multiplex pattern but lack the kdp amplimer 

(284 bp) (II -  kdp, lane 2) or lack the kdp and m eci  (209 bp) amplimers (II -  kdp  and 

meci,  lane 3) or lack the kdp and pUBl 10 (381 bp) amplimers (II -  kdp and pU Bl 10, 

lane 4) or lack the kdp, m eci and pUB 110 amplimers (II -  kdp, m eci  and pUB 110, lane 

5). This last pattern is the same as SCCmec  IV. Lane 6: SCCmec  type IV multiplex 

pattern. Lane 7-9: the multiplex pattern produced by isolates with the AR43 phenotype 

(IV -  dcs), which consists of the mecA  control amplimer only. Lane L: 100 bp DNA 

ladders were used as molecular size reference markers (lane L).



for these nine isolates was indistinguishable from SC C m ec  IV as it displayed ampiimers 

at 342 bp and 162 bp only. This pattern was termed SCC m ec  I minus (-) pis  {SCCmec  I 

-p is )

Four isolates that were identified as carrying S C C m ec  III by the simplex method 

{Phenotype-III (n = I / I ) ,  A R 09 (n=2/3) and Unfamiliar 3 (n = I / l ) }  produced multiplex 

patterns that were similar to SC C m ec  III but lacked one band at 243 bp (Table 3.7; Fig. 

3.3., panel A, lanes 7-9). This band is the product of the amplification o f  the locus 

between pI258 and l n 5 5 4  found in SC C m ec  III. This pattern was designated SC C m ec  

lII-pI258/Tn554).

All 20 AR43 isolates were classified as SCC m ec  IV by the simplex method but gave 

a m ultiplex PCR pattern from which the SC C m ec  type could not be inferred because 

only the multiplex m ecA  control amplim er found in all S C C m ec  types was obtained 

(Table 3.7; Fig 3.5., panel B, lanes 7-9). This multiplex pattern could be interpreted as a 

variant SC C m ec  IV multiplex pattern missing the 342 bp amplimer, which results from 

the amplification of dcs found in SCCmec  IV. This pattern was called SC C m ec  IV - dcs.

The remaining 54 isolates {AR05 (1/1), A R B  (26/26), A R 14 (22/22), NewOl (1/1), 

New03 (4/4} were identified as SCC m ec  II by the simplex method but gave variant 

SC C m ec  II multiplex patterns that lacked one to three of the five ampiimers that would 

identify them as harbouring SCC m ec  II (Table 3.7, Fig. 3.3., panel B, lanes 2-5). Ten 

isolates lacked a 284 bp band corresponding to the amplification product from a region 

o f  the kdp  operon found in SCCmec  II (Table 3.7). This pattern was designated SC C m ec  

II -  kdp  (Fig. 3.3., panel B, lane 2). Ten isolates lacked both the 284  bp {kdp  operon) 

and 209-bp ampiimers (Table 3.7). The latter results from amplification of part of the 

m e c i  gene in SCC m ec  II. This pattern was termed SCC m ec  II -  kdp  and m e c i  (Fig. 3.3., 

panel B, lane 3). Twenty-seven isolates lacked the 284 bp {kdp operon) and the 381 bp 

am piim ers  (Table 3.7). This 381 bp am plim er results from amplification o f  the left 

junction between \S431m ec  and pUBI 10 found in SC C m ec  II. This pattern was called 

S C C m e c  II -  kdp  and pU B l 10 (Fig. 3.3., panel B, lane 4). Seven isolates produced a 

multiplex PCR pattern indistinguishable from the pattern of SC C m ec  IV (Table 3.7). 

This pattern could also be interpreted as a type II SC C m ec  pattern missing the 284 bp 

{kdp operon), the 209 bp {meci  gene) and the 381 bp (pUBI 10) ampiimers. This pattern 

was designated SCC m ec  II -  kdp, m eci  and pU B l 10 (Fig. 3.3., panel B, lane 5).
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3.3.3 MRSA clonal types

Combining both the MLST and SCCmec  results using the criteria of Enright et al. 

(2002), where a clonal group is defined as isolates with both the same ST and same 

SCCmec  type, 20 MRSA clonal types were identified (Table 3.7). These included the 

internationally spread MRSA clones, the Hungarian clone (ST239-MRSA-111), the 

Iberian clone (ST247-MRSA-IA), the Archaic clone or original MRSA clone (ST250- 

MRSA-1), the New York/Japan clone (ST5-MRSA-II), the Berlin clone (ST45-MRSA- 

IV), the paediatric clone (ST5-MRSA-IV), and the UK epidemic clones EMRSA-15 

(ST22-MRSA-IV) and EMRSA-16 (ST36-MRSA-II) (Table 3.7). Some of the other 

clonal types identified had the same ST as previously recognised MRSA clones but had 

different SCCmec  multiplex patterns which indicated the presence of novel SCCmec  

variants. These included SCCmec  variants of the Hungarian/Brazilian (ST239-MRSA- 

III- pI258/Tn55^), Archaic (ST250-MRSA-I -  pis),  ST8-MRSA-II (ST8-MRSA-II -  

kdp,  ST8-MRSA-II -  kdp & meci,  ST8-MRSA-II -  kdp & pUBl 10, ST8-MRSA-II -  

kdp, mecI & pUBl 10) and ST8-MRSA-IV (ST8-MRSA-IV - dcs) clones (Table 3.7). 

Some minor MRSA clonal types that were present among the Irish MRSA isolates but 

that occurred infrequently included ST94-MRSA-IV, ST30-MRSA-IV, ST12-MRSA- 

IV and the two novel clonal types ST609-MRSA-IVA and ST496-MRSA-1I (Table 

3.7). Two MSSA clonal types, ST34-MSSA and ST239-MSSA were also identified 

(Table 3.7).

3.3.4 Pulsed-field gel electrophoresis

A total of 67 MRSA isolates, all recovered from hospitalised patients in both the 

North and South of Ireland during a two-week surveillance study of MRSA in 1999 

were examined by PFGE (Table 3.2) in order to examine the relationship between 

isolates exhibiting a previously unfamiliar AR pattern, AR43, and other isolates 

exhibiting the AR patterns AR06, AR07.0, AR7.4, AR13 and ARM . The fingerprint 

profiles obtained following PFGE of 5mal-digested total genomic DNA of all 67 

isolates (Fig. 3.4) were compared using the observational criteria described by Tenover 

et al. (1995) (Table 1.3). In addition, a dendrogram showing the relationship between 

all 67 isolates recovered in 1999 was generated using the similarity coefficient (S^g) 

values computed for every possible pairwise combination of fingerprint profiles of these 

isolates using the DENDRON fingerprint profile analysis computer software package
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FIGURE 3.4. Fingerprint patterns obtained by PFGE following Sma\ digestion of total 

genomic DNA from MRSA isolates with AR patterns AR06, AR07.0, AR07.4, AR13, 

A R M  and AR43 recovered in Irish hospitals in 1999.

Panel A: Fingerprint patterns obtained from AR06 and AR43 isolates. Lanes 1 and 15,

lambda ladder molecular size DNA markers; lanes 2, 4, 6, 8, 10, 12 and 14, AR43 

isolates; lanes 3, 5, 1 , 9 ,  11 and 13, AR06 isolates. Isolates exhibiting AR43 do not 

appear to be closely related to AR06 isolates (greater than seven band differences). 

Panel B: Fingerprint patterns from AR13 and AR43 isolates. Lanes 1 and 15, lambda 

ladder molecular size DNA marker; lanes 2, 4, 6, 8, 10, 12 and 14, AR43 isolates; lanes 

3, 5, 1 , 9 ,  11 and 13, AR13 isolates. Isolates exhibiting AR43 appear to be related to 

AR13 isolates (between one and six band differences).

Panel C: Fingerprint patterns obtained from AR14 and AR43 isolates. Lanes 1 and 15,

lambda ladder molecular size DNA marker; lanes 2, 4, 6, 8, 10, 12 and 14, AR43

isolates; lanes 3, 5 , 1 , 9 ,  11 and 13, AR14 isolates. Isolates exhibiting AR43 appear to 

be related to A R M  isolates (between one and seven band differences).

Panel D: Fingerprint patterns obtained from AR07.0, AR07.4 and AR43 isolates. Lanes 

1 and 15, lambda ladder molecular size DNA marker; lane 2, S. aureus control isolate 

NCTC8325; lanes 3, 5, 11 and 13, AR07.0 isolates; lanes 4, 6, 8, 10, 12 and M, AR43 

isolates; lanes 7 and 9, AR07.4 isolates. Isolates exhibiting AR43 do not appear to be 

closely related to AR07.0 isolates (greater than seven band differences). AR07.0 

isolates do not appear to be closely related to AR07.4 isolates (greater than seven band 

differences). AR07.4 isolates do not appear to be closely related to AR43 isolates 

(seven or more band differences).



(Fig. 3.5). The dendrogram shown in Fig. 3.5 revealed that this M RSA population could 

be divided into four distinct main populations or groups (I, II, III and IV).

3.3.4.] Group I

AR 06 isolates form ed a distinct and hom ogenous group within the population of 

M RSA  isolates studied with an average value o f  0 .89 (group I, Fig. 3.5). This 

finding indicated that these A R 06 isolates were closely related to each other but clearly 

distinct from isolates exhibiting  all o ther AR types, including AR43 (Fig. 3.5). An 

example o f  som e o f  the PFG E fingerprint patterns o f  AR43 and A R 06 isolates are 

shown in Fig. 3.4, panel A. The PFG E fingerprint patterns of A R 06 isolates differed 

from the corresponding fingerprint patterns of AR43 isolates by more than seven bands.

3.3.4.2 Group II

The second distinct group within this M RSA population from 1999 (group II, Fig. 

3.5) consisted  o f  A R I3 ,  A R 14  and AR43 isolates. G roup II isolates were more 

heterogeneous than groups I (Fig. 3.5) with an average S^g value o f  0.73 (Fig. 3.5). 

Some distinct clusters o f  isolates were evident in group II, corresponding to subgroups 

of AR13, A R M  or AR43 isolates. Visual inspection of the fingerprint patterns o f  AR13, 

A R 14 and AR43 isolates revealed that these isolates displayed a heterogeneous range of 

f ingerprint patterns (Fig. 3.4, panel B and C). Some A R I3 ,  A R 14 and AR43 isolates 

had very similar f ingerprin t patterns (between one and three band differences) while 

others differed by up to seven bands (Fig. 3.4, panel B and C).

3.3.4.3 Groups III and IV

The dendrogram  also revealed that A R 07.4  and A R 07.0  isolates form ed two more 

groups (groups III and IV, respectively, Fig. 3.4) within the population of M RSA 

isolates studied. The two A R 07.4  isolates (group III) examined had an average S^^ value 

of 0.93 (Group 3, Fig. 3.5) which indicated that these isolates were very closely related. 

AR07.0 isolates (Group IV) also appeared to be very closely related to each other, with 

an average S^^ value of 0.95. A R 07.0  and A R 07.4  isolates displayed very different 

f ingerprin t patterns from  each other (Fig. 3.4, panel D) with seven or more band 

differences between the respective patterns. Furthermore, AR07.0 and A R 07.4  isolates 

exhibited very different fingerprint profiles to AR43 isolates with seven or more band
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FIGURE 3.5. Dendrogram generated from the similiarity coefficients (S^bS) computed 

for every possible pairwise combination of 67 MRSA isolates exhibiting AR types 

AR06, AR07.0, AR07.4, AR13, AR14 and AR43 recovered in Irish hospitals during a 2 

week period in 1999. The dendrogram was generated from the fingerprint patterns 

obtained following PFGE of 5mal-digested total genomic DNA using the DENDRON 

fingerprint profile analysis computer software program. The dendrogram shows that the 

population of MRSA isolates studied could be divided into four distinct groups (I, II, III 

and IV). The AR types represented by each group are shown under (A), the name of 

each group is indicated under (B) and the average of each group is indicated under 

(C).



differences between the respective profiles (Fig. 3.4, panel D), indicating that A R 07.0  

and AR07.4 isolates were not closely related to AR43 isolates.
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3.4. Discussion

Multilocus sequence typing and SCC m ec  typing of M RSA isolates recovered in Irish 

hospitals between 1971 and 2004  has shown that clones representative o f  each o f  the 

five m ajor clonal com plexes  (CCs) and eight m ajor  pandemic lineages have been 

present in hospitals in Ireland at some time over the past 30 years (Table 3.7). This 

study also confirmed that there have been major changes in the dominant M RSA  clones 

in Irish hospitals over time. The clonal types of the earliest M RSA Isolates recovered 

during the 1970s and early 1980s were ST250-M RSA -I or its novel variant ST250- 

MRSA-I -  pis, followed, in the mid to late 1980s, by a new variant of ST239-M RSA-III 

(ST239-M RSA-III -  pI258 Tn55^) (Table 3.7). In 1989, ST239-M RSA-III was the

predom inant clone but during the 1990s, this was displaced by ST8-M RSA  exhibiting 

four novel variant SC C m ec  II multiplex patterns identified in the present study (Table 

3.7). In 2002, the dom inant clone was ST22-M RSA -IV  (Table 3.7). In the North of 

Ireland in 1999, ST8-M RSA exhibiting the novel variant SC C m ec  IV multiplex pattern 

identified in the present study predominated. There has been a clear shift from the 

predom inance of multi-antibiotic resistant M RSA in Irish hospitals in the 1980s and 

1990s (ST250, ST239 and STS) to the predominance of a multi-antibiotic susceptible 

clone in 2002 (ST22).

It is important to note that no Phenotype-I isolates, which predominated in Dublin 

hospitals from 1976-1978 were available for use in the present study. It is possible that 

these Phenotype-1 isolates, which were previously found to be phenotypically distinct 

from  Phenotype-II and Phenotype-III isolates (Colem an et aL, 1985), may represent 

another M RSA clonal type that also predominated in Dublin hospitals in the 1970s. 

Equally important to note is the fact that the identification of particular M RSA clonal 

types prior to 1999 reflects those that were present in a group of Dublin hospitals only 

whilst those clonal types identified during and after 1999, represent those that were 

present in Irish hospitals, not jus t  those in Dublin.

All M RSA clonal types identified in this present study belong to one o f  the five 

clonal com plexes (CC8, CCS, CC22, CC 30 and C C 45) described for nosocom ial 

M RSA , with the exception of ST12-M RSA -IV  (Table 3.7). ST12-M RSA -IV  has been 

described previously as a singleton i.e. a sequence type that does not belong to any 

previously described CC  and w hose ancestral genotype has not yet been identified 

(Enright et aL, 2002). ST12-M RSA -IV  is a relatively minor MRSA clone with only two
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representatives in the M LST database to date. It is more common among M SSA and has 

been reported as such from the UK and Holland (M LST database).

The four major M RSA lineages ST250, ST239, ST247 and STS previously identified 

within CCS were identified among the isolates investigated in this present study (Table 

3.7). Furthermore, all clones identified in the present study that predominated prior to 

1999 had STs within CCS (Table 3.7). STS-M SSA is predicted to be the ancestor of 

CCS (Enright et a i ,  2002).

The present study identified that the earliest nosocomial M RSA  isolate that was 

am ong the first M RSA recovered in a group of Dublin hospitals between 1971 and 1974 

(early M RSA, Table 3.7; Coleman et a l ,  19S5) was ST250-M RSA-I, also known as the 

Archaic  clone (Table 3.7). This finding is in line with the results o f  o ther studies in 

which the earliest M RSA isolates recovered in the UK and Denmark in 1961 and 1963, 

respectively, were found to be ST250-M RSA-I (Crisostomo et al., 2001; Enright et al., 

2002). Enright et al. (2002) have previously identified that ST250-M RSA-I arose from 

STS-M SSA following a point mutation at the yqiL  allele resulting in ST250-M SSA , 

which has the yqiL  allele 16 instead of the yqiL  allele 3 found in STS (Table 3.8). The 

subsequent acquisition of SCCmec  I by ST250-M SSA from an unknown source resulted 

in ST250-M RSA-I (Enright et a i ,  2002).

ST250-M RSA-I is considered to be the clonal type of the first ever European MRSA 

isolates (Crisostom o et a i ,  2001; Enright et al., 2002). Most ST250-MRSA-1 isolates 

reported in o ther studies were recovered in the 1960’s so it is likely that isolates with 

this M RSA clonal type spread from other countries to hospitals in Dublin in the early 

1970s. During the 1970s and early 1980s isolates with the ST250-M RSA-I clonal type, 

along with ST250-M RSA  isolates with a novel variant SCCmec  element, SCCmec  I -  

p i s ,  became endem ic in Dublin hospitals (Phenotype-II, Table 3.7; C olem an et al., 

1985). ST250-M RSA-I -  p is  differs from ST250-M RSA-I by some variation in the pis  

region of the SCCmec  element. This suggests that changes may have occurred within 

the SCCmec  e lem ent o f  ST250-M RSA -I isolates resulting in ST250-M RSA-1 -  pis.  

Since ST250 isolates with this variant SCCmec  type have not been reported previously 

from any other country it is possible to speculate that changes occurred within the 

SC C m e c  e lem ent of the existing ST250-M RSA -I clone endemic in Dublin hospitals 

resulting  in the S T 250-M R SA -I -  p i s  clone that continued to cause nosocomial 

infections until 1989 (AR02, Table 3.7). The ST250-M RSA-I and ST250-M RSA-I - p i s  

clones were not recovered in Dublin hospitals after 1984 and 1989, respectively. Other
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researchers have reported similar findings in which the ST250-MRSA-1 clone 

predominated in the early days of MRSA in several different countries but have rarely 

been identified among MRSA isolates recovered since the 1990s (Crisostomo et a i ,  

2001; Oliveira et a i ,  2001c; Enright et a i ,  2002).

The ST247-MRSA-IA clone, also known as the Iberian clone, is a contemporary 

pandemic MRSA clone that is believed to have evolved from the ST250-MRSA-I 

following a point mutation in the gmk locus resulting in the gmk allele 16 (Table 3.8) 

and integration of p UBl l O into the SCCmec  I element, resulting in SCCmec  lA 

(Robinson & Enright, 2003). The Iberian clone was first reported in 1989 in Spain and 

has been identified as the dominant clone in hospitals in many European countries 

especially in Spain and Portugal (Dominguez et a i ,  1994; Oliveira et a i ,  1998). While 

ST247-MRSA-IA did cause an outbreak in an intensive care unit in a Dublin hospital in 

1993 (AR22; Table 3.7; Rossney et al., 1994b) and was again recovered in Northern 

Ireland in 1999, but at low levels (New02, Table 3.7; Irish Dep. Of Health & Children, 

1999), this clonal type never predominated in Irish hospitals.

Between 1985 and 1987 a novel variant (ST239-MRSA-1I1 -  pl258/Tn55^) of the 

major CC8 lineage ST239 caused an outbreak in two Dublin hospitals (Phenotype-llI, 

Table 3.7; Carroll et a i ,  1989). ST239-MRSA-1II/I1IA is a widely spread pandemic 

MRSA lineage that contains many successful clones such as the UK epidemic clones 

EMRSA-1, EMRSA-4, EMRSA-7, EMRSA-9, EM RSA -11, the Brazilian, Portuguese, 

Vienna and Hungarian clones as well as USA clone IV (Oliveira et a i ,  2001c; Enright 

et al., 2002). Since the 1980s the ST239-MRSA-1I1/I1IA clones have predominated in 

many countries worldwide (Marples & Cooke, 1985; Kerr et a i ,  1990; Teixeira et a i ,  

1995; de Lencastre et a i ,  1997; Aires de Sousa et al., 1998, 2001, 2003a & 2003b; 

Amorim et al., 2002; Melter et a i ,  2003; MLST database), and although ST239 

continues to predominate in many Asian countries today (Ko et a i ,  2005) it does not do 

so in Irish hospitals. Following detailed sequence analysis of a large selection of S. 

aureus genes, Robinson and Enright (2004a) discovered that the ST239 lineage arose 

from a single recombination event between two distinct MRSA lineages, ST30 and STS, 

involving > 550 kb of DNA, as well as the acquisition of SCCmec III from a unknown 

source.

Whether the novel clonal type ST239-MRSA-I1I -  pI258/Tn55'^ is a derivative of the 

globally spread ST239-MRSA-II1/111A clone that arose following insertions, mutations, 

deletions or recombination within the type 111 or IIIA SCCmec  element, or whether the
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latter is a derivative that arose from the former, is unclear. It seems most likely that 

ST239- MRSA-III -  pI258/Tn554 is a derivative of ST239-MRSA-SCCmec IlI/IIIA. 

Firstly isolates of the ST239-MRSA-III clone were recovered in Australia in 1982 

(MLST database & Oliveira et al., 2001c) prior to the emergence of the ST239-MRSA- 

III -  pI258/Tn55^ clone in Ireland (1984), Indicating that ST239-MRSA-III is the 

ancestor. Furthermore, during the 1980s, extensive laboratory studies of Irish 

Phenotype-III Isolates (which this present study has identified as ST239-MRSA-III -  

p I258 /T n55^  isolates) using the techniques available at the time found that these 

isolates had spread from Baghdad to Dublin following the transfer of a patient from a 

Baghdad hospital to a Dublin hospital (Carroll et al., 1989). The SCCmec  III element is 

a com mon SC C m ec  type among Asian MRSA isolates so it seems likely that 

recombination or rearrangement occurred within SCCmec  III of ST239 resulting in the 

derivative ST239-MRSA-III -  pI258/Tn554 that was then transferred to Ireland. The 

possibility that ST239-MRSA-III is a derivative of the ST239-MRSA-III -  pI258/Tn554 

cannot be completely ruled out. Further molecular analysis into this variant SCCmec  

element is required in order to further clarify the relationship between theses two clonal 

types and is discussed In detail in Chapter 4.

The pandemic ST239-MRSA-II1 clone was endemic in a Dublin hospital in 1989 

(AROI, Table 3.7; Rossney & Keane, 2002a) and may represent the introduction of a 

new clone into the Irish hospital setting at this time. The ST239-MRSA-III -  

pI258/Tn554 was also present In 1989 but at a very low prevalence (AR09, Table 3.7; 

Rossney, 1995). The ST239-MRSA-III clone occurred frequently In one Dublin hospital 

between 1992 and 1993 (ARI5, Table 3.7; Rossney et al., 1994b) and was also isolated 

from a single patient who had been hospitalised in Bahrain prior to hospitalisation in a 

Dublin hospital (AR23). Both the ST239 clonal types were not recovered from the Irish 

MRSA population again until 2002 when the ST239-MRSA-III clone appears to have 

been reintroduced from abroad by a patient who had been previously hospitalised in 

Singapore (AR44, Table 3.7, Rossney, 2003b). ST239-MRSA-III subsequently caused 

an outbreak in a unit of an Irish hospital (AR44, Rossney, 2003b). The ST239-MRSA- 

III -  pI258/Tn55^ clone was identified in 2003 for the first time since 1989 in a single 

isolate only (Unfamillar-3, Table 3.7). It Is Interesting that some ST239-MRSA-III and 

ST239-MRSA-III - pI258/Tn554 isolates such as AROI and Phenotype-III Isolates, 

respectively, caused major problems in Dublin hospitals while others did not spread 

(e.g. AR23 and Unfamillar-3) or were contained within a particular unit within one
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hospital (e.g. AR44) (Carroll et aL, 1989; Rossney et a i ,  1994b; Rossney & Kenae, 

2002a; Rossney, 2003b).

The ST 8-M R SA  clone becam e endemic in various Irish hospitals in the 1990s 

(AR13, AR14, AR43, Table 3.7; Rossney & Keane, 2002a; Irish Dept, o f  Health & 

Children, 1999) and replaced the previously predom inant ST239 and ST250 clones 

(Table 3.7). Enright et al. (2002) previously identified all four SCCmec  types (I-IV) in 

STS and proposed that the ST8-M RSA clones arose from ST8-M SSA by independent 

insertions o f  SCCmec.  STS-M RSA-II and ST8-M RSA -IV  are the major clonal types 

w ith in  STS (E nrigh t et al., 2002) and derivatives o f  both o f  these clonal types 

predominated and caused major problems in Irish hospitals during the 1990s (Table 3.7, 

Rossney et al., 1994b, Rossney & Keane, 2002a). All Irish STB isolates identified in 

this present study produced unusual SC C m ec  m ultiplex patterns, including four 

SCCmec  II variant patterns (Table 3.7; II - kdp, II -  kdp & meci ,  II -  kdp & pU B l 10, II 

-  kdp,  mecI  & pU B l 10) that predominated in the 1990s (AR13 and A R M ) and one 

SCCmec  IV variant pattern (Table 3.7; IV -  dcs)  that predominated in Northern Ireland 

in 1999 (AR43). The large number of SCCmec  variant multiplex patterns among STS 

isolates suggests that significant variation, possibly due to the instability o f  SCCmec  in 

the STS genetic background resulting in recombination and rearangments, has occurred 

within the SCCmec  e lement of Irish STS isolates. In fact S5% (74/S7) of isolates with 

variant m ultip lex  patterns had the STS genotype. It is interesting that all variant 

SC Cm ec  multiplex patterns observed in this study had genotypes within CCS further 

supporting the view that CCS is one of the most diversified and sucessful M RSA 

lineages (Robinson & Enright, 2003).

Robinson and Enright (2003) have also identified three o f  these variant SCCmec  II 

and IV m ultiplex patterns in the STB genetic background; S C C m e c  II -  kdp  and 

SCCmec  II -  kdp, meci  and pU B l 10 were identified in two isolates described as Ir ish -1 

from the UK and one A R 14 phenotype from Ireland and SCCm ec  IV -  dcs  in three 

isolates (two phenotype AR43 from  Ireland and one EM R SA -Irish-2  isolate from  

Australia. Some o f  the isolates investigated in that study came from the Irish M RSA 

collections used in the present study. Furthermore, the similarity between isolates with 

AR43 and isolates described as EM RSA-Irish-2 in Australia has been noted previously 

and Irish isolates with phenotypes AR13 and A R M  have been shown to be related to 

UK isolates described as Irish-1 (Steering Group of the North/ South Study of M RSA in 

Ireland 1999, 2000; McGechie & Daley, 2000; Rossney et al., 2003). Due to the large
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num ber o f  these STS isolates with variant multiple patterns identified in this present 

study among Irish M RSA isolates it is possible to predict that these STS variant clones 

evolved in Ireland and spread to the UK and Australia.

One of the aims of this present study was to investigate the relationship between 

isolates exhibiting AR43 and isolates exhibiting A R 13, A R 14, AR06, A R 07.0  and 

AR07.4. By analysing PFG E patterns of total cellular DNA of these isolates it was 

revealed that AR43 isolates were unrelated to AR06, AR07.0  and A R 07.4  isolates but 

were possibly related to isolates exhibiting A R B  and A R 14 (Fig. 3.5). This finding was 

confirmed by M LST/SC Cm ec typing where AR06, AR07.0 and A R 07.4  isolates were 

shown to belong to three separate clonal types from three different CCs (ST22-M RSA- 

IV (CC22), ST36-M RSA-II (CC30) and ST5-M RSA-II (CCS), respectively) that were 

completely distinct from the clonal types of A R I3 ,  A R M  and AR43 isolates (Table 

3.7). All A R I3 ,  A R 14 and AR43 isolates (not just those recovered in 1999) were found 

to have the STS genotype but they all harboured previously uncharacterised SCCmec  

e lements (Table 3.7). Surprisingly, an isolate with the AR05 phenotype from 1989 and 

isolates classified as NewOl and New03 from 1999 were also found to have the STS 

genotype and again produced a variety of SCCmec  multiplex patterns (Table 3.7). In 

order to fully comprehend the evolutionary history of the STS isolates within the Irish 

M RSA population it is necessary to extensively characterise at a molecular level, the 

variant SC Cmec  elements harboured by all STS isolates. This is discussed in detail in 

Chapter 4.

Tw o o ther clonal types were also identified w ith in  CCS, S T 94-M R S A -IV  and 

ST609-M RSA -1V A , in one isolate each recovered in 2003 and 2004, respectively 

(U nfam iliar-2 and -4, Table  3.7). ST94 and ST609 both differ from STS by a single 

nucleotide change at the yqiL  and gm k  loci, respectively. ST94  has allele 45 of  yqiL  

instead of allele 3 found in STS (Table 3.8) and since the yqiL  allele 45 is not found in 

any other allelic profiles, it is considered to be the result o f  a recent point mutation. 

T here  is only one other record o f  ST94  in the M LST database and that is from  an 

M SSA  isolate from Cuba. How ever, in this present study the ST94 genotype was 

identified in a M RSA isolate harbouring SCCmec  IV (Table 3.7).

ST609-M RSA -IV A is a novel clonal type that is probably derived from ST8-M RSA- 

IV. ST609 is an SLV of STS and has allele 58 of gmk  instead of the STS gmk  allele 1 

(Table 3.8). Therefore, it appears that ST609 is a derivative of STS that arose by a point
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mutation in the gmk allele. ST609-MRSA-IVA was recovered from a patient in 2004 

who had been hospitalised in USA immediately prior to hospitalisation in Ireland. This 

novel clonal type may have been imported from the USA, where the ST8-MRSA-IV 

clone (also called the New York clone V in the USA) has been identified previously 

(Chung et a i ,  2004). Introduction of pUBI 10 into the SCCmec IV element would have 

resulted in the type IVA SCCmec  element seen in ST609-MRSA-IVA. Both ST94- 

MRSA-IV and ST609-MRSA-IVA are new clonal types among the Irish MRSA 

population observed for the first time in 2003 and 2004, respectively and it will be 

interesting to see if either of these predominates in the Irish hospital environment in the 

future.

CCS has been previously identified as the second largest MRSA lineage and contains 

two more major pandemic clones, ST5-MRSA-II (New York/Japan clone) and ST5- 

MRSA-IV (Paediatric clone) (Enright et a i ,  2002; Robinson & Enright, 2003). STS is 

the putative ancestor of this CC and STS-MRSA-II and STS-MRSA-IV are believed to 

have evolved following acquisition of SCCmec  elements by independent STS-MSSA 

isolates (Enright et a i ,  2002). Although the STS-MRSA-II clone has formed part of the 

Irish MRSA population since 1989, it has never predominated (AR07.3/07.4 and A R I 1, 

Table 3.7). The ST5-MRSA-IV clone was identified for the first time in an Irish 

hospital in 2002 and this was from one patient only (Unfamiliar-1, Table 3.7). These 

pandemic STS-MRSA clones did not persist in Irish hospitals to the same level that they 

did in other hospitals worldwide such as in the USA, Mexico, Korea, Japan, Portugal 

and South America (Corso et a i ,  1998; Roberts et al., 1998 & 2000; Sa-Leao et a i ,  

1999; Aires de Sousa et a i ,  2000; Gomes et a i ,  2001; Chung et al., 2004; Velazquez et 

a/., 2004; Ko et al., 2005).

A novel ST, ST496 was also identified within CCS, from one isolate from 2002 

(AR07.2, Table 3.7). This genotype differed from STS-MRSA-II by single nucleotide 

substitutions in the arcC  and yqiL  alleles and since a base difference between two 

alleles at a single nucleotide site has previously been suggested to be due to a point 

mutation in the original allele (Enright et a i ,  2002), ST496 most likely arose from STS.

The international MRSA clone ST22-MRSA-IV which belongs to CC22, is the non

multidrug resistant UK epidemic strain EMRSA-IS. EMRSA-IS emerged in the UK in 

1991 where it displaced most other EMRSA strains and is now endemic in hundreds of 

hospitals in the UK as well as being identified in Belgium, Australia, Spain, New 

Zealand, Germany, Finland and Sweden (Richardson & Reith, 1993; O ’ Neill et al.,
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2001; Moore & Lindsay, 2002; Witte et a i ,  2001; Barbagiannakos et a i ,  2004; Denis et 

a i ,  2004; Perez-Roth et al., 2004; MLST database). This present study determined that 

ST22-MRSA-IV has been present in the Irish MRS A population since 1989 (AR06, 

Rossney & Keane, 2002a). Its prevalence increased in the mid 1990’s and by the late 

1990’s it was one the most predominant Irish MRSA clonal types (AR06, Table 3.7; 

Irish Dept, of Health and Children, 1999; Rossney & Keane, 2002a; Rossney et a i ,  

2004). By 2002 it predominated over all other clonal types and had replaced the ST8- 

MRSA-II derivatives as the most predominant MRSA clones, suggesting that today 

ST22-MRSA-IV has some selective advantage over STS isolates under the current 

environmental conditions in Irish hospitals.

Three clonal types within CC30 have been identified in this present study, ST36- 

MRSA-II, ST30-MRSA-IV and ST34-MSSA. ST36-MRSA-II is the UK epidemic 

strain EMRSA-16 that was first identified in the UK in 1992 and today predominates in 

hospitals in the UK along with EMRSA-15 (Moore & Lindsay, 2002). ST36-MRSA-II 

was found to be one of the predominant clones in Irish hospitals in 1998 and 1999 but 

by 2002 its prevalence had decreased (ARA07.0/07.2, Table 3.7; Irish Dept, of Health 

& Children, 1999; Rossney & Keane, 2002a).

The ST30-MRSA-1V clonal type was identified in four isolates only (ARNT, Table 

3.7) that caused minor problems in Irish hospitals. These four isolates were from a 

group of seven isolates that gave an AR pattern similar to AR06 but gave different 

PFGE patterns, and unlike AR06 isolates they were positive for urea hydrolysis and 

were termed ARNT (see section 2.1.1 Chapter 2). In this present study sporadic isolates 

of ST30-MRSA-IV were recovered in 1989, 1993 and 2002 (ARNT, Table 3.7). The 

ST30-MRSA-IV clonal type never predominated in Irish hospitals but it has previously 

been identified as a widely spread clone in Greece (Aires de Sousa et al., 2003a), in a 

paediatric hospital in Mexico (Velazquez-Meza et a i ,  2004), but only among a few 

isolates from Sweden and Germany (Enright et a i ,  2002), Spain (Oliveira & de 

Lencastre, 2002a) and Argentina (Aires de Sousa & de Lencastre., 2003), and in 

CAMRSA from Australia (O ’Brien et al., 2004b).

ST30 is the ancestral genotype of CC30 and it is predicted that ST30-MRSA-IV 

arose from ST30-MSSA following acquisition of SCCmec IV (Enright et a i ,  2002). 

The ST36-MRSA-II clonal type is a single locus variant (slv) of ST30 that arose from 

ST30-MSSA following a point mutation in the pta  loci resulting in the pta  allele 2 of 

ST36 (Table 3.8) and acquisition of SCCmec II (Enright et al., 2002).
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The ST34 genotype was identified in an ARNT isolate from 1993 that was 

methicillin-resistant when initially isolated but after storage was found to be 

methicillin-susceptible and harboured no SC C m ec  elements or mecA  (Table 3.7). A 

similar phenomenon was observed in one isolate with the ST239 genotype from 1989 

(AR09/0.0064, Table 3.7). It has been reported previously that SCCm ec  can be lost 

during storage of MRSA isolates (van Griethuysen et a i ,  2003). Based on the fact that 

the Irish ST34 isolate referred to above was originally methicillin-resistant but when 

tested later was methicillin-susceptible and harboured no SCCmec  element and that in 

the MLST database the ST34 genotype is only reported from MSSA isolates, it is 

possible that the isolate lost the SCCmec  element because the ST34 genotype is not 

suited to carrying a SCCmec  element. However, the finding of an ST239-MSSA isolate 

is unexpected as no other ST239-MSSA isolates have been reported previously and 

isolates with the combination of the ST239 genotype and SCCmec  III have been shown 

to be highly a successful pandemic MRSA clonal type (Enright et a i ,  2002; MLST 

database). Due to that fact that the isolate with ST239-M SSA  clonal type 

(AR09/0.0064) was originally stored on a nutrient agar slope for almost nine months 

prior to storage at -70°C, it may be that the SCCmec  element was lost from this isolate 

during storage due to stress conditions such as starvation or elevated temperatures.

Although ST34 only differs from ST30 by a single nucleotide change in the arcC  

allele (Table 3.8), after analysis of a large selection of S. aureus  genes, Robinson & 

Enright (2004a) found, that similar to the ST239 genotype, the ST34 genotype was the 

product of a recombination event between distinct genotypes. However, in the case of 

ST34 the ancestral genotypes involved were a combination of the ST30/ST39 and the 

STI0/STI45 genotypes.

Another infrequently occurring clonal type in the Irish MRSA population was ST45- 

MRSA-IV (Berlin clone, CC45). ST45-MRSA-IV was represented by only a single 

isolate in this present study (ARNT, 2002, Table 3.7) but has previously been 

recognised as a widespread clone in many different geographically distinct locations 

such as Western Europe, Scandinavia, Canada and the northwestern USA (Robinson & 

Enright, 2003; MLST database).

Other researchers have also reported changes over time in the dominant clonal types 

in hospitals in different countries. For example, Perez-Roth et al. (2004) found that the 

dominant MRSA clonal type in a Spanish hospital in 1998 was ST247-MRSA-IA but 

by 2002 this clonal type had been completely replaced by ST36-MRSA-II (EMRSA-16)
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as  the  d o m in a n t  c lone .  In a s tudy o f  the M R S A  pop ula t ion in a M e x ic a n  hospi tal ,  

V e la z q u e z - M e z a  et al. (2004)  ident ified that  be tween 1997 and 20 0 0  the  S T 3 0 - M R S A -  

IV c lone predominated but  in 2001 this was  replaced by the ST5 -M RSA -I1  clone.

T h e  m u l t i p lex  S C C m e c  typ ing  m e th o d  is used by m an y  re sea rc he rs  fo r  rout ine  

ep id em io lo g ica l  typ ing  o f  M R SA .  H o w ev er ,  this present  s tudy has  s h o w n  that  if the 

mu l t ip lex  metho d  had been used a lone as the sole S C C m e c  typ ing  method ,  a lm os t  hal f  

the  i solates  invest igated would  have e i ther been misclass if ied as  ha rbour ing  er roneous  

S C C m e c  e l emen ts  or  would  have yielded S C C m e c  mul t ip lex  pat terns  tha t  could  not  be 

in terpre ted  as be longing to any o f  the current ly  descr ibed S C C m e c  types  (Ta ble  3.7).  

C o m b in i n g  the results of  the s implex and mul t ip lex  S C C m e c  typ ing m e th o d s  a l lowed  

cor rec t  c lassi ficat ion o f  some of  the unusual  mul t ip lex  pat terns  and the identi f icat ion of  

poss ib le S C C m e c  variants.  Th e lack o f  am pl imers  in i solates  wi th incomple te  mul t ip lex  

pat t erns  may  be due to delet ions,  muta t ions ,  insert ions , re ar ragment s  o r  a combinat ion 

o f  ev en ts  in these  S C C m e c  e l em en ts  and this is inves t igated  fu r th e r  in C h a p t e r  4. 

Ne i ther  the s implex or mul tiplex methods  recogn ises  the S C C m e c  IV var iants  IVa,  IVb 

IVc or  IVd or  the  recent ly descr ibed type  V S C C m e c  e l em en t  ( M a  et a i ,  200 2;  Ito et  

al.,  2003 &  2004).

T w o  of  the var iant  mul t ip lex  pat terns  repor ted  in the pre sen t  s tudy have a lso been 

ident if ied in o ther  s tudies  but in dist inctly d i fferent  genetic backgrounds .  T h es e  include 

the mul t ip lex  pat tern S C C m e c  II - kdp  & m e c i  in two  J apanese  i solates  wi th the STS 

and S T 8 9  geno types  (Aires de Sousa  &  de Lencas t re ,  20 03 )  and the S C C m e c  IV -  dcs  

mul t ip lex  pat tern in S T 3 0  isolates  f r om  G reece  (Air es  de  So u sa  et  al.,  2003a) .  T h ese  

i solates  may  con ta in  the sam e var iant  S C C m e c  e l em e n ts  as the  Irish M R S A  isolates.  

Al te rn a t iv e ly ,  the  s im i l ar  mul t ip lex  pat t erns  in d i f f e ren t  g en o ty p e s  m ay  be due to 

d i f f eren t  muta t ions ,  de le t ions ,  r e a r ra n g em en ts  or  inser t ions  in these  h igh ly  var iable  

S C C m e c  regions . T h e  fac t  that  some mul t ip lex  pat terns  lack the  sam e a m p l i m e r  does  

not  automat ica l ly  mean the same S C C m ec  e l em en t  is present.  Fur ther  inves t igat ion into 

the var iant  S C C m e c  e l em en ts  observed  in the  p re sen t  s tudy and in o th e r  s tudies ,  is 

required.

In conclus ion,  this analys is  o f  Irish M R S A  isolates us ing M L S T  and S C C m e c  typing 

has p rov ided  data  fu n dam en ta l  to u nde r s ta nd in g  the e p id em io lo g y  and  ev o lu t iona ry  

his tory  o f  M R S A  in I reland.  It has  indi cated  that  there  m ay  be a large  deg re e  o f  

d ivers i ty  wi th in  the S C C m e c  e l em en ts  of  Irish M R S A  isolates  tha t  n o w  need to be 

inves tigated  further.
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Chapter 4

Molecular Characterisation of Nine Novel SCCmec 

Variants Present in Irish Nosocomial Methicillin- 

Resistant Staphylococcus aureus (MRSA) Isolates 

Recovered Between 1971-2004
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4.1 Introduction

Follow ing the extensive m olecular analysis of Irish nosocomial M R SA  isolates 

recovered between 1971 and 2004 using a combination of MLST and both the multiplex 

and simplex SCCmec  typing m ethods during this present study (Chapter 3), it was 

found that alm ost half o f the isolates investigated harboured novel variant SC Cm ec  

e lements o f  unknown structure in previously described S. aureus  genetic backgrounds 

(Table  4 .1). The s im plex  S C C m e c  typing m ethod identifies  the ccr-mec  gene 

combination unique to each SCCmec  type, while the multiplex method detects various 

other regions of each SCCmec  element (Oliveira & de Lencastre, 2002a). By combining 

both the simplex and m ultiplex SCCmec  typing results described in Chapter 3, seven 

different variant multiplex patterns were identified among 87/177 isolates investigated 

(ca 4 9 % ) (Table 4.1).

All ST8 isolates (n=74) produced variant multiplex patterns. Those STS isolates 

identified as having SCCmec  type 11 ccr-mec  genes by the simplex method (n=54) were 

missing either the kdp am plim er (SCCmec  11 -  kdp)  or combinations of the kdp, m e c l  

and p U B llO  am plim ers (S C C m e c  11 -  kdp 8c mec l ,  S C C m e c  11 -  kdp & p U B llO , 

S C C m ec  11 -  kdp,  m e c l  & pU B l 10) (Table 4.1). No variants of the type 11 SCCm ec  

e lem ent have been described previously. The kdp  operon is a copy of a potassium 

transporter operon and is found in the L-C region of SCCmec  II. However, the kdp  

operon of SCCmec  II harbours many deletions and mutations rendering it inactive. The 

mecl  gene forms part of the class A mec  complex that defines a type II SCCmec  element 

and pU B l 10 is found integrated downstream of mecA  in SCCmec  II (see Figure 1.4, 

Chapter 1). All STS isolates that were found to have SCCmec  type IV ccr-mec  genes by 

the simplex method (n=20) were missing the dcs  amplimer typically produced by a type 

IV SCCmec  element using the multiplex method (Table 4.1). The dcs  region is located 

downstream  of mecA in SCCmec  IVa and IVb, but has been found to be absent in the 

SCCmec  IV variant element IVc (Ma et a i ,  2002; Ito et al., 2003).

Another variant multiplex pattern was identified am ong four Irish M RSA isolates 

with the ST239 genotype (Table 4.1). These isolates were found to have type III ccr-  

m ec  genes by the simplex method but were missing the pH S S /T n iJ -^  m ultip lex  

am plim er characteristic  of SCCmec  III (SCCmec  III-pI258/Tn55^, Table  4.1). Tw o 

variants o f  SCCmec  III (IIIA and IlIB, see section 1.2.3.5) have been described to date 

by o ther  researchers (Oliveira et al., 2001c) and are recognised by the m ultiplex

68



TA BLE 4.1. Summary o f unusual SCCm ec  typing results*

ST Simplex
SCCmec

type'

Expected SCCmec 
m ultiplex 
am plim ers (bp)^

Actual SCCmec 
multiplex 
am plim ers (bp)

SCCmec 
m ultiplex 
pattern  name^

AR types^ No. of 
isolates

Y ears’

8 II 381 ,342 ,284 , 209 
& 162

381,342, 209 & 
162

II-Ac/p AR05, ARI3, 
A RM

10 1989,93,-98,'99

8 II 381,342, 284, 209 
& 162

.381,342 & 162 II -  A'rfp & mec/ AR14 10 1993,’98,'99

8 II 381,342, 284, 209 
& 162

342, 209 & 162 II -AW p&pUBllO AR13, AR14, 
NewOl, Nevv03

27 1998,’99,‘02

8 II 381,342, 284, 209 
& 162

342 & 162 II -  idp , mecl & 
pUBI lO/IV

A R B , A R K 7 I998,'99 ,‘02

8 IV 342 & 162 162 IV - dcs AR43 20 1999

239 III 414 ,303 ,243 . 209 
& 162

414, 303, 209 & 
162

III -  pI2.58/Tn554 Phenotype-III,
AR09,
Unfamiliar-3

4 1985-'87,'89,'03

250 I 495, 342 & 162 ,342 & 162 I-/J/.V/IV AR02,
Phenotype-II

9 1978-’84,'89

*see Chapter 3 for full details

'Simplex SCCmec typing based on ccr-mec gene amplification (see section 3.2.3.2 for full details).

"These are the expected sizes of amplimers when the SC C m ec  multiplex method (Oliveira & de 

Lencastre, 2002) is used to amplify the SCC m ec  types identified by the simplex method. Amplimers in 

bold indicate those that are missing in the multiplex patterns of these Irish isolates and correspond to the 

amplification of the following regions: 284 bp, part of the kdp  operon found in SCCmec II; 209 bp, part 

of the m eci gene; 381 bp, the left junction between \S43hnec  and pUBI 10; 342 bp, part of the dcs region; 

243 bp, a region between pl258 and Tn554 found in SCCmec III; 495 bp, a region downstream of p/s  in 

SCCmec I.

"SCCmec multiplex pattern name designated during this present study

■‘See Table 3.7 & 3.9 (chapter 3) for the isolate numbers of each MRSA phenotype with each variant 

multiplex pattern.

'"^Years in which isolates with each SCCmec variant pattern were identified (see Chapter 3 for full details).



method. However, based on the novel multiplex patterns observed for these four Irish 

ST239 isolates it was proposed that they harboured a novel variant of the type III 

SCCmec  element.

The variant pattern SCCmec  I - pis  was identified among nine ST250 isolates. The 

p is  gene homologue is found in the L-C region of both SCCmec  I and its variant 

element SCCmec  lA (Ito et al., 1999; Oliveira & de Lencastre, 2001c). The plasmin 

sensitive surface protein (Pis) that is encoded by pis  is a surface protein of MRSA 

shown to reduce both the adhesion to host proteins and invasion of epithelial cells, 

while also mediating adhesion to cellular lipids and glycolipids and attachment to 

human desquamated nasal epithelial cells (Savoiainen et al., 2001; Huesca et a i ,  2002; 

Roche et a i ,  2003; Juuti et al., 2004). The Pis protein has been identified as a virulence 

factor for septic arthritis caused by MRSA (Josefsson et al., 2004). This suggests that 

the pis  gene found in SCCmec  I may have contributed to the dissemination of MRSA 

isolates harbouring the type I SCCmec element by mediating their attachment to human 

nasal epithelial cells and certain cellular components.

There have been many other studies that have reported possible SCCmec  variants 

based on SCCmec typing results (Aires de Sousa & de Lencastre, 2003; Aires de Sousa 

et al., 2003a; Robinson & Enright, 2003; Wielders et a i ,  2003; Chung et al., 2004; 

Perez-Roth et al., 2004; Shukla et al., 2004b). However, none of these studies has 

characterised the structures of the SCCmec elements that produce these variant typing 

results. In order to increase the typeability of MRSA isolates during SCCmec  typing 

based epidemiological investigations it is vital to elucidate the unknown structures of 

variant SCCmec  elements. Furthermore, by clarifying the structure of these novel 

variant SCCmec  elements, we may gain a better understanding of the role of SCCmec 

elements in the evolution of MRSA.

4.1.1 Aims

The aim of this part of the present study was to investigate comprehensively the 

variant SCCmec  elements identified in a large group of Irish MRSA isolates by the 

unusual SCCmec multiplex typing patterns they produced. Based on the fact that STS 

isolates with variant multiplex patterns predominated in Irish hospitals in the 1990s and 

because the largest number of variants were observed within STS, the entire SCCmec  

element from two STB isolates, one with a variant SCCmec  II multiplex patttern and 

one with the variant SCCmec  IV multiplex pattern were sequenced. The genomic
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s t ructure  o f  the S C C m e c  e l emen ts  o f  all o ther STS isolates  was  a lso d e te rm in ed  by a 

c o m b in a t io n  o f  nu cleo t ide  s eque nc ing  and by o bse rv in g  the  mob i l i ty  o f  a m p l im e r s  

o b ta i ned  us ing di f ferent  p r im er  pai rs in agarose gels.  T h e  var iant  S C C m e c  e l e m e n t s  

har b o u red  by the  S T 2 5 0  and S T 2 3 9  isolates were  inves t igated  by a c o m b in a t io n  o f  

nuc leot ide  seq uenci ng  o f  the region co r responding  to the  absen t  mul t ip lex  am p l im e rs  

and by obs erving the mobil i ty of  ampl imers  in agarose gels.
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4.2 Materials and Methods

4.2.1 Bacterial isolates

All isolates that produced variant SCCm ec  multiplex patterns (n=87) were 

investigated during this part of the present study (Table 4.1). This included all STS 

isolates (n=74; AR05, ARI3, ARI4, AR43, NewOl and New03 isolates), as well as 

9/19 ST250 isolates (3/3 AR02 and 6/15 Phenotype-II isolates) and 4/14 ST239 isolates 

(1/1 Phenotype-lII, 2/3 AR09 and 1/1 Unfamiliar-3 isolates) (Table 4.1).

4.2.2 Investigation of the variant SCCm ec  elements harboured by STS isolates with  

unusual SC C m ec  II and SCCm ec  IV multiplex patterns

4.2.2.1 Nucleotide sequencing o f  the entire SCCmec o f  two STS isolates

The entire nucleotide sequence of the SCCmec  element of two STS isolates was 

determined. One isolate (A R I3 .1/3330.2) from 1999 was chosen because it was 

representative of isolates with ccr-mec genes indicative of SCCmec  II when analysed by 

the simplex SCCmec  typing method but lacked one to three of the five amplimers 

typical of SCCmec  II by the multiplex method. Isolate A R I3.1/3330.2 exhibited the 

multiplex pattern II - kdp, m eci and pUBl 10. The second isolate (AR43/3330.1) was 

also from 1999 and was chosen because it was representative of isolates with SCCmec  

IV c c r -m e c  genes by the simplex method but with one of the two amplimers 

characteristic of SCCmec  IV missing when isolates were investigated by the multiplex 

method. These two isolates were recovered in mixed culture from the same clinical 

specimen.

Overlapping primers were designed to amplify the entire SCCmec  element from 

both isolates (Table 4.2) using previously published SCCmec  type II and SCCmec  IVa 

nucleotide sequences (Ito et a i ,  1999; Ma et a i ,  2002). These sequences were obtained 

from the Genbank database website (h ttp :/ /w w w .n cb i .n lm .g o v :8 0 /en trez /g u e ry . 

fcg i‘?db=:nucleotide) under accession numbers DS6934 {SCCmec  II) and A B 063I72  

(SCCmec  IVa). The primers used to amplify and sequence the SCCmec  elements are 

listed in Table 4.2. The locations and direction of the primers are shown in Figure 4.1. 

DNA fragments for sequencing and cloning were obtained by PCR amplification of 

chromosomal DNA using either Pfu DNA polymerase (Promega) for primer pairs dcs 

F-orfX R or the Expand Long Template PCR System (Roche) for all other primer sets 

(Table 4.2; Fig. 4 .1) according to the manufacturers’ instructions.
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T A B L E  4.2. Primers used in this study for SCCmec  element amplification and

sequencing from STS isolates

Isolate P rim er
pairs

Nuclcotidc sequence (5 '-3 ')“ R estriction
site

Nucleotide
coordinates

SCCm ec region 
am plified

AR13.I/
3330.2

IRLII F 
ccr A R

CCCrCfT/lGriGCTCTGCGTATCAGTTAATGA
ATTTGCGfTCCGCGCTTCGATAGCCTGTTTCTG

Xho\
N(>t\

4684-4703*’ 
25490-2547r

L-C"

ccr A F ACGCGrCG/lCCAAGTCATAGGCTArrrACG San 25417-25436” C-M '
Tn554R ACGC(77'Cf;.4CAAGCTATCCACGTTCAATCrCAAC Sal\ 32442-32419" (c’crA2-Tn554)

T n5M  F ArrTr;CGf7CCGCClTTAAAGGGTrTCGC;AATA Not\ 32365-32385” C-M"
m ecRl R CCCTTGAGGGCAATGCCTAAACCTAATCG Xhol 43754-43736” (Tn554-mecRI)

mecRI F ATTT(7rr,'(7rrGCCGATTAGGTTTAGGCATTG Noll 43736-43754” M -l'
ugpQ R cccT rr;/\(7G G G (’ rT C T G C A G G A T crrG (; Xlw\ 47868-47851” (mecRI-iif’pQ)

ugpQ F CCCTC(7>t(7f7(7CCAAGATCCTGCAGAAGC Xhol 47851-47878” l-Rf
dcs R ATTTf;rG (7rrG CCG G TCA TG G CTA TG A TrrA G Noll 56373-56354” (u^pQ-dcs)

ties F ATTTC;<:(^fJr<"0(:GTCAATGAC;ATCATCTArAT Noll 56109-56128” I-R®
ort'X R ATTTGCGGCCGCCCCAAGGGCAAAGCGAC Not! 57826-57810” (i/ii-righl SCOnfc' 

junction)
AR43 
/3330.1

IRLII F 
ccrA R

rrr7T(74GGGCTCTGCGTATCAG'PTAATGA
ATTTf7rf7r7rrGCGrTTC:GATAGCCTI'GTTTf''rG

Xhol
Non

4684-4703”
25490-25471”

L-C'‘

ccrA F ATTTr;Cf;(7rC(7CCAAGT{:ATAGG(:TAnTArG Non 9894-9913" C-M'
mecA R ACGC(7rCG/^CCCTATCTCATA TGCTG San 18160-18145'^^ (ccrA l-m ecA)

mecA F A TTTGCGGCCGCGAlTCiG GATCATAG CCiTCAT Non 18021-18040" M-I'
ISmcc R ACOC(77("(7/4rACGGTGATCrrGCTrAATGA San 22780-22761' (mecA-lS4J /  mec)

ISmec F CCC:7rGAf7GGCC:TGACTGT(:ArTC;TAr Xhol 22724-22740" l-Rf
orfX R ATTTGCfJGCCGCTCCAAGGGCAAAGrGAr Non 25395-25379" (IS4J/m ec-right 

SCCmfc junction)

"“Text in bold indicates primer sequences. Text in italics and underlined indicates restriction sites added to 
primer sequences and plain text indicates extra bases added to aid with cloning.
'’Nuclcotide coordinates from SCCmec  type II, Genbank accession number D 86934.
‘̂ Nucleotide coordinates form SCCm ec  type IVa, Genbank accesion number A B 0 6 3 172.
‘*L-C, the region from the left chrom osom al/SCQ ?iec junction to beginning o f  the ccr  com plex. 
‘'C-M, the region from ccr  com plex to the mec  complex.
'M-I, the region from mec  com plex region to \S43lm ec .
®I-R, the region from \S43Im ec  to the right extremity o f  SCCmec.



SCCmec II

CM
< >

T ype! ccr complex Class A mec

ccr^cfrB mecj mecSi/necA Hy IS^31 mec IS^31 cs

IRIJI « M-I <
c c r A P ^  '^ T n S 5 4 R

Tn554 F  ^  -^ in e c R I  R
I R

mecR I F '^^ugpQ
u g p Q F > -  - ^ d c s R

dcsF ^ - ^ o i f X  R

5 kb

SCCmec IVa Type 2 ccr complex Class Bm«c
Hypervariable region (HV) 

ccrA ccrB \plSl272 SmecR! mecA/^1^31mec

IRIJI F ^ >  - ^ c c r A R

ocrA F - ^ in e c A  R
mccA F -^^ISm ec R

ISmec F -^^oifX  R

5 kb

FIGURE 4.1. Schematic diagram of the genomic organisation of SCCmec 

II and SCCmec IVa showing the approximate location and the direction of 

primer sequences used in this study to amplify the novel SCCmec elements 

of Irish STS isolates. Primer positions and direction are indicated with 

arrowheads. The different regions amplified are indicated with arrows (L- 

C, C-M, M-I and I-R regions). The structures of SCCmec II and IVa are 

based on the nucleotide sequences of the SCCmec elements in the 

GenBank database, accession numbers D86934 (SCCmec II) and 

AB063I72 (SCCmec IVa) (Ito et al., 1999; Ma et al., 2002). Primer 

sequences are shown in Table 4.2.



A m plifcat ions  using the Pfu  D N A  polymerase system were carried out in 50  îl 

volum es containing 1.25 U o f  Pfu D NA  polymerase enzym e (Promega), 1 X Pfu D N A  

polym erase buffer with M g S 0 4  (Promega), 200  piM each o f  dATP, dTTP, dCTP and 

dG TP (Promega), 1 jaM o f both forward and reverse primers and approximately 5 0 0  ng 

o f  genom ic D N A  template. Reactions were performed using an initial dentauration step 

o f  2 min at 95°C fo llow ed  by 30 cyc les  o f  denaturation at 95°C for 1 min, primer 

annealing at 55°C for I min and elongation at 72°C for 4  min. A final elongation step 

was performed for 5 min at 72°C  followed by cooling to 4"C.

A m plifications using the Expand Long Template PCR System  were carried out in 

50  1̂ vo lum es containing 3.75 U o f  Expand Long Template enzym e mixture (Roche), 1 

X Expand Long Template PCR buffer 3 containing 2 .75  mM M gC l2 (Roche), 5 00  j^M 

each o f  dATP, dTTP, dCTP and dGTP (Promega), 300  mM o f  both forward and reverse 

primers and approximately 500  ng o f  genomic DN A  template. Reactions were carried 

out with an initial denaturation step for 2 min at 92°C, 10 cycles o f  denaturation for 10 s 

at 92°C, primer annealing for 30 s at a temperature between 53°C and 68°C depending  

on the optimal annealing temperature o f  the primers being used and elongation at 68°C  

for between 4  min and 25 min depending on the fragment length. This was fo llow ed  by 

20  cyc le s  of denaturation for 10 s at 92“C, primer annealing for 30  s at a temperature  

between 5 3 “C and 68°C again depending on the optimal annealing temperature o f  the 

primers being used and elongation at 68°C for between 4  min and 25 min depending on 

the fragment length. A final elongation step was performed at 68°C for 7 min and then 

each reaction was cooled to 4°C. The annealing temperatures and elongation times used 

for each primer pair are described in each relevant section below.

W hen each primer pair was used to amplify D N A  from isolate A R 13.1 /3330.2 ,  

template D N A  from at least one isolate exhibiting S C C m e c  type II by both S C C m e c  

typing methods was included as a control. Similarly for isolate A R 43 /3330 .2 ,  template 

D N A  from at least one control isolate exhibiting S C C m e c  type IV by both methods was  

included.

A m plified  PCR products were observed by agarose gel electrophoresis o f  5 |j.I o f  

each PCR reaction product in 1% (w /v )  agarose g e ls  and v isua lised  on a UV  

transillminator as described previously in sections 2 .3 .2  and 2 .4 .2 , respectively. PCR 

products were then purified using either the GenElute PCR C lean-U p kit (S igm a-  

Aldrich) or the Wizard SV Gel and PCR Clean-Up System (Promega) according to the
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manufacturers instructions. Purified PCR products were directly sequenced by Lark 

Technologies using primer walking or were cloned into pBluescript II KS(-) phagemid 

and sequenced. Ligations of PCR products to pBluescript were facilitated by the 

presence of appropriate restriction endonuclease cleavage sites within the primers as 

indicated in Table 4.2. Ligation reactions were carried out as described in section 2.4.3. 

Transformation of competent E. coli D H5a prepared using CaClj and identification of 

recombinants using blue-white selection was performed as described in section 2.4.4. 

DNA sequencing was performed on a commercial basis by Lark as described in section 

2.5 and analysis of chromatograms and sequences were carried out also as described 

previously in section 2.5.

4 .2 .2 .IJ . PCR amplification o f  the L-C region

The extreme left region of the SCCmec  element of isolate A R 13.1/3330.2 and 

AR43/3330.1, spanning from the left chromsomal/SCCA?iec junction to the ccr complex 

(L-C region) was amplified using the primer pair IRLII F-ccrA R (Table 4.2; Fig. 4.1). 

For isolate AR43/3330.2 primer annealing and elongation using IRLII F-ccrA R were 

performed for 30 s at 53°C and for 10 min at 68"C, respectively. For isolate 

A R 13.1/3330.2 primer annealing was performed for 30 s at 55°C. Elongation using 

primer pair IRLII F-ccrA R on isolate AR 13.1/3330.2 was initially performed for 25 

min at 68°C because the expected product for a type II SCCmec element was ca. 20 kb. 

However, the product for this isolate was found to be only 5.6 kb so the elongation time 

was reduced from 25 min to 10 min at 68°C.

4.2.2.1.2 PCR amplification o f  the C-M region

The region from the ccr complex to the mec complex (C-M region) was amplified 

using primer pairs ccrA F-Tn554 R and Tn554 F-mecRI R for AR13.1 /3330.2 and 

ccrA F-mecA R for AR43/3330.1 (Table 4.2; Fig. 4.1). For these three primer pairs, 

primer annealing and elongation were performed for 30 s at 55°C and for 14 min at 

68°C, respectively.

4.2.2.1.3 PCR amplification o f  the M-I and I-R regions

The region from the mec complex to \S43lm ec  (M-I region) and the extreme right 

region (I-R) of the SCCmec elements were amplified using primer pairs mecRI F-ugpQ
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R, ugpQ F-dcs R, dcs F-orfX R for A R 1 3 .1/3330.2 and primer pairs mecA F-ISmec R 

and ISmec  F-orfX R for  A R 4 3 /3 3 3 0 .1 (Table 4.2; Fig. 4.1). Pr imer  anneal ing and 

elongat ion were performed for 30s at 55°C and 10 min at 68°C, respectively for  pr imer  

pairs m ecR l  F-ugpQ R, mecA F-lSmec R and ISmec F-orfX R. For pr imer pair ugpQ 

F-dcs R, anneal ing and elongation were performed for 30 s at 68°C and 14 min at 68°C, 

respectively. PCR amplification using primer pair dcs F-orfX R was performed using 

Pfu polymerase as described above in section 4.2.2.1.

4.2.2.2 Investigation o f  the variant SCCmec elements in all other STS isolates

The SCCm ec  e lements  harboured by all other  STB isolates identified as having 

S C C m e c  11 or IV ccr-mec  genes by the simplex method but with unusual  SCCmec  

mult iplex patterns  were invest igated by PCR amplif ication.  The  pr imers  used for 

amplif icat ion and sequencing of  the SCCmec  e lement  f rom isolate A R 1 3 . 1/3330.2 

(representat ive of  isolates with SC Cm ec  II ccr-mec  genes by the simplex method but 

lacking one to three of  the five SCCmec  II mult iplex amplimers)  were used on all 

a typical  S C C m e c  II isolates (Table  4.2;  Fig. 4.1).  Similar ly ,  the pr imers  for  

amplif ica t ion and sequenc ing of  the SCCmec  e lement  of  isolates AR43/3330.1  

(representat ive of  isolates with SCCmec  IV ccr-mec  genes by the s implex method but 

lacking one SC Cm ec  IV multiplex amplimer)  were used on all atypical SCCmec  IV 

isolates. The PC R products were separated by electrophoresis in 1% (w/v) agarose gels 

and the sizes of  the PCR products were compared to those obtained by amplif ication 

using the same primers on template DNA from A R 1 3 .1/3330.2 and A R 43/3330 .1 and to 

previously publ ished SCCmec  e lement  sequences. Amplimers  that showed variation 

from expected sizes were also sequenced.

4.2.3 Investigation of the variant SCCmec elements harboured by ST239 isolates 

with unusual SCCmec III multiplex patterns

The entire nucleotide sequence of the region between pI258 & Tn55^ of  the SCCmec  

element  of  one ST239 isolate was determined. Isolate AR09/0065 from study period D 

(1989)  was chosen because it was representat ive o f  isolates with c c r - m e c  genes 

indicative o f  SCCmec  III when analysed by the s implex SCCmec  typing method but 

lacked the pI258/Tn55^  amplimer typical of  SC Cm ec  III by the multiplex method 

resul t ing in the unusual  mult iplex pattern S C C m e c  III -  p I 2 5 8 / T n 5 5 “̂ . Th is  

pI258 /Tn55 ‘̂  multiplex amplimer is the result of the amplification of  a region between
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integrated plasmid pI258 (also called the mer operon) and integrated transposon Tn554 

in SCCmec  III by the multiplex primers R1F4 F3/RIF4 R9 (Fig. 4.2). As part of this 

present study primer pair pI258 F-Tn554 R3 was designed to amplify across this region 

of SCCmec  AR09/0065 (Table 4.3; Fig. 4.2) using the previously published SCCmec  III 

sequence (Ito et a i ,  1999) that was obtained from the Genbank database website under 

accession number AB037671. The locations and direction of the primers are shown in 

Figure 4.2.

DNA fragments for sequencing were obtained by PCR amplification of chromosomal 

DNA using the Expand Long Template PCR System (Roche) according to the 

manufacturers’ instructions as described in section 4 .2 .2 .1. Primer annealing and 

elongation were performed for 30 s at 55°C and 14 min at 68°C, respectively. Template 

DNA from at least one isolate exhibiting SCCmec  type III by both SCCm ec  typing 

methods was included as a control. Amplified PCR products were observed by agarose 

gel electrophoresis of 5 p.1 of each PCR reaction product in 1% (w/v) agarose gels and 

visulaised on a UV transillminator as described previously in sections 2.3.2 and 2.4.2, 

respectively. PCR products were then purified using either the Wizard SV Gel and PCR 

Clean-Up System (Promega). Purified PCR products were directly sequenced by Lark 

Technologies using primer walking and analysis of chromatograms and sequences were 

carried out as described previously in section 2.5.

The pl258 F-Tn55^ R3 primer pair (Table 4.3; Fig. 4.2) were used on all ST239 

isolates with the multiplex pattern SCCmec III - pI258-Tn55"/. The PCR products were 

separated by electrophoresis in 1% (w/v) agarose gels and the sizes of the PCR products 

were compared to those obtained by amplification using the same primers on template 

DNA from AR09/0065 and to the previously published SCCmec  III element sequence.

4.2.4 Investigation of the variant SCCmec  elements harboured by ST250 isolates 

with unusual SCCmec  I multiplex patterns

Nine ST250 isolates had ccr-mec genes indicative of SCCmec  I when analysed by 

the simplex SCCmec typing method but lacked the pis  amplimer typical of SCCmec  I 

by the multiplex method resulting in the unusual multiplex pattern SCCmec  I -  pis. This 

pis  multiplex amplimer is the result of the amplification of a region downstream of pis 

in the L-C region of SCCmec I using multiplex primers CIF2 F2 and CIF2 R2 (Fig. 

4.3). Therefore we decided to design a primer pair that would amplify across the part of
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SCCmec III
Type 3 ccr
ccrA3 c^ B 3

Class A mec
m eci m ecR l mecA \S43Im ec IS431

. l̂JTn554

IS431

mer i
Xfccr

R I M  W -

pI258

Tn55-#

RIF4 R9

- 4  Tn554 R3

5 kb

FIGURE 4.2. Schematic diagram of the genomic organisation of SCCmec III showing the approximate location and 

direction of primer sequences used in this study to amplify the region from mer to Tn554 of ST239 isolates with the 

SCCmec III - pI258/Tn554 multiplex pattern. The position and direction of the multiplex primers that failed to produce an 

amplimer in these isolates are indicated by arrows. Primers designed in this present study to amplify this region are 

indicated with arrowheads. The structures of SCCmec III is based on its nucleotide sequence in the Genbank database under 

accession numbers AB037671 (SCCmec III) (Ito e ta l ,  1999). Primer sequences designed in this present study are shown in 

Table 4.3 and multiplex primer sequences are shown in Table 3.5.



TABLE 4,3, Primers used in this study for amplification and sequencing of part of the 

S C C m e c  element from ST250 and ST239 isolates with atypical SCCmec  multiplex 

patterns

ST SCCmec
multiplex pattern

Primer
pairs

Nucleotide sequence (5'-3') Nucleotide
coordinates

SCCmec region amplifled

239 III -  pI258ATn554 pI258 F 
Tn554R3

GACAACTTGATCACTATCCT
CAGAGCATTAGATATCGGAT

42361-42380“
51750-51731“

pI258 {mer)-Jn554

250 I - pis E023F2
CE017R2

TACGCTTGTTAGACTCAACG
CGGCTATATGAATGTGG

17706-17725" 
20102-20086"

ORF E023-CE017 (region 
between pis and ccr)

CE015F
E025R

CEOlOF 
CCRA R3

CCTTGTATGCGATGAATACG
GTACATTTGCACGACGGTT

GGATTATATCrCCATGCGCA
CGTACTGATTGATGATATAGG

17012-17031"
21560-21541"

14561-14580"
24867-24847"

ORF CE015-E025 (region 
between pis to beginning of 
ccr)
pis to ccr A

IRLl FI 
CCRA R4

CTCTGCGTATCAGATAATGA
TTTGAAATAGATGCCAGCGA

4501-4520"
24990-24971"

DR-17IR-L of SCCmec I- 
ccrA

IRLl F2 
CCRA R4

AACTGTTAGCTACTACTTAAG
TTTGAAATAGATGCCAGCGA

4355-4375"
24990-24971"

L^ft chromosomal region 
outside SCCmec I- ccrA

pisneg F 
CCRA R3

AGTGTACAGAGCATTTAAGA
CGTACTGATTGATGATAGG

38898-38879"
24867-24847"

SCC/n^c/chromosomal 
junction upstream of ccr 
complex to the ccr complex 
of SCCmec of isolates with 
multiplex pattern SCCmec I - 
pis

“Nucleotide coordinates form SCCmec type III, Genbanic accession number AB037671. 
'’Nucleotide coordinates from SCCmec type I, Genbank accession number AB033763.



the L-C region of SCCmec I where the multiplex primers should bind. Template DNA 

from at least one isolate exhibiting SCCmec type I by both SCCmec  typing methods 

was included as a control during each PCR reaction.

Primers to amplify the L-C region of SCCmec  I -  pis  isolates were initially designed 

based on the L-C and surrounding chromosomal regions of the SCCmec  I nucleotide 

sequence obtained from the Genbank database under accession number AB033763 (Ito 

et a i ,  1999). Five such primer pairs were designed (1.E023 F2-CEOI7 R2, 2 .CE015 F- 

E025F, 3.CEOIO-CCRA R3, 4.IRLI Fl-CCRA R3, 5.IRLIF2-CCRA R4) one after the 

other (in the order of 1-5) because each of these primer pairs failed to yield an amplimer 

in any SCCmec  I -  pis  isolate but succeeded in producing the expected size amplimer in 

control isolates (Table 4.3; Fig. 4.3). Finally the primer pair plsneg F-ccrA R3 (Table 

4.3; Fig. 4.3) produced an amplimer in one SC C m ec  I - p i s  isolate (Phenotype- 

II/120.1).

All PCR reactions using these primers designed to amplify part of the SCCm ec  

element of SCCmec  I -  pis  isolates were performed using the Expand Long Template 

PCR System (Roche) according to the manufacturers’ instructions as described in 

section 4 .2 .2 .1. For all primer pairs (E023 F2-CEOI7 R2, CEO 15 F-E025F, CEO 10- 

CCRA R3, IRLl F l-CCRA  R3, IRL1F2-CCRA R4 and plsneg F-CCRA R3) primer 

annealing was performed at 55°C for 30s. For primer pairs E023 F2-CEOI7 R2, CEO 15 

F -E 025F  and CEOIO-CCRA R3, elongation was performed for 10 min at 68 °C. For 

primers IRLl Fl-CCRA  R3, IRLIF2-CCRA R4 and plsneg F-CCRA R elongation was 

performed for 25 min at 68°C. Amplified PCR products were observed by agarose gel 

electrophoresis of 5 |al of each PCR reaction product in 1% (w/v) agarose gels and 

visualised on a UV transillminator as described previously in sections 2.3.2 and 2.4.2, 

respectively. The amplimer obtained from isolate Phenotype 11/120.1 using primers 

plsneg F-CCRA R was purified using the Wizard SV Gel and PCR Clean-Up System 

(Promega) and was directly sequenced by Lark Technologies using primer walking 

(described previously in section 2.5, chapter 2). Analysis of chromatograms and 

sequences was carried out as described previously in section 2.5.

4.2.5 Nucleotide sequence submission to the Genbank Database

Nucleotide sequences were submitted to the Genbank database using the WEBIN 

internet tool (http://www.ebi.ac.uk/embl/Submission/webin.html). Accession numbers
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SCCmecI

L-C

CIF2 h i

-C5Z3

Typel ccr Class Bmec
^ c r A I  ccrB/ ipIS/272 mecA dcs 

-J I \SmecRl\&43lmec\rfinhr
la.B023 F 2 ^  -^ Ib -C R O IV IU  

2 a .C E O I 5 F ^  - ^ 2 b .B 0 2 5 R  
3a.CE010F ►  -^3b.CX :RAR3

4a. IRU FI ̂  4b. CCRA R4
5a. IRU F2 ̂  .^ S b .  CCRA R4

5 kb

-^6a.C C R A R 3 6b. pIsnegF

FIGURE 43. Schematic diagram of the genomic organisation of SCCm^c 

I showing the approximate location and the direction of primer sequences 

used in this study to attempt to amplify the L-C region of SCCmec of 

ST250 isolates with the SCCmec I - pis multiplex pattern. The position and 

direction of the multiplex primers that failed to produce cui amplimer in 

these isolates are indicated by arrows (CIF2 F2/CIF2 R2). Primers 

designed in this present study to amplify this region are indicated with 

arrowheads. The structure of SCCmec I is based on the nucleotide 

sequence of this SCCmec element in the Genbank database, accession 

number AB033763 (Ito et al., 1999). Primer sequences designed in this 

present study are shown in Table 4.3 and multiplex primer sequences are 

shown in Table 3.5.



are A J810120 (SCCmec HE from MRS A isolates AR 13.1/3330.2), AJ810121 (SCCmec  

IVE from MRSA isolate AR43/3330.2), A J8 10122 (partial m ec  complex A.4), 

AJ810123 (partial SCCmec IIB) and AJ888304 (partial sequence of SCCmec  IllC).
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4.3 Results

4.3.1 Investigation o f the S C C m e c  elements harboured by STS isolates with  

unusual S C C m e c  II and SC C m e c  IV multiplex patterns

Since all STS isolates (n=74) exhibited variant mult iplex patterns (Table 4.1),  we 

decided to fur ther  invest igate these SC C m ec  elements.  Firstly, the enti re SC C m ec  

element f rom two STS isolates, AR 13.1/3330.2 and AR43/3330.1,  with variant SCC m ec  

II and S C C m e c  IV mul t ip lex pat terns  respec t ively ,  were sequenced .  Isolate  

A R 1 3 . 1/3330.2 was representative of  isolates with SC C m ec  II by the simplex method 

but with an S C C m ec  multiplex patterns lacking one to three of  the amplimers typical of  

an SC C m ec  II element . AR 13.1/3330.2 exhibited SC C m ec  multiplex pattern II -  kdp, 

m e c i  and p U B l l O  (i.e. it lacked all three bands, kdp, m e c i  and pU B lIO ) .  Isolate 

AR43/3330.1 was representative of  isolates with SC C m ec  IV by the simplex method 

but with an S C C m ec  multiplex pattern lacking the 342 bp dcs amplimer (SC C m ec  IV -  

dcs). The genomic organisation of  these two variant S C C m ec  elements  based on their 

nucleotide sequence is shown schematically in Fig. 4.4. The genomic structure o f  the 

S C C m e c  elements  of  the remaining 72 STS isolates was also determined and are also 

shown schematically in Fig 4.4.

4.3 .3 .1 Novel variant o f  SCCmec  // identified in STS isolate A R I 3 .1/3330.2

The  S C C m e c  e lement  in A R 1 3 . 1/3330.2 consis ted o f  a ca 27 kb sequence 

containing a combination o f  regions previously identified in S C C m e c  II and IV and a 

novel mec  complex and was designated SCCmec  HE (Figs. 4.4 & 4.5). Amplif ication of  

the L-C region yielded an amplimer of ca. 5.6 kb which is similar in size to the expected 

size amplimer for  SC C m ec  IVb (Table 4.4). The nucleotide sequence of  the L-C region 

of this 5.6 kb amplimer was found to have 99.7% similarity at the nucleotide sequence 

level to the L-C region of  SC C m ec  IVb and less than 10% similarity to the L-C regions 

of  SC C m ec  types  I, II, III, IVa and IVc. This explains why the multiplex pr imers that 

amplify part o f  kdp  of  the L-C region of  SCCmec  II (K D P FI ,  K D P R l ;  see chapter  3, 

Table  3.5) did not  produce any amplimer for this isolate as isolate AR 13.1/3330.2 

harbours an SC C m ec  element that has no kdp region and it has a completely different L- 

C region to that of  SC C m ec  II (Fig. 4.4).

Analysis of the sequence of  the ccr complex of A R l  3.1/3330.2 identified type 2 ccr  

genes {ccrA2  and ccrB2)  with close similarity to those of  SC C m ec  II and S C C m ec  IV
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FIGURE 4.4. Schematic diagram showing the genomic organisation of SCCmec  II, 

IIA, IIB, IIC, IID, HE, IVa, IVb, IVc, IVE and IVF elements. SCCmec  IIA, IIB, IIC, 

IID, HE, IVE and IVF are novel variants that were identified in this present study. 

SC C m ec  II, IVa, IVb and IVc were identified previously (Ito et al., 1999, Ma et al., 

2002; Ito et al., 2003) and the organisation was determined based on the nucleotide 

sequences in the Genbank database under accession numbers D86934, AB063172, 

AB063173, A B 0962I7 , respectively. The structure of SCCmec  HE and IVE were 

determined by sequencing of the entire SCCmec  element of Irish MRSA isolates 

A R 13.1/3330.2 (HE) (Genbank accession number A J8I0I20) and AR43/3330.1 (IVE) 

(Genbank accession number AJ810121). The structures of SCCmec  IIA, IIB, IIC, IID 

and IVF were determined using the primers shown in Table 4.2, by observing the 

mobility of amplimers on agarose gels and in some cases by sequencing.



mec class 

A

B

Cl

C2

D

E

ci

mecRI

cl

mecRI

mecA

mecA

t^mecRl
L

AIS/272 _ mecA

SmecRl
- 4

AIS/272 mecA

IS43I AmecRI 
1* mecA

IS45/ ^mecR!

mecA

AmecRI
_ L

mecA

A mecR! 
1

mecA

Amec!

AJ IS77«2 mecRl mecA

Amec/
1

A meet 
1

A.4
IS1I82 mecRI mecA

lS43Imec

lS43Imec

lS43lmec

lS43Imec

\S43lmec

\S43Imec

I- - - - - - - 1
1 kb



FIGURE 4.5. Schematic diagram of the genetic organization of the mec complexes of 

staphylococci. The mec  complexes A, B, B l,  C l ,  C2, D and E have been described 

previously in staphylococci and A, B, C2 and E (indicated in bold) have been identified 

previously in MRSA (Katayama et al., 2001; Lim et a i ,  2003; Ito et al., 2004). The 

novel mec classes A.3 and A.4 (indicated in bold) were identified in the present study of 

Irish MRSA isolates. Class A.3 mec  differs from Class A mec in that it has a copy of 

m ecl  that is truncated at the 3' end and an upstream copy of IS /7S2 ( lS //S 2-A m ec/-  

mecRI-mecAASAhXmtc). The A.mecl is only 253 bp whereas intact m ecl  is 372 bp. In 

class A.4 mec 1 S //S 2  is present within m ec l  and there is a 16 bp deletion of m e c l  

immediately upstream of IS //S 2  (AmecI-lSI]82-AmecI-mecRI-mecA-\S431mec).



T A B L E  4.4. Correlation between SCCm ec  multiplex types and amplimer sizes obtained using overlapping primer pairs to amplify the novel 

SCCmec  element variants and comparison to those expected from typical SCCmec  11 and SCCmec  IV elements.

SCCwt^r m ultiplex type SC C m ec  Prim er Pairs R eference
elem ent

L -C
IRLII F- 
ccrA  R

C -M
ccrA  F- 
T n554  R

C -M
T n554  F- 
m ecR l R

M -I
m ecR I F- 
ugpQ  R

I-R
UgpQ F- 
dcs R

I-R
dcs F- 
orfX  R

C -M
ccrA  F- 
m ecA R

M -I
m ecA F- 
ISm ec R

I-R
ISm ec F- 
orfX  R

II II 20 kb 7 kb 11 kb 4.1 kb 8.5  kb 1.7 kb 20 kb 4 .7  kb 8 kb Ito el ai„  1999
\ { - k J p IIA 5.6  kb 7 kb 13 kb* 4.1 kb 8.5  kb* 1.7 kb 22 kb 4 .7  kb 8 kb T his study
\ l - k d p IIB 5.6 kb 7 kb N o am plim er". 4.1 kb 8.5  kb 1.7 kb 13 kb 4.7  kb 8 kb T his study
II -  kJ p  & rnecl IIC 5.6 kb 7 kb 6.5  kb 4.1 kb 8.5  kb 1.7 kb 14 kb 4.7  kb 8 kb T his study
\ \ - k J p &  pU B IIO IlD 5.6  kb 7 kb 13 kb 4.1 kb 2.2 kb 1.7 kb 22 kb 3 .7  kb 2.7  kb T his study
11 -  kdp. m eci &  pUB 110 IIE t 5.6  kb* 7 kb* 6.5  kb* 4.1 kb* 2.2 kb* 1.7 kb* 14 kb 3.7  kb 2.7  kb T his study
IV IVa 8 .9  kb N o am plim er'’ N o am plim er'’ 4.1 kb .3.2 kb 1.7 kb 8.5  kb 4.7  kb 2.7  kb M a e l at., 2002
IV IVb 5.6  kb N o am plim er'’ No am plim er'’ 4.1 kb .3.2 kb 1.7 kb 8.5  kb 4 .7  kb 2.7 kb M a e l a i ,  2002
IV IVc 6.1 kb N o am plim er'’ No am plim er'’ 4.1 kb N o am plim er No am p lim er 8.5  kb 4.7  kb 5.3 kb Ito el a l.. 2003
IV -  Jcs IV E t 6.1 kb* N o am plim er'’ N o am plim er'’ 4.1 kb N o am p lim er N o am p lim er 8.5  kb* 4 7  kb* 4 .7  kb* T his study
IV -  dcs IVF 5.6 kb* N o am plim er'’ N o am plim er" 4 1  kb N o am plim er N o am p lim e r 8.5  kb 4 7  kb 4 .7  kb* T his study

A m plicon sizes for SC C m ec  IIA, IIB, IIC, IlD , HE, IVE and IVF were calculated either by sequencing (indicated as *) or based on electrophoretic m obility on agarose gels. 

A m plicon sizes for SC Cm ec  II, IVa, IVb and IVc were calculated from sequences in the Genbank database, accession  numbers D 86934 , A B 063172 , A B 0 6 3 I7 3  and 

A B 096217 , respectively. fS C C m e c  elem ents HE and IVE were sequenced in full from isolates A R 1 3 .1/3330.2  and A R 43 /3330 .1 , respectively. A ll am plim er sizes  are 

approximate, "no amplimer due to no T n554; primers ccrA F- m ecR l R were used instead resulting in a 11.5 kb amplimer w hich w as sequenced, ‘’no am plim er due to no 

rn554 in SC C m ec  IVa, IVb, IVc, IVE and IVF. ‘’no amplimer due to no dcs  region in SCCm ec  IVc, IVE and IVF. L-C, C-M , M-I and I-R indicate the region o f  the S C C m ec  

elem ent amplified. See Table 4 .2  for primer sequences and figure 4.1 for primer locations and direction.



Table  4.5). The amino acid identities of the proteins encoded by the ccrA  and ccrB  

genes o f  A R 13.1 /3330.2 and SCCmec  II were 96.7% and 98%, respectively, and 99.1 % 

ind 97.8% , respectively, compared with those of SCCmec  IVb (Table 4.5).

Amplification and sequencing of the region between the ccr  and mec  complexes (C- 

Vl) in AR 13.1/3330.2 using two primer pairs (ccrA F-Tn554 R and Tn554  F-m ecR l R; 

Table 4.2; Fig. 4.1), yielded a 7 kb and 6.5 kb product (Table 4.4) and confirmed the 

presence o f  a truncated integrated transposon Tn55^  (Table 4.5; Fig. 4.4). Five of the 

six ORFs (tnpA, tnpB, tnpC, spc, ermA)  previously identified within Tn554  of  SCCmec  

II were present in the SCCmec  element of A R I 3 .1/3330.2 and each O R F showed 100% 

homology at the am ino acid level with those of SCCmec  II (Table 4.5). However, 

lx \554  o f  SCCmec  o f  A R 1 3 .1/3330.2 was truncated by ca.lOOO bp resulting in the 

absence of an O R F of unknown function (O RF N050) found in Tn55 “̂  of SCCmec  II. 

The six ORFs spanning a ca. 5 kb region encoding hypothetical proteins usually found 

between Tn554 and the mec  complex in SCCmec  II were also absent (Fig. 4.3). Instead 

of these ORFs, a 1,865 bp sequence was identified, which searches o f  the Genbank 

database identified as insertion sequence elem ent \SI  182. Immediately adjacent to 

IS / /8 2 ,  a 253 bp truncated version of//zee/(Amec/) was identified {meci  gene is usually 

372 bp) (Figs. 4.5 & 4.6). The multiplex primers that amplify part of 3' region of mecI  

in the mec  complex of SCCmec  II (MECIP2, MECIP3; see chapter 3, Table 3.5) did not 

produce any amplim er for this isolate because these multiplex primers bind to a region 

of the m e c i  gene that is absent in the SC Cmec  e lem ent o f  isolate A R 1 3 .1/3330.2. 

Sequences of mecRI and mecA from A R 1 3 .1/3330.2 showed 100% homology to those 

of SCCmec  II elements (Table 4.5).

Amplification of the region across \S43Imec  to the dcs  region downstream  of the 

mec complex yielded a product of 2.2 kb which is smaller than that of any previously 

described SCCmec  element including SCCmec  II and IVb (Table 4.4). Sequence data 

from this product showed that the hypervariable (HV) region (located between mecA 

and \ S 4 3 1 m ec)  o f  AR 13.1/3330.2 was shorter than the HV region o f  previously 

described S C C m ec  II and SCCm ec  IV elem ents (Fig. 4.7). The HV region of A R  

13.1/3330.2 is 997 bp shorter than that of SCCmec  II and SCCmec  IVb (Fig. 4.7). The 

\S43Imec  region was 100% homologous to that o f other SCCmec  elements but lacked 

all DNA sequences associated with the integrated plasmid pU B l 10 or the second \S43J 

sequence found in SCCmec  II (Fig. 4.4). Again this sequencing data explains why the
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T A B L E  4.5. Percentage identities between ORFs o f  the novel S C C m ec  II variant element o f  Irish M RSA isolate A R l3.1/3330.2  and the

conventional SCCmec  IVb and II elements.

SC C m ec  elem ent and 
O R Fs

Location* Homology to O R Fs of SCCm ec IVb’’ Homology to O R Fs o f  SCC m ec H*’

AR13.1/3330.2 (HE) O RF %  homology' Gene product O RF %  hom ology' G ene product
1--C? region 
IlEOl 210-1145 (complement) CMOOl 83.7 % Hypothetical protein
I1E02 1123-1893 (complement) CM002 100% Hypothetical protein
IIE03 2010-3440 MOOl 99.6% Hypothetical protein
C-M  region 
ccr complex 
IIE04 3560-5350 M002 99.7% Conserved Hypothetical protein N031 80.3% Conserved Hypothetical protein
II EOS (ccrA2) 5584-6933 M004 99.1% Cassette chromosome recombinase A2 N034 96.7% Cassette chromosome recombinase A2
IIE06(ccrB2) 6955-8583 M005 97.8% Cassette chromosome recombinase B2 N037 98% Cassette chromosome recombinase B2
IIE07 9101-9451 M006 88.9% Conserved Hypothetical protein N041 100% Conserved Hypothetical protein
IIE08 9538-9849 M007 89.4% Conserved Hypothetical protein N042 100% Conserved Hypothetical protein
IIE09 9867-10373 M008 91.7% Conserved Hypothetical protein N043 99.4% Conserved Hypothetical protein

IIEIO 10394-10711 N044 100% pseudogene
Tn55-/
HE 11 (tnpA) 10830-11915 N045 100% Transpoase A
HE 12 (mpB) 11912-13804 N046 100% Transpoase B
IIE13(W pC) 13811-14188 N047 100% T ranspoase C
llE 14(ipc) 14339-15121 N048 100% O-nucleotydiltransferase
HE 15 (ermA) 15247-15978 (complement) CN026 100% rRNA adenine N-6-methyltransferase
M -l region 
mec  complex
\ \ E \ b ( m p \ S H 8 2 ) 16499-18103
HE 17 (AmecI) 18207-18459 (complement) CN036 67.7% Methicillin resistance protein Mecl
1IE18 (mecRI) 18459-20216 (complement) CM003 55.6% Truncated signal transducer protein MecRI CN037 100% signal transducer protein MecRI
HE 19 (mecA) 20316-22322 MOlO 100% Penicillin binding protein 2a N058 100% Penicillin binding protein 2a
IIE20 22368-22796 (complement) CM004 100% Conserved Hypothetical protein CN038 100% Conserved Hypothetical protein
IIE21 (ugpQ) 22893-23636 CM006 100% Glcerophosphoryldiester phosphodiesterase N039 100% Glcerophosphoryldiester phosphodiesterase
IIE22 (mp \S43Jmec) 23901-24575 MOll 100% Transpoase for \S43lmec N062 100% Transpoase for \S43Imec
I-R region
IIE23 24607-24846 (complement) CM007 100% Conserved Hypothetical protein CN049 100% Conserved Hypothetical protein
1IE24 25261-26556 (complement) CM008 40.7% Truncated Conserved Hypothetical protein CN050 100% Truncated Conserved Hypothetical protein

“The nucleotide positions were determined based on the sequences for HE deposited in the Genbank database under acession number A J810I20
'’ORFs and gene products from SC Cm ec  II and SC C m ec  IVb, nucleotide sequences in the Genbank database, accession number D 86934 and A B 063173 , respectively (Ito et  
a i ,  1999; Ma el al„ 2002).
'^% hom ology based on amino acid identity; "........." indicates no significant hom ology.



A.4
atecI
A.3

A.4 . . GGGCTGACCCAAAAGTA
Bteci V :
A.3  GGGCTGACCCAAAAGTA

A.4 GCTCCTATATGAAAAATAGAGGTCTTTCCATTTAGATAGTAGTGGAAAGACCTCTATTTA
mecJ -----------------------------------------------------------
A. 3 GCTCCTATATGAAAAATAGAGGTCTTTCCATTTAGATAGTAGTGGAAAGACCTCTATTTA

A.4 TCTTTTGAAAGTGAATACAAAAATAAAACACACTCTGCTATAATATAGGTGATTAATCCA
mecl -----------------------------------------------------------------------------------------------
A. 3 TCTTTTGAAAGTGAATACAAAAATAAAGCACACTCTGCTATAATATAGGTGATTAATCCA

A.4 TTTGAGAGAGGTGCTTTATCATGTATCAAAATTATACCATAAACCAACTTTGTTTGCCTA
mecl -----------------------------------------------------------
A.3 TTTGAGAGAGGTGCTTTATCATGTATCAAAATTATACCATAAACCAACTTTGTTTGCCTA

A.4 TAGATCTTGAAATTAAATTAGAAGAAAATGATTTTGCTCATGCCATTGTGCAGTTTGTTG
mecl -----------------------------------------------------------------------------------------------
A . 3 TAGATCTTGAAATTAAATTAGAAGAAAATGATTTTGCTCATGCCATTGTGCAGTTTGTTG

A.4 ACTCTATTCCCGATGAAGTCTTTCTTCCTTATTATCAATCTATGGGTAGACCCCAATATC
mecl -----------------------------------------------------------------------------------------------
A.3 ACTCTATTCCCGATGAAGTCTTTCTTCCGTATTATCAATCTATGGGTAGACCCCAATATC

A.4 ATCCTCGTATGCTACTTTCCATTATTCTTTGTGCCTATATTCAAGGGGTTTATTCGGGCC
mecl -----------------------------------------------------------------------------------------------
A. 3 ATCCTCGTATGCTACTTTCCATTATTCTTTGTGCCTATATTCAAGGGGTTTATTCGGGCC

A.4 GCCAAATACAAAATATGCTGATAGATAGTATTCGGATGCGCTACTTATCTCAAGAGCAAT
mecl -----------------------------------------------------------------------------------------------
A.3 GCCAAATACAAAATATGCTGATAGATAGTATTCGGATGCGCTACTTATCTCAAGAGCAAT

A. 4 TCCCTAACTTTCGTACTATTAATCGTTTTCGCGTTCATCCGATTATGAACGATATTCTAG
mecl -----------------------------------------------------------------------------------------------
A. 3 TCCCTAACTTTCGTACTATTAATCGTTTTCGCGTTCATCCGATTATGAACGATATTCTAG

A . 4 ATCATTCATTTGTTCAATTTCGTGAGCTACTGGTTCAAAGTGGCTTAATCAGTGGCAGTG
mecl -----------------------------------------------------------------------------------------------
A . 3 ATCATTCATTTGTTCAATTTCGTGAGCTACTGGTTCAAAGTGGCTTAATCAGTGGCAGTG

A.4 CTCTATACATTGATGGTACAAAAATTGAAGCGGATGCGAATAAATACTCTTTCGTTTGGA
mecl -----------------------------------------------------------------------------------------------
A . 3 CTCTATACATTGATGGTACAAAAATTGAAGCGGATGCGAATAAATACTCTTTCGTTTGGA

A.4 AAAAAAGTATTTTAAAGTATAAGGATAGCCTTGATCAAAAAGCCCTTGAAAACTACCAGC
mecl -----------------------------------------------------------------------------------------------
A. 3 AAAAAAGTATTTTAAAGTATAAGGATAGCCTTGATCAAAAAGCCCTTGAAAACTACCAAC

A.4 AAATGGTGGAAACAAAAATCTTACCTGGGTTAATAGATGATTTAAAGGATGAACTTTCTA
mecl -----------------------------------------------------------------------------------------------
A.3 AAATGGTGGAAACAAAAATCTTACCTGAGTTAATAGATGATTTAAAGGATGAACTTTCTA

A.4 TAGAAGAGATTGAAAGGATTCGTCAATCTTTGGAAGAAAAGGAAAATCAATTAATTGAAG
mecl -----------------------------------------------------------------------------------------------
A . 3 TAGAAGAGATTGAAAGGATTCGTCAATCTTTGGAAGAAAAGGAAAATCAATTAATTGAAG

A . 4 CGATTGACCAAACCGAAACAGTAGAAGAACGAAAATTACTTCGTAAAGAAAAATCTGAAG
mecl -----------------------------------------------------------
A . 3 CGATTGACCAAACCGAAACAGTAGAAGAACGAAAATTACTTCGTAAAGAAAAATCTGAAG



A.4
meci
A.3

TTCATAAGCAGAAGAAGCGATTCGATGATTTTGCCCAAAGAAAAATGAGCTACGAAGAAC

TTCATAAGCAGAAGAAGCGATTCGATGATTTTGCCCAAAGAAAAATGAGCTACGAAGAAC

A.4 AATTAGTGATTATGGGTGTACGCAATAGTTTCTCAAAGACGGATCATGACGCTACTTTTA
meci -----------------------------------------------------------
A. 3 AATTAGTGATTATGGGTGTACGCAATAGTTTCTCAAAGACGGATCATGACGCTACTTTTA

A. 4 TGCGAATGAAAGAAGATCACATGCTTAATCGCCAACTAAAACCAGGTTATAATATTCAAC
meci -----------------------------------------------------------
A. 3 TGCGAATGAAAGAAGATCACATGCTTAATGGCCAACTAAAACCAGGTTATAATATTCAAC

A.4 TTGCGACAGAAAATCAATTTGCTCTTGCTTATGATTGTTATCCAAATCCAACAGATACAC
meci -----------------------------------------------------------
A. 3 TTGCGACAGAAAATCAATTTGCTCTTGCTTATGATTGTTATCCAAATCCAACAGATACAC

A.4 GAACATTTATCCCATTTCTTGAAAAGATTGAATCAAAAATAGGTTTACCAGAAAATATTG
meci -----------------------------------------------------------
A. 3 GAACATTTATCCCATTTCTTGAAAAGATTGAATCAAAAATAGGTTTACCAGAAAATATTG

A.4 TCGCAGATGCCGGTTATGCAAGTGAAGAAAATTATTGTTATGTGTTAGACGAAACAGAAT
meci -----------------------------------------------------------
A.3 TCGCAGATGCCGGTTATGCAAGTGAAGAAAATTATTGTTATGTGTTAGACGAAACAGAAT

A . 4 CCACCCCCATCATTCCGCATCAAGGTTACTTAAAAGAGAAGAAACGCGCCCATAAACAAA
meci -----------------------------------------------------------
A.3 CCACCCCCATCATTCCGCATCAAGGTTACTTAAAAGAGAAGAAACGCGCCCATAAACAAA

A. 4 ATCAGTTTCATCGAGATAATrGGACTTACAACGAGTTGGATGATTACTATATTTGTCCCA
meci -----------------------------------------------------------
A. 3 ATCAGTTTCATCGAGATAATTGGACTTACAACGAGTTGGATGATTACTATATTTGTCCCA

A. 4 ATCAGAAAAGAGTAGTGTTCTCACATTATTCACAACGTAAAGATAGAAftTGGATTTATTC
meci -----------------------------------------------------------
A. 3 ATCAGAAAAGAGTAGTGTTCTCACATTATTCACAACGTAAAGATAGAAATGGATTTATTC

A. 4 GAAACTTCAAAATCTATGAATGTGAAGATTGTACAGGATGTCCATTGAGAGAGAAATGTA
meci -----------------------------------------------------------
A. 3 GAAACTTCAAAATCTATGAATGTGAAGATTGTACAGGATGTCCATTGAGAGAGAAATGTA

A. 4 CCAAAGCAAAAGAAG-GAAAAATCGACGTTTGAATATTAATCCAACCTGGGAATATATAA
meci -----------------------------------------------------------
A. 3 CCAAAGCAAAAGAAGGAAAAAATCGACGTTTGAATATTAATCCAACCTGGGAATATATAA

A. 4 AAATAAAAGCGAATGAAAAGATAGAAAGCAAAGAAACAGCCTCATACTATGCGCAGCGAA
meci -----------------------------------------------------------
A. 3 AAATAAAAGCGAATGAAAAGATAGAAAGCAAAGAAACAGCCTCATACTATGCGCAGCGAA

A.4 AGATAGATGTCGAAACGGTTTTTGGAAACATTAAACAAAATATGAAATTTAAAAGATTCC
meci -----------------------------------------------------------
A.3 AGATAGATGTCGAAACAGTTTTTGGAAACATTAAACAAAATATGAAATTTAAAAGATTCC

A . 4 ATGTCCGAGGAGCTGAAAAAATTTTTAAGGAAATGGGACTTGTATTTCTTGCGCACAATT
meci -----------------------------------------------------------
A . 3 ATGTCCGAGGAGCTGAAAAAATTTTTAAGGAAATGGGACTTGTATTTCTTGCGCACAATT

A. 4 TTAGGAAATTAGTAACTAGAGTAAGGAAATATGAGGGAAAAACAATCATACAAAACCAAA
meci -----------------------------------------------------------
A. 3 TTAGGAAATTAGTAACTAGAGTAAGGAAATATGAGGGAAAAACAATCATACAAAACCAAA



A. 4 TATAGGGGGAAAATCCTCTATATTTCATCCAAAAAAAACAAAAATCGAAGACATCTTTCA
mecl -----------------------------------------------------------
A. 3 TATAGGGGGAAAATCCTCTATATTTCATCCAAAAAAAACAAAAATCGAAGACATCTTTCA

A. 4 CGGGTGCCTTCGATTTTTTGGTTCAAAAGGGACTAATGGGTCAGCCCCT
mecl ----------------------------------------------------------------------------------------
A. 3 CGGGTGCCTTCGATTTTTTGGTTCAAAAGGGACTAATGGGTCAGCCCCT

A.4

A.4
mecl 
A.3

A.4
mecl 
A.3

A.4
mecl 
A. 3

A.4
mecl 
A.3

Figure 4.6. Alignment of the nucleotide sequences of the mecl gene (3'-5' direction) of 

the class A.4 mec complex (A.4), class A mec (mecl) and class A.3 mec complex (A.3) 

generated using the ClustalW sequence alignment program (Higgins & Sharp, 1988). 

The nucleotide sequence for the class A mec complex was obtained from the SCCmec II 

sequence in the Genbank database under accession number D86934 (Ito et al., 1999). 

The nucleotide sequences of the class A.4 and A.3 mec complexes were identified as 

part of this present study and are available under accession numbers AJ810122 (partial 

sequence mec complex A.4) and AJ810120 (SCCmec HE from MRSA isolate 

AR13.1/3330.2). The mec! gene of all three mec complexes is indicated in orange. 

Insertion sequence IS//^2 found in class A.4 and A.3 mec complexes is indicated in 

green. In the class A.4 mec complex insertion sequence \SII82 is inserted within the 

mecl gene, near the 3' end and the mecl gene harbours a 16 bp deletion (see Fig. 3.4). 

The deleted region of mec! is underlined. In the class A.3 mec complex mecl is 

truncated at the 3' end and IS//52 is present at the exact same nucleotide position as in 

class A.4 mec.

“indicates identical residues between A.4 and mecl only 

— indicates no alignment between that sequence and the other sequences 

''indicates identical residues between A.4 and A.3 only 

•indicates identical residues in all three sequences.



H V II
H V IIE

TTATGAATTATTAATAAGTGCTGTTACTTCTKXXnT’AAATACJATTTCTTCATTTTCATT
TTATGAATTATrTAATAiy3TQCTGTTACTTCTC(XrreAJUCr*CaATTTCTTCATTTTCATT

H V II GTATCTTGAAAGTGACACTGTAACGAGTCCA'lTrrCl'inTl”l'rATGGATTTCTTATTTGT
H V IIB  GTATGTTGAAAGTGACACTCTAACXAGTCCAin -l^ 'CTTTTTTTATGGATTTCTTATTTGT

H V II AATTTCASCGATJUU:CTM :jU»X3Tim'jyCXrr(3GGTATACiyQCTrrAKrAAATrrJUkCOrr
H V IIB  AATTTCAQCGATJUUCCTACAAXCTATTACerGGCTATACAOGTTTAKrAAATTTAACGTT

H V II ATTCATTTGTGTTCCTGCTACAACTTC'r i tnXXXn-ATTTACCTTC-X'TCTACCCATAATTT

H V II AM TGATATTG»M QTCTA3GC»TGCCA[»TG(»ATGATAanTTAAAICTM riTTGITC
H V IIE  AA&TGKTATTGAAMTICTATOCATOCCAGATGaUKrSKTACCTTTAAATCTACTTTCTTC

H V IIB  TQgrrTTTCTTTATCTATATGCaTATATTGi>GGATCiUUU>ierr grfGaUUCTTGCa>.TA»T

H V II TTCTTCTTCTOrAATATGAAGGCTTTTTCTTTTGAATGTTTCTCCTACTATAAAAICATC
H V IIE  l TlC T lt n T C i CTAATA3!GAAGGC JnT lT C I’TT TGAATSTTTC'rCCTACTATAAAATCATC

H V II
H V IIE

H V II AGGTAAGTCTACCGTCACTGAAACCTAAGACICACCTCTAACTTTCTA'ITGAGACAAATG
H V IIB  AGGTAAQICTACCGTCACTGAAACCTAAGACTCACCICTAACTTTCTATTGAGACAAAT6

H V II CACCATTTTATCTGCATT(?rCTGTAAAGATACCATCAACTCCCXlAATTAGCAAGTTGGTT
H V IIB  CACX^TTTTATCTGCArrGTCTGTAAAGATACCATCAACTCCCCAATTAGCAAGITGGrr

H V II TGCACXaGCTGG'iT i 'G'lV l'ACAGTCCMACGTTXJU^rrCATAiWCCCQCTTCin 'T 'r ACCAT
H V IIB  TGCACGTGCTGGTTTGTTTACAGTCCATACGTTCAATTCATAACCXXJCTTCTTTTACXAT

H V II TTTTACTTTTGCTTTAGTAAGTTTGGCATCTTCAGTGTITACTATTTTAGCATTACAGTA
H V IIE  TTTTACTTTTGCTTTAGTAAGTTTGGCATCTTCA8TGTTTACTATTTTAGCATTACA6TA

H V II ATCTAAAAGTGTTCTCCAGTCTTCACGAAACXaUkGTTCTATGGaUKrATAACTCCTCTGTT
H V IIB  ATCTAAAAeTGTTCTCXIAGTCTTCACGAAACGAASrTGTATGGAATATAACTGCTCTGTT

H V II ATATTGTO3CATGATTTgnxntSCAAlgrrTAACAAGCACAACArrAAAGCTTGAAATGAG
H V IIE  ATATTGTGGC^TOHrmrrrCTGCrAAGTTTAACAAOCACAACATTAAAOCTTGAAATGAG

H V II 0>CTTCTrG M TCT<a«O TA A G r jT C r r AATTglT C TTCCACTTQCTTAACCATACTTTT
H V IIB  CACTTCTTGATTCTGMTTAAgr r r CTTAAlT C lT C irWXACTTGCTTAACCATACTTTT

H V II AGAAAGTGCTAGTCCATTCGGTCCACTrAATACCTTTTAATTCTACATTTAAATTCATATT
H V IIE  AGAAAGTGCTAGTCCATTCGGTCXIACTrAATACCTTTTAATTCTACATTTAAATTCATATT

H V II ATATTCATTTXXrrATTTTTACTACATCATCGAAAGTTGGCAAATGTTCATCTTTGAATTT
H V IIE  ATATTCATTTGCTA'riTTT'ACTACATCATCGAAAGTTGGCAAATGTTCATCTTTGAATTT

H V II 1TK»CCAAACCAAGATCCnX3CAGAAGCATCTTTAATTTCATCATAATrCAATrCAGTTAT
H V IIB  TTC»CXUUU^CCAAGATCXn!GakGAAG(»TCTTTAATTK»XCATAATTCAATrCAGrrAT

H V II TTCCXXSGMZATATTTGTAGKXXmtrrAAATAATCATCATGAATGATAAICAGrrGTTC
H V IIE  TTCCCX^QGACATATTTGTASTCCOPPCTAAATAATCATCATGAATGATAATCABTTBTTC

H V II ATCg TTJCTAATOBCaJMCMCTAACrKXaUMXaitmTATACCTTCTACTTCTGAASCAGC
H V IIE  A!IXrrTTTCTAATTQCAACA3X7rAACTCX:AACCAGTirrATACCTTCTACTTCTGAAOCAGC



H V II
H V IIB

TTTAAATGATGCAATTCTlOTrrTCCX3G»GCTTT*CT*GGT*MCCTCTATGTCCATATAC
rPrAAATCATGCJATTCTATTTTCCQGAGCTTTACTAGCTAAICCTCTATGTCCATATAC

H V II
H V IIK

H V II
H V IIK

H V II
H V IIK

H V II
H V IIK

H V II
H V IIK

H V II
H V IIK

H V II
H V IIK

H V II
H V IIK

H V II
H V IIK

H V II
H V IIK

H V II
H V IIK

H V II
H V IIK

H V II
H V IIK

H v r i
H V riK

H V II
H V IIK

H V II
H V IIK

H V II
H V IIK

H V II
H V IIK

P r m T f AATTAACGTAACTOrATTATCA 
AGTTAGCATATTACglCTCCTTGCATTTrrATTTTTTTAaTTAACgrAACTCTAaTATCA

CATTAATCGCACTTTTATTTCCATTAAAAAGAGATGAATAICATAAATAAASAAGICGAT
CATTAATCGCACTTrrArnXXATTAAAAAGASAIGAftTATCATAAATAAAGAAGTCGAT

AGATTCCTAirrGATTATGGAGrrAATCTACGICTCATCTCATTTTTAAAAAATCATTTAT
AGATTCCTATTGATTATGGACOTAATCTACGTCTaiTCTCA'rrTTTAAAAAATCA'rrrAT

GTCXX»AGCTCaiTrPrGTAATCAAGTCTAGTTTTT-

CTTAGGATTQCTTTrAACTTACCKrrTATCTGCAATTTTACTTAGGATTQCTTTTAJWCTT

ACCarPTATa«3CAATTTT»CTG»G*ACrreCTTTTAJuaX*CCTCTrATCrrGCAAIPrrTG

(X7rAfi*ACTGCTTTTAACCTACCTCTTATCTGCAA3rrTTACTTAGAACTCCTTTTAACGT

ACXTTCTTATCriCTAATTTTACTGAGAACriWTrTTTAACAAACCTCTTATCTGCAATTTTA

CTTAGAACTGCTTTTAACAAACCTCTTATCTGCAATTTTACTTAGAACTGCTTTTAACAA

ACCTCTTAaCTXXUiATTTTACTTAGlVATTGCTTTrACTATTCCTCTTATTAGTATAATCT

CAGTAAGAATGCGTATAAAAATGAAAATTACAACX^SATTTTCTAAGTGCTGACGCXrrGAG

GGAATAGTATCrGCGAGAGACTAATGGCTCGAGCCATACCCCTAGGCAAGCATGCACGTA

CAAAATCGTAAGATAAAAAAATAAGCATATCACTGTAAACTTTAAAAAATCAGTTTASIG

ATATQCTTATTTATTTCGAGTTAGGATTTATGTCCCAAGCXCATCAAGCACAATCGGCCA

CTAGTTTATTTCTCTATCTTATATGTTCTGATATGGTCTTCTATACTGTATAAGTATACT

TTTGAATATQGATCTT(?IWlt»ATTaia?rrCX»AATCAAATTCrrGATTATCAAATCTG

TTAAAGAATCTrrCCTATTCrrtSaCTGATAATTGCTCTCTAGATTCTAGCATATTTAAG

TGrmrrcTTTATCTAATGCTTrKn^ATATCCTTTAACGATTGAACCACTAAAGATTTCT

H V II
H V IIK

CXTTACTGCTCCn^SAACCArAACTAAATAGACATACTTTCTCTTCTGGITGGAATCTGIGG



HVII
HVIIE

TTCTGTAATAACGAAATTAAACTTAAGTATAATGATCCTGTATAAATGTTACCAACATCT

HVII CTATTCCATAATA
HVirE ------------

FIGURE 4.7. Alignment of the nucleotide sequences of the hypervariable region 

(region between mecA and \^31m ec  of SCCmec) of SCCmec II (HVII) and SCCmec 

HE (HVIIE) generated using the ClustalW sequence alignment program (Higgins & 

Sharp, 1988). The nucleotide sequence for the HV region of SCCmcc II was obtained 

from the SCCmec II nucleotide sequence in the Genbank database under accession 

number D86934 (Ito et al., 1999). The nucleotide sequence of the HV region of 

SCCmec HE was identified as part of this present study during the complete 

sequencing of the novel variant SCCmec element of MRSA isolate AR13.1/3330.2 

and is available from the Genbank database under accession number AJ810120 

(SCCmec HE from MRSA isolate AR13.1/3330.2). The HV region SCCmec HE is 

997 bp shorter than that of SCCmec II.

^indicates identical residues 

— indicates no alignment.



multiplex primers that amplify the region between \S43Imec  and pU B l 10 of SCCmec  

II (IS431P4, pU B l lO R l;  see chapter 3, Table 3.5) did not produce any am plim er for 

this isolate because the SCCmec  element of A R B .  1/3330.2 does not harbour pUBI 10 

(Fig. 4.3).

The extreme right of the SCCmec  element of A R I 3 .1/3330.2 from \S431 to the right 

chromosomal-SCCm ec junction (I-R region) showed 100% homology with the region 

spanning from the second \S43I  sequence to the right junction of SCCm ec  II (Table 

4.5). The 15-bp direct repeat sequence characteris tic  o f  SCCm ec  e lem en ts  was 

identified at the right extremity o f  SCCmec  of A R 1 3 .1/3330.2 (D R-R) and a 26-bp 

inverted repeat sequence (IR-R) that were identical to that o f SCCmec  IVb and SCCmec  

II was also found. All S C C m ec  elements identified to date have been found to be 

integrated at exactly the sam e nucleotide position o f  an O R F  o f  unknown function 

designated orp( .  This O R F  was identified outside the IR-R region and SCCmec  of 

A R 13.1/3330.2 was integrated at the same nucleotide position of or/X as other SCCmec  

elements.

The novel genom ic structure o f  the m e c  com plex  o f  the S C C m ec  e lem ent of 

A R 1 3 .1/3330.2 with the genom ic  o rgan isa tion  o f  \ S 1 182-AmecI-mecRl -mecA-  

\S43Imec  was more similar to the class A mec  complex of M RSA {med-mecRI-mecA-  

\S43Imec)  found in S C C m ec  II and SC C m ec  III than to the class B mec  c o m p le x  

{ \S \272-Am ecRI-mecA-\S431mtc)  of  SCCmec I and IV (Fig. 4.5). Due to its similiarity 

to the class A mec  complexes, this novel mec  complex was designated class A .3 mec  

(Fig. 4.5).

4.3.3.2 Novel  variant o f  SCCmec IV identified in STS isolate AR43/3330.I

A 23 kb SCCmec  element was identified in isolate A R 43/3330 .1, which is within the 

size range (20-25 kb) of previously described SCCmec  IV elements, but sequence data 

indicted that it was distinctly different. This novel S CCm ec  variant was designated 

SC Cm ec  IVE (Fig. 4.3). The genomic structure of this SCCmec  e lement showed most 

similarity to SCCmec  IVc (Fig. 4.4).

Amplification of the L-C region of SCCmec  of A R 43/3330 .1 yielded an amplim er of 

ca. 6.1 kb which is the expected size for a type IVc SCCmec  e lem ent (Table 4.4). 

Sequencing revealed that the L-C region of A R 43/3330 .1 had 100% similiarity with the 

L-C region o f  SCCmec  IVc (Table 4.6). Am plification of the region from  the c c r

80



T A B L E  4.6. Percentage identities between ORFs o f  the novel SC Cm ec  IV variant 

element IVE of Irish MRSA isolate A R 43/3330 .1 and the conventional SCCmec  IVc

element

SC C m ec  elem ent and  
O R F

Location" Homology to O R Fs o f SCCm ec IVc'’

AR43/3330.1 (IVE) 
L-C region
IVEOl 66-866 (complement)

O RF

CR007

% homology' 

100%

Gene p roduct 

Hypothetical protein
1VE02 896-2050 (complement) CR008 100% Hypothetical protein
1VE03 2505-3551 R002 100% Hypothetical protein
IVE04 3744-4040 R003 100% Hypothetical protein
C-M  region 
ccr complex 
IVE05 4040-5833 R004 100% Hypothetical protein
1VE06 (.ccrA2) 6067-7416 R005 99.1% Cassette chromosome recombinase A2
IVE07 (ccrB2) 7438-9051 R006 99.4% Cassette chromosome recombinase B2
IVE08 9573-9923 R007 100% Hypothetical protein
IVE09 10010-10321 R008 100% Hypothetical protein
IVEIO 10333-10842 R009 100% Hypothetical protein

IV EIl 10978-12159 ROlO 100% Hypothetical protein
IVEI2 12146-12502 ROII 100% Hypothetical protein
M-I region 
mec com plex 
IVEI3 12493-12822 (complement) CR009 100% Putataive transposase of IS/272
IV EI4 12725-13711 (complement) CROIO fAnecfi/) 100% Truncated signal transducer protein MecRI
IVEI5 I3 8 II-I5 8 I7 R0I2 (mec/t) 100% Penicillin binding protein 2a
IVEI6 16388-17131 (complement) CROII 100% Hypothetical protein

IVEI7 I8432-I9I06 R0I3 100% Transpoase of \S43Im ec
I-R region 
IVEI8 20286-20792 Hypothetical protein
IVEI9 20995-21576 Hypothetical protein
IVE20 22117-22590 Hypothetical protein

■The nucleotide positions were de term ined  based on the sequences  for S C C m ec  IV E  d eposi ted  in the

G enebank  database under accession number A J810 1 2 1

'’O R F s and  gene products from  SC C m ec  IVc nucleotide sequence  in the G enebank  database, accession 

num ber A B 0 9 6 2 I7  (Ito et a i ,  2001).

'■'% homology based on amino acid identity

no homology



complex to \S431mec  yielded amplimers that showed almost 100% sequence identity 

with the same regions of SCCm ec  IVc (Table 4.6). The ccrA and ccrB genes of 

AR43/3330.1 showed 99.1% and 99.4% similarity, respectively to those of the type 2 

ccr  complex of SC C m ec  IVc. A class B mec  complex was identified (Fig. 4.4) 

consisting o i '^ \S \272-m ecRI-m ecA -\S431 mec as described previously for SCCmec  I, 

IVa, IVb and IVc but SCCmec of AR43/3330.1 had an I-R region different from that of 

any previously described SCCmec  element. An amplimer of 4.7 kb was obtained 

following amplification of this region which is smaller than what would be observed for 

SCCmec  IVc (Table 4.4). Sequence analysis identified that \S431mec  was present but 

that a sequence of ca. 4.4 kb was identified between \S431mec  and the end of orpi. 

Searches of the Genbank database identified that part of this sequence (ca. 1.2 kb) had 

100% homology to a sequence of the right extremity of the SCCmec element previously 

identified in two other MRSA isolates (Huletsky et al., 2004). This sequence in the 

Genbank database consists of orp( and the extreme right region of the SCCmec  element 

including the direct repeat (DR-R) and inverted repeat (IR-R) regions. The rest of the 

sequence between \S43Im ec  and IR-R identified in AR43/3330.1 were found to have 

no homology to any sequences in the Genbank database. This explains why the 

multiplex primers that amplify dcs of the 1-R region of SCCmec IV (DCSF2, D C SR l; 

see chapter 3, Table 3.5) failed to produce any amplimer for this isolate because the 

SCCmec  element of AR43/3330.1 has a novel I-R region that lacks dcs (Fig. 4.4; Table 

4.6)

4.3.3.3 Determination o f  the genomic organisation o f  the SCCmec elements o f  the 

remaining Irish MRSA STS isolates with unusual SCCmec II and SCCmec IV multiplex 

patterns

In total 74 Irish MRSA isolates had the STS genotype and gave variant SCCmec  II 

and IV multiplex patterns (Table 4.1). In addition to determining the nucleotide 

structure of the SCCmec  elements of two of these isolates as described above (section 

4.3.3.1 and 4.3.3.2), the SCCmec  elements of the remaining 72 isolates were 

characterized by analysing the mobility of amplimers on agarose gels obtained with the 

overlapping primers used to amplify and sequence the SCCmec  elements from isolates 

A R 13.1/3330.2 and A R43/3330.1. In some cases, sequencing was performed on 

amplimers that differed in size from that expected from previously described SCCmec
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elements .  These  resul ts are summarised in Table  4 .4  and Table  4.7. This  analysis  

identified five variant SCCm ec  elements,  in addition to the two identified above by 

complete  nucleotide sequencing.  Of  the seven variants recognised, five SCCm ec  II 

variants (designated SCCmec  IIA, IIB, IIC, IID and HE) were identified among the 54 

STS isolates (AR05,  A R I 3 ,  A R M ,  NewOl and New03) with variant  SC C m ec  II 

mult iplex patterns and two novel SCCmec  IV variants (designated SCCmec  IVE and 

IVF) were found among  the 20 STS isolates (AR43) with the variant  SCCm ec  IV 

mult iplex pattern (Table  4.7). A schematic representation of  all seven novel SCCmec  

variants is shown in Fig. 4.4.

4.3.3.3.1 Additional novel variants o f  SCCmec / /

Significant size variation was observed in the mobility of  amplimers  obtained from 

isolates with variant SCCmec  II elements compared to the sizes expected from isolates 

with typical SCCmec  II when the following three regions were amplified: L-C region, 

T n55^  to the mec  complex (part o f  C-M region), and across plasmid pU B l  10 (part of  I- 

R region) (Table  4.4). Amplif ication of  other regions showed no significant variation 

from the expected amplimer size for an SCCmec  II element (Table 4.4).

The  54 SCCmec  11 variants  yielded the 5.6 kb fragment  characterist ic of  the L-C 

region of  SC C m ec  IVb (Table  4.4,  Fig.4.4).  No ampl im er  obtained fo l lowing  

amplif icat ion o f  the region from Tn554 to mecRI  in the SCCmec  II variants matched 

the size expected from a typical SCCmec  II e lement  (Table 4.4). All but one isolate 

(AR05) with the mult iplex pattern SCCmec  II -  kdp  (n=9)  and all isolates with the 

multiplex pattern SCCmec  II -  kdp and pUBl 10 (n=27)  produced amplimers  of  ca. 13 

kb (Table 4.4). This  13 kb region was sequenced from one of these isolates and it was 

found that \S 1 182 was inserted within the m eci  gene, near the 3' end and that the m eci  

gene harboured a 16 bp delet ion (Figs. 4.5 and 4.6). This new class A mec  complex 

consist ing o f  A m ecl-\SI182-Am ecI-m ecRI-m ecA -\S43Im ec  was designated mec  class 

A.4 (Fig. 4.5)

The Tn554-mecRI  region of  one isolate (AR05) with the multiplex pattern SCCmec  

II -  kdp  could not be amplif ied with the same pr imers used on the other  SCCmec  II 

variants (Table 4.4). Instead, a combination of  primers ccrA F and mecRI R were used 

to amplify the DNA region from the ccr complex to m ecRI  resulting in a ca. 11.5 kb 

amplim er (Table 4.4). Sequencing data revealed that this isolate retained only a few
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T A B L E  4.7. Summary of the variant SC C m ec  elements identified in Irish nosocomial

MRSA isolates recovered between 1971-2004

ST SCCm ec typing 
Sim plex M ultiplex

Isolate
phenotype’

Years SCCmec
variant
nam e'’

SC C m ec  v a rian t descrip tion
Differs from  the ind ica ted  SCCmec type
as follows:
SCCm ec II:

8 II II -  kdp AR05 ‘89 IIB SCCmec IVb L-C region & lacks Tn554
8 II II -  kdp AR13. AR14 •93,’98,'99 IIA SCCmec IVb L-C region; class A.4 mec‘
8 II II -  kdp & ineci A R I4 ‘93,’98,'99 lie SCCmec IVb L-C  region; class A.3 mec‘; 

lacks ORFs between T n5J4 & mec 
complex

8 II II -A Jp & p U B llO AR13, AR14,
NewOl,
New03

’98,'99,'02 IID SCCmec IVb L-C region; class A.4 mec‘ \ 
lacks pUB 110 & second copy of \S43I

8 II II -  k d p ,  m e c i  & 
pU B llO /IV

AR13, AR14 ’98,’99,’02 HE SCCmec IVb L-C region; class A.3 mec'^\ 
lacks pUBl 10, second copy of IS43I & 
ORFs between Tn554 & mec complex

SCCmec IV r:
8 IV IV - dcs AR43 ‘99 IVE lacks dcs', has an unusual sequence in I-R 

region

SCCmec IVb:
8 IV IV - dcs AR43 •99 IVF lacks dcs', has an unusual sequence in I-R 

region

SCCmec III:
239 III III -  pI258ATn55‘# AR09

Phenotype-III
Unfamiiiar-3

’8 ,v '87 ,'89 ,'03 m e lacks six ORFs between mer & Tn.554

250 I 1 - pis AR02
Phenotypc-II

■76--84,'89 1 - pis ND*'

“For details o f the isolate number o f each isolate with each variant SC Cm ec  element see Table 3.7 and 3.9

(Chapter 3). Out o f the 20 A R43 isolates with the SC Cm ec  IV -  dcs  multiplex pattern, three (A R 43/3246, 

A R 43/3402 and A R 43/3636 .1) had the novel SCCm ec  IVF elem ent and the other 17 had the novel 

SC C m ec  IVE element.

‘’SCCmec name assigned during the present study.

‘’I'hese two variants o f m ec com plex class A (designated A .3 and A .4) were recognized during the present 

study (Fig. 4 .4  & 4.5).

‘‘Not determined



bases of the integrated transposon Tn55<^ normally found in SCCm ec  II and that all 

Tn554 ORFs were absent. However, the six ORFs usually found between Tn55^ and 

the mec  complex of SCCmec  II were all present (SCCmec  IIB, Fig. 4.4). This isolate 

also harboured a class A mec complex (Fig. 4.3). Amplification of the same region in 

isolates with the multiplex pattern SCCmec II -  kdp and m ecl  (n=IO) and SCCm ec  II -  

kdp, m ecl  and pUB 110/IV (n=7) yielded an amplimer of the same size as the amplimer 

obtained and sequenced from A R13.1/3330.2 (Table 4.4) in which the region between 

Tn55-^ and the mec complex was absent but which carried mec class A.3 mec  complex. 

All isolates with the SCCmec  II -  kdp (n=10) and SCCmec  II -  kdp  and m ecl  (n=10) 

harbored the integrated plasmid pU B llO  and the second copy of \S431  found in 

SCCmec  II (Table 4.7 and Fig. 4.4). Isolates with multiplex patterns SCCmec  II -  kdp 

and pU BIIO  (n=27) and II -  kdp, m ec l  and pUBIIO/IV (n=7) gave the same size 

amplimer as that obtained from A R 13.1/3330.2 for amplification of the region across 

pUBl 10 (Table 4.4) indicating the absence of pUBl 10 and the second copy of the 

\S43I  sequence.

In conclusion, five novel SCCmec  II variants were identified (Table 4.7; Fig. 4.4). 

All except one SCCmec  II - kdp isolate were found to harbour a novel SCCmec  variant 

HA which has the SCCmec IVb L-C region and the novel class A.4 mec complex (Table 

4.7; Fig. 4.4). The remaining SCCmec II - kdp isolate (AR05) carried the novel SCCmec  

II variant IIB which also had the SCCm ec  IVb L-C region but had the previously 

described class A mec  complex of SCCmec II (Table 4.7; Fig. 4.4). All SCCmec  II -  

kdp  & m ecl  isolates harboured the novel variant SCCmec  IIC, which consists of the 

SCCmec  IVb L-C region and the novel class A .3 mec complex and lacks ORFs between 

Jr\554  and the mec complex (Table 4.7; Fig. 4.4). The SCCmec  II -  kdp  & pUBI 10 

isolates carried the novel SCCmec IID element which had the SCCmec  IVb L-C region, 

the novel class A.4 mec  complex and the integrated plasmid pUBI 10 and associated 

insertion sequence IS431 are absent (Table 4.7; Fig. 4.4). Finally, all SCCmec  II -  kdp, 

mecl & pUB 110 isolates harboured the novel SCCmec  variant HE which consists of the 

SC C m ec  IVb L-C region and the novel class A.3 mec  complex, and lack a ca. 6 kb 

sequence of DNA between Tn554 and the mec complex and pUBI 10 and \S431  (Table 

4.7; Fig. 4.4).
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4.3.3.3.2 Additional novel variants o f  SCCmec IV

All 20 isolates with the AR43 phenotype, which were found to carry SCCmec  IV by 

the simplex method but gave the multiplex pattern SC C m ec  IV - dcs, produced the 

expected size products for a type IVc SCCmec  element when the primers used on 

AR43/3330.1 were used except for amplification of the L-C and 1-R regions (Table 4.4). 

Seventeen of the isolates had the same L-C region as SCCmec  IVc (6.1 kb amplimer) 

but three isolates (AR43/3246, AR43/3402 and AR43/3636.1) gave a 5.6 kb product 

(Table 4.4). Sequencing of this amplimer from one AR43 isolate with the 5.6 kb 

product (AR43/3636.1) confirmed that it contained the SCCmec  IVb L-C region. As 

was identified in AR43/3330.1 (section 4.3.3.2), an amplimer that was larger than 

expected was obtained when the I-R region was amplified in all AR43 isolates (Table 

4.4). This 4.7 kb region from an AR43 isolate with an L-C region similar to SCCmec  

IVb (AR43/3636.1) and was found to be 100% identical to that of AR43/3330.1.

In conclusion, two novel SCCmec  IV variants SCCmec  IVE and SCCmec  IVF were 

identified among isolates with the multiplex pattern SCCmec IV -  dcs and have closest 

similarity to SCCmec  IVc and SCCmec  IVb, respectively, but both have the novel I-R 

region (Table 4.7; Fig. 4.4).

4.3.2 Investigation o f the S C C m ec  elem ents harboured by ST239 isolates with  

unusual multiplex pattern SC C m ec  I -pI258/Tn554

Four isolates with the ST239 genotype exhibited the variant multiplex pattern 

SCCm ec  III -  pI258/Tn554 (Table 4.1). It was therefore decided that the SCCm ec  

element harboured by these isolates should be further investigated. Primers were 

designed to amplify the region between pI258 to Tn55^ (pI28 F, Tn554 R3; Table 4.3; 

Fig. 4.2). These primers amplify a ca. 9.3 kb region of SCCmec  III including partial 

regions of both of pI258 and Tn554 and the region between these two integrated 

elements (Fig. 4.2). Using these primers the region from pI258 to Tn554 was amplified 

from all four of these ST239 isolates and they all yielded a ca. 6.3 kb fragment which is 

3 kb smaller than the amplimer expected for a type III SCCmec  element (expected size 

9.3 kb). This 6.3 kb amplimer was sequenced from one isolate (09/0065) and it was 

found to be similar to the same region of SCCm ec  III but a ca. 3 kb region encoding 

hypothetical proteins that is normally found between pI258 and Tn554  of SCCmec  III 

was absent from the SCCmec element of this isolate (Tables 4.7 & 4.8).
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T A B L E  4.8. Percentage identities between ORFs investigated between pl258 and 

Tn554  of  the novel SCCmec  III variant element IIIC of Irish MRSA isolate AR09/0065

and the conventional SCCmec  III element.

O R F so fS C C m e c IIID Location ORFs of
SCC m ec  111

Location %
nucleotide
homology

%
am ino acid 
homology

Gene product

pI258 (mer)
111X40 (partial merR)* 1-1174

(complement)
CZ048 (merR) 42217-43566

(complement)
99.8% 35% Regulatory protein

1S431
111X58 1454-2128 Z058 43846-44520 100% 100% Putative transposase of IS431

Region betw een IS431 
& Tn554

CZ049 44632-44967
(complement)

Hypothetical protein

CZ050 45340-45642
(complement)

Hypothetical protein

CZ052 46216-46464
(complement)

Hypothetical protein

CZ053 46873-47196
(complement)

Hypothetical protein

Z060 46888-47190 Hypothetical protein
CZ054 47590-47832

(complement)
Hypothetical protein

IIID55 (pseudogene) 2416-2865 CZ055 47760-48248
(complement)

70% 69% Hypothetical protein

IIID56 2882-3409 CZ056 48263-48792
(complement)

99% 98% Hypothetical protein

IIID57 3544-4032 CZ057 48927-49415
(complement)

86% 95% Hypothetical protein

1IID62 3671-3814 Z062 49054-49197 64% 85% Hypothetical protein
I1ID58 4048-4356 CZ058 49431-49739

(complement)
95% 99% Hypothetical protein

IIID59 4395-5267 CZ059 49778-50650
(complement)

97% 95% Hypothetical protein

Tn554
IIID60» 5587-6323 CZ060 51198-51767

(complement)
100% 100% Hypothetical protein

* The forward primer (p l258 F) designed in this present study for am plification and sequencing o f the

variant region o f the SCCm ec  III -  pI258/Tn554 elem ent was within the last ORF (merR)  o f  the mer  

operon so  only part o f merR  was amplified and sequenced. Sim ilarily, the reverse primer (T n554 R3) was 

within the first ORF o f  Tn55-^ so only part o f Tn554 was amplified and sequenced.

"......... " indicates no significant homology



Within this 6.3 kb amplimer part of the integrated plasmid pI258 (part of the merR 

gene) of SCCmec III and the associated insertion sequence \S43I  were identified (Table

4.8). The part of the merR  gene that was sequenced was found to have a nucleotide 

substitution and a base pair deletion that resulted in a premature stop codon when the 

sequence was analysed at the amino acid level. The \S431 sequence flanking pI258 was 

found to have 100% homology to that of SCCm ec  111 (Table 4.8). Of the 12 ORFs 

encoding hypothetical proteins previously identified between pl258 and Tr\554 of 

SCCm ec  111, the first six were absent in the 6.3 kb fragment amplified from isolate 

AR09/0065 (Table 4.8). The six ORFs that were identified between pl258 and ln 5 5 4  of 

SCCm ec  of this isolate showed degrees of homology at the amino acid level ranging 

from 69% to 99% to other ORFs found between pl258 and Tn554  of SCCmec  111 (Table

4.8). A portion of Tn554 was identified adjacent to these six ORFs at the same location 

as it is found in SCCm ec  111 (Table 4.8). The part of Tn554 that was amplified and 

sequenced was found to be 100% homologous to that of SCCmec  111 (Table 4.8). This 

novel variant of SCCmec  111 that was partially sequenced in this present study was 

termed SCCmec IllC (Table 4.7).

The primer binding sites for the primers used in the multiplex SCCm ec  typing 

method that amplify the SCCmec  111 region between pI258 and Tn55^ (R1F4F3, 

R1F4R9; see chapter 3, Table 3.5) are within this 3 kb region of DNA that is absent 

from the SCCmec  IllC element of the four ST239 isolates, thus explaining why these 

four isolates are missing the multiplex amplimer corresponding to the amplification of 

this region.

4.3.3 Investigation of the SCCmec elements harboured by ST250 isolates with the 

unusual multiplex pattern SC C m ec  I -  pis

Nine isolates with the ST250 genotype exhibited the variant multiplex pattern 

SC C m ec  1 -  p is  (Table 4.1). It was therefore decided that the SC C m ec  element 

harboured by these isolates should be further investigated. A primer pair (E023 F2, 

CE017 R2; Table 4.3; Fig. 4.3) was designed to amplify across the part of the L-C 

region of SCCmec  1 where the multiplex primers failed to bind (Fig. 4.3). Using these 

primers the expected size product for a type I SCCmec  element (2.4 kb) was obtained 

for the control Isolate that exhibiting SCCmec  type I by both SCCmec  typing methods 

while the nine SCCmec  I -  pis  failed to yield any amplimers. Subsequently, primer pair 

CEO 15 F/E025F was designed further away from the multiplex primer binding sites of
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S C C m e c  I than E 023 F 2 /C E O I7  R2 in an a t tem pt to am plify  ac ross  this reg ion  (T ab le  

4.3; Fig. 4.3). T h is  p rim er pair also failed to produce any am plim ers  fo r  the S C C m e c  I -  

pi s  iso lates w hile  the control isolate y ie lded  the expected  size am p lim er  o f  4 .5  kb fo r  a 

type I S C C m e c  e lem ent.  A n o th e r  p r im er pair  (C E O IO /C C R A  R3) w as then  d es ig n ed  

fu r ther  aw ay  again  from  the m ultip lex  p r im er b ind ing  sites than e i th e r  o f  the firs t  tw o  

p rim er pairs. T h is  p r im er pair a lso  fa iled  to  y ield  any  am p lim ers  fo r  S C C m e c  I -  p i s  

iso la tes  w h ile  the contro l  iso late  p ro duced  the ex p ec ted  size a m p l im e r  fo r  a type  I 

S C C m e c  e lem en t (10  kb).

As part o f  this p resent study the type I ccr  com plex  had been show n  to be p resent in 

all S C C m e c  1 -  p is  isolates using the s im plex S C C m e c  typing m ethod  (see chap te r  3). In 

all S C C m e c  e lem en t described  to date in M R S A  a con tiguous  region o f  D N A  consis t ing  

o f  both a d irec t repeat (D R -L )(par t  o f  the bacterial ch ro m o so m e)  and an inverted  repeat 

(1R-L)(part o f  SCC m ec) ,  that  show s a high level o f  sequence  h o m o lo g y  be tw een  the 

d iffe ren t S C C m e c  e lem ents ,  has been found  at the left ch rom osom al/SC C m t?c  ju n c tio n  

(Ito  et al.,  1999; M a et  at., 2002 ; Ito et  al.,  2004).  B ased  on this, p r im er  pair IRLI 

F l /C C R A  R3 (T able  4.3; Fig. 4 .3) w as designed  to am plify  from  within the D R -L /IR -L  

region o f  S C C m e c  (Ito et al., 1999; M a et a i ,  2002; Ito et al., 2004) to  the ccr  A gene of 

SC C /nec 1. Surprisingly , all S C C m e c  1 - p i s  isolates failed to yield any am p lim ers  using 

this p r im er pair w hile  the control isolates aga in  gave the expected  size am p l im e r  o f  20  

kb. S u b seq u en tly  the p rim er pair IR L IF 2 /C C R A  R 4  w as des igned  to  am p li fy  f ro m  a 

reg ion  o u ts id e  o f  the left ju n c t io n  o f  S C C m e c  I, co m m o n  to  bo th  S C C m e c  I and  

S C C m e c  II to the ccr  co m p lex  (T ab le  4 .3 ; Fig. 4 .3). A g a in  an a m p l im e r  w as  only  

obtained fo r  the control isolate (20 kb).

T hese  unusual f indings suggested that a lthough the type I ccr  com plex  w as  present in 

S C C m e c  I -  p i s  isolates it m ay not be in the sam e location or d irection o f  the S C C m e c  

e lem e n t  as it is in all o th e r  S C C m e c  e lem ents .  U sing  this in fo rm ation  p r im ers  w ere  

des igned  based  on the type  I ccr  com plex  (C C R A  R3; T ab le  4 .3 ;  Fig. 4 .3 )  and right 

ch rom osom al region o f  S C C m e c  I (plsneg F; T ab le  4 .3 ; Fig. 4 .3 ) in o rder  to  investigate  

if som e sort  o f  rea rran g em en t  even ts  had occu rred  in the S C C m e c  e lem e n t  in these  

S C C m e c  I -  p i s  iso lates resulting  in a change  in the position  and perhaps  d irec tion  o f  

the ccr  com plex .  U sing this p rim er pair an am p lim er  o f  ca. 8 kb w as  ob ta ined  from  the 

S C C m e c  I -  p i s  isolate Phenotype 11/120.1. No am plim ers  were obta ined  from  the o ther 

e igh t  S C C m e c  I -  p i s  iso lates. S everal  a t tem p ts  w ere  m ade  to  s e q u e n c e  the 8 kb 

am p l im e r  f ro m  the P heno type-II  120.1 iso la te  w ith o u t  success .  W h e n  p rim ers  w ere
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designed to sequence the fragment, they bound in more than one place, which resulted 

in mixed sequencing reactions and unreadable data. This may be due to the presence of 

repeat sequences within the 8 kb fragment. In the future, further attempts will be made 

to sequence this region of the SCCmec  element and it may require PCR amplification of 

this region as small over-lapping fragm ents to isolate the repeats. In addition, the 

S C C m e c  elements of all o ther isolates exhibiting SC Cm ec  I -  p i s  may also require 

further investigation.
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4.4 Discussion

In this present study, an extensive m olecular analysis  of the S C C m ec  e lem ents 

harboured by MRSA isolates recovered in Irish hospitals between 1971 and 2004 has 

revealed that at least nine novel variants of the SCCmec  elements I-IV are present in the 

chrom osome of almost half of the isolates investigated (Table 4.7).

All isolates identified in this study with the STS genotype were found to harbour 

previously undescribed variants of SCCmec  II (IIA -IIE) or SCCmec IV (IVE and IVF). 

It has been proposed that because both SC Cm ec  I and IV have a mec  com plex with 

I SJ272  inserted at the same junction  point, recom bination  has occurred betw een 

S C C m e c  I and other sequences to generate SCCmec  type IV (M a et a i ,  2002). The 

novel STS SCCmec  variants identified in the present study resemble rearrangements of 

S C C m e c  II and SC C m ec  IV. S C C m e c  variants IIA-IIE have an L-C region that is 

almost identical to that of SCCmec  IVb, but the rest o f each element has closest identity 

with SCCm ec  II including a very similar genomic structure (Fig. 4.4). In addition, the 

SC Cmec  variants IIA, IIC, IID and HE have a mec  complex with I S / /S 2  inserted at the 

same junction point (Figs. 4.4, 4.5 & 4.6).

S CCm ec  IIA-IIE appear to be closely related. SCCmec  IIB was found in an isolate 

recovered in 1989 (AR05, Table 4.7) making it the earliest SCCmec  II variant identified 

in the present study. It harbours the original SC Cmec  II class A mec  com plex but its 

similarity to SCCmec  IVb in the L-C region make its provenance unclear (Fig. 4.4). It is 

unlikely that any of the SCCmec  elements among the earlier isolates investigated in the 

present study are its precursor and further study is required to identify a possible 

ancestor. H ow ever, it is likely that SCCmec  IIB derived from its putative ancestor 

fo llow ing  loss of part of T n 5 5 ^  because S C C m e c  IIB retains ~40 bp o f  T n 5 5 ^ .  

Acquisition of I S / /S 2  in the mec  complex of this putative ancestor may have given rise 

to the novel variants of class A mec, A .3 and A.4 seen in SCCmec  IIC (A R14 isolates) 

and HE (AR13 & A R M  isolates) and SCCmec  IIA (AR13 & AR14 isolates) and IID 

(A R I3 ,  A R M , NewOl & New03 isolates), respectively  (Figs. 4.4. & 4.5). Since 

SCCmec  IIC and IIA were present in isolates in 1993 and SCCmec  HE and IID were not 

found in isolates until 1998 (Table 4.7), it is likely that the latter derived from  the 

form er following loss of pUB 110 (Fig. 4.4).
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The identification of the two novel mec complexes A.3 and A.4 in the novel variant 

SCCmec  elements IIA, IIC, IID and HE was a surprising and significant finding as only 

four classes of the mec  complex have been described to date in MRSA isolates from 

around the world (Katayama et al., 2001; Lim et al., 2003; Ito et a l ,  2004) (Fig. 4.5). 

Both class A.3 and A.4 mec harbour IS //S 2  either adjacent to or within mec! and have 

deletions within mec\ (Fig. 4.5). Mutations and deletions in mecI are common in clinical 

MRSA isolates, sometimes in association with insertion sequences because the 

expression of methicillin-resistance in S. aureus requires that the mecA repressor gene 

meci  is inactivated (Katayama et al., 2001). The class B and class C mec  complexes 

previously described in MRSA, have meci  and part of mecRI  deleted and insertions of 

IS7272 or \S431 flanking the truncated end of mecRl  (Katayama et al., 2001; Fig. 4.4).

The insertion sequence element IS //S 2  has been identified previously in S. aureus 

flanking the staphylococcal composite transposon T n 5 ^ 0 5  which encodes an 

aminogylcoside resistance determinant (Debrise et al., 1996). The present study is the 

first to report the presence of \SI 182 within a mec complex in MRSA. A 16 bp deletion 

in meci  gene has occurred with no flanking target site duplications immediately 

adjacent to the insertion site of ISI I82  at the 3' end of meci  in the class A.4 mec  

complex. Insertion sequences capable of promoting various types of genome 

rearrangements, including deletions, have been reported previously (Mahillion et al., 

1999).

Other workers have reported possible rearrangements in the L-C regions of other 

SCCmec elements. Based on a multiplex SCCmec typing method, Wielders et al. (2003) 

reported a type I SCCmec element carrying the kdp region (normally part of L-C region 

of SCCmec  II only) and also an SCCmec  IV element with pis  (normally part of L-C 

region of SCCmec I only). Various different SCCmec IV elements have been described 

with diverse L-C regions (Ito et al., 2003; Ma et al., 2002). The integrated plasmid 

pUBI 10 normally found in SCCmec  II encodes resistance to kanamycin, tobramycin 

and bleomycin (Ito et al., 1999). In the present study all isolates with SCCmec  IID and 

HE were resistant to kanamycin and tobramycin (Rossney & Keane, 2002a; Rossney et 

al.,  2003; Rossney et al., 2004), although they lacked pU B IlO  in their SCCmec 

elements, indicating that resistance determinants for these aminoglycosides were 

present elsewhere on the chromosome and pUBl 10 may have been lost because it no 

longer benefited the host cell. Similarly Tn55^ , which encodes resistance to 

erythromycin and spectinomycin, may have been lost from a putative ancestor resulting
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in SCCmec  IIB because it was no longer beneficial for tiie bacterial cell to retain them, 

as resistance genes for these antimicrobials were also present elsewhere on the 

chromosome. Loss or gain of plasmids and transposons such as pUBI 10 and Tn55^ in 

SCCmec  has been documented previously; SCCmec  lA is believed to have evolved 

from SCCmec  I by acquisition of pU B llO  or vice versa (Oliveira et a i ,  2001c), 

S C C m ec  IIIA is thought to have evolved from SCCmec  following loss of various 

transposons and plasmids including Tn554, SCCmec IVA as described by Oliveira and 

de Lencastre (2002a) harbours pU BllO , Wielders et al. (2003) described p UBl l O 

associated with SCCmec III and SCCmec IV and Tn55“̂  associated with SCCmec  IV, 

Shulka et al. (2004) reported both a type II SCCmec element missing pUBI  10 and a 

type II SCCmec element missing meci and pUB 110.

S C C m e c  IIA-IIE (40-27 kb) are smaller than previously reported SCCmec  II 

elements (57 kb) (Ito et al., 1999) and SCCmec HE with a size of 27 kb is more similar 

in size to SCCmec  IV (20-25 kb) or SCCmec  V (28 kb) (Ma et al., 2002; Ito et al., 

2004; Fig. 4.4). It has been suggested that due to their relatively small size, SCCmec IV 

and SCCmec  V are highly competitive mobile genetic elements that are more readily 

transferred between staphylococci than the larger SCCmec  elements and once acquired 

by the host do not compromise its fitness (Ma et a l ,  2002; Ito et al., 2004). This could 

also be true for the SCCmec II variants described in this present study where the smaller 

size resulted from loss of regions that are not required for maintenance of methicillin 

resistance or precise excision and integration of SCCmec.

Like SCCmec  IIA-IIE, the origin of the two ST8-MRSA-IV variants IVE and IVF 

(AR43 isolates) identified in this present study is unclear. SCCmec  IVE is almost 

identical to SCCmec IVc except in the region downstream of the mec complex (Fig. 4.4) 

suggesting that SCCmec IVE may have arisen by recombination between an SCCmec 

IVc element and another SCCmec  sequence that was the source of the unusual 

downstream region. The variant element SCCmec  IVF has the same L-C region as the 

STS SCCmec  II variants but the rest of the element was similar to SCCmec IVE (Fig. 

4.4). SCCmec  IVF may have evolved from genetic recombination between a type II 

SCCmec  variant and SCCmec IVE which donated the rest of the element including the 

unusual downstream region. Alternatively, SCCmec  IVF may have evolved from 

recombination between SCCmec IVb and SCCmec  IVE. Recombination events in the 

dcs  region appear to be common because other researchers have also reported the 

absence of dcs  amplimers following multiplex PCR of SCCmec  elements in various
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g en e t i c  b a c k g r o u n d s  (STS and S T 3 0 )  (Air es  de So u sa  et  al.,  2 0 0 3 a ;  R o b i n s o n  & 

Enright ,  2003).  In addi t ion,  the dcs  am pl im er  has been reported in S C C m e c  III a l though 

it does  not  usual ly carry the dcs  sequence (Aires  de Sousa  et al.,  2003 b;  Wie lder s  et  al.,  

2003).  T h e  dcs  region is also absent  in the previously  described S C C m e c  IV var iant  IVc 

(Ito e t  al.,  2003).

R o b in so n  and Enr ight  (2003)  cons t ru c ted  evolut ionary  m o d e l s  based  on S C C m e c  

t y p in g  an d  the  par tial  s e q u e n ces  o f  15 gene s  in o rd e r  to  pr ed ic t  the  ev o lu t io n a ry  

p a t h w a y s  o f  d ec e n t  o f  m an y  M R S A  l ineages .  W i th in  CCS ,  STS isola tes  wi th  the  

mul t ip lex  pat tern S C C m e c  II -  kdp,  S C C m e c  II -  kdp,  m e c i  &  p U B l  lO/IV (n=3)  and 

S C C m e c  IV -  d cs  (n=3)  we re  ident ified,  and because  the s t ructures  o f  these  S C C m e c  

e l em e n ts  we re  u n k n o w n  at that  t ime,  R ob inson  and Enr ig ht  (2003)  we re  unab le  the 

e lu c id a te  the  ev o lu t io n a ry  p a th w ay s  lead ing to thes e  M R S A  clones .  H o w e v e r ,  the 

presen t  s tudy has  clar if ied the genom ic  s tructures  o f  the S C C m e c  e l em en ts  o f  i solates  

wi th  these  m ul t ip lex  pat terns  and this has a l low ed  us to predic t  at leas t  par t  o f  the 

possib le  evolut ionary  pathways  leading to these  S C C m e c  variants wi thin the STS clone.

T h e  novel  S C C m e c  III variant  S C C m e c  I IIC was  also ident ified in the  present  s tudy 

(Ta ble  4.7).  T w o  var iants o f  S C C m e c  III have  been descr ibed prev ious ly  (Ol ivei ra  et  

al .,  2001 ;  see  sec tion 1.2.3.5). S ince the  type 111 S C C m e c  e l em ent  has  been ident if ied 

f rom  ear l ier  M R S A  isolates  (1 982)  ( M L S T  database  & Ol ivei ra  et  al.,  2 0 0 1 c )  than 

e i the r  S C C m e c  IIIA (1993)  (Ol iveira et  al.,  2001c) ,  S C C m e c  IIIB (199 3)  (Ol ivei ra  et  

al. ,  20 01c)  or  SC C m ec  IIIC (19S5) (this s tudy),  it is possible to specula te  that  S C C m e c  

III is the ances tral  S C C m ec  type f rom which the variants arose fo l lowing  loss o f  regions  

that  w e re  no longe r  required for  survival  of  the hos t  or  S C C m ec .  T h e  S C C m e c  IIIA 

e l em e n t  (Ol ivei ra  et al.,  2001c)  may have arose  f rom  SC C m ec  III fo l low ing  loss o f  the 

in tegra ted  plasmid  p T l S l  and its associa ted  insert ion sequence I S 4 J / .  It is l ikely that  

the  S C C m e c  I IIC e lem e n t  desc r ibed in this present  s tudy ev o lved  f r o m  S C C m e c  III 

fo l low ing  partial loss o f  a region of  unknow n  func t ion located be tween the m er  operon 

and  T n 5 5 ^  in S C C m e c  III, because  S C C m e c  I IIC re ta ins  both  partial  and co m p le t e  

O R F s  o f  th is  reg ion fo und  in S C C m e c  III (Ta ble  4.8).  T h e  S C C m e c  IIIB e lem e n t  

(Ol ive i ra  et al.,  2001c)  may have evolved  f r o m  ei ther  S C C m e c  III or  IIIC by loss of  

T n 5 5 ^ ,  p T l S l ,  the m er  operon,  inc luding the  region be tween m e r  and T n 5 5 “̂  and all 

associa ted  insert ion sequence elements.

Due  to the  p ro b lem s  encountered dur ing ampl i f ica t ion and sequencing ,  the var ia tion  

o b s e r v e d  in the  S C C m e c  e l e m e n ts  o f  n ine  i solates wi th  the  S T 2 5 0  g e n o t y p e  and
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SCCmec  I -  pi s  multiplex pattern still remains unclear. However, it is interesting to note 

that the p is  gene which appears to be absent in these isolates is located within the L-C 

region o f  SCCmec,  which is not thought to be an important part o f  SCCmec.  Based on 

preliminary results it appears that extensive rearrangements may have occurred in the 

S C C m ec  elements o f  these isolates. Further work is underway to characterise these 

novel variants o f  SCCmec I.

In recent years, based on the multiplex SC Cmec  typing method, other researchers 

have also reported additional novel variants of SCCmec  III that differ from the SCCmec  

III variant (IIIC) described in the present study. In 2003, Aires de Sousa & de Lencastre 

described a type III S C C m e c  element with the dcs  amplimer (normally found in 

SCCmec  I, II & IV), Robinson and Enirght described a SCCmec  element with SCCmec  

III c c r - m e c  genes but with the S C C m e c  II multiplex pattern and Wielders et al. 

described a type III SCCmec  element with the pis ,  pUBI 10 and dcs  amplimers not 

usually found in S C C m ec  III. In 2004, Shukla et al. (2004b) described a multiplex 

pattern consisting of the dcs  (normally found in SCCmec  I, II & IV) and pI258/Tn554  

(normally found in SCCmec  III only) amplimers only, which does not correspond to the 

multiplex pattern of any previously described SCCmec  element.

The present study has shown that PCR amplification and sequencing of SCCm ec  

elements was necessary for the complete characterisation of the SCCmec  elements 

harboured by isolates with ambiguous multiplex patterns. Such detailed investigations 

are unsuitable for routine typing purposes. Furthermore, if SCCmec  is to be used for 

routine epidemiological typing, some method of standardising nomenclature for the 

plethora of new and variant SCCmec  types is needed. However it is clear from this and 

other studies that SCCmec  elements can evolve rapidly and that simple PCR based 

methods for characterising S CCm ec  elements may need to be updated regularly to 

include important new variants.
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Chapter 5

Prevalence of Serotype F Converting Phages Among 

Irish Nosocomial MRSA Isolates
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5.1 Introduction

5.1.1 Serotype F phage of 5. aureus

The ability of S. aureus  to cause a range of infections is due in part to its ability to 

express a vast array of both cell surface-associated and secreted virulence factors. Some 

of these virulence factors are encoded by accessory genetic elements such as plasmids, 

t ransposons, pathogenicity  islands and lysogenic bacteriophage. T he  m ajority  of 

nosocomial S. aureus  isolates, including MRSA, have previously been found to harbour 

serotype F phage which can simultaneously inactivate the chrom osom ally-located 13- 

toxin gene {hlb) and introduce a novel gene encoding staphylokinase {sak) production, 

and sometimes in addition another novel gene, entA, encoding enterotoxin A production 

(W inkler et al., 1965, Betley & Mekalanos, 1985, Coleman et al., 1986, 1989 & 1991).

Beta haemolysin or |3-toxin is a m em brane-dam aging toxin produced by S. aureus  

that degrades  sph ingom yelin  in the outer phospholip id  layer of the ery throcyte  

m em brane (Mollby, 1978). Beta-toxin is rarely produced by clinical S. aureus  isolates 

due to the carriage of lysogenic prophage that insertionally inactivate the (3-toxin 

structural gene hlb during lysogenic conversion (Coleman et al., 1986, 1989 & 1991). 

The hlb  structural gene contains the bacterial attachm ent site, attB,  fo r serotype F 

converting phages. Serotype F phages inactivate the (3-toxin gene upon lysogenisation 

by site- and orientation-specific integration via the phage and bacterial attachment sites 

at tP  and attB,  respectively, but they also encode the staphylokinase structural gene 

(C olem an et a l ,  1989). Some serotype A phage cause loss of (3-toxin activity alone 

(single-converting phage) upon lysogenisation (Coleman et a i ,  1986).

S taphylokinase  is an exoprotein  produced by certain strains o f  S. aureus  that 

ac tiva te s  host p lasm inogen , which results in degrada tion  o f  fibrin  (fibrinolyis) 

(Lahteenmaki et a i ,  2001). This protein is an important factor in the pathogenesis of S. 

aureus, as fibrinolysis is thought to aid in the dissemination of the pathogen by breaking 

down fibrin barriers surrounding the site of infection. Recently, staphylokinase has also 

been implicated in the neutralisation of defensins, which are peptides with antimicrobial 

activity produced by polymorphonuclear cells during the early innate immune response 

(Jin et a i ,  2004). The genetic determinant for staphylokinase, sak, has been found to be 

carried by lysogenic phages (Kondo & Fujise, 1977; Kondo et a i ,  1981; Coleman et a i ,  

1989). Some serotype B phage can give rise to a single conversion event fo llowing 

lysogenisation resulting in the acquisition of sak  (K ondo & Fujise, 1977). Double
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conversion of (3-toxin (negative conversion) and staphylokinase (positive conversion) 

has been best characterised in the serotype F phage (j)13 (Colem an et al., 1989). In 

addition some serotype F phages can also encode the enterotoxin A structural gene 

entA, with lysogeny resulting in a triple conversion event (Betley & M ekalanos, 1985; 

Coleman et al., 1989).

Enterotoxin A belongs to a large group of toxins known as superantigens (Betley et 

al., 1990; Marrack & Kappler, 1990; Huber & Palmer, 1993). These toxins bind to class 

11 m ajor h istocom patibility  com plex m olecules on an tigen-presenting  cells and to 

specific variable regions of the T-cell antigen receptor (M cCorm ick et al., 2001). As a 

result o f  this, T  cells are activated at orders of magnitude above antigen-specific  

activation, causing massive release of cytokines that is believed to be responsible for the 

most severe features of Toxic Shock Syndrome (TSS). Enterotoxin A can also cause 

staphylococcal food poisoning (Dinges et al., 2000). The genetic  de te rm inan t for 

en te ro toxin  A, entA has also been found to be carried by sero type  F lysogenic  

converting phages, the best characterised of which is (j)42 (Coleman et al., 1989).

5.1.2 Aims

Serotype F phage are commonly found in nosocomial M RSA isolates. The aim of 

this part o f  the present study was to investigate the prevalence of double- and trip le

converting  serotype F phage, that encode the important S. aureus  v irulence factors 

enterotoxin A and staphylokinase, among M RSA isolates representative o f  the most 

predom inant M RSA phenotypes and clonal types recovered in Irish hospitals between 

1971 and 2002. The presence of double and triple-converting serotype F phage was 

identified by phenotypic detection of (3-toxin, Sak and EntA production. Using these 

phenotypic protein assays a novel phenotype was identified in two M RSA isolates and 

in order to further investigate this novel phenotype, southern hybridisation and PCR 

analysis o f  the entA, sak and hlb structural genes of these isolates was performed.
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5.2 Materials and Methods

5.2.1 Staphylococcus aureus isolates and strains

5.2.1.1 MRS A isolates

A total of 110 MRSA isolates were investigated in this part of the present study. All 

isolates recovered in 1999 were investigated because initially these were the only 

isolates available (Table 5.1; study period G). When other isolates became available for 

use in the present study, a single representative of each of the predominant phenotypes 

of MRSA recovered from patients in Irish hospitals during seven other study periods 

(A-F and H) between 1971 and 2002 were investigated (Table 5.1). The only exception 

was study period B (1976-1984), where Phenotype-1 and Phenotype-Il isolates 

predominated but only Phenotype-II isolates were available for use in the present study. 

These 110 isolates also included isolates recovered between 1989 and 2002 (study 

periods D-H respectively; Table 5.1) to which no AR type could be assigned because of 

the unusual AR or PFGE patterns they produced (ARNT, NewOl, New02 & New03) 

and an isolate from 2002 (study period H) with a relatively newly identified AR type, 

AR44 (Table 5.1). Where more than one clonal type (i.e. MLST/SCCm^c type) was 

identified within a given phenotype (see Chapters 3 & 4 for full details for clonal types 

identified within each phenotype), an isolate representative of each clonal type within 

that phenotype was also investigated (Table 5.1).

5.2.1.2 Staphylococcus aureus control strains

The S. aureus strain 80CR3 is a phage-free |3-toxin producing strain (Stobberingh & 

Winkler, 1977) that was used as a positive control in the extracellular protein assay to 

detect |3-toxin and as a negative control in the extracellular protein assays to detect 

staphylokinase and enterotoxin A production.

Lysogenic derivatives of 80CR3 (such as 13CR3L) harbouring the double converting 

phage (t)13, lose the ability to express (3-toxin (negative conversion) by insertional 

inactivation of the chromosomal (3-toxin gene hlb during lysogenisation and gain the 

ability to express the (j)13 encoded staphylokinase gene sak (positive conversion) 

(Coleman et al., 1989). The S. aureus phage (j)13 was originally isolated from S. aureus 

strain NTCC8325 and then propagated on S. aureus strain 80CR3 yielding the lysogenic 

derivative 13CR3L (Norvick, 1967; Coleman et al., 1986). The S. aureus lysogen
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TABLE 5.1. Clinical MRS A isolates that were investigated for the carriage of 

serotype F phage*

Study period Phenotype Isolate no. C lonal type*
A: 1971-75 Early MRSA 1612 ST250-MRSA-1

B:1976-'84 Phenotype-11 43.2 ST250-MRSA-I
Phenotype-11 161.1 ST250-MRSA-I -p is

C;1985-‘87 Phenotype-111 84 ST239-MRSA-IIIC

D :I989 AROl 0.1239 ST239-MRSA-I11
D :I989 AR02 0.1206 ST250-MRSA-1 - p/s
D:I989 AR03 0.1345 ST8-MRSA-IIB
D:I989 AR06 0.1264 ST22-MRSA-IV
D:1989 AR07.4 0.1342 ST5-MRSA-11
D:1989 AR09 0.0064 ST239-MRSA-111C
D:1989 AR09 0.0065 ST239-MSSA
D:I989 ARNT 0.1336 ST30-MRSA-1V

E:1993 ARNT 0113 ST34-MSSA
E:1993 AR06 0251 ST22-MRSA-IV
E:1993 AR07.4 0159 ST5-MRSA-II
E:1993 ARl 1 0220 ST5-MRSA-11
E:1993 ARNT 0242 ST30-MRSA-1V
E;I993 ARI3 0132 ST8-MRSA-11A
E:I993 A RI4 0078 ST8-MRSA-11A
E:I993 A RI4 0246 ST8-MRSA-IIC
E:1993 ARI5 0104 ST239-MRSA-111
E:1993 AR22 0308 ST247-MRSA-1A
E:1993 AR23 0073 ST239-MRSA-111

F:I998 AR06 2170 ST22-MRSA-IV
F:1998 AR07 2189 ST36-MRSA-11
F:1998 AR07.3 2160 ST5-MRSA-11
F:1998 AR13 2141 ST8-MRSA-11A
F:1998 AR13 2179 ST8-MRSA-11D
F:I998 AR14 2027 ST8-MRSA-1IC
F;I998 AR14 2175 ST8-MRSA-11E

G:1999 NewOl 3144 ST8-MRSA-11D
G:1999 New02 3581 ST247-MRSA-1A
G:1999 New03 3442 ST8-MRSA-11D
0:1999 AR06 3362 ST22-MRSA-IV
G:1999 AR06 3363 ST22-MRSA-IV
G:1999 AR06 3143 ST22-MRSA-1V
0:1999 AR06 3416 ST22-MRSA-1V
0:1999 AR06 3637 ST22-MRSA-1V
0:1999 AR06 3190 ST22-MRSA-1V
0:1999 AR06 3222 ST22-MRSA-1V
0:1999 AR06 3147 ST22-MRSA-1V
0:1999 AR06 3430 ST22-MRSA-1V
0:1999 AR06 3591 ST22-MRSA-1V
0:1999 AR07 3384 ST36-MRSA-11
0:1999 AR07 3558 ST36-MRSA-11
0:1999 AR07 3594 ST36-MRSA-11
0:1999 AR07 3142 ST36-MRSA-11
0:1999 AR07 3366 ST36-MRSA-11
0:1999 AR07 3228 ST36-MRSA-11
0:1999 AR07 3139 ST36-MRSA-1I
0:1999 AR07 3572 ST36-MRSA-I1
0:1999 AR07 3604 ST36-MRSA-1I
0:1999 AR07.4 3188 ST5-MRSA-I1
0:1999 AR07.4 3033 ST5-MRSA-I1
0:1999 AR13 3137 ST8-MRSA-IID
0:1999 AR13 3008 ST8-MRSA-IID
0:1999 AR13 3053 ST8-MRSA-I1D
0:1999 A R B 3114 ST8-MRSA-11D
0:1999 A R B 3698 ST8-MRSA-I1A
0:1999 A R B 3635.2 ST8-MRSA-1ID
0:1999 A R B 3243.2 ST8-MRSA-11D
0:1999 ARI3 3596 ST8-MRSA-I1D

co n tin u e d  o v e r le a f



13CR3L was used as a positive control in the staphylokinase assay and as a negative 

control in the (3-toxin and enterotoxin A assays.

Lysogenic derivatives of 80CR3 (such as 42CR3L) harbouring the triple converting 

phage ^42, also lose the ability to express (3-toxin (negative conversion) by insertional 

inactivation of the chromosomal (3-toxin gene hlh during lysogenisation and gain the 

ability to express the 4>42 encoded staphylokinase (sak) and enterotoxin A (entA) genes 

(positive conversion) (Coleman et al., 1989). The S. aureus phage ^42  was originally 

isolated from S. aureus strain PS42D and then propagated on S. aureus strain 80CR3 

yielding the lysogenic derivative 42CR3L (Colem an et al., 1989). The S. aureus 

lysogen 42CR3L was used as a positive control in the enterotoxin A assay and as a 

negative control in the (3-toxin assay.

5.2.2 Extracellular protein assays

5.2.2./ Plate assay for fi-toxin

Sheep Blood Agar (SBA) was used to test S. aureus isolates and control strains for 

production of (3-toxin. Sheep blood agar consisted of TSA plates supplemented with 2% 

(v/v) fresh, packed, sheep erythrocytes which had been washed in Tris buffered Saline 

(TBS), (0.14 M NaCI, 20 mM Tris-HCl, pH 7.2) containing 10 mM MgClj (Mollby, 

1983). All S. aureus isolates and reference strains were streaked on SBA plates and a 

zone of clearing caused by partial lysis of the red blood cells around culture growth 

following incubation at 37°C for 18 h, indicated the production of (3-toxin. This zone 

was enhanced in (3-toxin positive isolates only when plates are stored at 4°C for 1 h. 

This was due to the “hot-cold” lysis action of (3-toxin on red blood cells with a high 

sphingomyelin content, such as sheep erythrocytes. The (3-toxin positive, phage free S. 

aureus  strain 80CR3 (Stobberingh and Winkler, 1977) and the lysogen 13CR3L, a 

lysogenic derivative of 80CR3 harbouring the double-converting phage (j)l3 (Coleman 

et al., 1989), were used as the positive and negative control, respectively for this assay 

(see section 5.2.1.2).

5.2.2.2 Plate assay for staphylokinase

Staphylokinase (Sak) is a plasminogen activator that is produced by certain 5. 

aureus isolates. This extracellular protein can transform inactive host plasminogen to 

active plasmin resulting in fibrinolysis (Arvidson, 1983). Sak agar, in which canine
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plasminogen is activated by staphylokinase resulting in degradation of fibrinogen, was 

used to test S. aureus isolates and strains for production of staphylokinase. Sak agar was 

prepared by dissolving 500 mg of fibrinogen (Sigma-Aldrich) slowly in 50 ml of sterile 

double strength nutrient broth (Oxoid). This was then heated to 55°C for 5 min prior to 

the addition of 50 ml of molten, sterile Difco TSA agar (3% w/v) (Difco, Becton 

Dickinson, Microbiology Systems, Sparks, MD, USA). The agar and broth were gently 

mixed by inversion and cooled to 40°C, followed by the addition of 500 |xl of dog 

serum. The solution was gently mixed to avoid formation of bubbles and was poured 

into 90 mm diameter petri dishes and allowed to solidify. Sak agar plates without added 

dog serum were also prepared to distinguish staphylokinase activity from protease 

activity. Staphylococcus aureus isolates and control strains were streaked onto this 

freshly prepared turbid Sak agar, with and without dog serum, and incubated at 'il°C  for 

18 h. On Sak agar containing dog serum a clear zone around the area of culture growth 

was seen around each isolate that produces staphylokinase, but this clear zone was 

absent around these same isolates on Sak agar without added dog serum. The phage 

free, staphylokinase negative, S. aureus strain 80CR3 (Stobberingh and Winkler, 1977) 

was used a negative control and its lysogenic derivative 13CR3L harbouring the double

converting phage (})13 (Coleman et a i ,  1989) was used as a positive control for this 

assay (see section 5.2.1.2).

5.2.2.3 Detection o f  enterotoxin A production

Enterotoxin A (EntA) production by S. aureus isolates and control strains was 

detected by Reverse Passive Latex Agglutination (RPLA) using a kit purchased from 

Oxoid. This kit contains latex-bound antibodies specific to each of the staphylococcal 

enterotoxins A, B, C and D. In the presence of the corresponding enterotoxin 

agglutination of these latex particles occurs. A control reagent that consists of non- 

immune rabbit globulins was provided with the kit. The test was performed in V-well 

microtitre plates. Staphylococcus aureus cells were grown at 37°C for 12-16 h in TSB 

liquid medium and centrifuged at 900 x g for 20 min. Dilutions of the culture filtrate 

were made in the wells of the microtitre plate and the latex suspension of enterotoxin A 

was added to each well and the contents mixed. Agglutination occurred if staphylococcal 

enterotoxin A was present, resulting in the formation of a lattice structure that forms a 

diffuse layer on the base of the well. If staphylococcal enterotoxin A was absent no such
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♦ 42 H H JLJ
entA sak

FIGURE 5.1. EcoRI and HindlW cleavage site maps of the entA-, soA-containing 

DNA regions of the triple converting phage 4> 42 and the sak -containing DNA region 

of the double-converting phage (j) 13 (Coleman etal., 1989).

Arrows indicate the direction of the open reading frame corresponding to entA and 

sak.

Restriction endonuclease cleavage sites are as follows; H, Hindlll; E, EcoRi.
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FIGLfRE 5^- Restriction map of the 2.2 kb HindlW A/Z?-encoding fragment of plasmid 

pDC007 and the two HindWl fragments generated at the S. aureus chromosomal/ 

bacteriophage DNA junctions following lysogenisation with <|>13

A: Restriction map of the 2.2 kb HindlU hlb-encoding fragment of plasmid pDC007, 

cloned from S. aureus strain CN6708 (Coleman et al., 1986,1989 & 1991) and used as a 

probe to detect the hlb gene in S. aureus strains and isolates in this present study. The 

arrow indicates the position and direction of the open reading frame corresponding to hlb. 

In unlysogenised S. aureus strains this gene is intact and the HindlU fragment containing 

the hlb gene is 2.2 kb. The attachment site (attB) of the phage is located at the 5' end of the 

hlb gene.

B: Restriction map of the two Hirullll fragments generated at the S. aureus chromosomal/ 

bacteriophage DNA junctions following lysogenisation with <(>13 (Coleman et al., 1991). 

The chromosomally located 2.2 kb ^/^-containing HiruRW fragment (Panel A) has been 

split in two by the integration of <|>13 DNA with the <t>13 linear genome separating the two 

disrupted hlb portions. Arrows indicate the HindlW fragments detected in lysogenised 

strains when hybridised with the 2.2 kb HindWl /t/^-encoding fragment of plasmid 

pIX](X)7. The blue portion of the figure indicates the HiruRll /i/Z»-encoding fragment from 

bacterial DNA and the yellow portion of the figure indicates the bacteriophage DNA that 

disrupts the hlb gene and splits it in two. The linear (|>13 genome separating the two 

composite HindlW junction fragments is represented by a broken black line.

Restriction endonuclease cleavage sites are as follows; H, //imflll; D, DdeV, B, BamHl ;E, 

EcoRX.



hlb  gene sequence (Fig. 5.2). The smaller of the two bands contains only a short 

sequence homologous with the probe (Fig. 5.2) and therefore produces a weaker 

hybridisation signal.

5.2.4 PCR detection of sak and ent A  genes

T h e  entA and sak structural genes were detected using PCR with Tag  DNA 

polymerase (Promega) as described in section 2.4.2. and the oligonucleotide primers 

shown in Table 5.2 and Fig. 5.3. For all the primers described, reactions were carried 

out with 30 cycles of denaturation for 1 min at 94°C, primer annealing for 1 min at 55°C 

and extension for 1 min at 72°C, followed by a final incubation at 72°C for 10 min. 

Following PCR amplification 5 pil of each reaction product was electrophorsed on 1% 

(w/v) agarose gels as described in section 2.3.2.

5.3.5 Cloning of the sak  gene

Purified PCR products were cloned into pBluescript II KS(-) phagemid and 

sequenced. Ligations of PCR products to pBluescript were facilitated by the presence of 

appropriate restriction endonuclease cleavage sites within the primers as indicated in 

Table 5.2. Ligation reactions were carried out as described in section 2.4.3. 

Transformation of competent E. coli D H 5a prepared using CaCL and identification of 

recombinants using blue-white selection was performed as described in section 2.4.4. 

DNA sequencing was performed on a commercial basis by Lark as described in section

2.5 and analysis of chromatograms and sequences were carried out also as described 

previously in section 2.5.
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FIGURE S 3 . Map of the 2.2 kb sak encoding Hindlll/EcoRl DNA region and 2.85 kb 

Hindlll DNA region of <j)13 (Coleman et al., 1989). The lighter colour box represents 

the sak gene and the darker rectangle represents the HindlWEcoRl 50^-encoding 

fragment. Arrowheads indicate the positions of primer sequences used in this study 

(see also table 5.2). The broken arrow indicates the direction of the sak open reading 

frame.

Restriction endonuclease cleavage sites are as follows; H, Hindlll; E, EcoRl.



5.3 Results

5.3.1 P'toxin (Hlb), staphylokinase (Sak) and enterotoxin A (EntA) production by 

Irish MRSA isolates

A total of 110 MRSA isolates representative of the most predominant phenotypes 

and clonal types of MRSA recovered from patients in Irish hospitals between 1971 and 

2002 (see section 5.2.1.1) were investigated for production of Hlb, Sak and EntA (Table 

5.3). The vast majority of isolates, 106/110 (96%), did not produce (3-toxin (Table 5.3). 

Forty-seven isolates (43%) were negative for both Hlb and EntA production but were 

positive for Sak production (Table 5.3). This Hlb Sak" ,̂ EntA phenotype is considered 

to be indicative of the presence of lysogenic double-converting serotype F phage 

(Coleman et al., 1989; Dempsey, 1996). Fifty-six isolates (51%) were negative for Hlb 

production but were positive for the production of both Sak and EntA (Table 5.3). This 

Hlb Sak^, EntA^ phenotype is considered to be indicative of the presence of lysogenic 

triple-converting serotype F phage.

One isolate from study period G (1999; Table 5.3) was negative for the production of 

Hlb, Sak and EntA, a phenotype that is known to be generated by Hlb converting 

serotype A phage. Two isolates from 1999 were found to be negative for Hlb and Sak 

production but positive for the production of EntA (Table 5.3). This Hlb Sak , EntA^ 

phenotype has not previously been reported among clinical MRSA isolates.

5.3.2 Molecular investigation into the Hlb', Sak', Ent Â  phenotype expressed by 

two Irish nosocomial MRSA isolates

In the present study two MRSA isolates, A R 14/3685 (clonal type ST8-MRSA-11C) 

and AR 14/3448 (clonal type ST8-MRSA-11E) from study period G (1999) exhibited the 

Hlb Sak , EntA^ phenotype (Table 5.3). In order to further investigate this novel 

phenotype, southern hybridisation and PCR analysis of the entA, sak and hlb structural 

genes of these isolates was performed.

5.3.2.1 Southern hybridisation analysis o f  the entA. hlb. and sak structural genes

5.3.2.1.1 The entA structural gene

//mJIll-digested chromosomal DNA from the two MRSA isolates with the Hlb , Sak 

, EntA"^ phenotype produced a hybridisation signal at 2.5 kb, when probed with the 

HindlU  enM-encoding probe (Fig. 5.4, panel A). This is the expected band of homology
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TABLE 5.3. ^-toxin (Hlb), staphyiokinase (Sak) and enterotoxin A (EntA) 

production by Irish nosocomial MRS A isolates recovered between 1971 and 2002.

Study
period

Phenotype Isolate
number

Clonal type' Hlb- Sak' EntA'

A :1971-‘75 Early MRSA 1612 ST250-MRSA-I - + -

B :l976-‘84 Phenotype-II 43.2 ST250-MRSA-I . + -

161.1 ST250-MRSA-I - pis - +

C: 1985-87 Phenotype-Ill 84 ST239-MRSA-IIIC - + +

D:1989 AROl 0.1239 ST239-MRSA-III _ + +
D:1989 AR02 0.1206 ST250-MRSA-I - p h - + -
D:1989 AR05 0.1345 ST8-MRSA-IIB - + +
D:1989 AR06 0.1264 ST22-MRSA-1V - + +
D:1989 AR07.4 0.1342 ST5-MRSA-II - + -
D:1989 AR09 0.0064 ST239-MRSA-I1IC - + +
D :I989 AR09 0.0065 ST239-MSSA - + +
D :I989 ARNT 0.1336 ST30-MRSA-IV - + -

E:1993 ARNT 0113 ST34-MSSA . + .

E:I993 AR06 0251 ST22-MRSA-IV - +
E:1993 AR07.4 0159 ST5-MRSA-1I - + -
E:1993 A R ll 0220 ST5-MRSA-1I - + -

E:I993 ARNT 0242 ST30-MRSA-1V - + -
E:1993 A R B 0132 ST8-MRSA-IIA - + +
E:I993 AR14 0078 ST8-MRSA-IIA - + +
E:1993 ARM 0246 ST8-MRSA-IIC - + +
E:I993 ARI5 0104 ST239-MRSA-II1 - + +
E:1993 AR22 0308 ST247-MRSA-IA - + -

E:1993 AR23 0073 ST239-MRSA-III - + +

F:1998 AR06 2170 ST22-MRSA-IV . + _

F:I998 AR07 2189 ST36-MRSA-II - + +
F:1998 AR07.3 2160 ST5-MRSA-I1 - + .

F:1998 AR13 2141 ST8-MRSA-1IA + +
F:1998 AR13 2179 ST8-MRSA-IID - + +
F:1998 ARM 2027 ST8-MRSA-IIC - + +
F:I998 AR14 2175 ST8-MRSA-IIE - + +

G :I999 NewOl 3144 ST8-MRSA-IID . + +
G:1999 New02 3581 ST247-MRSA-IA - + +
G :I999 Nevv03 3442 ST8-MRSA-IID - + +
0:1999 AR06 3362 ST22-MRSA-IV - + .

0:1999 AR06 3363 ST22-MRSA-IV - + -

0:1999 AR06 3143 ND - + -

0:1999 AR06 3416 ST22-MRSA-1V + - -
0:1999 AR06 3637 ST22-MRSA-IV - + .

0:1999 AR06 3190 ND - + -
0 :1999 AR06 3222 ST22-MRSA-IV - + -

0:1999 AR06 3147 ND - + -

0:1999 AR06 3430 ND - + .

0:1999 AR06 3591 ST22-MRSA-IV - + -
0 :1999 AR07 3384 ST36-MRSA-II - + +
0:1999 AR07 3558 ST36-MRSA-II - + +
0:1999 AR07 3594 ST36-MRSA-II - + +
0:1999 AR07 3142 ST36-MRSA-II - + +
0:1999 AR07 3366 ST36-MRSA-II - + +
0:1999 AR07 3228 ST36-MRSA-11 - + +
0:1999 AR07 3139 ST36-MRSA-II - + +
0:1999 AR07 3572 ST36-MRSA-I1 - +
0:1999 AR07 3604 ST36-MRSA-II - + +
0:1999 AR07.4 3188 ST5-MRSA-1I - + +
0:1999 AR07.4 3033 ST5-MRSA-II - + +
0:1999 AR13 3137 ST8-MRSA-IID - + +
0:1999 AR13 3008 ST8-MRSA-1ID - + +
0:1999 A R B 3053 ST8-MRSA-IID - + +
0:1999 AR13 3114 ST8-MRSA-IID - + +
0:1999 AR13 3698 ST8-MRSA-IIA - + +
0:1999 AR13 3635.2 ST8-MRSA-IID - + +
0:1999 A R B 3243.2 ST8-MRSA-IID - + +

continued overleaf



TABLE 5.3. continued

Study
period

Phenotype Isolate no. Clonal type HIb Sak EntA

G:1999 AR13 3596 ST8-MRSA-I1D - + +
G:1999 AR13 3017 ST8-MRSA-I1D - + +
G :I999 AR13 3439 ST8-MRSA-11A - + +
0:1999 AR13 3317.2 ST8-MRSA-11D - + +
G :I999 AR13 3636.2 ST8-MRSA-11D - + +
G :I999 AR13 3330.2 ST8-MRSA-I1E - +
0:1999 A R I3 3258 ST8-MRSA-IID - + +
G :I999 AR13 3453 ST8-MRSA-I1D - + +
G :I999 A R M 3045 ST8-MRSA-1IC + - -

0:1999 A R M 3146 ST8-MRSA-11C - + +
G :I999 A R M 3225 ST8-MRSA-1IE - + +
G :I999 A R M 3352 ST8-MRSA-11D - + +
0:1999 A R M 3132 ST8-MRSA-11D - + +
0:1999 A R M 3369 ST8-MRSA-11C + - -

0:1999 A R M 3600 ST8-MRSA-11C - - -

G:1999 AR14 3685 ST8-M RSA-IIC - - +
0:1999 A R M 3411 ST8-MRSA-11C - + +
0:1999 A R M 3176.1 ST8-MRSA-11D - + +
G:1999 AR14 3448 ST8-M RSA-IIE - - +
0:1999 AR43 3623 ST8-MRSA-1VE - + -

0:1999 AR43 3246 ST8-MRSA-1VF - + -

0:1999 AR43 .3310 ST8-MRSA-iVE - + -

0 :1999 AR43 3402 ST8-MRSA-1VF - + -

0:1999 AR43 3488 ST8-MRSA-1VE - + -

0 :1999 AR43 3635.1 ST8-MRSA-1VE - + -

0 :1999 AR43 3331 ST8-MRSA-1VE - + -

0 :1999 AR43 3322 ST8-MRSA-1VE + - -

0 :1999 AR43 3317.1 ST8-MRSA-1VE - + -

0 :1999 AR43 3316 ST8-MRSA-1VE - + -

0 :1999 AR43 3625 ST8-MRSA-1VE - + -

0 :1999 AR43 3330.1 ST8-MRSA-1VE - + -

0 :1999 AR43 3337 ST8-MRSA-1VE - + -

0 :1999 AR43 3665 ST8-MRSA-1VE - +
0:1999 AR43 3243.1 ST8-MRSA-1VE - + -

0:1999 AR43 3328 ST8-MRSA-1VE - + -

0:1999 AR43 .3636.1 ST8-MRSA-1VF - + -

0:1999 AR43 3176.2 ST8-MRSA-1VE - + -

0:1999 AR43 3094 ST8-MRSA-1VE - + -

0:1999 AR43 3487 ST8-MRSA-IVE - + -

H:2002 AR06 EI164 ST22-MRSA-1V . + .

H:2002 ARNT El 185 ST12-MRSA-1V - + -

H:2002 ARNT EI113 ST30-MRSA-1V - + -

H:2002 ARNT El 139 ST45-MRSA-IV + -

H:2002 AR07 El 100 ST36-MRSA-I1 - + -

H:2002 AR07.2 El 202 ST496-MRSA-11 - + -

H:2002 A R B El 140 ST8-MRSA-11D - + +
H:2002 A RM El 134 ST8-MRSA-11E - + +
H:2002 AR44 El 183 ST239-MRSA-1II - + +
H:2002 New03 E1038 ST8-MRSA-IID - + +

T h e tw o  iso la tes  from  study period G w ith the novel HIb', Sak', EntA"  ̂ phenotype are ind icated  in bold  

text.

'T he c lon al types o f  iso la tes w ere identified  as part o f  the present study (see  Chapters 3 & 4 ). N D , clonal 

type not determ ined.

n eg a tiv e  for the production o f  the indicated protein; + , p ositive  for the production o f  the indicated  

protein.



in an EntA"^ isolate (Coleman et al., 1989; Fig. 5.4). The S. aureus  laboratory strain 

13CR3L (lysogenic derivative of 80CR3 harbouring the (j)13 double converting phage) 

with the H l b , Sak^, EntA phenotype, which does not produce enterotoxin A, produced 

a w eak  hybrid isation signal at 2.3 kb when probed with this 2.5 kb HindXW entA- 

encoding probe (Fig. 5.4, panel A, lane 2). The nature of this homology has previously 

been investigated and was found to be due to a high level of sequence identity between 

sequences flanking the entA structural gene in (j)42 and sequences in (1)13 (Dempsey, 

1996). No entA  structural gene sequences were found in the hom ologous (j)13 region 

(Dempsey, 1996).

5.3.2.J .2 The hlb structural gene

T he hlb  gene  was found to be d isrupted  in both isolates  (A R 14/3448  and 

A R 14/3685) with the Hlb , Sak , EntA^ phenotype. Both isolates produced hybridisation 

signals at 3.3 kb and 1.7 kb when probed with the HindUl /?//?-encoding probe (Fig. 5.4, 

panel B). The 1.7 kb band of homology had a characteristically weaker signal (Fig. 5.4, 

panel B). This is a common phenomenon in S. aureus isolates because serotype F phage 

insert into the hlb  gene at the 5' end of the 2.2 kb /z/6-encoding HindWl f ragm en t 

resulting in one band of homology containing most of the hlb  gene sequence and the 

o ther con ta in ing  only a short sequence hom ologous with the probe and therefore 

producing a weaker signal (Coleman et al., 1989 & 1991; Fig. 5.3). If the hlb gene was 

not d isrupted and if the isolates contained no serotype F phage then a hybridisation 

signal at 2.2 kb similar to that observed in the phage-free isolate 80CR3 would be 

observed (Fig. 5.4).

5.3.2.1.3 The sak structural gene

Using the 3.1 kb HindlW .yaA^-encoding probe the two isolates with the Hlb , Sak , Ent 

A^ phenotype displayed two bands of homology, one band at approximately 3.2 kb and 

the other at approxim ately 1.7 kb (Fig. 5.4, panel C). All previously tested S. aureus 

isolates that carry the sak gene yielded hybridisation signals at either 3.1 kb or 2.85 kb 

when probed with the HindlU 5a/:-encoding probe (Coleman et al., 1989; Fig. 5.4). This 

result indicates that even though the two isolates, AR 14/3448 and AR 14/3685 were 

positive for the production EntA in the absence o f  Sak production, that the 3.1 kb
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FIGURE 5.5. PCR amplification products obtained using primers to amplify the sak  

gene in MRSA isolates AR14/3448 and AR14/3685 with the H lb , Sak, EntA"^ 

phenotype, electrophoresed on 1% (w/v) agarose gels

Panel A: PCR amplification products obtained using the oligonuleotide primers SakF3 

and SakR3 (Table 5.2 and Fig. 5.3). Lane 1, S. aureus  phage free laboratory strain 

80CR3; lane 2, S. aureus  laboratory strain I3CR3L (lysogenic derivative of 80CR3 

harbouring the double converting phage (j)l3); lane 3, no DNA control reaction; lane 4, 

MRSA isolate AR 14/3448 (Hlb , S a k , EntA"), lane 5, MRSA isolate AR 14/3685 (Hlb , 

Sak , EntA"^); lane 6, MRSA isolate AR 13/3137 (Hlb , Sak" ,̂ EntA"^); lane 7, 100 bp 

DNA ladder.

Panel B: PCR amplification products obtained using the oligonuleotide primers SakF4 

and SakR2 (Table 5.2 and Fig. 5.3). Lane 1, 100 bp DNA ladder; lane 2, S. aureus  

phage free laboratory strain 80CR3; lane 3, S. aureus  laboratory strain I3CRL3 

(lysogenic derivative of 80CR3 harbouring the double converting phage (j)l3); lane 4, no 

DNA control reaction; lane 5, MRSA isolate AR 14/3448 (Hlb , Sak , EntA"^); lane 6, 

MRSA isolate AR 14/3685 (Hlb , Sak , EntA"^); lane 7, MRSA isolate AR 13/3 137 (Hlb , 

Sak", EntA^).

Panel C: PCR amplification products obtained using the oligonuleotide primers SakF2 

and SakR2 (Table 5.2 and Fig. 5.3). Lane 1, 1 kb DNA ladder; lane 2, S. aureus phage 

free laboratory strain 80CR3: lane 3, S. aureus laboratory strain 13CRL3 (lysogenic 

derivative of 80CR3 harbouring the double converting phage (t)l3); lane 4, S. aureus  

laboratory strain 42CR3L (lysogenic derivative of 80CR3 harbouring the (|)42 triple 

converting phage); lane 5, no DNA control reaction; lane 6, MRSA isolate AR 14/3448 

(Hlb , Sak , EntA"); lane 7, MRSA isolate AR14/3685 (Hlb , Sak , EntA"); lane 8, I kb 

DNA Ladder.



T he nucleo tide  sequence of this fragm ent was analysed and it was found that a 

nucleotide sequence of 1324 bp had inserted within the sak  structural gene (Figs. 5.6 & 

5.7). W hen a search of the GenBank database was carried out this 1324 bp sequence 

was found to be 100% homologous to the insertion sequence element IS256. Phenotypic 

detection o f  Sak in these two isolates was not possible because even though the sak  

structural gene was present, 1S256 had inserted within the 3' end o f  the sak  structural 

gene resulting in insertional inactivation of sak (Figs. 5.6 & 5.7). An 8 bp direct repeat 

sequence was found flanking the IS256 sequence in these two isolates, one which forms 

part o f  the sak  gene sequence and the o ther which may have been genera ted  by 

duplication of this 8 bp sequence of the sak gene by IS256 during transposition (Fig. 

5.6).

A HindWl restriction endonuclease recognition site was also identified within IS256 

(Fig. 5.6) and this explains the results obtained from Southern analysis (Fig. 5.4. panel 

C) o f  HindlW digested DNA of the two H l b , S a k , Ent A"̂  isolates (Fig. 5.8). This 

HindlW site splits the sak gene in two (Fig. 5.8) thus two bands of homology, one at 1.7 

kb and the o ther at 3.2 kb, were obtained when the HindWl 5(3^-encoding D N A probe 

was used (Fig. 5.4, panel C).
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ATGCTCAAAAGAAGTnATTAnTrTAACrGTTTTATTGTTATTATrCrCATTrrCTTCAATTACTAATGAGGTAAGTGC

ATCAAGTTCATTCr.ACAAAGGAAAATATAAAAAAGGCGATGACXKXiAGTTATnTGAACX'AACAGGCCCGTATTTGA

TGGTAAATGTGACTGGAGTTGATGGTAAAGGAAATGAATTGCrATCrCCrCATTATGTCGAGnTCCrATTAAACXTG

GGACTACACrTACAAAAGAAAAAATTGAATAtTATGTCGAATGGGCATTAGATGCGACAGCATATAAAGAGTTTAGA

GTAGTTGAATTAGATCrAAGCXXrAAAGATCXJAAGTCACTTATlATGATAAGAATAAGAAAAAAGAAGAAACXiAAGT

CTrrCCCTATAACAGAAAAAGGTTTrG’TTGTCCcagallla*4GEQ14£ZZEG4££<M3Q3EZXZZ;MM7«CrArACAA7TCr777T

ACCATTTCTACrTATCAAAATTGATGTATTTTCTTGAACAATAAATCCATTCATCATGTAGGTCCATAAGAACGG

CTCX^AATTAAGCGATTGGCTGATGTTrcATTtH^GGAAGATtKXJAATAATCTTTTCTCTTCTGCGTACrXCTTGA

TTCAGTCGTrcAATTAGATTGGTACTCTTTAGTCGATTGTGGGAATmXTTGTACGGTATATTGAAAGGCGTC

TTCGAATCCATCAIXXrAATGATGOGCAAGCmTGAATATTTTGGTTGATCGATATAATCATGAATCAATCGAT

TTTTAGCCTCACGCGCrAAGTTAATATCTGTGAACTTAAAAATTCCTTTAACAGCTTCTCTGAAAGATTTTGAA

TTTTTTTTAGGAATGGTGGTAAAGATATTTCTTAGGAAGTGAACTTGGCATCTTTGCCAACTTACGTTGGTGAA

GGATTTTCTAATGGCAGAGACTAATCCTTTGTGCGCATCAGAAATAACGAGTTCCGTACCTTGTAAACCGCGT

TCTITTAGGTATTCAAAAAATGTTGTCX^AGGTCTCrTCGCnTCGCCACnTGAATCATGAAGCCGATAATTTC

A«K:TXXMXATXnTTGGTTATTCCAATCGCrATATGACAGCTTTTTGAGAGTACrCGAriTIi:riiCrCGTACTT

TTATATAGAGTACATCGGTCATTAAGTAAGGATAATTTTTTTCrGATAATAAACGATTCTGCCACTCGTTAACC

ATAGGTTCTAGCrGTTCTGTTAAGCTAGAAACGAAGGACrTAGAGACGGATTTACCACAAAGTTCTrOCACAA

TTTTTGATACTTTACGAGTTCAAACGCCTGATACATACATTTCCAACATTGAAGCCATGAGGGCTTTTTCGTTT

CGTTGATAACGTTCAAACACTGTGGGTGAAAAATGGCX:ATCACGTGTTCTGGGTACmTAATTCTAGCGTGC

CTACACGTGTCGTAAAGCTGCGCTCATAATAGCCATTTCGTTGACnTGTOGGTTTTCTGTTCGTTCATATTCT

TTTGCTTGAATATATTCTGTTCGTTGATTTTCCATTAGTTGATTAAATACCGTreTTAAAATATTTTTAGAAACG

TCATCCTTTACAGAATATTCAATAATGCTTTGAATCTCTTCGCTTTTCAGTGTAAAATGTACrrcGGTCATGTAA

AAGTCX,TCCTGGGTATGTmTGTCGTTAAAAACATTGTACCGTAAAAGGACrmTATATGG<XTmTAC777TACArA

AAATAA

FIGURE 5.6. Nucleotide sequence of the sak gene (5 - 3') cloned from the two MRS A 

isolates, AR14/3448 and AR14/3685 with the HIb , Sak , EntA^ phenotype. The 

complete sak gene is present but is split by insertion sequence element IS256. Red text 

indicates the sak gene nucleotide sequence and asterisks indicate where the sak gene 

sequence is interrupted. Black uppercase text indicates the aon-sak nucleotide sequence 

IS256. Lx>wer case letters indicate the 8 bp direct repeat sequence found flanking IS256, 

one which is part of the sak gene sequence and the other which may be the result of 

target duplication by IS256. Italicised underiined text indicates the imperfect terminal 

repeats of 1S256 and bold text indicates the transposase gene of IS256. Text highlighted 

with yellow indicates a Hindlll restriction site.



sa k ATGTCAAGTTCATTCGACAAAGGAAAATATAAAAAAGGCGATGACGCGAGTTATTTTGAA
clone ATGTCAAGTTCATTCGACAAAGGAAAATATAAAAAAGGCGATGACGCGAGTTATTTTGAA
IS256 -----------------------------------------------------------

sak CCAACAGGCCCGTATTTGATGGTAAATGTGACTGGAGTTGATAGTAAAGGAAATGAATTG
clone CCAACAGGCCCGTATTTGATGGTAAATGTGACTGGAGTTGATGGTAAAGGAAATGAATTG
15256 ------------------------------------------------------------

sa k CTATCCCCTCATTATGTCGAGTTTCCTATTAAACCTGGGACTACACTTACAAAAGAAAAA
clone CTATCCCCTCATTATGTCGAGTTTCCTATTAAACCTGGGACTACACTTACAAAAGAAAAA
IS256 -----------------------------------------------------------

sa k ATTGAATACTATGTCGAATGGGCATTAGATGCGACAGCATATAAAGAGTTTAGAGTAGTT
clone ATTGAATACTATGTCGAATGGGCATTAGATGCGACAGCATATAAAGAGTTTAGAGTAGTT
IS256 -----------------------------------------------------------

sa k GAATT AGATCCAAGCGCAAAGATCGAAGTCACTTATT ATGATAAGAATAAGAAAAAAGAA
clone GAATTAGATCCAAGCGCAAAGATCGAAGTCACTTATTATGATAAGAATAAGAAAAAAGAA
1S256 ------------------------------------------------------------

sak GAAACGAAGTCTTTCCCTATAACAGAAAAAGGTTTTGTTGTCCCAGATTTA--------
clone GAAACGAAGTCTTTCCCTATAACAGAAAAAGGTTTTGTTGTCC^JPPrGTCAAGTC
IS256 ---------------------------------------------------AGTCAAGTC

sak ------------------------------------------------------------
clone CAGACTCCTGTGTAAAATGCTATACAATGmTTACCATTTCTACTTATCAAAATTGATG
IS256 C AGACTCCTGTGTAAAATGCTATACAATGTTTTTACCATTTCTACTTATCAAAATTGATG

sak ------------------------------------------------------------
clone TATTTTCTTGAAGAATAAATCCATTCATCATGTAGGTCCATAAGAACGGCTCCAATTAAG
IS256 TATTTTCTTGAAGAATAAATCCATTCATCATGTAGGTCCATAAGAACGGCTCCAATTAAG

sak -----------------------------------------------------------
clone CGATTGGCTGATGTTTGATTGGGGAAGATGCGAATAATCTTTTCTCTTCTGCGTACTTCT
IS256 CGATTGGCTGATGTTTGATTGGGGAAGATGCGAATAATCTTTTCTCTTCTGCGTACTTCT

sak -----------------------------------------------------------
clone TGATTCAGTCGTTCAATTAGATTGGTACTCTTTAGTCGATTGTGGGAATTTCCTTGTACG
IS 25 6 TGATTa^GTCGTrCAATTAGATTGGTACTCTTTAGTCGATTGTGGGAATTTCCTTGTACG
sak ------------------------------------------------------------
clone GTATATTGAAAGGCGTCTTCGAATCCATCATCCAATGATGCGCAAGCTTTTGAATATTTT
IS256 GTATATTGAAAGGCGTCTTCGAATCCATCATCCAATGATGCGCAAGCTTTTGAATATTTT

sak ------------------------------------------------------------
clone GGTTGATCGATATAATCATGAATCAATCGATTTTTAGCCTCACGCGCTAAGTTAATATCT
IS256 GGTTGATCGATATAATCATGAATCAATCGATTTTTAGCCTCACGCGCTAAGTTAATATCT

sak -----------------------------------------------------------
clone GTGAACTTAAAAATTCCTTTAACAGCTTCTCTGAAAGATTTTGAATTTITrrTAGGAATG
IS256 GTGAACTTAAAAATTCCTTTAACAGCTTCTCTGAAAGATTTTGAATTTTTTTTAGGAATG

sak ------------------------------------------------------------
clone GTGGTAAAGATATTTCTTAGGAAGTGAACTTGGCATCTTTGCCAACTTACGTTGGTGAAG
IS256 GTGGTAAAGATATTTCTTAGGAAGTGAACTTGGCATCTTTGCCAACTTACGTTGGTGAAG

sak ------------------------------------------------------------
clone GATTTTCTAATGGCAGAGACTAATCCTTTGTGCGCATCAGAAATAACGAGTTCCGTACCT
IS256 GATTTTCTAATGGCAGAGACrAATCCrrTGTGCGCATCAGAAATAACGAGTTCCGTACCT
sak ------------------------------------------------------------
clone TGTAAACCGCGTTCTTTTAGGTATTCAAAAAATGTTGTCCAGGTCTCTTCGCTTTCGCCA
IS256 TGTAAACCGCGTTCTTTTAGGTATTCAAAAAATGTTGTCCAGGTCTCTTCGCTTTCGCCA

sak ------------------------------------------------------------
clone CTTTGAATCATGAAGCCGATAATTTCACGGTCGCCATCTTTGGTTATTCCAATCGCTATA
IS256 CTTTGAATCATGAAGCCGATAATTTCACGGTCGCCATCTTTGGTTATTCCAATCGCTATA

sak
clone
IS256

TGACAGCTTTTTGAGAGTACTCGATTTTCTTCTCGTACTTTTATATAGAGTACATCGGTC
TGACAGCTTTTTGAGAGTACTCGATTTTCTTCTCGTACTTTTATATAGAGTACATCGGTC



s a k  -------------------------------------------------------------------------------------------------------------------------------------
c lo n e  ATTAAGTAAGGATAATTTTTTTCTGATAATAAACGATTCTGCCACTCGTTAACCATAGGT
IS 2 5 6  ATTAAGTAAGGATAATTTTTTTCTGATAATAAACGATTCTGCCACTCGTTAACXATAGGT

s a k  -------------------------------------------------------------------------------------------------------------------------------------
c lo n e  TCTAGCTGTTCTGTTAAGCTAGAAACGAAGGACTTAGAGACGGATTTACCACAAAGTTCT
IS 2 5 6  TCTAGCTGTTCTGTTAAGCTAGAAACGAAGGACTTAGAGACGGATTTACCACAAAGTTCT

s a k  -------------------------------------------------------------------------------------------------------------------------------------
c lo n e  TCCACAATTTTTGATACTTTACGAGTTGAAACGCCTGATACATACATTTCCAACATTGAA
IS 2 5 6  TCCACAAnTTTGATACTTTACGAGTTGAAACGCCTGATACATACATTTCCAACATTGAA
s a k  -------------------------------------------------------------------------------------------------------------------------------------
c lo n e  GCXaTGAGGGCrmTCGTTTCGTTGATAACGTTCAAACACTGTGGGTGAAAAATGGCCA
1 S 2 5 6  GCCATGAGGGCTTTTTCGTTTCGTTGATAACGTTCAAACACTGTGGGTGAAAAATGGCCA
s a k  -------------------------------------------------------------------------------------------------------------------------------------
c lo n e  TCACGTGTTCTGGGTACTTTTAATTCTAGCGTGCCTACACGTGTCGTAAAGCTGCGCTCA
IS2 5 6 TCACGTGTTCTGGGTACrrrrAATTCTAGCGTGCCTACACGTGTCGTAAAGCTGCGCTCA
s a k  -------------------------------------------------------------------------------------------------------------------------------------
c lo n e  TAATAGCCATTTCGTTGACTTTGTCGGrrTTCTGTTCGTTCATATTCTTTTGCTTGAATA
IS 2 5 6  TAATAGCCATTTCGTTGACTTTGTCGGTTTTCTGTTCGTTCATATTCTTTTGCTTGAATA

s a k  -------------------------------------------------------------------------------------------------------------------------------------
c lo n e  TATTCTGTTCGTTGATTTTCCATTAGTTGATTAAATACCGTTGTTAAAATATTTTTAGAA
IS 2 5 6  TATTCTGTTCGTTGATTTTCCATTAGTTGATTAAATACCGTTGTTAAAATATTTTTAGAA

s a k  -------------------------------------------------------------------------------------------------------------------------------------
c l  o n e  ACGTCATCCTTTACAGAATATTCAATAATGCTTTGAATCTCTTCGCTTTTCAGTGTAAAA
IS 2 5 6  ACGTCATCCrrTACAGAATATTCAATAATGCTTTGAATCTCrrCGCTTTTCAGTGTAAAA
s a k  -------------------------------------------------------------------------------------------------------------------------------------
c lo n e  TGTACTTGGGTCATGTAAAAGTCCTCCTGGGTATGTTTTTGTCGTTAAAAACATTGTACC
IS 2 5 6  TGTACTTGGGTCATGTAAAAGTCCTCCTGGGTATGTTTTTGTCGTTAAAAACATTGTACC

s a k  -------------------------------------------------------------------------------------------------------------------------------------
c lo n e  GTAAAAGGACTGTTATATGGCCTTTTTACTTTTACACAATTATACGGACTTTATjJPglgl
IS 2 5 6  GTAAAAGGACTGTT ATATGGCCTTTTTACTTTTACACAATT ATACGGACTTTATC------------

s a k  ------ TCAGAGCATATTAAAAACCCTGGATTCAACTTAATTACAAAGGTTGTTATAGAAAAG
c lo n e  Htr'-'AGAGCATATTAAAAACCCTCGATTCAACTTAATTACAAAGGTrGTTATAGAAAAG
IS 2 5 6  -------------------------------------------------------------------------------------------------------------------------------------

s a k  AAATAA
c lo n e  AAATAA
IS 2 5 6  -------------

FIG U R E  5.7. Alignment of the nucleotide sequences of the sak gene cloned from the two MRSA isolates 

with the H lb , Sak, Ent A * phenotype (clone), the complete sak gene isak) and insertion sequence element 

IS256 generated with the CLUSTALW  sequence alignment program. The nucleotide sequences erf" sak 

and IS256 were obtained from the Genbank database, under accession numbers, A17531 and AB049452, 

respectively. The sak gene nucleotide sequence is shown in red and the IS256 nucleotide sequence is 

shown in black. The direct repeat sequence flanking IS256 in the isolates with the H lb , Sak, Ent A* 

phenotype is highlighted in green. Hyphens indicate no alignment between the gene indicated and the 

clone.



FIGURE 5J&. Map of the ^oil:-encoding Hindlll/EcoRl DNA region of the two MRSA 

isolates, AR14/3448 and AR14/3685 with the Hlb", Sak, EntA* phenotype. IS256 has 

inserted into the sak gene resulting in the introduction of a novel Hindlll site within the 

sak gene. Arrows indicate the sizes of the Hindlll fiagments. Dotted arrows indicate the 

region homologous to the Hindlll soA-encoding DNA probe.

Restriction endonuclecise cleavage sites are as follows; H, Hindlll; E, £coRl.



5.4 Discussion

In the present study, an analysis of M RSA isolates recovered in Irish hospitals 

between 1971 and 2002 revealed that the majority o f  Irish M RSA isolates investigated 

(96%) did not produce (3-toxin and contain serotype F converting phages. In addition, 

almost 96% of isolates investigated were found to produce either Sak (43%), EntA (2%) 

or both Sak and EntA (51%) (Table 5.3). Both Sak and EntA have previously been 

implicated as virulence factors in staphylococcal disease and are encoded by serotype F 

phage (Colem an et a i ,  1989; M arrack & Kappler, 1990; Christner & Boyle, 1996; 

Dinges et al., 2000; Lahteenmaki et a i ,  2001; Jin et a i ,  2004).

The majority of Irish nosocomial M RSA isolates investigated (94%) in the present 

study produced Sak, an important virulence factor in the pathogenesis of S. aureus. Jin 

et al  (2004) found that Sak can interfere with the early innate immune response and 

consequently S. aureus  isolates that produce Sak are potentially more virulent than 

those that do not produce Sak.

In the present study the prevalence of EntA production among a large collection of 

Irish nosocomial M RSA isolates recovered between 1971 and 2002 was found to be 

high, with 53% of isolates testing positive for production of this toxin. In a previous 

study of enterotoxin production by S. aureus  isolates, Humphreys et al. (1989) found 

that all of  the M RSA isolates examined produced either enterotoxin A, or enterotoxin B, 

or both. Enterotoxin A is a superantigen that can inhibit the host immune responses to S. 

aureus  by causing non-specific T  cell activation and induction of gam m a interferon, 

interleukin-I and tumour necrosis factor (Dinges et a i ,  2000).

In 1992, Coia et al. identified two populations o f  M RSA  in G lasgow  Royal 

Infirmary, one that carried aminoglycoside resistance and was largely EntA-negative 

and a second population that was susceptible to am inoglycosides and largely EntA- 

positive. The Irish nosocomial MRSA isolates investigated in the present had previously 

been characterised by determining their resistance to a panel of antimicrobial agents 

(AR typing) that included five aminoglycosides (see Chapter 2, section 2.1.1 and Table 

2.2). In contrast to the results of the above mentioned Scottish study (Coia et al., 1992), 

all the Irish M RSA isolates investigated in the present study that were found to be EntA 

positive were resistant to a combination of aminoglycosides (see Table 5.3 for EntA 

positive isolates and Table  2.2, Chapter 2 for details o f the AR patterns o f  these 

isolates). However, lack of EntA production was not as clear cut as in the Scottish study
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(Coia et al., 1992). In the Scottish study lack of EntA production was associated with 

aminoglycoside resistant isolates while in the present study lack of EntA production 

was observed in two groups of isolates, those that were resistant to a combination of 

aminoglycosides (Phenotype-II, AR02, AR22, AR43, 3/16 AR14 and 4/6 AR07.3/07.4 

isolates; Table 5.3) and those that were susceptible to aminoglycosides (AR06, ARNT, 

early MRSA; Table 5.3).

The phenotypic results obtained in the present study from the investigation into 13- 

toxin, Sak and EntA production by Irish nosocomial MRSA isolates with a variety of 

MRSA clonal types, indicate that many of the MRSA clonal types identified harboured 

a specific type of serotype F phage, either double-converting or triple-converting (Table

5.4). For example, all ST250 and ST30 isolates had the H lb , Sak" ,̂ EntA phenotype 

which is indicative of the presence of double-converting serotype F phage and all 

ST239 isolates had the H lb , Sak" ,̂ EntA^ phenotype which is indicative of the presence 

of triple-converting serotype F phage (Table 5.4). Similarly, the majority of STS 

isolates with the variant SCCmec  elements IIA-lIE (36/39) and ST36 isolates, were 

found to have the H lb, Sak" ,̂ EntA"^ phenotype indicating the presence of triple

converting serotype F phage while the majority of STS isolates with SCCmec  I'VE and 

IVF and ST22 isolates had the Hlb, Sak*, EntA phenotype, indicating that they 

harboured double-converting serotype F phage. Within the STS genotype isolates 

recovered prior 1999 had the H lb , Sak" ,̂ EntA phenotype indicative of the presence of 

double-converting serotype F phage while those recovered in 1999 had the Hlb , Sak" ,̂ 

EntA"^ phenotype indicative of the presence of triple-converting serotype F phage (Table

5.4). A ST247 MRSA isolate recovered in 1993 had the H lb , Sak^, EntA phenotype 

indicating the presence of double-converting serotype F phage while a ST247 MRSA 

isolate form 1999 had the Hlb , Sak^, EntA^ phenotype indicative of the presence of a 

triple-converting serotype F phage. The very few (3-toxin positive isolates observed 

among Irish nosocomial MRSA isolates may be due to loss of a (3-toxin inactivating 

phages from these isolates, which appears to be a rare event because only four (3-toxin 

positive isolates were observed in this study of 110 MRSA isolates (Table 5.4). The 

ST8-MRSA-IIC isolate (AR14/3600; Table 5.4) with the Hlb , Sak , EntA phenotype, 

may harbour a (3-toxin inactivating serotype A phage or a serotype F phage with 

rearrangements.
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TABLE 5.4. Correlation between clonal types and P-toxin (Hlb), staphylokinase 

(Sak) and enterotoxin A (EntA) production of Irish nosocomial MRSA isolates

recovered between 1971 and 2002

C lo n a l ty p e ' Y ears Hlb^ S a k ' Ent" In te rp re ta tio n ^ N u m b e r  o f 
iso la tes

ST250-M RSA-1 - + - D ouble-converting serotype F phage 2
ST 250-M R SA -I -p is l9 7 8 -’84 ,‘89 - + - D ouble-converting serotype F phage 2

ST 239-M R SA -IIIC l9 8 5 -’8 7 ,'8 9 - + + Triple-converting serotype F phage 2
ST 239-M RSA -III 1 9 8 9 ,'93 ,’02 - + + T rip le-converting  serotype F phage 4
ST239-M SSA 1989 - + + T rip le-converting  serotype F phage 1

ST 247-M RSA -IA 1999 - + + T rip le-converting  serotype F phage 1
ST247-M RSA-1A 1993 - + - D ouble-converting serotype F  phage 1

ST8-M RSA-I1A 19 9 3 ,'9 8 ,'9 9 - + + Triple-converting  serotype F phage 5
ST8-M RSA -IIB 1989 - + + Triple-converting  serotype F phage 1
ST8-M RSA-I1C 1 9 9 3 ,'9 8 ,'9 9 - + + Triple-converting  serotype F phage 4
ST 8-M R SA -IIC 1999 + - - No hlh  inactivating phage 2
ST 8-M R SA -IIC 1999 - - - S ingle-converting serotype A phage 1
ST 8-M R SA -IIC 1999 - - + T rip le-converting  serotype F phage'' 1
ST 8-M R SA -IID 1998,’9 9 ,’02 - + + T rip le-converting  serotype F phage 20
ST 8-M R SA -IIE 1998,’9 9 ,’02 - + + Triple-converting  serotype F phage 4
ST8-M RSA-I1E 1999 - - + Triple-converting  serotype F  phage"* 1
ST 8-M R SA -IV E 1999 - + - D ouble-converting serotype F phage 16
ST 8-M R SA -IV E 1999 + - - No hlh  inactivating phage 1
ST 8-M R SA -IV F 1999 - + - D ouble-converting serotype F phage 3

ST 5-M RSA -II 1989, 9 3 , '9 8 - + - D ouble-converting  serotype F  phage 4
ST 5-M RSA -II •99 - + + Trip le-converting  serotype F phage 2

ST496-M RSA-I1 2002 - + - D ouble-converting serotype F phage 1

ST36-M RSA-1I 1 9 9 8 ,9 9 - + + T rip le-converting  serotype F phage 10
ST36-M RSA-I1 2002 - + - D ouble-converting  serotype F phage 1

ST 30-M RSA -IV 1989,’9 3 ,’02 - + - D ouble-converting serotype F phage 3

ST 34-M SSA 1993 - + - D ouble-converting serotype F phage 1

ST 22-M RSA -IV 1989,’93, - + + T rip le-converting  serotype F phage 2
ST 22-M RSA -IV 1 9 9 8 ,'99 ,'02 - + - D ouble-converting serotype F phage 11
ST 22-M RSA -IV 1999 + - - No hlh  inactivating phage 1

ST 45-M RSA -IV 2002 - + - D ouble-converting  serotype F phage 1

ST 12-M R SA -IV 2002 - + - D ouble-converting serotype F phage 1

'The clonal types o f  iso la tes w ere identified  as part o f  the present study (see  Chapters 3 & 4).
negative for the production o f  the indicated protein; + , positive  for the production o f  the indicated  

protein
^The Hlb" ,̂ Sak', EntA phenotype can be interpreted as ind icative  o f  the absen ce o f  h lb  inactivating phage; 
the Hlb', Sak" ,̂ E ntA ’ phen otype can be interpreted as ind icative o f  the presence o f  a d ou b le-convertin g  
serotyp e-F  phage; the Hlb', Sak*, EntA* phenotype can be interpreted as ind icative o f  the presence o f  a 
trip le-converting sero typ e-F  phage; the H lb’, S ak’, E ntA ’can be interpreted as ind icative  o f  the presence  
o f  a s in g le-con vertin g  serotype A phage.
■^he tw o  iso la tes w ith  the H l b , Sak ’, EntA* phenotype w ere both found to harbour trip le-converting  
serotype F phage in w h ich  expression  o f  the sak  gene w as prevented by the presence o f  IS 256  w ithin the 
O R F o f  jaX:.



Enterotoxin A production in the absence of both (3-toxin and Sak production has 

never prev iously  been reported in clinical M RSA  isolates. Th is  pheno type  was 

identified in the present study in two multi-antimicrobial resistant M RSA isolates with 

the AR pattern A R 14 (Table 5.3). These two isolates were recovered from two different 

patients in two different Irish hospitals during 1999. Initially, it was suspected that the 

phenotype observed in these isolates was due to a new phage encoding the entA gene in 

the absence of the sak  structural gene. However, when they were investigated further 

using Southern hybridisation analysis, PCR amplification and sequencing, it was found 

that the lack o f  Sak production in these two isolates was due to the insertional 

inactivation of the sak structural gene by insertion sequence element IS256.

The insertion sequence IS256 was originally identified in the composite transposon 

' l n 4 0 0 I ,  w here  two copies o f  IS 2 5 6  were identif ied  as f lank ing  the central 

aminoglycoside resistance genes aac-aph  (Lyon et al., 1984; Byrne et al., 1989). Like 

all insertion sequences, IS256  carries only genes necessary for its transposition  

including the imperfect terminal inverted repeats and the transposase gene and it 

generates short directly repeated sequences of the target DNA flanking the elem ent 

upon insertion (Mahillon & Chandler, 1998; Fig. 5.6). IS256 has been identified in S. 

aureus ,  S. epidermidis,  and Enterococcus faecal is  and can occur independently  of 

Tn400I  or related transposons (Thomas & Archer, 1989; Hodel-Christian and Murray, 

1991; Dyke et al., 1992; Rice e?/a/., 1995).

M any s tudies have shown that 1S256 is w idespread  in g e n tam ic in -re s is tan t  

staphylococcal and enterococcal isolates where it was believed to be a relatively stable 

part of the chromosome and therefore useful as an epidemiological marker in molecular 

typing (Lyon et al., 1987; M onzon-M oreno et al., 1991; Dyke et al., 1992; W alcher- 

Salesse et al., 1992; Rice & Marshall, 1994; Morvan et at., 1997). How ever, more 

recent data suggests that IS256 is highly m obile and causes a variety of genetic  

aberrations such as gene inactivations, DNA rearrangements and large chrom osomal 

de le tions  that affec t the expression  o f  v iru lence- and an tim icrob ia l  res is tance-  

associated genes (Rice et al., 1995; Maki & M urkami, 1997; Rice & Carias, 1998; 

Z iebuhr et a l ,  1999; Prudhomme et al., 2002). For example, IS256 has been shown to 

cause phase variation of biofilm expression in S. ep ldennidis  by inactivation o f  the 

i caADBC  operon which encodes enzymes responsible for biofilm synthesis (Ziebuhr et  

al., 1999). The transposition of IS256 has also been shown to be reversible resulting in
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restoration o f  the phenotype it originally disrupted (Ziebuhr et al, 1999). This present 

study found the expression of the phage encoded sak  gene was disrupted in two isolates 

due to the presence of IS256 in the coding region o f  the gene. W hy 1S256 inserted 

within the sak  gene is difficult to discern as both the mode o f  action of IS256 and the 

fac to rs  that de term ine  target recognition by its transposase  enzym e are poorly 

understood (Mahillon & Chandler, 1998). Although insertion sequences can usually 

insert into many different sites, target site utilisation is generally not random  (Craig, 

1997). M ost display some degree o f  target specificity , with som e inserting  into 

preferential sites and others avoiding certain sites. W hat can be concluded from  the 

results obtained here is that this is another example of a naturally occurring insertion 

sequence IS256 involved in gene inactivation of an important virulence factor o f  two 

m ultiresis tant M RSA isolates. This is the first report of IS256 disrupting a phage 

encoded gene.

It is interesting to note that the two Irish M RSA isolates that carry IS256 within the 

sak  gene were recovered from two separate patients in two different hospitals but they 

have the same antibiotic resistance patterns and have very similar M RSA clonal types, 

ST8-M RSA -IIC  and ST8-MRSA-11E (Table 5.3). From the extensive sequencing o f  the 

SC C m ec  elements IIC and HE, as described previously in Chapter 4, it was revealed 

that the SC C m e c  HE element is a derivative of the S C C m e c  HC elem ent that arose 

following loss of pUBl 10. Based on this information and the fact that these two isolates 

also have a sak  gene with IS256 inserted at the exact same nucleotide position it is 

probable that these two isolates are indeed closely related and have spread between 

hospitals.

Recent progress in genomic research has revealed that the genom e sequences of 

bacteria frequently include multiple lysogenic phage that have a major impact on the 

evolution of the bacterial chrom osome (Ohnishi et al., 2001, M cClelland et al., 2001; 

Baba et al., 2002; Smoot et al., 2002; Holden et al., 2004; Dempsey et al., 2005). In the 

present study the majority of M RSA  isolates investigated were found to harbour 

serotype F lysogenic phage, that carry the important S. aureus  virulence factors Sak or 

both Sak and EntA. The presence of these lysogenic phage in the genom e of M RSA 

isolates may enhance their pathogenicity and may contribute to the ability o f  some 

M RSA clones to spread and cause disease.
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Chapter 6 

General Discussion
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6.1 General Discussion

W hen antibiotics were first introduced into clinical practice in the 1940s to treat 

bacterial infections they were seen by many as the ultimate weapon that would finally 

end the battle against infectious disease, including that caused by S. aureus. However, 

sixty years on, the battle against infectious disease is still ongoing due to the ability of 

bacteria to evolve and adapt to the ever-changing conditions presented by the hospital 

environm ent by spontaneous mutation, recombination and to a large extent, by the 

acquisition of exogenous genes.

6.1.1 The evolutionary epidemiology of MRSA in Ireland

Methicillin-resistant S. aureus has been a serious problem in Irish hospitals for many 

years and prior to the present study limited information was available on how the Irish 

M RSA population had evolved and become a major cause of nosocomial infection since 

it was first reported from a patient in an Irish hospital in 1971. The ability to accurately 

determine the genetic relatedness of MRSA isolates is fundam ental to understanding 

their epidemiology and evolutionary history and provides information essential for the 

estab lishm ent o f  effective infection control measures for com bating  the spread of 

M RSA within and between hospitals. It has been proposed that M RSA clones should be 

defined not only on the basis of their genetic background, as identified by M LST, but 

also based on their SCCmec  type. Using both MLST and SCCmec  element analysis, the 

present study has comprehensively described the dissemination of the m ajor epidemic 

M RSA lineages to Ireland. All MRSA isolates investigated from Irish hospitals had the 

sam e or closely related genetic backgrounds to the major ep idem ic M R SA  lineages 

previously identified worldwide. Twenty-one clonal types (M LST-SCCm ec types) were 

identified, 10 of which were previously recognised nosocomial M RSA  clonal types, 

nine with previously described nosocomial M RSA genetic backgrounds but with novel 

SCCmec  variants (including two new variants of class A mec) and two with previously 

unreported genetic backgrounds that were closely related to those of m ajor epidemic 

M RSA  clones (a double locus variant of STS with SCCmec  II and a single locus variant 

o f  STS with SCCm ec  IVA). In addition, clonal diversity and temporal shifts were 

observed  in the p redom inant M RSA clones in Irish hospitals. The m ost striking 

temporal shift was the displacement of the multi-resistant STS clones harbouring many 

different SC C m ec  e lements, which spread within and between many Irish hospitals

110



through clonal dissemination in the 1990s, by the multi-antibiotic susceptible EM RSA- 

15 clone (ST22-M RSA-IV) as the dominant MRSA clone by 2002.

6.1,2 Variants of SCCmec in Irish MRSA isolates

The SCCmec  element plays an important role in the evolution of M RSA as it carries 

the mecA  gene that encodes resistance to all |3-lactam antibiotics and, in addition, can 

also carry resistance genes to other antimicrobials. However, a striking finding o f  the 

present study was the extent of variation within SCCmec.  A diverse collection o f  Irish 

M RSA  isolates recovered over a thirty year period were investigated as part o f  the 

present study and this allowed a large num ber of variants S C C m ec  e lem ents to be 

identified. Based on these findings it is becoming increasingly obvious that SCCmec  

evolves rapidly and that diversity in SCCmec  elements is more extensive and complex 

that originally perceived. The presence of a combination o f  sequences in the novel 

variant SCCmec  elements IIA-IIE and IVE and IVF identified in the present study that 

are also found in other SCCmec  elements strongly suggests that these SCCmec  elements 

are the result o f  genetic recombination and rearrangement between different SCCmec  

e lem ents. Recently, several other researchers have also reported variant S C C m e c  

elements in diverse genetic backgrounds (Aires de Sousa et a i ,  2003a; Aires de Sousa 

& de Lencastre, 2003; Robinson & Enright, 2003; Wielders et a i ,  2003; Chung er al., 

2004; Perez-Roth et a i ,  2004; Shukla et al., 2004b). Therefore, in retrospect, it is not 

surprising that a large number of variant SCCmec  elements were identified am ong the 

diverse collection of Irish MRSA isolates recovered over a relatively long period of 

time. It seems likely that novel SCCmec  e lements are constantly being generated in 

staphylococci through recombination and rearrangement.

The epidem iological significance o f  variant SCCmec  e lements is unclear. As the 

SCCmec  elements of larger collections of isolates are investigated, the epidemiological 

significance of these variants may become apparent. However, due to the unprecedented 

numbers o f  variant SCCmec  elements that have been identified, not only in the present 

study but in many others, it appears that the current methods for SCCm ec  typing are 

inadequate. It is vital that in the future any new SCCmec  typing scheme includes all 

currently known SCCmec  variants. Equally important from an epidemiological point of 

view is the question of the nom enclature used for S C C m ec  e lements. It is widely 

accepted that SCCmec  elements should be named using roman numerals and that they
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should be defined by the type of ccr-  and mec-  gene com plexes they harbour. An 

SCCm ec  variant is an SCCmec  element with the ccr- and mec- gene com plexes of a 

previously described S C C m ec  e lem ent but which varies from the parent SCCmec  

element in its genetic organisation outside of the ccr- and mec- gene complexes. Most 

researchers add letters to the original S C C m ec  e lem ent name to define a variant 

SCCmec  element. However, with novel SCCmec  variants constantly being identified, it 

is important that some web-based database is established so that information on novel 

SCCmec  e lements and their variants can be regularly updated and readily accessed. At 

present there is no SCCmec database for submission and analysis of SCCmec  e lement 

data, with the result that currently there is considerable confusion regarding what 

SC C m ec  e lem ent variants have been described and what names to assign to novel 

SCCm ec  variants, with some SCCmec  variants being confusingly assigned the same 

names.

In addition, there is also much confusion regarding the nomenclature used for mec  

gene complexes. For example, two different mec com plexes  have previously  been 

described within the class A mec complex and both have been termed class A mec, even 

though they differ with respect to the presence or absence of a second copy of insertion 

sequence elem ent \S43I  (Fig. 4.5). Similarly, within class B mec, two different mec  

complexes have also been described previously that differ from each other only by the 

size of the deletion with mecR\,  but, in contrast to the class A mec complexes that were 

both termed class A mec, these two variants were named class B and B1 mec complex 

(Fig. 4.5). Furthermore, within class C mec complex two variants that also differ from 

each o ther with respect to the deletion size within m e c R I  have been described  

previously but in contrast to the nomenclature used for the variants within the class A 

and B mec complexes these variants were named class C l and C2 mec (Fig. 4.5). Based 

on the fact that SCCmec  elements and their mec  com plexes appear to be evolving 

rapidly it seems likely that more novel mec  complexes will be described in the future 

and thus there is a need for internationally agreed nomenclature and guidelines for the 

classification of novel mec complexes.

The accum ulation of detailed information on the genetic organisation of SCCmec 

elements, their variants and their mec complexes will facilitate further developm ent of 

efficient M RSA typing procedures that provide highly informative epidemiological data 

by analysing SCCmec  in combination with M LST analysis of the more stable genomic 

backbone.
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6.1.3 Controlling the spread of MRS A

The emergence of  antibiotic resistance in MRSA cannot  be completely prevented as 

it is an intrinsic aspect of  S. aureus  evolution. However,  it is possible to control the 

dissemination o f  resistant strains. On the basis of  evidence from countries  such as 

Denmark,  Sweden,  Finland and Holland, where the prevalence of  nosocomial  M RSA is 

low, early detection, implementat ion of  strict infection control measures  and rational 

ant ibiot ic  use all decrease the frequency of  endemic M RSA strains and l imit the 

transmission of  MRSA. A key issue in attempting to control the spread of  M RSA in any 

hospital is that hospital staff at every level must  be educated on effective hospital 

hygiene protocols,  antimicrobial prescribing policies, as well as the possible routes of  

spread of  MRSA throughout the hospital.

In response to the increasing prevalence of  antibiotic resistant bacteria in Irish 

hospitals The Strategy for Antimicrobial Resistance in Ireland (SARI)  was outlined in 

2001. It recommends the improvement of  infection control systems, an increase in the 

surveillance of  antimicrobial resistance and education of  healthcare workers , patients 

and the general public regarding antimicrobial resistant bacteria. It also proposes that 

survei l lance of  antimicrobial  usage and prescr ibing be increased.  Unfortuna tely ,  

infect ion control  systems in Irish hospi ta ls  are, in most  cases,  inadequate ,  poorly 

resourced and ineffectively implemented and fail to prevent  the spread of  MRSA. 

Inappropriate  prescribing and the misuse and overuse of  antibiotics also add to the 

problem as they favour  the selection of  resistant M RSA strains. It is vital that  all 

hospital staff wash their hands using an effective procedure between every patient if the 

spread of  MRSA is to be prevented. Unfortunately, this is frequently not complied with 

due to overcrowding and understaffing in hospitals or due to a lack of  knowledge of  the 

importance of  this issue in controlling the spread of  MRSA. It may be necessary to 

enforce cross infection control measures  for  staff who,  for whatever  reason, fail to 

comply  with hand washing procedures.  However,  most  Irish hospitals participate in 

E A R S S ,  which is an ongoing  survei l lance initiative that monitors  antimicrobial  

resistance among different bacteria, including S. aureus, across European hospitals. The 

EA RSS project provides Irish hospitals with information on the prevalence of  M RSA 

and identifies priorities for infection control systems and, when necessary, the need for 

changes to be made to antimicrobial prescribing policies.
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6,1.4 Treatment of MRSA infections

Methicil lin-resistant  S. aureus strains have developed resis tance to pract ically all 

antibiot ics  available today. When a patient becomes infected with a multi -res istant  

M RSA strain, therapeutic options are limited. For many years vancomycin has been the 

antibiotic of  choice for  treating MRSA infections. However , the emeregnce  of  M RSA 

isolates with reduced susceptibili ty to vancomycin as well as vancomycin-resis tant  

MRSA, highlights the need for alternative therapeutic options to treat M RSA infections.

Oxazo l id ines  and cyclic l ipopept ides  are two recently  de ve loped  classes  of  

antimicrobial agents that have novel mechanisms of  action against multidrug resistant 

Gram-posit ive bacteria, including MRSA. Linezolid is an oxazol idinone that has been 

approved for use in treating infections caused by Gram-posit ive bacteria and its use in 

t rea t ing  m ult i - re s i s tan t  s taphylococca l  infect ions has been wel l d o c u m e n te d  

(Shinabarger ,  1999; Chien et a i ,  2000;  Cercenado et a i ,  2001;  Dai ley et a i ,  2001;  

Bassetti et a i ,  2004). Linezolid is thought  to bind to the V domain region of  the 23S 

rRNA gene thus inhibiting bacterial protein synethesis (Kloss et al., 1999; Shinabarger,  

1999). Daptomycin is a cyclic lipopeptide that has also recently been approved for the 

t reatment  o f  complicated skin and soft t issue infections caused by Gram-posi t ive 

bacteria (Thorne & Alder,  2002;  Carpenter  & Chambers ,  2004;  Tedesco  & Rybak, 

2004). It has a distinctive mechanism of  action of  disrupting plasma membrane function 

in Gram-posi t ive bacteria (Silverman et al., 2003).  Although daptomycin requires 

further clinical evaluation, studies so far have indicated that it is a promising therapeutic 

option for treating MRSA infections (Cha & Rybak, 2003;  Hermsen et al., 2003;  Sader  

et a i ,  2004). Unfortunately, although resistance to linezolids is rare, it has been reported 

in clinical M RSA isolates (Tsiodras et al., 2001; Wilson et al., 2003). It is vital that in 

o rder  to mainta in the eff icacy of  these new antimicrobial  agents  aga ins t  mult i 

antimicrobial resistant MRSA and to prevent the emergence of  widespread linezolid and 

d a p tom yc in  resis tance in M RSA isolates,  that rat ional  admin is t ra t ion  of  these 

antimicrobials is observed so they are not over used in uncomplicated infections where 

other standard antimicrobials would be effective.

Although the prevalence of  multi -antimicrobial  res is tant  bacter ia  cont inues to 

increase in many countries worldwide, there has been a dramatic decline in the interest 

of  pharmaceut ical  companies  in the research and development  of  antibimicrobial agents 

(Fl'izer, 2004) .  There  is an increasing concern that in the future  there may be no 

effect ive ant ibiotics  left to treat  M R SA  infections.  Recent  advances  in genome
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sequencing projects may help identify novel targets for the design of new drugs and will 

very likely open new avenues for treating infectious disease. It seems likely that in the 

future im m unotherapy may also play an important role in the prevention of S. aureus 

infections. A S. aureus vaccine called StaphVAX™ has been developed and has been 

shown to confer protection for a lm ost 10 m onths against S. aureus bacterem ia in 

patients at continuous risk (Fattom et a i ,  2004). StaphVAX™  is a bivalent vaccine 

com posed of S. aureus capsular polysaccharides types 5 and 8 bound to m utant non

toxic recom binant Pseudomonas aeruginosa  exotoxin A (Fattom et al., 1993). It is 

currently  not yet available for routine use but it has recently received fas t track 

designation from the Food and Drug Administration (FDA) for use in the prevention of 

S. aureus bloodstream infections in haemodialysis patients.

There  is also renewed interest in the possibility of bacteriophage therapy to treat 

infections involving multi-antimicrobial resistant microbes (Carlton, 1999). This  is a 

m ethod  o f  antibacteria l therapy that uses lytic bacteriophage to kill pathogenic  

microorganisms. Phage therapy showed much promise when it was first developed in 

the early part o f  the 20"’ century. However, since the 1940s treatm ent of bacterial 

infections has mainly depended on antibiotics. In some Eastern European countries 

extensive research and implementation of phage therapy has continued over the last 60 

years. In more recent years carefully controlled experimental work with animal models 

has shown that phage therapy can rescue animals from a variety o f  potentially fatal 

infections (Smith & Huggins, 1983 & 1987; Soothill, 1992; Barrow & Soothill, 1997; 

Barrow et a i ,  1998; Carlton, 1999). Soothill (1994) found that infections o f  skin grafts 

in guinea pigs by P. aeruginosa could be prevented by applying phage to the skin grafts 

and suggested  that phage therapy could potentially  be used to prevent and treat 

infections of burns patients. Barrow et al. (1998) showed that intramuscular inoculation 

o f  chickens and calves with phage was very effective in preventing and treating E. coli 

rela ted  sep ticaem ia  and m eningitis  in chickens and calves. Phage therapy could 

potentially be applied to the treatment of infectious diseases in humans because phage 

are non-toxic to humans, can survive in blood for several days (Barrow & Soothill, 

1997), are lethal to and specific for particular bacteria only and can replicate within the 

infected host so that only a single dose of the phage should be required. Phage therapy 

in hum ans could be directly applied to wounds, administered orally or administered by 

intramuscular inoculation. However, there is still much scepticism over the use of phage 

therapy. One major concern is that as with antibiotic resistance, the widespread use of

115



phage therapy would result in the targeted bacterial species becoming phage resistance 

and that the phage may not be able to overcome this (Carlton, 1999). If phage therapy is 

to em erge as a potential alternative to an tim icrobials there is a need for renewed 

research into its practical application for use in the prophylaxis and treatment of a wide 

range of infectious diseases.

6,1.5 Serotype F bacteriophage harboured by Irish MRS A isolates

In addition to the genetic backbone and SCCmec  element having vital roles to play In 

the d issem ination o f  epidem ic M RSA lineages, lysogenic phage also contribute  to 

bacterial evolution. In the present study the presence of serotype F lysogenic phage was 

indirectly identified in the majority o f  Irish nosocomial M RSA isolates by recording 

various phenotypic  characteristics that indicate their presence within the S. aureus  

chrom osom e. Lysogenic  phage have a major impact on bacterial evolution. Firstly, 

lysogenic conversion resulting in the gain of phage-encoded virulence genes such as sak 

and entA  increases bacterial pathogenicity. Over half of the Irish nosocomial M RSA 

isolates investigated in the present study were found to express the superantigen and 

virulence factor EntA and this may have contributed to virulence o f  these M RSA 

isolates within and between Irish hospitals. Secondly, lysogenic phages have been 

im plicated as im portan t vectors for the lateral transfer of bacterial DN A between 

bacterial strains (Canchaya et al., 2003). It is interesting to note that it has been 

suggested that S C C m e c  elements may be transferred between S. aureus  isolates and 

other staphylococci by lysogenic phages, possibly by the process o f  transduction 

(K atayam a et al., 2000). Finally, lysogenic phage can confer protection against lytic 

infection upon the lysogen (Dempsey et al., 2005).

6.2 Concluding remarks

The ep idem iology o f  M RSA is constantly  changing and needs to be m onitored 

continuously. The surveillance of M RSA in Irish hospitals is ongoing in the National 

M RSA Reference Laboratory (NM RSA RL) at St. Jam es’s Hospital in Dublin. In recent 

years it has become increasingly obvious that antibiogram-resistogram (AR) typing is 

becoming less useful for epidemiological typing of Irish M RSA isolates because of the 

increasing prevalence of non-multiresistant M RSA strains that cannot be distinguished 

by this method but which can be shown to be clearly different based on PFG E (Rossney
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et a i ,  2004). One possible solution to this problem would be to use another highly 

discr iminatory technique, such as a DNA sequencing-based typing method for routine 

epidemiological  typing of  MRSA isolates. Although MLST is very useful for  long-term 

epidemiological  studies, it is expensive as seven housekeeping genes from each isolate 

need to be sequenced and may not  be suitable for  routine invest igations. DNA 

sequencing of  the protein A gene {spa typing), in which only one gene o f  ca. 200-600 

bp is sequenced,  may be a feasible alternative to AR typing. Evaluat ion of  spa  typing 

has found  it to be a highly discr iminatory typing technique that  is very easy to 

implement  in a laboratory and one that provides reproducible and unambiguous results 

(Koreen et al., 2004). In addition, useful epidemiological and evolut ionary information 

would also be obtained by performing M LST and S C C m e c  e lement  analysis  of  

representative Irish MRSA isolates as described in this study on an ongoing basis.

T w o  of  the most  a larming recent developments  in the evolut ion of  M RSA is the 

emergence of  VRSA isolates in the USA and MRSA as a community pathogen in many 

countries worldwide, including Ireland (Rossney et al., 2005). Although VRSA isolates 

are currently rare worldwide, it seems likely that they will become more widespread in 

the future.  Con t inu ing the epidemiological  surveil lance of  both nosocomia l  and 

community-acquired MRSA (C.A.MRSA) is vital in understanding the evolution of  these 

m ajo r  threa ts  to publ ic  health.  The  extens ive  cha rac te r is a t ion o f  the gene t ic  

backgrounds and SC C m ec  elements of  Irish nosocomial MRSA isolates performed in 

the present  s tudy will be useful in the survei l lance o f  C A M R S A  by a l lowing 

nosocomial  M RSA to be readily distinguished from CAMRSA.

Lastly, the pathogenesis of  S. aureus  isolates is enhanced by its ability to express  a 

wide range of  virulence factors including several toxins that damage host t issue and 

cells. These toxins  include enterotoxins and exfoliative toxins that have superantigen 

activity, cytotoxins, and Panton-Valentine Leukocidin toxin that is toxic for leucocytes. 

An  investigation into the various toxins produced by the Irish nosocomial M RSA 

isolates that have been analysed in the present study would provide much insight the 

relationship between various MRSA clones and virulence factors and may help explain 

why certain clones spread to Irish hospitals and dominated over others.
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extremity to the ccr com plex (L-C region) but which both carry 
the downstream constant region (dcs) (25). Both S C O u ec  IVc  
and IVd also differ in their L-C regions (SCCwec IVc carries 
an integrated copy o f  T n400I  flanked on either side by IS256) 
(19). SC C niec  IV has a type 2 ccr  complex and class B m ec. but 
Oliveira and colleagues described an SC C m ec  IV element with 
type 4 ccr (25, 32). A  type IVA vSCCmcc element has also been  
described that harbors the integrated plasmid p U B llO  (31).

Multilocus sequence  typing (MLST), SC C m ec  typing, and  
other molecular techniques have shown that the majority o f  
nosocomial M R S A  infections are caused by relatively few pan
demic clones that have evolved by the introduction o f  S C Q « e c  
elements into five distinct epidemic M SSA  lineages (33, 36). 
Using  M L ST  and the program e B U R S T ,  the five pandem ic  
M R S A  lineages can be visualized as clonal complexes (CCs),  
which are groups o f  g enotypes  and M L ST  sequ en ce  types 
(ST s)  that share a recent co m m o n  ancestor  (11).  CCs are 
named after the ST o f  the ancestral genotype. The CCs o f  the 
major nosocomial M R S A  lineages are CCS, CCS, CC22, CC30,  
and CC45 (10). In all o f  these lineages, except possibly CC22,  
SC C m ec  has been acquired on multiple occasions.  All major 
international nosocomial M R SA  clones belong to one o f  these  
live CCs. The names originally assigned to the M R S A  clones  
represent either a unique epidemiological characteristic or sig
nify the geographic area from which they were first isolated. A  
more rational and unambiguous schem e has been proposed  
based on ST and SC C m ec  type ( H), 37). Using this nomencla
ture, som e o f  the m ore  c o m m o n  M R S A  c lones  are nam ed as 
follows: CCS, ST 5-M R S A -II  (N ew  York/Japan) and STS- 
M R S A -IV  (Pediatric);  CC8, S T 2 3 9 -M R S A -IIIA  (Brazilian),  
ST 239-M R S A -III  (H ungarian) ,  ST 247-M R S A -1A  (Iberian),  
ST2S0-MRSA-1 (Archaic), ST8-M RSA-II (Irish-1), and ST8-  
M R SA -IV  (E M R S A -2 ,  EM RSA-6); CC22, ST22-M RSA-1V  
(E M R S A -1 5 ) ;  CC 30,  ST 36-M R S A -II  (E M R S A -1 6 );  CC4S,  
ST4S-M R SA -IV  (Berlin) (10, 32, 33).

It has been suggested that genetic relatedness o f  particular 
M R S A  isolates should be investigated by determining both the 
genotype o f  the M SSA  isolate into which the SC C m ec  e lement  
was introduced and the type o f  SC C m ec  e lem ent it harbors 
(10). MLST has been shown to be the most powerful molecular  
technique for genotyping S. aureus isolates in long-term and 
global epidemiological studies (10, 33). The SC C m ec  type can 
be characterized using various PCR-based techniques that 
identify both the ccr  and m ec  gene  type or other sequences in 
the J regions specific to each SC C m ec  e lement (29, 31).

The objective o f  the present study was the molecular char
acterization o f  representative clinical M R S A  isolates recov
ered in Irish hospitals between 1971 and 2002, examining their 
genetic  relatedness to each other and to internationally recog
nized M R S A  c lones using M LST and SC C m ec  e lem ent anal
ysis. The results o f  this investigation identified seven novel 
SC C m ec  variants and two new m ec  classes, which were further 
characterized.

M A TERIA LS AND M ETH O D S

B acteria l iso la tes . A  to ta l o f  172 M R S A  isolates rep resen ta tive  o f the  m ost 
prevalen t pheno types  recovered  in Irish hospita ls  during  eight study periods 
betw een  1971 an d  2002 w ere  investigated (Table 1). Iso lates w ere  chosen  to 
include at least tw o iso la tes o f  each  type o r  subtype recognized during  each study 
period . P rio r to  1988 (study periods A, B. and C), isolates w ere classified into

four pheno types (te rm ed  early M R SA  and pheno types  I. II. and  III)  based  on a 
com bination  o f an tim icrobial resistance patterns, b ac te rio p h a g e  typing, plasm id  
screening , location  o f  resistance de te rm inan ts , and  S o u th ern  hybrid ization  a n a l
ysis o f  plasm id and chrom osom al D N A  (4, 5). P hen o ty p e  I and  p h en o ty p e  II 
isolates w ere previously identified during  study period  B (1976 to  1984), b u t only 
pheno type II isolates w ere available for the  p resen t study. Iso lates recovered  
after 1988 (study periods D th rough  H ) w ere ch a ra c te rized  by a co m b ina tion  o f 
techn iques tha t included bacteriophage typing, restric tion  fragm ent length  poly
m orphism  (R F L P ) analysis o f S m al-d igested  to tal ce llu lar D N A  using pulsed  
field gel e lec trophoresis  (PFCjE ), random  am plified polym orph ic D N A  analysis 
using P C R  (R A P D -P C R ). plasm id screening, en te ro to x in  profiling, b io typing  
(pigm ent p roduction  and  hydrolysis o f  Tw een 80 an d  u rea), and  an tib iogram - 
resistogram  (A R ) typing (using a panel o f 22 an tim icrob ia ls  [the panel was 
ex tended  to  23 in 1998]) (39-42, 44). In study periods  D  and  E , iso la tes w ere 
assigned an A R  type on the basis o f the  pa tte rn  o f  resistance  to  th e  a n tim ic ro 
bials in the  A R  typing panel in conjunction  with add itiona l d a ta  o b ta in ed  from  
the pheno typ ic and genotypic investigations described  above (39-41). F orty -four 
A R  types (A ROl to  A R 44) and a num ber o f subtypes have been  recogn ized  to 
date.

Iso lates recovered  betw een 1971 and 1998 w’ere  from  D ublin  hosp ita ls  only. 
Iso lates from  1999 w ere recovered  from  patien ts  in hospita ls  tha t p a r tic ip a ted  in 
the N o rth /S ou th  Study o f M R SA  in Ireland , a 2-w eek p revalence  study o f M R SA  
in bo th  the  R epublic  o f Ireland  and the  N orth  o f  I re lan d  (3 .4 4 ) . Lsolates o f  each 
A R  type and  subtype from  bo th  the  N orth  and  S outh  o f  Ire land  w ere  included. 
N inety-eight percen t o f Irish hospitals pa rtic ipa ted  in th e  N orth /S ou th  Study. 
The isolates recovered  in 2002 w ere from  blood cu ltu re  specim ens from  those 
Irish hospita ls (/? =  23) that partic ipa ted  in E A R S S  (43). T his level o f  pa rtic i
pation  in EA R S S  rep resen ts  a popu la tion  cover ra te  o f  > 90^^ . D eta ils  o f  study 
isolates a re  show n in T ab le 1.

A m ong  isolates from  1999. a previously unfam iliar A R  p a tte rn , des igna ted  
A R 43. was p redom inan t am ong  isolates from  the  N o rth  o f Ire land . A R 43 iso
lates from  six patien ts  w ere recovered  in mixed cu ltu re  w ith M R SA  isolates 
exhibiting o th e r  A R  pa tte rn s  (five A R 13 and one  A R 14  p a tte rn ) (3, 44). P ro 
portionally  m ore isolates exhibiting A R  pattern s  A R 43 . A R 13, and  A R 14 w ere 
included in the p resen t study to  investigate this observation .

B acteria l s to rage  and  c u ltu re  conditions. M R SA  iso la tes w ere sto red  at 
-8 0 ° C  in P ro tec t bacteria l p reserver vials (Technical Services C onsu ltan ts  I.td.. 
f leyw ood. U n ited  K ingdom ) and  w ere routinely cu ltu red  o n to  tryp ticase soy agar 
(O xoid L im ited . B asingstoke, U n ited  K ingdom ) p rio r to  incubation  overnight at 
37"C.

DNA iso la tion  an d  am plification . C hrom osom al D N A  was p rep are d  from  
each i.solate using the  Q IA G E N  D N easy kit system  (Q IA G E N . Craw ley, W est 
Sussex. U n ited  K ingdom ) accord ing  to  the m a n u fac tu re r 's  instructions. D N A  
was am plified in a T h e rm o  H ybaid M ultiblock system  therm al cycler (T herm o 
H ybaid, A shford . M iddlesex. U n ited  K ingdom ).

M LST. M LST was perfo rm ed  on 130 isolates (T ab le  1) by P C R  am plification 
o f in ternal fragm ents o f  seven housekeep ing  genes by using a previously d e 
scribed p ro ced u re  and  prim ers (9). S equencing  o f bo th  D N A  s tran d s  was p e r 
fo rm ed  using the  ABI Big-Dye F luorescen t T e rm in a to r  system  and  an ABI 3700 
au tom ated  seq u en ce r (A pplied  Biosystem s. W arring ton . U n ited  K ingdom ) at the 
G enom ics Facility at the U niversity  o f Bath (B ath , U n ite d  K ingdom ). T he alleles 
at each  o f  the  seven housekeep ing  loci w ere identified  by com paring  the  se
quences o b ta ined  from  the  test isolates with sequences held  in th e  M LST d a ta 
base (h ttp ://w w w .saureus.m lst.ne t). This da tabase  was also  used to  identify the 
allelic profile and hence the  ST o f  each isolate.

SC(>/i£’c typing. SCCmc'c e lem en ts  from  all 172 iso la tes included in this study 
w ere typed using tw o m ethods. Firstly, a previously rep o rted  m e thod  (29) d e 
scribed  in th e  p resen t study as the  simplex m e thod  w as used to  am plify the 
casse tte  ch rom osom e recom binase {ccr) and  m ec  g en e  com plexes {ccr-mec 
genes). T he p rim ers o f Ito  et al. and R obinson and  E n righ t w ere used for 
am plification o f the  ccr  and  m cc  genes, respectively (17, 37). Secondly, the 
m ultiplex P C R  m ethod  o f  O liveira and  de  L encastre , which utilizes prim ers 
designed  specifically to  distinguish  different reg ions o f  each  SC C m ec  type, was 
used as described  previously (31).

N ucleotide sequencing  o f SCCwiec. T he en tire  n ucleo tide  sequence  o f  the 
SC C m ec  e lem en t from  tw o iso la tes was de te rm in ed . O ne iso late (A R13.1/ 
3330.2) from  study period  G  (1999) was chosen because  it was rep resen tative of 
isolates w ith ccr-m ec  genes indicative o f SC C m ec  II by th e  sim plex P C R  m ethod 
but lacking one  to  th re e  o f  th e  five am plim ers typical o f SC C m ec  II when 
analyzed by the  m ultiplex P C R  SC C m ec  typing m e thod . T h e  second  isolate 
(A R 43/3330.1) from  study period  G  also was chosen  b ecause  it w as rep resen ta 
tive o f  isolates w ith ccr-m ec  genes typical o f  SC C m ec  IV  by the  sim plex m ethod
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T A B L E  I. I r is h  M R S A  is o la te s  in v e s t ig a te d  f to n i  e a c h  s tu d y  p e r io d  a n d  ty p e d  by  M L S T  a n d  S C C w t^c ty p in g

Iso late  phenotype"
No. o f isolates investigated  in study period^’: No. o f  isolates typed by:

A (1971-75) B (1976-84) C (1985-87) D (1 9 8 9 )  E  (1992-93) F ( I9 9 8 ) G  (1999) H (2002) M LST SCCmec’ typing

E a i ly  M R S A 1 ___ ___ ___ — — — — i 1
P h e n o ty p e  II — 15 — — — — — 5 15
P h e n o tv p e  II I — — I — — — — — 1 1
A R O l ' — — — 4 — — — — 3 4
A R 0 2 — — — 3 — — — — 3 3
A R 0 5 — — — 1 — — — — 1 I
A R 0 6 — — — 1 4 4 10 8 11 27
A R U 7 .0 /0 7 .2 — — — 2 2 2 9 2 7 17
A R 0 7 .3 '0 7 .4 — — — 1 3 3 2 — 9 9
A R 0 9 — — — 2 — — — — 2 2

A R l l — — — — 4 — — — 1 4
A R 1 3 — — — — 4 4 15 3 26 26
A R 1 4 — — — — 4 4 i i 3 22 22
A R 1 5 — — — — 2 — — — 1 2

A R 2 2 — — — — 2 — — — 1 2
A R 2 3 — — — — 1 — — — I 1
A R 4 3 — — — — — — 20 — 20 20
A R 4 4 — — — — — — — 2 2 2

A R N T  ( u r e a  + v e ) ‘ — — — 1 2 — — 3 6 6
N e w O r ' — — — — — — 1 — 1 1
N e w 0 2 ‘' — — — — — — 1 — 1 1
N e w 0 3 '' — — — — — — 2 2 4 4
U n fO l '' — — — — — — — 1 I 1

T o ta l  in  th is  s tu d y 1 15 1 15 28 17 71 24 130 172
T o ta l  in  o r ig in a l  s tu d y 20 3 5 0 67 104 321 2 2 0 714 3 98 N A ' N A

" T he m ost prevalen t phenotypes during  each study period  a re  underlined . — , isolates exhib iting  this pheno type w ere not recovered  during  the  study period . 
Iso lates from  groups A  to F w ere from  D ublin; isolates in g roup  G  w ere from  the  N orth  and  S outh  o f  Ire land ; isolates in g roup  11 w ere  from the  South o f Ireland. 

R efe rences for the  orig inal study with each g roup  are as follows: g roup  A  (re fe rence  5); B (5); C  (4): D  (39. 42}; E  (39. 42); F (42); G  (3, 44); H  (.^8, 43).
‘ N o A R  type could be  assigned. P F G E  analysis showed that most urease-positive iso la tes exhib iting  the  A R 06 p attern  yielded  PFCiE pattern s  unlike the  pattern s  

obta ined  from  o th e r  A R 06 isolates. H ence, assigning urease-positive A R 06 isolates to  A R  type 06 was considered  incorrect, and  these isolates w ere assigned to no type 
(N T ) pend ing  PFCiE. M LST. and SCC>7{t'(r analysis.

I'hcsc isolates w ere  n o t assigned an A R  lypc bccau>c lhc> p roduced  unfam iliar A R  p a ltern s; th e  A R  type is pend ing  on the  results of pUismid screening , en lero tox in  
profiling. P F G E . phage typing, biotyping, M LST, and SCCwu’r  typing.

' This isolate yielded  an  unfam iliar A R  p attern  and was not assigned an A R  type, pend ing  the  ou tcom e o f M LST and SC C w cc typing results in this study.
' NA. not applicable.

but with one  o f  the  two am plim ers characte ristic  o f  S C C m tr IV  m issing when 
isolates w ere investigated  by the m ultiplex m ethod.

O verlapping  p rim ers w ere  designed  to  am plify the e n tire  SCCw ec elem ent 
from  bo th  isolates using previously published SCCm t’c II and  SCCwje’c IVa 
nucleotide sequences (17, 25) o b ta ined  from  the  L n trez-P ubM ed  N ucleotide 
database w ebsite (h ttp :,/w w w .ncbi.nlm .nih.gov/entrez/query.fcgi?C M D  =  search 
& D Ii = nucleo tide) (accession num bers D86934 [SCCmt’c II] and  A B063I72 
(SC'Cmcr IV a]). T h e  p rim ers used to am plify and sequence the  S C C m tr e le 
m ents are  listed in T ab le 2.

D N A  fragm ents for sequencing  and cloning w ere ob ta ined  by P C R  am plifi
cation o f  chrom osom al D N A  using e ith e r Pfii D N A  polym erase (P rom ega) for 
prim er pairs dcs F and o rfX  R  (Table 2) o r the Expand Long T em p la te  PC R  
system (R oche ) fo r all o th e r  p rim er sets (T ab le 2) according to  the  m anu fac tu r
ers ' instructions. W hen each  p rim er pair was used to  am plify D N A  from  isolate 
A R 13 .1/3330.2, te m p la te  D N A  from  at least one i.solate exhibiting SC C m ec  II by 
both  SCC>77cT typing m e thods was included as a control. Sim ilarly, fo r AR43/ 
3330.2 tem p la te  D N A  from  at least one contro l isolate exhibiting SCCniec  IV  by 
both  m ethods was inc luded. A m plim ers w ere purified using e ith e r the  G en E lu te  
P C R  C lean-U p kit (S igm a-A ldrich) o r W izard SV Gel and P C R  C lean-U p 
system (P rom ega) p rio r to  d irect sequencing  (L ark  T echnologies, E.ssex, U nited  
K ingdom ) using p rim er w alking o r cloning  in to  pB luescript II K S ( - )  phagem id 
and sequencing. L igations o f  P C R  products to  pB luescript w ere facilita ted  by the 
presence o f  a p p ro p ria te  restriction  endonuc lease  cleavage sites w ithin the  p rim 
ers (Table 2). T ran sfo rm a tio n  o f com peten t Escherichia coli D H 5 a  p repared  
using CaCU and  identification  o f recom binan ts using b lue-w hite selection  w ere 
perfo rm ed  accord ing  to  th e  m ethods o f Sam brook and Russell (45). D N A  was 
sequenced using an A pplied  Biosystem s 373A  D N A  seq u en ce r (I 'o s te r  City, 
Calif.) and dye-labeled  te rm ina to rs . Analysis o f ch rom atogram s and sequences 
w ere carried  out using th e  373A  D ata Analysis softw are p rogram  version 1.2.0 
(A pplied B iosystem s) and  D N A  S trider 1 .3 fll softw are (CEA ^Saclay, (Jif-sur-

Y vette , F rance), respectively. H om ology searches w ere  perfo rm ed  using BLAST 
(h ttp ://w w w .ncb i.n lm .n ih .gov /B i.A ST index .sh tm l). T h e  C L U ST A I. W  sequence 
alignment com puter program  was used for alignm ents o f nucleotide sequences (13).

Investiga tion  o f  v a rian t S C C /w c elem ents. T he SC C m cc  e lem ents h arbo red  by 
all isolates identified  as having SC C m ec  types II and  IV  ccr-m ec  genes by the 
sim plex m ethod  bu t w ith unusual S C O ^ r  m ultiplex pa tte rn s  w ere investigated 
by P C R  am plification . T h e  prim ers used for am plification and sequencing  of 
SCXV^jfc from  iso late A R 1 3 .1/3330.2 (rep resen ta tive  o f isolates with SCCm cc II 
ccr-m ec  genes by the  sim plex m ethod  but lacking one  to  th ree  o f the five SC C m cc  
II m ultip lex  am plim ers) w ere used on all atypical SC C m ec  II isolates (T ab le 2). 
Sim ilarly, th e  prim ers for am plification and sequencing  o f the  SC C m ec  e lem ent 
of isolate AR43/3330.1 (rep resen ta tive  o f isolates with SC C m ec IV  ccr-mec genes 
by th e  sim plex m e thod  but lacking one  SCXwc'C IV  m ultiplex am plin ier) w ere 
used on all atypical S C C W c IV  isolates (T ab le 2). P C R  products w ere separa ted  
by e lec tropho re sis  in \%  (w t/vol) agarose gels, and  the  sizes o f  am plim ers w ere 
com pared  to  those o b ta ined  by am plification using the sam e prim ers on te m 
pla te  D N A  from  A R 1 3 .1/3330.2 and A R43/3330.1 and to  previously published 
S C C w tr  e lem en t sequences. A m plim ers that show ed variation  from  expected 
sizes w ere also sequenced .

N ucleo tide sequence accession  num bers. N ucleo tide sequences w ere subm it
ted  to  the  G enB ank  d a tabase  un d er accession num bers A J810120 (S C C m tr H E 
from  M R S A  iso la te  A R 1 3 .1/3330.2). A J810 I21  (SCCwitT IV L  from  M R SA  
iso la te A R43/3330.2). AJ810122 (partial m ec  com plex A .4). and  A J810123 (p a r
tial SC C m ec  IIB ).

R E S U L T S

M L ST . O f  the  172 M R S A  isolates investigated in this study, 
130 w ere  exam in ed  by M L S T  (Table  1). T h ese  130 isolates
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T A B L E  2. P r im e rs  u sed  in th is  s tudy  fo r  S C O iie c  e l e m e n t  amplif ica t ion  a n d  s eq u e n c in g

Isolate Primer
pair Nucleotide sequence' Restric

tion site
Nucleotide
coordinates SCC/nec region amplified

A R l,3 .t/.S ,m 2 IR LII F CCCTCGVI 6'GC'iCTCTGCGTA ICAGH AATGA X hol 4684-470.3" L-C ‘
ccrA R ATrTO'C'OC/CC GCGG n  CGATAGCCTGT n  C TG N otl 2,S490-2.‘i471"
ccrA F ACGCC; TCGA  CCAAGTCATACiGCTATTTACG Sail 2,‘̂ 417-2,‘̂ 4.36" C-M '' {crrA2-Tn55‘/)
Tn.‘i.‘54 R ACGCC; TCCA  CAAGCTATCCACGTTCAATCTCAAC Sail 32442-32419"
Tn.‘i.S4 F A m ( ; C 6 ’GCCGCCTTTAAA(;GGTTTCC;GAATA N otl 3236.‘i-3238,V' C-M '' { Vn554-mecRI)
m ecR l R CXXTCGV1GGGCAATGCC TAAACCTAATCG X hol 437.54-43736"
m ecR l F ATTTGCCyC/XC'GCCGA r iA G G n  TAGGCATTG N otl 43736-43754" M-I' im ecR I-ugpQ )
ugpO  R CCCTCG',4 GGGGCTTCTGCAGGATCTTGG Xhol 47868-47851"
ugpQ  F c c c T C G /1  g g g c c a a ( ;a t c c t g c a ( ; a a g c X hol 47851-47878" I-R ' (ugpQ-dcs)
dcs R A m 'G C G G C C G C C (;(;T C A T C ;G C T A T G A T T T A G N otl 56373-56354"
dcs F A m  c; c g g c c g c x ;t c a a t ( ; a ( ;a t c a t c t a c a t N otl 56109-56128" I-R ' (rfcs-right SCCm ec  junction)
ort:K R ATTIGC GG CCG CCC CA A G G G CAA A G CG A C N otl 57826-57810"

AR4.V,'!.3.30.1 IR LII F ccc 7 cf g g g c t c t g c c ; t a t c a g t t a a t g a Xhol 4684-4703" L-C‘
ccrA  R AITT'G C G G CC G C G CTTC G A TA G C CTG TTTCTG N otl 25490-25471"
ccrA  F AITT(;;CG(:;CCGCCAAGTCArAGGCTArrTACG N otl 9894-991.3'’ C-M '' (cc rA l-m ecA )
mecA R ACGCGrCY/VlCCCTATCTCATATGC TG Sail 18160-1814.5'’
mecA F ArrTG'C'GGCCGCXJA n  GGGATC.ATAGCGTCAT N otl 18021-18040'’ M -f {mccA-lS-IM m ec)
ISmec R ACGC(;7C(;/1CACGGTGATCTT(;CTCAATGA Sail 22780-22761'’
ISmec F cccrcc;/! GGGCCTGACTGTCAT TGTAC Xhol 22724-22740'’ 1-R' (IS./.^/m rt’-right SC C m w  junction )
orlX  R A ITT C ;C ( ;G «  GCCCCA.AG(;(;CAAAGCGAC' N otl 25395-25379'’

" Nucleotide coordinates from SCCmec type II. accession number D86934.
Nucleotide coordinates form SCCmec type IVa, accession number AB063172.

‘ L-C, the region from the left chromosome-SCCmcc junction to the beginning of the ccr complex.
C-M, the region from the ccr complex to the mec complex.

' M-I. the region from the mec complex region to lS431mec.
' I-R. the region from \S4M mec  to the right extremity of SCCmec.

Text in bold indicates primer sequences, text in italics indicates restriction sites added to primer sequences, and plain text indicates extra bases added to aid with 
cloning.

included at least one isolate from each o f  the most common 
phenotypes identilied among MRSA recovered between 1971 
and 2002 from Irish hospitals (Table I. study periods A to H). 
Multiple isolates were included for the predominant pheno
types during each study period (Table I), except for study 
period B (1976 to 1984), for which isolates from only one o f  the 
two predominant phenotypes were available, MLST identified 
10 STs belonging to each o f  the five major CCs described to 
date and one  singleton (ST12) among the M RSA  isolates in
vestigated (Table 3), Isolates recovered prior to 1985 exhibited 
ST250, while the STs o f  the two most prevalent strains in 1989 
were ST250 and ST239 (Tables 1 and 3), STS predominated in 
the 1990s, but by the late 1990s the prevalence of isolates with 
ST36 and ST22 increased (Tables 1 and 3), By 2002, ST22 had 
become the major ST. All except one ST were identical to those 
previously described. The exception was a double locus variant of 
STS (ST496), which differed from ST5 at both the arcC in d yq iL  
alleles. STS has alleles 1 and 10 of arcC andyq iL , respectively, 
whereas ST496 had a new allele, 63, o f  arcC  and allele 28 of 
yqiL. The arcC  alleles 63 and 1 differ at a single nucleotide site, 
as do alleles 10 and 28 o iy q iL .  This novel ST was obtained 
from one isolate from 2002 exhibiting A R  type AR07.2.

SCCmec typing. Using both the simplex and multiplex 
SCCmec typing methods 50% (86/172) of isolates carried 
SCCmec type I, lA, II, III, or IV (Table 3). SCCmec I was 
identified in 10 isolates (5.8%), SCCmec II was identified in 
30 isolates (17.4%), SCCmec III was found in nine isolates 
(5.2%), and SCCmec IV was identified in 34 isolates (19,8%). 
Three isolates (1.7%) were found to harbor SCCmec I by the 
simplex method, but the multiplex method showed that they 
carried the previously described variant element SCCmec la 
(Table 3).

Identification o f variant SCCmec types. Eighty-six isolates 
(50%) harbored two apparently different SCCmec  elements 
when tested by both SCCmec  typing methods, or the SCCmec  
type could not be inferred because the multiplex patterns p ro
duced did not exactly match those o f  previously described 
SCCmec elements (Table 3; Fig, 1),

Nine isolates were found to carry SCCm ec  I by the simplex 
method but failed to yield the 495-bp band characteristic of 
SCCm ec  I elements by the multiplex method, which results 
from amplification ĉ f a region downstream of the gene encod
ing a plasmin-sensitive surface protein (pis) found in SCCmec 
I (Table 3). Furthermore, the multiplex pattern obtained was 
indistinguishable from SCCmec  IV (Fig. lA, lanes 2 to 5). This 
pattern was designated SCCm ec  1 -pis.

Three isolates were identified by the simplex method as 
carrying SCCmec  III but their multiplex pattern, although sim
ilar to that of SCCmec  III, was missing a band at 243 bp (Table 
3; Fig. lA , lanes 7 to 9). This band is the product o f  amplifi
cation of the locus between pI258 and TnJJ-/ and is found in all 
SCCmec  III elements characterized to date. This pattern was 
designated SCCmec  III -pI258/TnJ5^.

All 20 AR43 isolates were classified as SCCmec  type IV by 
the simplex method but gave a multiplex PCR pattern from 
which the SCCmec  type could not be inferred because only the 
multiplex m ecA  control amplimer found in all SCCm ec  types 
was obtained (Table 3; Fig. IB, lanes 7 to 9), This multiplex 
pattern could be interpreted as a variant SCCm ec  IV multiplex 
pattern missing the 342-bp amplimer, which results from the 
amplification of dcs found in SCCm ec  IV, This pattern was 
called SC Cm ec  IV -dcs.

The remaining 54 isolates belonged to phenotypes AROS, 
AR13, A R I4 ,  NewOl, and New03 (Table 1) and were identi-
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T A B L E  3, M L S T , SC C m ec  type, an d  v a rian t S C O n e c  e le m e n ts  o f  M R S A  re c o v e red  in Ire la n d , 1971 to  2002

SC'Cntir type based on:
c c ST AR type or phenotype'' Variant SCChk’c elements

Simplex PCR Multiplex PC'R^ SCCnu'c name'

8 239 AROl, A R 1 .\ AR23. AR44 III III
239 P h lll.  AR09 III III -  pI2,S8/Tn5.5-/
250 Larlv M RSA (/i = 1), Ph il 

( ' f  =  4 )
I I (/; =  10)

250 P h il ( / I  =  I), A R 02 (n = 3) I IV or 1 -  pis (n =  9)
247 AR22, New02 I la

8 ARO.S II II -  kdp IIB SC Cm ec  IVh L-C region and lacks Tn55-/'
8 ARL3 ( / I  =  6). A R I4  (n =  3) II II -  kdp IIA SC Cm ec  IVh L-C region: class A.4 m ec'' '
8 A R M  {n = 10) II II -  kdp & m eci l i e SC Cm ec  IVb L-C region: class A.3 mec'': lacks 

O R Fs betw een Tn.55-/ and mec complex'^
8 AR13 (;i =  19). A R M  (n =  3). 

NcwOl. Ncw03
II II -  kdp & pU B IlO IID SCCm ec IVb L-C region: class A.4 mec'': lacks 

pU B IlO  and second copy o f ISV.?/'
8 AR13 {n = 1). AR14 (ii = 6) II IV o r II -  kdp. m eci 

& pU B llO
HE SCCm ec IVb L-C region; class A.3 mec'': lacks 

pU B lIO , second copy o f IS4.^I. and O R Fs 
between T nJ.i^  and m ec  complex'

8 > II IV IV -  dcs IV E SCCm ec IVc variant, lacks dcs: has an unusual 
sequence in l-R  region

8 A R43 (n = 3) IV IV -  dcs IVF SCCm ec IVb variant, lacks dcs: has an unusual 
sequence in l-R  region

5 5 AR07..V07.4, A R I l II II
s UnfOl IV IV

496 AR07.2 ( H  =  1) II II
. ^ 0 ,36 AR07.0/07.2 {n =  6) II II

.30 A R N l {II =  4) IV IV
22 AR06 IV IV

4.̂ 45 A R N T  ( »  =  1 ) IV IV
S' 12 A R N T (»  = 1) IV IV

" W here more than one S'lVSCCmt’c' type was identlHed within a phenotype (e.g.. AR13 or AR07.0/07.2). the numbers represented by each S'F or SCOni-c type are 
shown in parentheses after the AR type or phenotype. I ’or isolates identified as ha\ing genotype ST250. the numbers of isolates analyzed by MLST dillered from the 
numbers subjected to SC'Cmcc typing (TAHLL I), and more than one SCC'«i«- type was identified within this genotype; therefore, the numbers of isolates identified 
with each S T and SCX'mec tvpe are indicated in parentheses after the phenotype and '^CCmec tvpe, respectively. Otherwise, numbers of isolates are as indicated in 
TABLE 1. ’

Some patterns obtained with the multiplex PCR SC’t'wifc typing method lacl<ed amplimers corresponding to the amplification of the determ inants indicated.
‘ SC'Oncc name assigned during the present study.

These two variants of nicc complex class A (designated A..  ̂ and A.4) were recognized during the pre.sent study (F-ig. 2 and 3).
' Singleton, no ancestral genotype has been assigned.
 ̂ SC'Cnifc II variant.

fied a.s SCCmec II by the simplex method but gave variant 
SCCm ec II multiplex patterns that lacked one to three of the 
five amphmers that would identify them as harboring SCCmec 
II (Table 3). Ten isolates lacked a 284-bp band corresponding 
to the amplification product from a region of the kdp operon 
found in SCCmec II (Table 3). This pattern was designated 
SCCmec II -kd p  (Fig. IB, lane 2). Ten isolates lacked both the 
284-bp band {kelp operon) and a 209-bp amplimer (Table 3). 
The latter results from amplification of part of the m eci gene 
in SCCmec II. This pattern was termed SCCmec II -kd p  & 
m ecI (Fig. IB, lane 3). Twenty-seven isolates lacked the 284-bp 
band {kdp operon) and the 381-bp amplimer (Table 3). This 
381-bp amplimer results from amplification of the left junction 
between lS43lm ec  and pU B llO  found in SCCmec II. This 
pattern was called SCCmec  II -kdp  & pUBI 10 (Fig. IB, lanes 
4). Seven isolates produced a multiplex PCR pattern indistin
guishable from the p a tte rn  o f  SC Cm ec  IV (Table 3). This 
pattern  could also be in te rp re ted  as a SC C m ec  II pa ttern  
missing the 284-bp {kdp  operon) ,  209-bp {m eci gene), and 
38I-bp  (p U B llO )  amplimers. This pattern  was designated 
SCCmec II -kdp , m eci & pU B llO  (Fig. IB, lane 5).

Investigation <if the SCCmec elements harhi)red by S l’8 iso
lates with unusual SCCmec II and SCCmec IV multiplex pat
terns. Since all ST8 isolates {n = 74) exhibited variant multi
plex patterns (Table 3), we decided to further investigate these

SCCmec elements. Firstly, the entire SCCm ec element from 
two STS isolates, A R  13.1/3330.2 and AR43/3330.1, with vari
ant SCCm ec II and SCCm ec IV multiplex patterns, respec
tively, were sequenced. Isolate AR 13.1/3330.2 was representa
tive of isolates with SCCmec II by the simplex method but with 
SCCmec multiplex patterns lacking one to three of the am 
plimers typical o f  an SCCmec II element. A R  13.1/3330.2 ex
hibited multiplex pattern SCCmec II -kd p . m eci & pU BlIO  
(i.e., it lacked all three bands, kdp, m eci, and pU BI 10). Isolate 
AR43/3330.1 was representative o f  isolates with SCCmec IV by 
the simplex method but with an SCCmec multiplex pattern 
lacking the 342-bp dcs amplimer {SCCmec IV -dcs). The ge
nomic organizations of the.se two variant SCCmec elements 
based on their nucleotide sequence are shown schematically in 
Fig. 2. The genomic structures of the SCCmec elements of the 
remaining 72 STS isolates were also determined.

Novel variant o f SCCmec II identified in AR13.1/3330.2. The 
SCCmec element in A R B .  1/3330.2 consisted of a ~27-kb se
quence containing a combination of regions previously identi
fied in SCCm ec II and IV and a novel mec complex (Fig. 2). 
Amplification of the L-C region yielded an amplimer o f  —5.6 
kb. which is similar in size to the expected amplimer for 
SCCmec IVb (Table 4). The nucleotide sequence o f  this 5.6-kb 
amplimer was found to have 99.7% similarity to the L-C region
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SCCmec: I V / 1  -  ph

A L 1 2 3

II I  I I I - p l 2 5 8 / T n 5 5 4

I----------
5 L 6

1000 bp

500 bp 
400 bp 
300 bp
200 bp 

100 bp

02
D

SCCmec:

C:

—  CD 

> ^ IV
IV  -  dcs

B
800 bp

500 bp —
400 bp —

300 bp —

200 bp —
100 bp —

FIG . 1. S C O nec m ultiplex patterns and variant m ultiplex patterns found in Irish M R SA  isolates. (A ) L ane 1, SCC/nec  type I m ultiplex pattern ; 
lanes 2 to 5, SCCm ec  IV  m ultiplex pattern  produced  by AR02 isolates and  six phenotype II isolates with SC O nec  type I ccr-mec genes by the 
simplex m ethod; lane 6, SC O nec  type III m ultiplex pattern ; lanes 7 to 9, the variant SC O nec  III m ultiplex pattern  (III -pI258/T n55-/) characterized  
by the absence o f the pI258/Tn55¥ 243-bp am plim er, p roduced by A R 09 and  phenotype III isolates with SC O nec  type III ccr-mec genes by the 
simplex m ethod. (B) Lane 1, SCC m ec  type II multiplex pattern ; lanes 2 to 5, the SCC m ec  m ultiplex patterns produced  by iso lates with phenotypes 
A R05. A R 13, AR14, NewOl, and New03 with type II ccr-mec genes by the  simplex m ethod. T hese m ultiplex p a tte rn s ap p ea r to  be related  to  the 
type II SC C m ec  m ultiplex pattern  but lack the kdp  am plim er (284 bp) (II -k d p , lane 2), o r  lack the kdp  and  m ecl (209-bp) am plim ers (II -k d p  & 
m ecl. lane 3), o r  lack the kdp  and p U B l 10 (3 8 I-bp ) am plim ers (II -k d p  & pU B llO , lane 4), o r lack the kdp, m ecl, and p U B l 10 am plim ers (II -kd p , 
m ecl & pU B IlO , lane 5). This last pa ttern  is the sam e as SC O nec  IV. L ane 6, SC O nec  type IV  m ultiplex pattern ; lanes 7 to  9, m ultiplex pattern  
p roduced by isolates with the AR43 phenotype (IV  -dcs), which consists o f  the m ecA  contro l am plim er only. Lane L, 100-bp D N A  ladders used 
as m olecular size reference m arkers.

o f SCCmec IVb and less than 10% similarity to the L-C regions 
o f SCCmec types I, II. Ill, IVa, and IVc.

Analysis o f the sequence of the ccr complex identified type 2 
ccr genes {ccrA2 and ccrB2) with closest similarity to those of 
SCCmec II and SCCmec IV elem ents (Table 5). Amplification 
and sequencing o f the region between the ccr and mec com
plexes (C-M) in A R I3 .1/3330.2 using two primer pairs yielded 
a 7-kb and 6.5-kb product (Table 4) and confirmed the pres
ence of a truncated integrated Iransposon, Tn55'/ (Table 5). 
Five o f the six ORFs (tnpA, tnpB, tnpC, spc, and ermA) previ
ously identified within Tn55¥ o f SCCmec II were present in the

SCCmec elem ent of A R 13.1/3330.2, and each O R F showed 
100% homology at the amino acid level with those o f SCCmec 
II (Table 5). However, Tn55¥ of SCCmec o f AR13.1/3330.2 
was truncated by —1,000 bp, resulting in the absence of an 
O RF o f unknown function in Tn55‘/. The six ORFs spanning a 
~5-kb region encoding hypothetical proteins usually found 
between Tn5J4 and the mec complex in SCCmec II were also 
absent (Fig. 2). Instead of these ORFs, a 1,865-bp IS//iS2 se
quence was present. A  253-bp truncated version of mec! 
{Im ec l)  was identified {m ecl gene is usually 372 bp) (Fig. 2). 
Sequences o f m ecR l and mecA from A R  13.1/3330.2 showed
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IVb: 21 kb

IVc: 25 kb
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Class B mec 1S256 IS256

IVE: 23 kb (AR43/3330.1)

L-C region IVb

IVF: 23 kb

Class B mec
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FIG . 2. Schem atic diagram  show ing the genom ic organization SCCniec II, IIA. IIB. IIC , IID , HE, IV a, IVb, IVc, IV E, and IV F elem ents. 
SC C m ec  IIA , IIB. IIC, IID . HE, IV E. and IV F are novel variants that were identified in the presen t study. SCCinec II, IVa, IVb, and IVc were 
identified previously (19, 25), and the organization  was determ ined based on the nucleotide sequences in the G cnB ank database under accession 
num bers D869.34. A B 063I72, AB()6.'^I7.3, and A B0% 217, respectively. The structu re  o f  SCCm ec  HE and IVE w ere determ ined  by sequencing of 
the en tire  SCC m ec  e lem en t o f  Irish M R SA  isolates AR1.3.1/.3.3.30.2 (IIE : accession num ber A J8 I0 I2 0 ) and AR4.3/3.3.30.I (IV E ; accession num ber 
A J8 1 0 I2 1 ). The structu res o f SC C m ec  IIA . IIB. IIC, IID , and IVF were determ ined  using the p rim ers shown in Table .3 by observing the mobility 
of am plim ers in agarose gels and in som e cases by sequencing.
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TA B LE 4. C orrelation  betw een SCCm ec m ultiplex types and am plim er sizes ob ta ined  using overlapping p rim er pairs to  am plify the novel 
SCG^zec elem ent variants and com parison to  those expected from  typical S C O n e c  I! and S C O n ec  IV  elem ents

SC’C'/Jiff 
mulliplcx type

SC O nec
element

Arrrplimcr .sizc" (kh) with prim er pair

L-C', IRLII 
F-ccrA k

C-M, ccrA 
F-Tn.'S.W R

C-M , Ta5-5./ 
¥ -m ixR I  K

M-I, mecKl 
F-ugpQ R

I-R, ugpU 
F-dcs R

l-K, clc.s 
F -o rK  K

C-M , ccrA 
F-mccA R

M-1, mccA 
F-lSrncc R

I-R, ISmcc 
F-orIX R

R cfcrcncc

II II 20 7 11 4.1 &.5 1.7 20 4,7 8 17
II -  kdp IIA ,S.6 7 13. 4.1 S.5* 1,7 22 4,7 8 This study
II -  kdp IIB 5.6 7 N o amplimer* 4.1 8.5 1,7 1.1 4,7 8 This study
II -  kdp  di m ec I l i e 5.6 7 6 ..“i 4.1 8.5 1,7 14 4,7 8 This study
II -  kdp  A  p U B llO IID 5.6 7 1.1 4.1 2.2 1,7 22 .1,7 2,7 This s tudy
n  -  kdp , m ec! H E '’ 5.6* T 6.5* 4.1* 2.2* 1,7* 14 .1,7 2,7 This s tudy

p U B llO
IV IV a 8.9 N o am plim er'' N o am plim er'' 4.1 .1.2 1,7 S..*) 4,7 2,7 2,“;
IV IVb 5.b N o am plim er'' N o am plim ei^' 4.1 .1,2 1,7 S.5 4,7 2,7 25
IV IV c 6.1 N o amplimer^' N o am plim er'' 4.1 N o am plim er" N o amplimer* 8.5 4,7 .‘>,.1 19
IV  -  dcs IV E " 6 .1* N o am plim er'' N o am plim er'' 4.1 N o am plim er' N o am plim er' H.5* 4,7* 4,7* This study
IV -  dcs IV F 5.6* N o am plim er'' N o am plim ei^' 4.1 N o am plim er' N o am plim er' 8.5 4,7 4,7* This study

" A m plim er sizes for SC C m ec  IIA . IIH, IIC , IID . IIH. IV E , and  IVI- w ere ca lcu la ted  e ith e r by sequencing  (ind ica ted  by *) o r  based  on e lec tro p h o re tic  m obility in 
agarose gels. A m plim er sizes for SCCwicc II. IV a, IV b, and  IV c w ere  ca lcula ted  from  sequences in the  G enB ank  da tabase , accession num bers D86934. AB()(S3172. 
AB()63173, and  AB096217. respectively. All am plim er sizes are  approx im ate. L-C , C-M , M -I, and  I-R  indicate  th e  reg ion  o f  the  SCCm ec e lem en t am plified. 

^ S C C m e c  e lem en ts  IIL  and  I \ 'L  w ere sequenced  in full from  isolates A R L 3.1/3330.2 and  A R43/3330.1. respectively.
‘ N o am plim er due to no Tn55-^,- prim ers ccrA  F -m ec R l R  w ere used instead, resulting  in an 11.5-kb am p lim er. w hich w as sequenced .
‘‘ N o am p lim er due to  no TnJJ*# in SC C m ec  IV a, IV b. IV c, IV E , and  IVF.
‘ N o am p lim er due  to no dcs region in S C O n ec  IVc. IV E , and  IVI-.

Wi)%  homology to sequences of o ther SCCmec elements (Ta
ble 5).

Amplification of the region across lS43Im ec  to the dcs re
gion downstream of  the mec complex yielded a product o f  2.2 
kb. which is smaller than that of any previously described 
SCCmec  clement including SCCmec II and IVb (Table 4). 
Sequence data  from this product showed that the hypervari- 
able (HV) region (located between mecA  and \S43 lm ec) of 
AR 13.1/3330.2 is 997 bp shorter than that of SCCm ec II and 
SCCm ec  IVb. The \S43Im ec  region was 100% homologous to 
that of o ther  SCCmec e lements but lacked all D NA  sequences 
associated with the integrated plasmid pU BIlO  or the second 
IS43I .sequence found in SCCm ec II (Fig. 2).

The extreme right o f  the SCCmec element o f A R 1 3 .1/3330.2 
from IS431 to  the right chromosomal-SCCAnec junction  (I- 
R region) showed 100% homology with the same region of 
SCCmec II (Table 5). The 15-bp direct repeat sequence char
acteristic o f  SCCm ec elements was identified at the right ex
tremity o f  SCCm ec (D R -R ) and a 26-bp inverted repeat se
quence ( IR -R ) that was identical to that of SCCmec IVb and 
SCCm ec II was also found. All SCCmec elements identified to 
date have been found to be integrated at exactly the same nu
cleotide position of orfl^. This O R F  was identified outside the 
IR-R  region, and SCCm ec of A R 13 .1/3330.2 was integrated at 
the same nucleotide position in o ip (  as other SCCmec elements.

The novel genomic structure  o f  the m ec complex of the 
SC C m ec  e lem en t  o f  A R 1 3 .1/3330.2 {ISI  1 8 2 -\m ec I-m ecR l-  
m ecA -\S43Im ec) was more similar to the class A  m ec complex 
o f  M R SA  {m ecl-m ecR l-m ecA -lS43Im ec) found in SCCm ec II 
and SC C m ec  III than  to the class B m ec  complex (IS/272- 
A m ecR I-m ecA -lS 4 3 1 m cc)  o f  SC C m ec  I and  IV  (Fig. 3). Due 
to its similarity to the  class A  m ec complexes, this novel m ec 
complex was designated class A.3 m ec (Fig. 3).

Novel variant o f SCCmec IV identified in AR43/3330.1. iso
late AR43/3330.1 carried a 23-kb SCCmec element, which is 
within the size range (20 to 25 kb) o f  previously described 
SCCmec  IV elements, but sequence data indicated that it is 
distinctly difl'erent. The genomic structure of this SCCm ec el

ement showed most similarity to SCCm ec IVc (Fig. 2). Ampli
fication of the L-C region of AR43/3330.1 yielded an amplimer 
of ca 6.1 kb (Table 4), and sequencing revealed that it had 
100% similarity with the L-C region o f  SCCmec IVc (Table 6). 
Amplification o f  the region from the ccr complex to \S43lm ec  
yielded amplimers that showed almost 100% sequence identity 
with the same regions of SC Cm ec  IVc (Table 6). A class B mec 
complex was identified (Fig. 2), and  an I-R region different 
from any previously described SC Cm ec  element was deter
mined. An amplimer of 4.7 kb was obtained following ampli
fication o f  this region (Table 4). Sequence analysis identified 
lS43Im ec, but a ~4.4-kb region was identified between it and 
the end of orfX. Searches o f  the GenBank database showed 
that —1.2 kb o f  this sequence had 100% homology to a se
quence o f  the right extremity of the SCCm ec element of two 
o the r  M R S A  isolates (15). This sequence  in the G enBank 
database consists o f  orfX  and the extreme right region of the 
SC C m ec  e lem en t ,  including the direct re p e a t  (D R -R ) and 
inverted re p e a t  ( IR -R )  regions. T he  rest o f  the sequence 
between \S 4 3 Im ec  and  IR -R  identified in AR43/3330.1 was 
found to have no homology to any sequences in the GenBank 
database.

Determination of the genomic organization of the SCCmec 
elements of the remaining STS isolates with unusual SCCmec 
II and SCCmec IV multiplex patterns. In total, 74 isolates had 
the STS genotype and gave variant SCCmec II and IV multi
plex patterns (Table 3). In addition to determining the nucle
otide structure of  the SC Cm ec  elements of two o f  these isolates 
as described above, the SC Cm ec  elements o f  the remaining 72 
isolates were characterized by analyzing the mobility of am
plimers on agarose gels obtained with the overlapping primers 
used to amplify and sequence the SCCm ec from isolates 
A R13.1/3330.2 and AR43/3330.1. In some cases, sequencing 
was performed on amplimers that differed in size from that 
expected from previously described SCCm ec elements. These 
results are summarized in Table 3 and Table 4. This analysis 
identified five variant SC Cm ec  elements, in addition to the two 
identified above by complete nucleotide sequencing. O f the
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T A B L E  5. Id e n t i t i e s  b e tw ee n  O R F s  o f  the  novel SCC/iiec  II v a r ia n t  e le m e n t  o f  Ir ish M R S A  isola te  AR13.1 /333t) .2  an d
the  c o nven t iona l  SCC//iec  IV b  an d  II e le m e n ts

SCOtiec  elem ent 
and OKI

Homology to O R I s o f SCO nec  IVb^ Homology to  O R Es o f SCO nec  11̂

Location"
O RI

Homology' (ie n e  pr()duct O RE
7c

Homology^
G ene product

IIEOl 210-1145
(com plem en t)

CMOOl 83.7 H ypolheticai p ro te in — — —

IIB02 112.V1893
(com plem en t)

CM 002 100 H ypothetical p ro te in — — —

IIE03 2010-3440 MOOl 99.6 H ypothetical p ro te in — — —
I1E04 3560-5350 M002 99.7 C onserved  hypolheticai p ro te in N031 80.3 C onserved  hypothetical p ro te in
IIE05 5584-6933 M004 99.1 C assette  ch rom osom e recom bi- 

nase A2
N034 96.7 C assette  ch rom osom e recom bi- 

nase A2
IIE 06 (a7-B2) 6955-8583 M005 97.8 C assette  ch rom osom e recom bi- 

nase H2
N037 98 C assette  ch rom osom e recom bi- 

nase B2
IIE07 9101-9451 M006 88.9 C onserved  hypothetical pro te in N04I 100 C onserved  hypothetical p ro te in
IIE08 9538-9849 M007 89.4 C onserved  hypothetical pro te in N042 100 C onserved  hypothetical pro te in
IIE09 9867-10373 MOOS 91.7 C onserved  hypothetical pro te in N043 99.4 C onserved  hypothetical pro te in
IIEIO 10394-10711 __cl — — N044 100 P seudogene
H E 11 {ifipA) 10830-11915 — — N045 100 T ransposase  A
IIE 12 (inpH) 11912-13804 — — — N046 100 T ransposase  B
IIE13 (inpC) 13811-14188 — — — N047 100 T ransposase  C
I IE  14 (^/«') 14339-15121 — — — N048 100 O -N ucleo tidy itransferase
H E 15 (em iA ) 15247-15978

(com plem en t)
— — — CN 026 100 rR N A  aden ine  /V -6-methyltrans- 

ferase
IIE lf) im p  [SU 8 2 ) 16499-18103 — — — — — —
IIE 17 i l m e c l ) 18207-18459

(com plem en t)
— — — CN036 67.7 M ethicillin resistance pro te in  

M eci
H E IS ( m ccR I ) 18459-20216

(com plem en t)
CM  1)03 55.6 T ru n ca ted  signal tran sducer 

p ro te in  M ecR l
CN037 100 Signal transducer p ro te in  M ecR I

HE 19 (m ecA) 20316-22322 MOlO lOU Penicillin b inding  p ro te in  2a N058 100 Penicillin b inding  pro te in  2a
I1E20 22368-22796

(com plem en t)
C'M004 100 C onserved hypothetical pro te in CN038 100 C onserved  hypothetical pro te in

IIE21 (ugfjQ) 22893-23636 C'MOWi 1(K) G lycerophosphory ld iester 
phosphod  iesterase

N039 100 G lycerophosphory ld iester phos
phod iesterase

IIE22 (tnp \S 43Im cc) 23901-24575 MO 11 1(K) T ransposase  for IS-/.?y/n('c N062 100 I'ransposase for \S 43 Im ec
IIE23 24607-24846

(com plem ent)
CM 007 100 C onserved hypothetical pro te in CN 049 100 C onserved  hypothetical pro te in

u e :4 25 :61-26556
(com plem ent)

C'MOOS 40.7 T ru n c a ted  c o n s e i \e d  hypo
thetical pro te in

CN 050 100 I 'runcated  conserved  h y po the
tical protein

" T he nuclco tidc positions w ere  de te rm in ed  based  on the  sequences for SCC'/Mt'f IIH deposited  in the ( ie n B an k  d a tabase  u n d er accession num ber A J810i208. 
O RI-s and  gene products from  SC O fie c  II and  SCC m ec  IVb, based  on nucleo tide sequences in the  G en lian k  database , accession n um ber I’>86934 and Ali()63173. 

respectively (17, 25).
' B ased on am ino  acid identity.

— , no significant hom ology.

seven variants recognized, five SCCmec II variants (designated 
SCCmec IIA, IIB. IIC. IID, and HE) were identilied among the 
54 isolates with variant SCCm ec II multiplex patterns, and two 
novel SCCm ec  IV variants (designated SCCm ec IVE and IVF) 
were found among the 20 i.solates with variant SCCmec IV 
multiplex patterns (Table 3). A schematic representation of all 
seven SCCm ec  variants is shown in Fig. 2.

Additional novel variants of SCCwec II. Significant size vari
ation was observed in the mobility of amplimers obtained from 
variant SCCm ec  II elements compared to the sizes expected 
from isolates with typical SCCwt'c II when the following three 
regions were amplified: the L-C region. T n .W  to the mec 
complex (part o f  C-M region), and across pU BI 10 (part of I-R 
region) (Table 4). The 54 SCCm ec II variants yielded the 
5.6-kb fragment characteristic o f  the L-C region of SCCm ec 
IVb (Table 4; Fig. 2). No amplimer obtained following ampli
fication o f  the region from Tn55-/ to m ecR I in the SCCm ec II 
variants matched the size expected from a typical SCO?;«' II 
element (Table 4). All but one isolate with the multiplex pat
tern SCCmec II -kd p  {n = 9) and all i.solates with the multiplex 
pattern SCCm ec II -kd p  & pU B llO  {n = 27) produced am 
plimers of ca. 13 kb. This I3-kb region was sequenced from one

isolate, and it was found that ISI182  was inserted within the 
m eci gene, near the 3' end, and that m eci carried a 16-bp 
deletion (Fig. 3). This new m ec  class A complex consisting of 
^ n ie c l- lS l 182-lm ecI-m ecR I-niecA -1^431 mec was designated 
m ec class A.4 (Fig. 3).

The Tn554-m ecRI region o f  one isolate with the multiplex 
pattern SCCmec II -kdp  could not be amplified with the same 
primers used on the o ther SCCm ec II variants. Instead, a 
primer pair was used to amplify the D N A  region from the ccr 
complex to m e c R l, resulting in a ca. 11.5-kb amplimer (Table 
4). Sequencing data revealed that this isolate retained only a 
few bases o f  the transposon Tn55-^ normally found in SCCmec 
II and that all Tn.55-/ O R Fs were absent. However, the six 
O R F s usually found between Tn55*/ and the m ec complex of 
SCCmec II were all present. This isolate also harbored a class 
A mec complex. Amplification o f  the same region in isolates 
with the multiplex pattern SC Cm ec  II -kd p  & m eci {n = 10) 
and SCCm ec II -kd p , m eci & pU B llO /IV  (/; -  7) yielded an 
amplimer o f  the same size as the amplimer obtained and se
quenced from isolate A R 1 3 .1/3330.2 (Table 4) in which the 
region between Tn55-/ and the m ec complex was absent but 
which carr ied  a m ec  class A.3 m ec  complex. All isolates with
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FIG . 3. Schem atic diagram  of the  genetic organization  o f the m ec  com plexes o f staphylococci. T he illustrations o f m ec  com plexes A, B, C l, C2, 
and D are based on studies by K atayam a and cow orkers (22), and the  illustration of m ec  com plex E  is based  on studies by Lim and  cow orkers (22, 
24). T he m ec  classes A. B, C2, and E  indicated in bold have been previously identified in M RSA (18, 22, 24), The novel m ec classes A.3 and A.4 were 
identified in the present study of Irish M RSA isolates. Class A.3 mec differs from class A  mec  in that it has a copy of mec! that is truncated at the 3 ' end 
and an upstream  copy of IS ! 182 {IS Il82-hnecI-m ecR I-m ecA -lS4 .V m ec). AinecI is only 253 bp, w hereas intact m ecI is 372 bp. In class A.4, mec  IS //^ 2  
is presen t within m eci and  the re  is a 16-bp deletion  o f  m eci im m ediately upstream  o f I S I I 82  (A inecl-lS II82 -A m ecI-m ecR I-m ecA -lS43Im ec).

the SCC ntec  II - k d p  {n =  10) and S C C m e c  II - k d p  & m e c i  
(n =  10) harbored the integrated plasmid pU B IlO  and the 
second copy o f  \S43I  found in SCC mec.  Isolates with multiplex 
patterns S C C m ec  II - k d p  &  p U B l lO  (n =  27) and SC C m ec  II

-k d p ,  m e c i  & p U B llO /I V  (n =  7) gave the same size amplimer  
as that obtained from isolate A R B .  1/3330.2 for amplification 
o f  the region across p U B llO  (Table 4), indicating the absence  
o f  p U B llO  and the second \S43I  sequence.
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because it retains only —40 bp of this element. Acquisition of 
\S I  182 by a class A mec complex may have given rise to the 
novel variants of class A m ec, A 3  and A.4, seen in SCCm ec IIC 
and HE and SCCmec IIA and IID, respectively (Fig. 2 and 3). 
Since SCCm ec  IIC and IIA were present in isolates in 1993 and 
SCCmec  HE and IID were not found in isolates until 1998, it 
is likely that the latter derived from the former following loss 
of pUBllO .

The presence o f  IS I182 within m eci, although a novel find
ing, is not surprising. Mutations and deletions in m ec! are 
common in MRSA (22), sometimes in association with inser
tion sequences. Class B and class C m ec complexes have m ec\ 
and part o f  m ecR l deleted and insertions of IS/272 or \S431 
flanking the truncated end of w ecR l (22). IS / /S 2  has been 
identified in S. aureus Hanking the staphylococcal composite 
transposon Tn5405, which encodes aminoglycoside resistance 
determinants (6). Immediately adjacent to the insertion site of 
ISI 182 at the 3' end o f  w e d  in the class A.4 m ec  complex, a 
16-bp deletion in m ec! gene has occurred with no Hanking 
target site duplications. Insertion sequences capable o f  pro
moting various types of genome rearrangements, including de
letions, have been reported previously (26).

O th e r  workers have repor ted  possible rea r rang em en ts  in 
the L-C regions o f  o ther  SC C m ec  elem ents .  Based on a mul
tiplex SC C m ec  typing method, Wielders et al. (47) reported a 
SCCmec I element carrying the kdp  region (normally part of 
L-C region of SCCmec II only) and also an SCCmec IV ele
ment with pis (normally part of I.-C region of SCCm ec I only) 
(47). Various different SCCm ec IV elements have been d e 
scribed with diverse L-C regions (19, 25). The integrated plas
mid p U B llO  normally found in SCCmcc II encodes resistance 
to kanamycin, tobramycin, and bleomycin (17). In the present 
study all isolates with SCCmec IID and HE were resistant to 
kanamycin and tobramycin (42-44), although they lacked 
pU B llO  in their SCCmec elements, indicating that resistance 
determinants for these aminoglycosides were present else
where on the genome and that pU B IlO  may have been lost. 
Loss or gain of plasmids such as pU B llO  in SCCm ec  has been 
documented previously; SCCmec lA  is believed to have 
evolved from SCCmec I by acquisition o f  pUUl 10 or vice versa 
(32). SC C m ec  IV A  has been shown to harbor  pU B I 10 (31), 
and W ielders  et al. (47) described p U B l lO  associated with 
SCCmec  HI and SCCmec IV (47).

SCCm ec  HA to HE (40 to 27 kb) are smaller than previously 
described SCCmec II elements (57 kb), and SCCwec HE, with 
a size o f  27 kb, is more similar in size to  SCCm ec IV (20 to 25 
kb) or SCCm ec V  (28 kb) (Fig. 2). It has been suggested that 
due to their relatively small size, SCCm ec IV and SCCm ec  V 
are highly competitive mobile genetic elements that are more 
readily transfe rred  between staphylococci than the larger 
SC C m ec  e lem en ts  and, once acquired  by the host, do not 
compromise its fitness (18, 25). This could also be true for the 
SCCm ec  II variants described in the present study, where the 
smaller size resulted from loss o f  regions that are not required 
for maintenance of methicillin resistance or precise excision 
and integration o f  SCCmec.

Like SCCm ec  IIA  to HE, the origin o f  the two ST8-MRSA- 
IV variants IVE and IVF identified here is unclear. SCCmec 
IVE is almost identical to SCCm ec  IVc, except in the region 
downstream of the mec complex, suggesting that SC Cm ec  IVE

may have arisen by recombination between an SCCm ec IVc 
element and another SCCm ec sequence. SC Cm ec  IV F has the 
same L-C region as the ST8 SCCm ec  II variants, but the rest of 
the element is similar to SC Cm ec  IVE (Fig. 2). SCCm ec  IV F 
may have evolved by recombination between a SC Cm ec  II 
variant and SCCmec IVE, which donated the rest o f  the e le 
ment including the unusual downstream region. Alternatively, 
SC Cm ec  IV F  may have evolved by recom bina t ion  between 
SC Cm ec  IVb and  SC C m ec  IV E. R ecom bina tion  events  in 
the dcs region ap pea r  to be com m on, because  o th e r  re 
searchers have reported the absence of dcs amplimers follow
ing multiplex PCR of SCCm ec  elements in various genetic 
backgrounds (STS and ST30) (2, 36). In one case, a dcs am- 
plimer was reported in SCCm ec III, although it does not usu
ally carry the dcs sequence (47).

Two o ther SCCm ec variants were identified in the present 
study. ST250-MRSA-I -p is  ap pea rs  to be a variant o f  the 
archaic clone, ST250-MRSA-I. T he  pis  gene o f  SC C m ec  I is 
located within the L-C region, which is not thought to be an 
important part o f  SCCmec (16). The variant ST239-MRSA-HI 
-pI258 & TnJ5-^ may have evolved from ST239-MRSA-HI by 
loss of the integrated plasmid pI258 or transposon Tn55-/, or 
both. Further work is under way to characterize these novel 
variants o f  SCCmec I and SC Cm ec  III.

The novel variants identified in the present study yielded 
multiplex P C R  p a tte rns  similar to those repor ted  in o th e r  
studies, with the exception of the patterns designated in this 
study as SCCmec II -kd p  & p U B l 10 and SCCmec  HI -p I258  & 
Tn554 (1,2 , 36, 46). However, this is the only study to date that 
has fully characterized the SC Cm ec  elements with some 
of these unusual SCCmcc  multiplex patterns. Three SCCmec 
variants have been identif ied previously in the STB genetic 
background: SCCmec  II -kd p  and SC Cm ec  II -kdp . m ec! & 
pU B llO  were identified in two isolates described as Ir ish-1 
from the United Kingdom and one AR14 phenotype from 
Ireland, and SCCm ec IV -dcs  was determined in three isolates 
(two phenotype AR43 from Ireland and  one isolate from Aus
tralia) (36). Some of the isolates investigated in that study 
came from the Irish M R SA  collections used in the present 
study. The similarity between isolates with phenotype AR43 
(carrying SCCm ec IVE o r  IVF) and isolates described as 
EMRSA-Irish 2 in Australia has been noted previously (21, 
27). Irish isolates with phenotypes A R B  and AR14 resemble 
United Kingdom isolates described as Irish-1 (44). Due to the 
large number of these ST8 variants identified in this present 
study among Irish isolates, it is possible that these STS variant 
clones evolved in Ireland and spread to the United Kingdom 
and Australia.

Some of the multiplex patterns reported  in the present study 
have been identified previously in distinctly different genetic 
backgrounds, including the multiplex pattern SCCmec 11 -kdp  
& m ecl in two Japanese isolates with ST5 and ST89 genotypes 
(2), the SCCm ec  IV -dcs  multiplex pattern  in ST30 isolates 
from Greece (1), and the SCCwecI -pis multiplex pattern from 
one ST l isolate from the U nited  States (46). These patterns 
may occur if the variant SC Cm ec  elements were acquired by 
isolates with different genetic backgrounds. Alternatively, the 
similar multiplex patterns in genotypes o ther  than STS may be 
due to different mutations, deletions, or insertions in these 
highly variable regions. The fact that the multiplex patterns all
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lack the same amplimer does not necessarily mean that the 
same SCCm ec  element is present. Further investigation into 
these SC Cm ec  elements is required.

It has been recom mended that the multiplex SCCmec  typing 
method should be used with MLST for routine epidemiological 
typing ol' M R SA  (10). The present study has shown that if the 
multiplex method had been used alone as the sole SCCmec 
typing method, half the isolates investigated would have been 
misclassitied as harboring an erroneous SCCmec element or 
would have yielded SCCm ec  multiplex patterns that could not 
be interpre ted as belonging to any of the currently described 
SCCm ec  types. Combining results o f  the multiplex and simplex 
SC C m ec  typing m ethods allowed correct classification o f  
some o f  the unusual multiplex patterns. However, ne ither  
the simplex o r  multiplex m ethods recognized a num ber of 
SC C m ec  e lem ents  recently described in o th e r  studies, in
cluding SCCm ec  V and the SCCm ec IV variants SCCmec IVa, 
IVb. IVc, or IVd (18, 19, 25). PCR amplification and sequenc
ing of the entire SCCmec element was necessary for the com
plete characterization of the SCCmec elements harbored by 
isolates with ambiguous multiplex patterns. Such detailed in
vestigations are unsuitable for routine typing purposes. Fur
thermore. if SCCmec is to be used for routine epidemiological 
typing, some method o f  standardizing nomenclature for the 
plethora of new and variant SCCmec  types is needed. Equally 
important is the question of the epidemiological significance of 
variant SCCm ec  elements. As SC O?;«’ typing is applied to 
larger collections of isolates, the epidemiological significance 
of these variants may become apparent. However, it is clear 
from this and o ther studies that SCCmec can evolve rapidly, 
and simple P f 'R  methculs for characterizing SCCmec elements 
may need to be updated regularly to include important new 
variants.

All M R SA  clonal types identified in this present study be
long to one of the five major lineages of nosocomial MRSA, 
with the exception of the previously described ST12-MRSA- 
IV, which is a relatively minor M RSA  clone. Within CCS. the 
two major pandemic clones, ST5-MRSA-II (New York/Japan 
clone) and ST.S-MRSA-IV (Pediatric clone), were identified 
among Irish MRSA isolates (Table 3). A novel genotype, ST496, 
was identified in one Irish isolate from 2002. This genotype 
differs from ST5 by single nucleotide substitutions in both the 
arcC iind yc/il. alleles and most likely arose from ST5 by point 
mutation. ST5-MRSA-II has been a common clonal type 
among Irish MRSA isolates since 1992 to 1993 but never pre
dominated.

It is interesting that over the years in Ireland, some MRSA 
clones have spread and predom inated but others that cause 
major p roblem s in o the r  countr ies  have not dom ina ted  fol
lowing their  in troduction into Ireland. For example, ST247- 
MRSA-IA has been identified as the dominant MRSA clone in 
many hospitals in Europe, especially in Spain and Portugal (7, 
.^0), but never predom inated in Irish hospitals. Similarly, some 
strains of ST239-MRSA-III, such as phenotype AROl, caused 
major problems in Irish hospitals but other isolates did not 
spread (e.g., ST239-MRSA-III, phenotype AR23) or were con
tained within a particular unit within one hospital (e.g., ST239- 
MRSA-III, phenotype A R44) (38, 40). In contrast, the preva
lence of ST22-MRSA-IV (phenotype AR06) has increased 
and, by 2002. had become the predominant clone among Irish

M RSA  blood culture isolates investigated under the EARSS 
project. Interestingly, ST22-MRSA-IV is the most prevalent 
epidemic strain in the United Kingdom, w'here it is often re 
ferred to as EMRSA-15 (28).

In conclusion, this analysis of MLST and SCCm ec  elements 
has provided da ta  fundam enta l  to unders tand ing  the e p ide 
miology and evolutionary history o f  M R S A  in Ireland. It has 
revealed  a h itherto -unsuspec ted  degree o f  diversity within 
SCCm ec and has raised many questions which need to be ad
dressed.
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T A B L E  6. Id e n titie s  b e tw een  O R F s  o f  th e  novel S C C m ec  IV  v a ria n t e le m e n t IV E  o f  Irish  M R S A  iso la te  A R 4 3 /3 3 3 0 .1 anti
th e  c o n v en tio n a l S C C m e c  IV c  e le m e n t

SC'Cnu'c element 
and ORF I.ocation"

Homology to ORI-s of SC’Cj«cc IVc'’

OKI Vr Homology' Gene product

IV E dt 66-866 (com plem ent) CR007 100 H ypothetical protein
IVE02 896-20,‘i0 (com plem ent) CR008 100 H ypothetical protein
IVE03 2,S05-3.‘̂ .‘iI R002 100 H ypothetical protein
IVE04 3744-4040 R003 100 H ypothetical protein
IVEO.^ 4040-.S833 R004 100 Hypothetical protein
IV E06 (ccrA2) 6067-7416 R005 99.1 C assette chrom osom e recom binase A2
IV E07 (cciB2) 7438-9051 R006 99.4 C assette chrom osom e recom binase B2
IVE08 9.S7.V9923 R007 100 H ypothetical protein
IVE09 10010-10321 R008 100 Hypothetical protein
IVEIO 1033.V 10842 R009 100 H ypothetical protein
IV E 11 10978-12LS9 1̂ 01(1 100 H ypothetical protein
IVE12 12146-12,502 R O ll too Hypothetical protein
IVE13 1249.V12822 (com plem ent) CR009 too Putative transposase o f 187272
IVE14 1272,5-13711 (com plem ent) CROlO (Irn ec K I) 100 T runcated  signal transducer pro te in  M ecR l
IVELS 1.^811-15817 R012 (m ecA) too Penicillin binding protein 2a
IV E 16 I6388-I7 I31  (com plem ent) C RO Il too Hypothetical protein
IV E 17 184,^2-19106 R013 too T ransposase o f \ 'i4 }h n ec
IVE18 20286-20792 _it

— I lypothetical protein
IVE19 2099.5-21576 — — H ypothetical protein
IVE20 22117-22590 — — H ypothetical protein

" The nucleotide positions were determ ined based on the sequences for SC'CV îtT IVH deposited in the GenlJank database under accession number AJS10121.
ORI s and gene products from SCCmec IVc nucleotide sequence in the GenBank database, accession number AB096217 (19).

' Based on amino acid identity.
‘‘ —. no homology.

Additional novel variants of'SCC/wec IV. All 20 isolates with 
the AR43 phenotype which were found to carry SCCm ec IV by 
the simplex m ethod  but gave the multiplex patterti SC C m ec  
IV -d cs  p roduced  the expected  size products  for a type IVc 
SCCmec element when the primers used with isolate AR43' 
3330.1 were used, but differences were observed following am- 
plitieation o f  the L-C and I-R regions (Table 4). Seventeen of 
the isolates had the same L-C region as SC Cm ec  IVc (6 ,1-kb 
amplimer), but three isolates yielded a 5.6-kb product (Table 
4). Sequencing o f  this am plim er confirm ed it con ta ined  the 
SC Cm ec  IVb L-C region. As with isolate AR43/3330.I ,  an 
amplimer that was larger than expected was obtained when the 
1-R region was amplified in all AR43 isolates (Table 4). This 
4.7-kb region from an AR43 isolate with an L-C region similar 
lo SCCmec IVb was sequenced and was 100% identical to that 
of isolate AR43/3330.I.

DLSCUSSION

MLST and SCCmec  e lement analysis of M RSA  isolates re
covered in Irish hospitals between 1971 and 2002 showed that 
clones representative of each of the five major clonal com
plexes and eight of the major pandemic lineages have been 
present in Ireland at some time over the past 30 years (Tables 
1 and 3). This study also confirmed that there have been major 
changes in the dominant clonal types. The genotypes o f  the 
earliest MRSA during the 1970s and early 1980s were ST250- 
MRSA-I or its novel variant, ST250-MRSA-I -pis, followed in 
the mid- to late 1980s by a new variant.  ST239-MRSA-III 
-pI258(& Tn.5.5-/. In 1989, ST239-MRSA-III predominated, but 
during the 1990s this was displaced by ST8-MRSA-II, exhibit
ing six of the nine novel SCCm ec  variants identified in this 
study In 2002, the dominant clone was ST22-MRSA-IV.

Previous studies have proposed that M R S A  clones should be

defined on the basis of their genetic background as identified 
by M LST and their SCCmec type, but a striking finding o f  the 
present study was the extent o f  variation within SCCm ec. If 
clones among the Irish M RSA  population are defined on the 
basis of all SCCm ec variants recognized, the population in
cludes 20 clonal types consisting of 10 previously recognized 
clonal types, 9 with previously described genetic backgrounds 
but with novel SCCm ec  variants (including two new variants of 
class A  m ec) and one with a previously unreported genetic 
background (a double locus variant of ST5 in association with 
SCCm ec II) (Table 3). The greatest variation was seen among 
isolates with the STS genotype. For example, among the 54 
isolates exhibiting SCCmec IV by the simplex method, only 
those with the vST8 genotype (20/.‘i4) had variant SCCm ec ele
ments. In fact, 86% of isolates (74/86) with novel SCCmec 
variants had the ST8 genotype, and all carried previously un
reported  variants o f  SCCmec II (IIA to HE) or IV (IVE and 
IVF).

Because both SCCmec I and IV have a mec complex with 
IS/272 inserted at the same junction point, it has been sug
gested that recombination has occurred between SC Cm ec  I 
and o ther sequences to generate SCCmec  type IV (25). The 
novel ST8 SCCm ec variants identified in this study resemble 
rearrangements of SCCmec II and SCCmec IV. SCCm ec vari
ants IIA to HE have an L-C region that is almost identical to 
that of SCCm ec  IVb, but the rest of each element has clos
est identity with SCCmec  II, including a very similar genomic 
structure (Fig. 2).

SCCmec HA to HE appear to be closely related. SCCmec  
IIB was found in isolates from 1989, making it the earliest 
SCCm ec II variant identified in this study. It harbors the orig
inal class A  m ec complex, but its similarity to SC Cm ec  IVb in 
the L-C region make its provenance unclear. It is likely that 
SCCmec IIB was generated following loss of most o f  Tn.5.‘i7,
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