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Application of molecular techniques in the study of Staphylococcus
aureus clonal evolution — A Review
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Staphylococcus aureusisan important agent of healthcare-associated and community-acquired infections. A major
characteristic of this microorganism is the ability to develop resistance to antimicrobial agents. Several molecular
techniques have been applied for the characterization of S. aureusin epidemiological studies. In the present review,
we discuss the application of molecular techniques for typing S. aureus strains and describe the nomenclature and

evolution of epidemic clones of thisimportant pathogen.
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During the last decade, Saphylococcus aureus was
recoghized asthe most frequent agent of bloodstream and
skin infections in Latin American hospitals (Diekema et
al. 2001). Acquisition of resistance to several antimicro-
bial agents has been amajor problem for the treatment of
infections by this pathogen in the hospital and commu-
nity settings. Resistance to 3-lactam agents that resist
hydrolysis of penicillinase, such as methicillin and ox-
acillin, is named “methicillin resistance” and is consid-
ered of great importance since oxacillin is the drug of
choicefor the treatment of S. aureusinfections (Paradisi
et al. 2001). The first cases of methicillin-resistant S.
aureus (MRSA) were reported in the early 1960s, afew
years after the introduction of methicillin in therapeutics
(Jevons 1961). MRSA isolates produce anew penicillin-
binding protein (PBP), called PBP2aor PBP2’, with low
affinity for B-lactam drugs, encoded by the mecA gene
(Chambers 1997). MRSA iscurrently the most commonly
identified antibiotic-resistant pathogen in US hospitals
(NNIS 2004).

Molecular typing techniquesarewidly applied in stud-
ies of S. aureus epidemiology, especially MRSA, with
the aim of distinguishing isolates that are epidemiologi-
cally related from those unrelated. S. aureus outbreaksin
hospitals are frequently considered as short duration
events of localized epidemiology and, in these situations,
most of the molecular typing methods are able to distin-
guish theisolates that belong to the outbreak (Shopsin &
Kreiswirth 2001). However, the study of isolates that do
not share a temporal or geographic origin, to define an-
cestors and lineages, is a major challenge. To date, sev-
eral techniques allowed for the investigation and charac-
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terization of MRSA epidemic clones, but there are few
data available about methicillin-susceptible S. aureus
(MSSA). However, MSSA still causes about 50% of the
healthcare-associated infections and almost all the sta-
phylococcal community-acquired infections.

Molecular typing techniques employed in the study of
S. aureus epidemiology

One of thefirst molecular techniques applied to study
S aureus epidemiol ogy was the determination of the elec-
trophoretic migration profile of plasmidsin agarose gels.
After the polymerase chain reaction (PCR) technique be-
cameavailable, several methodswere devel oped and have
been applied for S. aureus typing. PCR technology al-
lows the evaluation of the structural organization of re-
sistance determinants, such as the mecA gene, in isolates
of different origins (Lim et a. 2002). In addition, some
sequences can be used astargets for PCR-typing, such as
the Tn916-Shine-Dalgarno (Netto dos Santos et al. 2001).
A different approach is the repetitive extragenic palin-
dromic-PCR (Rep-PCR), using primersthat target repeti-
tive extragenic palindromic DNA regions. This method
has been used for typing MRSA (Del Vecchio et al. 1995)
aswell as MSSA (Netto dos Santos et al. 2001) isolates.
Moreover, primers can target random DNA sites, such as
in random amplified polymorphic DNA (RAPD) and am-
plified fragment length polymorphism (AFLP) techniques
(Saulnier et al. 1993, Grundmann et a. 2002). However,
to date, no appropriate criteria have been developed to
interpret data obtained with these techniques.

Thefirst studieson theglobal molecular epidemiology
of S. aureus

A magjor progress in the understanding of the global
epidemiology of S aureusoccurred after the devel opment
of multilocus enzyme electrophoresis (MLEE), a tech-
nigue to analyze the electrophoretic mobility of house-
keeping enzymes (Boerlin 1997). Interesting data were
reported in 1992 by Musser and Kapur by the analysis of
254 MRSA isolates obtained in nine different countries
of four continents, between 1961 and 1992. The authors
reported that the mecA gene was inserted in isolates of
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different S. aureus lineages, suggesting that the acquisi-
tion of mecA was a horizontal transmission event that
occurred several times in MSSA giving origin to differ-
ent MRSA lineages (Musser & Kapur 1992). However,
diverging results were published by Kreiswirth et al. in
1993. In this study, 472 MRSA isolates recovered from
countries of four continents were analyzed by DNA re-
striction with Clal followed by hybridization with probes
for mecA and Tn554. All isolates could be divided into a
limited number of mecA hybridization patterns, suggest-
ing that mecA was most likely acquired by S. aureusonly
once, and all MRSA cloneswere descendents of this pro-
totype strain. This hypothesis was accepted until the
middle 1990s.

Evolution of typing techniques and the charac-
terization of MRSA epidemic clones

The study of S. aureus epidemiology achieved ama-
jor advance with the application of pulsed field gel elec-
trophoresis (PFGE). In this technique, bacterial DNA is
immobilized into agarose plugs where endonuclease di-
gestion is carried out. Electrophoresis is then run under
an electricfield that changesin pre-determined intervals,
allowing for the separation of DNA fragments ranging
from 10 Kb to 800 Kb (Olive & Bean 1999), while the
conventional electrophoresisallowsthe separation of frag-
mentsranging from 500 pb to 20 Kb. In 1995, Tenover et
al. proposed a protocol for the interpretation of results
obtained by PFGE. The interpretation system was based
on results obtained by the application of PFGE to groups
of isolatesinvolved in well-characterized S. aureus noso-
comial outbreaks. Accordingly, at first, the isolates pre-
senting the most common pattern are defined as the out-
break strain. Then, the number of fragment differencesin
the electrophoretic patterns of all other tested isolates are
compared to the outbreak strain, and the analysisis car-
ried out, as follows: if no differences are found, isolates
are considered part of the outbreak; with oneto three dif-
ferences (one genetic event), isol ates are considered prob-
ably related to the outbreak strain; with four to six differ-
ences, isolates are considered possibly related to the out-
break strain; and finally, with more than six differences,
isolates are considered as unrelated to the outbreak strain.
Tenover and collaborator’s criteriaproved to be very use-
ful, making PFGE suitable for epidemiological studies
involving isolates from a restricted area, recovered dur-
ing a three-month period, or even more, and have been
successfully applied in several studies (Hilton et al. 2002,
Montesinos et al. 2002, Wei & Chiou 2002).

Although interpretation criteria for PFGE had been
proposed for the analysis of isolates recovered in a pe-
riod of up to three months, the technique has been effec-
tively applied in several studies of global epidemiology.
The combination of PFGE and the study of Clal::mecA
and Clal::Tn554 polymorphism patterns led to the char-
acterization of five mgjor MRSA clones or lineages de-
scribed bellow. These cloneswere named | berian, Brazil-
ian, Hungarian, New York/Japan and Pediatric, reflect-
ing the geographic region where they were first identi-
fied or indicating a unique epidemiological characteris-
tic.
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The combination of the polymorphisms Clal::mecA
typel and Clal::Tn554 type E (I::E) characterizesthe I be-
rian Clone (1C). ThisMRSA clone was first described in
Spain, 1989 (Dominguez et a. 1994) and later on, in Por-
tuga (Ferrari et al. 2002), Italy and United Kingdom (Mato
et al. 1998), Germany (Witte et a. 1994), Belgium, Swit-
zerland, France (Deplano et al. 2000), Poland (Leski et
a. 1998), Check Republic (Melter et al. 2003), and United
States (Roberts et al. 1998a).

The Hungarian Clone (HC) is characterized by the
combination I11::B. It was first described as extensively
disseminated in Hungarian hospitals (Sancheset al. 1998),
and later on, reported in hospitalsin Thailand (Crisdstomo
et a. 2001).

The New York/Japan Clone is characterized by the
combination I::A and wasfirst identified asthe predomi-
nant clonein New York (Roberts et a. 1998b), New Jer-
sey, Pennsylvania, and Connecticut hospitalsin US (Rob-
erts et al. 2000). It was aso described in a hospital in
Tokyo (Aries et al. 2000).

The Pediatric Cloneis characterized by the combina-
tion11::NH and wasfirst described in 1992, in apediatric
hospital in Portugal (Sa-Leao et al. 1999). It was also re-
ported in Poland (Leski et al. 1998), US (Roberts et a.
1998b), Argentina (Corso et a. 1998), Colombia (Gomes
et al. 2001), and Brazil (Nunes de Melo et al. 2004).

The Brazilian Clone (BC) was first described by
Teixeiraet a. (1995) asthe combination I11::B. However,
Oliveiraet al. (2002) described the same clone as X1::B
and the HC as 111::B. Nevertheless, in 1994, Sader et al.
(1994) had already reported the occurrence of an endemic
MRSA clone in eight hospitals in Sdo Paulo city. This
was named SP Clone and was probably thefirst report of
the BC. However, differences between the PFGE proto-
col used by Sader et al. and the other authors mentioned
above makes the comparison of their results impossible.
Later on, the BC wasreported in Portugal (de Sousaet al.
1998), Argentina, Uruguay, Chile (Aireset al. 2001), and
the Check Republic (Melter et al. 2003).

According to Oliveira al. (2002), the dissemination
of MRSA clones in some wide geographic areas prob-
ably reflects their increased ability to cause infections,
persist and disseminate from one region to another, in-
cluding different continents.

Although PFGE is an appropriate technique to study
outbreaks, it is not sufficient for long-term studies or for
studies of global epidemiology. In addition to the limita-
tions of the interpretation criteria related to short time
periods and restricted geographic areas, PFGE presents
reproducibility problems. Different results are obtained
when the technique is performed in different laborato-
ries, even when standardized conditions are used (van
Belkum et a. 1998, Olive & Bean 1999).

In 2000, Enright et al. described, for thefirst time, the
application of multilocus sequencetyping (MLST) for the
characterization of MRSA and MSSA isolates. MLST is
agenotypic version of MLEE whereisolates are typed by
sequencing variable regions of housekeeping genes(Table
1). Each new sequenceis anew allele, and the combina-
tion of seven alelesformsthe allelic profile or sequence
type (ST). Theresultsof MLST have been used to build a
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database that allows comparisons among S. aureus iso-
lates from all over the world. This database can be ac-
cessed in the website http://www.mlst.net. A limitation of
MLST is, however, the need of DNA sequencing, which
isrestricted to few institutions.

Right after ML ST wasdescribed for S. aureustyping,
a new approach was proposed to study MRSA: the sta-
phylococcal cassette chromosome mec (SCCmec) typing.
The genetic element SCCmec, described by Katayama et
a. (2000), isresponsiblefor the mobilization of the mecA
gene and harbors ccrA, ccrB or ccrC genes, which en-
code chromosome recombinases, and the mec complex.
The proteins encoded by the ccr genes drive the excision
and integration of the cassette in a specific site of the S.
aureus chromosome (attBscc) located close to the origin
of replication. Theallotypes1, 2, 3, and 4 were described
for ccrAand ccrB, whereasonly allotype 5 was described
for ccrC (Ma 2004). In addition to the mecA gene, the
mec complex carries other genetic elements. Three classes
of the mec complex, presenting distinct structures, were
described for S. aureus: class A (mecl-mecR1-mecA-
$431), classB (1S1272-AmecR1-mecA-15431), and class
C2 (15431-mecA-AmecR1- 1$431) (Ito et a. 2001, 2004).
Therefore, the SCCmec can befurther classified into types,
according to the combination of the mec complex class
and the recombinase allotype (Table I1), SCCmec type |
presents mec complex class B and ccrl; typell, mec com-
plex class A and ccr2; type l11, mec complex classA and
ccr3; type 1V, mec complex B and ccr2; and type V, mec
complex C2 and ccr5. Recently, two possible additional
SCCmec types have been identified among Australian

TABLEI

Saphylococcus aureus genes analyzed in the multilocus
sequence typing technique (Enright et al. 2000)
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community-acquired MRSA (O’ Brien at a. 2004).

The association of MLST and SCCmec typing sup-
ported a new nomenclature proposal for the MRSA epi-
demic clones. The lineages were classified according to
the ST, resistance phenotype (MSSA, MRSA, VISA or
VRSA) and SCCmec type. For example, the |C would be
known as ST247-MRSA-1. The nomenclature for the ma-
jor MRSA epidemic clones is shown in Table llI. It is
hoped that this nomenclature will replace the existing ar-
bitrary designations providing asystematic classification
of S aureus clones (Enright et a. 2002).

TABLE I

Nomenclature of major methicillin-resistant Saphylococcus
aureus epidemic clones (Enright et al. 2002)

Epidemic clone ST SCCmec  Nomenclature
Brazilian 239 A ST239-MRSA-I1A
Hungarian 239 1B ST239-MRSA-IIB
Iberian 247 I ST246-MRSA-|
New York/Japan 5 I ST5-MRSA-II
Pediatric 5 v ST5-MRSA-IV

ST: sequence type; SCCmec: staphylococcal cassette chro-
mOosome mec

Studying S. aureus clonal complexes: establishing
evolutive relationships among isolates

In 2002, Enright et al. analyzed an international col-
lection of hospital and community-acquired S. aureusiso-
latesby ML ST and SCCmec typing. Theanalysisrevealed
new information about clonal groups of S. aureus. Sev-
eral clonal complexes (CC), composed by S. aureusiso-
lates with the same ST or related STs (presenting at |east
five loci in common), were identified. Five mgjor CCs
included MRSA isolates; CC8, CC5, CC30, CC45, CC22.

Enzyme Gene  |nterestingly, the comparison of the nucleotide sequences
Carbamate kinase arcC of MRSA and MSSA isolates included in CC8 allowed
Shikimate dehydrogenase aroE the establishment of a common MSSA ancestor. Differ-
Glycerol kinase gipF  ent MRSA isolateswould have originated from thisM SSA
Guanylatekinase gmk ancestor by distinct events of mec cassette acquisition.
Phosphate acetyltransferase Pta  These observations, in addition to other studies involv-
Triosephosphato isomerase tpi ing MLST, met Musser and Kapur’s (1992) ideas about
Acetyl coenzymeA acetyltransferase YAL  the horizontal transmission of mecA.
TABLEII

Characteristics of different types of staphylococcal cassette chromosome mec (SCCmec)

Size Recombinase mec

Presence of additional

Type (Kb) complex complex genetic elements Strain of original description Reference
1$431 Tn554 Other Strain name Country Year of isolation

| 34 cerl ClassB Yes No No  NCTC10442 England 1961 Ito et . 2001

I 53 ccr2 ClassA Yes Yes No N315 Japan 1982

11 67 cer3 ClassA Yes Yes Yes 85/2082 New Zealand 1985

v 21-25 ccr2 ClassB No No No CA05e8/6-3P USA NR Maet al. 2002

Y, 27 cerb ClassC2  Yes No No WIS Australia NR Ito et al. 2004

a: genes encoding resistance to non- -lactam drugs; NR: not reported.
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Studies applying PFGE for M SSA typing have shown
alarge diversity of electrophoretic profiles among these
isolates (Enright et a. 2000, Netto dos Santoset al. 2001).
MLST of MSSA shows overlapping results: isolates pre-
senting related PFGE profiles usually share the same ST
or related STs ( Enright et al. 2002, Vivoni et a. 2004).

In 2001, Criséstomo et al. analyzed a MSSA collec-
tion from the 1960s, obtained in Denmark previously to
thefirst MRSA isolation. The study allowed the identifi-
cation of probable M SSA ancestors of the Archaic, Pedi-
atric and NY/Japan MRSA clones (Crisostomo et al.
2001). However, studies involving more recent MSSA
isolates (Mahmood et a. 2002, Enright et al. 2002, Vivoni
et al. 2004) were not able to delineate associations be-
tween specific clones or CCs and the community or hos-
pital origin of the isolates. They were able to show the
predominance of some CCsthough, suggesting that some
lineages might present abetter pathogenic or adaptive po-
tential. Among isolates from the United Kingdom ob-
tained between 1997 and 1998, the CC 30 is predomi-
nant, followed by CCs 25, 8 and 1 (Enright et al. 2000,
2002, Mahmood et al. 2002) In Brazil, isolates belonging
toCC1, CC30and CC5areprevaent (Vivoni et a. 2004).

Conclusions

A better understanding of the epidemiology of S.
aureus contributes to the control, prevention and treat-
ment of healthcare-associated and community-acquired
infections. Molecular techniques are important tools in
outbreak investigationsand in global epidemiology stud-
ies, not only for S. aureus, but also for many other patho-
gens. However, the application of the appropriated tech-
niqueis critical for the success of the study and produc-
tion of accurate results.

Several studiescited in thisreview reinforce the idea
that the horizontal transfer of the mecA gene to certain
M SSA isolates originated MRSA lineagesto become pan-
demic clones. However, studies involving isolates from
several countries are necessary to establish the existence
of disseminated S. aureus.
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