
Magazine da SPM 2012 (1) 01.08a  

www.spmicrobiologia.pt  
1 

 

 MRSA: origin and evolution of a resistant gene and emergence and 
spread of resistant clones 

 
H. Lencastre1,2* 

 
1) Laboratory of Molecular Genetics, Instituto de Tecnologia Química e Biológica, Universidade Nova de Lisboa; 2) 

Laboratory of Microbiology and Infectious Diseases, The Rockefeller University, New York, NY, USA 

*correspondência: hml@itqb.unl.pt 
 

Professor Nicolau van Uden Prize’ 11 

 

Introduction  
In the early 1940s following the introduction of 
benzylpenicillin into clinical practice virtually all 
clinical isolates of S. aureus could be inhibited 
by fractions of a µg of the drug.  By 1946 to 
1949 the fraction of clinical isolates still 
sensitive to low concentrations of penicillin has 
dropped to 10% and inhibition of most S. 
aureus strains required several hundred µgs of 
benzylpenicillin, thus eliminating this antibiotic 
as an agent for the chemotherapy of S. aureus 
infections.  The elimination of penicillin from 
the antibacterial armamentarium was caused 
by an enzyme, penicillinase, plasmid-born 
copies of which have quickly spread through 
the entire species of S. aureus. The origin of 
the penicillinase plasmid has remained 
unknown. 
 
It was with this background that the first beta-
lactamase resistant compound methicillin 
(originally called celebenin) was introduced in 
1959.  Methicillin was the first mechanism-
based derivative of penicillin designed 
specifically to withstand inactivation of the 
beta-lactam ring by penicillinase.  The first S. 
aureus isolate exhibiting resistance to 
methicillin was detected in the UK in 1960 
(Jevons, 1961). 
 
The methicillin resistance mechanism is often 
considered the single most devastating blow 
to medicinal chemistry since the mechanism 
carried by MRSA strains made the bacteria 
resistant to each of the large number of beta-
lactam derivatives, which were developed by 
several pharmaceutical companies following 
the success of penicillin.  These structural 
variants of the beta-lactam ring were 
developed in the hope of extending and/or 

modulating the activity profile of these 
compounds against S. aureus and various 
other pathogenic species.  The methicillin 
resistance mechanism that appeared in MRSA 
strains has managed to “cut the entire beta-
lactam tree.”  The importation of the mecA 
gene – the critical component of the MRSA 
mechanism – has provided a blanket 
resistance to the entire large beta-lactam 
family of antibiotics and the discovery of a 
beta-lactam based antibiotic effective against 
MRSA (ceftobiprole, ceftaroline) had to wait 
for almost a half century (Chung et al., 2008; 
Sader et al., 2005). 
 
Multidrug resistance in MRSA  
The first MRSA isolates detected in clinical 
specimens in 1960 in the UK and in the mid-
1960s in Denmark showed an unanticipated 
property: the isolates were not only resistant to 
methicillin but to penicillin, streptomycin, 
tetracycline and often to erythromycin as well.  
Figure 1 shows the emergence of these 
strains in Denmark among invasive blood 
isolates.  The curve in red color indicating the 
appearance of methicillin resistant strains is 
preceded by the black curve, which shows 
blood isolates with resistance to penicillin, 
streptomycin, tetracycline and/or 
erythromycin.  Interestingly, in parallel with the 
decline of these PST(E) isolates there was the 
emergence and spread of methicillin resistant 
staphylococci, which were also resistant to all 
the other antibiotics PST(E).  The shape and 
the intersection of the two curves in the figure 
clearly indicate that the “precursors” of the 
MRSA strains were bacteria already multidrug 
resistant and these served as recipients of the 
methicillin resistant determinant. 
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Fig. 1. Emergence of MRSA among blood isolates in Denmark. Frequency of isolation of Danish 
MRSA strains with the antibiotype PST(E)M as a function of their dates of isolation from hospitalized 
patients (red line). Also shown in the figure is the appearance of MSSA blood isolates with the same 
phage group and antibiotype PST(E) (black line). 
 
The introduction of molecular typing 
techniques has confirmed this scenario. The 
methicillin susceptible S. aureus strains 
(MSSA) predominant among clinical 
specimens prior to the appearance of the 
methicillin-resistant strains belonged to 
sequence type 250 (ST250).  These strains 
recovered between 1957 and 1960 from 
among the Danish isolates showed resistance 
to penicillin, streptomycin, tetracycline and 
occasionally erythromycin as well.  It was into 
the background of this ST250 strain that the 
methicillin resistance determinant was 
introduced, generating the “archaic” MRSA of 
the same ST250 sequence type and its variant 
ST247 (Crisóstomo et al., 2001).  As expected 

from this relationship, the archaic MRSA 
showed resistance to the same antibiotics as 
its precursor MSSA strain.  Figure 2 shows this 
relationship and also the calendar date of 
introduction of various antimicrobial agents 
into clinical practice and the appearance of the 
first MRSA.  The information in Figures 1 and 
2 also suggest that a careful and intelligent use 
of antimicrobial agents in clinical practice while 
prevent treatment failure – would not prevent 
selection for multidrug resistant bacteria.  In 
fact, and ironically, it seems that the 
combination of good clinical microbiology and 
clinical practice helped the focus of selective 
pressure sharply in favor of bacterial isolates 

that have managed to incorporate the latest 
antimicrobial resistance mechanism into their 
genome. 
 

 
 
Fig. 2. Calendar date of introduction of various 
antimicrobial agents into clinical practice and 
appearance of the archaic and Iberian clones 
of MRSA. 
 
Mechanism of resistance in MRSA 
The basic mechanism of resistance in all 
MRSA strains involves the acquisition of a 
“foreign” genetic determinant mecA, which 
encodes for an “extra” cell wall synthesizing 
protein, the so-called penicillin binding protein 
2A (PBP2A) (Hartman and Tomasz, 1984), 
which is “added” to the four native S. aureus 

PBPs, enzymes involved in the synthesis of 
the staphylococcal peptidoglycan.  Unlike the 
four native PBPs, the “imported” PBP2A has 

an extremely low affinity for all beta-lactam 
antibiotics and according to current theory this 
protein is able to take over the task of cell wall 
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biosynthesis from the native PBPs, which 
become rapidly inactivated in the presence of 
beta-lactam antibiotics. 
 
A detailed and critical description of this model 
is not the purpose of this brief review 
here.  However, a simple comparison of the 
phenotypes of an isogenic pair of 
MRSA/MSSA strains can clearly demonstrate 
the importance of PBP2A in the resistant 
phenotype.  In Figure 3 the oxacillin 
susceptibility phenotypes are compared in the 

highly resistant MRSA strain COL and its 
isogenic derivative COL-S in which the mecA 
determinant was selectively deleted.  Figure 3 
shows that plating aliquots of strain COL on 
agar containing increasing concentrations of 
oxacillin allows recovery of virtually all bacteria 
even on plates that contain as high as 200 
µg/ml of the antibiotic.  In contrast, most of the 
cells of the isogenic strain COL-S were lost on 
the agar plates containing as little as a few 
tenths of µgs of oxacillin. 

 
Fig. 3. Penicillin binding proteins compared in the highly resistant MRSA strain COL and its isogenic 
derivative COL-S and population analysis profiles of the two strains. On the top of the Figure the 
type of SCCmec carried by COL is drawn. 
 
Figure 3 also shows the corresponding profile 
of penicillin binding proteins in the two 
strains.  It can be seen that the resistant 
bacteria has an additional heavily labeled PBP 
– PBP2A – added to the complement of the 
four penicillin-binding proteins present in the 
susceptible strain. 
 
While the antibiotic resistant phenotype of 
individual MRSA strains can show additional 
and complex variations, in each case the 
critical determinant of resistance was shown to 

be the penicillin binding protein 2A encoded by 
the mecA gene, which is not native to S. 
aureus.  The evolutionary origin of mecA is a 
major puzzle in this field of study. 
 

Search for the origin of mecA 
Comparing numerous clinical isolates has 
revealed that the sequence of mecA was 
common to all MRSA.  Furthermore, the gene 
was clearly an “imported” one since there was 
no sensitive allele present in any of the MRSA 
strains.  On the other hand, the amino acid 

sequence of PBP2A showed structural 
similarities to that of native penicillin binding 
proteins of S. aureus: the protein seemed to 

have a two-domain structure – composed of a 
non-binding domain and a second domain 
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which showed typical conserved motifs of 
transpeptidases. 
 
On the basis of this, we decided to engage in 
a search for the possible evolutionary origin of 
mecA assuming that this gene – while 
“foreign” to S. aureus – may actually represent 
a native and possibly “house-keeping” gene in 
another staphylococcal species.  In order to 
test this hypothesis, we used the sequence of 
the transpeptidase domain of mecA as a DNA 
probe followed by highly stringent conditions 
for hybridization with which we examined a 
large number of staphylococcal species for the 
presence or absence of a signal.  We also 
assumed that the bacterial species, which 
carries the mecA homologue as a native gene, 

need not actually be phenotypically resistant 
to beta-lactam antibiotics. 
 
After examining bacterial isolates from a wide 
variety of staphylococcal species, we began to 
obtain positive signals from isolates that 
belonged to the species Staphylococcus 
sciuri.   Up to 200 epidemiologically unrelated 

isolates of this species produced positive 
signal with the probe. 
 

Most of these isolates were susceptible to 
methicillin suggesting that – as we assumed – 
the mecA homologue in these species may 
have a housekeeping function (Couto et al., 
1996; 2003). However introduction of this S. 
sciuri gene on a plasmid into a susceptible 
strain of S. aureus produced high-level 
oxacillin resistance. Subsequent biochemical 
work with S. sciuri has identified the mecA 

homologue as the determinant of the penicillin 
binding protein 4 present in all S. sciuri isolates 
(Antignac and Tomasz, 2009). 
 
Staphylococcal cassette chromosomes 
A more detailed examination of the 
chromosomal region carrying the mecA gene 
in MRSA isolates has revealed a more 
complex structural correlate of resistance than 
was originally assumed.  Extensive 
sequencing work with numerous MRSA 
isolates has revealed that the mecA 

determinant was actually a component of a 
more complex structure which has become 
known as the staphylococcal cassette 
chromosome (SCC) (Ito et al., 2009; 
Katayama et al., 2000).  Figure 4 shows the 
tremendous structural variation and common 
functional elements of these cassettes 
(Milheiriço, 2009). 

 

 
 
Fig. 4. Main types of SCCmec cassettes identified in MRSA strains. 
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Concerning the proposed evolutionary origin 
of mecA, it is clear that prior to appearing in a 
S. aureus isolate, the mecA homologue must 
first incorporate into one or the other of these 
complicated cassettes which are the actual 
structural elements delivering the mecA gene 
to an MRSA strain.  It is through the ccr 
sequences, specific components of the 
SCCmec elements, that actually “direct” 

incorporation at the unique chromosomal 
location of the S. aureus gene ORFX 
(Katayama et al., 2000). 
 
The nature of the bacterial species where the 
chromosomal cassettes have evolved; the 

putative stage at which the mecA homologue 

may have incorporated into these structures 
and specific vectors responsible for the actual 
transmission of an SCCmec element into a 
susceptible S. aureus strain are still largely 

unknown. 
 
Armed with these new techniques, it was 
interesting to reexamine the historically first 
(archaic) MRSA isolates in terms of both their 
genetic background and also in terms of the 
type of SCC cassette they carried (Gomes et 
al., 2006) (Figure 5).

 

 
 
Fig. 5. Evolution of MRSA in Denmark in the period 1964-1977. All MRSA isolated during this period 
belonged to CC8. 
 
Geographic spread and clonal replacement 
of MRSA 
The powerful molecular tools available for the 
characterization of MRSA isolates has been 
used to track movements of clones in hospitals 
all over the world.  One interesting finding 
documenting the geographic movement of 
these clones was provided by periodic 
surveillance performed in hospitals in 
Portugal.   Characterization of the clonal 
nature of MRSA strains in sentinel hospitals 
allowed the documentation of a surprisingly 
frequent movement, i.e., replacement of one 
clone by another in time (Aires-de-Sousa et 
al., 2008) (Figure 6).  The factors contributing 
to these fluctuations of MRSA types are not 
known. 

 
 
Fig. 6. Evidence for the clonal evolution in 
Portugal during a period of 16 years. 
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Carriage of MRSA – in hospitals and in the 
community 
Prior to the most recent appearance of MRSA 
in the community, MRSA strains were typically 
restricted to the hospital environment 
(Chambers and Deleo, 2009).  For several 
obvious reasons, it has become of great 
importance to test to what extent the restriction 
of these dangerous pathogens to hospitals is 
an actual fact. In order to test this, one of the 
first major studies of this type was undertaken 
in Portugal in the year 2001 (Sá-Leão et al., 
2001). In that year, the average frequency of 
MRSA strains in Portuguese hospitals was as 
high as 50% or more.  In order to test if MRSA 
strains remained restricted to the hospital 
environment or may have spilled out into the 
community, a major study was undertaken in 
which the nasal carriage of S. aureus was 
tested in over 1000 “healthy” people recruited 
from among young draftees of the Portuguese 
air force and from healthy children attending 
Day Care Centers.  Individuals with any known 
connection to patients in hospitals or 
individuals who have been receiving 
antimicrobial treatments were identified 
through questionnaires that were filled at the 
time of sampling (Sá-Leão et al., 2001). 
 
The results of this study were quite striking. 
Among the 1001 S. aureus isolates recovered 
from the nasal cavity of healthy individuals 
only 7 MRSA strains were identified. In 
contrast, between 50 to 80% of these S. 
aureus isolates were resistant to penicillin and 
only a very small fraction of the total isolates 
were susceptible to all antibacterial agents 
(Figure 7).  Considering that penicillin and 
other antibacterial agents as well were initially 
used only in hospitals, these results indicate 
that over a more prolonged period of time, 
resistant bacteria do make their way out of the 
hospital environment and become part of the 
natural nasopharyngeal flora of S. aureus.  On 
the other hand, it was reassuring to see how 
strictly located MRSA strains have remained 
to the hospital environment at this particular 
time. 
 
Beginning in the late 1990s, several countries 
in different continents reported the 
appearance of MRSA strains in the 
community.  However, a careful examination 
of these strains by molecular typing 
techniques showed that these so-called 

 
 
Fig. 7. Carriage of S. aureus among children 
and draftees in Portugal. 
 
community acquired CA-MRSA strains have 
emerged outside the hospital rather than 
representing a leakage of MRSA clones 
predominant in the hospital environment (HA-
MRSA).  However in recent years it has been 
found that there is a blurring of the distinction 
between CA-MRSA and HA-MRSA: typical 
CA-MRSA strains such as USA300 as been 
found in hospitals and characteristic HA-
MRSA such as EMRSA-15 have been found 
widespread in the community (Deurenberg 
and Stobberingh, 2009). 
 
Introduction of full genome sequencing 
The sophistication of molecular typing 
techniques has received yet another boost by 
the introduction of whole genome sequencing. 
For example characterization of chronologic 
and geographic isolates of the Brazilian clone 
of MRSA recovered at different times and 
geographic locals has allowed to assign a 
more precise chronological age to these 
isolates and has also allowed tracing the 
movement of this clone across countries and 
continents and provide a putative “birthplace” 
of the Brazilian clone – not in Brazil (as it was 
originally suspected) but rather in 
Europe.  Figure 8 shows the routes of 
migration of these clones over several 
continents (Harris et al., 2010). 
 
In summary, it seems that future success in 
deciphering stages in the evolution of MRSA 
will depend on continued collaboration 
between full genome sequencing and 
epidemiologists providing carefully 
characterized and collected isolates and full 
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Fig. 8.  Evolution of the Brazilian clone over 
time and space. 
 
 
genome sequencing of MRSA for such 
studies. 
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