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The development of resistance to beta-lactams, the primary line of defense against 

staphylococcal infections, involved the evolution of a native gene into a resistance 

determinant and posterior rescue into a mobile element, which enabled its worldwide 

spread. This was a slow evolutionary process involving the stepwise addition of small 

pieces of genetic material from the most primitive staphylococcal species. The assembly of 

the primordial mobile antibiotic resistant determinant was probably driven by the need for 

survival in the natural environment, but its dissemination at a global scale was boost by the 

clinical use of antibiotics. The model for beta-lactam resistance evolution proposed in this 

article highlights the importance of the natural environment and ancient bacterial species 

for antibiotic resistance development and the excessive use of antimicrobial agents as a 

promoter of resistance dissemination. 

 
 
 
Outline  
Antibiotic resistance is on the top of the list of 
concerns among health authorities, since the 
therapeutic choices available to treat bacterial 
infections are becoming very scarce. A better 
understanding of the evolutionary processes 
that lead to the emergence of resistance is 
thus essential for the effective prevention and 
control of its development and spread.  
 
One of the best-documented examples of 
resistance development is the emergence of 
methicillin resistance among Staphylococcus 
aureus, a leading cause of healthcare and 
community associated infections with a high 
rate of mortality and morbidity worldwide.  
 
Methicillin resistant S. aureus (MRSA) 
emerged by the introduction into methicillin-
susceptible S. aureus (MSSA) of the mecA 
gene which is the central determinant for 
broad-spectrum beta-lactam resistance. The 
mecA encodes an extra penicillin-binding 
protein (PBP), PBP2A (1) with a low binding 
affinity to all beta-lactams, which enables 
bacteria to continue to synthesize cell wall in 

the presence of these antibiotics, when the 
four native PBPs are inactivated.  
 
The mecA is carried within a mobile genetic 
element called staphylococcal cassette 
chromosome mec (SCCmec) (2). The two 
central elements of this cassette are the mec 
complex that contains mecA and its 
regulators (mecI and mecR1) and the ccr 
complex that contains recombinases, which 
are responsible for its mobility. The remaining 
parts of SCCmec are named J regions and 
are composed of non-essential components, 
like additional metal and antibiotic resistance 
genes carried by transposons and plasmids, 
as well as genes of unknown function. In 
addition SCCmec is flanked by characteristic 
terminal inverted and direct repeats. So far, 
as many as eleven different types of SCCmec 
have been described in S. aureus (3-6) that 
vary in the combination of class of mec 
complex and ccr allotypes as well as in the 
composition of the junction regions (see Fig. 
1) (3). Our work has been focused on the 
understanding of how such a composite 
structure was assembled and has evolved. 
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Fig. 1. Structural organization of the eleven 
SCCmec types described. Adapted from 
Hiramatsu et al. (7) 
 
The origin of the methicillin resistance 
determinant - mecA 
Several lines of evidence suggest that mecA 
originated from native PBPs of species of the 
Staphylococcus sciuri group (a primordial 
phylogenetic clade) (see Fig. 2), like S. sciuri, 
Staphylococcus fleurettii and Staphylococcus 
vitulinus (8-11), which most important 
ecological niches are the soil and mucous 
membranes of animals.  
 
Homologues of S. aureus mecA with different 
levels of homology but located in the same 
chromosomal region were found to be 
ubiquitous within S. sciuri, suggesting mecA 
has been transmitted vertically during the 
early stages of staphylococcal speciation (7, 
8, 12). Although the primary function of these 
mecA precursors was probably not related to 
antimicrobial resistance, the complete 
evolution from a native PBP into a resistance 
determinant appears to have occurred within 
this group of species. S. sciuri carries the 
most ancestral form of mecA (mecA1) which 
has 85% homology in nucleotide sequence 

with S. aureus mecA; S. vitulinus harbors an 
intermediary form (mecA2) with 94% 
homology and S. fleuretti a mecA form that is 
almost identical to that of S. aureus mecA 
(99% homology) (11) (see Fig. 2). Being 
linked to speciation, mecA homologues 
evolution into a resistance determinant was 
probably a slow evolutionary process driven 
by frequent contact with beta-lactams in their 
natural environment, through the contact with 
fungi and Actinobacteria (13).  
 
Additional evidence supporting that S. sciuri 
mecA was the evolutionary precursor of S. 
aureus mecA, include the fact that this gene 
could be recruited to express methicillin 
resistance in S. sciuri after stepwise exposure 
to methicillin. Moreover, the activated copy of 
S. sciuri mecA was, similarly, able to restore 
methicillin resistance phenotype, when 
transduced into methicillin-susceptible S. 
aureus (MSSA), conferring high level 
homogeneous and broad-spectrum beta-
lactam resistance (14). Furthermore, the S. 
sciuri mecA when transduced into MSSA was 
shown to act exactly like S. aureus mecA, 
being controlled by S. aureus mecA 
regulators (mecI and mecR1) and its product 
(PBP4) taking part in cell wall biosynthesis, 
producing a peptidoglycan typical of 
methicillin-resistant S. aureus (10).  
 
Assembly and evolution of the mec 
complex 
Regarding the next stages of SCCmec 
evolution, there are no conclusive data on the 
order of occurrence of events. The addition of 
mecI-mecR1 regulatory system to the native 
mecA gene to originate mec complex might 
have been the second stage of evolution.  
 
The basic mec complex structure is 
composed of intact mecI and mecR1 
regulators, mecA and the insertion sequence 
IS431 located upstream of mecA; this 
organization corresponds to mec complex 
class A, but five other classes of mec gene 
complex (B-E) have been described in 
staphylococci that have mecI and mecR1 
disrupted by different insertion sequences 
(see Fig. 1).  
 
Recent data on the analysis of mec region in 
species of the S. sciuri group showed that the 
mec complex was probably assembled also 
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in this primitive group of species, more 
precisely in S. fleuretti. In this species mecI 
and mecR1 were found associated to a mecA 
homologue independently of ccr complex and 
SCCmec (11) and our own data showed that 
these regulatory elements together with 
mecA are ubiquitous in S. fleuretti (Rolo et al, 
unpublished) and not in other species of the 

S. sciuri group (Rolo, J., unpublished). The 
results suggest that the step of addition of 
mecA regulators to mecA to originate mec 
complex A occurred in the primitive S. 
fleuretti species.  
 
 

 

 
 
Fig. 2. Staphylococcus phylogenetic tree inferred from the nucleotide sequence of 16S rRNA gene. 
Adapted from Masalma et al. 2010 (15). 
 
Acquisition and expression of mecA in 
species in which this gene is not native 
imposes a fitness cost to bacteria (16). For 
this reason, the step of addition of regulators 
with subsequent mecA repression appears to 
have been particularly crucial in the 
maintenance of the gene in new host species 
(17) and thus in mecA dissemination. In fact, 
some of the first methicillin resistant 
staphylococci, the so called pre-MRSA or 
pre-MRCoNS (18, 19), contained intact 
regulators.  
 
Deletion of mec regulators by IS probably 
occurred at a later stage in evolution most 

likely in IS enriched strains, which were well 
adapted to mecA expression. One hypothesis 
is that this might have occurred in S. 
haemolyticus, a species with a high number 
of IS copies in which disruption of mecI and 
mecR1 by IS431 was described to be easily 
accomplished in vitro, upon selection with 
methicillin (20) (see Fig. 3).  
 
Origin of ccr complex 
The third stage in SCCmec evolution, which 
is also the most clinically relevant, was 
probably the mobilization of the mecA or mec 
complex into the mobile genetic element, 
staphylococcal cassette chromosome (SCC 
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elements). Several SCC, not carrying 
methicillin resistance determinant, but 
carrying other relevant genes have been 
described in staphylococci, suggesting that 
these elements are specialized vectors of 
dissemination of genes among staphylococci, 
and exist independently of mecA (21). 
 

 
 
Fig. 3. Stages in the evolution of SCCmec. 
 
Mobility of these elements is conferred by 
cassette chromosome recombinases (ccr) 
that catalyze the precise excision and 
integration of the element from and into the 
chromosome at the 5’ end of orfX gene, a 
SPOUT methyltransferase (22), located near 
the oriC (23). 
 
The ccr complex can be composed of one 
(ccrC) or two recombinases (ccrA and ccrB) 
and presents a high genetic variability in S. 
aureus. Six different ccr allotypes have been 
described in this species, associated to 
different SCCmec types: ccrA1B1 (SCCmec 
I), ccrA2B2 (SCCmec II, IV), ccrA3B3 
(SCCmec III), ccrA4B4 (SCCmec VI), ccrC1 
(SCCmec V), and ccrC2 (SCCmec VII). 
Moreover, within each of these allotypes 
different alleles were identified. However, 
until very recently no clues existed on the 
reservoirs and origin of these genes and it 
was not known, how and in which species 

mec complex and the ccr complex convened 
to give rise to SCCmec. 
 
Our most recent work shed a new light on 
how such an event might have happened. We 
found that S. sciuri and not other species 
within S. sciuri group (24) (Rolo, J. 
unpublished) were rich reservoirs of cassette 
chromosome recombinases, including ccr 
allotypes with high homology to all ccrAB 
types found in S. aureus SCCmec. In 
particular, we identified a ccrA1B1 complex 
with high homology to that found in SCCmec 
I, carried by the first MRSA strains, as well as 
precursors of other ccrAB complexes 
(ccrA2B2, ccrA3B3).  
 
These recombinases were widely distributed 
in methicillin-susceptible S. sciuri, including 
isolates with different genetic backgrounds 
(as defined by PFGE), originating in different 
hosts, and distant geographic regions as well 
as distinct periods of isolation, suggesting 
they were established in this species for a 
long period of time and could have been the 
primordial reservoir of ccr to the genus 
Staphylococcus. Moreover, we observed that 
the location of these ccr genes in S. sciuri 
chromosome coincided with the location of 
mecA precursors and SCCmec elements. 
Our results, provided evidence that ccr genes 
from S. sciuri were probably the precursors of 
ccr complex to the assembly of a primordial 
SCCmec. Additionally, we found that the 
chromosomal location of mecA and mecA 
homologues, near the recognition site of ccr, 
was probably crucial for its subsequent 
mobilization into SCCmec. SCC elements 
originating in S. sciuri were probably inserted 
near an already assembled mec complex, 
which by recombination could have been 
integrated into the element to give rise to the 
primordial SCCmec. However, it is still not 
clear in which species did this occur. 
 
In contrast to S. sciuri, which carried a high 
diversity of ccr allotypes, we observed that 
methicillin susceptible coagulase-negative 
species belonging to more recent clades in 
the phylogeny of staphylococci, which include 
Staphylococcus epidermidis, Staphylococcus 
haemolyticus and Staphylococcus hominis, 
were particularly enriched in a specific 
allotype of ccr. The ccrAB2 was found to be 
common in S. epidermidis (25), ccrAB1 in S. 
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hominis (26) and ccrC in S. haemolyticus 
(27), which is coincidently the same type of 
ccr carried by SCCmec in these species.  
 
This decrease in ccr allotypes diversity 
observed during recent Staphylococcus 
speciation might reflect the occurrence of 
specialization of recombinases to specific 
host species, wherein each type of 
recombinase recognizes species-specific 
nucleotide sequences. But this still needs to 
be proved.  
 
SCCmec diversification 
The next stage of SCCmec evolution that is 
believed to be still ongoing includes the 
diversification and dissemination of the 
SCCmec element among the staphylococcal 
population. The involvement in this process of 
species, such as S. epidermidis, S. hominis 
and S. haemolyticus is apparent. Our own 
results showed that besides being reservoirs 
of specific types of SCCmec and ccr 
allotypes, these species harbor a huge 
number of non-described SCCmec types (27-
29), evidencing their key role in the current 
diversification of SCCmec.  
 
Moreover, we have shown that factors 
associated to hospital environment are 
driving the diversification and acquisition of 
SCCmec in S. epidermidis (30). One of the 
factors related to the clinical setting that might 
be triggering SCCmec diversification is the 
use of antibiotics, namely beta-lactams and 
vancomycin, which were already shown to 
promote the expression of recombinases 
(31). The excision of SCC elements promoted 
by ccr overexpression may create new 
opportunities of recombination between 
different elements within the same strain, 
giving rise to new SCCmec structures. 
 
Conclusion 
The development of resistance to beta-
lactams involved two key events: 1) the 
evolution of a native gene into a resistance 
determinant; 2) the dissemination of the 
resistance determinant among staphylococci. 

Strikingly, both events appear to have 
occurred early in the evolution of the genus 
Staphylococcus, within the group of the most 
primitive Staphylococcus species, probably 
as a survival strategy against naturally 
occurring antimicrobials. The results suggest 
that the primordial SCCmec was probably 
already assembled before beta-lactams were 
introduced in human clinical practice. The 
jump of SCCmec from animal to human-
associated Staphylococcus species, like S. 
aureus, was probably a result of the 
increased antimicrobial selective pressure 
imposed by clinical use.  
 
These findings highlight the importance of the 
natural environment as driver of resistance 
development, of ancient species as reservoirs 
and donors of potential resistance 
determinants and increased antimicrobial 
pressure as a factor promoting resistance 
dissemination.  
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