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islands (PIs). The most important toxins 
encoded on such elements are the superan-
tigens, which comprise a series of entero-
toxins, the exfoliative toxins A and B, and 
toxic shock syndrome toxin (TSST).2

Carriage on accessory genetic elements 
implies that virulence genes have been 
acquired by horizontal gene transfer from 
other strains, although such transmission 
cannot always be directly shown in the 
laboratory. Nonetheless, these elements 
are usually called mobile genetic elements 
(MGEs). Important MGEs in S. aureus 
include the pathogenicity islands SaPI1 
through 4, SaPIbov (found in a strain of 
bovine origin), prophages, and plasmids 
encoding exfoliative toxins and enterotox-
ins. The best studied PI is SaPI1, which 
contains the gene for TSST.3

The second important family of MGEs 
in S. aureus consists of elements that 
encode resistance factors. Among those, 
the staphylococcal chromosome cassette 
methicillin-resistance islands (SCCmecs) 
have gained most attention, as they repre-
sent the key determinant conferring resis-
tance to methicillin and other beta-lactam 
antibiotics and are thus responsible for the 
occurrence of the infamous MRSA (meth-
icillin-resistant S. aureus).4 Remarkably, 
pathogenicity islands such as the SaPIs 
have so far been not known to contain 
resistance factors, while the SCCmec ele-
ments were assumed to contain only resis-
tance but no toxin genes.2

Antibiotic resistance of S. aureus is a 
major concern to public health. While 
antibiotic resistance may in some cases be 
acquired by mutation—such as resistance 
to quinolone antibiotics by mutation in the 
DNA gyrase or topoisomerase genes—the 
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Virulence and antibiotic resistance 
of the dangerous human pathogen 

Staphylococcus aureus are to large extent 
determined by the acquisition of mobile 
genetic elements (MGEs). Up to now, 
these elements were known to comprise 
either resistance or virulence determi-
nants, but not a mixture of the two. 
Queck et al. now found a cytolysin gene 
of the phenol-soluble modulin (PSM) 
family within SCCmec elements, which 
contain methicillin resistance genes and 
are largely responsible for the spread of 
methicillin-resistant S. aureus (MRSA). 
The novel gene, called psm-mec, had a 
significant impact on virulence in MRSA 
strains that do not produce high levels of 
genome-encoded PSMs. This first exam-
ple of a combination of toxin and resis-
tance genes on one staphylococcal MGE 
shows that such bundling is possible and 
may lead to an even faster acquisition of 
toxin and resistance genes by S. aureus 
and other staphylococcal pathogens.

Staphylococcus aureus is a dangerous human 
pathogen, causing moderate to severe skin 
infections such as furunculosis, impetigo, 
and abscesses, organ infections such as 
endocarditis or osteomyelitis, and a vari-
ety of toxinoses such as toxic shock syn-
drome.1 Pathogenicity of the organism in 
these diseases is mainly determined by a 
series of secreted virulence factors, which 
include degradative exoenzymes and 
toxins. While some S. aureus toxins are 
encoded on the core genome, for instance 
the channel-forming cytolysin alpha-toxin, 
many secreted virulence factors are found 
on accessory genetic elements such as 
transposons, prophages, and pathogenicity 
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or putative biological activities. Lysis of 
human immune cells, particularly neu-
trophils, is the most intensely investigated 
feature of PSMs.14 This activity is mainly 
found in the shorter PSMs of the a-type, 
while the longer b-type PSMs are not 
cytolytic. Furthermore, cytolytic activity 
can dramatically differ between members 
of the a-type PSMs, with some PSMs 
found in the psm-a operon of S. aureus 
being the most active in that regard. In 
accordance with the key importance of 
neutrophils for host defense against S. 
aureus infection, deletion of the psm-a 
operon of S. aureus strains led to dra-
matically impaired virulence in bacter-
emia and abscess infection models.14 PSM 
genes are found in all S. aureus and do 
not substantially differ between strains. 
Increased production of PSMs and other 
key virulence determinants, such as 
a-toxin, thus has prompted researchers 
to explain the increased virulence poten-
tial of CA-MRSA compared to traditional 
HA-MRSA by differential gene expression 
and a potentially unique arrangement of 
gene regulatory networks.15

Queck et al. have recently described a 
novel psm gene, termed psm-mec, which 
differs from all other known psm genes in 
being encoded on an MGE rather than the 
S. aureus core genome.16 Specifically, the 
psm-mec gene is found in SCCmec types II 
and III very near to the mecI gene in the J2 
region (Fig. 1). While cytolytic activity of 
PSM-mec was not as pronounced as in the 

most common mechanism that S. aureus 
uses to become resistant to a given antibi-
otic is the acquisition of the correspond-
ing resistance determinant on an MGE by 
horizontal gene transfer. Especially under 
selective pressure, i.e. when an antibiotic is 
used at considerable levels and frequency 
in the population, the development and 
spread of resistant strains can be extremely 
fast. The most famous examples, perhaps 
among all cases of bacterial antibiotic 
resistance, are the development of penicil-
lin- and later methicillin-resistant strains 
of S. aureus. Penicillin was introduced in 
1941 and proved a very efficacious means 
to combat S. aureus infections. However, 
penicillin-resistant, penicillinase-contain-
ing strains were detected only 4 years later5 

and the switch to other antibiotics was fol-
lowed by the rise of multi-drug-resistant S. 
aureus. Penicillinase-resistant methicillin 
was introduced in 1961, but methicillin-
resistant strains, the first MRSA, were 
already found within a year.6 Considerable 
use of methicillin and its derivatives in the 
following decades led to global spread of 
MRSA and the fact that methicillin is 
nowadays not a usable drug for S. aureus 
infections in many countries.

Recent advances in deciphering the 
entire genomic information of many S. 
aureus strains has also allowed detailed 
insight in the composition and distribu-
tion of SCCmec elements. SCCmec ele-
ments are grouped into main allotypes (I 
through VIII) according to the type of the 

essential recombinase (ccr) and resistance 
(mec) genes. Subtypes are further classi-
fied according to the composition of the 
non-essential J regions, which may carry 
additional genes such as transposons and 
further resistance genes.4

The archaic MRSA clones that arose in 
the UK in the 1960s carry SCCmec type 
I.7,8 SCCmec types II and III carry addi-
tional antibiotic resistance genes, confer-
ring resistance for example to tetracycline 
and erythromycin.7 Today, there are five 
major clonal types of MRSA with two dif-
ferent genetic backgrounds, one of which 
is characterized by carrying SCCmec types 
I or III and the other, SCCmec type II.9 
SCCmec type IV is characteristic for the 
recently emerged community-associated 
(CA-) MRSA strains,10 which are known 
to have high virulence and cause infec-
tions in otherwise healthy patients outside 
hospital settings.11 The SCCmec type IV 
element is shorter than the other SCCmec 
types and there is evidence to suggest that 
as a result, it does not lead to a measurable 
fitness cost for the bacteria, facilitating 
the spread of CA-MRSA strains.12 Strains 
with other SCCmec types are very rare.

Phenol-soluble modulins (PSMs) are 
a class of peptides that have been named 
according to their behavior during hot 
phenol extraction.13 Although consider-
ably different in amino acid sequence, they 
share an amphipathic, a-helical structure, 
which likely plays a major role in deter-
mining their manifold demonstrated 

Figure 1. location of the psm-mec gene in Sccmec elements. the graph shows the location of psm-mec in the Sccmec type iii element, near the meci 
gene, within the J2 segment. it is also present in the corresponding part of Sccmec type ii and some rare elements that contain a similar region, but 
absent from Sccmec types i and iV. essential parts of Sccmec are in color: green, recombinase genes, orange, resistance genes.



www.landesbioscience.com Virulence 51

most potent PSMs, production levels of 
strains harboring the psm-mec gene were 
frequently extremely high, giving reason 
to believe that PSM-mec contributes con-
siderably to the neutrophil-lytic capacity as 
well as virulence of these strains. Indeed, a 
significant impact on neutrophil lysis and 
virulence in an abscess model was detected 
in an MRSA strain whose production of 
core genome-encoded PSMs was low, indi-
cating that acquisition of the psm-mec gene 
on an SCCmec element may substitute for 
the lack of such intrinsic PSM production 
and significantly increase pathogenicity.

Coagulase-negative staphylococci, 
particularly S. epidermidis, have often 
been discussed as potential sources of 
SCCmec and there is evidence indicating 
that methicillin resistance was acquired 
from S. epidermidis to create MRSA.17 

In accordance with the high frequency 
of MRSE and the distribution of type II 
and III SCCmec types in S. epidermidis, 
the frequency of PSM-mec production 
was found to be very high among S. epi-
dermidis strains, with production levels 
reaching similar levels as in strong MRSA 
producers.16 Cytolytic activities of S. epi-
dermidis culture filtrates in general are 
low compared to S. aureus (unpublished). 
Furthermore, most PSMs of S. epidermidis 
are either only moderately or not cytolytic 
and more potent PSMs are not produced at 
a considerable level, a feature that is con-
sistent with the non-aggressive lifestyle of 
S. epidermidis.18 On that ground, it can be 
assumed that PSM-mec production makes 
a difference in S. epidermidis regarding its 
pathogenic potential that is even higher 
than in S. aureus, a hypothesis that is cur-
rently under investigation.

Remarkably, PSM-mec is the first 
staphylococcal toxin to be found that is 
encoded on MGEs that primarily encode 
resistance factors. SCCmec types II and 
III thus bundle antibiotic resistance and 
virulence determinants, representing the 
hitherto only of their kind known to do 
so. While this may represent the exception 
rather than the rule, which appears quite 
likely considering information from the 
many available staphylococcal genomes, 
it shows that there is no physiological or 
other reason that would categorically pre-
vent the bundling of these two different 
classes of accessory genes on a transferable 
element. Thus, it is quite likely that—
given the speed of MGE rearrangements 
—MGEs that harbor both antibiotic resis-
tance and virulence determinants may 
arise in the foreseeable future.
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