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Various types of the staphylococcal cassette chromosome mec (SCCmec) are known to confer methicillin
resistance on the human pathogen Staphylococcus aureus. Such cassettes are not always stably maintained. The
present studies were aimed at identifying the mechanism underlying the in vivo conversion of methicillin-
resistant S. aureus (MRSA) to methicillin-susceptible S. aureus (MSSA) derivatives as encountered in two
patients suffering from pneumonia and an umbilicus infection, respectively. All MRSA and MSSA isolates
identified belong to multilocus sequence type (MLST) 398, have spa type t034, and are Panton-Valentine
leukocidin positive. Sequencing of 27,616 nucleotides from the chromosomal SCCmec insertion site in orfX to
the hsdR gene for a restriction enzyme revealed a type V (5C2&5) SCCmec. Sequence comparisons show that
parts of the cassette are highly similar to sequences within SCCmec elements from coagulase-negative staph-
ylococci, indicating a possible common origin. The cassette investigated contains ccrC-carrying units on either
side of its class C2b mec gene complex. In vivo loss of the mec gene complex was caused by recombination
between the recombinase genes ccrC1 allele 8 and ccrC1 allele 10. In vitro, the SCCmec was very stable, and
low-frequency MRSA-to-MSSA conversion was only observed when MRSA isolates were cultivated at 41°C for
prolonged periods of time. In this case also, loss of the mec complex was due to ccrC gene recombination.
Interestingly, the MRSA and MSSA isolates studied displayed no detectable differences in competitive growth
and virulence, suggesting that the presence of the intact type V (5C2&5) SCCmec has no negative bearing on
staphylococcal fitness under the conditions used.

Staphylococcus aureus is a Gram-positive bacterium that can
be part of the normal human microbiota as a colonizer of the
mucosal membranes and skin. About 20% of the human pop-
ulation carries this commensal bacterium without any clinical
symptoms (12). However, S. aureus has the potential to cause
a wide range of infections, including wound infections, skin
abscesses, pneumonia, bacteremia, meningitis, and toxic shock
syndrome (12). In the early 1960s, only 2 years after the intro-
duction of methicillin as a drug against S. aureus infections,
hospital-acquired methicillin-resistant S. aureus (HA-MRSA)
strains were first isolated (8). Since the 1990s, virulent com-
munity-acquired MRSA (CA-MRSA) strains, which are char-
acterized by the presence of the toxin Panton-Valentine leu-
kocidin (PVL), have been encountered in the community and
health care (8).

Typing of numerous S. aureus isolates using pulsed-field gel
electrophoresis (PFGE), multilocus sequence typing (MLST),

analysis of the variable repeat region of the gene for staphy-
lococcal protein A (spa typing), and related approaches has
revealed the existence of 11 major clonal lineages of S. aureus
(11). In 2003, a new lineage of MRSA was identified as a
colonizer of pigs and pig farmers in The Netherlands (8).
Based on PFGE, these strains were classified as nontypeable
MRSA, because their DNA cannot be digested with the re-
striction enzyme SmaI due to the presence of a novel DNA
methylation activity (2). MLST showed that these veterinary
strains belong to sequence type ST398, for which spa types
t011, t034, and t108 are the most frequently identified.

Methicillin resistance is associated with the presence of a
chromosomal mobile genetic element called the staphylococcal
cassette chromosome mec (SCCmec). Eight main SCCmec
types (I to VIII) have so far been identified, the sizes of which
vary from �20 up to �50 kb (8, 20). The SCCmec classification
is based on the composition of two gene complexes within the
cassette, namely, the mec gene complex and the ccr gene com-
plex (3, 8, 20). Common to all SCCmec elements is the pres-
ence of a mec gene complex that consists of the highly con-
served mecA gene and intact or truncated sets of its regulatory
genes, mecRI and mecI, and insertion sequences IS431 or
IS1272 (22). The mecA gene encodes the membrane-associ-
ated penicillin binding protein 2a (PBP2a), which is involved in
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peptidoglycan synthesis. PBP2a confers resistance against all
�-lactam antibiotics due to low-affinity binding, thereby
overcoming the inhibition of native penicillin binding pro-
teins as conferred by these antibiotics (6, 8). The mec gene
complexes identified have been divided into three major
classes that are defined by the sequences surrounding mecA,
namely, class A (including IS431-mecA-mecR1-mecI), class
B (including IS431-mecA-�mecR1::IS1272), and class C (in-
cluding IS431-mecA-�mecR1::IS431) (8, 17, 23). In the class
B and C mec gene complexes, the insertion sequences IS1272 and
IS431 have integrated into the 3� end of mecR1, ing in an inactive
regulator protein. Furthermore, each SCCmec contains one or
two ccr genes for recombinase(s) that play an important role in
insertion and excision of the cassette from the genome (8, 17).
At least nine different types of ccr gene complexes can be
distinguished. Five SCCmec elements of S. aureus contain the
recombinase genes ccrA and ccrB, two contain ccrA, ccrB, and
ccrC, two contain one ccrC gene, and one contains two ccrC
genes (8, 17, 20). SCCmec insertion and excision always occur
at the same site, which is named attB. This site is located within
the so-called orfX that seems to be strictly conserved in S.
aureus genomes (21).

It has been reported before that SCCmec elements are in-
trinsically unstable when MRSA strains are cultivated in vitro.
For example, Donnio et al. reported the loss of mecA due to a
deletion within a type IV cassette (9). Furthermore, it was
shown for three different MRSA isolates carrying a type II
SCCmec that the in vitro selection for resistance to vancomycin
coincided with a conversion of MRSA to methicillin-suscepti-
ble S. aureus (MSSA) (26). The mecA gene-containing region
that was lost in each of the MSSA derivatives differed in length.
In one of the MSSA strains studied, the complete SCCmec was
lost due to site-specific chromosomal excision. In the other two
MSSA strains, partial deletion of the respective SCCmecs ap-
peared to involve the IS431 sequences, suggesting a role for
IS431-mediated transposition/recombination in the observed
mecA loss.

The present studies were aimed at identifying the mech-
anism for a likely case of in vivo MRSA-to-MSSA conver-
sion. Isogenic MRSA and MSSA strains were isolated from
both a Dutch mother and her adopted daughter from Anh-
wei, China. The mother was hospitalized with severe com-
munity-acquired staphylococcal pneumonia, and the daugh-
ter suffered from an S. aureus umbilicus phlegmon during
the hospital admission of the mother. Here, we show that all
MRSA and MSSA isolates from mother and daughter be-
long to ST398 and are nontypeable by PFGE using SmaI for
restriction of genomic DNA. The ST398 MRSA isolates
contain a new type of SCCmec which will be referred to as
the type V (5C2&5) SCCmec from strain UMCG-M4. This
cassette is related to the type V (5C2&5) SCCmec which was
recently described for an S. aureus ST59 isolate (19, 31). Our
results show that the MSSA isolates from mother and
daughter have lost the mec gene complex but still contain
remnants of the cassette. Loss of mecA was due to homol-
ogous recombination between two ccrC genes within the
intact SCCmec type V (5C2&5). The MRSA ST398 strains
identified are highly stable in vitro, which is consistent with
the view that MRSA-to-MSSA conversion had occurred in
vivo.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this
study are listed in Table 1. MRSA and MSSA strains were grown overnight at
37°C or 41°C using 5% sheep blood agar plates (Media Products, Groningen,
The Netherlands), tryptone soy agar (TSA) plates (Becton Dickinson), tryptone
soy broth (TSB; Oxoid), MRSA-selective plates (bioMérieux), B medium (1%
peptone [Difco], 0.5% yeast extract [Gibco-BRL], 0.5% NaCl, 0.1% K2HPO4,
0.1% glucose), or B plates. MRSA-selective plates were used to distinguish
MRSA and MSSA strains after in vitro recombination experiments.

Antibiotic susceptibility testing. Antibiotic susceptibility was determined by
disk diffusion, as recommended by the European Committee on Antimicrobial
Susceptibility Testing (http://www.eucast.org/), in accordance with the instruc-
tions of the disk supplier (Neo-Sensitabs; Rosco Diagnostica A/S, Taastrup,
Denmark). The antibiotics tested included erythromycin, penicillin, tetracycline,
and oxacillin (Oxoid). The following reference clinical breakpoints were used to
classify strains as susceptible, intermediate, or resistant: erythromycin suscepti-
ble, �28 mm, intermediate, 23 to 27 mm, and resistant, �23 mm; penicillin
susceptible, �28 mm, and resistant, �28 mm; tetracycline susceptible, �30 mm,
intermediate, 28 to 29 mm, and resistant, �28 mm; and oxacillin susceptible, �

20 mm, and resistant, �20 mm.
Growth analyses of MSSA and MRSA isolates. Overnight cultures were di-

luted to an optical density at 600 nm (OD600) of 0.05 in B medium and incubated
at 37°C. Erlenmeyer flasks (100 ml) were shaken at 200 rpm. Aliquots were
removed at the time points indicated below, and bacterial growth was assessed by
OD600 readings. Competitive in vitro growth of strains MSSA UMCG-M2 and
MRSA UMCG-M4 was assessed by inoculating 107 CFU of each strain from an
overnight culture into one 100-ml flask containing B broth (15). The strains were
cultivated for six days in the absence of antibiotics. Every 24 h, the mixed culture
was diluted from 10�2 to 10�8 and plated on B agar plates without antibiotic and
on agar plates containing 4 �g/ml methicillin. The number of CFU of strain
MRSA UMCG-M4 was determined by counting the number of bacteria on the
methicillin-containing plates. The number of CFU of the MSSA UMCG-M2
strain was determined by determining the difference in the numbers of colonies
on nonselective and methicillin-containing plates.

PFGE. The preparation of genomic DNA and separation by pulsed-field gel
electrophoresis (PFGE) were performed as described by Stam-Bolink et al. (30).
Agarose plugs containing genomic DNA were prepared from overnight cultures
and digested with the restriction enzymes SmaI (Roche) or EheI (Fermentas) at
25°C or 37°C, respectively. Each plug was placed into a well of 0.8% agarose gel,
and the cleaved genomic DNA was subsequently separated by PFGE.

DNA isolation, PCR, MLST, and spa typing. Genomic DNA was isolated with
a Genelute bacterial genomic DNA kit (Sigma) according to the manufacturer’s
protocol with the following modifications. Prelysis was performed using lyso-
staphin (5 U/�l) (Ambi Products) and lysozyme (Sigma) (10 mg/ml) in the kit’s
solution A for 20 min. PCRs were performed with a DNA Engine Tetrad (MJ
Research) or a Bio-Rad C1000 thermal cycler. Primers used in this study were
obtained from Eurogentec (see Table S1 in the supplemental material). The
amplification reaction mix contained 0.625 units Super Taq (HT Biotechnology
Ltd.), 2 �l template DNA, 200 �M each deoxynucleoside triphosphate (Roche),
5 �l of 10� reaction buffer, 0.25 �M each primer, and 1.25 mM MgCl2 in a final
volume of 50 �l. The temperatures and times that were used for the different

TABLE 1. S. aureus strains used in this study

Strain Source Type Site of isolation Phenotype

UMCG-M1 Mother CA-MRSA Pleural fluid Pcr Emr Oxar

Tcs

UMCG-M2 MSSA Nose Pcr Emr Tcs

UMCG-M3 CA-MRSA Pus, nose Pcr Emr Oxar

Tcs

UMCG-M4 CA-MRSA Pus, furuncle,
nose

Pcr Emr Oxar

Tcs

UMCG-D1 Daughter MSSA Pus, furuncle Pcr Emr Tcs

UMCG-D2 MSSA Pus, furuncle Pcr Emr Tcs

UMCG-D3 MSSA Umbilicus
phlegmon

Pcr Emr Tcs

UMCG-D4 CA-MRSA Rectum swab Pcr Emr Oxar

Tcs

Pcr, penicillin resistant; Emr, erythromycin resistant; Oxar, oxacillin resistant;
Tcs, tetracycline sensitive.
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PCRs are indicated in Table S1 in the supplemental material. Fragments A, B,
C, and D (see Fig. 2) were obtained by long-range PCR with Extensor high-
fidelity PCR master mix (Thermo Scientific) according to the instructions of the
supplier, with the following modifications. For the primer combinations AR plus
IS431-R (fragment A) and ccr-	F plus hsdR-R (fragment D), annealing was
performed for 30 s at 54°C and the extension reaction was performed for 8 min
at 68°C. For the combinations Font-1 plus ccr-	F (fragment B) and Font-2 plus
ccr-	R (fragment C), annealing was performed at 50°C for 30 s and extension at
68°C for 8 min. Purification of PCR products was done using a high pure PCR
purification kit from Roche. PCR products were visualized using a 1% agarose
gel. Multilocus sequence typing (MLST) was performed according to the proto-
col described by Enright et al. (10). The sequences obtained for each locus were
submitted to the Internet database (www.mlst.net), and the resulting allelic
profiles were assigned to a sequence type (ST). Spa typing was performed using
the primer combinations (1) indicated in Table S1 in the supplemental material.
The resulting sequences were analyzed using the software available at http:
//spaserver.ridom.de/.

Nucleotide sequence determination and analysis. Sequencing was done by
primer walking (ServiceXS, Leiden, The Netherlands). The sequences were
compared to the nucleotide sequence database from the National Center for
Biotechnology Information (NCBI) using the BLAST tool (http://www.ncbi
.nlm.nih.gov/sites/entrez). Multiple sequence alignments were performed us-
ing ClustalW (http://align.genome.jp) software (www.ebi.ac.uk/clustalw). Sig-
nal peptides were predicted using the signalP algorithm (http://www.cbs.dtu
.dk/services/SignalP/).

Southern hybridization. Chromosomal DNA of all isolates was digested over-
night with restriction enzyme HindIII or EcoRI at 37°C and separated on an
0.8% agarose gel. DNA was transferred to a membrane (Qiabrane) by diffusion
blot. Probe hybridization and signal detection were performed using an Amer-
sham ECL system according to the instructions of the supplier. The probe for
hybridization was PCR amplified with primers AR and IS431-3275Re using
chromosomal template DNA from MRSA strain UMCG-M4.

Screening for in vitro recombination. Single colonies (strains UMCG-M4,
UMCG-D4, UMCG-M2, and UMCG-D3) (Table 1) were picked from blood
agar plates and used to inoculate 5 ml of fresh TSB medium. Upon overnight
growth at 37°C, 5 �l of the culture was used to inoculate 5 ml of fresh medium,
which was incubated overnight at 41°C. From the initial overnight cultures, 10�6

dilutions were plated on blood agar plates and on TSA plates, which were
incubated overnight at 37°C. Single colonies were then transferred to MRSA-
selective plates. Passage to fresh TSB medium, growth at 41°C, and plating were
repeated every day for a period of 22 days.

Competitive virulence analysis. All animal studies were approved by the An-
imal Care and Experimentation Committee of the district government of Lower
Franconia, Germany, and conformed to University of Würzburg guidelines.
Female BALB/c mice (16 to 18 g) purchased from Charles River, Sulzfeld,
Germany, were housed in polypropylene cages and received food and water ad
libitum. The S. aureus MSSA UMCG-M2 and MRSA UMCG-M4 strains were
cultured for 18 h in B medium, washed 3 times with sterile 0.9% NaCl, and
suspended in sterile 0.9% NaCl to 108 CFU/100 �l. To control viable cell counts,
appropriate dilutions were plated on B agar. Mice were inoculated with 100 �l
of the S. aureus strains MSSA UMCG-M2 and MRSA UMCG-M4, each via the
tail vein. The experiments were performed with 6 mice. All mice were sacrificed
by 120 h, and the kidneys were aseptically removed. The kidneys were homog-
enized using a Dispomix Drive device (Bio-Budget Technologies, Krefeld, Ger-
many), and appropriate dilutions of the homogenates in 0.9% NaCl were plated
on B agar plates with or without 4 �g/ml methicillin, respectively, to determine
the bacterial load of the organs. Numbers of CFU for the UMCG-M2 and
UMCG-M4 strains were calculated as indicated above. Statistical significance
was tested using the Wilcoxon rank test.

Determination of the spontaneous mutation rate. The mutation rate per cell
and generation was calculated as described previously (13, 24, 27). Briefly, a
single bacterial colony was diluted in 45 ml of phosphate-buffered saline.
Amounts of 100 �l of this suspension were plated on agar plates to determine the
inoculum size, and another 100-�l aliquot was used to inoculate 50 ml of B broth,
which was grown at 37°C to an OD600 of 1.3 to 1.5. From this bacterial culture,
100-�l aliquots and appropriate dilutions were spread on B agar plates contain-
ing 10 �g of rifampin/ml. CFU were counted after 24 h of incubation at 37°C.
The frequency of mutation (P) to rifampin resistance per cell and generation was
calculated using the formula P � 1 � n�1 � x, where n is the number of
generations and x is the number of rifampin-resistant colonies/total number of
plated colonies. The number of generations (n) was determined using the equa-
tion n � 
1gN � 1gN0�/1g2, where g is generation, N is the total number of

bacterial cells in the culture, and N0 is the number of bacterial cells in the
inoculum.

Nucleotide sequence accession number. The nucleotide sequence reported in
this paper has been deposited in the DDBJ/EMBL/GenBank database under
accession no. GQ902038.

RESULTS

The MRSA isolates identified belong to the ST398 sequence
type and contain a class C mec gene complex. To test the
relatedness of the MRSA and MSSA isolates from mother and
daughter, several approaches were used. MLST analysis and
spa typing showed that all isolates belong to the ST398 se-
quence type and spa type t034, which are associated with a
veterinary origin in The Netherlands (33, 36). None of the
isolates was typeable by PFGE using SmaI digestion. PFGE
upon EheI digestion showed that the profiles from the MRSA
isolates contained a fragment of �100 kb which was absent
from the equivalent profiles of the MSSA isolates (Fig. 1).
Antibiotic resistance profiling showed that all MRSA and
MSSA isolates were resistant to penicillin and erythromycin
(Table 1). An interesting finding was that all isolates were
sensitive to tetracycline and tested positive for pvl in a PCR
with specific primers (see Table S1 in the supplemental mate-
rial). This showed that the isolates from mother and daughter
differ from the Dutch pig-borne ST398 isolates, nearly all of
which have so far tested tetracycline resistant and pvl negative
(only one pvl-positive isolate has been reported so far) (33, 36).

As shown by PCR of genomic DNA, the MRSA isolates
from mother and daughter (UMCG-D4, UMCG-M1, UMCG-
M3, and UMCG-M4) contained mecA and IS431, while mecI
appeared to be absent. As expected, mecA and IS431 could not
be detected in the MSSA isolates. No products were obtained
for ccr types AB, AB1, AB2, and AB3 or SCCmec IVa, -b, or -c.
Importantly, two specific fragments of approximately 2 kb and

FIG. 1. PFGE comparison of chromosomal DNA isolated from
MRSA (UMCG-M4) and MSSA (UMCG-M2) isolates. Chromosomal
DNA was cleaved with restriction endonuclease EheI, and the frag-
ments were separated by PFGE. The marker DNA fragments were
obtained by restriction of chromosomal DNA of S. aureus strain
NCTC8325 with EheI. The unique 100-kb EheI fragment observed for
the MRSA UMCG-M4 isolate is indicated by an arrow.
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700 bp, respectively, were amplified with primers correspond-
ing to IS431 and mecA, indicating that the SCCmec element in
the genome of the MRSA strains contains a class C mec gene
complex with the composition IS431-mecA-IS431 (Fig. 2A).
While the mecA gene was absent from the MSSA isolates,
these isolates carried the SCC J regions close to the orfX, ccrC,
and hsdR genes, indicating that the MRSA-to-MSSA conver-
sion had occurred through a deletion within the SCCmec being
investigated.

The SCCmec from strain UMCG-M4 resembles a type V
(5C2&5) SCCmec. To elucidate the structure of the SCCmec
from the ST398 MRSA and MSSA strains studied here, mul-
tiple PCRs were performed using different primer combina-
tions for the identified genes (see Table S1 in the supplemental
material). Four overlapping PCR fragments, named A to D, of
�10.8, �6.9, �9.6, and �5 kb, respectively, which covered the
area of interest were obtained for all MRSA isolates (Fig. 2A).

For the MSSA strains, only fragment D was obtained (data not
shown).

The nucleotide sequences of the PCR fragments of the
SCCmec from strain UMCG-M4 were determined. The aligned
sequence of 27,616 nucleotides contains 30 complete open
reading frames (ORFs) (Fig. 2B). BLAST searches revealed
that most of these ORFs code for unknown proteins (see Table
S2 in the supplemental material). Sequencing of the orfX in-
sertion point of SCCmec UMCG-M4 revealed the presence of
the ISS consensus sequence (21), and in fact, the same
insertion point was observed for the mecA-less SCC element
of the MSSA isolate UMCG-M2. The sequences upstream
and downstream of ISS were identical to the equivalent
regions of the type V (5C2&5) SCCmec (previously indi-
cated as type T) from the CA-MRSA strain PM1 (NCBI
accession number AB353125) and SCCmecZH47 from the S.
aureus strain ZH47 (NCBI accession number AM292304) (18).

FIG. 2. Mapping of mec and ccr gene complexes in the type V (5C2&5) SCCmec from strain UMCG-M4. (A) The location and orientation of
primers used for amplification of the type V (5C2&5) SCCmec from UMCG-M4 fragments A, B, C, and D that were used for sequencing are
indicated (see Table S1 in the supplemental material for primer sequences). (B) Schematic representation of the left side of the intact SCCmec
type V (5C2&5) in strain UMCG-M4 and the region within this cassette that is absent from MSSA isolates. Gene names and numbers are indicated
above the genes. The symbol “//” indicates stop codons or frameshift mutations in the putative ORFs. The recombination between ccrC1 allele 8
and ccrC1 allele 10 leading to MRSA-to-MSSA conversion is indicated. (C) Comparison of nucleotide sequences of ccrC genes from the type V
(5C2&5) SCCmec of strain UMCG-M4 (ccrC1 allele 8 and ccrC1 allele 10), the recombined ccrC1 alleles 8/10 derived from the SCC element of
strain UMCG-M2, and ccrC1 allele 2 from the type V (5C2&5) SCCmec of S. aureus PM1. Identical nucleotides in the depicted ccrC genes are
marked with shades of gray (light and dark); nucleotides unique for ccrC1 allele 2 are shown with black boxes and white letters; nucleotides unique
for ccrC1 allele 10 are shown in black frames with arrowheads; and identical nucleotides in ccrC1 allele 8, ccrC1 allele 10, and the recombinant
ccrC1 alleles 8/10 are indicated with dark gray shading and white letters. The 142-bp region of the recombination sites in ccrC1 allele 8 and ccrC1
allele 10 is boxed.
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The similarity with the SCCmecZH47 continued to the left re-
peat of the IS431 element that is inserted into the mecR1 gene
at nucleotide 14836 (Fig. 3). Thereafter, sequence similarity to
part of the SCC region in the genome of Staphylococcus hae-
molyticus JCSC1435 (32) was observed, starting from nucleo-
tide 14837 and ending in hsdR. A region of high similarity with
the type V (5C2) SCCmec from strain JCSC3624 (WIS) (22)
starts at position 11042 on the direct repeats located after the
first IS431 element and continues to hsdR. The second IS431
transposase gene of the mec gene complex in the UMCG-M4
SCCmec contains two nucleotide mutations resulting in a trun-
cated transposase. Identical mutations were found in the mec
gene complexes of S. aureus strain PM1 (31) and S. haemolyti-
cus JCSC1435 (32).

The highest overall sequence similarities were observed
with SCCmec sequences from Staphylococcus pseudintermedius

strain 06-3228 (NCBI accession number FJ544922) and with
the SCCmec type V (5C2&5) from the CA-MRSA S. aureus
strain PM1 (19, 31). For this reason, we classified the SCCmec
from strain UMCG-M4 as a type V (5C2&5) cassette. The
SCCmec of UMCG-M4 lacks a region of 1,041 bp which is
located between the left repeat of IS431 (nucleotides 11027/
11042) and two direct repeats of 28 bp found in the SCCmec
elements of strain PM1 and S. pseudintermedius (Fig. 3). This
missing sequence encodes a putative hydroxymethylglutaryl co-
enzyme A (HMG-CoA) synthase. A second region missing
from SCCmec UMCG-M4 is a region of 1,274 bp in the
SCCmec of strain PM1 that encodes the ISSau4-like trans-
posase (DQ680163.1�) (Fig. 3). This 1,274-bp region is flanked
by inverted repeats (ACTGACCCC). In the SCCmec of strain
PM1, the ORF for the transposase is interrupted, resulting in
two ORFs (hypothetical genes numbered 20 and 21 [orf20 and

FIG. 3. Comparison of the type V (5C2&5) SCCmec from strain UMCG-M4 with closely related SCCmec elements. The sequence determined
for the type V (5C2&5) SCCmec from strain UMCG-M4 was compared with the following SCCmec sequences deposited in GenBank (accession
numbers are indicated in parentheses): S. haemolyticus JCSC1435 (AP006716); S. aureus WIS (AB121219); S. pseudintermedius 06-3228
(FJ544922); S. aureus PM1 (AB353125); and S. aureus ZH47 (AM292304). Dark gray boxes indicate ccrC-carrying units in the SCCmec elements.
Large frames indicate regions of high similarity between the type V (5C2&5) SCCmec from strain UMCG-M4 and other cassettes. Dotted lines
indicate deletions of some ORFs. Genes are indicated by arrows. Black arrows indicate orfX, IS431, mecA, ccrA, and ccrB; white arrows indicate
ccrCs; and gray arrows indicate hypothetical genes; ORF ‘21’ contains a stop codon. The hsdRSM restriction-modification system is indicated by
white arrows with vertical lines. Names of functionally annotated genes are indicated above the respective arrows, and hypothetical genes are
numbered.
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orf21] in Fig. 3). orf21 of SCCmec of strain UMCG-M4 con-
tains a frameshift in comparison to the corresponding genes in
S. haemolyticus JCSC1435 and S. aureus strain JCSC3624
(WIS). Upstream of hsdR in strains WIS and S. haemolyticus
JCSC1435, an additional gene is present (orf20 [AB121219.1�]
and SH0061, respectively) (Fig. 3). This gene encodes a protein
of 188 amino acids with a predicted signal peptide, suggesting
that it is secreted. In both cases, the ORF is flanked on either
side by the repeated sequence AGAGCATCCTTCACTTTTA
TGGTGAGGGATGCTCTTTTAATTTA that contains an in-
ternal inverted repeat (indicated by underlining). In the
SCCmec type V (5C2&5) of strain UMCG-M4, the additional
ORF is absent and the repeated sequence is present only once,
directly upstream of the stop codon of hsdR.

Two regions running from nucleotides 349 to 3708 and
15854 to 19506 of the SCCmec of UMCG-M4 have a GC
content of �27%. The sequence between these regions has a
GC content of 32.6%, and the region downstream of the nu-
cleotide at position 19506 has an average GC content of 33.7%.
A similar distribution of the GC content was observed for the
SCCmec sequences of S. aureus PM1 and S. pseudintermedius.
This suggests that type V (5C2&5) cassettes are composed of
units from different genetic origins, which is consistent with
our observation that the SCCmec type V (5C2&5) from
UMCG-M4 and other type V (5C2&5)(-like) SCCmec ele-
ments contain two regions of high similarity with type III and
type V (5C2) SCCmec elements, respectively (Fig. 3).

Sequence conservation within the ccrC-carrying units. Higu-
chi et al. indicated that the SCCmec of S. aureus strain PM1
contains two so-called ccrC-carrying units (19). Such units are
also present in SCCmecs of S. pseudintermedius strain 06-3228
and UMCG-M4 (running from orf5 to orf11 and orf22 to
orf28). BLAST searches showed that similar units are present
only once in SCCmec types III, V (5C2), and VII (5C1),
SCCmecZH47, SCCmercury, and the non-mecA SCC element
SCCcap from different staphylococci. ClustalW comparisons of
all these ccrC-carrying units showed that the nucleotide se-
quences homologous to orf5 and orf22, as well as ccrC1 allele
8 and ccrC1 allele 10, are very well conserved among all units,
while the remaining sequences differ substantially. Dot plot anal-
ysis (http://www.vivo.colostate.edu/molkit/dnadot/) showed that
these conserved nucleotide sequences in the type V (5C2&5)
SCCmec from UMCG-M4 lead to large repeated regions running
from nucleotide 3790 to 8789 and nucleotide 19404 to 24403.
Similar repeats overlapping with the same genes were found in
the nucleotide sequences of the SCCmec elements of S. aureus
strain PM1 and S. pseudintermedius. Furthermore, the region
from orf5 to ccrC1 allele 8 showed more than 97% sequence
identity with the first ccrC-carrying units in the SCCmecs of S.
aureus PM1 (19, 31) and S. pseudintermedius, while the region
from orf22 to ccrC1 allele 10 showed only 91% sequence identity
to the second ccrC-carrying units of those cassettes. This may
suggest a higher level of conservation of the first ccrC-
carrying unit. Most nucleotide differences were found in the
regions encoding orf23 and orf24 of the UMCG-M4 SCCmec
and the 3� end of ccrC1 allele 10. Comparison of the nucleotide
sequence of the primer ccr-	R with that of ccrC1 allele 8
showed that there is a mismatch in the 3� end of ccr-	R, which
contains a G instead of an A. This explained why no PCR
products were obtained when the primers ccr-	R (correspond-

ing to ccrC1 allele 8) and AR (corresponding to orfX) were
used. Notably, ccrC1 allele 10 in the type V (5C2&5) SCCmec
from UMCG-M4 represents a new allele type of the ccrC gene
that differs from the known ccrC alleles.

Loss of the mec gene complex due to recombination between
two ccrC genes. Southern hybridization experiments for all eight
isolates (MRSA/MSSA) showed the presence of two ccrC-carry-
ing units in the MRSA isolates, while only one ccrC-carrying unit
was detectable in the MSSA strains (data not shown). Since the
MSSA isolates were known to have lost at least mecA from the
mec gene complex, the primers up-ccrC8 and down-ccrC10 were
used for PCR to determine the deletion point within the
SCC element of strain UMCG-M2. This yielded a fragment of
5,047 bp, which was sequenced. Comparison with the DNA se-
quence of the complete SCCmec from UMCG-M4 showed that
the 5,047-bp fragment lacked a stretch of 15,753 bp encoding all
genes located between ccrC1 allele 8 and ccrC1 allele 10. Align-
ment of the nucleotide sequences of the ccrC genes present in the
MRSA and MSSA strains studied (Fig. 2C) showed that the ccrC
gene of the MSSA strains (referred to as ccrC1 allele 8/10) has
resulted from a recombination within a region of 142 bp in the 3�
end of ccrC1 allele 8 and the 5� end of ccrC1 allele 10 (Fig. 2B
and C).

In vitro loss of the mec gene complex from the type V
(5C2&5) SCCmec of strain UMCG-M4 can be induced by heat
stress. No MRSA-to-MSSA conversion was observed for the
MRSA isolates from mother and daughter when these strains
were cultivated in vitro at 37°C. This suggested that the MRSA
isolates are very stable in vitro, at least with respect to main-
tenance of the mec gene complex. Mutator phenotypes are
supposed to have adaptive advantages and play a role in the
pathogenesis of bacterial infections, as well as in the develop-
ment of antibiotic resistance (14). It has been shown that
defects in mismatch repair systems which result in an elevated
mutation rate contribute to the development of vancomycin
resistance in S. aureus (29). In contrast, the S. aureus mutator
phenotype was associated with a decreased bacterial fitness in
vivo and did not confer a significant advantage in the acqui-
sition of antibiotic resistance in a model of chronic bone
infection (5). Therefore, we wanted to investigate whether
or not a mutator phenotype was detectable among the
MRSA UMCG-M4 and MSSA UMCG-M2 isolates and to
elucidate possible differences in the mutation rates. For this
purpose, we determined the spontaneous mutation rate in the
rpoB gene, which confers resistance to rifampin (27). We have
found that both strains had a spontaneous mutation frequency
of 1 � 10�8. No difference with respect to the mutation rate
was detectable between the two strains. Our data suggest that
the S. aureus strains investigated in this study do not differ in
the accumulation of point mutations under the experimental
conditions applied.

To test whether MSSA isolates would have a competitive
growth advantage over the corresponding MRSA isolates
when cultivated in vitro, the MRSA UMCG-M4 and MSSA
UMCG-M2 isolates were grown in Erlenmeyer flasks in B
medium at 37°C. The results of comparative growth analyses
showed that there was no detectable difference in the growth
rates of the MRSA and MSSA isolates. Moreover, mixing of
the isolates and subsequent cultivation in B medium for six
days at 37°C revealed that the ratio between the isolates in the
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culture remained constant (data not shown). This demon-
strates that the SCCmec being investigated is very stably main-
tained in the MRSA strains after their isolation from the pa-
tients.

To investigate whether MRSA-to-MSSA conversion could
be observed under “stressful” in vitro growth conditions, single
colonies of the MRSA strain UMCG-M4 were used to inocu-
late TSB standing cultures, which were incubated at 41°C. This
temperature is known to induce homologous recombination in
bacteria like S. aureus (25). After 3 weeks of daily transfers into
fresh TSB and continued growth at 41°C, cells were plated on
blood agar. The resulting colonies were then transferred to
MRSA-selective plates. This screening resulted in the identi-
fication of four MSSA derivatives of MRSA strain UMCG-M4.
PCR analysis with primers up-ccrC8 and down-ccrC10 yielded
fragments of 5.1 kb for all four MSSA strains obtained in vitro,
as was observed for the clinical MSSA isolates (data not
shown). This showed that all four in vitro MSSA isolates had
lost the mec gene complex by recombination between the ccrC-
carrying units.

MRSA-to-MSSA conversion in the ST398 strains studied
does not affect virulence. To test whether MRSA-to-MSSA
conversion might have affected the virulence of our isolates, a
mouse kidney abscess model was used for infection experi-
ments. The results revealed no significant difference in the
virulence of the MRSA strain UMCG-M4 and the MSSA
strain UMCG-M2 (data not shown). The mean bacterial load
for MSSA strain UMCG-M2 was 6.2 � 106 CFU/organ, com-
pared to 4.6 � 106 CFU/organ for MRSA strain UMCG-M4.
These results suggest that the loss of methicillin resistance in
the MSSA UMCG-M2 isolate had no impact on the compet-
itive virulence of this strain compared to that of the MRSA
UMCG-M4 isolate, which would explain, at least partially, why
both MRSA and MSSA variants can coexist in patients.

DISCUSSION

In the present study, we document the in vivo conversion of
MRSA to MSSA during “community-acquired” infections in
which a mother and her adopted daughter suffered from
pneumonia and an umbilicus phlegmon, respectively. The
MRSA strains contain a type V (5C2&5)-like SCCmec from
which the mec complex can be lost in vivo through recom-
bination between two ccrC genes, revealing a novel mecha-
nism for MRSA-to-MSSA conversion.

S. aureus ST398 strains are usually associated with a veteri-
nary origin. Since it was first identified in isolates from pigs in
The Netherlands in 2003, the S. aureus ST398 lineage has also
been isolated from cattle, chickens, cats, dogs, and humans in
Europe and China (16, 39, 42). In the case of the present study,
there is no evidence for a direct transmission of the ST398
strain from animals to mother and/or daughter. In the litera-
ture, there is precedence for human transmission of ST398
strains (37, 41). Data from a recent outbreak with a nontype-
able MRSA ST398 in The Netherlands (41) and from two
ST398-related infections in Sweden (38) suggest that strains of
this type can, in fact, be transferred quite readily between
humans. Alternatively, ST398 strains may be transmitted
through the food chain. In 2007, van Loo et al. reported that
the pig- and cattle farm-related ST398 strain was detectable in

Dutch meat products (35). Notably, the Dutch animal-related
ST398 S. aureus strains are resistant to tetracycline, while the
strains investigated in our studies are sensitive to this antibiotic
(40). The adopted daughter was born in the Chinese province
Anzhou, which is adjacent to the province Zhejiang where
patients with pvl-positive ST398 MRSA have been identified.
In contrast to the Chinese isolates, the vast majority of ST398
MRSA isolates in The Netherlands are pvl negative (42).
These data suggest that the S. aureus ST398 isolates studied do
not originate from The Netherlands but, possibly, from China.

Recently, the isolation of ST398 MRSA and MSSA strains
belonging to spa types t011, t108, and t034 was reported (33,
39). MSSA ST398 spa t034 strains were found to be rare among
healthy individuals, whereas relatively high numbers were de-
rived from bacteremia patients. This led to the suggestion that
MSSA ST398 spa t034 strains might be more virulent and
compete for colonization space with the corresponding MRSA
strains (4). The isogenic ST398 MRSA and MSSA isolates in
the present study showed rates of growth in vitro and virulence
properties in a mouse infection model that were indistinguish-
able. This implies that the isolated ST398 MSSA strains with
spa type t034 do not compete for colonization space with the
corresponding MRSA strains.

van Duijkeren et al. have reported that in different S. aureus
ST398 pig isolates, only type IV and V (5C2) SCCmec ele-
ments could be detected (34). All strains investigated were
tetracycline resistant and did not have spa type t034. In con-
trast, our sequencing results show that the SCCmec from the
tetracycline-sensitive ST398 strain UMCG-M4 is a type V
(5C2&5)-like SCCmec element that shares a similar overall
structure with the SCCmec of an ST59 S. aureus isolate from
Taiwan and the SCCmec of S. pseudintermedius (19). However,
DNA of the ST59 strain could be digested with SmaI. This
difference implies that if the ST59 strain does have a functional
restriction-modification system, it will be different from the
one(s) in our ST398 strains. The PFGE-untypeable phenotype
and the presence of the hsd restriction-modification system in
the SCCmec of strain UMCG-M4 indicates a possible involve-
ment of this system in the DNA methylation at the CCNGG
sequence (2). A DNA comparison of the known type V
(5C2&5)-like SCCmec elements from S. aureus PM1, S. pseud-
intermedius, and S. aureus UMCG-M4 shows that these cas-
settes contain several insertions, deletions, and mutations (Fig.
3). These differences reveal the presence of different subtypes
of the type V (5C2&5) SCCmec. Once the complete sequences
of all these cassettes are available, a precise subtype classifi-
cation can be performed in accordance with the new guidelines
on the classification of SCCmec elements as proposed by the
International Working Group on the Classification of Staphy-
lococcal Cassette Chromosome Elements (20).

The present findings show that parts of the type V (5C2&5)
cassettes are highly similar to sequences within SCCmec
elements from S. haemolyticus and S. pseudintermedius. Re-
cent studies of the structures of SCCmec elements in me-
thicillin-resistant variants of the coagulase-negative staphy-
lococci (CoNS) Staphylococcus epidermidis and S. haemolyticus
showed the presence of ccrC-carrying units flanking the mec
gene complex (28). This could indicate that the type V
(5C2&5) SCCmec from strain UMCG-M4 and the SCCmec
elements from CoNS share a history. Clearly, these findings
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underpin the view that SCCmec elements have a mosaic
structure and that certain parts of these cassettes have a
high tendency for intra- and interspecies recombination.
The mechanisms by which such rearrangements occur are
largely undefined, but the results of our present study sug-
gest that homologous recombination can play an important
role in these processes. The interspecies interactions leading
to new SCCmec variants are of special clinical interest, be-
cause these hybrid cassettes are difficult to recognize in
standard PCR-based diagnostic assays.

The observed in vivo MRSA-to-MSSA conversion in our
ST398 strains occurred by recombination between ccrC1 allele
8 and ccrC1 allele 10. This mechanism for MRSA-to-MSSA
conversion has not been reported before. Previous studies have
revealed site-specific chromosomal excision of SCCmec ele-
ments from the genome or partial deletion of mec gene com-
plexes involving IS431 elements (26). In marked contrast to
our present findings, it has been reported that MRSA-to-
MSSA conversion in S. aureus PM1 is due to a complete
excision of the type V (5C2&5) SCCmec from the chromo-
some, despite the fact that two similar ccrC-carrying units are
present in this cassette (19). At present, we do not know the
molecular basis for these different MRSA-to-MSSA conver-
sion mechanisms in S. aureus PM1 and our S. aureus ST398,
but this may relate to specific sequence differences between the
respective type V (5C2&5) SCCmec elements. In this light, the
proposal by de Lencastre et al. (6) that the presence of non-
mecA-containing cassettes in the S. aureus genome might rep-
resent a platform for the acquisition of “new” features that
improve the fitness of this opportunistic pathogen is very in-
triguing. The in vivo detection of such “empty” cassettes in our
ST398 isolates may thus represent a snapshot of such an ex-
change event, which is often overlooked due to the simple fact
that the MRSA phenotype is the most relevant for antibiotic
therapy (7).

Finally, the type V (5C2&5) SCCmec of strain UMCG-M4
turned out to be remarkably stable in vitro, which raises the
question of why it is observed to be unstable in vivo in not just
one but at least two patients. The only clue that we currently
have is that temperature seems to be a factor that can trigger
the observed MRSA-to-MSSA conversion, at least in vitro.
Whether the body temperature of the patients, who did suffer
from fever, had an influence in the MRSA-to-MSSA conver-
sion is difficult to answer retrospectively. Clearly, there are
many other factors playing a role in staphylococcal propaga-
tion and survival in and on the human body which may have
played a role in the loss of the mec complex via recombination
between the two ccrC genes. It will be a major challenge for
future research to identify the conditions that trigger MRSA-
to-MSSA conversion in vivo. An improved understanding of
such conversion mechanisms may ultimately yield new and
improved strategies to combat MRSA.
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