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Since 1995, a methicillin-resistant Staphylococcus aureus (MRSA) clone has spread in southern Germany. The strain was as-
signed to the Rhine-Hesse pulsed-field gel electrophoresis (PFGE) type by the staphylococcal reference center and was highly
similar to epidemic clones known to belong to clonal complex 5 (CC5; USA100) based on multilocus sequence typing (MLST).
Here we analyzed a defined collection of strains assigned to the Rhine-Hesse/USA100 PFGE type. Using sequence-based typing
methods (MLST, spa), the isolates were divided into two distinct clusters, ST5 and its single-locus variant ST225. These two lin-
eages are not distinguishable by PFGE or phage typing. Most of the ST5 isolates were derived from patients and volunteers from
the Tübingen area in southwest Germany, whereas the ST225 isolates were mostly from other locations in Germany. The locally
restricted ST5 isolates were shown to contain different SSCmec islands and exhibited different antibiotic resistance profiles. In
contrast, the ST225 isolates form a highly homogenous group and are emerging all over Germany. The two lineages are clearly
distinguishable by their phage content and spa type: ST5 strains from Tübingen are characterized by a Sa7int phage that carries
the virulence gene sak, which codes for staphylokinase, and ST225 isolates are characterized by a Sa1int phage. In conclusion,
based on sequence typing and phage content, CC5 strains can be subdivided into two distinct lineages with different
epidemicities.

The occurrence and spread of methicillin-resistant Staphylococ-
cus aureus (MRSA) have become a major challenge in many

parts of the world. The initially used phage typing method already
indicated the global spread of certain MRSA lineages (1). Later,
pulsed-field gel electrophoresis (PFGE) analysis and multilocus
sequence typing (MLST) revealed that the species can be divided
into a number of distinct clonal complexes (CC) (2–8). CC5 iso-
lates such as USA100, the Pediatric clone (USA), EMRSA-3 (Great
Britain), and the Tokyo clone (Japan) have worldwide prevalence
but harbor several different SCCmec elements, indicating poly-
clonal genesis (9, 10). Based on sequence analyses of American
ST5 and European ST225 isolates, which both belong to CC5, it
was postulated that the ST225 isolates are derived from an U.S.
ancestor that was introduced into Europe around 2001. Six years
earlier, in 1995, MRSA isolates had emerged in southern Germany
that were designated the “Rhine-Hesse” clone by the German
reference center based on PFGE typing (11). Similar isolates
were later described in studies from different parts of Germany
(12–15).

There are now powerful sequence-based typing methods avail-
able to define CCs based on the core genome. However, the role of
mobile elements, especially phages, in the microevolution of bac-
terial pathogens cannot be detected by these methods. Recently,
there has been increasing evidence that phages (e.g., those carry-
ing pvl or sasX) may drive virulence and epidemicity (16, 17). Here
we assessed the diversification of CC5 isolates using a defined
collection of strains from different regions in Germany. Molecular
typing methods were used to discriminate the isolates into two
distinct clusters, each of which is characterized by high prevalence
of a lineage-specific phage.

MATERIALS AND METHODS
Bacterial strains. Based on PFGE typing, the following Rhine-Hesse iso-
lates were selected from the strain collections for further analysis. (i) A

total of 49 isolates (41 MRSA and 8 methicillin-susceptible S. aureus
[MSSA] strains) were selected from the PFGE database of the Institute for
Medical Microbiology and Hygiene in Tübingen containing 251 Rhine-
Hesse S. aureus isolates. The strains were chosen to represent isolates with
minor differences in the banding pattern. They originated from different
previous studies and from in- and outpatients from two medical centers
located in southwestern and southeastern Germany. (ii) A total of 27
Rhine-Hesse MRSA isolates from the former German reference labora-
tory of staphylococci were also chosen due to differences in banding pat-
tern. They originated mainly from North Rhine-Westphalia. (iii) Three
well-characterized reference strains (N315, Pediatric clone, and New York
clone) with similar PFGE patterns were provided by NARSA (i.e., the
Network on Antimicrobial Resistance in Staphylococcus aureus).

Strain typing. spa typing (12, 14), MLST (4), and SCCmec typing (18)
were performed according to previously published references. PFGE and
Southern hybridization were performed as described previously (19) us-
ing probes listed in Table S1 in the supplemental material. The gels were
evaluated by use of WinCam3 software (Cybertech, Berlin, Germany). A
similarity index was determined for strains by use of the Dice coefficient.
Clustering correlation coefficients were calculated by the unweighted-pair
group method. Strains showing only minor differences in the banding
pattern (�87% similarity as assessed by the Dice coefficient) were as-
signed to the same genome type (GT). GTs were evaluated blindly with the
aid of the computer program, and all types were verified by visual exam-
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ination of the original gel. In cases of doubt, the strains were reanalyzed in
a second PFGE run that placed the isolates in question next to each other.
Phage typing was performed with the international set of typing phages,
including MRSA phages and additional regional phages (D11, -16, -92,
-187, and -192), according to standard rules. To determine relationships
between isolates based on phage typing results, the obtained lysis patterns
were converted into numbers (not sensitive � 0, low � 1, sensitive � 2,
high � 3). Clusters were detected by hierarchical clustering analysis using
the Ward algorithm.

Antimicrobial susceptibility. Susceptibility was tested either by agar
diffusion according to established guidelines (Clinical and Laboratory
Standards Institute) or by broth microdilution using the Vitek2 system
(bioMérieux, Nürtingen, Germany). Inducible clindamycin resistance
was determined employing a disk diffusion D-zone test.

Prophage content. S. aureus phages were identified by a multiplex
PCR strategy targeting the integrase gene sequence as described previously
(20). The presence of phage �6390 and the phage-carried virulence factor
sak was detected using the primers listed in Table S1 in the supplemental
material.

RESULTS AND DISCUSSION
Emergence and prevalence of the Rhine-Hesse MRSA clone in
Germany. Between 1991 and 1996, an infection control program
was established in the neonatal ward and intensive care unit in
Tübingen. All S. aureus isolates (n � 1,908) were sent to the for-
mer national reference laboratory of staphylococci for analysis.
The frequency of MRSA isolates was below 5% until 1995, when a
sudden increase was observed in the surgical department. Among
these isolates, a new PFGE pattern was detected that was clearly
distinct from the so-called southern German epidemic strain
(ST228) that was most prevalent at that time (11, 21). The new
PFGE type was later designated the “Rhine-Hesse” clone by the
Robert Koch Institute. Between 1999 and 2006, an increase in the
total number of isolates of this MRSA type was observed among
the specimens from North Rhine-Westphalia sent to the Bonn
laboratory for typing (Fig. 1).

In 2006, the analysis of all MRSA strains from the Institute for
Medical Microbiology and Hygiene in Tübingen revealed that
59.4% (95/160) of the isolates still exhibited a PFGE pattern sim-
ilar to that of the Rhine-Hesse type. For comparison, 203 coloniz-

ing strains of methicillin-susceptible S. aureus (MSSA) from
healthy volunteers from the Tübingen region were collected be-
tween 2000 and 2007. Nine percent of these isolates were assigned
to the Rhine-Hesse type by PFGE.

spa typing of Rhine-Hesse strains and correlation with
MLST. Although all Rhine-Hesse strains could clearly be distin-
guished from other strains by PFGE, a high variability within this
cluster was observed. To clarify the great variability within this S.
aureus lineage, the isolates were typed using spa typing and MLST.
A subset of 79 Rhine-Hesse isolates were selected to represent
isolates with minor differences in their banding patterns: 49 iso-
lates (41 MRSA and 8 MSSA strains) originating from in- and
outpatients from two medical centers located in southwest and
southeast Germany, 27 Rhine-Hesse isolates selected from the for-
mer reference laboratory of staphylococci, and 3 reference strains
(N315, Pediatric clone, and New York clone).

The isolates exhibited 8 different spa types; spa types t002 (45
isolates) and t003 (27 isolates) were observed most frequently. The
others were observed only twice (t045) or once (t105, t264, t535,
t1305, t1486). Types clustered into spa-CC 003/045 (t003, t045,
t264, and t1486) and spa-CC 105 (t002, t105, t1305) using based-
upon-repeat-pattern (BURP) analysis. One spa type (t535) could
not be clustered due to there being fewer than 5 repeats. MLST was
performed on isolates of spa types t002 and t003 (3 isolates each)
and on all single spa types. All isolates could be assigned to either
ST5 or its single-locus variant ST225. Only for the t045 isolates did
the BURP clustering not correlate with the MLST designation. For
the following analysis, we grouped all 79 isolates as belonging to
either ST5 (t002, t1305, t105) or ST225 (t003, t264, t1486). Thus,
sequence-based methods can clearly separate the isolates into two
distinct lineages, both of which have been recently described to
contain prevalent, globally spreading MRSA isolates (9).

Regional distribution of ST5 and ST225 isolates. Interest-
ingly, 94% (31/33) of the isolates from the Tübingen area be-
longed to the ST5 complex. In contrast, 80% (28/35) of the isolates
from elsewhere in Germany were ST225. Thus, the predominant
ST5 isolates seem to have persisted in this small area of the Tübin-
gen region in southwest Germany over several decades without
nationwide dissemination. The high prevalence of ST5/t002 iso-
lates in the southwestern part of Germany was recently shown in
another independent study (22).

PFGE analysis and phage typing for the discrimination of
CC5 isolates. To investigate whether the clusters obtained by spa
and MLST typing could be reproduced by other typing tech-
niques, dendrograms based on PFGE and phage typing were gen-
erated. The PFGE analysis showed clear clustering of the 79 strains
with a similarity index of approximately 87% but demonstrated
also the great variability within this S. aureus cluster. The analysis
of a subset of 25 isolates is exemplified in Fig. 2A. There is no
defined clustering that reflects the spa clonal complexes or MLST
types. In contrast, strains of other clonal lineages defined by spa
typing could be clearly separated from the Rhine-Hesse cluster.
Previously, PFGE results were shown to correlate well with the
results from molecular typing methods (spa and MLST) (23, 24).
However, our results indicate that PFGE is not suitable to distin-
guish the ST5 and ST225 isolates, in line with previous observa-
tions (25).

Next we analyzed whether the two lineages are distinguishable
by phage typing. Phage typing has a discriminatory power that is,
at least for the Rhine-Hesse PFGE type, comparable to that of

FIG 1 Total numbers of Rhine-Hesse PFGE types collected from 1999 to 2006
among the isolates sent to the former reference laboratory of staphylococci
from Bonn hospitals. A large increase in the number of Rhine-Hesse MRSA
isolates is evident.
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PFGE typing. The first Tübingen isolates that showed the Rhine-
Hesse PFGE type belonged to lysogroup III (21). In the meantime,
subtle shifts have led to a strong diversification of phage patterns,
and the strains that belong to the Rhine-Hesse PFGE type can be
assigned to at least 20 related subtypes. We performed a cluster
analysis of all strains included in the study, based on phage sus-
ceptibility determined using 38 different typing phages. The anal-
ysis revealed three distinct clusters without correlation to spa and
MLST types (Fig. 2B). Thus, the two spa and MLST lineages (ST5,
ST225) could not be recognized by either PFGE or phage typing.

SCCmec typing and the antibiotic resistance pattern of CC5
isolates. All of the ST225 isolates contained a SCCmec type II
cassette. Interestingly, ST5 isolates were significantly (P � 0.001)
more diverse: 69% of the isolates belonging to this clonal complex
harbored SCCmec type II, 12% harbored SCCmec type IV, and one
ST5 isolate could not be assigned to a definite SCCmec type, al-
though it was positive for the mecA gene.

Antibiotic susceptibility testing was correlated to sequence and
SCCmec types (see Table S2 in the supplemental material). All
ST225 isolates (n � 30) showed resistance to oxacillin, erythro-
mycin, clindamycin, and ciprofloxacin. In three of these isolates,
clindamycin resistance was inducible. One isolate demonstrated
additional resistance to gentamicin and one to tetracycline. ST5
exhibited resistance profiles that were more diverse: among SCC-
mec type II isolates, six different resistance patterns were observed.
Most of the isolates were resistant to oxacillin, erythromycin, clin-
damycin, and ciprofloxacin. The other isolates demonstrated var-
ious antibiotic resistance patterns, including resistance to genta-
micin, rifampin, or fusidic acid. Two isolates lacked phenotypic
erythromycin and clindamycin resistance. ST5 SCCmec type IV
isolates exhibited four different antibiotic resistance patterns.

Presumably, ST225 was disseminated throughout Germany
during the last decade (10), whereas in the Tübingen region, ST5

isolates have remained predominant. Despite their limited distri-
bution, these isolates are more prone to variation regarding anti-
biotic resistance. The occurrence of ST5 clones with different
SSCmec islands indicates that these clones have arisen indepen-
dently from ST5 MSSA strains. Interestingly, all of the MSSA
strains from the region included in this study belong to ST5 and
may have served as the ancestors of this locally distributed MRSA
strain. This is in line with previous results showing that ST5 strains
are heterogeneous with respect to resistance patterns and SSCmec
types (9).

Phage content of CC5 isolates. The molecular basis for the
discriminatory power of phage typing is not well understood.
Variation in the phage receptor is not likely to account for the
strain discrimination, because it was recently shown that most S.
aureus phages are recognized by the conserved wall teichoic acids
(26). Phage immunity factors (27), leading to the mutual inhibi-
tion of phages of the same or other types, may determine the
susceptibility to the different phages used for typing. Thus, the
differences in phage typing as well as the differences in the banding

TABLE 1 Prophage content in the two Rhine-Hesse clusters

Phage group

% prevalence (no. of isolates)

PaST5 (n � 49) ST225 (n � 30)

Sa1 12 (6) 57 (17) �0.0001
Sa2 20 (10) 23 (7) 1
Sa3 90 (44) 97 (29) 1
Sa4 2 (1) 3 (1) 1
Sa5 5 (2) 7 (2) 1
Sa6 2 (1) 23 (7) 0.028
Sa7 55 (27) 10 (3) �0.0001
a Fisher’s exact test with Bonferroni adjustment.

FIG 2 Clustering by PFGE and phage typing. (A) Unweighted-pair group method using average linkages (UPGMA) dendrogram illustrating the similarity
(based on the Dice coefficient) of the PFGE profiles of 25 representative Rhine-Hesse isolates and 5 reference isolates. The similarity scale is shown at the bottom.
spa clonal complexes (spa), mec types (mec), and MLST types (ST) seem to be randomly distributed in the Rhine-Hesse cluster. (B) Cluster dendrogram of the
phage typing results of 25 representative Rhine-Hesse isolates. Data were analyzed by hierarchical clustering computing distances using the Ward method.
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pattern observed by PFGE might be primarily due to mobilization
of phages and thus might reflect short-term changes within the
accessory genome that are not reflected by sequence-based meth-
ods such as MLST and spa typing. Additionally, certain prophages
and/or prophage-carried virulence factors may account for the
high epidemicity of these lineages.

To detect prophages, a multiplex PCR assay was applied (20),
which revealed that each of the tested phages could be found in
CC5 isolates (Table 1), ranging in prevalence from 2.5% (2/79) for
Sa4int phages to 92.4% (73/79) for Sa3int phages. An analysis of
the distribution of the phages detected in ST5 and ST225 isolates
showed a significant (P � 0.0001) association of Sa1int phages
with ST225 isolates and of Sa7int phages with ST5 isolates.

Sa1int phages are found in approximately 10% of S. aureus
isolates (20), and in some cases they carry the accessory virulence
gene eta, which codes for exfoliative toxin A. Recently, Nübel et al.
(10) found a strong association between a certain phage and
ST225. Based on the published genome sequence, we could con-
firm that this phage belongs to the Sa1int phage group, as assigned
here.

Sak-encoding Sa7 phages are associated with ST5 SCCmec
type II isolates. Sa7int phages as detected in the ST5 isolates have
not been thoroughly characterized. They were shown to integrate
into an attachment site located in an intergenic region upstream of
isdB (28). Some of these Sa7int phages carry the virulence deter-
minant staphylokinase (sak), which is usually located on a Sa3int
phage. Therefore, we analyzed how many of the Sa7int phages
harbor sak using Southern hybridization experiments (Fig. 3). The
results revealed that all but one of the Sa7int phages from ST5
SCCmec type II isolates carry sak. In some cases, these isolates
harbored an additional sak copy on a Sa3int phage. In contrast, the
ST225 and ST5 SCCmec type IV isolates carried sak only on Sa3int
phages. The three Sa7int phages detected in ST225 isolates all were
sak negative. Thus, the sak-containing Sa7 phage is strongly asso-
ciated with Tübingen ST5 SCCmec type II isolates.

To our knowledge, sak-carrying Sa7int phages have not been
described in other S. aureus strain collections; thus, this phage may
have originated in the Tübingen region through recombination of
different phages. Whether this occurred in an ancestral MSSA or

MRSA strain is not yet clear. Nevertheless, the now-prevalent ST5
SCCmec type II isolates harboring the Sa7 phage have persisted as
nosocomial pathogens over several decades but, so far, have not
spread nationwide.

Conclusion. We report the patterns of variation and dissemi-
nation of two related CC5-MRSA clones, ST5 and its single-locus
variant ST225, which are not distinguishable by PFGE or phage
typing. Interestingly, ST5 strains are locally restricted, are of a high
phenotypic diversity, and are characterized by Sa7int phages. In
contrast, ST225 isolates are spreading throughout Germany and
are highly uniform with regard to SSCmec composition, antibiotic
resistance, and the high prevalence of Sa1int phages. The reason
why the related lineages ST5 and ST225 differ with respect to local
spreading remains to be elucidated. In general, the reason for the
high success of CC5 isolates as hospital-associated lineages is un-
clear, especially because data from whole-genome sequencing did
not reveal any obvious mutations within the core genome that
might be associated with this trait (9). One may speculate that the
accessory elements might drive the spreading of these strains, be-
cause the most obvious difference is the phage content. The as-
sumption that mobile genetic elements promote the spreading of
bacterial clones was recently emphasized by the emergence of
highly virulent MRSA strains carrying a phage harboring a new
adherence factor (16).
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