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During recent years, the animal-associated methicillin-resistant Staphylococcus aureus clone ST398 has
extensively been studied. The DNA of these isolates turned out to be refractory to Smal restriction, and
consequently, Smal is unsuitable for subtyping this clone by standard pulsed-field gel electrophoresis (PFGE).
Very recently, ST398 DNA was shown to be digested by Cfr9I, a neoschizomer of Smal. In the present study,
we employed Cfr91 PFGE on 100 German and 5 Dutch ST398 isolates and compared their PFGE profiles,
protein A gene variable repeat regions (spa types), and types of the staphylococcal cassette chromosome mec
(SCCmec). The isolates (from healthy carrier pigs, clinical samples from pigs, dust from farms, milk, and
meat) were assigned to 35 profiles, which were correlated to the SCCmec type. A dendrogram with the Cfr9I
patterns assigned all profiles to two clusters. Cluster A grouped nearly all isolates with SCCmec type V, and
cluster B comprised all SCCmec type IVa and V* (a type V variant first identified as III) carriers plus one
isolate with SCCmec type V. Both clusters also grouped methicillin-susceptible S. aureus isolates. The associ-
ation of the majority of isolates with SCCmec type V in one large cluster indicated the presence of a successful
subclone within the clonal complex CC398 from pigs, which has diversified. In general, the combination of
Cfr91 PFGE with spa and SCCmec typing demonstrated the heterogeneity of the series analyzed and can be

further used for outbreak investigations and traceability studies of the MRSA ST398 emerging clone.

Methicillin-resistant Staphylococcus aureus (MRSA) strains
are an important cause of hospital-acquired infections world-
wide (8). However, MRSA strains are not confined to health
care settings, and during the last 10 years community-acquired
MRSA has increasingly been reported (8). In 2003, a clone of
MRSA associated with pig farming and not related to the
traditional hospital- and community-acquired MRSA emerged
in the Netherlands (37), where it now amounts to >30% of
human MRSA cases (16). This clone has also been detected in
healthy and sick animals, in food of animal origin, and in
humans from other European countries, Canada, the United
States, the Dominican Republic, and China (5, 7, 31, 38, 39).
This emerging MRSA clone belongs to the multilocus se-
quence type ST398, which includes different spa types (mainly
t011, t034, and t108). The majority of the ST398 isolates re-
ported are MRSA, although methicillin-susceptible (MSSA)
strains have been described as well (15, 34). Resistance to
methicillin and other B-lactam antibiotics is caused by the
mecA gene, which is located on a mobile genetic element,
the staphylococcal cassette chromosome mec (SCCmec). The
SCCmec cassette consists of the mec gene complex, the ccr
gene complex, and the junkyard regions. Based on the vari-
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ability and combinations of these genetic elements, several
types of SCCmec and several variants of the types have been
described (9). Three SCCmec types (III, IVa, and V) were
identified in ST398 isolates (25). However, recent investiga-
tions have shown that some ST398 isolates typed as SCCmec
type III using the method of Zhang et al. (40) proved to be type
V after further sequencing (21, 35).

For typing S. aureus, pulsed-field gel electrophoresis
(PFGE) of the whole genome by macrorestriction with the
Smal endonuclease is still considered as the “gold standard”
(26). However, the isolates of the ST398 clone are nontypeable
(NT) by PFGE using Smal (3, 4). Consequently, comparison
between these isolates and the typeable ones from humans and
animals is not possible. The nontypeability is due to the action
of a novel C5-cytosine methyltransferase which modifies the
consensus sequence C"CNGG at the second cytosine (3, 4).
Other enzymes with a different recognition sequence from
Smal have been used for PFGE typing of the ST398 clone,
including Eagl and Apal (22, 28, 31, 38), but the patterns
obtained cannot be compared to S. aureus patterns generated
with Smal. Xmal, a neoschizomer of Smal that recognizes the
same sequence cutting at a different position, only generates
partial digestions (3, 4). Recently, the use of Cfr91I, another
neoschizomer of Smal whose activity is not reduced on ST398
methylated DNA, has been recommended. This enzyme had
been successfully used for typing Smal NT macrolide-resistant
Streptococcus pyogenes isolates (6, 30), and now it is being
applied for typing ST398 isolates, i.e., from human origin (5,
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11, 36) and, to a lesser extent, from animals (3, 36). The aim of
this study was to characterize a large collection of recent ST398
isolates by Cfr91 PFGE as well as other methods (spa typing,
multilocus sequence typing [MLST], and SCCmec typing).
Most of them were recovered in Germany from different
sources, including animals and foods.

MATERIALS AND METHODS

Bacterial strains. A series of 109 S. aureus isolates were included in the
present study. One hundred four isolates were selected from the strain collection
of the National Reference Laboratory for Coagulase-Positive Staphylococci
(NRL-Staph) at the Federal Institute for Risk Assessment (BfR). They had been
isolated between 2004 and 2008 at different German regional laboratories or at
NRL-Staph as part of various surveys and investigations. Biochemical charac-
terization, susceptibility testing, and typing of the bacteria were conducted at
NRL-Staph and the NRL for Antimicrobial Resistance (NRL-AR). MRSA iso-
lates were confirmed by multiplex PCR (27) detecting 16S rRNA genes, the S.
aureus-specific nuclease gene nuc, and the resistance gene mecA in the case of
methicillin-resistant isolates (all except four isolates). The isolates had been
collected from healthy carrier pigs at slaughter (42 isolates), clinical samples
fromf pigs (31 isolates), dust from pig farms (10 isolates), cow’s milk (five
isolates), and meat from food-producing animals (16 isolates, including eight
from pigs, five from turkeys, two from chickens, and one from a cow). The other
five isolates came from the Netherlands and had been collected from fecal
samples from pigs. The S. aureus strains NCTC 8325 and ATCC 29213 were used
as controls for PFGE.

spa typing, MLST, and SCCmec typing. DNA of the isolates was extracted
using the RTP-bacteria DNA minikit (Invitek, Berlin, Germany). All isolates
were analyzed by spa typing (29). Representative isolates with different spa types
(14 German and 5 Dutch isolates) were additionally subjected to MLST (10).
PCR products were sequenced by Qiagen (Hilden, Germany). The software
Ridom Staphtype (Ridom GmbH, Wiirzburg, Germany) and the S. aureus MLST
database (http://www.saureus.mlst.net) were used to assign spa types and se-
quence types (ST), respectively. The software Ridom Staphtype was also used to
investigate the clonal relatedness of the different spa types, using the Based
Upon Repeat Pattern (BURP) algorithm (24). The group founder within BURP
clusters of at least three different spa types is defined as the spa type with the
higher founder score (assigned to the spa type to which the relevant spa types and
strains are more closely related) (24). MRSA isolates were typed by SCCmec
using a modified protocol for the multiplex PCR described by Zhang et al. (40).
This multiplex PCR identifies SCCmec types I to V. SCCmec type III isolates
were further characterized by PCR amplification and sequencing as proposed by
Jansen et al. (21), using primers for ccrC of SCCmec type V (20) and different
regions of the SCCmec type I1I: ccrA/B3 (21), mN1-mN2 (which comprises ccrA3
and ccrB3), mN3-Tn554 (positions 171-146; a region spanning from transposase B
to YTn554), TnpA1016-TnpA636 (tranposase A), and merA2-merN (marker of the
mercury operon) (19).

Macrorestriction-PFGE analysis. Whole DNA from each S. aureus isolate was
analyzed by Smal and Cfr9I PFGE, as previously described (3), using a CHEF-
DRIII SYS220/240 (Bio-Rad Laboratories GmbH, Munich, Germany) system,
applying the Harmony protocol guidelines (26). The resulting profiles were
analyzed recording the presence or absence of fragments larger than 20 kb.
Those patterns showing one or more mismatching bands were considered as
different and labeled “S” (Smal profiles) or “C” (Cfr9I profiles) followed by a
number. Genetic similarity between profiles was determined by the unweighted-
pair method with arithmetic averages and the Jaccard’s coefficient, using the
software program MVSP version 3.1 (Multivariate Statistics Package for PCs;
RockWare, Inc.).

Statistical methods. To asses the discriminatory power of the typing methods
applied, the discrimination indices (DIs) and their confidence intervals (CIs)
were calculated using Simpson’s index of diversity as previously described (13, 14,
17, 32). This index of diversity defines the probability that two unrelated strains
chosen from the test population will be placed into different typing groups (17).
The acceptance level of discrimination of a typing method depends on several
factors, with a DI greater than 0.9 being desirable.

To compare type assignments and to measure the clustering concordance
between typing methods, the Rand’s and adjusted Rand’s indices and the Wal-
lace coefficients (W) were calculated as reported by Carrico et al. (6) with the
BioNumerics 5.1 software (Applied-Maths, Ghent, Belgium) using the script
available at http://biomath.itgb.unl.pt/ClusterComp. The Rand index is a sym-
metric coefficient which represented the proportion of agreement for both
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TABLE 1. Relationships between SCCmec and spa types®

spa type (no.)
SCCmec type (no.)

Frequent types Others

V* (11) 1034 (7), t108 t571 (2), 11928
IVa (5) 1011 (4) t779
V (80) t011 (33), 1034 (20), 11255, t1451 (4), t1457,

t108 (9) t1580, t1985, t2011,
2346 (2), t2510,
2576 (4), t2970,
t5210

Nontypeable (7) t1250, t1753

Negative (2)

1011 (2), 1034 (3)
1034, t108

“ Numbers of isolates are shown in parentheses if there are more than one.

matches and mismatches in two partitions. The adjusted Rand index allows a
better quantitative evaluation of the global congruence between the two parti-
tions. Wallace's coefficients provide an estimate, given a typing method, of how
much new information is obtained from another typing method. A high value of
Wallace’s coefficient indicates that partitions defined by a given method could
have been predicted from the results of another method (6).

RESULTS

In order to ensure that the isolates belonged to ST398, all of
them were subjected to spa typing. Four of the 109 isolates
presented spa types (t318, t337, t002, and t1430) not related to
the ST398 clone. They originated from German clinical sam-
ples from pigs (2) or from meat (2) and were considered as
out-group isolates for further analyses. Only two of them were
MRSA: one was SCCmec type IVa, while the other was non-
typeable.

The 105 isolates assigned to ST398 comprised 19 different
spa types. The most frequent types were t011 (39 isolates;
37%), t034 (31 isolates; 29.5%), and t108 (11 isolates; 10.5%).
Relationships between SCCmec and spa types are shown in
Table 1. Nineteen representative isolates belonging to t011 (5
isolates), t108 (3 isolates), t1451, (2 isolates), and t034, t1250,
t1255, t1457, t1928, t1985, t2346, t2510, and t2970 (one isolate
each) were further characterized by MLST and ascribed to
ST398. The clonal relatedness of the different ST398 spa types
found was then investigated using the BURP algorithm. One
large cluster included 93.3% of the isolates and 16 spa types, with
t011 as the founder. Seven isolates with spa types t2510, t2576,
t2970, and t5210 had no alignment in the BURP algorithm.

Among the 105 ST398 isolates, all except two were MRSA
(98%). The isolates carried typical SCCmec types associated
with the clone: III (11 isolates; 10.5%), IVa (5 isolates; 4.8%),
and V (80 isolates; 76.2%), identified by the Zhang et al. (40)
protocol, while seven isolates were nontypeable. The 11
SCCmec type III isolates were further characterized by ampli-
fication and sequencing. This revealed the presence of ccrC of
SCCmec type V, but although no amplification was found using
primers for ccrA/B3 of SCCmec type 111, all of these isolates
harbored the transposase A gene of Tn554, which is integrated
into J2 regions of SCCmec types II and III. This new type of
SCCmec, related to type V, was termed “V*” in the present
work.

Genomic DNA of the four out-group isolates and the con-
trol strains NCTC 8325 and ATCC 29213 was digested with
both Smal and Cfr9I (Fig. 1). The two enzymes yielded iden-
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FIG. 1. Cfr91 PFGE analysis of Staphylococcus aureus ST398 isolates. Lane \, lambda ladder PFGE marker (New England Biolabs, Frankfurt
am Main, Germany); lane A, Cfr91 profile of strain ATCC 29213; lane N, Cfr9I profile of strain NCTC 8325 included as quality control; lanes S1
to S4, Smal profiles of out-group isolates; lanes C1 to C35, Cfr91 profiles generated from ST398 isolates.

tical restriction patterns. In contrast, DNA of the 105 ST398
isolates was resistant to Smal (all of them were NT) but sus-
ceptible to Cfr9I, which generated similar patterns, differing by
one to seven fragments (Fig. 1). For all ST398 isolates, 35
different Cfr91I profiles were found, many of them (19 out of
35) represented by only one isolate. However, the majority of
isolates (84 out of 105) showed 16 patterns, with C6, C1, C12,
and C5 being the most frequent (shown by 16, 11, 9, and 8
isolates, respectively). The relationships between Cfr91 profiles
and spa and SCCmec types are compiled in Tables 2 and 3. On
the basis of the Jaccard’s similarity coefficient, a dendrogram
with the Cfr9I patterns was constructed (Fig. 2). At a cutoff
point of 0.64, two major clusters (A and B) including all ST398
isolates were identified. Out-group and control strains were
clearly separated in the dendrogram. The largest cluster, A,
included 78% of the isolates, distributed into 24 profiles. This
cluster comprised all except one of the SCCmec type V iso-

lates, two of the SCCmec nontypeable isolates, and one MSSA
isolate. Cluster B included 22% of the isolates distributed in
three subclusters. One of them grouped the four SCCmec V*
isolates and one SCCmec V isolate, while the other two con-

TABLE 2. Number of types and Simpson’s index of diversity for
each typing method

Simpson’s index

Typeability No. of

Method o of diversity

(%) types (95% CI)
PFGE 100 35 0.94 (0.92-0.96)
spa typing 100 19 0.77 (0.71-0.83)
SCCmec typing 91.4¢ 5¢ 0.41 (0.29-0.52)

“ Seven strains were nontypeable, and two were MSSA. For the purpose of
calculating Simpson’s diversity, they were considered in two groups.
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TABLE 3. Comparison between typing methods used in 105 ST398 isolates

Relative result by:

Method/feature Rand index Adjusted Rand index Wallace’s coefficients
. SCCmec .. . SCCmec .. . SCCmec ..
PFGE spa typing typing Origin PFGE spa typing typing Origin PFGE spa typing typing Origin
PFGE 1 0.76 0.45 0.71 1 0.09 0.07 0.01 1 0.45 0.97 0.30
spa typing 0.76 1 0.46 0.61 0.09 1 0.02 0.04 0.10 1 0.62 0.22
SCCmec typing 0.45 0.46 1 0.42 0.07 0.02 1 0.05 0.09 0.24 1 0.23
Origin 0.71 0.61 0.42 1 0.01 0.04 0.05 1 0.06 0.20 0.53 1

tained the SCCmec IVa isolates, SCCmec nontypeable and
MSSA.

The index of diversity and the interval coefficients of the
different typing methods used are shown in Table 2. As has
been shown, the most discriminative method was Cfr91 PFGE,
followed by spa typing. The concordance among different typ-
ing methods and the origin of the isolates is shown in Table 3.
For PFGE, the highest concordances were with spa typing and
SCCmec typing. However, those methods were poor predictors
of the PFGE as expressed by the Wallace coefficient (W = 0.06
to 0.10). The SCCmec was almost completely predicted by the
PFGE (W = 0.97). The use of all methods revealed a high
heterogeneity within the ST398 clone.

DISCUSSION

Several studies carried out during the last 2 years about the
prevalence of MRSA belonging to the MLST ST398 demon-
strated that this clone is widely spread in farm animals, animal-
derived foods, pets, and humans (7, 8, 23, 35, 39). These find-
ings triggered EU-wide investigations into the prevalence of
MRSA in pigs during 2008 (1, 2). For the present study, more
than one hundred isolates mainly obtained between 2004 and
2008 from animals, foods, and environmental samples in dif-
ferent parts of Germany were investigated. One hundred five
of them were assigned to the clonal complex 398, on the basis
of resistance to Smal restriction, spa typing, and, in selected
isolates, MLST (24). The t011, t034, and t108 types were the
most frequent in the series, as has been described for the clone
(7, 8, 25, 35, 38). However, a total of 19 spa types were found,
suggesting that this clonal complex is continually evolving. Ap-
plying the protocol of Zhang et al. (4), most of the MRSA
isolates proved to contain SCCmec type V, as reported in other
studies performed in both Germany and the Netherlands (8,
33, 38), but SCCmec type IVa and SCCmec type III isolates
were also found. However, recent studies, in which sequencing
was applied, have demonstrated that most of the isolates pre-
viously identified as positive for SCCmec type III by the Zhang
et al. (40) method belonged to type V (21). In our study, all of
the SCCmec type III carriers harbored ccrC of type V together
with the tmpA gene from Tn554 (associated with types II and
III) but no other regions of SCCmec type III (18), hence
representing a new variant of type V.

One of the aims of the study was to apply the Cfr91 PFGE
method for typing a large collection of ST398 isolates. In contrast
to Xmal, Cfr9I is not affected by modification of the CCCGGG
recognition sequence through the action of the cytosine methyl-
transferase produced by the ST398 clone. The partial sequence of

this DNA methylase (motifs IV to VII) shows high similarity (74
to 71%) to different C5-cytosine methyltransferases with the same
recognition sequence, including M1.ScrFI from Lactococcus lactis
and M.Spyl and M.SpyM6 from S. pyogenes (3).

The Cfr91 PFGE method allowed direct comparison with
Smal profiles of S. aureus and clearly separated the out-group
and control strains from the ST398 isolates. This method was
more discriminative than spa typing (DI of 0.94 versus 0.77),
and distributed the 105 isolates into 35 genetically closely re-
lated profiles that grouped into two clusters (A and B). As
expressed by the Wallace coefficient, SCCmec could be accu-
rately predicted by Cfr91 PFGE, since the probability of iso-
lates having the same Cfr91 profile also sharing the same
SCCmec type was 97% (W = 0.97). Most of the SCCmec type
V isolates clustered in A, while the remaining types clustered
in B. Within clusters A and B, a limited number of isolates
were nontypeable with the Zhang et al. protocol (40), sharing
in some cases the Cfr91 profile of MRSA isolates. These strains
could have once carried the SCCmec cassette of their neigh-
bors in the dendrogram and then become nontypeable through
further evolution. Moreover, MSSA isolates coexisted with
MRSA isolates in clusters A and B, and one MRSA and one
MSSA isolate showed the same Cfr9I profile, demonstrating
the common background between ST398 MRSA and MSSA.
Previous studies using Cfr9I typing focused mainly on human
clinical isolates (5, 11, 36). Bhat et al. (5) used the Cfr91 PFGE
method to type 28 human isolates from the United States and
the Dominican Republic and found 14 profiles closely related
to each other. Fanoy et al. (11) applied the same method to
seven isolates from a residential care facility in the Netherlands
with SCCmec type IVa and showed quite similar patterns to
those included in cluster B. van Wamel et al. (36) analyzed by
this method isolates from humans and animals (7 from horses,
10 from pigs, and one from a cow with mastitis) and found a
successful ST398 clade constituted mostly by SCCmec type V
isolates. Other authors also found within the clone a strong
correlation between SCCmec and PFGE using other endo-
nucleases (28). With regard to the spa types, some authors
have proposed that the spa type of ST398 isolates is related to
SCCmec; thus, the t011 strains have been primarily associated
with SCCmec type IVa and the spa type t108 strains with
SCCmec type V (25). In our study, most of the t011 (84.6%),
t034 (71%), and t108 (81.8%) isolates clustered in A and
carried SCCmec type V. On the other hand, there was no t011
among the SCCmec type V* isolates. This is in line with results
from a study on MRSA in pigs in five German abattoirs. Only
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FIG. 2. Dendrogram showing the relatedness between Cfr91 macrorestriction fragment profiles generated from the S. aureus ST398 isolates,
the out-group isolates, and the control (NCTC 8325 and ATCC 29213) strains. At a Jaccard’s coefficient of similarity (/) of 0.63, two clusters
(labeled A and B, the latter with three subclusters) were detected grouping the ST398 isolates. The SCCmec and spa types and origin associated
with each Cfr91 profile are also indicated. —, no SCCmec (MSSA isolates); CP, carrier pig at abattoir; CS, clinical sample from pig; D, dust; FP,
fecal sample from pig; M, milk; MC, meat from chicken; MP, meat from pig; MT, meat from turkey.

three of 212 isolates of spa type t011 in that study carried this
new SCCmec type, while 195 carried SCCmec type V (33).
With regard to the origin of the isolates (Fig. 2), although
some PFGE profiles were shown by isolates with the same
origin (i.e., carrier pigs from Germany), others were shown by
isolates from Germany with different origins (carrier pigs, clin-
ical samples, meat, or dust) or by isolates from Germany and
the Netherlands. The isolates originating from pigs and pig
products could be found in both clusters, and the isolates from
foods of other origins (turkeys, chickens, and cattle) shared

profiles with isolates from pig samples. Accordingly, there is no
clear separation in pig-related and non-pig-related clones, sug-
gesting that the ST398 strains are probably transferred from
pigs to cattle and/or poultry and vice versa.

The application of the macrorestriction-PFGE performed
with Cfr9I in nontypeable Smal ST398 isolates revealed a
relatively high heterogeneity within the MLST ST398 clone,
although a close genetic relationship among these isolates is
still observed. As suggested in other studies (36), MSSA ST398
strains could have acquired the different SCCmec cassettes at
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different times, as happens in other S. aureus lineages (9, 12),
and they could have evolved later due to loss and/or acquisition
of recognition sites for Cfr91, changes in the repeats within the
spa region, and also by altering or losing the SCCmec cassette.
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