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We developed and tested a ligase-based assay for simultaneous probing of core genome diversity and typing
of methicillin resistance determinants in Staphylococcus aureus isolates. This assay uses oligonucleotide pad-
lock probes whose two ends are joined through ligation when they hybridize to matching target DNA.
Circularized probes are subsequently amplified by PCR with common primers and analyzed by using a
microarray equipped with universal tag probes. Our set of padlock probes includes oligonucleotides targeting
diagnostic regions in the mecA, ccrB, and ccrC genes of the SCCmec cassette in methicillin-resistant S. aureus
(MRSA). These probes determine the presence and type of SCCmec cassettes (i.e., SCCmec types I to VI).
Additional oligonucleotides interrogate a number of highly informative single nucleotide polymorphisms
retrieved from a multilocus sequence typing (MLST) database. These latter probes enable the exploration of
isolates’ phylogenetic affiliation with clonal lineages of MRSA as revealed by MLST. The described assay
enables multiplexed genotyping of MRSA based on a single-tube reaction. With a set of clinical isolates of
MRSA and methicillin-susceptible S. aureus (n � 66), 100% typeability and 100% accuracy were achieved. The
assay described here provides valuable genotypic information that may usefully complement existing genotyp-
ing procedures. Moreover, the assay is easily extendable by incorporating additional padlock probes and will
be valuable for the quick and cost-effective probing of large numbers of polymorphisms at different genomic
locations, such as those ascertained through currently ongoing mutation discovery and genome resequencing
projects.

Methicillin-resistant Staphylococcus aureus (MRSA) causes
significant morbidity and mortality. Genotyping of MRSA iso-
lates is necessary to detect outbreaks and to monitor epidemi-
ological trends. Various methods based on DNA sequencing
have more recently been applied for typing, sharing the advan-
tages of excellent interlaboratory reproducibility and data port-
ability (1, 7, 8, 20, 39).

Multilocus sequence typing (MLST) is based on sequence
analyses of seven metabolic housekeeping genes. Strains with
identical sequences at all seven genetic loci are assigned
unique sequence types (8). To date, MLST has been applied to
several thousand isolates of S. aureus. Accumulated data indi-
cate that the vast majority of MRSA strains are affiliated with
a small number of clusters of closely related sequence types
that are referred to as “clonal complexes” (9). Clones of
MRSA have been defined based on the combination of MLST
with PCR-based analyses of the genetic element causing meth-
icillin resistance, SCCmec (staphylococcal chromosome cas-
sette) (7, 32). Classification of SCCmec diversity is based on
variation in the ccr gene complex, which includes recombinase
genes that are required for SCCmec mobility, and the mec gene
complex, which includes the mecA gene that causes methicillin
resistance (6, 17, 18). Since recombinase gene sequences are
conserved within SCCmec types, analysis of ccrB and ccrC

genes enables sequence-based typing of SCCmec, concordant
with PCR-based classification (21, 28, 29).

The limited discriminatory power of MLST and the high
costs associated with sequence analyses of seven slowly evolv-
ing genetic loci have driven the development of a number of
sequence-based typing approaches that rely on the investiga-
tion of single highly variable genomic regions (5, 10, 19, 35).
Among these, the most frequently applied method explores a
polymorphic repetitive region in the staphylococcal protein A
(spa) gene (1, 7, 40). While currently being widely applied for
investigations of both local outbreaks and global epidemiology
of MRSA, spa typing in several cases has been demonstrated to
provide misleading results due to recombination events that
have caused the horizontal transfer of spa genes between un-
related strains (11, 31, 39). In addition, in hypervariable DNA
sequences such as the tandem repeat region of the spa gene,
homoplasies frequently emerge (23). These limitations of sin-
gle-locus-based procedures result in the requirement for anal-
yses of additional loci if typing reliability is to be improved (7,
11, 39).

Giffard and coworkers recently retrieved highly informative
sets of single nucleotide polymorphisms (SNPs) from MLST
databases (16, 30, 38). Through determination of the status of
a very limited number of these SNPs by applying real-time
PCR, they could classify MRSA strains into clusters consistent
with the population structure of S. aureus, including all major
clonal complexes and prevalent subclusters (16, 38). Analysis
of these stable phylogenetic markers may be a useful amend-
ment to typing procedures relying on more variable genomic
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regions such as the spa gene. While retaining important ad-
vantages of sequencing-based methods including data porta-
bility and ease of interpretation, the determination of these
SNPs can be achieved more cost-effectively and rapidly than
DNA sequencing and is more readily amenable to high
throughput.

Many methods of SNP determination exist, most of which
rely on locus-specific PCR amplification and hence are inher-
ently difficult to perform in a multiplexed format (41). In con-
trast, oligonucleotides that circularize in sequence-specific li-
gation reactions (padlock probes) have been used to analyze
SNPs in genomic DNA without prior target amplification (4,
22). Subsequent to ligation, circularized padlock probes may
be PCR amplified with universal primers and the products may
be identified by use of microarrays (4). The combination of
multiple, allele-specific padlock probes in single reactions has
been demonstrated to enable the determination of more than
1,000 SNPs in parallel (12).

In the present study, we have analyzed informative SNPs
retrieved from MLST data by applying a padlock probe assay
adopted from human genomics (4). In addition, we have in-
cluded probes for diagnostic regions of recombinase genes
(ccrB and ccrC) from SCCmec elements within the same assay.
The resulting assay enabled the multiplexed simultaneous de-
termination of an isolate’s phylogenetic affiliation, consistent
with MLST, and its complement and type of methicillin resis-
tance determinant, concurrent with PCR-based classification
of SCCmec elements.

MATERIALS AND METHODS

Bacterial isolates, DNA extraction, and genotyping procedures. Staphylococ-
cal isolates were selected from the collection at the German reference center for
staphylococci and from the international Harmony collection (Tables 1 and 2).
They are representative of clonal lineages that are most prevalent in Germany
and central Europe. Lysostaphin (100 mg/liter) was applied to achieve lysis of
bacterial cells from overnight cultures, and DNA was extracted by using the
DNeasy tissue kit (Qiagen). DNA concentration was determined photometri-
cally. Multilocus sequence typing was performed as described previously (8).
Affiliation with clonal complexes was determined by using the software eBURST
(9). SCCmec element types I to V were identified by applying a combination of
PCRs targeting diagnostic regions (43, 45). Briefly, the ccr type and class of the
mec gene complex were identified as described by Okuma et al. (26) and Ito et
al. (18) and additional features were determined for confirmation (14, 27).
SCCmec type VI was identified by sequencing the ccrB gene as recently described
(28).

Oligonucleotides. Padlock probes were designed on the basis of sequences
available from the MLST database (www.mlst.net) or the GenBank database
(www.ncbi.nlm.nih.gov), respectively, by using the Probemaker software (36)
(kindly provided by Johan Stenberg). Probemaker is particularly useful for de-
signing padlock probes because it provides for the incorporation of multiple
so-called “tag sequences,” sequence elements that function as target regions for,
e.g., allele-specific primers and locus-specific microarray hybridization (Fig. 1)
(36). The padlock probe sequences used are listed in Table 3. For 5� phosphor-
ylation of padlock probes, an equimolar mixture of oligonucleotides (10 �M) was
incubated with T4 polynucleotide kinase (0.2 U/�l), kinase reaction buffer A, and
1 mM dATP for 45 min at 37°C according to the manufacturer’s recommenda-
tions (Fermentas). PCR primers with the following sequences were used: uni-
versal primer Pr-F, TAC TGA GGT CGG TAC ACT CT; allele 1 primer Pr-R1,
TCA GTA GCC GTG ACT ATC GA; allele 2 primer Pr-R2, TCA GTA CAT
GAA TCC GTA GT. Primers Pr-R1 and Pr-R2 were labeled at their 5� ends with
the fluorescent cyanine dyes Cy5 and Cy3, respectively. For microarray hybrid-
ization control, a previously described oligonucleotide, RC-Bwm-111, with the
sequence ATA AAT TCC GCA ATT TGT ATG and labeled with cyanine Cy3
was used (24). It was reverse complementary to the hybridization control probe
Bwm-111 (CAT ACA AAT TGC GGA ATT TAT) affixed to the microarray. Tag
oligonucleotide sequences were selected from the GeneFlex Tag Array collection

(Affymetrix). Fluorescently labeled oligonucleotides were purchased from Meta-
bion (Munich, Germany). All other oligonucleotides were synthesized and pu-
rified by high-pressure liquid chromatography (Invitrogen, Karlsruhe, Germany).

Ligation, exonucleation, and amplification. The principles and reaction steps
of the padlock probe assay are illustrated in Fig. 1. This assay was modified from
the protocol provided by Banér et al. (4). For ligation, bacterial DNA (5 ng/�l)
was incubated with the mixture of padlock probes (300 pM each) and thermo-
stable Ampligase (0.4 U/�l; Epicentre) in Ampligase reaction buffer supplied
with 80 mM KCl at 95°C for 5 min, followed by 50°C for 60 min and 95°C for 2
min. For removal of nonligated probes, exonuclease I (final concentration, 0.125
U/�l; Fermentas), exonuclease I buffer, and bovine serum albumin (50 ng/�l)
were added to the reaction mixture and the solution was incubated at 37°C for 60
min and, to inactivate the exonuclease, at 95°C for 10 min. For PCR amplifica-
tion, 5 �l of this reaction mixture was added to 20 �l of a PCR mixture containing
0.0625 U/�l Hot-Taq DNA polymerase (Peqlab, Erlangen, Germany), Hot-Taq
reaction buffer, 2.5 mM MgCl2, 0.25 mM deoxynucleoside triphosphates, and
1.25 �M each of primers Pr-F, Pr-R1, and Pr-R2. Temperature cycling included
3 min at 96°C; 30 cycles of 30 s at 96°C, 30 s at 55°C, and 30 s at 72°C; and a final
elongation for 2 min at 72°C.

Microarray fabrication, hybridization, and analysis. The hybridization control
probe Bwm-111 (24) and tag oligonucleotide probes were resuspended in spot-
ting buffer [12.5% dimethyl sulfoxide, 15 mM methylimidazole, 2.5 mg/ml N-(3-
dimethylaminopropyl)-N�-ethylcarbodiimide] and delivered onto aminosilane-
coated glass slides (Nexterion A�; Schott, Germany) at eight replicate positions
as described previously (2), with a TopSpot E microarrayer (Biofluidix, Ger-
many). Microarray hybridization and washing, scanning with an Axon 4100B

TABLE 1. Bacterial isolates used in this study

Isolate MLST Lineage SCCmec spa

03-02773 1 CC 1 IV t175
06-00468 5 CC 5 VI t311
06-01359 5 CC 5 VI t640
03-02106 5 CC 5 V t002
02-01587 5 CC 5 II NDa

97S101b 5 CC 5 III t045
HDE 288 5 CC 5 VI t311
Mu50 5 CC 5 II t002
N315 5 CC 5 II t002
05-02212 225 ST 225 II t003
04-02981 225 ST 225 II t003
05-02010 710 ST 225 II t003
05-01977 228 ST 228 I t001
04-03631 228 ST 228 I t001
98-00131 228 ST 228 I t001
98-11552 228 ST 228 I t001
05-02040 8 CC 8 IV t008
NCTC 8325 8 CC 8 MSSA t211
93/1000b 254 CC 8 IV t009
93-00635 239 CC 239 III t037
NCTC 11939 239 CC 239 III t037
94-01450 247 CC 8 I t051
93-00134 247 CC 8 I t051
04-00608 22 CC 22 IV t310
03-00397 22 CC 22 IV t032
90/10685b 22 CC 22 IV t022
03-01621 30 CC 30 MSSA t021
MSau192 30 CC 30 MSSA t274
99-159b 36 CC 30 II t018
C2Sau77 605 CC 30 MSSA ND
02-02756 45 CC 45 IV t038
02-02712 47 CC 45 IV t026
05-02065 59 CC 59 MSSA t1151
06-01240 375 CC 59 V t172
97-00825 80 CC 80 IV t044
00-01488 51 CC 121 MSSA t269
00-01004 121 CC 121 MSSA t159
95-00544 427 CC 121 MSSA t159

a ND, not determined.
b Isolate from the Harmony collection.
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scanner, and data acquisition and processing by using the scanner’s operating
software GenepixPro 6.0 (Axon Instruments) were performed as described pre-
viously (2). To provide for a positive hybridization control, oligonucleotide RC-
Bwm-111 was added to the hybridization mixture at a concentration of 5 fmol/�l;
this oligonucleotide was complementary to the hybridization control probe Bwm-
111 on the microarray and fluorescently labeled (24). Control of the ligation-
and-amplification process was enabled through the inclusion of a pair of padlock
probes directed against the staphylococcal 16S rRNA gene.

The medians of local background-corrected feature intensities (net intensities)
and their signal-to-noise ratios (net intensities/standard deviation of the local
background) were the basis of further calculations. Signal-to-noise ratios larger
than 3 were required at the hybridization control probe, at the tag probe target-
ing the 16S rRNA gene, and at all tag probes targeting SNPs. Ratios of median
net intensities measured at wavelengths of 635 and 532 nm were normalized to
the ratio at probes for the staphylococcal 16S rRNA gene. The normalized ratios
of median net intensities were averaged from eight replicate spots from the same
microarray slide. SNP character state determination was based on clustering of
data points in scatterplots (Fig. 2).

The probe for mecA met the requirement for positive detection if it displayed
a signal-to-noise ratio higher than 3 (2). Recombinase genes ccrB and ccrC
additionally were required to display the strongest fluorescence signal among all
of the probes targeting recombinase genes (see Results and Discussion). Ac-
cordingly, ccrB gene probes with minor signals were considered negative. For
ccrC, it was factored in that this gene may occur in isolation in SCCmec type V
or in combination with ccrB from other SCCmec types (6).

Computer-aided evaluation of SNP subsets. To evaluate the theoretical per-
formance of subsets of SNPs, the software package Minimum SNPs (30) was
applied to concatenated sequences from MLST loci, which had been downloaded
from the S. aureus MLST database at www.mlst.net. Minimum SNPs software
was designed to identify the most informative polymorphisms within a given
database, which may be useful for optimizing genotyping protocols (30). We used
the implemented software modules “D method” (which calculates the extent of
diversity that is discriminated on the basis of a given subset of SNPs) and the
“backwards method” (which searches and lists all sequence types matching an
input SNP profile) to determine the discriminatory power and specificity of SNP
subsets, respectively.

RESULTS AND DISCUSSION

Probe and assay design. The developed assay included pad-
lock probes for highly informative SNPs within MLST loci,
probes for diagnostic regions of the SCC recombinase genes
ccrB and ccrC, a probe for the gene mecA, which encodes
penicillin-binding protein 2�, and probes for staphylococcal
ribosomal DNA (Table 2). The lengths of the padlock probes
used varied from 84 to 92 nucleotides. Each probe contained
target-complementary segments at both ends, a locus-specific
tag sequence complementary to one of the tag oligonucleotides
affixed to the microarray, and two sequence elements targeted
by PCR primers (Fig. 1 and Table 2). Target regions for for-
ward and reverse primers overlapped by six nucleotides to
reduce the total padlock probe length.

The assay’s reaction steps are depicted in Fig. 1. A mixture

FIG. 1. Schematic depiction of the reaction steps involved in the
padlock probe assay. This example shows a pair of probes that dis-
criminate the two alleles at an adenosine/guanosine polymorphism. (a)
When a padlock probe hybridizes to complementary target DNA, the
probe’s two ends are brought into juxtaposition. Ligation of adjacent
ends produces a circular DNA molecule. (b) In contrast, padlock
probes that do not match the target DNA are not circularized and
hence are removed through subsequent exonucleation. (c) Circular
padlock probes can be PCR amplified by using one universal primer
and one of two allele-specific primers that are labeled with different
fluorescent dyes. (d) Amplification products are identified through
hybridization to probes on a microarray that are complementary to the
padlock probes’ locus tags.

TABLE 2. Bacterial isolates used as blinded samples

Isolate MLST Lineage SCCmec spa

05-01290 1 CC 1 MSSA t127
06-01198 1 CC 1 MSSA t321
06-01829 1 CC 1 MSSA t1491
61974-Finlanda 5 CC 5 II t002
97120a 8 CC 8 IV t008
97151a 8 CC 8 IV t024
97392a 8 CC 8 IV t008
98-01442 254 CC 8 IV t009
3680a 239 CC 239 III t037
3717a 239 CC 239 III t037
04-02080 239 CC 239 III t037
06-01537-1 241 CC 239 III t363
97118a 247 CC 8 I t051
134/93a 247 CC 8 I t051
97S96a 247 CC 8 I t054
98/26821a 22 CC 22 IV t1275
04-03100 22 CC 22 IV t032
90/10685a 22 CC 22 IV t022
98/10618a 22 CC 22 IV t022
98/24344a 22 CC 22 IV t032
99/1139a 36 CC 30 II t018
06-02026 34 CC 30 MSSA t136
96/32010a 36 CC 30 II t018
99/159a 36 CC 30 II t018
AO 17934/97a 30 CC 30 IV t021
06-01057 617 ST 617 IV t305
825/96a 45 CC 45 IV t004
02-02404 80 CC 80 IV t044

a Isolate from the Harmony collection.
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of all of the probes and a thermostable ligase were added to
each individual DNA sample. Subsequent to ligation, noncir-
cularized probes and any intermolecular ligation products were
removed through exonuclease treatment (Fig. 1). Ligated
probes were amplified by PCR with one common primer and
two alternative, allele-specific primers labeled with the fluo-
rescent dyes Cy5 and Cy3, respectively (Fig. 1). The resulting
fluorescently labeled amplification products were hybridized to
a microarray equipped with probes targeting locus-specific tag
sequences, and genotypes at individual loci were determined
by measuring allele-specific fluorescence signals at the respec-
tive positions on the microarray (Fig. 1).

The application of a pool of these probes to chromosomal
DNA extracted from S. aureus cultures enabled the simulta-
neous determination of an isolate’s phylogenetic affiliation,
consistent with MLST, and the presence and type of the meth-
icillin resistance determinant SCCmec. Signals at the 16S
rRNA gene probes were used for data normalization.

SNP determination. In a series of recent publications, two
different sets of highly informative SNPs were recommended
that had been selected on the basis of their discriminatory
power achieved on the entire MLST database for S. aureus, as
measured by the Simpson index of diversity (D) (16, 30, 38).
This numerical index provides a measure of the probability
that any two different sequence types will be discriminated by
a given subset of SNPs (15). The two overlapping sets each
consisted of seven or eight “high-D SNPs,” respectively (i.e.,
SNPs resulting in a high Simpson index, D), resulting in a total
of 11 SNPs (16, 30). Ten of these SNPs we have included in the
present study (Tables 3 and 4). The SNP excluded, tpi-241, is
virtually invariant among sequences currently in the MLST
database (Table 4). In addition, we interrogated three SNPs
within MLST loci (tpi-87, tpi-153, and yqiL-505; Tables 3 and
4) that are diagnostic for two MRSA clones that are highly
relevant for MRSA epidemiology in central Europe: sequence
type ST225 currently is one of the two most frequently isolated

TABLE 3. Sequences of the padlock probes used in this study

Probea 5� end Common
sequenceb

Allele
tagc Locus tag 3� end

Probes targeting SNPs
at MLST loci

tpi-243-A GCATCTTCAGATGTTGAT C1 A2 ATTTGATCGTAACTCGGGTG AAATGCACACATTTCATTT
tpi-243-G GCATCTTCAGATGTTGAT C1 A1 ATTTGATCGTAACTCGGGTG AAATGCACACATTTCATTC
yqiL-333-C AAGCGACTGTTGTTGA C1 A1 TTTAGTCGTTTGCCCGAGGC GTCCCATTTTAAAACCG
yqiL-333-T AAGCGACTGTTGTTGA C1 A2 TTTAGTCGTTTGCCCGAGGC TGTCCCATTTTAAAACCA
gmk-129-T ATTAAAGCTTCAAACGCA C1 A2 CTTAACTATTAGCGTCGGTG ATTCTATAAATTGGTCATCTTTA
gmk-129-C ATTAAAGCTTCAAACGCA C1 A1 CTTAACTATTAGCGTCGGTG TCTATAAATTGGTCATCTTTG
arcC-162-T ACGATTGTGCCTACAG C1 A1 CTATATCCTTACCGCGTATG CTACTTCCACACGTGTA
arcC-162-A ACGATTGTGCCTACAG C1 A2 CTATATCCTTACCGCGTATG CTACTTCCACACGTGTT
arcC-210-T GTTGGGTTATTGAATCGT C1 A2 GAGTAGCCTTCCCGAGCATT AAAAGGACCAATTGGTTTA
arcC-210-C GTTGGGTTATTGAATCGT C1 A1 GAGTAGCCTTCCCGAGCATT AAAGGACCAATTGGTTTG
aroE-132-A TCTTTATGAGGAATTGTGAT C1 A2 AACAACGATGAGACCGGGCT TAAATACGGTATGATACGT
aroE-132-G TCTTTATGAGGAATTGTGAT C1 A1 AACAACGATGAGACCGGGCT AAATACGGTATGATACGC
gmk-318-T TCTAAACTTGGAGGTGC C1 A2 AATACGCTGAATAGAGCCCT TCGCTCTCTCAAGTGA
gmk-318-A TCTAAACTTGGAGGTGC C1 A1 AATACGCTGAATAGAGCCCT TCGCTCTCTCAAGTGT
pta-294-C CCTGTTGAATGTGCTG C1 A1 ACATATCCTAATACAGGCGC GGACGCACAGTGTCG
pta-294-A CCTGTTGAATGTGCTG C1 A2 ACATATCCTAATACAGGCGC GGACGCACAGTGTCT
tpi-36-T TGCGCTTTTTTGTTAATTT C1 A2 GACGATCCTTATACTCGATG CCATGTTTGAAAATAGCA
tpi-36-C TGCGCTTTTTTGTTAATTT C1 A1 GACGATCCTTATACTCGATG CATGTTTGAAAATAGCG
pta-383-T CATCACCTTTAATCATAAAG C1 A2 GAAGACAGTTATACCCATGC TCACCAAAGATGTATTGTA
pta-383-A CATCACCTTTAATCATAAAG C1 A1 GAAGACAGTTATACCCATGC CACCAAAGATGTATTGTT
tpi-153-C CCTGCAACAGCTTTCT C1 A1 TGTCTACCTTTCCGTCAAGA TTTAAGTTGATCTTCAGATAAG
tpi-153-T CCTGCAACAGCTTTCT C1 A2 TGTCTACCTTTCCGTCAAGA TTTAAGTTGATCTTCAGATAAA
tpi-087-A TCTGTTTCACCAACACA C1 A1 AAACCATCGACTCACGGGAT CACTTTCACGCTCTTCT
tpi-087-C TCTGTTTCACCAACACA C1 A2 AAACCATCGACTCACGGGAT ACTTTCACGCTCTTCG
yqiL-505-T TACTGCTTTATGTTGTGAG C1 A1 ATTGACCAAACTGCGGTGCG CATTTTGCTGTGCACA
yqiL-505-C TACTGCTTTATGTTGTGAG C1 A2 ATTGACCAAACTGCGGTGCG CATTTTGCTGTGCACG

Probes targeting genes
within SCCmec
(recombinase
genes and mecA)

ccrB-I AATTTTTGACTTCCATACG C1 A1 ATAAAGCTCTATACTCCGCG GCATTAACTTGCCTGTTG
ccrB-III TTGTATTGACTTCCATACG C1 A2 ATAAAGCTCTATACTCCGCG GCATCAATTTACCACTGC
ccrB-II TCATGTTTACTATTAGGTATTT C1 A1 AACTAGCATCTAAGCACTCG CATGTTGATTAATCATCAGT
ccrB-IV TCGTGTTTACTATCTGGTA C1 A2 AACTAGCATCTAAGCACTCG CATGTTGGTTAATCATTAGC
ccrC-V ACTTTTACCACTTCTTCG C1 A1 GCTCTAATGTTAAGTGCTCG CCAATATCACATCATTTTTATC
ccrB-VI TACTTTATCATAGCCTAGAG C1 A2 GCTCTAATGTTAAGTGCTCG AGCTCTTTTTTACTATCAGG
mecA ATGAAGGTGTGCTTACA C1 A2 ACCACAGATCGAAGGTCGGA CATAAATGGATAGACGTCAT

Probes targeting
staphylococcal
16S rRNA gene

rDNA-Cy5 CGTAGGAGTCTGGACC C1 A1 AAGGCACGTATCATATCCCT CCTACTGCTGCCTCC
rDNA-Cy3 CGTAGGAGTCTGGACC C1 A2 AAGGCACGTATCATATCCCT CCTACTGCTGCCTCC

a Probe names are composed of gene names, SNP positions within genes, and alleles.
b Common sequence C1, AGAGTGTACCGACCTCAGTA.
c Allele tag A1, GCCGTGACTATCGA; allele tag A2, CATGAATCCGTAGT.
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MRSA strains in Germany and neighboring countries, and
ST228 and descendants (CC228) had been abundant in Ger-
many during the 1990s and are still highly prevalent in Austria
and the Balkan states (34, 44).

For SNP determination, pairs of padlock probes were de-
signed to determine the two alleles at each locus (Table 3).
When we initially tested the assay on 38 S. aureus isolates
(Table 1), we achieved 100% typeability (the proportion of

isolates that could be genotyped), and the results were fully
concordant with Sanger sequencing (Fig. 2). In scatterplots of
fluorescence intensities from the dyes Cy5 and Cy3, data points
from the different alleles formed clusters (Fig. 2) which could
be used to assign genotypes to unknown samples. In subse-
quent analyses of a limited number of blinded samples (n � 28,
Table 2), 100% typeability and 100% accuracy (the proportion
of correct results as determined by sequencing) were achieved.

FIG. 2. Scatterplots depicting the fluorescence intensities of the dyes Cy5 and Cy3 for padlock probes targeting SNPs as indicated. Filled and
open circles indicate the two different alleles for each of the SNPs as determined by Sanger sequencing. Results are from the 38 isolates listed in
Table 1.
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Since we used a combination of two previously recom-
mended sets of high-D SNPs (16, 30), the 10 SNPs tested may
provide partially redundant information. We therefore reeval-
uated subsets of these SNPs for their in silico performance
against the current MLST database by using the Minimum
SNPs software (30). Results indicated that the SNPs gmk-129
and pta-383 provide the least information and may be omitted
without changing the assay’s specificity or discriminatory
power. The Simpson index of diversity achieved with the entire
database will remain unchanged at 0.95.

At least four independent horizontal transfer events have
previously been documented that have led to the exchange of
spa genes between different clonal complexes of S. aureus (31,
39). Obviously, spa typing assigns the descendant clones to the
lineages of the respective spa donor strains, even though the
largest parts of the chromosomes have different ancestries, and
hence provides misleading results (11, 31, 39). Several example
isolates with such mosaic genomes were included in the
present study (Tables 1 and 2). Sequence types ST239 and
ST241 are related to clonal complex CC8 yet harbor the spa
and arcC genes from CC30 (31); ST617 is affiliated with CC45
and with spa and arcC derived from CC8 (39), and ST34 is
affiliated with CC30 and has the spa and arcC genes derived
from ST10/ST145 (31). Based on high-D SNPs, all of these
isolates were correctly identified, demonstrating that the ap-
proach is less prone to misclassification following genetic re-
combination than single-locus sequencing and hence that it
may usefully amend spa typing.

SCCmec genotyping. To identify currently recognized types
of SCCmec, we applied a set of padlock probes for sequence-
specific detection of recombinase genes (Table 3). Gene de-
tection is conceptually different from SNP determination, since
there are no built-in positive controls at each individual tag
probe on the microarray. Rather, depending on the respective
recombinase gene sequence measured, a subset of tag probes
will display no fluorescence signal at all. As a consequence, a
fluorescence threshold and an interpretation algorithm are
needed for positive gene detection. Data interpretation was
straightforward, however, since at positively detecting probes,
high signal-to-noise ratios were achieved and fluorescence in-

tensities were at least three times stronger than at negative
probes (Fig. 3).

We used one padlock probe to detect mecA, five padlock
probes targeting segments of the ccrB genes that are specific
for SCCmec types I to IV and VI, respectively (21, 28, 29), and
one probe targeting the ccrC gene, which is the only recombi-
nase gene of SCCmec type V (18) (Table 3). When we applied
the newly developed assay to 66 S. aureus isolates, including 28
blinded samples (Tables 1 and 2), we achieved 100% typeabil-
ity and 100% accuracy. Our results held two surprises, how-
ever.

Firstly, one isolate (93/1000) was indicated to contain both
ccrB of SCCmec type IV and ccrC (Fig. 3). While ccrC is the
only recombinase gene of SCCmec type V, it was previously
reported to also occur in SCCmercury, which is another SCC
that carries the mercury resistance determinant mer instead of
mecA and which has frequently been detected in MRSA at a
chromosome position directly adjacent to SCCmec type III (6).
By using a dedicated PCR, we detected the mer gene in isolate
93/1000, which, in combination with the detection of ccrC,
suggests that SCCmercury and SCCmec type IV may exist si-
multaneously within the same isolate. It was not investigated if
the two putative SCC elements were integrated next to each
other at the same chromosome site. In any case, this result
confirmed that ccrC is not specific for SCCmec type V and that
its detection together with mecA may indicate the presence of
SCCmec type V only in the absence of other recombinase
genes.

Secondly, oxacillin-susceptible isolate 05-01290 unexpect-
edly was indicated to contain a ccrB gene typical of SCCmec
type I, even though the mecA gene was absent (Fig. 3). Poste-
rior PCR analysis not only confirmed the presence of ccrB and
the absence of mecA but further indicated the presence of
additional components of an SCCmec element in this isolate,
including the genes ccrA, ccu, and cch (21). Sequence analyses
of these genes confirmed they were indeed derived from an
SCCmec element of type I (21). However, a PCR assay de-
signed to detect the downstream edge of SCCmec elements
integrated within the S. aureus chromosomal orfX gene (14)
and PCR-based SCCmec classification attempts yielded no

TABLE 4. Allelic profiles

Lineage

Allelic profile

arcC-
162

arcC-
210

aroE-
132

gmk-
129

gmk-
318

pta-
294

pta-
383 tpi-36 tpi-

241a
tpi-
243

yqiL-
333

tpi-
153 tpi-87 yqiL-

505

CC 1 T C A C A A T C G A C T C C
CC 5 T C A T T A A C G A C T C C
ST225 T C A T T A A C G A C C C C
ST228 T C A T T A A C G A C T A T
CC 8 T T A C A C A C G A T T C C
CC 239 A T A C A C A C G A T T C C
CC 22 T C G C T A A C G G T T C C
CC 30 A T G T T C A C G G T T C C
CC 45 A C G T T C A C G G T T C C
ST617 T T G T T C A C G G T T C C
CC 59 T T A T T C A T G G T T C C
CC 80 T C A C A C A C G G C T C C
CC 121 T T G T T C A T G G T T C C

a SNP tpi-241 was not used for lineage identification.
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PCR products. We conclude that this isolate harbors remnants
of an SCCmec type I element but lacks the methicillin resis-
tance determinant mecA and additional segments of the SCCmec
element. Likely, parts of this strain’s SCCmec element were

deleted either in vivo before the isolate was collected or in
vitro during laboratory cultivation or storage (14).

Since genotyping of functional SCCmec elements based on
padlock probes targeting specific recombinase gene sequences

FIG. 3. Examples of gene detection results obtained with eight S. aureus isolates. Relative fluorescence intensities (means and standard errors
from eight replicate spots) are shown for probes targeting (from left to right) the rRNA gene (rDNA), mecA, ccrB-I, ccrB-II, ccrB-III, ccrB-IV,
ccrC, and ccrB-VI (roman numerals denote the SCCmec types detected). Black bars indicate positive hybridization results. Signals at the rRNA
gene probe were used for data normalization.
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was fully concordant with PCR-based SCCmec genotyping, our
results confirm the utility of sequence-based classification of
SCCmec elements, as independently proposed by two research
groups recently (21, 29). Increased discriminatory power may
be achieved by an alternative approach based on the detection
of SCCmec gene content variation (37). However, we preferred
a phylogenetic approach for SCCmec typing since gene content
may vary in a saltatory fashion and in less predictable ways
than recombinase gene sequences.

Conclusions and outlook. By using circularizing padlock
probes and a microarray equipped with universal tag probes,
we were able to combine SNP determination and mecA gene
and recombinase gene detection in a single assay. As a result,
it was possible to simultaneously identify an isolate’s phyloge-
netic affiliation with any of the major clonal lineages or prev-
alent subclones and its complement and type of SCCmec ele-
ment. This approach will usefully amend spa typing as recently
proposed (7, 11, 23, 39).

The multiplexing capability of this approach is a major ad-
vantage over methods relying on locus-specific PCR. Scale-up
of the padlock probe approach to more than 1,000 probes in a
single tube was previously demonstrated (12). The assay re-
ported in the present paper may easily be extended with addi-
tional probes, which may target, for example, multiple phylo-
genetically informative polymorphisms that are ascertained
through mutation discovery and comparative genome sequenc-
ing projects (13, 23, 33, 42). It is expected that such polymor-
phisms will be highly useful for SNP-based bacterial typing in
the near future (3, 23, 25).

To enable increased sample throughput, the homegrown
glass arrays that were used in this pilot study, together with
manual data acquisition and interpretation, need to be re-
placed with more sophisticated platforms amenable to exten-
sive automation. While long oligonucleotides are costly, the
application of the method will be cost-effective at sufficient
sample throughput since minute amounts of reagents are con-
sumed per reaction (1 fmol of each padlock probe) and be-
cause universal tag arrays and universal fluorescently labeled
oligonucleotide primers are applied, both of which may be
combined with multiple different sets of padlock probes.
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