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Methicillin-resistant Staphylococcus aureus (MRSA) is one of the most important multidrug-resistant pathogens
around the world. MRSA is generated when methicillin-susceptible S. aureus (MSSA) exogenously acquires a
methicillin resistance gene, mecA4, carried by a mobile genetic element, staphylococcal cassette chromosome mec
(SCCmec), which is speculated to be transmissible across staphylococcal species. However, the origin/reservoir of
the mecA gene has remained unclear. Finding the origin/reservoir of the mecA gene is important for understanding
the evolution of MRSA. Moreover, it may contribute to more effective control measures for MRSA. Here we report
on one of the animal-related Staphylococcus species, S. fleurettii, as the highly probable origin of the mecA gene. The
mecA gene of S. fleurettii was found on the chromosome linked with the essential genes for the growth of staphylo-
cocci and was not associated with SCCmec. The mecA locus of the S. fleurettii chromosome has a sequence practically
identical to that of the mecA-containing region (~12 kbp long) of SCCmec. Furthermore, by analyzing the corre-
sponding gene loci (over 20 kbp in size) of S. sciuri and S. vitulinus, which evolved from a common ancestor with that
of S. fleurettii, the speciation-related mecA gene homologues were identified, indicating that mecA of S. fleurettii
descended from its ancestor and was not recently acquired. It is speculated that SCCmec came into form by adopting
the S. fleurettii mecA gene and its surrounding chromosomal region. Our finding suggests that SCCmec was
generated in Staphylococcus cells living in animals by acquiring the intrinsic mecA region of S. fleurettii, which is a

commensal bacterium of animals.

The first methicillin-resistant Staphylococcus —aureus
(MRSA) isolate was reported in England in 1961, soon after
the introduction of methicillin (10). Since then, it has become
an important pathogen in both health care settings and com-
munities around the world (27). MRSA is generated when
methicillin-susceptible S. aureus (MSSA) exogenously acquires
a staphylococcal cassette chromosome mec (SCCmec) (9).
SCCmec has been identified not only in S. aureus but also in
other coagulase-positive and coagulase-negative staphylococci
(8). SCCmec is speculated to be transmissible among staphy-
lococcal species as a mobile element; however, its origin/res-
ervoir has not been clarified yet (7). Finding the origin/reser-
voir of the mecA gene is important for understanding the
evolution of MRSA. Moreover, it may contribute to more
effective control measures for MRSA. There are various types
and subtypes in SCCmec, but they are made up of the following
two essential components: (i) the mec gene complex, contain-
ing the mecA gene encoding the penicillin-binding protein 2’
(PBP2’) with reduced affinity to beta-lactam antibiotics, and
(ii) the ccr gene complex, encoding site-specific recombinase(s)
for the movement of the element. By the action of ccr gene-
encoded recombinases, SCCmec is excised from the chromo-
some and site-specifically integrated at the 3" end of orfX (11),
an open reading frame (ORF) of unknown function, which is
located near the replication origin (oriC) on the chromosome
(13). A large number of SCCmec elements have been se-
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quenced and classified according to the combination of types
of mec and ccr gene complexes (8). Although nucleotide di-
versity of ccr genes identified in various Staphylococcus species
has been reported, mecA genes contained in SCCmec are al-
most identical regardless of the Staphylococcus species carrying
them (8). mec gene complexes are classified into 4 classes
(classes A, B, C, and D) by the presence or absence of certain
insertion sequences (ISs) in the mecRI gene, but all mec gene
complexes contained IS43Imec (also called IS43IR) down-
stream of the mecA gene (Fig. 1) (8, 12). The class A mec gene
complex is regarded as the prototypic structure, having the
gene order 1S43Imec-mecA-mecRI-mecl. Class B, C, and D
mec gene complexes are considered to be derived from the
class A mec gene complex (8, 12). The region between the
mecA gene and IS431mec is called a hypervariable region
(HVR) (19), which can be used for genotyping of MRSA
strains (21). The HVR contains a truncated mvaS$ gene encod-
ing the 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA)
synthase, a varied number of direct repeat units (DRUs) that
is responsible for the length polymorphism of the mec gene
complex (19), an intact ugpQ gene encoding glycerophosphoryl
diester phosphodiesterase, and an intact maoC gene encoding
the acyl dehydratase MaoC (Fig. 1). Some strains, however,
lack some of the above-mentioned constituents of the HVR
(16, 24).

In staphylococci, previously, two mecA gene homologues
with 80% and 91% nucleotide identities have been found in
Staphylococcus sciuri and Staphylococcus vitulinus species, re-
spectively (5, 22). The mecA gene homologue of S. sciuri has
been considered to have a ubiquitous presence among its spe-
cies and to be the evolutionary precursor of the mecA gene (5,
32). However, the mecA gene homologues found in their chro-
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FIG. 1. Basic structure of the representative mec gene complex.
The class A mec gene complex is composed of intact mecR1 and mecl,
encoding the signal transducer and repressor for the mecA gene, re-
spectively, upstream of the mecA gene without integration of an IS
element. The class B and C mec gene complexes have {IS/272 and
IS431L integrated in mecR1, respectively, which results in the partial
deletion of mecR1 and complete deletion of the mecl genes. Class D
has no IS element, but a part of mecRI and complete mecl genes are
deleted. All mec gene complexes contained IS43Imec (also called
IS431R) downstream of the mecA gene.

mosomes were not the constituents of the mec gene complex or
SCCmec. We speculated that the origin/reservoir of the mecA
gene would be found in a staphylococcal species closely asso-
ciated with S. sciuri and S. vitulinus. These species belong to the
S. sciuri species group among the genus Staphylococcus. The
group is composed of the following four species, which are
resistant to novobiocin and catalase production and coagu-
lase nonproduction: S. sciuri, S. vitulinus, Staphylococcus
lentus, and Staphylococcus fleurettii (20, 25, 29, 30). They are
usually isolated from a variety of animals and food products
of animal origin and not frequently isolated from humans
(20, 23, 25, 29, 30).

We isolated staphylococcal strains of the S. sciuri species
group from an animal source, tested for the presence of the
mecA gene and its homologues, and determined the nucleotide
sequences of the chromosome regions around the mecA gene
and its homologues.

MATERIALS AND METHODS

Bacterial strains. S. sciuri species group strains used in this study are shown in
Table 1. We identified bacterial strains by determination of the Asp60 and/or
sodA sequences, as described in previous reports (14, 17). We also used Staph-
ylococcus kloosii strain ATCC 43959" and Staphylococcus xylosus strain ATCC
299717 to determine the mvaS gene sequences.

DNA manipulations. Preparation of DNA, inverse PCR, nested PCR, nucle-
otide sequence determination, and alignment were based on previously pub-
lished protocols (9, 33). Detection of mecA genes and their homologues was
carried out by degenerate PCR, using synthetic primers MECA1 and MECA2
with the nucleotide sequences 5'-CCWMAAACWGGHGAAYTVTTAGC-3’
and 5'-CCYTGKCCRTAWCCTGARTCWGC-3', respectively. These primers
were designed by multiple alignments of the nucleotide sequences of the mecA
genes of SCCmec, the mecA gene homologues of S. sciuri and S. vitulinus, and the
mecA gene of Macrococcus caseolyticus (mecA,,.), obtained from the GenBank
database (http://www.ncbi.nlm.nih.gov/GenBank/). The PCR mixture contained
100 ng DNA extract, 10 pmol of each primer, 1X PCR buffer, 0.2 mM of each
deoxynucleoside triphosphate (INTP), and 2 U Ex Taqg (Takara Co., Ltd., Kyoto,
Japan). The PCR thermal cycling conditions used were 1 cycle at 95°C for 2 min,
followed by 30 cycles at 94°C for 30s, 50°C for 30s, and 72°C for 1 min, with a final
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cycle at 72°C for 2 min. The sequencing analyses of the PCR products were
preformed.

The nucleotide sequences of the mvaS genes of S. aureus, Staphylococcus
epidermidis, Staphylococcus capitis, Staphylococcus warneri, Staphylococcus sapro-
phyticus, Staphylococcus haemolyticus, and Staphylococcus hominis were obtained
from the GenBank database (http://www.ncbi.nlm.nih.gov/GenBank/). A set of
primers, MSC1 and MSC2, with nucleotide sequences 5'-GGTIATHGTDGCA
ACWGARTCWG-3' and 5'-CCCATTTTDGTRAAWGGWACRTGG-3', re-
spectively, were designed by multiple alignment of nucleotide sequences of these
mvaS$ genes. By using the primers, we performed degenerate PCR to amplify the
mvaS genes of S. xylosus, S. kloosi, and S. lentus. The PCR mixture contained 100
ng DNA extract, 10 pmol of each primer, 1X PCR buffer (Mg?* free), 1.5 mM
MgCl,, 0.2 mM of each dNTP, and 2 U Ex Taq (Takara Co., Ltd., Kyoto, Japan).
The PCR thermal cycling conditions used were 1 cycle at 95°C for 3 min,
followed by 35 cycles at 94°C for 30s, 37°C for 30s, and 72°C for 1 min, with a final
cycle at 72°C for 2 min. The sequencing analyses of the PCR products were
preformed before the inverse PCR in order to determine the complete sequences
of the mvaS$ genes.

Computer analysis. ORFs were extracted with genome analysis-oriented soft-
ware In Silico Molecular Cloning version 1.5 (In Silico Biology, Yokohama,
Japan). Homology searches were performed using the Internet-available BLAST
program from the National Center for Biotechnology Information, United States
of America (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Phylogenetic analysis of mvaS, 16S rRNA, and mecA genes. Phylogenetic
analysis of mvaS genes of staphylococci was performed, with the mvaS gene
nucleotide sequence of Listeria monocytogenes, obtained from GenBank data-
base, as an outgroup. The nucleotide sequences of 16S rRNA of S. aureus, S.
epidermidis, S. capitis, S. warneri, S. saprophyticus, S. haemolyticus, S. hominis, S.
sciuri, S. vitulinus, S. lentus, S. fleurettii, S. kloosii, S. xylosus, Staphylococcus car-
nosus, and L. monocytogenes (outgroup) were also obtained from the GenBank
database. Phylogenetic analysis of mecA genes and its homologues was per-
formed by using the mecA,,. gene as an outgroup. The phylogenetic tree was
generated by the CLUSTALW program using the neighbor-joining method
(http://clustalw.ddbj.nig.ac.jp/top-j.html). The tree was visualized with TreeView
software, Glasgow, United Kingdom (http://taxonomy.zoology.gla.ac.uk/rod
[/treeview.html).

Detection of xyl genes and xylose fermentation testing for S. sciuri. Detection
of the xylA-xylB gene of S. sciuri was carried out by PCR using primers XAS-F,
5'-GTGTTGCATACTGGCATAC-3', and XBS-R, 5'-GCACCAATTTTAGAC
TGGG-3', which amplify an anticipated 2,190-bp fragment. PCR was based on
previously published protocols (12). Xylose fermentation tests were performed
using purple agar base (Difco, Detroit, MI) with or without p-xylose at a 1%
concentration. A colony was inoculated in the stab with an inoculating needle
and incubated at 37°C for 48 h.

Detection and sequencing analyses of the regions between the mva$ and xylR
genes and the xylR and xylE genes of S. vitulinus. Detection of the region between
the mvaS and xyIR genes of S. vitulinus was performed by PCR using primers
MVAV-1, 5'-CCAGAGAACACTTTGTATG-3', and XYRV-1, 5'-GCATACC
CCATAAGTCATTTTG-3'. Detection of the region between the xy/R and xylE
genes of S. vitulinus was performed by PCR using primers XYRV-2, 5'-GAAG
CTATTAAGAACGAGTTC-3', and XYEV-1, 5'-CCTACTCCAATACCACC
G-3'. PCR and sequencing analyses were based on previously published proto-
cols (12).

Antimicrobial susceptibility testing. MICs were determined by the agar dilu-
tion method using Mueller-Hinton agar (Difco, Detroit, MI), as recommended
by the CLSI guidelines (3). The MIC breakpoints for resistance used were those
recommended in the CLSI guidelines (4). The antibiotics tested were as follows:
oxacillin, cefoxitin, and ceftriaxone (Sigma Chemical Co., Ltd., St. Louis, Mo);
ampicillin (Pfizer, Inc.); and ceftizoxime (Fujisawa Pharmaceutical Co., Ltd.,
Osaka, Japan).

RESULTS AND DISCUSSION

Detection of the mecA genes and its homologues in the S.
sciuri species group. All 3 strains of S. sciuri, 6 of 20 strains of
S. vitulinus, and 8 of 10 strains of S. fleurettii were found to be
mecA positive by PCR analysis using the degenerate primers
for amplifying the mecA genes and its homologues (Table 1).
Sequencing analysis of the PCR products (512 bp) revealed
that the nucleotide identities of the mecA genes detected in S.
sciuri, S. vitulinus, and S. fleurettii strains shared with the mecA
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TABLE 1. Characterization of the S. sciuri species group strains used in this study

MIC (pg/ml)

Species Strain Source h mefA Type” gﬁUOg,
OMOIOBUC  Oxacillin ~ Ampicillin ~ Ceftizoxime — Ceftriaxone  Cefoxitin S
S. fleurettii SFMP01 (CCUG  Cheese (made of  mecAg, 64 1 32 16 2 A 5
43834T) goat milk)
SFMP02 Chicken meat mecAgy 8 1 32 16 1 A 5
SFMP03 Chicken meat mecAg, 128 1 128 64 8 A 5
SFMP04 Chicken meat mecAgy 128 1 64 64 4 A 5
SFMP05 Chicken meat mecAg, 32 0.25 4 8 1 A 10
SFMP06 Cock mecAgy 64 1 32 32 2 B 0
SFMP07 Cat mecAg, 8 0.25 4 8 1 B 0
SFMPO08 Chicken meat mecAgy 64 1 32 16 2 C 1
SFMNO1 Horse ND* 0.5 0.125 2 4 2 D 0
SFMNO02 Horse ND 0.5 0.125 2 4 2 E 0
S. sciuri subsp. ATCC 700058" Eastern gray mecA g, 1 0.125 2 8 2
carnaticus squirrel
S. sciuri subsp.  ATCC 29062" Veal leg, sliced mecA g, 0.5 0.125 2 8 2
sciuri
S. sciuri subsp.  ATCC 700061™ Norway rat mecA 0.5 0.125 2 8 2
rodentium
S. vitulinus SVMPO01 Horse mecAg, 0.5 <0.063 0.5 4 2
SVMP(02 Horse mecAg, 0.5 <0.063 0.5 2 1
SVMPO03 Horse mecAg, 0.5 <0.063 0.5 4 2
SVMP04 Horse mecAg, 0.5 <0.063 0.5 2 1
SVMPO05 Horse mecAg, 0.5 <0.063 1 4 1
SVMP06 Horse mecAg, 0.5 <0.063 0.5 2 1
SVMNO1 (ATCC Ground lamb ND 0.5 0.125 4 8 2
511457)
SVMNO02 Horse ND 0.5 <0.063 1 4 1
SVMNO03 Horse ND 0.5 <0.063 0.25 1 0.5
SVMNO04 Horse ND 0.5 <0.063 0.5 2 1
SVMNO05 Horse ND 0.25 <0.063 0.5 1 1
SVMNO06 Horse ND 0.5 <0.063 0.5 4 2
SVMNO7 Horse ND 0.5 <0.063 0.5 2 2
SVMNO08 Horse ND 0.5 <0.063 0.25 0.25 0.25
SVMNO09 Horse ND 0.5 <0.063 0.5 2 1
SVMN10 Horse ND 0.5 <0.063 0.25 1 0.5
SVMNI11 Horse ND 0.5 0.125 1 4 1
SVMN12 Horse ND 0.5 <0.063 0.5 1 1
SVMNI13 Horse ND 0.5 <0.063 0.25 1 1
SVMN14 Horse ND 0.5 <0.063 0.5 2 0.5
S. lentus ATCC 29070" Goat udder ND 0.5 <0.063 1 2 2

“ Genomic structure types of S. fleurettii.
> DRUEs separated by an IS element were counted as one DRU.
¢ND, not detected.

gene of MRSA strain N315 were 85 to 86%, 94%, and 99 to
100%, respectively. The PCR did not detect the mecA genes or
mecA gene homologues in 10 independent S. lentus strains
(data not shown).

Genomic structure analysis of the mecA gene region of S.
Sfleurettii. We performed genome analysis around the mecA
gene by using inverse PCR-based sequencing analysis. Surpris-
ingly, we found that S. fleurettii had an almost identical struc-
ture to that of the class A mec gene complex in SCCmec with
an intact mvasS, which is not truncated by IS437/mec found in
MRSA strain N315 (Fig. 2a). Moreover, the intact mvaS gene
was followed by the mvaAC genes, constituting the mevalonate
pathway (Fig. 2a) (31). Between the mvaS and mecA genes on
the chromosome of S. fleurettii, the ugpQ and maoC genes,
similar to those downstream of the mecA gene in SCCmec,

were present. Upstream of mecA-R-1 in S. fleurettii, genes en-
coding a phenol-soluble modulin mec (psm-mec) (18), xylose
repressor (xy/R), metallo-beta-lactamase family protein, rho-
danase domain-containing protein, and two hypothetical pro-
teins were present. This is also consistent with the correspond-
ing region of the SCCmec of MRSA strain N315. In regard to
the genetic organization following it, however, there were dif-
ferences between S. fleurettii and the N315 SCCmec (Fig. 2a).
In the S. fleurettii chromosome, xy[ABE encoding xylose
isomerase, xylulokinase, and the xylose transporter, respec-
tively, were identified, rather than Tn554 (encoding macrolide
and streptomycin resistance) found in the N315 SCCmec, in-
dicating that the xy/R gene constituted an xy/ operon with
xyIABE (26). Conversely, it became clear that the xy/R gene
present upstream of the class A mec gene complex was origi-
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FIG. 2. Genomic organization of the mecA g, gene locus of S. fleurettii. (a) Comparison to the locus-containing type II SCCmec of MRSA strain
N315. The mecAgpositive S. fleurettii possessed a stretch of chromosome sequence that was practically identical with that of MRSA SCCmec,
spanning the class A mec gene complex and adjacent chromosomal region containing psm-mec, xyIR, the genes encoding the metallo-beta-
lactamase family protein, the rhodanase domain-containing protein, and other hypothetical proteins. The mvaS gene of S. fleurettii existed in intact
form without insertion of I1S431. Moreover, the xy/ operon was identified on the S. fleurettii chromosome from which xy/R of SCCmec must have
originated. The entire corresponding regions of the two chromosomes are colored in pink. Arrows indicate the genes and their directions of
transcription. Truncated mvas$ is shown by AmvasS. *, The gene encoding the metallo-beta-lactamase family protein of MRSA strain N315 was a
pseudogene with a nonsense mutation (ochre) incorporated next to codon 312. (b) Structural diversity observed in the mecAg, gene loci of S.
fleurettii strains. Five types (A, B, C, D, and E) were identified. The regions with practically identical nucleotide sequences across the mva and xyl
genes are colored in pink. Arrows indicate the genes and their directions of transcription.

nally a part of the xyl operon. The mecA gene of S. fleurettii
present at this gene locus is designated mecA . This locus (Fig.
2a, pink) shared 99% nucleotide identity with the correspond-
ing locus of type II SCCmec carried by MRSA strain N315.
This correlation is found not only in MRSA strain N315 but
also in strains carrying SCCmec type II, 111, and VIII contain-
ing the class A mec gene complex. Such strains have been
disseminated around the world. In reference to the GenBank
database, this correlation is found in, for example, SCCmec
type II of MRSA strains N315 from Japan, MRSA252 from
United Kingdom, and 04-02981 from Germany and methicil-
lin-resistant S. epidermidis strain RP62A from the United

States; SCCmec type III of MRSA strains TW20 from United
Kingdom, 85/2082 from New Zealand, and BK16704 from Ro-
mania and methicillin-resistant Staphylococcus pseudinterme-
dius strains KM241 and KM1381 from Switzerland; and SCC-
mec type VIII of MRSA strain C10682 from Canada. In
SCCmec type III, ¢'Tn554 (encoding cadmium resistance) is
present, rather than Tn554 found in SCCmec type II and VIII
(8).

Sequencing analysis of the chromosomes of S. fleurettii
strains revealed five structural diversities (Fig. 2b). Type A
(5/10 strains, including strain CCUG 43834™) had an IS ele-
ment between the mvaS and ugpQ genes (42% amino acid
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FIG. 3. Genomic structure analysis of the S. sciuri species group. (a) The mecA gene homologue-containing chromosomal regions of S. vitulinus,
S. sciuri subsp. carnaticus, S. sciuri subsp. sciuri, and S. sciuri subsp. rodentium compared to those of S. fleurettii. The corresponding regions among
the species (and subspecies) are colored in light purple. Arrows indicate the genes and their directions of transcription. Noncorresponding genes
found in these regions are shown with pale blue arrows. Truncated mecR1I and mecl are shown by AmecRI and Amecl, respectively. The positions
of primers (MVAV-1, XYRV-1, XYRV-2, XYEV-1, XAS-F, and XBS-R) are shown with arrowheads. The scale bar is not necessarily correlated
with the noncoding region. *, The gene encoding the APC family amino acid-polyamine-organocation transporter of S. sciuri subsp. carnaticus
strain ATCC 700058" was a pseudogene due to an early stop codon caused by a frameshift. (b) Genomic structure of the mvaSCA gene locus of
S. lentus. Arrows indicate the genes and their directions of transcription.

identity and 62% amino acid similarity to IS256). The IS was
integrated into one of the DRUs. Type B (2/10 strains) had no
IS element between the mvaS and ugpQ genes. In type C (1/10
strains), the xy/ operon was present in its original form, xyl-
RABE, without the insertions between xy/R and xyl4. One of
the two mecA y-negative strains (type D) lacked mecR1, mecl,
and psm-mec, and thus, the maoC and xyIR genes were present
side-by-side. The other mecAg negative strain (type E) pos-
sessed genes encoding a putative ABC transporter ATP-bind-
ing protein and an ABC transporter permease protein (57%
and 62% amino acid similarity to SERP0984 and SERP0983 of
S. epidermidis strain RP62A, respectively) between the maoC
and xyIR genes. In eight mecAg-positive S. fleurettii strains, the
regions between the mvaS and mecA genes, which corre-
sponded to the HVR of the mec gene complex, showed the
length polymorphism according to the varied number of DRUs
(Table 1) and integration of the IS element.

Genomic structure of the mecA gene homologue regions of S.
sciuri and S. vitulinus in comparison with that of S. fleurettii.
We performed genome analysis around the mecA gene homo-
logues of S. sciuri and S. vitulinus by using inverse PCR-based
sequencing analysis. Compared with the genomic structure of
S. fleurettii, similar genomic structure was found in the chro-
mosomal region extending over 20 kbp in size around each
mecA gene homologue (Fig. 3a). The mecA gene homologues
of S. sciuri and S. vitulinus present at the corresponding loci are
designated mecAg, and mecAg,, respectively. Downstream of
mecAgy, mecAg, and mecAg,, the ugpQ, mvaACS, and brnQ
genes encoding a branched chain amino acid ABC transporter
were identified in all the three species. A mecAg, -positive S.
vitulinus strain possessed truncated remnants of the mecRI and
mecl genes upstream of mecAg,. We confirmed that all 6
mecA g, -positive S. vitulinus strains possessed practically iden-
tical mecAg, genes and truncated mecRI and mecl genes by
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FIG. 4. Phylogenetic analysis of 16S rRNA, mvaS, and mecA genes. Strain names are preceded by the names of the bacterial species. The
branch length indicates the distance, which is expressed as the number of substitutions per 100 bases. Numbers at the branching points represent
the percent occurrence in 1,000 random bootstrap replications of neighbor-joining analyses. Values of less than 50% are not shown. The sizes of
mvas$ genes varied from 1,167 to 1,179 bp, except for the truncated mvasS gene (369 bp) present in SCCmec. The genes identified in SCCmec and
obtained from the S. sciuri species group are colored red and blue, respectively.

conducting PCR testing followed by nucleotide sequencing,
whereas mecA g, -negative S. vitulinus strains were negative for
these genes. Thus, in their chromosomes, maoC and psm-mec
genes were found adjacent to each other. The adjacent xy/
operon was well conserved in all 20 strains of S. vitulinus.

S. sciuri did not carry mecRI and mecl genes upstream of
mecAg, in any of its three subspecies. There were considerable
differences in the genomic organization around mecAg, genes
among three subspecies (Fig. 3a). We identified the xyl operon
in S. sciuri subsp. carnaticus strain ATCC 700058" but not in
S. sciuri subsp. sciuri strain ATCC 290627 or S. sciuri subsp.
rodentium ATCC 700061 on the corresponding locus. We
confirmed the absence of the xyl operon in the latter two
strains by PCR and xylose fermentation testing. Besides the xy/
operon, differentiations of the three S. sciuri subspecies were
accompanied by the insertion of some transporter genes. S.
sciuri strains have been isolated from various sources, including
animals, humans, and the environment (5). The ability of S.
sciuri to survive in a wide range of environments may correlate
with its intraspecies diversity such as the genomic structures
observed in the mecAg, chromosome locus.

In all the three tested species, genes encoding lipoprotein
(TcaA protein), short-chain dehydrogenase, metal-dependent
protease, and metal-dependent hydrolase were commonly
identified downstream of mecA g, mecAy,, and mecAg; in iden-
tical gene order and orientation. Between genes encoding

short-chain dehydrogenase and metal-dependent protease,
nadA (encoding quinolinate synthetase), nadB (encoding L-
aspartate oxidase), nadC (encoding nicotinate-nucleotide py-
rophosphorylase), and nifS (encoding quinolinate synthetase)
and a gene encoding a putative transcriptional regulator were
commonly identified in S. fleurettii and S. sciuri but not in S.
vitulinus. The genomic structure analysis of the chromosomal
locus indicated that the mecA genes in this locus of the S. sciuri
species group are descendants of the ancestral mecA gene
carried by the common ancestor of S. fleurettii, S. vitulinus, and
S. sciuri. The molecular differentiation of the archaic mecA
gene into three alleles, mecA g, mecAg,, and mecAg,, must have
occurred by evolutionary processes during speciation of the
ancestor bacterium into each staphylococcal species.
Phylogenetic analysis. The mvaACS genes encode enzymes
of the mevalonate pathway, which are involved in the biosyn-
thesis of isopentenyl diphosphate (IPP) (31). In staphylococci,
the mevalonate pathway is composed of six genes, mvaC,
mvasS, mvaA, mvaKl, mvaK2, and mvaD. These genes encode
acetyl-CoA acetyltransferase, HMG-CoA synthase, HMG-
CoA reductase, mevalonate kinase, phosphomevalonate ki-
nase, and mevalonate diphosphate decarboxylase, respectively.
All genes are essential for the growth of staphylococci (31). We
performed the phylogenetic analysis of the mvaS genes of
staphylococci. The topology of mvaS gene-derived tree was
similar to that obtained by analyzing 16S rRNA genes (Fig. 4).
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The mvaS genes of the S. sciuri species group formed a sepa-
rate cluster from the other staphylococci, which was analogous
to that formed in the 16S rRNA-based tree. This confirmed the
vertical transmission of mvaS$ gene from the ancestral bacte-
rium. The tree also showed that mvaS of S. fleurettii was most
closely related to the truncated mvaS gene present within the
mec gene complex in SCCmec (Fig. 4). The nucleotide identity
between them was 99.7%. Furthermore, the topology of the
mecA gene and its homologue-derived tree was correlated with
that of the S. sciuri species group, obtained by analyzing mvaS
genes (Fig. 4). These results suggested that the archaic mvaS$
gene evolved with the archaic mecA gene, side-by-side with the
chromosome locus of the ancestral bacterium. Therefore, our
study indicated that S. fleurettii had inherited the mecA gene
from its ancestor by the vertical transmission and had not
recently acquired it.

The mvaS gene of S. lentus, the fourth member of the S.
sciuri species group, was somewhat distant from those of the
other S. sciuri species group (Fig. 4). Genomic analysis of the
mva gene locus of S. lentus also showed a genomic organization
different from those of the other S. sciuri species group (Fig.
3b). By analyzing 10 independent strains, we identified the
identical genomic structures upstream of the mva gene locus
(data not shown). PCR did not detect the mecA gene homo-
logue using whole cellular DNAs as templates. Therefore, the
archaic mecA gene might have been carried by the common
ancestor of S. sciuri, S. fleurettii, and S. vitulinus but not of S.
lentus. Alternatively, S. lentus might have lost its mecA gene
homologue at a certain stage of its evolutionary history.

Comparison of antibiotic resistance. We determined beta-
lactam MICs for the S. sciuri species group strains. mecAg
positive S. fleurettii strains had clearly higher MIC values for
oxacillin, ceftizoxime, and ceftriaxone than mecA 3-negative S.
fleurettii strains. On the other hand, none of the three mecAg,-
carrying S. sciuri strains or mecAg, -positive S. vitulinus strains
exhibited resistance to beta-lactam antibiotics (Table 1). Ex-
pression of the mecA gene homologue of S. sciuri (mecAg,) has
been intensively studied (1). Although S. sciuri strains are
uniformly susceptible to beta-lactam antibiotics, only its up-
regulated form in vitro or clinical isolates with a mutation or an
IS element in the promoter region of mecAg, showed beta-
lactam resistance. In contrast, mecA Sf confers methicillin re-
sistance, as it has a nucleotide sequence practically identical to
that of the mecA gene of MRSA strain N315 (99.8% nucleotide
identity compared to that of the mecAg, gene of S. fleurettii
strain CCUG 43834T). We speculated that the species S. fleu-
rettii developed the mecAg, gene in an environment where
beta-lactam antibiotics frequently served as selective pressure
during the speciation process.

Many studies on the function of the mecA gene have been
done since the first discovery of MRSA in 1961. However, the
origin/reservoir of the mecA gene has remained a mystery for
half a century. Finally, we found in S. fleurettii the original
chromosomal locus that must have served as the template for
the mec gene complex of SCCmec. It is a commensal bacterium
of animals. The formation of SCCmec seems to have occurred
by a combination of the following two genetic components: the
S. fleurettii-derived mec gene complex and an SCC element
without the mecA gene. For the excision of the mec gene
complex from the S. fleurettii chromosome, IS431/mec might
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have been involved, because I1S43/ has been found as part of
many composite transposons (2). It is controversial as to
whether the new SCCmec is being frequently produced around
the world even now or if the generation of SCCmec occurred in
only a few events in the past before a limited number of
SCCmec spread around the world and were modified into the
extant genetic diversity of SCCmec. Recently, we reported a
suggestive case for the formation of an SCCmec-like element
from the two genetic components occurring in Macrococcus
caseolyticus strains isolated from chicken meat (28). Macro-
cocci are closely related to staphylococci and are also commen-
sal bacteria of animals. The resultant SCCmec-like element
was different from SCCmec of MRSA in terms of nucleotide
sequence and genomic organization of the mec gene complex.
However, this observation raises the possibility that the gener-
ation of the new SCCmec is also ongoing in staphylococci. In
either case, S. fleurettii is considered to be the origin of mec
gene complex. However, S. fleurettii itself may not form
SCCmec on its chromosome, because it is intrinsically resistant
to beta-lactam antibiotics due to the carriage of the mecA;
gene on the chromosome. Hence, other methicillin-susceptible
animal-borne Staphylococcus species coexistent with S. fleurettii
would be more likely candidates for the formation of SCCmec.
Such species might acquire the mecA, region from S. fleurettii
to survive under conditions of antibiotic pressure, including
exposure to fungi in the natural environment and medication
in the livestock industry. Once SCCmec has been generated in
or transferred into a broad-host-range Staphylococcus species,
which could be isolated from various animals, as well as hu-
mans, the mecA g, region carried by SCCmec might have spread
beyond the host animal species. It is unknown whether
SCCmec is generated in S. aureus, which is both a human-
related and animal-related Staphylococcus species. It is our
next agenda to find the bacterium in which SCCmec was gen-
erated as a mobile genetic element. One or more specific
Staphylococcus species may play a role as a “reservoir” of the
mobile genetic element SCCmec. Further studies are under
way to investigate a reservoir of SCCmec.

We have been recently confronted with the rapid spread of
community-acquired MRSA (27) and facilitated transmission
of animal-derived MRSA to humans (6). It was previously
considered that SCCmec is transmitted into S. aureus only
rarely and that a limited number of MRSA clones have spread
globally. However, new findings suggest that SCCmec is trans-
missible at least in a higher order of magnitude than originally
suggested, that MRSA clones are emerging on numerous oc-
casions in distinct locations, and that their geographic dispers-
als are limited (15). Besides promoting the efforts to restrict
the use of antibiotics in livestock feeding, we also have to be
vigilant against the dissemination of methicillin-resistant
staphylococcal species across animal farms and human society.
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