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FIG. 1. Alignment of DNA sequences of DRg¢¢ and IRg¢( junctions from SCC and SCCmec elements. Shown are SCCpbp4 alignments with
SCCmec types I, 11, and IV and SCC,,,¢; (A) and with SCCmec type III and SCCcapl (B). Strains represented are isolate 2314 (SCCmec 1V),
ATCC 12228 (SCCpbp4), CA05 and MW2 (SCCmec 1Va), 8/6-3P (SCCmec IVb), NCTC 10442 (SCCmec 1), N315 (SCCmec 1II), 85/2082 (SCCrmec
III), ATCC 27844 (SCC,p3), and S. aureus M (SCCcapl). DRgcc and IRgcc in the left junction were designated DRge-L and IRge-L,
respectively; DRgc¢ and IRgc in the right junction were designated DRg-R and IRgc-R, respectively. Capital letters, nucleotides in SCC or
SCCmec elements; lowercase letters, nucleotides in chromosomal regions. Black arrows, direct-repeat sequences; red arrows, inverted-repeat
sequences. Asterisks indicate identical nucleotides in the comparison sequences; pairs of slashes indicate intervening omitted sequences.

expected size for type IVa (Table 1). By use of the primer pair
cL2'—a5, a product similar in mobility to the expected 9.1-kb
fragment obtained from the IVb prototype isolate 8/6-3P was
obtained. However, the EcoRV restriction fragment pattern of
the amplicon from isolate 2314 differed from that of type IVb
(data not shown). Thus, this isolate could not be assigned to
SCCmec type IVa or IVb.

We sequenced the ca. 9-kb PCR product (GenBank acces-
sion no. AY271717) to further characterize the L-C region of
this SCCmec element. The amplified fragment had 9,612 bp
and contained a 15-bp SCC-specific direct-repeat sequence
(DRg¢c-left [DRge-L]) (nucleotides [nt] 2691 through 2705;
accession no. AY271717) juxtaposed to the left extremity, a
feature that is characteristic of SCC elements. Adjacent to
DRgc-L was the 26-bp inverted-repeat sequence (IRgc-L; nt
2706 through 2731), also characteristic of the left termini of
SCCmec elements (Fig. 1).

Further analysis of the 9.6-kb L-C region sequence from
strain 2314 revealed that it contained a ca. 6.9-kb sequence

(from accession no. AY271717, nt 2678 through 9612) that was
99% identical to a ca. 6.9-kb stretch of DNA (GenBank acces-
sion no. AB096217, nt 6487 through 13421) in the left extrem-
ity region of the recently described SCCmec type IVc element
of HA-MRSA strain MR108 (18). Also, the same region of
DNA from strain 2314 (accession no. AY271717, nt 2689
through 9612) was 99% identical to a ca. 6.9-kb stretch of DNA
in the recently reported genome sequence of methicillin-sus-
ceptible S. epidermidis isolate ATCC 12228 (complement of nt
51523 through 44600, GenBank accession no. AE016744) that
was not annotated as lying within an SCC element.

We found that that the L-C region of the SCCmec element
of isolate 2314 contained five tandem ORFs, each encoding
>50 predicted amino acids, designated ORFs 1 through 5 in
succession, beginning from the left extremity (Fig. 2). The
tandem architecture of the five ORFs was conserved in the L-C
region of the type IVc SCCmec of HA-MRSA strain MR108
with 100% sequence identity. Downstream of ORF 5, there
was one complete copy each of the ccrA and ccrB genes; these
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FIG. 2. Map depicting the regions of high nucleotide sequence similarity between the left portion of SCCpbp4 (L-C region), including both ccr
genes, and the left extremities of SCCmec elements and non-mec-containing SCC elements, based on the nucleotide sequences deposited in the
DDBJ/EMBL/GenBank database under accession no. AY271717 (Dallas CA-MRSA strain 2314, SCCmec type 1V), AB096217 (strain MR108,
SCCmec type IVc), AE016744 (S. epidermidis ATCC 12228, SCCpbp4), D86934 (strain N315, SCCmec type 1I), AB063172 (strain CA05, SCCmec
type IVa), AP004822 (strain MW2, SCCmec type IVa), AB063173 (strain 8/6-3P, SCCmec type IVb), AB063171 (S. hominis ATCC 27844, SCC,543),
AB033763 (NCTC 10442, SCCmec type I), and AB037671 (S. aureus strain 82/2082, SCCmec type I1I). Conserved ORFs of >99 bp are indicated by solid
rectangles beneath the maps of the nucleotide sequences. Arrows above the rectangles for the map of SCCpbp4 indicate the direction of transcription.
Identical colors for sequences from different elements indicate regions of >90% nucleotide sequence homology. Asterisk indicates a 28-bp sequence
identity with SE0039 from SCCpbp4. Vertical arrowhead indicates the junction between the left SCC element and the chromosome.
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were determined by ClustalW sequence alignments (data not
shown) to be of allotype 2. The chromosomal sequence flank-
ing the left extremity of the SCCmec element of isolate 2314
(nt 1396 through 2690) was identical to the region in methicil-
lin-susceptible S. aureus isolate 8325 immediately downstream
of orfX (GenBank accession no. AB014440), data consistent
with a perfect insertion into orfX. This was in contrast to the
type IVec SCCmec element in HA-MRSA strain MR108, which
was adjacent to a ca. 6.5-kb element termed IE25923, present
to the left of the type IVc SCCmec (11).

Description of SCCpbp4, a novel element in S. epidermidis
ATCC 12228. The ca. 9-kb sequence from the SCCmec element
of S. aureus isolate 2314, from the left extremity to the 3’ end
of the ccrB gene (nt 2706 to 11771, GenBank accession no.
AY271717) was compared with S. epidermidis ATCC 12228
sequences deposited in GenBank (nt 51506 to 42441, GenBank
accession no. AE016744) (24), revealing 98 to 99% nucleotide
sequence similarity. In S. epidermidis, this region contained five
ORFs, designated SE0042, SE0041, SE0040, SE0039, and
SE0038, from left to right, upstream of a pair of type 2 ccr4
and ccrB genes (Fig. 2). ORFs SE0042 and SE0041 corre-
sponded to ORFs 1 and 2 of strain 2314 (Fig. 2) and were
annotated in accession no. AE016744 as encoding possible
phage resistance proteins, similar to the abortive phage resis-
tance protein of Lactococcus species and the Streptococcus
thermophilus Abi-alpha protein. These likely represented type
I restriction system enzymes. ORFs SE(0040, SE0039, and
SE0038 corresponded to ORFs 3, 4, and 5 of strain 2314 and to
ORFs R002, R003, and R004 of strain MR108, and they en-
coded hypothetical proteins (Fig. 2).

Thus, the entire L-C region and the ccr42 and ccrB2 genes
of the type IV SCCmec of CA-MRSA strain 2314 were present
in the genome of S. epidermidis ATCC 12228 as well as in the
SCCmec type IVc element of the HA-MRSA strain MR108.
We designated this ca. 9-kb homologous region in S. epidermi-
dis “the SCCmec type IVc L-C homologous region” (SCCmec
IVce-L-C HR) to underscore the shared homology between
these two SCCmec type IV elements and the related region of
S. epidermidis (Fig. 3).

Our analysis revealed the presence of a pair of SCC-specific
repeat sequences as summarized in Table 2 and annotated in
our third-party annotation, accession no. BK001539. These
were not annotated in the S. epidermidis ATCC 12228 genome
sequence, but their presence suggested that an SCC-like ele-
ment existed in the S. epidermidis isolate. No mecA or type 1
capsule gene sequences could be found within the flanking
SCC-specific repeat sequences.

However, an ORF that was annotated as pbp4 (SE0035;
GenBank accession no. AE016744) was found immediately to
the right of the type 2 ccrB gene (Fig. 3). The translated
protein had conserved domains from B-lactamase class A en-
zymes and D-Ala-pD-Ala carboxypeptidases that belonged to
pfam groups 00144 and 00768 (Fig. 4A), respectively, from the
conserved database at the NCBI. The predicted amino acid
sequence of this ORF was 34 to 37% homologous to that of
PBP 4 from S. aureus (Fig. 4B). This pbp4 homolog, located
between the characteristic SCCmec left and right terminal
DRy and IRg¢ sequences, led to our designation of this
novel element in the S. epidermidis ATCC 12228 sequence as
SCCpbp4. No other pbp4 homolog could be found in the S.
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epidermidis ATCC 12228 sequence. Interestingly, the architec-
ture of the ORFs surrounding pbp4 from S. epidermidis was
unlike that surrounding pbp4 in S. aureus (Fig. 4C). Down-
stream of pbp4 in S. epidermidis, there was one gene encoding
a teichoic acid synthesis function (tagF), whereas downstream
of pbp4 in S. aureus, there were other genes for teichoic acid
synthesis (tagA, tagH, tagG, tagB, tagX, and tagD) (Fig. 4C).
Also, the ATP binding cassette protein upstream of, and in
reverse orientation to, the pbp4 gene in S. aureus (5, 8) was not
present upstream of pbp4 in S. epidermidis.

The SCC-specific DR-L (nt 51507 to 51521 in accession no.
AE016744) and IR-L (nt 51506 through 51481 in accession no.
AE016744) sequences adjacent to the left of the gene encoding
the abortive phage resistance protein defined the left extremity
of SCCpbp4 and thus were designated DRgccpppa-L and
IRgccpvpa-Ls Tespectively (Fig. 1 and 3; Table 2). The right
extremity of SCCpbp4 was defined by a pair of IRy and
DRy sequences, positioned ca. 19 kb to the right of
DRgccpppa-L and IRgccpppa-Ls that were similar to the SCC-
mec IRgcc-R and DRge-R - (labeled IRgccpppa-R - and
DRgccpppa-R, Tespectively) (Fig. 1 and 3). In SCCpbp4, the
IRsccpbpaR and DRgecpppa-R sequences were in opposite
orientations to each other, like the corresponding sequences at
the right extremities of most S. aureus SCCmec elements, and
overlapped by 11 bp (Fig. 1 and 3). Thus, SCC-specific repeat
sequences defined the boundaries of SCCpbp4; we have anno-
tated these in our third-party accession no. TPA BK001539
(Table 2).

To the right of pbp4 were ORFs encoding eight hypothetical
proteins, spermidine acetyltransferase, TagF, and an addi-
tional hypothetical protein abutting the IRgccpppa-R sequence.
Thus, SCCpbp4 carries ORFs that encode cell wall biosynthesis
proteins in addition to PBP 4.

SCCpbp4 was found to be inserted into the same chromo-
somal location as SCCcapl in S. aureus and SCC,,,45 in S.
hominis. The DRgccpppa-R of SCCpbp4 was located in an orfX
homolog that had 91% amino acid similarity to orfX of S.
aureus (Fig. 3).

Description of the SCC composite island, a second, novel
element in S. epidermidis ATCC 12228 that encompasses
SCCpbp4. SCCpbp4 was found to be contained within a larger
element that contained identical copies of the 28-bp
sequence (5'-AAAAACCGCATCATTTATGATATGCTTC-
3") referred to as DRgcc composite istana @t both its left and right
extremities (Table 2; Fig. 3). Interestingly, this 28-bp se-
quence was composed of the overlapping IRgccpppa-R and
DRgccpppa-R sequences found at the right extremities of
SCCpbp4 and other SCC elements (see sequences in Fig. 1 and
3). Thus, the right extremity of the SCC composite island was
also the right extremity of SCCpbp4. Interestingly, this 28-bp
sequence has not previously been observed at the left extremity
of an SCC element.

To the left of the DRgccpppa-L repeat, we found an IR/
DRgc-R sequence that overlapped the DRgccpppal se-
quence (see Fig. 3 and Table 2). Previously, the right and left
DR/IRg regions have been found only at the right and left
extremities of SCC elements, separated by at least 20 to ca. 60
kb. In this novel arrangement, the overlapping right and left
SCC terminal-repeat sequences formed a 55-bp sequence
(AAAAACCGCATCACTTATGATATGCTTCTGCTTAT
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FIG. 3. Map of the 57-kb SCC composite island and the ca. 19-kb SCCpbp4 element (dark blue background) inserted into the 3’ end of orfX
in S. epidermidis ATCC 12228. The map shows the DRg’s and IRgc¢’s that mark the boundaries of the elements, as well as ORFs of interest
(light blue arrows showing direction of transcription). Yellow rectangles, 1S431 elements. Horizontal rectangles above the map, homologous
regions (HR) of >2 kb that have 78% (lavender) to >90% (red) sequence identity to regions in the indicated SCCmec elements. The SCC
composite island spans nt 32492 through 89965, and SCCpbp4 spans nt 32492 to 51506, of GenBank accession no. AE016744. In order to emphasize
the SCC-specific repeat regions, the map is not drawn to scale. Nucleotide positions of all ORFs that correspond to those in GenBank accession
no. AE016744 are given in supplemental Table 2 (http://www.ucch.org/daum-boyle_lab-composite_island_figures/table2.htm). Nucleotide positions
of the SCC direct repeats and the newly annotated features (TPA BK001539) are detailed in Table 2. MerR is the ca. 10-kb region encoding genes
for mercury resistance, flanked by two copies of IS431 (see Fig. 5). CadR is a region containing genes conferring resistance to cadmium (see Fig.
5). HDE288 HR is a 5.3-kb region with 92% nucleotide identity to a region containing type 4 ccr4 and ccrB genes in the SCCmec element in strain
HDE288 (see Fig. 6). SCCmec type IVc L-C HR is about 9 kb long, with 99 to 100% identity to the L-C region in type IVc SCCmec. The nucleotide
sequence and structure of one of the three 28-bp DR-SCC,posite istana’s are shown below the map, and the overlapping repeat sequences
DR-SCC,p4-R (right-pointing arrow) and IR-SCC,;,,4-R (line with a diamond on the left), and IR-SCC,,,,-L (line with a Ball on the right)
contained within it, are indicated. Also shown below the map are the sequence and structure of the novel SCC repeat sequence composed of
overlapping DR/IR-R and IR/DR-L SCC sequences (SCC composite island—-SCCpbp4 junction inverted repeat) that forms the 13-bp perfect
inverted complementary repeat separated by 29 nt.

CAGTTGATGATGCGGTTTTT) that contained a terminal
13-bp perfect complementary inverted repeat separated by 29
nt (AAAAACCGCATCA-N29-TGATGATGCGGTTTTT).
Since this repeat sequence was found at the left junction of the
SCCpbp4 element within the SCC composite island, it has been
designated the SCC composite island-SCCpbp4 junction in-
verted repeat. This inverted repeat was also present in the
noncoding region downstream of a gene encoding abortive
phage resistance protein and upstream of the AsdSR operon,
encoding type I restriction proteins (Fig. 3), suggesting that it
could contain a transcriptional terminator for the former.

Further defining the SCC composite island was a second pair
of ccrA and ccrB recombinase genes to the left of SCCpbp4
(Fig. 3) that were closely related to the newly identified type 4
ccrA and ccrB allotypes (see Fig. 6) found in the SCCmec
element of MRSA strain HDE288 (20), the so-called pediatric
clone. A truncated copy of another ccrA gene, which was too
short to assign to an allotype, was also present. In addition,
there were 3 copies of a transposase for an insertion sequence-
like element that we have annotated as 1S437 (TPA BK001539)
and ORFs (see supplemental Table 2 at http://www.ucch.org
/daum-boyle_lab-composite_island_figures/table2.htm) that en-
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TABLE 2. Locations of features in SCC composite island documented in TPA BK001539

nt location in:

Feature Characteristic or DNA sequence (5'-3") complement
BK 001539 AE 016744
SCC elements
SCC composite island 1-57474 32492-89965
SCCpbp4 element 1-19015 32492-51506
L-C homologous region 9950-19015 42441-51506 Similar to L-C regions of SCCmec type IV
ccrAB4 homologous region 24565-29904 57056-62395 Similar to nt 6986-12345 of strain HDE288 (accession no. AF411935)
CadR homologous region 38639-41107 73585-76053 78% similarity to CadR region in SCCmec type I1I
MerR homologous region 57475-66754 80621-89900 92% similarity to MerR region in SCCmec type 111
SCC repeat sequences
DRgcc composite istand™R 1-29 32492-32520 AAAAACCGCATCATTTATGATATGCTTCG
(1)
DRgccpppa-R 1-15 32492-32506 TTATGATATGCTTCG
DRgcc composite istana (IT) 19016-19044 51507-51535 AAAAACCGCATCACTTATGATATGCTTCT
IRsccpppa-l 18990-19015 51481-51506 GCTTATCAGTTGATGATGCGGTTTTT
DRgccpppa-l 19016-19030 51507-51521 TTATGATATGCTTCT
SCC composite island— 18990-19044 51481-51535 AAAAACCGCATCACTTATGATATGCTTCTGCTTATCAGTTGATGATGCGGTTTTT
SCCpbp4 junction
inverted repeat
DRgcc-L (1 bp mm) 57448-57460 89939-89951 TTATGATATGCTTCA
IRgcc-L 57450-57474 89941-89965 AAAAACCGCATCATTTATGATATGC
DRgcc composite istana~L (I) 57446-57474 89937-89965 AAAAACCGCATCATTTATGATATGCTTCA
1S431 elements
1S431-3 37850-38638 70341-71129
1S431-2 48131-48919 80622-81410
IS431-1 56620-57409 89111-89900
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FIG. 4. Analysis of the pbp4 homolog of SCCpbp4. (A) Theoretical translation of the pbp4 homolog of S. epidermidis ATCC 12228, highlighting
functional domain architecture. Shading indicates the peptidase S_1 domain, starting at aa 24 and ending at aa 304. The penicillin-binding domains,
SXXK, SSN, and KTG, are boxed. (B) ClustalW alignment of the pbp4 genes of S. aureus (GenBank accession no. SAPBP4GEN) and SCCpbp4
of S. epidermidis ATCC 12228. White letters on solid background, identical residues; letters on shaded background, conservative replacements.
Overall there were 46.2% similarity and 32.7% identity between the two sequences. Pairwise alignments were performed with the Vector NTI suite,
version 8 (Informax, Inc.), by using the blosum62mt2 matrix. (C) Architecture of ORFs in the DNA sequences surrounding and including the pbp4
genes (solid arrows) in S. aureus strain N315 (nt 91873 to 93737; accession no. AP003131) and the SCCpbp4 element of S. epidermidis ATCC 12228.

Arrows indicate ORFs and their direction of transcription.

code cadmium resistance, mercury and heavy-metal transport
proteins, the type I restriction system proteins HsdR and HsdS,
truncated transposases, another copy of spermidine acetyltrans-
ferase, and 20 hypothetical proteins. As shown in Fig. 3, many of
these features in the SCC composite island are present in other
members of the SCC family.

Shown in supplemental Table 2 (at the URL given above)

are the locations of all ORFs present in the SCC composite
island and the degrees of similarity of their translated proteins
to the products of similar ORFs found in other SCC elements.
Of particular interest was a ca. 9.3-kb region at the left extrem-
ity of the SCC composite island (nt 89900 to 80621, GenBank
accession no. AE(016744) encoding mercury resistance pro-
teins. This region contained six ORFs encoding hypothetical
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FIG. 5. Map showing the region of the SCC composite island containing three IS43/ elements (hatched arrows) and the intervening genes
encoding proteins conferring heavy metal resistance (also shown, in less detail, in Fig. 3). Directions of arrows indicate the orientations of the
ORFs. Shaded arrows, ORFs within a ca. 9-kb region with 99% similarity to the Mer resistance region (mer R) in SCCmec type I11I of strain 85/2082
(nt 36002 to 44579, GenBank accession no. AB037671); the region is indicated below the map. Open arrows, ORFs encoding cadmium resistance
proteins. The ca. 2.3-kb region with 78% nucleotide identity with the cadmium resistance region (cad R) in SCCmec type I1I is indicated below
the map. The two unique ORFs (SE0089 and SE0088, encoding hypothetical proteins with no homolog in the mer R region of SCCmec type I1I)

are indicated by solid black arrows.

proteins and was flanked by the first and second copies of
IS431. The region was 91.6% identical to the mer operon
region in SCCmec type 111 of strain 85/2082 (nt 36066 to 44580,
GenBank accession no. AB037671) (Fig. 5). The main differ-
ence found between the Mer regions of SCCmec type III and
the SCC composite island was the presence of two additional
ORFs (SE0089 and SE0088), located to the right of the first
IS431 element in the SCC composite island, encoding hypo-
thetical proteins that were not present in type III SCCmec of
strain 85/2082 (Fig. 5). Furthermore, cadmium resistance pro-
teins (CadR region) were encoded between the second and
third IS431 elements (Fig. 3 and 5). The products of ORFs
SE0075 and SE0073 (Fig. 5), encoding a putative cadmium
resistance transporter and a cadmium efflux protein, respec-
tively, were 90% similar to that encoded by ORF Z020 and
80% similar to that encoded by a portion of ORF Z019 from
SCCmec type 111 (Fig. 3 and 5). Also, the CadR region contains
a 2,469-bp stretch (nt 73585 through 76053, GenBank acces-
sion no. AE016744) with 75% nucleotide identity to the CadR
region encompassing ORFs Z020 and Z019 in the SCCmec 111
element of strain 85/2082 (Fig. 3 and 95).

In a pairwise alignment, we also identified a 5.3-kb stretch of
92% sequence identity (Fig. 6A) between nt 57056 to 62395
(complement, GenBank accession no. AE016744) of the SCC
composite island and nt 6986 to 12345 (GenBank accession no.
AF411935) of SCCmec of strain HDE288 (the so-called pedi-
atric MRSA clone). This region contained the type 4 ccrA and
ccrB genes and flanking nucleotide sequences mentioned
above (Fig. 6).

A third important stretch of similarity between other SCC
elements and the SCC composite island was the ca. 9-kb region
at the left extremity of SCCpbp4 referred to as the L-C HR,
mentioned above (Fig. 3).

In summary, a large, novel composite island was found in the
genome sequence of S. epidermidis ATCC 12228. This com-
posite island lacks mecA but contains two pairs of ccr recom-
binases of different allotypes (ccrA2/ccrB2 and ccrA4/ccrB4)
described previously in SCCmec elements in S. aureus. Nested
within the composite island was a smaller (19-kb) element,
SCCpbp4, that had a ca. 9-kb stretch of sequence homology 98
to 99% similar to a region in the SCCmec element of a CA-
MRSA strain that harbors an SCCmec type IV element and of
an HA-MRSA isolate that harbors type IVc SCCmec (11).
Furthermore, outside the SCCpbp4 region, at the left extrem-
ity, genes that encoded resistance determinants against toxic
heavy metals, identical to those found in the large S. aureus
type III SCCmec, were identified.

Conservation of repeat sequences and L-C region ORFs in
the SCC composite island and other members of the SCC
family among staphylococci. (i) Repeat elements. The
IRg-R sequences of SCCpbp4 of S. epidermidis were more
closely related to those in SCCmec type I, 11, and IV (Fig. 1A)
than those in SCCmec type III and SCCcapl (Fig. 1B). In
contrast, the IRg-L of SCCpbp4 was closely related to that of
SCCmec type I1I as well as types I, I, and IV but was unrelated
to the IR-L of SCCcap].

The 15-bp DRgyc-L in CA-MRSA strain 2314 contained
two mismatches with the 15-bp DRgccpppa-L contained in
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SCCpbp4 in S. epidermidis ATCC 12228. The 26-bp IRgccppps-L

of S. epidermidis ATCC 12228 was 100% identical to the A

i . . . HDE288 ATGARACRACTCARARAGAAACGTATTGGATTATACGCACGTGTATCAACTGARATGCAR 60

IRgcc-L's in the SCCmec elements of strain 2314 and similar seeer AT 0
to other MRSA isolates (N315, CA05, MW2, 8/6-3P) (3, 10,

HDE288 ACGGATGGTTACAGTATTCAAGGTCAATTAAACCAACTTACAGAGTATTGTCAATTTCAA 120

16). 8CC-CI ACGGATGGTTACAGTATTCAAGGTCAATTGAATCAACTTACAGAGTATTGTCAATTTCAA 120
(ii) Comparison of ORFs with those in other SCC elements.

. . . .. HDE288 GGATATGAAGTCGTTGATGAATATACCGATCGAGGTATATCGGGTAARACAATGCAACGT 180
Inspection of the aligned regions from the left extremities of sce-c1 GGCTATGAAGTCGTCARTGAATACACCGATCGTOGTATATCAGGTAAAMCARTGCAACGT 180
many SCC elements depicted in Fig. 2 and the data in supple-

. . HDE288 CCAGARTTACAACGTATGTTARAAGATGCCARCGAAGGTARATTAGATTGTATTATGGTC 240

mental Table 2 (avallab]e at the URL given above) suggests a sce-cr CCAGAATTACAACGTATGTTAAAAGATGCCAACGRAGSTARAT TAGATIGTATTATGGTC 240
model by which SCCmec elements may have evolved from the

. . . HDE288 TACARAACCAATCGTTTAGCTAGAAATACCTCAGATT TGTTARATATTGTCGAGGAATTG 300

SCCpbp4 element in the 57-kb SCC Comp051te island of S. scc-CI TAC. CAAARTCGTTTAGCTAGAAATACCTCAGAT TTGTTAAATATTGTCGAGGAATTG 300
epidermidis. As noted, all five ORFs (shown as solid rectangles

. . . . . HDE288 TATAAGATTAATGTCGAATTTTTTAGTCTCACTGAARAAATAGARATTGCCAGCTCCACA 360

n Flg 2) present in the L-C HR of the SCC composite island sce-c1 TATAAGATTAATGTCGAATTTTTTAGTCTAACTGAARARATAGAAATTGCCAGTTCAACA 360
were conserved in the L-C region of two SCCmec type IV

. . . . HDE288 GGTAAGTTGATGCTCCARATTTTAGCCAGCTTCGCAGAATTTGAAAGARATACGATTGTA 420

elements in strain 2314 and SCCmec IVc in strain MR108. sCC-CI GGTARATTGATGCTCCARATTTTAGCCAGCTTCGCAGAATTTGAACGTAATACGATTGTA 420
ORFs SE0042 and SE0041, encoding abortive phage resistance

. . . . HDE288 GAGAATGTCTACAATGGCCAAAGACAACGTGCGATTGAAGGTTATTATCAAGGTAATTTG 480

protem and Abl-alpha protein, annotated in the sequence of §. sce-c1 GAGRATGTCTACAATGGCCAARGACAACGTGCTATTGAAGGTTATTATCAAGGTARTTTA 480
epidermidis ATCC 12228, were not found in any other SCC

. . BDE288 CCTCTAGGCTATGATAAAGTACCTGATAGTAA AGAGCTCATGATTAATCAACATGAR 540

element except SCCpbp4, SCCmec 1V in strain 2314, and sce-cr CCTCTAGGCTACGATAARGTACCTGACAGTAR TCATGATCAATCAACATGAA 540
SCCmec IVc in strain MR108. It is possible that these two

. . . . HDE288 GCGAATATTGTTAAATATATCTTTAAGTCATACGCCARAGGTCATGGTTATCGTAAGATT 600

ORFs were either lost by deletion from a pr1m0rd1a1 element sce-CI GCGRATATTGTTAAATATATTTTTGATTCATACGCTAAAGGTCATGGTTATCGTARGATT 600
such as SCCpbp4 or gained by homologous recombination. An

. . . . . . HDE288 GCGRACGCATTGAATCATAAAGGTTATGTGACTAAGABAGGGARACCGTTTAGTATTICA 660
ORF with a hlgh degree of Slml]arlty to SE0040 was found in sce-c1 GCGARCGCATTGAATCATAAAGGTTATGTGACTAAGAAAGGGAARACCTTTTAGTATITCG 660
five SCC elements: the type II SCCmec elements of N315 and
Mu50, the type IV SCCmec elements of strains 2314 and

. .. HDE288 TCCATTACTTATATCATCTCARACCCTTTTTATATTGGAAAGATACAGTTTGCGAAGTAT 720

MRlOS, and the SCC element found in S. hominis. ORFs SCC-CI TCCATTACCTACATCATCTCAAACCCTTTTTACATTGGAAAGATACAGTTTGCGARGTAT 720
homologous to ORF SE0039 were found in nine SCC ele-

. HDE288 AGACACTGGAGCGATAAGAG. GGACTCAATGAGGAACCCATTATTGCTGATGGT 780

ments: SCCmec type II of strains Mu50 and N315, SCCmec scc-c1 AGACACTGGBGCGAT GAC GGACTCARTGAGGAACCGATTATCGCTGATGGT 780
type IV of strains 2314 and MR108, SCCmec 1Va of strains

. HDE288 AAGCATGCACCTATTATTGATAAAGCTTTATGGGATAAAGTACAGTTTARARCGCCAAGAG 840

CAO05 and MW2, SCCmec type I of strain NCTC 10442, SC- sce-cI AARCATGCGCCTATTATTGATAGARACCTATGGGATAARGTACAGTTTAARCGTCAAGAG 840
Cmec type III of strain 85/2082, and SCC,,,4; of S. hominis.

. . HDE288 AGTCGCAAGAAACCTCAAGTTCATGGTARAGGGACCAATCTACTGACTGGAATTGTAAAG 900
OREFs similar to SE0040, SE0039, and SE0038 were present sce-c1 AOTCOCANGARACCACAR T TCACOOCARAGOARCAAACCTACTOACTCOA TTOTARR 900

FRREAKKRHKXAKK KRKAKIKHA Kk KR RR Ak bk AAKRRRRRIRA XA A KK

together in only four of the SCC elements identified to date.

HDE288 TGCCCAAAATGTGGTGCAGCC GTT. GATGGC 960

HOInOlOgS of the ORF (SE0038) closest to the ccrA2 genes sce-c1 TGTCCGARATGTGGTGCAGC. Aggg;gggxg:u?gmcgm?s ETKGA;GGC 960
were present in all SCC elements, including SCCrmec types I, o

. . HDEZ88 ACTAAGAABAGAATCAGATATTACTCATGTAGTAATTTTAGAAACARAGGTTCTAARAGTA 1020
II, III, and IV, SCCpbp4, and SCC122()3, with various degrees of SCC-CI ACTAAGAAAAGRATCAGATATTACTCATGTAGCARTTTTAGAAATAAAGGTTCARRAGTT 1020
conservation. ORF SE0038 of S. epidermidis ATCC 12228 was e T S S T

. . . . . HDE288 TGTTCAGCCAATAGTGTTAGAGCAGATGTATTAGAARRATATGTTATGGATCAGATATTG 1080
hlghly conserved (97% 1dent1ty) in strains 2314 (ORF 5), sce-c1 TGTTCTGCCAATAGCGTTAGAGCAGATGTACTAGAAARRTATGTTATGGATCAGATATTG 1080
MR108 (ORF R004), and N315 (ORF N031). In contrast, the [ O S OO
nucleotide and predicted amino acid sequences of these ORFs s A TR T AR AR TR T T CAR AT TG TOARAACCT AN TCAAAARAGT 1140
in strain 2314 and strain MR108 differed considerably at the 5’ s P s S TS

HDE288 CARATAGACGTC TCATGATA TAAACAGTCACAATGTGAAGAA 1200
end of the gene (from the start codon to bp 450 to 550) and the sce-ct CAAATAOAC T TOT T T T TOAACCATOATAT TCCCTA TAAACAGTC AC AATOTGARGAR. 1200
amino terminus of the translated protein from the correspond- G g S S S St
] : . HDE288 ATAAAAGCCARAATGCATACACTAACGAAAACCATCGAAGACTCACCTGACTTAGATAGC 1260
mng OREFs in the type IVa SCC elements of isolates MW2 sce-CI ATAAAAGCAAAAATGCATACATTAACGAARACTATTGAAGACTCACCTGACTTAGATAGE 1260
(ORF MW0040) and CA05 (ORF Q003), and the type IVb [ SRR S S ST P
. - HDE288 GTATTGAAACCARACAATACTTAGCTACCAAGATGAATTGAATCAAATARATAATCARATA 1320
SCC elements Of ISOIdte 8/6-3P (ORF MOOZ)' Nevertheless, SCC~CT GTATTAAAACCAACAATACTTAGCTACCAAGATGAATTGAATCARATARATAATCARATC 1320
the 3’ terminus of this ORF in CA-MRSA strain 2314 was 95 i e g S
to 96% identical to those of CA-MRSA isolates MW2, CA0S,
. . HDEZ88 CATCASCTAGAACAAGAEEBACARGCAGRAGCTCCACATTATGATGCTGATATGATTGEE 1379
and 8/6-3P. Thus, surprisingly, ORF 5 of CA-MRSA strain scC-CI TATCABCTAGAACARGATARACAAGCAGAAGCTCCACATTATGATGCTGATATGATTGCG 1360
2314 was more closely related to the corresponding ORFs of S.

. s : : HDEZ288 AACGTACTACAAGCANTATTCARAGATATAGACARATTAGAGAAATCTCAGTTGARATCA 1439
epldemldls ATCC 12228 and HA-MRSA Stralns Wlth type II SCC-CI AATGTACTACAAGCA CAAAGATATAGACARATTAGAGAAATCTCAGTTGARATCA 1440
SCCrmec (N315 and Mu50) than to those in CA-MRSA strains FubTiisssvsiesi S btivua e S re e,

: M HDEZBS CTCTATCTGACAGTT. TCGTATTGATATCCGAARACATGAACATCATAAGARGCAR 1499
with either SCCmec subtype IVa (MW2 and CA05) or IVb sce-cT CTATATCTARCA CCATTGACATAAGAARAGATGAGEATCATAAGAAGCAR 1500
(strain 8/6-3P) or SCCmec type I or III. “h baiis s s A U P AR P e

Interestingly, the 3" terminus of ORF SE0038 in S, epider- [ Trosemccommammenmemonenanone o)
midis ATCC 12228 is conserved among SCC elements that s ool ki

HDEZBB CTTGACGAAGT! TAGCACTTCGTCTTTATTTTTGTCCCAMMCTTTATATATAACT 1619
SCC-CI CTCGACGAAGTGCTCCCTAGCACTTCGTCTTTATTTTTGCCACARACTTTATATATARCT 1620

A AEERERRTERNTD BRERAAAAAA R AR AR AR RAE § TSR RERRRR AR AR

have the type 2 ccr gene complex but is less similar to the
corresponding ORFs contained in SCC elements carrying the
type 1 or type 3 ccr gene complex. The 3’ terminus of ORF 5 fpp2gs :gg% s

SCC-CI

of CA-MRSA strain 2314 was 89% similar to the correspond-

1sanb AQ 020z ‘62 1990100 uo /Bi0 wse oee//:dny wol) papeojumod


http://aac.asm.org/

Translation
Translation

Translation
Translation
Translation
Translation
Translation
Translation

Translation
Translation

Translation
Translation

Translation
Translation

Translation
Translation

Translation
Translation

Translation
Translation

Translation
Translation

Translation
Translation

Translation
Translation

Translation
Translation

Translation
Translation

C

of
of

of

of

of

of

of

of

of
of

of
of

of
of

of
of

of

of

of
of

of
of

of
of

of
of

of
of

of
of

ccrh4d
ccrAd

ccrhd

ccrAd

ccrhA4d

ccrid

ccrhAd

ccrh4d

ccrhd
ccrAd

ccrad
ccri4d

ccrid
ccrhd

ccrB4
ccrB4

ccrB4

ccrB4

ccrB4
ccrB4

ccrB4
ccrB4

ccrB4
ccrB4

ccrB4
ccrB4

ccrB4
ccrB4

ccrB4
ccrB4

ATCC12228
HDE288

ATCC12228
HDE288
ATCC12228
HDE288
ATCC12228
HDE288

ATCC12228
HDE288

ATCC12228
HDE288

ATCC12228
HDE288

ATCC12228
HD2E88

ATCC12228

HD2E88

ATCC12228
HDE288

ATCC12228
HDE288

ATCC12228
HDE288

ATCC12228
HDE288

ATCC12228
HDE288

ATCC12228
HDE288

S. epidermidis
SCC-composite Island
5373 bp

S. aureus HDE288
AF411935

FIG. 6. (A) ClustalW alignment of the ccrB4 ORF of the SCC composite island of S. epidermidis ATCC 12228 (nt 58592 to 60,220 complement)
with that of SCCmec of strain HDE288 (the pediatric clone) (nt 9184 to 10812, GenBank accession no. AF411935). The missing adenine at position
1326 (shaded dash) of the ccrB4 ORF of strain HDE288 creates a putative premature stop codon (shaded box). Open box, putative stop codon
of the ccrB4 OREF of strain ATCC 12228. Asterisks indicate identical residues. SCC-CI, SCC composite island. (B) Pairwise comparison of the
translated amino acid sequences from the ccr44 and ccrB4 genes of the SCC composite island of S. epidermidis ATCC 12228 (see supplemental
Table 2 [http://www.ucch.org/daum-boyle_lab-composite_island_figures/table2.htm]) and of strain HDE288 SCCmec (accession no. AF411935).
These strains showed 91.2% similarity and 87.2% identity for CcrA4 and 80.4% similarity and 80.1% identity for CcrB4. The pairwise alignments
were performed by using the Vector NTI suite, version 8 (Informax, Inc.), with the blosum62mt2 matrix. A pairwise ClustalW alignment of the
DNA sequences from the entire 5.3-kb region of homology surrounding the ccrAB4 genes of the SCC composite island of S. epidermidis ATCC
12228 (nt 57056 to 62395 complement, accession no. AE016744) and SCCmec of strain HDE288 (the pediatric clone) (nt 6986 to 12345, GenBank
accession no. AF411935) is shown in supplemental Fig. 6D (available at http:/www.ucch.org/daum-boyle_lab-composite_island_figures/
fig_6D.htm). (C) Map of the region of nucleotide conservation between the SCC composite island and strain HDE288 that encompasses the ccr44
and ccrB4 genes, highlighting the larger size of the ccrB4 ORF in the SCC composite island (1,629 versus 1,329 bp, encoding 542 versus 453 aa,
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ing ORF 13 in S. hominis ATCC 27844 and SCCmec type I in
the MRSA strain NCTC 10442. In summary, there was a ten-
dency for an ORF from the L-C HR to be conserved in a
greater number of SCC elements when the position of the
OREF in S. epidermidis was closer to the ccr genes.

(iii) ccr gene comparisons. An alignment was performed
between the two sets of ccr4B genes in CA-MRSA strain 2314
and SCCpbp4 and genes of ccrAB allotypes 1, 2, 3, and 4. The
ccrA gene identified in isolate 2314 was 98% identical to those
of SCC,,p4 and CA-MRSA strain CAO5 and was 96 to 97%
identical to the ccrA2 alleles of isolates MW2, N315, and 8/6-
3P. The ccrB gene was also 96 to 97% identical to the ccrB2
alleles of isolates 8/6-3P, N315, MW2, and CAO05, in contrast to
92% homology to that of ATCC 12228. Thus, the ccr4 and
ccrB genes in CA-MRSA strain 2314 and SCCpbp4 are related
to the type 2 ccr gene allotype, a feature of type IV and type II
SCCmec elements.

Pairwise comparison of the translated amino acid sequences
from the ccr44 and ccrB4 genes of the SCC composite island
and SCCmec of strain HDE288 (accession no. AF411935) re-
vealed that ccrA4 had 91.2% similarity and 87.2% identity, and
ccrB4 had 80.4% similarity and 80.1% identity, between these
strains (Fig. 6B). In the SCC composite island, the ccrB4 ORF
was larger than that of strain HDE288 (1,629 versus 1,329 bp,
encoding 542 versus 453 amino acid [aa] residues, respectively)
due to the deletion of a single nucleotide (adenine) at position
1326 of the latter ORF (Fig. 6A).

DISCUSSION

We found a novel 57-kb composite island in S. epidermidis
strain ATCC 12228 (the SCC composite island) that may rep-
resent a primordial genetic element contributing DNA
sequences to the SCCmec elements found in S. aureus.
The island has two sets of ccr recombinases and a
DRgcc composite island S€quence at either end closely resem-
bling the IRg--R and DRgc-R sequences found in SCC-
mec elements in S. aureus. Moreover, a smaller (19-kb) SCC
element called SCCpbp4 is nested within the right side of
the SCC composite island. The mecA gene itself and the
genes responsible for its regulation were notably absent.

The SCC composite island had several large regions of sub-
stantial homology with SCCmec elements (summarized in Fig.
3). A 6.9-kb area in the L-C region of SCCpbp4 was nearly
identical to the L-C region of SCCmec type IV elements of
CA-MRSA strain 2314 and HA-MRSA strain MR108. This
region also shared homology with the SCC element of S. homi-
nis. Also, the left side of the island contained a ca. 10-kb
stretch of DNA with 92% similarity to a region within SCCmec
type III (10) that has mercury resistance genes flanked on
either end by IS431. The CadR region of the SCC composite
island contained a 2.5-kb stretch of similarity to the type III
element. Also, a highly homologous region of ca 5.3 kb that
included the ccrAB4 genes was present in both the SCC com-
posite island and the SCCmec element of MRSA isolate
HDE288. Thus, >25 kb of the 57-kb DNA sequence of the
SCC composite island was conserved in other SCCmec ele-
ments. The presence of these regions of virtual identity to two
distinct SCCmec element types suggests that there has been
extensive horizontal genetic exchange between this SCC com-

ANTIMICROB. AGENTS CHEMOTHER.

posite island in S. epidermidis and the SCCmec elements found
in MRSA isolates.

The SCC composite island is unique within this family in
several regards. First, within the SCC composite island are two
pairs of ccr4 and cerB genes of different allotypes (types 2 and
4). One pair was within the nested element SCCpbp4. Second,
several novel arrangements of the DRg.- and IRgqe se-
quences were present. The 28-bp direct repeat sequence
(DRscc composite istana) that flanks the SCC is composed of
exact copies of the overlapping composite island DRgccpppaR
and IRgccpppa-R sequences, whereas in SCCmec elements, the
structures of the DRy and IRy sequence junctions differ
slightly at the left and right extremities. Moreover, a third copy
of this DRgcc composite islana WaS present overlapping with the
SCCpbp4 left terminal repeat sequences. This presence of a
direct repeat at the margins of the SCC composite island is
similar to the architecture of the ends of pathogenicity islands
in bacteria (7). The terminal-repeat sequences of the nested
SCCpbp4 element were more typical of SCCmec elements.
However, the DRgce  composite istand  S€Quence  (i.., an
IR/DRgcR terminal-repeat sequence) overlapping the
DR/IRgccpphpa-L sequence was atypical (Fig. 3). Previously, the
left and right terminal repeats had been detected at least 20 kb
apart at the left and right termini of SCC elements, respec-
tively. The overlap created a novel 55-bp sequence flanked by
a B-bp complementary inverted repeat in the intergenic region
between SCCpbp4 and the left portion of the SCC composite
island, downstream of an ORF encoding a phage resistance
protein (a probable restriction protein). The significance of
this novel juxtaposition of these repeats at the junction of
SCCpbp4 remains to be determined. It is possible that this
sequence contains a transcriptional terminator for the phage
resistance protein.

The SCC composite island and the nested SCCpbp4 element
are the third and fourth members of the family of SCC ele-
ments identified to date that have intact ccr4 and ccrB genes
and the characteristic direct- and inverted-repeat sequences.
These are features previously shown to allow excision and
integration of the element (12). SCCcapl (15) is another mem-
ber of this family, but it lacks a ccr4 gene homolog, limiting its
potential for excision and spread. In this regard, the ccrAB2
allotype is the only allotype to date shown to mediate excision
activity. The functionality of the ccr4B4 allotype has not yet
been investigated, but the ccrB4 gene in the SCC composite
island of ATCC 12228 appears to be more intact than that of
HDE288, which has a truncated ccrB gene (see Fig. 6).

The presence of cadmium and mercury resistance genes,
also present in other SCCmec elements, suggests that SCC
elements are also used by staphylococci for horizontal transfer
of genes encoding resistance to heavy metals. The presence of
restriction system genes in the SCC composite island both
within and outside SCCpbp4 suggests that at some time, both
portions of the element were transferable between bacterial
species.

It remains to be determined whether the SCC composite
island is a feature only of S. epidermidis ATCC 12228 or
whether it can be found among other S. epidermidis isolates. If
it is common, it is possible that S. epidermidis, a skin commen-
sal, acts as a reservoir of DNA sequences that have been
horizontally transferred and recombined within SCCmec ele-
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ments by homologous recombination. It was recently proposed
that an SCC element found in S. hominis was an ancestral
element providing sequences for SCCmec elements (13). Our
data describe two additional possible ancestral SCC elements
present in a commensal staphylococcal species that could also
act as a source of DNA for SCCmec elements. In this regard,
the SCC,,,45 element in S. hominis carries type 1 ccr genes,
whereas the SCC composite island in S. epidermidis carries
type 2 and 4 ccr genes. Thus, S. epidermidis and S. hominis
would be able to provide diversity to SCCmec elements by
contributing to their different types of ccr genes. In this regard,
the GC content of SCC elements is very close to that of staph-
ylococcal genomes, supporting the notion that the elements
have indeed likely originated from staphylococcal species.

It is not known how SCC elements are horizontally trans-
ferred between S. aureus strains and other Staphylococcus spe-
cies. The SCCpbp4 and SCCmec elements both carry impor-
tant cell wall synthesis genes, and SCCcapl carries genes
responsible for a capsular polysaccharide. These data suggest
that SCC elements are specialized elements in staphylococci
that carry genes encoding cell wall synthesis enzymes. In this
scenario, SCCmec elements have been exploited for the trans-
fer of antibiotic resistance by importation of a PBP gene with
low affinity for B-lactams. The biological importance of carry-
ing PBP genes such as these on presumably mobile genetic
elements remains to be determined but could account for the
functional redundancy of PBPs in staphylococci.

Inspection of the aligned maps of tandem ORFs located
adjacent to the ccr genes in SCCmec elements suggests a model
in which SCCmec elements evolved from the SCCpbp4 ele-
ment in S. epidermidis (Fig. 2). Isolated in 1996, Dallas CA-
MRSA isolate 2314 was one of the first CA-MRSA isolates to
be recognized. All five ORFs positioned between the ccr genes
and the DRgccpppa-L sequence were present in the L-C region
of this isolate and the HA-MRSA strain MR108. The type IV
SCCmec elements from more-recent CA-MRSA isolates such
as MW2, CAO05, and 8/6-3P have remnants of ORF 5 but do
not contain ORFs 1, 2, 3, and 4. Furthermore, ORFs 3, 4, and
5, upstream of ccrA in CA-MRSA isolate 2314, were more
closely related to the corresponding ORFs found in HA-
MRSA strains bearing SCCmec type II. Thus, the ORFs in this
region that were closer to the ccr genes were more likely to be
conserved among a greater range of SCC element types than
those more distal to the ccr genes. These data also suggest that
recombination events have resulted in gradual elimination of
OREFs 1, 2, 3, and 4 from SCCmec as SCCmec type 11 evolved
into SCCmec type IVc and ultimately types IVa and IVb.

The left portion of the novel SCCpbp4 element in SCCmec
type IVc provides evidence that, at some point, there was
horizontal genetic exchange between the progenitors of CA-
MRSA strain 2314 and S. epidermidis ATCC 12228. It is not
clear whether isolate 2314 obtained the L-C portion of
SCCmec IVc from the SCCpbp4 element of ATCC 12228 or
vice versa. A model whereby homologous pairing occurred
between the DRy and ccr gene sequences of the two SCC
elements, resulting in gene replacement in the L-C region of a
previously extant SCCmec cassette, is one plausible explana-
tion.
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