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Cocolonization of human mucosal surfaces causes frequent encounters between various staphylococcal
species, creating opportunities for the horizontal acquisition of mobile genetic elements. The majority of
Staphylococcus aureus toxins and virulence factors are encoded on S. aureus pathogenicity islands (SaPIs).
Horizontal movement of SaPIs between S. aureus strains plays a role in the evolution of virulent clinical
isolates. Although there have been reports of the production of toxic shock syndrome toxin 1 (TSST-1),
enterotoxin, and other superantigens by coagulase-negative staphylococci, no associated pathogenicity islands
have been found in the genome of Staphylococcus epidermidis, a generally less virulent relative of S. aureus. We
show here the first evidence of a composite S. epidermidis pathogenicity island (SePI), the product of multiple
insertions in the genome of a clinical isolate. The taxonomic placement of S. epidermidis strain FRI909 was
confirmed by a number of biochemical tests and multilocus sequence typing. The genome sequence of this
strain was analyzed for other unique gene clusters and their locations. This pathogenicity island encodes and
expresses staphylococcal enterotoxin C3 (SEC3) and staphylococcal enterotoxin-like toxin L (SEIL), as con-
firmed by quantitative reverse transcription-PCR (qRT-PCR) and immunoblotting. We present here an initial
characterization of this novel pathogenicity island, and we establish that it is stable, expresses enterotoxins,
and is not obviously transmissible by phage transduction. We also describe the genome sequence, excision,
replication, and packaging of a novel bacteriophage in S. epidermidis FRI909, as well as attempts to mobilize

the SePI element by this phage.

Common genetic processes drive the evolution of both
pathogens and commensals in response to selective environ-
mental pressures. Thus, instances where two related species in
a common environmental niche evolve toward divergent life-
styles (one as a pathogen and the other as a commensal) are
especially significant for understanding of the evolution of
pathogenicity.

Staphylococcus aureus and Staphylococcus epidermidis are
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Gram-positive colonizers of the human mucosal surfaces and
frequently encounter each other during mixed infections at
various sites. The two species share a core genome of 1,681
genes (14) but differ significantly in their accessory genomes,
composed of the flexible gene pool that is found only in some
strains of a species and usually contributes an evolutionary
benefit in specific environments (13, 20). Sequenced S. epider-
midis genomes lack several genes common to the accessory
genome of S. aureus, including those encoding superantigen
toxins, certain proteases, and staphylokinase (20). The acces-
sory genome and mobile genetic elements of S. epidermidis
have been poorly characterized thus far, with only a few recent
reports of conjugative plasmids and bacteriophages (9, 15). S.
aureus, however, encodes more than 400 accessory genes, pres-
ent on genomic islands, bacteriophages, and transposons, that
account for the majority of toxins, resistance genes, and viru-
lence determinants identified in the species (14). Antibiotic
resistance genes are typically transferred by conjugative plas-
mids and recombination events, whereas phage-mediated
transduction is the most common mechanism for the mobili-
zation of superantigen toxins (27).

Lateral transfer of superantigen genes by transduction of S.
aureus pathogenicity islands (SaPIs) among several strains of S.
aureus is a well-characterized event (26, 30, 32), as is lateral
transfer of such genes to related species, such as Staphylococ-
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cus xylosus and Listeria monocytogenes (3). SaPIs, which are
chromosomal mobile elements with a conserved genome orga-
nization, typically comprise flanking site-specific attachment
(att) sequences, one or more toxin genes, and a unique set of
genes that enable their mobilization in conjunction with tem-
perate phages such as ¢11, $13, and 80« (27).

The genetic processes that enable S. aureus to selectively
stabilize and extensively exchange virulence determinants are
poorly understood. From an evolutionary standpoint, toxin
genes are equally relevant to the S. aureus host and to the
persistence of the pathogenicity islands that transmit them
among host genomes (13). Although recent reports have iden-
tified SaPI-like structures (lacking enterotoxins) in the se-
quenced genomes of Staphylococcus haemolyticus (27, 29) and
Staphylococcus saprophyticus (18), and other studies have
shown the presence of enterotoxin genes in several species of
coagulase-negative staphylococci (CoNS) (6, 7, 33), there is no
evidence so far to suggest that mobile elements in these staph-
ylococcal commensals exchange virulence-associated genes as
promiscuously as is seen in the S. aureus accessory genome.

In 2007, we presented the first evidence of a SaPI-like patho-
genicity island and the expression of enterotoxins in a strain
identified as S. epidermidis strain FRI909 (20a). The crystal
structure of staphylococcal enterotoxin C3 (SEC3) from this
strain has been reported previously as well (4). We report here
the draft genome sequence of S. epidermidis strain FRI909, the
complete sequence of a superantigen-bearing genomic island
in strain FRI909, the transcriptional and translational expres-
sion of SEC3 and staphylococcal enterotoxin-like toxin L
(SEIL), and the sequence, excision, and packaging of a novel
bacteriophage, $909.

(Part of this work was presented at the 107th General Meet-
ing of the American Society for Microbiology in 2007.)

MATERIALS AND METHODS

Bacterial strains and culture. All bacterial strains used in this study were
grown overnight at 37°C on brain heart infusion (BHI) agar medium. Broth
cultures were grown aerobically in BHI broth at 37°C. S. epidermidis strain
FRI909 was obtained from Merlin Bergdoll, formerly of the Food Research
Institute, Madison, WI. S. epidermidis strain RP62a is a methicillin-resistant,
biofilm-producing isolate whose genome is one of the two sequenced S. epider-
midis genomes (14). S. epidermidis 414, referred to as HER1292 in this study, is
commonly used as a phage recipient strain of S. epidermidis (8, 9) and was kindly
provided by Vincent Fischetti of the Rockefeller University. Taxonomic identi-
fication of S. epidermidis FRI909 was initially conducted by biochemical assays
(API Staph ID test), determination of the absence of coagulase production and
its gene, PCR-restriction fragment length polymorphism (PCR-RFLP) of the gap
and tuf genes, and multilocus sequence typing (MLST). Complete genome se-
quencing was subsequently used to confirm the genetic identity of the strain.

DNA methods. Staphylococcal cells were lysed by lysostaphin treatment at
37°C for 30 min, and genomic DNA was isolated using the Qiagen (Valencia,
CA) DNeasy kit. General DNA manipulations were performed by standard
procedures (1).

Whole-g q ing and annotation of S. epidermidis FRI909. FRI909
was sequenced by 454 FLX pyrosequencing (Roche Applied Science, Indianap-
olis, IN) to 20-fold coverage across the genome. Sequence assembly was com-
pleted using GS De Novo Assembler software (Roche) and resulted in 69 contigs
greater than 500 bp, ranging from 558 bases to 293 kbp. The genome sequences
linking the contigs comprising the S. epidermidis pathogenicity island (SePI) and
$909 were confirmed by Sanger dideoxy sequencing (see the footnotes to Tables
1 and 2). Genome annotation of Staphylococcus epidermidis FRI909 was per-
formed at The Institute for Genomic Sciences (IGS), University at Maryland
School of Medicine, using the IGS Annotation Engine (http://ae.igs.umaryland
.edu/cgi/index.cgi). The genomes of Staphylococcus epidermidis ATCC 12228 and
RP62A were downloaded from GenBank. Coding sequences with at least 50
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amino acids were extracted from GenBank files, and orthologs and recent para-
logs were determined using OrthoMCL with the default parameter set (i.e., a
BLAST E value cutoff of 1e—5 and an inflation parameter of 1.5) (19). Briefly,
all-against-all BLASTp searches were first performed to reveal putative pairs of
orthologs or recent paralogs based on reciprocal BLAST. Recent paralogs are
defined as genes within the same genome that are reciprocally more similar to
each other than to any sequence from another genome. BLAST P values were
converted to a normalized similarity matrix by OrthoMCL. The matrix was
analyzed by MCL, a Markov Cluster algorithm based on probability and graph
flow theory (http://www.micans.org/mcl/), to generate a set of clusters. Each
cluster contained a set of orthologs and/or recent paralogs.

Identification of a SEC-encoding genetic fragment. Staphylococcus epidermidis
FRI909 was originally isolated from a human source and was identified as an
enterotoxin C-producing CoNS (22). The presence of a sec gene in FRI909 was
confirmed by PCR amplification and DNA sequencing with primers correspond-
ing to sec3 (17). To identify the chromosomal region containing sec, FRI909
genomic DNA was digested with HindIII and was analyzed by Southern blotting
using an alkaline phosphatase-labeled 500-nucleotide (nt) internal sec3 fragment
(17). The sequence of the 10-kb genomic restriction fragment containing the sec
gene was determined by sequencing a series of deletion products generated using
the Erase-A-Base system (Promega, Madison, WI). The remaining sequence of
the SePI element was determined after genome sequencing of FRI909 by 454
FLX pyrosequencing.

PCR screen of S. epidermidis clinical isolates for SePl. S. epidermidis clinical
isolates recovered in cases of bacteremia were obtained from hospitals in the
Kaleida Health System of Western New York. Two hundred isolates were from
monomicrobial S. epidermidis infections. Six isolates were from mixed S. epider-
midis-S. aureus infections. The isolates were screened for the presence of a
SePI-like island by multiplex PCR amplification of nine S. aureus enterotoxin
genes (including sec3 and sell) and three genes within the core of the SePI
element: (i) the SePI integrase (GSEF_0619), (ii) a SaPI-like packaging protein
(GSEF_0617), and (iii) a hypothetical SaPI protein (GSEF_0613) homologous to
MWO0756, which is found within the SaPImw3 of MW2.

RNA extraction and RT-PCR. Bacteria were grown overnight in BHI and were
diluted 1:100 in fresh medium. Culture aliquots were removed at specified time
points and were added to RNAProtect Bacteria reagent (Invitrogen, Carlsbad,
CA). Total RNA was isolated from samples by bead-beating cultures in lysing
matrix B tubes (MP Biomedicals, Solon, OH) with Trizol (Invitrogen), followed
by chloroform extraction from the aqueous phase and precipitation in isopropa-
nol. Extracted RNA was treated with RNase-free DNase (Ambion, Austin, TX)
in order to remove any contaminating genomic DNA and was purified on
RNeasy columns (Qiagen). Complete removal of contaminating DNA was con-
firmed by PCR. Clean RNA was quantified spectrophotometrically and was
subsequently used for quantitative reverse transcription-PCR (qRT-PCR) using
the MyiQ SYBR green detection system (Bio-Rad, Hercules, CA). S. aureus
N315 was used as a positive control for SEC3 production. For each time point,
fold changes in gene expression were calculated relative to the expression of the
internal control genes for 16S rRNA and DNA gyrase A.

Generation of an anti-SEC3 antibody. To generate anti-SEC3 sera, SEC3 was
purified from cultures by using preparative isoelectric focusing as described
previously (10). New Zealand White rabbits (Simonsen Laboratories, Gilroy,
CA) were immunized biweekly with SEC3. One week after the fourth boost, sera
were harvested and pooled.

Western blotting. Bacterial cultures were grown as for the RT-PCR experi-
ments described above. Ten-milliliter samples from cultures were pelleted
(16,000 < g, 10 min) at the time points specified in Fig. 3C. Supernatants were
sterilized with 0.45-um-pore-size filters (Millipore, Bedford, MA), and were
concentrated to a 100-ul volume with Amicon Ultra-15 concentration units
(Millipore) by centrifugation at 5,000 X g for 15 min. Samples were boiled in
sodium dodecyl sulfate (SDS) sample buffer, subjected to SDS-polyacrylamide
gel electrophoresis (PAGE) (10% polyacrylamide gels), and transferred to Im-
mobilon-P membranes (GE Healthcare, Piscataway, NJ). After being blocked
with 2% skim milk in TTBS (20 mM Tris-HCI [pH 7.4], 150 mM NaCl, 0.05%
Tween 20), membranes were incubated with anti-SEC3 (see above) or anti-SEL
sera, followed by a horseradish peroxidase-conjugated anti-rabbit IgG (GE
Healthcare). Proteins were visualized using a chemiluminescence detection kit
according to the manufacturer’s directions (Pierce, Rockford, IL).

Bacteriophage induction, transduction, and DNA extraction. Bacteria were
grown to an optical density at 600 nm (ODgq) of 0.45 and were induced by the
addition of mitomycin C (Sigma-Aldrich, St. Louis, MO) at a final concentration
of 5 pg/ml. Cultures were grown aerobically at 37°C for 16 h in order for
complete lysis to occur. The resultant lysates were used for electron microscopy.
Lysates were filter sterilized (with 0.45-pm-pore-size filters) and were used to
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FIG. 1. (A) Genome alignment and ortholog comparison of S. epi-
dermidis FRI909 with S. epidermidis RP62a and ATCC 12228, whose
genomes have been completely sequenced. (A) Alignment of the S.
epidermidis FRI909 and RP62a genomes shows the positions of
FRI909 SePI and $909 relative to each other and to RP62a $SP@ and
type II SCCmec. The SePI is inserted into the tmRNA region of
FRI909. (B) Venn diagram showing the number of orthologous groups
in each genome, as well as the common and unique clusters identified.

transduce recipient strain S. epidermidis HER1292 as described in the literature
(25). Phage DNA was extracted by standard methods (1). Briefly, purified phage
particles were treated with DNase to remove any contaminating genomic DNA,
followed by phenol-chloroform extraction and isopropanol precipitation of
phage DNA. PCR to test for the presence of SePI-1 in this DNA was performed
using primers for gyr4 (to confirm the absence of genomic DNA), the portal gene
(phage), and SEC3.

Electron microscopy. Bacteriophages were pelleted by centrifugation at
70,000 X g for 1 h, washed twice with ammonium acetate solution (100 mM), and
resuspended in 4 mM CaCl,-1 mM MgCl,. The sample was adsorbed onto a
carbon grid and was negatively stained using 2% sodium phosphotungstate (pH
7.0). The sample was air dried and examined at a magnification of X85,000 on a
JEOL 100 CX2 transmission electron microscope.

Nucleotide sequence accession numbers. The results of this Whole Genome
Shotgun project have been deposited at DDBJ/EMBL/GenBank under accession
number AENR00000000. The version described in this paper is the first version,
AENR01000000. Nucleotide sequences and annotation for the S. epidermidis
FRI909 SePI element and the $909 bacteriophage are included in this accession.

RESULTS

Taxonomic placement of strain FRI909. Because S. epider-
midis FRI909 was isolated from a human source (22) and
previous studies have raised concerns about the species iden-
tity of clinical CoNS isolates based on phenotypic characteris-
tics (16, 24), we confirmed the genotype of S. epidermidis strain
FRI909 by PCR-RFLP of gap, sequencing of fuf, and multilo-
cus sequence typing (MLST) (21).

Comparison of the S. epidermidis FRI909 genome to those of
sequenced strains. Contigs assembled from genome sequenc-
ing were annotated using the IGS annotation engine. The
alignment of the FRI909 draft genome sequence with the ge-
nome sequence of S. epidermidis RP62a and the locations of
SePI, $909, ¢$SPB, and the type II staphylococcal cassette
chromosome mec element (SCCmec) are indicated in Fig. 1A.
SePI and $909 are unique to S. epidermidis FR1909. SPB and
the type II SCCmec are unique to S. epidermidis RP62a. Fam-
ilies of orthologous gene groups were identified by comparison
to the two completely sequenced S. epidermidis genomes, those
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of ATCC 12228 and RP62a. As shown in the Venn diagram in
Fig. 1B, FRI909 contains 15 unique orthologous groups (see
Table S1 in the supplemental material) not present in the other
two genomes. Several hypothetical proteins were identified in
these groups, along with clusters of mobilization proteins that
appear to be chromosomal remnants of a plasmid that may
have integrated into the genome and undergone rearrange-
ments. Interestingly, some of these mobilization proteins also
flank a putative CRISPR locus identified in the genome. The
only other significant unique group consists of the genes pres-
ent on SePI-1, corresponding to the enterotoxins and SaPI-like
elements identified on this pathogenicity island. The bacterio-
phage present in S. epidermidis FRI909 is clustered with or-
thologous phage genes from the bacteriophage present in S.
epidermidis RP62a.

Sequence analysis and identification of a genomic island.
Multiplex PCR was used to screen the FRI909 genome for
nine staphylococcal superantigens (see Table S2 in the supple-
mental material). The strain tested positive only for sec and sell
(data not shown). Sequencing and additional PCR with prim-
ers specific to sec3 and sell confirmed the presence of these two
toxins. Because these two toxin genes are typically associated
with mobile pathogenicity islands flanked by att sites in S.
aureus, the sequences of regions flanking the toxin genes were
determined. We identified a novel genomic sequence of about
20.5 kb inserted at the transfer-messenger RNA (tmRNA)
gene of S. epidermidis FRI909, just downstream of the SsrA
binding protein (identical in sequence to the corresponding
region of the sequenced genome of S. epidermidis RP62a;
SERP0451 is the locus identification [ID] for ssr4, and
SERP_SetmRNA1 is the locus ID for tmRNA, in RP62a, while
GSEF _0621 is the locus ID for ssz4 in FRI909). The tmRNA
region is associated with the insertion of foreign genetic ele-
ments in the genomes of several bacteria, and the insertion of
the pathogenicity island pSaa3mw (called SaPImw2 by Novick
et al. [27]) in S. aureus MW?2 occurs in an identical region (2).
As described below, the presence of multiple transposases and
repeat sequences, along with the mixed S. aureus and S. epi-
dermidis sequence in this region, suggests that more than one
insertion and recombination event have led to the formation of
this SePI. Considering the gene organization of this composite
genomic island, we propose that it comprises two distinct re-
gions, as shown in Fig. 2A. The first of these is SePI-1, a
classical pathogenicity island that shows significant homology
to the enterotoxin-bearing SaPIs, and the second is SeCI-1 (S.
epidermidis chromosomal insertion 1), an IS7272-like region
flanked by 73-bp direct repeats, which contains multiple trans-
posases and several exported S. aureus proteins.

Chromosomal integration site and comparison to known
SaPIs. SePI-1 is a 9.6-kb region flanked by direct repeats that
encompasses the two superantigen genes. The 14-bp direct
repeats (DR1) defining the ends of SePI-1 (Fig. 2A) are iden-
tical to the att sequences of SaPImw2 in S. aureus MW2 and to
those of three other known SaPIs (2, 27). The map of SePI-1
includes 11 open reading frames (ORFs) identified on the
basis of homology to known sequences (Fig. 2A; Table 1). The
putative SEC3 gene identified bears 95% identity to previously
sequenced SEC3 genes from S. aureus. It differs at 12 amino
acid residues from the SEC3 gene of S. aureus Mu3. However,
none of these residues lie in the Zn-binding or T-cell receptor
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FIG. 2. Sequence and ORF map of the composite SePI and comparison with sequenced SaPIs. (A) The 20.5-kb mobile genetic element is
inserted into the tmRNA region of S. epidermidis FRI909, between the SsrA-binding protein (GSEF_0621) and a Na™-transporting ATPase
(GSEF_0143). This island appears to be the product of two independent insertional events, one resulting in the insertion of SePI-1 (flanked by
14-bp attL and attR direct-repeat sequences) and the other in a transposon-mediated insertion. The second insertion, SeCI-1, is flanked by 73-bp
direct-repeat sequences and comprises several S. aureus proteins not found in sequenced S. epidermidis genomes. A list of ORFs and predicted
functions is presented in Table 1. (B) For comparison to the composite SePI, ORFs in SaPImw2, SaPIn315, and SaPIbovl, which have been

functionally characterized (31, 32), are shown.

binding domains, suggesting that functional differences are
unlikely. The crystal structure of FRI909 SEC3 has also been
described previously (4). The SEIL gene is 97% identical to
known S. aureus SEIL genes, and its product differs at 6 amino
acid residues from the S. aureus gene product.

An integrase at the left-hand junction of this putative patho-
genicity island is 92% identical to the integrase in genomic
island SaPImw2, present in S. aureus strain MW2 (2). Al-

though SePI-1 ORF3 occurs in a context and at a location
similar to those of the regulatory st/ gene in SaPlIs, it bears no
sequence homology to s#l. Other genes within the island en-
code a terminase and four of the packaging proteins associated
with sequenced SaPIs, as shown in Table 1. For purposes of
comparison with the SePI ORFs, the ORFs of sequenced
SaPIs are shown in Fig. 2B.

The presence of another set of direct-repeat sequences of 73
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TABLE 1. ORFs identified in genomic islands and the SeP1? in S. epidermidis FRI909

Size Size . . Most significant database . % aa
ORF’ Locus ID bpy (kDo) Predicted function o (E value) (;rjrirllatﬁy :

1 GSEF_0620 231 9.12 Unknown Hypothetical protein SERP0452, S. epidermidis 99 (99)
RP62a (1e—36)

2 GSEF _0619 945 44.5 Integrase Integrase, S. aureus MW2 genomic island 92 (97)
Saa3mw (5e—173)

3 GSEF _0618 297 12.7 Unknown No significant match

4 GSEF_0617 477 26 Packaging protein, SaPI ORF007, S. aureus SaPI11028 (7e—25) 38 (62)

5 GSEF_0616 336 21 Packaging protein, SaPI ORFO010, S. aureus SaP11028 (4e—25) 58 (78)

6 GSEF_0615 342 13.8 Packaging protein, SaPI ORFO014, S. aureus SaPI11028 (2e—14) 35(62)

7 GSEF_0614 492 227 Terminase, small subunit ORF009, S. aureus SaP11028 (6e¢—54) 64 (83)

8 GSEF_0613 999 39 Hypothetical S. aureus protein Hypothetical protein MWO0756, S. aureus MW2 37 (64)
(4e—60)

9 GSEF_3000 582 223 Hypothetical S. aureus protein Hypothetical protein MWO0757, S. aureus MW2 50 (71)
(5e—23)

10 GSEF_0163 801 31.9 Enterotoxin C3 Enterotoxin type C3, S. aureus Mu50 (9e—141) 95 (97)

11 GSEF_0162 1,423 67 Transposase Putative transposase, S. epidermidis ATCC 12228 97 (99)
(0.0)

12 GSEF_0161 723 288 Enterotoxin L Extracellular enterotoxin L, S. aureus Mu50 97 (98)
(1e—122)

13 GSEF_0160 1,014 404 Transposase ISSep-1-like transposase, S. aureus (0.0) 98 (98)

14 GSEF 0159 60 2.4 Hypothetical protein Hypothetical protein, S. epidermidis (0.061) 90 (95)

15 GSEF_0158 309 18.8 Hypothetical S. aureus protein Hypothetical protein, S. aureus USA300 (1e—18) 52 (68)

16 GSEF_0157 261 22.7 Terminase, small subunit Terminase small subunit, S. aureus MRSA252 69 (82)
(5e—23)

17 GSEF _0156 438 17.7 Hypothetical S. aureus protein Hypothetical protein SAR1890, S. aureus 56 (75)
MRSA252 (6e—31)

18 GSEF_0155 747 64.3 Hypothetical S. aureus protein Hypothetical protein SAR1895, S. aureus 49 (68)
MRSA252 (3e—46)

19 GSEF _0154 429 17.8 Hypothetical S. aureus protein Hypothetical protein SAR1894, S. aureus 38 (64)
MRSA252 (3e—19)

20 GSEF _0153 1,527 64.3 Hypothetical S. aureus protein Hypothetical protein SAR1895, S. aureus 46 (66)
MRSA252 (1e—77)

21 GSEF_0152 300 11.8 Hypothetical S. aureus protein Hypothetical protein SAR1896, S. aureus 47 (72)
MRSA252 (1e—17)

22 GSEF_0151 426 17.04  Hypothetical protein Conserved hypothetical protein, S. epidermidis 48 (69)
W23144 (1e—32)

23 GSEF_0150 339 13.56  Hypothetical protein Conserved hypothetical protein, S. epidermidis 75 (84)
W23144 (2e—30)

24 GSEF_0149 405 16.2 Conserved hypothetical protein ~ Conserved hypothetical protein, S. epidermidis 96 (99)
W23144 (1e—38)

25 GSEF_0148 168 6.72  Unnamed protein product Hypothetical protein SH1800, S. haemolyticus 87 (94)
JCSC1435 (5e—20)

26 GSEF_0147 141 5.64  Unnamed protein product Hypothetical protein SH1800, S. haemolyticus 88 (95)
JCSC1435 (2¢e—13)

27 GSEF_0146 354 18.8 Hypothetical S. aureus protein Hypothetical protein, S. aureus USA300 (6e—13) 62 (75)

28 GSEF _0145 468 19.1 Hypothetical S. aureus protein Hypothetical protein MW0372, S. aureus MW2 46 (60)
(1e—23)

29 GSEF _0144 738 29.5 Amidohydrolase 2-pyrone-4,6-dicarboxylic acid hydrolase, S. 45 (64)

haemolyticus (9e—07)

“ The SePlI is encoded on two separate contigs: (i) GSEF_144_163 (contig 00004) and (ii) GSEF_0613-620 (contig 00011). The sequence (GSEF_3000) linking contigs

00004 and 00011 was confirmed by Sanger sequencing.

® ORFs not in consecutive numerical order were manually reannotated after initial automated annotation.

bp (DR2) flanking transposase elements and several exported
proteins from S. aureus, suggests the occurrence of at least one
other insertion event in this region of the FRI909 chromosome
(Fig. 2A). The element flanked by DR2, termed SeCI-1, is
similar to IS7272, which is also flanked by direct repeats and
contains transposase genes, but bears no further similarity to
known pathogenicity-associated or other genomic islands. To-
gether, SePI-1 and SeCI-1 form the composite genomic island
seen in strain FRI909.

Searches of the two sequenced S. epidermidis genomes re-

veal that strain ATCC 12228 contains 19 copies of the 73-bp
repeat flanking SeCI-1 and that 1 of these is at the same
genomic location (upstream of Na™-transporting ATP syn-
thase) as that in FRI909. The short 14-bp direct repeat is also
found in ATCC 12228, at the same genomic location as that in
FRI909 (downstream of the SsrA-binding protein).
Expression of enterotoxins SEC3 and SEIL. Although pre-
vious studies have identified enterotoxin genes in CoNS (5, 7),
the potential regulatory mechanisms and expression of these
genes in non-S. aureus strains have not been examined. Ex-
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pression of the SEC3 gene from this region was confirmed by
Northern blotting (data not shown), and qRT-PCR was per-
formed to identify possible growth-dependent regulation (Fig.
3B). SEC3 expression appears to increase significantly toward
late-log phase and early-stationary phase (Fig. 3C), slightly
later than the peak of expression observed with a control S.
aureus strain, N315. Similar results were obtained with SEIL
(data not shown), and transcriptional expression was corrobo-
rated by translational studies with Western immunoblotting for
both enterotoxins (Fig. 3C). While the regulation and signifi-
cance of this pattern of toxin expression have yet to be eluci-
dated, the virulence potential of this genomic island is evident
in the expression of the two toxin genes present.
Mobilization. Both transduction and conjugation are known
to function in the horizontal transmission of accessory genes in
S. aureus. Since superantigen toxins and SaPIs are most fre-
quently mobilized by bacteriophage, there is a strong possibil-
ity that interspecies transfer also occurs by similar mechanisms.
We tested the phage-related excision and packaging of SePI-1
by mitomycin C treatment. A previously unknown S. epidermi-
dis bacteriophage was identified in the culture lysate. Purified
phage particles studied by transmission electron microscopy
revealed symmetrical icosahedral heads (diameter, approxi-
mately 60 nm), flexible banded tails, and end plates (Fig. 4B).
All induced phage particles were identical in size, suggesting
that even if packaging of SePI-1 occurs in conjunction with this
temperate phage, the small phage heads characteristically ob-
served in SaPI transduction (30) are unlikely to be formed. The
insertion of SeCI-1 interrupts the SePI-1 sequence with an S.
epidermidis transposase, disrupting the SaPI ORFs implicated
in the formation of smaller infectious SaPI phage particles (30,
32). This does not rule out the possibility that SePI-1 may be
excised and packaged at a lower frequency in normal phage
particles. PCR was performed on purified phage DNA using
primers designed to amplify both the SePI-1 SEC3 gene and
the phage-specific portal gene as a positive control. The ab-
sence of contaminating genomic DNA was confirmed by using
gyrA as a negative control. Phage DNA gave a 600-bp product
only for the portal gene, suggesting that SePI-1 is not packaged

as part of the phage DNA (Fig. 4C). PCR to test SePI-1
excision and circularization, and Southern blotting to check for
SePI-1-specific bands upon phage excision, gave negative re-
sults (data not shown), suggesting that SePI-1 is unlikely to be
mobilized by a temperate phage in the SaPI-like excision-
replication-packaging mechanism (32). Although we also iden-
tified plasmids in S. epidermidis strain FRI909, conjugative
transfer of genomic elements to recipient strains RP62a and
HER1292 was not seen at any discernible frequency (data not
shown).

Phage genome. Since the 9.6-kb SePI-1 element is inter-
rupted by a transposon not typically seen in SaPI sequences, it
is possible that this genomic island was mobilized by a bacte-
riophage from S. aureus into S. epidermidis FRI909 but can no
longer be mobilized due to the transposase interruption. The
complete genome sequence of the endogenous prophage in S.
epidermidis FRI909 was compared to those of known S. epider-
midis bacteriophage and SaPI-associated temperate phages
from S. aureus. Overall, this previously unidentified phage
bears greater sequence homology to S. aureus phages than to
the two phages in sequenced S. epidermidis genomes (9), as
evidenced by the database matches in Table 2. The 30,124-bp
genome contains 29 putative ORFs and has an AT-rich ge-
nome (GC content, 28%), which is comparable to other staph-
ylococcal phage genomes, both in S. aureus and in S. epider-
midis. A complete list of genes and their closest database
matches appears in Table 2. The phage genome appears mod-
ular, organized as genes involved in lysis, lysogeny, and DNA
replication and modification, followed by structural genes for
capsid formation and assembly and for head and tail morpho-
genesis (Fig. 4A). Despite the similarity of the FRI909 phage
to S. aureus temperate phages, its genome sequence indicates
that it is not one of the many temperate phages with a well-
defined relationship to the SaPlIs.

Screening for SePl-like elements in S. epidermidis clinical
isolates associated with bacteremia. To determine if acquisi-
tion of the SePI element by FRI909 was an isolated or rare
event, we screened more than 200 S. epidermidis bacteremia
isolates for the presence of nine S. aureus enterotoxins as well
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FIG. 4. Sequence and ORF analysis of the temperate bacteriophage ¢$909 in S. epidermidis FRI909. (A) The $909 bacteriophage insertion is
found immediately downstream of the FemC/glutamine synthetase gene (SERP0876 in RP62a; GSEF_0257 in FRI909), a site distinct from the
composite genomic island containing SePI-1. The genome shows conserved regions corresponding to those seen in S. aureus phages. (B) Ultra-
structure of the bacteriophage showing intact phage particles. Transmission electron microscopy reveals isometric heads (diameter, 60 nm) with
long, banded tails and end plates. Arrows mark end plates on tails. (C) PCR amplification of toxin genes from phage DNA and bacterial genomic
DNA (gDNA). Lanes 1 and 4, gyr4; lanes 2 and 5, the SEC3 gene; lanes 3 and 6, porF; lane M, marker.

as the SePI integrase (GSEF_0619), a SaPI-like packaging
protein (GSEF_0617), and a hypothetical SaPI protein
(GSEF_0613) homologous to MW0756, which is found within
SaPImw3 of MW?2 (see Table S2 in the supplemental material).
Two hundred of these isolates were from patients with mo-
nomicrobial S. epidermidis infections. Six were from patients
with mixed S. epidermidis-S. aureus infections, an environment
likely to promote the transfer of pathogenicity islands between
these two species. None of the isolates contained enterotoxins,
the SePI integrase, or the SaPI-like packaging proteins. The
absence of sec3 and sell in the isolates suggests that the SePI
element we describe is unique to FRI909. The absence of the
SePI integrase and SaPI-like packaging proteins in the bacte-
remia isolates suggests that SePI-like elements that do not
encode these enterotoxins occur rarely in S. epidermidis.

DISCUSSION

Early reports of the presence of superantigen toxins in CoNS
have been based primarily on phenotypic tests for coagulase
production and subsequent identification of the toxin genes
(5). Later studies contradicting these results suggest that co-
agulase production is not an adequate means of classification
for the staphylococci (16). More-recent reports of enterotoxins
and other superantigens in CoNS have also based the classifi-
cation of clinical isolates predominantly on phenotypic criteria

rather than on genotypic characterization and MLST. Since
toxin-containing coagulase-negative S. aureus strains have
been reported in the literature (24), and it is known that
clinical isolates of bacteria tend to show greater phenotypic
variability than laboratory strains, MLST or another method of
genotypic characterization is of great importance to any studies
of toxin gene distribution in staphylococcal species.

Although previous studies have identified superantigen
genes in CoNS, their genomic location in other species has not
been analyzed so far. Our results suggest that they can occur in
more diverse genetic contexts than just the specialized patho-
genicity islands exclusive to S. aureus. The SaPIs, as described
thus far, all contain specific ORFs to hijack temperate phage
function for the structural proteins required for SaPI packag-
ing. They do not encode functions beyond these 20 or so
OREFs, att sequences, and toxin genes. Little is known about
the evolutionary processes that have resulted in the current
composition of SaPIs, and they are usually regarded as highly
specialized temperate phages. So far, there have been no re-
ports of superantigen gene mobilization by means other than
transduction or by mobile elements other than phages.

Compared to the specialized transfer mechanism of SaPlIs,
other virulence-associated accessory genes in staphylococci
and the related enterococci are transmitted by genomic ele-
ments that are more variable, both in their structures and in
their sources. Antibiotic resistance genes, for example, are
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TABLE 2. Genome organization of S. epidermidis FRI909 temperate bacteriophage $909*

. % aa
ORF Locus ID nge Predicted function Most significant database match (E value) identity
(®p) (similarity)
1 GSEF_0256 1,125 Integrase Bacillus cereus E33L, integrase (9e—66) 39 (58)
2 GSEF_0255 372 Unknown Macrococcus caseolyticus JCSC5402 integrase, MCCL_0938 43 (65)
(8e—86)
3 GSEF_0254 351 Repressor S. aureus phage 80, Cl-like repressor (3e—22) 67 (85)
4 GSEF 0253 237 Repressor S. aureus phage $PVL108, cro-like repressor (S5e—29) 83 (88)
5 GSEF_0252 279 Unknown S. epidermidis M23864:W1 unknown, HMPREF0793_2053 (1e—33)  72(89)
6 GSEF_0251 156 Hypothetical No significant match 0
7 GSEF_0250 204 Hypothetical No significant match 0
8 GSEF_0249 165 Hypothetical No significant match 0
9 GSEF_0248 210 Unknown S. aureus phage 96, ORF086 (2.4e—20) 68 (80)
10 GSEF_0247 192 Membrane protein S. epidermidis W23144, unknown, HMPREF0791_1646 (5¢—12) 55 (77)
11  GSEF_0246 267 Unknown S. aureus A9635, unknown, SALG_01528 (2e—30) 49 (70)
12 GSEF_0245 396 ssDNA binding protein® S. aureus phage 80a, ssDNA binding protein (8¢—32) 57 (79)
13 GSEF_0244 903 DNA replication S. aureus USA300, DnaD DNA replication protein, 43 (58)
HMPREF0776_0149 (3e—53)
14 GSEF_0243 312 Unknown S. aureus phage 80a, gp26 (0.52) 30 (50)
15 GSEF_0242 300 Membrane protein S. epidermidis W23144, unknown, HMPREF0791_1646 (5¢—12) 55 (77)
16 GSEF_0241 225 Unknown Clostridium botulinum strain E3, acetyltransferase, CLH_0023 (7.9) 37 (56)
17 GSEF_0240 252 Positive control factor Bacillus sp. positive control sigma-like factor (1.3e—7) 42 (57)
18  GSEF_1849 144 RNA polymerase Bacillus pumilus ATCC 7061, RNA polymerase sigma factor 33(53)
(6e—19)
19 GSEF_1848 393 Unknown Nitrobacter winogradskyi Nb-255, dehydrogenase, Nwi_0422 (2.5) 26 (39)
20 GSEF_1847 357 HNH endonuclease S. aureus phage $SLT, $SLTp37 (2e—21) 57 (68)
21 GSEF_1846 402 Unknown Bacillus anthracis conserved hypothetical protein (3e—16) 53(79)
22 GSEF_1845 1,716 Terminase B. anthracis prophage LambdaBa01, terminase large subunit 61 (78)
(3e—144)
23 GSEF_1844 1,227 Portal protein Phage portal protein, Clostridium botulinum (6e—80) 39 (62)
24  GSEF 1843 1,251 Major capsid protein Phage protein, Clostridium perfringens (2e—061) 33(53)
25 GSEF_1842 288 Unknown Hypothetical protein SA1771, S. aureus phage $N315 (2¢—08) 32(59)
26 GSEF 1841 339 DNA packaging QIrG family phage protein (6e—07) 40 (61)
27 GSEF_1840 1,557 Unknown S. epidermidis RP62a, unknown, SERP2279 (7.4e—273) 97 (98)
28 GSEF _ 1839 414 Unknown Hypothetical protein SA1770, S. aureus phage $N315 (2e—16) 37 (59)
29 GSEF_1838 660 Tail protein, structural Major tail protein, S. aureus phage $SLT (5e—30) 35 (61)
30 GSEF_1837 351 Unknown Bacillus subtilis, conserved hypothetical protein (4e—04) 33(57)
31 GSEF _ 1836 1,509 Glycosyl transferase S. epidermidis ATCC 12228, SE2243, lipopolysaccharide 97 (99)
biosynthesis protein (2.5e—265)
32 GSEF_1835 4,491 Tail tape length measure Tail tape length measure protein, S. aureus USA300_TCH1516 41 (59)
(0.0)
33 GSEF_1834 825 Putative holin Holin-like protein, S. aureus phage $12 (8e—47) 37 (54)
34 GSEF_1833 1,179 Structural protein Minor structural protein, Listeria monocytogenes phage (3e—74) 40 (62)
35 GSEF _ 1832 597 Conserved phage protein S. aureus phage 187, ORF019 (7e—60) 53 (64)
36 GSEF_1831 1,017 Acylhydrolase, putative structural S. aureus phage 187, putative protein (3e—93) 55(71)
component
37 GSEF_1830 1,278 Minor capsid protein S. aureus phage 187, ORF006 (1le—21) 49 (70)
38 GSEF_1829 177 Putative membrane protein S. epidermidis ATCC 12228, SE2234 (2.9¢—24) 100 (100)
39 GSEF_1828 246 Holin S. epidermidis phage lysis holin (1le—13) 50 (72)
40 GSEF_1827 918 Amidase Bacillus sp., N-acetylmuramoyl-L-alanine amidase (8e—24) 37 (54)
41 GSEF_1826 774 Unknown Staphylococcus phage 52A, ORF013 (3e—25) 41 (58)
42 GSEF_1825 2,859 Phage infection protein S. epidermidis RP62a, SERP2262 (0e—0) 99 (99)
43 GSEF_1824 331 Unknown Hypothetical protein SAB1174, S. aureus RF122 (1e—56) 77 (90)

“The phage is encoded on two separate contigs: (i) GSEF_1824 to GSEF_1849 (contig 00040) and (i) GSEF_0240 to GSEF_0256 (contig 00006). The sequence

linking contigs 00040 and 00006 was confirmed by Sanger sequencing.
 s$sDNA, single-stranded DNA.

known to be mobilized between S. aureus strains by chromo-
somal elements, from S. epidermidis to S. aureus by conjugative
plasmids, and from enterococci to S. aureus by conjugative
processes (12, 15, 34). Vancomycin resistance elements (VRE)
are mobilized from Enterococcus spp. to S. aureus by conjuga-
tive plasmids (34). Interestingly, although the VRE in Entero-
coccus spp. bear the hallmarks of a classical excision-replica-
tion-integration pathway (af sequences, integrase, terminase),

none of these features are involved in the process of mobili-
zation into S. aureus (28). The conjugative process that trans-
fers these resistance genes into the S. aureus genome operates
exclusively between enterococci and S. aureus.

Similarly, the arginine catabolic mobile element (ACME) re-
ported in the S. aureus USA300 genome is actually more preva-
lent in S. epidermidis strains and is mobilized only from S. epider-
midis to S. aureus, not between S. aureus strains (11). Like the
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VRE, this 57-kb composite island is interspersed with direct and
inverted repeats and is a result of the insertion of three separate
pieces of foreign DNA into the same region of the S. epidermidis
genome.

Further, S. aureus itself is known to contain large nonmobile
genomic islands encoding enterotoxin-like genes. Even though
these are widespread among S. aureus strains, they are typically
not taken into account in discussions of the mobilization of su-
perantigen genes, since their horizontal transfer has not been
demonstrated.

The stability and transmissibility of the accessory gene pool
of a species may be significantly impacted by core genomic
factors. Natural competence in many species is a function of,
and is regulated by, the core genome. A recent report by
Marraffini and Sontheimer also shows that sequence-directed
immunity against bacteriophages can reduce conjugative gene
acquisition in S. epidermidis (23). Other research has demon-
strated that SaPI transduction to S. epidermidis occurs much
less frequently than to L. monocytogenes (3).

Our results are the first conclusive evidence of the stable hor-
izontal acquisition of virulence-associated mobile elements in an
S. epidermidis genome. Although we have screened more than 200
other clinical S. epidermidis isolates, we have found no evidence of
enterotoxins or SePI-like genomic elements in these other strains.
In this context, the multiple insertions of chromosomal pathoge-
nicity islands, truncated plasmids, transposases, and bacterio-
phage in S. epidermidis FRI909 are especially significant, and a
closer examination of the whole genome may provide insights into
the evolutionary pressures and core genomic components that
have enabled the stabilization of the staphylococcal pathogenicity
island SePI-1 in this genome.
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