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ABSTRACT
Staphylococcal food poisoning (SFP), one of the commonest food-borne diseases, results from the
ingestion of one or more staphylococcal enterotoxins (SEs) produced in foods by Staphylococcus
aureus. In the present study, 203 S. aureus strains originating from 83 outbreaks that had occurred in
Tokyo were examined for their coagulase type and genotype of SEs to analyze their molecular
epidemiological characteristics. The representative subsets of the 83 S. aureus isolates were analyzed
by multilocus sequence typing (MLST) and S. aureus pathogenicity island (SaPI) scanning. The
isolates were integrated into eight specific clonal complexes (CC) s; CC81, CC8, CC6, CC5, CC508,
CC59, CC20 and CC30. The profiles of the coagulase type, SE/SEl genotype and the suspected type of
enterotoxin-encoding mobile genetic element (MGE) indicated a correlation with each CC. SaPI
scanning showed fixed regularity between the distributions of genomic islands, including SaPIs, and
the phylogenetic lineage based on MLST. These results indicate that the S. aureus isolates, which
classified into eight CCs, have distinguishable properties concerning specific coagulase type,
enterotoxin genotype and MGE type. Strains of S. aureus harboring these particular elements possess
the potential to cause SFP.

Key words clonal complex, coagulase type, enterotoxin genotype, Staphylococcus aureus pathogenicity island
scanning.

Staphylococcal food poisoning, one of the most
prevalent food-borne intoxications, follows ingestion
of enterotoxins produced by Staphylococcus aureus. SFP
induces rapid onset of symptoms that include nausea
and vomiting, with or without diarrhea (1, 2). SFP is

usually self-limiting, but occasionally becomes severe
enough to warrant hospitalization. According to data
from the Ministry of Health, Labour and Welfare,
approximately fifty SFP outbreaks are reported per year
in Japan (3). Recently, approximately five SFP outbreaks
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per year have been reported in Tokyo (4). In 2000, one of
the largest outbreaks of SFP involving 13,420 cases
occurred in the Kansai district of Japan. This outbreak
was caused by low-fat milk contaminated with a toxin
produced by S. aureus (5). Because SFP occasionally
causes large-scale outbreaks, S. aureus should be
considered a hazard to public health.
Staphylococcal enterotoxins belong to a broad family

of SAGs. Many, but not all, SAGs possess the ability to
induce emesis and toxic shock syndrome (6–9). SAGs
that induce emesis in a primate model after oral
administration are designated as SEs, but SAGs which
have not been tested or observed for their emetic ability
in a primate model are designated as SEls (10, 11).
Twenty-three SEs and SEls have been identified,
designated SEA to SEE and SEG to SElX (1, 6, 12, 13).
Some of the genes for SAGs are encoded in accessory

genetic elements that are mobile or have previously been
mobile (6, 14, 15). MGEs include prophages, plasmids,
transposons, the highly variable genomic region nSab
and SaPIs. The MGEs are associated with the pathoge-
nicity and evolution of S. aureus (6, 14, 16).
Various techniques have been established for obtain-

ing information about the ecological and epidemiologi-
cal characteristics of S. aureus implicated in food
poisoning. A coagulase typing method has been used in
epidemiological investigations of S. aureus in Japan.
This method is based on the antigenicity of the coagulase
produced by S. aureus isolates (17, 18). S. aureus strains
possessing a specific CoaT have been the predominant
type isolated from certain cases (19). According to a
report by Shimizu et al., coagulase typing is useful for
identifying the source, studying mechanisms of trans-
mission and examining the dissemination of SFP
outbreaks (17).
Recently, a clonal analysis based on MLST has been

performed to elucidate the molecular epidemiological
characters of S. aureus (20–23).MLST is amethod based
on the nucleotide sequences of the internal fragments
of seven metabolic housekeeping loci (genomic core) of
S. aureus (24). Because of the slow evolutionarymodifica-
tionof the genomic core,MLSTprovides data that arewell
suited for epidemiological studies (20–23, 25, 26).
However, there is limited information about the clonal
analysis of S. aureus strains that cause SFP (27).
More than twenty varieties of SaPIs have been

reported since the first report in 1998 (6, 28–30). We
have established a SaPI scanning method that is able to
clearly identify SaPIs and to provide detailed characteri-
zation (28). SaPIs are MGEs with sizes of 14–17 kb and
are integrated into one of six different specific sites (80, 90,
180, 190, 440, and 490) on the chromosome (atts; 14, 29).
SaPIs form a coherent family in which highly conserved

core genes, such as integrase, a replication protein,
terminase and transcriptional regulatory proteins, are
responsible for mobility. In addition, almost all SaPIs
encode accessory genes, such as SAG and drug resistance
genes (29, 31).

In this study, we examined a collection of S. aureus
isolates originating from SFP outbreaks that occurred in
Tokyo to elucidate their epidemiological characteristics.
Our objectives were: (i) to clarify the phylogenetic
background of the isolates; and (ii) to investigate their
relationships according to genetic lineage, coagulase type
and possession of SE/SEl genes and SaPIs.

MATERIALS AND METHODS

Staphylococcus aureus strains

In all, 203 S. aureus strains were evaluated in this study.
These strains originated from 83 SFP outbreaks that
occurred from 1994 to 2012 in Tokyo, Japan. The strains
had been isolated from the feces and vomitus of patients,
the suspected foods or from swabs of the kitchen utensils
or fingers of workers in the restaurants or food
manufacturers involved in the cases. The genotypes
(se/sel) of the strains were determined by multiplex PCR
techniques reported previously (16, 32). The coagulase
types of the strains were determined using a staphylo-
coccal coagulase antiserum kit (Denka Seiken, Tokyo,
Japan). The criteria used to diagnose SFP were the
finding of identical genotypes and coagulase types in the
strains isolated from the patients and those isolated from
the food (or swabs) in the individual outbreaks.

DNA purification

S. aureus strains were cultured in BHI broth (Becton
Dickinson, Sparks, MD, USA) at 37 °C overnight with
shaking. Genomic DNA from cultured S. aureus cells
treated with lysostaphin (Wako, Tokyo, Japan) was
extracted using a QIAamp DNA purification kit (Qiagen
GmbH, Hilden, Germany) according to the manufac-
turer's instructions. The yield and purity of the extracted
DNA were determined by a NanoDrop 2000c spectro-
photometer (Thermo Fisher Scientific, Wilmington, DE,
USA).

Multilocus sequence typing

The MLST of the 83 representative isolates of the SFP
outbreaks was performed using a previously reported
method (24). Information about the seven loci of the
genome, the sequences of the primers and the conditions
used for PCR are available on the MLST database (33).
DNA sequencing was performed using a BigDye
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Terminator Ver. 3.1 Cycle Sequencing kit (Applied
Biosystems, Foster City, CA, USA) and an ABI 3100
capillary sequencer (Applied Biosystems). Allele num-
bers and STs were assigned using the above database.
CCs were defined using a software program, eBURST,
which is available from the above database.

SaPI scanning

Long and accurate PCR was performed using a
previously reported method (28) to determine whether
pathogenicity islands had been inserted into the 80, 90,
180, 190, 440 and 490 sites in the genome. The
amplification reactions were performed with a Ge-
neAmp PCR System 9700 (Applied Biosystems). The
presence of LA-PCR amplicons in the reaction products
was confirmed by electrophoresis using 0.7% SeaKem
GTG Agarose gels (Lonza, Rockland, ME, USA). The
LA-PCR amplicon was purified using a Monofas DNA
purification Kit (GL Science, Tokyo, Japan) and digested
with HindIII (2U, Takara, Kyoto, Japan) at 37 °C for
1 hr, after which the enzyme was inactivated by the
addition of a 10� loading buffer (Takara) to perform a
RFLP analysis. The digested products of the LA-PCR
amplicon were electrophoresed in 0.7% SeaKem GTG
Agarose gels (Lonza). To compare the electrophoresis
patterns of the digested products with the pre-
determined patterns, an in silico analysis was performed
using Genetyx software program, ver. 8 (GENETYX,
Tokyo, Japan) and National Center for Biotechnology
Information (34).

Phylogenetic analysis

The phylogenetic relationships among the S. aureus
strains were analyzed using concatenated MLST se-
quence data. A phylogenetic tree was constructed using
the neighbor-joining method (35), the bootstrapping
consensus being inferred from 1000 replicates and the
Kimura 2-parameter distance measured using the
MEGA5 software program (36).

RESULTS

Multilocus sequence typing of the
Staphylococcus aureus isolates originating
from SFP outbreaks in Tokyo and
relationships with the clonal complex,
coagulase type and SE/SEl genotype

The MLST analysis revealed 17 STs in the 83 isolates
originating from SFP outbreaks that occurred in Tokyo.
According to the results of eBURST analysis of the 17
STs, the 83 isolates were classified into eight CCs
(Figure 1), of which CC81 was the most common

(25.3%). The prevalence of the CCswas in the order CC8,
CC6, CC5, CC508, CC59, CC20 and CC30.

The CoaT of the isolates belonging to CC81 was VII,
with no exceptions. Isolates with an individual single
MLST-CC showed a single particular CoaT; CC8-CoaT
III, CC6-CoaT IV, CC5-CoaT II, CC508-CoaT VII,
CC59-CoaT VII, CC20-CoaT VIII or CC30-CoaT IV
(Table 1). CoaT VII was the dominant (38.5%) of the five
CoaTs listed in Table 1. The isolates belonging to CC508
and CC59 also showed CoaT VII.

All isolates belonging to CC81 harbored the seh gene,
with no exceptions. In addition, some isolates with CC81
possessed the sea, seb, sek, and seq genes (Fig. 2 and
Table 2). The isolates with CC8 also harbored the sea
gene; some isolates with CC8 also harbored sed, selj and
ser. Like the isolates of CC81 and CC8, the isolates of the
other CCs harbored the principal (common) SE/SEl
genes and some also harbored additional genes.

The types of MGEs, such as SaPIs, prophages, the
highly variable genomic region (nSab) and plasmids,
were estimated on the basis of the results of SE/SEl

Fig. 1. The proportion of CCs of S. aureus isolates originating from
SFP outbreaks that occurred in Tokyo from 1994 to 2012. The CCs
were named according to previously assigned STs. “Others” in the
figure include STs such as ST12, ST96, ST121, ST398 and ST2272,
and indicates all except the eight CCs named in the figure.

Table 1. The relationship between coagulase type and CC of

S. aureus isolates originating from SFP outbreaks that occurred in

Tokyo from 1994 to 2012

Coagulase type MLST-CC SFP isolates (%)

VII CC81, CC508, CC59 38.5
IV CC6,CC30 19.3
III CC8 18.1
II CC5 10.8
VIII CC20 4.8
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genotype analysis. The isolates belonging to one
particular CC possessed their own essential MGE and
some additional MGEs. All MLST-CC possessed the
principal (common) and additional MGEs (Table 2). All
of the isolates belonging to CC8 harbored sea encoded by
a prophage; some of the isolates with CC8 also harbored
sed, selj and ser encoded by a plasmid. CC8 did not
harbor the highly variable genomic region (nSab) nor
SaPI. A similar distribution pattern of MGEs was
observed in the other MLST-CC.

Identification of genomic islands in
the SFP isolates and the relationship
of the clonal complex with the genomic
islands

The SaPI scanning of the isolates at the six sites of the
genome revealed no amplicon with a length of 10 kb or
longer at the 490 site in any of the isolates (Table 3). In the
SaPI scanning analysis, the isolates showed some
amplicons at other sites. Such isolates contained GIs,
including SaPIs. The isolates belonging to the particular

Fig. 2. The relationship between the distribution of individual SE-genes and CCs of S. aureus isolates originating from SFP outbreaks that
occurred in Tokyo.

Table 2. The SE/SEl genotypes and predicted SE/SEl-encoding mobile genetic elements in CCs of S. aureus isolates originating from SFP

outbreaks that occurred in Tokyo

MLST-CC
Common Additional

SE/SEl genotype Suspected MGE style SE/SEl genotype Suspected MGE style

81 seh Transposon sea, seb, sek, seq Prophage or SaPI
8 sea Prophage sed, selj, ser Plasmid
6 sea Prophage seb, sec, sel SaPI
5 seg, sei, sem, sen, seo nSa genimic island containing the enterotoxin gene cluster sea, sed, selj, ser Prophage or Plasmid
508 seg, sei, sem, sen, seo nSa genimic island containing the enterotoxin gene cluster sec, sel, sek, seq Prophage or SaPI
20 seg, sei, sem, sen, seo nSa genimic island containing the enterotoxin gene cluster seb SaPI
30 seg, sei, sen, nSa genimic island containing the enterotoxin gene cluster sea Prophage
59 seb, sek, seq SaPI sea Prophage
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CCs, except CC8 and CC5, harbored common in-
sertions. SaPI scanning analysis at the 90 site of the
genome revealed that the isolates with CC81 presented a
constant RFLP pattern. Like the 90 site in CC81, the
isolates belonging to the particular CCs revealed
common RFLP patterns at either insertable site in
eachCC type, namely, at the 90 site in CC6, at the 90 site in
CC508, at the 90 site in CC20, at the 80 and 440 sites in
CC30 and at the 90 and 190 sites in CC59 (see Table 3 and
under the “Common insertion” heading in Fig. 3).
The RFLP patterns detected in this study were

compared with the patterns reported in previous
studies (28, 29). The RFLP pattern of the isolates
belonging to CC59 at the 190 site was the same as that of
SaPI3. The patterns of the isolates with CC30 at the 80

and 440 sites were the same as those with SaPI4 and
SaPI2, respectively. The patterns of the isolates with
CC81 and CC6 at the 90 site were the same as that of the
MW2 strain, including an unanalyzed GI (28). Some
isolates belonging to one particular CC exhibited
exclusive RFLP patterns (see Table 3 and under the
“Frequent insertion” heading in Fig. 3). The RFLP
patterns of the isolates belonging to CC81 at the 180, 190

and 440 sites were the same as those of SaPIishikawa11,
SaPIhhm2 and SaPIno10, respectively. The pattern of the
isolates belonging to CC20 at the 440 site was the same as
that of SaPIhirosaki4. The pattern of the isolates
belonging to CC508 at the 190 site was the same as

that of SaPI68111. The RFLP patterns of other amplicons
were different from those of other known SaPIs and GIs.

A phylogenic tree for the isolates was constructed,
based on the concatenated MLST sequence pattern
(Figure 4). The distribution pattern of the GIs in the
isolates is also shown in Figure 4. The isolates with each
CC showed a distinguishable distribution pattern of GIs.
The isolates with each CC81 possessed an unanalyzed
GI, which was harbored by MW2 strain. Some isolates
with CC81 also possessed SaPIishikawa11, SaPIhhm2 or
SaPIno10. These three SaPIs were not detected in the
other CCs. It was found that the isolates belonging to
CC5 and CC8 did not possess the common GI, but the
common and additional GIs were detected in the isolates
with other CCs, like the isolates with CC81.

DISCUSSION

Staphylococcal food poisoning caused by enterotoxin-
producing S. aureus strains is one of the major food-
borne illnesses in many countries, including Japan.
Epidemiological analyses of isolates originating from
SFP outbreaks that occurred in particular regions have
been performed in several studies (27, 37–39). Recently,
direct analysis of the bacterial genome has been
performed in epidemiological studies. In this study,
we used various molecular biological techniques to
examine the epidemiological characteristics of S. aureus

Table 3. The composition of GIs in the CCs of S. aureus isolates originating from SFP outbreaks that occurred in Tokyo

MLST-CC
SaPI insertable site

80 90 180 190 440 490

81 — 90-Unknown GIs type 1 SaPIishikawa11 SaPIhhm2 SaPIno10 —

(MW2-like RFLP; 100%) (seb; 19%) (No SAG genes; 24%) (seb; 14%)
8 80-Unknown GIs type1 — 180-Unknown GIs type 1 — — —

(20%) (7%)
6 80-Unknown GIs type2 90-Unknown GIs type1 180-Unknown GIs type2 — — —

(8%) (17%)
80-Unknown GIs type3 (MW2-like RFLP; 100%) 180-Unknown GIs type3

(8%) (8%)
5 — — 180-Unknown GIs type1 — — —

(11%)
508 — 90-Unknown GIs type2 SaPI68111 — — —

(100%) (sec, sel, tst-1; 29%)
180-Unknown GIs type4

(14%)
20 — 90-Unknown GIs type3 — — SaPIhirosaki4 —

(100%) (seb; 50%)
30 SaPI4 — — — SaPI2 —

(No SAG genes; 100%) (tst-1; 100%)
59 — 90-Unknown GIs type4 — SaPI3 — —

(100%) (seb, sek, seq; 100%)

Boldface type indicates the GIs (including SaPIs) which were harbored invariably among CCs. tst-1, toxic shock syndrome toxin-1 gene.

574 © 2014 The Societies and Wiley Publishing Asia Pty Ltd

Y. Suzuki et al.



isolates originating from SFP outbreaks that occurred in
Tokyo.
We examined the phylogenetic backgrounds of the S.

aureus isolates by MLST analysis and found the 83
isolates included 17 STs, which we classified into the
following eight CCs: CC81, CC8, CC6, CC5, CC508,
CC59 CC20, and CC30 (Figure 1). CC analyses of SFP

isolates have been performed in Germany and
Switzerland (27), China (38) and South Korea (39).
CC81, CC8 and/or CC6, which were the dominant CCs
isolated in Tokyo, were also found in the SFP isolates
studied in these countries. The S. aureus strains isolated
from the milk of subjects with mastitis in Japan have
reportedly mainly belonged to CC97 and CC705 (20),

Fig. 3. The profiles of the RFLP patterns of S. aureus isolates originating from SFP outbreaks that occurred in Tokyo. The HindIII restriction
enzyme was used. SaPIs were inserted at the sites of 80, 90, 180, 190, 440 and 490. The panels on the left are photographs of RFLP patterns
commonly observed in all S. aureus isolates in each CC. The panels on the right are photographs of additional RFLP patterns observed in some of
the S. aureus isolates in the CC. M is a marker of the DNA size, in which the l-HindIII digest was electrophoresed. Comparison of the RFLPs of
previously annotated SaPIs is shown under the photographs of each RFLP pattern. “Unknown” indicates a difference from the RFLP patterns of
previously annotated SaPIs and genomic islands.
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whereas S. aureus strains collected from the nasal cavities
of healthy humans in Japan have mainly consisted of
CC508, CC15 and CC188 (37). The dominant CCs of
SFP clearly differ from those of the isolates from non-
SFP origins. Furthermore, it seems that particular CCs,
such as CC81, CC8 and CC6, are concentrated in the
isolates associated with SFP.
Coagulase typing analysis showed that CoaT VII was

dominant among the five CoaTs observed in this study
(Table 1). This finding is in agreement with those of a
previous study conducted in Japan (17). Interestingly,

the isolates belonging to CC81 were revealed to have the
same CoaT. Like CC81, the isolates harboring a
particular MLST-CC revealed a single coagulase type.
These observations suggest that the clonal complex is
closely associated with the coagulase type. A combina-
tion of clonal complex analysis and coagulase typing
would be helpful for analyzing the epidemiological
properties of S. aureus that cause SFP.

Analyzing the SE/SEl genotypes in the individual
isolates by multiplex PCR indicated that isolates
harboring a particular MLST-CC possess both common

Fig. 3. (Continued)
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and additional SE/SEl genes (Figure 2 and Table 2). It
has been shown that almost all SE/SEl genes are
encoded and disseminated on specific MGEs (such as
prophages, SaPIs, etc.) (6, 12, 14). We estimated the
types of SE(s)-encodingMGEs on the basis of the results
of the SE/SEl genotype. One possibility is that CC8
harbors the prophage (encoding sea gene) and an
additional plasmid (encoding sed, selj and ser genes), but
does not harbor the highly variable genomic region
encoding SE gene, nor SaPI. As shown in Table 2, we
found that all MLST-CC possessed one particular
common and some additional MGEs. We also found
that SFP-related CCs possess a specific combination of
MGEs encoding SE/SEls.
Most of the CC81, CC8, CC6 and CC30 strains were

positive for the sea gene (Figure 2). It has been well
accepted that SEA is the most potent in terms of its
enterotoxigenicity, followed by SEB (6, 17, 37, 38). In this
study, 61.4% of the sea-positive S. aureus strains were
isolated from SFP outbreaks. We also confirmed that

some of our sea-positive CC81 isolates produced
significant amounts of SEA (more than 10mg/mL) in
laboratory medium (data not shown). Our findings
therefore support the contention that SEA is the most
potent in terms of its enterotoxigenicity.

The sea gene is carried by a polymorphic family of
prophages (6, 12). The polymorphic nature of the
prophages (prophage genotypes) has been found to
affect the amount of SEA produced by the bacterial strain
carrying the prophage (12, 40): sea-positive S. aureus can
be classified into two types, high and low SEA
production types, based on the prophage genotype. In
addition, almost all sea-positive CC81 isolates, which
were dominant in the sea-positive S. aureus that
originated from SFP outbreaks, carried wSa3mw2 (37).
This prophage is reportedly one of the high SEA
production genotypes (37, 41). Therefore, we suspect
that sea-positive S. aureus harboring prophage geno-
types associated with high SEA production generally
cause SFP.

Fig. 4. The relationship between the genetic lineage and the distribution of GIs of the S. aureus isolates originating from outbreaks of SFP that
occurred in Tokyo. A phylogenic tree of the isolates is shown in the panel on the left. The precise methods used to construct the tree are
described in the text. The labels at branch tips denote the STs of the isolates. 81slv and 45slv showed a single locus variant of ST81 and ST45,
respectively. The distribution of GIs is shown in the panel on the right. Boxes filled with color indicate the respective GIs, including SaPIs. An
empty box indicates the absence of any GIs. The GIs commonly observed in the individual CC are framed.
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Some of the CC5, CC508 and CC20 strains were
positive for sea, seb, sec or sed genes, suggesting that these
strains have enterotoxigenicity. The significance of the
isolates of such CCs not harboring classical SE genes is
unclear. However, all the strains belonging to these CC
types harbored egc-related SE genes, such as seg, sei, sem,
sen and seo (Figure 2 and Table 2). Recently, the emetic
activity of these toxins was proven in a primate
model (11, 42). It has been shown that strains harboring
egc-related SE genes usually produce only ng/mL
amounts of these SE proteins in laboratory medium (12,
43). On the other hand, the production of SEs is
influenced by various factors (pH, temperature, water
activity, etc.) (12). No studies have been published
concerning production of egc-related SEs in food.
Further studies are necessary to evaluate the enter-
otoxigenicity of egc-harboring isolates.
From the phylogenic tree analysis based on the

concatenated MLST sequence data, it is apparent that
there is a specific correlation between the components of
GIs and the phylogenetic distance between the isolates
causing SFP. As shown in Figure 4, the individual CCs
have distinguishable distribution patterns. All isolates
with CC81 possess an unanalyzed GI harbored by MW2
strain as the common SaPI, and as well as some frequent
SaPI, such as SaPIishikawa11, SaPIhhm2 and SaPIno10.
We detected these three SaPIs only in CC81. Similarly,
the other five CCs (CC20, CC6, CC508, CC30 and CC59)
possessed both the common and frequent GIs; however,
almost all isolates belonging to CC5 and CC8 did not
possess any GIs. It is well known that the sed, selj and ser
genes encode plasmids such as the pIB485-like plasmid,
pUO-Sa-SED1 and pUO-Sa-SED2 (6, 44). Given that
some of the isolates belonging to CC5 andCC8 possessed
sed, selj and ser genes, these strains may possess a
plasmid. The plasmid is not distributed in the other CCs
(Table 2). These observations suggested that individual
CCs are strongly related to the corresponding type of
MGE.
SaPIishikawa11 (CC81), SaPIno10 (CC81), SaPI68111

(CC508) and SaPIhirosaki4 (CC20) have occasionally
been found in the SFP isolates of certain CCs. All four
SaPIs harbor one or two SE gene(s) (28, 45). In our study,
all isolates harboring these four SaPIs produced SE
protein(s) in laboratory medium (data not shown),
suggesting that the acquisition of SEs-related SaPIs
determines the pathogenic intensity of S. aureus. The
relationship between SE-harboring SaPIs or unidentified
GIs and the amount of toxin produced by S. aureus
would be an interesting topic for further study.
In conclusion, the present study showed a significant

phenotypic and genotypic relatedness among S. aureus
isolates involved in outbreaks of SFP that occurred in

Tokyo. The isolates belonged to eight specific lineages.
The profiles of coagulase type, SE/SEls genotype and
suspected type of SEs-encoding MGEs indicated a
correlation among these lineages. SaPI scanning data
provide new insights into the linkage between the
distribution of GIs, including SaPIs, and the phyloge-
netic lineages of the isolates. Our findings suggest that S.
aureus harboring particular genetic elements (the lineage
on MLST, coagulase, SE/SEl gene and MGE type)
possesses the potential to cause food poisoning.
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