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We describe here the development of a single-reaction multiplex PCR assay for the enterotoxin genes from
Staphylococcus aureus that utilizes a universal toxin gene primer in combination with toxin-specific primers to
amplify characteristic toxin gene products. In combination with a new DNA purification method, the assay can
detect enterotoxin genes A to E from a pure culture within 3 to 4 h. The test was used to characterize a diverse
set of environmental S. aureus isolates, and a 99% correlation with toxin typing using standard immunological
tests was found. The design of the assay allows it to be extended to include both newly characterized and
as-yet-unknown toxin genes.

Staphylococcus aureus produces a variety of extracellular
protein toxins and virulence factors which contribute to its
pathogenic potential. Some S. aureus strains produce pyro-
genic exotoxins, such as staphylococcal enterotoxins (SE) and
toxic shock syndrome toxin 1 (TSST-1). The SE are exopro-
teins which, when ingested, induce gastroenteric syndrome in
humans and can cause toxic shock (30). Staphylococcal food
poisoning outbreaks are characterized by vomiting and diar-
rhea and occur quite frequently worldwide (4); hence, the
detection of enterotoxins is epidemiologically essential.

Several types of staphylococcal enterotoxins have been dis-
tinguished serologically, biochemically, and by molecular ge-
netic analysis (2, 5, 8, 11, 23), namely, SEA, SEB, SEC1, SEC2,
SEC3, SED, and SEE. Overall, these well-recognized toxins fall
into two groups: SEB, SEC1, SEC2, and SEC3, which have 66
to 98% amino acid sequence identity, and SEA, SED, and
SEE, which have 53 to 81% identity. The tst gene coding for
TSST-1 has little sequence homology with SE or pyrogenic
exotoxins (30), although the toxins are structurally very similar.

There are other SE in addition to the five major serological
groups. Culture supernatants containing these uncharacterized
SE elicit an emetic response when administered to monkeys
but do not react with antibodies produced against the char-
acterized SE (25). It has been estimated that ca. 5% of
staphylococcal food poisoning outbreaks are due to unidenti-
fied enterotoxins (25). In addition, the genes for four new
enterotoxins, SEG (6, 32), SEH (36, 42), SEI (32), and SEJ
(49), have been reported.

Various methods have been developed for detecting entero-
toxin production (13, 14, 37, 48; T. C. Granade, K. M. Hurley,
and P. A. Mied, Abstr. Annu. Meet. Am. Soc. Microbiol. 1986,
abstr. P7, p. 276, 1986). Of these, it is reversed passive latex
agglutination (RPLA) which is most commonly employed and
is commercially available. In this test the enterotoxins are iden-
tified by antibodies specific for each of the enterotoxins. Cross-
reactions between SEB and the SECs (27) and between SEA
and SEE (28) have been reported; hence, kits are generally

deficient in antibody specific for enterotoxin E, and SEE-pro-
ducing strains would be classified as SEA producing.

RPLA also depends on sufficient amounts of toxin being
produced in the absence of interfering bacterial products for
successful detection. Toxin production requires long (e.g.,
20 h) incubation periods and is also influenced by culture
conditions, pH, water activity, and the substrate used. Insuffi-
cient production of toxins at levels below the threshold of these
immunological assays leads to false-negative results.

More recently, oligonucleotide probes for specific detection
of toxin genes have been developed by several workers (21,
45); however, hybridization techniques are laborious and time-
consuming and, moreover, cross-reactions of the probe for
SEA with the SEE enterotoxin gene have been reported (12).
In addition, the hybridization assay requires enrichment steps
for S. aureus, and thus the detection time could not be reduced
significantly.

The PCR offers the possibility of detecting specific gene
sequences by DNA amplification (38), and therefore bacterial
enrichment is not required before a specific gene can be de-
tected. PCR assays for the specific detection of enterotoxin
genes, such as SEB and SEC (39), SEA and SEB (17), and
SEA to SEE (22, 46; J. P. Rosec, J. P. Guiraud, C. Dalet, and
N. Richard, Proc. 8th Int. Symp. Staphylococci Staphylococcal
Infect., abstr. P94, p. 212, 1996) have been reported, but in all
of these studies, a series of separate reactions is needed to
identify a single gene or subset of these genes. In addition,
Becker et al. (3) have reported the development of a multiplex
PCR reaction for the detection of multiple staphylococcal en-
terotoxin genes which uses individual primer sets for each toxin
gene. More recently, Monday and Bohach (31) have developed
a multiplex PCR assay for all of the characterized enterotoxin
genes (sea-sej) and tst, but again this requires unique primer
sets for detection of individual genes.

In this study, we report the development of a rapid (3 to 4 h),
single-reaction multiplex PCR assay which specifically detects
genes for staphylococcal enterotoxins A to E in strains of
toxigenic S. aureus from various environmental sources. This
PCR reaction takes advantage of both conserved and unique
regions of the toxin genes and uses one universal forward
primer with reverse primers specific for each individual toxin
gene. Template DNA was extracted from S. aureus strains
using a new, simplified guanidinium thiocyanate method de-
veloped in this study. Gene identity is established by the char-
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acteristic size of the PCR products. This assay has the advan-
tage that it potentially can be extended to detect
uncharacterized toxin genes.

MATERIALS AND METHODS

Bacterial strains and culture media. Staphylococcal strains (see Table 2) were
obtained from the National Collection of Type Cultures (NCTC), London,
England, except for FRI326 (provided by M. S. Bergdoll, Food Research Insti-
tute, University of Wisconsin–Madison). Other bacteria used were from the
Nottingham Laboratory Culture Collection. The working cultures of all strains
were prepared by inoculation from frozen glycerol stocks into brain heart infu-
sion (BHI) broth and incubation at 37°C in a shaking incubator for 12 to 16 h.

Isolation of genomic DNA. Total genomic DNA was isolated using a modifi-
cation of the method of Boom et al. (9). Briefly, 500 ml of overnight-grown
staphylococcal culture was centrifuged in a microfuge (Biofuge 13; Heraeus
Sepatech) at 12,000 3 g for 2 min. The pellets were washed twice with 0.15 M
NaCl–10 mM EDTA (pH 8.0) and resuspended in 500 ml of Tris-EDTA buffer.
Lysostaphin (25 mg/ml, final concentration; Sigma) and 15 ml of 10% sodium
dodecyl sulfate were added, and the cells were incubated at 37°C for 30 min. The
lysed cells were added to 900 ml of lysis buffer (4 M GuSCN–0.1 M Tris-HCl (pH
6.4)–0.2 M EDTA (pH 8.0)–2.6% [wt/vol] Triton X-100) and 30 ml of a 20%
diatom suspension (Celite; Janssen Chimica). The samples were mixed, incu-
bated at room temperature for 10 min, mixed again, and then centrifuged at
13,000 3 g for 20 s. The diatom-nucleic acid pellet was washed sequentially: twice
with 1 ml of washing buffer (4 M GuSCN, 0.1 M Tris-HCl [pH 6.4]), twice with
1 ml of 70% ethanol (vol/vol), and once with 1 ml of acetone. Wash solutions
were removed by centrifugation, and the pellets were dried by incubation at 56°C
for 10 min. Purified DNA from this pellet was eluted by the addition of 100 ml
of TE buffer, and diatoms were removed by centrifugation at 13,000 3 g for 5
min. This DNA was used as template in PCR amplifications. The same proce-
dure was used for extraction of genomic DNA from nonstaphylococcal strains
except the lysostaphin treatment step was omitted. The DNA recovered was
routinely sufficient for direct use in PCR amplifications without the need for
further quantification.

Immunological detection of enterotoxins. For enterotoxin detection, S. aureus
and other staphylococcal strains were grown in BHI broth at 37°C for 16 to 18 h,
the culture was filtered through 0.45-mm (pore-size) low-protein binding filter
(Sterile Acrodisc; Gelman Sciences), and the filtrate was used for enterotoxin
detection. The enterotoxins were detected by SET-RPLA (staphylococcal en-
terotoxin-RPLA detection kit for toxins A, B, C, and D; Oxoid, Ltd., Basing-
stoke, United Kingdom) used according to the manufacturer’s instructions.

Oligonucleotide primers. The oligonucleotide primers were designed by align-
ment of published DNA sequences of the S. aureus enterotoxin genes sea, seb,
sec, sed, and see (2, 5, 8, 11, 23), tst (7), and type A streptococcal pyrogenic
exotoxin (speA) (47). By comparison of both the DNA and the deduced amino
acid sequences, one forward primer common for all enterotoxin genes and five
reverse primers, each specific for one enterotoxin gene of S. aureus, were de-
signed (synthesized by the Biopolymer Synthesis and Analysis Unit of Notting-
ham University and used without any further purification). The sequences and
corresponding sequence locations of these oligonucleotide primers are shown in
Table 1.

DNA amplification. PCR reactions were performed in a reaction buffer (50
mM KCl, 10 mM Tris-HCl [pH 9.0], 4 mM MgCl2, 0.01% gelatin) in a total
volume of 50 ml containing 1 ml (;1 ng) of template DNA, 20 to 30 pmol each
of primers SA-U, SA-A, SA-B, SA-C/ENT-C, SA-D, and SA-E, and 0.2 mM of
each deoxynucleotide triphosphate (dATP, dTTP, dGTP, and dCTP). This mix-
ture was heated to 94°C for 5 min before the addition of 1.0 U of a thermostable
Taq DNA polymerase (Advanced Biotechnologies). Twenty-five amplification
cycles (94°C for 30 s, 50°C for 30 s, and 72°C for 30 s) were performed using a

Techne thermal cycler (PHC-3) with a final extension cycle of 2 min at 72°C. The
PCR products were stored at 220°C until analyzed.

Detection of amplified DNA. A 10-ml aliquot of the amplified PCR product was
analyzed on 2% TAE agarose NA (Pharmacia) gel containing ethidium bromide
(0.5 mg/ml). The electrophoresis was carried out in Anachem Origo Horizontal
gel tanks at 80 V for 1 h or until the desired resolution was obtained. Alterna-
tively, 5 ml of PCR product was electrophoresed on a 6% polyacrylamide gel (1).
Gels were viewed by UV transillumination (UVP) and photographed by using a
35-mm camera. AluI-digested pBR322 DNA or 100-bp ladder (Pharmacia Bio-
tech) were used as molecular size markers in all gels.

Purification of PCR products and restriction enzyme analysis. Individual PCR
products were purified from gels using QIAquick PCR purification kit according
to the manufacturer’s instructions or by the freeze extraction method of Qian
and Wilkinson (35). Restriction enzymes were purchased from Promega and
used according to the manufacturer’s recommendations.

Southern hybridization. DNA samples were electrophoresed on a 1.5% aga-
rose NA (Pharmacia) gel with an appropriate molecular size marker. Southern
blots (41) were performed by using alkaline vacuum transfer and Hybond N1

membrane (Amersham). Hybridization and subsequent detection were per-
formed by using a nonradioactive digoxigenin DNA labeling and detection kit
(Boehringer Mannheim) according to the manufacturer’s instructions. The PCR
products to be labeled were band extracted from SeaPlaque (FMC) low-melting-
point agarose gel by using the freeze extraction method of Qian and Wilkinson
(35).

RESULTS

Selection and specificity of primers targeting toxin genes. By
alignment of the known toxin gene sequences it was possible to
identify a highly conserved region of enterotoxin genes which
was used to design a universal “forward” primer (SA-U; Table
1) which could be used in combination with toxin gene-specific
reverse primers. In spite of the high degree of relatedness
among enterotoxin genes (;50% for seb or sec to sea, 84% for
sea to see, and ;54% for sed to sea or see) it was possible to
identify DNA sequences unique to each of the specific entero-
toxin genes, and these were used to design several oligonucle-
otide primers which could be used for the amplification and
differentiation of toxin genes A to E. These primers were
termed SA-A, SA-B, SA-C–ENT-C, SA-D, and SA-E, respec-
tively. Initially, the primer SA-C was used to detect the pres-
ence of the sec gene, yielding a PCR product of 69 bp, but
this could only be reliably resolved for size estimation with
acrylamide gels. Therefore, for convenience, a second primer
(ENT-C) was designed, giving a PCR product of 102 bp, al-
though both primers were able to amplify sec gene sequences
equally well.

Specificity of oligonucleotide primers. Individually each of
the reverse primers was tested in combination with the univer-
sal forward primer by using a panel of known enterotoxigenic
S. aureus strains (see Materials and Methods and Table 2) to
ensure that a PCR product of the expected size was produced
and that no additional or nonspecific products were generated.
In each case a PCR product of the expected size was generated

TABLE 1. Details of primers and amplicons

Primer name
and size (nt)a Description Nucleotide sequence Gene

locationb
PCR product

size (bp)

SA-U (20) Universal forward primer 59-TGTATGTATGGAGGTGTAAC-39 –
SA-A (18) Reverse primer for sea 59-ATTAACCGAAGGTTCTGT-39 639–657 270
SA-B (18) Reverse primer for seb 59-ATAGTGACGAGTTAGGTA-39 564–582 165
SA-C (20) Reverse primer for sec 59-AAGTACATTTTGTAAGTTCC-39 457–477 69
ENT-C (25) Reverse primer for sec 59-AATTGTGTTTCTTTTATTTTCATAA-39 485–510 102
SA-D (20) Reverse primer for sed 59-TTCGGGAAAATCACCCTTAA-39 676–696 306
SA-E (16) Reverse primer for see 59-GCCAAAGCTGTCTGAG-39 584–600 213

a nt, nucleotide.
b –, The common “forward” primer corresponds to the region of each of the enterotoxin genes containing the conserved amino acid motif C-(x)-Y-G-G-(x)-T found

at the following corresponding nucleotide locations in each gene sequence: sea, 388; seb, 418; sec, 409; sed, 391; and see, 388. The nucleotide locations given for each
reverse primer correspond to the following published nucleotide sequences of the SE genes: sea (23), seb (8), sec (5), sed (11), and see (2).
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(Fig. 1, lanes 1 to 6; Table 1); however, when using primer
SA-D, an extra product of approximately 790 bp was produced
in addition to the expected SED amplicon of 306 bp (Fig. 1,
lane 5). To investigate the origin of this additional band, both
PCR products were purified and used as a template for PCR
amplification with the SA-D and SA-U primers. Only one band
of 306 bp was obtained when the 306-bp band was used as a
template but, again, products of 306 and 790 bp were gener-
ated when the 790-bp band was used as a template (data not
shown). This indicated that the 306-bp fragment is an internal
part of the 790-bp product and suggested that the 790-bp
product is probably formed by mismatching of either of these
two primers. However, the amplification of this additional
product did not appear to interfere with the amplification of
the desired sed gene sequences.

To simply confirm that the amplified products arose from
the expected toxin gene sequences, restriction digests of the
PCR products were performed, and fragments of the expected
sizes were obtained for each PCR product (Fig. 2). Although
this is not absolute proof that the gene sequences amplified are
from the target gene, consideration of both the size of the
amplicon and the presence of the expected restriction sites
provides a rapid and economic way of confirming product
identity without recourse to DNA sequence analysis.

Development of a single PCR multiplex toxin assay. Once
the specificity of the primer pairs had been determined, PCR
conditions, buffers, and primer concentrations were optimized
to establish conditions under which the primers could be com-
bined into a single PCR reaction without affecting the ability of
the primer pairs to generate a gene-specific amplicon (see
Materials and Methods for PCR conditions). The results (Fig.
1, lanes 7 to 13) show that using these conditions the amplifi-
cation of the staphylococcal enterotoxin genes sea, seb, sec, sed,
and see was specific with a unique band of the predicted size
present in strains producing a single toxin. Strain NCTC 10657
harboring both toxin genes A and B produced the correspond-
ing 270- and 306-bp products, indicating that more than one
toxin gene can be detected specifically in one reaction without
any cross-reaction between primers. Correlation of PCR assay
results with toxin production (Table 2) indicated that (with the
exception of FRI326, which produces toxin E and cross-reacts
with antibody to toxin A) there was 100% correlation between
the PCR typing of reference strains encoding the correspond-
ing toxins (genotype) and toxin production as defined by the
SET-RPLA (phenotype). This was true even for strain NCTC
10652, from which a 306-bp PCR product was produced, indi-
cating the presence of toxin gene D (Fig. 1, lane 10). Previ-
ously, this strain had not been indicated as a toxin D-producing
strain in the NCTC catalogue; however, production of this
toxin by this strain was confirmed by SET-RPLA, demonstrat-
ing the phenotypic expression of this gene. Similarly, strain
NCTC 11963, designated as TSST-1 producing by the NCTC
catalogue, was found to harbor toxin gene C (data not shown),
and again toxin production could be identified by SET-RPLA.

In control experiments DNA from other toxigenic staphylo-
coccal strains (Table 2) was tested for the presence of toxin
gene sequences, but only Staphylococcus epidermidis NCTC
12100, which had been previously identified as enterotoxin C
positive, gave a positive enterotoxin C PCR assay result and a
corresponding positive result using SET-RPLA. Because of the

FIG. 1. Gel analysis of PCR-amplified toxin gene sequences. The individual toxin gene products were characterized by comparison with standard molecular size
markers. Lane 1, SEC; lane 2, 100-bp ladder; lane 3, SEA; lane 4, SEB; lane 5, SED; lane 6, SEE. These were combined to create a standard set of toxin gene products
(lane 14). Genomic DNA was prepared from toxigenic strains of S. aureus and analyzed using the multiplex PCR assay, including primer SEC for gene sec (lanes 7 to
14). The S. aureus strains used were as follows: lane 7, F287 (SEA); lane 8, NCTC 10654 (SEB); lane 9, NCTC 10655 (SEC); lane 10, NCTC 10656 (SED); lane 11,
FRI326 (SEE); lane 12, NCTC 10657 (SEA and SEB); and lane 13, NCTC 10652 (SEA and SED). The additional 790-bp product produced by the SA-D–SA-U primer
pair is visible in lane 5.

TABLE 2. Toxin analysis of control strains by PCR
and SET-RPLA toxin assays

Test straina Toxin
serotype

PCR toxin
type

S. aureus NCTC 8532 2 2
S. aureus NCTC 10652b SEA, SED SEA, SED
S. aureus NCTC 10654 SEB SEB
S. aureus NCTC 10655 SEC SEC
S. aureus NCTC 10656 SED SED
S. aureus NCTC 10657 SEA, SEB SEA, SEB
S. aureus F287 SEA SEA
S. aureus FRI326 SEA SEE
S. aureus NCTC 11963 (TSST-1)b SEC SEC
S. chromogenes NCTC 10530 2 2
S. epidermidis NCTC 12100 SEC SEC
S. hyicus NCTC 10350 2 2
S. intermedius NCTC 11048 2 2
S. lentus NCTC 12102 2 2
S. saprophyticus NCTC 7292 2 2
S. sciuri NCTC 12103 2 2
S. warneri NCTC 11044 2 2

a S. aureus strains which produce enterotoxins A (F287), B (NCTC 10654), C
(NCTC 10655), D (NCTC 10656), and E (FRI326) and nonenterotoxigenic strain
(NCTC 8532) were used as reference standards. Strain F287 is from the Not-
tingham Laboratory Collection and is known to produce enterotoxin A only.
Nonstaphylococcal strains used to demonstrate the specificity of the PCR assay
were Bacillus cereus, Bacillus subtilis, Corynebacterium oris, Enterobacter spp.,
Escherichia coli, Klebsiella pneumoniae, Lactococcus lactis, Lactobacillus spp.,
Listeria monocytogenes, Micrococcus luteus, Proteus vulgaris, Pseudomonas aerugi-
nosa, Salmonella spp., Shigella spp., and Yersinia enterocolitica.

b The presence of toxins D and C in these strains was established by this study.
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close relationship of streptococcal pyrogenic exotoxin A to
both SEB and SEC1, strains of Streptococcus pneumoniae
(NCTC 7465) and Streptococcus pyogenes were also tested, but
no amplicons were generated (data not shown). Nonstaphylo-
coccal strains (see Table 2) were also screened but again did
not produce any detectable enterotoxins by SET-RPLA, and
none generated any amplicons using the PCR assay (data not
shown).

Detection of toxin genes from unknown S. aureus strains of
various animal origins. The multiplex PCR reaction was then
used to determine the toxin type of 157 randomly selected S.
aureus strains of ovine (67 strains), bovine (11 strains), poultry
(40 strains), and human (39 strains) origins which had not been
previously characterized for toxin gene production. The toxin
type of any given S. aureus strain was determined by compar-
ison of the pattern of PCR band(s) against the standard set of
toxin-specific PCR products. In a parallel, “blind” study the
strains were also tested by SET-RPLA so that the effectiveness
of the PCR assay could be compared with normal phenotypic
testing. The results (Table 3) show that, except for two ovine
strains, the PCR assay results agreed with the serotyping in all
cases. The two strains with the apparent false-positive tests
were further analyzed by DNA hybridization to determine
whether they actually contained a sec gene. The 102-bp sec-
specific PCR product from the control strain NCTC 10655 was
labeled and hybridized to RsaI-digested chromosomal DNA
from the two ovine strains and control strains NCTC 10655
(toxin type C) and NCTC 8532 (nonenterotoxigenic). Both of

the ovine strains and NCTC 10655 gave identical hybridization
patterns of the expected fragment sizes (Fig. 3), confirming
that they harbored toxin gene C, but this gene was not ex-
pressed at levels detectable by SET-RPLA.

DISCUSSION

The determination of staphylococcal enterotoxin type has a
long history of successful use in epidemiological studies in both
clinical and environmental microbiology studies. As our knowl-
edge of the molecular genetic structure of these organisms
increases, it becomes increasingly more difficult to test for all
of the known phenotypes, with genotype analysis often provid-
ing the only way the diversity of different subspecies types can
be identified. Oligonucleotide primers for specific detection of
enterotoxin genes sea, seb, sec, sed, and see have previously
been reported (22, 43, 44); these were used in individual PCR
assays, thus requiring several PCRs for each sample to screen
for the presence of all of the enterotoxin genes. Monday and
Bohach (31) have recently described a multiplex PCR assay for
the detection of all of the staphylococcal enterotoxin genes, but
again this assay uses separate primer pairs for each toxin gene
to be detected.

Here we used a series of novel primers, comprising one
universal “forward” and five “reverse” primers together in a
single reaction, and the results we present show that it is
possible, using a single PCR assay, to rapidly screen staphylo-
coccal isolates for the presence of the different enterotoxin
genes which are routinely detected by serological test. The
assay was found to be specific and detected only staphylococcal
enterotoxin genes, including those found in species other than
S. aureus, with no cross-reaction with other toxin-producing
genera or nontoxigenic strains. Since the identity of the gene is
given by the characteristic size of the PCR product(s) gener-
ated, the assay can detect and characterize the presence of
multiple toxin genes present in one strain. This fact led us to
the finding that two of the reference strains chosen, NCTC
10652 (toxin A positive) and NCTC 11963 (TSST-1 positive),
contained additional previously unreported toxin genes, name-
ly, sed in NCTC 10652 and sec in NCTC 11963, and the use of
SET-RPLA assays confirmed that the genes were expressed in
these two strains. Another advantage of this PCR assay is that
it allows good differentiation between toxin genes sea and see.
In the SET-RPLA test, enterotoxin E is detected by cross-
reaction with the enterotoxin A-specific antibody, leading to
ambiguous results. Recently, Lakner et al. (26) have reported
the development of a specific antibody-based test for the pres-
ence of SEE; however, this now means that five individual tests
must be performed on each isolate to be toxin typed and, as the
number of toxin types characterized increases, an increasing
number of tests will be required for a full analysis of toxigeno-
type in the future.

FIG. 2. Restriction analysis of toxin gene amplicons. Analysis of the gene
sequences identified restriction enzymes that would have either one or two sites
in each of the toxin PCR products. The toxin gene fragments and their restriction
fragments were analyzed on a 6% acrylamide gel. Lane 1, SEA (270 bp); lane 2,
SEA and RsaI (172 and 98 bp); lane 3, SEB (165 bp); lane 4, SEB and RsaI (107
and 58 bp); lane 5, SEC (102 bp); lane 6, SEC and RsaI (65 and 37 bp); lane 7,
SED (306 bp); lane 8, SED and RsaI (166, 83, and 54 bp); lane 9, SEE (213 bp);
and lane 10, SEE and MboI (150 and 63 bp). Relative positions of the molecular
size markers are given to the left of the gels.

TABLE 3. Toxin analysis of uncharacterized strains by PCR and SET-RPLA assay

Origin of
S. aureus strainsa

No. tested
(% positive) No. of toxin serotypes PCR toxin types

Human 39 (31) 2 SEA, 1 SEB, 2 SEC, 3 SEA-SED, 3 SEC-SED,
1 SEB-SED

2 SEA, 1 SEB, 2 SEC, 3 SEA-SED, 3 SEC-SED,
1 SEB-SED

Bovine 11 (9) 1 SEC 1 SEC
Ovine 67 (75) 2 SEA, 39 SEC, 6 SEA-SEC 2 SEA, 41 SEC, 6 SEA-SEC
Poultry 40 (50) 20 SED 20 SED

a Human isolates came from 21 cases of non-line scepticemia, 4 cases of line-associated scepticemia, and 14 healthy adults. Bovine strains were recovered from
mastitic cattle, ovine strains were from mastitic sheep, and poultry strains were from various sources within a poultry processing plant (both environmental and
carcasses).
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The limitation of all genotypic tests is that the presence of
the gene does not always necessarily mean that the toxin will be
produced. Like previous workers (e.g., reference 33), we iden-
tified the presence of an sec gene in two strains which did not
produce detectable levels of SEC toxin when we used the
SET-RPLA assay. This may be due to low-level production of
enterotoxin below the threshold of detection for the immuno-
assay. Since the production of enterotoxins by staphylococcal
strains can be affected by the growth conditions used (inocu-
lum level, temperature, pH, and water activity [16]), it is pos-
sible that for these particular isolates the standard culture
conditions specified for the SET-RPLA assay are suboptimal
for gene expression. Alternatively, the sec gene may not be
expressed due to mutations either in the coding region or in a
regulatory region (either the promoter or an accessory regu-
lator, e.g., agr). However, one major application of the SET-
RPLA assay is the toxin typing of strains for epidemiological
purposes when it is not usually essential to know whether or
not a gene is expressed. Alternatively, the SET-RPLA test is
used for the detection of preformed toxin in processed foods
when the toxin-producing cells have been killed. The advan-
tage of a PCR test in this latter case is that even nonviable cells
serve as suitable targets for PCR amplification, and the test
may be applied to rapidly screen for the presence of toxin-
producing cells in a food sample, thus avoiding the problems of
false-positive results which have been reported elsewhere. For
example, Park et al. (34) found that nonstaphylococcal isolates,
such as species of Enterobacter, Proteus, Pseudomonas, and
Serratia, may give false-positive reactions during the detection
of staphylococcal enterotoxins in foods using an immunologi-
cal assay if the test organisms were not preheated.

The intrinsic robustness of staphylococcal cells and the pres-
ence of thermostable nucleases, originating either from the
food matrix or from the cells themselves, means that repro-
ducibly extracting good template DNA from environmental
isolates is often difficult. Thus, many of the methods described
for recovering DNA from environmental samples of gram-
positive bacteria use phenols and other organic solvents, and
therefore the protocols are often both lengthy and difficult for
routine use in food analysis laboratories. The method we de-
scribe here, based on a method developed by Boom et al. (9)
for the extraction of DNA from gram-negative bacteria, cir-
cumvents that problem and provides a rapid method which can
be used to recover DNA from cells either from purified cul-
tures or from food extractions.

The design of this multiplex PCR assay also makes it suitable
to be extended to include newly characterized enterotoxin
genes. Analysis of the gene sequences of seg (32) and seh
(EMBL accession no. U11702) shows that both proteins con-
tain the conserved peptide motif and that the DNA sequences
have 17/20 and 16/20 matches with the universal forward
primer, respectively, with the last two 39 nucleotides being
exact matches, suggesting that effective annealing of the for-
ward primer to the template for PCR amplification would be
achieved. It is interesting to note that while the DNA sequence
of sei (32) does contain some (50%) homology with the uni-
versal primer, the conserved peptide motif is not present in the
derived protein sequence. A second conserved peptide motif
[(Y/F)-K-(x)-(K/E)-V-D-(x)-(F/Y)] is found upstream (59) of
the universal primer region, but a third conserved peptide
motif found near the end of the gene (39 of the universal
primer region; Y-(x)-D-N-K) is also missing. Since the sei gene
is known to produce a functional toxin (32), it would appear
that either SEI is structurally distinct from the other toxins or
there is an anomaly in the sequence leading to a mistransla-
tion.

The presence of these other conserved peptide motifs does
raise the possibility that a toxin gene-positive reaction could be
introduced into this PCR assay. Currently, the assay only de-
tects genes for which the complete gene sequence is known. By
including a universal reverse primer in the multiplex PCR
reaction, for example, one homologous to the conserved se-
quences found at the 39 end of the gene (e.g., the region
encoding the Y-(x)-D-N-K peptide motif), two products would
be generated for each known toxin genes (one toxin-specific
product and one toxin-gene positive product). The presence of
uncharacterized toxin genes would be detected by the presence
of a single toxin gene-positive PCR product but the absence of
a toxin-specific PCR product. Including a toxin-positive ele-
ment into the multiplex PCR assay would have the further
advantage of reducing the chances of false-negative results
caused by mutations occurring in the toxin-specific primer re-
gions.

To check the reproducibility of the PCR toxin assay, we
screened a range of different staphylococcal isolates which had
been isolated from a variety of sources and, again, good cor-
relation was found between the PCR assay and the SET-RPLA
results. In agreement with the work of Hirooka et al. (19), we
found that enterotoxin C was most commonly associated with
ovine and bovine enterotoxigenic S. aureus strains. Although
only one of the bovine isolates was found to be enterotoxin
positive, it is perhaps significant that enterotoxin C was de-
tected, since our bovine strains were recovered from cases of
bovine mastitis, and the involvement of enterotoxin C-positive
S. aureus strains with cases of subclinical and clinical bovine
mastitis has been well documented by other workers (15, 24,
29). Of the poultry strains studied, 50% of the isolates carried

FIG. 3. Southern hybridization detection of sec gene. Staphylococcal chro-
mosomal DNA was restricted with RsaI and separated on a 2% (wt/vol) agarose
gel. The DNA was hybridized at high stringency with digoxigenin-labeled, PCR-
amplified toxin C gene. Lane 1, NCTC 10655 (SEC); lane 2, NCTC 8532 (non-
enterotoxigenic); lanes 3 and 4, ovine strains. The two strongly hybridizing bands
of 160 and 260 bp are those predicted from an analysis of the published gene
sequence of sec (8). The fainter-hybridizing bands correspond in size to predicted
partial restriction digest fragments. The relative positions of the molecular size
markers are indicated on the left.
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enterotoxin D, and this was the only enterotoxin detected.
Harvey et al. (18) have previously reported a predominance of
enterotoxin D-positive strains in their study on chicken iso-
lates, and Shiozawa et al. (40) found that 37.5% of enterotoxi-
genic strains from poultry in Japan (16 samples) produced
enterotoxin D alone. Hence, the production of enterotoxin D
may be characteristic of enterotoxigenic strains of poultry or-
igin.

Although 31% of the human isolates were enterotoxin pos-
itive, the majority of these (10 of 12) were from non-line-
associated septicemia cases, and the remaining two were from
healthy volunteers. This result supports the concepts of S.
aureus as an opportunistic pathogen and the importance of the
enterotoxins in the establishment of infection. For instance,
Childs et al. (10) have previously reported an association be-
tween the presence of enterotoxins B, C, and D, either alone or
in combination with TSST-1, with S. aureus infections of burn
wounds in children and, similarly, a higher incidence of en-
terotoxin production was found among isolates from patients
with septicemia (63%) than those from nasal isolates of
healthy subjects (11%; 20). The fact that none of the isolates
tested here from line-associated cases were enterotoxin posi-
tive suggests that, when given access to the body by a physical
route, expression of the enterotoxins is less significant in al-
lowing the bacterium to cause infection.

In combination with the simplified DNA extraction proce-
dure described here, the application of this single multiplex
PCR assay should enable more samples to be rapidly charac-
terized for enterotoxin production for epidemiological studies.
Having tested the assay on a wide range of isolates from dif-
ferent environmental sources, we can also recommend its use
as a screening test for the presence of enterotoxin genes and as
a confirmatory test for enterotoxins actually elicited, as deter-
mined by immunological assays.
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