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egc, A Highly Prevalent Operon of Enterotoxin Gene, Forms a
Putative Nursery of Superantigens inStaphylococcus aureus

Sophie Jarraud,* Marie Alix Peyrat, † Annick Lim, ‡ Anne Tristan,* Michè le Bes,*
Christophe Mougel,§ Jerome Etienne,* François Vandenesch,* Marc Bonneville,† and
Gerard Lina 1*

The recently described staphylococcal enterotoxins (SE) G and I were originally identified in two separate strains ofStaphylo-
coccus aureus. We have previously shown that the corresponding genessegand seiare present inS. aureusin tandem orientation,
on a 3.2-kb DNA fragment (Jarraud, J. et al. 1999.J. Clin. Microbiol. 37:2446–2449). Sequence analysis ofseg-seiintergenic DNA
and flanking regions revealed three enterotoxin-like open reading frames related tosegand sei,designatedsek, sel, and sem, and
two pseudogenes,c ent1 and c ent2. RT-PCR analysis showed that all these genes, includingsegand sei, belong to an operon,
designated the enterotoxin gene cluster (egc). Recombinant SEG, SEI, SEK, SEL, and SEM showed superantigen activity, each
with a specific Vb pattern. Distribution studies of genes encoding superantigens in clinicalS. aureusisolates showed that most
strains harbored such genes and in particular the enterotoxin gene cluster, whatever the disease they caused. Phylogenetic analysis
of enterotoxin genes indicated that they all potentially derived from this cluster, identifyingegcas a putative nursery of enterotoxin
genes. The Journal of Immunology,2001, 166: 669–677.

Staphylococcus aureusproduces a wide variety of toxic pro-
teins, including the staphylococcal enterotoxins (SEs)2 A-E
and G-J, the toxic shock syndrome toxin-1 (TSST-1), and

the exfoliative toxins (ETs) A and B. These toxins were initially
described as being responsible for specific acute staphylococcal
toxemia syndromes, such as toxic shock syndrome (TSS) and
staphylococcal scarlet fever (SSF) (both due to TSST-1, SEB, and
SEC), scalded skin syndrome (SSSS, due to the ETs), and staph-
ylococcal food poisoning (due to the SEs) (1, 2).

SEs and TSST-1 share common structural and biological prop-
erties, suggesting that they derived from a common ancestor (3).
They display significant homology in their primary sequence and
secondary and tertiary structures (3). Based on amino acid se-
quence comparisons, SEs have been divided into several groups;
one includes SEA, SEE, SEJ, SED, and SEH, and another SEB and
SEC, whereas SEG and SEI could not be clearly attributed to a
specific group (4, 5). Biologically, SEs and TSST-1 exhibit super-
antigen activity, stimulating polyclonal T cell proliferation through
coligation between MHC class II molecules on APCs and the vari-
able portion of the T cell Ag receptorb-chain (TCR Vb) (3). The
pattern of Vb activation is specific for each of these superantigens
(3). T cell/APC activation by these toxins leads to the release of

various cytokines/lymphokines and IFN, enhances endotoxic
shock, and causes T and B cell immunosuppression, all of which
may hinder the immune response against bacterial infection (5–8).

SEG and SEI are recently described SEs (4). We have previ-
ously reported the involvement of these toxins in TSS and SSF (9).
The SEG and SEI genes (segandsei)were originally identified in
two separate strains (4), but we have shown that, when present,seg
andseicoexist in all clinical isolates ofS. aureusexamined to date
(9). Moreover, we found that the two genes were in tandem ori-
entation on the same 3.2-kb DNA fragment. As Munson et al. (4)
have found that thesegtranscript is unusually large (;6.7 kb), we
postulated that theseg transcript might encode additional genes,
includingsei. The aim of this study was to identify and character-
ize the genes that are cotranscribed withseg.

Materials and Methods
Strains

S. aureusA900322, isolated from a patient with TSS, was shown to have
the genotypesea2, seb2, sec2, sed2, see2, seg1, seh2, sei1 (9), and was
used as asegandsei reference strain.S. aureusRN450 (sea2, seb2, sec2,
sed2, see2, seg2, seh2, sei2) was used as a negative control for SE genes.
S. aureusMJB1316 (a gift from Sibyl Munson, University of Wisconsin,
Madison, WI), an RN450 derivative that contains the clonedseggene on
the staphylococcal expression vector pRN5548 (4), was used assegposi-
tive control. The followingS. aureusstrains were used to check the spec-
ificity of PCR amplification: FDA-S6 (ATCC 13566 (sea1 seb1)), FRI-
137 (ATCC 19095 (sec1 seg1 seh1 sei1)), FRI-1151 m (sed1), FRI-326
(ATCC 27664 (see1)), FRI-569 (ATCC 51811 (seh1)), FRI-1169 (tst1),
TC-7 (eta1 seg1 sei1), and TC-146 (etb1 seg1 sei1) (9). Two hundred
thirty S. aureusclinical isolates were collected by the Center National de
Référence des Toxe´mies àStaphylocoques (Lyon, France) between Janu-
ary 1998 and December 1999. They were isolated from 58 patients withS.
aureus infection (arthritis, skin infection, pneumonia, or infective endo-
carditis), 102 patients with acute toxemia (TSS, SSF, or SSSS), and 70
asymptomatic nasal carriers. All strains were collected from hospitals lo-
cated throughout France and were identified asS. aureusby their ability to
coagulate citrated rabbit plasma (bioMe´rieux, Marcy-l’Etoile, France) and
to produce a clumping factor (Staphyslide Test; bioMe´rieux). Escherichia
coli TG1 was used for plasmid amplification and genetic manipulations.
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Parradin, 69372 Lyon Cedex 08, France. E-mail address: geralina@univ-lyon1.fr
2 Abbreviations used in this paper: SE, staphylococcal enterotoxin; ET, exfoliative
toxin; ORF, open reading frame; SD, Shine-Dalgarno; SSF, staphylococcal scarlet
fever; SSSS, scalded skin syndrome; TSS, toxic shock syndrome; TSST, TSS toxin.

Copyright © 2001 by The American Association of Immunologists 0022-1767/01/$02.00

D
ow

nloaded from
 http://journals.aai.org/jim

m
unol/article-pdf/166/1/669/1132930/669.pdf by guest on 20 April 2024



DNA amplification and sequencing

DNA was extracted from A900322 cultures and used as a template for
amplification with primers sei-1 and seg-2 (Table I) in conditions described
in detail elsewhere (9). Primers wsei and wseg (Table I) were designed
following identification of suitable hybridization sites in thesei and seg
genes and were compatible with the Clontech Genome Walker kit (Ozyme;
Montigny-Le Bretonneux, France), which is suitable for cloning unknown
DNA sequences adjacent to a known sequence. This kit was used, accord-
ing to the supplier’s instructions, to identifysei andsegflanking regions
using primers hindIII and wsei (Table I) on aHindIII chromosomal digest
for the amplification of thesei-upstream region; and primers hpaI and wseg
(Table I) on anHpaI chromosomal digest for the amplification of theseg-
downstream region. PCR products were analyzed by electrophoresis
through 0.8% agarose gels (Sigma, St. Louis, MO), purified using the High
Pure PCR Product Purification kit (Boehringer Mannheim, Meylan,
France), and sequenced (Genome Express, Grenoble, France). Sequences
were compiled, analyzed, and compared using Blast (http://www.ncbi.
nlm.nih.gov/BLAST), GeneJokey, and ClustalX software (European
Bioinformatics Institute, Cambridge, U.K., http://www.ebi.ac.uk) (10).

Phylogenic reconstruction

The sequences of SE-related genes were obtained from GenBank:seaac-
cession number M18970;sebaccession number M11118;sec1accession
number X05815;sed accession number M28521;seeaccession number
M21319; seh accession number U11702; andent accession number
U93688. Nucleotide sequences of these genes and open reading frames
(ORFs) encoded byegcwere aligned using the multiple alignment Clus-
talX software (10). The evolutionary distances were determined by the

method of Kimura, and these values were used to construct a dendrogram
by means of the neighbor-joining method using the Phylip package (Eu-
ropean Bioinformatics Institute). At least 1000 bootstrap trees were gen-
erated for each data set to investigate the stability of phylogenic relation-
ships using the Seqboot module of Phylip package. Similar phylogenic
analysis was conducted using the corresponding amino acids sequences.

Toxin-gene detection

Sequences specific forsea-e, seg-i, tst, eta, and etb, encoding SEA-E,
SEG-I, TSST-1, ETA, and ETB, respectively, were detected by PCR, as
previously described (9). DNA from clinical isolates was extracted from
cultures and used as a template for amplification with the primers described
in Table I (Eurogentec, Seraing, Belgium). Amplification ofgyrAwas used
as a control to confirm the quality of each DNA extract and the absence of
PCR inhibitors (9). All PCR products were analyzed by electrophoresis
through 1% agarose gels (Sigma).

Detection of bacterial RNA by RT-PCR

Total RNA was extracted from staphylococcal cultures by using RNeasy
spin columns (Qiagen, Courtaboeuf, France). cDNA was synthesized using
Ready-To-Go RT-PCR beads (Pharmacia Biotech, Orsay, France) by in-
cubating 0.1mg of total RNA with the following pairs of primers (primer
59, sel3), (sel-4, sel-5), (sel1, sel2), (invsel2, invsem1), (sem1, invsei1),
(sei1, sei2), (invsei2,cent2), (cent1, invsek1), (sek1, sek2), (invsek2,
invseg1), (seg1, seg2), (invseg2, primer 39) (Table I). The reaction mix-
tures were incubated with each primer pair described above, at 42°C for 30
min for reverse transcription, followed by 30 cycles of amplification (1-min
denaturation at 94°C, 1-min annealing at 55°C, and 1-min extension at

Table I. Sequences of primers used in this studya

Primer
Location within

egcb Oligonucleotide Sequence (59-39)

wseg 5014–5040 CGTCTCCACCTGTTGAAGGAAGAGGAG
wsei 2494–2525 GTATTGTCCTGATAAAGTGGCCCCTCCATAC
primer59 1–19 GTCCCGTTAGGAGTCATAC
sel-3 427–449 GCATTGTTTACACTACATATTGC
sel-4 244–270 CTGTTTGTTCAATAGTAAGTAGGATTG
sel-5 557–581 GTTGATACAATTGATTTTACTGTCG
sel-1 481–506 AGTTTGTGTAAGAAGTCAAGTGTAGA
sel-2 630–660 ATCTTTAAATTCAGCAGATATTCCATCTAAC
invsel-2 630–660 GTTAGATGGAATATCTGCTGAATTTAAAGAT
rsel-1 443–461 CAGAATTCTGTAGTGTAAACAATGCATATGCAAATG
rsel-2 1123–1156 GCCTGCAGTTATGTAAATAAATAAACATCAATATGATAGTC
sem-1 1785–1811 CTATTAATCTTTGGGTTAATGGAGAAC
invsem-1 1785–1811 GTTCTCCATTAACCCAAAGATTAATAG
sem-2 2085–2110 TTCAGTTTCGACAGTTTTGTTGTCAT
rsem-1 1469–1495 CAGAATTCTTTTGCTATTCGCAAAATCATATCGCA
rsem-2 2126–2155 GCCTGCAGTCAACTTTCGTCCTTATAAGATATTTCTAC
sei-1 2260–2281 CTCAAGGTGATATTGGTGTAGG
invsei-1 2260–2281 CCTACACCAATATCACCTTGAG
sei-2 2886–2915 GTTACTATCTACATATGATATTTCGACATC
invsei-2 2886–2915 GATGTCGAAATATCATATGTAGATAGTAAC
rsei-1 2262–2289 CAGAATTCCAAGGTGATATTGGTGTAGGTAACTTAA
rsei-2 2883–2918 GCCTGCAGTTAGTTACTATCTACATATGATATTTCGACATCAAG
ent-1 3352–3375 ACGTAGATTTGTTTGGGACAAACT
ent-2 3502–3529 GTGCTGTTATGTTTTTCTTATTAGTAGG
sek-1 3969–3988 ACGTGGCAATTAGACGAGTC
invsek-1 3969–3988 GACTCGTCTAATTGCCACGT
sek-2 4415–4444 GATTGATCTTGATGATTATGAGAATGAAAG
invsek-2 4415–4444 CTTTCATTCTCATAATCATCAAGATCAATC
rsek-1 3885–3918 CAGAATTCGAAGTAGACAAAAAAGATTTAAAGAAAAAATCTG
rsek-2 4531–4568 GCCTGCAGTTAATCTTTATATAAAAATACATCAATATGATAATTAG
seg-1 4979–5003 TAAGGGAACTATGGGTAATGTAATG
invseg-1 4979–5003 CATTACATTACCCATAGTTCCCTTA
seg-2 5514–5541 GAACAAAAGGTACTAGTTCTTTTTTAGG
invseg-2 5514–5541 CCTAAAAAAGAACTAGTACCTTTTGTTC
rseg-1 4926–4950 CAGAATTCCAACCCGATCTTAAATTAGACGAAC
rseg-2 5593–5627 GCCTGCAGTCAGTGAGTATTAAGAAATACTTCCATTTTAATAC
primer39 6163–6189 CTTTAACCTCATAAATTAGCAGTAGTC

a Restriction sites forEcoRI andPstI are underlined.
b egc,Enterotoxin gene cluster.
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72°C). The RT-PCR products were then analyzed by electrophoresis
through 1% agarose gel. RNA extracts were tested for DNA contamination
by preincubating the reaction mixtures at 95°C for 10 min to inactivate
reverse transcriptase before the RT-PCR.

Production and purification of recombinant enterotoxins

Primers were designed following identification of suitable hybridization
sites insel, sem, sei, sek, andseg(Table I). The 59 primers were chosen
within the coding sequence of each gene, omitting the region predicted to
encode the signal peptide, as determined by hydrophobicity analysis ac-
cording to Kyte and Doolitttle (11) with GeneJockey software and SignalP
V1.1 World Wide Web Prediction Server (http://www.cbs.dtu.dk/services/
SignalP/) (12); the 39 primers were chosen to overlap the stop codon of
each gene. A restriction site was included in each primer (Table I). DNA
was extracted from A900322 or MJB1316 and used as a template for PCR
amplification. PCR products and plasmid DNA were prepared using the
Qiagen plasmid kit. PCR fragments were digested withEcoRI and PstI
(Boehringer Mannheim) and ligated (T4 DNA ligase; Boehringer Mann-
heim) with the pMAL-c2 expression vector from New England Biolabs
(Ozyme) digested with the same restriction enzymes. The resulting plas-
mids were transformed intoE. coli TG1. The integrity of the ORF of each
construct was verified by DNA sequencing of the junction between
pMAL-c2 and the different inserts. The fusion proteins were purified from
cell lysates of transfectedE. coli by affinity chromatography on an amylose
column according to the supplier’s instructions (New England Biolabs).

T cell proliferation assays

PBL from healthy donors were cultured in 24-well plates (106 cells/well)
in RPMI 1640 medium supplemented with 8% pooled human serum and 10
mg/ml recombinant staphylococcal toxin. rIL-2 (50 IU/ml) was added
on day 5. When necessary, T cell cultures were diluted in IL-2-supple-
mented medium until TCR analysis. We used as controls T cells from the
same donors that were stimulated with 0.5mg/ml Phaseolus vulgaris
leucoagglutinin (PHAL) (Sigma).

Flow cytometry

The following mAb (mAb; specificity indicated in brackets) were used for
flow cytometry: E2.2E7.2 (Vb2), LE89 (Vb3), IMMU157 (Vb5.1), 3D11
(Vb5.3), CRI304.3 (Vb6.2), 3G5D15 (Vb7), 56C5.2 (Vb8.1/8.2), FIN9
(Vb9), C21 (Vb11), S511 (Vb12), IMMU1222 (Vb13.1), JU74 (Vb13.6),
CAS1.1.13 (Vb14), Tamaya1.2 (Vb16), E17.5F3 (Vb17), BA62.6 (Vb18),
ELL1.4 (Vb20), IG125 (Vb21.3), IMMU546 (Vb22), and HUT78.1

(Vb23). These mAb, and CD4- and CD8-specific mAb, were purchased
from Beckman/Coulter/Immunotech (Marseille, France). Cells were phe-
notyped by indirect immunofluorescence, as described previously (13).
Briefly, cells were incubated with unconjugated mAb for 30 min at room
temperature, then washed and incubated with FITC-conjugated rabbit anti-
mouse Ig antiserum (BioAtlantic, Nantes, France) for 30 min on ice. After
washing, cells were analyzed by flow cytometry on a FACScan apparatus
(Becton Dickinson, Mountain View, CA) using the LYSYS II software
package on a FACstation.

Immunoscope analysis

Total RNA was extracted using the Trizol reagent (Life Technologies,
Gaithersburg, MD). TCRb-chain-specific primers were as described pre-
viously (14), and reverse transcription, PCR amplification, and run-off
steps were performed as reported previously (15). Fluorescent DNA prod-
ucts were loaded on a sequencing gel and analyzed with the Immunoscope
software (16).

Statistical analysis

x2 test was used to determine whether the distribution ofegc, sea, seb, sec,
sed, see, seh, tst, eta, andetb was significantly different in isolates from
asymptomatic nasal carriers and patients withS. aureusinfection or acute
toxemia;p , 0.05 was considered statistically significant.

Results and Discussion
Identification of thesegand sei flanking regions

When this work was initiated, the coding regions of onlysegand
seiwere available, and the two genes were known to be in tandem
orientation, separated by a 1.9-kb DNA fragment inS. aureus
strain A900322 (4, 9). A 3.2-kb fragment was thus amplified by
PCR with primers sei1 and seg2 and was then sequenced. The
intergenic 1.9-kb DNA sequence contained three open reading
frames (ORF1, 2, and 3) of 399, 327, and 777 bp, respectively.
Comparison of the deduced amino acid sequences of these ORFs
with translated sequences from GenBank showed that the putative
proteins corresponding to these ORFs had substantial sequence
similarities to known SEs: ORF1 exhibited homology to the N-
terminal region of SEB; ORF2 to the C-terminal region of SEC;
and ORF3 to SEA (Table II). The PCR “walking” strategy was

Table II. Percentage of amino acid sequence identity among the staphylococcal superantigenic toxinsa

Toxin

% Sequence Identity

SEA SEB SEC1 SED SEE TSST-1 SEG SEH SEI SEJ ENT
ORF1b

ENT1
ORF2c

ENT2
ORF3d

SEK
ORF4e

SEL
ORF5f

SEM

SEA 100 33 30 50 83 NS 27 37 39 64 31 35 32 39 37 35
SEB 100 68 35 32 26 43 33 31 33 30 47 63 32 36 29
SEC1 100 31 29 30 41 27 26 30 26 46 66 29 33 26
SED 100 52 NS 27 35 33 51 33 35 35 38 39 41
SEE 100 26 27 35 35 63 32 34 31 39 37 37
TSST-1 100 33 NS NS NS NS NS 31 NS NS NS
SEG 100 34 28 29 28 33 49 31 30 28
SEH 100 33 35 28 31 36 38 34 31
SEI 100 34 67 30 34 31 31 57
SEJ 100 33 33 37 38 42 33
ENT 100 30 33 28 29 57
ENT1 100 NS 26 29 28
ENT2 100 33 43 38
SEK 100 42 28
SEL 100 31
SEM 100

a Amino acid sequences were compared by using the Blast 2 sequences method with open gap of 11 and extension gap penalties of 1 (10).
b Blast search result in GenBank using ORF1: homology with SEB [identities5 56/119 (47%), positives5 84/119 (70%), gaps5 6/119 (5%)].
c Blast search result in GenBank using ORF2: homology with SEC [identities5 69/103 (66%), positives5 90/103 (86%)].
d Blast search result in GenBank using ORF3: homology with SEA [identities5 101/258 (39%), positives5 151/258 (58%), gaps5 11/258 (4%)].
e Blast search result in GenBank using ORF4: homology with SEJ [identities5 103/238 (43%), positives5 141/238 (58%), gaps5 12/238 (5%)].
f Blast search result in GenBank using ORF5: homology with SEI [identities5 135/235 (57%), positives5 175/235 (74%), gaps5 1/235 (0%)].
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chosen to identify theseg and sei flanking regions. The use of
primers wsei and hindIII onHindIII digests allowed us to amplify
and sequence the 3.2 kb of DNA upstream ofsei. Analysis of this
sequence showed two significant ORFs (ORF4 and ORF5) of 783
and 720 bp, respectively. ORF4 exhibited homology with SEJ, and
ORF5 with SEI (Table II). The use of primers wseg and hpaI on

HpaI digests amplified a 0.8-kb fragment downstream ofseg. Se-
quence analysis of this fragment revealed no other significant
ORFs. The concatenated sequence ofseg-sei-intergenic, -upstream
and -downstream regions was validated by sequencing a 6.189-kb
PCR fragment encompassing the whole region (Fig. 1). Although
sei in strain A900322 was 100% homologous with the sequence

FIGURE 1. Completeegcnucleotide sequence. The deduced amino acid sequence of each ORF, with its putative signal peptide (underlined) and its stop
codon (asterix), is indicated below. The putative SD sequence (underlined), the proposed210 and235 consensus sequences (bold characters), and the
inverted repeats representing the putative transcription terminator (horizontal arrows) are also indicated. These sequence data are available from GenBank
under accession number AF285760.
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deposited in GenBank (accession number AF064774),segin strain
A900322 showed one mutation, corresponding to a Leu3Pro sub-
stitution at position 29. This new variant was designated SEGL29P.

As ORFs 1–5 were homologous but not identical with any
known enterotoxins, we speculated that they corresponded to new
enterotoxins. However, ORF1 and 2 were at least 50% shorter than
any of the known enterotoxins. ORF-1 possesses a satisfactory

Shine-Dalgarno (SD) sequence (TGGAGT-N7-AUG, consensus
AGGAGG-N6/10-AUG) but, in comparison with SEB, to which it
is highly related, shows a large deletion of its 39 end, which cor-
responds to a region that is essential for biological (superantigenic)
activity (17). ORF2 has neither an SD sequence nor a signal pep-
tide, and resembles an N-terminal-truncated SEC. Accordingly,
ORF1 and 2 were designatedc ent1 and 2, respectively, meaning
they represent pseudogenes with no likely biological function. In
contrast, ORFs 3, 4, and 5 had sizes consistent with active enter-
otoxin-like molecules. ORF5 possesses a satisfactory SD sequence
and translation start site, whereas ORF3 and ORF4 have an ade-
quate SD sequence in front of a noncanonical, although suitable
(18), translation start site (ATT) coding thethionine (Fig. 1). Thus,
ORF3, ORF4, and ORF5 were designatedsek, sel, and sem,re-
spectively. Thus, the 6301-bp DNA region identified in this study
containssegandseiplus three potential enterotoxin genes (sek, sel,
and sem) and two pseudogenes (Cent1, Cent2), all in the same
orientation (Fig. 1). We designated this regionegcfor “enterotoxin
gene cluster.” With the exception of plasmid pIB485, which con-
tainssedandsej in opposite orientations separated by 895 nucle-
otides, and the staphylococcal pathogenicity island, which contains
tst andent separated by 10.234 kb (19), no such gene cluster or-
ganization has ever been described for enterotoxin genes. It is
likely that this organization was generated through gene duplica-
tion and variation from an ancestral gene. The proposed molecular
mechanism involved inegc formation is unequal crossing-over,

FIGURE 2. Analysis ofegctranscripts by RT-PCR. cDNA was prepared
from S. aureusA900322 total RNA and subjected to PCR using the primer
pairs A to K (schematically represented in theupper partof the figure, and
described inMaterials and Methods). A–K, Correspond to the results obtained
using the corresponding primer pairs.Lane 1, Molecular size marker;lane 2,
RT-PCR negative control (RT-PCR with heat-inactivated reverse transcrip-
tase);lane 3, RT-PCR from extract of A900322;lane 4, PCR positive control
(A900322 DNA as template).

Table III. Flow cytometry analysis of PBL from donor A and B,
cultured for 12 days with 10mg/ml of SEI or SEKa

TCR Vbb

SEIc SEKc

Donor A Donor B Donor A Donor B

1 6.8 10.1
5.1 36.0 34.0
5.2 10.4 11.0
5.3 5.8 4.0
9 43.5 45.1
23 2.0 2.0

a Results are expressed as percentage of total cells in the culture.
b Results for TCR Vb2, Vb3, Vb4, Vb6.7, Vb7, Vb8, Vb9, Vb11, Vb12,

Vb13.2, Vb13.6, Vb14, Vb16, Vb17, Vb18, Vb20, Vb21.3, and Vb22 were
negatives.

c CD4/CD8 ratios were of 13.4 (donor A) and 21.7 (donor B) in SEI cultures
(preferred expansion of the CD4 subset) and of 2.9 and 3.3 in SEK cultures (no gross
alteration of CD4/CD8 in this case).

Table IV. Flow cytometry analysis of PBL from donor C and D, cultured for 12 days with 10mg/ml of SEG, SEI, SEL, or SEMa

TCR Vbb

PHALc (0.5 mg/ml) SEGc SEIc SELc SEMc

Donor C Donor C Donor D Donor C Donor D Donor C Donor D Donor C Donor D

1 2.8 7.8 10.0
5.1 5.7 35.4 32.5 9.1 22.3
5.3 0.7 3.7 4.4
7 0.5 34.0 42.1
13.6 1.3 0.4 1.5
14 3.5 55.5 65.0
18 0.2 1.1
21.3 1.5 30.7 27.1
22 2.5 1.8 2.9
23 0.5 2.0 2.4

a Results are expressed as percentage of total cells in the culture.
b Results for TCR Vb2, Vb3, Vb4, Vb5.2, Vb4, Vb6.7, Vb8, Vb9, Vb11, Vb12, Vb13.2, Vb16, Vb17, and Vb20 were negatives.
c CD4/CD8 ratios were of 3.7 (donor C) for PHAL culture, of 4.4 (donor C) and 3.3 (donor D) for SEG cultures, of 6.8 and 6.2 for SEI cultures, of

3.3 and 3.2 for SEL cultures, and of 6.0 and 7.2 for SEM cultures.
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which can be generated when recombination occurs between non-
allelic regions by misalignment (20). This hypothesis is supported
by the presence of homologous genes and pseudogenes in the same
DNA region.

Transcriptional analysis

As mentioned above, Munson et al. (4) reported an unusually large
(6.7-kb)segtranscript. To investigate whether this transcript was
polycistronic, i.e., encoded one or more of the ORFs identified in
egc, c-DNA was generated from strain A900322 total RNA by
reverse transcription and amplified by PCR using primer pairs lo-
cated within each gene and bracketing adjacent genes. Abundant
RT-PCR products (B to K) of the expected size were obtained
using the corresponding primer pairs (Fig. 2). In contrast, no RT-
PCR product A (primer 59, sel3) nor L (primer invseg2 and primer
39) was obtained (Fig. 2). These results suggest that the seven
genes and pseudogenes composingegcare cotranscribed, and that
the 59 and 39 ends of the transcript must be close to the beginning
of sel and to the end ofseg, respectively. Sequence analysis re-
vealed putative210 and 235 promotor sequences (TTGTCT-
N15-TAATTT-N134-ATT) upstream of theselstart codon. The 39
end may lie at an inverted repeat at position 6018–6067, which is
a potential transcription termination signal, 5830 nucleotides
downstream of the putative transcription start site. These results
suggest thategc is an operon. However, we could not rule out the
coexistence of alternative transcription start sites and/or termina-
tion sites resulting in partialegctranscription. The size of theegc
transcript was slightly shorter than that previously estimated by
means of Northern blot analysis (6.7 kb) by Munson et al. This
discrepancy is most probably due to technical reasons, as Northern
blot analysis permits only a rough estimate of RNA size.

Superantigen activity

The association of related genes that are cotranscribed suggested
that the resulting peptides might have complementary effects on
the host’s immune response. One hypothesis was that gene recom-
bination had created new variants of toxins differing by their su-
perantigen profiles. Purified recombinant SEL, SEM, SEI, SEK,
and SEGL29P expressed inE. coli were studied for their ability to
induce selective expansion of T cells bearing particular TCR Vb

regions in short-term PBL culture. As shown in Tables III and IV,
recombinant SEL SEM, SEI, and SEK consistently induced selec-
tive expansion of distinct sets of Vb subpopulations. By contrast,
SEGL29P failed to trigger expansion of any of the 23 Vb subsets.
The sum of results obtained with each of these recombinant toxins
globally corresponded to the selective expansion of Vb subpopu-
lations induced by crude supernatant of staphylococcal culture of
strains that harboredegc(data not shown). This suggested that the
maltose-binding protein portion of the fusion toxins did not sig-
nificantly influence the Vb specificity of these superantigens. To
investigate whether the L29P mutation could explain the lack of
superantigen activity, a rSEG with an L29 codon was constructed
from S. aureusstrain MJB1316 (which contains the clonedsegon
a plasmid) and then expressed inE. coli, and the superantigen
activity of this toxin was tested. SEGL29.induced selective expan-
sion of Vb14 and, to a lesser extent, Vb13.6,0T cells (Table III).
The L29P mutation thus accounts for the complete loss of super-
antigen activity. Computer modeling of the two-dimensional struc-
ture (21) of the wild-type and mutated proteins revealed no major
conformational differences between the two proteins (not shown).
It is likely that L29 is located at a position crucial for proper

FIGURE 3. Analysis of the TCR Vb repertoire of superantigen-stimulated cultured PBL by semiquantitative immunoscopy. The results shown are those
obtained with T cell lines derived from donor D (Table III). In all cases, junctional transcripts derived from amplified Vb segments showed diverse lengths
with a pseudogaussian distribution (14, 16) (data not shown). Similar results were obtained with superantigen-stimulated cells from donor C.
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superantigen/MHC II interaction. In addition to the selective ex-
pansion of TCR Vb subsets observed with the different toxins,
flow cytometry revealed preferential expansion of CD4 T cells in
SEI and SEM cultures (Table III). By contrast, the CD4/CD8 ratios
in SEK-, SEL-, and SEG-stimulated T cell lines were close to
those in fresh PBL. This phenomenon, which was observed with
cells from several donors, may reflect a variable contribution of the
CD4 coreceptor to the T cell activation process, depending on the
affinity of the TCR for the superantigen/MHC complex (22, 23).

To document the TCR Vb composition of superantigen-stimu-
lated T cell lines and the clonal diversity of the expanded TCR Vb
subsets, the size distribution of PCR-amplified TCRb-chain junc-
tional products was studied using the Immunoscope technique
(14–16). Results of this molecular analysis were in good overall
agreement with those obtained by flow cytometry, as similar dom-
inant TCR Vb subsets were identified with the two approaches

(Fig. 3, Tables III and IV, and data not shown for rSEK). Slight
discrepancies observed in some instances may have been due to
selective expansion of particular members of a given Vb subfam-
ily not recognized by available mAb (e.g., Vb6 or Vb13), and to
the fact that TCR Vb frequencies were estimated with a semiquan-
titative PCR technique, which might have led to slight over- or
underestimation of particular Vb subsets. Additionally, Immuno-
scope analysis showed that the complementarity-determining re-
gion 3 size distribution of TCRb-chain junctional transcripts
within expanded Vb subsets was pseudogaussian in all superanti-
gen-stimulated cultures, reflecting a high level of polyclonality
(data not shown). This was further confirmed by sequence analysis
of TCR b junctional transcripts derived from some expanded TCR
Vb subsets (e.g., Vb51 cells in SEL and SEI cultures) (not
shown). Taken together, these TCR repertoire studies confirmed
the superantigenic nature of the new toxins identified in this study.

FIGURE 4. Reconstruction of phylogenic
tree of SE genes (A) and toxins (B). The nu-
cleic, and peptidic, sequences of all SE-related
genes and toxins were obtained from GenBank.
They were aligned using the multisequence
alignment program ClustalX. Phylogenic rela-
tionships were inferred using the Phylip soft-
ware package. The evolutionary distances were
determined by the method of Kimura, and these
values were used to construct a dendrogram by
means of the neighbor-joining method. As the
Phylip package was not able to confidently
branchcent2, this gene is not presented in the
tree. The numbers at the nodes are the propor-
tion of 1000 bootstrap resamplings that support
the topology shown. Only bootstrap values
.70% are indicated. Genes belonging toegc
and toxins encoded byegcare indicated by an
asterisk. Monophyletic groups of genes and tox-
ins are circled.

Table V. Toxin production by 160S. aureusstrains associated with various clinical syndromes

Type of Infection
No. of

Strains Tested

No. (%) of Toxin-Positive Strainsa andp Valueb

seg sei sea seb sec sed see seh tst eta etb

Nasal carriage 70 40 (57)-c 13 (19)- 5 (7)- 13 (19)- 10 (14)- 0 (0)- 3 (4)- 8 (11)- 1 (1)- 0 (0)-
Suppurative disease 58 39 (67) NS 7 (12) NS 11 (20) NS 5 (9) NS 3 (5) NS 0 (0) NS 6 (10) NS 7 (20) NS 0 (0) NS 0 (0) NS

Arthritis 10 6 (60) 2 (20) 2 (20) 0 (0) 1 (10) 0 (0) 0 (0) 1 (10) 0 (0) 0 (0)
Furunculosis 13 11 (85) 2 (15) 4 (31) 1 1 (8) 0 (0) 2 (15) 2 (15) 0 (0) 0 (0)
Cutaneous abscess 10 7 (70) 2 (20) 1 (10) 3 (8) 1 (10) 0 (0) 2 (20) 3 (30) 0 (0) 0 (0)
Pneumonia 18 11 (61) 1 (6) 5 (28) 0 (0) 0 (0) 0 (0) 1 (6) 0 (0) 0 (0) 0 (0)
Endocarditis 7 4 (57) 0 (0) 0 (0) 1 (14) 0 (0) 0 (0) 1 (14) 1 (14) 0 (0) 0 (0)

TSS 63 34 (54) NS 21 (33) NS 6 (10) NS 5 (8) NS 8 (13) NS 0 (0) NS 4 (6) NS 24 (38) 5 (8) NS 3 (5) NS
p 5 0.04

Acute presentation of
TSS

32 19 (59) NS 11 (34) NS 3 (9) NS 4 (12) NS 4 (12) NS 0 (0) NS 0 (0) NS 14 (44) .07 2 (6) NS 1 (3) NS

Mild presentation of
TSS (SSF)

31 15 (48) NS 10 (32) NS 3 (10) NS 1 (3) NS 4 (13) NS 0 (0) NS 4 (13) NS 10 (32) NS 3 (10) NS 2 (6) NS

SSSS 39 36 (92) 0 (5) NS 3 (8) NS 1 (3) NS 0 (0) NS 0 (0) NS 1 (3) NS 1 (3) NS 29 (74) 26 (77)
p 5 0.03 p , 0.001 p , 0.001

Generalized exfoliative
syndrome

27 25 (96) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (4) 0 (0) 18 (67) 18 (67)

Bullous impetigo 12 11 (92) 2 (17) 3 (25) 1 (8) 0 (0) 0 (0) 0 (0) 1 (8) 11 (92) 8 (77)

a All genes were detected by PCR assay as described inMaterials and Methods.
b x2 test was used to determine whether the distribution ofegc, sea, seb, sec, sed, see, seh, tst, eta, andetb, were significantly different inS. aureusisolates from asymptomatic

nasal carriers (reference group) and patients with eitherS. aureussuppurative diseases or acute;p , 0.05 was considered statistically significant.
c Reference group for statistical analysis.
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Distribution of egc in humanS. aureusisolates

We then analyzed the distribution ofegc (by PCR amplification
encompassingsei to seg) and that of all known enterotoxins (by
selective PCR (9)) in 230S. aureusstrains isolated in various
clinical settings (nasal carriage, suppurative infection, and tox-
emia). As shown in Table V, the majority of the isolates harbored
gene(s) encoding superantigenic toxins, whatever the clinical set-
ting. seg-sei(and thusegc) were present in most toxemia strains
(59% in TSS, 48% in SSF, and 92% in SSSS), and also in most
strains associated with suppurative infections (67%) and nasal car-
riage (57%). Moreover,egcappeared to be the most frequent su-
perantigens inS. aureus, whatever the clinical setting. The prev-
alence ofegcin strains associated with SSSS, a disease caused by
ETs, was significantly higher than that in nasal carriage strains (x2

test,p 5 0.03) (Table V). This could reflect the clonal origin of the
strains associated with SSSS, as previously suggested by phage
typing, pulsed-field gel electrophoresis, and amplified fragment
length polymorphism (24, G. Lina, manuscript in preparation). The
strains associated with TSS were significantly more frequently
TSST-1 producers than were nasal carriage strains (x2 test,p 5
0.04) (Table V), whereas no significant difference was observed
between the two groups of strains regarding the presence ofegc.
Thus, the superantigens produced byegc must have a role other
than the induction of toxemia. As each toxin encoded byegcwas
associated with a complementary pattern of Vb subset usage, a
bacterium that produces such a panel of superantigens theoretically
has a marked capacity for stimulating polyclonal T cell prolifera-
tion and thus for inducing several deleterious effects, including
immune anergy by T cell suppressor activity, B cell depletion, and
inhibition of Ab responses (6–8). We speculate that the apparent
redundancy of these superantigens confers a selective advantage
toward colonization and/or invasion of human and not only for
toxemia.

Phylogenic analysis of enterotoxin genes

The high prevalence ofegcamong staphylococcal isolates raises
the possibility that this locus acts as a reservoir of enterotoxin
genes. Phylogenic analysis was conducted, including all known
enterotoxins and enterotoxin-like toxins inS. aureus. Phylogenetic
trees, constructed from the nucleic acid sequences of these genes
and from the amino acid sequences of the corresponding toxins by
using the neighbor-joining method, were superimposable. The po-
sition of Cent1and its products was unstable, as reflected by the
low bootstrap value at the node from which they branched (52.5%
and 62%, respectively). As the Phylip package was not able to
confidently branchc ent2, this gene is not presented in the tree. All
other nodes were well supported (.70% bootstrap values) (Fig. 4).
We identified three monophyletic groups within the tree: one com-
posed ofsea, see, sej, sed, sek, sel, andseh; another includingseb,
sec, c ent2, seg, and probablyc ent1; and a third includingsei,
sem, andent (a putative enterotoxin identified in the staphylococ-
cal pathogenicity island (19)). Each of these clusters contained one
or more genes encoded inegc. Remarkably, each of the predicted
egc products showed the strongest homology with one of the
known enterotoxins encoded outsideegc on monocistronic loci.
This phylogenic organization could be interpreted as suggesting
that gene ancestors of enterotoxin genes encoded outsideegcde-
rive from egc. Thus,egc would appear to be an enterotoxin gene
nursery. The mechanism by which gene diversity has been gener-
ated inegcand then exported on the mode of a single gene to other
regions of the chromosome remains to be elucidated.

In conclusion, we have identified an enterotoxin gene cluster in
S. aureus, which was probably generated from an ancestral gene
through gene duplication and variation. This cluster is an operon,
encoding SEG, SEI, and three new enterotoxins designated SEL,
SEM, and SEK. All these toxins exhibit superantigenic properties
associated with specific Vb subsets. The wide distribution ofegc
in clinical isolates suggests that it is beneficial forS. aureus. Fi-
nally, phylogenetic analysis of all known enterotoxins indicates
that they all potentially derived from this cluster, inferring thategc
is in an enterotoxin gene nursery.

Note added in proof. While the present article was under review,
Williams et al. (25) reported the discovery of a novel genetic locus
within S. aureusthat encodes a cluster of at least five exotoxin-like
proteins designated the staphylococcal exotoxin-like genes 1 to 5
(set1 to set5). Comparison of the nucleotide sequences of set1-5
with that of egc revealed that the two clusters are distinct.
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