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It has recently been demonstrated that the bacteriophage-borne gene (speC) encoding pyrogenic exotoxin C
is harbored by phylogenetic lineages representing virtually the entire breadth ofgenomic differentiation present
in the species Streptococcus pyogenes (J. M. Musser, A. R. Hauser, M. H. Kim, P. M. Schlievert, K. Nelson,
and R. K. Selander, Proc. Natl. Acad. Sci. USA 88:2668-2672, 1991). To determine whether the speC genes

occurring in association with divergent chromosomal genotypes (clones) are identical or represent a group of
allelic variants, we sequenced speC from 23 S. pyogenes strains representing 15 clones identified by multilocus
enzyme electrophoresis. Two alleles ofspeC are present in natural populations, and each allele occurs in clones
that are well differentiated in overall chromosomal character, in one case, isolates of a single clone had different
speC alleles. We interpret these patterns of toxin allele-clone distribution as evidence of occasional episodes of
speC horizontal dissemination, presumably by bacteriophage-mediated gene transfer and recombination.

An increase in the number of unusually severe Strepto-
coccus pyogenes invasive infections and acute rheumatic
fever (ARF) episodes reported in recent years in the United
States (1, 20, 25) and elsewhere (7) stimulated renewed
interest in this pathogen. The organism expresses a hetero-
geneous array of extracellular molecules that are believed to
be causally involved in the pathogenesis of various diseases.
Among the putative virulence factors synthesized by S.
pyogenes are streptokinase, hyaluronidase, and DNase and
the extracellular antiphagocytic molecules M protein and
hyaluronic acid. Strains of S. pyogenes also have the ability
to produce one or more of three pyrogenic exotoxins (2).
Pyrogenic exotoxin A (scarlet fever toxin) and exotoxin C
are bacteriophage encoded and are variably present in
isolates recovered from natural populations (16, 28, 29),
whereas all isolates harbor sequences hybridizing with a
specific probe for the pyrogenic exotoxin B gene (11). These
toxins are members of a family of "superantigen" molecules
that are also expressed by Staphylococcus aureus and other
microbes (14). Most of them have similar amino acid se-
quences and functional activities.

Superantigen research has been an especially active area
of investigation in recent years because these molecules
stimulate lymphocytes in a novel fashion that apparently
does not require antigen processing. In addition, there is
much speculation (14) and some evidence (4, 10) that super-
antigens are involved in the pathogenesis of several autoim-
mune disorders, including ARF and rheumatic heart disease.
It has recently been shown that streptococcal pyrogenic
exotoxin (SPE) C is the most effective of the three strepto-
coccal toxins in stimulating human T-cell mitogenesis (26).

Epidemiologic evidence has demonstrated that SPE A is
preferentially associated with isolates recovered from pa-

* Corresponding author.

tients with a recently described, unusually severe invasive
disease termed streptococcal toxic shock-like syndrome
(TSLS) (16). However, not all isolates cultured from patients
with TSLS or other severe invasive diseases (SID) express
SPE A. Many of these other strains produce pyrogenic
exotoxin B, alone or in combination with exotoxin C (16), an
observation suggesting that expression of the two toxins is
involved in the pathogenesis of some cases of severe strep-
tococcal diseases.

In a study (16) of the molecular population genetics of
strains recovered from patients with TSLS and other SID, it
was demonstrated that speC is associated with many distinct
phylogenetic lineages of the species, some of which are
highly divergent in overall chromosomal character. For
example, several isolates differed at over half of the 12 loci
assayed for electrophoretic variation, and some isolates
diverged from one another at a genetic distance of 0.70, a
level of differentiation that in many species approximates
species-level distinction (23). However, it was not deter-
mined whether the speC sequences harbored by strains of
different chromosomal genotypes are identical or whether
they represent a family of allelic variants of this toxin gene.
The purpose of the present study was to address this
question by sequencing speC from strains which represent
many evolutionary lineages of S. pyogenes and which were
recovered from patients with defined clinical syndromes.
Our analysis has revealed that there are two distinct alleles

of speC present in isolates from natural populations of S.
pyogenes, including strains recovered from patients with
TSLS, and in organisms expressing M types historically
associated with ARF. Each allele is found in clones that are
well differentiated in overall chromosomal character, and in
one case, isolates of the same clone harbored different
alleles. The most parsimonious hypothesis accounting for
the observed toxin allele-clone distribution pattern postu-
lates occasional episodes of speC horizontal transfer and
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TABLE 1. Properties of 23 strains of S. pyogenes representing 15 clonal groups

Clonal group MGAS Protein AleLoaiyDisease'(ET) strain serotypei Allele Locality

1 19 Ml speCI Michigan RP
1 307c Ml speCI Texas TSLS
2 276 T28 speC2 Colorado SID
2 289 T28 speC2 Colorado SID
2 332 M3 speC2 United States Invasive
2 1251 M3 speCI Unknown Scarlet fever
3 270 NT speC2 Minnesota SID
8 280C T9 speC2 Colorado SID
9 323 T12/13 speC2 Idaho Invasive
10 255c NE speC2 California SID
11 296 T9/5/27/44 speC2 Washington Invasive
14 321 M4 speCI Washington TSLS
16 168 M66 speC2 Texas Invasive
18 264 NE speC2 California SID
20 156 M18 speCI Nebraska TSLS
20 300 M18 speCI Washington Invasive
20 1585C M18 speCI Great Lakes Naval Training Center, Ill. ARF
20 1587C M18 speCI Ohio ARF
22 265 NE speC2 California Invasive
24 162 M22 speCI Illinois SID
28 254 NE speCI California SID
28 258C NE speCI California SID
32 317c NE speCI Idaho Invasive

a NT, nontypeable; NE, not examined.
b RP, recurrent pharyngitis; TSLS, toxic shock-like syndrome; SID, severe invasive disease; ARF, acute rheumatic fever associated.
c Partial speC sequence data only.

recombination, presumably occurring by bacteriophage-
mediated transduction.

MATERIALS AND METHODS

Bacterial isolates. A sample of 20 S. pyogenes isolates
representing 15 distinct clonal lineages, among which there
is an estimated maximum genetic distance of 0.70, was
drawn from a larger collection of strains previously charac-
terized by multilocus enzyme electrophoresis (16). The
sample includes one strain cultured from a child with recur-
rent pharyngitis, three strains recovered from patients with
TSLS, seven strains obtained from individuals who had
septicemia but for whom we lack sufficient clinical informa-
tion to permit assignment to the TSLS or the SID category,
and nine strains recovered from cases of SID. We also
studied one strain (MGAS 1587) recovered in 1986 from the
throat of a patient in Ohio in the course of an ARF outbreak
that has been described elsewhere (6) and one strain (MGAS
1585) associated with an outbreak of ARF at the Great Lakes
Naval Training Center in the 1940s (Table 1). This strain was
used as the source of the speC gene originally sequenced by
Goshorn and Schlievert (8).
Genomic DNA preparation. Genomic DNA was prepared

from isolates grown on brain heart infusion agar plates. In
general, cells were scraped from one plate, suspended in 800
IlI of 10 mM Tris-50 mM EDTA (pH 8.0) (TE), heated at
65°C for 15 min, washed, resuspended in 500 ,ul of TE
containing 5 ,ug of mutanolysin, and incubated at 37°C for 2
h. The cells were lysed by adding 100 ,ul of 10% sodium
dodecyl sulfate and heating at 65°C for 20 min. After
centrifugation for 10 min, the supernatant was transferred to
a clean tube and incubated overnight at 37°C with 100 ,ug of
RNase and 50 ,ug of proteinase K. The DNA was then
extracted with phenol-chloroform, precipitated with ethanol,
and suspended in 100 ,ul of TE.

Genetic relationships among clones. Methods of estimating
genetic relationships among S. pyogenes clones by multilo-
cus enzyme electrophoresis have been described previously
(16). Each isolate was characterized by its combination of
alleles at 12 enzyme loci (16). The electrophoretic type (ET)
designations are cognate with those used previously (16).

Sequencing of speC. The speC gene was amplified by
polymerase chain reaction (PCR) with the following syn-
thetic oligonucleotide primers: 5' primer (SPEC-1), 5'-AT
GAAAAAGATITAACATCATCAAAAT-3'; and 3' primer
(SPEC-X), 5'-TTCAAGATAAATATCGAAATGAC-3'. Sin-
gle-stranded DNA templates were produced by lambda exo-
nuclease digestion following PCR amplification (12), and the
resulting 702-bp fragments were sequenced in both direc-
tions with the aid of four additional internal sequencing
primers with Sequenase version 2.0 (U.S. Biochemicals,
Cleveland, Ohio). The sequences were assembled and edited
with SEQMAN and SEQMANED programs (Dnastar, Mad-
ison, Wis.). Seven of the strains we studied were not
sequenced for the entire 702-bp fragment described above;
for these strains, we sequenced a fragment ofspeC of at least
300 bp that included the variable region differentiating speCI
and speC2.

Nucleotide sequence accession numbers. The DNA se-
quence data for speCI and speC2 are available from Gen-
Bank under accession numbers M97156 and M97157, respec-
tively.

RESULTS AND DISCUSSION

Phylogenetic relationships among multilocus genotypes. The
chromosomal relationships among the multilocus enzyme
genotypes of 19 of the strains were presented earlier (16).
The multilocus metabolic enzyme allele profile of strain
MGAS 19 was identical to that reported previously for
isolates of ET 1, the profile of MGAS 1251 was that of ET 2,
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FIG. 1. Dendrogram showing estimates of genetic relationships
of 15 ETs of 23 isolates of S. pyogenes harboring speC, based on
allele profiles at 12 enzyme loci. The dendrogram was generated
from a matrix of genetic distances between pairs of ETs by the
average-linkage method (21). The ET designations are cognate with
those employed in earlier studies (15, 16). There are six major
clusters identified by the letters A through F. M and T protein
serotypes and speC alleles of isolates of each ET are indicated.
Strains are designated by the ET numbers given in Table 1.

and the allele profiles of MGAS 1585 and MGAS 1587 were
those of ET 20.

Estimates of the overall genetic relationships among the
isolates are summarized in the dendrogram in Fig. 1. At a

genetic distance of 0.35, there were six branches, designated
A through F. Clusters A and B were separated from lineages
C and D at a genetic distance of about 0.45. Cluster E
diverges from clusters A through D at a genetic distance of
0.50, which means that ETs in these two divisions of the
dendrogram differ, on average, at half of the 12 enzyme loci
assayed. Lineage F (ET 32) was even more divergent, and
was separated from phylogenetic lines A through E at a
genetic distance of 0.70. It is noteworthy that estimates of
genetic relatedness based on multilocus enzyme electropho-
resis of Haemophilus spp. (19), Legionella spp. (22), and
other bacteria (23) have shown that divergence of clones at a

genetic distance of 0.55 frequently means that the lineages
will show less than about 70% nucleotide sequence related-
ness by DNA hybridization, a value now widely accepted as
the criterion of species limits in many groups of bacteria (3,
27). Hence, many of these chromosomal lines are strongly
differentiated from one another and have not recently shared
a common ancestor.
Gene sequences of exotoxin C. Failure to identify the

published speC sequence by comparative analysis of this
gene from 16 isolates representing 15 distinct clonal lineages
suggested that the sequence encoding the signal peptide
region reported previously (8) is incorrect. This notion was
confirmed by reanalysis of the speC gene from strain T18P
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FIG. 2. Nucleotide and deduced amino acid sequences of SPE C.
(A) Sequencing gel depicting nucleotide sequence encoding the
putative signal peptide of SPE C. The arrows at the top and bottom
indicate the base numbers relative to the start codon. The arrow at
position 60 indicates the presence of a single T residue followed by
an A residue at position 61, representing a difference from the
sequence previously reported (8). Similarly, the arrow at position 76
indicates an A residue followed by three additional A residues,
which also represents a difference from the previously reported
sequence. (B) Alignment of previously reported (I) and corrected
(II) nucleotide sequences of speC. The reading frame of the cor-
rected sequence shifts at position 61 and reverts back to the reported
sequence at position 77. (C) Alignment of previously reported (I)
and corrected (II) deduced amino acid sequences of SPE C. The
shift in reading frame of the sequence at position 61 results in
changes in six amino acid residues from positions 21 through 26, as
indicated by the colons.

(MGAS 1585), which was used in the earlier study by
Goshorn and Schlievert (8). Compared with the published
sequence, the sequences of all strains examined lacked a T at
position 61 and had an A at position 76 (Fig. 2) (numbering is
cognate with that in reference 8). As a consequence of these
revisions, a stretch of six amino acids extending from
position 21 through position 26 in the putative signal se-
quence of SPE C changes from Tyr-Phe-Thr-Tyr-His-Gln to
Ile-Ser-Pro-Ile-Ile-Lys (Fig. 2). The presence of an addi-
tional A residue at position 76 allows the reading frame to
revert to the previously reported sequence (8). We refer to
this sequence as allele speCI, and it is otherwise identical to
the previously published sequence.
We also identified a second allele, designated speC2,

which differs from speCI by nucleotide changes at positions
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FIG. 3. Alleles of SPE C. The arrows at the top and the bottom
indicate the nucleotide positions with respect to the start codon and
are cognate with the previously reported numbering system (8). The
allele speC2 differs from speCI at positions 438 and 453, as indicated
by the arrows. The G-to-A transitions at both positions represent
synonymous changes in codons for lysine residues.

438 and 453, both of which are synonymous (silent) A-to-G
transitions in the third position of codons for lysine (Fig. 3).

Distribution of exotoxin C alleles among clonal lineages. The
distribution of two speC alleles among the streptococcal
clonal lineages is shown in Fig. 1. Both are widely distrib-
uted in the range of chromosomal diversity in our sample.
For example, speCl occurred in association with ET 1,
ET 2, ET 14, ET 20, ET 24, ET 28, and ET 32. Hence, there
is no special speC allele-genotype cluster relationship, a

circumstance that contrasts with that previously reported for
alleles of the gene (speA) encoding SPE A (17). With the
single exception of isolates of ET 2, all isolates assigned to
individual chromosomal genotypes harbored the same speC
allele. Isolates of ET 2 were associated with both speCI (1
isolate) and speC2 (3 isolates), and intriguingly, all three
isolates with speC2 were recovered from contemporary
invasive disease episodes, whereas strain MGAS 1251, with
speCl, was cultured in the 1920s. Strain MGAS 1251 was
characterized on two separate occasions for multilocus
enzyme genotype and speC allele.

Evidence for SPE C gene dissemination by horizontal gene
transfer. Although some of the speC allele-clone associa-
tions presented in Fig. 1 can be explained on the basis of
chromosomal divergence occurring after the differentiation
of speCI and speC2, two lines of evidence suggest the idea
that toxin genes are sometimes disseminated in natural
populations of streptococci by episodes of horizontal gene
transfer and additive recombination, presumably by bacte-
riophage-mediated transduction. First, speCl and speC2
each occur in phylogenetic lineages that are in many cases
highly divergent in chromosomal character, as indexed by
multilocus enzyme electrophoresis. For example, MGAS
317, assigned to ET 32, harbors speCI, and the same toxin
allele occurs in association with six other multilocus enzyme
genotypes that diverge from lineage F at a genetic distance of
0.70, a level of differentiation that in many genera approxi-
mates species-level distinction (23). Similarly, MGAS 321
(ET 14) harbors the speCI allele, yet cluster analysis indi-
cates that ET 14 is nested among seven other ETs of lineage

B, all of which carry the speC2 allele. A second line of
evidence is the occurrence of both speCI and speC2 among
isolates assigned to the same clonal lineage (ET 2). It is most
unlikely that the toxin allele-clone associations revealed by
our analysis are the result of multiple episodes of evolution-
ary convergence involving mutation and natural selection,
because the only two base pair changes differentiating speCI
and speC2 are synonymous substitutions, and are, therefore,
unlikely to affect fitness.
Inasmuch as our data are consistent with episodes of

bacteriophage-mediated horizontal transfer and recombina-
tion of speC in mediating toxin gene dissemination, it is
noteworthy that several investigators (5, 9, 13, 18) have
provided evidence that lysogenic conversion to SPE C
production can occur in the laboratory. Although we did not
investigate strains for the presence of other bacteriophage-
encoded genes, a previous study (9) of speC-positive organ-
isms showed that the speC gene harbored by phage CS112
was linked to a common phage-derived DNA fragment in
several strains. Additional studies will be required to deter-
mine exactly how many distinct phages harbor speC.

Concluding comment. Gene sequencing and other molec-
ular population genetic approaches have provided evidence
(16, 20) that the genes (speA and speC) encoding bacterial
superantigens SPE A and SPE C and the gene (emml2)
encoding protein serotype M12 (24) have been laterally
transferred among streptococcal clonal lineages. It is possi-
ble that horizontal gene transfer plays an important role in
the molecular origin of new and perhaps unusually virulent
cell lineages of this pathogen.
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