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Streptococcus pyogenes with null mutations in the csrRS regulatory locus are highly virulent in mice due to
derepression of hyaluronic acid capsule synthesis and exotoxins, e.g., streptolysin S (SLS) and pyrogenic
exotoxin B (SpeB). We generated derivatives of a �csrRS strain that also carry deletions in hasAB (leading to
an acapsular phenotype) or in sagA (phenotypically SLS�) or an interruption of speB (SpeB�) to test the
relative contributions of these factors to the development of necrotic skin lesions. Inoculation of 2 � 106 to 4 �
106 CFU of either acapsular or SLS� strains into hairless mice resulted in lesions �70% smaller than those
of the �csrRS parent strain. Elimination of SLS also reduced lethality from 100% to 0% at this inoculum (P <
10�7; Fisher exact test). In contrast, SLS� SpeB� mutants yielded lesions that were only 41% smaller than the
parent strain (t � 2.2; P � 0.04), but only 3 the 17 lesions had dermal sloughing (P � 10�5). The nonulcerative
lesions associated with SpeB� strains appeared pale with surrounding erythema. We conclude that capsule and
SLS contribute to the subcutaneous spread of S. pyogenes and to a fatal outcome of infection. SpeB facilitates
early dermal ulceration but has minor influence on lesion size and mortality. Large ulcerative lesions are
observed only when both toxins are present.

Enhanced virulence of Streptococcus pyogenes csrR mutants
is associated with increased expression of the hyaluronic acid
capsule and several exotoxins, most notably streptolysin S
(SLS) and pyrogenic exotoxin B (SpeB, or cysteine proteinase)
(12). In the hairless mouse model of streptococcal skin infec-
tion, csrR mutants produce rapidly expanding, necrotic lesions,
whereas the CsrR� wild-type M1 strain from which they are
derived induces only small abscesses or self-limited erythema.

There is little disagreement about the importance of the
hyaluronic acid capsule in streptococcal pathogenesis; how-
ever, significant controversy exists concerning the importance
of many of the other CsrRS-regulated gene products in viru-
lence. Several research groups have characterized SLS as a key
factor contributing to virulence (4, 17, 28). In contrast, discrep-
ancies have been reported concerning the importance of cys-
teine proteinase in studies with speB mutants (2, 3, 21, 24, 32,
34). We hypothesized that the incremental pathogenicity asso-
ciated with the mutations in csrR depends on the expression of
these regulated virulence factors. Accordingly, we character-
ized here the impact of these toxins on murine infection by
deleting them individually or in combination in S. pyogenes
strains lacking CsrR. We show an additive effect of hyaluronic
acid capsule, SLS, and SpeB on mouse virulence, and we ob-
serve that these factors contribute in different ways to the
character, extent, and lethality of the skin lesions.

MATERIALS AND METHODS

All experiments used derivatives of a type M1 isolate, MGAS166 (27). Strep-
tococci were stored at �70°C and passaged minimally before and after genetic
manipulations. Todd-Hewitt broth (Difco, Detroit, Mich.) supplemented with

0.2% yeast extract (THYB) was used for liquid cultures and Todd-Hewitt yeast
agar plates (THYA) was used for colony isolation.

Site-directed mutations were constructed by cloning a fragment of the target
gene with the desired deletion into the temperature-sensitive plasmid pJRS233,
electroporating streptococcal strains, and plating for erythromycin resistance at
30°C (29). Transformants were picked and passaged at 37°C to select for plasmid
integration. Strains that became erythromycin sensitive with nonselective passage
were analyzed by PCR and DNA sequencing of the target region to confirm that
the intended allelic exchange had occurred. Table 1 includes a list of strains used
in the present study with abbreviated designations used in other tables and
figures.

The deletion in hasAB results in an in-frame fusion from the reading frame of
HasA to HasB. This deletion removes the 66 C-terminal HasA residues and 304
residues from the N terminus of HasB. The plasmid carrying this deletion was
constructed by using methods and primers that were previously described (12).
The deletion in sagA eliminates 60 bp from the reading frame that encodes
GGCCCCCTTCCFSIATGSGN, the cysteine-rich region of the peptide just
downstream of the putative signal sequence cleavage site. The deleted base pairs
were replaced with 15 nucleotides encoding five random amino acids. The shuttle
plasmid carrying this mutant allele was constructed by using PCR with overlap-
ping extension (15). Two sets of primers were used: (i) upstream-forward (5�-C
AGGTAGGGATCAAGCGAGCAG-3�) and upstream-reverse (5�-GGAGCA
ACTTGAGTTGTTTCAGC-3�) and (ii) downstream-forward (5�-TTCTCAAG
GTGGGTAGCGGAAGTT-3�) and downstream-reverse (5�-GCAACGGCGG
AATCTGTAAA-3�).

�hasAB mutants produced matte colonies and had minimal cell-associated
uronic acid detected by using the Stains-All method (26). Similarly, �sagA mu-
tants showed no detectable cholesterol-resistant hemolysin activity when aliquots
of broth culture were tested in exponential and stationary phases (1). Cysteine
proteinase-deficient mutants were generated by exchange of the wild-type speB
gene with a speB fragment inactivated by insertion of an �Km-2 interposon
(kindly provided by Ulf Sjobring, Lund, Sweden) (34). The resulting speB mutant
strains are kanamycin resistant.

For animal experiments, all strains were grown to mid-exponential phase
(ABS600 � 0.6) and 2 � 106 to 4 � 106 CFU was administered in a 100-	l volume
of THYB subcutaneously into the flanks of hairless 4-week-old male crl:SKH1
(hrhr) Br mice (Charles River, Wilmington, Mass.). Total lesions (induration,
abscess, ulcer, and erythema) and any regions of necrosis were measured daily,
and the lesion area was calculated as follows: area � (L � W)
/4, where L is the
long diameter and W is the short diameter of the lesion. Large irregular lesions
were traced on paper to determine more accurately the lesion area. Mice that
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were immobilized by large lesions were sacrificed and considered to have had
lethal outcomes.

RESULTS

To determine the relative contribution of hyaluronic acid
capsule and SLS to the virulence in our skin infection model,
we injected groups of mice with �106 CFU of wild-type and
various mutant strains. The mean area and appearance of the
resulting lesions at 24 and 48 h are depicted in Fig. 1. Note that
lesions produced by the wild-type bacteria (MGAS166) were
relatively small (�50 mm2) with minimal ulceration. Deletion
of sagA in this background produced a notable decreased in the
size of the lesions and no areas of ulceration at 48 h (P � 0.057;
Student t test). A similar but more significant effect was ob-
served comparing a more virulent �csrRS mutant and its �sagA
derivative (P � 0.0005), since the amount of ulceration in the
�csrRS mutant is consistently greater than in the CsrR� pa-
rental strain. Deletion of hasAB produced a similar reduction
in the size and area of necrosis of the lesions (P � 0.002).
Moreover, although all six animals inoculated with the CsrR�

parental strain died at 72 h, none of the animals inoculated
with either SLS� or capsule-negative derivatives died by 72 h.

The deletion of both sagA and hasAB resulted a strain
(RSHA) that was less virulent than either individual deletion
strain (P � 0.01 versus RSH; P � 0.02 versus RSA). At 72 h,
the lesions induced by the �sagA, �hasAB mutant were similar
in size to those induced by the CsrRS� parent strain. These
observations suggest that neither the capsule nor SLS alone
accounts for the incremental virulence of the �csrRS mutant,
and both factors are required to induce the large, ulcerating
lesions characteristic of progressive necrotizing skin infection
and a lethal outcome.

To understand the contribution of SpeB to the progress of
skin infection, we tested a series of �csrRS mutants that also
have mutations in sagA or speB or both. Table 2 and Fig. 2
summarize the results of three separate experiments that have
been combined for clarity. In all three experiments, infection
with the �csrRS mutant was uniformly lethal, but none of the
17 animals infected with the SLS� strain succumbed to infec-
tion (Table 2). Mortality was reduced but not eliminated after

FIG. 1. Areas of skin lesions and dermal necrosis in mice at 24 and 48 h after subcutaneous inoculation with 106 CFU of a type M1 S. pyogenes
strain or derivative mutants with deletions in csrRS, sagA, or hasAB. Strains tested are designated by letter codes indicating which mutated genes
they possess (i.e., RS, �csrRS, A, �sagA; H, �hasAB).

TABLE 1. Streptococcal strains used in this study

Strain Descriptiona Abbreviation Source or reference

MGAS166 M1 clinical isolate with spontaneous Strr 27
UMAA2392 MGAS166 �csrRS (441-bp in-frame deletion of csrR with a spontaneous mutation of the

CsrS initiation codon from ATG to ACG)
RS 12

UMAA2526 �csrRS �hasAB 12
UMAA2630 MGAS166 �hasAB This study
UMAA2820 MGAS166 �sagA This study
UMAA2840 �csrRS �sagA RSA This study
UMAA3268 �csrRS speB::�km-2 RSB This study
UMAA3136 �csrRS �sagA, speB::�km-2 RSAB This study
UMAA2966 �csrRS �hasAB, �sagA This study

a Strr, streptomycin resistance.
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infection with the SpeB� mutant. To understand better how
SLS and SpeB interact together in vivo, we induced murine
infections by using inocula of comparable numbers of bacteria
but with reduced numbers capable of synthesizing one or both
of these factors. For example, in the inoculum containing
RSA�RSB, the total inoculum size (in CFU) was the same as
that used to test single mutants. However, only half of the
bacteria in these inocula produce SLS, whereas the other half
produces only SpeB. This approach allowed us to test quanti-
tative and complementary effects of the two toxins. We found
that lethality of the RSB�RSA combination was 58%, signif-
icantly less than after infection with the �csrRS parent strain
and significantly greater than after infection with the SLS�

mutant alone (P � 0.0002; Table 2). The combination was not
significantly more lethal than the SpeB� strain administered
alone (P � 0.11), but there was a trend in that direction. Since
only half of the bacteria in this combined inoculum produce
each toxin, we also compared RSB�RSA combination with
mixed inocula that completely lack one of the two toxins
and have only half of the bacteria producing the other, i.e.,
RSB�RSAB and RSA�RSAB. Although the numbers are

small, neither of these groups experienced significant mortality
relative to RSB�RSA, suggesting that even though SLS is most
correlated with lethality, the effects of the two toxins are at
least additive with respect to a fatal outcome of infection.
In addition, SLS appears to be required for lethality in this
model since none of the 27 animals that received streptococcal
inocula devoid of SLS died (i.e., in groups receiving RSA,
RSA�RSAB, and RSAB). We conclude that the presence of
SLS is required for a fatal outcome of infection in this model;
the presence of SpeB may enhance this lethality, but it is not
sufficient to produce this outcome at the inocula used.

The extent and character of the lesions was also differentially
affected by the presence of these two toxins (Fig. 2). The
�csrRS mutant (abbreviated RS) yielded lesions averaging
214 � 99 mm2 in size 48 h after inoculation. Elimination of
either exotoxin resulted in a reduction of the mean lesion
areas. Those induced by the SpeB� strain (RSB) were mod-
estly smaller (mean � 127 � 112 mm2 [P � 0.04, Student t
test]). However, those induced by the SLS� strain (RSA) were
dramatically smaller (mean � 57 � 24 mm2; P � 8 � 10�7). In
fact, the mean size of the lesions induced by RSA was not
significantly different than that of the lesions induced by a
strain lacking both toxins (RSAB; mean � 49 � 36 mm2). The
combination of RSB�RSA produced lesions that are compa-
rable in size to those induced by the SpeB� mutant (mean
areas, 124 � 88 mm2 versus 127 � 112 mm2, respectively).
These findings show that the total area of the skin lesion
depends mostly on the presence of SLS and to a much lesser
degree on the presence of SpeB.

A distinctive difference between the SLS� and SpeB� mu-
tants was also noted with respect to the dermonecrosis and
appearance of the lesions (Fig. 2). All of the mice injected with
the �csrRS mutant developed dermonecrosis with sloughing of
the skin and production of a deep skin ulcer by 24 h after

FIG. 2. Areas of skin lesions resulting from subcutaneous inoculation of a S. pyogenes csrRS mutant or derivatives carrying additional mutations
in either speB or sagA or both. Strains tested are designated by letter codes indicating which mutated genes they possess (i.e., RS, �csrRS; A, �sagA;
B, speB::�Km-2).

TABLE 2. Lethality of murine skin infection by various
�csrRS GAS strains or strain combinations

Strain

Toxin
phenotype n No. dead at

48 h (%)

P (Fisher exact test)

SLS SpeB vs strain RS vs RSA�RSB

RS � � 12 12 (100) 0.012
RSA � � 17 0 �10�9 0.0002
RSB � � 17 5 (29) 0.0003 0.11
RSA�RSB 1/2 1/2 19 11 (58) 0.012
RSA�RSAB � 1/2 6 0 0.00005 0.02
RSB�RSAB 1/2 � 6 1 (17) 0.0007 0.16
RSAB � � 4 0 0.0006 0.09
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inoculation as indicated by the filled circles in Fig. 2. In con-
trast, mice injected with the SpeB� mutant were significantly
less likely to have any ulceration of the lesions, even at 48 h
after inoculation (18% ulcerated; P � 0.00001 [Fisher exact
test]). The absence of SLS had much less impact on the ten-
dency of the lesions to ulcerate. Seventy-seven percent of an-
imals injected with the SLS� strain had ulcerative lesions (P �
0.12 compared to the �csrRS parent strain).

We also observed that all mice receiving the RSB�RSA
combination developed ulcerated lesions by 48 h. Unlike the
group that received the �csrRS strain alone, these animals did
not have ulcerated lesions by 24 h, suggesting that the quantity
of SpeB produced in the lesion influences the progress of the
lesion toward skin breakdown. After a different combined in-
oculum in which half of the bacteria produced SpeB but none
produced SLS (i.e., RSA�RSAB), only half of the animals
developed ulceration at 48 h (P � 0.009, compared to the
RSA�RSB group). This finding suggests that ulceration asso-
ciated with SpeB is facilitated by the presence of SLS. How-
ever, since 24 of the 27 mice that received only SpeB� bacteria
in these experiments (groups RSB, RSB�RSAB, and RSAB)
failed to ulcerate, we conclude that SpeB is the key element
contributing to dermal sloughing in this model. SLS may con-
tribute modestly but is not required for this outcome.

The lack of ulceration in the absence of SpeB meant that the
lesions in animals inoculated with these mutants had a distinc-
tive appearance. Instead of a large open wound, infections with
SpeB� mutants produce an expanding area of pallor sur-
rounded by a ring of erythema (Fig. 3). Histologic preparations
of these lesions (not shown here) suggest that both SpeB� and
SpeB� bacteria grow and spread in the subdermal area of the
skin. The epidermal sloughing that occurs with SpeB� strains
is not accompanied by the contiguous spread of large numbers
of bacteria to the skin surface and through the open ulcers. In
infection with SpeB� strains, bacteria also remain in the sub-
dermal area, but the epidermis remains intact. These findings
suggest that the epidermal sloughing associated with SpeB�

strains likely results from the action of a diffusible toxin, either
SpeB itself or a another toxin that must be activated by the
proteolytic activity of SpeB.

DISCUSSION

We investigated the relative contributions of three impor-
tant and well-described virulence factors regulated by CsrRS to
the production of murine skin infection. We found that hyal-
uronic acid and SLS have additive effects both with respect to
the size of lesions and the tendency of the lesions to progress
to dermonecrosis. Deletion of both factors by site-directed
mutagenesis results in greater attenuation of virulence than
deletion of either factor independently. This relationship sug-
gests that the contributions of these two factors to the progress
of skin infection are distinct and do not overlap. By infecting
animals with mutants lacking SLS and SpeB (cysteine protein-
ase), we also established that these two exotoxins have differ-
ent roles in skin infection. Whereas SLS facilitates the spread
of the infection subcutaneously and is required for a lethal
outcome of infection in this model, SpeB contributes signifi-
cantly less to these particular parameters but appears to be

essential for the breakdown of the epidermis and ulceration
over the infected tissues.

In contemplating the significance of these findings, it is im-
portant to recognize that they were made in the context of a
particular model of streptococcal virulence, i.e., subcutaneous
infection with a CsrR� GAS mutant in the hairless mouse. The
use of a CsrR mutant in our virulence model permits us to
induce lethal lesions in mice by using subcutaneous inocula in
the �106 CFU range. Superficially, this system may seem ar-
tificial; however, we and others have learned that spontaneous
CsrRS mutants emerge spontaneously when larger inocula of
wild-type bacteria are used to induce murine skin infections
(8, 30). This observation suggests that altered expression of
CsrRS-regulated genes in vivo provides a selective advantage
in mice. Indeed, we have observed evidence of synergy be-
tween CsrR� mutants and wild-type bacteria within the same
subcutaneous lesion, producing larger and more lethal skin
infections (8). Although CsrR� and CsrS� mutants also occur
in patients with streptococcal infection, the frequency of iso-
lation is significantly less than in mice (16). This may reflect a
sampling bias, or more likely, it may imply that mice are more
likely to enrich for spontaneous mutants either because they
are less sensitive to certain CsrRS-regulated virulence factors
or because they lack the signals for depression of genes con-
trolled by CsrRS. In either case, inoculation of the �csrRS
mutant in place of the wild-type parent strain produces a pro-
ductive infection with levels of virulence gene expression that
generate fatal necrotizing skin infection.

Our work shows that this virulence is not attributable to any
single factor. Early studies suggested that several streptococcal
exoproteins were controlled by CsrRS (9, 12, 13, 23). More
recent microarray data show that the list of regulated proteins
is very large and likely includes several factors with a necessary
role in dermonecrotic infection (11). To investigate the roles of
these factors, we think it reasonable to use an animal model
infection system in which they are produced in sufficient abun-
dance in vivo to have demonstrable effects.

The hairless (hr/hr) mice used in these studies were selected
for these studies because their baldness facilitates the mea-
surement and characterization of wounds. Animals with this
genotype also possess a quantitative deficiency of T lympho-
cytes; specifically, the ratio between Ly1 and Ly123 lympho-
cytes is reversed in the spleens of 3- to 3.5-month-old mice,
without affecting the total lymphocytes counts (31). These an-
imals have a defect in the proliferative response to alloantigens
but no defect in mitogenic responses or lymphocyte cytotoxic-
ity (25). Based on the age of the mice used in our study, their
GAS-naive status, and the rapidity of skin lesion development,
it seems unlikely that this quantitative defect influences the
course of infection in our model.

Given these caveats concerning the model system, what con-
clusions can we draw from the current findings? The finding
that hyaluronic acid capsule and SLS have additive effects on
virulence is consistent with the distinct functions of these vir-
ulence factors. The capsule is important as an antiphagocytic
factor and as an adherence factor that binds streptococci to
cellular CD44 (6, 7). In contrast, SLS is a potent surface ex-
pressed cytotoxin that lyses host cells, including polymorpho-
nuclear leukocytes, after insertion into their membrane. Based
on the additive effect of these factors on virulence, one as-
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sumes that both functions are required for full expression of
virulence.

With respect to the exotoxins, it has been suggested that
several streptococcal proteins may synergize with one another
and with host-derived substances to create tissue damage (10).
Comparing the relative contributions of SLS and SpeB to le-
sion development, we found some evidence for potential syn-
ergy in that the presence of the two led to lesions that were
larger and more necrotic than those produced by strains ex-
pressing only one or the other toxin. However, each toxin also
has distinct effects that are clearly independent of the other;
SLS promotes subcutaneous spread of the infection, and SpeB
mediates the disruption of epidermis overlying the areas of
subdermal infection. SpeB has a variety of mammalian sub-

strates for its proteolytic activity, including interleukin-1
 pre-
cursor, vitronectin, fibronectin, laminin, urokinase plasmino-
gen receptor, and kininogens (14, 18, 20, 36). In addition, this
molecule induces mast cell degranulation (35) and activates
the 66-kDa human endothelial cell matrix metalloprotease and
has therefore been associated with endothelial cell damage (5).
The potential degradation of a large variety of streptococcal
exoproteins and M protein by SpeB may also influence viru-
lence (19, 22). However, studies of SpeB mutants from differ-
ent laboratories have resulted in divergent conclusions regard-
ing the role of this factor in pathogenesis (2, 3, 21, 24, 32, 34).
Most relevant to our findings was the observation of Svennsson
et al. that SpeB was associated with detachment of granular
keratinocytes and release of the stratum corneum from under-

FIG. 3. Appearance of murine skin lesions at 48 h after inoculation with a csrRS mutant or a csrRS speB::�Km-2 derivative.
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lying epidermis in explants of human foreskin to SCID mice
(hu-skin-SCID) (33, 34). These authors hypothesize that SpeB
may function as tryptic enzymes do in the degradation of in-
tercellular desmosomes. If this hypothesis is correct, then the
ulceration of lesions by SpeB� strains may reflect this activity
arising from the subdermal infection, and the spreading pallor/
erythema seen with SpeB� and CsrS� strains may reflect the
inability of other streptococcal exoproteins to substitute for
this function.
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