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Streptolysin O (SLO) and streptolysin S (SLS) are potent cytolytic toxins produced by almost all clinical
isolates of group A streptococci (GAS). Allele-replacement mutagenesis was used to construct nonpolar
(in-frame) deletion mutations in the slo and sagB genes of the serotype M5 GAS strain Manfredo, producing
isogenic single and double SLO- and SLS-defective mutants. In contrast to recent reports on SLS-defective
insertion mutants (I. Biswas, P. Germon, K. McDade, and J. Scott, Infect. Immun. 69:7029-7038, 2001; Z. Li,
D. Sledjeski, B. Kreikemeyer, A.Podbielski, and M. Boyle, J. Bacteriol. 181:6019-6027, 1999), none of the
mutants described here had notable pleiotropic effects on the expression of other virulence factors examined.
Comparison of isogenic parent and mutant strains in various virulence models revealed no differences in their
abilities to multiply in human blood or in their 50% lethal doses (LDs,s) upon intraperitoneal infection of
BALB/c mice. A single log unit difference in the LD.,s of the parent and SLS-defective mutant strains was
observed upon infection by the subcutaneous (s.c.) route. Comparisons over a range of infective doses showed
that both SLO and SLS contributed to the early stages of infection and to the induction of necrotic lesions in
the murine s.c. model. Individually, each toxin made an incremental contribution to virulence that was not
apparent at higher infective doses, although the absence of both toxins reduced virulence over the entire dose
range examined. Interestingly, in some cases, the contribution of SLO to virulence was clear only from an
analysis of the double-mutant strain, highlighting the value of not confining virulence studies to mutant strains

defective in the expression of only single virulence factors.

Streptococcus pyogenes (group A streptococci [GAS]) is a
highly versatile pathogen that causes a wide variety of impor-
tant human diseases (55). These range in severity from self-
limiting infections of the pharynx and skin to rapidly fulminat-
ing streptococcal toxic shock syndrome or devastating tissue
infections, such as rapidly spreading myositis or necrotizing
fasciitis (5, 55). GAS infections can also lead to serious post-
streptococcal sequelae, such as acute glomerulonephritis or
acute rheumatic fever (55). This versatility reflects, in part,
differences in the abilities of strains to produce a wide range of
known or suspected virulence factors. However, some viru-
lence factors are highly conserved and expressed by almost all
GAS strains. These include the potent cytolytic toxins strepto-
lysin O (SLO) and streptolysin S (SLS) (2, 35, 36, 51).

SLO is a 540-amino-acid secreted protein toxin that binds to
cholesterol in eukaryotic cell membranes, where it oligomer-
izes to produce large transmembrane pores leading to cell lysis
(40). Sublytic concentrations of SLO have a wide variety of
more subtle effects on target cells in vitro (8, 9, 29, 46, 50). In
laboratory animals, intravenous (i.v.) administration of small
quantities of purified SLO (<0.2 wg in mice) causes death
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within 2 to 3 min, with cardiotoxicity being the prominent
pathophysiological effect (1). Sublethal doses have been re-
ported to have various effects on other tissues, including neu-
rological effects, increased capillary permeability, and dermal
necrosis in rabbits (1). Despite these highly potent in vitro and
in vivo activities, the first direct studies on the role of SLO
during an infection recently revealed that SLO contributed to
a surprisingly limited extent to GAS virulence in a murine
dermonecrosis-invasive infection model (24). No differences
were observed in the abilities of a serotype M3 GAS strain and
an isogenic slo mutant derivative to cause weight loss 24 h
postinfection or induce necrotic lesions in this model, although
SLO did contribute to later stages of infection, producing a
significant, albeit small, difference in survival rates (24).

SLS also has very potent cytolytic activity against a wide
range of cells in vitro and produces a variety of more subtle
effects at sublytic concentrations (1, 16, 17, 37). Early studies
showed that SLS is a nonimmunogenic peptide that loses
activity upon separation from various “carrier” molecules
(17, 58). However, its precise molecular nature remained an
enigma until recent analysis of an SLS-defective transposon
Tn916 insertion mutant identified an operon of nine SLS-
associated genes (sagA to sagl) which resembles operons en-
coding modified peptide bacteriocins in other species (4, 36,
47). The production of active SLS appears to involve modifi-
cation and secretion of the 53-amino-acid product of the sag4
gene (12) by the products of the other sag genes, which are
transcribed at much lower levels due to the presence of a
rho-independent “partial” transcriptional terminator between
sagA and sagB (36).
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Tn916 insertions in the sag operon promoters of serotype
M1 and M18 GAS strains abolished SLS activity without ap-
parent effects on the expression of other virulence factors (4).
Studies comparing these mutant strains with their isogenic
parent strains indicated that SLS contributes markedly to both
weight loss at 24 h postinfection and the production of necrotic
lesions in the murine dermonecrosis model (4). Subsequently,
however, a Tn917 insertion (designated pel-1) in the sag oper-
on promoter of serotype M49 GAS strain CS101 was found to
greatly reduce the transcription of multiple virulence genes
(sagA, emm, and speB) and the production of extracellular
streptokinase (23). These pleiotropic effects were also ob-
served upon transduction of the pel-I mutation to various se-
rotype M1 GAS strains, including strain MGAS 166, which had
been used in the sag::Tn916 mutant studies outlined above;
these results indicated that strain differences could not account
for the different phenotypes observed (23). It was reported
recently that in vivo passage of the pel-1 mutant selected de-
rivatives with restored SLS and M protein expression but not
restored expression of the SpeB protease or streptokinase (15).
These revertants retained the Tn917 insertion at exactly the
same position as the pel-1 mutant, suggesting the involvement
of complex regulatory mechanisms that are not understood
(15). To complicate matters further, another phenotype, dis-
tinct from any of those described above, was observed upon
insertion of the strongly polar () cassette (44) into the sagA
gene of a serotype M6 GAS strain (7). Unlike pel-1, the sagA
insertion mutation had no effect on the expression of the emm6
gene but led to the normally antiphagocytic M6 protein being
released from the cell surface, resulting in a marked increase in
sensitivity to the bactericidal effects of nonimmune human
blood (7). The various studies outlined above raise questions
about whether SLS contributes directly or indirectly to GAS
virulence in infection models.

Here we describe single and double nonpolar deletion mu-
tants which contain mutations in the slo and sagB genes of the
serotype M5 GAS strain Manfredo and which lack marked
pleiotropic effects on the expression of other virulence factors.
Analysis of these mutants in various virulence models indi-
cated that both SLO and SLS contribute directly to the early
stages of infection and the induction of necrosis in the murine
dermonecrosis model.

MATERIALS AND METHODS

Bacterial strains, culture conditions, and plasmids. The serotype M5 S. pyo-
genes strain Manfredo (52) was provided by the late Ed Beachey from the VA
Hospital Culture Collection (Memphis, Tenn.), and a derivative (AMS5) with the
emmS5 gene replaced by the QKm?2 cassette (41) was provided by Johnsson et al.
(19). SLO plasmid pMK206 was described previously (42). Vector pGh9 (also
called pVE6155 or pG *host 9) and Escherichia coli strain TG1-dev were gener-
ously provided by E. Maguin (Institut National de la Recherche Agronomique,
Jouy en Josas, France). Plasmid pGh9 is a 3.75-kb derivative of cryptic lactococ-
cal plasmid pWVO01 (38) that contains a temperature-sensitive mutant rep4 gene
(30), the erythromycin resistance (Em") determinant from pAMB1 (31, 53), and
the multiple-cloning site from E. coli vector pBluescript SK(+) (E. Maguin,
personal communication). E. coli strain TG1-dev was constructed by transducing
the chromosomally inserted wild-type copy of pWVO01 repA and a linked Km"
marker from strain EC101 (22) into strain TG1 (48), followed by a recA::tet
mutation, to facilitate the stable replication of pGh9 recombinant plasmids in E.
coli at 37°C (E. Maguin, personal communication). Unless otherwise specified, S.
pyogenes and E. coli strains were cultured as described previously (14, 60), except
that Todd-Hewitt broth (THB) (Difco, Surrey, United Kingdom) was supple-
mented with 0.5% (wt/vol) Bacto Yeast Extract (Difco) to produce THYB. For
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selection in S. pyogenes, 1 to 2 ng of erythromycin/ml was added to the medium.
Selection in E. coli was done with antibiotics at the following concentrations:
ampicillin at 100 pg/ml, erythromycin at 300 pg/ml, kanamycin at 30 wg/ml, and
tetracycline at 20 pg/ml.

General DNA techniques. Restriction endonucleases, T4 DNA ligase, Taq
polymerase, and Pfu polymerase were purchased from standard commercial
sources and used according to their manufacturers’ instructions. Unless other-
wise specified, DNA manipulation and analysis were done by standard proce-
dures described previously (18, 48, 60) or with kits from Qiagen Ltd. (Crawley,
West Sussex, United Kingdom) according to the manufacturer’s instructions.
The Qiagen plasmid miniprep kit was modified as follows to isolate plasmids
from S. pyogenes. Cells from 5 to 10 ml of overnight cultures in THYB containing
30 pg of hyaluronidase (Sigma Chemical Company Ltd., Dorset, United King-
dom)/ml and selective antibiotics were resuspended in 180 pl of Qiagen P1
solution. Then, 20 wl (1 U) of mutanolysin solution plus 50 wl (10 pg) of
lysozyme solution were added, and the mixture was incubated at 37°C for 30 to
60 min. Next, 250 pl of Qiagen P2 solution was added, and the recommended
Qiagen procedure was carried out. For purification of S. pyogenes total cell DNA,
Puregene DNA isolation kits (Gentra Systems Inc., Minneapolis, Minn.) were
adapted by supplementing the manufacturer’s lytic enzyme solution with 1.0 U of
mutanolysin plus 10 wg of lysozyme per ml of original culture and extending the
incubation at 37°C to 4 h before adding cell lysis solution. PCR primers were
synthesized to order by local suppliers and are described in Table 1.

RNA isolation and blotting. RNA was isolated from late-log-phase cultures of
S. pyogenes (optical density at 600 nm, 0.9) as described by Cheung et al. (13) with
an RNA FastPrep kit purchased from Bio 101 (Vista, Calif.). DNA probes were
amplified by PCR from S. pyogenes chromosomal DNA and labeled with a
fluorescein gene images kit (Amersham Life Science Ltd., Amersham, United
Kingdom). With a dot blotting manifold, twofold serial dilutions of RNA in water
were applied to Hybond N* blotting membranes (Amersham); the filters were
baked, hybridized with denatured probe, and washed essentially as described
elsewhere (48). Fluorescein-labeled targets were detected by using a gene images
CDP-Star detection module (Amersham). Treatment of RNA with RNase-free
DNase did not reduce hybridization signals, and in control blots with a probe
corresponding to untranscribed sequences upstream from sag4 (amplified by
using primers 39-M5 and 40-MS5; Table 1), no hybridization signals were
detected; these results confirmed the absence of DNA contamination. Exper-
iments were repeated with RNAs isolated on at least two independent occa-
sions.

Allele replacement mutagenesis. Following electrotransformation (54), Em"
S. pyogenes harboring recombinant pGh9 with the desired mutant alleles was
selected at 28°C on blood agar containing erythromycin. Wild-type sequences in
the chromosome were then replaced in two steps. First, integration of the
temperature-sensitive plasmid via a single crossover with homologous chromo-
somal sequences was selected for by growth at 37°C in the presence of erythro-
mycin. Next, after purification of the desired cointegrants, plasmid excision via a
second crossover between flanking homologous sequences was stimulated by
growth at 28°C in the absence of erythromycin essentially as described by Biswas
et al. (6), followed by growth at 37°C to ensure loss of the excised plasmid. The
resulting erythromycin-sensitive colonies were screened by PCR to identify the
desired mutants.

SLO and SLS assays. To maximize the sensitivity of SLO detection, strains
were grown in morpholinepropanesulfonic acid (MOPS)-buffered THB and
monitored and maintained at pH 6.8 to pH 7.4 throughout growth, and SLO was
precipitated from cell-free culture supernatants with ammonium sulfate (45 to
60% saturation) as described by Canalias et al. (11). Twofold serial dilutions in
phosphate-buffered saline (PBS: 137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,,
1.8 mM KH,PO, [pH 7.4]) containing 5.0 mM dithiothreitol and 0.5% (wt/vol)
bovine serum albumin were assayed for hemolytic activity in the presence and
absence of 25 pg of trypan blue (a specific inhibitor of SLS)/ml or 0.5 mg of
cholesterol (a specific inhibitor of SLO)/ml as described previously (42).
Polypeptides from concentrated culture supernatants were separated on sodium
dodecyl sulfate-12.5% (wt/vol) polyacrylamide gels, electrotransferred to nitro-
cellulose membranes, and subjected to immunoblotting with rabbit anti-SLO
sera essentially as described previously (43).

The production of SLS was routinely detected as zones of beta-hemolysis
surrounding S. pyogenes colonies on blood agar plates grown under aerobic
conditions. SLS was quantified by hemolytic titration assays in the presence and
absence of 25 pg of trypan blue/ml or 0.5 mg of cholesterol/ml essentially as
described elsewhere (25).

Assays for other virulence factors. SpeB-derived cysteine protease was assayed
by measuring the sizes of clear zones around colonies on casein plates as outlined
in a modification (61) of the method of Martley et al. (33). Hyaluronic acid was
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TABLE 1. Oligonucleotide primers

Purpose Primer” Sequence (5’ to 3")" Location® 5’ Tag site
sloAl construction and confirmation” MFO1 (F) AGCGGGATAACAATTTCACACAGG pUC18 500 to 478
MFO02 (R) CGCCAGGGTTTTCCCAGTCACG pUCI18 352 to 373
MFO03 (R) 2gegetaccGGGTCATTGACCTCAACCGTTGC slo 637 to 659 Kpnl
MF04 (F) 2g22etaccGAAGGTGATGATTGCAGCATAC slo 870 to 891 Kpnl
MFO05 (F) GCGCATTATTAGAGAGGCTATGG slo —126 to —104
MF06 (R) CAAAATTTTCAATGGTTTCACC slo 382 to 403
sagBAI construction and confirmation? 1J029 (F) aaggaattcATGTCATTTTTTACAAAGGA sagB 1 to 20 EcoRI
JJ030 (R) aagttctcgagTCATTGAGACTCCTTAGTT sagB 951 to 933 Xhol
JJ055 (F) cacaagcttAACGTTAGAGATTTTG sagB 652 to 667 HindIII
JJ056 (R) gcgaagcttGTAACTACTTGAAAAA sagB 300 to 285 HindIIT
JJ051 (F) ataaagcttTATACGCCAGGTAAATA sagB —239 to —223 HindIII
JJ060 (R) gagatcgat TTCAAGATTGTAGTCATC sagB 1138 to 1121 Clal
PCR amplification of hybridization probes sagA (F) AATTGAGCTAGCCTTGTCCTTG sagA —107 to —85
sagA (R) TTTACCTGGCGTATAACTTCC sagA 159 to 139
emm5 (F) AGGCCCTTAATGAACTCTTG emmS5 476 to 495
emm35 (R) CCTGCTTGTGGTGCTTGAC emmS5 1217 to 1198
ska (F) TGATCGAAACGGCAAGGTCTA ska 408 to 428
ska (R) ACGGTTATGATACGGTTGGTG ska 1178 to 1158
speB (F) CTTATGCTGGTACCGCTGAGA speB 410 to 430
speB (R) TCCGCCTACTTTACCGACACC speB 1017 to 997
recA (F) TCTTCCGGTAAAACGACTGTG recA 88 to 108
recA (R) GGCGGAGCGACCTTGTTTTTA recA 656 to 636
39-M5 (F) GGTTCTGATAATACAGGACC sagA —430 to —411
40-M5 (R) GATTAATATGTAAACCCTTTC sagA —166 to —186

“F, forward; R, reverse.

b Some primers were synthesized with additional 5’ sequence tags (lowercase letters) to incorporate particular restriction endonuclease cleavage sites (underlining)

(as specified in the last column).

¢ For MF001 and MF002, which correspond to pUC18 vector lacZ sequences flanking the cloned slo gene in plasmid pMK206 (42), positions indicated are relative
to nucleotide 1 of the pUC18 vector sequence (62). For all other primers, positions indicated are relative to the translation start sites of the specified GAS genes, with
negative numbers indicating flanking upstream sequences. GAS gene sequences were obtained from serotype M5 strain Manfredo genome sequence data published

at The Sanger Centre website (www.sanger.ac.uk/Projects/S_pyogenes/).

@ Only primers specified in the text are shown. Additional sequencing primers were omitted to save space.

quantified as described elsewhere (49) with human umbilical hyaluronic acid
(Sigma) as a standard. Streptokinase production by colonies on plates was de-
termined by a plate overlay method (32), and levels of streptokinase in cell-free
culture supernatants were determined by assaying the conversion of human
plasminogen to plasmin as described elsewhere (57) with purified streptokinase
(Sigma) as a standard.

Bactericidal assay. The survival of S. pyogenes in fresh human blood from
nonimmune donors was assayed essentially as described elsewhere (21, 34).
Anti-SLO (ASO) titers were determined by using a standard ASO assay kit
(Difco) according to the manufacturer’s instructions.

Mouse virulence assays. Female BALB/c mice were purchased from Harlan
Olac (Blackthorn, United Kingdom) and rested for a minimum of 2 weeks before
experiments. Five groups of five mice (each ca. 20 g) were inoculated intraperi-
toneally (i.p.) with 200 wl of 10-fold serial dilutions of GAS in PBS and moni-
tored closely (a minimum of twice daily) for 14 days. The 50% lethal dose (LDs,)
was calculated by the method of Reed and Muench (45). For invasive soft tissue
infections, five groups of five mice were inoculated subcutaneously (s.c.) in the
scruff of the neck with 200 pl of 10-fold serial dilutions of GAS in PBS by using
a 1-ml tuberculin syringe. Mice were weighed immediately before and at 24 h
after inoculation and were monitored closely (a minimum of three times daily
and more frequently as appropriate) for 14 days. Sizes of necrotic lesions were
estimated as described by Bunce et al. (10) by using the following equation: 4 =
[II(L X W)]/2; in this equation, A is area, L is the longest axis, and W is the
shortest axis.

Statistical analyses. Statistical analyses were performed by using standard
analysis of variance (ANOVA) methods with the aid of the Prism software
package (GraphPad Software Inc., San Diego, Calif.). With two variables (dif-
ferent infective doses and different strains), overall comparisons were made by
using two-way ANOVA methods to determine whether each variable contrib-
uted to the observed differences. At each infective dose, comparisons of parent
and mutant strains (single variables) were made with one-way ANOVA and
Tukey post hoc tests (GraphPad Software).

RESULTS

Construction of SLO- and SLS-defective mutants of sero-
type M5 GAS strain Manfredo by allele replacement mutagen-
esis. To avoid any potential complications from polar effects,
the mutagenesis strategy was designed to introduce in-frame
deletions into the target genes. Large (>200-bp) in-frame de-
letions of the slo and sagB genes in the temperature-sensitive
shuttle vector pGh9 were first constructed in E. coli to produce
recombinant plasmids pMF002 and pJJ120, respectively (Fig.
1). These deletions were then introduced into the chromosome
of M5 GAS strain Manfredo by allele replacement mutagen-
esis to produce SLO-negative and SLS-negative mutants, des-
ignated sloAl and sagBAl, respectively. An sloAl sagBAI dou-
ble mutant was then constructed by using the sloAl mutant as
the host for a second round of allele replacement with pJJ120.
Each pair of parent and mutant strains was compared in a
series of Southern blotting or PCR experiments to confirm the
structures of the regions spanning the junctions of the se-
quences that had been cloned in pGh9 plasmid sequences and
flanking chromosomal sequences. Mutant alleles were then
reisolated by PCR from each of the mutant strains, and their
precise structures were confirmed by DNA sequencing.

Initial characterization of mutants. Under conditions where
over 2 million hemolytic units of SLO could be detected in
concentrated culture supernatants from the parent strain, no
SLO activity was detected in corresponding concentrates from
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I | | 51> " % B, o> &
[ - ]+ H [sagA] | sagB [ sagC
1 _} ........................... -(—_ 2
(iy PCR products digested with Kpn | and ligated (|) sagB, amplified by PCR (primers 29 + 30), cloned into pGh9
(iii) reamplified by PCR (primers 1 + 2), digested with (i) pGh9-sagB amplified by inverse PCR (primers 55 + 56)
EcoR| + Sal |, and cloned into pGh9 (iify Product digested with Hind 1l and recircularized by ligation
MF002 pJJ120
P EcoRI Kpn | Sall EcoRI Hind It} Xho |
I |
i]—l sio A1 I—_ i sagBAT —
Kpn | Hind ill
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SLO residue number 220 29

SagB residue number 100 218

FIG. 1. Construction and structures of sloAl and sagBAI mutant alleles. Outlined is the initial construction in allele replacement vector pGh9
of in-frame deletion mutations in the slo (A) and sagB (B) genes. Unshaded boxes and lines represent GAS sequences, and shaded boxes represent
flanking vector plasmid sequences; grey shading corresponds to pUCI8 vector sequences in recombinant plasmid pMK206 (42), and black shading
represents pGh9 vector sequences. In the upper half of panel B, the arrows above the sag genes indicate transcription from the sag operon promoter
(P) and its marked reduction by the partial transcriptional terminator between sag4 and sagB (36). The numbered arrows indicate the locations
of the PCR primers listed in Table 1. Sequences spanning the religated deletion end points of the mutants are shown below the pMF002 sloAl
and pJJ120 sagBAI diagrams, with the numbers indicating the corresponding residues of the wild-type, parent gene products.

the sloAl mutant (Table 2). Moreover, immunoblots with anti-
SLO antibodies readily detected wild-type SLO in concentrates
from parent strain cultures but failed to detect a truncated
SLO polypeptide in concentrates from mutant sloAl cultures
(data not shown), suggesting that the latter may be rapidly
degraded. There was no difference between the parent and the

sloA1 mutant strains in either the sizes of beta-hemolysis zones
surrounding colonies on the surfaces of blood agar plates
(which were due predominantly to SLS) or the amounts of
cell-associated SLS detected in quantitative assays (Table 2).
In contrast, the sagBAI mutant strain produced no detectable
SLS activity, whereas it produced amounts of SLO similar to

TABLE 2. Phenotypic characteristics of mutants

Multiplicity
Hemolytic units of the following index in human
toxin/ml of culture . blood from
GAS Hyaluronic acid Streptokinase Protease donor?
(fg/CFU) (U/ml of culture) (mm)©
SLO? SLS?
A B
TB CH TB CH

Wild type >1,000 0 0 136 16.1 =34 9.8 0.7 88 1.3 21.8 24.1
sloA]l mutant 0 0 0 136 169 £ 1.1 9.5*0.6 8.6 = 1.0 21.7 37.8
sagBAI mutant >1,000 0 0 0 18.4 £2.9 10.0 £ 0.7 6.6 = 1.5 453 47.1
sloAl sagBAI mutant 0 0 0 0 16.0 = 2.0 9.9 0.7 6.4+19 27.9 323

“ Precipitated from cell-free supernatants of pH-controlled late-log-phase cultures. Tested in the presence of trypan blue (TB) and cholesterol (CH).

b Cell-bound activity determined for cells from 50-ml early-stationary-phase cultures. Tested as described for SLO.

¢ Diameters of cleared zones on casein plates, determined as described by Wheeler et al. (61).

@ The multiplicity index is the output CFU after 3 h of rotation in fresh human blood divided by the input CFU at time zero. In these assays, an M protein-deficient
mutant of strain Manfredo had an index of <1.0.
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those produced by the parent strain. The production of SLO or
SLS by the sloAl sagBAI double mutant could not be detected.

Growth in vitro (optical density readings obtained at 600 nm
at regular intervals for >12 h) of wild-type strain Manfredo
and its mutant derivatives in either THB or THYB at 37°C
revealed no differences in either growth rates or maximum
growth levels achieved (data not shown).

Expression of other virulence factors. It was reported that a
Tn917 insertion mutation (designated pel-1) in the sag operon
promoter of serotype M49 GAS strain CS101 abolished de-
tectable transcription of the sagA (pel), emm (encoding the cell
surface M protein), and speB (encoding a secreted cysteine
protease) genes and greatly reduced the levels of secreted
streptokinase, suggesting a posttranscriptional effect on the
expression of this virulence factor (23). To determine whether
the sagBAI deletion had similar pleiotropic effects in M5 GAS
strain Manfredo, RNA was isolated from late-log-phase cul-
tures of parent strain Manfredo and the isogenic sagBAI mu-
tant, and hybridization assays were carried out to compare the
levels of transcription of the sag4, emmJ5, speB, ska, and recA
(internal control) genes in the parent and mutant strains. In
contrast to the reported pleiotropic effects of the pel-I muta-
tion, transcription for all of the genes examined was readily
detected in the sagBAI mutant strain (data not shown). Image
analysis (pixel density normalized with respect to the recA
control) confirmed that in most cases, quantitative differences
in the signals obtained from corresponding samples from the
parent and mutant strains were <1.5-fold, although a slightly
larger (2.6-fold) difference was observed for speB in two sep-
arate experiments, suggesting that this gene might be ex-
pressed at a slightly lower level in the mutant strain.

The levels of hyaluronic acid, streptokinase, and protease
expressed by the parent and mutant strains are shown in Table
2. No differences were detected in the levels of hyaluronic acid
produced, consistent with previous reports that insertion mu-
tations in the sag operon promoter have no effect on the
expression of the hyaluronic acid capsule (4, 23). However, the
finding that the parent and all three isogenic mutants also
produced very similar levels of streptokinase (Table 2) differs
sharply from the dramatic reduction in streptokinase produc-
tion reported for the serotype M49 pel-1 mutant (23). In ad-
dition, both immunoblotting with anti-M5 protein sera (data
not shown) and the bactericidal assays described below showed
that the sagBAI mutation did not result in a significant loss of
the antiphagocytic cell surface M5 protein in strain Manfredo.
The parent and all three mutants also produced readily detect-
able quantities of SpeB protease, although a small reduction in
the amount of the protease produced was observed for the two
mutants containing the sagBAl mutation (Table 2), possibly
reflecting the slightly reduced transcription of the speB gene
described above.

Effects of mutations on survival in human blood. To deter-
mine whether the potent cytotoxic activities of SLO and/or SLS
contribute to the survival of serotype MS5 strain Manfredo in
human blood, the parent and mutant strains were compared in
standard 3-h bactericidal assays with fresh human blood from
five different nonimmune donors lacking readily detectable
anti-SLO antibodies (ASO titers, <12). Table 2 includes typ-
ical results for two donors. Perhaps surprisingly, all three mu-
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tants, including the mutant lacking both SLO and SLS, grew as
effectively as the parent in fresh human blood.

Effects of mutations on lethality. The LDs,s of the parent
and mutant strains were determined upon infection by the i.p.
and s.c. routes. Upon i.p. infection, the LD s were remarkably
similar for the strains (e.g., log,, CFUs of 8.8 and 8.6 for the
parent and the sloAl sagBAI mutant, respectively). Passage in
vivo, which can increase the virulence of GAS for mice (21),
decreased the LDsys of both parent strain Manfredo and the
sloAl sagBAI double-mutant strain, but there was still no sig-
nificant difference (log;, CFUs of 7.0 and 6.9, respectively).
Upon infection by the s.c. route, there was no apparent differ-
ence in LD4,s between the parent (log,, CFU of 7.0) and sloA!
mutant (log,, CFU of 6.9) strains, and there was only a small
difference between these strains and the sagBAImutant strain
(log;, CFU of 8.0); however, it is interesting that in two sep-
arate experiments, the difference was slightly larger (1.5 log
units) for the sloA] sagBAl double mutant. In the above ex-
periments, it was also noted that, irrespective of the route of
infection, the average time to death at each lethal dose was
extended for the mutant strains (data not shown).

Virulence in a murine dermonecrosis model. In the experi-
ments described here, disease progression in mice inoculated
s.c. with wild-type strain Manfredo generally followed a course
similar to that described by others for different serotypes of
GAS (3, 4, 10, 24). Briefly, depending on the infective dose, by
24 h postinfection, mice displayed clear weight losses, and
raised abscesses were apparent at the inoculation sites. Over
the following days, depending on the infective dose, abscesses
developed necrotic centers, followed by sunken necrotic le-
sions. Mice either developed bacteremia and died or recovered
fully following the development of necrotic lesions.

The relative contributions of SLO and SLS to the early
stages of infection in this model were assessed by determining
weight gain or loss at 24 h postinfection in groups of five mice
inoculated over a range of 10-fold dilutions (in PBS) with the
parent or mutant strains. ANOVA analysis confirmed that
both differences between strains and differences in infective
doses made significant (P < 0.0001 in both cases) contributions
to the observed variance. A group of control mice inoculated in
an identical manner with PBS alone displayed a clear weight
gain (0.45 = 0.2 g [mean and standard deviation]) by 24 h
postinoculation, whereas all mice infected at the dose range
shown in Fig. 2 either failed to gain weight or displayed clear
weight losses by 24 h postinfection. This range was selected
following preliminary experiments which showed that mice
inoculated with lower doses (approximately 10* CFU) of wild-
type parent strain Manfredo displayed weight gains similar to
those of PBS-inoculated control mice and did not develop
abscesses or lesions at the site of inoculation. For all of the
experiments described here, very similar results were obtained
over the entire dose range on at least two separate occasions,
with the exception of the highest (~3 X 10° CFU), most severe
dose shown in Fig. 2, which was omitted from subsequent
experiments to minimize distress to animals.

As shown in Fig. 2, at an inoculum dose of ~3 X 10° CFU,
mice infected with the sagBAI single-mutant strain did not lose
as much weight as mice infected with parent strain Manfredo
(P < 0.01), but at higher or lower infective doses, differences
between these strains were not significant (Fig. 2) (the P value
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FIG. 2. Mean weight losses in animals 24 h after infection (s.c.)
with wild-type (WT) M5 GAS parent strain Manfredo and its isogenic
mutant derivatives. A control group inoculated in an identical manner
with sterile PBS is also shown. Different groups of mice were inocu-
lated with various 10-fold serial dilutions of strains in PBS; the corre-
sponding groups (dilutions) for each strain are indicated by shading,
and the approximate inoculum doses are shown at the top of the
diagram. Since precise viable counts for inocula were not available
until the day after infection, some variations between strains in the pre-
cise infective doses administered at comparative dilutions were unavoid-
able. However, these variations were small, ranging from 2.4 X 10° CFU
to 3.4 x 10° CFU for the highest inoculum doses administered in the
experiment depicted here. Error bars indicate standard deviations.

was >0.05 in all cases). A comparison of mice infected with
parent strain Manfredo and mice infected with the sloA sin-
gle-mutant strain revealed no significant differences at any of
the infective doses examined (the P value was >0.05 in all
cases). However, when both mutations were combined in the
sloAl sagBAl double-mutant strain, highly significant (P <
0.01) differences in the amounts of weight lost compared to the
data for mice infected with the parent strain were observed at
infective doses ranging from ~3 X 10° to ~3 X 108 and
moderately significant differences were observed at the highest
infective dose of ~3 X 10° (P < 0.05). Moreover, mice infected
with the double mutant also did not lose as much weight (P <
0.01) as mice infected with the corresponding doses of either
the sagBAI single mutant or the sloA7 single mutant. It is clear
from these data that both SLO and SLS contribute to the early
stages of infection in this model.

Table 3 and Fig. 3 illustrate the effects of the mutations on
the development of necrosis. Table 3 summarizes the numbers
of mice that displayed visible signs of necrosis, irrespective of
severity, on or before two selected times during the experiment
(middle and end). At high infective doses, all mice, including
mice infected with the sloAl sagBA1 double mutant, developed
necrosis, but at lower infective doses, there were clear differ-
ences between the parent and mutant strains. It is interesting
that, as reported above, comparing the parent and single-mu-
tant strains illustrated the contribution of SLS to the develop-
ment of necrosis more readily than that of SLO, which was
clear only when both mutations were combined in the sloAl
sagBAI double mutant. However, the contribution of SLO, as
well as SLS, to necrosis was observed more directly when the
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TABLE 3. Numbers of mice per group (n = 5) that
developed necrosis by days 7 and 14

No. of mice that developed necrosis
after infection with:

Infective
dose* Day post-  Wild-type  sloAl  sagBAI  sloAl sagBAI
infection M5 GAS mutant mutant mutant
~3 % 107 7 4 5 5 4
14 5 5 5 5
~3 X 10° 7 3 5 3 0
14 5 5 3 1
~3 X 10° 7 1 0 0 0
14 1 2 0 0

“ At higher infective doses, all mice developed necrosis by day 7.

maximum sizes of the necrotic lesions that developed in mice
surviving the first few days of infection were compared. Figure
3 shows the maximum sizes of the lesions that had developed
by day 7 in mice infected with ~3 X 10® CFU of the parent or
mutant strains. At this dose, two of five mice infected with the
wild-type parent strain became moribund and were killed
within the first few days of the experiment, before necrotic
lesions had developed fully; consequently, data for these mice
were excluded from the data presented. The three surviving
mice in this group developed large necrotic lesions by day 7,
before becoming moribund and being killed. Significantly
smaller lesions were produced by both the sloAl and the
sagBAI mutants, with the latter producing slightly smaller le-
sions than the former. Again, as was observed for the other
virulence measures, the double mutant proved to be less viru-
lent that either of the two single mutants (Fig. 3).

DISCUSSION

The allele replacement mutagenesis procedure used in this
study provided an efficient means for introducing in-frame
deletion mutations into the GAS chromosome. This approach

600
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FIG. 3. Severity (area) of necrotic lesions at day 7 in mice infected
with approximately 3 X 10® CFU (Fig. 2) of wild-type (WT) M5 GAS

parent strain Manfredo and its isogenic mutant derivatives. Error bars
indicate standard deviations.
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avoids potential complications from polar effects of inserted
sequences, which may have contributed to apparent conflicts in
published data concerning the effects of SLS-defective inser-
tion mutations. It also enables mutations in two or more dis-
tinct vir genes to be combined easily in a single GAS strain,
without the need to use multiple selective markers or retain
any inserted sequences. As described here, this strategy can
reveal contributions to virulence of particular products which
might not be as readily apparent from studies with single mu-
tations alone. In the present study, the application of this
approach to the construction of both single and double muta-
tions in the slo and sagB genes of serotype M5 GAS strain
Manfredo has provided further insights into the contributions
of SLO and SLS in a variety GAS virulence models.

As outlined in the introduction, apparent conflicts in the
recent literature concerning the effects of SLS-defective inser-
tion mutants on the expression of other virulence factors raised
questions concerning the role of SLS in virulence. Some of the
reported phenotypic differences may be attributable to differ-
ences in GAS strains used in different studies (7), but others
are more difficult to understand (23). In the study reported
here, we made no attempt to address the reasons for these
directly. Instead, we adopted an alternative approach to the
construction of SLS-deficient mutants which was designed to
avoid any potential complications from polar effects arising
from inserted sequences. The sagBAI mutant described here
lacked detectable SLS activity but, unlike SLS-defective inser-
tion mutants described previously (7, 23), it had little or no
effect on the transcription of sagA, which appears to encode
the SLS precursor (12). Others have shown that a transcrip-
tional terminator between sagA and sagB limits normal expres-
sion of the downstream sag genes to such an extent that the
corresponding transcripts could be detected only by highly
sensitive reverse transcription-PCRs (36). No attempt was
made in this study to quantify this effect directly, but we have
observed that the introduction of a recombinant plasmid car-
rying an intact sagB gene alone is sufficient to restore SLS
activity to the sagBAI mutant (J. J. Lee and M. A. Kehoe,
unpublished data), confirming that the mutation has not re-
sulted in a significant reduction in the expression of down-
stream genes that are known to be essential for SLS production
(36). Since previous studies used insertional mutagenesis to
inactivate sag genes (36), it may be worth noting that the
nonpolar sagB mutation described here provides the first direct
evidence that the sagB gene product, in addition to other sag
gene products, is required for the production of active SLS.

Possibly because of the absence of polar effects on the ex-
pression of other sag genes, the sagBAI mutation did not result
in significant alterations in the expression of other virulence
factors examined. This finding was demonstrated indepen-
dently by both hybridization dot blot and phenotypic assays.
No significant differences were detected in the levels of the
emm5 gene transcript produced by the sagBAI mutant and
isogenic parent strains, and both immunoblotting with anti-M5
protein sera (data not shown) and the ability of the sagBAI
mutant to multiply as effectively as parent strain Manfredo in
fresh human blood confirmed that the antiphagocytic M5 pro-
tein was both secreted and associated in a fully functional
manner with the cell surface. Similarly, no differences were
detected between the parent and mutant strains in the levels of
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hyaluronic acid produced, consistent with previous studies (4,
23), or in the levels of either the ska transcript or extracellular
streptokinase, in contrast to the reported phenotype of the
sag::Tn917 pel-1 mutation (23). Both the speB transcript and
the secreted SpeB protease were also readily detected in the
mutant strain as well as the parent strain; however, in two
independent experiments, a small (<3-fold) reduction was ob-
served in the level of the speB transcript produced by the
mutant strain, and this effect was reflected in slightly smaller
zones of proteolysis on casein assay plates. Previous studies
showed that, depending on the GAS strain studied, complete
inactivation of speB either had no significant effect on virulence
in a murine dermonecrosis model or resulted in reduced lesion
severity and lethality (3, 20, 26-28). The reason for the small
reduction in protease production by the sagBAI mutant de-
scribed here is not understood, and the possibility that it con-
tributes to some extent to the reduced virulence of the sagBA!
mutant has not been excluded. However, in view of the small
quantitative differences involved, it seems unlikely that such an
effect, if any, would be large and, for reasons of animal welfare,
it was not possible to justify additional infection experiments to
test this notion directly in the present study. Phenotypic assays
detected no differences between the parent and sloAl mutant
strains in the expression of other virulence factors or between
the sagBAl mutant described above and the sloAl sagBAl
double mutant.

Previous in vitro studies of purified SLO and SLS estab-
lished that both toxins are highly potent cytolysins and that
sublytic concentrations have other effects against a range of
mammalian cells, including, for example, inhibition of various
phagocytic cell functions (1, 37). The study reported here re-
vealed no evidence that these activities contribute to the ability
of GAS to survive in fresh human blood. All three mutants,
including the sloAl sagBAI double mutant, were found to
multiply as effectively as the wild-type parent strain in fresh
human blood lacking neutralizing anti-SLO antibodies detect-
able by the standard ASO test. SLS is nonimmunogenic, and
cholesterol in the form that circulates in blood does not inhibit
SLO in in vitro assays (1). It is possible that the relatively small
numbers of GAS cells used in the standard GAS bactericidal
assay (21) simply do not produce sufficient quantities of toxins
to have significant effects in the in vitro assay or that other
components in fresh human blood inhibit these activities.

In view of previous accounts describing the potent toxic
properties of purified or partially purified SLO or SLS in var-
ious small animal models (for reviews, see references 1, 17, and
59), it is perhaps surprising that these toxins do not appear to
have very dramatic effects on the lethality of GAS infections in
mice. There are only two previous reports in the literature
describing in vivo virulence studies of SLS-defective mutants of
GAS. One early study was compromised by use of a poorly
defined, chemically induced SLS-defective mutant that differed
from the parent strain in its in vitro, as well as in vivo, growth
properties (39). The more recent and reliable study of Betschel
et al. (4) used a single infective dose to examine genetically
defined sag::Tn916 mutants in a nonlethal infection model and
did not assess the extent to which SLS contributes to lethality.
The single log unit difference reported here in the LDsys of
serotype M5 parent strain Manfredo and its isogenic sagBAl
derivative in the murine s.c. infection model provides the first
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direct evidence that SLS contributes to lethality in a GAS
infection model. However, it appears to do so to a remarkably
limited extent for such a potent cytolysin (1, 59). The only
account in the literature of in vivo virulence studies of an
SLO-deficient GAS mutant reached a very similar conclusion
regarding the contribution of SLO to GAS lethality in the
mouse s.c. infection model (24). Here we detected no signifi-
cant difference in the LDs,s of M5 parent strain Manfredo and
its isogenic sloAlderivative in either i.p or s.c. infections. Tak-
ing into account the different strains and different measures of
survival used (LDs, versus Kaplan-Meier plots), the studies
described here and those of Limbago et al. (24) are remarkably
consistent in demonstrating that SLO contributes to GAS le-
thality in this model to a much lesser extent than might have
been predicted from the properties of the purified toxin.

As noted previously by others (4), lethality in murine models
may be a relatively insensitive measure of GAS virulence, and
alternative measures have the potential to reveal more subtle
differences between strains. In this study, the extent of weight
loss at 24 h after infection by the s.c. route and the develop-
ment of necrotic lesions over the following days revealed
clearer differences between parent and mutant strains than
LDy, assays. Since the nonpolar sagBAI mutant of strain Man-
fredo did not have marked effects on the expression of other
virulence factors, our findings that it reduced the weight loss
and the severity of necrotic lesions produced by serotype M5
GAS parent strain Manfredo strongly support the original con-
clusions of Betschel et al. (4) concerning the importance of
SLS in the murine dermonecrosis model. Betschel et al. (4)
compared parent and sag::Tn916 mutant strains by using a
single infective dose selected to produce nonlethal infections.
From the study reported here, it is interesting that the extent
to which SLS affected weight loss clearly depended on the
infective dose, suggesting that SLS makes an incremental
rather than a critical contribution to virulence and may be
redundant at higher infective doses. It is also interesting that
the contribution of SLO to weight loss at 24 h after infection
was not at all clear from studies of the sloAl mutant alone,
consistent with the previous report of Limbago et al. (24).
However, when both mutations were combined in the same
strain, the effect of the sloAl mutation was seen to be highly
significant. This result suggests that, like SLS, SLO also makes
an incremental rather than a critical contribution to virulence
in this model. Moreover, the ability of the double mutant lack-
ing both toxins to cause weight loss, albeit at a significantly
reduced level, indicates that SLO and SLS are by no means the
only virulence factors that contribute to the early stages of
infection in the murine s.c. infection model.

In general, the effects of the mutations on the development
of necrotic lesions paralleled their effects on weight loss. At
higher infective doses, all mice, including those that had been
infected with the sloAl sagBAI double mutant, developed ne-
crotic lesions, demonstrating that SLO and SLS are not the
only factors that contribute to necrosis in this model. As de-
scribed above, at lower infective doses, the contribution of
SLO was not readily apparent from the numbers of mice that
developed necrotic lesions following infection with the sloAl
single mutant, but the double mutant was less virulent than ei-
ther of the single mutants, indicating that both toxins contrib-
uted to necrosis. The contribution of SLO, as well as SLS, to
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necrosis was seen more directly when the maximum sizes of the
lesions that developed by day 7 of the experiment were com-
pared. With this measure, a clear reduction in the severity of
the lesions induced by both the SLO- and the SLS-deficient mu-
tant strains compared to the parent strain was observed. Parallel-
ing the results obtained with other measures, the double mutant
displayed a further clear reduction in the severity of the lesions
produced, again highlighting the contributions of both toxins.

In conclusion, the study reported here shows clearly that
both SLO and SLS contribute to the early stages of infection
and induction of necrosis in a murine GAS s.c. infection model
but that they are by no means the only virulence factors in-
volved. The data suggest that both toxins display some degree
of functional redundancy, with each making incremental rather
than critical contributions to virulence in the models examined
here. Unlike many GAS virulence factors, both SLO and SLS
are expressed by almost all GAS isolates, and both are encoded
by sequences that appear to be highly conserved among dis-
tinct M serotypes of GAS (36, 56). These data could imply that
both toxins play particularly important roles in the ability of
GAS to survive in its natural habitat, the human host, without
excluding the possibility that under certain circumstances, ei-
ther toxin alone may be dispensable.
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