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The virulence of bacterial pathogens is a complex process that requires the dynamic expression of many
genes for the pathogens to invade and circumvent host defenses, as well as to proliferate in vivo. In this study,
we employed a large-scale screen, signature-tagged mutagenesis (STM), to identify Streptococcus pyogenes
virulence genes important for pathogenesis within the host. Approximately 1,200 STM mutants were created
and screened using the zebrafish infectious disease model. The transposon insertion site was identified for 29
of the 150 mutants that were considered attenuated for virulence. Previously reported streptococcal virulence
genes, such as mga, hasA, amrA, smeZ, and two genes in the sil locus, were identified, confirming the utility of
the model for revealing genes important for virulence. Multiple genes not previously implicated in virulence
were also identified, including genes encoding putative transporters, hypothetical cytosolic proteins, and
macrolide efflux pumps. The STM mutant strains display various levels of attenuation, and multiple separate
insertions were identified in either the same gene or the same locus, suggesting that these factors are important
for this type of acute, invasive infection. We further examined two such genes, silB and silC of a putative
quorum-sensing regulon, and determined that they are significant virulence factors in our model of necrotizing
fasciitis. sil locus promoter expression was examined under various in vitro conditions, as well as in zebrafish
tissues, and was found to be differentially induced. This study was a unique investigation of S. pyogenes factors
required for successful invasive infection.

Severe Streptococcus pyogenes infections, such as streptococ-
cal toxic shock syndrome and necrotizing fasciitis, result in high
mortality rates that range from 25% to 50% (7, 43). The
severity and incidence of these invasive S. pyogenes diseases
have increased since the 1980s despite what had been consid-
ered near eradication of S. pyogenes infections in the previous
decades of the 20th century due to the development of antibi-
otics (13, 43). The reasons for this resurgence remain vague,
despite numerous reports indicating the prevalence of partic-
ular strains associated with severe S. pyogenes infections (9,
13). Recent studies assessed factors that are present in various
serotypes, but they failed to determine specific pathogen and
host factors that are common denominators of invasive S.
pyogenes disease (34, 55). Moreover, from the host perspective,
Kotb et al. eloquently illustrated that certain human leukocyte
class II alleles confer a predisposition to severe S. pyogenes
disease (29). Undoubtedly, the complexity and versatility of
this organism, particularly its remarkable ability to alter its
broad spectrum of virulence factors in order to survive in
different environments, are the foundation for its success.

Although in vitro studies have permitted analysis of viru-
lence determinants, the conditions are selective, as the systems
cannot completely mimic host-pathogen interactions. In recent
years, new methods have been developed to examine the ex-
pression and regulation of bacterial virulence factors in vivo.
One of these genetic strategies, signature-tagged mutagenesis
(STM), was generated to identify proteins that are required for

successful infection or in vivo survival (19). STM requires the
creation of several libraries of mutants via random transpo-
son mutagenesis. The mutant strains in each library possess
a unique molecular signature or tag, supplied by the transposon,
which is easily identifiable either by PCR using primers specific to
the tag or by hybridization. Therefore, the STM scheme allows
multiple clones to be screened simultaneously with an animal
model, resulting in a high-throughput and relatively cost-effective
search for important pathogenic determinants. The mutant clones
that are not recovered after passage through the host are defec-
tive in the ability to survive in vivo and thus are attenuated for
virulence.

Since the first STM screen, applied to Salmonella enterica
serovar Typhimurium (19), over 40 STM studies have been
reported, encompassing an array of bacterial pathogens, dis-
eases, and host model systems (for reviews, see references 2
and 54). STM studies have identified predicted factors directly
related to virulence mechanisms, such as adhesins, invasins,
and transcriptional regulators. Factors have also been identi-
fied that were not previously implicated in virulence or that
lack homology to any genes with known or predicted functions.
Furthermore, considering the numerous STM screens that
have been conducted, there is little overlap of results, reflect-
ing not only the importance of large-scale searches but also the
variability of virulence determinants required for different
stages and types of infection.

We were able to optimize the conditions necessary to suc-
cessfully conduct this first reported study of STM applied to S.
pyogenes. Of utmost importance to this genetic approach is a
suitable model of infection. This study employed a vertebrate
animal model, the zebrafish (Danio rerio), which, when in-
fected intramuscularly with S. pyogenes, develops a disease
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imitating a necrotizing fasciitis disease state (40). The scope of
this STM study mirrors that of other studies of bacterial patho-
gens in that we identified previously known virulence factors,
as well as unsuspected determinants. Some of the novel factors
have high homology to known genes, although their functions
or roles in virulence have not been characterized. Such factors
include those of the sil locus, which were originally identified in
a mutagenesis study of S. pyogenes employing a murine model
of necrotizing fasciitis (23). The importance of silC and silB in
virulence was clearly demonstrated, as an organism with tar-
geted mutations in the sil locus proved to be highly attenuated
(23). Although the precise function of silC has not been de-
fined, it is hypothesized to be involved in transcriptional reg-
ulation of other virulence factors involved in invasive S. pyo-
genes disease (14). We sought to further characterize the sil
locus by examining the infection profile using our streptococ-
cus-zebrafish model of severe disease and to better understand
the environmental conditions under which factors of the sil
locus might be induced.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. Plasmids were maintained in
Escherichia coli TOP10 cells (Invitrogen) and cultured aerobically in Luria-
Bertani medium at 37°C. When necessary, Luria-Bertani medium was supple-
mented with 25 �g/ml kanamycin, with 750 �g/ml erythromycin (Erm), or with
1.4% Bacto agar (BBL) to create solid medium. The S. pyogenes M14 HSC5 (18,
35) strain used in this study was cultured anaerobically in Todd-Hewitt medium
(BBL) supplemented with 0.2% yeast extract or in this medium supplemented
with 2% proteose peptone (BBL) (TP) and incubated in air-tight 15-ml conical
tubes at 37°C without shaking. The minimal media used included M9 (M9 salts,
0.2% glucose, 1 mM MgSO4, 100 �M CaCl2, 1% Casamino Acids, 0.3% yeast
extract, 0.0001% vitamin B) and C media (32). The antibiotic concentrations
used for S. pyogenes cultures were as follows: 500 �g/ml kanamycin and 1 �g/ml
Erm. S. pyogenes cultured on solid medium (TP supplemented with 1.4% agar)
was incubated in an anaerobic gas chamber with GasPak envelopes (BBL) at
37°C.

Generation of the S. pyogenes transposon mutant library. Twelve uniquely
tagged pJDM-STM vectors were created previously (38) and used to transform
the HSC5 strain of S. pyogenes. These vectors contain a transposon, Tn4001 (32),
that inserts randomly and in single copy into the S. pyogenes chromosome. Each
of the vectors, pJDM-STM-1 to pJDM-STM-12, was isolated from E. coli TOP10
(Invitrogen) cells using a plasmid purification kit (Qiagen), and transformation
of S. pyogenes was accomplished using a previously established protocol (6).
Thus, 12 separate libraries of transformants were created, resulting in approxi-
mately 1,200 STM mutants. The mutants were stored at �80°C in 96-well plates
with 30% glycerol.

Preparation of streptococci. One mutant strain from each of the 12 libraries
was cultured individually overnight and diluted 1:50 into fresh TP until the
optical density at 600 nm (OD600) was 0.265, which corresponds to mid-log phase
or 108 CFU/ml. The cultures were washed once, resuspended in fresh TP to a
concentration of 108 CFU/ml, combined to form a pool of 12 mutant strains, and
diluted to obtain a concentration of 107 CFU/ml. The concentration of the
bacterial cells was confirmed by plating serial dilutions onto solid media.

Zebrafish infection. Prior to infection, zebrafish were maintained as previously
reported (40). Zebrafish were anesthetized in Tris-buffered Tricaine (pH 7.0)
(168 �g/ml; 3-aminobenzoic acid ethyl ester; Sigma), and using a 0.3-ml U-100
ultrafine syringe, 10 �l of the pooled bacterial culture was injected into the dorsal
muscle of four fish, as described previously (40), resulting in a total infectious
dose of 105 CFU. The infected fish, as well as fish mock inoculated with sterile
medium as a negative control and fish infected with the wild-type strain as a
positive control, were placed separately into 400-ml glass beakers containing 225
ml of double-distilled water supplemented with 60 mg/liter of aquatic salts
(Instant Ocean) and placed in a glass front incubator at 28°C.

At 24 h postinfection, three of the four fish infected with the pool of mutant
bacteria (input pool) were euthanized in 100 ml of a 320-�g/ml Tricaine (Sigma)
solution. The spleens and muscle (site of injection) of each fish were aseptically
removed, homogenized in 200 �l of phosphate-buffered saline (PBS), and cul-
tured overnight in 10 ml of TP containing Erm at 37°C. Genomic DNA was

isolated from bacterial cells from both the input pool and the output pool
(homogenate) (Wizard genomic DNA purification kit; Promega). The genomic
DNA of both pools was subjected to PCR analysis using primers specific for each
of the 12 tags and for the Erm resistance gene, as described previously (38).

The protocols for the zebrafish infections were approved by the Wayne State
University Institutional Animal Care and Use Committee and followed all fed-
eral regulations regarding the care and use of laboratory animals.

DNA sequencing of tagged mutants. Each of the potentially attenuated strains
was scored by using a general categorization scheme based on the specific organ
(muscle and/or spleen) and the number of organs, as well as the number of fish
from which the mutant was missing. For example, four mutant strains were
identified as missing from the output pools of both organs (spleen and muscle)
of all three fish examined, and seven STM mutants were absent from one organ
(the spleen) of all three fish. The 29 mutants in the categories with the greatest
number of factors, indicating significant attenuation of virulence, were selected
for further sequence analysis. Selected mutant strains that were absent from the
recovered pool but were present in the inoculum pool were prepared for se-
quencing using a genomic DNA isolation kit (Qiagen). The specific sites of
transposon insertion were determined by purifying chromosomal DNA from an
identified mutant and sequencing off of the end of the transposon into the
adjacent chromosomal DNA using primer 5� Tn4001 Rev (5�-CTTGGGTCAT
GTAAAAGTCCTCTGGGTATG-3�). Sequencing of chromosomal DNA was
performed by Fidelity Systems (Gaithersburg, MD). Direct chromosomal se-
quencing of the transposon insertion, as opposed to subcloning and sequencing,
allowed confirmation of single transposon insertions, whereas if multiple inser-
tions had occurred in the chromosome, getting a single pure sequence off of the
transposon would not have been possible. Previous reports have demonstrated
the ability of a single copy of the Tn4001 transposon to insert into the HSC5 S.
pyogenes genome (15, 38). Each sequence was subsequently analyzed by com-
parison to known sequences in the databases of the National Center for Bio-
technology Information.

Competitive assays. S. pyogenes strains were prepared as explained above,
resulting in cultures containing 108 CFU/ml for each STM mutant strain and the
wild-type strain. The two strains were mixed at a 1:1 ratio and diluted to obtain
a culture containing 107 CFU/ml. Ten microliters of the 107-CFU/ml culture (105

CFU injection) was used to infect zebrafish intramuscularly, and the culture was
serially diluted and plated to confirm the input ratio of the mutant to the
wild-type strain. At 24 h postinfection, the spleens and muscles of eight eutha-
nized infected zebrafish were aseptically dissected and homogenized. Dilutions
of the homogenates were plated onto solid media with and without Erm to
determine the output ratio of the mutant to the wild-type strain. The competitive
index (CI) was calculated by dividing the output ratio by the input ratio. A CI of
�1 indicates that there was attenuation compared to the wild-type strain, which
had a CI of 1.

Determination of the LD50. The 50% lethal dose (LD50) was determined by
infecting six zebrafish intramuscularly per inoculum using doses ranging from
1 � 103 to 1 � 106 CFU for each strain analyzed. At least three separate
experiments (n � 18) were conducted, and the LD50 was calculated using the
equation of Reed and Muench (50).

Construction of an in-frame mutant of the hypothetical cytosolic mutant.
Using the sequence of the MGAS315 strain (accession number NC_004070), we
designed primers to amplify a region �500 bp upstream of the SPyM3_0029 gene
and another �460-bp region downstream of this gene. The upstream fragment
included the first three codons of the coding region. Similarly, the downstream
fragment contained the last three codons of the gene. SalI restriction sites were
included in the 3� primer for the upstream sequence and the 5� primer for the
downstream sequence. The amplified fragments were then digested with SalI,
ligated together into the PCR 8/GW/TOPO vector (Invitrogen), and transformed
into E. coli TOP10 cells (Invitrogen). The resulting construct was digested with
SalI, ligated with a fragment containing a kanamycin resistance cassette cut from
vector pABG-5 (17) by SalI restriction digestion, and cloned into E. coli TOP10
cells (Invitrogen). The �2,500-bp fragment containing the first and last three
codons of hyp-0029 interrupted with the kanamycin resistance cassette was then
ligated into the E. coli-streptococcus shuttle vector pJRS233 (44). This vector
was used to replace the wild-type allele in S. pyogenes HSC5 using a previously
described method (53). The chromosomal structure of the mutant allele was
confirmed by PCR.

sil locus promoter-reporter fusion construct. The sil locus promoter construct
was created by PCR amplification of the �300-bp region of the sil locus using the
HSC5 chromosome as the template and primers 5�silpro BamHI (CGC GGA
TCC CTG AAG CCA CCC GTT TTC) and 3�silpro EcoRI (CCG GAA TTC
CCT CTA AGA CAA AAA TAT TC). The fragment was cloned into pMNN1,
a derivative of pABG5 that contains the gene encoding the PhoZ alkaline
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phosphatase of Enterococcus faecalis under the control of the rofA promoter but
maintains PhoZ on the cell membrane (17, 41). The PCR fragment containing
the sil locus promoter was cloned into the BamHI and EcoRI sites, replacing the
rofA promoter on pMNN1. The plasmid was propagated in E. coli TOP10 cells
(Invitrogen), and the purified plasmid was then used to transform the HSC5
strains as described previously (6). The negative control included a vector that
contained the phoZ reporter gene without a promoter.

Alkaline phosphatase liquid assay. Ten-milliliter portions of the cultures were
grown in TP overnight in 15-ml screw-cap conical tubes at 37°C. The growth
conditions varied according to the assay; for example, a culture was grown at
30°C or in a 50-ml flask in a 37°C shaking incubator, as detailed in Results.
Log-phase cultures were treated alongside untreated cultures with 5 mM and 7
mM H2O2 or were centrifuged and resuspended in wild-type supernatant and
cultured for an additional 2 h at 37°C. Culture concentrations were normalized
to an OD600 of 0.750 with TP, and 50 �l of each normalized sample was placed
into the wells of a 96-well plate in triplicate along with 200 �l of 1-mg/ml
p-nitrophenyl phosphate (Sigma) suspended in 1 M Tris (pH 8). Following
incubation in the dark for 1 h at room temperature, three optical densities were
determined: OD405, OD550, and OD600. Activity was determined by using the
following formula: [OD405 � (1.75 � OD550)]/(volume � time � OD600) �
1,000. Each assay was repeated a minimum of three times.

Histology of S. pyogenes-infected zebrafish. Zebrafish were inoculated intra-
muscularly as described above, and histology sections were prepared as reported
previously (45). Tissue sections from the zebrafish infected with the reporter
construct were stained with an antiserum to detect S. pyogenes (Lee Laboratories,
Grayson, GA) at a dilution of 1:500 and incubated for 2 h in a humidified
atmosphere at room temperature, after which they were washed with PBS and
stained with goat anti-rabbit antibody conjugated to Alexa Fluor 488 (Molecular
Probes) at a dilution of 1:2,500 for 30 min. Following extensive washing in PBS,
the sections were stained with antibody against alkaline phosphatase (a gift from
Michael Caparon) at a dilution of 1:10 and incubated as described above for 2 h.
Staining with a secondary goat anti-rabbit antibody conjugated to Alexa Fluor
568 (Molecular Probes) at a dilution of 1:2,500 for 30 min followed further
washing in PBS.

Statistical analysis. Statistical significance was determined using a two-tailed
paired t test with the StatView statistical analysis software (SAS Institute Inc.,
Cary, NC).

RESULTS

Generation of S. pyogenes signature-tagged transposon mu-
tants. Plasmids pJDM-STM-1 through pJDM-STM-12 (38),
each carrying a modified Tn4001 transposon (32) and 1 of 12
unique 34-bp oligonucleotides inserted between two unique
restrictions sites, were used for STM of the S. pyogenes M14
HSC5 strain. Each vector was used to transform S. pyogenes,
resulting in 12 separate libraries and approximately 1,200
mutant strains. Previous work with pJDM-STM-1 to pJDM-
STM-12 (38), as well as previous reports of Tn4001 in HSC5
(15, 38), demonstrated that transposition with Tn4001 re-
sults in single random integration of the transposon into the
chromosome.

Screening the STM library. The STM library was screened
in a zebrafish necrotizing fasciitis model system. S. pyogenes
injected into the dorsal muscle of the zebrafish produces a
largely localized infection (40). Therefore, it was necessary to
optimize the technique in order to obtain appropriate inocu-
lum levels to establish an infection in the host but not over-
whelm the immune system, as well as to determine from which
organs and at what time postinfection a significant bacterial
load may be recovered. We determined that 105 CFU was the
optimal combined total dose for infection, as it proved to be
difficult to recover all 12 mutants from the infection pool with
a lower dose and a higher dose overwhelmed the immune
system of the host, causing an increased mortality rate. With
this infectious dose, a significant bacterial load consisting of a

representative group of all 12 injected strains was recovered
from the spleen, as well as the muscle, of the fish by 24 h
postinjection.

The wild-type strain and one strain from each of the 12
libraries were cultured individually (to screen for growth defi-
ciencies) and allowed to grow to mid-log phase (see Materials
and Methods), at which time the concentrations of the mutant
strains were normalized to 108 CFU/ml, the mutant strains
were pooled (producing the input pool), and a total dose of 105

CFU was used to infect four zebrafish intramuscularly. Three
of the four fish used were euthanized at 24 h postinfection.
Whole spleens and muscle tissue from the site of injection
(approximately 0.5 cm3) were aseptically dissected from the
euthanized fish. DNA, isolated from the bacteria recovered
from the muscles and spleens of the infected fish (output pool),
as well as from the input (in vitro) pool, was then subjected to
PCR analysis using primers specific for the 12 individual tags
and the Erm resistance gene in the transposon. Strains with
PCR fragments not present in the output pool but present in
the input pool were identified as mutants that were cleared
from the tissue during infection, indicating that there was at-
tenuation of virulence (Fig. 1). The STM screen revealed ap-
proximately 150 mutants that were putatively attenuated for
virulence.

Each of the potentially attenuated strains was scored by
using a general categorization scheme based on the specific
organ(s) and the number of organs, as well as the number of
fish from which the mutant was missing. The 29 mutants in the
categories with the greatest number of factors, indicating sig-
nificant attenuation of virulence, were selected for further
analysis (Table 1).

Analysis of STM attenuated virulence determinants. The
site of the transposon insertion and the genes potentially re-
sponsible for the attenuated phenotype were identified via
sequence analysis. For the 29 strains sequenced, transposon
insertions were identified in six previously determined S. pyo-
genes virulence factors: two regulators (mga and amrA), a cap-
sule biosynthesis gene (hasA), a superantigen (smeZ), and
genes of a putative quorum-sensing regulon (silC, encoding a
putative transcriptional regulator, and silB, encoding a histi-
dine kinase) (Table 1). The identification of known virulence
factors validated the efficacy of our virulence screen with ze-
brafish for revealing genes that are important for S. pyogenes
pathogenesis. Other categories, listed in Table 1, comprise
genes involved in cellular processes and transport and three
genes that encode conserved hypothetical proteins.

Multiple single-insertion mutants were identified with trans-
poson insertions in separate regions of the same gene. The
majority of the previously published STM studies have re-
ported multiple single-insertion mutants for STM candidates,
which may be indicative of transposons that do not insert in an
absolutely random manner or may indicate that the isolated
genes are critical for in vivo survival in the infectious model
and disease state. Since the insertions in most of these genes
were found to be in distinct positions, we hypothesize that they
do not define hot spots but rather factors that have key func-
tions in this type of S. pyogenes invasive disease.

Two mutants had single insertions in the gene encoding the
superantigen SmeZ and in mefE, which encodes a protein with
homology to a macrolide efflux pump. Surprisingly, another
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eight mutants were identified with single insertions in different
regions of a gene that we have designated mfp (Table 1).
Although mfp has no DNA sequence homology to known
genes, at the protein level its product is 55% homologous to a
putative macrolide efflux pump. Four independent insertions
in a hypothetical cytosolic protein were revealed, and these
mutants are among the most highly attenuated STM mutants
evaluated (Table 1). The gene encoding this hypothetical pro-
tein is upstream of the purB gene, which encodes adenylosuc-
cinate lyase, a key enzyme in the purine biosynthetic pathway.
Upon closer examination of the transposon insertions up-
stream of purB, we questioned whether these insertions actu-
ally created polar mutations, disrupting transcription of the
downstream purB gene. The hypothetical protein gene is tran-
scribed in the same direction as purB, and the majority of the
inserts are toward the 3� region of the gene. Consequently, a
mutant with a nonpolar, in-frame deletion of the gene encod-
ing the hypothetical cytosolic protein was constructed and
tested in the zebrafish model. This mutant strain displayed the
same degree of virulence in the zebrafish model as the wild-

type strain, in contrast to the high level of attenuation of the
mutants with transposon insertions in the same gene (data not
shown). Furthermore, reverse transcription-PCR analysis re-
vealed that the transposon inserts upstream of purB create a polar
mutation, indicating that the attenuated phenotype of these STM
mutants is due to a disruption of purB (data not shown).

Two mutants with insertions in a gene that encodes a known
secreted protein, SmeZ, were identified in the STM screen.
Theoretically, an STM screen would not permit identification
of this class of genes, as the interrupted genes encoding the
secreted proteins would be transcomplemented by the expres-
sion of the genes in the mixed input pool. Therefore, identifi-
cation of smeZ suggests that the gene product does not diffuse
out or implement its mode of action at a considerable distance
from the bacterial cell; rather, it remains in close proximity,
whereby the inactivation cannot be compensated. These find-
ings emphasize the sensitivity of the screen and suggest that
these determinants are critical for the disease state.

Competition assays and determination of the LD50 of STM
mutants. To rule out the possibility that attenuation of the

FIG. 1. Diagram of STM. Mutant strains were pooled, and a mixed inoculum containing 105 CFU was injected into the dorsal muscle of four
zebrafish. At 24 h, zebrafish were euthanized, and bacterial DNA was isolated from the homogenized spleens and muscles of three fish. Both input
and output pools were subjected to PCR analysis with a specific primer for each of the 12 tags (lanes 1 to 12). The gel shows that the STM-2 clone
was missing from the output pools of both organs of all three fish but was present in the input pool. Also missing were STM-9 and STM-11, but
since they were also missing from the input (in vitro) pool, they were not considered further. Lanes L1 and L2, DNA ladder; lane C, positive control
amplified from an STM plasmid. M, muscle; S, spleen.
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mutant strains was due to a general growth defect, an in vitro
growth curve was generated for each of the mutants listed in
Table 1, as well as the wild-type strain. The growth assays were
performed in rich medium (TP) as well as two types of minimal

media, M9 and C media (see Materials and Methods). None of
the mutants demonstrated a lower growth rate at any growth
phase than the wild type in any of the three media (data not
shown).

TABLE 1. S. pyogenes sequences identified by STMa

Category Strain Gene(s)
(% identity)b Putative function Tnp locationc CId LD50

(CFU)

Transport or binding A4-12 SPyM3_1649 (95) ABC transporter (salT) 76/494 0.328 1 � 105

D10-12 SPyM3_0233,
SPyM1_0271 (96)

ABC transporter substrate-binding
protein

232/281 0.0011 NDg

D11-5 SPyM3_0013,
SPyM1_0014 (97)

Putative amino acid permease I 0.0011 ND

F4-11 SPyM1_0275 (94) Serine/threonine sodium transporter I 0.004 ND

C7-12 SPyM3_0386 (32)e No homology to S. pyogenes in
nucleotide sequence; macrolide
efflux protein (mpf)

12/404 0.0174 1 � 106

C1-7 45/404 0.0747 ND
E1-12 92/404 0.0693 ND
A10-12 94/404 0.0566 ND
H8-12 95/404 0.005 ND
E12-8 113/404 0.0246 ND
H11-8 136/404 0.0564 ND
F7-8 203/404 0.0207 ND
F2-9 232/404 0.1749 2 � 103

G10-12 SPyM3_0386 (99) Macrolide efflux protein (mefE) 385/391 0.0135 5 � 105

G12-1 386/391 0.1666 ND

Cellular processes A11-8 SPyM3_1851,
SPyM1_1851 (96)

Hyaluronan synthase (hasA) I 0.0071 ND

B10-1 SPyM3_0385,
SPyM1_0449 (96)

Nucleotide sugar dehydrogenase I 0.076 ND

B12-7 AF493605.1 (95)f Putative sensor histidine kinase (silB) 199/437 0.101 ND

Secreted proteins F2-1 SPyM3_1716 (92) Mitogenic exotoxin Z (smeZ) 103/131 0.269 7.4 � 104

G8-6 SPyM1_1702 (92) I 0.153 4.6 � 105

Regulators A12-7 SPyM3_1728,
SPyM1_1720 (91)

trans-acting positive regulator (mga) I 0.0434 ND

C1-1 SPyM1_0612 (94) Transcriptional activator (amrA) 193/428 0.182 ND

G5-8 AF493605.1 (95)f Putative transcriptional regulator
(silC)

35/39 0.307 ND

Conserved hypothetical proteins C3-2 SPyM3_029 (97) Hypothetical cytosolic protein 346/446 0.0005 ND
C7-7 217/446 0.0011 ND
G4-12 346/446 0.0074 ND
G8-8 361/446 0.0137 ND

F2-5 SPyM1_0462 (98) Hypothetical cytosolic protein 100/274 0.0854 ND

F10-6 SPyM3_1795,
SPyM1_1794 (95)

Conserved hypothetical protein I 0.0677 ND

a For the wild type the CI is 1 and the LD50 is 3 � 103 CFU.
b The locus tag from S. pyogenes serotype M1 strain MGAS5005 (accession number NC_007297) and/or M3 serotype strain MGAS315 (accession number

NC_004070) strain is indicated. Unless indicated otherwise, the value in parentheses is the level of identity at the nucleotide level. When two genes are listed for one
strain, the percent identity applies to both genes.

c Amino acid location of the transposon insertion/total number of amino acids in the protein. “I” indicates that the transposon is inserted in an intergenic region
upstream of the protein indicated.

d Wild-type and mutant strains were injected at a 1:1 ratio; a CI of �1 indicates attenuation.
e Level of identity at the amino acid level.
f The accession number rather than the gene is indicated.
g ND, not determined.
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Virulence attenuation of the STM mutants was confirmed
and quantified by CI assays and LD50 experiments, as de-
scribed in Materials and Methods. Using both of these meth-
ods also allowed comparative analysis of the ability of a mutant
strain to survive in the presence and in the absence of the
wild-type strain.

When the mutants were analyzed for attenuation in the pres-
ence of the wild-type strain in the competition assays, a wide
range of CIs was observed, from 0.5025 for the smeZ mutant
(�0.5 log) to 0.0005 for the hypothetical cytosolic protein
mutant, corresponding to 	1,000-fold attenuation (Table 1).
Additionally, a range of LD50s were observed with the mfp
multiple-insertion mutant, and one of the strains had the low-
est LD50, which was approximately the same as that of the
wild-type strain. However, we observed much higher LD50s
with two other mfp mutant strains, suggesting that certain
insertions in this gene may disrupt some portion of its product
(e.g., the transmembrane domain) that plays a vital role in its
function. Furthermore, we observed a trend in comparisons of
the CIs and LD50s of the mutant strains that produce putative
secreted proteins. The smeZ mutants had CIs that were signif-
icantly lower than the level of attenuation as determined by the
LD50 (Table 1). This phenotype was consistent with what
would be expected for a strain that may be complemented to
some degree by the wild-type strain in the competition assays
but displayed a higher level of attenuation when the zebrafish
were infected with each strain individually. The same pheno-
type was observed with the mutant with a mutation in salT,
which encodes a putative ABC transporter. The CI computed
for the salT mutant revealed a fairly subtle level of attenuation
(0.442), whereas the LD50 was 2 logs higher than that of the
wild-type strain. In this instance, the presence of the wild-type
strain in the CI assay may complement the SalT mutant by
providing the missing transported product.

Characterization of the sil locus. The sil locus gene was
identified previously in an S. pyogenes screen utilizing a murine
model of necrotizing fasciitis with an M14 strain of S. pyogenes
that was isolated from a human patient with the disease (23).
The sil locus, comprised of five open reading frames (ORFs),
is highly homologous to a quorum-sensing regulon and pep-
tide-sensing system of Streptococcus pneumoniae (12, 23, 25).
The first two ORFs, silA and silB, encode a two-component
regulatory system, while the last two ORFs, silD and silE,
produce ABC transporters (14, 23). Although the silC se-
quence exhibits no homology to a known sequence, the small
peptide encoded by silC is postulated to be a transcriptional
regulator of S. pyogenes virulence factors, the transcription of
which is suppressed by a signaling molecule transcribed com-
plementary to and overlapping silC, referred to as SilCR,
which is found only in some S. pyogenes strains (14). In turn,
the small peptide encoded by silC was found to suppress the
transcription of silCR, thus forming a transcriptional circuit via
a sensing system and coordinately regulating the expression of
S. pyogenes virulence factors (14). It should be noted that the
HSC5 M14 strain used in this study has a mutation in the start
codon of silCR, as described previously for another M14 S.
pyogenes strain isolated from a patient with necrotizing fasciitis
(23). Consequently, SilCR is not produced in HSC5, and as a
result, our transcriptional analysis of the sil locus would not
have been influenced by the divergently transcribed peptide.

As mentioned above, two of the STM transposon insertions in
our study mapped to the sil locus, with an insert in each of the
silC and silB genes, suggesting that this locus plays a vital role
in this specific type of disease state.

Correlations have been observed between histopathologic
characteristics of necrotizing fasciitis infections in animal mod-
els and humans. Specifically, there is a lack of neutrophil in-
filtrate at the site of infection, where a heavy bacterial load has
been found (3, 10, 21, 58). The same feature has been observed
in our zebrafish necrotizing fasciitis model (40). The wild-type
strain, injected intramuscularly, produces significant necrosis
of the muscle tissue and few inflammatory cells at the site of
infection, where the bacterial cells are in large aggregates (Fig.
2A). In contrast, inflammatory cells are present and closely
associated with the bacterial cells in an infection with either a
silC or silB mutant (Fig. 2B and C).

In an effort to further characterize the sil locus, we created
a reporter construct by cloning the promoter sequence preced-
ing the sil locus upstream of the phoZ gene, which encodes
alkaline phosphatase (17), the expression of which is detected
by antibody staining or is measured by a colorimetric assay.
Because the sil locus is highly homologous to a quorum-sensing
regulon and silC encodes a putative virulence regulator, the
expression of the sil locus promoter was examined in a variety
of environmental conditions by examining the strain carrying
the reporter construct with several in vitro assays. In each assay
a negative control vector that lacks a promoter upstream of the
phoZ gene was also assayed. We initially examined the effects
of temperature variation. Both strains were cultured overnight
in normal laboratory medium (TP) at 30°C and 37°C. The
cultures were then treated with a phosphatase substrate to
gauge alkaline phosphatase activity (as described in Materials
and Methods), providing a direct measure of promoter expres-
sion. The sil locus promoter was expressed at significantly
higher levels (P � 0.0001) at the lower temperature, 30°C (Fig.
3A), indicating that the locus is differentially regulated under
certain environmental conditions.

As the in vivo environment is considered to be a high-stress
environment, we wanted to determine whether certain stress
factors have an effect on sil promoter expression and therefore
investigated conditions in which there was increased oxygen
tension and there were increasing concentrations of H2O2.
Since S. pyogenes growth is optimal under oxygen-limiting con-
ditions, we compared the promoter expression of a 10-ml sta-
tionary culture in a 15-ml conical tube at 37°C to that of a
10-ml culture in a 50-ml flask or a 15-ml tube shaking in a
water bath at the same temperature. Treatment with the sub-
strate indicated that the level of promoter expression was
slightly but significantly (P � 0.0001) higher(1.36-fold) in the
culture shaking in the 15-ml tube in the water bath, suggesting
that the agitation rather than the increased exposure to oxygen
in the 50-ml flask induced the promoter (Fig. 3B). Expression
of the promoter was also significantly induced (P � 0.001)
upon exposure to two different concentrations of H2O2 com-
pared to the expression in an untreated culture (Fig. 3C).
These results demonstrate that sil promoter expression is up-
regulated when a culture is subjected to specific stressors.

Quorum-sensing molecules are often secreted and autoregu-
lated or are regulated by alternative secreted factors through
sensing by an associated sensor kinase-response regulator two-
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component system. If factors secreted into the supernatant
interact with the SilB histidine kinase to cause a change in the
sil locus expression, then treatment of a culture carrying the sil
promoter construct with the supernatant of a culture in sta-
tionary phase may result in a change in sil promoter expression.
Therefore, a strain containing the promoter construct grown to
early log phase was resuspended with the filtered supernatant
of an overnight culture of the parent strain and incubated for
2 h under normal conditions. However, the supernatant treat-
ment resulted in no difference in promoter expression com-
pared to the medium-treated control (data not shown). These
results suggest that if silC encodes a secreted molecule that
interacts with SilB, the molecule remains cell associated rather
than diffusing out to a significant distance from the cell or that
no other secreted factors present in the supernatant at this
time point regulate the sil locus.

To determine the growth phase in which the sil locus is most
highly expressed, we examined the promoter expression at
various time points after dilution from an overnight culture
into fresh media, including 3, 5, 7, 9, and 24 h (Fig. 3D).
Promoter expression was examined over time for the wild-type
strain, as well as both the silB and the silC insertion mutant
strains. In the wild-type strain, the greatest level of expression
was observed at 3 h, and expression decreased in a stepwise
fashion at the subsequent time points, indicating that high cell
density is not the major factor influencing the upregulation of
the sil locus, as observed with most quorum-sensing systems. In
fact, the data are consistent with high cell density acting as a
negative regulatory factor of sil locus expression. This regula-
tion is lost when sil promoter expression is measured in the silC
mutant strain. In addition, for each time point, the expression
is higher than that in the wild-type strain (Fig. 3D). These data
suggest that SilC plays a role, either directly or indirectly, in
regulation of the promoter upstream of the locus. Not surpris-
ingly, expression of the promoter is completely lost when it is
measured in the silB mutant strain, as silB encodes the histi-
dine kinase sensor of the two-component system that puta-
tively controls expression of genes in the sil locus.

Lastly, to determine if the sil locus promoter was regulated
in response to signals in vivo, a strain carrying the promoter
construct was injected into the dorsal muscle of the zebrafish,
and at 5 and 24 h postinfection the fish were euthanized and
preparations were fixed for histological analysis. Major differ-
ences were observed between the two time points. Individual
cocci stained with an antibody against S. pyogenes were de-
tected at 5 h postinfection in the muscle tissue (Fig. 4A and C).
However, many of the bacterial cells were not counterstained
with the alkaline phosphatase antibody (Fig. 4B and D), sug-
gesting that the sil promoter is selectively or rather weakly
upregulated in the earlier stages of infection. In contrast, a
much denser population of S. pyogenes cells was observed at

FIG. 2. Zebrafish histology after S. pyogenes infection. Tissue sec-
tions were prepared from the dorsal muscle 24 h postinfection with 105

CFU wild-type bacteria (A), a silB mutant (B), and a silC mutant
(C) and stained with hematoxylin and eosin. The arrows in panel A
point to aggregates of bacteria, and the arrowheads in panels B and C
point to inflammatory cells at the site of infection. Magnification,
�1,000.

1860 KIZY AND NEELY INFECT. IMMUN.



24 h in the necrotic tissue (Fig. 5A and C), which also stained
brightly for alkaline phosphatase (Fig. 5B and D), indicating a
high level of expression of the sil promoter at this stage of
localized infection in the muscle. These results confirm that sil
locus factors not only are expressed in vivo but also are differ-
entially regulated over time.

DISCUSSION

The identification of virulence factors in an in vivo study is
paramount to gaining a better understanding of pathogenic
molecular mechanisms. One of the ways in which this has been
achieved in the last decade is by applying a large-scale genetic
screen, STM, to an appropriate model of infection. In this
study, the zebrafish served as a model of severe S. pyogenes
disease, mirroring the type of invasive, necrotic infection ob-
served both macroscopically and microscopically in mamma-
lian models, as well as in humans (21, 40, 58). Our results
illustrate the successful application of STM to S. pyogenes and
to the identification of expected and novel determinants that
are required for the establishment and progression of disease.
However, any random transposon mutagenesis study may re-
sult in polar mutations, and the virulence phenotypes observed
for some of the attenuated mutants may be due to polar mu-
tations. Although many of the insertions identified occur at the
end of operons, for the insertions that are not at the end of
operons, we cannot rule out the possibility of polarity.

For the 29 STM mutants sequenced, five genes have previ-
ously been implicated in virulence: hasA, mga, smeZ, silC, and
silB. hasA is the first of three genes that comprise the hyal-
uronic acid capsule operon and encodes hyaluronan synthase,
which adds alternating N-acetyl-D-glucosamine and D-glucoro-
nic acid residues to form the hyaluronic acid polymer of the S.
pyogenes capsule. The crucial role of capsule in S. pyogenes
pathogenesis has been well established. For example, studies
have shown that acapsular mutant strains are unable to defend
against phagocytic engulfment (11, 60), and using a murine
model of necrotizing fasciitis, Ashbaugh et al. concluded that
capsule is critical for the progression of tissue necrosis (1).

S. pyogenes is not unique among pathogens in possessing the
ability to coordinately regulate virulence gene expression while
it is exposed to different environmental stimuli. Among the
global regulatory networks in S. pyogenes are two-component
signal transduction systems, quorum-sensing systems, and mul-
tigene regulons that are controlled by individual transcrip-

FIG. 3. Analysis of sil promoter expression. (A) Response to tem-
perature. Overnight cultures of the wild-type strain carrying the sil
promoter construct were grown at 37°C and 30°C (*, P � 0.0001).
(B) Response to oxygen tension and agitation. The HSC5 wild-type
strain carrying the sil promoter construct was cultured in 10 ml of TP
under the following conditions: in a 15-ml conical tube without shak-
ing, in a 15-ml conical tube with shaking, or in a 50-ml flask with
shaking overnight (*, P � 0.0001). (C) Response to H2O2 treatment.
The wild-type strain carrying the sil promoter construct was grown to
mid-log phase and then treated with 5 mM or 7 mM H2O2 for 2 h at
37°C (*, P � 0.001). (D) Response to growth phase. The wild-type
strain (dark gray bars), the silC mutant strain (light gray bars), and the
silB mutant strain (black bars) carrying the sil promoter construct were
assayed for activity at different times during growth.
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tional regulators. One of the most significant of these “stand-
alone” regulators is Mga, an STM mutant identified in this
screen. Mga autoregulates and controls the transcription of
virulence genes essential for immune evasion, adhesion, and
internalization during the exponential phase of growth (24,
30). Moreover, a recent transcriptome analysis revealed that
Mga controls the transcription of more than 10% of the S.
pyogenes genome, including not only the core regulon virulence
genes but also genes putatively involved in sugar metabolism
(52). Maximal expression of mga occurs in exponential phase,
as well as upon exposure to elevated CO2 levels, increased
temperature, and iron-limiting conditions (5, 33, 46). Addition-
ally, AmrA, a putative membrane protein involved in capsular
polysaccharide biosynthesis, was discovered to be an important
factor for the optimal expression of mga (51). This STM study
is the first study to implicate amrA in virulence, as a transposon
insertion in this gene resulted in an attenuated phenotype in
our model of invasive disease.

One of the hallmarks of S. pyogenes invasive disease involves
the toxigenic effects that continue to manifest following intense
antibiotic therapy and surgical debridement. The numerous
superantigens or exotoxins that the bacterium secretes have
been implicated in these clinical outcomes. Superantigens have
been proven to elicit a proinflammatory cytokine response and
to induce symptoms of toxic shock in different animal models
(4, 20, 37). Furthermore, superantigens have been detected in
the circulation of patients with invasive S. pyogenes disease
(56), as well as at the local site of tissue infection, with a

regional cytokine profile that mirrors a typical superantigen
response (42). Eleven exotoxins have been described to date,
including streptococcal pyrogenic exotoxins A, B, C, F, G, H,
and J, as well as various allelic forms of the streptococcal
mitogenic exotoxin Z gene (smeZ) (27, 28, 48). smeZ is a
chromosomal gene and is present in all S. pyogenes strains
investigated. Studies have demonstrated that it is poorly ex-
pressed in vitro, with positive transcripts from certain strains
observed only at late log phase, yet the superantigen is readily
detected in the sera of patients with severe disease (49, 59).
Although most superantigens examined trigger inflammatory
responses and many are detected in clinical specimens, the
smeZ product appears to be the predominant and most potent
immunoactive agent (48, 49, 59, 61). Hence, the virulence
attenuation of the smeZ toxin mutant, as well as the hasA
capsule mutant, the mga global regulator mutant, and the
amrA transcriptional activator mutant, was not a surprising
finding in this study of S. pyogenes invasive disease and, con-
sequently, served to validate the genetic screen.

We identified another class of genes common to most STM
screens and involved in transport, including genes that encode
an ABC transporter substrate-binding protein, an amino acid
permease, a serine/threonine sodium transporter, and two
macrolide efflux pumps, as well as salT, encoding a trans-
porter of the salivaricin locus, a putative lantibiotic-producing
operon. Among the most intriguing of the transporters iden-
tified that are involved in virulence are the macrolide efflux
pumps. One of these, the mefE product, is a known efflux pump

FIG. 4. Analysis of sil promoter expression in vivo. Following 5 h of intramuscular infection with 105 CFU of a strain carrying the sil promoter
construct, zebrafish sections were prepared and stained with antibodies against S. pyogenes (A and C) and alkaline phosphatase (B and D), as
described in Materials and Methods. Magnification, �400.
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belonging to the major facilitator superfamily, and the gene
encoding the other, which we have designated mfp, lacks ho-
mology to any known nucleotide sequence but has 33% iden-
tity and 55% similarity to mefE of S. pyogenes at the amino acid
level. We were able to determine via arbitrary PCR analysis
(data not shown) that a transposon harboring the insertion
sequence IS1548, originally identified in Streptococcus agalac-
tiae (16), exists directly upstream of the HSC5 mfp gene. As a
result, we hypothesize that this efflux pump, carried on a trans-
missible element, was horizontally transferred and may be
unique to this strain of S. pyogenes. Furthermore, we concluded
from the results of antibiotic disk diffusion assays and PCR
analysis (data not shown) that these efflux pumps are not
directly involved in antibiotic resistance. Therefore, as they
were identified as being attenuated in this STM screen, we
postulate that they have some inherent physiological role as-
sociated with virulence other than expulsion of synthetic anti-
biotics from the bacterial cell, which is the mechanism that is
most often ascribed to these pumps. An in-depth analysis of
the ways in which the efflux pumps contribute to S. pyogenes
virulence is ongoing.

An array of candidates involved in cellular metabolic pro-
cesses have been identified in STM screens, such as the sugar
dehydrogenase (B10-1) and the insertion that created a polar
mutation in purB, which we described in this study. In fact,
purine biosynthesis genes have been isolated in multiple STM
screens for both gram-positive and gram-negative organisms

(8, 19, 26, 36, 38, 47), highlighting the conclusion that purine is
a key metabolite in virulence. Purine nucleotides perform di-
verse and integral functions in cellular metabolism. They are
constituents of genetic material, enzymatic reactions, and sig-
naling mechanisms and are involved in cellular energy. Accord-
ingly, the inability of certain pathogens to biosynthesize pu-
rines leads to auxotrophy and avirulent phenotypes. These
observations directly reflect the intricate responses of and ad-
aptations by pathogens necessary to survive and proliferate in
different host niches, particularly where essential nutrients are
limited.

To efficiently sense the extra- and/or intracellular conditions
and relay information, pathogens often utilize quorum-sensing
systems. In gram-positive bacteria, the regulation of genes by
quorum-sensing systems is mediated by signaling molecules
that are secreted by an ABC transporter and detected by a
two-component signal transduction system (39). Recently, the
sil locus, homologous to a quorum-sensing system of S. pneu-
moniae, was identified in an in vivo mutagenesis study (23).
The investigators determined that targeted mutations in the
silC and silB genes resulted in severe attenuation in their mu-
rine model of necrotizing fasciitis (23). We identified two in-
sertions in the same genes, silC and silB, in this STM study,
suggesting that this locus is necessary for the establishment or
maintenance of a successful infection in this disease model.

The data presented here support a role for the sil locus in
the virulence of invasive S. pyogenes. Histopathologic analyses

FIG. 5. Analysis of sil promoter expression in vivo. Following 24 h of intramuscular infection with 105 CFU of a strain carrying the sil promoter
construct, zebrafish sections were prepared and stained with antibodies against S. pyogenes (A and C) and alkaline phosphatase (B and D), as
described in Materials and Methods. Magnification, �400.
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of zebrafish infected with each of the sil mutant strains re-
vealed a profile different than that of the wild-type strain.
Inflammatory cells observed at the injection site for infections
with the silC and silB mutant bacteria appear to disrupt the
microcolonies of bacteria normally found in a wild-type S. pyo-
genes infection, which typically show a lack of inflammatory infil-
tration. Hidalgo-Grass et al. suggest that this characteristic is due
to a virulence trait of S. pyogenes, regulated at least in part by the
sil locus, which interferes with host chemokine factors by prevent-
ing neutrophil migration to the site of infection (21, 22). Further-
more, tissue sections stained with antibodies against the bacteria
and the alkaline phosphatase gene, under the control of the pro-
moter upstream of the sil locus, although not quantitative, suggest
that the sil locus is differentially regulated at various stages of the
disease process. The differential expression of the sil locus adds
validity to the hypothesis that these factors are components of a
sensing regulon and that silC is a putative regulator of virulence
genes.

Several lines of evidence from this study support the view
that quorum-sensing genes or loci participate in stress man-
agement. The sil promoter was induced upon exposure to dif-
ferent stressors, such as temperature, H2O2, and agitation;
thus, we may postulate that sil plays a role in conferring pro-
tection against a range of environmental stresses encountered
in the host. However, a more detailed characterization of the
response of the promoter to each of these stress factors is
necessary to distinguish between a general response to stress
and induction of the promoter due to distinct conditions. For
example, the sil locus may be upregulated upon exposure to a
lower external temperature, as is the case in open wounds of
necrotizing fasciitis patients, or when intracellular proteins are
damaged by reactive oxygen species, such as H2O2. The higher
level of expression of the sil promoter exposed to agitation may
be indicative of contact-dependent upregulation.

Generally, quorum-signaling molecules sense, among other
factors, high cell density and respond accordingly. As a result,
most quorum-sensing genes are upregulated in the stationary
phase of growth, when cell numbers have peaked. The sil
promoter was expressed maximally at mid-exponential phase,
indicating that as in E. coli and S. enterica serovar Typhi-
murium, quorum sensing is important for regulating behavior
prior to stationary phase, possibly to signal the cells to enter
later growth stages and prepare for lower nutrient availability
and metabolic activity (57).

The sil locus may represent a unique quorum-sensing system
in S. pyogenes, regulating a unique profile of factors critical for
a successful invasive infection. Although several transcriptional
regulators have been found to control the expression of a
number of virulence factors in response to environmental stim-
ulants, many of the precise mechanisms contributing to strep-
tococcal pathogenesis remain unclear. Although the pool of
1,200 mutants screened with the zebrafish was not large
enough to completely saturate the genome and therefore may
have missed important virulence genes, a genomic study such
as the one described here enables us to at least begin to unravel
the molecular mechanisms utilized by this accomplished patho-
gen. Further analysis of the sil locus, as well as other factors
identified in this STM screen, should provide a better under-
standing of the intricate interplay between the pathogen and
the host environment.
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