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Virulence factors regulated by the CovRS/CsrRS two-component gene regulatory system contribute to the
invasive diseases caused by group A Streptococcus (GAS). To determine whether the streptococcal secreted
esterase (Sse), an antigen that protects against subcutaneous GAS infection, is one of these virulence factors,
we investigated the phenotype of a nonpolar sse deletion mutant strain (Asse). In addition, we examined the
effects of covS mutation on sse expression. As assessed using a mouse model of subcutaneous infection, the
virulence of the Asse strain is attenuated and the overall pathology is reduced. Furthermore, GAS was detected
in the blood and spleens from mice subcutaneously infected with the parental strain, whereas mice subcuta-
neously infected with the Asse strain had no GAS present in their blood and spleens. The ability of the mutant
to survive in the subcutis of mice appeared to be compromised. The growth of the Asse strain in rich and
chemically defined media and nonimmune human blood and sera was slower than that of the wild-type strain.
Complementation restored the phenotype of the Asse strain to that of the wild-type strain. The wild-type, Asse,
and complement strains had no detectable SpeB activity. Expression of Sse is negatively controlled by CovRS.
These findings suggest that Sse is a CovRS-regulated virulence factor that is important for the virulence of
GAS in subcutaneous infection and plays an important role in severe soft tissue infections and systemic

dissemination of GAS from the skin.

Group A Streptococcus (GAS) is an important gram-positive
human pathogen that causes both invasive and noninvasive
infections. Noninvasive infections, including acute pharyngitis
and superficial skin infection, result in substantial morbidity
and economic loss globally (3, 30). Severe invasive GAS infec-
tions, such as necrotizing fasciitis, bacteremia, and streptococ-
cal toxic shock syndrome, are associated with high mortality
rates (28, 32, 39). Necrotizing fasciitis is characterized as a
rapidly progressive infection, causing necrosis of the fascia and
subcutaneous tissue that leads to systemic infection (42). Al-
though treatment with antibiotics is effective against strepto-
coccal throat infection, severe invasive infections are difficult
to treat (42).

GAS produces an abundance of exoproteins that mediate its
pathogenesis; for example, the genome of the M1 strain SF370
(8) has 123 genes that encode known or putative exoproteins.
Those exoproteins that have been characterized exhibit a myr-
iad of functions. The M protein (9), C5a peptidase (16, 40),
Mac (17), and superantigens (29, 31) are involved in the eva-
sion and interference of innate and acquired host immunity.
The Lancefield T antigen and extracellular matrix-binding pro-
teins form pili that mediate specific adhesion of GAS to pha-
ryngeal cells, human tonsil tissue, and skin (1, 24). Streptolysin
O, NAD™ glycohydrolase, streptolysin S (SLS), and the SpeB
protease are cytotoxic to host cells and mediate the degrada-
tion of host molecules (10, 21, 26). Despite this extensive
knowledge of the functions of these exoproteins, the functions
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and pathogenic roles of the majority of GAS exoproteins still
remain unknown.

Similar to many other bacteria, GAS secretes a carboxylic
esterase (13, 33). There is emerging evidence for a role of
esterases in mediating the virulence and pathogenesis of
pathogenic bacteria. A cell wall-anchored carboxylesterase has
been reported to be required for the virulence of Mycobacte-
rium tuberculosis (22). We previously reported that immuniza-
tion with the secreted esterase (designated Sse for streptococ-
cal secreted esterase) protects mice against lethal subcutaneous
infection with virulent M1 and M3 strains, and this treatment
inhibits GAS invasion of mouse skin tissue (20). However,
whether Sse is required for GAS virulence and pathogenesis
has not been established.

Many GAS virulence factors are regulated by the CovRS
two-component gene regulatory system (also known as CsrRS)
(7, 14, 18), including HasA, which is involved in the synthesis
of the hyaluronic acid capsule, and the SpeB protease, which
degrades virulence factors and other proteins. The CovR-me-
diated repression of SpeB is attenuated by CovS, and loss of
this CovS-mediated regulation of CovR due to mutations in
covS or covR leads to abrogation of SpeB production (36).
Spontaneous covRS mutations that lead to upregulation of the
capsule and loss of SpeB expression are significant events that
contribute to the progression of invasive infections for serotype
M1 GAS (4, 5, 34, 38). However, the molecular basis for this
effect of covRS mutations on the progression of invasive dis-
ease is not fully understood.

This study aimed to determine whether Sse is regulated by
CovRS and contributes to severe invasive infection. We found
that deletion of sse reduced the severity of soft tissue infection
caused by GAS and abrogated systemic GAS dissemination
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TABLE 1. GAS strains used in this study

Strain Disease, source, or description covS genotype sse genotype emm type Reference
MGASS5005 Cerebral spinal fluid Null mutant WT M1 34
Asse mutant MGASS5005 derivative Null mutant Null mutant M1 This study
Asse-sse mutant Nonspontaneous revertant of Asse strain Null mutant WwT M1 This study
MGAS2221 Scarlet fever WT WT M1 34
2221covSAlbp Mouse-passaged derivative of MGAS2221 Mutant WwT M1 34
A945¢ M49

“ The strain, provided by Debra Bessen, was used as a positive control in the SpeB activity assay.

from the skin. In addition, we found that the levels of the sse
transcript were negatively controlled by CovRS. In summary,
these results suggest that Sse is a novel virulence factor that is
regulated by CovRS and is required for invasive skin infection
and efficient systemic dissemination of GAS from the skin.

MATERIALS AND METHODS

Bacterial strains and growth. The GAS strains used in this study are listed in
Table 1. These strains were grown in Todd-Hewitt broth supplemented with
0.2% yeast extract (THY) at 37°C in a 5%-CO, atmosphere. Tryptose agar with
5% sheep blood and THY agar were used as solid media.

In-frame deletion of the sse gene. The 3’and 5’ ~1,000-bp flanking fragments
of the sse fragment to be deleted were amplified from MGAS5005 chromosomal
DNA using PCR and were sequentially cloned into pGRV (19) at the HindIII/
HinclII and HindIIT sites, respectively, yielding the suicide plasmid pGRV-Asse.
This plasmid was introduced into MGAS5005 using electroporation, as described
previously (19). The plasmid was inserted into the MGAS5005 genome through
a homologous recombination event at one flanking fragment. The strain was
selected with 150 wg/ml of spectinomycin, and it contained one copy of full-
length sse and one copy of the shortened sse gene with the in-frame deletion. This
strain was grown in THY without spectinomycin selection for eight passages (one
passage = 0.05 to 0.7 increase in the optical density at 600 nm [ODy]) to allow
the second crossover event to occur in the other flanking fragment, generating an
in-frame deletion of sse (Asse), which was spectinomycin sensitive. The culture
was plated on THY agar plates after the last passage, and the colonies were
spotted in parallel on THY agar plates with and without spectinomycin to
identify strains that were sensitive to spectinomycin. These spectinomycin-sen-
sitive strains were analyzed by PCR to identify Asse strains that had a shorter sse
PCR product than the wild-type strain. The region of the mutant’s genomic DNA
encompassing the shortened sse gene and its ~1,100-bp flanking fragments was
sequenced to confirm the in-frame deletion and to rule out spurious mutations.

Construction of plasmid pCMV-sse for complementation analysis. A DNA
fragment containing the sse gene with its own promoter and ribosome-binding
site was amplified from MGASS5005 using the following primers: 5'-CGGCTG
CAGTTACTATAATATTATTGCAAT-3' and 5'-CGCCTGCAGTTAAGGA
GTTTTGTTGATGGC-3'. The PCR product was cloned into pCMV (12) at the
PstI site. The resulting plasmid, pCMV-sse, was introduced into the Asse strain
using electroporation, and complementation strains containing pPCMV-sse (Asse/
pCMV-sse) were selected with chloramphenicol. The strains were confirmed
using PCR and DNA sequence analyses.

Construction of a nonspontaneous revertant of the Asse strain. A nonspon-
taneous revertant of the Asse strain was generated for complementation analysis
of the Asse strain. A 2,786-bp DNA fragment containing the full-length sse gene
and its flanking regions was amplified with PCR using the following primers:
5'-GTCTCGAGTAAACCCATTATGGTAATA-3" and 5'-CGTCAGGTTGAC
GATACTATTGAAGCCTATATTATGG-3'. The PCR product was cloned into
pGRYV between the Xhol and HinclI sites, yielding pGRV-sse. This plasmid was
introduced into the Asse strain by electroporation. The same procedures used to
generate the Asse strain were followed to generate revertant strains (Asse-sse).
The sse gene and its flanking regions in the revertant strain were sequenced to
confirm reversion and rule out spurious mutations.

Detection of Sse and SpeB. Sse production by MGAS5005 and its isogenic
strains was assessed by Western blotting, as described previously (20). Briefly,
test strains were grown in protein-reduced THY, which was prepared as previ-
ously described (20), to an ODy of 0.4, and the cultures were centrifuged to
obtain the supernatant. Proteins in the culture supernatant (8 ml) were precip-
itated with three volumes of cold ethanol, dissolved in 0.1 ml of 8 M urea,

resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and elec-
trophoretically transferred onto a nitrocellulose membrane. The membrane was
probed with anti-Sse mouse antiserum (20) at a dilution of 1:1,000, followed by
horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G at a
1:2,000 dilution. Immunoreactivity was detected by chemiluminescence using the
SuperSignal West Pico kit (Pierce Biotechnology, Rockford, IL). SpeB activity in
the supernatant of overnight GAS cultures was detected using the milk plate
assay, as described previously (23).

Mouse infections. Female CD-1 Swiss and immunocompetent, hairless (strain
Crl:SKH1-hrBR) mice were used in animal experiments. Hairless mice were
used for convenience in observing skin lesions, and CD-1 mice have been used
for studies of GAS virulence by our laboratory and many other groups. The GAS
strains used to infect mice were grown to mid-exponential phase, washed three
times with pyrogen-free Dulbecco’s phosphate-buffered saline (DPBS), and re-
suspended in DPBS at the desired doses. Colony counts were performed to
determine the actual number of CFU used for each experiment. Three types of
assays were performed: virulence, dissemination in skin, and dissemination to
blood and spleen. To compare survival rates in the virulence study, groups of
eight 5-week-old female outbred CD-1 Swiss mice (Charles River Laboratory)
were subcutaneously infected with 0.2 ml of ~1.4 X 10% CFU of MGAS5005 or
the Asse or Asse-sse strain or intraperitoneally infected with 0.2 ml of ~9 X 107
CFU of MGAS5005 or the Asse strain. The subcutaneously infected mice were
monitored twice a day for 14 days, and the intraperitoneally infected mice were
monitored hourly from 9 to 24 h following infection and twice a day thereafter.

In the studies examining the dissemination in skin and from skin to blood and
spleen, groups of 18 CD-1 mice were subcutaneously infected with 0.2 ml of
~8 X 107 CFU of MGAS5005 or the Asse strain. Six randomly selected mice
from each group were sacrificed on days 2, 3, and 4 after infection to collect
blood and spleens for quantification of bacterial loads and to peel off the skin
around the infection site for measurement and examination of overall pathology.
Each spleen was homogenized in DPBS using a Kontes pestle. The heparinized
blood and spleen suspension samples were serially diluted in DPBS and plated to
count the number of viable GAS CFU. In addition, groups of five immunocom-
petent, hairless female mice (strain Crl:SKH1-hrBR) (5 weeks old) were subcu-
taneously infected with 50 pl of each strain at a dose of ~1.0 X 10* CFU to
observe the appearance of the infection lesions and to measure lesion size. All
animal experimental procedures were approved by the Institutional Animal Care
and Use Committee at Montana State University.

GAS growth in THY and CDM. Cultures of MGAS5005 and the Asse and
Asse-sse strains at the mid-exponential growth phase in THY and at an ODy of
~0.2 in chemically defined medium (CDM) were inoculated into THY and CDM
at an ODyg of ~0.05. Cultures were incubated at 37°C in a 5%-CO, atmosphere.
The ODyg of each culture was measured at the indicated time to obtain growth
curves. CDM was prepared as described previously (37).

GAS growth in nonimmune human blood and serum and in mouse subcutis.
GAS growth in nonimmune human blood and serum was determined as previ-
ously described (19). MGAS5005, Asse, and Asse-sse cultures were harvested at
the exponential growth phase, washed three times with DPBS, and inoculated at
~10° CFU into 1 ml of serum or heparinized nonimmune blood from the same
person. The samples were rotated end-to-end for 4 h at 37°C, and the numbers
of viable GAS in the samples and inocula were determined by plating. The
growth factor was defined as the ratio of CFU for each sample after a 4-h
incubation over the CFU of the corresponding inoculum.

To examine the growth of the GAS strains in mouse subcutis, bacteria from
each strain were subcutaneously inoculated into nine CD-1 mice in the back
where the hair was shaved. The initial injection bulb was marked. At 10 min, 1 h,
or 8 h after inoculation, the skin around the marked inoculation site from three
mice was peeled off, cut into small pieces, and homogenized using a Kontes
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pestle to obtain a bacterial suspension in 0.5 ml of DPBS. Bacteria were quan-
tified by plating the suspensions at appropriate dilutions.

Quantitative RT-PCR analysis. Duplicate cultures of each GAS strain were
grown at 37°C (5% CO,) in THY to an ODg, of 0.2 or 0.3. GAS bacteria were
harvested by centrifugation and incubated at room temperature for 5 min fol-
lowing the addition of two volumes of RNAprotect (Qiagen, Valencia, CA) to
ensure RNA integrity. Total RNA was isolated and reverse transcribed to cDNA,
as described previously (11). TagMan quantitative reverse transcription (RT)-
PCR assays were performed using the ABI 7500 Fast system (Applied Biosys-
tems Inc., Foster City, CA). Changes in levels of gene expression were compared
using the AACt method with normalization to the commonly used control gene
proS. All cDNA samples were assayed in triplicate, and the data represent mean
values = standard deviations.

Statistical analysis. The survival data were analyzed using the log-rank
(Mantel-Cox) test, and the sizes of skin lesions and CFU numbers in blood and
spleen samples were analyzed using the two-tailed unpaired ¢ test with Welch’s
correction. All analysis was conducted using the Prism software program (Graph-
Pad Software, Inc.).

RESULTS

In-frame deletion mutant of sse gene. Initially, we tried to
inactivate sse using an insertional inactivation strategy, as de-
scribed previously (9), and obtained mutant strains that lost
resistance to phagocytosis by polymorphonuclear leukocytes.
These mutants could not be complemented, suggesting that
there was a polar effect caused by the insertional inactivation.
While we were investigating the reason for this phenotype, we
used the in-frame deletion approach, which specifically deletes
a stretch of codons in the target gene (25), in order to avoid
polar effects. This strategy used two steps to obtain Asse mu-
tants. In the first step, the suicide plasmid pGRV-Asse was
integrated into the genome of MGAS5005 through homolo-
gous recombination between one flanking fragment of the sse
fragment to be deleted and its homologous region in the ge-
nome. This resulted in a recombinant strain that was resistant
to spectinomycin and expressed two different alleles of the sse
gene: the full-length gene and the shortened version without
the internal fragment. The second crossover event at the other
flanking fragment occurred in the second step, resulting in the
Asse strains. The procedures were performed four times, re-
sulting in generation of four independent Asse mutant strains.
DNA sequencing of a ~3-kb fragment covering the shortened
sse gene, flanking fragments, and ~100 bp fragments beyond
the flanking regions determined that there were no spurious
mutations. All four strains produced similar phenotypes in an
initial virulence test of mouse infection. We randomly selected
one of these strains for full characterization. The mutant
lacked a desired 621-bp fragment that encodes amino acids 55
to 261 of Sse. Western blotting analyses confirmed Sse expres-
sion in the culture supernatant of the wild-type (WT) strain but
not in the Asse strain (Fig. 1A). The levels of the secreted
protein Spy0019 were similar for all strains (Fig. 1B). Thus, sse
was successfully deleted using this in-frame deletion approach.

Complementation of Asse. Although the in-frame deletion
strategy does not introduce a polar effect, it is possible that a
second mutation was introduced during the construction of
Asse and might be responsible for the Asse phenotypes. To rule
this out, we initially tried to complement the mutant by intro-
ducing the sse gene into the Asse strain using pCMV (12).
Surprisingly, the level of Sse produced by the complement
strain was only approximately 1/10 of that produced by the WT
strain (Fig. 1A, lane 3).
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FIG. 1. Confirmation of sse deletion and complementation.
(A) Western blot demonstrating the presence or absence of Sse pro-
duction in the culture supernatants of WT MGAS5005 (lane 1) and the
Asse (lane 2), Asse/pCMV-sse (lane 3), and Asse-sse strains (lane 4).
(B) Western control blot showing similar levels of the secreted protein
Spy0019 in the same samples.

Instead of using another expression plasmid to resolve this
problem, we followed the same procedure used for generating
the Asse strain to put sse back into the Asse strain, yielding a
nonspontaneous revertant of the Asse strain (Asse-sse) for use
in complementation analysis. This revertant strain should be
identical to the WT unless there was a second mutation intro-
duced during generation of the Asse strain and/or the rever-
tant. As expected, the revertant strain secreted Sse at levels
similar to those of the WT (Fig. 1A, lane 4).

The sse deletion attenuates GAS virulence in subcutaneous
infection. To determine whether sse is important for GAS
virulence, the virulence levels of the WT, Asse, and Asse-sse
strains were compared using mouse models of subcutaneous
and intraperitoneal infections. In the subcutaneous infection,
seven of the eight mice infected with the WT strain died and all
eight mice infected with the Asse-sse strain did not survive,
while all mice infected with the Asse strain survived (P values:
Asse strain versus WT, 0.004; Asse strain versus Asse-sse strain,
0.0002; Asse-sse strain versus WT, 0.8899) (Fig. 2A). These
results indicate that in-frame deletion of sse attenuates the
virulence of GAS in the mouse model of subcutaneous infec-
tion. In the case of intraperitoneal infection, it appears that
mice infected with the Asse strain lived longer than the mice
infected with the WT strain; however, the difference in survival
rates was not statistically significant (P = 0.0974) (Fig. 2B).

Effects of sse deletion on subcutaneous infection. To further
characterize effects of deletion of sse on subcutaneous infec-
tion, groups of CD-1 mice were infected with the WT, Asse, or
Asse-sse strain. Six randomly selected mice from each group
were sacrificed on days 2, 3, and 4 after WT and Asse infections
to collect blood and spleens for quantification of bacterial
loads and to peel off the skin around the infection site for
examination of overall pathology. On day 2, all the mice in-
fected with the WT and Asse strains showed similar levels of
inflammation (Fig. 3A and C); however, the average area of
the inflammation site in mice infected with the Asse strain
(103 = 42 mm?) was significantly smaller than that in mice
infected with the WT strain (259 = 51 mm? P = 0.0002). On
day 4, the average area of the infection site in six mice infected
with Asse (104 + 31 mm?) was again significantly smaller than
that in four mice infected with the WT strain (333 + 55 mm?;
P =0.0019). Two mice infected with the WT strain died, so the
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FIG. 2. Effects of sse deletion on GAS virulence in subcutaneous
and intraperitoneal infections of mice. Groups of eight female CD-1
mice were subcutaneously infected with 1.4 X 10® CFU of MGAS5005,
1.6 X 108 CFU of the Asse strain, or 1.5 X 10® CFU of the Asse-sse
strain (A) or intraperitoneally infected with 9.1 X 107 CFU of
MGASS5005 or 9.4 X 107 CFU of the Asse strain (B). The data repre-
sent the survival rates of the infected mice.

size of the infection site could not be measured. There was no
significant change in lesion size in mice infected with the Asse
strain between days 2 and 4 (P = 0.4970), but there was a
significant increase in the infection site area in mice infected
with the WT strain from day 2 to day 4 (P = 0.0379). These
results indicate that the WT strain spreads in the skin away
from the injection site but the Asse strain does not. In addition
to differences in the infection area size, there was a layer of
white material that had separated from the skin and stuck to
the muscle underneath the infection site of mice infected with
the WT strain on day 4, whereas the skin at the infection site
of mice infected with the Asse strain still looked intact on day
4 (Fig. 3B and D).

On day 2 after inoculation, the blood and spleen samples
from the mice infected with the WT strain had many GAS
CFU, and the GAS CFU in these samples appeared to sequen-
tially decrease on days 3 and 4 (Fig. 4). However, there was no
GAS detected on days 2, 3, and 4 in the blood and spleen
samples from mice infected with the Asse strain, whereas there
were numerous GAS bacteria in the blood and spleen samples
from CD-1 mice subcutaneously infected with the Asse-sse
strain (Fig. 4). These results indicate that the Asse strain can-
not disseminate from the skin into the blood and spleen.

The subcutaneous infection of Crl:SKH1-hrBR mice with
these strains further confirmed the contribution of Sse to GAS
dissemination in the skin. On day 2 following infection, the
Asse infection lesion was small (20 + 4 mm?) and was limited
to the injection site (Fig. 5). In contrast, the WT and Asse-sse

INFECT. IMMUN.

Strain
wt

Asse

2
Day afterInoculation

FIG. 3. Representative images showing the difference in the sub-
cutaneous infection of the wild-type and Asse GAS strains. Female
CD-1 mice were subcutaneously infected with 8.3 X 107 CFU of
MGASS5005 (A and B) or 10.2 X 107 CFU of the Asse strain (C and D).
The images show the infection site on the inner side of the skin on days
2 and 4 after infection. The arrow indicates the white material lying on
the muscle underneath the infection site.

strains caused significantly larger lesions (100 = 53 mm? for
WT infection and 75 = 40 mm? for Asse-sse infection; P values:
Asse strain versus WT, 0.0281; Asse strain versus Asse-sse strain,
0.0189; WT versus Asse-sse strain, 0.2322).

Effects of deletion of sse on growth of MGAS5005. To exam-
ine whether sse deletion negatively affects the growth of GAS,
the growth of the WT, Asse, and Asse-sse strains was compared
in THY. These bacteria were incubated in THY at 37°C in a
5%-CO, atmosphere, and the OD, of each culture was mea-
sured over time to obtain growth curves (Fig. 6A). The growth
of the Asse strain was slightly slower than that of the WT strain
during the early growth phase, and the growth of the Asse-sse
strain was restored to that of the WT strain.

To test whether sse deletion reduces the growth of GAS in
human blood and serum, we measured the ability of GAS
strains to grow in these fluids. The mean growth factors, the
ratios of GAS CFU in cultures over inocula, of the WT, Asse,
and Asse-sse strains during a 4-h incubation were determined
to be 1,724 = 148, 338 = 48, and 1,480 = 208, respectively, in
heparinized nonimmune human blood and 1,566 = 197, 438 =
26, and 1,575 = 102, respectively, in human serum (Fig. 6B).
Thus, growth of the Asse strain in human blood and serum is
significantly slower than that of the WT strain (P values: blood,
0.0021; sera, 0.0395). The growth of the Asse-sse strain is sim-
ilar to that of the WT strain, since there was no significant
difference in growth between the Asse-sse and WT strains (P
values: blood, 0.0991; sera, 0.4822).

THY, blood, and serum are rich media for bacteria, whereas
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FIG. 4. Comparison of the systemic dissemination resulting from
subcutaneously infected parental and Asse strains. Groups of six CD-1
mice were subcutaneously infected with 8.3 X 10” CFU of MGAS5005,
10.2 X 107 CFU of the Asse strain, or 8.6 X 107 CFU of the Asse-sse
strain. The blood and spleens were collected at 2, 3, and 4 days after
infection. The data represent the viable GAS numbers in blood (top)
or spleen suspension (bottom) samples.

the subcutis is a nutrient-limited environment for bacterial
pathogens. Thus, the slow growth of Asse may be amplified or
become less important in the subcutaneous environment. To
examine the effect of medium conditions on GAS growth, we
first analyzed the growth of the strains in chemically defined
medium (CDM). The Asse strain displayed a longer early
growth phase in CDM than the WT and Asse-sse strains (Fig.
6C). In addition, the mutant had a lower maximum ODy, than
the WT and Asse-sse strains. These results suggest that Sse
does not function by providing nutrients via hydrolysis, since
the ingredients in CDM are unlikely to need Sse-catalyzed
hydrolysis prior to utilization. Next, we monitored the in vivo
growth of these strains in mouse skin by quantifying GAS at
the subcutaneous infection sites. The number of GAS recov-
ered from the infection sites was approximately 50% of the
inoculum at the 10-min time point. There was no significant
change in the total CFU for the WT and Asse-sse strains at 10
min, 1 h, and 8 h after inoculation (Fig. 6D). The CFU num-
bers for the Asse strain at the 10-min and 1-h time points were
similar to those of the WT and Asse-sse strains but appeared to
be significantly lower at 8 h postinoculation. Inflammation was
not noticeable at the 1-h time point but was obvious at the 8-h
time point. These data indicate that all of the three strains did
not grow much, at least at the 1-h time point, suggesting that
the slower growth of the Asse strain observed in the rich me-
dium might become less important in the context of subcu-
taneous infection. The reduction in the CFU number of the
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FIG. 5. Comparison of the skin lesions resulting from subcutane-
ously infected WT, Asse, and Asse-sse strains. Immunocompetent hair-
less female mice (strain Crl:SKH1-hrBR) were subcutaneously in-
fected with 50 pl of 9.8 X 107 CFU of MGAS5005 (A), 9.6 X 107 CFU
of the Asse strain (B), or 9.4 X 107 CFU of the Asse-sse strain (C).
Panels A through C show representative infection lesions of three mice
from each group on day two following infection. Panel D shows the
mean size * standard deviation for the lesions in each group at day 2.

Asse strain at the 8-h time point relative to those at the
10-min and 1-h time points apparently represents killing of
the Asse strain by the host. This compromised ability of the
Asse strain to survive in the subcutis during the host’s in-
flammatory response suggests that the mutant may have
compromised resistance to the innate defense besides its
compromised growth ability.

Control of Sse by CovRS. The covS gene of MGASS5005, the
parental strain of the Asse strain, has a 1-bp deletion at base 83
(34), and SpeB activity is not detectable in its culture super-
natant (Fig. 7A). Since a loss of SpeB production due to cer-
tain covRS mutations is important in mediating severe invasive
infection, it is possible that SpeB expression is restored in the
Asse strain, leading to attenuation of the subcutaneous infec-
tion. SpeB activity was not detected in WT, Asse, and Asse-sse
culture supernatants but was detected in the culture superna-
tant of the serotype M49 strain A945, a positive control for
SpeB production (Fig. 7A). In addition, the Asse and Asse-sse
strains still maintain the covS null mutation, according to DNA
sequencing. These results rule out the possibility that the phe-
notypes of the Asse strain are caused by restoration of SpeB
production due to sse deletion or a spurious mutation.

To test whether sse is regulated by the CovRS two-compo-
nent regulatory system, the effect of covS mutation on sse
transcription was assessed by real time RT-PCR analysis.
MGASS5005 was transformed with either an empty vector
(pDCBB) or a derivative containing the WT covS gene (pCovSC),
and the sse transcript levels were determined from cultures
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values were obtained using the one-tailed unpaired ¢ test.

grown to the exponential phase of growth in THY. Levels of
the sse transcript in MGASS5005/pDCBB were 43-fold higher
than those in MGASS5005/pCovSC (Fig. 7B), indicating that
MGASS005 produces high levels of Sse as a consequence of
the covS mutation. To further investigate sse transcript regu-
lation by the CovRS system, we performed real time RT-PCR
on samples recovered from the clinical GAS isolate MGAS2221
(which contains WT covRS genes), an isogenic covS mutant
(2221covSAlbp), and a derivative of 2221covSAlbp that was
complemented with pCovSC (36). The covS mutant of MGAS2221
produced the sse transcript at approximately 10- and 16-fold
greater levels than the wild-type and complemented strains,
respectively (Fig. 7B). It should be noted that the MGAS5005
and MGAS2221 data were for the mid-exponential and early
exponential growth phases, respectively. These results provide
strong evidence that sse is negatively regulated by CovRS.

DISCUSSION

One major finding of this study is that Sse significantly contrib-
utes to the ability of the clinical isolate MGASS005 to cause
severe soft tissue infections and to efficiently disseminate from the
skin into the blood and organs. Another major finding is that the
transcription of sse is negatively regulated by CovRS. Our results
suggest that Sse is a novel CovRS-controlled virulence factor that
is important for mediating severe invasive GAS infection.

It has been established that null mutations of covRS increase
the severity of experimental GAS soft tissue infections in mice

(14, 18). The importance of covRS mutations in severe invasive
infections is further supported by the observation that covRS
mutations are selected during experimental invasive infections
in mice (5, 34, 38). Even more significantly, covRS mutations
may also contribute to severe invasive infections in human
patients. The high virulence of a particular M3 strain appears
to be associated with a Q216P mutation in CovR (27). Like-
wise, MGASS5005, a serotype M1 clinical isolate from the ce-
rebral spinal fluid of a patient (36), carries a nonfunctional
covS gene (34). Through the elegant studies reported by sev-
eral groups over the last few years, it has become clear that the
loss of SpeB expression and upregulation of hyaluronic acid
capsule production as a result of covRS mutations contribute
to the progression of invasive GAS infections, at least in the
case of M1 GAS isolates (4, 5, 34, 38). However, the molecular
basis and mechanism for how CovRS mutations promote the
progression of invasive diseases have not been fully established.
Here we show that CovRS-controlled Sse is important for inva-
sive soft tissue infection and systemic dissemination from the skin
for an M1 strain with a covS null mutation. Similar to its parental
strain, the Asse strain does not have detectable SpeB activity,
ruling out the possibility that the phenotype of the Asse strain is
due to restoration of SpeB production. These findings suggest
that Sse is a novel CovRS-controlled virulence factor that plays an
important role in the progression of invasive diseases caused by
CovRS/CsrRS mutations.

Previous studies indicate that CovRS directly or indirectly
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FIG. 7. (A) The absence of SpeB activity in the culture supernatants
of MGASS005 and the Asse and Asse-sse strains, as assessed by a milk
protein hydrolysis plate assay. A945, an M49 strain, is included as a
positive control. (B) The CovRS system negatively regulates the transcrip-
tion of sse. The data represent the relative levels of the sse transcript in the
WT CovRS-expressing GAS strain MGAS2221 containing pDCBB (vec-
tor control) (Wt), isogenic covS mutant strain 2221covSAlbp containing
pDCBB (mutant), and 2221covSAlbp strain containing the complemen-
tation plasmid pCovSC (complement) (2221) at the early exponential
growth phase and in MGAS5005/pDCBB (mutant) and MGASS5005/
pCovSC (complement) (5005) at the mid-exponential growth phase. The
data are mean values = standard deviations from duplicate cultures of
each strain that were each analyzed in triplicate and normalized to the
proS control gene transcript levels.

regulates many genes, including hasA, sls, ska, speB, and mac/
mspA (7, 14, 15, 17, 34). Although the speB gene was shown to
be important in the soft tissue infection of an M3 strain (21),
upregulation of SpeB is not a factor in severe invasive GAS
infections (2, 6). However, upregulation of the capsule and
SLS (6) but not Mac/MspA (15) contributes to GAS patho-
genesis and systemic dissemination in the subcutaneous infec-
tion of mice. The capsule is critical for the antiphagocytic
properties of GAS, and SLS causes the lysis of host cells.
Streptokinase, encoded by ska, is also important in invasive
GAS infection in activating human plasminogen (35). Addition
of Sse to the list of CovRS-regulated factors that are important
in invasive disease progression supports the notion that mul-
tiple factors contribute to the virulence of GAS in soft tissue
infections and that the functions of these factors are not re-
dundant, i.e., all are required for maximum virulence.

Sse is unique among the known CovRS-regulated virulence
factors in that this protein is required for rapid GAS growth in
THY, CDM, blood, and sera. However, the mechanism of the
growth alteration in the Asse strain is unknown. CovRS may
also control GAS growth in addition to the evasion of innate and
acquired host immunity. This CovRS regulation would increase
the GAS growth rate and decrease the GAS clearance rate to
reach the same goal: establishment of GAS infection or a net
increase of GAS in the host. We propose that CovRS controls
GAS growth through Sse and that the rapid growth of GAS is a
virulence factor. We are currently evaluating the mechanism of
the effect of sse deletion on GAS growth and whether the regu-
lation of pathogen growth is a novel virulence mechanism.

STREPTOCOCCAL SECRETED ESTERASE 5231

While the slower growth of the Asse strain might have con-
tributed to attenuated GAS dissemination and virulence in the
context of subcutaneous infection, there are a few observations
suggesting that the attenuation is not entirely attributable to
the slower growth of the Asse strain. First, the Asse mutant was
able to readily disseminate into the blood in the case of intra-
peritoneal infection but not after subcutaneous infection, sug-
gesting that Sse is required for systemic dissemination only in
the case of subcutaneous infection. Second, the number of WT
and revertant bacteria at the skin infection sites did not dra-
matically increase at the examined time points up to 8 h fol-
lowing infection, suggesting that the GAS present at the infec-
tion site in the skin does not rapidly grow. However, our assay
cannot rule out the possibility that GAS at the edge of the
infection site could grow faster than those at the crowded
center. Third, the numbers of Asse bacteria recovered from the
skin infection sites were similar at 10-min and 1-h time points
but smaller at 8 h than those of the WT and revertant strains,
suggesting that the Asse strain may be more vulnerable to the
host defense machinery. Further characterization of the Asse
strain is required to fully understand the basis and mechanism
of the contribution of Sse to GAS virulence.

It is interesting that there was a layer of white material under
the subcutaneous infection site with the WT strain but little
under the infection site with the Asse strain on day 4 after
infection. The white material may be fibrinogen, which has
been proposed to deposit at GAS infection sites as a result of
local thrombosis for microvascular occlusion against the sys-
temic dissemination of GAS (35). Streptokinase enhances the
invasive infection by binding to plasminogen or plasmin, which
presumably degrades the occlusion to allow a systemic spread
of infection (35). Since streptokinase is specific for human
plasminogen and unlikely to mediate fibriolysis in mice, Sse
may be involved in fibriolysis in mice. Alternatively, the white
material could be subcutis residues and lysed neutrophils. We
are currently evaluating these possibilities. Either of these sce-
narios would suggest that Sse itself or in conjunction with host
factors plays an active role in the invasion of skin by GAS. Sse
and its homologue in Streptococcus equi (See) share 62% se-
quence identity. The See protein has been shown to be a
nonspecific carboxylic ester hydrolase with optimal activity
against acetyl esters (41). Elucidation of the exact functional
mechanism of Sse will rely on identification of the in vivo
substrate(s) of Sse, which we are actively pursuing.

Esterases are widely expressed by bacteria. The role of ester-
ases in the virulence and pathogenesis of bacterial pathogens is
largely unknown. Our findings on the importance of Sse in the
virulence and dissemination of GAS in the context of subcutane-
ous infection and a recent finding (22) that the cell wall-anchored
carboxylesterase of Mycobacterium tuberculosis is required for vir-
ulence indicate that the esterase class of proteins is important in
bacterial pathogenesis. Further studies of the functional mecha-
nism of Sse in GAS pathogenesis may yield generalized findings
on the role of carboxylesterases in bacterial pathogenesis.

The phenotype of the Asse strain in the context of subcuta-
neous infection is consistent with our previous finding that
immunization of mice with Sse reduces the severity of invasive
skin infection (20). Our new finding further strengthens the
idea that Sse is a protective antigen against severe invasive skin
infection, indicating that Sse has the potential to be used as a
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vaccine component for preventing necrotizing fasciitis. Inclu-
sion of Sse in a GAS vaccine may help prevent most of the
severe invasive infections involving GAS.
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