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Single-nucleotide changes are the most common cause of natural
genetic variation among members of the same species, but there is
remarkably little information bearing on how they alter bacterial
virulence.We recently discovereda single-nucleotidemutation in the
group A Streptococcus genome that is epidemiologically associated
with decreased human necrotizing fasciitis (“flesh-eating disease”).
Working from this clinical observation, we find that wild-type mtsR
function is required for group A Streptococcus to cause necrotizing
fasciitis inmice andnonhumanprimates. Expressionmicroarray anal-
ysis revealed thatmtsR inactivation results inoverexpressionof PrsA,
a chaperonin involved in posttranslational maturation of SpeB, an
extracellular cysteine protease. Isogenic mutant strains that overex-
press prsA or lack speB had decreased secreted protease activity in
vivo and recapitulated the necrotizing fasciitis-negative phenotype
of the ΔmtsRmutant strain in mice and monkeys. mtsR inactivation
results in increased PrsA expression, which in turn causes decreased
SpeB secreted protease activity and reduced necrotizing fasciitis
capacity. Thus, a naturally occurring single-nucleotide mutation dra-
matically alters virulence by dysregulating a multiple gene virulence
axis. Our discovery has broad implications for the confluence of pop-
ulation genomics and molecular pathogenesis research.

group A streptococcus | invasive infection | molecular epidemiology of
strain genotype patient phenotype relationships | nonhuman primate

Single-nucleotide mutations are the most abundant cause of
genetic variation among members of the same species (1, 2).

However, in striking contrast to humans, who have been studied
extensively, our understanding of how naturally occurring single-
nucleotide mutations alter bacterial phenotypes is rudimentary.
Most prokaryotic pathogenesis research efforts have focused
intensively on large regions of genetic difference, such as path-
ogenicity islands and prophages. Thus, there is little information
that directly bears on the relationship between particular single-
nucleotide changes, their direct or indirect effect on virulence
factor expression, and the manifestation of medically important
traits such as strain virulence and infection specificity.
Recently, we have investigated the molecular genomic land-

scape of infection phenotype-strain genotype relationships in
human patients at the nucleotide level in group A Streptococcus
(GAS), a bacterial pathogen that is a major cause of human
morbidity and mortality worldwide (1, 3–5). These studies were
made possible by the availability of the 1.9-Mb genome
sequences of 12 GAS strains cultured from patients with well-
defined clinical syndromes such as pharyngitis, acute rheumatic
fever, and necrotizing fasciitis (also known as “flesh-eating”
disease) (1, 5). The core genome of strains of distinct M protein
serotype differed, on average, by 14,475 SNPs (1, 3). In contrast,

strains with the same M protein serotype were far less variable,
differing overall by less than several hundred SNPs (1, 3). This
restricted level of intra-M serotype SNP variation significantly
reduces the complexity of studies designed to understand patient
infection phenotype-strain genotype relationships.
Serotype M3 GAS strains commonly cause pharyngitis and

severe invasive infections such as necrotizing fasciitis, and they
display epidemic behavior (4, 6, 7). We recently analyzed 255
serotype M3 invasive isolates collected in an 11-year compre-
hensive population-based study conducted in Ontario, Canada (4,
6, 7). Genome-wide molecular analysis of all 255 strains repre-
senting distinct strain genotypes and patient phenotypes dis-
covered that a naturally occurring single-nucleotide insertion in
the mtsR (metal transporter of streptococcus regulator) gene was
epidemiologically associated with a significantly decreased num-
ber of human necrotizing fasciitis cases (3, 4, 8, 9). This mtsR
mutation creates a stop codon, resulting in premature termination
of the MtsR protein (3). Importantly, strains with this mtsR
mutation caused normal levels of other human invasive infections
(3). The goal of the present study was to test the hypothesis that
mtsR inactivation is responsible for the decreased necrotizing
fasciitis phenotype observed in human patients. We used an
integrated molecular approach with comparative genome
sequencing, iterative expression microarray analysis, and a newly
developed monkey necrotizing fasciitis model to compare various
wild-type and naturally occurring or isogenic mutant GAS strains.
ThemtsRmutation significantly decreases the necrotizing fasciitis
(flesh-eating) capacity of GAS by altering a multiple gene viru-
lence axis to disrupt the in vivo enzymatic activity of SpeB, a
secreted broad-spectrum cysteine protease. Our study provides a
model strategy to understand the molecular mechanisms under-
lying unique patient infection phenotype-bacterial strain genotype
relationships observed in human infectious disease research.
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Results
Serotype M3 Strain MGAS9887 (Naturally Occurring mtsR Mutant) Is
Less Virulent for Mice than Wild-Type Strain MGAS315 in an Invasive
Infection Model. To begin testing the hypothesis that mtsR inac-
tivation alters GAS necrotizing fasciitis capacity, we compared
the virulence of strain MGAS9887 (a human isolate repre-
sentative of strains with a naturally occurring mtsR mutant gene)
(3, 4) and MGAS315 (representative of mtsR wild-type strains)
in a mouse model. Consistent with the hypothesis, we found that
strain MGAS9887 was significantly less virulent for mice when
injected intramuscularly (Fig. 1A).

Virulence of Wild-Type, Isogenic ΔmtsR Mutant and Complemented
GAS Strains in a Mouse Model of Necrotizing Fasciitis. Compared
with reference strain MGAS315, which is genetically repre-
sentative of serotype M3 strains commonly causing necrotizing
fasciitis in humans (3), strain MGAS9887 has 60 other single-
nucleotide mutations, thereby prohibiting us from concluding
that the naturally occurring inactivation of MtsR alone altered its
necrotizing fasciitis capacity. Thus, to further test our hypothesis,
we constructed an isogenic mtsR deletion-mutant strain
(MGAS315ΔmtsR) from wild-type strain MGAS315 (Fig. S1). In
addition, we complemented the mutated gene in strain
MGAS315ΔmtsR to create strain MGAS315ΔmtsRcomp (Fig.
S1). Compared with the wild-type organism, significantly fewer
mice inoculated intramuscularly with MGAS315ΔmtsR died
(Fig. 1B). The genetically complemented strain was fully virulent
(Fig. 1B). These findings are consistent with the hypothesis that
inactivation of the mtsR gene significantly altered virulence.

Pathologic Features of GAS-Infected Mouse Muscle. We next
hypothesized that the attenuated virulence of themtsRmutant strain
would be manifested by significant alteration of the pathologic
characteristics of the resulting tissue lesions. Visual inspection of
infected mouse hindlimbs revealed extensive differences between
animals inoculated with the wild-type or naturally occurring and
isogenic ΔmtsR mutant strains (Fig. 1 C–N). For example, the hin-
dlimbs from animals infected with wild-type strain MGAS315 or the
complemented mutant strain MGAS315ΔmtsRcomp had extensive
liquifactive necrosis centered at the inoculation site that extended

throughout the muscle (Fig. 1D and F). In contrast, mice inoculated
with mutant strain MGAS315ΔmtsR had a demarcated abscess
centered at, and confined to, the inoculation site. The surrounding
tissue was pathologically unremarkable, and the remainder of the
extremity remained viable (Fig. 1E). A similar necrotizing fasciitis-
negative tissue phenotype was observed in mice inoculated with the
naturally occurring mtsR mutant strain MGAS9887 (Fig. 1G), and
gene complementation (creating strain MGAS9887comp) restored
wild-typemtsR tissue pathology (Fig. 1H).Microscopic analysis of the
infected tissue confirmed the gross pathologic features (Fig. 1 I–N).

Growth and Distribution of Wild-Type and mtsR Mutant GAS Strain in
Mouse Tissue. One explanation for the altered virulence of GAS
strains with a mutated mtsR gene is a decreased ability to rep-
licate in situ in muscle. To test this hypothesis, we assessed GAS
burden in the mouse muscle after intramuscular inoculation.
There was no significant difference in the cfu’s recovered per
gram of total hindlimb tissue between the experimental groups at
any time point (Fig. 2A and Fig. S2A). This finding suggested
that any preferential replication of the mtsR wild-type strain or
killing of the mutant strain did not cause the observed significant
differences in survival and pathology. However, consistent with
our visual and microscopic examination, electron micrographs of
limb tissue adjacent to the inoculation site showed that wild-type
strain organisms were present throughout the muscle, whereas
only rare mutant strain organisms were identified outside of the
central abscess (Fig. 2 B and C). Taken together, these findings
suggest that the mtsR mutant strain has an impaired ability to
disseminate through fascial tissue.

Dissemination of Wild-Type and mtsR Isogenic Mutant GAS Strain.
Another hypothesis for the reduced lethality of the mtsR mutant
strain is a decreased ability to disseminate via the bloodstream and
cause systemic disease. To test this hypothesis, we performed
quantitative cultures on blood collected from mice inoculated
intramuscularly with strain MGAS315, MGAS315ΔmtsR, or
MGAS315ΔmtsRcomp. Consistent with the hypothesis, the level of
bacteremia in mice infected with the isogenic mtsR mutant strain
was significantly lower than animals infected with the mtsR wild-
type strain or complemented mutant strain (Fig. 2D and Fig. S2B).

Fig. 1. Inactivation of mtsR significantly decreases GAS necrotizing fasciitis capacity in mice. (A) Mice were inoculated intramuscularly in the hindlimb with
wild-type strain MGAS315 or naturally occurring mtsR mutant strain MGAS9887 (actual dose: MGAS315 1.04 × 106 cfu; MGAS9887 1.02 × 106 cfu). Survival is
shown with P value for Kaplan–Meier analysis. (B) Kaplan–Meier survival curves for mice inoculated intramuscularly with wild-type ΔmtsR isogenic mutant or
complemented mutant strains (actual dose: MGAS315 1.10 × 106 cfu; MGAS315ΔmtsR 1.12 × 106 cfu; MGAS315ΔmtsRcomp 1.10 × 106 cfu). Gross (C–H) and
microscopic (I–N) histopathology (original magnification 4×) of mouse hindlimb lesions at 60 h postinfection. PBS-treated animals had normal hindlimb
appearance (C and I). Animals given wild-type strain MGAS315 had extensive myonecrosis (D and J), whereas lesions from animals inoculated with isogenic
mtsR mutant strain MGAS315ΔmtsR were confined to the inoculation site (E and K). The boxed area and arrows denote a circumscribed, walled-off lesion.
Gene complementation restored the wild-type tissue pathology phenotype (F and L). Lesions from mice inoculated with naturally occurring mtsR mutant
strain MGAS9887 have features identical to those in MGAS315ΔmtsR (G and M), and providing a wild-type copy of mtsR to create strain MGAS9887comp
restored the wild-type tissue pathology phenotype (H and N). Micrographs show tissue taken from the inoculation site.
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Host PMN Interaction with Wild-Type and mtsR Isogenic Mutant GAS
Strain. As part of the host immune response, PMN leukocytes
may contribute to GAS necrotizing fasciitis by elaborating tissue-
destructive enzymes or killing bacteria. To test the hypothesis
that wild-type strain MGAS315 causes increased PMN recruit-
ment relative to mtsR mutant strain MGAS513ΔmtsR, myelo-
peroxidase (MPO), a surrogate marker for PMNs and PMN
proteases, was measured in the mouse necrotizing fasciitis
lesions. However, MPO tissue levels did not significantly differ
(Fig. S3A). To test the alternate hypothesis that decreased bac-
teremia and tissue destruction in mice infected with mtsR mutant
strains was caused by decreased GAS survival due to enhanced
phagocytosis or susceptibility to intraphagosomal H2O2, strain
MGAS315 and MGAS315ΔmtsR were incubated with human
PMNs or grown in the presence of hydrogen peroxide. However,
survival did not significantly differ (Fig. S3 B–D).

Wild-Type Strain MGAS315 Causes Significantly More Extensive
Necrotizing Fasciitis in Cynomolgus Macaques than Isogenic Mutant
Strain MGAS315ΔmtsR. GAS is a host-specialist pathogen, causing
natural disease only in humans. Several known and putative GAS
virulence factors have modest or no activity against mouse mole-
cules (10, 11), which means that a full understanding of molecular
pathogenesis based exclusively on mouse infection models cannot
be achieved. The cynomolgus macaque is an excellent model of
human GAS pharyngitis, and this model has been successfully
employed in several studies to provide new information aboutGAS
pathogenesis (12). Inasmuch as necrotizing fasciitis is a devastating
disease with high rates ofmorbidity andmortality, with little known
about pathogenesis, we sought to unambiguously demonstrate that
mtsR is involved (8, 9, 13, 14). We intramuscularly inoculated four
monkeys each with sterile PBS, wild-type strain MGAS315, or
mutant strainMGAS315ΔmtsR to assess virulence. Compared with
the wild-type strain, animals infected with the mutant strain had
significantly smaller muscle lesions, less myonecrosis, and less
muscle-cell enzyme release (Fig. 3). Thus, themonkey data provide

crucial and unambiguous evidence that inactivation of mtsR detri-
mentally alters GAS necrotizing fasciitis capacity in the most rele-
vant nonhuman host available.

Expression Microarray Analysis. The findings described herein are
consistent with the idea thatmtsRmutant strains are less efficient
than wild-type organisms at damaging host tissue and dissem-
inating from the inoculation site. We sought to obtain additional
data bearing on the virulence differences by conducting expression
microarray analysis. Thus, we compared the transcriptome of
strain MGAS315 and isogenic mutant strain MGAS315ΔmtsR
grown in vitro. The two strains differed by only 91 transcripts at
either mid- or late-exponential growth phase (Fig. S4 and Table
S1). The transcriptome analysis confirmed all key findings repor-
ted previously comparing strains MGAS315 and MGAS9887
(naturally occurringmtsRmutant) (3), including altered transcript
levels of multiple operons involved with metal homeostasis,
nucleotide metabolism, and oxidative stress response (Fig. S4).
Interestingly, none of the altered transcripts encoded known
majorGAS virulence factors such as secreted toxins (i.e., SpeA) or
degradative enzymes (i.e., SpyCEP).
However, one altered transcript was of particular interest. The

prsA gene was significantly up-regulated (expressed 1.8-fold higher,
P < 0.05) in strain MGAS315ΔmtsR relative to MGAS315, a
finding confirmed by TaqMan analysis (Fig. 4A). Previously pub-
lished data showed that prsA transcription was also up-regulated in
strain MGAS9887 compared with strain MGAS315 (3). This gene
encodes a peptidyl-prolyl isomerase required for normal matura-
tion and enzymatic activity of streptococcal pyrogenic exotoxin B
(SpeB) (15), a critical broad-spectrum secreted protease virulence
factor involved in the degradation of extracellular matrix proteins,
inactivation of innate immune molecules, and destruction of host
tissue (16–22). Although control of prsA transcription is not well
understood in GAS (15), dysregulation of prsA homologs (either
increased or decreased expression of prsA) in other bacterial spe-
cies has been shown to detrimentally alter the maturation of
secreted proteins that are dependent on PrsA for extracellular
processing (23–25). Also, SpeB is abundantly expressed in situ in

Fig. 2. Inactivation of mtsR significantly decreases the level of bacteremia
after intramuscular inoculation. (A) Cfu of GAS per gram of infected hin-
dlimb tissue. (B) Electron micrographs of muscle infected with MGAS315
(original magnification 3000×). At 48 h postinfection, examination of tissue
adjacent to the MGAS315 inoculation site shows many wild-type GAS
organisms (red arrows) alongside a thrombosed vessel (green arrow) and
necrotic fascial debris. (C) Examination of MGAS315ΔmtsR infected tissue
adjacent to the central abscess reveals rare ΔmtsR GAS organisms, viable
muscle cells that retain their normal ultrastructural features (blue arrow),
and a patent vessel containing a PMN (yellow arrow). (D) Cfu of GAS per
milliliter of blood.

Fig. 3. Inactivation of mtsR significantly decreases GAS necrotizing fasciitis
capacity in cynomolgus macaques. (A) Cynomolgus macaques were inoculated
intramuscularly in the anterior thigh, and mean lesion areas are shown with P
value for Mann–Whitney test. (B) Creatine kinase (CK), a muscle cell enzyme
used to measure tissue damage, was significantly elevated. (C) Muscle from
animals infected with the wild-type strain MGAS315 shows extensive myo-
necrosis and tissue destruction (original magnification 4×). (D) Muscle from
animals infected with MGAS315ΔmtsR shows relative preservation of tissue,
with greatly restricted lesion progression. The box denotes that tissue path-
ology is limited to the major fascial planes. Arrows denote a circumscribed
abscess analogous to the lesion phenotype observed in mice (see Fig. 2).
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infected human tissues (26). Thus, we hypothesized that the
reduced ability of mtsR mutant GAS strains to cause necrotizing
fasciitis is due to the dysregulated overexpression of PrsA and
resultant decrease in secreted SpeB enzymatic activity, a secreted
enzyme that destroys host extracellular matrix proteins.

prsA Overexpression or speB Inactivation Recapitulates the
Decreased Necrotizing Fasciitis Virulence Phenotype of mtsR-
Negative Strains. To test the hypothesis that prsA up-regulation
contributes to the significantly attenuated necrotizing fasciitis phe-
notype of MGAS315ΔmtsR, we constructed an isogenic strain that
overexpresses prsA (creating strain MGAS315prsA-overexpress;
Fig. S1). Furthermore, to also test the hypothesis that the observed
necrotizing fasciitis-negative phenotype of mtsR-negative strains is
due todecreasedSpeBactivity,we studied thevirulencephenotypeof
an isogenic speB-deletion mutant strain (MGAS315ΔspeB). Con-
sistentwith thesehypotheses, theΔmtsRand theprsA-overexpressing
strains had significantly reduced caseinolytic activity in a standard
milk agar assay used to assess the extracellular cysteine protease
function of SpeB (20) (Fig. 4B). Importantly, deletion of the speB
gene abolished nearly all caseinolytic activity.
Also consistent with the proposed role of SpeB in mtsR mutant

strains, the prsA-overexpressing and ΔspeB strains had a necrotizing
fasciitis virulence phenotype in mice that was indistinguishable from
the disease caused by the ΔmtsR strains. Visual and microscopic
examination of hindlimb lesions revealed nearly identical features in
mice infected with either strain MGAS315prsA-overexpress or
MGAS315ΔmtsR (Fig. 4C).However, the tissue pathology caused by
theΔspeB strain was even more strikingly attenuated. The lesions in
mice receiving theΔspeB strain were less severe, taking twice as long
(72 h vs. 168 h) to produce equivalently sized abscesses to those
occurring in animals given theΔmtsR or prsA-overexpressing strains

(Fig. 4C). Moreover, compared with the wild-type organism that
causes significant mortality in our mouse model, no mice died fol-
lowing intramuscular inoculation with strains overexpressing prsA or
lacking speB (Fig. 4D). Similarly, the ΔspeB mutant strain caused a
significantly lower level of bacteremia than the ΔmtsR and prsA-
overexpressing strains (Fig. 4E). These findings are consistent with
a complete absence of SpeB function in strain MGAS315ΔspeB
compared with a reduced level of extracellular secreted SpeB pro-
tease activity in strains MGAS315ΔmtsR or MGAS315prsA-
overexpress. An identical attenuation of necrotizing fasciitis pheno-
type, including significantly reducedmortality and tissuedamage,was
observed in mice infected with a panel of wild-type and isogenic
mutant (ΔmtsR and ΔspeB) serotype M1 strains (Fig. S5).

prsA Overexpression or speB Inactivation Significantly Decreases
Necrotizing Fasciitis in Cynomolgus Macaques. To unequivocally
demonstrate that prsA overexpression and SpeB inactivation
underlie the decreased necrotizing fasciitis capacity observed in the
naturally occurring and isogenic mtsR mutant GAS strains, we
performed a second nonhuman primate experiment. Three mon-
keys each were inoculated intramuscularly with strain MGAS315,
MGAS315prsA-overexpress, or MGAS315ΔspeB. Compared with
the wild-type strain, monkeys infected with the prsA-overexpressing

Fig. 4. Dysregulated prsA expression and altered extracellular SpeB cysteine
protease activity in ΔmtsR mutant strains. (A) TaqMan analysis of prsA tran-
script level in strains MGAS315, MGAS315ΔmtsR, and MGAS315ΔmtsRcomp.
(B) Level of proteolytic activity using a standard milk agar assay for SpeB.
Compared with wild-type strain MGAS315, mutant strains MGAS315ΔmtsR,
MGAS315prsA-overexpress, and MGAS315ΔspeB had significantly reduced
proteolytic activity. (C) Examination of hindlimb lesions from mice infected
with strains MGAS315ΔmtsR and MGAS315prsA-overexpress revealed iden-
tical features at 72 h postinoculation. Arrows denote a circumscribed lesion
(original magnification 4×).TheΔspeBmutant strain caused a similar lesion but
took 168 h to form an equivalently sized abscess. (D) Kaplan–Meier survival
curves for mice inoculated intramuscularly withwild-type,prsA-overexpressing,
or ΔspeB strains. (E) Cfu’s of GAS per milliliter of blood.

Fig. 5. Overexpression of prsA or inactivation of speB reproduces the ΔmtsR
GAS necrotizing fasciitis phenotype in cynomolgus macaques. (A) Cynomolgus
macaqueswere inoculated intramuscularly in theanterior thigh, andmean lesion
areas are shown with P value for Mann–Whitney test. (B) Muscle from animals
infected with wild-type strain MGAS315 shows extensive myonecrosis and tissue
destruction. (C andD) Muscle from animals infectedwith prsA-overexpressing or
ΔspeBmutant strains shows relative preservation of tissuewith greatly restricted
lesionprogression.Arrowsdenoteacircumscribedabscessanalogous tothe lesion
phenotype observed in mice (original magnification 4×; see Fig. 4). These
microscopic features are identical to muscle from monkeys infected with the
ΔmtsRmutant strain (see Fig. 3). (E) In vivo SpeB enzymatic activity measured by
proteolytic conversion of an autocatalytic-negative Cys192Ser mutant SpeB
zymogen (40kDa) through several intermediates to themature protein (28 kDa).
Compared with muscle taken from monkeys infected with wild-type strain
MGAS315, SpeB protease activity is significantly less in the infected muscle of
animals receivingtheΔmtsRorprsA-overexpressing strains, andabsent inanimals
receiving the ΔspeB strain or sham inoculation.
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or speB-inactivated strains had significantly smaller muscle lesions
and less myonecrosis (Fig. 5 A–D). Visual and microscopic fea-
tures of muscle infected with the isogenic mutant strains
MGAS315ΔmtsR, MGAS315prsA-overexpress, and MGAS315Δ-
speB were indistinguishable (compare Fig. 5 and Fig. 2).

SpeB Protease Activity In Vivo. To confirm that the isogenic mutant
GAS strains have altered SpeB protease activity in vivo, zymogen
protease assays were performed on infected monkey muscle.
Comparedwithmonkeys infectedwithwild-type strainMGAS315,
SpeB protease activity was significantly decreased in the muscle of
monkeys receiving the isogenic ΔmtsR or prsA-overexpressing
strains and absent in monkeys receiving the ΔspeB strain or sham
inoculation (Fig. 5E).

Discussion
Model to Explain Decreased Necrotizing Fasciitis Capacity in mtsR
Mutant Gas Strains. Although our findings do not explain all
aspects of the molecular mechanism underlying why a single
nucleotide change in the mtsR gene significantly decreases
human necrotizing fasciitis capacity in GAS, the data show that
mtsR inactivation causes the dysregulated overexpression of
prsA, which in turn results in decreased extracellular secreted
protease activity of SpeB (Fig. 6). In this regard, we note that the
prsA homolog in Bacillus subtilis has been extensively studied,
and its dysregulated expression, resulting in either increased or
decreased prsA transcription, impairs the secretion and extrac-
ellular processing of other proteins (23–25). SpeB is well known
to be a critical virulence factor for severe invasive episodes of
GAS infection, and its genetic inactivation significantly decreases
virulence and tissue destruction (16–22). This secreted broad-
spectrum protease has many detrimental effects on host mole-
cules. For example, it degrades inflammatory mediators, such as
complement factor C3b and LL-37, and extracellular matrix

proteins, such as fibronectin and vitronectin, and it activates host
matrix metalloproteases and preinterleukin-1β (16–22). As such,
SpeB enhances evasion of innate immunity, propagation of
bacteria in vivo, and dissemination to distant anatomic sites (16,
20, 21). These virulence activities are postulated to be crucial for
necrotizing fasciitis pathogenesis (27). Consistent with these
ideas, SpeB is abundantly present in necrotic human tissue (26),
and SpeB enzymatic activity was significantly less in monkeys
infected with the isogenic mutant (ΔmtsR, prsA-overexpress, and
ΔspeB) strains (Fig. 5E). Thus, any molecular process that
decreases the amount of mature SpeB is expected to produce the
observed disease phenotype of decreased necrotizing fasciitis.
Importantly, the total number of all human infections caused by
organisms with the naturally occurring mtsR mutation was not
significantly decreased, as shown in our previously published
population-based study (3), indicating that mtsR inactivation
does not dramatically alter the ability of GAS to cause other
types of invasive infections. That is, naturally occurring mtsR
mutant GAS strains such as MGAS9887 cause normal levels of
pneumonia, bacteremia, and synovitis in humans, so there is no
apparent positive or negative selective pressure on mtsR (3) in
the context of these diseases. Rather, the MtsR-negative geno-
type is highly specific for a decreased necrotizing fasciitis disease
phenotype (3). This model is supported by our molecular epi-
demiology studies that showmtsRmutant strains to be a frequent
cause of human infections other than necrotizing fasciitis (3), the
murine and nonhuman primate data presented herein, and
findings by other investigators that show mtsR inactivation does
not alter virulence in extramuscular sites (8, 9).
Regardless of whether an organism is a haploid prokaryote or

a diploid eukaryote, single-nucleotide changes are the most
abundant cause of genetic differences between members of the
same species (1, 2). For example, between M protein serotypes in
GAS, single-nucleotide changes outnumber large blocks of dif-
ferences in gene content by greater than ∼500-fold (1, 3, 4). This
means that, in principle, single-nucleotide mutations have the
capacity to alter host-pathogen interactions, and as a result,
significantly influence patient infection phenotype-strain geno-
type relationships in human infectious disease. However, very
little information bearing on this issue is available. Our discovery
that a single-nucleotide mutation is responsible for a striking
alteration in necrotizing fasciitis capacity by disrupting the mtsR-
prsA-SpeB virulence axis was made possible by the confluence
of low-cost DNA sequencing, the availability of hundreds of
serotype M3 GAS strains from patients with clinically well-
characterized invasive infections, and a highly integrated inves-
tigative strategy (3, 6, 7). Although pathogenic bacteria have very
small genomes relative to higher eukaryotes, study of the rela-
tionships between patient infection phenotype and strain geno-
type at the genome-wide level has lagged considerably behind
the study of human complex genetic traits. Our findings suggest
that additional research in this area would be fruitful in other
microbial pathogens. Importantly, recent data from the study of
Staphylococcus aureus and Pseudomonas aeruginosa pathogenesis
suggest that interest in this confluence is accelerating (28, 29).
Our study serves as a model strategy to describe a specific patient
infection phenotype, perform genome sequencing to identify the
potential polymorphisms responsible, and elucidate the under-
lying mechanism of a devastating infectious disease.

Materials and Methods
For further details, see SI Materials and Methods.

Bacterial Strains and Construction of Isogenic Mutants. Strain MGAS315 (ATCC-
BAA595) was isolated from a patient with streptococcal toxic shock syn-
drome. Strain MGAS9887, a clinical isolate with a naturally occurring mtsR
mutation (3, 4), was collected in accordance with a protocol approved by the
Institutional Review Board, Human Subjects Review Committee, University

Fig. 6. Model for the role of the mtsR-prsA-SpeB virulence axis in GAS
necrotizing fasciitis. (A) Inwild-typeGAS strains suchMGAS315,MtsRdirectly or
indirectly regulates PrsA expression. (B) PrsA, a peptidyl-prolyl isomerase, is
essential for proper maturation of the broad-spectrum cysteine protease SpeB.
(C) In this wild-type condition, there is an appropriate stoichiometry between
PrsAandSpeB, resulting inanormal level ofextracellular SpeBcysteineprotease
activity and full GAS virulence. (D and E) Dysregulated overexpression of PrsA
via eithermtsRdeletion (MGAS315ΔmtsR andMGAS9887) or overexpression of
prsA transcription (MGAS315prsA-overexpress) disrupts the normal stoi-
chiometry between PrsA and SpeB, significantly decreasing extracellular cys-
teine protease activity. (F) Without the wild-type level of proteolytically active
SpeB available to act on its many downstream targets, the mutant GAS
organisms (ΔmtsR,prsA-overexpress, andΔspeB) are rendered considerably less
virulent inmuscle. Theyhavea reducedability todestroy soft tissue, disseminate
from the infection site, and cause human necrotizing fasciitis and death.
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of Toronto. Genome sequences of both strains have been reported (3, 4). We
generated isogenic mutant strain MGAS315ΔmtsR by gene replacement (9),
and mtsR complemented and prsA overexpressing strains by providing wild-
type genes in trans on a low-copy-number plasmid (Fig. S1). The ΔspeB
strains were previously described. No differences in growth were observed
among the isogenic strains (Fig. S1).

Mouse Infection. Five- to 6-week-old (20-25 g) outbred immunocompetent
female CD1mice (Harlan Laboratories) were used for all studies. Animalswere
randomly assigned to the indicated strain treatment groups and inoculated
intramuscularly in the right hindlimb with 1 × 106 cfu of GAS in 100 μL PBS.
Doses were prepared at the time of inoculation from previously quantified
frozen stocks, and the actual dose given was confirmed by counting cfu’s.
Control animals were injected with PBS. For survival experiments (n = 15 per
group), near mortality was determined by observation. For the quantitative
culture experiment (n = 20 per group per time point), limbs were homogen-
ized (Omni International) and cfu’s were determined by culturing serial
dilutions. For histology, limbs were processed using standard methods. All
mouse experimental protocols were approved by the Institutional Animal
Care and Use Committee, Methodist Hospital Research Institute.

Isolation of Human PMNs and Bactericidal Assays. Human PMNs were isolated
from venous blood of healthy individuals in accordance with a protocol
approved by the Institutional Review Board for Human Subjects, National
Institute of Allergy and Infectious Diseases.

Monkey Infection.Adultmalecynomolgusmacaques(Macacafasicularis) (Charles
River BRF) were used for all studies. In the first experiment, we inoculated each
animal (n = 4 per group) with sterile PBS, MGAS315, or MGAS315ΔmtsR. In the

second experiment, we inoculated each animal (n= 3 per group)withMGAS315,
MGAS315prsA-overexpress, or MGAS315ΔspeB. Each animal was anesthetized,
outfitted with a transdermal fentanyl patch, and inoculated intramuscularly in
the anterior thigh. Animals were observed continuously, killed in pairs when
judged to be near death, and necropsied. The study protocol was approved by
the Animal Care and Use Committee, University of Houston.

In Vitro Expression Microarray and TaqMan Analysis.We performed expression
microarray analysis as described previously (Table S2) (3). Briefly, bacteria
were grown in triplicate and harvested at the indicated growth phase, and
transcripts were analyzed using a custom Affymetrix GeneChip. Data have
been deposited in the GEO database at National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov/geo/). TaqMan real-time quanti-
tative reverse transcription PCR (QRT-PCR) was performed in quadruplicate
reactions made from duplicate cultures using an ABI Thermocycler 7700
(Applied Biosystems).

SpeB Activity. We assessed GAS extracellular protease activity by casein
hydrolysis using milk agar as described previously. We assessed SpeB activity
in vivo from homogenized monkey muscle using a zymogen activation assay
as described previously.
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