
The FASEB Journal • Research Communication

Tracing the evolutionary history of the pandemic group
A streptococcal M1T1 clone

Peter G. Maamary,*,†,‡ Nouri L. Ben Zakour,*,† Jason N. Cole,*,†,‡

Andrew Hollands,*,†,‡,§ Ramy K. Aziz,¶,# Timothy C. Barnett,*,† Amanda J. Cork,*,†,‡

Anna Henningham,*,†,‡ Martina Sanderson-Smith,‡ Jason D. McArthur,‡
Carola Venturini,*,† Christine M. Gillen,*,† Joshua K. Kirk,‡ Dwight R. Johnson,**,††

William L. Taylor,‡‡ Edward L. Kaplan,**,†† Malak Kotb,‡‡,§§,!! Victor Nizet,§,!

Scott A. Beatson,*,† and Mark J. Walker*,†,‡,1

*School of Chemistry and Molecular Biosciences and †Australian Infectious Diseases Research
Centre, University of Queensland, St. Lucia, Queensland, Australia; ‡School of Biological Sciences,
University of Wollongong, Wollongong, New South Wales, Australia; §Department of Pediatrics and
!Skaggs School of Pharmacy and Pharmaceutical Sciences, University of California–San Diego, La
Jolla, California, USA; ¶Department of Microbiology and Immunology, Faculty of Pharmacy, Cairo
University, Cairo, Egypt; #San Diego State University, San Diego, California, USA; **Department of
Pediatrics and ††World Health Organization Collaborating Center for Reference and Research on
Streptococci, University of Minnesota, Minneapolis, Minnesota, USA; ‡‡Molecular Resource Center,
University of Tennessee, Memphis, Tennessee, USA; §§Veterans Affairs Medical Center, Cincinnati,
Ohio, USA; and !!Department of Molecular Genetics, Biochemistry, and Microbiology, University of
Cincinnati, Ohio, USA

ABSTRACT The past 50 years has witnessed the
emergence of new viral and bacterial pathogens with
global effect on human health. The hyperinvasive
group A Streptococcus (GAS) M1T1 clone, first detected
in the mid-1980s in the United States, has since dissem-
inated worldwide and remains a major cause of severe
invasive human infections. Although much is under-
stood regarding the capacity of this pathogen to cause
disease, much less is known of the precise evolutionary
events selecting for its emergence. We used high-
throughput technologies to sequence a World Health
Organization strain collection of serotype M1 GAS and
reconstructed its phylogeny based on the analysis of
core genome single-nucleotide polymorphisms. We
demonstrate that acquisition of a 36-kb genome seg-
ment from serotype M12 GAS and the bacteriophage-
encoded DNase Sda1 led to increased virulence of the
M1T1 precursor and occurred relatively early in the
molecular evolutionary history of this strain. The more
recent acquisition of the phage-encoded superantigen
SpeA is likely to have provided selection advantage for
the global dissemination of the M1T1 clone. This study
provides an exemplar for the evolution and emergence
of virulent clones from microbial populations existing
commensally or causing only superficial infection.—
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The discovery and broad application of antimicrobi-
als since the mid-20th century has reduced morbidity
and mortality associated with numerous infectious
agents. Nonetheless, the past 50 years has witnessed the
emergence and resurgence of microbial pathogens,
such as HIV, SARS, H5N1 (bird flu), H1N1 (swine flu),
and multiply drug-resistant enterocococci, staphylo-
cocci, Escherichia coli, and Mycobacterium tuberculosis (1,
2). While infection with group A Streptococcus (GAS) has
remained endemic in many indigenous populations
(3), the incidence of severe GAS disease in Western
countries had, until recently, steadily declined begin-
ning in the early 20th century (4, 5). In the mid-1980s,
a resurgence in serious streptococcal infections in the
United States was attributed to a unique M1T1 GAS
clone (6). This M1T1 clone has been globally dissemi-
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nated and is frequently associated with severe life-
threatening conditions, such as “flesh-eating” necrotiz-
ing fasciitis and streptococcal toxic shock-like syndrome
(STSS) (4, 7, 8). The overrepresentation of the GAS
M1T1 clone in these severe disease episodes may cor-
respond to the high prevalence of this lineage in
uncomplicated cases of pharyngitis. Nevertheless, in
comparison with other GAS lineages, the predomi-
nance of this M1T1 clone in the GAS population is
striking, regardless of disease topology (9).

The emergence of the M1T1 clone has been attrib-
uted to the acquisition of novel phages encoding the
superantigen SpeA2 and the DNase Sda1/SdaD2 (10,
11) and a horizontally acquired 36-kb M12 GAS chro-
mosomal region encoding the virulence factors strep-
tolysin O and NAD glycohydrolase (11). The superan-
tigen SpeA, which is resistant to degradation by SpeB,
has been implicated in enhancing the severity of inva-
sive M1T1 disease (12), while the bacteriophage-en-
coded Sda1 is a potent virulence factor (13) that
protects M1T1 GAS from neutrophil killing by degrad-
ing the DNA framework of neutrophil extracellular
traps (NETs; refs. 14, 15, 16).

Initial evolutionary studies used a comparative
genomic approach to determine differences between
M1T1 clonal isolates and the M1 isolate SF370 (10, 11).
On the basis of these findings, the emergence of the
globally disseminated M1T1 clone was proposed to
comprise two major horizontal gene transfer events:
first the acquisition of bacteriophages encoding SpeA2
and the DNase Sda1, then the recombinatorial replace-
ment of the 36-kb chromosomal segment encoding
enhanced expression of streptolysin O and NAD glyco-
hydrolase from a serotype M12 parental strain (11). A
separate PCR screening study for the speA2 and sda1
genes generated evidence suggesting that introduction
of the speA2-encoding phage may have preceded the
sda1-encoding phage in the M1 background (17).

With access to an extensive World Health Organiza-
tion collection of North American serotype M1 isolates
and comprehensive genomic data generated by high-
throughput, Illumina technology, we hypothesize that

acquisition of the 36-kb genome segment from serotype
M12 GAS and the bacteriophage-encoded DNase Sda1
results in increased virulence of the M1T1 precursor
and occurred relatively early in the molecular evolu-
tionary sequence. The more recent acquisition of the
phage-encoded superantigen SpeA may then have pro-
vided selection advantage for the global dissemination
of the M1T1 clone.

MATERIALS AND METHODS

GAS strains and culture

GAS serotype M1 isolates examined in this study were selected
to ensure coverage of the restriction enzyme analysis (REA)
types described by Johnson et al. (9) and also include repre-
sentatives of the globally disseminated M1T1 clone (18) and
the genome sequenced M1 isolate SF370 (19) (Table 1).
Strains were routinely cultured on commercial horse-blood
agar or in static liquid medium at 37°C in Todd-Hewitt broth
supplemented with 1% (w/v) yeast extract (THY).

SpeB activity assays and Western blot analysis

SpeB cysteine protease activity in cell-free overnight GAS
supernatants was determined using a modified azocaseino-
lytic assay (20) or by culture on Columbia skim milk agar
(21). Previously described methods were used to determine
the GAS SpeB phenotype following subcutaneous murine
passage (22). Detection of SpeB in stationary phase super-
natants by Western blot was performed using standard
protocols (22).

emm Sequence typing

The emm sequence type of isolates used in this study was
determined as described previously (23), and it was designated
in accordance with established criteria (http://www.cdc.
gov/ncidod/biotech/strep/strepblast.htm).

DNA-DNA microarray

The oligonucleotide microarrays and methodology used for
DNA-DNA microarray experiments were described previously

TABLE 1. Streptococcus pyogenes isolates and isogenic mutant strains used in this study

Isolate Infection emm type REA type PFGE type covRS allele SpeB phenotype Ref.

89158 I 1.46 b A WT ! 9
L485 U 1.0 f B WT ! 9
SF370 U 1.6 ND C WT ! 19
NS696 U 1.0 ND D WT ! 23
AB1551 U 1.0 e D WT ! 9
90223 I 1.0 g E WT ! 9
GT94052 U 1.0 h E WT ! 9
GT94966 I 1.0 d E WT ! 9
5636 I 1.0 c E WT ! This study
5448 I 1.0 c E WT ! 18
5448AP AP 1.0 ND ND Mutant " 36
5636#speA NA 1.0 ND ND WT ! This study
5636#speA-comp NA 1.0 ND ND WT ! This study

AP, animal passage; I, invasive; NA, not applicable; ND, not determined; PFGE, pulsed-field gel electrophoresis; REA, restriction enzyme
analysis; U, uncomplicated; WT, wild type.
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(24). Under established criteria (24), all median-normalized
fluorescence values $40 were designated absent.

Pulsed-field gel electrophoresis (PFGE)

Pulsed-field gel electrophoresis (PFGE) was performed using
the method of Ramachandran et al. (25).

Genome sequencing

Genomic DNA was isolated from overnight liquid cultures
using the DNeasy blood and tissue kit (Qiagen, Valencia, CA,
USA), according to the manufacturer’s guidelines. Genomic
fragment libraries for whole-genome sequencing were pre-
pared at the Australian Genome Research Facility (University
of Queensland, St. Lucia, QLD, Australia) using the Illumina
TruSeq DNA library preparation protocol (Illumina, Inc., San
Diego, CA, USA). Libraries were pooled for sequencing on
the Illumina Genome Analyzer II instrument. Of note, the
strain 5448 (18), as well as the previously sequenced strain S.
pyogenes MGAS5005 (11), used here as an internal reference,
were both run on the Illumina HiSeq 2000 instrument.
Paired-end 76-bp sequence reads were generated for all
strains, with the exception of 5448 and MGAS5005, for which
paired-end 100-bp sequence reads were generated. For each
GAS isolate, between 759,056 and 8,879,651 read pairs were
obtained, corresponding to an estimated average coverage of
62% to 964%. FastQC (http://www.bioinformatics.bbsrc.ac.
uk/projects/fastqc/) was used to assess the quality of the
sequence reads. All reads for the 10 different M1 strains have
been deposited in the European Nucleotide Archive (ENA)
under the study accession no. ERP001330.

Single-nucleotide polymorphism (SNP) detection

Reads were mapped to the MGAS5005 reference genome
(GenBank CP000017) using two different tools, MAQ (26)
and BWA (27). Following read mapping with BWA, a consen-
sus pileup was produced using Samtools (28), and putative
SNPs were called using bcftools (28). Aligned reads contain-
ing SNPs predicted by both approaches were also manually
inspected before being annotated.

Phylogenetic analysis

Whole-genome SNP-based phylogenetic reconstruction using
the maximum-likelihood model was carried out with 505
high-quality SNPs. Of note, SNPs occurring in prophage-
related regions, as well as those occurring in the horizontally
acquired 36-kb M12 chromosomal segment, were excluded to
minimize interferences of SNPs associated with recombina-
tion events. The maximum-likelihood estimation was imple-
mented using PhyML (29) with the nucleotide substitution
model T92, as recommended by jModelTest (30), and with-
out substitution rate heterogeneity correction or invariant
estimation. Clade support was evaluated by analyzing 1000
bootstrap pseudoreplicates.

Transcriptional microarray

The glass slide DNA microarrays used for transcriptional
analysis in this study were obtained from the Pathogen
Functional Genomics Research Center (sponsored by the
U.S. National Institute of Allergy and Infectious Diseases)
at the J. Craig Venter Institute (Rockville, MD, USA).
These arrays (S. pyogenes version 2) comprised 70-mer
oligonucleotide probes representing various GAS core and

prophage open reading frames (ORFs) in addition to 500
Arabidopsis thaliana control 70-mers. All probes represent-
ing MGAS5005 and SF370 ORFs were used for analysis;
however, all prophage sequences and those within the
36-kb slo- and nga-encoding region were excluded to facil-
itate examination of the core M1 genome. Single-color
hybridizations were performed essentially as outlined in
the hybridization of labeled DNA and cDNA probes proto-
col (available online at http://pfgrc.jcvi.org/index.php/
microarray/protocols.html) employed by the Pathogen
Functional Genomics Resource Center and the Institute
for Genomic Research (J. Craig Venter Institute). Slides
were scanned using a GenePix 4000B scanner (Axon
Instruments, Sunnyvale, CA, USA) and processed with
GenePixPro 4.0 (Axon Instruments). Transcriptional anal-
yses were undertaken using GeneSpring GX 11.5 (Agilent
Technologies, Columbia, MD, USA), and microarray data
submitted to the U.S. National Center for Biotechnology
Information (NCBI) Gene Expression Omnibus (GEO) in
accordance with MIAME standards (GEO accession no.
GSE35568).

Neutrophil killing assays

Assays for GAS survival following incubation with human
neutrophils in vitro were performed as described previously
(24, 31). These assays were conducted using midlogarithmic
phase bacteria at a multiplicity of infection (MOI) of 10:1
(GAS:neutrophils).

Human epithelial cell adherence assays

Assays for the GAS adherence to HEp-2 human epithelial cells
in vitro were performed as described previously (31).

In vivo SpeB-switching assays

To monitor the phase-switch in SpeB phenotype during local
infection, C57BL/J6 mice were subcutaneously challenged
with 107 cfu/100 &l GAS, then SpeB-switching assays under-
taken as described previously (14, 24). Representative SpeB-
negative colonies were selected for sequence analysis to
confirm loss of SpeB expression through covRS mutation
using standard protocols (14).

Transgenic murine infection model

Subcutaneous GAS infection of the humanized plasminogen
transgenic AlbPLG1 mouse model utilized in this study has
been previously described (14, 24, 32).

Construction of a recombinant speA-knockout GAS strain

A ligation-independent cloning (LIC) strategy was employed
for the generation of the speA knockout pHY304-LIC vector
used in this study (33). Briefly, the 400 and 450 bases
immediately upstream and downstream of the speA ORF,
respectively, and the cat gene were amplified by PCR, while
the pHY304-LIC vector was prepared by PmeI digestion (oli-
gonucleotide primer sequences are given in Supplemental
Table S1). Following treatment with T4 polymerase, all frag-
ments were combined and transformed into DH5' E. coli by
heat shock. Electrotransformation and allelic replacement
mutagenesis were undertaken using standard protocols (15,
34). Successful allelic replacement was confirmed by PCR and
sequence analysis.
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RESULTS

Genomic characterization and phylogenetic analysis
of M1 GAS

The GAS serotype M1 isolates examined in this study
were selected to ensure coverage of the REA types
described by Johnson et al. (ref. 9 and Table 1). Both
the M1T1 clonal strain 5636 and the previously charac-
terized M1T1 clonal strain 5448 were included in this
cohort to represent the globally disseminated M1T1
clone (14, 18, 24, 35). Preliminary DNA microarray
analysis revealed that carriage of core GAS genes was
conserved across the M1 isolates examined, with pro-
phage sequences comprising the major source of vari-
ation in gene complement (Fig. 1A). As documented
for an M1T1 subpopulation (10), isolate 90223 had
undergone a toxin exchange, losing the otherwise
ubiquitous mf3 and acquiring the homologous DNase-
encoding mf4. PFGE analysis revealed the 8 REA types
represented in this strain set could be categorized into
5 PFGE types (Fig. 1B). The observation of 4 REA types
sharing the same PFGE profile as the M1T1 clone
indicates conserved phage carriage across these M1T1-
like isolates. GAS M1 strains 89158, L485, SF370,
NS696, AB1551, 90223, GT94052, GT94966, 5636, and
5448 were subjected to Illumina genome sequencing to
reveal fine-scale genomic features that distinguish
M1T1 GAS. A list of core genome SNPs compared to
MGAS5005 was generated to provide insight into the
evolutionary relatedness of these isolates. All SNPs
detected within phage boundaries, as well as those
occurring in the horizontally acquired 36-kb M12 chro-
mosomal segment, were excluded. All isolates positive
for carriage of the sda1-encoding prophage and the
horizontally acquired 36-kb M12 chromosomal seg-
ment displayed highly conserved SNP-profiles (Fig. 2A).
We propose a model for the evolution of the globally
disseminated M1T1 clone (Fig. 2B) in which the ma-
jority of genetic variation in serotype M1 GAS accumu-
lated prior to the acquisition of the speA-encoding
prophage, an event that occurred relatively recently in
evolutionary history and is likely to have triggered the
subsequent global spread of the M1T1 clone.

Expression profiling of M1 GAS

The GAS isolates included in this study were selected to
ensure that the covRS wild-type form of each REA type was
represented. All isolates were found to produce the cys-
teine protease SpeB (Table 1), and alignment of the covRS
operon with the previously described reference 5448 (14)
confirmed the integrity of this global regulator. Tran-
scriptomic microarray analysis revealed that the relative
expression of core GAS genes was conserved across the
isolates studied, with major differences confined to
horizontal gene transfer regions. As has been previ-
ously documented (11), virulence genes slo and nga
located within the recombinatorial 36-kb chromosomal
segment were up-regulated in M1 isolates harboring

the horizontally acquired 36-kb M12 chromosomal
region (Fig. 3). To compare the similarity of these
transcriptomes, the animal-passaged isogenic covS mu-
tant form of 5448 (5448AP) was included as a transcrip-
tionally distinct reference. This strain has been previ-
ously characterized (36) and represents the
hyperinvasive form of M1T1 GAS that is frequently
isolated from cases of invasive disease and is consis-
tently recovered following passage of the wild-type
M1T1 clone in vivo (14, 36, 37). Relative to 5448AP and

Figure 1. Preliminary genotyping of S. pyogenes serotype M1
isolates. A) DNA-DNA microarray heat map of M1 isolates
generated using an oligonucleotide glass slide array described
previously and comprised probes representing the M1 core
ORFeome (24). Additional probes representing prophage
ORFs from GAS serotypes M1, M3, M18, and S. dysgalactiae
subsp. equisimilis were included on the array and have been
labeled on the heat map. Heat map was generated from
background-subtracted median-normalized fluorescence
units. Values equal to or exceeding threshold were designated
present (red), while those below were considered absent
(black). B) PFGE of M1 isolates digested with SmaI. Strains
under examination are given at the top of the gel, and isolates
are grouped into PFGE types A–E.
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the divergent 89158, the remaining strains clustered in
a principle component analysis (PCA) revealing a con-
served expression profile among historic and contem-

porary M1 isolates (Fig. 4A). In accordance with previ-
ous work (8, 11, 38), transcription of prominent GAS
virulence genes, including the antiphagocytic factors
SLO, NAD glycohydrolase, and capsule, in addition to
the secreted toxins SIC (streptococcal inhibitor of
complement) and SpyA (C3 family ADP-ribosyltrans-
ferase), was up-regulated in the covS mutant 5448AP
compared to all M1 isolates studied (results not
shown).

Host-pathogen interactions, invasive capacity and
murine virulence of M1 GAS

Each of the isolates in this study was susceptible to
killing by human neutrophils (P$0.001; Fig. 4B) and
displayed significantly increased adherence to the
HEp-2 human epithelial cell line in comparison to the
covS mutant 5448AP (P$0.001; Fig. 4C). While in-
creased adherence compared to wild-type 5448 was
observed in the divergent isolates L485 and SF370
(P$0.001), the relative adherence of the remaining
isolates was equivalent to that of the M1T1 strain 5448.
We next examined the capacity of the M1 isolates in
this study to switch to the invasive SpeB-negative covRS
mutant form during subcutaneous murine passage. In

Figure 2. Genomic characterization of S. pyogenes
serotype M1 isolates. A) Maximum likelihood
tree with 1000 bootstrap replicates generated
using a list of core genome SNPs. Bootstrap
values (500 are given in italics. All SNPs occur-
ring in prophage regions, and the 36-kb SLO-
and NADase-encoding recombinatorial replace-
ment region, were excluded for analysis. Scale bar
represents the number of base substitutions per
site. B) Proposed model for the evolution of the
globally disseminated M1T1 clone. Acquisition of
the phage-encoded genes speI/H, speC, sda1, speA,
mf4, and the toxin-negative phage 370.4 are indi-
cated. The recombination event resulting in the
transfer of a 36-kb chromosomal segment from a
parental M12 strain is also shown. The emm se-
quence type of each isolate and REA pattern
according to Johnson et al. (9) are given. emm
subtypes have been designated according to es-
tablished criteria (http://www.cdc.gov/ncidod/
biotech/strep/strepblast.htm). Isolates contained
within boxes are equivalent for gene carriage, emm
sequence type, and REA type (where known). The
globally disseminated M1T1 clone is represented by
the isolates 5636 and 5448.

Figure 3. Midlogarithmic phase transcriptomic analysis of M1
isolates in vitro. Expression of the streptolysin O (slo)- and
NAD glycohydrolase (nga)-encoding genes in M1 isolates
containing intact covRS loci. Dotted line separates strains
containing historic slo and nga genes (left) from those con-
taining the contemporary allele (right) acquired from a
serotype M12 donor strain. Data are presented as normalized
fluorescence units; larger fluorescence values correspond
with increased expression.
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Figure 4. Phenotypic analysis and interactions of GAS with the innate immune response in vitro and in vivo. Shading indicates
carriage of the sda1 and speA prophages as follows: sda1"/speA", open symbols and bars; sda1!/speA", shaded symbols and bars;
sda1!/speA!, solid symbols and bars. The animal-passaged covS mutant 5448AP is indicated by striped symbols and bars. A)
Principal component analysis at the midlogarithmic phase of growth in vitro. B) Percentage survival of S. pyogenes following
coincubation with human neutrophils in vitro (mean)se). C) Adherence of S. pyogenes to the human epithelial HEp-2 cell line
in vitro (mean)se). D) Percentage of SpeB" cfu recovered following a 3-d subcutaneous passage of SpeB! S. pyogenes in
C57BL/J6 mice. Each data point represents a single inoculated mouse. Data for isolate SF370 reproduced from previous work
(14). E) Map of inactivating covRS mutations in representative SpeB" cfu recovered following subcutaneous passage. For each
strain, two representative animal-passaged variants were selected from independent mice (n*1 for SF370, as loss of SpeB
expression was detected in only a single mouse). F–H) Percentage survival of humanized plasminogen transgenic AlbPLG1 mice
(n*10) following subcutaneous infection with the sda1"/speA" isolates 89158, L485, and SF370 (F), the sda1!/speA" isolates
NS696 and AB1551 (G), and the sda1!/speA! isolates 90223, GT94052, GT94966, and 5636 (H).
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accordance with previous studies using 5448 (14, 35),
the M1T1 strain 5636 was also found to SpeB-switch
during replication in vivo (Fig. 4D). This observation
was consistent for all sda1! isolates (Fig. 4D), corrobo-
rating the hypothesis that, under pressure from the
immune response, Sda1 serves as a selective force for
covRS mutation (14). The limited capacity of the M1
isolates 89158, L485, and SF370 to SpeB-switch is con-
sistent with our previous findings that selection for this
switch is removed in the absence of Sda1 (14). Repre-
sentative SpeB-negative colonies recovered from mu-
rine passage were chosen and covRS sequence analysis
confirmed that loss of SpeB expression could be
mapped to mutations in this operon (Fig. 4E; Supple-
mental Table S2). Compared to the M1T1 strain 5636,
the reduced frequency of switching in the M1 isolates
89158, L485, and SF370 correlated with attenuated
virulence in the humanized plasminogen transgenic
AlbPLG1 mouse model of subcutaneous infection
(P$0.05; Fig. 4F). The capacity of all sda1! isolates to
switch in vivo correlated with increased virulence in this
model (Fig. 4G, H).

Role of SpeA in M1T1 clone pathogenesis

SpeA is a major virulence determinant known to con-
tribute to immune dysregulation and generation of an
exaggerated inflammatory response, marked by a dis-
tinct cytokine profile (12, 39, 40, 41, 42). We set out to

examine whether SpeA contributes to GAS virulence, in
ways apart from dysregulation of immune cells. Thus,
we generated an isogenic speA" knockout mutant in the
M1T1 strain 5636, designated 5636#speA. This muta-
tion was restored to the original speA! genotype
(5636#speA-comp) in accordance with Koch’s molecu-
lar postulates (43). As expected, this covRS intact speA"

mutant and complemented mutant were positive for
SpeB production (Fig. 5A). We subjected 5636#speA
and 5636#speA-comp to neutrophil killing and HEp-2
adherence assays in vitro; abrogation of speA neither
affected resistance to neutrophil killing, adherence to
epithelial cells (P$0.01; Fig. 5B, C), the capacity for a
switch to the hyperinvasive covRS mutant form during
subcutaneous murine passage (Fig. 5D), nor the viru-
lence of 5636#speA in the transgenic AlbPLG1 mouse
model (P$0.05; Fig. 5E).

DISCUSSION

Horizontal gene transfer has been central to the emer-
gence and reemergence of contemporary microbial
pathogens (1). The recrudescence of severe GAS infec-
tion has been largely attributed to the horizontal ex-
change and diversification of toxin-encoding elements
(10, 44).

The streptodornase Sda1 is known to contribute to
virulence of the GAS M1T1 clone (14, 15). In this study,

Figure 5. Characterization of the speA! M1T1 strains 5636 and
5636#speA-comp (solid symbols and bars) and the isogenic
speA" knockout mutant 5636#speA (open symbols and bars).
A) SpeB activity in cell-free stationary phase supernatants
(mean)se). B) Percentage survival during coculture with
human neutrophils in vitro (mean)se). C) Relative adherence
to the human epithelial HEp-2 cell line in vitro (mean)se). D)
Capacity to switch to an invasive SpeB" phenotype at the site of
local infection was determined during a 3-d subcutaneous
passage in C57BL/J6 mice. Each data point represents the
percentage of SpeB" cfu recovered from a single mouse
(n*10/strain). E) Relative virulence of 5636 (9.0%106 cfu/
dose), 5636#speA (1.4%107 cfu/dose), and 5636#speA-comp
(1.4%107 cfu/dose) was assessed over a 10-d period following
subcutaneous infection of humanized plasminogen transgenic
AlbPLG1 mice (n*10 mice/strain).
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we observe that the capacity of M1 GAS to switch to the
invasive covRS mutant form during local infection oc-
curs in all M1 GAS carrying the sda1 gene, including
the globally disseminated M1T1 clone and the speA"

M1 strains NS696 and AB1551. This observation sug-
gests that increased virulence associated with carriage
of the sda1-encoding bacteriophage is unlikely, per se, to
have resulted in global dissemination of the M1T1
clone. The most closely related streptodornase to Sda1
has been described in M12 serotype GAS (44). The
horizontally acquired 36-kb M12 GAS chromosomal
region and sda1-encoding bacteriophage both appear
to have been acquired from a GAS M12 background
(11, 13). In combination with the findings presented in
this study, these observations suggest that the incorpo-
ration of these elements into the M1 genome may have
possibly occurred simultaneously.

The incidence of infection with GAS expressing SpeA
superantigen markedly declined throughout the early
1900s (45). The speA2 allele of M1T1 GAS was first
described following the resurgence of STSS episodes in
the mid-1980s and, unlike the speA1 allele, was confined
to this single clonal lineage (12). SpeA2 contains a
single amino acid substitution in a region that may play
a role in superantigen mitogenicity, which is otherwise
highly conserved among staphylococcal and streptococ-
cal superantigens (12). This superantigen preferen-
tially binds human leukocyte antigen (HLA)-DQ (46),
and disruption of speA in M1 GAS has been shown to
reduce promitogenic activity 2-fold (40). We observe
that an M1T1 speA-knockout mutant is not attenuated
for virulence in a humanized murine model of skin
infection, which is consistent with previous studies (40,
41). This observation is likely due to the reduced capacity
of murine MHC class II molecules to bind SpeA, as
infection of mice carrying the HLA-DQ transgene with
speA! M1T1 GAS has been shown to increase immune
activation and lymphoblastic tissue infiltration (42).

Whole-genome phylogenetic analysis suggests that ac-
quisition of speA in the 1980s provided the M1T1 index
strain with a powerful selection advantage allowing for the
global dissemination of the M1T1 clone. This improved
fitness may result in enhanced colonization, immune
defense, in vivo persistence, and/or host-host transmis-
sion. As a superantigen, SpeA is capable of activating a
range of T-cell subsets via cross-linking conserved se-
quences of the T-cell receptor V+ chain with constant
regions of major histocompatibility complex class II mol-
ecules (47). It is possible that the superantigenic activity of
SpeA nonspecifically deflects the host immune response,
diminishes targeted immune clearance, and simulates an
immunocompromised-type state, thereby providing an op-
portunity for microbial colonization and persistence in vivo.
It has also been suggested that production of the SpeA2
allelic variant by M1T1 GAS enabled this strain to overcome
herd immunity due to the absence of SpeA2-neutralizing
antibodies in the host population prior to the upsurge of
severe GAS disease episodes in the mid-1980s (4).

In a recent study, SLO has been shown to rapidly kill
superficial mucosal cells, promoting the penetration of

SpeA into lower epithelial layers and providing a gate-
way for GAS entry into deeper tissue with a minimal
proinflammatory response (48). In deeper epithelial
layers, SpeA can interact with active cells and subse-
quently elicit a cytokine cascade (48). These observa-
tions are particularly striking as the M1T1 clone carries
the M12-derived slo allele that is associated with in-
creased SLO production (11).

It is possible that the decline in GAS infections in
Western countries throughout the 20th century concom-
itantly increased the reservoir of potential hosts for colo-
nization, thus creating an opportunity for a founder
effect. As such, a subpopulation of bacteria that is exposed
to this increased host pool could, under the right condi-
tions, become significantly overrepresented in subsequent
generations for reasons unrelated to the fitness of “se-
lected” clones (49). However, the coemergence of domi-
nant clones in serotype M3, M12, and M28 GAS (9, 50),
favors a hypothesis for enhanced pathogenic fitness
through phage-driven dissemination of novel virulence
factors.

More recent diversification due to phage exchange
in M1T1 GAS has been described (10) and as exempli-
fied in the case of GAS strain 90223, wherein the
otherwise ubiquitous mf3 gene encoded on ,5005.2
was replaced with the mf4-encoding module, likely
derived from a related serotype M3 prophage (51). The
subsequent success of this mf4-positive subpopulation,
in the context of the parental mf3-positive M1T1 pan-
demic clone, will be defined by either genetic drift
(relative neutrality of mf4 acquisition), natural selection
(relative benefit/deficit of mf4 acquisition), or a com-
bination of both factors (49).

This study has resolved the sequence of evolutionary
events leading to the emergence of the GAS M1T1
pandemic clone. Acquisition of speA correlates with the
global dissemination of this highly conserved clone. In
this genetic background, we suggest that SpeA func-
tions primarily in immune cell dysregulation and in-
flammatory modulation and, thereby, enhances bacte-
rial fitness, and does not contribute to other virulence
mechanisms. We further suggest that the acquisition of
SpeA into the M1T1 virulome triggered GAS M1T1
global dissemination.
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