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Introduction

β-hemolytic group A Streptococcus (GAS or Streptococcus pyo-
genes) is a ubiquitous pathogen, occurring often in both asymp-
tomatic carrier states and active infections of its only hosts, 
humans. The most common infections, which usually occur in 
multiple episodes during childhood, express themselves as phar-
yngitis (strep throat) or impetigo (blistering skin infection).1 In 
developed regions, distinct groups of serotypes (M types) are 
responsible for these two primary categories of infection.1-7 GAS 
can cause a wide variety of more serious conditions including 
bacteremia, diverse focal infections, puerperal sepsis and nec-
rotizing fasciitis. Some patients experience severe responses to 
streptococcal toxins, expressed as scarlet fever and streptococcal 
toxic shock syndrome (STSS).1 Acute infection may also lead to 
post-infection autoimmune conditions including acute rheumatic 
fever (ARF), rheumatic heart disease and post-streptococcal glo-
merulonephritis (PSGN, an inflammatory kidney condition). 
Prior to the discovery of penicillin, these severe forms of infection 

*Correspondence to: David Metzgar; Email: davidleemetzgar@yahoo.com
Submitted: 05/04/11; Revised: 07/22/11; Accepted: 07/25/11
http://dx.doi.org/10.4161/viru.2.5.16342

The M protein coats group A Streptococci (GAS) and acts as the 
primary antigen and determinant of type-specific immunity. 
M is essential for GAS virulence, providing antiphagocytic 
functions critical to survival in human tissues and fluids. 
Specific regions of M protein also serve as shared antigens, and 
cross-reactivity between these epitopes and human proteins 
may be the source of autoimmune sequelae such as rheumatic 
heart disease. The M protein is hypervariable and has long 
served as the primary target for epidemiological typing of 
GAS. Though other markers or genotyping methods may be 
necessary to increase strain resolution when clones of a given 
M type differ in clinically critical ways, M typing remains the 
most directly informative and well-documented method for 
tracking outbreaks of GAS, predicting clinical outcomes during 
those outbreaks, and measuring the general threat presented 
by GAS at any given time and place.
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and post-infection autoimmune disease were leading causes of 
morbidity and mortality in human populations.2,8

Infection with specific serotypes (M types) is more likely to 
result in severe reactions, rheumatic sequelae, and specific clini-
cal outcomes such as puerperal sepsis and necrotizing fasciitis. 
Some aspects of these type-specific outcomes derive directly 
from virulence properties of the M protein, and hence are readily 
predicted through determination of the M protein serotype via 
serology or sequence analysis of the emm gene. The tendency to 
induce acute rheumatic fever is possibly the best-studied exam-
ple.9-11 Other determinants of virulence are encoded by a vari-
ety of chromosomal genes, many of which are associated with 
highly mobile phage elements. For these, the genetic links to 
virulence are far less clear and likely polygenic. The mobility of 
these elements generates significant diversity within and between 
serotypes.12-14 In this review we describe the known clinical cor-
relates of M type, including virulence properties and antibiotic 
resistance phenotypes. We discuss the evolutionary mechanisms 
that contribute to M type diversity, distribution, and intrasero-
typic strain variability, and we discuss the existing evidence sup-
porting the concept that the M protein itself contributes directly 
to key virulence properties, including the propensity for specific 
M types to induce acute rheumatic fever. All of these aspects of 
the M protein contribute to its unique value as a strain typing 
marker.

M Protein as a Primary Antigen  
and Serological Marker

The M protein was described in 1927 by Rebecca Lancefield,15 
who demonstrated it to be a primary source of strain-specific 
immunity. Having experienced an acute GAS infection, individ-
uals develop very strong lasting immunity to the infecting sero-
type.6 This immunity prevents further suppurative (pus-forming) 
infections, though the same M type may persist or recolonize in 
asymptomatic carrier states.8,16 The M protein, essentially a long 
α-helical coiled coil anchored in the bacterial membrane and 
extending from the surface of the cell (Fig. 1), coats the surface 
of GAS.16

M proteins are distinguished by their ability to produce an 
apoproteinase that cleaves apoprotein A1, also termed Serum 
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M Protein as a Virulence Factor

M proteins are primary virulence factors for GAS strains.9,16,18 
They offer protection through diversity, providing immuno-
logically distinct surface coats to different serotypes. Novel 
serotypes thereby avoid antibodies raised by hosts in response 
to previous infections.4,15,16,19 As more individuals are exposed 
to a specific serotype, that serotype becomes less fit due to the 
inability to transmit successfully between the decreased num-
bers of remaining susceptible individuals, a phenomenon known 
as herd immunity.20-23 As herd immunity to a specific serotype 
increases, other serotypes become favored through a relative 
increase in transmission and hence reproduction. Because this 
process generally favors unique (new or recently rare) serological 
variants, evolutionary pressure is thought to drive the process of 
diversification in primary antigens and to drive cyclical turn-
overs in the dominance of existing serotypes. The resulting vari-
ability makes primary antigens very informative strain markers 
for many pathogens, and the strong pressures driving cyclic 
strain turnovers (sometimes termed dynamic epidemiology),24 
must be considered as potential causal factors in any investiga-
tion of changing virulence or rates of antibiotic resistance among 
GAS isolates.21

M proteins offer active protection against phagocytosis and 
thereby allow the pathogen to persist in infected tissues.9,16,19  
M protein coated strains can resist opsonization by binding 
inhibitory regulators of the complement system (factor H, fac-
tor H-like 1, C4-binding protein, CD46 complement regulatory 
protein) and fibrinogen, which specifically inhibits binding of 
C3b, evading both the classic and the alternative pathways of 
complement activation. M proteins also contribute to the phago-
cytosis resistance of GAS by non-immune binding of the Fc 
region of IgG.1,6

The ability of M proteins belonging to the D pattern to bind 
plasminogen contributes critically to their virulence. Plasmin 
activation can initiate or increase fibrinolysis, potentially coun-
teracting the host’s coagulatory response at the site of infection 
and favoring the spreading of bacteria.25

Opacity Factor (sof);1 they are also distinguished as belonging 
to class I by reactivity with antibodies that recognize a domain 
conserved in the C repeats of class I M proteins, while class II is 
distinguished by a lack of reactivity.9 The two classifications cor-
relate, with class I M proteins falling in the sof- group and class 
II in the sof+ group.

The N-terminal region, farthest from the cell and most 
likely to be bound by antibodies, contains an extremely variable 
domain associated with serotype identity. Regions closer to the 
cell membrane are less diverse, but also significantly variable and 
antigenic (Fig. 1). Four patterns are recognized for the class I/
sof- group, termed A, B, C (often referred to collectively as A–C) 
and D. M proteins in these groups have a non helical N-terminal 
region and, closer to the C terminus, different combinations of 
A, B, C and D repeats, followed by a wall-anchoring domain. 
The D pattern is distinguished by having an average length of 
355 residues, while the A, B and C patterns average 444 residues. 
The E pattern M proteins belong to the class II/sof+ group, and 
have a shorter wall-anchoring domain.6,9,16 M types characterized 
by emm genes with A–C patterns are generally associated with 
pharyngitis, those with D patterns are generally associated with 
impetigo and those with E patterns are generalists and may be 
associated with both types of infection.6,9,16

GAS strains are most commonly discriminated by identifica-
tion of the M protein (M typing). This was historically accom-
plished by serological analysis of a purified M protein fragment,15 
a technique recently replaced by sequence analysis targeting the 
fragment of the emm gene that codes for the primary antigenic 
region of M protein (emm typing).17 The two methods, sero-
logical and genetic, are extremely well correlated. Standardized 
reference databases of emm sequences from both previously rec-
ognized M types and novel emm alleles have been established to 
allow rapid and unambiguous translation of emm sequence data 
into M type information, and to allow the identification and 
description of novel emm types.17 As these two techniques dif-
fer primarily in the method of data collection rather than the 
resulting identifications, we will refer to them collectively in this 
review as “M typing.”

Figure 1. Structure of M6. M6 includes all the building blocks of the M protein family, though the presence and repeat number of elements can vary 
widely between M types. The length of the non-helical portion at the N-terminus is variable, and is completely missing in M49;7 the number and size 
of the A, B and C blocks is also variable, and the A and B block are missing in some types. Numbers above each block (associated with horizontal range 
arrows) indicate the number of amino acids per block repeat unit. Pro/Gly indicates a Proline-Glycine rich region (reproduced with permission from 
Fischetti, 1989).16
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MAP I strains are also associated with pyoderma (suppurative 
skin infection). Strains associated with one or more outbreaks of 
ARF in developed nations (including M1, M3, M5, M6, M11, 
M12, M14, M17, M18, M19, M24, M27, M29, M30, M32 and 
M41) share both the expression of MAP I antigen (as demon-
strated by serology) and conserved epitopes in the C block repeat, 
while nonrheumatogenic strains do not.9 Similarities between 
this shared antigen and human heart epitopes such as myosin 
and tropomyiosin are a possible source of rheumatogenic pro-
pensity,1,9 and sequence analysis of this region might offer direct 
prediction of rheumatogenic potential. The MAP I antigen could 
possibly be used to generate a broad-spectrum vaccine offering 
specific protection against ARF (thus avoiding the problem of 
variable relationships between specific serotypes and ARF in 
remote locations where associated morbidity is high30), but such 
a vaccine might itself illicit autoimmune reactions and rheumatic 
conditions. Specific variants of the B block of the M protein share 
amino acid homology with other antigens (MHC class II).31

Clinical Relevance of M Type

Across the US and Europe, M type is closely correlated with 
specific clinical phenotypes. Many studies show that serotype 
diversity is significantly decreased among invasive isolates, as 
compared with the pharyngitis-associated strain collections. 
Moreover, the types that are most dominant in invasive catego-
ries, and hence those responsible for the observed decrease in 
diversity, are almost always the same—most notably M1 and 
M3.8,12,18,32-36 Similar dynamics, including decreased diversity 
and the dominance of specific types, are apparent in studies of 
more specific clinical phenomena such as fatality, associated with 
M1, M3 and M12,32 puerperal sepsis, associated with M28,34,36,37 
STSS, associated with M1 and M3,12,35,38 epidemic ARF, asso-
ciated with M5 and M18,39 and geographically widespread epi-
demic behavior, most commonly associated with M1.2,12 Despite 
genetic changes in these serotypes over time, including altera-
tions of virulence and antibiotic resistance factors, these associa-
tions generally remain stable. This indicates that the M protein 
itself, or proteins coded by genes closely linked to the emm gene, 

M proteins can activate coagulation and thrombosis. Several 
M proteins can activate the intrinsic pathway of coagulation on 
the bacterial surface by binding kininogen and generating brady-
kinin, while M1 and M3 have been shown to trigger the extrinsic 
pathway of coagulation on human monocytes and endothelial 
cells.26 M1 and M5 bound to fibrinogen can recruit inactive 
platelets: in the presence of antibodies against bacterial antigens 
that also interact with the platelet Fc receptor, platelets are acti-
vated and thrombosis can ensue.27,28

Interaction with leukocytes appears to be at the core of the  
M protein pro-inflammatory role. Fibrinogen bound to soluble 
M1 protein is recognized by neutrophils via β2 integrins, result-
ing in activation and release of mediators of vascular leakage, a 
key occurrence in STSS. M1 also induces production of inter-
leukin (IL)-6, IL-1 β and Tumor Necrosis Factor-α in mono-
cytes via Toll-like receptors.29 Fibrinogen-binding M proteins can 
activate platelets, and these in turn can activate neutrophils and 
monocytes, amplifying the pro-inflammatory effect.28

Some M proteins, such as M5, may act as superantigens,18,19 
inducing massive T cell proliferation and cytokine release, poten-
tially contributing to scarlet fever and STSS; some belonging to 
the rheumatogenic kind (M5, M6, M12, M24) can elicit anti-
bodies that cross-react with mammalian proteins, among them 
myosin, tropomyosin, laminin and keratin.16,19

The ability to induce the formation of host-reactive antibodies 
has led some to believe that M protein plays a direct role in the 
development of post-infection autoimmune disorders including 
acute rheumatic fever (ARF) and post-streptococcal glomerulo-
nephritis (PSGN).9,16,19 This hypothesis is mechanistically sup-
ported by physicochemical similarity and significant amino acid 
sequence homology between specific M proteins and specific host 
proteins. Different M proteins share homology with different 
host fibrillar proteins, and this diversity likely contributes to the 
variability seen between M types in terms of their potential to 
cause different types of nonsuppurative sequelae.9,16,18,19

A specific variant of the C block repeat region (Class I C) is 
the likely source of the shared antigenic factor known as MAP I.  
The presence of MAP I is highly correlated with rheumato-
genicity (the ability to induce acute rheumatic fever).9 A few  

Table 1. examples of M types associated with specific clinical and epidemiological presentations

Clinical presentation Associated M types References

Pharyngitis M1, M3, M5, M6, M12, M14, M17, M19, M24 1

Acute rheumatic fever (ArF)
M1, M3, M5, M6, M11, M12, M14, M17, M18, M19, 

M24, M27, M29, M30, M32, M41
9, 18, 40

epidemic ArF M5, M18 39

Geographically widespread epidemics M1 2, 12

Fatality M1, M3, M12, M28 32, 34

Necrotizing fasciitis M1, M3, M28 34, 36, 37

Streptococcal toxic shock syndrome (STSS) M1, M3 12, 35, 38

impetigo M33, M41, M42, M52, M53, M70 1

Puerperal sepsis M28 34, 36, 37

Acute glomerulonephritis M1, M4, M12, M49, M55, M57, M60 18

Meningitis M1, M12 36
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recombination. Tetracycline resistance offers an excellent exam-
ple.46,47 Studies suggest the M type distributions of many resis-
tance traits are not well conserved over time and space.22,34,36,46-48 
However, a recent US study showed that even these highly vari-
able traits segregate significantly with M type over shorter peri-
ods of time.44

Macrolide resistance offers an excellent example of a pheno-
type that is more highly correlated with M type and for which 
M typing offers a significant degree of predictive power. A strong 
association between erythromycin (or other macrolide) resistance 
has been shown for M4, M6, M12 and M75—members of this 
small group are responsible for much of the observed macrolide 
resistance in surveys of GAS isolates from the US,44,49,50 Belgium,51 
Greece52 and Spain.53,54 In general, the majority of isolates of 
these types are found to be resistant, while only scattered isolates 
of other serotypes exhibit the same resistance phenotype—with 
some local exceptions, such as the dominance of M2 among 
erythromycin resistant isolates in Italy.55 In some cases, specific 
clones of a given serotype have been responsible for the spread of 
multiple resistance phenotypes derived from specific resistance 
cassettes—for example the spread of an erythromycin and tetra-
cycline resistant clone of M77 [carrying the tet(O) determinant] 
in Italy, Norway and Denmark.56,57 For most antibiotic resistance 
phenotypes, M typing can offer rapid results useful for estimat-
ing the risk of resistance if there is sufficient recent data from 
neighboring areas,44 but greater power is offered by more specific 
clonal identification techniques such as MLST, PFGE or RFLP. 
Given the mobility of the genetic elements responsible for much 
of GAS resistance, even high resolution multilocus strain typing 
methods are only likely to correlate with specific resistance phe-
notypes over limited temporal and spatial distance.

Some rare forms of antibiotic resistance are very tightly cor-
related with specific M types—for example, ofloxacin resistance 
reveals tight linkage to M6 in both the US44 and Norway.36 
Almost all M6 isolates studied in these reports were resistant 
to ofloxacin, while all other M types were susceptible. Another 
example of tight correlation between rare antibiotic resistance 
phenotypes and specific M types comes from a study in France 
which showed a unique resistance to bacitracin (paired with wide 
resistance to other diverse antibiotics) among M28 isolates.37 
Another study showed that isolates of a variety of M types col-
lected from apparently hospital acquired GAS infections (HAI 
GAS) expressed more (and more diverse) antibiotic resistance 
phenotypes than non-hospital acquired strains, and those strains 
tended to express resistance phenotypes not otherwise associated 
with their M types.21 The number of HAI GAS strains studied 
was very small, but the results were suggestive of antibiotic resis-
tance element transfer in the hospital environment. Further study 
of M type diversity and antibiotic resistance distribution among 
apparent nosocomial GAS infections is warranted to address the 
hypothesis that GAS may be accumulating resistance elements 
and being selected for resistance in such circumstances.

Just as changes in serotype dominance may drive changes in 
the rate of invasive GAS disease,22 the rise and fall of antibiotic 
resistance at specific surveillance sites appears to be the result of 
large scale strain turnover events, likely driven by herd immunity 

are the most likely sources of these specific clinical presentations. 
Examples of these associations are shown in Table 1.

The proportional dominance of rheumatogenic M types 
among noninvasive pharyngitis-associated isolates correlates with 
the rate of ARF in the US population.40 As the proportion of 
rheumatogenic types (including M1, M3, M5, M6, M14, M18, 
M19, M24, M27 and M29) decreased from 49.7% in 1961–68 
to 17.9% in 2000–2004, rheumatic fever essentially disap-
peared.18,40 Similar relationships between proportional domi-
nance of specific serotypes (particularly M1 and M3) and the 
rate of invasive GAS infection has also been documented, even 
in the absence of differential serotype dominance among invasive 
and noninvasive cases.41 Periods of dominance of these strains 
correlate with regional increases in invasive GAS disease, sug-
gesting that “appearance of M1 and M3 strains in patients with 
pharyngitis… may serve as sentinels to herald the appearance of 
invasive GAS disease in a region or community.”41

Some phenotypes correlate very closely with specific M types. 
A study in Denmark comparing invasive isolates to uncompli-
cated pharyngitis strains showed that M1, M3 and M28 were 
dominant among invasive isolates.34 Among these, M28 was 
specifically associated with puerperal sepsis, which the authors 
attributed to a unique collection of virulence factors apparently 
acquired from group B streptococci.34 M28 has also been associ-
ated with puerperal sepsis in Norway.36 A study in France found 
M28 in similar association with puerperal sepsis as well as other 
types of invasive infection, including necrotizing fasciitis, genital 
peritonitis, bacteremia, endocarditis and meningitis.37 This strain 
was resistant to many antibiotics, including bacitracin. GAS is 
otherwise sensitive to bacitracin, but other β-hemolytic strepto-
cocci (such as group B strains) are resistant.37 Cumulatively, this 
suggests a virulent and resistant strain to which it is well worth 
paying specific attention—best accomplished through M type-
specific surveillance. Other correlations between M type and 
antibiotic resistance phenotypes are far less robust, as discussed 
in the following section.

Correlations between M Type  
and Antibiotic Resistance

Despite decades of primary treatment of GAS with penicillin42 
and the preemptive, long-term use of penicillin for GAS prophy-
laxis in high risk populations,43,44 this pathogen has yet to evolve 
strong resistance.43,45 Therefore, penicillin remains the treatment 
of choice and is generally effective. However, many people are 
allergic to penicillin and for these subpopulations macrolides 
and other antibiotics provide critical alternatives.43 Specific GAS 
strains exhibit resistance to almost all categories of antibiotics 
aside from penicillin, though most strains exhibit only one or a 
few of the possible specific resistance phenotypes.44 Diagnostic 
and surveillance testing for resistance is important for effective 
and timely treatment of GAS, particularly in severe and life-
threatening cases of invasive disease.

Antibiotic resistance elements in GAS are of diverse origin and 
are highly mobile, many being transferred readily from strain to 
strain (and likely from other species to GAS) by phage-mediated 
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historical data are dense enough to offer significant conclusions, 
but the reader should keep in mind the fact that the small amount 
of data we have from undeveloped and developing regions sug-
gests that unique type-specific associations exist in such areas.

Secondary Determinants of Virulence

The focus of GAS typing efforts has shifted occasionally away 
from M type toward other markers of virulence. The resurgence 
of ARF in the 1980s is an example. The majority of strains col-
lected in association with ARF cases and contacts at this time 
were mucoid (that is, they revealed a mucoid colony morphol-
ogy upon initial plate culture), causing many people to focus 
on mucoid phenotype and question the relevance of M type. 
However, the fact that most of these outbreaks were associated 
with mucoid strains of a few serotypes—mainly M1, M3 and 
M1818,62—points to the difficulties involved in discriminating 
between potential contributing factors (here, M type and mucoid 
phenotype).

A study in the late 1980s showed that M1 strains were more 
likely to generate mucoid colonies if collected from patients with 
rheumatic fever (80%) and invasive infections (22%) than if 
from uncomplicated pharyngitis (6%), and this general associa-
tion held true across several other M types.62 More recent data 
showed an association between a mucoid strain of M3 and appar-
ently high virulence,63 but again this observation was limited to 
a single serotype, a serotype which has been specifically associ-
ated with high virulence for decades. These sorts of observations 
could be the result of strains circulating with unique virulence 
factors directly related to their mucoid phenotype (as several 
authors have suggested), or it could be the result of a regulatory 
or mutational switch that causes strains to change from a non-
mucoid to a mucoid phenotype in the course of invasive infection 
(something akin to, or resulting from, the covS mutational switch 
from noninvasive to invasive phenotypes discussed later, in the 
section on GAS evolution). It could also result from the spread 
of an invasive strain carrying the genotypic determinants of a 
mucoid phenotype in which invasivity has nothing to do with 
the mucoid phenotype, but is merely linked to it genetically. It 
has been noted that the mucoid phenotype may be rapidly lost 
when strains are cultured in the laboratory, suggesting mucoid 
appearance is an unstable phenotype.2 The important points here 
are that phenotypes (like mucoid morphology, and in contrast to 
genotypic traits like emm type) are not necessarily stably heritable 
strain markers. No morphological phenotype has ever demon-
strated the robust predictive power offered by M typing.

The Spe (streptococcal pyrogenic exotoxin) proteins A–D, 
F–H and J, and other proteins including streptococcal superanti-
gen (SSA) and the streptococcal mitogenic exotoxins SMEZ and 
Z-2 are a diverse group of virulence factors capable of inducing 
proliferation of specific T cell populations and causing release 
of excessive amounts of inflammatory cytokines.1 The B block 
of the M protein may, in certain serotypes such as M5, also 
act as a superantigen and possibly contribute to inflammatory 
responses.31 All of these proteins contribute to the virulence of 
GAS, most specifically to severe acute reactions such as scarlet 

rather than local antibiotic use patterns.21 This reiterates the 
importance of considering M type distributions and the forces 
driving changes in those distributions when attempting to under-
stand the etiology of changes in resistance rates or rates of specific 
clinical outcomes.

Geographic Variability in M Type-Specific Genetic 
and Phenotypic Correlates

The developed world shares strains in which the associations 
between M type and tissue tropism, virulence and nonsuppu-
rative sequelae are recognized and robust. Surveillance efforts 
in less developed areas, and specifically in rural tropical com-
munities with little outside contact, have revealed populations 
of GAS in which many of these associations are completely dif-
ferent.5 Distributions in Africa and on Pacific islands are more 
heterogeneous (lacking in distinctly dominant strains), exhibit 
very different M type distributions, and include strains that bear  
M types common in developed nations but are associated with 
completely different clinical correlates.5,30 In the developed world, 
there are well-documented associations between specific M types 
and tissue tropism (Table 1). There appears to be a stable separa-
tion between serotypes that cause pharyngitis and serotypes that 
cause impetigo, suggesting strong genetic linkage between emm 
genes and the genetic determinants of tissue tropism. In devel-
oped regions, serious sequelae such as ARF, along with invasive 
and fatal acute infections, are almost exclusively associated with 
pharyngitis-associated types. These associations do not hold true 
in island populations of Australian aborigines,5,58 in villages in 
Thailand59,60 or in Ethiopia.61 This is likely reflective of relative 
isolation rather than environmental selection, as separate island 
communities in close proximity (and presumably with very similar 
environments, but little travel between them) carry very different 
strains.58 The diversity at the source of these different populations 
likely arose from recombination over long time periods, as even 
the correlations between M type and MLST alleles (which are 
extremely robust and consistent throughout the developed world) 
differ between nearby islands harboring aboriginal populations.58 
It is likely that recombination between the antigenic fragment of 
M and the regions of M associated with rheumatic sequelae (and 
possibly with superantigenicity) is responsible for the decoupling 
of serotype and clinical outcome seen in these exotic isolates. 
Sequence analysis of the full emm gene of such strains would be 
very interesting and informative.

It is worth noting that these isolated rural populations carry 
far higher burdens of GAS-related morbidity and mortality than 
do the populations of developed nations.30 Proposed M protein-
specific vaccines targeting the most rheumatogenic or invasive 
serotypes found in the US and Europe would likely do little 
good in these communities.30 It is also worth considering the risk 
that, if we eradicate our own virulent GAS strains with vaccines 
designed against the strains that represent the greatest threat in 
the developed world, it may open the door for the emergence of 
new M types with new virulence properties from less-developed 
areas. The bulk of this review focuses on associations seen in the 
relatively homogeneous developed regions of the world where 
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of pathogenic traits in GAS, as summarized in a recent review in 
reference 20. This systems-based approach is known as molec-
ular pathogenomics, and will ultimately provide the path to a 
full understanding of the molecular basis of the different clinical 
behavior of distinct GAS strains.

The mechanisms of pathogenesis revealed through this 
approach are as diverse as they are numerous. The recent clonal 
expansion of a uniquely virulent strain of M1 appears to be 
driven by bacteriophage transduction events leading to changes 
in bacteriophage content and organization as well as reciprocal 
recombination of a large region carrying well-recognized viru-
lence factors including streptolysin O and NADase.14 The trans-
ferred region, including both the virulence factors and associated 
regulatory elements, appears to have come from an M12 strain.14

Subtle changes in antigenic regions, including changes in  
M that alter strain-specific immunity in humans but which do 
not alter the serotype as defined by traditionally accepted culture-
based serological analyses, may alter the efficacy of strain-specific 
host immunity. This could allow previously common strains 
to re-emerge and create new epidemics, as may be the case for 
M3. A recently emergent and virulent M3 strain experienced a 
small (four amino acid) duplication in the M protein itself, asso-
ciated with the resurgence of this M type during an epidemic 
of GAS disease in 2000.20,68 This alteration caused changes in 
host immune responses, suggesting significant antigenic novelty. 
Offering an even more striking example of the potential effects of 
dispersed and subtle mutations, a genome wide (mutation) asso-
ciation study (GWAS) offered evidence that a single nucleotide 
polymorphism in a metalloregulatory protein is associated with a 
change in the ability of GAS to cause necrotizing fasciitis, likely 
through alteration of the regulation of SpeB expression.20,69

Whole genome sequencing of an apparently clonal M18 strain 
associated with several US outbreaks of acute rheumatic fever in 
the 1980s and 1990s, revealed many virulence factors.39 To offer 
an idea of the complexity of determining the etiological basis of 
differential virulence and outcomes, M18 was found to carry 178 
open reading frames (most of them likely functional genes) not 
found in the more common serotype M1, which has been asso-
ciated with sporadic cases of ARF but not the high attack rate 
epidemic ARF characteristic of M18.39

Complete sequencing of an M5 strain, also strongly associ-
ated with ARF (strain Manfredo), also revealed many previ-
ously implicated virulence factors. However, only one coding 
sequence, a single gene encoding an uncharacterized surface-
anchored protein (SpyM50104), was shared with M18 but not 
with the 10 other serotypes (which are not associated with epi-
demic ARF) for which whole genome sequence data are avail-
able.67 The authors do not attempt to claim that this protein is 
associated with rheumatogenicity, as little is known about its 
biochemical properties. It is important to remember that both 
of these strains also share the class I C repeat features of the M 
protein, itself a likely direct source of rheumatogenicity, and they 
also share thousands of single base mutations not shared with 
less rheumatogenic types.67

Comparative genomics suggests that M28 strains associated 
with puerperal sepsis (child-bed fever, usually associated with 

fever and streptococcal toxic shock syndrome. Many of these 
have also been implicated in ARF and other post-infection auto-
immune sequelae, though this connection is far less clear for all 
except the M protein.1 Many virulence phenotypes have been 
attributed to specific pyrogenic exotoxins, but in many cases the 
observed associations are confounded by association with specific 
M types, similar to the situation described for mucoid pheno-
types. While these proteins certainly have an impact on virulence 
(especially severe acute reactions), it may well be a combinato-
rial effect dependent on both the presence and expression level 
of multiple exotoxins as well as on the M type background of the 
strain. Some of the genes coding for these proteins are phage-
mobilized, including speA and speC, while others are not, includ-
ing speB.1

An increase in invasive, life-threatening septic GAS infec-
tions was seen in both the US and the UK between the 1970s 
and 1980s. This was associated with an increase in the preva-
lence of well-recognized virulent M types, primarily M1, M3 
and M18.18 Some studies of this resurgence in the US identified 
an association between the presence of the speA gene and both 
streptococcal toxic shock syndrome and fatality.18,64,65 A specific 
clone of M1 was generally associated with this increase in inva-
sive disease, specifically sepsis, and some argued that the strain’s 
invasivity might be related to the presence of speA, as the emer-
gent clone carried speA while previously dominant M1 strains did 
not.65 A similar rise in invasive, septic GAS disease was observed 
during the same time period in the UK, involving the same  
M types.18,66 In contrast to what was seen in the US, no strains 
producing SpeA were identified from patients with severe or fatal 
acute infections,18,66 suggesting that the increase in invasivity was 
related to an increase in the dominance of virulent M types rather 
than the presence or absence of speA.18

SpeA has also been implicated in ARF, but (for example), 
while M5 and M18 are both strongly associated with ARF,67 the 
M18 strain associated with ARF carries speA39 while M5 does 
not.44,67 The author of a review covering these subjects noted that, 
at least among developed nations, the M types most clearly asso-
ciated with ARF are well-recognized and have remained consis-
tent since the advent of serotyping assays.18 These include M1, 
M3, M5, M6 and M18. This author provided the simplest pos-
sible conclusion from this wealth of data: “M protein is the chief 
virulence factor of group A streptococcus.”18

While secondary factors may play a very significant role in 
GAS virulence, none have the robust associations with virulence 
phenotypes as M type. This ultimate conclusion is supported 
by numerous symptom correlations which are consistent with 
respect to M type but apparently independent of the presence or 
absence of other virulence factors (as discussed throughout this 
review). The only robust correlations between GAS genotypes 
and specific clinical outcomes are those that derive from M type.

A decade of whole-genome comparative sequence analysis 
studies and transcriptome and proteome analyses (genome-wide 
analysis of quantitative gene transcription and protein translation 
patterns, comparing different genotypes and/or different envi-
ronmental influences), paired with strain-specific epidemiologi-
cal analyses, have revealed many new mechanisms and sources 
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M protein itself or with as-yet undocumented virulence factors 
that are more closely linked to M type. These could potentially 
include chromosomally encoded virulence factors such as strep-
tolysins, C5a peptidase and extracellular cysteine protease.12

If both phage content and genomic position contribute to 
virulence, then only complete genome sequencing has a chance 
of capturing all the relevant information needed to predict viru-
lence precisely, and even that would only be useful if we under-
stood both the independent and combinatorial contributions of 
the many known and suspected virulence factors carried by GAS. 
Until then, the best we can do is identify existing and emerg-
ing virulent clones through serotype-specific surveillance, using 
signatures such as M type and MLST paired with records of the 
associations between specific genotypes and clinically relevant 
phenotypes (including virulence, invasivity, rheumatogenicity 
and antibiotic resistance). These associations will change over 
time, but the evidence suggests they change slowly enough that 
M typing (combined, when necessary, with secondary typing 
such as MLST to discriminate phenotypically divergent clones) 
can allow a very significant degree of predictive power.

Some aspects of GAS pathogenicity and disease specificity are 
modulated by local mutation, rather than by presence or absence 
of specific genes. Frameshift mutations in the covS (“control of 
virulence”) gene generate widespread changes in virulence gene 
expression (the levels of expression of at least 23 potential viru-
lence factors change significantly). In turn, this results in rapid 
switching from a noninvasive pharyngeal phenotype to an inva-
sive phenotype.73 Frameshift mutations capable of generating this 
change can occur over more than 500 bp of the covS open read-
ing frame,73 suggesting that monitoring this locus for all relevant 
mutations would be difficult. Moreover, this switch can occur 
readily in the course of a single infection, and hence the pres-
ence of the noninvasive allele does not insure that an infection 
won’t become invasive. However, as covS is a regulatory switch as 
opposed to a direct virulence factor, it can be assumed that only 
an M type with inherent invasive potential can become invasive 
on the basis of this switch. As a hypervariable switching mecha-
nism, it is neither practical nor predictive to directly monitor the 
covS gene. It does, however, offer one partial explanation for why 
M types with a demonstrated potential for invasivity are com-
monly detected in noninvasive infections.

The genetic factors directly affecting GAS virulence are far 
too numerous to rapidly analyze with contemporary technolo-
gies, and our knowledge of those factors is rudimentary at best. It 
seems wise to encourage the development of rapid strain-typing 
systems (such as emm-typing and multi-locus genotyping meth-
ods44) for use in clinical diagnosis, where they can provide signifi-
cant predictive power and aid in immediately relevant decisions 
(such as choice of antibiotics and analysis of the risk of trans-
mission and invasive disease). It would be counterproductive to 
abandon them simply because they are imprecise or incomplete.

Despite observed changes in the genetic background of spe-
cific serotypes (such as M1, M3 and M5, as discussed here), these 
same types are consistently associated with outbreaks and severe 
invasive disease. The fluctuating dominance and precise clini-
cal correlates of these strains are certainly affected by mutation, 

group B streptococci) may express this phenotype due to the 
acquisition of a large fragment of group B genomic sequence.20,34,37

Host factors certainly contribute greatly to GAS virulence 
and clinical outcome, adding significant complexity to any effort 
to deconvolute the source of differential presentation. The best-
characterized host factor is probably that of infection by Varicella 
Zoster Virus (VZV or human herpesvirus 3).70,71 Recent VZV 
infection increases the risk of invasive GAS by a factor of 58.71 
Other factors, such as cytokine response patterns and the pres-
ence of antistrep or antitoxin antibodies, likely also play a role.70 
Past infection and the presence of type-specific antibodies to a 
specific strain greatly limit the severity and potential invasivity of 
future colonization by the same strain.

Environmental factors (such as poverty and crowding) may 
also play a role—one study noted that American Indians in 
Arizona suffered 10 times the rate of invasive GAS disease than 
other residents,35 while another noted that ARF has persisted 
in low-income black and Hispanic communities in the United 
States during times when it was very rare in other populations.18 
The high rates of ARF in undeveloped aboriginal communities 
also suggest a strong environmental component.30 Differences in 
host response to superantigens may also play a role in severity of 
symptoms.1,20 Investigation of host-specific factors led to the dis-
covery that specific HLA alleles are involved in the development 
of streptococcal toxic shock syndrome20 and ARF,18 suggesting 
that direct prediction of specific case outcomes might require 
analysis of not only the complete genome of the infecting GAS 
strain, but also analysis of the host genome.

GAS Evolution

Mobile phages and phage-like elements encoding virulence fac-
tors and antibiotic resistance elements account for the majority 
of variation in gene content between M types and almost all of 
the variability within M types.4,12-14,20,72 The genes mobilized by 
these elements include pyrogenic superantigens (speA and speC), 
DNases, phospholipase A2 (similar to snake venom toxin), mefA 
(a macrolide efflux factor) and many others.4,12,48 Many of these 
have been associated with specific phenotypes, but none have 
proven to be solely responsible for, or uniquely associated with, 
specific symptoms, sequelae or outcomes.10,12 It is possible that 
these virulence factors act in groups to produce specific effects 
on hosts and their effects may be modulated by the M protein 
with which they are associated, as the M protein is clearly a criti-
cal virulence factor itself.16,18 Strains causing particularly virulent 
outbreaks often display unique combinations or physical organi-
zations of prophages and associated virulence factors. While spe-
cific phage-associated virulence factors are not always associated 
with invasivity, the total number of these factors may be related 
to invasive potential.48 The phage-associated virulence factor con-
tent and organization of specific M types, like M3, have evolved 
actively since the advent of GAS surveillance and collection,12 yet 
the most important type-specific correlations (such as the corre-
lation between M3 and invasivity/fatality) have remained intact.

Phage-associated virulence factors may play a role in pathoge-
nicity, but that role appears to be secondary to that of either the 
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with at least one fatal case of invasive disease. The US strain, in 
contrast to the European strain, was macrolide-sensitive. This is 
a common theme—strain turnover events appear to be driven by 
global factors such as herd immunity and variable resistance ele-
ments and phage-mobilized virulence factors are carried along by 
genetic hitchhiking in cases where they are linked with a favored 
(or disfavored) M type. This dynamic suggests that, while atten-
tion should be paid to the rates and distributions of antibiotic 
resistance elements, efforts to explain their distributions on the 
basis of local antibiotic use must take into account M type dis-
tributions on larger geographic scales. Epidemiologists should 
recognize the convincing evidence that large-scale strain turn-
overs are primarily driven by type-specific selection (such as herd 
immunity) rather than by the presence or absence of resistance. 
It seems likely, however, that local antibiotic use in the regions 
where epidemic clones originate do directly influence the antibi-
otic resistance levels exhibited by emerging strains.

Horizontal transfer and recombination driven by phages 
are driving forces of GAS evolution.4,13 These processes alter 
the association between M alleles and other virulence factors, 
generating intra-serotype diversity. Hence, all members of any 
given M type are not genetically identical, nor do they neces-
sarily share all phenotypic traits.13 As the authors of one paper 
note, “…insufficient information is available to estimate the rate 
at which such recombination events occur in nature. A high rate 
in evolutionary terms could nevertheless be sufficiently low to 
allow the M type to provide a useful marker over relatively short 
periods.”13 While this may or may not be true with respect to 
antibiotic resistance, which clearly derives from proteins other 
than M, plenty of data exists to support the geographically broad 
and temporally stable associations between specific M types and 
specific clinical outcomes. This may be the result of genomic 
stability over the studied time frames, or it may be the result 
of serotype-specific clinical properties deriving directly from the 
M protein. In situations where it becomes necessary to distin-
guish strains of any given M type, multi-locus sequence typing 
(MLST) can reliably provide higher resolution4 with a corre-
sponding increase in typing effort (MLST requires sequencing 
seven housekeeping gene segments, for example).75 MLST types 
have been carefully validated, shown to present stable associa-
tions with M types over the span of decades and across multiple 
continents and MLST types are defined in a curated online data-
base with descriptions of standardized techniques for data collec-
tion and analysis.36,75

The Past, Present and Future of GAS Typing  
and Molecular Epidemiology

Some GAS experts have suggested that the widespread use of  
M typing for GAS strain discrimination led to the incorrect 
notion that shared serotype was indicative of identical geno-
type, and hence phenotype.72,76 The discovery that serotypes 
may include multiple genetically and phenotypically divergent 
strains does not obviate the value of M typing. To the contrary—
despite great effort, we have yet to find other loci that offer as 
much discriminatory power as does M, and no other virulence 

horizontal gene transfer and changes in herd immunity among 
their human hosts, but the key virulence features that set these 
strains apart from other serotypes has remained the same over 
the course of several decades. Among all the diverse factors that 
contribute to the virulence of GAS, M protein is one of the most 
important and certainly the best characterized and understood. 
In the absence of whole-genome sequencing in a diagnostic set-
ting (and the ability to fully interpret the resulting data in a clini-
cally relevant manner), M typing offers a very attractive level 
of predictive power for clinical outcome, public health risk and 
antibiotic resistance. As a primary virulence factor contributing 
to superantigenic and rheumatogenic properties, it also provides 
direct predictive power for specific aspects of virulence.

Population Biology and Dynamic Epidemiology  
of GAS

As an obligate human pathogen, the population dynamics of 
GAS are subject to the primary influences of both type-specific 
immunity (from either past exposure or vaccination) and inter-
ventions such as antibiotic treatment.4 Because the M protein is 
the primary target of type-specific human immunity and because 
GAS is a human pathogen, GAS strain distributions are likely 
forged by processes of herd immunity affecting specific serotypes 
and resulting strain replacements (as discussed in the section  
“M protein as a virulence factor”).4,21 Specific strains are favored 
if the population has low specific immunity to those strains 
(by nature of their recent rarity), and those strains can spread 
and replace previously dominant strains. Increasing dominance 
increases the rate of specific immunity in the host population, in 
turn favoring other strains. This process is cyclic, and favors the 
maintenance of a broad variety of diverse serotypes. It is quite 
easy to mistake the dynamic strain turnovers driven by herd 
immunity for selection events driven by other processes.

In 2002–2004 (and earlier and more transiently in 1999–
2000), M75 became dominant across the US among isolates 
collected from military recruits with pharyngitis.21,74 In 2004–
2007, the same serotype emerged and became quite dominant 
in Finland, as seen in studies of invasive GAS isolates.22 Isolates 
from the US were resistant to macrolides,21 while isolates from 
Finland were sensitive.22 Resistant M75 was also observed in 
Spain.53 In the US, macrolide resistant M75 became dominant 
at approximately the same time at multiple geographically dis-
tant recruit training centers.21 Some of these sites actively used 
macrolides for prophylaxis and/or treatment of GAS in penicil-
lin-allergic recruits, while others did not use macrolides.21,44 The 
observed pattern of temporally correlated increases in dominance 
of a specific strain, regardless of antibiotic use or antibiotic resis-
tance, suggests that the rise of M75 represented a strain turnover 
event driven by low herd immunity to a specific serotype, rather 
than by antibiotic use or resistance factors.

An invasive macrolide- and tetracycline-resistant strain of 
M77 was observed in Italy and Norway in the 1990s and early 
2000s, representing a high proportion of isolates from invasive 
cases.56 The same M type was observed in the US in the late 90s,74 
and later in the following decade21,44 when it was also associated 
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trans). Phage mobility and other factors lead to significant strain 
diversity within serotypes.12-14,72 All these factors make direct 
and unambiguous prediction of phenotype from genetic analy-
sis essentially impossible. That leaves us with indirect (or par-
tially indirect) strain identifiers, and M is the best marker we 
have (in three distinct ways—it is the most diverse single-locus 
strain marker, it contributes directly to important phenotypes 
like rheumatogenicity, and it has the richest history of correla-
tive data supporting inference of M-independent phenotypes 
like antibiotic resistance). The medical community should be 
aware of the predictive potential of rapid strain typing, but also 
of the imperfect and sometimes ambiguous nature of phenotype 
inference from marker genotypes. Furthermore, they should be 
aware of the critical role that reference lab surveillance plays in 
maintaining and improving our knowledge of the temporally 
and geographically varying relationships between M type and 
phenotype, and the critical role medical providers play in that 
process through reporting of severe illness and the contribution 
of associated samples, isolates and antibiotic efficacy data to sur-
veillance agencies.

factors appear to contribute as directly to measureable pheno-
types such as invasivity and rheumatogenicity. The associations 
between these traits and specific M types have remained stable 
over half a century and are likely derived at least in part from 
M protein itself. Efforts to identify specific clones of particularly 
virulent serotypes such as M1, M3 and M28 have ultimately led 
to the conclusion that, while there are multiple genetically diverse 
strains of these M types in circulation, none of them can be con-
vincingly proven to be more closely associated with severe disease 
than others.23

Traits unrelated to the M protein, including some antibiotic 
resistance phenotypes, are correlated with M type, at least over 
time periods of a decade or more within continental geographic 
scales.21,36,44,55,56 M type can provide a rapid and widely acces-
sible method for indirectly (and admittedly, partially) predicting 
outcome, optimizing antibiotic therapy and estimating public 
health risk. While M itself contributes to some of these pheno-
types, the other genetic elements responsible for virulence and 
resistance are numerous, diverse and affected by each other, by 
host factors, and by variable regulatory elements (both cis and 
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