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Serotype M1 group A Streptococcus strains cause epidemic waves of human infections long
thought to be mono- or pauciclonal. The gene encoding an extracellular group A Streptococcus
protein (streptococcal inhibitor of complement) that inhibits human complement was sequenced in 1,132 M1 strains recovered from population-based surveillance of infections in
Canada, Finland and the United States. Epidemic waves are composed of strains expressing a remarkably heterogeneous array of variants of streptococcal inhibitor of complement that arise
very rapidly by natural selection on mucosal surfaces. Thus, our results enhance the understanding of pathogen population dynamics in epidemic waves and infectious disease reemergence.

Many infectious diseases suddenly increase in frequency and
severity, a state known as an epidemic, outbreak or emergence1.
However, knowledge of the microbial and host molecular factors
that contribute to the development and perpetuation of epidemics is limited. Molecular analyses2–7 have led to the prevailing
view that most epidemics are caused by a pathogen genotype
with special fitness properties.
Group A streptococci (GAS) are human-adapted bacteria that
infect the upper respiratory tract and inflame the tonsils and
pharynx (‘strep throat’). GAS are also important causes of severe
invasive infections, and are responsible for post-infection sequelae such as rheumatic heart disease and glomerulonephritis. GAS
are divided into serologic subtypes on the basis of M protein, a
highly polymorphic surface molecule that contributes to virulence through its antiphagocytic function8. Although more than
100 M protein serotypes have been identified, GAS expressing
relatively few are responsible for a disproportionate number of
invasive infections9. Serotype M1 organisms that produce streptococcal pyrogenic exotoxin A (scarlet fever toxin, a superantigen) are the most frequent cause of invasive episodes on several
continents9. Epidemics of M1 invasive infections occur that develop precipitously and usually last 1–3 years9–11. Assessment of
genetic variation in M1 organisms has failed to identify substantial genomic diversity9–13, indicating that waves of M1 infections,
like those caused by other bacteria, are mono- or pauciclonal9–13.
Streptococcal inhibitor of complement (Sic) is an extracellular
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protein that inhibits the normal host-protective cytolytic function of the complement cascade in vitro14. The exact mechanism
of inhibition has not been completely elucidated, but Sic is incorporated into the complement membrane-attack complex
(C5b–C9) responsible for target killing. Sic is one of a heterogeneous array of unrelated proteins produced by diverse pathogens
that inhibit the human complement system and presumably
promote survival of the infecting organism15. Unexpectedly, preliminary analysis of variation in the sic gene in M1 GAS strains
identified a level of polymorphism far exceeding that of other
genes in these organisms and demonstrated that natural selection has contributed to Sic variation16,17. Moreover, the level of
Sic variation was unprecedented for any bacterial gene comparatively sequenced in organisms that are very closely allied in
chromosomal character. Study of very few strains recovered from
two consecutive M1 epidemics in the former East Germany
found that each epidemic wave was composed of many new Sic
variants16. Thus, our goal was to evaluate Sic variation in M1 epidemic waves by analyzing organisms obtained in comprehensive, population-based surveillance of invasive disease in
widespread localities11,18,19.
Hypervariation in Sic in invasive isolates
We sequenced the sic gene in 892 isolates from Finland; Ontario,
Canada; and four sites in the United States (Table). We identified
a total of 162 sic alleles (sequence types) that would encode 158
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Sic variants. This variation
Table Serotype M1 group A Streptococcus isolates (n = 1,132) analyzed from prospective,
was caused by in-frame inserpopulation-based surveillance studies
tions and deletions and by
nonsynonymous nucleotide
Number of
Number of
Population (in millions)a
Yearsb
M1 isolates
Sic variants
substitutions (those resulting Locality
in amino-acid replacements). Finland
Nationwide (5.1)
1988–1998
524
92
Compilation of sic sequence
Sterile Site
284
59
data generated here and in
Pharyngitis
240
58
previous studies16 identified
Canada
Ontario province (9.0)
1992–1998
349
68
236 sic alleles encoding 230
1994–1998
259
78
Sic variants. Most nucleotide United States
Georgia
1994–1996, 8-county metro Atlanta area (2.7)
1994–1998
47
18
changes (77 of 86; 90%) oc1997–1998, 20-county metro Atlanta area (3.5)
curred in the first or second
Connecticut
Statewide (3.3)
1995–1998
87
36
codon position and proMinnesota
Several-county Minneapolis/St. Paul area (2.5)
1995–1998
80
21
duced amino-acid replaceCalifornia
3-county San Francisco area (2.9)
1994–1998
45
23
ments. This result permits us a
Based on 1990s census data. bIncludes through August 1998 for Finland, November 1998 for Ontario and April 1998 for the United
to reject the null hypothesis States.
of selective neutrality (P <
0.01). Moreover, 65 of 77
amino acid changes (84%) were radical replacements20. (Because one sic allele)(refs. 21–24) with respect to their expected frealmost all sic alleles encode distinct Sic protein variants, we use quency of occurrence under evolutionary neutrality (Fig. 2b).
‘variant’ interchangeably to refer to sic genes and Sic proteins).
The molecular data indicate that new Sic variants are selected
very rapidly in the course of epidemic waves.
Sic variation in individual localities
The identification of extensive Sic variation ruled out the pre- Analysis of other variable chromosomal loci
vailing idea that the epidemic waves of invasive infections repre- If the hypothesis of rapid Sic selection is correct, then we anticisented spread of one or a few related clones9,12,13. Finland had pate a relative lack of variation in other genetic markers, because
peaks of M1 invasive disease in 1989–1990 (n = 78 cases) and sufficient time would not elapse to permit accumulation of
1995–1997 (n = 156 cases). Each epidemic wave was composed of changes at the other loci. The failure to identify allelic variation
an extremely heterogeneous array of Sic variants, and only seven in ten other genes (including eight genes encoding virulence facvariants were shared between the two epidemics (Table). In tors) in M1 strains supports this9,12,16,17. We next studied variation
1989–1990, there were prominent changes in the frequency of in two types of genetic marker systems that generally accumulate
occurrence of Sic1.01, 1.02, and 1.121 (Fig. 1a). Similarly, the polymorphisms faster than simple nucleotide substitutions. We
frequency of infections caused by strains with Sic1.102 increased found no significant differences over time in the restriction fragsignificantly between 1995 and 1997 (χ2 = 5.66; P = 0.017).
ment length polymorphism profile of insertion element IS1548
In Ontario, strains expressing M1 protein increased in the or direct repeat subtype17 (data not shown).
early 1990s and have been abundant since then. As in Finland,
many (n = 68) Sic variants were identified, and only seven vari- Lack of M1 protein variation
ants were shared between the 1994 and 1998 isolates. The fre- M1 protein variants differing by single amino-acid replacements
quency of occurrence of two of the four more abundant Sic in the hypervariable amino terminus are thought to be escape
variants (Sic1.01 and Sic1.135) changed considerably during the mutants that arise by host antibody selection9,12,17,25. In addition,
study period (Fig. 1b). The commonalities in Finland
and Ontario were confirmed in the United States
(Table; Fig. 1c and d).

Fig. 1 Frequency distribution of abundant Sic variants over time
in four study localities. a, Finland, 1989–1990 and 1995–1997;
the years 1991–1994 are excluded because M1 GAS rarely
caused invasive episodes in that period. Green, all Sic variants
with a signal sequence amino-acid replacement (Asp5Ile)
also found in Sic1.102 but never detected in areas outside of
Finland. b, Ontario, 1994–1998. c, Connecticut, 1995–1997.
d, Minnesota, 1995–1997. Only Sic1.01 is abundant in all areas.
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Sic evolution
The sic data indicated that most variants could be
linked to each other by one or very few molecular
changes. All evolutionary trees generated from the entire sic data set and for each locality had a star-like
topology characteristic of a population with rapidly
generated variants (Fig. 2a). There was a considerable
excess of singleton changes (alterations present in only
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human opsonic antibody may be strain-specific rather than M
type-specific26. Thus, variation in the amino terminus of M1
protein perhaps mediated or contributed to the change in frequency of GAS invasive episodes. However, sequence analysis
of the variable part of the gene encoding the M1 protein
(emm1) in a random sample of 492 strains (94%) of the invasive
and pharyngitis isolates from Finland, and 213 isolates from
Ontario and the United States found that 97% had allele
emm1.0.
Sequence variation that results in changes in opsonic epitopes also has been identified in other regions of the M protein12,25,27–30. In addition, some amino-acid replacements in
non-amino-terminal regions of the M1 protein correlate with
altered opsonophagocytosis30, indicating that structural
changes in non-amino-terminus regions may allow the organ-

a

b

Count of the less frequent variant

only one sic allele and 25% were present in two alleles. The comparison
of the observed and expected frequency of occurrence in a neutral
Wright-Fisher model23,24 indicates a great excess of variant sites present in
only a few alleles.

ism to escape acquired host defenses and thereby participate in
the epidemic waves. We sequenced nucleotides 394–1,188 of
the emm1 gene25 in 55 strains representing each locality, but
only one new emm1 allele was identified, a result ruling out
this idea.
Sic variation among pharyngitis isolates
Rapid selection of Sic variants could occur on mucosal surfaces
or in a normally sterile site after the mucosal barrier was
breached. If selection occurred on mucosal surfaces, then many
Sic variants would be expected among M1 isolates recovered
from patients with pharyngitis. Alternatively, if selection happened only or mainly after the organism penetrated into a sterile site, relatively few Sic variants would be expected among
mucosal isolates. We identified 58 Sic variants in 240 random
M1 isolates recovered from patients in Finland with pharyngitis. The ratio of distinct Sic variants to strains studied was almost identical for the pharyngitis and invasive M1 isolates
(Table). Notwithstanding the possibility that limited selection
may have occurred in sterile sites, the data strongly indicated
that most or all selection occurred on the mucosal surface. This
observation is consistent with the failure to identify Sic variants
after intraperitoneal passage in mice16.
Selection of Sic variants on the mucosal surface
To test the hypothesis that variants could be selected on mammalian mucosal surfaces, we studied the sic gene in GAS cultured sequentially from the throats of eight CD-1 outbred mice

b

c
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Fig. 2 a, Evolutionary tree for sic alleles
in a representative local area. This unrooted parsimony21,22 tree is for sic alleles
identified in the Ontario sample in 1996.
Branch lengths are not proportional to the
numbers of differences between alleles.
The number at the end of each branch is
the arbitrary sic allele designation; italicized numbers indicate the number of
molecular differences for each branch.
b, Observed () and expected () frequency distribution of molecular changes
and deviation from neutral expectation.
The graph is based on the 15 sic alleles
identified in the 47 strains found in the
1996 Ontario sample. Horizontal axis, possible counts of the less-frequent variant of a nucleotide polymorphism in a sample size of n = 47;
vertical axis, expected and observed frequency of occurrence of the variants: 75% of the total number of nucleotide changes were observed in

Sic protein (µM)
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Fig. 3 Inhibition of complement-mediated target cell lysis by Sic variants.
a, The four Sic variants used in the inhibition studies. Sic1.01 and Sic1.120
are variants identified among human GAS isolates. Variants C1 and C21
were identified after mouse throat passage of MGAS5005 expressing variant Sic1.01. SS, signal sequence; SRR, short repeat region; R1, R2 and R3,
repeat regions. The single-letter amino-acid code is used. b, SDS–PAGE and
Coomassie blue (top) and western blot analysis (bottom) of the four purified Sic variants. The amino-terminal sequence for each purified protein was
ETYTSRNFDW, the correct Sic sequence. Hyperimmune rabbit antisera
raised against purified Sic1.01 was used for western blot analysis. Lane 1,
Sic1.01; lane 2, Sic1.120; lane 3, C1; lane 4, C21. c, Inhibition of complement lysis by the Sic variants. The four Sic variants were purified to apparent
homogeneity and tested for inhibition of complement-mediated red blood
cell lysis. There was no substantial difference in the four Sic variants in complement lysis-inhibiting ability.
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Fig. 4 Sic variants identified among associated isolates. All five events
identified with isolates expressing distinct Sic variants involved Sic1.01.
Two events had Sic1.01 and Sic1.50, and one event each had Sic1.01 and
Sic1.04 or Sic1.64. The polymorphisms shown in the Sic1.01 variant are
relative to the Sic variant originally described14. Sic1.04, Sic1.50 and
Sic1.64 are identical to Sic1.01 except for the polymorphisms shown. The
single-letter amino acid code is used. SRR, short repeat region; R1, R2 and
R3, repeat regions; AA, amino acid.

persistently colonized with MGAS 5005 expressing Sic1.01.
During the 80 days of the experiment, we analyzed 296 colonies
by PCR for size variation in the sic gene. In the first 45 days, we
assessed 198 colonies; only two had a sic PCR product that differed in size from the expected approximately 1-kb fragment.
One colony had an additional R2 insert and one had two additional R2 inserts. PCR analysis showed that 73 of 98 colonies
(74%) obtained from four of the five colonized mice on day 54
had sic size variants. Next, we sequenced sic genes from 20
colonies selected to represent the breadth of size variation and
from all four colonized animals. Size variation was due to insertions in the R2 region that involved addition of the R2 repeat.
Most colonies had sic with two or three additional R2 repeats,
but some colonies had as many as ten additional R2 repeats
(data not shown).
To test the hypothesis that the interaction of host and
pathogen contributed to the high frequency of Sic size variation observed in the model, we analyzed by PCR 596 colonies
grown in vitro. Only one colony had a variant sic PCR product.
There was a highly significant (χ2 = 488; P < 0.0001) difference
in the proportion of colonies with Sic size variation between
the GAS grown in vitro and those recovered after 54 days of
mammalian mucosal colonization.
Inhibition of complement by Sic variants
The identification of organisms expressing Sic structural variants in the throats of persistently colonized mice indicated
that these isolates successfully survived host defenses operative in that niche; thus, the Sic variants produced by the surviving organisms should be competent inhibitors of
complement-mediated cell lysis. We purified two of the Sic
variants (called C1 and C21; Fig. 3) recovered from colonized
mice and compared their ability to inhibit lysis of sensitized
red blood cells14 with that of Sic1.01 and Sic1.120. Sic1.01 is
made by the strain used to initially colonize the mice and has
one R2 insert. Sic1.120 is made by a strain that caused human
invasive disease and has three R2 inserts. The two Sic variants
made by the strains that successfully competed against host
defenses inhibited complement as well as the Sic1.01 and
Sic1.120 variants (Fig. 3).
Sic variation in epidemiologically related episodes
Because all evidence indicated rapid selection was involved in
producing new Sic variants, we considered that it might be possible to identify Sic variation in epidemiologically associated
strains. We therefore sequenced sic in 170 M1 strains cultured
from individuals known through intensive investigation to be
linked in short time periods in 43 associated events. Of the 43
distinct situations studied, five had M1 isolates with different Sic
variants. These epidemiologically related variants always differed from one another by only one molecular event such as an
insertion, deletion or single-nucleotide change resulting in an
amino-acid replacement (Fig. 4).
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Discussion
The ecological and biomedical factors underlying microbial epidemic waves have generally been studied with data obtained
from relatively few strains thought to be representative of all organisms causing infection in the period investigated. These
studies have led to the conventional wisdom that most microbial epidemic waves are caused by clones having little or no genetic variation, although RNA viruses with unusually high
mutation rates1–7,31–33 are important exceptions. However, M1
GAS epidemic waves clearly are composed of a highly polymorphic array of subclones defined by distinct Sic variants that arise
by natural selection on mucosal surfaces. Although many
pathogen and host factors contribute to GAS epidemic waves,
our data favor a general model in which selection of new Sic
structural variants on mucosal surfaces generates a very large
‘pool’ of subclones in the course of epidemic waves. This process
may help to sustain and enlarge the epidemic waves and contribute to M1 GAS emergence and reemergence.
We recovered Sic size variants with significantly increased
frequency after approximately 5–6 weeks of mouse throat colonization, a time frame indicating that acquired immunity
was involved. All size variants had gained one or more R2 repeat units, a type of variation that was also abundantly represented among human invasive infections and pharyngitis. The
data indicate that host antibody is involved in rapid Sic diversification on mucosal surfaces, and provide a plausible explanation for their rapid appearance and abundance in humans.
Implicit in this model is the idea that the infected host makes
antibody against polymorphic regions of Sic. Preliminary
study of the serological response in humans and mice infected
with M1 strains indicates that this is the case (N.P.H. et al., unpublished data).
Variation in M1 protein structure does not contribute to
changes in the frequency of invasive disease or pharyngitis. This
failure is perplexing, given that almost all nucleotide substitutions in emm1 result in amino-acid replacements12,13,17,25, which
indicates that natural selection is also operative.
Notwithstanding structural constraints, the simplest interpretation is that natural selection contributes to the diversification of
both Sic and M1, but that the selective pressure to vary Sic exceeds the pressure to alter M1 protein. The findings emphasize
the need for renewed examination and delineation of the pertinent selective forces that function on human mucosal surfaces.
In addition, it will also be essential for future studies to deter927
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mine if Sic variation enhances the relative fitness of M1 GAS, or
otherwise alters the character of host-pathogen interaction.
Our demonstration of profound variation in an extracellular
bacterial protein that arises very rapidly by natural selection may
be relevant to other pathogens causing epidemic waves thought
to be mono- or pauciclonal. Identification of the host forces responsible for rapid selection will contribute new understanding
of pathogen epidemics and may provide new strategies to predict and prevent pathogen reemergence.
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Methods
Bacterial strains. Serotype M1 GAS strains cultured from patients (n =
892) with invasive disease episodes in Finland; Ontario, Canada; and four
United States sites were studied (Table). The strains were recovered from
prospective, population-based surveillance of invasive GAS disease and
represent almost all M1 infections in the times studied11,18,19,34. Invasive disease was defined broadly as infection of any normally sterile body site,
generally blood. M1 isolates (n = 240) randomly selected from strains
causing pharyngitis in Finland in 1992–1997 and collected partly in a population-based countrywide surveillance in 1994–1997 were also studied.
Because M1 pharyngitis cases far exceed the number of invasive episodes,
the isolates are not a comprehensive collection, but instead represent the
pharyngitis cases occurring in Finland in the same time period as the invasive organisms analyzed. GAS strains were identified as M1 either by conventional serologic techniques or by genotypic methods11,18,19,34.
Molecular strain characterization. The sic and emm1 gene sequencing,
and IS1548 profiling and PCR and sequence analysis of the direct repeat region were done as described12,16,17,25.
Variation in sic during laboratory and mouse strain passage. Adult CD1 outbred mice were inoculated intranasally with 3.1 × 107 colony-forming
units of an arbitrarily chosen M1 strain (MGAS 5005) expressing Sic variant
1.01. This variant was selected for analysis because it is one of the more
abundant Sic proteins identified in all localities studied. Bacteria were
grown overnight in Todd-Hewitt broth, collected by centrifugation, and
washed once with sterile ice-cold, pyrogen-free PBS. The absorbance at
600 nm was measured and the culture volume was adjusted to give the required inoculum in a 0.05-ml volume. The number of colony-forming units
in the inoculum were verified by colony counts on tryptose agar plates
containing 5% sheep blood (Becton Dickinson, San Jose, California).
Mouse nasopharynges were swabbed periodically and blood agar plates
were inoculated and cultured overnight at 37 °C in an atmosphere supplemented with 5% CO2.
Purification of Sic protein and complement inhibition studies. Sic was
purified from culture supernatants of GAS grown in Todd-Hewitt broth
supplemented with 0.2% yeast extract (THY medium). Bacteria were
grown overnight at 37 °C in 300 ml of THY medium, the culture supernatant was decanted, and 60 ml of fresh THY medium was added.
Aliquots (10 ml) were used to inoculate six 1-liter vessels with THY
medium, which were then incubated at 37 °C until the absorbance at 600
nm reached 0.9–1.0. The bacteria were removed by centrifugation and
the ‘pooled’ supernatant was filter sterilized. The supernatant was concentrated to 400–500 ml with a 10-kDa spiral ultrafiltration cartridge
(Amicon, Houston, Texas). Ammonium sulfate was added to 20% saturation and the solution was stirred for 15 min at 4 °C. The precipitate was
collected by centrifugation, dissolved in 20 ml 20 mM Tris-HCl, pH 7.0
(buffer A) at 4 °C, and dialyzed overnight at 4 °C against buffer A. The dialyzed material was loaded onto a DEAE–Sepharose Fast Flow column (1.5
cm × 10 cm) equilibrated with 50 mM NaCl. The column was washed
with 30 ml of 50 mM NaCl and 50 ml of 200 mM NaCl. The Sic protein
was eluted with 80 ml of 300 mM, 400 mM or 500 mM NaCl, depending
on the Sic variant being purified. Fractions (6 ml) containing the Sic protein were identified by SDS–PAGE. The protein was more than 98% pure,
as assessed by SDS-PAGE and Coomassie blue staining. Amino-terminal
sequencing confirmed the presence of the Sic protein. Electrospray mass
spectroscopy analysis with a VG (Micromass, Weston, Bath, UK) Quattro
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tandem quadrupole mass spectrometer of QhQ geometry confirmed that
the entire Sic protein had been purified.
Inhibition of complement-mediated lysis of sensitized erythrocytes was
assayed in a microtiter format with Low-Tox Guinea-Pig Complement
(Cedarlane Laboratories, Hornby, Ontario, Canada) and sheep erythrocytes sensitized with hemolysin (BioWhittaker, Walkersville, Maryland).
Purified Sic was serially diluted in IX veronal buffer (BioWhittaker,
Walkersville, Maryland) with 0.1% gelatin (weight/volume) and incubated for 30 min at 37 °C with the amount of complement activity required to lyse 30% of the erythrocytes. Sensitized erythrocytes (1.6 × 106)
were then added to each well of a 96-well microtiter plate. The plate was
incubated for 20 min at 37 ºC and centrifuged at 298g for 5 min at 4 ºC.
Aliquots (50 µl) of the supernatants were transferred to a new plate, and
the absorbance was measured at 415 nm with a Spectramax PLUS instrument (Molecular Devices, Sunnyvale, California).
Phylogenetic and statistical analyses. Unrooted evolutionary trees were
reconstructed with the maximum parsimony method using sic nucleotide
sequences21–24. The trees obtained are unrooted because the ancestral sequence of the sample is not known. Insertions and deletions were weighted
equally as nucleotide substitutions. All statistical tests for significance used
chi square analysis and Bonferroni correction for multiple comparisions
when appropriate.
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