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The M-protein genes (emm genes) of 103 separate impetiginous Streptococcus pyogenes isolates were se-
quenced and the sequence types were compared to the types obtained by Vir typing. Vir typing is based on
restriction fragment length polymorphism (RFLP) analysis of a 4- to 7-kb pathogenicity island encoding emm
and other virulence genes. By using both HaeIII and HinfI to generate RFLP profiles, complete concordance
between Vir type and emm sequence type was found. Comparison of the emm sequences with those in GenBank
revealed new sequence types sharing less than 90% identity with known types. Diversity in the emm sequence
was generated by corrected frameshift mutations, point mutations, and small in-frame mutations.

Infections caused by group A streptococci (GAS) lead to a
spectrum of disease (4, 5) ranging from relatively benign con-
ditions such as impetigo to more severe invasive diseases and
serious nonsuppurative sequelae: acute poststreptococcal glo-
merulonephritis (APSGN) and acute rheumatic fever (ARF).
Despite the recent reemergence of severe invasive diseases in
North America and Europe, sequelae following streptococcal
infection are now comparatively rare in much of the developed
world. Nevertheless, both APSGN and ARF still cause signif-
icant morbidity and mortality within the Aboriginal population
of northern Australia (6, 24, 36).

Because a significant proportion of isolates of GAS from the
Northern Territory are nontypeable by serology, a molecular
method called Vir typing (9) was developed. This method is
based on the restriction fragment length polymorphisms
(RFLPs) of a long PCR product of the Vir regulon of GAS
encoding the M-protein family of genes and other virulence
factors. More than 400 GAS isolates from skin sores of Aus-
tralian Aboriginal children have been genotyped by this
method, yielding 43 distinct RFLP patterns or Vir types (VTs)
(11, 12). A further 193 isolates from four communities involved
in a widespread outbreak of APSGN produced 17 distinct VTs
(13). However, for a small minority of VTs, the HaeIII restric-
tion profiles were found to be uninformative, yielding only a
single RFLP fragment in addition to the RFLP fragments
which were common to the majority of VTs. In order to de-
termine if these VTs could be subdivided, a second restriction
enzyme, HinfI, was used in this study.

Selected VTs were also subjected to sequence analysis of the
hypervariable region of the emm gene in order to determine if
the diversity observed in the VT patterns of these isolates was
due to architectural diversity of the regulon or to variation in
emm. Other studies have focused on the sequencing of refer-
ence M types (1, 2, 38, 39) which are collections of isolates
predominantly from North America and Europe. Unique se-
quence types (STs) from M-nontypeable (MNT) isolates that
are related to reference STs have also been described (18,
29–31). In this study, we examined isolates collected over the

past 6 years from the skin of individuals in a small but wide-
spread population from the Northern Territory of Australia.
The nucleotide sequences of the hypervariable region of a
number of emm genes divided the isolates into four categories:
(i) isolates with 99 to 100% identity with reference types
(group I), variants of reported reference types (group II), iso-
lates with 100% identity with emm sequence types previously
reported from among MNT isolates from this region (29, 31)
(group III), and isolates with 70 to 90% identity with previously
reported emm STs (group IV). For the isolates in this last
group, there was sufficient divergence from previously reported
emm STs for them to be considered new STs. Point mutations,
corrected frameshift mutations, and short in-frame mutations
accounted for the majority of the changes in the hypervariable
regions of these new STs.

MATERIALS AND METHODS

Vir typing of Streptococcus pyogenes isolates. The 103 isolates of GAS selected
for VT and emm sequence analysis were collected between 1990 and 1996 mainly
from pyoderma lesions of children (10, 13). They were processed as described
previously by the agarose microtiter tray DNA extraction procedure and long
PCR (9, 11). Cycling conditions consisted of an initial denaturation step for 30 s
at 95°C, followed by 30 cycles of 94°C for 15 s, 60°C for 60 s, and 68°C for 6 min.
Five microliters of the PCR mixture was electrophoresed on a 1% agarose gel to
determine the quality of the DNA that was amplified. Vir typing was conducted
by digesting approximately 0.5 mg of PCR product (from 8 to 25 ml) with 2 U of
HaeIII or 2 U of HinfI (Pharmacia).

Vir typing with HaeIII results in very distinct RFLP profiles for the majority of
isolates. Certain HaeIII RFLP patterns were thought to possess a lower infor-
mation content due to the presence of only a single RFLP fragment, in addition
to the RFLP fragments which were common to the majority of VTs. Because it
generates a considerable number of bands, HinfI was then used to determine if
the designation obtained by typing with HaeIII could be further subdivided.
Previous studies have shown that HinfI digestion, in addition to HaeIII digestion,
of the Vir regulon is as discriminatory as multilocus enzyme electrophoresis with
20 alloenzymes in distinguishing strains of GAS (12).

emm sequence analysis. The template DNA used to determine the hypervari-
able region of emm was either the PCR product from Vir typing as described
above or an emm-specific amplification product (18, 28). PCR primers were
removed by isopropanol precipitation before cycle sequencing with pF (28). To
ensure that there was no sampling bias, the isolates of each VT used for se-
quencing were chosen, whenever possible, from different communities at differ-
ent time points over the period of the study. Between 2 and 11 isolates of each
VT were sequenced.

Sequences were examined by a suite of programs at the Australian National
Genomic Information Service. Pairwise comparison of the nucleotide identities
for the first 90 to 189 bases of the hypervariable region was conducted after the
conserved leader sequence was excluded.
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Statistical analysis. The concordance of Vir typing and emm sequence typing
was determined by the use of a contingency table. For example, two isolates had
identical VTs (VT 4) and also had identical STs (NS27). What is the expected
number of such identities? To illustrate the statistical analysis, note that 103
isolates had been both Vir typed and sequenced typed. Of these, the first occur-
rence of an observed concordance between VT 4 and emm NS27 serves to
identify this pair. This reduces the observed numbers for testing the hypothesis
by one, and we calculated the expected number of excess identities (over and
above the first) as 1 3 1/102 5 0.01. For the 16 VTs with an apparently unique
ST, there were 53 excess identities compared with 3.42 excess identities expected
if the null hypothesis of no association between VT and emm ST is correct (X1
5 718.8). For some VTs (e.g., VTs 3, 7, 17, and 29), several STs were identified.
By a similar argument, as outlined above, there were 23 excess identities com-
pared to the expected excess of 0.86 (X1 5 570.0). When both of these groups
were amalgamated, there were a total of 76 excess identities, compared to the
expected excess of 4.38 (X1 5 1171.1) (P , 0.001).

Nucleotide sequence accession numbers. Ten unique emm sequences
(AF018176 to AF018185) were submitted to GenBank.

RESULTS

Improving the discriminatory power of Vir typing by HinfI
restriction. HaeIII restriction of the PCR product derived from
the amplification of the Vir regulon of GAS from impetiginous
isolates of GAS generally gives rise to between four and eight
fragments which vary in size from 200 to 4,000 bp (11). Of
these fragments, up to three (1,400, 500, and 275 bp) may
correspond to fragments common to the majority of isolates
tested. These common fragments do not contribute to the
discrimination of RFLP patterns without the presence of other
higher-molecular-mass fragments. In the case of VTs 3, 7, and
17, only one other fragment not common to the majority of
isolates was present. To improve the discrimination in such
cases, another restriction enzyme was used. HinfI could distin-
guish three subtypes of VT 3, four subtypes of VT 17, and two
subtypes of VT 7 (Fig. 1). VTs which could be split by the use
of HinfI were designated by their primary HaeIII VT type
followed by a decimal point and their HinfI RFLP type (name-
ly, VT 3.1 and VT 3.2).

As expected, for VTs which had two or more fragments
other than the common fragments, HinfI restriction did not
appear to provide any further discrimination except for VT 29,
in which two HinfI subtypes were found (VT 29.1 and VT
29.2). HinfI has been found to generate high numbers of frag-
ments (9, 12; this study) and is more useful in further discrim-
inating the RFLP patterns obtained by HaeIII digestion than
as the primary restriction enzyme in Vir typing.

5* emm sequence analysis. One hundred three isolates of
GAS of 20 VTs obtained by HaeIII digestion (not including
subtypes) were analyzed for the DNA sequence corresponding
to the hypervariable region of emm. Isolates from all the sub-
types of VTs 3, 7, 17, and 29 obtained by HinfI digestion were
also included. Twenty-seven distinct N-terminal emm STs were
found among the 20 VTs. Every VT obtained by HaeIII diges-
tion other than VTs 3, 7, 17, and 29 had a single corresponding
unique ST, whereas every subtype of VTs 3, 7, 17, and 29 had
a unique ST.

The concordance between VT and emm ST is presented in
Table 1. There was a statistically significant concordance be-
tween VTs and STs (P , 0.0001); each VT represents at least
one distinct emm ST, and in the case of VT 3, 7, 17, and 29, the
VT represents more than one distinct emm ST. When VTs 3,
7, 17, and 29 are divided into their subtypes, there is an abso-
lute concordance between the RFLP digests of the Vir regulon
and the emm ST.

Comparison with known emm STs. Twelve of the emm se-
quences corresponded to known emm STs (group I, 99 to
100% identity) which have been characterized in North Amer-
ica and Europe (Table 2). However, in the case of the ST

emm1.4 (25), the original strains used in this study came from
either Australia or New Zealand and may represent a geo-
graphically local emm ST. Three other VTs (VTs 3.3, 10, and
40) had STs that had significant sequence homology to known
reference STs and were considered variants of these known
STs (group II). One of these variants, emm2.3 (accession no.
AF018178), has been reported previously (30). In group III,
five STs corresponded to previously characterized STs in
northern Australia. Finally, seven STs (group IV) showed only
70 to 90% identity with any previously published emm se-
quences. These STs appear to be unique to this geographic
location.

Variants of the characterized emm types. VT 3.3 repre-
sented by a variant of emm49, designated emm49.2 (accession
no. AF018176), shares 88% identity with emm49 in the first 112
bases of the hypervariable region. VT 3.3 has three point
mutations and one corrected frameshift region of 18 bases
(Fig. 2). This is expected to change six amino acid residues in
relation to the sequence of emm49 in this region. Excluding the
frameshift mutation, the level of identity of these two se-
quences increases to 95%.

In VT 10, which has 90% identity with emmL2.1 over 184
bases, there are two point mutations and two insertions (inser-
tions 15 and 9 bases) within the hypervariable region of the
emm gene (Fig. 2). In the first insertion, the nucleotide se-
quence CCCTGY has been tandemly repeated three times,
while in the second insertion the nucleotide sequence
CAAAAT has been repeated twice. In emm2.1, only two re-
peats of CCCTGY were found, and interestingly, pyrimidine

FIG. 1. Ethidium bromide-stained gel of RFLP profiles of VT 3 (lanes 1 to
3), VT 17 (lanes 4 to 7), VT 29 (lanes 8 and 9), and VT 7 (lanes 10 and 11). (A)
Undigested PCR product. (B) PCR product digested with HaeIII. (C) PCR
product digested with HinfI. Lane 1, VT 3.1; lane 2, VT 3.2; lane 3, VT 3.3; lane
4, VT 17.1; lane 5, VT 17.2; lane 6, VT 17.3; lane 7, VT 17.4; lane 8, VT 29.1; lane
9, VT 29.2; lane 10, VT 7.1; lane 11, VT 7.2; lane M, bacteriophage l DNA
digested with HindIII.
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transitions were observed in both of these repeats. Due to the
significant similarity of the majority of the nucleotide sequence
to that of emmL2.1 and to prevent confusion with the enn gene
called emmL2.2 (3), this ST has been designated emm2.3 (ac-
cession no. AF018178). emm2.3 also shares 92% identity with
the recently described ST 2967 (2).

VT 40 corresponds closely to emm19.1 with 93% identity in
the first 100 bases, with five point mutations and one deletion
of 9 bases corresponding to one tandem repeat (Fig. 2). This
sequence has been designated emm19.2 (accession no.
AF018177).

New STs. VT 5, represented by STBSB29 (accession no.
AF018177), resembled M6, but they showed 76% homology in
the hypervariable region. Most of the changes seen were due to
point mutations (45 in 150 bases), with two insertions and a
corrected frameshift. Of the 45 point mutations, 26 were trans-
versions rather than transitional changes. An excess of trans-
version point mutations was also noted for VT 11 (STDRX4;
accession no. AF018181) and VT 17.2 (STBL12; accession no.
AF018182) when the sequences of these emm STs were com-
pared to those of their closest corresponding reference type
(Table 2).

VT 6, represented by STBSB19 (accession no. AF018183),
shows 84% homology to emm13, excluding a corrected frame-
shift region spanning 45 nucleotides. STBSB19 also has a
9-base deletion and two 3-base insertions. Another large

frameshift region of 33 nucleotides was present in VT 17.4
(STDRV8; accession no. AF018180).

Two new types, STBL18 and STPK14, are part of the emm33
and emm70 family. The N-terminal emm gene sequence for
M70 was first described as a local ST, type STBSB75, by Relf
et al. (31) and was later identified by Beall and colleagues (1).
The emm70 ST shares 83% identity with emm33 (Fig. 3A), an
ST also found among our local isolates (VT 27). STBL18
(accession no. AF018184) from VT 12 has 92% identity with
emm70 and 85% identity with emm33 (Fig. 3A). The similarity,
which includes a contiguous stretch of 14 amino acids at the
N-proximal region, between the translated sequence of
STBL18 and emm70 is striking (Fig. 3B). A corrected frame-
shift spanning 9 bases is responsible for changes in 5 amino
acid residues in the sub-N-terminal region.

STPK14 (accession no. AF018185) represented by VT 29.2
(Fig. 3A) also shares identity with emm70 (73%), emm33
(83%), and STBL18 (77%); however, the translated sequence
of STPK14 differs from those of both M33 and M70 (Fig. 3B).

DISCUSSION

The discriminatory power of Vir typing with HaeIII has been
enhanced by the use of an additional restriction enzyme, HinfI.
The complete concordance between VTs and STs among these
geographically related isolates indicates that each VT profile
may represent at least one unique emm or emm ST among the
strains tested.

These findings highlight the significant diversity of strains of
GAS within the small, widespread Aboriginal communities of
northern Australia because we have found 43 VTs circulating
in the community (11, 13; this study) and a further 40 VTs in
isolates from hospitalized patients (10). The observation that
nearly one-third of Northern Territory isolates sequenced rep-
resent new STs differs considerably from a recent reports from
the United States where a significant majority of the emm STs
matched known STs (1, 2). Given the considerable diversity of
emm STs found within the Aboriginal community, which has
the highest prevalence of rheumatic heart disease reported in
the world to date (6), ARF vaccines targeted to a few selected
M types are unlikely to provide more than limited protection in
these communities unless the same epitopes are shared by
many members of an emm family.

This study supports recent conclusions by Beall and colleagues
(2) that epidemiological typing is most meaningful when it is
based upon a system reflecting M specificity. A study described in
a recent report used an emm PCR-RFLP analysis, in which only
the 1- to 2-kb emm gene is restricted with HaeIII (35). Outbreak-
related strains that were defined by serological M type were com-
pared with the emm PCR-RFLP patterns of coexistent strains of
the same serotype, and it was found that M5 could be split into
five HaeIII RFLP patterns, M76 could be split into six profiles,
and R28 could be split into four distinct profiles. Unfortunately,
sequencing of the emm gene was not done in that study, and in
our experience, serotyping may group together isolates that are
genetically distinct (12, 34). Nevertheless, emm RFLP analysis
may be useful when examining small numbers of outbreak-related
isolates in areas where strains of GAS are not endemic. In the
endemic situation in which hundreds of isolates are examined,
fragments in the range of 1 to 4 kb are helpful for discriminating
between the different RFLP patterns obtained with HaeIII and
HinfI. For these purposes, it is more convenient to analyze the
RFLP profile of a 4- to 7-kb VT PCR product than a smaller emm
PCR product.

The Vir regulon of GAS shows structural as well as sequence
heterogeneity among isolates (15, 27). In this study, isolates

TABLE 1. Concordance between VT and ST

No. of emm
STs and VT ST

No. of Vir
isolates
typed

No. of
isolates

sequenced

No. of isolates
with identical
VTs and STs
(no. of excess

identities)

Expected no.
of excess
identities

One emm ST
4 NS27 14 2 2 (1) 0.01
5 BSA29 4 2 2 (1) 0.01
6 BSB19 2 2 2 (1) 0.01
8 57 10 6 6 (5) 0.33
9 25 14 11 11 (10) 1.32
10 2.3 18 3 3 (2) 0.05
11 DRX4 11 2 2 (1) 0.01
12 BL18 11 2 2 (1) 0.01
16 1.4 15 6 6 (5) 0.33
18 55 15 6 6 (5) 0.33
19 74 9 3 3 (2) 0.05
23 NS1 11 4 4 (3) 0.12
26 PL1 10 7 7 (6) 0.47
27 33 5 3 3 (2) 0.05
39 80 9 5 5 (4) 0.21
40 19.2 7 5 5 (4) 0.21

More than one
emm ST

3.1 44/66 2 2 (1) 0.01
3.2 11 5 5 (4) 0.22
3.3 49.2 2 2 (1) 0.01
7.1 63 3 3 (2) 0.05
7.2 9 3 3 (2) 0.05
17.1 NS5 2 2 (1) 0.01
17.2 BL12 2 2 (1) 0.01
17.3 Donald 5 5 (4) 0.22
17.4 DRV8 2 2 (1) 0.01
29.1 52 5 5 (4) 0.22
29.2 PK14 3 3 (2) 0.05

Total 103 103 (76) 4.38
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were collected from impetiginous lesions, and their Vir regu-
lons did not show significant structural heterogeneity, as evi-
denced by the remarkable similarities in the sizes of the initial
PCR products when compared to the 4- to 7-kb PCR product
found when isolates of GAS from the skin and throats of
subjects in the northern hemisphere were used (9). Thus, the
heterogeneity demonstrated by Vir typing of impetiginous iso-

lates of GAS is due mainly to variations in the emm gene rather
than diversity in the architecture of the regulon. Since the same
ST has not yet been found in different VTs (this study), it is
reasonable to hypothesize that emm may be evolving faster
than other emm-like genes in our region. This may lead to the
restricted diversity of enn in comparison to that of emm, as was
observed previously (22, 40).

FIG. 2. Alignment of nucleotide sequences of VT 3.3 (accession no. AF018176) and emm49 (accession no. M31789), VT 10 (accession no. AF018178) and emmL2.1
(accession no. X56398), and VT40 (accession no. AF018177) and emm19.1 (accession no. U39838) in the region of in-frame and frameshift insertions or deletions.
Asterisks represent identity of the corresponding nucleotide, and dots represent missing nucleotides. Highlighted regions in VT 3.3 and emm49 represent the position
of the frameshift mutation, while the arrows in VT 10, VT 40, emm2.1, and emm19.1 represent tandem repeats. The numbers attached to the sequences correspond
to the position in the nucleotide sequence in GenBank.

TABLE 2. Classification of 59 emm ST found among 27 VTs and Vir subtypes

Group and VT Closest match (accession no.) % Identity
(no. of bases compared)a

New
accession no.

I
VT 3.1 emm44/61 (U11964) 100 (168)
VT 3.2 emm11 (U11938) 99 (150)
VT 7.1 emm63 (U11982) 100 (189)
VT 7.2 emm9 (U12002) 100 (147)
VT 8 emm57 (X60959) 100 (138)
VT 9 emm25 (U11952) 100 (138)
VT 16 emm1.4 (U20098) 99 (162)
VT 18 emm55 (U11973) 100 (135)
VT 19 emm74 (U11994) 99 (153)
VT 27 emm33 (U11942) 100 (144)
VT 29.1 emm52 (L27098) 100 (132)
VT 39 emm80 (L27097) 100 (135)

II
VT 3.3 emm49.2 emm49 (M31789) 88 (111) AF018176
VT 10 emm2.3 emm2.1 (X56398) 90 (184) AF018178
VT 40 emm19.2 emm19.1 (U39838) 93 (90) AF018177

III
VT 4 ST NS27 (L27094) 100 (150)
VT 17.1 ST NS5 (L27093) 100 (150)
VT 17.3 ST Donald (L05017) 100 (129)
VT 23 ST NS1 (L05022) 100 (144)
VT 26 ST PL1 (L28822) 100 (120)

IV
VT 5 (BSA29) emm6 (M11338) 76 (159) AF018179
VT 6 (BSB19) emm13 (AF025950) 84 (100) AF018183
VT 11 (DRX4) emm52 (L27098) 86 (153) AF018181
VT 12 (BL18) emm70-emm33 (L27095-U11942) 92/85 (144) AF018184
VT 17.2 (BL12) emm71 (L46652) 71 (150) AF018182
VT 17.4 (DRV8) emmPT2110 (U11957) 75 (132) AF018180
VT 29.2 (PK14) emm70-emm33 (L27095-U11942) 73/83 (102) AF018185

a Number of bases corresponding to the hypervariable region of the mature protein (i.e., conserved leader sequences were not used in the comparison).
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By RFLP analysis, each fragment does not represent an
independent locus, because the creation or elimination of a
single restriction site will alter two restriction fragments (37).
Thus, single base changes could theoretically significantly alter
the RFLP profile of any individual VT without altering the 59
emm sequence. However, the 59 emm sequence from every VT
sequenced differed significantly. The lack of transitional forms
of any ST, i.e., different VTs, with either a single or a few base
pair changes, even among STs with the same serological pro-
files, can be explained if a recent report by Gupta et al. (14) is
correct. The host immune response will structure the popula-
tions of infectious pathogens into stable collections of inde-
pendently transmitted strains with nonoverlapping repertoires
of dominant polymorphic determinants, despite the effects of
recombination. Since the M protein is the principal immuno-
dominant protein of GAS (7, 23), the structures of strains of
GAS will be based on the M protein. Previous reports (25)
have ascribed a clonal population structure to GAS on the
basis of the observation that specific M types are almost ex-
clusively associated with specific multilocus enzyme electro-
phoretic types. However, other multilocus enzyme electro-
phoresis data (16) indicate that while there is strong linkage
disequilibrium between M types and electrophoretic types,
there is no significant linkage disequilibrium between any of
the alleles of the housekeeping genes used to produce the
electrophoretic profiles, indicating that recombinations are not
uncommon and that the apparently “clonal” population struc-
ture (25) may be directly related to the host immune response
and is not a function of the organism per se.

Antigenic variation due to corrected frameshift mutations
(29–31), point mutations (17, 33), and small insertions and
deletions (17) have frequently been observed within the hyper-
variable region of emm. Antigenic variation in the streptococ-
cal M protein may also be due to the deletion of repeat blocks
(8, 19). Corrected frameshift mutations can result in drastic
changes in translated sequences, without significant changes in
DNA homology. Thus, single frameshifts may not be reflected
by changes in VT. Consequently, very closely related sequence

types which show frameshifts may have the same VT but may
have different serological M types. Corrected frameshift mu-
tations were first described in the M52/M53/M80 family of
isolates from the Northern Territory of Australia (29–31) and
in an M5 family isolate, STPL1 (18). In this study we have
extended those original observations and found corrected
frameshift mutations in emm49, emm6, emm13, emm33-
emm70, and PT2110-family STs. Generally, these STs had only
a few point mutations. In contrast, STs that had numerous
point mutations compared to the number of point mutations in
their closest reference M type rarely exhibited frameshift mu-
tations. Small insertions and/or deletions were noted in
STBL18, STPK14, STBSB29, STBL12, and STBSB19, as were
previously noted for M1 (17). The short deletions were asso-
ciated with short repeat sequences within the hypervariable
region.

Concordance between VT and emm ST is a significant ob-
servation because it gives insight into the overall diversity of
the virulence locus and allows discrimination of different emm
STs. Vir typing has clear-cut advantages over randomly ampli-
fied polymorphic DNA analysis (9, 12) and M typing with
oligonucleotide probes (20, 21, 26, 32). It has recently been
proposed that routine emm sequencing may be used to desig-
nate the M type (1, 2). This is not feasible for outbreaks or for
laboratories that do not have the resources to run an auto-
mated sequencer. Vir typing has been shown to be a rapid
method of sorting large numbers of diverse GAS into distinct
genotypes (9–12) and is a method applicable to areas where
GAS are endemic and where the majority of isolates are MNT
by serotyping.
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