JOURNAL OF CLINICAL MICROBIOLOGY, Feb. 2004, p. 639-644
0095-1137/04/$08.00+0 DOI: 10.1128/JCM.42.2.639-644.2004

Vol. 42, No. 2

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Genetic Diversity of Cell-Invasive Erythromycin-Resistant and
-Susceptible Group A Streptococci Determined by Analysis
of the RD2 Region of the prtFF1 Gene

Cinzia Spinaci,’ Gloria Magi,' Claudia Zampaloni,” Luca A. Vitali,” Claudia Paoletti,"
Maria R. Catania,” Manuela Prenna,” Luigi Ferrante,' Sandro Ripa,”
Pietro E. Varaldo,' and Bruna Facinelli'*

Department of Microbiology and Biomedical Sciences, University of Ancona Medical School, 60131 Ancona,"
Department of Molecular Cellular Animal Biology, University of Camerino, 62032 Camerino,” and
Department of Experimental Medicine, University of Naples Medical School, 80138 Naples,® Italy

Received 21 July 2003/Returned for modification 20 September 2003/Accepted 13 November 2003

The RD2 region of the internalization-associated gene prtF1, which encodes the fibronectin-binding repeat
domain type 2 of protein F1, plays a crucial role in the entry of group A streptococci (GAS) into epithelial cells.
A molecular study of the variability of the RD2 region was carried out with 77 independent Italian GAS, 66
erythromycin resistant (ER) and 11 erythromycin susceptible (ES), which had previously been investigated for
the association between erythromycin resistance and ability to enter human respiratory cells. The amplicons
obtained from PCR analysis of the RD2 region were consistent with a number of RD2 repeats ranging from one
to five, more frequently four (n = 30), three (n = 27), and one (n = 18). A new method to type cell-invasive GAS
(RD2 typing) was developed by combining PCR analysis of the RD2 region and restriction analysis of PCR
products with endonucleases Haelll, Ddel, and Hinfl. Overall, 10 RD2 types (a to j) were distinguished (all
detected among the 66 ER isolates, four detected among the 11 ES isolates). Comparison and correlation of
RD?2 typing data with the genotype and phenotype of macrolide resistance and with data from PCR M typing
and Smal macrorestriction analysis allowed us to identify 41 different clones (31 among the 66 ER isolates and
10 among the 11 ES isolates). Three major clones accounted for 40% of the isolates (47% of ER strains). Some
ES isolates appeared to be related to ER isolates with identical combinations of RD2 type and emm type. While
simultaneous use of different typing methods is essential for a thorough investigation of GAS epidemiology,

RD?2 typing may be especially helpful in typing cell-invasive GAS.

In the past few years, fresh evidence has suggested that
group A streptococci (GAS), traditionally viewed as highly
adhesive extracellular pathogens, can in fact be efficiently in-
ternalized by and survive within human cells of respiratory-
tract origin, albeit with marked differences from one strain to
another (3, 16, 19). GAS entry into epithelial cells is mediated
by a subclass of adhesins referred to as invasins; among these,
a crucial role is played by F1, a high-affinity fibronectin-binding
protein (13, 14, 23) encoded by the prtF1 gene, and its allelic
variant Sfbl (20, 32), encoded by sfbl. F1/Sfbl is expressed in
approximately 70% of clinical GAS isolates (3).

A prominent feature shared by the high-affinity fibronectin-
binding proteins of GAS and the fibronectin-binding proteins
of other gram-positive cocci is a structure containing tandem
repeats 32 to 50 amino acids long found adjacent to the con-
served C-terminal cell attachment domain (8, 25). In particu-
lar, the GAS protein F1 contains two fibronectin-binding do-
mains, of which the one located toward the C terminus of the
molecule—repeat domain type 2 (RD2)—has been reported to
contain five repeats (four complete repeats of 37 amino acids
and a fifth incomplete repeat of 32 amino acids toward the C
terminus) (28). Accordingly, the RD2 region of prtF1 has been
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reported to consist of five repeats, four measuring 111 bp and
the fifth (at the 3’ end) measuring 96 bp (21, 28). In fact, the
number of repeats is variable, ranging at least from one to six
(17, 21, 22), but this feature is unrelated to the ability to bind
fibronectin (21).

Other surface components of GAS that participate in inter-
actions with eukaryotic cells include the M protein, a major
surface antigen and virulence factor of GAS. To date, more
than 100 serotypes have been identified based on serological
reactivity with the variable N termini of M proteins or, more
recently, on analysis of the 5’ sequences of the genes encoding
M proteins (emm genes) (1, 4). Different serotypes may rec-
ognize different receptors on the surface of eukaryotic cells,
and some, like M1 and M6, may function as invasins (3, 4). The
presence of prtF1 and ability to bind fibronectin correlate with
the M type of various GAS strains (21).

The ability of throat GAS to enter pharyngeal cells in vivo
may enable them to avoid host defenses as well as those anti-
biotics that, like B-lactams, are confined to extracellular fluids.
While this may explain the failure of penicillin to cure a num-
ber of streptococcal pharyngites (9), it might also favor conva-
lescent and persistent throat carriage of GAS (29). Indeed,
the prtFI gene seems to be prevalent among GAS isolated
from asymptomatic carriers (22). Moreover, intracellular GAS
might constitute a reservoir of persisting bacteria in vivo with
the potential to cause reinfections (24). Thus, special concern
has been raised by the recent finding of an unexpected, signif-
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icant association between erythromycin resistance and ability
to enter human respiratory cells among GAS isolated in Italy
(6). Strains in which these two features are combined may
escape B-lactams because of intracellular location and macro-
lides—which, unlike B-lactams, enter eukaryotic cells and are
active in intracellular compartments—because of resistance,
resulting in difficulty of eradication. This may have facilitated
the diffusion of erythromycin-resistant (ER) GAS in Italy.
Here, GAS resistance to macrolides is widespread—an overall
rate of >42% has been reported in a recent nationwide survey
(34)—and extensive studies have confirmed the genotypic and
phenotypic heterogeneity of ER GAS (11). The methylase
gene erm(B) can be associated with constitutive (¢cMLS phe-
notype) as well as inducible (iMLS-A phenotype) resistance to
macrolide, lincosamide, and streptogramin B (MLS) antibiot-
ics. Another methylase gene, erm(A), originally designated er-
m(TR) (30), is associated with inducible expression of high- or
low-level erythromycin resistance (iMLS-B and iMLS-C phe-
notypes, respectively, differing in the presence in the former of
a novel erythromycin efflux system) (10). Finally, the conven-
tional efflux gene, mef(A), is associated with low-level resis-
tance only to 14- and 15-membered macrolides (M pheno-
type), but is occasionally found in addition to methylase genes
in isolates of other phenotypes.

This study was designed to investigate the genetic diversity
of the Italian GAS that were found to possess the prtF'I gene in
the course of a previous study of the association between
erythromycin resistance and human cell invasiveness (6). The
present work, which focused on the variability of the RD2
region of prtF1, led to the development of a new method to
type cell-invasive GAS based on the combination of PCR anal-
ysis of RD2 and restriction enzyme cleavage analysis of PCR
products. The results were correlated both with previously
investigated features (cell invasion efficiency and genotype and
phenotype of macrolide resistance) and with results of two
typing methods that we tested herein, PCR M typing with
emm-specific oligonucleotide primers and Smal macrorestric-
tion fragment pattern analysis by pulsed-field gel electrophore-
sis (PFGE).

MATERIALS AND METHODS

Bacterial strains and early characterization. Seventy-seven GAS, including 66
ER (erythromycin MIC, =1 pg/ml) and 11 erythromycin-susceptible (ES; MIC,
=0.5 pg/ml) strains, were studied. They were selected from the 126 GAS strains
isolated throughout Italy in 1997 to 1998 from children with pharyngitis and
investigated for the association between erythromycin resistance and ability to
enter human respiratory cells (6). In particular, these 77 GAS (Table 1) are the
ones which in the previous study were found to carry the internalization-related
gene prtF1. All had already been characterized for erythromycin susceptibility
and resistance—including MIC, detection of resistance genes erm(A), erm(B),
and mef(A), and attribution to the cMLS, iMLS-A, iMLS-B, iMLS-C, or M
phenotype—and scored for respiratory cell invasion efficiency as highly invasive
(n = 64) or weakly invasive (n = 13) (6).

Isolates were maintained in glycerol at —70°C and subcultured twice on blood
agar before testing. Todd-Hewitt broth and agar (Oxoid Ltd., Basingstoke,
United Kingdom) were used for routine culture.

RD?2 repeats. The RD?2 region of prtF1 was detected by PCR with the pair of
primers (each measuring 24 nucleotides) reported by Neeman et al. (22). These
two primers, derived from those originally established by Natanson et al. (21) and
reported to be complementary to the flanking region of RD2 (22), in fact partially
overlap the end of RD2 by eight (5’ primer) or nine (3’ primer) nucleotides (28).
PCR conditions were described previously (22). The number of RD2 repeats of
prtF1 was determined on the basis of amplicon size, taking into account that one
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TABLE 1. Distribution of RD2 repeat numbers among the 77
prtF1-positive GAS strains subdivided according to their
genotypes and phenotypes of erythromycin resistance

No. of strains

With indicated number
of RD?2 repeats:

Genotype/phenotype of
erythromycin resistance

Total
1 2 3 4 5

erm(B)/cMLS 8 1 1 3 3
erm(B) mef(A)/cMLS 2 2
erm(B)/iIMLS-A 12 12
erm(B) mef(A)/iMLS-A 1 1
erm(A)/iMLS-B 13 13
erm(A)/iMLS-C 8 8
mef(A)/M 22 15 1 5 1
Totals

ER strains 66 16 1 25 23 1

ES strains 11 2 2 7

repeat was 111 or 96 bp long (21, 28). Marker XIV (Roche Molecular Biochemi-
cals, Mannheim, Germany) was used as DNA size markers.

Restriction enzyme cleavage analysis of PCR products. The PCR products
obtained from the amplification of the RD2 region of prtF1 were subjected to
restriction analysis with endonucleases Ddel, Haelll, and Hinfl (New England
Biolabs, Beverly, Mass.). A 10-pl aliquot of the PCR product was digested with
the endonuclease according to the manufacturer’s recommendations. Restriction
fragments were separated by agarose (1%) gel electrophoresis and visualized
under UV light by staining with ethidium bromide. In some experiments, restric-
tion fragments were separated by acrylamide (12.5%) gel electrophoresis in a
Hoefer miniVE System (Amersham Biosciences Europe, Freiburg, Germany) at
a constant voltage of 70 V for 3 h and visualized by silver staining. Gels were
photographed with Polaroid B/W 667 film and an MP-4 Land Camera. Gene-
Ruler 100-bp DNA Ladder Plus (M-Medical Genenco, Cornaredo, Italy) or
50-bp Ladder (Amersham) was used as molecular size markers.

M typing. The PCR M typing method described by Vitali et al. (35) was used.
This method, recently employed to assess the emm gene distribution among ER
and ES Italian GAS (36), is directed at amplifying the N-terminal region of the
emm gene with a set of 21 emm-specific oligonucleotide primers specific for
emml, emm2, emm3, emm4, emm5, emm6, emmS8, emmll, emml2, emml8,
emm?22, emm24, emm28, emm29, emm48, emm75, emm77, emm78, emmS87,
emmd89, and emm94.

Macrorestriction analysis and PFGE. Preparation of genomic DNA and di-
gestion with Smal endonuclease (New England Biolabs), analysis of PFGE
patterns, and method of reporting were as described elsewhere (26). The type
was designated with a capital letter following the scheme previously adopted for
Ttalian ER GAS (26). PFGE types recognized in single isolates were reported as
one-strain types. Isolates were designated as PFGE untypeable when their DNA
was not digested by Smal.

Statistics. Fisher’s exact test was applied with the fisher.test procedure of the
S-Plus statistical package (31).

RESULTS

PCR analysis of the RD2 region of the prtF1 gene. PCR
analysis of the RD2 region yielded products ranging from ap-
proximately 125 to 570 bp (Fig. 1A), consistent with between
one and five RD2 repeats. Strains with four or three repeats
were more frequent (30 and 27, respectively); one repeat was
found in 18 strains, and two and five repeats were found in one
strain each. Correlations between genotypes and phenotypes
of erythromycin resistance and numbers of RD2 repeats in the
77 test strains are detailed in Table 1. Fisher’s exact test evi-
denced a highly significant association (P < 0.001) between the
number of RD2 repeats and the genotype of erythromycin
resistance.
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FIG. 1. Size variation of PCR products of prtF1 among the 77 GAS isolates (A) and Haelll restriction profiles obtained from the PCR products
of the 46 isolates whose amplicons were digested by Haelll (B). (A) Lane 1, amplicon size of 127 bp, suggesting the presence of a single RD2 repeat
(n = 18); lane 2, amplicon size of 238 bp, suggesting the presence of two RD2 repeats (n = 1); lane 3, amplicon size of 349 bp, suggesting the
presence of three RD2 repeats (n = 27); lane 4, amplicon size of 460 bp, suggesting the presence of four RD2 repeats (n = 30); lane 5, amplicon
size of 571 bp, suggesting the presence of five RD2 repeats (n = 1). (B) Lanes 1 to 3, restriction profiles obtained from strains with three RD2
repeats (lane 1, three bands of 59, 111, and 179 bp; lane 2, three bands of 59 and 68 bp [comigrating] and 222 bp; and lane 3, two comigrating bands
of 170 and 179 bp); lanes 4 and 5, restriction profiles obtained from strains with four RD2 repeats (lane 4, two bands of 170 and 290 bp, and lane
5, two bands of 59 and 401 bp); lane 6, restriction profile obtained from the single strain with five RD2 repeats (three bands of 59, 222, and 290

bp). Lane MW, DNA size markers.

Restriction analysis of PCR products. Haelll restriction was
successfully performed on the PCR products of 46 of the 77
test strains, the amplicons of 31 strains remaining undigested.
The 46 digested strains yielded six different restriction profiles
(Fig. 1B). Three profiles were from strains with three RD2
repeats (amplicon size, 349 bp): one was characterized by three
bands of 59, 111, and 179 bp (Fig. 1B, lane 1); another by three
bands, including two comigrating bands of 59 and 68 bp and a
band of 222 bp (Fig. 1B, lane 2); and the third by two comi-
grating bands of 170 and 179 bp (Fig. 1B, lane 3). Bands
comigrating in the agarose gel were resolved and visualized by
acrylamide gel electrophoresis and silver staining (data not
shown). Two other restriction profiles were from strains with
four RD?2 repeats (amplicon size, 460 bp): one exhibited two
bands of 170 and 290 bp (Fig. 1B, lane 4) and the other two
bands of 59 and 401 bp (Fig. 1B, lane 5). The sixth restriction
profile was from the single strain with five RD2 repeats (am-
plicon size, 571 bp) and showed three bands of 59, 222, and 290
bp (Fig. 1B, lane 6).

Ddel restriction was successfully performed on the PCR
products of 59 of the 77 test strains; the amplicons of 18 strains
(those with one RD2 repeat) remained undigested. The 59
digested strains yielded four different restriction profiles ex-
actly matching the strains with two, three, four, and five re-
peats, respectively.

Hinfl restriction of the PCR products was successful in all 77
test strains and yielded five different restriction profiles match-
ing exactly the strains with different numbers (one to five) of
repeats.

RD2 typing. RD2 typing was obtained by combining PCR
analysis of the RD2 region of the prtFI gene and restriction
analysis of PCR products with Ddel, Haelll, and Hinfl. Ten
RD2 types (a to j) were distinguished among the 77 GAS
strains (Fig. 2). Type a included all the isolates with one RD2
repeat, whose PCR products were consistently resistant to
Haelll and Ddel restriction. Type b was represented by the
sole isolate with two RD2 repeats, whose PCR product was

resistant to Haelll restriction. Types c, d, and e corresponded
to the three different Haelll restriction profiles detected in the
strains with three RD2 repeats. Type f included the remaining
isolates with three RD2 repeats, whose PCR products were
resistant to Haelll restriction. Types g and h corresponded to
the two Haelll restriction profiles detected in the strains with
four RD2 repeats. Type i consisted of the remaining isolates
with four RD2 repeats, whose PCR products were resistant to
Haelll restriction. Finally, type j was represented by the single
strain with five RD2 repeats.

Organization of the RD2 region. The organization of the
RD?2 region of the 77 GAS strains was outlined based on the
results of RD2 typing plus the published sequence of a five-
repeat prtF1 gene (28) which appeared to correspond to the
RD?2 type j of our collection.

As shown in Fig. 2, an incomplete, 96-bp repeat was present,
alone (type a) or preceded by one to four 111-bp repeats (types
b toj), in all strains at the 3" end of the RD2 region. The 111-bp
repeat exhibited two variants: one with no Haelll restriction
site and one with a Haelll restriction site at 43 bp. The Haelll
restriction profile of RD2 type d could be explained by the
presence of a second variant of the 96-bp repeat, similarly
featuring a Haelll site at 43 bp. One Hinfl restriction site was
present in all (both 96-bp and 111-bp) repeats at 51 bp, where-
as one Ddel restriction site was present in the 111-bp repeats
only at 106 bp.

emm types and PFGE types. Sixteen emm types were found
among the 77 prtFI-positive GAS, nine of which (emml,
emm?2, emm8, emm22, emm?28, emm48, emm61, emm?77, and
emm89) were present only in ER strains, three (emmll,
emm78, and emm87) only in ES strains, and four (emm4,
emmo6, emml12, and emm?75) in both ER and ES strains. The
prevalent types were emm77 (n = 18), emm4 (n = 15), and
emm89 (n = 12).

Twenty-seven PFGE types, 19 of which were detected in
single isolates, were identified among the 77 prtFI-positive
GAS. Seven isolates [all of the mef(A)/M genotype/phenotype
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FIG. 2. RD2 types and organization of the RD2 region in the 77 prtF1-positive GAS based on PCR and restriction enzyme cleavage analysis
of PCR products. The organization of the RD2 region of GAS strains was outlined on the basis of the results of RD2 typing and the published
sequence of a five-repeat prtF1 gene (28). Superscript letters: a, The reported sizes of PCR products include the primers, which are known to
partially overlap the ends of RD2 by eight (5’ primer) or nine (3’ primer) nucleotides (28). nr, not restricted by Haelll; b, Light shading, 96-bp
repeat; dark shading, 111-bp repeat; hatching, primer. Vertical bars indicate restriction sites (Ha, Haelll; Dd, Ddel; and Hi, Hinfl) within individual

repeats.

of erythromycin resistance] were untypeable, i.e., their DNA
was not restricted by Smal. None of the 11 ES GAS shared a
PFGE type with any ER isolate: nine isolates had one-strain
PFGE types, and two were the only representatives of a unique
type (PFGE type R).

Clones. The distribution of typing data (RD2 type, emm
type, and PFGE type) among the 77 prtF1-positive GAS strains
subdivided on the basis of their genotypes and phenotypes of
erythromycin resistance is detailed in Table 2. Fisher’s exact
test yielded a highly significant association (P < 0.001) be-
tween RD?2 type and genotype of erythromycin resistance.

GAS isolates with a unique combination of a given erythro-
mycin resistance genotype and phenotype, a given RD2 type, a
given emm type, and a given PFGE type were considered to
represent a clone. By this criterion, 41 different clones were
recognized (31 among the 66 ER isolates and 10 among the 11
ES isolates), each corresponding to one line in Table 2. While
30 (39%) of the 77 GAS were single isolates representing
single clones, three major clones—(i) erm(A)/iMLS-B, RD2
type d, emm77, PFGE type D (n = 13); (ii) mef(A)/M, RD2
type a, emm4, PFGE type B (n = 10); and (iii) erm(B)/iMLS-A,
RD2 type h, emm89, PFGE type A (n = 8)—accounted for
40% of the 77 GAS (47% of the 66 ER strains). Of the nine ES
clones with one-strain PFGE types, five displayed combina-
tions of RD2 type and emm type also recorded in ER clones.

DISCUSSION

In gram-positive bacteria, C-terminally anchored surface
proteins are a well-defined category characterized by regions
with tandem sequence repeats and a conserved anchor: the

vast majority of these proteins are multifunctional and contain
domains that bind molecules found in body secretions, such as
immunoglobulins, albumin, fibronectin, and fibrinogen (8).
The F1/Sfbl invasin of GAS belongs to this category: although
it works primarily as an adhesin—mediating, through its fibro-
nectin-binding repeat region, bacterial attachment to host cells
and subsequent upper respiratory tract colonization (3, 4,
13)—its binding to fibronectin ends up efficiently triggering the
invasion process (33). F1/SfbI also binds to the Fc fragment of
human immunoglobulins, interfering with Fc receptor-medi-
ated phagocytosis and antibody-dependent cell cytotoxicity by
macrophages (18). At present, F1/Sfbl is regarded not only as
an emerging virulence determinant of GAS, but also as a
promising candidate antigen for developing anti-GAS vaccines
(12, 27). Our present findings about the variability of the RD2
region of the prtFI gene and the relationships between RD2
and emm typing might contribute to the investigation of the
new vaccine.

The present study shows that thorough analysis and molec-
ular characterization of the RD2 repeats of prtF1 may repre-
sent a valuable tool to gain insights into the association be-
tween cell invasiveness and erythromycin resistance of GAS,
i.e., the subject of the investigation (6) that yielded the 77
prtF1-positive GAS tested here. This is especially true of in-
ducibly erythromycin-resistant isolates, of which all those car-
rying the erm(B) methylase (iMLS-A phenotype; n = 13) had
four RD2 repeats and belonged to RD2 type h, whereas all
those carrying the erm(A) methylase (iMLS-B and iMLS-C
phenotypes; n = 21) had three repeats. The picture was more
varied among constitutively resistant and M-phenotype strains
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TABLE 2. Distribution of typing characteristics (RD2 type, emm
type, and PFGE type) among the 77 prtF1-positive GAS
strains subdivided on the basis of their genotypes and
phenotypes of erythromycin resistance

Genotype/phenotype of

erythromycin resistance NO'. Ofb RD2 emm PFGF
(I'lO. of strains) strains type type type
erm(B)/cMLS (8) 2 f 22 E
2 i 22 E
1 a 4 B
1 b 28 ost?
1 c 61 ost®
1 i 22 ost
erm(B) mef(A)/cMLS (2) 1 g 12 ost
i 48 ost
erm(B)/AIMLS-A (12) 8 h 89 A
1 h 4 A
1 h 89 B
2(1) h 89 J
erm(B) mef(A)/iMLS-A (1) 1 h 1 A
erm(A)/iMLS-B (13) 13 (1) d 77 D
erm(A)/AMLS-C (8) 2 d 77 D
2 d 77 O
1 d 77 ost
1 f 22 ost
1 f 22 ost
1 f 22 ost
mef(A)/M (22) 10 (2) a 4 B
2 a 4 ut
1 a 12 B
1 a 12 ut
1 a 89 B
1 e 75 ut
2(1) g 12 ut
1 i 8 G
1 i 48 G
1(1) i 2 ost’
1(1) j 6 ut
ES strains (11) 2(2) h 6 R
1 a 4 ost
1(1) a 11 ost
1 e 75 ost
1(1) e 75 ost
1 g 12 ost
1(1) g 12 ost
1 g 87 ost
1 h 78 ost
1(1) h 78 ost

¢ Lines correspond to clones (n = 45).

® Numbers in parentheses indicate the number of strains with weak cell inva-
sion efficiency.

¢ ost, one-strain type; ut, untypeable (DNA not restricted by Smal).

“ Identical to the PFGE type designated F in a previous study (26).

¢ Identical to the PFGE type designated I in a previous study (26).

/ Identical to the PFGE type designated C in a previous study (26).

and among ES isolates. It is worth noting that the RD2 region
of prtF1 has been reported to be composed of a number of
repeats ranging between two and six (21, 22), whereas in this
study we show that a single repeat (the one measuring 96 bp)
is also a common finding, especially among M-phenotype GAS.

Remarkably, Haelll restriction analysis of the PCR products
obtained from the amplification of the RD2 region made it
possible to discriminate between two principal RD2 repeat
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variants, (i) one with and (ii) one without a HaellI site at 43 bp.
Fully in agreement with the Haelll mapping of the RD2 region
of our single strain bearing five repeats (RD2 type j) (Fig. 2),
the published sequence of RD2 displays the Haelll site
(GGCCQ) at 43 bp in the first and the third of the five repeats,
whereas an alternative sequence (GGTC) is present in the
other three repeats (28).

Most of the emm and PFGE types detected among the
prtF1-positive throat clinical GAS examined in this study have
previously been found among Italian throat isolates investi-
gated for emm (5, 36) or PFGE (26) typing, respectively. In a
recent German study of throat GAS, prtF1 was detected only in
strains with emmI2 and emm6 (2), whereas in a similar Japa-
nese study the prevalent emm types associated with prtF1 were
emmlI2 and emm4 (17). Overall, our findings show that the
previously demonstrated ability of GAS to invade respiratory
cells (6) is shared by prtF1-positive strains with a variety of
emm types.

Our findings suggest that each different approach to GAS
typing may provide a specific piece of information, indicating
that simultaneous use of different methods is essential to thor-
oughly investigate GAS epidemiology. In this study, extensive
comparative analysis of RD2 typing with PCR M typing, PFGE
typing, and previously investigated features (cell invasion effi-
ciency, macrolide resistance genotype, and phenotype) (6) con-
curred to outline the polyclonal nature of cell-invasive GAS
circulating in Italy. As many as 41 different clones, of which 30
were represented by single isolates, were recognized among
the 77 prtF1-positive GAS tested. On the other hand, in line
with previous findings on ER GAS (26), a small number of
clones was predominant, three major clones accounting for
40% of all the GAS tested (and for 47% of the ER strains).
The 11 ES GAS were largely unrelated: only two strains of
RD?2 type h represented a single clone with a new PFGE type.
However, some ES isolates appeared to be related to ER
isolates that shared identical combinations of RD2 type and
emm type.

This polyclonal spread of GAS with different combinations
of resistance and virulence genes in Italy suggests that hori-
zontal acquisition of macrolide resistance determinants by cell-
invasive strains may have played a role in the association be-
tween erythromycin resistance and ability to enter human
respiratory cells reported among Italian GAS (6). This conclu-
sion is consistent with recent studies emphasizing the genetic
diversity among GAS and suggesting that horizontal transfer
and recombination of virulence genes have played a major role
in generating this diversity (15). As speculated by Feil and
Spratt for other pathogens (7), this may have resulted in a
streptococcal population composed of two parts: a background
population consisting of a large number of unrelated, relatively
rare clones (the majority), and clusters of closely related, eco-
logically successful clones (the predominant ones).
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