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D strains are regarded as niche specialists, having strong preference for just one tissue site (throat and skin, respectively),
whereas pattern E strains are readily recovered from both
tissues and are considered generalists. For example, nearly all
pharyngitis isolates (⬎99%) collected from hospitals in Rome
(Italy) are of emm types typically found in emm patterns A-C
or E, whereas ⬍1% are of emm types associated with pattern
D (14). Similarly, in a recent report on ⬎1,900 S. pyogenes
isolates collected from cases of pharyngitis in the United States
over 2 years (56), 53 and 47% are of emm types typical of
pattern A-C and E strains, respectively, with ⬍1% represented
by pattern D emm types (41). In a rural aboriginal community
in tropical Australia where impetigo is hyperendemic, no cases
of pharyngitis were detected during a 25-month surveillance
period; of the impetigo isolates recovered, 46 and 41% are
either emm pattern D or E, respectively (6).
In contrast to the strong linkage observed between emm
pattern and tissue site of isolation, the distribution of neutral
housekeeping alleles among strains of S. pyogenes is highly random. In fact, S. pyogenes ranks among the most highly recombinogenic of several bacterial species examined (19), whereby
genetic recombination is the consequence of a horizontal gene
transfer (HGT) event. Numerous statistical tests point to an
ample flow of housekeeping genes between the three emm
pattern-defined subpopulations and between isolates known to
be recovered from the throat versus skin (33). Thus, against a
background of random associations between housekeeping
genes, genotypes exhibiting strong linkage disequilibrium with
the emm pattern-defined subpopulations are good candidates
for having a key role in tissue-specific adaptations.
Since the microenvironments at the throat and skin are
distinct in many ways, the signal transduction pathways leading
to the control of gene expression may also differ for throat
versus skin strains of S. pyogenes. In this report, the phylogeny
and distribution of alleles at two genetically diverse loci (mga

Many microbial pathogens exhibit strong tropisms for a narrow range of hosts or for specific tissues within a host. This type
of niche specialization is an early, key step in the formation of
new species (12, 46). An understanding of the molecular basis
for host or tissue tropisms may provide insights on the steps
leading to the emergence of genetically discrete populations of
microorganisms.
Streptococcus pyogenes is a human pathogen having high
prevalence throughout the world. Although S. pyogenes can
cause severe invasive disease, it most often causes a mild infection at superficial, epithelial tissue sites. Infection of the
throat and skin leads to pharyngitis (“strep” throat) and impetigo, respectively. Importantly, these two tissues constitute
the primary habitat for S. pyogenes, where it is most successful
in reproductive growth and transmission of progeny to new
hosts. Decades of field epidemiology based on the M- and
emm-typing schemes have led to the recognition of distinct
throat and skin strains (2, 9, 10, 13, 15, 16, 30, 38, 39, 49, 65).
The prevalence of pharyngitis versus impetigo caused by S.
pyogenes varies widely throughout the world, largely in accordance with climatic conditions. Thus, the spatial and temporal
(seasonal) distances between throat strains and skin strains are
amplified even further by distinct epidemiological trends.
A genetic marker displaying statistically significant nonrandom associations with tissue site of isolation has been defined
for S. pyogenes. The genetic marker for tissue site preference is
designated emm pattern, and it is based on the chromosomal
arrangement of emm genes, which, in turn, encode a diverse
family of surface protein fibrils (27). The emm pattern A-C and
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Streptococcus pyogenes is a highly prevalent bacterial pathogen, most often giving rise to superficial infections
at the throat or skin of its human host. Three genotype-defined subpopulations of strains exhibiting strong
tropisms for either the throat or skin (specialists) or having no obvious tissue site preference (generalists) are
recognized. Since the microenvironments at the throat and skin are distinct, the signal transduction pathways
leading to the control of gene expression may also differ for throat versus skin strains of S. pyogenes. Two loci
(mga and rofA/nra) encoding global regulators of virulence gene expression are positioned 300 kb apart on the
genome; each contains alleles forming two major sequence clusters of ⬃25 to 30% divergence that are under
balancing selection. Strong linkage disequilibrium is observed between sequence clusters of the transcription
regulatory loci and the subpopulations of throat and skin specialists, against a background of high recombination rates among housekeeping genes. A taxonomically distinct commensal species (Streptococcus dysgalactiae
subspecies equisimilus) shares highly homologous rof alleles. The findings provide strong support for a
mechanism underlying niche specialization that involves orthologous replacement of regulatory genes following interspecies horizontal transfer, although the directionality of gene exchange remains unknown.
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and rofA/nra), encoding global regulators of transcription, are
evaluated with respect to emm pattern subpopulations. The
gene products of both mga and rofA/nra regulate the expression of numerous genes encoding virulence factors of S. pyogenes that interface directly with the human host (36).
MATERIALS AND METHODS

5⬘-CCT GTT TTT AAT TTT CTA AGC GAA TA-3⬘ (reverse); for mga-2,
5⬘-GGA GTA AAT TGA CTG AAG TAT GAT AGA ATT TTA ATG-3⬘
(forward) and 5⬘-CCT GTT TTT AAT TTT CTA AGC GAA TA-3⬘ (reverse).
Computations and statistics. The number of polymorphic (segregating) sites
and mutations, nucleotide diversity (), McDonald-Kreitman test with Yates’
corrected G-values, and Tajima’s D test statistic were calculated using DnaSP
(version 4.0) (52). Coalescent simulations (1,000 replicates) were used to calculate confidence intervals for the Tajima’s D test, assuming either free recombination or no recombination. Sequence alignments for these calculations were
performed using the ClustalW algorithm in Megalign of the DNAStar package
(Lasergene version 5.0; Madison, WI), and alignment gaps were excluded. Tests
for independence, used to establish nonrandom relationships between loci (linkage disequilibrium), were performed with Fisher’s exact test (two-tailed) using
DnaSP.
Phylogenetic trees were constructed by the neighbor-joining method using
PAUP version 4.0b10 (Sinauer Associates, Sunderland, MA) and the maximum
likelihood distance measure. The optimal model of DNA substitution and the
parameters were derived using hierarchical likelihood ratio tests (28), with the
aid of MODELTEST version 3.06 (48).
Nucleotide sequence accession numbers. The following new sequences have
been deposited in the GenBank database: 15 new mga sequences under accession
numbers AY905500 to AY905514, 17 new rofA/nra sequences under accession
numbers AY905515 to AY905531, and 6 new rofCG sequences under accession
numbers AY905532 to AY905537.

RESULTS
Phylogeny of transcription regulatory genes, mga and rofA/
nra. Of the many genes present among S. pyogenes that encode
regulators of transcription (20, 57), two loci are known to
exhibit extensive genetic diversity within the S. pyogenes population. These are mga and rofA/nra, encoding the “standalone” response regulators Mga and RofA/Nra, for which the
interacting sensory elements remain unknown (36, 50). The
mga and rofA/nra loci are positioned ⬃300 kb apart on the
S. pyogenes genome (see Fig. S1 in the supplemental material).
The complete nucleotide sequence was determined at each
locus from ⬃20 to 25 S. pyogenes strains representing each of
the three major emm pattern-defined subpopulations.
A phylogenetic tree of mga alleles displays two major sequence clusters having strong bootstrap support (Fig. 1A),
designated mga-1 and mga-2. The maximal nucleotide sequence divergence for any two alleles belonging to the same
lineage is 3.3 and 2.5%, respectively, for mga-1 and mga-2
(Table 1). In sharp contrast, the maximal nucleotide sequence
divergence for any two alleles belonging to different lineages is
24.5%. Similarly, the maximal amino acid sequence divergence
within each cluster is 2.9 and 1.5% for mga-1 and mga-2,
respectively, whereas the maximal divergence between mga-1
and mga-2 alleles is 20.7%. The high number of fixed nucleotide differences (308 out of 449 polymorphic sites), combined
with only five shared polymorphisms, is indicative of relatively
low levels of intragenic recombination between alleles of the
two divergent mga lineages. Furthermore, polymorphic sites
are distributed across the length of the genes, with no clear
evidence for mosaic structures (data not shown).
Like mga, a phylogenetic tree of rofA/nra alleles also displays
two major sequence clusters (Fig. 1B), designated rofA and
nra. The maximal nucleotide sequence divergence for any two
alleles belonging to the same lineage is 1.6 and 1.0%, respectively, for rofA and nra (Table 1). However, the maximal nucleotide sequence divergence for any two alleles belonging to
different lineages is 33.5%. Similarly, the maximal amino acid
sequence divergence within each cluster is 2.4 and 1.2% for
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Bacterial strains. The 114 S. pyogenes isolates under study are listed in Table
S1 in the supplemental material. Thirty-three group C and G streptococci isolated from humans were previously described (32). A human isolate of Streptococcus equi subspecies zooepidemicus (5371) was recovered in association with an
outbreak of acute glomerulonephritis in Brazil (45). Additional non-S. pyogenes
strains were kindly provided by R. Facklam (Centers for Disease Control and
Prevention [CDC], Atlanta, GA). Group carbohydrate was determined for
groups A, C, and G using a latex agglutination test (Murex Biotech Ltd., United
Kingdom). Group L streptococci underwent group carbohydrate analysis at the
CDC.
Genotyping. The emm type was ascertained according to previously described
methods (4) and is based on the 5⬘ end of the central emm gene within the emm
chromosomal region; a complete listing of emm types found in association with
S. pyogenes is available (www.cdc.gov/ncidod/biotech/strep/strains.html). emm
pattern was determined by methods previously described (41), using a PCRbased mapping approach that utilizes oligonucleotide primers specific for each of
the four major lineages that arise from phylogenetic trees based on the 3⬘ ends
of emm genes (26, 27). Chromosomal DNA used as a template for PCR was
prepared from freshly grown bacteria according to previously described methods
for bacterial cell lysis (7).
Multilocus sequence typing was performed as previously reported (17). In
brief, internal fragments of the glucose kinase (gki), glutamine transporter protein (gtr), glutamate racemase (murI), DNA mismatch repair protein (mutS),
transketolase (recP), xanthine phosphoribosyl transferase (xpt), and acetyl-coenzyme A acetyltransferase (yqiL) genes were amplified by PCR and subjected to
nucleotide sequence determination. The relative positions of the seven housekeeping loci on the S. pyogenes genome (20) are depicted in Fig. S1 in the
supplemental material. For each locus, every different sequence is assigned a
distinct allele number, and each isolate is defined by a series of seven integers
(the allelic profile) corresponding to the alleles at the seven loci in the following
order (alphabetical): gki-gtr-murI-mutS-recP-xpt-yqiL. Isolates with the identical
allelic profile are assigned to the same sequence type (ST).
PCR-based screening. Using bacterial DNA as the template, PCR amplification was performed with an initial denaturation at 95°C for 4 min followed by 29
cycles at 95°C, 55°C, and 72°C for 1 min each. PCR amplification products
corresponding to internal portions of the designated genes were generated with
the following oligonucleotide primer pairs: for rofA, 5⬘-CTA RCC TAA AAG
AGC AAA AGG CTA GTT TAG-3⬘ (forward) and 5⬘-CTT GGA TAG ACA
GAA TCG ATT C-3⬘ (reverse) (amplicon size, 521 bp); for nra, 5⬘-GCA ATT
AAA CCA TTC TAA ACA AGA CCT TA-3⬘ (forward) and 5⬘-TGA ATT GAA
GCA ATA GAG TAG TCA GGS TTA-3⬘ (reverse) (amplicon size, 482 bp); for
mga-1, 5⬘-CAA CGG GCT GTC GAA AAG TGA CCA ACT GGG TTC ATC
TYC TTA-3⬘ (forward) and 5⬘-GCG ATG AAA GTC CAA GGG GTT CTT
GAT GGG-3⬘ (reverse) (amplicon size, 350 bp); for mga-2, 5⬘-CAT CAG GAG
GCA GAC AAG TAA CCA ACT GGA TCC ATC TAT TAG-3⬘ (forward) and
5⬘-GTC ACT ATG AGA TTT TGA AGA GGA AGG GGC TTC GAG GTT-3⬘
(reverse) (amplicon size, 650 bp); and for mgc, 5⬘-CTC TTT TAC CTC AAA
TAT TTT TCG GAA GCC TAT A-3⬘ (forward) and 5⬘-ACA TCT GTC AAA
ATG ACA TCA TAC TCT TTG GCA AGG-3⬘ (reverse) (amplicon size, 900
bp). Each PCR amplification was independently repeated two or more times and
scored as positive or negative for product following agarose gel electrophoresis;
initial data yielding ambiguous results were often repeated using the DNA
template obtained by boiling ⬃20 pooled single colony picks.
Nucleotide sequence determination. The nucleotide sequence was determined
(on both strands) for the complete open reading frames (ORFs) of several
rofA/nra and mga alleles by PCR amplification and primer walking using overlapping amplicons. The extreme 5⬘ and 3⬘ end primers used to amplify each gene,
plus flanking sequences, are as follows: for rofA, 5⬘-GGA GAA TAC ACT TAT
CAA AGA CT-3⬘ (forward), 5⬘-ATC TGG TTG GCG ATC AAG GTA CGG
CCA AGC GCA A-3⬘ (reverse, in S. pyogenes), and 5⬘-ATC TGG TTG GCG
ATC AAG GTA CG-3⬘ (reverse, in non-S. pyogenes); for nra, 5⬘-TAA TAG CAC
TGA ATA GCT ATT CTA ATA GTG-3⬘ (forward) and 5-’ATC TGG TTG
GCG ATC AAG GTA CGG CCA AGC GCA A-3⬘ (reverse); for mga-1,
5⬘-GGT CGT ACT GAC TTA ACG AAA TAC CTC ACG-3⬘ (forward) and
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rofA and nra, respectively, whereas the maximal divergence
between rofA and nra alleles is 38.2%. Like mga, the high
number of fixed nucleotide differences (456 out of 527 polymorphic sites) and the few shared polymorphisms (n ⫽ 3) are

indicative of relatively low levels of intragenic recombination
between alleles of the rofA and nra lineages, further supported
by a well-spread distribution of polymorphic sites across the
entire alignment (data not shown).

TABLE 1. Sequence diversity within and between lineages of transcriptional regulatory genes of S. pyogenes
Comparisona

No. of
sequences

Nucleotide
diversity
()

Maximal %
nucleotide
divergence

Maximal %
amino acid
divergence

No. of
polymorphic
sites

No. of fixed
nucleotide
differences

No. of shared
polymorphisms

Within mga-1
Within mga-2
Between mga-1 and mga-2
Within rofA
Within nra
Between rofA and nra

7
12
19
12
11
23

0.0218
0.0145
NA
0.0104
0.0050
NA

3.29
2.53
24.45
1.62
1.01
33.54

2.85
1.52
20.72
2.44
1.15
38.21

94
80
449
63
31
527

NA
NA
308
NA
NA
456

NA
NA
5
NA
NA
3

a

Total sites excluding alignment gaps is 1579 and 1482, for mga and rofA/nra alignments, respectively. NA, not applicable.
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FIG. 1. Phylogenetic trees of complete ORFs of transcriptional regulatory genes of S. pyogenes. Neighbor-joining tree (mid-point rooted) with
maximum likelihood distance for mga derived from 19 isolates (A) and rofA/nra derived from 23 isolates (B). The rate matrices were optimized
to the best-fit models, using the hierarchical likelihood ratio test: TrN⫹G (for mga) and TVM⫹G (for rofA/nra). Bootstrap values showing
confidence intervals of ⱖ90% are indicated (1,000 replicates). Excluding alignment gaps, the total number of nucleotide sites is 1,579 for panel
A and 1,482 for panel B. Three alleles have a premature termination signal or readthrough, relative to the stop codon of the majority of alleles
for that locus (A735 and Manfredo for mga; MGAS8232 for rofA/nra); these sequences were trimmed to the same position as the majority of ORFs
for that allele. For rofA/nra, the genome map position adjacent to the highly conserved hsp33 locus was confirmed by PCR. Taxon labels indicate
S. pyogenes strains and are listed and described further in Table S1 in the supplemental material, except for strains D471, MGAS8232, and SF370,
for which the GenBank accession numbers are M58461, AE010111, and AE006624 for mga and U01312, AE009963, and AE006482, for rofA/nra,
respectively. GenBank accession numbers for strain B737 (CS101) are X68501 (for mga) and SPU49397 (for nra); for strain A735, the GenBank
accession number is AF447492 (for rofA/nra); for strain Manfredo, sequences were obtained from www.sanger.ac.uk. Note that for rofA, the ORFs
used for analysis begin with a codon for leucine, not methionine (25). The GenBank accession numbers for new mga and rofA/nra sequences are
given in Materials and Methods.
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TABLE 2. Distribution of sequence clusters of transcriptional regulator genes among a diverse set of 114 S. pyogenes strains
Genotype

emm
pattern

mga-1 or
mga-2

rofA or
nra

No. of strains
represented

1
2
3
4
5
6
7
8

A-C
A-C
A-C
A-C
D
D
D
D

mga-1
mga-1
mga-2
mga-2
mga-1
mga-1
mga-2
mga-2

rofA
nra
rofA
nra
rofA
nra
rofA
nra

17
2
0
1
0
0
6
32

9
10
11

E
E
E

mga-1
mga-1
mga-2

rofA
nra
rofA

0
0
52

12

E

mga-2

nra

4

emm types represented

1, 6, 12, 14, 17, 23, 26, 29, 37, 39, 55, 57, 38/40, st3765, st980584, stCK401, stNS90
3, 5
18

32, 59, 81, 85, 95, st204
34, 36, 41, 42, 52, 53, 56, 67, 70, 71, 74, 83, 91, 93, 98, 99, 105, 111, 116, 119, 65/69,
st2037, st2917, st2940, st369, st5282, st809, st854, stCK249, stD432, stD633

2, 4, 8, 9, 11, 15, 22, 25, 28, 48, 58, 60, 63, 66, 68, 75, 76, 77, 79, 82, 87, 88, 89, 90,
92, 96, 102, 104, 106, 107, 109, 110, 112, 113, 114, 118, 124, 13L, 27G, 44/61,
50/62, st1207, st1389, st213, st2147,st2460, st6735, stMTH81, stNS292, stNS554
49, 73, 94, 117

material). The dendrogram shows that there is a general lack
of concordance between emm pattern and the genetic relatedness of strains inferred using allelic profiles of neutral housekeeping genes. The finding for this particular subset of strains
is consistent with previous phylogenetic and statistical analyses,
which consistently show a high degree of recombination between housekeeping genes belonging to strains of different
emm pattern-defined subpopulations (19, 33). Importantly,
there is a general lack of concordance between the major
sequence clusters at either the mga or rofA/nra locus and genetic relatedness based on multilocus sequence typing using
housekeeping genes (see Fig. S2 in the supplemental material).
Despite the random associations between housekeeping alleles, strong nonrandom associations were observed between
the major sequence clusters of the mga locus and the emm
pattern-defined subpopulations for tissue site preference (Table 2). Of the emm pattern A-C subpopulation, 19 of 20 (95%)
strains had an mga-1-lineage allele, whereas 100% of emm
pattern D (n ⫽ 38) and E (n ⫽ 56) strains had an mga-2lineage allele. This difference in mga allelic lineage content
between the pattern A-C subpopulation and either the pattern
D or E subpopulation was highly significant (P ⬍ 0.00001,
Fisher’s exact test, two-tailed). Given that mga maps immediately upstream of emm (see Fig. S1 in the supplemental material), the finding for coevolution of mga and emm pattern
may be a consequence of their tight physical linkage.
The rofA/nra locus maps ⬃300 kb from the emm region (see
Fig. S1 in the supplemental material). This distance represents
⬃15% of the single circular ⬃1.9 Mb chromosome of S. pyogenes, and therefore physical linkage between the emm and
rofA/nra loci is expected to be far weaker, compared to mga
and emm. Yet strong nonrandom associations were observed
between the major sequence clusters of the rofA/nra locus and
the emm pattern-defined subpopulations (Table 2). Furthermore, the nature of the distribution of the two gene lineages
differed from that observed for the mga locus. Of the emm
pattern D subpopulation, 32 of 38 (84%) strains had an nralineage allele, whereas 17 of 20 (85%) and 52 of 56 (93%) emm
pattern A-C and E strains, respectively, had a rofA-lineage
allele instead. The difference in the distribution of rofA and nra
between the emm pattern D subpopulation and either the
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Other recognized RofA-like proteins are far more divergent,
exhibiting amino acid sequence identities to RofA (or Nra) of
⬍30% (data not shown). The low-homology RofA-like proteins include paralogs of rofA/nra (in S. pyogenes) and orthologs (in Streptococcus pneumoniae) (8, 25).
Linkage analysis of mga and rofA/nra lineages. Oligonucleotide primers specific for each of the two major sequence
clusters found at the mga and rofA/nra loci were used to screen
a diverse set of 114 S. pyogenes strains by PCR amplification
(see Table S1 in the supplemental material). All strains yielded
an amplicon of the expected size with either the mga-1- or
mga-2-specific primer pairs, and there were no strains showing
evidence for the presence of alleles belonging to both lineages.
Similarly, all 114 strains yielded an amplicon of the expected
size with either the rofA- or nra-specific primer pairs, and no
strain yielded an amplicon with both primer pairs. Therefore,
among this set of 114 strains, rofA and nra appear to be mutually exclusive. However, this finding is inconsistent with another study that used a different set of 62 strains, wherein both
genes are reported for a small number of strains (35); the
observed differences may be due to the selected strains or the
methodological approach. That rofA and nra occupy the same
relative position (i.e., locus) on the genome is supported by
whole genome maps of several S. pyogenes strains (3, 5, 20, 44,
57; http://www.sanger.ac.uk.) and by our finding that all rofA/
nra alleles examined at the 3⬘ flanking region display a high
level of nucleotide sequence identity (⬎97%), extending
through the first 100 bp of the 5⬘ end of the hsp33 gene (data
not shown). Paralogous genes arise by duplication and occupy
different positions on the genome. Taken together, the data
strongly suggest that rofA and nra are not paralogs, nor are
mga-1 and mga-2 paralogous pairs.
The 114 S. pyogenes strains selected for PCR-based screening represent a genetically diverse set and include both highly
prevalent clones and rare clones. Nearly all isolates under
study have a unique emm type (emm25 and emm66 strains each
occur twice), and all isolates share five or fewer of the seven
housekeeping loci (see Table S1 in the supplemental material).
A matrix of pairwise distances between strains was constructed
based on the proportion of housekeeping loci having shared
alleles, by cluster analysis using the unweighted-pair group
method using average linkages (see Fig. S2 in the supplemental
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Table S2 in the supplemental material). However, 33 isolates
produced a PCR-generated amplicon with the rofA-specific
primers. Included among the positive isolates were all 33 isolates of S. dysgalactiae subsp. equisimilis having the group C or
G carbohydrate and known to be recovered from humans. The
rofA-like genes recovered from group C and G streptococci are
herein designated rofCG. It should be noted that isolates of the
human pathogen Streptococcus agalactiae, another beta-hemolytic organism of the pyogenic group, were not analyzed by
PCR in this study; however, in silico analysis of whole genome
sequences (23, 62) shows a lack of genes with high sequence
homology to either the mga or rofA/nra alleles present in S.
pyogenes strains.
The nucleotide sequence was determined for the complete
ORF of rofCG genes derived from six isolates of S. dysgalactiae
subsp. equisimilis. A phylogenetic tree, which includes the rofA
and nra alleles derived from S. pyogenes, shows that the rofCG
alleles lie within the same cluster as rofA alleles (Fig. 2). Furthermore, all rofA and rofCG alleles examined display a high
level of nucleotide sequence identity (⬎97%) over the 5⬘ end
of the hsp33 gene that lies immediately downstream from the
rofA/nra locus (8), suggesting that rofA and rofCG alleles occupy the same relative position on their respective genomes.
The maximal nucleotide sequence divergence between rofA
and rofCG alleles is only 2.0% (Table 3). Similarly, the maximal amino acid sequence divergence between rofA versus
rofCG alleles is only 2.9%. There are no fixed nucleotide differences between rofA and rofCG alleles over 74 polymorphic
sites, and 29 polymorphisms are shared between the two populations. The extent of sequence differences within the rofA
and rofCG sets of alleles is roughly of the same order as the
differences between the two populations. The data suggest that
rofA and rofCG alleles share a recent common ancestor, since
they are highly homologous in nucleotide sequence.
Evidence for selection within transcription regulatory genes.
In order to ascertain whether there was evidence for selection
within the mga and rofA/nra genes, a test for neutrality of
polymorphic (segregating) sites was employed. The Tajima’s D
statistic tests the hypothesis that all mutations are selectively
neutral, whereby D ⫽ 0 under neutrality (61). The data in
Table 4 indicate that when mga-1 lineage alleles are analyzed
by themselves, the D statistic is unable to reject neutrality; a
similar result is found for the set of mga-2 lineage alleles.
However, when the combined set of mga-1 and mga-2 alleles is
considered, D values are significant in a positive direction.
Parallel findings are obtained for rofA and nra alleles, both for
within lineages and combined lineage calculations (Table 4).
The significant positive value for D, for the combined lineage
alleles, is consistent with a role for balancing selection in maintaining a relatively large number of polymorphic sites at intermediate frequencies. Balancing selection is also supported by
the phylogenetic tree topologies observed for both mga and
rofA/nra (Fig. 1A and B).
A negative value of the Tajima’s D statistic arises when there
are more polymorphic sites with rare alleles than expected
under neutral genetic drift. Negative D values were observed
for each lineage considered separately (mga-1, mga-2, rofA,
and nra) when calculated under the assumption that there is no
recombination between alleles of the same lineage, but these
values are statistically nonsignificant (Table 4). However, S.
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pattern A-C or E subpopulation, was highly significant (P ⬍
0.00001, Fisher’s exact test, two-tailed).
There are 12 possible combinations of emm pattern (A-C, D,
and E), mga lineage (mga-1 and mga-2) and rofA/nra lineage
(rofA and nra) that can exist under conditions of unconstrained
gene flow. Among the 114 genetically distinct strains of S.
pyogenes, 101 (89%) are accounted for by only three combinations of emm pattern, mga lineage, and rofA/nra lineage (Table
2). However, 8 of the 12 possible genotypes are observed
among this set of 114 strains. Rare genotypes can be associated
with highly prevalent clones, such as the pattern A-C/mga-1/
nra and pattern A-C/mga-2/nra combinations found in the
emm3-ST15/ST16 and emm18-ST62 clones, respectively (see
Table S1 in the supplemental material) (41, 56, 64). Highly
prevalent clones having a rare genotype may owe their success
to compensatory mutations. For the emm18-ST62 clone, compensatory mutations may include the genetic variation that
leads to copious capsule production, an important phenotype
in respiratory tract infection, as well as a frameshift mutation
within the nra gene, leading to premature termination of translation and a truncated Nra protein (Fig. 1B) (1, 30, 57, 66).
In summary, the data show strong nonrandom associations
between the emm pattern genotype and lineage-specific alleles
of loci encoding global regulators of transcription, against a
background of random associations among housekeeping
genes. Taken together, the population findings and linkage
analysis provide evidence for a role of mga, emm, and/or
rofA/nra in conferring tissue-specific adaptations in the majority of strains.
Evidence for interspecies HGT of transcription regulatory
genes. Nucleotide sequence data for both the mga and rofA/nra
loci indicate that the level of divergence within a lineage is
relatively low, compared to divergence between lineages (Table 1). This finding is consistent with the idea that a gene
corresponding to one of the two lineages was acquired by HGT
from another species and replaced the ancestral gene.
Attempts to identify possible donor species of mga and/or
rofA/nra genes were made. A phylogenetic tree based on 16S
rRNA sequences of the Streptococcus genus places the betahemolytic streptococcal species in a cluster that closely corresponds to the “pyogenic” group (18). Isolates of some of these
streptococcal species have been recovered from humans. The
close taxonomic relatives of S. pyogenes were examined for the
presence of genes having high sequence homology to the mga
and rofA/nra alleles recovered from S. pyogenes.
Fifty-four isolates of streptococci, which included 12 species
or subspecies, and 33 isolates of Streptococcus dysgalactiae subspecies equisimilis known to be recovered from humans were
screened by PCR using lineage-specific primers for the mga-1/
mga-2 and rofA/nra alleles identified in S. pyogenes (see Table
S2 in the supplemental material). None of the 54 isolates
yielded an amplicon with primers specific for mga-1 or mga-2
alleles, indicating that a possible donor source for one of the
two mga lineages remains to be established. As a positive
control, primers specific for mgc (22), an ortholog of mga
displaying ⬃43% nucleotide sequence divergence with both
mga-1 and mga-2 alleles, yielded an amplicon for the majority
of isolates designated S. dysgalactiae subsp. equisimilis.
Among the set of 54 non-S. pyogenes isolates of streptococci,
none yielded an amplicon with the nra-specific primers (see
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TABLE 4. Selection within and between lineages of
transcription regulatory genes of S. pyogenesa

25RS84.rofA
D471.rofA
MGAS2017.rofA

Locus or
lineage

No. of
sequences

Tajima’s
D value

mga-1
mga-2
mga-1 and mga-2
rofA
nra
rofA and nra

7
12
19
12
11
23

⫺0.60
⫺0.63
2.25*
⫺0.97
⫺1.29
3.43*

29665.rofA
SF370.rofA
87-231.rofA
A735.rofA
86-809.rofA
10RS101.rofA
89-465.rofA

95% CI of Tajima’s D value by
coalescent simulations, assuming:
No
recombination

Free
recombination

(⫺1.49,
(⫺1.76,
(⫺1.75,
(⫺1.75,
(⫺1.75,
(⫺1.76,

(⫺0.33,
(⫺0.44,
(⫺0.22,
(⫺0.53,
(⫺0.67,
(⫺0.21,

1.72)
1.65)
1.58)
1.64)
1.67)
1.71)

0.36)
0.45)
0.23)
0.54)
0.68)
0.21)

a
Statistical significance of D was assessed using the beta distribution. For
values marked with an asterisk, P was ⬍0.05 by a two-tailed test.

D488.rofA
MGAS275.rofA
MGAS338.rofCG
SS188.rofCG
1778.rofCG
4951.rofCG
1891.rofCG
D421.rofCG
A946.nra
B737 (CS101).nra
D633.nra
MGAS8232.nra
29689.nra
D502.nra
88-019.nra
Manfredo.nra
ALAB49.nra
D821.nra
29487.nra
0.1 substitutions/site

FIG. 2. Phylogenetic tree of rofA and rofCG. The phylogenetic tree
is as described in the legend of Fig. 1B, with an additional six rofCG
alleles. The rate matrix was optimized to the best-fit model (GTR⫹G),
using the hierarchical likelihood ratio test. Taxon labels indicate streptococcal strains, as listed and described further in Table S1 (for S. pyogenes) or Table S2 in the supplemental material (32); included are
three strains each of group C and G streptococci. For rofCG, the
genome map position adjacent to the highly conserved hsp33 locus was
confirmed by PCR. The GenBank accession numbers for six new
rofCG sequences are given in Materials and Methods.

pyogenes displays evidence for high levels of recombination
among housekeeping genes (19, 33), and recombination decreases the variance of Tajima’s D (54), making it more difficult to reject the hypothesis of neutrality. Confidence intervals

TABLE 3. Sequence diversity within and between rofA alleles derived from S. pyogenes and rofCG alleles derived from
other streptococcal speciesa
Comparison

No. of
sequences

Nucleotide
diversity
()

Maximal %
nucleotide
divergence

Maximal %
amino acid
divergence

No. of
polymorphic
sites

No. of fixed
differences

No. of shared
polymorphisms

Within rofA (from S. pyogenes)
Within rofCG (from non-S. pyogenes)
Between rofA and rofCG
Between rofA/rofCG and nra

12
6
18
29

0.0102
0.0124
NA
NA

1.62
1.75
2.02
33.54

2.44
2.24
2.85
38.21

58
43
74
530

NA
NA
0
447

NA
NA
29
3

a

NA, not applicable.
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for Tajima’s D were derived by coalescent simulation allowing
for free recombination (Table 4), and they show statistically
significant departures from neutrality in the negative direction.
A negative value of the D statistic can indicate purifying (negative) selection or a population bottleneck that purges genetic
diversity genome-wide. However, a recent population bottleneck within S. pyogenes is not likely, based on the observed
diversity in housekeeping alleles at multiple loci (see Table S1
in the supplemental material). Thus, the data are most consistent with a role for purifying selection acting on alleles within
each lineage. In biological terms, purifying selection is often
the signature of the deleterious effects of mutations on high
fitness alleles.
Since rofA and nra appear to be orthologous in origin (Fig.
2) and mga-1 and mga-2 alleles display similar key features
despite our failure to establish its presence in a second species,
the McDonald-Kreitman neutrality test for interspecies variation was used to examine the genetic differences within and
between lineages at each locus. Under neutrality, the ratio of
synonymous (i.e., silent) to nonsynonymous (i.e., leading to
amino acid substitution) fixed nucleotide differences between
orthologous genes should be the same as the ratio of synonymous to nonsynonymous nucleotide polymorphisms within the
lineages. The neutrality index indicates the extent to which the
observed levels of amino acid polymorphism depart from expected levels under neutral evolution. The neutrality index is
⬍1 for both regulatory genes (Table 5) and is consistent with
the biological findings based on Tajima’s D test. The G test of
independence shows that deviations on the ratio of synonymous to nonsynonymous, for fixed substitutions between lineages versus polymorphisms within lineages, are statistically
significant at the rofA/nra locus but not significant for the mga
locus (Table 5). When the six rofCG alleles are included in the
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TABLE 5. McDonald-Kreitman test for neutralitya
Synonymous substitutions
Lineages

mga-1 and mga-2
rofA and nra
a

Nonsynonymous substitutions

McDonald-Kreitman test

Fixed differences
between lineages

Polymorphic sites
within lineages

Fixed differences
between lineages

Polymorphic sites
within lineages

Neutrality
index

P

NA
194
NA
226

122
NA
59
NA

NA
108
NA
230

46
NA
34
NA

NA
0.677
NA
0.566

NA
0.078
NA
0.019

P values were determined by a G test with Yates’ correction. NA, not applicable.

DISCUSSION
That the throat and skin represent distinct ecological niches
for S. pyogenes is supported by the finding that many strains
exhibit a strong preference for one tissue site over the other.
There are several scales of spatial-temporal distance that keep
the throat and skin strain specialists apart: distinct tissue habitats within a single host, geographic partitioning on a global
scale, and seasonal peaks in disease incidence. Such physical
barriers to HGT can act to reduce the flow of genetic information. Yet for housekeeping genes, discrete sequence clusters corresponding to the emm pattern-defined subpopulations
of S. pyogenes are not evident (19, 33). The reason may be that
the generalist subpopulation serves as a genetic shuttle between the specialists (7) or that insufficient time has elapsed
for a strong phylogenetic signal to emerge.
Nonetheless, in instances where housekeeping alleles are

randomly distributed with respect to ecologically distinct populations, genetic variation that is strongly associated with the
different ecological populations may be directly responsible for
adaptation to the ecological niche. Thus, products of the rofA/
nra and/or mga genes (and/or tightly linked genes, such as
emm) are strong candidates for having a direct role in conferring tissue-specific tropisms.
The site-frequency distributions among rofA and nra alleles
and among mga-1 and mga-2 alleles show that polymorphic
sites are maintained at intermediate frequencies, which suggests that both loci are under balancing selection. The finding
by coalescent simulation of purifying selection within each
lineage is consistent with the notion that each sequence cluster
of the transcription regulatory genes corresponds to a distinct
fitness peak.
Each of the regulatory gene loci under study may have a long
history of evolutionary divergence and adaptation within separate bacterial species, generating alleles of discrete lineages,
followed by a more recent replacement of the S. pyogenes
ancestral gene with an ortholog, via interspecific HGT (24, 29,
34). Newly acquired orthologous genes may potentially provide
a rich and ready source for new bacterial phenotypes. During
the process of speciation, sites within an ancestral gene that are
critical for adaptation to a new niche will undergo positive
(diversifying) selection, while constrained functions can be preserved via negative (purifying) selection. Following replacement of the ancestral S. pyogenes allele with an ortholog, the
recipient strain appears to have undergone genetic diversification at many loci and/or the orthologous allele to have spread
via interstrain HGT and localized recombination at sites of
highly homologous flanking DNA (37, 40).
At the rofA/nra locus, rofCG may have been acquired by
S. pyogenes from a human commensal species of streptococci
(63). This direction of transfer is consistent with the finding
that 100% of the human isolates of S. dysgalactiae subsp. equisimilus examined harbor rofCG. It is unlikely that this commensal species underwent a recent population bottleneck because it exhibits extensive mosaicism in its content of highly
divergent housekeeping alleles at multiple loci (32). Alternatively, rof may be ancestral to both streptococcal species, and,
instead, nra was acquired by S. pyogenes via an orthologous
replacement involving an unknown donor. In either scenario, it
seems probable that subsequent recombination between rofA
and rofCG has masked any phylogenetic signal.
Another plausible explanation for balancing selection is that
within S. pyogenes there was a gradual, long-term diversification of an ancestral gene and incremental increases in fitness,
whereby each allele of increased fitness subsequently spread
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calculation, for a total of 29 nra and rofA/CG alleles, the
departure from neutrality remains statistically significant (P ⫽
0.04, G test with Yates’ correction; data not shown).
Several of the fixed nucleotide differences between alleles of
different lineages (Table 5) were examined in greater depth for
synonymous versus nonsynonymous changes. A key functional
region of transcription regulatory proteins is the helix-turnhelix (HTH) DNA-binding motif. Positive selection in the
HTH region may reflect an adaptation that results in the regulation of different genes. The putative HTH motif identified
in RofA (21, 25) is highly divergent when compared to the
aligned region of Nra, displaying 12 nonsynonymous fixed nucleotide changes, at sites 115, 118, 121, 123, 130, 133, 148, 149,
151, 162, 163, and 172. These nucleotide differences result in
nine amino acid changes over the 21-residue region. In contrast, the 20-residue HTH motifs of Mga that were previously
shown by experiment to be critical for autoregulated mga expression (42) are highly conserved among the mga-1 and mga-2
lineages, with only two fixed nucleotide differences (at sites 196
and 209) leading to amino acid replacements within one domain (HTH-3) and no fixed replacements within the other
domain (HTH-4). The high number of nonsynonymous fixed
nucleotide differences in mga lying outside of the HTH-coding
regions suggests that any positive selection on mga appears to
act elsewhere in the gene.
In summary, there is evidence that balancing selection acting
on the mga and rofA/nra genes played an important role in
shaping the nucleotide sequence differences observed between
mga-1 and mga-2 alleles and between rofA and nra alleles,
whereas purifying selection appears to have contributed to the
low level of genetic diversity that is found within each lineage.
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acquisition by S. pyogenes, thereby facilitating the adaptation of
certain clones of S. pyogenes to the throat.
Mga-1 and RofA, along with certain Ska forms (31), may be
essential for high fitness at the throat, whereas Mga-2 and Nra
plus another Ska form may be optimal for bacterial growth and
transmission at the skin. However, the risk factors that promote throat and skin infection differ, and both niches are not
universally available to S. pyogenes. Mga-2 and RofA together,
as observed in the pattern E subpopulation of generalists, may
allow for exploitation of both the throat and skin, thereby
allowing the organism to survive shifting periods of niche availability but with a tradeoff in the form of suboptimal reproductive success.
In general terms, high levels of recombination allow for a
quick exploration of numerous genotype combinations and,
thereby, may promote the emergence of complex phenotypes
that require several independent genetic changes. The observed linkage disequilibrium between mga, rofA/nra, and emm
pattern and between emm pattern and other genotypes and
phenotypes (31, 58) is supportive of a critical role for epistasis
in niche adaptation. Orthologous gene replacements leading to
the successful exploitation of a new niche may have a particularly high impact on the accelerated evolution of this bacterial
species, which is otherwise lacking in pathogenicity islands (55).
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