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The molecular mechanisms underlying niche adaptation in bacteria are not fully understood. Primary
infection by the pathogen group A streptococcus (GAS) takes place at either the throat or the skin of its human
host, and GAS strains differ in tissue site preference. Many skin-tropic strains bind host plasminogen via the
plasminogen-binding group A streptococcal M protein (PAM) present on the cell surface; inactivation of genes
encoding either PAM or streptokinase (a plasminogen activator) leads to loss of virulence at the skin. Unlike
PAM, which is present in only a subset of GAS strains, the gene encoding streptokinase (ska) is present in all
GAS isolates. In this study, the evolution of the virulence genes known to be involved in skin infection was
examined. Most genetic diversity within ska genes was localized to a region encoding the plasminogen-docking
domain (f-domain). The gene encoding PAM displayed strong linkage disequilibrium (P << 0.01) with a
distinct phylogenetic cluster of the ska 3-domain-encoding region. Yet, ska alleles of distant taxa showed a
history of intragenic recombination, and high intrinsic levels of recombination were found among GAS strains
having different tissue tropisms. The data suggest that tissue-specific adaptations arise from epistatic cos-
election of bacterial virulence genes. Additional analysis of ska genes showed that ~4% of the codons under-
went strong diversifying selection. Horizontal acquisition of one ska lineage from a commensal Streptococcus
donor species was also evident. Together, the data suggest that new phenotypes can be acquired through
interspecies recombination between orthologous genes, while constrained functions can be preserved; in this
way, orthologous genes may provide a rich and ready source for new phenotypes and thereby play a facilitating

role in the emergence of new niche adaptations in bacteria.

Beta-hemolytic group A streptococci (GAS) (Streptococcus
pyogenes) are common bacterial pathogens whose host range is
restricted to humans. The primary tissue sites for infection are
the mucosal epithelial lining of the upper respiratory tract
(URT) and the epidermal layer of the skin, where the organ-
ism can cause pharyngitis and impetigo, respectively. It is at
these two superficial tissue sites that the organism is most
successful in reproduction and transmission to new hosts.
However, many strains of GAS differ widely in the ability to
cause throat and skin infections, giving rise to the concept that
there are distinct subpopulations of throat and skin strains (2,
8, 32, 47).

Both population and experimental studies have been used to
better understand the molecular basis for tissue-specific adap-
tations among GAS. Organisms exhibiting high fitness for just
one of the tissue sites have an increased frequency of tissue-
specific adaptive alleles in their gene pool relative to the fre-
quency in the other subpopulations. The emm pattern is a
genetic marker that distinguishes many throat- and skin-tropic
strains of GAS (5, 7, 15); the emm pattern is defined by the
chromosomal arrangement of erm subfamily genes. emm pat-
tern A-C strains are usually recovered from the URT, whereas
emm pattern D isolates are mostly found in association with
impetigo. As a group, the emm pattern E strains display no
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clear-cut preference for tissue site of infection. Despite niche
separation, there is an ample flow of neutral housekeeping
genes between emm pattern groups (27), and there are high
rates of genetic recombination within the species as a whole
(18). In instances where neutral housekeeping alleles are ran-
domly distributed with respect to ecologically distinct popula-
tions (27), genetic variation that is strongly associated with the
different populations may be directly responsible for adapta-
tion to an ecological niche, and thus, emm gene products (or
closely linked genes) may have a direct role in tissue tropism.

The emm genes encode M surface proteins, which display
extensive heterogeneity in terms of structure and function (14,
20). More than 150 distinct emm types are recognized, where
an emm type is based on nucleotide sequence differences near
the 5" end of the emm gene (17). Plasminogen (Plg)-binding
group A streptococcal M protein (PAM) is encoded by an emm
gene that is uniquely associated with emm pattern D strains
(40). Many, but not all, emm pattern D isolates contain PAM,
and a high-affinity Plg-binding site is localized to the central
portion of the M protein surface fibril. By using an experimen-
tal model for impetigo that measures net bacterial reproduc-
tive growth at a superficial skin site, a role for PAM in impetigo
has been demonstrated (41). When considered together, the
experimental, epidemiological, and population genetics find-
ings provide strong evidence that PAM contributes to the es-
tablishment of tissue tropism for the skin.

Host Plg presented in a PAM-bound form interacts with
streptokinase, a GAS-secreted Plg activator, yielding bacteri-
um-bound plasmin activity; plasmin is a broad-spectrum
proteinase involved in blood clot dissolution and cellular mi-
gration. Insertional inactivation of the gene encoding strep-



VoL. 186, 2004

ADAPTATION AND EVOLUTION OF STREPTOKINASE 111

TABLE 1. GAS isolates studied

Site of emm B-Domain B-Domain Designation
Strain® L emm type ) ) ska cluster PAM site” in
isolation pattern ska allele C
or subcluster dendrogram
86-779 URT 1 A-C ska66 2a ND¢ ska66
MGAS2109 URT 1 A-C ska66 2a Negative
MGAS2110 Unknown 1 A-C ska67 2a Negative ska67
SF370 Invasive 1 A-C ska66 2a Negative
MGAS2120 Impetigo 1 A-C ska66 2a Negative
MGAS2123 Impetigo 1 A-C ska66 2a ND
1GL90 URT 3 A-C ska22 2a ND
88-019 URT 3 A-C ska22 2a Negative ska22a
1RP144 URT 5 A-C ska68 1 ND
Manfredo URT 5 A-C ska68 1 Negative ska68a
1RP112 URT 6 A-C ska25 2a Negative ska25a
D471 Unknown 6 A-C ska25 2a Negative
A374 URT 12 A-C ska23 1 ND ska23a
25RS84 URT 14 A-C ska78 1 ND ska78
1GL217 URT 17 A-C ska25 2a Negative ska25b
1RP268 URT 18 A-C ska82 2a Negative ska82
1GL205 URT 19 A-C ska65 1 Negative
1RP118 URT 19 A-C ska65 1 ND ska6b5a
1RP284 URT 24 A-C ska65 1 Negative ska65b
11RS100 URT 26 A-C ska69 1 Negative ska69a
3RP70 URT 29 A-C ska65 1 ND
SS53 URT 37 A-C ska68 1 ND ska68b
19RS14 URT 39 A-C ska76 1 Negative ska76
SS642 URT 46 A-C ska69 1 Negative ska69b
A291 Unknown 51 A-C ska58 1 Negative ska58
D488 Impetigo 55 A-C ska22 2a Negative ska22b
D306 Unknown 57 A-C ska37 2a ND ska37
2RSC3 URT 38 & 40 A-C ska26 1 ND ska26
1RP31 URT stIRP31 A-C ska6s 1 Negative skab5c
S$S1445 URT st854 A-C ska7l 1 ND ska71
10RS101 URT 32 D ska38 1 Negative ska38
29487 Impetigo 33 D ska39 2b Positive ska39
C142 URT 34 D ska52 1 ND
A457 Unknown 36 D ska40 1 Negative skad0
1RS79 URT 42 D ska35 1 Negative ska35
D407 Invasive 43 D ska84 2b Positive ska84
A946 Impetigo 52 D ska27 2b Positive ska27b
ALAB49 Impetigo 53 D ska41 2b Positive ska41
D795 Unknown 67 D ska51 1 Negative skaSla
D998 Unknown 70 D ska42 2b Positive ska42
SS1098 Impetigo 71 D ska72 1 Negative ska72
SS1144 Impetigo 72 D ska45 2b Positive skad5a
CT95-104 Invasive 80 D ska27 2b ND
29689 Impetigo 83 D ska43 2b Positive ska43
D964 Impetigo 86 D ska44 2a Positive ska44
D821 Impetigo 91 D ska45 2b Positive skad5Sb
D466 Unknown 93 D ska64 2b Positive ska64
D502 Impetigo 93 D ska46 2b Positive ska46
MGAS2111 Unknown 95 D ska30 2b Negative ska30
D626 Impetigo 97.1 D ska53 1 Negative ska53
SS1434 Impetigo 98 D ska80 2b Positive ska80
551433 Impetigo 99 D ska79 1 Negative ska79
D641 Impetigo 101 D ska54 2b Positive ska54
MGAS308 Invasive 105 D ska23 1 Negative ska23b
29486 Impetigo 116 D ska47 2b Positive ska47
MGAS341 Invasive 119 D ska28 2b Positive ska28
SS1096 Impetigo 65 & 69 D ska73 1 Negative ska73
SS1497 Impetigo st3757 D ska81 2b Positive ska81
D997 Unknown st4973 D ska29 2b Negative ska29
D432 Unknown stD432 D ska27 2b Positive ska27c
D631 Impetigo stD631 D ska48 2b Positive skad8
D633 Impetigo stD633 D ska49 2b Positive ska49
89-465 URT 2 E ska57 1 Negative ska57a
CT98-529 Invasive 4 E ska62 1 ND ska62
29740 Impetigo 8 E ska20 1 Negative ska20
D733 Unknown 9 E ska63 1 ND ska63a
CT95-126 Invasive 11 E ska60 1 ND ska60
MGAS275 Invasive 22 E ska55 1 Negative skaS5
D316 Invasive 25 E ska2l 1 ND ska2l
CT95-189 Invasive 28 E ska31l 1 ND ska31

Continued on following page



112 KALIA AND BESSEN

J. BACTERIOL.

TABLE 1—Continued

B-Domain ska

-4 Site of emm -Domain . Designation in
Strain isolation emm type pattern l?v)ka allele cluster or PAM site® dengrogmmC
subcluster

B737 Impetigo 49 E ska32 1 Negative ska32a
29454 Impetigo 58 E ska24 1 Negative ska24a
4500-S Impetigo 60 E ska24 1 ND ska24b
A956 Unknown 63 E ska50 1 Negative skaS0a
ALABS3 Impetigo 66 E ska56 1 ND ska56
5552-S Impetigo 68 E ska33 1 Negative ska33
86-809 URT 75 E ska34 1 Negative ska34
CT95-159 Invasive 77 E ska61 1 ND ska61
D812 Impetigo 78 E ska74 1 ND ska74
29665 Impetigo 81 E ska36 1 ND ska36
D424 Invasive 89 E ska63 1 ND ska63b
89-456 URT 90 E ska75 1 Negative ska75
4426-S Impetigo 92 E ska50 1 Negative ska50b
CT95-122¢ Invasive 94 E ska27 2b ND ska27a
CT95-169 Invasive 102.1 E ska83 1 Negative ska83
6250-S Impetigo 110 E ska51 1 Negative skaS1b
1RP18rn URT 44 & 61 E ska77 1 ND ska77
5569-S Impetigo 44 & 61 E ska59 1 Negative

D938 Impetigo 44 & 61 E ska32 1 Negative ska32b
MGAS2140 URT st833 E ska57 1 Negative ska57b

“ For each strain, additional information concerning the year and place of isolation, as well as disease association, can be found at http://www.cdc.gov/ncidod
/biotech/strep/strepindex.html (for SS strains) or www.mlst.net (for all other strains).
® As established by Svensson et al. (40) and/or by predicted amino acid sequence analysis. Although all strains underwent emm typing, only the strains whose saved

sequences included data up to the C repeat region were analyzed for PAM.
¢ Dendrogram presented in Fig. 4.
4 emm type 94 = emm type 13W.
¢ ND, not determined.

tokinase (ska) also leads to attenuated infection in the exper-
imental model for GAS impetigo (41). It is postulated that
during impetigo lesion formation, the combined action of
streptokinase and PAM-bound Plg leads to fibrinolysis, which
retards scabbing and prevents the lesion from drying out. This,
in turn, expands the window of opportunity for GAS repro-
duction and transmission to new hosts.

In this report, the evolution of streptococcal virulence genes
involved in tissue-specific adaptations is examined in depth.
The nucleotide sequences of ska genes derived from GAS
isolates characterized for the presence of PAM were deter-
mined, and phylogenetic analysis was performed.

MATERIALS AND METHODS

Bacterial strains. The 90 GAS isolates which we studied are listed in Table 1.
Nearly all isolates known to be recovered from the URT are also known to be
disease associated (pharyngitis and/or nonsuppurative sequelae) and not associ-
ated with asymptomatic carriage. The emm pattern was determined by a PCR-
based method, as previously described (5). The 34 group C streptococci (GCS)
and group G streptococci (GGS) isolated from humans were described previ-
ously (26). The emm type was ascertained by previously described methods (5).

Primers. The following oligonucleotide primers were used for PCR amplifi-
cation and/or nucleotide sequence determination: for ska, 5'-AACCTTGCCGA
CCCAACCTGT-3" (SKNF2), 5'-TTATTCTAATAATGGGGATTGAAACT
TAA-3" (SKNF3), 5'-TGAAACTTAACTTTTAGGAGGTTT-3' (SKNF4), 5'-
ATCGCAGTCACTTGAAACTGTTCAC-3' (SKNF5), 5'-GTGAACAGTTTC
AAGTGACTGCGAT-3' (SKNR2), 5'-GCTGTTAAGAGCTGCTCGCTT-3’
(SKNR3), 5'-AATCTCATCGTTTTAGAAGATCG-3" (SKNR4), 5'-AATCTC
ATCRTTTTAGAAGATCG-3’ (SKNRSY), and 5'-ACAGGTTGGGTCGGCAA
GGTT-3' (SKNRG6); for dppA, 5'-TCAAATGATGTGCGCGGCTTAT-3’
(DPPAF) and 5'-ATAAGCCGCGCACATCATTTGA-3' (DPPAR); for Imb,
5'-TTCGGCTTGAAACAACTTGGTATCTCGGG-3' (LMBF) and 5'-CCCG
AGATACCAAGTTGTTTCAAGCCGAA-3" (LMBR); for nrd, 5'-TCWGGCA
ACAAAAACTTTAAYCAYCAGTATT-3' (NRDF2) and 5'-AATACTGRTG
RTTAAAGTTTTTGTTGCCWGA-3' (NRDR?2); for pabP, 5'-GACCTCAAC

TATTGTTGGTGACCTCAA-3' (PABPF) and 5'-TTGAGGTCACCAACAAT
AGTTGAGGTC-3" (PABPR); and for scpA, 5'-ATCTTGCTCAATGCACAA
TCAG-3' (SCPAF) and 5'-CTGATTGTGCATTGAGCAGAT-3" (SCPAR).
PCR were performed for large and small amplification products as previously
described (6).

Statistical and computational analyses. (i) Phylogenetic trees. All trees were
constructed by the neighbor-joining method by using MEGA, version 2.1; the
Kimura two-parameter distance measure was used for nucleotide sequences, and
the Poisson-corrected distance measure was used for amino acid sequences. The
maximum-likelihood method was employed for trees analyzed by PAML (phy-
logenetic analysis by maximum likelihood) (see below) by using PAUP, version
4.0 beta 10. The desired evolutionary model of DNA substitution and the pa-
rameters were optimized by using hierarchical likelihood ratio tests (24) with
MODELTEST, version 3.0 (36).

(i) Gene conversion. Geneconv, version 1.81, was used to detect gene con-
version events among full-length ska alleles; the default settings were used (37).
Bonferroni-corrected Karlin-Altschul P values that were less than 0.05 are re-
ported below for global fragments. The analysis included full-length ska se-
quences (n = 13), as defined in Fig. 1; strain 89-465 was not included because of
the presence of an indel, and strain D998 was not included because it was nearly
identical to D633.

(iii) Cluster analysis. Cluster analysis, based on seven housekeeping gene
alleles, was performed by using the unweighted pair group method with arith-
metic averages and the percent disagreement distance measure (Statistica, ver-
sion 5.5; StatSoft, Tulsa, Okla.). The data are presented below as a dendrogram.

(iv) PAML. A maximum-likelihood approach was used to examine selection
pressures acting on ska. The ratios of nonsynonymous nucleotide substitutions
(dn) to synonymous nucleotide substitutions (ds) (w ratios) were determined
codon by codon by using several models of codon substitution that differ in how
the o ratios are allowed to vary along the sequence. Six models of codon
substitution were used (see below). All models were implemented with the
codeml program of the PAML package (version 3.13) (11, 42, 44, 45, 49, 50).
Nested models were compared by using the likelihood ratio test; in this test twice
the difference in log likelihood (In L) between two models was compared to the
value obtained under a x? distribution, and the degrees of freedom was equal to
the difference in the number of parameters used in each model. Positive selection
could be inferred when a group of codons having a w ratio of more than 1 was
identified and the likelihood of the codon substitution model in question was
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FIG. 1. Phylogenetic tree for full-length ska alleles. The relationships of 1,320-bp nucleotide sequences of the ska gene derived from 15 strains
of GAS are indicated by an unrooted radial tree constructed by the maximum-likelihood method, in which the rate matrix was optimized to a
submodel of GTR +G+1 (K81uf). Bootstrap values of =90% (1,000 replicates) are indicated at the nodes. Taxon designations indicate GAS strains
that are listed in Table 1, except for MGAS8232 (SPyM18-2042; GenBank accession no. AE009940). The ska genes derived from strains MGAS315
(SPyM3-1698; GenBank accession no. AE014074) and SF370 (SPy1979; GenBank accession no. AE004092) exhibit 100% nucleotide identity with
the genes of strains 88-019 (emm type 3) and 86-779 (emm type 1), respectively. Bar = 0.05 substitution per site. The tree topology was very similar
when the neighbor-joining method was used. The ska lineage corresponding to PAM-positive strains is indicated by the dotted circle. The GenBank

accession numbers for 14 new ska sequences are AY234128 to AY234141.

significantly higher (P < 0.01) than the likelihood of a nested model which did
not take positive selection into account. Bayesian methods implemented (auto-
matically) in PAML identify any codons under positive Darwinian selection.

The MO model assumes that all codons are subject to the same selection
pressure, so that a single w ratio value is estimated. Model M1 divides codons
into two categories; one category represents the codons that are invariant (p),
with w, fixed at 0, and the other represents codons that are neutral (p,), with o,
set to 1. The M2 model accounts for positive selection by addition of a third
category of codons (p,) with w,, which can take on any value (including 1)
estimated from the data; however, this model cannot simultaneously account for
sites with 0 < w ratio < 1 and sites with an o ratio of >1. The M3 model
estimates o ratios for three codon site classes and provides a more sensitive test
for positive selection, such that all o ratios are estimated from the data and all
values may be greater than 1. The M7 model uses a discrete B distribution, whose
shape varies depending on the parameters p and ¢, to model w ratios of codons;
in the M7 model, no class of codons can have an w ratio of >1. Model M8 also
uses a B distribution, but an extra class of codons is incorporated, in which the
w ratio can be more than 1. A likelihood ratio test of a comparison of the M7 and
M8 models is much less affected by the presence of recombination than tests for
the other comparisons (1).

(v) Tests for independence. Tests for independence, used to establish nonran-
dom relationships (linkage disequilibrium), were performed with Fisher’s exact
test (DnaSP, version 3.52).

RESULTS

Phylogeny of streptokinase genes. The complete ska se-
quence was determined for 14 strains of GAS. The findings are
shown in a maximum-likelihood phylogenetic tree in Fig. 1,
which includes previously published data for an additional ska
allele, so that there were 15 distinct taxa. Three well-sup-
ported, major sequence lineages are evident. The relationships
of strains 1RP112 (emm type 6) and MGAS8232 (emm type
18) to the three major ska lineages are less certain. The four

GAS strains containing the high-affinity PAM have ska alleles
that form a single cluster.

Based on extensive structural and functional studies, strep-
tokinase is recognized as having three principal domains, «, 3,
and y (46). The lengths of the three domains are approximately
equal (146, 144, and 123 amino acid residues, respectively)
(Fig. 2). The B-domain of streptokinase displayed the highest
level of predicted amino acid sequence divergence when the 15
ska genes (Fig. 1) were compared. During plasmin formation,
the B-domain of at least one form of streptokinase has direct
molecular contact with Plg and docks Plg as an initial step in
the formation of the streptokinase-plasmin(ogen) activation
complex in the fluid phase (10, 31).

Relationships among streptokinase (3-domain, PAM, and
tissue site preference. Given the tight association observed

+1 +1320 nt

o domain p domain v domain
+27 +173 +317 +440 aa
Maximal % nt 14.8 38.1 10.1
divergence . ) :
Maximal % aa
divergence 234 54.3 172

FIG. 2. Domain structure of streptokinase. The sequence positions
of the three principal domains of streptokinase («, B, and vy) are
illustrated (46). The maximal nucleotide (nt) sequence divergence and
the maximal amino acid (aa) sequence divergence between ska alleles
shown in Fig. 1 are indicated for each of the three major streptokinase
domains. Since strain 89-465 has a deletion within the a-domain, it was
not included in the a-domain analysis.
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FIG. 3. Phylogenetic tree for the B-domain-encoding region of ska.
The relationships of the nucleotide sequences of a 423-bp portion of
ska encoding amino acid residues 173 through 316 of the streptokinase
protein (the first residue of the leader peptide is designated residue 1)
(Fig. 2), derived from 90 strains of GAS, are indicated by a neighbor-
joining tree. For visual clarity, the tree is midpoint rooted. Bootstrap
values of =90% (500 replicates) are indicated at the nodes. The des-
ignations indicate the ska alleles, which are listed in Table 1. Bar =
0.05 substitution per site. The GenBank accession numbers for 64 new
partial ska sequences are AY234261 to AY234324.

between PAM and one of the major ska lineages (Fig. 1), it was
of interest to ascertain whether a strong association between
PAM and the ska lineage extended to the broader GAS pop-
ulation. Since the B-domain of streptokinase displays the high-
est level of sequence heterogeneity (Fig. 2) and thereby makes
a large contribution to the phylogenetic signal (Fig. 1), this
domain was chosen for further in-depth studies.

The phylogeny of the portion of the ska locus encoding the
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TABLE 2. Relationship between B-domain form of ska, emm
pattern group, and PAM site

No. of unique strains in ska B-domain clusters®

emm pattern
group

Total for

PAM site  cpygrer Cluster Subcluster  Subcluster

clusters
1 2 1 and 2 2a 2b
A-C NA? 14 8 22 8 0
D Negative 9 2 11 0 2
D Positive 0 19 19 1 18
E NA 26 1 27 0 1

“ A unique strain was defined as an isolate having a unique emm type and less
than five of seven housekeeping alleles in common with another isolate of that
emm type. Only pattern D strains whose PAM status was known were included.

® NA, not applicable.

B-domain was examined for GAS strains representing a broad
spectrum of genetic diversity (Fig. 3). For 90 GAS isolates,
representing 78 emm types, 64 distinct (partial) ska alleles
encoding the B-domain were identified (Table 1). Two major
sequence clusters that had strong bootstrap support were
clearly evident (clusters 1 and 2) (Fig. 3). Both major clusters,
clusters 1 and 2, contained several smaller subclusters of alleles
having strong bootstrap support.

PAM is the product of a subset of emm genes and is defined
by the ability to bind Plg with high affinity. Precise mapping of
the Plg-binding site within PAM led to recognition of consen-
sus sequences at both the amino acid (9) and nucleotide (40)
levels. Previous studies of a set of 81 genetically diverse strains
of GAS showed that high-affinity binding of Plg was restricted
to emm pattern D strains, and furthermore, there was a strong
correlation between Plg binding and the PAM consensus se-
quence (40). In this study, many additional GAS strains were
included in the analysis; data in Table 1 show that the PAM
site was absent from all 33 emm pattern A-C and E isolates
examined, confirming our previous findings with a different
strain set. For emm pattern D strains (n = 30) (Table 1), a
neighbor-joining tree was constructed by using input amino
acid sequences corresponding to the amino terminus of the
predicted mature M protein, up to the C repeat region (4);
PAM-positive and PAM-negative sequence clusters were de-
lineated by a branch point having strong bootstrap support
(99% confidence) (data not shown). However, within the
PAM-positive cluster, 11 of the 17 branch points had more
than 50% bootstrap support, which was indicative of a high
degree of sequence diversity among PAM molecules derived
from different GAS strains. The partial amino acid sequences
of 19 M proteins having a PAM consensus sequence, as indi-
cated in the sequence alignment, revealed the Al and/or A2
repeat region (9) and confirmed the relationship between the
predicted PAM consensus sequence and the percentage of Plg
bound (40).

The relationship between the B-domain-encoding region of
ska and the emm pattern marker for tissue site preference was
examined. Each of the three emm pattern groups (pattern A-C
[throat preference], pattern D [skin preference], and pattern E
[no preference]) was represented by numerous strains having
cluster 1 alleles (Tables 1 and 2). Strikingly, all nine of the emm
pattern D isolates having a cluster 1 ska allele lacked PAM.

Cluster 2 ska alleles were found in many emm pattern A-C
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and D strains, whereas only 1 of the 27 pattern E strains
examined had a cluster 2 ska allele (Table 2). Furthermore, the
vast majority (19 of 21 strains; 90%) of the emm pattern D
strains harboring a cluster 2 ska allele also had PAM. Based on
the branches of the phylogenetic tree having strong bootstrap
support, 18 of the 19 PAM-positive strains were shown to
harbor an ska allele falling in the major ska subcluster that was
designated subcluster 2b (Fig. 3). For all eight emm pattern
A-C strains harboring a cluster 2 ska allele, the ska allele
belonged to the other subcluster, designated subcluster 2a.

In summary, nearly all PAM-positive emm pattern D strains
(18 of 19 strains; 95%) had a subcluster 2b ska allele (Table 2).
The vast majority of emm pattern D strains lacking a PAM site
had a cluster 1 ska allele (9 of 11 strains; 82%). emm pattern D
strains harboring ska cluster 1 genes also tended to be strains
belonging to rarely recovered emm types (www.cdc.gov/ncidod
/biotech/strep/strepindex.html). The association between sub-
cluster 2b ska alleles and emm pattern D strains with a PAM
site was highly significant (P = 0.00004, as determined by
Fisher’s two-tailed exact test), which was indicative of a strong
linkage disequilibrium. None of the strains harboring a sub-
cluster 2b ska allele was known to be recovered from the URT
(Table 1).

Epistasis and linkage of subcluster 2b ska and pam. The
finding that there is a strong linkage disequilibrium between
the subcluster 2b form of the streptokinase B-domain and the
presence of PAM strongly suggests that the corresponding
genotypes are coinherited. Coinheritance could arise by clonal
descent within a population exhibiting low rates of recombina-
tion and/or through tight physical linkage (i.e., close proximity
on the genome) between the ska and emm (pam) loci. Alter-
natively, coinheritance could be maintained by epistasis, driven
by phenotypic interactions between streptokinase and PAM
that give rise to an essential adaptive function. Epistasis can
occur against a background of high levels of genetic recombi-
nation.

Statistical tests were used to estimate the level of recombi-
nation within the GAS population by examining neutral loci.
The genetic background of each of the 90 GAS isolates (Table
1) was defined for allelic profiles (sequence types [ST]) based
on seven housekeeping loci (16), which yielded 87 unique emm
type-ST combinations (data not shown). Previous studies have
shown that the associations between housekeeping loci of GAS
are random, based on a maximum-likelihood method for mea-
suring the extent of congruency between housekeeping gene
tree topologies (18, 27). As observed in previous studies per-
formed with slightly different sets of GAS strains (18, 27) and
a linkage distance cutoff of 0.55, no significant congruence
between gene trees was observed for this particular set of GAS
isolates, and the differences in the likelihoods of the trees fell
within the 99th percentile of the random distribution of ran-
dom tree topologies for all 42 possible pairwise comparisons of
housekeeping genes (data not shown). Therefore, when deep
phylogenetic relationships were considered, the rates of re-
combination among housekeeping loci are relatively high for
this particular set of GAS isolates. There is no evidence that
throat- and skin-tropic strains of GAS comprise distinct evo-
lutionary lineages (27).

Despite the strong linkage disquilibrium observed between
subcluster 2b ska forms and PAM, several individual ska alleles
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(n = 12), as defined by the B-domain-encoding region, show a
history of horizontal movement between GAS strains having
distantly related STs (linkage distance, >0.6) (Fig. 4). In ad-
dition, for one clone, as defined by seven of seven identical
housekeeping alleles, there were isolates that had highly diver-
gent ska alleles (ska44 and ska54); this finding is also indicative
of horizontal movement of ska between different GAS strains.
Of the 18 strains having a PAM site, a subcluster 2b ska allele,
and unique emm type-ST combinations, 12 differed from all
other isolates by a linkage distance of >0.6 (Fig. 4). Although
some of the isolates having both PAM and a subcluster 2b ska
allele are close genetic relatives, the majority of the strains are
genetically distant in terms of their neutral housekeeping
genes.

When a statistical test for detecting gene conversion was
used (37), numerous examples of intragenic recombination
between full-length ska genes (Fig. 1) were evident. A total of
53 pairwise global inner-sequence fragments were found with P
values of <0.05, indicating that there were as many as 53
intragenic recombinational events. Most of the predicted gene
conversion events (44 of 53 events; 83%) had (double) cross-
over sites that were contained within one of the three major
structural domains (as shown in Fig. 2). Crossover sites span-
ning the a-domain—B-domain junction were most likely to in-
volve alleles corresponding to the PAM-positive cluster and
strain MGASS8232, whereas crossover sites spanning the B-do-
main—y-domain junction involved alleles of numerous distant
taxa (data not shown). The gene conversion findings for ska are
consistent with the findings for housekeeping genes, indicating
that GAS display high levels of genetic recombination.

The complete genome sequences of several GAS strains,
containing either a cluster 1 or subcluster 2a ska allele, show
that the distance between emm and ska ranges from ~33 to 38
kb (3, 19, 33, 39; www.sanger.ac.uk). By using a PCR-based
mapping approach, the genomic content and distance between
the emm and ska loci in a PAM-positive, subcluster 2b ska-
positive, emm pattern D strain (Alab49) were found to be very
similar to those of the GAS strains whose complete genome
sequences are known (data not shown).

Although the genes encoding PAM and streptokinase are
not too far apart on the genome, the combined findings for
random associations between housekeeping genes, intragenic
recombination between ska genes of different strains, the hor-
izontal movement of ska alleles to distant strain backgrounds,
and high sequence diversity among PAM from different strains
argue strongly against coinheritance due to physical proximity.
In summary, the B-domain-encoding region of subcluster 2b
ska maintains strong linkage disequilibrium with PAM-positive
emm pattern group D. Combined with experimental evidence
that streptokinase and PAM play key roles in impetigo (41),
the findings suggest that the linkage between PAM and the
subcluster 2b form of the streptokinase B-domain arises from
strong coselective pressures due to epistasis.

Positive selection within the streptokinase B-domain. The
relative proportion of dy and dg, leading to a change and no
change in amino acid residues, respectively, can provide insight
into the role of natural selection in the evolution of a gene. It
is widely assumed that o ratios of more than 1 signify diversi-
fying (positive) selection. The average w ratio for full-length
ska genes (Fig. 1) is 0.449, suggesting that purifying (negative)
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FIG. 4. Unweighted pair group method with arithmetic averages dendrogram based on housekeeping loci. A matrix of pairwise differences in
allelic profiles between strains was constructed based on the proportion of housekeeping loci having shared alleles (16). The relationships between
housekeeping gene allelic profiles at seven loci are shown for 78 GAS strains having unique emm type-ST combinations. For the 90 GAS isolates
listed in Table 1 having 87 unique emm type-ST combinations, clonal complexes having the same emm type are reduced to one representative
strain; clonal complexes are defined as groups of clones that share five or more of the seven housekeeping alleles. The branch labels indicate the
ska allele corresponding to the B-domain-encoding region (Fig. 3; Table 1) for each GAS strain. The various symbols indicate sets of identical ska
alleles that are distributed among GAS strains that differ at three or more housekeeping loci. The arrows indicate branch tips representing isolates
having both a PAM site and subcluster 2b ska allele (n = 18). Isolates having identical emm types and STs also tend to have identical or nearly
identical ska alleles (Table 1), as follows: emm1-ST28, ska66; emm5-ST99, ska68; emm6-ST37, ska25; and emm44/61-ST31, ska59 and ska77.
Isolates that have the same emm type and differ at only one or two housekeeping alleles (clonal complexes) also tend to have identical ska alleles
(emm3-ska22, emm19-ska65, emmI-ska66). The multilocus sequence typing raw data were published previously for all isolates except the nine
strains whose designations begin with SS (16).
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TABLE 3. Parameter estimates for maximum-likelihood analysis of selection pressures acting on streptokinase

Likelihood ratio test Amino acid residues subject to positive selection

Model* InL dn/dg Estimates of parameters (P value) (P > 0.99)°

MO (one-ratio) —4478.904 0449 o = 0.449

M1 (neutral) —4383.673  0.404  p, = 0.596,
(p1 = 0.404)

M2 (selection) —4354.346  0.625 p, = 0.574, p, = 0.384, 30, 164, 202, 204, 208, 236, 279, 280, 282, 286,
(po = 0.041), 287, 290, 302, 308, 332, 414
w, = 5.831

M3 (discrete) —4353302 0581  p, = 0.646, p, = 0.314, M3 vs MO (<0.0001), 30, 38, 74, 83, 11, 147, 164, 173, 174, 183, 187,
(p» = 0.040), M3 vs M1 (<0.0001) 189, 191, 195, 197, 199, 202, 204, 206, 207,
wy = 0.045, 208, 220, 226, 228, 231, 234, 236, 243, 263,
w; = 1.049, 270, 271, 273, 279, 280, 282, 284, 286, 287,
w, = 5.538 289, 290, 302, 308, 324, 329, 332, 414

M7 (beta) —4382.473 0341 p =0.057,q = 0.114

M8 (beta & w)  —4353.360 0.574 p = 0.082, ¢ = 0.151, M6 vs M7 (<0.0001) 30, 164, 173, 187, 202, 204, 208, 236, 271, 279,
Po = 0.956, 280, 282, 286, 287, 290, 302, 308, 332, 414
(p1 = 0.045),
w = 5.193

“ The values for kappa (transition/transversion rate ratio) and tree length (number of nucleotide substitutions along the tree per codon) were fairly homogeneous

for each model.

® Numbering begins at the amino terminus of the leader sequence (the leader is 26 amino acid residues long).

selection has been a major force in ska gene evolution when all
codons are considered together. However, this ratio does not
consider individual codons, and it was of interest to ascertain
whether specific codons of ska were under diversifying selec-
tion. By using a statistical approach, w ratios were determined
codon by codon. Maximum-likelihood analysis of the selection
pressures acting on ska by using the tree topology of Fig. 1 and
allowing for heterogeneous w ratios among sites provided ev-
idence that there has been diversifying selection within strep-
tokinase (Table 3).

Parameter estimates from the discrete (M3) model suggest
that 64.6% of the sites are under purifying selection (w, =
0.045), 31.4% are under very weak diversifying selection (w, =
1.049), and 4.0% are under strong diversifying selection (w, =
5.538) (Table 3). All models that allow for positively selected
sites (M2, M3, and M8) indicated that there are such sites, and
~4% of the codons are under strong positive selection (w ratio,
>5).

Since ska genes were found to undergo intragenic recombi-
nation and tests for positive selection by the maximum-likeli-
hood method assumed a phylogenetic tree, the w ratio was also
estimated from a star phylogeny (45). For the full-length ska
genes of the strains shown in Fig. 1 but with a tree in which all
sequences diverge from a single node, there was still evidence
of significant positive selection. For the M3 model with the star
phylogeny, 10.1% of amino acid sites were under strong diver-
sifying selection (w, = 5.134), which was less conservative than
the values estimated with the maximum-likelihood tree (Table
3). Therefore, intragenic recombination between distantly re-
lated ska genes does not appear to weaken the findings for
positively selected codons.

The Bayes approach can be used to identify specific amino
acid sites likely to be under positive selection. For the M3
model (o ratio, >1), 46 codons exceed the 99% posterior
probability threshold (Table 3). For the M2 and M8 models, 16
and 19 codons, respectively, exceeded this threshold. All of the
positively selected codons identified by the M2 model were a
subset of the codons identified by both the M3 and M8 models;

all codons identified by the M8 model were a subset of the M3
model codons. M3 is more sensitive than the other models and
detected more codons under positive selection, because it in-
corporates more codon site classes (50).

Of the 46 positively selected codons suggested by the M3
model (Table 3), 35 (76%) are in the B-domain-encoding re-
gion and comprise 24% of the total B-domain residues. For the
M2 and M8 models, 75 and 79% of the positively selected sites,
respectively, lie within the B-domain-encoding region. Thus,
diversifying selection appears to have played a major role in
the evolution of the streptokinase B-domain. The strong puri-
fying selection observed within the a- and y-domains may be
the consequence of functional constraints.

Lineage-specific, fixed amino acid differences in the (3-do-
main. Of the codons identified to be under diversifying selec-
tion based on the 15 full-length ska alleles (Table 3), the
B-domain-encoding regions of 64 partial ska alleles (Fig. 3)
were assessed for fixed amino acid differences between any two
of the three major sequence (sub)clusters. At 11 amino acid
sites, all subcluster 2a and 2b predicted products were identical
to each other, but they differed from all cluster 1 ska products
(residues 174, 183, 191, 195, 197, 199, 208, 226, 228, 231, and
234). Cluster 1 and subcluster 2a forms also displayed a fixed
amino acid difference at residue 243.

At three codon sites (residues 279, 280, and 282), all sub-
cluster 2b products have a different amino acid sequence than
all subcluster 2a products. Site 282 contains a Lys in subcluster
2a streptokinase forms that has been shown by site-specific
mutagenesis to be important for Plg activation in the fluid
phase (10).

In summary, at least some of the amino acid residues that
evolved under diversifying selection (Table 3) also appear to
have contributed to the lineage-specific differences observed
for the B-domain-encoding region of ska (Fig. 3).

Interspecies spread of ska-related alleles. Human isolates of
GCS and GGS, which are classified as Streptococcus dysgalac-
tiae subsp. equisimilis, are the closest known genetic relatives of
GAS. GCS and GGS are considered to be more commensal-
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FIG. 5. Phylogenetic tree based on the B-domain-encoding regions
of skcg and ska. The relationships of the nucleotide sequences of a
423-bp portion of skcg encoding the B-domain, derived from 34 strains
of GCS and GGS, are indicated by a neighbor-joining tree that was
obtained by using the Kimura two-parameter distance measure. Boot-
strap values of =90% (1,000 replicates) are indicated at the nodes.
Also included in the analysis were 21 ska alleles from cluster 1 and
subclusters 2a and 2b (Fig. 3). Subcluster 2a ska alleles are indicated by
boldface type. The designations indicate skcg and ska alleles. Bar =
0.05 substitution per site. The GenBank accession numbers for 19 new
partial skcg sequences are AY234242 to AY234260.

like than GAS, primarily inhabiting the URT, although GCS
and GGS can be recovered in association with disease. Since
GAS and S. dysgalactiae subsp. equisimilis show evidence for
recent horizontal exchange of housekeeping alleles (26), it was
of interest to assess the relationships between the major phy-
logenetic lineages of GAS ska genes and orthologous strep-
tokinase genes derived from GCS and GGS (designated skcg).

The nucleotide sequences the B-domain-encoding region of
the skcg genes of 34 human isolates of GCS and GGS, repre-
senting 34 distinct STs as defined by housekeeping alleles (26),
were determined. The results obtained are shown in a neigh-
bor-joining tree in Fig. 5 and include results for several cluster
1 and subcluster 2a and 2b ska alleles (Fig. 3) for comparison.
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Among the 34 GCS and GGS isolates, 19 distinct skcg alleles
corresponding to the B-domain-encoding region were identi-
fied. The levels of nucleotide sequence identity among the 19
skcg alleles ranged from 94.8 to 99.8%, indicating that there
was a relatively high degree of homogeneity. This finding is in
marked contrast to the data for the ska-encoded B-domains of
GAS, in which the maximal nucleotide sequence divergence
exceeds 40% (divergence between a cluster 1 allele and a
subcluster 2b allele) (data not shown).

Several subcluster 2a alleles of ska were more closely related
to skcg than to known cluster 1 or subcluster 2b ska alleles. All
subcluster 2a ska alleles except one were detected in strains
belonging to the throat-tropic, emm pattern A-C subpopula-
tion (Tables 1 and 2). The ska22 allele (subcluster 2a) (Fig. 5),
which is derived from emm3 isolates, is more closely related to
skeg alleles (96.7% nucleotide identity to skcgl2) than to any
other known ska allele. The ska66 and ska67 subcluster 2a
alleles, which are derived from emml strains and are 99.8%
identical to each other, were also more closely related to skcg
alleles than to known ska alleles (95.0% nucleotide identity to
skcg6). The ska37 subcluster 2a allele was also more closely
related to skcgl6 (98.8% nucleotide identity) than to other
known ska alleles. Although the majority of emm pattern A-C
strains (64%) have a cluster 1 ska allele (Fig. 3; Tables 1 and
2), several of the more common emm types associated with
recent cases of pharyngitis (emm types 1, 3, 6, and 18) have
subcluster 2a ska alleles.

The data strongly support the idea that streptokinase alleles
underwent interspecies transfer and that most subcluster 2a
ska alleles and skcg alleles have a relatively recent common
ancestor.

DISCUSSION

The studies described in this report are part of a multidis-
ciplinary effort to better understand the molecular mechanisms
underlying bacterial niche adaptation in general and the mo-
lecular basis for tissue site preferences among GAS specifi-
cally. Epidemiological surveys indicate that emm pattern D
strains of GAS have a strong preference for superficial infec-
tion of the skin (5, 7, 15). Furthermore, PAM is restricted to a
subset of emm pattern D strains (40). Experimental work in
which an in vivo model for impetigo was used demonstrated
that both PAM and the Plg activator, streptokinase, play key
roles in virulence and reproductive growth of GAS at the skin
(41). The strong linkage disequilibrium observed in skin-tropic
GAS strains between PAM and the subcluster 2b form of the
streptokinase PB-domain in this study cannot be readily ex-
plained by physical genetic linkage because of the extensive
genetic recombination that occurs among GAS strains. The
B-domain of streptokinase makes direct molecular contact with
Plg during plasmin formation (10, 31). When the experimental
and population findings are taken together, it seems reason-
able to conclude that pam and the subcluster 2b B-domain
form of ska underwent coselection, driven by epistatic interac-
tions that a conferred novel phenotype. The novel phenotype,
in turn, contributed to high levels of bacterial fitness (i.e.,
reproduction and transmission) at the skin.

Linkage disequilibrium can be maintained within recombin-
ing populations of bacteria through host immune selection (21,



VoL. 186, 2004

22). Two antigenic epitope regions within the outer membrane
protein, PorA, of Neisseria meningitidis provide an example of
how a strongly cross-protective immune response can lead to
the emergence of nonoverlapping combinations of antigenic
variants. Like GAS, N. meningitidis is highly prevalent and
usually found in association with asymptomatic carriage and
displays high levels of genetic recombination, as shown by HK
loci (18). However, a host protective response to just one of the
two PorA epitope regions leads to loss of antigenic variants
associated with a strain, and over time the bacterial population
can acquire a discrete nonoverlapping structure. However, un-
like the outer membrane protein PorA, streptokinase is se-
creted and diffusible, and thus, host immunity to streptokinase
may be far less effective in leading to loss of the entire bacterial
cell. On the basis of these findings along with epidemiological
and experimental findings (40, 41), we favor the idea that the
linkage disequilibrium observed between streptokinase (sub-
cluster 2b) and PAM results from a direct biological interac-
tion.

It is important to emphasize that while emm pattern D
strains are associated significantly more often with impetigo
than with pharyngitis (5, 7, 15), the link between emm pattern
D strains and the skin is not absolute. This is probably because
all (or most) GAS strains can persist in both the throat and the
skin to at least some small degree; this is particularly true for
the URT, where colonization or secondary infection following
impetigo is not uncommon (8). Also, neither PAM nor sub-
cluster 2b ska is essential for streptococcal impetigo, because
many emm pattern E strains are frequently recovered from
impetigo lesions (5). Therefore, pattern E strains, which uni-
formly lack a high-affinity Plg-binding protein (40), appear to
use an entirely different molecular strategy for causing this
disease. Presumably, nonbullous impetigo caused by Staphylo-
coccus aureus involves a different molecular strategy as well.
Thus, coselection of PAM and subcluster 2b ska is the result of
a strong adaptive advantage for GAS reproduction and trans-
mission at the skin, even though bacterial adaptation to the
skin can occur by an alternate (although undefined) route.

The evolutionary history of the ska lineages within GAS is
the result of a series of genetic events, the order of which is not
entirely certain. All 34 GCS and GGS isolates have skcg alleles
that are highly homologous to subcluster 2a ska alleles, which
is indicative of a recent common ancestor. Furthermore, the 34
GCS and GGS isolates do not appear to have undergone a
recent bottleneck, since they are highly variable in terms of the
complement of housekeeping alleles (26). Therefore, the most
plausible model is that an skcg allele from a GCS or GGS
donor strain underwent lateral transfer to a GAS recipient
strain, yielding a subcluster 2a ska allele. Thus, the ancestral
form of ska within GAS most likely evolved into either the
cluster 1 or subcluster 2b ska lineage. Given the high level of
sequence divergence, it seems likely that either cluster 1 or
subcluster 2b ska, whichever is not the ancestral form, was also
acquired by an interspecies transfer event rather than having
been derived from the other form. Since the subcluster 2b ska
lineage allele is somewhat homologous to skcg, it may have
been acquired earlier by GAS from a GCS or GGS donor
strain as an ancestral skcg allele and may have subsequently
evolved along a separate path within GAS. Alternatively, sub-
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cluster 2b ska may have been acquired by GAS from another
closely related (but unidentified) streptococcal species.

It is plausible that PAM and subcluster 2b ska on occasion
may have been packaged together and mobilized between GAS
via bacteriophage-mediated generalized transduction. How-
ever, since the Plg-binding region of PAM displays extensive
sequence diversity, which could have arisen only after an ex-
tended period of evolution, it is unlikely that cotransfer of
PAM and subcluster 2b ska occurred to any significant extent
in recent history. The intergenic region between the emm and
ska loci of a PAM- and subcluster 2b ska-positive isolate was
very similar in terms of both distance and gene content to the
intergenic regions of GAS strains containing either cluster 1
ska or subcluster 2a ska but was markedly different from the
emm-skcg region of GCS (20a). Thus, importation of both
PAM and subcluster 2b ska in a single step from another
bacterial species donor is also unlikely. Combined with evi-
dence for intragenic recombination within ska, the data best
support the idea that epistasis had an important role in the
observed linkage disequilibrium between PAM and subcluster
2b ska.

The data for skcg alleles from GCS and GGS strongly sup-
port the idea that one or more of the three major ska lineages
present in contemporary isolates of GAS originated in another
bacterial species and recently was laterally transferred to GAS.
Orthologous genes can arise by sequence divergence under
ecological or sexual isolation conditions. Such isolation can
promote speciation following multiple rounds of periodic se-
lection for mutants that are fitter for a particular niche (12, 13).
Sites within an ancestral gene that are critical for adaptation to
a new niche undergo positive selection. Portions of the ances-
tral gene that are subject to strong purifying selection tend to
have lower levels of nucleotide sequence diversity than regions
experiencing strong diversifying selection. Homologous recom-
bination between the donor and recipient (target) genes is
favored in stretches where there is low sequence diversity.
Through interspecies recombination between orthologous
genes, new phenotypes can be acquired, while constrained
functions can be preserved. Newly acquired orthologous genes
potentially provide a rich and ready source for new bacterial
phenotypes, which in turn may provide an adaptive advantage
under certain ecological conditions.

The first direct encounter between PAM and a subcluster 2b
ska product may have occurred following evolution of ancestral
ska in discrete phylogenetic lineages. Therefore, PAM did not
necessarily shape the environment in which the subcluster 2b
ska lineage evolved. The increased fitness at the skin resulting
from the PAM gene and subcluster 2b ska being brought into
direct contact, by residing within a single genome, may simply
have been a chance event. Thus, the strong epistatic coselec-
tion observed for PAM and subcluster 2b ska is not necessarily
a driving force for the positive Darwinian selection that was
detected at many of the codon sites for the streptokinase B-do-
main. Based on our data, the epistatic coselection observed for
pam and subcluster 2b ska and the diversifying selection ob-
served for ska could have been either coupled or independent.

Several of the ska codons identified as being under diversi-
fying selection also represent fixed amino acid differences
among the three major lineages of the B-domain-encoding
region of ska. Therefore, at least some of the diversifying
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selection pressures acting on ska likely contributed to the evo-
lution of discrete lineages. Furthermore, one or two of the
three major ska lineages likely evolved within distinct bacterial
species. The unique environment provided by each bacterial
species or GAS strain can account for the differential selection
pressures encountered during the evolution of each ska lin-
eage. During infection, streptokinase has direct interactions
with mammalian host Plg, the mammalian host immune re-
sponse (43), as well as with bacterial proteases (41) and Plg
bound via different bacterial proteins (30, 34, 35). Any of these
host or bacterial factors has the potential to provide positive
selection pressure on the ska gene.

In most structural studies of streptokinase the workers have
utilized the product of an skcg gene (46), which is most closely
related to the subcluster 2a form of streptokinase. In the fluid
phase, the B-domain of streptokinase is engaged in direct mo-
lecular contact with kringle 5 of human-derived Plg (10, 31).
One possibility is that subcluster 2b forms of streptokinase are
highly adapted to Plg when it is presented in a form that is
bound by PAM, which occurs via kringle 2 (48). GAS also
express low-affinity Plg-binding proteins on the cell surface (30,
35). The molecular interactions of the B-domain of streptoki-
nase with Plg may be different for a fluid-phase form and a
bound form and may be dependent on the type of Plg-binding
protein as well. GCS and GGS express Plg-binding proteins
that are structurally distinct from PAM and all other known
GAS proteins (34). Another possible selective influence is the
possibility that one of the GAS ska forms had a long history of
coevolution with Plg in another mammalian host. Streptoki-
nase-mediated activation of Plg derived from nonhuman
sources can be less effective than activation of human Plg (38).
There are numerous streptococcal species that infect other
animals whose streptokinase genes have yet to be analyzed.

It is potentially significant that the subcluster 2a form of ska,
present in several throat-tropic strains of GAS (emm pattern
A-C), probably originated from GCS and GGS, which are
commensals of the URT in humans. Several of the GAS strains
harboring the subcluster 2a form of ska, corresponding to emm
types 1, 3, 6, and 18, also appear to be responsible for a
significant proportion of recent cases of GAS pharyngitis in the
United States (23, 25, 28, 29). It remains to be established
whether ska facilitates colonization in the throat.

Population genetics and phylogenetics are powerful tools
that can be used to guide future experimental studies. For
example, site-specific mutagenesis at codons under diversifying
selection provides a rational approach for studying the effect of
each adaptive change on the in vitro functional activity and
immunogenicity of streptokinase. Isogenic mutants, generated
by directed allelic replacement of the parental ska gene with an
ska allele of another lineage, can be used to measure biological
properties of GAS by using in vivo models for infection or
colonization. Studies on swapping ska alleles are planned.

The molecular basis for niche adaptation by bacteria can be
complex. Experimental findings, epidemiological surveys, pop-
ulation genetics, and evolutionary inferences can all contribute
to a comprehensive understanding of this complex phenotype.
Epistatic coselection arising between bacterial proteins (PAM
and subcluster 2b streptokinase) acting on a common host
factor (Plg) appears to contribute to tissue-specific adaptation

J. BACTERIOL.

of emm pattern D GAS at the skin. Recombination between
orthologous genes may also play a facilitating role in the emer-
gence of new adaptive phenotypes in bacteria.
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