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A molecular epidemiological analysis was undertaken to identify lineages of Staphylococcus aureus that may
be disproportionately associated with infection. Pulsed-field gel electrophoresis analysis of 405 S. aureus
clinical isolates collected from various infection types and geographic locations was performed. Five distinct S.
aureus lineages (SALs 1, 2, 4, 5, and 6) were identified, which accounted for 19.01, 9.14, 22.72, 10.12, and 4.69%
of isolates, respectively. In addition, 85 lineages which occurred with frequencies of <2.5% were identified and
were termed “sporadic.” The most prevalent lineage was methicillin-resistant S. aureus (SAL 4). The second
most prevalent lineage, SAL 1, was also isolated at a high frequency from the anterior nares of healthy vol-
unteers, suggesting that its prevalence among clinical isolates may be a consequence of high carriage rates in
humans. Gene-specific PCR was carried out to detect genes for a number of staphylococcal virulence traits. tst
and cna were found to be significantly associated with prevalent lineages compared to sporadic lineages. When
specific infection sites were examined, SAL 4 was significantly associated with respiratory tract infection, while
SAL 2 was enriched among blood isolates. SAL 1 and SAL 5 were clonally related to SALs shown by others to
be widespread in the clinical isolate population. We conclude from this study that at least five phylogenetic
lineages of S. aureus are highly prevalent and widely distributed among clinical isolates. The traits that confer

on these lineages a propensity to infect may suggest novel approaches to antistaphylococcal therapy.

Staphylococcus aureus is an important opportunistic patho-
gen, causing a variety of hospital- and community-acquired in-
fections. Recent reports of the National Nosocomial Infections
Surveillance System ranked S. aureus as a leading cause of
hospital-acquired bacteremia, pneumonia, and surgical wound
infection (7). S. aureus acquires antibiotic resistance with re-
markable proficiency, and strains for which vancomycin is the
only effective therapeutic agent have emerged. The recently
reported reduced susceptibility to vancomycin highlights the
importance of understanding the molecular epidemiology of
S. aureus infection and identifying new therapeutic targets (17,
46).

Bacterial population analyses indicate that phylogenetic lin-
eages are not always randomly distributed within clinical iso-
late populations (24, 30-34, 49). In the S. aureus species, dis-
crete lineages or subtypes which exist due to strong selective
pressures imposed by antibiotic use and due to other factors
that have not been clearly defined can be identified. For ex-
ample, the majority of methicillin-resistant S. aureus (MRSA)
strains expanded clonally and globally upon acquisition of the
30-kb mec determinant (24). Only recently has evidence show-
ing that horizontal transfer resulted in the spread of this de-
terminant to other phylogenetic lineages emerged (3, 24, 31).
A large-scale study of the genetic structure of the S. aureus pop-
ulation involving multilocus enzyme electrophoresis (MLEE)
analysis of 2,077 clinical and environmental isolates revealed
that 81% of isolates were confined to five electrophoretic types
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(ETs). One ET was methicillin resistant, while another in-
cluded the majority of toxic shock syndrome toxin 1 (TSST-1)-
producing strains (34). The latter, termed ET41, was deter-
mined to be the S. aureus clone responsible for the majority of
epidemiologically unrelated cases of menstrual toxic shock syn-
drome (TSS) (33). No obvious selection criteria accounted for
the occurrence of three additional ETs, which together repre-
sented 37% of isolates. Another clinically important phyloge-
netic subset of the S. aureus species are the phage type 95
isolates which increased in frequency in Danish hospitals from
3.8% of all isolates in 1997 to 19.3% of all isolates in 1993 (41).
Molecular epidemiological analysis of representative phage
type 95 isolates showed that they were indistinguishable by
both pulsed-field gel electrophoresis (PFGE) and MLEE, in-
dicating that they were clonal in origin (41). The same PFGE
pattern was observed among outbreak strains in the United
States, indicating that this clone is widely disseminated among
S. aureus clinical isolates (1, 6, 45). The genetic and molecular
basis for the overrepresentation of distinct lineages of S. au-
reus, except perhaps for the methicillin-resistant lineage, re-
mains unknown.

In previous studies, we analyzed the genomic DNA finger-
prints of S. aureus ocular infection isolates derived from epi-
demiologically unrelated patients at three clinical centers in
the United States (5). Five distinct lineages were observed,
which accounted for 58% of the isolates. One of the lineages
accounted for almost 26% of the isolates, while another was
mecA™ (5). In that study, it was not determined whether spe-
cific lineages were prevalent because of a tropism for ocular
tissues or were prevalent due to a disproportionate association
with S. aureus infection regardless of anatomical site. The
purpose of this study is to determine whether lineages of
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TABLE 1. Primer sequences for amplification of virulence genes

Gene Primer sequence

..5" AAC AGG TGA ATT ATT AGC ACT TGT ARG
5" ATT GCT GTT AAT ATT TTT TGA GTT GAA

hla.................... 5" GGT TTA GCC TGG CCT BC

5" CAT CAC GAA CTC GTT GG
Alb......ccuuenc. 5" GCC AAA GCC GAA TCT AAG

5’ CGC ATA TAC ATC CCA TGG3C
frbA................. 5" GCG GAG ATC AAA GAC AA

5" CCA TCT ATA GCT GTG TGG
fnbB.............. 5" GGA GAA GGA ATT AAG GEG

5" GCC GTC GCC TTG AGC &T
Clf e 5" CGA TTG GCG TGG CTT CAG

5" GCC AGT AGC CAA TGT CAC
[A 2O 5" AAG CCC TTT GTT GCT TGC3G

5" ATC GAA CTT TGG CCC ATA CTT3T

S. aureus that are disproportionately associated with infection
at all sites occur in the clinical isolate population, and if so, to
begin to identify the phenotypic and genotypic traits that ac-
count for their overrepresentation among clinical isolates.

MATERIALS AND METHODS

Bacterial strains. S. aureus clinical isolates were collected from patients with
bloodstream, catheter tip, bone or joint, respiratory tract, ocular, soft tissue,
wound, and skin infections. The geographic locations from which the isolates
were derived were Arkansas, Ohio, Massachusetts, Illinois, California, Louisiana,
Florida, Pennsylvania, Oklahoma, Nebraska, Texas, Munich (Germany), and
London (United Kingdom). Isolates were also collected from 10 additional
randomly selected sites through The Surveillance Network, an Internet-based
network of clinical microbiology laboratories in the United States administered
through MRL Pharmaceutical Services Inc. ET41 strains (34), Minn 8 and
KD,22, were obtained as kind gifts from Patrick Schlievert, University of Min-
nesota School of Medicine. Phage type 95 strains, 896-A-SC-02 and 145A-259,
which were isolated from a contaminated anesthetic outbreak in the United
States (1, 6, 34, 45), were kind gifts from Robert Arbeit, Veterans Affairs Medical
Center, Boston, Mass. Upon receipt, species identification of isolates was con-
firmed by appearance on mannitol salt agar, and then isolates were stored frozen
at —70°C in 25% (vol/vol) glycerol-brain heart infusion.
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Genomic DNA fingerprinting by PFGE. Genomic DNA fingerprinting by
PFGE was performed as previously described (29), except that lysostaphin (50
pg/ml) was added to the lysis solution for the preparation of genomic DNA.
Isolates with similar banding patterns and no more than three band differences
were considered clonally related and were designated as an S. aureus lineage
(SAL) (45). Isolates with no more than four band differences were considered
subtypes of a given SAL. Once isolates were recognized as having identical or
similar banding patterns, a second gel was run containing all isolates from the
same group to verify lineage relationships.

Antibiotic susceptibility testing. Isolates were tested by the agar disk diffusion
method using BBL Sensi-Discs and NCCLS interpretation tables. Antimicrobial
agents tested included cefazolin, ciprofloxacin, clindamycin, erythromycin, ox-
acillin, penicillin, trimethoprim-sulfamethoxazole (TMP-SXT), and vancomycin.
In addition to the agar disk diffusion method, the broth microdilution method
was used to test for reduced susceptibility to vancomycin (46).

Genotypic characterization of prevalent lineages by PCR. The genetic deter-
minants for the following virulence traits were detected in whole-cell lysates of S.
aureus isolates using oligonucleotide primers (Table 1) derived from published
sequences: (i) collagen binding protein (cna) (37), (ii) TSST-1 (tst) (4), (iii)
fibronectin binding protein A (fnbA) (44), (iv) fibronectin binding protein B
(fnbB) (19), (v) alpha-hemolysin (hla) (35), (vi) beta-hemolysin (hlb) (9), (vii)
clumping factor (clf4) (28), and (viii) methicillin resistance (mecA) (13). PCR
was performed exactly as described previously (5).

Capsular polysaccharide serotyping. Capsule typing was performed by Jean C.
Lee, Channing Laboratory, Harvard University, Boston, Mass.

Statistical analysis. Pearson’s chi-square (x?) and Fisher’s exact tests were
used to determine the significance of frequency data. Bonferroni’s correction for
multiple comparisons was applied where multiple tests were performed, thereby
reducing the nominal P value for statistical significance to 0.025. Otherwise, the
nominal P value for statistical significance was 0.05.

RESULTS

Clonal associations among S. aureus clinical isolates.
Genomic DNA fingerprint patterns for 405 epidemiologically
unrelated human S. aureus clinical isolates collected from var-
ious infection sites and geographical locations were generated
by PFGE analysis (Fig. 1). A total of 91 distinct genomic DNA
fingerprint patterns or SALs were observed. Eighteen SALs
occurred more than once with frequencies ranging from 2 to 92
isolates. Of these, the most prevalent lineages were SAL 1 (Fig.
2) and SAL 4 (Fig. 3), which accounted for 19.01 and 22.72%
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FIG. 1. Relative distribution of SALs identified following PFGE analysis of S. aureus clinical isolates from various sources. Sporadic SALs were

those which occurred at a frequency of <2.5% of all isolates.
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FIG. 2. Genomic DNA fingerprint patterns of SAL 1 clinical iso-
lates analyzed by PFGE following Smal digestion of chromosomal
DNA. Lanes 1 and 13, lambda ladder; lanes 2 and 3, respiratory tract
isolates; lanes 4 and 5, blood isolates; lanes 6 and 7, catheter tip
isolates; lanes 8 and 9, bone or joint isolates; lanes 10 and 11, ET41
strains KD,22 and Minn 8, respectively; lane 12, agr group III isolate
(16, 27).

of the isolates, respectively. SAL 5 (Fig. 4) accounted for
10.12% of the isolates, while SAL 2 and SAL 6 accounted for
9.14 and 4.69% of isolates, respectively (Fig. 5). Cumulatively,
SALs 1, 2, 4, 5, and 6 accounted for 65.68% of all isolates.
Isolates comprising the five most prevalent lineages were col-
lected from at least 10 of the 23 collection sites, suggesting a
broad geographic distribution for these lineages. An additional
lineage, SAL 3, accounted for 3.47% of isolates and was con-
sidered borderline prevalent (Fig. 1). The remaining 85 lin-
eages were termed “sporadic” and occurred with frequencies
of 2.5% or less. However, the vast majority of sporadic lineages
(81 of 85) occurred with frequencies of <1%.

Antibiotic susceptibility profiles of prevalent SALs. To de-
termine the influence of antibiotic resistance on the expansion
of the prevalent SALs identified in this study, antibiotic sus-
ceptibility testing was performed by the agar disk diffusion and
broth microdilution methods. The majority of all isolates com-
prising both prevalent and sporadic lineages were Pen’, which
is consistent with the observation of others that now more than
90% of S. aureus infection isolates are resistant to penicillin
(47). SAL 4 isolates were uniformly oxacillin resistant and
widely resistant to all other antibiotics tested, with the excep-

FIG. 3. Genomic DNA fingerprint patterns of SAL 4 clinical iso-
lates analyzed by PFGE following Smal digestion of chromosomal
DNA. Lanes 1, lambda ladder; lanes 2 and 4, respiratory tract isolates;
lane 3, bone or joint isolates; lanes 5 and 6, blood isolates; lane 7,
ocular isolate; lanes 8 and 9, catheter tip isolates.
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FIG. 4. Genomic DNA fingerprint patterns of SAL 5 clinical iso-
lates analyzed by PFGE following Smal digestion of chromosomal
DNA. Lanes 1 and 11, lambda ladder; lanes 2 and 5, bone or joint
isolates; lane 3, ocular isolate; lanes 4 and 6, respiratory tract isolates;
lane 7, blood isolate; lane 8, catheter tip isolate; lanes 9 and 10, phage
type 95 isolates 145A-259 and 896A-SC-02, respectively.

tion of vancomycin and TMP-SXT. This finding suggests that
antibiotic selection pressure was a major factor contributing to
the expansion of SAL 4. Oxacillin resistance and/or the meth-
icillin resistance genetic determinant was also associated with
individual isolates of lineages other than SAL 4 (SAL 1, SAL
5, and SAL 6 and eight sporadic lineages), supporting the
suggestion that mec has spread horizontally within the S. au-
reus species (3,31). SALs 1, 2, 5, and 6 were largely, though not
uniformly, susceptible in antibiograms (Table 2), suggesting
that factors other than antibiotic selection pressure influenced
the expansion of these lineages. As would be anticipated, spo-
radic isolates showed variable antibiotic susceptibility patterns.
It is noteworthy that all isolates tested in this study were van-
comycin susceptible as determined by both the broth microdi-
lution and agar disk diffusion methods.

Infection site specificity of prevalent SALs. Pathogenic
S. aureus strains have the capacity to colonize and establish
infection in a remarkably wide range of body sites including
blood, indwelling biomaterials, mucosal surfaces, bone, and
vitreous and other tissues. Little is known of the basis for
tropism for S. aureus for specific infection sites. Therefore, it
was of interest to determine whether the prevalent SALs iden-

FIG. 5. Genomic DNA fingerprint patterns of SAL 2 (lanes 7 to 10)
and SAL 6 (lanes 2 to 6) clinical isolates analyzed by PFGE following
Smal digestion of chromosomal DNA. Lanes 1 and 11, lambda ladder;
lanes 2 and 5, bone or joint isolates; lane 3, respiratory tract isolate;
lane 4, blood isolate; lane 6, cellulitis isolate; lane 7, bone or joint
isolate; lane 8, blood isolate; lane 9, catheter tip isolate; lane 10,
respiratory tract isolate.
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TABLE 2. Antibiotic susceptibility profiles for prevalent and sporadic SALs

No. of isolates with indicated profile for SAL?:

Antibiotic” 1(n=17) 2(n=4) 4 (n=8) 5(m=11) 6 (n = 10) Sporadic (n = 12)

S I R S I R S I R S I R S I R S 1 R

Cefazolin 17 0 0 4 0 0 1 0 7 11 0 0 9 0 1 11 0 1
Ciprofloxacin 14 2 1 4 0 0 2 0 6 10 1 0 10 0 0 11 0 1
Clindamycin 12 5 0 4 0 0 2 0 6 11 0 0 ND ND ND 5 4 3
Erythromycin 10 4 3 3 1 0 1 0 7 5 0 6 5 0 5 4 5 3
Oxacillin 17 0 0 4 0 0 0 0 8 8 3 0 8 1 1 10 0 2
Penicillin 2 0 15 0 0 4 0 0 8 2 0 9 0 0 10 2 0 10
TMP-SXT 15 1 1 4 0 0 6 0 2 11 0 0 ND ND ND 10 0 2
Vancomycin 17 0 0 4 0 0 8 0 0 11 0 0 10 0 0 12 0 0

“ Antibiotic susceptibilities were determined by the NCCLS disk diffusion method.
b Abbreviations: S, susceptible; I, intermediate; R, resistant; ND, not determined.

tified in this study show significant associations with specific
infection sites. Figure 6 shows the distribution of SAL 1, 2, 4,
5, and 6 and sporadic isolates at sites of infection frequently
associated with S. aureus infection and their distribution from
all sites. The distribution of prevalent and sporadic lineages
among isolates collected from bone or joint, catheter tip, or
corneal sites of infection did not differ significantly from their
distribution from all sites (P > 0.05, x?). This suggests that the
lineages identified in this study do not possess a tropism for
these specific sites of infection. In contrast, the distribution of
lineages derived from the respiratory tract differed significantly
from that for all sites (P = 0.0046, x?). This difference was
primarily attributable to an approximately twofold enrichment
in SAL 4 isolates collected from the respiratory tract compared
with all sites of infection (43.86 versus 19.25%; P < 0.0001 [x?],
nominal P = 0.025). Among blood isolates, an enrichment of
SAL 2 isolates was observed (18.03 versus 8.72%) which also
was borderline statistically significant (P = 0.026 [x*], nominal
P = 0.025).

Lineage distribution among normal flora. Indigenous flora
represent an important reservoir for disease causing S. aureus
in humans. To determine whether the distribution of SALSs
among clinical isolates is related to their distribution among
normal flora, PFGE analysis was performed on 55 S. aureus
isolates collected from the anterior nares of healthy volunteers.
As shown in Fig. 7, a significantly different profile of lineage
distribution was observed for normal flora isolates compared
with clinical isolates. SAL 1 was enriched among normal flora
(32.14 versus 19.01%; P = 0.022, compared to a nominal P
value of 0.025), while SAL 4 isolates were not represented
among the normal flora isolates (P < 0.0001). Interestingly, a
number of SALs (SALs 9, 11, and 21) were significantly asso-
ciated with normal flora but occurred infrequently among clin-
ical isolates (P = 0.017, Fisher’s exact test), suggesting that
they have a reduced propensity to cause disease compared to
that of disease-associated SALs.

Genotypic characterization of SALs prevalent among S. au-
reus clinical isolates. The disproportionately large number of

100
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FIG. 6. Relative distributions of prevalent and sporadic SALs at anatomical sites frequently associated with S. aureus infection and at all sites.

Resp., respiratory.



VoL. 69, 2001

100
90
80
70
60 -
50
40

HWSAL 1
®SAL 5

BASAL 2
ESAL 6

OSAL 4
Sporadic

Percent of Isolates

Al sites (n=405)

Normal Nares (n=56)

Source

FIG. 7. Frequency and distribution of SALs most commonly asso-
ciated with normal flora isolates compared with their frequency and
distribution among all clinical isolates.

infections associated with SALs 1 to 6 (65.7%, 266 of 405)
suggests that they possess unique combinations of genes that
confer an enhanced propensity to cause infection. It is known
that S. aureus expresses more than 30 secreted and cell surface
proteins, many of which have been cloned, sequenced, and
ascribed potential roles in pathogenesis such as (i) attachment,
(ii) evasion of host defenses, or (iii) tissue invasion-penetration
(39). To begin an investigation into the specific factors that
cause SALs 1 to 6 to predominate among clinical isolates, PCR
was employed to identify genetic determinants for known
staphylococcal virulence traits among prevalent and sporadic
lineages. The results of this analysis are shown in Table 3.
Certain traits were found associated with all SALs, regard-
less of prevalence. For example, a positive PCR signal for /la
(alpha-hemolysin), fnbA (fibronectin binding protein A), and
clfA (clumping factor) was observed in 100, 89.7, and 96.2% of
all isolates, respectively, regardless of lineage identity. In con-
trast, tst and cna were very significantly associated with prev-
alent lineages compared with sporadic lineages (P < 0.0001;
nominal P = 0.025), suggesting a potentially important role for
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these proteins in the virulence of the organism. However, in
neither case were these determinants uniformly associated
with all prevalent lineages, but rather both demonstrated ob-
vious association with specific lineages. For example, a positive
PCR signal for cna was associated with 93.6, 100, and 100% of
SAL 1, SAL 5, and SAL 6 isolates, respectively; 8.7% of SAL
2 isolates; and 0% of SAL 4 isolates. Similarly, #st was strongly
associated with SAL 1 isolates (95.4%), weakly associated with
SAL 4 (7.7%) and SAL 5 (4.0%) isolates, and not at all asso-
ciated with SAL 2 or SAL 6 isolates. Most striking was the
complete lack of positive signal for tst among sporadic lineages.
The genetic determinant for beta-hemolysin, Alb, showed a
moderate degree of lineage specificity among the prevalent
lineages, being more closely associated with SAL 4 and SAL 6
(65.9 and 70.5%, respectively) than with SAL 1, SAL 2, and
SALS5 (9.6, 0, and 0%, respectively). However, despite a strong
association between hlb and two of the prevalent lineages,
there was no significant difference in the frequency of this
determinant among prevalent and sporadic lineages (35 versus
46.2%; P = 0.128, Fisher’s exact test). A positive PCR signal
for fubB was observed among 22.7% of isolates comprising
sporadic lineages; however, of the prevalent SALs, fubB was
associated solely with SAL 2.

Capsular polysaccharide analysis of SALs 1 to 6 and spo-
radic isolates. It is now well established that CP5 and CP§
strains cause the majority (70 to 80%) of all S. aureus infections
(20). In this study, 75.4% of S. aureus clinical isolates were CP5
or CP8, which is consistent with rates reported in the literature
(Table 4) (20). However, when the distributions of CP5, CPS,
and nontypeable isolates among disease-prevalent and spo-
radic lineages were compared, significant differences were ob-
served. For example, prevalent lineages were significantly en-
riched in CP8 isolates (65 versus 22.3%, P < 0.0001, x?)
compared with sporadic lineages, while the sporadic lineages
were significantly enriched in nontypeable isolates (50.7 versus
7.0%, P < 0.0001, x?). The proportions of isolates designated
CP5 did not differ among prevalent and sporadic lineages (28
versus 26.8%, P = 1.0, x?). Our findings that a majority of
prevalent lineages are enriched in CP8 strains and that spo-
radic lineages are enriched in nontypeable strains are consis-

TABLE 3. Occurrence and frequency of potential virulence genes and mecA4 among prevalent and sporadic SALs
as determined by PCR analysis

% Positive for gene (no. of positive isolates/no. of isolates tested)

Group tested

mecA tst cna fnbA fnbB hla hlb clfA

SAL

SAL 1 5.5(2/37) 95.4 (42/44) 93.6 (44/47) 85.7 (24/28) 0 (0/36) 100 (21/21) 9.6 (3/31) 100 (5/5)

SAL 2 0(0/21) 0(0/7) 8.7 (2/23) 90 (9/10) 95.2(20/21) 100 (8/8) 0(0/18) 100 (2/2)

SAL 4 90.2 (37/41) 7.7 (2/26) 0(0/47) 96 (24/25) 0(0/39) 100 (30/30) 65.9 (31/47) 100 (15/15)

SAL 5 10.5 (2/19) 4(1/25) 100 (27/27) 85.7 (12/14) 0(0/23) 100 (20/20) 0(0/20) 100 (6/6)

SAL 6 0(0/9) 0(0/11) 100 (17/17) 100 (8/8) 0(0/16) 100 (10/10) 70.5 (12/17) 100 (4/4)
Total prevalent lineages 322 (41/127) 39.8 (45/113)  55.9 (90/161) 91 (77/85) 14.8 (20/135) 100 (88/88) 34.5(46/133) 100 (32/32)
Sporadic lineages 22.2 (14/63) 0(0/38) 25 (15/60) 86.6 (39/45) 22.7 (10/44) 100 (31/31) 38.1 (21/55) 90.4 (19/21)
All isolates 27.9 (55/197) 28.6 (45/157)  44.9 (107/237)  89.7 (122/136) 20.1 (38/189) 100 (128/128) 38.8 (77/200)  96.2 (51/53)

Frequency analysis result 0.175 <0.0001 <0.0001 0.556 0.247 0.000 0.738 0.152

(Fisher’s exact test; prev-
alent vs sporadic)
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TABLE 4. Distribution of CP5, CP8, and nontypeable strains
among prevalent and sporadic SALs

% of strains with characteristic (no. with

Group tested characteristic/total no. tested)

CP5 CP8 Nontypeable
SAL
SAL 1 0 (0/31) 93.5 (29/31) 6.4 (2/31)
SAL 2 0(0/12) 91.6 (11/12) 8.3 (1/12)
SAL 4 96.5 (28/29) 3.4(129) 0(0/29)
SAL 5 0 (0/19) 100 (19/19) 0(0/19)
SAL 6 0 (0/9) 55.5(5/9) 44.4 (4/9)
Prevalent lineages 28 (28/100) 65 (65/100) 7.0 (7/100)
Sporadic lineages 26.8 (18/67) 223 (15/67)  50.7 (34/67)
All isolates 27.5 (46/167)  47.9 (80/167)  24.5 (41/167)
Frequency analysis 1.000 <0.0001 <0.0001
result (prevalent vs
sporadic)”

“ Fisher’s exact test.

tent with the hypothesis that SAL 1 to SAL 6 cause the ma-
jority of S. aureus infections.

SAL 1 and SAL 5 are phylogenetically related to known
virulent lineages. To determine whether SALs 1 to 6 are ge-
netically related to lineages previously documented to be prev-
alent among clinical isolates, the genomic DNA fingerprints of
prevalent SALs were compared with those for isolates repre-
senting ET41 (33) and the phage type 95 clones (1, 6, 41).
PFGE analysis revealed that SAL 1 shares an identical Smal
digestion pattern with the ET41 isolate Minn 8 and differs by
only one band from the ET41 isolate KD,22, indicating that
SAL 1 is clonally related to the predominant lineages associ-
ated with cases of menstrual TSS (Fig. 2, lanes 10 and 11).
Furthermore, the outbreak isolates 896-A-SC-02 and 145A-
259 shared identical Smal digestion patterns with SAL 5 (Fig.
4, lanes 9 and 10). This evidence indicates that at least two of
the prevalent lineages identified, SAL 1 and SAL 5, are genet-
ically related to SALs which were documented by others to be
widespread in the S. aureus clinical isolate population. Inter-
estingly, SAL 1 was also found to be clonally related to isolates
comprising the recently identified S. aureus agr group III,
which secretes a type III quorum-sensing octapeptide (Fig. 2,
lane 12) (16, 27).

DISCUSSION

S. aureus is a highly versatile organism with the capacity to
colonize and establish infections in a wide range of body sites.
Little is known of the basis for the tropism of S. aureus for
specific infection sites. However, there is evidence to suggest
that certain SALs have a strong association with specific tis-
sues. Musser et al. reported an MLEE clone of S. aureus,
termed ET41, which accounted for 88% of cases of urogenital
TSS but which occurred in the urogenital tract of 28% of
healthy carriers (33). Why ET41 is involved with the majority
of cases of menstrual TSS is not known. However, it was
suggested that ET41 is highly adapted to the cervicovaginal
tract and that as a consequence the probability of this lineage
causing infection in a milieu disposed toward TSS is greater
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than that for other clones. In our study, SAL 1 was found to
have the same Smal banding pattern by PFGE analysis as that
of ET41 (Fig. 2), indicating that they are the same lineage.
Furthermore, SAL 1 was found to be strongly associated with
the mucosal surface of the anterior nares in healthy volunteers.
These data suggest that SAL 1-ET41 is adapted to at least two
mucosal surfaces in healthy humans, the anterior nares and the
cervicovaginal mucosa. Our finding that SAL 1 is the second
most common lineage found among clinical isolates, account-
ing for 19.01% of all infections, may be a consequence of its
prevalence on mucosal surfaces, which are the primary source
of S. aureus for infection at other sites (22, 23). However, an
enhanced virulence capacity for SAL 1 over those of other
lineages cannot be ruled out for all infection sites.

A significant percentage (43%) of the respiratory tract in-
fection isolates typed in this study were multiply antibiotic-
resistant SAL 4. Since the majority of cases of staphylococcal
respiratory tract infection are nosocomial in origin, occurring
primarily in an elderly population with underlying infection
and a history of prior antibiotic therapy (15, 18, 40, 48), the
finding that a large proportion of infection isolates from the
respiratory tract are multiply antibiotic resistant is not surpris-
ing. However, why the majority of these infections are caused
by SAL 4 is unclear. SAL 4 may possess a specific tropism for
tissues of the respiratory tract, or SAL 4 may superinfect pa-
tient surfaces as a result of the antibiotic elimination of com-
peting commensal flora. While there is now strong evidence to
suggest that the mec determinant is harbored by multiple di-
vergent phylogenetic lineages (3, 31), it is also the case that
more than half of MRSA isolates are of a single clone which is
widespread and common in the United States (31, 34). Our
studies provide support for the idea that mecA can be associ-
ated with divergent lineages but that a single lineage, desig-
nated here as SAL 4, remains the predominant cause of all
MRSA infections. The relationship between SAL 4 and previ-
ously recognized prominent MRSA lineages will be deter-
mined in follow-up studies. Interestingly two SAL 1 isolates
also carried the mecA gene. The ability of SAL 1 to acquire
methicillin resistance together with the widespread distribution
of this lineage in both disease-related and colonizing strains
could pose a significant threat of the emergence of a new
MRSA clone which may already be highly adapted to the
human host. Other associations between infection sites and
specific SALs that showed borderline statistical significance
were noted. For example, compared with all sources, blood
isolates were enriched approximately twofold with SAL 2 (18
versus 8.7%, P = 0.026, x*; nominal P = 0.025). The basis for
this enrichment is unclear. However, recent reports have high-
lighted a potentially important role for fibronectin binding
proteins A and B in the attachment of S. aureus to endothelial
cells (38). The unique presence of both fnbA and fubB in most
SAL 2 strains may explain the almost twofold enrichment of
SAL 2 among blood isolates.

PCR was used to begin to identify the specific factors that
may contribute to the prevalence of SAL 1 to SAL 6 among
clinical isolates. Certain traits, such as the genetic determi-
nants for fibronectin binding protein A (fnbA), clumping factor
(clfA), and alpha-hemolysin (hla), were present in all strains
tested regardless of SAL, suggesting an important role for
these conserved elements in the survival of S. aureus. Other
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traits, such as tst, cna, and hlb, are known to be associated with
mobile genetic elements and were found in this study to be
associated with certain lineages and not with others, suggesting
limited horizontal transfer among lineages (9, 10, 14, 25, 26).
For example, cna was present in almost all SAL 1, SAL 5, and
SAL 6 isolates but was completely absent from SAL 2 and SAL
4 isolates. Gillaspy et al. (14) suggest that all strains of S. aureus
possess the integration site for cna. It would be of interest to
determine whether this is in fact the case for SAL 2 and SAL
4 strains. Interestingly, a highly significant association was ob-
served between possession of cna and prevalent lineages (P <
0.0001), suggesting an important role for collagen binding ad-
hesin in the expansion of virulent clones. Allelic replacement
experiments have shown a role for collagen binding adhesin in
the virulence of S. aureus in a mouse model of septic arthritis
(36). The specific role of collagen binding adhesin in establish-
ing S. aureus infection at other sites requires further attention.
Other investigators have reported a strong correlation between
capsular type 8 strains and the cna gene (42). This is consistent
with our observation that cna is associated with only CP8
lineages (SALs 1, 5, and 6) and is absent in CP5 lineages (SAL
4).
The genetic determinant for TSST-1 (¢st) was largely clus-
tered within SAL 1, with a low incidence in SAL 4 and SAL 5,
and was not present at all among sporadic isolates. This con-
trasts with results of previous studies which indicate that the
genetic determinant for TSST-1 is associated with a diversity of
genetic backgrounds within the S. aureus species (33, 34). This
discrepancy may be due to allelic variations in the st gene,
which have been previously documented (33) and which may
not be detectable by PCR analysis. This result highlights a
limitation of the present study, which is that detection of ge-
netic determinants by PCR may be limited by primer specificity
for individual alleles. Therefore, care has to be taken in the
interpretation of patterns of virulence traits as determined by
PCR. However, because of its specificity PCR may highlight
subtle allelic variations in virulence genes which play a role in
the expansion of certain prevalent lineages.

It is now well established that the majority of S. aureus
infections are caused by strains reactive to either anti-CP8 or
anti-CP5 capsular antibodies (2, 20), and the results of this
study are consistent with these data. However, while CP5 and
CPS8 lineages are readily delineated from each other, certain
lineages include CP5 or CP8 strains together with nontypeable
strains. This observation suggests that structural alterations in
operons encoding capsular type occurred in these lineages.
Recombinations among capsular biosynthetic operons result-
ing in intralineage shifting in capsular polysaccharide serotype
have been identified before in human pathogens (8). Since
antistaphylococcal vaccines consisting of CP5 and CPS8 are
currently under investigation for their protective efficacy
against S. aureus infection (12), alterations in the capsule struc-
ture of lineages prevalent among clinical isolates would have
serious implications for the long-term efficacy of such vaccines.
Further studies monitoring serotype stability among prevalent
lineages would provide a basis to evaluate the potential utility
of serotype-specific vaccines.

Taken together, the results of these studies provide strong
evidence for the existence of five phylogenetic lineages of
S. aureus which are highly prevalent and widely distributed
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among clinical isolates. These studies support the concept that
the basic unit of bacterial pathogenicity is the clone or lineage
that expands due to the possession of unique combinations of
virulence genes (11). Such clones are likely to be characterized
by the production of virulence factors that enhance coloniza-
tion, persistence and invasion at the infecting site, as well as
factors that permit their widespread dissemination and evasion
of host responses. The molecular epidemiology of pathogenic
SALs has received little attention. Prospective multicenter
studies that rigorously control for repeated isolation of sam-
ples from the same patient, multifocal infections with the same
strain, and outbreak strains at a single location will help to
elucidate the mechanisms by which certain clones outcompete
other clones, disseminate widely, and display enhanced viru-
lence. Such studies may reveal novel approaches to infectious
disease control.
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