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The global spread of methicillin-resistant Staphylococcus aureus (MRSA) is a serious problem, particularly in mainland China.
In order to better understand the national molecular epidemiology and resistance profiles of hospital-associated MRSA (HA-
MRSA) in China, a laboratory-based multicenter surveillance study was conducted. Sixty-nine hospitals in 45 large cities in 27
provinces were involved, and a total of 1,141 HA-MRSA isolates were collected during the 6-month study period in 2011. All
MRSA isolates were characterized by multilocus sequence typing (MLST), staphylococcal cassette chromosome mec (SCCmec)
typing, spa typing, detection of the Panton-Valentine leukocidin (PVL) locus (lukS-PV and lukF-PV), and antibiogram analysis.
S$T239-111-t030, ST239-111-t037, and ST5-11-t002 were the predominant HA-MRSA clones (overall prevalence rates, 57.1%,
12.9%, and 8.1%, respectively), although the prevalence rates of these major clones varied markedly in different administrative
regions. Of note, 6.6% of the HA-MRSA isolates were found to belong to ST59, which had typical community-associated MRSA
(CA-MRSA) features, including carriage of SCCmec type IV or V and PVL and less antimicrobial resistance than other major
HA-MRSA clones. Moreover, among 36 MLST sequence types (STs) identified, 15 STs, accounting for 3.5% of total isolates, were
novel. A novel ST designated ST2590, which is a single-locus variant of ST5-1I-t002, was identified in three hospitals in two large

cities, with a total of 17 isolates. To further monitor trends in HA-MRSA prevalence, epidemic clonal shifts, clone emergence,
and transmission between community and health care settings, longitudinal national MRSA surveillance is required.

M ethicillin-resistant Staphylococcus aureus (MRSA) is an infa-
mous multidrug-resistant organism (MDRO) that can
cause life-threatening infections such as septic shock, endocardi-
tis, and severe pneumonia. The spread of MRSA, including hos-
pital-associated MRSA (HA-MRSA) and community-associated
MRSA (CA-MRSA), has been a major problem worldwide (1-4).
The proportion of MRSA isolates among S. aureus isolates from
hospitals is very high in many Asian countries (2, 5, 6). In main-
land China, the prevalence of MRSA has reached 50 to 70% of
total S. aureus isolates, based on previous laboratory-based sur-
veillance data (4, 6).

Analyzing the genotypic characteristics of MRSA clones is
valuable for the understanding of MRSA evolution and dissemi-
nation (3, 7, 8). Pulsed-field gel electrophoresis (PFGE) patterns
(9), carriage of lukS-PV and lukF-PV (the genes encoding Panton-
Valentine leukocidin [PVL]) (8, 10), staphylococcal cassette chro-
mosome rmec (SCCmec) typing (11, 12), spa typing (13), and mul-
tilocus sequence typing (MLST) (14) have proven useful for
monitoring pandemic MRSA clones. Previous studies have docu-
mented several major MRSA clones in different geographic re-
gions, e.g., the HA-MRSA clone ST239-1III prevails in most Asian
countries (2, 3,5) and the CA-MRSA clone US300 (CMRSA-10) is
prevalent in North America (5, 15, 16). In addition, the spread of
major HA-MRSA clones to communities, as well as the introduc-
tion of CA-MRSA clones into hospitals, has been reported in
many countries (2, 5, 17).

Several studies have analyzed the epidemiology of MRSA in
China using molecular tools and susceptibility testing (2, 7,
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18-20). However, considering China’s vast territory, the number
of hospitals represented in those studies was limited. In addition,
the extent to which CA-MRSA clones have spread into Chinese
hospitals remains largely unknown. In order to produce a more
comprehensive national description of the molecular epidemiol-
ogy and resistance profiles of HA-MRSA in China, we character-
ized 1,141 HA-MRSA isolates collected from a number of geo-
graphically dispersed Chinese hospitals.

MATERIALS AND METHODS

Study design. This was a laboratory-based multicenter study of HA-
MRSA, involving the voluntary participation of 69 hospitals in 45 large
cities located in 27 provinces of mainland China (Fig. 1; see also Table S1
in the supplemental material). The inclusion criteria for these institutions
were (i) a general hospital located in a city with a population of over 2
million, (ii) certified as a rank A tertiary hospital by the Ministry of Health
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FIG 1 Map of China, its seven administrative regions (i.e., northeast [red], north [pink], east [yellow], middle [purple], south [green], southwest [blue], and
northwest [gray]), and the locations of hospitals (cities) participating in the surveillance (red circles).

of China, and (iii) having >1,000 hospital beds and >0.4 million outpa-
tient visits per year.

From January to June 2011, the first 50 nonrepetitive HA-MRSA iso-
lates (or all HA-MRSA isolates if the total number of nonrepetitive S.
aureus isolates was less than 50) cultured at each participating hospital
were included in the study. HA-MRSA was defined as isolates cultured
from patients after 48 hours of admission or from patients who, in the 6
months prior to the culture date, had a history of hospitalization for >24
hours, had undergone dialysis or surgery, or had resided in a long-term
health care facility (21).

Isolates and data collection. All HA-MRSA isolates that met the in-
clusion criteria were forwarded to the central laboratory (Department of
Clinical Laboratory, Peking Union Medical College Hospital) for identi-
fication confirmation, susceptibility testing, and genotyping. Isolates were
stored at —80°C prior to testing. For each HA-MRSA isolate, clinical data
collection was completed by the collecting hospital using a standard elec-
tronic report form. The information collected included patient age and
gender, ward location of the patient at the time of sample collection, date
of sample collection, date of isolation, and body site of the sample.

DNA extraction. Suspensions of overnight S. aureus cultures on blood
agar were incubated with lysostaphin and proteinase K, boiled for 15 min,
and then centrifuged (22). The resulting cell lysates were used as the tem-
plates for the following PCR methods.

Confirmative identification of MRSA and detection of PVL. A mul-
tiplex PCR was used for simultaneous amplification of 16S rRNA, femA,
mecA, and lukS-PV/lukF-PV genes as described previously (10). MRSA
reference strain MW2 was used as the positive control (7).

Molecular typing methods. Three typing methods, i.e., spa typing,
MLST, and SCCmiec typing, previously proposed for national MRSA sur-
veillance (3, 23) were used in the present study. SCCmec types were deter-
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mined by a multiplex PCR method that detects types I to V (11, 12); other
SCCmec types were listed as nontypeable (NT). MLST and spa typing were
performed using standard methods (see http://saureus.mlst.net and http:
/lwww.ridom.de/spaserver) (13, 14). Assignment of related sequence
types (STs) into clonal complexes (CCs) was conducted using eBURST
(24). MRSA clones were named in the format of ST-SCCmec type-spa
type-PVL (if detected) (e.g., ST239-I1I-t030 and ST59-IV-t437-PVL). An
international well-characterized panel of MRSA strains (7) was used for
quality control.

Antimicrobial susceptibility testing. Antimicrobial susceptibility
profiles were determined in the central laboratory by agar dilution, fol-
lowing CLSI methods presented in document M7-A8 (25). MICs were
determined for the following 14 antimicrobial agents: cefoxitin, ceftaro-
line, ciprofloxacin, levofloxacin, moxifloxacin, erythromycin, clindamy-
cin, trimethoprim-sulfamethoxazole, rifampin, vancomycin, norvanco-
mycin, linezolid, teicoplanin, and tigecycline. S. aureus ATCC 29213 and
Enterococcus faecalis ATCC 29212 were used as quality controls. Interpre-
tative criteria were consistent with CLSI document M100-S22 (26) except
for norvancomycin, for which vancomycin breakpoints were used, and
tigecycline and ceftaroline, for which breakpoints from the U.S. Food and
Drug Administration were applied (27, 28).

Submission of novel STs. Novel alleles in each novel ST were con-
firmed twice by sequencing in both directions. Fifteen novel STs identified
in the present study have been deposited in the MLST database, with
assigned numbers of ST2579 to ST2593.

RESULTS

HA-MRSA isolates. A total of 1,141 HA-MRSA isolates were iden-
tified during the study period. The numbers of participating hospitals
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TABLE 1 Epidemiology of 1,141 MRSA isolates in seven regions in China, including distributions of SCCrmiec, spa, and MLST types

Value

Parameter Total East Middle North Northeast Northwest South Southwest
No. of hospitals 69 18 11 9 6 10 9 6
No. of MRSA isolates 1,141 298 171 132 116 219 101 104
No. of clones identified 86 43 20 12 11 12 20 11
ST-SCCmec type (%)”

ST239-1I1 74.6 55.7 79.5 84.8 62.1 92.7 68.3 89.4

ST5-11 9.3 16.1 5.3 4.5 32.8 0.5 2.0 1.9

ST59-1V 5.1 5.7 6.4 7.6 0.9 5.9 1.0 4.8

Other 11.0 22.5 8.8 3.0 43 0.9 28.7 3.8
spa type (%)

t030 57.5 38.9 60.8 64.4 52.6 82.6 35.6 70.2

t037 13.1 12.4 10.5 10.6 9.5 8.7 32.7 16.3

t002 10.1 19.5 6.4 4.5 31.0 0.5 2.0 1.0

t437 5.5 6.0 7.6 9.1 0.9 4.1 4.0 5.8

Other 13.8 23.2 14.6 11.4 6.0 4.1 25.7 6.7
[ukS-PV/lukF-PV positive (%) 5.5 5.4 7.6 9.8 0 2.7 8.9 5.8

@ Percentage of each molecular type in the administrative region.

from the seven administrative regions of China (Fig. 1) (6) and iso-
lates collected in each region were as follows: east, 18 hospitals and
298 isolates; middle, 11 hospitals and 171 isolates; northwest, 10 hos-
pitals and 219 isolates; north, 9 hospitals and 132 isolates; south, 9
hospitals and 101 isolates; northeast, 6 hospitals and 116 isolates;
southwest, 6 hospitals and 104 isolates (Table 1; Fig. 1).

SCCmec types. Five SCCmec types (types I to V) were identi-
fied in 1,114 isolates, and an additional 27 isolates were nontype-
able by the SCCmiec typing method used. SCCmec type I1I was the
predominant type in all administrative regions, accounting for
75.4% (n = 860) of isolates. This type was less prevalent in east,
northeast, and south China (prevalence rates of 57 to 69%) than in
other regions (rates of >80%). SCCmec type II was the second
most common type, accounting for 12.0% (n = 137) of isolates,
and was particularly prevalent in northeast and east China (rates
of 32.8% and 25.5%, respectively) but was rare in other regions
(rates of 0.5 t0 6.4%). SCCmec types IV and V accounted for 8.2%
and 1.9% of MRSA isolates, respectively. A single isolate was
found to carry SCCmec type 1.

MLST. Overall, 36 STs were identified, representing seven CCs
and nine singletons (Table 2). The most common ST identified
was ST239. This ST accounted for more than one-half of the iso-
lates in all seven administrative regions, with prevalence rates
ranging from 55.7% in east China to 92.7% in northwest China
(overall prevalence rate of 74.6%). ST5 was the second most com-
mon ST nationwide and was found with greatest frequency in
northeast and east China (32.8% and 16.1%, respectively), with
frequencies of <10% in other regions. The prevalence of ST59 was
6.6% overall but varied from 0.9% to 9.9% in different adminis-
trative regions. By eBURST analysis, CC8 (composed of ST239
and 7 closely related STs) was the most common (75.4%), fol-
lowed by CC5 (12.6%) and CC59 (7.3%).

Fifteen STs identified in this study were not found in the MLST
database (Tables 2 and 3). Fourteen of these novel STs (subse-
quently designated ST2579 to ST2589 and ST2591 to ST2593)
presented rarely, with less than five isolates identified, and each
was detected in only a single hospital. ST2590 was an exception,
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however, with 17 isolates identified in two hospitals in east China
and one in middle China. ST2590 differed from ST5 by only one
point mutation in the ygiL gene (Table 2); all ST2590 MRSA iso-
lates identified were spa type t002 and SCCrmec type II (Table 3).
spa types. Typing of 1,141 MRSA isolates yielded 54 spa types
in all. Substantial correlations were observed among spa types,
SCCmec types, and STs (Table 4). t030 and t037 were the predom-
inant spa types, constituting 57.5% and 13.1% of all isolates, re-
spectively (Table 1). All isolates of these two types carried SCCmec
type III. In addition, 99.4% of t030 isolates and 98.7% of t037
isolates belonged to CC8-ST239 (Table 4). Isolates of the third
most common spa type, t002, accounted for 10.1% of isolates
(Table 1), belonged to CC5, including both ST5 (80.0%) and
ST2590 (14.8%), and carried SCCmec type II (100%) (Table 4).
Isolates of spa type t437, which carried SCCmec type IV, type V, or
NT, made up 5.5% of the collection, 89.9% of which belonged to
ST59 (Table 4). Notably, although 15 novel STs were identified, no
novel spa types were found among the 1,141 MRSA isolates tested.

Prevalence of PVL. Overall, PVL was detected in 63 MRSA
isolates (5.5%) distributed in six of seven administrative regions in
China (all except northeast China). The majority (77.8%) of PVL-
positive isolates belonged to CC59 (49 of 63 isolates), including 29
isolates of ST59-IV-t437-PVL and seven of ST59-V-t437-PVL.
SCCmectype IV, type V, and NT were found in 65.1%, 23.8%, and
11.1% of PVL-positive isolates, respectively, and no PVL-positive
isolate carried SCCmec type 1, type 11, or type III.

Antimicrobial resistance. No resistance to linezolid, vanco-
mycin, norvancomycin, or teicoplanin was detected in any of the
isolates. Additionally, high rates of susceptibility to tigecycline and
trimethoprim-sulfamethoxazole were found (94.7% and 89.3%,
respectively). In contrast, the novel cephalosporin ceftaroline had
poor activity against MRSA (susceptibility rate, 55.8%). All other
antibiotics tested had susceptibility rates of less than 37%.

There was a strong correlation between molecular typing and an-
timicrobial resistance profiles (Table 4). In particular, resistance to
ciprofloxacin, rifampin, or trimethoprim-sulfamethoxazole was
characteristic of particular MRSA clones. For instance, the majority of
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TABLE 2 Multilocus sequence types identified among 1,141 MRSA isolates
No. of Allelic profile
CC type (n)” ST isolates arcC aroE glpF gmk pta tpi yqil
CC8 (860) ST239 851 2 3 1 1 4 4 3
ST630 2 12 3 1 1 4 4 3
ST2589 2 2 3 1 1 4 4 292
ST1296 1 2 3 1 111 4 4 3
ST2582 1 2 3 319 1 4 4 3
ST2586 1 2 3 1 1 282 4 3
ST2587 1 2 3 1 1 283 4 3
ST2588 1 2 3 1 1 4 281 3
CC5 (144) ST5 106 1 4 1 4 12 1 10
ST2590 17 1 4 1 4 12 1 293
ST764 11 1 136 1 4 12 1 10
ST965 5 1 4 1 4 119 1 10
ST258 3 1 372 1 4 12 1 10
ST2585 2 1 4 1 4 281 1 10
CC59 (83) ST59 75 19 23 15 2 19 20 15
ST338 6 19 23 15 48 19 20 15
ST2579 1 292 23 15 2 19 20 15
ST2591 1 19 23 15 2 19 20 294
CC1(11) ST1 8 1 1 1 1 1 1 1
ST2583 2 1 1 1 197 1 1 1
ST2592 1 1 1 1 1 1 1 295
CC9 (11) ST9 10 3 3 1 1 1 1 10
ST2593 1 3 3 1 1 1 1 296
CC88 (5) ST88 4 22 1 14 23 12 4 31
ST2584 1 22 1 14 23 280 4 31
CC30 (4) ST1777 3 139 2 2 2 6 3 2
ST30 1 2 2 2 2 6 3 2
Singletons ST45 7 10 14 8 6 10 3 2
ST2580 5 293 2 2 2 6 3 291
ST7 3 5 4 1 4 4 6 3
ST72 3 1 4 1 8 4 4 3
ST6 1 12 4 1 4 12 1 3
ST22 1 7 6 1 5 8 8 6
ST93 1 6 64 44 2 43 55 51
ST398 1 3 35 19 2 20 26 39
ST1774 1 10 1 1 8 1 1 2

“ CC, clonal complex; ST, sequence type.

the ST239-111-t030 isolates were cross-resistant to ciprofloxacin and
rifampin but not to trimethoprim-sulfamethoxazole (98.6%) (Table
4), while only 8.2% of the ST239-I1I-t037 isolates exhibited this resis-
tance profile; 62.6% of the isolates were cross-resistant to ciprofloxa-
cin and trimethoprim-sulfamethoxazole but not to rifampin, and
23.8% were resistant to ciprofloxacin only (Table 4). In comparison,
ST5-11-t002 isolates were more likely to be resistant to ciprofloxacin
(93.5%) (Table 4). The majority (90.9%) of ST59-IV-t437 isolates
were susceptible to ciprofloxacin, rifampin, and trimethoprim-sulfa-
methoxazole (Table 4).

DISCUSSION

Antimicrobial resistance is a global public health crisis, leading to
increasing rates of morbidity and death from bacterial infections
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and posing a serious threat to patient safety in hospitals (5, 6, 29).
In China, the crisis of antimicrobial resistance is particularly se-
vere, by virtue of previous unregulated overuse of antimicrobials
(6). Surveillance for bacterial resistance is considered essential for
understanding the magnitude of the problem of MDROs and for
controlling their spread (6, 29). In an effort to control the emer-
gence and spread of MDROs in China, the Ministry of Health of
China in 2012 issued an order on the management of antimicro-
bial use in clinical practice (http://www.gov.cn/flfg/2012-05/08
/content_2132174.htm, in Chinese). This order included the es-
tablishment of a nationwide antimicrobial resistance surveillance
program.

MRSA is considered the most significant MDRO causing infec-
tions in mainland China, given its high prevalence rates (2, 4-6),
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TABLE 3 Characterization of novel STs

ST (n)* CC SCCmec—spa—PVLb Distribution
ST2579 (1) CC59 IV-t437-PVL North China
ST2580 (5) Singleton IV-t3351-PVL South China
ST2581 (3) CC5 1I-t002 East China
ST2582 (1) CC8 1I1-t030 Southwest China
ST2583 (2) CC1 IV-t1381-PVL South China
ST2584 (1) CC88 NT-t2310 South China
ST2585 (2) CC5 NT-t062 South China
ST2586 (1) CC8 I1I-t233 Middle China
ST2587 (1) CC8 1I1-t037 East China
ST2588 (1) CC8 I11-t030 Middle China
ST2589 (2) CC8 I1I-t030 Middle China
ST2590 (17) CC5 1I-t002 East and Middle China
ST2591 (1) CC59 IV-t163 East China
ST2592 (1) CC1 NT-t1381 South China
ST2593 (1) CC9 IV-t899 Middle China

@ ST, sequence type; CC, clonal complex; NT, nontypeable.
b PVL indicates that the genes encoding Panton-Valentine leukocidin were detected.

yet the surveillance of MRSA utilizing molecular typing methods
was previously limited to a few large hospitals (2, 7, 8, 22). To
obtain a more representative picture of the epidemiology of HA-
MRSA in China, this laboratory-based surveillance study was ini-
tiated in 2011.

We found that ST239-1I1-t030, ST239-11I-t037, and ST5-II-
t002 were the most common clones, although the prevalence of
these clones varied significantly across administrative regions.
ST239-11I (also known as the Brazilian or Hungarian clone) was
reported previously to be endemic in most Asian countries (2, 3, 7,
30) but is seen less commonly in the United States (31, 32), while
ST5-1I (the New York/Japan clone) has been documented as a
major clone in South Korea and Japan (2, 33, 34). Interestingly,
clonal replacement of ST239-11I-t037 with ST239-I1I-t030 was
observed in one Chinese hospital between 2000 and 2002, indicat-
ing a possible survival advantage of the latter clone (22). Such
phenomena emphasize the need for ongoing molecular surveil-
lance.

Importantly, 75 ST59-IV/V/NT (Taiwanese clone) isolates
were identified in our HA-MRSA collection, of which over one-
half were PVL positive. In addition, the ST59 isolates had less

antibiotic resistance than ST239-IIT and ST5-II isolates. Clones
harboring SCCmec type IV or type V and carrying PVL are usually
reported in the context of community-onset infections, and ST59
is known to be the most common CA-MRSA clone among Chi-
nese children (19, 35). In Hong Kong and Taiwan, CA-MRSA
clones including ST59 have spread into hospital settings (2). Our
findings further suggest that hospitals in mainland China are fac-
ing the same situation.

Another important finding from this study is that isolates be-
longing to novel STs contributed a small but significant propor-
tion of HA-MRSA cases, indicating that HA-MRSA epidemiology
in China continues to evolve. Moreover, one of these novel types
(ST2590) has disseminated in three hospitals in two administra-
tive regions. This ST has not been previously documented in Chi-
nese studies of MRSA, including a recent study in Shanghai (36). It
is likely that ST2590 evolved from ST5 by a single point mutation
in yqiL, as these two sequence types share the same genetic back-
ground (spa type t002, SCCmec type II, PVL negative).

Nationwide MRSA epidemiological surveillance utilizing mul-
tiple typing methods (MLST, spa typing, SCCmec typing, and de-
tection of PVL) is expensive, time-consuming, and labor-inten-
sive. However, incorporation of these four typing methods in our
study proved complementary. For instance, none of the MRSA
isolates with novel STs in the present study carried novel spa types,
although spa typing is generally reported to have higher discrim-
inatory power and lower cost than MLST (3, 9, 23). To best track
the changing epidemiology of MRSA clones across China’s vast
territory, ongoing surveillance with a combination of typing
methods, in addition to antimicrobial resistance profiling, will be
necessary.

In summary, our study observed that the major HA-MRSA
clones in China are ST239-1I1-t030, ST239-11I-t037, and ST5-I1-
t002, with varying distributions among administrative regions. In
addition, the previously described CA-MRSA clone ST59-1V/V/
NT(*=PVL) has spread in hospitals in China. Fifteen novel STs
accounted for a significant proportion of HA-MRSA isolates, in-
cluding one (ST2590) found to be circulating in three hospitals in
two large cities. We recommend ongoing monitoring to demon-
strate trends in HA-MRSA prevalence, epidemic clonal shifts, new
clone emergence, and transmission of MRSA clones between

TABLE 4 Characterization of common HA-MRSA molecular types and their antimicrobial resistance profiles

. . . % of isolates
% of isolates with resistance ;

to: with no
Predominant PVL  Predominant antimicrobial resistance to

spa type (n)*  Predominant ST-CC (%)” SCCmec type (%) (%) resistance profile (%)¢ CR CS C Other GC,R,orS$S
t030 (656) ST239-CC8 (99.4) IIT (100) 0 FCLM(E)(D)R (86.1) 986 0.3 0.2 0.6 0.3
t037 (149) ST239-CC8 (98.7) IIT (100) 0 FCL(M)EDS (61.7) 8.1 624 242 34 2
002 (115) ST5-CC5 (80.0), ST12-CC5 11 (100) 0 FCL(M)ED (84.3) 61 0 939 0 0

(14.8)
t437 (63) ST59-CC59 (88.9) IV (73.0), V (17.5), 71.4 FED (87.3) 1.6 0 6.3 4.8 87.3

NT (9.5)

t601 (18) ST5-CC5 (55.6), ST764-CC5 I (100) 0 FCLMED (83.3) 5.6 0 944 0 0

(44.4)
459 (16) ST239-CC8 (93.8) III (100) 0 FCLMEDR (93.8) 938 0 0 0 6.3

@ spa types with a >1% prevalence (or >12 of 1,141 isolates) in the present study are listed.

b Percentages indicate the percentage of MRSA isolates belonging to the given type. ST, sequence type; CC, clonal complex; F, cefoxitin; C, ciprofloxacin; L, levofloxacin; M,
moxifloxacin; E, erythromycin; D, clindamycin; S, trimethoprim-sulfamethoxazole; R, rifampin.
¢ Antimicrobial agents in parentheses were ignored in calculations of the percentages of isolates with the indicated resistance profile.
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community and health care settings, using longitudinal nation-
wide MRSA surveillance.
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