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ABSTRACT This study was performed to evaluate the clinical impacts of putative
risk factors in patients with Staphylococcus aureus bloodstream infections (BSIs)
through a prospective, multicenter, observational study. All 567 patients with S. au-
reus BSIs that occurred during a 1-year period in six general hospitals were included
in this study. Host- and pathogen-related variables were investigated to determine
risk factors for the early mortality of patients with S. aureus BSIs. The all-cause mor-
tality rate was 15.0% (85/567) during the 4-week follow-up period from the initial
blood culture, and 76.5% (65/85) of the mortality cases occurred within the first 2
weeks. One-quarter (26.8%, 152/567) of the S. aureus blood isolates carried the tst-1
gene, and most (86.2%, 131/152) of them were identified to be clonal complex 5 agr
type 2 methicillin-resistant S. aureus (MRSA) strains harboring staphylococcal cassette
chromosome mec type II, belonging to the New York/Japan epidemic clone. A multi-
variable logistic regression showed that the tst-1 positivity of the causative S. aureus
isolates was associated with an increased 2-week mortality rate both in patients with
S. aureus BSIs (adjusted odds ratio [aOR], 1.62; 95% confidence interval [CI], 0.90 to
2.88) and in patients with MRSA BSIs (aOR, 2.61; 95% CI, 1.19 to 6.03). Two host-
related factors, an increased Pitt bacteremia score and advanced age, as well as a
pathogen-related factor, carriage of tst-1 by causative MRSA isolates, were risk fac-
tors for 2-week mortality in patients with BSIs. Careful management of patients with
BSIs caused by the New York/Japan epidemic clone is needed to improve clinical
outcomes.

KEYWORDS Staphylococcus aureus, bloodstream infection, clonal complex 5, toxic
shock syndrome toxin

Staphylococcus aureus is the most common bacterial pathogen among Gram-positive
cocci, causing both community-acquired and nosocomial bloodstream infections

(BSIs). S. aureus BSIs result in high morbidity and mortality rates (1–3), and the
underlying comorbidities of patients and initial disease severities are associated with
the clinical prognoses of patients with S. aureus BSIs (4, 5). In addition, bacterial factors,
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including antimicrobial resistance and virulence factors, have also been suggested to
be possible risk factors affecting the clinical prognoses of patients.

Methicillin-resistant S. aureus (MRSA) is clinically resistant to all beta-lactam antimi-
crobials, except for anti-MRSA cephalosporins, due to the production of penicillin-
binding protein 2a, which has a low affinity for beta-lactams. The administration of
inadequate antimicrobials for MRSA has been regarded as a risk factor for the early
mortality of patients with BSIs, though this is debatable (6). Vancomycin MIC creep, i.e.,
decreased susceptibility to vancomycin within the susceptible range of BSI-causing
MRSA strains, has also been proposed to be a risk factor for early mortality in patients
(7, 8).

Exotoxins of S. aureus, including staphylococcal enterotoxins (SEs) and toxic shock
syndrome toxin 1 (TSST-1), or cytotoxic exotoxins, including Panton-Valentine leukoci-
din (PVL), are categorized as superantigens (9). A murine model study demonstrated
that TSST-1 triggers a T cell-dependent shock syndrome resulting in high lethality by
stimulating the release of cytokines, including interleukin-6 and tumor necrosis factors
(10, 11); however, the clinical impacts of TSST-1 production by bacterial pathogens in
patients with S. aureus BSIs have not been proven to date due to the lack of clinical
evidence.

We conducted a comprehensive analysis that included host-, pathogen-, and anti-
microbial treatment-related variables to reveal the clinical impacts of putative risk
factors on early mortality in patients with S. aureus BSIs through a prospective,
multicenter, observational study focusing on the bacterial factors of S. aureus isolates.

RESULTS
Patient characteristics. Among the 569 patients with laboratory-confirmed S.

aureus BSIs, 2 patients were excluded from the study due to discharge before diagnosis.
Finally, a total of 567 patients were included in this study (Fig. 1). The median age of
the patients was 68.0 years (interquartile range [IQR], 55.0 to 78.0 years), and 58.0%
(329/567) were male (Table 1). Diabetes mellitus (21.9%, n � 124) was the most
common underlying comorbidity, followed by end-stage renal diseases (21.3%,
n � 121), cardiovascular diseases (18.3%, n � 104), and malignancies (15.3%, n � 87).
The median value of the Charlson comorbidity index was 2 (IQR, 1 to 3). One-half
(52.2%, n � 296) of the cases were hospital-originated (HO) infections, and 27.0%
(n � 153) of the patients were hospitalized in intensive care units (ICUs). Critical illness
on the day of the initial blood culture was observed in 23.6% (n � 134) of the patients.

The 567 S. aureus BSI cases were categorized into three groups by the source of BSI:
primary (29.3%, n � 166), secondary (63.5%, n � 360), and catheter-related (7.2%,
n � 41) BSI groups. The primary BSI group included 13 infective endocarditis and 4
non-catheter-related endovascular infection cases. The most common primary site of
infection causing secondary BSIs was skin and soft tissue (19.6%, n � 111), followed by
the respiratory tract (16.0%, n � 91), bone and joint (12.5%, n � 71), and the urinary
tract (9.9%, n � 56). More than half (56.1%, n � 318) of the patients with S. aureus BSIs
were sent for a consultation with infectious disease specialists. An appropriate antimi-
crobial regimen was administered to 52.0% (n � 295) of the patients as an empirical
treatment and to 76.5% (n � 434) as a definitive treatment.

Mortality dynamics of patients with S. aureus BSIs. The all-cause mortality rate of
the patients with S. aureus BSIs for 4 weeks from the initial blood culture was 15.0%
(85/567). The mortality dynamics of the patients with S. aureus BSIs showed a power-
law tendency curve of cumulative survival over the 4-week follow-up period. The rate
of death/number of subjects at risk was 8.0% (45/561) in the first week, and the rate
decreased to 3.9% (20/511) in the second week, to 1.4% (7/491) in the third week, and
to 2.6% (13/484) in the fourth week. More than three-quarters (76.5%, 65/85) of the
deaths during the 4-week follow-up period occurred within the first 2 weeks; therefore,
the 2-week mortality was determined to be a primary endpoint for early mortality to
assess putative risk factors affecting BSI-related clinical outcomes in patients with S.
aureus BSIs.
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Bacterial characteristics. Among the 567 S. aureus blood isolates, the most com-
mon strain type was clonal complex 72 (CC72) (32.3%, n � 183), followed by CC5
(31.9%, n � 181), CC1 (10.2%, n � 58), CC8 (4.6%, n � 26), and CC30 (4.4%, n � 25). By
agr typing, agr type 1 was the dominant genotype, being found for 56.6% (n � 321) of
the S. aureus isolates, followed by agr type 2 (32.3%, n � 183). More than half (53.4%,
303/567) of the S. aureus isolates exhibited resistance to cefoxitin; i.e., they had the
MRSA phenotype. Nonsusceptibility to erythromycin (65.0% versus 20.8%, P � 0.001)
and clindamycin (55.4% versus 4.6%, P � 0.001) was more frequently identified in MRSA
isolates than in methicillin-susceptible S. aureus (MSSA) isolates (see Table S1 in the
supplemental material). All S. aureus isolates exhibited susceptibility to both glycopep-
tides and daptomycin. All of the MRSA isolates harbored the mecA gene, and no MRSA
isolate harbored the mecC gene. Most of the MRSA isolates carried staphylococcal
cassette chromosome mec (SCCmec) type II (54.8%, 166/303) or SCCmec type IV (43.6%,
n � 132).

The most frequently identified gene among the nine genes for SEs was seg (69.5%,
394/567), followed by sec (24.9%, n � 141) and sei (15.5%, n � 88), while see was not
identified in any S. aureus blood isolates. The pvl gene was identified in only 2.3%
(n � 13) of the S. aureus isolates. Notably, 26.8% (n � 152) of S. aureus isolates harbored
the tst-1 gene. Quantitative real-time PCR (RT-PCR) experiments demonstrated that the
relative expression levels of tst-1 in the S. aureus isolates ranged from 0.17 to 7.08
compared with the level of expression in reference strain ATCC 700699.

Clonal traits of MRSA blood isolates. Multilocus sequence typing (MLST) revealed
that two major clones, CC5 (51.5%, 156/303) and CC72 (37.3%, n � 113), were found for

FIG 1 Geographical distribution of S. aureus BSI cases included in this study. The number of beds, patients subjected to blood culture, and S. aureus BSI cases
are indicated in the table. The pie charts indicate the proportions of the major sequence types of the S. aureus blood isolates, and the relative size of the pie
chart indicates the number of S. aureus BSI episodes. The bar charts indicate the numbers of CC5 tst-1-positive MRSA isolates grouped according to the spa
types in each hospital.
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TABLE 1 Host-, treatment-, and pathogen-related factors of patients with S. aureus bloodstream infectionsa

Variable

Value for:

P value
All patients
(n � 567, 100%)

Patients infected
with MRSA
(n � 303, 53.4%)

Patients infected
with MSSA
(n � 264, 46.6%)

Patients
Median (IQR) age (yr) 68.0 (55.0–78.0) 70.0 (57.0–78.0) 67.0 (52.5–77.0) 0.041
No. (%) male patients 329 (58.0) 174 (57.4) 155 (58.7) 0.823
No. (%) of patients with the following comorbidity:

Malignancy 87 (15.3) 43 (14.2) 44 (16.7) 0.717
Diabetes mellitus 124 (21.9) 66 (21.8) 58 (22.0) 0.999
Cardiovascular disease 104 (18.3) 58 (19.1) 46 (17.4) 0.676
Cerebrovascular disease 80 (14.1) 57 (18.8) 23 (8.7) 0.001
Liver cirrhosis 28 (4.9) 15 (5.0) 13 (4.9) 0.999
End-stage renal disease 121 (21.3) 72 (23.8) 49 (18.6) 0.160

Median (IQR) Charlson comorbidity index 2 (1–3) 2 (1–3) 2 (1–3) 0.353
No. (%) of patients with:

HO infection 296 (52.2) 203 (67.0) 93 (35.2) <0.001
ICU admission 153 (27.0) 99 (32.7) 54 (20.5) 0.001
Polymicrobial infection 34 (6.0) 18 (5.9) 16 (6.1) 0.999

No. (%) of patients with the following source of
bloodstream infection:

0.599

Primary 166 (29.3) 87 (28.7) 79 (30.0)
Infective endocarditis 13 (2.3) 7 (2.3) 6 (2.3)
Non-catheter-related endovascular 4 (0.7) 2 (0.7) 2 (0.8)
Unknown 149 (26.3) 78 (25.7) 71 (26.9)

Secondary 360 (63.5) 191 (63.0) 169 (64.0)
Skin and soft tissue 111 (19.6) 59 (19.5) 52 (19.7)
Pulmonary 91 (16.0) 50 (16.5) 41 (15.5)
Bone and joint 71 (12.5) 30 (9.9) 41 (15.5)
Urinary tract 56 (9.9) 33 (10.9) 23 (8.7)
Others 31 (5.5) 19 (6.3) 12 (4.5)

Catheter related 41 (7.2) 25 (8.3) 16 (6.1)
Laboratory findings

Median (IQR) white blood cell count (103 cells/�l) 11.7 (8.2–16.1) 11.5 (8.4–15.6) 11.7 (7.7–17.0) 0.754
Median (IQR) platelet count (103 cells/�l) 186 (112.5–272) 200 (108–289) 173.5 (115–267) 0.177
Median (IQR) C-reactive protein concn (�g/ml) 10.8 (3.7–18.6) 10.6 (3.7–17.9) 11.0 (3.7–19.4) 0.595

No. (%) of patients with:
Acute kidney injury 56 (9.9) 28 (9.2) 18 (6.8) 0.368
Critical illness (Pitt score � 4) 134 (23.6) 74 (24.4) 60 (22.7) 0.708
Infectious disease consultation 318 (56.1) 190 (62.7) 128 (48.5) 0.001
14-day mortality 65 (11.5) 35 (11.6) 30 (11.4) 0.999

No. (%) of patients with appropriate antimicrobial treatment
Empirical 295 (52.0) 98 (32.3) 197 (74.6) <0.001
Revised definitive 434 (76.5) 200 (66.0) 234 (88.6) <0.001

No. (%) of patients infected with pathogens with the
following characteristics:

Strain type <0.001
CC72 183 (32.3) 113 (37.3) 70 (26.5)
CC5 181 (31.9) 156 (51.5) 25 (9.5)
CC1 58 (10.2) 8 (2.6) 50 (18.9)
CC8 26 (4.6) 14 (4.6) 12 (4.5)
CC30 25 (4.4) 2 (0.7) 23 (8.7)
Others 94 (16.6) 10 (3.3) 84 (31.8)

Virulence factors
sea 57 (10.1) 5 (1.7) 52 (19.7) <0.001
seb 1 (0.2) 0 (0) 1 (0.4) 0.945
sec 141 (24.9) 134 (44.2) 7 (2.7) <0.001
sed 6 (1.1) 5 (1.7) 1 (0.4) 0.287
see 0 (0) 0 (0) 0 (0) 0.101
seg 394 (69.5) 270 (89.1) 124 (47.0) <0.001
seh 23 (4.1) 5 (1.7) 18 (6.8) 0.004

(Continued on next page)
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the majority of the MRSA blood isolates (Fig. 2). The most common spa types of CC5
MRSA isolates were t2460 (41.0%, 64/156), followed by t002 (14.1%, n � 22), t111
(13.5%, n � 21), and t9353 (5.8%, n � 9), while the CC72 MRSA isolates were mostly
identified to be t324 (46.9%, 53/113), t148 (17.7%, n � 20), and t664 (8.9%, n � 10). The
CC5 MRSA blood isolates mostly belonged to agr type 2 (98.7%, 154/156), and all CC72
MRSA blood isolates belonged to agr type 1. Most (86.5%, 135/156) of the CC5 MRSA
blood isolates harbored SCCmec type II, while all but four (96.5%, 109/113) of the CC72
MRSA blood isolates harbored SCCmec type IV. Furthermore, CC5 and CC72 exhibited
distinct clonal features in terms of antimicrobial resistance and virulence profiles. The
CC5 MRSA blood isolates (MIC50, �128 �g/ml; MIC90, �128 �g/ml) exhibited higher
oxacillin MICs than the CC72 isolates (MIC50, 64 �g/ml; MIC90, 128 �g/ml). Nonsuscep-
tibility to erythromycin (96.8% versus 18.6%) and clindamycin (90.4% versus 8.9%) was
more frequently observed in the CC5 MRSA isolates than in the CC72 MRSA isolates. The
CC5 MRSA isolates frequently carried the virulence genes sec (84.0%, 131/156) and tst-1
(84.0%, 131/156), while none of the CC72 MRSA isolates carried them. The SmaI
macrorestriction banding patterns of all the tst-1-positive CC5 MRSA isolates found by
pulsed-field gel electrophoresis (PFGE) clustered the isolates as a clade with the New
York/Japan epidemic clone ATCC 700699 with similarity coefficients of �85% (Fig. S1).

Risk factors for early mortality in patients with S. aureus BSIs. The results of
univariable logistic regression determined that five host-related variables, including age
(per year; odds ratio [OR], 1.04; 95% confidence interval [CI], 1.02 to 1.06), underlying
cardiovascular diseases (OR, 2.03; 95% CI, 1.11 to 3.58), Charlson comorbidity index (per
point; OR, 1.17; 95% CI, 1.02 to 1.34), ICU admission (OR, 2.84; 95% CI, 1.67 to 4.82), and
critical illness on the day of the initial blood culture (OR, 3.53; 95% CI, 2.07 to 6.02), were
significantly associated with an increased 2-week mortality rate in patients with S.
aureus BSIs (Table 2). Two bacterial factors, tst-1 positivity (OR, 1.99; 95% CI, 1.15 to 3.38)
and causative pathogens of agr type 2 (OR, 3.16; 95% CI, 1.48 to 7.37), were also risk
factors for 2-week mortality. The factor agr type 2 was omitted from the multivariable
analyses due to a high multicollinearity with tst-1 positivity. A multivariable analysis for
the patients with S. aureus BSIs revealed that advanced age (per year; adjusted OR
[aOR], 1.05; 95% CI, 1.02 to 1.07), Charlson comorbidity index (per score; aOR, 1.24; 95%
CI, 1.06 to 1.44), ICU admission (aOR, 2.38; 95% CI, 1.32 to 4.29), and critical illness (aOR,
3.82; 95% CI, 2.12 to 6.93) were independent risk factors for 2-week mortality with
statistical significance, and the tst-1 positivity (aOR, 1.62; 95% CI, 0.90 to 2.88) of the
causative pathogens was also associated with an increased 2-week mortality rate with
borderline significance. Similar findings were observed in patients with MRSA BSIs. A
multivariable analysis in patients with MRSA BSIs showed that tst-1 positivity (aOR, 2.61;

TABLE 1 Host-, treatment-, and pathogen-related factors of patients with S. aureus bloodstream infectionsa

Variable

Value for:

P value
All patients
(n � 567, 100%)

Patients infected
with MRSA
(n � 303, 53.4%)

Patients infected
with MSSA
(n � 264, 46.6%)

sei 88 (15.5) 63 (20.8) 25 (9.5) <0.001
sej 5 (0.9) 4 (1.3) 1 (0.4) 0.456
pvl 13 (2.3) 11 (3.6) 2 (0.8) 0.046
tst-1 152 (26.8) 133 (43.9) 19 (7.2) <0.001

agr type <0.001
Type 1 321 (56.6) 135 (44.6) 186 (70.5)
Type 2 183 (32.3) 154 (50.8) 29 (11.0)
Type 3 57 (10.1) 14 (4.6) 43 (16.3)
Type 4 6 (1.1) 0 (0) 6 (2.3)

SCCmec
Type II 166 (29.3) 166 (54.8)
Type IV 132 (23.3) 132 (43.6)
Other types 5 (0.9) 5 (1.6)

aBoldface indicates statistically significant characteristics.

Clinical Impacts of TSST-1-Producing CC5 MRSA Antimicrobial Agents and Chemotherapy

November 2019 Volume 63 Issue 11 e01362-19 aac.asm.org 5

https://aac.asm.org


95% CI, 1.19 to 6.03) was an independent risk factor when analyzed with three
host-related variables exhibiting P values of �0.05 in the univariable analyses. Kaplan-
Meier curves stratified according to tst-1 positivity showed significant differences in
2-week mortality as a primary endpoint both in patients with S. aureus BSIs (log-rank

FIG 2 Distribution of host- and pathogen-related factors in patients with MRSA bloodstream infections stratified according to strain type. The pie charts indicate
the proportions of major spa types. Horizontal bar charts indicate the proportion of isolates for each variable, and colored bar charts and numbers indicate
significant differences in proportions between CC5 and CC72 MRSA isolates (red, more prevalent; blue, less prevalent). Vertical bar charts indicate the MIC
distributions of oxacillin, vancomycin, teicoplanin, and daptomycin, and red and green triangles represent the MIC50 and MIC90, respectively.
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test, P � 0.013; Fig. 3A) and in patients with MRSA BSIs (log-rank test, P � 0.002; Fig. 3B)
but not in patients with MSSA BSIs (log-rank test, P � 0.496; Fig. 3C). In the survival
analyses for the CC5 MRSA BSI patients stratified according to tst-1 positivity, the
2-week mortality of the patients with CC5 tst-1-positive MRSA BSIs (17.6%, 23/131) was
higher than that of the patients with CC5 tst-1-negative MRSA BSIs (12.0%, 3/25);
however, statistical significance was not observed due to the low number of CC5
tst-1-negative MRSA cases (Fig. 3D). By the source of BSI, the difference in the 2-week
mortalities stratified according to tst-1 positivity was more prominent in patients with
primary S. aureus BSIs (log-rank test, P � 0.012; Fig. 3E) than in those with secondary S.
aureus BSIs (log-rank test, P � 0.405; Fig. 3F).

More than half (51.3%, 78/152) of the S. aureus isolates harboring tst-1 exhibited
higher expression levels of TSST-1 than reference strain ATCC 700699, and the 2-week
mortality rate of patients infected by the high-level producers (19.2%, 15/78) was
higher than that of patients infected by the low-level producers (14.9%, 11/74),
although the difference in 2-week mortality was not statistically significant (Fig. S2).

DISCUSSION

Through a prospective, multicenter, observational study including all patients with
S. aureus BSIs that occurred in six general hospitals over a 1-year period, the clinical
impacts of the putative risk factors on early mortality were evaluated. A total of 567
patients with S. aureus BSIs were included in this study, and 15.0% (85/567) of them
died within the 4-week follow-up period. Most (76.5%, 65/85) of the deaths occurred
within the first 2 weeks of the follow-up period, which is similar to the mortality
dynamics of patients with Klebsiella pneumoniae BSIs (82.8%, 77/93) or with Escherichia

FIG 3 Survival analyses of patients with S. aureus bloodstream infections stratified according to tst-1 positivity.
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coli BSIs (78.6%, 110/140) in our previous clinical studies based on the same cohort (12,
13). Therefore, the 2-week mortality could be applied as a primary endpoint to estimate
the number of S. aureus BSI-related deaths.

A multivariable analysis showed that the four host-related variables, including
advanced age, increased Charlson comorbidity index, ICU admission, and critical illness
on the day of the initial blood culture, were independent risk factors for the 2-week
mortality of patients with S. aureus BSIs. These observations were understandable
because these four patient-related variables are associated with the disease severity of
BSIs directly and/or indirectly and they were common risk factors for early mortality in
patients with S. aureus BSIs in many previous studies (2, 4, 14, 15).

Among the pathogen-related factors, the tst-1 positivity of the bacterial pathogen
was associated with an increased 2-week mortality rate in patients with S. aureus BSIs.
TSST-1, one of the superantigens secreted by S. aureus isolates, induces massive
cytokine production by human T lymphocytes and is associated with staphylococcal
toxic shock syndrome (10). The tst-1 gene is located on a mobile pathogenic island,
such as SaPI, SaPIn1, SaPIm1, SAPI2, and SaPIbov1 (16, 17), and the expression of TSST-1
is regulated by two factors consisting of the agr and sarA systems (18). In this study, the
tst-1 gene was identified in 26.8% (152/567) of all S. aureus blood isolates, and all the
tst-1-harboring S. aureus isolates were confirmed to produce TSST-1 by mRNA quanti-
fication. The range of tst-1 expression levels of clinical blood isolates relative to that of
the reference strain, S. aureus ATCC 700699, was 0.17 to 7.08, exhibiting up to a
41.6-fold difference among the isolates. The patients with TSST-1-producing S. aureus
BSIs had accompanying acute kidney injuries more frequently than those with TSST-
1-nonproducing S. aureus BSIs (11.8% [18/152] versus 6.7% [28/415], P � 0.073); how-
ever, no significant differences in inflammatory markers, including white blood cell
counts, platelet counts, and levels of C-reactive protein, were identified between those
groups. The 2-week mortality rate of the patients with TSST-1-producing S. aureus BSIs
was higher than that of the patients with TSST-1-nonproducing S. aureus BSIs, irrespec-
tive of the initial severity of disease in the patients (among the patients with critical
illness, 34.9% versus 20.0%; among the patients without critical illness, 10.9% versus
5.8%). This work provides the first clinical evidence that BSIs caused by TSST-1-
producing S. aureus strains resulted in a high early mortality in patients.

Notably, most (86.2%, 131/152) of the tst-1-carrying S. aureus isolates were identified
to be CC5 MRSA isolates. All CC5 MRSA isolates producing TSST-1 in this study
belonged to agr type 2 and harbored SCCmec type II. The PFGE banding patterns of
these isolates were similar to the pattern of the New York/Japan epidemic clone (19).
Our findings suggest that the tst-1-positive CC5 agr type 2 MRSA strains belonging to
the New York/Japan epidemic clone make up a high-risk virulent clone resulting in poor
clinical outcomes in patients with BSIs.

There are some limitations to be considered when interpreting the results of our
study. First, this study was performed in a single country, South Korea, whose popu-
lation is relatively homogeneous, and ethnic or racial diversity could not be evaluated.
Second, unpredictable compounding factors might exist due to the observational
nature of this study. Finally, the possible clinical impacts of the genetic backgrounds of
CC5 MRSA isolates, other than TSST-1 production, could not be eliminated due to the
low number of cases caused by CC5 tst-1-negative MRSA isolates. Further investigations
should be performed.

In conclusion, two host-related factors, advanced patient age and initial critical
illness determined by the Pitt bacteremia score, as well as a pathogen-related factor,
TSST-1 production, were independent risk factors for the 2-week mortality of the
patients with S. aureus BSIs in this study. Furthermore, the New York/Japan epidemic
clone, which is endemic in South Korea, is a high-risk clone associated with a poor
prognosis of patients with BSIs. Careful management of patients with BSIs caused by
the high-risk clone is needed to improve clinical outcomes.
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MATERIALS AND METHODS
Study population. All patients with laboratory-confirmed S. aureus BSIs during a 1-year period from

May 2016 to April 2017 in six general hospitals participating in a national antimicrobial resistance
surveillance system in South Korea, namely, Kor-GLASS, were enrolled in this study (20). The sentinel
hospitals are located in different provinces of the Korean peninsula, and their bed sizes range from 815
to 1,050 (Fig. 1). Among 67,803 patients subjected to blood cultures during the study period, 578 (0.8%)
patients were diagnosed with S. aureus BSIs. Putative host-related risk factors, including demographic
conditions, underlying comorbidities, the primary site of infection, infectious disease consultation, and
antimicrobial treatment regimens, were investigated by reviewing electronic medical records. The
Charlson comorbidity index and the Pitt bacteremia score were assessed on the day of the initial blood
culture (21, 22). In addition, inflammatory markers of the patients with S. aureus BSIs, including white
blood cell counts, platelet counts, and C-reactive protein levels, were investigated on the day of the initial
blood culture. The mortality dynamics of patients with S. aureus BSIs were assessed during the 4-week
follow-up period, and the clinical outcomes of the patients were evaluated by all-cause mortality rates
for the first 2 weeks. Only the first blood isolate from each patient was collected for microbial analyses,
and sequential isolates were discarded. Each isolate was inoculated in a cryotube containing 20% (wt/vol)
skimmed milk and stored at �80°C in each sentinel hospital, and the cryotubes were transferred to an
analysis center for microbiological assessments twice a month. The need for informed consent of the
participants for reviewing medical records was waived by the institutional review board of each sentinel
hospital due to the purely observational nature of this study.

Definitions. An HO infection was determined when a patient with a laboratory-confirmed BSI was
hospitalized for �48 h at the time of initial blood specimen collection for enrichment culture. A
polymicrobial BSI was determined when a microorganism other than S. aureus was recovered from the
blood culture within 48 h. The sources of BSIs were investigated according to the criteria suggested by
the Centers for Disease Control and Prevention (23). The sources of BSIs were categorized into 3 groups:
(i) a primary source, including infective endocarditis, noncatheter endovascular, and unknown sources,
(ii) a secondary source, including another primary nonendovascular infection focus, and (iii) an endo-
vascular catheter source (24). Critical illness on the day of the initial blood culture was determined as a
Pitt bacteremia score of �4 (25). Empirical antimicrobial treatment was defined as the administration of
an initial antimicrobial regimen in a blind manner without in vitro antimicrobial susceptibility testing
results for the BSI-causing microorganism, and definitive antimicrobial treatment was defined as the
administration of a revised antimicrobial regimen based on the in vitro antimicrobial susceptibility testing
results within 72 h after the initial blood culture. An adequate antimicrobial treatment was defined as the
administration of one or more antimicrobials active in vitro against the BSI-causing S. aureus isolate.

Microbiological evaluation. Bacterial species were identified by the matrix-assisted laser desorption
ionization–time-of-flight mass spectrometry technique using a Bruker Biotyper instrument (Bruker Dal-
tonik GmbH, Bremen, Germany), and the identities were confirmed by partial sequence analyses of 16S
rRNA. Susceptibility to the antimicrobials cefoxitin, erythromycin, clindamycin, quinupristin-dalfopristin,
and trimethoprim-sulfamethoxazole was tested by the disk diffusion method on cation-adjusted Mueller-
Hinton agar (Difco Laboratories, Detroit, MI). The MICs of oxacillin, vancomycin, teicoplanin, tigecycline,
daptomycin, and linezolid were determined by the broth microdilution method according to Clinical and
Laboratory Standards Institute guidelines (26). Calcium-supplemented Mueller-Hinton broth (final con-
centration of calcium, 50 �g/ml) was used for daptomycin MIC determination. S. aureus ATCC 25923 was
used as a quality control strain. The mecA and mecC genes were evaluated by PCR in all isolates exhibiting
resistance to cefoxitin, as previously described (27, 28). The SCCmec type was determined by PCR assays
(29).

For virulence assessment, a total of 11 virulence genes for SEs (sea, seb, sec, sed, see, seg, seh, sei, and
sej), TSST-1 (tst-1), and PVL (pvl) were assessed by PCR. The expression level of the tst-1 gene of each S.
aureus isolate was evaluated by quantitative real-time PCR (RT-PCR) assays. Briefly, S. aureus isolates were
cultured in Muller-Hinton broth at 37°C with vigorous agitation until the optical density at 600 nm was
1.5 to 2. Bacterial RNA was extracted using an RNeasy minikit (Qiagen, Hilden, Germany), and cDNA
was synthesized using a TOPscript cDNA synthesis kit (Enzynomics, Daejeon, South Korea). Amplification
was carried out in a 20-�l final volume containing 10 �l of premix (RbTaq qPCR 2� preMIX; Enzynomics),
1 �l of each primer (for tst-1 or gyrA), 7 �l of distilled water, and 1 �l of cDNA using a CFX96 system
(Bio-Rad, Hercules, CA). The reaction conditions were 95°C for 30 s, followed by 40 cycles of 95°C for 10 s,
60°C for 15 s, and 72°C for 15 s. The expression levels of the tst-1 gene were normalized against those of
the gyrA gene. The expression level of the tst-1 gene in S. aureus ATCC 700699 was also measured in
every batch for comparison. The oligonucleotide sequences of the primers used in this study are
summarized in Table S2 in the supplemental material.

For strain typing, MLST experiments were performed by comparing the partial sequences of the
seven housekeeping genes, including arc, aroE, glpF, gmk, pta, tpi, and yqiL, to the sequences in the S.
aureus MLST database (https://pubmlst.org/saureus/) to determine the allelic types, the sequence types,
and the CCs of the S. aureus blood isolates (30). The agr types of the S. aureus isolates were determined
by multiplex PCR, as previously described (31). In addition, PCR and sequencing of the staphylococcal
protein A gene repeat region were performed to determine the spa types of S. aureus isolates by
comparing them to the types on the RidomSpaServer website (http://spa.ridom.de/) as previously
described (32). Finally, the SmaI macrorestriction banding patterns of representative CC5 MRSA blood
isolates selected by the spa types and virulence profiles were evaluated by PFGE using a CHEF-DRII
system (Bio-Rad, Hercules, CA) as previously described (33). S. aureus ATCC 700699 (Mu50, New
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York/Japan epidemic clone, tst-1 positive), S. aureus ATCC BAA1681 (USA100, tst-1 negative), and S.
aureus ATCC BAA1768 (USA800) were used as reference strains for the PFGE experiments.

Statistical analysis. Statistical analyses were conducted using R software (version 3.4.3; R Develop-
ment Core Team 2017; http://www.R-project.org/). Differences between groups were determined using
the Mann-Whitney U test and Fisher’s exact test for continuous variables and categorical variables,
respectively. The odds ratio (OR) of each putative risk factor was calculated by univariable logistic
regressions, and adjusted ORs (aORs) were calculated by multivariable logistic regressions with variables
exhibiting P values of �0.05 in the univariable analyses. Survival analyses were performed by construct-
ing Kaplan-Meier curves, and differences in mortalities between groups were determined by log-rank
tests. All the results of statistical analyses were considered significant when the P values were �0.05.
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