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Background: Staphylococcus aureus is an important human pathogen causing a wide
variety of diseases ranging from mild skin infections to life-threatening bacteremia. This
study aimed to provide insight into the phenotype—genotype characteristics of S. aureus
isolated from neonates.

Methods: A hospital-based retrospective study was conducted to recruit neonatal patients with
community-associated S. aureus infection. All 92 S. aureus clinical isolates were tested for
antimicrobial susceptibility, resistance genes, virulence genes, and multilocus sequence typing.
Results: A total of 92 S. aureus isolates were included in this study, including 29 (31.5%)
MRSA isolates. Most S. aureus isolates were susceptible to gentamicin, and most methicillin-
resistant S. aureus (MRSA) isolates were susceptible to vancomycin and linezolid. The pre-
dominant S. aureus genotypes were CC188 (ST188), CC59 (ST338), CC5 (ST5), CC88 (STS),
and CC6 (ST6), with CC59 (ST338) as the most prevalent MRSA. We observed a significantly
corresponding relationship between clonal complexes and resistance patterns (such as CC45/
CC59/CC121/CC630 associated with multidrug resistance) or the number of virulence genes
(such as CC1/CC5/CC45/CC59/CC88 associated with harboring 5-7 virulence genes, and
CC22/CC25/CC121 associated with carrying 8—13 genes). Moreover, both univariate and multi-
variate analyses indicated that invasive S. aureus isolates were significantly associated with
resistance to several classes of antibiotics and carrying specific virulence factors.

Conclusion: Our findings provide insight into phenotype—genotype characteristics for
S. aureus isolates so as to provide new ideas for differentiating potential genetic backgrounds
and monitoring new epidemiologic trends.

Keywords: Staphylococcus aureus, antimicrobial susceptibility, molecular characterization,

virulence genes

Introduction

Staphylococcus aureus (S. aureus) is an important human pathogen causing a wide
variety of diseases ranging from mild skin infections to life-threatening bacteremia
and contributes to both community-associated and healthcare-associated infections
with a high clinical burden for infants worldwide." Nearly 120,000 S. aureus
bloodstream infections and 20,000 associated deaths occurred in the United States
in 2017, indicating that S. aureus infections account for significant morbidity and
mortality.” A multicenter study in China showed that the incidence of community-
associated S. aureus from skin and soft tissue infections was significantly higher in
pediatric patients than in adult patients, suggesting that S. aureus is an important
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causative agent in children.> Moreover, several studies
have reported that outbreaks and transmission events due
to S. aureus and methicillin-resistant S. aureus (MRSA)
occurred in neonatal intensive care units (NICUs).*®
Therefore, it is urgent to study phenotypic and genotypic
characteristics of S. aureus in neonates, which may pro-
mote an increased understanding of its genetic back-
grounds and pathogenesis.

The incidence of S. aureus (especially for MRSA) infec-
tion and colonization have been explored for neonates across
the globe.” ' For example, MRSA colonization was
detected in 6.7% of infants, and MRSA infection occurred
in 2.0% of infants in NICUs of the US.” Similarly, rates of
MRSA colonization and infection were found to be 5.2%
and 2.6% in Chinese NICUs, respectively.® These findings
suggest that active surveillance may detect MRSA affected
neonates earlier and limit nosocomial spread. To note, pre-
vious studies have mainly focused on MRSA isolates in

691112 whereas little is known about

neonates or infants,
methicillin-sensitive S. aureus (MSSA). In terms of viru-
lence and pathogenicity, S. aureus infection is characterized
by virulence factors and antibiotic resistance.'* However,
limited data on phenotypic and molecular characteristics of
neonatal S. aureus are available for China, and the potential
relationship between clonal complexes (CCs) and pheno-
type—genotype characteristics of S. aureus is still unclear.
Therefore, we undertook a hospital-based retrospective
study of neonatal S. aureus infection in Liuzhou, China.
The primary purpose of this study was to describe antimi-
crobial susceptibility, virulence genes, and molecular typing
of both MRSA and MSSA isolates. The second purpose was
to reveal the potential corresponding relationships between
CCs and phenotype—genotype characteristics of S. aureus
isolates.

Materials and Methods
Patient Enrollment and Clinical Data

Collection

This hospital-based retrospective study was conducted
from April 2014 to May 2017 at the sole tertiary children’s
hospital in Liuzhou, China. Our children’s hospital has
around 10,000-20,000 admissions of children annually.
The target population was neonates <28 days of age and
with community-associated S. aureus infections. The elig-
ibility criteria for community-associated S. aureus infec-
tions included: (1) a culture sample was obtained within
48h of hospitalization or during an outpatient visit; (2) the

patient had no history of known risk factors for S. aureus
infections in the past year; and (3) the patient had no
history of medical facility visits in the past year.'*
Infections in which any positive culture was obtained
from cerebrospinal fluid (CSF), blood, sterile fluid, or an
abscess were considered to be invasive. Infections in
which all positive cultures were obtained from the trachea,
urine, conjunctiva, or a wound were considered to be non-
invasive. We used a case report form for the collection of
demographic information (sex and age), clinical symp-
toms, types of infection, antibiotic use, and clinical
outcomes.

Bacterial Isolation and Identification

Specimens were collected from infection sites of each
neonatal patient enrolled and cultured on blood agar. To
avoid overrepresentation, we included only the first isolate
from each patient. Preliminary S. aureus identification was
performed based on a combination of bacterial morphol-
ogy, Gram staining, hemolysis, catalase test, and tube
coagulase test. Then, Polymerase Chain Reaction (PCR)
assays were used to test the staphylococci 16SrRNA, nuc,
and mecA genes (Supplementary Table S1)."> All S. aureus

isolates carried the 16S rRNA and nuc genes. The mecA-
positive or cefoxitin-resistant S. aureus was identified as
MRSA. So MRSA included genotypic (mecA-positive)
and phenotypic (cefoxitin-resistant) MRSA isolates.

Antimicrobial Susceptibility Tests

The minimum inhibitory concentrations of antimicrobial
agents were determined according to the Clinical and
Laboratory Standards Institute.'® The following drugs
were tested: penicillin, cefoxitin, erythromycin, clindamy-
cin, tetracycline, trimethoprim-sulfamethoxazole, rifam-
pin,
vancomycin, and linezolid. S. aureus ATCC 29,213 was

chloramphenicol,  ciprofloxacin,  gentamicin,
used as a control strain. Multidrug-resistant (MDR)
S. aureus (MDRSA) was defined as

susceptible to >1 agent in >3 antimicrobial categories.'’

being non-

The resistance pattern was categorized into three groups:
susceptible to all antibiotics, non-MDR (non-susceptible to
1-2 antimicrobial categories), and MDR (non-susceptible
to >3 antimicrobial categories).

MLST Typing and SCCmec Analysis

For all S. aureus isolates, multilocus sequence typing (MLST)
was analyzed by sequencing seven housekeeping genes.'®
Sequence types (STs) were confirmed by comparing with the
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MLST database (http:/saureus.mlist.net). Clonal complexes
(CCs) were inferred using the eBURST algorithm, based on
our data and a list of distinct ST types with six of the seven

loci.'” MRSA isolates carrying the mecA gene were subjected
to SCCmec typing, which is based on a set of multiplex PCR
reactions (Supplementary Table S1).%°

Antibiotic-Resistant Genes and Virulence

Genes

For S. aureus isolates, specific PCR tests were used to detect
the presence of tetracycline-resistant genes including fet (M)
and tet (K), erythromycin-resistant genes including erm (A)
and erm (C), and virulence genes including the Panton—
Valentine leucocidin (pv/) toxin gene, the toxic shock syn-
drome toxin-1 gene (zsstl), the staphylococcal enterotoxin
genes (sea, seb, sec, sed, see, seg, seh, sei, sej, sek, sel, sem,
sen, seo, sep, seq, ser, and seu), the immune evasion cluster
(IEC) genes (scn, chp, and sak), and the hemolysin genes
(hla, hib, and hid).*'*® The detailed information for PCR
tests was presented in the supplementary Table S1.

Statistical Analyses

Briefly, a two-stage analysis process was employed to
explore specific characteristics for invasive isolates. First,
Pearson’s chi-squared test or Fisher’s exact test was used
to test the differences in phenotype—genotype characteris-
tics between invasive and non-invasive isolates. Second,
the random forest model (machine learning approach) was
used to evaluate the importance of each characteristic
variable, which may be associated with invasive
S. aureus isolates. Variable importance scores (mean
decrease Gini, MDG) for characteristic variables were
estimated and ranked in a descending order. A greater
MDG value indicated that the degree of impurity arising
from a category could be reduced the most by a single
variable, suggesting an important variable. The random
forest was implemented in the R package (Breiman and
Cutler’s

Regression, version 4.6—14).

Random Forests for Classification and

In addition, we used the correspondence analysis to test
two-dimensional relationships and the cluster analysis to
explore high-dimensional relationships. Correspondence
analysis provides a graphic and statistical method for
exploring the internal relationship between categorical vari-
ables, so we used the correspondence analysis to explore
potential corresponding relationships between CCs and phe-

notypic or genotypic characteristics of S. aureus isolates.

Correspondence analyses were performed using STATA
version 14.0 (StataCorp LP, College Station, TX, USA),
and a two-sided P-value of <0.05 was defined as being of
statistical significance. Moreover, the unweighted pair-
group method with arithmetic means (UPGMA) cluster
analysis was used to construct the UPGMA tree based on
the mismatch matrix of alleles between ST types, simulta-
neously labeling with multiple molecular characteristics.?’
The UPGMA tree was also marked and visualized by iTOL
(https://itol.embl.de/) to compare the phenotype—genotype

characteristics of S. aureus isolates.?®

Ethics Statement

This study was approved by the Ethics Committee of
Guangdong Pharmaceutical University and was conducted
(No.
2015-22). Before participating, all parents or legal guar-

in accordance with the approved guidelines

dians of the neonates signed an informed consent form
regarding the goals of the study and the willingness to
participate. So this study complied with the Declaration of
Helsinki.

Results
S. aureus and MRSA Detection

A total of 92 S. aureus isolates (13 invasive isolates and 79
non-invasive isolates) were identified from the study neo-
nates during the study period, including 29 MRSA iso-
lates. A total of 52 (56.5%) neonates were male, the
average age was 15.8+7.4 days old, and the average length
of hospital stay was 10.3£5.4 days. A few neonates (8 of
92 neonates, 8.7%) were transferred to the Neonatal
Intensive Care Unit (NICU).

Antimicrobial Susceptibility Testing

All S. aureus isolates were susceptible to vancomycin, and
most of S. aureus isolates were susceptible to chloramphe-
nicol and linezolid (Table 1). But most isolates were
resistant to penicillin (96.7%), and nearly half of the iso-
lates were resistant to erythromycin (40.2%) and clinda-
mycin (40.2%). Notably, 33 (35.9%)
classified as MDRSA, with the most common resistance

isolates were

pattern being non-susceptible to clindamycin, erythromy-
cin, and cefoxitin (9/33, 27.3%). In addition, one linezolid-
resistant isolate was classified as MDRSA, which was
non-susceptible to cefoxitin, erythromycin, clindamycin,
tetracycline, and linezolid. For 26 phenotypic tetracycline-
resistant isolates, 17 (65.4%) carried fet (K). But the fet
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(M) gene was absent from all phenotypic tetracycline-
resistant isolates. For 37 phenotypic erythromycin-
resistant isolates, 19 (51.4%) carried erm (C) and 1
(2.7%) carried erm (A).

Molecular Typing and Virulence Genes
Among all S. aureus isolates, we observed 28 unique STs
belonging to 18 CCs (Figure 1), except for three non-
typeable isolates. The most common S. aureus CCs were
CC188, CC59, CC5, and CCS88, with the predominant
MRSA being CC59-MRSA. The most prevalent
S. aureus STs were ST188, ST338, ST5, ST88, and ST6,
with the predominant MRSA being ST338-MRSA. There
were 29 MRSA isolates, including 9 genotypic (mecA-
positive) and 20 phenotypic (cefoxitin-resistant) MRSA
isolates. Among all 9 genotypic MRSA isolates, the pre-
dominant SCCmec type was SCCmec IVd (n=3), followed
by SCCmec IVa (n=2), SCCmec 1 (n=2), and untype-
able (n=2).

As to the IEC genes (Table 1), the predominant IEC
gene was sak (95.7%), followed by chp (21.7%) and scn
(14.1%). In terms of the enterotoxin genes, the most abun-
dant gene was seg (22.8%), followed by sei (20.7%), sek
(17.4%), seb (14.1%), sem (14.1%) and seo (12.0%). Note
that several enterotoxin genes (including see, sel and ser)
were absent from all S. aureus isolates. With regard to the
hemolysin genes, #la was detected in 97.8%, hlb in 53.3%,
and hld in 94.6% of S. aureus isolates. In addition, tsst/
was present in 24 (26.1%) isolates, and pv/ was found in
16 (17.4%) isolates.

Relationships Between CCs and
Phenotype—Genotype Characteristics

The first correspondence analysis indicated a significantly
corresponding relationship between CCs and resistance
patterns (x*=56.00, P=0.003; Figures 2A and 3), suggest-
ing that CC45/CC59/CC121/CC630 isolates were asso-
ciated with being MDR, CC7/CC8/CC12/CC25/CC509
isolates were associated with being non-MDR, and CC1/
CC5/CC6/CC22/CC88/CC188/CC398 isolates were asso-
ciated with being
The
a significantly corresponding relationship between CCs

susceptible to all antibiotics.

second correspondence  analysis  revealed
and the number of virulence genes (such as CC6/CC7/
CC8/CC188/CC398/CC509 and harboring 1-4 virulence
genes, CC1/CC5/CC12/CC45/CC59/CC88/CC630 and

harboring 5-7 virulence genes, and CC22/CC25/CC121

and carrying 8-13 genes; y’= 67.97, P<0.001;
Figures 2B and 3). According to Figure 1, CC6/CC188
isolates were associated with harboring sak-hla-hld,
CC59 (including ST338, ST59 and ST537) isolates were
associated with harboring sak-seb-sek-hla-hib-hid-pvi,
CCS isolates were associated with harboring sak-seg-sei-
sej-sem-seo-hla-hib—hld, and CC88 isolates were asso-
ciated with harboring sak-sep-hla-hlb-hid-pvi. In addi-
tion, CC59/CC88/CC25 isolates were associated with
carrying pvl, and CC630 and CC45 isolates were asso-
ciated with carrying #ss¢/.

Differences in Phenotype—Genotype
Characteristics Between Invasive and

Non-Invasive S. aureus Isolates

When comparing the resistance characteristics between
(Table
observed that invasive S. aureus isolates were signifi-

invasive and non-invasive isolates 1), we
cantly associated with higher rates of resistance to cefox-
itin (69.2% vs 22.8%, P=0.001) and tetracycline (53.8%
vs 24.1%, P=0.027). When comparing the virulence
genes between invasive and non-invasive isolates, inva-
sive S. aureus isolates were significantly associated with
carrying sak (76.9% vs 98.7%, P=0.008), seg (0.0% vs
26.6%, P=0.034), sei (0.0% vs 24.1%, P=0.047), sek
(46.2% vs 12.7%, P=0.003), and pv/ (38.5% vs 13.9%,
P=0.031). Notably, invasive S. aureus isolates were sig-
nificantly associated with CC59 (46.2% vs 10.1%,
P=0.001). Among 13 invasive S. aureus isolates, the
predominant linage was MRSA CC59 (ST388) carrying
several virulence genes (Table 2).

In addition, random forest model was used to evaluate
the importance of phenotypic and molecular characteristics
influencing invasive S. aureus isolates (Figure 4). The
results of random forest showed that the top-10 important
variables were sak, cefoxitin, sek, CC59, tssti, sea, pvi,
chp, rifampin, and tetracycline.

Discussion

The antimicrobial resistance of neonatal S. aureus and
MRSA has become an important public health issue. The
World Health Organization recommends penicillin in com-
bination with gentamicin as first-line antibiotics for new-
borns with serious bacterial infection or sepsis.”’ But,
worryingly, we observed a high rate of resistance to peni-
cillin (96.7%) among S. aureus isolates, which is in line
with recent reports on neonatal S. aureus septicemia in
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Table | Phenotypic and Molecular Characteristics of Invasive and Non-Invasive S. aureus Isolates

Characteristics S. aureus Invasive Isolates Non-Invasive Isolates P value
(n=92) (n=13) (n=79)

Phenotype (resistance) *
penicillin 89(96.7) 13(100.0) 76(96.2) 0.999 ©
cefoxitin 27(29.3) 9(69.2) 18(22.8) 0.001
erythromycin 37(40.2) 8(61.5) 29(36.7) 0.091
clindamycin 37(40.2) 7(53.8) 30(38.0) 0.279
tetracycline 26(28.3) 7(53.8) 19(24.1) 0.027
trimethoprim-sulfamethoxazole 8(8.7) 1(7.7) 7(8.9) 0.890
gentamicin 7(7.6) 0(0.0) 7(8.9) 0331 ¢
rifampin 4(4.3) 2(15.4) 2(2.5) 0.094 ©
ciprofloxacin 5(5.4) 0(0.0) 5(6.3) 0.999 ©
chloramphenicol I(1.1) 1(7.7) 0(0.0) 0.141 ©
linezolid I(1.1) 1(7.7) 0(0.0) 0.141 ©

Immune evasion cluster genes

(positive)
scn 13(14.1) 0(0.0) 13(16.5) 0.118°
chp 20(21.7) 5(38.5) 15(19.0) 0.115
sak 88(95.7) 10(76.9) 78(98.7) 0.008 ©

Enterotoxin genes (positive) °
sea I(1.1) 1(7.7) 0(0.0) 0.141 ©
seb 13(14.1) 2(15.4) 11(13.9) 0.889
sec 7(7.6) 1(7.7) 6(7.6) 0.999 ©
sed 4(4.3) 1(7.7) 3(3.8) 0.462 ©
seg 21(22.8) 0(0.0) 21(26.6) 0.034
seh 3(3.3) 0(0.0) 3(3.8) 0.630 ©
sei 19(20.7) 0(0.0) 19(24.1) 0.047
sej 7(7.6) 0(0.0) 7(8.9) 0.264 ©
sek 16(17.4) 6(46.2) 10(12.7) 0.003
sem 13(14.1) 1(7.7) 12(15.2) 0.472
sen 3(3.3) 1(7.7) 2(2.5) 0.370 ¢
seo 11(12.0) 1(7.7) 11(13.9) 0.609
sep 9(9.8) 0(0.0) 9(11.4) 0.200
seq 3(3.3) 2(15.4) 1(1.3) 0.051 ©
seu 4(4.3) 0(0.0) 4(5.1) 0.538 ¢

Hemolysin genes (positive)
hla 90(97.8) 13(100.0) 77(97.5) 0.736 ©
hib 49(53.3) 8(61.5) 41(51.9) 0.519
hid 87(94.6) 12(92.3) 75(94.9) 0.542 ¢

pvl (positive) 16(17.4) 5(38.5) 11(13.9) 0.031

tsst/ (positive) 24(26.1) 3(23.1) 21(26.6) 0.790

CC typing
CC59 14(15.2) 6(46.2) 8(10.1) 0.001
non-CC59 78(84.8) 7(53.8) 71(89.9)

Notes: *All isolates were susceptible to vancomycin. PAll isolates were negative for some enterotoxin genes, including see, sel and ser. “Estimated by the
Fisher’s exact test.

China (96.0%) and Gambia (92.5%).>*>! Fortunately, the  (0.8%) and Gambia (5.5%).>'? These findings suggest

present study demonstrated low-level resistance to genta-  that gentamicin is still the first choice for the treatment

micin (7.6%), which is similar to the results from China  of S. aureus infections, especially for serious bacterial
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Figure | Clonal dendrogram and detailed molecular characteristics of 89 ST-typeable S. aureus isolates.
Abbreviations: ST, sequence type; CC, clonal complex; IEC, immune evasion cluster
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Figure 2 Correspondence analysis for testing the relationship between CCs and resistance patterns (A) or the number of virulence genes (B) of S. aureus isolates.

Abbreviations: CCs, clonal complexes; MDR, multidrug-resistant.

infection or sepsis. MRSA has become a significant cause
of morbidity and mortality in infants worldwide. It is well
known that vancomycin and linezolid are the few clini-
cally effective agents against MRSA infections. In this
study, most MRSA isolates were susceptible to vancomy-
cin and linezolid, which is consistent with previous studies
in China, Japan, and Colombia.'?*%* These findings sug-
gest that vancomycin and linezolid are still used as the
first-line antibiotic treatment for MRSA infections.
Notably, MDRSA infections are associated with worse
health outcomes and higher expenditures. In this study,
35.9% S. aureus isolates were classified as MDRSA,
with the most common resistance pattern being non-
susceptible to clindamycin, erythromycin, and cefoxitin.
Similar rates of MDRSA among S. aureus isolates were
found in Guangzhou (30.5%), but significantly higher rates
(51.3%)
(53.1%).2%3*35 Therefore, the prevalence and resistance

were observed in  Shanghai and Iran
patterns of MDRSA isolates must be monitored in pro-
spective surveillance programs so as to guide rational use
of antibiotics.

The results of molecular characteristics may broaden

our insights into neonatal S. aureus and potential

transmission mechanisms. In this study, the most common
S. aureus genotypes were CC188 (ST188), CC59 (ST338),
CC5 (ST5), CC88 (ST8), and CC6 (ST6), with CC59
(ST338) as the predominant MRSA, which is similar to
the latest reports from China.**** However, the most
common S. aureus CCs in Germany were CCl15, CCS,
CC25, and CC7, and the dominant CCs in the US were
CC30, CC5, and CC8.***7 These findings exhibit marked
clonal diversity and regional differences in genotype dis-
tribution. Notably, the present study found that ST188 was
the most prevalent in neonatal isolates, which was also
reported as the major host-adapted lineage causing human
and livestock infections in China.*® These findings suggest
that the burden of S. aureus ST188 infections in humans
has been increasing, especially in neonates. Besides,
ST398/ST7/ST59 were the most prevalent S. aureus iso-
lated from breast milk samples,” and CC5/CC59/CC45
were the most predominant clones observed in both
mother and neonate isolates,*® which were also found in
our study. These findings may provide evidence for
S. aureus transmission through breastfeeding and the
birth canal.

The potential relationships between CCs and pheno-
type—genotype characteristics of S. aureus isolates may
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Figure 3 Clonal dendrogram for describing the relationship between genotypes and detailed phenotype-genotype characteristics of 89 ST-typeable S. aureus isolates.

provide more implications for virulent properties.
However, previous studies were limited to use descriptive
tables or figures only, so this study builds on previous
literature to use correspondence analysis to test the poten-
tial relationships between two-dimensional characteristic
variables. Our correspondence analyses revealed signifi-
cantly corresponding relationships between CCs and resis-
tance patterns or the number of virulence genes,
suggesting that CC45/CC59/CC121/CC630 isolates were
associated with being MDR, CC6/CC188 were associated
with carrying 1-4 virulence genes (sak-hla-hld), and CC1/
CCS5/CC45/CC59/CC88 were associated with harboring
5-7 wvirulence genes (sak-seb-sek-hla-hlb-hid-pvl for
CC59, sak-seg-sei-sej-sem-seo-hla-hlb—hld for CCS5, and
sak-sep-hla-hlb-hld-pvl for CC88). Strikingly, the CC5/

USA100, CC8/USA300, CCl/USA400, and CC45/

USA600 lineages are frequently associated with life-
threatening S. aureus infections and widespread in both
the community and hospital settings,*' which are also
found in neonatal infections in our study. Importantly,
CCS5/USA100 is a leading cause of invasive diseases and
represents the majority of vancomycin-resistant/-
intermediate isolates,”’ and CCS5 isolates in the present
study also carried several virulence genes but were sus-
ceptible to all antibiotics. Moreover, multidrug-resistant
CC5 isolates reported as livestock-associated MRSA
have been identified in livestock and related workers in
China and Germany.*** Conflicting outcomes obscure the
identification of virulence and resistance of S. aureus iso-
lates, which may lead to increase morbidity and mortality.
Notably, the toxic shock syndrome toxin gene tss¢/ was

mainly observed in CC45 isolates, the pv/ gene was mainly
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Table 2 Genotypic and Phenotypic Characteristics of |3 Invasive S. aureus Isolates

CGCs STs MRSA Antibiotics Resistance Pattern Virulence Gene Profile
CC59 ST338 Yes FOX-ERY-CLI-TET-LZD chp-sak-sep-seb-sek-hla-hlb-hld-pvi
CC59 ST338 Yes FOX-ERY-TET-RIF-CHL chp-sak-hla-hlb-hid-pvi

CC59 ST338 Yes FOX-CLI-TET chp-sed-sek-seq-hla-hlb-hld-pv
CC59 ST338 Yes FOX-CLI-TET chp-seb-sek-sen-seq hla-hlb-hid-pvi
CC59 ST338 Yes FOX sak-sek-hla-hlb-hld

CC59 ST537 Yes FOX-ERY-CLI-TET sak-hla-hlb-hld-pv

CC45 ST617 Yes FOX-ERY-CLI sak-sec-sem-seo-hla-hld-tsst |
CC509 ST509 Yes FOX-ERY-CLI-SXT-TET sak-sek-hla-hld

CCé STé Yes FOX-ERY-CLI-TET sak-sea-sea-hla-hib-hld

CcCiss ST188 No Susceptible to all antibiotics sak-hla-hld-tsst|

cc7 ST7 No Susceptible to all antibiotics chp-sak-sea-hla-hld-tsst |

CClI STI No Susceptible to all antibiotics sak-sea-sek-hla-hlb-hld

NT NT No TET hla

Abbreviations: CCs, clonal complexes; STs, sequence types; MRSA, methicillin-resistant S. aureus; NT, non-typeable; FOX, cefoxitin; ERY, erythromycin; CLI, clindamycin;

TET, tetracycline; SXT, trimethoprim-sulfamethoxazole; RIF, rifampin; CHL, chloramphenicol; LZD, linezolid.

found in CC59 and CC88 isolates, and IEC genes were
mainly found in CC88, which are consistent with the latest
reports.>>4!444> These findings reveal the necessity of
differentiating S. aureus clones based on multiple pheno-
type—genotype characteristics, which may provide new
ideas for monitoring new epidemiologic trends.

S. aureus (especially for MRSA) is a major cause of
community-associated and hospital-associated invasive
infections globally. When exploring invasive S. aureus
and MRSA isolates in depth, we observed a significant
relationship between CC59 carrying multiple virulence
factors and invasive MRSA infections, and the random
forest also revealed that CC59 isolates play an important
role in neonatal invasive infections. Similarly, other stu-
dies found an interaction between specific CCs and clinical

outcomes.*®*” For example, there was a strong association
between CC1/CC121/CC30 and invasive S.
infections.*®

aureus
These findings suggest that distinct combina-
tions of virulence genes may be present in specific inva-
sive CCs. However, few studies have systematically
compared phenotypic and molecular characteristics
between invasive and non-invasive S. aureus isolates.
This study adds to existing knowledge by providing
insight into the genotypic and phenotypic characteristics
for invasive isolates. The results from univariate analyses
revealed that invasive S. aureus isolates were significantly
associated with resistance to specific classes of antibiotics
(including cefoxitin and tetracycline) and carrying or non-
carrying specific virulence factors (including sak, seg, sei,

sek, and pvl). In addition, the random forest indicated that

2.0
@— resistance phenotypes
= 15 @— virulence genes
QO 197
§ cc59
[}
S 1.0
(m)
c
©
% - “‘ I I
0.0 {[IIII]ITIITTTT",Q-.====
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Figure 4 Importance rank of phenotypic and molecular characteristics influencing invasive S. aureus isolates.
Abbreviations: FOX, cefoxitin; RIF, rifampin; TET, tetracycline; LZD, linezolid; CLI, clindamycin; ERY, erythromycin; CHL, chloramphenicol; GEN, gentamicin; CIP,

ciprofloxacin; SXT, trimethoprim-sulfamethoxazole; PEN, penicillin; VAN, vancomycin.
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invasive S. aureus isolates were associated with resistance
to several classes of antibiotics and carrying specific viru-
lence factors, which provides more evidence for revealing
the specific phenotype—genotype characteristics for inva-
sive S. aureus isolates. These findings provide implications
for differentiating the genetic background and pathogeni-
city of invasive isolates based on multiple phenotype—
genotype characteristics.

This study is a new attempt to reveal potential relation-
ships between CCs and phenotype—genotype characteris-
tics of S. aureus isolates by using both correspondence
analysis and cluster analysis, which provides implications
for monitoring new epidemiologic trends. Moreover, this
study provides insight into the phenotypic and molecular
characteristics for invasive S. aureus by using the multi-
variate random forest model, which provides implications
for the genetic background and pathogenicity of invasive
isolates. However, there are some limitations to this study.
First, S. aureus carriage of healthcare workers could not be
taken into consideration because of limited funding, so it
could not determine whether exists the risk of neonatal
S. aureus transmission by healthcare workers. Second, no
samples were obtained from mothers, so it could not
determine whether exists the risk of S. aureus transmission
from mothers to neonates. Future multi-object cohort stu-
dies are required to better understand the transmission
routes of neonatal infections.

Conclusion

This study demonstrated that most MRSA isolates were
susceptible to vancomycin and linezolid, suggesting that
vancomycin and linezolid are still used as the first-line
antibiotic treatment for MRSA infections. Notably, this
study
a significantly corresponding relationship between CCs and

contributes to the literature by revealing
phenotype—genotype characteristics, which provides new
trends.

Interestingly, we found that invasive S. aureus isolates

ideas for monitoring new epidemiologic
were significantly associated with resistance to several
classes of antibiotics and carrying specific virulence factors,
which provides implications for differentiating the genetic
background and pathogenicity of invasive S. aureus isolates

based on multiple phenotype—genotype characteristics.
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