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Abstract
Background Staphylococcus aureus (S. aureus) accessory gene regulator (agr) system plays a critical role
in staphylococcal pathogenesis. Our study aimed to investigate the relationship between agr group, the
genetic background, virulence genes and disease types distribution of S. aureus isolated from different
clinical sources among Chinese children.

Methods S. aureus strains were isolated from Beijing Children’s hospital from October 2017 to October
2019. Isolates were typed by multilocus sequence typing (MLST), staphylococcal protein A (spa), agr, and
staphylococcal cassette chromosome mec (SCCmec) typing (for methicillin-resistant S. aureus [MRSA]
isolates). Furthermore, all isolates were tested for the presence of 19 selected virulence genes.

Results A total of 191 non-repetitive S. aureus clinical isolates were collected and the agr type I was the
most prevalent (84.8%). S. aureus isolates were divided into 33 sequence types (STs), 20 clonal
complexes (CCs) and 59 spa types, ST59 (39.8%) and t437 (37.7%) were the predominant types. CC59,
CC25, CC22, CC951, CC8, and CC398 isolates possessed agr group I; CC15 isolates harbored agr group II;
CC30 strains were characterized as agr group III, and CC121 harbored agr group IV. Of the 19 virulence
genes, the tst gene was more prevalent among agr group III compared to other groups (p = 0.006); eta and
etb genes were more prevalent among agr group IV than other groups (p = 0.003 and 0.001, respectively);
nearly all strains that harbored the lukS/F-PV gene (98.3%) belonged to agr group I (p = 0.004); the
frequencies of bbp and ebpS genes belonged to agr group I were statistically lower than that of other
groups (p < 0.001). Among 161 diagnoses, the frequency of strains from cellulitis patient harbored agr
group III was higher than that of other groups (p = 0.046), and one strain isolated from staphylococcal
scalded skin syndrome (SSSS) patient, which was identi�ed as agr type IV (p = 0.021).

Conclusions The results indicated that the S. aureus agr type was linked to the genetic background.
Besides, a possible relationship between the agr group, several virulence determinants, and speci�c
disease types was observed.

Background
Staphylococcus aureus (S. aureus) is one of the most common pathogens of community and hospital
acquired infections with high morbidity and mortality. The increase of methicillin-resistance S. aureus
(MRSA), the emergence of vancomycin-resistant S. aureus (VRSA) strains, and the ability to form bio�lm
on indwelling medical devices make the infections associated with these microorganisms an important
public health issue [1]. Also, the continuous and heavy burden of S. aureus infections poses a threat to
Chinese children [2]. Although the prevalence of MRSA among Chinese hospitals has been decreased
markedly within recent years [3], according to the report from China Antimicrobial Resistance Surveillance
System (CARSS) [4], S. aureus strains were the top one isolates of gram-positive bacteria among Chinese
children, and the prevalence of MRSA still increased from 27.5% in 2014 to 29.5% in 2017. Meanwhile, the



Page 4/23

contribution of methicillin-susceptible S. aureus (MSSA) to the burden of S. aureus disease has been
underestimated [5].

The agr quorum-sensing (QS) system is a dominant regulator of pathogenesis as well as bio�lm
development in S. aureus, which represses the transcription of many cell wall-associated proteins (protein
A and microbial surface components recognizing adhesive matrix molecules [MSCRAMMs]) and
activates several exoproteins (hemolysins, exfoliative toxins [ETs], toxic shock syndrome toxins [TSSTs],
etc.) in a cell density-dependent manner [6]. Totally, Bronner et al. [7] identi�ed 104 genes that are up-
regulated and 34 that are down-regulated by the agr system. Four polymorphisms in the agr locus of S.
aureus have been found and were classi�ed into agr groups I, II, III, and IV [8]. Many studies have reported
the association between certain agr classes, speci�c clonal complexes, types of diseases and
corresponding virulence factors. For example, Holtfreter et al. [9] found speci�c S. aureus lineages
correlate with different agr types. Jarraud et al. [10] reported agr group IV strains are closely related to ETs
caused generalized exfoliative syndromes and bullous impetigo; endocarditis is mainly caused by agr
groups I and II strains; toxic shock syndrome (TSS) belongs to agr group III and associated with the
expression of genes encoding for speci�c exotoxins such as TSST-1. However, as far as we know, limited
data of these associations were available among Chinese children and the results were not consistent
across studies.

In the present study, we analyzed 191 S. aureus isolates from Beijing children’s hospital, to determine their
agr types and their genetic background (by MLST, spa, and SCCmec element typing), as well as to
determine the distribution of 19 virulence genes, in order to investigate the possible relationship between
these characteristics among Chinese children.

Methods
Bacterial Strains

From October 2017 to October 2019, 196 samples were collected from Beijing children’s hospital. Only
one strain was included from each patient. Of the remaining 191 isolates, 46 (19.7%) were identi�ed as
colonization, 26 (11.2%) isolated from outpatients (lack of medical records), and 119 (62.3%) from
inpatients. This study was reviewed and approved by the Ethics Committee of Beijing Children’s Hospital
a�liated to Capital Medical University (No. 2016–93, 23/06/2016), and obtained clearance from the
Institutional Biosafety Committee (IBSC) ([2017] No.43).

Patient’s age and gender, as well as the clinical sources were recorded when these 191 strains were
collected from the bacteriology laboratory of this hospital. Meanwhile, the electronic medical records of
the 119 inpatient’s were reviewed and the following variables of data were collected: types of diseases;
the length of hospital stay; pediatric intensive care unit (PICU) transfer; the length of PICU stay;
antimicrobial agents therapy; the presence of an invasive device; and a history of surgery, hospitalization,
dialysis in the 12 months preceding the culture. S. aureus clinical infections were categorized as hospital
associated (HA) or community associated (CA) according to the previous de�nition [11].
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These 191 S. aureus strains were isolated from several clinical sources: 94 (49.2%) isolated from
respiratory tract (58 from sputum, 23 from bronchial alveolar lavage �uid, and 13 from throat swab); 62
(33.5%) isolated from skin and soft tissue (23 from pus, 11 from secretions of omphalitis, 9 from skin
secretions, 8 from wound surface, 7 from ear secretions, and 4 from eye secretions); 28 (13.6%) isolated
from sterile sites (18 from blood, 3 from bone marrow, 3 from seroperitoneum, 1 from cerebrospinal �uid,
1 from joint effusion, 1 from lymph node, and 1 from pleura tissue); 5 isolated from vaginal secretions
and 2 from feces.

The identi�cation of S. aureus isolates was performed by colony morphological characteristics and
identi�ed by VITEK® MS system (BioMérieux, France). The coagulase test and detection of nuc gene
were employed to identify S. aureus as described previously [12, 13]. The MRSA isolates were screened by
cefoxitin disc (30 mg, Oxoid) diffusion test (≤22 mm) according to the Clinical and Laboratory Standards
Institute (CLSI, 2019) guidelines [14]. Then mecA gene was detected by polymerase chain reaction (PCR)
as previously described [15]. All strains were stored at −80 °C until further use.

Extraction of genomic DNA

A typical colony was grown on blood agar at 37 °C overnight. Bacteria genomic DNA was extracted by
using Nucleic Acids Isolation & Puri�cation kit (Saibaisheng gene technology Ltd., China) according to
the manufacturer’s protocol.

agr genotyping

The agr typing was done by a multiplex-PCR to determine the agr allele types I to IV, using the agr group
speci�c primers and ampli�cation conditions as described by Gilot et al. [16]. In brief, multiplex PCR was
performed with the following primers: Pan (5′-ATG CAC ATG GTG CAC ATG C-3′), agrI (5′ -GTC ACA AGT
ACT ATA AGC TGC GAT-3′), agrII (5′-TAT TAC TAA TTG AAA AGT GGC CAT AGC-3′), agrIII (5′-GTA ATG TAA
TAG CTT GTA TAA TAA TAC CCA G-3′) and agrIV (5′ -CGA TAA TGC CGT AAT ACC CG-3′). The agr groups
were identi�ed by amplicon size: 441 bp for agr I; 575 bp for agr II; 323 bp for agr III; 569 bp for agr IV. S.
aureus strains col (agr group I), N315 (agr group II), TY114 (agr group III), A920210 (agr group IV) were
used as positive controls for agr group identi�cation.

Molecular genotyping analysis

MLST

MLST was performed as described previously [17]. The seven housekeeping gene (arcC, aroE, glpF, gmk,
pta, tpi, and yqiL) sequences were compared with known alleles, and isolates were assigned STs and CCs
according to the MLST database (http://saureus.mlst.net/). STs were used to generate a global optimal
eBURST (goeBURST) diagram using the PHYLOViZ 2.0 program (http://www.phyloviz.net).

spa typing
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The spa typing was based on variations in the polymorphic X region of the spa gene [18], and determined
by submitting the sequencing data to the S. aureus spa type database
(http://www.genomicepidemiology.org).

SCCmec typing

For MRSA isolates, the SCCmec types were determined by multiplex PCR and the detailed protocol was
published previously [19]. The following MRSA strains were used as positive controls for SCCmec types:
NCTC10442 (SCCmec I), N315 (SCCmec II), 85/2082 (SCCmec III), JCSC4744 (SCCmec IV), IMVS
67(SCCmec V).

Detection of virulence genes

Simplex and multiplex PCRs were used to detect the following genes:

Ampli�cation of tst (encoding toxic shock syndrome toxin-1), hla, hlb and hld (encoding alpha, beta, and
delta-haemolysin precursor), eta and etb (encoding exfoliative toxin A and B) and lukS/F-PV (encoding
Panton-Valentine leukocidin) genes was performed using simplex PCR as previously described [20].

The distribution of four bio�lm-forming genes was detected using simplex PCR as described by Pereyra
et al. [21]: ica A, ica C and ica D (encoding intercellular adhesion protein A, C and D) and bap (encoding
bio�lm-associated protein).

The distribution of nine MSCRAMM genes was detected using multiplex PCR as previously described [22]:
ebpS (encoding elastin binding protein), eno (encoding laminin binding protein), cna (encoding collagen
binding protein), fnbB (encoding �bronectin binding proteins B), �b (encoding �brinogen binding protein),
clfA and clfB (encoding clumping factors A and B), and bbp (encoding bone sialoprotein binding protein).

Statistical analysis

Statistical analysis was performed with SPSS v.23.0 (SPSS Inc., Chicago, IL, United States). Chi-squared
(χ2) test or Fisher’s exact test was used to analyze the categorical variables. Kruskal-Wallis test and a
Dunn-Bonferroni test for post hoc comparisons was used to compare the differences in age, hospital and
PICU stay length among different agr groups. P < 0.05 was considered to be statistically signi�cant.

Results
Clinical characteristics and corresponding disease syndromes

A total of 191 non-repetitive S. aureus isolates were collected from Beijing Children’s Hospital, including
120 MRSA (62.8%) and 71 MSSA (37.2%). Seventy-nine (41.4%) strains were CA, 40 (20.9%) were HA, 46
(24.1%) isolated from asymptomatic carriers, and 26 (13.6%) from outpatients. Table 1 presented
patient’s age, gender, infection characteristics, clinical sources, and the agr genotyping of the 191 S.
aureus isolates, as well as the clinical characteristics (hospital length of stay, PICU transfer, PICU length
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of stay, antibiotics usage) of the 119 inpatients. The median age was 12.0 months (ranged from 2.0 to
72.0 months; 30 were ≤ 28 days old) and 102 (53.4%) were male; the hospital length of stay ranged from
7 to 18 days, with a median of 11 days; twenty-four (12.6%) were transferred to PICU, with a median of
18.5 days (6.5-28.0); all of them received intravenous antibiotics while in the hospital, with 54 (45.4%)
received vancomycin (24, 20.2%), linezolid (29, 24.4%), meropenem (18, 15.1%) and ertapenem (4, 3.4%)
either alone or as part of combination treatment. In addition to systemic antibiotics, mupirocin ointment
(8, 6.7%), levo�oxacin ear drops (1, 0.8%) and eye drops (1, 0.8%) were prescribed. To rule out selection
bias among available isolates, we analyzed our data and found no signi�cant differences by age (p =
0.915), gender (p = 0.442), hospital length of stay (p = 0.514), PICU length of stay (p = 0.502), or
vancomycin (p = 0.288) and linezolid usage (p = 0.901) among different agr groups in patients whose
isolates were available for laboratory testing. While the PICU transfer rate of agr group III was
signi�cantly higher than that of other groups (p = 0.009). There was no difference between strains from
diverse clinical sources among four agr groups (p = 0.495) (Fig. 1a). Whereas the number of MRSA
isolates belonged to agr group I was signi�cantly higher than that of MSSA isolates (p < 0.001) (Fig. 1b).

Upon discharge, there were a total of 161 clinical diagnoses for these 119 inpatients (Table 2), including
66 (28.3%) cases of respiratory tract infections, 38 (16.3%) cases of skin and soft tissue infections
(SSTIs), 52 (22.3%) cases of invasive infections, and 5 (2.1%) cases of exfoliative toxin-mediated
diseases. The distribution of different diagnoses according to agr genotypes was shown in Table 2. The
frequency of strains isolated from cellulitis patients harbored agr group III was signi�cantly higher than
that of other agr groups (p = 0.046). There was only one strain isolated from SSSS patient, which was
identi�ed as agr type IV (p = 0.021). Besides, neonatal diseases (including neonatal pneumonia,
omphalitis, and bullous impetigo) were all community acquired and 95% of which belonged to agr group I
(except the strain which isolated from a cellulitis patient was identi�ed as agr group III). Among medical
device-related infections, 50% of isolates were agr group II, and necrotizing pneumonia isolates were
more likely to be agr group III. However, there was no statistical difference between agr groups according
to these diagnoses (p > 0.05).

agr genotyping

By multiplex PCR, the agr types were successfully identi�ed in all of the isolates. As shown in Table 1, the
agr type I was the most prevalent (162, 84.8%), followed by agr type II, which was found in 16 (8.4%)
isolates, whereas agr types III and IV possessed by only 9 (4.7%) and 4 (2.1%) isolates, respectively.

Molecular characteristics

The genotypic diversity was high, 191 S. aureus isolates were divided into 33 STs, ST59 (76, 39.8%) was
the predominant type, followed by ST22 (24, 12.6%), ST398 (15, 7.9%), and ST25 (10, 5.2%). The
frequencies of the remaining STs were ranging from 0.5% to 3.7%. The 33 STs belonged to 20 CCs, CC59
(81, 42.4%), CC22 (29, 15.2%), CC398 (15, 7.9%), CC5 (14, 7.3%), and CC25 (10, 5.2%) were the most
prevalent CCs.



Page 8/23

A total of 59 distinct spa strain types were seen. The most common type was t437 (72, 37.7%), followed
by t309 (20, 10.5%), t571 (10, 5.2%), and t078 (7, 3.7%). The prevalence rates of the remaining spa types
were ranging from 0.5% to 2.1%. Besides, three strains could not be determined by spa typing.

Of the 120 MRSA strains, all of the �ve different SCCmec types were detected. Most of which carried
SCCmec type IV (77, 65.0%), followed by SCCmec type V (25, 20.8%), SCCmec type I (14, 11.7%), SCCmec
type III (2, 1.7%), and SCCmec type II (1, 0.8%). Also, 0.8% (1) of the isolates could not be typed by
multiplex PCR.

The genotypic characteristics of 191 S. aureus strati�ed by agr types were shown in Fig. 2 and Additional
�le 1. Except that 3 CCs (CC1, CC5, and CC45) which mostly belonged to one speci�c agr group partly
superimposed on another agr group, all of the CC59, CC25, CC22, CC951, CC8 and CC398 strains had agr
group I, CC15 isolates harbored agr group II, CC30 possessed agr group III, and CC121 harbored agr group
IV. Furthermore, the distribution of prevalent spa types across the patients re�ected the CC distribution.
Among strains that belonged to agr group I, the most common types were CC59-t437, CC25-t078, CC22-
t309, CC951-t437, and CC398-t571. While CC5 and CC15 which mostly belonged to agr group II had
greater spa type diversity compared to other prominent CCs. In agr groups III and IV, the two dominant
types were CC1-t114 and CC121-t2092, respectively.

Prevalence and Distribution of Virulence Genes

As illustrated in Table 3, all isolates harbored the hla (191, 100%), hlb (191, 100%) and hld (191, 100%)
genes. The prevalence of the lukS/F-PV gene was 31.4% (60), while the frequencies of tst, eta and etb
genes were 7.9% (15), 3.7% (7) and 1.0% (2), respectively.

All isolates possessed the icaA (191, 100%) and icaD (191, 100%) genes, the frequency of the icaC gene
was also high at 93.7% (179). Notably, all of the ST25 (10) strains were icaC negative. In contrast, only 1
(0.5%) isolate harbored the bap gene, which isolated from the bronchial lavage of a cystic �brosis patient.

All isolates harbored the eno (100%), clfA (100%) and clfB (100%) genes, followed by high frequency of
�b gene (143, 74.9%). The prevalence of bbp, ebpS, cna and fnbB genes were 3.1% (6), 19.9% (38), 11.5%
(22) and 16.8% (32), respectively.

Of these 19 virulence genes, the distribution of the following 6 genes differed among the isolates
according to the agr genotyping: tst (p = 0.006), eta (p = 0.003), etb (p = 0.001), lukS/F-PV (p = 0.004),
bbp (p < 0.001), and ebpS (p < 0.001) genes (Table 3). The tst gene was more prevalent among agr group
III compared to other groups. Among 7 strains that harbored the eta gene, 2 of which also had etb gene
and belonged to agr group IV. It is noted that nearly all of the strains that harbored the lukS/F-PV gene
belonged to agr group I (except 1 strain belonged to agr group III, which isolated from a necrotizing
pneumonia patient). Additionally, the frequencies of bbp and ebpS genes that belonged to agr group I
were statistically lower than that of other groups.
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The average number of virulence genes was examined based on agr genotyping, which were 10.5, 11.1,
11.7 and 13.3 for agr groups I, II, III, and IV, respectively (Fig. 3). The coexistence of the studied virulence
genes was also investigated. Most of strains had 10 (81, 42.4%) and 11 (82, 42.9%) genes investigated.
The number of strains had 12, 13 and 14 genes were 14 (7.3%), 3 (1.6%) and 3 (1.6%), respectively.
Besides, there were 1 (0.5%) and 7 (3.7%) strains had only 8 and 9 genes investigated (Fig. 4).

Discussion
An association between agr groups and the genetic background of S. aureus isolates from Chinese
children was observed in the present study, as each ST belonged to a speci�c agr type, which was
consistent with both domestic and international studies reported previously [9, 23–25]. However, different
STs were included in the same agr group among these studies, and there were 3 CCs belonged to more
than one speci�c agr group in our study, questioning the hypothesis that S. aureus strains are subdivided
in a manner that corresponds to agr groups, whereas supporting the theory proposed by Monecke et al.
[26] and Robinson et al. [27], there was recombination between agr groups, since agr in�uences the
expression of many virulence genes, small phenotypic differences encoded by different agr alleles might
be selectable into larger evolutionary differences.

The frequency of agr I was higher than previous reports in Chinese children [25, 28]. To explain, clonal
differences of strains should be regarded. MRSA strains are known to be highly clonal, and the number of
MRSA strains outweighed that of MSSA in our study. We found although agr I was the dominant type in
both MRSA and MSSA isolates, the number of MRSA isolates harbored agr type I was signi�cantly higher
than that of MSSA. Similar to our study, Willem et al. [29] found agr type I was the most prevalent (92.2%)
among 192 carriers and disease isolates, and 71% of the isolates were MRSA strains. In contrast, among
Jarraud et al. [10] carefully selected collection of S. aureus clinical isolates, the four agr types were
relatively evenly distributed throughout France. Furthermore, the genetic background of strains isolated
from different regions should also be considered, since studies from different countries showed disparate
results [30–32].

Many studies have demonstrated that certain SCCmec elements seem to have a strong predilection for
particular S. aureus genotypes de�ned by MLST. Such as Enright et al. [33] found STs 5, 8, 45, and 254
included MRSA isolates with different SCCmec types, whereas the other STs were uniform in SCCmec
type. Wright and colleagues [34] reported SCCmec elements are found in agr groups I, II, and III rather than
in group IV. However, in the current study, except that SCCmec IV was the dominant type in ST59 and
ST951, there was no clear correlation between other STs and speci�c agr groups. Meanwhile, similar to a
previous Chinese study [35], we found SCCmec IV was the most dominant type in all isolates.
Researchers [36] suggested the reason is that the combination of smaller size and lower cost on �tness
may make SCCmec type IV the selectively favored element for transfer among all S. aureus isolates.

Our results highlighted the potential importance of adhesion genes (icaA, icaD, eno, clfA, and clfB) and
hemolysin genes (hla, hlb, and hld) among S. aureus infections in children, as these genes were present in
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all isolates irrespective of clinical sources. Suggesting that these ubiquitous virulence genes carried by S.
aureus play signi�cant roles in staphylococcal pathogenicity.

The association of agr group, speci�c virulence genes and disease types has been discussed. Our data
were consistent with a previous study, which demonstrated that phages and plasmids frequently appear
in agr-IV strains that carry eta or etb, whereas the TSST-1 is preferentially carried by agr-III strains [34].
However, unlike prior studies that demonstrated Panton-Valentine leukocidin (PVL) is linked to a broad
array of necrotizing diseases such as pneumonia and SSTIs [37–39], there was no signi�cant
association between the lukS/F-PV gene and these speci�c disease syndromes in this study. An article
also reported that the importance of PVL as a determinant of CA-MRSA virulence was controversial and
initially overestimated [38]. Our data were in agreement with the �nding [39] that most CA-MRSA strains
have the lukS/F-PV gene while their frequency in MSSA is much lower. Meanwhile, agr I was the most
prevalent type, especially among MRSA strains, so it is reasonable that most of the lukS/F-PV gene
positive strains belonged to agr group I in this study. We also found the two predominant STs, ST59 and
ST22 harbored most of the lukS/F-PV gene positive strains, suggesting that although the lukS/F-PV gene
is encoded by a bacteriophage, it is likely that the bacteriophage has spread easily among the same
genetic background.

According to Jarraud et al. [10], some suppurative diseases did not speci�cally relate to particular agr
groups. Since the virulence factors speci�cally involved in these infections did not clear, they speculate
MSCRAMMs likely play a role in these diseases. Montanaro et al. [40] reported that speci�c adhesion
gene patterns emerged in association with agr groups, for agr I and agr II associated with the presence of
the adhesion genes �b and fnbB, agr III associated with the presence of bbp, and the eno and ebpS genes
form a common background transversally crossing all agr polymorphisms. However, except that bbp and
ebpS genes showed much lower frequencies in agr group I, most of the MSCRAMM and bio�lm-forming
genes did not show a correlation with speci�c agr groups in the current study. Additionally, the
frequencies of MSCRAMM genes were different from other studies [30, 41]. Differences in primers and
sources of S. aureus between studies, and in the predominant clones among different countries should
be considered.

Two surface components have been implicated in bio�lm formation by S. aureus, the product of the
icaADBC operon and the Bap [42]. Our data were in agreement with previous studies, which have
demonstrated that bio�lm genes icaA/icaC/icaD were present in all isolates, whereas bap was always
missing [43, 44]. The relatively low detection rate of bap indicates that the ica-dependent mechanism
might be primarily responsible for adhesion and bio�lm production in S. aureus strains [45]. Notably, we
found the icaC gene was not detectable in all ST25 strains, the lack of icaC gene could be interpreted as
indication for an aberrant or absent icaC sequence. To our knowledge, which has not been reported yet
and needs further con�rmation by testing more ST25 strains or by genome sequencing.

We found the agr group IV carried the highest number of virulence factors, followed by the agr group III.
The main reason was that the eta, etb, bbp, ebpS, and tst genes were more likely to belong to these two
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groups. Our �nding was different from a previous study [46], probably due to the different sources of the
available strains in these two studies.

Previously, Wright et al. [34] con�rmed that there are four well-documented clinical situations where agr
group may be highly relevant: the association of agr III with menstrual toxic shock syndrome and with
PVL-induced necrotizing pneumonitis, the association of agr IV with exfoliatin production and SSSS, and
a predilection for reduced vancomycin sensitivity in agr I and II. Our results also demonstrated that there
was a possible relationship between agr groups and particular diseases. As Jarraud et al. [10] stated, in
most cases, the association between the agr types and certain diseases (mainly toxin-mediated diseases)
re�ected the link between the disease types, the pattern of toxin genes, and the genetic background of the
strains, and this preferential association might make the activation of virulence factors more e�cient.

This study had some limitations. First, the limitation of sample size, as the agr classi�cation was not
uniform, most of them were in group I. A relatively small sample of agr group II, III, IV and some toxin-
mediated diseases (e.g. SSSS) impacted our ability to see the true correlation between the virulence
genes or clonal groups and some of the clinical characteristics and diagnoses. Furthermore, the
diagnoses were reviewed and collected from patient’s medical records and were made by pediatricians,
inconsistencies between diagnoses and actual diseases might exist. Additionally, although all isolates
were collected from a single medical center in this study, there were more than 60% of inpatients come
from all over the country. We consider that our data are likely to be representative of children from the
whole China.

Conclusions
In summary, the correlation we observed suggests a clear link between agr typing and genetic
background. Furthermore, we observed a number of virulence factors and certain staphylococcal
syndromes, such as tst, eta, etb, lukS/F-PV, bbp, and ebpS genes as well as SSSS and cellulitis, to a lesser
extent, were preferentially associated with one or more speci�c agr groups. These �ndings could provide
novel insights into further understanding the molecular characteristics and pathogenesis of the S. aureus
agr system in Chinese children.
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Table 1 Patient demographics and characteristics of S. aureus isolates.
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Characteristics S. aureus isolates (n=191)

Age (years), median (range) 12.0 (2.0-72.0)

Gender (male), n (%) 102 (53.4)

Infection Characteristics  

  CA, n (%) 79 (41.4)

  MRSA, n (%) 120 (62.8)

Clinical sources  

  Respiratory tract 94 (49.2)

  Skin and soft tissue 62 (33.5)

  Sterile sites 28 (13.6)

  Other sources 7 (3.7)

Clinical characteristics*  

  Hospital stay length (days), median (range) 11.0 (7.0-18.0)

  PICU transfer, n (%)& 24 (12.6)

  PICU stay length (days), median (range) 18.5 (6.5-28.0)

  Intravenous antibiotics, n (%) 119 (100.0)

    vancomycin, n (%) 24 (20.2)

    linezolid, n (%) 29 (24.4)

Accessory gene regulator, agr, n (%)  

  agr group I 162 (84.8)

  agr group II 16 (8.4)

  agr group III 9 (4.7)

  agr group IV 4 (2.1)

*Only the clinical characteristics of 119 inpatients were available. &The PICU transfer rate of agr group III was significantly higher than that of

other agr groups (p = 0.009). There were no statistical differences betweeen other variables among different agr groups (p > 0.05).

Table 2 Disease types distribution according to different agr groups.
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Diease type* Total agr group (n, %) P-value#

  (n=233) I (n=199) II (n=18) III (n=12) IV (n=4)  
Respiratory tract infection            
  Pneumonia 53 (22.7) 45 (22.6) 3 (16.7) 4 (33.3) 1 (25.0) 0.399
    Necrotzing pneumonia 2 (0.9) 1 (0.5) 0 1 (8.3) 0 0.145
    Neonatal pneumonia             9 (3.9)  9 (4.5) 0 0 0 0.250
  Upper respiratory tract infection 8 (3.4)  7 (3.5) 1 (5.6) 0 0 0.493
  Others 5 (2.1) 5 (2.5) 0 0 0 0.459
Subtotal 66 (28.3) 57 (28.6) 4 (22.2) 4 (33.3) 1 (25.0) 0.539
SSTIs            
  Wound infection 26 (11.2)  22 (11.1) 4 (22.2) 0 0 0.352
  Cellulitis 4 (1.7) 2 (1.0) 0 2 (16.7) 0 0.046
  Neonatal omphalitis 6 (2.6) 6 (3.0) 0 0 0 0.394
  Others 2 (0.9) 1 (0.5) 1 (5.6) 0 0 0.276
Subtotal 38 (16.3) 31 (15.6) 5 (27.8) 2 (16.7) 0 0.289
Invasive diseases            
  Septicemia 22 (9.4) 19 (9.5) 2 (11.1) 1 (8.3) 0 0.463
  Suppurative invasive infection 17 (7.3) 13 (6.5) 1 (5.6) 3 (25.0) 0 0.174
  Bone and joint infection 9 (3.9) 9 (4.5) 0 0 0 0.250
  Medical device-related infection 4 (1.7) 2 (1.0) 2 (11.1) 0 0 0.277
Subtotal 52 (22.3) 43 (21.6) 5 (27.8) 4 (33.3) 0 0.455
Exfoliative toxin-mediated diseases            
  SSSS 1 (0.4) 0 0 0 1 (25.0) 0.021
  Toxic epidermal necrolysis 2 (0.9) 2 (1.0) 0 0 0 0.731
  Neonatal bullous impetigo 2 (0.9) 2 (1.0) 0 0 0 0.731
Subtotal 5 (2.1) 4 (2.0) 0 0 1 (25.0) 0.180
Asymptomatic carriers 46 (19.7) 40 (20.1) 3 (16.7) 1 (8.3) 2 (50.0) 0.500
Outpatients 26 (11.2) 24 (12.1) 1 (5.6) 1 (8.3) 0 0.239

*Clinical Diagnoses were not mutually exclusive. #Comparison between the distribution of each diagnosis and the overall total diagnoses according

to agr groups. Note: significant P-values were highlighted in bold.

Table 3 Virulence genes distribution according to different agr groups.
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  Total (n, %) agr group (n, %) P-value*

    I (n=162) II (n=16) III (n=9) IV (n=4)  
Toxin genes            
  hla 191 (100.0) 162 (100.0) 16 (100.0) 9 (100.0) 4 (100.0) 1.000
  hlb 191 (100.0) 162 (100.0) 16 (100.0) 9 (100.0) 4 (100.0) 1.000
  hld 191 (100.0) 162 (100.0) 16 (100.0) 9 (100.0) 4 (100.0) 1.000
  eta       7 (3.7) 4 (2.5) 0 0 3 (75.0) 0.003
  etb 2 (1.0)  0 0 0 2 (50.0) 0.001
  tst 15 (7.9) 8 (4.9) 2 (12.5) 5 (55.6) 0 0.006
  lukS/F-PV 60 (31.4) 59 (36.4) 0 1 (11.1) 0 0.004
MSCRAMM genes            
  bbp 6 (3.1) 1 (0.6) 0 2 (22.2) 3 (75.0) < 0.001
  ebpS 38 (19.9) 12 (7.4) 13 (81.3) 9 (100.0) 4 (100.0) < 0.001
  cna 22 (11.5) 19 (11.7) 2 (12.5) 0 1 (25.0) 0.566
  eno 191 (100.0) 162 (100.0) 16 (100.0) 9 (100.0) 4 (100.0) 1.000
  clfA 191 (100.0) 162 (100.0) 16 (100.0) 9 (100.0) 4 (100.0) 1.000
  clfB 191 (100.0) 162 (100.0) 16 (100.0) 9 (100.0) 4 (100.0) 1.000
  fib 143 (74.9) 117 (72.2) 15 (93.8) 7 (77.8) 4 (100.0) 0.292
  fnbB 32 (16.8) 30 (18.5) 2 (12.5) 0 0 0.068
Biofilm-forming genes            
  icaA 191 (100.0) 162 (100.0) 16 (100.0) 9 (100.0) 4 (100.0) 1.000
  icaC 179 (93.7) 150 (92.6) 16 (100.0) 9 (100.0) 4 (100.0) 0.486
  icaD 191 (100.0) 162 (100.0) 16 (100.0) 9 (100.0) 4 (100.0) 1.000
  bap 1 (0.5) 1 (0.6) 0 0 0 0.849

*Comparison between the distribution of each gene and the total isolates according to agr groups. Note: significant P-values were highlighted in

bold.

Additional File Legends
Additional �le 1 Molecular characteristics of 191 S. aureus strati�ed by agr types.

aincluding ST45#-t116-SCCmecIV (n=1); ST188&-t189-NT (n=1); ST5413-t324-SCCmecV (n=1); ST5413-
t2431-SCCmecV (n=1); ST4845-t437-SCCmecIV (n=1). bincluding ST6*-t2467 (n=1); ST7-t796 (n=1);
ST944-t364 (n=1); ST1419-t085 (n=1); ST5413-t148 (n=1); ST5435-t1485 (n=1); ST1492-t078 (n=1).
(*CC5 strains mostly belonged to agr group II had one isolate which belonged to agr group I; &CC1 strains
belonged to agr I, II and III groups; #CC45 strains belonged to both agr I and IV groups). NT, non-typable by
the method used.

Additional �le 2 Virulent genes distribution according to different clinical sources.

*Comparison between the distribution of each gene and the total isolates according to different clinical
sources. N/A: not applicable.

Figures
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Figure 1

The distribution of strains from different sources and of MRSA and MSSA isolates among different agr
groups. a There was no difference between S. aureus isolated from different clinical sources among
different agr groups. b The number of MRSA isolates belonged to agr group I was signi�cantly higher
than that of MSSA, whereas the number of MRSA isolates belonged to agr group II was signi�cantly
lower than that of MSSA isolates (***p < 0.001).
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Figure 2

The evolution patterns of the 191 S. aureus strains (calculated by goeBURST hierarchical clustering
analysis) and the STs distribution among different agr groups.
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Figure 3

The virulence gene content of S. aureus isolates based on agr genotyping. The number in parentheses on
the Y-axis represents the total number of isolates in the corresponding agr group.
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Figure 4

The percentage of S. aureus isolates with different coexisting studied virulence genes. The number on the
Y-axis represents the total number of toxin genes harbored by each isolate.
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