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Purpose: This study aimed to investigate the molecular characteristics, antimicrobial resistance, and biofilm-forming ability of 
Staphylococcus aureus isolates from invasive infections.
Methods: A total of 92 non-repetitive S. aureus isolates from invasive infections were analyzed by Multi-locus Sequence Typing 
(MLST), spa typing, and chromosomal cassette mec (SCCmec) typing. Antibiotic susceptibility testing was performed using the disk 
diffusion and agar dilution methods. Biofilm-forming ability was assessed using crystal violet assay. The presence and expression of 
biofilm-associated genes were examined using PCR and RT-qPCR.
Results: Among the 55 Methicillin-resistant S. aureus (MRSA) and 41 Methicillin-sensitive S. aureus (MSSA) isolates, ST59 (43.6%) 
predominated in MRSA, while ST7 (39.0%) was most common in MSSA. As expected, MRSA exhibited higher antibiotic resistance 
rates compared to MSSA isolates. Biofilm formation assays revealed that the majority of isolates (88.5%) produced biofilms, with 
26.0% classified as strong producers (OD570 ≥ 1.0) and 62.5% as weak producers (0.2 ≤ OD570<1.0). MSSA exhibited a higher 
biofilm-forming ability than MRSA (P < 0.01), with variations across clones. Notably, ST7 isolates displayed greater biofilm-forming 
ability than other sequence types (ST59, ST5, and ST239). RT-qPCR results revealed that ST7 isolates exhibited higher expression 
levels of icaA compared to other sequence types.
Conclusion: This study revealed significant molecular heterogeneity among invasive S. aureus isolates, with ST59 and ST7 as 
dominant clones. The strong biofilm-forming capacity of ST7 merits concern given its rising prevalence regionally. Continuous 
surveillance of emerging successful lineages is critical to help guide infection control strategies against invasive S. aureus infections.
Keywords: Staphylococcus aureus, invasive infection, biofilm, ST7

Introduction
Staphylococcus aureus is a major bacterial pathogen capable of causing infections ranging from mild skin infections to 
life-threatening invasive diseases.1,2 The emergence of methicillin-resistant S. aureus (MRSA), especially in healthcare 
settings, has raised global concerns due to its multidrug resistance and its association with invasive infections. The 
treatment of invasive MRSA infections is further complicated by the continued acquisition of antibiotic resistance 
determinants.

Among the critical virulence factors of S. aureus, biofilm formation takes center stage as a pivotal contributor to its 
pathogenicity. Biofilms are structured assemblies of surface-associated microbial cells encased within an extracellular 
polymeric substance matrix.3 These intricate microbial communities frequently establish themselves on various medical 
devices, such as intravascular catheters, prosthetic heart valves, and orthopedic implants.4 Bacteria residing within 
biofilms exhibit enhanced resistance to antimicrobial agents through a combination of mechanisms.5 The penetration of 
antimicrobials into the biofilm is hindered, growth-dependent agents become less effective due to reduced metabolic 
activity, and the proximity of cells facilitates the exchange of resistance genes.5 Additionally, the formation of persister 
cells, a subpopulation capable of surviving antimicrobial treatments, further compounds the challenge.6 Consequently, 
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biofilm-related infections on prosthetic devices can serve as persistent reservoirs and trigger metastatic complications, 
including endocarditis, deep-seated abscesses, septic arthritis, and osteomyelitis.5 Management often necessitates the 
removal or replacement of the infected prosthetic material.7

Molecular typing techniques including multilocus sequence typing (MLST), spa typing, and SCCmec typing, provide 
critical insights into the genetic diversity and clonal distribution of S. aureus populations, including MRSA.8 

Characterizing the predominant lineages, virulence factors, antibiotic resistance profiles, and biofilm-forming capabilities 
of S. aureus isolates from invasive infections informs effective infection control and therapeutic strategies.

This study aims to comprehensively characterize the genetic profiles, antimicrobial resistance phenotypes, and 
biofilm-forming ability of S. aureus isolates obtained from invasive infections.

Methods
Bacterial Isolates
Invasive S. aureus infections represent a critical infection, characterized by the isolation of S. aureus from typically 
sterile regions within the human body (including blood, bones, joint/synovial fluid, pleural fluid, and peritoneal fluid). 
From September 2020 to September 2022, 96 invasive S. aureus isolates (single isolate per patient) were collected from 
the First Hospital of Nanchang, China. To identify these isolates, we cultured the samples on blood agar plates and 
incubated them at 37°C in a 5% CO2 environment for 24 hours. Subsequently, the VITEK-2 Compact was employed for 
bacterial identification. S. aureus ATCC25923 was used as a control strain.

Antimicrobial Susceptibility Testing
S. aureus susceptibility to penicillin, gentamicin, clindamycin, erythromycin, tetracycline, ciprofloxacin, rifampicin, and 
linezolid was assessed using the disc diffusion test method recommended by the Clinical and Laboratory Standards 
Institute (CLSI). Oxacillin and vancomycin minimum inhibitory concentrations for S. aureus isolates were determined 
through the broth microdilution methodology. Strains of S. aureus ATCC 25923 and Escherichia coli ATCC 25922 were 
employed as quality controls in the study.

DNA Extraction, MLST Typing, MRSA Identification, spa Typing, and SCCmec Typing
DNA extraction was carried out using the Rapid Bacterial Genomic DNA Isolation Kit (Sangon Biotech, Shanghai, 
China) following the manufacturer’s protocol. MLST was conducted by amplifying internal fragments of seven house
keeping genes (arcC, aroE, glpF, gmk, pta, tpi, and yqiL) of S. aureus, as previously described.9 The obtained PCR 
product sequences were then compared to the existing alleles in the MLST database (http://saureus.mlst.net/), which 
assigned a specific allelic number, known as a sequence type (ST), to each isolate. Amplification of the spa gene was also 
performed using previously described primers.10,11 The PCR products were sequenced by Tsingke Biological Technology 
Company (TsingKe, Beijing, China), and the spa types were determined using the Ridom SpaServer (http://www. 
spaserver.ridom.de). The identification of MRSA was initially carried out through cefoxitin screening, with confirmed 
cases being verified by the presence of the mecA gene using PCR (F: 5’-3’ GTGAAGATATACCAAGTGATT; R: 5’-3’ 
ATGCGCTATAGATTGAAAGGAT).12 SCCmec typing of MRSA isolates was conducted using a battery of multiplex 
PCRs, as previously described.13 MRSA isolates that displayed unanticipated fragments or lacked fragments in the 
multiplex PCR were categorized as non-typeable (NT).

Biofilm Semi-Quantitative Assay
The semi-quantitative biofilm assay was conducted using 96-well tissue culture plates, following the method described 
by Xiao et al.14 In brief, S. aureus cells cultured overnight in Tryptic Soy Broth (TSB) at 37°C were diluted 200-fold. 
Subsequently, 200 µL of the diluted culture was transferred to individual wells of a 96-well polystyrene microtiter plate. 
After 24 hours of incubation at 37°C, the wells were washed three times with phosphate-buffered saline to remove 
planktonic bacteria. Each well was then fixed with 100 µL of 100% methanol to stabilize the biofilm for 10 minutes, 
followed by staining with 100 µL of crystal violet for an additional 10 minutes. The excess stain was gently washed off 
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under slowly running water, and the plates were air-dried at room temperature. Subsequently, crystal violet was dissolved 
in each well with 200 µL of 30% acetic acid. The absorbance of the stained biofilm was measured at 570 nm using 
a Synergy2 (Bio-Tek) microplate reader. Standard S. aureus ATCC 25923 (a strong biofilm producer) and ATCC 12228 
(a non-biofilm producer) were included in the study as reference strains. Biofilm formation was interpreted as strongly 
positive (OD570 ≥ 1.0), weakly positive (0.2 ≤ OD570 < 1.0), or negative (OD570 < 0.2). All experiments were conducted 
in triplicate.

Detection of Biofilm Related Genes
The presence of various biofilm-related genes was assessed through a conventional PCR assay targeting the following ten 
genes: polysaccharide intercellular adhesions (icaA and icaD), fibronectin-binding proteins A and B (fnbA, fnbB), 
clumping factors A and B (clfA, clfB), ebps, sdrC, sdrD, and sdrE. PCR primers employed for these assays are detailed 
in Table 1. Amplification was conducted using an ABI ProFlex thermal cycler (Applied Biosystems, USA). Each PCR 
reaction included a negative control (distilled water). The PCR fragments were visualized by 1.5% agarose gel 
electrophoresis and ethidium bromide staining.

Table 1 PCR Primers are Used for PCR Assays

PCR Product Primer Description Primer Sequence

icaA-F Screen ACACTTGCTGGCGCAGTCAA

icaA-R Screen TCTGGAACCAACATCCAACA

icaD-F Screen ATGGTCAAGCCCAGACAGAG

icaD-R Screen AGTATTTTCAATGTTTAAAGCAA

clfA-F Screen ATTGGCGTGGCTTCAGTGCT

clfA-R Screen CGTTTCTTCCGTAGTTGCATTTG

clfB-F Screen AGTCTTGCAGTTGCTGAACC

clfB-R Screen TTTACCTGTCGCTGGGTCAAT

fnbA-F Screen GTGAAGTTTTAGAAGGTGGAAAGATTAG

fnbA-R Screen GCTCTTGTAAGACCATTTTTCTTCAC

fnbB-F Screen GTAACAGCTAATGGTCGAATTGATACT

fnbB-R Screen CAAGTTCGATAGGAGTACTATGTTC

sdrC-F Screen CGCATGGCAGTGAATACTGTTGCAGC

sdrC-R Screen GAAGTATCAGGGGTGAAACTATCCACAAATT

sdrD-F Screen CACTGGAAATAAAGTTGAAGTTTCAACTGCC

sdrD-R Screen CCTGATTTAACTTTGTCATCAACTGTAATTTGTG

sdrE-F Screen GCAGCAGCGCATGACGGTAAAG

sdrE-R Screen GTCGCCACCGCCAGTGTCATTA

icaA-RT-F RT-qPCR GTTGGTATCCGACAGTATA

icaA-RT-R RT-qPCR CACCTTTCTTACGTTTTAATG

gyrB-RT-F RT-qPCR ACATTACAGCAGCGTATTAG

gyrB-RT-R RT-qPCR CTCATAGTGATAGGAGTCTTCT
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Real-Time Quantitative PCR (RT-qPCR)
S. aureus isolates were cultured in TSB at 37°C for 9 hours. Total RNA was extracted using the Sangon Biotech RNA 
purification kit. The quality and integrity of total RNA were assessed using a NanoDrop spectrophotometer (Thermo 
Fisher Scientific, MA, USA) and agarose gel electrophoresis. Reverse transcription was carried out using the PrimeScript 
RT Reagent Kit with gDNA Eraser (Takara) following the manufacturer’s protocol. RT-qPCR amplification reactions 
were prepared in a final volume of 20 μL, containing 400 ng of cDNA, 10 μL of TB GreenTM premix (Takara), 0.5 μL 
each of forward and reverse primers (10 nM each), and nuclease-free water to reach the final volume of 20 μL. The 
primer sequences used for icaA are provided in Table 1. The relative RNA expression changes of target genes were 
calculated using the 2−ΔΔCt formula.15 RT-qPCR was performed on a QuantStudioTM 5 Real-Time PCR System, and 
each reaction was run in triplicate.

Statistical Analysis
Statistical analysis and data visualization were performed using GraphPad Prism 8.0 software. For the analysis of 
categorical data, we utilized χ2 and Fisher’s exact tests as deemed appropriate. Unpaired two-tailed Student’s t-tests were 
conducted to evaluate the statistical significance of biofilm formation in S. aureus isolates. A p-value of less than 0.05 
was considered statistically significant.

Results
Characteristics and Diversity of S. aureus Isolates from Invasive Infections
In this study, a total of 96S. aureus isolates from invasive infections were collected. Among these 96 isolates, 55 (56.3%) 
were identified as MRSA through the cefoxitin disc diffusion test and tested positive for mecA. The sources of invasive 
S. aureus infections included bacteremia (53.1%), cellulitis (16.7%), pneumonia (9.4%), osteomyelitis (6.3%), endocar
ditis (6.3%), peritonitis (5.2%), and arthritis (4.3%). Information regarding the isolates of MRSA, MLST, spa types, and 
SCCmec types was presented in Table 2. All tested S. aureus isolates exhibited genetic diversity. We identified twelve 
distinct sequence types within the 96 isolates, with ST59 being the most frequently represented clone (25.0%, 24/96), 

Table 2 Molecular Characteristics of Invasive S. aureus Isolates

CC (No.) STs (No.) Spa Types (No.) MRSA (No.) SCCmec (No.)

CC59 (24) ST59 (24) t437 (15) 15 IV (15)

t172 (4) 4 IV (3), V (1)

t163 (2) 2 IV (2)

NT (2) 2 IV (2)

t441 (1) 1 IV (1)

CC1 (16) ST188 (14) t189 (14) 2 IV (2)

ST1 (2) t127 (2) 2 IV (2)

CC7 (16) ST7 (16) t091 (12) 0

t1685 (3) 0

t796 (1) 1 V (1)

CC398 (11) ST398 (11) t1250 (6) 0

t034 (3) 3 IV (1), V (2)

t1456 (2) 2 IV (1), V (1)

(Continued)
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followed by ST7 (16.7%, 16/96), ST188 (14.6%, 14/96), ST398 (11.5%, 11/96), ST5 (0.9%, 9/96), and ST239 (0.6%, 6/ 
96). Notably, ST59 and ST7 were the dominant sequence types for MRSA and MSSA, respectively. Each of the 
remaining sequence types had no more than five isolates.

The spa typing analysis discriminated the 96S. aureus isolates into 25 spa types, which were further clustered into 9 
CCs (clonal complexes). Among these, spa t437 was the most common type (15.6%, 15/96), followed by t189 (14.6%, 
14/96), t091 (12.5%, 12/96), t9353 (0.7%, 7/96), and t1250 (0.6%, 6/96). Each of the remaining spa types had no more 
than five isolates. Using SCCmec typing, we identified four types (types II, III, IV, and V) among the 55 MRSA isolates. 
Type IV was the most predominant (60.0%, 33/55), followed by type III (18.2%, 10/55), type II (12.7%, 7/55), and type 
V (9.1%, 5/55). In contrast to previous reports on Chinese isolates, where t30 and t37 were the most common spa types 
typically associated with ST239,16,17 our study revealed a significantly lower proportion of t37 and t30, as well as ST239 
and ST5. Generally, our data demonstrates that invasive S. aureus isolates exhibit genetic diversity, and the major clones 
associated with invasive S. aureus infections are undergoing rapid changes in our institution.

Antimicrobial Resistance Profiles of Different S. aureus Genotypes
Table 3 presents the resistance profiles of 96S. aureus isolates to various antimicrobial agents. Notably, all isolates 
demonstrated susceptibility to both vancomycin and linezolid. Among the 96S. aureus isolates, 66.7% (64/96) demon
strated resistance to three or more classes of tested antimicrobial agents, categorizing them as multidrug-resistant isolates. 
This category encompassed 50 (52.1%) MRSA and 14 (14.6%) MSSA isolates. The resistance rates among the 
96S. aureus isolates exhibited significant variations. Resistance to penicillin, oxacillin, clindamycin, and erythromycin 
exceeded 50%, while resistance to gentamicin, tetracycline, and rifampicin was less than 30%. Within the MRSA 
isolates, 50 (52.1%) exhibited resistance to three or more antibiotics, 43 (44.8%) displayed resistance to four or more 
antibiotics, and 28 (29.2%) were resistant to five or more antibiotics. Among the MSSA isolates, 14 (14.6%) were 
resistant to three or more antibiotics, 8 (8.3%) demonstrated resistance to four or more antibiotics, and 3 (3.1%) 
displayed resistance to five or more antibiotics. The resistance profiles of S. aureus isolates were found to be genotype- 

Table 2 (Continued). 

CC (No.) STs (No.) Spa Types (No.) MRSA (No.) SCCmec (No.)

CC239 (10) ST239 (6) t30 (3) 3 III (3)

t37 (2) 2 III (2)

t439 (1) 1 III (1)

ST630 (4) t4549 (4) 4 III (4)

CC5 (10) ST5 (9) t9353 (7) 7 II (7)

t586 (1) 0

t954 (1) 0

ST6 (1) t701 (1) 0

CC88 (4) ST88 (4) NT (2) 0

t7480 (1) 1 IV (1)

t3622 (1) 1 IV (1)

CC15 (3) ST15 (3) t084 (2) 0

t346 (1) 0

CC22 (2) ST22 (2) t309 (2) 2 IV (2)
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dependent. Notably, ST239 isolates displayed the multidrug-resistant phenotype, with high resistance levels (≥ 80%) 
observed against all tested antibiotics. ST59 isolates exhibited a higher resistance rate to penicillin (100.0%), oxacillin 
(100.0%), clindamycin (70.8%), and erythromycin (70.8%). In contrast, ST7, ST188, and ST398 isolates were more 
resistant to penicillin (100%, 78.6%, and 81.8%, respectively) than to other antibiotics.

Relationship Between Biofilm Production and Methicillin Resistance, MLST, and spa 
Type
Biofilm formation was observed in 88.5% (85/96) of the isolates (Figure 1A). Among 96 invasive S. aureus isolates, 
weak biofilm formation was observed in 62.5% (60/96) of isolates, while strong biofilm formation was evident in 26.0% 
(25/96) of isolates. Additionally, eleven isolates were classified as biofilm formation-negative isolates (non-adherent). 
Within the group displaying strong biofilm formation (Figure 1A), the majority of isolates (56.0%, 14/25) belonged to the 
ST7. The assay exhibited excellent reproducibility.

Previous studies have suggested that isolates carrying the mecA gene tend to exhibit stronger biofilm-forming ability 
compared to mecA-negative isolates.18 However, in our current study, we observed that MSSA isolates demonstrated 
higher biofilm-forming ability than MRSA isolates (1.08 ± 0.80 vs 0.60 ± 0.40, P = 0.0002) (Figure 1B). The reason for 
this inconsistency may stem be the variations in the sources of the isolates, encompassing distinct clones of S. aureus. To 
further investigate whether specific genetic lineages contribute to the enhanced biofilm-forming ability of MSSA, we 
conducted a comparative analysis of biofilm formation across different sequence types and spa types. Our analysis 
revealed significant variations in biofilm formation among different sequence types (Figure 1C). Notably, ST7 isolates 
exhibited markedly stronger biofilm formation than ST59 (1.91 ± 0.65 vs 0.63 ± 0.37, P < 0.0001), ST188 (1.91 ± 0.65 vs 
0.63 ± 0.25, P < 0.0001), ST398 (1.91 ± 0.65 vs 0.30 ± 0.19, P < 0.0001), ST5 (1.91 ± 0.65 vs 0.30 ± 0.19, P < 0.0001), 
and ST239 (1.91 ± 0.65 vs 0.55 ± 0.37, P = 0.0001) isolates. Additionally, ST188 isolates exhibited stronger biofilm- 
forming ability than ST398 (0.63 ± 0.25 vs 0.30 ± 0.12, P = 0.0006) and ST5 (0.63 ± 0.25 vs 0.30 ± 0.19, P = 0.0034) 
isolates. Regarding spa types, t091 isolates demonstrated significantly greater biofilm production compared to t437 (1.96 
± 0.64 vs 0.59 ± 0.36, P < 0.0001), t189 (1.96 ± 0.64 vs 0.77 ± 0.41, P < 0.0001), t9353 (1.96 ± 0.64 vs 0.43 ± 0.27, P < 
0.0001), t1250 (1.96 ± 0.64 vs 0.33 ± 0.12, P < 0.0001) and other spa types (1.96 ± 0.64 vs 0.69 ± 0.51, P < 0.0001) 
(Figure 1D).

Table 3 Antimicrobial Resistance Profiles of S. aureus Causing Invasive Infections Arranged by STs

Molecular Type ST59 ST7 ST188 ST398 ST5 ST239 Others (ST No < 5) MRSA MSSA Total

Isolates (n) 24 16 14 11 9 6 16 55 41 96

Pen (%) 100 100 78.6 81.8 100 100 100 100 87.8 94.8

OXA (%) 100 6.3 14.3 45.5 77.8 100 62.5 100 0.0 57.3

GEN (%) 0.0 18.8 28.6 27.3 77.8 100 25.0 32.7 22.0 28.1

CLI (%) 70.8 18.8 28.6 36.4 88.9 83.3 50.0 70.9 24.4 51.0

ERY (%) 70.8 37.5 35.7 45.5 88.9 83.3 62.5 74.5 36.6 58.3

TET (%) 8.3 18.8 21.4 18.2 88.9 83.3 31.3 29.1 29.3 29.2

CIP (%) 54.2 18.8 42.9 27.3 0.0 100 18.8 43.6 24.4 35.4

RIF (%) 0.0 0.0 0.0 9.1 22.2 83.3 6.3 14.5 2.4 9.4

LNZ (%) 0 0 0 0 0 0 0 0 0 0

VAN (%) 0 0 0 0 0 0 0 0 0 0

Abbreviations: Pen, Penicillin; OXA, Oxacillin; GEN, Gentamicin; CLI, Clindamycin; ERY, Erythromycin; TET, tetracycline; CIP, Ciprofloxacin; RIF, rifampicin; 
LNZ, Linezolid; VAN, vancomycin.
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Distribution of Biofilm-Related Genes
In previous studies, there has been ongoing debate over whether biofilm-related genes can be considered indicators of 
biofilm-forming ability in S. aureus strains.19–21 To investigate the potential association between the biofilm-forming 
ability of invasive S. aureus isolates and biofilm-related genes, we selected prominent sequence types of S. aureus 
prevalent in our institution, specifically ST59 (24 isolates), ST7 (16 isolates), ST188 (14 isolates), and ST398 (11 
isolates), as experimental strains. We conducted tests to determine the presence of ten biofilm-related genes. Table 4 
presents the prevalence of biofilm-associated genes among isolates of different sequence types. It is worth noting that all 
isolates tested positive for icaA, icaD, and clfA. However, the prevalence rates of fnbB and sdrD in ST59 isolates were 
notably low, with carrying rates of 12.5% and 20.8%, respectively. In contrast, among ST7 isolates, the prevalence rates 
for fnbA, fnbB, clfB, sdrC, and sdrE ranged from 50.0% to 93.8%. Furthermore, sdrD existed in all ST7 isolates. Among 
ST188 isolates, the carrying rates for fnbA, fnbB, sdrC, and sdrD were relatively low, ranging from 14.3% to 78.6%. All 
ST398 isolates did not carry fnbA, and the carrying rates for sdrC and sdrD were 9.1%. These findings suggest variability 
in the presence of biofilm-related genes among different sequence types of S. aureus isolates.

Figure 1 Biofilm-forming ability of S. aureus. (A) Biofilm categories. (B) Comparison of the biofilm-forming ability between MRSA and MSSA isolates. (C) Comparison of the 
biofilm-forming ability of sequence types. (D) Comparison of the biofilm-forming ability of spa types. ***P < 0.001.
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Expression Levels of icaA Involved in Biofilm Formation Using RT-qPCR
To investigate the factors contributing to the strong biofilm formation observed in ST7 isolates, we randomly selected six 
isolates from the four major sequence types (ST7, ST59, ST188, and ST398). Remarkably, during our analysis of gene 
expression levels, we observed that ST7 isolates exhibited significantly higher expression levels of icaA compared to 
ST59 (P = 0.0012), ST188 (P = 0.0107), and ST398 (P = 0.0002) isolates (Figure 2). These findings align with the robust 
biofilm-forming characteristics observed in ST7 isolates. This suggests that, while the prevalence rates of biofilm-related 
genes may not differ significantly, their expression levels can have a substantial impact on biofilm formation. This 
implies that the high expression of the icaA gene may be the reason behind the strong biofilm-forming ability observed in 
ST7 isolates.

Figure 2 The expression levels of icaA. S. aureus N315 was used as a control (relative expression = 1), and gyrB was used as the internal reference gene. *P < 0.05; **P < 0.01; 
***P < 0.001.

Table 4 Analysis of Biofilm-Related Genes Carrying of the Main Clones

Biofilm-Related Genes (%) Sequence Types

ST59 ST7 ST188 ST398

icaA 100.0 100.0 100.0 100.0

icaD 100.0 100.0 100.0 100.0

fnbA 95.8 93.8 14.3 0.0

fnbB 12.5 56.3 35.7 63.6

clfA 100.0 100.0 100.0 100.0

clfB 100.0 93.8 78.6 90.9

ebpS 83.3 100.0 100.0 100.0

sdrC 79.2 50.0 14.3 9.1

sdrD 20.8 100.0 14.3 9.1

sdrE 87.5 75.0 92.9 90.1
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Discussion
This study investigated the molecular characteristics, antibiotic susceptibility, and biofilm-forming capabilities of 
S. aureus isolates recovered from invasive infections in a tertiary hospital in China from 2020 to 2022. We compared 
MRSA and MSSA isolates and analyzed differences in biofilm production among different sequence types. The key 
objective of this study was to elucidate the genetic diversity of invasive S. aureus strains to provide insights that can 
inform infection control efforts and antibiotic stewardship interventions.

MLST and spa typing revealed that ST59-t437 was the most prevalent MRSA isolates, while ST7-t091 predominated 
among MSSA isolates. A major finding was the emergence of ST7 as the second most common sequence type among 
invasive S. aureus strains in this setting, closely following endemic ST59. ST7 merits attention as an important epidemic 
S. aureus clone circulating in China, typically associated with agricultural sources such as pig farms, soil, and ground 
surfaces.22 Moreover, it is a major genotype of S. aureus found in pork (with a detection rate of 57.5%) and a common 
cause of bovine mastitis.23,24 This lineage is also prevalent in various food sources.25 Clinically, the ST7 clone often 
causes skin and soft tissue infections, bacteremia, pneumonia, and musculoskeletal infections in humans, especially 
among children.26–28 In China specifically, ST7 has been reported as the predominant S. aureus clone causing skin 
infections in Wenzhou29 and was identified as the second most common lineage among isolates during the COVID-19 
pandemic in Wuhan.30 Recently, an foodborne outbreak attributed to ST7 also occurred in Hainan.31 Taken together, 
these prior reports and our current findings showing the rising prevalence of ST7 in invasive isolates are concerning and 
suggest this clone may become dominant in China in the coming years. Continued monitoring of the ST7 lineage is 
warranted concern given its increasing clinical significance regionally.

The ability of pathogenic bacteria to form biofilms significantly contributes to antibiotic resistance and the persistence 
of chronic infection by aiding in evading host immunity.32 Biofilm formation has been closely associated with persistent 
staphylococcal infections.33 Bacteria forming biofilms can evade the host immune system.34 In this study, we assessed 
biofilm production and the carriage of associated genes across isolates. Although the biofilm-associated icaA gene was 
ubiquitous (Table 4), ST7 isolates exhibited markedly greater biofilm formation phenotypes compared to other lineages 
(Figure 1C). This discordance between biofilm-related genetics and phenotypes suggests that factors beyond gene 
presence, such as regulatory and expression differences, may account for enhanced biofilm production in certain clones 
like ST7.

Staphylococcal biofilm formation is largely attributed to the polysaccharide intercellular adhesin (PIA) encoded by 
the ica operon.35,36 In MRSA, surface proteins inhibited by agr suppress biofilm production, while in MSSA, PIA 
generated via the ica locus plays a major role.37,38 Considering that the majority (93.8%) of ST7 isolates in this study 
were MSSA, we examined icaA expression to investigate the mechanisms underlying this clone’s robust biofilm 
phenotypes. We found significantly higher icaA expression in ST7 compared to other lineages, aligning with its enhanced 
biofilm production. These findings suggest a lineage-specific regulation of biofilm formation in ST7, whereby this 
emerging clone may utilize ica-mediated PIA production as a key virulence strategy. The ability to form substantial 
biofilms may facilitate ST7’s persistence and increasing prevalence regionally. Further genetic analysis is warranted to 
elucidate the molecular factors driving ST7’s proficient biofilm formation.

Antibiotic resistance is a major concern with S. aureus. In this study, we found genotype-dependent variability in 
resistance profiles of invasive isolates. Most MRSA isolates (90.9%) displayed multidrug resistance to at least three 
tested antibiotics. ST239 MRSA stood out with significantly higher levels of multidrug resistance versus other sequence 
types. Interestingly, however, despite its robust biofilm production, ST7 did not exhibit broader antibiotic resistance than 
other lineages. Other resistance determinants, such as the acquisition of specific antibiotic resistance genes, likely play 
a more important role in defining the antibiotic susceptibility of ST7 clone. Further investigation is needed to elucidate 
the differential resistance mechanisms among predominant sequence types.

This study has noteworthy limitations. Firstly, the sample size was relatively small, potentially limiting the general
izability of the findings to the broader ST7 genotype population. Additionally, a more in-depth genomic analysis is 
required to elucidate the underlying mechanisms contributing to the strong biofilm formation observed among ST7 
isolates. To advance this research, future studies should employ larger sample sizes and conduct comparative genomics to 
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gain a more comprehensive understanding of genetic factors influencing virulence in this lineage. Expanding both the 
sampling and genomic characterization will fortify the conclusions and address the current study’s limitations.

In conclusion, this study identified that invasive S. aureus isolates were predominantly of the ST59-t437 and ST7- 
t091 lineages. Molecular characteristics, antibiotic susceptibility patterns, and biofilm formation abilities differed across 
sequence types. Notably, our research revealed an association between specific S. aureus genetic lineages and enhanced 
biofilm formation in invasive isolates. The emergence of the ST7 clone with robust biofilm-producing capabilities could 
significantly complicate treatment approaches. Overall, this study provides valuable insights into the molecular char
acteristics of invasive S. aureus isolates in this region. Continuous surveillance of emerging successful lineages is critical 
to help guide infection control strategies against invasive S. aureus infections.
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