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Abstract
Background  Staphylococcus aureus, a commensal bacterium, colonizes the skin and mucous membranes 
of approximately 30% of the human population. Apart from conventional resistance mechanisms, one of the 
pathogenic features of S. aureus is its ability to survive in a biofilm state on both biotic and abiotic surfaces. Due to this 
characteristic, S. aureus is a major cause of human infections, with Methicillin-Resistant Staphylococcus aureus (MRSA) 
being a significant contributor to both community-acquired and hospital-acquired infections.

Results  Analyzing non-repetitive clinical isolates of MRSA collected from seven provinces and cities in China 
between 2014 and 2020, it was observed that 53.2% of the MRSA isolates exhibited varying degrees of ability to 
produce biofilm. The biofilm positivity rate was notably high in MRSA isolates from Guangdong, Jiangxi, and Hubei. 
The predominant MRSA strains collected in this study were of sequence types ST59, ST5, and ST239, with the biofilm-
producing capability mainly distributed among moderate and weak biofilm producers within these ST types. Notably, 
certain sequence types, such as ST88, exhibited a high prevalence of strong biofilm-producing strains. The study 
found that SCCmec IV was the predominant type among biofilm-positive MRSA, followed by SCCmec II. Comparing 
strains with weak and strong biofilm production capabilities, the positive rates of the sdrD and sdrE were higher in 
strong biofilm producers. The genetic determinants ebp, icaA, icaB, icaC, icaD, icaR, and sdrE were associated with 
strong biofilm production in MRSA. Additionally, biofilm-negative MRSA isolates showed higher sensitivity rates to 
cefalotin (94.8%), daptomycin (94.5%), mupirocin (86.5%), teicoplanin (94.5%), fusidic acid (81.0%), and dalbavancin 
(94.5%) compared to biofilm-positive MRSA isolates. The biofilm positivity rate was consistently above 50% in all 
collected specimen types.

Conclusions  MRSA strains with biofilm production capability warrant increased vigilance.
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Background
Staphylococcus aureus is a Gram-positive pathogen that 
causes various skin infections globally each year, as well 
as life-threatening invasive infections. It is also a major 
pathogen in pneumonia and other respiratory infections, 
prosthetic joints, surgical sites, cardiovascular infections, 
and hospital-acquired bacteremia [1, 2].

The development and formation of biofilm involve four 
stages: attachment of planktonic cells to the surface, col-
onization and biofilm formation, biofilm maturation, and 
biofilm dispersion [3, 4]. When an implant is introduced 
into the host, the immune response easily covers its non-
biological surface with host proteins [5, 6]. Subsequently, 
S. aureus initiates a cycle of biofilm formation that 
involves the expression of adhesion matrix molecules 
(MSCRAMM), including aggregation factors ClfA, ClfB 
[7], fibronectin-binding proteins FnbA, FnbB, and serine-
aspartate repeat proteins SdrC, SdrD, and SdrE [8]. All 
of these factors facilitate implant surface colonization 
by binding to the host through tight adherence proteins. 
Once attached, biofilm proliferation occurs through the 
secretion of DNA, polysaccharides, and proteins. Ica 
proteins (IcaADBC) aid in the accumulation of poly-
saccharide intercellular adhesin (PIA), IcaR suppresses 
icaADBC transcription by binding to a 42 bp sequence in 
the icaR-icaA intergenic region [9]. As proliferation con-
tinues within the matrix, cells lose direct contact with the 
implant surface and host proteins, relying on cell-cell and 
extracellular polymeric substance (EPS) adhesion [10]. 
SdrC and FnBPs, for example, can exert this role through 
self-association [11, 12], and EbpS [13] binds to elastin 
peptides and elastin, acting as an adhesin that binds to 
host cell elastin [14]. As the biofilm matures, microcolo-
nies exhibit different growth characteristics and protein 
expression depending on their location in the biofilm 
[15]. Ultimately, biofilms disperse, break down, spread, 
and repeat the process elsewhere.

Bacteria can transition between planktonic (single-cell) 
and biofilm forms, growing on solid surfaces and embed-
ding in bacterial communities in the extracellular poly-
meric matrix. Studies indicate that bacteria in biofilms 
are 1,000 times more resistant to conventional drugs than 
planktonic bacteria and are more resilient against attacks 
from the host immune system [16]. Once formed, bio-
films are challenging to eliminate, making the treatment 
of associated infections difficult [17, 18]. The presence of 

biofilms helps microorganisms resist and minimize the 
killing effects of antimicrobial drugs and host defenses, 
promoting the virulence of S. aureus [19, 20].

The objective of this study is to assess the biofilm-form-
ing ability of MRSA collected from tertiary hospitals in 
China and examine the relationship between biofilm for-
mation, antibiotic resistance, relevant adhesion genes, 
different ST types, and regions.

Results
Biofilm formation analysis
Among 663 MRSA isolates, 53.2% exhibited varying 
degrees of ability to produce biofilm. Among them, 54 
MRSA strains (8.1%) were classified as strong biofilm 
producers; 19.2% of MRSA were moderate biofilm pro-
ducers, and 25.9% of MRSA were weak biofilm produc-
ers. Nearly half (46.8%) of the MRSA strains did not 
demonstrate biofilm production ability (Table  1). Plots 
of strong, medium, weak and no biofilm in 96-well plates 
are shown in Supplementary material 1.

Differences in biofilm phenotypes among strains from 
different regions
Among the 663 MRSA strains, the regions with biofilm 
positivity rates exceeding 50% were Guangdong (88/112, 
78.6%), Jiangxi (114/157, 72.6%), and Hubei (43/70, 
61.4%), followed by Sichuan (53/95, 55.8%). Among the 
MRSA collected in Guangdong, the proportion of strains 
strongly positive for biofilm and moderately intense bio-
film were 10.7% and 36.6% respectively. The proportion 
of strains with moderate and weak biofilm formation was 
relatively high, indicating a balanced biofilm-forming 
ability in this region. In Jiangxi, 17.2% of strains exhibited 
strong biofilm positivity, 29.3% were classified as moder-
ate biofilm producers, and 26.1% were weak biofilm pro-
ducers. The proportions of strains with moderate and 
weak biofilm formation were relatively high, indicating 
a balanced biofilm-forming ability in this region. Inner 
Mongolia, Zhejiang, and Shanghai showed a decreas-
ing trend in biofilm positivity rates, with Inner Mongolia 
having the highest proportion of strongly positive biofilm 
strains (Fig. 1). The three cities with the highest rates of 
MRSA biofilm negativity were Shanghai (65/84, 77.4%), 
Zhejiang (83/108, 76.9%), and Inner Mongolia (26/37, 
70.3%).

The differences in biofilm phenotypes among different 
molecular subtypes
In this study, a total of 663 MRSA strains collected from 
2016 to 2020 were mainly characterized as moderate and 
weak biofilm producers, with an overall decreasing trend 
in the biofilm-forming capability (Fig.  2A). Figure  2B 
illustrates the biofilm formation abilities of the major 
sequence types (STs) identified in this study, including 

Table 1  Classification of biofilm formation abilities by Mtp 
method
Biofilm formation abilities No. of isolates Percentage
Strong 54 8.1
Moderate 127 19.2
Weak 172 25.9
None 310 46.8
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ST59, ST5, ST239, ST764. Among these, ST59 exhibited 
the highest proportions in strong positive, moderately 
strong, and weak biofilm-producing strains. However, 
ST764 did not show any strains with strong positive bio-
film formation. Other ST Types group includes ST types 
other than the above 4 ST types.

As shown in Fig.  3, the ST types with higher positive 
rates of strong biofilms in this study mainly include ST88, 
ST1, ST239, ST5, and ST59, and the ST types with higher 
positive rates of moderate biofilms mainly include ST5, 
ST1, ST764, and ST59, ST239, ST types with higher posi-
tive rate of weak biofilm mainly include ST239, ST59, 
ST45, ST5 and ST764. The biofilm production abilities of 

ST5, ST59, and ST764 are mainly medium and weak, the 
biofilm production abilities of ST88 are mainly strong, 
the biofilm production abilities of ST1 are mainly strong 
and medium, and the biofilm production abilities of ST45 
and ST239 are mainly weak.

The results of SCCmec typing, as shown in Fig. 4, reveal 
that biofilm-positive MRSA primarily includes types 
SCCmec IV (181/353, 51.3%), SCCmec II (68/353, 19.3%), 
and SCCmec V (52/353, 14.7%). Among these, SCCmec 
IV is the predominant type in biofilm-positive MRSA, 
followed by SCCmec II. Two MRSA strains identified by 
SCCmec Finder as carrying only the mecA gene belong to 
the strong biofilm-positive isolates (2/2, 100.0%). Among 

Fig. 2A  Analysis of MRSA biofilm formation capability collected in this study from 2016 to 2020

 

Fig. 1  This figure depicts the analysis of biofilm formation capability of MRSA strains from seven provinces and cities in China in the present study
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biofilm-negative MRSA, SCCmec IV (152/310, 49.0%) 
and SCCmec II (55/310, 17.7%) are the most prevalent 
SCCmec types. In the 39 MRSA strains with unknown 
cassette types, the proportion of biofilm-negative strains 
is the highest (30/39, 76.9%).

The differences in biofilm phenotypes among biofilm-
related genes
In this study, based on sequencing results analysis, the 
frequencies of biofilm-related genes sdrD and sdrE were 
found to be higher in strong biofilm producers and mod-
erately strong biofilm producers compared to MRSA 
strains with no biofilm-forming capability (Table  2). 
We identified several genetic pathways associated with 

Fig. 4  Analysis of biofilm production capabilities in different SCCmec types. (A) Proportions of various SCCmec types in biofilm-positive strains. (B) Pro-
portions of various SCCmec types in biofilm-negative strains

 

Fig. 3  Ratio of biofilm-forming ability. (A) Positive rate of major ST types among MRSA with strong biofilm production capacity. (B) Positive rates of major 
ST types among MRSA with moderate biofilm production capacity. (C) Positive rate of major ST types in MRSA with weak biofilm production capacity

 

Fig. 2B  Biofilm formation abilities of major sequence types (STs) in this study
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biofilm formation. In strains with strong positive biofilm 
production, the predominant genes were ebp, icaA, icaB, 
icaC, icaD, icaR, and sdrE (49/54, 90.7%). In moderately 
strong biofilm-producing MRSA, the main genes were 
ebp, icaA, icaB, icaC, icaD, icaR, sdrC, and sdrE (109/127, 
85.8%).

The differences in antimicrobial activity
In the 663 MRSA strains, there were 353 biofilm-pos-
itive MRSA isolates, and an additional 310 biofilm-neg-
ative MRSA isolates. The results of susceptibility testing 
showed that biofilm-negative MRSA isolates exhibited 
higher sensitivity rates to Cefalotin (94.8%), Daptomycin 
(94.5%), Mupirocin (86.5%), Teicoplanin (94.5%), Fusidic 
acid (81.0%), and Dalbavancin (94.5%) compared to bio-
film-positive MRSA isolates (Fig. 5).

Table 2  Analysis of the positive rates of relevant Biofilm genes in MRSA with different Biofilm production capacities
Adhesin Gene(s) Biofilm Formation Abilities

Strong(n = 54) Moderate(n = 127) Weak(n = 172) None(n = 310) p-value
aur 45(83.3%) 114(89.8%) 136(79.1%) 230(74.2%) -
cap8H 43(79.6%) 79(62.2%) 111(64.5%) 165(53.2%) p1:0.0003, p2:0.08612
cap8I 43(79.6%) 78(61.4%) 111(64.5%) 166(53.5%) p1:0.0003, p2:0.1326
cap8J 44(81.5%) 79(62.2%) 111(64.5%) 170(54.8%) p1:0.0002, p2: 0.1579
cap8K 43(79.6%) 78(61.4%) 111(64.5%) 166(53.5%) p1:0.0003, p2:0.1326
icaA 54(100%) 125(98.4%) 171(99.4%) 309(99.7%) -
icaB 54(100%) 126(99.2%) 171(99.4%) 309(99.7%) -
icaC 54(100%) 125(98.4%) 170(98.8%) 308(99.4%) -
icaD 54(100%) 126(99.2%) 171(99.4%) 310(100%) -
icaR 54(100%) 124(97.6%) 170(98.8%) 310(100%) -
clfA 33(61.1%) 95(74.8%) 133(77.3%) 223(71.9%) -
clfB 37(68.5%) 92(72.4%) 123(71.5%) 252(81.3%) -
cna 12(22.2%) 15(11.8%) 32(18.6%) 79(25.5%) -
ebp 54(100%) 120(94.5%) 164(95.3%) 288(92.9%) -
fnbA 17(11.6%) 49(38.6%) 54(31.4%) 120(38.7%) -
fnbB 7(13%) 11(8.7%) 8(4.7%) 30(9.7%) -
sdrC 46(85.2%) 112(88.2%) 141(82%) 244(78.7%) -
sdrD 37(68.5%) 71(55.9%) 82(47.7%) 166(53.5%) p1:0.0409, p2:0.6534
sdrE 49(90.7%) 113(89.0%) 145(84.3%) 226(72.9%) p1:0.0049, p2:0.0003
p1: Statistical analysis between strong biofilm group and none biofilm group;

p2: Statistical analysis between moderate biofilm group and none biofilm group.

Fig. 5  Antimicrobial susceptibility profiles of biofilm-positive and biofilm-negative MRSA isolates
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The differences in specimen types
In all specimen types, the biofilm positivity rate is con-
sistently above 50%. The positive rate of biofilm among 
sputum samples was the highest (90/156, 57.7%). Blood 
specimens have the highest biofilm negativity rate 
(99/207, 47.8%), followed by pus/ Discharge /catheter tips 
(119/261, 45.6%) (Fig. 6).

Discussion
The increasing prevalence of MRSA infections poses a 
significant threat to human health, and the clinical chal-
lenge is particularly pronounced with MRSA strains that 
possess the ability to produce biofilms. Biofilms, encap-
sulated in a self-produced extracellular polymeric matrix, 
adhere to both living and non-living surfaces [21, 22]. The 
formation of biofilms enhances the pathogenicity and 
antibiotic resistance of bacteria in adverse environments 
[23], providing a unique opportunity for sustained infec-
tions, antibiotic resistance, and immune evasion [24]. In 
this study, we sequenced 663 MRSA strains that were 
prevalent in China over the past six years, assessed their 
biofilm production capabilities, and analyzed the rela-
tionships between biofilm production, different regions 
in China, various ST types, biofilm-related genes, and 
antibiotic resistance.

The ability of S. aureus to produce biofilm is considered 
to contribute to issues such as food poisoning, antibiotic 
resistance, and many other problems [25, 26]. In our sur-
vey, 8.1% of MRSA were strong biofilm producers, 19.2% 
were moderate biofilm producers, and 25.9% were weak 
biofilm producers. Almost all MRSA strains we collected 
tested positive for the icaA, icaB, icaC, and icaR, and the 
prevalence of these four genes did not differ in terms of 
biofilm production capabilities. This suggests that the 
presence of genes encoding PIA/PNAG is not the sole 
determinant of biofilm production capability. While Lin 

Chen et al.‘s study indicated a difference in the detec-
tion rate of the icaD between strong and weak biofilm-
producing strains [27], our results showed that the icaD 
was detected in almost all MRSA strains. Furthermore, 
compared to isolates without biofilm production capa-
bility, isolates with strong biofilm production capabil-
ity had a higher prevalence of the sdrD and sdrE. This is 
partially consistent with previous research [27, 28]. The 
cna is the only recognized S. aureus gene encoding a spe-
cific collagen-binding adhesin [29]. Our results indicate 
that among cna-positive isolates, those without biofilm 
production capability had the highest frequency (79/137, 
57.7%). Another study reported that cna-positive iso-
lates (20%) were identified as moderate or strong biofilm 
producers [30]. In contrast, Khoramian et al. [31]. found 
no significant difference in the detection rate of the cna 
between these two groups.

S. aureus elastin-binding protein (EbpS) is a complete 
membrane protein that attaches to host cells by binding 
to soluble elastin peptides and intact elastin through its 
exposed N-terminal domain [32]. In this study, the detec-
tion rate of the ebps in 54 biofilm-strong positive MRSA 
isolates was 100%, while in biofilm-negative strains, the 
detection rate of the ebps was 92.9% (288/310). Azara and 
colleagues found that 80.6% of S. aureus isolates collected 
from sheep mastitis samples possessed the ebps. Another 
study indicated that, regardless of their adhesion capa-
bilities, the ebps was detected in all MSSA and MRSA 
clones [33]. The collective findings of these studies sug-
gest that further research is needed to elucidate the role 
of the ebps in the process of biofilm formation.

Barbu EM et al. found that sdrCDE knockout strains 
exhibited a decrease in biofilm formation ability com-
pared to wild-type strains [8]. According to our research 
results, the percentage of strong biofilm producers car-
rying sdrD was 68.5%, while the detection rate of sdrD in 

Fig. 6  Specimen types of MRSA isolates in this study
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biofilm-negative isolates was 53.5%. Similarly, the detec-
tion rate of sdrE in strong biofilm-producing isolates was 
90.7%, in moderately strong biofilm-producing isolates 
was 89.0%, and in biofilm-negative isolates, the detection 
rate of sdrE was 72.9%. This suggests that SdrD and SdrE 
may be important molecules for bacterial cell-cell adhe-
sion and subsequent biofilm formation.

Capsular polysaccharide (CP) is a component of bac-
terial cell walls that promotes cell adhesion to medical 
devices. S. aureus CP has been classified into 11 types, 
with only types 5 and 8 (encoded by the genes CAP5 
and CAP8, respectively) present in 80–90% of clinical 
strains [34–36]. Studies have found a significant asso-
ciation between capsular genotype and phenotype with 
the amount of biofilm formation [37]. CP formation is 
reported to contribute to virulence mechanisms and 
reduce antibiotic sensitivity [38]. As shown in Table 2, the 
gene positivity rates for cap8H, cap8I, cap8J, and cap8K 
differ among MRSA strains with different biofilm growth 
intensities. The gene positivity rates of cap8H, cap8I, 
cap8J, and cap8K in strong biofilm-producing MRSA are 
higher than in biofilm-negative MRSA, and this differ-
ence is statistically significant.

The formation of biofilms contributes to bacterial viru-
lence mechanisms and resistance to antibiotics and harsh 
environmental conditions. Broadly speaking, there are 
two mechanisms that lead to biofilm-mediated resistance 
[39]. The first is due to limited diffusion or exclusion 
caused by the biofilm matrix itself, preventing antimi-
crobial drugs from reaching their targets. The second 
mechanism involves physiological changes in bacteria 
residing in biofilms compared to planktonic bacteria [40, 
41]. In this study, 53.2% of MRSA isolates demonstrated 
the ability to produce biofilms, and MRSA without bio-
film production capability exhibited higher sensitivity to 
cell wall-targeting antibiotics such as cefalotin, daptomy-
cin, mupirocin, teicoplanin, fusidic acid, and dalbavancin 
compared to biofilm-producing MRSA.

This study provides crucial information on the biofilm-
forming capability of a large-scale collection of MRSA 
isolates from China for the first time. Among the MRSA 
strains collected from Guangdong and Jiangxi provinces, 
the predominant types were moderate and weak biofilm 
producers. In contrast, in MRSA strains from other prov-
inces, weak biofilm producers were predominant among 
strains capable of producing biofilms. These regional dif-
ferences may be associated with various factors such as 
environmental conditions, host factors, and the genetic 
background of bacterial strains. These results offer initial 
insights into the biofilm-forming capabilities of MRSA 
in different regions. Our study identified a correlation 
between certain sequence types (STs) and biofilm-form-
ing capability. In this study, ST239 (8/58, 13.8%) biofilm 
had the highest strong positive rate, followed by ST5 

(8/78, 10.3%) and ST59 (15/192, 7.8%).ST5 had the high-
est overall biofilm positivity rate (50/78, 64.1%). These 
findings are somewhat consistent with previous research 
in China [42, 43]. S. aureus within biofilms often exhib-
its reduced responsiveness to antibiotics, significantly 
limiting the antibiotic choices for clinical treatment of 
S. aureus infections [44]. However, our results indicate 
that S. aureus with strong biofilm-forming capabilities 
does not consistently demonstrate more severe antibiotic 
resistance, suggesting the need for further research to 
explain this phenomenon.

Conclusions
In conclusion, our study gathered MRSA isolates from 
multiple tertiary hospitals in China. The comprehensive 
analysis of biofilm formation, related adhesion genes, 
antibiotic resistance profiles, regional distribution, and 
other relevant factors undoubtedly contributes to the 
control and prevention of MRSA infections in tertiary 
hospitals.

Methods
Sample collection and antimicrobial susceptibility testing
From 2014 to 2020, non-repetitive MRSA isolates were 
collected from seven provinces and cities in China, 
including Guangdong, Jiangxi, Hubei, Sichuan, Inner 
Mongolia, Zhejiang, and Shanghai. In each of these 
regions, a representative tertiary teaching hospital was 
selected for in-depth investigation. MRSA isolates were 
cultured on Columbia blood agar plates at 37 °C (± 1 °C) 
for 16–18 h. Confirmation was done through colony mor-
phology, Gram staining, cell morphology, catalase, and 
coagulase tests using standard laboratory procedures. All 
isolates were re-identified as species using MALDI-TOF 
MS (Bruker Daltonics GmbH, Bremen, Germany). Before 
identification, standard calibration mixtures with Esch-
erichia coli (ATCC 8739) extracts were used for quality 
control and calibration. Further antimicrobial suscepti-
bility testing was conducted on all isolates using the stan-
dard methods provided by the VITEK 2 Compact system 
(bioMérieux, Marcy-l’Étoile, France). The strains in this 
study originated from the research of Wang B et al. [45]
and Zhu H et al. [46]. , with the antimicrobial suscepti-
bility test results of MRSA in this study referring to the 
findings of Wang B and Zhu H.

Identification of biofilm production ability of MRSA
Based on the previously reported method [47], static 
biofilm formation assays were conducted using a 96-well 
polystyrene plate (NEST, Wuxi, China). MRSA obtained 
from the culture was inoculated at a ratio of 1:100 in TSB 
medium containing 0.5% glucose, and the cultures were 
incubated without shaking at 37  °C for 24  h. Addition-
ally, control wells containing only TSBG and MRSA were 
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included. After 24  h of incubation, wells were washed 
three times with phosphate-buffered saline (PBS). The 
biofilms were fixed with 99% methanol for 15  min, and 
excess solution was removed. Subsequently, the biofilms 
were stained with crystal violet for 10  min and washed 
with running water until water became colorless. After 
adding 30% acetic acid, the absorbance at OD600 was 
measured. Following the method of Mohsen Mirzaee et 
al. [48]. Optical density cut-off (ODc) was determined. 
It is defined as average OD of negative control + 3×stan-
dard deviation (SD) of negative control. Formation of 
biofilm by isolates was analysed and categorised relying 
on the absorbance of the crystal violet-stained attached 
cells. The data calculation has been shown in Table 3. S. 
epidermidis ATCC 35,984 strains were used for strongly 
biofilm-producing control, while S. epidermidis ATCC 
12,228 strains were used to negative control.

ST typing, SCCmec typing and detection of biofilm-related 
genes
The MRSA strains in this study were derived from the 
strains studied by Wang B et al. [45]and Zhu H et al. [46]. 
, based on the results of whole genome sequencing(WGS) 
and bioinformatics analysis completed in the above stud-
ies, for example, STs were inferred using the S. aureus 
MLST database (https://pubmlst.org/organisms/staphy-
lococcus aureus). SCCmec-types were predicted using 
the Center for Genomic Epidemiology website (https://
cge.cbs.dtu.dk/services). Additionally, WGS data were 
used to identify biofilm-related genes using ABRicate 
v1.01 (https://github.com/tagann/abricate) using the 
VFDB database.

Statistical analysis
Prism 6 software (GraphPad, La Jolla, CA, USA) was uti-
lized for the analysis of experimental data. A significance 
level of p < 0.05 was considered statistically.
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