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ABSTRACT

Background: The ica gene of Staphylococcus aureus (S. aureus) plays a vital role in its growth and biofilm
formation. Among them, IcaA and IcaB are critical proteins for synthesizing extracellular poly-
saccharides and biofilms in S. aureus. To investigate whether the formation of S. aureus biofilms can be
inhibited through the IcaA and IcaB proteins by the presence of linezolid. Methods: The icaA and icaB
genes of S. aureus ATCC 25923 were silenced by homologous recombination. The critical roles of icaA
and icaB in S. aureus were analysed by observing the growth curve and biofilm formation after linezolid
treatment. Then, the effect of linezolid on the morphology of S. aureus was observed by scanning
electron microscopy. Finally, the potential binding ability of linezolid to Ica proteins was predicted by
molecular docking. Results: The icaA- and icaB-silenced strains were successfully constructed, and the
sensitivity of S. aureus to linezolid was decreased after icaA and icaB silencing. Scanning electron
microscopy showed that linezolid caused invagination of the S. aureus surface and reduced the pro-
duction of biofilms. Molecular docking results showed that linezolid could bind to IcaA and IcaB
proteins. Conclusion: IcaA and IcaB are potential targets of linezolid in inhibiting the biofilm formation
of S. aureus (ATCC 25923).
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INTRODUCTION

Bacterial resistance is a serious global problem. In Europe, an estimated 33,000 deaths are
attributed to antibiotic-resistant infections each year [1]. In addition to these morbidities and
mortality, antibiotic-resistant bacteria cause significant economic losses. In the United States,
the annual economic burden of Staphylococcus aureus (S. aureus) is as high as $13.8 billion
[2]. Among them, drug-resistant S. aureus infection is a medical problem threatening human
health and a major threat to the health of all humankind, and the formation of S. aureus
biofilms exacerbates this threat. The infection rate and mortality rate caused by S. aureus
biofilm infection are increasing year by year. S. aureus with biofilm morphology can cause
various problems, including blood, respiratory infections [3], and chronic osteomyelitis [4].
One of the most dangerous infections caused by S. aureus is bacteremia.

The ability of biofilm formation is one of the most important virulence factors in
S. aureus, which enables bacteria to resist or abolish the effects of different antibiotics.
The genes in S. aureus that mainly affect the formation of biofilms are the ica A, ica B, ica C
and ica D genes, which encode operons and surface proteins, also called biofilm-associated
proteins [5]. Biofilm formation by S. aureus spheres greatly promotes their survival and
virulence. The polysaccharide intercellular adhesin (PIA) mediates bacterial intercellular
adhesion and biofilm formation [5]. PIA is produced and secreted by the proteins encoded in
the intercellular adhesion (icaABCD) operon [6]. Among these, the icaA gene is thought to be
responsible for biofilm production, and the icaA-encoded N-acetylglucosaminyltransferase
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is capable of synthesizing N-acetylglucosamine oligomers
[7]. IcaB, a 259 amino acid polypeptide with a potential signal
sequence, is a cell surface attachment enzyme, and IcaB is
responsible for deacetylating the acetyl group of the N-ace-
tylglucosamine molecule with PIA deacetylase activity. By
deacetylation, IcaB introduces a net positive charge into PIA,
which allows the polymer to attach to the bacterial surface
stably. It is essential for PIA-mediated phenotypes [8]. In
addition, IcaC is necessary for linking the short oligomers
into longer polymer chains, and it is involved in translocation
of these chains to the cell surface [9]. IcaD, together with
IcaA, produces short PIA/PNAG oligomers [9].

Linezolid is a synthetic oxazolidinone antibiotic that
binds to the ribosomes of bacteria and inhibits protein syn-
thesis, thereby preventing the formation of bacterial biofilms.
It has been approved as a drug for treating staphylococcal-
caused skin and soft tissue infections [10]. Studies have also
shown that oxazolidinone antibacterial drugs at the sub-
minimum inhibitory concentration (MIC) can inhibit the
formation of biofilms in drug-resistant S. aureus, and one
of its possible mechanisms of action is that the drug may
inhibit the production of exopolysaccharides by binding to
IcaA and/or IcaB proteins [11].

Based on the above study, this research will focus on the
molecular mechanism of linezolid against the formation of
S. aureus biofilms and will mainly reveal the critical pro-
teins for synthesizing the above two extracellular poly-
saccharides. The inhibitory mechanism of linezolid on
S. aureus was investigated by silencing icaA and/or icaB
expression in S. aureus. This study is expected to promote
the research and development of new drugs against S. aureus
biofilm infection and provide new ideas for the clinical
treatment of S. aureus biofilm infection.

MATERIALS AND METHODS

Materials

Escherichia coli DH5a, S. aureus RN4220 and ACTT25923
and the temperature-sensitive shuttle carrier plasmid pBT2
were purchased from ATCC. Linezolid (PZ0014, SIGMA-
ALDRICH), erythromycin (HY-B0220), ampicillin (HY-
B0522), and chloramphenicol (HY-B0239) were purchased
from MedChemExpress (New Jersey, USA). Yeast extract
(lp0021) and tryptone (lp0042) were purchased from Oxoid
(UK). The high-fidelity enzyme, KOD enzyme and other kits
used in PCR were purchased from Vazyme (Nanjing,
China). The PCR primers were synthesized by Genwiz
(Suzhou, China).

Competent cell preparation

Two S. aureus strains, RN4220 and ATCC25923, were
cultured overnight in 3–5 mL of LB, and then 1 mL of this LB
solution was added to 100 mL of fresh culture medium
(OD550 at 0.01). They were grown at 37 8C (shaker) to an
OD550 of 0.2–0.25. It usually takes 2–2.5 h (Check OD 2 h
later. The cells were checked every 15 min until the culture

reached the target OD. It significantly decreased electropo-
ration efficiency after OD550>0.3. S. aureuswere then washed
four times with 0.5 M sucrose (17% v/v) in ice, from 100mL to
25 mL, to 10 mL, to 1 mL. A table-top centrifuge can be used,
set at 9 8C and rotated at 3,000 rpm. Finally, the cells were
resuspended in 500 mL 0.5 M sucrose and frozen at �80 8C.

Construction of a mutant strain of the S. aureus ica
operon

The genomic information of S. aureus ATCC25923 (S. aureus
subsp. aureus strain) was found through the NCBI website
(https://www.ncbi.nlm.nih.gov/nuccore/CP009361). Primers
were designed through the website https://crm.vazyme.com/
cetool/multifragment.html.

Construction of the icaA deletion strain

Homologous recombination vectors were constructed. DNA
fragments (icaA-up and icaA-down) approximately 400 bp
upstream and downstream of the icaA gene were amplified
by PCR. The erythromycin resistance gene sequence ermB
was amplified by PCR using the engineering plasmid
pMG36e as a template. Since there is a 37-bp overlapping
region between the icaA gene CDS region and the icaD gene
CDS region, the deletion of bases 1-1202 in the icaA CDS
was chosen to avoid effects on icaD gene function.

Digestion and ligation separated these three-component
amplification sequence fragments into the pBT2 vector
(Table 1). This ligation product was transformed into E. coli

Table 1. icaA deletion primers

Primers 50→30

icaA-up-F-EcoRI CGA GAA TTC CAG AAA ATT CCT
CAG GCG TA

icaA-up-R-KpnI CGG GGT ACC TTT CTT TAC CTA
CCT TTC G

icaA-down-F-XbaI TCT GTT CTA GAA TGG TCA AGC
CCA GAC AGA G

icaA-down-R-HindIII CGT AAA GCT TTC GCT TTT CTT
ACA CGG TGA

ermB-F-KpnI CGG GGT ACC ATG AAC GAG AAA
AAT ATA AAA C

ermB-R-XbaI GCG GGT CTA GAT TAC TTA TTA
AAT AAT TTA TAG

Amplification 1-F CCG GGT ACC GAG CTC GAA TTC
TTC CAG AAA ATT CCT CAG GCG

Amplification 1-R AAT TCT TTA CCT ACC TTT CGT
TAG TTA GGT

Amplification 2-F CGA AAG GTA GGT AAA GAA TTA
CTT ATT AAA TAA TTT ATA GCT

ATT GAA AAG AGA
Amplification 2-R TGG GCT TGA CAT GAA CGA GAA

AAA TAT AAA ACA CAG TCA
Amplification 3-F TCT CGT TCA TGT CAA GCC CAG

ACA GAG GGA A
Amplification 3-R CAT CGC AGT GCA GCG GAA TTC

GCT TTT CTT ACA CGG TGA TAA
TTT AAT G
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DH5a, and monoclonal strains containing the correct re-
combinant vector were obtained by selecting Luria-Bertani
(LB) culture plates containing ampicillin. The recombinant
vector was extracted and digested and verified by sequencing
before use. The recombinant vector was electroporated into
the S. aureus RN4220 strain for modification. The modified
recombinant vector is not digested by the limiting enzyme
system of other S. aureus host strains. Then, corrected re-
combinant mutants were screened. Monoclonal strains were
selected through BHI culture plates containing erythro-
mycin, cultured at 30 8C until the end of platform growth,
and cultured overnight at 40 8C. After 100-fold dilution, they
were transferred to fresh BHI culture medium overnight
culture. Agar plates containing erythromycin were prepared
after 100-fold dilution of overnight culture to select eryth-
romycin-resistant and chloramphenicol-sensitive mono-
clonal strains. Genomic DNA from the monoclonal strains
was screened and extracted, and PCR was used to verify that
the correct gene deletion mutants were obtained.

Construction of the icaB deletion strain

Homologous recombination vectors were constructed, the
primers are shown in Table 2. DNA fragments approxi-
mately 400 bp upstream and downstream of the icaB gene
were amplified by PCR (icaB-up and icaB-down), and the
erythromycin resistance gene fragment ermB was amplified
by PCR using vector pMG36e as a template. (Due to the
presence of a 4/14 overlap region between the icaB gene CDS
region and the icaD/icaC gene CDS region, bases 5 – 859 in
the icaB CDS were selected to avoid effects on icaD/icaC gene
function.) The method is the same as above.

Construction of the icaA/B deletion strain

In the middle of the icaA and icaB genes is the icaD gene.
Therefore, the icaA-up homologous fragment was first
cloned into pBT2 by double digestion to obtain pBT2-icaA-
up. Then, icaB-down was cloned into the vector to obtain
pBT2-icaA-up-icaB-down, and then the erythromycin
resistance gene fragment ermB and icaD gene fragments
were cloned into pBT2-icaA-up-icaB-down to obtain pBT2-
icaA-up-ermB-icaD-icaB-down. The amplification of ermB
and icaD gene fragments fused the two sequences by a two-

step PCR method, and the primers are shown in Table 3.
Subsequent processes were as described previously. Finally,
the absence of genes in the target strain was verified by PCR,
and the primers are shown in Table 4.

Electrotransfer

Then, 100–160 mL of plasmid DNA was added to the
competent S. aureus. Incubate on ice for 15 min. Add 1 mL
carrier and mix well. A BIO-RAD electrotransfer instrument
(Gene Pluser XcellTM, Electroporation System) was used,
and electroporation conditions of 2.5 kV, 200Ω, and 25 mF
were immediately added to the test tube after electric shock,
incubated at 30 8C for 2 h, placed on the appropriate anti-
biotic selective culture plate, and incubated in an incubator
at 30 8C for 24–48 h.

Minimal inhibitory concentration

Adopt the double dilution method, and add 2 mL of liquid
culture medium into 10 test tubes, in which 2 mL of linezolid
(100 mg mL�1) is added into the first tube. Then, successively
take 2 mL from the previous gradient and add it into the next
tube; discard half from the last tube, and add 0.1 mL of
bacterial solution into the remaining 2 mL. The blank control
without drug was used. The concentration gradients were
100, 50, 25, 12.5, 6.25, 3.125, 1.562, 0.781, 0.390, and 0.195 mg
mL�1, which were statically cultured in a 37 8C constant
temperature incubator for 24 h. Clear sterility in the medium
was used as the minimum inhibitory concentration.

Determination of the zone of inhibition

A punch printed out a circular filter paper with a diameter
of 0.7 cm. After dry heat sterilization, it was added to the
linezolid solution solubilized with DMSO at concentrations

Table 2. icaB deletion primers

Primers 50→30

icaB-up-F-EcoRI CGA GAA TTC CGA GAA AAA GAA
TAT GGC TGG A

icaB-up-R-KpnI ATA GGT ACC TCA CGA TTC TCT
CCC TCT CTG

icaB-down-F-XbaI TCT GTT CTA GAA TGA AAA AGA
TTA GAC TTG AAC

icaB-down-R-HindIII CGC GAA GCT TAA AGA ATT GCA
TGA TAA CAA CGA

ermB-F-KpnI CGG GGT ACC ATG AAC GAG AAA
AAT ATA AAA C

ermB-R-XbaI GCG GGT CTA GAT TAC TTA TTA
AAT AAT TTA TAG

Table 3. icaA and icaB deletion primers

Primers 50→30

Erm-R GCT TGA CCA TTT ACT TAT TAA
ATA ATT TAT AG

icaD-F TAA TAA GTA AAT GGT CAA GCC
CAG ACA GAG

icaD-F-xbaI TCT GTT CTA GAT CAC GAT TCT
CTC CCT CTC TG

ermB-F-KpnI CGG GGT ACC ATG AAC GAG AAA
AAT ATA AAA C

ermB-R-XbaI GCG GGT CTA GAT TAC TTA TTA
AAT AAT TTA TAG

Table 4. icaA and icaB deletion validation primers

Primers 50→30

icaA-F-104 TGA ACA AGA AGC CTG ACA T
icaA-R-404 GCA TCC AAG CAC ATT ACA TA
icaB-F-55 GTA AGC ACA CTG GAT GGT
icaB-R-791 TAA TCA TTG GAG TTC GGA GT
16S rRNA-F GCT GCC CTT TGT ATT GTC
16S rRNA-R AGA TGT TGG GTT AAG TCC C
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of 0, 0.156, 0.3125, 1.75, 2.5, 5.0, and 10 mg mL�1 and pasted
on an agar plate coated with ATCC 25923. The inhibition
zone size was observed after 24 h of culture at 37 8C.

Biofilm formation

Add 190 mL of TSB solution to each well of a sterile 96-well
plate according to reference [12] and inoculate 10 mL of a
bacterial suspension with an optical density (OD595) of 0.6 in
the culture medium. The blank group was treated with 10 mL
DMSO, and the experimental group was treated with 10 mL
linezolid solutions at concentrations of 0.4375, 0.875, 1.75,
2.5, and 5.0 mg mL�1. The 96-well plates were then incubated
for 16 h at 37 8C. After aspirating the bacterial solution,
methanol (used as a fixative) was added to fix the biofilm. The
plate was washed twice with phosphate-buffered saline and
air-dried. Then, 200 mL of crystal violet solution (0.2%) was
added to all wells as a dye to quantify the biofilm. After 5 min,
excess crystal violet was removed, and the plate was washed
twice and air-dried. Finally, the cell-bound crystal violet was
solubilized using a solubilizing agent of 33% acetic acid. The
absorbance at OD570 nm was measured using a microplate
reader. Three wells were repeated for each concentration.

Scanning electron microscopy (SEM)

Different types of gene deletion S. aureus were cultured in
5 mL medium overnight (37 8C, 220 rpm), and 50 mL of
500 ng mL�1 linezolid solution was added to the bacterial
solution the next day and cultured for another 24 h. With
appropriate modifications according to the method of
Boudjemaa et al. [13], the bacteria were centrifuged at
3,000 g for 10 min, and 2% glutaraldehyde solution (v/v) was
added to the cell suspension at room temperature. They were
then fixed for 2 h at room temperature. Afterward, glutaral-
dehyde was removed by rinsing three times with phosphate
buffered saline for 10 min each. They were dehydrated step by
step in different concentrations of ethanol (30%, 50%, 70%,
80%, 90%, and 100%), dried, and finally placed under a
scanning electron microscope for observation.

Molecular docking

The 3D structure of the compound linezolid was downloaded
from the PubChem database (https://pubchem.ncbi.nlm.nih.
gov/). The 3D structures of IcaA and IcaB proteins were
downloaded from the AlphaFold Protein Structure Database
(https://alphafold.ebi.ac.uk/entry/) and PyMol was used to
remove water molecules and add hydrogen atoms. AutoDock
Vina 1.1.2 was used for molecular docking. Since there are no
reports of relevant active sites, we used the radius of 20 units
from the center of the protein as the protein active site and
other parameters as the default. Finally, the conformations
with the lowest docking binding energy were analysed with
PyMol for docking binding mode analysis.

Statistical analysis

Statistical analysis was performed using SPSS 20.0 statistical
software. The results are expressed as the mean ± standard

deviation (X ± SD). The data of two groups were compared
by t-test, and multiple groups were compared by one-way
analysis of variance (ANOVA). P< 0.05 was considered sta-
tistically significant.

RESULTS

Plasmid construction and gene validation

The plasmid was constructed based on E. coli DH5a. icaA-up,
icaA-down, icaB-up, and icaB-down were amplified using the
genome sequence of S. aureus as the template. The ermB
sequence fragment was obtained by amplification using the
pMG36e plasmid as a template. The PCR amplification re-
sults showed that ermB was obtained (Fig. 1A). The size of
ermB was approximately 750 bp. The upstream and down-
stream fragments of icaA and icaB were approximately 500
bp, which was consistent with the expected results, and the
band brightness was high, indicating that the product con-
centration could be used for subsequent experiments. The
PBT2 vector was also linearized and amplified using PBT2 as
a template to obtain a PBT2 linearized vector with a size of
approximately 6,000 bp (Fig. 1B), which was consistent with
the expected results and used in subsequent experiments. The
obtained products were subjected to homologous recombi-
nation. The results are shown in Fig. 1C. The three-fragment
ligation product was approximately 1,500 bp, which was
consistent with the expected results, and then the bacterial
solution sent for positive colonies was sequenced for further
verification.

Afterward, the constructed plasmid was transferred into
RN4220. Through the processing and modification of
RN4220, the plasmid was more stable and not easily
degraded by the host strain ATCC 25923. The three suc-
cessfully constructed plasmids were transferred into ATCC
25923, and antibiotics screened the target colonies. PCR
experiments were performed by designing primers and
extracting bacterial DNA. The results showed that the
selected strains were the same as wild-type ATCC 25923 by
16S RNA sequencing. According to the PCR results
(Fig. 1D), A1 had no icaA fragment band, B2 had no icaB
fragment band, and C2 had no icaA and icaB fragment
position bands, indicating that these three strains had been
successfully constructed.

Effect of linezolid on drug susceptibility in ica-silenced
ATCC 25923

Through the determination of the minimum inhibitory
concentration experiment, we found that turbidity still
appeared in the tubes of 3.125, 1.562, 0.781, 0.390, and
0.195 mg mL�1, indicating the growth of bacteria, while
the culture medium was evident at a concentration of
6.25 mg mL�1. Therefore, it is considered that the minimum
inhibitory concentration in this experiment is 6.25 mg mL�1.

Through drug testing on 96-well plates, we found that
after the addition of 10 mM linezolid, the wild-type strain
had no significant difference in the early inhibitory effect
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compared with the other three deletion strains, and after
8 h, the OD value of the deletion strain was significantly
higher than that of the wild-type (Fig. 2), indicating that the
inhibitory effect of the drug on deletion S. aureus was
reduced.

As shown by the trend of inhibition zones (Fig. 3),
DMSO did not affect the growth of S. aureus. In contrast,
linezolid’s inhibition of S. aureus increased with increasing
concentration, and the inhibition zone of the deletion strain
was significantly smaller than that of the wild type (P <
0.05). In addition, it can be found that the inhibition zone
diameter of the icaA deletion strain is larger than that of the
B deletion strain, and it is speculated that linezolid has a
greater effect on icaA than icaB. There was no significant

difference between the 5 mg mL�1 and 10 mg mL�1 con-
centrations in AB-deleted S. aureus (P> 0.05).

Effect of ica deficiency on biofilm formation of ATCC
25923

Through a study on the biofilm formation ability of S. aureus,
it was found that linezolid could reduce the biofilm formation
ability of S. aureus, and the biofilm formation ability of the
deletion type was lower than that of the wild type without
linezolid (0mg mL�1). In addition, strains with the icaA
deletion had a greater decrease in biofilm competence than
those with the icaB deletion, indicating that icaA had a more
significant effect on biofilm formation than icaB (Fig. 4).

Fig. 2. Growth curves of different deletion types of S. aureus. No significant manufacturing differences were observed for S. aureus without
linezolid. Growth curves differed when linezolid was added (W: wild-type strain, A-: icaA deletion strain, B-: icaB deletion strain, A-B-: icaA

and B deletion strain). Compared with W þ linezolid, p P<0.05

Fig. 1. PCR results. (A) PCR amplification results of icaA, icaB and ermB; the size of the gene fragment was expected. (B) The sequence size
of the PBT2 linearized vector was approximately 6,000 bp. (C) The three-fragment ligation product size was approximately 1,500 bp, which
was consistent with the expected result. (D) Homologous recombinant S. aureus was verified by PCR, and the results showed that A1 was

missing the icaA fragment, B2 was missing the icaB sequence, and C2 was missing the icaA and icaB sequences
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Effect of linezolid on the surface morphology of ATCC
25923

As shown in Fig. 5, a dense biofilm is formed in wild-type
S. aureus, and the addition of linezolid damages the bacte-
rial surface. This showed that linezolid was indeed able to
affect the surface morphology of S. aureus, leading to the

rupture of some bacterial individuals and thereby inhibiting
bacterial growth. It was found that the adhesion between
bacteria decreased to some extent after drug addition, with
no significant bonding between bacterial individuals.

Molecular docking results

According to the molecular docking results, linezolid can
bind the IcaA and IcaB proteins with binding energies of
�7.9 kcal mol�1 and �5.0 kcal mol�1, respectively, and
linezolid presents better binding ability to IcaA. In addition,
as seen from the 2D interaction plot, linezolid forms
hydrogen bonds with the amino acid residue Asp227 of IcaA
(Fig. 6A), forming a hydrophobic interaction with Trp267.
There are van der Waals forces with amino acid residues
Val383, Asn380, Val384, Ala268, Thr200, Ile228, Gly203,
Val204, Tyr181, Ser202, Ile185, Pro164, Arg264, and
Asn199. It forms hydrogen bonds with amino acid residues
Leu252 of IcaB and van der Waals forces with Met233,
Leu232, Gly231, Tyr230, Tyr75, Glu253, Ser251, Asn74,
Leu270, and Glu254 (Fig. 6B).

DISCUSSION

S. aureus can cause various infections, such as skin and soft
tissue injuries to fatal conditions, osteomyelitis, endocarditis,
pneumonia, and sepsis [14]. In recent years, the morbidity
and mortality of diseases caused by S. aureus have increased
significantly, seriously endangering human life and health,
mainly due to bacterial resistance. While biofilm formation
is a significant cause of increased bacterial resistance,

Fig. 4. Determination of the biofilm formation ability of linezolid
against different deletion types of S. aureus (16 h). At linezolid

concentrations less than 2 mg mL�1, the ability of S. aureus biofilm
formation with ica deletions was lower than that of the wild type.
The difference was not significant at concentrations when linezolid
was greater than 2 mg mL�1 (W: wild-type strain, A-: icaA deletion
strain, B-: icaB deletion strain, A-B-: icaA and B deletion strain).

Compared with W, p P<0.05

Fig. 3. Inhibition zones of linezolid against different deletion types of S. aureus. Wild-type S. aureus is most susceptible to linezolid
(W: wild-type strain, A-: icaA deletion strain, B-: icaB deletion strain, A-B-: icaA and B deletion strain). Compared with W, p P<0.05
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S. aureus biofilm formation can act as a natural barrier against
bacteriostatic agents [15, 16]. The mechanism of biofilm
production in staphylococci is related to the synthesis of the
polysaccharide intercellular adhesin PIA by the intercellular

adhesion gene cluster (icaADBC) [17, 18]. IcaA is a trans-
membrane glucosyltransferase, which together with icaD
produces short PIA/poly-N-acetyl-b-(1-6)-glucosamine
(PNAG) oligomers [19]. IcaB is responsible for the partial

Fig. 6. Molecular docking results. (A) Linezolid forms hydrogen bonds with amino acid residue Asp227 of IcaA, forming a hydrophobic
interaction with Trp267. (B) Linezolid forms hydrogen bonds with amino acid residue Leu252 of IcaB

Fig. 5. SEM was performed to observe the effect of linezolid on the proliferation of S. aureus. (A) Wild type. (B) Wild type þ linezolid.
(C) icaA deletion þ linezolid. (D) icaB deletion þ linezolid
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deacetylation of PIA/PNAG molecules, which are necessary
for retention on the cell surface [20]. The icaA gene is found
in many environments in S. aureus, and in animals, icaA is
detected in greater than 40% of S. aureus [21]. Some studies
have even found that icaA accounted for the highest detec-
tion rate of S. aureus detected in milk, up to 63.3%, and
developed drug resistance [22]. In methicillin-resistant
S. aureus, increased expression of ica is a major cause of
biofilm formation capacity [23]. Therefore, this study will
focus on IcaA and IcaB, two critical proteins in synthesizing
extracellular polysaccharides. To survey the molecular
mechanism of linezolid against the formation of S. aureus
biofilms. At the same time, a new target for IcaA and Ica B
by linezolid was sought to provide a research basis for the
preclinical evaluation of antimicrobial biofilm drugs. Ulti-
mately, it provides a new strategy for the treatment of in-
fections against drug-resistant S. aureus.

In this study, we first constructed defective plasmids and
detected the essential biological functions of these three
strains after silencing the icaA, icaB, and icaA/B genes of
S. aureus and found that the growth rate of S. aureus was
inhibited under the action of the drug line zolid. However,
the growth rate of defective S. aureus was significantly
increased compared with that of the wild type. These results
suggest that IcaA and IcaB may be drug targets of linezolid.
The drug’s inhibition rate of S. aureus growth decreased
after deleting these two essential target proteins. This result
suggests that linezolid can inhibit the growth of S. aureus to
some extent by targeting IcaA/B. From the biofilm forma-
tion assay, the biofilm formation ability of the defective
strain was significantly decreased compared with that of the
wild type. It is concluded that linezolid can reduce the ability
of S. aureus biofilm formation to some extent, thereby
indirectly inhibiting biofilm formation. Previous studies
have found that the ica locus is conserved between Staphy-
lococcus epidermidis and S. aureus. In contrast to S. epi-
dermidis, in vitro, PIA production and biofilm formation are
evident in most S. aureus strains. They are often observed
only under stringent in vitro conditions, such as low oxygen
[24]. This also contributes to the low biofilm formation
capacity we observed for S. aureus.

Our experiments also found that linezolid significantly
differed in inhibitory ability on broth medium and agar
plates. Since bacteria grown in flat biofilms are very different
from the same bacteria grown in suspension culture, they
have different growth environments and growth character-
istics and absorb nutrients and drugs in different ways [25].
This leads to some differences in the inhibitory ability of the
drug against bacteria. In addition, antimicrobials can pre-
vent bacterial adhesion when exposed to bacteria before
biofilm formation [26]. This also resulted in a higher colony-
forming ability on the plates than on the colonies in the
broth. In addition, in this study, we observed control and
icaA- and icaB-silenced S. aureus by scanning electron mi-
croscopy and found that control bacteria presented normal
cell morphology and showed biofilm appearance. In
contrast, silenced bacteria showed biofilm reduction and
bacterial rupture after linezolid treatment. Some bacterial

cells exhibit deep pits on their cell walls, which is similar to
the study by El-Nagdy et al. [7].

Drug-resistant S. aureus biofilm infection is a medical
problem threatening human health. Due to the lack of an
anti-biofilm drug evaluation system and the study of the
molecular mechanism of S. aureus biofilm formation,
resulting in the absence of therapeutic means, there is
blindness and uncertainty in the search for drugs. The
above studies preliminarily concluded that linezolid could
inhibit IcaA and IcaB, critical proteins of S. aureus biofilm
formation. Nevertheless, the specific active sites of IcaA and
IcaB could not be determined in the current study. We
predicted the potential binding effect of linezolid by mo-
lecular simulation and found that linezolid has a higher
critical ability for IcaA than IcaB, but this also needs to be
verified in the future. Moreover, the emergence of strains
carrying linezolid resistance genes has recently been re-
ported, drawing more attention to combating S. aureus [27].
Therefore, we need to elucidate the mechanism of action of
linezolid to provide a reference for the development of
drugs in the future.

CONCLUSION

In this study, we investigated the effect of linezolid on the
above two biofilm formation-related target proteins by
silencing icaA and icaB and found that linezolid could inhibit
the growth of S. aureus and biofilm formation to some extent,
which may be related to targeting IcaA and IcaB proteins.
This study provides a research basis for linezolid inhibition of
S. aureus biofilm formation and provides a new strategy for
infection treatment against drug-resistant S. aureus.
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