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A B S T R A C T

Staphylococcus aureus (S. aureus) is a major foodborne pathogen, could lead cause of intestinal infections in 
humans. Antimicrobial peptides, as emerging antimicrobial agents, are gradually replacing traditional agents due 
to their highly effective and safe antimicrobial activity. In this study, a novel peptide, designated as FAM286, was 
identified from TASOR protein of Larimichthys crocea, which had a strong antimicrobial activity against S. aureus 
with a minimum bactericidal concentration (MBC) of 3.9 μg/mL and completed bacteria killing by treatment for 
1.5 h. The FAM286 could increase the permeability and disrupt the integrity of cell membranes. The cell showed 
aggregation phenomenon and entered the apoptosis stage. In addition, the non-bactericidal concentration of 
FAM286 could effectively inhibit the formation of biofilm and remove mature biofilm. Molecular docking ex
periments further verified the binding sites of FAM286 to S. aureus biofilm proteins SarA, AgrA, and Hld. 
FAM286 could also bind the bacterial DNA in an embedded manner, disrupting the structure of DNA and leading 
to the death of bacteria. This study comprehensively evaluated the antimicrobial mechanism of the FAM286 
against S. aureus and provided a theoretical basis for the prevention and control of S. aureus.

1. Introduction

Foodborne diseases are a widely followed health issue worldwide 
(Kumar et al., 2023). Staphylococcus aureus (S. aureus) as a major food
borne pathogen, can contaminate food during food preparation and 
processing, resulting in food poisoning (Bencardino et al., 2021). Sta
tistical analysis of 165 strains of S. aureus isolated from 95 food 
poisoning events from 2006 to 2019 revealed that 90.30% of the strains 
carried genes for high-risk toxins that can cause food poisoning (Wan 
et al., 2023). To prevent such incidents, chemically synthesized pre
servatives are commonly used in the food industry, posing certain safety 
risks to human health (Erickson and Doyle, 2017). Furthermore, the 
increasing misuse of antibiotics has led to the emergence of drug resis
tance in pathogenic bacteria, which in turn has heightened the health 
risks posed by these bacteria to the food industry (Larsen et al., 2016). 
Therefore, it has become an important and urgent task to explore natural 
products with high antimicrobial activity to reduce the reliance of 
chemically synthesized preservatives.

Antimicrobial peptides (AMPs) have received widespread attention 

for their efficient, safe and residue-free bactericidal activity as a po
tential alternative to antibiotics and preservatives, and have broad 
application prospects in the food industry (Tkaczewska, 2020). Most 
AMPs adsorb to the cell membrane of bacteria through electrostatic and 
hydrophobic interactions, causing physical damage to the membrane 
through direct action on the membrane, or entering the interior of the 
cell to act on DNA and proteins to exert antimicrobial activity (S. Li 
et al., 2021). Their non-specific mechanisms do not involve binding to 
specific targets, which making it difficult for bacteria to develop resis
tance. These mechanisms are distinct from the antibiotic inhibition 
mechanisms, which often act as inhibition by interfering with the 
metabolic processes of pathogenic microorganisms (Browne et al., 
2020). AMPs constitute an important part of the non-specific immune 
system of fish, and serve as the first line of defense against various 
pathogens (Liu et al., 2023; Wang et al., 2022). Studies have shown that 
Larimichthys crocea (L. crocea) has a well-developed innate immune 
system (Liu et al., 2017; Wu et al., 2014). After being infected by bac
teria, the expression of many innate immune-related AMPs such as 
Hepcidins (Zhang et al., 2021), Piscidins (Zheng et al., 2018) and 
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β-Defensins (K. Li et al., 2021) was up-regulated, playing crucial roles in 
the defense against bacteria in L. crocea. Therefore, L. crocea is one of the 
promising sources for isolation and identification of AMPs.

In this study, we used ultra-performance liquid chromatography- 
mass spectrometry (UPLC-MS) to search for peptide fragments with 
antimicrobial activity and elucidated the mechanism by which they 
inhibit S. aureus in an attempt to provide theoretical basis for the in
vention of natural antimicrobial agents derived from L. crocea.

2. Materials and methods

2.1. Materials and reagents

L. crocea was obtained from Ningde City, Fujian Province, China. 
Commercial Staphylococcus aureus (ATCC 12600) were obtained from 
the American Type Culture Collection. Nutrient Broth (NB) medium, 
Luria-Bertani (LB) medium was purchased from Huankai Microbial 
Technology (Guangzhou, Guangdong, China), and agar was purchased 
from LabLead Co., Ltd (Beijing, China). ε-Polylysine was purchased from 
Xinyinxiang Biological Engineering Co. (Zhejiang, China). Enrofloxacin, 
norfloxacin, amoxicillin, florfenicol were purchased from Yuanye 
Biotechnology Co. (Shanghai, China). Nisin (900 IU/mg) was purchased 
from Macklin Biochemical Technology Co. (Shanghai, China). TIANamp 
Bacteria DNA Kit (DP302) was purchased from Tiangen Biochemical 
Technology Co. (Beijing, China). Ethidium bromide(EB) dye was pur
chased from West Asia Reagent (Chengdu, Sichuan, China). Kanamycin, 
propidium iodide (PI) dye, nucleic acid dye, 10 × DNA loading buffer, 
and ANNEXIN V-FITC/PI Apoptosis Assay Kit were purchased from 
Solarbio Technology Co. (Beijing, China).

2.2. Screening and synthesis of AMPs

200g of L. crocea were crushed with appropriate amount of ultrapure 
water for 3–5 min, and centrifuged at 1250×g for 20 min. And the su
pernatant was passed through a 3000 Da filter membrane and stored at 
− 20 ◦C for further analysis. The peptide sequences in the supernatant of 
L. crocea were analyzed by ultra-performance liquid chromatography- 
mass spectrometry (UPLC-MS) using a C18 analytical column with a 
length of 25 cm and an inner diameter of 75 μm, and the mobile phase A 
was 0.1% aqueous methanol, and the mobile phase B was acetonitrile. 
The sample was injected into 5 mL for gradient elution in ultra-high 
performance liquid chromatography. The mass spectrometry condi
tions were set as gas flow rate: 40 mL/min, auxiliary gas rate: 10 mL/ 
min, spray voltage: 3.0 kV, capillary temperature: 300 ◦C, S-lens. 50%, 
HCD: 27%. Scan mode was positive ion, Full ms dd-MS2, primary scan: 
resolution 70,000, range 350–1600 m/z, secondary scan: resolution 
17,500, fixed first mass 120 m/z. Dynamic exclusion:10.0 s. The peptide 
information was obtained by searching the database using MAXQUANT 
(v1.6.5.0) software: Larimichthys crocea (Large yellow croaker) (Yang 
et al., 2023).

The hydrophobic ratio and net charge of the resulting peptides were 
calculated using the online software APD3 (Antimicrobial Peptide 
Database 3), and peptides matching the properties of the AMPs were 
screened. The 3D structure of FAM286 was predicted by Swiss-Model 
software, and the resulting tertiary structure was edited and processed 
by Pymol 2.0 software. The peptide was synthesized and purified by a 
commercial company. Scilight Biotechnology Co. Peptides were purified 
to more than 99% purity using HPLC with an Agela C18 column. The 
purity and molecular mass of the purified synthetic peptides were 
determined by liquid chromatography coupled to mass spectrometry 
(LC–MS/ESI) (Yang et al., 2021).

2.3. Determination of antimicrobial activity

2.3.1. Determination of the minimum bactericidal concentration (MBC)
The MBC of the peptide FAM286 against S. aureus was verified by the 

plate colony counting method as described with some modifications 
(Tao et al., 2025). S. aureus suspension was cultured in 20 mL NB me
dium at 37 ◦C for 8 h to logarithmic growth phase, and subsequently 
diluted to a concentration of 105-6 CFU/mL with sterile PBS (0.01 M,pH 
7.2). Peptide FAM286 was first dissolved in sterile PBS, which was fol
lowed by adding an equal volume of the bacterial suspension, and then 
the mixture was cultured for 2 h at 37 ◦C. An equal amount of sterile PBS 
was used as a negative control. 20 μL of the samples were spread on glass 
petri dishes and incubated at 37 ◦C for 24 h for colony counting. Addi
tionally, four common antibiotics (amoxicillin, kanamycin, enro
floxacin, florfenicol) and food preservatives (ε-polylysine, nisin) were 
selected for comparison. The MBC was determined as the lowest con
centration of the sample at which no bacterial growth was observed on 
the agar plate after the incubation period.

2.3.2. Time-kill curve analysis of FAM286
S. aureus was cultured to logarithmic growth phase and diluted to 

105-6 CFU/mL, and an equal volume of FAM286 was added to the bac
terial solution to a final concentration of 1 × MBC, 2 × MBC and 4 ×
MBC, and then incubated at 37 ◦C. An equal volume of sterile PBS (0.01 
M, pH 7.2) was used to culture with bacteria suspensions as negative 
control, kanamycin and ε-polylysine as positive controls. Next, 20 μL of 
the samples were spread on glass petri dishes at 0, 0.5, 1, 1.5, 2, 2.5 and 
3 h. The colonies were counted after culture on NB plates at 37 ◦C for 24 
h (Weng et al., 2023).

2.4. Antimicrobial mechanism of peptide FAM286 against S. aureus

2.4.1. Effect on cell membrane permeability
The antimicrobial activity of the FAM286 was determined according 

to the method described previously with some modifications 
(Ashrafudoulla et al., 2020). S. aureus suspension cultured to logarith
mic growth phase was taken and 1 mL was centrifuged at 6750×g for 1 
min. Then the bacterial precipitate was washed three times with sterile 
PBS (0.01 M pH 7.2) and the concentration of the suspension was diluted 
to 105-6 CFU/mL. An equal volume of FAM286 was mixed with the 
bacterial solution to achieve final concentrations of 1 × MBC, 2 × MBC, 
4 ×MBC. An equal volume of sterile PBS (0.01 M pH 7.2) was used as the 
negative control, kanamycin and ε-polylysine as positive controls. In
cubation was performed at 37 ◦C and absorbance at 260 nm and 280 nm 
was measured every 1 h using a multimode plate reader.

2.4.2. Transmission electron microscopy (TEM)
S. aureus in the logarithmic growth stage was diluted to 105-6 CFU/ 

mL, and an equal proportion of 1 × MBC FAM286 was added and 
incubated at 37 ◦C for 2 h. An equal amount of sterile PBS (0.01 M, pH 
7.2) was used as a control. The precipitate was collected by centrifu
gation at 6750×g for 1 min and washed three times with PBS. And 
double fixed with 2.5% glutaraldehyde and 1% osmic acid solution, and 
dehydrated with graded concentrations (30%, 50%, 70%, 80%) of 
ethanol solution, each concentration was treated for 15 min, and 
thereafter, transitioned to 90% and 95% acetone solution, respectively, 
treated for 15 min. Finally, treated with pure acetone twice, each time 
for 20 min. And after that, it was heated at 70 ◦C for overnight 
embedding. Sections of 70–90 nm were obtained on copper grids. The 
slices were stained with uranyl acetate and lead citrate for 8–10 min, 
dried and then visualized by transmission electron microscopy (Yang 
et al., 2020a).

2.4.3. Effect on cell membrane integrity
1 mL of S. aureus, cultured in LB broth to logarithmic growth phase, 

was centrifuged at 6750×g for 1 min. Then the bacterial precipitate was 
washed three times with PBS (0.01 M, pH 7.2) and the suspension 
concentration was diluted to 105-6 CFU/mL. An equal volume of 
FAM286 was mixed with the bacterial solution so that the final con
centration of it was 1 × MBC, 2 × MBC and 4 × MBC, aliquots of sterile 
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PBS were used as negative control. The samples were incubated at 37 ◦C 
for 2 h. Centrifuge 100 μL and discard the supernatant. 100 μL of PI (30 
μmol/L) dye was added, mixed well and incubated at 4 ◦C for 15 min 
protected from light. After the staining was completed, the samples were 
washed twice with PBS. The fluorescence intensity was measured using 
a multimode plate reader. The excitation wavelength was set at 535 nm 
and the emission wavelength was set at 570–750 nm (Liu et al., 2015). 
And the 1 × MBC FAM286 concentration group was selected for fluo
rescence microscopy based on the above experimental results (Ning 
et al., 2021).

The bacterial fluids of S. aureus at the logarithmic growth stage were 
washed three times with PBS. The concentration of the bacterial sus
pension was diluted to 105-6 CFU/mL. Equal volumes of FAM286 were 
mixed with the bacterial fluids to make the final concentration of 1 ×
MBC and 2 × MBC. PBS was used as the negative control, while kana
mycin and ε-polylysine were used as positive controls. According to the 
instructions of the Annexin V-FITC/PI cell apoptosis detection kit, it was 
tested at 1 h and 2 h, respectively. 100 μL of the sample and 5 μL of 
Annexin V/FITC mixed well at room temperature in the dark for 5 min. 
Subsequently, 5 μL of PI and 400 μL of PBS were added to the sample, 
and flow cytometry detection was immediately performed (Liu et al., 
2022).

2.4.4. Effect on biofilm
The effect of FAM286 on the ability of S. aureus biofilm formation 

was assessed using the crystal violet quantification method as previously 
described (Song et al., 2020). 100 μL of S. aureus bacterial solution at a 
concentration of 105-6 CFU/mL was added to 96-well plates. The 
FAM286 solution was diluted using NB medium to a final concentration 
of 1/16 × MBC, 1/8 × MBC, 1/4 × MBC, 1/2 × MBC, 1 × MBC. Sub
sequently, 100 μL of these different concentrations of FAM286 were 
added to the corresponding wells of the 96-well plate. The same volume 
of NB medium was used as a control group. The 96-well plates were 
incubated at 37 ◦C for 72 h. To evaluate the biofilm degradation effects, 
biofilms were allowed to form and mature for 24 h at 37 ◦C. Then, the 
bacterial suspension was removed and replaced with FAM286 and 
incubated for 2 h. Then, the medium and floating cells were removed, 
and the plates were washed twice with PBS (0.01 M, pH 7.2), and then 
200 μL of methanol solution was added to fix the plates for 10 min. After 
removing the methanol, the plates were allowed to stand until evapo
ration, and then 200 μL of 1% crystalline violet solution was added to 
them, and then they were placed in the dark and stained at room tem
perature for 15 min. Then washed with PBS until no color flowed out. 
The crystalline violet was extracted using a mixture of 10% acetic acid 
and 30% methanol, and the absorbance value was measured using an 
enzyme counter at a wavelength of 600 nm.

The 2D structure of FAM286 was predicted by the software ultra 
v12.0 Chemdraw and converted into a 3D structure and hydrogenated 
with ultra v14.0 ChemBio3D. The crystal structure of S. aureus biofilm 
protein was downloaded from the Protein Structure Data Bank 
(https://www.pdb.org/). Molecular docking analysis was performed by 
the software Autodock Vina 1.1.2. using the FAM286 as the ligand and 
the target macromolecule as the receptor. Docking interaction sites were 
set and the complex with the lowest binding energy was selected as the 
most favorable binding mode and visualized using Pymol 2.0, as 
described by Li et al. (2023).

2.4.5. Interaction between FAM286 and bacteria DNA
DNA of S. aureus was extracted using a bacterial genomic DNA kit, 

and the resulting DNA was determined by ultra-micro spectrophotom
eter to determine the concentration and the purity of the extracted DNA 
by using 260 nm and 280 nm optical density ratio. Different concen
trations of FAM286 were added so that the peptide/DNA mass ratios 
were 1:1, 5:4, 5:3, 5:2, 5:1, 10:1, 20:1, respectively. The equal amounts 
of sterile PBS (0.01 M, pH 7.2) were used as the control group, kana
mycin and ε-polylysine as positive controls. After mixing, the samples 

were incubated at 37 ◦C for 2 h. 8 μL of each sample was mixed with 2 μL 
of 10 × DNA loading buffer and subjected to electrophoresis on a 1% 
agarose gel. The migration of DNA was detected by imaging using a gel 
imager with 20 s exposure to a 320 nm UV lamp (Yuan et al., 2022).

The DNA was diluted to 50 μg/mL with 1 × TE buffer. 5 μL of DNA 
solution and 10 μL EB (100 μg/mL) solution were added to each well of a 
96-well plate, mixed well and incubated at 37 ◦C for 10 min in the dark. 
Subsequently, 50 μL of FAM286 at different concentrations were added, 
resulting in final concentrations of 1/2 × MBC, 1 × MBC, 2 × MBC, 4 ×
MBC and 8 × MBC. Additionally, 50 μL of PBS (0.01 M, pH 7.2) was 
added to serve as the control group. After mixing, the samples were 
incubated for 30 min at 37 ◦C protected from light. The fluorescence 
intensity was measured using a multimode plate reader at an excitation 
wavelengths of 535 nm and an emission wavelength range of 570 
nm–710 nm (Hou et al., 2019).

2.5. Statistical analysis

All experiments were conducted in triplicate, and the results were 
analyzed with SPSS software (version 22.0 for Windows) with a one-way 
ANOVA test. Significance was indicated at p < 0.05.

3. Results and discussion

3.1. Screening potential AMPs from L. crocea

Ten peptide sequences were identified from L. crocea using UPLC-MS 
(Table 1). The peptide sequences, which ranged in length from 7 to 19 
amino acids and had molecular weights ranging from 746 to 2245 Da, 
were recorded. The charges and hydrophobicity of the peptide se
quences were calculated using the online software APD3. Their net 
charges ranged from − 3 to +2, and hydrophobicity rates ranged from 
17% to 64%.

One of the peptides, No.7 (PRQVCPYAVISFHFK), was derived from 
the L. crocea TASOR protein (Ao et al., 2015), named FAM286, with a 
molecular weight of 1791 Da, 2 net positive charges, 47% hydropho
bicity, which are typical AMPs characteristics (net charge +2 to +9, 
hydrophobicity >30%). TASOR is a multi-interacting protein that affects 
genomic stability, involved in DNA/RNA binding and transcriptional 
regulation, and plays an important role in immunity (Gresakova et al., 
2021). Studies have found increased expression of TASOR has been 
found in cells infected by external microorganisms, suggesting that the 
up-regulated TASOR protein may be involved in the body’s immune 
response in some way, such as by degrading its own proteins to produce 
AMPs (Zhang et al., 2023).

3.2. Antimicrobial activity of the peptide FAM286

The bactericidal effect of the peptide FAM286 against S. aureus was 
verified using a plate coating method. As shown in Table 2, the MBC of 
the peptide FAM286 against S. aureus was 3.9 μg/mL. Among the 
selected common antibiotics, kanamycin exhibited better antimicrobial 
activity against S. aureus with the MBC of 62.5 μg/mL. S. aureus 
demonstrated resistance to enrofloxacin, amoxicillin, and florfenicol, 
with MBCs of the three antibiotics exceeding 1000 μg/mL. Nisin showed 
the MBC of 500 μg/mL, while ε-polylysine showed good bactericidal 
activity against S. aureus with the MBC of 7.8 μg/mL. Compared with the 
four antibiotics and the two food preservatives, the antimicrobial ac
tivity of the peptide FAM286 could be up to 2–250 times higher. It has 
the potential to replace them as a novel type of food preservative. In 
most cases, AMPs exhibit superior antimicrobial activity compared to 
traditional antibiotics, primarily due to their differing mechanisms of 
action. Bacteria can easily develop antibiotic resistance through muta
tion because the target site category of traditional antibiotic action is 
very limited (Guo et al., 2020). The most common mechanism of AMPs is 
the direct disruptive effect on bacterial cell membranes, then cross cell 
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membranes to interfere with the synthesis of nucleic acids, proteins or 
other components (Li et al., 2022). AMPs have low risk of bacterial 
resistance due to their non-specific antimicrobial mechanism and the 
presence of multiple targets in the cell (Luo and Song, 2021).

The antimicrobial activity of the FAM286 against S. aureus was 
further analyzed by time-kill curve (Fig. 1). The number of bacteria 
treated with the FAM286 was significantly reduced as time progressed. 
Different concentrations of FAM286 exhibited significant inhibitory ef
fects on S. aureus after 0.5 h. Specifically, the bactericidal number of 4 ×
MBC could reach 100%, and the 2 × MBC and 1 × MBC FAM286 also 
completely inhibited the growth of bacteria after 1 h and 1.5 h, 
respectively. With the prolongation of time, the bactericidal effect did 
not weaken. In contrast, 62.5 μg/mL of kanamycin and 7.8 μg/mL of 
ε-polylysine showed lower antimicrobial efficiencies, which required 
higher antimicrobial concentrations and treatment for 2.5 h and 3.0 h, 
respectively, to completely kill bacteria.

Factors such as the source, charge and hydrophobicity of AMPs 
collectively determine their antimicrobial activity. The aquatic envi
ronment exposes fish to numerous pathogens, and fish-derived AMPs 
have good antimicrobial effects on pathogenic bacteria in the water, 
with the minimum bactericidal concentration mostly at the micromolar 

level (Houyvet et al., 2021). The minimum inhibitory concentration of 
hemoglobin-derived AMP LCH4 against S. aureus identified from L. 
crocea was 12.5 μg/mL, reducing the bacterial count by 98.8% after 8 h. 
Similarly, the MIC of L. crocea whey acidic protein-derived peptide 
LCWAP against S. aureus was 15.6 μg/mL, with a bacterial reduction of 
83.1% after 3 h of treatment and 99.2% after 5 h of treatment (Yang 
et al., 2020b). Since the bacterial cell membrane surface is typically 
negatively charged, positively charged AMPs can bind to it through 
electrostatic interactions, with their hydrophobic ends inserted into the 
phospholipid bilayer, leading to cell death by inducing the formation of 
barrel-stave model, carpet model, and toroidal model (Yan et al., 2021). 
The proportion of hydrophobic amino acids usually determines the 
strength of the peptide’s attachment to the cell membrane. And peptides 
with high hydrophobicity tend to stay on the membrane for a longer 
period of time, allowing them to play a more effective role in disrupting 
the cell membrane (Bin Hafeez et al., 2021).

3.3. Effect on S. aureus cell membrane of FAM286

3.3.1. Effect of the cell membrane permeability by FAM286
The cell membrane is the main barrier against leakage of cellular 

contents. The binding and permeation of AMPs to the bacterial cell 
membrane typically constitute the initial phase of their interaction 
(Hollmann et al., 2018). In the measurement of nucleic acid leakage 
(Fig. 2a), the amount of nucleic acid released from the blank control 
group remained stable, indicating no significant nucleic acid leakage 
and unchanged permeability of the bacterial cell membrane. Different 
concentrations of FAM286 treatment group at 2 h OD260 increased 
significantly, indicating that the bacteria have undergone nucleic acid 
leakage phenomenon. The result showed a concentration-dependent 
relationship, which is attributed to the increased permeability of the 
cell membrane following treatment with FAM286. In the measurement 
of protein leakage (Fig. 2b), the OD280 of the FAM286-treated group 
showed a significant upward trend when time was prolonged. The result 
indicated that the permeability of the bacterial cell membrane increased 
and intracellular protein flowed out. This result is basically consistent 
with the time for the FAM286 to exert bactericidal activity as indicated 
by the time-kill curve.

No significant leakage of nucleic acids or proteins occurred in the 
kanamycin and ε-polylysine-treated group, which was related to the 
time of action of antimicrobial activity and its antimicrobial mechanism. 
Kanamycin belongs to aminoglycoside antibiotics, and its main inhibi
tion mechanism involves binding irreversibly to bacterial ribosomal 30S 
subunit, inducing gene coding errors and preventing bacterial protein 
synthesis (Wohlgemuth et al., 2021). Since its target of action is not the 
cell membrane, kanamycin has no significant effect on the permeability 
of the cell membrane, and thus does not cause obvious leakage of nucleic 
acids and proteins. Studies have shown that ε-polylysine neutralizes the 
negative charge of the cell membrane on the surface of gram-positive 
bacteria, leading to disruption of the cell membrane. However, these 
studies have failed to show that it induces a decrease in the permeability 

Table 1 
Predicted potential antimicrobial peptides isolated from Larimichthys crocea.

No. Peptide sequences MW (Da) Hydrophobic 
Ratio (%)

Net charge Protein Start position

1 AGRTSAGK 746 25 +2 RNA helicase 364
2 CGGAEGSCCTSK 1102 33 0 Tenascin-X 123
3 FSVDEEYPDLSLHNNHMAK 2245 32 − 3 Creatine kinase 13
4 GLAFILGAEGVKEQSQR 1802 41 0 Brefeldin A-inhibited guanine nucleotide-exchange protein 3 162
5 INFDAFLPMLK 1307 64 0 Myosin light chain 3, skeletal muscle isoform 67
6 LDSVDQTVPQSKR 1472 23 0 Phosducin 60
7 PRQVCPYAVISFHFK 1791 47 +2 TASOR 286
8 REGTALR 801 29 +1 F-box/WD repeat-containing protein 7 68
9 SETIEEKIKGYR 1452 17 0 Cytochrome C oxidase subunit 2
10 VPTPNVSVVDLTVR 1495 43 0 Glyceraldehyde-3-phosphate dehydrogenase 233

Table 2 
Antimicrobial activity of FAM286, antibiotics and food preservatives against S. 
aureus.

Antimicrobial agents MBC (μg/mL)

Antimicrobial peptide FAM286 3.9
Antibiotics Kanamycin 62.5

Enrofloxacin 1000
Amoxicillin 3500
Florfenicol 5500

Food Preservative ε-Polylysine 7.8
Nisin 500

Fig. 1. Time-kill curve of FAM286 against S. aureus. 1 × MBC FAM286 was 3.9 
μg/mL, PBS buffer (0.01 M, pH 7.2) as control group. Kanamycin was 62.5 μg/ 
mL and ε-polylysine was 7.8 μg/mL.
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of the cell membrane leading to leakage of intracellular material (Lin 
et al., 2018). The results indicate that the FAM286 has a broader 
mechanism of action on the cell membrane, which can increase the 
permeability of the cell membrane of S. aureus, causing the leakage of 
intra-membrane substances into the extracellular space, ultimately 
inducing bacterial death.

3.3.2. Morphology changes induced by FAM286 in S. aureus cell membrane
Further we used transmission electron microscopy to observe the 

morphological changes in bacteria treated with FAM286. The bacteria in 
the control group had regular cell morphology as well as uniformly 
distributed intact and smooth cell membranes and showed dense inter
nal organization (Fig. 2c). After 2 h of treatment with FAM286, the cell 
membrane of S. aureus was observably ruptured and severely deformed. 
The cytoplasmic density was reduced and unevenly distributed, and 
leakage of cytoplasmic material could be seen around the cells (Fig. 2d). 
This is attributed to the attractive interaction between the positive 
charge of FAM286 and the negative charge of the bacterial membrane, 
which tightly wraps FAM286 around the bacteria. It was shown that 
FAM286 has a damaging effect on the cell membrane and internal 
structure of S. aureus, corroborating the experimental results that indi
cate an increase in cell membrane permeability. It has been shown that 
AMPs can target and disrupt bacterial cell membranes, causing defor
mation and rupture, including pore formation, loss of hyphae, and 
cytoplasmic efflux (Chen et al., 2023).

3.3.3. Determination of the cell membrane integrity
PI, a fluorescein that cannot intact cell membrane, serves as a fluo

rescent marker. When the cell membrane is sufficiently damaged, PI can 
penetrate into the cell through the defective cell membrane, bind to 
intracellular DNA and emit a red fluorescence at a specific excitation 
wavelength (Zhang et al., 2018). Therefore, the degree of cell damage 
can be determined based on the magnitude of fluorescence intensity. In 
Fig. 3a, all treatment groups of PI exhibited maximum fluorescence in
tensity at an emission wavelength of 650 nm. Notably, the fluorescence 
intensity of FAM286 alone and when combined with PI was very low. 
The fluorescence intensity of S. aureus treated with 1 × MBC, 2 × MBC, 
and 4 × MBC FAM286 was significantly higher than that of the blank 

control group. The fluorescence intensity increased with the concen
tration of FAM286, which indicated that different concentrations of 
FAM286 caused damage to the cell membrane of S. aureus and disrupted 
their integrity. The degree of the cell membrane damage was positively 
correlated with the concentration of FAM286 in a 
concentration-dependent manner. AMPs could cause cell lysis by dis
rupting the integrity of the cell membrane or by interacting with the 
membrane to form transient pores, which in turn transport the AMPs 
into the cell and act on intracellular material (Last and Miranker, 2013). 
This experiment further verified that the FAM286 could damage to the 
cell membrane of S. aureus, leading to the death of the bacteria. Based on 
its mechanism of physically destroying cell membrane integrity, 
FAM286 is expected to be a promising new type of bacteriostatic agent 
for sustainable development.

3.3.4. Effect of FAM286 on cell membrane integrity by fluorescence 
microscopy

Fig. 3b shows the fluorescence microscope images of PI-stained S. 
aureus cells in the control group and samples treated with FAM286, 
respectively. In the control group, few red light spots appeared in the 
vast majority of S. aureus organisms, indicating that the cell membranes 
of the cells were still in an intact state so that the PI dye could not enter. 
After treatment with FAM286, the S. aureus showed strong fluorescence, 
indicating severe damage to the bacterial cell membranes and an 
obvious aggregation phenomenon. This indicates that FAM286 may 
affect the charge distribution on the cell surface by altering the content 
and distribution of surface substances, leading to cell depolarization and 
membrane damage. These changes weaken the hydrophobic in
teractions between cells, promote cell aggregation, and ultimately 
disrupt the integrity of bacterial cell membranes, thereby adversely 
affecting cell viability. (Li et al., 2023; Yi et al., 2020).

3.3.5. Flow cytometric analysis of FAM286 against S. aureus
The results of Annexin-V FITC/PI double staining assay showed that 

the ratio of viable cells in the blank group was 89.65% after 2 h (Fig. 3c). 
When S. aureus cells were treated with the FAM286 at 1 × MBC for 1 h, 
the viable cells decreased to 38.58%, and 50.36% of the cells entering 
late apoptosis. After 2 h of treatment, only 3.76% of the viable cells 

Fig. 2. Effect on cell membrane permeability. (a) Determination of FAM286 on the release of nucleic acid. (b) Determination of FAM286 on the release of protein. 1 
× MBC FAM286 was 3.9 μg/mL, PBS buffer (0.01 M, pH 7.2) as control group. Kanamycin at 62.5 μg/mL and ε-polylysine at 7.8 μg/mL. (c) TEM images of untreated 
S. aureus and treated with FAM286 for 2 h.
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survived, and the late apoptotic cells increased to 86.94%. When the 
bacteria were treated with 2 × MBC FAM286, the viable cells decreased 
from 13.06% at 1 h to 4.88% at 2 h. The late apoptotic cells increased 
from 64.96% to 90.12%, primarily due to cells transitioning from early 
to late apoptosis. In contrast, the effect of ε-polylysine on apoptosis was 
weak, with 39.58% of viable cells remaining after 2 h of treatment. The 
effect of kanamycin on apoptosis was less obvious. The FAM286 caused 
a large amount of apoptosis of S. aureus within 2 h. Its impact on dis
rupting the S. aureus cell membrane was much higher than that of 
kanamycin and ε-polylysine, which depended on its highly efficient 
bacterial inhibitory activity and physical membrane-breaking inhibitory 
mechanism. Studies have found that antimicrobial peptides can partic
ipate in cellular immune responses, control cell apoptosis, regulate the 
host immune system, and alleviate inflammation caused by pathogens 
(Dai et al., 2018). These results indicate that the antimicrobial peptide 
FAM286 can induce apoptosis in Staphylococcus aureus and lead to 
programmed cell death.

3.4. Effect of FAM286 on biofilm formation

3.4.1. Inhibition of biofilm formation and removal of mature biofilm by 
FAM286

Bacterial biofilm is the adhesion of cells to living and non-living 
surfaces via extracellular polymeric molecules, and biofilm formation 
is widely recognized as a significant factor in the persistence of bacterial 
contamination of foods (Guo et al., 2023). In this experiment, crystal 
violet staining was used to quantify the biofilm and assess the effect of 
FAM286 on S. aureus biofilm formation. The biofilm of the control group 
strains was intact, whereas biofilm formation was reduced in the pres
ence of FAM286 (Fig. 4a). The rate of S. aureus biofilm formation was 
gradually decreased with the increase of the concentration of FAM286, 
which indicated that FAM286 was able to inhibit the formation of S. 
aureus biofilm significantly. And the rate of inhibition was positively 
correlated with the concentration of FAM286. Non-bactericidal con
centrations of FAM286 significantly inhibited the formation of S. aureus 

Fig. 3. Effect on cell membrane integrity. (a) The fluorescence intensity of PI treated with FAM286. 1 × MBC was 3.9 μg/mL, PBS buffer (0.01 M, pH 7.2) as control 
group, PI concentration is 30 μmol/L. The fluorescence spectra were measured from 570 to 750 nm. (b) Fluorescence microscope images of S. aureus treated with 
FAM286. 1 × MBC was 3.9 μg/mL. (c) Flow cytometry to determine the integrity of bacterial cell membrane. 1 × MBC FAM286 was 3.9 μg/mL, PBS buffer (0.01 M, 
pH 7.2) as control group. Kanamycin at 62.5 μg/mL and ε-polylysine at 7.8 μg/mL.
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biofilm.
In the experiment of removing mature biofilms, although non- 

bactericidal concentrations of FAM286 can remove some biofilms 
(Fig. 4b), but it is more difficult than the inhibition of biofilm formation. 
The focus should be on avoiding initial cell adhesion, accumulation, and 
late biofilm formation.

3.4.2. Molecular docking analysis of FAM286 binding to biofilm proteins
As described previously, FAM286 can effectively inhibit the forma

tion of S. aureus biofilm. In this study, we modeled the binding of 
FAM286 to biofilm-associated proteins and the related sites of action by 
molecular docking.

The binding site of the FAM286 to S. aureus biofilm proteins was 

Fig. 4. Effect of FAM286 on biofilm. (a) Inhibitory effect of FAM286 on biofilm formation. (b) Clearance effect of FAM286 on biofilm formed. 1 × MBC was 3.9 μg/ 
mL, PBS buffer (0.01 M, pH 7.2) as control group. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001. (c) Molecular docking of FAM286 with S. aureus SarA. 
FAM286 is shown in green and the backbone of the macromolecule (SarA) is shown as a brown cartoon. Residues in the protein are shown in blue. The yellow dots 
indicate hydrogen bonds. (d) Molecular docking of FAM286 with S. aureus AgrA. FAM286 is shown in green and the backbone of the macromolecule (AgrA) is shown 
as a purple cartoon. Residues in the protein are shown in blue. The yellow dots indicate hydrogen bonds. (e) Molecular docking of FAM286 with S. aureus Hld. 
FAM286 is shown in green and the backbone of the macromolecule (Hld) is shown as a orange cartoon. Residues in the protein are shown in blue. The yellow dots 
indicate hydrogen bonds.
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further validated by molecular docking. The FAM286 formed a total of 
six hydrogen bonds with S. aureus SarA at chain a: SER-124, LYS-128, 
and GLU-129, and chain b: ASN-129, ASP-155, and LYS-163, which 
occurred as an insertion binding between the protein SarA bilayers at a 
minimum binding energy of − 6.2 kcal/mol (Fig. 4c). The FAM286 has a 
docking binding energy of − 5.6 kcal/mol to S. aureus AgrA and forms 
four hydrogen bonds at LEU-175, GLN-179, ARG-218, and GLU-226 
(Fig. 4d). The docking binding energy of the FAM286 to S. aureus Hld 
was − 5.6 kcal/mol, with the formation of 2 hydrogen bonds at GLN-64, 
ARG-66 (Fig. 4e).

SarA is an important virulence gene regulator that regulates the 
expression of about 120 genes involved in numerous physiological 
processes related to pathogenicity of S. aureus, such as biofilm synthesis 
and drug resistance (Li et al., 2016). AgrA is one of the two-component 
regulatory systems of bacteria that exhibit dual regulation of their 
virulence expression. Proteins associated with host cell adhesion and 
resistance to host defenses regulate the growth of bacterial populations 
until they are able to respond to attacks by host defenses (Leonard et al., 
2012). α-HL, a β-barrel pore-forming toxin expressed by S. aureus, is able 
to form transmembrane β-barrel heptamer channels self-assembling on 
host cell membranes, attacking the cell membranes by extruding the 
lipid bilayer to form a hydrophilic transmembrane channel, leading to 
host cell lysis or death (Sugawara et al., 2015). The docking affinities of 
the FAM286 with each target protein were less than 0 kcal/mol, sug
gesting that FAM286 can bind to proteins spontaneously, exerting 
bacteriostatic and biofilm inhibitory activities.

3.5. Effect of FAM286 on bacterial DNA

3.5.1. Binding of FAM286 to S. aureus genomic DNA by agarose gel 
electrophoresis

In addition to disrupting bacterial cell membranes, AMPs can cause 
rapid cell death by binding to genomic DNA. The binding of FAM286 to 
S. aureus genomic DNA was analyzed using agarose gel electrophoresis 
(Fig. 5a). The results of the experiment showed that the genomic DNA of 
the control group was located in lane (a) and showed clear and bright 
DNA bands in the electropherogram. In lanes (b-c), there was no sig
nificant difference in band brightness compared to the blank group, and 
there was no blocked DNA in the spotted wells, indicating that FAM286 
has no effect on DNA under these conditions. In lanes (d-h), DNA 
migration was affected by FAM286, resulting in DNA blocked in the 
spotted sample wells. As the concentration of FAM286 increases, the 
DNA is blocked entirely in the spot sample wells lane (e), at which point 

the FAM286 to DNA mass ratio is 5:2. When the mass ratio continues to 
increase, the genomic DNA is still in the blocked state, at this time,the 
amount of sample visible in the spotted wells gradually decreased. When 
the mass ratio is 20:1, no sample remains visible in the spot wells, as 
shown in lane (h), indicating that the DNA has undergone cleavage. 
ε-polylysine was able to cleave genomic DNA completely across all 
tested mass ratios (Fig. 5b), and its ability to interact with DNA in vitro 
was superior to that of FAM286. In contrast, Fig. 5c shows the binding of 
kanamycin to genomic DNA. No samples were blocked in the spot wells 
and the brightness of the bands in different lanes was approximately the 
same, indicating that kanamycin at this mass ratio could not bind to 
genomic DNA. Complete DNA has a bright band in the gel, and the 
brightness of the bright band of broken DNA will decrease. The lower the 
brightness, the higher the cutting rate (Wang et al., 2023). This indicates 
that the antimicrobial peptide FAM286 can not only bind to DNA, but 
when the mass ratio is large enough (>10/1), FAM286 can cleave DNA, 
causing DNA fragmentation.

Gel blocking experiments showed that FAM286 has a strong binding 
ability to bacterial genomic DNA. The formation of this complex results 
in alterations in the relative molecular mass and charge of the DNA, 
causing a certain lag phenomenon in the electrophoretic mobility of the 
complex compared to that of free DNA fragments. The extent of this 
damage is positively correlated with its ratio.

3.5.2. Competitive binding of FAM286 and EB with S. aureus genomic DNA
EB is a fluorescent dye with a high affinity for binding to DNA. When 

embedded between the base pairs of double-stranded DNA with high 
affinity, the fluorescence intensity is greatly enhanced (Galindo-Murillo 
and Cheatham, 2021). The fluorescence intensity of DNA-EB complexes 
treated with FAM286 tended to decrease, where 8 × MBC acting on the 
EB-DNA complex resulted in a substantial decrease in the fluorescence 
intensity of the system (Fig. 5d). These results indicate that FAM286 
binds to the genomic DNA of S. aureus, causing the EB molecule inserted 
into the bacterial DNA to be replaced by FAM286. This result suggests 
that FAM286 has a stronger binding affinity than EB and binds to DNA 
through a nested insertion of base pairs. The fluorescence intensity did 
not change significantly at 1 × MBC and 2 × MBC, indicating that 
FAM286 binds to DNA in a similar proportion within this concentration 
range, potentially interfering with the binding of EB to DNA. However, 
compared to the control group, a significant decrease in fluorescence 
intensity was observed in all experimental groups, even at 1/2 × MBC, 
indicating that FAM286 binds to a high proportion of DNA, which may 
affect the normal replication of DNA and inhibit the growth and 
reproduction of the organism. Similarly, the AMP CLFchimera exerts its 
antimicrobial activity after binding to DNA, when the hydrogen bond 
between the two DNA chains begins to break from one of the ends 
(Pirkhezranian et al., 2020). The AMP CA-TAT can interact with DNA 
through a tiny groove binding mode and target DNA to exert antimi
crobial activity (Lv et al., 2018).

4. Conclusions

The AMP FAM286, identified from L. crocea TASOR protein, showed 
significant antimicrobial effect on S. aureus. The antimicrobial activity 
was dose and time-dependent, with a minimum bactericidal concen
tration of 3.9 μg/mL, and completely killed the bacteria within 1.5 h. 
FAM286 can act on the cell membrane of bacteria to change its 
permeability, leading to a large amount of leakage of nucleic acids and 
proteins in the content, and destroying the integrity of the membrane, 
causing cell aggregation, and causing the cell to enter the apoptotic 
stage. At non-bactericidal concentrations. Additionally, molecular 
docking simulations were performed to investigate the binding of 
FAM286 with biofilm-associated proteins SarA, AgrA, and Hld. FAM286 
could enter into the cell interior and bind to bacterial DNA in an 
embedded manner, disrupting the DNA structure and leading to the 
death of the bacterium. This study demonstrates that FAM286, derived 

Fig. 5. Interaction between FAM286 and bacteria DNA. (a) Gel retardation 
analysis of S. aureus DNA treated with FAM286, (b) treated with ε-polylysine, 
(c) treated with kanamycin. Lane a: control. Lane b–h: FAM286/DNA weight 
ratios of 1:1, 5:4, 5:3, 5:2, 5:1, 10:1, 20:1, respectively. (d) Competitive binding 
of FAM286 and EB with S. aureus genomic DNA. 1 × MBC was 3.9 μg/mL. PBS 
buffer (0.01 M, pH 7.2) as control group. The fluorescence spectra were 
measured from 570 to 710 nm.
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from the TASOR protein of L. crocea, exerts its antimicrobial effect on S. 
aureus through a multi-targeted antimicrobial mechanism, which pro
vided a theoretical basis for its use as a natural bacteriostatic agent.
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