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Abstract
The bacteriocin-producing Lactiplantibacillus plantarum SL47 was isolated from conventional fermented sausages, and the 
bacteriocin SL47 was purified using ethyl acetate, Sephadex G-25 gel chromatography, and reversed-phase high-performance 
liquid chromatography (RP-HPLC). Bacteriocin SL47 was identified by HPLC–MS/MS combined with whole-genome 
sequencing, and the results showed it consisted of plantaricin A, J, K, and N. Further characterization analysis showed 
that the bacteriocin SL47 was highly thermostable (30 min, 121 °C), pH stable (2–10), sensitive to protease and exhibited 
broad-spectrum antibacterial ability against Gram-positive and Gram-negative bacteria. The mechanism of action showed 
that the bacteriocin SL47 increased cell membrane permeability, and 2 × minimum inhibitory concentration (MIC) treatment 
for 40 min caused apoptosis of Staphylococcus aureus F2. The count of S. aureus in the sausage that was inoculated with 
L. plantarum SL47 and bacteriocin SL47 decreased by about 64% and 53% of that in the initial stage, respectively. These 
results indicated the potential of L. plantarum SL47 and bacteriocin SL47 as a bio-preservative in meat products.
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Introduction

Fermentation technology was one of the earliest food tech-
nology applications. Although fermented sausages are made 
and eaten worldwide, they are most widely consumed in 
Europe. For instance, Germany has at least 350 varieties 
of fermented sausage, whereas Spain has at least 50 [1, 2]. 
Fermented sausages are popular with consumers because of 
their unique flavor and rich nutrition, and they ripen under 
specified temperatures and humidity conditions and usually 
have no health risks [3]. However, the contaminated raw 
meat and the propensity for some pathogenic microbes to 
adapt to their surroundings may produce unsafe sausages 

[4]. As a common strain of contaminated fermented sau-
sages, Staphylococcus aureus causes sausage corruption 
and reduces the shelf life of this food. If it is multiplied in 
food, Staphylococcus aureus enterotoxin can be produced. 
Moreover, it is highly heat-resistant and cannot be destroyed 
by ordinary cooking processes. Foodborne diseases can be 
started by consuming 1 µg of Staphylococcus aureus entero-
toxin. Common poisoning symptoms include vomiting, diar-
rhea, and abdominal cramps [5–8].

Lactic acid bacteria (LAB) play important roles in fer-
mented sausages. As a sausage starter, they can control the 
whole process of fermentation, shorten the ripening time, 
control the growth of pathogenic bacteria and total colonies, 
inhibit the formation of nitrite, and extend the shelf life of 
sausages. As a probiotic, they can provide more functions 
for the development of new products [9, 10]. Bacterioc-
ins produced by some lactic acid bacteria are secondary 
metabolites with antibacterial activity, and they have the 
characteristics of safety and efficiency [11, 12]. At present, 
the abuse of antibiotics enhances the resistance of patho-
genic bacteria, so bacteriocin may be a choice to substitute 
for antibiotics [13–20]. Meanwhile, bacteriocin can improve 
the safety of fermented meat products which is beneficial to 
human health [21, 22].
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So far, more than one hundred kinds of bacteriocins pro-
duced by LAB have been found, but only nisin and pediocin 
PA-1 are used for commercialization, and the rest are limited 
to laboratory research [23, 24]. This is mainly because of 
their properties (narrow antibacterial spectrum, pH sensi-
tivity, and poor thermal stability), time consuming separa-
tion and purification methods, and many other factors limit 
the acquisition of bacteriocins and their industrial produc-
tion [25, 26]. Bacteriocin has a weak inhibitory effect on S. 
aureus in foods with high fat and protein content. Lin et al. 
reported that nisin has no significant inhibitory effect on S. 
aureus in pork sausages [27]. Therefore, screening lactic 
acid bacteria bacteriocins for broad antibiotic activity, good 
pH stability, good thermal stability, and even effective inhi-
bition of spoilage bacteria in foods with high-fat content is 
still the primary task at present [28, 29].

In this study, a LAB that produces bacteriocin was 
screened from conventional fermented sausages. The bac-
teriocin was then purified and identified. The stability, anti-
bacterial spectrum, and mode of action of the bacteriocin 
SL47 were investigated. L. plantarum SL47 and bacteriocin 
SL47 as potential contributors to upgrading product qual-
ity and safety were also investigated by the production of 
fermented sausages.

Materials and Methods

Screening and Identification of Lactic Acid 
Bacteria‑Producing Bacteriocins

Manufacturing and Sampling

A total of 24 fermented sausages were randomly selected 
from different provinces in China. According to the geo-
graphical location of different provinces, 4 samples were 
selected from Xinjiang (Northwest China), 6 from Shandong 
(East China), 3 from Anhui (East China), 5 from Beijing 
(North China), 3 from Wuhan (Central China), and 3 from 
Guangdong (South China).

These fermented sausages were made using pork or mut-
ton as the base, and then, other ingredients such as salt, 
paprika, sugar, and other spices were added. The products 
were then packed into natural or artificial casings to begin 
the fermentation process, followed by the maturation stage. 
Without using starter cultures, all fermented sausages were 
made with traditional methods.

Isolation of Strains

All 24 samples were used for the screening of lactic acid bac-
teria. The 25 g sausages were crushed, and it was immersed 
in 225 mL of sterile 0.9% NaCl (normal saline) and beaten in 

a beating machine (Shanghai Jingxin Industrial Development 
Co., Ltd., Shanghai, China) for 10 min. The homogenate was 
serially diluted 10-fold with 0.9% NaCl, and 100 µL dilutions 
were inoculated on an MRS agar (Huankai Microbial Co., Ltd., 
Guangdong, China) plate containing 3% calcium carbonate 
[30], and incubated at 37 °C for 48 h. The colonies with dis-
solved calcium circles were randomly isolated from the plate.

Lactic acid bacteria were cultured in MRS broth at 37 °C 
for 48 h, and the cell-free supernatant (CFS) was obtained by 
removing the bacterial with centrifugation at 10000 × g for 
15 min at 4 °C. To remove any residual bacteria, the CFS was 
filtered by a 0.22-µm filter membrane. The pH of the CFS was 
adjusted to 6 using 1 M NaOH, and then, 2 mg/mL catalase 
was added to CFS (pH = 6) at a ratio of 1:1 (v/v) and incu-
bated at 37 °C for 2 h. The antibacterial activity was detected 
by the agar well diffusion method [31]. S. aureus F2 isolated 
from spoiled fermented sausage was the indicator bacteria 
species and was incubated in LB broth (Huankai Microbial 
Co., Ltd., Guangdong, China) at 37 °C for 12 h. Then, 1 mL 
of indicator bacteria was added to 100 mL LB agar (1%), 
and then, the culture was poured into a sterile plate with a 
diameter of 10 cm and dried. After drying, 50 µL of treated 
CFS was added to the well, and the plate was placed at 4 °C 
for 2 h and incubated at 37 °C for 6 h. The size of the inhibi-
tory zone was measured to determine the antibacterial activity. 
Meanwhile, untreated CFS was used as a control test [32].

Identification of Strains

The strain SL47 was Gram-stained using a Gram-staining 
kit (Sangon Biotech Co., Ltd., China), and morphology 
was observed under a light microscope. Genomic DNA was 
extracted using the bacterial genomic DNA extraction kit 
GenElute (Sangon Biotech Co., Ltd., China), and the 16S 
rRNA gene was amplified with the forward primer 27F and a 
reverse primer 1492R [33]. Then, the purified PCR products 
were sequenced by Sangon Biotech Co., Ltd. The 16S rRNA 
gene sequence was aligned with related sequences from the 
NCBI database using the BLAST program [34].

Identification of Bacteriocin

Genome Sequencing and Annotation

The strain SL47 was incubated in MRS broth at 37  °C 
for 12 h. The cells were collected after centrifugation at 
10,000 × g for 10 min at 4 °C, and the collected cells were 
sent to Shanghai Majorbio Bio-pharm Technology Co., Ltd. 
for genomic DNA extraction. The method of Li et al. was 
used to obtain genome sequencing of the strain SL47 [35]. 
The BAGEL4 and Uniport databases were used for genome 
mining to locate genes encoding antimicrobial compounds.
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Purification of Bacteriocin

CFS and ethyl acetate (Sinopharm Chemical Reagent Co., 
Ltd., China) were mixed at a ratio of 1:1 for 3 times [36]. 
The ethyl acetate fraction was evaporated on a rotary evapo-
rator (Shanghai Yarong Biochemical Instrument Co., Ltd., 
Shanghai, China). The bacteriocin was dissolved in 1 mL of 
ultrapure water, and the antibacterial activity was detected 
by the agar well diffusion method with S. aureus F2 as the 
indicator bacteria.

The bacteriocin obtained by the ethyl acetate extraction 
was filtered with a 0.22-µm filter membrane (Sinopharm, 
China). Sephadex G-25 (GE Healthcare, USA) was loaded 
into a glass column (16 mm × 500 mm), and 3 mL of the 
extracted sample was added to the chromatographic column 
and eluted with ultrapure water (Milli-Q) at a flow rate of 
1 mL/min. The protein peaks were collected at 2 min/tube 
using an automatic collector at 280 nm. The antibacterial 
activity of each fraction on S. aureus F2 was detected by the 
agar well diffusion method.

Fractions with antimicrobial effect collected from the 
Sephadex G-25 gel chromatography column were filtered 
with 0.22-µm filter membrane and further purified by RP-
HPLC (Waters 2998, Milford, MA, USA). The purification 
conditions were as follows: C18 column (Suzhou maike-
wangzhi Biotechnology Co., Ltd., Suzhou, China, 4.6 mm 
I.D. × 250 mm, 100 A), mobile phase A comprised ultrapure 
water (containing 0.1% trifluoroacetic acid), mobile phase 
B comprised 100% acetonitrile, gradient: 90% A and 10% 
B within 10 min, 80% A and 20% B within 10 min, 90% A 
and 10% B within 10 min, the flow rate at 5 mL/min, the 
volume of samples loaded into the system was 100 µL [37], 
protein peaks were collected using 280-nm wavelength UV 
detection, and the collected protein peaks were evaporated 
to remove acetonitrile. The antibacterial activity of each 
fraction for S. aureus F2 was determined by the agar well 
diffusion method.

Peptide Sequencing by HPLC–MS/MS Analysis

The active peaks obtained by RP-HPLC separation and 
purification were sent to Shanghai Fudan University for 
HPLC–MS/MS analysis. The bacteriocin solutions were 
hydrolyzed by trypsin and the resulting peptide fragments 
were analyzed by Easy-nLC 1200 (Thermo Scientic, P/N 
LC140) and Orbitrap Exploris 480 (Thermo Scientific, P/N 
BRE725533). The peptides were captured on a PepMap C18 
column (100 µm × 2 cm) at a flow rate of 10 µL/min for 
3 min, and then, the peptides were separated on a PepMap 
C18 column (75 µm × 25 cm) by gradient elution. The MS 
used Orbitrap for a first-order scan with a range of 350–1600 
(m/z) and a resolution of 120,000 m/z. The maximum ion 
introduction time was 50 ms, and then, the top 20 parent ions 

that met the higher energy C-trap dissociation (HCD) were 
used to break the MS/MS fragmentation conditions, and the 
orbitrap was used to scan the samples with a resolution of 
15,000 FWHM (full width at half maxima). The minimum 
scanning range was set at m/z = 110, and the scanning range 
was automatically regulated based on the mass charge ratio 
of the parent ion. In MS/MS, ions might be introduced for a 
maximum of 50 ms. The amino acid sequences were aligned 
using the Uniport database (http://​www.​unipr​ot.​org/​blast/).

Analysis of Bacteriocin Molecular Weight

The bacteriocin produced by L. plantarum SL47 was named 
bacteriocin SL47. The 6 mg/mL crude bacteriocin purified 
by Sephadex G-25 gel chromatography and freeze-drying 
were subjected to Tricine SDS-PAGE electrophoresis (4% 
in the stacking gel, and 16.5% in the running gel). A peptide 
marker (Sangon Biotech Co., Ltd., China) with a molecular 
weight (MW) of 4.1–66 kDa was used as the standard con-
trol. After electrophoresis at 120 V for 120 min, Coomassie 
brilliant blue G-250 was used for staining, and the results 
were recorded using a GenoSens 1850 gel imaging system 
(ClinX Science Instruments Co., Ltd., China). The bacte-
riocin SL47 purified by gel filtration chromatography was 
used for subsequent stability, antibacterial spectrum, and 
mode of action research.

Characterization of Bacteriocin

Bacteriocin of Stability and Antibacterial Spectrum

The bacteriocin SL47 was treated at − 20, 0, 20, 40, 60, 80, 
100, and 121 °C for 30 min, respectively, and S. aureus F2 
was used as an indicator bacteria to measure the diameter 
of the inhibition zone.

The pH of PBS (0.1 mol/L, pH = 7.0) was adjusted to 
2, 3, 4, 5, 6, 7, 8, 9, and 10 by 1 mol/L HCl or 1 mol/ L 
NaOH. The 20 µL bacteriocin SL47 was added to 180 µL 
PBS with different pH and mixed for 20 min, and then, its 
pH was adjusted back to the initial pH of bacteriocin SL47 
(pH = 6.5). S. aureus F2 was used as an indicator bacteria to 
measure the diameter of the inhibition zone.

The bacteriocin SL47 was treated with the following 
proteolytic enzymes: trypsin (pH = 7.4), pepsin (pH = 2.2), 
papain (pH = 9), α-chymotrypsin (pH = 7.5), and protease K 
(pH = 7) were dissolved in 20 mmol/L PBS at the optimal 
pH of each protease. The concentration of each enzyme was 
1.0 g/L. Finally, the treated bacteriocin SL47 was adjusted 
back to its original pH (pH = 6.5) and the agar well diffusion 
method tested their antimicrobial activity.

Spoilage bacteria from different food sources were 
incubated in LB broth at 37 °C for 12 h. Then, 1 mL of 
bacteria was mixed with 100 mL of LB agar (1%) and 

http://www.uniprot.org/blast/
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poured into a sterile plate. 50 µL of bacteriocin was added 
to a well. The plate was then placed at 4 °C for 2 h and 
incubated at 37 °C for 6 h. The size of the inhibitory zone 
was measured to determine the antibacterial activity.

Effect of Bacteriocin SL47 on Cell Membrane Permeability

The MIC of bacteriocin SL47 against S. aureus F2 was 
determined by the double dilution method. LB medium with 
512 µg/mL bacteriocin SL47 was 2-fold serially diluted. 
Then, 50 µL of different concentrations of diluents were 
added to a 96-well plate containing S. aureus F2 suspension 
(6 log CFU/mL) and cultured at 37 ℃ for 12 h to determine 
the MIC. The concentration corresponding to the diluent 
with the minimum inhibitory effect was the MIC [38].

The bacteria of S. aureus F2 with OD600 = 0.4 were col-
lected, and 2 × MIC bacteriocin was added to S. aureus 
F2 at a ratio of 1:1 at 37 °C for 20 min, respectively. The 
blank control was treated with the same amount of sterile 
PBS. The cell morphology was fixed with 2.5% glutaral-
dehyde (Solarbio, Beijing, China) at 4 °C for 12 h. Then, 
the bacteria were washed three times with sterile PBS and 
dehydrated by a series of graded ethanol solutions (30, 
50, 70, 80, 90, and 100%). Each gradient was washed for 
10 min and centrifuged at 10000 × g for 5 min to remove 
the ethanol. Finally, after resuspension with 500 µL of 
anhydrous ethanol, 20 µL of resuspension was evenly 
coated on a clean coverslip. The samples were dried and 
gilded and imaged using a Sigma 300 scanning electron 
microscope (SEM) (ZEISS, Germany).

Following the same steps as scanning electron micros-
copy, 20 µL of suspension was dropped onto a mica plate. 
The results were observed using BioScope Resolve Atomic 
Force Microscope (AFM) (BRUKER, USA).

Membrane permeability and dynamic changes were 
assessed using the LIVE/DEAD™ BacLight™ Bacterial 
Viability Kit, which utilizes a vital-staining probe mixture 
(UElandy, Suzhou, China). S. aureus F2 with OD600 = 0.4 
was treated with 1: 1 bacteriocin at 2 × MIC for 20 and 
40 min at 37 °C, and the same amount of sterile PBS was 
added as the blank control. After being washed three times 
with PBS, the cells were mixed with NucGreen and EthD-III 
staining. The mixture was incubated in the dark at 37 ℃ for 
15 min. Finally, fluorescence images were collected using 
the LSM-710 (Carl Zeiss, Germany) microscope. The excita-
tion/emission wavelengths used for NucGreen and EthD-III 
were 503/530 nm and 530/620 nm, respectively. [34].

The Effect of Bacteriocin SL47 and L. plantarum SL47 
on S. aureus in Fermented Sausages

L. plantarum SL47 and S. aureus F2 were grown at 37 °C for 
12 h in MRS and Barder-Parker broth (Huankai Microbial 

Co., Ltd., Guangdong, China), respectively. The cells were 
washed, collected by centrifugation, and resuspended in 
25 mL 0.05 M PBS (pH = 7). The meat was cut into pieces 
about 8 mm in diameter and mixed with the ingredients. 
Sausages were produced using lean pork (65%), backfat pork 
(20%), starch (4%), sugar (4%), garlic (4%), salt (2.5%) and 
black pepper (0.5%). The sausages were divided into 5 equal 
groups. Each of the groups was contaminated with S. aureus 
F2 at a concentration of 3 log CFU/g and treated with bac-
teriocin or strain as follows:

•	 Group A: a control group, without added bacteriocin 
SL47 or L. plantarum SL47.

•	 Group B: 6 log CFU/g L. plantarum SL47 was added.
•	 Group C: 40 µg/g bacteriocin SL47 was added.
•	 Group D: 6 log CFU/g L. plantarum SL47 and 40 µg/g 

bacteriocin SL47 were added.
•	 Group E: 40 µg/g nisin was added.

All groups were filled into casings and placed in a 
VI180SA-1 incubation chamber (Vinicole Electrical Appli-
ance Co. Ltd., China). The incubation was performed at 20 
℃ and 95% relative humidity (RH) for 14 days. The sausages 
of five groups were analyzed at 0, 3, 7, 10, and 14 days for 
S. aureus, lactic acid bacteria, total viable CFU count, and 
pH. For microbiological determinations, the same method 
as the isolation of strains was used. MRS agar (containing 
2% calcium carbonate) was used for total lactic acid bacteria 
count, PCA agar (Huankai Microbial Co., Ltd., Guangdong, 
China) was used for total viable count, and Baird-Parker 
agar was used for S. aureus count. The pH was measured by 
a pH electrode connected to a pH meter PHS-3G (INESA 
scientific Instrument Co., Ltd., China).

Statistical Analysis

The data analysis was performed using GraphPad Prism 9. 
For the stability of bacteriocin, the inhibition zone size of 
bacteriocin at different temperatures and pH was analyzed. 
The effects of bacteriocin SL47 and L. plantarum SL47 in 
fermented sausages, the changes in S. aureus count, total 
viable CFU count, lactic acid bacteria count, and pH during 
fermentation were statistically analyzed. All data were the 
average representation of three experimental replicates, and 
the results were shown as mean ± SD. The analysis of vari-
ance (ANOVA) test was used and p < 0.05 was considered 
significant.

Accession Number

Lactiplantibacillus plantarum SL47 was identified by 
16S rRNA gene sequencing (GenBank accession number: 
OQ799052). The whole-genome sequence of L. plantarum 
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SL47 has been uploaded to the GenBank database with 
accession number JARQOB000000000. The GenBank 
accession numbers of plantaricin A, E, F, J, K, and N were 
OR068554, OR068555, OR068556, OR068557, OR068558, 
and OR068559, respectively.

Results

Screening and Identification of Strains

The 186 strains producing inhibition zones were obtained 
from 24 fermented sausages. After eliminating the possibil-
ity that the inhibitory potency of strain SL47 was due to the 
organic acid and hydrogen peroxide, strain SL47 exhibited 
the strongest antimicrobial activity with the largest diameter 
of the inhibition zone against S. aureus F2. The phylogenetic 

tree based on the 16S rRNA gene sequence of strain SL47 
was shown in Fig. 1. According to Fig. 1, Lactiplantibacillus 
plantarum was the closest species to strain SL47, so strain 
SL47 was identified as Lactiplantibacillus plantarum.

Identification of Bacteriocin

Identification of Bacteriocin‑Producing Genes

Bacteriocin-coding loci were found in the genome of L. 
plantarum SL47, as shown in Fig. 2. Six proteins (planta-
ricin A (PlnA), E (PlnE), F (PlnF), J (PlnJ), K (PlnK), and 
N (PlnN)) were identified as core proteins in areas of inter-
est (AOI), and their complete amino acid sequences were 
aligned with plantaricin A, E, F, J, K, and N in Lactiplanti-
bacillus plantarum (strain ATCC BAA-793/NCIMB 8826/
WCFS1) by Uniport, the identities of plantaricin A, E, J, and 

Fig. 1   Phylogenetic tree of 
strain SL47

Fig. 2   Bacteriocin synthesis gene cluster (green represents the core genes, which are PlnE, PlnF, PlnA, PlnN, PlnJ, and PlnK from left to right)
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N were the highest (100%), the identity of plantaricin F was 
96.4%, and the identity of plantaricin K was 98.2%.

Purification of Bacteriocin

The bacteriocin extracted by ethyl acetate was purified 
using Sephadex G-25 gel chromatography. As shown in 
Fig. 3, there are two elution peaks in the purification of 
Sephadex G-25. The results showed that only A-2 had 

antibacterial activity against S. aureus F2. At the active 
peak, only 2  mL of the fraction was collected at the 
peak tip, and it was concentrated by freeze-drying after 
repeated collection.

There were 4 absorption peaks after purification by 
RP-HPLC (Fig. 4). B-2 and B-4 had antibacterial activity. 
Therefore, the eluent of the B-2 and B-4 were collected 
for further analysis. Data related to the purification pro-
cess were summarized in Table 1.

Fig. 3   Sephadex G-25 gel 
chromatography of the ethyl 
acetate fraction (the antibacte-
rial activity of each peak was 
displayed on a plate in the top 
right corner)

Fig. 4   Reversed-phase high-per-
formance liquid chromatogra-
phy (RP-HPLC) of the A-2 frac-
tion (the antibacterial activity 
of each peak was displayed on a 
plate in the top right corner)
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Sequence and Molecular Weight Analysis of Bacteriocin

The amino acid sequence of purified B-2 was QLS-
NKEMQKIVGGK by HPLC–MS/MS, and its MW was 
1559.84  Da. The amino acid sequence of purified B-4 
was MTVNKMIKDLDVVDAFAPISNNK, NISGGR, and 
MKSLDKIAGLGIEMAEK by HPLC–MS/MS, and their 
MW were 2564.01, 602.65, and 1834.22 Da, respectively. 
The peptides obtained by HPLC–MS/MS (Fig.  5) were 
aligned with the sequence predicted by the genome of L. 
plantarum SL47. The peptide fragment in B-2 was identified 
as PlnA. B-4 contained three peptide fragments identified 
as PlnJ, K, and N. Therefore, L. plantarum SL47 produced 
four bacteriocins, namely, PlnA, J, K, and N, and there were 
silent genes encoding PlnE and F. The parameters of PlnA, 
PlnJ, PlnK, and PlnN were calculated by the antimicrobial 
peptide database (https://​aps.​unmc.​edu/​AP) and it found that 
their MW was similar, about 6.0 KDa (Table 2) and Tricine 
SDS-PAGE results also showed a single band at 4.1–6.5 kDa 
in the stained gel (Fig. 6).

Characterization of Bacteriocin

Stability and Antibacterial Spectrum of Bacteriocin

Figure 7A showed the stability of bacteriocin SL47 after heat 
treatment at −20 to 121 °C for 30 min. Figure 7B showed 
that the antibacterial activity of SL47 decreased under alka-
line conditions, while the acidic environment had little effect 
on the activity of SL47. It should be noted that the activity 
of SL47 decreased significantly at pH 10. The antimicro-
bial activity of bacteriocin SL47 decreased after enzymatic 
treatment with pepsin and trypsin. After treatment with 
papain, α-chymotrypsin, and proteinase K, the antibacterial 
activity was lost. The bacteriocin SL47 exhibited a good 
antibacterial spectrum (Table 3) and significantly inhibited 
growth of Gram-positive bacteria such as S. aureus, Listeria 
monocytogenes, and Bacillus cereus. In addition, growth of 
Gram-negative bacteria such as Escherichia coli, Aeromonas 

hydrophila, Vibrio parahaemolyticus, P. aeruginosa, and 
Salmonella were inhibited.

Effect of Bacteriocin SL47 on Cell Membrane Permeability

The MIC of bacteriocin SL47 was 16 µg/mL by the dou-
ble dilution method. Using SEM and AFM, the surface 
of S. aureus F2 cells without bacteriocin SL47 treatment 
was smooth. After 2 × MIC treatment for 20 min, the cell 
membrane began to rupture, the intracellular substances 
began to leak, and some cells were completely deformed 
(Figs. 8 and 9).

Living S. aureus F2 cells with intact membranes were 
green using NucGreen, while cells with damaged membranes 
appeared red due to the entry of EthD-III after membrane 
integrity was impaired. With the increase in treatment time, 
the transformation of bacteria from green fluorescence to red 
fluorescence was observed. The 2 × MIC bacteriocin SL47 
killed all the S. aureus F2 cells within 40 min (Fig. 10).

The Effect of Bacteriocin SL47 and L. plantarum SL47 
on S. aureus in Fermented Sausages

The results of microbiological and pH investigations of sau-
sages during the fermentation process inoculated with L. 
plantarum SL47 or bacteriocin SL47 were shown in Fig. 11. 
During the whole maturation stage, the count of S. aureus 
in groups B, C, D and E decreased by 1.92, 1.6, 1.98, and 
1.2 log CFU/g, respectively (Fig. 11a). The lactic acid bac-
teria and total viable count in all groups increased compared 
with the initial stage (Fig. 11b, c). In the group (B and D) 
inoculated with L. plantarum SL47, the lactic acid bacte-
ria increased rapidly, and the total viable cell count also 
increased. In sausages (C and E) inoculated with bacteriocin 
SL47 and nisin, lactic acid bacteria increased rapidly in the 
early stage of ripening and decreased in the later stage. The 
results showed that bacteriocin SL47 and nisin did not suffi-
ciently inhibit the growth of lactic acid bacteria, while nisin 
had a stronger inhibitory effect on lactic acid bacteria than 

Table 1   Purification results of bacteriocin

AU absorbance unit

Purification stage Volume (mL) Protein(mg/mL) Total protein(mg) Potency(AU/mL) Specific 
activity(AU/
mg)

Purification fold

CFS 600.00 40.49 6300.00 736.54 18.19 1.00
Ethyl acetate 1.00 125.00 125.00 6415.05 51.52 2.83
Sephadex G-25 gel 

chromatography
3.00 6.00 18.00 2173.70 120.76 6.64

RP-HPLC (B-2) 1.00 0.11 0.11 64.52 597.40 32.90
RP-HPLC (B-4) 1.00 0.13 0.13 28.65 218.70 12.02

https://aps.unmc.edu/AP
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bacteriocin SL47. The pH of all groups decreased compared 
with the initial stage. It is worth noting that the pH of the 
groups (B and D) inoculated with L. plantarum SL47 was 
lower than that of the bacteriocin SL47 during the whole 
maturation stage, especially in the first 3 days of fermenta-
tion (Fig. 11d).

Discussion

Staphylococcus aureus is one of the main pathogens that can 
form biofilms and contaminate food. Plantaricin, a class IIa 
LAB bacteriocin, was found to kill S. aureus and prevent 
biofilm formation [39]. L. plantarum C11 was reported to 
have genes encoding six bacteriocins (PlnA, PlnE, PlnF, 
PlnJ, PlnK, and PlnN). Among the genes encoding these six 

bacteriocins, PlnA encodes PlnA, which is located on the 
same operon as the two-component regulatory system (Pln-
BCD). The operons PlnEFI and PlnJKLR encode 2 bacteri-
ocin peptides (PlnEF and PlnJK) and hydrophobic proteins 
like bacteriocin immune proteins. The operon PlnMNOP 

Fig. 5   Identification of plantaricin by HPLC–MS/MS. A Plantaricin 
A, B Plantaricin J, C Plantaricin K, and D Plantaricin N (A was from 
B-2 in RP-HPLC and B–D were from B-4 in RP-HPLC. “ + ” indi-
cates that the charge of the ion is 1)

◂

Table 2   Peptide parameters calculated by APD database

Bacteriocins Molecular weight Isoelectric 
point

Total hydrophobic 
ratio

Plantaricin A 5783.088 10.48 43%
Plantaricin J 6071.98 9.99 42%
Plantaricin K 6236.073 9.52 35%
Plantaricin N 5958.834 8.03 36%

Fig. 6   Determination of molecular weight of the bacteriocin SL47 by 
Tricine SDS-PAGE (M was protein marker; lane 1 was bacteriocin 
SL47 obtained by Sephadex G-25 gel chromatography)

Fig. 7   Thermal and pH stability of bacteriocin SL47. A Thermal stability of bacteriocin SL47. B pH stability of bacteriocin SL47 (the errors 
bars are standard deviation). Different superscript lowercase letters represent significant differences between groups (p < 0.05)
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encodes a similar bacteriocin-like peptide (PlnN) and a puta-
tive immune protein [40]. Among them, PlnA is mainly a 
peptide pheromone that can induce strains to produce bac-
teriocins. It also has membrane permeability and an anti-
bacterial effect. PlnEF and PlnJK had antibacterial activity, 
while PlnN had no antibacterial activity [41]. Therefore, 
PlnA and PlnJK are bacteriocins that play a bacteriostatic 
role in bacteriocin SL47. PlnA belongs to class IIc bacteri-
ocin and PlnJK belongs to class IIb bacteriocin, like class II 

bacteriocin purified by other studies [42–44]. Their mode of 
action is to lyse the cell membrane of bacteria, increase the 
permeability of the cell membrane, and achieve the bacte-
ricidal effect. In general, the MICs of plantaricin against S. 
aureus were low. Then, 220 µg/mL plantaricin LD4 caused 
S. aureus cell membrane shrinkage and content leakage [45]. 
When S. aureus was treated with 64 µg/mL plantaricin 827, 
a few cells began to wrinkle, and with the increase of plan-
taricin 827, the cell membrane began to distort significantly 

Table 3   Antibacterial spectrum 
of bacteriocin SL47

Strains Growth medium Growth conditions 
(/h)

Zone of 
inhibition 
(mm)

Staphylococcus aureus CMCC 41002 LB 37℃/12 h 16.3 ± 0.15
Staphylococcus aureus XM11 LB 37℃/12 h 15.5 ± 0.25
Listeria monocytogenes ATCC 19116 LB 37℃/12 h 20.4 ± 0.15
Bacillus cereous Z-3 LB 37℃/12 h 18.2 ± 0.2
Escherichia coli ATCC 25922 LB 37℃/12 h 20.2 ± 0.25
Vibrio parahaemolyticus 1201 LB 37℃/12 h 20.1 ± 0.1
Vibrio parahaemolyticus 03K6 LB 37℃/12 h 16.2 ± 0.2
Salmonella CMCC 15611 LB 37℃/12 h 15.3 ± 0.2
Staphylococcus saprophyticus F6 LB 37℃/12 h 20.2 ± 0.15
Pseudomonas aeruginosa LB 37℃/12 h 14.4 ± 0.2
Aeromonas hydrophila AH2 LB 28℃/12 h 20.1 ± 0.28

Fig. 8   The cell morphology 
of S. aureus F2 observed by 
SEM (A, B control and C, D 
S. aureus cells treated with 
bacteriocin SL47 at 2 × MIC for 
20 min)

A B

C D
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in more cells [46]. Then, 256 µg/mL plantaricin FB-2 caused 
S. aureus cell membrane rupture [47]. Compared with the 
above research, only 32 µg/mL of bacteriocin SL47 can 
destroy S. aureus, showing a good killing effect on S. aureus.

Bacteriocin SL47 was identified as PlnA, PlnJ, PlnK, and 
PlnN by HPLC–MS/MS and had a MW of about 6.0 KDa 
by Tricine SDS-PAGE. Similarly, the molecular weight of 
plantaricin JY22 and Bac23 were estimated as 4.1 kDa and 

5.1 kDa using SDS-PAGE, respectively [48, 49]. Due to the 
band being composed of two or more proteins that migrate at 
the same apparent molecular weight on the gel, the presence 
of a single band using Tricine SDS-PAGE did not neces-
sarily mean that there was only one protein [50], and due 
to their similar properties, separating them in the purifica-
tion process was difficult. It was also difficult to identify 
four bacteriocins by conventional mass spectrometry and 

Fig. 9   The cell morphology of S. aureus F2 observed by AFM (A control and B, C S. aureus cells treated with bacteriocin SL47 at 2 × MIC for 
20 min)
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Fig. 10   The LIVE/DEAD of S. aureus F2 observed by confocal laser scan-
ning microscopy (A control and B S. aureus cells treated with bacteriocin 
SL47 at 2 × MIC for 20 min; C, S. aureus cells treated with bacteriocin SL47 

at 2 × MIC for 40 min). A control batch, B batch with 6 log CFU/g L. plan-
tarum SL47, C batch with 40 µg/g bacteriocins, D batch with 6 log CFU/g L. 
plantarum SL47 and 40 µg/g bacteriocins, and (E) batch with 40 µg/g Nisin

Fig. 11   Microbial and pH succession (log CFU/g ± SD) during the ripening of sausages (a S. aureus count, b lactic acid bacteria count, c total 
viable count, and d pH value of sausages). Different superscript lowercase letters represent significant differences between groups (p < 0.05)
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automatic Edman degradation. According to Moyer et al. 
only the mass spectrometry combined with the genomic 
information of L. plantarum SL47 could confirm the type 
of bacteriocin expressed [51]. This may be a new method for 
identifying bacteriocins in the future.

The bacteriocin SL47 had strong thermal and pH stability. 
Plantaricin W3-2 [52], plantaricin MG [53], plantaricin GZ1-
27 [34], plantaricin LPL-1 [43], plantaricin ASM1 [54], and 
plantaricin SLG1 [55] have similar properties. The reason 
may be that the hydrophobic protein is small, has almost no 
tertiary structure, and has a strong hydrophobic region, mak-
ing the cross-linked structure stable. Both bacteriocin SL47 
and plantaricin 163 [30] were sensitive to protease, which 
indicated that they had little negative effects on intestinal 
microflora. In addition, the bacteriocins nisin and pediocin 
PA-1, both currently approved by the FDA as food preserva-
tives, show a narrow antibacterial spectrum and most bac-
teriocins can only inhibit Gram-positive bacteria [24]. It is 
worth noting that the bacteriocin SL47 has activity to inhibit 
Gram-negative bacteria and has a broad antibacterial spec-
trum. According to the theory of Klaenhammer [56], bac-
teriocins produced by lactic acid bacteria are active against 
closely related bacteria. The structure and composition of 
the outer membrane of Gram-negative bacteria hinder the 
site for bacteriocin action, e.g., plantaricin S, T [57], C [58], 
and W [59] can only inhibit Gram-positive bacteria. How-
ever, a few plantaricins can not only inhibit Gram-positive 
bacteria but also Gram-negative bacteria. The interaction of 
plantaricin MG with the cytoplasmic membrane of energized 
cells due to the presence of proton dynamics led to the forma-
tion of pores, which allowed the efflux of ions leading to the 
death of Salmonella typhimurium [60]. Plantaricin BM-1 can 
inhibit the formation of biofilm, leading to the rupture and 
shrunk of E. coli cells [61]. Plantaricin J/K effectively inhib-
ited E. coli due to changes in bacterial fatty acid composition 
and membrane fluidity at low temperatures [62]. Bacteri-
ocin SL47 contains plantaricin J/K, and the Gram-negative 
bacteria reacted with bacteriocin SL47 at 4 ℃ for 2 h in the 
early stage of the agar well diffusion process. Like the above 
research, the bacteriocin SL47 promoted the inhibition of 
Gram-negative bacteria at low temperatures.

The bacteriocin SL47 not only had a bacteriostatic effect 
on the agar plate but also had a good bacteriostatic effect 
in the process of sausage fermentation. The bacteriostatic 
effect of bacteriocin SL47 was better than that of nisin, 
which may be because bacteriocin SL47 was composed of 
multiple bacteriocins, which could achieve a better bacterio-
static effect. However, the effect of direct addition of bacte-
riocin-producing strains in sausages was better than that of 
the direct addition of bacteriocin. This was because during 
the growth of lactic acid bacteria, not only bacteriocins were 
produced, but also antibacterial substances such as organic 
acids were produced [63]. The organic acid produced by 

lactic acid bacteria caused the pH in the system to decrease 
rapidly and then increase slightly or remain basically stable, 
which was consistent with the results of Kozacinski et al. 
[64]. The antibacterial mode, stability, and effectiveness in 
the sausage shows that bacteriocin SL47 has excellent prop-
erties to be used in meat products.

Conclusion

In conclusion, L. plantarum SL47 was screened from natu-
rally fermented sausages, and it made the bacteriocins were 
PlnA, J, K, and N. Furthermore, several experiments showed 
that bacteriocin SL47 had broad spectrum antibacterial abil-
ity, good thermal, and pH stability. Bacteriocin SL47 eventu-
ally led to bacterial cell death by increasing the permeability 
of the S. aureus F2 cell membrane. Both bacteriocin SL47 
and L. plantarum SL47 were inoculated into fermented sau-
sages, and the result showed they could inhibit S. aureus to 
improve the safety and quality of fermented sausages.
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