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Abstract
Bacteriocins are ribosomally synthesized peptides with antibacterial activity against food-borne pathogenic bacteria that cause
spoilage, possessing important potential for use as a natural preservative in the food industry. The novel bacteriocin BM1300
produced by Lactobacillus crustorum MN047 was identified after purification in this study. It displayed broad-spectrum anti-
bacterial activity against some selected Gram-positive and Gram-negative bacteria. The minimum inhibitory concentration
(MIC) values of BM1300 against Staphylococcus aureus ATCC 25923 and Escherichia coli ATCC 25922 were 13.4 μg/mL
and 6.7 μg/mL, respectively. Moreover, BM1300 showed excellent thermal (between 60 and 120 °C), pH (2–11), and chemical
(Tween-40, Tween-80, Triton X-100, and EDTA) stabilities. Time-kill curves revealed that BM1300 exhibited bactericidal
activity against S. aureus and E. coli. The scanning and transmission electron microscopy indicated that BM1300 acted by
disrupting the cell membrane integrity and increasing cell membrane permeabilization of indicator bacteria. The disruption of cell
membrane integrity caused by BM1300 was further demonstrated by the uptake of propidium iodide (PI) and the release of
intracellular lactate dehydrogenase (LDH) and nucleic acid and proteins. Moreover, BM1300 affected cell cycle distribution to
exert antibacterial activity collaboratively. Meanwhile, BM1300 inhibited the growth of S. aureus and E. coli of beef meat and
improved the microbiological quality of beef meat. These findings place BM1300 as a potential biopreservative in the food
industry.
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Introduction

Bacteriocins, a huge family of antimicrobial peptides or small
proteins, exhibit antibacterial activity against genetically
closely bacteria to compete and survive in an ecological sys-
tem [1]. In recent years, bacteriocins produced by lactic acid

bacteria (LAB) have attracted significant interests for their
ability to effectively inhibit food-borne pathogenic bacteria
and some multidrug-resistant bacteria [2, 3], which can be
developed as natural food preservatives and therapeutic anti-
microbial agents. To date, wide varieties of bacteriocins have
been exploited, such as pediocin PA-1, enterocin AS-48, and
lactococcin A [4].

Although a large number of bacteriocins produced by LAB
have been studied in recent years, nisin and pediocin PA-1/
AcH were approved for use in selected foods only [5, 6]. It
should be noted that the narrow-spectrum activity of bacterio-
cins limits their application in extending shelf life of food
products, such as thuricin CD [7], bacteriocin ST91KM [8],
and His-tagged colicin 5 [9]. Bacteriocins produced by LAB
are generally active against Gram-positive bacteria but exhibit
poor activity against Gram-negative bacteria [10]. The reason
why Gram-negative bacteria are resistant to these bacteriocins
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is that their outer membrane is a complex barrier system,
preventing the deleterious effect on the inner membrane
[11]. Therefore, novel and broad-spectrum bacteriocins which
are particularly active against Gram-negative bacteria remain
to be investigated.

A clear understanding about modes of action of bacteriocins
produced by LAB against pathogens is important to ascertain
their effective application as food preservatives in the food
industry. Class I bacteriocins, i.e., lantibiotics, usually bind to
target molecules (lipid II) acting as the key intermediate in the
peptidoglycan biosynthesis machinery of the cell wall, and last-
ly, peptidoglycan synthesis is hampered. Other lantibiotics get
inserted in the cell membrane through targeting lipid II as a
docking molecule and lead to pore formation in the cell mem-
brane followed by cell death [4, 12]. Class II bacteriocins gen-
erally bind to the transporter mannose phosphotransferase sys-
tem (Man-PTS) and then insert into the cytoplasmic membrane,
causing membrane permeabilization and depolarization by the
leakage of ions and intracellular material [13], such as
lactococcin A [14] and microcin E492. Class III bacteriocins,
i.e., bacteriolysin (e.g., lysostaphin), usually exert the bacteri-
cidal activity by target cell lysis for their hydrolytic activity of
the cell wall [12]. Lots of bacteriocins produced by LAB have
been explored in recent years, but there are some differences
among abundant antimicrobial systems. Therefore, specific
modes of action of bacteriocins still need to be investigated.

Due to increasing consumer demands toward foods con-
taining less chemical preservatives, the concept of safe and
healthy food preservatives has recently intensified [2].
Bacteriocins produced by LAB have promising perspectives
to be used as food preservatives. For example, nisin has
gained permitted application as a food preservative in over
50 countries [13]. At present, beef meat is regarded as a rep-
resentation of red meat consumption and preservation of beef
is a huge challenge that remains to be solved. However, the
majority of Gram-negative bacteria are not sensitive tomost of
the bacteriocins produced by LAB; few breakthroughs in this
regard are reported. Therefore, effective and enhanced bacte-
riocins produced by LAB against Gram-negative bacteria
have excellent potential use in the meat system.

BM1300 was a novel bacteriocin produced by
Lactobacillus crustorum MN047 which was isolated from a
traditional fermented dairy product koumiss in our previous
study [15]. However, its physicochemical properties are un-
known; its specific mode of action against target bacteria and
the potential use in the food industry are still not investigated.
Therefore, in this study, we aimed (i) to characterize bacteri-
ocin BM1300 including its stability and biosafety, (ii) to suf-
ficiently elucidate the modes of action of BM1300 against
both Staphylococcus aureus and Escherichia coli, and (iii)
to evaluate its inhibitory effects against both S. aureus and
E. coli of beef meat during refrigerated storage. The present
study provides a foundation for future application of BM1300.

Materials and methods

Microbial strains and preparation of bacteriocin

Bacteriocin BM1300 was heterologously expressed using the
E. coli expression system in our previous study [16]. In brief,
the purified PCR product was digested with FlyCut™ Nde I
and FlyCut™ BamHI and was inserted into pET-28a by liga-
tion with T4 Ligase. This recombinant plasmid containing
BM1300 bacteriocin gene was transformed into E. coli
BL21 (DE3) competent cells. E. coli BL21 (DE3) containing
recombinant vector was incubated in Luria Bertani (LB) broth
medium containing kanamycin at 37 °C until an OD600 of 0.4.
Cultures were induced by isopropyl β-D-thiogalactoside
(IPTG) overnight at 25 °C. Cells were harvested and washed
three times with 20 mMTris-HCl (pH 6.68). At least 5 freeze-
thaw cycles were performed to disrupt cells and release bac-
teriocin BM1300 [16]. The minimum inhibitory concentration
(MIC) value of BM1300 was defined as the lowest concentra-
tion of BM1300 in which no growth of indicators was ob-
served [17]. It was the parameter for the evaluation of the
concentration of BM1300 in the lysate. Before starting the
experiments in this study, the MIC was used for the quantifi-
cation of the bacteriocin unless stated otherwise in this work.
All Gram-positive and Gram-negative bacteria in this study
were cultivated on LB broth at 37 °C, in which only Vibrio
parahaemolyticus was cultured in LB broth containing 3%
NaCl. S. aureus ATCC 25923 and E. coli ATCC 25922 were
used as indicator bacteria.

Antibacterial spectrum

The antibacterial spectrum of bacteriocin BM1300 was deter-
mined, and the selected Gram-positive and Gram-negative
bacteria are shown in Table 1. Supernatants of cell disruption
(100 μL) were used to test the antibacterial activity, and the
zones of growth inhibition surrounding the wells of the test
bacteria were measured by the agar well diffusion assay [18].
All measurements were performed in triplicate.

Purification of BM1300

Crude bacteriocin BM1300 was dialyzed with a dialysis tube
(MW 3500) in ultrapure water to remove salt. The active frac-
tion was filter-sterilized (0.22 μm) and loaded onto a HiTrap
Q FF anion exchange column at 1 mL/min using an AKTA
system (AKTA Purifier 100, GE, Sweden). The column was
equilibrated by Tris-HCl (20mM, pH 6) firstly and then eluted
with linear gradient (0-1 M NaCl) in equilibrium buffer
(20 mM Tris-HCl). Active fractions from the last step were
concentrated in a vacuum freeze concentrator and loaded on
an Agilent ZORBAX 300SB-C18 reverse-phase column
(250 × 4.6 mm, 5 mm) to purify using an analytical RP-
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HPLC (Waters 1525, USA). Gradient elution was performed
at a flow rate of 1 mL/min with mobile phase A (100% H2O
and 0.05% TFA) and mobile phase B (100% acetonitrile) and
monitored at 280 nm. The purified BM1300 was applied to
LC-MS/MS to identify the BM1300 according to the follow-
ing steps. The purified BM1300 was subjected to trypsin di-
gestion for 16 h at 37 °C before being desalted by manual
Pierce C18 Tips (Thermo Fisher Scientific, USA). The hydro-
lysis products were analyzed by mass spectrometry using a Q
Exactive mass spectrometer (Thermo Fisher Scientific, USA).
Mass spectrometry output data were analyzed through the
database Mascot (Matrix Science, Boston, MA).

Determination of minimum inhibitory concentration
values

The purified BM1300 from RP-HPLC was concentrated and
used to measure the MIC values against S. aureus ATCC
25923 and E. coli ATCC 25922 following the protocol as
previously described [19]. In brief, aliquots of 50μL purified
BM1300 solutions prepared by twofold serial dilutions with
phosphate-buffered saline solution (PBS, 0.1 M, pH 7.2) were
mixed with 50μL exponential-phase indicator bacteria in a 96-
well plate and then incubated for 24 h at 37 °C. Meanwhile,
the protein concentrations of each of the above BM1300 di-
luted solutions (diluted in PBS buffer) in this experiment were
determined by BCA Assay Kit (Xi’an Hat, China).

Effects of heat, pH, protease, and chemicals on
bacteriocin activity

The residual antibacterial activity of supernatants of cell
disruption (bacteriocin BM1300) was determined after
the treatments of 60, 80, 100, and 120 °C for 5, 10,

Table 1 Antimicrobial spectrum of bacteriocin BM1300

Indicator strains Indicator
diameter of
inhibition zone
(mm)

Resistant antibiotic

Gram-positive bacteria

Bacillus cereus
ATCC 14579

25.8 ± 0.3

Staphylococcus
aureus ATCC
26111

28.0 ± 0.0

Listeria
monocytogenes
ATCC 19115

21.6 ± 0.2

Listeria
monocytogenes
ATCC 15313

27 ± 1.0

Antibiotic-resistant
Staphylococcus
aureus 1

19.1 ± 1.0 AMP, A/C,T/S,PEN

Antibiotic-resistant
Staphylococcus
aureus 2

16.3 ± 0.7 AMP, PEN, ERY, T/S, CIP

Antibiotic-resistant
Staphylococcus
aureus 3

16.8 ± 0.3 AMP, PEN, T/S, CIP

Antibiotic-resistant
Staphylococcus
aureus 4

0 ERY, FOX, A/C, T/S, PEN

Antibiotic-resistant
Staphylococcus
aureus 5

0 ERY, FOX, AMP, A/C, T/S,
PEN

Gram-negative bacteria

Salmonella
typhimurium LT2

18.5 ± 0.3

Yersinia
enterocolitica
52203

17.6 ± 0.2

Cronobacter
sakazakii ATCC
BAA-894

23.1 ± 0.3

Salmonella
typhimuriumATCC
51005

17.6 ± 0.4

Vibrio
parahaemolyticus
ATCC 17802

13.5 ± 0.5

Antibiotic-resistant
Salmonella
53-1105R

22.7 ± 0.3 TCY, FIS, TMP, SMZ

Antibiotic-resistant
Salmonella 1-1105J

15.9 ± 0.9 FIS, NAL

Antibiotic-resistant
Salmonella 557D

18.8 ± 0.3 AMP, A, AMK, CHL, FOX,
GAT, GEN, KAN, LVX,
NAL, T/S, TCY

Antibiotic-resistant
C. sakazakii 18-7
(1)

24.6 ± 0.2 AMO, A/C, TCY, S, RA,
GEN, T/S, FOX

Antibiotic-resistant
C. sakazakii 18-11
(2)

15.0 ± 0.0 AMC, A/C, FOX, TCY,
RA, T/S

18.9 ± 0.1 AMP, KAN, MP, SMZ,
CHL, NAL, CIP, TET

Table 1 (continued)

Indicator strains Indicator
diameter of
inhibition zone
(mm)

Resistant antibiotic

Antibiotic-resistant
Escherichia coli SX
DMQ004 EC2

Antibiotic-resistant
Escherichia coli SX
WSQ003 EC3

18.2 ± 0.3 AMP, KAN, MP, SMZ,
CHL, CFP, TET

A/C amoxicillin/clavulanic acid,AMC amoxicillin,AMP ampicillin,AMK
amikacin, CHL chloramphenicol, CIP ciprofloxacin, CRO ceftriaxone,
ERY erythromycin, FIS sulfisoxazole, FOX cefoxitin, GAT gatifloxacin,
GEN gentamicin, KAN kanamycin, LVX levofloxacin, MP meropenem,
NAL nalidixic acid, PEN penicillin, RA rifampin, S streptomycin, SMZ
sulfamethoxazole, T/S trimethoprim/sulfamethoxazole, TCY tetracycline,
TMP trimethoprim, TET tetracycline
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and 20 min, respectively. Untreated BM1300 was used
as a control. The impact of pH on BM1300 activity was
investigated by adjusting pH of bacteriocin solutions (pH
2.0–11.0) with the following buffers (20 mM): glycine-
HCl (pH 2.0), citric acid-phosphate (pH 3.0, 4.0, 5.0,
6.0), sodium phosphate (pH 7.0), Tris-HCl (pH 8.0,
9.0), and glycine-NaOH (pH 10.0, 11.0). These solutions
were then incubated at 37 °C for 2 h. BM1300 without
the treatment was used as a control. BM1300 was
coincubated for 4 h at 37 °C with enzyme solutions
(10 mg/mL) of pepsin, papain, proteinase K, and α-am-
ylase, respectively, which was aimed at investigating the
effects of protease on BM1300 activity. BM1300 without
treatment with enzymes was used as a control. BM1300
was exposed to Tween-40, Tween-80, Triton X-100 of
5% (v/v), and EDTA (5 mmol/L) and incubated for 2 h
at 37 °C. Untreated bacteriocin solutions and chemicals
in the absence of BM1300 were served as controls. The
residual antibacterial activity of BM1300 was determined
after the above treatments by the agar well diffusion
assay using E. coli ATCC 29522 as the indicator strain
according to the previously reported methods with some
modifications [20].

Hemolytic activity

A hemolysis assay was performed as previously described
[21]. The mouse blood cells were washed three times with
PBS (0.1 M, pH 7.2) and centrifuged at 1000×g for 10 min.
Aliquots of 100μL cells were diluted to 5% (v/v) with PBS
(0.1 M, pH 7.2) and added into a 96-well plate. Subsequently,
aliquots of 100μL BM1300 solutions prepared by twofold
serial dilutions starting at 53.6 μg/mL until 0.11 μg/mL) were
also added into the prepared 96-well plate. After incubation
for 1 h at 37 °C and centrifugation at 1000×g for 10 min,
aliquots of 100 μL of supernatants were added to a new 96-
well plate. The absorbance at 540 nm was measured to deter-
mine the released hemoglobin. A parallel treatment in the
presence of 0.1% (v/v) Triton X-100 was conducted to deter-
mine the absorbance of complete hemolysis (100%). Serial
twofold dilutions of ampicillin, starting from 53.6 to
0.11 μg/mL, were used as controls.

The hemolysis was calculated as

Hemolytic activity %ð Þ ¼ 100

� ABM1300−Ablackð Þ= Atriton−Ablackð Þ½ �

where ABM1300 is the experimental absorbance of BM1300,
Ablack is the absorbance of cell supernatants treated with
PBS, and Atriton is the absorbance of 0.1% Triton X-100
lysed cells.

Time-kill curve

The time-kill curve was determined according to the method
of Liu et al. [22]. Briefly, the prepared S. aureus and E. coli
cell suspensions (106 CFU/mL) were exposed to BM1300 at a
final concentration of 2 ×MIC. Bacterial growth was moni-
tored at selected times of 0, 0.5, 1, 2, 3, 4, 5, and 6 h. The
cultures at these time points were serially diluted 10-fold with
sterile water and aliquots of 50μL samples were plated on LB
agar plates. Viable colonies were counted after incubation for
24 h at 37 °C. Indicator bacteria grown in the absence of
BM1300 were used as controls.

Scanning and transmission electron microscopy

S. aureus cell suspensions (106 CFU/mL) were exposed to
BM1300 (1 ×MIC and 4 ×MIC, respectively) and incubated
for 2 h at 37 °C with agitation. Pretreatments of E. coli cells
were done following the same method as those for S. aureus.
Subsequently, cells were washed three times with PBS
(0.1 M, pH 7.2) and then fixed with 2.5% glutaraldehyde
overnight. Cell dehydration was performed with gradient eth-
anol solutions and 100% acetone. The surface of cells was
coated with gold (80 nm). A Nova Nano SEM-450 scanning
electron microscopy (FEI, USA) was used to visualize the
shape and surface characteristic changes of cells treated with
BM1300 compared to non-treated cells.

For transmission electron microscope (TEM) analysis, the
target bacteria were prepared by following the samemethod as
scanning electronmicroscope (SEM) experiment before being
fixed with 1% osmium tetroxide for 2 h. Thereafter, cells were
dehydrated with the gradient ethanol solutions and permeated
with white resin. The prepared cells were embedded in an
oven at 55 °C for 48 h. Thin sections (70 nm) were prepared
using a Leica EM UC7 ultrathin slicer (Leica, Germany) and
successively stained with lead citrate and uranyl acetate.
Intracellular organization alterations of S. aureus and E. coli
were observed using Tecnai G2 Spirit BioTwin transmission
electron microscopy (FEI, USA).

Cell membrane integrity analysis

The impact of BM1300 on cell membrane integrity of indica-
tor bacteria was evaluated by measuring the propidium iodide
(PI) uptake using a flow cytometer according to the method of
Yi et al. [23] with some modifications. S. aureus and E. coli
cells (106 CFU/mL) were incubated with BM1300 (final con-
centration of 2 ×MIC) at 37 °C for 2 h. Cells were harvested
and washed three times with 0.9% NaCl. Thereafter,
propidium iodide solution (100 μg/mL) was added to cell
suspensions and incubated for 30min in the dark. Cells treated
with 0.9% NaCl were used as negative controls. PI uptake of
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cells was analyzed using a FACSCalibur flow cytometer
(Becton Dickinson, USA).

The effect of BM1300 on the cell membrane permeability
was investigated through the release of lactate dehydrogenase
(LDH) and protein and total nucleotide leakage assays. Both
S. aureus and E. coli were treated following the method of PI
uptake assay. Cell supernatants were collected by centrifuga-
tion at 8000×g for 8 min at 0, 1, 2, 3, 4, 5, and 6 h and filtered
through 0.22 μm to remove the residual cells. Concentrations
of LDH within cell supernatants were measured using a LDH
kit (Nanjing Jiancheng, China). The OD values (280 nm and
260 nm) of cell supernatants were also measured by a spec-
trophotometer (UV-2102PCS, UNICO, USA) to determine
the leakage of protein and total nucleotide. Indicator bacteria
incubated without BM1300 were used as controls.

Inhibition of biofilm formation

A biofilm formation assay was performed as described previ-
ously with some alterations [24]. Overnight cultured indicator
bacteria were resuspended in fresh Tryptic Soy Broth (TSB)
(OD600 = 0.1). Aliquots of 100μL cell suspensions and
BM1300 at the final concentrations of 1/8, 1/4, 1/2, and 1 ×
MIC were coincubated in a 96-well plate for 24 h at 37 °C.
Indicator bacteria treated with PBS (0.1 M, pH 7.2) served as
controls. The absorbance at 630 nm was measured by a micro-
plate reader (Bio-Rad, USA). Plates were gently washed to re-
move the unattached bacteria with PBS (0.1 M, pH 7.2). The
biofilm was fixed with 10% methanol for 10 min before wells
were stained with 0.1% crystal violet, and then, the absorbance
at 570 nm was measured using a microplate reader (Bio-Rad,
USA). BFI (biofilm formation index) was calculated as

BFI ¼ SOD570−SCOD570ð Þ= GOD630−GCOD630ð Þ
where SOD570 is the OD570 of the stained attached microorgan-
isms, SCOD570 is the OD570 of the stained blank wells without
microorganisms, GOD630 is the OD630 of the cell growth in
suspended culture, and GCOD630 is the OD630 of the blank well.

Impact of BM1300 on cell cycle

Impact of BM1300 on S. aureus and E. coli cell cycle was
analyzed according to the previously described method [25]
with some modifications. In brief, overnight S. aureus and E.
coli cells were harvested, washed, and resuspended in fresh
LB broth (106 CFU/mL) and incubated with 2 × MIC
BM1300 for 2 h at 37 °C. Subsequently, cells were harvested
and fixed with 70% ice-cold ethanol overnight. Cells were
washed with PBS (0.1 M, pH 7.2) and then incubated with
RNase A solution (0.2mg/mL) for 30min at 37 °C. Cells were
harvested by centrifugation at 6000×g for 5 min and resus-
pended in PI solution (containing 0.1% Triton X-100),

followed by incubation for 30 min in the dark. The contents
of DNA were measured by CytoFLEX (Beckman, USA) and
analyzed byModFit LT 5.0 software (Verity Software House,
ME, USA). Cells in the absence of BM1300 were used as
controls.

Application of BM1300 in beef meat

Fresh beef meat purchased at the local supermarket was cut
into even-sized pieces, and 200 g each was placed into several
flasks. BM1300 solutions (120 mL, final concentrations of
1 ×MIC and 4 ×MIC against S. aureus and E. coli, respec-
tively) were added to the prepared flasks and incubated for
15 min. Beef meat treated with 20 mM Tris-HCl served as a
control. After being dried at room temperature, aliquots of
exponential-phase S. aureus and E. coli (5 mL, 106 CFU/
mL) were sprayed on the beef meat and stored at 4 °C, respec-
tively. Beef meat (5 g) of each group was weighed at 0, 1, 2, 3,
4, 6, 8, and 10 day and ground in 10-mL sterile PBS (0.1 M,
pH 7.2). Aliquots of 50μL supernatants were tenfold diluted
with PBS and plated on S. aureus–selective Baird Parker agar
medium, E. coli–selective MacConkey agar medium, and LB
agar plates, respectively. Viable colonies of S. aureus and E.
coli and total microbial counts were counted after being culti-
vated for 24 h at 37 °C.

Statistical analysis

All experiments were performed for three independent repli-
cates. Data are expressed as mean ± standard deviation.
Student’s t test was used for all comparisons between two
groups. One-way ANOVA was used to determine significant
differences between three or more groups (*p < 0.05,
**p < 0.01, ***p < 0.001).

Results

Antibacterial spectrum

The antibacterial spectrum of BM1300 against selected Gram-
positive and Gram-negative bacteria is presented in Table 1.
BM1300 significantly inhibited not only Gram-positive bac-
teria including Bacillus cereus, Listeria monocytogenes, S.
aureus but also Gram-negative bacteria such as Cronobacter
sakazakii , Salmonella typhimurium , and Yersinia
enterocolitica, with the diameter of inhibition zone being
more than 13 mm. Moreover, BM1300 exhibited desirable
antibacterial activity against a wide range of antibiotic-
resistant bacteria, including antibiotic-resistant C. sakazakii,
E. coli, and Salmonella. The broad-spectrum antibacterial ac-
tivity of BM1300 indicated that it had potential as a natural
food preservative in the food industry.
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Purification of BM1300 and MIC

Crude BM1300 which retained the N-terminal His tag and the
thrombin cleavage sequence was firstly dialyzed to desalt and
remove low molecular protein (< 3.5 KDa). As shown in
Fig. 1, the bacteriocin sample was purified by an anion-
exchange column, at which five peaks were obtained and
massive heteroproteins were moved. The active peak (arrow
in Fig. 1a) was collected and then applied to the final purifi-
cation of RP-HPLC. Subsequently, the chromatogram showed
that nine clear peaks were isolated (Fig. 1b), after which the
active peak (arrow in Fig. 1b) was taken manually and con-
centrated. Eight target fragments of purified BM1300 were
identified and analyzed by LC-MS/MS (Fig. 2) with the cov-
erage of 76.39% (Fig. S1). Amino acid sequences of both the

beginning and middle parts were covered, suggesting that
BM1300 was the core bacteriocin for mostly full coverage
and correct expression (Fig. 2). The unidentified fragments
of IEFW and FVLRSFKNLVIKRmight be caused by the loss
in desalting using manual C18 Tips. The MIC values of
BM1300 against S. aureus ATCC 25923 and E. coli ATCC
25922 were 13.4 μg/mL and 6.7 μg/mL, respectively.

Effect of heat, pH, protease, and chemicals on
BM1300

The impact of heat, pH, protease, and chemicals on BM1300
stability are shown in Table 2. The residual activities were
94.56%, 91.06%, 90.07%, and 89.46% after being heated
for 20 min at 60, 80, 100, and 120 °C, suggesting its
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Fig. 1 Purification of bacteriocin BM1300 by chromatographic columns.
aAnion exchange column and inhibition zone of the arrowed peak. Black
line is 280 nm, and green line is conc. b RP-HPLC and inhibition zone of

the arrowed peak. The y-axis in b is the absorbance value (arbitrary units
(AU)) of bacteriocin under 280 nm
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remarkable thermal stability. As shown in Table 2, pH varia-
tion had little effect on BM1300 activity. BM1300 had higher
activity in the pH range of 8–11 than at 2–4. Pepsin, papain,
and proteinase K decreased the BM1300 activity, suggesting
that BM1300 was slightly sensitive to protease (Table 2). The
antibacterial activity of BM1300 after being treated with cat-
alase and α-amylase was still stable, suggesting that the activ-
ity was not derived from hydrogen peroxide and carbohydrate
moieties. Moreover, BM1300 was relatively stable (> 90% of
residual inhibitory activity) to chemicals (EDTA, Tween-40,
Tween-80, and Triton X-100) investigated in this experiment.

Hemolytic activity of BM1300

In this work, the hemolytic activity assay was carried out to
observe the hemolysis caused by increased concentrations of
BM1300 to confirm it is biologically safe. As shown in Fig.
S2, BM1300 showed less than 1.5% hemolytic activity among
tested concentrations. According to the data obtained, hemo-
lysis caused by the highest concentrations used (53.6 μg/mL)
was very low (less than 1.2%). On the contrary, ampicillin had
2% hemolysis in a low concentration range, which was more

than BM1300. It was remarkable that lysis caused byBM1300
on mouse erythrocytes required concentrations much higher
than those required for antibacterial activity.

Table 2 Stability of the bacteriocin BM1300 to heat, pH, protease, and
chemicals

Treatment Residual inhibitory activity (%)

Temperature

60 °C, 5 min 97.4% ± 1.3

60 °C, 10 min 95.2% ± 1.3

60 °C, 20 min 94.6% ± 0.4

80 °C, 5 min 93.0% ± 0.9

80 °C, 10 min 92.3% ± 0.4

80 °C, 20 min 91.1% ± 1.0

100 °C, 5 min 92.3% ± 1.0

100 °C, 10 min 90.9% ± 1.3

100 °C, 20 min 90.1% ± 0.9

120 °C, 5 min 90.6% ± 0.3

120 °C, 10 min 90.6% ± 0.4

120 °C, 20 min 89.5% ± 0.8

pH

2 89.5% ± 4.0

3 93.6% ± 0.5

4 94.0% ± 0.5

5 97.7% ± 2.5

6 96.6% ± 1.5

7 96.6% ± 2.5

8 97.4% ± 2.0

9 101.9% ± 0.5

10 100.8% ± 1.5

11 101.1% ± 1.0

Protease

Pepsin 73.61% ± 2.5

Papain 78.87% ± 1.5

Proteinase K 65.86% ± 2.5

Catalase 96.77% ± 2.0

α-Amylase 97.74% ± 1.0

Chemicals

EDTA (5 mmol/L) 97.2% ± 0.8

Tween-40 (5% v/v) 94.7% ± 1.2

Tween-80 (5% v/v) 98.3% ± 1.5

Triton-100 (5% v/v) 98.3% ± 1.8

Fig. 3 Time-kill curve against S. aureus (circle is the control, and square
is treated by BM1300 at 2 ×MIC) and E. coli (inverted triangle is the
control, and triangle is treated by BM1300 at 2 × MIC). Data are
expressed as mean ± SD. Each individual treatment is run in triplicate

HHHHHHSSGLVPRGSHMEWYKSIEFWIGTLVTLAFFQMFFDKTFGAMWWGSLIFTIVGMLFVLRSFKNLVIK

HHHHHSSGLVPRGSHMEWYKS IGTLVTLAFFQMFFDKTFGAMW 

HHHHSSGLVPRG                          FQMFFDKTF

HHHSSGLVPRG FGAMWWGSLIFTIVGML

HHSSGLV

HSSGLVPRG

Fig. 2 The BM1300 residue
fragments identified by LC-MS/
MS were aligned with the full
amino acid sequence. The
identified amino acid fragments
were highlighted in yellow color
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Time-kill curves

The time-kill curve assay is aimed at investigating the
mode of action of BM1300. As shown in Fig. 3, exposure
of 2 ×MIC BM1300 for 1 h resulted in a decrease of 3.44
and 5.40 log10 CFU/mL (greater than 3 log10 CFU/mL) for
S. aureus and E. coli, respectively. It suggested that
BM1300 damaged S. aureus and E. coli through the
quick-acting mode. In particular, we found that BM11300
had a better bactericidal effect (99.9% [3log10] reduction of
bacterial inoculum) [22] against E. coli compared to S.
aureus. The viable counts of S. aureus and E. coli contin-
ually decreased in a time-dependent manner. After 6 h, a
significant reduction of viable counts relative to the initial
density was observed for S. aureus and E. coli (reduced by
5.28 and 7.18 log10 CFU/mL, respectively). These results
suggested that BM1300 had bactericidal modes of action
against S. aureus and E. coli in a time-dependent manner.

SEM and TEM

SEM analysis was investigated to observe the morphology
changes of target bacteria caused by BM1300. As shown in
Fig. 4a, untreated S. aureus cells showed typical plump cell
and smooth cell membranes. In contrast, S. aureus cells treat-
ed with 1 ×MIC BM1300 exhibited noticeable sunken defor-
mations of shape with some cavities (Fig. 4c).When S. aureus
cells were exposed to 4 ×MIC BM1300, the cell walls were
distorted completely and the majority of cells could not main-
tain their normal shape, indicating there was abnormal cell
breakage and cell lysis (Fig. 4e). Moreover, compared with
untreated E. coli which had rod-shaped and pump profile,
membrane damagewas observed on the surface ofE. coli cells
after treatment with 1 ×MIC BM1300 (Fig. 4d). Massive
damage caused by 4 ×MIC BM1300 was more evident with
the evidence of abnormal cell breakage and cell lysis (Fig. 4f).
There were apparent pores, incomplete and rough features on

a b

c d

e f

Fig. 4 SEM images of S. aureus
(control (a); treated by
BM1300 at 1 ×MIC (c); treated
by BM1300 at 4 ×MIC (e)) and
E. coli (control (b); treated by
BM1300 at 1 ×MIC (d); treated
by BM1300 at 4 ×MIC (f))
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the surface of E. coli cells; there were even almost no intact
rod cells due to severe cell lysis. Obviously, these results
indicated that BM1300 induced alterations in the morphology
of S. aureus and E. coli in a concentration-dependent manner.

TEM was performed to observe the intracellular organiza-
tion changes of target cells caused by BM1300. As shown in
Fig. 5c, there was no clear delineation between the S. aureus
cell wall and the cytoplasm membrane after treatment with
1 ×MIC BM1300. In contrast, following the treatment with
4 ×MIC BM1300, severe separation between the cytoplasm
membrane and the cell wall, as well as heterogeneous

electron density, could be observed (Fig. 5e). TEM images
of E. coli treated by 1 ×MIC BM1300 demonstrated that
uneven cytoplasm and cytoplasmic vacuolization that result-
ed from the leakage of the intracellular cytoplasmic contents
could be found (Fig. 5d). There were a large number of cells
with vacuolization due to loss of cytoplasmic substance after
treatment with 4 × MIC BM1300 (Fig. 5f). TEM images
clearly demonstrated that BM1300 induced the leakage of
cytoplasmic contents of S. aureus and E. coli due to the
significantly damaged permeability and integrity of the cell
membranes.

a b

c d

e f

1

1

2

2

1

1

3

3

33

3
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Fig. 5 TEM images of S. aureus
(control (a); treated by
BM1300 at 1 ×MIC (c); treated
by BM1300 at 4 ×MIC (e)) and
E. coli (control (b); treated by
BM1300 at 1 ×MIC (d); treated
by BM1300 at 4 ×MIC (f)). No
clear delineation between cell
wall and cytoplasm membrane
and plasmolysis appearance of
cell (arrows 1#), heterogeneous
electron density (arrows 2#), loss
of cytoplasm (arrows 3#),
vacuolization (arrows 4#), and
formation of pores (arrows #5) are
observed
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Effect of BM1300 on cell membrane integrity

The cell membrane integrity was investigated by a flow
cytometer combined with the fluorescent dye PI, which could
distinguish membrane-damaged cells from intact cells [26].
The results showed that there were 25.2% positive S. aureus
cells of PI uptake caused by 1 ×MIC BM1300 (Fig. 6a), and
the 30.5% PI fluorescent signal of cells treated by 4 ×MIC
BM1300 indicated the increase of cytoplasmic membrane per-
meability. More massive damage was observed for E. coli and
PI uptake of cells increased from 11.8 (control) to 28.5% (1 ×
MIC) and 45.9% (4 ×MIC), respectively. These results indi-
cated that the significantly damaged cell membrane was

induced by BM1300 in a concentration-dependent manner,
which was in accordance with the TEM analysis.
Meanwhile, it was consistent with results that BM1300 exhib-
ited stronger antibacterial activity against E. coli.

We also determined whether BM1300 could permeabilize
target cells to release intracellular substance in a time-
dependent manner. As shown in Fig. 6b, BM1300 induced a
rapid leakage of LDH of S. aureus and reached 0.22 nM at 2 h,
after which there was a slight decrease. The concentration of
LDH of E. coli reached a maximum value of 0.23 nM at 1 h,
suggesting BM1300 was quick-acted against E. coli than S.
aureus. The decrease of LDH concentrations may be a conse-
quence of digestion by enzymes after the rapid death of the

(a) (b)

(c) (d)

Fig. 6 Cell membrane integrity of S. aureus and E. coli. a PI uptake by
flow cytometry analysis (white bar is S. aureus, and black bar is E. coli). b
LDH release of S. aureus (circle is the control, and square is treated by
BM1300 at 2 ×MIC) and E. coli (inverted triangle is the control, and
triangle is treated by BM1300 at 2 × MIC). c Protein release of S.
aureus (circle is the control, and square is treated by BM1300 at 2 ×
MIC) and E. coli (inverted triangle is the control, and triangle is treated

by BM1300 at 2 ×MIC). d Total nucleic acid leakage of S. aureus (circle
is the control, and square is treated by BM1300 at 2 ×MIC) and E. coli
(inverted triangle is the control, and triangle is treated by BM1300 at 2 ×
MIC). Data are expressed as mean ± SD. Each individual treatment is run
in triplicate. *p < 0.05, **p < 0.001, and ***p < 0.001 were considered
significantly different compared with the controls
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target cells [27]. These results demonstrated that BM1300
damaged the cell membrane integrity with the selective pores,
causing the leakage of LDH of target cells in a time-dependent
manner.

BM1300 resulted in the leakage of protein and nucleotide
in a time-dependent manner (Fig. 6c, d). Treatment with
BM1300 led the absorbance values for external protein of S.
aureus to significantly increase from 0.44 to 0.638 at 2 h,
followed by a slight decreasing trend between 3 and 6 h.
The efflux of protein from E. coli increased from 0.29 to
0.596 at 2 h, which was greater than that released from S.
aureus. On the contrary, both S. aureus and E. coli without
BM1300 treatment maintained low levels for external protein
and nucleotide. After treatment with 2 ×MIC BM1300 for
2 h, the absorbance values for S. aureus nucleic acids in-
creased from 0.22 to 0.50 (Fig. 6d) and then also showed a
slight decreasing trend along the intervals evaluated. In con-
trast, external nucleic acids levels of E. coli cells increased
from 0.19 to 0.50 within 1 h (Fig. 6d). These results demon-
strated that the disruption of cell membrane integrity caused
by BM1300 led to cell death.

Inhibition of biofilm formation

To evaluate the effect of the BM1300 on biofilm formation,
the biofilm formation index (BFI) of S. aureus and E. coli
treated by BM1300 was analyzed (Fig. 7). BM1300 exhibited
bactericidal activity against both S. aureus and E. coli at 2 ×
MIC (Fig. 3). Therefore, we investigated the effect on biofilm
formation at lower concentrations. Results revealed that
BM1300 significantly reduced the biofilm formation in a

concentration-dependent manner. The 1/8 ×MIC BM1300
led to a significant 73.8% and 46.4% decrease of BFI for S.
aureus and E. coli, respectively. Moreover, this inhibitory
effect reached a maximum value of 96% (S. aureus) and
69.2% (E. coli) at 1 ×MIC, indicating its antibiofilm activity
against S. aureus was better than that against E. coli.

Effect of BM1300 on cell cycle

Membrane permeabilization caused by BM1300 would im-
pact cell, and it may subsequently impact cell cycle. To deter-
mine if BM1300 had impact on cell cycle of S. aureus and E.
coli, we investigated the distribution alterations of cell cycle
treated by BM1300. For S. aureus, the proportion of cells in
phase R (or in phase S) significantly increased from 27.32 to
37.37% after treatment with BM1300, while cells in phase I
(or in phase G1) decreased from 72.68 to 62.62% (Fig. 8e).
Moreover, there was a similar tendency for E. coli treated by
BM1300. The proportion of cells in G1 phase decreased from
81.53 to 66.27% and cells in S phase increased from 18.46 to
33.73% (Fig. 8e). These results suggested that the effect of
BM1300 on the cell cycle of E. coliwas more obvious than S.
aureus, which was a reason why BM1300 exhibited stronger
antibacterial activity toward E. coli.

Control of S. aureus and E. coli in beef meat

Survival S. aureus, E. coli, and total microbial counts in beef
meat after treatment with BM1300 were monitored during a
10-day storage period (Fig. 9). As shown in Fig. 9a, counts of
S. aureus in the absence of BM1300 continuously increased
and then remained stable for the control. In contrast, the
counts of S. aureus treated with 1 × MIC and 4 × MIC
BM1300 decreased to 5.87 and 5.02 log10 CFU/mL following
initial application, respectively. After maintaining a steady
growth trend of colonies, the two treatment groups remained
stable. The viable counts of S. aureus were lower than that of
the control in a concentration-dependent manner (Fig. 9a). On
the other hand, the effect of total bacterial counts caused by
BM1300 was similar to the changes of the viable counts of S.
aureus (Fig. 9b), indicating BM1300 had a bacteriostatic ef-
fect against total bacterial counts in beef meat. Viable counts
of E. coli treated by 1 ×MIC and 4 ×MIC BM1300 reduced
by 0.99 and 1.88 log10 CFU/mL, respectively, at the first day
compared to the initial day (Fig. 9c). And a stable decrease of
E. coli was observed from the second day to the end of the
experiment. Meanwhile, the addition of 1 ×MIC and 4 ×MIC
BM1300 also reduced total microbial counts at the first day
(reduced to 5.60 and 5.30 log10 CFU/mL, respectively) (Fig.
9d). Subsequently, total bacterial counts had a slight increase
because there were some other bacteria that cannot be
inhibited. Therefore, these data demonstrated that BM1300
could effectively inhibit the growth of E. coli and

Fig. 7 Inhibition of biofilm formation against S. aureus (white bar) and
E. coli (black bar) at 1/8, 1/4, 1/2, and 1 ×MIC BM1300. Data are
expressed as mean ± SD. Each individual treatment is run in triplicate.
*p < 0.05, **p < 0.001, and ***p < 0.001 were considered significantly
different compared with the controls
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corresponding total bacterial counts during refrigerated stor-
age, and the antibacterial effect against E. coli was better than
that of S. aureus.

Discussion

Pathogenic S. aureus, L. monocytogenes, B. cereus, S.
typhimurium, C. sakazakii, Y. enterocolitica, and E. coli are
considered the leading cause of food poisoning via

contaminating food. Bacteriocin BM1300 was active against
these food-borne pathogenic bacteria, which showed promis-
ing potential use in the prevention or treatment of these path-
ogens. In general, bacteriocins produced by LAB could sig-
nificantly inhibit closely related strains but possess weak an-
tibacterial activity to Gram-negative bacteria. The broad-
spectrum antibacterial activity of BM1300 was similar to
pentocin 31-1 [28] and enterocin LR/6 [29]. But BM1300
could inhibit Salmonella, B. cereus, and S. aureus, which
was different from the above bacteriocins. This characteristic

(a) (b) 

(c) (d)

(e)

G1

S

G1

S

G1

S

G1

S

Fig. 8 The cell cycle distribution
(G1 and S phases) of S. aureus
(control (a) and treated with 2 ×
MIC BM1300 (c)) and E. coli
(control (b) and treated with 2 ×
MIC BM1300 (d)).
Corresponding quantitative
results reflecting the relationship
between DNA content and cell
numbers (e). Data are expressed
as mean ± SD. Each individual
treatment is run in triplicate. *p <
0.05, **p < 0.001, and ***p <
0.001 were considered
significantly different compared
with the controls
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feature of broad-spectrum antibacterial activity of BM1300
was in agreement with many antimicrobial peptides. MIC
values against bacteria were 5–100 μg/mL for the majority
of bacteriocins [23]. Lower MICs against both S. aureus and
E. coliwere obtained for BM1300 than that previously report-
ed for plantaricin JLA-9 [17], bifidocin A [26], and enterocin-
B [30]. Obviously, BM1300 with low MICs possessed the
potential use as a food preservative in the food industry.

Good stability of bacteriocins is essential for their applica-
tion under different complex physicochemical conditions. It
was reported that some bacteriocins were similar to BM1300
and were stable after heat treatment for 10–20 min at 121 °C,
such as plantarincin JY22 [31] and pentocin MQ1 [2].
BM1300 was stable at a wide pH range of 2–11, particularly
at alkaline conditions. However, nisin displayed limited activ-
ity at neutral and alkaline conditions [32], thus becoming a
disadvantage of application in the food industry. In contrast,
BM1300 possessed this advantage in the food processing.

Moreover, BM1300 shared similar pH stability with
plantaricin 163 [33], and the stability of BM1300 after treat-
ment with chemicals was similar to pentocin MQ1 [2]. The
desirable combined characteristics of thermal, pH, and chem-
ical stabilities of BM1300 favored its future application as a
food preservative subjected to complicated processing
conditions.

Time-kill curve experiment showed that BM1300 exhibit-
ed bactericidal modes of action against both S. aureus and E.
coli at 2 ×MIC. Moreover, BM1300 exerted a more efficient
bactericidal effect toward E. coli than S. aureus. Both the
SEM and TEM images distinctly showed that BM1300
caused S. aureus cells inward depression and even lysis,
which led to cell death. On the contrary, BM1300 led to the
increase of cell membrane permeability, pore forming, and
leakage of cytoplasmic contents of E. coli. As previously re-
ported, chitosan also could disrupt the organization of the OM
and further increase its membrane permeability [34].

(a) (b)

(c)
(d)

Fig. 9 The viable counts of S. aureus (a), corresponding total bacterial
counts (b), and E. coli (c), corresponding total bacterial counts (d), of
beef. Square, circle, and triangle are the controls, treated by BM1300 at

1 ×MIC and treated by BM1300 at 4 × MIC, respectively. Data are
expressed as mean ± SD. Each individual treatment is run in triplicate
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Thereafter, BM1300 may interact with the outer membrane
protein receptor and cross the outer membrane barrier leading
to cell death [4]. Moreover, the leakage of intracellular mac-
romolecules might appear which resulted from the pore for-
mation of target cells [22]. The PI uptake and release of LDH
and protein and nucleotide experiments indicated that the cell
membrane integrity was damaged. There were some non-
selective pores formed by low concentration BM1300, and
more severe disruption caused by high concentration
BM1300 occurred, in which the cell walls exhibited notice-
able hollowness and even dissolved completely, causing the
leakage of intracellular contents. With bacteriocin aggrega-
tion, pore formation and ion leakage (protein and nucleic acid)
even cell lysis caused by BM1300 occurred. Therefore, the
changes of cell membrane integrity and cell membrane per-
meability resulted in complete cell disintegration. These re-
sults were similar to the antibacterial mechanism of plantaricin
LPL-1 [35] and bacteriocin CHQS [36]. This mode of action
was different from the non-pore-forming bacteriocin
lactococcin 972 [37] and fermencin SA715 [38]. Therefore,
the primary mode of action of BM1300 on S. aureus and E.
coli cells could be the disruption of cell membrane integrity.

After disrupting the cell membrane, BM1300 would act on
inside targets. We found that cell arrests occurred at S phase
after the treatment with BM1300. Cell cycle arrests caused by
BM1300 contributed to its antibacterial activity against S.
aureus and E. coli. Based on the above results, BM1300might
firstly disrupt the cell membrane through increasing cell mem-
brane permeability or pore formation, and then BM1300 was
allowed to enter cells to disrupt the cell cycle to exert its
antibacterial activity. Moreover, BM1300 probably inhibit or
hamper gene expression, which is an effective way to block
the synthesis of normal enzyme and receptor or mRNA.
Finally, the metabolism disruption of the life cycle of bacteria,
including DNA replication, results in cell death [25]. This,
however, is subject to further investigation.

We also investigated whether antibiofilm activity of
BM1300 and destruction of cell membrane caused by
BM1300 played a synergistic role in inhibiting the growth of
target cells. We found that BM1300 significantly reduced the
biofilm formation of S. aureus and E. coli. The reason why
antibiofilm activity of BM1300 against S. aureus was better
than that against E. coli was different cell membrane structure
of target cells [39]. The biofilm architecture formed by E. coli
was much thicker and heterogeneous, acting as a more effec-
tive diffusion barrier against BM1300 [40]. BM1300 caused a
reduction (> 80%) of the biofilm formation in S. aureus,
which was similar with human cathelicidin peptide LL37
[41]. The reduction of biofilm formation in E. coli after treat-
ment with 1 ×MIC BM1300 was close to the effect of L-K6
(6.25 μM) on Streptococcus mutans [42]. It is well known that
the biofilms of pathogenic microorganisms on equipment sur-
faces can lead to potential hygienic risks [43]. Since the

effective methods of removing and controlling biofilm are
limited at present, therefore, BM1300 has the potential use
as a natural biopreservative to inhibit the biofilm formation.

BM1300 showed low hemolytic activity against mouse
blood cells (Fig. S2), indicating that it was biologically safe.
At present, microbial deterioration is one of the most common
factors of beef meat spoilage [44]. BM1300 could substantial-
ly and effectively inhibit the growth of S. aureus and E. coli in
beef meat under storage. It was reported that some bacterio-
cins showed similar results; for example, bacteriocin DY4-2
produced by Lactobacillus plantarum exhibited an inhibitory
effect on microbial growth in fillets [34]. Although the
biopreservative capability of several bacteriocins has been re-
ported [2, 3, 45], few reports indicated that they could control
the growth of S. aureus, E. coli, and total bacterial counts of
beef meat. BM1300 improved the microbiological quality of
beef meat, and its potential capability for preserving beef meat
was demonstrated in this study.

Conclusion

In conclusion, the novel bacteriocin BM1300was purified and
exhibited broad-spectrum antibacterial activity against select-
ed Gram-positive bacteria and Gram-negative bacteria.
BM1300 possessed excellent thermal, pH, and chemical sta-
bilities. BM1300 had bactericidal modes of action against S.
aureus and E. coli. BM1300 disrupted and made pores on the
cytoplasmic membrane in S. aureus and E. coli cells.
Moreover, BM1300 led to the plasmolysis of S. aureus and
leakage of intracellular materials of E. coli. Meanwhile,
BM1300 exhibited antibacterial activity through the inhibition
of biofilm formation and the disruption of cell cycle distribu-
tion. BM1300 could inhibit the growth of S. aureus, E. coli,
and total bacterial counts in beef meat, suggesting its potential
application for food preservation.
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