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ABSTRACT: Antimicrobial compounds from the commensal gut microbiota have gained much attention due to their
multifunctionality in maintaining good health in the host and killing multidrug-resistant bacteria. Our previous study showed that
Paenibacillus jilinensis YPG26 isolated from chicken intestine can antagonize multiple pathogens. Herein, we characterized a
bacteriocin-like inhibitory substance, jileicin, purified from P. jilinensis YPG26. Mass spectrometry analysis revealed that jileicin was a
protein consisting of 211 amino acids, which showed 88.98% identity to the SIMPL domain-containing protein. The jileicin showed
a relatively broad-spectrum antibacterial ability, especially against enterococci. Additionally, the jileicin exhibited good stability after
various treatments, no detectable resistance, no significant cytotoxicity, and very low levels of hemolytic activity. The mode of action
against Enterococcus faecium demonstrated that jileicin could destroy cell membrane integrity, increase cell membrane permeability,
and eventually lead to cell death. Furthermore, jileicin was efficient in controlling the growth of E. faecium in milk. In conclusion,
jileicin, as a newly identified antibacterial agent, is expected to be a promising candidate for application in the food, pharmaceutical,
and biomedical industries.
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■ INTRODUCTION

The intestinal tracts of humans and animals are colonized by
an enormous number of microbes, including bacteria, viruses,
fungi, and archaea, collectively known as the gut microbiota.
Bacteria account for the greatest proportion, with an estimated
abundance of 1011 bacteria/mL in the human colon.1 The gut
microbiota plays a crucial role in the host physiology,
metabolism, immunity, digestion, and nutrition uptake.
Furthermore, the gut microbiota, which has not yet been
fully explored, is gradually emerging as a promising source of
novel antimicrobials.2 In recent years, several gut microbiota-
derived antimicrobial substances have been developed to
protect the host from multidrug-resistant pathogens.3−5 These
effective antimicrobials help to maintain the health of the host
and overcome the growing problem of antibiotic-resistant
bacteria.
Bacteriocin, or bacteriocin-like inhibitory substance (BLIS),

is a class of peptide or protein synthesized by ribosomes, which
are classified into three main classes based on their structural
and physicochemical properties.6 Most bacteriocins kill
bacteria by destroying the cell structure and leading to leakage
of intracellular molecules. Thus, it is for this reason that
bacteriocin may be more effective in inhibiting or killing
multidrug-resistant bacteria.6 In addition, bacteriocins unusu-
ally display excellent stability, low cell cytotoxicity, and low
hemolytic activity and are not easy to develop resistance.
These advantages allow bacteriocin to have a wide range of
applications, for example, applied in food preservation as
natural bio-preservatives and in human and animal health as
alternatives to conventional antibiotics, and other related

applications.7 Nonetheless, it is still necessary to explore novel
antimicrobials with broad-spectrum antibacterial activity.
In our previous study, we isolated Paenibacillus jilinensis

YPG26 from the chicken intestine, which can antagonize
multiple pathogens. The study aims to purify and identify a
bacteriocin-like inhibitory substance, jileicin, obtained from P.
jilinensis YPG26. The stability and safety of jileicin and the
mode of action against Enterococcus faecium will also be
determined. Furthermore, the application of jilieicin in milk
will be evaluated. The findings will be helpful in providing a
promising candidate for application in the food, pharmaceut-
ical, and biomedical industries.

■ MATERIALS AND METHODS
Bacterial Strains and Culture Conditions. Paenibacillus

jilinensis YPG26 (P. jilinensis YPG26, the GenBank accession of 16S
rRNA gene sequence is OK324374) reserved in our lab was isolated
from chicken intestine and was cultivated aerobically in tryptic soy
broth (TSB, Qingdao Hope Biotechnology Co., Ltd., China) at 37
°C. All indicator organisms preserved in our laboratory and culture
conditions are listed in Table 1. E. faecium M8-3 was selected as the
indicator strain for all subsequent experiments, including antimicro-
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bial assays at purification steps and determining the mode of action,
etc.
Production and Purification of Jileicin. According to the

previously described methods8,9 with some modifications, P. jilinensis
YPG26 was activated in 3 mL of TSB at 37 °C for 12 h with shaking
at 200 rpm, then 1% (v/v) of the above culture was inoculated into
1000 mL of TSB and incubated for 10 h in the same way. After
incubation, bacterial suspension was centrifuged at 8000g for 10 min.
Supernatants were collected after filter sterilization with a 0.22 μm
filter (Millipore). Next, the saturated ammonium sulfate was gently
added to cell-free supernatants (CFS) to reach 70% (v/v) saturation.
After stirring overnight at 4 °C, the precipitate was collected after
centrifugation at 10,000g for 20 min, then redissolved in sterile
double-distilled water, and dialyzed extensively to remove ammonium
sulfate using a 1000 Da cutoff dialysis bag (Yibo biological, China).
The active sample was loaded onto a Sephadex G-75 (Solarbio,
China) gel filtration column (40 × 2.5 cm2) after equilibrating with
double-distilled water and then eluted at a flow rate of 1 mL/min
using double-distilled water. The separated fractions were collected,
and the antibacterial activity was determined after freeze-drying. Next,
the absorption spectra of antibacterial fraction were obtained using a
UV−visible spectrophotometer and were further purified by reversed-
phase high-performance liquid chromatography (PuriMaster-2000,
Shanghai Kezhe Bio-Tech Co., Ltd., Shanghai, China) equipped with
a preparative reversed-phase chromatography C18 column by a 5−
100% linear gradient of acetonitrile (Tedia) containing 0.1% (v/v)
trifluoroacetic acid (Aladdin, China) elution at 280 nm. The purified
substance with antibacterial activity was freeze-dried to determine its
primary structure.
Molecular Mass Determination and MALDI-TOF/TOF Anal-

ysis of Jileicin. After purification of jileicin using a C18 column, the
SDS-PAGE was applied to determine the molecular size according to
the previously described methods.10 Briefly, the active samples were
applied to a 12% (m/v) separating gel for SDS-PAGE at 60 V for 30
min and then at 120 V for 1 h. Then, the gel was stained using the
Coomassie brilliant blue staining method to determine the molecular
mass. Subsequently, a single band was cut and sent to Sangon Biotech
(Shanghai, China) to determine the protein sequence using mass
spectrometry MALDI-TOF/TOF (Shimadzu, Japan).
Antimicrobial Spectrum of Jileicin. The minimum inhibitory

concentration (MIC) was determined by broth microplate dilution
using the Clinical and Laboratory Standards Institute (CLSI)
interpretive criteria according to the methods described previously.11

Briefly, all indicator organisms were cultured overnight in Mueller-
Hinton broth (MHB, Qingdao Hope Biotechnology Co., Ltd.,

China), and cell concentration was adjusted to 5 × 105 CFU/mL
before being deposited in a 96-well microplate. Concurrently,
different concentrations of 10× dilutions of jileicin were added to
each well. After incubation at 37 °C for 16−20 h, the MIC was
defined as the lowest concentration of jileicin with no visible growth
of bacteria. The experiment was performed three times.

Stability Assays of Jileicin. The purified jileicin was used to
measure the effects of enzymes, pH, temperature, ultraviolet rays,
sodium chloride, metal ions, organic solvents, and detergents on
antimicrobial activity. The effects of enzyme on antimicrobial activity
were determined by incubating with trypsin, amylase, and catalase (1
mg/mL, all from Shanghai Yuanye Bio-Technology Co., Ltd.,
Shanghai, China) according to the method described by Zhao et
al.12 After incubation at 37 °C for 2 h, the enzymes were inactivated
by heating for 5 min at 100 °C, and the residual antimicrobial activity
against the indicator strain was determined by the agar well diffusion
method.13 The effects of pH value on antimicrobial activity were
determined by adjusting the pH value of the jileicin with 1 M NaOH
or 1 M HCl in a range of 3.0−11.0 according to the method
previously described.14 After incubation at 37 °C for 3 h, the residual
antimicrobial activity was determined. The thermal stability of jileicin
was determined by exposure to temperatures of 60, 80, and 100 °C for
30 min in a thermostatic water bath, respectively, as well as to 121 °C
for 20 min in an autoclave,12 and then, the residual antimicrobial
activity was determined. The effect of ultraviolet rays on antimicrobial
activity was determined by measuring residual antimicrobial activity
after different times (20, 40, 60 min) of ultraviolet radiation according
to the previously described methods with appropriate modifications.15

The effect of sodium chloride on antimicrobial activity was
determined by supplementing different concentrations of sodium
chloride (3, 4, and 5%) to jileicin and incubating at 37 °C for 2 h
according to the previously described with appropriately modifica-
tions,16 and then the residual antimicrobial activity was determined.
The effect of metal ions on antimicrobial activity was determined by
assaying the relative activity with the addition of 5 mM metal ions
(Mg2+, Fe2+, Ca2+, and Ba2+) according to the previously described
methods with appropriate modifications.15 After incubation at 37 °C
for 3 h, the residual antimicrobial activity was determined. The effect
of organic solvents and detergents on antimicrobial activity was
determined by adding different organic solvents and detergents at
their working concentrations: methanol, ethanol, butanol, acetone
(10%, v/v), Tween 20, Triton X-100 (5%, v/v), SDS (5%, m/v), and
EDTA (5 mM) to jileicin and incubated at 37 °C for 3 h according to
the previously described with appropriate modifications,10 and then
the residual antimicrobial activity was determined. All experiments
were performed with two biological replicates.

Resistance Development Study. The resistance development
was determined as previously described with appropriate modifica-
tions.5 First, 1× MICs of jileicin, nisin, and oxacillin against E. faecium
were determined as described above. Subsequently, the E. faecium
cells at the logarithmic growth phase in the TSB medium were
adjusted to approximately 5 × 105 CFU/mL and dispensed into 96-
well microtiter plates with 100 μL/well and added jileicin, nisin, and
oxacillin at concentrations of 0.25×, 0.5×, 1×, 2×, and 4× MIC. After
incubation at 37 °C for 16−20 h, wells with subinhibitory
concentration were passaged, the MIC was determined as described
above. Experiments were performed with two biological replicates.

Time-Killing Kinetics. The time-kill kinetics of E. faecium were
determined as previously described.9 In brief, the E. faecium cells at
the logarithmic growth phase in TSB medium were adjusted to an
OD600 of 0.0005 (approximately 105 CFU/mL). Then, bacteria were
challenged with jileicin at a final concentration of 2× MIC in culture
tubes at 37 °C, and the culture without jileicin was used as a control.
During the period of incubation, 100 μL aliquots were taken at
intervals of 0, 1, 2, 4, 6, and 8 h for 10-fold serial dilutions, then 100
μL of the dilutions were plated on the TSB agar plates and incubated
overnight at 37 °C. Colonies were counted and CFU/mL was
calculated. Experiments were performed with two biological
replicates.

Table 1. Antimicrobial Spectrum of Jileicin Produced from
P. jilinensis YPG26

species strain medium
MIC

(mg/mL)
MIC
(μM)

Enterococcus faecium M8-3 TSB 0.256 11.3
Enterococcus faecium 4P-SA TSB 0.256 11.3
Enterococcus faecalis ATCC 51299 TSB 0.32 14.2
Enterococcus faecalis BL-4 TSB 0.32 14.2
Enterococcus
gallinarum

SOT-5 TSB 0.64 28.4

Enterococcus hirae GY-6 TSB 0.64 28.4
Enterococcus villorum LB-2 TSB 0.512 22.7
Bacillus subtilis LG-1 TSB 0.32 14.2
Listeria monocytogenes 10403S TSB 0.64 28.4
Staphylococcus aureus USA300 TSB 0.64 28.4
Salmonella pullorum ATCC 19945 LB 0.64 28.4
Pseudomonas
aeruginosa

ATCC 27853 LB 0.64 28.4

Salmonella
typhimurium

SL1344 LB >0.64 >28.4

Klebsiella pneumoniae K7 LB >0.64 >28.4
Escherichia coli O157:H7 LB >0.64 >28.4
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Nucleic Acid and Protein Leakage Measurements. Nucleic
acid and protein leakage were measured as detailed in Yang et al., with
some modifications.17 The bacteria cells were treated as described in
the time-killing kinetics assay method (jileicin at a final concentration
of 1× MIC), and the culture without jileicin was used as a control.
During the period of incubation, 500 μL of bacterial suspension was
taken at intervals (0, 0.5, 1, 2, 4, and 8 h) and centrifuged at 8000g for
5 min. The supernatants were collected after filter sterilization with a
0.22 μm filter and measured for nucleic acid and protein at UV
absorption wavelengths of 260 and 280 nm, respectively. The assay
was performed in duplicate.
Cell Membrane Permeability Assay. The effect of jileicin on

the membrane permeability of E. faecium was assessed as previously
described with appropriate modifications.17 The bacteria cells were
treated as described in the time-killing kinetics assay method (jileicin
at a final concentration of 1× MIC). After treatment, the suspension
was washed with PBS and divided into two equal portions. Portion 1
was treated with sodium dodecyl sulfate (SDS) solution at a final

concentration of 0.001% (g/v, it was determined that SDS at the
concentration of 0.001% did not impair the growth of bacteria), and
portion 2 was treated with PBS. SDS acts as a permeabilizing probe
that causes cell death when a sudden influx occurred. The OD600
value of cultures was measured at intervals of 0, 20, 40, and 60 min.
The assay was performed in duplicate.

In addition, the effect of jileicin on the membrane permeability of
E. faecium was also assessed by measuring lactate dehydrogenase
(LDH) as previously described with appropriate modifications.18 The
bacteria cells were treated as described in the time-killing kinetics
assay method (jileicin at a final concentration of 1× MIC), and the
culture without jileicin was used as a control. After treatment, 500 μL
of bacterial suspension was taken at 0, 3, and 5 h, and the
supernatants were collected after centrifuging at 8000g for 5 min and
filter-sterilizing with a 0.22 μm filter. The LDH concentration of the
supernatant was determined with an LDH Kit (Solarbio, Beijing,
China) according to the manufacturer’s instructions. The assay was
performed in duplicate.

Figure 1. Amino acid sequence analysis of jileicin. (A) Amino acid sequence of jileicin (marked by red text) spliced with peptide fragments from
MALDI-TOF/TOF and deduced coding DNA sequences from genome of P. jilinensis YPG26 (GenBank accession no. CP084530), The black
arrow indicates the possible cleavage site. (B) Spliced amino acid sequence of jileicin comparison with the SIMPL domain-containing protein
(GenBank accession no. WP_127199307, WP_068612997, WP_213621447) from the GenBank database.
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Scanning Electron Microscopy. The effect of jileicin on the
membrane integrity of E. faecium was visualized using scanning
electron microscopy as previously described with appropriate
modifications.19 Briefly, the E. faecium cells at the logarithmic growth
phase in TSB medium were adjusted to approximately 108 CFU/mL.
Then, the bacteria were challenged with jileicin at a final
concentration of 1× MIC for 2 and 4 h at 37 °C, and the culture
without jileicin was used as a control. The bacterial cells were
collected after centrifuging at 8000g for 5 min and then fixed with
0.25% glutaraldehyde. Subsequently, the fixed cells were dried by the
vacuum freeze-drying method after dehydrating through a grade series
of ethanol (30, 50, 70, 90, and 100%). Finally, the samples were
sputter-coated with gold and observed via a Hitachi S3400 scanning
electron microscope (Hitachi, Tokyo, Japan) at 5 kV.
Safety Assays of Jileicin. The effect of jileicin on mammalian

cells and red blood cells was used to evaluate the safety of jileicin as
previously described with appropriate modifications.20,21

For mammalian cytotoxicity of jileicin, HepG2 cells, L929 cells, and
Raw 264.7 cells (1 × 104/well) are seeded into a 96-well microtiter
plate for 24 h at 37 °C with 5% CO2. The cells were then treated with
different concentrations of jileicin for 48 h at 37 °C. After incubation,
the CCK8 solution (Beyotime, Shanghai, China) was added to each
well and incubated for 1 h at 37 °C. The OD490 value was measured
using a microplate reader (BioTek), and cell viability was calculated
according to the manufacturer’s instructions. The experiment was
performed in triplicate.
For the hemolytic activity of jileicin, fresh mouse, chicken, and

bovine red blood cells were washed with PBS until the upper phase
was clear after centrifugation. The supernatant fraction was discarded
and suspended at 2% (v/v) in PBS, and then added to the wells of a
96-well microtiter plate. Subsequently, jileicin of serial twofold
dilution was added to the wells, resulting in a final concentration
ranging from 0.03125 to 2.0 mg/mL, and the samples were incubated
for 1 h at 37 °C. After incubation, 100 μL of supernatant was
transferred to a 96-well plate after centrifuging at 1000g for 5 min.
The 100% hemolysis was determined in 1.0% Triton X-100. The
OD450 value was measured using a microplate reader (BioTek), and
the percentage of hemolysis was calculated. The experiments were
performed in triplicate.
Antimicrobial Application of Jileicin in Milk. The effect of the

jileicin on the growth of E. faecium inoculated in milk was evaluated as
previously described with appropriate modifications.22 In brief, the
milk (pure milk, Yili, China) purchased from a local market was
inoculated with E. faecium at the logarithmic growth phase at a
concentration of 106 CFU/mL, and then jileicin was added to the
milk, resulting in a final concentration 25, 50, and 100 mg/kg. All
groups were incubated for 1 week at 4 °C, and during the period of
incubation, 100 μL aliquots were taken every 24 h for 10-fold serial
dilutions. The dilutions (100 μL) were plated on the TSB agar plates
and incubated overnight at 37 °C. Colonies were counted, and CFU/
mL was calculated. Experiments were performed with two biological
replicates.
Statistical Analysis. GraphPad Prism 7.0 was used to analyze the

data, which were expressed as mean ± standard error from two or
three independent replicates. The significance of differences (P <
0.05) was calculated by one-way ANOVA or Student’s t-test.

■ RESULTS

Purification and Identification of Jileicin. Obtaining an
adequate antibacterial is crucial for the subsequent steps. Thus,
partial fermentation parameters of P. jilinensis YPG26 are
optimized, including growth medium, time, and with or
without oxygen. The antibacterial activity of the cell-free
supernatants against E. faecium was shown to reach its
maximum when cultivating aerobically in TSB for 10 h at 37
°C with shaking at 200 rpm (Figure S1). Supernatants (5.0 L)
as material for purification were collected after centrifuging at
10 000g for 10 min and filter-sterilizing with a 0.22 μm filter.

The supernatants were initially purified by precipitation with
ammonium sulfate at 70% saturations, followed by extensive
dialysis (Figure S2A,B). The material was then fractionated
using Sephadex G-75 gel filtration chromatography, and the
antibacterial test revealed that peak 1 possessed antibacterial
activity (Figure S2C). The absorption spectrum of peak 1
showed prominent absorption at 280 nm (Figure S2Dinset).
The active samples were loaded onto the C18 column using
reversed-phase HPLC at 280 nm, and peak 1 (Figure S2D),
demonstrating antibacterial activity, was detected at a retention
time of 1.656 min (Figure S2E, the purity >95%). The peak
was collected, and molecular mass was determined by SDS-
PAGE. The results revealed a single protein band with a
molecular mass of approximately 23 kDa (Figure S2F). The
target protein band was cut and identified by MALDI-TOF/
TOF mass spectrometry.
By mass spectrometry analysis, a total of 31 peptide

fragments were identified (Table S1) and spliced into a
protein that consisted of 211 amino acids. The comparison
with the genome of P. jilinensis YPG26 (GenBank accession:
CP084530) determined the deduced coding DNA sequences
of the target protein (Figure 1A, locus = Chr1: 221935−
222696). In addition, protein sequence alignment and analysis
by the BLASTp algorithm showed 88.98% identity to the
SIMPL domain-containing protein (GenBank accession no.
WP_127199307) compared with the GenBank database
(Figure 1B). The target protein showed an isoelectric point
of 8.00 and a theoretical molecular mass of 22.561 kDa using
the ProtParam tool (https://web.expasy.org/protparam/). The
molecular mass of the target protein was almost consistent
between the SDS-PAGE and MALDI-TOF/TOF. The
antibacterial protein purified in this study was designated
jileicin. It could tentatively be assigned to a bacteriocin-like
inhibitory substance (BLIS). However, further studies are
needed to verify whether it can be assigned to class III
bacteriocin.

Antimicrobial Spectrum of Jileicin. The antimicrobial
activity of jileicin was assessed against a range of pathogens.
Jileicin showed higher antibacterial activity against Gram-
positive bacteria than against Gram-negative bacteria. Among
these, the best antibacterial activity was shown against E.
faecium (vancomycin-resistance), and the lowest MIC value
was 11.3 μM. For antibacterial activity against Gram-negative
bacteria, the MIC value against Salmonella pullorum and
Pseudomonas aeruginosa was 28.4 μM but showed no
antibacterial activity against other Gram-negative bacteria
tested at the concentration of 28.4 μM (Table 1).

Stability Assays of Jileicin. The effects of some factors of
treatment on antibacterial activity were evaluated. Jileicin lost
antibacterial activity in the presence of trypsin but had
antibacterial activity in the presence of catalase and amylase
(Figure S3A). The result revealed the proteinaceous nature of
jileicin and excluded the effect of hydrogen peroxide. Different
pH value treatment results showed that only pH 11 led to the
activity loss, while there was antibacterial activity at pH 3−10
(Figure S3B). The antibacterial activity of jileicin gradually
decreased with increasing temperature and lost antibacterial
activity after incubation at 120 °C (Figure S3C). Moreover,
the effect of ultraviolet rays, sodium chloride, metal ions,
organic solvents, and detergents on the antibacterial activity of
jileicin has also been tested, and the results showed that the
antibacterial activity was not affected by any treatment, with
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the exception of N-butanol, which partly inhibited antibacterial
activity (Figure S3D−H).
Resistance Development. Resistant mutants in the serial

passage of E. faecium were not generated in the presence of
subinhibitory concentrations of jileicin and nisin over a period
of 7 days. In contrast, E. faecium developed resistance to
oxacillin rapidly only after 3 days of exposure (Figure 2A).
Time-Killing Kinetics. To reveal the concentration and

time of the antibacterial activity of jileicin, the time-kill curve
was measured. The results showed that the number of bacteria
treated with jileicin at the concentrations of 2× MIC

significantly decreased compared with the control group, and
after 1 h of incubation, the number of bacteria decreased by
4.20 log10 units based on the colony counts. In addition, no
bacteria were detected (detection limit: 1.0 log10 CFU/mL)
during the 8 h period (Figure 2B). These results indicated that
the jileicin could kill the bacteria over a short time period.

Cell Membrane Integrity Assay. When the bacterial cell
membrane integrity is disrupted, some intracellular molecules
such as nucleic acid and protein will flow out. Thus, the
influence of jileicin on bacterial cell membrane integrity can be
examined by measuring intracellular nucleic acid and protein

Figure 2. Determination of resistance development and time-kill kinetics. (A) Resistance development during serial passaging in the presence of
antimicrobials at the concentration of sub-MIC; (B) Time-kill kinetics of jileicin on E. faecium.

Figure 3. Effect of the jileicin on cell membrane integrity and permeability of E. faecium. (A) Intracellular nucleic acid leakage after treatment with
1× MIC jileicin; (B) intracellular protein leakage after treatment with 1× MIC jileicin; (C) membrane permeability of E. faecium cells exposed to
0.001% SDS after treatment with 1× MIC jileicin; and (D) LDH concentrations in the E. faecium culture supernatant after treatment with 1×MIC
jileicin. The culture without jileicin was used as a control.
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leakage. The leakage assay results showed that no nucleic acid
or protein was detected at the initial treatment, but compared
with the control group, the OD260 value increased significantly
after treatment with jileicin at 1× MIC for 1 h (Figure 3A).
Similarly, the OD280 value increased significantly after
treatment with jileicin at 1× MIC for 4 h (Figure 3B).
These results indicate that jileicin can effectively disrupt the
cell membrane integrity, which results in the leakage of
intracellular molecules.
Cell Membrane Permeability Assay. The effect of

jileicin on the membrane permeability was assessed by
measuring the growth of E. faecium cells after jileicin treatment
with supplemental 0.001% (g/v) SDS. The results showed that
the control group grew normally in the absence or presence of
SDS. However, the OD600 value decreased significantly after
treatment with jileicin compared with the nontreatment group.
And upon the addition of SDS, the OD600 value further
decreased significantly compared with the control and jileicin
treatment groups without SDS (Figure 3C). The result
indicates that jileicin can cause an influx of SDS into the cell
and accelerate cell death.
In addition, the influence of jileicin on bacterial cell

membrane permeability was also determined by measuring
secreted LDH levels in culture supernatants. The results
showed that bacteria treated with jileicin for 5 h showed a
significant increase in LDH release in the supernatant
compared to untreated bacterial cells (Figure 3D). These
results indicate that jileicin can improve cell membrane
permeability.
Morphological Changes in E. faecium Cells after

Treatment with Jileicin. The scanning electron micrograph
was used to reveal morphological changes of E. faecium cells

and further assess the effect of jileicin on the membrane
integrity. The results showed that untreated E. faecium retained
smooth and regular membrane morphology (Figure 4A), while
E. faecium treated with jileicin at a concentration of 1× MIC
showed membrane damage, distorting, breakage, and leakage
of intracellular materials (Figure 4B,C). The results further
demonstrated that the jileicin elicited bacterial death by
disrupting the bacterial cell membrane.

Safety Assays of Jileicin. The cytotoxic effect of jileicin
was determined against HepG2, L929, and RAW 264.7 cells.
The results revealed no significant cytotoxicity to RAW 264.7
cells below a 1.0 mg/mL concentration of jileicin (Figure
S4A). HepG2 cells treated with 1.0 mg/mL jileicin maintained
a viability of 77.08%, while no significant cytotoxicity to
HepG2 cells below 0.5 mg/mL was observed (Figure S4B).
Similarly, L929 cells still showed a cell viability of more than
70% when the concentration of jileicin was up to 1.0 mg/mL
(Figure S4C).
The hemolytic activity of jileicin was determined as the

percentage of lysis of mouse, chicken, and bovine red blood
cells. The result showed little hemolytic activity after exposure
to jileicin at the concentrations of 0.03125−2.0 mg/mL
compared with controls of PBS (0% hemolysis) and 1% Triton
X-100 (v/v, 100% hemolysis), and at the highest concen-
trations of 2.0 mg/mL tested, the relative hemolysis for mouse
and chicken red blood cells was less than 5% (Figure S4D−F).

Antimicrobial Application of Jileicin in Milk. The effect
of jileicin on the cell viability of E. faecium inoculated in milk
was evaluated. The result showed that at 48 h treated with
jileicin at the concentrations of 50 and 100 mg/kg (below the
Chinese limit for milk of 500 mg/kg, GB2760-2014), a growth
inhibition of E. faecium was observed compared with the

Figure 4. Effect of jileicin on cell morphology of E. faecium by SEM. (A) Control; (B) treated with 1× MIC jileicin for 2 h; and (C) treated with
1× MIC jileicin for 4 h.

Figure 5. Effect of jileicin on the cell viability of E. faecium inoculated in milk.
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control. And after 6 days treated with jileicin, they showed a
decrease of E. faecium of 3.23 log10 in the 50 mg/kg jileicin
treatment group and a decrease of 4.12 log10 in the 100 mg/kg
jileicin treatment group compared with the control (Figure 5),
which was much lower than the Chinese detection limit for
milk of 2 × 106 CFU/g (mL) (GB19301-2010). Thus, it could
be considered a successful result for jileicin in food application.

■ DISCUSSION
The gut microbiota plays a crucial role in the host physiology,
metabolism, immunity, digestion, and nutrition uptake. In
addition, the gut microbiota is also an important source of
antimicrobial compounds that could be developed to combat
certain antibiotic-resistant bacterial infections.23 A rich and
taxonomically diverse microbial community inhabiting the host
intestinal tract has been reported to produce a variety of
antimicrobial substances, such as gassericin A, reurerin,
plantaricin, pediocin, amylopeptins, cytolysin, ruminococcin
A and C, microcin, thuricin CD, and so on.24 In this study, we
reported an antimicrobial protein designated jileicin from P.
jilinensis YPG26, isolated from chicken intestine. The purified
antimicrobial protein showed 88.98% identity to the SIMPL
domain-containing protein (GenBank accession no.
WP_127199307). However, there is no report on the
antibacterial activity of SIMPL domain-containing protein.
We further determined the proteinaceous nature of the jileicin
by trypsin treatment, primary structural characterization, and
stability analysis. Thus, it is tentatively attributed to a
bacteriocin-like inhibitory substance (BLIS). As to whether it
can be assigned to class III bacteriocin, further studies are still
needed.25 As a bacteriocin-like inhibitory substance from
Paenibacillus ehimensis NPUST1, peocin is assigned to class III
bacteriocin.26

The antibacterial spectrum results showed that jileicin had
inhibitory activity against both Gram-negative and Gram-
positive bacteria but showed better antibacterial activity against
Gram-positive bacteria, especially against the genus Enter-
ococcus. Bacteriocins, or BLIS, show a narrow antibacterial
activity spectrum generally and have weak activity against
Gram-negative bacteria due to the protection of an inner and
outer membrane.23 Antimicrobial agents usually fail preclinical
studies because of their low stability.27 Stability assays of
jileicin treated with enzymes, pH, temperature, ultraviolet rays,
sodium chloride, metal ions, organic solvents, and detergents
showed trypsin, pH 11, and 120 °C treatment abolished
completely the antimicrobial activity of jileicin, while the
antibacterial activity was little affected by other treatments. A
vast majority of class III bacteriocins or BLIS are heat-labile,
such as enterolysin A and helveticin J, which are both
inactivated after treatment at 100 °C temperature,28,29 whereas
peocin is heat-stable and its the antimicrobial activity does not
decrease even at temperatures ranging from 100 to 121 °C.26,30

The thermal stability of jileicin is between that of enterolysin
A, helveticin J, and peocin. These evaluations suggest a decent
stability of jileicin.
In contrast to antibiotics, ribosomally synthesized anti-

microbial peptides rarely develop resistance because of the
unique mechanism of action.31 Similarly, resistant mutants in
the serial passage of E. faecium were also not generated in the
presence of subinhibitory concentrations of jileicin over a
period of 7 days.
The jileicin at the concentrations of 2× MIC could kill the

bacteria over a short time period by time-killing kinetics

analysis, and scanning electron microscopy observation
showed that jileicin could induce membrane damage,
distorting, breakage, and leakage of intracellular materials.
Moreover, the increased intracellular nucleic acid and protein
leakage also further indicates disruption of cell membrane
integrity, and the alteration of cell membrane permeability has
been demonstrated again by the influx of SDS into the cell to
accelerate cell death and LDH release in the supernatant. In
short, jileicin exerts antibacterial activity by causing membrane
damage. Different bacteriocins have different modes of action.
Class I and class II bacteriocins carry out antibacterial activity
through causing permeabilization and forming pores, while
most class III bacteriocins kill cells by hydrolysis of
peptidoglycan (cell-wall degradation) because of their function
directly on the cell wall.6 Furthermore, some bacteriocins can
also target bacteria by interfering with DNA, RNA, and protein
metabolism.6 Therefore, to completely determine the mode of
action of jileicin, more extensive studies should be performed
in the future.
An antimicrobial drug candidate needs to generally show

low or no toxicity toward mammalian cells and no hemolysis to
avoid the limitation of its clinical applications.32 Our results
revealed that jileicin at concentrations below 0.5 mg/mL
exhibited no significant cytotoxicity to HepG2, L929, and
RAW 264.7 cells and showed very low levels of hemolytic
activity, which indicates that a certain dose of jileicin was safe
for animal application.
Apart from its use in antagonizing clinical pathogens,

bacteriocins, or BLIS, have been widely used in food
preservation, particularly in dairy products and meat products.6

The numbers of Enterococci may reach 108 CFU/mL in dairy
products, and one of the most common bacteria in raw milk,
such as E. faecalis, E. faecium, E. durans, E. hirae, and so on,
have been isolated from the raw milk of cows, goats, and
sheep.33 These enterococci harbor a few genes of virulence and
antibiotic resistance. In addition, they can also obtain and
disseminate virulence and antibiotic virulence genes in the
environment and in their hosts.34 And E. faecium (vancomycin-
resistant) has been listed as a bacterium for which new
antibiotics are urgently needed by the World Health
Organization. Our results showed that 50 mg/kg jileicin
reduced E. faecium (vancomycin-resistant) by 3.23 log10 in milk
products after 6 days of incubation, and a decrease of 4.12 log10
was achieved with 100 mg/kg jileicin treatment, which showed
promising potential to be used in food preservation.
In summary, we purified and identified a bacteriocin-like

inhibitory substance, jileicin, obtained from P. jilinensis YPG26
using a series of purification methods. The jileicin showed a
relatively broad-spectrum antibacterial ability, especially
against enterococci. Additionally, the jileicin had good stability
after different treatments, no detectable resistance, no
significant cytotoxicity, and very low levels of hemolytic
activity. The mode of action of jileicin against E. faecium
demonstrated that jileicin could destroy cell membrane
integrity, increase cell membrane permeability, and eventually
lead to cell death. Furthermore, jileicin controlled the growth
of E. faecium in milk and thus possessed desirable advantages
for future application in dairy products. In conclusion, these
results indicate that jileicin is a promising and attractive
candidate for application in the food, pharmaceutical, and
biomedical industries.
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