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Abstract

Background and Objective: Foodborne pathogens represent a substantial threat to
living organisms. Therefore, techniques for prolonging food shelf life while ensuring
food its quality are imperative practices that must be adopted. Bacteriocins are broadly
addressed as preservatives. This study generally characterized LCI peptide as a J-
structure antimicrobial peptide and a novel alternative for extending food shelf life.

Material and Methods: The antimicrobial activity of recombinant LCI was assessed
against selected Gram-positive and Gram-negative bacterial strains. Temperature, pH
and bile salt concentration stability of the antimicrobial peptide were studied.
Furthermore, the effect of the peptide on the bacterial membrane was assessed.

Results and Conclusion: The study demonstrated that this novel LCI recombinant
bacteriocin included antimicrobial characteristics with wide-spectrum activity against
Gram-positive and Gram-negative bacteria. The minimum inhibitory concentrations
(MICs) were 50 pg.ml* for Micrococcus (M.) luteus ATCC 6633, Staphylococcus (S.)
aureus ATCC 6538 and Bacillus (B.) subtilis ATCC 6633 and 100 pg.ml for Gram-
negative bacteria when assessed against Escherichia (E.) coli ATCC 8739, Salmonella
(S.) typhimurium ATCC 13311 and Vibrio (V.) parahaemolyticus. Time-Kkill kinetics
demonstrated a bactericidal mechanism of action, showing increased antimicrobial
efficacy when reported with acetic acid. Membrane permeabilization assessments
indicated that LCI created pores in bacterial membranes in a dose-dependent fashion.
The peptide stability assessments revealed its heat resistance up to 100 °C for 15 min,
while preserving activity in aqueous solutions within pH range of 3—-11 and bile salt
concentration of 0-2%. These characteristics indicate that LClI may be a viable
candidate for antimicrobial uses, especially when used in combination with organic
acids.

Keywords: Antimicrobial peptides, Bacteriocins, Broad spectrum activity, LCI,
Organic acids

What is “already known” on this
topic:

> Bacteriocins are antimicrobial peptides widely recognized for their role in food
preservation, with some exhibiting broad-spectrum activity.

> Many bacteriocins, including LCI, show potential as natural food preservatives
due to their ability to inhibit both Gram-positive and Gram-negative pathogens

> Stability under various environmental conditions (e.g., pH, temperature) is critical
for their industrial application, but many bacteriocins remain underexplored due
to production challenges
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What this article adds:

> Recombinant LCI bacteriocin is heat-stable (up to 100°C), pH-tolerant (pH 3-11),

and maintains activity in the presence of bile salts

> Shows broad-spectrum antimicrobial efficacy against major foodborne pathogens,
including E. coli, S. aureus, and V. parahaemolyticus

> This article provides mechanistic insights into LCI’s bactericidal action via
membrane permeabilization.

1. Introduction

Over 7.8 billion fatalities globally and 56 deaths annually
are attributed to foodborne diseases (FBD). These diseases
proliferate rapidly due to contaminated foods, with 7.69%
of foodborne and foodborne illnesses constituting 7.5% of
global losses (56 fatalities) [1]. Pathogens cause foodborne
illnesses through toxins and infections at various intervals,
generally of bacterial and/or fungal origins. Fruits,
vegetables, meats and seafood are often contaminated by
various  foodborne  pathogens.  Salmonella  Sp.,
Staphylococcus Sp. Clostridium perfringens, E. coli,
Bacillus cereus and, less commonly, Clostridium botulinum
(botulism) are the principal foodborne pathogens [2].
Therefore, develop-ment of novel antimicrobial methods in
food safety is vital and time sensitive.

Gradisteanu et al., [3], stated that numerous organisms,
including insects, plants, reptiles and humans, possessed
innate immune systems that use bactericidal peptides as a
universal antibacterial strategy. Production of antimicrobial
peptides (AMPs) exemplifies this strategy. To maintain self-
sustainability and competitive advantages, Gram-positive
and Gram-negative bacteria synthesize bactericidal
peptides. These peptides are small antimicrobial compounds
consisting of 30-60 amino acids (AA). These ribosome-
produced peptides show significant variation in size,
structure, mechanism of action, spectrum of activity,
physicochemical characteristics and target cell receptors.
Ghodhbane et al. [4] stated that most bacteria, predo-
minantly Gram-positive bacteria and archaea, were believed
to synthesize at least one antimicrobial peptide.

A well-known and extensively studied peptide is the
bacteriocin, generally produced by the lactic acid bacteria
(LAB). Production and release of bacteriocin peptides are
included in the most significant probiotic characteristics of
the LAB [5]. Bacteriocins protect their producing bacteria
by functioning as pore-forming agents, disrupting the cell
membranes of target pathogens or inducing other forms of
membrane disturbances [6, 7]. According to Niameh et al.
[8], biosafety and multiple functionality of bacteriocins, as
well as their antimicrobial characteristics, make them
appropriate for incorporation into food systems as health
promoting components. Furthermore, Verma et al. [9]
emphasized the importance of bacteriocins as food

preservatives over conventionally chemical methods. Their
specificity and biodegradability make them ideal for
enhancing shelf life of susceptible food products.

Despite their promising potentials, many AMPs such as
bacteriocins are uninvestigated. Another challenge is the
high cost of production and decreased efficiency associated
with bacteriocin production, which limit their uses [10, 11].
Based on the increasing demands for narrow-spectrum
antimicrobial agents against foodborne pathogens, there is a
need of continuous identification, functional characteri-
zation and use of these AMPs [12, 13]. The LCI peptide is a
novel B-structure antimicrobial peptide produced by B.
subtilis. Previous studies have reported the high antimic-
robial activity of the peptide against pathogens [14, 15].
Furthermore, the peptide is non-toxic and biodegradable
with potential uses as natural food preservative as well as
feed additive, which can decrease antibiotic use in livestock
[16, 17]. However, to enable the practical use of LCI in
industries, it is essential to develop production methods that
yield sufficient quantities of peptide and provide a clear
understanding of its stability. These considerations have
prompted interests in investigating this peptide further.

This study investigated the functional characterization of
a recombinant LCI peptide derived from the AA sequence
of 2B9K.1.A. Antimicrobial characteristics of the LCI
peptide were assessed against various Gram-positive and
Gram-negative pathogens. Furthermore, the peptide heat
resistance, pH tolerance and enzyme sensitivity were
assessed. This study advanced antimicrobial peptide
research by explaining the structural and functional
relationships that caused stability and efficacy of the LCI
peptide. Results may direct further studies on peptide-based
antimicrobials in microbiology and bioengineering. The
peptide shows potentials to enhance public and individual
health by improving food safety, decreasing foodborne
illnesses and inhibiting antibiotic-resistant microorganisms.
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2. Materials and Methods

2.1 Bacterial strains, culture conditions, plasmids and
oligonucleotides

Expression vectors need multiple components to
demonstrate their functions. Humanizing Genomics
Macrogen, Bangkok, Thailand, manufactured the codon
optimized LCI gene (accession no. APH34379.1) for
expression in E. coli. Genomic DNA was amplified using
PCR and primers of LCI-F (5-GGGTTTCATAT-
GGCCATTAAACTGGTGCAGTC-3) and LCI-R (5-
GCGGGATCCTCATTAGTGGTGGTGGTG-3'), which
targeted the structural gene and incorporate Ndel and
BamHI restriction sites, respectively. The PCR products
were ligated into Ndel/BamHI-digested pET-25b+ vectors
using T4 DNA ligase and then transformed into chemically
competent BL21(DE3) E. coli cells at 42 °C for 60 s using
heat shock. Colony PCR and sequencing were carried out
on transformants to verify integrity of the constructs

2.2 Expression and purification of the recombinant LCI
The pET-25+(LCI) plasmids were transformed into E.
coli BL21(DE3) pLysS and cultured in 1 | of 2YT media
supplemented with chloramphenicol and ampicillin at 37 °C
until optical density (OD) of 0.8 was achieved at 600 nm.
Induction of protein expression was carried out by adding
0.1 mM isopropyl-B-D-thiogalactopyranoside (IPTG) to the
mixture for 4 h at 25 °C. The bacterial cells were harvested
following centrifugation at 5,000x g at for 20 min 4 °C. The
cell pellets were collected and stored at -70 °C until use. Cell
pellets were resuspended in PBS buffer to 1/5 of the total
volume of culture and sonicated for 2 min using microtip
connector, pulse duration of 20 s, rest time of 30 s and
amplitude of 60%. Then, centrifugation (9,000 rpm at 4 °C
for 20 min) was carried out to collect protein in the
supernatant. Recombinant LCI was purified using 5 ml
HisTrap FF column connected to AKTA prime Fast Protein
Liquid Chromatography (FPLC) (General Electric Health-
care Systems, USA). The bound recombinant LCI was
eluted with 4 ml of elution buffer (10 mM Tris-HCI, 250
mM imidazole and 1 M NaCl; pH 8.0). Then, 16% tricine
Sodium Dodecyl Sulfate-Polyacrylamide Gel Electro-
phoresis (SDS-PAGE) was carried out to analyze protein
fractions and dialysis was carried out at 4 °C overnight using
50 mM Tris-HCI. After protein concentration using
centricon tubes (Amicon, Germany), an approximate yield
of 0.2 mg of the recombinant LCI was achieved. [18]
Protein concentrations were assessed using Bradford
protein assay (Bio-Rad, USA), with bovine serum albumin
(BSA) as standard. Purification steps were further assessed
on tricine-SDS-PAGE, [19]. Samples diluted in Laemmli
buffer [20] were heated at 90°C for 10min before loading
onto the gel. Constant voltage of 120V and initial amperage
of approximately 50mA were used for 45min. After

migration, gels were stained with InstantBlue (Expedeon,
UK) for 20min. Liquid chromatography-tandem mass
spectrometry (LC-MS/MS) was carried out using Dionex
Ultimate 3000 RSLCnano system (Thermo Fisher
Scientific, Germany) coupled with an ESI Q-ToF Compact
11 (Bruker, Germany) to analyze the peptide sequence. Mass
spectral data were collected within an m/z range of 200—
1,400. Data are present in the supplement.

2.3 Minimum inhibitory concentrations

Minimum inhibitory concentrations (MIC) of the
principal bacterial targets, including E. coli ATCC 8739, B.
subtilis ATCC 6633, S. aureus ATCC 6538, Salmonella
typhimurium ATCC 13311 and V. parahaemolyticus were
assessed using broth microdilution assay, following a
protocol by Mota-Meira with minor changes. Two-fold
serial dilutions of the purified LCI were prepared in 1x PBS
and 50 pl of each dilution were dispensed into a 96-well
plate. The indicator bacteria cultures grown overnight were
diluted to 1 x 108 CFU ml and then 50 pl of them were
added to each well containing the purified bacteriocin
peptide. Buffer without bacteriocin served as negative
control, while those with 100 pg ml-* bacteriocin served as
positive control. The 96-well plate was incubated for 24-h
at 37 °C and the OD measured at 600 nm using UT-6550
microplate reader. The MIC was defined as the
concentration of bacteriocin that achieved a 50% growth
inhibition (MICs,), compared to the positive control. [21,
22] All experiments were carried out in triplicate

2.4 Bacteriocin stability assessment

The peptide antimicrobial activity was assessed using S.
aureus ATCC 6538 and E. coli ATCC 8739 as indicator
strains. Bacteriocin stability assessments were carried out
based on a protocol by Goh and Philip [23]. The LCI peptide
samples were incubated at 40, 60 and 80 °C for 40 min and
at 100 °C 30 min. The LCI peptide samples were then set to
room temperature (RT) prior to assessing their inhibitory
effects. The LCI was adjusted to various pH levels using
various buffers of 50 mM glycine-NaOH (pH 3-4), 50 mM
sodium acetate (pH 4.7), 50 mM tris-HCI (pH 7.9) and 50
mM glycine-HCI (pH 9-11). The inhibitory effect was
reassessed after 2 h of incubation at RT. The bacteriocin
stability was assessed after exposure to various bile
concentrations (0.5, 1 and 2%). Samples were incubated
with LCI at 1x the MIC of the reference strains for 2 h at
ambient temperature, followed by assessment of inhibitory
activity.

2.5 The LCI kinetics of activity

Briefly, S. aureus and E. coli were cultured for 10 h,
followed by centrifugation of the media at 2,000 rpm for 5
min to collect the cell pellets. Ice-cold 5 mM sodium
phosphate buffer (pH 7.2) was used for the resuspension of
each cell pellet. The resuspended cells were mixed at a 1:1
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ratio with various treatments of LCI at 1x MIC, 0.03%
acetic acid, LCI and 0.03% acetic acid, 1 mg ml* nisin and
LCI and 1 mg ml* nisin and then incubated at 37 °C. A
bacterial suspension without LCI served as control. Samples
were collected at 20-min intervals to measure the ODgoo
within a total time of 400 min.

2.6 Assessment of Escherichia coli membrane
permeability using beta galactosidase

The E. coli cells were cultivated in lactose broth at 37 °C
for 18 h to induce enzyme synthesis. The bacterial cells were
harvested by centrifugation to remove the supernatant. The
cell pellet was washed three times in 1x PBS buffer and then
resuspended and the concentration adjusted to 1 x 106 CFU
100 plt in 1x PBS. Then, 50 pl of the suspension with 50
pl of the purified LCI at concentrations of 2, 1, 0.5 and
0.25x MIC as well as 30 pl of o-nitrophenyl-B-D-
galactoside (ONPG) were used as the reaction mixture for
membrane permeability assessment. [24] Solutions in 96-
well plates were incubated at 37°C for various time
intervals. The enzymatic activity was assessed
spectrophotometrically at 405 nm.

2.7 Statistic assessment

All experimental results were achieved from triplicate
experiments for each sample. The reported data represented
the mean of three replicates, using standard deviation (SD)
to indicate the level of confidence. Statistical analysis was
carried out using GraphPad Prism software (GraphPad,
USA). One-way ANOVA was used to assess significant
differences between the means (p < 0.05). Error bars
represented SDs of the means.

3. Results and Discussion

3.1 Synthesis and purification of the recombinant LCI

In preliminary assessments, gene encoding mature LCI
was amplified from pCL-LCT and then subcloned into pET-
25b+ to create pET-25b+-LCl vector. To enable cleavage of
the fusion purification tag (6xHis), the expression system
was modified. The plasmid construct design used for the
LCl expression is shown in Figure 1A. The complete
nucleotide sequence of the recombinant plasmid is shown as
a chromatogram (Figure 1B). Each peak represented an
individual base position in the recombinant plasmid. The
sequencing chromatogram showed clear well-resolved
peaks, verifying high-quality data with no ambiguous base
calls. Comparison of the sequences with the plasmid map of
pET-25b (+) containing the bacteriocin gene inserts verified
100% sequence identity of all designed elements. The LCI
gene was shown as a single band, with amplicon sizes
similar to the theoretical predictions, including
approximately 195 bp using LCI primer and 510 bp using
T7 promoter primer (Figure 1C).

3.2 Purification of the recombinant LCI and liquid
chromatography-tandem mass spectrometry analysis

The low yield of LCI produced by wild B. subtilis A014
was initially a limiting factor that interrupted with the study
process. This challenge was overcome by developing a
recombinant expression system using host strain of E. coli
BL21 (DE3) pLysS to moderate bacteriocin toxicity during
background expression. This host could produce within
low-temperature expression conditions to better manage
protein toxicity and increase peptide concentration [25].
Following IPTG induction, peptides were purified using
FPLC. The LCI peptide contained N- and C-terminal Hise-
tags. This fusion expression strategy facilitated the
purification process. Proteins were eluted using 250-mM
imidazole buffer. This approach enabled sufficient peptide
production with controlled process and consistent
productivity, yielding up to 0.18 mg ml. A single elution
peak was correlated to antimicrobial activity; as verified in
later assessments (Figure 2A). Using this method, 3 mg of
the purified LCI were achieved from 15 ml of the soluble
fraction. Molecular weight of the purified LCI bacteriocin
was assessed as 6.05 kDa using SDS-PAGE. A single
protein band was observed after Coomassie brilliant blue
staining, verifying the protein purity (Figure 2B).

3.3 Assessment of inhibitory spectra

The purified recombinant LCI specific activity was
assessed using serial dilution. The purified LCI bacteriocin
was assessed against Gram-positive and Gram-negative
bacteria as foodborne pathogens responsible for food
poisoning and gastrointestinal diseases in humans. For the
five indicator strains, results showed growth inhibition of all
bacterial targets as well as significant antimicrobial
activities, as indicated by decreases in ODs to less than 50%
of the control group (p<0.05), suggesting high susceptibility
of the assessed strains. Furthermore, M. luteus ATCC 6633,
S. aureus ATCC 6538 and B. subtilis ATCC 6633 showed
MIC values of 50 pg ml?, while Salmonella typhimurium
ATCC 13311, E. coli ATCC 8739 and V. parahaemolyticus
demonstrated MIC values of 100 pug ml? (Table 1). The
activity of LCI was similar to that of previously reported
pediocin PA-1, which demonstrated efficacy against S.
aureus [26]. Moreover, the MIC values indicated that LCI
possessed broad-spectrum antibacterial characteristics,
advantageous for addressing mixed infections caused by
diverse pathogens, similar to bacteriocin Abp118, colicins
and sakacin C2 [27-29]. This efficacy is particularly
significant as foodborne pathogens pose a persistent threat
through microorganisms such as Salmonella typhimurium in
the food supply chain, as reported by He et al. [30]
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Figure 1. Schematic representation of plasmid construction and DNA agarose gel electrophoresis. (A) The LCI gene construct comprises restriction
enzymes Ndel and BamHI (dark green), a 6-histidine sequence (6His, blue), a start codon (START, pink), the gene sequence (LCI, orange), and a
stop codon (red). (B) the colony sequencing result of LCI gene. (C) DNA agarose gel electrophoresis of PCR products of bacteriocin in 1.5% agarose
gel: lane 1 contains a DNA marker (2000 Novagen); lane 2 contains the gene of the bacteriocin LCI with a T7 promoter, measuring 510 bp; lane 3
contains the LCI primer, measuring 195 bp.
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Figure 2. Purification, inhibition zone against S. aureus ATCC 6538, and Tricine-SDS-PAGE analysis of the expressed LCI peptide. (A) FPLC
chromatogram depicting the elution profiles of LCI peptide eluted with 250 mM imidazole utilizing the AKTA Prime FPLC system and Histrap FF
column. Inhibition zones of LCI, positive control (Ampicillin), and negative control without induction. (B)16% SDS-PAGE gel exhibiting samples
from the purification stages of LCI:1. Precision Plus Protein™ Dual Xtra Prestained Protein Standards 2: Elution fraction. Samples were prepared
based to the method outlined in the experimental section.
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Table 1. The minimal inhibitory concentrations (MICs) of LCI and
some selected peptides as positive control on the bacterial strains

(hg/ml)

Bacterial indicator LCI Activity
Positive bacteria

M. luteus 50 pg/ml

B. subtilis ATCC 6633 50 pg/ml

S. aureus ATCC 6538 50 pg/ml
Negative bacteria

S. typhimurium ATCC 13311 100 pg/ml
V. parahaemolyticus 100 pg/ml
E. coli ATCC 8739 100 pg/ml

ATCC:American Type Culture Collection. *The MICs of the peptides
shown in the table are against bacterial species from previous investigations
in the references
3.4 Kinetics of the recombinant LCI function

Time-Kill experiment was carried out to assess the mode
of action and rate of inhibitory effects of LCI. The activity
of recombinant LCI was assessed by monitoring growth
patterns and membrane permeability in S. aureus ATCC
6538 and E. coli ATCC 8739 at various LCI concentrations.
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The initial mortality rate after incubation indicated that the
bacterial growth inhibition depended on the LCI peptide
concentration. Results showed that LCI showed a
bactericidal mechanism against the target microorganisms,
as verified by the sustained decreases in OD within time
(Figure 3). After 220 min, the OD at 600 nm decreased
significantly from 0.4 to 0.2. This was clearly observed at
100 min, where the Gram-negative bacterial samples treated
with acetic acid showed an ODggo 0f less than 0.5, in contrast
to the control and peptide-only groups that respectively
showed gradual decreases in ODs after 800 min (Figure 3A)
and 150 min for Gram-positive bacteria (Figure 3B),
compared to the control group and 0.03% acetic acid group
alone. When the peptide is combined with acetic acid, the
enhanced antimicrobial efficacy was similar to that
previously reported Jiddah et al. [31], who reported
enhanced antimicrobial activity of recombinant AGAAN
when combined with acetic acid. Similarly, Rothong et al.
[32] reported synergistic effects of phage-encoded
antimicrobial peptide with organic acid against
Acinetobacter baumannii. The increase activity could be
resulted due to the disorganization of bacterial membrane,
facilitating penetration of the antimicrobial peptide [32].

Figure 3. A time-killing assay for pure
LClI was employed to determine its
mechanism and kinetics of action against
specific bacterial targets. A. LCI assay
utilizing E. coli B. LCI assay with S.
aureus (dark blue: negative control,
orange: LCI peptide, dark green: 0.03%
acetic acid, blue: LCI in 0.03% acetic acid
buffer, purple: nisin solution, green: LCI
combined with nisin in 0.03% acetic acid)

control
1X MIC LCI
0.03% Acetic acid

1X MIC LCI + 0.03%
Acetic acid

1 mg/mL Nisin

1X MIC LCI + 1 mg/mL
Nisin

control
1X MIC LCI
0.03% Acetic acid

1X MIC LCI +
0.03% Acetic acid

1 mg/mL Nisin

1X MIC LCI + 1 mg/mL
Nisin
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3.5 Membrane permeabilization assay

This experiment was carried out to assess if LCI exerted
its effects on target cells through pore formation. The
membrane permeabilization activity demonstrated by -
galactosidase through ONPG assays provided definitive
evidence of LCI mechanism of action. The assessment was
carried out when the peptide reacted with the ONPG
substrate that was leaked out. The OD at 405 nm for
untreated bacterial cells was constant (Figure 4). The
intensification of yellow color from ONPG and (-
galactosidase interaction indicated membrane pore
formation. Upon exposure of the reference strain to LCI at
concentrations of 0.25, 0.5, 1 and 2x MIC for 600 min,
continuous increases in OD measurements were observed,
indicating that extracellular o-nitrophenol production
significantly increased in E. coli treated with LCI, compared
to the control. The experimental findings suggested that this
novel peptide analog affected bacterial membrane
permeability and permeabilized cytoplasmic membrane of
E. coli dose-dependently. Similarly, various bacteriocins
such as nisin and plantaricin have similarly demonstrated
the ability to disrupt bacterial membranes through pore
formation [33-35]. Previous studies [25] reported LCI
structural characteristics and suggested a novel mechanism
for its action against Gram-negative bacteria. These
experimental results verified LCI ability to inhibit Gram-
negative bacteria. Additionally, the mode of membrane
interaction was similar to 1EWS and MccJ25, which
followed a toroidal pore model using positively charged
AAs, particularly the AA group at the C-terminal end
(Argd6-Lys47). This created short-lived channels in the
bacterial membrane through toroidal pore formation, either
destroying membrane integrity or penetrating the membrane
to affect intracellular targets for antimicrobial effects [36,

3.0+

0 100 200 300 400 500
time (min)

37]. The subsequent release of intracellular substances
verified the bactericidal characteristics of LCI, facilitating
rapid elimination of pathogenic bacteria.

3.6 Effects of temperature, pH and bile salt inhibitors on
the bacteriocin

Residual activity was assessed under various
temperatures, pH levels and bile salt concentrations to
assess LCI stability. The bacteriocin showed stability within
a temperature range of 40-100 °C for 15 min. The
proportion of surviving bacteria was 31.91% +0.01,
47.44% +0.01, 46.88% +0.01, 65.01% +0.02 and
74.58% +0.01 at 4, 40, 60, 80 and 100 °C, respectively
(Figure 5A). The findings indicated that LCI included
temperature stability, maintaining its complete antibacterial
efficacy after 15 min of exposure to increased temperatures.
The peptide activity of LCI was assessed under various pH
conditions using various buffer systems. Results
demonstrated that LCI included various stability and
activity depending on the pH of the environment. In 50mM
glycine-NaOH buffer, the peptide showed 37.81% +0.01
and 12.82% +0.01 activity at pH 3 and pH4, respectively.
In 50mM tris-HCI buffer, the activity was 39.34% +0.01 at
pH7 and 42.99% +0.02 at pH9, indicating relatively higher
stability under near neutral conditions to slightly alkaline
ones. However, in 50mM glycine-HCI buffer at pH9 and
pH11, the peptide activity decreased significantly to
2.48% +0.01 and 20.93% +0.01, respectively. These
findings suggested that LCI included greater stability and
functionality in tris-HCI buffer at neutral to mildly alkaline
pH, while its activity significantly decreased in strongly
acidic or highly alkaline glycine-HCI environments (Figure
5B).

Figure 4. The permeabilization of the E.
coli cell membrane by LCI through
absorption. Pure LCI was introduced to E.
coli stained with ONPG substrate to assess
intracellular DNA leakage, monitored at

- control an optimal density of 405 nm, with PBS
-+ 0.25XMIC utilized as a negative control. The data
& 05XMIC provided represent the averages of three
e IXMIC independent replicates. Th_e error bars
represented the standard deviation.
2X MIC
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Moreover, LCI is characterized by significant stability
under various environmental conditions. Its ability to
maintain  antimicrobial effectiveness at decreased
temperatures up to 100 °C within a wide pH range (3-11)
makes it an excellent candidate for food processing uses,
where such conditions are common. This characteristic was
similar to that reported by Johnson et al. [10] and Hols et al.,
[33], who emphasized that temperature and pH stability
were essential for bacteriocins of industrial uses. For
comparison, while pH-susceptible agents show optimal
activity at neutral pH, bacteriocins such as nisin demonstrate
greater efficacy under acidic conditions [34]. To evaluate its
potential for use in food and animal feed, the stability of LCI
peptide was further tested under gastrointestinal-like
conditions. Several antimicrobial peptides lose their
effectiveness in bile-rich environments, limiting their uses
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Figure 5. The influence of pH, temperature, and bile salt on the
activity of LCI was evaluated using S. aureus. The percentage
inhibition of the indicator strains subjected to different
temperatures. The bacterial samples lacking peptide treatment
served as the control (untreated). Percentage inhibition of the
bacterial strains at different pH levels (G3-G4 = Glycine pH 3-4,
A4-AT = Acetate pH 4 and 7, T7-T9 = Tris HCI pH 7 and 9, G9-
G12 = Glycine pH 9 and 12). The cell samples treated with 1x
PBS functioned as a control. The peptide activity of a fixed
concentration of LCI in bile salts solution (0%, 0.5%, 1%, and
2%) treated with S. aureus. The graphs were generated using the
mean values from three duplicate trials, with error bars
representing standard deviations.

in gastrointestinal treatments. In the present study, the LCI
survivability was assessed in artificial gastric juice at pH
2.5. After 2-h incubation, results indicated high peptide
tolerance. The treat with LCI (0% of bile salt) demonstrated
the highest antibacterial activity, with a peptide inhibition
activity of 69.70+0.006. When exposed to 0.5% bile salt,
inhibition efficiency decreased to 49.14+0.008. Similarly,
under the condition 1.5% bile salt, inhibition rate was
50.84+0.007. At 2% bile salt concentration, LCI showed
moderate activity, with 60.64+0.002 inhibition rate (Figure
5C). These findings indicated that although LCI activity
decreased in presence of bile salts, it included significant
antibacterial efficacy, particularly at higher bile salt
concentrations. In conclusion, LCI demonstrated significant
stability at low pH and the peptide preserved its efficacy in
presence of bile salts.
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4. Conclusion

In summary, an effective technique for LCI
overproduction in E. coli was established in the present
study. A significant quantity of LCI with antibacterial
activity was generated through efficient purification. The
purified LCI preserved its antibacterial characteristics,
demonstrating antimicrobial activity under physiological
pH and temperature conditions. The favorable
characteristics of LCI suggest its potential as an effective
antibacterial therapeutic agent. This study indicates that LCI
represents a valuable addition to the growing repertoire of
recombinant antibacterial peptides, including potentials to
contribute to the development of animal nutrition and serve
as a promising alternative to decrease use of antibiotics in
the livestock industry.
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