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Foodborne illness caused by consumption of food contaminated with Salmonella
is one of the most common causes of diarrheal disease and affects millions of
people worldwide. The rising emergence and spread of antimicrobial resistance,
especially in some serotypes of Salmonella, has raised a great awareness of
public health issues worldwide. To ensure safety of the food processing chain,
the development of new food preservatives must be expedited. Recently, thermal-
and pH-stable antimicrobial peptides have received much attention for use in food
production, and represent safe alternatives to chemical preservatives. A 12-mer
cathelicidin-derived, α-helical cationic peptide, P7, displayed rapid killing activity,
against strains of drug-resistant foodborne Salmonella enterica serovar Typhimurium
and its monophasic variant (S. enterica serovar 4,5,12:i:-) and had minimal toxicity
against mouse fibroblast cells. P7 tended to form helical structure in the membrane-
mimic environments as evaluated by circular dichroism (CD) spectroscopy. The
action mode of P7 at the membrane-level was affirmed by the results of flow
cytometry, and confocal, scanning and transmission electron microscopy. P7 killed
bacteria through binding to bacterial membranes, penetration and the subsequent
accumulation in S. enterica serovar Typhimurium cytoplasm. This induced membrane
depolarization, permeabilization, and sequential leakage of intracellular substances
and cell death. Except for sensitivity to proteolytic digestive enzymes, P7 maintained
its inhibitory activity against S. enterica serovar Typhimurium in the presence
of different conditions [various salts, extreme pHs and heat (even at 100◦C)].
Moreover, the peptide is unlikely to induce bacterial resistance in vitro. Taken
together, this study demonstrated that the membrane-permeabilizing P7 peptide
has much potential as a new antimicrobial agent for use in food processing
and preservation.

Keywords: thermostable peptide, drug-resistant Salmonella, membrane-active mechanism, induction of
resistance, food preservative
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INTRODUCTION

Salmonella are gram-negative bacteria and common causes
of diarrheal diseases affecting millions of people all over the
world, and notably some resistant serotypes have emerged.
Salmonella enterica serovar Typhimurium (S. enterica serovar
Typhimurium) is the most frequently reported serovar causing
human salmonellosis worldwide (Bugarel et al., 2012; Gunell
et al., 2014). In recent decades, a monophasic variant of S. enterica
serovar Typhimurium (named S. enterica serovar 4,5,12:i:-) that
is deficient in the expression of the phase-2 flagellar antigen has
emerged. This variant is a growing public health problem because
of its drug resistance, pathogenicity, existence among food and
veterinary chains, and capability to spread extensively (Arai et al.,
2018; Mastrorilli et al., 2018). Consumption of contaminated
foodstuffs, especially eggs, meat, poultry, and milk, is the major
transmission route of human Salmonella infections. Besides food
hygiene practices, such as "cook thoroughly," recommended
by the WHO as a basic preventive strategy (World Health
Organization [WHO], 2018), preservative agents are important
in keeping food safe and unspoiled by microorganisms.

Antimicrobial peptides (AMPs) have recently garnered
increased interest as promising food preservatives to improve
on the limitations of common chemical preservatives which may
have adverse effects on human health, and increase the frequency
of multidrug-resistant pathogens (Rai et al., 2016; Thery et al.,
2019). The European Food Safety Authority (EFSA) confirmed
that nisin, an authorized food preservative peptide, can be used
safely as a food additive in the proposed expansion use in
unripened cheese and heat processed meat products (EFSA Panel
on Food Additives et al., 2017). Nisin has very potent activity
against Gram-positive bacteria by binding to lipid II and forming
membrane pores, however, its activity against Gram-negative
bacteria is much lower due to the impermeable outer membrane
and the inner membrane localization of lipid II (Li et al.,
2018). Moreover, spontaneously acquired nisin-resistant isolates
of foodborne pathogens were recently found and characterized
(Bucur et al., 2018; Szendy et al., 2019). Several derivatives of
cationic α-helical peptides were designed from the cathelicidin
family, for example porcine PMAP (Lv et al., 2014) and human
LL-37 (Chen et al., 2019). They show promise to be developed
as new antimicrobial agents against bacterial pathogens. This has
led to a search for new α-helical cationic AMPs as alternative
preservatives which are safe, exhibit broad spectrum, and are
unlikely to induce antimicrobial resistance.

Recently, a 12-mer α-helical, cationic AMP (‘P7’) was designed
based on the cathelicidin family using a template-modified
strategy, and subsequently modified by truncation and amino
acid substitution (Klubthawee et al., 2020). P7 displays potent
antibacterial activity against both Gram-negative and Gram-
positive bacterial pathogens, notably including S. enterica serovar
Typhimurium. Of a series of peptides, P7 exhibited the highest
therapeutic index (TI) among a series of peptides in terms
of its activity toward bacterial cells compared with human
red blood cells (hRBCs). Furthermore, P7 shows no obvious
hemolytic activity (less than 5% hemolysis) even at the highest
concentration tested (250 µg/ml) (Klubthawee et al., 2020). In

order to assess its potential use and effectiveness, as well as its
mechanism of action, the antimicrobial activity of P7 against 24
drug-resistant foodborne and 11 drug-resistant clinical S. enterica
serovar Typhimurium or 4,5,12:i:- isolates, were evaluated and
compared to that of nisin. Its mechanism of antibacterial action at
membrane-level was studied alongside its stability under different
conditions such as various salts and enzymes, and extremes of
pH and heat. In addition, the induction of bacterial resistance to
the P7 peptide was explored. We highlighted the potential use
of P7 as an alternative agent for food preservation, prolonging
shelf-life, and the wider food processing industry.

MATERIALS AND METHODS

Peptide Synthesis
All peptide derivatives, including amidated P7
(KIAKRIWKILRR-NH2) (Klubthawee et al., 2020) and
tetramethylrhodamine (TAMRA)-labeled P7, were synthesized
by China Peptides Co., Ltd (Shanghai, China) with solid-
phase methods using 9-fluorenylmethoxycarbonyl (Fmoc)
chemistry. TAMRA-labeled P7 was prepared using dehydration
condensation by linking TAMRA with the N-terminus of
P7 via an amide bond. TAMRA-labeled P7 was chosen to
determine the membrane-penetrating ability and localization
of the peptide, explored by flow cytometry and confocal laser
scanning microscopy, respectively. The fluorophore, TAMRA,
was chosen based on its net charge and high photostability.
TAMRA is a zwitterionic compound with a neutral net charge
at neutral pH which does not affect the overall net charge of P7
(Fischer et al., 2002). The unlabeled P7 behaves similarly to the
labeled compound, as determined by the results of the MIC assay
and flow cytometry. Both unlabeled P7 and TAMRA labeled
P7 exhibited the antibacterial activity against S. Typhimurium
with the same MIC. Treatment S. Typhimurium cells with
1×MIC unlabeled P7 and TAMRA-labeled P7 for 30 and 60 min
induced the same level of cell depolarization (Supplementary
Figure 1). All peptides were purified by high-performance
liquid chromatography (HPLC) and obtained as trifluoroacetate
salts. The purity of all peptides was found to be greater than
98% as verified by analytical reverse-phase HPLC. The mass of
these peptides were identified by electrospray ionization mass
spectrometry (ESI-MS). TAMRA-labeled P7 had a molecular
mass of 1992.52 Da with a mean hydrophobic moment (µH),
of 0.801. All peptides including P7 and TAMRA-labeled P7 were
resuspended in deionized water to obtain a stock concentration
of 10 mg/ml and kept at−20◦C.

Bacterial Strains and Culture Conditions
Salmonella enterica serovar Typhimurium ATCC 13311, 24 drug-
resistant foodborne and eleven drug-resistant human borne
S. enterica serovar Typhimurium and 4,5,12:i:- isolates (Table 1)
were used as test microorganisms. They were previously isolated
for molecular characterization in 2014 and kindly provided by
Dr. Soraya Chaturongakul (Mahidol University, Thailand) (Huoy
et al., 2014). All bacteria were cultured in Tryptic Soy Broth
(TSB) and incubated at 37◦C for 18 h. Mueller Hinton Broth
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TABLE 1 | Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of P7 against antibiotic-sensitive and -resistant Salmonella enterica
isolates.

Strains Serovar Source Drug susceptibilitya MIC (MBC) in µg/ml

Resistance Intermediate P7 Nisin

Standard strain

ATCC 13311 Typhimurium ATCC – – 3.91 (3.91) >1000

Foodborne isolates

H2-009 4,5,12:i:- Pork fat Amp, C, S, T – 3.91 (7.81) >1000

H2-010 4,5,12:i:- Pork skin Amp, C, S, T – 3.91 (7.81) >1000

H2-038 4,5,12:i:- Pork kidney Amp, S, T – 7.81 (7.81) >1000

H2-039 4,5,12:i:- Pork intestine Amp, S, T – 3.91 (3.91) >1000

H2-042 4,5,12:i:- Pork intestine Amp, C, S, T, SxT Cp 7.81 (7.81) >1000

H2-043 4,5,12:i:- Pork heart Amp, S, T Cp 7.81 (7.81) >1000

H2-044 4,5,12:i:- Pork kidney Amp, C, S, T, SxT Cp 7.81 (7.81) >1000

H2-045 4,5,12:i:- Pork intestine Amp, S, T Cp 7.81 (7.81) >1000

H2-046 4,5,12:i:- Pork heart Amp, S, T Cp 7.81 (31.25) >1000

H2-047 4,5,12:i:- Pork liver Amp, S Cp 7.81 (15.63) >1000

H2-049 4,5,12:i:- Pork intestine Amp, S, T – 3.91 (7.81) >1000

H2-050 4,5,12:i:- Pork heart Amp, S – 7.81 (15.63) >1000

H2-054 4,5,12:i:- Pork intestine Amp, S, T – 7.81 (7.81) >1000

H2-055 4,5,12:i:- Pork liver Amp, S, T – 7.81 (31.25) >1000

H2-062 4,5,12:i:- Pork intestine Amp, S, T Cp 7.81 (15.63) >1000

H2-065 4,5,12:i:- Pork liver Amp, S, T – 7.81 (31.25) >1000

H2-067 4,5,12:i:- Pork kidney Amp, S, T – 7.81 (15.63) >1000

H2-070 4,5,12:i:- Pork liver Amp, Ctx, C, S, T, SxT Cp 7.81 (7.81) >1000

H2-071 4,5,12:i:- Pork heart Amp, Ctx, C, S, T, SxT Cp 7.81 (15.63) >1000

H2-072 4,5,12:i:- Pork intestine Amp, Ctx, C, S, T, SxT Cp 7.81 (15.63) >1000

H2-075 4,5,12:i:- Pork intestine Amp, S, T – 7.81 (7.81) >1000

H2-082 4,5,12:i:- Pork intestine Amp, S, T – 7.81 (15.63) >1000

H2-089 4,5,12:i:- Pork intestine Amp, S – 7.81 (31.25) >1000

H2-090 4,5,12:i:- Pork intestine Amp, S, T – 7.81 (15.63) >1000

Clinical isolates

H1-001 Typhimurium Blood Amp, Ctx, C, Cp, NA, S, T Amc 7.81 (15.63) >1000

H1-006 Typhimurium Blood NA S, Cp 7.81 (31.25) >1000

H1-011 Typhimurium Stool Amp, S, T Amc, Ctx, Cp, NA 7.81 (7.81) >1000

H1-015 Typhimurium Boot swab Amp, S Cp 7.81 (31.25) >1000

H1-024 4,5,12:i:- Rectal swab Amc, Amp, Ctx, C, NA, S, SxT Cp 3.91 (3.91) >1000

H1-025 4,5,12:i:- Urine Amp, Ctx, C, S, T Cp, NA, SxT 7.81 (31.25) >1000

H1-027 4,5,12:i:- Stool Amp, S, T – 7.81 (15.63) >1000

H1-041 Typhimurium Stool Amp, Ctx, C, S, T, SxT Amc, Cp, NA 7.81 (15.63) >1000

H1-062 Typhimurium Stool Amc, Amp, Ctx, C, NA, S, T Cp 7.81 (15.63) >1000

H1-102 4,5,12:i:- Stool Amp, C, S, T, SxT Amc 7.81 (7.81) >1000

H1-100 4,5,12:i:- Stool Amp, C, Cp, S, T, SxT Amc, NA 7.81 (7.81) >1000

Amc, amoxicillin/clavulinic acid; Amp, ampicillin; Ctx, cefotaxime; C, chloramphenicol; Cp, ciprofloxacin; NA, nalidixic acid; Nor, norfloxacin; S, streptomycin; T, tetracycline;
SxT, sulfamethoxazole/trimethoprim.
a In vitro drug susceptibility of all isolates was performed using Kirby-Bauer disk diffusion test, in accordance with the standard procedure recommended by the Clinical
and Laboratory Standards Institute (CLSI), and interpreted as susceptible, resistant, or intermediate according to interpretative criteria based on CLSI breakpoints (Clinical
Laboratory Standards Institute [CLSI], 2018). The data were taken from Huoy et al. (2014).

(MHB) was then used to wash and rinse the bacteria. The
bacterial suspensions were then diluted to obtain concentrations
of 107 CFU/ml for inoculations.

Antibacterial Activity Assay
A modified version of the National Committee for Clinical
Laboratory Standards (NCCLS) broth microdilution method

(Steinberg et al., 1997) was used to determine the minimum
inhibitory concentrations (MICs) of peptide and compared
to that of nisin. Fifty microliters of two-fold serial dilutions
of each peptide [0.98–250 µg/ml in 0.01% (v/v) acetic acid
and 0.2% (w/v) bovine serum albumin (BSA, Sigma-Aldrich,
MO, United States)], were incubated with 50 µl of bacterial
suspensions (approximately 107 CFU/ml) at 37◦C for 24 h in a
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shaking incubator. MICs were taken as the lowest concentration
of peptide at which growth was inhibited as observed by visual
inspection. Bacterial cultures without peptides and uncultured
broth were used as positive and negative controls, respectively.
Minimal bactericidal concentrations (MBCs) were determined
using a colony count assay (Clinical Laboratory Standards
Institute [CLSI], 2015). Fifty microliters of samples from each
non-turbid well in the MIC determination experiment was plated
on Mueller Hinton Agar (MHA) and colonies were observed after
overnight incubation at 37◦C. MBCs were designated as the least
concentration showing no colony growth on the plate. All of
experiments were performed in triplicate.

Time-Kill Kinetics Assay
The kinetics of P7 killing of bacteria was determined by
observing the fraction of bacteria surviving peptide treatment
during a period of time as described previously (Dong et al.,
2018). Starting inoculations of S. enterica serovar Typhimurium
(107 CFU/ml) were incubated with P7 at 3.91 µg/ml (both MIC
and MBC value are 3.91 µg/ml) in MHB at 37◦C with continuous
shaking at 200 rpm. At different time periods (0.5, 1, 2, 4, 6,
and 24 h), the bacterial suspensions were 10-fold serially diluted
in 1 × PBS, then 100 µl of each dilution was plated on MHA.
Colonies of bacteria were counted after 24 h of incubation at 37◦C
and calculated as CFU/ml. The results were displayed as the mean
of three independent experiments.

Cytotoxicity Assay
The toxicity of P7 peptide on L929 mouse fibroblast cells was
assessed by a dye reduction assay using 3-(4,5 dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT). Briefly, 3 × 104

L929 cells in RPMI 1640 [supplemented with 10% (v/v) fetal
bovine serum, 0.2% (w/v) sodium bicarbonate, 2 mM L-
glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin]
were seeded into each well of 96-well plates and then incubated
in a humidified atmosphere with 5% CO2 at 37◦C for 24 h.
After the incubation period, the peptide was added to obtain final
concentrations of 0.98–250 µg/ml; plates were incubated at 37◦C
under 5% CO2 for 24 h. RPMI 1640 medium with and without
cells were used as positive and negative controls, respectively.
After incubation, a final concentration of 0.5 mg/ml MTT
(Sigma-Aldrich, MO, United States) was added and incubated
at 37◦C under 5% CO2 for 4 h. Then, the supernatants were
removed from each well and 150 µl of dimethyl sulfoxide
(DMSO) was added and mixed thoroughly to solubilize the
formazan crystals. Subsequently, absorbance was measured at
570 nm using a microplate reader. The cell viability (%) was
calculated according to the formula:

% Cell viability =
ODTreated − ODBlank

ODUntreated − ODBlank
× 100

Circular Dichroism Spectroscopy
To investigate conformational changes of P7 induced by
membrane-mimetic environments, secondary structure of the
peptide was determined on a Jasco-815 spectropolarimeter (Jasco,
Tokyo, Japan) in 0.1 cm pathlength rectangular quartz cell under

nitrogen at 25◦C (Liu et al., 2013). The peptide was prepared
at a final concentration of 0.2 mg/ml in deionized (DI) water
representing an aqueous surrounding, 30 mM SDS micelles
to mimic negatively charged bacterial membranes and 50%
(v/v) TFE (2,2,2-trifluoroethanol) to imitate hydrophobic part of
bacterial membranes. Spectra were recorded in the 190–250 nm
range at a scanning speed of 10 nm/min. At least three scans
were recorded for each condition. Then, the acquired circular
dichroism (CD) signal spectra were converted to mean residue
ellipticity using the following equation:

θM = (θobs/10) × (MRW/c · 1)

where θM is residue ellipticity (deg. M−1 m−1), θobs is the
measured ellipticity revised for the buffer at a given wavelength
(mdeg), MRW is average molecular weight of the residue
(MW/number of amino acids), c is peptide concentration
(mg/ml), and l is the path length (cm).

Mode of Action of Peptide
Flow Cytometry Analysis
Membrane-penetrating activity
The penetration activity of P7 with bacterial cell membranes at
different time interval was investigated by flow cytometry (Zhang
et al., 2016). The mid-log bacterial suspensions (approximately
107 CFU/ml in 1 × PBS) were incubated with 1 × MIC of
TAMRA-labeled P7 at 37◦C for 5, 10, 15, 30, 60, or 120 min.
Subsequently, unbound labeled peptide was discarded by washing
with 1 × PBS. The red fluorescence (585/42 nm) signal emitted
by TAMRA fluorescence dye was evaluated by flow cytometry
(CytoFlex, Beckman Coulter). 25,000 bacterial cells were counted
in each sample. The experiments were done in triplicate and
the data was analyzed by Kaluza software version 2.1 (Beckman
Coulter, Brea, CA, United States).

Membrane permeability and depolarization
To further investigate the mechanism of membrane lytic
activity, translational membrane potential dye or bis-(1,3-
dibutylbarbituric acid) trimethine oxonol (BOX) and membrane
impermeant propidium iodide (PI) were used to evaluate
membrane depolarization and permeability induced by P7 as
previously described (Rabanal et al., 2015). S. enterica serovar
Typhimurium ATCC 13311 were diluted to 107 CFU/ml and
treated with P7 at concentrations of 1 × MIC, then incubated
for 30, 60, and 120 min at 37◦C with continuous shaking at
140 rpm. The treated bacterial cells were collected and washed
with 1 × PBS. Afterward, PI (final concentration of 7.5 µg/ml,
Sigma-Aldrich, MO, United States) and BOX (final concentration
of 0.25 µM, Sigma-Aldrich, MO, United States) were added to
each sample. Untreated bacterial cells (no peptide) and bacterial
cells heated at 70◦C for 30 min served as a negative and
positive control, respectively. The fluorescent signal at a laser
excitation wavelength of 488 nm was recorded using a flow
cytometer (CytoFlex, Beckman Coulter). Forward scatter (FS),
side scatter (SS), red fluorescence (585/42 nm) emitted by PI and
green fluorescence (530/30 nm) from BOX were collected using
logarithmic scales. In each sample, 25,000 bacterial cells defined
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in accordance with their scatter parameters, were counted. The
experiments were carried out in triplicate and the data were
analyzed using Kaluza software version 2.1 (Beckman Coulter,
Brea, CA, United States).

Confocal Laser Scanning Microscopy (CLSM)
Analysis
To investigate the localization of P7 on the bacterial membranes,
confocal laser scanning microscopy was used to study S. enterica
serovar Typhimurium ATCC 13311 after incubation with
TAMRA-labeled P7 as described previously (Klubthawee
et al., 2020). Bacteria cultures at mid-logarithmic phase were
centrifuged at 2,000 × g for 5 min to remove the supernatants.
Subsequently, the bacterial pellets were washed twice and
resuspended in 1 × PBS. Bacterial inoculums (approximately
1 × 107 CFU/ml) were incubated with 1 × MIC of TAMRA-
labeled P7 at 37◦C for 30 min. Afterward, unbound labeled
peptide was discarded by rinsing with PBS. The samples were
fixed with 4% paraformaldehyde for 20 min and washed twice in
1 × PBS. Samples were mixed with antifade (Prolong antifade
reagent with DAPI; Invitrogen, CA, United States), follow by
2% low melting agarose (Sigma-Aldrich, MO, United States) on
glass slides before observation under a confocal laser scanning
microscopy (LSM 800 with Airyscan, ZEISS).

Scanning Electron Microscopy
The surface morphology of bacteria cells after treatment with
P7 was observed under a scanning electron microscopy (SEM).
As previously described (Lv et al., 2014), S. enterica serovar
Typhimurium ATCC 13311 were cultured to logarithmic phase
in TSB, washed twice and resuspended to an OD620 of 0.2 in
1× PBS. The bacterial suspensions were incubated with 1×MIC
of P7 for 60 min at 37◦C. After incubation, treated bacterial cells
were centrifuged at 10,000× g for 20 min and washed twice with
1× PBS. Bacterial pellets were fixed in 2.5% (v/v) glutaraldehyde
at 4◦C overnight. After that, the samples were washed twice in
PBS and dehydrated through a graded ethanol series (50, 70, 90,
and 100%), for 15 min in each concentration. All the samples
were then transferred to mixtures (1:1) of ethanol and tertiary
butanol, and then to pure tertiary butanol, for 20 min each. After
lyophilization and gold coating, the samples were examined using
a scanning electron microscope (Hitachi SU8020, Tokyo, Japan).

Transmission Electron Microscopy (TEM)
Preparation of S. enterica serovar Typhimurium treated with
P7 was performed in the same protocol as described for the
SEM treatment. After fixing with 2.5% glutaraldehyde at 4◦C
overnight, the bacterial pellets were washed twice with PBS and
post-fixed with 1% osmium tetroxide in PBS for 2 h. After
washing the fixed bacterial cells twice with PBS, the dehydration
for 15 min in a graded ethanol series (50, 70, 90, and 100%) was
performed. After depositing in absolute acetone for 20 min, these
samples were then transferred to a mixture of absolute acetone
(1:1) and epoxy resin (1:3) for 1 h each, followed by transfer
to pure epoxy resin and kept overnight. By cutting with a glass
knife on an ultramicrotome, ultrathin sections were obtained and
post-stained with uranyl acetate and lead citrate. Specimens were

observed under a transmission electron microscope (Hitachi
HT7700, Tokyo, Japan).

Stability of Peptide
The stability of P7 was tested by determining its antibacterial
activity after exposure to different environmental conditions
(high salt concentration, different ranges of pH, proteolytic
enzymes and high temperatures) as previously described
(Shwaiki et al., 2020). To test the effect of salts on the
antibacterial activity of P7, 107 CFU/ml of S. enterica serovar
Typhimurium ATCC 13311 was exposed to two-fold serially
diluted concentrations (0.98–250 µg/ml) of P7 in the presence
of different salts including NaCl (150 mM), KCl (4.5 mM), MgCl2
(1 mM), NH4Cl (6 µM), ZnCl2 (8 µM), FeCl3 (4 µM), and CaCl2
(2.5 µM) (Xu et al., 2014). To determine pH stability, the pH of
the peptide’s solution was adjusted to 3, 5, 7, 9, and 11 using 1 M
NaOH or 1 M acetic acid (CH3COOH). P7 were incubated in the
different pH conditions for 1 h, then transferred to inoculated
MHB for antibacterial testing (Chen et al., 2020), There was no
change of the pH following the addition of peptide. To determine
the sensitivity of peptide to proteolytic enzymes, the residual
activity of P7 was measured after incubation the peptide with
1 mg/ml (final concentration) of proteolytic enzymes (pepsin or
trypsin) at 37◦C for 1 h and heat denaturation at 80◦C for 1 h.
To study thermostability, peptides were pre-incubated without
bacteria at various temperatures (40, 60, 80, and 100◦C) for 1 h
and left to cool for 30 min before testing. After these treatments,
the antibacterial assays were carried out and MICs determined as
described in section “Antibacterial activity assay.”

Effect of Heat on Membrane-Active
Mechanism of Peptide
The effect of heat on the membrane-active mechanism of P7
was further investigated by flow cytometry. The peptide, P7,
was pre-heated at different temperatures (40, 60, 80, and 100◦C)
for 1 h and left to cool for 30 min. Membrane permeability
and depolarization activity were determined by incubating the
pre-heated peptide (at MIC concentration) with S. enterica
serovar Typhimurium ATCC 13311 cells and activity was
determined as described in section “Membrane permeability and
depolarization.”

Experimental Induction of Bacterial
Resistance to P7 Peptide
In order to induce bacterial resistance to P7, S. enterica serovar
Typhimurium ATCC 13311 were cultured for 10 serial passages
in MHB in the presence of P7 in a series of concentrations ranging
from 0.98 to 250 µg/ml (Veldhuizen et al., 2013). In each passage,
50 µl of bacterial samples at sublethal concentrations (the highest
peptide concentration displaying 80% growth compared with
growth in MHB) were used to determine MIC values by a broth
microdilution assay.

Statistical Analysis
All experiments were performed in triplicate. The data were
tested by one-way ANOVA and Tukey’s test with SPSS version
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16.0. All results were presented as mean ± standard deviation
(SD); P-value < 0.05 was considered statistically significant.

RESULTS

Antibacterial Activity
The antibacterial activity of P7 compared to nisin was determined
against S. enterica serovar Typhimurium ATCC 13311 and 35
drug-resistant S. enterica serovar Typhimurium and 4,5,12:i:-
isolates in Thailand, including 24 foodborne and 11 clinical
isolates (Table 1). P7 exhibited potent antibacterial activity to
all tested strains including typical and drug-resistant isolates,
with MICs and MBCs ranging from 3.91 to 7.81 µg/ml and 3.91
to 31.25 µg/ml, respectively. In contrast, nisin, an authorized
food preservative, had no antibacterial activity against the tested
microorganisms up to maximum concentration of 1 mg/ml.

Bactericidal Kinetics
Since P7 displayed robust antibacterial activity, a kinetic assay
was performed to investigate the speed of the killing (Figure 1).
At MIC concentration, P7 reduced the viable cells of S. enterica
serovar Typhimurium more than 103 and 104 CFU/ml within
2 and 4 h, respectively. After 24 h incubation, no bacteria
were recovered. P7 exhibited rapid killing with time-dependent
bactericidal action.

Cytotoxicity
The toxicity of P7 to the L929 mouse fibroblast cell line was
investigated using a colorimetric MTT viability assay. Melittin,
a strong membrane-lytic peptide used as a positive control in
the present study, showed strong cytotoxicity and dramatically
reduced cell viability (to less than 10%) in the presence of
62.5 µg/ml (Figure 2). On the contrary, the P7 peptide had no
cytotoxicity on L929 cells up to 125 µg/ml (Figure 2). Even at
the maximum concentration tested (250 µg/ml), cell survival was

FIGURE 1 | Time-dependent killing kinetics of P7 against S. enterica serovar
Typhimurium ATCC 13311 at MIC concentration, exposed for 0.5, 1, 2, 4, 6,
and 24 h.

FIGURE 2 | The toxicity of P7 and melittin against L929 mouse fibroblast
cells. The results were obtained from three independent experiments; data
were indicated as mean ± SD and the statistical analysis was carried out
using one-way ANOVA and Tukey’s test (p < 0.05). Asterisk (*) indicates
statistically significant difference (compared to untreated samples).

up to 90%. This result was consistent with hemolytic activity
reported previously (Klubthawee et al., 2020). Based on these
findings together with the antibacterial results, P7 showed potent
antimicrobial activity and a favorable safety profile.

Secondary Structure Studies
A 3D structure of P7 was predicted by I-TASSER1 and an
in silico 3D model was analyzed using BIOVIA Discovery Studio
Visualizer (DSV) 2020. P7 formed an α-helical structure with a
net positive charge of +6 and 50% hydrophobicity (Figure 3).
As predicted by in silico molecular modeling, P7 displayed an
amphiphilic α-helical conformation with a bulky side chain of
tryptophan located on the hydrophilic face. CD spectroscopy
was used to determine the conformation-activity relationships
of the peptide in membrane-mimetic environments (Figure 4).
Analysis of spectra acquired in a distilled water solution indicated
that P7 displayed random coil or unordered conformation with
a negative peak around 198 nm. In SDS micelles and 50%
TFE environments, P7 demonstrated an α-helical secondary
structure with a positive peak at approximately 190 nm and two
negative peaks at approximately 208 and 222 nm. These results
proposed that P7 formed an α-helical structure in membrane-
mimetic environments.

Membrane-Active Mechanism
Determination
The binding of P7 to bacterial membranes was determined by
flow cytometry using TAMRA-labeled peptide. In the absence
of TAMRA-labeled P7, no fluorescent signal was detected
(Supplementary Figure 2) indicating no autofluorescence of
the bacterial cells. After incubation, TAMRA-labeled P7-treated
S. enterica serovar Typhimurium cells exhibited red fluorescence
in a time-dependent manner (Figure 5). This was consistent

1http://zhanglab.ccmb.med.umich.edu/I-TASSER/
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FIGURE 3 | In silico three-dimensional (3D) molecular modeling, obtained by
I-TASSER, with surface characteristics of the P7 structure from N- to
C-terminus. Positively charged, hydrophobic and tryptophan residues are
shown in blue, yellow, and green, respectively. Numbers represent the
position of amino acid residues.

with the results from confocal microscopy where TAMRA-
labeled P7 showed an ability to penetrate S. enterica serovar
Typhimurium cell membranes within 5 min (data not shown).
It was observed that P7 peptides initially localized mainly
in the membranes of S. enterica serovar Typhimurium, and
subsequently penetrated and accumulated in the cytoplasm after
30 and 60 min of treatment (Figure 6). These results revealed that
P7 exhibited rapid binding and penetration of S. enterica serovar
Typhimurium in a time-dependent manner.

The ability of P7 to induce permeabilization of the
bacterial membrane and depolarization of the cytoplasmic
membrane of S. enterica serovar Typhimurium was assessed
using DNA-staining PI, the fluorescence indicator of cell
fatality based on the membrane permeability, and a voltage
sensitive dye (BOX) which enters depolarized cells where it
binds to lipid bilayers leading to the increase in fluorescence.
Unstained S. enterica serovar Typhimurium were used to
set the negative population. Without P7 treatment, most of
S. enterica serovar Typhimurium bacteria showed neither PI
nor BOX fluorescent signals, indicating that cell membranes

FIGURE 4 | Conformational changes of P7 as determined by Circular
dichroism (CD) spectroscopy using a Jasco-815 spectropolarimeter. CD
spectra of P7 in aqueous solution, 30 mM SDS micelles, and 50% TFE are
presented in blue, orange, and green, respectively.

FIGURE 5 | The membrane-penetrating action of TAMRA-labeled P7 to
S. enterica serovar Typhimurium ATCC 13311 after 5, 10, 15, 30, 60, and
120 min of incubation as determined by flow cytometry. The experiments were
done in triplicate and the data were represented as the mean ± SD.

were intact (Supplementary Figure 3). Heat at 70◦C, a
cooking temperature, was used as a positive control in the
experiment as it is known to damage bacterial cell membranes
(Ng et al., 2018). As expected, heat at 70◦C induced high
levels of permeabilization and depolarization at 1 × MIC for
30?min (Supplementary Figure 3). P7 at 1 × MIC treatment
induced time-dependent permeabilization and depolarization of
57.10 ± 7.00%, 69.74 ± 4.54%, and 78.65 ± 4.49% of bacteria
at 30, 60, and 120 min, respectively (Figure 7). These results
suggested that P7 damaged the S. enterica serovar Typhimurium
membranes via permeabilization and depolarization in time-
dependent manner.

The S. enterica serovar Typhimurium morphology and
membrane integrity upon treatment with P7 were directly
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FIGURE 6 | Localization of TAMRA-labeled P7 on S. enterica serovar Typhimurium ATCC 13311 at 30 and 60 min as observed by confocal microscopy.

observed by SEM. These images demonstrated that the
membrane surfaces of the S. enterica serovar Typhimurium cells
treated with P7 displayed morphological changes, including

FIGURE 7 | The effect of P7 on the membrane permeability (PI) and
membrane potential (BOX) of S. enterica serovar Typhimurium ATCC 13311
as determined by flow cytometry. The experiments were performed in
triplicate and the results were shown as the mean ± SD.

significant membrane roughening and corrugation (Figure 8B)
when compared with control S. enterica serovar Typhimurium
cells which had bright, smooth surfaces or less surface roughness
(Figure 8A). In parallel, TEM was performed to study membrane
integrity and intracellular alterations of S. enterica serovar
Typhimurium cells both before and after treatment with
P7. As shown in Figure 9A, intact cell membranes and full
intracellular contents were observed in untreated S. enterica
serovar Typhimurium cells. In contrast, various structural
alterations were observed after P7 treatment including
obvious cytoplasmic clearance, disrupted cell membranes
with detectable pores, and leakage of cellular compartments
(Figures 9B–D).

Peptide Stability
In general, various salts, proteolytic enzymes and pH all affect the
in vivo antibacterial activity of AMPs. The MICs of P7 against
S. enterica serovar Typhimurium ATCC 13311 in the presence
and absence of different salts, pepsin and trypsin, and differing
pH are shown in Tables 2, 3. In a salt-sensitive assay, P7 retained
antimicrobial activity with a slight decrease in antimicrobial
activity [two-fold increase of MICs (from 3.91 to 7.81 µg/ml)]
in the presence of K+, NH4

+, Zn2+, Fe3+, and Ca2+. The
antimicrobial activity of P7 markedly decreased in the presence of
Na+ and Mg2+ (about eight-fold increases in MICs and MBCs).

Frontiers in Microbiology | www.frontiersin.org 8 January 2021 | Volume 11 | Article 592220

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-592220 January 7, 2021 Time: 10:52 # 9

Klubthawee and Aunpad Membrane-Active Thermostable Peptide

FIGURE 8 | Scanning electron microscopic micrographs of S. enterica serovar Typhimurium ATCC 13311 treated with P7. Untreated bacterial cells (A) and treated
with 1 × MIC of P7 for 60 min (B). The red arrows indicate membrane roughening and corrugation.

FIGURE 9 | Transmission electron microscopic micrographs of S. enterica serovar Typhimurium ATCC 13311 treated with P7. Untreated bacterial cells (A) and
treated with 1 × MIC of P7 for 60 min (B–D). The red arrows indicate the disrupted cell membranes with an obvious cytoplasmic clear zone; blue arrow indicates
visible pore and leakage of cellular contents.

These results suggested that P7 was more tolerant to K+, NH4
+,

Zn2+, Fe3+, and Ca2+ compared with Na+ and Mg2+. Therefore,
some cations may compromise the antimicrobial activity of P7.

Most AMPs are susceptible to protease degradation because
their amino acid sequence serves as excellent substrates for
proteolytic cleavage. As predicted by PeptideCutter2, the potential

2https://web.expasy.org/peptide_cutter/

cleavage sites of P7 by pepsin and trypsin are the amino acids
at positions 1, 4, 5, 8, 9, 11, and 12. The antibacterial activity of
P7 after enzyme treatment was diminished. The MICs and MBCs
against S. enterica serovar Typhimurium ATCC 13311 increased
from 3.91 to 31.25 µg/ml indicating that the peptide was still
active after proteolytic treatment.

A previous study demonstrated that pre-incubated PMAP-
37(F34-R) in extreme pHs exhibited a stable and maintained
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TABLE 2 | MIC and MBC values (µg/ml) of P7 in the presence of various salts
against S. enterica serovar Typhimurium ATCC 13311.

Conditions Saltsa

Controlb NaCl KCl MgCl2 NH4Cl ZnCl2 FeCl3 CaCl2

MIC 3.91 31.25 7.81 31.25 7.81 7.81 7.81 7.81

MBC 3.91 125 31.25 125 31.25 62.5 31.25 31.25

aThe final concentrations tested were: NaCl (150 mM), KCl (4.5 mM), MgCl2
(1 mM), NH4Cl (6 µM), ZnCl2 (8 µM), FeCl3 (4 µM), and CaCl2 (2.5 µM).
bControl MIC values were determined in the absence of these salts.

antibacterial activity at pH 2-8 and pH 9-11 against S. aureus
ATCC 25923 and P. aeruginosa GIM1.551 (Chen et al., 2020).
Our results showed that P7 tolerated over a wide range of acidic,
neutral even alkaline environment. After 1 h incubation in all
tested pHs, ranging from pH 3 to pH 11 (Table 3), it exhibited
potent antibacterial activity without significant change in MICs.
Only two-fold increases in the MICs were observed across the
pH range of 3–11.

Effect of Heat on the Membrane-Active
Mechanism of P7 Peptide
Due to the intended use of P7 in food processing and
preservation, it is important that it is able to withstand high
temperatures, a common condition in food preparation. After
being subjected to thermal treatment at 40 and 60◦C for 1 h,
no change in the MICs of the tested bacteria was observed
(Table 3). Interestingly, the potent antibacterial activity was
retained after 80 and 100◦C treatment, with MICs and MBCs at
7.81 µg/ml. Results from flow cytometric analysis confirmed the
membrane-active mechanism of P7 after temperature exposures
of up to 100◦C (Figure 10 and Supplementary Figure 4).
P7, pre-heated at 40, 60, 80, and 100◦C, potently induced
membrane permeabilization and depolarization of the S. enterica
serovar Typhimurium with 80.30 ± 2.13%, 77.91 ± 1.47%,
77.88 ± 0.88%, 70.84 ± 2.60%, respectively, which was
comparable to that of non-heated peptide (81.69 ± 2.14%).
These results demonstrated the thermostability of the peptide,
increasing its potential for application in food processing
and preservation.

In vitro Induction of Peptide Resistance
The MICs were determined in 10 serial passages of bacteria
treated with P7 (0.98–250 µg/ml). P7 retained killing activity
through all bacterial passages with MIC of 3.91 µg/ml

FIGURE 10 | The effect of heat (40, 60, 80, and 100◦C) on membrane-active
mechanism of P7. Membrane permeability (PI) and depolarization activity
(BOX) of pre-heated and non-heat peptide on S. enterica serovar Typhimurium
ATCC 13311 were determined by flow cytometry. The results were obtained
from three independent experiments and the data were presented as the
mean ± SD.

(Table 4). Thus, the potent antimicrobial activity of P7 was not
compromised by induction of bacterial resistance in vitro.

DISCUSSION

We have previously shown that P7, a 12-mer cationic peptide,
modified from the cathelicidin family, displays broad-spectrum
antibacterial activity against both Gram-positive and Gram-
negative bacteria, and no toxicity against hRBCs (Klubthawee
et al., 2020). In this study, P7 displayed a rapid bacterial-killing
ability which was time-dependent and had a low bactericidal
concentration against S. enterica serovar Typhimurium ATCC
13311. It was effective against the traditionally antibiotic-
resistant S. enterica serovar Typhimurium and its monophasic
variant strains isolated from food and humans. Though it had
potent antimicrobial activity, P7 showed no obvious toxicity
against L929 mouse fibroblast cells even at the maximum
concentration tested. The positive charge of AMPs causes them
to bind preferably to the negatively charged bacterial membranes
which contain acidic phospholipids and anionic molecules,
such as phosphatidylglycerol, cardiolipin, and lipopolysaccharide
(Matsuzaki, 1999; Epand et al., 2006). In the case of mammalian
cells, acidic phospholipids are usually sequestered in the inner
leaflets of plasma membranes, while the outer leaflets are largely

TABLE 3 | MIC and MBC values (µg/ml) of P7 treated with different pHs, proteolytic enzymes and temperatures against S. enterica serovar Typhimurium ATCC 13311.

Condition pH Proteolytic enzyme Temperature (◦C)

3 5 7 9 11 Pepsin Trypsin 40 60 80 100

S. enterica serovar Typhimurium ATCC 13311

MIC (µg/ml) 7.81 7.81 7.81 7.81 7.81 31.25 31.25 3.91 3.91 7.81 7.81

MBC (µg/ml) 15.63 7.81 7.81 7.81 15.63 31.25 31.25 3.91 7.81 7.81 7.81

Frontiers in Microbiology | www.frontiersin.org 10 January 2021 | Volume 11 | Article 592220

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-592220 January 7, 2021 Time: 10:52 # 11

Klubthawee and Aunpad Membrane-Active Thermostable Peptide

TABLE 4 | The MICs of P7 determined in 10 serial passages of bacterial cultures.

Bacterial strain MIC (µg/ml)

Serial passagesa

1 2 3 4 5 6 7 8 9 10

S. enterica serovar Typhimurium ATCC 13311 3.91 3.91 3.91 3.91 3.91 3.91 3.91 3.91 3.91 3.91

aMIC values were determined in serial passages of bacterial cultures treated with P7. Bacteria were grown overnight in the presence of 0.98–250 µg/ml peptide. The
sample containing the highest P7 concentration showing 80% bacterial growth was subsequently sub-cultured into new medium containing 0.98–250 µg/ml P7 peptide
for determining MIC values by a broth microdilution assay. This procedure was repeated for 10 serial passages cultures.

consisted of zwitterionic phosphatidylcholine and sphingomyelin
(Matsuzaki, 2009).

Consistent with the predicted results from in silico three-
dimensional structure models, P7 was converted from a
random coil in aqueous environments to an α-helical structure
in membrane-mimetic environments (50% TFE environments
mimicking the hydrophobic environment of a microbial
membrane and 30 mM SDS environments comparable to the
negatively charged prokaryotic membrane) as shown by CD
analysis. This implied that the negatively charged bacterial
membrane and their hydrophobicity part is the key to
antimicrobial activity of the α-helical cationic P7 peptides. As
previously described (Brogden, 2005), the anionic components
on bacterial outer surface and membranes play a crucial
role in inducing the conformational change of peptide which
is necessary for peptide attachment and insertion into the
hydrophobic part of membrane.

Although the exact mechanism of action of AMPs remains
controversial, most AMPs kill bacteria by disrupting the cell
membrane (Lorenzon et al., 2019). As previously described,
the first steps of AMP-mediated killing are attraction and
attachment which initially occur via electrostatic interactions
between the cationic peptides and the negatively charged
surfaces of bacteria, after which they interact with the outer
membrane (Brogden, 2005). To evaluate this possibility, we first
used flow cytometry to assess the ability of P7 to penetrate
the membrane of S. enterica serovar Typhimurium employing
TAMRA-labeled P7. The binding activity of P7 was studied
using TAMRA-labeled P7; the target site was visualized by
confocal microscopy. The results revealed that P7 exhibited rapid
binding activity, membrane penetration and then accumulation
in S. enterica serovar Typhimurium cytoplasm in a time-
dependent manner. Once peptides insert into the lipid bilayers,
they can permeabilize and depolarize bacterial membranes. The
results were indistinguishable from those of the positive control
group (heating at 70◦C) in which high temperature had damaged
the bacteria by denaturizing the membrane proteins resulting
in the release of intracellular organelles and cell lysis (Ebrahimi
et al., 2018). After attachment, P7 at threshold concentration
induced membrane permeabilization and depolarization in a
time-dependent manner as observed by flow cytometry. SEM
and TEM results confirmed that P7 caused damage to the
S. enterica serovar Typhimurium membranes via extensive
membrane rupture and pore formation, resulting in the leakage of
intracellular contents and cell death. In accordance with previous

reports (Sani and Separovic, 2016; Dong et al., 2018), these
results illustrate that the initial step in the antimicrobial activity
of P7 was the ability to selectively bind the anionic lipids of
the bacterial outer membrane and subsequently insert into the
hydrophobic core of the membrane bilayer, ultimately disrupting
the bilayer’s integrity.

The initial electrostatic interaction of positively charged
AMPs with the negatively charged surface of bacteria is a
key of antimicrobial activity. Free ions or other positively
charged molecules, including salts, can weaken this electrostatic
interaction and decrease the efficiency of this antimicrobial
activity (Ma et al., 2016). P7 maintained its inhibitory activity
in the presence of K+, NH4

+, Zn2+, Fe3+, and Ca2+. This
might be due to the bulky side chain of tryptophan, located
on the peptide’s hydrophilic face and containing positively
charged arginine and lysine, enhancing the binding, attachment
and insertion of the P7 peptide into the bacterial membrane
and so maintaining its antibacterial activity in the presence of
salts (Lawyer et al., 1996; Saravanan et al., 2014). Nonetheless,
the effects of cations likely rely on both the particular
peptide and the concentration of salt (Ma et al., 2015). At
higher millimolar concentrations, Na+ (150 mM) and Mg2+

(1 mM) caused almost a 10-fold reduction in the MIC of
P7, while most of the other salts (micromolar range) caused
only a twofold reduction in the MIC. The inhibitory effects
of monovalent Na+ may rely solely on interruption of the
electrostatic attraction, resulting in decreased binding efficacy
of peptide to negatively charged membranes (Huang et al.,
2011). Mg2+ may weaken the inhibitory activity of P7 not
only by interfering with the electrostatic attraction, but also
by initiating membrane binding competition between peptides
and cations on bacterial outer membranes (Slochower et al.,
2014; Ma et al., 2015). Chou et al. (2019) reported that F4
peptide retained killing activity in the presence of salts at
physiological concentrations except for Na+ and Mg2+, while still
displaying effective antimicrobial potency in the mouse model.
Notably, P7 lost part of its killing activity at physiological salt
concentrations as shown by MBC values which were 10–40x
higher than those of control. There are some cationic AMPs
which show partial or even complete loss of antimicrobial
activity at physiological salt concentrations (Scudiero et al., 2010;
Mai et al., 2011).

In general, microorganisms are sensitive to a food’s pH,
and very low or very high pH values will prevent the growth
of microorganisms. However, very few foods have pH values
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low or high enough to completely inhibit microbial growth
or offer much preservative value (McGlynn et al., 2003). For
almost all foods, a combination of preservative agents and
food processing must be used to help preserve the food.
Here, our aim was to identify new preservative agents with
ideal characteristics such as the ability to endure extreme
conditions (heat and wide pH range). The P7 peptide is stable
over a wide range of pHs (pH 3–11) and still maintained
its antibacterial activity after exposure to an acidic or basic
environment, underlining its potential application in food
preservation. During food processing, high temperatures might
denature or change the specific configuration of a peptide
which is necessary for its antibacterial activity (Jabeen and
Khanum, 2017). To determine whether the peptide bonds
in P7 were broken at high temperature and resulted in
reduced activity, the peptides were pre-incubated without
bacteria at various temperatures. The results revealed that
P7 maintained its potent antibacterial activity (via induced
membrane permeabilization and depolarization) even after
treatment at 100◦C for 1 h. These results highlighted the high
thermostability of P7 peptide, important for its potential use in
the food industry.

In the use of peptides as food preservatives, their degradation
products after digestion should be considered. Catabolism of
AMPs is governed by the sequence of their amino acids and
these products can serve as nutrients after digestion (Chakrabarti
et al., 2018). During the digestion process, pepsin (the primary
proteolytic enzyme in the stomach) and trypsin (produced in the
pancreas and secreted into the small intestine) act on ingested
peptides and break them into smaller peptides which can be
readily absorbed across the intestine’s epithelial barrier (Patel
and Misra, 2011). Although P7 peptide showed strong heat
stability, which is beneficial during food processing, they were
shown to be sensitive to proteolytic digestion. The MICs and
MBCs of P7 against S. enterica serovar Typhimurium ATCC
13311 increased approximately eight-fold in the experimental
in vitro pepsin and trypsin enzyme conditions. Therefore,
the degradation of this peptide by proteolytic enzymes of
the intestinal tract, when ingested as a food preservative,
would restrict its antibacterial activity against gastrointestinal
microbiota and decrease potential adverse effects on health
(Thery et al., 2019).

Besides potent antimicrobial activity and good thermal
stability, the tendency of the peptide to induce bacterial resistance
was necessarily a concern. It is widely speculated that bacterial
resistance will be acquired when they are exposed to long-term
sublethal concentrations of antimicrobials. Thus, the MICs of
P7 against 10 serial passages of bacteria were determined in
this study. Peptide P7 retained its killing activity at 3.91 µg/ml
through all bacterial passages. These results suggested that
the ability of S. enterica serovar Typhimurium to develop
resistance to P7 was low, similar to the chicken cathelicidins
(Veldhuizen et al., 2013). This might result from the rapid
bactericidal activity of P7, which induced membrane damage
and cell lysis, and thus make it difficult for bacteria to develop
resistance (Park et al., 2011). Taken together, these findings
highlighted the potent antimicrobial activity of P7 without its

inducing bacterial resistance and its potential as an alternative
food preservative.

CONCLUSION

This study highlighted on the potential use of the highly
thermostable membrane-permeabilizing peptide, P7,
especially against drug-resistant foodborne S. enterica
serovar Typhimurium and its monophasic variant spreading
within the food industry. P7 kills bacteria via membrane
attraction and attachment followed by infiltration through the
bacteria’s membrane, inducing membrane depolarization and
permeabilization, membrane disruption and subsequent leakage
of intracellular composition and cell death. Moreover, this
peptide appears unlikely to induce bacterial resistance. Although
this study reflected the situation at an early in vitro stage,
the properties, characteristics and mode of action of peptide
described here will be benefit for future developments and in vivo
modeling. The work advances the ultimate aim of exploiting the
peptide’s antibacterial potential for improved food processing
and preservation.
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Supplementary Figure 1 | Flow cytometry analysis of S. enterica serovar
Typhimurium ATCC 13311 treated with TAMRA-labeled P7. S. enterica serovar
Typhimurium cell population (A). Untreated bacterial cells with TAMRA dye (B) and
BOX staining (C). The effect of TAMRA-labeled P7 at 1 × MIC for 30 and 60 min
(D,E) on the membrane potential (BOX) of S. enterica serovar Typhimurium.

Supplementary Figure 2 | Binding of TAMRA-labeled P7 at 1 × MIC to
S. enterica serovar Typhimurium ATCC 13311 as measured by flow cytometry.
S. enterica serovar Typhimurium cell population (A). Untreated bacterial cells
without staining (B). Untreated bacterial cells stained with TAMRA fluorescence
dye (C). The membrane-penetrating activity of TAMRA-labeled P7 after 5 min (D),

10 min (E), 15 min (F), 30 min (G), 60 min (H), and 120 min (I) incubation.
The numbers in the center of each plot represented the percentage of cell
populations.

Supplementary Figure 3 | Flow cytometry analysis of S. enterica serovar
Typhimurium ATCC 13311 treated with P7. Untreated bacterial cells without PI
and BOX (A). Untreated bacterial cells with PI and BOX staining (B). The effect of
thermal lysis at 70◦C for 30 min (positive control) (C), and P7 at 1 × MIC for 30,
60, and 120 min (D–F) on the membrane permeability (PI) and membrane
potential (BOX) of S. enterica serovar Typhimurium.

Supplementary Figure 4 | Flow cytometry analysis of S. enterica serovar
Typhimurium ATCC 13311 treated with preheated P7 at various temperatures for
2 h before testing. S. enterica serovar Typhimurium cell population (A). Untreated
bacterial cells without PI and BOX staining (B). Untreated bacterial cells with PI
and BOX staining (C). Bacterial cells treated with P7 at 1 × MIC as control (D).
The effect of heat (40, 60, 80, and 100◦C) to P7 on its membrane-active
mechanism (E,F,G,H, respectively).

REFERENCES
Arai, N., Sekizuka, T., Tamamura, Y., Tanaka, K., Barco, L., Izumiya, H.,

et al. (2018). Phylogenetic characterization of Salmonella enterica Serovar
Typhimurium and its monophasic variant isolated from food animals in japan
revealed replacement of major epidemic clones in the last 4 decades. J. Clin.
Microbiol. 56:e01758-17. doi: 10.1128/JCM.01758-17

Brogden, K. (2005). Antimicrobial peptides: Pore formers or metabolic inhibitors
in bacteria? Nat. Rev. Microbiol 3, 238–250. doi: 10.1038/nrmicro1098

Bucur, F. I., Grigore-Gurgu, L., Crauwels, P., Riedel, C. U., and Nicolau, A. I.
(2018). Resistance of Listeria monocytogenes to stress conditions encountered
in food and food processing environments. Front. Microbiol. 9:2700. doi: 10.
3389/fmicb.2018.02700

Bugarel, M., Vignaud, M. L., Moury, F., Fach, P., and Brisabois, A. (2012).
Molecular identification in monophasic and nonmotile variants of Salmonella
enterica serovar Typhimurium. Microbiologyopen 1, 481–489. doi: 10.1002/
mbo3.39

Chakrabarti, S., Guha, S., and Majumder, K. (2018). Food-derived bioactive
peptides in human health: challenges and opportunities. Nutrients 10:1738.
doi: 10.3390/nu10111738

Chen, L., Shen, T., Liu, Y., Zhou, J., Shi, S., Wang, Y., et al. (2020).
Enhancing the antibacterial activity of antimicrobial peptide PMAP-37(F34-R)
by cholesterol modification. BMC Vet. Res. 16:419. doi: 10.1186/s12917-020-
02630-x

Chen, Z., Yang, G., Lu, S., Chen, D., Fan, S., Xu, J., et al. (2019). Design
and antimicrobial activities of LL-37 derivatives inhibiting the formation of
Streptococcus mutans biofilm. Chem. Biol. Drug Des. 93, 1175–1185. doi: 10.
1111/cbdd.13419

Chou, S., Wang, J., Shang, L., Akhtar, M. U., Wang, Z., Shi, B., et al. (2019).
Short, symmetric-helical peptides have narrow-spectrum activity with low
resistance potential and high selectivity. Biomater. Sci. 7, 2394–2409. doi: 10.
1039/C9BM00044E

Clinical Laboratory Standards Institute [CLSI] (2015). Methods for Dilution
Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically. Approved
standard-tenth edition. CLSI document M07-A10. Wayne, PA: Clinical and
Laboratory Standards Institute.

Clinical Laboratory Standards Institute [CLSI] (2018). Performance Standards
for Antimicrobial Susceptibility Testing; 28th edition. CLSI supplement M100.
Wayne, PA: Clinical and Laboratory Standards Institute.

Dong, N., Chou, S., Li, J., Xue, C., Li, X., Cheng, B., et al. (2018). Short
symmetric-end antimicrobial peptides centered on β-turn amino acids unit
improve selectivity and stability. Front. Microbiol. 9:2832. doi: 10.3389/fmicb.
2018.02832

Ebrahimi, A., Csonka, L. N., and Alam, M. A. (2018). Analyzing thermal stability
of cell membrane of Salmonella using time-multiplexed impedance sensing.
Biophys. J. 114, 609–618. doi: 10.1016/j.bpj.2017.10.032

EFSA Panel on Food Additives, M., Aggett, P., Aguilar, F., Crebelli, R., Dusemund,
B., et al. (2017). Safety of nisin (E 234) as a food additive in the light of

new toxicological data and the proposed extension of use. EFSA J 15, e05063.
doi: 10.2903/j.efsa.2017.5063

Epand, R. F., Schmitt, M. A., Gellman, S. H., and Epand, R. M. (2006). Role
of membrane lipids in the mechanism of bacterial species selective toxicity
by two α/β-antimicrobial peptides. Biochim. Biophys. Acta Biomembr. 1758,
1343–1350. doi: 10.1016/j.bbamem.2006.01.018

Fischer, R., Waizenegger, T., Köhler, K., and Brock, R. (2002). A quantitative
validation of fluorophore-labelled cell-permeable peptide conjugates:
fluorophore and cargo dependence of import. Biochim. Biophys. Acta
Biomembr. 1564, 365–374. doi: 10.1016/s0005-2736(02)00471-6

Gunell, M., Aulu, L., Jalava, J., Lukinmaa-Åberg, S., Österblad, M., Ollgren, J., et al.
(2014). Cefotaxime-Resistant Salmonella enterica in Travelers Returning from
Thailand to Finland. Emerg. Infect. Dis. 20, 1214–1217. doi: 10.3201/eid2007.
131744

Huang, J., Hao, D., Chen, Y., Xu, Y., Tan, J., Huang, Y., et al. (2011).
Inhibitory effects and mechanisms of physiological conditions on the activity
of enantiomeric forms of an α-helical antibacterial peptide against bacteria.
Peptides 32, 1488–1495. doi: 10.1016/j.peptides.2011.05.023

Huoy, L., Pornruangwong, S., Pulsrikarn, C., and Chaturongakul, S. (2014).
Molecular characterization of Thai Salmonella enterica Serotype Typhimurium
and Serotype 4,5,12:i:- reveals distinct genetic deletion patterns. Foodborne
Pathog. Dis. 11, 589–592. doi: 10.1089/fpd.2013.1723

Jabeen, U., and Khanum, A. (2017). Isolation and characterization of potential
food preservative peptide from Momordica charantia L. Arab. J. Chem. 10,
S3982–S3989. doi: 10.1016/j.arabjc.2014.06.009

Klubthawee, N., Adisakwattana, P., Hanpithakpong, W., Somsri, S., and Aunpad,
R. (2020). A novel, rationally designed, hybrid antimicrobial peptide, inspired
by cathelicidin and aurein, exhibits membrane-active mechanisms against
Pseudomonas aeruginosa. Sci. Rep. 10:9117. doi: 10.1038/s41598-020-65688-5

Lawyer, C., Pai, S., Watabe, M., Borgia, P., Mashimo, T., Eagleton, L., et al. (1996).
Antimicrobial activity of a 13 amino acid tryptophan-rich peptide derived from
a putative porcine precursor protein of a novel family of antibacterial peptides.
FEBS Lett. 390, 95–98. doi: 10.1016/0014-5793(96)00637-0

Li, Q., Montalban-Lopez, M., and Kuipers, O. P. (2018). Increasing the
Antimicrobial Activity of Nisin-Based Lantibiotics against Gram-Negative
Pathogens. Appl. Environ. Microbiol. 84:e00052-18. doi: 10.1128/AEM.00052-
18

Liu, Y., Xia, X., Xu, L., and Wang, Y. (2013). Design of hybrid beta-hairpin
peptides with enhanced cell specificity and potent anti-inflammatory activity.
Biomaterials 34, 237–250. doi: 10.1016/j.biomaterials.2012.09.032

Lorenzon, E. N., Piccoli, J. P., Santos-Filho, N. A., and Cilli, E. M. (2019).
Dimerization of antimicrobial peptides: a promising strategy to enhance
antimicrobial peptide activity. Protein Pept. Lett. 26, 98–107. doi: 10.2174/
0929866526666190102125304

Lv, Y., Wang, J., Gao, H., Wang, Z., Dong, N., Ma, Q., et al. (2014). Antimicrobial
properties and membrane-active mechanism of a potential alpha-helical
antimicrobial derived from cathelicidin PMAP-36. PLoS One 9:e86364. doi:
10.1371/journal.pone.0086364

Frontiers in Microbiology | www.frontiersin.org 13 January 2021 | Volume 11 | Article 592220

https://www.frontiersin.org/articles/10.3389/fmicb.2020.592220/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2020.592220/full#supplementary-material
https://doi.org/10.1128/JCM.01758-17
https://doi.org/10.1038/nrmicro1098
https://doi.org/10.3389/fmicb.2018.02700
https://doi.org/10.3389/fmicb.2018.02700
https://doi.org/10.1002/mbo3.39
https://doi.org/10.1002/mbo3.39
https://doi.org/10.3390/nu10111738
https://doi.org/10.1186/s12917-020-02630-x
https://doi.org/10.1186/s12917-020-02630-x
https://doi.org/10.1111/cbdd.13419
https://doi.org/10.1111/cbdd.13419
https://doi.org/10.1039/C9BM00044E
https://doi.org/10.1039/C9BM00044E
https://doi.org/10.3389/fmicb.2018.02832
https://doi.org/10.3389/fmicb.2018.02832
https://doi.org/10.1016/j.bpj.2017.10.032
https://doi.org/10.2903/j.efsa.2017.5063
https://doi.org/10.1016/j.bbamem.2006.01.018
https://doi.org/10.1016/s0005-2736(02)00471-6
https://doi.org/10.3201/eid2007.131744
https://doi.org/10.3201/eid2007.131744
https://doi.org/10.1016/j.peptides.2011.05.023
https://doi.org/10.1089/fpd.2013.1723
https://doi.org/10.1016/j.arabjc.2014.06.009
https://doi.org/10.1038/s41598-020-65688-5
https://doi.org/10.1016/0014-5793(96)00637-0
https://doi.org/10.1128/AEM.00052-18
https://doi.org/10.1128/AEM.00052-18
https://doi.org/10.1016/j.biomaterials.2012.09.032
https://doi.org/10.2174/0929866526666190102125304
https://doi.org/10.2174/0929866526666190102125304
https://doi.org/10.1371/journal.pone.0086364
https://doi.org/10.1371/journal.pone.0086364
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-592220 January 7, 2021 Time: 10:52 # 14

Klubthawee and Aunpad Membrane-Active Thermostable Peptide

Ma, Z., Wei, D., Yan, P., Zhu, X., Shan, A., and Bi, Z. (2015). Characterization of
cell selectivity, physiological stability and endotoxin neutralization capabilities
of α-helix-based peptide amphiphiles. Biomaterials 52, 517–530. doi: 10.1016/j.
biomaterials.2015.02.063

Ma, Z., Yang, J., Han, J., Gao, L., Liu, H., Lu, Z., et al. (2016). Insights into
the antimicrobial activity and cytotoxicity of engineered α-helical peptide
amphiphiles. J. Med. Chem. 59, 10946–10962. doi: 10.1021/acs.jmedchem.
6b00922

Mai, J., Tian, X.-L., Gallant, J. W., Merkley, N., Biswas, Z., Syvitski, R., et al.
(2011). A novel target-specific, salt-resistant antimicrobial peptide against the
cariogenic pathogen Streptococcus mutans. Antimicrob. Agents. Chemother. 55,
5205–5213. doi: 10.1128/AAC.05175-11

Mastrorilli, E., Pietrucci, D., Barco, L., Ammendola, S., Petrin, S., Longo, A.,
et al. (2018). A comparative genomic analysis provides novel insights into
the ecological success of the monophasic Salmonella Serovar 4,[5],12:i. Front.
Microbiol 9:715. doi: 10.3389/fmicb.2018.00715

Matsuzaki, K. (1999). Why and how are peptide–lipid interactions utilized for
self-defense? Magainins and tachyplesins as archetypes. Biochim. Biophys. Acta.
1462, 1–10. doi: 10.1016/S0005-2736(99)00197-2

Matsuzaki, K. (2009). Control of cell selectivity of antimicrobial peptides. Biochim.
Biophys. Acta. 1788, 1687–1692. doi: 10.1016/j.bbamem.2008.09.013

McGlynn, W. G., Food, O., Research, A. P., Center, T., and Service, O. C. E. (2003).
The Importance of Food PH in Commercial Canning Operations: Oklahoma
Cooperative Extension Service, Division of Agricultural Sciences and Natural
Resources. Stillwater, OK: Oklahoma State University.

Ng, T. W., Chan, W. L., and Lai, K. M. (2018). Influence of membrane fatty
acid composition and fluidity on airborne survival of Escherichia coli. Appl.
Microbiol. Biotechnol. 102, 3327–3336. doi: 10.1007/s00253-018-8826-7

Park, S.-C., Park, Y., and Hahm, K.-S. (2011). The role of antimicrobial peptides in
preventing multidrug-resistant bacterial infections and biofilm formation. Int.
J. Mol. Sci. 12, 5971–5992. doi: 10.3390/ijms12095971

Patel, G., and Misra, A. (2011). “Oral Delivery of Proteins and Peptides: Concepts
and Applications,” in Challenges in Delivery of Therapeutic Genomics and
Proteomics, ed. A. Misra (London: Elsevier), 481–529. doi: 10.1016/b978-0-12-
384964-9.00010-4

Rabanal, F., Grau-Campistany, A., Vila-Farrés, X., Gonzalez-Linares, J., Borràs, M.,
Vila, J., et al. (2015). A bioinspired peptide scaffold with high antibiotic activity
and low in vivo toxicity. Sci. Rep. 5:10558. doi: 10.1038/srep10558

Rai, M., Pandit, R., Gaikwad, S., and Kövics, G. (2016). Antimicrobial peptides
as natural bio-preservative to enhance the shelf-life of food. Int. J. Food Sci.
Technol. 53, 3381–3394. doi: 10.1007/s13197-016-2318-5

Sani, M. A., and Separovic, F. (2016). How membrane-active peptides get into lipid
membranes. Acc. Chem. Res. 49, 1130–1138. doi: 10.1021/acs.accounts.6b00074

Saravanan, R., Li, X., Lim, K., Mohanram, H., Peng, L., Mishra, B., et al.
(2014). Design of short membrane selective antimicrobial peptides containing
tryptophan and arginine residues for improved activity, salt-resistance, and
biocompatibility. Biotechnol. Bioeng. 111, 37–49. doi: 10.1002/bit.25003

Scudiero, O., Galdiero, S., Cantisani, M., Noto, R., Vitiello, M., Naclerio, G., et al.
(2010). Novel synthetic. salt-resistant analogs of human beta-defensins 1 and 3
endowed with enhanced antimicrobial activity. Antimicrob. Agents. Chemother.
54, 2312–2322. doi: 10.1128/AAC.01550-09

Shwaiki, L. N., Arendt, E. K., and Lynch, K. M. (2020). Anti-yeast activity and
characterisation of synthetic radish peptides Rs-AFP1 and Rs-AFP2 against
food spoilage yeast. Food Control 113:107178. doi: 10.1016/j.foodcont.2020.
107178

Slochower, D. R., Wang, Y.-H., Tourdot, R. W., Radhakrishnan, R., and Janmey,
P. A. (2014). Counterion-mediated pattern formation in membranes containing
anionic lipids. Adv. Coll. Interf. Sci. 208, 177–188. doi: 10.1016/j.cis.2014.
01.016

Steinberg, D. A., Hurst, M. A., Fujii, C. A., Kung, A. H., Ho, J. F., Cheng, F. C.,
et al. (1997). Protegrin-1: a broad-spectrum, rapidly microbicidal peptide with
in vivo activity. Antimicrob. Agents. Chemother. 41, 1738–1742. doi: 10.1128/
AAC.41.8.1738

Szendy, M., Kalkhof, S., Bittrich, S., Kaiser, F., Leberecht, C., Labudde, D., et al.
(2019). Structural change in GadD2 of Listeria monocytogenes field isolates
supports nisin resistance. Int. J. Food Microbiol. 305:108240. doi: 10.1016/j.
ijfoodmicro.2019.108240

Thery, T., Lynch, K. M., and Arendt, E. K. (2019). Natural antifungal
peptides/proteins as model for novel food preservatives. Compr. Rev. Food Sci.
Food Saf. 18, 1327–1360. doi: 10.1111/1541-4337.12480

Veldhuizen, E. J., Brouwer, E. C., Schneider, V. A., and Fluit, A. C. (2013).
Chicken cathelicidins display antimicrobial activity against multiresistant
bacteria without inducing strong resistance. PLoS One 8:e61964. doi: 10.1371/
journal.pone.0061964

World Health Organization [WHO] (2018). Salmonella (non-typhoidal) Fact-
sheets. Geneva: WHO.

Xu, W., Zhu, X., Tan, T., Li, W., and Shan, A. (2014). Design of embedded-hybrid
antimicrobial peptides with enhanced cell selectivity and anti-biofilm activity.
PLoS One 9:e98935. doi: 10.1371/journal.pone.0098935

Zhang, S. K., Song, J. W., Gong, F., Li, S. B., Chang, H. Y., Xie, H. M., et al.
(2016). Design of an alpha-helical antimicrobial peptide with improved cell-
selective and potent anti-biofilm activity. Sci. Rep. 6:27394. doi: 10.1038/srep2
7394

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Klubthawee and Aunpad. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 14 January 2021 | Volume 11 | Article 592220

https://doi.org/10.1016/j.biomaterials.2015.02.063
https://doi.org/10.1016/j.biomaterials.2015.02.063
https://doi.org/10.1021/acs.jmedchem.6b00922
https://doi.org/10.1021/acs.jmedchem.6b00922
https://doi.org/10.1128/AAC.05175-11
https://doi.org/10.3389/fmicb.2018.00715
https://doi.org/10.1016/S0005-2736(99)00197-2
https://doi.org/10.1016/j.bbamem.2008.09.013
https://doi.org/10.1007/s00253-018-8826-7
https://doi.org/10.3390/ijms12095971
https://doi.org/10.1016/b978-0-12-384964-9.00010-4
https://doi.org/10.1016/b978-0-12-384964-9.00010-4
https://doi.org/10.1038/srep10558
https://doi.org/10.1007/s13197-016-2318-5
https://doi.org/10.1021/acs.accounts.6b00074
https://doi.org/10.1002/bit.25003
https://doi.org/10.1128/AAC.01550-09
https://doi.org/10.1016/j.foodcont.2020.107178
https://doi.org/10.1016/j.foodcont.2020.107178
https://doi.org/10.1016/j.cis.2014.01.016
https://doi.org/10.1016/j.cis.2014.01.016
https://doi.org/10.1128/AAC.41.8.1738
https://doi.org/10.1128/AAC.41.8.1738
https://doi.org/10.1016/j.ijfoodmicro.2019.108240
https://doi.org/10.1016/j.ijfoodmicro.2019.108240
https://doi.org/10.1111/1541-4337.12480
https://doi.org/10.1371/journal.pone.0061964
https://doi.org/10.1371/journal.pone.0061964
https://doi.org/10.1371/journal.pone.0098935
https://doi.org/10.1038/srep27394
https://doi.org/10.1038/srep27394
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	A Thermostable, Modified Cathelicidin-Derived Peptide With Enhanced Membrane-Active Activity Against Salmonella enterica serovar Typhimurium
	Introduction
	Materials and Methods
	Peptide Synthesis
	Bacterial Strains and Culture Conditions
	Antibacterial Activity Assay
	Time-Kill Kinetics Assay
	Cytotoxicity Assay
	Circular Dichroism Spectroscopy
	Mode of Action of Peptide
	Flow Cytometry Analysis
	Membrane-penetrating activity
	Membrane permeability and depolarization

	Confocal Laser Scanning Microscopy (CLSM) Analysis
	Scanning Electron Microscopy
	Transmission Electron Microscopy (TEM)

	Stability of Peptide
	Effect of Heat on Membrane-Active Mechanism of Peptide
	Experimental Induction of Bacterial Resistance to P7 Peptide
	Statistical Analysis

	Results
	Antibacterial Activity
	Bactericidal Kinetics
	Cytotoxicity
	Secondary Structure Studies
	Membrane-Active Mechanism Determination
	Peptide Stability
	Effect of Heat on the Membrane-Active Mechanism of P7 Peptide
	In vitro Induction of Peptide Resistance

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


