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Abstract

Background and Objective: Foodborne infections represent a significant global health
concern, affecting numerous countries. From these, Salmonella Typhimurium ATCC
13311 is a prevalent foodborne pathogen, contaminating poultry products, especially
chicken meats. This study investigated the synergistic effect of nisin in combination with
allicin against Salmonella Typhimurium ATCC 13311, aiming to enhance the
preservation of chicken meats from contamination.

Material and Methods: The inhibitory effect of nisin and allicin against Gram-negative
bacterial strains was assessed using microbroth dilution method. Their synergistic effect
was investigated through a checkerboard assay. Kinetics of inactivation, membrane
permeability using B-galactosidase analysis, hemolytic effect, preservative potentials
against Salmonella Typhimurium and calorimetric analysis were assessed.

Results and Conclusion: Nisin and allicin inactivated the proliferation of the test
bacteria at minimum inhibitory concentrations of 0.063 and 0.016 mg ml2, respectively.
A combination of the two preservatives was used to treat meat contaminated with
Salmonella Typhimurium ATCC 13311. At 35°C, nisin and allicin minimum inhibitory
concentrations significantly decreased Salmonella Typhimurium ATCC 13311 colony
counts to 2.24 +0.1 and 2.29 +0.09 log CFU g after 30 min (p = 0.0193). Moreover,
nisin and allicin resulted in 0.08 +0.02 and 0.09 +0.02 log CFU g, respectively, at 4 °C
with no statistical difference compared to the control (p = 0.1064). However, a significant
decrease in the population of Salmonella Typhimurium ATCC 13311 at 35 and 4 °C (p
= 0.001) was observed when treated with the combination of the two compounds at 2x
fractional inhibitory concentration (3.44 £0.04 and 1.09 +0.04 log CFU g%, respectively).
Single and combined concentrations were non-hemolytic at minimum inhibitory
concentrations and 2x fractional inhibitory concentration. The study suggested the use of
nisin and allicin concoctions as a novel approach to control Salmonella Typhimurium
ATCC 13311 induced spoilage of chicken meats.
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What is “already known” on
this topic:

> Nisin is a bacteriocin that destroy the cell membranes of Grampositive bacteria while
allicin from garlic affects enzyme activity and metabolism in foodborne pathogens like
Salmonella Typhimurium.

» While previous investigations have demonstrated their individual antimicrobial effect
in meat systems, nisin shows limited action against S. Typhimurium, and the
combined inhibitory effect of these compounds remains insufficiently investigated.

» Salmonella Typhimurium contamination in fresh chicken meat is a major public health
concern, necessitating effective, natural preservation strategies to enhance food safety.
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What this article adds:

» This study indicate a combined application of nisin and allicin to successfully inhibit

the effects of Salmonella Typhimurium in fresh chicken meat under controlled

conditions synergistically.

» This findings indicate that synergistic inhibition provides more potent antimicrobial
benefit compared with the single treatment and may offer lower concentration and
minimized sensory and/or quality impact to the meat.

» The conclusion confirms the feasibility of using natural sources in a mixed
preservative treatment combination strategy in poultry products towards improved
food safety and reduction of synthetic antimicrobial use.

1. Introduction

The Food and Agriculture Organization of the United
Nations (FAO UN) [1] reported the output of nearly 73
million tons of eggs and poultry meat, exceeding 100
million, 2016. These figures are consistently accelerating
due to an increase in the global population, which
contributes to rapid economic growth and urbanisation [2].
However, projections for chicken production in 2024 were
reported as 146 million tons, an increase of 0.8% over
previous years [3]. This increase was due to high consumer
demands for chickens, which are affordable despite global
inflation. Additionally, developing and developed countries
demand poultries and their products [4]. Salmonella
foodborne infections account for approximately 85% of the
annual global estimates (200 million incidences), with 93%
resulting in gastroenteritis and 155,000 fatalities [5].
Moreover, Salmonella infections from chicken and turkey
meat consumption cause 23% of the total foodborne
infections (1.35 million) in the US, as reported by the
Interagency Food Safety Analytics Collaboration [6].

In most food industrial settings, chlorine and organic
acids are used in disinfecting materials used in meat
processing; however, Salmonella spp. can evade the effect
of such chemical interventions, especially when the bacteria
produce biofilm [7]. However, biopreservation uses
metabolic byproducts and compounds from
microorganisms, plants and animals to preserve the sterility
of foods while ensuring its safety [8]. Bacteriocins and
plant-derived compounds such as nisin and allicin include
biopreservative potential against various species of
foodborne pathogens. Therefore, they can be used to
minimize the challenges faced by food industries when
preserving chicken meat against Salmonella spp.

Nisin is one of the purified bacteriocins and accepted as
a food additive by the European Union (EU) [9]. A study
detected that 0.5% concentration of nisin decreased the
number of Listeria monocytogenes to 2.0 log colony-
forming units per gram (CFU g1) in processed turkey ham
upon storing at 4 °C for 63 d [10]. Therefore, nisin has been
proven as an additive for meat preservation, contributing to
the quality and integrity of food in response to consumer

demand. Despite the limitation of nisin towards Gram-
negative bacteria, its synergy with other natural
preservatives can enhance its effectiveness and preservative
potential against Gram-negative bacteria, specifically
Salmonella Typhimurium, causing chicken meat spoilage
[11]. Allicin is a prominent compound of garlic (Allium
sativum), with a broad spectrum of activity on various
microbial cells using multiple targets, which makes it
difficult for bacteria to resist its effect [12]. Allicin can bind
to bacterial membrane proteins and phospholipids,
enhancing bacterial outer membrane permeability [13].
However, use of allicin alone as a biopreservative may
experience unavoidable limitations, especially at high
doses, which can cause cytotoxic effects and disrupt the
normal gut microbiota [14].

Several studies have reported on the antimicrobial
efficacy of nisin on Gram-negative bacteria, including
Salmonella Typhimurium [15][16]. Moreover, studies were
reported by various scientists on the efficacy of allicin on
Gram-negative and Gram-positive bacteria, which were
detected effective [17]. However, there is insufficient data
on the synergy between the two bioactive agents (nisin and
allicin) in inhibition of Salmonella Typhimurium,
particularly in fresh chicken meats. These deficiencies
created significant gaps for investigating their combined
actions in the real food system (chicken meats) and practical
context regarding its quality and safety. Although the two
compounds have been investigated individually, by
verifying their synergistic inhibition against Salmonella
Typhimurium under real-life meat storage conditions, the
study has provided a better alternative for effective poultry
preservation; thereby, decreasing use of synthetic and
chemical preservatives in the food industry. Therefore, this
study assessed the synergistic antibacterial efficiency of
nisin and allicin against Salmonella Typhimurium ATCC
13311 associated with chicken meat contamination under
various storage settings.
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2. Materials and Methods

2.1 Collection and Preparation of the Bacterial Strains

For this research, bacterial strains (Pseudomonas
aeruginosa DMST15501, Salmonella Typhimurium ATCC
13311, Escherichia coli ATCC 8239 and Vibrio spp.) were
provided from the Microbiology Laboratory, King
Mongkut’s University of Technology Thonburi, Thailand.
Ten microliters (10 pl) of refrigerated bacterial strains were
inoculated onto sterile Luria-Bertani (LB) agar plates and
incubated at 37 °C overnight. To achieve a pure culture of
the strains, the incubated isolates were re-subcultured and
incubated at 37 °C for 24 h.

2.2 Preparation of Nisin and Allicin Stock Solutions
Nisin used in this study was procured from Bangkok
Chemical, Thailand, while allicin was purchased from
Wang Zhao, China. Nisin and allicin were prepared in mg
ml-L. For nisin (2.5% w/w), 10 mg were dissolved in 1 ml
of 0.02-N hydrochloric acid (HCI) and set in boiling water
(100 °C) for 4 min to enhance its solubility and achieve a
uniform solution [15]. However, 2 mg of allicin powder
(98% w w?) were dissolved in 2 ml of 5% dimethyl
sulfoxide (DMSO) [18]. The stock solution of nisin and
allicin was set at 4 °C before use, with allicin stock wrapped
with aluminum foil. The stocks were filtered using 0.22-um
membrane filter (Millipore, USA) to achieve sterility.

2.3 Assessment of Minimum Inhibitory Concentration
and Minimum Bactericidal Concentration

To assess the least concentration of the preservatives
capable of inhibiting the growth and/or killing the bacterial
cells as minimum inhibitory concentration (MIC), a few
colonies of the pure isolates were inoculated into tubes
containing 1 ml of LB broth and incubated for 2 h. The
absorbance of the bacterial suspension was adjusted to 0.5
McFarland level (10° CFU mlt). After adjustment, 50 pl of
the standardized suspension were transferred to the 96
microwells and gently mixed with 50 pl of the prepared
concentrations of nisin and allicin, separately. Wells
containing LB broth without bacterial suspension were used
as negative control, whereas wells containing LB broth and
bacterial suspension without preservatives were set as
positive control. The analysis was carried out in triplicate,
followed by incubation at 37 °C for 18 h. The incubated agar
plates were interpreted using microplate reader at 600 nm.
The lowest concentration with the same optical density
(OD) as that of the positive control was reported as MIC.
Ten microliters from the MICs and subsequent
concentrations were used to enumerate the MBC by plating
onto a labelled sterile nutrient agar and incubating at 37 °C
overnight. The concentrations that showed no growth were
reported as MBC.

2.4 Inhibitory Synergistic Effects of Nisin and Allicin

The response of the bacterial strains to the combination
of nisin and allicin was assessed in the ratio of one-to-one
(1:1) as reported by Field et al. [19] with minor
modifications. Shortly, fractions of MIC results (1/4) of
each preservative were used against the bacterial strains by
adopting the checkerboard method. Briefly, 50 pl of the
MIC of each preservative were dispensed into a 96-well
microplate in vertical and horizontal arrangements. The
MICs were further diluted accordingly into fractions as
previously stated. The other wells contained the mixture of
their corresponding dilutions (25 pl from each preservative).
A positive control well was set containing LB and
preservatives. The standardized bacterial suspension (10°
CFU ml?) was dispensed into every well, mixed gently and
incubated at 37 °C overnight. After incubation, the OD of
the combinations was observed using microplate reader,
compared to the positive control. The inhibitory synergistic
effect of the combination was assessed by calculating their
fractional inhibitory concentration index (FICI), as
demonstrated by Hossain et al. [20].

FICI = MICN / MICN’ + MICA / MICA’

Where, MICN was the MIC of nisin combined, MICN'
was the MIC of nisin alone, MICA was the MIC of allicin
combined, and MICA' was the MIC of allicin alone. FICI <
0.5 was synergistic, 0.5-1.0 was additive or partially
synergistic, 1.0-4.0 was indifferent and > 4.0 was
antagonistic.

2.5 Kinetics of Inactivation

The rate; at which, the cells of Salmonella Typhimurium
ATCC 13311 decreased over time upon treatment with nisin
and allicin, separately and in combination, was assessed by
measuring their OD. A 96-well microplate was used; in
which, MICs of nisin, allicin and FICs were dispensed into
separate wells in triplicate. A standardized bacterial
suspension (10° CFU ml) was added to each well. Luria-
Bertani broth with bacterial suspension was set as control.
The decrease and the increase in their OD were measured
using microplate reader at 600 nm every 1 h for 5 h,
adopting the procedure of Ajingi et al. [15] with
adjustments.

2.6 Beta-galactosidase Analysis as a Model of Membrane
Permeability

To assess the major contributing factor toward the
synergism of nisin and allicin on E. coli ATCC 8239, its
ability to disrupt the bacterial cell membrane (CM) needs
assessment. Therefore, this method measured the ability of
the B-galactosidase enzyme to leak out of the bacterial
cytoplasm into the extracellular space by converting o-
nitrophenyl-pB-D-galactopyranoside  (ONPG) into o-
nitrophenol (ONP) [21]. To induce the expression of -
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galactosidase, E. coli ATCC 8239 was grown in lactose
broth and incubated at 37 °C with shaking (200 rpm) until
the OD reached 0.4 at 600 nm. The cells were concentrated
by spinning at 5000 rpm for 5 min at 4 °C. The media
residue was washed out of the sediment by washing with
phosphate-buffered saline (PBS) (pH 7.4). The sediment
was diluted in PBS and adjusted to 0.1 OD (10" CFU mi?)
at 600 nm. Fifty microliters (50 pl) of the bacterial
suspension were added to 50 L of MICs of nisin and allicin
and their FICs in 96-well plates, followed by 30 ul of ONPG
(20 mM). Then, 50 pl of PBS mixed with 50 pl of the
bacterial suspension were set as control. The 96-well plate
was incubated at 37 °C for 30 min and the OD was read at
405 nm using microplate reader.

2.7 Hemolysis Assay

Red blood cell (RBC) lytic assay was carried out
following the procedure explained by Jiddah et al. [21] with
minor adjustments. The RBCs were washed in 1x PBS three
times and centrifuged at 14,530x% g for 10 min. The sediment
was dissolved in 1x PBS to achieve a 4% concentration. In
general, 500 pl of the RBC dilution were mixed with 500 pl
of nisin and allicin, separately and in various combinations
(1x FIC and 2x FIC), using tubes. The positive control
consisted of a solution with 0.1% Triton X-100, whereas the
negative control comprised 1x PBS. The tubes were
incubated in a microtube heating block at 37 °C for 1 h and
then centrifuged at 14,530% g for 5 min. Then, 100 ul of the
supernatant were pipetted from each tube and dispensed into
the corresponding wells of the 96-well plate. The release of
hemoglobin was assessed by reading the absorbance at 540
nm.

2.8 Inoculation of Chicken Meat Samples

Fresh chicken meat was purchased from the market and
washed thoroughly with distilled water (DW) to remove any
contaminants. Then, this was cut into pieces (10 g each)
using sterilized knife and laminar flow hood. A loopful of
fresh overnight culture was transferred to a tube containing
1 ml of LB broth and incubated for 2 h with constant
agitation (200 rpm). After incubation, the absorbance of the
bacterial suspension was compared with that of the
McFarland standard. Nearly 100 pl of the adjusted bacterial
suspension (10° CFU mlt) were distributed on each 10 g of
the washed chicken meat samples and allowed bacterial
attachment for 30 min before subjecting them to treatment.

2.9 Treatment

The meat samples inoculated with bacterial culture were
soaked in 200 ml of the MICs of nisin and allicin and their
2x FIC (0.016 and 0.008 mg ml) for 1 h followed by DW
as control. Use of 2x FIC was because antimicrobial agents
were relatively less active in complex food matrices such as
meat due to protein binding, fat content and limited
diffusion. This is adopted from the method of Ajingi et al.

[15]. After the removal of the meat sample from the
solutions, this was drained for 1 h using laminar flow hood.
The samples were transferred into sterile polyethylene bags
after being treated in two sets. One set was stored at 4 °C
using refrigerator and the other set was stored at 35 °C using
incubator for 6 d. Samples were analyzed on Days 0, 2, 4
and 6.

2.10 Sampling and Analysis

From the two sets of incubated treated samples (10 g), 90
ml of peptone water were poured into each sample and
vigorously smashed for 60 sec to suspend bacteria in the
solution using laboratory stomacher. After smashing, the
solution was diluted following a tenfold serial dilution in
buffered peptone water. After serial dilution, 50 pul of the
diluted solution were dispensed into sterile plates, followed
by pouring a warm sterilized LB agar solution and
incubating at 37 °C for 24 h. After incubation, colonies were
counted and recorded in log CFU g*. In addition to common
storage conditions, chicken samples were exposed to 35 °C
to mimic severe temperature abuse scenarios that can occur
during inappropriate handling, defective equipment and
cold chain interruptions. While 35 °C is not appropriate for
retail or household storage temperatures, increased
temperature was similar to that of recent research, assessing
microbial behavior and spoilage under abusive conditions
[22].

2.11. Colorimetry Analysis

The sample colors were analyzed using ColorQuest
colorimeter (Hunter Associates Laboratory, Inc.,USA). The
color values of Hunter (L, a, b), showing lightness, redness
and yellowness, were recorded at three sample sites each
[15].

2.12 Data Analysis

GraphPad Prism statistical software v.10.4.1 (GraphPad
Software, San Diego, CA, USA) was used to analyze data.
Statistical differences between the inactivation and
membrane permeability were compared using paired t-test.
While differences between log decrease and calorimetric
parameters were compared using one-way and two-way
ANOVA, respectively. The differences were defined as
statistically significant (95% confidence interval, p <0.05).

3. Results and Discussion

3.1 Assessment of Minimum Inhibitory Concentration
and Minimum Bactericidal Concentration

In this study, a promising alternative for inhibiting the
proliferation of Gram-negative bacterial strains, as well as
combating the effect of Salmonella Typhimurium ATCC
13311 associated with chicken meat spoilage, was
investigated from a globally accepted food preservative and
organosulfur compound originating from a natural source.
The mean values of the activity of bioactive agents against
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the Gram-negative bacterial strains are present in Table 1.
The results show that nisin and allicin inhibited the
proliferation of bacterial strains at various concentrations,
with Salmonella Typhimurium ATCC 13311 was the most
susceptible, followed by P. aeruginosa DMST15501 and E.
coli ATCC 8239, with Vibrio spp. as the least susceptible.
The minimum concentrations of nisin and allicin that killed
the bacterial strains were higher than their respective MICs.
However, Salmonella Typhimurium ATCC 13311 was
killed at a lower concentration, compared to the other three
bacterial strains. These results suggested that nisin could
still inhibit and deactivate Gram-negative bacteria at higher
concentrations than Gram-positive bacteria. These findings
were supported by studies of Ajingi et al. [15] and Charest
et al. [23]. However, the inhibitory and bactericidal effects
of allicin in this study was similar to those in another study
of Tao et al. [24].

3.2 Inhibitory Synergism of Nisin and Allicin

In this section, FICI was used to assess the synergism of
nisin and allicin in all bacterial strains, as shown in Table 2.
The FICI value against Salmonella Typhimurium ATCC
13311 was 0.5 when subjected to the combination of 1/4
fraction of nisin and allicin MIC values. In contrast, the
concentration used against the other bacterial strains was
investigated by how well each preservative acted against

that strain. The result revealed that the combination was
synergistically effective against all four bacterial strains at
various FICs, with FICI less than or equal to 0.5. Moreover,
Salmonella Typhimurium was shown as further susceptible
to the combination (FIC), including FICI of 0.5.

Nisin, a globally recognized food additive with no
allergic reactions or side effects when consumed by humans,
includes limitations for activity on Gram-negative bacteria
such as Salmonella Typhimurium because of the presence
of an outer membrane that delays it from penetrating and
attacking CM of the bacteria [25]. Allicin, an active organo-
sulfur compound originating from garlic, was reported to
improve antimicrobial agents, including peptides and
common antibiotics, on Gram-positive and Gram-negative
bacteria used for food preservation [26]. Despite the
inhibitory potentials of allicin, it can be toxic to eukaryotic
cells at a high concentration, which reacts with thiol groups
[27]. The synergistic activity of nisin and allicin against
Salmonella Typhimurium in this study was similar to that of
reports by Ajingi et al. [15] and Duscaron et al. [17].
Additionally, Yang et al. [28] reported synergistic inhibitory
effect of nisin and cellulose nanofibrils (CNFs) on various
strains of Gram-positive and Gram-negative bacteria with
Salmonella Typhimurium.

Table 1. Minimum inhibitory concentration and minimum bactericidal concentration of nisin and allicin on Gram-negative bacteria

Nisin (mg ml") Allicin (mg ml")

S/N Isolates MIC MBC MIC MBC
1. Salmonella Typhimurium ATCC 13311 0.031 0.063 0.016 0.016
2. Escherichia coli ATCC 8239 0.125 0.25 0.063 0.25
3. Pseudomonas aeruginosa DMST15501 0.063 0.125 0.031 0.031
4. Vibrio spp. 0.125 0.25 0.063 0.125

Key: MIC= Minimum Inhibitory Concentration, MBC= Minimum Bactericidal Concentration

Table 2. Interaction between nisin and allicin against Salmonella Typhimurium ATCC 13311 and Gram-negative bacteria

Individual MIC of MICs Combination of
Bacterial Strains Preservatives (mg ml™") Preservatives (mg ml™') FICI Interpretation
Nisin Allicin Nisin Allicin
Salmonella Typhimurium ATCC 13311 0.031 0.016 0.008 0.004 0.5 Synergistic
Escherichia coli ATCC 8239 0.125 0.063 0.013 0.021 0.37 Synergistic
Pseudomonas aeruginosa DMST15501 0.063 0.031 0.0062 0.016 0.45 Synergistic
Vibrio spp. 0.125 0.063 0.01 0.031 0.41 Synergistic

Key: MIC= Minimum Inhibitory Concentration, FICI= Fractional Inhibitory Concentration Index
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3.3 Kinetics of Inactivation

The pattern; by which, Salmonella Typhimurium ATCC
13311 inactivated over time when subjected to nisin and
allicin at their MICs and FICs was investigated by the
fluctuations in their OD at 600 nm for 5 h. The result present
in Figure 1 shows that the MICs of nisin and allicin included
a moderate inhibitory effect against Salmonella
Typhimurium ATCC 13311 through 5 h with a slight
increase in their OD, showing incomplete bacterial growth
inhibition within the time frame. Moreover, 1x FIC and 2x
FIC were more potent, compared to MICs of individual
preservatives. Overall, these results suggested that the 2x
FIC combination was associated to increased inhibitory
activity against Salmonella with a significant difference,
compared to other concentrations and the control (p =
0.008), as predicted by synergistic interactions based on the
common definition of FICI (< 0.5). Patterns of suppression
of such a behavior were similar to those of expectations for
outcomes that were usually verified through time-kill
kinetics, which is still the gold standard to assess
antimicrobial interactions [29].

08_

Control
07 } *
o MICHS
MIC AC
: |
06 XFIC
5 XFC

0.5 ¥

04

OD (600 nm)

03]

Time (h)

Figure 1. Changes in the inhibitory effects of nisin and allicin at
their MIC levels and the combination of their fractional inhibitory
concentrations against Salmonella Typhimurium ATCC 13311
through the increase and decrease in their optical density at the
interval of 1 h for 5 h. The MIC NS is minimum inhibitory
concentration of nisin, MIC AC is minimum inhibitory
concentration of allicin, 1x FIC is fractional inhibitory
concentration of nisin and allicin (0.008 and 0.004 mg ml-1), 2x
FIC is optimized fractional inhibitory concentration of nisin and
allicin (0.016 and 0.008 mg mlt) and control is Luria-Bertani broth
and bacterial suspension.

Regarding standardized Clinical Laboratory Standard
Institute (CLSI) guidelines for MIC assessment [30], this
integration of OD-based evidence established a strong
theoretical basis for the efficacy of the nisin and allicin
combination (1x and 2x FICs) and highlighted further

potential synergistic therapy development. The synergistic
inactivation pattern by 1x and 2x FICs in this study was
supported by the report of Ajingi et al. [15], when nisin was
synergized with organic acid on Gram-positive and Gram-
negative bacterial strains.

3.4 p-Galactosidase Analysis

This study investigated the activity of nisin and allicin at
their MIC and FIC levels on E. coli ATCC 8239 and linked
Gram-negative bacteria such as Salmonella Typhimurium
ATCC 13311 by changes in the OD of the treatment after
the appearance of yellow coloration, indicating release of
the beta-galactosidase enzyme capable of converting ONPG
into ONP (Figures 2A and B). The results showed that nisin
at its MIC did not cause release of beta-galactosidase,
presenting almost a similar OD to that of the control.
However, allicin has demonstrated appreciable effects on
the bacterial membrane during 60 min after the color change
and before the decrease in the OD level. Furthermore, 2x
FIC and 1x FIC caused a significant release of beta-
galactosidase with a relatively rapid increase in OD level.
Additionally, the permeability effect of the FICs was
different, with 2x FIC more effective than 1x FIC.
Differences in the permeability of FICs (1x and 2x FICs),
MICs (nisin and allicin) and control were statistically
significant (p = 0.012). This verified synergism between
allicin and nisin.

35_
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Figures 2A and B. B-Galactosidase analysis of nisin and allicin on
Gram-negative bacterial membrane using Escherichia coli ATCC
8239 as a model. The 2x FIC is optimized fractional inhibitory
concentration of nisin and allicin, 1x FIC is primary fractional
inhibitory concentration of nisin and allicin, MIC AC is minimum
inhibitory concentration of allicin and MIC NS is minimum
inhibitory concentration of nisin.
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Ideally, nisin inhibits the Gram-positive bacterial cell
wall biosynthesis via interruption of trans-glycosylation and
mislocalization of lipid 11, which is the building block of the
bacterial cell wall, leading to the bacterial CM disruption
through pore formation [31]. However, nisin alone at lower
concentrations faces difficulties to compromise the outer
membrane layer of Gram-negative bacteria, as
lipopolysaccharide prevents it from contacting with the
peptidoglycan layers. Therefore, synergizing nisin with
allicin has facilitated its entry into the inner membrane of
the bacteria through a gradual process. The combined action
of the previously stated mechanisms for nisin and allicin is
believed to make their synergy successful against
Salmonella Typhimurium ATCC 13311 in this study.

Salmonella Typhimurium is the target pathogen, while E.
coli is used as a proxy for P-galactosidase-based
permeability assays due to their similarities as Gram-
negative Enterobacteriaceae. The two include a double-
membrane system with an outer membrane rich in
lipopolysaccharides (LPS) [5]. Thus, changes affecting the
outer membrane such as increased permeability or
antimicrobial disruption similarly affect the two species.
Future studies can incorporate Salmonella-specific reporter
constructs or stress response markers (e.g., PhoP/PhoQ
regulators, oxidative stress indicators and fluorescence-
based viability reporters) to provide a pathogen-relevant
assay similar to the B-galactosidase assay. These approaches
allow mechanistic assessment directly in Salmonella
without relying on lacZ-dependent systems.

0.8_
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0D (540nm)

0.2
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3.5 Hemolysis Assay

To ascertain the safety of the nisin and allicin at the
combined fractional inhibitory concentration used for
chicken meat treatment, their hemolytic effect against RBC
was studied. Results of the analysis demonstrated that nisin
and allicin at their MICs coupled with their double FIC (2x
FIC) included no hemolytic activity by showing a small OD
at OD540 (similar to the negative control of 1x PBS) with
no visible red coloration (Figure 3). However, the positive
control (Triton X-100) included a high OD, suggesting that
it damaged the RBCs by showing red color after
centrifugation. Even though nisin and allicin are bioactive
agents originating from natural sources, it was reported that
high concentrations and exposure to allicin could begin
cytotoxic and erythrocytic oxidative damages to the host
cells [31]. Another study reported that allicin might cause
dose-dependent hemolysis, supported by
phosphatidylserine externalization, calcium influx and
oxidative stress [32]. In contrast to allicin, nisin is generally
regarded as safe, with limited or no reported cytotoxicity or
hemolysis to mammalian cells and RBCs at an antibacterial
concentration. Hence, this study has verified the safety of
nisin and allicin at the concentration used for the chicken
meat treatment; similar to the study of Sarkar and Jayanta
[33].

Figures 3A and B. Hemolysis assay of
MIC Nisin nisin and allicin, individually and
combinational. MIC NS is minimum
inhibitory concentration of nisin, MIC
AC is minimum inhibitory concentration
of allicin, 2x FIC is double fractional
inhibitory concentration of nisin and
allicin, negative control is 1x phosphate
buffered saline and positive control is
Triton X-100.

% MIC Allicin

Negative Control
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3.6 Inhibitory Effects of Nisin and Allicin on Salmonella
Typhimurium ATCC 13311 Contaminating Chicken
Meats at 35 and 4 °C Storage Conditions

The synergistic inhibitory effects between the MIC of

individual preservatives and their 2x FIC on chicken meats
spoilage by Salmonella Typhimurium ATCC 13311 at
abusive temperature (35 °C) and refrigerated condition (4
°C) is present in the logarithmic form of their mean values
(Log CFU g) and standard deviation (Table 3). Colonies of
Salmonella Typhimurium ATCC 13311 after 30 min of
treatment with nisin, allicin and their FIC combination are
present in the table as Day 0. However, the individual
preservatives significantly decreased the population of
Salmonella Typhimurium ATCC 13311 on Days 2 (0.04
+0.02), 3 (1.04 £0.02) and 6 (1.07 +0.03 and 1.05 +0.03)
with a p-value of 0.0193, compared to the control.
Moreover, the 2x FIC caused a more significant difference
in log reduction (p = 0.001) of Salmonella Typhimurium
ATCC 13311 on the treated meat samples, compared to the
control, showing the highest decrease on Day 2 (2.23 £0.2),
4 (3.21 £0.1) and 6 (3.15 £0.03), respectively. Figure 4A
illustrates the appearance of the meat sample after treatment
with DW and 2x FIC, stored at 35 and 4°C, respectively.

However, allicin showed a significant difference in log
decrease of Salmonella Typhimurium ATCC 13311 under
refrigerated storage conditions (4 °C) (p = 0.0144). In
contrast, no significant difference was seen in the decrease
of Salmonella Typhimurium by the MIC of nisin, compared
to the control (p = 0.1064) under similar conditions.
However, the 2x FIC established a certain preservative
effect against Salmonella Typhimurium ATCC 13311 better
than that of individual MICs and control, with a significant
logarithmic decrease on Days 2 (2.23 +0.03), 4 (1.24 +0.04)
and 6 (1.18 +0.04), respectively (p = 0.001).

Despite the ability of Salmonella Typhimurium to adhere
to food substances, mostly meats such as chicken and other
poultry meats, this study revealed a promising achievement

in the decrease of the bacterial growth in fresh chicken
meats by the combination of nisin and allicin at their 2x FIC
level after 6 d of storage conditions. This effect could be
associated with the inhibitory effect of allicin on biofilm
formation by Salmonella Typhimurium, which is the major
mechanism of the bacteria used to firmly adhere to the meat
surface [34]. Mechanisms exerted by allicin on Salmonella
Typhimurium are further effective when synergized with
other antimicrobials; as reported by Choo et al. [26]. This
verified synergism of nisin and allicin against Salmonella
Typhimurium ATCC 13311 in the fresh chicken meat
samples. The multiplication of Salmonella Typhimurium
ATCC 13311 in this study was higher at an abusive
temperature (35 °C) than refrigerated conditions (4 °C). The
low-temperature effect was possibly further justified
because such a low temperature significantly decreased
bacterial metabolic processes, which was a factor in
minimizing the growth and activity of Salmonella
Typhimurium ATCC 13311 during incubation [35].
Additionally, activity of nisin depended on the temperature
condition and was reported more active at an increased
temperature due to the active state of the target organism,
which enhanced the interactions of the nisin and the
organism membrane components. However, the log
decrease observed after treatment could be associated to
allicin augmentation.  Although the present study
demonstrated antimicrobial effectiveness over the storage,
concentrations of residual allicin were not quantified.
Further studies incorporating chromatographic techniques
such as high-performance liquid chromatography (HPLC)
can allow direct assessment of compound stability and
degradation kinetics, strengthening long-term efficacy
claims.

Table 3. Inhibitory effects of nisin, allicin and their combination on chicken meat contaminated with Salmonella Typhimurium ATCC 13311
under 35 and 4 ° C storage conditions, presented in mean and standard deviation.

°cC Days MIC NS MIC AC 2x FIC Control
0 5.75+0.07% 570 £0.14% 4.55+0.07° 7.99 £0.07°
2 7.25+0.07% 7.29 £0.01% 5.06 +0.01° 7.29 £0.05°

35 4 7.31+0.017 7.31+£0.01% 5.14 +0.03° 8.35+0.07°
6 7.35+0.07% 7.37 £0.02% 5.27 £0.01° 8.42 £0.01°
0 4.49 +0.03* 4.48 +0.01* 3.48 £ 0.02** 457+0.11*
2 4.85+0.03* 4.78 +0.02* 3.69 £ 0.03** 4.95+0.07*

4 4 5.01 £ 0.00* 4.95+0.02* 3.82 £ 0.04** 5.06 + 0.02*
6 5.08 £0.01* 5.07 £0.01* 3.94 +0.04** 5.12 + 0.04*

MIC NS = Minimum inhibitory concentration of nisin, MIC AC = Minimum inhibitory concentration of allicin, 2x FIC = Double fractional inhibitory
concentration. Superscript “a” indicated no statistical difference between MIC NS and MIC AC (p = 0.0193). While “b” indicated a statistically significant
difference between 2x FIC, Control and the two MICs (p = 0.001). Superscript “c” shows a significant difference between control and three treatments (p =
0.0034). Additionally, “*” indicates no significant difference between the two MICs and control (p = 0.1064) while “**” denotes a statistically significant
difference between 2x FIC and Control with MIC NS and MIC AC, respectively (p = 0.001).
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Q. Distilled Water (35 °C)

b. 2X FIC (35 °C)

c. Distilled Water (4 °C)

The synergistic antibacterial effect of nisin and allicin in
this study was supported by the findings of Ajingi et al. [15],
who reported that nisin in combination with organic acid
demonstrated effective preservative potential against
Bacillus subtilis in chicken meats and potatoes.
Additionally, a study by Singh et al. [36] reported a
synergistic effect of nisin and aqueous garlic extract against
four strains of L. monocytogenes in a food system stored at
4 °C, similar to the findings of this study. Moreover, the
garlic allyl isothiocyanate bioactive compound was reported
to enhance the antibacterial activity of nisin against Gram-
negative foodborne pathogens, including Salmonella
Typhimurium [37]. This verified ability of garlic
biocompounds in augmenting other antimicrobials against
various species of foodborne pathogens. One limitation of
this study included use of 35 °C, as the sample temperature
was inconsistent with that commonly used to avoid extreme
temperature abuse in chicken meats, which is typically set
below 5 °C.

3.7 Calorimetric Analysis

The microbial spoilage of food generally produces
undesirable changes in the actual color of the food sample
and can be attributed to the secretion of metabolic
byproducts, most especially at the stationary phase of
bacterial growth within the food sample. In this study, the
calorimetric analysis was carried out on the beginning day
of the treatment (Day 0) and the final day (Day 6) after
storage at 35 and 4 °C, respectively. The results revealed
that the chicken meat treated with MICs of nisin and allicin

Figures 4A and B. Figure A showing pictures of
the chicken meat treated with 2x FIC combination
of nisin and allicin (0.016 and 0.008 mg ml) and
distilled water after 6 d of storage at 35 and 4 °C
and Figure B representing in-vitro inhibitory
activity of the nisin and allicin combination (2x
FIC) using agar well method. DMSO is Dimethyl-
sulfoxide and 0.02-N HCI is 0.02 N hydrochloric
acid.

under an abusive temperature demonstrated an increase in
the degrees of lightness (L*), redness (a*) and yellowness
(b*) over 6 d, with no significant difference with the control
treatment (p = 0.2424, 0.2413 and 0.9417, respectively).
This suggested higher pigment oxidation and spoilage
discoloration at abusive temperatures. The combination of
nisin and allicin (2x FIC) helped preserve the natural color
of the treated chicken meat samples, leading to a slight
increase in lightness (L*) and redness (a*) with significant
differences with red color of the control meat sample after 6
d (p = 0.0001). However, the 2x FIC treatment showed no
significant difference in the degree of yellowness (b*) with
that of the control and the two MIC treatments on the final
day of treatment (p = 0.7816).

At the 4 °C refrigeration temperature, the findings for
lightness (L*) and redness (a*) were similar to those observed
at the higher temperature. Result showed that the lightness of
meat did not change significantly between the MIC of nisin
and allicin treatments and the control treatments at Day 6 (p =
0.5114). In contrast, the degree of lightness (L*) for their
combination (2x FIC) showed a significant difference
between the control and MIC treatments (p = 0.001).
Similarly, the degree of redness in chicken meat was not
significantly affected using either MIC allicin, MIC nisin or
the 2x FIC combination at Day 0 (p = 0.168), indicating that
these treatments did not interfere with the characteristic red
color of the meat during the beginning refrigerated storage
(Day 0). However, results demonstrated a significant
difference between the combination treatment (2x FIC) and
the control at Day 6 (p = 0.0001).
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Table 4: Calorimetric analysis of chicken meat samples stored at 35 and 4 °C on day 0 and day 6. Presented in mean and standard deviation.

Temperature
Treatment Hunter Lab 35°C 4°C
Day 0 Day 6 Day 0 Day 6
L* 53.55 + 2.05? 60.23 +0.872 51.55 + 2.05* 58.56 + 0.29*
MIC Nisin a* 10.57 £0.742 15.49 £ 0.85? 10.57 £0.28* 15.49 £0.27*
________________________________________________ O o 21620000 132140300 8243019%  1162£030%
L* 50.7 £0.152 61.49+0.132 50.70 + 0.15* 61.49 +£0.282
MIC Allicin a* 10.78 £ 0.342 10.12 £0.012 11.44 £0.34* 16.21 £ 1.26*
________________________________________________ b* o 100220010 143220300 7A45£001* 9533030
L* 52.95 +0.73? 48.58 £0.442 54.62 +0.22** 51.78 + 0.78**
2x FIC ax 12.07 £0.91° 15.58 + 0.07° 13.07 £ 0.43** 16.58 +£ 0.07**
________________________________________________ b* ... 883%028% 9240250 0 623%028*  710+025%
L* 53.86 +£2.122 55.15 +4.22 51.86 £ 2.12* 65.83 + 0.54*
Control ax 12.74 £0.712 11.51 £0.102 12.74 £ 0.14* 11.51 £0.10*
b* 11.21 £1.342 18.32 £ 2.372 10.41 £1.34* 14.64 +£2.37*

MIC = Minimum Inhibitory Concentration, FIC = Fractional Inhibitory Concentration, L* = Degree of lightness and darkness, a* = Degree of redness and
greenness, b* = Degree of yellowness and blueness. Values with the same superscript (a, b and *, **) share the same p-value across a storage condition and

corresponding Hunter parameter.

Moreover, MIC treatments showed no significant
difference in the yellowness (b*) of the treated meat samples
at Days 0 and 6, with a high p-value of 0.114. Meat samples
treated with 2x FIC were significantly different from those
treated with control (DW) after 6 d of storage (p = 0.0082).
This was similar to a study by Charest et al. [23], who stated
that nisin contributed to the delay of biochemical processes
used by bacterial cells to deteriorate the color of meat
samples. Additionally, stability in the color of chicken meat
samples stored at 4 °C was linked to the synergism of the
combination of nisin and allicin (2x FIC) at chilled
conditions; supported by a study of Dacheng Pharma [38].
Results of the calorimetry analysis in this study was
correlated to a study by Ajingi et al. (15). Physical
appearance of the treated meat samples is provided in Figure
4A. Regarding acceptability and safety of the highlighted
synergistic antimicrobials, the current study provided a safer
further cost-effective substitute for controlling chicken
meats and associated food spoilage caused by Salmonella
Typhimurium.

4. Conclusion

It was elaborated that nisin included an inhibitory effect
against Gram-negative bacteria, when synergized with
allicin at lower concentrations. It was also observed that the
combination included preservative potentials against
Salmonella Typhimurium ATCC 13311, responsible for
chicken meat spoilage within 6 d at various temperature
conditions. The study indicated that nisin and allicin could
synergistically disrupt the CM of Gram-negative bacteria.
Furthermore, it was revealed that nisin and allicin included
no hemolytic effect on RBCs at their MICs and 2x FIC. The
study indicated that the combination of nisin and allicin (2x
FIC) used in the treatment of chicken meat samples included
no detrimental effect on the color of the treated meats.

However, studies are needed to unveil other possible
mechanisms investigated by the combination against
Salmonella Typhimurium.
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