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Abstract

Listeria monocytogenes presents a considerable threat in cooked chicken products, especially
those that are ready-to-eat, like deli meats. The aim of this study was to evaluate the
antimicrobial efficacy of oregano essential oil (Satureja hortensis: SHEO) against L. monocy-
togenes contamination of ready-to-eat cooked chicken meat during storage. The chemical
content of SHEO was identified using GC-MS, with its antimicrobial properties confirmed
through Kirby–Bauer disk diffusion tests. GC analyses of the SHEO used in the study
showed that it contained 14.69% carvacrol and 10.61% thymol. L. monocytogenes strain
NCTC 5348 was inoculated into chicken meat through a dipping technique at concentration
levels of 2 × 107 CFU/mL before and after application of SHEO solution (2 µL/mL). Inoc-
ulated and SHEO-treated meat samples were stored −20 ◦C, +4 ◦C, and +10 ◦C under both
traditional and vacuum packaging conditions for 28 days. Results indicated that SHEO
significantly suppressed the growth of L. monocytogenes (approximately 1 log CFU/g),
especially during the first 5–7 days at +4 ◦C in both packaging types. Vacuum packaging
prolonged the antimicrobial effect of SHEO compared to conventional packaging at +4 ◦C
and +10 ◦C, approximately 1.1–1.3 log CFU/g for 14 days. The antimicrobial activity of
SHEO was limited to a range of approximately 0.1–0.5 log CFU/g at −20 ◦C compared to
the control. These results suggest that combining essential oils with modern packaging
methods can provide an effective approach to controlling cold-tolerant pathogens such as
L. monocytogenes, thereby improving the shelf life and safety of ready-to-eat meat products.

Keywords: Listeria monocytogenes; Satureja hortensis essential oil (SHEO); antimicrobial
activity; bio-preservation; cooked chicken meat; food safety

1. Introduction
Listeria monocytogenes poses a major threat to human health as a foodborne pathogen

due to its virulence, high mortality rate among those infected, propensity for cross-
contamination during processing, and ability to survive at refrigeration temperatures [1].
Listeria species inhabit a diverse range of environments, with L. monocytogenes exhibiting
motility at 30 ◦C and capable of thriving over a wide temperature range as a saprophyte.
It frequently persists in food processing settings for extended periods, mainly due to en-
vironmental recontamination occurring at the farm or facility level [2]. L. monocytogenes
is commonly found in nature, thriving in a variety of environments. These include soil,
water, dairy products such as cheese and milk, both ready-to-eat and raw meat products,
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food production areas, fresh vegetables, and decaying plant matter, where it acts as a sapro-
phyte [3]. This psychrotrophic bacterium demonstrates the ability to thrive across a wide
range of temperatures and to form biofilms on food contact surfaces, thereby contributing
to its prolonged persistence in processing environments [4]. This pathogen is linked to
considerable public health and economic consequences, as it leads to listeriosis—a disease
contracted by consuming ready-to-eat or raw meat products tainted with the bacterium. In
the United States, there were 90 instances of food and beverage product recalls between
2022 and 2023 due to contamination with L. monocytogenes. Additionally, there have been
numerous documented cases of listeriosis in recent years [5–9]. Clearly, this bacterium
poses a persistent problem for the food industry because it can survive in food processing
and production facilities for extended periods. This persistence is attributed to its unique
growth and survival characteristics, its tendency to adhere to surfaces that come into
contact with food, and its resistance to the disinfectants and antimicrobials used during
cleaning and sanitation efforts to eliminate environmental microbes [10].

Infection with L. monocytogenes is mainly caused by eating food products that have
been contaminated, such as processed meats, dairy items, prepared fruits and vegetables,
pre-packaged sandwiches, and cold-smoked fish [11]. Around the world, prepared foods
are acknowledged as major contributors to listeriosis because they are often consumed
without undergoing additional decontamination processes [12]. Cooked meat products,
which are mainly sourced from fresh or frozen meat and poultry meat, offer a variety of
items, including marinated meats, smoked meat, fried meat, grilled meat, roasted meat,
Western-style ham, meat sausages, fermented meats, cooked meat jerky, and other related
products [12,13]. These products are nutrient-rich and provide an ideal environment for
microbial growth, making them vulnerable to pathogen contamination during both the
production and consumption stages, which can lead to foodborne illnesses [14].

Among these, chicken meat has seen a notable rise in global consumption over the
past decade, owing to its low-fat content, high-quality protein, affordability, and minimal
cultural or religious restrictions. Worldwide, poultry meat is the most widely consumed
meat, with around 140 million tons consumed in 2023. However, chicken meat provides an
ideal environment for microbial growth, creating major food safety challenges. It is not ideal
for long-term storage at refrigerator temperatures of 4 ◦C. However, irregular or inadequate
storage temperatures can make chicken meat and products risky for public health and
food safety [15,16]. Additionally, cooked chicken meat used in foods like ready-to-eat
sandwiches carries a risk of L. monocytogenes contamination.

While various essential oils have shown antimicrobial activity against L. monocytogenes,
there is a notable lack of research on the application of Satureja hortensis essential oil
(SHEO) in poultry products. This study seeks to fill this gap by assessing the potential of
SHEO as a sustainable biopreservation strategy for ready-to-eat (RTE) poultry meat. This
approach aims to advance natural preservation methods, thereby reducing dependence on
synthetic additives such as sodium nitrite, potassium sorbate, and sodium benzoate, which
are chemically synthesized products used for microbial control in poultry meat [17,18].
The Satureja hortensis L., also known as summer thyme, is a member of the Lamiaceae
family. Phenolic compounds found in various plants of this genus demonstrate significant
antimicrobial and antioxidant properties. Previous research has identified the primary
chemical constituents of Satureja hortensis essential oil (SHEO) as γ-terpinene, α-terpinolene,
carvacrol, and p-cymene [19–21]. Several previous studies have highlighted the significant
antimicrobial effects found in certain Satureja essential oils [22–24]. The use of essential oils
as natural antimicrobials to control L. monocytogenes in various food products is backed
by their wide-ranging effectiveness, good safety profile, and regulatory approval [25,26].
SHEO has garnered particular interest due to its high content of phenolic compounds like
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carvacrol and thymol, which are well-known for their strong anti-Listeria effects [27]. The
choice of SHEO is supported by its previously proven effectiveness against L. monocytogenes
and its potential use in meat and ready-to-eat products [28]. Additionally, the revised text
considers dosage to ensure microbial inhibition while minimizing changes in taste and
aroma, as essential oils added to food must be listed on the product label, and their sensory
impact should be acceptable to consumers [29]. Essential oils from Satureja spp. show
MIC values ranging from 0.013 to 10 µL/mL. This activity is due to the high phenol and
flavonoid content of SEO [30–32].

Even with strict cleaning and disinfection measures in place at meat processing plants,
L. monocytogenes continues to thrive and spread on surfaces like floors, drains, and equip-
ment by forming biofilms, which act as a persistent source of contamination [33]. To
successfully control this pathogen in meat and meat products, new strategies are essential.
Motivated by consumer interest in healthy and safe food, recent research has concen-
trated on biocontrol methods, including the application of bacteriophages, competitive
interactions among microbes, and plant- or microbe-derived substances with anti-Listeria
effects [34,35]. As the demand for healthier and more sustainable food choices contin-
ues to rise, exploring natural alternatives has become a promising approach to reducing
dependence on chemical additives in meat production and preservation. As a result,
plant-based compounds have attracted considerable interest from researchers and industry
professionals in the meat sector. Among these, essential oils extracted from plants are
particularly noteworthy [36]. For many years, the antimicrobial qualities of plants have
been acknowledged, and herbal medicines derived from these plants have been used as
traditional treatments in numerous countries around the globe. On the other hand, the
use of modern techniques has enabled the evaluation of the therapeutic effectiveness of
these plants. The use of essential oils (EOs) as natural antimicrobial agents for controlling
L. monocytogenes has garnered significant academic attention. These plant-based substances
are known for their wide-ranging antimicrobial effects and are viable alternatives to chemi-
cal preservatives in food items. Particularly for psychrotrophic pathogens such as Listeria,
applying EOs directly to food or incorporating them into active packaging systems is seen
as an effective method to minimize contamination risks [37–39]. Therefore, this study was
designed to investigate the effectiveness of SHEO in preventing Listeria contamination.

In this research, essential oil extracted from Satureja hortensis (SHEO) was utilized to
prevent L. monocytogenes contamination in cooked chicken meat. The objective of this study
was to evaluate the effects of SHEO against Listeria in ready-to-eat chicken meat stored
at various temperatures (−20 ◦C, +4 ◦C, and +10 ◦C) over a 28-day period. This research
aims to contribute to safe food production and promote sustainable antimicrobial strategies
using plant-derived bioactive compounds.

2. Materials and Methods
2.1. Plant Sample and Extraction of Essential Oils

The essential oils of S. hortensis (SHEO) utilized in this research were sourced from
Prof. Dr. Sedat BOZARI. The plant samples were gathered from Bingöl province in the
Eastern Anatolia Region of Türkiye during June and July 2014. Post-harvest, the aerial
parts of the plants, including stems, leaves, and roots, were dried under shade. Once dried,
the plant material was finely ground using a grinder (Waring, CT, USA). For the extraction
of SHEO, around 100 g of the powdered plant material underwent hydrodistillation for
three hours with a Clevenger-type apparatus (Thermal Laboratory Equipment, İstanbul,
Türkiye), resulting in approximately 0.8 mL of essential oil per batch. The extracted oils
were kept in airtight vials at +4 ◦C until needed. To determine the content of the obtained
essential oils, a Thermofinnigan Trace GC/Trace DSQ/A1300 (Agilent, Snata Clara, CA,
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USA) device with an SGE-BPX5 MS (Agilent, Snata Clara, CA, USA) (30 m × 0.25 mm i.d.,
0.25 µm) capillary column was used [40].

2.2. Microorganism and Preparation

The L. monocytogenes NCTC 5348 strain was inoculated into 5 mL of tryptic soy broth
(TSB, Biolife Italiana, Milan, Italy) medium at a concentration of 1% and incubated at
37 ◦C for 24 h. Following this incubation period, the bacterial culture was transferred onto
PALCAM (Biolife Italiana, Italy) agar plates and incubated again at 37 ◦C for an additional
24 h. The purity of the culture was confirmed, and a selected pure colony was preserved in
a 50% glycerol stock at −20 ◦C for subsequent stages of the study.

2.3. Determination of the Anti-Listerial Activity of the Essential Oil

The effectiveness of SHEO against Listeria was assessed using the Kirby–Bauer disk
diffusion technique [41], which involved the use of sterile 6 mm disks (ANTF-009-1K0;
PRAT DUMAS, Couze-St-Front, France). A culture of L. monocytogenes NCTC 5348, with an
approximate concentration of 1 × 107 CFU (~1 × 107 CFU/mL), was evenly distributed
over the entire surface of TSA (Biolife Italiana, Italy) plates (Sifin Diagnostics GmbH, Berlin,
Germany). Disks were placed in the center of the Petri dishes, and varying volumes of
essential oil—1, 2, 4, and 5 µL—were spot inoculated onto discs. After the Petri dishes
were incubated at 37 ◦C for 24 h, the diameters of the inhibition zones were measured in
millimeters [42]. This procedure was repeated three times.

2.4. Evaluation of the Antimicrobial Activity of SHEO Against Listeria monocytogenes in Cooked
Chicken Meat Stored at Different Temperatures

To evaluate the protective and preventive effects of SHEO, commercially obtained
chicken breast meats were boiled in a pot for approximately 10 min to eliminate microbial
load and then each weighed to ~10 (±2) g, and each meat portion was placed in sterile
stomacher bag (BagLight®, Interscience, Saint Nom, France) and subsequently allocated
into five distinct groups [43].

Group 1: served as the control, consisting of chicken breast meat without L. monocyto-
genes inoculation.

Group 2: Comprised chicken breast meat treated with SHEO.
Group 3: Included chicken breast meat inoculated with L. monocytogenes with-

out SHEO.
Group 4: Consisted of chicken breast meat inoculated with L. monocytogenes following

SHEO treatment.
Group 5: Included chicken breast meat treated with SHEO after L. monocytogenes

inoculation.

2.5. Evaluation of the Antimicrobial Activity of SHEO Against Listeria monocytogenes in Cooked
Chicken Meat Stored Under Traditional Packaging Conditions

Chicken breast meat, procured from a local butcher in Muş province, was transported
to the laboratory in styrofoam containers on ice. To eliminate the microbial load on the
surface of the chicken meat, each piece was boiled for approximately 10 min, and the boiled
surface of the meat was aseptically excised using a sterile scalpel. These meat samples were
then divided into ~10 g (±2) portions. L. monocytogenes was cultivated in 10 mL of tryptic
soy broth (TSB) (Biolife Italiana, Italy) and incubated for 24 h at 37 ◦C, and then centrifuged
at 5000 rpm. The supernatant was removed, and the pellet was washed twice with sterile
saline. Bacterial concentration adjusted to approximately 2 × 107 colony-forming units
per milliliter (CFU/mL) using sterile peptone water. To prepare for the SHEO solution,
the following steps were followed: for homogeneous dispersion of SHEO in peptone, the
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appropriate amount of SHEO was dissolved in 10 mL of Tween 20 and then adjusted
with peptone to a final concentration of 2 µL/mL. For Group 1, the designated portion of
chicken meat was placed into sterile stomacher bags under aseptic conditions without any
treatment, following the sampling day schedule, and sampled for 28 days. For Group 2,
the meat samples were immersed in a solution of SHEO for approximately 2 min and
then placed into sterile stomacher bags and sampled for 28 days. Group 3 samples were
inoculated with approximately 2 × 107 CFU/mL of L. monocytogenes and maintained in the
bacterial suspension for 2 min to ensure proper adherence of the pathogen. For Group 4, the
samples were first immersed in the SHEO solution for approximately 2 min and then kept
in the L. monocytogenes suspension (~2 × 107 CFU/mL) for 2 min. For Group 5, the samples
were initially immersed in the L. monocytogenes suspension (~2 × 107 CFU/mL) for 2 min,
followed by immersion in the SHEO solution for an additional 2 min. The chicken breast
samples from all groups were incubated at temperatures of +4 ◦C, 10 ◦C, and −20 ◦C for a
duration of 28 days. Samples were collected on days 0, 3, 5, 7, 14, and 28 of incubation. The
samples were homogenized in a 1:9 ratio with sterile peptone water using a homogenizer
(2 min. 2500 rpm) (CLS Scientific, CLPM-400D, Türkiye), and 1 mL of the homogenate was
subjected to serial dilution. From these dilutions, 100 µL was spread onto PALCAM (Biolife
Italiana, Italy) agar and incubated at 37 ◦C for 24 h. At the conclusion of incubation, the
number of colonies formed on the plates was recorded [42,44,45]. All experiments were
conducted in triplicate.

2.6. Evaluation of the Antimicrobial Activity of SHEO Against Listeria monocytogenes in Cooked
Chicken Meat Stored Under Vacuum Packaging Conditions

The procedures were meticulously replicated for the formation of the groups. Fol-
lowing the placement of the chickens into the bags, the bags were sealed using vacuum
packaging. The vacuum-packaged chicken breast samples within the groups were incu-
bated at temperatures of +4 ◦C, 10 ◦C, and −20 ◦C for a duration of 28 days. Samples
were collected on days 0, 3, 5, 7, 14, and 28 of incubation, homogenized in a 1:9 mL ratio
with sterile peptone water using Stomacher CLPM-400D (CLS Scientific, Ankara, Turkey),
and subsequently, 1 mL of the homogenate was subjected to serial dilution. From these
dilutions, 100 µL was inoculated onto PALCAM (Biolife Italiana, Italy) agar plates and
incubated at 37 ◦C for 24 h. Post-incubation, the number of colonies that developed on the
plates was quantified [42,44]. All experiments were conducted in triplicate.

2.7. Statistical Analysis

Data analysis was performed using SPSS software (version 26.0; IBM Corporation,
Armonk, NY, USA), with results expressed as mean ± standard deviation (SD) (n = 3). A
one-way analysis of variance (ANOVA) was employed, and statistical significance was
assessed using Tukey’s test and the least significant difference, with a p < 0.05.

3. Results and Discussion
Both raw and cooked chicken meat present substantial food safety concerns owing

to the presence of foodborne pathogens. Raw chicken is particularly associated with
Campylobacter jejuni and Salmonella enterica, which can induce severe gastrointestinal ill-
nesses, even in minimal quantities. These pathogens are frequently introduced during the
slaughtering and processing stages, particularly when hygiene standards are inadequately
maintained [46]. L. monocytogenes is a significant concern in cooked chicken products,
particularly those that are ready-to-eat, such as sandwich meat. L. monocytogenes can prolif-
erate at refrigeration temperatures, leading to contamination through cross-contamination
post-cooking and multiplying over an extended shelf life, posing a considerable health
risk, especially to individuals with compromised immune systems [47–49]. Therefore, it is
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imperative to maintain stringent hygiene during processing, ensure proper cooking, and
maintain a cold chain for both raw and cooked poultry products [50,51]. Variations in
refrigeration temperature significantly increased the likelihood of L. monocytogenes con-
tamination. It is one of the rare pathogens that can thrive at low temperatures, such as
those between 0 and 4 ◦C. Consequently, the temperature fluctuations commonly found
in household refrigerators create ideal conditions for their growth. Additionally, cross-
contamination from raw products, contaminated surfaces, equipment, or food handlers is a
major route for the transfer of Listeria to ready-to-eat foods. Research has shown that when
refrigeration temperatures rise above 4 ◦C and hygiene practices are lacking, both the risk
of contamination and the growth rate of L. monocytogenes increase significantly. This situa-
tion presents a serious public health issue, especially for vacuum-packed or long-shelf-life
products [52]. The three specified temperatures correspond to various storage conditions
that food products may encounter from production to consumption. While poultry meat is
typically stored at +4 ◦C in both households and supermarkets, temperature elevations,
such as reaching 10 ◦C, may occur due to disruptions in the cold chain, including during
transportation or market display. Furthermore, −20 ◦C is the standard freezing temperature
commonly employed in households for the long-term preservation of chicken meat [53].

In this study, to replicate authentic contamination conditions, L. monocytogenes was
directly inoculated into chicken meat using a dipping method, thereby facilitating the
pathogen’s adherence to the food matrix. The study utilized the Kirby–Bauer disk diffusion
test [41] to evaluate the anti-Listerial properties of SHEO, and GC/MS measurement was
performed for content analysis [40]. Specific emphasis has been placed on S. hortensis
essential oil (SHEO), which is rich in phenolic compounds such as carvacrol and thymol,
both known for their strong anti-Listeria effects [27]. GC analyses of the SHEO used in
the study showed that it contained 14.69% carvacrol, 10.61% thymol, γ-terpinene 9.19%,
caryophyllene 0.09%, 2-methylphenol 11.86%, and sineol 13.03% [40]. Numerous studies
have demonstrated that the GC content of SHEO includes thymol 45.9% and carvacrol
12.81% [54], thymol 29.5% and carvacrol 9.6% [55], carvacrol 26.78% [56], and thymol
(0.3–28.2%) and carvacrol (11–67%) [57]. The variations in essential oil (EO) composition
observed in the studies can be ascribed to the presence of different species and subspecies,
as well as a range of factors, primarily environmental and climatic conditions [58]. As
illustrated in Figure 1, the results demonstrated that all tested oil quantities, with the
exception of 1 µL, exhibited activity against Listeria. The applied SHEO doses of 1, 2, 4, and
5 µL were tested using the disk diffusion technique, and the zone diameters were measured
as 3.4, 3.6, 4.2, and 5.5 cm, respectively. For subsequent phases of the research, a 2 µL/mL
amount was selected to minimize any impact on the sensory attributes, taste, and consumer
preference of chicken meat. The antimicrobial efficacy of SHEO against L. monocytogenes was
evaluated at three distinct temperatures (+4, +10, and −20 ◦C), with the results subjected
to statistical analysis (Table 1). The growth of L. monocytogenes is particularly pertinent in
the context of food safety due to its capacity to thrive at refrigeration temperatures and
persist in food processing environments, posing significant challenges in contamination
prevention [59]. Recent studies have indicated that L. monocytogenes can also proliferate
in modified atmosphere packaging (MAP), which typically reduces oxygen levels and
increases nitrogen to inhibit microbial growth; however, MAP did not significantly affect
L. monocytogenes populations during short-term storage and only demonstrated notable
growth increases after prolonged exposure or at elevated temperatures [60]. Furthermore,
innovative packaging methods incorporating bacteriocins, such as pediocin, and using
EO have shown promise in inhibiting L. monocytogenes by preventing bacterial growth
over extended periods, particularly in ready-to-eat foods stored at low temperatures [61].
L. monocytogenes exhibits ecological adaptability through its resilience to environmental
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pressures, ability to create biofilms, and persistence in food processing facilities. These
characteristics complicate control efforts and emphasize the importance of developing new
antimicrobial strategies and packaging solutions [62].

A B 

C D 

Figure 1. In vitro evaluation of Satureja hortensis essential oil against Listeria monocytogenes NCTC
5348 by disk diffusion method: (A) Disk containing 1 µL SHEO, (B) disk containing 2 µL SHEO,
(C) disk containing 4 µL SHEO, and (D) disk containing 5 µL SHEO.

Table 1. Statistical evaluation of packaging methods on SHEO’s L. monocytogenes inhibition using
ANOVA–Tukey tests.

Packaging
Type Temperature Most Significant

Day(s)
EO Effective

Duration
ANOVA
p-Values

Microbiological
Observation

Traditional 4 ◦C Days 1–5 Up to 7 days p < 0.01 Significant reduction in
Listeria counts

Traditional 10 ◦C Days 3–5 Up to 14 days p < 0.05 Moderate effect,
diminishes by day 14

Traditional −20 ◦C Day 0 & 28 Inconsistent p < 0.05 (only
days 0 & 28) Loss of efficacy

Vacuum 4 ◦C Days 1–7 Up to 14 days p < 0.001 Sustained Listeria
suppression

Vacuum 10 ◦C Days 1–14 Up to 28 days p < 0.01 Long-term stable
inhibition

Vacuum −20 ◦C Days 0–5 Up to 7 days p < 0.05 Short-term effect, then
diminishes

Furthermore, the study conducted a comparative evaluation of conventional and
vacuum packaging techniques. SHEO treatment significantly inhibited the growth of
L. monocytogenes in groups incubated at +4 ◦C, particularly during the initial five days
(ANOVA, p < 0.01). This indicates that SHEO remained stable and retained its efficacy at
low temperatures without losing its volatility, supporting findings that EO treatments show
significant efficacy in inhibiting L. monocytogenes growth, especially when combined with
refrigeration [59]. In this study, for both packaging methods, Groups 1 and 2 were utilized
to confirm the presence of Listeria contamination. The results of these groups showed not
Listeria contamination was found in any of the daily samples taken over a 28-day period
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in these control groups. In the application using the conventional packaging method at
4 ◦C, SHEO markedly inhibited L. monocytogenes during the first five days (Figure 2A).
This effect diminished after day 7 and was completely lost by day 14. Morphological
observations conducted throughout the experiments revealed that the odor of SHEO began
to diminish after day 7, attributable to the volatile nature of the oil, as directly reflected
in the graph. In the vacuum packaging results, significant inhibition was observed in the
SHEO-treated groups until day 7 (Figure 3A). Vacuum packaging preserved the effect of
SHEO up to day 14, after which the effect decreased. In both packaging methods, storage
at 4 ◦C was shown to enhance SHEO’s stability and prolong its antimicrobial activity.
This aligns with reports emphasizing vacuum packaging’s role in reducing oxygen levels
and enhancing pathogen growth inhibition compared to traditional packaging, while EO
treatments integrated into such packaging provide a potential listericidal step without
compromising food quality [59,63].
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Figure 3. SHEO’s Anti-Listeria Effect in Vacuum Packaging: (A) vacuum packaging +4 ◦C; (B) vacuum
packaging +10 ◦C; (C) vacuum packaging −20 ◦C.

At 10 ◦C, the conventional packaging method exhibited a discernible reduction in
L. monocytogenes within the SHEO group commencing on day 3 (Figure 2B). This effect
persisted until day 14, diminished by day 28, and did not completely vanish. Similarly,
the vacuum packaging results indicated significant inhibition in the SHEO group up to
day 14 (Figure 3B). Consequently, vacuum packaging enhances the efficacy of SHEO
at 10 ◦C. Although this effect decreased by day 28, it was not entirely eradicated. The
concern with L. monocytogenes is heightened due to its capacity to proliferate at refrigeration
temperatures and form biofilms on food-contact surfaces, posing significant challenges
that necessitate potent antimicrobial interventions such as EO treatments combined with
advanced packaging methods [4,63,64].

The most irregular effect of SHEO was observed during storage at −20 ◦C. Under
conventional packaging conditions, where L. monocytogenes proliferated rapidly, the effect
of SHEO was only significant on day 0; on subsequent days, statistical significance was
not maintained (Figure 2C). Moreover, the efficacy of SHEO can be contextualized by
comparing its antimicrobial properties with those of other essential oils or conventional
antimicrobials. Research indicates that oils such as oregano, thyme, and clove demonstrate
comparable or, in certain instances, superior anti-Listeria activity, thereby providing a
benchmark for assessing the relative effectiveness of SHEO [65,66]. Additionally, strategies
such as microencapsulation could be investigated to enhance the stability of SHEO at
−20 ◦C, thereby mitigating the loss of volatile components and extending its antimicro-
bial activity under frozen storage conditions [67]. At a temperature of −20 ◦C, bacteria
become nearly metabolically inactive. This inactivity is due to the non-functioning of active
transport systems and enzymes within the cell membrane. Consequently, the antibacterial
mechanisms of essential oils, which include disrupting membrane integrity and inhibiting
enzymes, exhibit limited efficacy. Furthermore, at such low temperatures, molecular move-
ment is significantly reduced, thereby diminishing the rate and effectiveness with which
essential oil components can reach bacterial cells.

This phenomenon may be attributed to the loss of volatile properties of SHEO at
low temperatures. Notably, a significant effect was observed on day 28 (p = 0.001). The
results indicated that vacuum packaging at −20 ◦C was inadequate to sustain the effect of
SHEO (Figure 3C). Overall, these findings highlight the necessity of adopting multifaceted
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approaches that integrate innovative antimicrobial solutions such as EO with advanced
packaging and detection methods to mitigate the risks posed by L. monocytogenes in food
products, thereby enhancing food safety standards [68].

The comparative assessment of conventional and vacuum packaging methods, in
conjunction with essential oil (EO) treatments, offers valuable insights into the control of
L. monocytogenes, a significant foodborne pathogen. EO treatments have been shown to
be significantly effective in preventing the growth of L. monocytogenes, particularly when
used in combination with refrigeration. A study has indicated that EO remains stable and
effective at low temperatures, specifically at +4 ◦C, markedly curbing the expansion of L.
monocytogenes in the initial phase of incubation [59].

The concern regarding L. monocytogenes is intensified due to its capacity to proliferate
at refrigerator temperatures, rendering it a persistent threat within the food processing
environment. As consumer demand for minimally processed ready-to-eat (RTE) foods
escalates, innovative non-thermal preservation methods, such as essential oils (EOs), are
becoming increasingly critical. The pathogen’s ability to form biofilms on food-contact sur-
faces presents a significant challenge, necessitating potent antimicrobial interventions. Both
conventional and novel strategies, including biosensors and natural plant-derived antimi-
crobials for pathogen detection and inhibition, are essential in ensuring food safety [4,63].
Assessing packaging techniques, such as vacuum packaging, which reduces oxygen levels,
reveals a contrast with traditional packaging methods that may not offer the same degree of
inhibition against pathogen growth. The incorporation of essential oil (EO) treatments with
these packaging methods presents a potential strategy for mitigating Listeria contamination
while preserving the organoleptic properties of food. This combination could provide
a listericidal step, thereby ensuring an extended shelf life and enhanced safety of food
products, particularly under low-temperature storage conditions [59,63]. The research high-
lights the imperative of implementing comprehensive strategies that integrate advanced
detection techniques with novel antimicrobial solutions to address the risks associated with
L. monocytogenes in the packaging and storage of food products. This approach has the
potential to significantly transform food safety standards and practices [68].

4. Conclusions
This study demonstrated that Satureja hortensis essential oil (SHEO) effectively inhibits

the proliferation of Listeria monocytogenes on chicken meat under various storage temper-
atures and packaging conditions. SHEO exhibited a particularly robust protective effect
at lower temperatures (4 ◦C and 10 ◦C) and when utilized in conjunction with vacuum
packaging, significantly enhancing pathogen control. However, at −20 ◦C, the efficacy
of the essential oil diminished, likely due to decreased volatility. These findings suggest
that natural, plant-based antimicrobial agents could serve as environmentally friendly
alternatives to conventional chemical preservatives, potentially enhancing both the shelf
life and safety of food products. Furthermore, the integration of essential oil applica-
tions with modern packaging technologies presents a promising strategy for managing
psychrotrophic pathogens such as L. monocytogenes. In this context, the promotion of
plant-derived bioactive compounds is recommended to support sustainable and safe food
production. Future research should undertake a comparative analysis of SHEO with other
essential oils to contextualize its efficacy against Listeria. Additionally, strategies such as
microencapsulation should be explored to enhance its stability at −20 ◦C. The potential of
SHEO in combination with vacuum or modified atmosphere packaging warrants evalua-
tion. Furthermore, investigations into its capacity to prevent or disrupt biofilms, as well
as their synergistic effects with other natural antimicrobials, are recommended. Sensory
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evaluations are also necessary to ensure that antimicrobial treatments do not adversely
affect the taste, aroma, or overall acceptability of the food.
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