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= The inhibitory effect of curry leaf essential oil on Staphylococcus aureus is superior to that of garlic essential oil.
= Lactobacillus casei showed greater efficacy in suppressing S. aureus than Lactobacillus plantarum and Bifidobacterium

bifidum.

= Essential oils exhibit potential as prebiotics for probiotics, thereby influencing microbial dynamics.
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ABSTRACT

Background: The pathogenic bacteria present in food contribute to its spoilage and can
lead to the development of diseases. Chemical preservatives exhibit toxicity and resistance
problems, prompting the need for safer alternatives. Natural phytochemicals and probiotics
are effective options, as essential oils and probiotics possess robust antibacterial
characteristics. The objective of this study is to investigate the combined effects of
probiotics (Lactobacillus plantarum, Lactobacillus casei, and Bifidobacterium bifidum) and
essential oils derived from Murraya koenigii (curry patha) and Allium sativum (garlic) in
inhibiting the growth of Staphylococcus aureus, a major foodborne pathogen.
Methods: The study assessed the antibacterial effects of M. koenigii and A. sativum
essential oils on S. aureus, both alone and in combination with probiotics (L. plantarum,
L. casei, and B. bifidum). Antibacterial activity was measured at zero, 24, and 48 h using
a culture plate method with serial dilution and pour plate technique. The Bliss
Independent model was used to analyze interactions between control and treatments.
Synergy factor and relative inhibition were determined using Python software to
evaluate the combined effects of essential oils and probiotics. All treatments were
performed in duplicate.
Results: M. koenigii and A. sativum essential oils exhibit antibacterial activity against S.
aureus, with M. koenigii demonstrating greater potency. Notably, their effectiveness in
inhibiting bacterial cells is enhanced when combined with probiotics. In the control
group, the colony forming unit/ml of S. aureus was 8.09+0.51, whereas in the presence
of M. koenigii essential oil, it significantly reduced to 2+0.2.
Conclusion: While both essential oils and probiotics have antibacterial effects on their
own, using them together may require careful attention to ensure effectiveness.
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Introduction

Microbial contamination of food involves a wide range
of microorganisms, including pathogenic species, leading
to food spoilage, reduced food quality, and foodborne
illnesses (Abebe et al., 2020). Staphylococcus aureus is a
commensal organism and opportunistic pathogen capable
of causing various infections in humans and animals. It
commonly colonizes the skin, mucous membranes, and
gut of both humans and animals. Due to its presence on
the skin and in the nasopharynx, S. aureus is easily shed,
making it a major contributor to foodborne illnesses
globally. The incidence of foodborne illnesses has been
rising in recent years, mainly due to the consumption of
S. aureus contaminated food (Todd, 2020). Historically,
chemical preservatives have played a key role in
preventing foodborne diseases and maintaining food
safety. However, concerns over chemical residues and
antimicrobial resistance have driven interest in natural
alternatives (Davies et al., 2021; Narayana et al., 2024).
Among natural alternatives, curry leaf (Murraya koenigii)
and garlic (Allium sativum) essential oils have gained
significant attention for their strong antibacterial
properties. Curry leaf essential oil, rich in bioactive
compounds such as a-pinene, B-caryophyllene, and
linalool, has shown potent inhibitory effects against S.
aureus by disrupting bacterial cell membranes and
interfering with metabolic processes (Sharma et al., 2022,
Li et al 2021). Similarly, garlic essential oil, which
contains sulfur-rich compounds like allicin and diallyl
disulfide, exhibits strong antimicrobial activity by
targeting bacterial cell walls and enzyme systems, leading
to the inhibition of S. aureus growth (Kumar et al., 2022).
The combined use of these essential oils offers a
promising natural approach to controlling foodborne
pathogens, reducing reliance on chemical preservatives,
and enhancing food safety (Amouei et al., 2021).

The use of probiotics, though more widely recognized
today, has its origins in ancient civilizations that
understood the health benefits of fermented foods.
Probiotics, predominantly sourced from the Lactobacilli
and Bifidobacteria genera, are renowned for their robust
antibacterial properties, mediated through the production
of bacteriocins, hydrogen peroxide, diacetyl, organic
acids, and other inhibitory compounds (Darbandi et al.,
2022; Monika et al., 2021; Salomskiené¢ et al., 2015).
Probiotics and essential oils, with their complementary
mechanisms, offer a synergistic approach to fighting
pathogenic infections a concept that has been utilized in
the production of fermented foods throughout history.
This synergy not only offers therapeutic potential for
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gastrointestinal infections but also holds promise for the
development of flavored fermented products. With
increasing public awareness of natural foods and rising
concerns over microbial resistance to conventional
preservatives, the integration of essential oils containing
probiotics represents a viable strategy for enhancing food
safety. Investigating the synergistic potential of
probiotics and essential oils presents a promising frontier
in combating foodborne pathogens. This study examines
the combined effects of probiotics (Lactobacillus
plantarum, Lactobacillus casei, and Bifidobacterium
bifidum) and essential oils from curry leaf (M. koenigii)
and garlic (A. sativum) against S. aureus, a major
foodborne pathogen. By analyzing their interaction, this
research aims to identify new natural strategies for
improving food safety.

Materials and methods
Essential oils and cultures

Commercially available Essential oils of M. koenigii
(Curry Leaves) and A. Sativum (Garlic) from Ambrosia
Natural Products Pvt. Ltd, New Delhi, India were used.
They were produced by steam distillation and stored at 4
°C until the analysis. L. casei (ATCC 12116) and S. aureus
(ATCC 5345) were obtained from the National Collection
of Industrial Microorganisms, Pune, India. Additionally, B.
bifidum (NRRL/ATCC 29521) and L. plantarum
(NRRL/ATCC 8014) were sourced from the Northern
Regional Research Laboratory, part of the Agricultural
Research Service under the United States Department of
Agriculture in the USA.

Culture preparation and maintenance

The following culture media were used in the study:
mannitol salt agar (M118-500G, HiMedia, India),
Lactobacillus MRS Agar Media (M614-500G, HiMedia,
India), Soybean Casein Digestive Medium (SCDM; M011—
500G, HiMedia, India), and muller hinton agar (M173-
100G, HiMedia, India). Cultures of all strains were stored
as stock cultures in soybean casein digestive agar slants at
4 °C (Pan et al., 2023). Prior to their utilization in the
experiments, the pathogenic microorganisms and
probiotics were revived in SCDM broth for use.

Experimental methodology

The experiment was conducted in duplicate to ensure the
reliability and consistency of the results. The experimental
design of tests is shown in Figure 1.
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Figure 1: Experimental design for examining the effects of essential oil on Staphylococcus aureus

Effect of essential oils against S. aureus

The experiment investigated the effects of two essential
oils: M. koenigii (Curry leaves), labeled EOL, and A.
sativum (Garlic), labeled EO2, on S. aureus. A volume of
300 pl of each essential oil (EO1 and EO2) was added to
separate flasks, each containing 100 ml of SCDM culture
medium. A thousands pl of overnight culture of S.
aureus was introduced into each of the flasks containing
the culture medium in suspension with essential oils, EO1
and EO2. The initial cell concentration of S. aureus in the
culture medium post inoculation was estimated using the
culture plate method, which involved serial dilution and
pour plate method, and was designed as the concentration
of S. aureusat zero h. The flasks were subsequently
incubated at 37 °C, and the culture concentration of S.
aureus was estimated from both flasks (each containing
one of the essential oils) at fixed intervals of 24 and 48 h.
The effect of essential oils, EO1 and EO2, on the growth
of S. aureus at specific time intervals were thus determined
as cell concentrations expressed in Colony Forming Units
(CFU)/ml.

Effect of essential oils in the presence of probiotic species

A similar experimental setup, as described earlier, was
used to study the effect of essential oils (EO1 and EO2) in
the presence of three probiotic species: L. plantarum, L.
casei, and B. bifidum. In this setup, both the essential oils
and the probiotic species were added to assess their
combined effect on the growth of S. aureus. For EO1, 300
pl was added to three separate flasks, each containing 100
ml of SCDM. L. casei was inoculated into one set of flasks
at a concentration of 1,000 ul (7.4 CFU/mI). Similarly,
separate sets of three flasks were inoculated with L.
plantarum and B. bifidum at concentrations of 6.9 and 7.6
CFU/ml, respectively. Additionally, 1,000 ul of S. aureus
was introduced into each flask.

A similar setup was prepared to test the combined effect
of the probiotic species with EO2. The flasks were
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incubated at 37 °C, and the culture concentration of S.
aureus was measured at fixed time intervals of 24 and 48
h. The combined effect of the essential oils (EO1 and EO2)
with each probiotic species on the growth of S. aureus was
determined by estimating the cell concentration as
CFU/ml.

Data analysis methodology

In this study, we evaluated the interactions between
probiotics (L. casei, L. plantarum, and B. bifidum) and
essential oils (EO1 and EO2) on the inhibition of S. aureus
growth. Using the Bliss Independence Model, we
calculated the synergy factors for various combinations of
probiotics and essential oil oils at 24 and 48 h. These
results highlight the synergistic effects of combining
probiotics with essential oils in inhibiting S. aureus
growth. The Relative Inhibition (RI) values further
quantify the effectiveness of these combinations. Overall,
our findings can underscore the potential of synergistic
combinations of probiotics and essential oils in enhancing
antimicrobial effects, providing valuable insights for
developing more effective antimicrobial strategies.

Bliss Independence Model

The Bliss Independence Model [R1, R2, and R3] is a
widely recognized approach for assessing the interactions
between two treatments, denoted as A and B. This model
operates on the premise that the effects of these two
treatments are independent and additive when applied
together. The individual effects of treatments A (probiotic)
and B (essential oil) are denoted as E, and Eg, respectively.

The expected combined effect, E,pexp), according to the
Bliss Independence Model, is calculated as:

Eyp(exp) = Ea X Ep (Liu et al., 2018)

The Synergy Factor (SF) is then defined as the ratio of
the observed combined effect (Esg(obs)) tO the expected
combined effect:
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SF = EB(obs) (Alengebawy et al., 2021)

EAB(exp)

Based on the value of the synergy factor, the interaction
between the two treatments can be categorized into three
categories. Firstly, a SF greater than one indicates a
synergistic interaction, where the combined effect of both
treatments exceeds the expected additive effect. This
means their combined impact is greater than the sum of
their individual effects. Secondly, An SF value equal to
one signifies an additive interaction, where the observed
combined effect is exactly what would be expected if the
effects were simply additive, implying no synergy or
antagonism. Conversely, an SF less than one indicates an
antagonistic interaction, where the observed combined
effect is less than the expected additive effect, suggesting
that the combined impact is less than the sum of the
individual effects. Thus, the SF provides a straightforward
metric to assess whether the combined effects of treatments
are synergistic, additive, or antagonistic.

Furthermore, we calculated RI, which measures the
extent to which a treatment inhibits the growth of S. aureus
compared to a control group, providing a quantitative
assessment of the treatment's effectiveness in reducing
bacterial growth.

(Econwror):  effect observed in the control group (no
treatment) and (Egeament): €ffect observed in the treatment

group.
RI is calculated using this formula:
RI=1— Econtrol (Zhao et al., 2014)
Etreatment

This formula expresses the relative reduction in bacterial
growth due to the treatment compared to the untreated
control group. Higher RI indicates greater inhibition of
bacterial growth by the treatment.

Statistical analysis

Each analysis was performed in duplicate, and the
resulting data were recorded as meantStandard Deviation
(SD). statistical significance was determined using a by t-
test with p<0.05. Basic data analysis was conducted using
Microsoft Excel (version 16, 2016), while more advanced
statistical computations, including significance testing,
were performed using Python.

Results and discussion
Effect of probiotic strains on S. aureus

Table 1 shows the concentration of S. aureus as a control
and in the presence of probiotic strains (L. casei, L.
plantarum, and B. bifidum) and essential oils. Compared to
the control sample, the growth of S. aureus was negatively
affected in the presence of L. casei and L. plantarum after
both 24 and 48 h of incubation, while it was positively
influenced by B. bifidum after 48 h. In a previous
experiment, it was observed that the growth of S. aureus is
most inhibited by L. casei compared to L. plantarum and B.
bifidum, likely due to its higher production of antimicrobial
compounds (Parihar et al., 2023). These observations
highlight the effect of probiotics on S. aureus.

Table 1: Concentration of Staphylococcus aureus (Colony Forming Units (CFU)/ml) in the presence of probiotic strains combined with essential oils

of curry leaf and garlic (EO1 and EO2).

Concentration of S. aureus (CFU/ml)

Staphylococcus aureus in the

Presence of Probiotic Strains Treatments without EO EOL EO2
0h 24 h 48 h 24 h 48 h 24 h 48 h
S. aureus 8.45+0.45 8.09+0.51 7.2+0.70° 2.00+0.2°¢ 6.54+0.24°¢ 4.00£0.3°

S. aureus+Lactobacillus casei 7.16+0.71°  7.05+0.46°  8.18+0.67%°  6.75+0.35°  7.9+04° 7.06+0.26°
S. aureus+Lactobacillus plantarum 7.6+041  7.18+0.08°  6.8+0.17° 7.58+0.66°  6.98+0.73°  7.99+0.29°  7.43+0.33°
S.aureus+Bifidobacterium bifidum 8.46+0.06°  856+0.11°  8.32+0.52®  7.66+0.36®  7.54+0.24°  5.45+0.35°
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Values represent the MeanzStandard Deviation (SD). Different superscript letters indicate significant differences (p<0.05) within each column based
on t-test.

Effect of essential oils on S. aureus with and without
probiotic cultures

dynamics of S. aureus over time.

RI and SF of essential oils of curry leaf and garlic (EO1
The effect of curry leaf essential oil and garlic essential and EO2)
oil on S. aureus was evaluated individually as a control and
in the presence of probiotics strains at different time
intervals (24 and 48 h) under different treatment
conditions, as specified in the experimental design. The
recorded measurements represent the mean values obtained
from duplicate experimental setups, providing insights into

each treatment’s effectiveness in influencing the growth

The RI metric assesses the inhibitory effect of a substance
on microbial growth by comparing it to a control sample
(Figure 2). RI values highlight the inhibitory effects of L.
casei, EO1, and their combination on S. aureus. At 24 h, L.
casei exhibited moderate inhibition (R1=0.0888), while EO1
showed a higher RI of 0.1479. The antibacterial activity of
curry leaf oil has been attributed to its bioactive compounds,
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such as carbazole alkaloids, which inhibit Staphylococcus,
Streptococcus, Escherichia coli, and Proteus (Patil et al.,
2024). Similarly, Kumar et al. (2022) reported a dose-
dependent antibacterial effect of curry leaf oil against E. coli,
supporting its broad-spectrum antimicrobial activity.
Additionally, tocopherol, beta-carotene, and lutein—
bioactive compounds present in EOl have also been
associated with antibacterial properties (Shahidi et al., 2018).
However, when L. casei was combined with EO1, the
inhibitory effect was significantly reduced (R1=0.0154)
compared to EO1 alone, which exhibited a much higher RI
of 0.7528 at 48 h. The combination of L. casei and EO1
resulted in a lower R1 of 0.0606.

According to De Montijo-Prieto et al. (2023), Lactic
Acid Bacteria (LAB), including L. casei, produces
enzymes that modify or degrade essential oils’ bioactive
compounds. LAB is known to hydrolyze glycosidic bonds
and decarboxylate certain compounds, leading to the
transformation ~ of  phenolic  compounds  during
fermentation. This enzymatic activity may metabolize
alkaloids, phenolic compounds, and other antimicrobial
constituents, potentially reducing the antibacterial efficacy
of essential oils. The reduction in inhibitory effect when L.
casei and EO1 were combined could be attributed to these
enzymatic modifications, as LAB strains have been
reported to degrade antimicrobial compounds, thereby
reducing their availability for bacterial inhibition (De
Montijo-Prieto et al., 2023).

The SF evaluates interactions between substances, where
values greater than one indicate synergy—meaning their
combined effect exceeds the sum of their individual
effects. The SF at 24 h (0.1501) and 48 h (0.5672) suggests
a synergistic relationship between L. casei and EO1, where
their combined effect exceeded expected contributions,
indicating ~ complementary ~ mechanisms  enhance
antimicrobial activity. While some probiotic-essential oil
combinations  exhibited  synergy, LAB-mediated
degradation of bioactive compounds may have reduced
antibacterial efficacy in certain cases (Figure 3).
Furthermore, LAB strains are known to degrade substances
such as alkylamides and alkaloids from essential oils,
which can influence both antimicrobial properties and
fermentation quality (Li et al., 2021). The co-
administration of curry leaf or garlic essential oils with L.
casei resulted in minimal reduction in S. aureus
concentration compared to the oils alone, suggesting a
complex interaction between the essential oils and
probiotic formulation. Additionally, certain essential oil
components may have inhibitory effects on L. casei at
specific concentrations, further influencing antibacterial
activity.

The RI of L. plantarum and B. bifidum alone was
relatively low, indicating a limited direct antibacterial
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activity. However, when combined with EO1, the RI
increased significantly, suggesting a synergistic interaction.
At 24 h, L. plantarum and EO1 had an SF of 0.1489, while
B. bifidum and EO1 had an SF of 0.1447. By 48 h, these
values increased to 0.4861 and 0.4728, respectively,
reinforcing the idea that certain essential oils can enhance
their antimicrobial efficacy. This is consistent with
previous studies (Amouei et al., 2021), which suggest that
essential oils may act as prebiotics, promoting the growth
and metabolic activity of beneficial probiotics, which in
turn contributes to pathogen inhibition. The increased RI in
combination treatments further indicates that the
interactions between probiotics and essential oils are
complex, with some strains (L. plantarum and B. bifidum)
enhancing antimicrobial effects. Regarding EO2, L. casei
exhibited a moderate inhibitory effect with an Rl of 0.1337
at 24 h, while EO2 alone showed a higher RI of 0.2260.
However, when L. casei was combined with EO2, the RI
dropped significantly to 0.0544 at 24 h, increasing slightly
to 0.0816 at 48 h. This reduction suggests that L. casei may
have influenced EO2's antimicrobial efficacy, potentially
through enzymatic degradation of its bioactive
components. Garlic essential oil demonstrated notable
inhibitory effects on S. aureus in the first 24 h, but this
activity waned over time, likely due to the instability and
degradation of its primary active compound, allicin
(Booyens and Thantsha, 2013). These findings align with
previous studies indicating that allicin's antimicrobial
properties diminish due to oxidative degradation, reducing
its long-term effectiveness. The observed decline in RI
over time suggests that while EO2 has strong initial
antibacterial activity, its instability could limit sustained
efficacy in practical applications. The SF for L. casei and
EO2 at 24 h (0.1669) and 48 h (0.2772) confirmed a
synergistic interaction, where combined effects exceeded
expected outcomes. L. plantarum and B. bifidum also
showed synergistic effects when combined with EO2. At
24 h, the synergy factors for L. plantarum and EO2 were
0.1709, while for B. bifidum and EO2, it was 0.1469. At 48
h, these values increased to 0.2458 for L. plantarum and
EO2 and 0.1900 for B. bifidum and EO2, further
supporting the increased inhibitory effect observed when
combined with EO2.

These findings underscore the complex interactions
between essential oils and probiotics, where some
combinations enhance antimicrobial efficacy through
synergistic effects, while others, particularly those
involving L. casei, may lead to bioactive compound
degradations, thereby reducing their inhibitory efficacy.
Similarly, L. plantarum and B. bifidum could diminish
essential oil effectiveness, possibly due to the breakdown
of antimicrobial compounds or resource competition.
Interestingly, essential oils may also act as prebiotics,
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promoting the growth of beneficial LAB strains like probiotic viability, it may also compromise antibacterial
Lactobacillus (Amouei et al., 2021). While this supports activity against pathogens.
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Figure 2: Relative Inhibition (RI) in presence of EO1 with and without a) Lactobacillus casei; c) Lactobacillus plantarum; e) Bifidobacterium
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Conclusion

This study demonstrated that essential oils exhibit strong
antibacterial activity against S. aureus, though their
efficacy is influenced by the presence of probiotics.
Notably, curry leaf and garlic essential oils demonstrated
significant inhibition of S. aureus when used alone.
However, their combination with LAB, particularly L.
casei, led to a reduced antibacterial activity, suggesting
potential interactions between LAB enzymes and the
bioactive compounds in essential oils. Conversely,
combining L. plantarum and B. bifidum with essential oils
enhanced antimicrobial effects, indicating a strain-
dependent relationship. These findings underscore the
complexity of probiotic-essential oil interactions, where
certain probiotics may degrade antimicrobial compounds
while others contribute to synergistic effects. While this
study was conducted in culture media, further research is
required to evaluate these interactions in food matrices,
considering factors such as flavor stability, chemical
modifications, and antimicrobial persistence.
Understanding these mechanisms is essential for
optimizing probiotic-essential oil formulations for food
preservation and S. aureus control. In real food systems,
multiple factors such as pH, moisture content, and
interactions with food components can influence
antimicrobial efficacy of probiotics and essential oils.
Therefore, incorporating these bioactive substances into
food formulations requires a careful balance between
maintaining sensory properties (e.g., taste and aroma) and
ensuring their stability during processing and storage.
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