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   Abstract 

Orange essential oil (OEO), a by-product of the orange processing industry, is attracting 

increasing interest as a sustainable source of bioactive compounds with applications in the food, 

pharmaceutical, and cosmetic sectors, owing to its aromatic, antioxidant, and antimicrobial 

properties. In this study, after characterizing the chemical composition of the Citrus sinensis 

OEO by gas chromatography coupled with mass spectrometry, its antimicrobial activity was 

evaluated against a panel of bacterial strains of high relevance to food safety and public health. 

These included the reference strains Staphylococcus aureus ATCC 25923, Listeria monocytogenes 

CECT 935, Escherichia coli ATCC 25922, three Salmonella enterica strains (CECT 443, CECT 

722, and CECT 7162), and two clinical isolates from swine, L. monocytogenes E1 and S. enterica 

104, representing potential zoonotic transmission routes within the food chain. Antimicrobial 

activity was initially assessed using the disk diffusion method, followed by broth microdilution 

to determine the Minimum Inhibitory Concentration (MIC) and the Minimum Bactericidal 

Concentration (MBC) of the OEO. Limonene was identified as the major component of OEO, 

accounting for 69% of the total oil composition. The OEO exhibited antimicrobial activity against 

S. aureus, both L. monocytogenes strains, and S. enterica CECT 443 in disk diffusion assays. 

OEO MIC values were 8 µL/mL for S. aureus, 125 µL/mL for both L. monocytogenes strains, and 

63 µL/mL for S. enterica CECT 443. The MBC was 125 µL/mL for all susceptible strains. These 

results highlight the antimicrobial potential of OEO, particularly against Gram-positive 

pathogens and selected Salmonella strains, including isolates relevant to public health. 

Limonene-rich OEO emerges as a promising natural antimicrobial agent, supporting its potential 

use as a food preservative. Further studies are needed to assess its efficacy under food processing 

and storage conditions. 

Keywords: Orange Essential Oil, Antimicrobial activity, Staphylococcus aureus, Listeria 

monocytogenes, Escherichia coli, Salmonella enterica
 

Citation: Oliveira, M., Quintella, L., Abreu, R., Alves, S., Tavares, L., and Cunha, E. 2026. 

Antimicrobial activity of orange essential oil (Citrus sinensis) against foodborne and zoonotic 

bacterial strains. Ger. J. Microbiol. 6 (3): 59–68. 

https://doi.org/10.51585/gjm.2026.3.0070  

Copyright: © 2026 Authors. Published by GMPC as an open-access article under the terms and 

conditions of the Creative Commons Attribution 4.0 International License (CC BY-NC), which 

allows unrestricted use and distribution in any forums, provided that the original author(s) and 

the copyright owner(s) are credited and the original publication in this journal is cited. 

Introduction 

Food preservation has evolved from ancient 

practices, such as salting, to modern approaches 

that include the use of synthetic preservatives. 

However, the growing demand for safer foods, 

cleaner-label formulations, and more sustainable 

production systems has intensified the search for 

natural antimicrobial compounds that can be 

used in the food industry (Antony and 

Narayanaswamy, 2026). Essential oils have 

attracted considerable attention in this context 

due to their broad range of biological activities, 

including antibacterial and antioxidant 

 

 

 

mailto:evacunha@fmv.ulisboa.pt
https://doi.org/10.51585/gjm.2026.3.00
https://orcid.org/%200000-0002-3910-1525
https://orcid.org/000-0002-5641-4400
https://orcid.org/0000-0001-8063-174X
https://orcid.org/0000-0002-3171-9566
https://orcid.org/0000-0001-8671-6285
https://gmpc-akademie.de/journals/gjm


60  

properties, and their potential application in food 

preservation and active packaging systems (Burt, 

2004; Teixeira et al., 2013; Dima and Dima, 

2015; Chaiwarit et al., 2018; Carpena et al., 

2021). At the same time, the valorization of agro-

industrial by-products has become an important 

strategy for reducing environmental burdens and 

generating value-added ingredients for food and 

pharmaceutical applications (Sharma et al., 

2017).  

Among fruit-processing residues, citrus by-

products are particularly relevant, with orange-

derived residues being especially important given 

the high global production and consumption of 

oranges. A substantial proportion of these fruits 

are processed into juice, generating large 

amounts of peel, pulp, and seed residues rich in 

bioactive compounds, which represent a 

promising raw material for circular and 

sustainable biotechnological applications 

(Sharma et al., 2017; Revathi et al., 2025). 

Orange peel is a major source of essential oil, a 

commercially important product with 

technological potential across the food, cosmetic, 

and pharmaceutical sectors (Revathi et al., 

2025). 

Orange essential oil (OEO), mainly obtained 

from the peel of Citrus sinensis, is characterized 

by a complex mixture of hydrocarbons and 

oxygenated derivatives of terpenoid and 

nonterpenoid that have been associated with 

multiple bioactivities, including antibacterial, 

antifungal, antioxidant, and anti-inflammatory 

effects, thereby stimulated interest in its use as a 

natural preservative and functional ingredient 

(Calo et al., 2015; Bora et al., 2020). In food 

systems, OEO has been explored not only as a 

flavoring compound but also as an antimicrobial 

agent with the potential to improve product shelf 

life and microbiological safety (Burt, 2004; Geraci 

et al., 2017; Chaiwarit et al., 2018; Silva et al., 

2026).  

The antimicrobial activity of essential oils is 

commonly attributed to their hydrophobic 

constituents, which can interact with microbial 

cell envelopes, disturb membrane integrity and 

permeability, alter ion gradients, impair 

enzymatic functions, and ultimately inhibit 

growth or cause cell death. However, the efficacy 

of essential oils is highly variable and depends on 

their chemical composition, concentration, 

extraction method, and the susceptibility of the 

target microorganism, with Gram-negative 

bacteria generally being less susceptible than 

Gram-positive bacteria (Burt, 2004; Teixeira et 

al., 2013).  

From a food safety perspective, the evaluation 

of the inhibitory activity of OEO against major 

foodborne pathogens is highly relevant. 

Salmonella enterica, Escherichia coli, 

Staphylococcus aureus, and Listeria 

monocytogenes remain among the most 

significant bacterial hazards related with food, 

being associated with contamination of raw 

materials, processing environments, and ready-

to-eat products, as well as with foodborne 

outbreaks and severe human diseases (Cota et 

al., 2019; EFSA and ECDC, 2023; Schneider et 

al., 2023).  

Therefore, the present study aimed to evaluate 

the antimicrobial activity of Citrus sinensis 

essential oil against a panel of bacterial strains 

relevant for food safety, including Gram-positive 

and Gram-negative bacteria, to understand its 

potential applicability in the food industry. To 

address this objective, the chemical composition 

of the oil was characterized by gas 

chromatography-mass spectrometry, followed by 

evaluation of its antibacterial activity. By linking 

by-product valorization with food microbiology, 

this study seeks to contribute to the development 

of sustainable natural preservatives for safer food 

systems.  

Material and methods 

Essential oil 

The OEO used in this study was obtained from 

the peel of sweet orange (Citrus sinensis) by cold 

expression and acquired from a commercial 

supplier (Plena Natura, Produtos Naturais Unip. 

Lda, Lisbon, Portugal). Additional information 

can be observed in Supplementary Table 1. 

Gas chromatography-mass spectrometry 

analysis 

The chemical composition of the OEO was 

determined by gas chromatography-mass 

spectrometry (GC-MS). The oil was diluted in 

methanol (1:10,000) and analyzed using a 

Shimadzu GC-MS QP2010 Plus system (Kyoto, 

Japan). Mass spectra was acquired in total ion 

count mode over an m/z range of 35-550 using 

electron impact ionization at 70 eV. Separation 

was performed on a Supelcowax 10 capillary 

column (30 m × 0.25 mm × 0.25 µm; Agilent 

Technologies Inc.) using helium as carrier gas at 
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a flow rate of 1.0 mL/min. The oven temperature 

was initially set at 40°C and held for 8 min, then 

increased at 4°C/min to 220°C and held for 65 

min. The injector temperature was 250°C, while 

the ion source and interface were maintained at 

220°C. Data was processed using LabSolution 

GCMS version 4.11 SU2, and compounds were 

identified by comparison of their mass spectra 

with the NIST2008 mass spectral library. A D-

limonene standard was included in the GC-MS 

analysis. 

Bacterial collection 

Eight strains belonging to four foodborne 

bacterial species were included in the study: E. 

coli ATCC 25922, S. aureus ATCC 25923, L. 

monocytogenes CECT 935, one swine-derived L. 

monocytogenes isolate E1, S. enterica subsp. 

enterica CECT 443, S. enterica subsp. enterica 

CECT 722, S. enterica subsp. enterica CECT 

7162, and one swine-derived S. enterica subsp. 

enterica serotype 4,5,12:i:- isolate (strain 104) 

(Cota et al., 2019).  

Preliminary evaluation of OEO antimicrobial 

activity by disk diffusion 

The antimicrobial activity of OEO was initially 

evaluated against all isolates using a modified 

disk diffusion method adapted from Teixeira et al. 

(2013) and Kachkoul et al. (2023). Bacterial 

suspensions were prepared in sterile NaCl at 

0.9% and adjusted to 0.5 McFarland 

(approximately 1-2 × 108 CFU/mL). Afterwards, 

each suspension was inoculated onto the surface 

of BHI agar plates. Sterile filter paper discs 

(bioMérieux, Marcy l’Étoile, France) were then 

impregnated with 10 µL of OEO and placed onto 

the inoculated agar surface, using two discs per 

plate. Plates were incubated at 37°C for 24 h, 

after which the diameters of the inhibition halos 

observed around the paper discs were measured 

in millimetres. The absence of an inhibition halo 

was interpreted as the absence of antimicrobial 

activity. 

The assays were performed three times on 

independent days.  

The inhibitory effect of dimethyl sulfoxide 

(DMSO, Sigma) was also evaluated at this stage 

to assess its suitability as a solvent for 

subsequent assays. Nisin A (1000 µg/mL; 2.5% 

purity, 1000 IU/mg; Sigma-Aldrich, St. Louis, 

MO, USA) was included as a positive control for 

antimicrobial activity (Cunha et al., 2020).  

Determination of OEO growth inhibition 

curves and minimum inhibitory 

concentration 

Only isolates found to be susceptible in the disk 

diffusion assay were further tested for growth 

inhibition kinetics and for determination of the 

OEO minimum inhibitory concentration (MIC) by 

broth microdilution in 96-well microplates (Li et 

al., 2019). 

For this assay, bacteria were first propagated 

on BHI agar at 37°C for 24 h. Suspensions were 

then prepared in sterile NaCl at 0.9% and 

adjusted to 0.5 McFarland, followed by a 1:100 

dilution in BHI broth to obtain a final inoculum 

with approximately 106 CFU/mL. Microplate 

wells were filled with 50 µL of OEO serially 

diluted in DMSO to obtain final concentrations 

(V/V) of 500, 250, 125, 63, 31, 16, and 8 µL/mL. 

Each test well then received 150 µL of the 

bacterial suspension.  

Each plate included a bacterial growth 

control, a sterility control containing only culture 

medium, a solvent control without bacteria, a 

solvent control with bacteria, a positive 

antimicrobial control containing nisin A (1000 

µg/mL), and OEO-only wells used as blanks for 

background correction. 

Microplates were incubated in the FLUOstar 

OPTIMA microplate reader (BMG LABTECH, 

Ortenberg, Germany), and OD600 was recorded 

every hour for 24 h. MIC was defined as the 

lowest OEO concentration producing more than 

90% inhibition relative to the bacterial growth 

control after 24 h, after subtraction of the 

corresponding blank values from OEO-only wells 

(Miyasaki et al., 2013). 

The assays were performed in triplicate on 

independent days, each with three biological 

replicates per condition.  

Determination of the OEO minimum 

bactericidal concentration 

The minimum bactericidal concentration (MBC) 

of the OEO was determined after MIC testing (Li 

et al., 2019). At the end of the 24 h microdilution 

assay, 5 µL from each test well containing 

bacterial suspension plus the different OEO 

concentrations were inoculated onto the surface 

of BHI agar plates. After incubation at 37°C for 

24 h, plates were visually checked for bacterial 

growth. MBC was defined as the lowest OEO 

concentration resulting in complete absence of 

bacterial growth on BHI agar after incubation. All 
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assays were performed in triplicate on 

independent days with three biological replicates 

per condition. 

Statistical analysis 

Statistical analysis was carried out using 

Microsoft Excel 2016®. Quantitative variables are 

expressed as mean values ± standard deviation. 

The experiments were performed in triplicate and 

on independent days to ensure the 

representativeness and reproducibility of the 

results. 

Results 

Chemical composition of orange essential oil 

GC-MS showed that the OEO composition was 

dominated by D-limonene, which accounted for 

69.08% of the total compounds. Other 

constituents detected at lower proportions 

included D-carvone (4.74%), trans-carveol 

(2.88%), limonene oxide (1.53%), cis-p-menta-

2,8-dien-1-ol (1.27%), trans-p-menta-2,8-dienol 

(1.20%), and 3-tridecen-1-yne (Z) (1.00%) (Figure 

1, Table 1). The remaining compounds were 

present at levels below 1%. Overall, the 

chromatographic profile indicated a limonene-

rich essential oil with a limited number of 

secondary components present in moderate 

abundance. 

 

 

Figure 1: Chromatogram of OEO, showing its chemical composition. Compounds were identified based on their 

mass spectra using the NIST library. 
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Table 1: Chemical composition of the OEO determined by GC-MS analysis. Identified compounds are presented 
with their relative percentages (%) in the total OEO composition and retention times (minutes). 

 

Antimicrobial activity of OEO by disk 

diffusion 

OEO produced inhibition halos on the S. aureus 

ATCC 25923 (12 ± 5.13 mm), L. monocytogenes 

CECT 935 (10 ± 0.0 mm), L. monocytogenes E1 

(10 ± 0.0 mm), and S. enterica CECT 443 (11 ± 

2.52 mm) cultures. In contrast, no inhibition 

halos were detected in the E. coli, S. enterica 

CECT 722, S. enterica 104, and S. enterica CECT 

7162 plates (Table 2). DMSO presented no 

antimicrobial activity.  

OEO Minimum inhibitory concentration and 

growth kinetics 

Only isolates that were susceptible in the disk 

diffusion test were further evaluated by broth 

microdilution. The lowest OEO MIC value 

obtained was for S. aureus, being 8 µL/mL (1:128 

dilution). MIC values for both L. monocytogenes 

isolates were of 125 µL/mL (1:8 dilution), while 

for S. enterica CECT 443 was of 63 µL/mL (1:16 

dilution) (Table 2).  

The 24h growth curves were consistent with 

the MIC data (Figure 2). For all susceptible 

isolates, bacterial growth decreased as OEO 

concentration increased. The most marked 

inhibitory effect was observed for S. aureus, 

whose growth was suppressed at the lowest OEO 

concentration tested. The two L. monocytogenes 

isolates showed inhibition at higher 

concentrations, while S. enterica CECT 443 

displayed an intermediate response profile. 

OEO Minimum Bactericidal Concentration 

OEO presented bactericidal activity against all 

isolates tested in the MIC assays at a 1:4 dilution 

of the original oil preparation, corresponding to a 

concentration of 125 µL/mL (Table 2). 

COMPOUND RETENTION TIME (minutes) PERCENTAGE (%) 

Bicyclo[3.1.0]hexane, 4-methylene-1-(1-

methylethyl)- 3 

11.935 0.22 

beta-Myrcene 14.154 0.50 

D-Limonene 15.549 69.08 

Octanal 19.369 0.23 

Limonene oxide 25.295 1.53 

Decanal 26.781 0.19 

3-Tridecen-1-yne, (Z)- 28.338 1.00 

p-Mentha-1,8-dien-7-ol 28.586 0.58 

trans-p-Mentha-2,8-dienol 30.758 1.20 

cis-p-Mentha-2,8-dien-1-ol 32.020 1.27 

Citral 32.517 0.30 

D-carvone 33.881 4.74 

Perilla aldehyde 35.312 0.27 

p-Mentha-1(7),8-dien-2-ol 35.610 0.23 

1,2-Cyclohexanediol, 1-methyl-4-(1-

methylethenyl)- 

36.128 0.84 

trans-Carveol 36.656 2.88 

2-Cyclohexen-1-one, 3-methyl-6-(1-

methylethenyl)-, (S)- 

36.815 0.37 

cis-Carveol 37.470 1.41 

(4-Isopropenyl-1-cyclohexen-1-yl) methanol 41.053 0.21 

2(5H)-Furanone, 5-methyl- 43.247 0.44 
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Figure 2: Growth curves of the OEO-susceptible bacteria over 24 h of incubation, expressed as optical density 

at 600 nm, measured at 1 h intervals. Bacterial growth was evaluated in the absence (C+: positive control, 

bacterial suspension only) and in the presence of increasing concentrations of OEO (8, 16, 31, 63, 125, 250, 

500 µL/mL). The x-axis represents time (h), and the y-axis represents optical density at 600 nm (OD 600). Data 

are presented as the mean ± standard deviation of three independent experiments performed in triplicate (n = 

9), with error bars representing the standard deviation. (A) S. aureus ATCC 25923; (B) L. monocytogenes CECT 

935; (C) L. monocytogenes E1 (swine isolate); (D) S. enterica CECT 443. 
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Table 2: Summary of the antimicrobial activity of Citrus sinensis essential oil against foodborne bacterial 

strains. 

Legend: ND - not detected; NT - not tested because no inhibition was observed in the preliminary disk diffusion 

assay; MIC - minimum inhibitory concentration; MBC - minimum bactericidal concentration; NS - Not 

susceptible under test conditions. 

Discussion 

Citrus essential oils, commonly derived from peel 

residues, have attracted increasing interest from 

both technological and sustainability 

perspectives, as they combine by-product 

valorization, bioactive properties, and a wide 

range of potential applications (Mahato et al., 

2019). The present study evaluated the potential 

of Citrus sinensis essential oil as a natural 

antibacterial agent for application in the food 

industry. 

The biochemical analysis of the OEO revealed 

that D-limonene was its dominant constituent 

(69.08%). This result is consistent with previous 

reports describing sweet OEOs as being rich in 

monoterpene hydrocarbons, particularly 

limonene (Ferrer et al., 2023; Cruz et al., 2025). 

Nevertheless, considerable variability in 

limonene content has been reported among 

OEOs, ranging from 32% to 98%, which can be 

attributed to differences in cultivation practices, 

geographical origin, extraction methods, storage 

conditions, and analytical procedures (Mahato et 

al., 2019; Cruz et al., 2025). This reinforces the 

importance of characterizing each oil batch 

before biological testing. 

Considering the antimicrobial potential of the 

OEO, a higher inhibition activity was observed 

against Gram-positive bacteria. S. aureus was 

the most susceptible strain, and both L. 

monocytogenes isolates were also inhibited, while 

among the Gram-negative isolates, only S. 

enterica CECT 443 showed susceptibility. The 

greater susceptibility of Gram-positive bacteria 

observed agrees with other reports (Silva et al., 

2026), a pattern commonly attributed to 

structural differences in the bacterial cell wall. In 

Gram-negative organisms, the outer membrane 

acts as an additional barrier that limits the 

penetration of hydrophobic compounds such as 

limonene-rich oils, whereas Gram-positive 

bacteria are more easily exposed at the 

cytoplasmic membrane level (Burt, 2004).  

Within the Gram-positive bacteria, S. aureus 

was the most susceptible isolate, associated with 

the lowest MIC of OEO. Both L. monocytogenes 

isolates were also inhibited, but at higher 

concentrations of the essential oil. This finding is 

in line with Fisher and Phillips (2006) and Anwar 

et al. (2023), who found that citrus oils and some 

of their components were active against several 

foodborne pathogens, including S. aureus and L. 

monocytogenes. Fisher and Phillips (2006) 

reported MIC values ranging from approximately 

2.5 to 10 µL/mL, whereas in the present study 

MIC values ranged from 8 to 125 µL/mL, 

highlighting the variability reported in the 

literature. Such differences are likely related to 

variations in essential oil composition, bacterial 

strains, and antimicrobial susceptibility testing 

protocols. In addition, previous work has shown 

that limonene can damage L. monocytogenes cells 

by disrupting cell integrity and increasing 

membrane permeability, leading to the leakage of 

intracellular constituents and impaired cellular 

function (Han et al., 2020). The behavior 

observed in the present study is therefore 

consistent with the known membrane-targeting 

action of limonene and related essential-oil 

components (Erasto and Viljoen, 2008; 

Hyldgaard et al., 2012), and remains an 

Bacterial species Strain/ 

source 

Inhibition 

zone (mm) 

MIC (µL/mL; 

% v/v) 

MBC (µL/mL; 

% v/v) 

Susceptibility 

S. aureus ATCC 25923 12 ± 5.13 8 (0.8) 125(12.5) Susceptible 

L. monocytogenes CECT 935 10 ± 0.00 125 (12.5) 125(12.5) Susceptible 

L. monocytogenes Swine isolate E1 10 ± 0.00 125 (12.5) 125(12.5) Susceptible 

S. enterica subsp. 

enterica 

CECT 443 11 ± 2.52 63 (6.3) 125(12.5) Susceptible 

E. coli ATCC 25922 ND NT NT NS 

S. enterica subsp. 

enterica 

CECT 722 ND NT NT NS 

S. enterica subsp. 

enterica 

Swine isolate 

104 

ND NT NT NS 

S. enterica subsp. 

enterica 

CECT 7162 ND NT NT NS 
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important finding from a food safety perspective, 

considering that S. aureus is a pathogen capable 

of producing heat-stable enterotoxins associated 

with food poisoning, and that Listeria is also a 

major concern in ready-to-eat foods and food-

processing environments (Li et al., 2019; EFSA 

and ECDC, 2023; Schneider et al., 2023). 

The results obtained for the Gram-negative 

bacteria deserve particular attention. Although 

most Gram-negative isolates were not inhibited 

under the conditions tested, S. enterica CECT 

443 was inhibited. This observation shows that 

Gram-negative bacteria can also be inhibited by 

the OEO. However, susceptibility appears to be 

strain-dependent, possibly due to differences in 

membrane composition, permeability, stress 

response or efflux-related behavior (Hyldgaard et 

al., 2012).  

Another relevant result was the MBC value of 

125 µL/mL obtained for all susceptible isolates. 

Although MIC values varied substantially 

between strains, the bactericidal activity 

converged at the same concentration, being equal 

or higher than the MIC values observed, as 

previously described (Cruz et al., 2025). This 

suggests that OEO may impair bacterial growth 

in a strain-dependent manner at lower 

concentrations but requires a similar higher 

threshold to induce irreversible lethal damage to 

the bacterial strains tested. Such a pattern is 

consistent with the general view that essential 

oils act primarily on membrane integrity, energy 

metabolism, and related cellular functions, with 

the extent of damage depending on both dose and 

microbial target (Burt, 2004). The time-kill 

experiments support this interpretation by 

confirming a concentration-dependent inhibitory 

effect, as the curves showed progressive 

suppression of bacterial multiplication as OEO 

concentration increased. These kinetic data 

provide a more dynamic view of antimicrobial 

activity than the determination of the MIC or 

MBC values alone.  

From an applied perspective, the present 

findings are promising but should be interpreted 

with caution. Although the disk diffusion assay 

is widely used as a screening method, the 

hydrophobic nature of essential oils may limit 

their diffusion through agar, potentially 

underestimating their antimicrobial activity. 

Therefore, the disk diffusion results should be 

interpreted in conjunction with the broth 

microdilution assay, which provides a more 

reliable quantitative assessment of antimicrobial 

activity (Hulankova, 2024).  

In vitro screening is indispensable for 

assessing the antimicrobial potential of natural 

compounds, yet essential oils can have lower 

activity in real food systems than in broth or agar 

assays since their hydrophobic compounds may 

interact with food components. In addition, 

volatility, low solubility, and intense aroma may 

limit the direct incorporation of essential oils at 

bactericidal concentrations in food systems 

(Hyldgaard et al., 2012). These constraints are 

widely recognized and explain the growing 

interest in delivery strategies such as 

encapsulation, coatings, and active packaging to 

improve essential oil stability, dispersion, and 

controlled release in foods (Burt, 2004; Mahato et 

al., 2019).  

The findings of this study reinforce the 

growing relevance of agro-industrial by-products 

as resources within a circular economy 

framework. The demonstrated antimicrobial 

potential of Citrus sinensis essential oil highlights 

its dual role in enhancing food safety while 

contributing to the sustainable valorization of by-

products from the food industry. By integrating 

such natural compounds into preservation 

strategies, it is possible to promote resource 

efficiency and to support more sustainable and 

resilient food systems. Future research should 

continue to explore real-world applications of 

OEO. 

Conclusions 

OEO showed antimicrobial potential against 

selected foodborne bacteria, with greater activity 

against Gram-positive strains. OEO contained a 

high proportion of D-limonene and exhibited 

inhibitory and bactericidal effects against S. 

aureus, L. monocytogenes, and one S. enterica 

strain, supporting its potential as a natural 

antimicrobial agent for food safety applications. 

These findings also reinforce the value of this 

essential oil as a promising by-product ingredient 

in the development of sustainable food 

preservation strategies. Future studies are 

required to evaluate its effectiveness under real 

food processing conditions. 
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