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Abstract

Basil essential oil (BEO) has emerged as a promising natural alternative to antibiotic
growth promoters in poultry production. BEO has shown antimicrobial, antifungal, anti-
coccidial, antioxidant, and insecticidal properties. BEO exhibits broad antimicrobial activ-
ity against Gram-positive and Gram-negative pathogens, and modulates gut microbiota
by decreasing Escherichia coli and Staphylococcus spp. Anticoccidial effects include reduced
oocyst shedding, improved intestinal morphology, and downregulation of pro-inflamma-
tory cytokines. Antifungal activity reduces fungal load and inhibits Aspergillus spp., with
implications for control spoilage and aflatoxin risk. BEO at a concentration of 40 ppm was
effective in preventing E. tenella invasion, showing an average reduction in invasion by
36% in primary chicken epithelial cells. Antioxidant benefits include enhanced intestinal
and systemic antioxidant status. Advanced nanoformulation technologies, particularly
nano-encapsulation, have substantially overcome several limitations for BEO application
in poultry. Further research is still required to assess the efficacy of nano-encapsulated
BEO for enhancing overall poultry industry productivity. This review synthesizes current
evidence on BEO integration in the poultry production sections, from nutrition and dis-
ease control to product preservation and farm hygiene, and evaluates technological solu-
tions that address formulation barriers. Moreover, it discusses critical research gaps and
proposes future directions for enhancing BEO applications in sustainable poultry produc-
tion systems.

Keywords: basil essential oil; poultry; biological activities; Ocimum basilicum L.;
nanoformulations

1. Introduction

Antibiotic growth promoters in poultry diets have been increasingly restricted in re-
cent years owing to food safety, environmental pollution, human health concerns, and
prevention of the development of antibiotic-resistant bacteria [1]. Consequently, animal
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scientists and producers have explored alternative strategies to enhance growth, improve
meat quality, promote animal health, and safeguard human health.

Essential oils (EOs), the principal aromatic components found in herbs and spices,
serve as natural substitutes for antibiotic growth stimulants in poultry feed owing to their
antibacterial, antifungal, antiparasitic, and antiviral activities [2,3].

Integrating EOs into poultry diets presents an environmentally friendly and econom-
ical approach to improve food and nutrition security while promoting consumer health
[4,5]. Moreover, EOs have long been used and investigated as potential antimicrobial
agents, possibly mediated through complex and multifaceted mechanisms of action [6].
Experimental evidence suggests that they may contribute to bactericidal, fungicidal, an-
tiparasitic, insecticidal, and virucidal activities; however, the extent of these effects varies
across studies and depends on factors such as chemical composition and experimental
conditions. Additionally, it has also been documented that EOs exhibit food preservation
properties by mitigating harmful bacteria such as Salmonella and Escherichia coli in the
meat and final poultry products [7]. EOs have shown potential in the prevention and con-
trol of zoonotic diseases [3]. Recently, the use of EOs in broiler chickens has gained interest
because they provide additional benefits, such as appetite stimulation, improvement of
digestive enzyme production, and activation of immune responses [5,8-10].

Among the various essential oils used in the poultry sector, basil essential oil derived
from Ocimum basilicum L. has attracted considerable scientific interest. This is largely due
to its abundant phytochemical content, particularly linalool, eugenol, and methyl chavi-
col, which are known for their strong biological effects [11]. The Ocimum genus includes
around 150 species, with sweet basil (Ocimum basilicum) that can be integrated into poultry
production systems to enhance microbiologically safe food products [12].

Although EOs possess valuable bioactive properties, their practical application is
limited by volatility, poor water solubility, low intestinal absorption, and environmental
sensitivity [13]. The integration of nanotechnology with essential oil delivery represents a
significant technological leap to overcome these challenges [14]. Nanoformulation ap-
proaches, such as microencapsulation, nano-emulsions, and nanoparticle-based delivery
systems, have demonstrated the capacity to enhance stability, protect against degradation,
control release, and improve the bioavailability of BEO in the avian gastrointestinal tract
[15,16].

BEO exhibits several distinctive features that distinguish it from commonly studied
essential oils such as oregano and thyme. One of its most notable characteristics is its pro-
nounced chemotype diversity, particularly the presence of linalool, estragole, and citral
chemotypes, which provides a broader chemical variability compared to the relatively
more uniform phenolic profiles (carvacrol and thymol) of oregano and thyme oils [17].
This diversity may contribute to a wider range of biological activities.

Moreover, BEO has shown notable potential in antifungal applications, including the
ability to inhibit both fungal growth and mycotoxin production, in some cases with effi-
cacy exceeding that of certain commercial antifungal agents [18]. While oregano and
thyme essential oils are generally recognized for their broad-spectrum antibacterial activ-
ity, basil oil appears to offer specific advantages in antifungal activity and targeted anti-
microbial effects against selected pathogens [17]. However, the use of this essential oil as
a food preservative is often constrained by sensory limitations because of its strong smell,
which affects the food organoleptic properties negatively [19]. Additionally, the use of
conventional antimicrobial strategies in the food industry is often limited due to concerns
regarding their potential effects on food quality and human health. In this context, encap-
sulation of BEO into yeast cell wall enables the development of edible antimicrobial coat-
ing suspensions for effective pathogen control on real food matrices [20].
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This review critically synthesizes current research on BEO in poultry production, em-
phasizing its applicability across the entire production chain from farm to fork. Unlike
broad reviews on EQOs, it focuses specifically on BEO, integrating evidence on its diverse
biological activities, including anti-inflammatory, antioxidant, antimicrobial, and antifun-
gal effects, making it a promising alternative to antibiotics in poultry production. Despite
its demonstrated benefits, key knowledge gaps remain regarding long-term efficacy,
stress mitigation, productivity outcomes, and toxicity, highlighting the need for a focused
review on BEO in poultry production and industry practices.

2. Chemical Composition and Bioactive Compounds of Basil
Essential Oil

2.1. Major Bioactive Constituents

Basil (Ocimum basilicum L.) (Lamiaceae), known as the king of herbs and sweet basil,
is cultivated worldwide for culinary, industrial, and medicinal purposes [21]. Basil essen-
tial oil is typically extracted from aerial parts of the plant through steam distillation or
hydrodistillation, with yields ranging from 0.5% to 2.0% depending on cultivar, growth
conditions, and extraction methodology [22]. Different parts of the Ocimum basilicum L
plant have essential oils with different compositions. These differences show that the plant
has various chemical types. Quantitative analysis showed that flowers (99.03%) contained
the highest essential oil concentration, followed by stems (97.66%), and leaves (95.04%)
[23]. Linalool, a monoterpene alcohol, typically constitutes the predominant component
in sweet basil chemotypes, ranging from 40% to 70% of total oil composition. Other sig-
nificant constituents include methyl chavicol (estragole), eugenol, 1,8-cineole, and various
compounds, may also be present in significant concentrations [23-25]. This chemical di-
versity contributes to the broad-spectrum biological activities observed in BEO applica-
tions.

2.2. Chemotypes Diversity

Basil (Ocimum basilicum L.) exhibits significant genotypic variability in essential oil
production, resulting in distinct chemotypes with different chemical compositions. This
variability in volatile and aromatic compounds is associated with diverse potential effects
in poultry production, particularly in meat preservation and quality enhancement. Tar-
geted selection of specific chemotypes can optimize functional benefits in poultry prod-
ucts; for example, Chemotype 2 has demonstrated validated effectiveness as a natural pre-
servative for chicken meat [26]. This chemical diversity provides poultry producers with
multiple options for natural preservation and quality enhancement, enabling selection
based on specific production needs and desired flavor profiles. Moreover, the extraction
technique plays a critical role in shaping the phenolic profile of the extracts [27]. Interest-
ingly, Basil cultivars have different chemotypes based on their phenolic acid profiles, with
cultivars high in caffeic acid forming a distinct cluster with the highest total phenolic con-
tent and strongest antioxidant properties [28]. The rich composition of phenolic and vol-
atile compounds highlights the potential of basil extracts as valuable natural antioxidants
and antimicrobial agents [27].

The chemical composition of BEO is highly variable and influenced by multiple fac-
tors, including genetic background, extraction methods [19], environmental conditions
such as seasonal variation and growing region [29], cultivation conditions, plant growth
stages [30], and variations across different cultivars [29,31] (see Supplementary Table S1).
Understanding the phytochemical profile is essential for standardization and quality con-
trol in commercial applications, as variations in composition can significantly affect effi-
cacy and consistency of biological outcomes [29,32].

https://doi.org/10.3390/agriculture16080869



Agriculture 2026, 16, 869

4 of 24

3. The Antimicrobial Activities of Basil Essential Oil
3.1. Modulation of Gut Microbiota

Gut microflora significantly influences host immunity, health, and growth perfor-
mance through complex interactions with nutrient utilization and the development of the
host’s gastrointestinal system [33]. Consequently, alternative strategies have focused on
inhibiting the proliferation of pathogenic bacteria and modulating the composition of in-
digenous microbiota to enhance the health, immune function, and overall performance
[34]. Recent studies have explored the antimicrobial activity of BEO against common poul-
try pathogens [35-37]. The antimicrobial spectrum of BEO extends to both Gram-positive
and Gram-negative bacteria. It enhances the gut microbiome and may indirectly augment
immune system function through the elimination of pathogenic microorganisms, as it re-
duces the population of E. coli, while promoting the growth of Lactobacillus spp. and
demonstrating selective antimicrobial activity [38,39]. The ability to suppress pathogenic
bacteria while enhancing beneficial microbiota represents an important advantage over
broad-spectrum antibiotics that indiscriminately eliminate intestinal bacteria (Figure 1).
In broiler intestines, it reduces harmful bacteria, E. coli and Staphylococcus species, while
enhancing the proliferation of Lactobacillus bacteria [36]. BEO showed variable antibacte-
rial activity depending on plant part and bacterial species. Flower oil exhibited the strong-
est activity against S. aureus, whereas leaf oil showed the weakest effect against E. coli,
indicating greater susceptibility to S. aureus. Overall, flower oil demonstrated higher an-
tibacterial potential than leaf oil [40]. Additionally, coagulase-positive Staphylococcus
species were the most susceptible to the antimicrobial action of the essential oil [41].
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Figure 1. Modulation of Gut Microbiota by Basil Essential Oil.

The broad-spectrum antibacterial activity of BEO against antibiotic-resistant Salmo-
nella species isolated from poultry farms addresses a critical concern for food safety and
public health [42]. Salmonella contamination in poultry products represents a leading
cause of foodborne illness, and the emergence of antibiotic-resistant strains has compli-
cated control efforts [43].

Several studies have investigated the use of essential oils to prevent necrotic enteritis,
a devastating disease caused by Clostridium perfringens [44,45]. The synergy of antimicro-
bial properties and intestinal health benefits provides robust defense against enteric dis-
eases, which lead to substantial economic losses in poultry farming [46]. Research on the
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use of BEO for controlling enteric infections in poultry, whether alone or in combination
with organic acids, probiotics, or prebiotics, remains limited, despite its well-documented
antimicrobial activity.

3.2. Anticoccidial Properties

Coccidiosis, caused by Eimeria species, represents one of the most economically sig-
nificant parasitic diseases in poultry production, with global economic losses. Research
suggests that BEO and other phytogenic compounds demonstrate anticoccidial activity
through various mechanisms, such as antimicrobial effects, immune modulation, and en-
hancement of intestinal integrity. Studies have shown that BEO can reduce oocyst shed-
ding, improve gut morphology, and regulate inflammatory cytokines, thereby highlight-
ing the potential of plant-derived extracts to bolster host resistance against Eimeria infec-
tions [47-49].

BEO has shown the potential to prevent and treat coccidial infection in broilers at
different dosages [50]. Moreover, BEO, along with its bioactive constituent linalool, has
been found to effectively reduce sporozoite invasion and change the morphology of spo-
rozoites [51]. The mechanisms of anticoccidial action involve multiple pathways. Scan-
ning electron microscopy revealed that BEO induced morphological anomalies in E. ten-
ella sporozoites, characterized by a reduction in area, perimeter, and length [51]. These
structural alterations likely compromise sporozoite viability and invasive capacity, con-
tributing to reduced infection establishment.

The immunomodulatory effects of BEO, which significantly reduced the expression
of pro-inflammatory cytokines (IL-8, IL-1p, IL-6) in infected chicken epithelial cells [51].
This anti-inflammatory action may protect against immunopathology associated with coc-
cidial infection, which contributes substantially to production losses even when parasite
loads are controlled.

BEO and ionophores differ fundamentally in their mechanisms of action, antimicro-
bial spectrum, and practical applications. Ionophores act specifically against coccidian
parasites by disrupting ion homeostasis, providing predictable efficacy, consistent dosing,
and relatively low cost, although they exhibit limited antibacterial activity [52,53]. Evi-
dence consistently indicates that ionophores remain superior in terms of anticoccidial ef-
ficacy, cost-effectiveness, and performance under high challenge pressure, particularly in
conventional production systems. In contrast, BEO exhibits broad-spectrum antimicrobial
activity against bacteria, fungi, and parasites, in addition to modulating host immunity
and oxidative stress [38]. It also offers practical advantages, including the absence of with-
drawal periods, compatibility with organic and antibiotic-free production systems, and a
lower likelihood of resistance development. However, its efficacy may vary due to differ-
ences in chemical composition, production conditions, and storage stability, and it is as-
sociated with higher inclusion costs compared to ionophores [54]. The optimal choice de-
pends on production system goals, regulatory constraints, and market positioning, with
emerging evidence supporting strategic rotation or combination approaches.

Overall, ionophores remain the most economically efficient option for conventional
producers targeting commodity markets. In contrast, BEO represents a viable alternative
for producers aiming to access premium markets, where its functional and regulatory ad-
vantages may offset higher costs. Therefore, the selection between these strategies should
be guided by production goals, disease pressure, regulatory requirements, and market
positioning, with emerging evidence supporting the potential use of integrated or rota-
tional approaches.

Accordingly, the available literature indicates that critical knowledge gaps remain,
particularly regarding long-term commercial efficacy, optimal dosing strategies, and the
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effectiveness of BEO against different Eimeria species. Most research has focused on spe-
cific broiler strains or single Eimeria species, limiting its applicability to commercial poul-
try production systems characterized by diverse breeds and mixed infections. Further re-
search is required to establish standardized application protocols and assess economic
feasibility, thereby supporting its practical adoption in commercial broiler production and
enabling more precise recommendations.

3.3. Anti-Fungal Properties

The antifungal properties of BEO are primarily attributed to its main components,
particularly methyl eugenol. High concentration of methyl eugenol demonstrates signifi-
cant antifungal activity against dermatophytes, filamentous fungi, and yeasts [55]. BEO at
0.5 g/kg feed significantly reduced the total fungal load in the Japanese quail [31]. Com-
parative studies have evaluated BEOs of three species of Ocimum, estragole (methyl chav-
icol rich species) mainly accounts for its strong antifungal and anti-aflatoxigenic activity
against Aspergillus flavus, making it a potential natural food preservative [35,56]. BEO
demonstrated strong inhibitory activity against various Aspergillus species and is recom-
mended as a natural, eco-friendly antimicrobial in poultry food to inhibit fungal growth
and aflatoxin production [33-35]. Further studies are needed to evaluate the efficacy of
BEO against a broader range of fungal species under various environmental conditions.
Additionally, research should focus on optimizing the formulation and application meth-
ods of these oils for their practical use in food preservation and storage. The potential
synergistic effects of combining BEO with other natural antifungal agents should also be
explored to enhance their overall effectiveness in controlling fungal contamination.

BEO components such as linalool, eugenol, and methyl chavicol can either work to-
gether or function separately to disrupt cell membranes, inhibit critical fungal enzymes,
and interfere with various cellular activities, such as energy production, by inhibiting ATP
synthesis (Figure 2). Additionally, these components can coagulate cellular contents, lead
to cytoplasmic leakage, and ultimately result in cell death through apoptosis or necrosis
[57,58]. Targeting multiple sites at once decreases the chances of resistance developing,
compared to single-target antimicrobials, representing a significant advantage for long-
term sustainability.

Mode of action of Basil Essential oil against Fungi

Methyl eugenol
1-Disrubtion of fungal o
cell membrane i

|:> 5-Inhibition of energy
lncresaed. me‘wbrane [ ) production/ATP
permiability .
synthesis
) L4
L€
2-Coagulation of cellul <.% s %'“
contents @ = .‘@
3-Inhibition of mycotoxins 4-Leakage of intercellular
production components
O
v aOn .
- LR

,
:

Figure 2. Antifungal Mechanisms of Basil Essential Oil “Adapted from Maurya et al. [59], CC BY
4.0”. BEO exhibits antifungal activity by targeting multiple cellular sites. It disrupts the fungal
plasma membrane, leading to loss of membrane integrity. It also affects mitochondrial activity by

reducing membrane potential and ATP production, resulting in energy depletion. Additionally,
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basil essential oil induces DNA/RNA damage and alters gene expression, interfering with cell cycle
progression and fungal growth. These combined effects ultimately lead to growth inhibition and
cell death.

3.4. Mechanisms of Antimicrobial Action

BEO exhibits antimicrobial properties through various mechanisms that result in a
broad-spectrum activity. The primary mechanism involves disrupting the integrity of mi-
crobial cell membranes through the interaction of lipophilic BEO components with mem-
brane lipids [12]. As a result of this interaction, the membrane becomes more permeable,
causing cellular contents to leak out, disrupting ion gradients, and eventually leading to
cell death.

Linalool, the predominant component in most BEO chemotypes, a fragrant monoter-
pene alcohol commonly identified as a key antimicrobial agent. It is found in household
cleaners, food additives, and exhibits significant inhibitory effects on resistant strains of
Staphylococcus, Enterococcus, and Pseudomonas [60]. The hydroxyl group in linalool’s struc-
ture contributes to its antimicrobial activity through interaction with membrane proteins
and disruption of cell membranes [61].

Secondary mechanisms through which linalool has demonstrated antibacterial activ-
ity against both Gram-negative and Gram-positive bacteria include interference with mi-
crobial metabolism and enzymatic systems [62]. Studies have suggested that linalool can
become a preservative of food by destroying the cell membrane, reducing the membrane
potential (MP), causing leakage of alkaline phosphatase [63], destroying the cell structure
and expelling the cytoplasmic content (DNA, RNA, and proteins), resulting in bacterial
cell death [64-66].

Its activity was tested in vitro against E. coli and S. aureus, showing promising anti-
adherence effects against S. aureus without any diffusion of linalool [67]. This indicates the
potential of linalool as a natural preservative and eco-friendly method for disinfecting
poultry farms and processing units as shown in Table 1. Besides possible reduction or
elimination of enteropathogens, linalool might also protect feed from spoilage by insects
or fungi, and reduce insect infestation in the poultry house [11].

Table 1. Applications of Linalool in Poultry Production.

Form Used Target Organism Applications References
Covalently immobilized in UV-

Poultry equipment coatings,

cured thiol-ene polymer network 5. aureus, E. coli— disinfection processing units 1671
Free linalool blended with essen- S. aureus, E. coli, v Synergistic and additive enhancement against [68]
tial oils P. aeruginosa bacteria and fungi

. ) v" Food preservation
Free linalool P. aeruginosa v Shelf life extension [64,69]
linalool vapor E. coli v" Egg fumigation [66]
Free linalool S. putrefaciens v" Food preservation [65]

Additionally, BEO is rich in phenolic compounds, which are effective in preventing
bacterial proliferation. These compounds affect microorganisms through several mecha-
nisms, including modification of microbial cell membrane permeability. Finally, they may
attach to enzymes and inhibit their activity [70].

4. Antioxidant Properties of Basil Essential Oil

Oxidative stress arises from an imbalance between the generation of reactive oxygen
species (ROS) and the effectiveness of antioxidant defenses. Long-term oxidative stress
can lead to tissue deterioration because it produces free radicals and peroxides, which
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negatively affect several organ systems, including intestinal integrity. Both endogenous
and exogenous antioxidants can scavenge free radicals in the gastrointestinal tract [71].
Oxidative stress in poultry production is exacerbated by multiple factors, including high
metabolic rates, intensive production systems, heat stress, and exposure to pathogens and
toxins [2].

Several studies have suggested that BEO may exhibit antioxidant properties and may
contribute to reducing oxidative stress in poultry, a condition associated with reduced
performance, compromised immune function, and increased disease susceptibility
[41,72].

Administration of microencapsulated basil oil enhanced the activity of antioxidant
enzymes in the intestine of broilers by significantly increasing superoxide dismutase [73]
levels, while simultaneously decreasing malondialdehyde (MDA) levels, thereby limiting
lipid peroxidation [15]. In addition to its intestinal effects, BEO supplementation posi-
tively influences systemic antioxidant status, as reflected in blood biochemistry parame-
ters by improving oxidative stress markers [38], indicating that the systemic antioxidant
benefits of BEO complement its local intestinal effects, thereby supporting overall health
and productivity.

Owing to its strong antioxidant capacity, BEO holds considerable promise for appli-
cation throughout the poultry production chain, from farm to fork. When incorporated
into poultry feed as a natural preservative, BEO can improve feed stability during storage
[74]. However, the antioxidant activity of non-encapsulated BEO declines markedly with
prolonged storage, limiting its practical application [16]. However, microencapsulation
effectively overcomes this challenge by protecting the bioactive components of BEO, pre-
serving its antioxidant activity under storage conditions, and ensuring consistent func-
tional efficacy throughout feed manufacturing and extended storage periods [15,75]. Con-
sequently, the ability of microencapsulated BEO to mitigate oxidative stress represents a
significant advantage, particularly under challenging poultry production environments.

The antioxidant mechanisms of BEO involve both direct free radical scavenging by
phenolic compounds and indirect enhancement of endogenous antioxidant defense sys-
tems. BEO has strong antioxidant activity, as evidenced by its capacity to scavenge differ-
ent free radicals and ROS, including significant activities in 1,1-diphenyl-2-picryl-hydra-
zyl (DPPH) radical scavenging, superoxide anion radical scavenging, hydrogen peroxide
scavenging, reducing power, and metal chelation [76]. Beyond these direct effects, BEO
also modulates cellular antioxidant defenses, reducing the expression of genes associated
with oxidative stress and inflammation in stimulated macrophage cells [77], while upreg-
ulating antioxidant-related genes, enhancing total antioxidant capacity, and alleviating
oxidative stress in the intestine [15,78].

Moreover, these antioxidant properties are largely attributed to the rich phytochem-
ical composition of basil. It contains a diverse range of natural compounds, including phe-
nolic substances and polyphenols, such as total phenolics, phenolic acids, and flavonoids
[79]. A strong correlation has been consistently reported between polyphenolic content
and antioxidant capacity [80-82]. It has been proven that the phenolic compounds in basil
extracts have potent antioxidant properties comparable to those of different synthetic an-
tioxidants [76,83]. Extensive studies have shown that different BEO species have high an-
tioxidant activities [40,57,84,85]. Consequently, basil represents a valuable natural source
of antioxidants, offering protective benefits against oxidative damage and stress associ-
ated with inflammatory conditions [77].
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5. Applications of Basil Essential Oil in Poultry Production
5.1. Basil Essential Oil as a Natural Growth Promoter

BEO has been extensively investigated as a phytogenic feed additive in poultry diets,
with applications spanning growth promotion, health enhancement, and antibiotic re-
placement strategies [36,38]. Comparative studies have shown that BEO produced growth
outcomes comparable to the antibiotic growth promoter avilamycin, by modulating intes-
tinal microbiota in broilers [38].

Dietary supplementation with 1.5% basil leaf powder significantly improved the feed
conversion ratio (FCR), enhanced protein metabolism, and upregulated thyroid hor-
mones, demonstrating its efficacy as a natural growth promoter in Japanese quails [86].
While other studies found no significant improvements in growth performance with basil
supplementation [87], others reported enhanced body weight gain and feed conversion
ratios [88,89]. BEO at dosages of 0.3 g/kg and 0.6 g/kg, improved FCR with reduced feed
intake [90], and enhanced nutrient absorption when used with other herbs [91]. Addition-
ally, Multi-essential oil blends incorporating basil have also shown promise, demonstrat-
ing synergistic effects on production performance, meat quality, and intestinal microbiota
in broiler chickens [92]. Such combinations may offer advantages over single essential oils
by providing complementary antimicrobial spectra and multiple modes of action [92].

Supplements derived from plants have exhibited promising outcomes in terms of
growth performance, reduction in pathogens in the digestive system, and increased villus
height in the small intestine [93]. Supplementing the diets of growing quail with 0.25 g/kg
of BEO enhanced growth performance [94]. Adding 0.5% sweet basil plant improved
broiler performance by increasing the expression of growth hormones, which directly in-
creased live body weight gain significantly and improved FCR [95].

In summary, BEO promotes poultry growth through multiple mechanisms that im-
prove their health and production efficiency, as shown in Table 2. It can enhance nutrient
digestibility by improving intestinal morphology, increasing villus height and surface
area, and preserving intestinal integrity [15]. These improvements expand the gut absorp-
tive capacity and support digestive enzyme activity, leading to more efficient feed utiliza-
tion. BEO may play a role in enhancing nutrient utilization through antimicrobial effects,
suppressing pathogenic bacteria while supporting beneficial microbiota, which reduces
competition for nutrients and limits the energy diverted to immune responses [36].

The modulation of the gut microbiota is critical, as BEO can promote beneficial bac-
teria while inhibiting pathogens, creating a favorable intestinal environment that supports
nutrient metabolism and immune system development. Furthermore, antioxidant prop-
erties of BEO protect the intestinal epithelium from oxidative damage, preserve intestinal
function, and maintain nutrient absorption. Its systemic effects help mitigate chronic in-
flammation and oxidative stress, which can impair feed intake and growth efficiency. The
integration of these mechanisms improve nutrient digestibility, microbiota modulation,
and antioxidant protection, and metabolic regulation enables BEO to enhance poultry
health and performance, making it a potential natural alternative to antibiotic growth pro-
moters, as shown in Table 3.
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Table 2. Basil Essential oil as a natural feed additive/growth promoter in poultry diet.

Essential oil Form Species Age Dosage The Main Findings Reference
v || E. coli, Coliforms, and staphylococci
Basil, Thyme and Sage Essential . Broiler chicks V' 11 Lactobacilli count.
Oils Oil (500 Cobb) 12 days old 05 g/ks feed v' 11 the antioxidant capacity [36]
v' 11 Total polyphenols content in the meat
. . v' || E. coli number (at a higher dose).
. . . . Broiler chicks . )
Basil (Ocimum basilicum) Oil . . one day old chick 0.2,0.4, and 0.6 g/kg feedv" 11 Improve carcass quality [38]
(Arian strain) .
v' || Abdominal fat content (at a lower dose).
v ;
Broiler chicks 10:and 20 g/kg of pow- v ﬁ g{fz)l:{)::l(l::ze;:cll (I:Soitryllti
Basil (Ocimum basilicum) Oil one day old chick  der, in addition to 0.5 T [96]
(Cobb-500) nd 1 g/ke of ol v Improve carcass quality
? BREOTO v Improves dressing % + || abdominal fat
" . -
' ' y ’ ‘ ‘ one-day-old female 0.5 g/kg feed (free or mi- Not affect Lactobacillus spp. and E: coli. .
Basil (Ocimum basilicum) Oil Broiler chicks . v' Improve growth performance by improving [15]
broilers (Ross 308) croencapsulate) .
histomorphology
v' Improve growth performance
Two lines of v' 11 BW and BWG.
Basil (Ocimum basilicum) Oil quails (Coturnix one-day-old chicks 0.25and 0.5 g/kg feed v 11 Feed intake and 11 FCR. [94]
coturnix), v" Improve carcass weight
v' ||} E. coli+ 117 Lactobacillus spp.
v || Feed intake and 11 FCR
v .
Basil leaves (Ocimum basilicum) Leaf powder Japanese quail  9-day-old chicks 5,10 and 15 g/kg feed ' Thyroid hormone %evels (13 and. ) [86]
v Improve carcass quality and quantity
v’ 11 carcass weight + | | abdominal fat
Basil leaves (Ocimum basilicum) Leaf powder Japanese quail One-day-old chicks 3, 6,10 g/kg feed 11 FCR [97]
Basil (Ocimum basilicum) Seeds Broiler Chicks One day-old chicks 3 g/kg feed 111 body weight [89]

11: Increased; 111: Significantly increased; | |: Decreased; | ||: Significantly decreased.
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Table 3. Antioxidant and immunomodulatory effects of basil essential oil in poultry.

Essential Oil The Form The Dose Species The main effect Reference
Microencapsulated basil . . . 11 SOD
5glkgf Broiler chick 1
(Ocimunm basilicum) Oil 0.5 g/kg feed roiler chicks 1L MDA [15]
. ) . . . . 11 MDA
. 78
Basil (Ocimum basilicum) Oil 0.4 g/kg feed Broiler chicks 11 Total antioxidant capacity [78]
. . Broiler chicks 11 Enhance the immune status
98
Basil (Ocimum sanctum) Leaf powder 5 g and 10 g/kg feed (One-day-old) t1 T-cell-mediated immune response [98]
11 Immunological parameters:
Basil (Ocimum basilicum) Oil 0.5 g and 1 gm/kg feed Broiler chicks 11 Globulin, y-globulin, IgM, IgG, and interleukins [96]
11 Glutathione (GSH), glutathione peroxidase (GPX), SOD
Innate Immune Response
11 Phagocytic activity of peripheral blood monocytes
. ‘ N Broiler chicks TTSerun.l lysozyme levels .
Basil (Ocimum basilicum) Leaf powder 5 and 10 g/kg of feed 11 Relative weights of lymphoid organs [99]
(One-day old) .
Adaptive Immune Response:
11 antibody titers
11 Catalase (CAT) activity & || MDA
Basil (Ocimum basilicum) Seed 3 and 6 g/kg feed Broiler chicks 11 Antibody titers agams.t Newcastle. (.ilsease virus (NDV) and infec- [100]
tious bronchitis (IB).
Basil (Ocimum gratissimum) Leaf powder 1,5, 10, 20 g/kg feed =~ White Roman geese 11 Enhance humoral immune response [101]

11: Increased; 111: Significantly increased; | |: Decreased; | ||: Significantly decreased.
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5.2. Enhancing Meat Quality with Basil Essential Oil

Essential oils have demonstrated potential as inhibitors of foodborne pathogens, en-
hancers of shelf life, promoters of texture, and agents to improve organoleptic properties.
Owing to their multifaceted applications, they have been suggested to have potential as
food preservatives [102]. BEO, which is abundant in polyphenols [35,79], significantly en-
hances meat quality through various mechanisms. Its potent antioxidant properties in-
crease the oxidative stability of meat products [36]. The inclusion of basil leaf powder in
quail diets resulted in improved meat sensory traits (color/texture) and overall accepta-
bility scores compared to the control group [86]. Additionally, supplementation with 0.2
g/kg BEO reduced abdominal fat deposition while modulating serum lipid profiles, in-
cluding LDL, HDL, and total cholesterol levels [38,89]. These lipid-modulating effects sug-
gest that BEO may improve meat fatty acid profiles by increasing stable unsaturated fatty
acids while reducing oxidation-prone lipids. These results serve to prolong the shelf life
and preserve the sensory characteristics of poultry products. BEO alone or in combination
with rosemary essential oil significantly inhibits Salmonella Enteritidis growth in chicken
meat and has a protective effect against meat spoilage at 4 °C standard chilling tempera-
ture to slow down microbial growth and extend the shelf life of meat [103].

Furthermore, BEO exhibits hypolipidemic effects, contributing to a reduction in ab-
dominal fat and serum cholesterol levels [81,89,104]. These attributes highlight its effec-
tiveness as a natural preservative capable of maintaining flavor, minimizing spoilage, and
mitigating oxidative rancidity. Consequently, BEO exhibits high potential to be used as a
viable, natural alternative to synthetic additives in meat preservation owing to its antibac-
terial activity, as it has a positive influence on reducing the count of S. aureus until two
weeks of sausage storage [105]. Recent research has investigated the effectiveness of
chicken sausages [106], nuggets [107], and fillets [108]. Oil has the ability to reduce the
expression of oxidative stress-related genes and increase anti-oxidant capacity [78].

These studies investigated the effect of BEO on the expression of genes related to oxi-
dative stress and found that the expression of genes involved in the NADPH oxidase system
and nitric acid synthase [109] was reduced [15,77,110]. These genes can directly affect meat
quality by affecting lipid oxidation and ROS production, which affect the organoleptic prop-
erties of meat, such as rancidity, color stability, and flavor [78,111-114]. These properties
make BEO a potential candidate for food preservation and functional food production (Fig-
ure 3). Innovative approaches, such as nanoencapsulation and synergistic combinations
with other preservation techniques, are being explored to enhance their efficacy in meat
preservation by controlling bacterial growth and inhibiting pH increase [115-117].
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Figure 3. Antioxidant Role of Basil Essential Oil.
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5.3. Egg Sanitization

Essential oils (EOs) have demonstrated potential as natural sanitizers for hatching
eggs, presenting an alternative to formaldehyde [118]. Additionally, EOs serve as an ef-
fective, natural solution for reducing bacterial contamination of eggshells throughout
storage, enhancing egg safety from farm to hatchery [119]. Research has indicated their
effectiveness in reducing bacterial and fungal contamination of eggshells, thereby enhanc-
ing hatchability [120,121]. Essential oil-based sanitizing sprays can prolong the shelf life
of eggs and ensure their safety for human consumption at room temperature without re-
frigeration [122]. In particular, BEOs have been shown to preserve egg quality and miti-
gate microbial growth [123]. BEO, when utilized in conjunction with cornstarch coatings,
has shown promise in maintaining egg quality during storage [123]. BEOs and their main
chemical components have antibacterial activity against a variety of Gram-negative and
Gram-positive bacteria, mold, and yeast, which render them viable candidates for food
preservation applications [124]. Recent studies have highlighted the potential of essential
oil-based sanitizers to reduce bacterial contamination of the yolk sac in hatching eggs;
with Ocimum basilicum 4.69 mg/mL effectively controls bacterial contamination on hatch-
ing eggs, enhancing hatchability and chick health without adverse effects, which offers a
cost-effective, sustainable alternative to synthetic disinfectants [125].

Considerable attention has been given to the theoretical advantage of EOs in prevent-
ing resistance development; however, this advantage lacks extensive validation in com-
mercial production. Long-term surveillance studies are needed to confirm it. Although
EOs have shown promise as natural sanitizers for hatching eggs, their implementation in
commercial poultry production faces challenges, including bacterial resistance risks,
maintenance of optimal sanitization (time and concentration), and economic feasibility
assessments [118]. Overcoming bacterial resistance by rotating various EOs is recom-
mended, and using combinations of oils can enhance efficacy through synergistic interac-
tions.

5.4. Disinfection of Poultry Housing and Improving Welfare

In poultry farms, bioaerosols suspended in the air, including mold spores, mold frag-
ments, and pathogenic fungi that are responsible for producing mycotoxins, pose a sig-
nificant hazard. Airborne pollutants are key stressors on poultry farms. High suspended
dust and gas in the air lead to the weakening of the immune system by causing inflamma-
tion in the respiratory system and allergic reactions, and facilitate the entry of pathogens
such as endotoxins and microorganisms [126,127]. EOs have emerged as promising alter-
natives to conventional antimicrobials in poultry farming, offering potential benefits in
sanitization and disease prevention. Additionally, aerosol disinfection with essential oil-
based preparations or essential oil mist has been found to reduce microbial pollution in
poultry houses and improve broiler growth [128,129], it is also used as an additive to the
litter to reduce microbial air pollution and bacterial contamination in broiler houses. Basils
are known to have strong insecticidal properties [130,131]. Ocimum basilicum has been sug-
gested to exhibit insecticidal activity against Rhyzopertha dominica, particularly when com-
pared to Sitophilus oryzae, and may contribute to the management of insect populations in
stored grains [132]. EOs derived from certain Ocimum species demonstrate strong larvi-
cidal effects against Aedes albopictus [133]. Accordingly, they can be effectively used as
insect repellents and to control houseflies and mosquitoes because of their bioactive com-
pounds, indicating their potential as natural larvicides. Additionally, BEO has been asso-
ciated with an acaricidal effect against the poultry red mite Dermanyssus gallinae [134].

A clear benefit of essential oil sprays is that they can be used to disinfect poultry
houses in the presence of poultry, which is considered safer than synthetic chemical prod-
ucts [129]. For example, adding linalool to poultry feed or bedding could address several
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challenges faced by the poultry industry. In addition to reducing or eliminating entero-
pathogens, linalool might also protect feed from spoilage by insects or fungi and decrease
insect infestations in poultry houses [9]. Integrating EOs into poultry farming practices,
including sanitizing poultry houses, poultry, and hatching eggs, can contribute to the pro-
duction of microbiologically safe eggs and improve overall farm hygiene [30]. However,
further research is needed to optimize dosages and evaluate economic feasibility [130].
Research on the use of EOs, particularly BEO, for aerosol disinfection is limited, and their
potential impact on reducing mycotoxins, a significant issue in poultry farming, remains
uncertain. Overall, BEO offers a multifaceted approach to enhance poultry house saniti-
zation and bird health.

6. Microencapsulation of Basil Essential Oil and Its
Industrial Applications

EOs are susceptible to degradation when exposed to heat, acids, oxygen, or light.
Microencapsulation is a technological approach for safeguarding the active components
during processing and storage [135]. This process produces capsules by capturing active
compounds within one or more types of wall material to form small capsules (Table 4,
Figure 4). The core material is protected from chemical and physical reactions, thus pre-
serving its biological and physicochemical properties [117]. In the poultry sector, encap-
sulation technology can enhance the stability, bioavailability, and controlled release of ac-
tive ingredients, thereby increasing their effectiveness as feed additives [15]. In food
preservation, encapsulating BEO may increase its potential as a natural preservative for
meat products by improving their safety (reduced pathogens/spoilage), quality (enhanced
pH/lipid stability), and sensory acceptability of meat products during storage [136]. Chi-
tosan films loaded with microencapsulated BEO show great potential as active preserva-
tive packaging, effectively extending shelf life by inhibiting bacterial growth and main-
taining an optimum pH level [117]. However, there is limited research on the use of mi-
croencapsulated BEO in processed and refrigerated chicken products.

BEO nanocapsules can enhance the antioxidant and antibacterial activities and en-
capsulation efficiency under various storage conditions. This enhancement aids in mini-
mizing issues, such as food spoilage and foodborne diseases, which pose significant risks
to human health; however, their safety in food production requires careful evaluation.
Regulatory frameworks are still evolving, necessitating robust safety data for approval
and consumer acceptance. Additionally. Comprehensive cost-benefit analyses are there-
fore essential to guide practical implementation (Figure 4).
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Figure 4. Encapsulation Methods, Applications and Limitations of Basil Essential Oil.

Table 4. Encapsulation strategies and applications of basil essential oil.

E lati
Essential Oil Wall Materials neapsulation Outcomes Applications Reference
Method
Native gums
(locust seed gum,
B.asil essential lt.entil protein, len- Freeze-drying . ™ antiox.idar.lt activity Natural antioxidant ~ [137]
oil til Nano encapsulation || the oxidation process
protein/locust
seed gum)
Basil essential Chitosan Emulsion and Strong antibacterial .
. . - . . . Food packaging [138]
oil nanoparticles ionic gelation against E. coli and S. aureus
Protection from physical
Holy basil es- . Simple and chemical degradation Extended shelf life
A Gelatin . . [139]
sential oil coacervation caused by oxygen, light, (60 °C for 49 days)
moisture, and heat.
. . . Sodium alginate, . .
Basil tial I lat ffi-
a SIessential g dium caseinate, Spray drying mprove encapsuiation e gy tended shelf life [140]
oil . ciency
maltodextrin
. . . . 11 Encapsulation .
Basil essential Pectin/casein Complex .. Food preservation
oil biopolymers coacervation Efficiency (93.10%) Food processin [141]
POty 111 Thermal stability p &
Basil Essential Alginic acid Vibration 11 Encapsulation .
F 117
Oil sodium salt technology Efficiency (87%) ood packaging [117]
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Basil Essential Maltodextrin/gum

11| bacterial counts,

oil arabic (1:1) Freeze-drying +1mpr0Yed sensory Food preservation [136]
properties
. . . . 111 Encapsulation Antibacterial activity
Basil Essential th
asil Essential Gum wi Spray drying Efficiency (96.46-97.22%) (60 °C storage condi- [142]

Oil

dextrin

Oil in water emulsion , . ) . )
Antibacterial activity tion)

11: Increased; 111: Highly increased; | |: Decreased; | ||: Significantly decreased.

7. Conclusions and Future Perspectives

Despite its beneficial bioactive properties, the direct application of free basil essential
oil (BEO) in poultry feed presents several challenges. BEO is highly volatile and prone to
oxidation, leading to rapid degradation and loss of efficacy when exposed to air, light, or
high temperatures during feed processing and storage. This instability significantly re-
duces its efficacy as a feed additive. In addition, BEO exhibits low water solubility and
poor bioavailability, which limit its absorption in the gastrointestinal tract and compro-
mise its biological effectiveness.

Dosage optimization remains a critical concern; low inclusion levels may be insulffi-
cient to elicit biological responses, while higher doses can induce toxicity, reduce palata-
bility, and negatively affect growth performance and feed intake. Moreover, interactions
between BEO and other feed components may influence its stability and efficacy, yet these
interactions are not well characterized. These limitations highlight the need for advanced
delivery systems, such as nanoencapsulation, to enhance BEO'’s stability, solubility, and
controlled release in poultry nutrition. Although nanoformulation technologies can ad-
dress stability challenges, the associated additional costs may increase overall product
costs; however, enhanced efficacy may result in more favorable cost-benefit ratios. More-
over, the absence of robust economic feasibility assessments constitutes a significant lim-
itation, restricting large-scale application and commercial implementation of these inter-
ventions in broiler production systems.

Future research on BEO should prioritize (1) long-term studies to elucidate the un-
derlying molecular pathways and (2) large-scale field validation under commercial pro-
duction conditions. Additional efforts are needed for (3) dosage optimization and (4) com-
prehensive economic analyses. Further directions include (5) integrating BEO into stress-
mitigation strategies and (6) exploring in ovo injection as a tool for early-life program-
ming. Research should also address (7) the effects of BEO on egg production and (8) the
development of management programs that combine BEO with other natural additives,
probiotics, and prebiotics to achieve synergistic benefits beyond those attainable with in-
dividual interventions. Moreover, BEO may be investigated for (9) enhancing immune
responses during vaccination programs. Finally, (10) rigorous head-to-head comparisons,
well-designed studies directly comparing BEO with standard ionophores under commer-
cial challenge conditions, with comprehensive economic analysis.
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