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ABSTRACT: The search for environmentally friendly approaches in viticulture is increasing, driven by the need to
minimize the ecological footprint of conventional methods while ensuring high grape quality and stable yields. Among
the various alternatives explored, essential oils (EOs) have drawn attention due to their natural origin and bioactive
properties, including antimicrobial, antifungal, and insect-repellent effects. They are characterized by numerous
utilisations, from managing diseases and pests in vineyards to post-harvest applications to preserve and prolong storage
duration. This innovative review examines, for the first time, the topic of EOs on viticulture, embracing their multiple
uses and considering their potential influence on key quality indicators such as fruit firmness, total soluble solids,
and phenolic composition. Research findings indicate that EOs can contribute to suppressing fungal development
and pest invasions, thereby reducing post-harvest deterioration. However, their effectiveness is influenced by factors
such as chemical composition, mode of application, and environmental conditions. Although EOs align well with the
principles and broader sustainability goals of integrated pest management (IPM), several obstacles remain, including
issues related to their stability, degradation rate, potential phytotoxic effects, and regulatory constraints. In addition to
the undoubtedly advantageous aspect for the vineyard, the final chapter of this review focuses right on these obstacles,
emphasizing the need to have long-term post-application scientific data on wine organoleptic quality and thus their
presence or absence in the must.

KEYWORDS: Biocontrol agents; fungicide; grapevine; grape and wine quality; natural pesticides; sustainable
viticulture

1 Introduction
Essential oils (EOs) are complex mixtures of volatile compounds obtained from various parts of

aromatic plants through steam distillation or cold pressing. Due to their broad spectrum of biological
activities, they have been widely used in industries such as cosmetics, pharmaceuticals, food preservation,
and agriculture [1]. Their antimicrobial, antifungal, insecticidal, and antioxidant properties have made them
particularly attractive as natural alternatives to synthetic chemicals in different sectors, including sustainable
agriculture [2–4]. Several studies have demonstrated their potential in plant protection, highlighting their
effectiveness as biopesticides, herbicides, and antimicrobial agents in post-harvest management [1,5].

In viticulture, the increasing demand for sustainable and eco-friendly solutions has driven research
toward the use of natural compounds to reduce the environmental impact of conventional practices [6].
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Grapevine growing involves numerous contingencies, including fungal diseases, insect infestations, and
post-harvest spoilage, which would traditionally require preventative or curative chemical treatments at
scheduled intervals [7,8].

For the first time, this review aims to provide a comprehensive overview of the use of essential oils
in viticulture. It explores their bioactive properties, advantages over conventional chemical products, and
their efficacy in controlling key fungal diseases and arthropod pests affecting grapevines. Furthermore,
the review aims to fully embrace the viticultural supply chain, providing an innovative overview of the
impact of EOs both in the vineyard (i.e., grape quality and yield) and post-harvest (i.e., grape conservation).
Comprehensively, it also addresses the limitations associated with the use of these natural products, offering
ideas on where to direct future research. Moreover, this review attempts to highlight existing gaps in the
literature and critically analyze conflicting findings, providing a balanced perspective on the current state of
research on essential oils in viticulture.

2 Essential Oils: Definition and Properties
Essential oils are volatile compounds manufactured by many plant species and involved in their defense

mechanisms against pathogens [9]. The main components of EOs are low molecular weight compounds:
terpenoids, constituted by isoprene units: monoterpenes (two isoprene units), sesquiterpenes (three isoprene
units), and diterpene (four isoprene units), although phenylpropanoids can also be present. However, both
categories included phenolic compounds [10,11]. Additionally, a non-volatile residue, accounting for around
5%–10% of the composition, includes hydrocarbons, fatty acids, waxes, flavonoids, steroids, carotenoids,
sterols, coumarins, and psoralens [12]. Typically, EOs contain over 300 dissimilar compounds [11] but are
mainly constituted by two-three main components, accounting for high concentrations (between 20%–
85%) and other components in traces [13]. For example, rosemary EO’s main components are 1,8-cineole
(43.6%), camphor (12.3%) and α-pinene (7.4%); ginger EO’s main components are β-bisabolene (22.11%),
AR-curcumin (14.5%) and camphene (14.1%); and orange EO’s main component is limonene (91.5%) (Fig. 1).
Terpenes, terpenoids, and phenylpropanoids account for a wide variety of chemical compounds, resulting
in a large variety of EOs properties, depending on the specific composition and the plant from which is
extracted [11].

EOs are typically extracted from different plants through steam distillation or volatile organic sol-
vents [14]. Steam distillation involves mixing plant material with water and heating the system until it boils;
the vapour is then collected and condensed to separate the water from the oil [15]. In contrast, solvent
extraction uses compounds such as ethanol, acetone, or hexane. However, the resulting oil cannot be truly
classified as “essential” due to solvent residues that may compromise its purity [16]. The term “essential oils”
derives from Paracelsus’ concept of “quintessence”, which laid the foundation for future research on EOs;
indeed, the term “essential”, reflects the concept of the most potent part of a substance [17].

The use of EOs dates back to ancient Eastern civilizations, particularly in Egypt, Persia, and India.
However, their true development occurred during the Middle Ages in Europe, thanks to the physician
Arnald de Villanova, who introduced distillation into European medical practices [18]. During the 13th
century, European pharmacies started to produce EOs for medicinal purposes, but a significant development
took place in the 19th century when the production process was industrialized to meet the high demand
for perfumes. During this period, the use of EOs for medical purposes became secondary, as they were
increasingly used as fragrances [19]. During the last 50 years, the interest in EOs has grown, driven by the
need for environmentally friendly agricultural techniques. Monoterpenes, the primary constituents of EOs,
have been explored as control agents against plant phytophagous pests and pathogens [20,21].
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Figure 1: A selection of plants used for essential oil extraction, along with their corresponding key bioactive compounds

2.1 Bioactive Properties of EOs
EOs are considered secondary metabolites in plants. The production of these compounds provides an

evolutionary advantage, allowing plants to defend against pathogens, parasites, and weeds, protect stored
foods, attract animals for pollination and seed dispersal, communicate with other plants, act as antioxidants,
and stimulate soil microorganisms [1,22–25]. The bioactive properties of EOs are largely attributed to their
complex composition and the presence of bioactive volatile compounds [26]. In summary, their properties
can be categorized as antifungal, antibacterial, insecticidal, antioxidant, and plant-strengthening [23,27,28]
(Table 1).

Table 1: A summary of some commonly used EOs in agriculture, summarizing their plant sources, compositions,
agricultural functions, and tested crops

Essential oil Plant source Main
components

Agricultural
function

Tested crops Reference

Rosemary
EO

Rosmarinus
officinalis

α-pinene,
1,8-cineole,

β-pinene, camphor

Fungicidal,
insecticidal activity

Vitis vinifera,
Solanum

lycopersicum

[29–32]

Oregano EO Origanum
vulgare

Carvacrol,
α-terpineol,
p-cymene

Fungicidal,
bactericidal

activity

Vitis vinifera,
Glycine max,

horticultural crops

[33–36]

Thyme EO Thymus
vulgaris

Thymol,
γ-terpinene,

p-cymene

Fungicidal,
bactericidal,

insecticidal activity

Vitis vinifera,
Glycine max,

horticultural crops

[31,33–36]

(Continued)
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Table 1 (continued)

Essential oil Plant source Main
components

Agricultural
function

Tested crops Reference

Lemongrass
EO

Cymbopogon
citratus

Citral
monoterpenes,

myrcene

Fungicidal,
antimicrobial

activity

Vitis vinifera,
cereals, Phaseolus

vulgaris, citrus
fruits

[37–40]

Eucalyptus
EO

Eucalyptus
spp.

Citral, 1,8-cineole,
limonene

Fungicidal,
herbicidal,

antibacterial,
repellent,

insecticidal activity

Vitis vinifera,
Solanum

lycopersicum

[41–44]

Lemon EO Citrus limon Limonene,
β-pinene

Fungicidal,
insecticidal activity

Horticultural crops [31,36]

Orange EO Citrus
sinensis

Limonene,
β-pinene

Insecticidal,
fungicidal activity

Vitis vinifera,
Malus domestica

[31,36,45,46]

Peppermint
EO

Mentha
piperita

Menthone,
limonene

Insecticidal activity Vitis vinifera,
Solanum

lycopersicum

[21,47,48]

Tea tree EO Melaleuca
alternifolia

terpinen-4-ol,
γ-terpinen,

α-terpinen,1,8-
cineole

Bactericidal,
fungicidal activity

Vitis vinifera,
Solanum

lycopersicum,
Hordeum vulgare

[49]

Lemon balm
EO

Melissa
officinalis

α-pinene,
cyclohexanol,

eucalyptol

Bactericidal,
fungicidal,

antiviral activity

Vitis vinifera,
Malus domestica

[50,51]

Cinnamon
EO

Cinnamomum
verum

Cinnamaldehyde,
linalool,

cinnamaldehyde
parametoxy,

eugenol

Fungicidal,
bactericidal

activity

Vitis vinifera,
Solanum

lycopersicum,
Malus domestica

[31,52–54]

Angelica EO Angelica
archangelica

α-pinene,
limonene,

α-phellandrene,
myrcene

Fungicidal activity Vitis vinifera [30,55]

Regarding antimicrobial properties, the exact mechanisms of action are not fully understood. This
is because EOs are composed of numerous components that may act synergistically, making it difficult
to attribute their antimicrobial effects to a single compound [56]. However, studies suggest that EOs can
penetrate bacterial membranes causing cellular dysfunction, while phenolic components alter cell perme-
ability and damage internal structures, ultimately leading to bacterial cell death [57]. Similar mechanisms
are thought to underline their antifungal effects. Overall, the interaction between EOs and microbial cells,
particularly their membranes and mitochondria, seems to be key to their antimicrobial activity [27]. Plant
disease causes around 10%–13% of losses in food production and bacterial infections cause significant losses
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in agricultural production [58]. For this reason, this important EOs property should be emphasized in plant
defense strategies.

Besides the antimicrobial properties, EOs exhibit biostimulant activity for soil bacteria and, conse-
quently, enhance soil metabolism [23]. Indeed, some aromatic plants can be used as soil amendments,
releasing EOs that stimulate microbial communities in the soil [59].

The insecticidal properties of EOs can be attributed to several factors: firstly, some EOs compounds,
such as monoterpenes, are neurotoxic for insects; moreover, some EOs can inhibit cytochrome P450, a
key enzyme in pesticide metabolism, making them effective synergistic agents when used alongside other
insecticides [21]. Additionally, some monoterpenes commonly found in EOs, such as α-pinene, citronellal, or
thymol, also possess repellent properties [60]. With increasing concerns about the health and environmental
risks of chemical insecticides and repellents [61], EOs represent a promising alternative for greener and more
sustainable agriculture.

EOs also demonstrate potential in weed management due to their phytotoxic effects which cause
chlorosis in leaves by reducing chlorophyll, removing the waxy cuticle, depolarizing membranes, and
inhibiting mitosis and respiration [33]. This powerful effect is due to the extraction of terpenoids in their pure
form during the EOs production process, compared to aqueous extract. Terpenoids and phenols, acting as
allelochemicals, are especially effective during sensitive growth stages, such as pre- and post-emergence [62]
(Fig. 2).

Figure 2: Terpenoid biosynthesis pathway (adapted from Ootani et al. [5])

Finally, some EOs show antioxidant activities due to the presence of phenolic compounds, which are
highly reactive with peroxyl radicals [63]. This property is valuable for postharvest preservation, enhancing
oxidative stability [64]. For instance, crops like grapes often face postharvest issues caused by diseases such
as Botrytis cinerea. The use of EOs, both preventively and curatively, offers an alternative strategy to polish
up the quality of the final product [41].
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2.2 Regulatory Framework for EOs in Some Important Viticulture Regions
The regulatory status of EOs in agriculture varies across different regions, reflecting diverse approaches

to their classification, approval, and use.
In the European Union (EU), the regulatory framework for the use of EOs in agriculture is primarily

defined by Regulation (EC) No 1107/2009. According to this regulation, EOs can be exploited as active
ingredients in plant protection products, provided they are approved by the European Food Safety Authority
(EFSA), which evaluates their safety and efficacy [65]. Furthermore, the use of EOs in organic farming is
governed by Regulation (EU) 2018/848 [66].

In the United States (USA), the Environmental Protection Agency (EPA) regulates pesticide products
under the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA). However, some natural substances,
including certain EOs, are classified as “minimum risk pesticides” and listed in 40 CFR 152.25(f). These
products are considered low risk to human and environmental health and are therefore exempt from
the expensive and time-consuming toxicological and environmental tests required for standard pesticide
registration. The list includes several plant-derived oils, such as castor oil, cedar oil, cinnamon oil, citronella
oil, clove oil, eugenol, corn oil, cottonseed oil, garlic oil, geranium oil, geraniol, lemongrass oil, linseed oil,
mint oil, peppermint oil, rosemary oil, soybean oil, and thyme oil [2,67,68].

In Australia, the Australian Pesticides and Veterinary Medicines Authority (APVMA) is responsible for
registering agricultural and veterinary chemical products. Despite their natural origin, EOs are classified as
chemical products and must meet the safety criteria required for agricultural chemical registration. However,
many EOs have a long history of use in Australian agriculture, and in some cases, well-documented evidence
of their safe application can support their approval as agricultural chemical products [69,70].

Overall, while EOs offer promising alternatives to conventional pesticides, their regulatory acceptance
remains a complex process influenced by region-specific legislation. Due to these regulatory barriers, few EO-
based biopesticides are available on the market, except in the USA, where exemptions from registration have
contributed to the development of EO-based products [71]. Continued research and standardized evaluation
criteria will be essential to facilitate their broader adoption in sustainable agriculture.

2.3 Advantages of EOs over Conventional Products
The use of EOs in agriculture offers several benefits when compared to the use of chemical agents.

Indeed, EOs are natural products that generally pose a minimum risk to the environment, due to their
biodegradability [21,72] which reduces the risk of soil and water contamination [73]. In addition, synthetic
chemicals typically rely on a single active component that generates resistance in microorganisms and
pests [74], EOs conversely contain multiple compounds that work synergistically giving a structural complex-
ity to achieve antimicrobial effects. Against insects, in particular, EOs appear to target multiple physiological
systems, thus making it more difficult for insects to develop multiple resistances [21].

The widespread use of chemicals poses an additional risk to the safety of agricultural operators and
consumers. These substances can be inhaled, ingested, or absorbed through the skin, leading to health
issues ranging from dermatological problems to carcinogenic and neurological conditions [75]. In contrast,
EOs offer a safer alternative for reducing health risks. However, despite being natural substances, some
EO components—such as terpenes and phenols—can exhibit toxic, allergenic, or mutagenic properties.
Nevertheless, it was demonstrated that the LD50 (Lethal Dose 50, an indicator of acute toxicity) of EOs are
always higher than the ones of chemical herbicides [76]. To make a comparison, the LD50 of EOs typically
ranges between 1–20 g/kg of body weight, while commonly used copper-based fungicides in vineyards have
LD50 values of 450–878 mg/kg of body weight [25,77]. Additionally, many EOs employed in pest control
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are selectively toxic to arthropods, without posing risks to mammals or fish [25]. Given their numerous
health and environmental benefits, EOs are a valuable tool for IPM programs, warranting further research
and application.

3 Application of EOs in Viticulture

3.1 Control of Fungal Diseases
Diseases such as downy mildew (Plasmopara viticola (Berk. & M.A. Curtis) Berl. & De Toni, 1888) [78]

and gray mold (Botrytis cinerea (Pers., 1794)) [29] are prevalent in vineyards worldwide leading to substantial
economic losses [79]. To combat these diseases, viticulturists often rely heavily on fungicides. However,
this intensive use of fungicides raises environmental concerns and contributes to the developing fungicide-
resistant strains [80].

EOs are effective against fungal pathogens through multiple mechanisms. They can stimulate plant
defense systems, such as the production of secondary metabolites (e.g., resveratrol and/or flavonoids), which
reduce the severity of infections by reinforcing leaf cell walls [37]. For instance, a recent work by Fandino
et al. [81] demonstrated that EOs, such as oregano EO, can modulate key metabolic pathways in plants,
including the phenylpropanoid pathway, and induce oxidative stress responses. This is evidenced by the
upregulation of ROS-related genes, depletion of L-glutathione, and accumulation of organic metabolites like
terpenes and phytoalexins, which may strengthen the plant’s innate immune response to pathogens such as
Plasmopara viticola. Additionally, EOs are lipophilic substances, a property that allows them to interact with
and permeate fungal cell walls and membranes. This interaction disrupts the protective layer composed of
phospholipids, fatty acids, and polysaccharides, increasing cell permeability. The resulting loss of selective
membrane activity, coupled with the inhibition of ATP-mediated H+ efflux, leads to osmotic imbalance and
ultimately causes fungal cell death [82].

3.1.1 Plasmopara Viticola
After the 19th century, the introduction of pathogens from America, such as downy mildew, nicknamed

“the most critical vineyard disease”, posed a serious threat to European viticulture [83]. In conventional and
organic viticulture, copper-based fungicides are widely used to control fungal diseases. However, repeated
application leads to copper accumulation in vineyard soils damaging soil health and biodiversity. Average
concentrations can reach 49.26 mg/kg, significantly higher than the European soil average of 16.85 mg/kg. To
mitigate these effects, the European Union enforces limits on copper use, allowing a maximum of 28 kg/ha
over seven years (4 kg/ha annually) under Regulation (EU) 2018/1981, prompting the need for sustainable
alternatives [84]. EOs have demonstrated promising antifungal activity against P. viticola, particularly during
early infection stages. Although the precise mechanisms remain unclear, they may involve the inhibition
of haustoria formation, disruption of zoospore or mycelium viability, or stimulation of the plant’s defence
system [78].

Rienth et al. [78] continuously vapourised oregano and thyme EOs on grapevine cuttings of Chasselas,
artificially infected with P. viticola in a controlled growth chamber for ten days. At vapour concentrations
of 0.015%–0.023% (oregano) and 0.06%–0.1% (thyme), both EOs reduced disease severity by approximately
98%. However, prolonged exposure (longer than 2 days at such vapour concentration) caused phytotoxic
effects, prompting the authors to test shorter exposure times. When plants were exposed to EO vapours for
only 24 h post-infection, disease severity was reduced by 95%, indicating the potential utility of early-stage
treatments. However, the mode of action remains unclear. Similarly, in a two-year vineyard experiment in
Brazil, Maia et al. [37] tested lemongrass EO on cv. Isabel, applying it weekly to the canopy at concentrations



1054 Phyton-Int J Exp Bot. 2025;94(4)

of 0.5, 1, and 2 mL/L from the beginning of sprouting. In the first year, the three doses reduced the AUDPC
(area under the disease progress curve) by 45%, 48% and 46%, while in the second year, the two higher doses
achieved reductions of 43% and 48%. These outcomes were comparable to standard chemical treatments
(e.g., Bordeaux mixture), highlighting the efficacy of lemongrass EO as a potential alternative. However,
Pedrotti et al. [85] conducted an on-field experiment in Brazil using Eucalyptus staigeriana EO at 0.5 mL/L
dose applied every seven days, a consortium treatment, obtained by combining the same dose of EO
with a synthetical fungicide (Mancozeb) with a 50% substitution, and a conventional treatment (only
Mancozeb). While EO alone initially reduced downy mildew incidence, it was ineffective under fungi-
favorable temperature and humidity conditions. Conversely, the consortium treatment significantly reduced
downy mildew incidence by approximately 50% and severity by over 90% compared to the control and EO-
only treatments. These results indicate that while this EO alone is insufficient, it can be effectively used in
combination with synthetic fungicides, reducing their application by 50%.

From another Italian field trial on Vitis vinifera (cv. Malvasia di Candia) was found the ability of
formulated products based on EOs (BM-608, 25% tea tree-0.75% applied concentration and Sporatec, 15%
clove EO at a 1% rate) to reduce the incidence of the pathogen compared to conventional copper-based
treatment [49]. By September, disease incidence on leaves was approximately 36% in control, 25% in the EO
treatments, and 15% in the copper treatment. Similarly, disease severity was around 9% in the control, 5%
with EO treatments, and 2.5% with conventional treatment. The authors suggest that, despite their lower
efficacy compared to copper products, these reductions could be considered acceptable, particularly for
organic farming systems where strict regulations limit the use of conventional chemical products.

These findings collectively indicate that while EOs alone may have limited efficacy under unfavorable
conditions, their integration into combined strategies with synthetic fungicides offers a promising avenue
for reducing fungicide use and mitigating environmental impacts without compromising disease control.
Further research into the optimization of EO application methods and their modes of action could unlock
their full potential in sustainable viticulture.

3.1.2 Botrytis Cinerea
Among the various fungal pathogens, B. cinerea, the causative agent of gray mold, is particularly

notorious for its ability to severely compromise directly grape quality and indirectly wine aroma [86].
Machado et al. [29] conducted an experiment on post-harvest grapes of the Isabel cv. in Brazil. Berries

were artificially wounded, incubated under favorable temperature and humidity conditions, and inoculated
with B. cinerea. Four hours later, rosemary EO was applied at concentrations of 5 and 10 mL/L. Both
preventive and curative treatments were tested. The first was performed by treating the berries with EO 24 h
before the inoculation; the second was performed by treating the berries 4 h after the inoculation. Preventive
treatments reduced the incidence from 75.7% ± 6.7% to 26.7% ± 2.8% and 15.3% ± 2.7% for the two doses,
respectively, and the severity from 13.8%± 3.5% to 3.6%± 1.5% and 1.0%± 0.6%. Curative treatments achieved
even more impressive results, reducing the incidence to 13.0% ± 2.6% and 0.0% ± 0.0%, and severity to 3.9%
± 1.8% and 0.0% ± 0.0%, for the two doses, respectively. El-Abbasy et al. [34] explored the effectiveness of
oregano and thyme EOs in controlling B. cinerea during grape storage spraying them 48 h before harvest (2
and 4 mL/L) to replace the environmentally unsustainable sulphur dioxide (SO2) conventional treatment.
After 45 days of storage, both EOs showed high efficacy in reducing disease incidence (3%–4% oregano and
2%–3.5% thyme) demonstrating superior performance to SO2 (5%–6%).
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The findings were remarkable for eucalyptus essential oil too (weekly applications; 1 and 5 mL/L) on
cv. Tannat in a Brazilian vineyard [87] comparing the results with conventional treatments (thiophanate-
methyl, Mancozeb, Captan, Tebuconazole, copper sulphate, and sulphur). The incidence of disease was
similar between the control (13.33% ± 1.07%) and the conventional treatment (14.42% ± 2.04%), whereas
it was significantly lower with the EO treatments, at 2.92% ± 0.73% and 2.08% ± 0.52% for the lower and
higher doses, respectively. A comparable trend was observed for disease severity, which was 20.83% ± 1.78%
and 15.62% ± 1.63% in the control and conventional treatments, respectively, but reduced to 1.79% ± 0.98%
and 0.92% ± 0.83% for the EO treatments. Importantly, no significant differences were found in the chemical
parameters of must or wine, indicating that the use of EOs does not negatively affect the quality of the
final product. Finally, Das et al. [55] investigated the effects of Angelica EO, an environmentally friendly
alternative, applied either alone (1–5.5 g/L) or encapsulated in a chitosan nanoemulsion, across various
concentrations (0.5–2.5 g/L). Their study revealed that both treatments effectively inhibited fungal growth,
with reductions ranging from 15% at the lowest EO dose to nearly complete inhibition (100%) at the highest
dose. The nanoemulsion, disrupting ergosterol biosynthesis in fungal membranes, demonstrated greater
efficiency in reducing fungal growth (around 100%) compared to the EO alone (35% to 55%).

Research efforts have demonstrated the efficacy of EOs like rosemary, oregano, and thyme in managing
B. cinerea both post-harvest and during storage. Field experiments further corroborate their potential as
environmentally friendly replacements for conventional fungicides. Despite promising outcomes, scaling
these findings for field use requires additional exploration into application methods, dosage optimisation,
and cost-effectiveness to ensure their feasibility as part of integrated disease management strategies in
viticulture. Additionally, it is crucial to investigate their impact on grape quality, including potential
alterations in the chemical composition of the berries, as well as any effects on the sensory characteristics
of the final wine. Such analyses would ensure that the use of EOs does not compromise the quality and
marketability of the wine, maintaining consumer acceptance and compliance with industry standards.

3.2 Control of Pests
Among arthropod pests, due to their widespread distribution in Europe and damage caused, particular

attention is given to pests belonging to the classes Insecta and Arachnida, including the vine mealybug
(Planococcus ficus) [88] and the European grapevine moth (Lobesia botrana) [89] (both Insecta), as well as
the two-spotted spider mite (Tetranychus urticae) [90] (Arachnida).

Cultural practices and the judicious use of chemical treatments are essential to mitigate their and to
preserve biodiversity in the vineyard [91]. EOs demonstrate neurotoxic effects against insects and mites [47].
Key components such as monoterpenoids target the octopaminergic receptors in insects, which regulate
essential functions as neurotransmitters, neurohormones, and neuromodulators. Disruption of octopamine
activity leads to nervous system failure, making the octopaminergic system a prime target for pest control
(high-level selectivity). Since vertebrates, including mammals, do not have octopamine receptors, these
compounds do not interfere with their physiological processes, reducing potential adverse effects on humans
and animals [92]. Additionally, EOs exhibit strong penetrative abilities, enhancing their bioavailability as
well as that of co-applied substances. This effect is linked to their ability to disrupt the lipid bilayers of
cellular membranes [21]. Furthermore, some EOs act as synergists by inhibiting insect P450 cytochrome,
which are enzymes critical for phase I xenobiotic metabolism. The P450 system enables insects to detoxify
harmful substances, including insecticides, by chemically modifying them to facilitate their elimination.
By disrupting this detoxification pathway, EOs can increase the efficacy of insecticides, making them
valuable tools in pest control strategies [21,44]. Moreover, EOs can influence arthropod behavior and exert
anti-nutritional effects when ingested, further contributing to their effectiveness in pest management [50].
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3.2.1 Planococcus Ficus
The vine mealybug, P. ficus, is an insect belonging to the order Rhyncota and family Pseudococcidae.

Briefly, the damage caused by P. ficus arises from its sap-sucking activity, causing the perfect photosynthetic
machine to collapse; in fact, this phytophagous damages the leaf causing it to fall and leading to a general
weakening of the plant [88]. Certain components of EOs demonstrate toxic effects against this pest.
Interestingly, the efficacy of EOs is higher when used as a whole rather than as isolated components. This
phenomenon is attributed to minor terpenes in EOs, which appear to inhibit the cytochrome P450 enzyme
involved in detoxification systems [44].

Karamaouna et al. [93] tested various EOs against P. ficus in a laboratory trial on mealybugs grown
on Soultanina cultivar. They recorded insect mortality using Lethal Concentration 50 (LC50) against 3rd
instar nymphs and adults and compared these results with the reference product, paraffin oil. The study
found that lemon EO (LC50 3.6–2.7 mg/mL), orange EO (LC50 5.4 mg/mL), thyme-leaved savoury EO
(LC50 2.7–6.3 mg/mL), and peppermint EO (LC50 5.4–8.1 mg/mL) exhibited lower LC50 values than paraffin
oil (LC50 9.1–10.9 mg/mL). Due to the absence of phytotoxic effects, the authors recommended Lemon and
Orange EOs as the most promising candidates for controlling vine mealybugs. However, the potential side
effects of these “friendly products” on beneficial coccinellid beetles should be considered.

Orange oil reconfirmed its efficacy against P. ficus in migration phase on cv Merlot [45] in New Zealand
using a double dose of 5 mL/L on cv. Merlot. Specifically, adult counts per leaf decreased from 16.98 ± 39.10
(control) to 5.49 ± 8.04 (treatment) after the first application and from 15.73 ± 52.33 (control) to 3.09 ± 6.50
(treatment) after the second. This approach maximised the efficacy of the EO as a contact product with low
persistence. However, its possible toxicity to Phytoseiidae mites should be noted.

Laboratory and field studies highlight the potential of citrus-based EOs for controlling mealybug popu-
lations. Despite their efficacy, concerns about their impact on beneficial organisms, such as predatory mites,
necessitate further research to refine application strategies and minimise ecological risks. Incorporating EOs
into IPM systems could strike a balance between effective pest control and environmental sustainability.

3.2.2 Lobesia Botrana
The European grapevine moth, L. botrana, is a critical pest that directly damages grapevines by feeding

on blossoms or berries (larval stage) [94] and indirectly promotes fungal infections [95].
Although there is limited research on the effects of EOs on L. botrana, promising results have emerged

from laboratory studies. Avgın et al. [96] tested peppermint, rosemary, thyme, fennel, and caraway EOs at
6.5, 12.5, 25, or 50 μL doses indicating an increase in insecticidal properties as the dose increases. Carum carvi
EO performed best, achieving mortality rates of 68%–83% at 6.5 μL, 58%–72% at 12.5 μL, and 88%–100% at
the two higher doses. Similarly, Benelli et al. [13] evaluated the effect of carline thistle (Carlina acaulis) EO on
L. botrana larvae by incorporating various doses (1, 2.5, 6, 7.5, 8, 10, 30 μL/mL) directly into a semi-synthetic
diet, recording mortality after three days. Significant larvicidal activity was observed from doses as low as
2.5 μL/mL, with an LC50 of 7.29 ± 0.25 μL/mL.

These findings underscore the potential of Asteraceae EOs as a likelihood alternative larvicidal prod-
ucts. However, scaling these results to field conditions is essential to validate their practical application.
Investigations into their stability, cost, and impact on non-target organisms will determine their feasibility
as sustainable alternatives within integrated pest management strategies.
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3.2.3 Tetranychus Urticae
The two-spotted spider mite (T. urticae) is a dangerous phytophagous mite that causes significant

damage to many crops, including grapevines. It is commonly controlled using commercial products, such
as Azamax, which contains 1.2% azadirachtin as its active ingredient, a natural compound extracted from
Azadirachta indica (neem tree). Despite its natural origin, Azamax may still pose concerns regarding toxic
residues in the environment, particularly when misused or over-applied [90].

Fidelis et al. [97] evaluated the effectiveness of different EOs in a laboratory setting at concentrations
ranging from 0.009 to 5.40 μL/mL against T. urticae collected from various vineyards and compared them to
Azamax solutions from 0.009 to 10 μL/mL. Fortunately, this study also took into consideration EOs toxicity
on Neoseiulus californicus, a predatory mite important for pest control. Among the tested EOs, lemon EO,
orange EO, Croton grewioides EO, and Lippia sidoides EO exhibited notable results. Lemon EO had an LC50
of 0.13 μL/mL and 0.19 μL/mL for adults and eggs, respectively, while showing a relatively high LC50 of
2.26 μL/mL for N. californicus. Orange EO exhibited an LC50 of 0.28 μL/mL and 0.15 μL/mL for T. urticae
adults and eggs, respectively, with 3.80 μL/mL for the predator.

Doğu and Zobar [47] further tested different EOs on grapevine leaf disks sprayed at 1%, 3%, 6%, and
12% concentrations. Thyme, peppermint, and rosemary EOs yielded the most encouraging results. At 1%
concentration, the mortality rates were approximately 33%, 27%, and 25%, respectively. At 3%, mortality
increased to around 48%, 42%, and 33%, respectively. At 6%, mortality rates were approximately 70%, 67%,
and 57%, respectively, while at 12%, the rates reached 85%, 71%, and 61%, respectively. Thyme EO consistently
demonstrated the highest efficacy among the tested oils.

While these laboratory results highlight the potential of EOs, particularly thyme and L. sidoides EO, in
controlling T. urticae and minimizing the impact on beneficial predatory mites, field studies are urgently
needed to validate these findings under real agricultural conditions. Such studies should also evaluate
application methods, persistence, and potential side effects on non-target organisms, ensuring the feasibility
and safety of EO-based treatments in IPM strategies. In fact, it is essential to identify alternative products
that are selective for phytoseiid mites, which are key predators of T. urticae [98].

3.3 Effects on Grape Quality and Yield in the Vineyard
The potential effects of EOs on grape yield and quality represent an area of growing interest in viticulture.

While several studies have investigated their pest control properties, few have explored the impact on these
agronomic and oenological parameters. Existing research provides mixed results, highlighting the need for
further investigation to fully understand the implications of EO use in vineyards.

Maia et al. [37], in a previously analyzed study conducted in a Brazilian vineyard, evaluated the effects of
lemongrass EO at 0.5, 1, 2, and 4 mL/L doses on grape yield and quality. They observed no significant effects
on bunch weight but noted an increase in overall productivity during the second year (2 mL/L EO = 4.3 t/ha,
Bordeaux mixture = 3.4, Acibenzolar-S-methyl = 3.17 t/ha, and Mancozeb treatment = 2.4 t/ha). Regarding
qualitative parameters, they reported no significant effects on berry pH in the first year. However, differences
were noted in total soluble solids (TSS), with the control registering 15.03 ○Brix and the treatments registering
16, 16.55, 13.63, and 15.63 ○Brix for the 0.5, 1, 2, and 4 mL/L doses, respectively. A reduction in titratable
acidity (TA) was also observed, which influenced the maturity index (TSS/TA). However, these qualitative
effects were not replicated in the second year, where no statistical differences were noted. Similarly, Machado
et al. [29] conducted an on-field experiment in a Brazilian vineyard using rosemary EO at 0.5 and 1 mL/L
doses. They noted no remarkable effects on either grape yield or quality, suggesting no interference on grape
characteristics. Pedrotti et al. [87], in a previously presented study, also observed minimal differences in must
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pH between control, Eucalyptus EO treatment, and conventional treatment, with values consistently ranging
between 2.9 and 3. They reported slight variations in TSS, with the conventional treatment achieving 19.74 ±
0.36 ○Brix, while the control and EO treatments (1 and 5 mL/L) reached 17.18 ± 0.27, 17.50 ± 0.65, and 16.61 ±
0.54 ○Brix, respectively. No differences were observed in wine total or volatile acidity.

While these studies suggest that EOs can be integrated into pest management strategies with minimal
negative impacts on grape yield and quality, the variability in results, particularly concerning yield improve-
ments, requires further exploration. The effectiveness of EOs may depend on factors such as concentration,
EO origin, grapevine cultivar, and environmental conditions. Long-term field experiments are necessary
to validate these findings and assess potential interactions with other vineyard practices. The scarcity
and heterogeneity of results found in the bibliography on the technological and phenolic parameters of
grapes lead to think of an intrinsic variability of the studies analysed (cultivars, agronomic techniques, and
soil types).

3.4 Effects on Grape Quality in Post-Harvest Conservation
Although limited research exists on the on-field application of essential oils, numerous studies highlight

their potential in the postharvest conservation of table grapes. As a non-climacteric fruit, table grapes are
particularly vulnerable to postharvest handling practices, which significantly influence their quality during
storage [99]. Extending the conservation period of table grapes holds economic value, as offering these fruits
beyond their typical season can command higher market prices [100]. Synthetic fungicides are commonly
used to combat fungal pathogens that reduce postharvest longevity; however, eco-friendly alternatives that
ensure consumer health are increasingly necessary [99].

Dehestani-Ardakani and Mostofi [101] investigated the effects of thyme EO on cv. Shahroudi grapes in
Iran by dipping clusters in EO solutions at 0.15 and 0.3 mL/L (stored in darkness at 0○C and 90% RH for 90
days). The decay index (fruit loss due to fungal diseases) was significantly reduced from 46.53% in the control
group to 17.4% and 11.3% in the lower and higher doses, respectively. TSS increased from 14.22 ○Brix in the
control to 14.76 and 15.25 ○Brix in the treated samples. Berry appearance was improved with EO application.
Cracking and cracked berries n○ per kg, decreased from 1.3 berries/kg in the control to approximately 0.9
berries/kg for both EO doses. Similarly, Guerra et al. [100] evaluated the post-harvest effects of a treatment
combining 4 mg/mL chitosan with peppermint EO at concentrations of 2.5 or 5 mL/L on cv. Isabella table
grapes. Their findings demonstrated that grapes stored at 25○C exhibited reduced weight loss (i.e., 6.5% in
the control and 5% for both EO doses after 12 days) and a firmness increase (i.e., 4.7 N/mm in the control
to 5.4 and 5.5 N/mm for the lower and higher EO doses, respectively, after 12 days). A similar trend was
observed for grapes stored at 12○C, where weight loss was reduced over 24 days and firmness increase (i.e.,
5.4 N/mm in the control to 6.6 and 6.4 N/mm for the lower and higher doses after 24 days). Similar results
were obtained using Mentha villosa EO, indicating the potential of peppermint EO and related essential oils
to enhance post-harvest conservation in grapes.

Mei et al. [102] investigated the efficacy of carboxymethyl cellulose (CMC) film combined with 1%, 2%,
and 3% doses of Chinese fir EO as well as the EO alone in enhancing the post-harvest conservation (25○C
and 40%–60% RH) of Shine Muscat grapes. After 15 and 18 days, the combined CMC and EO treatments
significantly reduced weight loss (0.56%) and delayed decay (10%) compared to the control. The authors
concluded that the most effective treatment was the combination of CMC and 1% Chinese fir EO, as the EO
alone lacked sufficient coating properties to protect the grape surface.

After 45 days of storage (1○C and 90%–95% RH), Flame Seedless grapes treated with oregano EO showed
significantly reduced weight loss, at approximately 3.5% for 2 mL/L dose and 5% for 4 mL/L dose compared
with sulphur dioxide SO2 treatment (6%–7%). Thyme EO resulted in weight loss of around 4% and 4.5%
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for the two doses, respectively [34]. The two oils also proved to be effective decay reduction (2.5% and 6%
oregano; 4% and 4.5% thyme) respect to SO2 (14.5%). These treatments generated a buildup in the percentage
of marketable fruit and firmness with respect to ctrl. Contrary to other studies analysed, EOs reduced TSS
content: the control and SO2 treatments exhibited TSS levels of around 22 ○Brix, whereas all EO treatments
showed reduced levels of approximately 20–20.5 ○Brix. For TA, the control and SO2 treatments showed lower
values (approximately 0.5% and 0.55%, respectively) compared to the higher doses of oregano and thyme EOs
(around 0.6% and 0.65%). The lower EO doses recorded even higher TA values (approximately 0.85% and
0.75%). Regarding anthocyanin content, all EO treatments significantly increased levels to approximately 39–
42 mg/100 g fresh weight (fw), compared to 27 mg/100 g fw in the control and SO2 treatments. The authors
concluded that EO applications reduced grape respiration rates, slowing down the metabolic conversion of
acids into sugars, which positively impacted the extension of conservation periods.

In another interesting Iranian study conducted by Kavoosi et al. [103] concerning Askari table grapes,
the fruit firmness, highlighted by reduced berry shattering (+4%), was increased after cumin EO at 0.8
and 1 mL/L and lemongrass EO at 0.02 and 0.04 mL/L applications. In addition, rachis browning was
decreased in EO treatments. However, TSS, TA, and juice pH were unaffected by the EO treatments. Elsayed
et al. [52] studied Taify table grapes (Saudi Arabia) by spray applications of thyme, cinnamon, and oregano
EOs (0.5% and 1% concentrations). After four weeks of storage (2○C with 90%–95% RH), the average weight
loss in the control was 4.05%, whereas the EO treatments showed significant differences: 1.30% and 1.27%
for thyme EO, 1.20% and 0.61% for cinnamon EO, and 0.61% and 0.28% for oregano EO. As observed
in previous studies, EO treatments improved grape firmness, with increases of up to 1.6 N, compared to
the control, especially for oregano and cinnamon EOs at higher dose, similar to the findings of Guerra
et al. [100] and Kavoosi et al. [103]. In line with Kavoosi, no significant differences were found for TSS and TA,
though a slight increasing trend in TSS was noted. Regarding phenolic compounds, total phenols remained
unchanged except for the 1% oregano EO treatment, which exhibited a notable increase. Flavonoid content
improved in all EO treatments, with the highest levels recorded for cinnamon and oregano EO (1%). Notably,
vapourisation of EOs was less effective than direct application.

Liu et al. [104] developed an edible coating using a mixture of sodium alginate, magnolia EO, and β-
cyclodextrin at concentrations of 0.5% and 1% to extend the shelf life of Kyoho grapes in China stored at
room temperature (20○C) for 10 days. Their findings further confirmed the beneficial effects of EO-based
coatings, demonstrating a significant reduction in decay rates and weight loss compared to the control. The
firmness decline observed in untreated grapes was mitigated by magnolia EO coatings, particularly at the
1% concentration, which provided the most effective preservation. Unlike Elsayed et al. [52], who found no
significant changes in TSS, Liu et al. [104] reported that EO-based coatings helped maintain higher sugar
content throughout storage.

The studies collectively highlight the effectiveness of EOs and edible coatings in improving the post-
harvest quality and shelf life of table grapes. These treatments significantly reduce weight loss, decay rates, and
rachis browning, while enhancing firmness and, in some cases, preserving bioactive compounds. Notably,
the combination of EOs with edible films or carriers, such as CMC, sodium alginate, or chitosan, proved more
effective than EOs applied alone, likely due to improved coating adherence and a more uniform protective
barrier. However, the impact on other quality parameters, such as TSS and TA, varied across studies. In some
cases, EOs slowed metabolic changes, maintaining higher acidity and slightly reducing sugar content, while
others reported no significant differences or increase in these attributes. The influence of EOs on phenolic
and flavonoid content was generally positive. Overall, the use of EOs appears promising for extending
the marketability of grapes, offering an alternative to conventional treatments like sulphur dioxide, with
additional benefits for consumer health and reduced environmental impact.
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3.5 Effects on Wine
The use of EOs in viticulture raises questions about their potential impact on wine quality. However,

research suggests that, when properly dosed, they may not significantly alter wine composition while offering
antimicrobial benefits. Pedrotti et al. [41] found that applying E. stigeriana EO (1–5 mL/L) in vineyards did
not affect key parameters such as pH, acidity, alcohol content, and sugar levels, with fermentation proceeding
normally. The only noticeable difference was a higher concentration of 1,8-cineole, a natural EO compound,
which could subtly influence wine aroma without necessarily compromising its quality.

EOs have also been studied as natural preservatives, that can be used as an alternative to traditionally
used preservative such as sulphur dioxide (E220) and potassium metabisulfite (E224) which are toxic
chemicals [105,106]. Mitropoulou et al. [106] tested citrus and cinnamon EOs (0.010% v/v) in low-alcohol
wines prone to microbial spoilage and found that they improved wine stability, with cinnamon EO proving
the most effective. However, sensory analysis showed that while citrus EO enhanced fruity notes, higher
doses became pungent, and cinnamon EO introduced a sweet, warming sensation. These results suggest that
EOs can be effective preservatives if carefully dosed to avoid unwanted sensory changes. In terms of spoilage
prevention, Chavan and Tupe [107] demonstrated that thymol and carvacrol (from oregano EO) were more
effective than sulphur dioxide against most spoilage yeasts, except for Saccharomyces cerevisiae, which is
crucial for fermentation. While their impact on wine aroma was not analysed, the authors suggest that, given
the low concentrations required, they are unlikely to cause significant sensory alterations. To improve EO
stability and reduce volatility, García-Ríos et al. [108] explored immobilised EO formulations, where EO
components were bound to silica or cellulose supports. This method enhanced their antimicrobial efficiency
while minimising their effect on aroma.

Overall, these studies highlight EOs as a promising alternative for vineyard treatments and wine
preservation. However, further research is needed to refine optimal dosages and application methods to
maximise their benefits without affecting wine quality.

4 Limitations
The use of EOs in agriculture, particularly in viticulture, has attracted significant interest due to

its natural origin and bioactivity. However, despite their promising potential, several limitations hinder
their widespread adoption. These limitations encompass issues related to their physicochemical properties,
potential phytotoxic effects, impact on non-target organisms, and economic viability.

1. Issues noted include their low persistence, low solubility, volatility, and susceptibility to oxidation
due to environmental factors such as sunlight, humidity, and air. These factors make their use in
field conditions difficult. To avoid this problem, microencapsulation has emerged as a promising
solution for improving the chemical stability and controlled release of EOs [13,109]. Microencapsulation
involves enclosing the active ingredient within a biodegradable polymer capsule. Techniques such as
emulsion, coacervation, interfacial polymerisation, or extrusion are used to protect the EO from external
environmental influences, ensuring a gradual release of the active compound and thereby extending its
protective effect on crops [92,110].
The delivery method plays a crucial role in determining EOs efficacy. Direct spray application on plant
leaves is the most common approach; however, it is highly influenced by temperature, sunlight, humidity,
evaporation rates, and wind, which can cause uneven deposition and rapid dissipation of the solution.
Additionally, during field applications, factors such as water temperature, pH, impurities, and emulsion
stability in the tank can further impact EO effectiveness [111].
Several studies have explored alternative delivery strategies to enhance EO performance. Ponce
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et al. [112] tested three EOs (clove, tea tree, and rosemary) at different concentrations on stored lettuce
leaves using three delivery methods: spray, immersion, and encapsulation in lactose capsules. Their
results demonstrated that only the encapsulated EOs were effective in reducing microbial populations,
while the other two methods showed limited efficacy. An alternative approach suggested by Rienth
et al. [78] is the vapour-phase application of EOs, which has been shown to be more effective against
fungal pathogens. Continuous fumigation using EO vapour emitters could provide a sustained protec-
tive effect, addressing issues related to low stability and rain wash-off. Additionally, the reduced contact
between plant tissue and EOs can reduce the phytotoxic effects of direct application [113]. However,
while this method may be feasible in controlled environments, its practical implementation in open
fields remains challenging due to potentially high costs and logistical difficulties. To further improve
the efficacy of vapour-phase EOs, Janatova et al. [114] investigated the encapsulation of volatile EOs
components in mesoporous silica supports. Their results showed that encapsulated EOs had a prolonged
antifungal effect against Aspergillus niger, with higher efficacy even after 14 days compared to pure
EOs. This was attributed to the slow and continuous release of active vapours, reinforcing the idea that
microencapsulation improves the controlled release over time for a better efficacy.
These findings highlight that microencapsulation and vapour-phase release are among the most
promising strategies to enhance EO stability and efficacy in agriculture. However, further field trials
on grapevine are required to confirm their practical applicability and optimize delivery methods
for viticulture.

2. Another issue is their potential to cause phytotoxic effects on both target and non-target plants [54].
For example, phytotoxic effects were observed in V. vinifera plants inoculated with Plasmopara viticola
when exposed to the continuous vapour of thyme and oregano EOs in a growth chamber by showing
acute symptoms of phytotoxicity, such as browning of young leaves, reduced growth, and decreased
photosynthesis (from 7 μmol/m2s to 1.5 μmol/m2s) and nitrogen content in the leaves [78]. However,
Ghuffar et al. [115] applied thyme EO on brunches in post-harvest storage, without any phytotoxic effect
reported on the fruit skin, indicating that this EO may be suitable for post-harvest application. Further,
Furet-Gavallet et al. [116] noted slight phytotoxic effects after 2 days, even without fungal inoculation.
Karamaouna et al. [93] evaluated the potential phytotoxicity of various EOs against V. vinifera also by
testing six different EOs (lemon, orange, thyme-leaved savoury, peppermint, and lavender) at varying
concentrations (0.9, 4.5, 9, 13.5, 18, 27, 36, 45, and 63 mg/mL). Their results indicated that only citrus
EOs did not cause phytotoxicity, while thyme-leaved savoury EO caused slight phytotoxicity (less than
25% of the leaf surface showing symptoms) at concentrations starting from 13.5 mg/mL, peppermint
EO at 9 mg/mL, and lavender EO at 27 mg/mL. Pedrotti et al. reported no phytotoxic effects of
eucalyptus EO on V. vinifera, assessing that this can be suitable as alternative control for grapevine
phytopathogens [41,85,87]; in contrast, Ferreira et al. [117] found that Eucalyptus globulus EO caused
phytotoxicity in Vitis labrusca plants, however, they replaced it with Eucalyptus citriodora EO to avoid
the problem.
Phytotoxicity resulting from EO application on plants occurs through several mechanisms [54]. The
monoterpenes of EOs can disrupt stomatal guard cells, leading to desiccation [118]. Additionally, the
solubilisation of the plasma membrane by EOs can cause membrane depolarisation and subsequent
disruption [54]. The overproduction of reactive oxygen species (ROS) can also lead to oxidative stress
in plants. Indeed, some EOs rich in phenolic compounds, such as thymol, can induce oxidative stress
in plants, especially during germination [119]. Bioassays, such as those performed by Karamaouna
et al. [93], are crucial for determining the appropriate concentration of EOs that will achieve the desired
effect without causing phytotoxic damage.
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3. Despite the large number of studies evaluating the toxic properties of EOs against pests, few have focused
on their effects on non-target species. Predators or parasitic organisms play an important role in pest
control and are valuable allies in biological control, which makes it essential to protect them [120].
From the few findings on relative selectivity (RS), it is suggested that EOs could be commercially viable,
as their selectivity might allow for combining the toxicity of EOs against harmful phytophagous mites by
simultaneously protecting N. californicus (i.e., 3.61 RS Citrus aurantifolia, 9.5 RS Croton rhamnifolioides,
13.57 C. sinensis, 15.6 RS Lippia sidoides, 16.27 RS Piper divaricatum, 17.38 RS C. limon, and 23.28 RS C.
grewioides compared to 4.22 RS common Azamax).
In another study, Kader et al. [121] tested Melissa officinalis EO on the eggs and females of two phytoseiid
mites (Typhlodromips swirskii and Neoseiulus barkeri) at doses corresponding to the respective LC50
and LC90 for T. urticae: 0.38% and 1.28% for eggs, and 0.36% and 1.3% for females. They observed that
the eggs were not affected by these doses, but the females showed high mortality. The LC50 dose caused
a mortality rate of 62% in T. swirskii and 46% in N. barkeri, while the LC90 dose resulted in 98.5% and
64% mortality, respectively. Furthermore, at a sublethal dose (LC25) for T. urticae, the two phytoseiid
mites exhibited changes in behavior, with a 100% and 30.13% reduction in food consumption for T.
swirskii and N. barkeri, respectively, and a 100% and 54% reduction in egg deposition for T. swirskii
and N. barkeri, respectively. These results highlight the importance of carefully selecting EOs for use in
IPM programs, particularly when the distribution of EOs is associated with natural enemies. However,
Momen et al. [50] tested the same doses of M. officinalis EO on the N. californicus phytoseiid mite and
found low mortality (8.5% and 12.5% at LC50 and LC90 for T. urticae, respectively). In this case, M.
officinalis EO was selective for the predator mite, suggesting that it could be used in combination with
EO treatments without adverse effects.
Moreover, the use of EOs in agriculture can significantly impact soil microbial communities, although
this aspect remains underexplored and requires further investigation. Research findings on this topic
are sometimes contradictory. For instance, Vokou and Liotiri [122] observed that, despite their well-
known antimicrobial properties, certain ubiquitous soil microorganisms, particularly those found in
Mediterranean soils. can metabolize EOs as a source of energy. In their study, they applied oregano,
rosemary, mint, lavender, and Coridothymus capitatus EOs to soil samples and measured soil respira-
tion. The increase in respiration rates suggested that these compounds were actively degraded by the
microbial community, supporting the idea that EOs do not accumulate in the environment but are
instead integrated into soil microbial metabolism. However, other studies raise concerns about potential
adverse effects. Thiele-Bruhn et al. [123] investigated the impact of thymol and carvacrol (two common
EO components) on soil microbial activity and found that these monoterpenes can persist in the soil
for up to one year, remaining bioavailable to soil microorganisms. Their toxic effects were shown to
be dose- and time-dependent, with carvacrol exerting a stronger inhibitory effect on soil enzymatic
activity than thymol. Specifically, enzyme inhibition levels of 10%–25% can be achieved with less than
1 μg to several grams per grams of soil. Interestingly, at lower concentrations, some stimulatory effects
on enzyme activity were also noted. These findings suggest that while some soil microbial communities
may adapt to and even benefit from EOs applications, others may experience functional disruptions,
particularly at high doses or with prolonged exposure. Given these contrasting effects, further research
is necessary to fully assess the risks and benefits of large-scale EO applications in agriculture. Long-
term field studies are needed to determine whether EO treatments can be sustainably integrated into
agroecosystems without compromising soil health and functionality.

4. The use of EOs in viticulture and, more broadly, in agriculture is attracting increasing interest as a
sustainable alternative to conventional pesticides. However, optimal dosages and specific formulations
remain far from standardised, as they can vary significantly based on multiple factors. These include the
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chemical composition of the EO itself, since different plant sources yield distinct compositions [11], the
target species, and the application method. For instance, vapourisation techniques have been found to
be more effective against fungal pathogens [78], and citrus, basil, thyme, and oregano EOs seems to be
more effective on fungi [31].
One of the key challenges in agricultural EO application, as noted by Dunan et al. [124], is the
lack of optimised formulations that can adequately protect the volatile organic compounds (VOCs)
present in EOs. To address this issue, they tested various formulations of artemisia and rosemary
EOs. Their findings revealed that nanoemulsions exhibited the highest toxicity against Bemisia tabaci,
followed by formulations prepared using natural deep eutectic solvents and pure EOs, while atomized
powder formulations proved ineffective against the insect. Another major limitation is the significant
discrepancy between laboratory and field conditions. While many laboratory experiments demonstrate
promising results, the required doses in open-field applications often differ considerably from those
tested in controlled environments [125]. Indeed, no universally accepted dosage has been established,
as different studies employ widely varying concentrations for similar purposes. For example, El-Abbasy
et al. [34] applied 2 and 4 mL/L of Thyme EO to combat Botrytis cinerea in post-harvest conservation,
while Gebel and Magurno [126] used significantly higher doses, ranging from 200 to 500 mL/L for
similar fungal control applications. This inconsistency highlights the urgent need for further research to
determine effective, standardised dosages tailored to real-world agricultural settings.
These findings emphasize the necessity of refining EO formulation strategies to improve their stability,
bioavailability, and efficacy in agricultural applications. Establishing standardized doses and application
methods is essential to fully harness the potential of EOs as viable, environmentally friendly alternatives
to synthetic pesticides.

5. Due to their chemical structure, EO components are subject to cyclisation, oxidation, isomerisation,
or dehydrogenation, triggered by enzymatic and/or chemical reaction. The volatility and thermolability
of terpenoids leads them to be casually oxidised or hydrolysed (i.e., autoxidation deterioration) [24].
Light and temperature play an important role in their stability. Possible alterations could lead to the
presence of unpleasant odours (such as the aromatic monoterpene p-cymene) which would affect the
grapes during storage.

6. EOs can have cytotoxic effects on eukaryotic cells leading to ion homeostasis disfunction. This cytotoxic
property is employed in chemotherapeutic usages against viruses or bacteria. Toxic consequences of
hazard-like irritation, percutaneous absorption, and toxicity to organ system restrict their medicinal
uses [127]. It was found that Mentha pulegium EO can provoke interior bleeding or injury of the lungs
in canids [128]. In light of these considerations, it would be important to undertake studies on their
implications for sedentary fauna.

7. The last concern regards economic viability. Currently, biological compounds are generally less cost-
effective than chemical ones, due to the expensive extraction methods required and the need for large
areas of land with specific climatic conditions to cultivate the plant sources. Additionally, harvesting
must occur at the right time to ensure the quality of the product [82].
The pesticide market is highly competitive, and for a product to succeed, it must be cost-competitive with
other available pesticides, even if it is environmentally friendly and sustainable. Currently, the EO market
is dominated by the flavouring and fragrance industries, while their application as pesticides remains a
niche sector [68,129]. According to International Trade Centre statistics on yearly imported unit values
in the USA (expressed in USD/kg), the 2024 prices for key EOs are as follows: orange EO ($13/kg),
lemon EO ($27/kg), mint EO ($28/kg), peppermint EO ($28/kg), eucalyptus EO ($11/kg), rosemary
EO ($33/kg), citronella EO ($11/kg), lemongrass EO ($16/kg), and lime EO ($79/kg). In contrast, some
widely used synthetic agricultural products have significantly lower prices, such as copper sulphate
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($3.06/kg), sulphur ($1.62/kg), and copper hydroxide ($11/kg) [130]. Despite their potential benefits,
the relatively high cost of EOs compared to conventional pesticides remains a major limitation to their
large-scale adoption in agriculture. To enhance their competitiveness, further research is needed to
optimise extraction methods, improve formulation techniques, and develop cost-effective production
strategies. Moreover, through well-designed informational programs aimed at educating farmers on the
benefits of environmentally friendly products, such as promoting biodiversity, conservation, and the
avoidance of resistance development, coupled with financial support from institutions, farmers may be
more encouraged to adopt these alternatives to conventional products.

While EOs present significant advantages for sustainable pest and disease management in viticulture,
their limitations must be addressed to maximise their utility. Future research should focus on developing
more stable formulations, refining application techniques, and conducting comprehensive studies on their
interactions with plants, pests, and non-target organisms. Moreover, detailed assessments of their impact on
grape quality and potential modifications in the final product are essential to ensure their integration into
modern viticulture. A holistic approach, combining scientific innovation, farmer education, and institutional
support, can pave the way for the successful implementation of EOs as key components of environmentally
friendly IPM programs.

5 Conclusions
Like other agricultural sectors, viticulture faces significant challenges related to climate change, pest

resistance, and sustainability. The need to reduce reliance on synthetic products while preserving grape
quality and yield has led to the exploration of alternative solutions.

Essential oils have shown promising potential in managing key fungal diseases and pests that affect
grapevines, both in the vineyard and during post-harvest storage. Additionally, their ability to minimise
decay and weight loss during storage enhances their value in viticulture. However, several obstacles remain,
including inconsistencies in efficacy due to variations in EO composition, application techniques, and
environmental influences. The rapid breakdown of these natural compounds, their possible phytotoxic
effects, and regulatory constraints must also be addressed before they can be widely adopted.

Despite these limitations, existing research indicates that EOs could contribute significantly to sus-
tainable vineyard management. Further investigations are necessary to refine their application methods,
evaluate long-term impacts on grape production and wine quality, and develop standardized formulations
that ensure reliable performance. Additionally, future studies should explore complementary strategies,
such as combining EOs with other natural substances or advanced delivery systems to enhance their
stability and effectiveness. By closing these knowledge gaps, EOs have the potential to become a practical,
environmentally friendly solution for vineyard protection, supporting both ecological sustainability and the
economic interests of wine producers.
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Glossary
EOs Essential oils
IPM Integrated Pest Management
Cv Cultivar
EU European Union
AUDPC Area Under the Disease Progress Curve
LC50 Lethal Concentration 50
LC90 Lethal Concentration 90
TSS Total Soluble Solids
TA Titratable Acidity
ROS Reactive oxygen species
RS Relative selectivity
RH Relative humidity
CMC Carboxymethyl cellulose
VOCs Volatile Organic Compounds
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Grapevine. Türk Tarım Ve Doğa Bilim Derg. 2014;1:1268–73.

48. Hsouna AB, Touj N, Hammami I, Dridi K, Al-Ayed AS, Hamdi N. Chemical composition and in vivo efficacy
of the essential oil of Mentha piperita L. in the suppression of crown gall disease on tomato plants. J Oleo Sci.
2019;68(5):419–26. doi:10.5650/jos.ess18261.

49. La Torre A, Mandalà C, Pezza L, Caradonia F, Battaglia V. Evaluation of essential plant oils for the control of
Plasmopara viticola. J Essent Oil Res. 2014;26(4):282–91. doi:10.1080/10412905.2014.889049.

https://doi.org/10.3390/foods9030365
https://doi.org/10.3390/agronomy13123075
https://doi.org/10.1111/plb.12282
https://doi.org/10.1016/j.cropro.2014.05.005
https://doi.org/10.4025/actascibiolsci.v43i1.56763
https://doi.org/10.4025/actascibiolsci.v43i1.56763
https://doi.org/10.1016/j.heliyon.2020.e05737
https://doi.org/10.1080/03601234.2020.1838827
https://doi.org/10.1002/jsfa.8600
https://doi.org/10.1016/j.scienta.2017.04.033
https://doi.org/10.5073/VITIS.2017.56.79-83
https://doi.org/10.5073/VITIS.2017.56.79-83
https://doi.org/10.1016/j.cropro.2018.04.020
https://doi.org/10.3390/horticulturae7120545
https://doi.org/10.3390/horticulturae7120545
https://doi.org/10.5650/jos.ess18261
https://doi.org/10.1080/10412905.2014.889049


1068 Phyton-Int J Exp Bot. 2025;94(4)

50. Momen F, Rahman HA, Samour E, Aly S, Fahim S. Acaricidal activity of melissa officinalis oil and its formulation
on Tetranychus urticae and the predatory mite Neoseiulus californicus (Acari: Tetranychidae and Phytoseiidae).
Acta Phytopathol Et Entomol Hung. 2014;49(1):95–115. doi:10.1556/APhyt.49.2014.1.10.

51. Bastas KK. Management of Erwinia amylovora by potential bio-pesticides in vitro and in vivo conditions. Turk J
Agric Food Sci Technol. 2020;8:38–45. doi:10.24925/turjaf.v8isp1.38-45.3933.

52. Elsayed MI, Al-Qurashi AD, Almasaudi NM, Abo-Elyousr KAM. Efficacy of essential oils against gray mold and
effect on fruit quality during cold storage in table grapes. S Afr J Bot. 2022;146(4):481–90. doi:10.1016/j.sajb.2021.
11.046.
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