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Abstract. Overuse of synthetic pesticides can harm the ecosystem, develop insect resistance, and
endanger a variety of non-target species, such as humans, animals, and plants, if they are not applied
based on the safety instructions. The agricultural and public health sectors have begun to advocate bio-
insecticides as a substitute for synthetic insecticides. Plant-based biopesticides are becoming more and
more popular due to their selective targeting, low environmental impact, biodegradability, and safety for
non-target species. This article summarizes recent research examining the application of essential oils as
biopesticides and discusses the challenges associated with their use. Prospects for bioinsecticides
application in modern agriculture are available in low number of commercial biopesticides based on plant
essential oils. They are effective against a wide range of insects due to their diverse mechanisms of action
and points of action. Many problems, such as declining stability and efficacy of essential oils in different
environmental settings, need to be managed before plant essential oils are extensively employed as
commercial biopesticides. Plant-based alternatives are thus already beginning to replace xenabiotics;
these bioproduct-based companies will broaden their product offerings and replace xenobiotic usage with
plant-based biopesticides.

Keywords: bioinsecticide, IPM, pesticides, plant extracts, sustainable agriculture

Abbreviations: PEO, plant essential oil; VOCs, volatile organic compounds; NE-EOs, nanoencapsulated
essential oils; PDI, polydispersity index; PEG, polyethylene glycol

Introduction

The world’s food supply must expand 50% by 2050 to feed its growing population
with the current condition of climate change and limited availability of cultivable land.
Modern agricultural systems now require the use of pesticides to protect crops from
diseases and pests (Rosegrant et al., 2024). Brazil used an estimated 719.51 thousand
metric tons of pesticides in 2021 (Fig. 1), which is more than in any other country.
Following that came the United States with 457.39 thousand tons consumed. Pesticide
use worldwide in that year amounted to 3.53 million metric tons. Between 1990 and
2021, the number of pesticides used in agriculture increased globally by 96%. 1.7
million metric tons of herbicide were consumed worldwide in 2021, compared to less
than a million metric tons of other pesticide categories. Pesticide use in agriculture is
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expected to rise over the next four years, from about 4.3 million metric tons (Mmt) in

2023 to a value of around 4.41 Mmt in 2027, on a global scale (Statista, 2023).
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Figure 1. Leading countries in pesticide consumption in 2021 (Statista, 2023)
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Extended use of synthetic pesticides has left residues affecting many environmental
factors. Synthetic pesticides used frequently can damage the environment, lead to the
emergence of pest resistance and pose risks to a number of nontarget species viz.,
people, animals and plants. There is a “widespread worldwide pesticide contamination
risk,” according to a study that was published in Nature GEO science and looked at over
100 agrochemicals used in 168 different countries (Raj et al., 2023). Therefore, a
sustainable strategy requires the investigation of workable eco-friendly alternatives. As
a result, bio-insecticides have been promoted as an alternative to synthetic insecticides
in the agricultural and public health sectors (Mossa, 2016). Due to their target
specificity, environmental friendliness, biodegradability, and safety for people and other
living things, plant-based biopesticides are garnering a lot of attention in this area. Plant
essential oils (PEQOs) or their active components are among the important biopesticides
that are being extensively researched for use against weeds, pests, and microbes (Gupta
et al., 2023).

Many of the important natural components found in essential oils and plant extracts
can be utilized safely in pest and disease control because of their tendency to degrade in
nature (EI Khetabi et al., 2022). Regardless of their benefits, barely 5% of the world’s
pesticides are biopesticides (Kumar et al., 2021; Rakshit et al., 2021). However,
biopesticides are expanding quickly and are expected to surpass chemical pesticides in
the near future with an average yearly growth rate of 9-20% (Lahlali et al., 2022).
Byproducts of essential oil extraction that are used in the manufacture of nanopesticides
can be good sources of reducing and stabilizing agents. A surprising lack of commercial
biopesticides based on essential oil presents prospects for their use in contemporary
agriculture (Pavela and Benelli, 2016). This article provides a summary of the most
recent studies on the use of essential oil as biopesticides and also the difficulties in
employing essential oils as biopesticides.

Materials and methods

This review extensively utilized updated scientific databases, including Science
Direct, Elsevier, ANSInet, Web of Science, PubMed, Springer, Taylor & Francis, Wiley
Online Library, and Google Scholar. Additionally, textbooks, local publications, statista
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and conference proceedings were consulted to supplement the data. Over 76 papers and
studies were meticulously reviewed to gather comprehensive information on the
application of essential oils as biopesticides in agriculture. The selection process
involved screening based on predefined inclusion criteria related to essential oils, types
of bioactive compounds, and their applications. EndNote software was utilized for
efficient reference management, while figures were created using Microsoft PowerPoint
and Microsoft Excel.

Plant essential oil

Theophrastus von Hohenheim, frequently referred as Paracelsus, a Swiss physician,
first used the word “essential oil” in 1523, when he was attempting to separate the
“Quinta essentia” of several herbal remedies. The term “essential oil” can also refer to
volatile, etheric, or aetheroleum oils. They are developed in aromatic plants where
mixtures of volatile substances, known as secondary metabolites, are created. In other
words, essential oils are concentrated liquids that are hydrophobic or hydrophilic and
include volatile molecules from plants that are aromatic or aliphatic. An aromatic,
highly concentrated oil derived from plants that may be extracted using pressure, hydro
diffusion, or steam distillation. Gas chromatography combined with mass spectrometry
(GC-MS) is typically used to identify the constituents of an essential oil (Oladipupo et
al., 2022).

The majority of essential oil extractions are carried out via distillation, solvent
extraction or expression. The most used extraction method is distillation which uses
water in either the liquid or steam phase or both. Steam or water distillation is used for
removing them from the plant. The volatile components are drawn into the plant by
water and then condense into a water - oil separation. Essential oils often have densities
that are lower than that of water (Perricone et al., 2015).

The climate in which the plant is harvested as well as the validity of the extraction
determine the composition of virgin oil (Price and Price, 2011). The establishment of a
chemotype within one kind of plant can be influenced by various factors such as
weather, animals, insects, coexisting vegetation, and geographic location. This can
ultimately impact the substances that are extracted and identified in a plant’s essential
oils. Their distinct physical, chemical, and biological characteristics are a result of the
hundreds of diverse compounds that make them up. Furthermore, the extraction of
aromatic plants with organic solvents may yield oleoresins; carbon dioxide may be used
to make better extracts without the need for solvents (Mossa, 2016).

Chemical composition of essential oil

The volatile essential oil chemicals can be divided into four groups: Terpenes,
Benzene derivatives, Hydrocarbons, and other unrelated compounds. Essential oils are
categorized into Hemiterpenes (C5), Monoterpenes (C10), Sesquiterpenes (C15),
Diterpenes (C20), triterpenes (C30) and tetraterpenes (C40) based on the amount of
isoprene units in their chemical structures. Additionally, terpenoids or oxygenated
terpenes have extra functional groups like ester, alcohol, and carboxylic acid, among
others (Bakkali et al., 2008).

Acyclic alcohols like linalool, geraniol, and citronellol, Cyclic alcohols like menthol,
isopulegol, and terpeniol, Bicyclic alcohols like borneol and Verbenol are among these
chemical structures, Phenolic substances like thymol and carvacrol, Ketones, including
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thujone, menthone, and carvone, Citronellal, citral, Acids like chrysanthemic acid are
aldehydes and Oxides like cineole (Mossa, 2016; Tripathi and Vibha, 2009; Isman,
2016; Raghavan, 2006). Some of the major constituents of common essential oil-
bearing crops is given in Table 1.

Table 1. Common essential oil-bearing plants and their primary components

Crops Scientific name Primary constituents Molecular structure Molecular formula
Indian bay leaves Cinnamomum tamala
Cardamom Elettaria cardamomum o
Eucalyptus Eucalyptus globulus 1,8-cineole \ CioH150
Rosemary Rosmarinus officinalis
Sage Salvia officinalis
0 ~
Allspice Pimenta dioica
H-0-
Eugenol CioH120;
Clove Syzygium aromaticum
Coriander Coriandrum sativum /
Linalool Hy M CioH1s0
Sweet Basil Ocimum basilicum
Caraway Carum carvi
Carvone C1oH10
) 0
Dill leaf Anethum graveolens
Star anise Ilicium verum " H
Anethole CioH1,0
Fennel Foeniculum vulgare J
—
o
H J
Black pepper Piper nigrum Piperine OW@: ° Ci7H1NO
"0
H_ =0
H H
Cinnamon Cinnamomum verum Cinnamaldehyde CyHsO
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Cumin Cuminum cyminum Cuminaldehyde CioH1,0
Garlic Allium sativum Allicin CsH100S,
Ginger Zingiber officinale Gingerol C17H2604
Lemongrass Cymbopogon citratus Citral C1oH160
Marjoram Origanum majorana Terpinen-4-ol CioH150
Mustard Brassica nigra Allyl isothiocyanate c NN C4HsNS
Nutmeg Myristica fragrans Sabinene CioH16
Orange Citrus sinensis d-limonene CioH1s
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Oregano Origanum vulgare Carvacrol C1oH140
H 0
Paprika Capsicum annuum var. Longum Capsanthin CoHs603
~
oL
Peppermint Mentha piperita Menthol T CioH200
~
, A
2e3 “ﬁng
Saffron Crocus sativus Crocin 'Tm C44Hs4024
oL h‘
' o
Thyme Thymus vulgaris Thymol C1oH140
Turmeric Curcuma longa Cucurmin Ca1H2006
~
)
0
H
Vanilla Vanilla planifolia Vanillin CgHgOs
H
(0]

Sourced from pubchem -National Library of Medicine 2024

Benefits of essential oils

PEOs have historically been employed in the food and perfume industries. Scripts
from a variety of historical periods, including India 5000 BC, Mesopotamia, and Greece
3000 BC, documented the extraction and use of essential oils (Dima and Dima, 2015).
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More than 3000 components have been identified in approximately 17,500 aromatic
plant species that are grown worldwide (Maddocks-Jennings et al., 2005). The fragrance
and flavor industries have traditionally used PEOs. Recently, the popularity of their
usage in aromatherapy has increased markets for suppliers of essential oils. Although
the traditional use of numerous plants and their preparations to ward off insects and
other pests has been well-documented, there are very few commercially successful
repellents, much less insecticides, based on PEOs before the late 1990s (Isman et al.,
2011). Since its discovery, essential oils have been employed in cult rites, as culinary
tastes and additions, as well as in pharmaceuticals, aphrodisiacs, cosmetics, and other
products. Essential oils are currently drawing more attention for both research and
various kinds of applications. Due to its numerous applications (Fig. 2) in food,
medicine, cosmetics, fragrances, aromatherapy, and agriculture, essential oil demand is
at an all-time high (Calo et al., 2015).

s | Medicine
a ™

Aromatherapy ' Food
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Figure 2. Industrial applications of essential oils

The widespread use of plant essential oils in medicines and foods generally suggests
that they are not particularly hazardous to mammals. A majority of essential oils and
their active ingredients have been shown to be safe for mammals. A few noteworthy
exceptions were discovered, though (Isman et al., 2011). For instance, Mentha
pulegium, pennyroyal oil is said to be poisonous to both people and animals (Miguel,
2010).

Biopesticides

The regulatory restrictions and increase in pest resistance, leads to the fall of
synthetic pesticides. Bio-insecticides have emerged as a synthetic pesticide substitute in
the agricultural and public health sectors (Khater, 2012). Due to their appeal among
organic growers and consumers who care about the environment, essential oils are
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typically regarded as low risk insecticides that has witnessed a considerable increase in
use over the past few years (Sharma et al., 2023).

All-natural substances like plant extracts, essential oils, etc. that can lower the insect
population and boost food output are referred to as “green pesticides” (Mossa, 2016).
Subsequently, there are a few characteristics of essential oils that make them useful for
managing insects (Isman et al., 2011). Since they have a variety of modes of action and
sites of action, they have broad activity against many insects. They are insecticidal,
deterrent, fumigant, antifeedant, and attractive among other things. Essential oils and its
components are non-toxic to mammals. They have a relatively short residual half-life on
plants. The essential oils can be used as pesticides straight out of the bottle, as its
“active ingredient” or as co-adjutants in other pesticide formulations (Mossa, 2016).

Because of their lipophilic chemical composition essential oils can penetrate insects
and result in metabolic malfunction and mortality (Lee et al., 2004). Molecular weights,
the point of entrance of the toxin and the mechanisms of action are the elements that
influence the toxicity of an essential oil (Kim et al., 2010; Carrasco et al., 2016; Abou-
Taleb et al., 2016). The effects of essential oils on ecosystems and human health appear to
be less severe than those of synthetic plant protection products (PPP), which are classified
under the US Food and Drug Administration’s Generally Recognized as Safe (GRAS)
product categories (Koul et al., 2008). Programs for integrated pest management may
include essential oils and plant extracts (Santana de Oliveira et al., 2021).

The effectiveness and usability of essential oils as environmental friendly and long-
lasting biopesticides by demonstrating their herbicidal, insecticidal, acaricidal,
nematicidal, and antibacterial activities (Assadpour et al., 2023). The pesticidal
properties of some essential oil are given in Table 2.

Table 2. Some essential oil-bearing plants with pesticidal properties

Essential oil crop

Pest/micro-organism

Reference

Piper nigrum

Blattella germanica

(Peterson et al., 2002)

Carum copticum

Sitophilus oryzae
Tribolium castaneum

(Sahaf et al., 2007)

Carum carvi

Sitophilus oryzae

(Lopez et al., 2008)

Cinnamomum camphora

Rhyzopertha dominica
Cryptolestes pusillus

(Lopez et al., 2008)

Coriandrum sativum

Sitophilus oryzae
Rhyzopertha dominica
Cryptolestes pusillus

(Lopez et al., 2008)

Artemisia sieberi

Plutella xylostella

(Gonzalez et al., 2014)

Cymbopogon flexuosus,
Cymbopogon martini,
Cymbopogon nardus

Acharia fusca
Euprosterna elaeasa

(Hernandez-Lambraio et al., 2014)

Cinnamomum verum
Cupressus sempervirens
Thymus vulgaris

Botrytis cinerea

(Rguez et al., 2018)

Origanum vulgare

Bjerkandera adusta

(Kapustova et al., 2021)

Amphineuron opulentum,
Cassia alata
Cassia tora,

Murraya paniculata
Tithonia diversifolia

Oligonychus coffeae

(Deka et al., 2022)
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Insecticidal activity

Essential oils and plant extracts have been subjected to a number of bioassays to
show promise for controlling certain important insect and mite populations. The
essential oils derived from Artemisia species show insecticidal effect against some
insects, such as coleopteran beetles. They operate as an insect repellant and have vapor
toxicity (Kordali et al., 2006). Research evidences revealed that, piperitone has
insecticidal effects on Callosobruchus maculatus and trans-ethyl cinnamate has
antifeedant effects. But Spodoptera littoralis was resistant to both piperitone and trans-
ethyl cinnamate, both of which were derived from Artemisia judaica essential oil
(Abdelgaleil et al., 2008; Ketoh et al., 2006). The Vinca rosea and Callistemon
lanceolatus essential oils and their combinations against Helicoverpa armigera showed
the strongest antifeedant efficacy (Halder et al., 2012).

The Western red cedar, Thuja plicata, produces monoterpenes (e.g., B-thujaplicin)
that have insecticidal activity against the larvae of the old-house borer, Hylotrupes
bjulus. In contrast, Reticulothermes flavipes termites showed only weak insecticidal
activity when exposed to a and B -thujaplicin (Mossa, 2016). The efficacy of black
pepper, Piper nigrum extracts against green peach aphids (Myzus persicae) was found
to be 80%, and the efficiency may be increased to 98.33% through its synergistic
actions with other plant extracts (Ahmed et al., 2021). The use of Thymus zygis, Thymus
vulgaris, and Mentha suaveolens essential oils were identified as potent ixodicidal and
anti-feedant agents. Further these plants can be developed as biopesticides to
successfully manage ticks and insect pests (Valcarcel et al., 2021).

Fungicides activity

Research on potential herbal remedies for plant diseases is widespread. For instance,
the effects of Thymus vulgaris and Cinnamomum verum essential oil and Cupressus
sempervirens essential oil on managing the grey mold in tomatoes caused by Botrytis
cinerea are documented by (Perumal et al., 2016). The Cupressus sempervirens oil’s
main ingredients, o-pinene, a-cedrol, and B-caryophyllene, had the highest levels of
antifungal activity (Rguez et al., 2018; Ismail et al., 2013). In a petri plate assay, 38
PEOs significantly inhibited mycelial growth and spore germination in fungal
pathogens of common pulses, including Aphanomyces euteiches, Botrytis cinerea,
Colletotrichum lentis (Parikh et al., 2021).

Potentially hazardous oomycetes, such as Phytophthora, have been investigated for
resistance to volatile organic compounds (VOCs) from soybean plants. Phytophthora
sojae, the cause of soybean root rot, and Phytophthora nicotianae cause of black shank,
were simultaneously injected with VOCs, which predominately contained 4-
ethylphenol. VOCs inhibited the growth of infections by causing damage to their cell
membrane. These VOCs are ideal for simultaneously controlling major soil borne
diseases because they have strong antifungal activity against other soil-borne
phytopathogenic  fungi  like Rhizoctonia solani, Fusarium graminearum,
Gaeumannomyces graminis var tritici, and Fusarium oxysporum (Ge et al., 2021;
Lahlali et al., 2022).

Nematicidal activity

Very few bioactivity evaluation bioassays using various essential oils and plant
extracts have been conducted on regulating distinct nematode populations, in contrast to
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research on insects and mites. Citrus sinensis, Cymbopogon nardus, and Melaleuca
alternifolia have been found to have nematicidal potential against the cotton root-knot
worm, Meloidogyne incognita (Kundu et al., 2021). Garlic (Allium sativum) and
cinnamon (Cinnamon cassia) essential oils had the most potent nematicidal activity
against juvenile phase of Meloidogyne incognita (Jardim et al., 2020, 2018). Juvenile
phase of the fake root-knot nematode, Nacobbus aberrans was effectively eliminated by
Pimpinella anisum and Origanum vulgare essential oils (Sosa et al., 2020).

Herbicidal activity

In actuality, allelopathic interactions and allelochemicals control the weedicide
properties of essential oils (Batish et al., 2006). PEOs of Eucalyptus citriodora,
Lavandula angustifolia and Pinus sylvestris were found to be efficient at controlling
weeds. Camphor, 1,8-cineole, and linalool were the main active compounds, which
helps to eradicate the weeds (Ibafiez and Blazquez, 2019). The phytotoxic effect on the
germination and growth of several weeds viz., Sonchus arvensis, Lolium rigidum,
Trifolium campestre and Phalaris canariensis has been reported on aqueous PEOs of
Pinus radiata and Cupressus sempervirens (Ismail et al., 2021).

Management of storage pests

The volatile oils are often employed in agriculture mostly in greenhouses and food
storage as a fumigant against insects (Ebadollahi et al., 2010). The rapidly penetrating
and non-toxic residues left behind by the treated items give essential oil a broad range
of effectiveness against a variety of insects. The Indian meal moth, Plodia
interpunctella, and the Mediterranean four moth, Ephestia kuehniella are significant
stored-product insect pests that seriously harm processed foods including nuts and
grains (Jesser et al., 2020). A range of cyclohexenone compound have toxicity (LC50)
against Plodia interpunctella larvae and adults in a fumigant toxicity bioassay.
Seudenone have an LC50 against P. interpunctella larvae and adults. These findings
show that these essential oils are more harmful to P. interpunctella larvae than to adults
(Park and Lee, 2018).

Management of urban insects

Urban insect is an invasive species that tends to spread and destroy the environment
of urban human society, both financially and health-wise. The common bed bug, Cimex
lectularius L., and the tropical bed bug, Cimex hemipterus, are two species that are
significant ectoparasites of humans and occasionally other animals (Liu et al., 2014). In
a treated surface bioassay, the essential oil from Oreganum vulgare leaf had an EC50
I.e., effective concentration necessary to generate 50% repellency against the common
bed bug, Cimex lectularius after 24 h and 100% repellency after 3 h when 10% of the
essential oil was utilized (Sharififard et al., 2018). Piper nigrum essential oil had 49 and
55% repellency after 12 h, against Blattella germanica nymphs and adults, respectively
(Wagan et al., 2017). When Lamiaceae essential oils were employed, similar effects
against B. germanica nymphs and adults were observed (Peterson et al., 2002).

The essential oil of vetiver oil, Vitiveria zizanioides and its components have shown
a variety of mosquito-repelling properties. p-caryophyllene oxide, vetiver oil and their
binary combinations were assessed their ability to repel four mosquito species.
Regardless of the test settings or species, the compound combinations induced a
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substantially stronger reaction in the mosquitoes than single compounds. Combination
of binary combinations + Vetiver oil (1:2) with Anopheles minimus and Culex
quinquefasciatus produced the strongest synergistic effect (Nararak et al., 2022)
International products like ECOSMART - ant and roach killer and mosquito repellent
employs peppermint oil (1.5%), which is already used commercially. Additionally, it is
one among the ingredients in topical insect and flea repellents.

Nano-insecticides

The latest trend in protecting essential oils from deterioration and lengthens their
half-life of residue by lowering evaporation is nanoformulation. Due to the tiny particle
size, these nano-formulations can increase essential oil’s activity. It was soluble,
mobile, and had a large surface area. They have little mammalian toxicity due to their
solvent elimination. But for essential oils nano formulations, polymeric nanoparticles
are the most promising and more repellent than essential oil (Negahban et al., 2014).
For instance, at 1.9 ppm, Artemisia oil nanoencapsulation demonstrated more activity
than oil. These nanocapsules had an anti- Plutella xylostella activity of 80 and 62% for
pure oil, respectively (Gonzalez et al., 2014; Kah et al., 2013).

When Nanoencapsulated essential oils (NE-EOs) were screened against a group of
fungal strains, the results indicated a significant antifungal effect. At MIC (Minimum
inhibitory concentrations) values ranging from 0.125 to 0.25 mg/mL, the results showed
that NE-EOs reduced the development of the fungi under study. These concentrations
were between two and four times lower than those seen in pure essential oils.
Aspergillus fumigatus, Cladosporium aggregatocicatricatum, Cladosporium herbarum
and Pleurotus eryngii were effectively inhibited from growing by NE-EOs at a MIC of
0.125 mg/ml. Furthermore, the fungus Bjerkandera adusta was inhibited by Origanum
vulgare NCs at this dose (Kapustova et al., 2021). By using polyethylene glycol (PEG)
nanoparticles containing essential oils and physicochemical characterization, (Gonzalez
et al., 2014) determined the fatal and sublethal activity of the particles against
Rhizopertha dominica and Tribolium castaneum. After six months of storage, the 10%
ratio EO-PEG nanoparticles’ average diameter was found to be less than 235 nm (with a
PDI-Polydispersity Index of less than 0.280) and their loading efficacy was found to be
greater than 75%. Additionally, the number of essential oils in the particles fell by
around 25%. The slow and continuous release of active terpenes from the essential oil
nanoparticles appears to be the reason for the significant increase in residual contact
toxicity. Furthermore, the nanoformulation changed the nutritional physiology of stored
product pests and increased the essential oil contact toxicity.

Mode of action of plant essential oil

Essential oils have varying modes of action (Fig. 3) depending on the type of pest
and weeds. Some of the mechanisms have been discussed below.

Insect: Insects have reportedly been known to inhale, consume or absorb essential
oils through their skin. The bioinsecticidal activity of PEOs is aided by the inhibition of
insect-specific receptors. Monoterpenes found in PEOs have the ability to inhibit AChE
and cause neurotoxicity in organisms, especially arthropods. Monoterpenoids such as
linalool impact the ion transport and AChE enzyme release via acting on the neural
system of an insect (Re et al., 2000). PEOs have the ability to alter neuronal activity by
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binding to octopamine receptors, which can cause the insect nervous system to
completely collapse (Tripathi et al., 2009).

Weeds: PEO’s mode of action on weeds differs from plant to plant and is mostly
influenced by the chemical makeup of the different PEOs or their constituents. For
instance, monoterpenes may cause disruptions to the lipid organization, while
phenylpropanoids may function via attaching to membrane receptors (Lins et al., 2019).

Fungal cells: Upon PEO entrance, the cell wall, plasma membrane, and crucial
organelles are disrupted, leading to the release of intracellular components and the death
of fungal cells (Khoury et al., 2019).

/1

Essential oil

Aty
kL

¢

/ Insects Yalalr Fungi ™\,

Weed prlants
!

Cell wall, plasma

Inhibition of membrane &

Affects plasma
membrane, nucleus,
photosynthesis,
disruptions of the
lipid organization etc.

insect-specific
receptors

crucial organelles
are disrupted

Release of
intracellular

!
e -— t
A components
Death

Neurotoxicity

Figure 3. Mode of action of essential oil against insects, weeds and fungi

Commercialized essential oils

Some insecticides based on essential oils were introduced by ECoSMART
technologies in the USA. In 1998, they employed essential oils made from thyme,
rosemary, peppermint, cinnamon, and other plants. An aphidicide, miticide, and
fungicide mixture was created by Mycotech Corporation. These compositions are built
around cinnamon oil that contains 30% EC cinnamaldehyde. Insecticides ECOPCOR
have been introduced thanks to ECOSMART technologies. Eugenol and 2-phenethyl
propionate are the main active components. They were employed by pest control
specialists as well as against flying and crawling insects. The active component in the
EcoTrolTM formulation is rosemary oil. They were applied to horticultural crops as an
insecticide and miticide. Insecticide made from garlic oil was also produced in the US.
The active component in these formulations is mint oil (Khalfi et al., 2006; Isman et al.,
2011). Biofungicide named BIOXEDA produced in Europe has Clove oil as one of its
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ingredients. Made of sweet orange oil, LIMOCIDE and OROCIDE function as both
biofungicides and bioinsecticides. In the United States, there are commercial
bioherbicides called Matratec, WeedZap, and GreenMatch EX that contain clove olil,
45% clove oil plus 45% cinnamon oil, and lemongrass oil, as one of the primary
ingredients, respectively (Gupta et al., 2023).

In India, there are different products are available but remarkably one is
AGRONEEM, which is a contemporary pesticide based on a herbal extract of neem
seed kernels oil (Azadirachta indica). Its main active component is Azadirachtin which
Is an intricate Tetranortriterpenoid that exhibits a variety of effects on insects, thereby
shielding plants from potential threats. India has authorized the use of eucalyptus leaf
extract, which is high in 1,8-cineole, as an insecticide component (Isman, 2016).
However, only very few biopesticide formulations based on essential oils have been
used commercially to till date. Therefore, the transition to plant-based alternatives is
already underway and these bio product-based industries will grow in the near future as
the current human population becomes more aware of the dangers of utilizing various
hazardous xenobiotics as pesticides that pose serious risks to the environment and
human health (Singh and Pandey, 2018).

Constrains and challenges

Key benefits and drawbacks associated with the usage of essential oil-based
biopesticides is strictly regulated. Essential oils and plant extracts, on the other hand,
are biologically unstable since they are rapidly ruined by ambient pH, oxygen, light, and
moderate temperatures. Aside from being highly volatile, essential oil have limited
aqueous solubility (Pavela and Benelli, 2016). There is need for an enormous cultivable
area, source plants, suitable climate and collection of plant material at the appropriate
time to maintain the quality of the raw materials. The coexisting vegetation and the
presence of animals and insects can indirectly and directly influence the chemotype of a
medicinal plant species through competition for resources, allelopathy, pollination and
seed dispersal dynamics, herbivory responses, symbiotic relationships, and
microenvironmental effects. Understanding these ecological interactions is crucial for
managing and conserving medicinal plant species and optimizing their cultivation for
medicinal use. Artemisia annua, used for producing artemisinin (an antimalarial
compound), responds to herbivory by increasing the production of artemisinin and other
defensive chemicals. Herbivores like caterpillars can trigger these chemical defenses,
potentially enhancing the medicinal properties of the plant. Ants create nests and
pathways that can affect soil structure and nutrient cycling around medicinal plants
(Steinberger et al., 2024).

The active compounds in plants vary chemically depending on where they are grown,
are further limitations on product purity. Weather conditions can influence plant
chemistry by directly affecting physiological processes like photosynthesis and
respiration, altering the availability of water and nutrients, and inducing changes in
response to light and atmospheric conditions. These factors collectively determine the
chemical composition of plants, including their nutrient content and the concentrations
of bioactive compounds important for defense, growth, and reproduction (Damalas and
Koutroubas, 2020).

Further research on usage of essential oil will face several major constrains viz., the
creation of effective stabilization processes (such as microencapsulation); the
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simplification of the intricate and expensive biopesticide authorization requirements;
and the improvement of plant growing conditions and extraction procedures to produce
essential oils with homogeneous chemical compositions. The market’s clearance from
several international regulatory organizations, along with economic factors, constitutes
the last obstacle (Werrie et al., 2020). To overcome these obstacles (Fig. 4), efforts are
being made. It is still difficult to use these invasive plant extracts as biopesticides in
developing countries especially among resource-poor smallholder farmers and locals
(Stevenson et al., 2017; Uyi et al., 2021).

/ Poor stability under
ambient conditions

Oﬁo Variation in plant
S J active compounds
@ Limited aqueous
\ Sl solubility

Economic

considerations

Figure 4. Constraints of essential oils as pesticides

Conclusion

The high demand for PEOs and their bioactive components as biopesticides
underscores their popularity in ecological agriculture. The essential oil’s properties that
made them suitable for insect management. Essential oils exhibit a wide range of insect-
controlling properties such as insecticidal, fumigant, antifeedant, attraction, and
repellency, targeting various insects selectively. Because of their natural volatility,
essential oils serve as effective fumigants against agricultural and stored food pests.
Furthermore, certain approved products have been employed in greenhouses,
horticultural crops, and urban pest control to manage insect infestations. Previously
essential oils are widely used as commercial biopesticides, a number of issues,
including the decreased stability and effectiveness of essential oils under varying
environmental conditions, must be resolved. Henceforth, essential oil nano-
encapsulation is required to increase its stability, reduce side effects, lower the overall
dosage and frequency of doses, boost repellent action, and provide sustained release.
Hence, appropriate methodical and progressive strategy to use natural products against
various agricultural pests is required now for a healthy, sustainable environment for the
future generations.

Author contributions. All authors contributed equally.

Acknowledgements. Authors express profound gratitude to Dr. P. Senthilvalavan, Dr. S. Rajesh, and Dr.
A. Beaulah from the Horticultural College and Research Institute, TNAU, for their assistance in language
editing this review.

Competing interests. The authors declare no competing interests.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 22(6):5149-5168.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2206_51495168
© 2024, ALOKI Kft., Budapest, Hungary



[1]

[2]

3]

[4]

(5]

(6]
[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

Rubika et al.: Plant essential oils to the rescue—an epic battle with biopesticides for pest control in agriculture
- 5163 -

REFERENCES

Abdelgaleil, S. A., Abbassy, M. A., Belal, A.-S. H., Rasoul, M. a. A. (2008): Bioactivity
of two major constituents isolated from the essential oil of Artemisia judaica L. —
Bioresource Technology 99: 5947-5950. https://doi.org/10.1016/j.biortech.2007.10.043.
Abou-Taleb, H. K., Mohamed, M. I, Shawir, M. S., Abdelgaleil, S. A. (2016):
Insecticidal properties of essential oils against Tribolium castaneum (Herbst) and their
inhibitory effects on acetylcholinesterase and adenosine triphosphatases. — Natural
Product Research 30: 710-714. https://doi.org/10.1080/14786419.2015.1038999.

Ahmed, Q., Agarwal, M., Al-Obaidi, R., Wang, P., Ren, Y. (2021): Evaluation of
aphicidal effect of essential oils and their synergistic effect against Myzus persicae
(Sulzer) (Hemiptera: Aphididae). - Molecules 26: 3055.
https://doi.org/10.3390/molecules26103055.

Assadpour, E., Can Karaga, A., Fasamanesh, M., Mahdavi, S. A., Shariat-Alavi, M.,
Feng, J., Kharazmi, M. S., Rehman, A., Jafari, S. M. (2023): Application of essential oils
as natural biopesticides; recent advances. — Critical Reviews in Food Science and
Nutrition 34(19): 6477-6497. https://doi.org/10.1080/10408398.2023.2170317.

Bakkali, F., Averbeck, S., Averbeck, D., Idaomar, M. (2008): Biological effects of
essential oils—-a review. — Food and Chemical Toxicology 46: 446-475.
https://doi.org/10.1016/j.fct.2007.09.106.

Batish, D. R., Singh, H., Kohli, R. (2006): Allelopathy and its Role in Sustainable
Agriculture. — Perspectives in Plant Ecology and Environmental Biology 261.

Calo, J. R, Crandall, P. G., O’bryan, C. A., Ricke, S. C. (2015): Essential oils as
antimicrobials in food systems-A review. — Food Control 54: 111-119.
https://doi.org/10.1016/j.foodcont.2014.12.040.

Carrasco, A., Perez, E., Cutillas, A.-B., Martinez-Gutierrez, R., Tomas, V., Tudela, J.
(2016): Origanum vulgare and Thymbra capitata essential oils from Spain:
Determination of aromatic profile and bioactivities. — Natural Product Communications
11: 1934578X1601100133. https://doi.org/10.1177/1934578X1601100133d.

Damalas, C. A., Koutroubas, S. D. (2020): Botanical Pesticides for Eco-Friendly Pest
Management: Drawbacks and Limitations. — In: Srivastava, P. K. et al. (eds.) Pesticides
in Crop Production: Physiological and Biochemical Action. Wiley, Hoboken, NJ, pp.
181-193. https://doi.org/10.1002/9781119432241.ch10.

Deka, B., Babu, A., Baruah, C., Sarkar, S. (2022): Plant extracts as potential acaricides
for the management of Red Spider Mite, Oligonychus coffeae Nietner (Acarina:
Tetranychidae), in the tea ecosystem: an eco-friendly strategy. — Frontiers in Agronomy
4: 685568. https://doi.org/10.3389/fagro.2022.685568.

Dima, C., Dima, S. (2015): Essential oils in foods: extraction, stabilization, and toxicity.
— Current Opinion in Food Science 5: 29-35. https://doi.org/10.1016/j.cofs.2015.07.003.
Ebadollahi, A., Safaralizadeh, M., Pourmirza, A. (2010): Fumigant toxicity of Lavandula
stoechas L. oil against three insect pests attacking stored products. — Journal of Plant
Protection Research 50.

El Khetabi, A., Lahlali, R., Ezrari, S., Radouane, N., Lyousfi, N., Banani, H., Askarne,
L., Tahiri, A., EI Ghadraoui, L., Belmalha, S. (2022): Role of plant extracts and essential
oils in fighting against postharvest fruit pathogens and extending fruit shelf life: a review.
— Trends in Food Science & Technology 120: 402-417.
https://doi.org/10.1016/j.tifs.2022.01.009g.

Ge, T., Gao, W., Liang, C., Han, C., Wang, Y., Xu, Q., Wang, Q. (2021): 4-ethylphenol,
a volatile organic compound produced by disease-resistant soybean, is a potential
botanical agrochemical against oomycetes. — Frontiers in Plant Science 12: 717258.
https://doi.org/10.3389/fpls.2021.717258.

Gonzalez, J. O. W., Gutiérrez, M. M., Ferrero, A. A., Band, B. F. (2014): Essential oils
nanoformulations for stored-product pest control—characterization and biological

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 22(6):5149-5168.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2206_51495168
© 2024, ALOKI Kft., Budapest, Hungary



[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Rubika et al.: Plant essential oils to the rescue—an epic battle with biopesticides for pest control in agriculture
- 5164 -

properties. - Chemosphere 100: 130-138.
https://doi.org/10.1016/j.chemosphere.2013.11.056.

Gupta, I., Singh, R., Muthusamy, S., Sharma, M., Grewal, K., Singh, H. P., Batish, D. R.
(2023): Plant essential oils as biopesticides: applications, mechanisms, innovations, and
constraints. — Plants 12: 2916. https://doi.org/10.3390/plants12162916.

Halder, J., Srivastava, C., Dhingra, S., Dureja, P. (2012): Effect of essential oils on
feeding, survival, growth and development of third instar larvae of Helicoverpa armigera
Hubner. — National Academy Science Letters 35: 271-276.
https://doi.org/10.1007/s40009-012-0043-9.

Hernandez-Lambraiio, R., Caballero-Gallardo, K., Olivero-Verbel, J. (2014): Toxicity
and antifeedant activity of essential oils from three aromatic plants grown in Colombia
against Euprosterna elaeasa and Acharia fusca (Lepidoptera: Limacodidae). — Asian
Pacific Journal of Tropical Biomedicine 4: 695-700.
https://doi.org/10.12980/APJTB.4.2014APJTB-2014-0178.

Ibafiez, M. D., Blazquez, M. A. (2019): Phytotoxic effects of commercial Eucalyptus
citriodora, Lavandula angustifolia, and Pinus sylvestris essential oils on weeds, crops,
and invasive species. — Molecules 24: 2847. https://doi.org/10.3390/molecules24152847.
Ismail, A., Lamia, H., Mohsen, H., Samia, G., Bassem, J. (2013): Chemical composition,
bio-herbicidal and antifungal activities of essential oils isolated from Tunisian common
cypress (Cupressus sempervirens L.). — Journal of Medicinal Plants Research 7: 1070-
1080. https://doi.org/10.5897/JMPR12.1088.

Ismail, A., Habiba, K., Yassine, M., Mohsen, H., Bassem, J., Lamia, H. (2021): Essential
oils of Tunisian Pinus radiata D. Don, chemical composition and study of their herbicidal
activity. - Vietnam Journal of Chemistry 59: 247-252.
https://doi.org/10.1002/vjch.202000103.

Isman, M. B. (2016): Pesticides based on plant essential oils: phytochemical and practical
considerations. Medicinal and aromatic crops: production, phytochemistry, and
utilization. — ACS Publications 1218: 13-26. https://doi.org/10.1021/bk-2016-
1218.ch002.

Isman, M. B., Miresmailli, S., Machial, C. (2011): Commercial opportunities for
pesticides based on plant essential oils in agriculture, industry and consumer products. —
Phytochemistry Reviews 10: 197-204. https://doi.org/10.1007/s11101-010-9170-4.
Jardim, 1. N., Oliveira, D. F., Silva, G. H., Campos, V. P., De Souza, P. E. (2018): (E)-
cinnamaldehyde from the essential oil of Cinnamomum cassia controls Meloidogyne
incognita in soybean plants. — Journal of Pest Science 91: 479-487.
https://doi.org/10.1007/s10340-017-0850-3.

Jardim, 1., Oliveira, D., Campos, V., Silva, G., Souza, P. (2020): Garlic essential oil
reduces the population of Meloidogyne incognita in tomato plants. — European Journal of
Plant Pathology 157: 197-209. https://doi.org/10.1007/s10658-020-02000-1.

Jesser, E., Lorenzetti, A. S., Yeguerman, C., Murray, A. P., Domini, C., Werdin-
Gonzélez, J. O. (2020): Ultrasound assisted formation of essential oil nanoemulsions:
Emerging alternative for Culex pipiens (Diptera: Culicidae) and Plodia interpunctella
(Lepidoptera: Pyralidae) management. — Ultrasonics Sonochemistry 61: 104832.
https://doi.org/10.1016/j.ultsonch.2019.104832.

Kah, M., Beulke, S., Tiede, K., Hofmann, T. (2013): Nanopesticides: state of knowledge,
environmental fate, and exposure modeling. — Critical Reviews in Environmental Science
and Technology 43: 1823-1867. https://doi.org/10.1080/10643389.2012.671750.
Kapustova, M., Granata, G., Napoli, E., Puskarova, A., Buckova, M., Pangallo, D.,
Geraci, C. (2021): Nanoencapsulated essential oils with enhanced antifungal activity for
potential application on agri-food, material and environmental fields. — Antibiotics 10:
31. https://doi.org/10.3390/antibiotics10010031.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 22(6):5149-5168.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2206_51495168
© 2024, ALOKI Kft., Budapest, Hungary



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

Rubika et al.: Plant essential oils to the rescue—an epic battle with biopesticides for pest control in agriculture
- 5165 -

Ketoh, G. K., Koumaglo, H. K., Glitho, I. A., Huignard, J. (2006): Comparative effects of
Cymbopogon schoenanthus essential oil and piperitone on Callosobruchus maculatus
development. — Fitoterapia 77: 506-510. https://doi.org/10.1016/j.fitote.2006.05.031.
Khalfi, O., Benyoussef, E.-H., Yahiaoui, N. (2006): Extraction, analysis and insecticidal
activity of spearmint essential oil from Algeria against Rhyzopertha dominica (F.). —
Journal of Essential Oil Bearing Plants 9: 17-21.
https://doi.org/10.1080/0972060X.2006.10643464.

Khater, H. F. (2012): Prospects of botanical biopesticides in insect pest management. —
Pharmacologia 3: 641-656. https://doi.org/10.5567/pharmacologia.2012.641.656.

Khoury, M., El Beyrouthy, M., Ouaini, N., Eparvier, V., Stien, D. (2019): Hirtellina
lobelii DC. essential oil, its constituents, its combination with antimicrobial drugs and its
mode of action. — Fitoterapia 133: 130-136. https://doi.org/10.1016/j.fitote.2019.01.001.
Kim, S.-l., Yoon, J.-S., Jung, J. W., Hong, K.-B., Ahn, Y.-J., Kwon, H. W. (2010):
Toxicity and repellency of origanum essential oil and its components against Tribolium
castaneum (Coleoptera: Tenebrionidae) adults. — Journal of Asia-Pacific Entomology 13:
369-373. https://doi.org/10.1016/j.aspen.2010.06.011.

Kordali, S., Aslan, 1., Calmasur, O., Cakir, A. (2006): Toxicity of essential oils isolated
from three Artemisia species and some of their major components to granary weevil,
Sitophilus granarius (L.) (Coleoptera: Curculionidae). — Industrial Crops and Products
23: 162-170. https://doi.org/10.1016/j.indcrop.2005.05.005.

Koul, O., Walia, S., Dhaliwal, G. (2008): Essential oils as green pesticides: potential and
constraints. — Biopesticides International 4: 63-84.

Kumar, J., Ramlal, A., Mallick, D., Mishra, V. (2021): An overview of some
biopesticides and their importance in plant protection for commercial acceptance. — Plants
10: 1185. https://doi.org/10.3390/plants10061185.

Kundu, A., Dutta, A., Mandal, A., Negi, L., Malik, M., Puramchatwad, R., Antil, J.,
Singh, A., Rao, U., Saha, S. (2021): A comprehensive in vitro and in silico analysis of
nematicidal action of essential oils. — Frontiers in Plant Science 11: 614143.
https://doi.org/10.3389/fpls.2020.614143.

Lahlali, R., EI Hamss, H., Mediouni-Ben Jemaa, J., Barka, E. A. (2022): The Use of Plant
Extracts and Essential Oils as Biopesticides. — Frontiers in Agronomy 4: 921965.
https://doi.org/10.3389/fagro.2022.921965.

Lee, B.-H., Annis, P. C., Choi, W.-S. (2004): Fumigant toxicity of essential oils from the
Myrtaceae family and 1, 8-cineole against 3 major stored-grain insects. — Journal of
Stored Products Research 40: 553-564. https://doi.org/10.1016/j.jspr.2003.09.001.

Lins, L., Dal Maso, S., Foncoux, B., Kamili, A., Laurin, Y., Genva, M., Jijakli, M. H., De
Clerck, C., Fauconnier, M. L., Deleu, M. (2019): Insights into the relationships between
herbicide activities, molecular structure and membrane interaction of cinnamon and
citronella essential oils components. — International Journal of Molecular Sciences 20:
4007. https://doi.org/10.3390/ijms20164007.

Liu, F., Haynes, K. F., Appel, A. G., Liu, N. (2014): Antennal olfactory sensilla
responses to insect chemical repellents in the common bed bug, Cimex lectularius. —
Journal of Chemical Ecology 40: 522-533. https://doi.org/10.1007/s10886-014-0435-z.
Lopez, M. D., Jordan, M. J., Pascual-Villalobos, M. J. (2008): Toxic compounds in
essential oils of coriander, caraway and basil active against stored rice pests. — Journal of
Stored Products Research 44: 273-278. https://doi.org/10.1016/j.jspr.2008.02.005.
Maddocks-Jennings, W., Wilkinson, J. M., Shillington, D. (2005): Novel approaches to
radiotherapy-induced skin reactions: a literature review. — Complementary Therapies in
Clinical Practice 11: 224-231. https://doi.org/10.1016/j.ctcp.2005.02.001.

Miguel, M. G. (2010): Antioxidant activity of medicinal and aromatic plants. A review. —
Flavour and Fragrance Journal 25: 291-312.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 22(6):5149-5168.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2206_51495168
© 2024, ALOKI Kft., Budapest, Hungary



[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Rubika et al.: Plant essential oils to the rescue—an epic battle with biopesticides for pest control in agriculture
- 5166 -

Mossa, A.-T. H. (2016): Green pesticides: essential oils as biopesticides in insect-pest
management. — Journal of Environmental Science and Technology 9: 354.
https://doi.org/10.3923/jest.2016.354.378.

Nararak, J., Sanguanpong, U., Sukkanon, C., Manguin, S., Chareonviriyaphap, T. (2022):
Synergistic repellent and irritant effects of a binary mixture of 3-caryophyllene oxide and
vetiver  oil  against mosquito  vectors  1-15. -  Research  Square.
https://doi.org/10.21203/rs.3.rs-2036915/v1.

Negahban, M., Moharramipour, S., Zandi, M., Hashemi, S. (2014): Repellent activity of
nanoencapsulated essential oil of Artemisia sieberi Besser on Plutella xylostella L. larvae.
— Iranian Journal of Medicinal and Aromatic Plants Research 29: 909-924.

Oladipupo, S., Hu, X., Appel, A. (2022): Essential oils in urban insect management—A
review. - Journal of Economic Entomology 115: 1375-1408.
https://doi.org/10.1093/jee/toac083.

Parikh, L., Agindotan, B. O., Burrows, M. E. (2021): Antifungal activity of plant-derived
essential oils on pathogens of pulse crops. — Plant Disease 105: 1692-1701.
https://doi.org/10.1094/PDI1S-06-20-1401-RE.

Park, J.-H., Lee, H.-S. (2018): Toxicities of eucalyptus dives oil, 3-carvomenthenone, and
its analogues against stored-product insects. — Journal of Food Protection 81: 653-658.
https://doi.org/10.4315/0362-028X.JFP-17-399.

Pavela, R., Benelli, G. (2016): Essential oils as ecofriendly biopesticides? Challenges and
constraints. - Trends in Plant Science 21: 1000-1007.
https://doi.org/10.1016/j.tplants.2016.10.005.

Perricone, M., Arace, E., Corbo, M. R., Sinigaglia, M., Bevilacqua, A. (2015):
Bioactivity of essential oils: a review on their interaction with food components. —
Frontiers in Microbiology 6: 76. https://doi.org/10.3389/fmicb.2015.00076.

Perumal, A. B., Sellamuthu, P. S., Nambiar, R. B., Sadiku, E. R. (2016): Antifungal
activity of five different essential oils in vapour phase for the control of Colletotrichum
gloeosporioides and Lasiodiplodia theobromae in vitro and on mango. — International
Journal of Food Science & Technology 51: 411-418. https://doi.org/10.1111/ijfs.12991.
Peterson, C. J., Nemetz, L. T., Jones, L. M., Coats, J. R. (2002): Behavioral activity of
catnip (Lamiaceae) essential oil components to the German cockroach (Blattodea:
Blattellidae). - Journal of Economic Entomology  95: 377-380.
https://doi.org/10.1603/0022-0493-95.2.377.

Price, S., Price, L. (2011): Aromatherapy for Health Professionals. E-book. — Elsevier
Health Sciences, Amsterdam.

Raghavan, S. (2006): Handbook of Spices, Seasonings, and Flavorings. — CRC, Boca
Raton, FL.

Raj, A., Dubey, A., Malla, M. A., Kumar, A. (2023): Pesticide pestilence: Global
scenario and recent advances in detection and degradation methods. — Journal of
Environmental Management 338: 117680.
https://doi.org/10.1016/j.jenvman.2023.117680.

Rakshit, A., Meena, V. S., Abhilash, P. C., Sarma, B., Singh, H. B., Fraceto, L., Parihar,
M., Singh, A. K. (2021): Biopesticides: Volume 2: Advances in Bio-Inoculants. —
Woodhead Publishing, Sawston.

Re, L., Barocci, S., Sonnino, S., Mencarelli, A., Vivani, C., Paolucci, G., Scarpantonio,
A., Rinaldi, L., Mosca, E. (2000): Linalool modifies the nicotinic receptor—ion channel
kinetics at the mouse neuromuscular junction. — Pharmacological Research 42: 177-181.
https://doi.org/10.1006/phrs.2000.0671.

Rguez, S., Djébali, N., Slimene, I. B., Abid, G., Hammemi, M., Chenenaoui, S.,
Bachkouel, S., Daami-Remadi, M., Ksouri, R., Hamrouni-Sellami, 1. (2018): Cupressus
sempervirens essential oils and their major compounds successfully control postharvest
grey mould disease of tomato. — Industrial Crops and Products 123: 135-141.
https://doi.org/10.1016/j.indcrop.2018.06.060.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 22(6):5149-5168.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2206_51495168
© 2024, ALOKI Kft., Budapest, Hungary



[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

Rubika et al.: Plant essential oils to the rescue—an epic battle with biopesticides for pest control in agriculture
- 5167 -

Rosegrant, M. W., Sulser, T. B., Dunston, S., Mishra, A., Cenacchi, N., Gebretsadik, Y.,
Robertson, R., Thomas, T., Wiebe, K. (2024): Food and nutrition security under changing
climate and socioeconomic conditions. — Global Food Security 41: 100755.

Sahaf, B. Z., Moharramipour, S., Meshkatalsadat, M. H. (2007): Chemical constituents
and fumigant toxicity of essential oil from Carum copticum against two stored product
beetles. — Insect Science 14: 213-218. https://doi.org/10.1111/j.1744-7917.2007.00146.X.
Santana De Oliveira, M., Pereira Da Silva, V. M., Cantao Freitas, L., Gomes Silva, S.,
Nevez Cruz, J., De Aguiar Andrade, E. H. (2021): Extraction vyield, chemical
composition, preliminary toxicity of bignonia nocturna (bignoniaceae) essential oil and
in silico evaluation of the interaction. — Chemistry & Biodiversity 18: e2000982.
https://doi.org/10.1002/cbdv.202000982.

Sharififard, M., Alizadeh, I., Jahanifard, E., Wang, C., Azemi, M. E. (2018): Chemical
composition and repellency of Origanum vulgare essential oil against Cimex lectularius
under laboratory conditions. — Journal of Arthropod-Borne Diseases 12: 387.

Sharma, N., Sharma, K., Gupta, S. S., Ranjan, K. R., Mishra, V., Mukherjee, M. D.
(2023): Essential Oil-Based Biopesticides. — In: Inamuddin, I. et al. (eds.) Essential Oils:
Extraction Methods and Applications. Wiley, Hoboken, NJ, pp. 443-463.
https://doi.org/10.1002/9781119829614.ch19.

Singh, P., Pandey, A. K. (2018): Prospective of essential oils of the genus Mentha as
biopesticides: a review. —  Frontiers in  Plant Science 9. 1295.
https://doi.org/10.3389/fpls.2018.01295.

Sosa, A. L., Girardi, N. S., Rosso, L. C., Salusso, F., Etcheverry, M. G., Passone, M. A.
(2020): In vitro compatibility of Pimpinella anisum and Origanum vulgare essential oils
with nematophagous fungi and their effects against Nacobbus aberrans. — Journal of Pest
Science 93: 1381-1395. https://doi.org/10.1007/s10340-020-01252-4.

Statista (2023): Leading countries in agricultural consumption of pesticides worldwide in
2021 (online). — Statista. https://www.statista.com/statistics/1263069/global-pesticide-
use-by-
country/#:~:text=Global%20pesticide%20agricultural%20use%202021%2C%20by%20le
ading%20country&text=The%20United%20States%20trailed%20in,metric%20tons%20i
n%20that%20year.

Steinberger, Y., Doniger, T., Sherman, C., Jeyaraman, M., Applebaum, I. (2024): Soil
Bacterial Community of Medicinal Plant Rhizosphere in a Mediterranean System. —
Agriculture 14: 664.

Stevenson, P. C., Isman, M. B., Belmain, S. R. (2017): Pesticidal plants in Africa: a
global vision of new biological control products from local uses. — Industrial Crops and
Products 110: 2-9. https://doi.org/10.1016/j.indcrop.2017.08.034.

Tripathi, A., Upadhyay, S., Bhuiyan, M., Bhattacharya, P. (2009): A review on prospects
of essential oils as biopesticide in insect-pest management. — Journal of Pharmacognosy
and Phytotherapy 1: 052-063.

Tripathi, M., Vibha, D. (2009): Reversible dementias. — Indian Journal of Psychiatry 51:
S52.

Uyi, O., Mukwevho, L., Ejomah, A. J., Toews, M. (2021): Invasive alien plants in Sub-
Saharan Africa: a review and synthesis of their insecticidal activities. — Frontiers in
Agronomy 3: 725895. https://doi.org/10.3389/fagro.2021.725895.

Valcarcel, F., Olmeda, A. S., Gonzalez, M. G., Andrés, M. F., Navarro-Rocha, J.,
Gonzalez-Coloma, A. (2021): Acaricidal and insect antifeedant effects of essential oils
from selected aromatic plants and their main components. — Frontiers in Agronomy 3:
662802. https://doi.org/10.3389/fagro.2021.662802.

Wagan, T. A., Chakira, H., Hua, H., He, Y., Zhao, J. (2017): Biological activity of
essential oil from Piper nigrum against nymphs and adults of Blattella germanica
(Blattodea: Blattellidae). — Journal of the Kansas Entomological Society 90: 54-62.
https://doi.org/10.2317/0022-8567-90.1.54.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 22(6):5149-5168.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2206_51495168
© 2024, ALOKI Kft., Budapest, Hungary



Rubika et al.: Plant essential oils to the rescue—an epic battle with biopesticides for pest control in agriculture
- 5168 -

[76] Werrie, P.-Y., Durenne, B., Delaplace, P., Fauconnier, M.-L. (2020): Phytotoxicity of
essential oils: opportunities and constraints for the development of biopesticides. A
review. — Foods 9: 1291. https://doi.org/10.3390/foods9091291.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 22(6):5149-5168.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2206_51495168
© 2024, ALOKI Kft., Budapest, Hungary



