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ABSTRACT: Essential oils are naturally occurring phytocheats produced as secondary metabolite in
plants. These are complex mixtures of volatile coumus and generally contain twenty to sixty indiad
compounds in different concentrations. They areglplic in nature and have density lower than wakbese
interfere with basic metabolic, biochemical, phisiical and behavioral functions of insects. Selera
essential oils and its constituents have been leield for their repellent, antifeedant, ovicidayiposition
inhibitory and developmental inhibitory activitiés insects. These insecticides probably interfeit the
respiratory and nervous system of the insect totateactions. These essential oils provide aara#ttive
source of insect control agents because they comtaiange of bioactive chemicals, most of which are
selective and have little or no harmful effect twe nvironment and the non-target organisms inetudi
human. Essential oils based formulations can be asalternative tools in stored-grain insect manznt.

Keywords: Essential oils; Terpenes; Stored grain insectsiféedants; Insect growth regulators.

1. INTRODUCTION

Plant derived essential oils also known as vaaiil ethereal oils are mixtures of odorous andtiela
compounds. These are natural complex secondaryboli#és characterized by a strong odour. These have
generally lower density than that of water [1]. Abd0% of the plant species are known to contase il
oils. There are 17,500 aromatic plant species anhigiter plants and approximately 3,000 essentlalare
known out of which 300 oils are commercially used pharmaceuticals, cosmetics and perfume indsstrie
apart from pesticidal application [1, 2]. Generpatale of producing essential oils are distributed limited
number of families such as Apiaceae, AsteraceaenpOeitae, Cupressaceae, Labiatae, Lauraceae,
Myrtaceae, Piperaceae, Poaceae, Rutaceae and efexgglae (Table 1). Essential oils are extractech fro
leaves, flowers, peels, seeds, wood, berries,gegiizomes and roots.

Essential oils are produced and accumulated inialimed structures as they are toxic to cells.réhe
are several specialized secretory structures likeetls, oil glands, ducts and trichomes that aiscretely
distributed within the plants from flowers to roofecording to Gottlieb and Salatino, essentiapodduction
and secretory structures formation are closely eotad [3]. For example, oil globules within memberast
secretory cell of rhizome idingiber officinale peltate gland on leaves bippia scaberrimaand secretory
cavity in Citrus peel are responsible for biosynthesis and storagssential oils [4-6]. Endogenous factors
like development stage of whole plant and spedifgans and exogenous factors both biotic and abdati
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alter essential oil production [7-9]. Sangwan et l@ve indicated that ontogeny, photosynthetic,rate
photoperiod, light quality, climatic and seasonbbmges, nutrition, humidity, salinity, temperatussil
nature, storage structures and growth regulatersher factors that affect the production of ess¢oiis both

guantitatively and qualitatively [7].

Table 1. Some common essential oil producing plants.
Family

Botanical name

Acorus calamus Acoraceae

Cananga odorata Anonaceae

Anethum graveolens
Angelica officinalis

Apium graveolens

Carum carvi
Coriabdrum sativum

Cuminum cyminum .
- Apiaceae

Ferula galbaniflua

Foeniculum vulgare

Levisticum officinale

Petroselinum sativum
Pimpinella anisum

Trachyspermum ammi

Acorus calamus Araceae

Betula pendula Betulaceae

Adnsonia digitata Bombacaceae

Boswellia carteri
Canarium luzonicum
Commiphora myrrha

Burseraceae

Cassia fistula Caesalpiniaceae

Abelia floribunda Caprifoliaceae
Artemisia annua
Artemisia dracunculus
Calendula officinalis

- Compositae
Chamaemelum nobile
Chrysanthamum parthenium
Tagetes erecta
Brassica nigra )
- - Cruciferae
Cochleria armoracia
Cupressus sempervirens
Juniperus oxycedrus Cupressaceae
Thuja spp.
Ericaceae

Gaultheria procumbens

Pelargonium spp. Geraniaceae

Cymbopogon citratus
Cymbopogon martini Graminae
Cymbopogon nardus
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Botanical name

Family

Calamintha vulgaris

Hyssopus officinalis

Lavandula augutifolia offinalis

Lavandula spica

Mellisa officinalis

Mentha piperita

Ocimum basilicum

Ocimum sanctum

Origanum majorana

Origanum vulgare

Orthodon punctulatum

Pogostemon cablin

Rosemarinus officinalis

Salvia officinalis

Satureja hortensis

Thymus spp.

Labiatae

Cinnamomum camphora

Cinnamomum tamala

Cinnamomum zeylanicum

Laurus nibilis

Sassafras albidum

Lauraceae

Myroxylon balsamum

Myroxylon toluferum

Trigonella foenum-graecum

Leguminosae

Allium cepa

Allium sativum

Liliaceae

Illicium verum

Magnoliaceae

Acacia armata

Mimosaceae

Eucalyptus spp.

Eugenia earyophyllata

Melaleuca alternifolia

Melaleuca leucadendron

Melaleuca viridiflora

Myrtus communis

Pimenta acris

Pimenta officinalis

Myrtaceae

Jasminum officinale

Oleaceae

Pandanus fasicularis

Pandanaceae

Piper nigrum

Piper longum

Piper cubeba

Piper japonicum

Piperaceae

Rosa spp.

Rosaceae
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Botanical name Family

Aegle marmelos

Citrus aurantifolia

Citrus aurantium

Citrus aurantium bergamia

Citrus aurantium bigaradia Rutaceae

Citrus aurantium sinensis

Citrus limon

Citrus reticulata

Murraya koenigii

Santalum album Santalaceae
Cestrum nocturnum Solanaceae
Stryrax benzoin Stryraceae
Ageratum conyzoides .
Umbelliferae
Daucus carota
Lippia citriodora
Verbenaceae
Lantana camera
Curcuma longa
Elettaria cardamomum Zingiberaceae

Zingiber officinale

The total essential oil content of plants is galtgwvery low and rarely exceeds 1%, but in sonmsesa
like clove Syzygium aromaticumand nutmeg Nlyristica fragran3, it reaches up to 10% [10]. Due to
presence of double bonds and functional groupsHifgroxyl, aldehyde, ester in their molecular stuoes,
essential oils are readily oxidizable by light, thaead air [11, 12]. These oils are stored as mitraplets in
different glands of plants. After diffusing througlends, oil droplets spread over the surface aftpparts
before evaporating and spreading in air. The mdstiferous plants are found in tropics where setzrgy is
greatest. There are numerous reports on differeniced content and composition in aromatic pladte to
seasonal variation. Microclimatic factors such exsperature, rainfall distribution and geographfealtures
especially altitude also contribute to differengeshemotype of certain essential oil bearing amhe type
and nature of oil constituents and their individoahcentration levels are important attributesipaldrly in
terms of biological activities of the essentialsojlL3]. Vekiari et al. have reported seasonal tiarain
amounts of neryl acetate, geranyl acetate andneiliad in leaves and peel of certain lemon vargefiB4].
Maximum values of compounds are obtained duringngm@eason as compared to winter season [15].

2.CHEMICAL COMPOSITION OF ESSENTIAL OILS

Essential oils are highly complex mixtures of Vidda compounds and may contain about 20-60
individual compounds in different concentrationsck essential oil is characterized by two or thregor
components present in relatively high concentrati(®0-70%) as compared to others components prasent
trace amounts. Generally, these major componeri&rdime the biological properties of essential.dfer
example, carvacrol (30%) and thymol (27%) are tlagomcomponents i@riganum compacturassential oil,
linalol (68%) inCoriandrum sativunessential oil, 1,8-cineole (50%) @innamomum camphomssential oil,
phellandrene (36%) and limonene (31%) Anethum graveolengeaf essential oil, carvone (58%) and
limonene (37%) inA. graveolensseed essential oil, and menthol (59%) and mentt{@8es) of Mentha
piperita essential oil. The fragrance and chemical comjpositf essential oils can vary according to geo-
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climatic location and growing conditions (soil typ#imate, altitude and amount of water availabsgason
(before or after flowering), time of day when hastieg is achieved, genetic composition of the pktnt[7].
Therefore, all these factors influence the bioclamsynthesis of essential oils in a given plamiug, same
species of plant can produce a similar essentighowever, with different chemical compositionsuéting in
different biological activities. Essential oil coonents can be classified into two groups, viz. til@ldraction
and nonvolatile residue:

\olatile fractions: These constitute 90-95% of thle These include monoterpenes and sesquiterpenes
as well as their oxygenated derivatives along wiiphatic aldehydes, alcohols and esters.

Nonvolatile residues: These comprise 1-10% of @ie These include hydrocarbons, fatty acids,
sterols, carotenoids, waxes and flavonoids.

Major volatile constituents are hydrocarbons (pigene, limonene, bisabolene), alcohols (e.gldina
santalol), acids (e.g. benzoic acid, geranic aditjehydes (e.g. citral), cyclic aldehydes (e.gnical),
ketones (e.g. camphor), lactones (e.g. bergapt@henols (e.g. eugenol), phenolic ethers (e.g.hafe}
oxides (e.g. 1,8 cineole) and esters (e.g. ge@stiate). Essential oil components can also besdbd into
two distinct groups of chemical constituents: hydmnons which are made up almost exclusively @feiees
(monoterpenes, sesquiterpenes, and diterpenes)oaygenated compounds which are mainly esters,
aldehydes, ketones, alcohols, phenols and oxiddddR).

Table 2. Major chemical components of plant derived esskaiis

Plant species Main components Reference
Commiphora molmol Lindestrene, furanoeudesma-1,3-diene, Furanoeudgghitiene-6-one [16]
Tagetes minuta B-Phelandrene, Limoneng;Ocimene, Dihydrotagetone, Tagetone, [17]

cis-Tagetenone, trans-Tagetenone
d-Cadineney-Cadinenef-Caryophyllene [18]

Cinnamomum zeylanicum

Commiphora guidottii (E)-B-Ocimene [19]
Boswellia rivae Limonene [19]
Boswellia pirotta trans-Verbenol, Terpinen-4-ol [19]
Boswellia neglecta a-Thujenea-Pinene, Terpinen-4-ol [19]

Canarium luzonicum a-Amyrin, B-Amyrin [20]
Commiphora africana Bisabolol,-Sesquiphellandrene; Oxobisaboleney-Bisabolene [21, 22]
Protium pilosum a-Pinene, p-Cymene-Phellandrene [23]
Commphoramytha =000t mcene Ldesene, Pumromudes e 19,24, 29
Protium heptaphylium Terplnolene[3-Eleﬂsﬂzﬁ;ggﬁg?}éllzrﬁ;z|nene, Limonene, [23, 26, 27]
Ocimum basilicum 1,8-Cineole, Linalool, Estragole;Terpineol,a-Bergamotene [28]

Laurus nobilis 1,8-Cineole, Linaloolg-Terpinyl acetate, Methyl eugenol, Eugenol [28]
Coriandrum sativum Linalool, Geraniolz-Pinene [28]
Myristica fragrans Sabineneg-Pinenes-Pinene, Terpinen-4-ol, Safrole [28]
Piper nigrum Caryophyllene, Sablner;(_ehtlnr?slr;?]r;e, Germacrene-Binene, 28]
Mentha piperita Neomenthol, Isomenthone, 1,8-Cineole, Menth-8-em®i$dmenthol [28]
Marjorana hortensis Terpinen-4-oly-Terpineneg-Terpinene, Sabinene;Terpineol [28]
Foeniculum vulgare trans-Anethole, Fenchone, Estragole, [28]
Canarium album B-Pinenepo-Terpineney-Terpinene, Terpinen-4-ol [29]
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Plant species Main components Reference
Thymus vulgaris a-Pinene, p—CymeneI:ihgrooor;fe?gr];)tei;pggzrﬁi cis-Sabinene hydrate, [30]
Salvia officinalis Camphor, 1,8-Cineole-Pinene -Pinene Camphene;Terpinyl acetate [30]

Syzygium aromaticum Eugenol 3-Caryophylleneg-Humulene [30]
Rosmarinus officinalis a-Pinene, Camphene, 1,8-Cineole, Camphor [30]
Cuminum cyminum B-Pinene, p-Cymeneg;Terpinene, Cuminal, 2-Caren-10-al [30]
Origanum vulgare Carvacrol, p-Cymene, Terpinolene [30]

Artemisia haussknechtii Camphor, 1,8-Cineole, ci;l-ctz)art]\g?’nggrer;:(;l'rerpineol, Ibimiap-Fenchyl [31]
Laurus nobilis 1.8-Cineole, Sab|nena;'lﬁ;p;:gﬁg:;?te?-Pmenea-PheIIandrene, [32]
Boswellia carterii Isoincensole, Verticilla-4(20),7,11-triene, Isoinsele acetate [33]
Boswellia papyrifera Isoincensole, Isoincensole acetate, n-Octanol, tyt@cetate [33]
Bursera graveolens Limonene,a-Terpineol [34]
Bursera simaruba Limonene B-Caryophylleneg-Humulene, Germacrene [35]
Boswellia serrata Isoincensole, Isoincensole acetatd hujenea-Pinenep-Thujene [33, 36-38]
Trachyspermum ammi Thymol,y-Terpinene, p-Cymeng;Pinene [39]
e (4042
Boswellia sacra E-pB-Ocimene, Limonene, E-Caryophyllene [43]
(E)-2,3-Epoxycarene, 1,5-Isopropyl-2-methylbicy8d[.0]hex-3-en-2-
Boswellia ameero ol,_ a-Cymene, (3E,5E)-2,6-dime_thyl-1,3,5,7-octatetraene, [44]
1-(2,4-Dimethylphenyl) ethanol, 3,4-DimethylstyreneCampholenal,
a-Terpineol
Coriandrum sativum Linalool, trans-Anethol, c-Terpinene, Geranyl ateta [45]
Artemisia absinthium B-PineneB-Thujone [46]
Fragaria vesca Myrtenol, Citronellol, Linalool, Nonanal [47]
Bursera microphylla Caryophyllene, Myrcene [48]
Commiphora habessnica 1+ ESTENEN SSiene CAdRa L dlne, SeTRene BV g
Bunium persicum p-Cuminaldehydey-Terpinen-7-al, p-Cymeng; Terpinene [50]
Cryptomeria japonica A-Terpineney-Terpinene, p-Cymine, 3-Carene, Terpinolgh#&]yrcene [51]
Cinnamomum aromaticum Cis-Cinnamaldehyde, Eugenat;Cadinol, Caryophyllene, Ledol [52]
Haplopappus foliosus 0 catinine. Catyophylene. 53]
Thymus vulgaris p-Cymeney-Terp(aneerlpnea,l(;I;gxrgcl)ql3 _Cég;/gglrg:; élECaryophyIlene, [54]
Santiria trimera a-HumuIeneB—CaryophyII[e;t]si;;-:r:genea-Terpmeol,a-Plnene, [55, 56]
Canarium schweinfurthii Octyl acetate, Nerolidol, p-Cymene, Limonea€lerpineol [57]
s gogorum o S, e e
Bahia ambrosoides Lomonenea-zi_réirlﬁhﬁi;@??éi?;aﬁo?::;n@}&hujene, [53]
Carum carvi (R)-Carvone, D-Limonene;-Pinene, cis-Carveol [59]
Cuminum cyminum Caryophyllene oxidey-Pinene, Geranyl acetateCaryophyllene [60]
Prangos acaulis §-3-Careneg-Terpinolenep-Pinene, Limonene [61]
Foeniculum vulare Methyl chavicol,a-Phellandrene, Fenchone [62]
Carum copticum Thymol, Terpinolene,o-Cymene [63]
Zanthoxylum monophyllum Sabinene, 1,8-Cineole, cis-4-Thujanol [64]
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Plant species Main components Reference
Zanthoxylum rhoifolium B-Myrcene,- Phellandrene, Germacrene D [64]
Zanthoxylum fagara Germacrene D-4-ol, Elemal;Cadinol [64]
Artemisia annua Camphor, 1,8-Cineole, Linalod};Caryophyllene, (EB-Farnese, [64]

Germacrene D
Schinus molle a-Pinene 3-Pinene, _leonene_u-_Oumene, G_ermacrene ipCadinene, [65]
d-Cadinene, Epi-bicyclosesquiphelandrene
a-Pinene, Sabineng;Pinene, Myrcene, Limonene, Terpine-4-ol, [66]

Safrole, Myristicin
(E)-2,3-Epoxycarene, 1,5-Isopropyl-2-methylbicy8d[.0]hex-3-en-2-
ol, a-Cymene, (3E,5E)-2,6-dimethyl-1,3,5,7-octatetraene, [44, 67]
1-(2,4-Dimethylphenyl)ethanol,3,4-DimethylstyreneCampholenal, '
a-Terpineol, p-Cymene, 2-Hydroxy-5-methoxyacetophen@amphor

Isobutyrate, 2,2-Dimethylbutanoic acid, Croweacimalool

3-Carenep-Elemenep-Terpinene-Myrcene

Myristica fragrans

Boswellia socotrana
[68]

[69]

Ammi visnaga
Angelica dahurica

Eucalyptus bicostata,
E. cinerea, E. maidenii, a-Pinene, p-Cymene 1.8-Cineole, Limonep&Eudesmolp-Eudesmol,
) . ; [70]
a-Terpineol, Pinocarveo}-Terpinene, Globulol

E. odorata, E. sideroxylon,
E. astringens, E. lahmannii
Smyrnium rotundifolium Myrcene, Furanodiene, Germacron&selinene [71]
Artemesia judaica Piperitone, Camphor, Ethyl-cinnamate [72]
Cupressus sempervirens a-Pinene$-3-Carene, Limonene;-Terpinolene [73]
Angelica sylvestris B-Phellandreneg-Pinene, Myrcene, Germacrene D [71]
Apium graveolens (2)-3-Butylidenephthalide, 3-Butyl-4,5-dihydrophttdsi o-Thujene [74]
Azorella cryptantha a-Pinenegp-Thujene, Sabinené;Cadinene [75]
Thamnosciadium junceum Limonene,, cis-Ocimene, Terpinolene, trans-Isaoigin [71]
Protium icicariba p-Cymenea-P|nene;x-Terplns?gggi,nlélrrreoneneg-Copaeney-EIemene, [76]
Cedrelopsis grevei (E)-p-Farnesen&-Cadineneq-Copaenep-Elemene, [77]
Pimpinella anisum Camphéne, Limonene, Fenchone, 4-Allylanisole, Arletho [78]
B-Elemeney- Elemene, Germacrene PCaryophyllene,
Azadirachta indica Bicyclogermacrene, Pentacosane, Tetracogaermacrene, Dodecene  [79]
octadecanol, Verdiflorol, Farnesak-Terpineol
Protium crassipetalum a-Copaene, Spathulenol, trans-Caryophyllene [76]
a-Pinene 3-Pinenep-Phellandrene-Phellandrene, p-Cymene,
Aucoumea klaineana 1,8-Cineole, p-Acetyl anisole, 3-Carene, p-Cymene dnieme, [57, 80]
Terpinolene, Terpineol, 3-CareneTerpineol, Eucalyptol
Schinus terebinthifolius 3-3-Carene, Limonene-Phellandreney-Pinene [81]
Parthenium ysterophorus Germacrene-D, trars-Ocimene 3-Myrcene [82]
Ambrosia polystachya Germacrene-D, trans-Ocimene 3-Caryophyllene [82]
Inula viscose E-Foreseen Epoxide, Nerolidol B [83]
Petgonm gavedens e e e o erermao e
Melissa officinalis Neral, Geranial, Citronellal [85]
T iene Conme Ao TSt
Ruta graveolens 2-Nonanone, Undecanal, 2-Acetoxydodecane, 2-De@non [87]
Tithonia diversifolia a-Pinene,(E,Ep-Farnesend3-Caryophyllene [88]
Houttuynia cordata a-Myrcene, 2-Undecanone, (ByOcimene [88]
Asarum glabrum Safrole, Apiole [88]
B-PineneB-Linalool, 1,8-Cineole, 4-Terpineol [89]

Hedychium forrestii
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Terpenes: Majority of essential oil componentstarpenes. These contain hydrogen and carbon only.
These are made of one or more 5-C unit, isoprehnesd are classified into hemiterpeneg),(@onoterpenes
(C10), sesquiterpenes (g, diterpenes (&), triterpenes (&) and tetraterpenes (C40). These hydrocarbons
may be acyclic, alicyclic (monocyclic, bicyclic tiicyclic) or aromatic.

CHp— C— CH— GCH

H

Isoperene unit

The monoterpenes (g are formed by coupling of two isoprene units;)(CThey are the most
representative molecules constituting 90% of esmewils. These have a great variety of structures.
Limonene, myrcene, p-menthane, sabinene, cymem#iaptrene, thujane, fenchane, farnesene, azulahe a
cadinene are examples of this family (Fig. 1).

f - 9 o

S

. . Azulene
Limonene Myrcene Menthane Sabinene Cymene
=
| |
o-Phellandrene  p-Phellandrene o-Pinene B-Pinene Farnesene Cadinene
a-Terpinene B-Terpinene y-Terpinene d-Terpinene a-Thujene B-Thujene
=" =" V=" 7 N/
AN (AN (AN (N "
\ / “\-\_/ y \ ’//' 'L\ - L
b X X I X
Sabinene Germacrene A Germacrene B Germacrene C ~ Germacrene D  Germacrene E
|
-
| ke |
o-Terpinolene B-Elemene Camphene Ocemene y-Terpinene Bisabolene
i
/ |//\I -
. . Fenchene
Thujane Longifolene Copaene _ B 2-Carene 3-Carene
I
Sesquiphellandrene Curcumene

Figure 1. Common terpenes of essential oils.

Esters: These are sweet smelling and give a pleaszll to the oils. These are formed by reactibn
alcohol with acid. Esters are very common and aund in a large number of essential oils. Theskidte
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bisabolene oxide (Fig. 3).

linalyl acetate, geraniol acetate, eugenol acetatanyl acetate, citronellyl acetate, neryl acetdte(Fig. 2).
the most omnipresent constituent in essential @ither examples of oxides are bisabolone oxide/dl

210
Oxides: Oxides or cyclic ethers are the strongdstants. The well known oxide is 1,8-cineole 4ds it

oxide, sclareol oxide, ascaridole, caryophyllenaédex cis-piperitone oxide, aromadendrene oxide and

YO o o) -
; T YT
'\-\\ —
O S
Linalyl acetate Geraniol acetate Eugenol acetate
L
0] = "-A'U e "\-».,-""hh"‘-»,;"-?;“'h._
o /\‘5\ 4
o 4<
Bornyl acetate cis-Chrysanthenyl acetate

o F"
,A\O,/‘mﬁ»;f e

Citronellyl acetate

Figure 2. Common esters of essential oils.

1,8-cineole Linalool oxide Sclareol oxide

Piperitenone oxide

Neryl acetate

O
0

cis-Piperitone oxide

Ascaridole

Aromadendrene oxide

Bisabolene oxide
Figure 3. Common oxides of essential oils.

(Fig. 4).

Caryophyllene oxide
Lactones: These are of relatively high moleculaight components. Some common lactones are

nepetalactone, bergaptene, costuslactone, dihydetaiactone, alantolactone, citroptene and psoralen
(e}
=

7]
o
Nepetalactone

o

o
Bergaptene Costuslactone
[e]
~o
o O ~ /@\/\/\l\
SN
~o 0o
Alantolactone Dihydronepetalactone

U

0 0~ o
Citroptene

Figure 4. Common lactones of essential oils.

Psoralen

Alcohols: Linalol, menthol, borneol, santalol, akrcitronellol, bisabolol, eucalyptol, trans-caole
dihydrocarveol, a-cadinol, §-cadoniol, t-cadinol, elemeol, nerol and geraniol are commorpladls of
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essential oils (Fig. 5).

Phenols: These oxygen containing molecules angonsible for fragrance of oil. These aromatic
components are among the most reactive componedtar@ often found as crystals at room temperature.
The most common phenols are thymol, eugenol, cesljacumic alcoholo-terpineol, safrole, verbenol and
chavicol (Fig. 6).

HO,
W oH T \T

O

i ~OH
Linalol Menthol Borneol Santalol

CHs OH

= A CH 0]

OH H
| 1 ° | |
HsC CHz
Nerol Citronellol Bisabolol Geraniol Eucalyptol
= OH

OH

OH H

e
Q

A~ A
Trans-Carveol Dihydrocarveol a-Cadinol 3-Cadoniol <-Cadinol
=
> ~
]<)II J\/\/H\OH
Elemeol Nerol

Figure 5. Common alcohols of essential oils.

OH HO R HO

Eugenol Chavicol
Thymol Carvacrol
i - SR S
4 >
OH Q B
Safrole H Cumic alcohol
a -Terpineol Verbenol

Figure 6. Common phenols of essential oils.

Aldehydes: These are highly reactive and charaei@by -CHO group. These are common essential
oil components that are unstable and oxidize eaGigranial, neral, myrtenal, cuminaldehyde, cittiahe
cinnamaldehyde, benzaldehyde and citral are cormatumhydes of essential oils (Fig. 7).

Ketones: These are characterized by —C=0 grougsé Bre not very common in majority of essential
oils. These are relatively stable molecules anchatémportant as fragrances or flavour substancasvone,
menthone, pulegone, fenchone, camphor, jasmongoniau methyl nonyl ketone, pinocamphone and
verbenone are common ketones of essential oils 8ig

European Journal of Biological Research 2019; 9(4): 202-244



Chaubey Essential oils as green pesticides of stored grain insects 212

O
S, TS S5 =X
H

o Cuminaldehyde
Myrtenal

9] O, H
0
i\\o ~ S,
| Citral

Citronellal Cinnamaldehyde Benzaldehyde
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Figure 8. Common ketones of essential oils.

Physical properties of essential oils:

Essential oils are volatile and liquid at room temgiure.

They are colourless or slightly yellowish.

They are less dense than water (sassafras andails\ae exceptions).

They are always rotational and with a high refractodex.

They are soluble in alcohol and other organic satvsuch as acetone, ether or chloroform.

o g~ wnN

They are lipid soluble and not very soluble in wate
3. BIOLOGICAL ACTIVITIESOF ESSENTIAL OILSASINSECTICIDES

Conventional synthetic insecticides play importasie in protecting stored grains from insect pest
infestation in the 20 and 2% century. Use of these conventional insecticidebeilieved to be one of the
major reasons for growth in agricultural produdgivin the 2¢' century. However, more and more public
concern all over the world about long-term heatti anvironmental effects of uncontrolled and extenase
of synthetic insecticides increases. Many laboyastudies and clinical cases have shown that alalbse
conventional synthetic insecticides have the pdkta affect ecosystems adversely; and most ahthave
acute or chronic toxicity to humans or other nage¢a organisms. Keeping these problems in mindetige
an urgent demand to reduce use of conventionatticges and develop alternatives with no or littermful
effects on the environment and with no toxicity rion-target organisms including human. From time
immemorial with the beginning of human civilizatioseveral plant parts have been used to protectdsto
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grains from insect pests. Still several naturaldpmis such as nicotine from tobacco, pyrethrum from
chrysanthemums, rotenone from Derris root, satzadithm lilies, ryania from the ryania shrub, limoee
from citrus peel and neem from the tropical neeee thave been used to protect grains from insedt pes
infestations in storage in several countries. lcen¢ years, scientific communities have focusséehtbn
towards volatile plant products as a replacemeth@®fynthetic pesticides.

Essential oils are secondary metabolic productslamts whose functions are other than nutritions.
These oils have strong aromatic components that giplant its distinctive odour and flavour [90&sEntial
oils are complex mixtures of a large number of tituesnts in variable ratios [91]. Their componeatyd
gualities vary with geographical distribution, hesting time, growing conditions and extraction roetfo2].
These oils are liquid at room temperature and @edsily transformed from a liquid to a gaseoute sia
room temperature or a slightly higher temperatuithaut decomposing [90]. Essential oils are very
interesting natural plant products and they posses®us biological properties. The term ‘biolodica
properties’ include all activities that these vidatompounds exert on other organisms whether abes,
plants or animals. Knowledge of these essentiapmlucing plants, their chemistry and their bidatad
properties is of prime importance not only to eeathlem to be utilized as natural pest control agent
replace commercial synthetic pesticides but alsengble us to understand the nature of their tiyxioi non-
target animals. Botanical insecticides degradedhapn air and moisture and are readily broken ddwn
detoxification enzymes. This is very important hess rapid breakdown suggests less persistenceein th
environment and reduced risks to non-target orgami$lant derived essential oils are generally idensd
broad-spectrum and safe for the environment becaarsety of compounds they contain quickly biodelgra
in soil.

Essential oils and their constituents are primalippophilic compounds that act as toxins, feeding
deterrents, repellent, oviposition deterrents areheattractant to a wide variety of insect pestse b their
volatility, essential oils have limited persistenggder natural conditions. Recent findings sugtjest plant
derived volatiles are neurotoxic via octopaminergiede of action [93]. Thus, these natural prodactssafe
for human and other vertebrates due to lack ofpzatanergic mode of nerve conduction.

3.1. Attractants

Presence of volatile essential oils and its coreptmin plants provides an important defense gjyate
to plants especially against herbivorous insectspad$ese plant derived essential oils also plesuaial role
in plant-plant interactions and serve as attrastémt some insects like pollinators. Attractionin$ects by
essential oils and its components have been studiettoski and Hammack [94] have reported that
cinnamaldehyde, cinnamyl alcohol, 4-methoxy-cinniaielayde, geranylacetone and aterpineol attractt adul
corn rootworm beetlesDiabrotica sp. The cis-jasmone alone or in combination withalbol and/or
phenylacetaldehyde has been reported to attraiclojgferan adults [95]. Geraniol and eugenol arectiffe
attractants and are used to lure Japanese bPejpdlia japonica[96]. Similarly, methyl-eugenol has been
used to lure oriental fruit flypacus dorsali§96]. These attracted insects can then be killeghysical and/or
chemical means. Katerinopoulos et [8]7] have demonstrated that 1,8-cineole frRmsmarinus officinalis
attract grape berry motihobesia botranaand flower thripsFrankliniella occidentalis Eugenol is a strong
deterrent for most insect species, although inmadases it can be an attractant [98]. They camsdtternal
messengers and as defensive substances againsblestor as volatiles directing not only naturaémies
to these herbivores but also attracting pollinaiimgpcts to their hosts [99]. Besides, attractisseatial oil
and its components can be used as bait in attgaptinasitoids and predators for controlling thaisthinsect
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species in biological insect pest management pnogve These essential oils/components are useful for
monitoring of these agricultural insect pests.

3.2. Repéllents

Insect repellents are those substances that eadtylor distally to deter insects. Several essémiils
and their constituents are known to repel sevesadt species especially coleopterans (Table 3).

Table 3. Essential oils with repellent activity.

Plant species I nsect species Reference
Carum copticum Callosobruchus maculatus [114]
Artemisia scoparia C. maculatus, T. castaneum, xam [115]
Melalecuca alternifolia C. maculatus, S. oryzae [116]
Cinnamomum zeylanicum C. maculatus, S. oryzae [116]
Syzygium aromaticum C. maculatus, S. oryzae [116]
Cymbopogon flexuosus C. maculatus, S. oryzae [116]
Thymus vulgaris C. maculatus, S. oryzae [116]
Eucalyptus globules C. maculatus, S. oryzae [116]
Simmondsia chinensis C. maculatus, S. oryzae [116]
Anethum graveolens T. castaneum [117, 118]
Nigella sativa T. castaneum [117, 118]
Trachyspermum ammi T. castaneum [117, 118]
Carum copticum T. castaneum, C. maculatus [119]
Perovskia abrotanoides T. castaneum [120]
Myristica fragrance T. castaneum [121]
lllicium verum T. castaneum [121]
Achillea wilhelmsii Plodia interpunctella [122]
Hyssopus officinalis P. interpunctella [122]
Zhumeria majdae P. interpunctella [122]
Drimys winteri T. castaneum [123]
Laurelia sempervirens T. castaneum [123]
Schinus molle Trogoderma granarium, T. castaneurmdazulatus [124]
Carum carvi Meligethes aeneus [125]
Thymus vulgaris M. aeneus [125]
Piper cubeba T. castaneum [126]
Zingiber officinale T. castaneum [126]
Mentha longifolia C. maculates [127]
Thymus kotschyanus C. maculates [127]
Citrus reticulate C. maculatus, P. interpunctella [128]
Carum copticum Plutella xylostella, T. castaneum [129]
Perovskia abrotanoides P. xylostella, T. castaneum [129]
Artemisia judaica C. maculatus, P. interpunctella [72]
Achillea wilhelmsii C. maculatus, P. interpunctella [72]
Hyssopus officinalis C. maculatus, P. interpunctella [72]
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Plant species I nsect species Reference
Zhumeria majdae C. maculatus, P. interpunctella [72]
Piper cubeba T. castaneum, S. oryzae [130]
Zingiber officinale T. castaneum, S. oryzae [130]
Citrus aurantium T. castaneum [131]
Cinnamomum zeylanicum T. castaneum [131]
Gautheria fragrantissima T. castaneum [131]
Lavandula officinalis T. castaneum [131]
Oscimum sanctum T. castaneum [131]
Anethum graveolens S. oryzae [132]
Nigella sativa S. oryzae [132]
Trachyspermum ammi S. oryzae [132]
Citrus limonum Tenebrio molitor [133]
Litsea cubeba T. molitor [133]
Allium sativum S. oryzae [134]
Cinnamomum tamala S. oryzae [134]

Adhatoda vasicaessential oil exhibited repellent activity agair&tophilus oryzaeand Bruchus
chinensis[100]. Ngoh et al.have investigated repellent activity of eugenobeisgenol, methyleugenol,
safrole, isosafroleg-pinene, limonene, 1,8-cineole and p-cymene agdhasiplaneta americananymphs
[101]. They proved that eugenol, methyl-eugenalgigyenol, safrole and isosafrole are better tokscand
repellents to insects than limonene, 1,8-cineold prcymene. Onlyo-pinene exhibited a considerable
repellent effect on nymphs. Oils fro@cimum suavandLippia repelledS. zeamaiadults [102, 103]Acorus
calamusessential oil repelled@ribolium castaneuradults [31]. Essential oil fromupinerus communiserries
is a very good mosquito repellent [104]. Some dsseails repelledS. granariusand inhibited its feeding
[105]. Absinthiumessential oil exerted both toxic and repulsive @ffeonS. granarius[106]. Chahal et al.
have reported that turmerone and dehydroturmerthieemajor constituents of turmeric rhizome powdir o
are strong repellents to stored grain pests [ID#meric oil has been reported to provide protectmwheat
grains againsf. castaneunadults. Garcia et al. have shown repellent behavidBaccharis salicifolia
essential oil against. castaneunadults [108]. Essential oil isolated froffagetes terniflorahave been
reported effective as repellent against fifth instd T. castaneum[109]. Wang et al. have tested and
established the repellent and fumigant activityes$ential oil fromArtemisia vulgarisagainstT. castaneum
adults [110]. Repellent properties &ucalyptusessential oil have also been well established. Tilis
presented high repellency agaihsides ricinusAedes albopictuandPediculus humanus capiti1l, 112].
Triaenops persicusil has been reported for insecticidal activitamgt adults off. castaneunandS. oryzae
[90]. Garlic and mint essential oils have been eat@d against the cowpea aphighhis craccivoraand its
absolute repellent activity was proved on adulidmhGarlic oil had higher repellent than mint[dil3]. This
repellent action of essential oils may be relatechgjor constituents, e.g., piperitone, camphor (@&)eecthyl
cinnnamate.

Essential oils fron€Cuminum cyminuPiper nigrum lllicium verum Myristica fragrans Foeniculum
vulgare Trachyspermum amiri. graveolenandNigella sativahave been isolated and its repellent activity
have been determined agaifistcastaneunadults [117, 118, 121]. Repellent activity of edsdroils from
Afromomum melegueteeds andingiber officinalerhizomes has been evaluated agastiominica Both
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oils repelled adult beetles [135]. Lopez et al. hagported thaCoriandrum sativurmoil is very toxic to

S. oryzag R dominicaand C. pusilluswhile, fractions of camphor are highly toxic R. dominicaand

C. pusillus[75]. Cosimi et alhave tested essential oils frdraurus nobilis Citrus bergamiaandLavandula
hybrida for repellent activities again®. zeamaisand Cryptolestes ferrugineuadults [136].C. bergamia
essential oil exerted the highest repellencySorzeamaigdults. Repellent active compounds isolated from
Limnophila geoffrayand Schizonepeta tenuifolare pulegone, linalool, eugenol, thymol and mettngvicol
[137]. While, other repellent compounds such caginene, -pinene, D-limonene, (E)-3,7-dimethyl-2,6-
octadienal have been isolated frofmmoracia rusticana Pimpinella anisum Allium sativum Laurelia
sempervirensaand Drimys winteri[123, 138]. Kheradmand et al. have evaluated atabkshed repellent
activity of jojoba, Simmondasia chinensigeed oil onOryzaephilus surinamensend C. maculatug139].
Kim et al. have evaluated repellent activity ofgamum essential oil and its nine constituents aain
T. castaneunadults [140]. Among the nine constituents of origmnoil, caryophyllene oxide angpinene
produced strong repellency. Thymol, carvacrol angcene which are hydrogenated monoterpenoids, have
also shown strong repellency. Moderate and lowllepey has been produced by terpinene and camphene.
Abdel-Sattar et al. have shown that essential afilSchinus mollgfruit and leaf) have repellent activity
againstT. granariumandT. castaneunfil24]. They identified p-cymene as a major componerfruits and
leaf oils. The repellent activity of essential olitained from leaves induced higher activity thiaat tof fruit.
Zapata and Smagghe have shown that essentialroils leaves and bark dfaurelia sempervirenand
Drimys winteri have highly repellent activity again$t castaneunfl23]. Liu et al. have reported contact
toxicity of Artemisia capillarisand A. mongolicaessential oils again8. zeamaifl41]. Insecticidal activity
may be due to main components, 1,8-cineole, geenacb, a-pinene, germacrene D aneterpinene of

A. mongolicessential oil. Pavela has evaluated ten esseiilsaioo their repellent activity againdeligethes
aeneud125]. Oils isolated fronCarum carviandThymus vulgarif©iave shown the highest repellent activity.
Chaubey has evaluatefl officinale and Piper cubebaessential oils for its repellent agaifst castaneum
[126]. Z. officinaleandP. cubebaessential oils have repelled adultsTotastaneursignificantly even at very
low concentrations. Repellent activity of essentdls obtained fromMentha longifolia and Thymus
kotschyanushas been evaluated againSt maculatus[127]. Ajayi and Olonisakin have studied and
established repellent activities 8fzgium aromaticum, Piper guineers® Xylopia aethiopiceessential oils
againstT. castaneunjl42]. Origanum vulgareand Thymus vulgarigessential oils have been tested against
Nezara viridula[143]. Khani and Asghari have evaluated and eistadd insecticidal activity oPulicaria
gnaphalodegssential oil againdt confusunand C. maculatugl44]. Ben Jemba et al. have reportedirus
nobilis essential oils from Tunisia, Algeria and Morocca fbeir repellent and toxic activities against
R. dominicaand T. castaneumArtemisia judaicaessential oil has been reported specific againaipea
weevil, C. maculatus[145]. A. judaica essential oil has been reported for insecticiddlviy against

C. maculatug72]. Their toxic effect has been attributed togifpne, camphor and (E)-ethyl cinnnamate.
These compounds are monoterpenoids and lipopHiliese have fast penetration properties into insects
which consequently interfere with biochemical arygiological functions [146]. Abd-Elhady has repatt

A. judaicaessential oil for its repellent activity againstwpea weevil,C. maculatug72]. It reduced egg
laying in C. maculatusEssential oil ofA. sativummhas been isolated and evaluated for its repellemnties
againsfT. castaneunandS. oryzaeA. sativumessential oil repelled. castaneurandS. oryzaeadults at very
low concentration [134, 147]. Essential oils fra@itrus limonumand Litsea cubebahave been reported
for repellent activity against adults denebrio molitor[133]. Repellent activity of these essential oils
may be due to the presence of D-limonene and 3neéttiyl-6-octenal inC. limonumessential oil and
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(E)-3,7-dimethyl-2,6-octadienal and (E)-cinnamalghighinL. cubeba.
3.3. Antifeedants

Antifeedants may be defined as substances that &fein feeding when come in contact made with
insects. Plant derived essential oils and its camge have been known to exhibit antifeedant pragsert
against a number of insect pest species (TablPatlch et al. have reported a terpenoid lactonitixig
antifeeding activity agains$. granarium, T. granariunand T. confusunj148]. Oils isolated fromCurcuma
longa and Z. officinale have been found effective as antifeedant and ingeocwth regulators [149].
Antifeedant activity of 1,8-cineole has been demmated against. castaneunjl50]. Tripathi et al. have
reported feeding deterrence activity®f longaleaf essential oil against adult and larvadRofdomesticaS.
oryzae and T. castaneumwhich has been attributed to the presence of momemes, carvone and
dihydrocarvone [151].

Table 4. Essential oils with antifeedant activity.

Plant species I nsect species Reference
Piper cubeba T. castaneuyf.oryzae [132]
Zingiber officinale T. castaneur8.oryzae [132]
Allium sativum S. oryzae [134]
Cinnamomum tamala S. oryzae [134]
Curcuma longa R. dominica, S. oryzae, T. castaneum [151]
Schinus molle S. oryzae [156]
Eucalyptus globulus T. castaneum [157]
Lavandula stoechas T. castaneum [157]

Tripathi et al. have evaluated repellent and eatiint activities o€urcumaleaf oil and d-limonene
on R. dominina S. oryzaeand T. castaneum Huamg and Ho established antifeedant activity of
cinnamaldehyde again3t castaneumand S. zeamai§151, 153]. Perillyl alcohol, cisverbenol, cis-eaol,
geraniol, citronellal, perillaldehyde, caryophykemxide, carvacrol, 4-isopropylbenzenemethanolmtily
3-carene and myrcene have been reported the niestie$ repelling chemicals. The toxicity of essainoil
of Piper aduncunmhas been tested agai@rotoma tingomarianusThis oil causes physiological problems
and reduces foliar consumption by beetles [154haRand Rashmi have shown antifeedant activityitefx
negundoessential oil againg&. chinensiandS. oryzad155]. Benzi et al. have evaluated nutritional oei
and feeding deterrent activities of essential mhf leaves and fruits of the Brazilian pepper ti®ehinus
molle on S. oryzaeadults [156]. Oils from both plant parts have bémmd to alter nutritional indices. Fruit
essential oil has a strong feeding deterrent agtwhile leaf oil has a slight effect. Ebdadolldthb7] has
studied antifeedant activity oEucalyptus globulusand Lavandula stoechasessential oils against
T. castaneumAll the tested essential oils cause reduction$eading of insects. Chaubey has evaluated
antifeeding activities of essential oils frafingiber officinalerhizomes andPiper cubebaberries as well as
pure compoundsy-pinene andi-caryophyllene againgk. castaneunand S. oryzad132]. B-Caryophyllene
has been shown highest toxicity followed By cubeba Z. officinale and a-pinene against both insects.
S. oryzads more sensitive thah. castaneunto both essential oils and pure compounds. Feedkterrency
is maximum in both insects B cubebaessential oil followed by. officinaleessential oil 3-caryophyllene
and a-pinene.Allium sativumessential oil exhibits antifeedant activities agaih castaneunandS. oryzae
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[134, 147]. The antifeedant activity of essentitd can be due to its major constituents. Moreotrer,minor
constituents of essential oils play an importate in changing the activity by synergistic effedts.general,
the mixture of chemical constituents is more effecthan that of individual pure compounds. Therefo
synergistic effects between essential oils compisnare playing an essential role in essential adigvity
[158]. Exploration of the influence of chemical cplexity of essential oils on feeding behaviour ects
can help in the development of new crop protegbiaducts for use in integrated pest management.edery
all the products need to be tested for their effect non-target organisms and their environmentphct and
future. Understanding the role of each constituanthe efficacy of oil provides an opportunity toeate
artificial blends of different constituents on th&sis of their activity and efficacy against diéfet pests.

3.4. Ovicidal and oviposition deterrants

Essential oils are not only active against adahs larvae but also inhibit reproduction and egg
hatching (Table 5). This action could be the restiftmale sensitivity resulting in reduction ircéandity. The
inhibition of reproduction ofAcanthoscelides obtectby essential oils belonging to Labiatae, Umbeliter
Lauraceae, Myristicaceae, Graminae, Rutacae, Mpetdamilies has been observed. This beetle has been
shown to be a convenient model to point out witbuaacy which reproductive stage is targeted anddpé
the activity of essential oils [159].

Table 5. Essential oils with ovicidal activity.

Plant species Insect species Reference
Allium sativum T. castaneum [166]
Myristica fragrance T. castaneum [167]
Cuminum cyminum T. confusum [168]
Cuminum cyminum E. kuehniella [168]
Pimpinella anisum T. confusum [168]
Pimpinella anisum E. kuehniella [168]
Ammi visnaga Mayetiola destructor [169]
Carum carvi Trialeurodes vaporariorum [170]
Anethum graveolens C. chinensis [163]
Cuminum cyminum C. chinensis [163]
lllicium verum C. chinensis [163]
Myristica fragrans C. chinensis [163]
Nigella sativa C. chinensis [163]
Piper nigrum C. chinensis [163]
Trachyspermum ammi C. chinensis [163]
Elletaria cardamomum T. castaneum [171]
Cinnamomum zeylanicum T. castaneum [171]
Syzygium aromaticum T. castaneum [171]
Eucalyptus spp. T. castaneum [171]
Azadirecta indica T. castaneum [171]
Piper cubeba C. chinensis [147]
Zingiber officinale C. chinensis [147]
Allium sativum C. chinensis [172]
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Citrus peel oil causes a high reduction in ovipositiorCofmaculatug158, 160].Acorus calamusil
reduces oviposition irC. maculatug161]. Carvone completely suppresses egg hatchin@. @astaneum
[151]. Brito et al. have studied the effectskafcalyptus citriodora, E. globuluand E. staigeranaessential
oils on oviposition and number of emerged insettZabrotes subfasciatusnd C. maculatug162]. These
essential oils reduce percentage of viable eggs emérged insects of both coleopterous species.
A. graveolensC. cyminuml. verum M. fragrans N. sativa P. nigrumandT. ammioils have been evaluated
for oviposition inhibitory activities again€l. chinensisThese essential oils reduce oviposition potemtal
the insect when fumigated with sublethal conceimnat [163]. Waliwitiya et al. have evaluated and
established oviposition deterrent activities of e, citronellal, thymol, pulegone and cymene.4]16
Nondenot et al. have tested essential oilsAgkratum conyzoide<Citrus aurantifolia and Melaleuca
quinquenervieon C. maculatug165]. These oils show insecticidal activity andiuee egg lying capacity in
C. maculatus Ajayi and Olonisakin have been evaluated ovicidetivity of Syzgium aromaticunPiper
guineensandXylopia aethiopicassential oils against castaneunil42]. The three essential oils are able to
reduce progeny emergence Bf castaneumHigher number of adults emerged X1 aethiopicathan in
S. aromaticumand Piper guineenseChaubey has shown oviposition inhibitory actividf a-pinene and
B-caryophylene alone or in binary combination agaimgastaneurby fumigation method [132]. Fumigation
of T. castaneunadults with sublethal concentrationseepinene,p-caryophyllene and its binary combination
reduce oviposition potential of insect. This studgicates thata-pinene andp-caryophylene in binary
combination show synergism and reduce egg layipgaty in T. castaneumA. sativum essentialil has
been evaluated for oviposition inhibitory activitiagainst. oryzaeExposure of5. oryzaeadults to sublethal
concentrations oA. sativumoil inhibits oviposition [134]. In all cases, estahoils and their components
have strong effects on egg, oviposition and egghirag of insect pests. Essential oils have beearteg to
have low vapour density than fatty oils; henceythee readily volatilized. This could be the reasdry most
of the eggs that might have hatched could not garthe volatility effects of the essential oils esijally as
the concentration/dosage of oils increased. Resldtrly indicate variations in the activity of essial oils

regarding the stage of the insect, species of irsat plant origin of essential oil.
3.5. Toxicants

Several essential oils and their components haea levaluated for their toxic nature against devers
group of insect pests, and most of them have shanemising toxicity either by its fumigant or by dent
action [117, 118, 121, 123, 124, 126, 130, 132, 134, 151, 173-175] (Table 6).

Table 6. Essential oils toxic to stored grain insect pests.

Plant species Insecticidal activity and tested insect Reference
Anethum sowa Fumigant activity again§t. castaneum [181]
Artemisia annua Fumigant activity again§t. castaneum [182]
Elletaria cardomum Fumigant activity again§t. castaneum [184]
Apium graveolens Fumigant toxicity againsghcanthoscelides obtectus [192]
Foeniculum vulare Fumigant toxicity against adults ©f castaneum [193]
Pimpinella anisum Fumigant toxicity against adults ©f castaneum [193]
Foeniculum vulare Contact and fumigant toxicity against adultd afioderma serricorne [194]
Cnidium officinale Contact and fumigant toxicity against adultd oerricorne [194]
Foeniculum vulare Adulticidal onS. oryzaeandC. chinensis [195]
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Plant species Insecticidal activity and tested insect Reference
Angelica dahurica Contact and fumigant tox;cr:t(;/égg:?nsérioilgIts_ofserncorne S. oryzae [194, 195]
Carum copticum Contact and fumigant toxicity agairst oryzaendT. castaneum [196]
Trachyspermum ammi Fumigant toxicity againskE. castaneum [117]
Anethum graveolens Fumigant toxicity againsk. castaneum [117]
Nigella sativa Fumigant toxicity againsk. castaneum [117]
Anethum graveolens Fumigant toxicity against. chinensis [163]
Cuminum cyminum Fumigant toxicity against adults 6f chinensis [163]
lllicium verum Fumigant toxicity against adults 6f chinensis [163]
Myristica frangrans Fumigant toxicity against adults 6f chinensis [163]
Nigella sativa Fumigant toxicity against adults 6f chinensis [163]
Piper nigrum Fumigant toxicity against adults 6f chinensis [163]
Trachyspermum ammi Fumigant toxicity against adults 6f chinensis [163]
Coriandrum sativum Fumigant toxicity ag?)ilr;)?é ﬁiLtJ(I%tSS :lfJ ;lrlyl/;aeR. dominicaand [75]
Coriandrum sativum Toxicity against adultef S. granarius [197]
Heracleum persicum Fumigant toxicity on adults ¢€. maculatus [198]
Prangos acaulis Adulticidal and larvicidal againg. maculatus [199]
Cinnamomum zetlanicum Fumigant toxicity againsC. maculatusS. oryzaeadults [116]
Syzygium aromaticum Fumigant toxicity againsC. maculatusS. oryzaeadults [116]
Cymbopogon flexuosus Fumigant toxicity againsC. maculatusS. oryzaeadults [116]
Thymus vulgaris Fumigant toxicity againsC. maculatusS. oryzaeadults [116]
Eucalyptus globules Fumigant toxicity againsC. maculatusS. oryzaeadults [116]
Simmondsia chinensis Fumigant toxicity againsC. maculatusS. oryzaeadults [116]
Trachyspermum ammi Fumigant toxicity against adults 8f oryzae [200]
Piper nigrum Fumigant toxicity against adults 8f oryzae [200]
Cuminum cyminum Fumigant toxicity against adults 8f oryzae [200]
Azilia eryngioides Fumigant toxicity on adult db. granariusandT. castaneum [201]
Foeniculum vulare Fumigant toxicity agains®. oryzaeS. granariusadults [202]
Ostericum sieboldii Contact and fumigant toxicity againktcastaneuns. zeamaiadults [203]
Cuminum cyminum Fumigant toxicity against. maculatusdults [204]
Coriandrum sativum Fumigant toxicity against. confusunandC. maculatusdults [205]
Coriander sativum Fumigant toxicity againsC. maculatusT. castaneunadults [205]
Heracleum persicum Adulticidal againsCC. maculates [206]
Citrus aurantium Fumigant toxicity againsk. castaneunadults [131]
Cinnamomum zeylanicum Fumigant toxicity againsk. castaneunadults [131]
Gautheria fragrantissima Fumigant toxicity againsk. castaneunadults [131]
Lavandula officinalis Fumigant toxicity againsk. castaneunadults [131]
Oscimum sanctum Fumigant toxicity againsk. castaneunadults [131]
Trachyspermum ammi Fumigant toxicity against adults 8f oryzae [132]
Anethum graveolens Fumigant toxicity against adults 8f oryzae [132]
Nigella sativa Fumigant toxicity against adults 8f oryzae [132]
Piper cubeba Fumigant toxicity against adults 8f oryzae, T. castaneum [132]
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Plant species Insecticidal activity and tested insect Reference
Zingiber officinale Fumigant toxicity against adults 8f oryzae, T. castaneum [132]
Syzygium aromaticum Fumigant toxicity againss. oryzagAcanthoscelides obtectaslults [207]

Citrus reticulate Fumigant toxicity againsk. castaneunadults and larvae [208]

Citrus sinensis Fumigant toxicity againsk. castaneunadults and larvae [208]
Eucalyptus amaldulensis Fumigant toxicity agains$. oryzaeadults [189]
E. grandis Fumigant toxicity agains$. oryzaeadults [189]
E. viminalis Fumigant toxicity agains$. oryzaeadults [189]
E. microtheca Fumigant toxicity agains$. oryzaeadults [189]
E. sargentii Fumigant toxicity agains$. oryzaeadults [189]
Datura stramonium Fumigant toxicitcy:/r;s/lgglr;s;‘[t.e(;a]:s(etﬁgzlijnngg?j?serma granarium, [209]
Eucalyptus camaldulensis Fumigant toxicig ?gﬁhnsﬁecsggﬂﬁsumt granarium, [209]
Moringa oleifera Fumigant tOXICItC):/. ;?gﬁhn;}f;ecl?ggﬂﬁsmT. granarium, [209]
Nigella sativa Fumigant tOXICItC):/. ;?gﬁhn;}f;ecl?ggﬂﬁsmT. granarium, [209]
Citrus limonum Fumigant toxicity againstenebrio molitoradults [133]
Cymbopogon citrates Fumigant toxicity againsE. molitoradults [133]
Litsea cubeba Fumigant toxicity againsE. molitoradults [133]
Muristica fragrans Fumigant toxicity againsE. molitoradults [133]
Allium sativa Fumigant toxicity agains$. oryzaeadults [134]
Cinnamomum tamala Fumigant toxicity agains$. oryzaeadults [210]

Gaultheriaand Eucalyptusoils exhibit high toxicity onS. oryzaeandC. chinensi§176]. Pulegone, linalool

and limonene are known to cause fumigant toxiciggiast rice weevil,S. oryzae Mentha citrataoil

containing linalool and linalyl acetate exhibit isificant fumigant toxicity to rice weevils [177]n$ects like

S. zeamaijsT. castaneunand Prostephanus truncateme very sensitive to topical applicationsGifrus oil

[178]. Solidago canadensisil shows strong toxic action agairst granariug179]. Eugenol is also toxic to

S. granarieg180]. Essential oils oAnethum sowgaArtemisia annualippia alba andElletaria cardomum

have been reported for their toxic behaviour againcastaneunfl81-184]. Carvone and menthol are the

most effective as fumigant agairfistcastaneunandC. maculatusCineole exhibits both contact and fumigant

toxicity againstT. castaneuni150]. Lee et al. have reported toxicity of mentholethonene, limonene,

a-pipene,B-pipene and linalool again&. oryzaeand proved that these oil components exert itcityxby

inhibiting acetylcholine esterase enzyme [188hnsanethole, thymol, 1,8-cineole, carvacrol, terpinauad

linalool have been evaluated as fumigants againstastaneunbut only trans-anethole shows significant

effect [186]. Essential oils from seeds ©@briandrum sativumand Carum carvihave been evaluated for

fumigant toxicity againsg. oryzagR. dominicaand Cryptolestes pusillusCoriander contains linalool as the

main component and is active against the threesp€stmphor-rich fractions are very toxicRo dominica

and C. pusillus Carvone is the most effective monoterpenoid ajedn oryzae (E)-Anethole is toxic to

R. dominicawhile vapours of limonene kills adults &@. pusillus[75]. A comparative study has been

conducted to assess contact and fumigant toxicifesnonoterpenes viz. camphene, camphor, carvone,

1-8-cineole, cuminaldehyde, fenchone, geraniolpfine, linalool, menthol and myrcene $noryzaeand

T. castaneumin fumigant toxicity assays, 1-8-cineole has b&mmd most effective again§t. oryzaeand

T. castaneumStructure-toxicity investigations reveal thatwzare has the highest contact toxicity against both
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insectsIn vitro inhibition studies of acetylcholine esterase fradales of S. oryzaeshow that cuminaldehyde
inhibits enzyme activity most effectively followdsy 1-8-cineole, limonene and fenchone. 1-8-Cinéolkhe
most potent inhibitor of acetylcholine esterasavigtfrom T castaneumarvae followed by carvone and
limonene [187]. Essential oils of tea tredelaleuca alternifolid, cinnamon Cinnamomum zeylanicym
cloves Syzygium aromaticumlemongrass ymbopogon flexuosysthyme Thymus vulgaris eucalyptus
(Eucalyptus globulys and jojoba $immondsia chinengibave been tested for their fumigant activity agti
C. maculatusand S. oryzaeadults. Mortality increases with increasing concatign of oils and exposure
period. The effect of volatile compounds Gftrus reticulataand C. sinensisoils have been studied on
T. castaneumand indicated that essential oil @. reticulata shows more toxic effects than that of
C. sinensisagainst larvae and adult df castaneunj188]. Fumigant toxicity of essential oils from &v
species oftucalyptus viz. E. camaldulensis. grandis E. viminalis E. microthecaand E. sargentiihave
been studied again§. oryzaeadults [189]. Results have indicated that mortailityadults increases with
increasing concentration and exposure time. Insdeli activity of essential oils frorDatura stramonium
Eucalyptus camaldulensisMoringa oleifera and Nigella sativa against three major insect pesiz.,

T. castaneumT. granariumand C. ferrugineushas been determined [190]. Essential oils fumigatiauses
mortality at all levels of concentration and expesperiods testedD. stramoniunil is found to be the most
toxic againsfT. granariumand C. ferrugineuswhile N. sativashows the highest fumigant mortality against
T. castaneumEssential oils naturally are liquid at room temgtere and get easy to change to vapours at
room or with slightly higher temperature withoutyadecomposition [90]. Therefore, volatile oils are
frequently used as a fumigant against insectsavédtgrain. The mechanism of toxicity of esseraitd and
its constituents may be due to their neurotoxieatff Essential oil and their active compound thywenh
interact with neuromodulator octopamine. They iredlmeurotoxicity via effects on gated chloride chean
GABA. Thymol has been reported to induce high tibxito some insects lik&. oryzag191].

3.6. Growth inhibitors

Many essential oils and its constituents have heeestigated and established for their egg laying,
growth inhibitory and progeny production inhibitaagtivities against different insect pests.

3.6.1. Progeny production inhibitors

Fumigant toxicity ofCymbopogon flexuosusaf oil has been investigated on progeny prodactib
R. dominicaS. oryzaeandT. castaneumThis oil shows high effectiveness agaiRstdominicaandS. oryzae
[211]. Similarly, essential oil fronClausena anisatand a mixture of it with clay have been investigafier
its insecticidal activity and effects on progengghiction. The aromatized clay powder as well asrd& oil
reduces the fprogeny insect production [212]. The activity 6ymbopogon martini, Piper aduncum,
P. hispidinervium, Melaleuca sg@nd Lippia gracilis oils and fixed oils ofHelianthus annuus, Sesamum
indicum, Gossypium hirsutum, Glycine nzdCaryocar brasiliensdave been studied agaitstmaculatus
These oils excepiMelaleucasp. reduce egg viability and adult emergence taamately 100% [213].
C. cyminumP. nigrum F. vulgare T. ammj A. graveolensl. verum M. fragransandN. sativaessential oils
reduce egg hatching rate, pupation and adult emeegehen fumigated with sublethal concentrationse T
essential oil ofN. sativahas been found most effective followed Ay graveolensC. cyminuml. verum
P. nigrum M. fragransand T. ammioils [163]. Bachrouch et ahave tested fecundity and hatching rate of
Ectomyelois ceratoniaand Ephestia kuehniell@xposed tdPistacia lentiscugssential oil [214]. Fecundity
and hatching rate of both insects decreases witle@se in concentration or exposure time toRilentiscus
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oil is toxic to eggs oE. kuehniellaandE. ceratoniae Essential oils from rhizomes @f officinaleand berries
of P. cubebahave been evaluated for developmental inhibitotyviies againstT. castaneumFumigation
with sublethal concentrations of these essentilsl w@duces oviposition potential of adults and litsi
development of larvae to pupae and the pupae tlisgd26]. Essential oil oA. sativumhas been evaluated
for its oviposition inhibitory activities again$t castaneumA. sativunreduces oviposition potential of adults
when treated by fumigant and contact method botf][1

3.6.2. Development inhibitors

Several essential oils and their constituents haeperties similar to juvenile hormone and act as
insect growth regulators (Table 7). 1,8-Cineoldatad fromArtemisia annuds also a potential insecticidal
allelochemical that reduce growth rate, food cortion and food utilization in some post harvestp§als,
216]. Essential oil fronC. schoenanthushows development inhibition in all stages@fmaculatug217].
Essential oil fromHyptis spicigerahas been evaluated for insecticidal activitie€ComaculatusEssential oil
has dose-dependent insecticidal effect while sbhbaledoses are repellent to adults, reduces oviposind
eggs viability with increasing doses. Essentialshibws lethality in larvae developing within cowpmseds;
and younger instars are more susceptible [218].flimégant toxicity ofLaurus nobilisandR. officinalisoils
has been evaluated against all development stage obnfusumThe major component of both oils is
1,8-cineole. The two oils are toxic to all stagdsthe insect [219].C. cyminum P. nigrum F. vulgare
T. ammj A. graveolens |I. verum M. fragrans and N. sativa essential oils cause death of
T. castaneuntarvae and adults by fumigation. These essentialreduce oviposition potential and increase
developmental period of. castaneumFumigation inhibits development of larvae to paigad the pupae to
adults and also result in the deformities in défar developmental stages of insect [117, 118, 1PAg¢y
cause disruption in growth and affect reproductitbimsectsM. fragrans N. sativa P. nigrumandT. ammi
oils induce changes in growth and reproductionCofchinensig[163]. Oviposition deterrence has been
recorded whel€. copticumandVitex pseudo-negundgssential oils have been applied@nmaculatu$220].
Elettaria cardamomunroil has shown oviposition deterrence effectimmaculatusTherefore, treatment with

this essential oil reduces numbers of insectseiatéd grain [221].

Table 7. Essential oils with insect growth regulatory (igctivity.

Plant species I nsect species Reference
Trachyspermum ammi T. castaneum [117]
Anethum graveolens T. castaneum [118]
Cuminum cyminum T. castaneum [118]
Piper nigrum T. castaneum [118]
Foeniculum vulgare T. castaneum [118]
Carum copticum C. maculatus [220]
Anethum graveolens C. chinensis [163]
Cuminum cyminum C. chinensis [163]
Illicium verum C. chinensis [163]
Myristica fragrans C. chinensis [163]
Nigella sativa C. chinensis [163]
Piper nigrum C. chinensis [163]
Trachyspermum ammi C. chinensis [163]
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Plant species I nsect species Reference
Ageratum conyzoides C. maculatus [224]
Citrus aurantifolia C. maculatus [224]
Melaleuca quinquenervia C. maculatus [224]
Citrus paradise R. dominica [222]
Citrus reticulate R. dominica [222]
Zingiber officinale T. castaneum [132]
Piper cubeba T. castaneum [132]
Allium sativum T. castaneum [223]

Developmental inhibitory activities af-pinene and3-caryophyllene alone or in binary combination have
been determined against hstars larvae of. castaneumPercentage of larvae transformed into pupae and
percentage of pupae transformed into adult decseaden fumigated with sublethal concentrations of
a-pinene and p-caryophyllene alone or in binary combination. Resundicate thato-pinene and
B-caryophylene in binary combination show synergiamd reduce pupation and adult emergence in
T. castaneunfil30]. Abbas et al. have report€d reticulataoil inhibits growth and pupation iR. domonica
[222]. Several essential oils are good inhibitofspest’s oviposition disturbing general growth dfet
populations. Essential oil &. sativumhas been evaluated for its developmental inhibitartyvities against

T. castaneumA. sativumessential oil interferes with developmental proesssnd reduces transformation of
larvae into pupae and adult emergence [223]. Tigiziption in growth of insects may be due to intidni of
different biosynthetic processes of insects aedifit growth stages. These studies revealed gaodigdor
utilizing sublethal concentrations/doses of essérdils and its constituents in reducing egg lyiagd
hatchability, progeny production and growth infidit

3.7. Mode of action of essential oils

Several plant derived essential oils and its é¢asits have been described as insecticides [22%is,
the doses or concentrations of essential oils amdcanstituents needed to Kkill insect pests andr the
mechanism of actions are important for the safétiyumans and other non-trget vertebrates. The itgxaé
essential oils in insects appears to be the reduffects mainly on the insect's nervous systetineeiby
inhibition of acetylcholinesterase or by antagoniithe octopamine receptors [93]. The rapid actigainst
some insects is indicative of a neurotoxic modaation similar to that of conventional synthetiséuoticides.
Several studies indicate that essential oils anchatespenoids cause insect mortality by inhibiting
acetylcholinesterase enzyme activity. Ryan and 8Yyrawve suggested that the toxic effect may béatad to
reversible competitive inhibition of acetylcholitesase by binding to active site of the enzyme [226
Chaubey has reported th&. sativum essential oil inhibits acetylcholinesterase enzyawtivity in
T. castaneumandS. oryzaeadults [134, 210, 223]. A monoterpenoid, linaloaktbeen demonstrated to act on
the nervous system affecting ion transport and rilease of acetylcholine esterase in insects [227].
Octopamine has a broad spectrum of biological roleigsects acting as a neurotransmitter, neuroboem
and circulating neurohormone-neuromodulator [228]20ctopamine exerts its effects through inteoact
with at least two classes of receptors. On theshafspharmacological effects, these have been natsd as
octopamine-1 and octopamine-2 [230]. Interruptiortie functioning of octopamine results in totabddt
down of nervous system in insects. Therefore, @topergic system of insects represents a targenhéect
control. The lack of octopamine receptors in vadéds accounts for the mammalian selectivity oéetal
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oils as insecticides. A number of essential oil poomds have been demonstrated to act on octopagiuner
system of insects [231]. Enan has suggested thatitip of essential oil/constituents is related ttwe
octopaminergic nervous system of insects [232].tyidovsky et al. have shown the activity of twoesgsal

oil constituents, ZP-51 and SEM-76 on several inspecies [93]. Both ZP-51 and SEM-76 show an
inhibitory action on acetylcholinesterase, but omly the high dose. Essential oils can also disrupt
communication in mating behaviour of insect by king the function of antennal sensilla. This lowers
fecundity and ultimately the population of inseetsp[233]. Fumigant toxicity of caryophyllene oxidey
result from the inhibition of the mitochondrial eteon transport system because changes in the watien

of oxygen or carbon dioxide may affect respiratrate of insect, thus, eliciting fumigant toxicityfects
[234]. Thus, in conclusion plant derived essentidgd and its constituents exert its toxicity in écts by
interfering with the nervous co-ordination and iespry system.

4. SYNERGISTIC ACTION OF ESSENTIAL OILS

Chemical control of insect pest involving syntheiinsecticides has induced resistance in several
insects. Thus, the current aim of pests contrattigiies is to produce plant based formulations tvhieduce
the risk of developing resistance against inseigicNone of the plant products alone provide adeqgcu@p
protection, but attemps in this direction have bstanted. Applications of botanical preparationgéase the
farmer’s confidence in indigenous technology [23%9though repellent activity of essential oils isrgerally
attributed to some particular compounds, a synecg¥ienomenon among these metabolites may resalt i
higher bioactivity compared to isolated compond@&6]. Omolo et al. have compared repellent adétisit
between essential oil and synthetic oils formulateth its major constituents [152]. The activitied
synthetic oils have been much smaller than thoseooesponding natural essential oil. This indisateat
minor constituents also contribute to repellentivitgt This reflects the importance of compositibna
complexity in providing bioactivity to natural mixtes. It has been suggested that this is due téathehat
plant’s defense system exists as a suite of conmgwonat as individual ones. Accordingly, minor cénsints
although found in low percentages may act as systergnhancing the effectiveness of major constitie
through a variety of mechanisms [237].

The components of synergistic combinations hawerde modes of actions and thus, efficacy of
combined product is greater than sum total of knewd unknown chemical components. Both positive and
negative synergism can occur between essentia@noilor components. Essential oils combinations ssch
thyme, anise and saffron have been demonstratesyf@rgistic activity [238]. Hummelbrunner and Isma
have reported that mixtures of different monotegseproduce synergistic effect on mortality [180haGbey
has reported that mixture @f ammj A. graveolensandN. sativaessential oils cause reduction in oviposition
and developmental inhibitory activities against castaneumat lower concentration than alone [200].
Terpenes,a-pinene andp-caryophyllene have been evaluated for their repegll acute toxicity and
developmental inhibitory activities alone and imdidy combination against. castaneumFumigation of
larvae and adults of. castaneunmwith these two compounds caused lethality in théhedian lethal
concentration ofi-pinene andg-caryophyllene binary combination against adultd Emvae has been found
lower than when used alone. Fumigation with twolethial concentrations of these two compounds iautyin
combination reduce oviposition potential of adaltsl inhibited pupation and adult emergence in &mare
potently than used alone. This study concludes tthegse two volatile compounds in binary combination
shows synergism and thus, can used as efficieatticgdal tool againsT. castaneunj132]. Since essential
oils are mixture of 20-60 chemical compounds okdbe nature, it will be difficult for the insects develop
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resistance against them. This also suggests tbanhtal oil constituents alone can be a weakeridatelthan

crude essential oil in insect pest management progre.

5. STRUCTURE-ACTIVITY RELATIONSHIPSIN ESSENTIAL OIL COMPONENTS

The relation between chemical structures of esdepit's constituents and their biological actiitas
been well documented. It has been reported thathagge in molecular structure can change thelogical
activities. Modifications of chemical structure winoterpenoids enhance biological properties ofreid
oils as a whole as well as monoterpenoids thatagritinctional groups. The activities of essentitd and
their constituents depend on functional group ahdndcal properties such as volatility and molecular
weights [239]. Scientists have studied correlabetween chemical structure of essential oils cturestis and
their insecticidal activity. Essential oil froM. arvensishas been reported to have insecticidal activihe T
L-menthol isolated from this oil and seven of ity/laderivatives have been evaluated against stgrath
insect pests. It has been reported that menthyignate and L-menthol have high insecticidal attivligh
activity of menthyl propionate as compared to L-thehcan be due to increasing number of methyl gsou
in side chain [173]. Due to nucleophilic propert@amethyl group, increase in number of methyl goon
side chain cause decrease in positive charge @ser@egative charge) on carbon atom. Therefordy, hig
activity of menthyl propionate may be due to insieg negative charge on carbon atom because of the
presence of two methyl groups. However, increaselegtrophilic groups such as methyl groups in rchai
leads to increase the activity of a function caratom.

Depending on the number of methyl groups, acefatévative have slight activity while menthyl
propionate have high insecticidal activity. Lowigity of menthyl benzoate has been observed bectnese
do not have methyl group and the benzene ringtéstatd directly to menthyl carbon. Activity of mieypit
cinnnamate has been found moderate as it has dedbahd and benzene ring is not directly attached t
carbon atom [173, 240]. Benzene derivatives (eugesmeugenol, methyl eugenol, safrole and iso$afro
and terpenes (cineole, limonene, p-cymine @pihene) have been evaluated for insecticidal agtj®01]. It
has been observed that derivatives of benzene higher insecticidal activity than that of terpen&his
toxicity may be due to the active groups in benzdgrévatives. The presence of double bond in tle shain
of aromatic ring and the substitution of methoxyup play an important role in the toxicity of these
analogues. The knock down and contact activitybesen found to increase in methyl eugenol due tinéur
methoxy group. The order of contact toxicity ofshecompounds is methyl-eugenol > isosafrole = enlgen
safrole. In contrast, when double bond in siderclgnearer to aromatic ring, fumigant toxicitydiscreased.
Therefore, safrole shows more fumigant activitynthigosafrole. However, benzene derivatives haveemor
insecticidal activity than monoterpenes [101]. bigédal activity of thymol, pulegone, trans-andth@and
eugenol has been evaluated agashditura[180]. Thymol has higher toxicity than pulegon@ns-anethole
and eugenol againg. litura The order of toxicity of these compounds obsergethymol > pulegone >
trans-anethole > eugenol. The high toxicity of tlyras compared to other compounds has been a#dlat
the presence of methyl groups in the side chaiis @tfect can be due to electron-donating propeftyethyl
groups which decrease positive charge on carban afoside chain. Further researches involving gtect
activity are required to enhance insecticidal poyeof essential oil. Further studies should beiedrout to
investigate whether the alteration in structuregsgfential oil constituents can modify mode of actio
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6. MAMMALIAN TOXICITY OF ESSENTIAL OILS

Before using essential oils and/or their constitaeas stored grain protectants, their probableitgx
in non-target animals including mammals must benaekkedged. The common use of plant essential ils i
drugs and foods clearly indicate that essential slilow insignificant toxicity towards mammals. kengral,
most of the essential oils and their active cowetits are nontoxic to mammals [241]. However, some
essential oil/constituents are toxic to human ath@romammals. The Lig for toxic constituents against rats
ranges from 800 to 3,000 mg/kg. Pulegone has tmerdftoxic to rats with LE) 150 mg/kg intraperitoneally
[242]. Also, thujone ail is very toxic to rats witlDso 45 mg/kg intraperitoneally [243].

Being a mixture of several constituents, essenilalseem to have no specific cellular targetsA[24
Since essential oils are lipophilic in nature, tipags through cytoplasmic membrane and disrupt merab
structure leading to cytotoxicity. In eukaryotidlseessential oils can induce depolarization afoctiondrial
membranes by interfering with various ion chanij2lb, 246]. They change fluidity of membranes which
become abnormally permeable resulting in leakageadicals, cytochrome C, calcium ions and proteins
similar to oxidative stress and bioenergetic falUPermeability of outer and inner mitochondriaihmbeanes
leads to cell death by apoptosis and necrosis [248]. This cytotoxic property is of great importanin the
applications of essential oils in insect pest managnt.

Essential oils induce cytotoxicity in mammaliadlséy inducing apoptosis and necrosis. Since most
essential oils have been found to be cytotoxic euttbeing mutagenic, it is likely that most of thane also
devoid of carcinogenicity. However, some essertil and their constituents are considered as skrgn
carcinogens after metabolic activation [24%alvia sclareaand Melaleuca quinquenerviails induce
estrogen secretions which can cause estrogen-deperdncers. Some others contain photosensitizing
molecules like flavins, cyanin, porphyrins, hydmdm&es which can cause skin cancer. Estragole, a
constituent ofOcimum basilicunandArtemisia dracunculusils has shown carcinogenic properties in rat and
mouse [250, 251]. Psoralen, a photosensitizing cotdefound in some essential oils ligtrus aurantium
can induce skin cancer after formation of covaleMA adducts under ultraviolet A or solar light [352
Pulegone, a component of essential oils of mintiggecan induce carcinogenesis [253]. Safrole nthgr
constituent ofSassafras albidurand Mespilodaphne pretiosails induces carcinogenic metabolites in rats
[254]. Methyl eugenol has also been shown to beimagenic in rats [254].

The most necessary aspect of using essential amitBor their constituents for pest control is
assessment of their toxicity in mammals becauseyneasential oils and their constituents are comynonl
used as culinary herbs and spices. Many of the @aniad products based on essential oils are indu¢he
GRAS (Generally Recognized as Safe) list by FDAo@Fand Drug Administration) and EPA (Environmental
Protection Agency) in USA for food and brevaragestonption [255]. Some of essential oil terpenoids a
moderately toxic to mammals, but, with few excepdiooils themselves or products based on oils aglyn
nontoxic tomammals, birds and fish. Due to theilatitity, oils and their constituents are enviromtaly
nonpersistent with outdoor half lives of 24 hours surfaces, in soil and in water [256]. Because ynan
conventional pesticides are harmful for public,dmtal-based pesticides especially essential eitoime a
popular choice for insect pest management in séorag

7. ESSENTIAL OIL-BASED INSECTICIDES FROM RESEARCH TO MARKET

From time immemorial with the beginging of humanilization and storage of grain against poor
agriculture production and famine, insect specegehbeen damaging stored grain. To protect thengiiai
storage from insect infestation, aromatic plantgehbeen used traditionally worldwide. Thus, sciemnti
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communities have started re-evaluating these pamdgtheir volatile oils against insect pests ofedd grains.
Commonly used essential oils and active substatwé® used as insecticide takes a long time asinert
toxicological and ecotoxicological tests are regdifor registering commercial products. The ECoOSNAR
technologies (USA) have introduced some pesticlthessed on essential oils [256]. These formulatiars a
based on cinnamon oil with cinnamaldehyde. The Eb®ST technologies have introduced other plant
volatile based insecticides ECOPCOR. They contagerol and 2-phenethyl propionate as active ingradi
They are used against crawling and flying insethe EcoTrolTM formulation is based on rosemaryawitl

is used as an insecticide on horticultural cropaliG oil-based insecticides have also been pradlilcehe
US. These formulations contain mint oil as thewacthgredient. They are used in home and gardepdet
control [257]. However, essential oils must haviofeing properties to be used in insect pest mamesye
programme [256]:

. Essential oil must be produced in large scale tjinout the world.

e They must have broad activity against insects dukeir multiple modes and sites of action.

*  They must have a variety of actions such as insdeti attractive, repellent, fumigant and antifeed

. Essential oils and their active constituents meshdntoxic to mammals including human.

*  Oils and active compounds must be environmentaltypersistent.

*  They must be effective under low pest pressure.

e They must have a short residual half-life on plants

Inspite of promising activities of essential ddigainst several insects, some problems have reggiste
regarding its commercial application in the fiekbr example, essential oil’s volatility, water dality and
oxidation play important role in essential oilsigity, application and persistent. Therefore, thpseblems
must be resolved before using essential oils asnaltive to synthetic pesticides for pest conte&]. New
formulations with nanotechnology ‘Nanoformulatias@n resolve these problems. The new trend for using
nanoformulation leads to protect essential oilsnfrdegradation and to increase their residue Halfdy
reducing evaporation. Nanoformulations have progerof controlled release of essential oils anck e#s
application and handling [259]. These nanoformalsi can enhance essential oils activity due to Ismal
particle size. Yang et al. have shown that loadmabparticles with garlic essential oils are effeztagainst
T. castaneum[260]. Anjali et al. havereported that insecticidal activity of neem oil rieases in
nanoemulision formulation [261]. This effect can Hae to the smallest droplet size of essential olil
nanoemulsion. New nanotechnology methods have p&amed to controH. armigera[262]. This new
method stabilizeértemisia arborescensil with better insecticidal activity. This stalijlican be due to built-
in of essential oil with solid lipid nanoparticlesd developed an emulsion. Nanoencapsulation ehgab
oils have been shown high repellent activity thaseatial oils [115]. Some patents involving essémtils
have shown that majority of the inventions focushmusehold insects. A cleaning solution includitayve
essential oil and pyrethroid destroy eggs and &raead leave a residue to prevent reinfestatioBlhitaria
[263]. Several essential oil based formulationsehbeen proposed to control mosquitoes and flied][26
Spearmint, bitter almond and bircBetula lentabark essential oils have been incorporated intoixdune
showing insecticide and insect repellent propefés].

A large number of patents have been assigned riegepvation of clothes from moths and beetles
including application of a solution containing cdogssential oil on woollen cloth [266]. More redgnivash
fast insect-resistant fabrics have been createt péirtially or wholly hollow porous fibres coatedthwv
encapsulated insecticidal agents sucE@asalyptusoil [267]. Beside these domestic uses, esserit@ahave
got applications in agriculture and the food indysEssential oils can also be incorporated witlypers
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into sheets. Attractant adhesive films with essémtils have been prepared to control insects nicalgure
and horticulture. Coating materials, useful in agjtural structures, include pine essential oilsetdhance
their insecticidal properties and repel harmfulests [268]. Adhesives containing acrylic polymersl a
essential oils have been shown killing effectBtatella germania [269]. Essential oils have also been shown
some usefulness for building materials. A wood @nestive solution mixed with eucalyptus oils pyretds
and borax have common applications [270].

8. SUMMARY

Essential oils are produced as secondary metabolaromatic plants. These are complex mixtures of
volatile compounds in different concentartions. §&eils and its constituents have repellent, aatddat,
ovicidal, oviposition inhibitory and developmeniahibitory activities in insects. These interferéhwthe
respiratory and nervous system of the insect. Tlegsential oils can be used as alternatives incinse
management. Most of these oils are selective im thée with little or no harmful effect on the eémynment
and the non-target organisms including human. Tha mim of this review is to provide basic inforinat
regarding essential oils, chemistry and their molstored grain insect pest management.
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