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Abstract: To date, only a handful of pesticides have been authorized by the European Council for the
protection of stored grains. Resistance issues and ecotoxicity concerns necessitate the development of
ecofriendly tools in that direction. In this review, we refer to the recent findings on plant extracts and pure
plant-derived substances with promising biological activity and the potential to be used as biopesticides
for stored products. The main aim of biopesticides is to be effective against target pests, without harming
humans and the environment. Many plant species, among those reported herein, are part of the human
diet, and are thus not harmful to humans. Edible plant extracts produced with inorganic solvents represent
safe candidates for use as repellants, fumigants or contact pesticides. Cinnamon, rosemary, parsley, garlic,
oregano and basil are found in products destined for human consumption but also display significant
biological activities. Interestingly, cinnamon is one of the most widely tested botanical matrixes, exhibiting
the best lethal effects on almost all insect and mite taxa reported herein (Acaroidea, Coleoptera and
Lepidoptera), followed by basil and garlic. Prunus persica, Azadirachta indica A. Juss and Carum sp. seem
to be very promising too as miticides and/or insecticides, with A. indica already being represented
commercially by a plant-derived acaricidal formulation.

Keywords: biopesticides; plant extracts; stored grain pests; insects; mites; grains; commodities

1. Introduction

Over 800 million people worldwide suffer from malnutrition, and one-third of global
food production is lost or wasted annually [1]. Pesticides are needed to control weeds,
insect infestations and various pests and disease carriers (e.g., mosquitoes, ticks, rats
and mice) in houses, offices, malls and streets [2]. Worldwide, approximately 2 million
tons of pesticides are utilized annually [3]. However, the modes of action of pesticides
are not always species-specific and exposure at even very low levels may have adverse
health effects on humans. Additionally, concerns have been raised about environmental
risks associated with exposure to these products through various routes (e.g., residues in
food and drinking water) [2]. As a result, many pesticides have been withdrawn from
the market. Interestingly, in an eight-year period (2001-2008), 26% of insecticides were
banned from the European Union due to unintentional impacts [4], extending as far as
unbalancing/damaging an entire ecosystem [5].

Due to the constant increase of the population, larger quantities of cereals are required
to cover the needs of the growing human population, thus making it important to find ways
to minimize the loss of stored grains. Cereal grains are in fact the most basic ingredients of
the human diet. According to the FAO, ‘Cereals continue to be by far the most important
source (in terms of calories) of total food consumption’. The food use of cereals has
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continued to increase, albeit at a decelerating rate. In developing countries, the per capita
average is now 173 kg, providing 56 percent of total calories [6]. On the other hand, insects
feeding on stored grains can cause losses of up to 420 million tons annually [1]. There
are two classes of arthropods—arachnids (Arachnida) and insects (Insecta)—infesting
grains and food products. Within the first class, the subclass mites (Acari) contains some
species of great economic importance. Among insects, species belonging to the orders
of beetles (Coleoptera), moths and butterflies (Lepidoptera) are significant pests. Stored
products may be damaged either through contamination by primary pests or through
secondary contamination due to previously damaged grains; either caused by other pests
(primary pests) or by being poorly threshed, dried and handled. Flour and milled rice
might exhibit a reduction in weight and a decrease in quality due to an infestation of pests.
Insects can encourage mold germination, increase the fatty acid percentage in the grain
and can cause grain rancidity due to the uric acid they release, as well as causing grain
pollution through their exuviae or feces. This, in consequence, can cause price discounts
and shipping restrictions [1]. Traditionally, stored product insects have been controlled
with synthetic insecticides, most of which are now out of the market due to ecotoxicological
concerns (EC 1107/2006), as well as resistance issues [7,8]. To date, only a few of their active
ingredients are still registered in the EU for stored product pest control. In particular, these
include the fumigants magnesium phosphide and aluminum phosphide; the synthetic
pyrethroids cypermethrine and deltamerthine, the phosphorothioate pirimiphos methyl
and piperonyl butoxide applied by dusting [7]. Natural molecules of botanical origin
have attracted international research interest in recent years as ecofriendly alternatives
to their synthetic pesticidal ancestors (in commercial terms) [9]. Recent reviews on the
use of the secondary metabolites of plants against stored product insects are those of
Rajendran and co-workers, reporting the fumigant toxicity results conducted with essential
oils of plants (mainly belonging to Apiaceae, Lamiaceae, Lauraceae and Myrtaceae) and
their components (cyanohydrins, monoterpenoids, sulphur compounds, thiocyanates and
others) [10], as well as that of Stejskal and co-workers, reporting on gas, liquid, gel and
solid formulations of natural pesticides for stored-product applications [11].

In the present review, we report on the most important arthropod pests affecting
grains and food products, along with the plant-derived substances reported to exhibit
significant activity in the last 10 years. We categorized pests based on their taxonomic
class and order, exhibiting similar habits, life cycles and metabolism. We aim to pinpoint
the natural plant-derived substances that could be developed to combat stored-product
pest infestations.

2. Economically Important Groups of Stored-Product Pests and Plant-Derived Tools
with Reported Activity

2.1. Mites (Acari)

There are several mite species that cause severe losses to grains and stored products,
mostly because they reproduce in large numbers, tolerate lower temperatures than insects
and are not readily seen, causing great impact on storage facilities. Among the mites
that are regarded as the most important pests of stored grains and food products are the
species Gohieria fusca and Lepidoglyphus destructor (Glycyphagidae); Blomia freeman (Echimy-
podiae) and Chortoglyphus arcuatus (Chortoglyphidae), as well as Aleuroglyphus ovatus,
Tyrophagus longior, Tyrophagus putrescentiae, Tyroborus lini and Acarus farris and Acarus siro
of the Acaridae [12-15].

Traditionally, mites have been eradicated using synthetic miticides such as organophosphates,
pyrethroids, pyridazines, juvenile hormone analogs and chitin synthesis inhibitors [13,16,17]. In
addition, elevated CO, concentrations are applied [18]. However, benzyl-benzoate, a substance
that is produced and used industrially but which is also naturally produced by a range of
plants—cinnamon and cassia (Cinnamomum spp.), carnation (Dianthus caryophyllus L.), hyacinths
(Hyacinthus spp.), tuberose (Agave amica Medik.), common jasmine (Jasminum officinale L.) and
Santos mahogany (Myroxylon balsamum L. Harms)—is often used as a commercial acaricide or as
a reference substance in acaricidal tests. However, this substance is regarded as an allergen [19].
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Azadirachtin (neem), a commercially available plant-derived pesticide obtained from
the plant species Azadirachta indica A. Juss, is one of the most commonly used natural
substances that causes lethal and sublethal insecticidal and miticidal effects. As reviewed
by Collins (2006), it limits the growth of populations and causes mortality of T. putrescentiae,
A. siro and L. destructor [13] but it proved to be less effective against five species of stored
product mite pests than synthetic commercial miticides [20].

The components of clove bud (Eugenia caryophyllata Thumb.) oil—methyleugenol (me-
dian lethal dose (LDsp) = 1.18 pg/cm?, isoeugenol, 8-caryophyllene, eugenol and o-humulene
(LDsp = 12,90 pg/cm?)—showed lethal toxicity against T. putrescentiae, with methyleugenol
and isoeugenol being more toxic than benzyl benzoate [21]. Furthermore, Rosmarinus offici-
nalis L. essential oil (EO) and its constituent compounds were active against this mite, both
as a fumigant (LDsp = 8.24 pg/ cm?) and in contact toxicity (LDsp = 549 pg/ cm?). The con-
stituent camphor appeared to be successful in combating the pest (fumigant toxicity LDsg
=225 pug/cmd, contact toxicity LDsy = 1.34 p1g/cm?) more effectively than benzyl benzoate
(LDsg = 12.56 pg/cm?, and 9.03 pug/cm?) [22]. Other constituent substances in rosemary oil are
a-pinene, 1,8-cineole and camphene, all exhibiting miticidal activity [23]. Lee (2015) proved
the fumigant and contact toxicity of the essential oil of Ligustrum japonicum leaves against T.
putrescentiae and calculated the respective LDs values to be 16.48 pg/cm?® and 8.02 pg/cm?,
respectively. x-pinene is one of the compounds found in L. japonicum oil, showing the highest
percentage [24]. These data indicate that camphor may be effective, as well as other compounds.
However, camphor seems to be more toxic to mites than a-pinene [21]. Ottoboni et al. (1992)
reported that caraway (Carum carvi L.) essential oil was a significant candidate to combat L.
destructor, G. fusca, A. siro and T. putrescentiae [25,26]. Furthermore 3,4-methylenedioxybenzene
and its derivatives were described as successful miticides against, among others, T. putres-
centige [27]. Interestingly, apiol, which naturally occurs in the seeds of parsley (Petroselinum
sativum Hoffm), was not toxic against T. putrescentiae, although it has been proven to be active
against Dermatophagoides species. Essential oils obtained from both the aerial parts and seeds
of the forget-me-not plant (Myosotis arvensis (L.)) or ingredient compounds used individually,
namely 2,4,5-trimethylbenzaldehyde, 2,4-methylbenzaldehyde, 2,5-dimethylbenzaldehyde, 2-
methylbenzaldehyde, 2,3-dimethylbenzaldehyde, 3-methylbenzaldehyde, 4-methylbenzaldehyde,
3-octanone, butyl isothiocyanate and nonanal, showed significantly greater contact and vapor
toxicity against T. putrescentiae than benzyl benzoate [28]. T. putrescentiae was proven to be sus-
ceptible to the essential oil of garlic (Allium sativum L.), basil (Ocimum basilicum L.) and fenugreek
(Trigonella foenum-graecum L.), in descending order, when exposed for one to three days [29].
However, the sulfide-rich garlic essential oil was toxic to Cheyletus malaccensis, a predatory mite
and natural enemy of A. siro, T. putrescentiae and L. destructor [30]. Nonetheless, garlic essential
oil and its active compounds can be used as possible miticides against a range of mites [31].
Unfortunately, some botanical extracts have been proven to be lethal for beneficial insects, such
as citronella, eucalyptus, garlic, pyrethrum and neem. Sometimes their effects may be non-lethal,
such as inhibiting natural enemies from utilizing prey, reducing prey availability, decreasing
reproduction, inhibiting the ability of natural enemies to recognize prey, influencing the sex ratio
(females:males) and reducing mobility. Nonetheless, detailed knowledge of the lethal or non-
lethal effects of botanical pesticides on beneficial insects is essential for the sustainable control of
insect pests and pollination activities for improved and sustainable agricultural production [32].

De Assis and co-authors (2011) tested the fumigant toxicity of eugenol and essential
oils from cinnamon (Cinnamomum zeylanicum Blume), Surinam cherry (Eugenia uniflora
L.), uvalha (Eugenia uvalha Cambess.), weeping paperbark (Melaleuca leucadendra (L.)), cake
bush (Piper marginatum Jacq.) and Brazilian peppertree (Schinus terebinthifolia G.Raddi)
against T. putrescentiae. The lowest median lethal concentration (LCs) values were obtained
for eugenol and C. zeylanicum essential oil. These data are in agreement, since eugenol
is the major component of C. zeylanicum essential oil and its content may exceed % of all
the volatile ingredients of this oil [33]. The next most abundant component—linalool—is
present in about nine times lower amounts [34]. Although it is not as important, linalool
may increase toxic effects since it appeared to be toxic against T. longior in contact and
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fumigant toxicity studies. Similarly the toxicity of menthol, menthone, fenchone, linalyl
acetate and eucalyptol, the most abundant substances in the essential oils of lavender
(Lavandula angustifolia Mill, Lavandula stoechas L.), peppermint (Mentha x piperita L.) and
eucalyptus (Eucaliptus globulus), should be assessed for their lethality [35].

The observation of the variable susceptibility of various species of mites to natural
substances is also seen in the case of natural aldehydes used as miticides. This phenomenon
was described for three natural aldehydes, namely, (2E)-hexenal, (2E, 6Z)-nonadienal and
(2E)-nonenal, produced in plants from organic acids, when tested in feeding tests from 36
to 314 mg/g against A. siro, A. ovatus and T. putrescentiae. Specifically, the susceptibility
of A. siro was similar for all three aldehydes, whereas T. putrescentiae was about eight
times more susceptible to nonadienal than to hexenal, and was not significantly affected
by nonenal [36]. In another study, benzaldehyde (LDsy = 4.23 pug/ cm?) isolated from the
peach Prunus persica, as well as salicylaldehyde (LDsp = 1.02 p1g/cm?), cinnamaldehyde
(LDsp = 1.66 pg/ cm?) and phthaldialdehyde (LDsg = 5.16 pg/cm?), were tested against T.
putrescentige. All aldehydes exhibited better efficacies than benzyl benzoate (LDsg = 9.75
ug/ cm?). However, the values calculated for P. persica essential oil (LD5p = 11.23 ug/ cm?)
were higher than those for benzyl benzoate [37]. This research shows that aldehydes and
essential oils can be applied in grain and food protection. However, their application must
be carefully adjusted to the tested species.

There are suggestions that jasmonic acid (JA) can be used as a miticide against mite-
pests of grains and stored food. This compound may affect mite reproduction and limit
losses. The tomato mutants that were unable to accumulate JA were characterized by
a higher rate of egg-hatching of mite-pests compared to the wild type. Therefore, JA
was suggested as a substance of ovicidal activity [38]. Most interestingly, JA additionally
attracts predatory mites and therefore it may decrease the level of pests [39]. These data
seem to open a field of interesting further research on the species of interest.

Angiosperms also deliver bioactive substances that may be useful in limiting losses
caused by mites. For instance, essential oils obtained from gymnosperm plants such as
Pinus pinea, Pinus halepensis, Pinus pinaster and Pinus nigra were described as toxic for T.
putrescentiae [40], with P. pinea being the most effective. Moreover, 1,8-cineole and limonene
showed miticidal activity when tested at 8 or 6 uL on 6 cm of filter paper. Likewise,
Juniperus chinensis essential oil and its respective components were applied in impregnated
disc biotests against T. putrescentiae, with the LDs5( values calculated at 38.1, 15.33, and
42.85ug/cm? for the essential oil, bornyl acetate and «-eudesmol, respectively [41]. Based
on the effect and the content of the substances in the oil, the authors suggested that bornyl
acetate is the major substance responsible for this acaricidal activity. The authors also
reported that sabinene and a—thujene were not toxic to the mites.

The abovementioned results prove that plant-derived extracts and single compounds
may become interesting alternatives to commercial miticides. In many cases, they are
obtained from plants that are nontoxic to humans, since they are part of the human diet,
for example, garlic or parsley (Table 1). Therefore, they can be used in food stores, being
relatively safe to humans, of course depending on the concentration used.
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Table 1. Plant species reported to exhibit significant activity against stored-product pests in recent years.

Mites
Plant Species Formulation Pest Species Reference
) ) essential oil Tyrophagus putrescentiae [29,31]
Allium sativum essential oil Cheyletus malaccensis [30]
Commercial product of neem Tyrophagus putrescentiae
Azadirachta indica (Fortune AZA) Acarus siro [13,20]
Lepidoglyphus destructor
Gobhieria fusca
) . Lepidoglyphus destructor
Carum carvi essential oil Acarus siro [25]
Tyrophagus putrescentiae
Cinnamomum zeylanicum essential oil Tyrophagus putrescentiae [33]
Eucaliptus globulus essential oil Tyrophagus longior [35]
Eugenia caryophyllata essential oil Tyrophagus putrescentiae [21]
Eugenia uniflora essential oil Tyrophagus putrescentiae [33]
Eugenia uvalha essential oil Tyrophagus putrescentiae [33]
Juniperus chinensis essential oil Tyrophagus putrescentiae [41]
Lavandula angustifolia essential oil Tyrophagus longior [35]
Lavandula stoechas essential oil Tyrophagus longior [35]
Ligustrum japonicum essential oil Tyrophagus putrescentiae [24]
Melaleuca leucadendra essential oil Tyrophagus putrescentiae [33]
Mentha piperita essential oil Tyrophagus longior [35]
Myosotis arvensis essential oil Tyrophagus putrescentiae [28]
Ocimum basilicum essential oil Tyrophagus putrescentiae [29]
Petroselinum sativum active constituents Tyrophagus putrescentiae [27]
Pinus pinea essential oil Tyrophagus putrescentiae [40]
Pinus halepensis essential oil Tyrophagus putrescentiae [40]
Pinus pinaster essential oil Tyrophagus putrescentiae [40]
Pinus nigra essential oil Tyrophagus putrescentiae [40]
Piper marginatum essential oil Tyrophagus putrescentiae [33]
Prunus persica essential oil Tyrophagus putrescentiae [37]
Rosmarinus officinalis essential oil Tyrophagus putrescentiae [22]
Schinus terebinthifolius essential oil Tyrophagus putrescentiae [33]
Trigonella foenum-graecum essential oil Tyrophagus putrescentiae [29]
Coleoptera
Plant Species Formulation Pest Species Reference
Achillea wilhelmsii essential oil Tribolium castaneum [42]
Achyranthus aspera essential oil Cryptolestes ferrugineus [43]
Acisanthera. ethanolic extract Tenebrio molitor [44]
Sitophil
Acorus calamus essential oil opIYS ory=ae [45]
Tribolium castaneum
Adenocalymma nodosum ethanolic extract Tenebrio molitor [44]
Agastache rugosa plant extract Tribolium castaneum [46]
powder Oryzaephilus surinamensis [47]
Allium sativum essential oil Tenebrio molitor [48]
Sitophil
essential oil oIV ory=ae [49]
Tribolium castaneum
Alpinia blepharocalyx essential oil Lasioderma serricorne [50]
Amomum maximum essential oil Tribolium castaneum [51]
Lasiod ]
Amomum tsaoko essential oil foloderTn serricore [52]

Tribolium castaneum
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Table 1. Cont.

Coleoptera
Plant Species Formulation Pest Species Reference
Anethum graveolens essential oil Sitophilus zeamais [53]
Armoracia rusticana essential oil Sitophilus zeamais [54]
Artemisia absinthium powder Oryzaephilus surinamensis [47]
Lasioderma serricorne
Artemisia anethoides essential oil [55]
Tribolium castaneum
L . . Oryzaephilus surinamensis
Artemisia herba-alba essential oil [56]
Tribolium castaneum
Artemisia judaica essential oil Sitophilus oryzae [57]
Artemisia monosperma
Artemisia vulgaris essential oil Sitophilus zeamais [58]
Artemisia stolonifera essential oil Lasioderma serricorne [59]
Tribolium castaneum
Aster ageratoides essential oil Sitophilus zeamais [60]
Tribolium confusum
Astoma seselifolium essential oil Sitophilus oryzae [57]
Atalantia guillauminii essential oil Lasioderma serricorne [61]
Tribolium castaneum
. .. essential oil o
Azadirachta indica Tribolium castaneum [62]
seed oil
Bauhinia purpurea methanol extract Trogoderma granarium [63]
Bidens sulphurea ethanolic extract Tenebrio molitor [44]
Caesalpinia gilliesii methanol extract Trogoderma granarium [63]
Tribolium castaneum
Carum caroi essential oil Sitophilus oryzae [64]
Rhizopertha dominica
. Sitophilus granarius
Carum copticum essential oil prse [65]
Tribolium confusum
Caryopteris incana essential oil Sitophilus zeamais [66]
Calendula officinalis essential oil Sitophilus granarius [67]
Callistemon viminals essential oil Sitophilus oryzae [57]
Capsicum annuum plant extract Tribolium castaneum [46]
Cassia fistula methanol extract Trogoderma granarium [63]
water extract
Cassia occidentalis othanol extract Oryzaephilus surinamensis [68]
acetone extract
Cassia senna methanol extract Trogoderma granarium [63]
. . Sitophilus zeamais
Cayratia japonica essential oil P [69]
Tribolium castaneum
Chenopodium album ether extract Oryzaephilus surinamensis [70]
Chrysanthemum frutescens methanol extract Trogoderma granarium [63]
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Table 1. Cont.

Coleoptera
Plant Species Formulation Pest Species Reference
Tenebrio molitor [71]
Cinnamomum verum essential oil Tribolium castaneum
Sitophilus oryzae [64]
Rhizopertha dominica
Citrus aurantifolia essential oil Sitophilus oryzae [57]
Citrus lemon essential oil Sitophilus oryzae [57]
Citrus medica essential oil Tribolium castaneum [72]
Citrus paradisi essential oil Rhizopertha dominica [73]
essential oil Tribolium confusum [74]
' ‘ powder o [46,75]
Citrus reticulata ethanol extract Tribolium castaneum
essential oil [76]
essential oil Cryptolestes ferrugineus [77]
essential oil Rhyzopertha dominica [73]
essential oil Tribolium castaneum [76]
Citrus sinensis essential oil Rhizopertha dominica [78]
essential oil Sitophilus oryzae [57]
essential oil Sitophilus zeamais [79]
Calamintha glandulosa essential oil Tribolium castaneum [80]
Clausena anisum-olens essential oil Lasioderma serricorne [81]
water extract
Cleome viscosa othanol extract Oryzaephilus surinamensis [68]
acetone extract
Coriandrum sativum essential oil Sitophilus oryzae [82]
Oryzaephilus surinamensis
Crithmum maritimum essential oil Sitophilus granarius [83]
Sitophilus oryzae
Tribolium castaneum
Tribolium confusum
Cuminum cyminum essential oil Sitophilus zeamais [53]
Cupressus lusitanica essential oil Sitophilus zeamais [84]
Tribolium castaneum
Cupressus macrocarpa essential oil Sitophilus oryzae [57]
Cupressus sempervirens essential oil Sitophilus oryzae [57]
Cymbopogon citratus essential oil Sitophilus oryzae [85]
essential oil Tribolium castaneum [86]
Cymbopogon giganteus essential oil Tribolium castaneum [86]
Cymbopogon schoenanthus essential oil Tribolium castaneum [86]
Tribolium castaneum
Cymbopogon winterianus essential oil [64]

Sitophilus oryzae

Rhizopertha dominica
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Table 1. Cont.

Coleoptera
Plant Species Formulation Pest Species Reference
Dabhlia pinnata essential oil Sitophilus oryzae [50]
Sitophilus zeamais
Dennettia tripetala essential oil Sitophilus oryzae [87]
Dimorphandra mollis ethanolic extract Tenebrio molitor [44]
Dracocephalum moldavica essential oil Sitophilus zeamais [88]
Tribolium confusum
Drimys winteri essential oil Tribolium castaneum [89]
Dictamnus dasycarpus essential oil Lasioderma serricorne [90]
Eruca sativa essential oil Tribolium confusum [74]
Etlingera yunnanensis essential oil Tribolium castaneum [91]
Eucalyptus camaldulensis essential oil Sitophilus oryzae [92,93]
Tribolium castaneum
Eucalyptus citriodora essential oil Tribolium castaneum [86]
Eucalyptus floribundi essential oil Oryzaephilus surinamensis [94]
Rhizopertha dominica
essential oil Tribolium confusum [74]
Eucalyptus globulus L Lasioderma serricorne
essential oil [95]
Rhizopertha dominica
Eucalyptus intertexta essential oil Sitophilus oryzae [93]
Tribolium castaneum
. . Sitophilus oryzae
Eucalyptus leucoxylon essential oil [96]
Tribolium castaneum
Eucalyptus obliqua essential oil Sitophilus oryzae [82]
Eucalyptus procera essential oil Tribolium castaneum [97]
Eucalyptus saligna essential oil Sitophilus zeamais [84]
Tribolium castaneum
Eucalyptus sargentii essential oil Sitophilus oryzae (93]
Tribolium castaneum
Euonymus japonicus methanol extract Trogoderma granarium [63]
Ferula narthex essential oil Cryptolestes ferrugineus [43]
essential oil Sitophilus zeamais [53]
Foeniculum vulgare Tribolium castaneum
essential oil Sitophilus oryzae [64]
Rhizopertha dominica
Ginkgo biloba plant extract Tribolium castaneum [46]
Rhizopertha dominica
Hyptis suaveolens essential oil Sitophilus oryzae [98]
Tribolium castaneum
Juniperus formosana essential oil Tribolium castaneum [99]
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Table 1. Cont.

Coleoptera
Plant Species Formulation Pest Species Reference
Juniperus polycarpus essential oil Tribolium confusum [100]
Juniperus sabina essential oil Tribolium confusum
Kadsura heteroclita essential oil Sitophilus zeamais [101]
Laurelia sempervirens essential oil Sitophilus zeamais [102]
essential oil Tribolium castaneum [89]
Lasioderma serricorne [103]
Laurus nobilis essential oil Rhizopertha dominica 04)
Tribolium castaneum
Laggera pterodonta essential oil Lasioderma serricorne [105]
Lavandula angustifolia essential oil Sitophilus granarius [106]
Lavandula officinalis essential oil Sitophilus oryzae [92]
Tribolium castaneum
Lasioderma serricorne
Lavandula stoechas essential oil Rhizopertha dominica [95]
Tribolium castaneum
Lepidoploa aurea ethanolic extract Tenebrio molitor [44]
Litsea cubeba essential oil Lasioderma serricorne [107]
Litsea salicifolia essential oil Sitophilus zeamais [108]
Tribolium castaneum
Linium usitatissium essential oil Cryptolestes ferrugineus [43]
Lippia javanica essential oil Sitophilus zeamais [109]
Lippia sidoides essential oil Tenebrio molitor [110]
Liriope muscari essential oil Lasioderma serricorne [111]
Tribolium castaneum
Maytenus emarginata ether extract Oryzaephilus surinamensis [70]
Melia azedarach essential oil Cryptolestes ferrugineus [43]
powder Oryzaephilus surinamensis [47]
Mentha piperita essential oil Tribolium castaneum [112]
Lasioderma serricorne
essential oil Sitophilus oryzae [113]
Mentha longifolia essential oil Tribolium castaneum [42]
essential oil Sitophilus zeamais [114]
essential oil Sitophilus granarius [115]
Mentha pulegium essential oil Tribolium castaneum [116]
Lasioderma serricorne
Mentha . essential oil Sitophilus oryzae [85]
water extract
Mesua ferrea othanol extract Oryzaephilus surinamensis [68]
acetone extract
Micromeria fruticosa essential oil Sitophilus granarius [117]
Minthostachys verticillata essential oil Sitophilus zeamais [118]
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Sitophilus zeamais
Mosla soochowensis essential oil P [119]
Tribolium confusum
Tribolium castaneum
Muyristica fragrans essential oil Sitophilus oryzae [64]
Rhizopertha dominica
Myrtus communis essential oil Sitophilus oryzae [57]
Nardostachys chinensis essential oil Tribolium castaneun Lasioderma [120]
supercritical CO, fluid extract serricorne
Tribolium castaneum
Nigella sativa essential oil Sitophilus oryzae [64]
Rhizopertha dominica
essential oil Sitophilus oryzae [121]
) .. Sitophilus zeamais [79]
Ocimum basilicum
essential oil Tribolium castaneum [122]
Tribolium confusum
Trogoderma granarium
Oryzaephilus surinamensis
Ocimum gratissimum essential oil Rhizopertha dominica [123]
Sitophilus oryzae
Tribolium castaneum
Origansm acutidens essential oil Lasioderma serricorne [124]
Sitophilus granarius
Origanum majorana essential oil Tribolium confusum
Origanum minutiflorum essential oil Tribolium confusum [125]
Origanum onites essential oil Tribolium confusum
Origanum syriacum essential oil Tribolium confusum
Origanum vulgare essential oil Sitophilus oryzae [57]
essential oil Tribolium castaneum [46,125]
Ostericum viridiflorum essential oil Tribolium castaneum [126]
Petroselinum crispum essential oil Sitophilus zeamais [53]
Perilla frutescens essential oil Lasioderma serricorne [127]
Pimenta dioica powder Oryzaephilus surinamensis [47]
Pimpinella anisum essential oil Tribolium castaneum [46]
Pinus longifolia essential oil Sitophilus oryzae [82]
Pituranthos tortuosus essential oil Sitophilus oryzae [57]
Platycladus orientalis essential oil Sitophilus oryzae [128]
Tribolium castaneum
water extract
Pongamia pinnata Oryzaephilus surinamensis [68]

ethanol extract

acetone extract
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. ) d
Psidium guajava powder Tribolium castaneum [75]
ethanol extract
Pulicaria gnaphalodes essential oil Tribolium castaneum [42]
Punica gronatum ether extract Oryzaephilus surinamensis [70]
Tribolium castaneum
Rici . essential oil [116]
ICINUS COMIMUNIS Lasioderma serricorne
essential oil Tribolium confusum [74]
Rosmarinus officinalis essential oil Tribolium confusum [74]
Salvia officinalis powder Oryzaephilus surinamensis [47]
Salvertia convallariaeodora ether extract Oryzaephilus surinamensis [70]
Sasurrea costus essential oil Cryptolestes ferrugineus [43]
Satureja hortensis essential oil Tribolium castaneum [129]
Schinis molle essential oil Sitophilus oryzae [57]
Schinus terebinthifolius
Solanum nigrum glycoalkaloid extract Tenebrio molitor [130]
Tenebrio molitor [71]
Syzygzum aromaticum essential oil Sitophilus oryzae (92]
Tribolium castaneum
. . essential oil Tribolium confusum [74]
Syzygium cumini
essential oil Sitophilus oryzae [57]
Tanacetum cinerariifolium essential oil Tribolium castaneum [46]
Tugetes erecta essential oil Sitophilus oryzae [131]
Tribolium castaneum
Tagetes minuta essential oil Sitophilus oryzae [131]
Tribolium castaneum
Sitophilus oryzae
Tagetes patula essential oil P ¥ [131]
Tribolium castaneum
Teucrium polium essential oil Tribolium castaneum [132]
Thespesia populnea var. acutiloba methanol extract Trogoderma granarium [63]
Thuja occidentalis essential oil Sitophilus oryzae [57]
water extract
Trewia nudiflora othanol extract Oryzaephilus surinamensis [68]
acetone extract
water extract
Typhonium trilobatum othanol extract Oryzaephilus surinamensis [68]
acetone extract
Vileriana jatamansi essential oil Tribolium castaneum [120]
supercritical CO, fluid extract Lasioderma serricorne
Valeriana officinalis essential oil Tribolium castaneurm Lasioderma [120]
supercritical CO, fluid extract serricorne
Vepris heterophylla essential oil Sitophilus oryzae [133]
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