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Abstract:
Stored-product insect pests cause substantial quantitative and qualitative losses of food grains during bulk storage worldwide. Protection of stored commodities has traditionally relied on fumigants and residual synthetic insecticides; however, the development of insect resistance, concerns over pesticide residues, regulatory restrictions on synthetic pyrethroids, and increasing consumer demand for safer food have challenged the sustainability of current management practices. These limitations have intensified the search for alternative strategies compatible with integrated pest management (IPM) programs.Plant-derived botanicals, including crude extracts, powders, and essential oils, have emerged as promising eco-friendly alternatives for the management of storage insect pests. Numerous studies have demonstrated their insecticidal, repellent, antifeedant, ovicidal, and growth-inhibitory activities against key stored-product species. In addition to reduced mammalian toxicity and rapid biodegradability, botanical products may offer novel modes of action that help mitigate resistance development.This review summarizes the extent of postharvest losses caused by major storage pests and critically examines the potential of plant botanicals in their management. Emphasis is placed on classification of botanicals, modes of action, commonly evaluated plant species, and essential oils used in stored-grain protection. Challenges related to formulation, standardization, stability, and large-scale application are also discussed to highlight future research needs for integrating botanicals into sustainable stored-product protection systems.
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Introduction:
The data from the reports available indicate that insect pests destroy about a value estimate of 18–20% of the total annual crop production in worldwide that is estimated as more than US$470 billion (Sharma, 2017). Additionally, the crop production losses are higher in the developing tropics of Asia and Africa (Sharma, 2017). Insects, pests and diseases are the major biotic constraints to vegetable production. They not only degrade the quality of the products but also pose serious food safety risks and result in crop loss of about 10-30% (Hasan, et al,2025). Dry fruits, a USD 2.5 billion industry, face threats from moths like Plodia interpunctella (Anon., 2022).The quantitative and qualitative losses to the stored grains and product by pest infestations range in the tropical is 20 to 30% while in the temperate zone it is 5-10%. Out of India's 250 million tons of food grain production in 2010-2011, approximately 20-25% damage was done by storage pests (Kale, 2021).Traditional storage methods (gunnybags, mud bins) fails to prevent infestations, promptingoveruse of harmful fumigants (Upadhyay and Ahmad,2023).
In Indian subcontinent the major storage pests of cereals and pulses have been categorized into two groups namely – primary pests and secondary pests, while the primary pests are skilled in penetrating and infesting the entire kernel of grain and the pest develop their  immature stages within the kernel of grain, i.e., rice weevil (Sitophilus oryzae), lesser grain borer (Rhyzoperthadominica), granary weevil (Sitophilus granaries), Khapra beetle (Trogoderma granarium) and the pulse beetle (Callosobruchus  chinensis), and while the secondary pests  cannot initiate infestation in the grain but they feed on the broken kernels, chaffs, high moisture seeds, and also the grains damaged  by primary pests, viz., rust-red flour beetle (Triboliumcastaneum), rusty grain beetle (Cryptolestesferrugineus), Saw toothed grain beetle (Oryzaephilussurinamensi), Mites (Liposcelis corrodens). The immature stages of the secondary pest species are found on external surface of the grain (Singh, 2017).
Stored grain losses by pests:
A heavy infestation of grains due to various pests during storage causes loss of germination capacity of seeds, and degrades the quantity and quality of the seeds, which causes the decrease in the value of the grains stored. Insect pests cause heavy food grain losses in storage, particularly at the farm level in tropical countries (Saxena., et al, 1986). India, with more of its population relying solely on the agriculture, has surged its production of pulses and grains in last few years (Arun et al., 2017). Regardless of progress in production technology, the post-harvest losses remain as a serious obstacle, accounted for more than 10% of crop damage in the field, and the storage-related losses due to various factors causing about more than 6% of the total losses. Inadequate storage condition and processing facilities for grains are causing considerable damage to food grains during post-harvest. Furthermore, climate variations including droughts, floods, and erratic rainfall and temperature patterns have a great impact on agricultural output (Arun et al., 2017). On the report of the Food and Agriculture Organization of the United Nations (FAO), the world food production recent times is destroyed during storage is 17% (10% through insects and 7% by various factors like mites, rodents, and diseases). Around 80%of plant source food is produced mainly from cereal grains and legumes ,while 10% comes from plantation and root crops such as, Cassava, sweet potatoes, coconut, and bananas, and the other 10% comes from remaining plant species (Stathas., et al,2023).The quantitative and qualitative damage to stored grains from the storage pests are about 20–30% in the tropical zone and 5–10% in the temperate zone (Talukder, 2006). Food grain production in India has reached 250 million tonnes in the year 2010-2011, in which nearly 20–25% food grains are damaged by stored grain insect pests (Rajashekar, 2010). 
Global data on crop losses revealed that 9–40% of grain was lost in storage, however estimates of post harvest losses varies in different countries (Hodges, 2014). A one third of the world's food supply is lost every year, and storage pests are a major cause of this (FAO, 2021). (Chinmayi., et al, 2025).
According to FAO and World Bank reports, there was a 20–30% loss of grains worldwide, with an estimated monetary worth of around USD 4 billion per year (FAO, 2010). A World Bank research found that storage pests destroy 12–16 million tons of food grains, which could feed one-third of the world's population if they were prevented (Sharon et al., 2014). However, according to some studies, technical inefficiency causes 50–60% of wheat grains to be lost during storage (Kumar and Kalita, 2017). According to Gabriel et al. (2006), storage pests in Ethiopia are thought to be responsible for 12% of the country's total grain production on average, with losses potentially reaching 50%. It is estimated that storage insect pests cause 10–30% of grain losses on average (Tadesse, 1997).
2-4.2% of post-harvest losses are attributable to insects and storage (Kumar and Kalita, 2017). In addition to causing financial losses through eating, insects also spread contamination. According to Neethirajan et al. (2007), there are over 600 insect species found in stored grains, and of these, about 100 species have caused financial losses. In developing nations like India, between 50 and 60 percent of food grains are kept in traditional storage facilities and on farms (Anonymous, 2014; Kumar and Kalita, 2017). Insect infestation causes 30 to 40 percent of grain losses (Boxall, 2002; Abass et al., 2014). 
Trogoderma granarium and Rhizopertha dominica F. are the two most destructive insects for stored cereal grains. Boxall (2002) observed a 50% loss in stored corn because of insect infestation in 1980. According to Phillips and Throne (2010), storage-related grain losses account for 10 to 20 percent of overall production and are brought on by a lack of storage space, pest and bug infestations, and other issues.
Larger grain borers (Prostephanus truncatus) and maize weevils (Sitophilus zeamais) are significant pests of stored maize, resulting in 23% losses during six months of storage and 56.7% losses after six months (Kumar and Kalita, 2017; Abass et al., 2014). The lesser grain borer is considered the most harmful insect, leading to approximately 30% weight loss in stored maize (Boxall, 2002). Patel et al. (1993) discovered that Rhizopertha dominica was responsible for 25% losses in stored wheat.
Table 1: Per cent seed damage caused by different storage insect pests.
	                           Treatment                                          
	*Seed damage during different intervals of storage

	
	15 DAS
	30 DAS
	45 DAS
	60 DAS
	75 DAS
	90 DAS

	Wheat+ S. oryzae
	5.34
	14.31
	24.84
	31.56
	55.92
	74.84

	
	(13.36)
	(22.22)
	(29.89)
	(34.18)
	(48.40)
	(59.89)

	Maize+ S. oryzae
	4.92
	12.62
	23.90
	33.48
	51.58
	70.94

	
	(12.82)
	(20.81)
	(29.27)
	(35.35)
	(45.91)
	(57.38)

	Sorghum+ S. oryzae
	5.08
	15.26
	31.16
	44.54
	62.06
	80.42

	
	(13.03)
	(22.99)
	(33.93)
	(41.87)
	(51.98)
	(63.74)

	Chickpea+ C. chinensis
	2.12
	9.78
	39.42
	53.69
	75.76
	89.37

	
	(8.37)
	(18.22)
	(38.89)c
	(47.12)c
	(60.51)c
	(70.97)c

	Pigeon pea+ C. maculatus
	1.96
	15.86
	47.84
	63.01
	83.14
	94.14

	
	(8.05)c
	(23.47)b
	(43.76)b
	(52.54)b
	(65.76)b
	(75.99)b

	Cowpea+ C. maculatus
	2.76
	16.84
	49.38
	65.36
	85.94
	97.10

	
	(9.56)b
	(24.23)a
	(44.64)a
	(53.95)a
	(67.98)a
	(80.20)a

	Green gram+Callosobruchussp.
	1.82
	13.10
	38.22
	53.30
	74.88
	89.40

	
	(7.75)c
	(21.22)e
	(38.19)d
	(46.89)c
	(59.92)d
	(71.00)c

	S.Ed±
	0.11
	0.18
	0.42
	0.34
	0.27
	0.26

	CD @ 1%
	0.45
	0.69
	1.63
	1.33
	1.05
	1.03


20 Adults released, # - Figures in the parentheses are arcsine transformed values
*For whole grains (Seeds), DAS: days after storage
(Chinmayi et. al., 2025)
Table 2: Synthetic Chemicals for Controlling Storage Insect Pests
	S.No
	Chemical        
	 Mechanism of Action                                      
	 Common Use Against 

	1. 
	 Malathion       
	 Acetylcholinesterase inhibition → nerve impulse disruption 
	 Weevils, beetles, moths                       

	2. 
	 Dichlorvos (DDVP)
	 Acetylcholinesterase inhibition → paralysis              
	 Grain borers, rice weevils                    

	3. 
	 Chlorpyrifos    
	 Blocks acetylcholinesterase → buildup of acetylcholine  
	 Beetles, moth larvae                          

	4. 
	 Carbaryl        
	 Reversible acetylcholinesterase inhibition     
	 Rice weevils, flour beetles                   

	5. 
	 Propoxur        
	 Acetylcholinesterase inhibition → nerve disruption       
	 Grain borers                                  

	6. 
	 Permethrin      
	 Disrupts sodium channels → hyperexcitation               
	Triboliumcastaneum, moth larvae            

	7. 
	 Deltamethrin    
	 Sodium channel disruption → paralysis                    
	Rhyzoperthadominica, beetles               

	8. 
	 Cyfluthrin      
	 Sodium channel disruption → knockdown effect             
	 Moth larvae, beetles                          

	9. 
	 Phosphine (PH₃) 
	 Inhibits respiratory enzymes → suffocation               
	 Broad-spectrum: beetles, moths, weevils       

	10. 
	 Imidacloprid    
	 Binds nicotinic acetylcholine receptors → overstimulation
	 Beetles, borers                               

	11. 
	 Thiamethoxam    
	 Nicotinic receptor binding → paralysis                   
	 Grain pests                                   

	12. 
	 Methoprene      
	 Juvenile hormone mimic → prevents molting                
	 Moth larvae, immature beetles                 

	13. 
	 Pyriproxyfen    
	 Juvenile hormone analog → disrupts development           
	 Larval stages of storage pests                

	14. 
	 Fipronil        
	 Blocks GABA-gated chloride channels → hyperexcitation    
	 Beetles, borers                               

	15. 
	Profenofos
	 Acetylcholinesterase inhibition → paralysis              
	 Beetles, moths                                

	16. 
	 Ethion          
	 Acetylcholinesterase inhibition → nerve disruption       
	 Weevils, borers                               



Plant products as alternative to synthetic compounds:
	Many insects are becoming more resistant to insecticides, and the residual effects of these pesticides pose a serious risk to consumers. There is a need for the most efficient and selective organic biodegradable chemicals because the widespread use of broad-spectrum chemicals, particularly synthetic pyrethroids, is linked to biosphere contamination, which includes soil and water (Siddiqui et al., 2023). Plant-based products have been used since ancient times to protect stored and field crops from damage and infestation. Turmeric, marjoram, anise, cumin, chili pepper, and coriander are among the herbs that are used to preserve  grains in storage. Extracts from neem and Siam weed, as well as leaves and oil, have also been used historically as effective agents. The length of storage and varies according to the kind of material and herbs used for storage , and  research shows that they have the  to be safe and efficient grain protectants (Sarma, 2024).
	In the field of plant protection, there has been an increasing interest in using plant products as innovative chemotherapeutic agents in various parts world. The non-phytotoxic nature, systemic properties, biodegradability, and ability to increase host metabolism of plant products make them highly promising for enhancing storage pest control (Mishra and Dubey, 1994). Plant-based products, particularly those derived from nature and having low toxicity to mammals, have seen a notable surge in popularity in recent years (Subramanyam and Roesli, 2000). Numerous spices and tropical medicinal plants have been employed as pesticides (Lale, 1992). Ash is one plant material that local farmers and entomology researchers frequently discuss as an effective way to manage insect pests (Ajayi et al. vegetable oils (Sahayaraj, 2008), powdered plant materials (Lajide et al., 1987). (1998).Numerous studies have documented the about antifungal(Suhr and Nielson, 2003; Mishra and Dubey, 1994; Elgayyaret al., 2001) and antibacterial (Canillac and Mourey, 2001) effects of the plant essential oils on storage pests. Examination of indigenous local herbs and plant materials against storage insects have also been reported from around the world example, India (Ahmad and Beg, 2001), Australia (Cox et al., 1998),Argentina (Penna et al., 2001) and Finland (Rauhaet al.,2000). Higher plants contain a wide spectrum of secondary metabolites such as phenols, flavonoids, quinones, tannins, essential oils, alkaloids, saponins and sterols.Such plant-derived metabolites can be exploited for their different biological properties, because of their natural origin are biodegradable and do not leave toxic residues or by products.Botanical insecticides have longer been used as greatalternatives to synthetic chemical insecticides for pestmanagement because botanicals pose little threat to theenvironment or to human health or to animal health. The bioactivity of plant derivatives toinsect pests continues to expand, yet only very few botanicals are currently used for agriculture in theindustrialized world, and there are higher prospects for commercial development of new botanical products.Pyrethrum and neem are well established commercially. Pesticides based on plant essential oils have recentlyentered in the market, and the use of rotenone appears tobe reducing. Plant substances have beenconsidered for use as insect antifeedants or repellents,but apart from some natural mosquito repellents, only alittle commercial success has ensued for plant substancesthat modify insect behavior. 
	Several factors appear tolimit the success of botanicals, most importantly regulatorybarriers and the availability of competing products (newersynthetics, fermentation products, microbials) that arecost-effective and relatively safe compared with theirpredecessors. In the context of agricultural pestmanagement, botanical insecticides are best suited for usein organic food production butcan play a much greater role in the production andpostharvest protection of food (Isman, 2006).Accordingly, use of green pesticides particularly forstored grain pests is being recommended globally anduse of essential oils seem to be the best choice. Studieshave shown that essential oils are readily biodegradableand less detrimental to non-target organisms as comparedto synthetic pesticides (Baysal, 1997).
	Application of plantproducts especially essential oils is a very attractivemethod for controlling post-harvest diseases. Productionof essential oils by plants is believed to be predominantlya defense mechanism against pathogens and pests(Oxenham, 2003) and essential oils have beenshown to possess antimicrobial and antifungal properties.Essential oils and their components are gaining increasinginterest because of their relatively safe status, their wideacceptance by the consumers and their exploitation forpotential multi-purpose functional use. The problem ofthe development of resistant strains of fungi and insectsmay be solved by the use of essential oils of higher plantsas fumigants in the management of storage pests becauseof synergism between different components of the oils(Varma and Dubey, 1999; Dubey et al., 2007).Various essential oils have been screened fortheir pesticidal activity against various pests but detailedstudies viz. antifungal, insecticidal, repellency,oviposition, ovicidal, antiaflatoxigenic activity,phytochemistry and safety limit profile have not been doneproperly with most of the oils. Therefore, there is need to bioprospect the pesticidal property of differentessential oils and detailed in vitro and in vivoinvestigations are required for their recommendation oftheir practical application as pesticides for the control ofpost harvest biodeterioration of food commodities by storage pests andthereby enhancing shelf life of the commodities. Most ofthe active compounds of essential oils are specific toparticular insect groups and not dangerous mammals (Isman, 2000), so they shouldbe considered in pest management strategies. One of themost important steps in the use of these aromatic plantsis to pinpoint the persistence of their insecticidal activity (Ngamo et al., 2007).
	The components with phenolicstructures, such as carvacrol, eugenol and thymol, werehighly active against the test microorganisms.Aldehydes, notably formaldehyde andglutaraldehyde, are known to possess powerfulantimicrobial activity. It has been proposed that analdehyde group conjugated to a carbon to carbon doublebond is a highly electronegative arrangement, which mayexplain their activity (Moleyar and Narasimham, 1986),suggesting an increase in electronegativity increases theantibacterial activity (Kurita et al., 1979, Kurita et al., 1981). Such electronegative compounds may interfere inbiological processes involving electron transfer and reactwith vital nitrogen components, e.g. proteins and nucleicacids and therefore inhibit the growth of themicroorganisms. A number of the components tested areketones. The presence of an oxygen function in theframework increases the antimicrobial properties ofterpenoids (Pelczaret al., 1988). The presence of an acetate moiety inthe structure appeared to increase the activity of theparent compound. Aldehydes, notably formaldehyde andglutaraldehyde, are known to possess powerfulantimicrobial activity. It has been proposed that analdehyde group conjugated to a carbon to carbon doublebond is a highly electronegative arrangement, which mayexplain their activity (Moleyar and Narasimham, 1986),suggesting an increase in electronegativity increases theantibacterial activity (Kurita et al., 1979; Kurita et al.,1981). Such electronegative compounds may interfere inbiological processes involving electron transfer and reactwith vital nitrogen components, e.g. proteins and nucleicacids and therefore inhibit the growth of themicroorganisms. A number of the components tested areketones. The presence of an oxygen function in theframework increases the antimicrobial properties ofterpenoids (Naigreet al., 1996). From this study, and byusing the contact method, the bacteriostatic andfungistatic action of terpenoids was increased whencarbonylated. The inclusion of a double bond increasedthe activity of limonene relative to p-cymene, whichdemonstrated no activity against the test bacteria.As food preservatives, volatile oils may have their greatestpotential use. Spices, which are used as integralingredients in cuisine or added as flavouring agents tofoods, are present in insufficient quantities for theirantimicrobial properties to be significant. However, spicesare often contaminated with bacterial and fungal sporesdue to their volatile oil content, often with antimicrobialactivity, being enclosed within oil glands and not beingreleased onto the surface of the spice matter. Volatile oils,which often contain the principal aromatic and flavouringcomponents of herbs and spices, if added to foodstuffs,would cause no loss of organoleptic properties, wouldretard microbial contamination and therefore reduce theonset of spoilage. In addition, small quantities would berequired for this effect. Furthermore, evidence suggests that these oils possess strong antioxidant activities(Dorman, 1999; Youdimet al., 1999), which are favourableproperties to combat free radical-mediated organolepticdeterioration (Dorman and Deans, 2000).

Classification of botanicals	
1) Repellents: Repellents are low-impact substituents that work by activating olfactory or other receptors to keep insect pests away from treated materials. After 10 days of treatment at concentrations of 0–1 mg ml−1 and higher, Ebenezer O. Owusu found that two traditionally useful Ghanaian plant materials, Ocimum viride and Chromolaena odorata, decreased the survival of stored product insect pests to less than 25% (Owusu, 2000). Around the world, essential oils derived from members of the Lamiaceae (mint family), Poaceae (aromatic grasses), and Pinaceae (pine and cedar family) are frequently used as insect repellents (Maia and Moore, 2011). (Saljoqi et al, 2006) reported the percentage mortality or repellency data of the insects, showing that bakain drupes showed 61.2 percent mortality, followed by habulas (48.40 percent), mint (47.40 percent), and bakain leaves (46.80 percent). Conversely, harmal (16.80 percent) was found to be less effective against the rice weevil, Sitophilus oryzae L. 
2) Antifeedants/Feeding Deterrents: Chemicals known as "feeding deterrents" or antifeedants prevent insects from feeding by making the treated materials unappealing or unpalatable (Munakata, 1977). According to Jacobson (1982), the majority of naturally occurring antifeedants are triterpenehemiacetal, hydroxylated steroid meliantriol, aromatic steroids, glycosides of steroidal alkaloids, and others. Terpenoids are the most powerful of the secondary metabolites that provide antifeedants, along with phenolics and alkaloids (Frazier, 1986). Limonoids, such as azadirachtin and toosendanin, from the neem (Azadirachta indica) and chinaberry (Melia azedarach) trees, as well as limonin from citrus species, are the most common antifeedants. Neolignans and furanocoumarins are the most well-known antifeedants among plant phenolics. According to Murray Isman, the limitations of anti-feedants are caused by variations in how different pest species react, possible pest desensitization, quick environmental deterioration, and more (Isman, 2000).
3) Natural Grain Protectants: Extracts from various plant species, such as Lantana camara (Saxena et al., 1992), Illicium verum (Ho et al., 1995), and Tithonia diversifolia (Adedire and Akinneye, 2004), have been documented to exhibit significant insecticidal properties against a range of storage pests. In Indian villages, it is a common practice to utilize leaves of Azadirachta indica in the storage of ragi to ward off pests like the lesser grain borer (Rhyzopertha dominica), the saw-toothed grain beetle (Oryzae philussurina mensis), and the flat grain beetle (Cryptolestes minutus). Additionally, fresh leaves of pungam (Pongamia glabra) are layered between gunny bags stacked in storerooms, which aids in repelling the Angoumois grain moth (Sitotroga cerealella) and rice weevils (Sitophilus oryzae) (Karthikeyan et al., 2009). In India, neem-based pesticides are available under various trade names, containing azadirachtin concentrations of 300, 1500, 3000, 5000, 10000, and 50000 ppm. Some of these products include Ozoneem Trishul, Margocide OK, Godrej Achook, Nimbicidine, Bioneem, Neemark, Neem gold, Neemax, Rakshak, Econeem, Limnool, and Repelin, which contain 300 ppm of azadirachtin (Singh and Singh, 2016).
4) Chemosterilants/Reproduction : Inhibitors from plants and their different components, when combined with grains, have demonstrated an impact on insect oviposition, egg hatchability, postembryonic development, and progeny production (Saxena et al., 1986). Botanicals induce dysfunction in the ovariole of female insects (Dodia et al., 2008).Oviposition inhibition can occur either because the female dies before laying eggs in contact with botanical substances or due to complications during the egg-laying process of live females (Shukla et al., 2011).
5) Insect Growth and Development Inhibitors: Insect eggs exhibit a heightened sensitivity compared to other developmental stages, likely attributable to the influence of botanicals on the physiological and biochemical mechanisms involved in embryonic development (El-Salam, 2010). Essential oils and their mono-terpenoid components act as neurotoxins, demonstrating ovicidal effects on the development of the nervous system (Papachristos and Stamopoulos, 2002). In contrast, non-volatile constituents obstruct gas exchange by blocking the funnel, leading to suffocation and ultimately the death of the embryo (Denloye et al., 2010). Extracts from Prosophis sp., Nerium sp., Ocimum sp., Acalypha sp., Catharanthus sp., and Vitex sp. exhibited a significant deterrent effect on oviposition against the pulse beetle. The leaf extract of Vitex sp. resulted in the greatest reduction in egg viability (61.7%), followed by the leaf extract of Catharanthus sp. (56.7%). Seeds treated with Vitex sp. at a 5% concentration led to the highest reduction in adult emergence (85.0%), followed by Catharanthus sp. (83.7%), Acalypha sp. (73.3%), Nerium sp. (70.0%), Ocimum sp. (68.7%), with the least reduction observed in Prosophis sp. (68.0%) (Sathyaseelan et al., 2008).
6) Toxicity: The toxicity of essential oils is variable and influenced by several factors, including the chemical makeup of the oil, the source from which it is derived, seasonal and ecological conditions, the extraction method, the timing of extraction, and the specific plant part utilized (Lee et al., 2001). The essential oil derived from C. sativum has demonstrated volatile toxicity towards stored product insects (Pascual and Ballesta, 2003). Nicotine, a key component of Nicotiana tabacum, has been identified as a potent organic poison that functions as both a contact and stomach poison, possessing insecticidal properties that also exhibit toxicity in humans (Rahman, 1990). Numerous species within the genus Ocimum, along with their oils, extracts, and bioactive compounds, have been documented to possess insecticidal activities against a variety of insect species (Keita et al., 2001).
7) Insecticidal activity: The insecticidal properties of plant extracts and essential oils are assessed through contact or fumigant toxicity.
i. Contact toxicity: Extracts derived from the bark of Cinnamomum cassia, along with cinnamon oil, horseradish oil, and mustard oil, exhibited rapid effects, resulting in 100% mortality within one day of treatment for L. serricorne adults subjected to direct contact. Additionally, extracts from the whole plant of Agastache rugosa and the rhizome of Acorus calamus var. angustatus achieved 100% mortality after two and four days, respectively, for the same L. serricorne adults (Kim et al., 2003). Mahfuz and Khalequzzaman (2007) noted that in the contact bioassay against C. maculates, eucalyptus oil was the most potent in inducing mortality at both 24 and 48 hours post-treatment. The order of toxicity for the oils was as follows: eucalyptus > clove > cinnamon > cardamom > neem.
ii. Fumigant toxicity: (Kim et al. 2003) documented the insecticidal effects of horseradish oil, mustard oil, and Foeniculum fruit extract using a fumigation method, achieving 100% mortality in sealed containers and 2-4% mortality in open containers. (Mahfuz and Khalequzzaman, 2007) indicated that in the fumigation bioassay, eucalyptus treatment exhibited the highest toxicity after 24 hours, followed by neem, cardamom, cinnamon, and clove. After 48 hours, the order of toxicity was clove > cinnamon > cardamom > eucalyptus > neem against C. maculates.
PLANTS WITH INSECTICIDAL PROPERTIES:
i) Herbal powders
Table 3: Herbs used against pest control.
	S. No
	HERBS
	COMPOUNDS PRESENT
	MECHANISMS
	EXAMPLES

	1. 
	Annona muricata(Sour SOP.)
	Alkaloids, flavonoids, tannins, and saponins.
	biocontrol agent
	protect stored grains like rice and maize from the maize weevil

	2. 
	Acanthus montanus(Mountain Thistle)
	Alkaloids, saponin, tannin, and flavonoid.
	repelling insects and inhibiting their growth
	preserve sorghum and millet from infestations by the lesser grain borer.

	3. 
	Zingiber officinale (Ginger)
	bioactive compounds
	natural insect repellent
	prevent infestations by the rice weevil.

	4. 
	Piper corcovadensis(Fake Jaborandi)
	Phenylpropanoid, monoterpenes α-pinene, and terpinolene.
	potent insecticide
	protect wheat and barley from pests like the granary weevil.

	5. 
	Alchornea cordifolia(Christmas Bush)
	insecticidal properties.
	repelling insects and inhibiting their reproductive cycle in stored grains
	protects corn and beans from infestations by the warehouse moth.

	6. 
	Lantana camara (Wild Sage)
	Phytol, Pyrroline, Paromomycin, Pyrrolizin, 1-Eicosano.
	deterrents against grain pests by disrupting their feeding habits and life cycle.
	protect pulses and legumes from damage caused by the red flour beetle.

	7. 
	Lamium purpureum (Purple Deadnettle)
	Alkaloids, terpenoids, flavonoids, tannins,saponins, phytosteroids, phenolic compounds.
	repel insects and inhibit their growth
	preserve oats and rye from infestations by the lesser grain borer.

	8. 
	Cupressus macrocarpa (Monterey Cypress)
	bioactive compounds.
	creates an inhospitable environment for grain pests.
	protects wheat and barley from damage caused by the rice weevil.

	9. 
	Moringa oleifera (Drumstick Tree)
	Alkaloids, saponins, tannins, phenolic compounds, steroids, flavonoids, anthraquinones, phlobatannins, cardiac glycosides, terpenoids.
	repel insects and inhibit their development
	preserve rice and sorghum from infestations by the granary weevil.

	10. 
	Eucalyptus camaldulensis (River Red Gum)
	insecticidal properties.
	emits volatile compounds that deter grain pests.
	protect maize and wheat from damage caused by the warehouse moth.

	11. 
	Tithonia diversifolia(Mexican Sunflower)
	Tannin, flavonoid, saponin, phenol, terpenoid, glucosides.
	disrupt pest behavior and inhibit their reproduction.
	protect barley and oats from infestation by the red flour beetle.

	12. 
	Azadirachta indica (Neem)
	azadirachtin, nimbin, and salannin
	natural insect repellent and disrupts the growth and development.
	control infestations of pests like aphids and diamond back moths in crops like cabbage

	13. 
	Chromolaena odorata (Siam Weed)
	tannins, flavonoids, and saponins.
	repel insects and inhibit their reproductive cycle
	controlling pests like the diamondback moth and aphids in crops like cabbage.

	14. 
	Ocimum spp. (Basil)
	eugenol, linalool, and methyl chavicol
	natural insect repellents
	protect grains like rice and wheat from infestations by the rice weevil.

	15. 
	Cuminum cyminum (Cumin)
	cuminaldehyde and cymene
	repel pests
	deter pests like the granary weevil from infesting crops like barley and maize.

	16. 
	Curcuma longa (Turmeric)
	Curcumin
	inhibiting the growth of fungi and bacteria that spoil stored grains
	prevent microbial contamination

	17. 
	Origanum majorana(Marjoram)
	Linalool
	natural insect repellent
	deter insects and maintain the quality of crops like oats and rye.

	18. 
	Coriandrum sativum (Coriander)
	geraniol.
	repelling insect
	protect crops like rice and lentils from infestations by pests such as the red flour beetle.

	19. 
	Garlic (Allium sativum)
	Allicin
	repels insects, disrupts chemo-reception
	Repels beetles and moths

	20. 
	Onion (Allium cepa)
	Sulfoxides
	Strong odor repellent
	Keeps away grain beetles

	21. 
	Bay Leaf (Laurus nobilis)
	Cineole, eugenol
	Repellent scent
	Repels grain moths

	22. 
	Rosemary (Rosmarinus officinalis)
	Cineole
	Strong aroma repels insects
	Repels moths

	23. 
	Lemon Balm (Melissa officinalis)
	Citronellal
	Strong odor disrupts pest behavior
	Repels beetles


(Sarma et al., 2024)
ii) ESSENTIAL OILS:
Table4. Essential oil used for storage pest control
	S.No
	ESSENTIAL OILS
	COMPOUNDS PRESENT
	MODE OF TOXICITY
	Pest controlled 
	Reference 

	1. 
	Star anise (Illicium pachyphyllum)
	trans-ρ-mentha-1(7),8-dien-2-ol
	Fumigant and Contact
	Sitophilus zeamais
	Liu et al., 2012

	2. 
	Bushy matgrass (Lippia alba)
	Limonene
	Fumigant
	Sitophilus zeamais
	Patiño-Bayonaet al., 2021a

	3. 
	Mexican Poppy
 (Hymenaeamexicana)
	nonane
	Fumigant
	Sitophilus zeamais
	Patiño-Bayonaet al., 2021a

	4. 
	Eucalyptus oil (Eucalyptus globulus)
	1,8-Cineole
	Fumigant
	Sitophilus zeamais
	Patiño-Bayonaet al., 2021a

	5. 
	Peruvian nutmeg
(Laureliasampervirens)
	undetermined
	Contact and Fumigant
	Sitophilus zeamais
	Torres et al., 2014

	6. 
	Lemongrass oil (Cymbopogon citratus)
	Citral
	Contact
	Sitophilus zeamais
	Fouad and Camara, 2017

	7. 
	Red Ginger (Alpinia purpurata)
	β-pinene, α-Pinene
	Fumigant
	Sitophilus zeamais
	de Lira et al., 2015

	8. 
	Rosemary oil (Rosmarinus officinalis)
	 α-Pinene
	Fumigant
	Sitophilus oryzae
	Khaniet al., 2017

	9. 
	Lavender oil (Lavandula dentata)
	eucalyptol
	Fumigant
	Sitophilus zeamais
	Wagner et al., 2021

	10. 
	Cinnamon
(Cinnamomum verum)
	eugenol, trans-3-caren-2-ol and benzyl benzoate
	Contact
	Sitophilus granarius
	Plata-Rueda et al., 2018

	11. 
	Holy basil oil (Ocimumtenuiflorum)
	Eugenol
	Fumigant
	Sitophilus oryzae
	Bhavya et al., 2018

	12. 
	Black pepper
(Piper nigrum)
	Piperine
	Fumigant
	Rhynchophorusferrugineus
	Hussain et al., 2017

	13. 
	Clove (Syzygium aromaticum)
	Eugenol and Caryophyllene
	Contact
	Sitophilus zeamais
	Plata-Rueda et al., 2018

	14. 
	Cataia (Pimentapseudocaryophyllus)
	Chavibetol
	Contact
	Sitophilus zeamais
	Ribeiro et al., 2015

	15. 
	Mexican cypress (Cupressus lusitanica)
	Umbellulone, α-pinene, sabinene, limonene
	Contact and Fumigant
	Sitophilus zeamais
	Bett et al., 2016

	16. 
	Mandarin Orange (Citrus reticulata)
	(R)-Limonene
	Contact, fumigant and ingestion
	Sitophilus zeamais
	Fouad and da Camara, 2017

	17. 
	Mexican Lime (Citrus aurantifolia)
	(S)-Limonene
	Contact and Fumigant
	Sitophilus zeamais
	Fouad and da Camara, 2017

	18. 
	Pepper Rosmary (Lippiasidoides)
	Thymol
	Contact and Fumigant
	Sitophilus zeamais
	Oliveira et al., 2017

	19. 
	Italian Cypress
(Cupressus sempervirens)
	α-pinene
	Contact and Fumigant
	Sitophilus zeamais
	Langsiet al., 2020

	20. 
	Oregano
(Origanum vulgare)
	Pulegone
	Fumigant and Contact
	Sitophilus oryzae
	Abdelgaleilet al., 2016

	21. 
	Lemon
(Citrus lemon)
	Limonene
	Fumigant and Contact
	Sitophilus oryzae
	Abdelgaleilet al., 2016

	22. 
	Pepper Mint
(Mentha piperita)
	Menthol
	Fumigant
	Sitophilus oryzae
	Khaniet al., 2017

	23. 
	American Aloe
(Agave americana)
	undetermined
	Contact
	Sitophilus oryzae
	Maazounet al., 2019

	24. 
	Black Tea Tree
(Melaleuca bracteate)
	methyl eugenol
	Contact
	Sitophilus oryzae
	Zhang et al., 2021

	25. 
	Common Hop
(Humulus lupulus)
	undetermined
	Contact
	Sitophilus granarius
	Paventiet al., 2021


(Garrido-Miranda et al., 2022)
Conclusion
The application of plant secondary metabolites produced by some plant species against the insect pests of stored products is a very good alternative. Botanical pesticides have diverse chemical properties and modes of action and act on insects in different ways as repellents, feeding deterrents/antifeedants, toxicants, growth retardants, chemosterilants, and also attractants. 
Therefore, it is always better to apply botanical insecticides rather than synthetic insecticides. It is also important to create awareness among the farmers to apply the botanical products as pesticides. As there are many scientific studies devoted to the search of plant materials with insecticidal properties, commercial botanical insecticides are expected to play an important role in the market. However, information regarding the regulatory aspects and a better understanding of their mode of action and effects are required for their application. Scientific studies may also contribute to increase their popularity further among the people and hence to make them realize their importance in sustainability. 
Therefore, the application of botanical insecticides and the performance of researches to find new sources of botanical insecticides is a matter of utmost importance.
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