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Modernization of the agricultural production system led to a significant

increase in annual food production intended to meet the ever-growing

consumer demand. In many countries, most of the food grains produced

is stored for contingency and regular supply. These stored grains, in

general, are directly or indirectly infested by insects, resulting in severe

grain damages and storage losses, thus, causing a threat to food safety and

security. Although a variety of insect management options, such as physical,

mechanical, biological, and chemical methods, are available, fumigation has

been practiced for decades in storage. However, opportunities for fumigation

are narrowing after the phase-out of methyl bromide. Besides, safe food

and health concerns paved the path for green chemistry and non-chemical

management practices. This review includes the list of stored-grain insects

and their detection methods. The di�erent management strategies such as the

modern storage structures (hermetic and low-pressure storages), modified or

controlled storage atmosphere, application of ozone as fumigant, irradiation,

and physical options are presented. Further, the details on sustainable

biological options, such as semiochemicals, natural enemies, biopesticides,

and entomopathogenic nematodes, are supplemented. The use of inert

dusts as grain protectant and in combination with the biological entity

is included. Studies on alternative fumigants’, novel management options,

such as molecular biology tools (RNAi and CRISPR) and nanotechnology in
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stored grain protection, are also highlighted. This review helps the reader to

understand the overall factors a�ecting grain storage and the di�erent options

to manage the insects causing storage losses.

KEYWORDS

stored grain pests, fumigation, irradiation, biological control, food safety and security,

nanotechnology and molecular interventions

Highlights

This review provides a better understanding of the stored

product insects, for example, their life cycle and relationship

with the storage temperature, detection methods, storage

structures, and insect management/control strategies. This

information will be useful in developing protocols for the safe

storage of food grains and devising appropriate integrated pest

management procedures.

Introduction

Food safety and security is one of the major concerns in the

present world. Preservation and safe storage of food grains are

essential for their timely delivery to consumers. Different food

commodities, such as harvested legumes and cereals, processed

plant and animal food products, and semi-perishables need safe

storage for their utilization at the domestic or commercial end.

Most storage part primarily focuses on grain stored domestically

or commercially (Said and Pradhan, 2014). At present, several

structures ensure the safe storage of grains, ranging from

small metal bins to tall grain elevators/silos. Usually, stored

agricultural commodities are prone to contamination and

damage by biotic and abiotic factors during the prolonged

storage period. Among the biotic agents, insects, mites, rodents,

birds, and microorganisms cause an enormous loss in storage.

Several insect species substantially damage stored commodities,

resulting in about 10–20% of total storage losses (Esther et al.,

2014). More than 600 beetle species, 70 moth species, and 355

mite species are listed commonly in insects causing losses of

stored products of agricultural and animal origin (Rajendran

and Sriranjini, 2008). This enormous pest arena results in a

considerable amount of quantitative and qualitative losses in

the stored commodity. More often, insect pest causing storage

product damage comes from the field and get established at

the storage site due to favorable microclimatic conditions.

Subsequently, they are retained during various processing and

storage channels (Hagstrum and Phillips, 2017). Many insect

pests initiate damage during the crop ripening stage and

continue to storage operation (Sallam, 1999). However, in

storage, the significant sources of infestations are old bags,

storage structures, old containers, and cross-over infestations

(Perez-Mendoza et al., 2004), harvesters, and other machinery

(Sinclair and White, 1980). The initial infestation can be

minimized by properly harvesting and drying of grains to a safe

storage moisture content that will be provided by grain storage

agencies. During storage operations, the movement and spread

of stored product insects mainly occur via grain supply from one

region to another through the commodity. Sometimes they are

also spread by an active flight, as many insects are strong fliers

(Ridley et al., 2011).

Storage loss assessment is complex because of several

methodological constraints and skilled personnel requirements.

Generally, they are conducted at a small experimental scale

and extrapolate to bulk storage. Diagnosing insect infestation

in a stored commodity is the preliminary step as the damaging

symptoms vary between the insects/species. This step is vital

for preventing the population buildup and further planning for

better storage management strategies. Although several species

of insects may be associated with the stored grains, only a

few insects potentially cause damage and are well-renowned

(Table 1).

Based on the damage severity in a specific region, they can

be grouped as major and minor pests. Besides, their feeding

preference can be classified as superficial or boring pests.

The most basic classification of the storage insects is based

on their feeding habit, i.e., “primary pests” and “secondary

pests” (Srivastava and Subramanian, 2016). Primary is mainly

infest and damage the whole undamaged grains. These can

cause severe damage to the grains lot and are difficult to

control if unnoticed until their population establishment. Hence,

surveillance is needed to prevent their infestation and damage.

On the other hand, secondary feeders/pests are generally called

“bran bugs” because they establish on the grains that are already

damaged either by the primary pests or other miscellaneous

damages (Bell, 2014). They survive on broken kernels, debris, or

higher moisture weed seeds. The damage caused by secondary

feeders can be easily identified as their life stages are visible

in the commodity area. Some of these secondary pests are

also mold/fungal feeders. They contaminate the grains via

their presence and metabolic wastes, resulting in moisture

loaded conditions (excretion and condensed heat) and mold

development (Magan et al., 2003). Thus, mold development
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TABLE 1 List of important insect pests infesting stored products.

S.

No.

Common name Scientific name

(family)

Nature of

damage

Host range Distribution

Grain weevils (Curculionidae: Coleoptera)

1 Rice weevil Sitophilus oryzae (L.) In, Pr Cereal grains and other processed

products

Tropical and temperate areas; least

cold tolerant of all the grain weevils

2 Granary weevil/wheat

weevil

Sitophilus granarius (L.) In, Pr Cereal grains, predominately wheat Worldwide, but primarily

temperate Palaearctic regions

3 Maize weevil Sitophilus zeamais

Motschulsky

In, Pr Cereal grains predominately maize Tropical and temperate areas

Grain borer beetles

4 Lesser grain borer/stored

grain borer

Rhyzopertha dominica

(F.)

(Bostrichidae:

Coleoptera)

In, Pr Cereal grains, groundnut Worldwide, especially warmer

regions

5 Pulse beetle/cowpea

weevil

Callosobruchus chinensis

(L.)

Callosobruchus

maculates (F.)

(Bruchidae: Coleoptera)

In, Pr Legumes (pulses) Worldwide

6 Bean weevil/common

bean weevil

Acanthoscelides obtectus

(Say)

(Bruchidae: Coleoptera)

In, Pr, Mainly attacks Phaseolus vulgaris

but also infests other legumes

Worldwide

Grain and flour beetles

7 Sawtoothed grain beetle Oryzaephilus

surinamenis (L.)

(Silvanidae: Coleoptera)

Ex, Se Both grubs and adults can feed on

all food of vegetable origin and

grain, grain products

Cosmopolitan and common

worldwide pest of grain and grain

products as well as chocolate,

drugs, and tobacco

8 Merchant grain beetle Oryzaephilus mecator

(Fauvell)

(Silvanidae: Coleoptera)

Ex, Se Common pest of grain and grain

products, can able to feed on any

products of vegetable origin

Worldwide distribution, similar to

saw-toothed grain beetle

9 Foreign grain beetle Ahasverus advana

(Waltl) (Silvanidae:

Coleoptera)

Ex, Se Hosts similar to saw-toothed grain

beetle. Excellent indicator of mold

infested grain going out of

condition

Tropical and temperate regions.

Preferable of 20–35◦C.

10 Flat grain beetles/flour

mill beetles

Cryptolestus

(=Laemophloeus)

minutes (Olivier)

C. pusilloides (Steel and

Howe)

C. turcicus (Grouvelle)

(Laemophloeidae: Coleoptera)

Ex, Se Predominately stored food grains.

Cannot survive in stored

undamaged, whole grains

They have spread across the world.

But, C. minutus is common in low

temperature regions but also

observed in other conditions. C.

pusilloides confined to the southern

hemisphere. C. turcicus common in

American and African continents.

11 Rusty grain beetle Cryptolestes ferrugineus

(Stephens)

(Laemophloeidae:

Coleoptera)

Ex, Se Cereal grains, nuts, oilseed cakes,

tobacco and dried store products

Worldwide distribution and

resistant to cold than other flat

grain beetles.

12 Rust red flour beetle

Confused flour beetle

(commonly called

as “branbugs”)

Tribolium castaneum

(Herbst)

Tribolium confusum

(Jacquelin du Val)

(Tenebrionidae: Coleoptera)

Ex, Se Wide range of hosts like cereals,

flour, starchy material, fruit nuts,

millets and prepared foods

Most common pests distributed

worldwide and can infest any kind

of stored commodities. T.

castaneum is more common in

warmer regions and pass the

winter by congregation. C.

confusum occurs in cooler climates

(Continued)

Frontiers in Sustainable FoodSystems 03 frontiersin.org

https://doi.org/10.3389/fsufs.2022.993341
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Guru et al. 10.3389/fsufs.2022.993341

TABLE 1 (Continued)

S.

No.

Common name Scientific name

(family)

Nature of

damage

Host range Distribution

13 Longheaded flour beetle Latheticus oryzae

Waterhouse

(Tenebrionidae:

Coleoptera)

Ex, Se Almost similar to flour beetle

which mainly feeds on wheat, rice,

maize, barley, rye and cereal

products

Worldwide occurrence in warm

climates; adventive in North

America

Dermestid beetles (Dermestidae: Coleoptera)

14 Black carpet beetle Attagenus megatoma (F.)

Attagenus

unicolor (Brahm)

Ex, Pr, Se A scavenger insect, in its larval

form feeds on natural fibers,

damaging carpets, furniture and

clothing

Worldwide distributed beetles.

15 Khapra beetle Trogoderma granarium

Everts

In, Ex, Pr Most destructive among the group.

It is a serious pest of wheat but can

also damage jowar, rice, maize,

sorghum, oilseeds and pulses. Wide

range of stored products, packaged

goods and handling facilities can

also be infested.

Tropical/subtropical insect mainly

found in hot and dry region. It

prefers low humidity and high

temperature.

16 Warehouse beetle Trogoderrna variabile

Ballion

In, Ex, Pr Mainly feed on cereals, legumes,

nuts, and other high-protein food

Europe and Northern Asia

(excluding China), Central

America, North America, Oceania,

and Southern Asia

Miscellaneous beetles

17 Hairy fungus beetle Typhaea stercorea (L.)

(Mycetophagidae:

Coleoptera)

Ex, Se Both outdoor and storage.

Predominately a mold feeder

(associated with poor storage

conditions).

Worldwide; commonly associated

with moldy grain. Cosmopolitan

(of Palaearctic origin).

18 Cigarette beetle/ tobacco

beetle

Lasioderma serrzcorne

(F.)

(Anobiidae: Coleoptera)

In, Ex, Pr, Se Wide range of hosts, but mainly

spices, chocolate, cocoa and

tobacco leaves. Serious pest of

tobacco.

Cosmopolitan but prefers warm

environment. Insect is active

throughout the year in warm

buildings in temperate and

subtropical regions and

development slows during the

winter.

19 Drugstore beetle/biscuit

beetle

Stegobium paniceum (L.)

(Anobiidae: Coleoptera)

In, Ex, Pr, Se Very general feeder that attacks a

great variety of stored foods.

Serious pest of tobacco.

Virtually cosmopolitan, more

temperate than tropical

20 Redlegged ham

beetle/copra beetle

Necrobia rufipes DeGeer

(Cleridae: Coleoptera)

In, Ex, Pr Feeding on dried meats,

human-stored animal products.

Also found on museum specimens.

Cosmopolitan and is commonly

found in association with

Dermestes beetles.

21 Groundnut

bruchid/tamarind seed

weevil

Caryedon serratus

(Olivier)

(Bruchidae: Coleoptera)

(Syn.-Pachymeres

gonagra F.)

In, Pr Groundnut, Tamarind, Acacia,

Cassia, Prosopis seeds.

Artificially tropicopolitan because

of its association with Tamarindus

indica.

22 Sweet potato weevil Cylas formicarius (F.)

(Brentidae: Coleoptera)

In, Pr Pest of sweet potatoes in field and

storage. Can infest convolvulaceae

members especially genus Ipomea.

Worldwide occurrence, mainly in

tropical regions.

(Continued)
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TABLE 1 (Continued)

S.

No.

Common name Scientific name

(family)

Nature of

damage

Host range Distribution

Grain moths

23 Angoumois grain moth Sitotroga cerealella

(Olivier)

(Gelechiidae:

Lepidoptera)

(European grain

moth—Nemapogon

granella (L.) feeding

habit is also similar but

not common as

angoumois moth)

In, Pr Regarded as most destructive

internal feeder in stored grains. It

attacks maize, paddy, sorghum etc.,

before harvest. It is a pest of both

field and storage.

Cosmopolitan, more abundant in

warmer regions.

24 Rice moth Corcyra cephalonica

(Stainton) (Pyralidae:

Lepidoptera)

In, Ex, Se Stored paddy, rice and other cereals

feeding by webbing. Also attacks

millets, soybean and oilseeds. Can

also infest flour and dried fruits.

Widely distributed in all rice

growing areas of the world.

Preferably warm climate but in

temperate areas survives in heated

stores

Flour moths

25 Indian meal

moth/pantry moth

Plodia interpunctella

(Hubner)

(Pyralidae: Lepidoptera)

Ex, Pr Wide host range includes stored

grains and pulses, dried fruits and

nuts, dried vegetables and

processed foods.

Found in stored products and food

storage facilities in a wide range of

climates around the world.

26 Almond moth/tropical

warehouse moth/fig

moth

Cadra cautella (Walker)

(Pyralidae: Lepidoptera)

Ex, Pr Serious pest of figs, rough rice, dry

fruits, wheat, barley, sorghum,

soybean, and oilseeds etc.

Widely spread in the tropics and

subtropics, warmer and more

humid climates.

27 Tobacco moth/cacao

moth/chocolate moth

Ephestia eulutella

(Hübner)

(Pyralidae: Lepidoptera)

In, Ex, Pr Mainly on cocoa beans and

tobacco, as well as cereals and dried

fruit and nuts. Can also damage

museum specimen, animal

products.

Temperate species similar to P.

interpunctella but population

increase at 15◦C.

28 Mediterranean flour

moth/mill moth

Ephestia kuehniella

(Zeller)

(Pyralidae: Lepidoptera)

Ex, Pr Common pest of cereal grains

especially flour.

Especially in products that have

been left undisturbed for an

extended period of time.

Found throughout the world,

especially in countries with

temperate climates.

Mealworms (Tenebrionidae: Coleoptera)

30 Black fungus beetle Alphitobius laevigatus

(F.)

Ex, Se Stored products, litter, poultry

farms. Can vector for avian

diseases.

Widely distributed throughout the

world.

31 Yellow mealworm Tenebrio molitor L.

32 Dark mealworm Tenebrio obscurus F.

33 Lesser mealworm Alphitobius diaperinus

(Panzer)

In, Internal; Ex, External; Pr, Primary; Se, Secondary (for explanation see in text).

indicates the final state of grain spoilage. Notable mold feeders

include foreign grain beetle, rusty grain beetle, hairy fungus

beetle, and psocids.

In many cases, multiple insect species are present in the

commodity lot at the same time as their feeding niche is

different and can sustain simultaneously. The presence of a

particular insect also depends on the type of stored grain and

region of the warehouse. For instance, a common pest of wheat

storage in the northern part of India is khapra beetle, and

in the southern region of India is flour beetle (Ramya et al.,
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FIGURE 1

Methods for insect pests detection in stored-grains.

2018). The diagnosis of insect infestation in farm-level storage

can be generally done by monitoring the insect movement,

clumpy grains, and congregated insects near walls or the bottom

of storage structures (cold conditions). Precisely, assessment

through plastic pitfall traps, screening, sieving, grain weight,

color, odor, and nutritional quality of the grains are generally

conducted. In addition, determination of carbon dioxide (CO2),

headspace analyses of gases, chitin analysis from grain samples,

and grain temperature are novel approaches to detect stored

insects (Banga et al., 2018).

Insect detection in stored grains

Post-harvest grain management involves mainly scientific

handling and safer storage. Several insect pests infest the

stored food grains from the field-harvested commodity. Usually,

each insect’s type of feeding, biology, behavior, ecology, and

damaging symptoms are different. Thus, early detection of

insects or their damage is crucial for efficient management.

The basic of all the detection methods is the visual inspection

and encountering stages of insects. Various researchers have

devised novel approaches to detect insects infesting stored

commodities. For example, using acoustical detection methods,

Hagstrum et al. (1996) precisely detected the presence of

one infested kernel in 650 g of wheat grains. Using electrical

conductance, Pearson et al. (2003) observed hidden internal

insect infestations in wheat kernels to 88% for large-sized

larvae and 87% for pupae. Brabec et al. (2017) used a

modified laboratory roller mill with electrical conductivity

and detected the presence of Sitophilus zeamais larvae inside

popcorn kernels. Further, the detection accuracy ranged from

75 to 81% of the pupae, 80–91% of the medium larvae,

and 43–47% of the tiny larvae based on the roller speed. A

trap made of deep learning technique with a vision analysis

program was developed by Shen et al. (2018) for detecting

Cryptolestes pusillus, Oryzaephilus surinamensis, Tribolium

confusum, Sitophilus oryzae, and Rhyzopertha dominica. Red,

Green, and Blue (RGB) images of live insect database were

established initially and used R-CNN to extract these images

and classify the insects. In recent days, stored insect detection is

also being done by semiochemical detection and quantification

under laboratory conditions using gas chromatography (GC)

with detectors, such as flame ionization (FID), electron

capture (ECD), photoionization (PID), or mass spectrometry

(MS). In most advanced conditions, sensors and biosensors-

based detection methods also give better results (Brezolin

et al., 2018). The categorization along with the important

examples of different detection methods is presented in

Figure 1.
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Preventive measures

The effective reduction in the initial buildup of insects

from field to storage may reduce the burden of insect

management in later phases of post-harvest processing and

storage. Usually, these measures are traditional or indigenous

and are established chiefly based on the experience of our

ancestors (Morales, 2002). Since insects are active and passive

fliers, preventive management methods are needed to avoid

the source of infestation. Several researchers have highlighted

the effective preventive management strategies (Hagstrum and

Flinn, 2014; Mohapatra et al., 2015; Hagstrum and Phillips,

2017); ample literature is available on how to take care of

harvested produce agro-climatic region-wise, in the initial phase.

Preventative measures manage the insect buildup in two ways:

managing insects immigrating to stored commodity and the

insects emerging within the commodities due to pre-infestation

(Stejskal, 2015). Most importantly, the drying of food grains

to a moisture range of 10–14% (wet basis) before storage is

expedient (Shankar and Abrol, 2012). Other preventive practices

such as storing new grains in a clean place away from the

old lots, plugging all the unnecessary cracks and crevices of

storage structures, proper stacking with sufficient interspace and

light penetration between stacks, and proper maintenance of

warehouses. The details of these practices and their advantages

and disadvantages are described in other literature (Shankar

and Abrol, 2012; Hagstrum and Phillips, 2017); hence, such

information is not included in this article.

Storage structures

Storing food grains is a common practice by farmers and

governments for its further utilization. Generally, the grains are

held at dwelling places or in huge storage facilities. However,

storing grains in different types of structures is widely adopted

in various parts of the world (Manandhar et al., 2018). They are

generated as tribal knowledge and are exploited with synthetic

structures as days pass. The structures may be classified as (a)

below-ground and above-ground structures or (b) traditional

and improved structures (Hui et al., 2002). During ancient

times, men dug pits and stored grains near their dwelling

places. Nonetheless, most of the time, they faced damage

either by rodents or microbial decay. Gradually, they used

to store in bamboo baskets, mud bins above ground, wood

elevators, and so on. In the past, comprehensive lists of different

storage structures were published by many authors (Deka et al.,

2006; Ashok et al., 2018), few of these are antiquated and

are minimum visible. Some of the significant ones are given

in Figure 2. With the advancement of human knowledge and

skills, the shift toward developing and adopting metal bins,

automated storage structures, massive warehouses, tall elevators,

silos, and other improved structures are observed. In contrast,

these structures led to the development of sophisticated storage

conditions/microclimates. Eventually, insects also acclimatize

with time and spread to various locations through these systems.

In the present day, hermetic and low-pressure storage structures

are quite popular.

Hermetic storage

The concept of creating a barrier between the commodity

and grain has led to the knowledge of hermetic seals. As

many conventional structures are internally oxygenated, the

idea of de-oxygenation inside the storage structure is utilized in

airtight storage to reduce aerobic conditions. This reduction in

oxygen (O2) concentration elevates the carbon dioxide (CO2),

which negatively affects the metabolic activity of the insects and

eventually leads to death. Storing grains in hermetic seal storages

is an emerging field of engineering research related to agriculture

(Kumar et al., 2017). Storage pest management by an airtight

seal or gas-tight seal was advantageous because it increases grain

temperature, desiccation, and avoids immigration by enclosing

the volatiles inside (Finkelman et al., 2002). Conversely, the

gas-tight condition was also detrimental to stored grains.

However, in modernmanagement practices, controlled aeration,

altering the gas proportion, or including an insect-proof barrier

provides additional advantages and success with hermetic

storage structures (Navarro et al., 2004). Several scientific studies

on designing and developing various configurationally modified

hermetic storages are available (Baributsa and Njoroge, 2020).

Compared to bags, they are expensive when designed with

metals. Still, they are promoted in the world for modern storage

facilities. In Asian and African regions, improved underground

storage structures for grains, pulses, and oilseeds were still

used, as lower O2 concentration reports desired mortality of

insects (Somavat et al., 2017). A few of the commonest forms

of hermetic structures available are silos (metal, cemented, and

plastic), metal drums, hermetic cocoons (from few kilos to tons),

hermetic bags, and other polymer bags and containers. These

hermetic structures are available in different capacities and sizes

(Baributsa and Cristine, 2020).

Many researchers studied the comparative efficacy of

developed hermetic bags. More recently, Yewle et al. (2022)

compared the efficiency of a few hermetic bags such as PICS R©,

Grain Pro R©, SaveGrain R© and Ecotact bags R© in comparison

with conventional bags such as jute and PP woven. They

reported the O2 reduction to 6.4% that results in killing of

insects within 2 months of storage. In turn, the grain quality

was intact till 6 months. Atta et al. (2020) studied the damage

potential of T. castaneum in different storage bags storing wheat.

Results showed 100% mortality of T. castaneum at 30 days in an

airtight bag. Further, a reduction in insect growth rate (30%),

damaged wheat grains (10.16%), and grain weight loss (0.5–

1.0%) were also observed. Likewise, Sanon et al. (2011) studied
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FIGURE 2

Major categories of food grain storage structures.
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the laboratory and on-farm trials of triple-bagging with heavy-

grade polyethylene against C. maculatus. It was found that the

insect population was reduced due to the unavailability of O2

(in artificially inoculated treatments), with grains stored for

seven months devoid of infestation. Chigoverah and Mvumi

(2016) tested the metal silos and hermetic bags under simulated

smallholder farmer conditions against stored-maize insect pests

and found them effective (100% insect mortality). Similarly,

Baoua et al. (2014) tested PICS
R©

bags for maize storage in

West Africa; García-Lara et al. (2020) tested hermetic plastic

bag (sBagTM), hermetic plastic silo (BioxiloTM) against stored

maize insects in Central Mexico. Recently, many researchers

have developed bags or structures fabricated with HDPE layers

and proved efficient in insect control under smaller trials (De

Groote et al., 2013). However, an efficient and economically

feasible hermetic storage structure for field/farm level and/or

bulk storage is still lacking.

Low-pressure storage

Low-pressure storage implies designing and developing

a grain storage structure with reduced pressure inside. This

is one of the advancements in the storage structure, which

banks on altering the physical environment generally achieved

by applying vacuum and creating low-O2 atmospheres. This

lower O2 concentration affects physiological processes. In this

method, the mortality of insects is caused by hypoxia and

dehydration (Navarro et al., 2004). Although the potentiality

of its implementation in uniform treatment is limited, the

development of flexible and mobile storage structures made of

polyvinyl chloride (PVC) liners is lighting up the development

in this area. Navarro et al. (2001) demonstrated the relation

between low pressures with temperature and moisture in

managing T. granarium. They found that quiescent larvae were

killed with 25mm Hg pressure exposed to 172 h at 30◦C.

Increasing the temperature to 35◦C reduced the exposure

time to 145 h. Similarly, in field trials, total mortality of E.

cautella and P. interpunctella was achieved at 21.3◦C in 3 days.

Similarly, Mbata and Phillips (2001) observed the relationship

between temperature and pressure in modified environmental

conditions, proving fatal to the different developmental stages

of T. castaneum, P. interpunctella, and R. dominica more

effectively than low pressure alone. Further, mortality increased

in all life stages with increasing exposure time to low pressure

and increasing temperature. In another similar study, Mbata

et al. (2005) exposed C. maculatus to different low pressures

and temperatures. They reported that the adults were most

susceptible, with a mortality of 99% within 0.8 h at 32.5mm

Hg and 30◦C. Similarly, Finkelman et al. (2003) used a vacuum

approach against T. castaneum, E. cautella, and O. surinamensis

and found significant results related to insect mortality. More

recently, Kumar et al. (2020) developed a sensor-assisted

vacuum hermetic storage for monitoring insect activity and

humidity and temperature fluctuations. Although utilizing low

pressure alone was a failure in many cases; integration of

temperature, humidity, and vacuum (pressure) approach in

storage structure development of different capacities is the need

of the hour.

Physical methods of protection

Modified storage atmosphere

Insects require O2 for their developmental metabolism.

The insects generally intake O2 and exhale CO2. Atmospheric

air primarily consists of O2 (21%), CO2 (0.03%), and N2

(78%) (Smit, 2019). The alteration of the required concentration

of these gases (in combination with other fumigants-like

phosphine) is lethal to stored-grain pests (Constantin et al.,

2020). This technique when used to manage the insects in

storage is referred to as modified or controlled atmospheric

storage. Depletion of O2 (<3%) and elevation of CO2 (>50%)

exposure to >24 h significantly distress the insects, which

even achieve mortality of residual populations when exposed

for prolonged periods (Tutuncu and Emekci, 2019). This

phenomenon is efficiently used in developing the storage

structures, which are termed as hermetic technology and

explained under the different heads. The concept of modified

atmosphere storage is based on the modification of storage

gas composition, achieved artificially with retention of airtight

conditions for a longer time (Wong-Corral et al., 2013). Various

gas generators, gas exchange apparatus, and catalytic converters

were attached to storage for its application. Several researchers

extensively studied the effect of elevated CO2: depleted O2

on stored grain pests (Navarro, 2012). Concerning modified

atmosphere storage, the significance of lowering oxygen and

anoxia (Conyers and Bell, 2003), higher CO2 and hypercarbia

(Riudavets et al., 2009; Wong-Corral et al., 2013), and lower O2

and higher CO2 combinations (Cheng et al., 2012) and high CO2

pressure (Riudavets et al., 2010) on insect management have

been documented.

De Carli et al. (2010) studied the effect of modified

atmosphere packaging on the mortality of Sitophilus spp. in

organic maize grain storage. Modified atmosphere packaging

storage compromised 20% O2, or 20, 40, 60, and 80% CO2

(remaining N2) for 30 days at 26◦C. The result indicated total

insect mortality with 40% CO2 treatment after 5 days. Likewise,

modified atmospheres with 50%, 70%, and 90% CO2 were tested

at 28◦C against bruchids and found total mortality by 9 days

(Wong-Corral et al., 2013). Similarly, Iturralde-García et al.

(2020) proved that air mixture (with 50% and 70% CO2) is

lethal to larval and pupal stages of R. dominica in packaged

chickpeas with LT50 ranging from 7 h for larvae to 2 days for

pupae. Dose standardization, treatment protocols, and source of
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CO2 supply are a matter of concern for large-scale treatments.

However, based on its effectiveness, CO2 may be integrated with

other fumigants in different proportions. Exhaustive studies on

field-level research on modified structures with standard doses

(a combination of gases) may be prioritized as the alternative to

chemical fumigation.

Ozone

Ozone (O3) is a potent oxidizing agent and highly reactive.

Generally, O3 is used in water purification, food sanitization,

and product deodorizing (White et al., 2010). It can effectively

penetrate the grain mass and decompose rapidly to O2 without

any residues; these properties create an effective fumigant

alternative for stored-grain protection (Pimentel et al., 2009).

Artificially, O3 generation is done in gaseous form using air

and electricity. In the 1980s, it was initially used in storage

to kill insects and other microflora (Jian et al., 2013). The

effectiveness of O3 in killing a varied range of stored-grain pests,

including internal and external feeders, was established (Isikber

and Athanassiou, 2015; Subramanyam et al., 2017). Research

on ozone fumigation concentrated on its effect on treating

phosphine-resistant populations, empty bin treatment, and

disinfestation of grains (Hardin et al., 2010). Sousa et al. (2008)

used ozone to manage phosphine-resistant populations of T.

castaneum, R. dominica, and O. surinamensis. Ozone was passed

@ 150 ppm in a continuous flow of 2 L min−1 and recorded

total insect mortality. Hansen et al. (2013) exposed S. granarius

and P. interpunctella continuously to ozone @ 33 ppm for 6 d

and 131 ppm for 8 d and recorded total mortality of the insects.

Amoah and Mahroof (2018) studied the effect of ozone on L.

serricorne. Insects were exposed to doses of 100–400 ppm at 50

ppm increments for 1 h and observed the inability of eggs, larvae,

and pupae to transform into adults after exposure. Moreover,

exposure to higher concentrations killed 90% population within

2 days. A major constraint in the application of ozone as a

fumigant is achieving its dosage and the continuous purging

through the treatment time. Although O3 proved an effective

fumigant, commodity selection for which O3 exposure must

be taken care of, as it is a strong oxidant. Studies related to

designing and developing compatible storage structures for O3

treatment with closed-loop components, pilot-scale studies, and

large-scale applications still need to be established.

Heat or cold temperature (included
dielectric heating)

Normal growth and development of each insect require

a range of favorable atmospheric conditions specifically

temperature, relative humidity, and gas compositions (Figure 3).

Deviations from the optimum level negatively affect insect

metabolism. In general, a small change in temperature

prominently affects the growth and development of insects.

Extreme temperatures were lethal to insects that were reported

for managing stored-product insects (Bell, 2014). Temperature

can be reduced by different aeration strategies (freezing)

and grain temperature can be increased by artificial heating

techniques, such as dielectric heating, passage of hot air, and

others. Either increase or decrease in temperature reaped

greater success with insect management. Grain disinfestation

using thermal treatments was conventionally practiced by using

hot/cool–air/water combinations, in a controlled condition

(Macana et al., 2018). Advances in this field include dielectric

heating of grains using radio frequency (RF) and microwave

(MW) heating (Das et al., 2013). The commonly used frequency

for MW heating was 2,450 MHz or 915 MHz, whereas for

RF it was 13, 27, or 40 MHz (Wang et al., 2001). These

radiations are not only lethal to insects but also cause sterility

in the survived populations (Paul et al., 2020). In adults

of stored grain insects viz. S. oryzae and T. confusum, the

first reports were mentioned on dielectric effects, which were

studied by using the 10- and 40-MHz RF dielectric heating

(Nelson and Whitney, 1960). Purohit et al. (2013) exposed

the Mung bean (12% m.c.) infested with C. maculatus to 200,

300, or 400W microwave power levels for 14, 28, and 42 s

and reported that exposing for 28 s with 400W power level

achieved complete mortality of eggs and reached the grain

temperature of 68.1◦C. Similarly, Singh et al. (2012) exposed

C. chinensis to microwave radiation (2,450 MHz) for 100 s at

700W and found complete mortality of insects. Thielens et al.

(2018) reported the dielectric absorption of radio frequencies

by insects after exposure to a range of 2–120 GHz using Micro-

CT (computer tomography) imaging. Many recent studies have

shown the potentiality of these non-thermal heating techniques

for the effective stored-grain pest management, with better

grain quality and environmental safety (Paul et al., 2020).

Microwave heating is reported to affect the cell structure, cell

membrane permeability, and disrupt cell division (Lu et al.,

2011). In the adults of T. castaneum, it was also observed that

microwave exposure causes cellular changes, such as aggregation

of fat body cells, larger cavity appearances in the nucleus,

the mitochondria, and golgi apparatus disappearance. These

thermal and non-thermal effects led to the death of target insects

when exposed tomicrowave radiation. However, application and

exposure safety to humans and other organisms are still need to

be established.

Irradiation (ionizing radiations)

Ionizing radiations viz., gamma-rays (emitted from cobalt-

60 and cesium-137), x-rays, or electric beams were also used

in grain disinfestation (Hallman, 2013). These radiations act

at the molecular level can be able to damage the structure of
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FIGURE 3

Relationship between temperature and insect growth and development.

DNA. DNA damage leads to sterilization, mortality, mutations,

and abnormalities in insects. The radiations are effectively

penetrable, easy operation of irradiators, but require higher

initial cost as well as higher dosage that pose risk to human

health (Hasan and Khan, 1998). As per reports, irradiation is

permitted in at least 33 countries against some stored products;

however, 14 countries permit it for all stored products (Hallman,

2013). Chiluwal et al. (2019) exposed C. chinensis adults to

gamma radiation (0, 200, 300, 400, 500, and 600Gy) and

found that female fecundity, hatchability, and adult fertility

reduced after the dose of 300Gy. Sileem et al. (2019) studied

the effect of gamma-irradiation in combination with food-grade

diatomaceous earth (DE) against S. granarius, T. castaneum,

and R. dominica. Among their treatments, the combination

of 100Gy gamma-radiation exposure with DE @ 1 g/kg was

found significant with complete mortality. Hassan et al. (2019)

tested Fast Neutron Irradiation (FNI) @ 0, 64, 128, 192,

and 256Gy against P. interpunctella. The dose 256Gy proved

effective in preventing the development of all immature stages

and proved the standard lethal dose. In-depth knowledge

of irradiation by the application of gamma rays and x-rays,

integration with other compatible methods, and safer handling

of these radiations is needed to be studied for field-scale

and may be used as an effective alternative against presently

practicing methods.

Biological methods

Semiochemicals

Semiochemicals are chemical signals produced by one

insect/organism, which evokes behavioral or physiological

responses in the receiving insect/organism. They are commonly

classified into “pheromones”: intra-specific chemical signals

and “allelochemicals”- inter-specific chemical signals (Abd

El-Ghany, 2019). In stored-product protection, pheromones

are mainly exploited. These are helpful for insects in search

of food, mate, egg-laying site, defense, and others (Cox and

Collins, 2002). For almost 40 species of stored-product insects,

semiochemicals were identified (Phillips and Throne, 2010).

They are used in pest management mainly as attracticides,

repellents, feeding and oviposition deterrents, mass trapping

lures, and mating disruption formulations. Sex (unisex)

and aggregation (both sex) pheromones are two main

types. Sex pheromones were illustrated in stored-grain

insects, such as Pyralid (Phycitinae), Anobiidae, Bruchidae,

and Dermestidae. Similarly, aggregation pheromones in

Bostrichidae, Curculionidae, Cucujidae, Silvanidae, and

Tenebrionidae (Phillips and Throne, 2010). Different types

of traps were designed and evaluated for their efficiency

in dispensing synthetic lures to attract stored-grain insects

(Sambaraju and Phillips, 2008). Though the pheromone

components are species-specific some cross-attraction has also

been reported (Cox, 2004).

Pheromones are generally used in three ways of pest

management viz., monitoring, mass trapping, and mating

disruption, like in-field pest management (Trematerra, 2012).

Moreover, successful pheromonal studies under laboratory

conditions were done in stored-grain moths (Ephestia spp.,

P. interpunctella, S. cerealella) and stored-grain beetles (L.

serricorne, T. granarium, Tribolium spp., S. paniceum). Besides,

detailed semiochemistry of bruchids was exhaustively compiled

by Rodríguez (2018), hence, they are not discussed in this study.

Garcia et al. (2003) sprayed sesquiterpenes (costic-aldehyde,

Tessaric acid, eremophilane) isolated fromTessaria absinthioides

on larvae of Tenebrio molitor and found that topical application
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of these sesquiterpenes increased pupal duration and induced

morphological deformities. Sambaraju and Phillips (2008)

studied the response of P. interpunctella adults to trap with

sex lure (Z,E)-9,12-tetradecadienyl acetate (TDA/ZETA) in

combination with UV, green, and white light. They found that

adult moths were attracted to pheromone traps significantly

(71%), with an orientation toward low illuminated surfaces.

Losey et al. (2019) tested a range of synthetically available

semiochemicals for orientation studies of C. ferrugineus in field

and laboratory and reported that the aggregation pheromones

namely Cucujolide I and Cucujolide II, deployed when singly

or in combination, proved an increased adult attraction. As

semiochemicals alter the behavior and biology of both male

and female insects, utilization of these chemical constituents in

integrated stored-grain pest management is essential. However,

it depends on the simultaneous advancements in chemistry,

biochemistry, physiology, and genetics. Based on the literature

reviewed, it was opined that the use of semiochemicals is the

best and sustainable method for stored-grain pest management.

However, lack of timely and regional availability along with lack

of protocols for application are the constraints.

Natural enemies

Natural enemies (predators and parasitoids) to manage

stored pests were studied for a century. However, most of

them were focused on population and evolutionary ecology,

genetics, toxicology, biology of natural enemies, and others.

According to Flinn and Scholler (2012) during the 1942–45

release of Habrobracon hebetor in cacao warehouses of Bahia,

Brazil, infested with Cadra cautella was the first recorded

mass release of a parasitoid. The use of insect parasitoids and

predators against stored-product insect pests was reviewed by

several authors time to time (Matthias, 2010; Flinn and Scholler,

2012). After advancement in the integrated pest management

approach, biological control becomes one of the most sustained

and important components. Problems of insecticide residues in

storage and stored-grains, approach toward organic farming,

food safety, and others were also boosting up the concentration

toward biocontrol (Flinn and Scholler, 2012). The stored-

grain ecosystem is incomparable with the field-ecosystem

and the storage factors significantly affect the activity of

natural enemies (Hagstrum and Subramanyam, 2009). The

knowledge of behavior and biology of entomophagous insects

attacking stored-grain pests is the prerequisite for biocontrol.

Simultaneously, their adaptation in varied conditions in

association with the hosts is one of the promising areas

of research. Out of the studied 137 references related to

biological control in stored products or food industry by Cassi

(2017), 51, 21, and 18% were parasitoids, entomopathogens,

and predators, respectively. Mites (56%) and heteropterans

(24%) were the major predators. The principal composition of

parasitoids was pteromalids and braconids (70%) followed by

bethylids, ichneumonids, and trichogrammatids (24%) along

with chalcidids and eulopids (3%). An exhaustive list of

reported and effective natural enemies against stored-product

insects is available elsewhere (van Lenteren et al., 2018).

Although biological control is one of the effective strategies,

appropriately addressing food safety is a concern; the presence

of insects (biocontrol agents) also faced sociological issues

in the past (Flinn and Scholler, 2012; Belda and Riudavets,

2013; van Lenteren et al., 2018). Cost-effective and field-

level inundative applications of predators and parasitoids in

the past were very few. Many of the studies are laboratory

studies. Integrating biological control strategies with other pest

management practices on commercial scale is advancing and

getting success slowly.

Microbial-based pesticides

Stored grain protection using biological control is a

potential means/technique without harming environmental

health (Matthias, 2010). In this study, biopesticides depict

mainly pathogenic biological agents, for example, fungus,

bacteria, virus, protozoa, and others. Arrays of insect pathogens

were tested in laboratory conditions against stored-grain insects

(Batta and Kavallieratos, 2018; Kumar et al., 2019). Besides,

none of them were seen as commonly used because of their

host specificity and narrow climatic adaptations. Synergists

were tried in combination, to enhance their efficacy and

wide range adaptability especially diatomaceous earth. Some

of the commercially available entomopathogenic fungi are

Beauveria bassiana, Metarhizium anisopliae, and bacterium—

Bacillus thuringiensis (Bt), which were tested majorly against

stored-grain pests especially beetles (Batta, 2016). For the stored-

grain moths, Bt was tried long back, but the commercial

application has limitations because of the higher dose,

separation of the carrier after treatment, huge facilities for

mass culturing, region-specific strains, and others (Arthurs

and Dara, 2019). Bacillus thurengiensis var. kurstaki (Btk)

was reported effective on stored grain pests (Shapiro-Ilan

et al., 2007) especially P. interpunctella and other moths (Lord

et al., 2007). Malaikozhundan and Vinodhini (2018) reported

that the Bt (4 × 108 cells/mL) was highly effective against

C. maculatus (100% mortality) under laboratory conditions.

Although entomopathogens recorded the population reduction

as compared to conventional insecticides it is slower and

lower in efficacy. The use of entomopathogens mainly fungus

was considered as promising in storage conditions. Rumbos

and Athanassiou (2017) highlighted the entomopathogenic

fungi used in stored pest management. Other pathogens, for

example, protozoans and viruses were also tested against stored-

grain insect pests. Protozoans, that is, Nosema whitei (Milner,

1973) and Nosema plodiae (Kellen and Lindegren, 1974) were
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reported long back to infest flour beetles and phycitine moths,

respectively. Similarly, viruses (mainly baculoviruses) were also

studied majorly in lepidopetan pests, such as P. interpunctella

and E. cautella (Vail et al., 1991). Additional research in this field

regarding isolation of local strains, screening, and formulation

of effective strains, a combination of multiple strains with

different host ranges are required for the successful adoption of

promising biopesticides.

Entomopathogenic nematodes (EPNs)

As the science of nematodes getting advanced, the use

of entomopathogenic nematodes to control insects becomes a

novel approach in pest management (Arthurs et al., 2004). Two

important genera, namely, Steinernema and Heterhorhabditis

proved effective against field crop pests and were also studied

and found effective against stored-grain insects (Rumbos and

Athanassiou, 2017). Athanassiou et al. (2008) tested the effect of

Steinernema feltiae (three strains namely, UK 76, USA/SC, and

Hawaii) against T. confusum, and E. kuehniella in wheat under

laboratory condition. They observed 100% larval mortality (after

14 d of exposure) with Hawaii strain against T. castaneum,

whereas USA/SC strain was found effective against E. kuehniella

larvae (69% mortality after 14 d exposure). Laznik et al. (2010)

isolated and tested the efficacy of three strains (B30, B49, and

3162) of S. feltiae against S. oryzae adults in a laboratory bioassay.

All three strains were equally effective with mortality of 42–72%

at 25◦C with the lowest LC50 value of 1,165 IJs/adult (after 8-

day exposure). Athanassiou et al. (2010) tested the efficacy of

three nematode species (H. bacteriophora, S. carpocapsae, and

S. feltiae) against four stored-wheat insects (E. kuehniella, R.

dominica, S. oryzae, T. confusum) under laboratory conditions.

Among the different combinations, only S. feltiae was found

effective against E. kuehniella larvae, whereas other strains

against other insects did not exceed mortality of 23% with

more than 10,000 IJs per ml. De Carvalho Barbosa Negrisoli

et al. (2013) tested eight strains of EPNs (H. bacteriophora-5;

S. carpocapsae-1; S. rarum-1; S. riobrave-1) against five stored

product insect pests (Anagasta kuehniella, Acanthoscelides

obtectus, S. oryzae, S. zeamais, and T. molitor). The micro-tube

bioassay results showed that all insect species were susceptible

to the inoculated strains. Larval stages were more sensitive

compared to adults. For a long time, advancement in this field

was limited because of their narrowed climatic adaptations

and inability to survive in dry conditions. Conversely, isolation

of local virulent strains, efficacy evaluation against laboratory

hosts, and formulation technologies uplifted the number of

success (Rumbos and Athanassiou, 2017). However, a single

strain/species of nematode cannot control a wide range of insects

as they act species-specific. While formulating a mixture of

strains can provide expected stored-grain protection. As all these

studies are laboratory-conducted bioassays, field evaluation on

bulk scale of such EPNs is lacking. Mass culturing and large-

scale field trials may be conducted to boost EPN technology in

storage management.

Plant derivatives

Stored product protection with the use of plant derivatives

is an age-old practice. Botanicals reported managing the insects

in several ways, such as repellents, antifeedants, toxicants,

chemosterilants, and growth regulators because of the active

ingredients present in them. As the green chemistry of

insecticides advanced, the volatiles (essential oils) extracted from

plant origin are of main focus (Rajendran and Sriranjini, 2008).

The use of botanicals is getting priority globally as they are

cost-effective and safe for human kind. The mode of action

of plant oils involved mainly neurotoxicity, such as enzyme

(Acetyl-choline esterase) inhibition and neuromodulation. Plant

families such as meliaceae, myrtaceae, apiaceae, lamiaceae,

lauraceae, poaceae, pinaceae, and others are reported to contain

insecticidal secondary metabolites/volatiles, such as terpenoides,

alkaloids, phenolics, so on and so forth (Talukder, 2006). In the

past, studies were conducted on the efficacy of plant products

on stored grain pests and many reviews are available regarding

essential oils (Mossa, 2016; Singh and Kaur, 2018). Adult insects

were generally found susceptible compared to eggs. Rajendran

and Sriranjini (2008) exhaustively reviewed the fumigant action

of more than 75 plant products tested for their efficacy against

stored pests. It was found that tests for fumigant toxicity

of plant essential oils mainly focused on T. castaneum, R.

dominica, S. oryzae, and S. zeamais. Moth pests such as C.

cephalonica and S. cerealella were studied meagerly (Mangang

et al., 2020). Although the efficacy of many plants’ extracted oils

is tested against storage pests, very few of them succeeded in

the formulation and registration process for their commercial

application. Accordingly, only 1% of the insecticide market

constitutes botanicals worldwide (Campolo et al., 2018). As per

the health concerns of humans, these plant products may work

as alternatives for chemical fumigation. In recent days, studies

related to toxicity, screening, efficacy, sorption, formulation,

and fumigation studies of botanicals especially essential oils are

getting attention.

Chemical management

Majority of the research studies on storage grain protection

in the 20th century were based on chemical applications,

particularly surface/preventive sprays and fumigation.

Fumigation is the way to control the infestations detected,

but sprays are regularly taken to avoid the infestation. However,

the higher dependency on chemicals has created health and

environmental health issues. Nevertheless, the dependency
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on chemical management was not fully reduced; somehow

the other management practices were taken into higher

consideration day by day. For long years, dichlorvos was the

commonest insecticide used for grain disinfestation, because

of its fumigant action. Although resistance to dichlorvos was

reported in R. dominica (Zettler and Cuperus, 1990), the

chemical served the purpose for long, proved efficient as a

surface spray. This effect is due to its chronic toxicity, later this

chemical was phased out in many countries. There are several

ready references dealt with the chemical protectants used in

grains and storage structures (Hertlein et al., 2011). In the

present day, insecticides with a novel mode of action, especially

the spinosyn group, were extensively studied (Vassilakos et al.,

2015). In many post-harvest management steps/conditions such

as mills, processing plants application of insecticide played a

prominent role in insect management. However, in storage, the

chemical application mainly dealt with fumigation.

Fumigation means treatment using the gaseous form. It was

a very common method during the 1990s for pest management

in bulk storage (Mohapatra et al., 2015). Fumigant is a chemical

with higher vapor pressure, toxic to insects, and able to penetrate

through the commodity. Unlike chemical sprays, the fumigant

requires an airtight condition to achieve full efficacy (Daglish

et al., 2018). Relative humidity and temperature in storage,

moisture content of seeds, and air tightness were important

factors influencing the efficiency of fumigation (Zettler and

Arthur, 2000). Out of 16 listed fumigants during the 1980s

only a few, especially phosphine and methyl bromide were

of use in present-day context. However, after phase-out of

methyl bromide due to its ozone-depleting reports (Fields and

White, 2002), it is only used for pre-shipment quarantine

treatments in some developing countries. The loss of methyl

bromide noticeably increased the dependence on phosphine

for stored-grain pest management (Rajendran, 2001). Further,

resistance to phosphine and reports of repetitive control failures

were upraised for the search of alternatives to phosphine and

validation of non-chemical practices. Since several reports on

the efficacy of phosphine and other fumigants against stored-

grain insects were available, they are not discussed in this

article. Some of the recent studies are highlighted in Table 2.

Recent advances in fumigation included the use of alternative

fumigants and formulations. In the future, one should focus

on non-chemical approaches for safer and sustainable stored-

grain protection.

Inert dust

During 1980s, it was reported that inert dust was effective

in controlling insect pests. The inert dust is generally classified

mainly into four groups (Banks and Fields, 1994) viz., (a) clays,

sands, and ashes, (b) minerals, (c) dust that contains synthetic

silica (Silicon dioxide—SiO2), and (d) dusts that contain natural

silica (Diatomaceous Earth-DE). All these groups were reported

effective against stored-grain insect pests. Insect mortality due

to inert dust have various mode of action such as blocking

of spiracles and digestive tract, absorbs cuticular moisture and

epicuticular lipids, abrasion of the cuticle, and others. Though

there were more entries, only DE and silica achieved significant

results and are studied exclusively by many researchers (Shah

and Khan, 2014). Using DE as a sole or mixture with other

low-risk control methods was proved a promising alternative

to insecticide sprays in storage (Arthurs et al., 2004). Cao

et al. (2010) studied the efficacy of five different inert dust

(Puliangtai, G-1, G-2, G-3, and G-4) against phosphine-resistant

C. ferrugineus. In surface bioassay @ 0.08 g/m2 and 0.1 g/m2 C.

ferrugineus recorded susceptible. Johnson et al. (2014) reported

that wet application of DE particles increased dust efficacy

resulted in 56.0% of insect mortality. Zhang et al. (2014)

tested food-grade inert dust against five major insect species

of stored grains: R. dominica, S. zeamais, O. surinamensis, T.

castaneum, and C. ferrugineus and found that food-grade inert

powder uniformly dispersed, and mortality reached 100% on the

third day. Advances in the development of newer formulations,

integration with other practices, and enhanced applications with

lower doses for storage-pest management are increasing. In the

future, the contact insecticides used in stored-grain protection

may be replaced by food-grade inert dust.

Nanotechnology in stored-grain
protection

Nanotechnology experiments are rising in basic and

applied scientific fields, including stored-grain protection.

The significance of the nanoparticles is hiked because of

novel properties, such as changes in electrical conductivity,

surface chemistry, and reactivity (Zayed, 2018). Several metallic

oxides, namely, zinc, silver, aluminum, silica, and others,

were generally formulated as nanoparticles (Stadler et al.,

2010). However, zinc oxide nanoparticles were widely used

because of their antibacterial, antifungal, UV filtration, higher

catalytic, and photochemical activity (Meruvu et al., 2011).

Malaikozhundan et al. (2017) synthesized and formulated

the Bt-coated zinc oxide nanoparticles (Bt-ZnO NPs) against

C. maculatus and reported the reduction of fecundity and

hatchability (LC50 - 10.71µg/mL) with prolonged larval, pupal,

and total development period (@25µg/mL). Debnath et al.

(2011) tested entomotoxicity of surface-functionalized silica

nanoparticle (SNP) against S. oryzae and found highly effective

causing more than 90% mortality. Rahman et al. (2020) tested

nickel-oxide nanoparticles (NiO NPs) against C. maculatus

infested on the black gram and found decreased fecundity

and an increased developmental period over the doses @ 5,

10, 20, and 40 ppm NiO NPs, respectively. Efficacy studies

of nanoparticles were also conducted against T. castaneum, S.
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TABLE 2 Recent studies on e�cacy of fumigants (excluding phosphine, methyl bromide and essential oils) against stored-product insects (2015

onwards).

S.

No.

Name of

fumigants

Targeted pests Type of study Results References

1 Carbonyl sulfide T. castaneum Laboratory Eggs and pupae showed 87.3% and 95.6%

mortality when exposed to 25 mg/L for 24 h.

Whereas, larvae and adults showed 80% and

100% mortality at 15 mg/L exposed for 24 h.

Jeong et al., 2019

2 Chlorine dioxide P. interpunctella Laboratory Complete mortality of all the stages was

observed @ 100 ppm and 200 ppm for 48 and

24 h, respectively.

Han et al., 2018

T. castaneum

O. surinamensis

R. dominica

S. zeamais

S. oryzae

Laboratory At 0.54 g/m3 (200 ppm), all the insects found

susceptible with 100% mortality. However,

the exposure periods ranged from 3 to 24 h.

Xinyi et al., 2017

T. castaneum Laboratory Complete mortality was achieved at 200 ppm

for 24 h exposure. Used superoxide dismutase

(SOD) and thioredoxin-peroxidase (Tpx) for

confirmation chlorine dioxide induced fatal

oxidative stress.

Kim et al., 2015

P. interpunctella

S. zeamais

Field (store room

size: 2.6m× 4.6m

× 2.6m, stored rice

stacks of 1 ton)

Complete mortality of all the stages was

achieved after exposure of chlorine dioxide

for 5 days at 200 ppm dose.

Kim et al., 2019

P. interpunctella Laboratory Mode of action of chlorine

dioxide—cytotoxicity and induces the

production of insecticidal ROS, which results

in a fatal oxidative stress

Kumar et al., 2015

3 Ethanedinitrile L. serricorne

R. dominica

Laboratory Response of L. serricorne: stage (LC50

values)

Egg (50.4 ppm) > adults (160.2 ppm) >

pupae (192.5 ppm) > larvae (446.6 ppm)

Response of R. dominica: stage (LC50 values)

Egg (11.2 ppm) > adult (27.7 ppm)

Ramadan et al., 2020

4 Ethyl formate and

methyl salicylate

C. chinensis Laboratory Response of C. chinensis to ethyl formate:

stage (LD50 values)

Egg (3.32 ppm)= adults (3.32 ppm)

Response of C. chinensis to methyl salicylate:

stage (LD50 values)

Egg (3.68 ppm) > adult (1.38 ppm)

Chiluwal et al., 2020

5 Hydrogen cyanide T. confusum Field (flour mill) Complete mortality was observed in tested

dose of 78.6 g/h/m3 . The dose was lesser than

labeled HCN rate (240 g/h/m3) of Czech

Republic.

Aulicky et al., 2015

6 Methyl benzoate R. dominica

T. castaneum

S. zeamais

T. variabile

Laboratory Order of susceptibility: R. dominica > T.

castaneum. Whereas, S. zeamais and T.

variabile were unaffected (Dose: 1.08 g l−1 for

24 h exposure).

Morrison et al., 2019

(Continued)
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TABLE 2 (Continued)

S.

No.

Name of

fumigants

Targeted pests Type of study Results References

7 Propylene oxide (PPO) E. cautella Laboratory Moderately effective with concentration x

time products ranging between 66.1 and

536.2mg h/L. Susceptibility: egg > larva >

pupa

Isikber et al., 2017

8 Propylene oxide, ethyl

formate, and

ethanedinitrile

L. serricorne

Tyrophagus

putrescentiae,

Necrobia rufipes

Laboratory Among the tested fumigants only ethyl

formate (100% pupal mortality when exposed

to 95.22 mg/L for 3 h) and propylene oxide

(100% larval mortality when exposed to 70.09

mg/L for 3 h) found effective against L.

serricorne

Maille, 2019

9 Sulfuryl fluoride T. castaneum Laboratory Complete mortality of eggs (@ 48.2mg L−1)

and other stages (1.32mg L−1) when exposed

for 48 h (under 25◦C and 60% RH)

Jagadeesan et al., 2015

R. dominica

T. castaneum

Field (13.6-MT steel

bins containing 6.8

MT each of wheat)

Complete mortality of both susceptible and

phosphine-resistant strains were achieved

with dose ranged from 1,196 to 1,467

mg-h/liter, when observed after 3 weeks.

Opit et al., 2016

R. dominca

T. castaneum

S. oryzae

C. ferrugineus

Field (bulk grain

storages in

Australia)

Over a seven days fumigation period, dose of

800 and 400 g-hm+ achieved complete

control of all pests, including the most

strongly phosphine—resistant insects.

Nayak et al., 2016

oryzae, R. dominica, and C. maculatus for their significant effect

on adult insect mortality, fecundity, hatchability, and biology

under laboratory conditions (El-Saadony et al., 2020). Detailed

and field-level studies of nanoparticle applications are required

to use this novel approach in stored product protection.

Molecular interventions

The technique of disrupting the normal gene expression

of an organism is a novel approach in managing the insects.

It involved two molecular tools viz., RNA interference (RNAi)

and Clustered Regularly Interspaced Short Palindromic Repeats

(CRISPR) (Perkin et al., 2016). The rust-red flour, T. castaneum,

was considered as a model insect for these studies, and most

of the data available in the published articles was mainly for

this insect (Gilles et al., 2015). T. castaneum was preferred

host because of easier multiplication in laboratory conditions

and its strong RNAi response in all the developmental stages.

Typically, RNAi acts at dsRNA and CRISPR deactivates Cas9

(DNA binder) to inhibit further gene expression (Qi et al., 2014).

These techniques may be used effectively in stored-grain pest

management only after extensive research. Identifying specific

genes in insects infesting stored grains is a preliminary step

and a concerned area of interest. These novel technologies

seem futuristic with other similar techniques, for example, gene

editing and gene modification.

Conclusion

Safe handling and protection of stored products are one

of the primary areas of research for Post-Harvest Engineers

and Entomologists. Presently, food security and safety is the

concern of developing and developed countries. Rationalization

in preventive management practices, such as proper drying

and safer storage, led to the development of several dryers

and controlled storage structures that were adopted globally.

Among them, hermetic and low-pressure storages are gaining

great success; however, the bulk storage applications are limited.

Temperature management (heat or cold treatment) inside

storage is beneficial as it achieved insect mortality. Heat

treatment can also be done using exposure to electromagnetic

radiations, such as RF and MW. In addition, the application

of CO2 and ozone as fumigants may emerge as alternatives to

conventional fumigants. Biological options such as predators,

parasitoids, pathogens and EPNs are environmentally safer;

however, the formulation, mass production, and field-level

adoption are limiting factors for their wide adoption. Chemical

ecology and semio-chemistry of stored product insects require

in-depth research that erects the lure/trap options to attract and
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kill. Chemical management of insect pests is preferred as the last

resort in field-crop pest management, but in storage, it is used

as the first line of protection. Insecticides are mainly utilized for

surface sprays and disinfestation. Limited fumigant options are

available, wherein the insects have already developed resistance;

thus, there is a need for alternatives. Novel scientific areas such

as nanotechnology and biotechnology are advancing rapidly

and contributing to stored-product protection. Nevertheless,

such increasing concern for safe storage and non-chemical pest

management has led to advances in several fields. Looking into

the dynamic post-harvest systems, modernized and integrated

pest management strategies for bulk storage has to be regularly

revised. Since grain harvest, drying, handling, packaging, and

transport till safe storage, pest management interventions can

prevent and reduce grain loss to a significant level.
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