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Abstract The insect pests are big threat in meeting the

food demands for future generation. The present pest

control strategies, including the existing transgenic

approaches show certain limitations and are not completely

successful in limiting the insect pests. However, the

sequence-specific gene silencing via RNA interference

(RNAi) holds a great promise for effective management of

agricultural pests. RNAi is naturally occurring conserved

process responsible for gene regulation and defense against

pathogens. The efficacy of RNAi varies among different

insect orders and also depends upon various factors,

including the target gene selection, method of dsRNAs

delivery, expression of dsRNAs and presence of off-target

effects. RNAi-mediated silencing of different insect genes

involved in various physiological processes was found to

be detrimental to insects growth, development and sur-

vival. In this article, we have reviewed the potential of

RNAi-based strategies for effective management of insect

pests. We have also discussed the various parameters,

which are to be considered for host-induced RNAi-medi-

ated control of insect pests without producing any effect on

non-target organisms and environment.
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Introduction

The insect pests are important constraint in achieving the

global food demands. The potential yields of all agricultural

crops are affected substantially due to direct or indirect effects

of insect pests. Direct damage includes fouling, deformations

ornecrosis of plant tissues or organs anddisseminationof plant

pathogens, whereas indirect damage involves the loss of har-

vest quality (in term of damaged fruits) and increase in overall

cost of crop production (Bardner and Fletcher 1974). The

estimated overall annual yield loss due to insect pests in major

crops account approximately 18% in the absence of control

measures (Oerke 2006). Worldwide, insects are the major

pests of a wide range of crops including cotton, chickpea,

pigeon pea, tomato, maize, groundnut, sunflower and tobacco

(Lal 1985; Mehto et al. 1985). Only 0.5% of insects produce

serious menace to humans and are given the status of ‘Pest’.

Ecological and physiological characteristics of insects, include

a tough exoskeleton, small body size, ability to fly, a high

reproductive potential and adaptability in an ever-changing

environment, polyphagynature, ability to facultative diapause,

inherent capability of evolving to resistant biotypes contributes

to successful establishment of the insects as pest (Roush and

McKenzie 1987). Most of the agricultural pests belong to

Lepidopteran, and there is hardly any cultivated plant, which is

spared by these pests. Some economically important genera of

lepidopteran insects are listed in Table 1.

Current pest control strategies and their
limitations

Currently, different strategies such as cultural, mechanical,

biological, chemical and transgenic approaches are utilized

for effective control of insect pests. Of these, the cultural,
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mechanical and biological measures are traditional

approaches, being followed by farmers since ages. The

cultural methods of control involve proper cropping

methods, crop rotation, land, water and post-harvest man-

agement. Mechanical methods include picking and trap-

ping of insects. Use of parasites, parasitoids and predators

comprise the biological methods. These methods are

environment-friendly, self-perpetuating, cost-effective,

easily available, convenient to use, pose no harmful effects

on environment, and are being compatible with other

strategies. However, they are generally slow in action,

require skilled personnel, and can be applied to only a

small area at a given time. Chemical methods involve use

of toxic substances, which interfere with one or more vital

pathways through inhibition of enzyme activities (Sten-

ersen 2004). Chemical methods are the quicker and more

effective as compared to other methods of pest control.

Every year, a large sum of money is invested on crop

protection through the use of chemical insecticides. The

main disadvantages associated with chemical methods are

their persistence and biomagnifications in the environment,

which causes environmental as well as health related

problems. Plant breeding approaches include the intro-

gression of insect resistance trait into the variety of interest

(Yencho et al. 2000). However, plant breeding is limited by

lack of resistance in the germplasm for many pests and

introgression of undesirable harmful traits from the wild

varieties through linkage drag.

Therefore, it is imperative to look for novel and effec-

tive alternative approaches to develop crop resistance

against insect pests. In recent years, biotechnology has

provided additional tools to limit the damages caused by

insect pests while at the same time has given solutions

against the limitations of traditional and hazardous chem-

ical methods (Christou et al. 2006; Huang et al. 2002).

Transgenic approaches offer many advantages over the

above mentioned traditional methods of pest control

(Hilder and Boulter 1999; Sharma et al. 2002; Sharma and

Sharma 2013). They are more specific in their action

against insect pest and produce insecticidal compounds

continuously in large amount in transgenic plants. Thus,

they are considered more economical to farmers in term of

increased crop yield. In 1987, first tobacco transgenic plant

expressing cowpea trypsin inhibitor protein was developed

against Heliothis virescen. Cowpea trypsin inhibitor was

found less effective against various insect pests. Therefore,

search for more potent insecticidal proteins was initiated.

Insecticidal proteins such as Bacillus thuringiensis

Table 1 List of major lepidopteron agricultural pests. Source Puri and Ramamurthy (2009)

Insect pest Scientific name Crop(s)

American bollworm Helicoverpa armigera

(Hubner)

Cotton, chickpea, pigeonpea, sunflower, tomato

Whitefly Bemisia tabaci

(Gennadius)

Cotton, tobacco

Brown planthopper Nilaparvata lugens (Stal) Rice

Green leafhopper Nephotettix spp. Rice

Serpentine leaf miner Liriomyza trifolii

(Burgess)

Cotton, tomato, cucurbits, several other

vegetables

Fruit fly Bactrocera spp. Fruits and vegetables

Mealy bugs Several species Several field and horticultural crops

Thrips Several species Groundnut, cotton, chillies, roses, grapes, citrus

and pomegranate

Wheat aphid Macrosiphum miscanthi

(Takahashi)

Wheat, barley, oats

Pink stem borer Sesamia inferens (Walker) Wheat

Gall midge Orseolia oryzae (Wood-

Mason)

Rice

Gall midge Several species Fruit crops

Diamondback moth Plutella xylostella

(Linnaeus)

Cabbage

Hoppers Several species Mango

Pyrilla Pyrilla perpusilla

(Walker)

Sugarcane or rice at times

Polyphagous pests like termites, white grubs, hairy caterpillars

and tobacco caterpillar

Several species Many agroecosystems
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endotoxin, plant protease inhibitors (PIs) and alpha-amy-

lase inhibitors, chitinases, lectins and biotin binding pro-

teins, secondary metabolites, isopently transferases and

vegetative insecticidal proteins (VIPs) from various sour-

ces, including bacteria, plants and insects were exploited

for generation of insect resistant transgenic plants (Stevens

et al. 2012). Bt endotoxin expressing transgenic crop plants

has been commercially very successful in controlling the

insect pests so far (Christou et al. 2006) and has signifi-

cantly reduced the use of chemical pesticides (James 2014).

However, the rapid evolution of resistance by insect pests

against insecticidal toxin (Tabashnik et al. 2013), ineffec-

tiveness of toxin against various pests, effect on non-tar-

geted organisms and on the micro-environment are the

major drawbacks of existing transgenic approaches. The

insect species gain resistance against insecticidal proteins

due to sub-optimal expression of toxin, mutation in the

target gene of insect pest, loss of target midgut protease

due to selection pressure, over-expression of sensitive

protease, synthesis of insensitive proteases and change in

the membrane integrity. Considering of the current situa-

tion of crop protection, it is necessary to analyze the

characteristics of an ideal pest control strategy (Hilder and

Boulter 1999). The ideal pest control strategy should be

economical, environmental and farmer friendly. It should

be specific in its action and should target large number of

pests without affecting non-targeted organisms. The tech-

nology should have an alternative way, in case of devel-

opment of resistance by the pest. In order to achieve the

ideal pest control method, there is an urgent need for

exploring other possible approaches for imparting broad

spectrum insect resistance.

RNAi: next generation pest control strategy

RNAi silencing in insects

According to the central dogma, RNA is just a bypass of

genetic information from DNA to protein but after the

discovery of ‘antisense-mediated silencing’ of homologous

genes, its role in regulating gene expression was well

established (Nellen and Lichtenstein 1993). Fire et al.

(1998) proved that double-stranded RNA (dsRNA) is the

predominant trigger of gene silencing, as compared to

sense or antisense RNA alone in Caenorhabditis elegans.

This breakthrough discovery led to the establishment of the

rapidly growing field in the biological world named as

RNA interference (RNAi). Thus, RNAi is defined as

sequence-specific silencing of target gene. A similar

homology-dependent gene silencing phenomena was found

in plants known as ‘co-suppression or post transcriptional

gene silencing’ and in fungi as ‘quelling’ (Cogoni et al.

1996; Napoli et al. 1990; Romano and Macino 1992).

Bacteria also showed RNAi like phenomenon, known as

clustered regularly interspaced short palindromic repeats

(CRISPR), (Wilson and Doudna 2013). RNAi and related

pathways are evolutionarily conserved cellular process.

They are required in regulation of gene expression, geno-

mic re-arrangements and defense against foreign nucleic

acid (Carthew and Sontheimer 2009; Perrimon et al. 2010).

RNAi pathway involves formation of interfering molecules

through activity of dicer enzyme. These interfering mole-

cules can be small interfering RNAs (siRNAs) and

microRNAs (miRNAs). The interfering molecules are then

loaded onto RNA induced silencing complex (RISC)

comprising of Argonaute protein (AGO). RISC directs the

interfering molecules to their cognate target where

homology based cleavage of target mRNA occurs (Wilson

and Doudna 2013). RNAi is more efficient, user friendly,

flexible, specific and stable technique for pest control. It

has been exploited successfully as a powerful reverse

genetic tool to study the function of genes and biological

control of various agricultural insect pests and pathogens

(Andrade and Hunter 2016; Belles 2010; Gordon and

Waterhouse 2007; Palli 2014; Price and Gatehouse 2008;

Saurabh et al. 2014; Thakur et al. 2016; Yogindran and

Rajam 2015; Zotti and Smagghe, 2015).

Systemic RNAi in insects

RNA-dependent RNA polymerase (RdRP) mediated

amplification of siRNA molecules were reported in plants,

nematodes and fungi, but was found to be absent in humans

and insects (Gordon and Waterhouse 2007). Surprisingly,

Tribolium castaneum also exhibited robust systemic RNAi

response even in the absence of RdRP (Tomoyasu et al.

2008). Insect genomes do not have homologues of canon-

ical RdRPs (Gordon and Waterhouse 2007; Jose and

Hunter 2007; Richards et al. 2008), but a subunit of the

RNA polymerase II has been identified in Drosophila

melanogaster, which possesses similar activity as that of

RdRP and involved in RNAi and transposon suppression in

D. melanogaster (Lipardi and Paterson 2009). The pres-

ence of trans-developmental and trans-generation effects of

RNAi in some insects further proves the systemic nature of

RNAi in insects. Based on these results, it was postulated

that the amplification of RNAi in insects might be due to

the presence of some unknown mechanisms analogous to

RdRP.

Cellular up-take of dsRNA in insects

RNAi signals found to be mobile within organism and

among organisms belong to different kingdoms. The

movement of siRNA signal across kingdom has been
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observed in wide range of organisms from bacteria to

nematodes, plants to nematodes, fungal pathogens and

insect pests, and human to insect parasites (Knip et al.

2014). Insects can take up siRNAs directly from the

environment or tissue and transfer signal from cell to cell.

The ability of execution of RNAi by single cell is termed as

cell autonomous RNAi. In this case, the site of production

or introduction of dsRNAs and its RNAi effects is same,

whereas in non-cell autonomous RNAi, the site of RNAi

effect is different from the site of dsRNA production or

introduction. Non-cell autonomous RNAi can be environ-

mental, when cell takes the dsRNA molecules from envi-

ronment or systemic RNAi, when cell takes the dsRNA

molecules from other cell or tissue and spread these siRNA

molecules to other parts (Baum and Roberts 2014; Huv-

enne and Smagghe 2010). A robust silencing response in

insects was observed to both environmental and systemic

RNAi (Prentice et al. 2015; Price and Gatehouse 2008;

Tomoyasu et al. 2008). Two pathways have been proposed

to explain the systemic silencing in insects, trans-mem-

brane channel-mediated uptake mechanism and an alter-

native endocytosis-mediated uptake mechanism (Huvenne

and Smagghe 2010; Joga et al. 2016; Xue et al. 2012).

The trans-membrane channel-mediated uptake mecha-

nism involves two trans-membrane proteins, named as

SID-1 (systemic RNAi defective) and SID-2 (Cappelle

et al. 2016; Jose et al. 2009). SID-1 is a multispan trans-

membrane protein, found in all non-neuronal cells (Win-

ston et al. 2002). It transports dsRNA passively among the

C. elegans cells (Cappelle et al. 2016; Jose et al. 2009). The

other protein, SID-2 is directly involved in the uptake of

ingested dsRNAs and is expressed in the worm intestine

tissue (Cappelle et al. 2016). Thus, non-autonomous RNAi

involves both SID-1 and SID-2 functions sequentially.

SID-2 mediates the initial uptake of dsRNA directly from

the intestinal lumen or environment, while SID-1 functions

at secondary step and transports the dsRNAs into the

cytoplasm (Cappelle et al. 2016; Jose et al. 2009). Similar

process is also observed in other metazoans which is

associated with selective import of extracellular dsRNA. In

silico analysis of Sid-1 homologs of T. castaneum showed

that Sid-1 homologs have more similarity with C. elegans

tag-130, as compared to Sid-1. It was also found that, tag-

130 gene was not involved in systemic RNAi in C. elegans

(Tomoyasu et al. 2008). Thus, SID-1 is not imperative for

uptake of silencing signal in insects. However, an alter-

native dsRNA uptake mechanism might exist in insects,

since robust systemic RNAi response was observed in

some insects such as T. castaneum and mosquitoes even in

the absence of Sid orthologs (Boisson et al. 2006;

Tomoyasu et al. 2008).

The endocytosis-mediated silencing signal uptake

mechanism was based on the receptor-mediated

endocytosis (Saleh et al. 2006; Ulvila et al. 2006).

According to this model, insect cell takes the silencing

signal from environment by receptor-mediated endocytosis

and then actively spreads the silencing signal through

vesicle-mediated intracellular trafficking (Tomoyasu et al.

2008; Saleh et al. 2006). The receptor mediated uptake

mechanism involves secretion of siRNA signal after its

production in the form of vesicle, uptake of siRNAs

through receptor for execution of siRNA-mediated silenc-

ing (Knip et al. 2014). When S2 cell of D. melanogaster

was used to study the uptake mechanism, it was found that

more than 90% of dsRNA uptake depends on SR-CI and

Eater receptors. The D. melanogaster SR–CI shows simi-

larity with the mammalian class A scavenger receptors,

suggesting the possibility of involvement of receptor-me-

diated endocytosis in the uptake of dsRNA in D. melano-

gaster (Saleh et al. 2006; Ulvila et al. 2006). Abolishment

of RNAi phenomenon in C. elegans was observed due to

mutation in endocytosis-mediated genes, indicating the

evolutionary conservation of endocytosis-mediated dsRNA

uptake mechanism in insects (Saleh et al. 2006). However,

the mechanism by which dsRNA are imported to the

suitable position in the cell through endocytosis was not

clearly understood. It was proposed that different receptors,

adapters and sorting signals might play an important role in

this process (Saleh et al. 2006). Recently, uptake through

Sid-1-like channel proteins and receptor-mediated endo-

cytosis was observed in Colorado potato beetle, Leptino-

tarsa decemlineata (Cappelle et al. 2016).

Challenges for successful RNAi in insects

Despite the tremendous utility of RNAi as a promising

strategy for studying fundamental biological questions and

for control of insect pests, there is still a need to analyze

several aspects of RNAi before establishing it as a long-

term effective pest control method in the field. RNAi

application and efficacy remains variable among different

genes, tissues, organisms and life stage of insect. For

example, RNAi effect has been found to be more in

hemocytes of D. melanogaster and Manduca sexta as

compared to other tissues when injected with target gene

dsRNAs (Mao and Zeng 2014; Miller et al. 2008). The

success of RNAi experiments in different species was also

influenced by many biological variables such as variation

in the core RNAi machinery, cellular uptake and propa-

gation of silencing signal and dsRNA degrading enzymes,

as well as other differences in genetic backgrounds (Kitz-

mann et al. 2013; Miller et al. 2008). The aforementioned

challenges can be pacified by considering different exper-

imental factors during designing of experiment, which

include the mode of delivery, dose of the dsRNA molecule

and target gene. We are describing few potential challenges
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involved in using RNAi as a crop protection strategy in the

following sections.

Digestion of dsRNA by insect gut nucleases

Nucleic acid degrading enzymes found inside the insects

gut form an integral part of the digestive cocktail of insects.

The dsRNA molecules are potent substrate for these

nucleases inside the gut and can be easily degraded by

them. Therefore, protection of the ingested dsRNA from

the action of nuclease is necessary for initiation and

functionality of whole RNAi mechanism. Very little is

known about fate of dsRNA inside the insect gut after the

ingestion of plant material. In tarnished plant bug, Lygus

lineolaris, delivery of polygalacturonase dsRNA by injec-

tion led to down-regulation of gene, while dsRNA intake

by feeding approach did not produce any response. The

decrease in the RNAi response was also observed due to

the presence of nucleases in the insect saliva and midgut

(Allen and Walker 2012; Garbutt et al. 2013; Wynant et al.

2014). Garbutt et al. (2013) explained the differential

response of two insects to RNAi by studying the persis-

tence of dsRNA in their hemolymph. They found that

nucleases rapidly degrade dsRNA in M. sexta hemolymph

plasma, while dsRNA persisted for much longer in B.

germanica plasma. The studies proposed that the suscep-

tibility of insect species to RNAi can be defined by the rate

of persistence of dsRNA molecules in the hemolymph

(Garbutt et al. 2013).

Chemical hydrolysis of dsRNA by insects gut pH

Gut pH through the activation and deactivation of certain

set of enzymes digests food material in the insect gut. Due

to the change in pH along the gut from acidic in the

anterior midgut (AM) to basic in posterior midgut (PM),

restricted enzyme activity in different areas of the larval

midgut was seen (Vinokurov et al. 2006). Chemical

hydrolysis (increases with increasing pH) and enzymes in

the gut alone or both together, could affect the stability of

dsRNA (Hakim et al. 2010). Thus, protection of dsRNA is

required from the hostile environment of insect gut.

Coating of dsRNA molecules was one of such approach

which protects the dsRNA from nucleases and pH variation

(Huvenne and Smagghe 2010). Lepidopteran insects

showed less efficient RNAi as compared to coleopteran

insects due to difference in hemolymph composition,

uptake and processing of dsRNA mechanism. It was

observed that dsRNA degraded with fast rate in hemo-

lymph of lepidopteran insect in comparison to coleopteran

hemolymph (Shukla et al. 2016). Thus, difference in gut

environment contributes to variation in RNAi efficiency in

insects. Some insects showed robust RNAi response even

in the hostile environment of insect gut, which might be

due to the presence of associated factors required for the

stability of dsRNAs inside the insects gut (Belles 2010;

Kola et al. 2015; Xu et al. 2016).

Amount of dsRNA molecules

Insect species, life stage, delivery method, abundance of

the target gene transcript and its spatial and temporal

expression profiles decide the requisite amount of dsRNA

molecules for optimal silencing. The insect internal factors

such as the mode of uptake and ability to spread RNAi

molecules also strongly influence the optimal dose of

dsRNA, e.g. in D. melanogaster, RNAi cannot be induced

through extracellular injection in tissues other than hemo-

cytes, due to the absence of dsRNA uptake machinery

(Miller et al. 2008). Multiple introductions of dsRNA

molecules can reduce or enhance the RNAi efficiency

(Araujo et al. 2006; Shakesby et al. 2009), for example

salivary glands of Rhodniu prolixus showed enhanced

RNAi response when supplied with high or mixed dose of

dsRNA molecules (Araujo et al. 2006). The basis of

enhanced RNAi response in this organism can be due to the

activation of RNAi machinery by high dose of dsRNA

molecules (Garbutt et al. 2013; Liu et al. 2013). Whereas,

the high or mixed dose of dsRNA leads to competition

between dsRNA molecules for RNAi machinery and

results in oversaturation of RNAi machinery components,

thereby reducing the RNAi efficiency (Miller et al. 2012).

By optimizing the concentration of dsRNA for ortholo-

gouse genes, off-target effects can be minimized, e.g.

silencing of vacuolar H? ATPase gene in Leptinotarsa.

decemlineata and D. virgifera virgifera by a single dsRNA

depends upon the dose of dsRNA molecules (Baum et al.

2007).

Length of dsRNA molecules

The length of dsRNA utilized to produce siRNA molecules

determined the uptake and silencing efficiency of RNAi in

an organism (Mao et al. 2007; Saleh et al. 2006). The

minimal length of dsRNA, required to obtain maximum

RNAi silencing, varies among insect species (Bolognesi

et al. 2012). In most of the insect feeding experiments,

sequences ranging from[50 to 500 bp were used to obtain

greater success with RNAi (Andrade and Hunter 2016;

Huvenne and Smagghe 2010). Long, unprocessed dsRNA

fragments have been more effective in silencing of genes as

compared to siRNA produced by in vitro synthesis or Dicer

activity (Mao et al. 2007). Jin et al. (2015) expressed the

dsRNA in chloroplast and showed efficient down-regula-

tion of target genes. Chloroplast lacks dsRNA processing

machinery, the unprocessed dsRNAs were taken directly
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by insect for induction of RNAi pathways (Jin et al. 2015).

Recent report showed that processing of dsRNA in fungi

after uptake produced prominent silencing effect as com-

pared to processed siRNA uptake in Fusarium gramin-

earum (Koch et al. 2016). The longer dsRNAs greater than

200 bp will produce more siRNA molecules through dicer

activity, which can be easily taken up by uptake machinery

(Andrade and Hunter 2016; Miller et al. 2012). Contrast-

ingly, there are a few reports where a single chemically

synthesized siRNA molecule were successfully used to

silence acetylcholinesterase (AChE) gene in H. armigera

and tsetse fly (Attardo et al. 2012; Kumar et al. 2009).

Thus, long and short dsRNAs are effective in inducing

gene silencing depending upon the target pest and target

gene.

Life stage of insects

Most insects show prominent RNAi when targeted at

younger stages, due to their smaller size and less developed

body, for example Rhodnius prolixus showed efficient

RNAi response, when nitropin 2 was silenced at second

instar stage as compared to its silencing at 4th instar stage

with same dose of dsRNA (Araujo et al. 2006). Similarly S.

frugiperda, 5th instar larvae showed more silencing effect

as compared to the adults moths (Vinokurov et al. 2006).

Parental RNAi was more prominent when the female pupae

or adults were targeted with dsRNA as compared to the last

instar stage (Bucher et al. 2002). The difference in the

RNAi efficiency at different insect stages was contributed

by the differences in physiological as well as genetic

characteristics of insects.

Mode of dsRNA delivery methods

A successful RNAi response can be achieved by using

efficient delivery method. The major dsRNA delivery

methods explored till now in different organisms include

soaking, microinjection and feeding. Production of inter-

fering molecules at mass scale through these methods can

be used as insecticides (Fig. 1).

Soaking or incubation Soaking is one the best methods to

study RNAi effect in cell culture. In this delivery method,

cells or tissues are soaked in dsRNA solution for a par-

ticular time. Transfecting agents increase the RNAi effi-

cacy by assisting the uptake of dsRNA from the solution.

Uptake of dsRNA through soaking was first reported in C.

elegans by Tabara et al. (1998). Since then, this delivery

method was explored in different organisms such as D.

melanogaster, nematodes and flatworms (Orii et al. 2003;

Tabara et al. 1998). But, due to its limited applicability, it

is rarely used in different experiments.

Injection Simple protocol and its effectiveness in silenc-

ing the gene expression made microinjection the most

popular dsRNA delivery method. In this method, dsRNA is

injected into the target tissue or hemolymph directly with

the help of proper inserting needle. Fire et al. (1998) were

the first to use microinjection in their experiments on C.

elegans for evaluation of the effects of sense and antisense

RNA, singly and in conjunction. Till now, a wide range of

insect species have been tested through dsRNA injection

for functional genomics studies, also proving the utility of

RNAi for elucidating the gene functions in evolutionarily

divergent organisms (Belles 2010; Liu et al. 2010; Ulrich

et al. 2015). The major advantage of using the microin-

jection as the delivery method is that the dsRNAs can be

directly introduced into the targeted tissue with the known

concentration though it is an expensive technique, requires

prior optimization and highly skilled personnel, not feasi-

ble in field (Gu and Knipple 2013; Xue et al. 2012; Yu

et al. 2013). Therefore, this delivery method has very

limited application as pest control strategy.

Spraying In this method dsRNA or siRNA are synthe-

sized in vitro using different methods and then spray onto

the plant surface. Earlier it was thought that spraying will

leads to degradation of siRNAs but recent reports suggest

that it can be utilized as an effective delivery method for

Fig. 1 Use of RNAi as a future insecticide (Source adopted from

Palli 2014)
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dsRNA/siRNA. Miguel and Scott (2016) sprayed dsRNA

of actin gene on leaves against Colorado potato beetle.

They found that dsRNA sprayed plants remained protective

against pest for 28 days under green-house conditions and

dsRNAs were stable on leaf once they got dried. A similar

method of delivery was also found effective against fungal

pathogens (Koch et al. 2016) and viral pathogen (Kon-

akalla et al. 2016). Spraying requires production of dsRNA

or siRNA at large scale, which makes this approach costly

otherwise it is an easy way of dsRNA or siRNA delivery to

plant without undergoing any time taking approaches.

Phloem sap feeding and stem borer insect pest cannot be

targeted through spraying as these pest feed on internal sap

as compared to surface (Li et al. 2015).

Feeding The delivery of dsRNA by oral feeding is less

invasive and comparatively simple as compared to injec-

tion. Timmons and Fire (1998) demonstrated for the first

time the delivery of dsRNA molecules through oral route.

Till now, this approach has been successfully practiced in

seven different insect orders, including at least 15 different

species ranged from agricultural pests to human parasites

(Huvenne and Smagghe 2010). Different dsRNA delivery

methods through feeding approach include the feeding of

dsRNA expressed in bacteria and chemically synthesized

dsRNA through the artificial diet, Nanoparticle/liposome-

mediated dsRNA feeding and feeding of dsRNA through

expression in transgenic plants (Joga et al. 2016; Mamta

et al. 2016; Xue et al. 2012). So far, in most of the func-

tional genomics studies, an artificial diet based feeding

approach was used to decipher the function of genes

(Araujo et al. 2006; Tian et al. 2009; Walshe et al. 2009).

In this method, the artificial diet is mixed with dsRNA/

engineered bacteria and the insect was made to feed on it.

For example, dsRNA feeding of chitinase gene on artificial

diet caused mortality and growth retardation in Mythimna

separate (Ganbaatar et al. 2017). In addition, bacterial

feeding also provides an alternative method for large-scale

screening for target candidate genes (Mao et al. 2007).

In liposome or nanoparticle based delivery system-

dsRNAs containing nanoparticles/liposome are generated

and then, these particles are delivered to insect through

feeding on artificial diet (Zhang et al. 2010). Nanoparticles/

liposome stabilizes the dsRNA molecules during delivery

process and thereby, increases the efficiency of RNAi.

Liposomes are generally formed by conjugation of lipo-

philic molecules such as cholesterol, bile acids, and long-

chain fatty acids (Batzri and Korn 1973). Liposomes-me-

diated efficient uptake of siRNA molecules and silencing

response was observed in mice and D. melanogaster (Wh-

yard et al. 2009; Wolfrum et al. 2007). Similarly, in

nanoparticle based delivery method, dsRNAs are made to

entrap into chitosan polymer via electrostatic forces to form

a chitosan/dsRNA nanoparticles (Howard et al. 2006;

Zhang et al. 2010). Recently, approximately 40–50% lipo-

some-mediated silencing was observed in spotted wing

Drosophila (Taning et al. 2016). However, chitosan/dsRNA

based nanoparticles delivery methods for RNAi has not

been fully utilized for insect pest control. To make RNAi

effective against large number of herbivore insect pests,

plants should be engineering to produced dsRNA against

the insect vital genes. Generally, stable transformation by

RNAi vector is employed for generation of transgenic

plants expressing dsRNA. Transgenic plants are generated

by using RNAi vector which contains the target gene in

sense and antisense orientation separated by an intron

(spacer). The dsRNAs/siRNAs formed inside the transgenic

plants are taken up by insects upon feeding, which lead to

the silencing of the target gene in insects. Generation of

transgenic plants expressing dsRNA is a more practical

method as a pest control strategy for field applications as

compared to other delivery methods. It is labor-intensive,

cost-effective and easy to perform. The disadvantage

associated with this method is that a prior optimization is

required as the exact amount of dsRNA ingested is difficult

to measure (Burand and Hunter 2013; Xue et al. 2012;

Zhang et al. 2013). Plants have RdRp for amplification of

RNAi signals and SID for transport of RNAi signal,

whereas RdRp and SID are absent in insects. Thus, plants

amplify the siRNA molecules and transport them through

phloem and plasmodesmata to other parts. Insect takes

processed and unprocessed dsRNAs from plants through

feeding and then move dsRNA to other body parts or target

sites. Robust and systemic RNAi response was observed in

insects even in the absence of RdRp and SID-1, which

might be due to the presence of other genes or pathways

required for the amplification and systemic response.

Target gene selection

The outcome of RNAi effects in the insect mainly depends

upon the selection of an ideal target gene. The ideal gene

target for RNAi should be vital for insect survival, and

must be highly expresses. It should not have functional

redundancy, so that the silencing effect can be seen easily

(Li et al. 2013; Lomazzo et al. 2011). Terenius et al. (2011)

summarized the response of lepidopteran insects to RNAi

and found that out of 130 genes, 50 genes showed robust

RNAi. Thus, variation in RNAi response of different genes

will depend upon the vitality of the target gene to insect

survival and redundancy of gene in its function. Longer

self-life of protein/mRNA also contributes to the weak

RNAi responses, e.g. silencing of nicotinic acetylcholine

receptor subunit (Da6) gave a very low RNAi response in

both D. melanogaster and T. castaneum due to the long

shelf-life of its protein (Rinkevich and Scott 2013).
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Off-target effect of the target gene

Off-target effect is one of the major limitation associated

RNAi technology. Off-target effects are describes as the

silencing of non-target genes in the same organism or in

non-target organisms. Sequence homology of siRNAs to

the non-target genes especially in its 30 UTR region can

cause off-target effects (Birmingham et al. 2006; Jonathan

and Jian 2013). However, this limitation can be partially

overcome by specific selection of the target region.

The specificity of RNAi effect depends upon the selec-

tion of gene region, which is intended to produce dsRNA

molecules. Through designing dsRNA sequence from a

very less conserved gene region, species-specific silencing

of highly conserved gene can be achieved. Whyard et al.

(2009) showed that the V-ATPase genes of T. castaneum,

M. sexta, A. pisum and D. melanogaster can be specifically

silenced without adversely affecting the other species using

species-specific dsRNA. Thus, off-target effects can be

minimized or prevented by using species-specific dsRNA,

or expressing dsRNA in inducible and tissue-specific

manner Different web-based computational tools are freely

available for designing of the off-target free RNAi

constructs. The above mention results prove that, RNAi

can be used for effective silencing of specific targets as

well as for testing the potential impact of insecticidal

RNAs to non-target organisms.

Host-induced RNAi for insect pest control

RNAi can be successfully employed as a control strategy

against insect pests (Gordon and Waterhouse 2007;

Huvenne and Smagghe 2010; Joga et al. 2016). In most of

functional genomic studies, injection or feeding of bac-

teria expressing the dsRNA was used as a delivery

method to silence different target genes. Silencing of

some genes had produced devastating effects on the insect

growth, development, and survival (Xu et al. 2016). These

studies suggested the possibility of utilization of feeding

bioassay approach for control of insect pests through

RNAi.

In plant-mediated or host-induced RNAi (HI-RNAi)

approach, a crop plant is engineered with hair-pin RNAi

vector to produce dsRNA against the target gene of insect

pest. Upon feeding on plant parts, dsRNA enters into the

insect gut, leading to the induction of RNAi machinery and

Fig. 2 Host-induced RNAi strategy for insect pest control
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then, silencing of the target gene in the insect pest (Fig. 2).

The success of HI-RNAi was first demonstrated by Baum

et al. (2007) and Mao et al. (2007) in their studies on

Diabrotica virgifera virgifera LeConte and Helicoverpa

armigera respectively. The dsRNAs were expressed in

Nicotiana tobacum against H. armigera cytochrome P450

(CYP6AE14) gene (Mao et al. 2007). CYP6AE14 gene is

involved in detoxification of gossypol and highly expres-

sed in the midgut. Feeding of H. armigera larvae on

dsRNA expressing CYP6AE14 N. tobacum plants caused

reduction in CYP6AE14 transcripts. As a result, larvae

were not able to detoxify gossypol and showed retarded

growth (Mao et al. 2007). Baum et al. (2007) through

feeding of dsRNA on artificial diet tested over 290 genes

from Western corn rootworm (WCR) cDNA library in

order to identify potential target genes. They found 14

potential genes and among them, vacuolar ATPase subunit

A (V-ATPase) gene was selected for detailed analysis

through HI-RNAi. They generated corn transgenic plants

expressing dsRNA against the V-ATPase gene of WCR and

observed that transgenic corn plants showed significantly

less root damage as compared to the control plants in

feeding bioassays (Baum et al. 2007). Later, HI-RNAi was

also used for control of different insects through silencing

of various insect vital genes (Jin et al. 2015; Mamta et al.

2016; Thakur et al. 2014; Xiong et al. 2013; Yogindran and

Rajam 2015; Zhu et al. 2012). Hi-RNAi was also combined

with other transgenic approaches in order to enhance

resistance against pests. For instance, transgenic cotton

plants expressing both dsCYP6AE14 and 35GhCP1

(Gossypium hirsutum cysteine protease) were found to be

highly resistant to cotton bollworm than either of the sin-

gle- transgenic lines (Mao et al. 2013). HI-RNAi also gave

great advantage in controlling the sap sucking insects. Sap

sucking insects were found insensitive towards Bt toxin.

They pose great threat by acting as a vector for many virus

born diseases (Li et al. 2011; Malik et al. 2016; Price and

Gatehouse 2008). Mao and Zeng (2014) showed that the

HI-RNAi silencing of gap gene in Myzus persicae

impaired the reproductive potential of insect through

reduction in target gene transcripts. The various studies on

HI-RNAi for control of insect pests are summarized in

Table 2.

Based upon the above mentioned studies, it is evident

that RNAi technology has a tremendous potential for

control of all types of insect pests. In addition, RNAi

technology coupled with Bt or other technologies offers a

great choice in controlling the insects pests, which are

prone to develop resistance against insecticidal proteins.

However, to establish the true potential of HI-RNAi for

combat of insect pests, further development and refinement

of this technology in large-scale field tests are required.
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successful, the potential risks associated with RNAi tech-

nology need to be evaluated.

Conclusion and future directions

Recent studies have shown the potential of RNAi for the

management of insect pests. RNAi involves the basic

conserved mechanism and this feature makes it a suit-

able approach for control of all types of insect pests.

However, the use of RNAi approach for control of pests at

field level is still in its infancy and many road blocks need

to be removed before establishing it as a viable insect pest

control strategy. The continuous supply of dsRNA is

required in sufficient amounts at the specific site for

effective silencing of target genes due to the absence of

silencing signal amplification system in insects. This

problem could be overcome by identifying the vital genes,

change in the expression, which will have detrimental

effect on insect survival, and by engineering plants for the

production of dsRNA molecules against such target genes.

Many insect species including the economically important

insect pests are getting sequenced and the availability of

the whole genome sequences of these insects helps in better

understanding of the RNAi machinery, identification of

novel target genes and in overcoming the challenges faced

during the application of RNAi approach as a pest control

strategy. This new information will facilitate the future

refinement of insect pest control methodologies based on

RNAi and will continue to inspire discoveries of new

strategies, which will provide new solutions to many of the

existing and emerging problems related to the management

of insect pests.
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