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Abstract

Protecting crops against insect pests is a major focus area in crop protection.
Over the past two decades, biotechnological interventions, especially Bt pro-
teins, have been successfully implemented across the world and have had major
impacts on reducing chemical pesticide applications. As insects continue to
adapt to insecticides, both chemical and protein-based, new methods, molecules,
and modes of action are necessary to provide sustainable solutions. RNA inter-
ference (RNAI) has emerged as a significant tool to knock down or alter gene
expression profiles in a species-specific manner. In the past decade, there has
been intense research on RNAi applications in crop protection. This chapter
looks at the current state of knowledge in the field and outlines the methodology,
delivery methods, and precautions required in designing targets. Assessing the
targeting of specific gene expression is also an important part of a successful
RNAI strategy. The current literature on the use of RNAi in major orders of
insect pests is reviewed, along with a perspective on the regulatory aspects of the
approach. Risk assessment of RNAi would focus on molecular characterization,
food/feed risk assessment, and environmental risk assessment. As more RNAi-
based products come through regulatory systems, either via direct application or
plant expression based, the impact of this approach on crop protection will
become clearer.
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10.1 Introduction

Crop protection strategies need continuous improvement and innovation since the
ability of the insect herbivores to adapt to any pest control intervention is well docu-
mented (Georghiou and Lagunes-Tejeda 1991; Storer et al. 2010). The increased
strain on agricultural output due to global challenges such as population growth and
climate change in conjunction with the escalating costs of chemical pest control,
insecticide resistance, and rising environmental and health concerns creates a need
for developing new technologies to close yield gaps and minimize environmental
impacts (Pradhan et al. 2015). Sustainable intensification of crop production by
using the best of conventional plant breeding (adapted germplasm with native resis-
tance) and the best of biotechnology is a theme that is being widely advocated by
the global scientific community to meet the daunting challenge of feeding 9.7 bil-
lion in 2050 (Smith 2013). New biotechnological techniques developed during the
last two decades have helped agriculture to cope with different challenges like pest
resistance, disease, herbicide and stress tolerance, and improved yield and product
quality characteristics. Transgenic crops expressing Bacillus thuringiensis (Bt) pro-
teins have provided excellent yield protection from insect pest damage, and the
success of this technology is evident by the fact that the global planting of crops
genetically engineered to express Bt proteins increased to 78 million hectares in
2014 which is a significant fraction of the >170 M ha of transgenic crops cultivated
worldwide (James 2014; Baum and Roberts 2014). Although Bt sprays and Bt crops
have provided substantial economic and environmental benefits, insect adaptation
resulting from the strong selective pressures imposed, has reduced their effective-
ness (Tabashnik et al. 2013; Carriere et al. 2015). Therefore, as in the case for syn-
thetic and biological insecticides, alternative modes of action (MOAs) for
insect-protected crops are needed, either because some insect species are refractory
to Bt proteins or because some have evolved field resistance to the Bt Proteins. To
that end, RNA interference (RNAi) which targets and knocks down the expression
of genes in a species-specific manner provides significant opportunities for crop
protection by managing pest populations and reducing the spread of vector-borne
diseases (Price and Gatehouse 2008; Lundgren and Duan 2013). Therefore, there is
a growing interest in using dsRNA for insect control, both as a traditional RNAi-
based pesticide and RNAi-based genetically modified crop plants.

RNA interference (RNA1) refers to a collection of biological processes, by which
exogenously applied and endogenously expressed double-stranded RNAs (dsRNA)
target specific endogenous messenger RNAs (mRNAs) for degradation, thereby
silencing their expression by making use of conserved cellular machinery (Zamore
2001). Shortly following its discovery in the nematode, Caenorhabditis elegans
(Fire et al. 1998), RNAI has been observed in a wide range of eukaryotic organisms
and has proved itself to be a powerful tool for investigating gene function (Dykxhoorn
and Lieberman 2005). In plants, the dsSRNA-triggered sequence-specific RNA deg-
radation pathway has been termed post-transcriptional gene silencing (PTGS). The
RNAI pathway is a major antiviral system in plants (Szittya and Burgyan 2013) and
nematodes (Sarkies and Miska 2013) and serves as a broadly acting (Kemp et al.
2013) and robust antiviral pathway in insects (Nayak et al. 2013; Bronkhorst and
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van Rij 2014; Vijayendran et al. 2013). Not only has effective RNAi been demon-
strated in many insect species, but it has also been performed in insects in a variety
of developmental stages. The evidence for functional RNAi has been reported in a
wide range of insect species encompassing different taxonomic groups that include
the Coleoptera (Arakane et al. 2004; Suzuki et al. 2008), Diptera (Lum et al. 2003;
Dietzl et al. 2007), Dictyoptera, Hemiptera, Hymenoptera (Schluns and Crozier
2007; Antonio et al. 2008), Isoptera, Lepidoptera (Chen et al. 2008; YuQ et al. 2008;
Tian et al. 2009; Terenius et al. 2011), Neuroptera, and Orthoptera. Recent studies
have shown the potential applications of this tool in fundamental and applied
research and more specifically for crop protection against insect pests. The inges-
tion of double-stranded RNAs targeting essential insect genes by insects can trigger
RNAI and lead to growth inhibition, developmental aberrations, reduced fecundity,
and mortality. RNAI can therefore be considered as one of a suite of tools for crop
improvement and insect protection.

The range of potential applications of RNAI in agriculture is remarkable, and the
technology is being evaluated to introduce novel plant traits, increase crop yield,
and improve product quality. RNALI is being touted as the “game changer” in agri-
culture because it has provided a highly specific, non-chemical solution for pest and
pathogen control (Baum et al. 2007; Price and Gatehouse 2008; Huvenne and
Smagghe 2010). The remarkable systemic nature of this mechanism in insects
makes RNAi-based insecticides an exciting new IPM alternative for agricultural
pest control (Price and Gatehouse 2008). Proof-of-concept studies clearly illustrate
the efficacy of this technology for crop protection. RNAi-based transgenic plants
intended for market release can be designed to either induce silencing of target
genes in planta or in insect pests (Koch and Kogel 2014). RNAi-based GM crops
have been developed in the laboratory for three major crops: corn (Baum et al.
2007), cotton (Mao et al. 2007; Mao et al. 2011), and rice (Zha et al. 2011). Although
RNAIi was perceived to provide greater specificity in pest control and have little or
no off-target effects, many studies have shown that unintentional off-target gene
silencing in target cells and gene silencing in non-target organisms occur more com-
monly than expected (Baum et al. 2007; Qiu et al. 2005; Mohr and Perrimon 2012).
An overall picture of the field risks, the environmental fate of dSRNA and RNAi
effects in variation trials (differential effects of RNAI treatments), is emerging (Chu
et al. 2014; Palli 2014; Lundgren and Duan 2013). Our review focuses on the cur-
rent knowledge of RNAi mechanism in general and highlights the scientific data
generated in insects with respect to mechanism, dsRNA uptake, and how RNAi can
complement the existing technologies for crop protection for achieving optimum
crop productivity.

10.2 RNAi Mechanisms and Machinery

Important insights have been gained in elucidating the detailed mechanism of RNAI,
since its initial discovery, and definitions have been proposed to differentiate the vari-
ous aspects of RNAI in plants and animals. Whangbo and Hunter (2008) categorized
the RNAI response into the following three types: cell autonomous, environmental,
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and systemic. Environmental and systemic RNAi are together referred to as non-cell
autonomous RNAi. Cell autonomous RNAI refers to the silencing effect that is
encompassed within the cells where dsRNA is constitutively expressed or exoge-
nously introduced. In the non-cell autonomous RNA, the silencing signal is directly
picked up by cells from the environment, viz., gut or hemocoel. The phenomena in
which the silencing signal (siRNA and/or dsRNA) spreads to neighboring cells or
remote tissues from an epicenter of cells is called systemic RNAi, whereas in envi-
ronmental RNAi, RNAi pathway is triggered by environmental exposure (either by
soaking or feeding), and this may or may not be followed by systemic movement of
the silencing signal (Baum and Roberts 2014). The presence of non-cell autonomous
RNAI in arthropods and its specificity are two important factors that paved the way
for using this technology in pest control. However, for the successful application of
the technology as a crop protection agent, environmental RNAi must first be evalu-
ated, and a suitable delivery system for dsRNA has to be identified.

The RNAi machinery can be categorized into two functional groups: (1) the
intracellular machinery, consisting of the Dicer and Argonaute proteins, and (2) the
“systemic machinery,” composed of factors that amplify the dsRNA trigger and
allow it to spread to other tissues within the animal or even to the next generation
(Siomi and Siomi 2009; Swevers 2012). The RNAi pathway is initiated upon recog-
nition of the long dsRNA precursor molecule that varies in length and origin and
can be introduced into the cell through microinjection, transfection, or expression
from endogenous genes (Huvenne and Smagghe 2010; Whangbo and Hunter 2008).
dsRNA can also move into the cells through the transmembrane transporters SID1/2
or the endocytosis machinery (Feinberg and Hunter 2003; Jose and Hunter 2007).
The dsRNA precursors are processed by Dicer-2, a ribonuclease III (RNase III)
family dsRNA endonuclease, into ~ 19-25 nt long siRNA duplexes with character-
istic 2 nucleotide (nt) 3’ overhangs. The dsSRNA-binding motif proteins (dSRBMs)
facilitate the assembly of the siRNAs with the RNase H enzyme Argonaute-2
(Ago2), to form a multi-protein RNA-induced silencing complex (RISC) (Hammond
etal. 2001), where one of the siRNA strands (the passenger) is degraded in a process
dependent upon Ago2 and the endoribonuclease C3PO (component 3 promoter of
RISC) (Liu et al. 2009). The other strand (the guide) is retained and remains associ-
ated with Ago2 and is 2’-0-methylated on its 3" terminal nt by the Henl methyl-
transferase, thus creating a mature RISC (Horwich et al. 2007; Saito et al. 2007).
Base pairing of the guide strand to a complementary target single-stranded RNA
(including mRNAs) leads to Ago2-mediated degradation of the target (Meister and
Tuschl 2004). The siRNA mechanism of the RNAi pathways is harnessed as an
experimental tool to target and degrade specific mRNAs with sequence homology
to the administered/incorporated dsRNA molecules.

The fundamental components of the RNAi machinery are evolutionarily con-
served among insects and are readily identified in insect species whose genomes
have been sequenced (Zhu et al. 2014). The ribonuclease III enzyme Dicer, one of
the key enzymes involved in RNAi pathways, is encoded by variable number of
genes and presents distinct functions among organisms. While mammals and nema-
todes have a single Dicer responsible for functions in siRNA and miRNA pathways
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(Ghildiyal and Zamore 2009), insects have two Dicer proteins, Dcr-1 and Der-2 that
are assigned to the miRNA and siRNA pathways (Lee et al. 2004). Dcr-1 preferen-
tially processes the pre-miRNA to miRNA, whereas Dcr-2 is in charge of process-
ing long dsRNA into siRNAs (Tomoyasu et al. 2008; Aronstein et al. 2011; Asgari
2013). miRNAs are processed from endogenous genes and function in the regula-
tion of gene expression, while the siRNAs are derived from dsRNA molecules and
provide defense against invading viruses. The argonaute family proteins (AGO) are
the central protein components of the silencing complexes (RISC) that act in medi-
ating target recognition and silencing (Peters and Meister 2007) and have been
observed in different insect taxonomic groups (Aronstein et al. 2011; Swevers et al.
2013). The Ago proteins with a proven role in determining RNAI efficiency were
found to be duplicated in the Tribolium castaneum genome (Tc-Ago-2a and
Tc-Ago-2b), whereas Drosophila carries only one copy of the AGO-2 gene, thereby
suggesting a relationship between number of copies of AGO gene and insect RNAi
response (Tomoyasu et al. 2008).

In animals, the uptake of dsRNA is facilitated by two machineries, viz., the trans-
membrane channel-mediated uptake machinery based on SID-1(systemic interfer-
ence defective-1) and SID-2 proteins (Jose and Hunter 2007) and the
endocytosis-mediated uptake machinery (Saleh et al. 2006). In C. elegans, the
SID-1 protein is inferred to function as a dSRNA channel (Winston et al. 2002), and
the SID-2 has been implicated in dsSRNA uptake by gut cells and probably functions
in environmental RNAi (Jose and Hunter 2007). SID-1 homologues are detected in
the genomes of insects belonging to Coleoptera, Lepidoptera, Hymenoptera, and
Hemiptera but not Diptera (Gordon and Waterhouse 2007). Although putative insect
orthologs of the C. elegans sid genes have been described in various insect species,
their involvement in RNAI is still not known (Xu and Han 2008; Huvenne and
Smagghe 2010). The sid-1-like genes of insects show greater sequence homology
with the C. elegans gene chup-1, a cholesterol transporter that has no involvement
in RNALI, than to sid-1 (Valdes et al. 2012; Luo et al. 2012). In Drosophila melano-
gaster, which lack a SID gene ortholog, dsRNA uptake occurs by receptor-mediated
endocytosis (Saleh et al. 2006). In the nematode C. elegans and in many plants,
there exists a host-derived RNA-dependent RNA polymerase (RdRp), for amplify-
ing the silencing signals by generating “secondary siRNAs” that sustain the RNAi
response (Carthew and Sontheimer 2009). There is no evidence of such RdRp
homologue in any insect genome sequenced to date (Tomoyasu et al. 2008). There
is considerable ambiguity on how the RNAI triggered by the acquisition of dSRNA
molecules is sustained in insect cells, and it is speculated that some unknown mech-
anism may be responsible for the systemic RNAi response (Barnard et al. 2012).

10.3 Important Considerations of an RNAi Experiment

Although RNA:I is a highly conserved cellular mechanism and its use for the control
of insect herbivores seems to be very straightforward, RNAi application and effi-
cacy remain variable between genes, life stages, and organisms. Factors that
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determine the success of RNAi experiments in different insect species include the
uptake of dsSRNA (environmental RNAi and/or systemic RNAI), presence/absence
of the core RNAi machinery, cellular uptake and propagation of signal (Roignant
et al. 2003; Miller et al. 2008), and dsRNA degrading enzymes (Arimatsu et al.
2007), as well as other differences in genetic backgrounds (Kitzmann et al. 2013;
Scott et al. 2013). These biological variables have been experimentally studied in
different insect species. A detailed description of different factors influencing the
success of RNAI technology in insects is presented below.

10.3.1 Identification of Target Genes

For successful RNAI, the choice of the essential genes that can trigger a lethal RNAi
response in the insect pest requires careful consideration. Target gene selection is
crucial yet challenging especially for those pest species that are usually difficult to
rear in the lab or those that lack the required genomic and genetic tools for a whole
animal-high-throughput-screen. In such cases, data from appropriate insect model
systems can be subjected to large scale unbiased RNAI screens for target gene iden-
tification (Ulrich et al. 2015). The abundance of target gene transcript and the rate
of protein turnover are two important factors that influence the outcome of an RNAi
experiment. An mRNA pool with high turnover that codes for a protein with a short
half-life is considered an ideal gene target for RNAI (Scott et al. 2013). Phenotypic
evaluation of gene function using RNAi may not be easy for a stable protein with a
long half-life. Another limitation is that for majority of genes, mRNA turnover and
protein half-life are not known. Potential target genes which will function under
field conditions can be identified by performing bioassays that closely mimic the
conditions in the field. A precise choice of the target region from the target gene for
dsRNA synthesis will ensure the specificity of RNAi and concurrently limits the
off-target effects. Identification of essential targets is possible by extended literature
search, analyses of available DNA/RNA sequence databases, and gene screening
mediated by second-generation sequencing (Andrade and Hunter 2016; Wang et al.
2011). Insect genomics research initiatives have steadily increased in the last two
decades due to the availability of cost-effective, high-throughput DNA sequencing
platforms that have contributed to the sequencing of genomes of agriculturally
important organisms. These efforts have broad implications in insect functional
genomics studies, enhancing the throughput of RNAI target identification and
development of insect management technologies.

10.3.2 Designing the RNAi Molecule

When designing RNAi experiments, important considerations regarding the design
of a specific RNAi molecule (in the form of dsRNA, siRNA, or a hairpin RNA) for
a target gene of interest (GOI) include the length of the molecule, sequence identity
to the target transcript of the insect, and the region targeted within the mRNA



10 Insect RNAI: Integrating a New Tool in the Crop Protection Toolkit 199

(Scott et al. 2013; Andrade and Hunter 2016). The length of dsRNA is an important
parameter for successful RNAI as different efficacies by different sizes of dsSRNA
were reported by Whyard et al. (2009) and Saleh et al. (2006). Although the mini-
mal required length to achieve an optimum RNAI effect varies among insect species
(Bolognesi et al. 2012), greater success with insect RNAi has been achieved with
dsRNA molecules of >50-200 bp in length (Huvenne and Smagghe 2010). Huvenne
and Smagghe (2010) provide a comprehensive survey of the length range of dsR-
NAs used in early studies: from 134 to 1842 bp, with most studies using 300—
520 bp. The advantages of using longer >200 bp dsRNA for RNAI strategies in pest
management are the production of many siRNAs against the targeted mRNA tran-
script, potentially maximizing the RNAi response. Occasionally, designing of RNAi
molecules, shorter in length than ideal, may achieve desired specificity. Studies
have shown the effectiveness of chemically synthesized siRNAs (obtained by dicing
the dsRNA in vitro before delivery to the insect) in the suppression of target gene
expression.

Another important aspect in the design of dSRNA sequences is the stringency to
be adopted in order to achieve the desired specificity and avoid/minimize off-target
effects. This property facilitates the designing of species-specific sequences that
mediate insect lethality and is a prerequisite for taking the technology from the
laboratory to the field. As reported by Zhang et al. (2010), two genes with high
sequence similarities can both be silenced by the same dsRNA. This has important
implications in off-target effects. Therefore the target gene and target region should
be carefully determined in order for adequate and specific RNAi. The gene regions
(e.g., 5" or 3’ end of the gene) to which RNAi molecules are designed have also
yielded variable results, thus emphasizing the importance of screening multiple
RNAI sequences for a gene of interest (Mao and Zeng 2012; Pridgeon et al. 2008;
Loy et al. 2012).

The RNAi molecule design process can be aided by software tools, algorithms,
and databases that evaluate the genome sequence and RNA folding kinetics to opti-
mize effectiveness. Following are some of the online software tools that are avail-
able to minimize off-target effects and achieve specific and precise silencing effect:
the NEXT-RNAI software enables the design and evaluation of siRNAs and long
ds-RNAs and can be used for the design and evaluation of genome-wide RNAi
libraries in an organism-independent manner for all sequenced and annotated
genomes. The input data for the analysis are the desired target sequences and an
off-target database. The Next-RNAi software was deployed to design novel genome-
wide RNAL libraries of long dsRNA for the following insects, viz., D. melanogaster,
T. castaneum, and Anopheles gambiae, and to design multiple RNAi for a specific
gene to study associated phenotype (Horn et al. 2010). The web-based E-RNAI tool
initially developed for RNAIi experiments in C. elegans and Drosophila (Zeynep
et al. 2005) provides siRNA and long dsRNA design suggestions suitable for RNAi
experiments in a variety of other species and insects that include Apis mellifera, T.
castaneum, Acyrthosiphon pisum, A. gambiae, and Aedes aegypti (Horn and Boutros
2010). It can calculate off-target impacts that may affect the phenotypic results. The
dsRNA sequences are evaluated for their specificity and efficiency. The dicer
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enzyme in the RNAi machinery cleaves long dsRNA into small 19-22 nucleotides
long siRNAs. dsCheck is a software that investigates individual 19 nucleotide frag-
ments of long dsRNA and produces a list of potential off-target gene candidates
based on its novel algorithm. This tool provides off-target search to verify previ-
ously designed dsRNA sequences and also presents “off-target minimized” dsRNA
design (Naito et al. 2005).

10.3.3 Delivery of dsRNA for Insect RNAi

The effective introduction of the RNAI trigger into an organism and its subsequent
entry into the RNAi pathway is the most limiting factor of the RNAi experiment.
There are many methods of dsSRNA delivery reported and applied in RNAIi experi-
ments, including microinjection (Tan et al. 2008; Martin et al. 2006), feeding (in
vitro synthesized dsRNA) (Zhou et al. 2008; Zhu et al. 2011), transgenic plants
expressing dsRNA(Baum et al. 2007; Mao et al. 2007), nanoparticle RNAi (Zhang
et al. 2010), soaking (Terenius et al. 2011; Ulvila et al. 2006), and topical applica-
tion (Pridgeon et al. 2008). Intracellular RNAi results from the expression of hairpin
RNAs as transgenes or during the introduction of dsRNA into cells by electropora-
tion or transfection or by direct delivery into a cell. Extracellular RNA, which
requires the uptake of dSRNA molecules by the cells, is achieved by soaking, feed-
ing, or injection into the hemocoel (Yu et al. 2013). From the studies it is evident
that most insect RNAI studies relied on the delivery of specific dsSRNA triggers
through either microinjections (Fire et al. 1998; Adams et al. 2000) or ingestion
through feeding (Ulvila et al. 2006; Rangasamy and Siegfried 2012). Each of these
methods has its own advantages and limitations which are discussed further.

10.3.3.1 Delivery of dsRNA Trigger Through Injection
(Microinjection)

Microinjection is a widely used dsRNA delivery method in arthropods, and the first
successful microinjection experiment performed in vivo was in D. melanogaster
embryos in which the expression of frizzled and frizzled 2 genes was down regulated
by intracellular RNAi (Kennerdell and Carthew 1998). This technique was subse-
quently used to deliver dsRNA to the giant silk moth, Hyalophora cecropia
(Bettencourt et al. 2002). Although, the sequencing of D. melanogaster genome in
2000 (Adams et al. 2000) made RNAI a popular research tool in functional genom-
ics of this model insect, extracellular RNAi seems to have limited application in this
species (Dzitoyeva et al. 2001). A plausible reason for this could be the fact that the
cells in most larval tissues seem to be recalcitrant to the uptake of dsSRNA from
outside the cell (Miller et al. 2008), whereas some tissues in the adults are able to
take up dsRNA (Tomoyasu et al. 2008), thus limiting the use of RNAi in gene func-
tion studies. In 7. castaneum, a stored product pest, and a coleopteran model insect,
microinjection of dsRNA, both in larvae and adults, is widely used in functional
genomics studies, as this species shows a robust systemic RNAi response (Tomoyasu
and Denell 2004). Comprehensive microinjection protocols for RNAi experiments
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have been published for the two model insects, Tribolium and Drosophila, and these
protocols provide a quick reference and standard for similar experiments in other
arthropod species. Successful delivery of dsSRNA by injection has also been demon-
strated in Lepidoptera; however, the method has shown great variation in effective-
ness between species and is not as simple as shown in other taxa (Terenius et al.
2011; Kolliopoulou and Swevers 2014). Nonetheless, quite a number of RNAi
microinjection experiments have been performed in species from the order
Lepidoptera with most notable success achieved with Bombyx mori and Manduca
sexta, and the members of the Saturniidae family were found to be quite sensitive to
RNAI using hemocoel injection as the dsSRNA delivery method, compared to other
species within the order (Yu et al. 2013). In the moth species, RNAi based on dsRNA
microinjection has been applied to all life stages, viz., egg (Osanai-Futahashi et al.
2016; Fabrick et al. 2004), larvae (Mohammed et al. 2015; Sun et al. 2016; Zhao
et al. 2013), pupa (Choi et al. 2012; Qian et al. 2015), and adults (Abrieux et al.
2013; Hassanien et al. 2014). Injection of dsSRNA has been proven successful to
cause a knockdown effect in the economically important model insect, the A. mel-
lifera (Farooqui et al. 2003; Gatehouse et al. 2004; Aronstein and Saldivar 2005).

Microinjection has also been used to deliver dSRNA or siRNA for RNAI in the
agriculturally important hemipteran herbivores, the pea aphid, A. pisum (Jaubert-
Possamai et al. 2007; Mutti et al. 2006), whitefly, Bemisia tabaci (Ghanim et al.
2007), and nymphs and adults of the small brown plant hopper, Laodelphax striatel-
lus (Liu et al. 2010). Microinjection of long dsRNA into the body cavity of B. tabaci
caused downregulation of genes uniquely expressed in the midgut and salivary
glands, and injection of dsRNA targeting the whitefly Drosophila chickadee homo-
logue caused phenotypic effects in the ovaries of B. fabaci. The disruption of gene
expression in the hemipteran herbivores opens the door to new strategies aimed at
curbing down the deleterious effects of these insect pests to agriculture (Ghanim
et al. 2007).

Microinjection protocols are currently available for various taxa, including
Lepidoptera, Diptera, Hymenoptera, the Orthopterans, and Cockroaches (Terenius
et al. 2011; Blandin et al. 2002; Martin et al. 2006; Belles 2010; Huang and Lee
2011; Nakamura et al. 2008). Microinjection has been applied to all life stages in
hemi- and holometabolous insects, and a large variation in the success rates of these
experiments has been observed between different species, genera, and taxa (Yu
et al. 2013). In the case of larvae, injections are usually carried out dorsally or
between segments, whereas in adults the tissue under the wings is the easiest loca-
tion to inject the organism. Microinjection has both its advantages and disadvan-
tages compared to the other methods of dsRNA delivery. This technique allows
researchers to get the dsRNA directly and effectively into the tissue of choice or into
the hemolymph without being hindered by barriers such as the integument or the gut
epithelium, in addition, to providing the flexibility to deliver the precise amount of
dsRNA. However, an important shortcoming of this technique in insects is the
mechanical damage during the injection, which is quite significant when targeting
embryos and neonatal larvae and pupae (Scott et al. 2013; Yu et al. 2013). The
mechanical damage may also have undesirable effects or even obscure the targeted
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effects especially when studying the function of genes relation to behavior and sur-
vival using RNAIi. Furthermore, this method is time-consuming and labor-intensive,
requires expertise, can only be used in the laboratory, and is not suitable for RNAi-
based pest control (Xu et al. 2016).

10.3.3.2 Delivery of dsRNA Trigger Through Ingestion

Feeding is another method for introducing dsRNA into an organism for triggering
RNAI. RNAI triggered by ingested dsRNA was first demonstrated in C. elegans
(Timmon and Fire 1998; Timmons et al. 2001) and subsequently applied in various
insects and taxa such as Spodoptera exigua, Diabrotica virgifera virgifera, and
Epiphyas postvittana (Turner et al. 2006; Baum et al. 2007; Tian et al. 2009;
Surakasi et al. 2011). The dsRNA used for ingestion experiments can either be
expressed in bacteria or plants, or they can be synthesized in vitro and then fed to
insects either by mixing with food or by supplying as solution droplets. Uptake of
bacterially expressed dsRNA was applied in S. exigua to suppress the expression of
S. exigua chitin synthase A (SeCHSA) gene, a non-midgut gene specifically
expressed in the cuticle and trachea of S. exigua (Tian et al. 2009). The study further
established that the phenotypes recovered post-ingestion were dependent on the
dsRNA dosage and accumulation. Transcriptional suppression of target gene expres-
sion in salivary glands of the tick, Ixodes scapularis (Soares et al. 2005), and fat
body tissue of Reticulitermes flavipes (Ulvila et al. 2006) was observed when
dsRNA was delivered through ingestion route. The oral delivery of in vitro synthe-
sized dsRNA either by dissolving the dsRNA in liquid artificial diets (Sadeghi et al.
2009) or overlaying on the surface of solid foods was used in T. castaneum, A.
pisum, and M. sexta for the knockdown of a species-specific E-subunit of the
vATPase gene (Whyard et al. 2009), which led to 50-75% mortality in all three
insect species (Yu et al. 2013). RNAI triggered by ingested dsSRNA that was deliv-
ered via artificial diet surface coated with dsRNA or food that was mixed with
dsRNA was effective in Drosophila species (Whyard et al. 2009). Transient sup-
pression of p1 integrin subunit (BSel) expression in S. exigua gut epithelium was
achieved by providing dsRNA-treated cabbage leaf disks to fourth instar larvae, and
significant mortality was also recorded (Surakasi et al. 2011).

The dsRNA droplet feeding as described by Turner et al. (2006) is yet another
method applied in the research on a larval gut carboxylesterase gene (EposCXE]1)
and the adult antennae-expressed pheromone binding protein (EposPBP1) gene in
E. postvittana larvae and a cytochrome P450 (CYP6BG1) gene in Plutella xylo-
stella (Bautista et al. 2009). Successful knockdown of the target gene and signifi-
cant RNAI effects were observed in these studies proving the efficacy of ingestion
as a method for effective RNAi. Nanoparticle-mediated RNAi technique, in which
dsRNAs were entrapped by the polymer chitosan via electrostatic forces to form a
chitosan/dsRNA nanoparticle, was another innovation for delivering the dsRNA to
insect by ingestion (Zhang et al. 2010). Formation of nanoparticles was believed to
enhance the efficacy of RNAi by providing improved stability to the dsSRNA mole-
cule through the delivery process (Yu et al. 2013). Oral delivery of dsRNA can also
be achieved by exposing the target insects to transgenic plants that express hairpin
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dsRNAs targeting specific genes from insects to increase their resistance to herbivo-
rous insects (Baum et al. 2007; Mao et al. 2007). Silencing of genes in target insects
of Lepidoptera, Coleoptera, and Hemiptera was evaluated effectively by delivery of
dsRNAs through transgenic plants (Baum et al. 2007; Pitino et al. 2011; Zha et al.
2011). Model plants such as thale cress (Arabidopsis thaliana) (Zha et al. 2011; Liu
et al. 2015), tobacco (Nicotiana tabacum) (Mao et al. 2007), rice (Oryza sativa)
(Zha et al. 2011), tomato (Solanum lycopersicum) (Mamta and Rajam 2016), and
cotton (Gossypium hirsutum) (Mao et al. 2011) were transformed to express dSRNA
against target herbivores.

Oral delivery of dsRNA into insects for RNAi can thus be performed by any of
the following approaches, viz., artificial diet, detached plant parts, or intact plants,
and provides several advantages. Not only is this technique easy to perform, it is a
labor-saving, cost-effective, and comparatively less invasive method with the
potential for high-throughput screening of target genes and potential for field
application (Tian et al. 2009; Kamath et al. 2000). This method may be the most
suitable method for developing RNALI pesticides since it allows RNAIi through pest
insect feeding on sprayed dsRNA-based pesticide or transgenic plant and bacteria
that express dsSRNA (Xu et al. 2016). The limitations of oral delivery of dsRNA
include the limited or no efficiency of dsRNA ingestion in inducing RNAi in some
insect species, thereby suggesting that the technique may not be suitable for all
species. In S. litura, ingested dsRNA targeting a gut-specific aminopeptidase N
failed to induce RNAi (Rajagopal et al. 2002). The gut environment of the target
insect species and the final effective dosage/concentration delivered or needed for
RNAI are difficult to determine and optimize, which could compromise the inves-
tigations (Turner et al. 2006; Surakasi et al. 2011).

10.3.3.3 Delivery of dsRNA Trigger Through Soaking
and Transfection

Soaking, as a method for successful delivery of dsRNA and induction of specific
RNAI response, was first reported in C. elegans (Tabara et al. 1998) and subse-
quently applied to large-scale analysis of gene function in nematodes and other
species. This method is particularly suitable for RNAi analysis in insect cell lines
and tissues, as well as in specific life stages of insects, such as eggs and neonate
larvae (Yu et al. 2013; Wang et al. 2011; Wu et al. 2016; Singh et al. 2013). The S2
cells derived from D. melanogaster embryos were used for initial soaking experi-
ments by adding specific dSRNA to the cell growth medium to suppress specific
gene expression, and then subsequently this method became the most commonly
used method for inducing RNAI response in S2 cells (Clemens et al. 2000; Caplen
et al. 2000; Shah and Forstemann 2008). Since then, RNAi experiments in Sf27 cells
derived from ovaries of S. frugiperda were conducted using this technique, in which
the downregulation of target genes was accomplished by soaking the cells in dSRNA
(Sivakumar et al. 2007) and siRNA (Agrawal et al. 2004) solutions. It was however
observed that simple soaking of the cells in dSRNA supplemented culture medium
was not sufficient to trigger an RNAi response in some species, but introduction of
the dsRNA into the cells by transfection was probably more efficient technique
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when compared to soaking (Beck and Strand 2005; Valdes et al. 2003). Soaking
appears to work with similar efficiency as feeding in C. elegans; however, it is not
as effective as microinjection (Tabara et al. 1998). The method is easy to use and is
suitable for conducting high-throughput RNAi screens (Perrimon and Mathey-
Prevot 2007) and genome-wide analysis in the study of phenotypes characterization
(Sugimoto 2004).

10.3.3.4 Other dsRNA Delivery Methods

Other methods to introduce dsRNA trigger into organisms, including electropora-
tion (Osanai-Futahashi et al. 2016), virus-mediated delivery (Kontogiannatos et al.
2013), and bacterial symbiont mediated delivery (Whitten et al. 2016), have also
been applied to RNAI in insects including moths (Xu et al. 2016).

10.3.4 Impact of dsRNA Dosage on RNAi

Optimal concentration of dsRNA uptake by an insect determines the final outcome
of RNAI, and the dose required varies with insect species, developmental stage of
the insect, the abundance of target gene transcript, and the delivery method used. A
higher dose is usually required when the RNAi molecule is delivered orally as com-
pared to injection. For RNAI studies using microinjection, it is not possible to use
very high concentrations because of the viscous nature of the dSRNA solutions.
Although very high doses of dsRNA can be incorporated into the insect artificial
diets, synthesizing large amounts of dSRNA may not be cost-effective, thereby pre-
senting a major experimental bottleneck (Scott et al. 2013). The presence of nucle-
ases in various extracellular fluids of insects, such as the saliva of Lygus lineolaris
(Allen and Walker 2012), the digestive juices of B. mori (Arimatsu et al. 2007), and
the hemolymph of M. sexta (Garbutt et al. 2013), also impacts the dosage of RNAi
trigger that can cause effective RNAI as the breakdown of dsSRNA may not provoke
an optimum RNAI response. In the pea aphid, A. pisum, a lack of response in RNAi
feeding and injection assays was associated with the degradation of dSRNA by both
the salivary secretions and the hemolymph (Christiaens et al. 2014). Finally, insect
gut pH is yet another factor that influences the efficiency of RNAi. It has been
observed that gut pH is quite variable among insect orders with the pH being pre-
dominant acidic in Coleopteran larvae to strongly alkaline in some species of
Lepidoptera. All of these biochemical factors in the gut greatly influence the stabil-
ity of dsRNA and impact the bioavailability of dsSRNA to suppress target gene
expression (Price and Gatehouse 2008). The strong alkaline gut pH in the
Lepidopteran larvae may be a contributing factor in the species from this order for
being recalcitrant to gene silencing by RNAI. The effects of RNAI in insects usually
begin to appear within 4 to 5 days post-ingestion suggesting that there may be a
dose response (Yu et al. 2013). In several insects, the RNAI efficiency is either low
or variable at best, and therefore a relatively high dosage of RNAI trigger molecules
is needed to compensate for the species- and tissue-specific antagonistic biological
factors, viz., degradation of dSRNA and weak activity of the RNAi machinery that
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impact the efficacy of RNAi. Furthermore, the mode of uptake, the ability to process
RNAi molecules, and the ability to spread the signal are other important factors that
influence the essential dose required to induce an RNAi response.

10.3.5 Evaluation of RNAi Experiments

The desired result of an RNAi experiment varies with the objective of the study
(gene function analysis or insect control). For research attempting to develop novel
RNAi-based product for insect control, a successful outcome would be to obtain
high insect mortality, whereas for gene function analysis, physiological indices of
predicted function should be central to the analysis. Therefore, defining and inte-
grating the appropriate physiological and fitness assays in the experimental design
are critical (Scott et al. 2013). Furthermore, in order to expedite the process of
development of a viable pest control product using RNAI strategy, identifying the
best delivery mechanism (i.e., topical sprays, baits, or transgenic plants) early in the
product development phase is of utmost importance (Andrade and Hunter 2016).

10.3.5.1 Bioassays

RNAI bioassays for insects are optimized taking into consideration the feeding
behaviors of insects, and the in vitro experiments are designed to mimic conditions
the insects will encounter in the field. A range of concentrations of dsRNA are tested
to select an optimal concentration for effective RNAi. For insects with piercing-
sucking mouthparts, artificial feeding bioassays are being used widely for RNAi.
However, major drawbacks associated with liquid feeding bioassays (dASRNAs mixed
in a liquid diet or a sucrose solution) include the high mortality levels observed in the
controls, the significantly higher dsSRNA concentrations required to achieve mortal-
ity, and the increased degradation of dsSRNA in the liquid diet due to bacterial or
fungal contaminations (Upadhyay et al. 2011). Also, it has been reported that con-
centrations of up to 1 pg/pL cannot be reproduced inside plant vascular tissues
(Borgio 2010; Katoch et al. 2013; Tomizawa and Noda 2013), which is an important
parameter to consider when developing an effective RNAi control strategy against
the plant sap feeders (Andrade and Hunter 2016). Successful oral uptake of dsSRNA
delivered via host plants treated with dsSRNA either as a foliar spray or root drench
was demonstrated in two hemipteran insects, the xylem-feeding leafthopper
(Homalodisca vitripennis) and the phloem-feeding Asian citrus psyllid (Diaphorina
citri) (Hunter et al. 2012). Cost-effective feeding bioassays for screening large num-
ber of dsSRNA molecules against the hemipteran pests can be developed using leaf
disks, whole leaf, new growth leaves and stem, or root cuttings (Andrade and Hunter
2016). These bioassays can be terminated after 8—10 days of observations for mortal-
ity and may be extended further to record observations on insect oviposition, egg
viability, or nymph development, since the plant material was found to remain viable
for up to 40 days on an average. These bioassays provide the flexibility to screen for
the synergistic effects of multiple dsSRNAs in addition to screening single dsSRNA
against multiple insect herbivores of a specific host plant (Andrade and Hunter 2016).
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For bioassays in chewing insects, viz., the Lepidoptera and Coleoptera, which are
foliage feeders, topical foliar spray is a suitable method for delivery of dsSRNA. Host
plant leaves sprayed with dsSRNA solution are fed to the insect, and the RNAI effects
are evaluated. The effectiveness of this procedure was reported with the Coleopteran
insects such as western corn rootworm (WCR) (Bolognesi et al. 2012), Colorado
potato beetle (CPB) (Miguel and Scott 2016), the diaprepes root weevil (DRW), and
Diaprepes abbreviatus L. (Andrade and Hunter 2016) and in several other species as
well. In WCR, the dsRNA delivered as a foliar spray silenced genes in tissues far
from the gut epithelium, and in CPB, the actin dsRNA conferred protection against
insect damage for at least 28 days under greenhouse conditions, and the dsSRNA was
found to be quite stable. Since chewing insects tend to consume a lot of leaf material
each day, a low-dose spray may be able to deliver a significant amount of RNAi
trigger.

10.3.5.2 Controls

When conducting RNAi experiments, depending on the type of assay/treatment,
including a negative control, viz., empty vector, empty cassette, buffer only, or a non-
specific control (such as dsGFP (green fluorescent protein) gene region), is essential
as this will aid in discriminating specific gene silencing from the simple induction of
siRNA processing machinery by exposure to a dSRNA. The reporter dSRNA used as
a negative control is selected on the basis of having no off-target effects; hence, it
should not show sequence similarity to any known insect mRNA transcript.

10.3.5.3 Quantifying the Transcript Levels

The most commonly used method for tracking effectiveness of RNAi is the
RT-qPCR, a method that measures the successful reduction of transcript levels as a
result of RNAI and expressed as a percent reduction of the relevant transcript in the
treatment group versus the negative control group. Although this method is widely
used and accepted, the choice of the reference or housekeeping genes for calculat-
ing relative transcript levels is challenging, and these genes although identified and
validated on the species level show variable expression depending on the physiol-
ogy of the insect and the tissue being targeted.

The final phenotypes obtained as a result of a successful RNAi experiment
depend on the reduction of protein levels for the gene of interest; therefore, it is
highly desirable to determine relative protein concentration. However, there is a
possibility of no correlation between the protein levels and the level of transcript
suppression; in addition a distinct phenotype may not be observed or recovered
despite successful suppression of transcript levels especially when redundancy is
built into a specific biological function (Scott et al. 2013). Proteins with a long half-
life interfere with the phenotypic changes. For example, a significant phenotypic
change in spinosad sensitivity was not observed when RNAi was used to suppress
the expression of an a6 nicotinic acetylcholine receptor subunit involved in spi-
nosad toxicity in both D. melanogaster and T. castaneum, suggesting that the RNAi
may not be an appropriate method to study the role of target genes where the protein
is stable for longer periods (Rinkevich and Scott 2013).
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10.4 Insecticidal RNAi and Crop Protection

The potential of insecticidal RNAIi for crop protection and management of insect
herbivores and beneficial insects is widely recognized, and the following options,
viz., transgenic plants expressing the insecticidal RNAL1 trait (plant-mediated RNAI)
and using dsRNA as a traditionally applied insecticide, are being pursued by indus-
try and academia for product development (Xue et al. 2012; Lundgren and Duan
2013). RNAI offers exquisite specificity and flexibility that cannot be matched by
other crop protection interventions such as chemical insecticides, biological con-
trol, or protein-coding transgenes (Scott et al. 2013). The breakthrough in applying
insecticidal RNAI strategy for controlling agricultural pests via transgenic plants
expressing hairpin dsRNA to target specific gene regions of the insect pests came
from studies conducted on the western corn rootworm, D. v. virgifera (WCR) (Baum
et al. 2007), and cotton bollworm, Helicoverpa armigera (CBW) (Mao et al. 2007).
Baum et al. (2007) screened 290 gene targets for evaluating RNAi response in larval
WCR, from which they observed rootworm mortality or stunting in approximately
2/5 of the targets screened at concentrations as low as ~50 ng/cm? in surface overlay
diet bioassays (Baum et al. 2007; Baum et al. 2011). A distinct phenotypic response
was not observed on suppression of certain gene targets (Baum and Roberts 2014).
A gossypol-induced cytochrome P450 gene, CYP6AEI4, was targeted for RNAi
analysis in CBW by Mao et al. (2007). The gene is expressed in the larval midgut
and permits the bollworm to tolerate inhibitory concentration of the cotton second-
ary metabolite, gossypol. When CBW larvae were fed A. thaliana or N. tabacum
leaves expressing CYP6AET4 dsRNA, lower expression levels of this transcript was
observed in the midgut, and larval growth was retarded, and both effects were more
dramatic in the presence of gossypol. The demonstration of plant resistance to
insects mediated by the RNAi-based trait has not only added a new tool to the crop
protection toolkit but has exemplified the following key issues for successful envi-
ronmental RNAI in crop pests: a large number of specific gene targets are available
that can be screened, the choice of the target sequence(s), the size of the RNAI trig-
ger, and the mode of delivery of the RNAI trigger (Baum et al. 2007; Mao et al.
2007; Bolognesi et al. 2012; Khajuria et al. 2013).

Due to the long product development timelines, slow regulatory approval of plant
delivered RNAI, and the recalcitrant nature of species in some taxa toward environ-
mental RNAI, the future of the RNAi-based insect pest management strategies may
depend on non-transformative RNAI strategies and development of topical formula-
tions (Hunter et al. 2010; Baum and Roberts 2014). Alternative approaches are being
developed for using RNAI strategy as a conventional topically applied pesticide. The
use of topical sprays relies on the penetration or adsorption of the RNAI trigger
through the insect cuticle, thereby bypassing the insect gut (Wang et al. 2011). For
achieving commercial success with the RNAI strategy as a conventional topically
applied pesticide, efficient methods for production, delivery, and increased stability
of dsRNA have to be developed. Nanoparticle-mediated RNAi was found to be an
effective delivery method and provided a better stability of dsRNA in some insects
(Yu et al. 2013; Zhang et al. 2010; Palli 2014). The delivery of dsRNA using
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nanoparticles reduces dsRNA degradation and increases cellular uptake of intact
dsRNA (Joga et al. 2016). The perceived advantages in using chitosan nanoparticles
such as being low-cost, enabling high-throughput evaluation of phenotypes (Mysore
etal. 2014), and being nontoxic besides their biodegradable nature (Dass and Choong
2008) make them a novel tool for dsSRNA delivery (Zhang et al. 2010). Chitosan
nanoparticles were used to demonstrate gene knockdown effects in A. gambiae
(Zhang et al. 2015) and diet-based delivery of chitosan nanoparticles suppressed
gene expression in Asian corn borer (He et al. 2013). Recently, topical application of
pathogen-specific dSRNA for virus resistance in plants was reported (Mitter et al.
2017). dsRNA was loaded on designer, nontoxic degradable, layered double hydrox-
ide (LDH) clay nanosheets, and the complex is referred to as “BioClay.” BioClay
offered protection against cucumber mosaic virus (CMV) and pepper mild mottle
virus (PMMov) in the local lesion or systemic infection assays. LDH-based nanopar-
ticle technology can also be used in similar way to offer insect protection in plants.

Cost-efficient methods for the production of vast amounts of dsRNA are being
optimized and include bacterial, plant, and synthetic production (Palli 2014;
Andrade and Hunter 2016). The use of bacteria to synthesize and deliver dsRNA is
being pursued for managing agricultural pests especially in non-major crops, such
as vegetables and fruits, and for developing insecticidal baits for urban pests, such
as ants, cockroaches, and termites (Zhou et al. 2008; Ratzka et al. 2013). The deliv-
ery of dsRNA through bacteria and viruses and improving the RNAi efficiency
through use of nanoparticles, liposomes, and/or chemical modifications are dis-
cussed in Joga et al. (2016). Many of the main crop pest species have already been
targeted by RNAI technology using various genes and delivery methods. The first
RNAi-based product as a spray is expected for market release during 2017/18 (Joga
et al. 2016).

10.4.1 Coleoptera

RNA:I is quite effective in insects that belong to order Coleoptera (Tomoyasu et al.
2008), and this fact has been corroborated through studies conducted in different
species from the order. The utility of RNAI in both basic and applied science has
been demonstrated in the beetle species, and they appear to be the first target group
to be controlled by the new generation of RNAI transgenics (Palli 2012; Palli 2014;
Rodrigues and Figueira 2016). Small quantities of ingested dsRNA appears to be
sufficient to initiate RNAi response in beetles, such as the western corn rootworm,
Colorado potato beetle, southern corn rootworm, Diabrotica undecimpunctata how-
ardi, and the canola flea beetle, Phyllotreta striolata (Baum et al. 2007; Bolognesi
et al. 2012; Zhao et al. 2008; Baum and Roberts 2014), which was evident by low
LCs values (1-10 ppb). This level of sensitivity to ingested dSRNA was not observed
in insect species outside the order Coleoptera, and the sensitivity was exhibited by
both the larval and adult stages (Rangasamy and Siegfried 2012; Zhao et al. 2008),
although the in vivo amplification of dSRNA/siRNA has not been shown in beetles.
While systemic RNAI is functional in most beetle species studied, variable RNAi
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responses have been documented across the species, notably to orally delivered
dsRNA. RNAIi does not seem to work uniformly in all beetles, as illustrated in stud-
ies with red flour beetle, T. castaneum, and cotton boll weevil, Anthonomus grandis
(Baum et al. 2007; Whyard et al. 2009). The western corn rootworm is one of the
most important agricultural pests in which plant-mediated RNAi was successfully
demonstrated. Significant larval stunting and mortality were observed in the WCR
feeding on maize roots that express a hairpin version of the housekeeping gene
vacuolar ATPase (vATPase). The maize roots showed less injury as well (Baum
et al. 2007). Comprehensive studies of RNAi in corn rootworm by Baum et al.
(2007) provided important insights into the parameters for successful RNAi, for
example, their study showed that screening a large number of gene targets through
simple surface overlay diet bioassays at relatively low concentration of ~50 ng/cm?
was effective in identifying suitable targets causing lethal phenotypes for successful
environmental RNAI in corn rootworm. At least 2/5 of the total 290 gene targets
screened were found to cause rootworm mortality or stunting (Baum et al. 2007,
Baum et al. 2011). Specifically, the study by Baum et al. (2007) reported no signifi-
cant difference in efficacy of six ~300 bp dsRNAs corresponding to the V-ATPase
region in target gene knockdown in WCR suggesting that a single dsRNA of this
size is optimum for RNAIi in rootworms. Growth inhibition and mortality were
observed in adults fed with vATPase dsRNA-treated artificial diet containing the
feeding stimulant cucurbitacin as bait (Rangasamy and Siegfried 2012). In this
study, mRNA levels were found to decrease within 24 h of ingestion of dsRNA;
however, decrease in protein levels was observed only after 3 days of feeding. The
RNAI effect resulted in mortality, although complete suppression of protein was not
achieved. A detailed study of the corn rootworm Snf7 ortholog (DvSnf7), which
encodes an essential protein involved in intracellular trafficking showed that
dsRNAs of greater than or equal to approximately 60 base pairs (bp) are required for
the initiation of biological activity in artificial diet bioassays (Bolognesi et al. 2012).
Additionally, 21bps short interfering (si) RNAs are not taken up by the midgut cells
and therefore failed to trigger the silencing of Snf7 gene, supporting the size versus
activity relationship observed in diet bioassays.

Parental RNAi (pRNALI) is an RNA interference response where the gene knock-
down phenotype is observed in the progeny of the treated organism (Vélez et al.
2017). In this type of RNAI, the uptake of dsRNA that targets genes regulating
embryonic development by adults results in reduced egg hatch rates or complete
absence of viable larvae, with the adults remaining unaffected (Khajuria et al. 2015;
Fishilevich et al. 2016). A recent study by Vélez et al. (2017) probed the parameters
for successful parental RNAi in WCR for two target genes the chromatin remodel-
ing gene brahma (brm) and the gap gene hunchback (hb). The parameters investi-
gated included the concentration, duration, and timing of exposure, with respect to
the mating status in WCR females, and the effects of brm and hb dsRNA on male
sperm viability and fecundity were also evaluated. Results from this study demon-
strate that all parameters studied affect the strength of pRNAi phenotype in females
and very subtle effects on sperm count were observed in males. These diet-based
pRNAI studies thus provide a framework for developing the technology for field
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level testing of plant-based pRNAi. Hu et al. (2016) reported the discovery of two
new gene targets, the dvssj/ and dvssj2, in WCR that are orthologs of Drosophila
genes snakeskin (ssk) and mesh, respectively. Oral delivery of dsRNA targeting
dvssjl and dvssj2 through diet-based insect feeding assays demonstrated target gene
suppression, larval growth inhibition, and mortality. Transgenic plants expressing
dsRNA of dvssjl were protected from WCR damage and showed insecticidal
activity.

Since the leading insect model organism, D. melanogaster, lacks a robust sys-
temic RNAI response, Tomoyasu et al. (2008) analyzed the genes involved in RNA-
mediated gene silencing and the systemic RNAi response in 7. castaneum. These
studies showed that 7. castaneum contains a relatively larger inventory of core com-
ponent genes than D. melanogaster that probably is responsible for the observed
sensitivity of this coleopteran species to dsRNA. Functional analysis of three
Tribolium homologues of C. elegans sid-1 genes suggested that 7. castaneum sid-
like genes are not required for systemic RNAi. Target genes having clear RNAi
phenotypes in the model insect 7. castaneum were studied further in D. v. virgifera
larvae, to test the efficacy of RNAI for target-site screening. Delivery of dsSRNA of
D. v. virgifera orthologs of laccase 2 (DvvLac2) and chitin synthase 2 (DvwCHS?2)
by injection resulted in prevention of post-molt cuticular tanning and reduced chitin
levels in midguts, respectively, thus providing a tool for identifying potential insec-
ticidal target in western corn rootworm (Alves et al. 2010).

Colorado potato beetle (CPB), a notorious insect pest on solanaceous vegeta-
bles potatoes, tomatoes, and eggplants, has not only developed resistance against
insecticides but also has an exceptional ability to detoxify plant chemicals.
Transgenic potato plants expressing dsRNA targeting CPB genes demonstrated
limited success. Feeding dsSRNA expressed in bacteria was found to work very well
in killing CPB (Palli 2014). In insects species where long dsRNA is more effective
than siRNA for effective environmental RNAi, plant-mediated RNAi may not be
effective against insect herbivory if there are low levels of dsRNA in the tissue due
to the presence of the endogenous plant RNAi pathways that processes dsRNAs
into short interfering RNAs. This bottleneck was addressed by expressing the
dsRNA in chloroplasts (which lack an RNAi machinery), thereby improving the
levels of dsRNA needed to provide protection (Zhang et al. 2015). Transplastomic
potato plants expressing hairpin versions of B-actin and Shrub genes in the chloro-
plasts conferred complete plant protection from insect herbivory; a dramatic
increase in the dsRNA levels that induced up to 100% mortality of the CPB in only
5 days was also observed in these plants.

10.4.2 Lepidoptera

The order Lepidoptera (moths, butterflies, and skippers) represents not only the
second largest order in the class Insecta, but also includes major pests of agricultural
importance (Xu et al. 2016). The lepidopteran insect herbivores were successfully
managed by the first-generation insecticidal plants expressing the Bt proteins for
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nearly two decades; however, recent reports of resistance evolution to Bt proteins
have created the need to find alternatives to manage these pests. Consequently, the
lepidopterans were one of the first and main targets for RNAi crops. However, stud-
ies have highlighted that in Lepidoptera RNAi has many times proven to be difficult
to achieve, and a large variation in response was observed across species (Terenius
etal. 2011; Xu et al. 2016). Furthermore, a review of the experimental data of RNAi
in Lepidoptera also revealed interesting trends, viz., RNAI is particularly effective
in the family Saturniidae, genes involved in immunity are good RNAI targets,
knockdown of gene expression in the epidermal tissue seems to be the most difficult
to achieve, and high dsRNA dosages are needed for silencing genes by oral delivery
of dsRNA (Terenius et al. 2011). Comparative studies of RNAi response in the
Coleopteran (robust RNAi response) and Lepidopteran insects (poor RNAi response)
undertaken to understand the varying RNAI efficiency in these two insect orders
suggest that despite efficient uptake of dSRNA by the Lepidopteran and Coleopteran
cell lines, the dsRNA was degraded faster in the Lepidoptera. Furthermore, experi-
mental evidence showed that the dsSRNA was processed to siRNA in Coleoptera but
not in Lepidoptera thus suggesting that dsRNA degradation, poor intracellular
transport of dsRNA, reduced accessibility of dsSRNA to the RNAi machinery, and
reduced activity of the RNAi machinery are the likely factors for poor RNAi
response in Lepidopteran insects (Shukla et al. 2016).

The first lepidopteran RNAi experiments were reported in 2002, where the knock-
down of a pigment gene following the dsRNA injection into B. mori embryos (Quan
et al. 2002), the silencing of hemolin gene expression by heritable RNAi in H. cecro-
pia embryos (Bettencourt et al. 2002), and a study on a putative Bacillus thuringien-
sis toxin receptor in Spodoptera litura (Rajagopal et al. 2002) were reported. An
increasing number of reports were published since 2007, and particularly after 2010,
that describe the successful RNAi experiments in moth species using classic and
novel dsRNA delivery methods, viz., microinjection, feeding, soaking, electropora-
tion, and transgenic insect technique, as well as viral-mediated, bacterial-mediated,
and plant-mediated dsRNA uptake. A comprehensive review of the recent progresses
of the RNAI technique in moths has been published by Xu et al. (2016). Chemically
synthesized dsRNA or siRNA was used to demonstrate and validate gene function in
initial studies in Lepidoptera, and in later studies it was used to identify suitable tar-
gets for RNAi-based crop protection. In all of these studies, the dsSRNA was deliv-
ered to the insects either by incorporation of the dsRNA into artificial diet, by droplet
feeding, or by treating the leaf tissue prior to feeding. The first example of gene
silencing via oral delivery of dsRNA was reported by Turner et al. (2006) in the
brown apple moth, Epiphyas postvittana (Walker), to achieve suppression of several
target genes by droplet feeding of 4000 ppm dsRNA solution. Subsequently, silenc-
ing via oral uptake of dSRNA was reported in a wide range of lepidopteran species,
but the objective of these studies was not to illustrate the RNAi-mediated insect con-
trol or mortality but to investigate gene function in a metabolic or developmental
process by selectively suppressing the target gene expression (Belles 2010). Some
examples of these early RNAI studies mediated by oral delivery of dsRNA include
the down-regulation of a cytochrome P450, CYP6BGI in the diamondback moth,
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Plutella xylostella, which reduced the larval resistance to permethrin (Bautista et al.
2009); the knockdown (63—64% reduction of transcript level) of a gut-specific chitin-
ase gene (OnCht) in the European corn borer (ECB), Ostrinia nubilalis larvae, which
facilitated an understanding of the regulation of chitin content in the peritrophic
matrix (PM) of ECB (Khajuria et al. 2010); the suppression of B1 subunit integrin
(BSel) gene expression from the beet armyworm, S. exigua, to study its role in cel-
lular immune response and larval development (Surakasi et al. 2011); and a 5 pL
drop of 3ug SfT6 dsRNA was used in feeding assays to demonstrate the role of a
serine protease gene in the processing of the B. thuringiensis Cry1Cal insecticidal
protein in the fall armyworm (Rodriguez et al. 2010). High concentrations of dsSRNA
(50-2500 ppm) were used in all cases, and a concentration-dependent mortality was
reported upon silencing of the fSel subunit gene in the beet armyworm (Surakasi
etal. 2011) and the vacuolar ATPase E subunit gene in M. sexta (Whyard et al. 2009).
A vacuolar ATPase-A gene and an arginine kinase gene were targeted in the tomato
leafminer, Tuta absoluta, an invasive lepidopteran insect pest that is a major threat to
commercial tomato production worldwide causing yield losses of up to 100% in vari-
ous regions (Desneux et al. 2011; Camargo Barbosa et al. 2016). The uptake of
dsRNA by the moth larvae from tomato leaflets treated with in vitro synthesized
dsRNA resulted in approximately 60% reduction in transcript accumulation in the
larvae for both the targets selected, increased larval mortality and protection against
insect herbivory (Camargo Barbosa et al. 2016).

Several studies in Lepidoptera also used chemically synthesized siRNA to sup-
press target gene expression because of the difficulties faced in delivering sufficient
dsRNA to the Lepidopteran gut epithelial cells (Gong et al. 2011). Feeding siRNAs
specific to acetylcholine esterase AChE to H. armigera larvae at ~0.35 ppm along
with the artificial diet resulted in a 15% increase in insect mortality followed by
other phenotypes which include growth inhibition of larvae, pupal weight reduc-
tion, malformation, and lower fecundity as compared to the control larvae (Kumar
etal. 2009). Similar results were reported when acetylcholine esterase genes AChE1
and AChE2 genes were targeted in P. xylostella using chemically synthesized and
modified siRNAs (Gong et al. 2013). The siRNAs were modified by addition of a
dTdT overhang in the 3’end, 2’-methyl-nucleotides, and 5’ polyethylene glycol
(PEG), and this sodium salt formulation contained chitosan. In this study it was
found that silencing of PxAChE?2 caused higher mortality compared to PXAChE1,
thus confirming the importance of PxAChE?2 in P. xylostella. In the laboratory cab-
bage leaf bioassays, one siRNA, Si-ace2_001, at a concentration of 3 pg cm2 dis-
played the best insecticidal activity causing 89.0% mortality and exhibited LCs, and
LCy, values of 53.7 pg/mL and 759.71 pg/mL, respectively (Gong et al. 2013). In
the field evaluation, P. xylostella larvae feeding on Brassica oleracea and B. albo-
glabra treated with different siRNA doses had no negative effects on plant morphol-
ogy, color, and growth of vein; however, Si-ace2_001 in the dose of 200 ppm was
moderately harmful to the larvae with a mortality of 58.8% 5 days after exposure
(Gong et al. 2013). These studies suggest that siRNA can be readily taken up by
insect larvae with their diet, and there might not be a strict dSRNA size dependency
to the environmental RNAI in lepidopterans (Baum and Roberts 2014).
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The uptake of large dsRNA expressed in Escherichia coli has also been reported
to impact the growth and survival of the lepidopteran larvae. In S. exigua, silencing
a chitin synthase A by feeding the larvae with bacterial culture expressing dsSRNA
caused larval mortality to increase by 14%, 21%, 26%, and 18% in the first-instar
larvae, fourth and fifth larval instars, the prepupae, and pupae, respectively (Tian
et al. 2009). Silencing the CYP6B6 gene by feeding larvae with bacteria expressing
dsRNA caused a 27% increase in larval mortality in H. armigera (Zhang et al.
2013). Targeting the expression of arginine kinase (AK), an important regulation
factor of energy metabolism in invertebrates, by delivering the dsRNA to larvae
through diet containing bacteria expressing arginine kinase dsRNA caused larval
mortality in H. armigera to increase by 2—11% (Qi et al. 2015). A major limitation
in these studies was that neither the concentration of dsRNA in diet nor the effect of
dsRNA alone was reported (Baum and Roberts 2014). Yang and Han (2014) reported
the evaluation of different dsSRNA delivery methods in H. armigera and concluded
that continuous ingestion of the bacteria expressing dSRNA was detrimental to
insect development and survival than naked dsRNA and the naked dsRNA degraded
much faster in the midgut than in hemolymph. Feeding-based RNAi mediated by
dsRNA expressed in bacteria or synthesized in vitro, of a molt-regulating transcrip-
tion factor CiHR3 in Sugarcane stem borer, Chilo infuscatellus Snellen, caused sig-
nificant abnormalities and weight loss in insects within 7 days of treatment (Zhang
et al. 2012). However, silencing a juvenile hormone esterase-related gene via bacte-
rial delivery of dsRNA did not result in a phenotype in the corn stalk borer, Sesamia
nonagrioides (Kontogiannatos et al. 2013).

Transgenic plants expressing insect-specific dSSRNAs have been considered as a
promising strategy for improving pest resistance to insect herbivory in crops, and
therefore studies were undertaken in Lepidoptera to demonstrate the suppression of
gene expression via plant-mediated dsSRNA delivery. Most studies reported so far
that used transgenic plants have targeted genes in H. armigera to suppress the devel-
opment and survival of the moth pest (Xu et al. 2016). Significant suppression of the
ecdysone receptor (EcR) gene expression was observed in H. armigera larvae that
fed on tobacco plants expressing EcR dsRNA, and it resulted in significantly higher
lethality (40%) compared to the gfp control group (10%). Moreover, the growth of
the larvae fed on leaves of transgenic tobacco plants expressing HaEcR dsRNA was
significantly delayed, their body sizes reduced, and the larvae died with significant
molting defects (Zhu et al. 2012). Elevated mortality and developmental aberrations
were reported in the larvae of the beet armyworm when fed on the same transgenic
tobacco tissue, probably because of the shared sequence similarity of the EcR target
sequences in these two species (Zhu et al. 2012).

Xiong et al. (2013) reported larval mortality of 22-30% and >50% mass reduc-
tion in H. armigera that fed on transgenic tobacco leaf disks expressing the dSRNA
of a molt-regulating transcription factor (HaHR3). Transgenic cotton plants express-
ing a dsRNA derived from the H. armigera gossypol-inducible cytochrome P450
CYP6AE]4 did not cause mortality in H. armigera larvae that fed on the transgenic
tissue; however the plants showed increased tolerance to insect herbivory (Mao
et al. 2011). An increase in larval stunting was achieved by co-delivering a cysteine
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proteinase to damage the larval peritrophic matrix that led to higher gossypol accu-
mulation (Mao et al. 2013). This study suggests that plant damage by insect her-
bivory can be mitigated by targeting detoxification mechanism in the insect midgut,
since it appears to not require a systemic RNAIi response in the insect (Baum and
Roberts 2014). A recent study used transgenic tobacco (Nicotiana tabacum var.
Xanthi) and tomato (Solanum lycopersicum Mill cv. Pusa early dwarf) plants
expressing H. armigera chitinase dSRNA (Mamta and Rajam 2016) to show that
RNAi-induced mortality in H. armigera larvae that fed on transgenic tissue increased
by up to 45%. Transient expression of the dsRNA of the vacuolar ATPase-A gene
and an arginine kinase gene of 7. absoluta, in the tomato plants by infiltration of
Agrobacterium cells carrying binary plasmids expressing the target gene hairpin
constructs, and uptake of dsSRNA by the larvae by feeding on this tissue conferred
plant protection against insect feeding damage and reduced target transcript accu-
mulation in the larvae and associated lethality. This study provides evidence that
RNAI could be a promising alternative approach for the control of 7. absoluta
(Camargo Barbosa et al. 2016).

The delivery of dsRNA targeting larval stage-specific transcripts, as a topical
application at 50 ppm, was found to cause significant gene silencing and larval mor-
tality at 5 days post-spray in the Asian corn borer, Ostrinia furnacalis (Wang et al.
2011). From this study it was inferred that sprayed dsRNA could have either directly
penetrated the body wall and reached the target site via the hemolymph or reached
the site of action via the tracheoles to produce RNAI effect. It was also reported that
significant RNAi-induced lethality was observed in many of the treatments despite
the absence of significant gene silencing at day 3; this raises pertinent questions
about the role of a non-RNAi mechanism in the effects observed or the sensitivity
of the method used for measuring transcript knockdown (Wang et al. 2011).

10.4.3 Hemiptera

Hemipterans (whiteflies, aphids, leathoppers, and plant hoppers) representing major
agricultural pests of crops have piercing sucking mouthparts that are inserted into
the plant vascular system. These pests inflict direct damage to plants by sucking sap
and indirect damage as vectors transmitting plant pathogens particularly plant
viruses (Price and Gatehouse 2008). The systemic insecticides predominantly used
to control sap-sucking insects pests have contributed to insecticide resistance and
high residual activity. Since these pests are recalcitrant to Bt proteins, novel control
strategies have to be developed to manage them. The development of an RNAi-
based trait provides a good option for controlling hemipteran herbivores; however,
the outcome of this strategy relies on the effective delivery of the dSRNA through
the vascular tissues (Andrade and Hunter 2016).

RNAI experiments have been successfully confirmed in the hemipteran herbi-
vores encompassing several economically important pests such as the whitefly
(Bemisia tabacti), the brown plant hopper (Nilaparvata lugens), the pea aphid (A.
pisum), and plant bugs. In hemipterans, as with other insect orders, early studies



10 Insect RNAI: Integrating a New Tool in the Crop Protection Toolkit 215

were aimed at studying gene function and not insect mortality or pest control
(Belles 2010; Paim et al. 2013). These experiments revealed that the oral delivery
of dsRNA for gene silencing is an attractive alternative to microinjection in
Hemiptera because of the relatively small size and fragile nature of the immature
stages (Baum and Roberts 2014). Furthermore, for using RNA!I trait in crop protec-
tion, oral uptake is a preferred route for dsRNA delivery to insect body, although
microinjection was the typical mode of delivery in many of the successful experi-
ments. Difficulties have also been reported in achieving optimum RNAI in some
Hemiptera, including A. pisum and the tarnished plant bug, Lygus lineolaris (Allen
and Walker 2012), due to the limited persistency of the RNAI trigger in the insect
body. Across all RNAi experimental data available for Hemiptera to date, it has
been observed that there is substantial amount of variability in the dietary concen-
trations of dsRNA required for knocking down gene expression levels and/or
obtaining lethal phenotypic effects, and response ranging from very low to com-
plete knockdown of the transcripts was reported (Baum and Roberts 2014;
Christiaens and Smagghe 2014). This variation is seen not only between different
species within the order but even between experiments conducted within the same
organism. It has been observed that the Hemiptera require a much higher dietary
concentrations of dsRNA, viz., at least three orders of magnitude higher than the
effective concentrations used with the coleopteran species (Baum and Roberts
2014). These studies also provide valuable insights on the best approaches and
targets for using RNALI as a pest control strategy.

Gene silencing following ingestion of dsSRNA delivered via artificial diets and
transgenic plants has been reported for several hemipteran insects. The v-ATPase
subunit E gene knockdown in A. pisum and associated mortality (Whyard et al.
2009), suppression of gene expression by 41-48% in N. lugens (Li et al. 2011), the
silencing of aquaporin 1 (ApAQP1) gene leading to elevated hemolymph osmotic
pressure in A. pisum (Shakesby et al. 2009) and in the same species, depletion in the
expression of gap gene hunchback (Aphb), a key regulator in the antero-posterior
patterning causing the expression of a lethal phenotype (Mao and Zeng 2012),
silencing of the gene trehalose phosphate synthase (NITPS) gene in N. lugens caus-
ing suppression of transcript expression, disturbed development and lethality in the
planthoppers (Chen et al. 2010), and the downregulation of the Ecdysone receptor
(SaEcR) and ultraspiracle protein (SaUSP) genes of the grain aphid Sitobion avenae
F. that impacted aphid survival and fecundity (Yan et al. 2016) are some examples
of gene silencing and/or associated phenotypes following ingestion of dsRNA in
Hemiptera. Upadhyay et al. (2011) reported silencing of the ribosomal protein L9
(RPL 9) and vacuolar ATPase subunit A in the whitefly, Bemisia tabaci, upon inges-
tion of dSRNA/siRNA, with the LCs, values of 11.21 and 3.08 pg/mL, respectively.
More than 80% mortality was observed when the target gene expression was
knocked down in whiteflies, and the insects showed remarkably higher sensitivity to
siRNA. Wuriyanghan et al. (2011) demonstrated the induction of specific RNAi
effects in the potato/tomato psyllid (B. cockerelli) by using a modified artificial
feeding system containing 15% sucrose, food coloring, and Cy™3-labeled
dsRNA. Their study reported that significant RNAi effects were observed when
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dsRNAs were provided at high concentrations (500 ng/pL or 1000 ng/pL), and this
observation was consistent with those reported in other insects such as light-brown
apple moth (E. postvittana) and pea aphid (A. pisum) (Turner et al. 2006; Shakesby
et al. 2009). In grain aphid, S. avenae, feeding large dsSRNA for multiple gene tar-
gets (selected after transcriptome profiling) at dietary concentration of 7.5 ng/pL
resulted in downregulation of target gene expression, mortality, and developmental
stunting of the aphids (Zhang et al. 2013). This study reports achieving lethal RNAi
phenotypes at relatively low concentrations of dsRNA (7.5 ppm), which will mini-
mize the risks associated with off-target effects of using high dsRNA dosages and
thus facilitate the application of plant-mediated RNAi for developing insect-proof
plants. Furthermore, a homologue of Coo2 (a protein effector that promotes host
plant colonization in A. pisum (Mutti et al. 2008)) from grain aphid SaCoo2, was
found to cause increased mortality in the S. avenae RNAi experiments; however,
how the knockdown of this gene impacts aphid feeding behavior on artificial diets
is ambiguous (Mutti et al. 2008; Zhang et al. 2013). Feeding high concentration of
Inhibitor of apoptosis (IAP) dsRNA (1000 ppm) failed to elicit any detrimental
effect in L. lineolaris nymphs (Allen and Walker 2012), although silencing of the
same target gene via dsRNA injection resulted in mortality (Walker and Allen
2011). In the corn plant hopper, Peregrinus maidis, two genes encoding subunits of
P. maidis V-ATPase (V-ATPase B and V-ATPase D) were chosen as RNAI target
genes, and two delivery methods, viz., oral delivery (500 ng/uL) and microinjection,
were evaluated to investigate the effectiveness of RNAi (Yao et al. 2013). Both
methods of dsRNA delivery resulted in knockdown of target transcripts; however,
with microinjection a reduction of 27-fold in the normalized abundance of V-ATPase
transcript 2 days post-injection was observed as compared to a two-fold reduction
after 6 days of oral ingestion. The injection method was more rapid and effective,
and although prolonged suppression of (day 6) the VATPase D transcript resulted in
a detectable lethal phenotype, it was observed at a time point where significant mor-
tality was observed in the control insects as well (Yao et al. 2013; Baum and Roberts
2014). This experiment highlights the limitation of the artificial diet experiments for
RNAI studies in Hemiptera, where the phenotypes caused by environmental RNAi
are slow to manifest and keeping the insects alive on an artificial diet for >7 days
can be a major challenge. Consequently, plant-mediated RNAI, viz., the in planta
production of dsRNA of essential insect genes, has been a preferred method for the
proof-of-concept studies in Hemiptera.

The plant-mediated RNAi effects of three genes expressed in the midgut of N.
lugens were studied (Zha et al. 2011), and although target gene expression was sup-
pressed in the hoppers feeding on the GM rice plants, no lethal phenotype was
detected. RNAI activity was demonstrated by targeting Myzus persicae genes
expressed in gut (Rackl, a receptor of activated kinase) and salivary glands
(MpCoo2) (Pitino et al. 2011). Gene expression was knocked down by up to 60%
when aphids were fed on N. benthamiana leaf disks transiently producing dsRNA
corresponding to these genes and on A. thaliana plants stably producing the dsR-
NAs. A decrease in the fecundity of M. persicae was observed that was consistent
with these genes having essential functions; however, no lethal effects were
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observed. Injection of Coo2 siRNA into pea aphid adults (A. pisum) resulted in a
dramatic depletion of the target salivary gland transcript, and the aphids injected
with siCoo02-RNA died well before the control aphids injected with green fluores-
cent protein (Mutti et al. 2006), suggesting the greater efficiency of microinjection
over plant-mediated dsSRNA uptake for controlling this species. A similar outcome,
viz., reduced fecundity but no mortality, was observed when M. persicae fed on A.
thaliana expressing dsRNA of a serine protease gene (Bhatia et al. 2012) and
tobacco plants expressing dsRNA targeting the hunchback (hb) gene (Mao and
Zeng 2014).

Three target genes (Rakl, MpCoo2, and MpPIntO2) with different functions in
aphids were selected to study the persistence and trans-generational effects of plant-
mediated RNAI in the green peach aphid (Coleman et al. 2015). This study demon-
strated that for the three genes examined RNAi-mediated downregulation and
persistence levels in the aphids were not influenced either by the gene sequence or
the function; however, a continuous supply of dSRNA was required to maintain the
RNAI effect since insects lack genes encoding an RNA-dependent RNA polymerase
(RdRP), the enzyme necessary for the siRNA amplification step that leads to persis-
tent RNAI effects (Sijen et al. 2001). The finding that the RNAI effect is transferred
to the next generation in aphids revealed by the downregulation of target genes in
nymphs born from mothers exposed to dsSRNA-producing transgenic plants renders
plant-mediated RNAIi as a powerful tool for aphid control (Coleman et al. 2015).
More recently, it was shown that transgenic tobacco lines expressing long dsSRNA
precursors of v-ATPaseA provided resistance to whiteflies by delivering sufficient
siRNA to knockdown the whitefly v-ATPase gene expression. A significant silenc-
ing response leading to whitefly mortality was recorded in whiteflies feeding on
transgenic plants (Thakur et al. 2014). A comprehensive review of the plant-
mediated RNAI studies reveals that the dSRNA produced by the plants is processed
into short siRNA molecules by the plants own RNAi machinery. The presence of
long dsRNA in the plant phloem was mentioned in only one report. These data sug-
gest that the sap-sucking insects are mainly taking up siRNA rather than longer
dsRNA, although it has been suggested that the RNAi machinery in insects mainly
responds to dsRNA (Christiaens and Smagghe 2014).

10.5 RNAi Risk Assessment and Regulation

As RNAi-based technologies for crop improvement, pest control, and therapeutic
applications are developed and products utilizing these technologies are gearing up
for market release, assessment of perceived risks will be of prime importance. The
potential risks associated with the RNAi-based technologies can be categorized and
assessed under molecular characterization, food/feed risk assessment, and environ-
mental risk assessment. Molecular characterization focuses on establishing effects
due to off-target gene silencing that may occur due to sufficient sequence homology
between small RNAs and mRNAs influencing the function or process (Lundgren
and Duan 2013; Ramon et al. 2014). Identifying these off-target genes would
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facilitate to understand associated risks. Off-target gene silencing may occur both in
the RNAi-based GM plant and also in the organisms feeding on the plant. These
organisms include target pests and nontarget organisms (NTOs). It should be noted
that not all off-target silencing events would lead to significant reduction in gene
expression and/or result in detectable phenotypic changes (Casacuberta et al. 2014).
Non-availability of genome data of plants/varieties being used for introduction of
RNAi-based transformation event and genome data of nontarget organisms limits
the use of bioinformatics-based approaches for NTO risk assessment.

The food/feed risk assessment process follows comparative approach to identify
intended and unintended changes that may occur in a GM plant. The comparative
assessment includes proximate analysis, analysis of, compositional characteristics,
toxicity, allergenicity, and nutritional characteristics of the GM plant. This strategy
for evaluating potential food/feed risks of RNAi-based GM plants is accepted to be
appropriate by various regulatory agencies worldwide (FSANZ 2013; US EPA
2014). The choice of which component and characteristics to be chosen for compo-
sitional and agronomic evaluation is determined during the hazard identification
step of problem formulation process and is partly based on their ability to predict
harm. It should be noted that unintended effects are by nature not expected naturally
and so are difficult to test for them directly (Ladics et al. 2015; Schnell et al. 2015;
Devos et al. 2015).

The environmental and ecological risk assessment has been discussed by various
authors (Auer and Frederick 2009; Lundgren and Duan 2013; Ramon et al. 2014;
Vélez et al. 2017; Roberts et al. 2015). This primarily includes the adverse effects
on nontarget organisms, environmental fate, and risk of resistance evolution in tar-
get pests. The potential adverse effects on nontarget organisms can be studied fol-
lowing tier-based approach (US EPA 2007; Rose 2007; EFSA 2010a, b; ILSI-CERA
2011; Romeis et al. 2011, 2013). The tier-based assessment involves controlled
laboratory studies in lower tiers to field-based studies in highest tier. The early-tier
studies assess the adverse effects due to direct exposure to the insecticidal protein at
concentrations that are several folds higher than the environmental exposure con-
centrations (US EPA 2007; Raybould 2011; Romeis et al. 2013). The potential for
adverse ecological effects of MON 87411 maize, which expresses DvSnf7 RNA,
was studied and reported by Bachman et al. (2016). An assessment plan with the
routes and levels of exposure and testing representative functional taxa was devel-
oped, and the potential for toxicity of DvSnf7 RNA was evaluated. The test nontar-
get organisms (NTOs) included predators, parasitoids, pollinators, and soil biota
besides aquatic and terrestrial vertebrate species. Endpoint observations recorded
included survival, growth, development, and reproduction, and results of their study
demonstrated no adverse effects with any species tested at, or above, the maximum
expected environmental concentration (MEEC). All margins of exposure for NTOs
were >tenfold the MEEC. They concluded that exposure to DvSnf7 RNA, both
directly and indirectly, is safe for NTOs at the expected field exposure levels.

Surrogate species or model species are used to conduct early-tier studies (Romeis
et al. 2008). In general the surrogate species are selected based on exposure path-
way, knowledge on activity and mode of action, amenability of test system, and
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availability of test organism. However, when risk assessment of RNAi products are
being considered, the surrogate species should be selected based on phylogenetic
relationship to the target organism, as the surrogate would likely be susceptible due
to sequence homology/similarity (Romeis et al. 2013). This necessitates evaluating
additional or different surrogate species from those tested for Bt crops (Vélez et al.
2017). Additionally, the susceptibility or unresponsiveness of a model organism to
the dsRNA in environment may help in selecting correct surrogate species for NTO
studies (Roberts et al. 2015). Among arthropod orders, coleopterans are more sensi-
tive to dsRNA (Belles 2010), and lepidopterans require high concentrations of
dsRNA to elicit a response as compared to coleopterans (Ivashuta et al. 2015). The
observed differences in RNAI efficiency in insects make it even more difficult and
complex in choosing surrogate or model organisms in the risk assessment process.

In most of the NTO studies, the measurable endpoint has been mortality, and
limited information exists on effects other than mortality (Vélez et al. 2017).
Considering that the effects of RNAi are not completely understood, endpoints
other than mortality need to be considered through standardized methods (Auer and
Frederick 2009; Vélez et al. 2017). Recently, the risks of RNAi-based GE crops on
a nontarget soil micro-arthropod, Sinella curviseta, a decomposer, were tested
through RNAI dietary toxicity assay, and the endpoint measurements included gene
expression profiles, survival, and life history traits (Pan et al. 2016). S. curviseta
larvae developed significantly faster under the treatments of dsDVV and dsSC than
the vehicle control, and results of this study suggest that the impacts of ingested
arthropod-active dsRNAs on this representative soil decomposer are negligible. The
selection and use of reference genes for RT-qPCR analysis in Coccinella septem-
punctata to assess unintended effects of RNAi GM plants was studied and reported
by Yang et al. (2016). This study will be a critical step toward the development of an
in vivo dietary RNAI toxicity assay for assessing the risks associated with RNAi
transgenic plants.

Higher-tier studies in semi-field, greenhouse, or open field conditions are under-
taken only when an adverse effect is detected in lower-tier studies. Long-term field
assessment of effects of Bt cotton and Bt corn showed minor or negligible risks to
nontarget species in these ecosystems (Daly and Buntin 2005; Head et al. 2005;
Lawo et al. 2009; Li and Romeis 2010; Naranjo 2005; Torres and Ruberson 2005,
2007). In a recent study reported by Ahmad et al. (2016), potential impact of GM
corn MON 87411 (expresses insecticidal dsRNA transcript and Cry3Bbl protein
besides CPAEPSPS protein) on nontarget arthropods (NTAs) was evaluated in the
field. They evaluated NTA abundance and damage among GM corn and compara-
tors. Twenty taxa met minimum abundance criteria, out of which nine were consid-
ered to be representative of corn ecosystems. They conclude that there is no adverse
environmental impact of MON87411 on NTAs compared to conventional corn and
demonstrate utility of relevant transportable data for risk assessment in other corn
regions. The higher-tier studies may not always find adverse impacts on NTOs due
to the complexity of ecosystems and effects thereof.

Lundgren and Duan (2013) identified other reputed risks to NTOs based on the
pharmaceutical literature such as immune stimulation and over-saturation of the
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RNAi machinery. However, as discussed by Bachman et al. (2016), the diets of
NTOs consist of plant or animal sources which naturally contain dsSRNAs, and there
exists a long history of safe consumption of these endogenous dsRNA across
eukaryotes. With constant oral exposure to environmental dSRNA endogenously
present in natural food sources, unintended effects in nontarget organisms from
immune stimulation and RNA machinery saturation are extremely unlikely to result
from relatively low exposures to dsRNA resulting from cultivation of MON 87411.

The environmental fate of dSRNA can be addressed in terms of stability and
persistence in the environment (Heinemann et al. 2011). Recent studies reported by
Dubelman et al. (2014) indicate that the biological activity of Snf7 dsRNA is lost
within 2 days after application to different types of soil. Also, up to 90% degrada-
tion of the applied dsRNA in soil was observed within 35 h. The other potential
route of exposure is through food webs and risks associated can be addressed
through experiments with primary consumers and RNAi consumption by the same
(Roberts et al. 2015). Resistance evolution in insects to RNAi has not been addressed
and documented yet. It is anticipated that insects that carry viruses with RNAi sup-
pressors would be at a selective advantage on RNAi-protected crops, and RNAi-
based prophylactics for honey bee colonies would select for viral pathogens with
RNAI suppression (Scott et al. 2013). These authors also discuss how genetic vari-
ability within and among insect populations, mismatch between dsRNA and target
transcript, and single-nucleotide polymorphisms (SNPs) could provide selective
advantage for resistance evolution.

Although, the specificity and robustness of RNAi have triggered an immense
interest in using RNAI as a tool for creating insect-resistant crops, commercializa-
tion is likely to be fraught with challenges. Beyond safety issues, a major impedi-
ment includes the lack of a comprehensive federal regulatory framework for
estimating the environmental and ecological risks posed by these technologies.
Technology evaluation is ongoing, and the development of a standardized risk
assessment paradigm is being developed concurrently. However, a number of criti-
cal gaps remain including off-target effects, environmental fate, and importantly,
the risk of resistance evolution in target pests. Concurrent with limitations such as
off-target effects, toxicity, and unsafe delivery methods that have to be overcome
before RNAI can be considered for widespread commercial applications in agricul-
ture, it is crucial that a risk assessment paradigm that can proactively anticipate
potential nontarget effects be developed for pesticidal RNAs prior to the lifting of
deregulation of this technology. Studies reported by Bachman et al. (2016), Ahmad
et al. (2016), Pan et al. (2016), and Yang et al. (2016) can potentially form a basis
for risk assessment of RNAi-based GM plants or products, within the existing regu-
latory frameworks.

Conclusions

While significant advances in RNAi methods and applications in agriculture
have occurred recently, especially against viruses, the efficacy of the approach
against insect pests in the field is yet to be fully established. The discovery of
RNAI and the subsequent research on RNA1 in insects have demonstrated the
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profound impact that this technology can have not only in understanding gene
regulation in insects but developing pest management solutions for protecting
plants from insect herbivory. The applications of RNAi have been studied in
several target insect pests belonging to orders such as Coleoptera, Lepidoptera,
and Hemiptera. These studies paved the way to a better understanding of using
RNAI as a pest management tool, while concurrently highlighting the caveats of
using this tool for sustainable management of crop pests. The experimental data
generated in the laboratory on several targets shows that with the exception of
few studies, the phenotypes observed were mostly sublethal, and field-efficacy
data is lacking for many targets and species. It is now evident that the effects of
dsRNA; both target and off-target; are species-dependent and target gene-depen-
dent. RNAI provides a mode of action unique among insecticidal agents through
the mechanism of gene suppression and therefore can complement the current
methods deployed for pest control. Although the current regulatory system
allows following the existing methods, further refinement may be required in
terms of measurement of target and off-target effects. Therefore, the future
course of action for deploying this technology on a commercial scale depends on
how these challenges are addressed. Also, the technologies that enable effective
and efficient RNAi sprays such as BioClay, based on nanoparticles, should be
further explored.
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