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In recent years, the research on the potential of using RNA interference (RNAI) to suppress
crop pests has made an outstanding growth. However, given the variability of RNAI
efficiency that is observed in many insects, the development of novel approaches toward
insect pest management using RNAI requires first to unravel factors behind the efficiency
of dsRNA-mediated gene silencing. In this review, we explore essential implications and
possibilities to increase RNAI efficiency by delivery of dsRNA through non-transformative
methods. We discuss factors influencing the RNAi mechanism in insects and systemic
properties of dsRNA. Finally, novel strategies to deliver dsRNA are discussed, including
delivery by symbionts, plant viruses, trunk injections, root soaking, and transplastomic
plants.
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INTRODUCTION

Over two and a half decades ago, the silencing ability of antisense RNA was first described in
the nematode Caenorhabditis elegans (Fire et al., 1991). The interfering mediator was afterwards
determined as being a double-stranded RNA (dsRNA), rather than a single-stranded antisense RNA
(Fire et al., 1998). The phenomenon of RNA interference (RNAi) as a method for gene silencing has
allowed unique advancements in the understanding of gene function in many organisms and thus
accelerated the use of reverse genetics to new levels. The application of this technology did not
go unnoticed in agriculture, where since then crop protectors have been seeking for its practical
application in insect management (Gordon and Waterhouse, 2007; Price and Gatehouse, 2008;
Zotti and Smagghe, 2015). During the following years, further advancements on several fronts such
as design, synthesis and delivery of dsRNA led to the development of RNAi-based applications for
plant protection and therapeutics (Gordon and Waterhouse, 2007; Huvenne and Smagghe, 2010;
Palli, 2014; Zotti and Smagghe, 2015).

Systemic RNAI refers to the principle that dsRNA uptake via injections, soaking or feeding
initiates a whole body and persistent suppression of mRNA from the target gene. This principle
entails uptake of dsRNA from the environment and subsequent transport of the RNAi signal
between cells and tissues in the body. To date, a reasonable understanding toward this process
in insects remains elusive and still precludes several potential practical applications for insect pest
control. From a pest control perspective, the absence of a functional systemic RNAi system results
in ineffective knockdown or a knockdown with merely a localized effect (i.e., midgut where dsRNA
uptake occurs), which may or may not cause mortality. Although RNAI acts following a general
conserved strategy, some components can radically change depending on the taxonomic kingdom

Frontiers in Physiology | www.frontiersin.org

1 November 2016 | Volume 7 | Article 553


http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
https://doi.org/10.3389/fphys.2016.00553
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2016.00553&domain=pdf&date_stamp=2016-11-17
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:moises.zotti@ufpel.edu.br
mailto:olchrist.christiaens@ugent.be
https://doi.org/10.3389/fphys.2016.00553
http://journal.frontiersin.org/article/10.3389/fphys.2016.00553/abstract
http://loop.frontiersin.org/people/379054/overview
http://loop.frontiersin.org/people/385299/overview
http://loop.frontiersin.org/people/21020/overview
http://loop.frontiersin.org/people/380068/overview

Joga et al.

RNAI Efficiency and Novel Delivery Systems

or group, especially regarding to the molecular mechanism
behind cellular uptake and systemic spread of silencing (Terenius
et al,, 2011; Burand and Hunter, 2013; Gu and Knipple, 2013;
Scott et al., 2013; Zotti and Smagghe, 2015).

While strict and laborious regulatory rules from protection
agencies may hamper GM crop releases, non-transformative
RNAi strategies with similar results, such as bacterial production
of dsRNA, dsRNA uptake by plant roots through soil irrigation
in rooted seedlings and trees, trunk delivery by plant cuttings
or injection into woody plants have shown encouraging results
(Hunter et al., 2012; Scott et al., 2013).

In the present work, we first discuss the current knowledge
of minimum requirements for efficient RNAI in insects followed
by an overview of the systemic proprieties of dsSRNA. Second,
we discuss what can be done to improve RNAI efficiency in
relatively recalcitrant species. Finally, novel delivery methods
including non-transformative are discussed in light of the current
knowledge and technology.

RNAi PATHWAYS AND ITS COMPONENTS:
A GENERAL OVERVIEW

Three major RNAi pathways have been characterized so far: the
microRNA (miRNA), piwiRNA (piRNA), and small interfering
RNA (siRNA) pathways. The application of RNAi technology
for pest control is based on the introduction of dsRNA into
the insect body to silence a gene of interest, thereby activating
the siRNA pathway. In brief, upon entry into the cell, the
exogenous dsRNA is processed by a ribonuclease III enzyme,
called Dicer-2, into small interfering RNAs (siRNAs). These 21—
24 nucleotide duplexes are subsequently incorporated in the so-
called RNA-induced silencing complex (RISC) where the duplex
is unwound. Subsequently, an Argonaute2 (AGO2) protein
cleaves the passenger (sense) strand and the guide (antisense)
strand remains connected with the RISC. Afterwards, the guide
strand of the siRNA guides the RISC and allows Watson-Crick
base pairing of the complex to complementary target mRNA for
cleavage of target mRNA by AGO2 protein. By this degradation
of the target mRNA, specific post-transcriptional gene silencing
occurs (Agrawal et al., 2003; Pecot et al., 2011; Figure 1 Right
panel).

WHAT MATTERS FOR RNAi EFFICIENCY?

RNAi technology has demonstrated its potential to control
insect pests. However, the efficiency of RNAIi can vary greatly
between the different insect orders. In many RNAi recalcitrant
insect species, the gene knockdown is around 60% or lower
and silencing is often temporary (Huvenne and Smagghe, 2010;
Li et al, 2013). In contrast, the gene knockdown in RNAi
sensitive coleopterans is often 90% or higher, requires only
very small doses and the effect can be long lasting and even
hereditary (Baum et al., 2007; Zhu et al., 2011; Bolognesi et al.,
2012; Rangasamy and Siegfried, 2012). This evidence clearly
suggests that some barriers are influencing RNAI efficiency in
insects.

Systemic Properties and dsRNA Uptake
Systemic RNAi is determined by the systemic spread of a
silencing RNAI signal inside the body of an organism. There
are two types of RNAIi: cell-autonomous RNAi and non-cell-
autonomous RNAi (Whangbo and Hunter, 2008; Huvenne and
Smagghe, 2010). Cell-autonomous RNAi refers to RNAi that
happens inside the cell while non-cell-autonomous RNAi entails
uptake into the cell and/or transport of the silencing signal from
one cell to another and from one tissue to another. Non-cell-
autonomous involves the phenomenon of environmental RNAi,
which triggers the RNAi by environmental exposure either by
soaking or feeding (Baum and Roberts, 2014). Although RNAi
pathways share mostly the same elements among insect species,
its systemic nature, if present, may act by different molecular
mechanisms across different insect taxa. This is exemplified by
the differences that are observed between different insect orders
regarding the Sid-mediated uptake and the presence of Sid-genes
in the genomes.

Two different pathways have been described for dsRNA
uptake in insect pests. These are the transmembrane Sid-1
channel protein-mediated pathway and the endocytic pathway.
In nematodes, the Sid-2 gene encodes a membrane protein,
which is situated in the intestinal cells. The protein Sid-2 imports
dsRNA from the intestinal lumen (Winston et al., 2007; McEwan
etal., 2012) through endocytosis and exports the silencing RNAs
to other neighboring cells through Sid-1 channels from the
internalized vesicles by way of passive movement (Whangbo and
Hunter, 2008; McEwan et al., 2012). Therefore, environmental
RNAI needs cooperation between Sid-1 and Sid-2 proteins. The
Sid-1 genes seem to be present in most insect species, but so far
no Sid-2 genes have been found in insect species whose genomes
have been sequenced (e.g., Tomoyasu et al., 2008; Xu and Han,
2008; Zha et al.,, 2011; Cappelle et al.,, 2016). A phylogenetic
analysis suggested that Sid-I like genes in Tribolium may not
be orthologous to Sid-I, but rather to the C. elegans Tag-130
gene which is not associated in systemic RNAi in nematodes
(Tomoyasu et al., 2008). We will therefore name them Sid-1-like
channel proteins henceforth. These Sid-1-like channel proteins
have been shown to be involved in dsRNA uptake in some insect
species, such as the brown planthopper [BPH, Nilaparvata lugens
(Xu et al,, 2013)], the Colorado potato beetle [CPB, Leptinotarsa
decemlineata (Cappelle et al., 2016)] and the red flour beetle
Tribolium castaneum (Tomoyasu et al., 2008). The number of
Sid-1-like genes has been found to vary between insects belonging
to different orders (Table 1). Insects in most orders seem to have
only one Sid-I-like gene. However, in the genome of several
coleopteran insects, 2 or even 3 Sid-I-like genes have been
identified (Tomoyasu et al., 2008; Miyata et al., 2014). In contrast,
dipterans such as D. melanogaster seem to lack Sid-I-like genes
altogether in their genome.

Studies in Drosophila S2 cells have confirmed the speculation
of dsRNA uptake through the endocytic pathway. Pattern
recognition receptors (PRRs) are important for the uptake of
dsRNA by receptor-mediated endocytosis. These receptors play
a key role in the phagocytosis of several pathogens, but are
structurally different (Ulvila et al., 2006). When these two
scavenger receptors had been silenced simultaneously with RNAi
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FIGURE 1 | The basic levels of RNAi from an insect control perspective. The left panel demonstrates some questions that need to be taken into consideration
regarding insect feeding behavior, using a hypothetical example of a strawberry plant and some pest insects. Knowing the feeding habits of the target insect is
important in planning the (delivery) strategy and whether a transformative or non-transformative RNAi-plant protection approach might be preferred. For chewing
insect, dsRNA can be taken up directly from leaves after dsRNA has been delivered through a foliar spray such as a normal plant protectant chemical. Sprayable
RNAI-based biocontrol products are in the process of development and will soon be on the market. However, spraying method would not influence the
piercing-sucking pests which fed on phloem sap, insects that fed on root system or stem borer pests which fed in the plant stems. For sap-sucking insects, the
dsRNA needs to be delivered through the phloem sap, which can be achieved via irrigation water, trunk injection for perennial trees, in planta dsRNA production
(transgenic or transplastomic plants) or recombinant plant viruses (further details on dsRNA delivery approaches are provided latter). The middle panel illustrates the
dsRNA path/uptake by the microvilli of the columnar cells (MCC) in the insect midgut, as well as its environmental and systemic properties. The right panel shows
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in D. melanogaster, the uptake of dsRNA diminished with
more than 90% (Ulvila et al., 2006). This suggested that in D.
melanogaster, the uptake of dsRNA relies on receptor-mediated
endocytosis. Most of the studies examining dsRNA uptake
so far focused on either the Sid-1-like dependent system or
the endocytic pathway, preventing a comprehensive assessment
of the involvement of these pathways on dsRNA uptake of
various insect species. However, Cappelle et al. (2016) have
recently proven that in the coleopteran CPB both the Sid-1-like
channel proteins as well as the receptor-mediated endocytosis are
involved in dsRNA uptake. In contrast to uptake of dsRNA, no
information is available yet on the transport of dsRNA within
the insect body and which system is involved in this. What we
do know however is that the systemic RNAi system as it exists
in nematodes, is not present in insects since Sid-1 and Sid-
2 homologs are not found in insect genomes. Another major
difference between insects and nematodes is found when we look
at the amplification of the RNAi system. In C. elegans, secondary
siRNAs are created via an RNA-dependent RNA polymerase
(RARP) system, which amplifies and prolongs the silencing effect.

In insects, no clear homologs for this RARP has been discovered
yet. However, this does not necessarily mean that insects do
not have a similar amplification system, as it can be based on a
different enzyme with a similar working mechanism as RARP, or a
completely distinct mechanism that still remains to be unraveled.
Indeed, in some species, for example some coleopterans, the
RNAI effect is so strong and can last so long that it would be likely
that such a system is present in these insects. On the other hand,
many other insects do require large amounts of dsRNA to elicit a
moderate effect, which is often short lived.

Uptake of dsRNA by the epithelial cells of the insect midgut is
critical to the effectiveness of RNAi response. The brush border
membrane topography of the insect midgut allows the uptake
of supplements (vitamins and minerals). It is unclear to what
degree the perimicrovillar membrane in the midgut of Hemiptera
species (Silva et al., 2004) or the peritrophic matrix in the midgut
of Coleoptera and Lepidoptera species (Lehane, 1997; Hegedus
et al., 2009) acts as a physical barrier to the delivery of dsRNA.
After arrival of dsRNA to the gut membrane surface, the epithelial
cells must take up the dsRNAs from the surface of gut membrane
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and convey these to the intracellular RNAi machinery. Whereas,
the route of cellular uptake associates with endocytosis, the
discharge or escape from the endosome turns into a critical step
to transfer the dsRNA to the cytoplasm (Varkouhi et al., 2011).

Nucleases and Viruses
The rapid clearance and degradation of circulating dsRNA
(Thompson et al,, 2012; Christensen et al., 2013) limit the
potential for ingested dsRNA to trigger the RNAi mechanism.
In general, dsRNA is stable, much more so than single-stranded
RNA, but it must be rapidly taken up in the cells and digested into
siRNA by Dicer-2 (Katoch and Thakur, 2012). The presence of
salivary nucleases in the midgut can quickly degrade the ingested
dsRNA molecules, which is considered to be an important barrier
for RNAI efficiency (Furusawa et al, 1993; Arimatsu et al,
2007a,b; Rodriguez-Cabrera et al., 2010; Terenius et al., 2011; Liu
et al.,, 2013; Luo et al,, 2013; Christiaens et al., 2014; Wynant
et al., 2014b). The existence of dsRNases in the saliva of Ligus
lineolaris, a hemipteran insect pest, which interacts in extra-oral
digestion of plant material prior to the uptake, was found to
quickly digest dsRNA (Allen and Walker, 2012). Supporting this
idea, Christiaens et al. (2014) recently proved that the dsRNA
is degraded by dsRNases in the salivary secretions and also in
the hemolymph of the pea aphid, Acyrthosiphon pisum. The
presence of dsRNases in the midgut makes the insect recalcitrant
to RNAi by oral feeding. The pest desert locust, Schistocerca
gregaria, expresses dsRNases in the midgut (Wynant et al,
2014b). S. gregaria is recalcitrant to ingested dsRNA, whereas,
Wynant et al. (2012) showed an effective systemic RNAi-response
to injected dsRNA. Supporting this hypothesis, Garbutt (2011)
and Garbutt et al. (2013) noted that dsSRNAs are rapidly degraded
in the hemolymph of RNAI recalcitrant lepidopteran Manduca
sexta, but not in the RNAi sensitive cockroach Blatella germanica.
The presence of viruses in the hemolymph of insects may
also act as an important barrier for RNAi efficiency. The siRNA
pathway is in essence an anti-viral mechanism in many plants
and animals. These viruses can interfere with the efficiency of
siRNAs by saturating the RNAi core machinery, as demonstrated
for vertebrate studies (Kanasty et al., 2012). The co-evolution
between these viruses and RNAi defense has also led to the
development of RNAi-blocking proteins called viral suppressors
of RNA silencing (VSRs) in some viruses (Haasnoot et al.,
2007). Lepidopterans are abundant in specific viruses in the
hemolymph (Garbutt, 2011), which may be an additional factor
that explains why most are recalcitrant to RNAI, besides the
harsh conditions in the gut for dsRNA. Similarly, for insects,
a hypothetical idea has shown that viruses can interfere with
the RNAi mechanism in many ways, for example, by producing
RNAi suppressor genes and/or RNA decoys, and manipulation
of host gene expression. This has been reviewed in the past by
Swevers et al. (2013).

Length and Concentration of dsRNA

Several ~important questions arise when  designing
RNAi experiments, including the length and concentration
of dsRNA. Here, it is important to remember that dsRNA can
induces RNAI through siRNAs, and afterwards yielding a wide
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range of siRNAs which might influence the potential for off target
effects. The processing of dsRNA does not occur at fixed/phased
~21 nt intervals (Nandety et al., 2015). The dsRNA sequence
recognized as foreign can be cleaved by Dicer beginning at
basically any nucleotide, generating a number of potentially
overlapping siRNA ranging in size and sequence that are
further populated by other size siRNAs generated by the RNAi
mechanism. Indeed, the diversity of formed siRNA is enormous
and with potential for great homology to siRNA/dsRNA of
different target mRNAs, therefore increasing the chances for
off-target and non-targeted effects.

The length and optimal concentration of exogenous dsRNA
are very important for effective RNAi. The required length of
dsRNA to attain an effective RNAi will vary relying on insect
species (Bolognesi et al., 2012). A study demonstrated that 60
and 30-bp dsRNAs induce 70 and 30% of gene knockdown
in Tribolium, respectively (Miller et al., 2012). However, most
of the studies reported that dsRNA ranged from 140 to 500
nucleotides in length are required for successful RNAi and some
reported success using a dsRNA of 1842 nucleotides (reviewed
in Huvenne and Smagghe, 2010). As recently reviewed (Andrade
and Hunter, 2016), dsRNA longer than 200 nucleotides after
dicer cleavage results in many siRNAs, which contributes to
the RNAI response as well as prevents the resistance due to
the polymorphism variation encoded by nucleotide sequence.
Additionally, so far it is not clear on what region of the gene
(coding region, 3’ or 5 end) is ideal for dsRNA design. In the
pea aphid A. pisum, no difference in mortality was observed in
groups of insect fed with dsRNA matching the 5" or 3’ end of
the hunchback (hb) gene (Mao and Zeng, 2012 and reviewed
by Andrade and Hunter, 2016). An apoptosis gene from the
mosquito Aedes aegypti, AaeIAP1, was knocked down more
efficiently when dsRNA targeting the 3’ end was used (Pridgeon
et al., 2008). Nevertheless, there is a consensus among insect
researchers that there is need for a screening of several dsRNAs
of a certain gene, and that the dsRNA can be designed to be
highly specific to the target gene and insect species, or designed
to have a broader spectrum toward several closely related species
(Whyard et al., 2009; Noh et al., 2012; Andrade and Hunter,
2016).

The optimal concentration has to be determined for every
target gene and organism in order to induce silencing. It is
not true that surpassing that optimal concentration necessarily
leads to higher silencing (Meyering-Vos and Miiller, 2007;
Shakesby et al., 2009). In addition, when multiple dsRNAs are
injected, competition will happen in cellular uptake between
dsRNAs and also oversaturation can occur, resulting in a poor
RNAI response (Parrish et al., 2000; Barik, 2006; Miller et al.,
2012). Baum et al. (2007) reported that dsRNA targeting V-
ATPase from CPB also caused silencing in the western corn
rootworm in a concentration-dependent manner. Oversaturation
of the components that are involved in the siRNA and miRNA
pathways can interfere with the miRNA pathway leading to
phenotypes related with the loss of the miRNA function. This
restraint might lead to lethality, since miRNAs are important for
growth and development (Grimm et al., 2006; Tomoyasu et al.,
2008).

TOWARD INSECT PEST CONTROL:
IMPROVING RNAi EFFICIENCY

Nanoparticles

The efficiency of RNAI is mainly driven by the delivery/uptake
of intact dsRNA into cells. Therefore, nanoparticles can be used
to reduce dsRNA degradation and to increase the cellular uptake
of intact dsRNA. Polymeric nanoparticles are produced using
natural and synthetic polymers by wet synthetic routes. These
are used because of their stability, ease for surface modification
(Vauthier et al., 2003; Herrero-Vanrell et al., 2005) as well as their
biodegradability and environmental safety. Zhang et al. (2010)
used the polymer chitosan to encapsulate dsRNA and achieve
RNAI in mosquitoes. Chitosan nanoparticles are designed by self-
accumulation of polycations with dsRNA via electrostatic forces
among positive and negative charges of the amino groups in the
chitosan and phosphate groups on the backbone of the nucleic
acid, respectively. This method is suitable with long dsRNA and
siRNA. Chitosan nanoparticles were then mixed with diet and
conveyed by oral ingestion to larvae. This system is somewhat
low-cost, needs equipment and labor (Zhang et al., 2010), but
provides high-throughput evaluation of phenotypes, including
evaluation of behaviors (Mysore et al., 2013, 2014). Additionally,
chitosan polymers are nontoxic and easily biodegradable (Dass
and Choong, 2008). Zhang X. et al. (2015) reported that the
target genes in A. gambiae (AgCHSI and AgCHS2) and A.
aegypti (semala) were effectively knocked down during larval
development by using chitosan nanoparticles. Additionally, He
et al. (2013) reported that when newly hatched larvae of the
RNAI recalcitrant lepidopteran pest, Asian corn borer (Ostrinia
furnacalis), fed on four different treatments (diet containing the
mixture of fluorescent nanoparticle (FNP) and CHT10-dsRNA;
naked CHT10-dsRNA; FNP and GFP-dsRNA; and GFP-dsRNA
treatments), only the larvae fed on the diet containing the
mixture of FNP and CHT10-dsRNA showed clear RNAi gene
silencing. These included a reduced larval size, failure to moult
and eventually death. Therefore, the results clearly indicated that
addition of FNP was vital in eliciting a strong enough gene
knockdown.

Liposomes

The therapeutic application of exogenous RNA is mainly
depending on the delivery vehicle that delivers the exogenous
RNA safely and effectively to target cell. We believe that liposome
vesicles meet these requirements (Smyth Templeton, 2002).
Liposomes are composed of natural lipids and they are non-toxic
and easily biodegradable (Van Rooijen and van Nieuwmegen,
1980). They are already used in drug formulations, where
the drugs are enclosed in the liposome and these liposomes
are then transferred without quick degradation and minimum
side effects to the receivers (Gregoriadis, 1977). Liposomes are
more appropriate for assessing their targetable proteins when
distinguished with other drug delivers (Grislain et al., 1983; Illum
et al., 1983). For example, Drosophila S2 cells lack the Sid-I
homologous genes, but uptake of the dsRNA happens through
receptor-mediated endocytosis (Saleh et al., 2006; Ulvila et al.,
2006). This is a slow process, and transfection reagents are
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required to enhance the dsRNA delivery to gut cells. Whyard et al.
(2009) demonstrated that four different species of Drosophila
(D. melanogaster, D. sechellia, D. yakuba, and D. pseudoobscura)
were selectively killed when larvae were fed on yTub23C-dsRNA
encapsulated in cationic liposomes, which target the 3" UTR of
the y-tubulin gene. None of the drosophilid species exhibited
any RNAi-silencing when fed on non-encapsulated dsRNA. More
recently, Taning et al. (2016) also successfully used liposomes
to improve RNAI silencing in the spotted wing Drosophila
(Drosophila suzukii). They observed that feeding naked dsRNA
did not cause any mRNA silencing, while they were able to
reach 40-50% silencing using Lipofectamine (Thermo Scientific).
These experiments indicated that the use of liposomes was very
critical to achieve RNAI in this important pest insect. Therefore,
delivering dsRNA through liposomes could be an appropriate
strategy in certain cases.

Chemical Modifications

Developing chemical modifications of one or both strands
may be of use to improve stability, expand the half-life of
the siRNA duplexes in circulation in vivo, increase the bio-
distribution and pharmacokinetic properties of siRNAs, target
siRNA to specific cells, increase the target binding affinity, and
to improve drug delivery (Kurreck, 2003; Manoharan, 2003;
Dorsett and Tuschl, 2004). Nevertheless, the safety concerns
and cost-effectiveness have to be considered in order to use
chemically modified nucleotide. One interesting application of
such chemical modifications could be to increase the specificity
of dsRNA. Jackson et al. (2003) reported that adding methyl-
groups to the 2’ position of the ribosyl ring of the 2nd base of
the siRNA could reduce such oft-target effects. These siRNAs had
3" hydroxyl groups and 5" monophosphates and no sequence bias
was detected for both 3’ and 5" nucleotides at the cleavage site.
The gene silencing was more effective when short duplexes with
3’ overhangs at each end were utilized than when the duplex
was blunt ended (Elbashir et al., 2001). Most scientists still build
siRNA duplexes with 3’-TT overhangs (the “Tuschl Design”) on
both strands. Other designs are also feasible: for instance, siRNAs
without 3" overhangs had been active in silencing in mammalian
cells (Czauderna et al., 2003), and single 3’-overhang structures
in the guide strand were also active (Lorenz et al., 2004).

NOVEL DELIVERY METHODS

Delivery of dsRNA is a major challenge in RNAi-based plant
protection method. After identifying the target gene, choosing a
convenient strategy to deliver the dsRNA into the insect body is
very important. Microinjection is a good strategy for functional
genomic studies but this method is not suitable to control
insect pests in the field. In addition, microinjection has some
limitations; it is highly technical and is difficult to achieve in some
species, such as small and/or aquatic species (Nunes and Simoes,
2009; Walshe et al., 2009). Sprayable RNAi-based products are in
the process of development and are expected to be on the market
in 2017/18. These products can be divided into the following
categories: (1) direct control agents, (2) resistance repressors,
(3) developmental disruptors, and (4) growth enhancers (EPA,

2014). Spraying the dsRNA might be useful to control some
pest population in the field, but not all. For example, Li et al.
(2015a) reported that the spraying method would not affect the
piercing-sucking pests feeding on phloem sap, or stem borer pests
feeding in the plant stems. The dsRNA-expressing transgenic
plants reduce the crop damage, but effective killing of the pest
population has not yet been accomplished (Baum et al., 2007;
Mao et al., 2007; Pitino et al., 2011; Kumar et al., 2012; Zhu et al,,
2012).

Root Absorption and Trunk Injection

Delivery of dsRNA to phytophagous insects could be achieved by
supplying dsRNA through root absorption or injection into plant
vessels, where these insects can naturally acquire dsRNA through
sucking or chewing (Andrade and Hunter, 2016; Figure 1 Left
and Middle panel).

A proof of concept for in planta dsSRNA delivery, without a
transformation event was first described by Hunter et al. (2012)
(recently reviewed in Andrade and Hunter, 2016). Full-sized
citrus and grapevines trees were exposed to the dsRNA either
by foliar spray, root drenching and trunk injections. The dsSRNA
could be detected in 6-years old Citrus plants (2.5m tall) for 7
weeks post a single exposure using 2 g of dsRNA in 15 L of water.
These experiments demonstrated that two hemipteran insects as
well as a xylem-feeding leathopper were also taking up the dsSRNA
after feeding on host plants previously treated with dsRNA.
This effort clearly shows that RNAi can be archived by dsRNA
supplied exogenously. The dsRNA moved through the vascular
system of the citrus plant and the dsRNA can be taken up, for
instance by psyllids which feed on the phloem. One example
is the Asian citrus psyllid, Diaphorina citri, which exhibited
increased mortality when fed on dsRNA for Arginine Kinase
(dsRNA-AK). Moreover, the dsRNA was identified in psyllids
and leathoppers for 5/8 days post ingestion from plants, while
in treated citrus dsRNA was found up to 57 days post treatment
(Hunter et al., 2012). These results support the possibility to
apply RNAi approaches for area-wide pest control, especially for
irrigated systems and substrate grown plants such as tomato,
eggplant, cucumber among other vegetables and lettuce.

However, it is important to bear in mind that this strategy
will demand mass-production of dsRNA, which may be costly
using molecular biology kits and therefore bacterial production
of dsRNA is recommended. Additionally, this system can be
adapted to use new foliar shoots in 1.5 mL tubes for screening
of a large number of dsRNA molecules. The newly emerged
seedlings or foliar shoots absorb and deliver dsRNA through
vascular tissues allowing screening of potential targets for
RNAi. The shoots can remain viable for long periods (~40
days, Andrade and Hunter, 2016) making it also possible to
investigate the insect biology parameters, such as eggs viability,
mating, larval, and nymphal development. A similar approach
could be exploited toward rice water weevils (RWW) such as
Lissorhoptrus oryzophilus and Oryzophagus oryzae where larvae
feed on roots and cause high yield loss by roots cutting during
vegetative stages. The adults feed by scraping rice leaves. We
hypothesize that the delivery of dsRNA through irrigation may
penetrate through roots and control larvae and adults as well
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FIGURE 2 | Pros and cons of RNAi-mediated plant protection methods. Top and bottom panel show pros and cons of non-transformative vs. transformative
RNAi-mediated pest control. Methods highlighted in red are further detailed in the illustrations (A,B). The middle panel shows two possible strategies for
non-transformative RNAi (Hunter et al., 2012; Andrade and Hunter, 2016). Trunk injections deliver dsRNA in both vessel systems (xylem and phloem), allowing dsRNA
to move up and down (A). This can be particularly important for root feeding insects in perennials, where the control by using regular insecticides prove difficult and is
of low efficiency. In these examples, we hypothesize the control of Eurhizococcus brasiliensi (Margarodidae), a hemipteran pest from vine grapes, but also it has the
potential to control other insects, including aphids and chewing insects that feed on leaves and shoots. Irrigated rice is cultivated in heavy clay soils with a regular
water table of ~10-15cm (B). Here, we also hypothesize that the delivery of large amounts of dsRNA though irrigation water may control rice water weevil larvae that
feed on roots, but also adults that feed on leaves (see longitudinal scars indicating adult feeding). A similar experiment was carried out by Hunter et al. (2012) in citrus.
However, it is unclear how dsRNA penetrates the root cells to become available into the plant vascular system (B).

(Figure 2). This hypothesis is based on the effectiveness of this
approach used by Andrade and Hunter (2016) working with
coleopterans, the western corn rootworm Diabrotica virgifera and
the root weevil Diaprepes abbreviatus. Adults appear in the rice
field after the hibernation period, they mate in the rice field
on the rice plants before females swim just below the water
surface to lay eggs. Feeding scars on the leaves indicate the
presence of insects, therefore, dsSRNA sprayed on the leaves may

kill adults before mating and before females have chance to
lay eggs.

Furthermore, rice plant roots were immersed in a solution
containing dsRNA targeting carboxylesterase (Ces) and a
cytochrome P450 (CypI8A1) from BPH; the target genes were
knocked down and high mortality was observed when the BPH
nymphs fed on treated plants. Likewise, when maize seedlings
were irrigated with dsRNA of Kunitz-type trypsin inhibitors
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(dsKTTI), this resulted in a high mortality rate with the Asian corn
borer, Ostrinia furnacalis (Li et al., 2015a). Although interesting,
Dubelman et al. (2014) reported that the soil persistency of
dsRNA can be short, with a rapid breakdown within 2-3 days.
Therefore, the dsRNA stability in the soil is still a matter of
question.

The phloem is considered as the channel for movement of
the silencing signal, carrying proteins, hormones and nucleic
acids. In contrast, xylem transports water and ions and is free
of RNA (Buhtz et al, 2008). The phloem sap is an RNase-
free environment so the dsRNAs or siRNAs could be stable
for long periods or associate with other proteins (Doering-Saad
et al, 2002). However, once the silencing signal reaches the
target tissue, the signal again can spread through the movement
between adjacent cells. Molecular transport can happen either
symplastically through plasmodesmata (i.e., the channels which
connects adjacent cells) or apoplastically through a process
across the cell membrane, the cell walls and intracellular
movement (Melnyk et al., 2011). The size limit for molecules
is about 27 kilodaltons (kDa) passing via the plasmodesmata,
but plasmodesmata can alter their size and selectivity to permit
entry of bigger molecules (Imlau et al., 1999). Virus-encoded
proteins can change the exclusion limit of plasmodesmata and
possibly there are cellular proteins acting in a similar fashion to
enable the movement of bigger molecules (Melnyk et al., 2011).
In conclusion, the movement of RNA from any single location
can happen either within the phloem or between the cells.

From a pest control perspective, root drench/absorption may
not be viable for perennial plants and old established orchards.
So for these, injections in the plant trunk can deliver dsRNAs
into the vascular plant systems of xylem and phloem. Trunk
injection systems such as Arborjet® are available and may be
used to deliver dsRNA into several plants plant species. In old
established orchards such as citrus, apple, pear, peach, coffee,
plum, grapevine, the control of pest insect may prove difficult,
especially for root-feeding insects that live underground feeding
on the roots, making the control by traditional insecticide
spray impracticable. Also root drenching as demonstrated above
is not viable due to the impossibility to dig up and replant
again; this obviously would cause a dramatic stress in the
trees, requiring several years for a complete recovery. To
illustrate this, the Margarodidae is a family of scale insects that
feed attached to the roots of grapevines, occurring in many
countries of South America and South Africa. The decline
in plant vigor becomes severe over time, leading to plant
death; ultimately the growers abandon grape cultivation and
move to new areas (Botton et al,, 2004). A trunk injection of
dsRNA targeting lethal genes from this species would provide an
efficient strategy against a pest insect so far without an efficient
control method. If we consider trunk injections, the dsRNA
could easily reach both phloem and xylem and rapidly spreads
toward the root and shoot systems (Figure 2). This strategy may
prove to be more important for sap-sucking insects than to
chewing insect as well as caterpillars for which feeding relies
largely on leaves. Additionally, in perennial plants such as in
fruit orchards, trunk-injections of dsRNA can be considered
as an environment-friendly alternative to traditional sprays

targeting the pest insect with no effect on natural enemies and
pollinators.

Bacteria and Viruses

The delivery of dsRNA either by spraying or roots soaking results
in transient (necessitating continuous or repeat exposures)
presence of dsRNA in the plant tissue (Murphy et al, 2016).
The delivery of dsRNA using bacteria has many advantages
when compared with plant-mediated dsRNA delivery or in
vitro synthesized dsRNA delivery. The application of bacteria-
expressed dsRNA is less in cost when compared with in vitro
synthesized dsSRNA. Moreover, large-scale production of bacteria,
which express dsRNA for use as pesticide, could turn into a
reality soon. Persistent and large-scale delivery of dsRNA is
required to kill an insect pest and also to reduce the resistance
development (Huvenne and Smagghe, 2010). The bacteria-
expressed dsRNA pesticides can be sprayed on crops at any time
because of the ease of producing large amounts of bacteria-
expressing dsRNAs. Initially, the recombinant Escherichia coli
was engineered for dsRNAs production and fed to C. elegans
(Kamath et al., 2003). In insects, the same strategy was applied
to CPB, which were fed on different E. coli transformations
targeting five different mRNAs (Zhu et al.,, 2011). An RNAase
II-deficient E. coli was used for dsRNA production; after beetles
have ingested the bacteria, significant mortality and loss of
body weight were observed. More recently, a biotechnology
company developed a technology called Apse RNA Containers™
(ARCs) that allows the mass-production of encapsulated
dsRNA using bacteria. Plasmids coding for naturally occurring
proteins such as capsids, are co-transformed with another
plasmid coding for dsRNA sequences plus a “packing site.”
While bacteria are growing in culture, they produce protein
subunits that self-assemble around RNA in the cell, including
the packing site sequence. After bacteria purification, the
resulting RNA is environmentally stable and a ready-to-spray
product.

Recently, the use of symbiontic bacteria has been shown to
be a promising delivery strategy as well. Symbiont-mediated
RNAi is an intriguing strategy in which the relationship
between culturable symbiotic gut bacteria and the hosts can
be exploited in order to constitutively produce dsRNA to
induce RNAI in the host. The symbiont-mediated RNAi is a
versatile technology to study the gene function and also a
biopesticide to control the pest population. Hence, Whitten et al.
(2016) reported that ingested recombinant bacteria successfully
competed with the wild-type microflora in the long-lived
hematophagous insect Rhodnius prolixus and the short-lived
polyphagous insect Frankliniella occidentalis; also horizontally
transmissible phenotypes were knocked down. In this work,
the authors engineered dsRNA expression cassettes suitable
for actinobacterium and proteobacterium from R. prolixus
and F. occidentalis, respectively. The transformation (plasmid-
producing dsRNA) of the RNaselll-deficient bacteria allowed
stable synthesis of specific dsSRNA molecules, penetration in the
insect gut cells and initiation of RNAi.

Yeasts are naturally growing on the surface of rotting fruits
and produce volatiles, which attract Drosophilids (Becher et al.,
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2012; Scheidler et al., 2015). Murphy et al. (2016) reported that
D. suzukii larval survival rate, number of eggs laid by females and
locomotor activity of flies were decreased when the D. suzukii was
fed on genetically modified Saccharomyces cerevisiae expressing
dsRNA targeting D. suzukii y-tubulin 23C (yTub23C).

Finally, also viruses can be used as vectors for dsRNA
production. Recently, plant viruses have been investigated as
tools to trigger RNAI in plants (Khan et al., 2013; Wuriyanghan
and Falk, 2013; Nandety et al., 2015). Generally, plants respond
to infections caused by viruses through the siRNAi pathway
(vsRNAs). Therefore, if an insect-specific RNAi inducer sequence
is introduced into an engineered plant virus, this will produce
siRNAs in the plant that are specific for insect targets (Nandety
etal., 2015). The RNAI effect can be induced when insects feed on
plants containing engineered virus to produced specific siRNAs.

All  plant-infecting viruses move inside the plant
systematically through the phloem. For that reason, the
recombinant plant viruses might target the phloem-feeding
insect pests. To examine this, Wuriyanghan and Falk (2013)
used the recombinant Tobacco mosaic virus (TMV) to target
the potato psyllid, Bactericera cockerelli. The mRNA abundance
and also the progeny production in the psyllids were decreased
when fed on tomatillo plants infected with recombinant TMV
harboring B. cockerelli actin and V-ATPase sequences. Likewise,
the fecundity of citrus mealybug, Planococcus citri, was reduced
and mortality increased when fed on Nicotiana benthamiana
plants infected with recombinant TMV (Khan et al., 2013).

Controlling insects through recombinant plant virus-
produced dsRNA is particularly interesting for use in woody
plants such as citrus, grapes, coffee, apple due to the difficulty
and time to produce transgenic plants. Also for old established
orchards, vineyards that need to be protected from several insect
pests, including sap- and root-feeders, this technique could be of
interest. Transgenic plants expressing dsSRNA would prove very
difficult in these cases. Therefore, recombinant viruses to deliver
dsRNA might be possible and attractive with similar results and
efficiency of conventional transformative methods (Figure 2).
Similarly, insects are known to harbor a variety of viruses that
are species-specific including baculoviruses, picornaviruses, and
parvoviruses among many others. Then these viruses could be
engineered to express specific dsSRNAs and delivered to insect
populations directly (Swevers et al., 2013).

Transplastomic Plants

In insects, it is largely accepted that the RNAi machinery is
triggered by the presence of dsRNA. Long dsRNAs are required
for efficient uptake and biological activity in the insect pest
(Bolognesi et al., 2012). However, the dsSRNAs expressed in planta
is diced into siRNAs (Kumar et al., 2009), which afterward is
ingested by insects. This might lead to a limited RNAi-effect in
many insects. To overcome this, Zhang J. et al. (2015) engineered
potato plants to express dsRNA in organelles lacking RNAi
processing machinery, such as chloroplasts. These chloroplasts
(plastids) are derived from free-living cyanobacteria, which have
no RNAi pathway, leading to an accumulation of dsRNA in
these organelles. When Zhang J. et al. (2015) fed potato plants,
producing ACT-dsRNA in their chloroplasts, to CPB larvae

100% larval mortality was observed, whereas no larval mortality
was observed when larvae were fed on ACT-dsRNA expressing
nuclear transgenic plants.

CONCLUSIONS AND FUTURE
PERSPECTIVES

RNAi technology has been an effective tool in functional
genomics studies and its application toward pest management
is already close to a reality (Kupferschmidt, 2013; Palli, 2014;
Saurabh et al., 2014; Nandety et al., 2015; Sherman et al., 2015;
Zotti and Smagghe, 2015; Andrade and Hunter, 2016). The
effectiveness of the RNAi mechanism is mainly depending on
the delivery, stability, and uptake of dsRNA by target species.
Apparently, for some insects Sid-1 like genes are involved in
dsRNA uptake (Xu et al., 2013; Cappelle et al., 2016), however
this gene is not ubiquitously present across insect taxa as reported
by several authors (Table 1). The systemic RNAI is still a matter
of investigation in insects, and so far there is no consensus
on what mechanism is involved behind spreading the silencing
signal. The holistic understanding of systemic properties of
dsRNA along with improvements toward delivery methods is
underway, and in the coming years will provide innovative
breakthrough applications for management of pest insects with
a unique mode of action. Furthermore, because of the high
specificity as a consequence of its sequence-dependent mode
of action—typically targeting a single gene—RNAi will be safer
than any pesticide currently available in the marked. The high
specificity reduces the negative impact produced by broad-
spectrum insecticides, and preserves the natural enemies and
beneficial fauna in the crop area. The beneficial fauna helps
for a more efficient pollination process as well as the natural
enemies help to keep the pest insect populations below economic
thresholds.

Delivery of dsRNA using chemically modified molecules,
polymer nanoparticles, liposomes, viruses or bacteria, could
increase efficacy in attaining a potent RNAi response. The choice
of the delivery method and the choice of formulation would of
course depend on the circumstances, on the target insect and on
the reason for impaired RNAi-efficiency. For example, liposomes
and polymers could be used where a limited cellular uptake is
causing the insect to be refractory to RNAi. When stability of
dsRNA in the insect body is the main issue, polymer- or liposome
nanoparticles and bacteria could be used. Insect virus-mediated
delivery could be a solution for cellular uptake, degradation and
in cases where the insect is difficult to reach, since the dsRNA
would be immediately produced inside the insect cells infected
with the viruses.

Transgenic plants, which express dsRNA can be a potent
method to suppress insect pests selectively. However, due to
the extensive regulatory process, non-transformative strategies
can be used with similar efficiency (Hunter et al., 2012; Scott
et al., 2013; Andrade and Hunter, 2016). Expression of dsRNA
through transplastomic plants would be a preferable strategy to
achieve improved results. Supply of dsRNA through irrigation
water, root drench, or trunk injection would be a great strategy
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for pest insects, such as root feeders, for which no efficient
control method is available at this moment. Moreover, the
delivery of dsRNA through irrigation or trunk injections holds
low environmental risks due to the rapid breakdown of dsRNAs
within 2-3 days in the soil and plant debris (Petrick et al., 2013;
Dubelman et al., 2014), as well as due to the localized application
fashion.

The production of dsRNA for research purposes can be
achieved by using molecular biology kits available commercially.
However, the price per microgram of such in vitro synthesized
dsRNA is too high to be commercially interesting. Since
large amounts of dsRNA are needed, more cost-efficient
methods for mass production are being developed, including
bacterial production and synthetic nucleoside triphosphate
(NTP) modifications (Palli, 2014). Bacteria-produced dsRNA
is considered one of the most cost-effective methods, and
biotech companies are investing in this production method to
produce large quantities, affordable, and possible for small and
large farms. Several agricultural companies are working toward
improvements of low-cost production of ready-to-spray RNAi
products, rather than to create genetically modified organisms
that cost millions and take years, beyond many regulatory hurdles
from governmental agencies and the public.

At present, one regulatory agency has announced
authorization for the release of a GM crop containing an
RNAi-based insect control event. On September 26th, 2016,
the Canadian Food Inspection Agency (CFIA) has announced
that they have approved the Monsanto MON87411 corn event,
containing a D. virgifera dsSnf7 construct in combination with
two Bt constructs, for commercialization and release. However,
no clear frameworks have been developed for the regulation
of RNAi-based pest control by most other regulatory agencies
as far as we know. The Environmental Protection Agency
(EPA) has released a white paper on the risk assessment of
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