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RNAi experiments in insects are characterized by great variability in efficiency; for instance
beetles and locusts are very amenable to dsRNA-mediated gene silencing, while other
insect groups, most notably lepidopterans, are more refractory to RNAi. Several factors
can be forwarded that could affect the efficiency of RNAi, such as the composition
and function of the intracellular RNAi machinery, the mechanism of dsRNA uptake, the
presence of dsRNA- and siRNA-degrading enzymes and non-specific activation of the
innate immune response. In this essay, we investigate the evidence whether persistent
infection with RNA viruses could be a major factor that affects the response to exogenous
dsRNA in insects. The occurrence of RNA viruses in different insect groups will be
discussed, as well as several mechanisms by which viruses could interfere with the
process of RNAi. Finally, the impact of RNA virus infection on the design of dsRNA-based
insect control strategies will be considered.
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INTRODUCTION
The discovery that dsRNA can trigger silencing of homologous
RNA sequences has revolutionized the analysis of gene function
in a wide range of eukaryotic organisms such as plants, fungi, and
metazoans (Carthew and Sontheimer, 2009; Jinek and Doudna,
2009; Moazed, 2009; Siomi and Siomi, 2009a). This technique,
called RNA interference (RNAi), has also been applied to insects,
to study gene function in basic research, and in agriculture as a
strategy to control insect pests (Huvenne and Smagghe, 2010). In
most of these studies, gene silencing is achieved by injection of
dsRNA in the hemolymph of the insect, from where it is taken
up by the cells to exert its silencing effects. When those stud-
ies expanded, however, it became clear that some insects showed
a very specific and potent response to injected dsRNA while
much less clear results were obtained in other cases (Terenius
et al., 2011). This has led to an inquiry into the processes that
are necessary to achieve successful RNAi in vivo (Terenius et al.,
2011).

TYPES OF RNAi: INTRACELLULAR, SYSTEMIC, AND
ENVIRONMENTAL
As a starting point to explain the differential success of RNAi in
different insects, one has to consider the method of delivery of
dsRNA. In the case of intracellular RNAi, dsRNA is produced
or introduced efficiently inside the cells; examples are injection
of dsRNA into preblastoderm embryos (before formation of cel-
lular membranes; Quan et al., 2002; Yamaguchi et al., 2011),

production of hairpin RNAs (folding into dsRNA structures)
in transgenic animals (Dai et al., 2007; Kanginakudru et al.,
2007) and intracellular production of RNA viruses which form
replication intermediates with dsRNA structures (Flynt et al.,
2009; Siu et al., 2011). Another example is transfection of tis-
sue culture cells with dsRNA-cationic lipid complexes because
this procedure allows efficient uptake as is the case for DNA
transfection (Kolliopoulou and Swevers, 2013). In the majority
of cases of intracellular production of dsRNA or introduction of
dsRNA in tissue culture cells, high efficiency of gene silencing is
achieved, indicating that the intracellular RNAi machinery can
work efficiently in most eukaryotic cells.

Expression studies have revealed ubiquitous expression of the
mRNAs that encode the intracellular components of the RNAi
machinery. In the silkmoth, Bombyx mori, the basic machinery
of the three small RNA pathways [microRNA (miRNA), small
interfering RNA (siRNA) and PIWI-associated RNA (piRNA)]
is expressed in all tissues investigated such as epidermis, fat
body, gut, muscle, Malpighian tubules, silk gland, gonads, and
hemocytes (Swevers et al., 2011). In Drosophila, genetic studies
established separate functions of the different small RNA path-
ways that are executed by separate, although partially overlapping,
protein complexes (Carthew and Sontheimer, 2009; Jinek and
Doudna, 2009; Moazed, 2009; Siomi and Siomi, 2009a). Thus,
miRNAs originate from endogenous genes and are involved in the
regulation of development and physiological processes while siR-
NAs are generated from exogenous and endogenous long dsRNAs
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(dsRNA structures from parasitic nucleic acids such as infecting
viruses and transposable elements) and harnessed to combat viral
and transposon RNAs. Both pathways are characterized by dif-
ferent Dicer enzymes, Argonaute proteins and dsRNA-binding
proteins (Drosha/Dcr-1, Ago-1, and Pasha/Loqs for miRNAs;
Dcr-2, Ago-2, and R2D2 for siRNAs), although cross-talk between
the two pathways is possible (Tomari et al., 2007). A third, Dicer-
independent, pathway, characterized by the production of piR-
NAs, was originally thought to be expressed only in the germline
to serve as protection against transposons and mobile elements
(Vagin et al., 2006), but later studies firmly established its expres-
sion in somatic tissues as well, not only in Drosophila (Yan et al.,
2011) but also in the silkmoth (Kolliopoulou and Swevers, 2013),
and implicated its involvement in antiviral defense in mosquitoes
(Hess et al., 2011; Morazzani et al., 2012; Vodovar et al., 2012).

While in worms, fungi and plants RNA-dependent RNA poly-
merases (RdRps) are part of the RNAi machinery, this is not the
case for insects (or mammals) (Gordon and Waterhouse, 2007).
In C. elegans, RdRps can function to generate secondary siR-
NAs that amplify the silencing signal (Miska and Ahringer, 2007).
Because of the absence of RdRP genes, it can be speculated that
RNAi efficiency in insects may be less robust than in C. elegans.
However, other organisms with RdRp genes, such as plant nema-
todes or mites, do not respond efficiently to injection of dsRNA
(Khila and Grbić, 2007; Dalzell et al., 2011), indicating that the
presence of this gene is not sufficient for efficient systemic RNAi.

While the RNAi machinery seems to be expressed and func-
tional in most tissues of insects, most reverse genetic studies using
RNAi in insects are based on the injection of dsRNA in the body
cavity (hemolymph) of the insects (Terenius et al., 2011). In this
review, this process, based on the efficient uptake of dsRNA from
the hemolymph to cause intracellular silencing, is called “sys-
temic RNAi.” This definition does not take into account whether
cells, after uptake of dsRNA, can further spread the initial silenc-
ing trigger or its effectors throughout the whole organism, which
is incorporated in other definitions of systemic RNAi, such as
that used by Zhuang and Hunter (2012). The definition used in
the review is based on the practical question: “does injection of
dsRNA in the hemolymph cause silencing?” and avoids the ques-
tion whether dsRNA-based silencing occurs only in cells that have
directly taken up dsRNA during the initial injection or whether it
can subsequently spread to cells that have not directly taken up
the injected dsRNA but received it via an intercellular transfer
mechanism.

Another method is the administration of dsRNA through
feeding (“environmental RNAi”); this administration route is par-
ticularly relevant with respect to the development of RNAi-based
methods for pest control (Price and Gatehouse, 2008). Again in
this review, the term “environmental RNAi” is based on the prac-
tical question: “does feeding of dsRNA cause silencing?” without
going into mechanistical details (Whangbo and Hunter, 2008).

In the worm C. elegans, the gene sid-1 has been identified
that is responsible for the systemic effects of RNAi; it encodes a
transporter protein that is responsible for the transport of dsRNA
across the plasmamembrane to the cytoplasm of the cells (Hunter
et al., 2006). While sid-1 homologs have been identified in insects
(with the notable exception of Diptera; Gordon and Waterhouse,

2007), it is not clear whether these are involved in the transport
of dsRNA or in other transport functions (Tomoyasu et al., 2008).
In Drosophila-derived S2 cells, scavenger receptors and the endo-
cytosis machinery have been found to be implicated in the uptake
of dsRNA and the trigger of extracellular RNAi (Saleh et al., 2006;
Ulvila et al., 2006). In another study, it was shown that extracel-
lular dsRNA can trigger RNAi effects in S2 cells through uptake
by endocytosis and the association of the late endosomes with
RNA-processing GW bodies (Lee et al., 2009), which are enriched
for the RNAi machinery (Schneider et al., 2006). However, these
are experiments with tissue culture cells and the mechanism by
which dsRNA is taken up by the cells in vivo remains unknown.
In experiments with the coleopteran Diabrotica virgifera, in which
dsRNA was administered through feeding, it was demonstrated
that the silencing trigger can spread efficiently from the gut
epithelium to other tissues, by unknown mechanism (Bolognesi
et al., 2012).

VARIABILITY OF SYSTEMIC RNAi IN INSECTS
There exists quite a variability regarding the robustness of silenc-
ing effects triggered by injection or feeding of dsRNA in insects
of different orders. In coleopteran (beetle) species, systemic RNAi
can be applied very efficiently. This robustness actually resulted
in the rise of the red flour beetle, Tribolium castaneum, as a
model for the study of physiological and developmental pro-
cesses in insects (Konopova and Jindra, 2007; Tan and Palli, 2008).
Regarding coleopteran pests, it has been demonstrated that feed-
ing of dsRNA targeting essential genes results in toxic effects and
mortality in the corn rootworm, Diabrotica virgifera, and the
Colorado potato beetle, Leptinotarsa decemlineata (Baum et al.,
2007; Zhu et al., 2011). In the case of the corn rootworm, median
lethal concentrations of the most active dsRNAs (targeting pro-
teins involved in vesicular transport) of less than 1 ng/cm2 were
obtained (Baum et al., 2007).

In cockroaches (Dictyoptera) and locusts (Orthoptera) injec-
tion of dsRNA can also trigger potent responses. In the cockroach,
systemic RNAi has been used to unravel the ecdysone regulatory
cascade that governs moulting and metamorphosis and the regu-
lation of oogenesis (Ciudad et al., 2007; Mané-Padrós et al., 2010).
In locusts, injection of dsRNA has been applied to elucidate the
role of multiple genes implicated in neuronal and/or endocrine
signaling pathways by RNAi, identifying their activities in the con-
trol of important biological processes, such as lipophilic hormone
biosynthesis (Marchal et al., 2011a,b, 2012; Van Wielendaele et al.,
2012, 2013c), food uptake (Van Wielendaele et al., 2012, 2013a;
Dillen et al., 2013), digestion (van Hoef et al., 2011), repro-
duction (Badisco et al., 2011; Van Wielendaele et al., 2013b,c),
and gregarisation behavior (Ott et al., 2012). Knockdown of this
wide variety of transcripts revealed that many locust tissues are
affected by the RNAi response, which eventually can result in
significant phenotypic effects. In locusts, it was established that
doses in the range of a few ng per gram tissue can already result
in silencing (Wynant et al., 2012). A reduced response of RNAi
was, however, observed in the adult male and female reproductive
systems, which could be correlated to lower levels of expres-
sion of Dicer-2 and Ago-2 (Wynant et al., 2012). In addition,
the protein turnover rate was also identified as an important
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parameter to achieve a phenotypic effect caused by RNAi (Ott
et al., 2012).

In Diptera (flies and mosquitoes), injection of dsRNA has
also been applied successfully to achieve gene silencing. In
adult mosquitoes, systemic RNAi has been used to knock-down
and investigate the functional role of genes, for example in
the immune response against parasites and in the olfactory
response (Biessmann et al., 2010; Pelletier et al., 2010; Bahia
et al., 2011). It is noted, however, that much higher relative
doses are used (200–800 ng dsRNA per mosquito in these stud-
ies) than in the case of the coleopterans and locusts discussed
above. Furthermore, some tissues, such as salivary glands, seem
rather refractory to systemic RNAi and silencing is only achieved
after administration of high doses (Boissona et al., 2006). In
Drosophila, successful RNAi has also been obtained by injection of
dsRNA in adults (Dzitoyeva et al., 2001; Goto et al., 2003; Petruk
et al., 2006). However, in larvae dsRNA-mediated gene silencing
could not be achieved in most tissues, with the exception of the
hemocytes (Miller et al., 2008).

In bees (Hymenoptera), injection of dsRNA has also resulted
in gene silencing effects to analyze physiological and develop-
mental processes such as sex determination, molting and the
immune response (Gempe et al., 2009; Elias-Neto et al., 2010;
You et al., 2010). Typically, 5–20 µg of dsRNA were injected per
bee to achieve gene silencing and phenotypic effects. DsRNA can
also be applied by feeding and environmental RNAi has been
used as a strategy to control pathogen infection (Hunter et al.,
2010).

In lepidopteran insects (moths and butterflies), a great vari-
ability in success rate exists in the literature with respect to
systemic and environmental RNAi efficiency. In the silkmoth, sev-
eral studies were reported in which successful gene silencing was
achieved (Ohnishi et al., 2006; Tian et al., 2010; Deng et al., 2012).
Environmental RNAi has also been used to induce toxic effects
in the cotton bollworm, Helicoverpa armigera (Mao et al., 2007).
On the other hand, other studies claimed that RNAi through
injection did not work in Bombyx and that other strategies of
delivery need to be developed (Uhlirova et al., 2003; Marcus,
2005). To evaluate better the efficiency of RNAi in Lepidoptera,
a database was constructed of RNAi studies which included also
negative results (http://insectacentral.org/RNAi). The analysis of
the results deposited in the database led to the conclusion that
RNAi is not an efficient process in Lepidoptera but failed to iden-
tify conditions that need to be met to achieve success in RNAi
(Terenius et al., 2011).

The use of RNAi in Hemiptera has a lot of attention because
it could provide an effective new strategy to combat important
hemipteran pests (aphids, whiteflies, planthoppers, leafhoppers),
which feed on plants through sap-sucking and for which no effec-
tive Bt toxins for control are known (Chougule and Bonning,
2012). As is the case for the Lepidoptera, however, great vari-
ability in success of systemic and environmental RNAi against
Hemiptera is reported, including influential studies that have
shown clear success (Mutti et al., 2008) while other studies doc-
umented more limited efficacy to obtain a phenotype (Ghanim
et al., 2007; Jaubert-Possamai et al., 2007; Shakesby et al., 2009).
The inconsistency of results of RNAi in Hemiptera makes this

approach currently inadequate for use in management of these
pests (Chougule and Bonning, 2012).

FACTORS THAT DETERMINE RNAi SUCCESS
The variability in RNAi success rate in Lepidoptera and
Hemiptera, two insect orders with a large number of important
insect pests, invited research to identify the factors that limit
RNAi efficacy. Identification of those factors may provide for
future application of this approach in insect pest management
programs.

Several factors were considered that explain the difference in
RNAi success among insects of different groups (Terenius et al.,
2011) and these will be discussed briefly.

EXPRESSION LEVELS OF RNAi MACHINERY
The higher RNAi efficacy in coleopteran insects compared with
Lepidoptera could be explained by higher levels of expression of
the relevant RNAi machinery (triggered by exogenous dsRNA;
siRNA pathway) in the tissues of the former. Unfortunately, very
little is known with respect to differences in expression of the
RNAi machinery among different insects. In Bombyx mori, it was
found that all core RNAi genes of the three small RNA path-
ways were broadly expressed in most tissues, with the exception
of r2d2, which encodes a dsRNA-binding protein that acts as a
cofactor of Dicer-2 in the siRNA pathway (Swevers et al., 2011).
In Drosophila, r2d2 was shown to be essential for RNAi and the
immune response against RNA virus (Liu et al., 2003; Wang et al.,
2006; Zambon et al., 2006). Nevertheless, it was shown that a
potent RNAi response is triggered in Bombyx-derived Bm5 cells in
the absence of r2d2 (Kolliopoulou and Swevers, 2013). Thus, dif-
ferences can exist among different insect species (and cell types)
regarding the gene repertoire that is necessary for potent RNAi.

As mentioned before, the relatively low expression levels of
Dicer-2 and Ago-2 in (adult) gonads could explain the lower RNAi
efficiency in these tissues in Schistocerca gregaria (Wynant et al.,
2012). The mosquito (Aedes albopictus)-derived C6/36 has also
been shown to have defective Dicer-2 expression which could
explain the relatively robust growth of arthropod-borne viruses in
this cell line (Scott et al., 2010; see also below for a discussion of
RNAi as antiviral defense mechanism). Interestingly, C6/36 cells
(and other mosquito-derived cell lines) produce viral-derived
piRNAs following RNA virus infection, indicating their possible
involvement in the control of viral growth (Vodovar et al., 2012).
Thus, a certain redundancy may exist with respect to the pathways
that trigger RNAi in cells.

UPTAKE OF dsRNA FROM THE EXTRACELLULAR MEDIUM
In C. elegans, genetic analysis has resulted in the identification
of a gene that encodes a putative transmembrane transporter
protein, SID-1, that is responsible for systemic RNAi, while a sec-
ond gene, sid-2, was also found to be necessary for the uptake
of dsRNA from the food (environmental RNAi; Whangbo and
Hunter, 2008). As discussed before, homologs of sid-1 were iden-
tified in insects but it is doubtful that they play a similar role
(Tomoyasu et al., 2008). Sid-1-like genes in insects are more
closely related to another gene in C. elegans that encodes a trans-
membrane reporter (tag-130) and silencing of sid-1-like genes in
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Tribolium did not interfere with systemic RNAi (Tomoyasu et al.,
2008).

RNAi screens in Drosophila-derived S2 cells that aimed at the
identification of genes necessary for silencing after addition of
dsRNA at the extracellular medium (“dsRNA soaking”) revealed
the involvement of scavenger receptors and the endocytosis path-
way (Saleh et al., 2006; Ulvila et al., 2006). A later study revealed
that multivesicular bodies or late endosomes can associate with
GW bodies to induce gene silencing (Lee et al., 2009). This points
at a bifurcation of the endocytosis pathway at the late endosome
stage: either fusion with lysosomes and degradation of dsRNA,
or association with RISC-containing GW bodies and induction
of RNAi. This model seems to be confirmed from the analysis of
the systemic RNAi defective (sid) series of mutants in C. elegans
(Rocheleau, 2012).

Multivesicular bodies can also fuse with the plasma membrane
(exocytosis); such exosomes can contain mRNAs and small RNAs
and be transferred to recipient cells (Siomi and Siomi, 2009b). In
mammals, it is speculated that natural transport systems exist that
transport small RNAs as a means of intracellular communication
(Wang et al., 2010; Arroyo et al., 2011; Vickers et al., 2011). It
remains to be investigated whether such communication system
also occurs in insects.

Regarding a natural role for dsRNA in the hemolymph, it
is speculated that when cells are damaged or underwent apop-
tosis after viral infection, viral dsRNA can accumulate in the
hemolymph and trigger a systemic RNAi response (Saleh et al.,
2009; Merkling and van Rij, 2013). Genes that are required for
silencing through extracellular dsRNA soaking in S2 cells were
indeed found to be also required for the RNAi response against
RNA viruses in flies (Saleh et al., 2009). Other in vitro experiments
also demonstrated that phagocytosis of bacteria that express
dsRNA can induce RNAi (Rocha et al., 2011). Systemic RNAi in
insects therefore does not necessarily require naked dsRNA but
could also be triggered via phagocytosis of dsRNA-containing
microorganisms, apoptotic cell fragments and exosomes (Rocha
et al., 2011).

A few studies have followed the uptake of fluorescently labeled
dsRNA by insect cells. Although dsRNA could be taken up by lep-
idopteran cell lines such as Sl2 (from Spodoptera littoralis) and
Hi5 (from Trichoplusia ni), it could not trigger RNAi, indicating
a barrier in the presentation of dsRNA to the RNAi machinery
and not in uptake per se (Swevers and Smagghe, 2012). In the
coleopteran Diabrotica virgifera, uptake of long dsRNA (240 bp)
was demonstrated but not of siRNA (Bolognesi et al., 2012). The
requirement of a minimum length of dsRNA for efficient uptake
of dsRNA agrees with a study in S2 cells where maximum effi-
ciency of silencing was achieved at a length of 200 bp (Saleh et al.,
2006).

DEGRADATION OF dsRNA/SMALL RNA
The prime example of a nuclease interfering with RNAi efficiency
is ERI-1, which degrades the 3′-overhangs of siRNAs and is a neg-
ative regulator of RNAi in nervous tissue in C. elegans (Kennedy
et al., 2004). However, despite its conservation in insects and
mammals, no role in RNAi was found for the ERI-1 ortholog
in Drosophila (Kupsco et al., 2006). In general, nucleases can

have both positive and negative effects on RNAi efficacy, as they
can stimulate the further degradation of targeted RNAs after the
initial cleavage by the RISC complex or inhibit RNAi through
non-specific degradation of the dsRNA trigger or the small RNA
guide. In Drosophila, several nucleases or proteins with nucle-
ase motif with positive and negative effects on RNAi efficiency
were indeed identified as components of RISC complexes and in
functional genomic screens; examples are C3PO (Liu et al., 2009),
Tudor-SN (Caudy et al., 2003), Zucchini and Squash (Pane et al.,
2007), and Nibbler (Han et al., 2011).

In other insects, the activity of dsRNA-degrading activity in
the hemolymph has been considered as a contributing factor
to explain differences in RNAi efficacy between the cockroach
Blattella germanica and the tobacco hornworm Manduca sexta.
DsRNA is much more stable in cockroach hemolymph (high
systemic RNAi efficiency) than in Manduca hemolymph (low
systemic RNAi efficiency) (Garbutt et al., 2013).

In Bombyx mori (Lepidoptera), a non-specific DNA/RNA
nuclease with dsRNase activity was purified from the midgut con-
tent that apparently is involved in the digestion of nucleic acids
in the food (Arimatsu et al., 2007). Subsequent studies, however,
showed a more broad expression pattern in other larval tissues
indicating additional physiological roles. When expressed in the
lepidopteran Hi5 cells, the “dsRNase” was found to digest intra-
cellularly dsRNA, to co-localize with Dicer-2, and to inhibit RNAi
of a luciferase reporter (Liu et al., 2012).

It can also be noted that the midgut content of lepidopteran
insects is highly alkaline (pH > 11; Dow, 1992) which de-
stabilizes unprotected RNA. DsRNA is indeed rapidly degraded
by Bombyx midgut content (Liu et al., 2013). Also orthopterans
and hymenopterans possess alkaline midgut contents (Ortego,
2012). On the other hand, coleopteran and hemipteran insects
have slightly acidic midgut contents (Ortego, 2012) which is a
more favorable environment for dsRNA with respect to pH.

INNATE IMMUNE RESPONSE
In mammals, it is well-established that dsRNA in somatic
cells triggers the interferon response and activates interferon-
stimulated genes to establish an antiviral state in the cells (Sadler
and Williams, 2008). Thus, dsRNA can act in mammals as a
“pathogen-associated molecular pattern” (PAMP) that is recog-
nized by “pattern recognition receptors” (PRRs) to trigger phys-
iological responses for combating viral infections. Examples of
PRRs for dsRNA include cytoplasmic RNA helicases like Retinoic
acid-inducible gene I (RIG-I) and Melanoma differentiation-
associated gene-5 (Mda-5), protein kinase R (PKR), 2′–5′
oligoadenylate synthetase (OAS) and Toll-like receptors (TLRs)
that can bind various forms of DNA and dsRNA (Sadler and
Williams, 2008). It was observed that interferon responses are
induced by dsRNAs with length >30 bp while smaller siRNAs can
enter the RNAi pathway with minimal side-effects (Elbashir et al.,
2001).

In insects, it is generally assumed that a non-specific interferon
response like in mammals does not exist and that long dsRNA
molecules can be used to induce gene silencing by RNAi in a
specific manner. However, there are indications that non-specific
dsRNAs (like dsGFP that does not target any insect gene) can
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induce physiological effects in insect tissues. Injection of 10 µg
of dsGFP in pupae of the Chinese oak silk moth Antheraea pernyi
(corresponding to a dose of 5 ng/µl) resulted in the induction of
Hemolin, an immune response gene (Hirai et al., 2004). More
recently, it was observed that injection of non-specific dsRNA
in Bombyx and Manduca larvae resulted in the increased expres-
sion of genes of the RNAi machinery, such as Dicer-2 and Ago-2
(Garbutt and Reynolds, 2012; Liu et al., 2013). In the silkmoth,
dsRNA also caused down-regulation of BmToll9-1, which encodes
a TLR, and up-regulation of dsRNase, a non-specific nuclease with
dsRNase activity and a possible involvement in the RNAi response
(Liu et al., 2012, 2013). Because the transcriptional response
of BmToll9-1 to dsRNA resembles the response to lipopolysac-
charide, a known PAMP from bacteria, it was speculated that
dsRNA could act as a PAMP in Bombyx and that induction of
RNAi machinery and dsRNase genes reflects a defense mechanism
against RNA viruses (Liu et al., 2013). It was indeed reported that
dsRNase expression is induced following infection of Bombyx lar-
vae with Bombyx mori cytoplasmic polyhedrosis virus (BmCPV),
which is characterized by a genome of linear dsRNA segments
(Wu et al., 2009; Mori and Metcalf, 2010). Whether induction of
RNAi machinery genes by administration of non-specific dsRNA
is a conserved response in non-lepidopteran insects is not clear:
no effects were observed in the pea aphid, Acyrthosiphon pisum
(Hemiptera) (Christiaens, 2013) while Dicer-2 expression was
induced in the cockroach, B. germanica (Lozano et al., 2012).

In crustaceans, treatment with non-specific dsRNA can induce
an antiviral state which will protect the animals from subsequent
virus infection (Robalino et al., 2004, 2005). A similar protection
to virus infection by pretreatment with dsRNA is also observed in
an insect cell line derived from the sandfly Lutzomyia longipalpis
(Pitaluga et al., 2008).

Finally, it was found that in Drosophila, viral infection trig-
gers the expression of Vago, a secreted protein with antiviral
activity (“cytokine-like”) and that this induction requires Dicer-2
(Deddouche et al., 2008). The helicase domain of Dicer-2 belongs
to the same DExD/H-box helicase family as do the RIG-I–like
receptors in mammals, which function as PRRs for dsRNA. The
DExD/H-box helicase family therefore could represent an evolu-
tionary ancient set of sensors that detect viral nucleic acids and
direct antiviral responses (Deddouche et al., 2008).

PERSISTENT VIRUS INFECTION
Acute viral infections are characterized by a high viral replication
rate and production of a large number of progeny which, how-
ever, is limited in time because it is terminated either by the death
of the host or by the mounting of a successful antiviral immune
response. Persistent infection of viruses, on the other hand, may
result from an acute infection that is not cleared: low levels of
replication can continue over longer periods of time while the
ability to be transmitted to other organisms or to the offspring
at low levels is maintained (Goic and Saleh, 2012). Several cate-
gories of persistent infections can be distinguished; during latent
infections, no viral progeny is produced by the host during cer-
tain periods while chronic infections are characterized by a steady
production of viral progeny, that can vary from low-level to high-
level. Such persistent infections can have a beneficial effect on

the host and in some cases the virus can be adopted by the host
(endogenous viruses) (Sorrell et al., 2009; Goic and Saleh, 2012).

The remainder of this review will focus on the question
whether persistent virus infections can affect the efficiency of
RNAi triggered by exogenous dsRNA in insects. This has indeed
been observed in natural populations of C. elegans, where refrac-
toriness to RNAi can be traced to persistent virus infection
(Félix et al., 2011). Subsequently, we will look at the distri-
bution of occurrence of viruses among different insect orders
and see whether a correlation can exist between occurrence of
viruses and systemic/environmental RNAi efficiency and will
consider the mechanisms by which viruses could affect the
RNAi process. Experimental systems will be proposed to test the
hypothesis of inhibition of RNAi by persistent virus infection
and its possible impact on the design of RNAi-based meth-
ods for control of insect pests will be discussed. An overview
of the mechanisms by which persistent virus infection can
affect the function of the RNAi machinery is presented in
Figure 1.

RNAi EFFICIENCY IN NATURAL ISOLATES OF C. elegans
Two natural isolates of the roundworms C. elegans and C. brig-
gsiae were identified with unusual morphology in the intesti-
nal cells that was caused by infection with two new species of
nodavirus [(+)-ssRNA virus] (Félix et al., 2011). Interestingly, the
natural isolate of C. elegans was resistant to RNAi of a somatically
expressed gene while competent for dsRNA-mediated silencing in
the germline. Because RNAi is an antiviral response in C. elegans
(Lu et al., 2005; Schott et al., 2005; Wilkins et al., 2005), it was
hypothesized that the defect in the somatic RNAi pathway was
instrumental in the capability of the virus to accumulate to high
levels and cause morphological alterations in the intestinal cells.

It is also observed that in the genus Caenorhabditis there
exists a wide variability in susceptibility to systemic and envi-
ronmental RNAi (Nuez and Félix, 2012). The pattern of
sensitivity/insensitivity does not follow clearly the phylogenetic
relationships. Different wild isolates of C. elegans showed also
variation with respect to somatic and germline RNAi (Tijsterman
et al., 2002; Félix, 2008). A driver for this variability may
be the occurrence of dsRNAs from transposons (for intra-
cellular RNAi) and pathogens such as viruses in the exter-
nal environment and the intestinal lumen (for environmental
RNAi) (as discussed by Félix, 2008; Nuez and Félix, 2012).
Transposons or pathogens may lead to different selection pres-
sures in even closely related species and to the observed rapid
evolution of the RNAi machinery, particularly in the germ line
for transposons and in the intestine for viruses (Nuez and Félix,
2012).

Outside the genus of Caenorhabditis, other nematode species
were also found to be incapable of mounting an RNAi response
(Pires da Silva and Sommer, 2004), although notable exceptions
exist that even exhibit sensitivity to feeding of dsRNA (Shannon
et al., 2008). The RNAi response can therefore be considered
evolutionary very labile in nematodes since it forms part of the
innate immune response and is characterized by a rapid evolu-
tionary rate (Dalzell et al., 2011), a situation which may not be
very dissimilar to the one encountered in insects.
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FIGURE 1 | Overview of uptake of dsRNA by the cell to trigger RNAi

and possible mechanisms of interference by persistent RNA (or DNA)

virus infection. As an example, a gut epithelial cell is shown. Note that
many of the proposed mechanisms are hypothetical. DsRNA is taken up
from the gut content by endocytosis (“environmental RNAi”) and
hypothetically may be presented, by an unknown mechanism, at the late
endosomal stage to the RNAi machinery (siRISC complexes containing
Dicer-2 and Ago-2). Alternatively, internalized dsRNA can be degraded in
lysosomes. Cytoplasmic RNA virus infection can interfere with the RNAi
machinery by the production of protein viral suppressors of RNAi (VSRs)
and by the generation of large amounts of RNAs (including defective
interfering RNAs) and small RNAs (sRNAs) that will “overflow” the RNAi
machinery. Virus-derived pathogen-associated molecular patterns (PAMPs;
for instance dsRNA) can also interact with pathogen recognition receptors
(PRRs; for instance helicase domain of Dicer-2) to activate innate immune
pathways that will establish a general “antiviral state” in the cells. If such
an alternative pathway exists to control persistent virus infection, the
maintenance costs for effective RNAi may become too high and
deficiencies in the RNAi machinery may accumulate. The establishment of
such hypothetical general “antiviral state” could also occur during nuclear
DNA virus infection, for instance through the modulation of host miRNAs or
the production of viral miRNAs (which are assembled in miRISC complexes
containing Dicer-1 and Ago-1). The local antiviral response can
hypothetically also result in the secretion of cytokine-like factors that will
spread through the insect body to establish a systemic antiviral reaction.

VIRUS INFECTION IN INSECTS OF DIFFERENT TAXONOMIC
GROUPS
If persistent virus infection could affect RNAi efficiency, it is
of interest to see which insects are most often associated with
virus infection. In this analysis, virus-insect associations were
searched in the database of insect pathogens, namely EDWIP
(Ecological Database of the World’s Insect Pathogens; Braxton

et al., 2003), for the seven insect orders for which a good
number of RNAi experiments have been reported (Lepidoptera,
Diptera, Coleoptera, Hymenoptera, Orthoptera, Hemiptera and
Dictyoptera) (Table 1).

While this analysis may give a reasonable indication of the
occurrence of virus infections in insects of different taxonomic
groups, it also has some important limitations. The database
reports how many different viruses have been identified in
different insect species, but does not take into account how
widespread/prevalent these viruses are amongst individuals of
specific insect species. Moreover, there is likely to be a major sam-
pling bias, in that insects that are of economic or medical impor-
tance are likely to be sampled much more frequently than other
insects. Thus, more extensive sampling is needed to strengthen
the results presented in this preliminary analysis. Nevertheless, a
clear correlation can be found between numbers of recorded virus
infections and perceived systemic/environmental RNAi efficiency
in species of particular taxonomic groups.

The vast majority of viruses were found to be associated
with Lepidoptera (Table 1). While this mostly reflects baculovirus
infections (∼50%), it is noted that 72% of the RNA virus
infections also occurs in lepidopteran insects. Much less viral
infections (∼10%) are reported in Diptera, and most of these
occur in mosquitoes. In the database, no arthropod-borne viruses
(arboviruses; that transmit viral disease to humans and other
mammals; see also further below) are present and the number
of virus infections in mosquitoes therefore should be estimated as
higher.

Equally striking is the low occurrence of virus infections in
coleopterans, despite their high abundance of species (Table 1).
Other orders with efficient RNAi, such as Hymenoptera,
Orthoptera and Dictyoptera, are also characterized by low virus
occurrences. In the case of cockroaches (Dictyoptera), no virus
infections were reported in the database. On the other hand, a
report characterizing a densovirus infection in B. germanica has
recently been published (Mukha et al., 2006).

Also a low number of virus occurrences were found in the
database for Hemiptera (Table 1). As plant-sucking insects, how-
ever, hemipterans are obligatory associated with prokaryotic sym-
bionts that provide them with essential amino-acids (Douglas,
2003; Baumann, 2005). It has been observed that symbiont
associations can affect virus transmission (Moreira et al., 2009;
Mousson et al., 2012). Hemipterans, mainly aphids but also
whiteflies, are also known to transmit viral diseases among plants
(insect-borne plant viruses; Sylvester, 1989; Brown and Czosnek,
2002; Chougule and Bonning, 2012).

Regarding RNA viruses, the highest number found in insects
corresponds to the Reoviridae, which include the cytoplasmic
polyhedrosis viruses (CPVs; genus Cypovirus). Reoviridae are
characterized by a segmented genome of 10–12 linear dsRNA
fragments (Mori and Metcalf, 2010). In Bombyx mori, BmCPV is a
major pathogen and causes enormous damage to sericulture (Wu
et al., 2009). A characteristic of CPV, like nucleopolyhedrosis virus
(NPV) or baculovirus, is the production of polyhedrin protein
which crystallizes in the cells to form occlusion bodies and allows
viral transmission among larvae in the environment (Payne and
Mertens, 1983). After ingestion, the polyhedra dissolve in the
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Table 1 | Virus associations with insects of different taxonomic groups.

Insect order #species Lepidoptera Diptera Coleoptera Hymenoptera Orthoptera Hemiptera Dictyoptera

120,000 150,000 400,000 125,000 20,000 80,000 6000

DNA virus Baculoviridae 833 27 18 32 3 1 0

Iridoviridae 87 58 19 3 3 5 0

Parvoviridae 66 6 6 0 2 0 0

Poxviridae 27 9 20 4 8 0 0

Other 14 0 1 2 0 0 0

Total (%) 1027 (82%) 100 (8%) 64 (5%) 41 (3%) 16 (1%) 6 (0.5%) 0 (0%)

RNA virus Reoviridae 218 42 5 8 0 4 0

Picornaviridae (*) 12 1 0 3 2 5 0

Nodaviridae 7 6 9 1 0 0 0

Tetraviridae 19 0 0 0 0 0 0

Other 0 1 0 11 1 1 0

Total (%) 256 (72%) 50 (14%) 14 (4%) 23 (6%) 3 (1%) 10 (3%) 0 (0%)

Total (%) 1283 (80%) 150 (9%) 78 (5%) 64 (4%) 19 (1%) 16 (1%) 0 (0%)

Indicated is the number of reported cases in the EDWIP database. Note that data in the database have not been updated since 2001 and therefore may not exactly

reflect the current status of virus occurrences. *Although mentioned in the database as Picornaviridae, it is noted that now officially members of Picornaviridae are

composed from vertebrate viruses. For insects, “Picornaviridae” corresponds to Iflaviridae and Dicistroviridae.

alkaline environment of the gut to release viral particles. Usually
the infection is limited to the gut epithelium although spread to
other tissues has been observed. CPV infection in lepidopteran
larvae is a slow process and often allows infected larvae to undergo
spinning and pupation; because of the low virulence, persis-
tent infections can be easily established (Pirofski and Casadevall,
2012). However, little is known how these persistent infections
can influence the physiology of the larvae and whether they could
affect the RNAi pathway.

HOW CAN VIRUS INFECTION INTERFERE WITH RNAi
EFFICIENCY?
Because in insects the RNAi machinery is harnessed to combat
viral infection, viruses have evolved strategies to interfere with the
function of the RNAi machinery. An antiviral defense mechanism
for RNAi was first demonstrated in plants (Ratcliff et al., 1997)
and in C. elegans (Lu et al., 2005; Schott et al., 2005; Wilkins et al.,
2005). In Drosophila, the siRNA pathway has been identified as
a major antiviral defense mechanism since mutants in the core
siRNA components Dicer-2, Ago-2, and R2D2 are more suscep-
tible to viral infection, as demonstrated by the accumulation of
high viral titers and the premature death of the infected flies (van
Rij et al., 2006; Wang et al., 2006; Vodovar and Saleh, 2012). The
role of RNAi in antiviral defense has also been firmly established
in mosquitoes (Keene et al., 2004; Campbell et al., 2008; Sanchez-
Vargas et al., 2009). The involvement of the RNAi pathway is also
confirmed by the identification of virus-derived siRNAs (viRNAs)
that were shown to play a key role in controlling the pathogenic
potential of virus infection (Myles et al., 2008; Scott et al., 2010).

Regarding the involvement of the siRNA pathway, it was also
shown that Ago-2, Dcr-2, and R2D2 belong to the fastest evolv-
ing genes, similar to immunity genes, and in sharp contrast to the
high conservation of miRNA pathway genes (Obbard et al., 2006).

Moreover, viral suppressors of RNAi (VSRs) target the function
of the siRNA, but not the miRNA pathway (Li et al., 2002; van Rij
et al., 2006; Wang et al., 2006; Berry et al., 2009). It appears that
the siRNA-based RNAi pathway is involved in an evolutionary
arms race against attacking and constantly evolving viral invaders
(Ding and Voinnet, 2007).

Recent studies have also established that the piRNA pathway
can function as an antiviral defense mechanism (Zambon et al.,
2006; Brackney et al., 2010; Vodovar et al., 2012). In the case of
Aedes albopictus-derived C6/36 cells, which do not contain func-
tional Dicer-2, piRNAs were proposed to silence viral infection
(Scott et al., 2010). Finally, it has recently been established that
baculoviruses can produce miRNAs and that virus infection can
affect host miRNA expression (Singh et al., 2012; Wu et al., 2013).
Thus, miRNAs could also be involved in the evasion of the innate
immune response (to the benefit of the virus) and the establish-
ment of an antiviral state in the cells (to the benefit of the host)
(see also further below).

Several mechanisms can be predicted by which virus infec-
tion can interfere with RNAi. These include the expression of
viral suppressors of RNAi (VSRs), the accumulation of large
amounts of viral RNAs and small RNAs that will overflow the
RNAi machinery, the modulation of expression of host miRNAs
and expression of viral miRNAs and the induction of a general
antiviral state in the infected insects (Figure 1).

VIRAL SUPPRESSORS OF RNAi (VSRs)
VSRs for which the mechanism of inhibition of RNAi is rather
well-established include the B2 protein from Flock house virus
(FHV; Nodaviridae) and the 1A proteins from Drosophila C
virus (DCV; Dicistroviridae) and cricket paralysis virus (CrPV;
Dicistroviridae) (Li et al., 2002; Wang et al., 2006; Aliyari et al.,
2008; Nayak et al., 2010). B2 can bind tightly to dsRNA and siRNA
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and therefore inhibit RNAi by sequestration of dsRNA trigger or
siRNA effector (Lingel et al., 2005). It also can form a complex
with the viral RdRp and therefore associate with dsRNA repli-
cation intermediates immediately upon their emergence (Aliyari
et al., 2008). FHV B2 also interacts with the PAZ domain of
Dicer which is thought to contribute to the suppression of siRNA
biogenesis (Singh et al., 2009).

Also the 1A protein of DCV could bind efficiently to dsRNA
and, to a lesser extent, siRNA (van Rij et al., 2006). On the
other hand, 1A protein of CrPV did not bind dsRNA/siRNA
but could block the catalytic activity of RISC (target cleavage)
by direct interaction with Ago-2 in Drosophila-derived S2 cells
(Nayak et al., 2010). The virulence of both viruses could be corre-
lated with the capacity to inhibit RNAi in S2 cells: while CrPV-1A,
unlike DCV-1A, effectively blocked silencing induced by trans-
fection of both long dsRNA as well as siRNA, it is also observed
that DCV can establish persistent infection in contrast to CrPV
which is highly lytic (Nayak et al., 2010). Such data fit with
observations that arboviruses that are vectored by mosquitoes
are thought not to contain powerful VSRs (Myles et al., 2008).
To increase transmission rates, it is considered more benefi-
cial to the arbovirus to minimize effects on mosquito survival
than to maximize infection rate at the cost of decreased survival.
Recombinant arboviruses that are engineered to express exoge-
nous VSRs indeed cause lethal mosquito infections (Cirimotich
et al., 2009). Examples of such arboviruses that cause asymp-
tomatic infections in hematophagic insects, but are responsible
for severe incapacitating diseases in mammals include Rift Valley
fever virus, Chikungunya virus, Dengue virus, yellow fever virus
(vectored by Aedes aegypti), O’nyong’nyong virus (vectored by
Anopheles spp), Japanese encephalitis virus, West Nile virus (vec-
tored by Culex spp), vesicular stomatitis virus (vectored by the
sand fly Phlebotomus spp) and Bluetongue virus (vectored by
biting midges in the genus Culicoides). More recently, however,
a few publications appeared that, contrary to expectations dis-
cussed above, indicate that flaviviruses such as Dengue and West
Nile virus can encode RNAi suppressors, such as the non-coding
sfRNA and the non-structural protein NS4B (Schnettler et al.,
2012; Kakumani et al., 2013). Further studies are needed to
determine to what extent RNAi suppression is required for trans-
mission of flaviviruses and other arboviruses in mosquitoes and
how it compares with the control of viruses with higher virulence.

Recently, the VP1 protein of Noravirus, a picorna-like virus,
was identified as an RNAi suppressor (van Mierlo et al., 2012).
When added to Drosophila embryonic extracts, VP1 was able to
inhibit cleavage of RNA targets, indicating that VP1 inhibits the
effector phase of RNAi (RISC complexes). Another study, on the
other hand, showed that Nora virus infection was not affected
by Dicer-2, Ago-2 r2d2 and piwi mutations in flies (Habayeb
et al., 2009). While Noravirus can establish persistent infections in
Drosophila that are virtually asymptomatic, it was also observed
that populations of flies can show high variability in viral titers
(Habayeb et al., 2009).

Interestingly, an ascovirus that infects Heliothis virescens
(HvAV; DNA virus) encodes an RNase III enzyme that is capa-
ble of degrading dsRNA and siRNA and is essential for infection
(Hussain et al., 2010). Furthermore, HvAV RNase III can inhibit

RNAi-mediated silencing of a reporter gene, suggesting that it
may be involved in the suppression of the RNAi response during
infection (Hussain et al., 2010).

DECOY MECHANISMS: PRODUCTION OF LARGE AMOUNTS OF VIRAL
RNAs AND SMALL RNAs
In Drosophila S2 cells, FHV can establish persistent infections
without causing pathogenic effects (Flynt et al., 2009; Goic
et al., 2013). The virions that are produced in the persistently
infected cells, however, are still capable to mount robust infec-
tion in uninfected cells and encode an intact B2 inhibitor protein.
Interestingly, the S2 cell lines that are persistently infected, pro-
duce considerable amounts of RNA2 (genomic RNA encoding
the capsid protein) and RNA3 (a subgenomic RNA that produces
the B2 suppressor) but very few RNA1 (genomic RNA encod-
ing RdRp). While depletion of Dicer-2 and Ago-2 results in an
increase in viral replication in the persistently infected cells, deep
sequencing also identified a significant number of FHV-derived
small RNAs (Flynt et al., 2009). The majority of vsiRNAs, how-
ever, map to discrete regions (“hotspots”) of the virus. Functional
tests established that the abundant viral siRNAs produced during
latent viral infection are largely ineffective at silencing comple-
mentary transcripts. Because these vsiRNAs were not found to
be methylated, it was proposed that they were not associated
with Ago-2-containing RISC complexes (Flynt et al., 2009). Thus,
Dicer-2-mediated “dicing” of double-stranded replication inter-
mediates may have a direct role in controlling persistent FHV
infection, in the absence of RISC activation by the produced
siRNAs.

In plants, the generation of defective interfering RNAs can
affect the accumulation of virus and viral symptoms in the
infected plants (Pathak and Nagy, 2009). They consist of RNA
sequences that are derived from the virus but which need pro-
teins of the virus for their replication. Defective interfering RNAs
are referred to as “interfering” because they attenuate the viral
symptoms which in turn will favor persistent infections. Defective
interfering RNAs can result in the accumulation of large amounts
of siRNAs which could “overflow” the capacity of the VSRs pro-
duced by the virus and trigger a potent RNAi response (Havelda
et al., 2005). Also, in mammals, viruses can employ a “decoy”
mechanism to inhibit RNAi; for instance, the VA1 non-coding
RNA from adenovirus that is expressed at very high levels can
inhibit Dicer function (Lu and Cullen, 2004). It would be inter-
esting to investigate whether insect viruses can interfere with the
RNAi machinery through similar mechanisms.

ESTABLISHMENT OF A GENERAL ANTIVIRAL STATE IN PERSISTENTLY
INFECTED CELLS
Establishment of a persistent virus infection can result in changes
in the physiology of the infected cells that are independent
of the RNAi mechanism. This is the case when the infected
cells control the viral infection by another (so far hypothetical)
antiviral response pathway. The prevalence of the other antivi-
ral pathway(s) may become very effective in controlling infection
and subsequently render the RNAi pathway obsolete. In that
case, maintenance of effective RNAi machinery against invading
viruses could be selected against and mutations would start to
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accumulate in the RNAi machinery. Below follows a discussion of
alternative mechanisms by which insects may control viral infec-
tions and that could lead to a selection against a functional RNAi
machinery.

Classical innate immunity pathways
While a clear role has been established for RNAi to control viral
infections, other studies suggest that the other innate immune
pathways, Toll, Imd and Jak-STAT, that play major roles during
bacterial and fungal infections, are not involved to a great extent
to control RNA virus infections in Drosophila and mosquitoes
(Merkling and van Rij, 2013). While effects of virus infection
on the expression of the different innate immune pathways were
observed and knockdown of components in each pathway can
result in higher viral loads (for examples see Dostert et al., 2005;
Xi et al., 2008; Costa et al., 2009; Souza-Neto et al., 2009), no
clear picture emerges and it can be asked whether the variabil-
ity is caused by different experimental approaches, some unique
properties of different viruses or the different host species under
investigation (Merkling and van Rij, 2013).

Evidence for unique responses against viral infection
In Drosophila, infection with DCV triggers expression of approx-
imately 150 genes (Deddouche et al., 2008). Since some genes,
such as vir-1, are known targets of Jak-STAT signaling, a pathway
activated by cytokines in mammals, it was proposed that DCV
infection could also trigger a cytokine-like molecule in Drosophila
that would induce Jak-STAT signaling as a secondary response
(Deddouche et al., 2008). One candidate cytokine-like molecule
was identified as Vago, a 160 AA secreted protein with charac-
teristic Cys-rich motif, and its production during DCV infection
was shown to depend on Dicer-2 (but not Ago-2 or R2D2 or the
Imd and Toll pathways). However, whether Vago can induce Jak-
STAT signaling as a secondary systemic response in other cells of
the organism still remains to be established. Because the helicase
domain of Dicer-2 is phylogenetically related to the RIG-1 and
Mda5, which function as PRRs for dsRNA in mammals (Sadler
and Williams, 2008), it was proposed that Dicer-2, through its
helicase domain, can function as a PRR in Drosophila, indepen-
dently from its dicer activity in the RNAi pathway (Deddouche
et al., 2008). Vago is not conserved in other insect groups, but
it will be interesting to see whether molecules that can act as
cytokines are induced upon virus infection in other insects.

Microarray analysis and suppression subtractive hybridization
techniques were also used to identify genes that become differ-
entially expressed in the midgut of Bombyx mori upon BmCPV
(Reoviridae) infection (Wu et al., 2009, 2011). The transcrip-
tional response, however, did not reveal an involvement of the
classical innate immunity genes (Toll, Imd and Jak-STAT path-
ways). One of the up-regulated genes was found to encode a
secreted factor with homology to insulin-like growth factor-
binding proteins (Gao et al., 2012c). Other interesting factors that
may play a role in BmCPV infection include LIM and SH3 con-
taining protein 1 (LASP1), ganglioside-induced differentiation-
associated protein 1 (GDAP1), non-specific alkaline nuclease
(which can also be induced following dsRNA injection, see
above), Inhibitor of apoptosis protein (IAP; which decreases upon

infection and therefore leads to apoptosis; Narayanan, 2004), ser-
pin5 (a putative negative regulator of the Toll pathway), lipase-1
(which is also active against NPV; Ponnuvel et al., 2003), heat-
shock proteins and others (Wu et al., 2009, 2011; Gao et al.,
2012a,b).

If persistent viral infections become controlled by other
(unknown) mechanisms than RNAi, it is possible that the need
for the maintenance of an active RNAi response against exoge-
nous dsRNA disappears and that mutations accumulate in the
RNAi machinery. For instance, frame-shift mutations in r2d2 of
Bombyx mori have been observed (Swevers et al., 2011), while
Bombyx larvae are often persistently infected with BmCPV (Wu
et al., 2009). Viral infections are also correlated with defective
RNAi in C. elegans (Félix et al., 2011). Thus, the interaction
between host immune response and persistent viral infection
could result in a permanent antiviral state with consequences for
the functioning of the RNAi machinery. Deficiencies in RNAi are
not necessarily restricted to the core RNAi machinery but could
affect systemic/environmental RNAi processes as well as uptake of
dsRNA and the abundance of dsRNA-degrading enzymes.

Nucleic acid-based acquired immunity and its potential interaction
with the core RNAi machinery
In another study of persistent infection of S2 cells by FHV, it was
found that during establishment of viral persistence, RNA viruses
were reverse-transcribed into cDNA by host reverse transcriptases
(Goic et al., 2013). Sequencing established that the viral DNA
forms, which were heavily reorganized through non-homologous
recombination, were fused to long terminal repeat (LTR) retro-
transposons; those FHV-retrotransposon DNA chimera’s were
transcribed and processed to small RNAs to control viral infection
(Goic et al., 2013). It was not determined whether the viral DNA
forms exist as extrachromosomal entities or become integrated in
the cellular chromosomes; however, it can be noted that an extra-
viral source of vsiRNAs is created which does not only control the
current infection, but possibly also other infections in the future
once the current one would be cleared. It is also possible that such
cellular loci that produce vsiRNAs would exert additional pressure
on the RNAi machinery and make the latter less sensitive to other
sources of dsRNA.

Manipulation of host gene expression by virus infection possibly
resulting in diminished RNAi efficiency
It can be hypothesized that persistently infecting viruses also
could manipulate gene expression in host cells that would result
in a diminished RNAi response. This could be the case with
DNA viruses such as baculoviruses and iridoviruses. Reduction
in RNAi efficiency is also relevant in the case of DNA virus
infection since it is documented that not only RNA viruses but
also DNA viruses can trigger the RNAi response in insects. For
instance, Drosophila Dcr2 and Ago-2 mutants are more susceptible
to the invertebrate iridescent virus 6 (Iridoviridae) (Bronkhorst
et al., 2012). In such case, vsiRNAs originate from hotspots in
the genome where overlapping sense and antisense transcripts
are produced. Similar observations were made during infection of
a baculovirus, Helicoverpa armigera single nucleopolyhedrovirus
(HaSNPV) (Jayachandran et al., 2012). Small RNA reads could
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be matched to hotspots in the baculoviral genome, correspond-
ing to late genes that are involved in replication and dispersal of
the virus. Knockdown of Dicer-2 resulted in a decrease in late
gene expression, while knockdown of both Dicer-1 and Dicer-2
caused a modest, but significant, increase in viral DNA replication
(Jayachandran et al., 2012).

Nuclear DNA viruses, such as baculoviruses, on the other
hand, are also known to produce miRNAs (Singh et al., 2010,
2012). Cytoplasmic viruses are not expected to encode miRNAs
since processing of the primary miRNA transcript is required by
the nuclear Drosha/Pasha complex. Viruses with relatively small
RNA genomes are also not likely to encode a miRNA because
miRNA processing would result in the complete destruction of
the primary miRNA transcript with the exception of the mature
miRNA. Viral miRNAs act by suppression of both viral and cel-
lular mRNAs to interfere with apoptosis and to evade the host
immune response in order to prolong the life of the infected
cells and to maximize the viral replication potential (Umbach and
Cullen, 2009). Of interest is that miRNAs are also involved in the
regulation of the latency phase of virus infection in the case of her-
pesviruses (Umbach et al., 2008; Tang et al., 2009). MiRNAs could
therefore play an important role in the establishment of persistent
viral infections.

Bombyx mori nuclear polyhedrosis virus (BmNPV;
Baculoviridae) has been shown to produce several miRNAs
(Singh et al., 2010), of which one, bmnpv-miR-1, can inhibit the
expression of the GTP-binding protein Ran, a co-factor of the
Exportin-5-mediated nucleocytoplasmic transport machinery
(Singh et al., 2012). Blocking Ran expression results in decreased
nucleocytoplasmic transport of miRNA precursors and, conse-
quently, in repression of biogenesis of host miRNAs, including
those that target BmNPV mRNAs. More specifically, the cellular
miRNA bmo-miR-8 has multiple binding sites on the mRNAs
of ie-1 and other important BmNPV genes and its decrease
therefore results in the increase of virus accumulation (Singh
et al., 2012). It was also observed that silencing of Dicer-2 (but
unexpectedly not Dicer-1) could lead to an increase in viral load
in the infected larvae (Singh et al., 2012).

In case of persistent infection of baculovirus, it can therefore
be expected that the miRNA profile in infected cells shows dra-
matic changes. Given the capacity of miRNAs to regulate many
mRNA targets (Lim et al., 2005; Selbach et al., 2008), a signifi-
cant change in the physiology of the cells is expected. It would
be interesting to investigate if such infections also would lead to
diminished expression or function of core RNAi factors, dsRNA
uptake components or nucleases.

A TESTABLE HYPOTHESIS
To test whether persistent virus infection results in changes of
RNAi efficiency, two complementary approaches can be used. In
the first approach, persistent viral infections will need to be estab-
lished in insects that have high RNAi efficiency and are virus-free.
Examples of such insects are locusts, cockroaches and beetles, in
which high RNAi efficiency was reported (Mané-Padrós et al.,
2010; Zhu et al., 2011; Wynant et al., 2012). These experimen-
tal animals need subsequently to be checked for virus infection by
deep sequencing techniques (Wu et al., 2010; Liu et al., 2011; Ng

et al., 2011). A suitable virus to establish viral infections may be
FHV (Nodaviridae), which has a broad host range and capable of
infection of lepidopteran, dipteran, hemipteran and coleopteran
insects (Dasgupta et al., 2003, 2007). It would be interesting to
see whether FHV or a related nodavirus can infect locusts or
cockroaches. An alternative virus for orthopteran insects could
be the CrPV, which was isolated from Australian field crick-
ets (Orthoptera: Gryllidae) (EDWIP database; Braxton et al.,
2003). Another interesting experimental system would be the
acquisition of arbovirus infection in hematophagous mosquitoes.
As discussed earlier, arbovirus infection in mosquitoes resem-
bles persistent infection, since they are largely asymptomatic
(Myles et al., 2008; Cirimotich et al., 2009). It remains to
be tested whether the silencing efficiency of mosquito genes
through RNAi alters when arbovirus infections become more
established.

A second approach would consist of a population of persis-
tently infected insects that becomes subsequently cleared from
virus. For instance, it is known that many populations of B.
mori are persistently infected with the dsRNA virus BmCPV (Wu
et al., 2009). Because transgenesis techniques have been devel-
oped for Bombyx (Tamura et al., 2000; Tomita et al., 2003),
strains could be generated that express RNA hairpin genes that
target BmCPV, a technique that has been used to combat bac-
ulovirus infection (Kanginakudru et al., 2007). Alternatively,
different silkmoth strains could be screened for their propen-
sity to be infected by BmCPV or individual larvae tested for
presence of BmCPV infection and isolated from the rest of the
population. Larvae that became virus-free can then be compared
with persistently infected larvae with respect to gene silencing
through RNAi. In addition, deep sequencing needs to be applied
to confirm any additional virus infections that might occur simul-
taneously. Finally, if clear differences are observed, an extended
analysis can be performed to identify the mechanism of RNAi
sensitivity/refractoriness.

IMPACT ON STRATEGIES OF INSECT PEST CONTROL BASED
ON RNAi
For coleopteran pests, such as the corn rootworm, D. virgifera,
and the Colorado potato beetle, L. decemlineata, RNAi-based
control methods offer a real alternative to other control meth-
ods (Gordon and Waterhouse, 2007; Price and Gatehouse, 2008;
Huvenne and Smagghe, 2010; Swevers and Smagghe, 2012).
Because the strategy of RNAi targeting essential genes of insect
pests has a mode of action which is independent from that of Bt
toxins, it can be used for the creation of “pyramided” transgenic
crops, where the action of Bt toxin is complemented by RNAi
(Moar et al., 2010).

As for every method for insect control, however, the rise of
insecticide resistance is always a major issue. It has been argued
that resistance against dsRNA or RNA hairpins might be difficult
to occur because long dsRNAs can still function effectively, even
when multiple mutations have accumulated in the target sequence
(Swevers and Smagghe, 2012). However, the RNAi machinery that
is dedicated to defense against exogenous dsRNA is considered to
be dispensable (Shabalina and Koonin, 2008) and could therefore
mutate quickly if maintenance costs are too high and alternative

Frontiers in Physiology | Integrative Physiology November 2013 | Volume 4 | Article 319 | 10

http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive


Swevers et al. Persistent virus infection and RNAi in insects

mechanisms evolve against RNA virus infections. Persistent virus
infection may appear as a major mechanism that inactivates RNAi
(a correlation between persistent virus infection and RNAi defi-
ciency in the soma is observed in natural isolates of C. elegans;
Félix, 2008; Félix et al., 2011; Nuez and Félix, 2012). Thus, the
rise of resistance in insect pest populations that are managed by
RNAi-based techniques will give the opportunity to evaluate the
importance of the acquisition of persistent viral infections as a
resistance mechanism.
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Khila, A., and Grbić, M. (2007). Gene silencing in the spider mite Tetranychus
urticae: dsRNA and siRNA parental silencing of the Distal-less gene. Dev. Genes
Evol. 217, 241–251. doi: 10.1007/s00427-007-0132-9

Kolliopoulou, A., and Swevers, L. (2013). Functional analysis of the RNAi response
in ovary-derived silkmoth Bm5 cells. Insect Biochem. Mol. Biol. 43, 654–663. doi:
10.1016/j.ibmb.2013.05.001

Konopova, B., and Jindra, M. (2007). Juvenile hormone resistance gene
Methoprene-tolerant controls entry into metamorphosis in the beetle
Tribolium castaneum. Proc. Natl. Acad. Sci. U.S.A. 104, 10488–10493. doi:
10.1073/pnas.0703719104

Kupsco, J. M., Wu, M. J., Marzluff, W. F., Thapar, R., and Duronio, R. J. (2006).
Genetic and biochemical characterization of Drosophila Snipper: a promiscuous
member of the metazoan 3’hExo/ERI-1 family of 3’ to 5’ exonucleases. RNA 12,
2103–2117. doi: 10.1261/rna.186706

Lee, Y. S., Pressman, S., Andress, A. P., Kim, K., White, J. L., Cassidy, J. J., et al.
(2009). Silencing by small RNAs is linked to endosomal trafficking. Nat. Cell
Biol. 11, 1150–1156. doi: 10.1038/ncb1930

Li, H., Li, W. X., and Ding, S. W. (2002). Induction and suppression of RNA silenc-
ing by an animal virus. Science 296, 1319–1321. doi: 10.1126/science.1070948

Lim, L. P., Lau, N. C., Garrett-Engele, P., Grimson, A., Schelter, J. M., Castle, J., et al.
(2005). Microarray analysis shows that some microRNAs downregulate large
numbers of target mRNAs. Nature 433, 769–773. doi: 10.1038/nature03315

Frontiers in Physiology | Integrative Physiology November 2013 | Volume 4 | Article 319 | 12

http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive


Swevers et al. Persistent virus infection and RNAi in insects

Lingel, A., Simon, B., Izaurralde, E., and Sattler, M. (2005). The structure of the
Flock house virus B2 protein, a viral suppressor of RNAinterference, shows a
novel mode of double-stranded RNA recognition. EMBO Rep. 6, 1149–1155.
doi: 10.1038/sj.embor.7400583

Liu, J., Smagghe, G., and Swevers, L. (2013). Transcriptional response of
BmToll9-1 and RNAi machinery genes to exogenous dsRNA in the midgut
of Bombyx mori. J. Insect Physiol. 59, 646–654. doi: 10.1016/j.jinsphys.2013.
03.013

Liu, J., Swevers, L., Iatrou, K., Huvenne, H., and Smagghe, G. (2012). Bombyx mori
DNA/RNA non-specific nuclease isoforms: expression in insect culture cells,
subcellular localization and functional assays. J. Insect Physiol. 58, 1166–1176.
doi: 10.1016/j.jinsphys.2012.05.016

Liu, Q., Rand, T. A., Kalidas, S., Du, F., Kim, H. E., Smith, D. P., et al. (2003).
R2D2, a bridge between the initiation and effector steps of the Drosophila RNAi
pathway. Science 301, 1921–1925. doi: 10.1126/science.1088710

Liu, S., Vijayendran, D., and Bonning, B. C. (2011). Next generation sequenc-
ing technologies for insect virus discovery. Viruses 3, 1849–1869. doi:
10.3390/v3101849

Liu, Y., Ye, X., Jiang, F., Liang, C., Chen, D., Peng, J., et al. (2009). C3PO, an endori-
bonuclease that promotes RNAi by facilitating RISC activation. Science 325,
750–753. doi: 10.1126/science.1176325

Lozano, J., Gomez-Orte, E., Lee, H.-J., and Belles, X. (2012). Super-induction of
Dicer-2 expression by alien double-stranded RNAs: an evolutionary ancient
response to viral infection. Dev. Genes Evol. 222, 229–235. doi: 10.1007/s00427-
012-0404-x

Lu, S., and Cullen, B. R. (2004). Adenovirus VA1 noncoding RNA can inhibit
small interfering RNA and microRNA biogenesis. J. Virol. 78, 12868–12876. doi:
10.1128/JVI.78.23.12868-12876.2004

Lu, R., Maduro, M., Li, F., Li, H. W., Broitman-Maduro, G., Li, W. X., et al.
(2005). Animal virus replication and RNAi-mediated antiviral silencing in
Caenorhabditis elegans. Nature 436, 1040–1043. doi: 10.1038/nature03870

Mané-Padrós, D., Cruz, J., Vilaplana, L., Nieva, C., Ureña, E., Bellés, X.,
et al. (2010). The hormonal pathway controlling cell death during meta-
morphosis in a hemimetabolous insect. Dev. Biol. 346, 150–160. doi:
10.1016/j.ydbio.2010.07.012

Mao, Y. B., Cai, W. J., Wang, J. W., Hong, G. J., Tao, X. Y., Wang, L. J., et al. (2007).
Silencing a cotton bollworm P450 monooxygenase gene by plant-mediated
RNAi impairs larval tolerance of gossypol. Nat. Biotechnol. 25, 1307–1313. doi:
10.1038/nbt1352

Marchal, E., Zhang, J., Badisco, L., Verlinden, H., Hult, E. F., Van Wielendaele,
P., et al. (2011a). Final steps in juvenile hormone biosynthesis in the desert
locust, Schistocerca gregaria. Insect Biochem. Mol. Biol. 41, 219–227. doi:
10.1016/j.ibmb.2010.12.007

Marchal, E., Badisco, L., Verlinden, H., Vandersmissen, H. P., Van Soest, S., Van
Wielendaele, P., et al. (2011b). Role of the Halloween genes, Spook and Phantom
in ecdysteroidogenesis in the desert locust, Schistocerca gregaria. J. Insect Physiol.
57, 1240–1248. doi: 10.1016/j.jinsphys.2011.05.009

Marchal, E., Verlinden, H., Badisco, L., Van Wielendaele, P., and Vanden Broeck, J.
(2012). RNAi-mediated knockdown of Shade negatively affects ecdysone-20-
hydroxylation in the desert locust, Schistocerca gregaria. J. Insect Physiol. 58,
890–896. doi: 10.1016/j.jinsphys.2012.03.013

Marcus, J. M. (2005). Jumping genes and AFLP maps: transforming lepi-
dopteran color pattern genetics. Evol. Dev. 7 2, 108–114. doi: 10.1111/j.1525-
142X.2005.05012.x

Merkling, S. H., and van Rij, R. P. (2013). Beyond RNAi: Antiviral defense
strategies in Drosophila and mosquito. J. Insect Physiol. 59, 159–170. doi:
10.1016/j.jinsphys.2012.07.004

Miller, S. C., Brown, S. J., and Tomoyasu, Y. (2008). Larval RNAi in Drosophila. Dev.
Genes Evol. 218, 505–510. doi: 10.1007/s00427-008-0238-8

Miska, E. A., and Ahringer, J. (2007). RNA interference has second helpings. Nat.
Biotechnol. 25, 302–303. doi: 10.1038/nbt0307-302

Moar, W. J., Clark, T., Segers, G., Ramaseshadri, P., Hibbard, B., and Head, G.
(2010). “dsRNA: the next generation of pyramided insect protection traits,” in
Abstract Book 58th Annual Meeting of the Entomological Society of America (San
Diego, CA), 108.

Moazed, D. (2009). Small RNAs in transcriptional gene silencing and genome
defense. Nature 457, 413–420. doi: 10.1038/nature07756

Morazzani, E. M., Wiley, M. R., Mureddu, M. G., Adelman, Z. N., and Myles,
K. M. (2012). Production of virus-derived ping-pong-dependent piRNA-like

small RNAs in the mosquito soma. PLoS Pathog. 8:e1002470. doi: 10.1371/jour-
nal.ppat.1002470

Moreira, L. A., Iturbe-Ormaetxe, I., Jeffery, J. A., Lu, G., Pyke, A. T., Hedges,
L. M., et al. (2009). A Wolbachia symbiont in aedes aegypti limits infec-
tion with Dengue, Chikungunya, and Plasmodium. Cell 139, 1268–1278. doi:
10.1016/j.cell.2009.11.042

Mori, H., and Metcalf, P. (2010). “Cypoviruses,” in Insect Virology, eds A. Sassan
and J. Karyn (Norfolk: Caister Academic Press), 307–323.

Mousson, L., Zouache, K., Arias-Goeta, C., Raquin, V., Mavingui, P., and Failloux,
A.-B. (2012). The native Wolbachia symbionts limit transmission of Dengue
virus in Aedes albopictus. PLoS Negl. Trop. Dis. 6:e1989. doi: 10.1371/jour-
nal.pntd.0001989

Mukha, D. V., Chumachenko, A. G., Dykstra, M. J., Kurtti, T. J., and Schal, C.
(2006). Characterization of a new densovirus infecting the German cockroach,
Blattella germanica. J. Gen. Virol. 87, 1567–1575. doi: 10.1099/vir.0.81638-0

Mutti, N. S., Louis, J., Pappan, L. K., Pappan, K., Begum, K., Chen, M.-S., et al.
(2008). A protein from the salivary glands of the pea aphid, Acyrthosiphon
pisum, is essential in feeding on a host plant. Proc. Natl. Acad. Sci. U.S.A. 105,
9965–9969. doi: 10.1073/pnas.0708958105

Myles, K. M., Wiley, M. R., Morazzani, E. M., and Adelman, Z. N.
(2008). Alphavirus-derived small RNAs modulate pathogenesis in disease
vector mosquitoes. Proc. Natl. Acad. Sci. U.S.A. 105, 19938–19943. doi:
10.1073/pnas.0803408105

Narayanan, K. (2004). Insect defence: its impact on microbial control of insect
pests. Curr. Sci. 86, 800–814.

Nayak, A., Berry, B., Tassetto, M., Kunitomi, M., Acevedo, A., Deng, C., et al. (2010).
Cricket paralysis virus antagonizes Argonaute 2 to modulate antiviral defense in
Drosophila. Nat. Struct. Mol. Biol. 17, 547–554. doi: 10.1038/nsmb.1810

Ng, T. F. N., Willner, D. L., Lim, Y. W., Schmieder, R., Chau, B., Nilsson, C., et al.
(2011). Broad surveys of DNA viral diversity obtained through viral metage-
nomics of mosquitoes. PLoS ONE 6:e20579. doi: 10.1371/journal.pone.0020579

Nuez, I., and Félix, M.-A. (2012). Evolution of susceptibility to ingested double-
stranded RNAs in Caenorhabditis nematodes. PLoS ONE 7:e29811. doi:
10.1371/journal.pone.0029811

Obbard, D. J., Jiggins, F. M., Halligan, D. L., and Little, T. J. (2006). Natural selec-
tion drives extremely rapid evolution in antiviral RNAi genes. Curr. Biol. 16,
580–585. doi: 10.1016/j.cub.2006.01.065

Ohnishi, A., Hull, J. J., and Matsumoto, S. (2006). Targeted disruption of genes in
the Bombyx mori sex pheromone biosynthetic pathway. Proc. Natl. Acad. Sci.
U.S.A. 103, 4398–4403. doi: 10.1073/pnas.0511270103

Ortego, F. (2012). “Physiological adaptations of the insect gut to herbivory,” in
Arthropod-Plant Interactions, Novel Insights and Approaches for IPM, Progress in
Biological Control, Vol. 14, eds G. Smagghe and I. Diaz (Dordrecht: Springer-
Verlag), 75–88.

Ott, S. R., Verlinden, H., Rogers, S. M., Brighton, C. H., Quah, P. S., Vleugels,
R., et al. (2012). Critical role for PKA in the acquisition of gregarious
behaviour in the desert locust. Proc. Natl. Acad. Sci. U.S.A. 109, E381–E387. doi:
10.1073/pnas.1114990109

Pane, A., Wehr, K., and Schüpbach, T. (2007). Zucchini and Squash encode two
putative nucleases required for rasiRNA production in the Drosophila Germline.
Dev. Cell 12, 851–862. doi: 10.1016/j.devcel.2007.03.022

Pathak, K. B., and Nagy, P. D. (2009). Defective interfering RNAs: foes of viruses
and friends of virologists. Viruses 1, 895–919. doi: 10.3390/v1030895

Payne, C. C., and Mertens, P. P. C. (1983). “Cytoplasmic polyhedrosis viruses,” in
The Reoviridae, eds W. K. Joklik, H. Fraenkel-Conrat, and R. R. Wagner (New
York, YN: Plenum press), 425–504. doi: 10.1007/978-1-4899-0580-2_9

Pelletier, J., Aline Guidolin, A., Syed, Z., Cornel, A. J., and Leal, W. S. (2010).
Knockdown of a mosquito odorant-binding protein involved in the sensi-
tive detection of oviposition attractants. J. Chem. Ecol. 36, 245–248. doi:
10.1007/s10886-010-9762-x

Petruk, S., Sedkov, Y., Riley, K. M., Hodgson, J., Schweisguth, F., Hirose, S.,
et al. (2006). Transcription of bxd noncoding RNAs promoted by trithorax
represses Ubx in cis by transcriptional interference. Cell 127, 1209–1221. doi:
10.1016/j.cell.2006.10.039

Pires da Silva, A., and Sommer, R. (2004). Conservation of the global sex determi-
nation gene tra-1 in distantly related nematodes. Genes Dev. 18, 1198–1208. doi:
10.1101/gad.293504

Pirofski, L.-A., and Casadevall, A. (2012). QandA: what is a pathogen. A question
that begs the point. BMC Biol. 10:6. doi: 10.1186/1741-7007-10-6

www.frontiersin.org November 2013 | Volume 4 | Article 319 | 13

http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive


Swevers et al. Persistent virus infection and RNAi in insects

Pitaluga, A. N., Mason, P. W., and Traub-Cseko, Y. M. (2008). Non-specific antivi-
ral response detected in RNA-treated cultured cells of the sandfly, Lutzomyia
longipalpis. Dev. Comp. Immunol. 32, 191–197. doi: 10.1016/j.dci.2007.
06.008

Ponnuvel, K. M., Nakazawa, H., Furukawa, S., Asaoka, A., Ishibashi, J., Tanaka,
H., et al. (2003). A lipase isolated from the silkworm Bombyx mori shows
antiviral activity against nucleopolyhedrovirus. J. Virol. 77, 10725–10729. doi:
10.1128/JVI.77.19.10725-10729.2003

Price, D. R. G., and Gatehouse, J. A. (2008). RNAi-mediated crop protection against
insects. Trends Biotechnol. 26, 393–400. doi: 10.1016/j.tibtech.2008.04.004

Quan, G. X., Kanda, T., and Tamura, T. (2002). Induction of the white egg 3 mutant
phenotype by injection of the double-stranded RNA of the silkworm white gene.
Insect Mol. Biol. 11, 217–222. doi: 10.1046/j.1365-2583.2002.00328.x

Ratcliff, F., Harrison, B. D., and Baulcombe, D. C. (1997). A similarity between viral
defense and gene silencing in plants. Science 276, 1558–1560. doi: 10.1126/sci-
ence.276.5318.1558

Robalino, J., Bartlett, T., Shepard, E., Prior, S., Jaramillo, G., Scura, E., et al. (2005).
Double-stranded RNA induces sequence-specific antiviral silencing in addition
to nonspecific immunity in a marine shrimp: convergence of RNA interfer-
ence and innate immunity in the invertebrate antiviral response. J. Virol. 79,
1356–13561–13571. doi: 10.1128/JVI.79.21.13561-13571.2005

Robalino, J., Browdy, C. L., Prior, S., Metz, A., Parnell, P., Gross, P., et al. (2004).
Induction of antiviral immunity by double-stranded RNA in a marine inverte-
brate. J. Virol. 78, 10442–10448. doi: 10.1128/JVI.78.19.10442-10448.2004

Rocha, J. J. E., Korolchuk, V. I., Robinson, I. M., and O’Kane, C. J. (2011). A phago-
cytic route for uptake of double-stranded RNA in RNAi. PLoS ONE 6:e19087.
doi: 10.1371/journal.pone.0019087

Rocheleau, C. E. (2012). RNA interference: systemic RNAi SIDes with endosomes.
Curr. Biol. 22, R873–R875. doi: 10.1016/j.cub.2012.08.039

Sadler, A. J., and Williams, B. R. (2008). Interferon-inducible antiviral effectors.
Nat. Rev. Immunol. 8, 559–568. doi: 10.1038/nri2314

Saleh, M. C., Tassetto, M., van Rij, R. P., Goic, B., Gausson, V., Berry, B., et al.
(2009). Antiviral immunity in Drosophila requires systemic RNA interference
spread. Nature 458, 346–350. doi: 10.1038/nature07712

Saleh, M. C., van Rij, R. P., Hekele, A., Gillis, A., Foley, E., O’Farrell, P. H., et al.
(2006). The endocytic pathway mediates cell entry of dsRNA to induce RNAi
silencing. Nat. Cell Biol. 8, 793–802. doi: 10.1038/ncb1439

Sanchez-Vargas, I., Scott, J. C., Poole-Smith, B. K., Franz, A. W., Barbosa-Solomieu,
V., Wilusz, J., et al. (2009). Dengue virus type 2 infections of Aedes aegypti
are modulated by the mosquito’s RNA interference pathway. PLoS Pathog.
5:e1000299. doi: 10.1371/journal.ppat.1000299

Schneider, M. D., Najand, N., Chaker, S., Pare, J. M., Haskins, J., Hughes, S. C.,
et al. (2006). Gawky is a component of cytoplasmic mRNA processing bodies for
early Drosophila development. J. Cell Biol. 174, 349–358. doi: 10.1083/jcb.2005
12103

Schnettler, E., Sterken, M. G., Leung, J. Y., Metz, S. W., Geertsema, C., Goldbach,
R. W., et al. (2012). Noncoding flavivirus RNA displays RNA interference sup-
pressor activity in insect and mammalian cells. J. Virol. 86, 13486–13500. doi:
10.1128/JVI.01104-12

Schott, D. H., Cureton, D. K., Whelan, S. P., and Hunter, C. P. (2005). An antiviral
role for the RNA interference machinery in Caenorhabditis elegans. Proc. Natl.
Acad. Sci. U.S.A. 102, 18420–18424. doi: 10.1073/pnas.0507123102

Scott, J. C., Brackney, D. E., Campbell, C. L., Bondu-Hawkins, V., Hjelle, B., Ebel, G.
D., et al. (2010). Comparison of dengue virus type 2-specific small RNAs from
RNA interference competent and -incompetent mosquito cells. PLoS Negl. Trop.
Dis. 4:e848. doi: 10.1371/journal.pntd.0000848

Selbach, M., Schwanhäusser, B., Thierfelder, N., Fang, Z., Khanin, R., and Rajewsky,
N. (2008). Widespread changes in protein synthesis induced by microRNAs.
Nature 455, 58–63. doi: 10.1038/nature07228

Shabalina, S. A., and Koonin, E. V. (2008). Origins and evolution of eukaryotic RNA
interference. Trends Ecol. Evol. 23, 578–587. doi: 10.1016/j.tree.2008.06.005

Shakesby, A. J., Wallace, I. S., Isaacs, H. V., Pritchard, J., Roberts, D. M.,
and Douglas, A. E. (2009). A water-specific aquaporin involved in aphid
osmoregulation. Insect Biochem. Mol. Biol. 39, 1–10. doi: 10.1016/j.ibmb.2008.
08.008

Shannon, A., Tyson, T., Dix, I., Boyd, J., and Burnell, A. (2008). Systemic RNAi
mediated gene silencing in the anhydrobiotic nematode Panagrolaimus super-
bus. BMC Mol. Biol. 9:58. doi: 10.1186/1471-2199-9-58

Singh, C. P., Singh, J., and Nagaraju, J. (2012). A baculovirus-encoded microRNA
(miRNA) suppresses its host miRNA biogenesis by regulating the exportin-5
cofactor Ran. J. Virol. 86, 7867–7879. doi: 10.1128/JVI.00064-12

Singh, G., Popli, S., Hari, Y., Malhotra, P., Mukherjee, S., and Bhatnagar, R. K.
(2009). Suppression of RNA silencing by Flock house virus B2 protein is medi-
ated through its interaction with the PAZ domain of Dicer. FASEB J. 23,
1845–1857. doi: 10.1096/fj.08-125120

Singh, J., Singh, C. P., Bhavani, A., and Nagaraju, J. (2010). Discovering microR-
NAs from Bombyx mori nucleopolyhedrosis virus. Virology 407, 120–128. doi:
10.1016/j.virol.2010.07.033

Siomi, H., and Siomi, M. C. (2009a). On the road to reading the RNA-interference
code. Nature 457, 396–404. doi: 10.1038/nature07754

Siomi, H., and Siomi, M. C. (2009b). RISC hitches onto endosome trafficking. Nat.
Cell Biol. 11, 1049–1051. doi: 10.1038/ncb0909-1049

Siu, R. W. C., Fragkoudis, R., Simmonds, P., Donald, C. L., Chase-Topping, M. E.,
Barry, G., et al. (2011). Antiviral RNA interference responses induced by semliki
forest virus infection of mosquito cells: characterization, origin, and frequency-
dependent functions of virus-derived small interfering RNAs. J. Virol. 85,
2907–2917. doi: 10.1128/JVI.02052-10

Sorrell, I., White, A., Pedersen, A. B., Hails, R. S., and Boots, M. (2009). The evo-
lution of covert, silent infection as a parasite strategy. Proc. R. Soc. Biol. 276,
2217–2226. doi: 10.1098/rspb.2008.1915

Souza-Neto, J. A., Sim, S., and Dimopoulos, G. (2009). An evolutionary conserved
function of the JAK-STAT pathway in anti-dengue defense. Proc. Natl. Acad. Sci.
U.S.A. 42, 17841–17846. doi: 10.1073/pnas.0905006106

Sylvester, E. S. (1989). “Viruses transmitted by Aphids,” in Aphids. Their Biology,
Natural Enemies and Control; Vol. C, eds A. K. Minks and P. Harrewij
(Amsterdam: Elsevier), 65–88.

Swevers, L., Liu, J., Huvenne, H., and Smagghe, G. (2011). Search for limit-
ing factors in the RNAi pathway in silkmoth tissues and the Bm5 cell line:
the RNA-binding proteins R2D2 and Translin. PLoS ONE 6:e20250. doi:
10.1371/journal.pone.0020250

Swevers, L., and Smagghe, G. (2012). “Use of RNAi for control of insect crop pests,”
in Arthropod-Plant Interactions, Novel Insights and Approaches for IPM, Progress
in Biological Control, Vol. 14, eds G. Smagghe and I. Diaz (Dordrecht: Springer-
Verlag), 177–197.

Tamura, T., Thibert, C., Royer, C., Kanda, T., Abraham, E., Kamba, M., et al. (2000).
Germline transformation of the silkworm Bombyx mori L. using a piggyBac
transposon-derived vector. Nat. Biotechnol. 18, 81–84. doi: 10.1038/71978

Tan, A., and Palli, S. R. (2008). Identification and characterization of nuclear recep-
tors from the red flour beetle, Tribolium castaneum. Insect Biochem. Mol. Biol.
38, 430–439. doi: 10.1016/j.ibmb.2007.09.012

Tang, S., Patel, A., and Krause, P. R. (2009). Novel less-abundant viral microR-
NAs encoded by herpes simplex virus 2 latency associated transcript and their
roles in regulating ICP34.5 and ICP0 mRNAs. J. Virol. 83, 1433–1442. doi:
10.1128/JVI.01723-08

Terenius, O., Papanicolaou, A., Garbutt, J. S., Eleftherianos, I., Huvenne, H.,
Kanginakudru, S., et al. (2011). RNA interference in Lepidoptera: an overview
of successful and unsuccessful studies and implications for experimental design.
J. Insect Physiol. 57, 231–245. doi: 10.1016/j.jinsphys.2010.11.006

Tian, L., Guo, E., Dia, Y., Zhou, S., Peng, Q., Cao, Y., et al. (2010). Genome-wide
regulation of innate immunity by juvenile hormone and 20-hydroxyecdysone in
the Bombyx fat body. BMC Genomics 11:549. doi: 10.1186/1471-2164-11-549

Tijsterman, M., Okihara, K. L., Thijssen, K., and Plasterk R. H. (2002). PPW-
1, a PAZ/PIWI protein required for efficient germline RNAi, is defective in a
natural isolate of C. elegans. Curr. Biol. 12, 1535–1540. doi: 10.1016/S0960-
9822(02)01110-7

Tomari, Y., Du, T., and Zamore, P. D. (2007). Sorting of Drosophila small silencing
RNAs. Cell 130, 299–308. doi: 10.1016/j.cell.2007.05.057

Tomita, M., Munetsuna, H., Sato, T., Adachi, T., Hino, R., Hayashi, M., et al.
(2003). Transgenic silkworms produce recombinant human type III procollagen
in cocoons. Nat. Biotechnol. 21, 52–56. doi: 10.1038/nbt771

Tomoyasu, Y., Miller, S. C., Tomita, S., Schoppmeier, M., Grossmann, D., and
Bucher, G. (2008). Exploring systemic RNA interference in insects: a genome-
wide survey for RNAi genes in Tribolium. Genome Biol. 9:R10. doi: 10.1186/gb-
2008-9-1-r10

Uhlirova, M., Foy, B. D., Beaty, B. J., Olson, K. E., Riddiford, L. M., and Jindra,
M. (2003). Use of Sindbis virus-mediated RNA interference to demonstrate a

Frontiers in Physiology | Integrative Physiology November 2013 | Volume 4 | Article 319 | 14

http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology
http://www.frontiersin.org/Integrative_Physiology/archive


Swevers et al. Persistent virus infection and RNAi in insects

conserved role of Broad-Complex in insect metamorphosis. Proc. Natl. Acad.
Sci. U.S.A. 100, 15607–15612. doi: 10.1073/pnas.2136837100

Ulvila, J., Parikka, M., Kleino, A., Sormunen, R., Ezekowitz, R. A., Kocks, C.,
et al. (2006). Double-stranded RNA is internalized by scavenger receptor-
mediated endocytosis in Drosophila S2 cells. J. Biol. Chem. 281, 14370–14375.
doi: 10.1074/jbc.M513868200

Umbach, J. L., and Cullen, B. R. (2009). The role of RNAi and microRNAs in ani-
mal virus replication and antiviral immunity. Genes Dev. 23, 1151–1164. doi:
10.1101/gad.1793309

Umbach, J. L., Kramer, M. F., Jurak, I., Karnowski, H. W., Coen, D. M., and Cullen,
B. R. (2008). MicroRNAs expressed by herpes simplex virus 1 during latent
infection regulate viral mRNAs. Nature 454, 780–783. doi: 10.1038/nature07103

Vagin, V. V., Sigova, A., Li, C., Seitz, H., Gvozdev, V., and Zamore, P. D. (2006).
A distinct small RNA pathway silences selfish genetic elements in the germline.
Science 313, 320–324. doi: 10.1126/science.1129333

van Hoef, V., Breugelmans, B., Spit, J., Simonet, G., Zels, S., Billen, J., et al.
(2011). Functional analysis of a pancreatic secretory trypsin inhibitor-like
protein in insects: silencing effects resemble the human pancreatic autodiges-
tion phenotype. Insect Biochem. Mol. Biol. 41, 688–695. doi: 10.1016/j.ibmb.
2011.04.012

van Mierlo, J. T., Bronkhorst, A. W., Overheul, G. J., Sadanandan, S. A., Ekström,
J.-A., Heestermans, M., et al. (2012). Convergent evolution of Argonaute-2
Slicer antagonism in two distinct insect RNA viruses. PLoS Pathog. 8:e1002872.
doi: 10.1371/journal.ppat.1002872

van Rij, R. P., Saleh, M. C., Berry, B., Foo, C., Houk, A., Antoniewski, C., et al.
(2006). The RNA silencing endonuclease Argonaute 2 mediates specific antivi-
ral immunity in Drosophila melanogaster. Genes Dev. 20, 2985–2995. doi:
10.1101/gad.1482006

Van Wielendaele, P., Dillen, S., Marchal, E., Badisco, L., and Vanden Broeck, J.
(2012). CRF-like diuretic hormone negatively affects both feeding and repro-
duction in the desert locust, Schistocerca gregaria. PLoS ONE 7:e31425. doi:
10.1371/journal.pone.0031425

Van Wielendaele, P., Dillen, S., Zels, S., Badisco, L., and Vanden Broeck, J. (2013a).
Regulation of feeding by Neuropeptide F in the desert locust, Schistocerca gre-
garia. Insect Biochem. Mol. Biol. 43, 102–114. doi: 10.1016/j.ibmb.2012.10.002

Van Wielendaele, P., Wynant, N., Dillen, S., Zels, S., Badisco, L., and Vanden
Broeck, J. (2013b). Neuropeptide F regulates male reproductive processes in the
desert locust, Schistocerca gregaria. Insect Biochem. Mol. Biol. 43, 252–259. doi:
10.1016/j.ibmb.2012.12.004

Van Wielendaele, P., Wynant, N., Dillen, S., Badisco, L., Marchal, E., and Vanden
Broeck, J. (2013c). In vivo effect of Neuropeptide F on ecdysteroidogenesis in
adult female desert locusts (Schistocerca gregaria). J. Insect Physiol. 59, 624–630.
doi: 10.1016/j.jinsphys.2013.03.005

Vickers, K. C., Palmisano, B. T., Shoucri, B. M., Shamburek, R. D., and Remaley,
A. T. (2011). MicroRNAs are transported in plasma and delivered to recipi-
ent cells by high-density lipoproteins. Nat. Cell Biol. 13, 423–433. doi: 10.1038/
ncb2210

Vodovar, N., Bronkhorst, A. W., van Cleef, K. W. R., Miesen, P., Blanc, H., van Rij,
R. P., et al. (2012). Arbovirus-derived piRNAs Exhibit a ping-pong signature in
mosquito cells. PLoS ONE 7:e30861. doi: 10.1371/journal.pone.0030861

Vodovar, N., and Saleh, M.-C. (2012). Of insects and viruses: the role of small RNAs
in insect defence. Adv. Insect Physiol. 42, 1–36. doi: 10.1016/B978-0-12-387680-
5.00001-X

Wang, K., Zhang, S., Weber, J., Baxter, D., and Galas, D. J. (2010). Export of microR-
NAs and microRNA-protective protein by mammalian cells. Nucleic Acids Res.
38, 7248–7259. doi: 10.1093/nar/gkq601

Wang, X. H., Aliyari, R., Li, W. X., Li, H. W., Kim, K., Carthew, R., et al. (2006).
RNA interference directs innate immunity against viruses in adult Drosophila.
Science 312, 452–454. doi: 10.1126/science.1125694

Whangbo, J. S., and Hunter, C. P. (2008). Environmental RNA interference. Trends
Genet. 24, 297–305. doi: 10.1016/j.tig.2008.03.007

Wilkins, C., Dishongh, R., Moore, S. C., Whitt, M. A., Chow, M., and Machaca, K.
(2005). RNA interference is an antiviral defence mechanism in Caenorhabditis
elegans. Nature 436, 1044–1047. doi: 10.1038/nature03957

Wu, P., Han, S., Chen, T., Qin, G., Li, L., and Guo, X.-J. (2013). Involvement
of MicroRNAs in Infection of Silkworm with Bombyx mori Cytoplasmic
Polyhedrosis Virus (BmCPV). PLoS ONE 8:e68209. doi: 10.1371/jour-
nal.pone.0068209

Wu, P., Li, M. W., Wang, X., Zhao, P., Wang, X. Y., Liu, T., et al. (2009). Differentially
expressed genes in the midgut of Silkworm infected with cytoplasmic polyhe-
drosis virus. Afr. J. Biotechnol. 8, 3711–3720. doi: 10.1371/journal.pone.0019087

Wu, Q., Luo, Y., Lu, R., Lau, N., Lai, E. C., Li, W.-X., et al. (2010). Virus discovery
by deep sequencing and assembly of virus-derived small silencing RNAs. Proc.
Natl. Acad. Sci. U.S.A. 107, 1606–1611. doi: 10.1073/pnas.0911353107

Wu, P., Wang, X., Qin, G.-x., Liu, T., Jiang, Y.-F., Li, M.-W., et al. (2011).
Microarray analysis of the gene expression profile in the midgut of silkworm
infected with cytoplasmic polyhedrosis virus. Mol. Biol. Rep. 38, 333–341. doi:
10.1007/s11033-010-0112-4

Wynant, N., Verlinden, H., Breugelmans, B., Simonet, G., and Vanden Broeck,
J. (2012). Tissue-dependence and sensitivity of the systemic RNA interference
response in the desert locust, Schistocerca gregaria. Insect Biochem. Mol. Biol. 42,
911–917. doi: 10.1016/j.ibmb.2012.09.004

Xi, Z., Ramirez, J. L., and Dimopoulos, G. (2008). The Aedes aegypti Toll pathway
controls Dengue virus infection. PLoS Pathog. 4:e1000098. doi: 10.1371/jour-
nal.ppat.1000098

Yamaguchi, J., Mizoguchi, T., and Fujiwara, H. (2011). siRNAs induce effi-
cient RNAi response in Bombyx mori embryos. PLoS ONE 6:e25469. doi:
10.1371/journal.pone.0025469

Yan, Z., Hu, H. Y., Jiang, X., Maierhofer, V., Neb, E., He, L., et al. (2011). Widespread
expression of piRNA-like molecules in somatic tissues. Nucleic Acids Res. 39,
6596–6607. doi: 10.1093/nar/gkr298

You, H., Wan, H., Li, J., and Jin, B. R. (2010). Molecular cloning and characteriza-
tion of a short peptidoglycan recognition protein (PGRP-S) with antibacterial
activity from the bumblebee Bombus ignitus. Dev. Comp. Immunol. 34, 977–985.
doi: 10.1016/j.dci.2010.04.007

Zambon, R. A., Vakharia, V. N., and Wu, L. P. (2006). RNAi is an antiviral immune
response against a dsRNA virus in Drosophila melanogaster. Cell. Microbiol. 8,
880–889. doi: 10.1111/j.1462-5822.2006.00688.x

Zhu, F., Xu, J., Palli, R., Ferguson, J., and Palli, S. R. (2011). Ingested RNA interfer-
ence for managing the populations of the Colorado potato beetle, Leptinotarsa
decemlineata. Pest Manag. Sci. 67, 175–182. doi: 10.1002/ps.2048

Zhuang, J. J., and Hunter, C. P. (2012). RNA interference in Caenorhabditis
elegans: uptake, mechanism and regulation. Parasitology 139, 560–573. doi:
10.1017/S0031182011001788

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 25 August 2013; paper pending published: 20 September 2013; accepted: 15
October 2013; published online: 05 November 2013.
Citation: Swevers L, Vanden Broeck J and Smagghe G (2013) The possible impact
of persistent virus infection on the function of the RNAi machinery in insects: a
hypothesis. Front. Physiol. 4:319. doi: 10.3389/fphys.2013.00319
This article was submitted to Integrative Physiology, a section of the journal Frontiers
in Physiology.
Copyright © 2013 Swevers, Vanden Broeck and Smagghe. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

www.frontiersin.org November 2013 | Volume 4 | Article 319 | 15

http://dx.doi.org/10.3389/fphys.2013.00319
http://dx.doi.org/10.3389/fphys.2013.00319
http://dx.doi.org/10.3389/fphys.2013.00319
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Integrative_Physiology/archive

	The possible impact of persistent virus infection on the function of the RNAi machinery in insects: a hypothesis
	Introduction
	Types of RNAi: Intracellular, Systemic, and Environmental
	Variability of Systemic RNAi in Insects
	Factors that Determine RNAi Success
	Expression Levels of RNAi Machinery
	Uptake of dsRNA from the Extracellular Medium
	Degradation of dsRNA/Small RNA
	Innate Immune Response
	Persistent Virus Infection

	RNAi Efficiency in Natural Isolates of C. elegans
	Virus Infection in Insects of Different Taxonomic Groups
	How Can Virus Infection Interfere with RNAi Efficiency?
	Viral Suppressors of RNAi (VSRs)
	Decoy Mechanisms: Production of Large Amounts of Viral RNAs and Small RNAs
	Establishment of a General Antiviral State in Persistently Infected Cells
	Classical innate immunity pathways
	Evidence for unique responses against viral infection
	Nucleic acid-based acquired immunity and its potential interaction with the core RNAi machinery
	Manipulation of host gene expression by virus infection possibly resulting in diminished RNAi efficiency


	A Testable Hypothesis
	Impact on Strategies of Insect Pest Control Based on RNAi
	Acknowledgments
	References


