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Abstract

Arthropod-borne (arbo) viruses infect hematophagous arthropods (vectors) to maintain virus 

transmission between vertebrate hosts. The mosquito vector actively controls arbovirus infection 

to minimize its fitness costs. The RNA interference (RNAi) pathway is the major antiviral 

response vectors use to restrict arbovirus infections. We know this because depleting RNAi gene 

products profoundly impacts arbovirus replication, the antiviral RNAi pathway genes undergo 

positive, diversifying selection and arboviruses have evolved strategies to evade the vector's RNAi 

responses. The vector's RNAi defense and arbovirus countermeasures lead to an arms race that 

prevents potential virus-induced fitness costs yet maintains arbovirus infections needed for 

transmission. This review will discuss the latest findings in RNAi-arbovirus interactions in the 

model insect (Drosophila melanogaster) and in specific mosquito vectors.

Introduction

Arboviruses require hematophagous arthropod vectors to transmit virus between vertebrate 

hosts. Aedes aegypti (Aea) and Culex quinquefasciatus (Cxq) are mosquito vectors that 

transmit dengue viruses (DENV; Flavivirus; Flaviviridae) and West Nile virus (WNV; 

Flavivirus; Flaviviridae), respectively. Arboviruses replicate in the mosquito prior to 

transmission causing minimal pathologic changes and fitness costs [1,2]. The mosquito 

becomes persistently infected for the remainder of its adult life and can transmit virus with 

each bite. Barring barriers to infection, DENVs and WNV replicate in the mosquito's midgut 

and then disseminate to salivary glands where the virus enters saliva and transmits to a new 

host with the next bite. The time interval between initial infection of the midgut and virus in 

saliva is termed the extrinsic incubation period (EIP). The EIP can take 5-14 days for 

DENVs and WNV depending on virus and mosquito genotypes and environmental 

conditions [3-6]. Mosquitoes are not passive during EIP and the persistent phase of infection 

and mount a number of innate antiviral responses that modulate arbovirus infections 

(reviewed in [7-9]). The RNAi pathway is the major innate antiviral response vectors have 
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to restrict arbovirus infections [10]. Neither are arboviruses passive during infection and 

have evolved several strategies to counter the vector's antiviral responses, although these are 

not well-characterized. The vector's innate immune responses and arboviral countermeasures 

lead to a balanced infection that prevents potential vector fitness costs yet maintains 

arbovirus infections at levels needed for effective transmission. In this review, we will 

discuss recent advances in our understanding of the antiviral RNAi pathway that illustrate 

this concept.

Drosophila melanogaster and mosquitoes

Drosophila melanogaster (Dm) and mosquito vectors are flies from the insect order Diptera. 

Dm has served as a model dipteran insect mainly due to its tractability in the laboratory 

leading to a rich history of genetic, molecular, physiological and biochemical discovery. Dm 

research has been fundamental to our present understanding of vector-arbovirus interactions. 

For instance, the complete Dm genome sequence has been available since 2000 [11] 

providing a framework for comparisons with genomes of the medically important arboviral 

vectors Aae [12,13] and Cxq [14,15] as they became available. Transcriptome analyses of 

virus-infected Dm, Aae and Cxq have demonstrated complex gene expression profile 

changes when compared with uninfected insects [16-18]. For instance transcriptome studies 

have demonstrated that the fly's and vector's antimicrobial responses (Toll, Imd and JAK-

STAT pathways) can be activated to control viral infections in insects [19-25]. Dm 

researchers initially demonstrated that RNAi responses have a significant role in the insect's 

antiviral defense [26]. However, Dm is not a perfect infection model in that it is not a vector 

of arboviruses and often requires injection of abnormally high arbovirus titers for efficient 

infection. Nevertheless, Dm research has generated tools and approaches that have been 

fundamental for the study and understanding of arbovirus-vector interactions.

RNAi is a primary antiviral response in Dm and mosquitoes

RNAi is a post-transcriptional response first described in the nematode Caenorhabditis 

elegans [27] with the observation that injection of long double stranded (ds)RNA depleted 

expression of targeted genes in a sequence-specific manner. Gene silencing triggered by 

dsRNA was soon described in Dm [28] and has since been a basic tool for functional 

analyses of genes in mosquitoes. With one exception, arboviruses are RNA viruses and 

many RNA viruses generate intracellular dsRNA intermediates during their replication 

suggesting that these might trigger RNAi to function as an antiviral response. Li, Li and 

Ding (2002) initially demonstrated that the RNAi response in Dm was triggered by dsRNA 

from a replicating pathogenic insect RNA virus, Flock House virus (FHV; Alphanodavirus; 

Nodaviridae) [29]. We (and others) reasoned that RNAi may restrict arbovirus infections in 

mosquitoes. Several years prior to the discovery of RNAi we inserted a 500 nt portion of the 

DENV2 genome into the genome of an unrelated arbovirus, Sindbis virus (SINV; 

Alphavirus; Togaviridae). We infected Aea with the chimeric SINV and found that the 

mosquitoes were refractory to subsequent DENV2 infection. Since the SINV/DENV2 

genome generates dsRNA during its replication, we reasoned that RNAi may be the 

mechanism for the observed inhibition of DENV2 [30-32].
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RNAi background

We now know that RNAi comprises three pathways, named for their effector RNAs: small 

interfering (si)RNA, micro (mi)RNA, and Piwi-interacting (pi)RNA pathways. Each has a 

distinct role in antiviral defense, regulation of development and host gene expression, or 

defense of the host genome against transposon mobilization and expression, respectively. 

The three pathways of RNAi have been discussed in some length in previous reviews [8,9]. 

In this review, we will concentrate on recent advances in understanding Dm and mosquito 

siRNA and piRNA pathway interactions with viruses. Furthermore the RNAi pathways 

appear to have interconnectivity within Dm [33] and mosquitoes [34]. The mosquito genes 

that encode major proteins in each pathway have been identified by homology to Dm genes 

[35].

Antiviral responses and the siRNA pathway in diptera

The RNAi pathway triggered by viral (exogenous) dsRNA is the siRNA pathway. Virus-

generated dsRNA is recognized by Dicer 2 (Dcr2), a large protein with several functional 

domains that have been previously described [26,35]. Briefly, the Dcr2 RNase III domains 

cleave dsRNA into 19-22 bp siRNA duplexes with 2-nt overhangs at the 3′-OH-ends. The 

siRNA-Dcr2 complex associates with the dsRNA-binding protein, R2D2, facilitating siRNA 

loading into the multiprotein RNA-induced silencing complex (RISC) [26]. The effector 

protein of RISC is Argonaute 2 (Ago2), an RNase H-type endonuclease that also contains a 

PAZ domain, which binds and unwinds the siRNA, cleaves the “passenger” strand, and uses 

the bound siRNA “guide” strand to form a perfectly base-paired duplex with the 

complementary sequence on target viral mRNA [36]. The viral mRNA target is specifically 

cleaved at the center of the duplex by Ago2 endonuclease activity [37].

Dcr2's essential role in antiviral defense has been demonstrated in Dm and C6/36 (Ae. 

albopictus) mosquito cells lacking a functional Dcr2 [26,38,39]. Both mutant flies and 

C6/36 cells were highly susceptible to infection, resulting in increased viral loads in the 

absence of Dcr2 activity. Furthermore if Dcr2 (and the siRNA pathway) were depleted with 

Dcr2-dsRNA, Aea mosquitoes supported a 10-fold higher DENV2 load and a shorter EIP 

than control mosquitoes [40]. Ago2 also has an essential role in antiviral defense. Van Rij 

and colleagues (2006) showed that Ago-2-defective Dm were hypersensitive to infection 

with drosophila C virus (DCV; Cripavirus; Dicistroviridae) or cricket paralysis virus (CrPV; 

Cripavirus; Dicistroviridae) [41]. The ago2 mutants had increased mortality and dramatic 

increases in viral RNA accumulation and virus titers. We have shown that Ago2 depletion in 

Anopheles gambiae and Aea mosquitoes also leads to increased viral RNA and virus titers 

after infection with o'nyong-nyong virus (Alphavirus; Togaviridae) and DENV2, 

respectively [40,42].

The virus-insect arms race

Obbard and colleagues (2006) demonstrated in several drosophila species that siRNA 

pathway genes encoding Ago2 and Dcr2 are among the fastest evolving 3% of all genes, 

suggesting that infection with RNA viruses may drive diversifying selection in Dm [43]. To 

test this in mosquitoes, Bernhardt and colleagues (2012) analyzed the genetic diversity of 
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siRNA pathway genes (ago2 and dcr2) in six distinct geographic populations of Aea [44]. 

Similar to the studies among drosophila species, analysis of nearly complete sequences of 

Aea ago2 and dcr2 revealed that these genes were undergoing rapid, positive, and 

diversifying selection among Aea populations. Interestingly, the Aea populations with lower 

vector competence for DENV2 significantly and positively correlated with the nucleotide 

diversity indices in dcr2. In a related study Lambrechts and colleagues (2013) surveyed 

allelic polymorphism in dcr2 in different Aea populations experimentally exposed to 

genetically distinct isolates of DENVs [45]. They found that the dcr2 genotype was 

associated with resistance to specific DENV2 genotypes. They further hypothesized that 

non-synonymous polymorphisms within dcr2 generated differential dsRNA binding 

affinities for particular dsRNA sequences with genotype-by-genotype specificity. However, 

many arboviruses like DENVs provide only rare opportunities for selection at the vector 

population level since numerous field studies report that very few mosquitoes collected in 

areas endemic for DENV are actually infected [46,47]. The driver of rapid dcr2 gene 

diversity in Aea remains a mystery but could include non-pathogenic, insect-specific viruses 

having no vertebrate host [48] or pathogenic insect viruses. A recent metagenomics study by 

Obbard and colleagues determined that in >2,000 individually collected wild adult Dm more 

than 30% had detectable virus, and more than 6% carried multiple viruses [49] In contrast to 

Dm, Bernhardt and colleagues found that Aea Dcr1 and Ago1, key proteins of the miRNA 

pathway, are also undergoing rapid, positive, and diversifying selection among Aea 

populations, suggesting inter-connectivity between siRNA and miRNA pathways [44].

Viral counterdefenses to the siRNA pathway

Many pathogenic insect viruses encode virulence factors that are potent suppressors of the 

siRNA pathway. Depending on the virus, suppressors of RNAi (VSRs) target different steps 

in the pathway [50,51]. VSRs would be advantageous for RNA viruses that do not require 

transmission by a vector and thus do not need to minimize fitness costs to the infected 

vector, but rather require high virus loads for efficient environmental transmission. As 

discussed earlier, arboviruses need to minimize fitness costs of vector infection or risk their 

elimination during EIP and prior to transmission. Complete suppression of the siRNA 

pathway, resulting in pathogenesis, is predictably detrimental to their transmission cycle 

[52,53]. Nevertheless, viral evasion of the mosquito immune response may be necessary in 

order to infect, disseminate and be transmitted. A candidate for limited suppression of RNAi 

is the subgenomic flavivirus RNA (sfRNA) [54]. A proposed mechanism of suppression was 

inhibition of Dcr protein because recombinant human Dcr had reduced activity when WNV-

sfRNA was added to an in vitro assay. However, direct inhibition of mosquito cell Dcr2 was 

not demonstrated. The sfRNA also was observed to sequester mosquito 5′ exonuclease 

Xrn1, which might be a required downstream step to complete degradation following Ago2 

cleavage of viral mRNA [55].

The antiviral siRNA pathway response also may play an important role shaping the 

population structure of arboviruses in mosquitoes. Arthropod vectors are known to 

contribute to flavivirus quasispecies complexity [56,57]. Evidence suggests that viral 

genome diversity is critical for the adaptation of flaviviruses and other arboviruses to new 

and changing environments and hosts [58]. Brackney and colleagues (2015) then determined 
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that the siRNA pathway imposes diversifying selection on WNV genomes in infected Dm 

S2 cells [59]. S2 cells were used since Ago2 and Dicer2 depletion with cognate dsRNAs is 

well-established. In this study, the Dm siRNA pathway was left intact, depleted using 

dsRNAs targeting dcr2 or ago2 transcripts, or enhanced by addition of a dsRNA targeting a 

specific region of the WNV RNA genome. They then determined WNV quasispecies 

diversity in an amplicon spanning the 5′ untranslated region (UTR)-capsid-premembrane 

genes of WNV RNA from populations produced after a single round of infection or after 

five passages in Dm S2 cells. WNV diversity was significantly lower in the targeted 

sequence of WNV in RNAi-depleted cells but significantly greater in RNAi-stimulated cells 

relative to that of the intact controls [59]. They hypothesized that targeting viral genomes 

with siRNAs can lead to the rapid emergence of escape mutants containing mutations within 

intensely-targeted sequences leading to increased genome diversification of the virus. 

Similar experiments in mosquito cells and Cxq infected with WNV need to be performed to 

verify that increased genetic diversity observed in Cxq-derived WNV populations is siRNA 

pathway-driven.

Development of persistent infections in diptera

In a series of seminal discoveries, Dm researchers demonstrated that the siRNA pathway 

may play an important role in establishing persistent RNA virus infections in diptera. Goic 

and colleagues (2013) detected DNA forms of a non-retroviral RNA virus (FHV) after 

infecting Dm S2 cells [60]. The finding was surprising since FHV and other non-retroviral 

RNA viruses lack reverse transcriptase and machinery required to integrate their genomes 

into those of vector or host [61]. Their observation has been supported by an increasing 

number of studies showing partial DNA sequences from non-retroviral RNA virus genomes 

integrated into arthropod DNA genomes [62-65]. Goic and colleagues hypothesized that 

reverse transcriptase from endogenous retrotransposons most likely generated cDNA forms 

of FHV RNA as extrachromosomal or integrated DNAs in the insect genome [60]. To test 

this hypothesis they treated S2 cells with the nucleoside analogue reverse-transcriptase 

inhibitor azidothymidine (AZT) triphosphate prior to FHV infection and showed that AZT 

treatment inhibited production of the FHV DNA forms and increased the viral load up to 

1,000-fold when compared with untreated FHV-infected S2 cells in which the DNA form 

was present. Furthermore, they observed that S2 cells without DNA forms of FHV failed to 

become persistently infected with FHV. They hypothesized that if the endogenized DNA 

sequence was transcribed, its transcript could generate dsRNAs for Dcr2 detection and 

processing by the siRNA pathway and may explain how the DNA form controls RNA virus 

infection and promotes persistence. The obvious next experiment, depletion of Dcr2 in cells 

persistently infected with FHV, resulted in a shift from a persistent to an acute infection and 

cell death. Deep sequencing analysis of the genome of persistently infected S2 cells showed 

that most viral DNA forms were fused to fragments corresponding to long-terminal repeat 

(LTR) retrotransposons. Goic and colleagues detected chimeric v-siRNAs derived from both 

retrotransposons and the FHV genome, confirming that FHV DNA templates were 

transcribed and then processed by the siRNA machinery [60]. Well over 50% of adult flies 

also generated DNA forms when infected with either FHV or SINV by 6 days post-injection 

[60]. Treatment of flies with AZT prior to infection led to significantly increased viral loads 
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and high mortality when compared to controls. They also suggested that defective 

interfering viral RNAs produced during infection may act as templates for the DNA forms 

as the DNA form nucleotide sequences are often highly rearranged similar to the nucleotide 

sequences of defective viral RNAs [60]. FHV expresses the potent VSR, B2, which 

suppresses RNAi by binding dsRNAs preventing the dicing action of Dcr2. So why doesn't 

the B2 VSR prevent Dcr2 surveillance and v-siRNAs from forming in persistently infected 

cells? Flynt and colleagues (2009) suggest that B2 preferentially binds to viral replicative 

intermediates and we suspect that B2 fails to bind to dsRNA products generated by 

transcription of DNA forms [66]. The extent to which reverse transcription drives arbovirus 

persistence in mosquitoes remains to be determined. However, it should be noted that 42% 

and 29% of the Aea and Cxq genomes, respectively, are composed of transposable element 

(TE) sequences and retrotransposons are the dominant type of TE in each genome [14]. 

(Refer to figure 1).

We have generated a mariner (Mos1)-transformed Aea line (Carb109M) containing an 

inverted repeat (IR) DENV2-specific cDNA sequence in chromosome 3 [67]. The effector 

DNA was designed to be transcribed in midgut epithelial cells soon after acquisition of a 

bloodmeal [67,68]. The transcribed IR RNA formed dsRNA that was processed by the 

siRNA pathway machinery. Carb109 mosquitoes were refractory to DENV2 challenge 

[8,67]. The refractory phenotype may be due to nucleus-derived dsRNA being processed 

more efficiently by the siRNA machinery than dsRNAs from viral replicative intermediates 

formed during infection, although unlike persistent infections the dsRNA sequence was not 

derived from DNA forms of viral interfering RNAs.

9. Arboviruses and the piRNA pathway in vectors

The Piwi-interacting RNA (piRNA) pathway is a dicer-independent RNAi response. In Dm, 

antisense primary piRNAs are transcribed in the nucleus from transposons and/or genomic 

loci termed piRNA clusters [67]. These are processed to 24-27 nucleotide piRNAs with 5′U 

(U1) and 2′-O-methylated 3′ ends by unknown mechanisms and are loaded onto one of the 

PIWI family proteins Aubergine (Aub) or Piwi in or near the nucleus. The antisense RNA-

loaded (Aub) proteins act as piRNA-induced silencing complexes (piRISCs) to initiate the 

cytoplasmic “ping-pong” amplification loop. The Aub-RISC hybridizes to and cleaves sense 

strand secondary piRNA precursors complementary to its bound antisense piRNA, and this 

“slicer” reaction determines and forms the 5′ end of piRNAs that have an A10 nucleotide 

and are loaded onto Ago3. Ago3 with bound sense piRNA continues the “ping-pong” 

amplification loop by cleaving complementary antisense piRNA precursors, generating the 

5′U ends of antisense piRNAs that subsequently are loaded onto Aub. The 3′ end of piRNA 

is formed by an unknown nuclease (or nucleases), followed by 2′ O-methylation mediated 

by HEN1 [69].

This complex and poorly understood pathway is primarily utilized to silence transposon 

activity in the Dm germline, but surprisingly, in mosquitoes virus-specific piRNAs have 

been detected in somatic cells and recent studies have implicated piRNAs in mosquito 

antiviral defense [70-72]. DENV2 infected C6/36 cells lacking Dcr2 activity show no 

vsiRNAs but do show vpiRNAs, indicating that the piRNA pathway is detecting and 
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processing arboviral RNAs, and vpiRNAs are clearly detected in infected mosquitoes 

[38,39]. The trigger for a piRNA antiviral response to cytoplasmic arboviruses like DENV 

remains a mystery but the presence of DNA forms of DENV2-infected vector cells may 

suggest an answer. Antisense primary piRNAs may be transcribed from the DNA forms in 

the nucleus of the infected cell and interact with Piwi family proteins to initiate the “ping-

pong” amplification loop. The Piwi/Argonaute gene family of mosquitoes has undergone 

expansion by comparison to the Dm genome [35]. The genome of Culex pipiens encodes 7 

Piwi-family genes and Aea mosquitoes have 8 Piwi-family genes. We have speculated that 

this expansion reflects an antiviral role for the piRNA pathway in mosquito vectors. 

Sequence analyses examining transcriptional changes in response to blood feeding reveal 

Piwi4 expression is up-regulated under these conditions in multiple strains of Aea [73-75]. It 

was recently reported that cytoplasmic Piwi4 and Ago3 or Piwi5 and Ago3 proteins are 

involved in piRNA biogenesis from Semliki Forest virus or SINV RNA, respectively in 

infected Aea cells [76,77]. Most organisms utilize several piwi proteins in concert, at least 

one that is cytoplasmic and one that shuttles between the nucleus and the cytoplasm. Piwi4 

is a protein that potentially can bridge between nucleus and cytoplasm (Andino and 

Kunitomi, personal communication, 2015). While a major function the piRNA pathway is to 

restrict transposon activity, the antiviral response may rely on a different set of PIWI 

proteins for viral piRNA biogenesis. Future research activity should focus on whether 

vpiRNA biogenesis is dependent upon reverse-transcription of viral RNA and identify core 

components of the piRNA pathway required for an antiviral response (Figure 2).

10. Conclusions/Future directions

The RNAi pathway is the major innate antiviral response vectors use to restrict arbovirus 

infections. As described in this review, RNAi, particularly the siRNA pathway, may have an 

additional role in establishing persistent infections in mosquitoes and changing the 

population structure of the infecting arbovirus in ways that evade the vector's RNAi 

responses. The importance of the RNAi pathway in virus-insect interactions is demonstrated 

by siRNA pathway genes undergoing positive, diversifying selection in flies and vectors and 

the association of siRNA gene diversity with vector competence. The vector's innate 

immune responses and arboviral countermeasures are in an arms race to minimize virus-

induced fitness costs but maintain arbovirus infections for transmission to a vertebrate host. 

Although evidence has been presented for restriction of arbovirus infections of mosquitoes 

by canonical innate immune pathways, knowledge that the siRNA pathway is the unique and 

most potent mechanism of antiviral innate immunity in mosquitoes provides opportunities to 

develop novel strategies for controlling arbovirus transmission [8,67] and incentives to more 

completely understand the mechanism. A few questions on which future research might be 

focused are the following: What viral RNA structures in addition to long dsRNA are 

required for Dcr2 recognition? What is driving diversifying selection of dcr2 and ago2? Can 

we routinely find DNA forms of arboviruses in infected vectors and what role do DNA 

forms have in establishing persistence? What activities are required downstream from Ago2 

cleavage of viral RNA to complete the RNAi pathway? What is the role of piRNAs in anti-

viral immunity and which Piwi-clade proteins are involved? What are arboviral strategies 

for RNAi evasion?

Olson and Blair Page 7

Curr Opin Virol. Author manuscript; available in PMC 2016 December 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgments

Our research has been funded by NIH grants AI34014, AI48740, AI46435 and Grand Challenges in Global Health 
through the Foundation for NIH. Funding sources had no role in study design; in the collection, analysis, and 
interpretation of data; in the writing of this review; and in the decision to submit the manuscript for publication.

References

1. Styer LM, Kent KA, Albright RG, Bennett CJ, Kramer LD, Bernard KA. Mosquitoes inoculate high 
doses of West Nile virus as they probe and feed on live hosts. PLoS Pathog. 2007; 3:1262–1270. 
[PubMed: 17941708] 

2. Putnam JL, Scott TW. Blood-feeding behavior of dengue-2 virus-infected Aedes aegypti. Am J Trop 
Med Hyg. 1995; 52:225–227. [PubMed: 7694963] 

3. Kilpatrick AM, Meola MA, Moudy RM, Kramer LD. Temperature, viral genetics, and the 
transmission of West Nile virus by Culex pipiens mosquitoes. PLoS Pathog. 2008; 4:e1000092. 
[PubMed: 18584026] 

4. Moudy RM, Meola MA, Morin LL, Ebel GD, Kramer LD. A newly emergent genotype of West 
Nile virus is transmitted earlier and more efficiently by Culex mosquitoes. Am J Trop Med Hyg. 
2007; 77:365–370. [PubMed: 17690414] 

5. Chan M, Johansson MA. The incubation periods of Dengue viruses. PLoS One. 2012; 7:e50972. 
[PubMed: 23226436] 

6. Lambrechts L, Chevillon C, Albright RG, Thaisomboonsuk B, Richardson JH, Jarman RG, Scott 
TW. Genetic specificity and potential for local adaptation between dengue viruses and mosquito 
vectors. BMC Evol Biol. 2009; 9:160. [PubMed: 19589156] 

7. Prasad AN, Brackney DE, Ebel GD. The role of innate immunity in conditioning mosquito 
susceptibility to West Nile virus. Viruses. 2013; 5:3142–3170. [PubMed: 24351797] 

8. Blair CD, Olson KE. The role of RNA interference (RNAi) in arbovirus-vector interactions. 
Viruses. 2015; 7:820–843. [PubMed: 25690800] 

9. Blair CD, Olson KE. Mosquito immune responses to arbovirus infections. Curr Opin Insect Sci. 
2014; 3:22–29. [PubMed: 25401084] 

10. Blair CD. Mosquito RNAi is the major innate immune pathway controlling arbovirus infection and 
transmission. Future Microbiol. 2011; 6:265–277. [PubMed: 21449839] 

11. Adams MD, Celniker SE, Holt RA, Evans CA, Gocayne JD, Amanatides PG, Scherer SE, Li PW, 
Hoskins RA, Galle RF, et al. The genome sequence of Drosophila melanogaster. Science. 2000; 
287:2185–2195. [PubMed: 10731132] 

12. Nene V, Wortman JR, Lawson D, Haas B, Kodira C, Tu ZJ, Loftus B, Xi Z, Megy K, Grabherr M, 
et al. Genome sequence of Aedes aegypti, a major arbovirus vector. Science. 2007; 316:1718–
1723. [PubMed: 17510324] 

13. Waterhouse RM, Kriventseva EV, Meister S, Xi Z, Alvarez KS, Bartholomay LC, Barillas-Mury 
C, Bian G, Blandin S, Christensen BM, et al. Evolutionary dynamics of immune-related genes and 
pathways in disease-vector mosquitoes. Science. 2007; 316:1738–1743. [PubMed: 17588928] 

14. Arensburger P, Megy K, Waterhouse RM, Abrudan J, Amedeo P, Antelo B, Bartholomay L, 
Bidwell S, Caler E, Camara F, et al. Sequencing of Culex quinquefasciatus establishes a platform 
for mosquito comparative genomics. Science. 2010; 330:86–88. [PubMed: 20929810] 

15. Bartholomay LC, Waterhouse RM, Mayhew GF, Campbell CL, Michel K, Zou Z, Ramirez JL, Das 
S, Alvarez K, Arensburger P, et al. Pathogenomics of Culex quinquefasciatus and meta-analysis of 
infection responses to diverse pathogens. Science. 2010; 330:88–90. [PubMed: 20929811] 

16. Bonizzoni M, Dunn WA, Campbell CL, Olson KE, Marinotti O, James AA. Complex modulation 
of the Aedes aegypti transcriptome in response to dengue virus infection. PLoS One. 2012; 
7:e50512. [PubMed: 23209765] 

17. Shin D, Civana A, Acevedo C, Smartt CT. Transcriptomics of differential vector competence: 
West Nile virus infection in two populations of Culex pipiens quinquefasciatus linked to ovary 
development. BMC Genomics. 2014; 15:513. [PubMed: 24952767] 

Olson and Blair Page 8

Curr Opin Virol. Author manuscript; available in PMC 2016 December 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



18. Sim S, Jupatanakul N, Ramirez JL, Kang S, Romero-Vivas CM, Mohammed H, Dimopoulos G. 
Transcriptomic profiling of diverse Aedes aegypti strains reveals increased basal-level immune 
activation in dengue virus-refractory populations and identifies novel virus-vector molecular 
interactions. PLoS Negl Trop Dis. 2013; 7:e2295. [PubMed: 23861987] 

19. Charroux B, Royet J. Drosophila immune response: From systemic antimicrobial peptide 
production in fat body cells to local defense in the intestinal tract. Fly (Austin). 2010; 4:40–47. 
[PubMed: 20383054] 

20. Imler JL. Overview of Drosophila immunity: a historical perspective. Dev Comp Immunol. 2014; 
42:3–15. [PubMed: 24012863] 

21. Avadhanula V, Weasner BP, Hardy GG, Kumar JP, Hardy RW. A novel system for the launch of 
alphavirus RNA synthesis reveals a role for the Imd pathway in arthropod antiviral response. PLoS 
Pathog. 2009; 5:e1000582. [PubMed: 19763182] 

22. Dostert C, Jouanguy E, Irving P, Troxler L, Galiana-Arnoux D, Hetru C, Hoffmann JA, Imler JL. 
The Jak-STAT signaling pathway is required but not sufficient for the antiviral response of 
drosophila. Nat Immunol. 2005; 6:946–953. [PubMed: 16086017] 

23. Xi Z, Ramirez JL, Dimopoulos G. The Aedes aegypti toll pathway controls dengue virus infection. 
PLoS Pathog. 2008; 4:e1000098. [PubMed: 18604274] 

24. Souza-Neto JA, Sim S, Dimopoulos G. An evolutionary conserved function of the JAK-STAT 
pathway in anti-dengue defense. Proc Natl Acad Sci U S A. 2009; 106:17841–17846. [PubMed: 
19805194] 

25. Ramirez JL, Dimopoulos G. The Toll immune signaling pathway control conserved anti-dengue 
defenses across diverse Ae. aegypti strains and against multiple dengue virus serotypes. Dev 
Comp Immunol. 2010; 34:625–629. [PubMed: 20079370] 

26. Galiana-Arnoux D, Dostert C, Schneemann A, Hoffmann JA, Imler JL. Essential function in vivo 
for Dicer-2 in host defense against RNA viruses in drosophila. Nat Immunol. 2006; 7:590–597. 
[PubMed: 16554838] 

27. Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC. Potent and specific genetic 
interference by double-stranded RNA in Caenorhabditis elegans. Nature. 1998; 391:806–811. 
[PubMed: 9486653] 

28. Kennerdell JR, Carthew RW. Use of dsRNA-mediated genetic interference to demonstrate that 
frizzled and frizzled 2 act in the wingless pathway. Cell. 1998; 95:1017–1026. [PubMed: 9875855] 

29**. Li H, Li WX, Ding SW. Induction and suppression of RNA silencing by an animal virus. 
Science. 2002; 296:1319–1321. Demonstrates the importance of RNAi as an an antiviral defense 
in the Dm dipteran model, by showing that that an insect-specific virus, both induces RNAi and 
encodes a specific protein suppressor of RNAi. [PubMed: 12016316] 

30. Olson KE, Higgs S, Gaines PJ, Powers AM, Davis BS, Kamrud KI, Carlson JO, Blair CD, Beaty 
BJ. Genetically engineered resistance to dengue-2 virus transmission in mosquitoes. Science. 
1996; 272:884–886. [PubMed: 8629025] 

31. Gaines PJ, Olson KE, Higgs S, Powers AM, Beaty BJ, Blair CD. Pathogen-derived resistance to 
dengue type 2 virus in mosquito cells by expression of the premembrane coding region of the viral 
genome. J Virol. 1996; 70:2132–2137. [PubMed: 8642634] 

32. Adelman ZN, Blair CD, Carlson JO, Beaty BJ, Olson KE. Sindbis virus-induced silencing of 
dengue viruses in mosquitoes. Insect Mol Biol. 2001; 10:265–273. [PubMed: 11437918] 

33. Ghildiyal M, Zamore PD. Small silencing RNAs: an expanding universe. Nat Rev Genet. 2009; 
10:94–108. [PubMed: 19148191] 

34. Haac ME, Anderson MA, Eggleston H, Myles KM, Adelman ZN. The hub protein loquacious 
connects the microRNA and short interfering RNA pathways in mosquitoes. Nucleic Acids Res. 
2015; 43:3688–3700. [PubMed: 25765650] 

35**. Campbell CL, Black WCt, Hess AM, Foy BD. Comparative genomics of small RNA regulatory 
pathway components in vector mosquitoes. BMC Genomics. 2008; 9:425. Phylogenomic 
comparisons of RNAi pathway componenets in major arbovirus mosquito vectors with Dm 
showed major gene family expansions in mosquitoes. [PubMed: 18801182] 

Olson and Blair Page 9

Curr Opin Virol. Author manuscript; available in PMC 2016 December 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



36. Pham JW, Pellino JL, Lee YS, Carthew RW, Sontheimer EJ. A Dicer-2-dependent 80s complex 
cleaves targeted mRNAs during RNAi in Drosophila. Cell. 2004; 117:83–94. [PubMed: 
15066284] 

37. Matranga C, Tomari Y, Shin C, Bartel DP, Zamore PD. Passenger-strand cleavage facilitates 
assembly of siRNA into Ago2-containing RNAi enzyme complexes. Cell. 2005; 123:607–620. 
[PubMed: 16271386] 

38*. Scott JC, Brackney DE, Campbell CL, Bondu-Hawkins V, Hjelle B, Ebel GD, Olson KE, Blair 
CD. Comparison of dengue virus type 2-specific small RNAs from RNA interference-competent 
and -incompetent mosquito cells. PLoS Negl Trop Dis. 2010; 4:e848. Shows that production of 
typical DENV specific siRNAs is defective in C6/36 (Ae. albopictus) mosquito cells and C6/36 
cell lysates because of a point mutation in their dicer2 gene, thus allowing 10-100 fold higher 
virus titers. [PubMed: 21049014] 

39. Brackney DE, Scott JC, Sagawa F, Woodward JE, Miller NA, Schilkey FD, Mudge J, Wilusz J, 
Olson KE, Blair CD, et al. C6/36 Aedes albopictus cells have a dysfunctional antiviral RNA 
interference response. PLoS Negl Trop Dis. 2010; 4:e856. [PubMed: 21049065] 

40**. Sanchez-Vargas I, Scott JC, Poole-Smith BK, Franz AW, Barbosa-Solomieu V, Wilusz J, Olson 
KE, Blair CD. Dengue virus type 2 infections of Aedes aegypti are modulated by the mosquito's 
RNA interference pathway. PLoS Pathog. 2009; 5:e1000299. Publication of the complete Aedes 
aegypti genome sequence enabled demonstration that RNAi is an important regulator of 
replication of DENV-2 in its natural mosquito vector. [PubMed: 19214215] 

41. van Rij RP, Saleh MC, Berry B, Foo C, Houk A, Antoniewski C, Andino R. The RNA silencing 
endonuclease Argonaute 2 mediates specific antiviral immunity in Drosophila melanogaster. 
Genes Dev. 2006; 20:2985–2995. [PubMed: 17079687] 

42*. Keene KM, Foy BD, Sanchez-Vargas I, Beaty BJ, Blair CD, Olson KE. RNA interference acts as 
a natural antiviral response to O'nyong-nyong virus (Alphavirus; Togaviridae) infection of 
Anopheles gambiae. Proc Natl Acad Sci U S A. 2004; 101:17240–17245. Publication of the 
Anopheles gambiae genone sequence enabled identification of genes encoding key components 
of the siRNA pathwayand demonstration of by RNAi-mediated depletion that RNAi controls 
arbovirus replication in a mosquito vector. [PubMed: 15583140] 

43. Obbard DJ, Jiggins FM, Halligan DL, Little TJ. Natural selection drives extremely rapid evolution 
in antiviral RNAi genes. Curr Biol. 2006; 16:580–585. [PubMed: 16546082] 

44*. Bernhardt SA, Simmons MP, Olson KE, Beaty BJ, Blair CD, Black WC. Rapid intraspecific 
evolution of miRNA and siRNA genes in the mosquito Aedes aegypti. PLoS One. 2012; 
7:e44198. Publication showing that the Ae. aegypti exo-siRNA and miRNA pathway genes 
appear to be undergoing rapid, positive, diversifying selection and refractoriness of mosquitoes to 
infection with DENV was significantly positively correlated for nucleotide diversity indices in 
dicer-2. [PubMed: 23028502] 

45. Lambrechts L, Quillery E, Noel V, Richardson JH, Jarman RG, Scott TW, Chevillon C. Specificity 
of resistance to dengue virus isolates is associated with genotypes of the mosquito antiviral gene 
Dicer-2. Proc Biol Sci. 2013; 280:20122437. [PubMed: 23193131] 

46. Urdaneta L, Herrera F, Pernalete M, Zoghbi N, Rubio-Palis Y, Barrios R, Rivero J, Comach G, 
Jimenez M, Salcedo M. Detection of dengue viruses in field-caught Aedes aegypti (Diptera: 
Culicidae) in Maracay, Aragua state, Venezuela by type-specific polymerase chain reaction. Infect 
Genet Evol. 2005; 5:177–184. [PubMed: 15639750] 

47. Chung YK, Pang FY. Dengue virus infection rate in field populations of female Aedes aegypti and 
Aedes albopictus in Singapore. Trop Med Int Health. 2002; 7:322–330. [PubMed: 11952948] 

48. Bolling BG, Weaver SC, Tesh RB, Vasilakis N. Insect-Specific Virus Discovery: Significance for 
the Arbovirus Community. Viruses. 2015; 7:4911–4928. [PubMed: 26378568] 

49. Webster CL, Waldron FM, Robertson S, Crowson D, Ferrari G, Quintana JF, Brouqui JM, Bayne 
EH, Longdon B, Buck AH, et al. The Discovery, Distribution, and Evolution of Viruses 
Associated with Drosophila melanogaster. PLoS Biol. 2015; 13:e1002210. [PubMed: 26172158] 

50. Song L, Gao S, Jiang W, Chen S, Liu Y, Zhou L, Huang W. Silencing suppressors: viral weapons 
for countering host cell defenses. Protein Cell. 2011; 2:273–281. [PubMed: 21528352] 

Olson and Blair Page 10

Curr Opin Virol. Author manuscript; available in PMC 2016 December 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



51. Aliyari R, Wu Q, Li HW, Wang XH, Li F, Green LD, Han CS, Li WX, Ding SW. Mechanism of 
induction and suppression of antiviral immunity directed by virus-derived small RNAs in 
Drosophila. Cell Host Microbe. 2008; 4:387–397. [PubMed: 18854242] 

52*. Myles KM, Wiley MR, Morazzani EM, Adelman ZN. Alphavirus-derived small RNAs modulate 
pathogenesis in disease vector mosquitoes. Proc Natl Acad Sci U S A. 2008; 105:19938–19943. 
First use of deep sequencing to characterize virus-specific small RNAs produced by Aedes 
aegypti mosquitoes in the antiviral RNAi response to arbovirus infection. [PubMed: 19047642] 

53. Cirimotich CM, Scott JC, Phillips AT, Geiss BJ, Olson KE. Suppression of RNA interference 
increases alphavirus replication and virus-associated mortality in Aedes aegypti mosquitoes. BMC 
Microbiol. 2009; 9:49. [PubMed: 19265532] 

54. Schnettler E, Sterken MG, Leung JY, Metz SW, Geertsema C, Goldbach RW, Vlak JM, Kohl A, 
Khromykh AA, Pijlman GP. Noncoding flavivirus RNA displays RNA interference suppressor 
activity in insect and Mammalian cells. J Virol. 2012; 86:13486–13500. [PubMed: 23035235] 

55. Moon SL, Anderson JR, Kumagai Y, Wilusz CJ, Akira S, Khromykh AA, Wilusz J. A noncoding 
RNA produced by arthropod-borne flaviviruses inhibits the cellular exoribonuclease XRN1 and 
alters host mRNA stability. RNA. 2012; 18:2029–2040. [PubMed: 23006624] 

56. Jerzak GV, Bernard K, Kramer LD, Shi PY, Ebel GD. The West Nile virus mutant spectrum is 
host-dependant and a determinant of mortality in mice. Virology. 2007; 360:469–476. [PubMed: 
17134731] 

57. Jerzak G, Bernard KA, Kramer LD, Ebel GD. Genetic variation in West Nile virus from naturally 
infected mosquitoes and birds suggests quasispecies structure and strong purifying selection. J Gen 
Virol. 2005; 86:2175–2183. [PubMed: 16033965] 

58. Ciota AT, Ngo KA, Lovelace AO, Payne AF, Zhou Y, Shi PY, Kramer LD. Role of the mutant 
spectrum in adaptation and replication of West Nile virus. J Gen Virol. 2007; 88:865–874. 
[PubMed: 17325359] 

59*. Brackney DE, Schirtzinger EE, Harrison TD, Ebel GD, Hanley KA. Modulation of flavivirus 
population diversity by RNA interference. J Virol. 2015; 89:4035–4039. Publication 
demonstrates that RNA interference (RNAi) imposes diversifying selection on RNA virus 
genomes by quantifying West Nile virus (WNV) quasispecies diversity after passage in 
Drosophila cells. WNV sequence diversity was significantly lower in RNAi-depleted cells and 
significantly greater in RNAi-stimulated cells relative to that in controls. These findings reveal 
that an innate immune defense can shape viral population structure. Study needs to be expanded 
to mosquitoes. [PubMed: 25631077] 

60**. Goic B, Vodovar N, Mondotte JA, Monot C, Frangeul L, Blanc H, Gausson V, Vera-Otarola J, 
Cristofari G, Saleh MC. RNA-mediated interference and reverse transcription control the 
persistence of RNA viruses in the insect model Drosophila. Nat Immunol. 2013; 14:396–403. 
Publication demonstrates that fragments of diverse non-retroviral RNA viruses are reverse-
transcribed during infection, resulting in DNA forms embedded in retrotransposon sequences. 
Virus-retrotransposon DNA chimeras transcripts can be processed by the RNAi machinery to 
inhibit viral replication. Conversely, inhibition of reverse transcription hindered the appearance 
of chimeric DNA and prevented viral persistence. [PubMed: 23435119] 

61. Liu H, Fu Y, Jiang D, Li G, Xie J, Cheng J, Peng Y, Ghabrial SA, Yi X. Widespread horizontal 
gene transfer from double-stranded RNA viruses to eukaryotic nuclear genomes. J Virol. 2010; 
84:11876–11887. [PubMed: 20810725] 

62. Fort P, Albertini A, Van-Hua A, Berthomieu A, Roche S, Delsuc F, Pasteur N, Capy P, Gaudin Y, 
Weill M. Fossil rhabdoviral sequences integrated into arthropod genomes: ontogeny, evolution, 
and potential functionality. Mol Biol Evol. 2012; 29:381–390. [PubMed: 21917725] 

63. Crochu S, Cook S, Attoui H, Charrel RN, De Chesse R, Belhouchet M, Lemasson JJ, de Micco P, 
de Lamballerie X. Sequences of flavivirus-related RNA viruses persist in DNA form integrated in 
the genome of Aedes spp. mosquitoes. J Gen Virol. 2004; 85:1971–1980. [PubMed: 15218182] 

64. Ballinger MJ, Bruenn JA, Hay J, Czechowski D, Taylor DJ. Discovery and evolution of 
bunyavirids in arctic phantom midges and ancient bunyavirid-like sequences in insect genomes. J 
Virol. 2014; 88:8783–8794. [PubMed: 24850747] 

Olson and Blair Page 11

Curr Opin Virol. Author manuscript; available in PMC 2016 December 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



65. Rizzo F, Cerutti F, Ballardini M, Mosca A, Vitale N, Radaelli MC, Desiato R, Prearo M, Pautasso 
A, Casalone C, et al. Molecular characterization of flaviviruses from field-collected mosquitoes in 
northwestern Italy, 2011-2012. Parasit Vectors. 2014; 7:395. [PubMed: 25160565] 

66. Flynt A, Liu N, Martin R, Lai EC. Dicing of viral replication intermediates during silencing of 
latent Drosophila viruses. Proc Natl Acad Sci U S A. 2009; 106:5270–5275. [PubMed: 19251644] 

67. Franz AW, Sanchez-Vargas I, Raban RR, Black WCt, James AA, Olson KE. Fitness impact and 
stability of a transgene conferring resistance to dengue-2 virus following introgression into a 
genetically diverse Aedes aegypti strain. PLoS Negl Trop Dis. 2014; 8:e2833. [PubMed: 
24810399] 

68*. Franz AW, Sanchez-Vargas I, Adelman ZN, Blair CD, Beaty BJ, James AA, Olson KE. 
Engineering RNA interference-based resistance to dengue virus type 2 in genetically modified 
Aedes aegypti. Proc Natl Acad Sci U S A. 2006; 103:4198–4203. First demonstration that the 
RNAi pathway in mosquitoes can be exploited for engineering resistence in mosquitoes by 
transgenesis. [PubMed: 16537508] 

69. Siomi MC, Sato K, Pezic D, Aravin AA. PIWI-interacting small RNAs: the vanguard of genome 
defence. Nat Rev Mol Cell Biol. 2011; 12:246–258. [PubMed: 21427766] 

70. Vodovar N, Bronkhorst AW, van Cleef KW, Miesen P, Blanc H, van Rij RP, Saleh MC. 
Arbovirus-derived piRNAs exhibit a ping-pong signature in mosquito cells. PLoS One. 2012; 
7:e30861. [PubMed: 22292064] 

71. Morazzani EM, Wiley MR, Murreddu MG, Adelman ZN, Myles KM. Production of virus-derived 
ping-pong-dependent piRNA-like small RNAs in the mosquito soma. PLoS Pathog. 2012; 
8:e1002470. [PubMed: 22241995] 

72*. Hess AM, Prasad AN, Ptitsyn A, Ebel GD, Olson KE, Barbacioru C, Monighetti C, Campbell CL. 
Small RNA profiling of Dengue virus-mosquito interactions implicates the PIWI RNA pathway 
in anti-viral defense. BMC Microbiol. 2011; 11:45. Publication demonstrating that the piRNA 
pathway has antiviral activity. through deep sequencing of small RNAs during infection. 
[PubMed: 21356105] 

73. Bonizzoni M, Dunn WA, Campbell CL, Olson KE, Marinotti O, James AA. Strain Variation in the 
Transcriptome of the Dengue Fever Vector, Aedes aegypti. G3 (Bethesda). 2012; 2:103–114. 
[PubMed: 22384387] 

74. Bonizzoni M, Dunn WA, Campbell CL, Olson KE, Dimon MT, Marinotti O, James AA. RNA-seq 
analyses of blood-induced changes in gene expression in the mosquito vector species, Aedes 
aegypti. BMC Genomics. 2011; 12:82. [PubMed: 21276245] 

75. Dissanayake SN, Ribeiro JM, Wang MH, Dunn WA, Yan G, James AA, Marinotti O. aeGEPUCI: 
a database of gene expression in the dengue vector mosquito, Aedes aegypti. BMC Res Notes. 
2010; 3:248. [PubMed: 20920356] 

76. Miesen P, Girardi E, van Rij RP. Distinct sets of PIWI proteins produce arbovirus and transposon-
derived piRNAs in Aedes aegypti mosquito cells. Nucleic Acids Res. 2015

77. Schnettler E, Donald CL, Human S, Watson M, Siu RW, McFarlane M, Fazakerley JK, Kohl A, 
Fragkoudis R. Knockdown of piRNA pathway proteins results in enhanced Semliki Forest virus 
production in mosquito cells. J Gen Virol. 2013; 94:1680–1689. [PubMed: 23559478] 

Olson and Blair Page 12

Curr Opin Virol. Author manuscript; available in PMC 2016 December 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

1. RNAi is a post-transcriptional antiviral response comprising three pathways, 

named for their effector RNAs: small interfering (si)RNA, micro (mi)RNA, and 

Piwi-interacting (pi)RNA pathways. The siRNA pathway is the major innate 

antiviral response vectors have to restrict arbovirus infections but the piRNA 

pathway also has antiviral activity.

2. RNAi component genes in the siRNA pathway encoding Ago2 and Dcr2 are 

among the fastest evolving genes in Drosophila melanogaster and Aedes 

aegypti. RNA viruses may drive diversifying selection for these genes leading to 

an arms race between arboviruses and vectors to maintain vector fitness yet 

allow sufficient arbovirus replication for effective virus transmission.

3. No potent arboviral suppressor of RNAi has been found since the absence of 

RNAi may well eliminate the infected vector prior to virus transmission. The 

siRNA response may shape the structure of arboviral populations in the vector 

by the rapid emergence of viral escape mutants containing mutations within 

sequences intensely-targeted by siRNAs. However, arboviral diversity has only 

been studied in insect cells and needs to be further investigated in arbovirus-

infected vectors.

4. Reverse transcriptase from endogenous retrotransposons in drosophila and 

vectors likely generates cDNA forms of RNA virus genomes that can be 

detected as extrachromosomal DNA or integrated DNA in the insect genome. 

Transcription of the viral DNA forms generates RNAs that can be recognized by 

dicer-2 and the siRNA pathway. Persistent infections of RNA viruses in insects 

can be terminated by treatment with drugs (AZT) that blocks reverse 

transcription.

5. The piRNA pathway is a complex and poorly understood pathway primarily 

utilized in germline cells to silence transposon activity. Surprisingly, in 

mosquitos virus-specific piRNAs have been detected in somatic cells and recent 

studies have implicated piRNAs in mosquito antiviral defense. Future research 

activity should focus on whether viral piRNA biogenesis is also dependent upon 

reverse-transcription of viral RNA and identify core components of the piRNA 

pathway required for an antiviral response.
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Figure 1. 
Antiviral siRNA response with proposed vector-virus interactions. Diagram showing 

components of the siRNA pathway in vectors during an antiviral response to a positive sense 

RNA virus: genomic viral positive sense RNA; long dsRNA generated by virus replication, 

dicer2 (Dcr2) which cleaves dsRNA, R2D2 a dsRNA binding protein, the RNA interference 

silencing complex (siRISC) that includes the guide RNA and argonaute 2 (Ago2), the 

effector in cleaving target viral RNA. In this diagram a model for persistent infections has 

been included using reverse transcription activity from endogenous retrotransposons of viral 

RNA to generate DNA forms as extrachromosomal DNAs (not shown) or the vector 

genome- integrated forms (shown). In this model, when the integrated DNA is transcribed, 

the RNA forms dsRNA in a manner not yet determined, although three possible ways of 

generating dsRNA are described. Once virus-specific cellular dsRNA is formed it can enter 

the siRNA pathway to control virus replication during the persistent state. Figure was 

modified from Figure 1 [60]
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Figure 2. 
Antiviral piRNA response with proposed vector-virus interactions. Diagram showing 

components of the piRNA pathway in vectors during an antiviral response to a positive 

sense RNA virus: genomic viral positive sense RNA; virus-derived antisense RNA 

transcribed in nucleus, 24-27 nucleotide piRNAs loaded onto PIWI family proteins (Aub in 

Dm) in or near the nucleus and entry of primary piRNAs into the “ping-pong” amplification 

loop. In this model we have included reverse transcription activity from endogenous 

retrotransposons of viral RNA as a means of generating DNA forms as extrachromosomal 

DNAs (not shown) or the vector genome-integrated forms (shown) that may be transcribed 

to form the initial primary antisense RNA.
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