
HAL Id: hal-02071534
https://hal.science/hal-02071534

Submitted on 22 Dec 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Host Control of Insect Endogenous Retroviruses: Small
RNA Silencing and Immune Response

Marie Fablet

To cite this version:
Marie Fablet. Host Control of Insect Endogenous Retroviruses: Small RNA Silencing and Immune
Response. Viruses, 2014, 6, pp.4447-4464. �10.3390/v6114447�. �hal-02071534�

https://hal.science/hal-02071534
https://hal.archives-ouvertes.fr


 

Viruses 2014, 6, 4447-4464; doi:10.3390/v6114447 

 

viruses 
ISSN 1999-4915 

www.mdpi.com/journal/viruses 

Review 

Host Control of Insect Endogenous Retroviruses: Small RNA 

Silencing and Immune Response 

Marie Fablet 1,2,3 

1. Laboratoire de Biométrie et Biologie Évolutive, UMR5558, CNRS, F-69622 Villeurbanne, France; 

E-Mail: marie.fablet@univ-lyon1.fr; Tel.: +33-4-72-43-29-16; Fax: +33-4-72-43-13-88 
2. Université Lyon 1, F-69622 Villeurbanne, France 
3. Université de Lyon, F-69000 Lyon, France 

External Editor: Welkin Johnson 

Received: 23 September 2014; in revised form: 4 November 2014 / Accepted: 11 November 2014 /  

Published: 18 November 2014 

 

Abstract: Endogenous retroviruses are relics of ancient infections from retroviruses that 

managed to integrate into the genome of germline cells and remained vertically transmitted 

from parent to progeny. Subsequent to the endogenization process, these sequences can 

move and multiply in the host genome, which can have deleterious consequences and 

disturb genomic stability. Natural selection favored the establishment of silencing 

pathways that protect host genomes from the activity of endogenous retroviruses. RNA 

silencing mechanisms are involved, which utilize piRNAs. The response to exogenous 

viral infections uses siRNAs, a class of small RNAs that are generated via a distinct 

biogenesis pathway from piRNAs. However, interplay between both pathways has been 

identified, and interactions with anti-bacterial and anti-fungal immune responses are also 

suspected. This review focuses on Diptera (Arthropods) and intends to compile pieces of 

evidence showing that the RNA silencing pathway of endogenous retrovirus regulation is 

not independent from immunity and the response to infections. This review will consider 

the mechanisms that allow the lasting coexistence of viral sequences and host genomes 

from an evolutionary perspective. 

Keywords: LTR retrotransposon; transposable element; piRNA; siRNA; piRNA cluster; 

Drosophila; mosquito; evolution 
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1. Introduction 

Endogenous retroviruses (ERVs) are retroviral sequences that permanently remain in the host 

genome and are vertically transmitted from parent to progeny. They are relics of retrovirus infections 

of germline cells, which did not end up in cellular lysis and were eventually transmitted to the genome 

of the zygote and all cells of the subsequent organism. Due to genetic drift, certain of these retroviral 

insertions may reach fixation, which become ERV insertions, shared by all the individuals of the 

species. ERVs make up 8% of the human genome [1]; however, this mostly includes inactive and 

degenerated copies. In Drosophila melanogaster, these sequences were estimated to make up 

approximately 2% of euchromatin [2] and are responsible for many spontaneous mutations [3]. The 

canonical structure of an ERV is composed of three open reading frames (ORFs): gag encodes proteins 

of the capsid, pol encodes the enzymatic machinery principally for reverse transcription and 

integration into the host genome, and env encodes the proteins involved in envelope formation. These 

coding sequences are bordered by long terminal repeats (LTRs), which display all signals necessary 

for expression and reverse transcription. Due to structural similarity, ERVs are included into the LTR 

retrotransposon class of transposable elements (TEs) [4]. Note that the International Committee on 

Taxonomy of Viruses (ICTV) includes vertebrate ERVs into the Retroviridae family while insect 

ERVs belong to the Metaviridae family. 

In this review, we focus on Diptera ERVs, particularly in mosquitoes and Drosophila, which 

diverged approximately 250 million years ago (Mya). The mosquitoes Anopheles gambiae—the main 

vector of malaria—and Aedes aegypti diverged 150 Mya. The latter carries many arboviruses 

(arthropod-borne viruses, reviewed in [5]). Arboviruses group into various viral families but are 

predominantly RNA viruses that cycle between vertebrates and hematophagous arthropod vectors. 

These viruses are of major concern for human health and include Dengue virus, Chikungunya virus, 

West Nile virus, O’nyong-nyong virus, etc. Drosophila is a genetic model that allows for a relatively 

easy deciphering of molecular mechanisms, as is also beginning to be the case for the above mosquito 

species, whose genomes were sequenced. 

Insect ERVs have been well described for a long time and include gypsy, ZAM, Idefix, tirant, 17.6, 

297 and nomad in D. melanogaster; Tv1 in Drosophila virilis; tom in Drosophila ananassae; or 

Osvaldo in Drosophila buzzatii [6]. These sequences are referred to as IERVs for Insect Endogenous 

RetroViruses or Insect ERrantiViruses and form a monophyletic group [6]. They were proposed to 

result from an LTR retrotransposon devoid of env that acquired the env gene of a baculovirus (dsDNA 

virus with no RNA stage) [7]. Like in Drosophila, gypsy-like and Osvaldo elements are also found in 

the sequenced genome of An. gambiae [8]. In this genome, the total genomic TE proportion of 16% is 

relatively low [8] compared to the sequenced genome of Ae. aegypti, which is made up of 47% TEs, 

including 10.5% LTR retrotransposons [9]. The Culex quinquefasciatus genome, within the  

Culex pipiens species complex, displays an intermediate value of 29% TEs, but only 4% LTR 

retrotransposons [10]. 

Natural selection favored the establishment of control pathways that allow the avoidance of the 

deleterious consequences of ERV reactivation and thus maintain genomic stability. Epigenetic 

mechanisms are involved, such as RNA silencing using piRNAs (Piwi-interacting RNAs), which were 

initially called “rasiRNAs” (repeat-associated small interfering RNAs) [11–15]. piRNA silencing is a 
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post-transcriptional mechanism that, in addition, triggers chromatin modifications that reinforce the 

inhibition at the transcriptional level [16–18]. Exogenous viruses are silenced by siRNAs, which form 

a different class of small RNAs [19–21]. The biogenesis and silencing mechanisms of the different 

small interfering RNAs are usually studied independently; however, as developed below, clear 

evidence shows that interplay exists between them and even with other pathways of antiviral 

immunity. It is well described that ERVs are inhibited by piRNAs [13,15,22–24]. However, some 

studies also show the involvement of siRNAs in this silencing [25–29], as well as the involvement of 

piRNAs in the antiviral response [30–34]. The molecular source of piRNAs from particular genomic 

clusters also raises questions about the evolutionary setting of a silencing pathway dedicated to ERVs. 

Further, we wonder whether it is possible that these sequences are a target of the more classical 

immune pathways that were recently shown to be involved in the antiviral response. The focus of this 

review is ERV regulation and the way it is intertwined with immunity pathways. Taking advantage of 

recent data published on arboviruses, it will consider the mechanisms allowing the lasting coexistence 

of viral sequences and host genomes in an evolutionary perspective. 

2. Endogenous Retroviruses Are Silenced by piRNAs 

The molecular process of ERV silencing by piRNAs is being actively studied and is becoming well 

understood in Drosophila, and many reviews have been published on that topic [20,22–24,35,36]. 

piRNAs are produced from particular genomic loci called “piRNA clusters” [37], which will be 

discussed in detail in the last section of this article. piRNAs are single stranded, 23–30 nt RNAs that 

bind to ERV transcripts in a sequence-specific fashion and carry them to the catalytic site of the slicing 

Argonaute proteins [20,22–24,35,36]. Figure 1 illustrates the main steps of the different small RNA 

pathways and Table 1 recapitulates small RNA properties.  

Table 1. Small RNA Properties. Data in this table come from D. melanogaster studies. 

However, these properties were found to be largely conserved in mosquitoes. 

Properties piRNAs siRNAs miRNAs 

Size 23–30 nt ~21 nt 20–22 nt 

Chemical 

modifications 
3' terminal 2'-O-methylation 

3' terminal 2'-O-

methylation 
/ 

Sequence bias 
1U (bound to Piwi and Aub) or 

10A (bound to Ago3) 

No tendency to 

begin with uracil  
Tendency to begin with uracil 

Orientation 

Antisense (bound to Piwi and 

Aub) more abundant than sense 

(bound to Ago3) 

Equal numbers of 

sense and antisense 

Sense (relative to the miRNA 

locus) 

Precursor 
Single stranded, transcribed from 

cluster 
Long dsRNA 

Single stranded pri-miRNA, 

processed into hairpin 

structured pre-miRNA 

Biogenesis 

effector 

Primary pathway: Zuc 
Dicer-2 Dicer-1 

Secondary pathway: Ago3, Aub 

Slicing effector 
Primary pathway: Piwi 

Ago2 Ago1 
Secondary pathway: Ago3, Aub 
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Figure 1. Small RNA Pathways. In somatic ovarian cells, piRNA clusters produce long 

transcripts that are cleaved into piRNAs by Zuc. piRNAs are then loaded onto Piwi, and 

the resulting complex slices TE and ERV transcripts. Please refer to Figure 2 for piRNA 

pathways in germline cells. siRNAs are derived from double-stranded RNAs (dsRNAs) by 

the action of Dicer-2. R2D2 or Loqs participate in loading siRNAs onto Ago2, and the 

resulting complex displays slicing activity against complementary transcripts (most often 

of viral origin). miRNAs derive from the transcription of pri-miRNAs that are cleaved into 

pre-miRNAs by Drosha, and subsequently processed by Dicer-1. miRNAs are loaded onto 

Ago1, and the resulting complex tunes gene expression using different mechanisms. 

Molecular effectors of the piRNA pathway have been particularly well described in the nematode, 

Caenorhabditis elegans, and in the fruit fly, D. melanogaster. Numerous proteins are required for the 

proper biogenesis of piRNAs; however, the Argonaute proteins are the most extensively studied [38]. 

This family contains the AGO and PIWI subclasses, which all display PAZ (PIWI, Argonaute, Zwille) 

and PIWI domains [38]. The PIWI domain allows the 'slicing' of target mRNAs due to its RNase-H 

activity [39]. In D. melanogaster, the AGO subclass is composed of Ago1 (Argonaute 1)—involved in 

the miRNA pathway—and Ago2 (Argonaute 2)—involved in the siRNA pathway—, and the PIWI 

subclass gathers Ago3 (Argonaute 3), Aub (Aubergine) and Piwi, all involved in the piRNA  

pathway [20,24,38]. 

Two biogenesis pathways account for piRNA production (Figure 2). In the primary pathway, 

piRNAs called “primary piRNAs” derive from the transcription of piRNA clusters. This process 

involves the Piwi and Zuc (Zucchini) proteins [40], among others. In the secondary pathway, piRNAs 

called “secondary piRNAs” are produced and amplified according to the so-called “ping-pong”  

loop [37]. The initial feeding of the loop comes either from primary piRNAs or maternally deposited 

secondary piRNAs. Antisense piRNAs bind to Piwi or Aub, which then slice complementary sense 

transcripts into sense piRNAs. These latter piRNAs bind to Ago3, which slices antisense transcripts 

into antisense piRNAs. This leads to the so-called “ping-pong signature”, corresponding to the first 10 

nucleotides of piRNAs being complementary to partner piRNAs in the opposite sense [37]. This 

amplification process allows a rapid and efficient response against intensely active sequences. In  

D. melanogaster ovaries, which piRNA pathway is at play depends on the cellular type [41]. In 
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follicular somatic cells, which surround the ovary, only the primary pathway is active. In germline 

cells—they include 15 nurse cells and one oocyte at the end of the oogenesis process—both primary 

and secondary pathways are involved in piRNA production. However, the activity of each piRNA 

cluster is specific to either the germline or somatic ovarian cells. 

 

Figure 2. piRNA Pathways in Ovarian Cells. In somatic ovarian cells, clusters, such as 

flamenco, produce long transcripts, which are processed into primary piRNAs. These 

piRNAs then trigger the degradation of transcripts of the corresponding TE/ERV families, 

wherever copies may be integrated in the genome. In germline cells, clusters, such as 42AB 

produce transcripts, which are processed into primary piRNAs. These piRNAs then trigger 

the degradation of transcripts of the corresponding TE/ERV families into piRNAs, which 

trigger the degradation of antisense transcripts also produced by clusters. This generates 

antisense secondary piRNAs, which are able to target TE/ERV transcripts. Such a 

phenomenon, called “ping-pong loop”, allows amplification of the silencing. 

Drosophila TEs are classified as germline or somatic [41] depending on the piRNA clusters 

involved. Elements targeted only by the primary pathway that, in the ovary, are expressed only in 

somatic cells are enriched in gypsy family ERVs (e.g., gypsy, ZAM) [41]. However, ERVs are also 

found in the other classes: elements active mainly in the germline and controlled by the secondary 

piRNA pathway (e.g., 17.6) and elements with a mixed expression and a double piRNA control  

(e.g., tirant, mdg1) [41]. In the case of tirant, it must be noted that maternally deposited germline 

piRNAs are able to initiate the somatic repression of the ERV in the ovaries of the subsequent 

generation [42], which suggests that somatic and germline piRNA pathways are not independent. In 

addition, as exemplified by the study of tirant, the cellular location of the ERV transcripts within the 

ovary and the presence and nature of the corresponding piRNAs may vary between wild-type strains of 

the same species [43], which highlights the strain specificity of Malone et al.’s classification [41]. 

Mosquito genomes display all of the genes involved in piRNA pathways, and ping-pong signatures 

are also found in Ae. aegypti piRNAs, suggesting that the same amplification process is also at play in 

mosquitoes [44]. However, certain piRNA genes were subject to rounds of duplications in some 

species. The PIWI gene family was subject to an expansion in Ae. aegypti and Cx. pipiens genomes; in 

addition to a single ago3 ortholog, two other distinct ago clades are found [45]. The ago4 clade 

includes three and four genes in Cx. pipiens and Ae. aegypti, respectively, and the ago5 clade gathers 

three genes in both genomes [45]. Such a gene amplification is not found in all mosquito genomes. 

Indeed, An. gambiae and Anopheles stephensi—another malaria vector—display one-to-one orthologs 

for piwi, ago3 and aub [46]. Authors suggest that expansions in genes involved in the piRNA pathway 
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may have been adaptive in Ae. aegypti and Cx. pipiens and allowed to address a higher amount of 

retrotransposons in these genomes compared to that of An. gambiae and D. melanogaster [45]. Genes 

involved in the piRNA pathway were shown to evolve quickly in Drosophila [47–50]. In addition, 

sequence analysis of the ago and piwi genes indicates that they are evolving faster in Ae. aegypti and 

Cx. pipiens, which are major arbovirus vectors, than in An. gambiae and D. melanogaster [45]. 

3. siRNAs Are Involved in Antiviral Defense 

In addition to piRNAs, two other small RNA classes are well characterized in D. melanogaster: 

siRNAs and miRNAs. What principally distinguishes piRNA biogenesis from siRNA biogenesis is 

that piRNAs are produced from single-stranded precursors, independently of Dicer [20]. Like siRNAs, 

the production of miRNAs is Dicer-dependent. miRNAs are encoded in the genome and derive from 

the transcription of primary miRNAs (pri-miRNAs) that are cleaved into shorter precursors  

(pre-miRNAs) by Drosha. They are subsequently processed by Dicer-1, and the inhibition of 

translation and/or degradation of complementary transcripts is achieved by Ago1 [20,24] (Figure 1). 

miRNAs are implicated in tuning cellular gene expression [20]. Doing so, they may also participate in 

immune pathway regulation, and viruses were also found to encode miRNAs (see [51] for a review on 

miRNA roles in viral infection). 

The siRNA pathway is clearly implicated in antiviral defense in insects [30,52–54]. This immune 

response is triggered by Dicer-2 recognizing intracellular, long, double-stranded RNAs (dsRNAs) 

produced by a variety of viruses [55] and cutting them into siRNAs. siRNAs bind Ago2, and only one 

strand of the duplex is maintained. The dsRNA-binding proteins Loquacious (Loqs) or R2D2 

participate in loading siRNAs onto Ago2. The siRNA-Ago2 complex, also called RISC (RNA-induced 

silencing complex), recognizes complementary transcripts, and Ago2 cleaves them (see [19,20] for 

reviews of the siRNA pathway) (Figure 1). Antiviral response may spread due to double-stranded viral 

RNAs generated in infected cells being able to enter uninfected cells where they then trigger the 

siRNA pathway [56]. A fraction of siRNAs are also found to be of endogenous origin and are referred 

to as “endo-siRNAs” [20]. However, their biochemical structure and their mode of action are roughly 

similar to those described for siRNAs of viral origin. Therefore, throughout this review, the acronym 

“siRNA” will be used in both cases. 

Like the piRNA pathway genes, genes involved in the siRNA pathway appear to be subject to rapid 

evolutionary dynamics. dcr-2 (encoding Dicer-2) and ago2 are subject to a very rapid evolution in  

D. melanogaster [57]. ago2 is a single locus in Ae. aegypti, An. gambiae and D. melanogaster, but it is 

present in two copies in Cx. pipiens [45]. A population study of Ae. aegypti detected rapid, positive, 

diversifying selection in effectors of the siRNA pathway [58]. On the contrary, genes involved in the 

miRNA pathway, such as dcr-1 (encoding Dicer-1) and ago1, also appear to undergo rapid evolution 

in Ae. aegypti—although slightly less pronounced than in the case of the siRNA pathway—[58],  

but do not evolve more rapidly than the genome average in D. melanogaster [57]. 

4. Interplay between the Different Small RNA Classes 

The different classes of small RNAs are regularly presented as independent. However, more and 

more studies suggest that interactions exist. In particular, it appears that piRNAs are not only involved 
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in ERV or, more broadly, in TE silencing. Instead, they may have various targets. For instance, 

piRNAs can participate in the regulation of cellular gene expression. 3' untranslated regions (UTRs) of 

cellular genes can produce piRNAs in the follicular cells of Drosophila [59,60]. piRNAs derived from 

TEs have also been found to participate in cellular gene regulation during development [61].  

In addition, piRNAs are not restricted to ERVs; they can also be involved in classical antiviral defense, 

as was shown in Drosophila [31] and in Aedes in the cases of the Semliki Forest virus [32],  

Dengue virus [33] or Sindbis virus [34]. For An. gambiae, Keene et al. [30] showed that  

inhibition of ago2—involved in the siRNA pathway—as well as ago3—involved in the piRNA  

pathway—increased O'nyong-nyong virus titers.  

Conversely, ERVs are not exclusively controlled by piRNAs; they are also the target of some 

siRNAs. Immunoprecipitation of Ago2-bound small RNAs in D. melanogaster ovaries revealed 53% 

of sequences matched TEs [25]. Depletions in dcr-2 and ago2 cause an increase in retrotransposon 

transcripts in somatic cells [26,27]. Since dcr-2 and ago2 participate in the siRNA but not the piRNA 

pathway, this indicates that siRNAs are also involved in the silencing of ERVs. As such, some authors 

have suggested that the positive selection acting on the effectors of the siRNA pathway in Ae. aegypti 

may be a response to TE activity [58]. In ovarian somatic cells, where only the primary piRNA 

pathway is active, Lau et al. [28] found that TEs are targeted by both piRNAs and siRNAs but in 

relative proportions that are TE-family specific. For instance, mdg1 and Idefix produce almost no 

siRNAs, whereas gypsy preferentially generates siRNAs over piRNAs. Using somatic cells (S2 cells 

and Drosophila heads), Ghildiyal et al. [29] found siRNAs corresponding to the three main types of 

TEs, i.e., LTR retrotransposons, non-LTR retrotransposons and transposons. However, LTR 

retrotransposons were overrepresented, even after accounting for their higher abundance in the 

genome. It is to be noted that LTR retrotransposons are precisely the TE class of ERVs.  

Kawamura et al. [26] also found that ERV 297 was overrepresented among siRNAs in  

D. melanogaster S2 cells (of somatic type). Even more complex scenarios may be imagined because 

some authors also found pi-siRNA ping-pong pairs corresponding to retrotransposon  

sequences [62,63]. Moreover, it has been demonstrated that piRNAs and siRNAs can arise from the 

same genomic clusters, which suggests that they can arise from the same single precursor  

transcript [25,29,62]. A direct functional interaction between piRNA and siRNA pathways has also 

recently been demonstrated to exist in the nematode C. elegans [64]. Bagijn et al. [64] showed that 

piRNAs silence endogenous transcripts by triggering a secondary siRNA response. This secondary 

siRNA amplification could ensure the effective silencing of abundant targets, as the ping-pong loop 

does in insects. In D. melanogaster, compensation for mutated primary or secondary piRNA pathways 

via an increase in siRNA production was reported in the case of numerous elements including the  

ZAM ERV [16]. 

As an explanation for the relative involvements of these different pathways, some authors suggest 

that ERVs are targeted by piRNAs in the gonads and siRNAs in the soma [29]. Indeed, in the very 

early embryo, which reflects the maternal germline RNA content, piRNAs are the major class of  

TE-directed small RNAs, and they are progressively replaced by siRNAs during development [65]. 

However, siRNAs can be found in germline cells [66], and piRNAs of viral origin with ping-pong 

signatures are detected in Aedes somatic cells [67]. Although less abundantly than in ovaries or 

embryos, small RNAs displaying the features of germline piRNAs are also found in D. melanogaster 
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heads and imaginal discs [68,69]. Nevertheless, it must be noted that PIWI proteins are only expressed 

in the gonads in Drosophila, while they are additionally found in the soma of Aedes mosquitoes,  

at least in the case of viral infection [67]. 

ERVs and exogenous viruses both can be the targets of piRNAs as well as siRNAs, and this raises 

the question of whether and how the cell distinguishes between endogenous and exogenous viral 

entities. In Drosophila S2 cells, Goic et al. [70] worked on persistent infections of the Flock House 

virus. Contrary to acute infections, persistent infections correspond to the absence of cellular lysis and 

the viral genome remaining within the cell without being cleared by the immune system of the host. 

Goic et al. showed that persistent infections of the Flock House virus are due to viral integrations into 

LTR retrotransposon sequences thanks to the retrotransposon machinery. Chimerical siRNAs can 

subsequently be produced. In this way, persistent infections are allowed by viral integration into the 

host genome. This draws a parallel between ERVs and arboviruses, which frequently display persistent 

infections in Arthropods. Comparable processes may be at play in both persistent infection and 

endogenization, the difference coming from the nature of the infected cell, somatic or germline, 

respectively (Figure 3). This results in the ERVs establishing a long lasting cohabitation with insect 

genomes, whereas persistent infections of arboviruses most often imply new infections at  

each generation. 

 

Figure 3. Endogenization and Persistent Infections Originate from Comparable 

Mechanisms. Endogenization of retroviral sequences results from the infection of a 

germline cell by a minimally aggressive retrovirus that subsequently remained in the 

genome and reached fixation in the species. The persistent infection state, as frequently 

observed in the case of arboviruses, is the consequence of the stable genomic integration of 

the virus, which remains silent in the insect cell. Both phenomena differ mainly in the 

nature of the infected cells, either somatic or germline. 

5. Endogenous Retroviruses and Innate Immunity 

Antiviral immunity in Arthropods has long remained an unsolved question. For less than a decade, 

we have known that immune pathways classically dedicated to bacterial and fungal infections are also 

at play against viruses. These are the Toll, Immune deficiency (Imd) and Jak-STAT pathways, which 

are nicely reviewed by Kingsolver et al. [21]. The Toll pathway is classically considered to be the 

immune pathway acting against Gram-positive bacteria and fungi [21]. Through a serine protease 

cascade, the NF-κB-like transcription factors, Dorsal and Dif, are translocated to the nucleus and 

promote the expression of multiple antimicrobial peptides (AMPs) including Drosomycin. The Imd 

pathway is thought to be dedicated to Gram-negative bacteria [21]. In this case, the NF-κB-like 
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transcription factor Relish is activated, leading to the expression of several AMPs including Diptericin. 

These pathways are conserved in mosquitoes where the orthologs of dorsal and relish are rel1 (which 

is further duplicated in An. gambiae) and rel2, respectively [71]. However, these authors also found 

that dif was absent from both Ae. aegypti and An. gambiae. The Jak-STAT pathway is also involved in 

the antibacterial and antiviral responses by regulating the production of AMPs [21]. The Domeless 

receptor interacts with a Janus kinase (Hopscotch), which activates STAT. The activated STAT then 

moves to the nucleus and promotes the transcription of downstream effector genes [21]. 

The implications of these pathways in the antiviral response are not systematic, since none of these 

were found to be activated in sigma virus infections in D. melanogaster [72]. Nevertheless, depending 

on the viral agent, distinct pathways may be triggered (see [73,74] for reviews). The Toll pathway is 

involved in response to Drosophila X virus [75] and Dengue virus in Ae. aegypti in addition to  

the Jak-STAT pathway [76]. The Jak-STAT but not the Toll nor the Imd pathways are activated during 

Drosophila C virus infections [77]. Response against Sindbis virus infection is mediated by the Imd, 

and potentially the Jak-STAT pathways, but not the Toll pathway in flies and mosquitoes [78]. 

However, although the Toll, Imd or Jak-STAT pathways are classically characterized as being 

involved in the antibacterial and/or antifungal response, viruses do not present bacterial nor fungal 

PAMPs (pathogen associated microbial patterns), which raises the question of the specific mechanism 

that allows activation of these pathways. Some authors have proposed that the activation of these 

pathways occurs within the cell and could be mediated by a cytoplasmic sensor of viral RNA, such as 

Dicer-2 [78]. Indeed, although the siRNA pathway is not directly involved, it was shown that Dicer-2 

is responsible for the activation of vago, a gene whose product was demonstrated to control viral  

load [79]. Vago was also demonstrated to act against West Nile virus infections in Culex by activating 

the Jak-STAT pathway [80]. 

It is to be noted that ERVs derive from RNA virus infections and that, so far, all known exogenous 

viruses naturally infecting D. melanogaster are RNA viruses [73,81]. Currently, no study reports 

activation of the Toll, Imd or Jak-STAT pathways directed against ERVs, even if viral particles may 

be produced and involved in the oocyte infection [82–84]. Without anticipating results, we suggest that 

the primary explanation for this observation is that it has never been looked for. If the PAMP 

implicated in the antiviral response is intracellular viral RNA, there is no theoretical impediment that 

such an immune response may also concern ERVs. 

6. piRNA Genomic Clusters 

Among these various antiviral response pathways, our best-established knowledge regarding ERVs 

comes from the piRNA pathway in D. melanogaster. piRNAs that silence TEs and ERVs are produced 

by particular regions of the genome that are specific for either the somatic or germline inhibition 

pathways [37,41]. Major clusters in Drosophila are flamenco (~180 kb locus at the boundary between 

euchromatin and pericentromeric heterochromatin on the X chromosome), which produces somatic 

piRNAs from a single long antisense transcript, and the locus named “42AB” after its cytological 

position, which produces germline piRNAs of both orientations [37,41]. flamenco is principally 

involved in the silencing of the gypsy, ZAM and Idefix ERVs, whereas 42AB targets a broader diversity 

of TEs [37]. flamenco therefore appears as a piRNA cluster particularly dedicated to ERVs, but it may 
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also contain other classes of elements [85]. An analysis of Ae. aegypti piRNA clusters showed that 

they make up ~20% of the assembled genome, which is higher than the observed 3.5% for  

D. melanogaster clusters; however, they are not enriched in TE sequences compared to the rest of the 

genome [44]. Importantly, it must be noted that eight of the 30 top piRNA clusters detected in  

Ae. aegypti are likely to be of viral origin [44]. Because this species harbors many arboviruses, we 

speculate that this cluster sequence composition could be the result of successive rounds of viral 

integrations allowing the persistent infection state observed in the case of arboviruses, as described  

by [70]. The fact that these sequences are maintained in the mosquito genome implies that they once 

integrated into the germline cell genome—and subsequently reached fixation. 

It has been demonstrated that the presence of the major clusters is relatively well conserved across 

Drosophila species, indicating their ancient origin [41]. In Drosophila yakuba and Drosophila erecta, 

flamenco loci were identified at the same positions as in D. melanogaster. Identically, they are 

enriched in LTR retrotransposons of the gypsy family, although the precise sequences differ between 

species [41]. In addition, the uniform orientation of TE insertions is maintained in flamenco in these 

different species [41], which ensures production of antisense primary piRNAs. Zanni et al. [85] found 

numerous rearrangements, deletions and segmental duplications ranging in size from several base pairs 

up to several kb, as well as losses and gains of TEs in the flamenco locus using a panel of three D. 

melanogaster strains. This reveals the highly dynamic nature of such a locus, even at the intra-species 

scale. Conservation across millions of years and high intra-species variability seem incompatible 

unless we consider that it is the structure of the loci that is conserved along evolution, ensuring their 

properties of trapping TEs, whose sequences are expected to be different between species. These TE 

trap properties may be ensured by particular chromatin modifiers (as the Rhino-Deadlock-Cutoff 

complex does in germline piRNA clusters [86], see below). 

Zanni et al. [85] demonstrated that the “permissive” state of a strain regarding a given ERV—i.e.,  

the fact that the ERV is relatively active and transposes in this strain—is due to the absence of its 

sequence in the flamenco locus. New TE insertions in piRNA clusters allow for the production of  

the corresponding piRNAs and provide the control machinery against the whole TE family wherever 

individual copies may be inserted [87]. Therefore, some authors evoke the parallel between the piRNA 

silencing pathway and adaptive immune systems [37,41,85]. RNA silencing can thus be considered to 

be “genomic immunity”. Vermaak et al. [88] proposed a model in which the Rhino protein of the HP1 

family—heterochromatic proteins—might interact with the integration machinery of TEs to direct their 

insertion into heterochromatin and, more specifically, into piRNA clusters. Rhino was further 

demonstrated to be associated with dual-strand clusters, such as 42AB, and not with single-strand 

clusters, such as flamenco [89]. In a complex with Deadlock and Cutoff, Rhino allows the particular 

transcription of germline dual-strand clusters (5' end protection of nascent transcripts and suppression 

of termination) [86]. 

In addition to these major clusters, many minor clusters are found all along the genome [37]. It has 

recently been demonstrated that a new, active insertion of a TE in euchromatin becomes a source locus 

for germline piRNAs as well as siRNAs and that small RNA production spreads into the flanking 

regions of the insertion [63]. This was observed for active insertions, meaning those that are young and 

thus potentially polymorphic between populations. Mohn et al. [86] showed that such TE insertions 

displayed the same particular transcription behavior as that observed for germline piRNA clusters  
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(5' end protection of nascent transcripts and suppression of termination). This raises the question of  

the possibility that a new retroviral insertion also becomes a piRNA source locus. Analysis of recent 

retroviral endogenization events would provide clues to this issue. Unfortunately, they have seldom 

been reported [90]. In a very interesting study, Rozhkov et al. [66] introduced an active Penelope TE 

into the naive D. melanogaster genome. (Note that Penelope comes from D. virilis and belongs to  

a particular class of retrotransposons, distinct from LTR and non-LTR retrotransposons.) They 

observed that although piRNAs were produced against the already setup TE families, Penelope was 

initially mostly targeted by siRNAs rather than piRNAs. Therefore, it appears that in the first steps of 

viral infection or TE mobilization, the siRNA pathway is the first line of defense, allowing survival of 

the organism. Subsequently, the piRNA pathway comes into play against those integrated sequences 

that might disturb genomic stability and threaten subsequent generations. Rozhkov et al. [66] also 

observed that the siRNA control of Penelope was incomplete such that the TE was still able to 

transpose. This may allow new transposition events to occur in a major piRNA cluster, thus 

establishing an efficient and long lasting silencing of the family [91] (Figure 4). This is increasingly 

efficient as the piRNA pathway also triggers transcriptional silencing via sequence-specific 

heterochromatinization [16–18]. We speculate that the relative intensities of the piRNA control 

increases over the siRNA control as time passes from the integration time. While siRNA control is 

immediately engaged in case of a viral attack, regulation using piRNAs is expected to be more 

frequent for sequences displaying a long-term established cohabitation with the host genome.  

 

Figure 4. Schematic View of Small RNA Control Setup. Consider an RNA-based viral 

entity that managed to escape antiviral response, such as Toll, Imd or Jak-STAT pathways. 

When its genetic material is released into the cell, siRNAs are produced and trigger its 

degradation. Despite this siRNA defense, we can imagine that some viral genetic material 

may become integrated into the cellular genome (either by its own machinery or with  

the help of endogenous enzymes encoded by ERVs or other TEs). Integration into an 

already existing piRNA cluster, such as flamenco, provides immediate cellular protection 

through piRNA production. Immune memory against the corresponding viral family is 

acquired. In case the integration happens elsewhere in the genome, siRNAs are produced 

from that loci, as well as piRNAs, although in the minority. Control by siRNAs is not 

absolute, which allows subsequent insertions into a major piRNA cluster, which then 

provides complete control. 
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7. Conclusions 

Some authors have shown that the host microbiota plays an important role in the defense against 

pathogens because it allows the induction of a basal level of immune activity [76]. In the same way,  

it is tempting to propose that ERVs may also be involved in antiviral defense by maintaining RNA 

silencing pathways. Otherwise, one could think that trade-offs may exist between the ability to control 

ERV sequences and the ability to counteract viral attacks. Observed natural variability in responses to 

viral infection may reflect various ERV contents. Alternatively it may reflect the variability in  

the sequences of piRNA cluster loci, which is most often not studied in classical differential expression 

experiments. Indeed, this genomic immune memory provided by piRNA clusters may be of 

fundamental importance when dealing with viral infections. It is a good bet that studies taking 

advantage of the observed natural variability in ERV contents and regulation will provide  

answers [42,43,92]. 

Acknowledgments 

I thank Cristina Vieira and Matthieu Boulesteix for their helpful comments and careful reading of 

the manuscript. This work was supported by the French Centre National de la Recherche Scientifique 

(Agence Nationale de la Recherche grant GENEMOBILE). 

Conflicts of Interest 

The author declares no conflict of interest. 

References and Notes 

1. Lander, E.S.; Linton, L.M.; Birren, B.; Nusbaum, C.; Zody, M.C.; Baldwin, J.; Devon, K.; 

Dewar, K.; Doyle, M.; FitzHugh, W.; et al. Initial sequencing and analysis of the human genome. 

Nature 2001, 409, 860–921. 

2. Kaminker, J.S.; Bergman, C.M.; Kronmiller, B.; Carlson, J.; Svirskas, R.; Patel, S.; Frise, E.; 

Wheeler, D.A.; Lewis, S.E.; Rubin, G.M.; et al. The transposable elements of the  

Drosophila melanogaster euchromatin: A genomics perspective. Genome Biol. 2002,  

3, research0084. 

3. Eickbush, T.H.; Furano, A.V. Fruit flies and humans respond differently to retrotransposons. 

Curr. Opin. Genet. Dev. 2002, 12, 669–674. 

4. Wicker, T.; Sabot, F.; Hua-Van, A.; Bennetzen, J.L.; Capy, P.; Chalhoub, B.; Flavell, A.;  

Leroy, P.; Morgante, M.; Panaud, O.; et al. A unified classification system for eukaryotic 

transposable elements. Nat. Rev. Genet. 2007, 8, 973–982.  

5. Ciota, A.T.; Kramer, L.D. Insights into arbovirus evolution and adaptation from experimental 

studies. Viruses 2010, 2, 2594–2617. 

6. Terzian, C.; Pélisson, A.; Bucheton, A. Evolution and phylogeny of insect endogenous 

retroviruses. BMC Evol. Biol. 2001, 1, 3. 

7. Malik, H.S.; Henikoff, S.; Eickbush, T.H. Poised for contagion: Evolutionary origins of the 

infectious abilities of invertebrate retroviruses. Genome Res. 2000, 10, 1307–1318. 



Viruses 2014, 6 4459 

 

 

8. Holt, R.A.; Subramanian, G.M.; Halpern, A.; Sutton, G.G.; Charlab, R.; Nusskern, D.R.; 

Wincker, P.; Clark, A.G.; Ribeiro, J.M.C.; Wides, R.; et al. The genome sequence of the malaria 

mosquito Anopheles gambiae. Science 2002, 298, 129–149. 

9. Nene, V.; Wortman, J.R.; Lawson, D.; Haas, B.; Kodira, C.; Tu, Z.J.; Loftus, B.; Xi, Z.;  

Megy, K.; Grabherr, M.; et al. Genome sequence of Aedes aegypti, a major arbovirus vector. 

Science 2007, 316, 1718–1723. 

10. Arensburger, P.; Megy, K.; Waterhouse, R.M.; 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. 

11. Aravin, A.A.; Hannon, G.J.; Brennecke, J. The Piwi-piRNA pathway provides an adaptive 

defense in the transposon arms race. Science 2007, 318, 761–764. 

12. Klenov, M.S.; Lavrov, S.A.; Stolyarenko, A.D.; Ryazansky, S.S.; Aravin, A.A.; Tuschl, T.; 

Gvozdev, V.A. Repeat-associated siRNAs cause chromatin silencing of retrotransposons in the 

Drosophila melanogaster germline. Nucleic Acids Res. 2007, 35, 5430–5438. 

13. Saito, K.; Nishida, K.M.; Mori, T.; Kawamura, Y.; Miyoshi, K.; Nagami, T.; Siomi, H.;  

Siomi, M.C. Specific association of Piwi with rasiRNAs derived from retrotransposon and 

heterochromatic regions in the Drosophila genome. Genes Dev. 2006, 20, 2214–2222. 

14. Vagin, V.V.; Klenov, M.S.; Kalmykova, A.I.; Stolyarenko, A.D.; Kotelnikov, R.N.;  

Gvozdev, V.A. The RNA interference proteins and vasa locus are involved in the silencing of 

retrotransposons in the female germline of Drosophila melanogaster. RNA Biol. 2004, 1, 54–58.  

15. Vagin, V.V.; Sigova, A.; Li, C.; Seitz, H.; Gvozdev, V.; Zamore, P.D. A distinct small RNA 

pathway silences selfish genetic elements in the germline. Science 2006, 313, 320–324. 

16. Rozhkov, N.V.; Hammell, M.; Hannon, G.J. Multiple roles for Piwi in silencing Drosophila 

transposons. Genes Dev. 2013, 27, 400–412. 

17. Sienski, G.; Dönertas, D.; Brennecke, J. Transcriptional silencing of transposons by Piwi and 

maelstrom and its impact on chromatin state and gene expression. Cell 2012, 151, 964–980. 

18. Le Thomas, A.; Rogers, A.K.; Webster, A.; Marinov, G.K.; Liao, S.E.; Perkins, E.M.; Hur, J.K.; 

Aravin, A.A.; Tóth, K.F. Piwi induces piRNA-guided transcriptional silencing and establishment 

of a repressive chromatin state. Genes Dev. 2013, 27, 390–399. 

19. Bronkhorst, A.W.; van Rij, R.P. The long and short of antiviral defense: Small RNA-based 

immunity in insects. Curr. Opin. Virol. 2014, 7C, 19–28. 

20. Ghildiyal, M.; Zamore, P.D. Small silencing RNAs: An expanding universe. Nat. Rev. Genet. 

2009, 10, 94–108. 

21. Kingsolver, M.B.; Huang, Z.; Hardy, R.W. Insect antiviral innate immunity: Pathways, effectors, 

and connections. J. Mol. Biol. 2013, 425, 4921–4936. 

22. Saito, K.; Siomi, M.C. Small RNA-mediated quiescence of transposable elements in animals. 

Dev. Cell. 2010, 19, 687–697. 

23. Senti, K.A.; Brennecke, J. The piRNA pathway: A fly’s perspective on the guardian of the 

genome. Trends Genet. 2010, 26, 499–509. 

24. Siomi, M.C.; Sato, K.; Pezic, D.; Aravin, A.A. PIWI-interacting small RNAs: The vanguard of 

genome defence. Nat. Rev. Mol. Cell. Biol. 2011, 12, 246–258. 



Viruses 2014, 6 4460 

 

 

25. Czech, B.; Malone, C.D.; Zhou, R.; Stark, A.; Schlingeheyde, C.; Dus, M.; Perrimon, N.;  

Kellis, M.; Wohlschlegel, J.A.; Sachidanandam, R.; et al. An endogenous small interfering RNA 

pathway in Drosophila. Nature 2008, 453, 798–802. 

26. Kawamura, Y.; Saito, K.; Kin, T.; Ono, Y.; Asai, K.; Sunohara, T.; Okada, T.N.; Siomi, M.C.; 

Siomi, H. Drosophila endogenous small RNAs bind to Argonaute 2 in somatic cells. Nature 

2008, 453, 793–797. 

27. Chung, W.J.; Okamura, K.; Martin, R.; Lai, E.C. Endogenous RNA interference provides a 

somatic defense against Drosophila transposons. Curr. Biol. 2008, 18, 795–802. 

28. Lau, N.C.; Robine, N.; Martin, R.; Chung, W.J.; Niki, Y.; Berezikov, E.; Lai, E.C. Abundant 

primary piRNAs, endo-siRNAs, and microRNAs in a Drosophila ovary cell line. Genome Res. 

2009, 19, 1776–1785. 

29. Ghildiyal, M.; Seitz, H.; Horwich, M.D.; Li, C.; Du, T.; Lee, S.; Xu, J.; Kittler, E.L.W.;  

Zapp, M.L.; Weng, Z.; et al. Endogenous siRNAs derived from transposons and mRNAs in 

Drosophila somatic cells. Science 2008, 320, 1077–1081. 

30. Keene, K.M.; Foy, B.D.; Sanchez-Vargas, I.; Beaty, B.J.; Blair, C.D.; Olson, K.E. RNA 

interference acts as a natural antiviral response to O’nyong-nyong virus (Alphavirus; 

Togaviridae) infection of Anopheles gambiae. Proc. Natl. Acad. Sci. USA 2004, 101,  

17240–17245. 

31. Wu, Q.; Luo, Y.; Lu, R.; Lau, N.; Lai, E.C.; Li, W.X.; Ding, S.W. Virus discovery by deep 

sequencing and assembly of virus-derived small silencing RNAs. Proc. Natl. Acad. Sci. USA 

2010, 107, 1606–1611. 

32. Schnettler, E.; Donald, C.L.; Human, S.; Watson, M.; Siu, R.W.C.; McFarlane, M.;  

Fazakerley, J.K.; 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. 

33. Hess, A.M.; Prasad, A.N.; Ptitsyn, A.; Ebel, G.D.; Olson, K.E.; Barbacioru, C.; Monighetti, C.; 

Campbell, C.L. Small RNA profiling of Dengue virus-mosquito interactions implicates the PIWI 

RNA pathway in anti-viral defense. BMC Microbiol. 2011, 11, 45. 

34. Vodovar, N.; Bronkhorst, A.W.; van Cleef, K.W.R.; Miesen, P.; Blanc, H.; van Rij, R.P.;  

Saleh, M.C. Arbovirus-derived piRNAs exhibit a ping-pong signature in mosquito cells.  

PLoS One 2012, 7, e30861. 

35. Luteijn, M.J.; Ketting, R.F. PIWI-interacting RNAs: From generation to transgenerational 

epigenetics. Nat. Rev. Genet. 2013, 14, 523–534. 

36. Malone, C.D.; Hannon, G.J. Small RNAs as guardians of the genome. Cell 2009, 136, 656–668. 

37. Brennecke, J.; Aravin, A.A.; Stark, A.; Dus, M.; Kellis, M.; Sachidanandam, R.; Hannon, G.J. 

Discrete small RNA-generating loci as master regulators of transposon activity in Drosophila. 

Cell 2007, 128, 1089–1103. 

38. Meister, G. Argonaute proteins: Functional insights and emerging roles. Nat. Rev. Genet. 2013, 

14, 447–459. 

39. Jinek, M.; Doudna, J.A. A three-dimensional view of the molecular machinery of RNA 

interference. Nature 2009, 457, 405–412. 

40. Ipsaro, J.J.; Haase, A.D.; Knott, S.R.; Joshua-Tor, L.; Hannon, G.J. The structural biochemistry 

of Zucchini implicates it as a nuclease in piRNA biogenesis. Nature 2012, 491, 279–283. 



Viruses 2014, 6 4461 

 

 

41. Malone, C.D.; Brennecke, J.; Dus, M.; Stark, A.; McCombie, W.R.; Sachidanandam, R.; 

Hannon, G.J. Specialized piRNA pathways act in germline and somatic tissues of the Drosophila 

ovary. Cell 2009, 137, 522–535. 

42. Akkouche, A.; Grentzinger, T.; Fablet, M.; Armenise, C.; Burlet, N.; Braman, V.;  

Chambeyron, S.; Vieira, C. Maternally deposited germline piRNAs silence the tirant 

retrotransposon in somatic cells. EMBO Rep. 2013, 14, 458–464. 

43. Akkouche, A.; Rebollo, R.; Burlet, N.; Esnault, C.; Martinez, S.; Viginier, B.; Terzian, C.; 

Vieira, C. tirant, a newly discovered active endogenous retrovirus in Drosophila simulans.  

J. Virol. 2012, 86, 3675–3681. 

44. Arensburger, P.; Hice, R.H.; Wright, J.A.; Craig, N.L.; Atkinson, P.W. The mosquito  

Aedes aegypti has a large genome size and high transposable element load but contains a low 

proportion of transposon-specific piRNAs. BMC Genomics. 2011, 12, 606. 

45. Campbell, C.L.; Black, W.C.; Hess, A.M.; Foy, B.D. Comparative genomics of small RNA 

regulatory pathway components in vector mosquitoes. BMC Genomics 2008, 9, 425. 

46. Macias, V.; Coleman, J.; Bonizzoni, M.; James, A.A. piRNA pathway gene expression in the 

malaria vector mosquito Anopheles stephensi. Insect Mol. Biol. 2014, 23, 579–586. 

47. Fablet, M.; Akkouche, A.; Braman, V.; Vieira, C. Variable expression levels detected in the 

Drosophila effectors of piRNA biogenesis. Gene 2014, 537, 149–153. 

48. Kolaczkowski, B.; Hupalo, D.N.; Kern, A.D. Recurrent adaptation in RNA interference genes 

across the Drosophila phylogeny. Mol. Biol. Evol. 2011, 28, 1033–1042. 

49. Obbard, D.J.; Welch, J.J.; Kim, K.W.; Jiggins, F.M. Quantifying adaptive evolution in the 

Drosophila immune system. PLoS Genet. 2009, 5, e1000698. 

50. Obbard, D.J.; Gordon, K.H.J.; Buck, A.H.; Jiggins, F.M. The evolution of RNAi as a defence 

against viruses and transposable elements. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 2009, 364, 

99–115. 

51. Vijayendran, D.; Airs, P.M.; Dolezal, K.; Bonning, B.C. Arthropod viruses and small RNAs.  

J. Invertebr. Pathol. 2013, 114, 186–195. 

52. Galiana-Arnoux, D.; Dostert, C.; Schneemann, A.; Hoffmann, J.A.; Imler, J.L. Essential function 

in vivo for Dicer-2 in host defense against RNA viruses in drosophila. Nat. Immunol. 2006, 7, 

590–597. 

53. Van Rij, R.P.; Saleh, M.C.; 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. 

54. Wang, X.H.; Aliyari, R.; Li, W.X.; Li, H.W.; Kim, K.; Carthew, R.; Atkinson, P.; Ding, S.W. 

RNA interference directs innate immunity against viruses in adult Drosophila. Science 2006, 

312, 452–454. 

55. Weber, F.; Wagner, V.; Rasmussen, S.B.; Hartmann, R.; Paludan, S.R. Double-stranded RNA is 

produced by positive-strand RNA viruses and DNA viruses but not in detectable amounts by 

negative-strand RNA viruses. J. Virol. 2006, 80, 5059–5064. 

56. Saleh, M.C.; Tassetto, M.; van Rij, R.P.; Goic, B.; Gausson, V.; Berry, B.; Jacquier, C.; 

Antoniewski, C.; Andino, R. Antiviral immunity in Drosophila requires systemic RNA 

interference spread. Nature 2009, 458, 346–350. 



Viruses 2014, 6 4462 

 

 

57. Obbard, D.J.; Jiggins, F.M.; Halligan, D.L.; Little, T.J. Natural selection drives extremely rapid 

evolution in antiviral RNAi genes. Curr. Biol. 2006, 16, 580–585. 

58. Bernhardt, S.A.; Simmons, M.P.; Olson, K.E.; Beaty, B.J.; Blair, C.D.; Black, W.C. Rapid 

intraspecific evolution of miRNA and siRNA genes in the mosquito Aedes aegypti. PLoS One 

2012, 7, e44198. 

59. Robine, N.; Lau, N.C.; Balla, S.; Jin, Z.; Okamura, K.; Kuramochi-Miyagawa, S.; Blower, M.D.; 

Lai, E.C. A broadly conserved pathway generates 3'UTR-directed primary piRNAs. Curr. Biol. 

2009, 19, 2066–2076. 

60. Saito, K.; Inagaki, S.; Mituyama, T.; Kawamura, Y.; Ono, Y.; Sakota, E.; Kotani, H.; Asai, K.; 

Siomi, H.; Siomi, M.C. A regulatory circuit for piwi by the large Maf gene traffic jam in 

Drosophila. Nature 2009, 461, 1296–1299. 

61. Rouget, C.; Papin, C.; Boureux, A.; Meunier, A.C.; Franco, B.; Robine, N.; Lai, E.C.;  

Pelisson, A.; Simonelig, M. Maternal mRNA deadenylation and decay by the piRNA pathway in 

the early Drosophila embryo. Nature 2010, 467, 1128–1132. 

62. Olovnikov, I.; Ryazansky, S.; Shpiz, S.; Lavrov, S.; Abramov, Y.; Vaury, C.; Jensen, S.; 

Kalmykova, A. De novo piRNA cluster formation in the Drosophila germ line triggered by 

transgenes containing a transcribed transposon fragment. Nucleic Acids Res. 2013, 41,  

5757–5768. 

63. Shpiz, S.; Ryazansky, S.; Olovnikov, I.; Abramov, Y.; Kalmykova, A. Euchromatic transposon 

insertions trigger production of novel pi- and endo-siRNAs at the target sites in the drosophila 

germline. PLoS Genet. 2014, 10, e1004138. 

64. Bagijn, M.P.; Goldstein, L.D.; Sapetschnig, A.; Weick, E.M.; Bouasker, S.; Lehrbach, N.J.; 

Simard, M.J.; Miska, E.A. Function, targets, and evolution of Caenorhabditis elegans piRNAs. 

Science 2012, 337, 574–578. 

65. Fagegaltier, D.; Bougé, A.L.; Berry, B.; Poisot, E.; Sismeiro, O.; Coppée, J.Y.; Théodore, L.; 

Voinnet, O.; Antoniewski, C. The endogenous siRNA pathway is involved in heterochromatin 

formation in Drosophila. Proc. Natl. Acad. Sci. USA 2009, 106, 21258-21263. 

66. Rozhkov, N.V.; Aravin, A.A.; Zelentsova, E.S.; Schostak, N.G.; Sachidanandam, R.;  

McCombie, W.R.; Hannon, G.J.; Evgen’ev, M.B. Small RNA-based silencing strategies for 

transposons in the process of invading Drosophila species. RNA 2010, 16, 1634–1645. 

67. Morazzani, E.M.; Wiley, M.R.; Murreddu, M.G.; Adelman, Z.N.; Myles, K.M. Production of 

virus-derived ping-pong-dependent piRNA-like small RNAs in the mosquito soma.  

PLoS Pathog. 2012, 8, e1002470. 

68. Mirkovic-Hösle, M.; Förstemann, K. Transposon defense by endo-siRNAs, piRNAs and somatic 

pilRNAs in Drosophila: Contributions of Loqs-PD and R2D2. PLoS One. 2014, 9, e84994. 

69. Yan, Z.; Hu, H.Y.; Jiang, X.; Maierhofer, V.; Neb, E.; He, L.; Hu, Y.; Hu, H.; Li, N.;  

Chen, W.; et al. Widespread expression of piRNA-like molecules in somatic tissues. Nucleic 

Acids Res. 2011, 39, 6596–6607. 

70. Goic, B.; Vodovar, N.; Mondotte, J.A.; Monot, C.; Frangeul, L.; Blanc, H.; Gausson, V.;  

Vera-Otarola, J.; Cristofari, G.; Saleh, M.C. RNA-mediated interference and reverse transcription 

control the persistence of RNA viruses in the insect model Drosophila. Nat. Immunol. 2013, 14, 

396–403. 



Viruses 2014, 6 4463 

 

 

71. Waterhouse, R.M.; Kriventseva, E.V.; Meister, S.; Xi, Z.; Alvarez, K.S.; Bartholomay, L.C.; 

Barillas-Mury, C.; Bian, G.; Blandin, S.; Christensen, B.M.; et al. Evolutionary dynamics of 

immune-related genes and pathways in disease-vector mosquitoes. Science 2007, 316,  

1738–1743. 

72. Carpenter, J.; Hutter, S.; Baines, J.F.; Roller, J.; Saminadin-Peter, S.S.; Parsch, J.; Jiggins, F.M. 

The transcriptional response of Drosophila melanogaster to infection with the sigma virus 

(Rhabdoviridae). PLoS One 2009, 4, e6838. 

73. Merkling, S.H.; van Rij, R.P. Beyond RNAi: Antiviral defense strategies in Drosophila and 

mosquito. J. Insect Physiol. 2013, 59, 159–170. 

74. Xu, J.; Cherry, S. Viruses and antiviral immunity in Drosophila. Dev. Comp. Immunol. 2014, 42, 

67–84. 

75. Zambon, R.A.; Nandakumar, M.; Vakharia, V.N.; Wu, L.P. The Toll pathway is important for an 

antiviral response in Drosophila. Proc. Natl. Acad. Sci. USA 2005, 102, 7257–7262. 

76. Xi, Z.; Ramirez, J.L.; Dimopoulos, G. The Aedes aegypti toll pathway controls dengue virus 

infection. PLoS Pathog. 2008, 4, e1000098. 

77. Dostert, C.; Jouanguy, E.; Irving, P.; Troxler, L.; Galiana-Arnoux, D.; Hetru, C.; Hoffmann, J.A.; 

Imler, J.L. The Jak-STAT signaling pathway is required but not sufficient for the antiviral 

response of drosophila. Nat. Immunol. 2005, 6, 946–953. 

78. Avadhanula, V.; Weasner, B.P.; Hardy, G.G.; Kumar, J.P.; Hardy, R.W. 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. 

79. Deddouche, S.; Matt, N.; Budd, A.; Mueller, S.; Kemp, C.; Galiana-Arnoux, D.; Dostert, C.; 

Antoniewski, C.; Hoffmann, J.A.; Imler, J.L. The DExD/H-box helicase Dicer-2 mediates the 

induction of antiviral activity in drosophila. Nat. Immunol. 2008, 9, 1425–1432. 

80. Paradkar, P.N.; Trinidad, L.; Voysey, R.; Duchemin, J.B.; Walker, P.J. Secreted Vago restricts 

West Nile virus infection in Culex mosquito cells by activating the Jak-STAT pathway.  

Proc. Natl. Acad. Sci. USA 2012, 109, 18915–18920. 

81. Varaldi, J.; Patot, S.; Nardin, M.; Gandon, S. A virus-shaping reproductive strategy in a 

Drosophila parasitoid. Adv. Parasitol. 2009, 70, 333–363. 

82. Brasset, E.; Taddei, A.R.; Arnaud, F.; Faye, B.; Fausto, A.M.; Mazzini, M.; Giorgi, F.; Vaury, C. 

Viral particles of the endogenous retrovirus ZAM from Drosophila melanogaster use a  

pre-existing endosome/exosome pathway for transfer to the oocyte. Retrovirology 2006, 3, 25. 

83. Leblanc, P.; Desset, S.; Giorgi, F.; Taddei, A.R.; Fausto, A.M.; Mazzini, M.; Dastugue, B.; 

Vaury, C. Life cycle of an endogenous retrovirus, ZAM, in Drosophila melanogaster. J. Virol. 

2000, 74, 10658–10669. 

84. Song, S.U.; Kurkulos, M.; Boeke, J.D.; Corces, V.G. Infection of the germ line by retroviral 

particles produced in the follicle cells: A possible mechanism for the mobilization of the gypsy 

retroelement of Drosophila. Dev. Camb. Engl. 1997, 124, 2789–2798. 

85. Zanni, V.; Eymery, A.; Coiffet, M.; Zytnicki, M.; Luyten, I.; Quesneville, H.; Vaury, C.;  

Jensen, S. Distribution, evolution, and diversity of retrotransposons at the flamenco locus reflect 

the regulatory properties of piRNA clusters. Proc. Natl. Acad. Sci. USA 2013, 110,  

19842–19847. 



Viruses 2014, 6 4464 

 

 

86. Mohn, F.; Sienski, G.; Handler, D.; Brennecke, J. The rhino-deadlock-cutoff complex licenses 

noncanonical transcription of dual-strand piRNA clusters in Drosophila. Cell 2014, 157,  

1364–1379. 

87. Khurana, J.S.; Wang, J.; Xu, J.; Koppetsch, B.S.; Thomson, T.C.; Nowosielska, A.; Li, C.; 

Zamore, P.D.; Weng, Z.; Theurkauf, W.E. Adaptation to P element transposon invasion in 

Drosophila melanogaster. Cell 2011, 147, 1551–1563. 

88. Vermaak, D.; Henikoff, S.; Malik, H.S. Positive selection drives the evolution of rhino, a 

member of the heterochromatin protein 1 family in Drosophila. PLoS Genet. 2005, 1, 96–108. 

89. Klattenhoff, C.; Xi, H.; Li, C.; Lee, S.; Xu, J.; Khurana, J.S.; Zhang, F.; Schultz, N.;  

Koppetsch, B.S.; Nowosielska, A.; et al. The Drosophila HP1 homolog Rhino is required for 

transposon silencing and piRNA production by dual-strand clusters. Cell 2009, 138, 1137–1149. 

90. Tarlinton, R.E.; Meers, J.; Young, P.R. Retroviral invasion of the koala genome. Nature 2006, 

442, 79–81. 

91. Rozhkov, N.V.; Schostak, N.G.; Zelentsova, E.S.; Yushenova, I.A.; Zatsepina, O.G.;  

Evgen’ev, M.B. Evolution and dynamics of small RNA response to a retroelement invasion in 

Drosophila. Mol. Biol. Evol. 2013, 30, 397–408. 

92. Vieira, C.; Lepetit, D.; Dumont, S.; Biémont, C. Wake up of transposable elements following 

Drosophila simulans worldwide colonization. Mol. Biol. Evol. 1999, 16, 1251–1255. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


