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Abstract
Members of the family Dicistroviridae are small 
RNA viruses containing a monopartite positive-
sense RNA genome. Dicistroviruses mainly 
infect arthropods, causing diseases that impact 
agriculture and the economy. In this chapter, we 
provide an overview of current and past research 
on dicistroviruses including the viral life cycle, viral 
translational control mechanisms, virus structure, 
and the use of dicistrovirus infection in Drosophila 
as a model to identify insect antiviral responses. 
We then delve into how research on dicistrovirus 
mechanisms has yielded insights into ribosome 
dynamics, RNA structure/function and insect 
innate immunity signalling. Finally, we highlight 
the diseases caused by dicistroviruses, their impacts 
on agriculture including the shrimp and honey 
bee industries, and the potential use of dicistrovi-
ruses as biopesticides. Although knowledge of the 
mechanisms underlying dicistrovirus virus–host 
interactions is limited, the establishment of the first 
infectious clone should accelerate the discovery of 
new mechanistic insights into dicistrovirus infec-
tions and pathogenesis.

Introduction
Dicistroviruses are small plus-strand RNA viruses 
that primarily infect arthropods. They are clas-
sified into three genera: Cripavirus, Aparavirus 
and Triatovirus. Initially discovered in 1963 with 
the identification of Acute bee paralysis virus in 

honey bees (Bailey et al., 1964), they were initially 
thought to be picornaviruses due to the similarly 
small size of the virion and genome, and disease 
symptoms (i.e. paralysis). However, it is now appar-
ent that dicistroviruses belong to a unique virus 
family. Dicistroviruses have been identified in many 
orders of arthropods: Coleoptera (Reinganum, 
1975), Lepidoptera (Reinganum, 1975), Orthop-
tera (Wilson et al., 2000b), Diptera ( Jousset et al., 
1972), Hemiptera (D’Arcy et al., 1981a; Muscio 
et al., 1987; Williamson et al., 1988; Toriyama et 
al., 1992; Nakashima et al., 1998; Hunnicutt et al., 
2006), Hymenoptera (Bailey et al., 1963; Bailey 
and Woods, 1977; Maori et al., 2007; Valles and 
Hashimoto, 2009), Decapoda (Hasson et al., 
1995). Dicistroviruses provide for an excellent 
model system for studying fundamental virus–host 
interactions including viral translational control 
mechanisms and innate insect immune pathways. 
Dicistroviridae are of economic and agricultural 
importance; infections can lead to disease and 
outbreaks in arthropods, including in shrimp and 
honey bees. As the name implies, dicistroviruses 
contain a bicistronic monopartite RNA genome 
encoding two main open reading frames (ORFs). 
However, recent evidence indicates that some 
members contain a third ORF, termed ORFx. In 
this chapter, we provide an overview of dicistro-
virus life-cycle, viral translational strategies, host 
interactions that modulate cellular pathways and 
innate immune responses, pathogenesis, and the 
potential use of these viruses as biopesticides.
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Genome structure
Dicistroviruses have single-stranded, positive-
sense RNA genomes of 8–10 kb in length and 
encoding two long ORFs (Fig. 5.1). The ORFs are 

translated as polyproteins that are then processed 
into the individual mature viral proteins by the 
virally-encoded protease 3C, a 2A ‘stop-go’ trans-
lation mechanism and other yet to be identified 
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Figure 5.1  (A) The RNA genome and polyprotein processing of dicistroviruses. The positive sense, 
single-stranded RNA genome is shown above. The RNA genome is translated by the 5′UTR and IGR IRESs to 
produce two large polyproteins that are then processed by proteases. Open reading frames are labelled as ORF1 
and ORF2, encoding non-structural proteins (1A, 2B, 2C, 3A, 3B, 3C, RdRp (3D), VPgs and structural proteins 
(VP1-VP4). The CrPV 5′UTR and IGR IRES structures are shown (Gross et al., 2017). Dicistroviruses contain 
one to six VPgs. Shown is the CrPV genome containing 4 VPgs. A subset of dicistroviruses including IAPV, KBV, 
ABPV and SINV-1 contains a short +1 frame open reading frame called ORFx that overlaps with the 0 frame 
ORF2 adjacent to the IGR IRES. The IGR IRES directs both 0 and +1 frame translation. Polyprotein processing 
occurs co-translationally and post-translationally (red arrow). The 2A peptide, sequence located between 1A 
and 2B, directs ‘stop go’ translation separating 1A from polyprotein. Black arrows: Cleavages mediated by the 
virally encoded 3C protease at the indicated cleavage sites preferring cleavage after a Q residue. Blue arrow: 
Predicted cleavage site. Green arrows: Processing events that have not been characterized. (B) The ORFx 
amino acid sequences of CrPV, IAPV, ABPV, KBV and SINV-1 from accession numbers NC_003924.1 (CrPV), 
EF219380.1 (IAPV), AF150629 (ABPV), AY275710 (KBV), AF277675 (SINV-1).
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mechanisms. The upstream ORF, termed ORF1, 
encodes non-structural proteins that modulate 
host cellular processes and evade innate immune 
responses, thereby facilitating virus infection. 
ORF1 encodes the viral silencing suppressor 1A 
protein, the 2C RNA helicase, the viral genome-
linked protein VPg (King and Morre, 1988), 
the 3C protease, and the RNA-dependent RNA 
polymerase (RdRp) 3D (Bonning and Miller, 
2010) (Table 5.1). ORF1 also encodes 2B and 
3A proteins that, based on sequence homology to 
other viral proteins, are thought to be involved in 
the assembly of the viral replication complex mem-
brane and in membrane remodelling. The roles of 
the 1A protein during infection are beginning to be 
understood (see below), whereas the functions of 
many of the other non-structural proteins have yet 
to be elucidated in detail. The downstream ORF2 
encodes the structural proteins VP2, VP1, and VP3 
that are involved in encapsidation of the virion, as 
well as VP4 (Tate et al., 1999; Sanchez-Eugenia 
et al., 2005). The RNA genome also contains a 5′ 
linked viral protein VPg and a 3′ poly A tail (King 
and Moore, 1988).

Translation of the ORFs is mediated by two 
distinct internal ribosome entry sites (IRES): a 5′ 
untranslated region (5′UTR) IRES and an inter-
genic (IGR) IRES, the latter of which has been 
studied extensively at the biochemical and struc-
tural levels. A subset of dicistroviruses, specifically 
the honey bee viruses, Israeli acute paralysis virus 
(IAPV), Kashmir bee virus (KBV) and Acute bee 
paralysis virus (ABPV), the fire ant virus, Solenopsis 
invicta virus (SINV-1) and Cricket paralysis virus 
(CrPV), encode an overlapping +1 frame ORF 
termed ORFx within ORF2, downstream of the 
IRES (Firth et al., 2009; Sabath et al., 2009; Ren et 
al., 2014; Au et al., 2015; Kerr et al., 2018b) (Table 
5.2). During dicistrovirus infection, the structural 
proteins are produced in supramolar excess over the 
non-structural proteins, suggesting that translation 
of ORF1 and ORF2 are differentially regulated by 
the IRESs (Moore et al., 1980; Wilson et al., 2000b; 
Khong et al., 2016).

Dicistroviruses encode up to six copies of the 
genome linked protein VPg (King and Moore, 
1988; Nakashima and Shibuya, 2006). Based on 
studies of other RNA viruses, VPgs have direct roles 

Table 5.1  Functions of dicistrovirus proteins
Viral proteins Known or predicted* functions Reference

1A (CrPV, DCV) Inhibition of RNA interference Nayak et al. (2010)
1A (CrPV) Inhibition of SG assembly Khong et al. (2011, 2017)
2B Membrane remodelling* Aldabe et al. (1996)
2C RNA helicase, membrane 

permeabilization*
Gorbalenya et al. (1990); Mirzayan et 
al. (1994); Rodriguez et al.(1993)

3A Viral replication complex formation* Fujita et al. (2007)
VPgs Covalently linked to 5’ end of genomic 

RNA for priming viral replication
King and Morre (1988)

3C (PSIV) Viral poly protein processing Nakashima et al. (2008)
3D Negative strand RNA synthesis, viral 

replication
Bonning and Miller (2010)

ORFx (�IAPV, ABPV, KBV, SINV-1) ? Au et al. (2015); Firth et al. (2009); Ren 
et al. (2014); Sabath et al. (2009)

VP1-3 Capsid proteins, virion structure Tate et al. (1999)
VP4 (TrV) Membrane permeabilization during 

viral entry
Sanchez-Eugenia et al. (2005)

? (CrPV) Host translation shut off Garrey et al. (2010)
? (CrPV, DCV) Induction of JAK-STAT pathway Dostert et al. (2005)
N terminal region of ORF1(TrV) Induction of apoptosis Mari et al. (2002)
? (DCV) Induction of heat shock responses Merkling et al. (2015)

*Predicted functions based on sequence alignment.
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in replication, acting as a primer, and in viral trans-
lation (Goodfellow, 2011). Although it is unclear 
why there are redundant copies in some dicistrovi-
ruses, studies on other multi-VPg-containing RNA 
viruses, such as the picornavirus, Foot-and-mouth 
disease virus, suggest that the multiple VPgs ensure 
that each progeny RNA molecule is linked to a VPg 
for efficient replication (Falk et al., 1992). Because 
translation of non-structural proteins from ORF1 

is much lower than that of ORF2, it may be that 
multiple copies are needed to compensate for the 
lower expression of non-structural proteins during 
dicistrovirus infection (Nakashima and Shibuya, 
2006).

Taxonomy
Though originally proposed to be picorna-like 
viruses, it is now apparent that dicistroviruses 

Table 5.2  Members of Dicistroviridae

Genus1 Members2
Natural 
host3

IGR IRES 
type4

ORF2 start 
codon5

+1 Frame 
ORFx6

ORFx 
length7 Reference8

Aparavirus Acute bee paralysis 
virus* (ABPV)

Honey bee II GCC (Ala) Yes (CCG, 
Pro)

92 Govan et al. 
(2000)

Israeli acute paralysis 
virus (IAPV)

Honey bee II GGC (Gly) Yes (GCG, 
Ala)

94 Maori et al. 
(2007)

Kashmir bee virus 
(KBV)

Honey bee II GCC (Ala) Yes (CUG, 
Leu)

93 de Miranda et 
al. (2004)

Mud crab dicistrovirus 
(MCDV-1)

Mud crab II GCU (Ala) ? (CUC, Leu) 9 Guo et al. 
(2013)

Solenopsis invicta virus 
1 (SINV-1)

Fire ant II GCU (Ala) Yes (CUC, 
Leu)

125 Valles et al. 
(2004)

Taura syndrome virus 
(TSV)

Penaeid 
shrimp

II GCU (Ala) ? (CUA, Leu) 16 Mari et al. 
(2002)

Cripavirus Aphid lethal paralysis 
virus (ALPV)

Aphid I GCU (Ala) ? (CUA, Leu) 7 Van Munster et 
al. (2002)

Cricket paralysis virus* 
(CrPV)

Cricket+ I GCU (Ala) Yes (AAA, 
Lys)

41 Wilson (2000)

Drosophila C virus 
(DCV)

Fruit fly I GCU (Ala) ? (CUA,Leu) 51 Johnson 
Christian (1998)

Rhopalosiphum padi 
virus (RhPV)

Aphid I GCA (Ala) ? (CAA, Glu) 2 Moon et al. 
(1998)

Triatovirus Black queen cell virus 
(BQCV)

Honey bee I GCU (Ala) ? (CUG, Leu) 26 Leat et al. 
(2000)

Himetobi P virus (HiPV) Planthopper I GCA (Ala) ? (CAA, Glu) 14 Nakashima, 
Toriyama (1999)

Homalodisca coagulata 
virus 1 (HoCV-1)

Leafhopper I GCA (Ala) ? (CAA, Glu) 14 Hunnicutt 
(2006)

Plautia stali intestine 
virus (PSIV) 

Stink bug I CAA (Gln) ? (AAG, Lys) 43 Sasaki et al. 
(1998)

Triatoma virus* (TrV) Triatomine 
bug

I GCU (Ala) ? (CUG, Leu) 1 Czibener et al. 
(2000)

1,2Genus and members of Dicistroviridae based on ICTV classification.
3Natural hosts based on experimental and observational evidence.
4Type of intergenic internal ribosome entry site (IGR IRES).
5Start codon of ORF2 based on experimental evidence and/or phylogenetic analysis.
6Yes, experimentally validated; ?, has not been tested.
7Predicted ORFx amino acid length.
8Reference of first published sequence.
+CrPV has a wide range of hosts, including in the orders Diptera, Hemiptera, Hymenoptera, Lepidoptera, Orthoptera
*Indicates type species.
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belong to a distinct viral family based on their bicis-
tronic genome arrangement as compared to the 
picornavirus monocistronic genome. Moreover, 
dicistrovirus non-structural proteins are upstream 
of the structural proteins, the reverse of picornavi-
ruses. Dicistroviridae is one of six families belonging 
to the order Picornavirales of (+) ssRNA viruses. 
Based on alignments of the RdRp protein sequences, 
they are most similar to members of the subfamily 
Comoviridae, plant viruses containing two genomic 
RNAs: one encoding the structural proteins and 
the other encoding the non-structural proteins 
(Chen and Siede, 2007; Koonin et al., 2008). At 
the time of writing, there are three genera within 
the Dicistroviridae based on phylogenetic analysis 
of the IGR IRES as classified by the International 
Committee on Taxonomy of Viruses (ICTV): 
Cripavirus, Aparavirus and Triatovirus (Valles et al., 
2017) (Table 5.2 and Fig. 5.2). Aparavirus is further 
divided into distinct, divergent clades: the insect-
infecting aparaviruses and the crustacean-infecting 
aparaviruses. As more dicistrovirus sequences 
are classified (Shi et al., 2016) Aparavirus may be 

reclassified into two distinct genera based on dif-
ferences in host, details of the IGR IRES and the 
presence of an ORFx (Firth et al., 2009; Sabath et 
al., 2009).

Members of the genus Aparavirus include the 
honey bee infecting IAPV, KBV and ABPV, the red 
fire ant infecting SINV-1 and the penaeid shrimp-
infecting Taura syndrome virus (TSV). Several of 
these aparaviruses have had a negative impact in 
agriculture and on the economy (see below). Dicis-
troviruses also have indirectly linked to human 
health. For example, SINV-1 has been proposed 
as a possible biopesticide for fire ant infestations 
(Valles, 2012), and the Triatoma virus (TrV), a 
member of the genus Triatovirus, can infect Tri-
atominae, which can transmit Trypanosoma cruzi, 
the parasite that causes Chagas disease (Marti et al., 
2017). Members of the genus Cripavirus, including 
Cricket paralysis virus (CrPV) and Drosophila C 
virus (DCV), have wide host ranges, including the 
genetic model organism Drosophila melanogaster 
(Plus et al., 1978; Masoumi et al., 2003). As such, 
CrPV and DCV infections of D. melanogaster are 
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Figure 5.2  Phylogenetic tree of dicistroviruses classified by the ICTV. Midpoint rooted phylogenetic tree 
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used successfully as models for studying fundamen-
tal dicistrovirus–host interactions.

In a landmark transcriptomics paper, several 
hundred invertebrate viruses were discovered from 
a wide variety of invertebrate species based on 
sequence alignment using RdRps, including over a 
hundred novel dicistro-like viruses (Shi et al., 2016). 
Although the new dicistro-like viruses remain to be 
classified by ICTV, the identification of these new 
genomes highlights the diversity of this viral family 
across a wide spectrum of host species.

Virion structure
The structures of the dicistroviruses CrPV (Tate 
et al., 1999), TrV (Squires et al., 2013), IAPV 
(Mullapudi et al., 2016), and BQCV (Spurny et 
al., 2017) have been solved (Fig. 5.3). Dicistrovi-
ruses are non-enveloped viruses that are roughly 
spherical, approximately 30 nm in diameter and 
exhibit icosahedral, T = 3 symmetry comprising of 
60 protomers, each consisting of the three major 
capsid proteins, VP1, VP2 and VP3. The virions are 
structurally similar but not identical. Each capsid 
protein contains a jelly roll structure comprised 
of eight β sheets in a β barrel arrangement. VP1 
subunits form a pentamer around a 5-axes fold, and 
the VP2 and VP3 form heterohexamers around the 

icosahedral 3-fold axes. The structures also revealed 
that the small protein VP4 is attached to the inner 
surface of the viral asymmetric unit and is located 
between the protein shell and RNA within the 
capsid, possibly contacting the viral genome. VP4 
is also present in crystallized virions that are infec-
tious.

Dicistroviruses assemble as immature particles 
containing the precursor protein VP0, which con-
sists of VP3 and VP4. Cleavage of VP0 into VP3 
and VP4 is proposed to occur after the particles 
encapsidate the viral RNA genome, supported 
by the observation that empty capsids contain 
unprocessed VP0 (Tate et al., 1999). A conserved 
Asp-Asp-Phe (DDF) motif within VP1 protein may 
be involved in this cleavage process (Squires et al., 
2013; Mullapudi et al., 2016; Spurny et al., 2017). 
The DDF motif is in close proximity of the N termi-
nus of VP3 and the C terminus of VP4, suggesting 
that this motif catalyses this cleavage. Interestingly, 
TrV VP3 contains a second autoproteolytic DDF 
motif in addition to the conserved motif within 
VP1 (Squires et al., 2013). The function of this 
additional motif has yet to be elucidated.

Dicistrovirus virions are stable in acidic condi-
tions (to pH 3.0) whereas alkaline conditions (pH 
> 8.0) trigger uncoating by releasing the interactions 

Figure 5.3  Dicistrovirus structures. Shown are crystal structures of capsids from CrPV, TrV, IAPV and BQCV 
(Spurny et al., 2017). PDB structure ID: 1B35, 3NAP, 5LWG and 5MQC. Negative stained electron micrographs 
of purified CrPV (Kerr et al., 2015), TrV (Valles et al., 2017), IAPV (Mullapudi et al., 2016) and BQCV (Spurny et 
al., 2017). Figures are republished with permission from Kerr et al. (2015; Copyright © 2015, American Society 
for Microbiology. All Rights Reserved. doi:10.1128/JVI.00463–15), Mullapudi et al. (2016), Spurny et al. (2017) 
and Valles et al. (2017).
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between capsid proteins, as demonstrated using 
TrV virions (Snijder et al., 2013). Uncoating occurs 
through an intermediate step in which the virions 
disassemble into pentons, with concomitant release 
of VP4.

Transmission
While the majority of dicistroviruses are transmit-
ted horizontally via a faecal–oral route ( Jousset et 
al., 1972; Gomariz-Zilber et al., 1995; Muscio et al., 
2000; Chen and Siede, 2007), some dicistroviruses 
may be transmitted vertically. For example, CrPV 
can be transmitted vertically transovum (with the 
virus on the surface or inside of the egg) (Reinga-
num et al., 1970). ALPV, Plautia stali intestine virus 
(PSIV), TrV and SINV-1 can all be transmitted 
vertically by transovarial transmission, i.e. within 
the ovary with the virus inside the egg (D’Arcy et 
al., 1981b; Hatfill et al., 1990; Muscio et al., 1997; 
Nakashima et al., 1998). Viruses of sap-sucking 
insects (Hemiptera) such as RhPV, can be trans-
mitted via plants. RhPV uses plants as a vehicle 
for spread, by circulating in the phloem of the host 
plant from which it can be acquired by other aphids 
(Gildow and d’Arcy, 1988; Ban et al., 2007). The 
dicistro-like Big-Sioux River virus (BSRV) has also 
been found in maize (Ban et al., 2007; Wamonje 
et al., 2017). These examples highlight the use of 
plants as vectors for the spread of dicistroviruses to 
sap-sucking insects.

Viral entry, polyprotein 
processing and replication

Viral entry
Molecular details of dicistrovirus entry and rep-
lication have mostly come from studies of DCV. 
Using DCV-infected Drosophila S2 cells as a model, 
viral entry occurs through the clathrin-mediated 
endocytosis pathway and involves nuclear protein 
Bub1 (Budding uninhibited by benzimidazoles 
1), a highly conserved subunit of the kinetochore 
complex that regulates chromosome congression 
(Cherry and Perrimon, 2004; Yang et al., 2018). 
DCV infection results in more Bub1 translocated 
to the membrane, supporting a model where 
Bub1 regulates endocytosis to promote viral entry, 
possibly interacting with a clathrin-dependent 
endocytic compartment. In support of this, bub1 

deficient flies are resistant to DCV infection (Yang 
et al., 2018). Cell attachment and entry is likely 
mediated through an initial attachment with a host 
cell surface receptor, which has yet to be identified. 
Following entry, the dicistrovirus uncoats, releasing 
its genome into the cytoplasm; details of this pro-
cess are beginning to emerge. Purified VP4 capsid 
protein from TrV can induce permeabilization by 
inserting into the membrane and forming discrete 
pores, which may enable cell entry or genome trans-
fer during virus infection (Sánchez-Eugenia et al., 
2015). Cryo-EM analysis of empty and full TrV par-
ticles has revealed that RNA release leads to empty 
capsids of similar size to the native virions that 
displayed no prominent conformational changes 
(Agirre et al., 2013). According to the tectonic 
model for subunit movement, individual capsid 
proteins rotate within the capsid complex, leading 
to the disassembly of empty TrV capsids into small 
symmetrical, lip-shaped particles that are probably 
dimers of pentamers of capsid protein promoters. 
Cryo-EM structures of empty IAPV virions and 
virions that are about to release the viral genome 
suggest a distinct mechanism of genome release 
(Mullapudi et al., 2016). The minor capsid proteins 
also detach from the capsid protein upon genome 
release. Finally, although structurally similar to 
the picornavirus capsid proteins, the CrPV capsid 
lacks the canyon that surrounds the five-fold sym-
metry identified in the poliovirus structure, which is 
important for poliovirus entry, suggesting a distinct 
mechanism of entry for CrPV (Tate et al., 1999).

Polyprotein processing
Upon entry, the positive-strand dicistrovirus RNA 
genome is released and directly used as a template 
for viral protein synthesis (see below for detail on 
viral IRES translation). Indeed, transfection of 
an in vitro transcribed CrPV infectious RNA in 
Drosophila S2 cells can directly lead to viral protein 
synthesis and productive infection (Kerr et al., 
2015). Translation of the two main ORFs results in 
expression of polyproteins that are then processed 
into mature viral proteins (Moore et al., 1980). The 
majority of the processing is mediated by the virally 
encoded 3C-like protease, a cysteine protease pre-
dicted to adopt a similar fold to picornavirus 3C 
protease (Nakashima and Nakamura, 2008). The 
3C cleavage sites in the polyprotein of PSIV have 
been identified (Nakashima and Ishibashi, 2008, 
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2010). N-terminal sequencing of processed viral 
proteins showed cleavage occurs at Q/GWSLW and 
Q/NGVFD, which correspond to the 2A/3C and 
3C/3D cleavage sites in the PSIV ORF1, respec-
tively. The 2B/2C cleavage site has been mapped to 
amino acids 408–409 (Q/D), which are conserved 
among dicistroviruses. Q/A has also been observed 
at the putative cleavage junction of VP2/VP0. Col-
lectively, these results indicate that the dicistrovirus 
3C protease preferentially cleaves between Q/A, 
Q/G, Q/N and Q/D residues. In addition, the 
conserved Q/C, Q/A and Q/V sites between 3C/
RdRp, VP2/VPO and VP0/VP1, respectively, are 
predicted to be cleaved by the 3C protease. How-
ever, this has not been experimentally validated 
(Fig. 5.1). Importantly, polyprotein processing can 
be recapitulated by incubating a CrPV infectious 
clone in an insect translation extract, thus provid-
ing a model to study protease-mediated cleavages 
(Kerr et al., 2015). In a CrPV clone with a muta-
tion that prevents 3C protease expression, ORF2 
structural polyprotein processing is blocked, sug-
gesting that ORF2 polyprotein is processed by 3C 
protease. However, ORF2 polyprotein could also 
be processed by other means. VP0 may undergo 
an autocleavage mechanism upon capsid formation 
involving a DDF motif present in dicistrovirus VP1 
and in both VP1 and VP3 in TrV (Tate et al., 1999; 
Agirre et al., 2013).

Although the ability of 3C protease or a cellular 
protease to mediate cleavages at other junctions of 
the viral polyprotein is unclear, a subset of dicis-
troviruses including CrPV, DCV, IAPV, KBV and 
ABPV possess a 2A peptide sequence that mediates 
a ‘self-cleavage’ process. The 2A peptide sequence, 
located between 1A and 2B of ORF1, undergoes 
an unusual ‘stop-go’ translation mechanism leading 
to ‘cleavage’ of the protein (Luke et al., 2008) (Fig. 
5.1). The 2A peptide encodes a conserved DxExN-
PGP sequence, which interacts with the ribosome 
exit channel to induce stop-codon independent 
translation termination ending at the second to last 
glycine residue (Brown and Ryan, 2010). However, 
instead of the ribosome dissociating, the ribosome 
continues translation starting with a proline codon. 
The 2A peptide mechanism, which has been termed 
as ‘stop-go’ or ‘stop-carry’ translational recoding 
mechanism, is present in several positive-strand 
RNA viral genomes as a viral strategy to produce 
two protein products from a single polyprotein 

ORF. The 2A peptide of CrPV, DCV, IAPV, KBV 
and ABPV ‘stop-go’ translation has been experi-
mentally tested in vitro, showing 88–95% cleavage 
activity (Donnelly et al., 2001; Luke et al., 2008). 
The conserved 2A peptide DxExNPGP sequence 
is present near the N-terminus of ORF1 in only a 
subset of dicistroviruses. It is not clear how those 
dicistroviruses lacking the 2A peptide mediate 
cleavage between the 1A and 2B non-structural 
proteins, nor why only a subset of dicistroviruses 
utilize this mechanism. Another remaining ques-
tion is why the 2A peptide is utilized to separate 1A 
and 2B proteins, rather than a protease cleavage site.

Replication
Replication of the dicistrovirus RNA genome is 
mediated by the RdRp (3D) protein encoded 
within ORF1. A CrPV infectious clone contain-
ing a mutant catalytically-inactive RdRp does not 
support replication (Khong et al., 2016). Like other 
RNA viruses, the plus strand RNA genome is used 
as a template for both translation and replication. 
RdRp synthesizes the negative strand RNA, which 
in turn transcribes the positive-strand RNA. DCV 
has been used as a model for study of dicistrovirus 
replication. Like other RNA viruses, DCV rep-
lication occurs on membrane structures, which 
are formed in part from remodelling of the Golgi 
apparatus to form a novel intracellular vesicular 
compartment where virus replication takes place 
(Cherry et al., 2006). In support of this model, the 
coat protein complex 1 and fatty acid biosynthesis 
pathway are required for DCV replication. The 
vesicles are non-uniform in size, averaging 115 nm 
in diameter (Cherry et al., 2006). Co-localization 
of the DCV helicase protein with the Golgi marker 
DG13 suggests that this is the site of viral replica-
tion (Cherry et al., 2006). The molecular details 
underlying dicistrovirus replication have yet to be 
determined, but it is likely similar to picornavi-
ruses, whose replication machinery involves RdRp 
in complex with or requiring host proteins and 
the viral-linked protein VPg, all of which interact 
with structural elements at the 5′ and 3′ ends of 
the dicistrovirus RNA genome (Paul and Wimmer, 
2015). A recent study uses structural RNA probing 
approaches to begin modelling secondary struc-
tures at the 5′ end of the CrPV genome (Gross et 
al., 2017). The importance of these secondary 
structures for replication has not been confirmed.
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Packaging and egress
Encapsidation of the dicistrovirus RNA genome 
with capsid proteins has not been studied in detail; 
however, virion structures have been solved, which 
provide hints about this process (see section on 
virion structure). The release of the virus from 
infected cells also remains to be studied. Specifically, 
the mechanisms that underlie lytic versus non-lytic 
dicistroviruses are poorly understood, but the dis-
tinct dicistrovirus pathogenesis and transmission 
strategies probably dictate the route of viral egress.

Dicistroviruses are classified as nonenveloped 
viruses. An emerging theme is that classically 
defined nonenveloped viruses, such as Hepatitis A 
and C viruses and poliovirus, can hijack exosome-
like or autophagic vesicles for virion release (Feng 
et al., 2013; Ramakrishnaiah et al., 2013; Bird et al., 
2014). A recent study shows that CrPV may also 
hijack the exosome pathway for viral release (Kerr 
et al., 2018a). CrPV structural proteins and RNA 
are found in exosome-like vesicles (ELVs) and the 
ELVs from CrPV-infected cells are infectious. This 
suggests that the classically-defined nonenvel-
oped viruses of invertebrates and vertebrates may 
acquire an envelope as a fundamental viral strategy 
to evade host immune responses and/or facilitate 
transmission. In this context, it will be interesting to 
determine whether the use of ELVs extends to other 
dicistroviruses.

Unique translation mechanisms 
for dicistroviral protein 
synthesis
All viruses must use the host ribosome for viral 
protein synthesis. Some viruses have evolved 
elegant strategies to hijack the ribosome ( Jan et al., 
2016). One distinguishing feature of Dicistroviridae 
is their use of distinct IRESs to drive translation of 
the two ORFs (Wilson et al., 2000b). Translation 
of the upstream ORF1 is mediated by the 5′UTR 
IRES, whereas downstream ORF2 translation is 
mediated by the intergenic IRES (IGR IRES). The 
IRES arrangement allows for differential regulation 
of expression of the non-structural and structural 
proteins during infection, presumably as a viral 
strategy to optimally coordinate the different steps 
of the viral life cycle (Wilson et al., 2000b; Khong 
et al., 2016). While the mechanisms underlying 
the 5′UTR IRES are emerging, the IGR IRES 

mechanism has been extensively studied at the 
biochemical and structural level. This has yielded 
tremendous insights into both ribosome function 
and the translational control strategies viruses use 
to hijack the host ribosome. We provide a brief 
overview of canonical cap-dependent translation 
before delving into dicistrovirus IGR and 5′UTR 
IRES-mediated translation.

Canonical translation versus internal 
ribosome entry sites
The majority of eukaryotic mRNAs utilize a cap-
dependent scanning mechanism to recruit the 
ribosome and initiate translation from an AUG 
codon. Typically, an mRNA contains a 5′ m7G 
cap and a 3′ poly A tail, which act synergistically to 
mediate translational initiation and to protect the 
mRNA from ribonucleases ( Jackson et al., 2010; 
Hinnebusch et al., 2016). There are ≈ 12 core trans-
lation initiation factors that orchestrate a sequential 
process of 80S ribosome assembly at the AUG start 
codon. Briefly, the 5′ cap is bound to the complex 
eukaryotic initiation factor 4F complex, consisting 
of the cap-binding protein, eIF4E, the RNA helicase 
eIF4A, and the scaffold protein eIF4G. eIF4G inter-
acts with several proteins, including the eIF3/40S 
subunit and the poly A binding protein, the latter 
of which promotes translation by mediating circu-
larization of the 5′ and 3′ ends of the mRNA. The 
ternary complex eIF2:Met-tRNAi:GTP along with 
eIF1 and eIF1A are recruited to the 43S preinitia-
tion complex (PIC) at the 5′ end. Scanning of the 
PIC occurs until the appropriate AUG codon is 
recognized via anticodon-codon base pairing of 
the Met-tRNAi. The GTPase activating protein 
eIF5 is recruited to stimulate GTP hydrolysis on 
eIF2, thereby leading to dissociation of factors and 
60S subunit joining to assemble an elongation-
competent 80S ribosome. At this step, the AUG 
codon and Met-tRNAi occupy the ribosomal P site, 
leaving the A site empty to allow delivery of the 
first aminoacyl tRNA by elongation factor 1A. This 
begins the elongation step of translation.

An alternate mechanism of translation initia-
tion is through an IRES. IRESs, found in a subset 
of viral and cellular mRNAs, can direct translation 
under virus infection and cellular stress when cap-
dependent translation is compromised (Leppek 
et al., 2018; Mailliot and Martin, 2018). IRESs 
are structured RNAs that use limited initiation 
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factors to recruit the ribosome. The limited factor 
requirement may allow IRES-containing mRNAs 
to be preferentially translated when global cap-
dependent translation is inhibited. Viral IRESs have 
been studied extensively through reconstitution 
experiments and RNA structural probing analysis, 
revealing key conserved structural elements impor-
tant for recruitment of the factors/ribosome. Viral 
IRESs are classified into four main groups based on 
these properties. The Dicistroviridae IGR IRES rep-
resents the most streamlined class of IRESs that can 
recruit the ribosome through an unprecedented 
mechanism.

Dicistrovirus IGR IRES – factorless 
IRES translation
The first hint that dicistrovirus IGR IRES is unique 
was the discovery that translation starts at a non-
AUG codon (Sasaki and Nakashima, 1999; Wilson 
et al., 2000a). For example, the CrPV IGR IRES 
initiates translation at a GCU alanine codon (Table 

5.2 and Fig. 5.4). PSIV and CrPV IRESs have been 
modelled using extensive secondary structure 
modelling, RNA structural probing analysis and 
mutational analysis (Wilson et al., 2000a; Kanamori 
and Nakashima, 2001; Jan and Sarnow, 2002). The 
core IGR IRES is approximately 180 nucleotides in 
length and adopts a triple pseudoknot (PK) RNA 
structure (Fig. 5.4). The RNA structure is sepa-
rated into two domains that dictate function. PKII 
and PKIII domains are responsible for ribosomal 
recruitment, and PKI is responsible for ribosome 
positioning at the non-AUG start codon (Wilson 
et al., 2000a; Kanamori and Nakashima, 2001; Jan 
and Sarnow, 2002; Costantino and Kieft, 2005; 
Kamoshita et al., 2009) (Table 5.2). The IRES also 
contains unpaired nucleotides within loops and 
bulge regions (ex. L1.1, SLIV and SLV) that func-
tion to interact with specific regions of the ribosome 
(Fig. 5.4) (Pfingsten et al., 2006; Schüler et al., 
2006; Jang et al., 2009). Another unique aspect of 
dicistrovirus IGR IRES is that the IRES can directly 

Figure 5.4  The dicistrovirus IGR IRES. (Top) The secondary structures of CrPV IGR IRES (Type I) and IAPV 
IGR IRES (Type II) are shown. (Bottom left) Cryo-EM structure of the Type I CrPV IGR IRES bound to the 80S 
ribosome (PDB ID 4V91). Figures republished from Fernandez et al. (2014), licensed under CC BY 3.0. (Bottom 
centre) Cryo EM structure of the Type 2 TSV IGR IRES bound to the 80S ribosome (PDB ID: 3J6Y). Figure 
republished with permission from Koh et al. (2014). (Bottom right) Global shape mimicry of tRNA by the IAPV 
IGR IRES PKI domain. The IAPV IGR IRES NMR/SAXS structure of the IAPV IRES PKI domain (PDB ID: 2N8V) 
is superimposed over tRNAphe (PDB ID:4TNA, in grey).
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recruit the ribosome without initiation factors or 
initiator Met-tRNAi (Sasaki and Nakashima, 2000; 
Wilson et al., 2000a). In vitro binding studies using 
purified ribosomal subunits show that the IRES 
binds to the purified 40S and 80S ribosomes tightly, 
with an affinity of 5–20 nM ( Jan and Sarnow, 2002; 
Jan et al., 2003). Reconstitution experiments 
using purified ribosomes, elongation factors, and 
aminoacyl-tRNAs showed that the IGR IRES can 
support translation in a minimal eukaryotic transla-
tion system ( Jan et al., 2003; Pestova and Hellen, 
2003). Thus, the IGR IRES directly interacts with 
and manipulates the ribosomes to drive translation 
in cis, acting as its own mRNA template for protein 
synthesis.

The IGR IRESs are divided into Type I and II 
IRESs based on distinct elements. Type II IRESs 
contain a larger L1.1 domain, an extra stem–loop 
called SLIII within the PKI domain and lack a 
conserved UAC within the ribosome binding 
domain (Table 5.2, Fig. 5.4). Despite these dif-
ferences, IRESs are functionally and structurally 
similar (Hatakeyama et al., 2004; Cevallos and 
Sarnow, 2005; Pfingsten et al., 2007; Nakashima 
and Uchiumi, 2009). Indeed, PKI domains can be 
functionally swapped between Type I and II IRESs 
( Jang and Jan, 2010; Hertz and Thompson, 2011).

Crystallography and cryo-EM structures of the 
IGR IRES have provided insights into the mecha-
nism whereby the viral RNA actively manipulates 
the host ribosome to begin translation. The IGR 
IRES directly interacts with both the 40S and 60S 
subunits for 80S assembly, spanning all three tRNA 
ribosomal sites within the inter-subunit space of the 
80S ribosome; PKII and PKIII occupy the E and P 
sites, while PKI occupies the A site (Spahn et al., 
2004; Schüler et al., 2006; Fernández et al., 2014; 
Koh et al., 2014; Au et al., 2015). Remarkably, the 
PKI domain, which positions the ribosome to start 
translation at a non-AUG codon, mimics a tRNA 
anticodon–codon interaction, thus explaining how 
the IRES occupies the ribosomal tRNA sites for ini-
tiation (Fig. 5.4) (Costantino et al., 2008). Indeed, 
the PKI domain can be functionally swapped with 
a tRNA (Au and Jan, 2012). The PKII and PKIII 
domains adopt the compact globular core required 
for 40S and 60S recruitment to assemble the 80S 
ribosome (Pfingsten et al., 2006; Schüler et al., 
2006). Specifically, SLIV and SLV contact riboso-
mal proteins rpS5 and eS25 of the 40S subunit, and 

the L1.1 domain interacts with the L1 stalk of the 
60S subunit. Mutations within these domains block 
40S or 60S subunit recruitment ( Jan and Sarnow, 
2002; Costantino and Kieft, 2005; Jang et al., 2009).

The IRES also induces conformations within 
the ribosome that are important for IRES transla-
tion. For example, the ribosome bound to the 
IRES oscillates between canonical and rotated 
states, conformations that occur during translation 
normally (Fig. 5.5) (Fernández et al., 2014; Petrov 
et al., 2016). The rotated state involves a counter-
clockwise rotation of the 40S subunit relative to 
the 60S subunit. This state involves the 40S domain 
swivelling, as well as the movement of the L1 stalk 
of the ribosome. Since the L1.1 loop of the IRES 
interacts with the L1 stalk, it couples the IRES to 
the movements of the ribosome and forces it to 
adopt conformations that depend on the rotational 
state of the ribosome.

Cryo-EM reconstructions of the IRES:ribosome 
complexes undergoing translocation by addition 
of elongation factors and aminoacyl-tRNAs have 
revealed additional conformations that facilitate 
IRES translation (Muhs et al., 2015; Abeyrathne 
et al., 2016; Murray et al., 2016). When the IRES 
is in a rotated state, elongation factor eEF2-GTP 
can bind to the ribosome, interacting with the 
ribosomal A site and PKI of the IRES, thus pro-
moting translocation of the PKI domain from 
the A to P sites (Fig. 5.5). Delivery of the next 
aminoacyl-tRNA by the action of eEF1A stabilizes 
the IRES:ribosome such that the PKI is commit-
ted to the P site. Interestingly, without delivery of 
the next aminoacyl-tRNA, the IRES will undergo 
back-translocation whereby the PKI domain will 
translocate back to the A site. This entire process 
mediated by the IRES, called pseudotranslocation, 
is unique because it occurs without peptide bond 
formation. A recent cryo-EM study has reconsti-
tuted translocation of the IRESs to the ribosomal 
E site, thus IRESs undergo two translocation steps 
on the ribosome. This revealed a surprising confor-
mational change within the IRES: the PKI domain 
flips from the decoding E site in the 40S to the 60S 
subunit, resembling an acceptor tRNA (Pisareva et 
al., 2018). This remarkable finding suggests that the 
viral IRES undergoes dynamic RNA gymnastics to 
manipulate the ribosome. Importantly, all of these 
structural studies complement and support the 
extensive functional, mutational and biochemical 



Warsaba et al.94  |

studies on the IRES (Yamamoto et al., 2007). For 
example, mutations within the variable loop region 
(VLR) prevent pseudotranslocation (Ruehle et al., 
2015). In essence, the IRES hijacks the ribosome 
by ‘tricking’ the ribosome to start translation in the 
elongation mode of translation.

The use of single molecule fluorescence spec-
troscopy to capture the dynamics of IRES:ribosome 
interactions and conformational changes in real 
time have revealed that the IGR IRES can recruit 
80S ribosomes through either sequential 40S then 
60S binding or by recruitment of pre-formed 80S 
ribosomes (Petrov et al., 2016) (Fig. 5.5). Monitor-
ing the kinetic pathway of the initial steps of IGR 
IRES translation has revealed relatively slow initial 
translocation steps, which may suggest a quality 
control mechanism to ensure reading frame selec-
tion (Zhang et al., 2016; Bugaud et al., 2017). The 

future use of advanced biophysical approaches 
on IRES–ribosome complexes will provide new 
insights into this viral translational mechanism.

Although there have been studies on IGR IRES 
translation using reporter constructs in insect cell 
culture (Fernandez et al., 2002; Wang et al., 2013), 
the majority of studies of IGR IRESs have used 
in vitro approaches without the context provided 
by an in vivo virus infection. The development of 
the CrPV infectious clone allows reverse genetics 
approaches to test these in vitro models in a more 
physiologically realistic setting (Kerr et al., 2015). 
Using this clone, mutations within the IGR IRES 
were tested for their effects on viral titre, translation 
and replication (Kerr et al., 2016). Although most 
mutations tested that inhibited IRES translation 
in vitro correlated with a decrease in virus yield, 
some mutations did not correlate or could not be 
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Figure 5.5  Model of IGR IRES mechanism. The 80S assembles on the IGR IRES through sequential recruitment 
of 40S and 60S or direct recruitment of a preformed 80S ribosome. Once in complex with the 80S ribosome, 
the ribosome alternates between a rotated and non-rotated state with the PKI tRNA anticodon:codon domain 
occupying the ribosomal A site. Pseudotranslocation occurs via the action of eEF2 with the PKI domain 
translocating from the P to A site of the ribosome. Back translocation of the PKI domain can occur unless there 
is delivery of the first aminoacyl-tRNA by eEF1A to lock the PKI domain in the ribosomal P site.
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simply explained by a defect in IRES translation. 
This study highlights the importance of in vivo stud-
ies to monitor IRES translation mechanisms in the 
context of viral infection.

In summary, IGR IRESs directly interact with 
and manipulate the ribosome by inducing coor-
dinated conformational changes on the ribosome 
that resemble tRNA–ribosome interactions during 
translation in general. As such, studies on this 
factorless translation initiation mechanism will 
continue to shed light into fundamental ribosome 
functions and viral translational control strategies.

A third overlapping ORF – IGR 
IRES-mediated translation of 
alternative reading frames
Phylogenetic analysis revealed an extra overlapping 
+1 frame ORF (termed ORFx) within ORF2 of a 
subset of dicistroviruses which includes the honey 
bee viruses IAPV, KBV and ABPV as well as the 
fire ant virus SINV-1 (Firth et al., 2009; Sabath et 
al., 2009) (Table 5.2 and Fig. 5.1B). Subsequent 
investigations demonstrated that these IGR IRESs 
can direct translation in two reading frames: the 0 
frame structural protein ORF2 and the +1 frame 
ORFx (Ren et al., 2012). Using an in vitro transla-
tion system, the IAPV IGR IRES directed +1 frame 
translation at ~20% frequency of 0 frame transla-
tion. Specific elements within the PKI domain and 
an adjacent U:G wobble base pair mediate reading 
frame selection. RNA structural probing analyses 
suggest that the IRES also adopts distinct confor-
mations to direct reading frame selection (Ren et 
al., 2014; Au et al., 2015). Finally, NMR/SAXS 
has revealed that the PKI domain of IAPV IRES 
mimics an RNA structure that resembles a tRNA 
shape, with SLIII acting as an acceptor stem of a 
tRNA (Fig. 5.4) (Au et al., 2015). Thus, IGR IRESs 
not only hijack the ribosome for viral protein syn-
thesis but can also direct translation in two reading 
frames, constituting a novel recoding translation 
mechanism for increasing the viral genome’s coding 
capacity.

An extra SLVI is also present immediately 
upstream of the IGR IRESs of the honey bee 
viruses IAPV, KBV and ABPV IGR (Fig. 5.4) (Firth 
et al., 2009). In fact, the stop codon for ORF1 is 
within the SLVI domain, hinting that translation 
of ORF1 may affect translation of ORF2. Indeed, 
mutations that disrupt SLVI formation moderately 

inhibit IGR IRES translation. This suggests both 
that the integrity of SLVI contributes to IGR IRES 
translation and that ORF1 and ORF2 translation 
may be coupled (Au et al., 2018; Ren et al., 2012). 
A recent study using an IAPV/CrPV chimeric virus 
clone showed that IAPV SLVI is important for virus 
infection (Au et al., 2018).

IRES-mediated recoding is not restricted to the 
honey bee and fire ant dicistroviruses. The CrPV 
IGR IRES also directs +1 frame translation to 
produce a small 41 amino acid ORFx protein (Fig. 
5.1B) (Kerr et al., 2018b). However, unlike honey 
bee IGR IRESs, the CrPV IRES directs ribosome 
bypass, where a subset of ribosomes recruited 
to the CrPV IRES reposition downstream by 37 
nucleotides to initiate translation of the +1 frame 
ORFx. Blocking ORFx expression by inserting a 
stop codon within the ORFx reading frame attenu-
ates virus infection in fruit flies, thus demonstrating 
the biological relevance of CrPV ORFx in virus 
infection.

The function and specific role of ORFx in virus 
infection have yet to be determined. Mass spec-
trometry analysis has shown that ORFx is expressed 
in IAPV-infected honey bees and in CrPV-infected 
Drosophila cells, a strong indication that ORFx 
has a role in virus infection and/or pathogenesis 
(Ren et al., 2012; Kerr et al., 2018b). The ORFx of 
CrPV and honey bee dicistroviruses do not have 
any obvious sequence similarity, nor do they have 
any obvious homology to known proteins (Fig. 
5.1B). However, CrPV ORFx has a predicted trans-
membrane domain and can associate with the ER 
membrane (Kerr et al., 2018b). Although the CrPV 
ORFx importance to virus infection has been estab-
lished (Kerr et al., 2018b), an infectious IAPV clone 
is not available to test IAPV ORFx functionality via 
reverse genetics approaches. However, the recent 
development of a chimeric IAPV/CrPV infectious 
clone with CrPV IGR IRES swapped with IAPV 
IGR IRES may improve future research into the 
role of the IAPV IGR IRES and ORFx protein (Au 
et al., 2018).

Ribosome heterogeneity and IGR 
IRES translation
Because of its streamlined mechanism, the IGR 
IRES has become a model for understanding 
more complex IRES mechanisms, including 
those of clinically relevant viruses such as Human 
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immunodeficiency virus (HIV) and Hepatitis C virus 
(HCV). Some of the conformational changes 
within the IGR IRES and ribosome resemble that 
of HCV IRES:ribosome interactions (Spahn et al., 
2004; Pisareva et al., 2018), suggesting that these 
IRES-induced conformations are intrinsic to ribo-
some function. In a surprising twist, work with IGR 
IRES has led to investigations into insights of ribo-
some heterogeneity. As discussed, the IGR IRES 
contacts the ribosome directly; for example, SLV 
interacts with eS25 (Nishiyama et al., 2003; Schüler 
et al., 2006; Muhs et al., 2011). Interestingly, deple-
tion of some ribosomal proteins (e.g. eS25 and 
eS6) inhibits IGR IRES- but not cap-dependent 
translation, suggesting that distinct ribosomes can 
mediate translation of specific mRNAs (Landry et 
al., 2009; Muhs et al., 2011). These findings have 
led to research showing that the depletion of other 
ribosomal proteins not only impacts IGR IRES 
translation, but also that of Hepatitis C virus and cel-
lular IRESs as well as ribosome shunting, indicating 
that ribosome heterogeneity may be an important 
factor in dictating translation of specific mRNAs 
(Cherry et al., 2005; Hertz et al., 2013; Carvajal et 
al., 2016). Besides ribosomal proteins, IGR IRES 
has been linked to pseudouridylation in ribosomal 
RNA. Experimental depletion of pseudouridines 
led to ribosomes with reduced affinity for the IGR 
IRES that could not support IRES translation, 
despite having limited impact on overall cap-
dependent translation ( Jack et al., 2011). These 
findings demonstrate that ribosome heterogeneity 
deriving from both post-translational and post-
transcriptional modifications and from specialized 
functions of individual ribosomal components can 
affect the translation of specific mRNAs. The chal-
lenge is to identify the specific modifications and/
or translation initiation complexes of importance. 
Clarification is still needed on whether specialized 
ribosomes are a major determinant in dicistrovirus 
infection.

The fact that dicistrovirus IGR IRES can bind 
directly to the conserved tRNA-binding core of the 
ribosome to direct translation could explain how 
this IRES can function across eukaryotes includ-
ing yeast, insect and mammalian cells (Thompson 
et al., 2001; Fernandez et al., 2002). IRES can also 
bind to prokaryotic ribosomes and function in 
bacteria; however, the mechanism of 80S assembly 

is distinct from that in eukaryotic cells (Zhu et 
al., 2011; Colussi et al., 2014). The simplicity of 
the IGR IRES’s direct recruitment of ribosomal 
machinery is a powerful model to understand 
ribosome function and dynamics. Furthermore, it 
provides insight into tRNA–ribosome interactions 
that mediate reading frame selection and mainte-
nance, and highlights diverse strategies for directing 
viral protein synthesis.

5′UTR IRES
Despite the extensive characterization of the IGR 
IRES, studies of the 5′UTR IRES of dicistroviruses 
have been limited, partly due to the lack of obvi-
ous sequence and structural conservation ( Jan, 
2006). The 5′UTR IRESs range in length from 27 
(SINV-1) to 964 (HiPV) nucleotides. This IRES 
mechanism has only been studied for the CrPV, 
RhPV and the dicistro-like Halastavi árva virus 
(HaIV) 5′UTR IRESs. Biochemical reconstitution 
methods using purified translation factors and 
ribosomes assembled on the IRES have shown 
that HalV and RhPV IRESs use a similar subset of 
factors (eIF1, eIF1A, eIF2 and eIF3) to promote 
AUG recognition by the preinitiation 40S complex 
(Woolaway et al., 2001; Roberts and Groppelli, 
2009; Abaeva et al., 2016). RhPV IRES is strongly 
dependent on the RNA helicase eIF4A, but the 
HalV IRES is not. Both HaIV and RhPV use an 
unstructured region within the 5′UTR or near 
the AUG codon to recruit the 40S subunit. Once 
bound to the RhPV IRES, the 40S scans to locate 
the AUG codon. In contrast, binding of 40S to the 
HaIV IRES results in retrograde scanning of the 
ribosome to locate the AUG codon (Abaeva et al., 
2016). Interestingly, both HaIV and RhPV 5′UTR 
IRESs are functional across kingdoms; the HaIV 
and RhPV 5′UTR IRESs are functional in plant, 
mammalian and insect cell lysates. Thus, there may 
be common properties between some dicistrovi-
rus 5′UTR IRESs, despite the differences in their 
sequences and structures.

In contrast to RhPV and HaIV, the 5′UTR 
IRES of CrPV does not use a scanning mechanism. 
Instead, it directly recruits the ribosome to the AUG 
codon (Gross et al., 2017). RNA structural probing 
revealed several stem loops and a pseudoknot that 
are required for IRES translation. Based on these 
properties, the CrPV 5′UTR IRES mechanism 



Dicistrovirus–Host Molecular Interactions |  97

may be similar to that of the HCV IRES. Interest-
ingly, both HCV and the related cripavirus DCV 
require the ribosomal protein RACK1 for 5′UTR 
IRES translation and virus infection (Majzoub et 
al., 2014). The finding that RACK1 is required 
for dicistrovirus 5′UTR IRES further supports 
the idea that ribosome heterogeneity plays a role 
in IRES-mediated translation in dicistrovirus and 
other virus infections.

The different 5′UTR IRES mechanisms of 
dicistroviruses may have evolved distinct transla-
tion mechanisms for each host species. The 5′UTR 
IRES directs translation of the dicistrovirus ORF1, 
which encodes the non-structural proteins RdRp, 
helicase and protease, all of which are required for 
viral replication. Thus, each dicistrovirus 5′UTR 
IRES mechanism is optimized for each host species 
during infection in order to promote translation of 
the non-structural proteins.

During dicistrovirus infection, the structural 
proteins are produced in supramolar excess com-
pared to non-structural proteins (Moore et al., 
1980; Wilson et al., 2000b; Garrey et al., 2010), 
largely due to the distinct mechanisms of the 5′UTR 
and IGR IRESs. The 5′UTR IRES is relatively 
weak, while the IGR IRES is stimulated as infec-
tion progresses (Wilson et al., 2000a; Khong et al., 
2016). Translation from the 5′UTR IRES and IGR 
IRES is also temporally regulated during infection; 
the 5′UTR IRES is active first, followed by the IGR 
IRES (Khong et al., 2016). IGR IRES translation is 
presumably delayed on infection to allow for the 
5′UTR IRES to express the non-structural proteins 
needed for replication of the viral genome. Once 
sufficient viral replication is achieved, IGR IRES 
translation is stimulated to drive expression of the 
structural proteins required for viral packaging. 
Thus, the CrPV uses a dual IRES translational con-
trol strategy to ensure optimal temporal expression 
of viral non-structural proteins prior to synthesis 
of viral structural proteins, which coordinates the 
timing of viral replication and assembly during the 
dicistrovirus life cycle. The mechanisms that regu-
late the dual IRESs in dicistrovirus-infected cells 
remain to be investigated. However, host transla-
tional shut-off and recycling of ribosomes by Pelo, 
a homologue of the yeast Dom34, may contribute 
to this temporal regulation (Garrey et al., 2010; Wu 
et al., 2014).

Host responses to viral infection

Shut off of host protein synthesis
Dicistrovirus infection leads to a rapid shut off of 
host protein synthesis concomitant with a switch 
to viral IRES-dependent translation (Moore et 
al., 1980, 1981; Wilson et al., 2000b; Garrey et 
al., 2010) (Table 5.1). Although these observa-
tions are primarily from CrPV- and DCV-infected 
Drosophila cells, it is likely that other dicistrovi-
rus infections lead to host translation shut-off. 
Viruses may employ host translational shut off 
(1) to block induction of antiviral innate immune 
protein expression and (2) to increase the pool of 
available ribosomes for viral protein synthesis. It 
is also possible that the shut off of translation is a 
host response akin to a cellular stress response. In 
poliovirus infections, host translation shutdown is 
a viral strategy; the poliovirus 2A protease cleaves 
translation factor eIF4G (Gradi et al., 1998).

During dicistrovirus infection of S2 cells by 
CrPV, the translation factor eIF2α is phosphoryl-
ated and interactions between eIF4E, cap binding 
protein, and eIF4G are inhibited (Garrey et al., 
2010). eIF2 is a trimeric complex of α, β, and γ 
subunits, which brings the initiator Met-tRNAi 
to the 40S pre-initiation complex at the 5’cap of 
mRNAs. Phosphorylation of eIF2α reduces the 
pool of available eIF2, leading to a decrease in 
translation. Phosphorylation of eIF2α could be a 
viral strategy to inhibit host translation, as neither 
the viral IGR IRES mechanism nor the initiator 
Met-tRNAi requires translation factors to promote 
ORF2 protein synthesis. However, blocking eIF2α 
phosphorylation in CrPV infected S2 cells by 
either depleting both eIF2α kinases in Drosophila 
(dPERK, dGCN2) or inducing the phosphatase 
dGADD34 still results in host translation inhibi-
tion and viral protein synthesis, suggesting that 
another translation factor is targeted (Garrey et 
al., 2010; Khong et al., 2016). The disruption of 
eIF4E–eIF4G interactions in CrPV-infected S2 
cells does not involve the 4E-binding protein or 
Drosophila Cup, both known inhibitors of eIF4E 
activity. Whether targeting eIF4E–eIF4G interac-
tions is the main determinant for host translation 
shut off under dicistrovirus infection has yet to be 
established. Other mechanisms may contribute to 
translation shut off. For example, IAPV infection of 
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honey bees results in ribosomal RNA fragmenta-
tion ( Johnson et al., 2009).

Antiviral responses
Dicistroviruses have served as excellent models 
to study fundamental virus–host interactions and 
antiviral responses in insects. We briefly review the 
main innate immune pathways in insects and the 
impact of these pathways on dicistrovirus infec-
tions using DCV and CrPV infections as a model. A 
more comprehensive and detailed overview of the 
insect immune responses is provided in Chapter 3.

Four main innate immune pathways exist in 
insects: Toll, IMD, JAK-STAT and RNA interfer-
ence pathways (Kingsolver et al., 2013). Initially 
identified from responses to fungal and bacterial 
infections, triggering of the Toll and IMD path-
ways activates NFκB-like transcription factors, Dif 
and Relish, respectively. In turn, activated Dif or 
Relish leads to transcription of immune genes for 
the antimicrobial peptides Drosomycin (Toll) and 
Diptericin (IMD). Activation of the JAK-STAT 
pathway responds to septic infection in Drosophila 
(Zeidler and Bausek, 2013). The JAK Kinase, Hop-
scotch protein and the STAT transcription factor 
(STAT92E), respond to activation of the Domeless 
receptor by three cytokines of the unpaired (UPD) 
family. Although these four pathways have all been 
implicated in response to dicistrovirus infection, 
the RNAi pathway is the main insect antiviral 
response (Chapter 3).

RNA interference
The RNA interference pathway is the major antiviral 
response in insects (Chapter 3). In virus-infected 
Drosophila, double stranded RNA (dsRNA) inter-
mediates produced during replication are sensed 
by Dicer-2, a ribonuclease III enzyme. Dicer-2 
processes the dsRNA into ≈ 21–23 nucleotide 
small interfering RNAs (siRNA). The siRNAs, in 
concert with the RNA-induced silencing complex 
(RISC), which contains Ago-2, surveils for target 
RNAs and induces cleavage (Wilson and Doudna, 
2013). The importance of the RNAi pathway in 
antiviral insect responses has been established 
by multiple studies. ago-2- and dcr-2-deficient 
Drosophila are hypersensitive to CrPV and DCV 
infections (Galiana-Arnoux et al., 2006; Kingsolver 
et al., 2013; van Rij et al., 2006). ago2-deficient 
flies showed a significant increase in viral RNA 

accumulation, a 1000-fold increase in viral titre, and 
an increased mortality rate.

Insects can mediate systemic immunity in 
response to virus infection. In Drosophila, mutant 
flies defective in the dsRNA update pathway (egh, 
ninaC or CG4572) are hypersensitive to DCV, 
suggesting that uninfected cells may participate 
in antiviral immunity (Saleh et al., 2006, 2009). 
Systemic RNAi-based immunity may involve 
haemocytes, which take up dsRNA from infected 
cells to produce virus-derived complementary 
DNAs (vDNAs) through the action of endogenous 
transposon-encoded reverse transcriptase (Goic 
et al., 2013; Lamiable et al., 2016; Tassetto et al., 
2017). This vDNA is present in both linear and 
circular forms, with the circular vDNA (cVDNA) 
bearing homology to the defective viral genome 
(DVG) and serving as a template for vDNA and 
cVDNA (Poirier et al., 2018). The vDNA serves as 
template for the synthesis of viral siRNA (vsRNA) 
which is then incorporated into and secreted in 
exosome-like vesicles that confer systemic RNAi 
antiviral immunity (Tassetto et al., 2017). The 
systemic spread of dsRNA may be a virus-specific 
immune signal akin to the immune responses elic-
ited by plants and nematodes.

Inhibitors of RNA interference
In support of the RNAi pathway as the major insect 
antiviral response, dicistroviruses encode a silenc-
ing suppressor (VSS) that dampens this immune 
response in Drosophila. For CrPV and DCV, these 
RNAi suppressors map to the 1A protein at the 
most amino terminus of ORF1 (Nayak et al., 2010; 
van Rij et al., 2006; Wang et al., 2006) (Table 5.1). 
Expression of CrPV 1A and DCV 1A in Drosophila 
cells blocked double-stranded RNA induced gene 
silencing, resulting in cells that were more sus-
ceptible to virus infection (Nayak et al., 2010; van 
Rij et al., 2006). Interestingly, DCV 1A and CrPV 
1A proteins inhibit RNA interference via distinct 
mechanisms.

DCV 1A, a 97-amino acid protein, inhibits 
RNAi by binding to dsRNA, thus blocking process-
ing by Dcr-2 and siRNA loading into RISC (van Rij 
et al., 2006). In contrast, CrPV 1A, a 166-amino-
acid protein, shows no dsRNA binding affinity 
and does not prevent siRNA loading into RISC. 
Instead, CrPV 1A modulates RNAi by interact-
ing directly with Ago-2 to suppress its cleavage 
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activation (Nayak et al., 2010). Using biochemical 
and single molecule imaging approaches, it has 
been shown that CrPV 1A blocks the Ago-2 RISC 
complex from targeting the RNA (Watanabe et al., 
2017). In a recent report by Andino and colleagues 
(Nayak et al., 2018), CrPV 1A was shown to con-
tain a BC box domain, which is responsible for 
mediating polyubiquitination of Ago-2 that results 
in proteosomal degradation. This divergence in the 
mechanisms of RNAi inhibition between DCV and 
CrPV may reflect differences in viral strategies for 
pathogenesis and/or the viral life cycle. Indeed, 
DCV and CrPV have distinct tissue tropisms in 
infected fruit flies, and CrPV but not DCV causes 
cytopathic effects in infected cells (Chtarbanova et 
al., 2014). DCV 1A and CrPV 1A do not show any 
significant sequence similarity (9.27% similarity) 
and the proteins do not have obvious homology 
to known proteins. Moreover, it is not known if 
other dicistrovirus 1A proteins have similar VSS 
functions. Further structural and biochemical 
analysis should shed light into these mechanisms. 
Finally, CrPV 1A has recently been shown to have 
roles besides inhibiting the RNAi antiviral response 
(Khong et al., 2017). How these multiple functions 
of 1A interplay to promote infection is a promising 
avenue for investigation.

JAK-STAT pathway
A global transcriptome analysis of flies injected 
with DCV revealed activation of the Jak-STAT 
pathway (Dostert et al., 2005; Deddouche et al., 
2008; Kemp et al., 2013). Virus injection into flies 
deficient in hopscotch, the main Jak kinase in Dros-
ophila, resulted in higher viral loads and increased 
mortality to CrPV and DCV (Dostert et al., 2005; 
Kemp et al., 2013). The most induced genes under 
infection are vir-1 (virus-induced RNA) and vago. 
Although vir-1 expression under virus infection is 
dependent on hopscotch via the Jak-STAT path-
way, deleting vir-1 or overexpressing vir-1 does not 
affect virus infection, suggesting that vir-1 does not 
have a direct role in innate immunity (Dostert et al., 
2005). On the other hand, vago deficient flies are 
more susceptible to DCV infections. Interestingly, 
the induction of vago is dependent on Dcr-2 (Ded-
douche et al., 2008). This finding suggests that 
Dcr-2 not only senses and activates RNAi immu-
nity but also triggers an inducible antiviral pathway. 
How Dcr-2 signals to activate downstream genes is 

not clear. In a more recent study, flies deficient in 
the histone H3 lysine 9 methyltransferase, G9a, 
are more susceptible to DCV infection, which 
is associated with hyperactivation of the JAK-
STAT pathway, thus linking an epigenetic mark to 
antiviral signalling (Merkling et al., 2015). From 
these transcriptome analyses, there is little overlap 
between the genes induced from DCV infection 
versus bacteria or fungal infection (Dostert et al., 
2005). Moreover, following gene expression from 
a panel of different insect viruses, Jak-STAT signal-
ling is virus specific (Kemp et al., 2013).

Toll pathway
The Toll pathway is a major determinant for resist-
ance to DCV oral infection of Drosophila (Ferreira 
et al., 2014). toll-deficient flies are more suscepti-
ble to DCV oral infection, leading to increased 
mortality and higher viral loads. By contrast, this 
resistance is not observed with DCV injection of 
fruit flies, which is the most common method for 
infecting Drosophila with dicistrovirus. DCV oral 
infection leads to Toll pathway activation, resulting 
in translocation of the NFκB transcription factor, 
Dorsal, primarily in the fat body. Interestingly, this 
study found similar tissue tropism of DCV for both 
oral or injection-mediated infection (Ferreira et al., 
2014). In contrast, DCV oral infection resulted in 
infection of the midgut epithelial cells, which could 
be due to differences in feeding protocols (Xu et al., 
2013; Ferreira et al., 2014). The latter study found 
that the extracellular signal-regulated kinase (ERK) 
signalling pathway was important for gut epithe-
lium resistance to viral infection. Thus, Drosophila 
likely uses multiple antiviral pathways.

IMD pathway
The IMD pathway also contributes to antiviral 
activity against dicistrovirus infection. Mutant flies 
that are IMD pathway deficient are more suscepti-
ble to CrPV infection, with infection resulting in 
higher viral loads (Costa et al., 2009). Although this 
suggests that the IMD pathway is protective, CrPV 
infection does not activate the IMD pathway based 
on monitoring the expression of downstream anti-
microbial peptides. The IMD pathway may therefore 
depend on the gut microbiota to protect against 
virus infection. DCV oral infection in mutant flies 
deficient in the IMD pathway displayed an increase 
in viral replication in the intestine, supporting this 
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assertion (Sansone et al., 2015). Gut microbiota 
thus may activate the IMD signalling pathway to 
boost antiviral responses (Sansone et al., 2015). A 
recent RNAi screen by Imler and colleagues (Goto 
et al., 2018) showed that the kinase dIKKβ and the 
NFκB-like transcription factor Relish control virus 
infection through the induction of antiviral genes 
such as STING.

Other factors involved in antiviral 
response
Apart from the Toll, IMD, JAK-STAT and RNAi 
pathways, several other host factors play key roles 
in modulating virus infection. The gene pastrel (pst) 
has been shown to restrict CrPV and DCV infection 
in flies (Magwire et al., 2012; Martins et al., 2014). 
Its resistance activity seems to be dicistrovirus 
specific, as there is no significant association with 
susceptibility to other positive strand RNA viruses. 
The double-stranded RNA-binding protein DIP1 
(Disconnected interacting protein), which partici-
pates in a wide range of cellular processes, plays an 
antiviral role in S2 cells (Zhang et al., 2015). dip1 
mutant flies are hypersensitive to DCV infection. 
The exact role of DIP1 in innate immune response 
remains to be investigated.

Apoptosis
Evading or delaying apoptosis is a strategy used 
by many viruses to establish infection (Benedict 
et al., 2002). DCV infection in fruit flies induces 
the expression of Damm, which is one of the seven 
caspases in Drosophila, suggesting a potential link 
between DCV infection and apoptosis (Dostert 
et al., 2005). Furthermore, apoptosis-dependent 
phagocytosis that removes virus-infected cells is 
induced in DCV-injected flies (Nainu et al., 2015). 
Apoptosis has been shown to plays only a minor 
role in CrPV and DCV infections (Lamiable et 
al., 2016). Interestingly, an inhibitor of apoptosis 
protein (IAP) repeat domain has been identified at 
the N terminus of the TSV ORF1 replicase protein, 
which suggests that some dicistroviruses may mod-
ulate apoptotic pathways during infection (Mari et 
al., 2002).

Stress granules
Stress granules (SG) are dynamic cytoplasmic 
aggregates of RNAs and proteins that assemble 
in response to translation inhibition (Beckham 

and Parker, 2008). The function and mechanism 
of SG formation remains poorly understood. 
During virus infections, SG assembly may act as 
a host antiviral response by sequestering either 
the translation components from the viral RNA 
or the viral RNA itself. Therefore, viruses have 
evolved distinct mechanisms to modulate stress 
granule formation to facilitate virus infection 
(Lloyd, 2013). For example, poliovirus inhibits 
stress granule formation via cleavage of G3BP, a 
key stress granule protein, by the virally encoded 
3C protease (White et al., 2007). In West Nile 
virus infected cells, the recruitment of key stress 
granule proteins TIA-1 and TIAR to the minus 
strand viral RNA for replication inhibit SG assem-
bly (Emara and Brinton, 2007). In vertebrates, 
SGs can recruit and activate the antiviral factor, 
PKR, a kinase that phosphorylates eIF2α to block 
viral translation (Reineke and Lloyd, 2015). Host 
translation is shut off in CrPV- and DCV-infected 
Drosophila S2 cells which typically leads to SG 
formation; however, in these cells SG assembly is 
inhibited, suggesting that viral modulation of SG 
assembly is evolutionarily conserved and that SGs 
may play an antiviral role (Khong and Jan, 2011) 
(Table 5.1).

Besides inhibiting Ago-2 activity (Nayak et al., 
2010, 2018), the CrPV 1A protein can also inhibit 
stress granule formation, indicating that the 1A 
protein is multifunctional, modulating several 
host pathways to promote infection (Khong et al., 
2017) (Table 5.1). Expression of 1A in S2 cells can 
inhibit SG formation in cells challenged with a SG 
inducer (i.e. heat shock, arsenite). CrPV 1A expres-
sion also blocks transcription of a subset of genes. 
A specific arginine R146 within 1A is important 
for these functions, which are separate from the 
VSS RNAi silencing activity of 1A. This separation 
indicates that these functions of 1A can be uncou-
pled (Khong et al., 2017). Expression of a mutant 
R146A CrPV 1A resulted in loss of its ability to 
block SG and transcription. Furthermore, a mutant 
CrPV virus containing R146A resulted in increased 
SG formation in infected cells and attenuation of 
mortality in fruit flies injected with virus (Khong et 
al., 2017). Interestingly, the expression of wild-type 
CrPV 1A but not mutant R146A 1A in Hela cells 
blocked SG formation, suggesting that 1A interferes 
with a conserved pathway in SG formation (Khong 
et al., 2017).
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Heat shock response
Heat shock of cells is protective against CrPV 
and DCV infection (Cevallos and Sarnow, 2010; 
Merkling et al., 2015). Both viral RNA and protein 
abundance are high in heat shocked infected cells, 
suggesting that heat shock does not affect viral 
protein synthesis or replication. In contrast, virion 
formation is blocked in heat shocked infected 
cells. Therefore, the heat shock response, a cellular 
mechanism preventing proteotoxicity, can act as 
an antiviral component in Drosophila. Analysis of 
in vitro and in vivo transcriptomes in Drosophila 
revealed a strong induction of heat shock response 
genes with DCV and CrPV infection (Merkling 
et al., 2015). These responses may be activated by 
the accumulation of unfolded viral protein in the 
cytosol.

Wolbachia pipientis infection confers 
protection against RNA viruses
A significant proportion of the microbiota in ani-
mals can confer immunity to pathogen infection, 
either through direct competition or indirectly by 
stimulating innate immunity (Belkaid and Hand, 
2014). Wolbachia are Gram-negative, vertically 
transmitted, obligatory, intracellular bacteria that 
infect a number of arthropods and nematodes. 
The endosymbiotic association of Wolbachia 
pipientis with Drosophila has been shown to delay 
CrPV and DCV accumulation and mortality by 
an unknown mechanism (Hedges et al., 2008; 
Teixeira et al., 2008). Many Wolbachia strains infect 
Drosophila species, but not all mediate antiviral 
protection (Osborne et al., 2009). The evolution-
ary success of Wolbachia relies on the strong and 
efficient vertical maternal transfer, which involves 
localization to the posterior pole of the oocyte to 
ensure its incorporation in the next generation 
(Serbus and Sullivan, 2007). Infection with Wol-
bachia reduced CrPV and DCV replication and 
conferred protection against other RNA viruses; 
however, the induced resistance was not effective 
against DNA viruses. The mechanism by which 
Wolbachia limits RNA virus infection is unknown; 
however, it is likely that the antiviral action results 
from up-regulation of immune responses. Elevated 
oxidative stress through the activation of extracel-
lular signal-regulated kinase pathway is potentially 
associated with antiviral protection against DCV in 
Wolbachia-infected flies (Wong et al., 2015, 2016).

Pathogenesis
Dicistrovirus pathology ranges from subtle or no 
clear symptoms to highly pathogenic, resulting in 
rapid death. Dicistrovirus infections are often asso-
ciated with paralysis of the hind legs. Dicistrovirus 
has a wide tissue tropism that may explain disease 
progression. DCV has been detected in the crop, 
midgut, fat body and testes of DCV-infected Dros-
ophila (Ferreira et al., 2014). In infected fruit flies, 
DCV infects the crop, a blind muscular food storage 
organ. This results in the inability of the crop to con-
tract, leading to accumulation of food, which causes 
significant malnutrition as well as accumulation 
of toxic compounds and dehydration, eventually 
leading to death (Chtarbanova et al., 2014). In 
contrast, CrPV infection leads to an increase in 
crop contractions in infected fruit flies, likely as a 
compensatory mechanism for the impaired func-
tion of muscle cells in the midgut (Chtarbanova et 
al., 2014). CrPV and ALPV have been localized to 
insect brains and the central nervous system using 
immunostaining against CrPV (Chtarbanova et 
al., 2014) and in situ hybridization against ALPV 
(Hatfill et al., 1990). These findings may explain 
the paralytic symptoms that are common in many 
dicistrovirus infections (Hatfill et al., 1990). Dicis-
trovirus infections induce not only neurological 
changes but also widespread behavioural changes. 
RhPV infection alters the sensitivity of aphids to 
chemical cues, affecting how these insects choose 
plants to feed on. Infected aphids were also found 
to be more sensitive to the alarm pheromone than 
uninfected insects (Ban et al., 2008). These insects 
are more susceptible to attack by the predatory 
beetle Coccinella septempunctata and the parasitoid 
Aphidius ervi. ALPV and IAPV infections result in 
a range of behavioural defects affecting orienta-
tion and navigation (Williamson et al., 1988). In 
addition, IAPV infections of honey bees result in a 
significant decrease in the homing ability of forag-
ers and a lower response threshold to sucrose (Li et 
al., 2013; Han et al., 2015)

Some dicistrovirus infections can result in 
widespread persistent infections with little or no 
symptoms. DCV infections can persist in Dros-
ophila cell lines (Wu et al., 2010). DCV, among 
other viruses, can also persistently infect about one 
third of wild and laboratory D. melanogaster colo-
nies (Plus et al., 1975; Kapun et al., 2010). These 
persistent infections can have unintentional effects 
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on studies using this genetic model organism (Wu 
et al., 2010). DCV infections also alter the viabil-
ity of offspring; DCV-infected fruit flies produce 
more eggs and offspring than uninfected flies, and 
direct infection of larvae speeds up development 
(Gomariz-Zilber et al., 1995). Conversely, KBV 
and IAPV infected honey bees result in slower 
colony startup and offspring production (Meeus et 
al., 2014). Overall, the pathogenesis of this family 
of viruses varies dramatically. The details of the 
molecular mechanisms underlying the progression 
of these viral diseases remain to be examined.

Honey bee disease
The recent decline in honey bee populations world-
wide is of critical agricultural importance. Crops 
that are predominantly pollinated by honey bees 
have an estimated value of more than US $215 bil-
lion dollars worldwide, and approximately a third 
of all food products consumed by humans are polli-
nated by honey bees (Gallai et al., 2009). Honey bee 
losses resulting from colony collapse are multifacto-
rial, but viral infections are significant contributors 
to bee disease (Cox-Foster et al., 2007; Williams et 
al., 2010). Honey bees are host to at least five dicis-
troviruses including ABPV, KBV, BQCV, IAPV, 
and an isolate of cricket paralysis virus. The latter 
has been shown to be asymptomatic (Christian and 
Scotti, 1998). Bee viruses spread horizontally via 
salivary secretions, food reserves, and faeces, as well 
through Varroa mite infestations (Chen and Siede, 
2007).

Direct protection from and treatment of viral 
infections have been attempted for honey bees. 
Feeding bees with dsRNAs (encoding IAPV 
genome fragments) induced RNA interference 
protection of bees from IAPV infection (Maori et 
al., 2009). Unfortunately, subsequent large-scale 
testing of 160 bee hives using RNAi approaches did 
not significantly affect bee mortality or infection by 
IAPV (Hunter et al., 2010). A subset of dicistrovi-
ruses encode proteins that have anti-RNAi activity 
(van Rij et al., 2006; Nayak et al., 2010), which may 
reduce the efficacy of RNAi therapeutic approaches 
to treat virus infected bees.

Taura syndrome
The dicistrovirus Taura syndrome virus (TSV) is 
the causative agent of Taura syndrome in penaeid 
shrimp (Mari et al., 2002). Taura syndrome 

outbreaks have had a devastating effect on the 
shrimp industry in the Americas, with a negative 
economic impact of over US $2 billion during the 
peak of the virus outbreak (Lightner, 1999). Origi-
nally limited to the Americas, Taura syndrome has 
spread to Asia, with outbreaks in Taiwan, Thailand, 
Myanmar, China, Korea and Indonesia (Kiatpath-
omchai et al., 2008). Mortality of TSV is extremely 
high, with rates between 75% and 80% in P. van-
namei (Wilson and Doudna, 2013). Intriguingly, 
infectious TSV has been found in seagull faeces, 
potentially providing a passive vector for virus 
transmission (Lightner, 1999; Garza et al., 2011). 
Currently, resistant stocks of shrimps, selected 
through selective breeding for resistance along 
with the adoption of biosecurity practices, have 
reduced TSV to the point where it is no longer 
considered a major threat in many shrimp farm-
ing regions (Maori et al., 2009; Moss et al., 2012). 
Although direct antiviral strategies to combat Taura 
syndrome are lacking, a previous study showed 
that administering nonspecific dsRNA to shrimp 
resulted in resistance to TSV, suggesting that broad 
antiviral immunity can be achieved in arthropods 
(Robalino et al., 2004, 2007).

Biopesticides
Management of insect pests is an ongoing global 
agricultural challenge. The use of pesticides results in 
a US$40 billion increase in agricultural production 
in the United States (Pimentel, 2005; Oerke, 2005; 
Popp et al., 2012). Owing to the global concern that 
current pesticides can be detrimental to non-target 
species, there is emerging potential for the use of 
dicistroviruses as biopesticides. Dicistroviruses are 
attractive viral vectors for pest management for sev-
eral reasons. Some dicistroviruses specifically infect 
host insect pests that negatively affect agriculture, 
such as RhPV infection of aphids. Viruses such as 
CrPV have a wide host range, and thus could target 
diverse hosts (Christian and Scotti, 1996). Since 
the establishment of the first dicistrovirus infec-
tious clone (Kerr et al., 2015), the potential use 
of dicistroviruses as biopesticides and the ability 
to use genetic engineering to maximize the effec-
tiveness of this biopesticide presents an emerging 
opportunity.

Many dicistroviruses are pathogens of insects 
that cause substantial losses in crop production, 
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resulting from insect feeding and from insect-
mediated transmission of plant viruses. For 
example, the virus Homalodisca coagulata virus 
(HoCV-1) infects the glassy-winged sharpshooter 
(GWSS), an insect that feeds on over 100 plant 
species, and can devastate crops (Hunnicutt et al., 
2008). The GWSS also serves as a vector for Xylella 
fastidiosa, a bacterium that results in plant death 
and has caused several disease outbreaks over the 
years, including Pierce’s disease of grapes (PD) 
and citrus variegated chlorosis (CVC) (Redak et 
al., 2004). HoCV-1 could potentially be used as a 
control agent for GWSS populations to avoid these 
diseases without the use of chemical insecticides 
(Falk et al., 1992). In another example, SINV-1 
has been proposed for use as a biopesticide against 
the invasive red fire ant (Solenopsis invicta). The 
red fire ant has invaded over 138 million hectares 
in the USA, causing over US $6 billion in damage 
and control efforts annually (Valles, 2012). SINV-1 
can only infect the genus Solenopsis and is vertically 
transmitted (Valles, 2012). However, a recent study 
has found that SINV-1 treatment results in higher 
survival rates than chemical treatment (Tufts et al., 
2014).

One of the most exciting possibilities for use 
of dicistroviruses as biopesticides is the ability of 
these viruses to potentially be expressed in plants, 
enabling the production of plants expressing these 
viruses as a means to control pests (Gordon and 
Waterhouse, 2006). However, attempts to express 
viruses in plants have been largely unsuccessful 
because of RNAi silencing of viruses in the plants 
(Gordon and Waterhouse, 2006). One method 
proposed to circumvent this problem is to use 
dicistrovirus-like particles to deliver either dsRNA 
against essential genes of the infected host or toxins 
against the host (Gordon and Waterhouse, 2006; 
Baum et al., 2007; Bonning and Johnson, 2010; 
Bonning et al., 2014). As proof of principal, a luteo-
virus plant virus coat protein can deliver a toxin to 
aphids as those aphids feed on plants expressing 
the viral coat protein-insect neurotoxin fusion 
(Bonning et al., 2014). A similar strategy could be 
implemented using a dicistrovirus clone expressed 
in plants that would then be transmitted to insects 
feeding on the plant. Indeed, some dicistroviruses 
have been shown to use plants as vectors (RhPV) 
(Gildow and d’Arcy, 1988).

The lethality of some dicistroviruses also has 

potential for exploitation. Incapable of infecting 
mammals, these viruses could be used to control 
disease-carrying hosts. Chagas disease, a devastat-
ing illness that has infected between 8 to 11 million 
people in Latin America is caused by the parasite 
Trypanosoma cruzi, which is spread by the insect 
vector Triatoma infestans. Triatoma virus (TrV) 
could be deployed as a protective measure, as 
its infection of T. cruzi leads to > 97% mortality 
(Muscio et al., 1997). Moreover, TrV infection 
increases adherence of T. cruzi to intestinal cells, 
making the vector less likely to shed the pathogen 
(Marti et al., 2017).

Conclusions and future 
perspectives
Dicistroviruses have provided a powerful model 
for studying fundamental viral IRES translation, 
ribosome functions, antiviral responses and innate 
immune responses. Indeed, dicistrovirus research 
has attracted researchers from a wide range of fields 
including ecologists, virologists, immunologists, 
biochemists and biophysicists, all of which have 
brought innovative approaches that have acceler-
ated our understanding of dicistrovirus infection 
and associated mechanisms. Despite significant 
progress, there are still outstanding gaps in our 
knowledge.

Although dicistrovirus IRES translation has 
been extensively studied at the mechanistic level, 
the rest of the viral life cycle, including viral entry, 
replication and egress, is understudied. Many of the 
host proteins involved in mediating specific steps of 
the viral life cycle are unknown. For instance, the 
receptor for viral entry has not been identified, nor 
have the host proteins involved in replication steps 
such as membrane reorganization and formation of 
replication complexes at the 5′ and 3′ UTR. An ini-
tial direction for further research is to identify key 
elements/structures at the 5′ and 3′UTRs needed 
for replication. As discussed, the 5′UTR secondary 
structure has recently been modelled, which should 
further our understanding of replication and 
5′UTR IRES translation (Gross et al., 2017). There 
are still knowledge gaps even for the well-studied 
IGR IRES translation mechanism. The mechanism 
by which a subset of IGR IRESs mediate reading 
frame selection through RNA–ribosome interac-
tions remains to be investigated. These details 
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would shed light into fundamental tRNA-ribosome 
functions. Furthermore, the emerging idea that 
ribosome heterogeneity contributes to the transla-
tion of specific IRES-containing RNAs, warrants 
detailed investigation. Most studies in this field 
have focused on artificially depleting ribosomal 
proteins or specific RNA modifications that can 
impact dicistrovirus IRES translation. It will be 
important to determine which post-translational or 
post-transcriptional modifications of the ribosome 
are important for specifying viral IRES-mediated 
IRES translation. In particular, host translation shut 
off on dicistrovirus infection requires further study. 
Understanding the host targets for translational 
shut off on infection could reveal important insights 
into the cellular conditions that allow viral IGR 
IRES translation, as well as the temporal regulation 
of the two IRESs within dicistroviruses. Advances 
in whole genome-wide knockout screens using 
CRISPR-Cas9 approaches should help identify 
the functional proteins involved in these processes. 
From the virus side, the predicted functions of the 
non-structural and structural proteins are based on 
sequence alignments; however, it is likely that some 
have moonlighting functions that modulate cellular 
processes to promote infection. For example, the 
surprising finding that the CrPV 1A protein has 
multiple functions highlights the need to study 
other dicistrovirus proteins. The development of 
the CrPV infectious clone, which has already pro-
vided a framework for reverse genetics to explore 
the functions of 1A and IGR IRES translation, 
should accelerate our discovery of the functions of 
these viral proteins.

Understanding of these fundamental virus host 
interactions should allow insights into the patho-
genesis of dicistroviruses. The use of the genetically 
tractable model organism Drosophila, has paved 
the way in studying dicistrovirus tropism, antiviral 
responses and pathogenesis. The use of the CrPV 
infectious clone has similar potential to provide 
insights into these processes in infected fruit flies. 
Transcriptomics has provided key insights into the 
antiviral responses in dicistrovirus infected Dros-
ophila. Incorporating advanced translatome and 
proteomic approaches, such as ribosome profiling 
and siLAC labelling, should enable a global view of 
the pathways modulated during infection, poten-
tially pinpointing key factors that can elucidate 
pathogenesis. Understanding of these mechanisms 

could allow for identification of new targets and 
strategies to combat diseases caused by dicistrovirus 
infections, such as virus-induced honey bee disease. 
For example, the function of the +1 frame overlap-
ping ORFx in a subset of dicistroviruses remains 
elusive. The strong evolutionary selection of ORFx 
indicates an important function in infection and/
or pathogenesis. Because the IGR IRES +1 frame 
translation and ORFx are found in honey bee dicis-
troviruses, it is possible that this mechanism/ORFx 
may be an attractive antiviral target. In a different 
vein, the use of dicistroviruses as biopesticides 
could have a large impact on serious agricultural 
pests. The diversity of dicistroviruses and the wide 
host range of some of these viruses makes them par-
ticularly attractive for this application. Harnessing 
and exploiting unique dicistrovirus mechanisms 
will be key in developing viral-based biopesticides. 
Finally, the recent identification of hundreds of 
dicistro-like viruses is exciting, highlighting the 
ubiquity and prevalence of dicistroviruses and 
should provide a treasure for researchers in identi-
fying potentially new viral mechanisms.
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