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Abstract: Insects are the most diverse group of animals. They can be infected by an extraordinary 
diversity of viruses. Among them, arthropod-borne viruses (arboviruses) can be transmitted to humans. 
High-throughput sequencing of small RNAs from insects provides insight into their virome, which 
may help understand the dynamics of vector borne infectious diseases. Furthermore, investigating the 
mechanisms that restrict viral infections in insects points to genetic innovations that may inspire novel 
antiviral strategies.
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DIVERSITY OF INSECTS AND VIRUSES

With around 1 million known species, insects 
are the largest group of multicellular organisms, 
representing over 70% of animal species (Stork 
2018, Mora et al. 2011). With an origin dating 
back to the early Ordovician (~480 million years 
ago (Mya)), ancestors of insects were among the 
first animals to colonize terrestrial and freshwater 
ecosystems and have undergone major expansions, 
culminating in the spectacular diversification of 
holometabolous insects (Hymenoptera, Coleoptera, 

Diptera, lepidoptera) during early Cretaceous 
(~120Mya) (Misof et al. 2014). Insects can be 
credited with major innovations, such as flight and 
establishment of social groups. Importantly, they 
have undoubtedly contributed to shape the planet’s 
biota and actively interact with other multicellular 
eukaryotes such as plants and vertebrates. like 
them, diverse insects are exposed to a large panel of 
infectious microorganisms (Figure 1), which they 
control through their innate immune system.

Among infectious microbes, viruses represent 
a particular threat because they offer few intrinsic 
targets for inhibition by antiviral molecules. This 
is because they consist in their simplest form in 
a nucleic acid encapsulated in a protein shell, 
and hijack molecular machineries from host cells 
to complete their replication cycle. Therefore, 
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viruses exert great selective pressure on their 
host to evolve resistance pathways. These, in 
turn, favor the adaptation of viruses to escape 
antiviral mechanisms. This arms race results in the 
diversification of host-defense and virus escape 
mechanisms. As a result, it can be highly instructive 
to investigate virus–host interactions in a range of 
animals, to sample in depth the diversity of antiviral 
strategies. In light of their aforementioned diversity, 
insects represent an interesting group of animals for 
comparative studies (Martins et al. 2016, Marques 
and Imler 2016). A further reason to investigate 
insect-virus interactions is that hematophagous 
insects, for example Aedes mosquitoes, are vectors 
of medically important viral diseases such as Zika, 
Dengue, Chikungunya and Yellow fever.

The recent advances in high-throughput 
sequencing technologies have opened the way to 

the characterization of the virome (i.e. the genetic 
diversity of viruses in a biological sample). In a 
landmark article, Yong-Zhen Zhang and colleagues 
analyzed the transcriptome of more than 220 
invertebrate species covering nine animal phyla 
and reported the identification of close to 1,500 
new viruses (Shi et al. 2016). Thus, infection by 
one or several viruses is common in invertebrates. 
The genetic diversity of these viruses surpassed 
that described previously (Figure 1). While many 
of them could not be incorporated into the current 
virus classification, newly identified viruses fell 
between families and genera, thus filling major 
phylogenetic gaps and revealing that viruses 
form a more continual spectrum of phylogenetic 
diversity (Shi et al. 2016). A more detailed analysis 
focusing on 70 arthropod species and negative-
sense RNA viruses, which include important 

Figure 1 - Diversity of insects and viruses. A plethora of known insect viruses and insect hosts is depicted on the left and right 
panels, respectively. Insects broadly evolved to resist infection, so investigating the evolutionarily conserved antiviral strategies 
in these animals can shed light on new host factors and restriction factors that affect viral infection. The pie chart represents the 
percentage of D. melanogaster genes that are conserved or non-conserved in the human genome. D. melanogaster exclusive genes 
are highlighted among the non-conserved genes. Adapted from Martins et al. 2016.
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pathogens causing a variety of diseases in humans 
(flu, rabies, encephalitis, hemorrhagic fever), led 
to the discovery of 112 new viruses. It revealed 
that arthropods are likely to have participated in 
the evolution of these important viruses (Dudas 
and Obbard 2015, li et al. 2015). Indeed, much 
of the diversity of negative-sense RNA viruses 
found in plants and vertebrate animals falls within 
the genetic diversity of viruses associated with 
arthropods. Arthropods and insects in particular 
can live in large and dense populations, facilitating 
propagation and transmission of viruses. In addition, 
the well described close interaction between insects 
and plants supports the hypothesis that negative-
sense RNA viruses, including vertebrate-specific 
ones, derived from arthropod dependent viruses (li 
et al. 2015).

KEEPING A WATCH ON THE 
VIROME OF INSECT VECTORS

The number and diversity of viruses identified in 
insect samples may have public health significance 
since mosquitoes and other insect species can 
transmit diseases to humans. Indeed, these viruses 
may include putative emerging pathogens, or may 
affect the dynamics of transmission of known viral 
pathogens such as Dengue, Zika or Chikungunya 
viruses. While large scale sequencing of the 
transcriptome is commonly used to identify viruses 
(e.g. li et al. 2015, Shi et al. 2016), it suffers 
from limitations such as dilution among cellular 
RNAs, which may result in a majority of non-viral 
sequences in the library, and confusion between 
transcripts derived from endogenous viral elements 
(eVes) and replicating viruses. Another major 
limitation is that identification of viruses relies 
on sequence similarity comparisons to reference 
databases. Indeed, a significant number of novel 
sequences identified in large scale sequencing 
studies remain of unknown origin because they 
do not bear similarity to known sequences. These 

unassigned sequences are sometimes referred to 
as the “dark matter” of metagenomics (Oh et al. 
2014).

RNA interference (RNAi) represents a major 
facet of antiviral innate immunity in insects, 
which can be exploited to explore the virome of 
insects. The major antiviral RNAi pathway is the 
small interfering (si) RNA pathway. It involves the 
RNaseIII enzyme Dicer-2, which senses replicating 
viral RNAs and processes them into 21 nucleotide 
(nt)-long siRNAs (reviewed in Paro et al. 2015, 
Aguiar et al. 2016). These siRNAs originate from 
both the genome and the antigenome of the virus, 
as observed during infection by the rhabdovirus 
Vesicular Stomatitis virus (VSV) in the model 
organism Drosophila melanogaster and the sandfly 
Lutzomyia longipalpis, which is one natural vector 
for this arthropod-borne virus (Figure 2) (Mueller et 
al. 2010, Marques et al. 2013, Ferreira et al. 2018). 
In Aedes mosquitoes, another RNAi pathway called 
piRNA pathway, which involves 24-29nt long 
Piwi-interacting (pi) RNAs, is also activated upon 
viral infections (Morazzani et al. 2012, Aguiar et 
al. 2015, Dietrich et al. 2017). Viral contigs can 
be assembled from large scale sequencing of 
small RNAs and this strategy has been used for 
virus identification in insects and plants, which 
also rely on RNAi for antiviral immunity (Wu et 
al. 2010, Kreuze et al. 2009). We have conducted 
a comparative analysis of long and small RNA 
sequencing for virus identification and showed 
that viral sequences are enriched in the small 
RNA fraction (Aguiar et al. 2015). Furthermore, 
the average size of viral contigs assembled from 
small RNA libraries was longer, resulting in larger 
coverage of viral genomes than the traditional long 
RNA libraries. Hence, sequencing of virus-derived 
small RNAs produced by the immune response of 
the insect host represents a powerful strategy to 
identify viral sequences. 

While applying this strategy to three Dipteran 
insect species (D. melanogaster, Ae. aegypti, L. 
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longipalpis), we observed that the size profile of 
virus-derived small RNAs was unique for many 
viruses (Figure 3). These differences include 
production of virus derived piRNAs for some 
viruses (e.g. Phasi Charoen like-virus (PClV) 
but not Humaita-Tubiacanga virus (HTV) in Ae. 
aegypti), virus-derived small RNAs smaller than 
21nt, possibly resulting from degradation (e.g. 
Drosophila uncharacterized virus (DUV) in D. 
melanogaster) or lack of symmetry between (+) 
and (-) strands of viral RNA (e.g. lutzomyia Piaui 
nodavirus (lPNV) in L. longipalpis). Based on 
these observations, we used a Z-score to normalize 
the small RNA size profiles and generated 
heatmaps for each contig that could be subjected 
to hierarchical clustering based on pairwise 
correlations (Aguiar et al. 2015). This allowed us 
to evaluate the relationship between contigs and to 
assign a viral origin to contigs that lack significant 
sequence similarity to reference databases. 

INSECTS AS A RESERVOIR OF INNOVATIONS 
FOR ANTIVIRAL MECHANISMS

Besides RNAi, insects also rely on induced 
responses and restriction factors to control viral 
infections. The evolutionarily conserved Toll 
and IMD pathways, which regulate transcription 
factors of the NF-κB family and were initially 
characterized for their role in antifungal and 
antibacterial immunity, have been proposed to play 
a role in antiviral immunity in drosophila (reviewed 
in Mussabekova et al. 2017). More recently, a new 
pathway, involving the ortholog of the factor STINg 
(STimulator of INterferon genes), the kinase 
IKKβ and the NF-κB transcription factor Relish 
was shown to control infection by picorna-like 
viruses in drosophila (goto et al. 2018). Of note, no 
dSTINg ortholog is found in mosquito genomes, 
suggesting that different mechanisms are elicited in 
response to infection in these insects. The cytokine-
induced JAK/STAT pathway also participates in 

Figure 2 - Vesicular Stomatitis virus (VSV)-derived siRNAs in D. melanogaster and L. longipalpis. Activation of the siRNA 
pathway is a conserved response to virus infection in insects. Virus-derived siRNAs are mostly 21nt long small RNAs and show 
symmetrical base preference and polarity. siRNAs originate from both the viral genome and antigenome and can be detected along 
the entire extension of the virus sequence. Adapted from Ferreira et al. 2018 and Mueller et al. 2010.
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antiviral immunity in flies and mosquitoes (Dostert 
et al. 2005, Souza-Neto et al. 2009, Paradkar et al. 
2012). The genes upregulated by these pathways 
in response to viral infections encode components 
of signaling pathways (e.g. dSTINg), cytokines 
but also antiviral factors, which for the most part 
remain to be characterized. In addition, viruses 
are also controlled by constitutively expressed 
restriction factors (Mussabekova et al. 2017). Some 
of the inducible antiviral factors and restriction 
factors are evolutionarily conserved and the 
functions of their mammalian homologues point 
to mechanisms for virus inhibition (e.g. ref(2)P/
p62 and autophagy, Carré-Mlouka et al. 2007; heat 
shock proteins and protein folding, Merkling et al. 
2015). Interestingly, others are not conserved and 
represent insect innovations.

Two drosophila genes, pastrel and nazo, are 
examples of such innovations. Both are involved in 
the restriction of picorna-like viruses in drosophila. 
A cluster of polymorphisms in and around the 
D. melanogaster gene pastrel is associated with 
resistance or susceptibility to the Drosophila C 
virus (DCV) (Cao et al. 2017). Silencing of pastrel 
by RNAi results in increased DCV replication, 
revealing that Pastrel serves as a restriction factor. 
Orthologues of pastrel can be found in the genomes 
of drosophilids and a subset of Diptera, although 
it is not known yet if they serve in antiviral host 
defense in these species as well. The expression 
of nazo is upregulated by the STING/IKKβ 
pathway in response to DCV infection (goto et al. 
2018). Silencing of nazo results in increased DCV 
infection, whereas its ectopic expression in tissue 

Figure 3 - Profiles of virus-derived small RNAs in dipteran insects. Viral RNA can be recognized by different antiviral surveillance 
mechanisms, thus generating specific virus-derived small RNA profiles during infection. These distinct patterns can be analyzed 
and provide extensive information about their source and biogenesis, such as the activation of siRNA (e.g. PClV, HTV, DRV 
and DUV) and piRNA (e.g. PCLV) pathways. Even a virus-derived small RNA profile consistent with RNA degradation (e.g. 
lutzomyia Piaui reovirus 1 (lPRV1), lutzomyia Piaui reovirus 2 (lPRV2) and lPNV) can be indicative that the virus escapes 
RNAi during infection. Adapted from Aguiar et al. 2015.
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culture cells efficiently suppresses replication of 
the virus. Orthologues of Nazo are present in all 
animals, where their function is unknown. The gene 
has been duplicated in D. melanogaster and a subset 
of drosophilids, and only Nazo has antiviral activity 
suggesting that a yet uncharacterized evolutionarily 
conserved cellular factor has been recruited in fruit 
flies to acquire a novel antiviral function (Goto et al. 
2018). Of note, both Pastrel and Nazo also control 
replication of Cricket Paralysis virus, which belongs 
to the same family as DCV (Dicistroviridae). This 
indicates that the two drosophila factors target 
conserved steps of the replication cycle of these 
viruses and that the characterization of their mode 
of action will point to one or more weak spots in 
Dicistroviridae. This knowledge may be exploited 
to develop novel antiviral agents targeting the 
related Picornaviridae, which encompass several 
important human pathogens such as poliovirus and 
Hepatitis A virus.

CONCLUSIONS

The diversity of insect hosts and of the viruses 
infecting them provides an unparalleled opportunity 
to decipher (i) the repertoire of antiviral strategies in 
animals, and (ii) the suppressor mechanisms evolved 
in viruses as countermeasures. Insects, with their 
fantastic diversity, represent a reservoir of unique 
antiviral strategies, which could be inspirational for 
the design of new therapeutic agents. In the specific 
case of vector mosquitoes, characterization of the 
virome in wild populations is an important step to 
uncover persistent infections by viruses expressing 
suppressors of the immune response that may affect 
the dynamics of transmission of other viruses such 
as Dengue, Chikungunya or Zika.
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