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Introduction 

The work of my PhD fits into a European Union’s Horizon H2020 

Research and Innovation Programme (Grant agreement n. 773567) 

entitled VIROPLANT “Virome NGS analysis of pests and pathogens for 

plant protection”. Aim of this project was to explore the use of viruses as 

biological control agents (BCA) against plant diseases. Among the 

different pathosystems under study, tackled by different work packages, 

WP4 was intended for the exploration of the insect virome in our quest for 

potential viruses as BCAs. In particular, my PhD project involved the 

search for viruses to control insect vectors of other diseases to plant. Two 

hemipteran species, the leafhoppers Scaphoideus titanus and Euscelidius 

variegatus (Hemiptera: Cicadellidae), and two thrips species, Frankliniella 

occidentalis and Thrips tabaci (Thysanoptera: Thripidae) were objects of 

this work. Among the considered leafhopper species, S. titanus is the 

natural vector of the Flavescence dorée phytoplasma to Vitis vinifera L, 

while E. variegatus is a vector of FDp in lab condition, thus often used to 

study FDp vector relationship. On the contrary, thrips species involved in 

this study are both natural vectors of several viruses to different host 

plants. A first phase of the research work explored the virome of the insect 

vector species. A second phase characterized the biology of some of the 

selected viruses and measured the effects of viral infection on host 

performance. A third phase of the work addressed the possibility of 

engineering insect viruses for dsRNA production and delivery to insects 

for virus gene silencing (VIGS) of targeted insect genes.   

  



����	
����	��


�
�

Scaphoideus titanus  and Flavescence dorée phytoplasma 

Scaphoideus titanus Ball is a monovoltine, monophagous on Vitis spp. 

and nearctic leafhopper (Auchenorryncha: Cicadellidae, Deltocepha-

linae).  It was accidentally introduced into France in the past century from 

north America (Bonfils and Schvester 1960; Papura et al. 2012; Bertin et 

al., 2007). In less than 10 years, it spread to the southern region of France 

and the nort-western Italy (Schvester et al. 1962; Vidano 1964). 

Nowadays the insect is present in all south European countries and its 

northbound spread has probably not ended yet. Indeed, several studies 

predict furher S. titanus expansion to viticultural regions of northern 

Europe, and even China (Maixner, 2005; Ge and Wen, 2006; Steffek et 

al. 2007), especially under the ongoing climate change scenario 

(González Tokmanet al., 2020). Scaphoideus titanus is the main natural 

vector of the phytoplasma causing Flavescence dorée disease of V. 

vinifera.   

Phytoplasmas are a large group of plant-pathogenic and phloem-

inhabiting bacteria (Doi et al., 1969). Phytoplasma cells are surrounded 

by a single-unit membrane, lack rigid cell walls and are pleomorphic in 

shape (Doi et al., 1967). They appear either as rounded, filamentous or 

pleomorphic bodies with a mean diameter of 200–800 nm. Phytoplasmas 

have undergone reductive evolution, losing many of the genes involved in 

metabolic pathways that are essential for free-living organisms (Oshima 

et al, 2004; Tan et al., 2021). This not only makes phytoplasmas highly 

dependent on host nutrition, but also is the main reason why axenic 

culture of phytoplasma was never achieved (Oshima et al., 2004). 

Phytoplasmas are transmitted from plant to plant by phloem-feeding 

insects and cause a variety of specific symptoms such as virescence, 

phyllody, sterility of flowers, proliferation of auxiliary or axillary shoots, 

abnormal elongation of internodes and many other, often less specific 

symptoms (reviewed by McCoy et al.,1989; Kirkpatrick, 1992; Lee et al., 
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2000). Phytoplasma diseases cause considerable damages to different 

crops, and particularly to grapevine.   

Phytoplasmas fall into the taxon ‘Candidatus Phytoplasma’, within the 

class Mollicutes (Lee et al., 2000). Phytoplasmas within a ‘Ca. P.’ species 

share at least 97.5% similarity among their 16S rRNA gene sequences.  

Phytoplasma species may be delineated based on the identity of their 16S 

rRNA gene sequences greater than 1200 bp. Indeed, new species should 

be proposed when I) 16S rRNA gene sequence identity with the closest 

‘Ca. P.’ species is lower than 97.5%; ii) or representing ecologically 

separated populations (IRPCM 2004). Recently, species demarcation 

criteria were revised and updated (Bertaccini et al., 2022) extending the 

required length of 16S rRNA gene sequence from >1200 bp to >1500 bp 

(full length or nearly full length of 16S rRNA gene), and modifying the 

threshold of 16S rRNA gene identity from 97.5% to 98.65%.  Currently, 48 

‘Candidatus Phytoplasma’ species have been described (Wei & Zaho, 

2022). The group/subgroup classification system is based on collective 

RFLP profiles of the F2nR2 region of 16S rRNA gene. The genetically 

diverse phytoplasmas have been classified into 37 groups and more than 

150 subgroups (Wei & Zaho, 2022).  

Phytoplasmas inhabit the phloem of vascular plants and multiply in the 

plant host. According to their host plant, phytoplasmas may be 

generalists, infecting several plant species, or specialists, infecting one or 

a few related plant species. Phytoplasmas are also able to multiply in their 

insect vectors and to actively colonize several organs of their body. In 

insects, phytoplasma infection starts by entering through the gut 

epithelium and basal lamina, to reach the haemolymph and, through this, 

to invade several organs among which the salivary glands. The 

colonization of these latter is needed for the transmission to healthy plants 

via the saliva. Phytoplasmas are therefore transmitted in a persistent 

propagative manner (Bosco and D’Amelio, 2010; Alma et al., 2018). 

Vector transmission is essential for phytoplasma dispersion, and both 
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vector feeding behavior and host preference dramatically shape 

phytoplasma distribution and plant-host range and vice versa (Bosco and 

D’Amelio, 2010).    

Flavescence dorée phytoplasma (FDp) is a quarantine pest of grapevine 

in the European Union. (EFSA 2014; EFSA PLH Panel, 2020), and it is 

one of the major threats to southern European viticulture (Chuche & 

Thiéry). FDp belongs to two taxonomic subgroups namely 16SrV-C and 

16SrV-D (Martini et al., 1999; Angelini et al., 2001, 2004; Malembic-Maher 

et al., 2011). FDp has not yet been ascribed to a ‘Ca. P.’ species because 

the above described requirements defined by the subcommittee for the 

taxonomy of Mollicutes could not be fulfilled. Recently FDp genome was 

successfully sequenced with a high degree of completeness: the de novo 

assembly generated a circular chromosome of 654,223 bp containing 506 

protein-coding genes. Functional classification of annotated genes 

showed that most of them are involved in genetic information processing 

(transcription, translation, multiplication) and metabolism. Interestingly, 

genome comparison with other phytoplasmas revealed the absence of 

potential mobile units and a reduced amount of putative phage-derived 

segments, suggesting a low genome plasticity of FDp, and thus 

corroborating highly specialized interactions restricted to the Vitis sp.-S. 

titanus-FDp pathosystem (Debonneville et al., 2022). FDp typically 

causes color aberrations and downward-rolled margins of leaves, lack of 

lignification in shoots, reduced fruit setting, flower withering, bunch wilting 

and berry drop (Caudwell, 1990; EFSA, 2020; Galetto et al., 2016). In the 

end, infected plants may die or recover from the disease; anyway, a 

significant reduction in productivity is recorded (Morone et al., 2007). FDp 

epidemics in Europe was likely triggered by a serendipitous contact 

between the nearctic S. titanus and the palearctic FDp infecting 

spontaneous plants; the unpredicted efficiency of FDp transmission by S. 

titanus to grapevine and the monophagous feeding habits of S. titanus, 

that allowed the vine-to-vine transmission of the phytoplasma have 
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generated the economic damage that seriously threatens viticulture in 

Europe nowadays.    

However, V. vinifera and S. titanus do not represent an ideal experimental 

pathosystem for research, as grapevine is a perennial woody plant, and 

the leafhopper is a monovoltine species. Thus, the polivoltine leafhopper 

Euscelidius variegatus Kirschbaum (Cicadellidae: Deltocephalinae) and 

the herbaceous Vicia faba are frequently used to maintain and manipulate 

the FDp infection cycle under laboratory conditions (Caudwell et al., 1972; 

Boudon-Padieu et al., 1989). Euscelidius variegatus is a polivoltine and 

polyphagous leafhopper, and one of the most important natural vectors of 

Chrysanthemum yellows isolate of the ‘Ca. P. asteris’ associated with a 

disease of ornamental plants in northwestern Italy (Palermo et al., 2001). 

This leafhopper is then largely considered as a laboratory model species 

to study infection-related mechanisms between the insect vector and FDp 

(Arricau-Bouvery et al., 2021; Picciau et al., 2020; Galetto et al., 2018).  

Previous studies have unveiled the dense viral population inhabiting 

hemipteran field population species. In Halyomorpha halys (Hemiptera: 

Pentatomidae) the RNAseq analyses identified seven new insect 

associated viruses from an Italian population: two viruses belonging to the 

Iflaviridae family, and the others belonging to orthomyxo-, reo-, nege-, toti-

, and errantivirus lineages (Giovannini et al., 2022). Kondo et al. (2020) 

by sampling three aphids (Hemiptera: Aphididae) species 

(Rhopalosiphum padi, Rhopalosiphum maidis, and Sitobion avenae) from 

a single barley field, identified eight potentially novel RNA viruses 

belonging to nege/kita-, flavi-, phenui-, mononega-, narna- and 

chrysovirus lineages, as well as some previously described RNA viruses. 

Bemisia tabaci (Hemiptera: Aleyrodidae) virosphere was identified 

through the analysis of Public SRA datasets and newly generated 

transcriptomes of three field populations collected in China (Huang et al., 

2021). Twenty newly discovered RNA viruses were putative ascribed to 

the following orders/families: Lispiviridae, Nidovirales, Flaviviridae, 
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Negevirus (newly proposed taxon), Virgaviridae, Picornavirales, 

Orthomyxoviridae, and Totiviridae. In Planococcus ficus (Hemiptera: 

Coccidae) five new RNA viruses were retrieved sequencing the 

transcriptome of insects’ population collected through several Mexican 

vineyards (Martinez-Mercado et al., 2022). These viruses were related to 

the Iflaviridae and Reoviridae families, and to the Picornavirales and 

Tolivirales orders. 

Thrips and Tomato spotted wilt virus  

Thrips (Thysanoptera: Thripidae) are minute insects, extremely 

polyphagous and ubiquitous. Of the approximately 5500 described thrips 

species in the world, only few of them represent a threat for commercial 

crops (Morse & Hoddle, 2006; He et al., 2020). However, among these 

pests, the western flower thrip, Frankliniella occidentalis Pergande and 

the onion thrips, Thrips tabaci Lindeman, stand out as being among the 

most important global agricultural pests (Schneweis et al., 2017; 

Riley et al., 2018). Thrips not only damage the crop by feeding and 

oviposit on leaves, stems and fruits, but they are also notorious for 

transmitting destructive plant viruses. Thrips might transmit viruses 

belonging to at least four virus genera including: i) Ilarvirus, ii) 

Machlomovirus; iii) Alphacarmovirus and iv) Orthotospovirus (Jones, 

2005; Morse & Hoddle, 2006). In particular, Orthotospovirus is a genus of 

Tospoviridae, a plant-infecting family of the order Bunyavirales, one of the 

largest and most diverse RNA virus orders, with more than 350 named 

isolates (Adams et al., 2017; Elliot, 2014; Oliviet & Whitfield 2016; Pappu 

et al., 2009). There is a close association between thrips and 

tospoviruses. Tospovirus spread within a crop depends, to a large extent, 

on local thrips vector species behavior, dispersal activity, and rate of 

population increase. Whereas tospoviruses rely on thrips for plant to plant 

transmission, throughout the winter -thus with thrips population being 
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quiescent- tospovirus survival depends uniquely on infected plants 

(Mound, 2002). Moreover, all tospoviruses are transmitted by thrips 

vectors in a persistent, propagative manner by which the virus replicates 

in the insect, circulates through the body, and persists through the various 

developmental stages. Virus acquisition is a developmental stage-

dependent phenomenon and only thrips that acquire the virus as early-

instar larvae are able to transmit it (Rotenberg et al., 2015).  

Among thrips-transmitted tospoviruses, tomato spotted wilt virus (TSWV) 

is ranked within the top 10 most economically important plant viruses 

worldwide (Rybicki, 2015). Tospoviridae discovery (Samuel et al. 1930) 

along with the identification of other similar viruses (Avila et al., 1993; Law 

& Moyer, 1990; Yeh and Chang, 1995) led to the creation of 

the Tospovirus genus, of which TSWV became the type member. Tomato 

spotted wilt virus infects a wide range of plants, more than 1,000 species 

(Scholthof et al., 2011). These are, crop and non-cropping species 

throughout much of the temperate and subtropical regions of the world, 

causing severe economic losses (Goldbach & Peters, 1994; Prins & 

Goldbach, 1998). Major crops susceptible to TSWV infection are tomato, 

pepper, lettuce, potato, papaya, peanut, tobacco and chrysanthemum. 

Tomato spotted wilt virus symptoms vary across host plant species and 

environmental conditions and can consist in stunting, necrosis, chlorosis 

and ring/line/spot patterns of leaves, stems and fruit (German et al., 1992). 

Tomato spotted wilt virus is transmitted in nature exclusively by thrips, of 

which at least nine species have been reported as vectors (Rotenberg 

and Whitfield, 2018). Although F. occidentalis is considered the most 

important vector worldwide, other thrips species are locally or regionally 

important (Whitfield et al., 2005; Whitfield et al., 2015). For example, the 

competence of T. tabaci to transmit TSWV varies markedly among 

populations, in association with reproductive strategy, sex, and host 

preference (Chatzivassiliou et al., 1999, 2002; Tedeschi et al., 2001).  
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Tomato spotted wilt virus is a negative and ambisense single-stranded 

RNA virus (Qui et al., 1998). As all tospoviruses, TSWV is characterized 

by three-segmented RNA genomes, named according to their sizes: L for 

large, M for medium, and S for small (Walter & Barr 2011). The L segment 

encodes an RNA-dependent RNA polymerase (RdRp) in the viral 

complementary sense orientation; in the M segment, the precursors of the 

glycoproteins GN and GC are encoded in the virion complementary sense 

and the movement protein NSm in the virion sense orientation; the S 

segment encodes the silencing suppressor protein NSs in the virion sense 

and the nucleocapsid protein N in the virion complementary sense (Prins 

& Goldbacherg, 1998).   

Tomato spotted wilt virus acquisition occurs in the first instar and early 

second larval thrips stages, and only TSWV infected adult thrips are able 

to transmit the virus to the plant (Van De Wetering et al., 1996). Indeed, 

after nymphal feeding on virus infected plants, the virus can replicate in 

the midgut and adjacent tissues, and eventually reaches the primary 

salivary glands (Ullman et al., 1992; Montero-Astúa et al., 

2016; Rotenberg and Whitfield, 2018). After infection of the salivary 

glands, adults release the virus into viable plant cells along with the saliva 

during feeding. Tomato spotted wilt virus can replicate in both the vector 

and the host plant. Interestingly, TSWV infection has been shown to 

increase some vector fitness parameters such as fecundity, development, 

population growth, longevity and survival (Carter, 1939; Maris et al., 

2004; Belliure et al., 2005; Shrestha et al., 2012; Ogada et al., 2013) 

when feeding on infected plants compared to uninfected plants. Although 

most documented virus effects are positive, also negative effects 

(DeAngelis et al., 1993; Stumpf and Kennedy, 2005) of TSWV on thrips 

vectors are reported (reviewed in Nachappa et al., 2020). All this 

information, suggests that TSWV may manipulate the plant physiology 

that, in turn, may influence vector fitness.   

Exploration of the virome of the soybean thrips (Neohydatothrips 
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variabilis) collected from several fields in the USA, has shown a 

remarkable diversity of virus-like sequences including plant and fungus-

infecting viruses (Thekke-Veetil et al., 2020), suggesting the 

epidemiological importance of such studies in unveiling feeding abilities 

of the vector on unknown host plants.    

RNAi and VIGS in insects 

The global impact caused by plant diseases on the world agro economy 

is well known and documented (Stranger & Scott, 2005; Smil, 2000; 

Mumford et al., 2016; Rubio et al., 2020). This has sparked an increased 

focus on new approaches to improve crop protection.  

Unlike certain bacteria or fungi that can be controlled with antibacterial or 

antifungal agents, viruses and phytoplasmas cause intracellular infections 

that are hard to counteract. To date, disease management relies on 

preventing viruses and phytoplasmas from infecting the plant using 

multiple strategies that must be developed specifically for each 

pathosystem (pathogen, vector, plant host, and environment). So far, 

control of insect vectors through the use frequent applications of 

insecticides is the most widespread and effective method used for both S. 

titanus (Bosco and Mori, 2013) and thrips management (Bielza, 2008; 

Mouden et al., 2017). This casts a burden on the environment and on the 

health of workers as well as the final end users, since insecticides have 

adverse effects on crop production sustainability and pose high risks to 

the environment and consumer health. Indeed, many active substances 

have been re-evaluated by the EU authorities based on their toxicological 

profiles (for environment and humans), and the EC Regulation 1107/2009, 

thatensures a high level of protection of human, animal health, and the 

environment, while safeguarding the competitiveness of European 

agriculture, banned the majority of them.  

More sustainable strategies to minimize damages due to pathogens or 
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parasites are based on i) the exploitation of plant resistance or toleranceii) 

use of biological pesticides or iii) integrated pest management. These 

sustainable strategies were reviewed for S. titanus by Chuche & Thiery 

(2014) and for tospovirus-transmittting thrips species by Mouten et al. 

(2017).   

New approaches, based on RNA interference (RNAi), are now emerging 

as powerful tools for insect pest management (Christiaens & Smagghe, 

2014; Christiaens et al., 2020; Liu et al., 2020; Lim et al., 2020).  

RNAi is a naturally occurring cellular defense system mediated by double-

stranded RNA (dsRNA). In most eukaryotes, long dsRNAs found within a 

cell are suppressed by self-defense mechanisms, as they are perceived 

as either a source of viral infection or as evidence of transposon activity 

(Obbard et al., 2008). RNase III endonuclease Dicer-2 (Dcr-2) is the 

primary component of the RNAi machinery to respond to the dsRNA, it 

cleaves the dsRNA into short (19-21 nt long) interfering RNAs (siRNAs). 

Dcr-2, with the help of dsRNA-binding proteins, allows siRNA transfer to 

the RNA�induced silencing complex (RISC). Within RI SC, the siRNA 

passenger strand is degraded. Using the retained guide strand, the RISC 

complex activates and scans cellular mRNAs. When transcripts 

complementarity to the siRNA are found, an Argonaute protein (Ago2) 

within RISC cleaves the transcript, thus applying a pot-transcriptional 

gene silencing (Okamura et al., 2004).  

RNAi based technologies are highly selective and precise tools for both 

functional genomics studies and insect population control. This has 

prompted research on improving delivery methods for applying 

exogenous dsRNA into insects for management of pests and pathogens 

(Wang et al., 2016; Singh et al., 2017; Cooper et al., 2019). Indeed, as 

gene silencing is only limited to cells that take up the target gene dsRNAs 

(Christiaens et al., 2014; Wang et al., 2016), delivery of dsRNA is a 

fundamental aspect to take into account for a successful RNAi-based 

strategy (Niu et al., 2018; Yu et al., 2016; Zotti et al., 2018). The most 
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performing way for insects to acquire the triggering dsRNA is through 

ingestion, although, for phloem feeding insects, as leafhoppers and thrips 

used in this study, this implies the necessity of phloem uploads of the 

molecules at the appropriate concentration. Beside this, dsRNAs acquired 

through feeding must cross the complex gut barrier to reach the target 

organs/tissues for onset of their activity, and the efficiency of this step is 

hard to predict. Different delivery systems have been studied in various 

insect species and the main dsRNA delivery methods tested so far include 

soaking, feeding, injection and acquisiton through transgenic plant 

expressing dsRNA (Niu et al., 2018). New approaches for dsRNA delivery 

in insects pest include i) bacteria mediated delivery, consisting in either 

engineered Escherichia coli strains (Tian et al., 2009; Zhu et al., 2011) or 

transformed insect symbionts (Bento et al., 2020) producing the required 

dsRNAs; i) transgenic algae or yeast able to synthetize insect specific 

dsRNA (Kumar et al., 2013; Murphy et al., 2016); and iii) engineered 

insect viruses with a portion of their genome replaced by insect specific 

sequences (Matsumura et al.,2020).  

The use of insect viruses as vectors to deliver dsRNAs to target insect 

genes is a promising approach named Virus Induced Gene Silencing 

(VIGS) (Kammen et al., 1997; Wagemans et al., 2022), which relays on 

the RNAi-mediated antiviral defense induced in the insects by a fragment 

of the target host gene inserted into a viral genome also referred as viral 

infectious clone (IC).   

Recently, the construction of the first infectious clone of the cricket 

paralysis dicistrovirus (CrPV) (Kerr et al., 2015) was reported, and a 

recombinant CrPV-based VIGS construct carrying transgene sequences 

specifically targeting Diaphorina citri inhibitor of apoptosis (IA) gene is the 

first concreate step towards the application of a viral tool to silence vital 

genes of insect vectors of plant-pathogens (Matsumura et al., 2020). 

Cricket paralysis virus host range is wide enough to allow a transversal 

application to several species even though its biology (horizontal 
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transmission and acute pathogenicity) raises important questions on its 

off-target effects. 
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Aims and structure of the work 

The concept behind this PhD thesis is to exploit the largely unexplored 

genetic diversity of viruses infecting pests of economically important fruit 

and vegetable crops to prompt the development of highly specific, virus-

based tools for biological control. Indeed, although in recent years insect-

infecting viruses gained much attention (Shi et al., 2016; Varghese & van 

Rij 2018; Bonning, 2020) and the viral component associated with 

soybean thrips (Neohydatothrips variabilis, Beach) samples from various 

US regions (Thekke-Veetil et al., 2020) and Echinothrips americanus 

(Morgan) sampled in Florida (Kraberger et al., 2017) were investigated, 

the virosphere of many important insect vectors still needs to be 

unrevealed. Indeed, no information is available regarding S. titanus, F. 

occidentalis and T. tabaci virosphere.  

RNA interference tools have been already explored using microinjection 

of double-stranded RNA into adult thrips (Andongma et al., 2019). RNAi 

targeting the vacuolar ATP synthase Subunit-B gene trough 

microinjection of dsRNA in adult thrips (Badillo-Vergas et al., 2015) and a 

symbiont-mediated RNAi targeting an essential tubulin gene in larvae 

(Whitten et al., 2016) proved the suitability of RNAi tools to counteract 

thrips invasion. Similarly, targeting genes potentially involved in the 

interaction with phytoplasmas, RNAi increased adult mortality of both E. 

variegatus (Abbà et al., 2018) and S. titanus (Ripamoti et al., 2022). Yet, 

the lack of suitable insect viruses hampered further exploitation of VIGS 

as RNAi delivery strategy to both thrips and leafhopper vectors. These 

tools would be also very important for functional studies aimed at 

exploring the role of non-model insect genes, in particular those involved 

in the correct development of the ‘vector phase’ during the pathogen 

transmission process.   

In the present study, next generation sequencing (NGS) techniques and 

RNAseq were applied to identify new viruses and develop innovative 
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strategies for the control of biotic stresses. Moreover, the in-depth 

biological characterization of the Euscelidius variegatus iflavirus 1, a virus 

causing covert infection of E. variegatus lab population (Abbà et al 2017), 

led to the production of a viral vector in an iflavirus background, as a first 

step towards Virus Induced Gene Silencing (VIGS) approaches for FDp-

transmitting leafhoppers.  

In the first chapter, RNA-Seq was applied to describe putative viruses that 

may infect wild S. titanus populations in both its invasive (Europe) and 

native (US) geographical areas. Comparisons between the two sampling 

areas allowed for the description of two completely different viral profiles, 

characterized by a reduction in the number of potential enemies in the 

European populations. Nine new complete or near-complete viral 

genomes were identified, representing seven virus families. In particular, 

an iflavirus identified in Europe, represented a potential candidate for 

future isolation and pathogenicity assays or for the construction of 

iflavirus-based VIGS vectors.  

In chapter two the viromes associated with the two most efficient vectors 

of tospoviruses, F. occidentalis and T. tabaci in the Mediterranean area, 

were characterized for the first time, with an emphasis on their variability 

according to species, geographical location, and recurrence in different 

sampling efforts carried out between 2018 and 2020, leading to the 

characterization of several novel viruses, which, in some cases, revealed 

previously undescribed clades.  

Chapter three fills the gap of knowledge about the biology of Euscelidius 

variegatus virus 1 (EVV1), the iflavirus infecting E. variegatus lab 

population. We investigated the presence of EVV1 virus in different 

developmental stages and organs of E. variegatus, as well as the 

efficiencies of both its horizontal and vertical transmissions the insect 

population, to provide the basic biological information for further 

exploitation of iflaviruses as biocontrol agents of phytoplasma vectors. 

Our work also provides information needed to exploit iflaviruses as VIGS 
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vectors for studying insect genes involved in pathogen transmission, 

through the construction of infectious viral clones.  

Chapter four investigates the effects of EVV1 infection on insect-host 

fitness parameters and its ability to interfere with FDp transmission. To 

evaluate the viral effects on phytoplasma transmission capability, insect 

‘virus infected’ and virus free populations were established, and exposed 

to FDp-infected source plants before being allowed to singly inoculate 

healthy plants. For each experimental group, acquisition and transmission 

efficiencies were evaluated, and FDp and EVV1 loads were measured in 

FDp exposed and unexposed E. variegatus groups. Finally, the ability of 

EVV1 to infect S. titanus was also investigated to explore its host range 

and its suitability as VIGS tool of the most important FDp natural vector.  

In chapter five, an infectious viral clone (IC) based on the iflavirus EVV1 

genetic background (Marzachì et al. 2019) was analyzed to explore its 

suitability as potential VIGS vector for leafhopper vectors. Following the 

in vitro transcription of EVV1 cDNA sequence cloned into a plasmid 

vector, different protocols were explored to verify the ability of EVV1 

infectious transcripts to start a new infection in E. variegatus adults and in 

different insect cell lines. We compared these results to those obtained by 

infecting E. variegatus with CrPV infectious transcripts and CrPV viral 

particles obtained from viral replication in S2 transfected cells.
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Chapter 1- New viral sequences identified in the 
Flavescence dorée phytoplasma vector Scaphoideus 
titanus 

Article. Viruses 2020 Mar, 12, 287. doi: 10.3390/v12030287 

Sara Ottati 1,2, Marco Chiapello 2, Luciana Galetto 2, Domenico Bosco 1,2, 
Cristina Marzachì 2 and Simona Abbà2,*  

1 Dipartimento di Scienze Agrarie, Forestali ed Alimentari, DISAFA, Università degli 
Studi di Torino, Largo Paolo Braccini 2, I-10095 Grugliasco, Italy 

2Istituto per la Protezione Sostenibile delle Piante, IPSP-CNR, Strada delle Cacce 73, I-
10135 Torino, Italy 

* Correspondence: simona.abba@ipsp.cnr.it; Tel.:+39 0113977925  
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Supplementary materials 

Supplementary Supplementary material S1 Geographical maps illustrating the 
sampling locations. Maps were generated by R (version 3.4.4) packages “ggplot2” and 
“tidyverse”. 
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Supplementary material S2 Bioinformatics command lines and parameters used in 
RNAseq data analysis. 
 
################################################# 
# Run the script in project folder 
################################################# 
# FastQC 
fastqc=~/FastQC/ 
$fastqc/fastqc -t 2 data/raw/DM_1.fastq.gz data/raw/DM_2.fastq.gz -o output 
 
# Manual check the output to assess the read's quality 
################################################# 
# Define variables 
resources="/home/bioinfo/resources" 
bbtools="/home/bioinfo/bbmap" 
db="/home/bioinfo/db" 
cap3="/home/bioinfo/CAP3" 
 
## Sketch 
$bbtools/sendsketch.sh in=data/raw/DM_1.fastq.gz out=output/DM_1_nt.txt 
reads=200000 fname=DM_1.fastq.gz minprob=0.2 samplerate=1.0 merge printname0=f 
records=20 overwrite=true color=false depth depth2 unique2 volume sortbyvolume 
contam2=genus nt ow printscore 
$bbtools/sendsketch.sh in=data/raw/DM_2.fastq.gz out=output/DM_2_nt.txt 
reads=200000 fname=DM_2.fastq.gz minprob=0.2 samplerate=1.0 merge printname0=f 
records=20 overwrite=true color=false depth depth2 unique2 volume sortbyvolume 
contam2=genus nt ow printscore 
 
################################################# 
# File preparation 
### Clumpify 
$bbtools/clumpify.sh pigz=t unpigz=t zl=4 reorder in1=data/raw/DM_1.fastq.gz 
out1=tmp/TEMP1_1.fastq.gz in2=data/raw/DM_2.fastq.gz out2=tmp/TEMP1_2.fastq.gz 
passes=1 -Xmx75g 
 
################################################# 



!����������"#�$
�
��%&� ���	
�
� �

���
�

## Cleaning 
### Step1 - adapter removal 
$bbtools/bbduk.sh -Xmx75G -Xms75G -threads=20 ktrim=r ordered minlen=49 
minlenfraction=0.33 mink=11 tbo tpe rcomp=t overwrite=true k=23 hdist=1 hdist2=1 ftm=5 
pigz=t unpigz=t zl=4 ow=true in1=tmp/TEMP1_1.fastq.gz out1=tmp/TEMP2_1.fastq.gz 
in2=tmp/TEMP1_2.fastq.gz out2=tmp/TEMP2_2.fastq.gz rqc=hashmap 
outduk=output/ktrim_kmerStats1.txt stats=output/ktrim_scaffoldStats1.txt loglog 
ref=$resources/adapters.fa 
 
### Step2 - artefacts removal 
$bbtools/bbduk.sh -Xmx75G -Xms75G -threads=20 maq=10,0 trimq=25 qtrim=r ordered 
overwrite=true maxns=1 minlen=49 minlenfraction=0.33 k=25 hdist=1 pigz=t unpigz=t zl=6 
cf=t barcodefilter=crash ow=true in1=tmp/TEMP2_1.fastq.gz 
out1=tmp/TEMP3_1.fastq.gz in2=tmp/TEMP2_2.fastq.gz out2=tmp/TEMP3_2.fastq.gz 
outm=output/synth1.fq.gz rqc=hashmap outduk=output/kmerStats1.txt 
stats=output/scaffoldStats1.txt loglog 
ref=$resources/phix_adapters.fa.gz,$resources/lambda.fa.gz,$resources/sequencing_art
ifacts.fa.gz 
 
### Step3 - short sequences removal 
$bbtools/bbduk.sh -Xmx75G -Xms75G -threads=20 ordered overwrite=true k=20 hdist=1 
pigz=t unpigz=t zl=6 ow=true in1=tmp/TEMP3_1.fastq.gz out1=tmp/TEMP4_1.fastq.gz 
in2=tmp/TEMP3_2.fastq.gz out2=tmp/TEMP4_2.fastq.gz outm=output/synth2.fq.gz 
outduk=output/kmerStats2.txt stats=output/scaffoldStats2.txt loglog 
ref=$resources/short.fa 
 
### Step4 - ribosomial sequences removal 
$bbtools/bbduk.sh -Xmx75G -Xms75G -threads=20 ordered k=31 
ref=$resources/ribokmers.fa.gz ow=true in1=tmp/TEMP4_1.fastq.gz 
out1=tmp/TEMP5_1.fastq.gz in2=tmp/TEMP4_2.fastq.gz out2=tmp/TEMP5_2.fastq.gz 
outm=output/ribo.fq.gz outduk=output/ribo_Stats1.txt stats=output/ribo_Stats2.txt 
 
### Step5 - human mouse cat dog sequences removal 
$bbtools/bbmap.sh ordered -Xmx100g k=14 -threads=30 idtag=t usemodulo 
printunmappedcount ow=true qtrim=rl trimq=10 untrim kfilter=25 maxsites=1 tipsearch=0 
minratio=.9 maxindel=3 minhits=2 bw=12 bwr=0.16 fast=true maxsites2=10 
outm=human.fq.gz path=$resources/mousecatdoghuman/ refstats=refStats.txt pigz=t 
unpigz=t zl=9 in=tmp/TEMP5_1.fastq.gz in2=tmp/TEMP5_2.fastq.gz 
outu=tmp/TEMP6_1.fastq.gz outu2=tmp/TEMP6_2.fastq.gz 
 
### Step6 
$bbtools/bbmerge.sh -Xmx75G -Xms75G -threads=20 loose overwrite=true 
in1=tmp/TEMP6_1.fastq.gz in2=tmp/TEMP6_2.fastq.gz ihist=output/ihist_merge.txt 
outc=output/cardinality.txt pigz=t unpigz=t zl=9 adapters=$resources/adapters.fa 
cp TEMP6_1.fastq.gz DM_1_map.fastq.gz 
cp TEMP6_2.fastq.gz DM_2_map.fastq.gz 
 
### Step7 
$bbtools/bbnorm.sh -Xmx75G -Xms75G -threads=20 in1=tmp/TEMP6_1.fastq.gz 
out1=data/clean/DM_1_clean.fastq.gz in2=tmp/TEMP6_2.fastq.gz 
out2=data/clean/DM_2_clean.fastq.gz target=100 min=10 
rm tmp/TEMP*.fastq.gz 
 
################################################# 
# Trinity: Trinity-v2.3.2 
# From the folder where the data are 
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cd data/clean 
Trinity --seqType fq --max_memory 200G --CPU 20 --left DM_1_clean.fastq.gz --right 
DM_2_clean.fastq.gz --no_normalize_reads --full_cleanup --verbose 
cd ../.. 
 
################################################# 
# CAP3 assembly 
mkdir cap3_data 
$cap3/cap3 Trinity.fasta -o 65 -p 90 > cap3_data/Trinity.fasta.cap3 
mv cap.ace cap.contigs cap.contigs.links cap.contigs.qual cap.info cap.singlets 
cap3_data/ 
cat cap3_data/*cap.singlets cap3_data/*cap.contigs > DM_cap3.fasta 
 
################################################# 
# Diamond blast 
diamond blastx -p10 -d $db/nr.dmnd -q DM_cap3.fasta -o DM_cap3-
NCBInr.blastDiamond -f 0 -k 1 --max-hsps 2 -e 0.00001 --unal 0 --more-sensitive --outfmt 
0 
 
# Manual step of virus selection 
## Output name => DM_cap3-NCBInr-significant.fasta 
 
################################################# 
# Mapping 
bowtie2-build DM_cap3-NCBInr-significant.fasta seqstomap.index 
bowtie2 -p 20 -q --no-mixed –no-discordant --no-unal -k 20 -x seqstomap.index -1 
DM_1_map.fastq.gz -2 DM_2_map.fastq.gz | samtools view -@20 -Sb -o 
bothPE_bowtie2.bam 
samtools view -b bothPE_bowtie2.bam | samtools sort -o bothPE_bowtie2.sorted.bam 
samtools index -b bothPE_bowtie2.sorted.bam 
samtools idxstats bothPE_bowtie2.sorted.bam > counts 
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Supplementary material S3  List of primers used in this work. Column 3)  reports the 
specific name assigned to putative insect-infecting viruses (Scaphoideus titanus viruses) 
and the generic name assigned to viral sequences presumably integrated into the insect 
genome.  Column 6)  indicates whether each primer couple was used to confirm the 
expression of the identified viruses by RT-PCR (cDNA) or the integration into the insect 
genome as EVE (DNA-EVE) 

Primer name  Primer sequence 
(5'-3')  

Target virus  Produ
ct size  

(bp)  

Anneali
ng T  
(°C) 

Amplificati
on on  

StEU_toti-likef CAGGAACGACACA
CAGAACC 

Scaphoideus 
titanus toti-like 

virus 1 

 

271 

 

65 

 

cDNA 

StEU_toti-liker TCAAACATCACTTG
TACGCCC 

StEU_ifla1f CGCCCTTCGCAAA
AGAACTC 

Scaphoideus 
titanus iflavirus 1 

 

214 

 

64 

 

cDNA 

StEU_ifla1r AGAAGTACCCATAG
TGGCAC 

StUSA_sobemo-
like1_RdRpf 

GTCTGTCAACGGC
GATGAAC 

Scaphoideus 
titanus sobemo-like 

virus 1 

 

405 

 

62 

 

cDNA 

StUSA_sobemo-
like1_RdRpr 

GTGAACACGAGTA
GATCAAG 

StUSA_sobemo-
like1_hypf 

CAGCACCGTCAGG
CATCTC 

Scaphoideus 
titanus sobemo-like 

virus 1 

 

257 

 

64 

 

cDNA 

StUSA_sobemo-
like1_hypr 

GAAGGCACGACAA
GGAAATC 

StUSA_sobemo-
like2_RdRpf 

ACAGTAGTACAACA
GGTCCC 

Scaphoideus 
titanus sobemo-like 

virus 2 

 

424 

 

64 

 

cDNA 

StUSA_sobemo-
like2_RdRpr 

CCTTTCCTATCGCC
AGTGTC 

StUSA_sobemo-
like2_hypf 

GCGAGAGCAGTAA
AATGCAC 

Scaphoideus 
titanus sobemo-like 

virus 2 

 

435 

 

64 

 

cDNA 

StUSA_sobemo-
like2_hypr 

CTTAGTTGGGGGA
ACATCTG 

StUSA_permutof GCCGACACGATGG
ATTGCTC 

Scaphoideus 
titanus 

permutotetra-like 
virus 1 

 

362 

 

68 

 

cDNA 

StUSA_permutor GAACACTTGCCAG
CCTTCTG 
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StUSA_ifla1f GTAGTTAGGGAGC
ATAAGAAG 

Scaphoideus 
titanus iflavirus 1 

 

227 

 

63 

 

cDNA 

StUSA_ifla1r GCAACGCGCACGG
GGACAGG 

StUSA_reo_RdRpf CAATGGCGCAACG
GAAGTG 

Scaphoideus 
titanus reovirus 1 

 

421 

 

64 

 

cDNA 

StUSA_reo_RdRpr CGTCAGGATCAAG
GTCATCA 

StUSA_partiti-
like_RdRpf 

CGGGCTCCAATGA
AGATCCC 

Scaphoideus 
titanus-associated 
partiti-like virus 1 

 

420 

 

68 

 

cDNA 

StUSA_partiti-
like_RdRpr 

CTTTGTCGGGCAC
GAAACGG 

StUSA_bunya-
like_glycof 

GGTGAGGAGTATT
GTCGTAG 

Scaphoideus 
titanus bunya-like 

virus 1 

 

343 

 

64 

 

cDNA 

StUSA_bunya-
like_glycor 

CACTTTTCCATCAT
CCCCTG 

StEU_EVE_monone
ga1f 

CCACTGCTCAATCC
GCTTC 

Mononegavirus 1 361 60 DNA  

(EVE) 

StEU_EVE_monone
ga1r 

GTCTCGCTATTAAA
GTAACC 

StEU_EVE_monone
ga2f 

GGCGAGTGTTACG
GCTGTTG 

 

Mononegavirus 2 

513 62 DNA  

(EVE) 

StEU_EVE_monone
ga2r 

CAGAGAAACGATG
CTGTACTG 

StEU_EVE_monone
ga3f 

AGAGAATGGTGTG
TCTACC 

 

Mononegavirus 3 

 

222 

 

62 

DNA  

(EVE) 

StEU_EVE_monone
ga3r 

CCTAGATCCAACTG
TGTCAGA 

StEU_EVE_reof ATTAGAGCCTTACG
ACGCAG 

 

Reovirus  

 

562 

 

64 

DNA  

(EVE) 

StEU_EVE_reor ATTGACTTTGGGAA
GAACCGC 

StEU_EVE_phlebor AGAACTTCAGATGC
CGT 

 

Phlebovirus 

 

222 

 

60 

DNA  

(EVE) 

StEU_EVE_phlebof TCCTTCACTATCAG
TATGTC 



!����������"#�$
�
��%&� ���	
�
� �

�
�
�

StEU_EVE_toti-
like1f 

GGATTACTACGACA
ACAGCTAC 

 

Toti-like virus 

 

350 

 

65 

DNA  

(EVE) 

StEU_EVE_toti-
like1r 

CGGTGATAGGGAT
GCTAGAC 
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Supplementary material S4  Structures of virus genomes for which complete or near 
complete genome sequences were assembled. Structures of Scaphoideus titanus 
permutotetra-like virus 1 and Scaphoideus titanus toti-like virus 1 are illustrated in Figure 
2. In this figure we specifically illustrated the iflavirus assembled from the St_IT1 library. 
Boxes represent boundaries of ORFs. Conserved domains and families identified by Pfam 
(https://pfam.xfam.org/) are reported within the polyproteins of the two iflaviruses: Waikav: 
Waikavirus capsid protein 1, Rhv: picornavirus capsid protein, CRPV: CRPV capsid 
protein like, 3C: 3C-like cysteine protease, RdRp: RNA-dependent RNA polymerase. List 
of of other abbreviations used in the figure: Hyp prt: hypothetical protein, Capsid prt: capsid 
protein, trypsin Ser protease: trypsin-like serine protease, NS prt: non-structural protein. 
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Supplementary material 5-11 are available at the fol lowing link: 
https://www.mdpi.com/1999-4915/12/3/287#app1-viruse s-12-00287 

Supplementary material S5  Maximum likelihood phylogeny of Scaphoideus titanus 
iflavirus 1 and Scaphoideus titanus iflavirus 2 within the “Iflaviridae-Secoviridae related 
cluster”. Sequence names and codes are those provided by Shi et al. [28]. The scale bar 
indicates the evolutionary distance for amino acid substitutions per site. The newly 
identified viruses are shown in red. 

Supplementary material S6  Maximum likelihood phylogeny of Scaphoideus titanus 
sobemo-like virus 1 and Scaphoideus titanus sobemo-like virus 2 within the “Luteo-
Sobemo” clade. Sequence names and codes are those provided by Shi et al. [28]. The 
scale bar indicates the evolutionary distance for amino acid substitutions per site. The 
newly identified viruses are shown in red. 

Supplementary material S7  Maximum likelihood phylogeny of Scaphoideus titanus 
permutotetra-like virus 1 within the “Permutotetra” clade. Sequence names and codes are 
those provided by Shi et al. [28]. The scale bar indicates the evolutionary distance for 
amino acid substitutions per site. The newly identified virus is shown in red. 

Supplementary material S8 Maximum likelihood phylogeny of Scaphoideus titanus 
bunya-like virus 1 within the “Bunya-Arena” clade. Sequence names and codes are those 
provided by Shi et al. [28]. The scale bar indicates the evolutionary distance for amino acid 
substitutions per site. The newly identified virus is shown in red. 

Supplementary material S9 Maximum likelihood phylogeny of Scaphoideus titanus toti-
like virus 1 within the “Toti-Chryso” clade. Sequence names and codes are those provided 
by Shi et al. [29]. The scale bar indicates the evolutionary distance for amino acid 
substitutions per site. The newly identified virus is shown in red. 

Supplementary material S10 Maximum likelihood phylogeny of Scaphoideus titanus reo-
like virus 1 within the “Reo” clade. Sequence names and codes are those provided by Shi 
et al. [28]. The scale bar indicates the evolutionary distance for amino acid substitutions 
per site. The newly identified virus is shown in red. 

Supplementary material S11 Maximum likelihood phylogeny of Scaphoideus titanus 
associated partiti-like virus 1 within the “Partiti-Picobirna” clade. Sequence names and 
codes are those provided by Shi et al. [28]. The scale bar indicates the evolutionary 
distance for amino acid substitutions per site. The newly identified virus is shown in red. 

Supplementary material S12 Sequences of potential endogenous viral elements (EVEs) 
found in the European RNA-Seq libraries. Each sequence header reports the internal code 
assigned to the sequence, the best blastx hit and the library code the sequence was 
identified from. Binding positions of the primers used in PCR to demonstrate the integration 
into S. titanus genome (see Supplementary material S3) are highlighted in yellow.  
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Chapter 2- Complexity and Local Specificity of the Virome 
Associated with Tospovirus-Transmitting Thrips Species 
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Supplementary materials  

 Supplementary Table 1 . Oligonucleotide sequences of the primers used for specific 
amplification of virus segments through qRT-PCR. 

 
 virus Primer Sequence Organism 

Foadenso1 F CCCTGTGGAGT
CACTTCGTC 

Frankliniella occidentalis 
associated densovirus 1 

Foadenso1 R CACGACGGTAC
TGCCCTATC 

Frankliniella occidentalis 
associated densovirus 1 

Foaflavi1 F GGCTGCGTAGG
ATCTTCTCC 

Frankliniella occidentalis 
associated flavi-like virus 1 

Foaflavi1 R GTCGATCAGTT
GCGCATGAC 

Frankliniella occidentalis 
associated flavi-like virus 1 

Foaifla1 F GGTTACCAACA
AACACGCCC 

Frankliniella occidentalis 
associated iflavirus 1 

Foaifla1 R CCGAGGTTTCG
GATGTGGAA 

Frankliniella occidentalis 
associated iflavirus 1 

Foameso1 F CGTCGACGGCG
TAATCAGTA 

Frankliniella occidentalis 
associated mesonivirus 1 

Foameso1 R GCAGGTGGCTG
AACCAGTAT 

Frankliniella occidentalis 
associated mesonivirus 1 

Foamono1 F CTGTATGACTCC
CATCGGGC 

Frankliniella occidentalis 
associated mononegavirales 
virus 1 

Foamono1 R GCGAACATCTC
AATGGCGAC 

Frankliniella occidentalis 
associated mononegavirales 
virus 1 

Foamono2 F AACGGAGGGTT
ACCGCAAAT 

Frankliniella occidentalis 
associated mononegavirales 
virus 2 

Foamono2 R TCCTGGTTCGA
GGATTCCCT 

Frankliniella occidentalis 
associated mononegavirales 
virus 2 

Foamono3 F GGCAGCTGACA
CTCCATTCT 

Frankliniella occidentalis 
associated mononegavirales 
virus 3 
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Foamono3 R CCGCCCTTCTA
AGCAAGTCA 

Frankliniella occidentalis 
associated mononegavirales 
virus 3 

Foanairo1 F CGAGGACTCTG
GACAGTTGG 

Frankliniella occidentalis 
associated nairo-like virus 1 

Foanairo1 R CCAAGGTCAGT
GAAGTGCCA 

Frankliniella occidentalis 
associated nairo-like virus 1 

Foanarna1_RNA1 F ATCACGTGAGTT
GGGACGAC 

Frankliniella occidentalis 
associated narna-like virus 1 
RNA1 

Foanarna1_RNA1 R GATGCACCAAA
CCCGTAGGA 

Frankliniella occidentalis 
associated narna-like virus 1 
RNA1 

Foanegev1 F TATTCAGTTGGG
GACGGCAC 

Frankliniella occidentalis 
associated negev-like virus 1 

Foanegev1 R CGTCGCGAGTC
TTATCGGAA 

Frankliniella occidentalis 
associated negev-like virus 1 

Foanegev2 F CTGCAGCATGC
TTTGGTTGT 

Frankliniella occidentalis 
associated negev-like virus 2 

Foanegev2 R TACTACCAGCC
GCACAGTTG 

Frankliniella occidentalis 
associated negev-like virus 2 

Foanegev3 F CATGGGCAACT
TGCGAACAA 

Frankliniella occidentalis 
associated negev-like virus 3 

Foanegev3 R CAATATCCCGC
GCATCCTCT 

Frankliniella occidentalis 
associated negev-like virus 3 

Foaperi2_Seg1 F TGGAAAGAACC
GTGCAAAGC 

Frankliniella occidentalis 
associated peribunyavirus-
like virus 2 segm1 

Foaperi2_Seg2 R ACGGTGTTGAG
CTTCCTAGC 

Frankliniella occidentalis 
associated peribunyavirus-
like virus 2 segm1 

Foaperi2_Seg2 F TGCCACTCATTT
GCAGACCT 

Frankliniella occidentalis 
associated peribunyavirus-
like virus 2 segm2 

Foaperi2_Seg2 R CAACATCAGGC
AGACTGGGT 

Frankliniella occidentalis 
associated peribunyavirus-
like virus 2 segm2 

Foaqin1_RNA1 F ACGCAGGGAAT
TGTCCATGT 

Frankliniella occidentalis 
associated qin-like virus1 
RNA1 

Foaqin1_RNA1 R GAACCACACCC
TGTCTCCAG 

Frankliniella occidentalis 
associated qin-like virus1 
RNA1 

Foaqin1_RNA2 F CCAGGCAGAGC
GTCCATTAT 

Frankliniella occidentalis 
associated qin-like virus1 
RNA2 

Foaqin1_RNA2 R ACTCAGGCCCA
GACGATACT 

Frankliniella occidentalis 
associated qin-like virus1 
RNA2 

Foasobemo1_RNA1 F GACACGCTTCA
GAGGTTGGA 

Frankliniella occidentalis 
associated sobemo-like virus 
1 RNA1 

Foasobemo1_RNA1 R TCTGTGAACTCA
TGCCCGAC 

Frankliniella occidentalis 
associated sobemo-like virus 
1 RNA1 
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Foasobemo1_RNA2 F TGGCACCCATT
CCTCAATCC 

Frankliniella occidentalis 
associated sobemo-like virus 
1 RNA2 

Foasobemo1_RNA2 R TCCGAAAGAGT
GCCTTGCAT 

Frankliniella occidentalis 
associated sobemo-like virus 
1 RNA2 

Imsobemo2_RNA1 F CCAGGAGTCAA
CTCGCCTTT 

Insect metagenomics 
sobemo-like virus 2 RNA1 

Imsobemo2_RNA1 R ATGCTCCTGTGT
TTAGGGGC 

Insect metagenomics 
sobemo-like virus 2 RNA1 

Imsobemo2_RNA2 F TCAATGTCACCC
TTCGGTGG 

Insect metagenomics 
sobemo-like virus 2 RNA2 

Imsobemo2_RNA2 R CCAGAGTCCCA
AGAACCGTC 

Insect metagenomics 
sobemo-like virus 2 RNA2 

Foavirga1_RNA1 F TGGTACAACGG
GTTCACGAG 

Frankliniella occidentalis 
associated virga-like virus 1 
RNA1 

Foavirga1_RNA2 R AGCAGGCAGGT
TTAGTCGTC 

Frankliniella occidentalis 
associated virga-like virus 1 
RNA2 

Foavirga1_RNA1 F TCGCCCATGGT
CAGACAAAA 

Frankliniella occidentalis 
associated virga-like virus 1 
RNA1 

Foavirga1_RNA2 R ACTCCCTCACC
GATAACCGA 

Frankliniella occidentalis 
associated virga-like virus 1 
RNA2 

Foavirga2 F AAGAGCCAAAT
CCGCGTACA 

Frankliniella occidentalis 
associated virga-like virus 2 

Foavirga2 R CAGAGTCAGGT
GCAGAAGGG 

Frankliniella occidentalis 
associated virga-like virus 2 

Ttabunya4 F GCACTATGTCA
CCAACTGCT 

Thrips tabaci associated 
bunya-like virus 1 

Ttabunya4 R TGGCTTCAGAAT
CGTTGTCTCT 

Thrips tabaci associated 
bunya-like virus 1 

Ttabunya1_RNA1 F GGAAGTGAGAC
ACGGCTTGA 

Thrips tabaci associated 
bunyavirales 1 RNA1 

Ttabunya1_RNA1 R TGAGAGGGATC
CTCCCCTTG 

Thrips tabaci associated 
bunyavirales 1 RNA1 

Ttabunya1_RNA2 F AGCTGGGCTTT
GTAGGTTCC 

Thrips tabaci associated 
bunyavirales 1 RNA2 

Ttabunya1_RNA2 R ACGGCGATCCA
GGAGATAGT 

Thrips tabaci associated 
bunyavirales 1 RNA2 

Ttabunya2 F CCTGGACCAGT
TAGTGCTGC 

Thrips tabaci associated 
bunya-like virus 2 

Ttabunya2 R TCCCTCATTCCA
CCCCATTG 

Thrips tabaci associated 
bunya-like virus 2 

Ttabunya3 F CACGCAGGATC
CCAACTTCT 

Thrips tabaci associated 
bunya-like virus 3 

Ttabunya3 R GCTTGTGCATC
ATCACTGTGT 

Thrips tabaci associated 
bunya-like virus 3 

Ttadima1 F AGCTCTTCACTC
TTCCGCAC 

Thrips tabaci associated 
dimarhabdovirus 1 

Ttadima1 R GCCTACAGGTC
AGCAACCTT 

Thrips tabaci associated 
dimarhabdovirus 1 
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Ttads1 F TAAGGGCATGA
TGGCTGCAA 

Thrips tabaci associated 
dsRNA virus 1 

Ttads1 R CCAACAGGCTT
AGGGAGCAA 

Thrips tabaci associated 
dsRNA virus 1 

Ttads2 F CCTTCCATCTG
GGCAACAGT 

Thrips tabaci associated 
dsRNA virus 2 

Ttads2 R GCAAGCTTCATT
CGCCGTAG 

Thrips tabaci associated 
dsRNA virus 2 

Ttajing1_RNA1 F ATTTCCGCTGTT
GGTCGAGT 

Thrips tabaci associated 
jingmen-like virus 1 RNA1 

Ttajing1_RNA1 R TCCGTGAGGTT
GAGTTCTGC 

Thrips tabaci associated 
jingmen-like virus 1 RNA1 

Ttajing1_RNA2 F CGATGCTATGC
ATTCTGCCG 

Thrips tabaci associated 
jingmen-like virus 1 RNA2 

Ttajing1_RNA2 R CGTAGTCCTTG
GCTGCAAGA 

Thrips tabaci associated 
jingmen-like virus 1 RNA2 

Ttaluteo1_RNA1 F TGGTCCTTGGTT
TTGGGCTT 

Thrips tabaci associated 
luteo-like virus 1 RNA1 

Ttaluteo1_RNA1 R GATGTGCAGCA
AACAACCGT 

Thrips tabaci associated 
luteo-like virus 1 RNA1  

Ttaluteo1_RNA2 F CCGCTCAAAGG
GCTTACAGA 

Thrips tabaci associated 
luteo-like virus 1 RNA2 

Ttaluteo1_RNA2 R ATGACCCTCTC
CCGACTTGA 

Thrips tabaci associated 
luteo-like virus 1 RNA2 

Ttameso1 F AGTAGGTAGTC
CGAAGGCGT 

Thrips tabaci associated 
mesonivirus 1 

Ttameso1 R CAAGGCATTGT
CGTACTGCG 

Thrips tabaci associated 
mesonivirus 1 

Ttamito1 F ATTGGATGCAG
TGTGAACGC 

Thrips tabaci associated 
mitovirus 1 

Ttamito1 R AGTGAGTTGTTC
AGAGTGAGC 

Thrips tabaci associated 
mitovirus 1 

Ttamito2 F AAAGGGTGCTC
GTTTGGAGG 

Thrips tabaci associated 
mitovirus 2 

Ttamito2 R GTGACTTCATAG
CCTGCCGT 

Thrips tabaci associated 
mitovirus 2 

Ttamito3 F GATTTGAAAGGT
TGTCCCGCT 

Thrips tabaci associated 
mitovirus 3 

Ttamito3 R TGTTACACAACT
TCGGGATGC 

Thrips tabaci associated 
mitovirus 3 

Ttanarna1 F AAGACCGATCA
AGCATGGCA 

Thrips tabaci associated 
narna-like virus 1 

Ttanarna1 R GTGGCCTCCTT
CAAATCCGA 

Thrips tabaci associated 
narna-like virus 1 

Ttanarna2 F AATCCTTGCTCC
GCCATCAA 

Thrips tabaci associated 
narna like virus 2 

Ttanarna2 R TTCGCGTTACCT
TCTCCGAC 

Thrips tabaci associated 
narna like virus 2 

Ttaortho1_RNA1 F TTCACGCGGAT
GTGTTCTCA 

Thrips tabaci associated 
orthomyxo-like virus 1 RNA1 

Ttaortho1_RNA1 R TGCCAGTCAAC
TTGGAGCAT 

Thrips tabaci associated 
orthomyxo-like virus 1 RNA1 

Ttaortho1_RNA2 F TGGAATCGGAC
CTGGGAGAT 

Thrips tabaci associated 
orthomyxo-like virus 1 RNA2 
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Ttaortho1_RNA2 R GCCTTGAGGTT
TCTGAGCCT 

Thrips tabaci associated 
orthomyxo-like virus 1 RNA2 

Ttaortho1_RNA3 F CGCCAAAATAG
CTCCACACG 

Thrips tabaci associated 
orthomyxo-like virus 1 RNA3 

Ttaortho1_RNA3 R TCCTCGGAGGT
GCAACAATC 

Thrips tabaci associated 
orthomyxo-like virus 1 RNA3 

Ttapico1 F TGTTATCTTTGC
AGCGGGGT 

Thrips tabaci associated 
picorna-like virus 1 

Ttapico1 R CAGGTCGAACC
AGACGTCAA 

Thrips tabaci associated 
picorna-like virus 1 

Ttatombus2_RNA1 F GGTGTGAGGGT
CTTGGATGG 

Thrips tabaci associated 
tombusbipa-like virus 1 
RNA1 

Ttatombus2_RNA1 R ACCGTAACGTG
CTCAGAAGG 

Thrips tabaci associated 
tombusbipa-like virus 1 
RNA1 

Ttatombus2_RNA2 F CCATACTCGTG
CCTACCACC 

Thrips tabaci associated 
tombusbipa-like virus 1 
RNA2 

Ttatombus2_RNA2 R GTGCAAACTGC
TGTGAAGGG 

Thrips tabaci associated 
tombusbipa-like virus 1 
RNA2 

Ttavirga1_RNA1 F TGCTATGCAAG
AGGTGGTGG 

Thrips tabaci associated 
virga like virus 1 RNA1 

Ttavirga1_RNA1 R AGTTGTGCCGT
AACCCTCTG 

Thrips tabaci associated 
virga like virus 1 RNA1 

Ttavirga1_RNA2 F CACTCCGATGT
GACAGGCTT 

Thrips tabaci associated 
virga like virus 1 RNA2 

Ttavirga1_RNA2 R AAATGCACAGC
TGCTTTGGG 

Thrips tabaci associated 
virga like virus 1 RNA2 

Ttavirga2 F CGTCGTCCCAG
ACAGATACG 

Thrips tabaci associated 
virga like virus 2 

Ttavirga2 R AAAGGTCAGTT
GCTCGGAGG 

Thrips tabaci associated 
virga like virus 2 

Ttayue1_RNA1 F CGCGGGAATAG
CTGAGTCTT 

Thrips tabaci associated 
yue-like virus 1 RNA1 

Ttayue1_RNA1 R AGGCTGGTACG
GATCCTCTT 

Thrips tabaci associated 
yue-like virus 1 RNA1 

Ttareo1_RNA1 F TTGGTATGCCTC
CCTCGGTA 

Thrips tabaci associated 
reovirus 1 RNA1 

Ttareo1_RNA1 R CTCAGTTGGCG
TGAGCCTTA 

Thrips tabaci associated 
reovirus 1 RNA1 

Ttareo1_RNA2 F CCAACTGCCTT
CTCAAACGC 

Thrips tabaci associated 
reovirus 1 RNA2 

Ttareo1_RNA2 R ATAGTCCACCC
AAATGGCGG 

Thrips tabaci associated 
reovirus 1 RNA2 

Ttareo1_RNA3 F CGGTTTCAAAAC
ACCGCACT 

Thrips tabaci associated 
reovirus 1 RNA3 

Ttareo1_RNA3 R CAGCGGTAATG
AATCGGGGA 

Thrips tabaci associated 
reovirus 1 RNA3 

Ttareo1_RNA4 F CACCCCTCGAA
GTCCTTGAC 

Thrips tabaci associated 
reovirus 1 RNA4 

Ttareo1_RNA4 R TGAGACCTCAC
GTTTCACCG 

Thrips tabaci associated 
reovirus 1 RNA4 
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Ttareo1_RNA5 F TCGTTCAATGAC
CCTCCACG 

Thrips tabaci associated 
reovirus 1 RNA5 

Ttareo1_RNA5 R AACGCTCAACA
CATCGTTGC 

Thrips tabaci associated 
reovirus 1 RNA5 

Ttayue1_RNA2 F TCCTTCGACAG
GCCATTCAC 

Thrips tabaci associated 
yue-like virus 1 RNA2 

Ttayue1_RNA2 R TCCTGCAGGTG
CATTGCTAA 

Thrips tabaci associated 
yue-like virus 1 RNA2 

Ttaortho1_RNA4 F GCATGCAGTGA
AACCTAGCG 

Thrips tabaci associated 
orthomyxo-like virus 1 RNA4 

Ttaortho1_RNA4 R AAGCCCAACGT
CGCTAATGA 

Thrips tabaci associated 
orthomyxo-like virus 1 RNA4 

Foanarna1_RNA2 F CCCCGACGATC
CACACTATG 

Frankliniella occidentalis 
associated narna-like virus 1 
RNA2 

Foanarna1_RNA2 R AACAGTCTGGC
GTTCTAGCC 

Frankliniella occidentalis 
associated narna-like virus 1 
RNA2 

Ttatombus1 F TTCACTGAAAG
GGGACGACG 

Thrips tabaci associated 
tombus-like virus 1 

Ttatombus1 R CGCGGCTAGTT
AGTGGGTAG 

Thrips tabaci associated 
tombus-like virus 1  
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Supplementary materials 

S1 Presence and loads of Euscelidius variegatus virus 1 (EVV1) in different insect life 
stages of the virus infected EvaTo rearing and corresponding mean transcript levels of 
insect glyceraldehyde-3-phosphate dehydrogenase (GAPDH). All samples were 
amplifiable. 

 

S2 Presence and loads of Euscelidius variegatus virus 1 (EVV1) in different insect 
organs of the virus infected EvaTo population and corresponding mean transcript levels 
of insect glyceraldehyde-3-phosphate dehydrogenase (GAPDH). All samples were 
amplifiable.
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S3 Presence and loads of Euscelidius variegatus virus 1 (EVV1) following injection into 
the EVV1 free EvaBx population. Mean quantification cycles (Cq) obtained from insect 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) qPCR assay confirmed that all 
samples were amplifiable. 
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Abstract 

Insect viruses causing persistent and silent infection in the host are 
extremely common in nature, and have a great potential in the context of 
integrated pest management. Euscelidius variegatus virus 1 (EVV1) was 
first detected in the polivoltine leafhopper Euscelidius variegatus 
Kirschbaum (Cicadellidae: Deltocephalinae) from a laboratory colony in 
Turin (CNR-IPSP), hereafter referred as EvaTO. In a previous work, EVV1 
transmission routes and localization within the natural host population 
were characterized, and the virus ability to establish latent infections in E. 
variegatus was described. Euscelidius variegatus and the herbaceous 
Vicia faba are commonly used to maintain the FDp infection cycle under 
laboratory conditions. Thus, in this study we explored the effects of EVV1 
infection on insect-host fitness parameters and its possible interference 
with FDp transmission. Three E. variegatus vector groups were analyzed:  
EvaBX (EVV1 free); EvaVI (EvaBX artificially infected with EVV1) and 
EvaTO (EVV1 naturally infected). Moreover, to evaluate the viral effects 
on phytoplasma transmission capability, insects of the three groups were 
fed on FDp-infected source plants and, upon completion of the latency 
period, allowed to singly inoculate healthy broad beans. For each 
population, acquisition and transmission efficiencies were evaluated, and 
FDp and EVV1 loads were measured in both FDp exposed and 
unexposed E. variegatus groups. Furthermore, the ability of EVV1 to 
infect Scaphoideus titanus Ball, the main FDp-vector, was investigated in 
order to explore EVV1 host range. Infection with EVV1 affected fitness 
parameters of E. variegatus in opposite directions, as it increased 
longevity, but it also decreased nymphal development success and 
fecundity. Finally, EVV1 infection was detected in 91% of tested S. titanus 
adults, resulting in no differences in terms of survival rate between EVV1 
exposed and mock injected adults. 

1. Introduction 

Phytoplasmas are wall-less bacteria of the Mollicutes class, that cause 

plant disease and yield losses in many crops worldwide. Phytoplasmas 

are transmitted in a persistent manner by phloem-feeding hemipterans 

and colonize plant phloem tissues (Marcone, 2014). In insects, ingested 
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phytoplasmas cross the gut, multiply in the hemocoel, and colonize the 

salivary glands before being transmitted to a new plant through feeding 

(Maejima et al., 2014).  

Flavescence dorée (FD) is a severe grapevine disease caused by a 

phytoplasma, mainly transmitted under field conditions by the hemipteran 

leafhopper Scaphoideus titanus Ball (Schvester et al., 1963). The 

phytoplasma (FDp) is classified as a plant quarantine pathogen in the 

European Union and is one of the major threats to southern European 

viticulture (Chuche & Thiéry, 2014; EFSA, 2020). So far, control of FD 

mainly depends on the use of healthy propagation material, roguing of 

infected plants and massive insecticide treatments against the vector 

(Bosco & Mori, 2013). Current measures are expensive, have off-target 

side effects on both other insects and human health, and are ineffective 

or not effective enough, as FDp is still expanding its distribution area 

(Jarausch et al., 2021).  

The need for new, innovative and environmentally friendly bio control 

agents (BCAs), is becoming constantly more urgent. The most 

sustainable strategy to minimize damages due to insect vectors is the use 

of vector’s natural enemies such as viral BCAs. Indeed, populations of 

many arthropods are already naturally affected by entomopathogens 

(Gangwar et al., 2017; Steinkraus, 2007; Entwistle and Evans,1985) 

causing epizootics through density-dependent dynamics. Moreover, due 

to their high species-specificity, viruses are valid alternatives to chemical 

pesticides without adverse impact on the environment and human health 

(Kalha et al., 2014). Decades ago, Baculovirus were launched on the 

market to fight Lepidoptera/Hymenoptera infestations (Black et al.,1997; 

Vlak & Hong, 1997; Bonning et al., 1996). Baculoviruses can be used as 

BCAs for insect of Lepidoptera, Diptera and Coleoptera orders and, 

despite the enormous effort in classifying insect virome (Harrison et al., 

2018), Baculovirus host range was never broadened to other orders.  

Viral BCAs are usually equated with conventional pesticides, thus 
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evaluated on the basis of the same criteria (specificity, oral-infectivity, 

pathogenicity, production efficiency and stability in the environment). 

However, due to the complex relationship of viruses with their hosts, virus-

based biocontrol strategies can be more versatile than conventional 

chemical insecticides (Wagemans et al., 2022). Insect viruses causing 

persistent and silent infection in the host are extremely common in nature, 

and have a great potential in the context of integrated pest management. 

This is the case of nuclear polyhedrosis virus in Helicoverpa armigera 

(Qayyum et al., 2014) and of Spodoptera exigua iflavirus 1 in S. exigua 

(Jakubowska et al., 2016), which enhance insect susceptibility to Bacillus 

thuringensis and Spodoptera exigua multicapsid 

nucleopolyhedrovirus, respectively. Moreover, long-term effects of insect 

viruses lacking a clear symptomatology could consist in alteration of 

fitness parameter regulation (An et al., 2022), or even plant pathogen 

transmission modulation.  

S. titanus virosphere was previously explored through NGS analysis 

(Ottati et al. 2020a) and their potential to be used as VIGS vectors still 

needs to be explored. However, Vitis vinifera and S. titanus do not 

represent an ideal experimental organism for laboratory tests, as 

grapevine is a perennial woody plant, and the leafhopper is a monovoltine 

species that feeds specifically on grapevine. Thus, the polyvoltine 

leafhopper Euscelidius variegatus Kirschbaum (Cicadellidae: 

Deltocephalinae) and the herbaceous host Vicia faba are commonly used 

to managing the FDp infection cycle under laboratory conditions 

(Caudwell et al., 1972).  Moreover, E. variegatus virome was explored and 

two Iflavirus species were identified. Euscelidius variegatus virus 1 

(EVV1, Abbà et al. 2017, GenBank accession NC_0322087) was firstly 

detected in E. variegatus from a laboratory colony in Torino (CNR-IPSP), 

hereafter referred as EvaTO. A second iflavirus was further identified 

(unpublished data) and tentatively named Euscelidius variegatus virus 2 

(EVV2). Both iflaviruses have 100% prevalence in EvaTO insects.  
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Another population of E. variegatus (EvaBX), was found to be EVV1 free 

(Ottati et al., 2020b), while infected with EVV2. Interestingly, even in 

EvaBX the prevalence of EVV2 was 100% (unpublished data). The 

sequence identity at the amino acid level of the capsid proteins between 

the two EVV2 isolates (from EvaTO and from EvaBX) was above 97.0%, 

and thus they can be considered as the same species (King et al., 2011). 

In a previous work, EVV1 transmission routes and localization within the 

natural host population were characterized, and the virus ability to 

establish latent infections in EvaBX with higher or similar viral load as in 

EvaTO population was described (Ottati et al., 2020b).    

In this study, we explored the effects of EVV1 infection on insect-host 

fitness parameters and its ability to interfere with FDp transmission. Three 

vector groups were analyzed:  EvaBX (EVV1 free); EvaVI (EvaBX 

artificially infected with EVV1) and EvaTO (EVV1 naturally infected). 

Moreover, to evaluate the viral effects on phytoplasma transmission 

capability, insects of the three groups were fed on to FDp-infected source 

plants and, upon completion of the latency period, allowed to singly 

inoculate healthy broad beans. For each population, acquisition and 

transmission efficiencies were evaluated, and FDp and EVV1 loads were 

measured in both FDp exposed and unexposed E. variegatus groups. 

Furthermore, the ability of EVV1 to infect S. titanus was investigate in 

order to explore the virus host range. 

2. Materials and Methods 

2.1 Leafhopper Rearing.  

Euscelidius variegatus Torino colony (EvaTO) was originally collected in 

Piedmont, Italy, and reared on oats (Avena sativa L.) in plastic and nylon 

cages in growth chambers with a light cycle of 20-25 ° C, L16: D8. The 

French colony of E. variegatus (EvaBX) was kindly provided by Dr. Xavier 

Foissac (INRA, UMR1332 Biologie du Fruit et Pathologie, Bordeaux, 
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France) and it was maintained at the Institute of Sustainable Plant 

Protection (Turin, Italy) under the same conditions.   

Scaphoideus titanus colony was also reared in the same greenhouse 

conditions described above, starting from eggs, as described in Ripamonti 

et al. (2021). Dormant wood with eggs were collected in winter in 

vineyards of the Piedmont Region with a high density of S. titanus adults. 

2.2 Establishment of a EVV1 infected colony with the genetic background 

of EvaBX.  

To assess the impact of a virus, it is important to minimize genetic 

background differences of its hosts. To overcome the genetic differences 

between the naturally virus-infected (EvaTO) and virus-free populations 

(EvaBX), a third E. variegatus population was established through 

abdominal microinjection (Cell Tram Oil microinjector, Eppendorf) of 

EvaTO micro-filtered (0.22um filter) crude extract into newly emerged 

adults of EvaBX. This artificially virus-infected population (EvaVI) was 

tested for viral presence and load at successive generations. Given that 

E. variegatus adults of F2 and F3 generations present high and stable 

EVV1 load (Ottati et al., 2020b), only individuals from those two 

generations were tested for fitness parameters. Individual leafhoppers 

from the three populations were routinely tested for the presence 

of EVV1 by PCR as described in Ottati et al. (2020b).  

2.3 Effects of EVV1 infection on life history traits of insect host: 

preimaginal development duration, nymphal development success 

and realized fecundity.   

To measure the impact of virus infection on host fitness parameters, it is 

important to minimize environmental discrepancies between insect 

rearings (i.e. environmental conditions, population density, resource 

availability). The same number third/fourth stage nymphs (approx. 100 

individuals) were collected from each colony (i.e., EvaTO, EvaBX, EvaVI) 



!����������"#�$
�

%&� ������������
� �

���
�

and placed in separate cages with fresh oat plants (10 days from sowing) 

per cage. All cages were kept in the same growth chamber (F0 

generation). Euscelidius variegatus individuals were maintained in their 

same cage until they reached sexual maturity, i.e. 7 days after adult stage 

emergence, then adults were moved on fresh oat plants for a 10–day 

oviposition step. After the oviposition step, oat plants with eggs were 

moved to new separate cages to start the F1 generation for each E. 

variegatus population, while F0 insects were taken and tested for EVV1 

presence. Due to logistical constraints, life history parameters were 

analyzed on F1 generations from EvaBX and EvaTO and F2-F3 

generations from EvaVI. Newly emerged adults of subsequent 

generations were moved to new cages with fresh oat plants for 7 days to 

complete their sexual maturity and mate; then, four groups of ten females 

from each E. variegatus population were separately caged on one pot with 

fresh oat plants enclosed in a plastic cylinder (30cm tall with a 10cm 

diameter) for a 72-h oviposition step (Figure 1). To assess the effect of 

aging on the fecundity, the 72-h oviposition step was repeated regularly 

—every 10 days— for three successive times and in different cylinders; 

each time, at the end oviposition step, adult females were counted and 

placed back into the cage of origin waiting for the next oviposition round 

(hereafter referred as oviposition I, II and III). Oviposition cylinders were 

checked regularly for nymphal emergence of the subsequent generation. 

When nymphs of the progeny were about to reach the 3rd instar, cylinders 

were disassembled to allow nymphal counting and, for each population, 

individuals from the same oviposition step were moved to a new plastic 

cage with fresh oat plants. Nymphal development was monitored three-

times per week until adult stage emergence, when the duration of nymphal 

development was recorded. Adult insects were counted, collected in 3-

day cohorts (i.e. including all adults emerged within a timespan of three 

days from the previous control) and moved to a new plastic cylinder on a 

pot with fresh oats to start the adult longevity trial. For each cohort, the 
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duration of nymphal development was set from the second day of 

oviposition to the second day of the cohort collection for the adult longevity 

trial. Cylindrical cages of the adult longevity trial were checked every two 

days for adult mortality. The adult cohorts were transferred to new oats 

every 3 weeks to avoid counting newly-emerged progeny in the same 

cylinder.   

Reproductive success of E. variegatus females from the experimental 

populations was assessed by a measure of realized fecundity, expressed 

as the average number of nymphs produced by each oviposing female 

per day of oviposition (Realized fecundity = no. of counted nymphs / no. 

of females ovipositing / no. of days of oviposition). Development traits of 

E. variegatus nymphs were assessed by measures of i) nymphal 

development success, expressed as the percentage of nymphal progeny 

that emerged as adult stage; ii) preimaginal development duration (days 

from oviposition to adult emergence), expressed as the numbers of days 

from the second day of oviposition trial to the second day of the adult 

cohort collection. Adult longevity (from adult emergence to death) was 

expressed as the number of days from the second day of the adult cohort 

to the day when the death of the individual was assessed.  
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Figure 1 Fecundity and longevity test schematic representation. The tests were performed for each population (EvaTO, EvaBX 
and EvaVI). For each population, realized fecundity was measured for four groups of 10 females. The fecundity test was 
repeated every 10 days –over a period of 30 days-- with the same oviposing female.�
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2.4 Effect of EVV1 infection on FDp transmission. 

Insects tested for FDp transmission parameters were taken, as fourth and 

fifth instar nymphs, from their respective rearings for EvaTO and EvaBX, 

and from F1 and F2 rearings for EvaVI, and transferred to nylon and 

plastic cages containing broad bean plants (Vicia faba) infected with 

Flavescence dorée phytoplasma (FDp) for the acquisition phase. Infected 

plants were previously tested for FDp load in order to guarantee similar 

pathogen loads in the source plants of each insect population. Plants with 

FDp loads ranging between 10E03 and 50E02 FDp GU/ng plant DNA 

were selected. Euscelidius variegatus nymphs (30 EvaBX, 60 EvaTO and 

60 EvaVI) were allowed to feed on FD-infected plants for 10 days. Three 

weeks of latency followed, during which the insects were reared on fresh 

oat plants (immune to FD). At the end of the latency, each leafhopper was 

individually moved to a new cylinder with a healthy broad bean plant to 

inoculate the phytoplasma for a week. Negative control insects were 

exposed to healty plants. The entire transmission test was repeated three 

times across 2019 and 2021 (Figure 2). 
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Figure 2 Schematic representation of FDp transmission test performed for each population (EvaTO, EvaBX and EvaVI). The entire 
empirical experiment was repeated three times across 2019 and 2021. 
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2.5 EVV1 infection of Scaphoideus titanus. 

To determine whether EVV1 is able to infect S. titanus, virus free insect 

adults were injected with a fresh extract of EvaTO individuals. The fresh 

extract containing the virus was prepared by crushing 30 EvaTO adults in 

900 � l of cold filter-sterilized injection buffer (300 mM glycine, 30 mM 

MgCl2, pH 8.0 (Bressan et al., 2006)). The extract was clarified by slow 

centrifugation (10 min, 800 g), and filtered through 0.22 � m sterile filters 

(Starlab, Hamburg, Germany). All extraction steps were done at 4°C. 

Newly emerged S. titanus adults were CO2 anaesthetized and injected 

with 0.5 � l of virus containing solution between two abdominal segments 

under a stereomicroscope with a Cell Tram Oil microinjector (Eppendorf). 

In order to measure potential cytopathic effects, a group of S. titanus 

insects was injected with injection buffer only. Injected insects were 

isolated on fresh grapevine plants and sampled at 0-day and at 10 post 

injection (dpi).  

2.6 Nucleic acid extraction, cDNA synthesis, qPCR assays and 

statistical analysis.  

DNA.  Vicia faba leaf samples (1 g) were placed in extraction bags 

(Bioreba, Reinach, Switzerland) with 3% CTAB diluted 1:10 (m/v), 

homogenized manually and processed for DNA extraction according to 

Pelletier et al. (2009).  

RNA. In order to quantify EVV1 viral load, insects (E. variegatus and S. 

titanus) were treated for RNA extraction using Direct-zol RNA MiniPrep kit 

(Zymo Research) according to the manufacturer’s protocol including the 

DNAse step.  

DNA and RNA from the same individual. To measure both EVV1 and 

phytoplasma loads, insects went through a parallel RNA and DNA 

extraction protocol, so that both FDp (DNA-based genome) and EVV1 

(RNA-based genome) loads could be measured on the same sample. 
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Single Euscelidius variegatus adults were firstly frozen in liquid nitrogen, 

then homogenized with a pestle in 120 µl of 3% CTAB (CTAB 3%, NaCl 

1.4 M, EDTA 20 mM, Tris / HCl 100 mM pH 8). Seventy µl of the sample 

were used for RNA extraction using Direct-zol RNA MiniPrep kit (Zymo 

Research) according to the manufacturer's protocol including the DNAse 

step. The remaining 50 µl were processed for DNA extraction according 

to Pelletier et al. (2009) protocol.  

2.7 EVV1 quantification. 

For each sample, cDNA was synthesized from total RNA (0.5 µg) using a 

high-capacity cDNA reverse transcription kit (Applied Biosystems) 

containing random hexamer. S. titanus samples were firstly tested for 

EVV1 presence using the primer couple ifla4R and Ifla4F (Table 1) and 

the following thermal protocol: 95 °C for 2 min, followed by 30 cycles of 

95 °C for 10 s and 55 °C for 30 s and 75°C for 30 s, then EVV1 in positive 

samples was further quantified by qRT-PCR.  The multiplex qPCR assay 

described in Ottati et al. (2020) was used to detect and quantify virus 

presence in E. variegatus and S. titanus adults. To detect EVV1, primers 

and FAM-labelled TaqMan probe were designed on the virus capsid 1 

coding sequence (EVV1Cap1Fw, EVV1Cap1Rv and EVV1Cap1Probe) 

(Table1). To check that all cDNA samples were properly amplifiable, for 

both E. variegatus and S. titanus samples, glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) transcript was chosen, according to Ottati et al. 

(2020), as endogenous control (E. variegatus: GapFw632/GapRv819 and 

GapEvProbe; S. titanus: St_GAPFw632/St_GapRv819 and GapStProbe. 

Primers are described in Table 1). The thermal protocol was the following: 

95 °C for 3 m, followed by 40 cycles of 95 °C for 10 s and 60 °C for 30 s. 

One � L of cDNA was used as template in a reaction mix of 10 � L total 

volume, containing 1X iTaq Universal Probes Supermix (Bio-Rad), 300 

nM of each of the four primers and 200 nM of each of the two TaqMan 

probes. Each sample was run in triplicate in a CFX Connect Real-Time 
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PCR Detection System (Bio-Rad). Two standard curves were constructed 

for quantification: i) four serial dilutions of a plasmid (10E08, 10E06, 

10E04, 10E02 copy numbers of plasmid / µl) containing the target 

sequence of the EVV1Cap1 gene; ii) four serial dilutions of a plasmid 

(10E08, 10E06, 10E04, 10E02 copy numbers of plasmid / µl) containing 

the target sequence of the GAPDH; Standard conditions were used for 

qPCR assay and detailed in Table 1. Moreover, samples with a GAPDH 

Cq mean above 22.5, were considered as poor quality transcript, thus 

excluded from EVV1 load analysis (nq in Supplementary table 1). Mean 

virus copy numbers were used to express virus amount as EVV1 copy 

numbers/insect GAPDH transcript. 

2.8 FDp quantification 

FDp positive insects were first selected trough qPCR with the primer pairs 

designed on the map gene of the phytoplasma isolates belonging to 

16SrV-C, -D and -E subgroups (mapFD-F and mapFD-R; Pelletier et al., 

2009). For the diagnostic screening, samples were analysed in duplicate, 

using 1 ng of insect DNA as template, with the iQ ™ SYBR® reaction mix 

Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA) and the 

mapFD-F/R primers at a concentration of 300 nM in a final volume of 10 

µl with the following thermal protocol: 95 °C for 30 s, followed by 45 cycles 

of 95 °C for 10 s and 60 °C for 5 s. Samples with at least one positive 

replicate were considered as FDp positive, and further subjected to FDp 

quantification. Absolute FDp quantification was performed by qPCR with 

the primer pair FdSecyFw/Rv (FdSecyFw and FdSecyRv; Roggia et al., 

2014) following the thermal protocol: 95 °C for 5 m, followed by 45 cycles 

of 95 °C for 15 s and 65 °C for 1 m. The endogenous control gene was 

amplified with the primers Vitis18SF1/ R1, able to detect the homologous 

ribosomal gene also from V. faba, or Mq18S Fw /Rv for E. variegatus 

(Marzachì and Bosco, 2005), according to the host species. FDp load was 

expressed as number of phytoplasma cells/ng of host DNA. Three 
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standard curves were constructed for quantification: i) four serial dilutions 

of p26SecYFD plasmid containing the target sequence of the FDp partial 

SecY gene (10E08, 10E06, 10E04, 10E02 genome units of FDp / µl); ii) 

four dilutions of the total DNA extracted from healthy plants (1, 0.1, 0.001, 

0.0001 ng/µl); iii) four serial dilution of DNA extracted from healthy insects 

(1, 0.1, 0.001, 0.0001 ng/µl).   

The DNA samples were diluted in water at final concentration of 1 ng /µl 

and analysed in triplicate;1 µl was used as template for real time PCR 

analysis with the iQ ™ SYBR® reaction mix Green Supermix and the 

specific primers at a concentration of 300 nM in a final volume of 10 µl. 

Since diagnostic primers (mapFD-F/R) are more sensitive than FDp SecY 

primers, samples that resulted positive in the first screening but below the 

quantification threshold with FdSecyFw/Rv were considered as positive 

but unquantifiable. 

Table 1 Probes and Primers sequences used in diagnosis  

Primer Sequence Target Reference 
mapFD-F TCAAGGCTTCGGBGGTTATA FDp Pelletier et al., 2009 

mapFD-R TTGTTTTAGAAGGTAATCCGTGAACTAC FDp Pelletier et al., 2009 

FdSecyFw TGCCTTATGTTACTGCTTCT; FDp Roggia et al., 2014 

FdSecyRv TAATAATGATGGGG-ATTCAA FDp Roggia et al., 2014 

Vitis18SF1 ATGATTAACAGGGACAGTCG;  V. faba Marzachì and 
Bosco, 2005  

Vitis18SR1 GGTATCTGATCGTCTTCGAG V. faba Marzachì and 
Bosco, 2005  

Mq18S Fw AACGGCTACCACATCCAAGG E. variegatus  Marzachì and 
Bosco, 2005  

Mq18S Rv GCCTCGGATG-AGTCCCG E. variegatus Marzachì and 
Bosco, 2005 

EVV1Cap1Fw GACCATTATCGCGCTAATG,  EVV1 Ottati et al. 2020 

EVV1Cap1Rv AGTGCTCATCAT-AGGACA,  EVV1 Ottati et al. 2020 

EVV1Cap1Probe FAM-ATTCTCGTAGCCAACTGCCAAAC EVV1 Ottati et al. 2020 

GapFw632 ATCCGTCGTCGACCTTACTG E. variegatus Ottati et al. 2020 

GapRv819 GTAGCCCAGGATGCCCTTC E. variegatus Ottati et al. 2020 

GapEvProbe HEX-ATATCAAGGCCAAGGTCAAGGAGGC E. variegatus Ottati et al. 2020 

St_GAPFw632 CTCTGTTGTCGACCTCACTG S. titanus unpublished 

St_GapRv819 GTAGCCTAGGATTCCCTTC S. titanus  unpublished 
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GapStProbe HEX-ACATCAAGGCCAAGGTGAAGGAGGC S. titanus unpublished 

Ifla 4F TGGACTCGTATTTTGACC EVV1 Abbà et al., 2017 

Ifla 4R AGGAGCCGCAACTCAGAGC EVV1 Abbà et al., 2017 

 

2.9 Statistical analyses 

Longevity results were analyzed by two-way analysis of variance 

(ANOVA). R package “survival” was used to draw Kaplan-Meier survival 

curves and to compare the survival curves of different E. variegatus 

groups trough the Log-rank test (“survdiff()” R command). Insects that 

escaped or died unnaturally during the experiment were included in the 

analysis, being marked as censored observations. We used SigmaPlot 

version 15 (Systat Software, Inc., www.systatsoftware.com) and R 

software for statistical analysis and plot drawing. ANOVA, followed by the 

proper post hoc test, was used to compare nymphal development success 

(percentages of progeny that reached the adult stage) and realized 

fecundity (number of progeny that hatched) of EvaTO, EvaBX and EvaVI 

populations.  

When parametric analysis assumptions were not met, Kruskal-Wallis One 

Way Analysis of Variance on Ranks test followed by the post hoc (Dunn's 

Method) when needed, was used to compare i) viral load between 

different categories (EvaTO and EvaVI); ii) EVV1 loads between FDp-

exposed EvaTO and EvaVI populations and their unexposed controls; iii) 

FDp titres of the three E. variegatus populations (EvaTO, EvaVI and 

EvaBX) exposed to FDp infected plants; IV) EVV1 loads among EvaTO, 

EvaVI (not exposed to FDp) and EVV1 microinjected S. titanus samples 

(10 dpi). Pearson’s Chi square test was used to compare acquisition and 

transmission frequencies between E. variegatus populations.  
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3. Results 

3.1 Effect of EVV1 infection on longevity, preimaginal development 

duration, nymphal development success and realized fecundity. 

Longevity was higher for EvaVI group (artificially infected with EVV1) 

compared to EvaBX (EVV1 free, Chisq. =22.2, p<0.05) and EvaTO 

(naturally infected, Chisq. =23.5, p<0.05). No differences in longevity were 

found between EvaBX and EvaTO populations (Chisq. = 1.2, p=0.3) 

Figure3.   

The average preimaginal development duration (expressed as the 

numbers of days from the second day of oviposition to the development 

day) of EvaVI group (44.6 2.7) was similar to those of EvaBX (44.3  

3.5 days) and EvaTO (45.3  2.2 days). Yet, EvaTO preimaginal 

development duration was one day longer (Q= 2.6, p <0.05) than EvaBX 

group (Figure 3).   

The nymphal development success (the percentage of nymphs that 

reached the adult stage in oviposition I) was 74.4%, 82.9% and 85.7%, 

respectively for EvaVI, EvaBX and EvaTO. EvaVI showed a delay in 

realized fecundity across the considered 30 day oviposition; in particular, 

realized fecundity was the lowest during the first oviposition (0.5  0.4 

nymphs/female per day) and increased during 
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Figure 3 Survival curve(Kaplan–Meier estimates) expressed in days after eggs oviposition. 
Vertical lines indicate the mean preimaginal development day for each E. variegatus group 
examined. Censored data are represented as black crosses along the lines. 

 
the second and the third ovipositions (respectively 1.8  0.5 and 0.8 0.5 

nymphs/female per day) (Figure 4A). EvaVI mean realized fecundity (1.0 

 0.7 nymphs/female per day) was generally lower than EvaBX realized 

fecundity (1.6  0.5 nymphs/female per day q=3.3, p<0.05). On the other 

hand, EvaTO realized fecundity (0.8  0.6 nymphs/female per day) was 

similar to EvaVI realized fecundity and almost half of EvaBX (q=3.6, 

p<0.05). Overall, the two virus infected populations showed reduced 

realized fecundity compared to the virus free one (Figure 4A). 

Every E. variegatus group showed the highest daily rate of nymphs 

generated per female during the second oviposition period (occurring from 

the 17th till the 20th days after female emergence), thus indicating a peak 

of realized fecundity occurring between the 10th and the 20th days after 

adulthood onset (Figure 4B).  
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Table 2 Euscelidius variegatus realized fecundity across female aging and among groups 
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I 

EvaTO 30 7 to 10 3 72 0.7 0.7 63.0 0.1 

EvaVI 39 7 to 10 4 72 0.5 0.3 55.0 0.4 

EvaBX  39 7 to 10 4 72 1.5 1.5 175.0 0.7 

II 

EvaTO 19 17 to 20 2 72 1.7 1.7 99.0 0.1 

EvaVI 40 17 to 20 4 72 1.8 1.8 211.0 0.6 

EvaBX  40 17 to 20 4 72 2.0 1.9 240.0 0.2 

III 

EvaTO 18 27 to 30 2 72 0.2 0.2 13.0 0.3 

EvaVI 38 27 to 30 4 72 0.8 0.7 93.0 0.5 

EvaBX  40 27 to 30 4 72 1.3 1.2 157.0 0.3 

OVERALL 

EvaTO 67 7 to 30 7 216 0.9 0.9 58.3 0.8 

EvaVI 117 7 to 30 12 216 1.0 0.9 119.7 0.7 

EvaBX  119 7 to 30 12 216 1.6 1.5 190.7 0.3 

 

Figure 4 Euscelidius variegatus realized fecundity expressed as number of 2nd/3rd instar 
nymph progeny obtained from one female per day of oviposition A) Overall realized 
fecundity of E. variegatus groups. B) boxplots showing the amount of nymphs counted in 
each oviposition step: I) Oviposition I refers to nymphs hatched from eggs laid by  7/10 
days old females, II) Oviposition II refers to nymphs hatched from eggs laid by  17/20 days 
old females and III) Oviposition II refers to nymphs hatched from eggs laid by  27/30 days 
old females.  
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3.2 Effect of EVV1 infection on FDp acquisition and transmission 

efficiencies. 

FDp acquisition and transmission rates were measured in three 

experimental repeats. The overall amounts of FDp infected insects were 

similar among groups, the overall rate of FDp positive insects able to 

transmit the phytoplasma was slightly higher for EvaVI insects, yet this 

result was not statistically supported.  

For all groups, the variability in acquisition and transmission rates was 

high between repeats. The percentage of EvaVI insects able to acquire 

the phytoplasma from FDp positive plants ranged from 5% to 84.6% and 

the percentage of transmission ranged from 0% to 60%. As for EvaBX, 

28% to 89,5% of insects were able to acquire the phytoplasma and 29.4% 

to 64% of them were able to transmit FD to healthy plants. EvaTO group 

showed the highest variability, ranging from 11% to 93% of acquisition 

rate and 0% to 100% transmission rate across repeats.  

FDp load in insects showed high variability in all three repeats and in each 

E. variegatus group. Thus no significant differences in median values 

among groups were observed (Table 3). Furthermore, FDp titer in EvaVI 

insects (excluding unquantifiable samples) ranged between 75,5 and 

6.261,7 FDgu/ng, while the highest FDp loads between EvaBX insects 

was 33.249,4 FDgu/ng and the lowest value was 180,3 FDgu/ng. Similarly 

to EvaVI, EvaTO FDp titre ranged between 89,0 and 7.162,1 FDgu/ng. 

Table 3 FDp acquisition and transmission data calculated on the three repeats. 

E. variegatus  
Group 

N tested 
insects 

N FDp 
Positive 
insects 

N infected 
Plants 

Phytoplasma MEAN load  
measured in insects 
(FDgu/ng EVA18s DNA ± 
SD) 

Eva BX 59 28 10 3.8E+03 ±  3.4E+03 

Eva VI 49 23 11 1.0E+03 ± 8.3E+02 

Eva TO 48 20 5 1.3E+03 ± 1.3E+03 
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3.3 EVV1 load in FDp exposed vector populations. 

EVV1 load was measured in insects following acquisition of FDp. Overall, 

EVV1 load of EvaVI insects was slightly higher or comparable to that of 

EvaTO individuals. Moreover, EvaVI and EvaTO groups unexposed to 

FDp showed a trend of higher viral loads compared to FDp exposed 

groups, although these differences were not significant (Figure 5).  EvaVI 

viral load ranged between 1E-6 and 3.1 copy N EVV1/GAPDH for healthy 

EvaVI insects and 0.2 and 2.6 copy N EVV1/GAPDH for FDp-exposed 

insects. EvaTO viral load ranged between 1E-6 and 1.0 copy N 

EVV1/GAPDH for healthy insects and 0.2 and 2.3 copy N EVV1/GAPDH 

for FDp-exposed insects. 

  

Figure 5 EVV1 load: on the left) in EvaTO exposed to FDp (EvaTO + FDp) and unexposed 
to FDp (EvaTO); and on the right) in EvaVI exposed to FDp (EvaVI + FDp) and unexposed 
to FDp (EvaVI). Boxplot summarizes EVV1 data for each group across repeats.  
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3.4 EVV1 infection of Scaphoideus titanus  

The most of the S. titanus individuals sampled after microinjection with the 

EVV1-containing crude E. variegatus extract (10dpi) were positive to 

EVV1 with an infection efficiency of 91%. Exclusively in one of the three 

performed repeats, 3 samples out of 6 tested negative in RT-PCR. EVV1 

viral load (Table 4) measured in in S. titanus sampled at 10dpi was in line 

with the one measured in EvaTO and EvaVI insect, ranging between 0.3 

and 4.4 copy N EVV1/GAPDH, while viral load measured just after the 

microinjection (0 dpi) ranged between 0.0004 and 0.01 copy N 

EVV1/GAPDH. Furthermore, no differences in terms of survival rate were 

found between EVV1 exposed and mock injected insects. 

Table 4 S. titanus samples microinjected with EvaTO microfiltered crude extract 

Species 

Numbe
r of 
tested 
insect
s 

Percentage of 
EVV1 positive 
insects after 
microinjection 

Viral load 
(copy N 
EVV1/GAPD
H) 
0 dpi 

Viral load 
(copy N 
EVV1/GAPD
H) 10 dpi 

Surviv
al (10 
dpi) 

EVV1 
injected 

33 91% 0.003 �  0.003 0.9 �  0.4 31% 

Mock 
injected 

21 / / / 38% 

4. Discussion 

In this study, we explored the effects of EVV1 iflavirus infection on i) 

insect-host fitness parameters and ii) transmission efficiency of 

Flavescence dorée phytoplasma (FDp). 

Infection with EVV1 affected fitness parameters of E. variegatus in 

opposite directions, as it increased longevity, but it also decreased 

nymphal development success and realized fecundity. Our experimental 

measures were performed from the F1 to F3 generations of the 

experimentally EVV1-infected rearing (EvaVI): increased longevity is 

likely to be a temporary ecological advantage for both the iflavirus and 

insect host upon first infection, as individuals of the stably infected EvaTO 
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rearing shared the same life span as the virus-free controls. EvaVI and 

EvaBX can be considered as isogenic lines, since EvaVI derived from 

EvaBX specimens artificially infected with EVV1, by microinjection with 

EvaTO micro-filtered crude extract. Nevertheless, genetic background 

differences between EvaVI and EvaBX are not limited to the presence of 

EVV1 alone, as others microbes/viruses could be present in the crude 

extract. Indeed, a second Iflavirus, namely EVV2, makes up the virome of 

E. variegatus, being present in both the EvaBX and EvaTO rearings. 

Under our experimental conditions, the whole EvaTO virome was 

transferred to EvaBX individuals, including the EvaTO strain of EVV2. 

However, due to the high similarity between the two EVV2 strains, and the 

absence of any other viral species in the two populations, differences 

between EvaVI and EvaBX rearings can be reasonably attributed to EVV1 

infection. Furthermore, along with EvaVI and EvaBX comparison, we also 

included EvaTO rearing as an experimental control for our experiments, 

to provide a more complete picture of the interactions. EVV1 infection 

slightly decreased nymphal development success and realized fecundity, 

as indicated from results obtained from EvaVI rearing. The former may be 

considered as a long lasting fitness cost of the infection with this iflavirus, 

as realized fecundity was lower also in the covert infected EvaTO rearing, 

compared to the healthy EvaBX one.  

Indeed, many vertically transmitted viruses negatively affect the number 

of progenies, especially in the case of aphids (Ban et al., 2008; Hunter et 

al., 2001; Ryabov et al. 2009). It is reasonable to think that a drop in 

realized fecundity might be the cost of viral replication within the ovaries 

(Ottati et al., 2020). On the other hand, the pathogenic effect of ‘reduced 

nymphal development success’ was recovered in the stably infected 

EvaTO population compared to the healthy EvaBX. Vector-borne 

pathogens may influence their transmission efficacy by manipulating the 

behavior of their vectors to enhance their transmission, either indirectly, 

through the infected host plant, or directly, after acquisition of the 
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infectious agent (Eigenbrode et al., 2018). To our knowledge, no studies 

have ever reported improved insect longevity upon insect-specific virus 

infection, although examples of plant-mediated mutualistic relationships 

are known between plant viruses and their insect vectors (Bao & 

Roossinck, 2013). For example, this is the case for Bemisia tabaci 

showing increased fecundity and longevity upon feeding on geminivirus-

infected plants (Jiu et al., 2007). Nevertheless, the same plant viruses are 

able to alter the vector feeding behaviour by increasing the length of the 

salivation time in the phloem, thus improving virus transmission efficiency 

(Liu et al., 2013). Indeed, several metabolic categories are differentially 

regulated in infected whiteflies after feeding on virus-infected tomato 

plants including stress and immune responses, transport, primary 

metabolism, cell function, which may well explain measurable alteration 

of vector fitness (Ding et al., 2019). Even in the case of covert infections, 

both adult longevity and reproductive rate of mosquitoes infected with the 

invertebrate iridescent iridovirus 6 decreased compared to controls, 

probably due to virus replication costs in the host (Marina et al., 2003). 

The decreased fecundity observed soon after the onset of EVV1 infection 

as well as after establishment of a stable infection may be a common 

fitness cost of different viruses with covert infection modalities. 

Our experimental model indicates that, progression of the infection 

through successive generations might result in an overall flattening of 

differences in fitness parameters between EvaVI and EvaTO. Indeed, in 

a model that sees EvaVI successive generations ending up to behave as 

EvaTO population, some advantages (e.g. increased longevity) may be 

lost, while some fitness costs may be maintained (such as reduced 

realized fecundity) or even overruled to improve the overall fitness of 

covertly infected insects (e.g. increased developmental success). These 

observations support the hypothesis that virus-vector relationships may 

dynamically evolve during disease progression (Eigenbrode et al., 2018), 

and must be described with a case by case approach. The molecular 
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mechanisms involved in modulation of E. variegatus response to EVV1 

are currently unknown, but might be reasonably related to a host-

mediated immune response (Moreno-Garcia et al., 2014). 

A trend of reduction of EVV1 viral loads was observed in FDp-exposed 

versus FDp-unexposed leafhoppers, both in recently established 

infections (EvaVI) and in well-established ones (EvaTO). This suggests 

that Flavescence dorée phytoplasma infection may cause some antibiosis 

towards iflavirus infection. 

This relationship was previously suggested for EVV1 (Abbà et al., 2017), 

and the trend we measured under the current experimental conditions 

supports those results. Mutualistic viruses in insects affect development, 

life span, life stages, and fecundity, but they may also act on insect 

feeding by increasing the host qualities of the plant, even for other 

arthropod species (reviewed in Roossinck and Bazán, 2017).  Mutualistic 

viruses may also alter the expected outcomes of the application of 

biocontrol methods, in the cases of Junonia coenia densovirus (JCDV) 

and Helicoverpa armigera densovirus-1 (HaDNV1). Infection with these 

two densoviruses protect lepidopteran pests from other pathogens, 

including baculovirus and Bacillus thuringiensis. However, while in JCDV 

case, the beneficial effects on the host likely relies on the competition for 

cellular resources between JCDV and the baculovirus (Gasmi et al. 2019), 

in the HaDNV1 case, the beneficial effect provided by the Densovirus 

consist not only in higher resistance to baculovirus infection, but also in a 

mutualistic interaction with its host, conferring a faster preimaginal 

development duration and higher fecundity compared to uninfected 

insects (Xu et al., 2014). Here we suggest that superinfection with a 

phytoplasma is likely to reduce EVV1 iflavirus load in E. variegatus. 

Iflaviruses in covert infection are known targets of antagonistic 

interactions in other systems. For example, superinfection with the rice 

dwarf reovirus, a rice pathogen transmitted by the green rice leafhopper, 

results in decreased load of a pre-existent iflavirus in covert infection (Jia 
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et al., 2021). Similarly, iflavirus covert infection decreases susceptibility to 

patent disease by the baculovirus Spodoptera exigua multiple 

nucleopolyhedrovirus (Carballo et al., 2020). On top of these examples, 

was also observed that infection with the deformed wing iflavirus (DWV) 

breaks population-specific tolerance of honey bee to Varroa mite, thus 

DWV covert infection worsens the outcome of Varroa parasitism (Roberts 

et al., 2020).  

On the other hand, iflavirus infection does not interfere with FDp, as EVV1 

had no evident effect either on FDp acquisition or transmission 

efficiencies. Indeed, direct interactions between the two entities may even 

not occur-, as FDp and EVV1 have separate localizations within the host; 

the former multiplies in the midguts and in the salivary glands (Lefol et al., 

1993; Lefol et al., 1994), while the latter is prevalently localized in the 

ovaries (Ottati et al., 2020b). Euscelidius variegatus perceives FDp as a 

pathogen, which is able to trigger an immune response in the insects upon 

infection (Galetto et al., 2018), as shown by the overexpression of Kazal 

type 1 serine protease and activation of the melanization pathway. 

Moreover, despite E. variegatus defense mechanisms against EVV1 are 

unknown, insect antiviral immunity relies on several pathways (Marques 

& Imler, 2016; Weng, 2021) which may differ from those triggered by FDp. 

Finally, we provided some insights on EVV1 host range, showing that the 

main FDp vector, S. titanus, is likely susceptible to EVV1 viral infection, 

thus paving the way to the possible use of EVV1 as a functional genomic 

tool for phytoplasma infection studies. 
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Supplementary 

Table S1 Complete list of samples analyzed. For each E. variegatus adult, EVV1 and FDp 
loads are showed. 
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I YES EvaBX 1 negative       

I YES EvaBX 2 negative     

I YES EvaBX 3 negative     

I YES EvaBX 4 negative     

I YES EvaBX 5 positive  1.23E+03 negative 

I YES EvaBX 6 positive  1.81E+00 negative 

I YES EvaBX 7 negative     

I YES EvaBX 8 negative     

I YES EvaBX 9 negative     

I YES EvaBX 10 negative     

I YES EvaBX 11 positive  1.78E+03 positive 

I YES EvaBX 12 negative     

I YES EvaBX 13 negative     

I YES EvaBX 14 negative     

I YES EvaBX 15 positive  3.32E+04 positive 

I YES EvaBX 16 negative     

I YES EvaBX 17 negative     

I YES EvaBX 18 positive   4.61E+03 positive 

I YES EvaTO 1 negative       

I YES EvaTO 2 negative     

I YES EvaTO 3 negative     

I YES EvaTO 4 negative     

I YES EvaTO 5 negative     

I YES EvaTO 6 negative     
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I YES EvaTO 7 negative     

I YES EvaTO 8 negative     

I YES EvaTO 9 negative     

I YES EvaTO 10 negative     

I YES EvaTO 11 negative     

I YES EvaTO 12 positive  1.41E+03 positive 

I YES EvaTO 13 negative     

I YES EvaTO 14 negative     

I YES EvaTO 15 negative     

I YES EvaTO 16 positive  3.88E+03 positive 

I YES EvaTO 17 negative     

I YES EvaTO 18 negative       

I YES EvaVI 1 positive   1.16E+03 positive 

I YES EvaVI 2 negative     

I YES EvaVI 3 positive  1.46E+02 negative 

I YES EvaVI 4 positive  7.55E+01 positive 

I YES EvaVI 5 negative     

I YES EvaVI 6 positive  1.53E+03 positive 

I YES EvaVI 7 negative     

I YES EvaVI 8 positive  5.49E+03 negative 

I YES EvaVI 9 negative     

I YES EvaVI 10 negative     

I YES EvaVI 11 negative     

I YES EvaVI 12 positive  3.48E+03 negative 

I YES EvaVI 13 positive  9.65E+01 positive 

I YES EvaVI 14 negative     

I YES EvaVI 15 positive  6.08E+02 negative 

I YES EvaVI 16 positive  0.00E+00 positive 

I YES EvaVI 17 positive  0.00E+00 positive 

I YES EvaVI 18 positive   4.14E+03 positive 

I NO EvaTO s1   9.08E-01     

I NO EvaTO s2  2.53E-05     

I NO EvaTO s3  6.91E-05     
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I NO EvaTO s4  1.69E-05     

I NO EvaTO s5  1.44E-05     

I NO EvaTO s6  6.49E-05     

I NO EvaTO s7  3.55E-05     

I NO EvaTO s8  1.17E+00     

I NO EvaTO s9   1.14E-03     

I NO EvaVI s1   2.60     

I NO EvaVI s2  1.25     

I NO EvaVI s3  nq     

I NO EvaVI s4  2.16     

I NO EvaVI s5  2.07     

I NO EvaVI s6  nq     

I NO EvaVI s7  3.12     

I NO EvaVI s8  1.43     

I NO EvaVI s9  0.55     

I NO EvaVI s10   0.56     

I YES EvaTO 1   0.58     

I YES EvaTO 2  0.67     

I YES EvaTO 3  1.01     

I YES EvaTO 4  0.77     

I YES EvaTO 5  0.92     

I YES EvaTO 6   0.37     

I YES EvaVI 1   1.36     

I YES EvaVI 2  2.27     

I YES EvaVI 3  0.32     

I YES EvaVI 4  0.61     

I YES EvaVI 5  0.22     

I YES EvaVI 6  0.13     

I YES EvaVI 7  0.21     

I YES EvaVI 8   1.02     

II YES EvaBX 1 negative 0.00     

II YES EvaBX 2 negative 0.00    

II YES EvaBX 3 negative 0.00    



��� ������' ���������� �����������
� �

�

�
�

II YES EvaBX 4 negative 0.00    

II YES EvaBX 5 positive 0.00 5.87E-02 negative 

II YES EvaBX 6 negative 0.00    

II YES EvaBX 7 negative 0.00    

II YES EvaBX 8 positive 0.00 2.29E-03 negative 

II YES EvaBX 9 negative 0.00    

II YES EvaBX 10 negative 0.00    

II YES EvaBX 11 negative 0.00    

II YES EvaBX 12 positive 0.00 5.48E+02 positive 

II YES EvaBX 13 positive 0.00 8.76E-03 negative 

II YES EvaBX 14 negative 0.00    

II YES EvaBX 15 negative 0.00    

II YES EvaBX 16 negative 0.00    

II YES EvaBX 17 negative 0.00    

II YES EvaBX 18 negative 0.00    

II YES EvaBX 19 positive 0.00 3.45E+02 positive 

II YES EvaBX 20 positive 0.00 1.16E+04 negative 

II YES EvaBX 21 negative 0.00    

II YES EvaBX 22 negative 0.00     

II YES EvaVI 1 negative 1.14     

II YES EvaVI 2 negative 1.50    

II YES EvaVI 3 negative 0.78    

II YES EvaVI 4 negative 0.57    

II YES EvaVI 5 positive 0.99 0.00E+00 negative 

II YES EvaVI 6 negative 0.83    

II YES EvaVI 7 negative 0.38    

II YES EvaVI 8 negative 0.69    

II YES EvaVI 9 negative 1.62    

II YES EvaVI 10 negative 0.52    

II YES EvaVI 11 negative 0.19    

II YES EvaVI 12 negative 0.42    

II YES EvaVI 13 negative 1.28    

II YES EvaVI 14 negative 1.90    
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II YES EvaVI 15 negative 1.50    

II YES EvaVI 16 negative 0.41    

II YES EvaVI 17 negative 0.62    

II YES EvaVI 18 negative 0.28     

II YES EvaTO 1 negative 2.38E-01     

II YES EvaTO 2 positive 3.08E-06 6.14E-03 negative 

II YES EvaTO 3 negative 9.96E-06    

II YES EvaTO 4 negative 2.15E-06    

II YES EvaTO 5 negative 6.98E-01    

II YES EvaTO 6 negative 2.28E-06    

II YES EvaTO 7 negative 9.89E-06    

II YES EvaTO 8 negative 6.73E-06    

II YES EvaTO 9 positive 7.54E-01 2.11E-02 negative 

II YES EvaTO 10 negative 1.15E-06    

II YES EvaTO 11 negative 8.75E-07    

II YES EvaTO 12 negative 7.65E-01    

II YES EvaTO 13 positive 3.54E-01 5.82E-02 negative 

II YES EvaTO 14 positive 3.86E-06 7.05E-01 negative 

II YES EvaTO 15 negative 5.37E-01     

II NO EvaVI 1   0.64     

II NO EvaVI 2  0.20     

II NO EvaVI 3  0.28     

II NO EvaVI 4  0.72     

II NO EvaVI 5  0.22     

II NO EvaVI 6  1.53     

II NO EvaVI 7  0.31     

II NO EvaVI 8  0.67     

II NO EvaVI 9  0.53     

II NO EvaVI 10  0.26     

II NO EvaVI 11   0.37     

II NO EvaTO 1   0.38     

II NO EvaTO 2  0.14     

II NO EvaTO 3  0.18     
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II NO EvaTO 4  0.30     

II NO EvaTO 5  0.35     

II NO EvaTO 6  0.37     

II NO EvaTO 7  0.35     

II NO EvaTO 8  0.75     

II NO EvaTO 9  0.81     

II NO EvaTO 10   0.42     

III YES EvaVI 1 positive na 0.00E+00 negative 

III YES EvaVI 2 positive 0.13 2.58E+02 negative 

III YES EvaVI 3 positive 0.13 3.20E+02 positive 

III YES EvaVI 4 positive 0.16 2.76E+02 negative 

III YES EvaVI 5 positive 0.12 1.12E+03 negative 

III YES EvaVI 6 positive 0.56 1.50E+03 negative 

III YES EvaVI 7 positive 0.41 2.12E+02 negative 

III YES EvaVI 8 positive 1.19 1.92E+03 negative 

III YES EvaVI 9 negative 1.93    

III YES EvaVI 10 positive 0.25 5.33E+02 positive 

III YES EvaVI 11 positive 0.36 6.26E+03 positive 

III YES EvaVI 12 negative na    

III YES EvaVI 13 positive 0.13 2.25E+03 positive 

III YES EvaTO 1 positive 0.46 8.90E+01 negative 

III YES EvaTO 2 positive 0.32 6.70E+02 negative 

III YES EvaTO 3 positive 0.37 2.27E+03 negative 

III YES EvaTO 4 positive 0.38 8.27E+02 negative 

III YES EvaTO 5 positive 0.62 5.66E+02 positive 

III YES EvaTO 6 negative 0.07    

III YES EvaTO 7 positive 0.42 1.74E+03 negative 

III YES EvaTO 8 positive na 0.00E+00 negative 

III YES EvaTO 9 positive na 7.16E+03 negative 

III YES EvaTO 10 positive 0.69 1.06E+03 positive 

III YES EvaTO 11 positive 0.55 2.06E+02 negative 

III YES EvaTO 12 positive 0.15 2.16E+03 negative 

III YES EvaTO 13 positive 0.56 2.14E+02 negative 
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III YES EvaTO 14 positive 0.03 1.82E+02 negative 

III YES EvaTO 15 positive 0.46 2.54E+02 positive 

III YES EvaBX 1 positive 0.00 4.56E+03 negative 

III YES EvaBX 2 positive 0.00 4.02E+03 positive 

III YES EvaBX 3 positive 0.00 5.18E+02 positive 

III YES EvaBX 4 positive 0.00 2.01E+02 negative 

III YES EvaBX 5 positive 0.00 0.00E+00 negative 

III YES EvaBX 6 positive 0.00 5.79E+03 negative 

III YES EvaBX 7 positive 0.00 5.83E+02 positive 

III YES EvaBX 8 positive 0.00 1.01E+03 negative 

III YES EvaBX 9 positive 0.00 1.80E+02 negative 

III YES EvaBX 10 positive 0.00 2.86E+03 positive 

III YES EvaBX 11 positive 0.00 4.85E+03 positive 

III YES EvaBX 12 positive 0.00 2.43E+03 negative 

III YES EvaBX 13 positive 0.00 1.22E+03 negative 

III YES EvaBX 14 positive 0.00 9.52E+03 negative 

III YES EvaBX 15 positive 0.00 1.21E+03 negative 

III YES EvaBX 16 negative 0.00    

III YES EvaBX 17 positive 0.00 0.00E+00 negative 

III YES EvaBX 18 negative 0.00    

III YES EvaBX 19 positive 0.00 3.30E+03 negative 

III NO EvaVI s1   0.81     

III NO EvaVI s2  0.64     

III NO EvaVI s3  0.36     

III NO EvaVI s4  0.55     

III NO EvaVI s5  1.28     

III NO EvaVI s6  0.56     

III NO EvaVI s7  0.42     

III NO EvaVI s8  0.46     

III NO EvaVI s9  0.90     

III NO EvaVI s10  2.11     

III NO EvaVI s11  2.38     

III NO EvaVI s12   0.56     
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III NO EvaTO s1   1.14     

III NO EvaTO s2  0.49     

III NO EvaTO s3  0.39     

III NO EvaTO s4  0.18     

III NO EvaTO s5  0.69     

III NO EvaTO s6  1.01     

III NO EvaTO s7  0.57     

III NO EvaTO s8  1.59     

III NO EvaTO s9  0.59     

III NO EvaTO s10  0.86     

III NO EvaTO s11  1.09     

III NO EvaTO s12   2.60     

Notes: na values in EVV1 quantification column correspond to samples excluded from 
EVV1 quantification analysis, due to poor quality RNA. 

 

Table S2 FDp acquisition and transmission data. Experimental repeats are addressed ad 
I, II and III. 

 E. 
variegatus  
Group 

N 
tested 
insects 

N FDp 
Positive 
insects 

N 
infected 
Plants 

Insect MEAN SecY-
18s (FDgu/ng 
EVA18s DNA) 

SD Insect 
SecY-18s  

I Eva BX 18 5 3 8.17E+03 1.41E+04 

Eva VI 18 11 7 1.52E+03 1.95E+03 

Eva TO 18 2 2 2.65E+03 1.75E+03 

II Eva BX 22 6 2 2.08E+03 6.44E+03 

Eva VI 18 1 0 0.00E+00 0.00E+00 

Eva TO 15 4 0 2.00E-01 3.00E-01 

III Eva BX 19 17 5 2.49E+03 2.61E+03 

Eva VI 13 11 4 1.33E+03 1.84E+03 

Eva TO 15 14 3 1.24E+03 1.87E+03 
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Abstract 

The synthesis of infectious clones derived from insect viruses represents 
a promising strategy to manipulate the expression of insect genes by 
promoting virus-induced gene silencing (VIGS). In particular, VIGS could 
be exploited for controlling insect vectors of plant pathogens by silencing 
either essential genes or genes potentially involved in the transmission of 
the pathogen. Euscelidius variegatus iflavirusvirus 1 (EVV1) was 
serendipitously detected in a lab rearing of the phytoplasma insect 
vector Euscelidius variegatus. EVV1 is vertically transmitted and does not 
induce evident symptoms in the infected host. In this work we analyzed 
two infectious viral clones (IC) based on the iflavirus EVV1 background to 
explore their potential as VIGS vectors for leafhoppers. We explored 
different experimental conditions to verify the ability of EVV1 transcripts 
to start an infection in virus-free E. variegatus adults and in different insect 
cell lines. We compared these results to those obtained by infecting E. 
variegatus with Cricket paralysis virus (CrPV) infectious clone and CrPV 
viral particles obtained from viral replication in S2 transfected cells. 

1. Introduction 

Reduction of pesticide use is a major goal of the European Union, and a 

major issue of public policies. A large body of EU legislation, as well as of 

the single EU countries, regulates the marketing and use of plant 

protection products, and their residues in food. Although active 

substances undergo an intensive evaluation process before a decision 

can be made on approval, and undergo to a severe risk assessment 

process, direct or indirect harmful effects on human health and on 

biodiversity, are still considered of major importance and a serious 

obstacle to the development of an environmentally friendly agriculture. 

Arthropods are major threats of asset crops, but reducing insecticide 

burden is a complex issue, due to the need of alternative, feasible plant 

protection tools and the importance of the agri-food sector in the economy 

of several Countries. In this context, diversification of biocontrol strategies 

is an important objective to achieve the zero-pesticide paradigm (Jacquet 
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et al., 2022). New strategies based on RNA interference (RNAi), are 

emerging as powerful tools for insect pests management (Christiaens & 

Smagghe, 2014; Christiaens et al., 2020; Liu et al., 2020; Lim et al., 2020). 

RNAi is a naturally occurring cellular defense system mediated by double-

stranded RNA (dsRNA). In most eukaryotes, dsRNAs are perceived as a 

proof of viral infection or as evidence of transposon activity (Obbard et al., 

2008), and are actively counteracted by cellular self-defense 

mechanisms. These rely on the cooperative and sequential activities of 

specific endonucleases and dsRNA-binding proteins for a post-

transcriptional transcript inactivation mediated by a sequence specific 

RNA�induced silencing complex (Okamura et al., 2004 ). The technique is 

highly selective and, if accurately designed, is unlikely to produce off-

target effects on other species. Moreover, although instability of dsRNAs 

in the environment is a hurdle for its effective application as insecticides, 

it guarantees the absence of harmful residues for human health and the 

environment. This has prompted research on improving dsRNA delivery 

methods to insects for control or management of pests and pathogens 

(Wang et al., 2016; Singh et al., 2017; Cooper et al., 2019). Explored 

strategies range from encapsulation of dsRNA with various molecules to 

improve their stability and uptake rate by the cell, to genetic manipulation 

of host plants and even microbes to ensure dsRNA uptake through 

feeding or by direct secretion in the gut (reviewed in Silver et al., 2021). 

Insect viruses may also be exploited as vectors to silence target insect 

genes through virus induced gene silencing (VIGS) (Kammen et al., 1997; 

Wagemans et al., 2022) mediated by the transcription of fragment of the 

target host gene inserted into an engineered viral genome (viral infectious 

clone, IC), a promising approach to replace synthetic insecticides and 

therefore comply with reduction of chemical burden in agriculture. The 

construction of the first infectious clone of the cricket paralysis 

dicistrovirus (CrPV) (Kerr et al., 2015) was reported, and the recombinant 

CrPV-based VIGS carrying transgene sequences targeting an 
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endogenous Diaphorina citri gene is the first concrete step towards the 

application of an engineered viral tool to control insect vectors of plant 

pathogens (Matsumura et al., 2020). In this case, CrPV has a wide host 

range and some biological traits (horizontal transmission and acute 

pathogenicity) that rise important questions on its suitability for gene 

silencing in functional genomics studies.  

Euscelidius variegatus Kirschbaum (Cicadellidae: Deltocephalinae) is a 

polivoltine and polyphagous leafhopper, and an important vector of 

phytoplasmas, wall-less bacteria associated with several plant diseases, 

among which Chrysanthemum yellows phytoplasma of ornamental plants 

in northwestern Italy (Palermo et al., 2001). This leafhopper is also able 

to acquire and transmit, under laboratory conditions, the Flavescence 

Doreé phytoplasma (FDp, causal agent of a serious disease of grapevine, 

EFSA, 2020, and treated as a quarantine pest by EU). Since FDp natural 

insect vector, Scaphoideus titanus Ball, is a monovoltine and 

monophagous species, infection-related mechanisms within the insect 

vector are usually investigated on E. variegatus (Galetto et al., 2018; 

Arricau-Bouvery et al., 2021). The RNAi machinery is present and 

functional in E. variegatus (Abbà et al., 2019). Moreover, phytoplasmas 

are obligate intracellular parasites that are recalcitrant to in vitro 

cultivation, thus a viral tool designed on a suitable insect-infecting virus 

could represent a precious tool to manage and study the three-trophic 

interaction: phytoplasma/insect vector/plant host.  

The Iflaviridae is a family of nonenveloped, single-stranded RNA 

(+ssRNA) viruses. Viruses within the Iflaviridae infect arthropods (Valles 

et al., 2017) and belong to the order Picornavirales. The family has only 

the Iflavirus genus. Genome size of Iflaviruses ranges from 8.800 to 

10.100 nucleotides containing a single large ORF encoding a polyprotein 

which is cleaved into both structural and non-structural component 

peptides. Iflavirus genome carries a VPg (viral protein genome-linked) at 

the 5’ end, lacks a 5’-cap structure, and it is polyadenylated at the 3’ end. 



!����������"#�$
�

)%&� ������������
� �

����
�

Untranslated regions (UTRs) are present at both ends of the ORF and 

vary in size by species. Iflaviruses were initially discovered in insects of 

economic importance such as honey bees and silkworms since they 

cause malformations and death of the infected insects (i.e. deformed wing 

virus, infectious flacherie virus, sacbrood virus, etc.) (Van Oers, 2010). 

Using Next-generation sequencing (NGS), several iflaviruses were 

discovered in hemipterans (Kondo et al., 2020; Ryabov, 2007; Huang et 

al., 2021; Murakami et al., 2014; Wu et al., 2019). Iflavirus infections are 

often mild or asymptomatic (covert). Euscelidius variegatus iflavirusvirus 

1 (EVV1) (Abbà et al. 2017, GenBank accession NC_0322087) was first 

detected in one of the two lab colonies of E. variegatus reared in Turin, 

Italy (CNR-IPSP laboratory). Similarly to numerous covert infection in 

insects, EVV1 is vertically transmitted and prevalently localized in the 

ovaries, it reaches the highest loads in early nymphal stages and does not 

induce evident symptoms in the infected host (Ottati et al., 2020; Ottati et 

al., 2022 in preparation). On the other side, the virus improves host 

longevity and has no adverse effect on FDp transmission (Ottati et al., 

2022 in preparation). Both characteristics favour the construction of a 

VIGS system based on EVV1 iflavirus genetic background as a tool for 

functional genomics of this non-model leafhopper species, as well as to 

explore the function of insect genes putatively involved in plant pathogen 

acquisition/transmission possibly without adverse off-target impacts on 

insect health.  

In this work we analyzed an engineered viral clone based on the iflavirus 

EVV1 genetic background (Marzachì et al. 2019) to explore its potential 

as a VIGS vector. 
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2. Materials and Methods 

2.1 Infectious clones: In vitro transcription. 

EVV1 transcript was obtained from full-length EVV1 cDNA sequence 

cloned in pUC19 vector driven by the T7 promoter (T7-pUC19-EVV1), 

hereafter referred as EVV1-IC. EVV1T+ is an EVV1 mutant clone carrying 

an additional uridine in the 5’UTR viral sequence. EVV1T+ transcript was 

obtained from a synthesized sequence cloned in pUC57 brickvector 

driven by the T7 promoter (T7- pUC57brick--EVV1T+, GenScript, 

Netherlands) hereafter referred as EVV1T+-IC. Both plasmids (1 ug) were 

linearized using the SwaI restriction site, which was artificially added at 

the end of the poly-A tail of the virus.   

CrPV transcripts were recovered from full-length CrPV cDNA cloned in 

pGEM-T Easy vector driven by the T7 promoter (T7-pGEM-CrPV), kindly 

provided by Dr. E. Matsumura, Wageningen University, NL). Plasmids (1 

ug) were linearized using BamHI restriction enzyme (NEB, Ipswich, MA, 

USA). The plasmids were then column-purified using the DNA Clean & 

Concentrator -5 Kit (Zymo Research Corporation, Irvine, California, USA), 

and used as templates for in vitro transcription using either Maxiscript T7 

Kit (Invitrogen, Waltham, MA, USA) for uncapped RNA, or the T7 

mMESSAGE mMACHINE Kit (Ambion, Austin, TX, USA) for 5’end 

capping. Transcripts were column-purified using the RNeasy MinElute 

Cleanup Kit (Quiagen, Hilden, Germany) and the concentration and 

integrity were checked via nanodrop spectrophotometer and on a 0.5% 

TBE agarose gel. They were then stored at -80 and thawed just before 

usage. 
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2.2 Leafhopper rearing and abdominal microinjection of ICs derived 

transcripts. 

Euscelidius variegatus population rearing (EvaBX) was kindly provided 

from Dr. Foissac (INRAE, Villenave d’Ornon, France), and reared on oats 

(Avena sativa L.) in plastic and nylon cages in growth chambers with a 

light cycle of 20-25° C, L16: D8. The colony is EVV1-free and routinely 

checked for EVV1 absence. The infection experiments were conducted 

by intra-abdominally injecting newly emerged adults with different 

amounts (from 40 to 1000 ng) of viral RNA transcripts in 10mM Tris buffer, 

pH 7.4. Microinjected insects were kept on an oat plant (A. sativa). Three 

days after microinjection, the plant was replaced with a fresh one in order 

to ensure collection only the progeny of treated insects and to exclude 

eggs laid before the eventual replication of the originally injected 

transcripts. Microinjected insects were checked daily for estimating the 

survival rate.  Finally, all alive insects were collected at 10 dpi (days post 

injection) for viral diagnosis by RT-PCR analysis. Virus detection on the 

progeny was exclusively performed when at least one microinjected 

parental was positive.   

Infection with EVV1 and EVV1T+ transcripts were attempted using 

increasing amounts of RNA (40, 80, 200, 500 and 1000 ng/insect). 

Furthermore, even if the genome of naturally-occurring iflaviruses is not 

5’-capped, a 5’capped version of EVV1-IC (5�cap-EVV1-IC) was in vivo 

microinjected in two doses: 50 and 200 ng/insect.   

Uncapped EVV1 transcripts were also combined with 200 ul of 

lipofectamine in order to try to increase the infection efficiency. Two doses 

(50 and 200 ng/insect) of the Cricket paralyses virus (CrPV, 

Dicistroviridae: Cripavirus) transcripts were also microinjected in E. 

variegatus adults in order to evaluate the capability of this psyllid virus to 

start a de novo infection in leafhoppers.   
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All mock-treated insects were microinjected with 1ul of the same buffer 

used to resuspend the ICs (10mM Tris buffer, pH 7.4). 

2.3 RNA transfection to insect cell lines. 

Drosophila melanogaster S2 cells were maintained in Schneider’s Insect 

medium (Sigma, St. Louis, MO, 358 USA) supplemented with 10% fetal 

bovine serum (Sigma, St. Louis, MO, USA) and 5 U/ml of penicillin and 

streptomycin (Gibco, Grand Island, NY, USA). Spodoptera frugiperda 

Sf21 and Sf9 cells were maintained in Sf-900 II SFM Insect medium 

(Gibco, Grand Island, NY, USA) supplemented with 5% fetal bovine 

serum and 5 U/ml of gentamicin. Aedes albopictus C6/36 cells were 

cultured as a monolayer in Leibovitz L-15 medium (Gibco, Grand Island, 

NY, USA) supplemented with 10% FBS, 1% nonessential amino acids 

(Gibco, Grand Island, NY, USA), 2% tryptose phosphate broth (Gibco, 

Grand Island, NY, USA) and 5 U/ml of gentamicin (Gibco, Grand Island, 

NY, USA) (Table S1).  

In vitro synthesized EVV1 and EVV1T+ transcripts were transfected into 

S2, Sf9, Sf21 and C6/36 cells using TransMessenger reagent (Qiagen, 

Valencia, CA, USA) as per the manufacturer’s instructions.  

In vitro synthetized transcripts of the CrPV were used as positive control 

for the transfection process in S2 cells.   

For every cell line, each clone (0.8 ug) was transfected in triplicates (1 x 

10^6 cells per well in a 24 well-plate). For each replicate, 125 ul of 

resuspended cells were sampled right after the last transfection wash 

(T0), five days post transfection (dpt, T5) and eight dpt (T8). Furthermore, 

in order to verify whether virions were produced and could infect new cells, 

15ul from each of the three technical replicates were collected at T8, 

pooled, subjected to a freeze–thaw process at -20°C and then inoculated 

in 6 well plates containing 3 x 10^6 of fresh cells in 2 mL of the same 

culture media. The newly inoculated plates were incubated at 26 °C and 
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sampled 5 days (II_T5) post inoculum. RNA was extracted from each 

sample, retrotranscribed and tested for EVV1 presence by RT-PCR using 

5raceR and Ifla14F primers (Table S1, amplicon size= 1295 nt). As far as 

it concerns CrPV-IC, even if cytopathic symptoms were already 

detectable through visual inspection, CrPV2R and CrPV2F primers (Table 

S1, amplicon size= 534 nt) were used in RT-PCR for detecting the viral 

genome. 

2.4 EVV1 detection, quantitative RT-PCR and statistical analyses. 

For each cell culture that tested positive in RT-PCR, total RNAs were 

extracted from both cells and growing media using TRIzol reagent (Life 

Technologies, Carlsbad, CA, USA).  For virus quantification, 500 ng of 

total RNAs were reverse transcribed using the M-MLV Reverse 

Transcriptase coupled with Random primers (Promega), following the 

manufacturer’s protocol. Quantitative PCR was performed on cDNA (qRT-

PCR) to detect a portion of the CP gene of EVV1 using 1X of SYBR™ 

Select Master Mix (Applied Biosystems, 373 Carlsbad, CA, USA), 300nM 

of each specific primer (EVV1Cap1 Rv/Fw, Table S1), 1� L of the 1:5 

diluted cDNA and water up to 10� L total volume. Serial dilutions of EVV1 

plasmid (10E-1, 10E-2, 10E-3 and 10E-4) were used to establish the 

standard curve. The standard curve was then used to estimate the EVV1 

genome units (GU), which was expressed as EVV1 GU/ng of reverse 

transcribed RNA (EVV1 GU/ng). Statistical analyses were performed with 

R software (“rstat” package). ANOVA, or when parametric analysis 

assumptions were not met, Kruskal-Wallis One Way Analysis of Variance 

on Ranks test, followed by Dunn's post hoc method were used to compare 

the viral loads among I) time points of the same transfection II) 

transfections with transcripts from different viruses and III) cell lines 

transfected with the same virus. Chi square test was used to compare 

mortality rates between treated insects (E. variegatus microinjected with 
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EVV1-IC and EVV1T+-IC transcripts) and control groups (E. variegatus 

microinjected with buffer without viral transcripts).  

2.5 Virion partial purification, TEM observation and in vivo injection. 

For virion purification, 4ml of   S21 cells transfected with EVV1, 4mL of S2 

cells transfected with CrPV transcript (positive control) and 4mL of S2 

mock infected cells were harvested at T5 and centrifuged for 5min at 

800rpm and 4°C. Pellets were resuspended in 2mL of their supernatant 

and transferred to new tubes, diluted 1:1 with PBS 1X and frozen 

overnight at -20°C to promote cells disruption. Then, Triton-X was added 

(1% v/v) to the tubes followed by an incubation of 1h at 4°C. The tubes 

were further centrifuged for 10 min at 13000rpm at 4°C. Virus particles in 

the supernatant were pelleted by ultracentrifugation at 35.000 rpm for 3h 

(Beckman 70.1 Ti Rotor) over a 20% sucrose cushion in PBS 1X. Pellets 

were resuspended in the same buffer and pelleted once again by 

ultracentrifugation at 35.000rpm for 1h (Beckman 70.1 Ti Rotor). Finally, 

the pellets were suspended in 15ul of 10mM Tris pH7.3. and diluted 1:10 

for electron microscope observation.   

In order to test the ability of the purified virions to infect insects, 1ul of 

diluted supernatant obtained from each transfected cell plate (EVV1-IC-t 

in Sf21 and CrPV-IC-t in S2) was further diluted 1:10 with 10mM Tris 

pH7.3, and 1ul was microinjected in newly emerged adults of E. 

variegatus. When an increase in mortality was observed, microinjection 

was repeated with 1ul of 1:100 and 1:1000 dilutions. Microinjected insects 

were kept on a single oat plant (A. sativa) and monitored daily for mortality 

detection, as previously described. Microinjected insects were collected 

at 0dpi (right after microinjection) and at 10dpi for RT-PCR analysis. Every 

day dead insects were collected and processed for RNA isolation. To 

detect the presence of the viral genome, RT-PCR analyses were 

performed as previously described.  
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3. Results 

3.1 In vivo tests. 

Insects were microinjected with increasing quantities of the full length 

EVV1 transcript. The in vitro transcribed RNA resulted in successfull 

EVV1 infection when injected in quantities exceeding 1010 genome copies 

per insect, even if the percentage of infected insects was low (Table 1), 

ranging from 4% (with 1.337×1010 GU/insect) to 14% of infection 

(1.671×1011 GU/insect). Statistical analyses showed no significant 

difference in mortality at 10dpi between insects microinjected with EVV1 

transcripts and the control ones microinjected with the microinjection 

buffer.   

To check whether the microinjected EVV1 transcript was responsible for 

the successful infection of F1 insects, and exclude that a mutant might 

have selectively replaced the original one, two insects from the F1 

progeny of experiment 5 were sequenced by high-throughput RNA-

sequencing (RNA-Seq). Both sequences assembled in the two libraries 

showed a single insertion at position 173 in the 5’UTR region of the EVV1 

genome. Reads were re-mapped on that region (with up to two 

mismatches allowed) and all of them showed the same single uridine 

insertion.  An RT-PCR performed on that region on the same batch of 

transcripts used for the microinjection of the parental F0 did not show any 
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insertion (data not shown). In addition, none of the reads from which the 

EVV1 virus was originally assembled showed such insertion. 

Table 1. Results of the EVV1 IC in vivo microinjection experiments in Euscelidius 
variegatus EvaBX, where. N. insects treated is the total number of microinjected insects. 

*  na: the progeny was not diagnosed for EVV1 presence  

Microinjection of E. variegatus (EvaBX) with a newly synthetized IC 

featuring an additional T at position 173 (EVV1T+ IC) slightly improved 

EVV1 infection frequency (23%) of the F0 insects (Table 2) injected with 

1011copy numbers of transcripts/insect, but just in one of the two 

experimental replicates.  No F1 progeny was obtained from the F0 of 

EVV1T+ IC-infected insects, thus hampering the evaluation of EVV1T+ 

vertical transmission. On the other hand, mortality of F0 insects at 10 dpi 

was similar to the one observed for the original EVV1-IC-t (Table 1). 
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EVV1-IC 3 500 8.355×1010 20 1/12 0/65 40 

Buffer 3_Buf / / 20 0/8 / 60 

EVV1-IC 4 1000 1.671×1011 64 2/59 11/68 14 

Buffer 4_Buf / / 53 0/37 / 30 
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Table 2. Results of the EVV1T+ IC in vivo microinjection experiments in E. variegatus BX, 
where. N. insects treated is the total number of microinjected insects. 
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EVV1T+-IC 1_T+ 200 3.342×1010 20 0/14 na* 7 

EVV1T+-IC 2_T+ 1000 1.671×1011 21 4/17 
No 
progeny 
** 

25 

Buffer 3_T+_buf 0 0 46 0/10 na* 19 

*  progeny was not analysed for EVV1 presence, as the virus was absent in the F0 generation 
**  no progeny etchced from oat plants exposed to EVV1T+-IC treated insects  

Microinjection of insects with a 5� capped version of the original EVV1-IC 

did not improve the infection frequency. Similarly, no EVV1 infection was 

established in F0 insects when the original EVV1 transcript was 

microinjected with the addition of lipofectamine. Moreover, evident 

cytopathic effects (CPE) and high insect mortality (Table 3) were observed 

at 10 dpi in the presence of lipofectamine.   

Given the wide host range of CrPV, we also evaluated the capability of 

the CrPV transcript to start an infection in leafhoppers. 1x1010 and 1x1011 

genome units/insect in Newly emerged adults of E. variegatus were 

microinjected with 1x1010 and 1x1011 CrPV genome units/insect. Insect 

mortality was similar to those obtained after injection of both EVV1 and 

EVV1T+ transcripts (Tables 1-3), and none of the treated E. variegatus 

was positive for CrPV infection at 10 dpi (Table 4).  
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Table 3. Results of the EVV1 IC plus cap'5 in vivo microinjection in E. variegatus BX 

Table 4. Results of the CrPV-IC in vivo microinjection in E. variegatus BX 

3.2 Transfection of cell lines. 

Transfection of the CrPV-IC transcripts in S2 cell line resulted in evident 

CPE from 48 h post transfection onwards (Figure 1A).  In addition, viral 

particles partially purified from cell culture supernatants were checked by 

RT-PCR. Re-infection of new cell layers with CrPV-containing 
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supernatants confirmed the efficiency of the transfection protocol.   

None of the tested cell lines showed any CPE when transfected with EVV1 

and EVV1T+ transcripts with and without 5’ cap (Figure 1A2, A4 B, C, D). 

 

Figure 1. Cells symptoms. A) S2 cells treated with CrPV-IC at TO,; A1) S2 cells taken at 
T5 after CrPV-IC transfection, and A2) S2 cells taken at T5 after EVV1-IC transfection; 
A3) S2 cells taken at T5 after Mock transfection and A4) S2 cells taken at T5 after EVV1T+-
IC transfection. B) Sf9 cells treated with EVV1-IC/EVV1-T+-IC at TO,; B1) Sf9 cells taken 
at T5 after EVV1-IC transfection; B2) Sf9 cells taken at T5 after EVV1T+-IC transfection; 
B3) Sf9 cells taken at T5 after Mock transfection. C) Sf21 cells treated with EVV1-IC/EVV1-
T+-IC at TO,; C1) Sf21 cells taken at T5 after EVV1-IC transfection; C2) Sf21 cells taken 
at T5 after EVV1T+-IC transfection; C3) Sf21 cells taken at T5 after Mock transfection. D) 
C6/36 cells treated with EVV1-IC/EVV1-T+-IC at TO,; D1) C6/36 cells taken at T5 after 
EVV1-IC transfection; D2) C6/36 cells taken at T5 after EVV1T+-IC transfection; D3) 
C6/36 cells taken at T5 after Mock transfection. All pictures were taken with an inverted 
microscope for cell culture and a 10X objective prior sampling for qRT-PCR analyses.  

Only Sf9, Sf21 and C6/36 cell lines showed the presence of EVV1 RNA 

at T5 when transfected with either uncapped EVV1or uncapped EVV1T+ 

transcripts. In accordance with statistical analyses, the three cell lines 

shared similar viral loads, irrespective of the transfected infectious clone 

and the sampling time. However, new cell culture inoculated with 15 ul of 

transfected cells harvested at T8 always tested negative for virus infection 

at 5 days after the inoculation, irrespective of the cell line (II_t5 in Figure 

2A and 2B). 
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Figure 2. EVV1-IC and EVV1T+-IC transfection test.  EVV1 viral load, expressed as the 
logarithm of genome units per ug of retro transcribed RNA, is displayed for every cell line 
and for every time point of the transfection (to, t5 and t8) and of the inoculum (II_ t5). The 
vertical bar marks the end of the measurement performed on the transfected cell culture. 

3.3 Virus like particles (VLP): TEM observation and microinjection in 

virus-free insects. 

Electron microscope observation clearly showed CrPV virions purified 

from S2 cells treated with CrPV-IC (Figure 3A), CrPV virons were 

abundant and had the expected morphology. As regards EVV1 

transfected Sf21 cells, viral particles of expected morphology and 
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dimension (icosahedral particles of about 30 nm in diameter) were 

observed (Figure 3B). However, the low amount of EVV1 virions and the 

presence of high background noise made virions observation difficult. 

Moreover, occasionally empty VLPs (Figure 3C, red arrow) were 

observed.  

 

Figure 3. VLPs observed after purification of: S2 cells treated with CrPV-IC (A); Sf21 
treated with EVV1-IC transcripts (B and C). Reference black bars correspond to 200nm 
each. Red arrow: virus like particle (VLP) observed. 

No insects tested positive for EVV1 presence after microinjection of VLPs 

obtained from Sf21 cells transfected with EVV1-IC transcripts and purified 

at 5 dpt (Table 5).  

To test the infectivity of CrPV particles rescued from transfection of Sf2 

cells, different dilutions were microinjected in newly emerged E. 

variegatus (Table 6). Mortality rates were dramatically high for 1:10 and 

1:100 dilutions: respectively 80% and 89% of treated insects died in the 

first two days after the microinjection and 100% after 3 days. At a 1:1000 

dilution we observed 58% of mortality at 3dpi and 71% at 5dpi. 

Table 5. EVV1 viral purification from Sf21 5dpt microinjected in E. variegatus EvaBX adults 

IC Experimental 
code 

Dilution of 
purified VLPs 
in 
microinjection  

Sample 
date 

N of 
insect 
treated  

N. of virus 
positive 
insects  

Mortality 
rate 10 
dpi (%) 

EVV1-
IC 

1Sf21_EVV1 1:10 
10 dpi 

25 
0/17 

26 
EVV1-
IC 0 dpi 0/6 
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Table 6. CrPV viral purification from Sf21 5dpt microinjected in E. variegatus BX adults 

* data still need to be diagnosed for CrPV infection 

4. Discussion 

In this study, we describe the design and construction of the first infectious 

clone of an insect iflavirus able to establish covert infections in Euscelidius 

variegatus, a leafhopper vector of phytoplasmas. We explored different 

experimental conditions to verify the ability of EVV1-IC and EVV1T+-IC to 

start a new infection in E. variegatus adults and in different insect cell 

lines. We compared these results to those obtained by infecting E. 

variegatus with CrPV infectious clone and CrPV viral particles obtained 

from viral replication in S2 transfected cells.   

The abdominal-microinjection of EVV1 transcripts showed that the 

infectivity was lower than that of viral particles (Ottati et al., 2020), 

irrespective of the presence or absence of a 5’cap analogue. In many virus 

families, a cap structure protects viral RNA from degradation by host 

cellular nucleases, and recognition by insect immunity mechanisms 

(Boyer & Haenni, 1994). Viral RNAs, once entered the host cells, may 

acquire a cap structure either by self-encoding for capping enzymes, by 

exploiting cellular capping enzymes, or by “cap snatching” of cellular 

mRNA (Bouvet et al., 2012). For both EVV1 and EVV1T+ infectious 

clones, infection of the insect occurred with uncapped transcripts. This is 

in line with the general observation that iflavirus genome relies on cap-

IC Experimental 
code 

Dilution of 
purified VLPs 
in 
microinjection 

N of insect 
treated 

N. of virus 
positive 
insects  

Mortality 
rate 5 
dpi (%)  

CrPV-
IC 1S2_CrPV 1:10 15 3/3 100 

CrPV-
IC 2S2_CrPV 1:100   19 2/2 100 

CrPV-
IC 3S2_CrPV 1:1000 20 NA*/12 71 

Mock 1/3S2_CrPV_mock / 23 / 48 
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independent (IRES-mediated) protein synthesis for its replication (Merrick 

et al., 2004).    

Infection from EVV1 transcripts could be vertically transmitted to the insect 

progeny, even if an insertion of uridine at the 5’ UTR was found to be 

selected in the F1 generation. Nevertheless, this insertion was selected in 

the infection of the F1 generation. More experiments are needed to clarify 

the role and the frequency of this spontaneous mutation in EVV1 infection 

dynamic. Moreover, similarly to the naturally-occurring EVV1 infection, the 

presence of EVV1 in the F1 progeny suggests that the viral infection 

artificially established in F0 could reach the ovarian tissues, one of the 

most active virus replication districts within the insect body (Ottati et al., 

2020).  

Lipofectamine facilitates cell uptake of dsRNAs delivered by feeding in D. 

suzukii (Taning et al., 2016) and D. melanogaster (Whyard et al., 2009) 

and by soaking in Rhipicephalus haemaphysaloides (Zang et al., 2018). 

Under our experimental conditions, lipofectamine was highly cytotoxic for 

E. variegatus when microinjected.   

EVV1 and EVV1+ transcripts showed no persistency when transfected 

into the Drosophila melanogaster S2 cell line, thus suggesting either no 

cellular uptake or an extremely effective degradation by cell defence 

mechanisms. On the contrary, a steady amount of both transcripts was 

detected upon transfection into the Aedes albopictus cell clone C6/36, 

and into the Spodoptera frugiperda Sf21 and Sf9 cell lines over an 8 day- 

period. Cell defence mechanisms have a major role in counteracting 

EVV1 infection occurrence and propagation in insect cell lines. None of 

the transfected cell lines showed pathogenic symptoms, and the infection 

could not be propagated. Both canonical viral-like particles and empty 

virions with an altered morphology were observed in Sf21 cells 

transfected with EVV1 IC. The lack of infection following their intra-

abdominal microinjection into E. variegatus can be explained by the fact 

that Sf21 cell line might not support an efficient replication of EVV1, so 
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that the amount of properly assembled virions is too low to start an 

infection cycle in E. variegatus adults. On the other hand, transcripts of 

CrPV caused serious CPE in S2 cells (Kerr et al., 2015), and produced 

viral particles that were able to infect E. variegatus adults with evident 

pathogenic outcomes. Despite the infectivity of the CrPV infectious clone 

in cell transfection experiments, its inability to start a new infection upon 

microinjection into E. variegatus might be due to the instability of the non-

encapsidated RNA transcripts. Reasonably, non-encapsidated viral 

RNAs, when microinjected in vivo, are more unstable and prone to 

degradation by RNAi mechanisms. This might also explain the low 

frequency of infection of EVV1 transcripts. The fact that the infection can 

be vertically transmitted from the microinjected insects to the progeny is 

a solid proof that EVV1-IC transcripts are able to assemble functioning 

viral particles and infect ovaries.  

An infectious clone can be defined as a full-length DNA clone from which 

infectious transcripts can be obtained using a suitable promoter. The first 

published infectious transcript based on a virus sequence infecting insect 

vectors of plant pathogen, was a viral transcript of the Dicistrovirus 

Rhopalosiphum padi virus (Boyapalle et al., 2008). Rhopalosiphum padi 

virus was transcribed in vitro from a full-length cDNA clone and tested on 

aphids. Then, the first infectious clone of the Dicistrovirus cricket paralysis 

virus (CrPV) (Kerr et al., 2015), was produced for VIGS application in 

insect vector of plant pathogens (Matsumura et al., 2020). Even though 

CrPV host range is wide (Christian and Scotti, 2008) and CrPV was 

successfully attenuated (inserting a mutation within the conserved 

DvExNPGP motif) and proved to be suitable as a VIGS tool in D. citri 

(Matsumura et al., 2020), its capability to infect leafhopper vector was 

never proved. In our study we present a new insect iflavirus-based 

infectious clone and we suggest that CrPV viral particles are able to cause 

severe CPE in E. variegatus when abdominally microinjected, thus 

opening the possibility to use the attenuated version of the CrPV-IC as 
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VIGS tool in leafhopper vectors.   

The first iflavirus based viral tool was published by Lamp et al. (Lamp et. 

al, 2016) which constructed a deformed wing virus (DWV) infectious clone 

of 10,164 bp in length cloned into the pBR322 plasmid. Similarly to CrPV-

IC, DWC infectious clone causes severe CPE in honey bees and it is 

currently unknown whether leafhopper vectors are included in its host 

range.  

EVV1 may represent a good candidate for VIGS application, because it is 

transovarically transmitted, and has limited effects on the insect fitness 

(Ottati et al., 2020 and Ottati et al., 2022 in preparation). The critical factor 

for the success of EVV1 as a vector for VIGS is the scarce ability of the 

infectious clone to infect the host, upon microinjection. To increase the 

infectivity of EVV1 in E. variegatus, one possible strategy is the production 

of virions after the transfection with EVV1 RNAs in E. variegatus cell lines. 

The use of commercial cell lines, in fact, was not effective for EVV1, even 

if it guarantees both a good experiment reproducibility and a cost-effective 

and reliable setup. E. variegatus cell lines, which have been already used 

for protein interaction studies (Arricau-Bouvery et al., 2018), might 

represent a promising alternative to produce large quantities of virions to 

be microinjected in the insect host. The use of a cell line that efficiently 

sustains the viral infection will open the possibility to develop a 

recombinant EVV1-based VIGS system carrying transgene sequences 

that specifically target E. variegatus through RNAi-mediated gene 

silencing.  

An efficient VIGS vector system for E. variegatus is a robust method to 

assess the function of insect genes putatively involved in phytoplasma 

acquisition/transmission by transient post-transcriptional gene silencing. 

Finally, the knowledge obtained using the EVV1-based VIGS system 

could be exploited to develop specific, and perhaps field-applicable virus-

based tools to complement insecticide treatments to contain Flavescence 

dorée. 
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Supplementary materials 

Table S1 Primer list 

Table S2 Insect cell lines used for EVV1 and EVV1T+ infectious transcripts transfection 
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2020 

EVV1Cap1R
v AGTGCTCATCAT-AGGACA EVV1 Ottati et al. 
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Abbà et al., 
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Ifla14 f CTGGACTCGTATTTTGACC EVV1 Abbà et al., 
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CrPV2_F GCGGGCTCAGGAGTTGCGAC CrPV 
71 °C 

unpublished 

CrPV2_R GAAGGTTGGGAGTGCGTCCAC CrPV unpublished 
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Conclusion 

In this thesis, the poorly explored virosphere of important insect vectors 

of plant pathogens in the Mediterranean area, Scaphoideus titanus and 

Euscelidius variegatus among the phytoplasma vectors and Frankliniella 

occidentalis and Thrips tabaci among tospovirus vectors, were tackled. 

One viral species of iflaviruses (EVV1), was further selected and in depth 

characterized in view of its exploitation as VIGS tool for FDp-host 

interaction studies; the complex interactions among EVV1 and its insect 

host were investigated in two isogenic populations of E.  variegatus: 

EvaBX, not infected by the virus; and EvaVI artificially infected with a 

microfiltered (22um) extract rich in EVV1 particles. Finally, EVV1 genome 

was successfully cloned in a plasmid with the appropriate promoter and 

its competency as Infectious Clone tested trough laboratory experiments: 

in-vivo microinjection of the viral transcript in virus free insects, in-vitro 

transfected of viral transcript in four different insect cell lines.  

Impact of the research.  

The different approaches of this thesis provided: i) a rich, even if not 

exhaustive, overview of the viral species naturally infecting S. titanus 

population in Europe and some insight on those infecting USA population, 

and thus prompting the possibility of exploiting these naturally occurring 

viruses, as specific and targeted biocontrol agents of S. titanus for a more 

sustainable viticulture; ii) a substantial contribute in the identification of 

tospovirus-transmitting triphs virosphere, by the analyses of 

Mediterranean F. occidentalis and T. tabaci virosphere; iii) a well-studied 

example of lathent iflavirus interaction with its insect host and vectored 

plant pathogen, which paved the way to a more comprehensive 

understanding of insect microbiome interactions with its host and host-

vectored plant pathogens, and iv) the first attempt for the production of an 

infectious clone of a latent and vertically transmitted insect virus. 
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Newly identified viruses.  

Both metatranscriptomics and metagenomics rely solely on inferred 

homology to known viruses to identify putative viral sequences, as viruses 

do not share any specific genetic marker. Such an approach, however, 

precludes the discovery of viruses that lack closely related sequences. 

Consequently, cannot be exclude that examined libraries contained more 

viruses than those described in this work. Moreover, field populations of 

insects can, harbor viruses that infect the insect itself, viruses of microbes 

or pathogens associated with the insect, and viruses associated with 

ingested materials (Bonning, 2019). All thrips and S. titanus samples used 

in this work were caught in the wild, so the chance that some of the 

sequenced microorganisms were associated with insects only as 

environmental contaminants was very high. Therefore, we preferred to 

exclude bacteriophages and known plant viruses and retained only those 

viruses that are closely related to other insect-infecting viruses.  

Scaphoideus titanus is native to North America and invasive in Europe. 

Sampling in Europe was extensive and included more than 200 

individuals from four different countries, while sampling in the USA 

included only three specimens from a single locality. Despite the low 

number of insects caught in the USA, the most striking result of this 

investigation was the marked difference in the diversity and abundance of 

the viral species identified in the two geographical areas. Seven viral 

species were discovered from three individuals collected in the USA, 

whereas only two viral species, Scaphoideus titanus iflavirus 1 and 

Scaphoideus titanus toti-like virus 1, were collectively identified across 

European sites. Additionally, 91% of the insects collected throughout 

Europe appeared to be free from both viruses. The main ambiguity in this 

study was represented by Scaphoideus titanus-associated partiti-like 

virus 1. Scaphoideus titanus-associated partiti-like virus 1 clustered with 

two viruses identified in nematodes and formed a distinct clade only 
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distantly related to Deltapartitivirus (one of the 5 genera (Vaino et al., 

2018)) the phylogenetically closest genus among those officially 

recognized by the ICTV. For this reason, Scaphoideus titanus-associated 

partiti-like virus 1 was not considered as an insect-infecting virus but 

rather as an insect-associated virus.  

Thrips virome characterization included samples mostly from Italy (with 

only two samples from the USA and one from Jordan), and this allowed 

to highlight variation in resident viromes even in a relatively small 

geographic area. We found more viral species in T. tabaci (even if with a 

smaller number of samples), and this could be due to bottlenecks 

associated with the recent invasion of the F. occidentalis that could 

explain its lower diversity than of an endemic species T. tabaci. Excluding 

plant and fungal viruses, 61 viral segments were identified, corresponding 

to 41 viruses: 14 were assigned to F. occidentalis, 17 to T. tabaci, 9 

viruses could not be assigned to any species based on our stringent 

criteria, and 1 to Neohydatothrips variabilis. All these viruses are putative 

representative of new species (with only the exception of a sobemo-like 

virus that is identical to a virus recently characterized in N. variabilis) and 

some belong to new higher-ranking taxa. The 9 viruses with less certain 

host assignment (or not reconfirmed in multiple assays on distinct 

individual thrips) were deposited in GenBank as “insect metagenomic” 

viruses, although some of them could indeed be thrips viruses. Moreover, 

no viruses associated to F. occidentalis nor to T. tabaci were identified in 

the samples from USA and Jordan.  

As for E. variegatus virosphere characterization, samples sequenced 

were collected from two different lab population, a French population 

originally collected from a field in Bordeaux and an Italian population 

originally collected from a field in Turin. In this case, the chance that some 

of the sequenced viruses were associated with microbes or pathogens 

associated with the insect, or associated with ingested plants, was very 

low. Moreover, the microbiome of E. variegatus lab population is known 
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(Vallino et al., 2021; Gonella et al., 2019, 2018; Purcell et al., 1986). Two 

newly identified iflaviruses were detected in the lab population and 

tentatively named EVV1 and EVV2. In particular, EVV1 was exclusively 

infecting the Italian population, while EVV2 was infecting both 

populations. The sequence identity at the amino acid level of the capsid 

proteins between the two EVV2 isolates from the two populations was 

above 97.0%, and thus they could be considered as the same species 

(Virus Taxonomy 9th ICTV Report). 

EVV1 characterization. 

The discovery of new iflavirus species in agronomic important insect 

species was not surprising. Recently several Iflavirus were newly 

identified: one iflavirus was characterized in the aphid Brevicoryne 

brassicae (Kondo et al., 2020; Ryabov, 2007); four iflavirus were found in 

Bemisia tabaci (Huang et al., 2021) and others were discovered infecting 

the planthoppers Nilaparvata lugens (Murakami et al., 2014) and 

Laodelphax striatellus (Wu et al., 2019). Yet, interestingly, 5 Iflavirus 

species were identified for the first time in the present work: 1 in S. titanus 

collected in the USA; 1 in S. titanus infecting both Italian and France field 

populations; 1 in F. occidentalis sampled in Italy; 1 in E. variegatus French 

and Italian lab rearing and 1 in E. variegatus exclusively found in Italian 

lab rearing.   

The latter, Euscelidius variegatus virus 1, was the most suitable for an in-

depth characterization, not only because it was stably infecting one of the 

two lab population, but also because it was able to infect S. titanus without 

adverse impact on its survival rates. EVV1 was efficiently transmitted to 

the offspring transovarically. Indeed, following injection of virus-free 

parents, 100% of the F1 and F2 offspring were infected. Interestingly, the 

mean viral load of the F1 and F2 individuals was significantly higher than 

that of naturally infected E. variegatus adults. Thus, supporting the 

hypothesis of a higher viral replication rate in the newly infected insects 
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than in the naturally infected insects. Moreover, localization tests within 

the insect host indicates EVV1 preference to colonize ovaries. Empirical 

experiments performed in this work to assess EVV1 role in E. variegatus 

ability to vector the plant pathogen FDp showed no evident effect of EVV1 

either on FDp acquisition or transmission efficiencies. Indeed, direct 

interactions between the two entities may also not occur, as FDp 

multiplies in the midguts and in the salivary glands (Lefol et al., 1993; Lefol 

et al., 1994), thus FDp and EVV1 have separate localizations within the 

host.  

As many vertically transmitted viruses, EVV1 causes a covert infection in 

its host. EVV1 slightly decreased insect fitness parameters, as indicated 

from results obtained from the comparisons of virus-free and virus 

artificially infected insect populations. In particular, the decrease in terms 

of daily number of nymphs generated per female was considered as a 

long lasting fitness cost of the infection with this iflavirus. Similar infection 

outcomes can be observed in viruses infecting aphids (Ban et al., 2008; 

Hunter et al., 2001; Ryabov et al. 2009). Counterwise, the iflavirus 

infection showed certain mutualistic traits, causing an increase of 

longevity in the progeny of artificially infected population.  

To our knowledge, no studies have ever reported improved insect 

longevity and/or fitness upon insect-specific virus infection, although 

examples of plant-mediated mutualistic relationships are known between 

plant viruses and their insect vectors (Bao & Roossinck, 2013). In the case 

for Bemisia tabaci, insects feeding on geminivirus-infected plants showed 

an increased fecundity and longevity (Jiu et al., 2007). Nevertheless, the 

same plant viruses are able to alter the vector feeding behaviour by 

increasing the length of the salivation time in the phloem, thus improving 

virus transmission efficiency (Liu et al., 2013). Indeed, several metabolic 

categories are differentially regulated in infected whiteflies after feeding 

on virus-infected tomato plants including stress and immune responses, 

transport, primary metabolism, cell function, which may well explain 
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measurable alteration of vector fitness (Ding et al., 2019). 

In this thesis, the in depth characterization of EVV1 led to the production 

of EVV1 infectious clone for the exploitation of a new iflavirus based tool 

for RNAi delivery. The abundance of newly identified iflaviruses across 

examined insect species further prompted the interest in this viral family.  

EVV1 based viral tool for functional genomics.  

An iflavirus-based vector could be a valuable tool to explore the role of 

potential plant pathogen effectors in the insect host. Elucidating the 

mechanisms of insect tolerance to iflavirus infection paves the way to 

conceptualize new anti-vectorial strategies to selectively control plant 

pathogen-transmitter Hemipteran insects.   

The first iflavirus based viral tool was published by Lamp et al. (Lamp et. 

al, 2016) which constructed a deformed wing virus (DWV) infectious clone 

of 10,164 bp in length based on the pBR322.  To date, the DWV infectious 

clone was solely proved to be effective on honey bees, no viral vector 

tools are available for leafhopper vectors. In the present thesis, the CrPV-

IC, a dicistovirus-based infectious clone successfully used for gene 

silencing in D. citri (Matsumura et al., 2020), was showed to cause 

cytopathic effects on E. variegatus when CrPV viral particles -previously 

assembled in transfected S2 cells plate- were intra-abdominally 

microinjected in E. variegatus adults. Thus paving the way to the 

possibility to exploit CrPV-IC as VIGS vector in leafhoppers. Yet, severe 

CPE represents an important drawback for functional genomics studies, 

especially for the study of long term gene effects or for the evaluation of 

transmission parameters, which often require long-lasting latent 

acquisition and transmission periods.   

In this study, a new Infectious clone based on the genome sequence of 

the iflavirus EVV1 is presented. Picorna-like viruses, such as iflaviruses 

and dicistroviruses, often occur as quasispecies in which multiple viral 

forms complement each other to support infection that prevents the 
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isolation of efficient individual infectious sequences (Ojosnegros et al., 

2011; Kolliopoulou et al., 2017). Such features make the construction of 

iflavirus-based infectious clone challenging, even if it concerns small 

genome sizes. In this scenario, the EVV1 quasispecies genome was 

cloned in pUC19 under the control of T7 promoter. The infectivity of RNA 

transcripts obtained from the infectious clone was shown to occur when 

naked RNA transcripts were abdominally microinjected in virus free 

insects. However, the infection efficiency was lower than that obtained 

microinjecting authentic EVV1 virions extracted from virus positive 

insects. The attempt of producing stable EVV1 virions transfecting four 

different insect cell lines (S2, Sf9, Sf21 and C6/36) with EVV1 infectious 

transcript resulted in the production of few particles which failed at 

propagate in both fresh cell plate and alive virus free insects. Reasonably, 

the lack of an adequate viral particle production in insect cells can be 

attributed to a lack of compatibility between tested cell lines and the 

iflavirus rather than a structural deficit in the viral transcript. Indeed, both 

the success of infection by naked infectious transcript microinjection in 

virus free insects, and iflavirus narrowed host range support this 

hypothesis. There is no doubt that the use of E. variegatus cell lines to 

test EVV1 IC, would have helped at demonstrating that EVV1 clone is able 

to produce infectious transcript. On the other hand, at the time, E. 

variegatus cell lines were not available and the use of commercial cell 

lines represented a cost-effective and reasonable alternative.  

Finally, elucidating the possibility of using EVV1 to deliver post 

transcriptional silencing in insect host has a pivotal role in the studies of 

insects’ genes involved in phytoplasma transmission/acquisition. Indeed, 

the availability of a VIGS tool able to stably silence a population without 

adverse off target impacts either on the insect nor on the vectored plant 

pathogen, would represent a tremendous advantage on the study of host-

pathogen interactions. Yet, still need to be investigated whether EVV1 

replication rate within the insects is adequate in order to guarantee an 
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efficient production of dsRNA, thus to correctly silence endogenous insect 

genes. Indeed, the success of viral delivery vectors for an RNAi outcome 

is, to a large extent, dependent on their ability to replicate within the host. 

In some cases, the RNAi response to a persistent infection may not be 

activated effectively and no silencing effects may be achieved (reviewed 

by Kolliopoulou et al., 2017). Moreover, besides preliminary results 

suggest that EVV1 host range can be enlarged to S. titanus, it remains to 

be determined how specific the EVV1 infection will be and how efficiently 

it can cross other species barriers. 

Final considerations and suggestions.  

The results of this research thesis provide important indications to support 

the characterization of newly identified insect specific viruses for their use 

as new viral tool for plant protection, addressing both the discovery of new 

virus with BCAs properties and the research of new viruses for the 

exploitation as VIGS suitable vectors. In this scenario, novel virus based 

technology will benefit from knowledge generated by this thesis, and by 

more extensive studies on different insect-specific viruses. Further 

research should clarify the suitability of iflavirus based VIGS, and focus 

on the characterization of the many newly identified viral species across 

the four insect species investigated here, for possible future application of 

this knowledge in the frame of a multi-approach integrated pest 

management for a more sustainable agriculture. 
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