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Philaenus spumarius is the primary vector of the quarantine plant pathogen Xylella fastidiosa in
Europe and is responsible for the devastating Olive Quick Decline Syndrome outbreak in Southern
Italy. Despite its importance, little is known about its natural viral community, which could offer

novel and sustainable strategies for vector control. In this three-year study, we conducted the first
comprehensive characterization of the viral community of P. spumarius from multiple ecologically
diverse European sites, including X. fastidiosa-affected areas in Southern Italy. Deep transcriptomic
sequencing of 209 field-collected individuals pooled into 11 RNA-seq libraries revealed the presence
of 26 RNA viruses. Our findings revealed a rich and structured viral community in populations from
Northern Italy and France, contrasting sharply with the reduced viral diversity observed in populations
from Southern Italy, where most individuals were virus-free. Temporal comparisons revealed recurrent
virus—host associations over the years, and laboratory rearing provided initial insights into viral
persistence and transmission dynamics. Although none of the detected viruses caused overt signs of
mortality or sterility, their potential sublethal effects and ecological interactions remain unexplored.
This study lays the groundwork for future research on the functional roles of insect-associated viruses
and emphasizes their potential for developing sustainable, environmentally friendly approaches to
managing vectors and reducing the impact of X. fastidiosa on European agriculture.

Keywords Philaenus spumarius, Xylella fastidiosa, Insect-specific-virus, Transmission routes, Plant pest,
Biocontrol

Philaenus spumarius L. (Hemiptera: Aphrophoridae), commonly known as the meadow spittlebug, is the main

vector of the Gram-negative bacterium Xylella fastidiosa Wells (Proteobacteria: Lysobacteraceae) in Europe and,
namely, of the sequence type 53 (subsp. pauca) that causes the devastating outbreak of the Olive Quick Decline
Syndrome in the Southern Italy (OQDS). To date, the control of P. spumarius has primarily focused on soil
tilling against nymphs' and the use of synthetic insecticides, such as pyrethroids and neonicotinoids against
adults>. However, in light of the European Commission’s goal of reducing pesticide use (Directive 2009/128/
EC; 6[4]), there is a need for innovative, more environmentally sound control strategies to reduce the insect
populations and/or disrupt the bacterium transmission dynamics. Several efforts have been made to identify
biological control agents (BCA) and agronomic measures to control spittlebug populations within an Integrated
Pest Management framework. Among BCAs, entomopathogenic fungi (EPF)> and an egg parasitoid® have
been discovered, but there is a need to explore other tools.

Insect-specific viruses (ISVs), most of which have RNA genome, show great potential for reducing or even
eliminating the need for insecticides in agriculture’. They spread naturally within insect populations and might
provide long-term pest control, eliminating the need for continuous insecticide applications. They can interfere
with the transmission of pathogens!® to host plants and have minimal off-target effects. Unlike arboviruses,
ISVs cannot replicate in vertebrate hosts, infecting only insects!!2. Although some highly pathogenic ISVs,
such as baculoviruses, have been successfully used as sustainable biocontrol agents, their narrow host range
(predominantly Lepidoptera) and tendency to develop resistance limit their practical application on a large
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scale!>!4. However, it has been shown that ISV causing covert infections can also influence key insect traits such
as fecundity, fitness and longevity'>~1”. They can also induce behavioral and ecological changes in the host!3-%.
In the Mediterranean fruit fly Ceratitis capitata, the ISV Ceratitis capitata nora virus (CcaNV) has been shown
to enhance the attractiveness of insect larvae to its parasitoid, thereby reducing the probability of survival for the
insect host?. Similarly, in Spodoptera exigua, infections with Spodoptera exigua iflavirus 1 (SeIV1) increase both
the susceptibility to Bacillus thuringiensis formulation and the mortality caused by the parasitism of Hyposoter
didymator'8. The role of ISVs in modulating the spread of human pathogens has been widely explored in
mosquitoes, where various ISV interfere with arbovirus replication, possibly affecting insect immune responses
or through direct virus-virus interactions?>-2°.

Advances in high-throughput sequencing technologies, metagenomics and phylogenetics have notably
improved the identification of RNA viruses associated with insects?®?’. This revolution has not only enriched
our understanding of the complex co-evolutionary dynamics between insects and their virosphere, but has also
prompted the exploration of ISVs as potential tools for plant protection®2%.

In this context, the present study provides a comprehensive characterization of the RNA viruses naturally
associated with P. spumarius across different ecotypes and plant hosts in Europe, sampled over two consecutive
years. By analyzing only live insects, we captured intact viral RNA and preserved the natural virome composition.
This approach enabled the detection of viruses that may not be necessarily lethal, but which could affect insect
physiology, reproduction, or vector competence. Furthermore, we evaluated the persistence of these viruses
under controlled laboratory conditions and across one generation, despite the significant challenges posed by
the insect biological cycle, which is characterized by adult parapause in summer and an obligate egg diapause in
winter?!. This study establishes the foundation for identifying potential vector-borne viruses as key components
of a more sustainable vector control strategy.

Materials and methods

Insect specimen collection

Adult P. spumarius individuals were collected during the summers of 2022 and 2023. Six locations were selected
throughout Italy (Cisano, Albenga, Bellino, Chieri, Gallipoli, Valenzano), including two sites within Xylella
fastidiosa-infested areas (Gallipoli, Valenzano) (Fig. 1). Additionally, samples were obtained from two locations
in France, one in a continental region (Sault) and one on the island of Corsica (Canale di Verde) (Fig. 1). Sault
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Fig. 1. Geographic distribution of Philaenus spumarius sampling sites in Italy and France in 2022 and 2023.
Sampling size is indicated in black for samples collected in 2022 and grey for those collected in 2023.
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is located in a X. fastidiosa-free area. Conversely, Corsica has been designated a containment area by the EFSA
Panel on Plant Health, as X. fastidiosa is established and eradication is no longer feasible.

To maximize ecotype diversity, locations included habitats that varied in terms of vegetation type, moisture
regime, elevation, and disturbance levels, ranging from intensively managed agricultural sites to natural
environments (Table 1). In 2022, a total of 11 to 30 adult insects were collected per site (Fig. 1, Table S1) from
bushes and tree canopies using a sweeping net. The insects were preserved in RNAlater (Thermo Fisher Scientific)
before being stored at — 80 °C. To assess the temporal persistence of viral communities, three of the most virus-
rich sites sampled in 2022, i.e. Sault, Chieri, and Bellino, were re-sampled in 2023, with approximately 200
specimens collected at each site.

Laboratory rearing and progeny analysis

To assess the persistence of viral communities and investigate their transmission routes (Table S1), two of the
three populations sampled in 2023, Sault and Bellino, were reared in laboratory conditions (with a 14:6 h light:
dark photoperiod). Insects were kept in clean cages provided with healthy, greenhouse-grown host plants and
straw. The Sault population was reared at 26 °C, while the Bellino population was maintained at 20 °C to reflect
differences in the original habitat temperatures.

For the Bellino population, 26 mating pairs (one male and one female) were reared in individual cages on
chicory (Cichorium intybus), and all females were sampled after 27 days for virome analysis. As regards the Sault
group, approximately 100 adults were mass-reared in a single cage on grapevine (Vitis vinifera), chicory and
broad bean (Vicia faba). Adult males and females were collected after 82 days for virome analysis. Each rearing
(26 mating pairs and one mass-reared population), which was presumed to contain eggs, was transferred to
semi-field conditions, consisting of netted boxes placed in a green outdoor area in Turin (Italy) (45.017624 N,
7.641197E). This setting exposed the eggs to natural fluctuations in temperature and humidity, thereby mimicking
the overwintering phase of P. spumarius while still preventing external contamination.

In spring, the boxes were brought back to controlled laboratory conditions on grapevine, chicory and broad
bean to induce synchronized hatching. Adult insects were collected after approximately two weeks from the
emergence of the first individual (Table S1), then stored at — 80 °C for virome analysis. A schematic representation
of the experimental workflow is depicted in Fig. 2.

RNA extraction, library preparation and sequencing

We focused on RNA viruses because they represent the most diverse and abundant component of insect
virospheres and are the primary targets of studies on hemipteran-associated viruses?”?%30. Their typically smaller
genomes, compared with those of DNA viruses, also make them easier to manipulate for biotechnological
applications.

Nucleic acid extraction was performed from single insect according to the manufacturer’s instructions using
the Spectrum™ Plant Total RNA Kit (Sigma-Aldrich). The DNAse step was omitted to extract both DNA and
RNA at the same time. Nucleic acid extracts from 11 to 30 individuals collected at the same location were
pooled in an equimolar ratio and sent to Macrogen Inc. (Seoul, South Korea) for both total RNA and small RNA
sequencing. The Ribo-Zero Gold Kit (Human/Mouse/Rat) (Illumina Inc., San Diego, CA, USA) was used to
deplete ribosomal RNA. RNA-seq libraries were prepared using the TruSeq Stranded Total RNA Library Prep
Kit (v2) (Ilumina Inc., San Diego, CA, USA) and sequenced using the NovaSeq system (2 x 150). For smallRNA

Altitude above sea

Country | Location RNA-seq library name | Latitude (°N) | Longitude (°E) | level (metres) Site description

IT Cisano Cis_22 44.073056 8.165528 ~110 Olive grove (~1.2 ha)

IT Albenga Alb_22 44.076111 8.117333 ~110 Terraced olive grove (~ 1.6 ha)

IT Chieri Chi_22, Chi_23 45.019797 7.788225 ~110 Nursery field (~ 0.8 ha)

1T Bellino Bel_22, Bel_23 44.57474 6.9597 ~2050 Small alpine meadow (~ 0.1 ha)
Abandoned olive grove

IT Gallipoli Gal_22 40.023653 18.027892 ~12 (~1.2 ha) seriusly damaged by
Xylella spp. Infection

1T Valenzano Val_22 41.028994 16.906233 ~110 Annual fallow field (~ 1.6 ha)

FR Sault Sau_22, Sau_23 4212116 5.44336 ~760 z(fgicl ‘}?;;‘ed woodland

Canale di Verde
FR (Corsica) Cor_22 42.27563 9.49893 ~50 Evergreen oak (Quercus spp.)

Table 1. Description of field sampling sites selected for the collection of Philaenus spumarius. This table
provides geographic and contextual information on the eight sites, six in Italy and two in France, where P.
spumarius specimens were collected. A comprehensive overview of the characteristics of each location is
provided, including the country of origin, the specific site name, the geographical coordinates expressed
in decimal degrees (i.e. latitude and longitude), the altitude measured in metres above sea level, and a

concise description of the type and land use (e.g. olive grove, nursery field). The RNA-seq library names are
abbreviated with the first three letters of the collection site followed by the year of collection (22 indicates 2022
and 23 indicates 2023).
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Fig. 2. Schematic representation of the experimental workflow. Sault and Bellino populations were re-sampled
from fields in 2023 and reared in laboratory-controlled conditions. The Sault population was mass-reared,
with adults allowed to mate freely within a single cage for 82 days. The Bellino population was divided into

26 mating pairs housed in individual cages for 27 days. At the end of the rearing period, adults from both
populations were collected for virome characterization. Each rearing, which presumably contained eggs, was
placed under semi-field conditions. In spring, cages were brought back to controlled laboratory conditions and
insects collected for virome characterization.

(sRNA) sequencing, libraries were prepared with SMARTer smRNA-Seq Kit for Illumina (Takara Bio, USA) and
sequenced by NovaSeq X (2 x 150).

Bioinformatics analysis and viral name assignment

For transcriptome analysis, raw paired-end sequence files were quality-checked, cleaned, and filtered using the
BBTools suite v37.62. Briefly, adapters, short reads, artifacts and ribosomal sequences were removed using BBDuk.
P spumarius-mapping reads were also removed using the insect transcriptome assembly GenBank accession
GCZA00000000.1 BBMerge and BBNorm were then used to merge overlapping paired-end reads and normalize
read coverage. The remaining reads were de novo assembled using Trinity v2.9.0°! with default parameters. Viral
sequences were selected by querying the assembled sequences against the NCBI non-redundant protein database
(last accessed on 07-02-2024) using DIAMOND blastx. For those sequences with a significant match (Evalue <
0.0001), the best viral hits were considered for taxonomic classification. Viral names were assigned as follows:
the name of the host Philaenus spumarius, followed by the root of the viral family name (e.g. Ifla = Iflaviridae),
plus the word “virus”, and a progressive identification number to distinguish different viruses within the same
family (e.g. Philaenus spumarius iflavirus 1). Abbreviations of viral names report the initials of the host name
(Ps).

For sRNA sequencing, raw reads were trimmed from adapters with Cutadapt v. 4.6*? and filtered out
according to (a) quality and length (minimum 18 nt; maximum 32 nt) and (b) mapping onto P. spumarius
identified viruses. Bowtie v. 1.1.2 software®® with no mismatch allowed in the alignment was used to determine
sRNA abundance profiles. SRNA counts were normalized by the total number of high-quality reads to account
for the technical differences across libraries. As a negative control, one sRNA library was prepared from virus-
negative insects only.

The R packages UpSetR v1.4.0 and ComplexHeatmap v1.3.3 were used to generate the heatmaps and the
UpSet plots, respectively.

Viral prevalence analysis and coinfection index calculation

To confirm the RNA-seq results, primers were designed to amplify a small region of the RNA-dependent RNA
polymerase (RARP) gene of each putative viral species (Table S2). First, we tested virus-specific primer pairs
by quantitative PCR (qPCR) on non-DNAse-treated and non-reverse-transcribed aliquots of each RNA pool
sent for sequencing to exclude the presence of potentially Endogenized Viral Elements (EVEs). Then, cDNA
was synthesized from 400 ng of DNAse-treated RNA using the High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific Inc., Waltham, MA, USA) with random primers. The resulting cDNA was used as a
template for amplification in a 10 uL reaction with 1x iTaq Universal SYBR green Supermix (Bio-Rad). Reactions
were run in duplicate. Cycling conditions were: 95 °C for 3 min, and 40 cycles at 95 °C for 30 s and 58 °C for 30 s
of annealing/extension step. Melting curve was analyzed by slow heating from 65 °C to 95°Cat a rate of 0.3 °C/
cycle.

When pooled samples resulted positive for a given viral species, species-specific primers were used on RNA
extracted from individual P. spumarius specimens to assess virus prevalence. Prevalence was calculated as the
percentage of individuals testing positive for each newly identified virus within each population.

For the Sault rearing, each offspring was screened for viruses that had been detected in at least one parent,
either male or female. For the Bellino rearing, all offspring, regardless of which mating pair they originated from,
were tested for any virus detected in at least one of the 26 parental females.

For each population, the coinfection index was calculated as the average number of viral species infecting
that population, divided by the sum of P spumarius individuals that tested positive for at least one viral species
in that population.
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Phylogenetic analysis
Phylogenetic analyses were conducted using the deduced protein sequences of the conserved domains of RNA-
dependent RNA polymerases (RdRps).

Phylogenetic trees of potential non-ISVs were built using clades, nomenclature and sequences provided
by Shi et al. 2016%° (Table S3). The phylogenetic tree of bunyaviruses was based on the recent reclassification
proposed by Kuhn et al., 2024** (Table S3). RdRp amino acid sequences of the newly discovered viruses were
aligned using MAFFT V7.526% and then trimmed to include only conserved domains. Phylogenetic trees were
then generated using the maximum likelihood approach (ML) implemented in IQ-TREE2 V2.3.5% with default
parameters, and visualized and edited using iTOL*’.

Results

Diversity of RNA viruses associated to field-caught Philaenus spumarius

A total of 26 distinct RNA viruses (Table 2) were identified in 11 RNA-seq libraries obtained from pools of P
spumarius individuals collected at eight locations in Italy and France in 2022, three of which (Sault, Bellino,
and Chieri) were re-sampled in 2023. Only complete or near-complete viral genomes were reported, defined as
sequences encompassing the full coding potential expected based on their closest known viral relatives (Fig. 3,
Table S4). Detailed information regarding the normalized abundance of viral reads detected in each RNA-seq
library are reported in Table S4.

Fifteen were single-stranded positive-sense RNA (ssRNA+) viruses. Based on their genome organization,
blastP results and phylogeny, six are presumably ISV's of P. spumarius. Four were assigned to the family Iflaviridae
(Ps_Iflal, Ps_Ifla2, Ps_Ifla3, Ps_Ifla4), one to the family Flaviviridae (Ps_Jigmenl), one to the order Nidovirales
(Ps_Nido1), and one (Ps_Quenyal) to the recently described lineage of quenyaviruses. Of the remaing ssRNA
+ viruses, seven are potential mycoviruses belonging to the families Narnaviridae (Psa_Narnal, Psa_Narna2,
Psa_Narna3), Mitoviridae (Psa_Mito1, Psa_Mito2), and Botourmiaviridae (Psa_Ourmial, Psa_Ourmia2), while

Temporary Virus full name Abbreviated_name | Phylum Viral genome structure | Order Family
Philaenus spumarius nidovirus 1 Ps_Nidol Pisuviricota ss+RNA Monopartite | Nidovirales -

Philaenus spumarius iflavirus 1 Ps_Iflal Pisuviricota ss+RNA Monopartite | Picornavirales Iflaviridae
Philaenus spumarius iflavirus 2 Ps_ifla2 Pisuviricota ss+RNA Monopartite | Picornavirales Iflaviridae
Philaenus spumarius iflavirus 3 Ps_Ifla3 Pisuviricota ss+RNA Monopartite | Picornavirales Iflaviridae
Philaenus spumarius iflavirus 4 Ps_Ifla4 Pisuviricota ss+RNA Monopartite | Picornavirales Iflaviridae
Philaenus spumarius jingmenvirus 1 Ps_Jingmenl Kitrinoviricota ss+RNA Segmented Amarillovirales | Flaviviridae
Philaenus spumarius-associated tombus virus 1 Psa_Tombusl Kitrinoviricota ss+RNA Monopartite | Tolivirales Tombusviridae
Philaenus spumarius quenyavirus 1 Ps_Quenyal unclassified ss+RNA Segmented unclassified -

Philaenus spumarius-associated mitovirus 1 Psa_Mitol Lenarviricota ss+RNA Monopartite Cryppavirales Mitoviridae
Philaenus spumarius-associated mitovirus 2 Psa_Mito2 Lenarviricota ss+RNA Monopartite | Cryppavirales Mitoviridae
Philaenus spumarius-associated narnavirus virus 1 | Psa_Narnal Lenarviricota ss+RNA Monopartite | Wolframvirales | Narnaviridae
Philaenus spumarius-associated narnavirus 2 Psa_Narna2 Lenarviricota ss+RNA Monopartite Wolframvirales | Narnaviridae
Philaenus spumarius-associated narnavirus 3 Psa_Narna3 Lenarviricota ss+RNA Monopartite | Wolframvirales | Narnaviridae
Philaenus spumarius-associated ourmiavirus 1 Psa_Ourmial Lenarviricota ss+RNA Segmented Ourlivirales Botourmiaviridae
Philaenus spumarius-associated ourmiavirus 2 Psa_Ourmia2 Lenarviricota ss+RNA Segmented Ourlivirales Botourmiaviridae

Philaenus spumarius phenuivirus 1 Ps_Phenuil Negarnaviricota | ss-RNA Segmented Hareavirales Phenuiviridae
Philaenus spumarius phasmavirus 1 Ps_Phasmal Negarnaviricota | ss-RNA Segmented Elliovirales Phasmaviridae
Philaenus spumarius phasmavirus 2 Ps_Phasma2 Negarnaviricota | ss-RNA Segmented Elliovirales Phasmaviridae
Philaenus spumarius Elliovirales virus 1 Ps_ Ellioviralesl Negarnaviricota | ss-RNA Segmented Elliovirales -

Philaenus spumarius phenuivirus 2 Ps_Phenui2 Negarnaviricota | ss-RNA Segmented Hareavirales Phenuiviridae
Philaenus spumarius rhabdovirus 1 Ps_Rhabdol Negarnaviricota | ss-RNA Segmented Mononegavirales | Rhabdoviridae
Philaenus spumarius rhabdovirus virus 2 Ps_Rhabdo 2 Negarnaviricota | ss-RNA Segmented Mononegavirales | Rhabdoviridae
Philaenus spumarius orthomyxovirus 1 Ps_Orthol Negarnaviricota | ss-RNA Segmented Articulavirales Orthomyxoviridae
Philaenus spumarius orthomyxovirus 2 Ps_Ortho2 Negarnaviricota | ss-RNA Segmented Articulavirales Orthomyxoviridae
Philaenus spumarius reovirus 1 Ps_Reol Duplornaviricota | dsRNA Segmented Reovirales -

Philaenus spumarius reovirus 2 Ps_Reo2 Duplornaviricota | dsRNA Segmented Reovirales -

Table 2. Summary of the identified viruses associated with Philaenus spumarius. This table lists the novel viral
species detected in P. spumarius individuals, including their provisional full names, abbreviated names, and
genomic features. Each virus is characterized by its genome structure (RNA type and number of segments),
and tentatively classified at the phylum, order, and family levels based on sequence similarity and genomic
organization. Viruses marked with a hyphen (-) in the column “Family” could only be placed within broader
taxonomic groups due to similarities with species not formally classified by the International Committee on
Taxonomy of Viruses (ICTV).
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Fig. 3. Heatmap of viral relative abundance across the 11 RNA-seq libraries. The heatmap shows the
normalized abundance of viral reads detected in each RNA-seq library. Normalized abundance was calculated
as the number of reads mapping to each virus divided by the total number of high-quality reads in the
corresponding library. Viral species are listed by ID, with reads mapping to different segments summed to
obtain a total abundance per virus. Abundance values were transformed as log(reads + 1) to allow inclusion of
samples with zero read counts.

one (Psa_Tombusl) showed a distant relationship to the plant virus family Tombusviridae. These putative non-
ISVs were provisionally named Philaenus spumarius-associated viruses (Psa).

Going into more detail, jingmenviruses represent a divergent lineage within the family Flaviviridae, which is
normally characterized by a monopartite + ssRNA genome. Although most jingenviruses are composed of four
segments>?, the genome of Ps_Jingmen1 was found to comprise six putative viral segments, similarly to some
arthropod-associated jingmenviruses identified by Valle and colleagues®.

Quenyaviruses typically possess five genome segments. In our study, however, we identified six segments
associated with Ps_Quenyal. Notably, segments 5 shared over 50% amino acid identity with a putative segment
6 (named “Hypothetical protein” in Table S4), suggesting possible duplication or functional redundancy.

As regards the putative non-ISVs, phylogenetic analyses were conducted to clarify their host assignment,
whether fungal, plant, or insect. The results indicated that Psa_Narna2, Psa_Narna3, Psa_Mitol, sa_Mito2,
Psa_Ourmial, and Psa_Ourmia2 clustered with viral sequences previously detected in non-arthropod hosts,
confirming their mycoviral origin (Figure S1). By contrast, PSa_Narnal grouped with other putative insect narna-
like viruses. Similarly, Psa_Tombus1 clustered within a sister clade of tombus-like viruses previously identified
in arthropods (Figure S2). Therefore, the phylogenetic analyses tended to support the identification of Psa_
Narnal and Psa_Tombus]1 as true ISVs. In addition, plant tombusviruses are characterized by a monosegmented
genome with five ORFs, whereas Psa_Tombusl appeared to have a bipartite genome, with at least three predicted
ORFs: two on the longer segment that codes for the RdRp and at least one on the second segment. No movement
protein typically associated with plant-infecting tombusviruses was identified.

Nine single-stranded negative-sense RNA (ssRNA-) ISVs were also identified. Among these viruses, two
belonged to the family Rhabdoviridae (Ps_Rhabdol, Ps_Rhabdo2), two to the family Orthomyxoviridae (Ps_
Orthol, Ps_Ortho2), and five to lineages formerly grouped under the family Bunyaviridae, which has been
recently reclassified by the International Committee on Taxonomy of Viruses (ICTV) into the class Bunyaviricetes
and the orders Elliovirales and Hareavirales*. According to the phylogenetic analysis (Figure S3), Ps_Phenuil
and Ps_Phenui2 clustered with members of the family Phenuiviridae (order Hareavirales), whereas the other
three identified bunyaviruses clustered with members of the order Elliovirales, more specifically Ps_Phasmal
and Ps_Phasma2 were assigned to the family Phasmaviridae. The third was generically named Philaenus
spumarius Elliovirales virus 1 (Ps_Ellioviralesl), because, despite being phylogenetically close to Hantaviridae
and Phasmaviridae, it formed a distinct well-supported clade with other four unclassified bunyaviruses identified
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in insects. Notably, Ps_Ellioviralesl was the only bunyavirus identified in this study that appeared to have only

two genomic segments.

As regards the two identified rhabdoviruses, Ps_Rhabdo2 showed a typical monosegmented genome
organization, whereas Ps_Rhabdol appeared to have a bi-segmented genome. Despite our best efforts, we
were unable to identify any reads linking the two segments of Ps_Rhabdol. However, it is noteworthy that
Ps_Rhabdo1 had approximately tenfold lower read coverage than Ps_Rhabdo2, so we cannot definitively exclude

the possibility that the two segments are connected.

Finally, we identified two double-stranded RNA (dsRNA) viruses belonging to the order Reovirales, Ps_Reol

and Ps_Reo2, characterized by ten and twelve segments, respectively.

Small-interfering RNA

The small RNA libraries labeled 1BXY to 8BXY did not correspond to the sampling locations as the RNA-seq
libraries. These libraries were constructed ad hoc to investigate the insect antiviral response to viruses identified
in the 2022 sampling, with a focus on separating members of the Iflaviridae family and the Bunyaviricetes class
(the most prevalent groups) to minimize cross-mapping of short reads (Table S5). Library 3BXY, which included
only virus-negative insects, served as the negative control. Only libraries Sau_BXY, Bel_BXY, and Chi_BXY
matched the RNA samples used in the 2023 RNA-seq libraries. Detailed information regarding normalized
abundance of virus-derived small RNAs (vsRNAs) reads detected in each small RNA-seq library are reported

in Table S6.

Virus-derived small RNA reads were quantified across all libraries for each virus and mapped to the
corresponding genome, considering strand specificity and restricting the analysis to read lengths between 18
and 32 nucleotides (Figure S4). The results revealed varying levels of vsRNAs mapping across viral species,
likely reflecting differences in viral abundance, replication dynamics, and recognition by the host RNA silencing
machinery. The proportion of vsRNAs mapping to viral sequences ranged from 0.0% (3_BXY, the negative
control) to 0.55% in Sau_BXY of the total SRNA reads. Most vsSRNAs were 21-23 nt in length, indicative of
Dicer-mediated processing. Ps_Nidol, Psa_Mitol, Psa_Mito2, Psa_Ourmial, Psa_Ourmia2, Ps_Iflal, Ps_
Ifla3, Ps_Ifla4, Ps_Reo2, Ps_Rhabdol, Psa_Narna2, Ps_Narna3, Ps_Ortho2, Ps_Phasma2, and Ps_Phenui2
were characterized by less than 300 mapping reads (Fig. 4, Table S6). This result was expected for the putative
mycoviruses, whereas for ISVs the low counts may indicate incidental or transient infections.

The mapping profile of Psa_Tombus1 was rather atypical, with a distinct 25-nt peak that was not observed in

any other virus analyzed in this study.
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Fig. 4. Heatmap of normalized small RNA reads mapping to the identified viruses. The heatmap presents the
normalized abundance of sSRNA viral reads detected in each small RNA library. Normalized abundance was
calculated as the number of reads mapping to each virus divided by the total number of high-quality reads for
the corresponding library, and values were transformed as log(reads + 1) to allow inclusion of samples with
zero read counts. Viral species are listed by ID, with reads mapping to different segments summed to obtain a
total abundance per virus. Asterisks indicate the SRNA library where the viral species is expected to be present
based on RNA-seq results. “Negative Control, as 3_BXY includes eight virus-free insects.

Scientific Reports | (2026) 16:2800

| https://doi.org/10.1038/s41598-025-32597-4

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Spatial and temporal dynamics of virome composition in P. spumarius field populations
The viral prevalence and diversity varied markedly across locations, with frequent occurrences of mixed infections
(Fig. 5, Table S7). Detailed information regarding prevalence of viral infections and coinfection indexes across
the 11 P. spumarius RNA-seq libraries from 2022 to 2023 are presented in Table S7. Coinfection index ranged
from 1.0 (SD=0.0) in Val_22 to 2.8 (SD=1.7) in Bel_23, where most individuals carried multiple viruses.

Sau_23 and Bel_23 harbored the highest number of viral species (10 and 11, respectively), whereas only one
species was found in Cis_22 and Val_22. The Gal_22 library showed no detectable viral infections.

Prevalence varied widely among virus species, ranging from 3.2% for Ps_Reol, Ps_Rhabdo2 and Ps_Quenyal
in Sau_22 to 100% for Ps_Ifla2 in Bel 22 and Bel_23.

Regarding the three populations sampled across two consecutive years (Sault, Chieri, and Bellino), although
viral prevalence changed considerably, most of the viral species identified in 2022 were also detected in 2023.
However, ten viral species that were absent in 2022 were identified in 2023, including five mycoviruses and five
ISVs. Interestingly, all mycoviruses were each found in only a single individual. Despite the in silico identification
of Psa_Ourmia2 in Bel_23, qPCR failed to detect any positive individuals. Nevertheless, it is likely that only
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Fig. 5. UpSet plots of viral species in field-caught populations of Philaenus spumarius. The UpSet plots
visualize for each library the total number of insect samples showing a particular virus, irrespective of
whether the virus is present as a single infection or in combination with other viruses (left bar plot). The

bar representing individuals with no detectable viral infection is coloured red (VirusFree). The bottom plot
shows every possible intersection of viruses, i.e. each observed co-infection, and the top bar plot shows their
occurrence. The library Gal_22 is not represented as it is virus-free.
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SAULT BELLINO
Year 2022 2023 2023 2024 2022 2023 2023 2024
Population Sau_22 | Sau_23 | Sau_23 Mass-reared | Sau_23_F1 | Bel_22 | Bel_23 | Bel_23 Mating pairs | Bel 23_F1
N Specimens 31 22 21 19 17 20 26 42
Sex ratio (female/male) | 1.38 1.07 0.75 1.11 143 1.5 Females only 1.21
Virus free (%) 355 47.6 0 0 0 20 23 87.8
Virus positive (%) 64.5 52.4 100 100 100 100 77 12.2
Coinfection index+SD | 2.2+0.7 | 1.9+0.8 | 2.7+1.0 2.2+0.7 25209 | 28+1.7 | 22+1.1 1.2+0.4
Ps_Nidol (%) 0 0 0 0 0 0 0 0
Ps_Iflal (%) 6.5 6.5 81 0 0 5 11.5 0
Ps_Ifla2 (%) 0 0 0 100 100 50 0
Ps_Ifla3 (%) 19.4 6.5 9.5 0 235 20 15.4 NA
Ps_Ifla4 (%) 0 0 0 0 17.6 10 26.9 [0-100]
Ps_Phenuil (%) 0 0 0 0 412 55 26.9 [0-10]
Ps_Phasmal (%) 6.5 0 0 0 0 0 0 0
Ps_Phasma2 (%) 38.7 6.5 19 0 0 0 0 0
Ps_Rhabdo1 (%) 323 9.7 0 0 0 0 0 0
Ps_Rhabdo2 (%) 32 6.5 0 0 0 0 0 0
Ps_Reol (%) 3.2 32 9.5 0 0 0 0 0
Psa_Narnal (%) 0 0 0 58.8 25 7.7 NA
Psa_Tombus1 (%) 29 45.2 100 100 0 0 0 0
Ps_Orthol (%) 0 0 0 0 59 25 23.1 0
Ps_Quenyal (%) 3.2 0 9.5 0 0 0 0 0
Ps_Jingmen1 (%) 0 6 9.5 78.9 0 0 0 0
Ps_Elliovirales1 (%) 0 38.7 333 36.8 0 0 0 0
Ps_Phenui2 (%) 0 32 0 0 0 0 0 0
Psa_Mitol (%) 0 0 0 0 0 0 0 0
Psa_Mito2 (%) 0 0 0 0 0 0 0 0
Ps_Reo2 (%) 0 0 0 0 0 0 0 0
PSa_Narna2 (%) 0 0 0 0 0 5 0 0
PSa_Narna3 (%) 0 0 0 0 0 5 0 0
Ps_Ortho2 (%) 0 0 0 0 0 25 7.7 NA
Psa_Ourmial (%) 0 0 0 0 0 5 0 0
Psa_Ourmia2 (%) 0 0 0 0 0 0 0 0

Table 3. Prevalence of viruses in field, lab-reared populations and in their relative progeny. The table shows
the viral prevalence for: two field populations (Sault and Bellino) sampled in two consecutive years (2022 and
2023), the Sault mass-reared colony and its F1 offspring, and the Bellino mating pairs and their F1 progeny.
For each population, the following data are reported: sampling site, year of sampling, population ID, number
of specimens analysed, sex ratio (expressed as the number of females divided by the number of males),
percentage of virus-free individuals, percentage of virus-positive individuals (i.e. those infected by at least one
viral species), coinfection index and its standard deviation (SD) indicating the average number of viral species
per infected insect, prevalence (%) of each viral species (expressed as the ratio of infected individuals per total
insects tested within that group). For Bellino F1 progeny, viral prevalence is reported as a range (in brackets)
indicating variation across separate maternal lines. Viruses marked as “NA” represent a virus that was detected
in a maternal individual but could not be detected in the F1 due to lack of progeny.

one insect was positive, as the normalized read counts for both botourmiaviruses were similar. In contrast, the
putative ISV Psa_Narnal was consistently detected in field populations from Bellino over two consecutive years.
The other putative ISV, Psa_Tombusl, was also persistently found in 2022 and 2023 in field populations from
Sault and Chieri, with prevalence ranging from 45.2% in Sau_23 to 19% in Chi_23.

Opverall, the coinfection index of the three populations remained relatively stable over two years. Notably, one
individual from Bel_23 was simultaneously infected with nine different viral species.

Persistence of viral infections in P. spumarius under controlled laboratory conditions

We evaluated the persistence of the virus identified in Sau_23 and Bel_23 by rearing field-collected individuals
under controlled laboratory conditions. The Sault population was mass-reared, with adults allowed to mate
freely within a single cage for 82 days. In contrast, the Bellino population was divided into 26 mating pairs
housed in individual cages for 27 days. At the end of the rearing period, adults from both populations were
collected for virome characterization (Table 3). This setup was designed to minimize the possibility that viral
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detections in field-collected individuals were due to ingested plant sap or contaminations from microorganisms
(e.g., fungi, nematodes).

Following confinement, most ISVs that were initially identified in the field persisted under laboratory
conditions. In contrast, mitoviruses, and botourmiaviruses appeared to be more transient, as they were only
detected in field samples. This pattern facilitates the differentiation between insect-specific viruses and probable
environmentally acquired viral contaminants. Notably, Psa_Tombusl and Psa_Narnal remained detectable
following laboratory rearing.

Opverall, viral diversity declined slightly under laboratory conditions compared to field populations. In Sault
the number of detected viral species decreased from 10 to 8, while in Bellino from 11 to 8 (Table 3). Despite
this reduction in richness, the overall viral prevalence increased in Sault, with the proportion of virus-positive
individuals rising from 52.4% in the field to 100% after rearing. Conversely, Bellino lab rearing exhibited a slight
decrease in the overall prevalence (—3%).

The prevalence of each viral species also shifted notably under laboratory conditions. Psa_Tombus1, Ps_Iflal,
Ps_Ifla4, and Ps_Phasma2 showed increased prevalence under laboratory conditions. These patterns suggest the
presence of efficient horizontal transmission routes for these viruses.

Finally, the coinfection index remained stable in Bellino, but increased significantly in Sault, rising from 1.8
to 2.7. This result suggests that horizontal transmission is more efficient in mass-reared populations.

Persistence of viral infections in the F1 generation after egg diapause for overwintering

After overwintering, three of the eight viral species present in the parental generation were detected in the
F1 generation of the Sault population: Psa_Tombusl (with 100% prevalence), Ps_Ellioviralesl (with 36.8%
prevalence) and Ps_Jingmen1 (with 78.9% prevalence). Therefore, it appears that these viruses may be transmitted
vertically. Ps_Iflal, Ps_Ifla3, Ps_Phasma2, Ps_Reol and Ps_Quenyal were not present in the F1 generation.

In the Bellino pairings, only 9 out of 26 females successfully produced adult offspring (Table S8). Of these,
two females infected with Ps_Ifla4 produced offspring that tested positive for the same virus, which suggests
that vertical transmission may have occurred. Ps_Iflal, Ps_Ifla2, and Ps_Orthol, although detected in parental
individuals, were not found in any F1 offspring.

Notably, two out of 20 offspring from a female that was negative for Ps_Phenuil were positive for this virus,
while the progeny of three Ps_Phenuil-positive females resulted negative for this virus (Table S8). Similarly,
Ps_Ifla4 was detected in the offspring of uninfected female. This unexpected pattern raises the possibility of
patrilineal vertical transmission. No offspring were obtained from females infected with Ps_Ifla3, Psa_Narnal
or Ps_Ortho2, preventing the assessment of their potential vertical transmission.

Discussion

The role of natural regulation of P. spumarius populations remains still poorly explored and, in this perspective,
the contribution of biocontrol agents could be essential for developing effective and sustainable pest management
strategies. A comprehensive assessment should therefore include parasitoids, predators, and insect-pathogenic
microorganisms. Notably, however, viruses associated with spittlebugs have received no attention to date. In this
study, we aimed to characterize the virosphere associated with natural populations of P. spumarius. Our objective
was not only to identify potentially lethal pathogens, but also to detect viruses that may affect insect fitness or
vector competence. This approach increases the range of candidate agents that may prove relevant for future
biocontrol or biotechnological applications.

Geographic patterns in P. spumarius virome composition
Here, we present the first comprehensive virome analysis of P. spumarius from multiple field sites, including areas
affected by Xylella in Apulia (Italy). Transcriptomic sequencing of 11 RNA-seq libraries from diverse ecological
contexts revealed 26 novel viral species, highlighting virome differences between X. fastidiosa-infected and
uninfected areas. Despite that, no X. fastidiosa- mapping reads were detected in any library, confirming the
absence of active bacterial infection in the sampled populations. This finding ensures that the virome profiles
reported here reflect natural insect-virus interactions, unconfounded by host responses to bacterial infection.
Viral richness and prevalence varied notably across geographic regions. Populations from Northern Italy and
France exhibited greater viral diversity and higher coinfection indexes compared to those from Southern
Italy, where X. fastidiosa-affected areas harbored only one viral species (Valenzano) or none (Gallipoli). This
spatial heterogeneity likely reflects regional differences in climate, vegetation, and host plant diversity and
association?¥2, all of which are known to influence hemipteran ecology and behavior*>.
Host assignment of putative non-insect specific viruses
Seven of the identified viruses are phylogenetically related to known mycoviruses and one to a plant-infecting
virus. The mycoviruses Psa_Ourmial, Psa_Mito1, Psa_Mito2, Psa_Narna2, and Psa_Narna3 were each detected
in only one of the 209 field-collected individuals and frequently co-occurred within the same specimen. Their
extremely low prevalence in field-caught individuals and phylogenetical analysis suggest that they represent an
environmental contamination rather than a stable association with P. spumarius. In contrast, there are several
lines of evidence that indicate that Psa_Tombus1 and Psa_Narnal are likely insect-specific viruses.
Psa_Tombusl was detected in field-collected populations from both Sault and Chieri in 2022 and 2023.
In the Sault mass rearing, its prevalence increased from 45% to 100% under controlled laboratory conditions,
suggesting efficient horizontal transmission, as no offspring were present during that period. Environmental
contamination through the ingestion of tombusvirus-infected plants is unlikely becauseall host plants were
greenhouse-grown under virus-free conditions and sourced from the same provenance for all the rearing
experiments. Psa_Tombus1 was only observed in the rearing initiated with infected field individuals and was
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never detected in any other rearing. In addition, it was detected with 100% prevalence in the F1 generation
following egg diapause for overwintering. These findings point to a mixed transmission strategy for this virus,
likely involving both vertical and horizontal routes. The phylogenetic analysis, along with the absence of a
typical plant movement protein, further reinforces the hypothesis of Psa_Tombusl as an ISV. Recent studies
have reported similar tombus-like viruses with both mono- and bipartite genome structures in diverse non-
plant hosts, including marine invertebrates and terrestrial arthropods?***. The placement of Psa_Tombusl
within a clade largely composed of arthropod-associated viruses aligns with emerging hypotheses that some
plant-associated viruses may have originated in arthropods through horizontal gene transfer*>. Interestingly,
the vsRNA profile of Psa_Tombusl showed an unusual 25-nt peak, distinct from typical insect or plant RNAi
responses, which requires further investigations.

PSa_Narnal exhibited more than fivefold higher read coverage compared to confirmed mycoviruses and was
consistently detected in Bellino populations over two consecutive years. Its prevalence over time was comparable
to that of iflaviruses Ps_Ifla3 and Ps_Ifla4, which are well-characterized insect-specific viruses. Phylogenetic
analysis further placed Psa_Narnal within a clade of narnaviruses previously identified in association with other
insect hosts. Collectively, these lines of evidence support the classification of Psa_Narnal as a bona fide insect-
specific virus, consistent with prior findings in other insect species?*4”48,

Temporal variation in P. spumarius virome composition and viral transmission routes

Most viruses identified in Bellino, Chieri and Sault in 2022 were also detected in 2023. This pattern aligns with
observations in Aedes and Culex mosquitoes, where a stable, species-specific “core eukaryotic virome” has been
observed despite environmental fluctuations*’49-51,

Interestingly, some viruses maintained or even increased in prevalence under laboratory conditions. For
instance, Ps_Iflal prevalence notably increased in the Sault mass rearing, suggesting efficient horizontal
transmission, likely via direct contact, shared feeding, or contaminated excretions, as seen in other insect-
specific viruses®?—>. Its absence in the F1 generation further supports horizontal transmission as the primary
route. Similar transmission patterns are hypothesized for Ps_Ifla2, Ps_Ifla3, Ps_Reol, Ps_Phasma2, Ps_Orthol,
and Ps_Ortho2.

In contrast, the prevalence of Ps_Jingmen1 and Ps_Elliovirales1 remained relatively stable during lab rearing,
but both viruses were detected in the F1 generation, suggesting the occurrence of vertical transmission. However,
horizontal transmission among offspring cannot be fully excluded because (a) overwintering and hatching
occurred on the original straw substrate, possibly contaminated by parental excretions, and (b) F1 adults were
collected two weeks after emergence, allowing time for potential horizontal transmission. Nonetheless, vertical
transmission appears to be the preferential route in both cases.

Ps_Phenuil and Ps_Ifla4 showed unusual transmission patterns: Ps_Phenuil appeared only in progeny
of virus-negative females, while Ps_Ifla4 was found both in offspring of infected and uninfected females.
These suggest possible, though low-efficiency, paternal transmission. While maternal vertical transmission is
extensively documented, the paternal inheritance remains less well characterized, with reports primarily limited
to mosquitoes, fruit flies, and leathoppers®>~>’. However, the lack of infection data for males prior to oviposition
limits our ability to determine the exact transmission routes of these two viruses.

Despite the lack of data on the fitness and longevity of infected insects, preliminary observations indicate that
viruses persisting under laboratory conditions did not induce overt symptoms or premature mortality.

Conclusions

As viral genome databases continue to expand, a growing gap has emerged between the accumulation of
sequence data and our understanding of virus biology, including host range, pathogenicity, and transmission
mechanisms®®. Most virome studies focus on cataloging viral diversity but rarely explore how insect-specific
viruses are transmitted. This study addresses that gap by not only identifying diverse viruses associated with P
spumarius, but also proposing hypotheses regarding their transmission routes. This contribution is of particular
significance given the biological complexity of working with P. spumarius, a univoltine species with adult summer
parapause and obligate egg diapause in winter?!. Rearing this insect under semi-field conditions requires precise
control of temperature and photoperiod to simulate seasonal changes. By successfully maintaining populations
through diapause, we assessed potential vertical transmission and monitored virome persistence across one
generation. These findings are both novel and foundational, offering critical insights that may guide the selection
of candidate viruses with favourable traits, such as stability and transmissibility, for future development as
biological control agents. Although none of the viruses identified appear lethal, prior studies show that covert
infections can produce sublethal effects, including altered development, skewed sex ratios, or increased
susceptibility to parasitoids'®*. Such effects could still contribute to population suppression and warrant further
investigation within integrated pest management strategies against P spumarius, particularly considering the
low viral richness and diversity observed in populations sampled from X. fastidiosa-infected areas.

Data availability
All assembled viral genomes and corresponding raw sequencing reads are publicly available in the NCBI Gen-
Bank database under the BioProject accession PRINA1272319.
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