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Abstract
RNA interference (RNAi) regulates gene expression in eukaryotes, and it is an emerging tool in crop protection by exogenous 
applications of double-stranded RNAs (dsRNAs) to silence the expression of essential pest genes. Nevertheless, delivery of 
dsRNAs to sap-sucking insects is a major challenge for RNAi applications. The present work aimed at verifying whether in 
leafhopper species, RNAi can be triggered by plant-mediated delivery, and providing a proof of concept towards field appli-
cations. Two phytoplasma vectors species, Euscelidius variegatus and Scaphoideus titanus (Hemiptera: Cicadellidae), were 
used as case study. Gene silencing can be achieved efficiently in both species through microinjection of dsRNAs, despite the 
technique being time consuming and inapplicable on large scale. This protocol was set as gold standard for the development 
of a higher throughput approach. Soaking of nymphs in a solution with co-adjuvant and dsRNAs as well as insect feeding 
on whole plants or detached leaves immersed in a dsRNA solution were assayed as alternative delivery strategies. Nymph 
soaking did not induce specific gene silencing, while plant absorption proved to be suitable to deliver both a coloured solu-
tion and control dsRNAs targeting green fluorescent protein gene. Insect feeding on detached leaves immersed in dsRNA 
solution was selected to test silencing of two gut-specific (legumain and natterin) and one ubiquitous (ATP synthase β) genes. 
The expression of the three genes significantly decreased in E. variegatus insects fed on dsRNA-treated plants. Similarly, a 
significant reduction of ATP synthase β transcript was measured in S. titanus fed on dsRNA-treated plants.

Keywords Euscelidius variegatus · Scaphoideus titanus · Vitis vinifera · RNA interference · Vector-borne plant pathogens · 
Phytoplasma vectors

Key message

• Application of RNAi as bio-insecticide against phloem-
feeders is hampered by dsRNA delivery issues

• RNAi occurs in leafhopper phytoplasma vectors Scaph-
oideus titanus and Euscelidius variegatus

• Dye-solution, adsorbed by plants, moves to xylem and 
stains guts of insects fed on treated plants

• Three target genes were silenced in insects fed on 
detached plant leaves that absorbed dsRNAs

• Soaking of E. variegatus nymphs in dsRNAs + lipo-
fectamin did not induce specific gene silencing

Introduction

RNA interference (RNAi) is a sequence-specific mecha-
nism of eukaryotes (Fire et al. 1998; Baulcombe 2004) 
regulating gene expression and providing the primary nat-
ural defence against nucleic acids of transposons or viruses 
(Santos et al. 2019; Bonning and Saleh 2021). Strategies 
based on RNAi were originally exploited as molecular 
tools for studying gene function, and are now emerging 
in crop protection as powerful and precise techniques 
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to develop new control tactics against plant pathogenic 
fungi, viruses and insect pests (Mezzetti et al. 2020; Chris-
tiaens et al. 2022; Wei et al. 2023). The technology is 
based on the use of double-stranded RNAs (dsRNAs) to 
silence the expression of essential genes of a selected pest. 
Systemic RNAi is well-documented for plants, fungi and 
nematodes, in which RNA-dependent RNA polymerases 
(RdRPs) amplify the triggering dsRNAs by generating 
secondary siRNAs that spread within the organism (Pin-
zón et al. 2019; Liu et al. 2020). The basic mechanism is 
known in arthropods, but knowledge gaps still exist. In 
fact, RdRPs have not been found in insects (Tomoyasu 
et al. 2008; Zong et al. 2009; Li et al. 2018; Christiaens 
et al. 2020b) and mechanisms of systemic RNAi are yet 
to be deciphered (Huvenne and Smagghe 2010; Vélez 
and Fishilevich 2018). Another unsolved question is the 
variable efficiency of RNAi mechanisms among insects 
(Silver et al. 2021). Species of the order Coleoptera dis-
play very robust RNAi responses (Baum et al. 2007; Zhu 
et al. 2011; Palli 2014), whereas lepidopteran and dip-
teran species respond to naked dsRNAs through injection 
but only in some cell types (Miller et al. 2008; Whyard 
et al. 2009; Terenius et al. 2011; Zhu and Palli 2020). 
Several constraints still hamper the open-field application 
of RNAi in agriculture, such as the non-harmonized legis-
lation regulating the use of exogenous dsRNAs, which has 
so far been approved in some non-EU countries (OECD 
2020; Mezzetti et al. 2020; Dietz-Pfeilstetter et al. 2021), 
the cost-effective production of dsRNAs (Palli 2014), the 
lack of risk assessment protocols for undesirable off-target 
effects (Papadopoulou et al. 2020), possible instability of 
dsRNA molecules to atmospheric agents (Yu et al. 2013; 
Christiaens et  al. 2020b), delivery issues of dsRNAs, 
especially in the case of sap-sucking insects (Christiaens 
and Smagghe 2014; Coleman et al. 2015; Yu et al. 2016). 
Focusing on the latter issue, it is worth mentioning that, 
unlike chewing insects, delivery of dsRNAs to sap-sucking 
insects is a major challenge for RNAi application in crop 
protection, and only few treatment strategies, mainly based 
on nanoengineered formulations, have been proposed (Yu 
et al. 2013; Ghosh et al. 2017; Christiaens et al. 2020a; 
Pugsley et al. 2021; Jain et al. 2022).

According to previous results (Dalakouras et al. 2018), 
dsRNAs applied directly into plant vascular tissues using 
trunk injection and petiole absorption are taken up and sys-
temically transported, but they remain restricted to the xylem 
and the apoplast. This aspect might be particularly promis-
ing for sap-sucking species since electro-penetrography data 
indicate that phloem-sucking leafhoppers (such as the big 
majority of phytoplasma vectors) also feed on the xylem 
(Lett et al. 2001; Stafford and Walker 2009; Carpane et al. 
2011; Trębicki et al. 2012; Chuche et al. 2017; Ripamonti 
et al. 2022b). Indeed, phloem-, xylem- and parenchyma 

feeding behaviours (Tonkyn and Whitcomb 1987) are not 
strict categories (Wayadande 1994).

The aim of this research is to verify whether the exog-
enous application of dsRNAs directly to the plant vascular 
system may trigger RNAi in two leafhopper species, Scaph-
oideus titanus and Euscelidus variegatus. These species are 
the vectors of the quarantine pest Flavescence dorée phy-
toplasma (FDp) (EFSA (European Food Safety Authority) 
et al. 2019), enquired in question N°, in natural and labora-
tory conditions, respectively (Caudwell et al. 1972; Chuche 
and Thiéry 2014). Phytoplasmas are obligate intracellular 
bacteria colonizing the plant phloem and several organs of 
their insect vectors and are responsible for numerous plant 
diseases. Few complete phytoplasma genomes and several 
partial drafts highlight the reduced genome size and lack of 
crucial metabolic pathways (e.g. ATP synthesis, de novo 
synthesis of nucleotides), which may result from their endo-
parasitic lifestyle (Oshima et al. 2013; Debonneville et al. 
2022). Grapevine Flavescence dorée is a devastating disease 
that is widespread in the vast majority of grapevine-growing 
areas of Europe (EFSA Panel on Plant Health PLH 2014; 
Tramontini et al. 2020). The persistent propagative transmis-
sion is driven by molecular interactions between vector pro-
teins and FDp membrane proteins (Arricau-Bouvery et al. 
2018, 2021, 2023; Trivellone et al. 2019), and specific phy-
toplasma proteins are associated with epidemic FDp strains 
transmitted by S. titanus (Malembic-Maher et al. 2020). Fla-
vescence dorée management relies conventionally on control 
of vector population through insecticide applications, rogue-
ing of infected plants to reduce inoculum loads and planting 
of phytoplasma-free grafted cuttings (Oliveira et al. 2019). 
The RNAi mechanism efficiently occurs in both S. titanus 
and E. variegatus following injection of dsRNAs (Abbà et al. 
2019; Ripamonti et al. 2022a), but this delivery strategy is 
manageable only under lab conditions and is poorly suit-
able to treat nymphal stages. Delivery methods other than 
dsRNA-injection, that can be more suitable for possible 
future field applications, were attempted in this work. Soak-
ing of nymphs in a solution with co-adjuvant and dsRNAs 
as well as insect feeding on detached leaves immersed in a 
dsRNA solution were assayed as alternative delivery strate-
gies. Two gut-specific and one ubiquitous transcripts were 
selected as target genes to prove the effectiveness of gene 
silencing in insects fed on dsRNA-treated plants.

Materials and methods

Insect rearing and plant production

Euscelidius variegatus was originally collected in Pied-
mont and continuously reared on oat (Avena sativa (L.)) 
plants from seed, inside plastic and nylon cages in growth 
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chambers at 20–25 °C with a L16:D8 photoperiod. Scaphoi-
deus titanus has one generation per year and its continuous 
rearing under controlled conditions is not feasible. To obtain 
coeval S. titanus specimens, two-year-old grapevine canes 
bearing leafhopper eggs were collected in Veneto (Italy) 
vineyards during the winter period and kept at 5 ± 1 °C. To 
allow coordinated egg hatching, grapevine branches were 
caged inside insect-proof screen houses in a glasshouse with 
natural light and temperature ranging from 20 to 25 °C. Pot-
ted grapevine (Vitis vinifera L.) cuttings and healthy broad 
bean (Vicia faba L.) plants from seed were introduced in 
the screen house to feed the newly hatched nymphs. Third 
to fifth instar nymphs were used for dsRNA treatment by 
soaking (E. variegatus) and feeding (E. variegatus and S. 
titanus), whereas coeval newly emerged E. variegatus adults 
were used for injection of designed dsRNAs (targeting legu-
main and natterin genes) to assess their silencing efficiency.

Synthesis of dsRNAs

The complete coding sequences of E. variegatus genes, 
ATP synthase β, legumain and natterin selected to be 
silenced by RNAi were found in the TSA sequence data-
base (BioProject: PRJNA393620) at NCBI under the 
accession numbers GFTU01013594.1, GFTU01008326.1 
and GFTU01002968.1, respectively. ATP synthase β was 
selected as systemically expressed and involved in phyto-
plasma transmission (Galetto et al. 2011, 2021), whereas 
the other two (legumain and natterin) are expressed in gut 
tissue (Hartmann et al. 2018; Molina-Cruz et al. 2020), the 
first site where dsRNAs acquired by feeding may activate 
RNAi (Kunte et al. 2020). The complete coding sequence 
of S. titanus ATP synthase β (GenBank accession number: 
MZ130944) was retrieved from a transcriptome project 
aimed at describing virus (Ottati et al. 2020) and microbial 
populations (Abbà et al. 2022) of this insect species.

Fragments of the target sequences were obtained from 
total RNA isolated from adult insects using a reverse tran-
scription polymerase chain reaction (RT-PCR). A control 
template corresponding to a fragment of the gene sequence 
of green fluorescent protein (GFP) was PCR-amplified from 
plasmid pJL24 (Lindbo 2007). Primers used to generate the 
dsRNA templates included the T7 promoter sequence at 
their 5’-end (Table S1). The PCR products were ligated into 
the pGEM-T Easy plasmid (Promega) and the plasmids were 
used as templates for the subsequent PCRs. Then, 1 μg of 
each column-purified PCR product was in vitro transcribed 
using the MEGAscript RNAi Kit (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions. After 
column-purification with ssDNA/RNA Clean and Concen-
trator (Zymo Research) and elution in Tris–EDTA buffer 
(10 mM Tris–HCl, 0.1 mM EDTA, pH 8.5), dsRNAs were 

quantified using a Nanodrop ND-1000 spectrophotometer 
(Thermo Fisher Scientific).

Delivery strategies

Insect soaking

About 20 E. variegatus second-instar nymphs were sub-
merged in a watch glass with 200 μl soaking solution con-
taining dsRNAs (1μγ/μl), targeting either E. variegatus 
ATP synthase β gene or GFP, used as negative control. The 
soaking solution contained lipofectamine (Thermo Fisher 
Scientific, USA) at a final concentration of 13%, to help 
internalization of dsRNAs molecules. Nymphs were soaked 
at room temperature for 5 min. Then, nymphs were dried 
on paper towels and then kept for 8 d on A. sativa before 
RNA extraction and gene expression analysis by qPCR. The 
experiment was repeated three times.

Petiole absorption

The method was optimized on V. faba and V. vinifera whole 
plants using a solution of diluted blue food colouring (Fig. 
S1). The first basal leaf was detached from 12 cm tall broad 
beans and from 20 cm tall micropropagated grapevines and 
the remaining protruding petioles were attached to 1.5 ml 
tubes with cut off bottom and containing 400 μL of diluted 
food colour solution (Fig. S1). After 2 h the apical leaves 
were observed to trace the movement of the colour solution.

In order to assess if a solution containing dsRNAs 
absorbed by plants could be acquired by insects, ten E. var-
iegatus adults were fed for 48 h on treated broad beans: bot-
tomless 1.5 ml tubes containing 400 μL of dsGFP solution 
(7 μg/tube) were attached to the protruding petioles of basal 
leaves, as described above. Insects were then isolated on oat 
for eight days and collected. Total RNA was extracted from 
single specimens and subjected to retro-transcription and 
PCR amplification with GFP specific primers (Table S1), 
as detailed below.

Detached leaf absorption

Single plant leaves instead of whole plants were allowed to 
absorb a solution of diluted blue food colouring (Fig. 1), 
in order to concentrate it on a smaller plant surface. Single 
leaves detached from V. faba, V. vinifera and A. sativa were 
partly inserted in 1.5 ml tubes containing the colour solu-
tion and partly kept out from the solution. After 2 h, the 
upper leaf parts (not immersed in the solution) were ana-
lysed under the microscope to trace the movement of the 
colour marker. Free-hand sections from treated plant leaves 
of V. faba, V. vinifera and A. sativa were observed under a 
Leica DM 750 microscope equipped with a EC4 camera. 
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Microscope images were then processed with the ImageJ 
(1.46r, NIH, https:// imagej. nih. gov) software.

In order to assess if solution absorbed by plants could be 
acquired by insects, E. variegatus adults were fed for 48 h 
on blue-treated leaves of A. sativa (Fig. 2). Insects were then 
anaesthetized with  CO2 and guts were dissected with forceps 

using a stereomicroscope (Leica S9i) in a drop of phosphate-
buffered saline (PBS), mounted on glass slides and observed 
with an optic microscope, to detect the entrance of the 
colour solution in insect body. A scale of blue 0–3 (index 
0 = no staining, index 1 = weak staining, index 2 = average 
staining, index 3 = strong staining) was set up to record the 

Fig. 1  Absorption of a diluted 
food colouring solution by 
broad bean (left), grapevine 
(middle) and oat (right) 
detached leaves a Microscopic 
observations of marker diffusion 
in free-hand sections of treated 
broad bean b, grapevine c and 
oat d leaves. Black arrows 
indicate blue stained tissues. 
Bars 200 μm

Fig. 2  Microscopic observations (panels b to e) of colour marker presence in Euscelidius variegatus guts following feeding on blue-treated oat 
detached leaves (panel a). No stained b and stained (c–e) guts; pie chart for colour incidence in panel f. Bars 200 μm

https://imagej.nih.gov
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intensity of gut staining. Dissected E. variegatus guts were 
observed under a Leica DM 750 microscope and processed 
as described above.

Absorption by detached oat and grapevine leaves was 
then chosen as final plant-mediated strategy to deliver dsR-
NAs to insects. Detached leaves were inserted in 1.5-ml 
tubes containing 200 μL of dsRNA solution (7 μg/tube), 
until the solution was all absorbed (roughly 2 h); 1 ml of tap 
water was then added to each tube and tubes were closed 
with parafilm to prevent evaporation. The dsRNA-treated 
leaves were used to feed E. variegatus (about 20 fifth-instar 
nymphs on each oat leaf) and S. titanus fifth-instar nymphs 
(about 20 on each grapevine leaf), for 48 h. Insects were 
then transferred on fresh oat (E. variegatus) or grapevine (S. 
titanus) plants, prior to RNA extraction and gene expression 
analysis.

Abdominal microinjection

Microinjection of dsRNAs has been optimized and proven 
to work well as delivery strategy in both E. variegatus and S. 
titanus in previous works (Abbà et al. 2019; Ripamonti et al. 
2022a). Newly emerged adults were anaesthetized with  CO2 
and microinjected between two abdominal segments under 
a stereomicroscope using a fine glass needle connected to 
a Cell Tram Oil microinjector (Eppendorf, Hamburg, Ger-
many). Insects were microinjected with 0.5 μL of dsRNAs 
at the concentrations of 160 ng/μL (80 ng of dsRNA/insect). 
Injected insects were then caged on oat plants and moni-
tored daily until the end of the experiment (seven days post-
injection). This delivery strategy was used here to determine 
silencing efficiency of the newly designed dsRNAs (target-
ing E. variegatus legumain and natterin genes). Silencing 
efficiency of dsRNAs targeting ATP synthase β of both spe-
cies has been previously assessed by microinjection (Abbà 
et al. 2019; Ripamonti et al. 2022a).

RNA extraction

Total RNAs were extracted from single insect specimen, 
in order to determine insect acquisition of GFP-dsRNAs 
after petiole absorption (E. variegatus) as well as to evalu-
ate the reduction of specific target transcripts in dsRNA-
treated insects (E. variegatus or S. titanus). The samples 
were frozen in liquid nitrogen, crushed with a micropestle 
in sterile Eppendorf tubes, and homogenized in 0.5 ml Tri-
Reagent (Zymo Research). Samples were centrifuged 1 min 
at 12.000 g at 4 °C and RNAs were extracted from superna-
tants with Direct-zol RNA Mini Prep kit (Zymo Research), 
following manufacturer’s protocol and including the optional 
DNAse treatment step. Concentration, purity, and quality 
of extracted RNA samples were analysed in a Nanodrop 
ND-1000 spectrophotometer (Thermo Fisher Scientific).

Total RNAs were extracted from dissected organs from E. 
variegatus, in order to evaluate the tissue-specific expression 
of legumain and natterin transcripts. In particular, RNAs 
were extracted from salivary glands, guts, ovaries and tes-
tes of newly emerged adults. For each organ, four pooled 
samples (each made of ten dissected organs) were obtained. 
Organs were carefully isolated from  CO2 anaesthetized 
insects with forceps and needles using a stereomicroscope, 
rinsed with phosphate-buffered saline (PBS) solution and 
immediately frozen in liquid nitrogen. Total RNAs were 
extracted as described above.

RT‑PCR and gene expression studies

Qualitative RT-PCR was used to detect dsGFPs in insects 
fed on V. faba plants after petiole absorption. For each sam-
ple, cDNA was synthesized from 300 ng of total RNA with 
random hexamers using a High Capacity cDNA reverse tran-
scription kit (Applied Biosystems). The resulting cDNA (1 
μL) was used as a template for qPCR in a 20 μL volume 
mix, containing Taq DNA polymerase (1 U) (Polymed) and 
350 nM of each primer. The GFP specific primer pairs used 
for the PCR are listed in Table S1. The cycling conditions 
were set as follow: 2 min at 94 °C and 35 cycles with 1 
cycle consisting of 30 s at 94 °C, 30 s at 62 °C and 40 s 
at 72 °C followed by a final extension of 5 min at 72 °C. 
PCR products were analysed by electrophoresis through 1% 
agarose gel in 1 × Tris–borate-EDTA (TBE) buffer, along 
with a 1-kb-plus DNA size marker (Gibco BRL). Gels were 
stained with ethidium bromide and visualized on a UV 
transilluminator.

Quantitative RT-PCR was used to quantify the ability 
of the administered dsRNAs to knockdown target mRNAs 
(ATP synthase β, legumain and natterin), as well as to deter-
mine tissue specific expression of E. variegatus legumain 
and natterin transcripts. A minimum of eight to a maxi-
mum of 48 insect biological replicates were analysed for 
each treated group in the different described experiments, 
as detailed in Table 1 and in Supplementary Tables S2–S5. 
For each sample, cDNA was synthesized from total RNA 
(500 ng from whole insect samples and 150 ng from dis-
sected organ samples) with random hexamers using a High 
Capacity cDNA reverse transcription kit (Applied Biosys-
tems). The resulting cDNA (1 μL) was used as a template for 
qPCR in a 10 μL volume mix, containing 1 × iTaq Universal 
Sybr Green Supermix (Bio-Rad) and 300 nM of each primer. 
All the primer pairs used for qPCR are listed in Table S1. 
Samples were run in duplicate in a CFX Connect Real-Time 
PCR Detection System (Bio-Rad). Cycling conditions were: 
95 °C for 3 min, and 40 cycles at 95 °C for 15 s and 60 °C 
for 30 s of annealing/extension step. The specificity of the 
PCR products was verified by melting curve analysis for 
all samples. No-template controls were always included in 
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each plate. Primers targeting glutathione S-transferase and 
elongation factor-1α (Galetto et al. 2013, 2018; Ripamonti 
et al. 2022a) were used as internal controls to normalize 
the cDNA among samples. Normalized expression levels of 
each target gene for each sample were calculated by CFX-
Maestro™ Software (Bio-Rad). The expression stability of 
reference genes was acceptable in the multiplate gene study.

Statistical analysis

dsRNA-treated insects with expression level higher than 
mean and median of the corresponding dsGFP-treated 
groups were excluded from the statistical analysis (Supple-
mentary Tables S4 and S5); according to the interquartile 
range (IQR) method, these excluded samples were indeed 
outliers (1.5 × IQR) or extreme outliers (3 × IQR). When 
raw transcript data were not normally distributed, they were 
natural log-transformed before analysis. ANOVA was used 
to compare transcript levels measured in different E. var-
iegatus dissected organs. Parametric t test or nonparametric 
Mann–Whitney test ( when data were not normally distrib-
uted) were used to compare levels of different transcripts 
measured in E. variegatus adults injected with dsRNAs 
as well as in E. variegatus and in S. titanus insects fed on 
dsRNA-treated plants (dsGFP vs. dsRNAs targeting ATP 
synthase β, legumain or natterin genes). SigmaPlot version 
13 (Systat Software, Inc., San Jose, CA, USA) was used for 
statistical analyses.

Results

Optimization of delivery strategies

All the experiments to set up delivery methods were ini-
tially performed on E. variegatus, in order to apply the most 
performing protocol in a further step to the economically 
important association S. titanus/grapevine.

Insect soaking

The delivery of dsRNA through soaking was attempted on 
E. variegatus nymphs with dsRNAs targeting ATP synthase 
β, using lipofectamine as adjuvant of the soaking treatment 
as preliminary microscopy observations indicated that this 
compound seemed to improve insect cuticle penetration 
(not shown). However, we could not detect the expected 
reduction of the specific target transcript compared with the 
expression level of the same gene measured in control sam-
ples (Table 1). Soaking was therefore excluded from further 
assessment on the S. titanus system.

Petiole absorption

Pilot experiments were conducted using a diluted blue 
food colouring solution absorbed by whole broad bean and 
grapevine plants. The blue solution applied to the protruding 
petioles of basal leaves moved to the apical leaves in about 
two hours, as shown by coloured leaf portions of both plant 
species (Fig. S1).

A preliminary assay to investigate the possibility of 
delivering dsRNAs to sap-feeding insects through the plant 
vascular system was conducted by treating whole V. faba 
plants with dsGFP and by feeding E. variegatus adults on 
treated broad beans. In two out of five insects dsGFPs were 
detected, even if the signal was faint, probably due to the 
high dilution of the dsRNA molecules in the whole plant 
tissues (data not shown). Therefore, we explored the possi-
bility of using detached leaves (Fig. 1), instead of the entire 
plant, in order to deliver a higher concentration of dsRNAs 
to sap-feeding insects.

Detached leaf absorption

Pilot experiments were conducted using a diluted blue food 
colouring solution absorbed by detached broad bean, grape-
vine and oat leaves. The uptake and distal translocation of 
the blue solution through xylem vessels were visualized 
under the microscope (Fig. 1).

Due to the lowest dilution of the target molecules in 
the vascular system of its small leaves, oat was chosen for 
further optimization experiments aiming at increasing the 
insect probability of acquiring the target molecule. Adults 
of E. variegatus (n = 35), caged in a glass tube, were fed on 
detached oat leaves that had absorbed the food colouring 
solution to monitor the insect uptake of the blue (Fig. 2a). 
After 1 h, a paper disc placed on the bottom of the glass 
tube was blue-stained by insect honeydews (not shown). 
After 48 h, insect guts were dissected and visualized under 
a microscope. Overall, 71% of the observed guts were blue 
stained, and 26% of them showed high staining intensities 
(Fig. 2b–f).

Table 1  Expression of ATP synthase β transcript in Euscelidius var-
iegatus nymphs after soaking in dsRNA solution. Mean ± standard 
error of the mean (SEM), total number of samples (N), maximum/
minimum and median of normalized relative expression of ATP syn-
thase β transcript measured in Euscelidius variegatus nymphs (second 
to fourth instars) sampled and analysed at eight days post treatment 
with dsRNAs targeting either ATP synthase β (dsATP) or green fluo-
rescent protein (dsGFP), used as negative control

Treatment ATP synthase β expression

Mean ± SEM (N) Max/Min Median

dsATP 0.561 ± 0.036 (48) 0.897/0.175 0.552
dsGFP 0.414 ± 0.025 (21) 0.632/0.241 0.427
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Optimization of insect gene silencing by detached 
leaf absorption of dsRNAs

On the basis of the staining results, absorption by detached 
leaves was chosen as plant-mediated strategy to deliver dsR-
NAs to insects and was initially optimized on E. variegatus. 
Gut-specific transcripts were selected for optimization, as 
they are specifically expressed in the first organ that dsRNAs 
encounter after their acquisition via ingestion (Kunte et al. 
2020).

Tissue‑specific expression of gut‑specific transcripts

Legumain and natterin genes are known to be expressed in 
gut tissue (Hartmann et al. 2018; Molina-Cruz et al. 2020) 
and were therefore selected as target genes to be silenced by 
plant-delivered dsRNAs. The transcript level of these genes 
was investigated in different E. variegatus tissues to con-
firm their specific expression in guts. Both legumain and 
natterin genes were more expressed in E. variegatus guts 
than in salivary glands, ovaries and testes (ANOVA: legu-
main F = 327.315, P < 0.001; natterin F: 151.338, P < 0.001) 
(Fig. 3, Supplementary Table S2). In particular, the legu-
main transcript was expressed averagely 2500, 139,000 and 
8000 times more in gut tissues than in salivary glands, ova-
ries and testes, respectively. Natterin gene was expressed 
260, 1500 and 18 times more in gut tissues than in salivary 
glands, ovaries and testes, respectively (Supplementary 
Table S2).

Silencing efficiency of dsRNAs targeting gut‑specific 
transcripts

dsRNAs targeting legumain and natterin were then synthe-
tized and, as preliminary step, their efficacy in triggering 
RNAi signal was assessed by microinjection, under con-
ditions previously optimized for effective and robust gene 
silencing in E. variegatus (Abbà et al. 2019). The dsRNAs 
efficiently silenced their specific target transcripts fol-
lowing abdominal microinjection (Fig. 4, Supplementary 
Table S3). The normalized expression levels of legumain 
and natterin measured in insects injected with specific dsR-
NAs were significantly lower than those quantified in con-
trol dsGFP-treated specimens at seven days post-injection (t 
test: legumain t = − 11.135, P < 0.001; natterin t = − 14.244, 
P < 0.001). In particular, the reduction of specific transcripts 
ranged from 14 to 32-fold in insects injected with dsRNAs 
targeting legumain and natterin, respectively.

Over time silencing effects by dsRNAs acquired 
via detached leaf absorption

The silencing efficiency of dsRNAs targeting E. variega-
tus gut transcripts following plant-mediated delivery was 
assessed at 13, 17 and 24 days post-feeding. Euscelidius 
variegatus insects were fed on detached oat leaves previ-
ously treated with a solution containing dsRNAs (dsGFP/
dsLeg/dsNat) and showed a significant reduction of the 
corresponding transcripts (legumain and natterin) at 
17 and 24 days post-feeding (dpf), in comparison with 
insects fed on leaves treated with dsGFP (t test: legumain 
at 17 dpf t = − 1.969, P = 0.045 and at 24 dpf t = − 2.030, 
P = 0,032; natterin at 17 dpf t = − 2.005, P = 0.046 and 
at 24 dpf t = − 2.866, P = 0.006) (Fig. 5, Supplementary 

Fig. 3  Tissue-specific expression of Euscelidius variegatus legumain a and natterin b genes. Different letters indicate significant different 
expression levels
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Table S4). Insects showing an expression level higher 
than the mean and the median values of dsGFP-treated 
samples were excluded from the statistical analysis as out-
liers. This was the case for three samples out of 18 insects 
treated with dsLeg (17%) and seven out of 21 treated with 
dsNat (33%) (Supplementary Table S4). In these outli-
ers an insufficient or null uptake of dsRNAs might have 
occurred, as suggested by the preliminary experiments 
with the uptake of the blue solution, which failed to stain 
insect guts in 28% of the cases.

Silencing of systemically expressed insect genes 
through plant‑mediated dsRNA absorption

As a further step, the experimental conditions used to silence 
genes specifically expressed in guts were in the end applied 
to silence the systemically expressed ATP synthase β gene, 
involved in phytoplasma transmission (Galetto et al. 2011, 
2021). Silencing of this gene was assessed in both E. var-
iegatus and S. titanus insects, fed on detached leaves of oat 
(the former) and grapevine (the latter), after absorption 

Fig. 4  Expression level after dsRNA injection of Euscelidius variegatus legumain a and natterin b genes. dsGFP, dsLeg and dsNat indicate dsR-
NAs targeting green fluorescent protein, legumain and natterin, respectively. Different letters indicate significant different expression levels

Fig. 5  Expression level of Euscelidius variegatus legumain a and nat-
terin b genes after dsRNA delivery through detached leaf absorption, 
measured at 13, 17 and 24 days post-feeding (dpf). dsGFP, dsLeg and 

dsNat indicate dsRNAs targeting green fluorescent protein, legumain 
and natterin genes, respectively. Asterisks indicate significant differ-
ent expression levels; n.s.: not significant
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of the dsRNA containing solution (Fig. 6, Supplementary 
Table S5). Specimens of both species showed a significant 
reduction of ATP synthase β transcript in comparison with 
insects fed on leaves treated with dsGFP (t test for E. var-
iegatus: t = 7.351, P =  < 0.001; Mann–Whitney test for S. 
titanus: U = 211.000, P = 0.002). Also, in this case, delivery 
of dsRNAs did not occur in all samples: two samples out of 
eight E. variegatus individuals (25%) and seven out of 25 S. 
titanus insects (28%) fed on dsATP-treated plants showed 
an expression level higher than the mean and the median 
values of corresponding dsGFP-treated samples, and were 
excluded from the statistical analysis as not-silenced (outli-
ers, Supplementary Table S5). Even in this case the outliers 
might represent insects in which the dsRNA uptake did not 
occur efficiently.

Discussion

RNA interference is a powerful tool to study gene function 
at the molecular level, but also an attractive tool for pest 
control, with a particular interest in the possible applica-
tion of exogenous dsRNAs directly on crops. The key chal-
lenge for the practical use of RNAi as biopesticides for 
insect pest control is finding effective and reliable methods 
to deliver stable dsRNAs. Limited uptake and availability 
of the dsRNAs have restricted the development of RNAi-
based biopesticides against sap-sucking insects, especially 
phloem-feeders, which represent a broad group of damaging 
pests, namely aphids, whiteflies, mealybugs, psyllids and 
leafhoppers. The last two groups include the majority of 
phytoplasma vectors, against which chemical insecticides 
are the main management strategies to counteract phyto-
plasma diseases.

This study successfully demonstrated the use of a plant-
mediated delivery of dsRNAs to two sap-sucking leafhop-
per species, S. titanus and E. variegatus. For these species, 
microinjection of dsRNAs has been documented to produce 
an effective RNAi response (Abbà et al. 2019; Ripamonti 
et al. 2022a), but can be essentially only used for studies 
in laboratory conditions. Here, we showed that the soak-
ing method, successful in dsRNA delivery to Diaphorina 
citri and Aedes aegypti (Killiny et al. 2014; Yu et al. 2017; 
Arshad et al. 2021), was ineffective in silencing target genes 
under our conditions. This was in line with data reported for 
Drosophila melanogaster larvae treated by soaking (Powell 
et al. 2017). We have no indication on the reason for the 
lack of silencing (degradation of dsRNAs or failure of deliv-
ery into treated insects), but, being ineffective, the soaking 
method was not further explored.

Petiole absorption has been a successful method in deliv-
ering dsRNAs systemically into plant xylem and apoplast 
(Ghosh et al. 2017; Dalakouras et al. 2018). It is notewor-
thy that, in general, phloem-feeders do not feed strictly on 
phloem only, but also probe xylem according to electro-
penetrography data. In particular, this is true for the insect 
species under study, S. titanus (Chuche et al. 2017; Ripa-
monti et al. 2022b) and E. variegatus (M. Rossi preliminary 
unpublished data during feeding onto different plant hosts). 
This feature prompted us to attempt plant absorption as a 
delivery method of dsRNAs. Optimization of plant absorp-
tion conditions started with monitoring the movement of 
a coloured solution into plants and then into insects fed 
on treated plants. Microscopic observations showed that 
coloured solution reached the xylem elements of treated 
plants (broad bean, grapevine, and oat), in line with previ-
ous works on grapevine, apple and green bean (Ghosh et al. 
2017; Dalakouras et al. 2018). Moreover, effective delivery 

Fig. 6  Expression level of Euscelidius variegatus a and Scaphoi-
deus titanus b ATP synthase β gene measured in insects sampled at 
14  days post-feeding on dsRNA-treated detached oat and grapevine 

leaves, respectively. dsGFP and dsATP indicate dsRNAs targeting 
green fluorescent protein and ATP synthase β, respectively. Different 
letters indicate significant different expression levels
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to insects was confirmed by observation of stained guts and 
honeydews from insects fed on treated plants. Despite the 
petiole absorption was effective in the delivery of dsGFP 
in insects fed on treated whole plants, the use of detached 
leaves immersed in dsRNA solution increased the delivery 
efficiency to exposed insects from 40 to about 80%. This was 
the final chosen condition, since it allowed concentration of 
dsRNAs on a limited portion of plant tissue and reduction 
of the dsRNA quantity necessary to induce gene silencing.

Natterin and legumain of E. variegatus were chosen as 
target genes to be silenced for the initial optimization, due to 
their specific expression in insect gut tissues (Hartmann et al. 
2018; Molina-Cruz et al. 2020), with the aim of obtaining 
a rapid delivery of dsRNAs to their target organ soon after 
their acquisition by feeding (Kunte et al. 2020). Analyses of 
these two transcripts on different dissected organs confirmed 
the strong tissue specific expression of both genes in E. var-
iegatus guts. Furthermore, the developed dsRNAs targeting 
natterin and legumain produced effective gene silencing, fol-
lowing injection, confirming that their length and sequence 
base composition did not hamper their activity (Terenius 
et al. 2011; Miller et al. 2012; Joga et al. 2016). Interestingly, 
upon their acquisition by feeding on treated detached leaves, 
a significant reduction of specific transcripts was observed in 
insects from the second sampling date onwards, indicating 
that under our experimental conditions a time lag is neces-
sary before the RNAi mechanism may be triggered, in line 
with the high variability of the temporal delay between treat-
ment and the onset of RNAi-induced phenotype reported 
for different insect pests (Mehlhorn et al. 2020; Yoon et al. 
2020; Silver et al. 2021).

Optimized conditions for detached leaf absorption were 
effective for both E. variegatus and S. titanus leafhopper 
species for the specific silencing of ATP synthase β gene, 
selected as systemically expressed and known to be involved 
in phytoplasma transmission (Galetto et al. 2011, 2021). 
Gene silencing by dsRNA uptake from detached leaves 
occurred with similar frequency as the staining incidence 
observed in dissected insect guts, upon feeding on leaves 
treated with colour solution. A significant reduction of spe-
cific transcript was observed for the two species, both for 
gut-specific genes, more likely to occur when dsRNAs are 
acquired through feeding, and for the systemically expressed 
ATP synthase β. In any case, a systemic distribution of 
acquired dsRNAs is demonstrated, as observed for many 
different pests (Tomoyasu et al. 2008; Joga et al. 2016; Vélez 
and Fishilevich 2018) and also for E. variegatus, in which 
dsATP are able to silence the specific transcript in tissues 
distal from the injection site (Galetto et al. 2021).

No effect on survival rate was observed in both species 
after feeding on dsRNAs targeting the three genes, at least 
for the time frame of our experiment. Proteins belonging to 
respiratory complexes such as ATP synthase usually show 

a slow turnover due to the formation of the mitochondrial 
respiratory complexes, which require over-transcription of 
the protein subunits to provide an adequate molecule sup-
ply for the assembly process (Bogenhagen and Haley 2020). 
Given that clustering of transmembrane cargo molecules has 
been shown to modulate the turnover kinetics (Morozova 
and Weiss 2010), a long turnover may also be hypothesized 
for legumain, which displays the presence of a predicted 
transmembrane domain (not shown).

In conclusion, a plant-mediated method to effectively 
deliver dsRNAs to phloem feeders has been proposed. Com-
pared to microinjection, even if slightly less efficient (70 vs. 
100%), dsRNA delivery by feeding is less time-consuming 
and allows processing larger set of specimens. Moreover, 
it is suitable for silencing every nymphal stage and does 
not require any specific device nor expertise. A short-term 
outcome of the proposed delivery method will be its exploi-
tation in functional genomic studies, especially in the case 
of vector species of obligate fastidious pathogens, such as 
phytoplasmas or liberibacters. Indeed, functional studies 
to unveil mechanisms of interaction among pathogens and 
their hosts are hampered by difficulties in establishing axenic 
cultures. In this respect, RNAi is a useful tool to decipher 
the role of insect genes involved in transmission of fastidi-
ous pathogens (Sarkar and Ghanim 2020; Tang et al. 2020; 
Galetto et al. 2021; Arricau-Bouvery et al. 2023). This pro-
cedure is still not applicable to crop protection, but this work 
provides an important proof of concept: dsRNAs absorbed 
by plants can silence target genes of phloem-feeders fed on 
those plants. Although not straightforward, trunk injection 
of dsRNAs in woody plants may therefore become a feasi-
ble solution under field conditions to limit phloem-feeders. 
Nowadays, in many cases, synthetic insecticides are the 
unique current management strategy, although the chemi-
cal arsenal is gradually depleting in accordance with UE 
policies. This study addresses dsRNA delivery strategies to 
sap-sucking insects, a crucial issue for the effective exploita-
tion of RNAi-based insecticides.
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