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Abstract: The leafhopper Dalbulus maidis is a harmful pest that causes sever~. . ~ma,e to corn crops. Conventional
chemical pesticides have negative environmental impacts, emphasizing th nee ] for alternative solutions. RNA
interference (RNAI) is a more specific and environmentally friendly met’.0a “r controlling pests and reducing the
negative impacts of current pest management practices. Previous s"u.’'=s F.ave shown that orally administered
double-stranded RNA (dsRNA) is less effective than injection protocc.- in silencing genes. This study focuses on
identifying and understanding the role of double-stranded ribonuc ease.* (dsRNases) in limiting the efficiency of oral
RNAi in D. maidis. Three dsRNases were identified and characterize.’ with Dmai-dsRNase-2 being highly expressed
in the midgut and salivary glands. An ex vivo degradation a<<ay revealed significant nuclease activity, resulting in
high instability of dsRNA when exposed to tissue homoge nz.es Silencing Dmai-dsRNase-2 improved the insects'
response to the dsRNA targeting the gene of interest, “roviung evidence of dsRNases involvement in oral RNAI
efficiency. Therefore, administering both dsRNas .-sp cific and target gene-specific-dsRNAs simultaneously is a
promising approach to increase the efficiency of o, *! P JAi and should be considered in future control strategies.
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1. Introduction

The leafhopper Dalbulus maidis (DeLong & Wolcott) (Hemiptera: Auchenorrhyncha) is one
of the most important pests of corn (Zea mays L.) and has a significant economic impact
(Nault, 1980; Alivizatos and Markham, 1986). In addition to yield losses resulting from feeding
damage, it is also the primary vector of the mollicute Spiroplasma kunkelii Whitcomb, the
causal agent of Corn Stunt disease (Bradfute et al., 1981; Bajet and Renfro, 1989; Oliveira et
al., 1998). The increasing prevalence of Corn Stunt disease in the Americas (Bradfute et al,,
1981; Hruska et al., 1996; Giménez Pecci et al., 2002) since its initial detection (Alstatt, 1945;
Frazier, 1945) represents a significant challenge to corn production. Despite the use of various
control strategies such as germplasm resistance and insecticide sprays to manage D. maidis
damage (Bhirud and Pitre, 1972; Perfecto, 1990; Tsai et al., 1990; Oleszczuk et al., 2020;
Carpane and Catalano, 2022), effective control of this pest remains challenging. Therefore,



there is a pressing and urgent need to establish an efficient, specific and environmentally
friendly approach to control this pest.

RNA interference (RNAI) is a post-transcriptional silencing mechanism that is initiated by
the presence of double-stranded RNA (dsRNA), inducing the degradation of mRNAs that are
complementary to it (Zamore et al., 2000; Wilson and Doudna, 2013). Since its discovery, RNAI
has become a powerful and widely used tool for gene function analysis, biomedical research,
and biological pest control. RNAi technology has the potential to be applied to pest
management and pathogens reduction (Baum et al., 2007; Mao et al., 2007; Bellés, 2010; Zhu
et al., 2012; Zhang et al., 2017). However, RNAI efficiency varies among insects depending on
the species, dsRNA delivery method and target gene selection (Huvenne and Smagghe, 2010;
Yu et al., 2013; Cagliari et al., 2019; Cooper et al., 2019).

In a previous study on the application of RNAi in D. maidis. *'e .~ nfirmed that delivery of
dsRNA through injection or feeding are effective ways to initiz."e a'1 RNAi response (Dalaisén-
Fuentes et al., 2022). Our research demonstrated that admiiste “ing dsRNA specific to Bicaudal
C (Dmai-BicC) induce a significant reduction in mRNA 'evei> and oviposition, with ovaries
revealing alterations in oocyte development. Togeth:r, *hese results provide evidence that
Dmai-BicC plays a crucial role in D. maidis oogenesis. r.~vever, our data also shows that oral
delivery of dsRNA®““triggers the RNAi pathway lez: efficiently. We hypothesize that the dsRNA
may be degraded upon ingestion by some digrs." e "wucleases before being absorbed through
the gut and translocated into other bod\ -en. Therefore, the stability of dsRNA would be
critical determining the success of oral I.\IAi (Garbutt et al., 2013; Wang et al., 2016; Singh et
al., 2017).

dsRNA-degrading nuclease acti' it, .- usually attributed to double-stranded ribonucleases
(dsRNases), which belong to the L 'A,kNA non-specific endonuclease (NUC) family (Arimatsu
et al., 2007a, b). The activity f .\~ese dsRNases is mostly found in digestive fluids, indicating
that they are secreted in tt.= got lumen for nucleic acid digestion. They are also present in
other tissues such as the ¢ ~ide mis, fat body, brain, silk glands, and hemolymph (Arimatsu et
al., 20073, b; Allen anc Wa.ker, 2012; Liu et al., 2012; Garbutt et al., 2013; Christiaens et al.,
2014; Wynant et ai.,, 20.15). dsRNase activity has been identified and implicated in reducing
RNAi efficiency throust dsRNA degradation in many insect orders (Wynant et al.,, 2014;
Almeida Garcia et al., 2017; Luo et al., 2017; Song et al., 2017; Spit et al., 2017; Peng et al.,
2018; Prentice et al., 2019; Fan et al., 2021; Sharma et al., 2021; Li et al., 2022; Zhang et al.,
2022).

To confirm the impact of dsRNases on oral RNAI efficiency in D. maidis, our goal was to
identify and characterize dsRNases expressed in this leafhopper. Through a transcriptome
search, we identified three Dmai-dsRNase genes (Dmai-dsRNase-1, -2 and -3) and evaluated
their expression profiles in different tissues. We found that Dmai-dsRNase-2 was expressed in
midgut and salivary glands, Dmai-dsRNase-1 in the fat body, and Dmai-dsRNase-3 in both fat
body and rest of body. Finally, we investigated the impact on RNAi efficiency after Dmai-
dsRNase-2 silencing. Our results demonstrate that Dmai-dsRNase-2 reduced oral RNAi
efficiency in D. maidis. This study provides valuable insights for improving RNAi-based pest



management strategies and must be considered for future research and developing programs
in this field.

2. Materials and methods
2.1. Insect rearing

A colony of D. maidis was maintained on corn plants (Zea mays L.) in our laboratory. The
colony was kept in aluminum-framed cages with a fine voilé-type nylon mesh and placed in a
greenhouse with a temperature of 25 °C and 80% relative humidity. The photoperiod was set
at 16:8 h (light: darkness). Embryogenesis is completed 11.5 + 1.3 days after egg laying at 23 +
3 °C (Remes Lenicov and Virla, 1993).

2.2. Identification of dsRNase genes in D. maidis transcr. n*:ome

A D. maidis adult transcriptome was used to perform in . erative search to identify
dsRNase genes. A specific database was generate.. .um different repositories
(https://www.ncbi.nlm.nih.gov/protein/; https://www.urip-ot.urg/) containing 123 protein
sequences of homologous nucleases reported in other ‘nsect species. Protein sequences
predicted from the transcriptome were used as quei:>s tc perform a BLASTp search (Altschul
et al, 1990), with an e-value threshold of 10°. Pro.~in signatures were predicted by
InterProScan v92.0 (Paysan-Lafosse et al., 2023) ar.d SignalP v6.0 (Teufel et al., 2022) servers.
Phylogenetic analysis was based on sequence aliginnents generated by Clustal Q (Sievers and
Higgins, 2014), using the software BEAST v1.10.4 (Drummond and Rambaut, 2007) in the
CIPRES Science Gateway (Miller et al., 201 Beauti v1.8.350 was used to generate the BEAST
input file. One million generations .‘ere used for the run, combined with LogCombiner
v1.8.350 discarding the first 6% of eac:. chain as a burn-in. The maximum clade credibility tree
was generated using TreeAnnota*~r \ 1 3.388. The result was visualized with iTol tool (Letunic
and Bork, 2021).

2.3. Tissue-specific exre.sion of Dmai-dsRNases and dsRNA stability assay

Total RNA samples we. = prepared from salivary glands, midgut, fat body and the rest of
body dissected fror ~du.* f:males. Tissues (N=4 per biological replicate) were dissected in PBS
1X and immediately stor 2d in TRIzol reagent (Invitrogen). Total RNA was isolated using TRIzol
reagent and treated with RNase-free DNase (Qiagen, Hilden, Germany) according to
manufacturer's instructions. First-strand cDNA synthesis was performed using the oligo (dT)18
primer and RevertAid Reverse Transcriptase (Thermo Scientific) based on the protocol
provided by the manufacturer. RT-qPCR was carried out in technical triplicates (three wells per
cDNA sample), in a 10 pL final volume reaction using SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad) and a Bio-Rad CFX-96 thermocycler. PCR cycling consisted of 30 s at 95 °C,
followed by 35 cycles of 15 s at 95 °C, 30 s at 55 °C and 45 s at 72 °C (annealing and extension).
Melting curve analysis was performed at the end using instrument default settings (65-95 °C,
0.5 °C temperature increment). A no-template control was included in all batches. All primer
pairs (Table S1) were designed with Primer3Plus (Rozen and Skaletsky, 1999) and PCR Primer
Stats (Stothard, 2000), and tested for dimerization, efficiency and amplification of a single
product. Differences in transcript levels were calculated by a comparative Ct method (Rao et
al., 2013). Expression values were normalized using 60S ribosomal protein L3 (Dmai-RPL3)



gene, a reference chosen after a screening of several housekeeping gene candidates, as it
provided consistent results.

To investigate ex vivo degradation of dsRNA, salivary glands (N=100), midgut (N=100), fat
body (N=10) and rest of body (N=10) were dissected from adult females and added to 75 pul of
PBS 1X. Tissues were homogenized and centrifuged at 8.000 rpm for 7 min at 4 °C (Shukla et
al.,, 2016). The fat body and rest of body were centrifuged twice. The supernatants were
transferred to new tubes to estimate protein concentration by Bradford (Kruger, 2009). One
ug of dsRNA®““ was incubated with one pg of homogenate at room temperature and samples
were collected at various time points (1, 12, and 24 h). Two uL of each sample were resolved

BicC

on a 1% agarose gel. dsRNA” " exposed only to PBS 1X was used as a control.

2.4. Synthesis of dsRNA

Total RNA was isolated from adult females using TRIzol re»z=n. ‘Invitrogen) according to
the manufacturer's specifications. The EasyScript Reverse Trar.~crir tase (AP-Biotech) protocol
was used to synthesize cDNA which was then used as a tem,)late for reverse transcription
polymerase chain reaction (RT-PCR). Specific primers “w vLinai-dsRNase-2 (Table S1) were
designed to amplify a region of 330 base pairs (bp). Fcn ~ydling was carried out as follows: 2
min at 94 °C, followed by 35 cycles of 92 °C for 155,62 ~7or 15sand 72 °Cfor 30 s, and a final
extension step for 4 min at 72 °C (Taq Pegasus, PrzYuctos Bio-Ldgicos, Argentina). The integrity
of the amplicon was analyzed by electrophoresis "« a 1% agarose gel and sequenced to confirm
its identity (Macrogen Inc., South Korea). 7= + "R product was used as template for a second
PCR round to add a T7 promoter seque ~ce at both ends (Table S1). dsRNA was synthesized
using the TranscriptAid T7 High Yield Transc, iption Kit (#K0441, ThermoFisher), following the
manufacturer's instructions. The temp!ate was removed by RNase-free DNase digestion
(#K0441, ThermoFisher). dsRNA inte g’ ity was examined by electrophoresis in a 1% agarose gel.
As reported previously, the sam: workflow was applied for Dmai-BicC gene (Dalaison-Fuentes
et al., 2022). A negative control w. s included using the B-lactamase gene (dsRNA®), amplified
from a pRSETb plasmid (Lavo. ~ ev al., 2012).

2.5. RNA interfe.e:.~e protocol:
2.5.1. Injectic.. o1~ ead by oral administration

dsRNA targeting C..ai-dsRNase-2 (200 ng/uL) was administered by injection to newly
molted adult females (N=40 per treatment) using the method described in Dalaisdn-Fuentes et
al. (2022). After 48 h, once the females were recovered from injury, they were orally exposed
to an artificial diet (Dalaison-Fuentes et al., 2022) containing dsRNA targeting Dmai-BicC at a
final concentration of 200 ng/uL for three consecutive days with daily diet renewal. Then, the

females were placed in rearing cages and mated with males.
RNase2

Four different treatments were applied, the first group received an injection of dsRNA

followed by oral administration of dsRNA®““, and was termed dsRNARNase2/Bicc

silenced females;
the second group received an injection of dsRNA®**? followed by oral administration of
dsRNA®, and was called dsRNA™**”% silenced females; and the third group received an
injection of dsRNA® followed by oral administration of dsRNA®®, called dsRNA¥® silenced
females. The fourth group served as a control, receiving an injection of dsRNA® followed by

6/8

oral administration of dsRNA®%, and was termed dsRNA*? silenced females.



Female mortality was recorded at seven points over a period of 13 days. Transcript levels
of Dmai-dsRNase-2, Dmai-BicC and f3-lactamase were quantified in salivary glands, midgut and
ovaries from adult females, at one and seven days after completion of dsRNA oral
administration. RNA extraction, first-strand cDNA synthesis and RT-qPCR were performed as
described previously.

2.5.2. Co-feeding assay

Newly molted adult females (N=20 per treatment) were placed inside feeding chambers
and fed artificial diet (Dalaisdn-Fuentes et al., 2022) containing both dsRNA®"***? and dsRNA®¢
(200 ng/uL each), referred to as dsRNA®Y®*FC sjlanced females. Diet and dsRNA were
replaced daily. After three consecutive days of dsRNA ingestion, females were placed
individually in rearing cages and mated with one male each, allowing them to feed and lay eggs
on corn plants. Female mortality and oviposition (i.e., number c. 2ggs laid per female) were
recorded every 48 h, when plants were renewed. Embryo lett alit, was monitored during the
expected time of embryogenesis (Remes Lenicov and Virla, 7275,. kearing conditions were the
same as for the colony. After 22 days, ovaries were dis-ect :d and fixed, as indicated in
Dalaisén-Fuentes et al. (2022). Images were acquired wi ™~ a stereomicroscope (Zeiss, Stemi
305). Two different treatments were applied as contr's, 0 e combined dsRNA? with dsRNAZC,
called dsRNA%FC silenced females, and the other c.ntaned only dsRNA®, termed dsRNA%®
silenced females.

A parallel experiment (N=40 per treatr--1t, ~as conducted to determine Dmai-dsRNase-2,
Dmai-BicC and f3-lactamase mRNAs exp. ~ssiun after dsRNA delivery. Total RNA samples were
prepared from salivary glands, midgi't, and ¢ saries from adult females at one and seven days
after completion of dsRNA administratio.> RNA extraction, first-strand cDNA synthesis and RT-
gPCR were carried out as described atove.

2.6. Statistical analysis

Statistical analyses were oe.formed using GraphPad Prism v6.0 software (GraphPad
Software, CA, USA, www.gi.ntpad.com) and InfoStat statistical software v2020 (Di Rienzo et
al., 2020). The fractior. of s irviving females was calculated using the Kaplan—Meier method
and the p-values gener. *ed via the Log-rank test were used to test the null hypothesis that the
survival curves were .dentical between the groups, with a significance level of 5%. A
generalized linear mixed model was applied for the number of eggs laid to model negative
binomial variables, with 'treatment’, 'time' and 'interaction' as fixed effects, and 'female' as
random effect. Predicted values were compared using DGC test (Di Rienzo et al., 2002), with a
significance level of 5%. For RT-qPCR analysis, Shapiro-Wilk and D'Agostino & Pearson
normality tests were applied to assess normality of the data set. One-way ANOVA followed by
Bonferroni multiple comparison post-hoc test was performed to analyze group differences.
Data that did not meet the assumptions of normality were subjected to a Kruskal-Wallis test
followed by Dunn's multiple comparison test for pairwise comparison.

3. Results
3.1. Identification and characterization of D. maidis dsRNase genes



Orthologues of double-stranded ribonucleases (dsRNases) were identified in a
transcriptome of adult D. maidis (Table 1). Three transcript sequences were retrieved, namely
Dmai-dsRNase-1, Dmai-dsRNase-2 and Dmai-dsRNase-3. All predicted proteins were similar in
length and contained a signal peptide and single DNA/RNA non-specific endonuclease
(PFO1223) domain. Multiple sequence alighnments of the predicted dsRNase proteins revealed
that only the active key site's first and fifth residues varied among them. Dmai-dsRNase-2 and
Dmai-dsRNase-3 have an alanine (A) at position one in the active site, while Dmai-dsRNase-1
has a serine (S). At position five, Dmai-dsRNase-1 and Dmai-dsRNase-2 both have a glutamine
(Q) in the active site, but Dmai-dsRNase-3 has a methionine (M) (Fig. 1). Phylogenetic analysis
indicated that the three Dmai-dsRNases cluster in the hemipteran clade (Fig. 2). Overall, these
results indicate that dsRNases are conserved in D. maidis.

3.2 Analysis of Dmai-dsRNases transcript levels and ds RNA degradation in different
tissues

Quantitative analysis of dsRNases expression revealeZ ti... Dmai-dsRNase-2 had the
highest expression in salivary glands followed by the midgL*. T'ie transcript expression in the
salivary glands was nearly 600-fold higher than in the miay 't. Dmai-dsRNase-1 expression was
detectable only in the fat body, and Dmai-dsRNase-3 ‘as e xpressed in the fat body and rest of
body, but undetectable in the other tissues (Fig. 3).

An ex vivo dsRNA stability assay was condu “ed to assess nuclease activity in the above
mentioned tissues. After 1 h of incubatior, ~ fi.~tion of dsSRNA®**“ was already degraded in all
samples (Fig. S1); however, degradatior. ‘va', more evident in the sample exposed to salivary
gland contents (Fig. S1). Degradation in the .nidgut was faster than the fat body and rest of
body, although not to the same extcnt as in salivary glands, which showed complete
degradation of dsRNA®“ after 12 h f ini ubation.

The increased expression of "mai-dsRNase-2 in the digestive tract of D. maidis, along with
the strong ability for the rap..' degradation of dsRNA by the salivary glands, suggests that
Dmai-dsRNase-2 may exhihit ro . ust nuclease activity responsible for dsRNA degradation.

3.3.  Measurem 'nt o* RNAi efficiency after dsSRNA*"***’injection

To investigate the potential enhancement of RNAi efficiency by suppressing Dmai-
dsRNase-2, adult virgin females were injected with a specific dsRNA targeting Dmai-dsRNase-2

and then were transferred to an artificial diet containing dsRNA®®

—the gene of interest-.
Female mortality and mRNA levels of Dmai-dsRNase-2 and Dmai-BicC were recorded. In
salivary glands, the Dmai-dsRNase-2 expression level on the first day after oral diet decreased
by 23.6 and 121 times in dsRNA™*¢/6 and dsRNARM*eBC gilanced females, respectively,
compared to the control group (Fig. 4A). In addition, the Dmai-dsRNase-2 level in the midgut
was reduced by 33.1 times in dsRNA™**”% sjlenced females and by 15 times in dsRNARN#e#/5ic
silenced females compared to the control group (Fig. 4B). A significant reduction of Dmai-BicC

transcripts was detected seven days after dsRNA®

8/BicC

oral administration, with a fold change
decrease of nearly 16 times in dsRNA silenced females compared to the control ones (Fig.
4C). At the same time point, dsRNARV*¢¥%C sjlanced females evidenced no expression of Dmai-

BicC transcripts (Figure 4C).



Female mortality was evaluated at seven time points over a period of 13 days to rule out a
possible lethal effect of Dmai-dsRNase-2 silencing. The results showed no significant
differences in the proportion of living females throughout the experiment (p=0.5304) (Fig. 5).

These results demonstrate that Dmai-dsRNase-2 and Dmai-BicC were successfully silenced
at the mRNA level, and the survival of dsRNARVse/5icc
together, our findings suggest that Dmaij-dsRNase-2 could modulate the RNAi response.

silenced females was unaffected. Taken

3.4. RNAi efficiency after simultaneous silencing of Dmai-dsRNase-2 and Dmai-BicC
genes by co-feeding

An RNAI co-feeding approach was applied to further assess the effects of nuclease activity
in the digestive tract on the sensitivity and efficiency of the RNAI response. In this, the artificial
diet was mixed with dsRNA®““ and dsRNA®"**?, simultaneously. Ater mating, female survival,
egg deposition, embryo lethality and ovary morphology w~-e (aluated. No significant
differences were found in the percentage of living female= throughout the experiment
(p=0.809) (Fig. 6).

Compared to dsRNA¥® and dsRNA%®C silenced, fer, ales fed dsRNAM*¢¥%C deposited
significantly fewer eggs (Fig.7A; Table S2A). Further: ore, the number of viable eggs laid by
dsRNANee2/BiC gjlanced females was significantly 'owe. than that of the dsRNA®% and
dsRNA¥PC groups (Fig. 7B). In other words, oriy 64.42% of the eggs corresponding to
dsRNAR™e/Bi<C gilanced females completed te enbryogenesis and reached the first-instar
larvae on time, against 74.66% and 94.7¢ % i | fernales silenced with dsRNA*®C and dsRNA%S,
respectively (Table S2A). The eggs whic. did not hatch were smaller, thinner and had
abnormal, large bubbles in the yolk, . ithout distinguishable embryonic structures, indicating
that their development was arrestea [igure $2D). On the 12" day, a point of inflection was
observed, as the eggs laid b d.RNAYC silenced females started to complete the
embryogenesis, showing no sig. ificant differences compared to the control ones. After 22
days, 82.35% of the dsRNA™ ““ silenced females laid embryonated eggs and were fully

ANaseZ/BicC silenced females continued to lay mainly non-

recovered, whereas the dsRi.A
embryonated eggs (12.%7, or were sterile (18.75%) (Table S2B). The morphology of the ovary
showed, compared .~ 1 = control (dsRNA%?), a vitellarium composed of a large number of
immature oocytes that failed to progress toward choriogenesis (Fig. S2B), suggesting that

oocyte maturation was affected.

In order to confirm that Dmai-dsRNase-2 and Dmai-BicC were silenced, their transcript
levels were measured at different times after being orally administered. The result showed a
significant decrease in the abundance of Dmai-RNase-2 transcripts in the midgut of
dsRNARN®e/BC gjlanced females on day seven compared to the control group (Fig. 8A). While
there was also a reduction in expression in the salivary glands, this difference was not
statistically significant (Fig. 8B). The transcript level of Dmai-BicC was significantly reduced on
day seven in the silenced females (dsRNA®#C and dsRNARN*¢¥%<) compared to the control
group (Fig. 8C).

Rnase2

The incorporation of dsRNA in the artificial diet enhances the insect's response to the
dsRNA targeting Dmai-BicC, thus indicating that silencing of Dmai-dsRNase-2 improves the oral

RNAi efficiency in D. maidis.



4. Discussion
Dalbulus maidis is a significant pest that can cause yield losses of up to 90% in corn

production through direct feeding and/or pathogen transmission (Nault and Bradfute, 1979;
Summers and Stapleton, 2002; Tsai and Capinera, 2008; Pérez-Lépez et al., 2018). Currently,
there are no effective control methods for this pest, but RNAi shows excellent potential as a
strategy for controlling its spread (Dalaisén-Fuentes et al., 2022). Unfortunately, oral
administration of dsRNA is less efficient compared to injection. Therefore, the objective of the
present study was to investigate the factors influencing the response of D. maidis to oral RNA.I.

Several potential modulators of the oral RNAi response in insects have been proposed,
including dsRNA instability, incomplete dsRNA internalization, impaired systemic spread of the
RNAI signal, deficient dsRNA exposure, and refractory target genes (Huvenne and Smagghe,
2010; Yu et al., 2013; Cagliari et al., 2019; Cooper et al., 2019) Among those factors, dsRNA
instability has been attributed to the enzymatic activity of dsRh.<ses and physiological pH
(Singh et al., 2017; Peng et al., 2018; Cooper et al., 2019; Kunte et a ., 2020). Previous research
has demonstrated that dsRNA must persist certain time in Jou  tluids, such as hemolymph or
gut contents before being taken up by cells and triggerinz a "'Ai response (Ren et al., 2014).
In this time frame, dsRNases are strong candidates to . "p. 2ss oral RNAi response by rapidly
degrading dsRNA before it can be internalized (Wyn.nt et al., 2014; Almeida Garcia et al.,
2017; Luo et al., 2017; Song et al., 2017; Spit et al., 2017; Peng et al., 2018; Prentice et al.,
2019; Fan et al., 2021; Sharma et al., 2021; Li e l., 2022; Zhang et al., 2022). Therefore, we
hypothesized that the lower efficiency of ~ra. administration, compared to injection, can be
attributed to the presence of dsRNases i the tissues of D. maidis.

In this work we identified three .'~RNase genes in the transcriptome of D. maidis: Dmai-
dsRNase-1, -2 and -3. Similar to Ac,. *hos/phon pisum (Christiaens et al., 2014) and Bemisia
tabaci (Luo et al., 2017), D. maidis  ac multiple dsRNases, whereas some heteropterans, as
Euschistus heros (Cagliari et al., 2015, and Nezara viridula (Sharma et al., 2021), express only
one. Outside of Hemiptera, th. nuniber of dsRNases ranges from two to ten (Song et al., 2019;
Giesbrecht et al., 2020; Peng ¢ al., 20203, b; Yoon et al., 2021). Characterization of the Dmai-
dsRNases showed that ..~ L.cdicted proteins present the non-endonuclease domain and a
signal peptide for e *ra ~llv.ar secretion, suggesting a role in extracellular dsRNA degradation
(Arimatsu et al., 2007., b). Multiple dsRNase genes are known to have tissue-specific
expression, functional adivergence, and adaptation to different environments (Song et al., 2017,
2019; Giesbrecht et al.,, 2020). Interestingly, our analysis of the active sites revealed
conservation throughout the sequences, with variability only at residues one and five. The
variability in residue one, also a substrate binding site, suggests that Dmai-dsRNases may differ
in their substrate specificity, as observed in Locusta migratoria (Lm-dsRNases) (Song et al.,
2019). Dmai-dsRNase-2 and Dmai-dsRNase-3 shared common residues with Lm-dsRNase-1,
which has substrate-specificity to dsRNA and dsDNA, while Dmai-dsRNase-1 exhibited
common residues with Lm-dsRNase-2, which is involved in the digestion of dsRNA and siRNA.
These similarities suggest that Dmai-dsRNases may have enzymatic activities like those of L.
migratoria. Functional experiments to confirm substrate specificity have been limited to
Bombyx mori (Arimatsu et al., 2007a, b) and L. migratoria (Song et al., 2019), hence performing
it in D. maidis would be interesting.



Our findings on the tissue-specific expression profile of dsRNases suggest that Dmai-
dsRNAse-2, expressed in the digestive system, could be a critical factor limiting the efficiency
of oral RNAI. The substantial difference in expression level in the salivary glands compared to
other tissues (i.e., midgut, fat body, and rest of body) suggests that salivary glands are the
primary source of this dsRNase, as reported previously in N. viridula (Sharma et al., 2021). In
agreement, an ex vivo degradation assay demonstrated high instability of dsRNA when
exposed to homogenates prepared from different tissues of adult females. The rapid
degradation of dsRNA by D. maidis nucleases also suggests an important role for these
enzymes in crucial physiological mechanisms, such as defense against pathogens (Lomate and
Bonning, 2018). These results are consistent with previous studies on other insect species in
which tissue specificity of dsRNase genes and their impact on oral RNAi efficiency have been
described (Prentice et al., 2019; Song et al., 2019; Peng et al., 2020a, b; Sharma et al., 2021; Li
et al., 2022).

Two independent experiments were carried out to detern.'ne yv/hether silencing of Dmai-
dsRNase-2 could protect dsRNAs from degradation and tht s er,"ance the insect's response to
oral RNAI. Initially, we evaluated the potential of Dm<i-as;iiWAse-2 through injection. This
delivery method was selected to guarantee effective ge.e silencing (Dalaisdn-Fuentes et al.,
2022). We chose Dmai-BicC as target gene to compa.~ che results obtained here with our
previous work (Dalaisdn-Fuentes et al.,, 2022} oreover, we administered the same
concentration of dsRNA, but at a larger volume, .- ersure ingestion. Our results confirmed the
successful silencing of both genes at mRN* lev ~l without affecting female survival, indicating
that the silencing of Dmai-dsRNase-2 co. 'd e .1hance the response of D. maidis to oral RNAI. All
of this evidence led us to propose a cn-feedir,; bioassay.

The results obtained by co-fer.a) ‘e share similarities with the studies conducted on
Bactrocera tryoni (Tayler et al 2019) and B. tabaci (Luo et al.,, 2017), in which the
simultaneous silencing of dsRN.ses and target genes improved the efficiency of oral RNAI.
Both treatments -dsRNA¥®“" ana dsRNARN*e¥BC_ significantly reduced the number of
oviposited and embryonatad e; s compared to the control group, accompanied by a decrease
in transcript levels. IntFe_*ingly, a moderate decrease in Dmai-dsRNAse-2 expression in the

salivary glands incr.se.' te efficiency of orally delivered dsRNARMese¥/Bicc

in silencing Dmai-
BicC. In this regard, we I ypothesize that the significant suppression of Dmai-dsRNAse-2 in the
midgut acts as a compensatory mechanism, contributing to the overall silencing effect of
Dmai-BicC. In addition, this could be attributed to the short half-life of Dmai-dsRNAse-2
proteins in salivary glands, leading to a considerable decline in nuclease activity even in the
absence of significant changes in transcript abundance, as proposed in B. tabaci (Luo et al.,

2017).

In our first report, the ovaries of females silenced through oral administration of dsRNA®*

exhibited a range of morphological defects (Dalaison-Fuentes et al., 2022). However, in the
present study, we observed consistent effects on ovarian morphology in all silenced females,
which we attribute to the increased availability of diet. Specifically, the vitellarium showed
immature oocytes that failed to progress to the chorionic stage, like in injected females
(Dalaisén-Fuentes et al., 2022). Therefore, the administration of a larger volume of diet



containing specific dsRNA targeting the gene of interest also enhance the efficiency of oral
RNAI.

Silencing of Dmai-dsRNase-2 not only enhances the effect of dsRNA®, resulting in reduced

oviposition and embryonated eggs but also prolongs this effect. Our findings revealed that, 22
days after silencing, 31.25% of dsRNAR"¢¥5C famales still maintained the gene silencing

effect, compared to only 17% of females treated with dsRNA%¥F

. These results not only
provide further confirmation on the contribution of Dmai-dsRNase-2 in the RNAi response, but

also demonstrate an improvement in the efficiency of oral RNAi response in D. maidis.

Oral delivery of dsRNA has emerged as the most practical approach and has become the
preferred method for implementing RNAi technology in pest control applications. Our study
demonstrates that the co-delivery of dsRNA®““ and dsRNA®"**¢? enhances the efficiency of oral
RNAi in D. maidis. However, our results do not exclude the pos.hility of a synergistic effect
between this enzyme and other dsRNases present in D. maiiis. .1 a subsequent phase, we

-

propose to further investigate the simultaneous silenci~z . multiple dsRNA-degrading
nucleases to enhance RNAI efficiency. Moreover, alternat. ‘e riethods such as nanoparticle-
formulated dsRNA or engineered microorganisms/viruse. expressing specific dsRNA can be
explored to prevent degradation by extracellular nuc'=ase : (Kunte et al., 2020; Pugsley et al.,

2021; Silver et al., 2021; Yan et al., 2021).

In conclusion, our research validates the ~fi-cti* eness of Dmai-dsRNase-2 silencing as a
strategy to enhance the insect's response *- ar.' RNAI, and reinforces our previous findings on
the considerable potential of RNAi-basd -ystems to become a successful approach to D.
maidis management.
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Table legends

Table 1. In silico identification of Dmai-dsRNases. i "not itions were predicted by sequence
similarity searches. cDNA: transcript length; ORF: Op :n Kcading Frame; EPL: Encoded Protein
Length; best hit: the closest match found by '2cal SLASTp search; % ID (percent identity),
alignment length and e-value to the best hit. Hvit: Homalodisca vitripennis and Ncin:
Nephotettix cincticeps.

BLASTp
. . cDNA EPL
Annotation | Transcript ID On~ ) i .
P (bp) @) | gesthit | o | Alanment | E
TA ength value
Dmai- TRINITY_DN1 ; v, 40- ) 79.
dsRNase-1 3786 1.73 318 440  Hvit (010673.1) 51 444 0.0
Dmai- TRINITY_DN2 1o 1,461- 474 Ncin 47. 464 1.65e-
dsRNase-2 2752 "~ 37 (00007745-RA) 85 143
Dmai- TRINITY_DN5 1,539- ) 63.
dsRNase-3 008 1738 304 411 Hvit (015154.1) % 381 0.0

Figure legends

Fig. 1. In silico character.zation of Dmai-dsRNase proteins. Upper panel: schematic diagram of
the three predicted Dmai-dsRNase proteins, including their conserved domains and length (in
brackets). The sequences of the signal peptides are also specified. Lower panel: partial
alignment of the three predicted DNA/RNA non-specific endonuclease domains (PF01223).
Asterisks mark active sites, triangles mark Mg binding sites and circles mark substrate binding
sites. The amino acid and nucleotide sequences of Dmai-dsRNases ORFs are provided in
Supplementary Materials (File S1).

Fig. 2. Phylogenetic tree of arthropod dsRNases. Amino acid sequences of dsRNases from
different insect orders, including predicted Dmai-dsRNases (in bold), are grouped in different
colors. Sequences of the crustaceans Hirondellea gigas, Penaeus monodon and Trinorchestia
longiramus serve as a root. For each dsRNase, the access number and species name are given.

Fig. 3. Expression levels of Dmai-dsRNases in D. maidis tissues. Transcript levels of Dmai-
dsRNase-1 (A), Dmai-dsRNase-2 (B), and Dmai-dsRNase-3 (C) were measured in the salivary



glands, midgut, fat body, and the rest of body of adult females. Each bar represents the mean
and standard error of three biological replicates mean (SEM) (ANOVA, Bonferroni test,
a=0.05).

Fig. 4. Expression levels of Dmai-dsRNase-2 and Dmai-BicC after dsRNA®'“% injection.
Transcript levels of Dmai-dsRNase-2 and Dmai-BicC in salivary glands (A), midgut (B), and
ovaries (C), as it corresponds. Expression was measured at one and seven days after
completion of dsRNA administration. Each bar represents the mean and standard error of
three biological replicates mean (SEM) (ANOVA, Bonferroni test, a=0.05)

Fig. 5. Survival of D. maidis females after dsRNA®**? injection. Kaplan—Meier curves

representing the percentage survival of D. maidis females over time. T1: dsRNA®***? or dsRNA®
injection; T2: female recovery on corn plants (48 h); T3: dsRNA?“ or dsRNA? feeding days (72
h); T4: female and male introduction to the rearing cages; T5 ".nd T7: dissection at one and
seven days after the end of dsRNA administration, respectively; 1b. female monitoring at four
days after completion of dsRNA administration. According to t1e Lc 3-rank test, survival curves
were not significantly different (a=0.05).

Fig. 6. Survival of D. maidis females after dsRN.' co-reeding. Kaplan—Meier curves
representing the percentage survival of D. maidis fe.na.~s throughout the experiment. 1-3:
dsRNARN#se7BcC 4 RNAYEC or dsRNAY® feeding; 4: fema'~ and male introduction to the rearing
cages; 4-22: oviposition and survival recording. Si'vvival curves were not significantly different
according to the Log-rank test (a=0.05).

Fig. 7. Oviposition of D. maidis females 2 ce. ds."NA co-feeding. Scatter plot representing the
number of total (A) and embryonated o, (B) per treatment. The black lines indicate the
mean of each group. Values with th~ same ietter are not significantly different according to
contrasts in the DGC test (a=0.05). The treatment factor significantly affects the response
variable (p<0.0001).

Fig. 8. Expression levels of Dma. 4sRivase-2 and Dmai-BicC after dsRNA co-feeding. Transcript
levels of Dmai-dsRNase-2 ana ™mai-BicC in the midgut (A), salivary glands (B), and ovaries (C),
as it corresponds. Expression w °s measured at one and seven days after completion of dsRNA
administration. All valuez “ve, _ referred to as the Dmai-dsRNase-2 or Dmai-BicC expression at
1-day post treatment i~ fernales treated with dsRNA¥®. Each bar represents the mean and
standard error of three . iological replicates mean (SEM) (ANOVA, Bonferroni test, a=0.05).

Supplementary Materials:
Table S1. Primers used for dsRNA synthesis and RT-(q)PCR.

Table S2. Effect of dsRNA co-feeding on D. maidis female reproduction. (A) The number of
total (dark gray rows) and embryonated (white rows) eggs was recorded every 48 h for 18
days. The percentage of embryonated eggs relative to the total is expressed in brackets. The
"total" column provides the sum of ovipositions within each category during the experiment.
The factors 'treatment' and 'time’, as well as their interaction, significantly affect the response
variable (p<0.0001 in all cases). (B) Percentage of females belonging to each class throughout
the experiment. Females were organized into three categories according to their oviposition
behavior: sterile (no egg laying), non-embryonated (mostly non-embryonated eggs), and
embryonated (mostly embryonated eggs).



Fig. S1. Assessment of dsRNA stability in different tissues of D. maidis. Degradation of dsRNA
at 1, 12, and 24 h after exposure to tissue homogenates, visualized on 1% agarose gels. L: 100
bp ladder; RB: rest of body; FB: fat body; M: midgut; SG: salivary glands; C: control (naked
dsRNA).

Fig. S2. Effect of dsRNA co-feeding on D. maidis female reproductive organs. Ovary
morphology of control (A) and silenced (B) females under stereomicroscope. Silenced females
have tubular-shaped ovarioles -germarium (G), oocytes (O) and pedicle (P)- as the controls.
However, their ovarioles contain a greater number of immature oocytes. Scale bar: 500 pm.
Ovipositions of control (C) and silenced (D) females under stereomicroscope. White
arrowhead: red eye. Scale bar: 200 um.

File S1. Amino acid and nucleotide sequences of Dmai-dsRNases.
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Highlights:

. Dalbulus maidis is the primary vector of Corn Stunt Spiroplasma (CSS).

. RNAi has emerged as a potent tool for the biological control of pests.

. dsRNases are conserved in the leafhopper, and show a specific expression profile.
. Dmai-dsRNase-2 reduce oral RNAI efficiency in D. maidis.
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Signal peptide DNA/RNA non-specific endonuclease
MPSNVEFMVEILCFTKSQ
50 160 150 200 250 300 350 400 (440 aa)
MNS\!AAL‘(?.\(\!MEA@.S.VTG
50 100 150 200 250 300 350 400 450
(474 aa)
MKS.V.\.T.Q.T.L.':QL.':M'QESFE
50 100 150 200 250 300 350 400 (411 20)
J
* k  k . * * * * * * Active site A
Dmai-dsRNase-1 254 LSRGHLAPDCDFTLGAWQAATYFYVNSAPQWQSTINCGNWRRVENQTIR 595
Dmai-dsRNase-2 253 LARGHLSPDADFIFNTGQOMTYYEFVNVAPQWNTEFNSGHWLAVENTVR 294 A Mg?* binding site
Dmai-dsRNase-3 244 TARSHLSPDGDFLLGSWOHLTYEFYINTAPMWOKINGGNWLKLETMIR 285
[ A [ @ Substrate binding site )

Figure 1
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