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Abstract
There are two main limitations for sprayable RNA pesticide development: delivery e�ciency and synthetic
cost of double-stranded RNA (dsRNA). We previously constructed a nanocarrier-based transdermal
dsRNA delivery system and a novel bacteria-based hairpin RNA (hpRNA) expression system to solve
these challenges. Herein, as a subsequent exploration of RNA pesticide (sprayable ds/hpRNA for pest
control), we performed a greenhouse application of bacteria-expressed and nanocarrier-delivered RNA
pesticide on green peach aphid. The nanoparticle SPc could combine and deliver dsRNA across the aphid
cuticle, and V-type proton ATPase subunits d (ATP-d) and G (ATP-G) were selected as the potential RNA
interference (RNAi) targets. Our plasmid- Escherichia coli system simultaneously expressing ATP-d and
ATP-G hairpin RNAs (hpRNAs) was constructed for mass production of hpRNA. The expressed hpRNA
was mixed with SPc and detergent to form RNA formulation, which showed a certain insecticidal activity
through the spray application in the greenhouse. Total control e�cacy of our RNA pesticide could reach
61% on 3 d, and maintained at 50% until the sixth day. To our knowledge, our study is the �rst attempt to
apply the bacteria-expressed and nanocarrier-delivered RNA pesticides for pest control in the greenhouse
trial, which is bene�cial for promoting the development of RNA pesticides.

Key Message
· SPc can protect and deliver dsRNA from degradation for e�cient gene silencing

· hpRNA is expressed in E. coli system to develop a novel RNA insecticide

· Our RNA pesticide can be applied to control aphids in greenhouse

· Our study brings the concept of RNAi-based pest management to practical application

Introduction
RNA interference (RNAi) was �rst identi�ed in the nematode Caenorhabditis elegans as a response to
double-stranded RNA (dsRNA), resulting in the sequence-speci�c suppression of gene expression (Fire et
al., 1998). This technology offers new opportunities for the development of sustainable integrated pest
management plans (Price and Gatehouse, 2008; Whangbo and Hunter, 2008; Bolognesi et al., 2012; Zotti
and Smagghe, 2015). RNAi has shown a promising control effect against some plant chewing pests,
especially the coleopteran pests (Baum et al., 2007; Zhang et al., 2019). Transgenic plants can be
engineered to express hairpin RNAs (hpRNAs) against some functional genes in chewing and piercing-
sucking pests (Pitino et al., 2011; Zha et al., 2011; Thakur et al., 2014; Zhang et al., 2017). However, the
major obstacle may come from the potential ecological consequences and public concerns of genetically
modi�ed foods (Yan et al., 2015, 2018, 2020a). Meanwhile, there are also promising non-transformative
RNAi applications/approaches available. RNAi via sprayable or soaking approaches has been recognized
as a potential strategy for pest control, and thereafter, it has been well studied in a number of insect
species (Avila et al., 2018; Petek et al., 2020). However, the RNAi e�ciency can greatly vary among
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different insect species. Instability of dsRNA, insu�cient dsRNA internalization, de�cient RNAi machinery,
impaired systemic spreading of the RNAi signal, and refractory target genes have been proposed as
factors constraining RNAi e�ciency (Wang et al., 2016; Singh et al., 2017; Christiaens et al., 2018; Cooper
et al., 2019). 

In recent years, nanoparticle-mediated RNAi has been reported as a novel method for delivering dsRNA to
improve RNAi e�ciency (Shen et al., 2014; Xu et al., 2014; Christiaens et al., 2018). We previously
constructed a nanocarrier-based dsRNA delivery system through oral feeding to control plant chewing
pests (He et al., 2013; Xu et al., 2014). To broaden its application scope, we recently constructed a
transdermal dsRNA delivery system with a �uorescent nanoparticle on soybean aphids (Zheng et al.,
2019). However, the high production cost restrains the practical application of synthetic polycations, and
there is a great need for highly e�cient with low-cost gene vectors (Wightman et al., 2001; Rai and Ingle,
2012; Kumar et al., 2019). To this end, we synthesized a star polycation (SPc) with low cost and high
e�ciency, which could deliver dsRNA across the insect cuticle for e�cient gene silencing and pest
control (Li et al., 2019; Yan et al., 2020b). Although the technical bottleneck of dsRNA delivery was solved,
the absence of cost-effective methods for dsRNA production should be another challenging factor.
To solve this problem, we removed the rnc gene encoding endoribonuclease RNase   from Escherichia
coli BL21 (DE), and introduced an RNAi expression vector containing a single T7 promoter to construct a
novel plasmid-E. coli system. Its hpRNA expression e�ciency was three times that of L4440-HT115(DE3),
a widely used hpRNA production system (Ma et al., 2020). The combination of these two technologies
may overcome the current technical bottlenecks and promote the development of RNA pesticides.

Aphids are a group of sap-sucking insects that not only suck nutrients from plant phloem but are also
plant virus vectors (Hogenhout et al., 2008). Currently, their control measure largely relies on the
application of insecticides, which may lead to the emergence of severe resistance (Niu et al., 2019). Thus,
there is an urgent need for alternatives to control aphids to avoid the side effect of chemical
pesticides. The eukaryotic V-type ATPase (V-ATPase) is a membrane protein complex that consists of
multiple subunits, such as A, B, C, D, E, F, G, H, a, c, c′, c″, d and e, and its disruption induces the lethal
effect in various insect species, suggesting that this molecule is a promising RNAi target for pest
control (Baum et al., 2007; Li and Xia, 2012; Basnet and Kamble, 2018; Sato et al., 2018; Tariq et al.,
2019). In the current study, we performed a greenhouse test of bacteria-expressed and nanocarrier-
delivered RNA pesticide on an insecticide-resistant species green peach aphid. The V-type proton ATPase
subunit d (ATP-d) and ATP-G were selected as the RNAi target genes, and the hpRNAs targeting these two
genes were fused together to simultaneously expressed in E. coli BL21(DE3). The insecticidal activity of
hpRNA/nanocarrier pesticide was assayed through the spray application in the greenhouse. Our RNA
pesticide achieved a promising control effect on aphids, which was the �rst attempt to apply the bacteria-
expressed and nanocarrier-delivered RNA formulation in the greenhouse for pest control.

Materials And Methods
Insect rearing
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Myzus persicae were reared in an environmental chamber under a photoperiod of 16 h light: 8 h dark at
25°C. The aphids were fed on radish plants (Raphanus sativus). 

In�ltration assay of transdermal dsRNA delivery system in Myzus persicae

A gel retardation test with various mass ratios of dseGFP/SPc complexes was performed to determine
whether the complexes were stable. The dseGFP mass was 1 µg for each sample, and the dseGFP/SPc
mass ratios were 1:0, 2:1, 3:2, 1:1, 2:3, and 1:2. The �uorescent dseGFP was synthesized using
Fluorescein RNA labeling Mix (Roche Diagnostics, USA) according to the manufacturer’s protocol. To test
the transdermal dsRNA delivery system, the SPc (1 µg) was mixed with �uorescent dseGFP (1 µg) at the
recommended mass ratio of 1:1 at room temperature for 15 min, and the 0.5% volume of detergent (LIBY,
China) was then added into the formulation to prepare the �uorescent dsRNA/SPc/detergent formulation
(the �nal concentration for both SPc and dsRNA was 100 ng/µl). The corresponding �uorescent
dsRNA/detergent and SPc/detergent formulations were prepared similarly, and the �nal concentration for
both SPc and dsRNA was 100 ng/µl. The 0.2 µL �uorescent dsRNA/SPc/detergent, �uorescent
dsRNA/detergent and SPc/detergent solution were applied on the notum of 4th instar M. persicae with an
RN Needle (34/10mm/4) (Hamilton, USA), respectively. The �uorescence images of aphids were scanned
on the �uorescence microscope EVOS FL (AMG, USA) at 6 h after the topical application. Then, the
aphids were submerged in a drop of optimum cutting temperature (O.C.T) compound (SAKURA, USA), and
placed in the cryostat chamber (− 30 °C) for 30 min to prepare cryosection. The aphids were crosscut into
10 µm sections and were scanned with the �uorescence microscope EVOS FL (AMG). Fluorescence
intensities of aphids were calculated using ImageJ 1.48v (National Institutes of Health, USA) from six
independent samples.

Stability test of nanocarrier-delivered dsRNA in aphid hemolymph

The aphid hemolymph was collected from 4th instar aphids according to the method previously described
by Tassetto et al. (2017). Aphids were transferred onto a sheet of para�lm in a drop of cold PBS (200 μL
per 25 aphids), and quickly wounded with an insect needle. Aphids were then transferred to a centrifuge
tube previously punctured with an insect needle and placed into a 1.5 mL tube and spun at 3000 g for 3
min at 4℃. The collected supernatant in a 1.5 mL tube was transferred to a new tube and spun at 10000
g for 5 min to remove the tissue contaminants. For degradation assays, different dilutions of hemolymph
were prepared and mixed with 1 μg dseGFP. The mixture (10 μL) was incubated at room temperature for
1.5 h and then analyzed by 1% agarose gel electrophoresis.

To investigate the stability of nanocarrier-delivered dsRNA, the concentration of hemolymph capable of
degrading 1 μg dseGFP was used to treat dseGFP/SPc complexes. The dseGFP/SPc complexes were
decomplexed by adding 1 μL of a 3% SDS solution, and then analyzed by 1% agarose gel electrophoresis.
The relative band density was determined using the ImageJ 1.48v from 3 independent samples.
Meanwhile, the 1 μg dseGFP was mixed with SPc, and was treated with hemolymph under the same
incubation condition. The resulting complexes were decomplexed by adding 1 μL of a 3% SDS solution,
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and then puri�ed using MEGAclear Kit (Thermo Fisher Scienti�c). The resulting dsRNA was quanti�ed
using NanoDrop 2000 spectrophotometer (Thermo Fisher Scienti�c). Three replications were prepared for
determining the relative dsRNA concentration. Naked dseGFP solution was used as the control.

Biochemical synthesis of dsRNA 

Total RNA was extracted from ten aphids using RNA simple Total RNA Kit (TIANGEN, Beijing), and then
prepared for cDNA synthesis using Prime-Script RT reagent Kit (TaKaRa, Japan). All primers were
synthesized by TSINGKE (China), and the primers for the biochemical synthesis of dsRNA are listed in
Table S1. The sequence fragments of the target genes (ATP-A: 413 bp, LOC111039523; ATP-d: 383 bp,
LOC111041166; ATP-G: 301 bp, LOC111040044) were ampli�ed using the 2×Taq PCR Master Mix kit
(TIANGEN). The ampli�ed sequences were cloned into pMD19T-Vector (TAKARA) and transformed into
DH5α competent cells (TSINGKE). The plasmids extracted from E. coli were used as templates for dsRNA
synthesis using a T7 RiboMAX Express RNAi System (Promega, USA) according to the manufacturer’s
protocol.

In vivo hpRNA synthesis and extraction

The ATP-d and ATP-G hpRNAs were selected to simultaneously express in plasmid-E. coli BL21(DE3)
RNase III- system. Plasmid pMD19T-ATP-d and pMD19T-ATP-G were used as templates for the
ampli�cation of ATP-d-L (508 bp), ATP-d-R (413 bp), ATP-G-L (331 bp), and ATP-G-R (333 bp). ATP-d-
L and ATP-G-L contained an overlap at their ends, and were fused by fusion PCR. The combined fragment
was digested with EcoR -Xba  (NEB, USA) to generate ATP-L. ATP-d-R and ATP-G-R also contained to
overlap at their ends, and their combined fragment was digested with Xba -Xho  (NEB) to generate ATP-
R. ATP-d-L contained a 95 bp DNA sequence for the formation of a stem-loop structure. Two fragments,
including ATP-L and ATP-R, were cloned into the EcoR -Xho  site of pET-28a (TIANDZ, China) together to
generate pET28-ATP-d+G. pET28-ATP-d+G vector was identi�ed by restriction enzyme digestion of EcoR -
Xho  (Fig. 4A). Primers for plasmid construction are listed in Table S1.

Two hpRNAs were simultaneously expressed in the pET28-ATP-BL21(DE3) RNase III- system according to
the method described by Ma et al. (2020). The only difference was that IPTG was added when the
OD600nm value reached 0.5. For sonication treatment, 40 mL of the bacterial cultures were sonicated on
ice using an ultrasonic cell disruptor (XINCHEN, China) equipped with a microprobe. The sonication was
performed at maximum power on ice for 10 s 90 times with 10 s interval between each sonication, and
the cell culture was then centrifuged at 12,000 g for 10 min to remove the cell debris (Ahn et al., 2019).
5 μL supernatant was then evaluated by 1% agarose gel. The resulting RNA and DNA were extracted from
the supernatant by MEGAclear Kit (Thermo Fisher Scienti�c) and TIANamp Bacteria DNA Kit (TIANGEN,
China), respectively, from the same sample, and then quanti�ed using NanoDrop 2000 spectrophotometer
(Thermo Fisher Scienti�c). The quanti�cation of nucleic acids was repeated 3 times to determine the
concentration.

Laboratory RNAi assays
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The 9-day-old adults were transferred on radish plants, and then removed one day later, while nymphs
were maintained on the plants to the 4th instar. The SPc was mixed with dsRNA at the mass ratio of
1:1 at room temperature for 15 min, and the 0.5% volume of detergent (LIBY, China) was then added into
the formulation to prepare the dsRNA/SPc/detergent formulation (the �nal concentration for both SPc
and dsRNA was 720 ng/µl). The corresponding dsRNA/detergent formulation was prepared similarly, and
the �nal concentration for dsRNA was 720 ng/µl. The dsATP-d and dsATP-G were used for double-gene
RNAi with the �nal concentration of 360 ng/μL for each target gene. Total nucleic acids (105.3±1.33 ng/
μL) extracted from pET28-ATP-BL21(DE3) RNase III- cells contained 67.33±2.96 ng/μL RNA (hpRNA) and
38±1.73 ng/μL DNA. Nucleic acids extracted from BL21(DE3) RNase III- cells were mixed with SPc at the
mass ratio of 1:1, and the 0.5% volume of detergent (LIBY) was added to the formulation to prepare
hpRNA/SPc/detergent formulation (�nal concentration for hpRNA: 100 ng/μL). The 0.2 μL formulation
was applied on the notum of 4th instar aphids. Aphids treated with dseGFP-SPc and pET28-EV-SPc were
used as the control. The aphids were transferred to a new plant after the topical application. Each
treatment contained 15 aphids. Three replicates were prepared for determining RNAi e�ciency, and 6
replicates for mortality bioassay. Dead aphid number was recorded on 3rd day after the application.

Samples for determining RNAi e�ciency were collected at 24 h post the topical application. The 900 ng
RNA was used for cDNA synthesis. The quantitative real-time PCR (qRT-PCR) was performed with Step
One Plus Real-Time PCR system (Applied Biosystems, USA) using Power SYBR® Green Master Mix
(Applied Biosystems). All qRT-PCR reactions were performed adopting the previously published
method (Zheng et al., 2019). The metadata of qRT-PCR experiments is shown in Table S3. The linear
ranges and ampli�cation e�ciencies were determined across �ve 10-fold serial dilutions of cDNA. The
relative mRNA levels of target genes were normalized to the abundance of EF-1α (elongation factor 1
alpha) and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) gene using the 2-ΔΔCT method (Livak
and Schmittgen, 2001). The primers for qRT-PCR are listed in Table S2.

Control e�cacy analysis of RNA pesticide in greenhouse

Control e�cacy was analyzed in an oilseed rape greenhouse (Beijing Liangzhiyuepin Agricultural Co.,
China) with a day/night temperature of 25/18°C. Rows were spaced 0.5 m apart, and plants within rows
were spaced 0.15 m apart. The aphids were natural populations, and the population density was
approximately 290 per plant. As shown in Fig. 1, the bacteria-expressed hpRNA/SPc formulation was
performed as described in laboratory RNAi assays. Then, 0.5% volume of detergent was added to obtain
RNA pesticide, which was sprayed directly on top of leaves of four-week-old oilseed rapes infested with
M. persicae. The spraying experiment was carried out using a pneumatic water sprayer (JIALESHI, China)
with an application amount of 100 mL/m2. A chemical pesticide thiamethoxam (Syngenta, Switzerland)
targeting aphids was diluted 10000 times with ddH2O and served as a positive control, and ddH2O served

as a negative control. The area of each plot was approximately 20 m2, and each plot contained 40-60
plants. Ten plants from each plot were selected as ten replicates to record the aphid number. Numbers of
aphids on top of leaves and leaf backs were counted and recorded separately on 0, 1, 2, 3, 4, 5, and 6 d
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after the treatment. Ten plants from each plot were weighted as ten replicates using an electronic
analytical balance (METTLER TOLEDO, Switzerland) to estimate the potential side effects of RNA
pesticides. The dropping rate of insects and the control e�cacy were calculated as below.

Dropping rate of insect (%) = (number of pests before pesticide application − number of pests after
pesticide application)/number of pests before pesticide application

Control e�cacy (%) = (dropping rate of an insect in the treatment plot − dropping rate of an insect in the
control plot)/(100 – dropping rate of an insect in the control plot)

Absorption detection of dsRNA/SPc complex by plants

To investigate whether SPc could promote the absorption of dsRNA by plants, the roots of ten-day-old
oilseed rapes were immersed in 100 µL of �uorescent dsRNA/SPc, �uorescent dsRNA and SPc,
respectively (the �nal concentration for both dsRNA and SPc was 200 ng/µL). The �uorescence images
of roots were obtained on the �uorescence microscope EVOS FL (AMG) at 6 h after the treatment.

Furthermore, the method described by Wang et al. (2016) was adopted and modi�ed to test the
absorption. Serial dilutions of known dseGFP amounts were reverse transcribed into cDNA, creating a
�ve-point standard curve for dseGFP quanti�cation. The 100 µL of dseGFP/SPc and dseGFP were
applied to treat plant roots similarly as above, and the 10 µL of dseGFP/SPc/detergent and
dseGFP/detergent were applied on the top of leaves (the �nal concentration for both dsRNA and SPc was
200 ng/µL). Leaves from each treatment were washed 3 times with PBS, and added with 180 µL prepared
reagent containing 2% SDS, 0.1mol/L Tris-HCl (PH 8.0), 0.5mol/L Nacl, 0.05mol/L EDTA and 0.05% DEPC
bought from Solarbio (China). Then, 20 µL of KAC (PH 4.8) (Sigma-Aldrich, Germany) was added to reach
a �nal concentration of 0.3 mol/L. Phenol water (Solarbio) was added into the solution, vortexed
vigorously, and then centrifuged for 15 min. The supernatant was mixed with isopropanol (Sigma-Aldrich)
of the same volume, stored at -20 °C for 30 min, and then centrifuged. The nucleic acid pellet was
carefully washed using 70% ethanol and centrifugation. After removing residual ethanol, the pellet was
air-dried in a sterile hood and resuspended in nuclease-free water. RNA was quanti�ed using NanoDrop
2000 spectrophotometer (Thermo Fisher Scienti�c, USA). All centrifugations were performed at 12,000 g
and 4℃. Each treatment was repeated 6 times. The 900 ng RNA was used to synthesize cDNA, and qRT-
PCR was performed with Step One Plus Real-Time PCR system described above, except for no
housekeeping gene normalization. The cycle number performed from either dseGFP/SPc or dseGFP
treatments could indirectly represent the dsRNA content.

Statistical analysis

A two-tailed Student’s t-test was performed for statistical analyses of two columns with Prism 7.0
(GraphPad Software Inc., USA) at the p = 0.05 level of signi�cance. Statistical analyses of multiple
columns were conducted using SPSS 20.0 (SPSS Inc., USA). The ANOVA with Tukey HSD test was
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conducted to determine statistical differences at the p = 0.05 level of signi�cance. The descriptive
statistics are shown as the mean value and standard errors of the mean.

Results
In�ltration assay of transdermal dsRNA delivery system in Myzus persicae

A gel retardation test was �rst performed to determine the optimal mass ratio for the combination of
dsRNA with SPc, and the results showed that the mass ratio of 1:1 was recommended to be used in the
following study (Fig. 2A). The �uorescent dsRNA/SPc/detergent droplet smoothly spread around the
aphid integument, and high-intensity �uorescence was detected at 6 h post topical application. As
expected, the �uorescence intensities of the two other treatments were much weaker (Fig. 2B-D). The
results of frozen section assays were similar. The �uorescence signal was detected in sections of both
dsRNA/SPc/detergent and dsRNA/detergent-treated aphids (Fig. 2E-J’). More speci�cally, the
�uorescence intensity of dsRNA/SPc/detergent-treated aphids was over 5 times stronger than those
treated with dsRNA/detergent (Fig. 2K).

Enhanced stability of SPc-delivered dsRNA and potential RNAi target gene screening

The dsRNA could be completely degraded upon incubation in 12.5% of aphid hemolymph (Fig. S1A). To
investigate the protective effect of SPc on dsRNA, the dseGFP/SPc complex was incubated in 12.5% of
aphid hemolymph, which could not degrade SPc-delivered dseGFP (Fig. S1B-D). The strong protective
effect of SPc on dsRNA might be bene�cial for improving RNAi e�ciency. The ATP-A, ATP-d and ATP-G
were selected as the potential RNAi target genes in the current study. As shown in Fig. 3A, the relative
expression of ATP-A, ATP-d and ATP-G were signi�cantly downregulated from 35% (ATP-G) to 20% (ATP-
A) after treated with SPc-delivered dsRNA; however, the expression level of three target genes showed no
signi�cant change when treated with naked dsRNA. Silencing of ATP-d and ATP-G resulted in an obvious
lethal effect with the percent survival of 46% and 59%, respectively (Fig. 3B). Co-silencing of these two
target genes led to higher mortality of 70% (Fig. 3C-D).

Bacteria-based hpRNA expression and lethal effect evaluation in the laboratory

Two reverse complementary sequences of the ATP-d+G gene were introduced into pET-28a, one of them
contained a loop structure. The constructed vector pET28-ATP-d+G was transformed into BL21(DE3)
RNase III- to produce hpATP-d+G (684 bp) (Fig. 4A-B). Plasmid pET28-ATP-d+G was digested with EcoR -
Xho  to identify the recombination of the RNAi vector, generating a 1463 bp fragment (Fig. 4C). The
expressed hpRNA could downregulate the expression of ATP-d and ATP-G simultaneously through the
topical application (Fig. 5A), resulting in a moderate lethal effect (40% mortality rate) against aphids (Fig.
5B).

Spray application of bacteria-expressed and nanocarrier-delivered RNA pesticide in greenhouse
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The ddH2O, hpATP-d+G/SPc complex, and thiamethoxam were sprayed directly on top of leaves, and the
numbers of aphids on top of leaves and leaf backs were recorded separately. The population density of
aphids on top of leaves was signi�cantly decreased after the application of RNA pesticide or
thiamethoxam, and the body of dead aphids turned black and shriveled (Fig. 6A-C). Surprisingly, the
population density of aphids on leaf backs showed a signi�cant reduction (Fig. 6A-C). The dropping rate
of aphids from top of leaves treated with RNA pesticides increased signi�cantly, with the highest
dropping rate (47%) occurred on 2 d, and its control e�cacy varied from 39% to 63%, which was lower
than that of thiamethoxam (Fig. 6D and 6F). The dropping rate of aphids on leaf backs treated with RNA
pesticides showed a rapid reduction on 4 d (from -36% to -241%) (Fig. 6E). Meanwhile, its highest control
e�cacy (70%) occurred on 3 d post-application (Fig. 6G). 

To further reveal how the hpATP-d+G/SPc complex showed a certain insecticidal activity against aphids
on leaf backs, we tested the absorption of SPc-delivered dsRNA by plants (Fig. S2). Compared to dsRNA
along, the �uorescence intensity of plant roots was much stronger after treating with dsRNA/SPc (Fig.
S2A-C’). The calibration line for dseGFP quanti�cation was constructed by calibration experiments with
different amounts of dseGFP (Fig. S2D). The cycle number in dseGFP/SPc-treated samples either from
the spraying or soaking method was much smaller than dseGFP-treated samples, indicating the
enhanced absorption of SPc-delivered dsRNA by plants (Fig. S2E-F).

The total dropping rate and control e�cacy of aphids are shown in Fig. 7. The dropping rate of aphids
treated with RNA pesticide was consistently higher than the negative control, but lower compared to
thiamethoxam. Although not as good as thiamethoxam, the control e�cacy of RNA pesticide reached
61% on 3 d, and was maintained at about 50% until the sixth day. In addition, the weight of oilseed rapes
treated with different formulations showed no signi�cant difference (Fig. S3). 

Discussion
RNA pesticides are suitable for suppressing pests on stems, foliage or fruits, and the dsRNA/siRNA
formulation can be sprayed on pests or plants, which may penetrate the pest cuticle or feed pests to
induce lethal effects (Dalakouras et al., 2016; Yan et al., 2020c, d). The application of RNA pesticides
showed a promising control effect on an RNAi-sensitive species Leptinotarsa decemlineata (San Miguel
and Scott, 2016). However, the dsRNAs are usually not stable in the environment, and the RNAi e�ciency
can vary greatly among different insect species. E�cient delivery methods such as liposomes, arti�cial
extracellular vesicles or nanoparticles were applied to improve the RNAi e�ciency (Numata et al., 2014;
Shen et al., 2014; Huang et al., 2019). In the current study, high-intensity �uorescence was observed after
the treatment of �uorescent dsRNA/SPc/detergent formulation, indicating the successful construction of
nanocarrier-mediated transdermal dsRNA delivery system in green peach aphids. In addition, the SPc
exhibited a strong protective effect on dsRNA, which was crucial for its stability in the environment.

The silencing of ATPase genes shows great potential for pest control, and the most inspiring
breakthrough is the development of transgenic maize expressing ATP-A hpRNA to e�ciently control the
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western corn rootworm (Baum et al., 2007). In the current study, the ATP-A, ATP-d, and ATP-G were �rst
tested as the potential RNAi target genes, and their relative expressions were downregulated through the
nanocarrier-based transdermal dsRNA delivery system. The higher e�cacy of the nanocarrier-mediated
RNAi might be due to the high delivery e�ciency and good stability of SPc-delivered
dsRNA. Meanwhile, co-silencing of ATP-d and ATP-G in M. persicae led to a mortality rate of 70%,
suggesting the suitable RNAi target genes for pest control.

The large-scale production of dsRNA has been regarded as a limitation of RNA pesticides for a long
time (Bellés, 2010; Zotti and Smagghe, 2015). With the rapid development of RNA pesticides in recent
years, companies such as GreenLight Biosciences achieved the massive production of dsRNA at a low
cost of $0.5/g (Taning et al., 2019). Previously, we constructed a pET28-BL21(DE3) RNase  - system for
expressing hpRNA to decrease its production cost for �eld application (Ma et al., 2020). In the current
study, the concentration of hpRNA produced by our system was approximately 67 ng/μL. However, the
actual concentration of hpRNA could be higher due to the inevitable loss in the puri�cation process. With
the application of the sonication method and reduced cost of LB culture, our novel expression system
could decrease the production cost of hpRNA to $0.47/g. In laboratory RNAi assays, the RNAi e�ciency
of bacteria-expressed hpRNA was lower than the biochemical-synthesized dsRNA, which was related to
the different concentrations of hpRNA between dsRNA. However, the exposure dose of RNA pesticides in
the greenhouse would be higher compared to the 0.2 μL dsRNA/SPc/detergent formulation through the
topical application in the laboratory. The insecticidal activity of RNA pesticides through the spray
application might be acceptable in the �eld.

The spraying experiment against green peach aphids was conducted in an oilseed rape greenhouse. Our
RNA pesticide exhibited a certain insecticidal activity against aphids. Interestingly, the population density
of aphids on leaf backs showed a signi�cant reduction, indicating that the RNA pesticide could be taken
up by plants and exhibit lethal effects upon ingestion. To determine whether the up-take of dsRNA was
improved with the SPc, we detected the dsRNA content in leaves. The cycle numbers performed from
either dseGFP/SPc or dseGFP treatments could be used to represent the dsRNA content, which could be
obtained using the standard curve created by serially-diluted dseGFP solution. The amount of dseGFP in
leaves treated with dseGFP/SPc was signi�cantly more than that with naked dseGFP, which indicated
that our nanocarrier could e�ciently deliver dsRNA into plant roots and leaves. To reduce the
experimental error as much as possible, each treatment was repeated 6 times. RNA extracted from leaves
was incubated at 65 ℃ for 5 min to denature the secondary structure of the dsRNA. Therefore, we did not
introduce any housekeeping genes for calibration.

The total dropping rate revealed that our RNA pesticide should be sprayed every 3 days to prevent the
population growth of aphids compared to 6 days of thiamethoxam. Although not as good as
thiamethoxam, the control e�cacy of RNA pesticide was comparable with some botanical pesticides that
we previously tested (Yan et al., 2019). The highest control e�cacy of D-limonene occurred on 5 d post-
treatment (67%), while that of pyrethrin was observed with 56% on 3 d post-treatment. The insecticidal
activity of RNA pesticide should be further improved to meet the actual demands. Firstly, more effective
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RNAi target genes with high mortality should be selected. Secondly, the optimal condition of the pET28-
BL21(DE3) RNase  - system for expressing hpRNA should be further investigated to increase the
concentration of expressed hpRNA. Finally, the combination of SPc with matrine could decrease its
particle size to improve the toxicity against aphids (Yan et al., 2019). The application of SPc to deliver
botanical pesticides and RNA pesticides simultaneously could improve the control effect.

The �rst attempt to apply nanocarrier-mediated RNAi was conducted to silence chitin synthase genes in
Anopheles gambiae (Zhang et al., 2010). Similarly, the nanoparticle-mediated RNAi was further tested in
Spodoptera frugiperda via a synthetic cationic polymer (Parsons et al., 2018), and Spodoptera exigua via
a guanylated polymer (Christiaens et al., 2018), which exhibited an improved RNAi e�ciency. The
production cost and potential risk of RNA pesticide showed great commercial interest for the
agribusiness. The polycation SPc was constructed based on cheap material sources by a simple
synthetic process, which decreased its production cost to $1.7/g (Li et al., 2019). Meanwhile,
the sonication method was applied to obtain dsRNA from a bacterial expression system, which simpli�ed
the operation and decreased the cost. A series of nanoparticles constructed by our group showed good
biocompatibility in vitro and in vivo, with much lower cytotoxicity than polyetherimide (Xu et al., 2014; You
et al., 2014; Gao et al., 2016). RNAi has been regarded as a safe strategy in pest management due to its
sequence speci�city (Mezzetti et al., 2020; Papadopoulou et al., 2020). However, the introduction of
nanoparticles may bring some potential risks for humans and environmental health (Kah, 2015). Further
studies are required to investigate the environmental risk of RNA pesticides.
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Figures

Figure 1

Schematic diagram of bacteria-expressed and nanocarrier-delivered RNA pesticide to control aphids. The
hpATP-d+G expressed in pET28-ATP-d+G-BL21(DE3) RNase III- expression system was induced by IPTG.
The bacterial cultures were sonicated to obtain hpRNA, which was mixed with polycation SPc and
detergent to form hpRNA/SPc/detergent formulation. The RNA pesticide was sprayed directly to the
oilseed rapes infested with aphids.
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Figure 2

In�ltration effect of nanocarrier-based dsRNA delivery system in green peach aphids. (A) Agarose gel
electrophoresis of dseGFP/SPc complexes at various mass ratios to determine degree of complexation.
The dseGFP/SPc mass ratios were 1:0, 2:1, 3:2, 1:1, 2:3, and 1:2. Among them, the dseGFP mass was 1
μg. M: DNA marker. (B-D’) The merged images (B, C, D) and �uorescence images (B’, C’, D’) of aphids at 6
h post the topical application. (E-J’) The merged images (E, F, G, H, I, J) and �uorescence images (E’, F’, G’,
H’, I’, J’) of frozen sections at 6 h after treatments. (K) The dsRNA �uorescence intensities among various
treatments. The �uorescence intensity was measured using the ImageJ 1.48v from 6 independent
samples. Letters above the bars represent statistical signi�cance (Tukey’s HSD test, p<0.05). 
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Figure 3

Silencing effect of ATPase genes in green peach aphids through topical application. (A) The expression
level of ATP-A, ATP-d and ATP-G after different RNAi treatments. The dsRNA was diluted to a �nal
concentration of 720 ng/μL. (B) Lethal effect after different RNAi treatments. (C) The expression level of
ATP-d and ATP-G after their co-silencing. Final dsRNA concentration of each gene was 360 ng/μL. (D)
Lethal effect of co-silencing of ATP-d and ATP-G. The 0.2 μL of different formulations was applied on the
notum of 4th instar aphids. Gene expression level was detected at 24 h, and the percent survival of
aphids was recorded on 3 d post the topical application. Letters above the bars represent statistical
signi�cance (Tukey’s HSD test, p<0.05). Asterisk indicates signi�cant difference in treatments compared
to dseGFP (*p<0.05, **p<0.01, ***p< 0.001, ****p<0.0001). 
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Figure 4

Construction of pET28-ATP-d+G-BL21(DE3) RNase III- expression system. (A) A 1463 bp of ATP-d+G gene
fragment was inserted in the multiple-cloning site of the expression vector pET-28, which was then
transformed into the BL21(DE3) RNase III- cells. RNA transcription mediated by T7 promoter was induced
by IPTG. (B) A 684 bp of hpATP-d+G produced by BL21(DE3) RNase III- was evaluated by 1% agarose gel,
whereas pET28-EV-BL21(DE3) RNase III- system produced no dsRNA. White arrowhead indicates the
expressed hpRNA. M: DNA Marker; 1: pET28-EV-BL21(DE3) RNase III-; 2: pET28-ATP-d+G-BL21(DE3)
RNase III-. (C) Identi�cation of the pET28-ATP-d+G vector by digestion with EcoR -Xho  to generate the
1463 bp hpATP-d+G, indicated by white arrow. M: DNA Marker; 3: Restriction enzyme identi�cation of
pET28-ATP-d+G.
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Figure 5

RNAi effects of hpRNA expressed in BL21(DE3) RNase III- system. (A) Gene silencing effect of two target
genes. Asterisks indicate the signi�cant differences (***p< 0.001). (B) Lethal effect of co-silencing of
ATP-d and ATP-G. The 0.2 μL of different formulations was applied on the notum of 4th instar aphids.
Gene expression level was detected at 24 h, and the percent survival of aphids was recorded on 3 d post
the topical application. Letters above the bars represent statistical signi�cance (Tukey’s HSD test,
p<0.05).
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Figure 6

Control e�cacy of bacteria-expressed and nanocarrier-delivered RNA pesticide against green peach
aphids on top of leaves and leaf backs. (A-C’) Lethal phenotype of aphids on top of leaves (A-C) and leaf
backs (A’-C’) after the treatment. The black circle indicates dead aphids. (D) Dropping rate of the aphids
on top of leaves. (E) Dropping rate of the aphids on leaf backs. (F) Control e�cacy of the aphids on top
of leaves. (G) Control e�cacy of the aphids on leaf backs. The thiamethoxam was applied as a positive
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control, and the water was applied as a negative control. The amount of applied formulation was 100
ml/m2. Ten plants from each plot were selected as ten replicates to record the aphid number.

Figure 7

Total control e�cacy of bacteria-expressed and nanocarrier-delivered RNA pesticide. (A) Dropping rate of
insect. (B) Control e�cacy of RNA pesticide against aphids.
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