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A promising approach to an environmentally
friendly pest management solution: nanocarrier-
delivered dsRNA towards controlling the
destructive invasive pest Tuta absoluta+t

Xiaodi Wang,? Shunxia Ji,? Siyan Bi,® Yanhong Tang,® Guifen Zhang,® Shuo Yan,®
Fanghao Wan,?® Zhichuang Li @ *2 and Wanxue Liu®

To develop an environmentally friendly pest controlling RNAi method for the destructive invasive pest Tuta
absoluta, we analysed the binding ratio between the nanocarrier and dsRNA, performed morphological
characterization, investigated stability, leaf absorption rate and insect wall permeability of dsRNA-
nanoparticle complexes, in addition to exploring the RNAi controlling effect and the safety risk analysis.
Chitosan (CS) and star polycation (SPc) may be loaded with dsRNA, and the optimum fusion at dsRNA to
CS and SPc mass ratios of 12.5:1 and 1:1, respectively. The morphology characterization was changed
from chain-like dsRNA to spherical dsRNA-nanoparticle complexes, and the size became smaller.
Nanomaterials effectively protect dsRNA from nuclease degradation, and significantly improved the leaf
penetration efficiency. Furthermore, they penetrated the epidermis to enter the insect gut. Moreover, dskr-
h1/CS and dskr-h1/SPc complexes, applied as a foliar spray, were fed to T. absoluta larvae and both
complexes resulted in a significant reduction in pupal weight and emergence rate. Additionally, safety risk
analysis showed that the dskr-h1 target gene had no effect on the non-target organism N. tenuis, and was
safe for the environment. The target gene had no match sequence with humans or known predacity and
parasitical enemies in the same ecological niche. In conclusion, the results first indicated that CS and SPc
nanomaterials could successfully mediate specific target dsRNA delivery in T. absoluta, and dsRNA-
nanoparticle complexes could be used to control the tomato leaf miner. The study confirmed and enriched
that nanocarrier-delivered RNAi system could successfully be used for controlling pests other than model
insects, providing a basis for the development of green, safe, efficient, and sustainable control of other
pests.

In recent years, with the continuous use of chemical pesticides, the negative effects on the environment and human health are increasing, which has
aroused wide concern. Therefore, the development of green, safe and efficient pest control technology is very important for environmental protection and
human health. In this study, we investigated the potential of using a nanocarrier-delivery system in controlling the tomato leaf miner and proved the
feasibility of local spraying RNAi. As a green, safe, and efficient preparation, dskr-h1/CS and dskr-h1/SPc were applied to the control tomato leaf miner.
Consumption induced a significant decrease in gene expression, which led to an abnormal pupal weight and emergence rate. We analyzed the safety of
dskr-h1 and found that dskr-h1 had no effect on the non-target biological control organism, N. tenuis. We believe that our study makes a significant
contribution to the literature because the application of nanomaterials has challenges and prospects in the sustainable development of agriculture.
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The tomato leaf miner, Tuta absoluta (Meyrick) belongs to

b Agricultural Genome Institute at Shenzhen, Chinese Academy of Agricultural the Lepidopteran family Gelechiidae and is native to Peru in

Sciences, Shenzhen 518120, PR China
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western South America. The tomato leaf miner is a global
quarantine pest. It was initially discovered in China in August
2017 in Huocheng County, Ili Kazakh Autonomous
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surveys from 2018 to 2019 showed that the distribution of
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tomato leaf miner encompassed a total of 33 cities in seven
provinces (including a county-level city of Chongqing),
among which Yunnan and Guizhou provinces had the most
serious density and damage.>* Larval T. absoluta burrow into
plants causing extensive damage to the mesophyll, flowers,
fruits, terminal buds, and young shoots, resulting in
shrinking and drying leaves, deformed and rotten fruits, and
withered plants.>®® It is a key destructive pest of processed
and fresh tomatoes.®” China is the largest tomato producing
country, with a rapid increase from 2000 to 2020, reaching
34.7% of the global production in 2020.> To maintain this
high level of tomato production, effective prevention and
control measures should be urgently introduced in infected
areas, and a detection and monitoring program should be
initiated in uninfected areas for effective prevention.

Currently, the control options available for tomato leaf
miner are limited to agricultural, biological, and chemical
control. These include installing mechanical barriers in
greenhouses for ventilation, regular removal of damaged
tomato plants and old leaves, and covering the soil with
plastic film.>'° Additionally, screening resistant tomato
varieties'" and cultivating transgenic tomato plants with high
expression of CrylAc can also reduce tomato leaf miner
damage."” Biological control strategies using parasitic and
natural predatory enemies targeting the eggs and larvae have
been tested with varying degrees of success."””™® The
susceptibility of tomato leaf miner to entomopathogenic
fungi and Bacillus thuringiensis was confirmed in 2006 and
can be used to control the growth of the larval stage.>**'
Chemical control involves using sex pheromones for early
detection, followed by pesticides treatment.*** Insecticide
application is the main control currently used by farmers to
manage this pest. However, the widespread use of
insecticides can lead to insect resistance, non-target
biological side effects, and increased crop protection costs.
Therefore, we need to reduce our over-reliance on chemical
pesticides and increase efficiency by integrating chemical
solutions with other healthy and environmentally friendly
prevention and control methods.

RNA interference (RNAi) was named one of the top 10
scientific technologies by Science in 2001 and 2002. There are
many advantages to this technology. It is highly specific and
accurate, as well as easily degradable and environmentally
friendly. Moreover, it is simple to use, has a short working
cycle which greatly reduces labor and time costs, and can be
applied in the field by spraying or irrigation.*® Studies have
shown that inhibiting the expression of important genes for
insect growth and development can cause insect disorders or
death. Therefore, RNAi is a potentially effective method for
controlling pests, avoiding overuse of chemical pesticides
and promoting the development of sustainable
agriculture.”®>° RNAi was successfully applied to various
Lepidopteran insects, such as Plutella xylostella and
Spodoptera frugiperda.>* > Camargo et al. screened for highly
expressed target genes (592, 2594, 4623, 1360, and 4303) in
different developmental stages based on the transcriptome,
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and confirmed that the tomato leaf miner has an RNAi
system in vivo, which affects RNAi.** In tomato leaf miner,
the functions of vacuolar ATPase-A (V-ATpase) and arginine
kinase (AK) were verified,** and the ryanodine receptors (RyRs),
acetylcholinesterase ~ subunit 1  (AChE), and nicotinic
acetylcholine receptor a6 (nAChRs) were evaluated as targets
for controlling tomato leaf miner by dsRNA injection and
root delivery.>® Bento et al. provided dsRNA targeting juvenile
hormone inducible protein (JHP), chitin synthase A (CHI),
carboxylesterase (COE), and arginine kinase (AK) via bacteria
which resulted in a significant reduction in transcript
accumulation and increase in larval mortality, confirming
oral dsRNA via bacteria is a potential RNAi-based approach
for tomato leaf miner control.>® The mortality rate of the
tomato leaf miner was 50% when fed dsTa-aCOP, and the
sutvival rate was under eight days after dsV-ATPase feeding.?”
After feeding with juvenile hormone binding protein (JHBP) and
V-TRPase B dsRNA, the mortality increased significantly, and
leaf damage degree and feeding efficiency decreased.*® The
research results show that RNAi can be used for functional
verification of genes, and has great potential as a new pest
control technology. The successful application of RNAi in
tomato leaf miners through spraying demonstrates the
efficiency of using dsRNA to control this pest in the future.
RNAI efficiency in insects is low (especially in Lepidoptera,
Hemiptera and Diptera) as dsRNA has low hydrophilicity,
negative charge, poor delivery and uptake efficiency, and
sensitivity to nuclease degradation.’® To achieve effective pest
control, we need to improve the penetration and interference
efficiency and stability of dsRNA. Nanomaterials are the most
promising materials in the 21st century and are widely used
across various disciplines, including biology and medicine
due to their chemical reactivity, small size, and large specific
surface area.?**? Nanoparticles can protect dsRNA from
degradation by RNase, and also promote dsRNA entering the
insect epidermis, cell and peritrophic membranes, and
effectively interacting with the nucleus functions.*®*¥*°
Currently, nanomaterials used in insect research are mainly
chitosan (CS), chitosan-sodium tripolyphosphate, liposome,
perylenediimide-cored  cationic dendrimers, guanidine-
containing  polymers, perylenediimide-cored  cationic
dendrimers, star polycation (SPc), etc.*® Among them, CS is a
natural polymer material (derived from marine organisms)
with high biosafety, good biocompatibility, and easy
biodegradation. When dsRNA encounters CS in solution, they
undergo electrostatic attraction to form a stable complex,
which originates from the interaction between the
glucosamine group in CS and the phosphate group in
dsRNA.*"">* SPc are cationic dendrimers composed of four
peripheral amino acid functionalized arms that can condense
random nucleic acids into complexes that are easily absorbed
by endocytosis.”*>® These complexes improve pesticides
biological activity and reduce pesticides residues.®® The first
nanomaterial used in pesticides was CS, which silenced the
chitin synthase gene in Anopheles gambiae. The AgCHS1/CS
nanoparticle complexes reduced the AgCHS1 transcript level

This journal is © The Royal Society of Chemistry 2023
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by 62.8% and the chitin content by 33.8%, indicating
nanoparticle-based RNAi technology has the potential for
high-throughput screening in gene function for applications
in pest control.® Zheng et al identified a nanomaterials-
mediated dsRNA body wall permeation system affecting Aphis
glycines, that achieved a high RNAI efficiency (95.4%) and a
population inhibition effect (80.5%) after spraying on the
soybean aphid.** SPc combined with dsRNA can effectively
silence the expression of target genes, with a knockout
efficiency of 58.87-86.86%. A. glycines mortality rate reached
81.67% with dsATPD + dsATPE/SPc local application and
78.5% with dsATPD + dsCHS1/SPc spraying.”® After A. ypsilon
ingested dsV-ATPase/SPc, the relative gene expression was
reduced by 60% and body length was significantly reduced.’®
Applying a matrine/SPc/dshem complex induced gene
silencing by 64.76% with a 90.09% population control on the
seventh day after spraying.®® The laboratory development of
nanomaterial-delivered ~dsRNA technology provides a
powerful tool for gene function analysis and has great
potential for field RNAi-based pest control.

Tomato leaf miner is rapidly invading China and has a
potential to inhabit a wide geographical range, devastating
the tomato industry. Further research is urgently required to
effectively control the pest. We aim to improve effective
control of tomato leaf miner by combining dsRNA with
nanoparticles. Firstly, we explored the protective effect of
nanoparticles on dsRNA and determined the optimum fusion
ratio of CS, SPc, and dsRNA. We observed the morphological
characterization of the dsRNA/nanoparticle complex and
tested the stability of the complex in RNase A. We then
explored the prevention and control potential of nanoparticle
mediated RNA and tested leaf absorption capacity, insect
body wall penetration efficiency, gene silencing effect,
prevention and control effectiveness, and biosafety. We
concluded that the creation of a dsRNA/nanoparticle complex
may provide an easily operated and efficient tool for RNAi
based pest management (Fig. 1).

dsRNA/CS N
o 4
e dsRNA/
o nanoparticles
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leaf uptake

dsRNA/SPc

Fig. 1 Nanocarrier-delivered dsRNA absorption on leaves.
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Materials and methods
Insect rearing and host plants

The tomato leaf miner, Tuta absoluta, colony originated from
Yuxi, Yunnan Province, in August 2018. The tomato variety
was Maofen. The tomato leaf miner was reared in a
laboratory insectary at 25 + 2 °C with 50-60% relative
humidity and a 14:10 h light:dark cycle. Host plants were
individually grown in 9 cm-diameter pots in the same
conditions as the tomato leaf miner.

RNA extraction and cDNA synthesis

Total RNA was isolated using the Micro total RNA extraction
kit (Tianmo Biotech, Beijing, China). A NanoPhotometer™
P330 (Implen, Munich, Germany) with 1% agarose gel
electrophoresis was used to determine RNA quality and
concentration. First-strand ¢cDNA was generated from 1 g
RNA using the SuperScript™ First-Strand Synthesis System
(TransGen, Beijing, China).

Production of dsRNA transcription templates and synthesis
of dsRNA

To generate dsRNA, two fragment templates of Met and kr-hi1
were amplified by polymerase chain reaction (PCR) using
c¢DNAs previously cloned as templates with forward and
reverse primers containing the T7 primer sequence at the 5’
ends, respectively (F: taatacgactcactatagggTGGTTGCGGTA
AAGGATT; R: taatacgactcactatagggTAACAGGGTCTGGCTGAG).
Amplification reactions were conducted in 25 pL solutions
with 19.0 pL of ddH,O, 2.5 pL of 10 x buffer, 0.5 pL of
dNTPs (10 mM for each nucleotide), 1.0 mL of forward
primer (10 mM pL™'), 1.0 mL of reverse primer (10 mM
uL™), 0.5 uL of cDNA template, and 0.5 uL of Taq DNA
Polymerase (5 U uL™'; TransStart). The PCR cycling
conditions were as follows: 94 °C for 5 min, followed by 35
cycles of 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s,

No ™\ A
Gt J oo ]
— species

nanoparticles protect dSRNA
from degradation by RNase A
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and a final extension step of 72 °C for 10 min. The
amplification of the PCR products was confirmed by
separation on 1.5% agarose gels and visualized by staining
with ethidium bromide under ultraviolet (UV) light. The
sequencing was verified at Sangon Biotech. The dsRNA was
synthesized using a MEGAscript RNAi kit (Ambion, Austin,
TX, USA). One pg of PCR product was used as a transcription
template. The dsRNA was resuspended in RNase free water.
The dsRNA was analyzed by agarose gel electrophoresis and
quantified spectrophotometrically. The dsRNA was stored at
-80 °C until required.

Preparation of the dsRNA/CS nanoparticle complex

Preparation of the dsRNA/CS nanoparticle complexes
followed Ramesh Kumar et al® method, with some
modifications to obtain the optimal fusion ratio. 1) CS was
dissolved in sodium acetate (NaAc) buffer (0.1 M sodium
acetate-0.1 M acetic acid, pH of 4.5) to obtain a 0.02% wt/vol
CS working solution, which was stored at room temperature;
2) 25 pg of dsRNA was dissolved in 100 pL of 50 mM sodium
sulfate buffer and an equal volume of chitosan solution was
added; 3) the mixture was heated in a metal bath at 55 °C for
1 min before transfer to a high-speed vortex oscillator for 30
s. The solution was left for 10 min to form the nanoparticle
complex. The final concentration of dsRNA/CS was 125 ng
uL™"; 4) Agarose gel electrophoresis detected the binding
condition.

Preparation of the dsRNA/SPc nanoparticle complex

The SPc (Presented by China Agricultural University) was
gently mixed with dsRNA at the recommended mass ratio of
1:1 (the final concentration for both SPc and dsRNA was 500
ng uL™).*® 1) SPc and dsRNA were mixed at a 1:1 mass
ration and dissolved in ddH,O. To prepare the dsRNA/SPc
complex, the mixture was incubated for 15 min at room
temperature (25 °C). 2) In an aqueous solution, dsRNA
spontaneously combined with SPc to form the dsRNA/SPc
complex. Agarose gel electrophoresis detected the binding
condition.

Determining the binding ratio between the chitosan
nanocarrier and dsRNA

To identify the optimal fusion ratio of the dsRNA and
nanomaterials, the CS working solution (prepared above)
was diluted to 1/10, 1/20, 1/40, 1/80, and 1/100 following
concentration gradient. Then 25 pg dsRNA was mixed with
the diluted CS working solution to form a stable compound.
A total of 5 uL of the mixed solution was added to 1 pL of 6
x DNA loading buffer. Agarose gel electrophoresis detected
the dsRNA/nanoparticle complex binding. The optimal
fusion ratio was determined using the electrophoresis
results.
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Particle size and morphological characterization of the
complex - transmission electron microscopy (TEM)
observation

The prepared dsRNA was diluted to a concentration of 1 ug
L™". The dsRNA/CS and dsRNA/SPc were prepared following a
previously described method. A total of 1 pL dsRNA, CS
solution, dsRNA/CS complex solution, SPc solution, and
dsRNA/SPc complex solution were carefully added to a carbon
film-coated copper wire, and placed at room temperature (25
°C) for 30 min to dry naturally. After drying, the samples were
investigated using a JEM-1400 Flash transmission electron
microscope. The optimum field of vision was required to
move the samples with buttons or track balls. Magnification
and brightness were adjusted before the morphology of each
sample was photographed.

Scanning electron microscope (SEM) observation

A total of 1 puL of the prepared dsRNA solution, CS solution,
dsRNA/CS complex solution, SPc solution, and dsRNA/SPc
complex solution were placed on an aluminum sheet. The
sheet was allowed to dry naturally at room temperature for
30 min. After drying, the sheet was pasted on the sample
table and an ion sputtering apparatus sprayed gold for 30 s.
The particles were placed in an S-4800 scanning electron
microscope with 5.0 kV acceleration voltage. The overall
morphology and associated characteristics of the particles
were observed and photographed.

Stability test of dsRNA/nanoparticle complex

Hundred nanogram RNase A effectively degrades 1 pg
dsRNA.®* We further explored the stability of the dsRNA/
nanoparticle composite. The dsRNA/CS solution and dsRNA/
SPc nanoparticle complex were diluted to 100 ng pL™" with
water, and evenly mixed before adding appropriate amounts
of RNase A. The solutions were incubated for 20 min in the
PCR apparatus at 37 °C. dsRNA quality was detected by
agarose gel electrophoresis, and the brightness of the bands
was measured by Image]. The dsRNA bands treated by RNase
A were used as a control group. To calculate normalization,
the grey value of the treatment group was divided by the grey
value of the control group. Each treatment involved three
replicates.

DsRNA absorption efficiency after different leaf treatments

To investigate the plant uptake of dsRNA, 20 pL cDNA was
obtained by reverse transcription of dsRNA. A sample of 5 pL
c¢DNA was successively diluted to 1/2, 1/4, 1/8, 1/16, and 1/32
following the concentration gradient. Quantitative primers
QMet-F and QMet-R (forward: 5-TGCTATTGATGATGTGCGA
GT-3' and 5-AATGTTTTCTTTAGAGGGTGC-3')
amplified the samples. The cycle number was used as the
ordinate and log (DNA copies) to create a standard curve and
determine the relative quantitative dsRNA. The secondary

reverse:
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structure of the dsRNA was destroyed in a metal bath at 65
°C for 5 min before undergoing reverse transcription.

The prepared dsRNA solution (at a final concentration of
25 ng puL™") was sprayed on the leaf surface. The plant petiole
was soaked in 200 pL of the same solution. After 4 hours, the
leaves were collected and their RNA was extracted using the
Trizol method. Real-time fluorescence quantitative PCR was
used to detect the dsRNA content in the leaves after the
different treatments. We recorded the maximum number of
cycles, and calculated the log (DNA copies), according to the
functional expression obtained from the standard curve. Four
replicates were performed for each treatment and each
replicate involved one tomato leaf. The control group was
leaves without any dsRNA treatment.

Detecting uptake capacity of dsRNA/nanoparticle complexes
in plant leaves

200 pL sample of the prepared dsRNA, dsRNA/CS, and
dsRNA/SPc solutions, with a concentration of 25 ng uL™ was
evenly sprayed on the tomato leaves. After 4 hours of full
absorption, quantitative PCR (qPCR) was used to determine
the dsRNA contents. Each treatment involved four
repetitions, each with one tomato leaf. The control leaves
were sprayed with 200 pL ddH,O.

Detection of the penetration of dsRNA/nanoparticle
complexes in insect body walls

Fluorescent dsRNA determined the penetration effect of the
nanoparticle-delivered dsRNA in the insect body wall. Second
instar tomato leaf miner larvae were placed in an ice box.
Fluorescent dsRNA was placed on the back of the larvae
using a microinjector. After absorption for 4 hours, the larvae
were placed under a SZX16 fluorescence microscope to
observe the fluorescence intensity. ImageJ was analyzed and
the fluorescence intensity compared.

Control effect of the dsRNA/nanoparticle complex on the
tomato leaf miner moth

The branches and leaves were separated from the tomato
plants before inserting them into bottles for hydroponic
treatment. The second instar larvae were placed on the
leaves. The prepared dskr-hi1, dskr-h1/CS, or dskr-h1/SPc
solution was evenly sprayed on the tomato leaves. After 48
hours, five larvae were randomly selected for detection of
expression levels. The remaining larvae were observed every
24 hours. We recorded the phenotypic traits including death,
pupation, and emergence. An aqueous solution (25 ng pL™")
containing dsEGFP was used as a control. The experimental
design included four biological replicates for each treatment.

Safety evaluation of dsRNA/nanoparticle complexes

Nucleic acid sequencing of RNAi target genes identified
potential non-target sites in the transcriptome sequences of
other species using Basic Local Alignment Search Tool (Blast)

This journal is © The Royal Society of Chemistry 2023
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analysis, with the National Center for Biotechnology
Information (NCBI) Blast — word size defined as 28 (https://
www.ncbi.nlm.nih.gov/), match/mismatch scores defined as
1/-4 for the sequence alignment.®”> Sequences with an E value
< 2 and cover scores =90% of the comparison results limited
the mismatch to 2 base pairs.®® Safety was evaluated using
the alignment results.

As a natural predator, Nesidiocoris tenuis is often the main
biological control used for tomato leaf miner.®”*® Therefore,
to ensure the benefits of biological controls are maintained,
we explored the biological safety of dsRNA. Tomato leaves
were sprayed with dskr-h1 and placed in an insect feeding
device. A total of 20 adult N. tenuis insects were released into
the device. The T. absoluta eggs and first instar larvae were
randomly distributed on the leaves to feed the N. tenuis. The
experiment involved six replicates. A control involved
spraying with dsEGFP. N. tenuis and observing the insects
daily for 10 days. The data were used to calculate the survival
rate.

Statistical analysis

Analysis of variance (ANOVA) with Tukey's honestly
significant difference (HSD) tests were performed using SPSS
20.0 (SPSS Inc., USA). Two-tailed Student's t-tests were
performed using Prism 5.0 (GraphPad Software Inc., USA).
Data were presented as the mean + standard error (mean +
SEM). Differences were considered significant when P < 0.05.

Results
The nanomaterial binds to dsRNA to form a stable complex

A sample of 25 nug dsRNA was mixed with a CS working
solution at different mass ratios and detected using agarose
gel electrophoresis (ESIT Fig. S1). When the mass ratio of
dsRNA to CS was 1.25:1 and 12.5:1, the dsRNA and CS were
completely combined and clustered in the spot sample wells.
When the mass ratio of dsRNA to CS was 25:1, part of the
dsRNA was separated in the spot sample wells. This indicated
that the dsRNA did not completely combine with the CS
solution at this concentration, resulting in partial dsRNA
shifting by electrostatic forces. When the mass ratio was 50:
1, 100:1, or 125:1, the dsRNA dissipated from the band,
indicating that CS concentration was too low to fully combine
with dsRNA. Therefore, the brightness and distribution of
the electrophoretic bands revealed the optimum fusion was
at dsRNA to CS mass ratio of 12.5: 1.

Nitrogen ions in the periphery of the SPc are positively
charged and bound to the negatively charged dsRNA by
electrostatic attraction. After mixing at a mass ratio of 1:1,
gel electrophoresis revealed bright nucleic acid residues in
the gel wells, indicating that dsRNA lost all electrical
properties after binding to SPc. Therefore, in electrophoresis,
dsRNA was blocked and no excess dsRNA escaped, indicating
that at this mass ratio, dsRNA was fully bound to the SPc
(ESIt Fig. S2).
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Complex morphology characterization of the dsRNA/
nanoparticle

Morphological  characterization @ by  TEM.  The
morphological structure and surface morphology of the
prepared dsRNA, CS, and SPc were clarified using
transmission electron microscopy (TEM). In TEM, dsRNA
formed a chain (Fig. 2A), while CS formed a block (Fig. 2B).
After mixing dsRNA and CS, the dsRNA branches fully bound
to CS (Fig. 2C), revealing a spherical distribution with an
average particle size of 59 + 23 nm. The SPc was a snowflake
shape. When dsRNA was combined with SPc, they formed
uniform spheres with an average grain diameter of 67 + 24
nm (Fig. 2E).

Morphological characterization by SEM. The SEM
revealed branched dsRNA (Fig. 3A) and block-shaped CS
(Fig. 3B). A significant change in morphology and
structure was revealed when the two were combined
(Fig. 3C). The SPc was a regular snowflake shape (Fig. 3D)
and tightly bound together through electrostatic attraction
after mixing with dsRNA (Fig. 3E).

A. dsRNA

>~

C. dsRNA+CS

D. SPc E. dsRNA/SPc

Fig. 2 TEM images of dsRNA and nanoparticles. Morphological

characterization of A. dsRNA; B. CS; C. dsRNA/CS; D. SPc; E. dsRNA/
SPc.

A. dsRNA C. dsRNA/CS

D. SPc E. dsRNA/SPc

Fig. 3 SEM images of the dsRNA and nanoparticles. Morphological
characterization of A. dsRNA; B. CS; C. dsRNA/CS; D. SPc; E. dsRNA/
SPc.
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Nanomaterials protect dsRNA from degradation by RNase A

The dsRNA was degraded quickly by RNase A. Interestingly,
when CS was bound to dsRNA, it protected the dsRNA from
RNase A degradation (Fig. 4A), and the band density did not
significantly vary (Fig. 4B). Similarly, SPc also bound to the
dsRNA and protected the dsRNA from degradation by RNase
A (Fig. 4C/D).

Efficient leaf uptake of dsRNA delivered by spraying or
soaking

The dsRNA was diluted using a gradient and the cDNA was
used as a template to construct a standard curve to calculate
the dsRNA content in the leaves (Fig. 5A). Tomato leaves were
treated by either soaking or spraying. The results showed that
dsRNA effectively entered the leaves after soaking or
spraying. Spraying significantly increased dsRNA leaf
absorption efficiency (Fig. 5B).

12 3 4 5 6 7 8 9 101 12

Relative band density

C 5 6 7 8 9 10 11 12 D

Relative band density

Fig. 4 Stability of the dsRNA/CS complex in RNase A. A. Gel
electrophoresis images of dsRNA after different treatments. M: DNA
marker; 1-3: dsRNA; 4-6: dsRNA + RNase A; 7-9: dsRNA/CS; 10-12:
dsRNA/CS + RNase A. B. Density analysis of the dsRNA bands. C. Gel
electrophoresis images of dsRNA after different treatments. M: DNA
marker; 1-3: dsRNA; 4-6: dsRNA + RNase A; 7-9: dsRNA/SPc; 10-12:
dsRNA/SPc + RNase A. D. Density analysis of the dsRNA bands. The
different letters (a-c) represent groups with significant differences
according ANOVA test (Tukey's test, P < 0.05).
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Fig. 5 Detection of leaf absorption efficiency with different treatment
methods. A. Standard curve used to calculate the dsRNA content. B.
After tomato leaves were treated by either spraying or soaking for 4 h,
the leaf RNA was extracted, and the cycle number of each sample was
obtained by quantitative real-time PCR after reverse transcription.
ANOVA assessed the data, and different letters indicated significant
differences (P < 0.05).
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Fig. 6 The absorption efficiency of dsRNA/nanoparticles complex in
tomato leaves. H,O was used as a blank control group and dsRNA,
dsRNA/CS, and dsRNA/SPc were each sprayed in a treatment group. A
Tukey HSD test analyzed the data, different letters indicated significant
differences (P < 0.05). The statistical results are expressed by means *
standard error.

The dsRNA/nanoparticle complex promotes plant leaf uptake

Leaves sprayed with dsRNA, dsRNA/CS, or dsRNA/SPc all
contained dsRNA. The dsRNA content combined with SPc
was significantly higher than the dsRNA in isolation or
combined with CS. Therefore, SPc beneficially promoted the
absorption of the double-stranded RNA in plant leaves (Fig. 6).

The dsRNA/nanoparticle complex promoted body wall
penetration

The tomato leaf miner was treated by placing a drop of either
fluorescent dsRNA, fluorescent dsRNA/CS, or fluorescent
dsRNA/SPc. Almost no fluorescent signal was expressed in
the control group (Fig. 7). The fluorescent dsRNA, fluorescent
dsRNA/CS, and fluorescent dsRNA/SPc had strong fluorescent
signals, indicating that both the dsRNA and dsRNA/
nanoparticle complex can effectively penetrate the tomato
leaf miner. Fluorescence intensity analysis showed that the
overall average fluorescence intensity of the tomato leaf
miners treated with fluorescent dsRNA and dsRNA/SPc was
significantly higher than fluorescent dsRNA/CS (Fig. 7E).

T. absoluta control by the dsRNA/nanoparticle complex

dsRNA was fed to the tomato leaf miner through the leaf and
the target gene was Takr-h1. Feeding dskr-h1/CS and dskr-hi/
SPc nanoparticle complexes for 24 h significantly reduced the
expression level of Takr-h1 at a rate 57.9% (dskr-h1/CS) and
60.7% (dskr-h1/SPc) lower than the control group (Fig. 8A).
After consumption, the average pupal weight significantly
decreased by 0.73 mg (29.29%) and 0.87 mg (35.03%),
respectively (Fig. 8B) and the emergence rate by 34.74% and
58.36%, respectively (Fig. 8C).

dskr-h1 has high biosafety

We analyzed the BLAST results of the nucleotide sequence of
dskr-h1 in NCBI (ESIt Table S1). The sequence alignment
results revealed that the gene is significantly similar to the
sequences of six Lepidoptera insects, and the sequence
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Fig. 7 Infiltration effect of the transdermal dsRNA delivery system in
Tuta absoluta. A. The control group, the second instar larvae were not
treated with fluorescent dsRNA. B. Images of larvae treated with
fluorescent dsRNA after 4 h. C. Images of larvae treated with
fluorescent dsRNA/CS after 4 h. D. Images of larvae treated with
fluorescent dsRNA/SPc after 4 h. E. Comparison of fluorescence
intensity between the different treatments. A Tukey HSD test analyzed
the data, different letters indicated significant differences (P < 0.05).
The statistical results are expressed by means * standard error.
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Fig. 8 (A) Changes in the relative expression of the kr-hl gene after

consuming the dskr-h1/nanoparticle complex. (B) Changes in pupal
weight after consuming the dskr-hl/nanoparticle complex. (C)
Emergence rate after consuming the dskr-h1/nanoparticle complex. A
Tukey HSD test analyzed the data, different letters indicated significant
differences (P < 0.05). The statistical results are expressed as means *
standard error.
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ecological niche. Therefore, non- and off-target effects were
avoided. There was no significant difference in the survival of
N. tenuis between the treatment with dsTakr-h1, dsGFP or the
controls (ESIt Fig. S3). Therefore, the exogenous application
of dsTakr-h1 may have no lethal effects on N. tenuis.

Discussion

Gel electrophoresis revealed that dsRNA effectively binds to
chitosan (CS) and star polycation (SPc). CS nanoparticle
complex is a spherical complex formed by the interaction
between the negatively charged phosphate group (PO,*") of
dsRNA and the positively charged amino group (-NH,) of the
CS polymer. The particle sizes of the dsRNA/CS nanoparticle
complexes varied as a function of the ratios.®*®® When the
RNA to CS mass ratio was 12.5:1, the nanoparticle size was
59 + 23 nm when measured by TEM. SPc had four arms in a
core with tertiary amines. It stably binds dsRNA through
electrostatic, hydrogen bonding, and van der Waals forces to
improve the transfection efficiency.*®®* TEM revealed that
the dsRNA became spherical after binding to SPc; and
dsRNA/SPc nanoparticle complex particle size was 67 + 24
nm. The SEM amplified dsRNA and SPc state and found
them closely polymerized together. Owing to different TEM
and SEM imaging principles, in which SEM observes the fine
structure on the uneven surface of the sample, while TEM
observes the fine structure inside the sample, different
morphological characteristics were presented. The matrine/
SPc complex produces similar morphological
characteristics.”® Previous related research has revealed SPc
reduces the particle size of osthole from 289 to 18 nm, as the
osthole was encapsulated inside the cavity between the SPc
arms, altering the osthole structure, resulting in spherical
particles for most of the osthole/SPc complexes.”* The CS/SPc
complex had similar morphological characteristics, with the
CS particles in the aqueous solution decreasing from 145 to
17 nm.”*> Research into binding dinotefuran to SPc, found
that SPc could spontaneously bind to dinotefuran through
hydrogen bonding using van der Waals force, and the particle
size of dinotefuran was reduced from 269 to 29 nm.®
Previous research on SPc showed that the addition of SPc can
effectively reduce the molecular particle size, making it more
conducive to absorption by insects and leaves. The
absorption by spraying and soaking of the tomato leaves was
compared. The study found that both application methods
transferred the dsRNA to the leaf interior. The absorption
efficiency of dsRNA by the leaves was higher after spraying,
which suggests spraying dsRNA preparations may be effective
in the field/greenhouse. Related studies support the
possibility of the foliar spraying dsRNA.”* Plant cells have
totipotency, indicating that the loss of some plant organs can
potentially recover a complete plant, including tomato
cuttings in hydroponic culture.”* Therefore, there is also a
potential for tomato leaves to fully absorb dsRNA by soaking,
with totipotency allowing the treated leaves to develop into
complete plants. This may reduce the damage caused by
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tomato leaf miner and improve control of this pest. Recent
studies have reported that nanomaterials (such as SPc) can
be used as carriers to deliver ROS-eliminating compounds by
foliar application to enhance the stress tolerance of tomato.””
In an experiment to alleviate cucumber salt stress, foliar
spraying produced better results than root application.”®
Additionally, previous studies have shown that treating seeds
with nanomaterials can improve seed quality, promote
growth, and increase yield, which is potentially more
environmentally friendly than foliar spraying or root
applications.””””® Therefore, future field application trials
should investigate the pest control effects of foliar spraying,
leaf soaking (with complete plants grown from the treated
leaf), and/or seed dsRNA treatments.

Fluorescent labeling showed that CS effectively delivered
dsRNA to the cells of S. frugiperda® and Caenorhabditis
elegans.®' By analyzing fluorescence intensity in the larval
body wall after penetration, we concluded that SPc did not
affect dsRNA delivery. Conversely, including CS in the dsRNA
delivery attenuated the body wall penetration of the tomato
leaf miner. We speculate that the acidic substances (such as
sodium acetate, with a pH of 4.5) and salt substances (such
as sodium sulfate) in the CS working solution causes the
larvae to reject the solution. A study on C. elegans, found the
pH of the intestine affected uptake.®® A thorough
understanding of the uptake pathways of the nanoparticles is
the basic requirement for applying nanobiotics in agriculture.
The delivery pathways for nanoparticles into insect cells have
previously been explored.”” The main pathway for
nanoparticles to enter leaves is through the cuticle or stoma
to reach the mesophyll and enter the plant vasculature.®*™°
In terms of leaf absorption and insect body wall penetration
efficiencies, SPc is more conducive to dsRNA delivery. A key
factor for successful RNA-mediated pest control is the
guaranteed stability of dsRNA during delivery.”>® We
detected that CS and SPc both played a role in successfully
protecting dsRNA from RNase A degradation. Two truncated
fragments of CYP6CY3 (P1/P2) dsRNA were delivered by the
nanocarrier SPc transdermic delivery system, which
successfully silenced the target genes in Aphis gossypii. After
spraying A. gossypii with SPc + dsP1/P2 for 48 h, the
expression levels were significantly reduced by 79.4%
(CYP6CY3 P1 dsRNA) and 84.3% (CYP6CY3 P2 dsRNA), and
the mortality rate at 84 h was 48.1% and 43.2%,
respectively.®® Current data confirms both CS and SPc can
protect dsRNA from RNase A and insect hemolymph
degradation, and also promote the effective uptake of dsRNA
by cells.®**® After applying dskr-h1/CS and dskr-h1/SPc for 24
h, the RNAi efficiency was significant, and the effects on
pupal weight and emergence rate were also significant.
Previous research has demonstrated spray delivery systems
based on nanomaterial SPc enhance the ability of dsRNA
formulations to penetrate the insect epidermis, thereby
triggering efficient RNAi in insects.”>”*%°° From the
perspective of effective control of tomato leaf miner, kr-h1 is
not the best target gene yet. One of the possible reasons for
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its low mortality rate is that the growth, development and
survival of insects are jointly regulated by multiple genes.
Single gene interference may stimulate other complementary
pathways. To achieve effective control of dsRNA against
tomato leaf miner, more critical target genes should be
screened or two or more target genes should be used
together. DsRNA/nanoparticle complexes have broad research
prospects when compared to the various potential ecological
consequences of traditional pesticides. For future studies,
screening of potential target genes should be conducted to
increase mortality rate and efficient RNAi uses should be
identified to effectively control tomato leaf miner in large-
scale tomato production.

RNAi is highly sequence-specific, allowing the short
dsRNA to directly degrade target transcripts. However, the
conservation of this pathway in eukaryotes suggests that
presence of sufficient homologous transcripts may have
effect on nontarget organisms when using dsRNA.”!
Therefore, a preventive approach should be incorporated
when designing dsRNA, where regions of the target genes can
be selected to ensure effects on non-target transcripts are
minimized and any off-target matches are identified and
avoided.”” We designed the dsRNA by selecting specific
regions of the target gene to minimize non-target transcript
homology in order to reduce the risk of non- and off-target
effects. The results of Blast provide a preliminarily
demonstration of the safety of the dsRNA. Ulrich et al
suggested that RNAi target genes investigation should not be
limited to species or taxon-specific genes.®> The design of
target sequences needs to focus on avoiding off-target effects
in species deserving protection (such as honeybees) or
common species in the local environment. Applying dskr-h1
can cause T. absoluta mortality, which is a safe biological
control of N. tenuis. The low survival rate may be due to N.
tenuis possessing low biological activity in response to
changes in their living environment, host plants, and insects.
In addition, the biotoxicity of nanoparticles has attracted
much attention. The SPc oral LCs, for predatory ladybirds
was 9925 times of the working SPc concentration, indicating
the safety of SPc in practical production, and the application
of SPc at extremely high concentration hardly affected the
hatching of ladybirds eggs.”® However, long-term exposure of
fruit fly larvae to SPc will have adverse effects on adult fruit
flies.”* Therefore, application guidelines must be followed
when used at a large-scale.

Nanomaterials have unique physical and chemical
properties, such as small size and excellent catalytic activity,
and can uniquely integrate with cell metabolism. The
application of nanomaterials faces challenges and prospects
in the sustainable agriculture space. However, before
implementing dsRNA/nanoparticle complexes to control
tomato leaf miner and other species, we must clarify the
entry route of these complexes in the insect body, leaves, root
tips, and seeds. Further research is also required on the
influence of size, surface charge, and pH of the nanoparticle
complexes on the interference effect. The triggered
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biochemical and molecular level reactions require in-depth
understanding. Concurrently, it is essential to consider
potential environmental and human health risks. Therefore,
future research should involve in-depth research on
nanoparticle complexes to provide a strong basis in
supporting sustainable agriculture.

Conclusion

In this experiment, we proved the feasibility of local RNAi
spraying. As a green, safe, and efficient preparation, dskr-hi1/
CS and dskr-h1/SPc were applied on tomato leaf miner. This
treatment provides a promising and environmentally friendly
pest management method. Nanomaterials have unique
physical and chemical properties, such as small size, positive
charge, excellent catalytic activity, and ability the to be
uniquely integrated with the cell metabolism process, hence
capable of effectively loading dsRNA, preventing dsRNA
degradation, and being effectively absorbed in plant and
insect cells. Consuming dskr-h1/CS and dskr-hi1/SPc
complexes by the tomato leaf miner induced a significant
decrease in gene expression, leading to an abnormal pupal
weight and emergence rate. We analyzed the safety of dskr-hi
and found that dskr-h1 had no effect on the non-target
organism, N. tenuis. The application of nanomaterials has
challenges and prospects in the sustainable agriculture
space. We hope our research has further improved and
enriched the nanocarrier-delivered system to provide a
promising approach for sustainable pest control.
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