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Nanoparticle LDH enhances RNAI efficiency
of dsRNA in piercing-sucking pests

by promoting dsRNA stability and transport
in plants
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Abstract

Piercing-sucking pests are the most notorious group of pests for global agriculture. RNAi-mediated crop protection
by foliar application is a promising approach in field trials. However, the effect of this approach on piercing-sucking
pests is far from satisfactory due to the limited uptake and transport of double strand RNA (dsRNA) in plants.
Therefore, there is an urgent need for more feasible and biocompatible dsRNA delivery approaches to better
control piercing-sucking pests. Here, we report that foliar application of layered double hydroxide (LDH)-loaded
dsRNA can effectively disrupt Panonychus citri at multiple developmental stages. MgAI-LDH-dsRNA targeting
Chitinase (Chit) gene significantly promoted the RNAI efficiency and then increased the mortality of P, citri nymphs
by enhancing dsRNA stability in gut, promoting the adhesion of dsRNA onto leaf surface, facilitating dsRNA
internalization into leaf cells, and delivering dsRNA from the stem to the leaf via the vascular system of pomelo
plants. Finally, this delivery pathway based on other metal elements such as iron (MgFe-LDH) was also found to
significantly improve the protection against P citri and the nymphs or larvae of Diaphorina citri and Aphis gossypii,
two other important piercing-sucking hemipeteran pests, indicating the universality of nanoparticles LDH in
promoting the RNAI efficiency and mortality of piercing-sucking pests. Collectively, this study provides insights into
the synergistic mechanism for nano-dsRNA systemic translocation in plants, and proposes a potential eco-friendly
control strategy for piercing-sucking pests.
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Introduction

Piercing-sucking pests, such as spider mites and the
hemipteran insects aphids, psyllids, leathoppers, white-
flies, and mealybugs, are considered as one of the most
important pest groups in global agriculture [1]. These
pests not only cause the wide spread of various bacterial
and viral pathogens by piercing and sucking the plant sap
with their slender, and sharp-pointed mouthparts [1], but
such feeding characteristics also make it is difficult to be
controlled. Up to date, chemical pesticides are still the
primary option for the control of these pests, especially
systemic pesticides, which are absorbed by plants and
then transported to untreated tissues [2]. They are pri-
marily applied through foliar spray, trunk injection, soil
drench, and seed coating [2, 3]. However, there has been
rapid evolution of pesticide resistance due to their mas-
sive use [4, 5]. Therefore, there is an urgent need for the
development of eco-friendly management strategies for
piercing-sucking pests.

RNA interference (RNAi) has been confirmed to be
a powerful technology for crop protection [6, 7]. Cur-
rently, the U.S. Environmental Protection Agency (US-
EPA) has registered a new foliar applied insecticide
active ingredient Ledprona (Leptinotarsa decemlin-
eata-specific recombinant double-stranded interfering

Oligonucleotide GS2) that targets the Colorado potato
beetle [8]. In piercing-sucking pests, double strand
RNA (dsRNA) can be delivered into the body through
several approaches, including body wall absorption
(injection, soaking, dripping) [9-11], oral ingest-
ing [12, 13], plant-induced feeding [14, 15], and foliar
application [16, 17]. Among them, plant-induced feed-
ing and foliar application are two promising delivery
approaches for field trials. For plant-induced feeding,
both nuclear transgenic and transplastomic RNAi can
significantly reduce the survival or fecundity of the
green peach aphid Myzus persicae [18] and three spe-
cies of mites (Tetranychus evansi, Tetranychus trun-
catus, and Tetranychus cinnabarinus) [14], with the
latter exhibiting better performance in plant protec-
tion. However, dsRNA is accumulated at low levels
in the phloem of transplastomic plants, and piercing-
sucking pests may have variable susceptibility to plas-
tid-mediated RNAi [14, 18]. Foliar application, such
as spray [17], leaf disc [19] or shoot soaking [16], has
been used in laboratory and semi-field trials. However,
its massive use as the nucleic acid pesticides in pierc-
ing-sucking pests is hindered by the unique barrier
imposed by plant cell wall, which impedes the effective
delivery of dsRNA into plant cells.
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Nanoparticles can greatly improve the delivery effi-
cacy of dsRNA, and then facilitate the development of
dsRNA-based biopesticides [20, 21]. Nanoparticles are
particles with diameters ranging from 1 to 100 nm with
high biocompatibility and degradability but low toxic-
ity and cost [22, 23]. Previous studies have shown that
negatively charged dsRNA can be loaded onto posi-
tively charged nanoparticles with excellent properties
[24-26]. Nanoparticle-loaded dsRNA applied through
foliar spraying has been shown to have superior effects
in controlling piercing-sucking pests on herbaceous
plants, such as soybean [26], cotton [27, 28] and rice [29].
For instance, foliar spraying of layered double hydrox-
ide (LDH)-dsRNA could disrupt Bemisia tabaci at mul-
tiple developmental stages by enhancing the delivery
of dsRNA to cotton leaves and into whitefly [27]. Foliar
application (soaking) of chitosan (CS)-dsRNA enhanced
the RNAI efficiency of T. cinnabarinus by improving the
stability of dsRNA in the pest body and environment
[30]. Notably, some studies have demonstrated that trunk
injection (similar to shoot soaking approach in herba-
ceous plants) is also an ideal approach to deliver dsRNA
into woody plants such as citrus tree, the host of several
notorious piercing-sucking pests, but the RNAi efficiency
remains unknown [31, 32]. Additionally, exogenous
RNA molecules have been found to be strictly restricted
to the xylem and apoplast in woody plants such as fruit
trees and herbaceous plants [33, 34]. To date, it remains
unclear yet how nanomaterials systematically enhance
the RNAi efficiency of dsRNA from the plants to the
pests.

Panonychus citri, Diaphorina citri and Aphis gossypii
are important piercing-sucking pests for many plants,
especially citrus trees [1]. In this study, four nanoparti-
cles were selected as delivery carriers of dsRNA, includ-
ing chitosan-csodium tripolyphosphate pentabasic
(CS-STPP) [35], carbon quantum dot (CQD) [36], LDH
[37] and star polycation (SPC) [26, 38], which have been
used to enhance the RNAI efficiency in pests. Chitinase
(Chit) and Chitin synthase (Chs) gene, which are crucial
for arthropod growth and development by participat-
ing in chitin biosynthesis and metabolic pathway [39],
were selected as the target genes. The results showed
that MgAI-LDH nanoparticles enhanced the stability of
dsRNA in P, citri gut, promoted the absorption of dsSRNA
by leaf cells, and facilitated the transmission and diffusion
of dsRNA in plant tissues, thereby enhancing the RNAi
efficiency and mortality of pests. Similar results were
obtained for D. citri and A. gossypii, two other important
piercing-sucking pests. Overall, this study systematically
elaborated the mechanism for nanoparticles to improve
the RNAI efficiency and insecticidal effects, and provided
a promising approach for controlling piercing-sucking
pests in the field.
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Results

Characterization of nano-dsRNA

To obtain nanoparticles with small sizes and high mono-
dispersity and positive charge for loading dsRNA, we
firstly synthesized CS-STPP, CQD and MgAl-LDH
nanoparticles in the laboratory. The TEM and DLS
results showed that the obtained nanoparticles were
positively charged with an approximately spherical or
hexagonal morphology, and the mean particle diameter
was smaller than 80 nm with a polydispersity index lower
than 0.4 (Fig. S1 A-C).

To determine the optimal mass ratio for the combi-
nation of dsRNA and nanoparticles, we evaluated the
loading efficiency of nanoparticles for dsRNA at differ-
ent mass ratios by a retardation assay through agarose
gel electrophoresis. The results showed that the opti-
mal mass ratio for the loading of dsRNA onto CS-STPP,
CQD-STPP, MgAI-LDH, and SPC was 3.0:1, 1/100:1,
5.0:1, and 1/3:1, respectively (Fig. 1A). The morphological
examination of nano-dsRNA complex by TEM showed
that CS-STPP-dsRNA displayed an approximately spher-
ical shape, CQD-STPP-dsRNA and SPC-dsRNA were
spherical, and MgAl-LDH-dsRNA showed a shape of
hexagonal nanosheet (Fig. 1B).

Size distribution and zeta potential of nano-dsRNA
have significant effects on the transport efficiency of
dsRNA in plants and insects [40]. Therefore, we exam-
ined the average particle size, polydispersity index, and
zeta potential of nano-dsRNA at the optimal mass ratio
by DLS. The results showed that complexation between
dsRNA and nanoparticles significantly reduced the par-
ticle size of dsRNA from 366.55 nm to below 200 nm and
the polydispersity index from 0.41 to below 0.3 (Fig. 1C).
Four positively charged nanoparticles were bound with
negatively charged dsRNA (-25.03 mV) to form positively
or negatively charge nano-dsRNA complexes (Fig. 1D).

To determine the dsRNA loading efficacy of nanopar-
ticles, we measured the loading efficiency of different
nanoparticles for dsRNA at the optimal mass ratio using
UV-visible spectrophotometry. The results showed that
the loading efficiency of CS-STPP, CQD-STPP, MgAl-
LDH and SPC nanoparticles for dsRNA was 84.68%,
68.29%, 86.40% and 63.12%, respectively (Fig. 1E), among
which CS-STPP and MgAI-LDH nanoparticles exhibited
relatively higher dsRNA loading efficiencies.

Nanoparticles enhance dsRNA stability in P. Citri nymph
gut

To investigate the effects of nanoparticles on RNAI effi-
ciency in nymphs, we directly fed nymphs with an arti-
ficial diet containing naked dsPcChit or nano-dsRNA
complexes, including CS-STPP-dsPcChit, CQD-STPP-
dsPcChit, MgAI-LDH-dsPcChit and SPC-dsPcChit.
Firstly, we identified that the optimal concentration of
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Fig. 1 Generation and characterization of nano-dsRNA. (A) Gel images of nano-dsRNA at the different mass ratios of dsRNA and CS-STPP, CQD-STPP,
MgAI-LDH and SPC nanoparticles; (B) TEM images of nano-dsRNA at the optimal mass ratio; (C) Particle size and polydispersity index of nano-dsRNA and
(D) Zeta potential of nano-dsRNA by DLS analysis; (E) Loading efficiency (%) of dsRNA onto CS-STPP, CQD-STPP, MgAI-LDH and SPC nanoparticles by UV-
visible spectrophotometer analysis. The data were expressed as a mean + SEM. Different uppercase and lowercase letters indicate significant differences
among biological replicates using of One-way ANOVA and Tukey's multiple comparison tests (P <0.05)

dsPcChit to induce effective RNAi in nymphs was 320
ng/pl (100 pl) (Fig. S2 A-B) by artificial diet feeding bio-
assay (Fig. 2A). Then, we analyzed the RNAI efficiency
induced by naked dsPcChit or nano-dsPcChit. The
results showed that compared with that of naked dsPc-
Chit, the knockdown efficiency of the Chit gene induced
by CS-STPP-dsPcChit and MgAI-LDH-dsPcChit was
significantly increased by 23.35% (P<0.01) and 10.85%
(P<0.05), respectively (Fig. 2B), and correspondingly the

mortality was significantly increased by 24.88% (P<0.01)
and 12.49% (P<0.01), respectively (Fig. 2C). CQD-STPP-
dsPcChit and SPC-dsPcChit showed no significant
enhancement of RNAI efficiency compared with naked
dsPcChit (P>0.05). However, CQD-STPP nanoparticles
dramatically increased the mortality of nymphs (Fig. S3).

To elucidate how nano-dsRNA enhances RNAi
efficiency in nymph, we first detected the dsRNA
stability in nymph gut. The images revealed that
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Fig. 2 Nanoparticles enhance dsRNA stability in P, citri nymph gut to improve RNAI efficiency. (A) Schematic diagram of artificial diet feeding bioassay;
(B) Relative expression level of Chitnase and (C) Corrected mortality (%) after nymphs were fed on artificial diet containing 320 ng/ul naked dsPcChit or
nano-dsPcChit at 48 h; (D) Confocal microscopy images of nymphs feeding on artificial diet containing naked dsPcChit-Cy3 or nano-dsPcChit-Cy3 at 24
and 48 h. BF, bright field. Scale bar: 50 um. (E) Quantitative analysis of fluorescence intensities of nano-dsChit in nymph gut by Image J software. GAPDH
was used as the reference gene for P, citri. Nymphs feeding on artificial diet without dsRNA or nano-dsRNA were used as a blank control. Data represent
mean + SEM for four biological replicates, *P<0.05, **P<0.01, ***P<0.001 with a Student’s t test; ns, not significant (P>0.05). Different lowercase letters
indicate the significant difference using of One-way ANOVA and Tukey’s multiple comparison tests (P <0.05)

CS-STPP-dsRNA-Cy3 and MgAl-LDH-dsRNA-Cy3  significant difference between the latter two (Fig. S4 B).

resulted in stronger red fluorescence signals in nymph
guts than naked dsRNA-Cy3 at 24 and 48 h (Fig. 2D-E).
We further found that MgAl-LDH nanoparticles protect
dsRNA from degradation in the gut environment for
more than 120 h (Fig. S4 A). The fluorescence intensi-
ties were higher in MgAl-LDH-dsRNA-Cy3 group than
naked dsRNA-Cy3 and control groups, and there was no

The naked dsRNA-Cy3 group showed gradual decreases
in Cy3 fluorescence intensity with the extension of treat-
ment time (Fig. 2D-E, Fig. S4 A-B). However, the fluores-
cence intensities of CQD-STPP-dsRNA-Cy3 group did
not show significant difference with that of the naked
dsRNA group. Additionally, the SPC-dsRNA-Cy3 group
showed very weak red fluorescence signals compared
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with other treatment groups at 24 and 48 h. In short, CS-
STPP and MgAl-LDH nanoparticles enhanced the stabil-
ity of dsRNA in nymph gut, and significantly enhanced
the acaricidal effect of dsPcChit based on artificial diet
bioassay.

Nanoparticles facilitate dsRNA entry into pomelo leaf cells

To clarify whether nanoparticles promote the entry
of dsRNA into leaves, the leaf disc soaking bioassay
(Fig. 3A) was employed for the RNAi experiments in P.
citri nymphs. We clarified that the optimal concentration

A B
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of dsPcChit to induce effective RNAi was 480 ng/
pl (150 ul) by this method (Fig. S2 A-B). Next, we ana-
lyzed the RNAI efficiency induced by naked dsPcChit,
CS-STPP-dsPcChit or MgAl-LDH-dsPcChit. The results
showed that compared with naked dsPcChit, MgAl-
LDH-dsPcChit significantly increased the gene knock-
down efficiency and nymph mortality by 31% (P<0.001)
and 16.72% (P<0.01), respectively. However, CS-STPP-
dsPcChit did not effectively trigger RNAi (P>0.05)
(Fig. 3B-C).
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Fig. 3 Nanoparticles facilitate dsRNA entry into pomelo leaf cells to improve RNAI efficiency in P, citri nymphs. (A) Schematic diagram of leaf disc soaking
bioassay; (B) Relative expression level of Chitnase and (C) Corrected mortality (%) after nymphs fed on leaves separately soaked with 480 ng/pl naked
dsPcChit or nano-dsPcChit at 48 h; (D) Confocal microscopy images of leaves separately soaked with naked dsPcChit-Cy3 and nano-dsPcChit-Cy3 at
24 h, magnifications of 200 x were used. BF, bright field. Scale bar: 20 um. (E) Quantitative analysis of the fluorescence intensities of nano-dsPcChit in leaf
surface and leaf cell by Image J software. The blank control leaf disc was soaked with RNase-free water. Data represent mean +SEM for four biological
replicates, *P<0.05, **P<0.01, ***P<0.001 with a Student's t test; ns, not significant (P> 0.05). Different lowercase letters indicate the significant difference
using of One-way ANOVA and Tukey’s multiple comparison tests (P < 0.05)
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To elucidate how nano-dsRNA enhances RNAi effi-
ciency in nymphs with leaf disc bioassay, the delivery
efficiency of nanoparticles-loaded dsRNA into leaf cells
was determined by using confocal microscopy assay. The
images showed that nanoparticles enhanced the adhesion
of dsRNA onto the leaf surface (Fig. 3D-E). CS-STPP-
dsRNA-Cy3 and MgAl-LDH-dsRNA-Cy3 were not easily
washed off from the leaf, and displayed very strong red
fluorescence signals on the leaf surface. In contrast, most
of the naked dsRNA-Cy3 was easily washed off. Signifi-
cantly, MgAl-LDH nanoparticles facilitated the entry of
dsRNA-Cy3 into leaf cells, with the strongest red fluores-
cence signals being observed in the leaf cells (Fig. 3D-E).
Compared with the MgAl-LDH-dsRNA-Cy3 group, the
CS-STPP-dsRNA-Cy3 and naked dsRNA-Cy3 groups
showed much weaker fluorescence signals. Furthermore,
the naked dsRNA-Cy3 group showed accumulation of
most fluorescence signals around the cells. In short,
CS-STPP and MgAIl-LDH nanoparticles significantly
enhanced the adhesion of dsRNA onto the leaf surface,
but only MgAl-LDH could result in rapid entry of dsSRNA
into leaf cells, thereby significantly enhance the RNAi
efficiency and the acaricidal effect of dsPcChit in the leaf
disc bioassay. Therefore, MgAl-LDH was used for further
study.

MgAI-LDH nanoparticles promote dsRNA transport in
pomelo plants

To determine whether MgAl-LDH promote dsRNA
transport in citrus plants, we first investigated the RNAi
effects in P, citri by shoot soaking bioassay (Fig. 4A). The
optimal concentration of dsPcChit for inducing effec-
tive RNAi was 640 ng/pl (300 pl) by this method (Fig. S2
A-B). Then, the RNAI efficiency of nymphs induced by
naked dsPcChit or MgAl-LDH-dsPcChit was analyzed.
The results showed that compared with naked dsPc-
Chit, MgAIl-LDH-dsPcChit increased the knockdown
efficiency of Chit gene (by 25.00%) (P<0.01) and nymph
mortality (by 9.90%) (P<0.05) (Fig. 4B-C).

To clarify how MgAl-LDH promotes dsRNA transport
in citrus plants, we analyzed the transport efficiency of
nano-dsRNA from the stem to the leaf tissues by confocal
microscopy assay. Confocal microscopy images showed
that MgAIl-LDH nanoparticles greatly promoted the
transport of dsRNA from the stem to the leaf (Fig. 4D-
E). In the base and middle parts of the stem, comparable
and strong fluorescence signals were observed in the vas-
cular bundle of both naked dsRNA-Cy3 and MgAl-LDH-
dsRNA-Cy3 groups. Notably, in the top part of the stem,
main vein and leaf, the MgAl-LDH-dsRNA-Cy3 group
showed stronger fluorescence intensities in the vascu-
lar bundle and cells than the naked dsRNA-Cy3 group
(Fig. 4D-E).
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To further determine the transport efficiency of MgAl-
LDH-dsRNA in plant tissues, we detected the number of
dsRNA molecules in the stem and leaf tissue by ddPCR.
In the MgAl-LDH-dsRNA group, the copy number of
PcChit dsRNA molecules in 1 pg of total RNA from the
stem top and leaf was 1.95 times (Fig. 4F) and 1.23 times
(Fig. 4Q) that of the naked dsRNA group, respectively.
Taken together, MgAl-LDH nanoparticles performed as a
vector for dsRNA, and improved its long-distance trans-
port from the stem to the leaf in citrus plants.

MgAI-LDH-dsRNA enhances control of P. Citri at other
developmental stages

To investigate the controlling effect of MgAl-LDH-dsPc-
Chit on other stages of P citri, the RNAI efficiency of
MgAl-LDH-dsPcChit on larvae and adults was evaluated
by the above-mentioned three bioassays (Text S1). For
knockdown experiments in larvae, compared with naked
dsPcChit, MgAIl-LDH-dsPcChit significantly increased
the knockdown efficiency of the Chit gene by 28.00%
(P<0.01), 28.00% (P<0.05), 32.00% (P<0.001) (Fig. 5A),
and significantly enhanced the corrected mortality by
25.48% (P<0.01), 29.68% (P<0.001), 25.66% (P<0.05)
(Fig. 5B) in artificial diet feeding, leaf disc soaking, and
shoot soaking bioassay, respectively.

For knockdown experiments in adults, compared
with naked dsPcChit, MgAl-LDH-dsPcChit significantly
increased the knockdown efficiency of the Chit gene by
36.00% (P<0.01), 24.88% (P<0.05), and 22.00% (P<0.01)
(Fig. 5C), as well as significantly enhanced the corrected
mortality by 26.84% (P<0.01), 19.58% (P<0.01), and
16.40% (P<0.05) (Fig. 5D) in artificial diet feeding, leaf
disc soaking, and shoot soaking bioassay, respectively.
Taken together, MgAl-LDH-dsPcChit could effectively
control P, citri at different developmental stages.

In addition, we also investigate the dsRNA release effi-
ciency from MgAI-LDH-dsRNA complex in PBS buf-
fer to simulate the dsRNA release in P. citri. Our results
showed that the dsRNA release efficiency decreased with
the increase of pH (Fig. S5 A-B). The results showed that
dsRNA was quickly released from MgAl-LDH-dsRNA
in pH 3.0 PBS buffer, followed by in pH 5.0 PBS buf-
fer, and then in pH 7.0 PBS buffer (Fig. S5B). In pH 3.0
PBS buffer, MgAl-LDH begin to dissolve within the first
several minutes rapidly, leading to a 56.29% cumulative
dsRNA release during the first 48 h, while it was released
slowly from 48 to 96 h, with a 72.22% cumulative release
of dsRNA at 96 h. However, in pH 5.0 and pH 7.0 PBS
buffer, dsSRNA was released uniformly, with 60.01% and
50.24% cumulative release of dsRNA at 96 h, respectively
(Fig. S5B).
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(See figure on previous page.)

Fig. 4 MgAI-LDH promote dsRNA transport in pomelo plants to enhance RNAI efficiency in P, citri nymph. (A) Schematic diagram of shoot soaking bio-
assay; (B) Relative expression level of Chitnase and (C) Corrected mortality (%) after nymphs feeding on shoots separately soaked with 640 ng/ul naked
dsPcChit or MgAI-LDH-dsPcChit at 48 h; (D) Confocal microscopy images of shoots separately soaked with naked dsPcChit-Cy3 or MgAl-LDH-dsPcChit-
Cy3 at 24 h. BF, bright field. Scale bar: 200 um. (E) Quantitative analysis of the fluorescence intensities of nano-dsPcChit in stem, vein and leaf by Image J
software. Shoot soaked with RNase-free water was used as control. The copy number of PcChit dsRNA molecules in 1 ug total RNA from the stem top (F)
and leaf (G) using ddPCR analysis after shoots separately soaked with naked dsRNA or MgAI-LDH-dsRNA at 24 h. Data represent mean + SEM for biological
replicates, *P<0.05, **P<0.01, ***P<0.001 with a Student’s t test. Different lowercase letters indicate the significant difference using of One-way ANOVA

and Tukey’s multiple comparison tests (P <0.05)

Universality of nanoparticles LDH in promoting the RNAi
efficiency and mortality of piercing-sucking pests

Some metal elements such as iron are essential nutrients
for plant growth [40]. To investigate whether those ben-
eficial metal elements have similar function to enhance
transport of dsRNA in the plants. We investigated the
RNAI efficiency and insecticidal effects of MgFe-LDH-
loaded dsRNA against P, citri nymphs by shoot soaking
bioassay (Text S2). Firstly, we synthesized MgFe-LDH

nanoparticles (Fig. S6 A), and obtained negatively charge
MgFe-LDH-dsRNA complexes with the smaller par-
ticle sizes (<80 nm) (Fig. S6 B-C) and high loading effi-
ciencies (>90%) (Fig. S6 D). The RNAI results revealed
that compared with naked dsRNA (PcChs, PcChit,
PcChs+PcChit), MgFe-LDH-dsRNA markedly increased
the knockdown efficiency of the target genes by 28.76%
(P<0.05), 18.62% (P<0.05) and 24.66% (P<0.05) (Fig. S6
E-F), and enhanced the corrected mortality of nymphs
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Fig. 5 RNAi efficiency and mortality of P, citri larvae and adults induced by MgAI-LDH-dsRNA. (A) Relative expression level of Chitnase and (B) Corrected
mortality (%) after larvae feeding on naked dsPcChit or MgAI-LDH-dsPcChit using artificial diet, leaf disc soaking and shoot soaking bioassay at 48 h; (C)
Relative expression level of Chitnase and (D) Corrected mortality (%) after adults feeding on naked dsPcChit or MgAI-LDH-dsPcChit using artificial diet,
leaf disc soaking and shoot soaking bioassay at 48 h. The final concentrations of naked dsPcChit or MgAI-LDH-dsPcChit were 320, 480 and 640 ng/ul in
artificial diet, leaf disc soaking and shoot soaking bioassay, respectively. Data represent mean + SEM for four biological replicates. Different lowercase let-
ters indicate significant differences within the same bioassay groups using of One-way ANOVA and Tukey's multiple comparison tests (P < 0.05)



Cheng et al. Journal of Nanobiotechnology (2024) 22:544

by 16.01% (P<0.05), 6.51% (P<0.05), 19.19% (P<0.05),
respectively (Fig. S6 G).

To determine the universality that nanoparticles LDH
promotes the RNAI efficiency and the mortality of pierc-
ing-sucking pests, this delivery pathway was also vali-
dated in more piercing-sucking pests, including D. citri
and A. gossypii, two hemipeteran pests (Text S2). Firstly,
we synthesized MgAIl-LDH-dsRNA (Chs, Chit) and
MgFe-LDH-dsRNA (Chs, Chit) complex with excellent
properties (Fig. S7 A-B, Table S1). Then, the optimal con-
centration of dsRNA (Chs, Chit) that could induce effec-
tive RNAi in 5th instar D. citri nymphs (Fig. S8 A-B) and
3rd instar A. gossypii larvae (Fig. S8 C-D) was determined
as 160 ng/pl in the shoot soaking bioassay.

In the shoot soaking bioassay of D. citri (Fig. 6A),
compared with naked dsRNA (DcChs, DcChit,
DcChs+DcChit), MgAl-LDH-dsRNA and MgFe-LDH-
dsRNA significantly increased (P<0.05) the knockdown
efficiency of the target genes by 16.05%, 30.63%, 24.46%,
30.44%, 22.67%, and 29.90% (Fig. 6B-C), and significantly
increased (P<0.05) the corrected mortality of nymphs
by 15.32%, 12.15%, 11.67%, 15.32%, 23.15%, and 19.89%,
respectively (Fig. 6D).
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In the shoot soaking bioassay of A. gossypii (Fig. 6E),
compared with naked dsRNA (AgChs, AgChit,
AgChs+AgChit), MgAl-LDH-dsRNA and MgFe-LDH-
dsRNA markedly increased (P<0.05) the knockdown
efficiency of the target genes by 16.42%, 27.02%, 34.75%,
18.34%, 17.53% and 65.58% (Fig. 6F-G), and significantly
increased (P<0.05) the corrected mortality of larvae
by 6.50%, 16.77%, 26.04%, 23.59%, 26.25% and 38.13%,
respectively (Fig. 6H). Taken together, MgAl-LDH-
dsRNA and MgFe-LDH-dsRNA could enhance the RNAi
efficiency of the piercing-sucking pests D. citri and A.

gossypii.

Discussion

In this study, we identified LDH nanoparticles as an ideal
carrier for systemic delivery of dsRNA and facilitating
dsRNA transport in plants tissues. LDH-dsRNA could
provide effective control of the piercing-sucking pests P
citri, D. citri, and A. gosspii. Our study revealed that LDH
nanoparticles can systematically transport dsRNA from
the stem to the leaf and then to the gut of piercing-suck-
ing pests.
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Fig. 6 RNA| efficiency of D. citri and A. gosspii induced by MgAI-LDH-dsRNA and MgFe-LDH-dsRNA. (A) Schematic of 5th instar D. citri nymph and M. pa-
niculata shoot soaked with naked dsRNA or nano-dsRNA; Relative expression level of (B)Chitin synthase, (C)Chitnase and (D) Corrected mortality (%) after
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Herein, we found that CS-STPP and MgAl-LDH
nanoparticles enhanced the stability of dSRNA in nymph
gut compared with naked dsRNA in artificial diet feeding
bioassay. Previous studies have demonstrated that oral
uptake of SPC-dsRNA, CS-dsRNA or CS-STPP-dsRNA
could increase the RNA| efficiency in pests with an alka-
line gut pH, such as Agrotis ypsilon [41], Chilo suppres-
salis [42, 43, Bactrocera dorsalis [44] and Anopheles
aegypti [35]. Mites generally have a weakly alkaline (from
6.6 to 7.6) gut pH [45]. The dsRNA was more quickly
released from CS-dsRNA in pH 7.4 PBS buffer than in
pH 5.4 PBS buffer [30], indicating that the dsRNA release
rate from the nano-dsRNA is pH-dependent [25, 30].
MgAIl-LDH nanoparticles can be dissolved in solutions
with pH below 7.52, and the dissolution rate increases
with decreasing of pH [25]. Our results showed that
dsPcChit is slowly and uniformly released from MgAl-
LDH-dsPcChit complex in pH 5.0 and pH 7.0 PBS buf-
fer, which then enhances the RNAI efficiency of P citri.
The dsRNA and nanoparticles complex can protect the
dsRNA from unfavorable external environment, such as
nucleases, rainwater, high temperature and other factors
[27, 46-48]. The stability of dsSRNA in other environ-
ments expect for pest gut deserves our further investiga-
tion. Additionally, CQD nanoparticles showed the lethal
effect on P, citri nymphs, which is similar with the study
in Spodoptera frugiperda larvae [49], but the reason for
this lethal effect needs further study.

In this study, MgAl-LDH nanoparticles enhanced the
adhesion of dsRNA onto the leaf surface, and facilitated
the entry of dsRNA into leaf cells of pomelo plants. In
the foliar application of nanoparticles, positively charged
nanoparticles are more readily adsorbed on leaf surface,
whereas negatively charged nanoparticles can more effi-
ciently enter cells [40, 50], and nanoparticles with smaller
particle sizes can better enter the plant tissues through
stomatal, wounds and cuticular pathways [40, 51].
These findings further supported our confocal results
that MgAIl-LDH-dsRNA complex successfully entered
into the leaf cells of pomelo. Negatively charged MgAl-
LDH-dsRNA-Cy3 with the smallest particle size showed
the strongest fluorescence signals in leaf cells, whereas
positively charged CS-STPP-dsPcChit with larger par-
ticle sizes were mainly adsorbed on the leaf surface. The
efficient adhesion of MgAl-LDH-dsRNA onto leaves
was also reported in cowpea plant against virus [25].
Piercing-sucking P. citri could not feed on the CS-STPP-
dsPcChit on the leaf surface, and therefore RNAi was not
effectively triggered in the leaf disc soaking bioassay.

MgAl-LDH-dsRNA complex is usually applied in the
form of foliar spray to control plant diseases caused
by pepper mild mottle virus and cucumber mosaic
virus [25], pathogenic fungi Fusarium oxysporum [52],
and Botrytis cinerea [53]. In this study, we found a
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mechanism that MgAl-LDH nanoparticles enhance the
RNAI efficiency to target pests by facilitating long-dis-
tance transport of dsSRNA from the stem to the leaf via
the vascular system of pomelo plants, thereby effectively
controlling the piercing-sucking pests P citri. In the
foliar or root application of nano dsRNA-based biopes-
ticides, nanoparticles improve the stability and adhe-
sion of dsRNA, promote the absorption, translocation,
and processing of dsSRNA by plant tissues, and increase
the absorption and uptake of pest cells, and improve its
insecticidal efficiency [27, 38, 52, 54]. Systemic pesti-
cides, which are absorbed by plants and then transported
to various untreated tissues [2], are most suitable for con-
trolling the piercing-sucking pests [55], due to their feed-
ing characteristics of piercing and sucking plant sap [1].
Therefore, delivery of MgAl-LDH-dsRNA by facilitating
transport of dsRNA through the vascular system may be
a promising strategy to controlling piercing-sucking pests
on plants, particularly woody plants such as citrus in the
field.

We found that MgAl-LDH-dsRNA complex could
enhance control over the life cycle of P citri, and the
RNAI efficiency in the larvae and nymphs was greater
than that in adult mites. Those results are similar to pre-
viously reports that RNAI efficiency is associated with
the developmental stage of the pests, and the immature
pests were more responsive to environmental RNAi than
their counterpart teneral or mature adults, including
Drosophila suzukii [56], Bactericera cockerelli [57], Lepti-
notarsa decemlineata [58], which was potentially attrib-
uted to physiology of younger instars (larvae or nymphs)
that experience rapid growing and molting [59].

In this study, MgFe-LDH nanoparticles-loaded dsChit
or dsChs also enhanced the RNAI efficiency of P citri
nymphs. This is similar to the previous study that MgFe-
LDH nanoparticles-loaded dsRNA effectively disrupted
Bemisia tabaci at multiple developmental stages in cot-
ton plant [27]. For management of tomato fungal patho-
gen Botrytis cinerea, MgFe-LDH nanoparticles-loaded
dsRNA achieved a similar RNA] efficiency to MgAl-LDH
nanoparticles-loaded dsRNA [53]. Metal elements such
as iron and magnesium are essential nutrients for plant
growth [40], thus revealing good prospects for field appli-
cations. Furthermore, we also found that the universal-
ity of the RNAI efficiency enhanced by MgAIl-LDH and
MgFe-LDH nanoparticles in other piercing-sucking
hemipteran pests like D. citri and A. gossypii, providing
further evidences for the effective application of metal
elements-based nanoparticles against piercing-sucking
pests.
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Conclusion

In conclusion, LDH nanoparticles can facilitate long-
distance transport of dsRNA in plant tissues, improve
the adhesion of dsRNA onto the leaf surface and entry
into leaf cells, and also enhance the stability of dsRNA in
pest gut. LDH-dsRNA provides effective control of more
piercing-sucking pests P citri, D. citri and A. gossypii.
This study provides insights into the synergistic mecha-
nism underlying the systemic transport of nano-dsRNA
in plants, and proposes a potential eco-friendly control
strategy against piercing-sucking pests in the field.

Materials and methods

Pest rearing

P citri was collected from citrus orchards in the
Huazhong Agricultural University, Wuhan, China. They
were reared on pomelo plants in a glass greenhouse at
2512 “C with 70+ 5% relative humidity.

D. citri was continuously reared in a greenhouse at
2612 ‘C with 65+5% RH and 14:10 h (light: dark) pho-
toperiod in the Gannan Normal University, Ganzhou,
China. The D. citri colonies were reared on Murraya
paniculata plants and caged using insect rearing cages
(60x60x90 cm®).

A. gossypii was continuously reared in a greenhouse at
2212 C with 70£5% RH and 14:10 h (light: dark) photo-
period in the Huazhong Agricultural University, Wuhan,
China. The A. gossypii colonies were reared on cotton
plants and caged using insect rearing cages (60x60x90
cm?).

Synthesis of dsRNA and dsRNA-Cy3 in vitro
Total RNA was extracted from P citri, D. citri, and A.
gossypii with the Trizol Reagent (TaKaRa) following the
manufacturer’s instructions. Briefly, approximately 100
surviving P, citri nymphs, D. citri nymphs and A. gossypii
larvae were quickly transferred to 0.25 ml trizol reagent,
and the samples were ground for 30 s on ice with elec-
tric tissue lapping instrument (TGrinder). After grind-
ing, 0.75 ml of trizol reagent was added immediately, and
the sample tissues were lysed at room temperature for
10 min. The cDNA was synthesized using a First Strand
c¢DNA synthesis kit (Simgen) following manufacturer’s
instructions with 1 pg total RNA used as template.
Fragments of PcChs, PcChit, DcChs, DcChit, AgChs
and AgChit genes were amplified from the ¢cDNA by
RT-PCR using primers containing a T7 polymerase pro-
moter region (Table S2). The purified PCR products were
cloned into pTOPO-T Simple vector (Aidlab). The accu-
racy of sequences was verified by Quintara sequencing.
The plasmids were extracted using a plasmid extraction
kit (Omega). The dsRNA was synthesized in vitro using
1 pg PCR product as the specific-template on the T7
Ribomax Express RNAi System (Promega). DsSRNA-Cy3
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was synthesized using the HyperScribeTM T7 High Yield
Cy3 RNA Labeling kit (APExBIO). The quality and integ-
rity of dsSRNA and dsRNA-Cy3 were determined on 1.2%
(w/v) agarose gel, and their concentrations were mea-
sured with a NanoDrop 2000 (Thermo).

Preparation of nano-dsRNA

CS-STPP-dsRNA

CS nanoparticles were prepared by the ionic gelation
method with slight modifications [24]. Specifically, 0.02 g
chitosan (Sigma-Aldrich, C3646) was dissolved in 100 ml
sodium acetate buffer (pH 4.5), and the reaction mixture
was stirred (700 rpm) overnight at room temperature
(2512 'C, 60£5% RH).

About 8 pug dsRNA was suspended in 25 pl sodium
tripolyphosphate pentabasic (STPP, Sinopharm, 72061;
200 pg/ml) solutions, which was then added to 25 pl
chitosan solutions. The mixture was heated in a water
bath at 55°C for 1 min, immediately mixed by vortexing
for 30 s, and allowed to stand at room temperature for
10 min. To obtain optimal CS-STPP-dsRNA complex
with complete dsRNA loading, the mass ratio of CS-
STPP to in vitro transcribed dsRNA was set as 1:1, 3:1,
5:1,7:1, and 9:1.

CQD-STPP-dsRNA

CQD nanoparticles were prepared by microwave-medi-
ated caramelization of aqueous PEG-200 solution [36].
First, 3 ml polyethylene glycol-200 (PEG-200, Coolaber,
CP8186; 9 ml) aqueous solution was added to 2 ml aque-
ous solution of polyethylenimine (PEI, Sigma-Aldrich,
408727; 100 mg), and the mixture was heated in a micro-
wave for nearly 3 min at 800 W under reflux condensing
conditions.

About 8 pg of dsRNA was suspended in 25 ul STPP
solutions, and then added to 25 ul cooled PEG-PEI solu-
tion, followed by incubation at 4 C overnight [60]. Sub-
sequently, CQD-STPP was conjugated with the fixed
amount of dsRNA at the mass ratio of 1/50:1, 1/100:1,
1/150:1, 1/200:1, 1/300:1, 1/500:1, 1/700:1, 1/900:1.

LDH-dsRNA

MgAl-LDH nanoparticles were prepared by the non-
aqueous precipitation method with slight modifications
[61]. Specifically, 6 mmol Mg(NO;),-6H,O (Sinopharm,
C217560010) and 2 mmol Al(NO,);9H,0O (Sinopharm,
80003661) dissolved in 10 ml methanol (Sinopharm,
10014118) were added into 16 mmol NaOH (Sinopharm,
10019718; 40 ml) solution and stirred for 30 min with
N, bubbling. After reaction, the precipitate was col-
lected by centrifugation, and washed three times with
40 ml methanol. Then the precipitates were transferred
to a Teflon-lined autoclave and treated at 100°C for
16 h. The precipitates were collected by centrifugation,
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washed three times with 40 ml deionized water, and re-
suspended in 40 ml deionized water.

About 8 ug dsRNA was suspended in 25 pl RNase-free
water. Subsequently, the dsRNA suspension was added to
an aliquot of MgAIl-LDH nanoparticles, and incubated at
37°C with shaking at 220 rpm for 30 min. MgAl-LDH was
loaded with in vitro transcribed dsRNA at the mass ratio
of 1:1, 3:1, 5:1, 7:1, and 9:1, respectively, to obtain opti-
mal MgAl-LDH-dsRNA complex with complete dsSRNA
loading.

Following the procedure mentioned above, MgFe-LDH
nanoparticles were prepared under optimized reaction
conditions (unpublished data). MgFe-LDH nanoparticles
with the smallest particle size were used as dsRNA car-
riers in the shoot soaking of P. citri, D. citri, and A. gos-
sypii. MgFe-LDH nanoparticles was loaded with in vitro
transcribed dsRNA (Chs, Chit) of P. citri, D. citri and A.
gossypii at the mass ratio of 1:1, 3:1, 5:1, 7:1, 9:1 and 11:1,
respectively, to obtain optimal MgFe-LDH-dsRNA com-
plex with complete dsRNA loading.

SPC-dsRNA
Star polycation (SPC, size: 100.60+6.47 nm, Pdi:
0.35+0.02; zeta potential: + 22.27+0.30 mV) nanopar-
ticles were provided by Prof. Jie Shen, China Agricul-
tural University. First, 8 pg dsRNA was suspended in
25 pl RNase-free water. Then, dsRNA suspension was
added to an aliquot of SPC nanoparticles. The mixture
was vortexed for 3 s, and then allowed to stand at room
temperature for 30 min [41]. The SPC nanoparticles were
conjugated with in vitro transcribed dsRNA at the mass
ratio of 1:1, 1/3:1, 1/5:1, 1/7:1, 1/9:1, respectively.

For all the above nano-dsRNA complex treatments,
complete nano-dsRNA loading was assessed by their
retention in the wells of a 1.2% (w/v) agarose gel.

Characterization of nano-dsRNA

Transmission electron microscopy

The morphologies of nanoparticles and nano-dsRNA
with complete loading of dsRNA were observed by trans-
mission electron microscopy (TEM, JEOL 2100 F, Japan).
Nanoparticles and nano-dsRNA were drop-cast onto
plasma-treated carbon-coated copper mesh grids and
imaged at an acceleration voltage of 100 kV (H-7650).

Dynamic light scattering (DLS) measurement

The particle size, polydispersity index, and zeta potential
of nanoparticles and nano-dsRNA were determined by
Zetasizer Nano ZS instrument (Malvern, UK). Nanopar-
ticles and nano-dsRNA were dispersed in distilled water,
respectively, diluted to an optical density of 1, and placed
in cuvettes (Malvern) for DLS measurement. All mea-
surements were conducted in triplicates at 25C.

Page 13 of 17

Calculation of loading efficiency of nano-dsRNA

The dsRNA loading efficiency of nanoparticles was evalu-
ated by a previously described method [35] with minor
modifications. To determine the dsRNA loading effi-
ciency onto CS-STPP, CQD-STPP, MgAl-LDH, MgFe-
LDH and SPC nanoparticles at the optimal mass ratio,
the nano-dsRNA was separated by centrifugation at 15,
000 rpm for 30 min at 4°C. The absorbance at 260 nm
of free dsRNA in the supernatants was determined with
a NanoDrop 2000. Supernatant recovered from naked
nanoparticles (without dsRNA) was used as the blank
control. The dsRNA loading efficiency was calculated
according to the following equation:

Total dSRNA — Free dsRNA

Loading efficiency (%) = Total SRNA x 100
otal dsRN:

Nano-dsRNA-mediated knockdown of Chitinase in P. Citri
nymphs with three methods

To determine the minimum effective dsRNA concentra-
tion of RNAI in artificial diet feeding, leaf disc soaking,
and shoot soaking bioassay, five diluted concentrations of
dsRNA (160, 320, 480, 640, and 800 ng/pl) were prepared
using RNase-free water, and the same concentrations of
dsGFP were used as controls.

Artificial diet feeding bioassay

The artificial diet feeding system consisted of a glass tube
(3 cm in height and 2 cm in diameter) with an artificial
diet (7.5% sucrose solutions) contained in a double layer
of Parafilm. Approximately 200 nymphs were starved for
9 h, and then fed on 100 pl artificial diet containing naked
dsPcChit, CS-STPP-dsPcChit, CQD-STPP-dsPcChit,
MgAl-LDH-dsPcChit or SPC-dsPcChit, respectively.
Nymphs fed on 100 pl artificial diet separately contain-
ing naked dsGFP, CS-STPP-dsGFP, CQD-STPP-dsGFP,
MgAl-LDH-dsGFP or SPC-dsGFP were used as controls.
The final concentration of naked dsRNA or nano-dsRNA
was 320 ng/pl. Nymphs fed on 100 pl artificial diet was
used as a blank control.

To evaluate the effect of nanoparticles in nymphs,
starved nymphs were fed on 100 pl artificial diet contain-
ing CS-STPP, CQD-STPP, MgAl-LDH or SPC nanoparti-
cles, respectively. The mortality of nymphs was recorded
at 48 h post feeding.

Pomelo leaf disc soaking bioassay

The leaf disc soaking was performed by a previously
described method with minor modifications [62]. Young
leaves were collected from HB pomelo trees, rinsed with
RNase-free water for 5 min to reduce bacterial contami-
nation. A leaf was made into leaf disc (2.1 cm diam-
eter) using a leaf puncher, and dried for 2 h at room
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temperature. The abaxial side of leaf disc was soaked
with 150 ul of naked dsPcChit, CS-STPP-dsPcChit or
MgAIl-LDH-dsPcChit, respectively. The control leaf
disc was soaked with 150 pl of naked dsGFP, CS-STPP-
dsGFP, MgAl-LDH-dsGFP and RNase-free water (blank
control), respectively. The final concentration of naked
dsPcChit or nano-dsPcChit was 480 ng/pl. After the test
solutions were completely absorbed, each leaf disc was
put in a Petri dish (5 cm diameter). The adaxial side of
leaf disc was attached to the medium, and the edges of
the leaf disc were covered with dampened cotton to avoid
the escape of nymphs. A total of 150 nymphs (starved for
16 h) on each leaf disc were fed with treated leaves.

Pomelo shoot soaking bioassay
The shoot soaking was performed as previously
described [16] with minor modifications. Shoots of HB
pomelo plants about 6—8 cm long with three leaves were
collected, and rinsed with RNase-free water for 5 min to
reduce bacterial contamination. The base of the shoot
was cut at a 45° angle, and dried for 2 h at room tem-
perature. After that, the shoot was immersed in a 0.6 ml
RNase-free tube separately filled with 300 pl (640 ng/pl)
of naked dsPcChit, MgAl-LDH-dsPcChit or MgFe-LDH-
dsPcChit as treated groups, and that soaked with 300 pl
(640 ng/pl) of naked dsGFP and MgAl-LDH-dsGFP,
MgFe-LDH-dsPcChit, and 300 pl RNase-free water
(blank control) were used as control groups. The treated
shoot was placed at room temperature for 12 h to stimu-
late absorption of the tested solutions. Shoot treated with
test solutions was transferred to a box (6.5 cm in diam-
eter, 10 cm in high) with sterile agar medium to fix the
tube containing the shoot. A total of 200 nymphs (starved
for 24 h) were released into the box to feed on the shoot.
In all treated and control groups, nymphs were reared
under controlled growth conditions of 25+1 °C, 70+5%
RH, with a photoperiod of 14 h light :10 h dark. All treat-
ments were conducted in four replications for 48 h. The
mortality was recorded and surviving individuals were
collected for RNA isolation. qRT-PCR was performed to
detect the mRNA levels of PcChit gene. The percentage
of nymph mortality was corrected using Abbott’s cor-
rection [63] as corrected mortality (%) = (% mortality in
treatment - % mortality in control) / (100 - % mortality in
control).

Transfer of nano-dsRNA into nymphs, leaf cells, and shoots

We performed nano-dsRNA transfer experiments
with the prepared nanoparticles to deliver Cy3-labeled
dsRNA, and analyzed the transfer efficiency of nano-
dsRNA into nymph guts, leaf cells, and shoots based on
Cy3 fluorescence signal intensities. Fluorescence inten-
sities were quantified by the Image J software. All treat-
ments and controls were performed in triplicate, and

Page 14 of 17

maintained in a dark incubator at 25+1 C and 70+5%
RH.

Transfer of nano-dsRNA into P. Citri nymphs

We tested the protective effect of nanoparticles on
dsRNA in the mite guts. Briefly, approximately 100
starved nymphs were separately fed with 100 pl artifi-
cial diet containing 320 ng/ul of CS-STPP-dsRNA-Cy3,
CQD-STPP-dsRNA-Cy3, MgAl-LDH-dsRNA-Cy3 or
SPC-dsRNA-Cy3, respectively. Nymphs fed on 100 pl
(320 ng/pl) naked dsPcChit-Cy3 was used as the control,
and those fed on 100 pl artificial diet was used as a blank
control. After 24 and 48 h, fluorescent images of nymphs
were taken with a Leica M205FA microscope equipped
with a RFP filter using the DFC7000GT system. Bright-
field images were collected using the same system with
an exposure time of 440 ms without filters. We further
tested the protective effect of MgAl-LDH nanoparticles
on dsRNA in the mite guts at 72, 96 and 120 h under the
same conditions. Additionally, the dsRNA release effi-
ciency from MgAl-LDH-dsRNA complex was detected in
different PBS buffer in vitro as previously described [30]
with minor modifications (Text S3).

Transfer of nano-dsRNA into pomelo leaf cells

The abaxial side of leaf disc (7.5 mm diameter) was
soaked with 50 pl (80 ng/pl) of CS-STPP-dsRNA-Cy3,
MgAl-LDH-dsRNA-Cy3 and naked dsRNA-Cy3 (con-
trol), respectively. The blank control leaf disc was soaked
with 50 ul RNase-free water. After the tested solutions
were completely absorbed, leaf discs were rinsed with
3 ml RNase-free water to remove fluorescence on the
surface. After 24 h, leaf discs were observed under a con-
focal laser scanning microscopy (Leica TCS SP8 DLS).
The images of the abaxial side and cells of leaves were
taken with a Cy3 filter (excitation 552 nm, emission 560—
620 nm), and bright-field images were taken using the
same system without filters.

Transfer of nano-dsRNA into pomelo shoots
The shoot (6—8 cm in length) was separately soaked with
300 ul (160 ng/pl) of MgAl-LDH-dsRNA-Cy3 complex,
dsRNA-Cy3 (control), and RNase-free water (blank con-
trol), respectively. After 24 h, transverse slices (30—50 pum
thickness) from the stem, main vein, and leaf were cut
with a vibroslicer (VT1200S, Bio-rad). All samples of
transverse slices were observed under a confocal laser
scanning microscopy (Leica SP8). The images of trans-
verse sections of the stem and leaves were collected with
a Cy3 filter (excitation 552 nm, emission 560—620 nm),
and bright-field images were taken using the same system
without filters. Gene expression analysis by qPCR.
Further, we investigated the expression levels of PcChs,
PcChit, DcChs, DcChit, AgChs and AgChit genes by qPCR
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according to the manufacturers’ instructions. Fluores-
cence qPCR was performed with SYBR Green Master
Mix (Bio-Rad). The reaction system was 20 pl in vol-
ume, with each consisting of 10 ul SYBR Green Master
Mix (Hieff UNICON®), 0.8 pl forward and reverse prim-
ers, 6.4 yl sterile water, and 2 pl template. The reaction
conditions for fluorescence quantification were as fol-
lows: 95 °C for 30 s; 39 cycles of 95 °C for 10 s and 60 °C
for 30 s. Primer sequences are shown in Table S2, and
the qPCR experiment was conducted with at least three
independent biological replicates and three technical
replicates for each sample. Relative gene expression was
calculated using the 2724¢T method. For normalization of
gene expression levels, PcGAPDH [19], DcGAPDH [64]
and AgGAPDH [65] were employed to be used as internal
reference gene for P, citri, D. citri and A. gossypii, respec-
tively, as described in previously related literatures. The
data were expressed as mean=standard error.

Droplet digital PCR (ddPCR) to quantify dsRNA in stem leaf
tissues

To compare dsRNA expression in the shoot away from
the application site, the total RNA of stem and leaf (about
150 mg of each sample) was extracted using the plant
polysaccharide polyphenol RNA kit (Simgen). cDNA was
synthesized using 1 pg RNA per sample as described in
the previous Sect. 2.3. The region used for primers and
probes designing of ddPCR are shown in Fig. S9. The
reaction system was 22 pl in volume, with each consisting
of 11 pl 2x dPCR Probe Master mix Plus (cy5.5) (Sniper),
1 pl forward and reverse primers, 0.5 pl probe, 7.5 ul
sterile water, and 1 pl template. Droplets were generated
with a DQ24 (Sniper) at 60 °C for 5 min, and PCR was
performed using a DQ24 with the following temperature
profile of initial denaturation 95 °C for 5 min, 45 cycles of
95 °C for 20 s, 60 °C for 30 s. After thermal cycling, the
plates were transferred to a Droplet reader (Sniper), and
the digital PCR data were analyzed with the Sight Pro
software (V0.3, Sniper).

Statistical analysis

Statistical analysis was performed by using SPSS 21.0
version and GraphPad Prism version 8.0 software. The
t-test and one-way ANOVA (with Tukey multiple tests)
were conducted to determine the differences in mean
particle diameter and polydispersity of nanoparticles
and nano-dsRNA complex, dsRNA loading efficiency of
nanoparticles, expression levels of PcChs, PcChit, DcChs,
DcChit, AgChs and AgChit genes, and corrected mortality
of P, citri (larvae, nymphs and adults), D. citri 5th instar
nymphs and A. gossypii 3rd instar larvae among groups.
P-value smaller than 0.05 were considered as significantly
different statistically.
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