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Locusts and pest grasshoppers (Orthoptera: Acrididae) cause significant economic losses to agricultural crops and
rangeland forage and can even cause humanitarian crises during periodic plagues. Current management methods
for these insects rely heavily on broad-spectrum chemical insecticides and growth regulators, which can affect
non-target organisms and may eventually develop resistance in the targeted species. Therefore, we assessed the
potential of RNA interference (RNAi)-based alternative strategies that could supplement the current management
methods. In insects, RNAI efficiency is known to vary with the method of double-stranded RNA (dsRNA) delivery.
In this study, we tested two different delivery methods (injection and oral feeding) in the desert locust (Schis-
tocerca gregaria) and the migratory grasshopper (Melanoplus sanguinipes) and showed that both species are sen-
sitive to the injection but not to the oral feeding of dsRNA, likely due to high nuclease activity or poor uptake in
the midgut. To address these limitations, we explored the utility of using nanoparticles that are often used for
drug delivery in humans as a carrier (poly lactic-co-glycolic acid [PLGA] and poly(L-arginine)-polyethylene
glycol [PLA-PEG]) for orally delivering dsRNA to the insect pests. Although the PLGA nanoparticles success-
fully permeated the digestive system into the hemolymph and the PLA-PEG-dsRNA complexes remained stable in
the midgut juice and were detected in the fat body, neither dsRNA-encapsulating nanoparticle elicited gene
knockdown upon oral feeding. These results suggest that nanoparticle-based oral delivery improves dsRNA
stability and midgut permeation. However, additional barriers must be overcome to achieve efficient oral RNAi
in these orthopteran pest species.

1. Introduction 70 years (FAO, 2020), with over a million hectares treated with or-

ganophosphates and pyrethroids to control these outbreaks (Newsom

Orthopteran pests (locusts and grasshoppers) cause significant eco-
nomic damage around the world, and the currently used control
methods heavily rely on chemical pesticides. The desert locust (Schis-
tocerca gregaria (Forskél)) is one of the most notorious migratory pests
known to humanity, forming enormous swarms that devastate crops and
cause famines in parts of Africa and the Middle East (Food and Agri-
culture Organization (FAO), 2020). Locust outbreaks pose a significant
threat to global food security (Le Gall et al., 2019), second only to
drought in terms of reducing crop productivity (Alessandro et al., 2015).
The 2019-2020 upsurge of the desert locust affected 30 countries in East
Africa and the Middle East, which was considered the worst in the last

et al., 2021). A new outbreak in 2025 is currently spreading from Niger
and Sudan into Northwestern Africa (FAO, 2025), further underscoring
the ongoing threat posed by this pest. In North America, the migratory
grasshopper (Melanoplus sanguinipes (Fabricius)) is a key pest in the
western United States, causing more forage loss than any other grass-
hopper species (Pfadt, 2002; United States Department of Agriculture
Animal and Plant Health Inspection Service (USDA APHIS), 2019). Its
mixed diet habit, feeding on both grasses and forbs, allows it to consume
a wide variety of crops, including cereals, vegetables, and rangeland
plants (Pfadt, 2002; Murray, 2016). M. sanguinipes outbreak populations
can reach 80 individuals per square yard (Murray, 2016). The economic
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value of rangelands for livestock forage, recreation, carbon sequestra-
tion, and other ecosystem services is estimated to range from $10.7
billion to $21.2 billion, based on a 2012 economic analysis prepared by
the University of Wyoming through a cooperative agreement with
APHIS (USDA APHIS, 2024). Current management methods for grass-
hoppers on rangeland habitats in the U.S. include aerial application of
chemical insecticides, including liquid diflubenzuron and carbaryl baits
(USDA APHIS, 2024). However, in general, the widespread use of
chemical insecticides raises concerns about human health, non-target
effects, loss of biodiversity, and, potentially, the development of resis-
tance (USDA APHIS, 2019; Sparks et al., 2021). Alternatively, Mycoin-
secticides (entomopathogenic fungi) have been shown to be effective,
but they are slow in action, have high production costs, and can affect
non-target orthopteran insects (USDA APHIS, 2019). Therefore, there is
an urgent need to develop an effective and environmentally sustainable
alternative management method. This study addresses this need by
exploring RNA interference (RNAI) as a potential tool for the manage-
ment of these two economically important orthopteran pests.

RNAi offers a promising insect management strategy because of its
capacity to knock down the expression of essential genes in insects to
induce low fitness or mortality and because of its target-specific nature
(Joga et al., 2016). However, the application of RNAi as a management
tool has some practical limitations, especially in terms of the delivery of
double-stranded RNA (dsRNA) into the pests (Price and Gatehouse,
2008; Cooper et al., 2019; Zhu and Palli, 2020). While oral delivery of
dsRNA is the most straightforward way of introducing dsRNA, it is not
known to be effective in causing RNAi response in many insects,
including locusts and grasshoppers. This inefficiency is largely due to the
presence of double-stranded ribonucleases (dsRNases) in their midgut
that can rapidly degrade ingested dsRNA, thereby reducing RNAi effi-
ciency (Luo et al., 2013; Wynant et al., 2014; Singh et al., 2017; Song
et al., 2017; Spit et al., 2017; Song et al., 2019). Previous studies have
shown that orally ingested dsRNA can be protected by encapsulating it
within nanoparticles, which help prevent degradation, thereby
enhancing cellular uptake and ultimately improving RNAi efficiency
(Joga et al., 2016; Pugsley et al., 2021). Several nanoparticles have been
explored, including chitosan (Zhang et al., 2010, 2015), cationic cor-
e—shell fluorescent nanoparticles (He et al., 2013), guanylate polymers
(Christiaens et al., 2018), carbon nanotubes (Edwards et al., 2020),
block copolymer, and cell-penetrating peptides like poly(ethylene
glycol)-polylysine (Laisney et al., 2020; Lu et al., 2022; Vogel et al.,
2023). These systems have demonstrated potential for improving dsSRNA
delivery by oral feeding in various insect species.

Poly(lactic-co-glycolic acid) (PLGA) is an FDA-approved polymer
that has shown promise for drug and gene delivery due to its biocom-
patibility and ability to protect nucleic acids from degradation (Wise
et al., 1976; Gilding and Reed, 1979; Makadia and Siegel, 2011). PLGA
forms emulsion-based nanoparticles that are biodegradable and offer
controlled release of the encapsulated material (Hausbergert and
Deluca, 1995; Makadia and Siegel, 2011). In recent decades, polyamino
acids have gained significant attention due to their non-toxic nature,
biocompatibility, nutritional benefits, and pharmacological effective-
ness (Wu et al., 2008). Among these, cationic polyamino acids are
particularly promising, as their positive charge facilitates interaction
with genetic material through electrostatic forces. This charge also en-
ables them to adhere to cell surfaces, thereby enhancing cellular uptake.
Poly(L-arginine), one of the cationic polyamino acids, is known for its
efficient cellular entry (Mitchell et al., 2000; Wu et al., 2008) and has
been used for siRNA delivery in various systems (Zhang et al., 2006; Noh
et al., 2010). Interestingly, in insects, poly(L-arginine) nanoparticles
have also shown promise in improving RNAI efficiency in fall armyworm
(Spodoptera frugiperda (Smith)), although these studies were limited to
cell lines (Laisney et al., 2020).

In the pharmaceutical industry, enhancing drug delivery often in-
volves attaching a safe and hydrophilic polymer, such as polyethylene
glycol (PEG). Similarly, researchers have combined PEG with another
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polyamino acid, such as polylysine, to improve RNAI efficiency in the
migratory locust (Locusta migratoria (Linnaeus)) (Lu et al., 2022).
However, poly(L-arginine) is alternatively known to be better at pene-
trating cells, relatively cost-effective to produce at a large scale, and
biodegradable, making it more suitable for agricultural applications
compared to polylysine (Mitchell et al., 2000; Robison et al., 2016).
Based on these advantages, we have chosen to create complexes by
combining poly(L-arginine) with PEG nanoparticles.

In this study, we used PLGA and poly(L-arginine)-polyethylene gly-
col (PLA-PEG) to form novel nanoparticles for oral dsRNA delivery in
S. gregaria and M. sanguinipes. We evaluated these nanoparticle formu-
lations for their stability, permeability, and release kinetics in hemo-
lymph and midgut juice. To assess their potential to improve RNAi, we
tested the hypothesis that PLGA-dsRNA and PLA-PEG-dsRNA could
improve oral RNAI efficiency in both species. In addition, we explored
an RNAi-of-RNAi approach by knocking down double-stranded ribonu-
cleases 2 (dsRNase2) to improve dsRNA stability and uptake in the
digestive system. Both injection and oral feeding methods were used to
evaluate RNAI efficiency in these orthopteran pests.

2. Materials and methods
2.1. Transcriptome sequencing and assembly of Melanoplus sanguinipes

As genomic resources for M. sanguinipes were not available at all, we
first generated a de novo transcriptome to identify target genes in
M. sanguinipes for our experiments. In October 2021, we received live
specimens of M. sanguinipes collected from the San Carlos Apache Indian
Reservation in Arizona by two teams within the United States Depart-
ment of Agriculture (USDA)’s Animal and Plant Health Inspection Ser-
vice (APHIS)-Plant Protection and Quarantine (PPQ) (Phoenix, AZ,
USA). Some of these specimens were snap-frozen in liquid nitrogen and
stored in a —80 °C freezer for transcriptome sequencing. To generate
tissue-specific transcriptomes, three adult females were dissected, and
RNA was extracted from the head, thorax, and abdomen tissues. Total
RNA was extracted using a Trizol method (Chomczynski and Mackey,
1995), followed by column purification with DNase treatment using the
RNeasy mini kit (Qiagen, Hilden, Germany) to remove any residual
genomic DNA. The concentration and purity of extracted RNA were
measured using a spectrophotometer (DeNovix DS-11). RNA samples
were then sent to Novogene (Sacramento, CA, USA) for library prepa-
ration and sequencing.

A total of nine sequencing libraries were prepared using the NEB-
Next® UltraTM RNA Library Prep Kit for Illumina® (New England
Biolabs, Ipswich, MA, USA) according to the manufacturer’s in-
structions. Index codes were added to each sample to allow for sequence
attribution. Library fragments of approximately 150-200 bp were
selected using the AMPure XP system (Beckman Coulter, Beverly, CA,
USA). The quality of each library was assessed using the Agilent Bio-
analyzer 2100 system. Sequencing was carried out on an Illumina
NovaSeq 6000 platform, generating 150 bp paired-end reads at
Novogene.

Raw reads were initially processed for quality control using fastp
(Version 0.20.1) to remove low-quality sequences and filter the high-
quality reads. Clean reads from all biological replicates and tissue
samples were pooled for a de novo transcriptome assembly, performed
using Trinity (Version 2.9.1) with the parameter min_kmer_cov set to 2,
while all other parameters were left at default settings. To further refine
the assembly, CD-HIT-EST (Version 4.8.1) was used to cluster similar
contigs, with word size set to 8 and the similarity threshold set to 0.95.
Assembly quality was evaluated using Transrate (Version 1.0.3) to assess
contig metrics, while the composition quality of the assembled tran-
scriptome was analyzed using BUSCO (Benchmarking Universal Single-
Copy Orthologs, Version 4.1.2).
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2.2. Insect rearing regime

Both S. gregaria and M. sanguinipes were bred and maintained under
crowded conditions at 30 °C with a 12 h light/12 h dark cycle at the
USDA-approved containment facility in the Department of Entomology
at Texas A&M University (College Station, TX, USA). The colonies of
both species were established from the egg pods provided by Arizona
State University under a USDA-APHIS-PPQ permit (P526P-22-06735).
Schistocerca gregaria were housed in plastic cages (55 X 35 X 30 cm) with
mesh panels on the top and bottom for ventilation, and a cotton sleeve
opening at the front for easy access. In contrast, M. sanguinipes were
housed in smaller cages (24.5 X 24.5 X 24.5 cm) with polyester mesh
panels on all sides and a front opening sleeve for accessibility. The in-
sects were fed with fresh wheatgrass and wheat bran daily. For
S. gregaria experiments, freshly molted last instar nymphs were sepa-
rated from the common cages and individually kept in 16 oz. plastic deli
cups. Similarly, freshly molted last instar nymphs were used for all
M. sanguinipes experiments. The nymphs were starved for 24 hrs before
the experiments.

2.3. RNA extraction and dsRNA synthesis

Total RNA was extracted from a single nymphal head or thorax tis-
sues using the Trizol method as described above. The extracted RNA was
then reverse transcribed into cDNA using an iScript cDNA synthesis kit
(Biorad, Hercules, CA, USA). PCR amplification was performed using the
M. sanguinipes gene-specific primers (Table 1) and primers for S. gregaria
from Wynant et al. (2012; 2014). The thermal cycling conditions con-
sisted of an initial denaturation step at 94 °C for 2 min, followed by 10
cycles of 94 °C for 30 s, 55-60 °C for 30 s, and 72 °C for 1:30 min. This
was followed by 25 cycles of 94 °C for 30 s, 69 °C for 30 s, and 72 °C for
1:30 min, with a final extension at 72 °C for 2 min. The resulting PCR
products were purified using Monarch PCR and DNA Clean Up Kit (New
England Biolabs, Ipswich, MA, USA) according to the manufacturer’s
protocol. These purified PCR products were then used as templates for
dsRNA synthesis of the target genes, utilizing the MEGAscript RNAi Kit

Table 1
Primer sequences used in this study.
Gene name Sequence (5'-3) Amplicon
(accession Size (bp)
number)
dsGAPDH F: 400
(PQ638923) taatacgactcactatagggCGACCCATGGCAAGTTCAAG
R:
taatacgactcactatagggGTAGCAGTGACAGCATGCAC
dsCHS1 F: 400
(PQ638924) taatacgactcactatagggGGTGCCTGAAGTGGGTTCAT
R:
taatacgactcactatagggATAGTTCTCCCACCAGCCAC
dsSec23 F: 333
(PQ638925) taatacgactcactatagggCCGAGCAGCAATAAATGGGC
R:
taatacgactcactataggg TTCCACTGACAAGTACCGCC
dsAChE F: 222
(PQ638922) taatacgactcactatagggCTTCGAGTACACCGACTGGG
R:
taatacgactcactatagggTAGTTGATCTCGTCGCCGTG
GAPDH F: GAAGCTGCTGAGGGTCCTTT 120
R: GAGTGGGATGCCTGCCTTAG
CHS1 F: TCACAGTTGCGGAAGGACAA 145
R: AACCCACTTCAGGCACCAAA
Sec23 F: AAGCAGCGGCAGTTTTGATG 92
R: GAGCATCCGGTCTATCCAGC
AChE F: GGCGACGAGATCAACTACGT 122
R: TTCCCCGTCTTGGCGAAGTT
RpL5 F: TTCGTGCCAATCCAGATCGA 120
(PQ638926)  R: CCTTCTTCTGGGCGATCCTG
RpL32 F: ACCATCCCCCATTTCCGTTT 120
(PQ638927)  R: ATACACCGGACGAATCGCC
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(Thermo Fisher Scientific, Waltham, MA, USA) according to the stan-
dard protocol. For non-target control in all experiments, dsRNA of GFP
was synthesized using a TOPO GFP plasmid (Addgene, Watertown, MA,
USA).

2.4. Testing RNAI efficiency

We selected the following four genes for developing dsRNAs: Glyc-
eraldehyde 3 phosphate dehydrogenase (GAPDH), Chitin synthase 1
(CHS1), Secretory 23 (Sec23), and Acetylcholinesterase (AChE). Ortho-
logs for the target genes from S. gregaria and L. migratoria were identified
in the M. sanguinipes transcriptome using a BLAST search in Geneious
Version 2022.2.2 (Dotmatics, Boston, MA, USA). The BLAST hits with
high query coverage and pairwise identity were selected and verified
through a secondary BLAST search against the NCBI database. The
identified sequences of these target genes were used for dsRNA synthesis
in subsequent RNAi experiments. The systemic RNAi response via in-
jection in S. gregaria is well-known and the effective dsRNA dose for
inducing RNAi is well-characterized (Wynant et al. 2012), but RNAi had
never been applied to M. sanguinipes. Thus, we first performed a dose-
dependent response study for M. sanguinipes by diluting dsRNA of
GAPDH/GFP in locust saline solution to the final doses of 50, 100, 500,
and 1000 ng. A volume of 5 pl of different doses of dsGAPDH and dsGFP
was injected into the abdominal segment of the last nymphal instar, with
10 nymphs per dose per gene, to characterize the dose-dependent RNAi
response.

2.5. Injection and oral feeding of naked dsRNA

We tested two different methods of dsRNA delivery—injection and
oral feeding—using the RNAi-of-RNAi approach. This approach
involved knocking down dsRNase2 first, followed by GAPDH, with each
method tested independently. To determine the optimal time point for
the RNAi-of-RNAi experiments, we injected 10 pg of dsdsRNase2 or
dsGFP into 48 S. gregaria nymphs (6 nymphs per time point per gene).
Midgut tissues were dissected at 24, 48, 72, and 96 h after injection, and
the mRNA levels of dsRNase2 were quantified via RT-qPCR.

For the S. gregaria experiment, a total of 18 nymphs were used,
divided into three groups: GFP_GFP (negative control), GFP_GAPDH
(single treatment), and dsRNase2_ GAPDH (combination treatment).
This three-group design was used for the subsequent RNAi-of-RNAi ex-
periments. The dsRNase2_GAPDH group received an initial injection of
10 pg of dsdsRNase2, while the GFP_GFP and GFP_GAPDH received 10 ug
of dsGFP. After 24 h of initial injection, 25 pg of dsGAPDH was injected
into the GFP_GAPDH and dsRNase2 GAPDH groups, while 25 pg of
dsGFP was injected into the GFP_GFP group. Injections were done with a
20 pl volume of dsRNA into the 2nd abdominal segment using a Ham-
ilton microsyringe (700 series, 705RN, 50 pl, Sigma Aldrich, St. Louis,
MO, USA) with a 22-gauge needle. Similarly, for oral feeding, dsGFP/
dsdsRNase2 was fed first, followed by dsGFP/dsGAPDH in a consecutive
manner. The same doses of dsRNAs in 20 ul were applied onto lettuce
discs (3 cm diameter), which were then air-dried for 5-10 min before
being fed to the nymphs. After 72 h from the second injection or oral
feeding, tissues (head, thorax, and midgut) were dissected, snap-frozen
in liquid nitrogen, and stored at —80 °C for subsequent RT-qPCR anal-
ysis. In all the following experiments, the tissues were processed in the
same way for RT-qPCR analysis.

For M. sanguinipes, the effect of oral feeding of naked dsRNA was
studied by feeding 1 pg of dsRNA targeting specific genes (GAPDH,
CHS1, and GFP) to the nymphal instar, with 6 nymphs per gene. After 72
h, the head and thorax were dissected for further RT-qPCR analysis.

2.6. Injection followed by oral feeding of naked dsRNA

We also performed the RNAi-of-RNAi approach by combining dsRNA
delivery methods—injection followed by oral feeding using 18
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S. gregaria (6 nymphs per group). The dsRNase2_GAPDH group received
10 g of dsdsRNase2 by injection, while the GFP_GFP and GFP_GAPDH
groups were injected with 10 ug of dsGFP. After 24 h, 25 ug of dSsSGAPDH
was fed to the GFP_GAPDH and dsRNase2 GAPDH groups, and 25 ug of
dsGFP was fed to the GFP_GFP group. Tissues (head, thorax, and midgut)
were collected 72 h after feeding for further RT-qPCR analysis.

2.7. Preparation of PLGA-dsRNA and PLA-PEG-dsRNA

We followed the protocol for synthesizing PLGA-dsRNA detailed in
Rana et al. (2023). Briefly, dsRNA (100 pg) was emulsified in 1 ml
dichloromethane (DCM) (Sigma Aldrich, St. Louis, MO, USA) containing
100 mg PLGA using a probe ultrasonicator for 10 s on an ice bath. Pri-
mary emulsion was added to 2 ml 5 % polyvinyl alcohol (PVA) solution
(Sigma Aldrich, St. Louis, MO, USA), then sonicated for 10 s on an ice
bath. The emulsion was transferred to the 0.25 % PVA solution (100 ml)
and stirred for 3 h to remove DCM. The dsRNA-encapsulated PLGA
nanoparticles were washed in MilliQ water 3 times and resuspended,
and their particle size and distribution were assessed using dynamic
light scattering (DLS) with a particle size analyzer (ZetaPALS, Broo-
khaven Instruments, Holtsville, NY, USA). To synthesize PLA-PEG-
dsRNA, mPEG-NHS (2 mg) (Sigma Aldrich, St. Louis, MO, USA) and
poly(L-arginine) (5 mg) (Sigma Aldrich, St. Louis, MO, USA) were dis-
solved in 2 ml of DI water. The solution was stirred overnight, and
byproducts were removed by the membrane dialysis method. A lyoph-
ilization process was conducted to obtain PLA-PEG. PLA-PEG and dsRNA
were mixed in a 10:1 (W/W) ratio and resuspended in DI water to
formulate dsRNA-loaded nanoparticles. The resulting nanoparticles
were characterized using a Nanoparticle tracking analysis (NTA)
(NS300, Malvern Instruments Ltd., Malvern, UK). The scheme for
formulating PLA-PEG-dsRNA is depicted in Fig. 2A.

The morphology of naked dsRNA and PLA-PEG-dsRNA was analyzed
using a Transmission Electron Microscope (TEM). Hydrophilized copper
grids were prepared via glow discharge, and samples were stained with
2 % uranyl acetate. Grids were incubated with stained samples for 1 min,
blotted onto filter paper, and air-dried for 30 min. TEM imaging was
conducted using an FEI TEM at Texas A&M University, Veterinary
Medicine & Biomedical Sciences (College Station, TX, USA).

2.8. Release kinetics of coumarin in hemolymph from PLGA-coumarin

To develop efficient PLGA-dsRNA nanoparticles, we first tested the
permeability and release kinetics of different molecular weights of PLGA
nanoparticles, which could protect and release the encapsulated dsRNA
consistently upon crossing the midgut. We used coumarin dye as a proxy
for dsRNA and encapsulated it within PLGA nanoparticles of three
different molecular weights: low (7-20 kDa) (11088-7-20 k, Nanosoft
Biotechnology LLC, NC, USA), medium (50-70 kDa) (11088-50-70 k,
Nanosoft Biotechnology LLC, NC, USA), and high (70-100 kDa) (11088
70-100 k, Nanosoft Biotechnology LLC, NC, USA). This method was
adapted from Rana et al. (2023). After producing the nanoparticles, 50
ul of the PLGA-coumarin was applied onto lettuce discs and allowed to
dry. The treated discs were then fed to ten 24 h-starved nymphs of both
species. Hemolymph was collected from each nymph at various time
points: 12, 24, 48, 72, 96, 120, and 144 h after feeding in S. gregaria, and
3 and 6 h after feeding in M. sanguinipes. To quantify the coumarin dye in
the hemolymph, a multimode plate reader (Molecular Devices Co., San
Jose, CA, USA) was used, with an excitation wavelength at 440 nm and
an emission wavelength at 534 nm.

2.9. Stability of PLA-PEG-dsRNA in S. gregaria midgut juice

We tested the stability of the PLA-PEG-dsRNA in the midgut juice.
The abdomen of S. gregaria was dissected, and midgut tissues were iso-
lated from five nymphs. The isolated midguts were then centrifuged at
16,000 g for 20 min at 4 °C. The supernatant was collected and used for
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further analysis. The midgut juice was diluted 1:32 with saline, and
dsGAPDH (1 pg) was incubated for 0 and 0.5 h, while PLA-PEG-
dsGAPDH (1 nug) was incubated for 0, 0.5, 1, 2, and 3 h at room tem-
perature. Samples were then analyzed on a 1 % agarose gel to assess
dsRNA degradation over time.

2.10. Injection followed by oral feeding of PLGA-dsRNA

To test whether PLGA encapsulation could improve the RNAi
response after oral delivery, we first performed the RNAi-of-RNAi
approach by injection followed by oral feeding of PLGA-dsRNA in
both species. A total of 18 nymphs (6 nymphs per group) were used. We
injected 10 pg of dsdsRNase2 into the dsRNase2_GAPDH group and 10 pg
of dsGFP into the control group. After 48 h, 25 ug of PLGA-dsGAPDH was
fed to the GFP_GAPDH and dsRNase2_GAPDH groups, while 25 ug of
PLGA-dsGFP was fed to the GFP_GFP group. A second dose of PLGA-
dsGAPDH or PLGA-dsGFP was fed 24 h later. Tissues (head, thorax, and
midgut) were dissected 96 h after the second feeding for further analysis.

2.11. Oral feeding of PLA-PEG-dsRNA

Because the encapsulation of dsRNA by polyamino acid conjugated
with PEG alone was shown to protect dsRNA from degradation and
improve cellular uptake (Lu et al., 2022), we tested PLA-PEG encapsu-
lated dsGAPDH nanoparticles by oral feeding in S. gregaria (10 nymphs
per gene) in inducing RNAi response. Initially, 10 ug PLA-PEG-dsGAPDH
was fed to the treatment group, while 10 pg of PLA-PEG-dsGFP was fed
to the control group. After 24 and 48 h, additional doses of 10 pg were
fed as a boost. Tissues (head and thorax) were dissected at 72 h after the
first feeding for further analysis. To test different time points and
determine whether long-term feeding would result in a knockdown, a
separate experiment was conducted where 5 ug of PLA-PEG-dsGAPDH or
dsGFP was fed for 6 consecutive days, and tissues were dissected at 24
and 72 h after the last feeding for further analysis.

In M. sanguinipes, we developed PLA-PEG nanoparticles of GAPDH,
CHS1, Sec23, and AChE. These nanoparticles were then fed orally to 50
starved M. sanguinipes nymphs, with 10 nymphs per gene. Initially, we
fed 10 pg of the PLA-PEG-dsRNA encapsulating targeted genes on the
first day. The same dose was fed additionally after 24 and 48 h. As a
control, we fed the PLA-PEG-dsGFP. After 72 h from the first feeding, we
dissected the tissues for further analysis. The same experimental
approach used in S. gregaria for testing different time points and long-
term feeding was repeated in M. sanguinipes. In this experiment, we
fed 5 pg of the PLA-PEG-dsRNA of GAPDH and Sec23 for 5 consecutive
days and dissected the tissues at 24 and 48 h after the last feeding for
further analysis.

2.12. RT-qPCR analysis

Total RNA was extracted from three to five nymphal head, thorax, or
midgut tissues using the same protocol mentioned above. Each indi-
vidual tissue is considered a biological replicate. cDNA was synthesized
using an iScript cDNA synthesis kit (Biorad, Hercules, CA) and used as a
template to perform qPCR amplification on CFX Connect Real-Time PCR
Systems (Bio-rad, Hercules, CA) using gene-specific primers (Table 1).
Each qPCR reaction was performed with two technical replicates and
three to five biological replicates and contained 10 pl of SYBR Green
supermix (Bio-rad, Hercules, CA), 500 nM primers, and nuclease-free
water to make up the total volume of 20 pl. The thermal cycling
included initial denaturation for 3 min at 95 °C, followed by 40 cycles at
95 °C for 10 s and 60 °C for 30 s. No-template control and no-reverse
transcriptase control were included to check for reaction mixture and
DNA contamination, respectively. The relative mRNA level was
analyzed using the CFX Manager 2.1 (Bio-rad, Hercules, CA) and further
with the 222¢T method (Livak and Schmittgen, 2001). The results were
normalized using two reference genes, EF1a and Ubc10 for S. gregaria;
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RpL5 and RpL32 for M. sanguinipes. All data were statistically analyzed
using Student’s t-test or one-way ANOVA, followed by Tukey’s test (p <
0.05) (in R, Version 4.2.1).

2.13. Uptake of Cy3 labeled PLA-PEG-dsRNA into fat body cells

To assess the uptake of PLA-PEG-dsRNA nanoparticles from the in-
sect digestive system, PLA-PEG was synthesized and fluorescent-labeled
by attaching cyanine 3 (Cy3) with a poly-L-arginine backbone, and we
conducted experiments with S. gregaria and M. sanguinipes. We labeled
PLA instead of dsRNA to ensure that this assay was not compromised by
the potential dsSRNA degradation. Nymphs were orally fed with these
labeled nanoparticles while the control nymphs were not fed. After 24 h,
we dissected and fixed their fat body tissues using 4 % para-
formaldehyde (Thermo Fisher Scientific, Waltham, MA, USA). Subse-
quently, the fixed tissues were permeabilized with 0.3 % Triton X-100
(Sigma Aldrich, St. Louis, MO, USA) at room temperature for 30 min. F-
actin staining was carried out for 30 min of incubation with Alexa Fluor
488 phalloidin (Thermo Fisher Scientific, Waltham, MA, USA), followed
by nucleus staining using Hoechst 33342 (Thermo Fisher Scientific,
Waltham, MA, USA) for 10 min. Prepared tissues were mounted on glass
slides and imaged using an Olympus Fluoview laser scanning confocal
microscope at the Integrated Microscopy and Imaging Laboratory, Texas
A&M College of Medicine (College Station, TX, USA).
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3. Results
3.1. Melanoplus sanguinipes transcriptome assembly

About 98 % of the total reads from all the samples passed the quality
filters (phred quality >= Q30), as detailed in Supplementary Table 1.
The high-quality reads were pooled and assembled into a de novo tran-
scriptome assembly using Trinity. The transcriptome assembly
comprised 309,635 contigs, with a quality metric N50 value of 747 and
contigs ranging between 200 and 13,214 bp (Supplementary Table 2).
The assessment of assembly completeness using BUSCO against the
insecta odb10 lineage (creation date: 2019-11-20) revealed a
completeness score of 92.4 %, indicating robust coverage of expected
gene content (Supplementary Table 3). This Transcriptome Shotgun
Assembly (TSA) project has been deposited at DDBJ/EMBL/GenBank
under the accession GKDMO00000000. The version described in this
paper is the first version, GKDM01000000.

3.2. Sensitivity to injection vs. refractoriness to oral feeding of naked
dsRNA

In both species, S. gregaria and M. sanguinipes, the response to dSRNA
delivery varied between injections and oral feeding methods. Injections
of naked dsRNA resulted in a significant knockdown of GAPDH in both
head and thorax tissues, with 20 to 25-fold reduction observed in the
GFP_GAPDH and dsRNase2 GAPDH groups (Fig. 1A). Similarly,

B S. gregaria feeding

[ dsGFp_dsGFpP
[ dsGFP_dsGAPDH
[l dsdsRNase2_dsGAPDH

i

Head Thorax

[ dsGFP_dsGFP
[0 dsGFP_dsGAPDH
[l dsdsRNase2_dsGAPDH

o
m

Relative dsRNase2 mRNA level

°
o

Relative GAPDH mRNA level

°

Midgut

D WM. sanguinipes E M. sanguinipes

injection feeding
3 Odserp
[ascre 320 HdscapoH
O dscapon : [ aschs1
Z 16
&
£
- 12
[}
2
E 0.8
Q
* 2 0.4
* *x * =
E
50 100 500 1000 GAPDH CHS1
Dose (ng)

Fig. 1. Effect of injection and oral feeding of naked dsRNA in S. gregaria and M. sanguinipes. A. Effect of injection of dsRNA in S. gregaria in head, thorax and midgut
tissues. B. Effect of oral feeding of naked dsRNA in S. gregaria in head, thorax and midgut tissues. C. Effect of injection of dsdsRNase2 followed by oral feeding of
dsGAPDH in S. gregaria in head, thorax and midgut tissues. D. Dose dependent response of injections of naked dsRNA in M. sanguinipes E. Effect of oral feeding of
naked dsRNA in M. sanguinipes. Bars represent different treatment groups. Three to five biological replicates and two technical replicates were used for RT-qPCR. For
normalization, EF1a and Ubc10 were used as reference genes for S. gregaria and RpL5 and RpL32 for M. sanguinipes. The mRNA level in the treated group was relative
to the control (GFP) group. Error bars indicate the standard error of mean. The statistical significance of differences was analyzed with Student’s t-test or one-way
ANOVA. Statistically significant differences between the control and target genes are indicated by different lowercase letters or asterisks (*: P < 0.05; **: P < 0.01). If
no letters or asterisks are shown, no statistically significant differences were observed among treatments.
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significant knockdown effects were observed at all tested doses in
M. sanguinipes, including the lowest dose of 50 ng (Fig. 1D), demon-
strating the sensitivity of both species to injections and the presence of
systemic RNAi effect. On the contrary, oral feeding of naked dsRNA did
not produce any significant knockdown effects in either species for any
of the tested genes or tissues (Fig. 1B, 1C, and 1E). Interestingly, in
S. gregaria, a significant increase in expression of GAPDH was observed
in the head tissue of the dsRNase2 GAPDH group (Fig. 1B). We also
examined the mRNA level of dsRNase2 in the midgut tissue of S. gregaria.
The injected nymphs showed a significant knockdown of dsRNase2 in the
midgut for the dsRNase2_GAPDH group (Fig. 1A, 1C), while the fed
nymphs did not show significant knockdown (Fig. 1B). Notably, the
injected GFP_GAPDH group showed higher levels of dsRNase2 (Fig. 1A,
10).

3.3. Characterization of PLGA-dsRNA and PLA-PEG-dsRNA

The size and distribution of the PLGA-dsRNA nanoparticles using
dynamic light scattering with a ZetaPALS particle size analyzer revealed
a monodisperse size distribution, indicating successful encapsulation
(Fig. 2B). For the PLA-PEG nanoparticle complexes, we determined the
optimal complexation between dsRNA and PLA-PEG by varying weight
ratios, and the nanoparticle tracking system analysis showed efficient
complexation and uniform size distribution at a PLA-PEG:dsRNA weight
ratio of 10:1 (Fig. 2C). The morphological structure of naked dsRNA
appeared as long, thin threads, whereas the PLA-PEG-dsRNA formed
well-defined spherical nanoparticles under TEM (Fig. 2D). The forma-
tion of these spherical nanoparticles suggests strong electrostatic in-
teractions between the PLA-PEG and dsRNA, leading to condensation
and structural collapse of dsRNA into compact nanoparticle assemblies.

3.4. PLGA-coumarin permeates the gut and is released in the hemolymph

We further characterized the release kinetics of coumarin dye
encapsulated in PLGA nanoparticles of varying molecular weights.
Coumarin was detected in the hemolymph of S. gregaria nymphs fed with
PLGA-coumarin of all molecular weights (Fig. 2E), indicating that the
PLGA successfully permeated through the gut and released the dye into
the hemolymph. The highest coumarin fluorescence was observed at 12
h after the nymphs were fed with the high molecular weight PLGA,
followed by the medium and low molecular weight PLGA (Fig. 2E). This
pattern indicated that the larger particle size of high molecular weight
PLGA (Fig. 2B) provided more surface area for initial coumarin release,
leading to higher early release (from 12 to 72 h). After this period, the
high molecular weight PLGA showed a slower and more sustained
release, as its polymer started to hydrolyze more slowly compared to the
faster hydrolysis of medium and low molecular weight PLGA, which
showed higher coumarin release after 72 h, lasting until 144 h (Fig. 2E).
Based on these results, higher molecular weight PLGA was selected for
further oral feeding experiments due to its higher and sustained release.
The same release pattern was observed in M. sanguinipes, where the high
molecular weight PLGA also showed a higher initial release followed by
a slower sustained release (Supplementary Fig. 1).

3.5. PLA-PEG enhances dsRNA stability in S. gregaria midgut juice

As shown in Fig. 2F, naked dsRNA was completely degraded within
30 min of incubation in midgut juice ex vivo. In contrast, dsRNA with the
PLA-PEG complex remained detectable for up to 2 h, showing a gradual
decrease in band intensity over time (Fig. 2F). This suggests that while
some degradation occurred, the PLA-PEG complex provided significant
protection and prolonged dsRNA stability in the midgut environment ex
vivo.

Journal of Insect Physiology 163 (2025) 104825

3.6. No knockdown was observed with oral feeding of PLGA-dsRNA and
PLA-PEG-dsRNA

To investigate whether PLGA-dsRNA and PLA-PEG-dsRNA could
facilitate an RNAi response through oral feeding, we fed both types of
nanoparticles to both insect species. However, no significant knockdown
was observed in either insect species (Fig. 3A, 3B, 3C, 3D). In S. gregaria,
we also tested whether the injection of dsdsRNase2 could knockdown the
mRNA expression of dsRNase2 in the midgut by first assessing the
persistence of knockdown across various time points. Interestingly, a
significant knockdown of dsRNase2 was observed at 48 h (25-fold
change), 72 h (5.26-fold change), and 96 h (50-fold change)
(Supplementary Fig. 2). Some level of knockdown was also observed at
24 h (1.64-fold change) (Supplementary Fig. 2).

Next, we tested if the initial dsRNase2 knockdown through injection
could reduce the dsRNA degrading activity in the midgut and whether
subsequent feeding of PLGA-dsRNA could elicit RNAi response targeting
GAPDH. As expected, injection of dsdsRNase2 led to a significant
knockdown of dsRNase2 in the midgut (Fig. 3A). However, subsequent
oral feeding of PLGA-dsGAPDH did not lead to the knockdown of GAPDH
in the head and thorax tissues (Fig. 3A). Additionally, significantly
increased expression of dsRNase2 was observed in the GFP_GAPDH
group (Fig. 3A), similar to what was observed with the injections of
naked dsRNA in S. gregaria.

To explore further, we conducted additional experiments using PLA-
PEG-dsRNA in S. gregaria, testing different doses and durations. We fed
PLA-PEG-dsGAPDH at both high doses for short periods (Fig. 3C) and
low doses for extended durations (Supplementary Fig. 3) to see if this
could elicit an RNAi response through oral feeding. However, no
knockdown of GAPDH was observed in any tested tissues at two time
points (Fig. 3C, Supplementary Fig. 3).

Similarly, in M. sanguinipes, no knockdown was observed for any of
the targeted genes upon oral delivery (Fig. 3D). Even after feeding 5 ug
of PLA-PEG-dsRNA for five consecutive days, no significant knockdown
was detected at either time point for any of the target genes, except for a
slight but non-significant reduction in Sec23 expression (Supplementary
Fig. 4).

3.7. PLA-PEG-dsRNA permeates the gut and facilitates complex entry into
fat body cells

Cy3 fluorescence was clearly observed in the fat body cells of both
S. gregaria and M. sanguinipes (Fig. 4). The fluorescence signal was
particularly stronger in S. gregaria compared to M. sanguinipes (Fig. 4).

4. Discussion

RNAi-based insecticides offer a multitude of advantages over con-
ventional chemical counterparts. Moreover, RNAi’s transient gene
expression knockdown during key developmental stages minimizes
long-term ecological consequences, a critical distinction from more
radical approaches like gene drive systems. However, this approach
faces challenges when scaled up for widespread pest management,
especially for the generalist herbivores with chewing mouthparts, such
as grasshoppers and locusts. The most feasible option for field-based
insect pest control for these types of pests is through formulations that
facilitate oral ingestion of dsRNA. Many studies have successfully
applied dsRNA to plant leaves, allowing insects to ingest the dsRNA
while feeding on treated foliage, or incorporated dsRNA into baits and
artificial diets (Gordon and Waterhouse, 2007; Price and Gatehouse,
2008; Liu et al., 2020). Nonetheless, challenges remain, particularly
concerning variable RNAi efficiency among insects upon oral dsRNA
delivery (Cooper et al., 2019; Zhu and Palli, 2020). In this study, we
show that the two orthopteran pests are highly sensitive to RNAi when
dsRNA is delivered by injection (Fig. 1A, D), but are refractory to the
oral feeding of dsRNA (Fig. 1B, E), even after the attempts to reduce the
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presence of dsSRNA-degrading enzymes in the midgut using the RNAi-of-
RNAI approach (Fig. 1C). We also explored the potential for encapsu-
lating dsRNAs using nanoparticles originally developed for drug de-
livery (Fig. 2A-D) and show that they permeate through the insect
digestive system to reach the hemolymph (Fig. 2E), remain stable in the
midgut juice (Fig. 2F), and are uptaken by the fat body (Fig. 4). How-
ever, despite these promising results, dsRNA-encapsulating nano-
particles did not lead to knockdown of target genes upon oral delivery
(Fig. 3), suggesting that more work is needed to understand the mo-
lecular physiology of these insects.

Many insects show variable RNAi responses, and we clearly
demonstrate that S. gregaria and M. sanguinipes are highly sensitive to the
injection of dsRNA (Fig. 1A, D), suggesting the presence of systemic
RNAI, but refractory to the oral administration of dsRNA (Fig. 1B, E).
The reasons for this refractory nature could be many, but one of the most
suggested for various insects is the presence of dsRNA-degrading en-
zymes (dsRNases) in the midgut (Song et al., 2017; 2019; Spit et al.,
2017). For example, four types of dsRNase have been identified in
S. gregaria, all of which are highly expressed in the midgut and share
significant sequence similarity (Wynant et al., 2014). Wynant et al.
(2014) showed that knocking down dsRNase2 alone can reduce the
expression of three other dsRNases. Based on this insight, we specifically
targeted dsRNase2 for our experiments. While we were able to success-
fully knockdown the expression of dsRNase2 through the injection of
dsdsRNase2 (Fig. 1C), the subsequent oral delivery of dsRNA did not lead
to knockdown (Fig. 1C).

Interestingly, with injections, the knockdown effect of GAPDH was

consistent regardless of whether dsdsRNase2 was injected (Fig. 1A, D),
suggesting that dsRNase2 activity in the hemolymph did not signifi-
cantly affect RNAI efficiency. However, when dsRNase2 was knocked
down by injection and followed by oral feeding of dsGAPDH, we
observed no knockdown of GAPDH, further supporting the refractory
nature of these insects to oral RNAi. We recovered a similar response in
M. sanguinipes, showing high sensitivity to injected dsRNA but refractory
to oral feeding of dsRNA. These responses also align with our previous
work with another orthopteran often classified as a pest in the U.S,,
Mormon cricket (Anabrus simplex (Haldeman)) (Hoang et al., 2022; Rana
etal., 2023). While we measured the relative dsRNase mRNA expression
level, it is possible that residual dsRNase activity was sufficient to
degrade the dsRNA after feeding. Additionally, the dsRNase domain
structure varies across insect species (Cooper et al., 2019), potentially
affecting enzyme activity and RNAi efficiency. Furthermore, while an
endocytosis-mediated uptake mechanism has been reported in
S. gregaria (Wynant et al., 2014), this mechanism has only been observed
with injections. In the case of feeding, the dsRNA-uptake mechanism
(binding proteins or receptors) may not necessarily be the same or even
present in the gut. The presence of a peritrophic matrix, which is
continuously secreted on feeding, may also prevent dsRNA from passing
through the gut. We also observed an increase in the expression of
GAPDH or dsRNase2 in the head and midgut tissues, respectively
(Fig. 1A-C, 3A). The increase in GAPDH expression appears to be tissue-
specific (Fig. 1B), which could potentially be stress-induced. The in-
crease in dsRNase2 expression (Fig. 1A, 1C, 3A) is likely a viral defense
mechanism, however, the increase was only observed in the
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GFP_GAPDH group, suggesting a defense mechanism triggered specif-
ically against dsRNA targeting endogenous insect genes rather than
exogenous GFP. Additionally, there could be several possible factors for
this variability, as reported in several insect species (Cooper et al.,
2019), including S. gregaria, such as (1) High dsRNase activity in the gut
due to favorable pH conditions; (2) Presence of other unknown nuclease-
degrading enzymes in gut or saliva that are specific for orthopteran
pests; (3) Inefficient or absence of dsRNA permeability and uptake
mechanisms from the gut lumen; (4) Impaired endosomal escape if the
dsRNA uptake mechanism through endocytosis exists; and (5) Unfa-
vorable gut environment including pH, ions, metabolites, macromole-
cules, and/or digestive enzymes affecting the dsRNA stability in these
orthopteran pests.

Our results collectively suggest that the dsRNase activity in the gut
may not be a sole determinant of inefficient oral RNAi. This aligns with
the findings in S. gregaria (Spit et al., 2017) and contrasts with the study
in L. migratoria, where dsRNase2 knockdown improved RNAI efficiency
following oral feeding (Song et al., 2017). While dsRNase activity is
generally correlated with low RNAI efficiency, this relationship may not
be universal, as some insect pests like Colorado potato beetle (Lep-
tinotarsa decemlineata) exhibit high RNAi efficiency despite high

dsRNase activity (Spit et al., 2017; Singh et al., 2017).
Nanoparticle-based drug delivery has been widely used in the med-
ical and pharmaceutical sciences, and their recent use in the develop-
ment of COVID-19 vaccines to protect the mRNA from degradation with
their efficient targeted delivery has increased their popularity. Over the
past decade, these delivery methods provided attractive opportunities
for testing in insect species, particularly to address the limitations of oral
feeding (Zhang et al., 2010; He et al., 2013; Zhang et al., 2015; Chris-
tiaens et al., 2018; Edwards et al., 2020; Laisney et al., 2020; Lu et al.,
2022; Vogel et al., 2023). In our study, we explored the potential of
PLGA and PLA-PEG for encapsulating or conjugating dsRNA in the
prospect of protecting dsRNA from an unfavorable gut environment and,
in turn, eliciting the oral RNAi in S. gregaria and M. sanguinipes. We
showed that PLGA-coumarin was permeable from the digestive system
(Fig. 2E), consistent with our previous findings in Mormon cricket, but it
was not stable in the midgut juice (Rana et al., 2023). In contrast, PLA-
PEG-dsRNA showed both permeability through the digestive system and
stability in the midgut juice (Fig. 2F, 4). However, neither nanoparticle
complex elicited gene knockdown (Fig. 3A-D). These results suggest that
nanoparticle permeability is not likely the primary limitation, as
coumarin fluorescence was detected in the hemolymph of S. gregaria,
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demonstrating that the nanoparticle complex was taken up (Fig. 2E).
Moreover, it is unclear whether the entire nanoparticle complex is taken
up by the cells or if only the coumarin dye is absorbed and released into
the hemolymph.

Similarly, with the PLA-PEG-dsRNA nanoparticles, fluorescence im-
aging provided direct evidence that PLA-PEG-dsRNA permeated and was
uptaken via the digestive system, followed by its release into the he-
molymph, and subsequent localization in fat body cells (Fig. 4). These
results highlight the potential of PLA-PEG nanoparticles to enhance the
dsRNA uptake from the gut, facilitating systemic delivery within both
insects. However, despite its uptake into the fat body, no RNAi response
was observed in either insect species following oral feeding (Fig. 3C and
3D). This raises the question: if the uptake occurs, why does it not lead to
an efficient RNAi response? One explanation may be that the uptake
alone might not be sufficient to cause efficient RNAi. The alternative
interpretation might be that the nanoparticle complex was not intact
upon cellular uptake. Since the Cy3 is attached to the PLA, it is unclear
from our uptake results whether the entire Cy3-PLA-PEG-dsRNA com-
plex is internalized or if fragments: Cy3-PLA, Cy3, or Cy3-PLA-PEG are
absorbed. Further experiments are needed to clarify these mechanisms
and determine whether the entire PLA-PEG-dsRNA complex or only part
of it is being absorbed. Interestingly, our results contrast with the studies
on L. migratoria, where PEG-polylysine (thiol) [PEG-PLys(SH)] was
shown to improve the oral RNAi (Lu et al., 2022). This suggests that the
responses to nanoparticle formulations may be species-specific and not
necessarily produce the same results across all insect taxa, highlighting
the variability and complexity of the oral RNAi in different species.

In conclusion, our results highlight the challenges of oral RNAi in
S. gregaria and M. sanguinipes. While the nanoparticle-based dsRNA de-
livery offers a promising approach to overcome these challenges, the
barriers to oral RNAi are more complex than initially anticipated.
Beyond dsRNase degradation and poor uptake, additional factors likely
contribute to the refractory oral RNAi in S. gregaria and M. sanguinipes.
Therefore, further studies are needed to address these challenges and
optimize nanoparticle formulation for effective oral RNAI in these pest
species.
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