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Piwi/piRNAs control food intake by promoting
neuropeptide F expression in locusts
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Abstract

Animal feeding, which directly affects growth and metabolism, is
an important physiological process. However, the contribution of
PIWI proteins and PIWI-interacting RNAs (piRNAs) to the regula-
tory mechanism of animal feeding is unknown. Here, we report a
novel function of Piwi and piRNAs in regulating food intake in
locusts. Our study shows that the locust can serve as a representa-
tive species for determining PIWI function in insects. Knockdown
of Piwi1 expression suppresses anabolic processes and reduces
food consumption and body weight. The reduction in food intake
by knockdown of Piwi1 expression results from decreased expres-
sion of neuropeptide NPF1 in a piRNA-dependent manner. Mecha-
nistically, intronic piRNAs might enhance RNA splicing of NPF1 by
preventing hairpin formation at the branch point sites. These
results suggest a novel nuclear PIWI/piRNA-mediated mechanism
that controls food intake in the locust nervous system.
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Introduction

Feeding is a ubiquitous behavior and a complicated physiological

process among animals (Petrovich, 2018). Food intake, which is

under the control of the central feeding system, is regulated by

neuropeptides and neurotransmitters (Wei et al, 2000; Falibene

et al, 2012; Van Wielendaele et al, 2013; Tan et al, 2019). Several

studies suggest that genes associated with the small RNA pathway

participate in regulating feeding. The loss of Dicer in mice leads to

an imbalance in neuropeptide expression and severe hyperphagic

obesity (Vinnikov et al, 2014; Fiorenza et al, 2016). In the diet-

induced mice obesity model, inhibition of miR-128-1 expression led

to an increase in food intake of high-fat diet (HFD)-fed mice (Wang

et al, 2020). A cluster of six miRNAs, that is, miR-959-964, regulates

feeding and metabolism in Drosophila (Vodala et al, 2012). A total

of 37 PIWI-interacting RNAs (piRNAs) are differentially expressed in

sperm between lean and obese men, implying that altered piRNA

expression coordinately modulates the expression of genes involved

in food intake (Donkin et al, 2016). However, the molecular func-

tion of piRNAs, another important class of small RNAs, in regulating

feeding behavior has not yet been proven in animals.

In general, feeding behavior of animals is controlled by the

central nervous system. The functions of PIWI proteins and piRNAs

in the somatic nervous system have not been well investigated, even

though their functions in the germline and its associated somatic

cells are widely recognized (Ross et al, 2014). PIWI proteins are

known to enlist germline-specific piRNAs to suppress transposons.

In the germline, the loss of or a decline in the expression of Piwi

genes results in genomic instability and cellular dysfunction

(Carmell et al, 2007; Chen et al, 2007). PIWI proteins are important

for neurogenesis and nervous system function; for example, they

control synaptic plasticity and play potential roles in neurodevelop-

mental and neurodegenerative diseases in nematodes, flies, mice,

and humans (Rajasethupathy et al, 2012; Kim et al, 2018; Phay

et al, 2018; Sun et al, 2018). Knockout of Mili in mouse hippocam-

pal neurons leads to hyperactivity and reduced anxiety (Nandi et al,

2016). Elevated expression of piRNA in the Aplysia central nervous

system can enhance serotonin-dependent memory storage

(Rajasethupathy et al, 2012). However, few studies have focused on

exploring the molecular mechanism underlying the regulatory role

of the PIWI/piRNA pathway in the nervous system.

The migratory locust, Locusta migratoria, is the most widespread

and dangerous locust species showing phenotypic plasticity (Jiang

et al, 2019a; Yang et al, 2019a, 2019b, Liu et al, 2021). It is esti-

mated that a single swarm can consume the plant biomass equiva-

lent of food consumed daily by 35,000 persons. The migratory

locust is a model system for studying behavior, feeding, learning

and memory, courting, mating, aggregation, and jumping (Van

Wielendaele et al, 2013; Vaudry et al, 2013; Hou et al, 2017, 2019;
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Zhou et al, 2019). Our previous studies revealed that small RNAs

can regulate the expression of protein-coding genes to affect behav-

ioral changes in locusts. For example, microRNA-133 can modulate

behavioral phase changes by controlling dopamine synthesis (Yang

et al, 2014), and microRNA-9a mediates locust attraction behavior

by activating and inhibiting dopamine receptor 1 (Guo et al, 2018).

Potential piRNAs, a class of small RNAs with length of 25–29 nt in

locusts, were predicted in silico (Wei et al, 2009). Abundant protein-

coding genes are differentially expressed after reducing Piwi1

expression (Jiang et al, 2019b). Therefore, the PIWI/piRNA pathway

may be involved in regulating the expression of protein-coding

genes involved in locust behaviors.

In this study, we report the presence of somatic PIWIs/piRNAs in

the locust brain and functional investigations on the mechanism of

PIWIs/piRNAs in food intake. PIWIs/piRNAs in the brain exhibit

the canonical characteristics of authentic PIWIs/piRNAs. We found

that loss of Piwi1 results in the suppression of food consumption

and anabolic processes in locusts by inhibiting the expression of

neuropeptide F (NPF1), which is regulated by piRNAs. Mechanisti-

cally, the piRNA piRs-3-I3 may enhance the RNA splicing of the

precursor mRNA transcripts of NPF1 (pre-NPF1) by preventing hair-

pin formation at the branch point site. Overall, our results propose a

novel nuclear PIWI/piRNA-mediated mechanism that maintains

food intake in the somatic nervous system in animals.

Results

Locusts possess three PIWI proteins

To investigate the orthologous relationships of PIWI genes of the

migratory locust, we screened the genome assemblies of 174 arthro-

pod species. Arthropod Argonaut 3 (Ago3) genes were clearly identi-

fied because all Ago3 genes clustered with Drosophila Ago3 to form

a monophyletic branch (Fig 1A). The split between the Piwi and

Aub branches in Drosophila shows that Aub originates from lineage-

specific gene duplication events only in a few insect genera within

Diptera. Reciprocal best BLAST searches showed that one locust

PIWI protein, LOCMI12271, displays the best hit to the Drosophila

Ago3 protein (~ 44% identity). According to their sequence similari-

ties, two other locust Piwi-like proteins, Piwi1 (~ 47%, LOCMI04032)

and Piwi2 (~ 43%, LOCMI11364), are approximately equivalent to

the Drosophila Piwi and Aub proteins, respectively.

Instead of BLAST searches, the protein distance matrix method

was applied to determine the overall similarities of Piwi-like

sequences between Drosophila and the locust. In contrast to the

BLAST search results, Piwi1 (0.92) and Piwi2 (0.91) in the locust

showed the shortest distances to Aub and Piwi in Drosophila, respec-

tively (Fig 1B). However, the distance between the Piwi/Aub proteins

in Drosophila (0.94) was substantially larger than that between the

Piwi1/Piwi2 proteins in the locust (0.71). This distance was even

equivalent to the distances between Piwi1/Piwi2 in the locust and

Piwi/Aub in Drosophila (0.95 for Piwi1-Piwi; 0.91 for Piwi2-Piwi; 0.92

for Piwi1-Aub; and 0.97 for Piwi2-Aub; Fig 1B). Two Piwi-like genes

were detected in a large proportion of the 174 arthropods, and similar

gene numbers were found in Drosophila (Fig 1C).

The divergence rates obtained by estimating pairwise Ka/Ks ratios

between the Piwi/Aub duplicates are relatively free from the

influence of functional overlap with other duplicate copies (Ganko

et al, 2007). The pairwise Ka/Ks ratio between Piwi1 and Piwi2 in

the locust (Ka, 0.378; Ks, 3.66; Ka/Ks, 0.103) showed less divergence

than that between Piwi and Aub in Drosophila (Ka, 0.508; Ks, 2.77;

Ka/Ks, 0.184). Globally, the Piwi/Aub duplicates in Drosophila

species display elevated Ka and decreased Ks values (Fig 1D); thus,

the Ka/Ks ratios in Drosophila were significantly greater than those

in other non-Drosophila insects. Consistent with the majority of the

arthropods in the study, the locust has two Piwi-like genes and exhi-

bits a lower Ka/Ks value than Drosophila. Taken together, these

results suggest that the locust can serve as a representative species

for determining PIWI function in non-Drosophila insects.

The locust brain exhibits neuronal expression of the
PIWI/piRNA pathway

We performed quantitative PCR (qPCR) analysis in relevant tissues

and organs of locusts to determine the somatic expression of the

three PIWI proteins. The locust brain exhibited the highest expres-

sion levels of Piwi1 and Ago3 among all tissues except for the ovary

and testis (Fig 2A). Monoclonal antibodies against Piwi1, Piwi2, and

Ago3 were generated and verified using RNA interference (RNAi)

assays to quantify the protein expression of three PIWI genes

(Appendix Figs S1A–E and S2A). Consistent with the qPCR data,

expression of the Piwi1 and Ago3 proteins was detected in the locust

brain via Western blot analysis (Fig 2B). However, expression of

neither Piwi2 mRNA nor protein was detected in the locus brain by

qPCR analysis or Western blot analysis (Fig 2A and B), respectively.

Immunofluorescence microscopy confirmed that Piwi1 and Ago3

showed predominantly nuclear and cytoplasmic localization, respec-

tively (Fig 2C). Given that the presence of 20-O methylation at the 30

terminus is a hallmark characteristic of piRNA biogenesis, we

performed transcriptome sequencing of brain small RNAs subjected

to periodate oxidation and b-elimination reactions. Unlike unoxi-

dized small RNAs, oxidized small RNAs showed a shift toward

increased expression in the size range larger than 22 nt, which is a

typical size class of small interfering RNAs and microRNAs in

locusts (Wei et al, 2009) (Fig 2D). We further verified the presence

of three additional hallmark features that are critical for piRNA

biogenesis and amplification: preferential matches with transposon

elements (TEs), a 5ʹ uracil bias and a ping-pong signature. The peak

length of the oxidized small RNAs was 25–27 nt peak in the TE-

derived portion (Fig 2D and E), and their 50 ends showed a strong

preference for uracil (Fig 2F). The pairwise sequence comparison of

the oxidized small RNAs confirmed the presence of a 10 nt overlap

between their 50 ends, indicating that the piRNAs exhibited ping-

pong signatures (Fig 2G). Taken together, these findings suggest

that the locust brain exhibits neuronal expression of Piwi1/Ago3

and piRNAs, implying a neuronal functional role for the PIWI/

piRNA pathway in the locust brain.

Knockdown of Piwi1 expression results in food intake reduction
and anabolic process suppression

We knocked down the Piwi1 and Ago3 genes by microinjecting

double-stranded RNAs (dsRNAs) into the brains of fourth-instar

locust nymphs to investigate their neuronal functions. The qPCR

results showed that the mRNA expression levels of Piwi1 and Ago3
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Figure 1. Characterization of PIWI genes in arthropod species.

A A phylogenetic analysis of PIWI genes in 174 arthropod genomes. A maximum-likelihood phylogenetic tree was generated on the basis of the protein sequences of
PIWI genes using FastTree software version 2.1.10. The reliability of each tree branch was evaluated using the SH branch support test with 1,000 resamples. The red
dots on a branch indicate genes with an SH test result > 0.5. The different colors outside of the phylogenetic tree represent different arthropod orders.

B Protein distance matrix for Piwi, Aub, and Ago3 in Drosophila (Dm) and Locusta migratoria (Lm).
C The numbers of Piwi-like genes in the 174 arthropod species.
D Distributions of pairwise Ka/Ks (nonsynonymous-to-synonymous nucleotide substitution rates) ratios between PIWI duplicates in arthropods (n = 17 in Drosophila and

n = 37 in others, Mann–Whitney U-test, *P < 0.05). The center line of the boxplots represents median value, the bounds of the box represent 75th and 25th percentile,
and the whiskers represent maximum and minimum value.
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Figure 2. Expression of PIWI proteins and piRNAs in the locust brain.

A PIWI genes are present in the locust brain. Rp49 served as a loading control (n = 4 biological replicates).
B Western blot analysis of PIWI proteins in the locust brain. Tubulin was used as an endogenous control (n = 2 biological replicates). The bars represent the mean of

band intensity.
C The fluorescence signals of PIWI proteins were determined in locust brains. Hochest33342 was used to label cell nuclei in locust brains. The scale bars represent

20 µm.
D Size distribution of genome-matching small RNAs among total RNAs and oxidized smRNA-seq libraries. CPM, counts per million.
E Size distribution of transposon-matching sense (blue) and antisense (red) reads in oxidized smRNA-seq libraries.
F The nucleotide identity at each read position of transposon-matching piRNAs shows a first-position nucleotide bias for uracil.
G The pairwise read comparison of the oxidized small RNAs demonstrated an overlap of 10 nt between their 50 ends.

Data information: In (A) data are presented as mean � SEM.
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were significantly decreased (Appendix Fig S2B). Consequently,

compared with dsGFP control treatment, dsPiwi1 treatment resulted

in a striking decrease in locust body weight (Fig 3A). However,

body weight losses were observed after dsPiwi1 treatment only but

not after Ago3 treatment.

We assessed olfaction, locomotion, and food intake to determine

whether dsPiwi1 treatment affects feeding behavior. No significant

change in olfactory choice related to food or locomotion perfor-

mance was observed (Fig 3B and C). Because the exoskeleton is one

of the major contributors to the body weight of insects (Smock,

1980), we measured head width, tergum length, and femur length.

We found no significant differences in these traits between the

dsPiwi1 and dsGFP groups (Fig 3D–F). When locusts were deprived

of food overnight for 16 h, the amount of food intake by the locusts

was significantly decreased after dsPiwi1 treatment for the following

four successive days (Fig 3G).

Given that the fat body is the principal organ for the anabolic

processing of digestive foods following absorption in insects, mRNA

transcriptome sequencing was performed to analyze global expres-

sion changes in the fat bodies of locusts subjected to dsPiwi1 treat-

ment in the brain. The expression of a total of 852 and 817 genes

was upregulated and downregulated, respectively, in the dsPiwi1-

treated locusts compared with dsGFP-treated control locusts

(DESeq2 method, P-value < 0.05, and adjusted P-value < 0.1). The

results of gene ontology (GO) enrichment analysis for biological

processes showed that the downregulated genes were enriched in

metabolism-associated pathways, such as glycogen metabolism

(GO: 0005978, glycogen biosynthetic process; GO: 0070873, regula-

tion of glycogen metabolic process; and GO: 0006641, triglyceride

metabolic process), fatty acid metabolism (GO: 0006633, fatty acid

biosynthetic process; and GO: 0006635, fatty acid beta-oxidation),

and acyl-CoA metabolism (GO: 0006084, acetyl-CoA metabolic

process; Fig 4A and Appendix Figs S3A and B, and S4A). The fat

content and lipid droplet size in fat bodies were dramatically

decreased in the dsPiwi1-treated locusts compared with the dsGFP-

treated control locusts (Fig 4B–D and Appendix Fig S5), suggesting

a reduction in lipid accumulation and energy storage. Because

glycogen and triacylglycerides (TAGs) are the major intracellular

forms of stored energy in insects, we quantified their contents in fat

bodies. The levels of glycogen and TAGs were significantly reduced

in the dsPiwi1-treated locusts (Fig 4E and F). Therefore, Piwi1

expression knockdown results in decreased body weight and is

strongly correlated with reduced food consumption and the suppres-

sion of anabolic processes.

Piwi1 controls food intake by regulating NPF1 signaling

To identify the gene that acts downstream of Piwi1, we performed

mRNA transcriptome sequencing of the brains of the dsPiwi1-

treated locusts and dsGFP-treated control locusts. We identified 349

upregulated genes and 380 downregulated genes in the dsPiwi1

locusts compared with the dsGFP-treated control locusts (DESeq2

method, P-value < 0.05, and adjusted P-value < 0.1). GO enrich-

ment analysis indicated that the GO terms enriched from the down-

regulated genes were associated with digestive tract development

(GO: 0048546), intestinal epithelial structure maintenance (GO:

0060729), nymph development (GO: 0002168), and embryonic

morphogenesis (GO: 0048598; Fig 5A and Appendix Fig S4B).

Among the downregulated genes, the top 10 most differentially

expressed genes were sulfotransferase 2 (St2), transglutaminase

(Tg), Piwi1, homocysteine S-methyltransferase (CG10621), collagen

type IV alpha 1 (Col4a1), N-acetyl-D-glucosamine kinase (CG6218),

CG10407, major facilitator superfamily transporter 3 (MFS3),

CG1368, and NPF1 (Appendix Fig S6A and B and S7A–C). Given

their potential association with body growth, lipid metabolism, and

feeding in insects (Berger et al, 2012; Teng et al, 2012; Van Wielen-

daele et al, 2013), we selected CG10621, MFS3, and NPF1 for further

functional validation using RNAi assays. Compared with locusts

injected with dsGFP, locusts injected with dsNPF1 showed signifi-

cantly decreased food intake (Fig 5B). However, the amount of food

consumed by the dsCG10621- and dsMFS3-treated locusts did not

change significantly (Fig 5B and Appendix Fig S8A–C). We further

found that the mRNA level of NPF1 in the brain was significantly

increased after starvation for 12 h (Appendix Fig S9).

To confirm the specificity of NPF1 acting downstream of Piwi1 in

an independent experiment, we quantified the NPF1 expression after

dsPiwi1 treatment via qPCR. Compared with locusts injected with

dsGFP, locusts injected with dsPiwi1 showed significant decrease in

NPF1 expression (Appendix Fig S7A). To further verify the NPF1-

related downstream function of Piwi1, we measured the body

weight, lipid droplet size, and TAG content in dsNPF1-treated

locusts. dsNPF1 treatment led to a significant decrease in body

weight (approximately 26.8% decrease compared with that of the

dsGFP-treated control locusts; Fig 5C). Nile red staining of fat body

lipid droplets revealed a significant decrease in lipid droplet size in

the dsNPF1-treated locusts compared with the dsGFP-treated control

locusts (Fig 5D and E). The significant decrease in TAG content in

the dsNPF1-treated locusts suggested that TAG catabolism predomi-

nates over TAG biosynthesis (Fig 5F). To determine whether the

dsNPF1-induced reduction in food intake is regulated downstream

of Piwi1, we performed food intake assays by increasing the NPF1

content via injection of the synthetic NPF1 into locusts pretreated

with dsPiwi1. Food intake within 1 h was significantly increased

after injection of synthetic NPF1 into the dsPiwi1-treated locusts,

and as the duration of food intake was prolonged (2 h), the feeding

deficiency (approximately 88%) was significantly restored in

dsPiwi1-pretreated locusts compared with dsGFP-treated control

locusts (Fig 5G and H). Therefore, NPF1 acts downstream of Piwi1

and reduces the food consumption of locusts.

Intronic piRNAs mediate the gene expression of NPF1

Because the PIWI protein initiates piRNA biogenesis, we speculate

whether piRNAs contribute to the regulation of NPF1 expression in

the locust brain. We performed small RNA transcriptome sequenc-

ing of the brains of dsPiwi1-treated locusts and dsGFP-treated

control locusts. We mapped the sequencing reads to the locust

genome and identified 21 differentially expressed nonredundant

piRNAs located in the promoter and gene body regions of the NPF1

gene (Fig 6A and Appendix Table S1). qPCR expression analysis

showed that nine of the piRNAs were differentially expressed in

dsPiwi1-treated locusts (Fig 6B and Appendix Fig S10). The nine

piRNAs were classified into three groups on the basis of their

genomic contexts: promoter region (piRs-1), the first (piRs-2) intron,

and the second (piRs-3-I1, piRs-3-I2, and piRs-3-I3) intron (Fig 6A).

With the exceptions of piRs-1-P1, piRs-1-P2, piRs-1-P3, and piRs-3-
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Figure 3. Loss of the piRNA pathway reduces food intake and body weight.

A Body weight measurements of dsPiwi1-treated locusts and dsGFP-treated control locusts (dsGFP treated, n = 17 locusts, dsPiwi1 treated, n = 20 locusts; dsGFP
treated, n = 45 locusts, and dsAgo3 treated, n = 26 locusts). ***P < 0.001 (Student’s t-test). ns, not significant (Student’s t-test). The center line of the boxplots
represents median value, the bounds of the box represent 75th and 25th percentile, and the whiskers represent maximum and minimum value.

B Responses of locust nymphs in a dual-choice test in a Y-tube olfactometer after Piwi1 knockdown (n = 46 locusts), ns: not significant (Chi-square test).
C Analysis of the behavioral phenotypes of locusts in an arena after Piwi1 knockdown (n = 18 locusts), ns: not significant (Student’s t-test). TDM, total distance

moved.
D–F Analysis of the exoskeleton traits of locusts (n = 36 locusts), ns: not significant (Student’s t-test).
G Food intake by dsPiwi1-treated locusts and dsGFP-treated control locusts within 1 h (n = 5 biological replicates), ***P < 0.001 (Student’s t-test).

Data information: All assays were performed on fourth-instar locusts.
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I1, the locations of the five other piRNAs in the locust genome corre-

sponded to the sense strand of NPF1 (Appendix Table S1). After

dsPiwi1 treatment, the piRNAs in the piRs-1 and piRs-2 categories

but not piRs-3-I1 and piRs-3-I2/piRs-3-I3 piRNAs displayed similar

expression patterns.

To determine the effects of overexpression/silencing of these

piRNAs on NPF1 expression, we injected a mixture of piRNA

mimics/inhibitors corresponding to the same genomic context into

the locust brain. NPF1 expression was significantly reduced when

locusts were injected with piRs-3-I2 and piRs-3-I3 inhibitors,

whereas NPF1 expression was unaffected in locusts injected with

piRs-1 (piRs-1-P1, piRs-1-P2, and piRs-1-P3) mimics, piRs-2 (piRs-2-

I1, piRs-2-I2, and piRs-2-I3) inhibitors, and piRs-3-I1 mimics (Fig 6C

and Appendix Fig S11A–C). Moreover, compared with negative

control injection, injection of piRs-3-I2 and piRs-3-I3 inhibitors led

to a significant decrease in TAG content and the size of fat body

A

C

D E F

B

Figure 4. Suppression of Piwi1 expression reduces normal metabolic functions.

A Gene ontology enrichments for biological processes in the downregulated genes in the fat body following dsPiwi1 treatment. The heat map shows the gene ratio
percentage and the number of differentially expressed genes for a given GO term/the number of all the locust genes for a given GO term.

B Representative vertical images of dsPiwi1-treated locusts and dsGFP-treated locusts on the fourth day of the fourth instar.
C Representative images of Nile red staining of lipid droplets in the fat bodies of dsPiwi1-treated locusts and dsGFP-treated control locusts (n = 5 biological

replicates). The scale bars represent 50 µm.
D Quantification of lipid droplet staining in dsPiwi1-treated locusts and dsGFP-treated control locusts (n = 5 biological replicates).
E, F Measurements of glycogen (n = 5 biological replicates) and TAGs (n = 10 biological replicates) in fat bodies.

Data information: All data are presented as the mean � SEM (Student’s t-test, **P < 0.01, ***P < 0.001, ns: not significant). All assays were performed on 4-day-old
fourth-instar locusts.
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lipid droplets (Appendix Fig S12A and B). When piRs-3-I2 and piRs-

3-I3 mimics were administered, NPF1 expression was increased by

approximately 50% (Fig 6C). piRs-3-I3 contains the typical piR-3-I3

and its piRNA variants that were likely generated by RNA editing

and imprecise processing (Appendix Fig S13). The CPM (counts per

million reads mapped) of piRs-3-I3 is 449.92 in the unoxidized

library. To comprehensively explore the effects of piR-3-I3 and its

piRNA variants, we chose the longest variant as representative for

function assays. To confirm the role of piRs-3-I2 and piRs-3-I3 in the

regulation of food intake, we quantified the food intake and body

weight of locusts following the administration of piRs-3-I2 and piRs-

3-I3. Treatments with mimics of piRs-3-I2 and piRs-3-I3 resulted in a

24.5% increase in food intake and a 13.0% increase in body weight

(Fig 6D and E), respectively. Conversely, injection of piRs-3-I2 and

A C

B
F

D
E G H

Figure 5.
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piRs-3-I3 inhibitors decreased food intake and body weight by

42.3% and 28.9% (Fig 6D and E), respectively. To verify that piRs-

3-I2 and piRs-3-I3 are indeed authentic piRNAs in locust brains, we

performed the RNA-binding protein immunoprecipitation assay

using a monoclonal antibody against the Piwi1 protein in locust

brains. Compared with the negative controls, the levels of piRs-3-I2

and piRs-3-I3 were significantly increased in Piwi1-

mmunoprecipitated RNAs (Fig 6F). The expression of piRs-3-I2 and

piRs-3-I3 was significantly decreased after dsPiwi1 treatment

(Fig 6B). Both piRs-3-I2 and piRs-3-I3 showed an uracil at their 50

end position and were detected in the oxidized small RNA library.

These results suggested that the piRs-3-I2 and piRs-3-I3 are authen-

tic piRNAs in locust brains and their biogenesis is Piwi1 dependent.

Collectively, intronic piRs-3-I2 and piRs-3-I3 mediate NPF1 expres-

sion and food intake.

Intronic piRNAs may enhance the splicing of NPF1 pre-mRNA

To explore the molecular mechanism underlying the ability of

intronic piRNAs to mediate NPF1 expression, we quantified the

nuclear expression of piRs-3-I2 and piRs-3-I3 using subcellular frac-

tionation experiments due to the absence of piRNA-binding sites on

the mature RNAs of NPF1 (Fig 7A). The qPCR data showed compa-

rable nuclear expression of piRs-3-I2 and piRs-3-I3 (Fig 7B). Due to

the potential nuclear functions of piRs-3-I2 and piRs-3-I3, we quanti-

fied the expression level of the precursor mRNA transcripts of NPF1

(pre-NPF1). We verified that inhibitors of piRs-3-I2 and piRs-3-I3

could enter the nuclei of brain cells (Appendix Fig S14A and B).

Inhibitor injection resulted in the accumulation of pre-NPF1 in the

nucleus (Fig 7C), which is consistent with dsPiwi1 treatment

(Fig 7D). A decrease in the level of mature NPF1 RNA (Fig 6C) and

the accumulation of pre-NPF1 in the nucleus (Fig 7C) confirmed that

piRs-3-I2 and piRs-3-I3 are probably required for the processing of

precursor into mature mRNAs.

Because the cellular expression of piRs-3-I3 was higher than that

of piRs-3-I2 in the brain (Appendix Fig S15), we chose piRs-3-I3 to

further explore the role of intronic piRNA in splicing in vivo. We

transfected pcDNA 3.1(+) constructs fused to the exon–intron–exon

structure flanking the target site of piRs-3-I3 into 293T cells.

Compared with treatment with mutated piRs-3-I3 mimics, treatment

with wild-type piRs-3-I3 mimics resulted in a significant increase in

the expression of spliced NPF1 but had no significant effect on the

expression of pre-NPF1 (Fig 7E). These results suggest that piRs-3-I3

plays direct regulatory roles at the posttranscriptional level but not

at the pretranscription level.

The NPF1 gene contains two isoforms in locusts and is alterna-

tively spliced into two transcripts encoding distinct mature

neuropeptides. The removal of a cassette exon in pre-NPF1 in locust

brains produced the mature neuropeptides that were studied in this

study. To test whether piRs-3-I3 participates in the processing of

pre-NPF1, we measured its binding with heterogeneous nuclear RNA

protein F/H (hnRNP F/H; a protein that comprises hnRNP

complexes and is involved in alternative RNA splicing process;

Appendix Figs S1F, S16, and S17A) using RNA-binding protein

immunoprecipitation experiments. The levels of pre-NPF1 and piRs-

3-I3 were significantly increased in hnRNP F/H-immunoprecipitated

RNAs in the brains of locusts treated with piRs-3-I3 mimics

compared with those from the brains treated with the negative

control (Fig 7F). This interaction of hnRNP complexes with piRs-3-

I3 suggests a potential regulatory role for NPF1 in the RNA splicing

process.

Using BPP software (Zhang et al, 2017), a branch point site for

proper splicing by the spliceosome was identified in the intronic

target site of piRs-3-I3. The intron 2 of NPF1 is a long intron

(230 Kb), and its RNA processing is dependent on recursive splicing

(RS) which is a common mechanism in long intron genes (Kelly

et al, 2015). Branch point sequences were usually present in the 5–

50 bp regions upstream of RS sites. A RS site, which was located

downstream of the branch point site, was predicted using HOMER

v4.9 based on the position frequency matrices retrieved from the

previous study (Appendix Fig S18) (Burnette et al, 2005). Because

U2AF is required for efficient recognition of ratchet points in recursive

splicing (Duff et al, 2015), we experimentally validated the predicted

RS sites by measuring its binding with U2AF65 using RNA-binding

protein immunoprecipitation experiments (Appendix Fig S17B). The

levels of the predicted RS sites were significantly increased in

U2AF65-immunoprecipitated RNAs in the brains of locusts treated

with piRs-3-I3 mimics compared with those from the brains treated

with the negative control (Fig 7G), suggesting that the predicted

RS site was involved in recursive splicing. Furthermore, we found

a hairpin-like structure of pre-NPF1 in the intronic target site

of piRs-3-I3 (Fig 7H). To experimentally verify the formation of

hairpin-like structures, we synthesized artificial pre-NPF1 transcripts

and incubated them with RNase III, an endoribonuclease that can

cleave hairpin structures of RNAs. The level of pre-NPF1 was signifi-

cantly decreased after RNase III treatment (Fig 7I), indicating that

◀ Figure 5. Identification of NPF1 as a target associated with feeding.

A Gene ontology enrichments for biological processes in the downregulated genes in the locust brain following dsPiwi1 treatment. The heat map shows the gene
ratio percentage and the number of differentially expressed genes for a given GO term/the number of all locust genes for a given GO term.

B Food intake within 1 h following treatment with candidate genes (dsNPF1 treated, n = 4 biological replicates; dsCG10621 treated, n = 5 biological replicates; and
dsMFS3 treated, n = 5 biological replicates), the data are shown as the mean � SEM (Student’s t-test, **P < 0.01).

C Measurement of the body weight of dsNPF1-treated locusts and the dsGFP-treated control locusts (dsGFP-treated, n = 32 locusts; and dsNPF1-treated, n = 29
locusts). The center line of the boxplots represents median value, the bounds of the box represent 75th and 25th percentile, and the whiskers represent maximum
and minimum value.

D, E Representative images (D) and quantification (E) of Nile red staining of fat body lipid droplets in dsNPF1-treated locusts and dsGFP-treated controls (n = 5
biological replicates). The scale bars represent 50 µm, the data are shown as the mean � SEM (Student’s t-test, **P < 0.01).

F Measurement of TAG levels in the fat bodies of dsNPF1-treated locusts and dsGFP-treated control locusts (n = 5 biological replicates), the data are shown as the
mean � SEM (Student’s t-test, ***P < 0.001).

G Food intake within 1 h in the food intake assays (n = 5 biological replicates), the data are shown as the mean � SEM (Student’s t-test, *P < 0.05, ***P < 0.001).
H Food intake within 2 h in the food intake assays (n = 5 biological replicates). Five locusts were included in each replicate, the data are shown as the mean � SEM

(Student’s t-test, *P < 0.05, **P < 0.01).
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Figure 6. piRs-3-I2 and piRs-3-I3 promote feeding in locusts.

A Representative genomic loci of differentially expressed piRNAs located within the NPF1 gene (beige colored regions are exons).
B mRNA levels of differentially expressed piRNAs located within the flanking region of the NPF1 gene in dsPiwi1-treated locusts and dsGFP-treated control locusts (n = 5

biological replicates).
C The mRNA expression of NPF1 was measured by qPCR after a mixture of inhibitors or mimics of piRs-3-I2 and piRs-3-I3 was injected (n = 5 biological replicates).
D Effects of inhibitors (n = 6 biological replicates) and mimics (n = 4 biological replicates) of piRs-3-I2 and piRs-3-I3 on food intake.
E Body weight measurement of locusts administered inhibitors (NC, n = 25 locusts; Inhibitors—piRs-3-I2 + I3, n = 23 locusts) and mimics (NC, n = 37 locusts; Inhibitors

—piRs-3-I2 + I3, n = 39 locusts) of piRs-3-I2 and piRs-3-I3. The center line of the boxplots represents median value, the bounds of the box represent 75th and 25th

percentile, and the whiskers represent maximum and minimum value.
F RNA-binding protein immunoprecipitation assay of piRs-3-I2 and piRs-3-I3 in Piwi1 immunoprecipitates from brain tissue extracts (n = 6 biological replicates).

Normal mouse IgG was used as a negative control.

Data information: The qPCR data are shown as the mean � SEM (Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001).
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the intronic target site of piRs-3-I3 participates in hairpin structure

formation. To further determine the effects of hairpin structure

formation on splicing efficiency at branch point sites, we transfected

both wild-type and mutated constructs fused with the exon–intron–

exon structure flanking the target site of piRs-3-I3 into 293T cells. In

the mutated construct, the complementary nucleotides located in

the stem region were randomly mutated to abolish the hairpin-

forming potential. The expression of spliced NPF1 was significantly

increased in 293T cells transfected with the mutant construct and

the piRs-3-I3 mimics compared with those transfected with the wild-

type construct and the piRs-3-I3 mimics (Fig 7J), indicating that

hairpin structure formation reduces the RNA splicing efficiency at

the branch point site. As expected, the expression of pre-NPF1 did

not significantly vary between cells transfected with the wild-type

A

E H

F G I

J

B C D

Figure 7.
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and mutated constructs (Fig 7J). The lack of PIWI expression in

293T cells suggested the RNA splicing enhancement medicated

by piRs-3-I3 was PIWI independent. Taken together, these results

confirmed that piRs-3-I3 might enhance the RNA splicing processing

of NPF1 by preventing intronic hairpin formation at the branch

point site.

Discussion

Although PIWIs/piRNAs are thought to be germline specific,

increasing evidence for their functions in somatic cells is emerging.

Here, we discovered that PIWIs/piRNAs exist in several major

organs in locusts and are expressed at significant levels in the

nervous system, suggesting much broader roles for PIWIs/piRNAs

outside the gonads than were previously identified. Furthermore,

we proposed that Piwi1 is essential for maintaining food intake in

locusts by establishing a novel nuclear function for piRNAs and

NPF1 interactions in the nervous system (Fig 8). Mechanistically,

this nuclear function of piRNAs may prevent the formation of hair-

pin structures at the branch point site of pre-NPF1.

Locusts are agricultural pests that pose a substantial economic

threat worldwide. The identification of a new function for piRNAs

in insect feeding in this study expands the current understanding of

methodological approaches for pest control and may stimulate the

development of novel approaches for locust control. Throughout the

world, locust control mainly involves pesticides, which endanger

the environment and human health. In addition to the use of pesti-

cides, RNAi approaches in which dsRNAs are designed to suppress

target genes and then the target gene is processed into an siRNA

have been considered as potential strategies for pest management

(Kunte et al, 2020). However, sufficient nucleotide sequence similar-

ity of the target gene raises the possibility of detrimental cross-

species effect (Jackson et al, 2003; Allen, 2017). Approximately

79% similarity (15/19) between an siRNA and a target gene with 11

contiguous matched bases is sufficient to trigger the expression

silencing of off-target transcripts. Thus, searching for highly

selective and species-specific target genes is a top priority for devel-

oping safe RNAi-based pest control approaches. Fortunately,

because cross-species sequence conservation of piRNAs is remark-

ably low (Zhang et al, 2011), piRNA-based RNAi can be novel tools

for suppressing the expression of vital genes for the selective control

of targeted pests, thus preventing possible off-target effects on other

insects in the ecosystem.

Here, we present several lines of evidence suggesting that the

locust can serve as a representative species for determining PIWI

function in non-Drosophila insects. First, ping-pong piRNA biogene-

sis is restricted to the germline in Drosophila, while it is active in

the soma and germline in most other insects, such as locusts (Lewis

et al, 2018). Second, although non-Drosophila insects have variable

member numbers of two Piwi-like genes, the two Piwi-like genes in

locusts represent a typical number in the majority of non-Drosophila

insects. Finally, the split between the Piwi and Aub branches in

Drosophila suggests that Aub originated from lineage-specific gene

duplication events in only a few insect genera within Diptera.

Another possibility related to the evolutionary origin of Piwi-like

genes is that the emergence of Piwi-like duplicates appears to

predate the last common ancestor of extant insects. The selective

constraint acting on the Piwi/Aub duplicates in Drosophila is more

relaxed than that acting on Piwi1/Piwi2 duplicates in the migratory

locust and beyond. This is consistent with the functional deprivation

of ping-pong piRNA biogenesis in somatic tissues in Drosophila

(Lewis et al, 2018). Therefore, the orthology of PIWI proteins in

Drosophila cannot be directly extended to other non-Drosophila

insects, and further functional examination of PIWI genes in non-

Drosophila insects is required.

The PIWI/piRNA pathway is well known for its role in repressing

the activity of harmful genetic elements such as transposons. In

addition to repressing transposons, PIWIs/piRNAs appear to have

the capacity to regulate the stability of several protein-coding genes

(Saito et al, 2009; Rajasethupathy et al, 2012; Ross et al, 2014;

Barckmann et al, 2015; Vourekas et al, 2016). However, the molecu-

lar mechanism of PIWIs/piRNAs in the regulation of protein-coding

genes has remained an open question. We showed that knockdown

◀ Figure 7. The expression of piRs-3-I2, piRs-3-I3, and pre-NPF1.

A U6 RNA was used as a nuclear RNA control (relative value set to 1 in the nuclear fraction), glycine tRNA was used as the cytoplasmic RNA control (relative value set
to 1 in the cytoplasmic fraction; n = 4 biological replicates), and U6 and tRNA-Gly was used as an endogenous control.

B Relative expressions of piRs-3-I2 and piRs-3-I3 determined by qPCR and high-throughput sequencing in the nucleus (n = 3 biological replicates). The brain tissues
were homogenized and then divided into two parts of equal volume; one was prepared for high-throughput sequencing and the other was used for piRNA
quantification in nuclear and cytoplasmic fractions after subcellular RNA fractionation. The relative piRNA expression in nucleus was determined by multiplying the
relative nuclear piRNA fraction estimate by qPCR quantification by the normalized count of piRNA in high-throughput sequencing libraries.

C Expression level of pre-NPF1 in the nucleus after a mixture of inhibitors (piRs-3-I2 and piRs-3-I3) was injected (n = 4 biological replicates).
D qPCR expression analyses of pre-NPF1. The precursor mRNA expression level was measured by qPCR after the dsPiwi1 treatments (n = 6 biological replicates).
E Expression levels of the mature NPF1 gene and pre-NPF1 in 293T cells transfected with piRs-3-I3 and mutated piRs-3-I3 mimics (n = 5 biological replicates).
F Analysis was performed to amplify pre-NPF1 and piRs-3-I3 in hnRNP F/H immunoprecipitates from extracts of brain tissue treated with piRs-3-I3 mimics compared to

the negative controls (pre-NPF1 n = 3 biological replicates; piRs-3-I3 n = 4 biological replicates).
G Analysis was performed to amplify pre-NPF1 in U2AF65 immunoprecipitates from extracts of brain tissue treated with piRs-3-I3 mimics compared to the negative

controls (pre-NPF1 n = 3 biological replicates).
H The predicted secondary structures of WT and mutated pre-NPF1.
I Expression level of pre-NPF1 following ck and RNase III treatment (n = 7 biological replicates). The center line of the boxplots represents median value, the bounds of

the box represent 75th and 25th percentile, and the whiskers represent maximum and minimum value.
J Expression level of the mature NPF1 gene and pre-NPF1 in 293T cells transfected with pre-NPF1 and mutated pre-NPF1 (n = 5 biological replicates). NC means

negative control. The center line of the boxplots represents median value, the bounds of the box represent 75th and 25th percentile, and the whiskers represent
maximum and minimum value.

Data information: The qPCR data are shown as the mean � SEM (Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 8. A model of the mechanism underlying the effect of intronic piRNAs on NPF1 signaling.

When piRs-3-I2 and piRs-3-I3 mimics were injected, the decrease in pre-NPF1 levels and increase in mature NPF1 levels led to an increase in food consumption. When
piRs-3-I2 and piRs-3-I3 inhibitors were injected, the increase in pre-NPF1 levels and decrease in mature NPF1 levels led to reduced food consumption. The purple region
represents exons, and the black region represents introns.
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of Piwi1 expression affects the expression of hundreds of protein-

coding genes and that one of the significantly differentially

expressed genes, NPF1, is associated with intronic piRNA-mediated

regulation. The decreased NPF1 expression caused by the dsPiwi1

treatments confirmed the specificity of NPF1 acting downstream of

Piwi1. The administration of piRs-3-I2 and piRs-3-I3, of which

biogenesis was dependent on Piwi1 expression, resulted in the

significant increases in NPF1 expression and food intake. However,

the pre-NPF1 levels were not affected by the administration of piRs-

3-I2 and piRs-3-I3, suggesting the regulatory mechanism operated at

posttranscriptional level. After the administration of piRs-3-I2 and

piRs-3-I3, the measurement of the ratios of NPF1 and pre-NPF1

in vivo should show the direct comparison between these condi-

tions. However, it is technically challenging to measure the ratios of

NPF1 and pre-NPF1 in vivo. Therefore, we turned to our experiments

in cell lines to further prove the piRNA-mediated splicing mecha-

nism we proposed. Our results also showed that the administration

of NPF1 increased food intake in locusts, suggesting a positive corre-

lation of NPF1 expression and food intake in a variety of conditions.

The results provided evidence that the Piwi1/piRNA expression

plays a role in maintaining NPF1 expression, ultimately affecting

food intake in locusts. Aside from gene regulation directly meditated

by PIWIs/piRNAs, the activation of TE expression caused by PIWI

knockdown may also affect gene regulation (Lin et al, 2020). TEs

can be mobilized and create de novo TE insertions in promoter

regions and exonic regions, and insertions in promotor regions

cause them to grain novel regulatory elements, while insertions in

exonic regions results in disrupted protein function (Perrat et al,

2013). For example, inactivation of TE-derived regulatory elements

abolishes the expression of the POMC gene, which functions in the

brain to control food intake (Lam et al, 2015). It has even been

proposed that PIWI proteins can regulate the expression of mRNAs

in a piRNA-independent manner in human late-stage germline cells

(Gou et al, 2017). Therefore, the results of this study provide a

novel clue for the multifaceted regulatory effects of PIWI proteins

on protein-coding genes.

PIWIs/piRNAs can silence genes pretranscriptionally and post-

transcriptionally in flies, silkworms, Aplysia, and mice (Rajasethu-

pathy et al, 2012; Kiuchi et al, 2014; Pezic et al, 2014; Watanabe &

Lin, 2014). PIWI/piRNA-mediated pretranscriptional regulation

represses the production of targets through chromatin modifi-

cations such as histone or DNA methylation (Aravin et al, 2008;

Sienski et al, 2012). In contrast, PIWIs/piRNAs mediate posttran-

scriptional regulation by binding to the coding region or the 30UTR
of target mRNAs through endonucleolytic degradation and cleav-

age (Czech & Hannon, 2016). Recent studies have shown that

PIWIs/piRNAs can enhance precursor mRNA splicing, thereby

affecting host gene expression. Small RNA-dependent splicing

regulation can be achieved in concert with piRNAs based on

repressing chromatin states and siRNA based on cis-element mask-

ing (Wang & Chekanova, 2016; Teixeira et al, 2017). However, in

contrast to previous observations, our findings revealed a novel

case of nuclear piRNA-mediated splicing enhancing at the posttran-

scriptional level. Consistent with previous results, piRNA-L-

163_igs aligned to intron 10 of the LAMC2 gene can influence

LAMC2 gene expression (Mei et al, 2015). Hairpin structures of

precursor mRNA transcripts play an important role in the splicing

of the RNA in a location-dependent manner, and their formation

upstream of branch point sites may improve the recognition of con-

figuration by splicing machinery (Muh et al, 2002; Buratti &

Baralle, 2004; Liu et al, 2010). In locusts, both the hairpin structure

and branch point site were identified in the intronic target site of

piRs-3-I3. Furthermore, disruption of hairpin formation at the

branch point site combined with treatment with piRs-3-I3 mimics

decreased the RNA splicing efficiency of NPF1. The migratory

locust has a huge genome size, which is approximately two and 37

times larger than those of the human and fruit-fly genomes, respec-

tively. The intron sizes in the locust genome were subjected to

extensive expansion (Wang et al, 2014). Due to dramatically intron

size expansion, RNA processing in locusts includes recursive splic-

ing (RS) which is a common mechanism in long intron genes (Kelly

et al, 2015). The 30 end of upstream exon is joined to segments

within the following intron in a stepwise manner before splicing to

the 50 end of downstream exon by the regeneration of 50 donor

(GT) sites in RS sites. Although a vast majority of introns in fruit

flies are not large intron, a specific RS motif was defined in large

introns of fruit flies. In this study, the branch point sequence we

studied was located upstream of a RS site, which was involved in

recursive splicing. The presence of branch point site, polyT/C tract,

and recursive splice site indicated this region was recognized and

processed by splicing assembly complex. The competitive binding

(Stem #1) of piRs-3-I3 forced the branch point site into an unpaired

structure that would be bettered recognized by the splicing

machinery. Therefore, mechanistically, the piRNA-mediated splic-

ing processing proposed in this study is achieved through direct

action on pre-NPF1 rather than indirectly by piRNA-mediated

changes in chromatin silencing. The accumulation of spliced tran-

scripts for IVS3 is substantially increased in dysgenic germ cells.

The reduction in H3K9me3 modification levels is also observed

over the IVS3 transgenic reporter in dysgenic progeny when

compared to nondysgenic progeny. These results suggest that

H3K9me3 deposition by piRNA complexes is required for splicing

regulation by the piRNA-mediated, chromatin-based mechanism

(Teixeira et al, 2017). We quantified the H3K9me3 deposition of

the branch point site and its flanking region using CUT&Tag qPCR

analysis. Compared to that in IgG, no significantly H3K9me3

enrichment in the brains of locusts showed the branch point site

was devoid of H3K9me3 signals (Appendix Fig S19A and B). This

result further excluded the possibility of piRNA-mediated splicing

changes by chromatin-based mechanism in this study. Collectively,

our results point to a novel mechanism by which piRs-3-I3 may

compete for the binding site recognized by complementary nucleo-

tides of the hairpin structure and thus may prevent hairpin forma-

tion at the branch point site.

Materials and Methods

Insect rearing

Locusts (the migratory locust, L. migratoria) were maintained at the

Institute of Zoology, Chinese Academy of Sciences, China. Nymphs

were reared in large cages (40 cm × 40 cm × 40 cm) at a density of

500–1,000 insects per container under a 14 h:10 h light: dark cycle

at 30°C � 2°C on a diet of fresh greenhouse-grown wheat seedlings

and bran (Kang et al, 2004).
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Identification and evolutionary analysis of PIWI genes

The official gene sets of 130 insect species, including 62 dipteran

insects, 33 hymenopteran insects, 10 hemipteran insects, seven

coleopteran species, nine lepidopteran insects, and representatives

from Orthoptera, Phthiraptera, Phasmatoptera, Trichoptera, Thysa-

noptera, Isoptera, Blattodea, Ephemeroptera, and Odonata, were

retrieved from their respective genome databases (Jiang et al, 2017).

A total of 174 arthropod species, including 10 chelicerate species,

five crustacean species, and two noninsect hexapod species, were

also included as basal arthropod species. The reciprocal BLAST hit

criterion was used to determine the orthologous relationships of

PIWI genes (Altschul et al, 1997). Multiple alignments of PIWI were

generated using MAFFT alignment software version 7.215 (Katoh

et al, 2009). The protein distance matrices were calculated using the

distmat program in EMBOSS version 6.6.0. The maximum-

likelihood phylogenetic tree was generated on the basis of the

protein sequences of PIWIs by using FastTree software version

2.1.10 (Price et al, 2010). The reliability of each tree branch was

evaluated using the Shimodaira–Hasegawa (SH) branch support test

with 1,000 resamples. The protein distance matrix for Piwi, Aub,

and Ago3 was constructed using the Protdist program of the PHYLIP

package version 3.695 with the Dayhoff PAM matrix. The ratios of

nonsynonymous-to-synonymous nucleotide substitution rates were

determined using the program KaKs_Calculator version 2.0 by the

MA method (Wang et al, 2010).

RNA extraction and quantitative RT-PCR (qRT-PCR)

Total RNA was extracted from locust brains by using TRIzol (Invit-

rogen). cDNA was synthesized using Moloney murine leukemia

virus reverse transcriptase (Promega) with an oligo (dT) primer.

Small RNAs were isolated using the mirVana miRNA isolation kit

(Ambion). For piRNA quantification, the polyadenylylated RNAs

were generated using Escherichia coli poly(A) polymerases (Tian-

gen) and were subjected to first-strand cDNA synthesis using the

modified Oligo-d(T) primers, which contain a specific sequence in

the 50 end. The specific sequence was used for designing upstream

PCR primers. qRT-PCR was performed using SYBR Green for

mRNAs and piRNAs in a LightCycler 480 instrument (Roche). The

ribosomal protein RP49 and U6 snRNA were used as endogenous

controls for normalization of mRNA and piRNA expression levels,

respectively. The primers used for qRT-PCR are shown in

Appendix Table S2.

High-throughput transcriptome sequencing of small RNAs
and mRNAs

Total RNA was resuspended in 5× borate buffer (148 mM borax and

148 mM boric acid, pH 8.6) and treated with 200 mM sodium perio-

date for 10 min at room temperature. Glycerol was added to quench

the unreacted NaIO4, and the treated RNA was collected by ethanol

precipitation.

Small RNAs with a size of 18–33 nt were excised and used to

generate small RNA libraries with a TruSeq small RNA sample

preparation kit (Illumina) following the manufacturer’s protocol.

Raw sequencing data were filtered using Trimmomatic 0.36 soft-

ware (Bolger et al, 2014) and mapped to the locust genome allowing

two mismatches using Bowtie 1.1.2 software (Langmead, 2010).

snoRNAs, microRNAs, tRNAs, and rRNAs were filtered in accor-

dance with a previous study (Wang et al, 2015). For piRNA expres-

sion quantification, piRNAs showing identical 50 start sites in the

locust genome were collapsed together.

Total RNA from locust brains was extracted from the locusts in

two independent replicates of dsGFP-treated and dsPiwi1-treated

experiments. An Agilent 2100 Bioanalyzer (Agilent) was used to

assess the quality of the RNA. For mRNA sequencing, cDNA libraries

were prepared in accordance with Illumina protocols and sequenced

on the Illumina NovaSeq platform. Raw sequencing data were filtered

using Trimmomatic 0.36 software (Bolger et al, 2014) and mapped to

the locust genome by using HISAT 22.1.0 software (Kim et al, 2019).

Differential gene expression between samples was quantified at the

gene level by using the read summarization program featureCounts

v2.0.0 (Liao et al, 2014). Differential analysis of the count data was

performed with the DESeq2 v1.18.1 package (Love et al, 2014).

Biological process enrichment analysis of differentially expressed

genes was performed using the “clusterProfiler” and “GO. db” pack-

ages in the R v3.5.0 program (Yu et al, 2012).

RNAi

The primers used for dsRNA synthesis were fused with the T7

promoter sequence, and RNA was prepared using the RiboMax

express RNAi system (Promega). The brains of third-instar locusts

were microinjected with dsRNA, and a second injection was

performed on day 2 of the fourth-instar locusts (3.45 µg/locust for

each injection) to improve RNAi efficiency and specificity. Green

fluorescence protein (GFP) was used as a negative control. The

brains of the test locusts were harvested 48 h after the second injec-

tion, snap frozen, and stored at �80°C.

Western blot analysis

Locust brains (8–10 individuals/sample) were collected and homog-

enized in lysis buffer (CWBIO) containing protease inhibitor

(CWBIO). The total protein content was determined using a bicin-

choninic acid protein assay kit (Thermo Scientific). The extracts

were reduced, denatured, and separated by gel electrophoresis on a

10% SDS-PAGE gel and transferred to a polyvinylidene difluoride

membrane (Millipore). The membrane was incubated separately

with specific antibodies against Piwi1, Piwi2, and Ago3 (mouse

anti-Piwi1 serum, 1:500; mouse anti-Piwi2 serum, 1:500; and mouse

anti-Ago3 serum, 1:500, respectively), hnRNP F/H (Mouse mono-

clonal antibody, 1:2,000, Abcam), and U2AF65 (Mouse monoclonal

antibody, 1:200, Santa Cruz Biotechnology). Tubulin was used as an

endogenous control (rabbit polyclonal antibody, 1:5,000, CWBIO).

Goat anti-rabbit IgG was used as the secondary antibody (1:10,000,

CWBIO). The intensities of the Western blot bands were quantified

using densitometry with Quantity One software.

Immunoprecipitation

Immunoprecipitation was performed according to a previous study

(Zhao et al, 2021). Approximately 15 brains were homogenized using

1× PBS buffer (pH 7.2) supplemented with a protease inhibitor cock-

tail (Thermo Fisher Scientific). Then, 50 ll of Dynabeads Protein G
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(Novex, Thermo Fisher Scientific) was mixed with 5 lg of anti-Piwi1

monoclonal antibody or anti- Mouse IgG (Merck Millipore) antibody

before being incubated with 200 ll of protein extracts for 15 min at

room temperature. Approximately 10% of the total protein was

reserved as input. After washing three times with washing buffer

(Novex), the antibody–protein complex was disassociated from the

beads with elution buffer (Novex) for Western blot analysis.

Food intake and body weight measurement

The effects of RNAi-mediated knockdown of genes on food intake

and body weight were analyzed. All locusts were starved for 16 h

prior to the measurements. On the first day of RNAi treatment, the

locusts were weighed, and a second measurement was performed on

day 4 of the fourth instar. The increase in body weight was deter-

mined by calculating the difference between the weight of each locust

at the beginning and the end of the experiment. The food intake of

fourth-instar locust nymphs was measured after 1 h. Fresh wheat

seedlings (4 g) were fed to 10 locusts kept in small plastic containers.

The unconsumed wheat seedlings were weighed after 1 h and the

weight was recorded. The experiment was repeated three times.

Body size measurement and behavioral assay

A Vernier caliper was used to measure the body size of each locust.

The head width was measured from one side to the other across the

head. The tergum length was measured in accordance with a previ-

ously described method (Yang et al, 2019a, 2019b). The femur length

was recorded as the length of the posterior femur. The number of

locusts measured in each group was as follows: dsPiwi1-treated

group, n = 36 locusts; and dsGFP-treated group, n = 36 locusts.

A Y-tube olfactometer was used to analyze the behavioral

responses of individual locusts to volatiles from wheat seedlings in

the absence of any visual cues. A response of “first choice” for

wheat seedlings or air (when the locust moved more than 5 cm into

either arm) or “no choice” (N.C.) within a period of 5 min was

recorded for each locust.

A rectangular plexiglass arena (60 cm × 30 cm × 30 cm)

containing two chambers was used for the behavioral assay. Locust

behavior was recorded for 10 min by using a video-tracking system

and analyzed with EthoVision XT software (version 11.5; Noldus

Information Technology) in accordance with the method used in

our previous work (Wei et al, 2019). The total distance traveled

(traveled distance in cm) by locusts presented with 20 µg of fresh

wheat seedlings and control locusts was objectively measured with-

out bias. In the behavioral assay, 16–35 locusts from each treatment

group were tested, which is in accordance with the sample size

reported in previous studies (Ma et al, 2011; Hou et al, 2017).

Immunofluorescence assays and lipid staining

Whole-mount double immunohistochemistry in the locust brain was

performed by using affinity-purified monoclonal mouse antibodies

against Piwi1, Piwi2, and Ago3 (1:100, BGI), hnRNP F/H (1:100,

Abcam), and U2AF65 (1:50, Santa Cruz Biotechnology). An Alexa

Fluor 488-conjugated goat anti-mouse antibody (1:500, Life Tech-

nologies Cat. A-11008) was used as the secondary antibody for

Piwi1, Piwi2, and Ago3 staining. For lipid staining, lipids were

visualized by staining the locust fat body with Nile red (0.5 mg/ml,

Thermo Fisher N-1142) for 1 h at room temperature.

TAG and glycogen level measurements

TAG levels were measured using a triglyceride assay kit (Applygen

Technologies Inc.) following the manufacturer’s protocols (Ding et al,

2018). Fat bodies were homogenized in 100 ll of lysis buffer and

heated at 70°C for 10 min to inactivate the endogenous enzymes. The

samples were incubated with triglyceride reagent for 30 min at 37°C

and read with a SpectraMax Plus 384 instrument at a wavelength of

540 nm. The protein concentration was measured using a bicin-

choninic acid protein assay kit (Thermo Fisher), and the TAG content

was calculated on the basis of a standard curve for TAG, with the

standard samples being run in parallel with the experimental samples.

Glycogen levels were determined using the Glycogen Colorimet-

ric Assay Kit II (BioVision Inc.). In brief, fat bodies were homoge-

nized in 200 ll of ddH2O on ice and boiled for 10 min to inactivate

enzymes. The samples were centrifuged at 13,000 g for 15 min. The

supernatant was used for the glycogen assay. The measured values

were normalized to lysate protein levels.

Peptide injection

The effects of NPF1 peptide injection, RNAi-mediated knockdown of

the Piwi1 transcript, and restoration treatment (Piwi1 knockdown

combined with NPF1 peptide injection) on food intake were analyzed.

The concentrations of peptides used were in accordance with

previous studies (Hou et al, 2017). The commercially synthesized

peptide (BGI, peptide, AEAQQADGNKLEGLADALKYLQELDRYYSQ

VARPRF-NH2) was dissolved in ddH2O to generate a stock solution

(20 mg/ml). A working solution with a concentration of 2 mg/ml

was injected into the hemolymph of fourth-instar locusts via the

abdomen by using a microinjector (2 ll/locust). Food intake was

measured as described above.

piRNA inhibition or overexpression in vivo

piRNA mimics were chemically modified; the effects of single-

strand, stable piRNA mimics were similar to the effect of overex-

pression of endogenous piRNAs. piRNA inhibitors were chemically

modified, and single-strand RNA analogs whose sequences were the

reverse complements of piRNAs could efficiently and specifically

silence endogenous piRNAs (see Appendix Supplementary Text for

nonspecific effects of piRNA inhibitors). The locusts were coinjected

with 1.65 µg of piRNA mimics or inhibitors (GenePharma) using

EntransterTM in vivo (Engreen) with a Nanoliter Injector 2000 (World

Precision Instruments). Because only a portion of piRNA artifacts is

able to be delivered to nuclei, the effective molar mass of piRNA

artifacts in the cell nuclei is much lesser than 161 pmol (1.65 µg).

Scrambled piRNA mimics/inhibitors were used as negative controls.

Food intake and body weight were measured after 48 h following

treatment as described above.

Subcellular RNA fractionation

Nuclear and cytoplasmic fractions were separated as described

previously (Csorba et al, 2014). The brains were homogenized in
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PBS containing 0.2% Nonidet P-40. The homogenates were centri-

fuged at 1,500 g for 10 min at 4°C. The nuclei were in the pellet,

whereas the cytoplasm remained in the supernatant. The nuclei

were resuspended three times in PBS to remove the residual cyto-

plasm. The cytoplasmic fraction was centrifuged at 12,000 g for

20 min at 4°C to remove the residual nuclei. Nuclei and cytoplasm

RNA were extracted as described above. The RNA was pretreated

with DNase (Invitrogen). As quality controls for fractionation, U6

was used as a nuclear marker, and tRNA-Gly was used as a cyto-

plasmic marker.

RNA-binding protein immunoprecipitation

RNA-binding protein immunoprecipitation experiments were

performed using a Magna RIP Quad kit (Millipore) with slight modi-

fications. Briefly, approximately 25 brains were homogenized in ice-

cold RIP lysis buffer and stored at �80°C overnight for thorough

tissue lysis. A total of 5 lg portion of an anti-hnRNP F/H (Mouse

monoclonal antibody, Abcam)/anti-U2AF65 (Mouse monoclonal

antibody, Santa Cruz Biotechnology)/anti-IgG antibody (negative

control) was incubated with magnetic beads for 30 min. Then, the

lysate was thawed and centrifuged, and the supernatant was coincu-

bated with the bead–antibody complex at 4°C overnight. Each lysate

was divided into two samples, which were incubated with the anti-

hnRNP F/H- (or anti-U2AF65-) and anti-IgG-conjugated beads. RNA

was extracted from the immunoprecipitates and input and reverse

transcribed into cDNA using a High Capacity RNA-to-cDNA kit

(ABI). The quality and specificity of the hnRNP F/H and U2AF65

antibodies were validated before the experiment (Appendix Fig S1G

and S9). Using these cDNAs as templates, the level of pre-NPF1 in

the immunoprecipitates was measured as the relative enrichments

in the anti-hnRNP F/H or anti-U2AF65 antibody-treated sample

compared with the anti-IgG antibody-treated sample. The input and

the IgG control-treated samples were used for normalization of the

relative expression levels and to ensure the specificity of the RNA-

hnRNP F/H or RNA-U2AF65 interaction.

The RIP assay for piRs-3-I2 and piRs-3-I3 was performed as

above. Magnetic beads were preincubated with 5 lg of Piwi1/

hnRNP F/H or with 5 lg of normal IgG. The RNA in the immuno-

precipitates and inputs was extracted by TRIzol (Invitrogen) and

reverse transcribed into cDNA as above. Then, qPCR was performed

using these cDNAs as templates to analyze the expression levels of

piRs-3-I2 and piRs-3-I3. Input samples were used for normalization

of the relative expression of piRs-3-I2/piRs-3-I3 and IgG controls

were assayed for subtraction of the nonspecific interactions of

piRNA-Piwi1 or piRNA-hnRNP F/H.

Plasmid construction, transfections, and expression assays

The wild or mutated partial sequence of pre-NPF1 was cloned into

the EcoRI and EcoRV sites of pcDNA3.1(+). The presence of both

precursor RNAs and mature RNAs was verified by Sanger sequenc-

ing to ensure the success of the splicing process. 293T cells cultured

in DMEM supplemented with 10% FBS were cotransfected with the

plasmid expression vectors along with wild-type or mutated piRs-3-

I3 mimics using Lipofectamine 3000 reagent (Invitrogen) according

to the manufacturer’s instructions. The transfected amounts of

piRNA mimics were dosed according to the manufacturer’s

instructions of Lipofectamine 3000 reagent (https://tools.

thermofisher.com/content/sfs/manuals/lipofectamine3000_scaling.

pdf). The mRNA levels of NPF1 and pre-NPF1 in the cotransfected

293T cells were measured after 36 h of transfection. Briefly, one

third of every sample was used for RNA extraction, and the other

two third of each sample was separated into nuclear and cytoplas-

mic fractions as described above. The plasmid was extracted from

the nuclear fraction and used as a control. The RNA was pretreated

with DNase (Invitrogen). cDNA was reverse transcribed from 1 lg
of total RNA using M-MLV reverse transcriptase (Promega).

In vitro RNase III cleavage assay

Pre-NPF1 transcripts were generated using the RiboMax express

RNAi system (Promega). The RNase III cleavage assay was

performed using a ShortCut� RNase III Kit (NEB) in accordance with

previously described methods (Anacker et al, 2018). Briefly, the arti-

ficial pre-NPF1 substrate was heated at 70°C and cooled slowly to

room temperature to allow it to adopt a hairpin structure. Substrate

RNA (2 lg) and RNase III (0.5 ll) were combined in cleavage buffer

and incubated at 37°C for 5 min. The reaction was stopped by

adding EDTA. The reaction products were analyzed by qPCR as

described above.

Data availability

The RNA-seq data and small RNA transcriptome data were depos-

ited in the Sequence Read Archive Database of NCBI under BioPro-

ject accession number PRJNA605316 (https://www.ncbi.nlm.nih.

gov/bioproject/PRJNA605316).

Expanded View for this article is available online.
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