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Abstract
Key message OsSPL10 is a negative regulator of rice defense against BPH, knockout of OsSPL10 enhances BPH 
resistance through upregulation of defense-related genes and accumulation of secondary metabolites.
Abstract Rice (Oryza sativa L.), one of the most important staple foods worldwide, is frequently attacked by various herbi-
vores, including brown planthopper (BPH, Nilaparvata lugens). BPH is a typical monophagous, phloem-sucking herbivore 
that has been a substantial threat to rice production and global food security. Understanding the regulatory mechanism of 
defense responses to BPH is essential for improving BPH resistance in rice. In this study, a SQUAMOSA PROMOTER-
BINDING PROTEIN-LIKE 10 (OsSPL10) transcription factor was found to play a negative role in the defenses of rice 
against BPH. To gain insights into the molecular and biochemical mechanisms of OsSPL10, we performed combined analyses 
of transcriptome and metabolome, and revealed that knockout of OsSPL10 gene improved rice resistance against BPH by 
enhancing the direct and indirect defenses. Genes involved in plant hormone signal transduction, MAPK signaling pathway, 
phenylpropanoid biosynthesis, and plant–pathogen interaction pathway were significantly upregulated in spl10 mutant. 
Moreover, spl10 mutant exhibited increased accumulation of defense-related secondary metabolites in the phenylpropanoid 
and terpenoid pathways. Our findings reveal a novel role for OsSPL10 gene in regulating the rice defense responses, which 
can be used as a potential target for genetic improvement of BPH resistance in rice.

Keywords BPH resistance · SPL gene · Rice · Secondary metabolites · Plant defense response

Introduction

Rice (Oryza sativa L.) is one of the most important food 
crops worldwide, especially in Asia and Africa. More than 
half of the world’s population relies on rice as the staple 
food (Normile 2008). There is an urgent need for increasing 
global rice production to keep up with the rapid popula-
tion growth in the coming decades. However, rice plants in 
the field are often frequently attacked by a wide variety of 
herbivores. Hundreds of insect species are known to feed 
on rice, and approximately 30% of them are considered 
to be the main pests causing severe yield loss in rice (Lou 
et al. 2013). Among these rice-feeding pests, brown plan-
thopper (BPH, Nilaparvata lugens) has become one of the 
most destructive pests for rice. BPH is a typical monopha-
gous, phloem-sucking herbivore that sucks sap from the rice 
phloem through its stylet, and severely inhibits the growth of 
rice (Cheng et al. 2013). In addition to direct damage to the 
rice plant, it can also cause indirect damage by transmitting 
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viruses to rice (Zhao et al. 2017). Over the past decades, pes-
ticide application has been the main approach to control crop 
pests, but this approach has also brought a series of prob-
lems, including food safety risks and massive environmental 
detriments (Nagata 1984). Tremendous efforts have been 
made to screen BPH-resistance genes and develop resist-
ant varieties to provide cost-effective and environmentally 
friendly alternatives (Du et al. 2009; Guo et al. 2018; Liu 
et al. 2015; Shi et al. 2021; Zhao et al. 2016). To promote 
the breeding process of BPH-resistant rice, it is important 
to explore endogenous genes that regulate BPH resistance in 
rice and characterize the underlying molecular mechanisms.

Upon perceiving the signals of feeders, plant triggers a 
cascade of hormone-mediated signal transduction pathways 
to activate the immune response of rice to insect herbivores. 
Phytohormone jasmonic acid (JA), ethylene (ET), and sali-
cylic acid (SA) are generally considered as the major regula-
tors of antiherbivore defense responses in plants (He et al. 
2019; Lu et al. 2014; Ma et al. 2020; Xu et al. 2021; Zhou 
et al. 2009, 2014). Recent studies have shown that gibberel-
lin (GA), brassinosteroid (BR), and cytokinin (CK) are also 
involved in the interactions between rice and brown plan-
thopper (Pan et al. 2018; Zhang et al. 2017, 2022). Increas-
ing evidence shows that crosstalk among various hormones 
to coordinate the expression of defense genes is essential 
for effective defense activation (Pan et al. 2018; Zhang et al. 
2022).

Recently, transcriptomic analyses have shown that BPH 
feeding induces transcriptional reprogramming in rice (Tan 
et al. 2020). Several transcription factors (TFs) involved in 
the regulation of defense response, especially WRKY family 
genes, have been identified. For example, Bph14 interacts 
with OsWRKY46 and WRKY72 to initiate defense signal-
ing (Hu et al. 2017). Another WRKY transcription factor, 
OsWRKY53, has been reported to function as a positive 
regulator of BPH resistance in rice by activating  H2O2 burst 
and suppressing ethylene biosynthesis (Hu et al. 2016). 
OsWRKY70 negatively regulates gibberellin biosynthesis to 
enhance rice susceptibility to BPH (Li et al. 2015). In addi-
tion to WRKY TFs, two basic helix–loop–helix (bHLH) pro-
teins, OsHLH61 and OsbHLH96, have been also identified 
to form a complex that mediates defense response against 
BPH through regulating PR genes (Wang et al. 2019).

SQUAMOSA PROMOTER-BINDING PROTEIN-LIKE 
(SPLs) genes encode plant-specific transcription factors 
that have been shown to regulate plant growth and develop-
ment, hormone signaling pathways, and responses to stress 
(Jiao et al. 2010; Wang et al. 2015; Yao et al. 2022; Li et al. 
2021). IDEAL PLANT ARCHITECTURE1 (IPA1) encodes 
SPL14 protein, which acts as a key transcription factor that 
promotes both yield and immunity in rice (Jiao et al. 2010). 
OsSPL16–GW7 module plays an important role in regulat-
ing grain quality and yield (Wang et al. 2015). A recent 

study has revealed that copper confers broad-spectrum virus 
resistance by regulating the OsSPL9–miR528–AO pathway 
in rice (Yao et al. 2022). In addition, OsSPL10 has been 
reported to positively regulate trichome development and 
negatively regulate salt tolerance in rice (Lan et al. 2019; 
Li et al. 2021). However, it remains unknown whether the 
SPL gene plays any role in rice defending against insect 
herbivores.

In this study, an SPL gene OsSPL10 was identified using 
a hybrid transcription factor resource (Zhao et al. 2015). 
A bioassay of OsSPL10 knockout mutants showed that 
OsSPL10 is a negative regulator of rice defense against 
BPH. Combined transcriptomic and metabolomic analyses 
discovered that knockout of OsSPL10 triggered a stronger 
defensive response through transcriptional activation of 
genes involved in the plant defense responses, and accu-
mulation of defense-related secondary metabolites in phe-
nylpropanoid and terpenoid pathway. Our findings revealed 
the regulatory mechanism of OsSPL10 gene in rice defense 
against BPH and should be useful for genetic improvement 
of BPH resistance in rice.

Materials and methods

Plant materials and insects

The spl10 mutants used in this study were generated from 
ZH11 and the HHZ as previously described (Lan et  al. 
2019). The seedlings were grown in a greenhouse at 28 ℃ 
with a photoperiod of 14 h light/10 h dark. The initial phe-
notype of the OsSPL10 gene was identified from a hybrid 
transcription factor resource (Zhao et al. 2015).

Colonies of BPH were originally obtained from rice fields 
at Fujian Agriculture and Forestry University in Fuzhou, 
Fujian, China. The colonies were reared on Taichung Native 
1 (TN1) rice seedlings in a growth chamber (26 ± 1 ℃, 
60% ± 10% RH, 14 h light/10 h dark).

BPH resistance evaluation

Three-week-old seedlings of transgenic rice plants were 
infested with second-to-third-instar BPH nymphs at fifteen 
insects per seedling. Once all seedlings of the susceptible 
control TN1 were dead, damage to each seedling was scored 
according to the previous study (Huang et al. 2001).

Honeydew excretion experiment

Wild-type and OsSPL10 knockout rice seedlings at the four-
leaf stage were selected and each seedling was cultured in 
a plastic pot (10 × 15 cm) covered with a plastic cup to pre-
vent BPH escape. A filter paper disc (12 cm in diameter) 
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was placed on the plastic pot to collect honeydew excretion. 
Three gravid BPH female that had been starved for 2 h were 
inoculated on each plant. After feeding for 48 h, filters were 
collected, scanned, and analyzed using ImageJ software for 
determination of honeydew excretion.

BPH survival

To examine the effect of OsSPL10 knockout on the survival 
of BPHs, the plant was individually covered with a plastic 
cup into which 15 BPH nymphs were inoculated. The num-
ber of surviving BPHs on each seedling was counted daily 
for 7 days. The test was replicated ten times.

Number of eggs laid by BPH

At the stem base of each rice seedling, a plastic tube (5 cm in 
length) was used to cage BPH adults. Two BPH adults (one 
male and one female) were released in each tube. The num-
ber of eggs laid by BPH on each seedling was counted using 
a microscope after 7 days. The test was replicated ten times.

Host choice test

Two four-leaf stage rice plants (wild-type and OsSPL10 
mutant) were grown in a plastic pot confined with a plastic 
cup into which 15 gravid BPH females were introduced. The 
number of BPH settled on each plant was recorded at 3, 6, 
24, and 48 h after inculation. The test was replicated fifteen 
times for each plant pair.

Real‑time qRT‑PCR analysis

According to the manufacturer's recommendations, 
total RNA was extracted using the OminiPlant RNA kit 
(CWBIO). First-strand cDNA was synthesized using the 
FastKing RT Kit (TIANGEN BIOTECH). To determine 
gene expression, RT-qPCR experiments were performed 
with Taq SYBR Green qPCR Premix (Universal) in a Ste-
pOnePlus real-time PCR instrument (Applied Biosystems). 
OsActin was used as an internal control gene. All RT-qPCR 
reactions were performed using three independent replicate 
samples.

Transcriptome analysis

Wild-type ZH11 and OsSPL10 knockout rice plants at the 
four-leaf stage were infested by BPH for 0, 6, 24, and 48 h. 
The Sheaths of each plant were collected with three biologi-
cal replicates at each timepoint, and total RNA was extracted 
using OminiPlant RNA kit (CWBIO). RNA-sequencing 
(RNA-seq) was performed by Novogene (Beijing, China). 
After adapter clipping and quality filter, clean data were 

remapped to the rice genome sequence (Nipponbare) using 
Hisat2 software and analyzed with StringTie. DESeq2 
software was used to analyze the differentially expressed 
genes (DEGs), which were defined as those genes with sig-
nificant expression changes (|log2(fold change)|> 0.5 and 
padj < 0.05) between ZH11 and OsSPL10 knockout plants.

Metabolome analysis

Sheath tissues were prepared as described in the transcrip-
tome analysis. In total, 48 samples (six biological repli-
cates per treatment group) were collected. For each sam-
ple, 100 mg of tissue was weighed and frozen in liquid 
nitrogen. Sample preparation for the metabonomic analysis 
and data analysis were performed by Novogene (Beijing, 
China) using standard procedures. Metabonomic analysis 
was performed using a Vanquish UHPLC system (Thermo 
Fisher) coupled with an Orbitrap Q Exactive HF-X mass 
spectrometer (Thermo Fisher). Compound Discoverer 3.0 
(CD 3.0, Thermo Fisher) was used to process the raw data 
files to perform peak alignment, peak picking, and quantita-
tion for each metabolite. Differentially expressed metabo-
lites (DEMs) were screened with |log2(fold change)|> 0.5, 
P value < 0.05, and VIP > 1.

Results

OsSPL10 negatively regulates rice resistance to BPH 
infestation

To identify transcription factors involved in the regulation 
of rice BPH resistance, we conducted a screen for BPH-
resistant-related TFs using the hybrid transcription factor 
resource (Zhao et al. 2015). Two independent lines E030H-3 
and E0303H-7 expressing the EAR4–SPL10 fusion protein 
showed stronger BPH resistance compared to the wild type 
(Japonica rice accession Kitaake), whereas the perfor-
mance of those expressing the VP64–SPL10 fusion pro-
teins (V030H-1 and V0303H-5) was similar to the wild-type 
plants (Fig. 1A).

OsSPL10 is a member of the SPL protein and has been 
reported to play a dual role in trichome development and salt 
tolerance in rice (Lan et al. 2019; Li et al. 2021). To examine 
the expression of OsSPL10, ZH11 seedlings at the four-leaf 
stage were infested with 15 BPH nymphs. Real-time quan-
titative PCR (RT-qPCR) showed that OsSPL10 expression 
was highly induced in the sheaths after BPH infestation 
(Fig. 1B), suggesting that it may function in response to 
BPH feeding.

Two spl10 mutants (ZH11-KO and HHZ-KO) in the 
ZH11 and HHZ background obtained via the CRISPR/Cas9 
editing system were used to further determine the function 
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of OsSPL10 in rice resistance to BPH (Lan et al. 2019). The 
BPH survival rates were tested to investigate the effect of 
OsSPL10 gene knockout on the growth and development of 
BPH nymphs. The survival rates of BPH on both ZH11-KO 
and HHZ-KO plants were significantly lower than those fed 
on wild-type plants (Fig. 2A, B). In the honeydew excre-
tion test, BPHs fed on both ZH11-KO and HHZ-KO plants 
excreted a lower volume of excretion than those fed on wild-
type plants (Fig. 2C, D), indicating that BPH feeding activity 
was significantly suppressed in the mutants. In addition, the 
female adults on two spl10 mutants laid fewer eggs than 
those on wild-type plants (Fig. 2E, F). These results indicate 
that knockout of OsSPL10 gene enhances rice resistance to 
BPH.

Transcriptome analysis reveals OsSPL10‑regulated 
genes

To better understand the molecular mechanism by which 
OsSPL10 gene mutation enhances BPH tolerance in rice, 
we performed transcriptome analysis of ZH11-KO mutant 
plants and wild-type plants before (0 h) and after BPH 
feeding (6  h, 24  h, and 48  h). Differentially expressed 
genes (DEGs) were defined as genes that had significant 
expression change between ZH11-KO and ZH11 plants 
at different timepoints after BPH feeding (Supplemental 
Table S1). Among the DEGs, 2069, 2955, 779, and 2242 
genes were upregulated, and 1971, 2531, 301, and 1771 
genes were downregulated at 0, 6, 24, and 48 h of BPH 
infestation, respectively (Fig. 3A). DEGs commonly regu-
lated by OsSPL10 at all four-timepoints were identified by 

Venn analysis, including 23 upregulated and 19 downregu-
lated genes in ZH11-KO plants in relative to ZH11 plants 
(Fig. 3B).

Nine DEGs related to ribosome biogenesis, plant hor-
mone transduction, plant–pathogen interaction, and sec-
ondary metabolism were selected to confirm the results of 
transcriptome analysis by RT-qPCR. The expression profiles 
of these genes were consistent with transcriptome analysis, 
indicating the validation of the results from our transcrip-
tome experiment (Supplemental Fig. S1).

Knockout of OsSPL10 induces defensive response 
to BPH infestation

To determine the putative functions of DEGs, we performed 
KEGG and GO enrichment analyses to explore the pathways 
and biological processes in which OsSPL10 participates. 
When comparing K0 with W0, KEGG analysis indicated 
that the genes involved in DNA replication, mismatch repair, 
homologous recombination, nucleotide excision repair, and 
ribosome biogenesis were upregulated, while the genes 
linked to phenylpropanoid biosynthesis and plant hor-
mone signal transduction were downregulated. GO analysis 
revealed that enriched GO terms in DEGs were related to 
cell cycle, chromosome organization, DNA metabolic pro-
cess, cell cycle process, cell wall organization, or biogen-
esis (Fig. 4A, Supplemental Table S2, and Supplemental 
Table S3).

In K6 vs W6 comparison, we identified 10 upregulated, 
and 15 downregulated KEGG categories. Interestingly, 
plant hormone signal transduction, fatty acid elongation, 
MAPK signaling pathway, and plant–pathogen interaction 
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were identified as the most enriched pathways of upregu-
lated DEGs (Fig. 4B and Supplemental Table S2). GO 
terms enriched in upregulated DEGs were also related to 
response to wounding, cell wall organization, response to 
acid chemical, and jasmonic acid signaling pathway, which 
are closely associated with herbivore-induced defense 
(Supplemental Table  S3). Similarly, KEGG analysis 
showed that phenylpropanoid biosynthesis, plant–pathogen 
interaction, plant hormone signal transduction, and MAPK 
signaling pathway were the most enriched pathways of 
upregulated DEGs in K24 vs W24. These pathways pre-
sumably play important roles in underlying resistance to 
BPH infestation (Fig. 4C and Supplemental Table S2). GO 
analysis showed that the upregulated DEGs were mainly 
linked to the hydrogen peroxide catabolic process, cellular 
oxidant detoxification, hemicellulose metabolic process, 

xylan catabolic process, extracellular region, and chitinase 
activity (Supplemental Table S3).

A further comparison between K48 and W48 revealed 
that upregulated KEGG categories mainly included genes 
involved in the ribosome, citrate cycle (TCA cycle), purine 
metabolism, alanine, aspartate, and glutamate metabolism, 
while downregulated KEGG categories contained genes 
linked to plant hormone signal transduction, MAPK sign-
aling pathway, basal transcription factors, cysteine and 
methionine metabolism, circadian rhythm (Fig. 4D and 
Supplemental Table S2). By GO enrichment analysis, we 
identified significantly enriched GO terms as ribosome 
biogenesis, ncRNA metabolic process, regulation of tran-
scription, and regulation of RNA biosynthetic process 
(Supplemental Table S3).
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Defense phytohormone‑related genes induced 
by OsSPL10 knockout

Phytohormones, such as ethylene, jasmonic acid, and sali-
cylic acid, are central regulators of plant defense. Plant 
hormone signaling network is usually activated after insect 
attack, enabling plants to activate effective defense response 
against herbivore infestation. The OsSPL10 downstream 
hormone-responsive genes were identified by comparing 
the DEGs with the previously reported genes induced by 
ethylene precursor ACC, JA, and SA (Garg et al. 2012). 
A total of 46 ACC-, 107 JA-, and 113 SA-responsive 
genes were identified in the DEGs (Fig. 5, Supplemental 
Table S4). Most hormone-responsive DEGs were induced 
by BPH feeding. For ACC-responsive genes, two genes 
involved in ethylene perception and signaling, OsETR2 
(Os04g0169100) and OsCTR2 (Os02g0527600) were upreg-
ulated in ZH11-KO mutant after BPH infestation. Induced 
expression of genes related to the JA response, including 
OsJAZ6 (Os03g0402800), OsWRKY71 (Os02g0181300), 
and OsMYB110 (Os10g0478300), were also identified. 
These results indicated the involvement of ethylene and JA 

signaling in the regulation of OsSPL10-mediated defense 
response against BPH infestation.

Major transcription factor families regulated 
by OsSPL10 in response to BPH

Since transcription factors are the key players in the regu-
latory networks underlying plant responses to biotic and 
abiotic stress, differentially expressed TFs among differ-
ent treatment groups were identified by searching the Plant 
Transcription Factor Database (PlnTFDB, V3.0) (http:// 
plntf db. bio. uni- potsd am. de/ v3.0/). 145 upregulated and 97 
downregulated, 183 upregulated and 92 downregulated, 73 
upregulated and 12 downregulated, 94 upregulated and 121 
downregulated differentially expressed TFs were identified 
in K0 vs W0, K6 vs W6, K24 vs W24, and K48 vs W48, 
respectively (Supplemental Table S5). The most members of 
identified TFs were AP2/ERF (61 genes), MYB (62 genes), 
bHLH (56 genes), C2H2 (33 genes), bZIP (35 genes), NAC 
(31 genes), and WRKY (27 genes), HD-ZIP (28 genes). 
After BPH feeding, most of these TFs were upregulated 
in ZH11-KO mutant plants compared to the ZH11 plants, 

Fig. 3  Transcriptomic analysis 
of spl10 mutant and ZH11 
plants before and after BPH 
feeding. A Number of dif-
ferentially expressed genes 
(DEGs) in the sheaths between 
spl10 and ZH11 seedlings at 
different timepoints after BPH 
infestation. B, C, Venn analysis 
of DEGs identified in K0 vs 
W0, K6 vs W6, K24 vs W24, 
and K48 vs W48. DEGs are 
shown as up- B and downregu-
lated C genes in sheaths. W0, 
uninfested wild-type plants; 
W6, W24, and W48, wild-type 
plants infested by BPH at 6, 24, 
48 h; K0, uninfested ZH11-KO; 
K6, K24, and K48, ZH11-KO 
plants infested by BPH at 6, 
24, 48 h
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except for AP2/ERF, HD-ZIP, and bZIP, which were down-
regulated at one or two timepoints of BPH infestation.

Metabolomic changes in spl10 mutant

To investigate metabolomic changes caused by OsSPL10 
mutation after BPH inoculation, we conducted a metabo-
lomic analysis of samples from spl10 and ZH11 plants 
before and after BPH infestation using an ultra‐performance 
liquid chromatography‐tandem mass spectrometry (UPLC‐
MS/MS) detection platform. The large data sets obtained 
were subjected to Principal component analysis (PCA), 
which showed some degree of segregation between the 
spl10 and ZH11 samples at four timepoints (Supplemental 
Fig. S2). Partial Least Squares Discriminant Analysis (PLS-
DA) was subsequently performed, and the score showed that 
different genotypes displayed significant segregation in the 
PLS-DA results (Supplemental Fig. S3).

Differentially expressed metabolites (DEMs) between 
ZH11-KO and ZH11 plants were defined at different time-
points after BPH feeding (Supplemental Table S6). The 
abundance of 577 metabolites was significantly changed in 
the four comparison groups. In the absence of pest damage, 
compared with ZH11 plants, 134 metabolites were increased 
and 76 were decreased in spl10 plants. In K6 vs W6, K24 
vs W24, and K48 vs W48 comparison groups, 128, 42, and 
149 increased metabolites, and 36, 67, and 129 decreased 
metabolites were detected, respectively (Supplemental 
Fig. S4A). Venn analysis showed that 115, 88, 60, and 179 
specific metabolites were detected in each comparison. All 
comparison groups shared 6 common metabolites (Supple-
mental Fig. S4B). Based on HMDB database, metabolites 
were divided into 16 classes, among which lipids and lipid-
like molecules were the most abundant metabolite (32% of 
the metabolites), followed by organic acids and derivatives 
(17% of the metabolites). Phenylpropanoids and polyketides 
accounted for 12% (Supplemental Fig. S5) (Supplemental 
Table S7).

SPL10 regulates antibiosis of rice to BPH 
through phenylpropanoid pathway

We integrated transcriptomic and metabolomic data to fur-
ther understand the mechanism underlying the response of 
spl10 mutant to BPH infestation. The KEGG enrichment 
analysis revealed a positive correlation between many 
genes and metabolites in four comparisons, including 

phenylpropanoid biosynthesis and terpenoid backbone bio-
synthesis (Supplemental Fig. S7). In the phenylpropanoid 
pathway, genes encoding enzymes such as phenylalanine 
ammonia-lyase (PAL), cinnamic acid 4-hydroxylase (C4H), 
4-coumarate-CoA ligase (4CL), cinnamoyl-CoA reductase 
(CCR), o-methyltransferase (COMT), and beta-glucosidase 
(BGLU) were upregulated in OsSPL10 mutant. As expected, 
our metabolomic analysis showed that the contents of phe-
nylalanine, ferulic acid, cinnamic acid, cinnamaldehyde, 
coniferaldehyde, and coumarin in this pathway were also 
increased in spl10 mutant, especially after BPH feeding 
(Fig. 6A, B, and C). Next, we investigated the effects of 
artificial diet feeding of three metabolites, phenylalanine, 
ferulic acid, and cinnamic acid, on the mortality of BPH 
female adults. Our results indicated that the mortalities of 
BPH female adults increased with increasing concentrations 
of ferulic acid and cinnamic acid (Fig. 6D).

SPL10 regulates antixenosis of rice to BPH 
through terpene synthesis pathway

Next, we focused on the genes and metabolites involved in 
terpenoid metabolism according to KEGG database (Fig. 7A 
and Supplemental Fig. S6). The genes encoding crucial 
enzymes in the methylerythritol phosphate (MEP) pathway 
and the mevalonic acid (MVA) pathway were upregulated 
in the spl10 mutant plant. In addition, the expression of 
several genes encoding enzymes in the mono/diterpenoid 
biosynthesis and carotenoid biosynthesis pathways were also 
altered by BPH feeding (Fig. 7B). Consistently, metabolomic 
analysis showed that OsSPL10 mutation led to increased 
levels of glyceraldehyde-3-phosphate, isopentenyl pyroph-
osphate, farnesyl diphosphate, and mevalonate in spl10 
mutant after BPH feeding (Fig. 7C). Interestingly, the rice 
volatiles analysis indicated that OsSPL10 mutation could 
also affect the volatiles released from rice plants (Table 1). 
Compared with WT plants, the level of limonene was sig-
nificantly enhanced in the OsSPL10 mutant before and after 
BPH feeding (Table 1). Y-tube assays showed that limonene 
was repellent to BPH (Supplemental Fig. S8). Consistently, 
in the choice test between WT plants and spl10 mutants 
(ZH11-KO and HHZ-KO), a lower number of BPHs settled 
on spl10 mutants than on WT plants at 1, 3, 6, 9, 12, 24, and 
48 h after BPH inoculaiton (Fig. 7D). 

Discussion

SPL proteins, as plant-specific transcription factors, play 
diverse functions in a wide range of processes, including 
plant growth and development, and response to environmen-
tal cues. In this study, we discovered that an SPL protein 
OsSPL10 plays a negative role in the regulation of resistance 

Fig. 5  Heatmap showing the expression pattern of defensive phyto-
hormone-responsive genes in spl10 mutant and ZH11 plants at differ-
ent timepoints after BPH infestation. A ACC- B JA- C SA-responsive 
genes in response to BPH infestation. Red represents upregulation, 
and blue represents downregulation (colour figure online)
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to BPH in rice. Integration of transcriptomic and metabo-
lomic analyses revealed that OsSPL10 mutation could trig-
ger the defense response of rice against BPH, including 
induced gene expression in plant hormone signal transduc-
tion, MAPK signaling pathway, phenylpropanoid biosynthe-
sis, and plant–pathogen interaction pathway, and enhanced 
production of metabolites in phenylpropanoid pathway and 
terpenoid metabolism. Our study reveals a novel role of 
OsSPL10 in rice response to biotic stress in addition to its 
role in plant development and abiotic stress response.

Phytohormones, including JA, SA, and ET, play impor-
tant roles in the defense against BPHs in rice. Several stud-
ies reported that JA pathways genes, including biosynthetic 
and signaling genes, are significantly upregulated by BPH 
attack. Overexpression of OsRCI-1, a BPH-induced lipoxy-
genase gene, increased the levels of JA and JA-Ile, confer-
ring enhanced BPH resistance in rice (Liao et al. 2022). 
Knockout of biosynthetic and signaling genes AOC and 
MYC2 increased the susceptibility of rice plants to BPH, 
implying that JA pathway is involved in BPH resistance 
(Xu et  al. 2021). Consistently, our transcriptomic data 
showed that knockout of OsSPL10 activated the expression 
of genes associated with JA-mediated signaling pathway. 
Expression levels of JAZ genes, including OsJAZ4, OsJAZ6, 
OsJAZ7, OsJAZ9, OsJAZ10, and OsJAZ13, were upregu-
lated in spl10 mutant upon BPH feeding (Figs. 4, 5, and 
Supplemental Table S2). In addition, increased transcript 
levels were also observed for JA-responsive genes, such 
as OsWRKY71 and OsMYB110 (Fig. 5, and Supplemen-
tal Table S4). OsWRKY71 expression is induced by SA, 
MeJA, ACC, and pathogen infection. Overexpression of 
OsWRKY71 constitutively increased the expression of two 
defense marker genes, OsNPR1 and OsPR1b, contributing 
to enhanced resistance to virulent bacterial pathogens Xan-
thomonas oryzae pv. oryzae (Xoo) in rice (Liu et al. 2007). 
MYB110 is a cinnamate/monolignol pathway gene regulator 
and functions downstream of the MAMP-responsive MAPK 
cascade (MKK4–MPK3/MPK6) (Kishi-Kaboshi et  al. 
2018). OsWRKY53 has been reported to be phosphorylated 

by MAPK3 and MPK6 and enhances rice defenses against 
BPH by regulating the levels of  H2O2 and ethylene (Hu et al. 
2016). Interestingly, the expression of both OsMKK4 and 
OsWRKY53 was significantly elevated in spl10 mutant 
(Fig. 4 and Supplemental Table S2). Recently, increasing 
evidence demonstrates the crucial role of ethylene in the 
regulation of BPH resistance in rice. Silencing of the 1-ami-
nocylopropane-1-carboxylic acid synthase gene OsACS2 
increases resistance to BPH and decreases resistance to 
the striped stem borer (SSB) in rice (Lu et al. 2014). Two 
ET signaling components, ETHYLENE INSENSITIVE3-
BINDING F-BOX PROTEIN1 (OsEBF1), and ETHYLENE 
INSENSITIVE3-LIKE1 (OsEIL1), positively and negatively 
regulated BPH resistance, revealing a negative regulation of 
ET pathway in response to BPH attack (Ma et al. 2020). Our 
results showed that the expression of OsETR2 and OsCTR2, 
which are involved in ethylene perception and signaling, was 
significantly higher in spl10 mutant than that in WT plant 
upon BPH feeding (Fig. 5 and Supplemental Table S4). We 
speculate that knockout of OsSPL10 increases the JA signal-
ing, and suppresses the ET signaling, resulting in enhanced 
rice resistance to BPH.

The phenylpropanoid pathway is a major pathway in 
plants, which is required for the biosynthesis of lignin and 
serves as a starting point for the production of many other 
important defensive compounds, such as SA, flavonoids, 
and coumarins (Barros et al. 2016; Lefevere et al. 2020; Wu 
et al. 2022). In this study, a combination of the transcrip-
tomic and metabolic analyses revealed that transcriptional 
upregulation of PAL, C4H, 4CL, CCR , and COMT genes, 
was accompanied by the elevation of the main metabolites 
in the phenylpropanoid pathways (Fig. 6). PAL catalyzes 
the first step in the phenylpropanoid pathway, a recent study 
demonstrated that PAL is a key enzyme involved in rice 
defense against BPH (He et al. 2019). Flavanone 3‐hydroxy-
lase gene (OsF3H), which is also involved in the phenylpro-
panoid pathway, has been identified to play a dual role in 
resistance against brown planthopper and rice blast fungus 
Magnaporthe oryzae (Chen et al. 2022). We also found that 
both ferulic acid and cinnamic acid showed mortal effect on 
BPH females (Fig. 6D). These data suggest that increased 
genes and metabolites in the phenylpropanoid pathway play 
an important role in OsSPL10-mediated BPH resistance in 
rice.

Volatile compounds released by rice plants can affect 
the behavior of both herbivores and natural enemies. For 
example, BPH female adults preferentially oviposit on SSB-
infested rice plants, due to the repellent role of SSB-induced 
volatiles for egg parasitoid A. nilaparvatae (Hu et al. 2020). 
Terpenoids, which are the most common group of second-
ary metabolites and volatile compounds, are important for 
multitrophic interactions and insect community composi-
tion (Munawar et al. 2022; Xiao et al. 2012). Our results 

Fig. 6  OsSPL10 participates in regulating the genes and metabolites 
involved in phenylpropanoid biosynthesis. A Phenylpropanoid metab-
olism pathway schematic. Uppercase letters are genes that encode 
enzymes. Metabolites shaded in orange are differential abundant 
metabolites. BGLU, beta-glucosidase; PAL, phenylalanine ammonia-
lyase; C4H, cinnamic acid 4-hydroxylase; 4CL, 4-coumarate-CoA 
ligase; CCR, cinnamoyl-CoA reductase; CAD, cinnamyl-alcohol 
dehydrogenase; POD, peroxidase; COMT, o-methyltransferase; 
CCoAOMT, Caffeoyl-CoA-O-methyltransferase. B Heatmap show-
ing relative expression of DEGs involved in the phenylpropanoid 
metabolism pathway. C Relative abundance of differential abundant 
metabolites in spl10 mutant and ZH11 plants after BPH infestation. D 
Survival rate of BPH under the artificial feeding of metabolites. Bars 
indicate SE (n = 8). Asterisks indicate significant differences com-
pared to WT (*, P < 0.05; **, P < 0.01) (colour figure online)
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Fig. 7  OsSPL10 participates in regulating the genes and metabolites 
involved in terpenoid biosynthesis. A Terpenoid metabolism pathway 
schematic. Uppercase letters are genes that encode enzymes. Metabo-
lites shaded in orange are differential abundant metabolites. G3P, 
glyceraldehyde-3-phosphate; DXP, 1-deoxy-D-xylulose 5-phosphate; 
MEP, 2-C-methyl-D-erythritol 4-phosphate; CDP-ME2P, 4-diphos-
phocytidyl-2-C-methyl-D-erythritol 2-phosphate; HMG-CoA, 
hydroxymethylglutaryl-CoA; DMAPP, dimethylallyl pyrophosphate; 
IPP, isopentenyl pyrophosphate; GPP, geranyl diphosphate; FPP, 
farnesyl diphosphate; GGPP, geranylgeranyl diphosphate; CPP, copa-
lyl diphosphate; TPS, terpenoid synthase; VON, 9-cis-Violaxanthin; 
NON, 9′-cis-Neoxanthin; DXR, 1-deoxy-D-xylulose 5-phosphate 
reductoisomerase; DXS, DXP synthase; CMK, 4-diphosphocytidyl-

2-Cmethyl-D-erythritol kinase; HDS, 4-hydroxy-3-methylbut-2-enyl 
diphosphate synthase; HMGS, HMG-CoA synthase; HMGR, HMG-
CoA reductase; GPS, GPP synthase; FPS, FPP synthase; GGPS, 
GGPP synthase; PS, phytoene synthase; ZEP, zeaxanthin epoxidase; 
NCED, 9-cis-epoxycarotenoid dioxygenase. B Heatmap showing rel-
ative expression of the genes involved in the terpenoid biosynthesis 
pathway. C Relative abundance of differential abundant metabolites 
in spl10 mutant and ZH11 plants after BPH infestation. D Com-
parison of settlement preference of BPH between spl10 mutants and 
ZH11 plants. Bars indicate SE (n = 22). Asterisks indicate significant 
differences compared to WT (*, P < 0.05; **, P < 0.01) (colour figure 
online)
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Table 1  Volatile compounds released by spl10 and ZH11 plants before and after BPH infestation

No. Retention 
time (min)

Compounds WT WT-BPH spl10 spl10-BPH

1 5.093 Unknown 38.01 ± 5.88a – 28.96 ± 12.47a –
2 5.21 Ethylbenzene 5.73 ± 1.3a 6.03 ± 2.4a 5.28 ± 1.23a 5.60 ± 0.77a
3 5.304 4-Methyloctane 5.79 ± 0.59a 4.65 ± 0.12ab 3.03 ± 0.02b 5.58 ± 1.15a
4 5.387 Dimethylbenzene 10.21 ± 0.30a 10.42 ± 1.29a 10.47 ± 0.05a 11.28 ± 1.79a
5 6.787 α-Pinene 18.19 ± 0.35b 20.83 ± 1.09c 15.04 ± 0.19c 19.26 ± 1.05cb
6 7.692 (1S,2r)-2-chlorocyclopentanol 36.48 ± 3.79a 33.06 ± 2.05a 29.47 ± 3.69a 31.16 ± 4.63a
7 7.969 Phenol 287.66 ± 74.88a 369.28 ± 153.51a 256.88 ± 61.49a 351.31 ± 94.25a
8 8.451 3-Carene 4.63 ± 0.33a 4.93 ± 1.23a 3.46 ± 0.47a 4.17 ± 1.02a
9 8.769 o-Isopropyltoluene 3.89 ± 0.11a 4.14 ± 0.65a 2.96 ± 0.17b 3.28 ± 0.1ab
10 8.851 D-limonene 9.72 ± 1.23b 9.83 ± 2.07b 12.87 ± 1.26a 14.36 ± 1.1a
11 8.91 Isooctanol 34.72 ± 5.52ab 47.25 ± 7.05a 20.59 ± 5.69b 37.11 ± 6.1a
12 9.422 p-Diethylbenzene 23.71 ± 7.38a 29.85 ± 6.43a 20.70 ± 5.68a 31.43 ± 9.6a
13 10.357 Linalool – 5.09 ± 1.02a – 7.15 ± 0.98a
14 10.428 Nonanal 26.18 ± 0.59b 35.11 ± 0.04a 20.57 ± 0.26c 35.62 ± 0.4a
15 10.598 Fenchol 1.35 ± 0.29b 2.15 ± 0.21a 1.21 ± 0.21b 2.04 ± 0.1a
16 11.198 Camphor 1.11 ± 0.04b 1.67 ± 0.24a 0.62 ± 0.20c 1.14 ± 0.1ab
17 11.222 Unknown 1.99 ± 0.03a 1.8 ± 0.53a 1.31 ± 0.43a 1.7 ± 0.12a
18 11.292 1,2,4,5-Tetramethylbenzene 3.39 ± 1b 3.75 ± 0.98ab 2.59 ± 1.23b 6.96 ± 1.67a
19 11.357 Isooctyl acetate 6.37 ± 0.13a 5.54 ± 1.07ab 1.81 ± 0.09c 3.82 ± 0.93b
20 11.857 4-Ethylbenzaldehyde 1.98 ± 0.10a 2.70 ± 0.01a 1.88 ± 0.19a 2.30 ± 0.67a
21 11.916 Naphthalene 10.11 ± 3.33a 13.21 ± 2.19a 8.17 ± 2.61a 13.15 ± 3.7a
22 12.175 Methyl salicylate – 1.71 ± 1.45b – 1.98 ± 0.19b
23 12.369 Decanal 28.73 ± 2.61ab 39.26 ± 1.17a 23.61 ± 4.04b 40.88 ± 10.2a
24 12.822 2-Ethylhexyl acrylate 22.65 ± 5.32a 13.97 ± 3.21ab – 8.33 ± 0.2bc
25 13.398 p-Ethylacetophenone 26.48 ± 7.57a 35.01 ± 22.64a 23.98 ± 10.05a 33.63 ± 14.63a
26 14.063 n-Tridecane 2.91 ± 0.06a 3.65 ± 0.03a 2.13 ± 1.07a 3.49 ± 0.78a
27 15.386 α-Copaene 1.28 ± 0.19a 1.44 ± 0.84a 0.47 ± 0.26a 1.65 ± 0.97a
28 15.463 α-Cedrene 3.08 ± 0.09ab 4.01 ± 0.08ab 2.61 ± 0.08b 4.70 ± 1.37a
29 15.545 Unknown 4.99 ± 0.14a 6.44 ± 2.08a 4.31 ± 0.06a 7.41 ± 1.73a
30 15.645 β-Elmene 13.88 ± 6.30a 20.68 ± 4.34a 13.51 ± 8.11a 21.10 ± 6.86a
31 15.733 Tetradecane 8.79 ± 1.21ab 11.65 ± 0.96ab 7.46 ± 1.03b 10.90 ± 2.05a
32 15.81 ( +)-α-Longleaf-pinene 2.77 ± 0.19b 3.75 ± 0.05a 2.23 ± 0.06c 3.94 ± 0.01a
33 15.88 longleaf-pinene 4.38 ± 0.09a 5.99 ± 0.18a – 5.84 ± 1.16a
34 16.127 β-Cedrene 33.25 ± 4.81bc 43.09 ± 5.63ab 29.37 ± 3.21c 49.26 ± 6.19a
35 16.292 Rohan cypressene 4.81 ± 0.12c 6.26 ± 0.04b 4.31 ± 0.07d 7.37 ± 0.02a
36 16.727 Ditetradecane 5.34 ± 0.66ab 4.83 ± 1.15b 5.40 ± 0.09ab 8.18 ± 2.05a
37 16.992 Unknown 4.96 ± 0.21c 7.16 ± 0.19b 4.74 ± 0.25c 7.76 ± 0.21a
38 17.062 Alpha-curcumene 2.47 ± 0.06c 3.42 ± 0.16b 2.44 ± 0.04c 3.68 ± 0.08a
39 17.162 β-Serinene 8.28 ± 0.21b 10.61 ± 0.02a 7.94 ± 0.23b 11.98 ± 1.01a
40 17.304 Pentadecane 10.52 ± 0.22a 12.92 ± 5.05a 8.72 ± 0.20a 13.76 ± 0.08a
41 17.456 Knopalene 6.54 ± 0.16c 8.72 ± 0.02a 5.83 ± 0.27d 8.18 ± 0.01b
42 17.521 Antioxidant 264 2.26 ± 0.97a 2.84 ± 1.02a 1.92 ± 0.10a 2.47 ± 0.48a
43 17.562 α-Terpinene 3.19 ± 1.12a 2.45 ± 0.98a 1.55 ± 0.23a 2.1 ± 0.68a
44 17.704 Dehydrocalarene 4.40 ± 0.18b 5.91 ± 0.17a 4.01 ± 0.31b 6.11 ± 0.07a
45 17.886 Eicosane 9.8 ± 1.6a 7.74 ± 2.4a 9.96 ± 1.12a 9.72 ± 4.67a
46 18.256 Unknown 3.70 ± 0.41a – – 4.02 ± 0.11a
47 18.68 1-Octadecene 1.56 ± 0.16a 1.74 ± 0.25a – –
48 18.727 Diethyl phthalate 2.10 ± 0.68b 3.59 ± 0.15ab 1.45 ± 0.61b 2.55 ± 0.04a
49 18.786 Hexadecane 12.57 ± 3.39a 18.04 ± 5.20a 10.71 ± 5.14a 16.64 ± 6.06a
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showed that knockout of OsSPL10 increased the expression 
of the genes involved in terpenoid metabolism (Fig. 7B). 
As a result, the contents of isopentenyl pyrophosphate and 
farnesyl diphosphate, the main precursors in the biosyn-
thesis of monoterpenes, sesquiterpenes, and triterpenes, 
and diterpenes were elevated in spl10 mutant (Fig. 7C). It 
should be noted that the induction of the OsTPS19 gene, 
which encodes limonene synthase, was observed (Fig. 7B) 
(Chen et al. 2018). As expected, we also found that knock-
out of OsSPL10 increased the level of a volatile compound, 
limonene, which has the repellent role for BPH feeding and 
oviposition (Table 1 and Supplemental Fig. S8).

Taken together, we demonstrate that a member of SPL 
transcription factor OsSPL10 is a negative regulator of 
BPH resistance in rice. Activation of JA signaling and 
suppression of ET signaling may contribute to OsSPL10-
mediated BPH resistance. Enhanced expression of defense 
associated genes and increased accumulation of defensive 
metabolites in phenylpropanoid and terpenoid pathway 
also play a role in OsSPL10-mediated BPH resistance. 
Our study identifies a novel role of the transcription fac-
tor OsSPL10 in rice defense against BPH. Manipulation of 
OsSPL10 may have potential benefits for the development 
of insect-resistant rice cultivars.
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