A specialist herbivore suppresses host plant resistance by inducing a leucine-rich repeat receptor-like kinase
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Abstract
The mechanisms by which herbivores induce plant defenses are well studied. However, how specialized herbivores suppress plant resistance is still poorly understood. Here, we discovered a rice (Oryza sativa) leucine-rich repeat receptor-like kinase, OsLRR-RLK2, which is induced upon attack by gravid females of a specialist piercing-sucking herbivore, the brown planthopper (BPH, Nilaparvata lugens). Silencing OsLRR-RLK2 decreases the constitutive activity of mitogen-activated protein kinase (OsMPK6) and alters BPH-induced transcript levels of several defense-related WRKY transcription factors. Moreover, silencing OsLRR-RLK2 reduces BPH-induction of jasmonic acid and ethylene but promotes the biosynthesis of both elicited salicylic acid and H2O2; silencing also enhances the production of volatiles emitted from rice plants infested with gravid BPH females. These changes decrease BPH preference and performance in the glasshouse and the field. Our study identifies OsLRR-RLK2 as a major susceptibility factor of rice against BPH. It is likely to be employed by BPH to suppress host plant defenses for its own benefit via signaling crosstalk and/or changing the plant’s defense-related signaling profile.
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Introduction
Plants have developed sophisticated inducible defense systems to protect themselves against herbivores. The activation of induced defenses is coordinated by signaling networks, which include receptor-like kinases (RLKs); mitogen-activated protein kinase (MPK) cascades; and WRKY-, jasmonic acid (JA)-, jasmonoyl-isoleucine (JA-Ile)-, salicylic acid (SA)-, ethylene (ET)- and H2O2-mediated signaling pathways Erb & Reymond, 2019


( ADDIN EN.CITE ; Schuman & Baldwin, 2016)
. The emerging view is that RLKs perceive herbivore-associated molecular patterns and stimulate MPK cascades Wang, Feng, Zhou, & Tang, 2020


( ADDIN EN.CITE ; Zhang, Su, Zhang, Xu, & Zhang, 2018; Zipfel, 2014)
, which then activate transcription factors (TFs), including, for instance, WRKY TFs, at the transcriptional and/or post-translational levels Jiang et al., 2017


( ADDIN EN.CITE ; Phukan, Jeena, & Shukla, 2016; Tsuda & Somssich, 2015)
. Both active MPKs and TFs regulate the signaling networks by activating or suppressing one or more components in different signaling pathways mediated by (among others) JA, SA, ET and reactive oxygen species (ROS) Bakshi & Oelmuller, 2014


( ADDIN EN.CITE ; Hu et al., 2015; J. C. Li et al., 2019)
. JA signaling is considered to be the core signaling pathway for triggering plant resistance to herbivores 
 ADDIN EN.CITE 
(Ruan et al., 2019; Wang, Wu, Wang, & Xie, 2019)
, whereas the ET signaling pathway is a multi-faceted player in plant-herbivore interactions Li, Han, Feng, Yuan, & Huang, 2019


( ADDIN EN.CITE ; Lu et al., 2014; Ma, Yang, Shi, & Miao, 2020)
. SA and ROS are implicated in plant defense against piercing-sucking herbivores 
 ADDIN EN.CITE 
(Hu, Ye, Li, & Lou, 2016; Santamaria et al., 2018; Zust & Agrawal, 2016)
. These signaling pathways interact sequentially, cooperatively, synergistically or antagonistically 
 ADDIN EN.CITE 
(Block, Christensen, Hunter, & Alborn, 2018; Caarls, Pieterse, & Van Wees, 2015; Costarelli et al., 2020; Liu et al., 2016; Xia et al., 2015)
, and these interactions produce herbivore-specific defense responses. 
Whereas defense signaling networks allow plants to control defense deployment in a very specific and finely tuned manner, their crosstalk also opens the door for adapted herbivores to avoid and even suppress effective defenses. The whitefly (Bemisia tabaci), for instance, can repress JA defenses by eliciting SA defenses Zarate, Kempema, & Walling, 2007


( ADDIN EN.CITE ; Zhang et al., 2013)
. Larvae of the Colorado potato beetle (Leptinotarsa decemlineata) exploit bacteria in their oral secretions to increase SA-dependent defenses and suppress JA responses Chung et al., 2013


( ADDIN EN.CITE )
. Although it is relatively well established that herbivores can deter or suppress plant defenses for their own benefit by exploiting signaling crosstalk, the molecular targets of this process are largely unknown. The SSGP-71 effectors of the Hessian ﬂy Mayetiola destructor are suspected to function as plant F-box mimics that enable the herbivore to hijack the plant proteasome and thereby defeat host plant immunity Kaloshian & Walling, 2016


( ADDIN EN.CITE ; Zhao et al., 2015)
. Furthermore, the salivary protein tyrosine phosphatase (PTP) from Helicoverpa zea is likely to target MPK signaling upstream of the JA pathway Felton et al., 2014()
. Identifying the targets in host plants exploited by herbivores would significantly advance our understanding of the molecular dynamics that govern plant-herbivore interactions and provide novel genes to increase host plant resistance. 
To identify the early signaling elements that may be targeted by herbivores to avoid or suppress defenses, we studied the interaction between rice and a specialist herbivore, the rice brown planthopper (BPH, Nilaparvata lugens). BPH is a phloem feeder which causes substantial yield losses and is among the most damaging rice pests on earth Heong, Cheng, & Escalada, 2016()
. Although rice plants can activate a variety of defense signaling molecules, including MPKs, WRKYs, JA, SA, ET, and H2O2, and then produce defense responses when infested by BPH 
 ADDIN EN.CITE 
(Hu et al., 2016; Li et al., 2019; Lu et al., 2014; Ma et al., 2020; Zhou et al., 2009; Zhou et al., 2019)
, BPH can also circumvent and suppress host plant resistance in several ways Ji et al., 2017


( ADDIN EN.CITE ; W. Ye et al., 2017)
. BPH can, for instance, secrete salivary endo-β-1,4-glucanase to overcome plant cell wall defense in rice without inducing  defense-related signal molecules Ji et al., 2017()
, and can inhibit H2O2 production in rice via reducing cellular Ca2+ levels by secreting salivary calcium-binding proteins Ye et al., 2017()
. Whether BPH can employ other components of the plant defense signaling networks remains unknown.
Using transcriptomics, we identified a leucine-rich repeat receptor-like kinase (LRR-RLK), OsLRR-RLK2, which is strongly induced by BPH infestation. We investigated the role of this LRR-RLK in rice defense signaling and BPH resistance in the glasshouse and in the field. Our study reveals that OsLRR-RLK2 increases rice susceptibility to BPH and is likely to be used by BPH to suppress host plant defenses via signaling crosstalk. 
Materials and Methods

Plants and insects

The rice (Oryza sativa) cultivar Xiushui11 wild-type (WT) plants and the transgenic lines ir-rlk2 (in this study), ir-mpk3 Wang et al., 2013


( ADDIN EN.CITE )
, ir-mpk6 Li et al., 2015()
, as-aos1 Hu et al., 2015


( ADDIN EN.CITE )
, as-lox Zhou et al., 2009


( ADDIN EN.CITE )
, as-acs2 Lu et al., 2014


( ADDIN EN.CITE )
, and as-ics1 Wang, 2012()
 were used in this study. Seeds were pre-germinated, and seedlings were hydroponically cultured as described previously Hu et al., 2018()
. Forty day-old seedlings were individually transplanted into 500 mL hydroponic plastic pots and used for experiments 3 days after transplantation.

Colonies of brown planthopper (BPH, Nilaparvata lugens) were originally obtained from rice ﬁelds in Hangzhou, China, and reared on a BPH-susceptible rice variety TN1 using the method as described Zhou et al., 2009


( ADDIN EN.CITE )
.

Isolation and sequence analysis of OsLRR-RLK2 
The 3’ partial cDNA sequence of OsLRR-RLK2 was amplified by reverse transcription and 3’ random amplification of cDNA ends (3’RACE) PCR using a 3’-Full RACE Core Set with PrimeScript™ RTase kit (TaKaRa, Dalian, China). The full-length cDNA sequence of OsLRR-RLK2 was cloned using the primers LRR-F (5’- TAGTTGCCCCAACCAACTCTC -3’) and LRR-R (5’- ACGGTGCTTGTCGGAATGAG -3’), which were designed based on the sequence of XM_015757324 (GenBank accession number) and the amplified 3’ partial cDNA. The PCR products were cloned into the pEASY-blunt cloning vector (TransGen, Beijing, China) and then sequenced.

The protein mass of OsLRR-RLK2 was estimated by ExPASy (http://web.expasy.org/compute_pi/, default setting). Structural domain prediction was performed with Pfam (http://pfam.xfam.org/) databases and SMART (Simple Modular Architecture Research Tool, http://smart.embl-heidelberg.de) Letunic, Doerks, & Bork, 2015


( ADDIN EN.CITE )
. Prediction of transmembrane domains was performed with TMHMM web servers (http://www.cbs.dtu.dk/services/TMHMM/). Prediction of signal peptides was performed using SignalP 4.0 (http://www.cbs.dtu.dk/services/SignalP).

Plant treatments

For BPH treatment, plants were individually conﬁned in a glass cylinder (diameter, 4 cm; height, 8 cm; with 48 small holes [diameter, 0.8 mm]) into which 15 gravid BPH females were introduced. Plants in cylinders without insects were used as controls (non-infested). For JA or SA treatment, plants were individually sprayed with 2 mL of JA (100 μg mL-1) or SA (70 μg mL-1) solution in 50 mM sodium phosphate buffer (titrated with 1 M citric acid to pH 8, with 0.01% Tween) as described in ??. Controls (Buffer) were sprayed with 2 mL of the buffer. For H2O2 treatment, glucose oxidase (GOX) and glucose (Glc) solutions were injected into the leaf sheath to generate H2O2 in situ Orozco-Cardenas, Narvaez-Vasquez, & Ryan, 2001()
. Briefly, Glc (25 mM) and GOX (from Aspergillus niger; 50 units mL-1) in sodium phosphate buffer (20 mM, pH 6.5) were mixed, and immediately introduced into the leaf sheath by injecting 200 µL twice for each leaf sheath. The leaf sheath of control plants received 2 × 200 µL injections of sodium phosphate buffer, Glc (12.5 mM), or GOX (25 units mL-1) Hu et al., 2016()
. 

Gene expression analysis 

Quantitative real-time PCR (QRT-PCR) was used for gene expression analysis, and five independent biological samples were used. Total RNA of rice leaf sheaths was isolated using the SV Total RNA Isolation System (Promega, WI, USA). One μg of each total RNA sample was reverse transcribed with the PrimeScript RT-PCR Kit (TaKaRa, Dalian, China). The QRT-PCR assay was performed on CFX96 Real-Time system (Bio-Rad, CA, USA) with rice actin OsACTIN for normalization. The primers and TaqMan probe sequences used for TaqMan QRT-PCR (Premix Ex Taq™ [Probe qPCR]; Takara), and primer sequences for SYBR Green-based QRT-PCR (SYBR®Premix Ex Taq™ II [Tli RNaseH Plus]; Takara) are shown in Table S1. The relative expression levels of target genes were determined using a standard curve method as described previously Hu et al., 2018()
.

Generation and characterization of transgenic plants 
A 744-bp cDNA fragment of OsLRR-RLK2 was inserted into the pCAMBIA-1301 transformation vector to yield an RNA interference (RNAi) construct (Figure S1), which was then inserted into Xiushui 11 using Agrobacterium tumefaciens-mediated transformation. The procedure of transforming rice, screening homozygous T2 plants and identifying the number of insertions followed the method described in Zhou et al. (2009). Two T2 homozygous lines (ir-31 and ir-32) were selected for subsequent experiments.

MPK activation detection

To determine the MPK activation in WT and ir-rlk2 plants, forty day-old seedlings of these genotypes were randomly assigned to BPH treatment, and plant leaf sheaths were harvested at 0, 1, 3, 8 and 12 h after the treatment. Plants infested by the striped stem borer (SSB, Chilo suppressalis) larvae for 0.5 h were used as a positive control Hu et al., 2015


( ADDIN EN.CITE )
. Five replicated plants at each time point were pooled together, and total proteins were extracted with the method described by Wu, Hettenhausen, Meldau, & Baldwin, 2007


( ADDIN EN.CITE )
. Forty μg of total proteins was separated by SDS-PAGE and transferred onto Bio Trace pure nitrocellulose blotting membrane (PALL). Immunoblotting was performed using the method previously described Hu et al., 2018()
. The primary antibodies are the plant-actin rabbit polyclonal antibody (EarthOx, CA, USA) and rabbit monoclonal anti-phosphoERK1/2 (anti-pTEpY) antibody (Cell Signaling Technologies, Danvers, MA, USA). The plant-actin rabbit polyclonal antibody was used to detect rice actin as a loading control. The rabbit monoclonal anti-phosphoERK1/2 (anti-pTEpY) antibody, which is specific for the activated (phosphorylated) form of p44/42 MPKs, was used to detect the activated OsMPK3 and OsMPK6 Anderson et al., 2011


( ADDIN EN.CITE ; Segui-Simarro, Testillano, Jouannic, Henry, & Risueno, 2005)
. Chemiluminescence-based detection (Thermo Scientiﬁc, Waltham, MA, USA) was performed using horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (Sigma, St. Louis, MO, USA).
Quantification of JA, JA-Ile, SA, ET and H2O2
To quantify the JA, JA-Ile and SA levels in WT and ir-rlk2 plants, rice leaf sheaths of each genotype were harvested at 0, 8, 24, 48 and 72 h after BPH treatment and ground in liquid nitrogen. JA, JA-Ile and SA were extracted with ethyl acetate spiked with labeled internal standards and analyzed with HPLC/MS/MS system following the method described in Lu et al., 2015


( ADDIN EN.CITE )
. For ET analysis, gravid BPH female-infested WT and ir-rlk2 plants were individually covered with a sealed glass cylinder (diameter, 4 cm; height, 50 cm). ET levels were determined using the method as described Lu, Wang, Lou, & Cheng, 2006


( ADDIN EN.CITE )
. For H2O2 analysis, leaf sheaths of WT and ir-rlk2 plants were harvested at 0, 8, 24 h after BPH treatment. H2O2 concentrations were measured using the Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen, CA, USA) following the manufacturer’s instructions. Each treatment at each time interval was replicated ﬁve to ten times (n = 5).
Collection, isolation and identification of rice volatiles

Individual rice plants from each line (ir-31, ir-32) and from WT plants were infested by 15 gravid BPH females for 24 h using the method stated above (see section “plant treatments”). The emitted volatiles were collected, isolated and identiﬁed using the previously described method Lou, Du, Turlings, Cheng, & Shan, 2005


( ADDIN EN.CITE )
. The compounds were expressed as a percentage of peak areas relative to the internal standard (IS, diethyl sebacate) per 8 h of trapping for one plant. Collections were replicated ten times for each treatment (n = 10).

Herbivory experiments in the laboratory

To investigate the colonization and oviposition preference of BPH, pots containing two plants (WT and an ir-31 or ir-32 plant; see combinations in Figure 7) were covered with glass cylinders (diameter, 4 cm; height, 8 cm; with 48 small holes [diameter, 0.8 mm]). Each cylinder received 15 gravid BPH females. The number of BPH on each plant was counted at 1, 2, 4, 8, 12, 24, and 48 h after the release of BPH, after which BPH were removed and the number of eggs on each plant was counted under a microscope. The experiments were replicated ten times (n = 10).

To assess the survival rates of BPH nymphs on WT and ir-rlk2 plants, plant stems were individually covered with a glass cylinder (see above), into which 15 BPH neonates were released. The number of surviving BPH on each plant was recorded every day until 12 d after release. The experiment was replicated ten times (n = 10).

To measure the hatching rate of BPH eggs on WT and ir-rlk2 plants, one pair of female and male adults which had newly emerged from WT and ir-rlk2 plants was introduced to each corresponding plant and then covered with a glass cylinder as described above. After laying eggs for 10 days, the adults were removed, and the number of freshly hatched nymphs was recorded every day till no nymphs hatched for 3 consecutive days. Unhatched eggs on the rice stems were counted under a microscope. Based on these data, the number of eggs laid per female for 10 days and the hatching rate of the eggs were calculated. The experiments were replicated twenty times (n = 20). 
To determine the differences in plant tolerance to BPH attack between ir-rlk2 lines and WT plants, 25 gravid BPH females were placed on an individual plant. Every day, plants were checked for damage and photographed.
Field experiment

The field experiments were conducted in Changxing, Zhejiang, China (30°53'51" N, 119°39'18" E) in autumn 2015. The testing plot was divided into nine blocks (each 6 m × 5.5 m, 825 hills of plants), and each block was surrounded by a rice buffer zone 0.5 meter wide. Three blocks were randomly assigned to each line (ir-31, ir-32 and WT). In total, each line was represented by 2475 plants. From August to October, 20 hills of plants in each block were investigated. The number of BPH nymphs and adults, white-backed planthopper (WBPH, Sogatella furcifera) nymphs and adults as well as of predatory spiders (including Pirata subpiraticus, Pardosa pseudoannulata, Misumenops tricuspidatus, Tetragnatha maxillosa) per hill of plants was recorded once every one to two weeks. The percentages of rice leaves damaged by leaf folder (LF, Cnaphalocrocis medinalis) were also recorded. To evaluate the effect of silencing OsLRR-RLK2 on rice yield in the field, 10 hills of mature plants per block were randomly harvested. After being oven-dried, the productivity-related parameters—the number of rice panicles per hill, seed-setting rate, seed yield per plant, and 1000-seed weight—were recorded in the laboratory. The seed-setting rate was assessed as the ratio of mature seeds to the total number of grains (including abortive grains); seed yield per plant equaled  the total weight of mature seeds per plant; 1000-seed weight was calculated as follows: 1000-seed weight = total weight of mature seeds/total number of mature seeds × 1000. 
Data analysis
Differences in herbivore performance and preference, expression levels of genes, concentrations of herbivore-induced signaling molecules, and volatiles in different treatments or lines were determined by Student’s t-test or analysis of variance (ANOVA) for comparing multiple treatments. All tests were carried out with Statistica (SAS Institute).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL database or Rice Annotation Project under the following accession numbers OsLRR-RLK2 (XM_015757324), OsMEK4 (AK120525), OsMPK3 (AF332873), OsMPK6 (AB183398), OsWRKY13 (AK067329), OsWRKY24 (AY870608), OsWRKY30 (DQ298180), OsWRKY33 (AF193802), OsWRKY45 (AY870611), OsWRKY53 (AB190436), OsWRKY70 (DQ298184), OsWRKY89 (AY781112), OsHI-LOX (FJ607153), OsAOS1 (EU146299), OsICS1 (Os09g19734; Rice Annotation Project), OsACS2 (XM_0157786), and OsACTIN (AK100267).

Results

Cloning and identification of herbivore-induced OsLRR-RLK2
Based on the rice microarray analysis previously published by Zhou et al. (2011), we found a partial cDNA fragment of a putative LRR-RLK, which was dramatically upregulated after herbivory. To unravel the role of this gene in the interaction between rice and BPH, we cloned its full-length cDNA sequence by reverse transcription and 3’ random amplification of cDNA ends PCR (3’ RACE-PCR). The full-length sequence contains an open reading frame (ORF) of 3384 bp, which encodes a predicted protein of 1127 amino acids with an estimated molecular mass of 124.27 kDa (Figure S2). A sequence corresponding to the obtained cDNA was found in GenBank (accession number XM_015757324). Analysis of the deduced protein revealed that it contains an N-terminal extracellular region, two transmembrane domains, and a C-terminal cytoplasmic region (Figure S2). The extracellular N-terminal region contains a predicted 34-amino acid signal peptide (amino acids 1 to 34), 6 leucine-rich repeat domains from amino acids 48 to 728 (SMART algorithm; Letunic et al., 2015


( ADDIN EN.CITE )
. Two transmembrane domains extend from amino acids 12 to 34 and 777 to 799, and a C-terminal cytoplasmic region contains a predicted serine/threonine kinase domain from amino acids 843 to 1101 (Figure S2). Thus, this gene was designated as OsLRR-RLK2 (for O. sativa leucine-rich repeat receptor-like kinase 2). 
To determine the role of OsLRR-RLK2 in herbivore-induced defense signaling, we analyzed its expression patterns after different treatments using quantitative real-time PCR (QRT-PCR). OsLRR-RLK2 was expressed at low levels in non-manipulated WT stems, but gravid BPH female infestation significantly increased its transcript levels after 8 h (Figure 1a). JA treatment also weakly induced the expression of OsLRR-RLK2 after 8 h, but SA treatment did not (Figure 1b, c). Thus, OsLRR-RLK2 is likely an herbivory-responsive gene. 
Silencing of OsLRR-RLK2 by RNA interference
To explore the function of OsLRR-RLK2, we obtained two homozygous, single-insertion, OsLRR-RLK2-silenced lines (ir-rlk2 lines: ir-31 and ir-32) using Agrobacterium tumefaciens-based plant transformation (Figure S3). Both ir-rlk2 lines had significantly reduced constitutive and induced OsLRR-RLK2 transcript levels compared to WT plants (Figure S4a). The RNAi construct did not co-silence the transcript levels of XM_015775478 (Figure S4b), whose sequence shows the highest similarity to the sequence of OsLRR-RLK2 (Genbank, query cover 76%, identity 66%). Moreover, this construct did not co-silence the expression of the genes (XM_015780726, XM_015761582 and XM_015793867); these genes share more than 15 consecutive identical nucleotides with the sequence used for RNAi transformation (Figure S4c-e). The results suggest that the specificity of the RNAi approach is high. No phenotypic differences associated with OsLRR-RLK2-silencing were observed in rice plants, either in the glasshouse or paddy field (Figure S5). 

OsLRR-RLK2 regulates the constitutive OsMPK6 and defense-related WRKYs
MPK cascades link LRR-RLKs to downstream defense signaling Wu & Baldwin, 2010()
. In Arabidopsis (Arabidopsis thaliana) and rice, the activation of MPKs is often determined by an increase of the doubly phosphorylated isoforms, which could be detected by an anti-phosphoERK1/2 (anti-pTEpY) antibody Lu et al., 2015


( ADDIN EN.CITE ; Schwessinger et al., 2011)
. This antibody recognizes the two highly conserved activation loop phosphorylation sites pThr-x-pTyr of MPKs Anderson et al., 2011


( ADDIN EN.CITE ; Schwessinger et al., 2015; Segui-Simarro et al., 2005)
. Therefore, to test whether the reduction of OsLRR-RLK2 alters MPK signaling, we measured the activation of OsMPK3 and OsMPK6, which are orthologs of MPK3 and MPK6, in Arabidopsis Chen, Wang, & Yang, 2014


( ADDIN EN.CITE )
. OsMPK3 and OsMPK6 have been reported to play a vital role in defense responses in rice Li et al., 2015


( ADDIN EN.CITE ; Wang et al., 2013)
, in ir-rlk2 lines and WT plants by immunoblot analysis with the anti-pTEpY antibody. Although OsMPK6 activation was not induced by BPH infestation, it was significantly decreased in OsLRR-RLK2-silenced lines compared to WT plants both before and after BPH attack (≤ 3 h) (Figure 2a and Figure S6a, b). OsMPK3 activation was not detected in either genotype before and after BPH infestation (Figure 2a and Figure S6a, b). QRT-PCR analysis revealed that BPH infestation induced the expression of OsMPK3 and the gene encoding the MPK kinase 4 (OsMEK4) but not OsMPK6 (Figure 2b and Figure S6c, d). Moreover, ir-rlk2 plants exhibited lower transcript levels of OsMPK6 (Figure 2b) compared to WT plants, whereas no differences were found for mRNA levels of OsMPK3 and OsMEK4 (Figure S6c, d), which act upstream of OsMPK3/OsMPK6 and can phosphorylate both of them (Chujo et al., 2014; Li et al., 2015). To check whether the induction of OsLRR-RLK2 is dependent on MPK cascades, we analyzed the mRNA levels of OsLRR-RLK2 in two MPK-silenced lines (ir-mpk3 and ir-mpk6; Wang et al., 2013; Li et al., 2015) after BPH infestation. In both ir-mpk3 and ir-mpk6 plants, OsLRR-RLK2 exhibited expression levels similar to those in WT plants (Figure S6e, f). Taken together, these results show that OsLRR-RLK2 positively regulates constitutive OsMPK6 and suggest that it acts as an upstream component of MPK-signaling pathways.
WRKY TFs are known to play an important role in the defenses of plants against herbivorous insects Erb & Reymond, 2019


( ADDIN EN.CITE )
. Hence, we asked whether OsLRR-RLK2 regulates the transcript levels of OsWRKY13, OsWRKY24, OsWRK30, OsWRKY33, OsWRKY45, OsWRKY53, OsWRKY70 and OsWRKY89, all of which have been identified to play crucial roles in rice defense responses Han et al., 2013


( ADDIN EN.CITE ; Hu et al., 2015; Koo et al., 2009; Li et al., 2015; Qiu et al., 2007; Wang et al., 2007)
. Silencing OsLRR-RLK2 reduced the transcript levels of BPH-induced OsWRKY13, OsWRKY89 and non-inducible OsWRKY30 (Figure 2c-e), but not OsWRKY24, OsWRK33, OsWRKY45, OsWRKY53 and OsWRKY70 (Figure S7). Thus, OsLRR-RLK2 specifically regulates a subset of defense-related WRKY TFs.
OsLRR-RLK2 regulates BPH-elicited signaling molecules
Given that JA, JA-Ile and SA are central mediators of rice defenses against herbivores Zhou et al., 2009


( ADDIN EN.CITE ; Zhou et al., 2011)
, we tested whether OsLRR-RLK2 is involved in regulating the biosynthesis of these phytohormones after BPH infestation. JA and JA-Ile levels were strongly induced after BPH attack, but significantly reduced in ir-rlk2 lines compared to in WT plants (Figure 3a, b). Consistent with these data, the transcript levels of the herbivore-induced 13-lipoxygenase gene OsHI-LOX and allene oxide synthase gene OsAOS1, which are required for JA biosynthesis Hu et al., 2015


( ADDIN EN.CITE ; Zhou et al., 2009)
, were significantly decreased in ir-rlk2 lines after BPH infestation (Figure 3c, d). WT plants and ir-rlk2 lines showed similar basal SA levels, whereas 8 h after BPH infestation, ir-rlk2 lines had significantly increased SA production (Figure 3e). Moreover, after BPH infestation, the transcript levels of an isochorismate synthase gene, OsICS1, which encodes the key enzyme of herbivore-induced SA biosynthesis Wang, 2012()
, were higher in ir-rlk2 lines than in WT plants (Figure 3f). 
ET and H2O2 reportedly play important roles in rice resistance to BPH Hu et al., 2016


( ADDIN EN.CITE ; Li et al., 2019; Lu et al., 2014)
. Thus, we determined the basal and elicited levels of ET and H2O2 in WT plants and ir-rlk2 lines. ET levels in ir-rlk2 lines were lower than in WT plants 24 h after BPH infestation (Figure 4a). This attenuated accumulation in ir-rlk2 lines was correlated with the decreased transcript levels of OsACS2, which encodes the ET biosynthetic enzyme 1-aminocyclopropane-1-carboxylic acid synthase (ACS; Figure 4b; Lu et al., 2014). Furthermore, levels of both basal (ir-32) and BPH-elicited H2O2 accumulation were signiﬁcantly increased in ir-rlk2 lines compared to in WT plants (Figure 4c).
To evaluate whether OsLRR-RLK2 acts as an upstream component that regulates the biosynthesis of these signals, we quantified the expression levels of OsLRR-RLK2 in plants with reduced expression of OsHI-LOX (as-lox), OsAOS1 (as-aos1), OsICS1 (as-ics1), or OsACS2 (as-acs2) genes after BPH infestation. These transgenic plants -- as-lox, as-aos1, as-ics1, as-acs2 -- are deﬁcient in JA, SA and ET biosynthesis, respectively Hu et al., 2015


( ADDIN EN.CITE ; Lu et al., 2014; Wang, 2012; Zhou et al., 2009)
. Constitutive and induced OsLRR-RLK2 transcript levels in as-lox, as-aos1, as-ics1 and as-acs2 lines did not differ from those in WT plants (Figure S8), suggesting that OsLRR-RLK2 acts upstream of JA, SA and ET pathways.
OsLRR-RLK2 mediates BPH-elicited volatile emissions
Herbivore-induced rice volatiles play an important role in interactions among plants herbivores and their natural enemies Lu et al., 2014


( ADDIN EN.CITE ; Xiao et al., 2012; Ye, Glauser, Lou, Erb, & Hu, 2019; Ye et al., 2018)
. To explore the roles of OsLRR-RLK2 in regulating the production of rice volatiles, we collected and analyzed the volatiles released from WT and ir-rlk2 plants after gravid BPH female infestation. In total, 21 volatile compounds were found in the headspace of BPH-infested plants. The levels of 7 individual compounds (2-heptanone, 2-heptanol, (+)-limonene, (E)-linalool oxide, linalool, methyl salicylate, and α-curcumene), as well as the total amount of volatiles were significantly enhanced in both ir-31 and ir-32 lines compared to in WT plants (Figure 5, Table S2). The levels of 9 individual compounds (α-copaene, sesquithujene, (E)-α-bergamotene, sesquisabinene A, (E)-β-farnesene, zingiberene, β-bisabolene, β-sesquiphellandrene, (E)-γ-bisabolene) were significantly increased in ir-31, and in ir-32 showed a tendency to increase (Figure 5, Table S2). Thus, OsLRR-RLK2 can be said to suppress the production of volatiles emitted from rice plants infested by gravid BPH females.
OsLRR-RLK2 promotes the susceptibility of rice to BPH in the glasshouse and field

To investigate whether OsLRR-RLK2 can regulate rice resistance to herbivores, we first assessed the preference and performance of BPH on WT and ir-rlk2 plants in the glasshouse. When WT and ir-rlk2 plants were exposed to one colony of gravid BPH females, we observed that females preferably fed and oviposited on WT plants (Figure 6a, b). BPH nymphs fed on ir-rlk2 lines showed a significantly lower survival rate than those fed on WT plants (Figure 6c). After eclosion, the females developing on ir-rlk2 lines exhibited lower reproductive ability: the fecundity of these females decreased by about 30%, and the survival rate of eggs decreased by about 23-35% in comparison to those on WT plants (Figure 6d, e). Additionally, OsLRR-RLK2-silenced plants showed higher tolerance to BPH: eighteen days after infestation by 25 BPH females adults, the WT plants showed severe stem chlorosis, leaf-wilting symptoms and even death of the whole plant, whereas the transgenic plants were still green (Figure 6f). These results show that OsLRR-RLK2 negatively regulates rice resistance to BPH. 
To study whether OsLRR-RLK2 mediates rice susceptibility to BPH under field conditions, we monitored the abundance of BPH as well as other insect pests and predatory spiders on ir-rlk2 lines and WT plants in the paddy field. During the field experiment, the population densities of BPH and WBPH adults and nymphs on ir-rlk2 lines were lower than on WT plants (Figure 7a-d). The population densities of BPH adults and nymphs were highest on 26 September 2015: on ir-rlk2 lines, densities of adults and nymphs were only 60.5-62.7% and 65.4-67.1%, respectively, compared to on WT plants. The population densities of WBPH adults and nymphs were highest on 9 August 2015: on ir-rlk2 lines, densities were only 50.0-59.7% and 33.3-38.2%, respectively, compared to on WT plants. The percentages of rice leaves damaged by leaf folder (LF, Cnaphalocrocis medinalis) and the abundance of predatory spiders did not differ between ir-rlk2 lines and WT plants (Figure S9). Therefore, OsLRR-RLK2 can be said to increase the abundance of BPH and WBPH in the field. 
We also investigated the effect of silencing OsLRR-RLK2 on rice yield in the field. Lines in which OsLRR-RLK2 had been silenced, especially the ir-31 line, showed more panicles per plant and higher 1000-grain weight than WT plants (Figure 7e, f). A trend toward increasing yield was also observed in the seed-setting rate in ir-rlk2 lines compared to in WT plants; however, there was no significant difference (Figure 7g). Both ir-rlk2 lines had significantly higher grain yield per plant compared to WT plants (Figure 7h). Taken together, these results suggest that silencing OsLRR-RLK2 enhances rice yield. 
Discussion

Specialist herbivores can exploit the architecture of plant defense signaling networks to suppress plant resistance Kaloshian & Walling, 2016


( ADDIN EN.CITE ; Walling, 2008)
. However, the molecular basis of and targets involved in this exploitation are often unknown, and the consequences for population dynamics in the field remain poorly understood Felton et al., 2014


( ADDIN EN.CITE ; Kaloshian & Walling, 2016)
. This study identifies OsLRR-RLK2 as an early signaling element that is induced by gravid BPH female infestation, reprogramming rice defense signaling to promote BPH performance in the glasshouse and the field. Here, we discuss the potential underlying mechanisms and implications of this finding. 

RLKs have been implicated in the perception and early signaling of defense responses in plants, including the activation of MPK cascades and defense-related phytohormone signaling Erb & Reymond, 2019


( ADDIN EN.CITE ; Macho & Zipfel, 2014; Zhang et al., 2018; Zipfel, 2014)
. Rice OsLRR-RLK1, for instance, activates OsMPK3/OsMPK6 and modulates the biosynthesis of defense-related phytohormones Hu et al., 2018()
. It has been reported that the chitin elicitor receptor kinase 1 (CERK1), after chitin perception, can phosphorylate a receptor-like cytoplasmic kinase (RLCK) (PBL27 in Arabidopsis and RLCK185 in rice), which in turn activates a MAPK signaling cascade (MPKKK5-MPKK4/MPKK5-MPK3/MPK6 in Arabidopsis and MPKKK18-MPKK4/MPKK5-MPK3/MPK6 in rice) and enhances the resistance of plants to pathogens Yamada et al., 2016


( ADDIN EN.CITE ; Yamada, Yamaguchi, Yoshimura, Terauchi, & Kawasaki, 2017)
. Here, we found that gravid BPH female infestation induced the expression of OsLRR-RLK2 but did not increase either transcript levels of OsMPK6 or the activation of OsMPK3 and MPK6. Silencing OsLRR-RLK2 decreased the constitutive transcript levels and activation of OsMPK6, but had no influence on the expression of OsMPK3 and OsMEK4 before or after BPH infestation (Figure 2). Moreover, constitutive and gravid BPH female-elicited mRNA levels of OsLRR-RLK2 were not altered in lines with impaired OsMPK3 or OsMPK6. Since defense responses in rice can be induced only by BPH oviposition and not by BPH feeding (Li, 2015), and no difference was observed in the number of eggs laid by gravid BPH females on ir-rlk2 and WT plants for 12 h (Figure S10), the difference noted above in induced responses between ir-rlk2 lines and WT plants likely resulted from the modulation of OsLRR-RLK2, not from the difference in damage levels. These data suggest that OsLRR-RLK2 functions upstream of OsMPK6 and that OsLRR-RLK2 is required to stabilize the OsMPK6 activity, although the increase of OsLRR-RLK2 expression did not enhance either the transcript levels or activity of OsMPK6. Further research should clarify how OsLRR-RLK2 regulates OsMPK6.
We also observed that OsLRR-RLK2 regulated transcript levels of OsWRKY13, OsWRKY30 and OsWRKY89 in response to BPH infestation (Figure 2). Moreover, silencing OsLRR-RLK2 decreased BPH-induced JA and ET levels, but increased SA and H2O2 levels (Figures 3, 4). It has been well documented that MPKs and WRKYs can modulate each other Pitzschke, 2015(Li et al., 2015; )
 and that both MPKs and WRKYs can mediate the production of these defense-related signals by directly influencing the activity of their biosynthesis-related enzymes Han et al., 2010


( ADDIN EN.CITE ; Li et al., 2012; Li et al., 2015)
. In Arabidopsis, for example, MPK6 phosphorylates 1-aminocyclopropane-1-carboxylic acid (ACC: the precursor of ET) synthases (ACSs), resulting in the stabilization of ACS2 and ACS6, and thus increases the biosynthesis of ET (Liu & Zhang, 2004). In Nicotiana attenuata, silencing MPK6 highly decreases the level of wounding or herbivore-induced JA, SA and ET (Wu, Hettenhausen, Meldau, & Baldwin, 2007). In rice, OsMPK6 can be phosphorylated by OsMEK4 or OsMEK10-2, and interacts with OsWRKY70 and OsWRKY53; these interactions subsequently modulate the pathogen- or herbivore-induced activity of WRKYs and the signaling pathways mediated by JA, SA and ET Hu et al., 2015


( ADDIN EN.CITE ; Li et al., 2015; Shen et al., 2010; Ueno et al., 2015)
. OsWRKY13, which is negatively regulated by a MPK kinase kinase, OsEDR1 Shen et al., 2011


( ADDIN EN.CITE )
, regulates the SA and JA pathways positively and negatively, respectively, by directly and indirectly mediating the expression of genes functioning both upstream and downstream of SA and JA Qiu et al., 2007


( ADDIN EN.CITE )
. OsWRKY89 positively regulates SA accumulation and resistance in rice to WBPH Wang et al., 2007


( ADDIN EN.CITE )
. OsWRKY30 interacts with many OsMPKs and can be phosphorylated by OsMPK3, OsMPK7 or OsMPK14 Jalmi & Sinha, 2016


( ADDIN EN.CITE ; Shen et al., 2012)
. Moreover, it is an SA-inducible gene and can upregulate OsWRKY45, and positively regulates disease resistance in rice Han et al., 2013


( ADDIN EN.CITE )
. Therefore, in ir-rlk2 lines, the change in levels of OsWRKY13, OsWRKY30 and OsWRKY89 transcripts, and of JA, SA, ET, and H2O2 in response to BPH infestation is likely at least partly the result of lower constitutive OsMPK6 activity, compared to that in WT plants. Moreover, the changed WRKYs may influence each other and modulate the biosynthesis of JA, SA, ET and H2O2, thereby involved in these changes. Whether OsLRR-RLK2 can also directly regulate these WRKYs and the biosynthesis of JA, SA, ET and H2O2 and how OsLRR-RLK2 regulates them remain to be elucidated. 
Our earlier work established that in rice, JA increases BPH-induced volatile emissions, whereas ET decreases these Lou et al., 2005


( ADDIN EN.CITE ; Lu et al., 2014)
. We found that ir-rlk2 lines, which reduced BPH-elicited levels of JA and ET (Figures 3, 4), released higher levels of induced volatiles compared to WT plants (Figure 5, Table S2). These findings suggest that the ratio of JA and ET may play an important role in regulating the production of BPH-induced volatiles in rice, a hypothesis that needs to be elucidated in the future.
Bioassays revealed that silencing OsLRR-RLK2 enhanced the resistance of rice to BPH in the laboratory and field (Figures 6 and 7). Previous studies have shown that JA- and ET-mediated signaling pathways reduce rice resistance to BPH Lu et al., 2014


( ADDIN EN.CITE ; Zhou et al., 2009)
, whereas SA- and H2O2-mediated pathways increase it Hu et al., 2016


( ADDIN EN.CITE ; Wang, 2012)
. In this study, we also found that exogenously applying H2O2 to WT plants enhances their resistance to BPH at the same levels reached by the ir-rlk2 lines (Figure S11), confirming the important role of the H2O2 pathway. Therefore, the differences in BPH-elicited signaling profiles present in WT plants and in ir-rlk2 lines (higher elicited levels of SA and H2O2 as well as lower elicited levels of JA and ET in ir-rlk2 lines compared to in WT plants) is the main factor underlying the enhanced resistance of ir-rlk2 lines to BPH. 

Herbivore-induced plant volatiles are important defensive compounds that influence the behavior and performance of herbivores not only directly but also indirectly by attracting natural enemies of herbivores Qi et al., 2011


( ADDIN EN.CITE ; Veyrat, Robert, Turlings, & Erb, 2016)
. In rice, it has been reported that BPH-induced rice volatiles attract significant numbers of the egg parasitoid of BPH, Anagrus nilaparvatae Lou et al., 2005


( ADDIN EN.CITE )
. Moreover, some volatile chemicals emitted from rice -- 2-heptanone, 2-heptanol, linalool and MeSA -- as well as linalool, MeSA and (E)-β-caryophyllene, all of which had higher levels in ir-rlk2 lines than in WT plants except for (E)-β-caryophyllene (Figure 5, Table S2), have been reported to be repellent to BPH and to be attractive to the parasitoid, respectively Lu et al., 2014


( ADDIN EN.CITE ; Xiao et al., 2012)
. Therefore, higher BPH-elicited levels of volatiles in ir-rlk2 lines partially contribute to the enhanced resistance of ir-rlk2 lines to BPH in the laboratory and field by influencing the colonization and performance of BPH and/or its natural enemies. 

Interestingly, we found that the grain yield of ir-rlk2 lines was significantly higher than that of WT plants in the field (Figure 7e-h). This yield benefit of ir-rlk2 lines under field conditions is probably at least partially due to the enhanced resistance of OsLRR-RLK2-silenced plants to herbivores. Whether OsLRR-RLK2 also influences rice yield needs to be elucidated in the future.

In summary, our results demonstrate that infestation by female BPH females could induce the expression of OsLRR-RLK2, which then keeps OsMPK6 stable and changes transcript levels of several WRKY TFs. These changes increase JA and ET levels, both of which negatively regulate the resistance of rice to BPH (Lu et al., 2014; Zhou et al., 2009), and decrease SA and H2O2 levels, both of which positively regulate the resistance in rice to BPH Hu et al., 2016()
 and, finally, promotes host plant susceptibility to BPH. These findings provide evidence that BPH can exploit an early signaling factor in plants to suppress host plant defenses for its own benefit. Moreover, these data also provide a way to improve herbivore resistance and yield in plants by finding and silencing such factors.  
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Figure legends

Figure 1 Expression profiles of OsLRR-RLK2 after different treatments. Mean transcript levels (+ SE, n = 5) of OsLRR-RLK2 in rice stems that were infested with brown planthopper (BPH, a), treated with jasmonic acid (JA, b) or salicylic acid (SA, c). Non-infested, non-infested plants that were individually confined in an empty glass cylinder; Buffer, plants that were treated with 50 mM sodium phosphate buffer. Asterisks indicate significant differences in transcript levels between treatments and controls at indicated times (*, P < 0.05; **, P < 0.01; Student’s t-tests).

Figure 2 OsLRR-RLK2 regulates the constitutive OsMPK6 and OsWRKY30, and the brown planthopper (BPH)-inducible OsWRKY13 and OsWRKY89. (a) MPK activation in ir-rlk2 lines and wild-type (WT) plants after infestation by BPH female adults. The stems from five replicate plants were harvested at the times indicated. Immunoblotting was performed using either anti-pTEpY antibody (top section) to detect phosphorylated MPKs or actin antibody (bottom section) as a loading control. The stems which were infested by a second-instar striped stem borer (SSB, Chilo suppressalis) larva for 0.5 h were used as the positive control. This experiment was repeated three times with similar results (Figure S6). (b to e) Mean transcript levels (+ SE, n = 5) of OsMPK6 (b), OsWRKY30 (c), OsWRKY13 (d) and OsWRKY89 (e) in ir-rlk2 lines and WT plants after infestation by BPH female adults. Asterisks indicate significant differences in ir-rlk2 lines compared with WT plants at indicated times (*, P < 0.05; **, P < 0.01; ***, P < 0.01; Duncan’s multiple range test).

Figure 3 OsLRR-RLK2 positively mediates brown planthopper (BPH)-elicited jasmonic acid (JA), JA-isoleucine (JA-Ile) and salicylic acid (SA) biosynthesis. (a, b) Mean levels (+ SE, n = 5) of JA (a) and JA-Ile (b) in ir-rlk2 lines and wild-type (WT) plants that were infested by BPH female adults. (c, d) Mean transcript levels (+ SE, n = 5) of OsHI-LOX (c) and OsAOS1 (d) in ir-rlk2 lines and WT plants that were infested by BPH female adults. (e, f) Mean levels (+ SE, n = 5) of SA (e) and the transcript levels (+ SE, n = 5) of its biosynthesis-related gene OsICS1 (f) in ir-rlk2 lines and WT plants that were infested by BPH female adults. FW, fresh weight. Asterisks indicate significant differences in ir-rlk2 lines compared with WT plants at indicated times (*, P < 0.05; **, P < 0.01; Duncan’s multiple range test).

Figure 4 OsLRR-RLK2 mediates brown planthopper (BPH)-elicited ethylene (ET) and H2O2 production. (a, b) Mean levels (+ SE, n = 5) of ET (a) and the expression levels (+ SE, n = 5) of its biosynthesis-related gene OsACS2 (b) in ir-rlk2 lines and wild-type (WT) plants that were infested by BPH female adults. (c) Mean levels of H2O2 (+ SE, n = 5) in ir-rlk2 lines and WT plants that were infested by BPH female adults. FW, fresh weight. Asterisks indicate significant differences in ir-rlk2 lines compared with WT plants at indicated times (*, P < 0.05; **, P < 0.01; Duncan’s multiple range test).

Figure 5 OsLRR-RLK2 mediates brown planthopper (BPH)-elicited volatile emissions. Typical chromatograms obtained by head space collections from wild-type (WT) plants and ir-rlk2 lines after being infested with BPH female adults for 24 h. Numbers represent chemicals as described in Table S2. IS, internal standard.

Figure 6 OsLRR-RLK2 negatively regulates rice resistance to brown planthopper (BPH). (a, b) Mean number (+ SE, n = 10) of BPH female adults per plant on pairs of plants (wild-type [WT] plants versus ir-31, ir-32, respectively). Insets: Mean percentage (+ SE, n = 10) of BPH eggs per plant on pairs of plants as stated above, 48 h after the release of BPH. (c) Mean survival rate (+ SE, n = 10) of newly hatched BPH nymphs that fed on ir-rlk2 lines or WT plants 1-12 d after the start of feeding. (d) Mean number of eggs (+ SE, n = 20) laid by one pair of BPH adults that emerged from ir-rlk2 lines or WT plants, 10 d after the release of BPH female adults. (e) Mean survival rate (+ SE, n = 20) of BPH eggs on ir-rlk2 lines or WT plants. (f) Damage phenotypes (n = 20) of ir-rlk2 lines and WT plants that were individually infested by 25 BPH female adults for 18 d. Asterisks indicate significant differences in ir-rlk2 lines compared with WT plants at indicated times (*, P < 0.05; **, P < 0.01; Student’s t-tests (a, b) or Duncan’s multiple range text (c-e)).

Figure 7 The abundance of rice planthoppers on ir-rlk2 and wild-type (WT) plants and rice yield in the ﬁeld. (a to d ) Mean number (+ SE, n = 3) of BPH adults (a) and nymphs (b), WBPH adults (c) and nymphs (d) on two hills of ir-rlk2 lines or WT plants. (e to h) Mean number (+ SE, n = 3) of panicles per plant (e), 1000-seed weight (f), seed-setting rate (g) and seed yield per plant (h) of ir-rlk2 and WT plants. Asterisks indicate significant differences in ir-rlk2 lines compared with WT plants on the same date (*, P < 0.05; **, P < 0.01; Duncan’s multiple range test).

Supporting Information
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Table S2 Volatile compounds emitted from brown planthopper (BPH)-infested wild-type (WT) plants and ir-rlk2 lines.
Figure S1 Transformation vector used in this study.
Figure S2 Predicted domains, sequences of nucleotides and deduced amino acids of OsLRR-RLK2. 
Figure S3 DNA gel-blot analysis of ir-rlk2 lines and wild-type (WT) plants. 
Figure S4 Silencing OsLRR-RLK2 does not co-silence the transcript levels of other genes. 
Figure S5 Growth phenotypes of ir-rlk2 lines and wild-type (WT) plants. 
Figure S6 OsLRR-RLK2 acts upstream of MPK signaling pathways. 
Figure S7 Expression levels of defense-related WRKYs in ir-rlk2 lines and wild-type (WT) plants. 
Figure S8 OsLRR-RLK2 acts upstream of jasmonic acid, salicylic acid and ethylene signaling pathways. 
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