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Overexpression of OsRRK1 Changes Leaf Morphology and Defense to Insect in Rice
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It has been reported that the receptor-like cytoplasmic kinases (RLCKs) regulate many biological processes in plants, but only a few members have been functionally characterized. Here, we isolated a rice gene encoding AtRRK1 homology protein kinase, OsRRK1, which belongs to the RLCK VI subfamily. OsRRK1 transcript accumulated in many tissues at low to moderate levels and at high levels in leaves. Overexpression of OsRRK1 (OE-OsRRK1) caused adaxial rolling and erect morphology of rice leaves. In the rolled leaves of OE-OsRRK1 plants, both the number and the size of the bulliform cells are decreased compared to the wild-type (WT) plants. Moreover, the height, tiller number, and seed setting rate were reduced in OE-OsRRK1 plants. In addition, the brown planthopper (BPH), a devastating pest of rice, preferred to settle on WT plants than on the OE-OsRRK1 plants in a two-host choice test, indicating that OE-OsRRK1 conferred an antixenosis resistance to BPH. The analysis of transcriptome sequencing demonstrated that several receptor kinases and transcription factors were differentially expressed in OE-OsRRK1 plants and WT plants. These results indicated that OsRRK1 may play multiple roles in the development and defense of rice, which may facilitate the breeding of novel rice varieties.
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INTRODUCTION

Increasing crop yield is a major challenge for modern agriculture (Ray et al., 2012). Regulating leaf development has been considered an effective way to achieve a breakthrough of potential yield for crops (Sinclair and Sheehy, 1999). Appropriate leaf shape is an important characteristic of the super-high-yield hybrid rice idiotype, in which the last three leaves from the top are long, erect, narrow, V-shaped (rolled), and thick (Yuan, 1997). Moderate leaf rolling in rice leads to erect leaf canopies, improves photosynthetic efficiency, accelerates dry-matter accumulation, and increases grain yield (Lang et al., 2004; Zhang et al., 2009; Zou et al., 2011). Isolation of genes controlling leaf rolling are expected to be beneficial for developing crops with the desired architecture (Zhang et al., 2009; Xu et al., 2014).

Leaf form was regulated by complicated developmental processes, including pattern formation, polarity establishment, and cell differentiation (Bowman et al., 2002; Micol and Hake, 2003; Lang et al., 2004). Bulliform cells are monocot-specific (with the exception of the Helobiae), large thin-walled, apparently empty, highly vacuolated and occur in groups between vascular bundles on the adaxial epidermis (Jane and Chiang, 1991; Itoh et al., 2005). In rice, two types of leaf rolling (adaxial rolling and abaxial rolling) have been related to the abnormal development of bulliform cells. Changes in the number, volume, and localization of bulliform cells can result in lack of osmotic pressure to support the normal form of the blade, and then, the leaf becomes rolled (Zhang et al., 2015). Generally, a leaf displays adaxial rolling when the number and size of bulliform cells are decreased in rice. For example, the mutant of a MYB transcription factor, sll1, has smaller and fewer bulliform cells than wild-type (WT), resulting in adaxial leaf rolling (Zhang et al., 2009). Conversely, a leaf displays abaxial rolling when the number and size of bulliform cells are increased. For example, enhanced expression of ACL1, encoding a protein with unknown conserved functional domains, causes increased bulliform cell number and abaxial leaf rolling (Li et al., 2010).

The receptor-like kinases (RLKs) play critical roles in plant development and response to stress stimuli (Gao and Xue, 2012). A typical RLK contains an extracellular receptor, a transmembrane domain and an intracellular kinase domain (Shiu and Bleecker, 2001). One of the RLK families lacking an extracellular domain has, therefore, been designated the receptor-like cytoplasmic kinases (RLCKs). Recent studies have shown that some RLCKs regulate both plant development and defense responses. In Arabidopsis, RLCKs are classed into 13 subfamilies according to the phylogenetic evaluation (Shiu et al., 2004). BIK1 (Botrytis-Induced Kinase 1), functions as an early-induced kinase in response to infection by Botrytis cinerea and is required for BRI1 (Brassinolide-Insensitive 1) mediated growth regulation through direct interaction with BRI1 (Veronese et al., 2006; Lin et al., 2013). PBL27 is an immediate downstream component of the chitin receptor CERK1 and contributes to the regulation of chitin-induced immunity in Arabidopsis (Shinya et al., 2014). It has been predicted that rice has a total of 379 RLCK genes (Vij et al., 2008). To date, few RLCK genes have been functionally characterized in rice. Of those that have, it has been reported that BSR1 (broad-spectrum resistance 1) positively regulates resistance against Xoo (Xanthomonas oryzae pv. oryzae) and M. oryzae (Magnaporthe grisea) both in Arabidopsis and rice (Dubouzet et al., 2011). OsRLCK185 and OsRLCK55 can interact with Xoo1488, which is a Xoo effector. OsRLCK185 also regulates PGN- and chitin-induced immunity (Yamaguchi et al., 2013). Five other RLCK genes, OsRLCK102, OsRLCK57, OsRLCLK107, OsRLCK118, and OsRLCLK176 are involved in innate immunity mediated by XA21 and in development by BR signaling in rice (Yamaguchi et al., 2013; Ao et al., 2014; Wang et al., 2016; Zhou et al., 2016). Most of these reported RLCK genes belong to the RLCK VII subfamily and are involved in disease resistance and growth development in Arabidopsis and rice. However, no other members of RLCK subfamilies in rice have been reported.

In this study, we characterized the RLCK gene OsRRK1, which was interacted with OsLecRK (a lectin RLK) that was involved in innate immune responses and seed germination (Cheng et al., 2013), belongs to the RLCK VI subfamily and encodes an AtRRK1 (Rop-interacting receptor-like kinase 1) homologous protein kinase. Overexpression of OsRRK1 caused rolling and erect leaves in rice plants. In addition, the degree of leaf rolling was positively correlated with the expression level of OsRRK1. OsRRK1 is also involved in rice development as well as in defense against BPH. The result of transcriptome sequencing indicated that OsRRK1 regulates plant development and defense to BPH mainly through receptor kinases, other RLCKs and transcription factors.

MATERIALS AND METHODS

Plant Materials

In this study, the WT rice (Oryza sativa) cultivar used as controls in all the morphological and molecular comparisons was a japonica variety, Hejiang19. The template for gene amplification was derived from the cDNA of the rice indica variety Kasalath. All the transgenic lines including the OE and RNAi lines are in the background of Hejiang19. All experimental materials were transplanted in the experimental field at a spacing of 16.7 cm between plants within each row and 26.7 cm between rows at the Genetics Institute at Wuhan University (Wuhan, China). The plants were tended under the routine management regime.

Yeast Two-Hybrid Assay

The two-hybrid assay was performed using the GAL4-based transcription system. The OsRRK1 cDNA was cloned into a bait vector pGBKT7, while the OsLecRK cDNA was ligated into a prey vector pGADT7. Yeast strains AH109 (Clontech) were transformed with bait and prey cotransform constructs. Yeast diploids were selected on selection plates containing SD (Synthetic Dropout) medium lacking Leu, Trp, and His. The interactions between p53 and the SV40 large T-antigen (T), and between lamin (Lam) and the T served as positive and negative controls, respectively.

In Vivo Co-immunoprecipitation Assays

In vivo co-immunoprecipitation (Co-IP) assays were carried out by transient protein expression in rice protoplasts. HA- tagged OsRRK1 and MYC- tagged LecRK constructs were coexpressed in rice protoplasts, extracted in the buffer [50 mM Tris-HCl pH 7.5, 150 mM NaCl, 10% glycerol, 0.1% NP-40, 1 mM PMSF, plant protease inhibitor cocktail (Roche)], immunoprecipitated with anti-MYC antibody, then detected by the anti-HA (MBL, Catalog: M180) and anti-Myc (MBL, Catalog: M047), respectively.

Plasmid Constructs and Rice Transformation

To make an overexpression construct (OE-OsRRK1), a 1179-bp cDNA fragment encoding the full-length of OsRRK1 was PCR-amplified from the cDNA library of Kasalath using a pair of primers, OE-OsRRK1-F and OE-OsRRK1-R (Supplementary Table S1). The amplified DNA fragments were ligated with pCXUN-vector, which was digested with XcmI. The pCXUN-vector contains the maize ubiquitin promoter and a nos terminator.

The OsRRK1-RNAi constructs were generated by an overlapping PCR approach (Chen et al., 2009). Briefly, in the first-round PCR, two 521-bp fragments between +569 and +1089 (relative to the ATG at +1 bp) were amplified from the cDNA library of 9311 using the primers RNAi-F and RNAi-R1, RNAi-F and RNAi-R2. The PDK intron loop sequence fragment was amplified from pHAN using the primers PDK-F and PDK-R. Primers RNAi-R1 and PDK-F were used to introduce complementary adapters to the amplified fragments, as RNAi-R2 and PDK-R. The three amplified fragments were fused together as an inverted-repeat cassette in the second-round PCR by using a single RNAi-F primer. The resulting fragment was then directly cloned into the plant expression pCXUN-vector. All the primers used for vector construction are shown in Supplementary Table S1.

The constructs were introduced into Agrobacterium tumefaciens EHA105 via electroporation. The Agrobacterium-mediated transformations of rice (Hejiang19) were carried out as previously described (Chen et al., 2007).

Measurement of the Leaf Rolling Index and Leaf Erection Index

To determine the LRI, two measurements were taken, Lw (expand the leaf blade and determine the greatest width of the leaf blade) and Ln (measure the natural distance of the leaf blade margins at the same location on the leaf where Lw was measured). LRI was calculated as LRI (%) = (Lw -Ln)/Lw × 100%.

To determine the LEI, two measurements were taken, Lnl (the linear distance between the lamina joint and the tip of the leaf blade in the natural position) and Lsl (the length of the straightened leaf). LEI was calculated as LEI (%) = Lnl/Lsl × 100% (Shi et al., 2007).

Data were collected from the flag leaves of 20 individual plants at the heading stage.

Southern Blot Analysis

A probe (Supplementary Table S1) was labeled with [α-32P] dCTP using the Prime-a-Gene labeling system (Promega). Twenty microgram genomic DNA was digested with EcoRI restriction enzyme (Fermentas), then separated on a 1% agarose gel and blotted onto Hybond-N+ nylon membrane (Amersham Biosciences). The membranes were prehybridized for 3 h at 65°C and the hybridization buffer was refreshed with the labeled probe. The membranes were then incubated for 12 h at 65°C. Washing was conducted at 65°C for 15 min in 2 × SSC and 0.2% SDS, and subsequently for 15 min at 65°C in 1 × SSC and 0.1% SDS. The membranes were then exposed to storage phosphor screens (Amersham Biosciences), and the hybridization signals were detected using a Typhoon PhosphorImager (Amersham Biosciences).

Quantitative Real-time PCR (qRT-PCR)

Total RNA of various rice tissues including radicle and plumule in 48 h after emergence, root and leaf in the second tillering stage, flag leaf, second leaf from the top leaf, stem, leaf sheath, and young panicle at the heading stage were isolated using TRIzol reagent (TaKaRa) according to the manufacturer’s protocol. One microgram RNA was treated with DNase I (Fermentas) to remove genomic DNA and then used to synthesize cDNA with a RevertAidTM First Strand cDNA Synthesis Kit (Fermentas) following the manufacturer’s recommendations. The cDNA was then amplified by specific primers and SYBR Green PCR Master Mix (Applied Biosystems) in a CFX96 Real-Time System (Bio-Rad). The analysis of the results was performed as previously described (Wei et al., 2009). All primers used in this study are listed in Supplementary Table S1.

Histology and Microscopy Observation

To determine the detailed structure of leaf, mature flag leaves containing at least the bottom 1/2 of the tissues were used for a paraffin cross-section assay. Leaves were fixed in 70% formalin–acetic acid–alcohol solution (FAA) for 24 h at 4°C. After serial dehydration in various concentrations of ethanol, the samples were transferred into xylene and then embedded in paraffin. Sections (10 μm thick) were cut with a microtome (Leica RM2245) and mounted on microscope slides. Slices were spread on a platform at 40°C overnight and stained using 0.5% Toluidine Blue O at 37°C for 30 min. After dewaxing and rehydrating, the slices were examined and photographed using a LEICA CTR5000B microscope. Bulliform cell area was measured with Image J software1.

Analysis of Alignments and Phylogenesis

The BLASTP program2 was used to identify the homologous sequence of OsRRK1. Before phylogenetic analysis, multiple sequence alignments were generated using ClustalX Version 1.83 (Thompson et al., 1997). A phylogenetic tree was constructed by MEGA Version 5.1.0 using the neighbor-joining (NJ) method. Bootstrap analyses of 1,000 replicates were carried out.

BPH Host Choice Test

The host choice tests were conducted on 4-week-old rice plants in a cup (10 cm in diameter). Two WT plants and two OE-OsRRK1 plants were planted at opposite ends of roughly perpendicular diagonals. Thirty-fourth-instar BPH nymphs were then placed in the middle of the cup and the number of nymphs that settled on each plant was recorded each day after infestation. The experiment was repeated twice, each time with 20 biological replicates.

RNA-Sequencing and Data Analysis

The flag leaves of both Hejiang19 and OE-25 at the five-leaf stage were collected for RNA-sequencing analysis, with each sample containing a pool of 10 plants, each rice variety containing three biological replicates. Total RNAs were prepared using RNAiso Plus according to the manufacturer’s protocol (TaKaRa Code: D9108A). Half of RNA was performed to transcription expression analysis by Shanghai Biotechnology Corporation, and the rest was used to verify the RNA-sequencing results by qRT-PCR. All subsequent procedures, including mRNA purification, cDNA preparation, end repair of cDNA, adaptor ligation, and cDNA amplification were performed according to the manufacturer’s protocols accompanying the mRNA-Seq Sample Preparation Kit (Illumina). Each library had an insert size of 45 bp, and sequences of 50 bp on one end (1∗50 bp) were generated via Illumina HiSeq2000.

Cufflinks (version: 2.0.23) was used to calculate the FPKM value of every transcript. The P-values of different expressions were calculated using Fisher’s exact test. We used P < 0.05 and the absolute value of log2FC ≥ 0.585 as the threshold to judge the significance of each gene expression difference (Trapnell et al., 2010). Cluster analysis was performed and heat maps generated with the Genesis software based on a hierarchy (version: 1.7.64) (Sturn et al., 2002). For pathway analysis, we mapped all DEGs using the MapMan package with the Osa_MSU_v7 mapping file (Thimm et al., 2004).

Accession Numbers

Sequence data for OsRRK1 can be found in the GenBank database under accession number KY347802. The RNA-Seq raw data were submitted to Short Read Archive at NCBI with accession numbers of SAMN06448985, SAMN06448986, SAMN06448987, SAMN06448988, SAMN06448989, and SAMN06448990.

RESULTS

Characterization of the OsRRK1 Gene

In the previous study, OsLecRK was used as a bait to screen a rice cDNA expression library established in a yeast two-hybrid system (Cheng et al., 2013). We isolated a full-length cDNA encoding a RLCK, which interacted with OsLecRK by a yeast two-hybrid assay (Supplementary Figure S1A) and co-immunoprecipitation (Supplementary Figure S1B). BLAST analysis in the NCBI database showed that this RLCK exhibits 57% amino acid sequence identity with AtRRK1 (Rop-interacting receptor-like kinase 1) from Arabidopsis, we named this gene OsRRK1 (LOC_Os06g47820). The full-length cDNA of OsRRK1 is 1567-bp long, and consists of a 237-bp 5’UTR, 1179-bp coding region and 151-bp 3’UTR (Supplementary Figure S2). The open reading frame (ORF) of OsRRK1 comprises six exons and five introns. It is predicted that it encodes a polypeptide of 392 amino acids with a serine-threonine/tyrosine-protein kinase catalytic (STYKc) domain (Supplementary Figures S3A,B).

The expression level of OsRRK1 in various rice organs and at different development stages was determined by quantitative real-time PCR (qRT-PCR). This demonstrated that the expression level of OsRRK1 was highest in leaves, especially in flag leaves, and then decreased gradually in leaf sheathes, young panicles, stems, plumules, radicles, and roots (Figure 1A).
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FIGURE 1. Characterization of the OsRRK1 gene. (A) Expression of OsRRK1 in various organs determined by qRT-PCR analysis. Rice ACTIN1 gene was used as an internal control. Error bars represent the SD of transcript levels determined from three independent replicates. (B) Phylogenetic analysis of OsRRK1 and its homologous protein with other RLCK VI sub-family members in Arabidopsis and rice by MEGA6.0 constructed using the Neighbor-Joining method. The OsRRK1 protein is shown in red. The GenBank accession numbers of OsRRK1 and its homologous proteins are as follows: OsRRK1: XP_015642177.1; OsRLCK212: XP_015642870.1; OsRLCK249: XP_015648938.1; OsRLCK167: XP_015634276.1; OsRLCK342: ABA95043.1; OsRLCK181: XP_015640273.1; OsRLCK122: XP_015632245.1; OsRLCK105: XP_015630796.1; AtRLCK VI_A1: NP_001078762.1; AtRLCK VI_A2: NP_179479.1; AtRLCK VI_A3: NP_201356.2; AtRLCK VI_A4: NP_568231.1; AtRLCK VI_A5: NP_198445.1; AtRLCK VI_A6: NP_001327889.1; AtRLCK VI_A7: NP_197392.2; AtRLCK VI_B1: NP_198595.1; AtRLCK VI_B2: NP_001321968.1; AtRLCK VI_B3: NP_001190918.1; AtRLCK VI_B4: NP_179266.2; AtRLCK VI_B5: NP_201199.1; AtRLCK VI_B6: NP_001319394.1; AtRLCK VI_B7: NP_173578.2.



OsRRK1 is OsRLCK216 and belongs to the RLCK VI subfamily (Vij et al., 2008; Gao and Xue, 2012). In order to analyze the genetic relationship between OsRRK1 and other RLCKs in rice and Arabidopsis, we constructed an unrooted phylogenetic tree for OsRRK1 and found that OsRRK1 exhibits relatively higher homology with OsRLCK167 and AtRLCK VI_A2 (AtRRK1) (Dorjgotov et al., 2009) (Figure 1B).

Overexpression of OsRRK1 Results in a Leaf Rolling Phenotype

In order to elucidate the function of OsRRK1 in rice, an OsRRK1 overexpression construct driven by the ubiquitin promoter was produced and introduced into WT plants via A. tumefaciens-mediated transformation. Seventeen positive transgenic lines (OE-OsRRK1) were generated and confirmed by Southern blot analysis (Supplementary Figure S4). Eight of them (OE-5, 7, 16, 19, 21, 22, 24, 25) had a single copy of OsRRK1 and the others had multiple copies. We chose three single copy lines (OE-22, 24, and 25) for further analysis.

Compared to WT plants, all of the OE-OsRRK1 plants displayed the leaf rolling phenotype. During the heading stage, we were able to observe that leaves of WT plants were flat, whereas the flag leaves of OE-OsRRK1 plants were rolled to different degrees in the field (Figure 2A) and the laboratory (Figure 2B). We transected the middle part of these leaves and found that the cross-section revealed rolling to varying degrees (Figure 2C).
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FIGURE 2. The leaf phenotype of the WT and OE-OsRKK1 plants. (A) Morphology of WT plants and the OE-OsRRK1 plants at the heading stage in the paddy field. Red arrow indicated the leaf morphology. Leaves of WT plants were flat, whereas the flag leaves of OE-OsRRK1 plants were rolled to different degrees in the field. (B) Mature leaves of the WT and OE-OsRRK1 plants at the heading stage in a bucket (Bar = 10 cm). The corresponding close-up images of the flag leaf architecture details are shown besides each bucket image (Bar = 5 cm). (C) Cross-section of the middle part of the flag leaf in the WT and the OE-OsRRK1 plants at the heading stage. ad, adaxial; ab, abaxial. Bars = 2 mm.



To evaluate the degree of leaf rolling accurately, we calculated the LRI, for which a higher value indicates a higher rolling degree (Shi et al., 2007). At the heading stage, we measured the maximum leaf width (Lw) and natural leaf width (Ln). The maximum width of flag leaves was not significantly different in WT plants and the OE-OsRRK1 plants (Figure 3A). However, the natural width of flag leaves in OE-OsRRK1 plants was significantly reduced compared to WT (Figure 3B). In WT plants, the natural width of flag leaves was almost the same as the maximum width, while in OE-OsRRK1 plants the natural width of flag leaves was much smaller than the maximum width. The LRI of the WT plants was 0, while the LRIs of the OE-OsRRK1 plants were at least 20% higher than that of the WT plants (Figure 3C). These results indicate that the leaf rolling of the OE-OsRRK1 plants could be attributed to changes in the natural width of the leaf rather than the maximum width.
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FIGURE 3. Evaluation of the degree of leaf rolling in WT and OE-OsRRK1 plants. (A,B) Leaf maximum width (A) and leaf natural width (B) of the WT and OE-OsRRK1 plants. Twenty plants of each line were measured at the heading stage. (C) LRI of the flag leaves of WT and the OE-OsRRK1 plants based on the leaf maximum and natural width. Error bars indicate SD (n = 20). (D) The relative expression levels of OsRRK1 in the WT and OE-OsRRK1 plants. Flag leaves at the heading stage were used in this experiment. Values are the means ± SD of three biological replicates. ∗Student’s t-test, P < 0.05; ∗∗Student’s t-test, P < 0.01.



In general, leaf rolling leads to changes in the erectness of leaves (Shi et al., 2007). Thus, we measured the LEI, which quantifies how upright the leaves are. At the heading stage, we measured the linear distance between the lamina joint and the tip of the leaf blade (Lnl) and the length of the straightened leaf in its natural position (Lsl). The LEIs in the flag leaves of OE-OsRRK1 plants were clearly different from those of the WT plants. The LEI calculations yielded values for the flag leaves of OE-OsRRK1 plants all close to 100%, while the LEIs of the WT plants averaged 95.1 ± 3.08% (Supplementary Figure S5).

To explain the different degrees of rolling in the three OE-OsRRK1 plants, we tested the expression level of OsRRK1 in these transgenic plants by qRT-PCR analyses. The results demonstrated that the expression of OsRRK1 in these transformants was upregulated to varying degrees. They were 200 times, 500 times, and 800 times upregulated in OE-22, OE-24, and OE-25, respectively (Figure 3D). The results revealed that with the increase of the OsRRK1 relative expression level, the natural width of the flag leaves becomes smaller, so they may be negatively correlated. While with the increase of the OsRRK1 relative expression level, the LRI also increase, so they may be positively correlated. However, LEI did not show significant correlation with the relative expression of OsRRK1.

To investigate the role of OsRRK1 in rice leaf development further, RNAi analysis was also conducted. Unexpectedly, although the expression of OsRRK1 was notably downregulated, no obvious change in leaf development was detected (Supplementary Figures S6A–C). The LRIs of all the RNAi plants were 0 in the flag leaves, which is similar to the WT plants. In addition, the LEIs of all the RNAi plants exhibited no obvious difference from the WT plants (Supplementary Figure S6D). OsRLCK167 is the closest homolog of OsRRK1. We compared the expression abundance of OsRRK1 and OsRLCK167 in WT rice leaves and found they showed a similar expression level in flag leaf at heading stage (Supplementary Figure S7A). And we found that the expression of OsRLCK167 in RNAi plants showed no difference from the WT plants (Supplementary Figure S7B). Therefore, we suggested that functional redundancy might explain no changes in phenotypes by RNAi approaches. In addition, the transcript level of the RNAi plants was not inhibited completely, which was very possible these RNAi lines still have more than sufficient expression of OsRRK1 for normal function. Thus, we concluded that overexpression of OsRRK1 results in a rolled-leaf phenotype, while moderate downregulation of OsRRK1 was associated with no abnormality in leaf development.

Bulliform Cell Number and Size Are Decreased in OE-OsRRK1 Plants

Bulliform cells are located between the vascular veins of the leaf in rice. Previous studies have demonstrated that changes in the number and area of the bulliform cells result in leaf rolling (Zhang et al., 2009, 2015; Li et al., 2010). Therefore, we performed transverse sectioning so that we could examine the leaves of OE-OsRRK1 and WT plants. The bulliform cells were smaller and fewer in OE-OsRRK1 leaves than in the WT leaves, whereas no significant changes were found for other cell types and their arrangements between OE-OsRRK1 and the WT leaves (Figures 4A,B). The bulliform cells of WT plants were typically arranged in groups of 4.64 ± 0.59 cells, whereas the bulliform cells in OE-OsRRK1 leaves were only in groups of 4.05 ± 1.23, 3.68 ± 0.83, and 3.41 ± 0.59 cells in OE-22, OE-24, and OE-25, respectively (Figure 4C). In addition, the bulliform cell area in OE-OsRRK1 leaves was reduced compared to WT leaves (Figure 4D). We also found that with the increase of the OsRRK1 expression level, the number of bulliform cells and the average cell area were all decreased, suggesting they may be negatively correlated. These results suggest that overexpression of OsRRK1 decreased bulliform cell number and size, which resulted in leaf rolling.
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FIGURE 4. Bulliform cell number and size in the leaves of OE-OsRRK1 plants. (A) Cross sections of flag leaves in WT and OE-OsRRK1 plants. (B) Enlarged view of cell structure of flag leaves in WT and OE-OsRRK1 plants. Bulliform cells are indicated by red arrows. Bars = 100 μm. (C,D) The bulliform cell number (C) and bulliform cell area (D) in the leaves of WT and OE-OsRRK1 plants. Ten samples were investigated. ∗Student’s t-test, P < 0.05; ∗∗Student’s t-test, P < 0.01.



Overexpression of OsRRK1 in Rice Conferred an Antixenosis Effect to BPH

OsRRK1 was identified as an interactor of OsLecRK, which was involved in defense to BPH (Cheng et al., 2013). We compared the performance of BPH on OE-OsRRK1 and WT plants to determine whether OsRRK1 is involved in defense to this herbivorous insect of rice. Host preference was assessed on the basis of the number of BPHs that settled on WT and OE-OsRRK1 plants after releasing BPHs into the center of containers where BPHs could choose between WT and OE-OsRRK1 plants. Comparing the OE-22 and WT plants, there was no significant difference in the number of BPHs on each from the first day to the sixth day (Figure 5A). However, more insects choose to settle on the WT plants than on the OE-24 and OE-25 plants. From the fourth day, the number of BPHs settled on each plant type was significantly different between the OE-24 and WT plants (Figure 5B). For the OE-25 and WT plants, a significant difference of BPH choice was observed from the first day to the sixth day (Figure 5C). These results indicated that OsRRK1 confers defense to BPH attacks via antixenosis, which is known to be an important mechanism of plant defense against insect attacks (Walling and Thompson, 2012). As the OsRRK1 overexpression level can be ranked OE-25 > OE-24 > OE-22, our results suggest that the level of defense is determined by the accumulation level of OsRRK1 transcripts.
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FIGURE 5. Two-host choice test for BPHs on WT and OE-OsRRK1 plants. (A) No significant difference between BPHs settling on WT plants and OE-22 plants. (B) Significant difference between BPHs settling on WT plants and OE-24 plants was only observed on the fourth day and the sixth day. (C) BPHs congregated on the WT plants to a greater extent than on OE-25 plants and there was a significant difference from the first day to the sixth day. ∗Student’s t-test, P < 0.05; ∗∗Student’s t-test, P < 0.01.



Pleiotropic Roles of OsRRK1 in Multiple Plant Developmental Processes

In addition to rolled and erect leaves, other phenotype changes in OE-OsRRK1 plants were also observed. Compared with WT plants, the plant height, tiller numbers and seed setting rate of OE-OsRRK1 plants were significantly reduced. The height of WT plants was 60.28 ± 2.45 cm, whereas the height was 55.77 ± 3.65 cm, 58.51 ± 2.15 cm, and 57.79 ± 2.38 cm in OE-22, OE-24, and OE-25, respectively (Figure 6A). There were about 9.75 ± 1.45 tillers in WT plants, but only 7.35 ± 1.14, 7.65 ± 1.90, and 7.55 ± 0.89 tillers in OE-22, OE-24, and OE-25, respectively (Figure 6B). In WT plants, the seed setting rate was about 88.61% ± 2.09%, but was 61.2% ± 5.48%, 65.96% ± 8.38%, and 67.67% ± 6% in OE-22, OE-24, and OE-25, respectively (Figure 6C). These results indicate that overexpression of OsRRK1 changed multiple plant developmental processes.
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FIGURE 6. Pleiotropic effects of the OsRRK1 gene. (A,B) Plant height (A) and tiller number (B) in WT plants and OE-OsRRK1 plants at the heading stage. Data are averages for 20 plants. (C) The seed setting rate of WT plants and OE-OsRRK1 plants. Seeds from 20 plants were measured after harvest. The seed setting rate was determined as: (filled grain number per panicle)/(grain number per panicle)∗100%. Asterisks indicate a significant difference between WT plants and OE-OsRRK1 plants according to a t-test, ∗Student’s t-test, P < 0.05; ∗∗Student’s t-test, P < 0.01.



Transcript Profiles Are Distinct in WT Plants and OE-OsRRK1 Plants

To understand the molecular mechanism of rice development and defense to BPH mediated by OsRRK1, the expression profiles of WT plants Hejiang19 (H) and a line of OE-OsRRK1 plants (OE-25, abbreviated as OE hereafter) were determined using deep RNA-sequencing. As a result, 116.4 million paired-end sequence reads of 50-bp in length were generated from the six samples. After removing low-quality reads, a total of 113.8 million high quality clean reads were retained, of which more than 97% were aligned to the reference genome using TopHat (Supplementary Table S2).

One fundamental use of transcriptome sequencing is the analysis of differentially expressed genes (DEGs) between groups (Wang et al., 2009). In our study, we defined DEGs as the transcripts showing at least a 1.5-fold change in the FPKM (fragments per kilobase of exon per million fragments mapped) (log2FC ≥ 0.585 or log2FC ≤ –0.585) and a P-value < 0.05. In total, 625 DEGs were detected among the paired comparisons (H vs. OE), including 366 upregulated and 259 downregulated genes. DEGs in H and OE of the three biological replicates were hierarchically clustered in the heat map (Supplementary Figure S8). The majority of DEGs had similar expression patterns among three biological replicates, showing consistent upregulation or downregulation.

To enhance our understanding of the biological function of DEGs, those assigned to MapMan pathways and important classifications are provided in Table 1. Receptor kinases and receptor-like cytoplasmatic kinase VII-related genes are important components of signal transduction and play roles in plant development. In this study, 43 genes encoding receptor kinases and receptor-like cytoplasmatic kinase VII were upregulated, 11 genes encoding receptor kinases were downregulated (Table 1). Among them, legume lectins beta domain containing protein (LOC_Os07g04110) and receptor-like protein kinase 2 precursor (LOC_Os08g14950) are involved in plant resistance; brassinosteroid insensitive 1-associated receptor kinase 1 (LOC_Os11g31540) and receptor-like protein kinase 2 (LOC_Os11g40480) are involved in plant development. To verify the RNA-sequencing results, the expressions of the aforementioned four genes were analyzed by qRT-PCR with gene specific primers. The qRT-PCR results were consistent with RNA-sequencing data (Supplementary Table S3). Compared to WT, all of them were upregulated in all three OE-OsRRK1 plants (Figures 7A–D).

TABLE 1. Pathway classification by MapMan.
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FIGURE 7. (A–H) qRT-PCR analysis of differentially expressed genes detected by the transcriptomic analysis. SERK1: LOC_Os11g31540; WRKY77: LOC_Os01g40260; MADS57: LOC_Os02g49840. Significant differences are indicated by ∗P < 0.05, ∗∗P < 0.01 (Student’s t-test).



Transcription factors (TFs) also play important roles in defense responses and plant development (Wang et al., 2012). There are 31 TF-related DEGs between the WT and OE plants, including 17 upregulated genes and 14 downregulated genes (Table 1). In previous studies, overexpression of OsWRKY77 (LOC_Os01g40260) repressed growth of a pathogen by enhancing expression of defense-related PR1, PR2, and PR5 genes, and overexpression of OsMADS57 (LOC_Os02g49840) resulted in increased tillers (Wang et al., 2008; Guo et al., 2013; Lan et al., 2013). Moreover, MYB domain TFs and ZF domain TFs also participate in plant development and resistance (Sugimoto et al., 2000; Shin et al., 2002; Wang et al., 2008). We also confirmed these four TF gene expressions in WT and OE plants by qRT-PCR. The qRT-PCR results showed that all of them were consistent with the transcriptome data (Supplementary Table S3) and were upregulated in all three OE-OsRRK1 plants (Figures 7E–H). OsRRK1 may operate by means of transducing signals activated by receptor kinases and then regulating related TFs, finally resulting in leaf rolling and a BPH-defense phenotype.

In rice, at least 35 leaf rolling mutants have been reported, 13 genes of which were related to the bulliform cells; these include RL14, ACL1, SRL1 and SLL1. However, none of these genes were found differentially expressed between WT and OE-25 plants in the transcriptome data (Supplementary Table S3). These results suggest that overexpression of the OsRRK1 gene resulting in leaf rolling is independent of the previously reported leaf rolling-related genes.

DISCUSSION

The RLCKs represent a large gene family in plants with diverse biological roles, which include development and stress responses (Vij et al., 2008; Liu et al., 2016). They are divided into 13 subfamilies in Arabidopsis and 17 subfamilies in rice based on phylogenetic clades of amino acid sequences (Shiu et al., 2004). Most well studied RLCK genes belong to the RLCK VII subfamily, while there have been few studies of the RLCK VI subfamily. In Arabidopsis, only four RLCK VI subfamily genes have been studied. Rop binding protein kinases 1 and 2 (RBK1 and 2) directly bind to AtRop4 GTPase, which has emerged as a central regulator of diverse signaling pathways in plant growth and pathogen defense (Molendijk et al., 2008). Rop-interacting receptor-like kinase 1 and 2 (AtRRK1 and 2) kinases could be specifically activated by GTP-bound Rop GTPases in vitro (Dorjgotov et al., 2009). However, the characterization of RLCK VI subfamily genes in rice has not been reported. In this study, we identified a RLCK VI subfamily gene OsRRK1 as a potential novel molecular interactor of OsLecRK (Supplementary Figure S7). The overexpression of OsRRK1 caused leaf rolling, agriculturally relevant traits and defense to BPH in rice, indicating that the RLCK VI subfamily also may play roles in both rice development and immunity.

To date, many studies have been performed to characterize genes controlling leaf rolling by analysis of mutants in rice. More than 35 leaf rolling mutants have been reported, of which 13 genes have been cloned and affected leaf rolling through the regulation of bulliform cells. For example, RL14 encodes a 2OG-Fe (II) oxygenase. The rl14 mutant reduced bulliform cell size and caused inward leaf rolling (Fang et al., 2012). ACL1, encoding a protein with unknown conserved functional domains, positively regulated bulliform cell development since the enhanced expression of ACL1 increased bulliform cell number and resulted in outward leaf rolling (Li et al., 2010). SRL1, encoding a putative glycosylphosphatidylinositol-anchored protein, negatively regulated the bulliform cell number since its loss-of-function mutant increased bulliform cell number and led to inward leaf rolling (Xiang et al., 2012). SLL1 encodes a transcriptional factor of the MYB family. The sll1 mutant also displays inward leaf rolling due to defective development of abaxial sclerenchymatous cells and formation of bulliform cells on the abaxial epidermis (Zhang et al., 2009). In this study, OsRRK1 negatively regulates the bulliform cell number and size. The degree of rolling was positively correlated with the expression level of OsRRK1. Through analysis of transcriptome and qRT-PCR data between the WT and OE-25 plants, none of the 13 reported genes associated with leaf rolling were found differentially expressed (Supplementary Table S3 and Figures 8A–D). These results suggest that leaf rolling resulting from overexpression of OsRRK1 was activated by a novel pathway, which was independent of these previously reported genes related to leaf rolling.
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FIGURE 8. (A–D) qRT-PCR analysis of the reported genes related to leaf rolling. Significant differences are indicated by ∗P < 0.05, (Student’s t-test).



OsRRK1 encodes an intracellular protein with a STYKc domain (Supplementary Figure S3) and interacts with OsLecRK to confer defense to BPH attacks via antixenosis (Figures 5B,C), which is known to be one of the major mechanisms of plant defense against insect attacks (Cheng et al., 2013). Previous studies have provided evidence that RLCKs can be phosphorylated by receptor kinases. For example, OsCERK1 (chitin elicitor receptor kinase 1), a plasma membrane protein, phosphorylated OsRLCK185 with a STKc domain. OsRLCK185 is a possible transmitter which links the PRR OsCERK1 with MAP kinase cascades and regulates chitin induced immune responses (Yamaguchi et al., 2013). Other RLCKs, such as OsRLCK57, OsRLCK107, and OsRLCK176 with the STYKc domain, interact with OsBRI1, a rice brassinosteroid receptor, and they also regulate immune responses by the immune receptor XA21 (Zhou et al., 2016). OsRRK1 is an interactor of OsLecRK. The BPH resistance protein BPH3 is also composed of three lectin receptor kinases (OsLeckRK1-3). Both of these lectin receptor kinases confer rice resistance to BPH. Thus, we hypothesize that OsRRK1 may be similar to other RLCKs. It can be phosphorylated by OsLecRK, which could recognize HAMPs (herbivore-associated molecular patterns), and subsequently trigger immune responses to BPH. However, how OsRRK1 accepts signals from OsLecRK and what proteins are activated by OsRRK1 remain to be determined.

To understand the molecular mechanism of rice development and defense to BPH mediated by OsRRK1, we determined the expression profiles of WT plants and OE-OsRRK1 plants by deep RNA sequencing. We found that many DEGs were involved in receptor kinases and transcription factors. Receptor kinases are pivotal components of signal transduction and play roles in plant development. In this study, we selected four genes, LOC_Os07g04110, LOC_Os08g14950, LOC_Os11g31540, and LOC_Os11g40480 for qRT-PCR confirmation (Figures 7A–D). In rice, the functions of these four genes are unknown. By analysis of homologous genes in Arabidopsis, we found that they act roles either in the process of plant development or plant defense. Perception of pathogen (or microbe)-associated molecular patterns (PAMPs/MAMPs) by pattern recognition receptors (PRRs) is a key component of plant innate immunity. The Arabidopsis EF-Tu receptor (EFR) recognizes the bacterial elongation factor Tu (EF-Tu) and confers broad-spectrum bacterial disease resistance (Schoonbeek et al., 2015). SERK1 is essential to the early events of BR signaling, which can regulate plant growth and development (Gou et al., 2012). Besides OsLecRK, OsRRK1 may interact with other receptor kinases like the aforementioned ones to influence rice growth and development.

Transcription factors also play key roles in defense response and plant development (Wang et al., 2012). In this study, we also selected four genes, LOC_Os01g40260, LOC_Os02g49840, LOC_Os11g17954, and LOC_Os12g24490 for qRT-PCR analysis (Figures 7E–H). LOC_Os01g40260 (OsWRKY77) is a positive regulator of PR gene expression and basal resistance to the bacterial pathogen PstDC3000 (Lan et al., 2013). In OsRRK1 overexpression lines, the expression of OsWRKY77 was upregulated that could improve defense to BPH attacks. Overexpression of LOC_Os02g49840 (OsMADS57) can increase rice tillers by interacting with other proteins (Guo et al., 2013), and it was upregulated in OsRRK1 overexpression lines. However, OsRRK1 overexpression lines had reduced number of tillers compared to WT plants. We thought that there are a number of factors that affect the numbers of tillers, OsMADS57 maybe just one of them. Even though the expression of OsMADS57 was upregulated, some other genes may also affect the numbers of tillers in OsRRK1 overexpression lines. LOC_Os11g17954 is a MYB domain TFs. LOC_Os12g24490 is a ZF domain TFs. Both MYB and ZF domain TFs participate in plant development and defense. For example, AtMYB21 confers some features of constitutive photomorphogenesis even in the dark, and causes seedling lethality (Shin et al., 2002). NtMYB2 is involved in the stress response of the retrotransposon and defense-related genes (Sugimoto et al., 2000). Many members of the ZF subfamily are regulated by abiotic or biotic stresses, suggesting that they could have an effective role in stress tolerance (Wang et al., 2008). OsRRK1 could activate these TF genes to control rice leaf rolling and defense to BPH.

In addition to receptor kinases and TFs, 34 DEGs were involved in biotic stress (Table 1). Among them, 16 genes encode PR-proteins, which include NBS-LRR disease resistance protein. Plant NBS-LRR disease resistance protein is the largest protein family involved in disease resistance, pathogen sensing and host defense (Moffett et al., 2002; DeYoung and Innes, 2006). Previous studies have shown that BPH resistance genes can activate PR-proteins (Du et al., 2009). OsRRK1 conferred antixenosis to BPH and may also be related to the PR-protein. In addition, 33 DEGs were involved in development (Table 1). Although their functions in rice remain to be elucidated, the expression changes still reflect their role in OE-OsRRK1 development. Thirteen DEGs are related to hormones (Table 1). Hormone signaling pathways play pivotal roles in plant development and defense. We found traditional defense hormones-related genes including three JA-related genes and two SA-related DEGs. It has been reported that JA and SA are related to defense against BPH (Du et al., 2009; Zhao et al., 2016). Three auxin-related genes were also found amongst the DEGs. Auxin biosynthesis affects the development of plants.

In summary, we characterized a gene that regulates not only development but also plant immunity. Moreover, the phenotypes of leaf rolling and BPH defense were positively correlated to the expression level of OsRRK1. This feature has the potential to facilitate artificial control of these phenotypes and may eventually contribute to the development of desired rice variety.
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