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Magnaporthe oryzae is a potent fungus that adversely affects rice yield. Combinatorial techniques of prevention, toxic chemicals, and fungicide are used to remedy rice blast infection. We reported the role of Hrip1 in cell death elicitation and expression of systematic acquired resistance that could potentially stifle M. oryzae infection. In this study, transcriptome and metabolomic techniques were used to investigate the mechanism by which Hrip1 reprogramed the transcriptome of rice seedlings to confer immunity against M. oryzae. Our results showed that Hrip1 induces cell wall thickening and phytoalexin elicitation to confer immunity against M. oryzae infection. Hrip1 activates key lignin biosynthetic genes and myeloblastosis transcription factors that act as molecular switches for lignin production. Lignin content was increased by 68.46% and more after 48 h onwards in Hrip1-treated seedlings compared to the control treatment. Further analysis of cell wall morphology using the transmission electron microscopy technique revealed over 100% cell wall robustness. Hrip1 also induced the expression of 24 diterpene synthases. These include class I and II terpene synthases, cytochrome P450 subfamilies (OsCYP76M and OsCYP71Z), and momilactones synthases. The relationship between the expression of these genes and metabolic elicitation was analyzed using ultra-performance liquid chromatography–tandem mass spectrometry. Enhanced amounts of momilactones A and B, oryzalactone, and phytocassane A and G were detected in the Hrip1-treated leaves. We also identified seven benzoxazinoid genes (BX1-BX7) that could improve rice immunity. Our findings show that Hrip1 confers dual immunity by leveraging lignin and phytoalexins for physical and chemical resistance. This study provides novel insights into the mechanisms underlying Hrip1-treated plant immunity.
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Introduction

Magnaporthe oryzae, the causative agent of rice blast disease, is a devastating fungus responsible for the loss of yield equivalent to the quantity of rice consumed by 60 million people annually (Bagnaresi et al., 2012; Martin-Urdiroz et al., 2016). The use of synthetic chemicals to control this fungus is harmful to the environment and, therefore, unsustainable (Wang et al., 2018). This phenomenon has attracted considerable attention in biopesticide research as an alternative with little or no adverse environmental hazards.

Plants recognize microbial molecules using cell-surface receptors to activate unique signaling cascades to aid their defense mechanisms. Two lines of immunity occur in plants. The detection of microbial-associated molecular patterns (MAMPs or PAMPs) through pattern recognition receptors evokes the first line of defense. PAMP-triggered immunity (PTI) is mediated by cell-surface receptor-like kinases (RLKs) that perceive PAMPs or MAMPs (Cheng et al., 2013). However, successful pathogens compromise PTI by secreting virulence effector proteins targeted at crucial host immune response mechanisms. Plants evoke the second line of defense against virulent effectors using intercellular nucleotide-binding domain leucine-rich repeat (NLR) proteins. NLR proteins initiate the second line of immunity (effector-triggered immunity) by recognizing effectors (Cheng et al., 2013).

After PRR perceives PAMPs, signaling activities commence, resulting in the activation of many defense arsenals such as phytoalexin production, callose deposition, and reactive oxygen species induction (Larroque et al., 2013). Accumulation of phytoalexins improves plant defense. Szatmári et al. (2014) demonstrated that phenylpropanoids enhance PTI induction against bacterial infections in tobacco plants. An aphid-derived elicitor was also reported to induce phytoalexin-deficient-3 gene for camalexin accumulation against green peach aphids (Prince et al., 2014). Although the function of phytoalexins in PTI is seldom disputed, omics techniques continue to expand the frontiers of characterized and novel defense compounds in plants. For example, Kariya et al. (2020) recently isolated M. oryzae–suppressive phytocassanes G and oryzalactone from rice.

Rice plants produce numerous metabolites, including phenolics, terpenes, and flavonoids. Diterpenoids are a C-20 superfamily of terpenes with antimicrobial and antifungal characteristics. The isolation of momilactone, oryzalexin, oryzalexin S, and phytocassane diterpenoids has been linked to rice blast infections (Lu et al., 2018). In addition, phenolic compounds such as lignin, cellulose, and pectin contribute to cell wall integrity (CWI) for PTI induction (Engelsdorf et al., 2018, 2019). Lignin also perverts pathogen-degrading enzymes and restricts the mobility of pathogens from infecting new cells (Shinde et al., 2017). Moreover, lignin and callose deposition block fungal haustoria (Cui et al., 2018). Benzoxazinoids (BXs) are robust phytochemicals that aid plant defense (Hu et al., 2018). Although there are no reports on BXs biosynthesis in rice, their protective and allelopathic activities in other Poaceae family members such as maize, wheat, and rye have been reported. BXs, such as 2,4-dihydroxy-1,4-benzoxazine-3-one (DIBOA_glycoside), dihydroxy-7-methoxy-1,4-benzoxazine-3-one (DIMBOA_glycoside), and 2,4,7-trihydroxy-2H-1,4-benzoxazine-3-(4H)-one (TRIBOA_glycoside) induce immunity against pests and diseases (Dick et al., 2012; Sue et al., 2021).

Elicitors are low-molecular-weight proteins, glycoproteins, lipids, and oligosaccharides derived from viruses, bacteria, and fungi (Patel et al., 2020). Fungal-derived elicitors induce defense metabolite accumulation to alter the physiological conditions of plants (Patel et al., 2020). For example, exogenous treatment of rice seedlings with MoHrip1 enhances salicylic acid elicitation against M. oryzae (Lv et al., 2016).

Our laboratory isolated a hypersensitive response-inducing protein (Hrip1) from Alternaria tenuissima that induces calcium influx, medium alkalinization, and salicylic acid-induced protein kinase. Hrip1 (GenBank accession numberHQ713431) also activates many defense genes and systemic acquired resistance after several days of treatment in tobacco leaves (Kulye et al., 2012). Hrip1 transgenic lines in Arabidopsis thaliana promote plant growth under stressful salt and drought conditions and confer resistance to Botrytis cinerea (Peng et al., 2015). The current study shows that Hrip1 also mediates immunity against rice blast fungi through cell wall enhancement and phytoalexin accumulation.



Experimental procedure


Plant growth and elicitor preparation

Rice cv. Nipponbare (Oryza sativa spp. japonica) seeds were surface-sterilized in a 5% NaClO solution for 10 min and rinsed seven times with double-distilled water (ddH2O). The seeds were spread on soaked Whatman filter paper, placed in a 30 mm Petri dish, and incubated in a growth chamber to sprout. The growth chamber was set at 30°C under light and 25°C in the dark under a 12/12 h photoperiod. Seedlings were transplanted into nutrient-rich soil after 5 days and grown in a greenhouse under the same conditions. All experimental plants were treated as below at the third-leaf stage.

The Hrip1 gene was amplified and inserted into the pPICZαA vector. The recombinant plasmid (pPICZαA-Hrip1) was transformed into Escherichia coli and electroporated into the competent yeast cells. A volume of 5 μl of pPICZαA-Hrip1 was spread on a YPD plate containing Zeocin for selecting positive clones. A single yeast cell was used to inoculate 50 ml YPD and shaken in an incubator at 200 rpm and 30°C for 48 h to attain an OD600 = 2–6 in 48 h. Yeast genomic DNA was isolated from 2 ml of the yeast using the yeast genomic DNA extraction kit from Solarbio Biotechnology Company (Beijing). The Hrip1 DNA was then amplified using PCR primer pairs (Forward primer: GCTCCTACTACTATGAACGGCC Reverse primer: GCACTGAGGCAAGTTACAGAC). A volume of 50 μl PCR mix consisting of H2O (35 μl), dNTPs (5 μl), MgSO4 (5 μl), 1.5 μl each of forward and reverse primers, 1 μl each of KOD-Plus and Hrip1 DNA was prepared. A thermocycler condition for 35 cycles was set at 94°C predenaturation for 2 min, and denaturation for 15 s. Also 68°C was set for 30 s annealing and 1 min extension. The Hrip1 band was purified using the EasyPure quick gel extraction kit purchased from Transgen Biotechnology Company (Beijing). An aliquot of 20 μl was taken into a clean microcentrifuge tube for commercial sequencing at Sangon Biotechnology Company (Beijing). The Hrip1 sequence alignment was performed using the DNAMAN software.

After the correct sequences were determined, 1,000 ml of yeast nitrogen base (YNB) medium was inoculated with 10 μl of the recombinant pPICZαA-Hrip1 and shaken as described for 4 days. After centrifugation at 3,000 × g, the cells were resuspended in 100 ml YNB medium (without glycerol), incubated under the same conditions, and induced every 24 h with 500 μl of 100% methanol. The supernatant was collected after centrifugation at 10,000 × g at room temperature for 15 min and filtered through a 45 μm Millex-HV syringe filter. Hrip1 secreted protein was then subjected to affinity chromatography on a HiTrap column (GE Healthcare, Waukesha, WI, United States) and ion-exchange chromatography on a Cytiva HiPrep 26/10 Desalting column. The molecular weight of the protein was confirmed by loading 15 μl into 12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). The protein concentration was analyzed using the Solar Bio BCA protein assay kit (Beijing, China). A volume of 30 μm Hrip1 was reconstituted from the stock protein to treat rice seedlings by spraying at the third-leaf stage. Control plants were sprayed with 30 μM Tris–HCl buffer, pH8.0. Triplicate samples of leaves were obtained from both Hrip1-treated (HT), and control buffer-treated (CB) plants after 6, 12, 24, and 48 h for RNA-seq analysis. A 0 h sample was included as a control (mock) for RT-qPCR to validate RNA-seq results.



Rice blast disease bioassay

Plant growth and Hrip1 induction were performed as previously described for RNA_Seq and qPCR. M. oryzae (KJ201) spore preparation and treatment were performed in accordance with Zhao et al. (2018) and Mondal et al. (2021) descriptions. In brief, M. oryzae (KJ201) spores were inoculated on oatmeal agar and incubated in darkness for 10 days at 30°C, then at 24°C to induce spore formation for 4 days. Spores on each plate were washed with 2000 μl ddH2O containing 0.25% tween-20 and diluted to 1 × 105 spores ml−1. After 48 h of Hrip1 treatment, the rice seedlings were evenly sprayed with M. oryzae (KJ201) spores, covered with black polythene, and placed in the greenhouse at 25°C for 48 h in the dark. The 12 h photoperiod was restored afterward, and the temperature was set at 24°C in darkness, 28°C under light, and 85% relative humidity. Disease score analysis was performed after 7 days of continuous growth. The blast score was assigned based on the number and area covered by the lesions according to the 0–9 scale described by Li et al. (2021a,b).



RNA extraction and cDNA construction

Total RNA was extracted using the Easy Pure Plant RNA Kit (Transgene Biotechnology Company) by following the manufacturer’s protocol. Total RNA (3 μg) was reverse transcribed into first-strand cDNA following the instructions and kit from Transcript all-in-one first-strand cDNA Synthesis SuperMix (Transgene Biotechnology Company).


Genome sequencing, quality assessment, and mapping

RNA extracted from 24 samples (triplicate samples per time point) of Hrip1-treated and buffer-treated seedlings were sequenced using the RICfoiR_BGISEQ-500 RNA_Seq platform (BGI Co., Ltd., Beijing, China), following the RICfoiR_BGISEQ-500 protocol. Quality control analysis was performed using the java program RNA-seQC to remove sequence adaptors, low-quality reads (bases with sequencing quality below 5), and reads with a high content of unknown bases greater than 10%. Clean reads were mapped to the reference genes and genome (Os-Nipponbare-Reference-IRGP-1.0) using Bowtie2 and HISAT.



DEGs, GO, and KEGG pathway analyses

DEGs screening between treatment and control groups was performed using the NOISeq package. The gene expression level of each sample was computed as log2 [foldchange], M, and absolute differences, D for all paired conditions, to build a noise distribution model.
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The mean expression levels of the control (Control_avg) and treatment (Treat_avg) groups were computed. The treatment and control averages were used to calculate the fold change, MA and absolute difference D: (MA = log2 ((Treat_avg)/ (Control_avg))) and DA = |Congrol_avg-Treat_avg|. A gene is differentially expressed (DEG) if MA and DA diverge from the noise distribution model. Based on this, a default criterion was set to consider a gene as differentially expressed if the foldchange was ≥2 and the diverged probability was ≥0.8.

All DEGs were first mapped to GO terms1 by calculating the gene numbers for each term. A hypergeometric test was then performed to identify significantly enriched GO terms on the GO term finder platform.2

KEGG pathway enrichment analysis was performed using the public database for genes and genomes3 to enhance the overall understanding of the biological functions of the DEGs. KEGG analysis revealed DEGs with significant metabolic or signal transduction pathways than the genome background.




RT-qPCR analysis

Verification of selected genes from the RNA_Seq data was performed on the QuantStudio 5 system using sequence-specific primers designed on primer premier 5 (Supplementary Table 1). The OsActin1 (Os03g0718100) gene was used as the internal reference, and buffer-treated plants were taken at 0 h as control (mock). The 2× RealStar green fast mixture with ROX II kit (GenStar) was used to perform the analysis. A total of 20 μL qPCR mixture consisting of 1 μL cDNA, 0.5 μL each of forward primer and reverse primer, 8 μL RNA_free water, and 10 μL of 2× RealStar green fast mixture was prepared. The PCR condition was as follows: 95°C (2 min), 95°C (15 s), 60°C (30 s), and 72°C (30 s) for 40 cycles. The relative expression of genes was computed as described (Zhang et al., 2021) using the 2−ΔΔCt method with three biological replicates.



Phylogenetic analysis of disease-responsive genes

CDS sequences of DEGs were downloaded4 (Goodstein et al., 2012) to build neighbor-joining trees to investigate DEGs’ evolutionary and functional relatedness using the maximum composite likelihood method. The parameters used to construct the trees on MEGA7 were 1,000 bootstrap replications and the complete deletion of gaps and missing data (Kumar et al., 2016).



Quantification of lignin

Lignin content was analyzed using the thioglycolic acid (TGA) method described by Bonawitz et al. (2014). Treated rice leaves were sampled at 0, 6, 12, 24, 48, 72, and 168 h into a 2 ml microcentrifuge tube containing a grinding ball (RETSCH 53680021, Al2O3 10 mm). Samples were frozen in liquid nitrogen and pulverized into powder using a Retsch MM400 Laboratory Mixer Mill (20.745.0001, Germany). The grinding conditions were 4 min and 30 Hz. 100 mg of the homogenate was placed in a fresh 2 ml microcentrifuge tube, mixed with 10 volumes of 100% methanol, and extracted for 2 h at 80°C on a digital block heater. The extracts were centrifuged at 12,000 g, pellet was washed three times with 10 volumes of ddH2O. The pellet was then resuspended in a solution containing 750 μL ddH2O, 250 μL concentrated HCl, and 100 μl TGA and incubated at 80°C for 3 h. After centrifugation at 12,000 × g, the pellet was washed with 1 ml ddH2O, dissolved again in 1 ml of 1 M NaOH, and rocked in a shaking incubator at 28°C for 12 h. Samples were centrifuged at 12,000 × g for 10 min, and the supernatant was collected into a clean 2 ml microcentrifuge tube without disrupting the pellet. Concentrated HCl (200 μL) was added to the supernatant, vortexed to mix, and incubated at 4°C in a refrigerator. The lignin precipitate formed was collected by centrifugation at 12,000× g for 10 min, dissolved in 1 ml of 1 M NaOH, and absorbance was detected at 280 nm.


Transmission electron microscopy of cell wall morphology

TEM was performed as Mravec et al. (2017) described with little modifications. Leaf samples were quickly cut into approximately 3 mm2, then evacuated in 4 ml fixative buffer containing 2% glutaraldehyde (pH = 7.2) using a glass syringe. Samples were then completely submerged in 1 ml of the same buffer in a 1.5 ml pointed-end microcentrifuge tube and incubated at room temperature for 48 h. The sections were dehydrated in a graded series of ethanol solutions for 15 min each at 30, 50, 70, 80, 90, 95, and 100%. The specimens were transferred into freshly prepared resin: acetone (1:1) solution and left overnight at 35°C, then immersed in acetone for 60 min with six substitutions. Specimens were then polymerized by UV for 48 h. Ultra-thin sectioning (50–70 nm) was performed using an ultramicrotome. Finally, specimens were double-stained with uranium acetate and lead citrate and observed using the HITACHI H-7500 (Japan).

The ImageJ software was used to measure cell wall thickness at seven points per image.




UPLC-MS/MS analysis of diterpenoids

Rice growth, elicitor treatment, and sample preparation were the same as those described for lignin content analysis. Leaf samples were obtained after 3 days of treatment and extracted with 20 volumes of 80% HPLC grade methanol. The extract was analyzed by UPLC-MS/MS in the multiple reaction monitoring (MRM) mode, as described by Kariya et al. (2020). The UPLC-MS/MS parameters included Colum: Acquity UPLC BEH C18 (2.1 × 50 mm, 1.7 μm). Waters: the flow rate was set at 0.2 ml/min, and the column temperature was at 40°C. The solvents used were 0.1% aqueous formic acid (A) and 0.10% formic acid in acetonitrile (B); a 42% (2 min) gradient, followed by a 42–47% B/(A + B; 8 min). Compounds were analyzed in the positive ion mode with nitrogen as the collision gas.



Data analysis

Statistical analysis was performed using GraphPad Prism, version 9.0.0. The RT-qPCR data sets were subjected to a one-way analysis of variance using Dunnett’s multiple comparison tests. Lignin and cell wall thickness analyses were performed using the two-way ANOVA (Bonferroni’s multiple comparison tests). Violin plots of means for quantified diterpenoids were also performed on GraphPad prism 9.0.0. Chemical structures were drawn and analyzed using ChemDraw professional version 20.0.




Results


Gene amplification, protein expression, and purification

Hrip1 integrant was confirmed through PCR amplification and gel purification (Figure 1A). The purified PCR product was sequenced, and 92.02% sequence consensus with the reference gene was attained (Figure 1B). Hrip1 protein was then expressed and purified using the AKTA protein purification system, where the yeast elicitor was pooled down, and the Hrip1 secreted protein was collected. The purified Hrip1protein was further confirmed by detecting the correct protein band (17.5 kDa) on 12% SDS-PAGE (Figure 1C).
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FIGURE 1
 Protein expression and rice blast assay. (A) PCR amplified Hrip1 gene (500 bp). (B) Sequence alignment of Hrip1. (C) SDS-PAGE analysis of hrip1 protein (17 kDa). (D) Rice blast lesion features on leaves photographed after 7 days. (E) Rice blast scores (n = 2). (F) Leaf surface area covered by lesion (n = 2). (G) Mean diameter of lesions on the leaf (n = 11, “+” denote mean). For all graphs, error bars = mean ± sd, compared at a 95% confidence interval.




Hrip1 induces rice immunity against Magnaporthe oryzae

Rice seedlings treated with 30 μm Hrip1 protein and 30 μM Tris–HCl, pH 8.0 as controls, were sprayed with M. oryzae (KJ201) spores after 48 h and were monitored for symptoms of blast lesions.

Sporadic needle-like lesions, less than 102 μm in diameter, emerged in the control plants 48 h after treatment. However, no symptoms were observed in Hrip1-treated plants. The size and number of lesions in the control plants increased with sporulation commencing after 96 h, whereas only a few tiny separate lesions appeared around the tips of the Hrip1-treated leaf (Figure 1D). The disease score determined 7 days after inoculation showed that Hrip1-treated plants developed significant resistance to blast infection with a mean score of 1.5. In contrast, the control plants were significantly susceptible, with a mean score of 7.5 (Figure 1E). The dense lesions on the control plants recorded an average diameter of 103 μm, covering about 24% of the leaf’s total surface area. Moreover, the separate lesion developed on Hrip1-treated plants has an average size of 102 μm2 and covers less than 2% of the total surface area of the leaf, suggesting the involvement of Hrip1 in immunity induction (Figures 1F,G). Following the bioassay results, transcriptome and metabolic profiling analyses were conducted to investigate the intricate role of Hrip1 in immunity induction.



Genome sequencing, assembly, and annotation

Transcriptome analysis was performed to investigate the transcriptome changes activated by Hrip1 treatment. The sequencing results generated 23,957,585 average raw reads and 23,936,075 average clean reads (Supplementary Table 2). An average of 22,916,996 reads was obtained when clean reads were mapped to the reference genome using HISAT (Kim et al., 2015; Supplementary Table 3) and 21,089,976 average clean reads achieved when mapped to reference genes (Supplementary Table 4). Quality control checks conducted on the sequencing data to ascertain their dependability affirmed that the sample sequencing data eclipsed the clean read threshold of ≥90% (91.90–97.9%). Furthermore, the uniquely mapped gene threshold ratio of 80% and the genome mapping threshold ratio of 50% both passed the quality control test with values ranging from (86.26–90.32%) and (93.34–98.27%), respectively (Supplementary Table 5).


Statistics of differentially expressed genes

DEGs were analyzed using the NOISeq tool, and the standard for selection was set at a fold change ≥2 and divergence probability ≥0.8. The transcriptome analysis yielded 471, 409, 491, and 1,088 upregulated and 6, 31, 1, and 9 downregulated genes at 6, 12, 24, and 48 h, respectively (Supplementary Figure 1A). Scatter (Supplementary Figure 1B) and volcano (Supplementary Figure 1C) plots for each pairwise comparison were generated based on the DEGs threshold to illustrate the distribution of upregulated, downregulated, and non-responsive genes to Hrip1 treatment. Generally, the sequencing statistics showed that Hrip1 treatment yielded more upregulated genes than downregulated ones. Comparing DEGs on Venn diagrams revealed unique and common DEGs among sampling points. In all triplicate point comparisons, commonly expressed genes were more highly expressed in all Hrip1-treated groups than in the control group (Supplementary Figure 1D).



Gene ontologies and KEGG pathway analysis

DEGs were assigned to three ontology terms: biological process (BP), cellular component (CC), and molecular function (MF). GO enrichment analysis identifies enriched ontologies in the DEGs compared with the genome background (Supplementary Figure 2). Metabolic and cellular processes, localization, and responses to stimuli were the most enriched BP terms in all the pairwise comparisons. The highly enriched common GO terms under MF include binding, catalytic, and antioxidant activity. However, structural molecular activity was enriched only after 48 h. Cell, cell parts, organelles, and macromolecular complexes were the most enriched CP terms at all-time points.

The KEGG pathway-based analysis was performed to aid further understanding of the biochemical roles of DEGs, such as signal transduction or metabolic pathways (Dunlap et al., 2013). Three disease-responsive pathways (Supplementary Figure 3) were identified among the top 20 KEGG annotations: phenylpropanoids/lignin, diterpenes, and benzoxazinoids (Supplementary Figure 4).




Hrip1 induces transcriptional reprograming and defense modulation

Studies have shown that plants rely on single or multiple metabolites for defense and environmental cues (Weng et al., 2021). The accumulation of plant metabolites is controlled at the transcriptional level by a combinatorial interplay of DNA and transcriptional factor-related activities (Colinas and Goossens, 2018). Genes encoding metabolic synthesis play crucial roles in defense trade-offs, and exogenous elicitor treatments can activate their expression. Hrip1 treatment activated genes encoding three defense-responsive pathways for enhanced immunity.


Hrip1 activates cell wall biosynthetic genes and MYB transcriptional factors

Hrip1 induced several cell wall biosynthesis genes. The functions of these genes span the entire monolignol biosynthesis and polymerization pathway, including the MYB TF (Figure 2). A total of 35 DEGs encoding monolignol biosynthesis and 33 DEGs involved in monolignol polymerization (peroxidase) were identified (Figure 2A; Supplementary Table 6). A neighbor-joining tree constructed using CDS sequences on Mega7 showed these genes are functionally related (Supplementary Figure 5A). The phylogeny analysis also showed that PAL, COMT, and HCT share ancestral roots with PRX while CAD, CCR, 4CL, and F5H belong to another ancestral group.
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FIGURE 2
 Lignin biosynthetic genes and transcriptional factors activated after Hrip1 treatment. (A) Expression profile of Hrip1-treated lignin biosynthetic genes, heat maps represent log2 (fold) values from the transcriptome results. Each time point represents a pairwise comparison between treatment and control. The gene families are indicated with arrows to the left: Phenylalanine ammonia-lyase (PAL), Cinnamate-4-hydroxylase (C4H), 4-hydroxycinnamoyl-CoA ligase (4CL), Hydroxycinnamoyl transferase (HCT), Cinnamoyl CoA reductase (CCR), Cinnamoyl alcohol dehydrogenase (CAD), Ferulate 5-hydroxylase (F5H), Caffeic acid 3-O-methyltransferase (COMT), Caffeoyl shikimate esterase (CSE), and Peroxidase (PRX). (B) Neighbor-joining phylogeny of induced lignin biosynthetic genes. (C) Clustering and expression pattern of MYB transcription factor. Statistics of all Hrip1-treated genes associated with lignin metabolism and polymerization compared with the rice genome. (D) Lignin content analysis (n = 2). (E) Cell wall thickness analysis (n = 7).


A total of 12 MYB TFs out of the 21 known members of the rice genome were identified. MYB TFs possess rich adenosine and cytosine (AC) motifs that activate lignin biosynthesis genes (Geng et al., 2019). Their high expression showed a positive indication of enhanced lignin accumulation. Moreover, the expression levels of these genes significantly increased after 48 h of treatment, suggesting that lignin accumulation and cell wall-wall-mediated immunity could exceed 48 h before maximum immunity is attained (Figure 2B). The clustering plan of the MYB TF genes showed that they are related in function and may have contributed to lignin accumulation. Collectively, 80 genes were involved in lignin biosynthesis following Hrip1 treatment. Compared to the rice genome, Hrip1 induced 52.23% monolignol biosynthetic genes, 26.4% monolignol polymerization genes (PRX), and 57.14% MYB FTs (Figure 2C). The combinatorial activities of these genes could enhance cell wall robustness for rice defense against invasions.



Activated lignin genes and MYB TFs enhance lignin accumulation and cell wall thickness

We also demonstrated that the enrichment of cell wall biosynthesis genes, and MYB TFs, resulted in lignin accumulation. Following the high expression profile of these genes after 48 h, the sampling time point of treated seeding was expanded to include 72 and 168 h after treatment. The results showed that lignin content in Hrip1-treated seedlings gradually increased over time. Between 12 h and 24 h, Hrip1-treated plants slightly accumulated more lignin than the control plants. However, lignin content increased by 68.45% in the treated plants after 48 h onwards (Figure 2D). The differential lignin accumulation between the treated plants suggests the involvement of upregulated lignin synthetic genes and their MYB transcriptional activators.

Cell wall morphology analysis was performed to confirm the role of lignin accumulation in cell wall thickening. Treated leave samples were obtained at 3, 5, and 7 days, following high lignin accumulation after 48 h. Cell wall thickness in Hrip1-treated leaves was enhanced by over 100% compared to the buffer-treated leaves (Figure 2E). Similar to lignin accumulation, cell wall thickness increases with time (Figure 3). The gradual accumulation of cell wall polymer in building a robust cell wall shows that Hrip1-induced immunity conference is systematic and lasts for several days. The coexpression of lignin and MYB genes further suggests that Hrip1-induced immunity might have relied on MYB switches to activate lignin biosynthesis for cell wall-mediated immunity.
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FIGURE 3
 Transmission electron microscopy study of cell morphology. Samples were observed and photographed at 25,000× magnifications. Photos on the left represent the control group, and on the right are Hrip1-treated.




Hrip1 activates diterpenes synthases

Rice plants accumulate labdane-related diterpenoids under stressful conditions, such as pathogen attacks. The biosynthesis of these phytoalexins is controlled by specialized genes called diterpene synthases, and their expression has a greater influence on the amount of phytoalexin elicited by the plant. Hrip1 activated 24 genes encoding diterpene synthases, including the geranylgeranyl diphosphate precursor (OsGGPPS1). Class II diterpene synthases, ent- and syn-copalyl diphosphate synthases (OsCPS2 and OsCPS4) were also responsive to Hrip1 treatment. In addition, six class I diterpene synthases (Kaurene), termed as KS or KSL in most plants, were upregulated. Four are paralogs of OsCPS2 (OsKLS5, OsKLS6, OsKLS7, and OsKLS10), which encode gibberellins, oryzalides phytocassanes, and oryzalexins production. The remaining two (OsKLS4 and OsKLS8) are paralogs of OsCPS4 for synthesizing the carbon skeletons of momilactones and oryzalexin S. Additionally, two cytochrome P450 subfamilies, CYP71Z (4 genes), CYP76M (6 genes), and seven momilactone synthases, were highly expressed after Hrip1 treatment. These genes catalyze the final conversion of oryzalides, oryzalexins, and momilactones from their terminal precursors. Based on the KEGG annotation and the expression patterns of these genes, the stages in the diterpene pathway they encode are illustrated using log2 (fold) values (Figure 4).
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FIGURE 4
 Diterpenoids biosynthesis pathway illustrating the functions of Hrip1-activated genes. Heat maps were constructed from log2fold values of DEGs. Genes encoding steps with dash arrows were non-responsive to Hrip1 treatment. Diphosphate isomerase (IDI).


Schmelz et al. (2014) identified 20 genes involved in diterpenoids biosynthesis. However, Hrip1 treatment induced the upregulation of 24 diterpenoid synthases. A neighbor-joining phylogeny constructed from CDS sequences showed these genes are ancestrally related. From the phylogenetic tree, CPS (II) and the KLS (I) genes are descendants of a common ancestor. The same observation was made for CYP70M (VI) and CYP71Z (V) genes, sharing an ancestral root with GGPP precursor (IV). The clustering plan of these genes on the phylogeny showed they are functionally related (Supplementary Figure 5B).



Genes encoding the stepwise conversion of indole-3-glycerol phosphate to DIBOA, TRIBOA-glycosides, and DIMBOA-glycosides are responsive to Hrip1 treatment

Following Hrip1 treatment of rice seedlings and sequencing, seven upregulated genes in the BXs pathway were identified. Three genes encode indole-3-glycerol-phosphate lyase (BX1) to convert indole-3-glycerol phosphate to indole, a committed step in BXs biosynthesis (Tzin et al., 2017). A cytochrome P450 superfamily gene (LOC_Os01g36294) was identified to overlap in function as BX2, BX3, BX4, and BX5 to produce DIBOA. Two genes encoding 2, 4-dihydroxy-1, 4-benzoxazin-3-one-glucoside deoxygenate (BX6) for synthesizing TRIBOA-glycoside were upregulated. Also, a 2, 4, 7-trihydroxy-1, 4-benzoxazine-3-one-glucoside 7-O-methyltransferase (BX7) gene which encodes the conversion of TRIBOA-glycoside to DIMBOA-glycoside for storage in the vacuoles was identified (Figure 5). The clustering pattern of these genes shows they are functionally related (Supplementary Figure 5C).
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FIGURE 5
 DEGs encoding BX biosynthesis and phytoalexin diterpene contents in rice seedlings. (A) BX biosynthesis pathway showing the steps each gene encodes. Reaction steps are classified according to their sites of occurrence (organelles). BX-glycosides are finally deposited in the vacuole and elicited upon biotic stress perception. (B) UPLC-MS/MS analysis of diterpenoids (n = 2).




Activated diterpene synthases and BX genes induce phytoalexin accumulation

The effect of Hrip1-treated gene activation on diterpene accumulation was verified by metabolic analysis using the UPLC-MS/MS technique. Hrip1 treatment enhanced the production of phytocassane A and momilactones A and B compared to the control plants. Kariya et al. (2020) recently isolated an isomer of momilactone A, named oryzalactone, and a di-dehydrated phytocassanes A, named phytocassanes G. These diterpenoids inhibited M. oryzae conidia by 86 and 45%. Phytocassane G and oryzalactone were detected in both Hrip1-treated and control plants. However, Hrip1-treated leaves accumulated more of these metabolites than the control seedlings (Figure 5B).

The defensive trademarks of benzoxazinoids are well established and reported. They are involved in both aerial and below-ground defense against pests and diseases. Though we could not verify the amounts of BX accumulation due to the absence of authentic standards, reports on wheat and maize have demonstrated that transcript abundance results in their high accumulation and defense against diseases and pests (Duan et al., 2021; Sue et al., 2021).




Robustness test of the transcriptome analysis

The robustness of the transcriptional data was confirmed by RT-qPCR validation of selected genes from each metabolic pathway. The relative expression of lignin (6), diterpenoids (6), and benzoxazinoids (2) biosynthetic genes collaborates with the transcriptome data (Figure 6). This suggests the crucial involvement of Hrip1 in activating defense pathways to confer immunity against rice blast fungi.
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FIGURE 6
 Relative expression of selected genes. n = 3, error bars = mean ± sd, p-value >0.01(*), p-value >0.001(**), p-value >0.0001(***), and p-value >0.00001(****) at 95% confidence interval. (A) Lignin genes; (B) diterpenoids genes; (C) benzoxazinoids genes.





Discussion

Plants develop intricate mechanisms to withstand antagonistic pathogens. Their immune systems recruit secondary metabolites whose accumulation is controlled at the transcriptional level for defense and environmental cues (Li et al., 2021a,b). Transcriptional profiling techniques have been used to unearth complex metabolic machinery triggered by elicitor treatment and have therefore become a stopgap tool in functional genomics. RNA sequencing has established itself as a leading whole-genome transcript quantification technology that produces reliable results (Lachmann et al., 2018). Here, we present the transcript changes induced by Hrip1 in O. sativa immunity against rice blast fungi. Three defense metabolic pathways: (a) phenylpropanoids/lignin, (b) diterpene, and (c) BXs pathways, are induced by Hrip1 treatment and contributed to the physical and chemical resistance against the rice blast fungus.

Hrip1 defense activation is similar to Mohrip1 and Mohrip2. Lv et al. (2016) reported that Mohrip1 promotes growth and defense against rice blast fungi by activating the expression of genes encoding SA, gibberellin, and diterpenoid biosynthesis, in addition to pathogenesis-related proteins such as NAC. Moreover, MoHrip1 and MoHrip2 transgenic rice plants enhanced immunity against rice blast disease via SA induction (Wang et al., 2017). In contrast to Mohrip1 and Mohrip2, which induce fewer genes encoding diterpenes (8), NAC (2), and PAL (1), Hrip1 activated 68 genes encoding all steps in the lignin pathway, 12 MYB TFs, and 24 diterpene synthases. Moreover, unlike Mohrip1 and Mohrip2, Hrip1 activated the expression of BXs genes (7).

Lignin is a hydrophobic aromatic polymer abundant in plant secondary cell walls and is synthesized via the phenylpropanoid pathway. It is partly responsible for bundling cellular components to enhance CWI rigidity for PTI induction. A lignified cell wall also confers physical barriers to pathogens such as fungal haustoria and restricts trans-cellular infections (Cui et al., 2018; Vermaas et al., 2019; Wan et al., 2021). Lignin also modulates insect attacks, as He et al. (2020) demonstrated that brown planthopper (BPH) lost its piercing efficiency against rice hosts after lignin and SA accumulation were activated by R2R3 MYB TF induced expression of OsPAL genes. Li et al. (2021a,b) revealed the role of OsPAL and other phenylpropanoid genes in lignin, SA, melatonin, and flavonoids’ defense against leaf folder herbivores and BPH.

Hrip1 mediates cell wall immunity by inducing the accumulation of 68.45% lignin in rice leaves, resulting in 100% cell wall rigidity. Our findings are consistent with several reports demonstrating that cell wall-associated genes in isolation or combination encode lignin accumulation and defense modulation (Govender et al., 2017; Yuan et al., 2019; Li et al., 2020a,b; Chen et al., 2021a,b). For example, OsPAL genes induce immunity against M. oryzae, Rhizoctonia solani, and Xanthomonas oryzae pv oryzae (Xoo; Duan et al., 2014; Tonnessen et al., 2015). C4H encodes p-coumaric acid hydroxylation from cinnamic acid, which drives lignification and biosynthesis of other essential defense metabolites (Li et al., 2020a,b; Wang et al., 2020). The soybean C4H1 gene has been linked to defensive lignification against Phytophthora sojae. Furthermore, Agrobacterium-mediated transformation of the CAD2 gene from Pyrus pyrifolia (pear) into tomato plants significantly increased lignin accumulation in the leaves, stems, and fruits (Li et al., 2019). The CAD gene family encodes the NADPH-dependent reduction of hydroxy-cinnamaldehydes to monolignol alcohols, leading to physical reinforcement of cell walls (Park et al., 2018).

Transcriptional factors such as OsNAC5 mediate lignin biosynthesis by activating OsCCR10 (Bang et al., 2021). Also, adenosine and cytosine enrichment of DNA motifs promotes lignin production by binding to MYB TFs. MYB46 and its MYB83 homolog increase phenylpropanoid and lignin biosynthesis (Chen et al., 2021a,b). Moreover, AtMYB15 and OsMYB30 were reported to regulate PAL, C4H, 4CL, HCT, C3H, COMT, and CAD to enhance lignin accumulation and defense against Pst DC3000 (AvrRpm1) and BPH, respectively (He et al., 2020; Kim et al., 2020). Chezem et al. (2017) also showed that AtMYB15 induced lignification and basal immunity in Arabidopsis by binding to cell wall-responsive apparatus containing AC components. A total of 12 MYB genes are linked to Hrip1 induction. Their complementary roles in lignin accumulation might have influenced the cell wall thickness, especially OsMYB61, which enhances 53% culm tissue lignin and cell wall enrichment when overexpressed in rice protoplast (Zhao et al., 2019).

There is no consensus regarding the transport of lignin monomers into the apoplast. Some schools of thought suggest active transport mechanisms are involved in moving glycosylated lignin monomers mediated by ABC transporters. Other studies have linked monomeric transport via passive diffusion (Miao and Liu, 2010; Tsuyama et al., 2013; Shimada et al., 2021). Notwithstanding these contrasting views, monolignol transport is crucial for lignification. Peroxidases (hydrogen peroxide) and laccases (molecular oxygen) genes encode lignin polymerization for extracellular support, nutrient transport, and defense (Xie et al., 2020). Hrip1 activated 33 PRX genes that contributed to cell wall-mediated immunity. Consistent with our results, Meng et al. (2021) identified DcPrx30, DcPrx32, and DcPrx62 as lignification genes in carrot. In Arabidopsis, PRX33 and PRX34 activate PTI. Confirmatory knockdown of these genes compromised H2O2 content in response to PAMP treatment and PAMP-induced protein expression (O'Brien et al., 2012)

Plant defense is also activated by phytochemical elicitation (Nasir et al., 2018). Plants inductively or constitutively accumulate defense metabolites from biochemical pathways to enhance PTI (Mujiono et al., 2021). Diterpene accumulation is associated with M. oryzae and Xoo infections (Zhan et al., 2020). Momilactone (A and B), phytocassane (A and G), and oryzalactone levels were higher in Hrip1-treated plants than in the control groups. The biosynthesis of these metabolites is encoded by well-characterized synthases initiated by a C-20 prenyl-substrate, the GGPP precursor. Two gene clusters on chromosomes Os02g-ent- and Os04g syn-CPS and kaurene synthase have been reported to play crucial roles in the downstream biosynthesis of diterpenoids (Jia et al., 2019). The results reported here showed that ent-CPS2 and syn-CPS4 genes and their KSL paralogs were activated by Hrip1. OsCPC2 and OsCPS4 encode kaurenes. The OsKSL paralogs also encode the formation of the carbon skeletons of labdane-related phytoalexins. These two steps are essential for the downstream biosynthesis of phytoalexins (Miyamoto et al., 2016). OsCPC2 and OsKLS7 enrichment might have accounted for the increased phytocassane A and G levels in Hrip1-treated plants compared to control plants.

Furthermore, short-chain dehydrogenases/reductases (SDRs) are a large family of NAD- or NADP-dependent genes that oxidize 3-hydroxy-syn-pimaradien-19, 6-olide to a typical momilactone A carbon-3 (C3) keto group. Therefore, SDR genes are classified as momilactone synthases (Kitaoka et al., 2016; Miyamoto et al., 2016; Mao et al., 2020). Hrip1 activation of SDR genes (OsSDR11C-MS1, OsSDR11C-MS2, and OsSDR11C-MS13) might have accounted for the enhanced levels of momilactone A and B. Also, cytochrome P450 plays a crucial role in ent-sandaracopimaradiene hydroxylation to form oryzalexin diterpenoids. Wu et al. (2013) reported that CYP76M6 and CYP76M8 were involved in a non-redundant reaction with 3α-hydroxy-ent-sandaracopimaradiene to form oryzalexin. Hrip1 induces cytochrome CYP76M sub-family members, which catalyze oryzalexin formation. Hrip1 also enhanced the expression of four cytochrome P450 sub-family genes (CYP71Z) that participate in oryzalide biosynthesis. For example, OsCYP71Z2 is reported to induce resistance to Xoo infection (Li et al., 2013).

BXs are encoded by genes serially named BX1, BX2, and BX3, depending on the reaction step they catalyze. The role of BX1 in converting indole-3-glycerolphosphate to indole is a significant step in BXs biosynthesis (Tzin et al., 2017). Hrip1 activated seven BXs genes in the rice genome. Although we could not quantify these metabolites due to the absence of authentic standards, reports on wheat and maize showed that transcript abundance of BX genes results in high BX glycoside accumulation (Duan et al., 2021; Sue et al., 2021).

Our findings show that Hrip1 adopts a dual-barrier approach in defense modulation. (1) Hrip1 induced the upregulation of lignin and MYB TFs to confer cell wall-mediated immunity. (2) Hrip1 also increased the expression of genes encoding diterpenoids for phytoalexin accumulation. The enrichment of BXs genes might have contributed to rice immunity against M. oryzae. Other defense-significant metabolites such as lignans, coumarins, stilbenes, and caffeic acid might have also been induced to accumulate since their elicitation partly depends on lignin synthetic genes. This study provides novel insights into the mechanisms underlying Hrip1-treated immunity in plants.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE211516, with accession: GSE211516.



Author contributions

HZ, VN, and JY: conceptualization. VN, JY, BL, LZ, and SL: protein purification. VN, LZ, JY, SL, ZF, and TY: transcriptome analysis and RT_qPCR. VN, JR, JD, and TY: metabolic analysis. VN, TY, and VN: plant growth and elicitor treatment. HZ: supervision of experimental procedures and data analysis. VN: first draft of the manuscript. HZ, XY, GL, and JR: revision of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by the National Key Research and Development Program of China, grant number 2017YFD0200900.



Acknowledgments

We are grateful to the China National Key Research and Development Program for funding this work and the China Scholarship Council (China-Africa friendship program) for providing a full doctoral scholarship to Vincent Ninkuu during his study period.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.The reviewer J-YC declared a shared affiliation with the authors to the handling editor at the time of review.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.980821/full#supplementary-material



Footnotes

1http://www.geneontology.org/ (Accessed August 14, 2022).

2http://www.yeastgenome.org/help/analyze/goterm-finder (Accessed August 14, 2022).

3https://www.kegg.jp/kegg/kegg1.html (Accessed August 14, 2022).

4https://phytozome-next.jgi.doe.gov/ (Accessed August 14, 2022).



References

 Bagnaresi, P., Biselli, C., Orrù, L., Urso, S., Crispino, L., Abbruscato, P., et al. (2012). Comparative transcriptome profiling of the early response to Magnaporthe oryzae in durable, resistant vs. susceptible rice (Oryza sativa L.) genotypes. PLoS One 7:e51609. doi: 10.1371/journal.pone.0051609 

 Bang, S. W., Choi, S., Jin, X., Jung, S. E., Choi, J. W., Seo, J. S., et al. (2021). Transcriptional activation of rice cinnamoyl-CoA reductase 10 by OsNAC5 contributes to drought tolerance by modulating lignin accumulation in roots. Plant Biotechnol. J. 20, 736–747. doi: 10.1111/pbi.13752 

 Bonawitz, N. D., Kim, J. I., Tobimatsu, Y., Ciesielski, P. N., Anderson, N. A., Ximenes, E., et al. (2014). Disruption of mediator rescues the stunted growth of a lignin-deficient Arabidopsis mutant. Nature 509, 376–380. doi: 10.1038/nature13084 

 Chen, L., Wu, F., and Zhang, J. (2021a). NAC and MYB families and lignin biosynthesis-related members identification and expression analysis in Melilotus albus. Plan. Theory 10:303. doi: 10.3390/plants10020303 

 Chen, Y., Yi, N., Yao, S. B., Zhuang, J., Fu, Z., Ma, J., et al. (2021b). CsHCT-mediated lignin synthesis pathway involved in the response of tea plants to biotic and abiotic stresses. J. Agric. Food Chem. 69, 10069–10081. doi: 10.1021/acs.jafc.1c02771 

 Cheng, C., Gao, X., Feng, B., Sheen, J., Shan, L., and He, P. (2013). Plant immune response to pathogens differs with changing temperatures. Nat. Commun. 4:2530. doi: 10.1038/ncomms3530 

 Chezem, W. R., Memon, A., Li, F.-S., Weng, J.-K., and Clay, N. K. (2017). SG2-type R2R3-MYB transcription factor MYB15 controls defense-induced lignification and basal immunity in Arabidopsis. Plant Cell 29, 1907–1926. doi: 10.1105/tpc.16.00954 

 Colinas, M., and Goossens, A. (2018). Combinatorial transcriptional control of plant specialized metabolism. Trends Plant Sci. 23, 324–336. doi: 10.1016/j.tplants.2017.12.006 

 Cui, S., Wada, S., Tobimatsu, Y., Takeda, Y., Saucet, S. B., Takano, T., et al. (2018). Host lignin composition affects haustorium induction in the parasitic plants Phtheirospermum japonicum and Striga hermonthica. New Phytol., 218, 710–723. doi: 10.1111/nph.15033 

 Dick, R., Rattei, T., Haslbeck, M., Schwab, W., Gierl, A., and Frey, M. (2012). Comparative analysis of benzoxazinoid biosynthesis in monocots and dicots: independent recruitment of stabilization and activation functions. The Plant Cell 24, 915–928. doi: 10.1105/tpc.112.096461

 Duan, S., Jin, J., Gao, Y., Jin, C., Mu, J., Zhen, W., et al. (2021). Integrated transcriptome and metabolite profiling highlights the role of benzoxazinoids in wheat resistance against Fusarium crown rot. Crop J. 10, 407–417. doi: 10.1016/j.cj.2021.06.004

 Duan, L., Liu, H., Li, X., Xiao, J., and Wang, S. (2014). Multiple phytohormones and phytoalexins are involved in disease resistance to Magnaporthe oryzae invaded from roots in rice. Physiol. Plant. 152, 486–500. doi: 10.1111/ppl.12192 

 Dunlap, W. C., Starcevic, A., Baranasic, D., Diminic, J., Zucko, J., Gacesa, R., et al. (2013). KEGG orthology-based annotation of the predicted proteome of Acropora digitifera: ZoophyteBase-an open access and searchable database of a coral genome. BMC Genomics 14, 1–59. doi: 10.1186/1471-2164-14-509

 Engelsdorf, T., Gigli-Bisceglia, N., Veerabagu, M., McKenna, J. F., Vaahtera, L., Augstein, F., et al. (2018). The plant cell wall integrity maintenance and immune signaling systems cooperate to control stress responses in Arabidopsis thaliana. Sci. Signal. 11:eaao3070. doi: 10.1126/scisignal.aao3070 

 Engelsdorf, T., Kjaer, L., Gigli-Bisceglia, N., Vaahtera, L., Bauer, S., Miedes, E., et al. (2019). Functional characterization of genes mediating cell wall metabolism and responses to plant cell wall integrity impairment. BMC Plant Biol. 19:320. doi: 10.1186/s12870-019-1934-4 

 Geng, P., Zhang, S., Liu, J., Zhao, C., Wu, J., Cao, Y., et al. (2019). MYB20, MYB42, MYB43, and MYB85 regulate phenylalanine and lignin biosynthesis during secondary cell wall formation1 [OPEN]. Plant Physiol. 182, 1272–1283. doi: 10.1104/pp.19.01070 

 Goodstein, D. M., Shu, S., Howson, R., Neupane, R., Hayes, R. D., Fazo, J., et al. (2012). Phytozome: a comparative platform for green plant genomics. Nucleic Acids Res. 40, D1178–D1186. doi: 10.1093/nar/gkr944 

 Govender, N. T., Mahmood, M., Seman, I. A., and Wong, M.-Y. (2017). The phenylpropanoid pathway and lignin in defense against Ganoderma boninense colonized root tissues in oil palm (Elaeis guineensis Jacq.). Front. Plant Sci. 8:1395. doi: 10.3389/fpls.2017.01395 

 He, J., Liu, Y., Yuan, D., Duan, M., Liu, Y., Shen, Z., et al. (2020). An R2R3 MYB transcription factor confers brown planthopper resistance by regulating the phenylalanine ammonia-lyase pathway in rice. Proc. Natl. Acad. Sci. 117, 271–277. doi: 10.1073/pnas.1902771116 

 Hu, L., Robert, C. A., Cadot, S., Zhang, X., Ye, M., Li, B., et al. (2018). Root exudate metabolites drive plant-soil feedbacks on growth and defense by shaping the rhizosphere microbiota. Nat. Commun. 9, 1–13. doi: 10.1038/s41467-018-05122-7

 Jia, M., Mishra, S. K., Tufts, S., Jernigan, R. L., and Peters, R. J. (2019). Combinatorial biosynthesis and the basis for substrate promiscuity in class I diterpene synthases. Metab. Eng. 55, 44–58. doi: 10.1016/j.ymben.2019.06.008 

 Kariya, K., Ube, N., Ueno, M., Teraishi, M., Okumoto, Y., Mori, N., et al. (2020). Natural variation of diterpenoid phytoalexins in cultivated and wild rice species. Phytochemistry 180:112518. doi: 10.1016/j.phytochem.2020.112518

 Kim, S. H., Lam, P. Y., Lee, M.-H., Jeon, H. S., Tobimatsu, Y., and Park, O. K. (2020). The Arabidopsis R2R3 MYB transcription factor MYB15 is a key regulator of lignin biosynthesis in effector-triggered immunity. Frontiers. Plant Sci. 11:1456. doi: 10.3389/fpls.2020.583153 

 Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with low memory requirements. Nat. Methods 12, 357–360. doi: 10.1038/nmeth.3317 

 Kitaoka, N., Wu, Y., Zi, J., and Peters, R. J. (2016). Investigating inducible short-chain alcohol dehydrogenases/reductases clarifies rice oryzalexin biosynthesis. Plant J. 88, 271–279. doi: 10.1111/tpj.13249 

 Kulye, M., Liu, H., Zhang, Y., Zeng, H., Yang, X., and Qiu, D. (2012). Hrip1, a novel protein elicitor from necrotrophic fungus, Alternaria tenuissima, elicits cell death, expression of defense-related genes, and systemic acquired resistance in tobacco. Plant Cell Environ. 35, 2104–2120. doi: 10.1111/j.1365-3040.2012.02539.x 

 Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870–1874. doi: 10.1093/molbev/msw054 

 Lachmann, A., Torre, D., Keenan, A. B., Jagodnik, K. M., Lee, H. J., Wang, L., et al. (2018). Massive mining of publicly available RNA-seq data from human and mouse. Nat. Commun. 9:1366. doi: 10.1038/s41467-018-03751-6 

 Larroque, M., Belmas, E., Martinez, T., Vergnes, S., Ladouce, N., Lafitte, C., et al. (2013). Pathogen-associated molecular pattern-triggered immunity and resistance to the root pathogen Phytophthora parasitica in Arabidopsis. J. Exp. Bot. 64, 3615–3625. doi: 10.1093/jxb/ert195 

 Li, M., Cheng, C., Zhang, X., Zhou, S., Li, L., and Yang, S. (2019). Overexpression of pear (Pyrus pyrifolia) CAD2 in tomato affects lignin content. Molecules 24:2595. doi: 10.3390/molecules24142595 

 Li, G., Liu, X., Zhang, Y., Muhammad, A., Han, W., Li, D., et al. (2020a). Cloning and functional characterization of two cinnamate 4-hydroxylase genes from Pyrus bretschneideri. Plant Physiol. Biochem. 156, 135–145. doi: 10.1016/j.plaphy.2020.07.035 

 Li, W., Shao, M., Yang, J., Zhong, W., Okada, K., Yamane, H., et al. (2013). Oscyp71Z2 involves diterpenoid phytoalexin biosynthesis that contributes to bacterial blight resistance in rice. Plant Sci. 207, 98–107. doi: 10.1016/j.plantsci.2013.02.005 

 Li, Y., Yu, T., Wu, T., Wang, R., Wang, H., Du, H., et al. (2020b). The dynamic transcriptome of pepper (Capsicum annuum) whole roots reveals an important role for the phenylpropanoid biosynthesis pathway in root resistance to Phytophthora capsici. Gene 728:144288. doi: 10.1016/j.gene.2019.144288 

 Li, L., Zhang, H., Chen, C., Huang, H., Tan, X., Wei, Z., et al. (2021a). A class of independently evolved transcriptional repressors in plant RNA viruses facilitates viral infection and vector feeding. Proc. Natl. Acad. Sci. 118:e2016673118. doi: 10.1073/pnas.2016673118 

 Li, R., Zhang, J., Li, Z., Peters, R. J., and Yang, B. (2021b). Dissecting the labdane-related diterpenoid biosynthetic gene clusters in rice reveals directional cross-cluster phytotoxicity. New Phytol. 233, 878–889. doi: 10.1111/nph.17806 

 Lu, X., Zhang, J., Brown, B., Li, R., Rodríguez-Romero, J., Berasategui, A., et al. (2018). Inferring roles in defense from metabolic allocation of rice diterpenoids. Plant Cell 30, 1119–1131. doi: 10.1105/tpc.18.00205 

 Lv, S., Wang, Z., Yang, X., Guo, L., Qiu, D., and Zeng, H. (2016). Transcriptional profiling of rice treated with MoHrip1 reveal the function of protein elicitor in enhancement of disease resistance and plant growth. Front. Plant Sci. 7:1818. doi: 10.3389/fpls.2016.01818 

 Mao, L., Kawaide, H., Higuchi, T., Chen, M., Miyamoto, K., Hirata, Y., et al. (2020). Genomic evidence for convergent evolution of gene clusters for momilactone biosynthesis in land plants. Proc. Natl. Acad. Sci. 117, 12472–12480. doi: 10.1073/pnas.1914373117 

 Martin-Urdiroz, M., Oses-Ruiz, M., Ryder, L. S., and Talbot, N. J. (2016). Investigating the biology of plant infection by the rice blast fungus Magnaporthe oryzae. Fungal Genet. Biol. 90, 61–68. doi: 10.1016/j.fgb.2015.12.009 

 Meng, G., Fan, W., and Rasmussen, S. K. (2021). Characterization of the class III peroxidase gene family in carrot taproots and its role in anthocyanin and lignin accumulation. Plant Physiol. Biochem. 167, 245–256. doi: 10.1016/j.plaphy.2021.08.004 

 Miao, Y.-C., and Liu, C.-J. (2010). ATP-binding cassette-like transporters are involved in the transport of lignin precursors across plasma and vacuolar membranes. Proc. Natl. Acad. Sci. 107, 22728–22733. doi: 10.1073/pnas.1007747108 

 Miyamoto, K., Fujita, M., Shenton, M. R., Akashi, S., Sugawara, C., Sakai, A., et al. (2016). Evolutionary trajectory of phytoalexin biosynthetic gene clusters in rice. Plant J. 87, 293–304. doi: 10.1111/tpj.13200 

 Mondal, D., Kantamraju, P., Jha, S., Sundarrao, G. S., Bhowmik, A., Chakdar, H., et al. (2021). Evaluation of indigenous aromatic rice cultivars from the sub-Himalayan Terai region of India for nutritional attributes and blast resistance. Sci. Rep. 11:4786. doi: 10.1038/s41598-021-83921-7 

 Mravec, J., Guo, X., Hansen, A. R., Schückel, J., Kračun, S. K. I., Mikkelsen, M. D., et al. (2017). Pea border cell maturation and release involve complex cell wall structural dynamics. Plant Physiol. 174, 1051–1066. doi: 10.1104/pp.16.00097 

 Mujiono, K., Tohi, T., Sobhy, I. S., Hojo, Y., Shinya, T., and Galis, I. (2021). Herbivore-induced and constitutive volatiles are controlled by different oxylipin-dependent mechanisms in rice. Plant Cell Environ. 44, 2687–2699. doi: 10.1111/pce.14126 

 Nasir, F., Tian, L., Chang, C., Li, X., Gao, Y., Tran, L.-S. P., et al. (2018). Current understanding of pattern-triggered immunity and hormone-mediated defense in rice (Oryza sativa) in response to Magnaporthe oryzae infection. Semin. Cell Dev. Biol., 83, 95–105. doi: 10.1016/j.semcdb.2017.10.020 

 O'Brien, J. A., Daudi, A., Finch, P., Butt, V. S., Whitelegge, J. P., Souda, P., et al. (2012). A peroxidase-dependent apoplastic oxidative burst in cultured Arabidopsis cells functions in MAMP-elicited defense. Plant Physiol. 158, 2013–2027. doi: 10.1104/pp.111.190140 

 Park, H. L., Kim, T. L., Bhoo, S. H., Lee, T. H., Lee, S. W., and Cho, M. H. (2018). Biochemical characterization of the rice cinnamyl alcohol dehydrogenase gene family. Molecules 23:2659. doi: 10.3390/molecules23102659 

 Patel, Z. M., Mahapatra, R., and Jampala, S. S. M. (2020). “Chapter 11: role of fungal elicitors in plant defense mechanism” in Molecular Aspects of Plant Beneficial Microbes in Agriculture. eds. V. Sharma, R. Salwan, and L. K. T. Al-Ani (New York: Academic Press), 143–158. doi: 10.1016/B978-0-12-818469-1.00012-2

 Peng, X.-C., Qiu, D.-W., Zeng, H.-M., Guo, L.-H., Yang, X.-F., and Liu, Z. (2015). Inducible and constitutive expression of an elicitor gene Hrip1 from Alternaria tenuissima enhance stress tolerance in Arabidopsis. Transgenic Res. 24, 135–145. doi: 10.1007/s11248-014-9824-x 

 Prince, D. C., Drurey, C., Zipfel, C., and Hogenhout, S. A. (2014). The leucine-rich repeat receptor-like kinase brassinosteroid insensitive1-associated kinase1 and the cytochrome P450 phytoalexin deficient3 contribute to innate immunity to aphids in Arabidopsis. Plant Physiol. 164, 2207–2219. doi: 10.1104/pp.114.235598 

 Schmelz, E. A., Huffaker, A., Sims, J. W., Christensen, S. A., Lu, X., Okada, K., et al. (2014). Biosynthesis, elicitation, and roles of monocot terpenoid phytoalexins. Plant J. 79, 659–678. doi: 10.1111/tpj.12436 

 Shimada, N., Munekata, N., Tsuyama, T., Matsushita, Y., Fukushima, K., Kijidani, Y., et al. (2021). Active transport of lignin precursors into membrane vesicles from lignifying tissues of bamboo. Plants (Basel, Switzerland) 10:2237. doi: 10.3390/plants10112237 

 Shinde, B. A., Dholakia, B. B., Hussain, K., Panda, S., Meir, S., Rogachev, I., et al. (2017). Dynamic metabolic reprogramming of steroidal glycol-alkaloid and phenylpropanoid biosynthesis may impart early blight resistance in wild tomatoes (Solanum arcanum Peralta). Plant Mol. Biol. 95, 411–423. doi: 10.1007/s11103-017-0660-2 

 Sue, M., Fujii, M., and Fujimaki, T. (2021). Increased benzoxazinoid (Bx) levels in wheat seedlings via jasmonic acid treatment and etiolation and their effects on Bx genes, including Bx6. Biochem. Biophys. Rep. 27:101059. doi: 10.1016/j.bbrep.2021.101059 

 Szatmári, Á., Zvara, Á., Móricz, Á. M., Besenyei, E., Szabó, E., Ott, P. G., et al. (2014). Pattern-triggered immunity (PTI) in tobacco: isolation of activated genes suggests role of the phenylpropanoid pathway in inhibition of bacterial pathogens. PLoS One 9:e102869. doi: 10.1371/journal.pone.0102869 

 Tonnessen, B. W., Manosalva, P., Lang, J. M., Baraoidan, M., Bordeos, A., Mauleon, R., et al. (2015). Rice phenylalanine ammonia-lyase gene OsPAL4 is associated with broad-spectrum disease resistance. Plant Mol. Biol. 87, 273–286. doi: 10.1007/s11103-014-0275-9 

 Tsuyama, T., Kawai, R., Shitan, N., Matoh, T., Sugiyama, J., Yoshinaga, A., et al. (2013). Proton-dependent coniferin transport a common major transport event in differentiating xylem tissue of woody plants. Plant Physiol. 162, 918–926. doi: 10.1104/pp.113.214957 

 Tzin, V., Hojo, Y., Strickler, S. R., Bartsch, L. J., Archer, C. M., Ahern, K. R., et al. (2017). Rapid defense responses in maize leaves induced by Spodoptera exigua caterpillar feeding. J. Exp. Bot. 68, 4709–4723. doi: 10.1093/jxb/erx274 

 Vermaas, J. V., Crowley, M. F., and Beckham, G. T. (2019). A quantitative molecular atlas for interactions between lignin and cellulose. ACS Sustain. Chem. Eng. 7, 19570–19583. doi: 10.1021/acssuschemeng.9b04648

 Wan, J., He, M., Hou, Q., Zou, L., Yang, Y., Wei, Y., et al. (2021). Cell wall associated immunity in plants. Stress Biology 1:3. doi: 10.1007/s44154-021-00003-4

 Wang, J., Chu, M., and Ma, Y. (2018). Measuring rice farmer's pesticide overuse practice and the determinants: A statistical analysis based on data collected in Jiangsu and Anhui Provinces of China. Sustainability 10:677. doi: 10.3390/su10030677

 Wang, Z., Han, Q., Zi, Q., Lv, S., Qiu, D., and Zeng, H. (2017). Enhanced disease resistance and drought tolerance in transgenic rice plants overexpressing protein elicitors from Magnaporthe oryzae. PLoS One 12:e0175734. doi: 10.1371/journal.pone.0175734 

 Wang, Z., Jian, X., Zhao, Y., Li, S., Sui, Z., Li, L., et al. (2020). Functional characterization of cinnamate 4-hydroxylase from Helianthus annuus Linn using a fusion protein method. Gene, 758:144950. doi: 10.1016/j.gene.2020.144950 

 Weng, J.-K., Lynch, J. H., Matos, J. O., and Dudareva, N. (2021). Adaptive mechanisms of plant specialized metabolism connecting chemistry to function. Nat. Chem. Biol. 17, 1037–1045. doi: 10.1038/s41589-021-00822-6 

 Wu, Y., Wang, Q., Hillwig, M. L., and Peters, R. J. (2013). Picking sides: distinct roles for CYP76M6 and CYP76M8 in rice oryzalexin biosynthesis. Biochem. J. 454, 209–216. doi: 10.1042/BJ20130574 

 Xie, T., Liu, Z., and Wang, G. (2020). Structural basis for monolignol oxidation by a maize laccase. Nat. Plants 6, 231–237. doi: 10.1038/s41477-020-0595-5

 Yuan, W., Jiang, T., Du, K., Chen, H., Cao, Y., Xie, J., et al. (2019). Maize phenylalanine ammonia-lyases contribute to resistance to sugarcane mosaic virus infection, most likely through positive regulation of salicylic acid accumulation. Mol. Plant Pathol. 20, 1365–1378. doi: 10.1111/mpp.12817 

 Zhan, C., Lei, L., Liu, Z., Zhou, S., Yang, C., Zhu, X., et al. (2020). Selection of a subspecies-specific diterpene gene cluster implicated in rice disease resistance. Nat. Plants 6, 1447–1454. doi: 10.1038/s41477-020-00816-7 

 Zhang, L., Yan, J., Fu, Z., Shi, W., Ninkuu, V., Li, G., et al. (2021). FoEG1, a secreted glycoside hydrolase family 12 protein from Fusarium oxysporum, triggers cell death and modulates plant immunity. Mol. Plant Pathol., 22, 522–538. doi: 10.1111/mpp.13041 

 Zhao, K., Lin, F., Romero-Gamboa, S. P., Saha, Goh, H.-J., An, G., et al. (2019). Rice genome-scale neywork integration reveals transcriptional regulators of grass cell wall synthesis. Front. plant Sci. 10:1275. doi: 10.3389/fpls.2019.01275

 Zhao, H., Wang, X., Jia, Y., Minkenberg, B., Wheatley, M., Fan, J., et al. (2018). The rice blast resistance gene Ptr encodes an atypical protein required for broad-spectrum disease resistance. Nat. Commun. 9:2039. doi: 10.1038/s41467-018-04369-4 



OPS/images/fpls-13-980821-g005.jpg
From the tryptophan pathway oH
L LT
o
& oLo-oe
0 | PLASTID * DIMBOA-glucoside
oo -
o
o "
indola-3-glycarl phosphate 0 12 2ih son
i L06 Ostig 750
on_t2n 2un ash @ DIMEOA JucEy cyTosoL
L0c_0s0%5820
= Loc_osugsen on I o
N_o
I I o oo @[ I s TRIBOA-glucoside.
oy o g
] DIBOAglycoside I
@,\) & 12n 24 aen
L06, 0xghsso
Indole Loc.osoganI00
LOC 0sD1g36204 N_0
BEdy
H 0”0
o onorsheosge
oz QD -
112 2ah son :
L0C 001936284 T ‘
MICROSOMES i
o oH
Ho o
o =
HO- NHgh 12n 24h 48h O NH 6h_12h_24h 48h HGEN,
106,01t = 106, 0s01gte2 —>
3-Hydroxyindalin-2-ane HBIOK: DIBOA
- on on
- °
o o 5 o £ Ho_ O
5 ;i i . o
o o o a &
Momilactone A Momilactone B Oryzalactone. Phytocassane A Phytocassane G
ot e 2w e
= e
. o A " 5
£ o sl ) B e 8 () *
H H 3 oo & | §ow 3
£ o . 5 H 5
= @ 2 s = o &
016
10 ' - . P U PN S
& & « & & &






OPS/images/fpls-13-980821-g006.jpg
Retative expression Rolative oxprossion

Rolative oxprossion

osPAL

osPALY

E

0

0

0

oscpsz oscrse
foc euitien) AToc Seuratiehy) (LOC_0s02936210) (LOC_0s04g09500)
24 s e
H £ o
10- - H I
H L 3
& S w
| oLl oL
S N S S PN
V,c”%m»w»@ &Sy @vaw‘v AR
Tin point Tone pint Time pint Time point
osststo
o osprtts oustr
1L0G_0s08636250] (LOC_0s07q45060) e (LoC_0s12g30824)
15
=l st o H
- Hs ‘ H e :
= £o Eol o £
= F H b
‘ . ie L E
. : i
_ : e . m :
. ﬁ oo
ERae YRR Ry RS
Time it Timepoine Time ot Tim point
ossoRitoc s
osconmi2 o z
(LOC_0s04g01470) {LOC_0s03g13210} 2 (LOC_0s04g33240) LOC_0s07g46920
e g I .
R p— ¢
H P Xe
! :
H i HP
- 4 FE " ©
o i , = S .
& ¥ O] R R
e e Time pant Time point
ety OsBX2/34/5

(LOC_0s03988320)

Loc_0s01g36294

s
H <
B =
g H
HE S
£e :
e H
o
NI
EAFONESIRS S e
&
Time point \& R

T it






OPS/images/fpls-13-980821-g003.jpg
Control Hrip1

034m-

05 um






OPS/images/fpls-13-980821-g004.jpg
5 Isoprene

Isopentenyl diphosphate Dimethylallyl diphosphate i

Terpenoids| 6h 12h 24h 48h
backbone [ I P GGPP1
synthesis +
1200
1000 | Sesquiterpenoid/ S N N"opp .
sw | triterpenoids <~-~-@--geranylgeranyl diphosphate; =cx-csssimmseccs »~ Vonolerperoids
aw  biosynthesis 6h 12h 24h_48h e
400 PS4
200 I OsCPs2
0.00 s
H
ePP\/\‘/\
Ent-copalyl diphosphate i aoraEApHGsPRAS
6h_12h 24h 48h 6h_12h 24h _48h
OsKSLS6/10 OsksLe
OsKSL7 | OsKsLs

Ent-pimara-8(14), Ent-isokaurene  Ent-cassa-12,  Ent-sandaracopi- ~Syn-pimara-7,15-diene Stemar-13-ene
15-diene 15-diene maradiene

6h_12h 24 | 6h 12h 24nl4a8h
oscYPTiZ2

LOC_0506g45960
= LOC 050711739 |
0scCYPTIZT
GGPP1

OsCYPT6MS
T 0sOYPTBMS Gh 12h |124h 48h|.oc

0so7g46920
I osCYPTEMT

isacmgen
e
e
s
i
i

Ent-2a-hydroxy-isokaurene

Y Y \l

Gibberellins Oryzalides A-C Phytotistsanes Oryzalexin A-F Momilactones Oryzalexin S
" AD






OPS/images/fpls-13-980821-M1.jpg
x{ i i vi
M =log22L and D =‘X.—X2|
X





OPS/images/fpls-13-980821-M2.jpg
Py=P(My2{M}&&D,2{D})





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Hrip1 mediates rice cell wall fortification and phytoalexins elicitation to confer immunity against Magnaporthe oryzae



		Introduction



		Experimental procedure



		Plant growth and elicitor preparation



		Rice blast disease bioassay



		RNA extraction and cDNA construction



		Genome sequencing, quality assessment, and mapping



		DEGs, GO, and KEGG pathway analyses









		RT-qPCR analysis



		Phylogenetic analysis of disease-responsive genes



		Quantification of lignin



		Transmission electron microscopy of cell wall morphology









		UPLC-MS/MS analysis of diterpenoids



		Data analysis









		Results



		Gene amplification, protein expression, and purification



		Hrip1 induces rice immunity against Magnaporthe oryzae



		Genome sequencing, assembly, and annotation



		Statistics of differentially expressed genes



		Gene ontologies and KEGG pathway analysis









		Hrip1 induces transcriptional reprograming and defense modulation



		Hrip1 activates cell wall biosynthetic genes and MYB transcriptional factors



		Activated lignin genes and MYB TFs enhance lignin accumulation and cell wall thickness



		Hrip1 activates diterpenes synthases



		Genes encoding the stepwise conversion of indole-3-glycerol phosphate to DIBOA, TRIBOA-glycosides, and DIMBOA-glycosides are responsive to Hrip1 treatment



		Activated diterpene synthases and BX genes induce phytoalexin accumulation









		Robustness test of the transcriptome analysis









		Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



















OPS/images/fpls-13-980821-g001.jpg
M1 2 3 koa M Hrip1
- W
T T T P T e E T e T ey )
- Mmoo  m  w  m o w  m  m  m 2
vs W
e |
10
E F G
_ <0001
10 <0.0001 F30 ~ 104
§ | T ]
8 g
g 8 2
s > 20 g 103
2 6 2 2
E T
9 4 s
3 4 ¢ 2
2 8 10 s 102
K
8 <
s o
kd 3
509 = 101
oS N
& &
Buffer Hrip1 Treatment Treatment Treatment





OPS/images/fpls-13-980821-g002.jpg
Lignin concentration

S

RS
]

Bl
:

A
coam

A
i

Lignin content

10

¥ P
Time point(h)

®

Cell wall thickness (um)

LoC_0s12003150

L0G Os11g03440
Lo Oso3g02240
Lo Oso3gasseo
106 Osotg8240
LoG Os04gézsen
Loc Ostogssato
Loc_ Oso7geias0
L0G Oso1g35460
Loc_ Oso4g43680
Loc_ 007502600
LoC_0s12538400

Q 80genes |
esean

ranan

Cell wall robustness analysis

00002

Time point(d)





OPS/images/cover.jpg
& frontiers  Frontiers in Plant Science

Hripl mediates rice cell wall
fortification and phytoalexins
elicitation to confer immunity
against Magnaporthe oryzae









OPS/images/crossmark.jpg
(®) Check for updates






OPS/images/logo.jpg
’ frontiers Frontiers in Plant Science





