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The brown planthopper (BPH) Nilaparvata lugens (Stål) (Hemiptera: Delphacidae) is one of the most destructive rice pests in Asia. The application of insect-resistant rice cultivars is currently one of the principal means of controlling BPH. Understanding the physiological response mechanisms of BPH feeding on insect-resistant rice is the key for maintaining rice yield. Here, we measured the ecological fitness and analyzed the whole-body transcriptome and metabolome of BPH reared on susceptible cultivar Taichung Native 1 (TN1) and resistant cultivar Rathu Heenati (RH). Our results showed that RH significantly decreased the survival rate, female adult weight, honeydew secretion, the number of eggs laid per female and fat content of BPH. We identified 333 upregulated and 486 downregulated genes in BPH feeding on RH. These genes were mainly involved in energy metabolism, amino acid metabolism, hormone synthesis and vitamin metabolism pathways. We also detected 145 differentially accumulated metabolites in BPH reared on RH plants compared to BPH reared on TN1 plants, including multiple carbohydrates, amino acids, lipids, and some nucleosides. Combined analyses of transcriptome and metabolome showed that five pathways, including starch, sucrose, and galactose metabolism, were altered. The network for these pathways was subsequently visualized. Our results provide insights into the mechanisms of metabolite accumulation in BPH feeding on the RH rice variety. The results could help us better understand how insect-resistant rice cultivars combat BPH infestation, which is important for the comprehensive management of BPH.
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INTRODUCTION
The brown planthopper (BPH) Nilaparvata lugens (Stål) (Hemiptera: Delphacidae) is one of the most destructive rice pests in Asia and is highly prone to outbreaks owing to its high fecundity, remarkable adaptability to the environment, and long-distance migration. As a typical sap-sucking insect, BPH causes harm to rice by direct sucking, ovipositing, and viral transmission, such as the rice grassy stunt virus and rice ragged stunt virus (Sõgawa, 1982; Saxena and Khan, 1985; Fu et al., 2001a; Cheng et al., 2013; Xue et al., 2014; Sun et al., 2015). Chemical control is the conventional approach for controlling BPH, but it has been a controversial topic owing to the difficulty to comply with the “3R” principles and environmental pollution resulting from the excessive use of chemical insecticides (Tanaka and Matsumura, 2000; Wu et al., 2001; Gorman et al., 2008; Peng et al., 2016; Zhang et al., 2016). Owing to their effectiveness, durability, and environmental friendliness, the cultivation and application of insect-resistant rice cultivars has been earnestly regarded as an alternative method to control BPH and is currently one of the principal means of controlling BPH (Heinrichs, 1986; Velusamy et al., 1995; Cuong et al., 1997; Widawsky et al., 1998; Renganayaki et al., 2002; Jairin et al., 2007; Ferrater et al., 2013; Fujita et al., 2013). Significant advancements have been made in identifying BPH resistance genes and breeding insect-resistant rice cultivars. Hundreds of insect-resistant varieties have been successfully cultivated and applied to control BPH in the field (Lin et al., 2011; Chen et al., 2012; Yue et al., 2019).
Typically, the BPH resistance level is controlled and determined by the resistance genes present in rice (Cheng et al., 2013; Fujita et al., 2013; Xiao et al., 2013). Since 1969, when International Rice Research Institute (IRRI) identified the first BPH resistance gene Bph1 and developed the IR26 resistant variety, more than 30 BPH resistance genes, including Bph3, Bph6, Bph9, Bph14, Bph26, Bph29, and Bph32, have been identified and tentatively mapped on the chromosomes of rice species (Yue et al., 2019). Rice varieties with different resistance genes had varied impacts on BPH physiological metabolism, demonstrating the specificity of action mechanism (Zhu et al., 2000; Zhou and Han, 2003; Yang et al., 2006; Cheng et al., 2013; Gong and Hou, 2017; Du et al., 2018).
The effects of insect-resistant rice varieties on the ecological fitness of BPH, including survival, growth, and reproduction, have been well analyzed (Cohen et al., 1997; Qiu et al., 2010; Li et al., 2011; Gamalath et al., 2012; Liu et al., 2017; Zhang et al., 2022). Studies on the effects of insect-resistant rice varieties on the physiological metabolism of BPH have mainly focused on the alterations in BPH metabolites or genes following the ingestion of insect-resistant rice plants (Du et al., 2009; Liu et al., 2017; Yue et al., 2019; Shi et al., 2021). Yue et al. (2019) compared the metabolic responses of BPH nymphs after ingesting susceptible TN1 and resistant IR56 plant phloem. The results showed that feeding on IR56 significantly decreased the concentrations of most sugars, vitamins, and essential amino acids, while it significantly increased the concentrations of most amides, free fatty acids, and non-essential amino acids. Normal physiological activities, substance and energy metabolism, and ecological fitness are dramatically disturbed and reduced after feeding on insect-resistant rice varieties (Peng et al., 2016; Liu et al., 2017). Ji et al. (2013) sequenced the salivary gland transcriptomes of two BPH populations originating from rice varieties TN1 and Mudgo. The results revealed that genes related to metabolism, digestion, absorption, and salivary secretion may be involved in rice resistance. Individual transcriptome or metabolome analysis can only elucidate the adaptation of BPH to insect-resistant rice varieties at a specific level of metabolites or genes, whereas the biological response is typically the result of multi-process interactions including gene expression, post-translational modification, and metabolite regulation (Srivastava et al., 2013). Therefore, combining transcriptome with widely targeted metabolome analyses is required to uncover the response mechanisms of BPH to insect-resistant rice in a broad and comprehensive manner.
The resistance mechanisms of insect-resistant rice cultivars are distinct (Liu et al., 2002; Hao et al., 2008; Du et al., 2009; Tong et al., 2012; Yang and Zhang, 2016; Liu et al., 2017; Guo et al., 2018), nevertheless, the rapid development of omics technology has greatly facilitated the thorough disclosure of these mechanisms. Accordingly, recent researches have consistently provided more information on the transcriptomic and metabolic changes in the salivary glands, fat body and honeydew excretion of species (Ji et al., 2013; Yue et al., 2019), revealing the effects of insect-resistant rice cultivars on the nutritional metabolism, energy metabolism, and nutritional supply of BPH species. Most studies have focused on specific BHP tissues and excreta that are important to the defense and digestive system of the insect (Ji et al., 2013; Yu et al., 2014; Peng et al., 2016). In this study, we selected the insect-resistant rice cultivar RH and the insect-susceptible rice cultivar TN1 as the host plants and compared the whole-body transcriptomes and metabolomes of BPH reared on different host plant phloems. We analyzed differentially expressed genes (DEGs) and differentially accumulated metabolites (DAMs) to fully discover the defense mechanism employed in RH-resistant rice cultivars against BPH. A combined analysis of the metabolome and transcriptome was also conducted to elucidate the possible mechanisms that determine metabolite accumulation when BPH that fed on the RH rice variety. The results could help us better understand how resistant rice varieties combat BPH infestation, which is important for the forecasting and managing BPH impacts.
MATERIALS AND METHODS
Plant and insects materials
The experimental rice varieties, namely susceptible TN1 and insect-resistant RH cultivars were provided by the Guangdong Academy of Agricultural Sciences (Guangzhou, China) in 2019. RH rice variety contains BPH3 and BPH17. BPH3 is a cluster of three genes encoding plasma membrane-localized lectin receptor kinases (OsLecRK1-OsLecRK3), whereas BPH17 was mapped to the short arm of chromosome 4 between RM8213 and RM5953 with unclear genes (Sun et al., 2005; Liu et al., 2015). The rice seeds were germinated for 24 h at 26°C after soaking in water for 24 h, and then sown in a soil-filled tub (2 m × 0.9 m × 0.15 m) for 7 days. Three 10-day-old rice seedlings were transplanted into experimental pots (20 cm diameter, 10 cm height), and the pots were covered with insect-proof nets. For the subsequent experiments, 45-day-old rice plants at the tillering stage were used. The experimental BPH were reared on the susceptible Huang Huazhan rice variety for more than 10 years in a greenhouse at 26 ± 1°C with 70%–90% relative humidity and a light-dark cycle of 16L: 8D. To obtain enough new (<12 h) BPH nymphs, 50 pairs of female and male BPH were placed on Huang Huazhan rice plants, and after 72 h, all BPH were removed. Once there were sufficient quantities of newly hatched nymphs, they were used in the subsequent ecological fitness measurement experiments.
Measurement of the ecological fitness of brown planthopper reared on TN1 and Rathu Heenati
The main stem of 45-day-old TN1 and RH was placed into a test tube (2.5 cm diameter, 7.5 cm length), which was filled with 20 ml water and sealed with cotton wool, and the rice leaves were partially exposed outside the test tube. Fifteen newly hatched BPH nymphs were introduced into each test tube. Twenty biological replicates were used for each treatment group. The development of nymphs was recorded daily until adulthood, and the rice plants were replaced frequently to ensure a constant supply of fresh food. All newly emerged adults (<12 h) in each group were weighed using an electronic balance (0.01 mg) (Sartorius, Gottingen, NI, GER). A total of ninety 1-day-old short-winged BPH were collected from each rice group, placed directly into liquid nitrogen and maintained at −80°C. Three and six biological replications were used for determining the transcriptome or metabolome, respectively, with ten BPH insects in each biological replication. A pair of newly emerged BPH insects from each rice variety was placed into a test tube, which had been prepared as described above. Fifteen biological replicates were used for each treatment group. Newly hatched nymphs (<12 h) from each replicate were counted and removed until no nymphs hatched for three consecutive days. Unhatched eggs were counted by dissecting rice plants. The total number of eggs laid was the sum of the number of nymphs and unhatched eggs. All insects were reared in a greenhouse at 26 ± 2°C, 70%–90% relative humidity, and a light-dark cycle of 16L: 8D.
Measurement on brown planthopper honeydew excretion and total fat
BPH honeydew excretion was measured according to the methods described by Yue et al. (2019) and Liu et al. (2020). Experimental sachets (5 cm length, 3 cm width) were made using parafilm membranes and weighed using a balance (0.01 mg) (Sartorius, Gottingen, NI, GER). Two newly emerged BPH adults were placed in each sachet, and the sachets were fixed to the stem of the 45-day-old rice of different varieties 2 cm above ground level. The survival of the isolated BPH pairs was recorded daily, and the weight of the sachets in which the BPH pairs remained alive after 72 h was recorded. The changes in the weights of the sachets were used to calculate the honeydew excretion of BPH that were reared on different rice varieties. Sixty replications were performed for each treatment group.
Total fat content in BPH was measured according to the methods described by Pang et al. (2017) and Yue et al. (2019). An electronic balance was used to measure the weight of five BPH adults in each sample. Six independent samples from each treatment group were analyzed.
RNA-sequencing and differential expression analysis
All BPH samples used in this experiment were 1-day-old short-winged BPH adults. These adults had been reared on TN1 or RH rice plants. Total RNA was extracted using TRIzol Reagent (Magen, Guangzhou, China), according to the instructions provided by the manufacturer. The integrity and quality of total RNA were assessed using an Agilent 2100 Bioanalyzer and an RNA 6000 Nano LabChip Kit (Agilent Technologies, Santa Clara, CA, United States). Transcriptome sequencing libraries were prepared according to a previously described method (Su et al., 2012). RNA (1 μg) was cleaved into short fragments and then reverse-transcribed to cDNA using the HiScript®III RT SuperMix for qPCR (+gDNA wiper) (Vazyme Biotech Co., Ltd., Nanjing, China) according to the instructions provided by the manufacturer.
Three repeats of each treatment were performed for Illumina RNA sequencing. The Illumina HiSeq™ 4,000 sequencing platform (Illumina, San Diego, CA, United States) was used to sequence the cDNA library. Adapter sequences, low-quality reads (i.e., reads with a ratio of ambiguous N nucleotides greater than 5%), and empty reads were filtered out using Cutadapt software v1.16 with parameters of—discardtrimmed-n3-e0.1 (Martin, 2011). Hisat2 software was used to map the acquired clean reads to the N. lugens genome (accession no. GCF_000757685.1) (Kim et al., 2015). StringTie was used to calculate fragments per kilobase of exon per million fragments mapped (FPKMs) of coding genes in each sample. Differential expression analysis of two groups was performed using the DESeq2 R package (Love et al., 2014). The differentially expressed genes (DEGs) between BPH reared on TN1 or RH rice plants were estimated using DESeq2 with a threshold of |log2 ratio| > 1 and an adjusted p < 0.05. GO annotation of the DEGs was performed using the Blast2GO software in the Gene Ontology database (http://geneontology.org/). The Kyoto Encyclopedia of Genes and Genomes (KEGG) Automatic Annotation Server was used to annotate DEGs in the KEGG database (http://www.genome.jp/kegg/). GO function and KEGG pathway enrichment of the DEGs were analyzed using TBtools software (Chen C. J. et al., 2016).
Validation of differentially expressed genes by qPCR
Fifteen genes were selected for qPCR validation based on their differential expression (Supplementary Table S1). The total RNA (1 μg) was used to synthesize first-strand cDNA using the PrimeScript™ RT reagent kit (Takara Bio, Inc., Otsu, Shiga, Japan). qPCR assays were performed using a Light Cycler 480 System (Roche Diagnostics, Basel, Switzerland) and the ChamQ Universal SYBR qPCR Kit (Vazyme Biotech Co., Ltd., Nanjing, China) according to the instructions provided by the manufacturer. A 10 μl reaction mixture containing 1 μl cDNA, 0.3 μl each of 10 μmol L−1 forward and reverse primers, 3.4 μl ddH2O, and 5 μl ChamQ Universal SYBR qPCR master mix (Vazyme Biotech Co., Ltd., Nanjing, China) was set up. The PCR amplification conditions were as follows: 5 min at 95°C, followed by 45 cycles of 95°C for 10 s, 60°C for 20 s, and 72°C for 20 s. For each sample, three biological and three technical replicates were performed. Gene expression levels were normalized to the expression levels of N. lugens β-actin (Chen et al., 2013). Changes in gene expression were calculated using the 2−∆∆Ct method (Livak and Schmittgen, 2001), and the results were expressed as the mean ± SE. The variations in gene expression levels across treatments were analyzed using t-tests in the SPSS 18.0 statistical software (p < 0.05). Supplementary Table S1 lists the primers used in the qPCR experiments.
Metabolite extraction and GC–MS spectrometry
For metabolite extraction, 10 female BPH adults collected from each treatment group were weighed, placed in a 1.5 ml Eppendorf tube, and the BPH surface was rinsed with sterile water for 1 min. Then, the BPH samples were ground into a powder using an electronic grinder (TIANGEN Biological Technology Co. Ltd., Beijing, China). The recovered extract solution (1,000 μl, acetonitrile: methanol: water D 2:2:1) was added to the ground sample, which was then vortexed for 30 s. The samples were sonicated for 15 min in an ice bath before being centrifuged at 12,000 rpm for 15 min at 4°C. For analysis, the supernatant was transferred to a new Eppendorf tube. The quality control sample was prepared by mixing an equal aliquot of supernatant from each sample with 60 μl of a ribitol aqueous solution. The extract was concentrated to dryness under nitrogen stream and then redissolved in pyridine using 70 μl of methoxy-aminohydrochloride (Sigma-Aldrich). After 15 s of vortexing, the mixture was incubated on a shaker at 37°C with a rotational speed of 200 r/min for 1.5 h. The mixture was treated with 100 μl N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA, Sigma-Aldrich) and stored at 37°C for 30 min, followed by centrifugation at 13,000 × g for 3 min. The supernatant was collected in autosampler vials (2 ml, Agilent Technologies) for subsequent analysis. Three blank samples with methoxy-amino-hydrochloride in pyridine (70 μl, 20 mg/ml) and MSTFA (100 μl) were handled in the same manner as the controls. There were six biological replications for each BPH treatment.
The BPH compounds in the blank and test samples were separated and characterized using a DB-5ms UI column (30 m length, 25 mm internal diameter) on an Agilent 7890A GC outfitted with an Agilent 5975C VL MSD detector (Agilent Technologies, Santa Clara, CA, United States). The remaining steps of this procedure were identical to the previously described method (Yue et al., 2019).
Spectra processing for GC–MS
We used AMDIS to deconvolute and calibrate the acquired mass spectra for the obtained metabolic data. To avoid false positives, peaks with areas less than 100,000 were excluded (Zhang et al., 2018). The retention time was corrected, and the BPH compound peaks were normalized using an internal ribitol standard. In addition, the factitious peaks were removed by comparing the test samples with blank samples. BPH metabolites were identified by searching the National Institute of Standards and Technology library (NIST, 8.0) using the following criteria: match value ≥750, reverse match value ≥800, and probability ≥60% (Zhu et al., 2016). Finally, the relative percentage of each BPH compound in each sample was normalized based on the quality and peak area of the added ribitol internal standard, which was subjected to multivariate statistical analyses. By mapping the differential metabolites of BPH to their biochemical pathways using the MetPA online tools (http://metpa.metabolomics.ca/), the differentially expressed metabolic pathways in different treatments could be obtained.
Integrated analysis
To investigate the correlation between DEGs and DAMs, we conducted a correlation analysis of the transcriptome and metabolome. First, overlapping pathways between the transcriptome and metabolome were identified, and the corresponding KEGG xml files (KGML) were downloaded from the KEGG pathway database. Then, a custom Perl script was employed to estimate the interactions between these pathways, with KGML files serving as inputs (Chen D. et al., 2016; Pang et al., 2018). Finally, a network map of the transcriptome and metabolome pathways was generated using Cytoscape.
RESULTS
The Rathu Heenati resistant rice variety weakened the ecological fitness of brown planthopper
Compared to that of TN1, feeding on the RH-resistant rice varieties significantly decreased the survival rate of nymphs from 89.08% to 36.92% (t = 15.539, df = 8, p < 0.001; Figure 1A) and prolonged the duration of nymph development from 11.26% to 30.4% (t = -6.786, df = 8, p < 0.001; Figure 1B). The lower adult weight (TN1: 3.08 mg/female, RH: 2.18 mg/female, t = 7.661, df = 8, p < 0.001; Figure 1C) of BPH reared on the RH variety indicated that RH was not suitable for BPH nymph growth, as did the decreased honeydew excretion from 14.82 to 4.18 mg per female (t = 10.821, df = 8, p < 0.001; Figure 1D) and total fat content from 0.228 mg/mg to 0.103 mg/mg (t = 12.028, df = 8, p < 0.001; Figure 1E). There were substantial variations in fecundity between the two groups: BPH fed on TN1 laid 453.26 eggs per female, which was significantly greater than that of BPH fed on RH, which produced 122.28 eggs per female (t = 17.170, df = 8, p < 0.001; Figure 1F). In addition, feeding on the RH significantly shorten the female longevity from 13.7 d to 8.54 d (t = 10.455, df = 8, p < 0.001; Figure 1G).
[image: Figure 1]FIGURE 1 | The ecological fitness of the brown planthopper (BPH), Nilaparvata lugens that fed on different rice varieties. (A) Survival rate. (B) Nymph development duration. (C) Female adult weight. (D) BPH honeydew secretion. (E) Fat content. (F) Number of eggs laid per female. (G) Female longevity. (A–G) were repeated for 20, 60, 6, and 15 times, respectively. The values are presented as the mean ± SEM. Asterisks indicate significant differences revealed by Student’s t test, at *p < 0.05 and **p < 0.01, respectively.
Differences in the transcriptomic profile between brown planthopper reared on TN1 and Rathu Heenati
The RNA-seq experiments yielded 44,782,998 and 46,395,603 raw paired-end reads for BPH adults reared on TN1 and RH varieties, with average Q30 values of 92.54% and 92.68%, respectively (Supplementary Table S2). After cleaning and quality filtering, such as removing low-quality and adaptor sequences, each sample yielded 42,248,914 and 43,400,493 high-quality clean reads. The proportion of total mapped reads to total clean reads in the N. lugens genome was 82.2% and 81.0% for each of the samples, respectively, and the mapped reads were used for subsequent analysis. There were 819 DEGs (4.47% of the total detected genes in the N. luges genome), including 333 genes upregulated and 486 genes downregulated in BPH reared on the RH variety than in BPH reared on the TN1 variety (Figure 2A; Supplementary Table S3). qRT-PCR analysis of 15 randomly selected DEGs confirmed the validity of the RNA-seq results (Figure 2B).
[image: Figure 2]FIGURE 2 | Identification of differentially expressed genes (DEGs) between BPH reared on RH and TN1 varieties. (A) Volcano plot for the expression pattern of each gene. Black, red, and blue points represent no difference in expression, upregulated genes, and downregulated genes, respectively. (B) Comparison of the transcriptome analysis and qRT-qPCR validation. LOC111058926, procollagen C-endopeptidase enhancer; LOC111054529, mitochondrial; LOC111053136, endocuticle structural glycoprotein; LOC111046284, insulin-like peptide; LOC111050834, uncharacterized protein; LOC111053763, acetylcholine receptor; LOC111045895, keratin-associated protein; LOC111048221, ATP-citrate synthase; LOC111049618, maltase; LOC111054483, sodium channel protein; LOC111064163, heat shock protein; LOC111052384, pistil-specific extensin-like protein; LOC111043756, uncharacterized protein; LOC111050339, uncharacterized protein; LOC111052663, putative serine protease. The values are presented as the mean ± SEM (n = 3).
GO analysis revealed that the DEGs were significantly enriched in biological process and molecular function groups, with the most prominent functional categories being the structural constituent of cuticle, structural molecule activity, hydrolase activity, hydrolyzing O-glycosyl compounds, and glucosylceramidase activity (Figure 3A; Supplementary Table S3). The most enriched functional groups of downregulated genes included nephron development, ureteric bud development, chitin binding, and alpha-glucosidase activity, whereas the most enriched functional groups of upregulated genes included structural molecule activity, hydrolase activity, acting on glycosyl bonds and hydrolase activity, and hydrolyzing O-glycosyl compounds (Supplementary Table S4).
[image: Figure 3]FIGURE 3 | Functional CLassification of DEGs between BPH reared on RH and TN1 varieties. (A) GO enrichment analysis of the DEGs. The outer ring represents the number of the top 20 enriched GO terms, and different colors indicate different ontologies. Ring 2 represents the gene counts in the whole genome background, and the color changes according to the Q-value of the enrichment analysis. Ring 3 represents the counts for upregulated and downregulated genes in corresponding GO terms. Ring 4 indicates the rich factor (the number of DEGs divided by the number of background genes in the corresponding term). (B) The DEGs in the Kyoto Encyclopedia of Genes and Genomes metabolic pathways.
Additionally, KEGG analysis of DEGs was performed. The enrichment of DEGs occurred in several carbohydrate metabolism pathways, including the citrate cycle (TCA cycle), pyruvate metabolism, pentose and glucuronate interconversions, and starch and sucrose metabolism (Figure 3B; Supplementary Table S5), indicated that feeding on insect-resistant rice varieties affected the carbon utilization and energy metabolism of BPH. This is consistent with the GO enrichment of alpha-glucosidase activity and glucosyl ceramidase activity in the functional groups. Additionally, we observed that the DEGs greatly altered the longevity regulating pathway—multiple species. This was consistent with the conclusion that the longevity of adult BPH that fed on TN1 was longer than the longevity of adult BPH that fed on RH in biological assays. Moreover, lysine biosynthesis, biosynthesis of amino acids, and cysteine and methionine metabolism were observed to be enriched with DEGs, suggesting that consuming the RH rice variety impacted protein synthesis in BPH.
Metabolic differences between brown planthopper that fed on TN1 and Rathu Heenati plants
n the current study, LC-MS/MS methods were used to measure the metabolome of BPH reared on TN1 and RH rice varieties. A total of 481 metabolites were detected across all samples (Supplementary Table S6). PCA analysis based on the PLS-DA model showed that these samples were clustered into two distinct groups, and the first two principal components (PC1, 29.3%; PC2, 13.1%) accounted for 42.4% of the total variation (Figure 4A), which had a high value in explaining the variation and predictive ability. The results indicated that consuming RH-resistant rice varieties had significant effects on the physiological metabolism of BPH, and the OPLS-DA score plots verified this difference (Supplementary Table S2).
[image: Figure 4]FIGURE 4 | Impact of feeding different rice varieties on the metabolic profile of BPH. (A) Principal component analysis (PCA) plots of the metabolite composition of samples from BPH reared on RH and TN1 varieties. Each symbol represents a sample, different symbol shapes denote different groups. The circular line indicates the 95% confidence interval (Hotelling’s T-squared ellipse). (B) Hierarchical cluster of 12 BPH samples from the two different rice plants (n = 6) and heatmap displaying the levels of the differential metabolites in each sample. (C) KEGG pathway annotation of differential metabolites between BPH reared on RH and TN1 varieties. The point size represents the significant compound number in the corresponding pathway. 12 BPH samples from the two different rice plants (n = 6). The heatmap displays the levels of the differential metabolites in each sample.
We detected 145 differentially accumulated metabolites (DAMs) (Mann-Whitney U-test, p < 0.05, Figure 4B), of which 48 were upregulated and 97 were downregulated in BPH that fed on RH plants than in BPH that fed on TN1 plants. Several metabolites, including multiple carbohydrates, amino acids, lipids, and their derivatives, exhibited significant changes between the two sample groups. The contents of sugars (trehalose), glycolysis intermediates (glucose 6-phosphate), some essential amino acids (such as tryptophan, methionine, and threonine), organic amines (such as palmitic amide, asparagine, and glutamyl alanine), fatty acids (linoleamide), and certain non-essential amino acids (such as proline, histidine, and ornithine) in BPH that fed on RH plants were significantly decreased, whereas some nucleosides, such as thymine, deoxyinosine, ribothymidine, and 3-methylguanine were significantly increased (Figure 4B).
We investigated the functions of DAMs in BPH following feeding on TN1 and RH plants using KEGG pathway annotation. Comparing BPH that fed on RH plants and BPH that fed on TN1 plants, we discovered that the up-DAMs were considerably enriched in linoleic acid metabolism, phenylalanine metabolism, thiamine metabolism, and purine metabolism, whereas the down-DAMs were significantly enriched in starch and sucrose metabolism, D-arginine and D-ornithine metabolism, galactose metabolism, glycolysis or gluconeogenesis, and histidine metabolism (Figure 4C; Supplementary Table S7). These findings indicated that some primary metabolism and energy metabolism were significantly affected in BPH after having fed on RH plants, which was consistent with the transcriptomic results.
Combined transcriptomic and metabolomic analysis
To further comprehend the correlation between the transcriptome and metabolome, an integrated analysis of the differentially expressed genes and metabolites was conducted. Five pathways were identified to be altered, with amino sugar and nucleotide sugar metabolism, starch and sucrose metabolism, ascorbate and aldarate metabolism, galactose metabolism, and pentose and glucuronate interconversions including the most divergent components (Supplementary Table S8; Supplementary Figure S2). Amino sugar and nucleotide sugar metabolism was interacted with the other four pathways (Figure 5). The majority of genes and substances in these five pathways were significantly downregulated in the BPH that fed on RH varieties, which indicated that metabolite accumulation was specifically regulated by the DEGs. The above results showed that feeding on the RH-resistant rice variety significantly inhibited the anabolism of sterols and vitamins (i.e., ascorbate) and energy substances (i.e., sucrose and galactose), which was consistent with the bioassay results.
[image: Figure 5]FIGURE 5 | Integrated analysis of regulated pathways identified by transcriptomic and metabolomic analyses. Rectangle and circles represent genes and metabolites, respectively. For genes and metabolites, blank, red and blue indicate no difference in expression, upregulated factors and downregulated factors, respectively.
Among all related differential factors, the downregulated metabolite D-Glucose-1P was involved in amino sugar and nucleotide sugar metabolism and starch and sucrose metabolism, whereas the downregulated gene LOC111062462 (α-glucosidase) was involved in starch and sucrose metabolism and galactose metabolism pathways. LOC111058748 (UDP-glucosyltransferase) was involved in ascorbate and aldarate metabolism and pentose and glucuronate interconversions, indicating these reduced functions in the regulatory network of BPH that fed on RH-resistant rice varieties. In addition, we observed increased levels of the glycerol and xylitol, the product of fat metabolism and the intermediate product of carbohydrate metabolism, respectively. Overall, network analysis showed that the DEGs were strongly positively correlated with certain metabolites, especially in the metabolism of lipids and carbohydrates in BPH.
DISCUSSION
BPH is the most dangerous pest of rice (Guo et al., 2018; Du et al., 2020; Shi et al., 2021). The use of insect-resistant rice varieties is regarded as the most economical, effective, eco-friendly, and sustainable strategy for controlling BPH (Zhang et al., 2022). However, over time, the adaptation levels of BPH adaptation to insect-resistant rice plants have developed rapidly, resulting in the establishment of a strongly novel BPH virulent population (Ji et al., 2013; Kobayashi, 2016; Huang et al., 2017; Ji et al., 2017). Therefore, understanding the complex BPH-plant interactions is important for developing environment-friendly BPH-combating strategies. Previous studies have mainly focused on the single omics of the effects of insect-resistant rice varieties on BPH (Liu et al., 2010; Peng et al., 2016; Liu et al., 2017; Yue et al., 2019), paying less attention to the integrated analysis of the transcriptome and metabolome.
In the current study, we investigated fitness loss and focused on transcriptomic and metabolomic changes to determine the effects of insect-resistant rice varieties on BPH. After consuming RH rice types, a decrease in fertility, fat content, and significant changes in the transcriptomic and metabolic profiles of BPH were detected. Across all samples, a total of 481 metabolites were identified, including 145 DAMs. The DAMs were predominantly abundant in amino acid metabolism and carbohydrate metabolism, such as glycolysis or gluconeogenesis, starch and sucrose metabolism, as well as D-arginine and D-ornithine metabolism. This suppressed energy metabolism in BPH that fed on RH plants. Most DAMs are amino acids and derivatives, organic amines, sterols, vitamins (such as glucuronic acid), and fatty acids which indicates that the synthesis of these metabolites was suppressed. In addition, glycerol and xylitol were significantly increased in BPH that fed on RH plants, suggesting the accelerated decomposition of energy storage substances. In summary, RH rice varieties could reduce BPH fitness by affecting its energy supply and nutritional requirements. Transcriptomic analysis revealed that BPH that fed on RH plants showed significant changes in physiology and gene expression, and 333 upregulated and 486 downregulated genes were detected compared with those detected for BPH that fed on TN1 plants. These genes were mainly involved in carbohydrate metabolism, energy metabolism, amino acid metabolism, hormone synthesis and vitamin metabolism pathways. Finally, a combined analysis of the metabolome and transcriptome was carried out, and it was established that energy material metabolism was significantly affected.
Plant nutrients, including sugars, amino acids, vitamins, and sterols, provide essential energy for BPH growth, maintenance, reproduction, flight, and storage (Chen et al., 2012). Trehalose is the main blood sugar and energy source in insect bodies (Gu et al., 2009). In the current investigation, we found the content of trehalose in BPH that fed on RH plants were significantly decreased, which is consistent with previous report that BPH feeding on resistant rice plants significantly lower the trehalose content (Yang et al., 2016). These results indicated that trehalose may play important roles in the interaction between insect-resistant rice and BPH, while the regulatory mechanism is still unclear and needs further study from the perspective of trehalose anabolic pathway. Inhospitable environments are energetically demanding for insects. Previous metabolic analyses of BPH that fed on IR56 showed suppressed expression of energy metabolism pathways [including glycolysis and the citric acid (TCA) cycle] (Yue et al., 2019). Our data also showed that the TCA cycle was significantly affected (Supplementary Table S5), and the pyruvate carboxylase coding gene, a key enzyme in gluconeogenesis, and the ATP-citrate synthase coding gene, an enzyme that controls the entry of the TCA cycle, were both downregulated, as reported by Fujita et al. (2013). In addition, we found that the glycerol and xylitol levels increased. Therefore, we deduced that feeding on RH-resistant rice significantly inhibited the TCA cycle of BPH and promoted the decomposition of energy storage substances, first carbohydrates then fats, resulting in an increase in the intermediate product of carbohydrate metabolism and free fatty acid (and glycerol) levels in BPH. However, contrary to our results, Peng et al. (2016) found that feeding on insect-resistant rice YHY15 which contains Bph15 for 48 h, significantly upregulated the intermediates (succinate and malate) expression of the TCA cycle pathway in BPH compared with feeding on the TN1 rice variety. Liu et al. (2017) also found that the level of trehalose in the BPH feeding on YHY15 for 24 h was raised, compared with BPH feeding on the susceptible plants. This may be due to the different resistance mechanisms of the different insect-resistant rice varieties to BPH. In our opinion, both RH and IR56 contain multiple resistance genes, one of which is Bph3, OsLecRK1- OsLecRK3 probably acting as a receptor to recognize BPH related molecules located outside rice cells, sensing the feeding of BPH and initiate resistance response, and thus constituting the first barrier for rice against BPH (Liu et al., 2015). Meanwhile, IR56 also contains Bph32 resistance gene encoding an unknown SCR domain containing-protein, which is expressed at a high level in the leaf sheath of rice plants and may inhibit the feeding of BPH (Ren et al., 2016). In general, RH and IR56 may affect the BPH energy metabolism by affecting its feeding. YHY15 only contains Bph15, which is considered to function in a way same as Bph3 (Du et al., 2018). This suggests that the different metabolic effects of different resistant rice lines on the BPH metabolome may be due to the number of resistance genes, and relevant reports have confirmed this (Qiu et al., 2012; Hu et al., 2013). Another reason for this phenomenon may resulted from BPH adaptation to the adverse environment with their increased hopping frequency to ingest more sap together with contributions from yeast-like symbionts in BPHs feeding on YHY15 (Hao et al., 2008; Liu et al., 2017).
In addition to carbohydrate metabolism, the amino acid metabolism pathways of arginine, ornithine, proline, phenylalanine, aspartate, cysteine, and methionine in BPH that fed on RH plants were also significantly changed. Amino acids are the raw material for protein synthesis and also play a crucial role in fundamental insect processes (Hargrove, 1976; Andersen, 2007; Holmstrup and Bayley, 2013; Novoselov et al., 2015). At the transcriptomic and metabolic levels, cysteine and methionine metabolism pathways were both significantly affected (Supplementary Table S5; Supplementary Table S7). Previous studies have revealed that a lack of methionine can significantly prolong BPH nymph development duration and limit the emergence rate (Fu et al., 2001b). Matthews et al. (2020) predicted that bacterial cysteine and methionine metabolism genes could influence the longevity of Drosophila melanogaster. Therefore, we speculate that the decreased ecological adaptability of BPH that fed on RH plants may be related to abnormal cysteine and methionine metabolism. In addition, our transcriptomic results showed that vitamin B6 metabolism and vitamin digestion and absorption pathways (Figures 3B, 4C) decreased significantly, and bacteria benefiting from the host insect’s vitamin biosynthesis are a common phenomenon (Bauer et al., 2014; Salem et al., 2014; Ju et al., 2020). The essential amino acids required for hemipteran insects are mainly synthesized with the aid of endosymbionts (Douglas, 1998; Pang et al., 2012; Ferrater et al., 2013) because rice phloem sap, the sole food source of BPH, cannot provide sufficient nutrients (Hayashi and Chino, 1990). We further speculate that BPH feeding on RH plants has an impact on symbiotic bacteria in vivo and then affects the synthesis and metabolism of amino acids. The metabolomic analysis also revealed the significant change in the arginine and ornithine metabolism and arginine and proline metabolism pathway (Figure 4). Compared with that in BPH that fed on TN1 plants, the content of arginine in BPH that fed on IR26 resistant variety was significantly altered (Xu et al., 2008). Many insects have nutritional requirements for arginine (Reddy and Campbell, 1977). This suggests that the arginine metabolism of BPH is greatly affected by RH, which affects the nutritional level of BPH and reduces its ecological fitness. In addition, the current study found that BPH that fed on RH plants reduced the metabolism of several aliphatic amino acids (L-serine, D-glutamate, glycine, L-asparagine, and beta alanine), which are closely associated with fatty acid metabolism.
Fatty acids serve as energy stores in insects (Stanley-Samuelson et al., 1988), and are essential nutrients that play important roles in innate insect immunity (Stanley et al., 2012). In the metabolome obtained herein, we discovered that BPH that fed on RH plants tended to contain fewer fatty acids (Supplementary Table S6), which was consistent with previous studies (Alagar et al., 2007; Yue et al., 2019; Cui et al., 2020). In contrast, the concentrations of some organic acids, amides, and derivatives of fatty acids were significantly higher in BPH that fed on RH plants than in the controls. This indicates that the increased transformation of fatty acids to their respective derivatives adversely affected the physiological activity of BPH. Consequently, the reduction in fatty acids may also potentially account for the reduced ecological adaptability of BPH observed in this study.
CONCLUSION
In summary, there were significant differences in ecological fitness, like survival rate, adult weight, the number of eggs laid per female, fat content and honeydew secretion between BPH reared on RH and TN1 varieties. 819 DEGs and 145 DAMs were identified and these factors mainly enriched in energy metabolism, amino acid metabolism and vitamin metabolism pathways. Combined analyses of transcriptome and metabolome showed that pathways, including starch, sucrose, and galactose metabolism, were altered. The present study provides a comprehensive overview to better understand how insect-resistant rice cultivars combat BPH infestation.
DATA AVAILABILITY STATEMENT
The transcriptome data generated in this study are deposited in the NCBI SRA database under BioProject PRJNA869778. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
CL and KL conceived and designed the study and wrote the manuscript. ZX and CF contributed to materials. CL, ZX, and KL performed the experiments. CL and ZX performed the data analysis. All authors contributed to the article and approved the submitted version.
FUNDING
This work was supported by the Applied Basic Research Programs of Science and Technology Commission Foundation of Guangdong Province (2019A1515110867 and 2020A1515110063), National Natural Science Foundation of China (32001903), Guangdong University Key Laboratory for Sustainable Control of Fruit and Vegetable Diseases and Pests (2020KSYS005), and Zhonghua Gene Technology Industry College, Demonstrative Industrial College of Guangdong Undergraduate Universities (KA1905737).
ACKNOWLEDGMENTS
We would like to thank Editage (www.editage.cn) for English language editing.
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/fphys.2022.1018470/full#supplementary-material
SUPPLEMENTARY FIGURE S1 | Orthogonal partial least squares-discrimination analysis (OPLS-DA) plots of metabolite composition of samples from BPH reared on RH and TN1 varieties. Each symbol represents a sample; Different symbol shapes denote different groups. The circle line indicates the 95% confidence interval (Hotelling’s T-squared ellipse).
SUPPLEMENTARY FIGURE S2 | Pathways of Galactose metabolism, (A) Ascorbate and aldarate metabolism (B), Pentose and glucuronate interconversions (C), Starch and sucrose metabolism (D) and Amino sugar and nucleotide sugar metabolism (E) affected by different rice varieties. Red indicates that the gene/compound is upregulated, blue indicates that the gene/compound is downregulated.
REFERENCES
 Alagar M., Suresh S., Samiyappan R., Saravanakumar D. (2007). Reaction of resistant and susceptible rice genotypes against Brown planthopper (Nilaparvata lugens). Phytoparasitica 35, 346–356. doi:10.1007/BF02980697 | 
 Andersen S. (2007). Involvement of tyrosine residues, n-terminal amino acids, and beta-alanine in insect cuticular sclerotization. Insect biochem. Mol. Biol. 37, 969–974. doi:10.1016/j.ibmb.2007.05.002 | | 
 Bauer E., Salem H., Marz M., Vogel H., Kaltenpoth M. (2014). Transcriptomic immune response of the cotton stainer Dysdercus fasciatus to experimental elimination of vitamin-supplementing intestinal symbionts. PloS One 9, e114865. doi:10.1371/journal.pone.0114865 | | 
 Chen C. J., Zhang Y. F., Xu Z. Q., Luan A. Q., Mao Q. Feng J. T., et al. (2016). Transcriptome profiling of the pineapple under low temperature to facilitate its breeding for cold tolerance. PLoS One 11, e0163315. doi:10.1371/journal.pone.0163315 | | 
 Chen D., Zhang H., Lu P., Liu X., Cao H. (2016). Synergy evaluation by a pathway-pathway interaction network: A new way to predict drug combination. Mol. Biosyst. 12, 614–623. doi:10.1039/c5mb00599j | | 
 Chen H., Stout M. J., Qian Q., Chen F. (2012). Genetic, molecular and genomic basis of rice defense against insects. CRC. Crit. Rev. Plant Sci. 31, 74–91. doi:10.1080/07352689.2011.616052 | 
 Chen J., Liang Z. K., Liang Y. K., Rui P., Zhang W. Q. (2013). Conserved microRNAs miR-8-5p and miR-2a-3p modulate chitin biosynthesis in response to 20-hydroxyecdysone signaling in the Brown planthopper, Nilaparvata lugens. Insect biochem. Mol. Biol. 43, 839–848. doi:10.1016/j.ibmb.2013.06.002 | | 
 Cheng X. Y., Zhu L. L., He G. C. (2013). Towards understanding of molecular interactions between rice and the Brown planthopper. Mol. Plant 6, 621–634. doi:10.1093/mp/sst030 | | 
 Cohen M. B., Alam S. N., Medina E. B., Bernal C. C. (1997). Brown planthopper, Nilaparvata lugens, resistance in rice cultivar IR64: Mechanism and role in successful N. lugens management in central luzon, Philippines. Entomol. Exp. Appl. 85, 221–229. doi:10.1046/j.1570-7458.1997.00252.x | 
 Cui B. Y., Zhang Y., Zhu Q. F., Liu S. J., He L. Y., Zhang Z. F. (2020). Differential quantitative proteomics analysis between rice genetic populations resistant and susceptible to Brown planthoppers. J. Plant Prot. 47, 417–425. doi:10.13802/j.cnki.zwbhxb.2020.2019093 | 
 Cuong N. L., Ben P. T., Phuong L. T., Chau L. M., Cohen M. B. (1997). Effect of host plant resistance and insecticide on Brown planthopper nilaparvata lugens(Stål) and predator population development in the mekong delta, vietnam. Crop Prot. 16, 707–715. doi:10.1016/S0261-2194(97)00068-9 | 
 Douglas A. E. (1998). Nutritional interactions in insect-microbial symbioses: Aphids and their symbiotic bacteria buchnera. Annu. Rev. Entomol. 43, 17–37. doi:10.1146/annurev.ento.43.1.17 | | 
 Du B., Chen R., Guo J., He G. (2020). Current understanding of the genomic, genetic, and molecular control of insect resistance in rice. Mol. Breed. 40, 24. doi:10.1007/s11032-020-1103-3 | 
 Du B., Chen R. Z., He G. C. (2018). Exploitation, identification and utilization of Brown planthopper resistance genes in rice. Chin. Bull. Life Sci. 30, 1072–1082. doi:10.13376/j.cbls/2018129 | 
 Du B., Zhang W., Liu B., Hu J., Wei Z. Shi Z., et al. (2009). Identification and characterization of Bph14, a gene conferring resistance to Brown planthopper in rice. Proc. Natl. Acad. Sci. U. S. A. 106, 22163–22168. doi:10.1073/pnas.0912139106 | | 
 Ferrater J. B., Jong P. W., Dicke M., Chen Y., Horgan F. (2013). Symbiont-mediated adaptation by planthoppers and leafhoppers to resistant rice varieties. Arthropod. Plant. Interact. 7, 591–605. doi:10.1007/s11829-013-9277-9 | 
 Fu Q., Zhang Z. T., Hu C., Lai F. X., Sun Z. X. (2001b). A chemically defined diet enables continuous rearing of the Brown planthopper, Nilaparvata lugens (stål)(Homoptera: Delphacidae). Appl. Entomol. Zool. 36, 111–116. doi:10.1303/aez.2001.111 | 
 Fu Q., Zhang Z. T., Hu C., Zhu Z. W., Lai F. X. (2001a). Effects of dietary amino acids on free amino acid pools in the body and honeydew of the Brown Planthopper, Nilaparvata lugens. Chin. J. Rice Sci. 15, 59–63. doi:10.16819/j.1001-7216.2001.04.012 | 
 Fujita D., Kohli A., Horgan F. (2013). Rice resistance to planthoppers and leafhoppers. CRC. Crit. Rev. Plant Sci. 32, 162–191. doi:10.1080/07352689.2012.735986 | 
 Gamalath N. S., Tufail M., Sharma P. N., Mori N., Takeda M., Nakamura C. (2012). Differential expression of vitellogenin mRNA and protein in response to rice resistance genes in two strains of Nilaparvata lugens (Hemiptera: Delphacidae) with different levels of virulence. Appl. Entomol. Zool. 47, 9–16. doi:10.1007/s13355-011-0082-6 | 
 Gong S. L., Hou M. L. (2017). Research progress on rice varietal resistance to the Brown planthopper and white-backed planthopper. Plant Prot. 43, 15–23. doi:10.3969/j.issn.0529-1542.2017.01.003 | 
 Gorman K., Liu Z., Denholm I., Brüggen. K.-U., Nauen R. (2008). Neonicotinoid resistance in rice Brown planthopper, Nilaparvata lugens. Pest Manag. Sci. 64, 1122–1125. doi:10.1002/ps.1635 | | 
 Gu J., Shao Y., Zhang C., Liu Z., Zhang Y. (2009). Characterization of putative soluble and membrane-bound trehalases in a hemipteran insect, Nilaparvata lugens. J. Insect Physiol. 55, 997–1002. doi:10.1016/j.jinsphys.2009.07.003 | | 
 Guo J., Xu C., Wu D., Zhao Y., Qiu Y. Wang X., et al. (2018). Bph6 encodes an exocyst-localized protein and confers broad resistance to planthoppers in rice. Nat. Genet. 50, 297–306. doi:10.1038/s41588-018-0039-6 | | 
 Hao P., Liu C., Wang Y., Chen R., Tang M. Du B., et al. (2008). Herbivore-induced callose deposition on the sieve plates of rice: An important mechanism for host resistance. Plant Physiol. 146, 1810–1820. doi:10.1104/pp.107.111484 | | 
 Hargrove J. (1976). Amino acid metabolism during flight in tsetse flies. J. Insect Physiol. 22, 309–313. doi:10.1016/0022-1910(76)90040-8 | | 
 Hayashi H., Chino M. (1990). Chemical composition of phloem sap from the uppermost internode of the rice plant. Plant Cell Physiol. 31, 247–251. doi:10.1093/oxfordjournals.pcp.a077899 | 
 Heinrichs E. A. (1986). Perspectives and directions for the continued development of insect-resistant rice varieties. Agric. Ecosyst. Environ. 18, 9–36. doi:10.1016/0167-8809(86)90172-6 | 
 Holmstrup M., Bayley M. (2013). Protaphorura tricampata, a euedaphic and highly permeable springtail that can sustain activity by osmoregulation during extreme drought. J. Insect Physiol. 59, 1104–1110. doi:10.1016/j.jinsphys.2013.08.015 | | 
 Hu J., Cheng M., Gao G., Zhang Q., He Y. (2013). Pyramiding and evaluation of three dominant Brown planthopper resistance genes in the elite indica rice 9311 and its hybrids. Pest Manag. Sci. 69, 802–808. doi:10.1002/ps.3437 | | 
 Huang H. J., Liu C. W., Xu H. J., Bao Y. Y., Zhang C. X. (2017). Mucin-like protein, a saliva component involved in Brown planthopper virulence and host adaptation. J. Insect Physiol. 98, 223–230. doi:10.1016/j.jinsphys.2017.01.012 | | 
 Jairin J., Phengrat K., Teangdeerith S., Vanavichit A., Toojinda T. (2007). Mapping of a broad-spectrum Brown planthopper resistance gene, Bph3, on rice chromosome 6. Mol. Breed. 19, 35–44. doi:10.1007/s11032-006-9040-3 | 
 Ji R., Ye W., Chen H., Zeng J., Li H. Yu H., et al. (2017). A salivary endo-β-1, 4-glucanase acts as an effector that enables the Brown planthopper to feed on rice. Plant Physiol. 173, 1920–1932. doi:10.1104/pp.16.01493 | | 
 Ji R., Yu H. X., Fu Q., Chen H. D., Ye W. F. Li S. H., et al. (2013). Comparative transcriptome analysis of salivary glands of two populations of rice Brown planthopper, Nilaparvata lugens, that differ in virulence. PloS One 8, e79612. doi:10.1371/journal.pone.0079612 | | 
 Ju J. F., Bing X. L., Zhao D. S., Guo Y., Xi Z. Hoffmann A. A., et al. (2020). Wolbachia supplement biotin and riboflavin to enhance reproduction in planthoppers. ISME J. 14, 676–687. doi:10.1038/s41396-019-0559-9 | | 
 Kim D., Langmead B., Salzberg S. L. (2015). HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 12, 357–360. doi:10.1038/nmeth.3317 | | 
 Kobayashi T. (2016). Evolving ideas about genetics underlying insect virulence to plant resistance in rice-Brown planthopper interactions. J. Insect Physiol. 84, 32–39. doi:10.1016/j.jinsphys.2015.12.001 | | 
 Li J., Chen Q., Wang L., Liu J., Shang K., Hua H. (2011). Biological effects of rice harbouring Bph14 and Bph15 on Brown planthopper, Nilaparvata lugens. Pest Manag. Sci. 67, 528–534. doi:10.1002/ps.2089 | | 
 Lin Y. J., Hua H. X., He Y. Q., Yang C. J., Zhai B. P. Shen J. L., et al. (2011). Progress in research on the integrated management of the Brown planthopper, Nilaparvata lugens (stål) in China. Chin. J. Appl. Entomol. 48, 1194–1201. 
 Liu C., Hao F., Hu J., Zhang W., Wan L. Zhu L., et al. (2010). Revealing different systems responses to Brown planthopper infestation for pest susceptible and resistant rice plants with the combined metabonomic and gene-expression analysis. J. Proteome Res. 9, 6774–6785. doi:10.1021/pr100970q | | 
 Liu C. X., Du B., Hao F. H., Lei H. H., Wan Q. F. He G. C., et al. (2017). Dynamic metabolic responses of Brown planthoppers towards susceptible and resistant rice plants. Plant Biotechnol. J. 15, 1346–1357. doi:10.1111/pbi.12721 | | 
 Liu F., Lou Y., Cheng J. (2002). Mediations of rice volatiles on intra-and inter-specific relationships of Brown planthopper and whitebacked planthopper. Chin. J. Rice Sci. 16, 162–166. doi:10.16819/j.1001-7216.2002.02.013 | 
 Liu K., Chen Z., Su Q., Yue L., Chen W. W., Zhang W. Q. (2020). Comparative analysis of the ecological fitness and transcriptome between two genotypes of the Brown planthopper Nilaparvata lugens. J. Integr. Agric. 06, 1501–1511. doi:10.1016/S2095-3119(19)62768-1 | 
 Liu Y. Q., Wu H., Chen H., Liu Y. L., He J. Kang H. Y., et al. (2015). A gene cluster encoding lectin receptor kinases confers broad-spectrum and durable insect resistance in rice. Nat. Biotechnol. 33, 301–305. doi:10.1038/nbt.3069 | | 
 Livak K. J., Schmittgen T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2−ΔΔCT method. Methods 25, 402–408. doi:10.1006/meth.2001.1262 | | 
 Love M. I., Huber W., Anders S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550. doi:10.1186/s13059-014-0550-8 | | 
 Martin M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads. Appl. Environ. Microbiol. 17, 10–12. doi:10.14806/ej.17.1.200 | 
 Matthews M. K., Wilcox H., Hughes R., Veloz M., Hammer A. Banks B., et al. (2020). Genetic influences of the microbiota on the life span of Drosophila melanogaster. Appl. Environ. Microb. 86, e00305–20. doi:10.1128/aem.00305-20 | 
 Novoselov A., Becker T., Pauls G., von Reuß S., Boland W. (2015). Spodoptera littoralis detoxifies neurotoxic 3-nitropropanoic acid by conjugation with amino acids. Insect biochem. Mol. Biol. 63, 97–103. doi:10.1016/j.ibmb.2015.05.013 | | 
 Pang K., Dong S. Z., Hou Y., Bian Y. L., Yang K., Yu X. P. (2012). Cultivation, identification and quantification of one species of yeast-like symbiotes, Candida, in the rice Brown planthopper, Nilaparvata lugens. Insect Sci. 19, 477–484. doi:10.1111/j.1744-7917.2011.01486.x | 
 Pang R., Chen M., Yue L., Xing K., Li T. Kang K., et al. (2018). A distinct strain of Arsenophonus symbiont decreases insecticide resistance in its insect host. PLoS Genet. 14, e1007725. doi:10.1371/journal.pgen.1007725 | | 
 Pang R., Qiu J. Q., Li T. C., Yang P., Yue L. Pan Y., et al. (2017). The regulation of lipid metabolism by a hypothetical P-loop NTPase and its impact on fecundity of the Brown planthopper. Biochim. Biophys. Acta. Gen. Subj. 1861, 1750–1758. doi:10.1016/j.bbagen.2017.03.011 | | 
 Peng L., Zhao Y., Wang H. Y., Zhang J. J., Song C. P. Shangguan X. X., et al. (2016). Comparative metabolomics of the interaction between rice and the Brown planthopper. Metabolomics 12, 132. doi:10.1007/s11306-016-1077-7 | 
 Qiu Y., Guo J., Jing S., Tang M., Zhu L., He G. (2010). Identification of antibiosis and tolerance in rice varieties carrying Brown planthopper resistance genes. Entomol. Exp. Appl. 141, 224–231. doi:10.1111/j.1570-7458.2011.01192.x | 
 Qiu Y., Guo J., Jing S., Zhu L., He G. (2012). Development and characterization of japonica rice lines carrying the Brown planthopper-resistance genes BPH12 and BPH6. Theor. Appl. Genet. 124, 485–494. doi:10.1007/s00122-011-1722-5 | | 
 Reddy S. R., Campbell J. W. (1977). Enzymic basis for the nutritional requirement of arginine in insects. Experientia 33, 160–161. doi:10.1007/BF02124040 | | 
 Ren J, S., Gao F, Y., Wu X, T., Lu X, J., Zeng L, H. Lv J, Q., et al. (2016). Bph32, a novel gene encoding an unknown SCR domain-containing protein, confers resistance against the Brown planthopper in rice. Sci. Rep. 6, 37645–37658. doi:10.1038/srep37645 | | 
 Renganayaki K., Fritz A. K., Sadasivam S., Pammi S., Harrington S. Couch S., et al. (2002). Mapping and progress toward map-based cloning of Brown planthopper biotype-4 resistance gene introgressed from Oryza officinalis into cultivated rice, O. sativa. Crop Sci. 42, 2112–2117. doi:10.2135/cropsci2002.2112 | 
 Salem H., Bauer E., Strauss A. S., Vogel H., Marz M., Kaltenpoth M. (2014). Vitamin supplementation by gut symbionts ensures metabolic homeostasis in an insect host. Proc. Biol. Sci. 281, 20141838. doi:10.1098/rspb.2014.1838 | | 
 Saxena R. C., Khan Z. R. (1985). Effect of neem oil on survival of Nilaparvata lugens (Homoptera: Delphacidae) and on grassy stunt and ragged stunt virus transmission. J. Econ. Entomol. 78, 647–651. doi:10.1093/jee/78.3.647 | 
 Shi S., Wang H., Nie L., Tan D. I., Zhou C. Zhang Q., et al. (2021). Bph30 confers resistance to Brown planthopper by fortifying sclerenchyma in rice leaf sheaths. Mol. Plant 14, 1714–1732. doi:10.1016/j.molp.2021.07.004 | | 
 Sõgawa K. (1982). THE RICE BROWN PLANTHOPPER: Feeding Physiology and Host Plant Interactions. Annu. Rev. Entomol. 27, 49–73. doi:10.1146/annurev.en.27.010182.000405 | 
 Srivastava V., Obudulu O., Bygdell J., Löfstedt T., Rydén P. Nilsson R., et al. (2013). OnPLS integration of transcriptomic, proteomic and metabolomic data shows multi-level oxidative stress responses in the cambium of transgenic hipI-superoxide dismutase Populus plants. BMC genomics 14, 893. doi:10.1186/1471-2164-14-893 | | 
 Stanley D., Haas E., Miller J. (2012). Eicosanoids: Exploiting insect immunity to improve biological control programs. Insects 3, 492–510. doi:10.3390/insects3020492 | | 
 Stanley-Samuelson D. W., Jurenka R. A., Cripps C., Blomquist G. J., Renobales M. D. (1988). Fatty acids in insects: Composition, metabolism, and biological significance. Arch. Insect Biochem. Physiol. 9, 1–33. doi:10.1002/arch.940090102 | 
 Su Y., Li J., Li M., Luan J., Ye X. Wang X., et al. (2012). Transcriptomic analysis of the salivary glands of an invasive whitefly. PLoS One 7, e39303. doi:10.1371/journal.pone.0039303 | | 
 Sun L. H., Su C. C., Wang C. M., Zhai H. Q., Wan J. M. (2005). Mapping of a major resistance gene to the Brown planthopper in the rice cultivar rathu heenati. Breed. Sci. 55, 391–396. doi:10.1270/JSBBS.55.391 | 
 Sun Z., Zhai Y., Zhang J., Kang K., Cai J. Fu Y., et al. (2015). The genetic basis of population fecundity prediction across multiple field populations of Nilaparvata lugens. Mol. Ecol. 24, 771–784. doi:10.1111/mec.13069 | | 
 Tanaka K., Matsumura M. (2000). Development of virulence to resistant rice varieties in the Brown planthopper, Nilaparvata lugens (homoptera: Delphacidae), immigrating into Japan. Appl. Entomol. Zool. 35, 529–533. doi:10.1303/aez.2000.529 | 
 Tong X., Qi J., Zhu X., Mao B., Zeng L. Wang B., et al. (2012). The rice hydroperoxide lyase oshpl3 functions in defense responses by modulating the oxylipin pathway. Plant J. 71, 763–775. doi:10.1111/j.1365-313X.2012.05027.x | | 
 Velusamy R., Kumar M., Edward Y. (1995). Mechanisms of resistance to the Brown planthopper Nilaparvata lugens in wild rice (Oryza spp.) cultivars. Entomol. Exp. Appl. 74, 245–251. doi:10.1111/j.1570-7458.1995.tb01897.x | 
 Widawsky D., Rozelle S., Jin S., Huang J. (1998). Pesticide productivity, host‐plant resistance and productivity in China. Agric. Econ. 19, 203–217. doi:10.1016/s0169-5150(98)00049-8 | 
 Wu J., Xu J., Yuan S., Liu J., Jiang Y., Xu J. (2001). Pesticide‐induced susceptibility of rice to Brown planthopper Nilaparvata lugens. Entomol. Exp. Appl. 100, 119–126. doi:10.1046/J.1570-7458.2001.00854.X | 
 Xiao Y., Chen L., Guang C. (2013). Towards understanding of molecular interactions between rice and the Brown planthopper. Mol. Plant 3, 621–634. doi:10.1093/mp/sst030 | 
 Xu H., Lu Z., Chen J., Zheng X., Yu X. (2008). Variability of free amino acid content in Brown planthopper, Nilaparvata lugens (Stål) during adaptation to resistant rice variety “IR26”. Chin. J. Eco-Agriculture 16, 925–928. doi:10.3724/SP.J.1011.2008.00925 | 
 Xue J., Zhou X., Zhang C. X., Yu L. L., Fan H. W. Wang Z., et al. (2014). Genomes of the rice pest Brown planthopper and its endosymbionts reveal complex complementary contributions for host adaptation. Genome Biol. 15, 521. doi:10.1186/s13059-014-0521-0 | | 
 Yang L., Zhang W. (2016). Genetic and biochemical mechanisms of rice resistance to planthopper. Plant Cell Rep. 35, 1559–1572. doi:10.1007/s00299-016-1962-6 | | 
 Yang M. M., Xie G. Q., Shen Q. D., Liu Y., Yu S. S., Tang B. (2016). Effects of feeding different rice varieties on trehalose and trehalase in Brown planthopper and rice plants. J. Plant Prot. 43, 398–404. doi:10.13802/j.cnki.zwbhxb.2016.03.007 | 
 Yang Z., Zhang F., Zhu L., He G. (2006). Identification of differentially expressed genes in Brown planthopper Nilaparvata lugens (Hemiptera: Delphacidae) responding to host plant resistance. Bull. Entomol. Res. 96, 53–59. doi:10.1079/BER2005400 | | 
 Yu H., Rui J., Ye W., Chen H., Lai W. Qiang F., et al. (2014). Transcriptome analysis of fat bodies from two Brown planthopper (Nilaparvata lugens) populations with different virulence levels in rice. PLoS One 9, e88528. doi:10.1371/journal.pone.0088528 | | 
 Yue L., Kang K., Zhang W. Q. (2019). Metabolic responses of Brown planthoppers to IR56 resistant rice cultivar containing multiple resistance genes. J. Insect Physiol. 113, 67–76. doi:10.1016/j.jinsphys.2018.10.001 | | 
 Zhang J., Li Y., Guo J., Du B., He G. Zhang Y., et al. (2018). Lipid profiles reveal different responses to Brown planthopper infestation for pest susceptible and resistant rice plants. Metabolomics 14, 120. doi:10.1007/s11306-018-1422-0 | | 
 Zhang Q., Li T., Gao M., Ye M., Lin M. Wu D., et al. (2022). Transcriptome and metabolome profiling reveal the resistance mechanisms of rice against Brown planthopper. Int. J. Mol. Sci. 23, 4083. doi:10.3390/ijms23084083 | | 
 Zhang X., Liao X., Mao K., Zhang K., Wan H., Li J. (2016). Insecticide resistance monitoring and correlation analysis of insecticides in field populations of the Brown planthopper Nilaparvata lugens (stål) in China 2012–2014. Pestic. Biochem. Physiol. 132, 13–20. doi:10.1016/j.pestbp.2015.10.003 | | 
 Zhou Y. H., Han Z. J. (2003). The Brown planthopper biotypes: On the genetic mechanism of virulence. Entomol. Knowl. 40, 199–203. doi:10.1007/BF02974893 | 
 Zhu L., Gu D. X., Zhang G. R., Zhang W. Q., You J. P. (2000). Carboxylesterase activities of the Brown and the whitebacked planthoppers feeding on resistant rice varieties. Acta. Sci. Nat. Univ. sunyatseni. 39 (3), 67–71. 0529-6579(2000)S2-0067-05. 
 Zhu W., Zhang H., Li X., Meng Q., Shu R. Wang M., et al. (2016). Cold adaptation mechanisms in the ghost moth Hepialus xiaojinensis: Metabolic regulation and thermal compensation. J. Insect Physiol. 85, 76–85. doi:10.1016/j.jinsphys.2015.11.008 | | 
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.
Copyright © 2022 Li, Xiong, Fang and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-13-1018470-g005.gif
JARG QUEE AN UTROTGS fuger matahotam






OPS/images/fphys-13-1018470-g003.gif





OPS/images/fphys-13-1018470-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Transcriptome and metabolome analyses reveal the responses of brown planthoppers to RH resistant rice cultivar		Introduction

		Materials and methods		Plant and insects materials

		Measurement of the ecological fitness of brown planthopper reared on TN1 and Rathu Heenati

		Measurement on brown planthopper honeydew excretion and total fat

		RNA-sequencing and differential expression analysis

		Validation of differentially expressed genes by qPCR

		Metabolite extraction and GC–MS spectrometry

		Spectra processing for GC–MS

		Integrated analysis





		Results		The Rathu Heenati resistant rice variety weakened the ecological fitness of brown planthopper

		Differences in the transcriptomic profile between brown planthopper reared on TN1 and Rathu Heenati

		Metabolic differences between brown planthopper that fed on TN1 and Rathu Heenati plants

		Combined transcriptomic and metabolomic analysis





		Discussion

		Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-13-1018470-g001.gif





OPS/images/fphys-13-1018470-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





