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Comparative transcriptome analysis provides insights into the molecular mechanism of the anti-nematode role of Arachis hypogaea (Fabales: Fabaceae) against Meloidogyne incognita (Tylenchida: Heteroderidae)
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Abstract: Background: Plant root-knot nematode (RKN) disease is a serious threat to agricultural production across the world. Meloidogyne incognita is the most prominent pathogen to the vegetables and cash crops cultivated. Arachis hypogaea can effectively inhibit M. incognita, but the underlying defense mechanism is still unclear. Methods: In our study, the chemotaxis and infestation of the second-stage juveniles (J2s) of M. incognita to A. hypogaea root tips were observed by the Pluronic F-127 system and stained with sodium hypochlorite acid fuchsin, respectively. The transcriptome data of A. hypogaea roots with non-infected or infected by J2s were analyzed. Results: The J2s could approach and infect inside of A. hypogaea root tips, and the chemotactic migration rate and infestation rate were 20.72% and 22.50%, respectively. Differential gene expression and pathway enrichment analyses revealed ubiquinone and other terpenoid-quinone biosynthesis pathway, plant hormone signal transduction pathway, and phenylpropanoid biosynthesis pathway in A. hypogaea roots responded to the infestation of M. incognita. Furthermore, the AhHPT gene, encoding homogentisate phytyltransferase, was considered to be an ideal candidate gene due to its higher expression based on the transcriptome data and quantitative real-time PCR analysis. Conclusion: Therefore, the key gene AhHPT might be involved in the A. hypogaea against M. incognita. These findings lay a foundation for revealing the molecular mechanism of A. hypogaea resistance to M. incognita and also provide a prerequisite for further gene function verification, aiming at RKN-resistant molecular breeding.

Keywords: Arachis hypogaea; Meloidogyne incognita; Transcriptome data; AhHPT gene



Introduction

Root-knot nematode (RKN; Meloidogyne spp.) is an important sedentary plant endoparasitic pathogenic nematode with a wide range of hosts (Aioub et al., 2022; Nishat et al., 2022), which can infect more than 5,500 kinds of plants such as food crops and vegetables (Jaouannet et al., 2012). Global agricultural losses caused by RKN are estimated at $157 billion annually (Abad et al., 2008; Eldeeb et al., 2022). The second stage juveniles (J2s) of RKN search for the root system of the host plant by receiving chemical signals (Reynolds et al., 2015), further invade meristem from the plant root tips, and subsequently travel intracellularly along the vascular cylinder and remodel the parenchymal cells into giant cells as their feeding sites. The physiology and metabolism of plants will be seriously affected once they are infected by RKN (Davis et al., 2000). For example, the aboveground part of plants is short, and the leaf color is abnormally yellow with deciduous and withered, which has a significant inhibitory effect on the growth of plant seedlings (Oka et al., 2015; Elnahal et al., 2022). With global climate change, reform of planting systems, and the rapid development of large-scale, mechanized, and high-value agriculture, RKN have gradually become one of the most serious pathogenic nematodes affecting agriculture cultivation (Jones et al., 2013). Meloidogyne incognita, M. hapla, M. javanica, and M. arenaria are the main RKN species, among which M. incognita is recognized as the most prominent pathogen (Moens et al., 2009). Therefore, the safe and effective prevention to control M. incognita has become the bottleneck problem of high-quality and -yield for agricultural production and double reduction of chemical fertilizers and pesticides (Ali et al., 2022; EI-Ashry et al., 2023).

Arachis hypogaea L. is the main oil crop belonging to the family Leguminosae, subfamily Papilionatae, and is economically important as a source of proteins, minerals, and vitamins. It is widely grown in the semi-arid tropics and plays a role in the world agricultural economy. From the 1990s, the global planting area for A. hypogaea gradually increased, with a global production of about 48 million tons in 2019 (Çiftçi and Suna, 2022). However, in North America, South America, Africa, Asia, and Europe, A. hypogaea production areas have been reported to be mainly infested with three pathogens, namely, M. arenaria, M. javanica, and M. hapla, resulting in considerable yield loss (Dong et al., 2008). Previous studies showed that only M. arenaria was isolated from the root-knot of the A. hypogaea root system grown in soils containing M. incognita and M. arenaria (Johnson et al., 2000). To verify the reproduction of M. incognita on A. hypogaea plants, 2000 eggs of M. incognita were inoculated into A. hypogaea roots; however, no M. incognita could reproduce on A. hypogaea plants (Faske and Starr, 2009). In addition, the population density of M. incognita in soil was effectively reduced by continuous cropping of A. hypogaea (Johnson et al., 1998). Compared with planting tomatoes, planting A. hypogaea could reduce the infestation rate of M. incognita by 70% (Belcher and Hussey, 1977). Several studies have proved that A. hypogaea is a non-host plant of M. incognita and has a certain inhibitory (or killing) effect on M. incognita.

The approach of screening and identifying resistance genes in non-host and high-resistant plant varieties is the key to successful molecular breeding for anti-RKN properties. The resistance genes Mi-1, Mi-2, Mi-3, Mi-4, Mi-5, Mi-6, Mi-7, Mi-8, Mi-9, and Mi-HT against M. incognita have been identified in tomato (El-Sappah et al., 2019; Du et al., 2020). When Capsicum annuum L. was infected by M. incognita, the expression level of the CaRKNR gene significantly increased, and silencing this gene by the virus-induced gene silencing system significantly reduced the resistance to M. incognita of pepper (Mao et al., 2015). The MIC gene was also found to be closely related to the resistance of M. incognita in Gossypium hirsutum L. (Wubben et al., 2008). At present, transcriptome analysis has been used to study the mechanism of plant and RKN interactions. Gene expression of soybean (Glycine max) infested with M. incognita for 12 days and 10 weeks revealed changes in expressions of genes involved in carbohydrate and cell wall metabolism, cell cycle control, and plant defense (Ibrahim et al., 2011). Comparison of the transcriptome of Polianthes tuberosa uninfected and infected by M. incognita in the early, middle, and late periods revealed differential gene functions mainly in the pathways related to carbohydrate metabolism, signal transduction, and translation (Singh et al., 2022). The screening of resistance genes, especially the obtaining of more accurate and effective resistance genes based on transcriptomics, has become the main strategy for plants to breed resistant-nematode varieties.

At present, the study of the interaction between A. hypogaea and M. incognita only focused on the inhibition phenomenon manifested in reducing the activity and the density population of M. incognita. The internal mechanism of A. hypogaea-M. incognita interaction is still poorly understood. The main hypothesis of our study is that M. incognita J2s can collect and infect the A. hypogaea root tips. M. incognita J2s infestation can cause differential expression of genes, which maybe play a key role in the interaction between A. hypogaea and M. incognita. Especially, the key gene AhHPT might be involved in A. hypogaea against M. incognita. Our findings will provide a strong background for identifying possible gene targets in A. hypogaea to develop broad resistance of plants to M. incognita by gene silencing technology or gene super-expression technology.

Materials and Methods

Experimental material

The initial sample of M. incognita, which was provided by the Academy of Agriculture and Forestry Sciences of Beijing, China, was propagated in living tomato plants in the laboratory incubator. The tomato variety was Qinshu Shanghai 908, provided by Xi’an Qinshu Agriculture Company Limited (China). Xiaobaisha (Fuhuasheng as female parent and Shitouqi as male parent), a widely cultivated A. hypogaea variety, was used as the experiment material. The study was conducted at the Agricultural Environmental Ecology Research Laboratory of Hebei Innovation Center for Bioengineering and Biotechnology of Hebei University, China (38°87' N, 115°51' E).

Nematodes collection and Arachis hypogaea cultivation

Tomato roots infected with M. incognita were selected, and the surface soil was removed by washing. The mature egg masses on the roots were picked with sterilized forceps under the stereomicroscope. The selected egg masses were thoroughly washed with 2% sodium hypochlorite solution for 3 min, and the remaining sodium hypochlorite solution was washed 3–4 times with sterile water. The washed egg masses were placed in a 500-mesh screen, placed in a Petri dish with sterile water, and incubated for 3–4 d in the dark constant temperature incubator at 27°C. The hatched J2s were collected.

A. hypogaea seeds (Cultivar Xiaobaisha) of the same size were soaked in 5% sodium hypochlorite solution for 15 min, washed 3–4 times with sterile water, placed in sterile Petri dishes containing sterile water for germination promotion at 27°C in the dark. After 3 d, each A. hypogaea was transplanted into 250 g sterilized soil (nutritive soil: vermiculite = 1:1 v/v) in a plastic pot of 11 cm in height and diameter and cultured in an intelligence artificial climate chamber until the A. hypogaea grew into two true leaves. The intelligence artificial climate chamber was set to two stages; the first stage was 16 h, 26°C, relative humidity 60%, light intensity 350 μmol·m−2·s−1, and the second stage was 8 h, 20°C, relative humidity 75%, light intensity 0 μmol·m−2·s−1.

Nematode treatment of excised Arachis hypogaea root tips

Twenty-three grams of Pluronic F-127 was added to a beaker containing 80 mL cold, sterile water and a magnetic stirring rod, stirred slowly at 4°C until dissolved. In the 6-well cell culture plate, 3 mL of 23% Pluronic F-127 and 10 μL suspension containing 100 J2s were added into each well. After mixing, a 1 cm of A. hypogaea root tip with similar shape and size was added into each well. 27°C in dark conditions after 3, 6, 9, 12, 18, 24, 30, 36, 48, 54 and 60 h, the stereomicroscope was used to observe the behavioral responses. The number of J2s in the range of 1 mm near the root tip of excised A. hypogaea was counted. At 30, 36, 42, 48, 54, 60, 66 and 72 h, the protocol of Byrd et al. (1983) was used to stain the nematodes in A. hypogaea root tips. Six replicates were set in each period, and the experiment was repeated three times.

Nematode treatment of potted Arachis hypogaea

The incubation of the J2s and the cultivation of A. hypogaea were the same as mentioned in the previous experiment. The A. hypogaea with strong and uniform growth were randomly divided into two groups. One group was inoculated with sterile water as the control group, the other group was inoculated with a suspension containing 2000 J2s per A. hypogaea plant. The amount of sterile water inoculated was consistent with the amount of suspension. The glass rod was used to dig two holes of 2 cm symmetrically, 1 cm away from the root of A. hypogaea as the inoculation site. The A. hypogaea roots in the two groups of 3, 9, and 15 d after treatment were selected and dyed according to the above staining method. Each treatment was repeated three times, and there were 18 samples marked as C3d_1, C3d_2, C3d_3, C9d_1, C9d_2, C9d_3, C15d_1, C15d_2, C15d_3, T3d_1, T3d_2, T3d_3, T9d_1, T9d_2, T9d_3, T15d_1, T15d_2 and T15d_3. All the collected A. hypogaea root samples were frozen in liquid nitrogen, stored at −80°C, and sent to Shanghai Majorbio Bio-pharm Technology Co., Ltd. (China). For transcriptome sequencing.

RNA extraction, purification, and detection

Total RNA was extracted from the A. hypogaea roots using TRIzol® Reagent according to the manufacturer’s instructions, and genomic DNA was removed using DNase I (TaKara). RNA quality was determined by 2100 Bioanalyser (Agilent) and quantified using the ND-2000 (NanoDrop Technologies). The high-quality RNA samples (OD260/280 = 1.8 − 2.2, OD260/230 ≥ 2.0, RIN ≥ 6.5, 28S:18S ≥ 1.0, > 1 μg) were used to construct sequencing library.

Library preparation and Illumina Hiseq xten/Nova seq 6000 sequencing

RNA-seq transcriptome library was prepared following TruSeqTM RNA sample preparation Kit from Illumina (San Diego, CA) using 1 μg of total RNA. Messenger RNA was isolated following to polyA selection method by oligo (dT) beads and fragmented by fragmentation buffer. Double-stranded cDNA was synthesized using a SuperScript double-stranded cDNA synthesis Kit (Invitrogen, CA) and random hexamer primers (Illumina). The synthesized cDNA was subjected to end-repair, phosphorylation, and ‘A’ base addition according to Illumina’s library construction protocol. Libraries were size-selected for cDNA target fragments of 300 bp on 2% Low Range Ultra Agarose followed by PCR amplified using Phusion DNA polymerase (NEB) for 15 PCR cycles. After quantification by TBS380, paired-end RNA-seq sequencing library was sequenced with the Illumina HiSeq xten/NovaSeq 6000 sequencer (2 × 150 bp read length).

Sequencing data quality control, comparison, and assembly

The raw paired-end reads were trimmed and quality controlled by SeqPrep (https://github.com/jstjohn/SeqPrep) and Sickle (https://github.com/najoshi/sickle) with default parameters. The clean reads were separately aligned to the reference genome with orientation mode using HISAT2 (http://ccb.jhu.edu/software/hisat2) software (Kim et al., 2015). The mapped reads of each sample were assembled by StringTie (https://ccb.jhu.edu/software/stringtie) in a reference-based approach (Pertea et al., 2015).

Analysis of differentially expressed genes (DEGs) and functional enrichment

To identify DEGs in different treatment groups and corresponding control groups, the expression level of each transcript was calculated according to the transcripts per million reads (TPM) method. RSEM (http://deweylab.github.io/RSEM/) software (Li and Dewey, 2011) was used to quantify gene abundances. DEGs analysis was performed using the DESeq2 (Love et al., 2014) with p ≤ 0.05 and |log2FC| > 1. The DEGs were screened by comparing all the genes expressed in A. hypogaea roots at different periods under nematode treatment. Functional-enrichment analysis through Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) was performed to identify which DEGs were significantly enriched in GO terms and metabolic pathways at Bonferroni-corrected p ≤ 0.05 and compared with all transcriptome data. GO functional enrichment, and KEGG pathway analysis were performed by Goatools (https://github.com/tanghaibao/GOatools) software and KOBAS (http://kobas.cbi.pku.edu.cn) software (Xie et al., 2011).

Quantitative real-time PCR (qRT -PCR) analysis

Extraction of total RNA and removal of residual DNA from RNA were as described above. The first strand cDNA of RNA was synthesized by the UEIris II RT-PCR System for First-Strand cDNA Synthesis Kit (R2028, US Everbright®Inc., China). QRT-PCR was done using 2 × AugeGreen qPCR Master Mix (S2008S, US Everbright®Inc., China). The thermal cycling program was as follows: 95°C for 5 min, followed by 45 cycles at 95°C for 15 s and 53°C for 60 s. AhActin was used as a reference gene to normalize target gene expression levels in the samples. The 2−ΔΔCT method was used to calculate the relative expression levels of stress-response genes. Primers were designed using Oligo 7 software, and the primer sequences are listed in Table 1.
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Data statistical analysis

Origin 2022b software was used to analyze the chemotactic migration rate and infestation rate of J2s to excise A. hypogaea root tips. Kruskal-Wallis test and one-way ANOVA were used to analyze the significance of the differences among different time periods. False discovery rate correction with Benjamini/Hochberg (BH) was adopted to conduct multiple test and corrections for p-value of DEGs analysis. Images were visualized by XT-10C stereomicroscope and Photoshop 2020 software.

Results

Aggregation of J2s near the excised Arachis hypogaea root tips

As shown in Fig. 1A, the J2s moved toward and aggregated near the excised A. hypogaea root tips. From 3 to 24 h, the number of the J2s near the root tip of A. hypogaea increased gradually. At 24 h, the chemotactic migration rate of J2s to the root tip of excised A. hypogaea was the highest, which was 20.72%. The chemotactic migration rate of the J2s to the excised A. hypogaea root tip decreased significantly to 10.22% at 30 h. The chemotactic migration rate of the J2s to the excised A. hypogaea root tip was 2.00% at 60 h (Fig. 1B). Staining of the root tips isolated from A. hypogaea showed red J2s (Fig. 1C), indicating the invasion of J2s into the root of excised A. hypogaea, with an infestation rate of 22.50% at 66 h (Fig. 1D).
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Figure 1: Assessment of chemotaxis and infestation of Meloidogyne incognita J2s to excised Arachis hypogaea root tips at different time points. (A) M. incognita J2s moved toward and aggregated near the excised A. hypogaea root tip at 6, 9, 12, 24, 30, 36, 48, 54, and 60 h. The scale is in the lower right corner. (B) Statistical representation of the chemotactic migration rate of the J2s to excised A. hypogaea root tip at different time points. (C) Staining of M. incognita J2s after entering the excised A. hypogaea root tip at different time points. The M. incognita that enters the peanut root is stained red. The scale is in the lower right corner. (D) The percentage of J2s invading the excised A. hypogaea root tip at different time points.
Note: Different bars in the bar charts are presented as means ± standard error of the mean. The different lowercase letters above each bar chart indicated statistical significance at 0.05 level.

The Arachis hypogaea roots infected by J2s in the soil environment

The pot experiment was carried out considering that the activity of excised A. hypogaea root tips would affect the chemotaxis of J2s. Sodium hypochlorite acid fuchsin staining of A. hypogaea roots at 3, 9, and 15 d after J2s inoculation showed that J2s were observed in the meristem and elongation regions of A. hypogaea root crowns (Fig. 2).
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Figure 2: Pictures of J2s dyed after invading the Arachis hypogaea root tip at 3, 9, and 15 d in soil environment.
Note: The black arrow points to the J2s, which were stained red.

Statistical analysis and quality evaluation of RNA-Seq

In this experiment, the genome of A. hypogaea (https://data.legumeinfo.org/Arachis/hypogaea/annotations/Tifrunner.gnm1.ann1.CCJH/) was used as a reference genome. The results of statistical analysis and comparison of sequencing data are shown in Table 2. The similarity analysis of sequences of 18 samples and the reference transcriptome database yielded a total of 135.6 G clean data. More than 6.73 G of clean data from each sample were obtained. The distribution of Q30 bases was 93.71%–94.57%, and the GC content was 45.45%–46.02%. The matching degree between the clean reads of each sample and the reference genome sequence was above 95%, with the highest matching rate of 96.54% and the lowest matching rate of 95.73%, indicating the accuracy and reliability of the sequencing.

[image: images]

Statistical analysis of differentially expressed genes

The results of principal component analysis (PCA) showed overlapping in the samples of C3d and T3d groups and the distance among the other groups was long (Fig. 3A), indicating that the gene expression difference between the C3d and T3d groups was not significant, while the difference between the other groups was significant. Three replicates within the same group were close to each other and indicated consistent and uniform gene expression in the samples within the group. Comparison and analysis of the DEGs among the C3d vs. T3d, C9d vs. T9d, and C15d vs. T15d groups, a total of 3072 DEGs were obtained. The heat map of Fig. 3B showed the aggregation of DEGs. The gene expression of C3d was similar to that of T3d, with highly-expressed genes were mainly distributed in the upper parts of the heat map and low-expressed genes mainly distributed in the lower parts of the heat map. The genes with high expression of C9d were mainly distributed in the middle and upper parts of the heat map, while the genes with low expression were mainly distributed in the lower parts of the heat map. The high-expression genes in T9d were mainly distributed in the upper middle parts and the lower middle parts of the heat map. The high expression genes of C15d were mainly distributed in the lower parts of the heat map, and the low expression genes were mainly distributed in the upper parts of the heat map, while the high expression genes of T15d were mainly distributed in the middle and the upper parts of the heat map, and the low expression genes were mainly distributed in the lower parts of the heat map.

[image: images]

Figure 3: Analysis of differentially expressed genes (DEGs) in Arachis hypogaea roots responding to Meloidogyne incognita stress. (A) Principal component analysis of all samples. (B) Heatmap clustering of DEGs under different days of nematode treatment conducted using Hierarchical Clustering (HCL). The colors in the heatmap represent the normalized expression of the gene in each group. (C) Statistical presentation of the number of genes significantly regulated by nematode treatment on different days. (D) Venn diagram analysis of significant regulatory genes under different durations of nematode treatment.

The DEGs of the three groups of nematode treatment groups and their respective control groups were statistically analyzed, and the results are shown in Fig. 3C. Statistical analysis showed that 462 DEGs were detected between C3d and T3d groups, of which 223 were up-regulated and 239 were down-regulated. Among C9d and T9d groups, 1057 DEGs were detected, including 503 genes with up-regulated expression and 554 genes with downregulated expression. The number of DEGs between C15d and T15d groups was 2099, including 623 with up-regulated expression and 1476 with down-regulated expression. The number of DEGs increased with the extension of nematode treatment time. There were 44 identical DEGs in the three treatment groups. The C3d vs. T3d, C9d vs. T9d, and C15d vs. T15d groups contained 285, 642, and 1643 unique DEGs, respectively. The C9d vs. T9d, and C15d vs. T15d groups had the largest number of genes with common differential expression, which was 369 (Fig. 3D).

Gene ontology functional enrichment analysis of differentially expressed genes in response to nematode treatment

GO function enrichment analysis was performed on the DEGs of the treatment groups and the control groups with various durations after inoculation. Statistical analysis of GO Terms, which considered significantly enriched DEGs (p < 0.05) in each group and ranked them in the top 30 of the enrichments, showed enrichment in GO terms related to plant defense response (Figs. 4A–4C). Twenty-two DEGs of C3d vs. T3d were significantly enriched in GO Term of plant defense response, of which 15 were up-regulated and 7 were down-regulated (Fig. 4D). In C9d vs. T9d, 43 DEGs were significantly enriched in GO terms of plant defense response, of which 24 were up-regulated, and 19 were down-regulated (Fig. 4E). There were 81 DEGs in C15d vs. T15d that were significantly enriched in the plant defense response GO Term, of which 24 were up-regulated, and 57 were down-regulated (Fig. 4F). The two genes with their IDs arahy.Tifrunner.gnm1.ann1.NH8LJ7 and arahy.Tifrunner.gnm1.ann1.VFVG10, respectively, were present in the GO term of the plant defense response enriched by DEGs in the C3d vs. T3d, C9d vs. T9d, and C15d vs. T15d. The gene with ID arahy.Tifrunner.gnm1.ann1.NH8LJ7 was up-regulated in C3d vs. T3d and C9d vs. T9d and down-regulated in C15d vs. T15d, and is a gene encoding MLP-like protein 43. The gene with the gene ID arahy.Tifrunner.gnm1.ann1.VFVG10 was up-regulated in C3d vs. T3d, C9d vs. T9d, and C15d vs. T15d and is a gene encoding the disease resistance protein (TIR-NBS-LRR class).
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Figure 4: Gene Ontology (GO) enrichment results and heat map clustering analysis of C3d vs. T3d, C9d vs. T9d, and C15d vs. T15d (A–C) Statistical analysis of GO terms with significant enrichment and the top 30 GO terms in C3d vs. T3d, C9d vs. T9d, and C15d vs. T15d. The broken line graph shows the number of genes in the corresponding GO terms. (D–F) Heat map clustering analysis of plant defense response function entries differentially in C3d vs. T3d, C9d vs. T9d, and C15d vs. T15d.
Note: The colors in the heatmap represent the normalized expression of the gene in each group.

Analysis of the kyoto encyclopedia of genes and genomes enrichment pathway of differentially expressed genes in response to nematode treatment

Statistical analysis of the DEGs in C3d vs. T3d, C9d vs. T9d, and C15d vs. T15d with significant enrichment in the top 20 KEGG pathways revealed that ubiquinone and other terpenoid-quinone biosynthesis pathway, plant hormone signal transduction pathway and phenylpropanoid biosynthesis pathway were associated with nematode treatment and more genes enrichments in these three pathways (Figs. 5A–5C).
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Figure 5: Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment results and heat map clustering analysis. (A–C) Statistical analysis of KEGG pathway with significant enrichment and enrichment in the top 30 KEGG pathway in C3d vs. T3d, C9d vs. T9d, and C15d vs. T15d. Bubble size represents the number of genes with the difference. The color of the bubble represents the degree of significant enrichment. (D–I) Heat map clustering analysis of differential genes in ubiquinone and other terpenoid-quinone biosynthesis pathway, plant hormone signal transduction pathway, and phenylpropanoid biosynthesis pathway.
Note: The colors in the heatmap represent the normalized expression of the gene in each group.

In C3d vs. T3d, 7 DEGs were enriched in ubiquinone and other terpenoid-quinone biosynthesis pathway, wherein 3 were up-regulated and 4 were down-regulated (Fig. 5D), and 14 DEGs were enriched in plant hormone signal transduction pathway, wherein 7 were up-regulated, and 7 were down-regulated (Fig. 5E). Twenty-five genes in C9d vs. T9d were enriched in the phenylpropanoid biosynthesis pathway, of which 14 were up-regulated and 11 were down-regulated (Fig. 5F). Moreover, 15 genes were enriched in the ubiquinone and other terpenoid-quinone biosynthesis pathway, of which 8 were up-regulated and 7 were down-regulated (Fig. 5G). Twenty-five genes in C15d vs. T15d were enriched in the phenylpropanoid biosynthesis pathway, in which 8 were up-regulated and 17 were down-regulated (Fig. 5H). In the KEGG enrichment plots of C15d vs. T15d, the largest number of genes was enriched in the plant hormone signaling metabolic pathway. Eighty-one genes were enriched in the plant hormone signal transduction pathway, of which 6 genes were up-regulated and 75 were down-regulated (Fig. 5I). The results showed that the above-mentioned DEGS regulate the ubiquinone and other terpenoid-quinone biosynthesis pathway, plant hormone signal transduction pathway, and phenylpropanoid biosynthesis pathway inside the A. hypogaea root by activating or inhibiting its own expression in response to the stress of nematodes.

Quantitative real-time PCR (qRT -PCR) analysis validation of differentially expressed genes

Statistical analysis of the changes of the genes number in ubiquinone and other terpenoid-quinone biosynthesis, plant hormone signal transduction, and phenylpropanoid biosynthesis KEGG pathway at 3, 9, and 15 d showed that the number of genes in ubiquinone and other terpenoid-quinone biosynthesis varied by 7, 15 and 5, respectively, with the prolongation of nematode treatment time. The number of genes annotated to the plant hormone signal transduction pathway with increased nematode treatment time was 14, 13, and 81, respectively. The number of genes annotated to the phenylpropanoid biosynthesis pathway with increased nematode treatment time was 5, 25, and 25, respectively (Fig. 6A). At the time limit set by this experiment, there were more DEGs in the early stage of nematode stress than in the later stage to regulate the ubiquinone and other terpenoid-quinone biosynthesis pathway. In the later stage of nematode stress, there were more DEGs that regulate plant hormone signal transduction pathway and phenylpropanoid biosynthesis pathway.
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Figure 6: Analysis of target gene selection and validation. (A) Changes in the genes number in ubiquinone and other terpenoid-quinone biosynthesis, plant hormone signal transduction and phenylpropanoid biosynthesis Kyoto Encyclopedia of Genes and Genomes pathway at 3, 9, and 15 d. (B) Heat map clustering analysis of different genes of ubiquinone and other terpenoid-quinone biosynthesis pathway in each group. (C) Quantitative real-time PCR verification of target genes in 3, 9, and 15 d treatment groups and control groups. (D) Statistics of target gene RNA-Seq values in 3, 9, and 15 d treatment groups and control groups.
Note: *** indicates extremely significant difference at 0.001 level.

Nineteen DEGs were enriched in the ubiquinone and other terpenoid-quinone biosynthesis pathway in the C3d vs. T3d, C9d vs. T9d, and C15d vs. T15d groups (Fig. 6B). Among these 19 genes, a significantly up-regulated gene in C3d vs. T3d, C9d vs. T9d, and C15d vs. T15d groups was selected (Table 3) to verify the accuracy of transcriptome sequencing analysis and provide reference to find target genes with positive effects on resistance to nematode stress. The verified gene was located on chromosome 8 of A. hypogaea and encodes homogentisate phytyltransferase (HPT). QRT-PCR results showed that the expression levels of the verified gene in the 3, 9, and 15 d treatment groups were higher than that of the corresponding control groups (Fig. 6C). The expression trend of the gene verified by qRT-PCR was consistent with its transcriptome sequencing analysis (Fig. 6D), indicating that transcriptome sequencing data were accurate and reliable.
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Discussion

Many studies have shown that the relationship between A. hypogaea and M. incognita is incompatible and interactive, but the resistance mechanism was unclear. A full understanding of the inhibiting effects of A. hypogaea will provide more ways for the biological control of M. incognita. In this study, the Pluronic F-127 system was used to verify the tendency of the J2s to the excised root tips of A. hypogaea under visual conditions, similar to the phenomenon reported in studies (Wang et al., 2009; Williamson and Čepulytė, 2017). The number of nematodes near the plant root tip is also different due to the different factors such as nematode species, number of inoculations, selected plant species, root tip length, and other factors in the system. The chemotactic migration rate of M. incognita J2s to the excised A. hypogaea root tips increased initially and then decreased along with the extension of observation; the staining result showed that the J2s of M. incognita could infect the A. hypogaea root tips. However, there were no knots at the surface of A. hypogaea roots inoculated with M. incognita J2s in the pot experiment, consistent with an earlier report (Vijayalakshni and Goswami, 1987). These phenomena indicated that A. hypogaea may be a trap plant capable of attracting and inducing M. incognita J2s infestation, while further development and propagation of M. incognita were inhibited in A. hypogaea root system (Waisen et al., 2019; Sacchi et al., 2021). The environment of the A. hypogaea root system is not conducive to the survival and breeding of M. incognita (Bendezu and Starr, 2003).

High-throughput sequencing technology, with its advantages of high sensitivity, high accuracy and low cost, has been gradually applied by many scholars in the study of species and diseases (Sapkota and Nicolaisen, 2015; Yang et al., 2016). In this study, statistical analysis was conducted to find the DEGs after M. incognita J2s infestation.

Through transcriptome sequencing of 6 groups (18 samples), the Q30 (%) value of sequence data after quality control was more than 93.71%, and the matching rate of reference gene was more than 95.73%, indicating the accuracy and reliability of sequencing results. The number of significant DEGs in C3d vs. T3d, C9d vs. T9d, and C15d vs. T15d was counted by transcriptomic sequencing based on RNA-seq, and the number of genes with significant differential expression increased with the increase in the number of stress days. After 7, 14, and 28 days of infestation by M. incognita, the DEG numbers in the eggplant (Solanum melongena L.) also increased (Zhang et al., 2021), but the DEGs numbers in the rice (Oryza sativa L.) root system after 6 days of M. incognita infestation was higher than that after 18 days (Zhou et al., 2020). Dicotyledonous plants and monocotyledonous plants have some differences in the infection response to root-knot nematode (Przybylska and Obrępalska-Stęplowska, 2020).

GO functional enrichment analysis of the three groups of DEGs showed that the DEGs in each group were enriched in the GO term of plant defense response, and one gene encoding defense protein (TIR-NBS-LRR class) was found in all three groups. The invasion of plant pathogens triggers the immune defense system, in which the second defense layer (ETI) in plants is mediated by the plant resistance gene (R gene) (Meyers et al., 1999). Most R genes have been found in plants with nucleotide binding sites (NBS) and leucine-rich repeat (LRR) domains. A subfamily of NBS-LRR proteins and TIR-NBS-LRR proteins with a Toll/interleukin-1 receptor domain at the N-terminus have been found in Arabidopsis (Arabidopsis thaliana L.) (Botella et al., 1998), soybean (Glycine max L.) (Li et al., 2022), chickpea (Cicer arietinum L.) (Sagi et al., 2017) and other plants and are associated with plant disease resistance.

KEGG pathway enrichment analysis of the three groups of DEGs showed that ubiquinone and other terpenoid-quinone biosynthesis, plant hormone signal transduction, and phenylpropanoid biosynthesis were the main metabolic pathways in A. hypogaea responding to M. incognita stress. The candidate gene selected from the ubiquinone and other terpenoid-quinone biosynthesis pathway encodes HPT, the key rate-limiting enzyme for the synthesis of α-tocopherol (Hunter and Cahoon, 2007; Kurmaz et al., 2022). The HPT super-expressing plants had significantly increased content of α-tocopherol (Crowell et al., 2008). In addition, the silencing of the HPT gene in tobacco by dsRNAi technology reduced the content of tocopherol in tobacco and increased the sensitivity of plants to abiotic stress compared with wild-type plants (Abbasi et al., 2007). At present, many studies have found that α-tocopherol plays a positive role in plant growth under the stress of abiotic factors such as low temperature (Maeda et al., 2006), drought (Liu et al., 2008), high salt (Abbasi et al., 2007), and heavy metal ions (Collin et al., 2008). Tocopherol has antioxidant effects, which can remove oxygen free radicals to affect the growth and development of parasites (Apel and Hirt, 2004; Taylor et al., 1997; Ibrahim et al., 2012). In addition, α-tocopherol can slow down plant damage and aging (Austin et al., 2006; Sattler et al., 2006; Abbasi et al., 2009). α-Tocopherol is also involved in the transduction of cell signals in plants, and studies have shown that hormone levels in plants, such as jasmonic acid and ethylene, are related to the synthesis and regulation of tocopherol. In fact, plant hormones have been shown to play a key role in coordinating the signal response to nematode infection (Falk et al., 2002; Cela et al., 2009; Singh et al., 2011). The treatment of soybeans with methyl jasmonate and sodium nitroprusside could improve the resistance of soybeans to Spodoptera littoralis, and α-tocopherol detection was performed on treated soybeans, both of which were significantly increased (Mohamed et al., 2021). Therefore, we suggest that there is a correlation between the AhHPT gene and α-tocopherol expression, which further plays a key role in the resistance of A. hypogaea against M. incognita. The results indicated that the AhHPT gene may be an active regulatory gene that can be applied to plant molecular breeding with resistance against M. incognita.

Conclusion

The excised root tips of A. hypogaea had a certain attraction effect on M. incognita J2s, which could invade the excised and intravital A. hypogaea root. The DEGs of C3d vs. T3d, C9d vs. T9d, and C15d vs. T15d were 462,1057 and 2099, respectively. These DEGs were mainly related to plant defense response function and were enriched in ubiquinone and other terpenoid-quinone biosynthesis, plant hormone signal transduction, and phenylpropanoid biosynthesis pathways. The candidate gene AhHPT was identified in ubiquinone and other terpenoid-quinone biosynthesis pathway, which may be involved in the regulation of A. hypogaea resistance to M. incognita.
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List of target gene in ubiquinone and other terpenoid-quinone biosynthesis pathway
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TABLE 2

Statistics of transcriptome sequencing

Sample  Raw Clean reads Q30 GC content  Total Multiple Uniquely
reads (%) (%) mapped mapped mapped

C3d_1 55,643,098 53,244,334 9401  45.86 51,169,012 (96.1%) 9,183,627 (17.25%) 41,985,385 (78.85%)
C3d_2 52,584,958 50,882,190 9435  45.89 48,887,460 (96.08%) 8,711,864 (17.12%) 40,175,596(78.96%)
C3d_3 51,349,076 49,190,854 93.86  45.85 47,266,701 (96.09%) 8,319,266 (16.91%) 38,947,435 (79.18%)
T3d 1 58,851,810 56,579,550  94.09  45.66 54,427,076 (96.2%) 10,010,663 (17.69%) 44,416,413 (78.5%)

T3d_2 64,738,158 62,040,356 9427  45.8 59,704,294 (96.23%) 10,728,165 (17.29%) 48,976,129 (78.94%)
T3d_3 59,878,302 57,699,838 94.45  45.88 55,701,019 (96.54%) 10,090,132 (17.49%) 45,610,887 (79.05%)
Cod_1 48,672,858 46,928,914 93.87  45.98 44,992,507 (95.87%) 7,573,439 (16.14%) 37,419,068 (79.74%)
C9d_2 52,451,008 50,766,218 9426 4594 48,792,798 (96.11%) 8,398,906 (16.54%) 40,393,892 (79.57%)
C9d_3 51,344,694 49,663,494 9405  46.02 47,545,120 (95.73%) 8,152,733 (16.42%) 39,392,387 (79.32%)
T9d_1 49,298,358 47,377,576 94.57  45.76 45,583,940 (96.21%) 8,131,801 (17.16%) 37,452,139 (79.05%)
T9d_2 51,937,752 50,008,500 93.71  45.9 47,988,583 (95.96%) 8,353,191 (16.7%) 39,635,392 (79.26%)
T9d_3 61,625,652 59,422,866 94.11  45.83 57,047,788 (96.0%) 10,027,933 (16.88%) 47,019,855 (79.13%)
C15d_1 51,152,166 49,451,734 9435 4573 47,478,878 (96.01%) 8,117,566 (16.42%) 39,361,312 (79.6%)

C15d_ 2 47,929,558 46,356,160  93.74  45.65 44,495,032 (95.99%) 7,660,856 (16.53%) 36,834,176 (79.46%)
C15d_3 50,922,158 49,094,736 9432  45.45 47,213,316 (96.17%) 8,133,318 (16.57%) 39,079,998 (79.6%)

T15d_1 55,802,626 54,183,164 94.15  45.89 52,056,749 (96.08%) 9,364,540 (17.28%) 42,692,209 (78.79%)
T15d_2 52,264,386 50,632,680 93.95  45.8 48,651,881 (96.09%) 8,423,999 (16.64%) 40,227,882 (79.45%)
T15d_3 49,635,532 47,844,322 94.17  45.77 46,065,247 (96.28%) 7,982,427 (16.68%) 38,082,820 (79.6%)
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