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Amorphophallus sp. is an economically important crop for rural revitalization in southwest China. However, Fusarium solani often infects Amorphophallus sp. corms during storage, damaging the corm quality and affecting leaf elongation and flowering in the subsequent crop. In this study, the mechanism of resistance to F. solani was investigated in the leaf bud and flower bud corms of Amorphophallus muelleri through transcriptome and metabolome analyses. A total of 42.52 Gb clean reads and 1,525 metabolites were detected in a total of 12 samples including 3 samples each of disease-free leaf bud corms (LC), leaf bud corms inoculated with F. solani for three days (LD), disease-free flower bud corms (FC), and flower bud corms inoculated with F. solani for three days (FD). Transcriptome, metabolome, and conjoint analyses showed that ‘MAPK signal transduction’, ‘plant-pathogen interaction’, ‘plant hormone signal transduction’, and other secondary metabolite biosynthesis pathways, including ‘phenylpropane biosynthesis’, ‘arachidonic acid metabolism’, ‘stilbene, diarylheptane and gingerolin biosynthesis’, and ‘isoquinoline alkaloids biosynthesis’, among others, were involved in the defense response of A. muelleri to F. solani. Ultimately, the expression of six genes of interest (AmCDPK20, AmRBOH, AmWRKY33, Am4CL, Am POD and AmCYP73A1) was validated by real-time fluorescence quantitative polymerase chain reaction, and the results indicated that these genes were involved in the response of A. muelleri to F. solani. Ferulic acid inhibited the growth of F. solani, reducing the harm caused by F. solani to A. muelleri corms to a certain extent. Overall, this study lays a strong foundation for further investigation of the interaction between A. muelleri and F. solani, and provides a list of genes for the future breeding of F. solani-resistant A. muelleri cultivars.
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1 Introduction

Amorphophallus muelleri is widely planted in Maitreya and Xishuangbanna in the Yunnan Province of China, because of its strong soft-rot resistance, high yield, and high glucomannan content. However, A. muelleri corms are often infected with Fusarium solani, which causes corm and petiole rot.

F. solani has a wide host range and can infect many important agricultural crops such as potato (Solanum tuberosum), Gastrodia elata, and soybean (Glycine max) (Gherbawy et al., 2021; Li and Cheng, 2022; Yan and Nelson, 2022). F. solani usually infects the root or stem of the host plant, causing rot, stunting, and wilting, and the degree of necrosis correlates with the severity of the disease (Coleman, 2016).

To minimize the damage caused by pathogen infection, host plants alter gene expression levels, which changes the metabolite levels. The combination of transcriptomic and metabolomic analyses is widely used to screen genes and metabolites involved in plant disease resistance. Zhu et al. (2022) analyzed the transcriptome and metabolome data of two soybean genotypes infected with Colletotrichum truncatum, and found that jasmonic acid and auxin synthesis, mitogen-activated protein kinase (MAPK) and Ca2+signaling, WRKY and bHLH transcription factors, disease resistance related genes, and terpenoid metabolites are involved in the resistance of soybean to C. truncatum. Similarly, transcriptome and metabolome data analyses of sorghum (Sorghum bicolor) plants infected with Puccinia sorghi showed induction of the expression of phenylpropanoid, flavonoid, and terpenoid metabolic pathway genes and increase in the content of intermediate metabolites (Kim et al., 2021). Thus, the above studies show that conjoint multi-omics analysis has become an important way to explore plant disease resistance mechanisms.

The phenylpropane biosynthesis pathway is involved in the synthesis of lignin, metabolization of various compounds such as ferulic acid (FA) and P-coumaric acid, and production of the plant disease resistance hormone salicylic acid, which is involved in pathogen resistance. In Bambusa pervariabilis × Dendrocalamopsis grandis, CCoAOMT2 and CAD5 genes participate in the resistance to shoot blight, caused by Arthrinium phaeospermum, by regulating the synthesis of lignin and flavonoids (Luo et al., 2022). In the resistant wheat (Triticum aestivum) cultivar ‘H83’, the phenylpropanoid biosynthesis pathway is specifically activated after infection with Rhizoctonia cerealis (Geng et al., 2022). These studies suggest that phenylpropanoid biosynthesis genes and metabolites are involved in plant resistance to pathogens.

To date, only a few studies have been conducted on the resistance of A. muelleri to F. solani. Therefore, in this study, we aimed to determine the theoretical basis of F. solani resistance in A. muelleri. Specifically, we analyzed changes in gene expression and metabolite content in the flower bud and leaf bud corms of A. muelleri at an early stage of F. solani infection.




2 Materials and methods



2.1 Plant growth and plant infection

Forty flower bud corms and forty leaf bud corms of disease-free A. muelleri were selected. All corms were stored under controlled conditions (27 ± 2 °C, 16-h light/8-h dark photoperiod, and ~80% relative humidity).

A. muelleri corms with typical symptoms were collected, and isolates were obtained from the samples by culturing on potato dextrose agar (PDA; 40 g per L of dH2O) medium at 27 °C. Then, marginal hyphae were selected to obtain purified colonies and strains for subsequent experiments. Fungal species were identified based on the morphological evaluation of PDA plates and on the sequencing of ITS and EF1 gene fragments. To conduct the pathogenicity test, F. solani was grown on PDA medium at 27 °C for 15 days. Spore inoculum was prepared by harvesting the spores in sterile water, filtering the spores through glass wool to remove the hyphae, and suspending the filtrate in potato dextrose broth (PDB; 18 g per L of dH2O) at a concentration of 105 conidia mL-1. Subsequently, A. muelleri corms (n = 20) were injected with 100 µL of F. solani spore suspension with a sterile syringe. In the control treatment, A. muelleri corms (n = 10) were injected with sterile PDB.

To understand the defense response of A. muelleri leaf and flower corms to F. solani at an early stage of infection, the changes in gene expression and metabolite contents in infected leaf and flower corms were detected at 3 days post-inoculation (dpi) by transcriptome sequencing (three replicates) and metabolite determination (six replicates), respectively, with three corms per treatment.

Infected and control corms were harvested in a randomized manner. An area of the corm located 3 cm away from the injection site was sampled, ground into a fine powder using liquid nitrogen, and stored at -80 °C until needed for subsequent analysis.




2.2 RNA extraction, library construction, and sequencing

Total RNA was extracted from the flower bud and leaf bud corms of A. muelleri using the TRIzol Reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions. The quality of the total RNA was checked by agarose gel electrophoresis and using Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). Subsequently, the extracted total RNA was enriched by oligo(dT) beads. The enriched mRNA was fragmented into short fragments using fragmentation buffer, and reverse transcribed into double-stranded cDNA. Then, the cDNA was purified, end-repaired, adenylated, and ligated to Illumina sequencing adapters. Subsequently, the cDNA from the previous study was purified. Fragments of the appropriate size were selected by polymerase chain reaction (PCR) and agarose gel electrophoresis. Finally, the resulting cDNA library was sequenced on the Illumina NovaSeq6000 platform by Gene Denovo Biotechnology Co. (Guangzhou, China).




2.3 RNA-Seq data analysis

Firstly, the RNA-Seq reads containing adapters, more than 10% of unknown nucleotides (Ns), and more than 50% of low-quality bases (Q-value ≤ 20) were removed by fastp (version 0.18.0) (Chen et al., 2018). The resultant high-quality cleans reads were mapped to the ribosome RNA (rRNA) database using the short read alignment tool Bowtie2 (version 2.2.8) (Langmead and Salzberg, 2012). Then, the reads mapped to rRNAs were removed, and the remaining clean reads were used for assembly and analysis. Clean paired-end reads were mapped on to the reference genome using HISAT2. 2.4, with ‘-rna-strandness RF’ and default settings for all other parameters (Pertea et al., 2016). The mapped reads belonging to 12 samples, including 3 samples each of disease-free leaf bud corms (LC), F. solani-inoculated leaf bud corms collected at 3 dpi (LD), disease-free flower bud corms (FC), and F. solani-inoculated flower bud corms collected at 3 dpi (FD), were assembled using StringTie v1.3.1 (Pertea et al., 2015). Then, a fragment per kilobase of transcript per million mapped reads (FPKM) value was calculated for all samples, and variation in gene expression levels was determined using the RNA-Seq by Expectation Maximization (RSEM) software (Li and Dewey, 2011). Differential gene expression analysis was conducted on the four groups using the DESeq2 software (Love et al., 2014), and genes with a false discovery rate (FDR) of <0.05 and absolute fold change of ≥2 were designated as differentially expressed genes (DEGs). Finally, the DEGs were functionally annotated using Gene Ontology (GO) (Ashburner et al., 2000) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (Ogata et al., 1999) enrichment analyses.




2.4 Metabolite extraction and quantification

The flower bud and leaf bud corms were frozen in liquid nitrogen immediately after harvesting and ground into powder. Then, 1 mL of methanol: acetonitrile: H2O (2:2:1, v/v/v) was added for metabolite extraction. The extracted metabolites were analyzed by Shanghai Applied Protein Technology Co., Ltd using an ultra-high perform liquid chromatography (UHPLC) system (1290 Infinity LC, Agilent Technologies) coupled to a quadrupole time-of-flight (AB Sciex TripleTOF 6600). A quality control (QC) sample was prepared by mixing equal volumes of all 12 samples to be tested. To perform hydrophilic interaction liquid chromatography (HILIC), the 12 samples were analyzed using a separation column (2.1 mm × 100 mm ACQUIY UPLC BEH 1.7 µm column; Waters, Ireland). Solvent A (25 mM ammonium acetate and 25 mM ammonium hydroxide in water) and solvent B (acetonitrile) were used as the mobile phase. The following gradient applied: 95% B for 0.5 min; linear reduction to 65% B in 6 min; further reduction to 40% B in 0.1 min, followed by a hold for 8 min; increase to 95% B in 0.1 min, followed by a 3-min re-equilibration period. The primary and secondary spectra of 12 samples were collected using an AB Triple TOF 6600 mass spectrometer. The ESI source conditions after HILIC chromatographic separation were as follows: ion source gas1 (Gas1): 60; ion source gas2 (Gas2): 60; curtain gas (CUR): 30; source temperature: 600 °C; ion sapary voltage floating (ISVF): ± 5500 V; TOF MS scan m/z range: 60–1000 Da; product ion scan m/z range: 25–1000 Da; TOF MS scan accumulation time 0.20 s per spectrum; product ion scan accumulation time: 0.05 s per spectrum. The secondary mass spectrum was obtained through information-dependent acquisition (IDA), with high sensitivity mode. The separation was as follows: collision energy (CE): fixed at 35 V, with ±15 eV; declustering potential (DP): 60 V (+) and −60 V (−); isotopes excluded within 4 Da; candidate ions monitored per cycle: 10.




2.5 Metabolomic data analysis

A variable importance in projection (VIP) score of orthogonal projection to latent structures (OPLS) model and t-test were used to screen differential metabolites. Metabolites with a t-test p-value < 0.05 and threshold VIP ≥ 1 were considered differentially accumulated metabolites between two groups. KEGG pathway enrichment analysis was conducted to further understand the characteristics of differentially accumulated metabolites (DAMs) (Kanehisa and Goto, 2000).




2.6 Combined metabolomic and transcriptomic analysis

To explain the resistance mechanism employed by A. muelleri corms against F. solani, a joint analysis of DEGs and DAMs was conducted based on the pathway model, a Two-way Orthogonal PLS (O2PLS) model (Bouhaddani et al., 2016), and the Pearson model.




2.7 Validation of RNA-Seq data

To validate the RNA-Seq data, the expression of six DEGs was examined by real-time fluorescence quantitative PCR (qRT-PCR) (Supplemental Table S1). Total RNA extracted from the FC, FD, LC, and LD samples was used to synthesize cDNA, which was then quantified on the Step OnePlus Real-Time Fluorescent Quantitative PCR system using 2×T5 Fast qRT-PCR Mix (SYBR Green I, China). Assays of each gene were repeated three times. The actin gene was used as an internal control. The quantification was evaluated using the 2−(ΔΔCt) method.




2.8 Antifungal tests

Antifungal activity of FA was evaluated by inoculating 3 μL of the conidial suspension (1 × 105 conidia per mL) on a 5-mm sterile filter paper disk placed in the center of a PDA plate containing increasing concentrations of FA (1, 20, 100 μg mL-1). The PDA plates were incubated at 28 °C. Colony growth was observed on the 3th, 5th and 7th day, the colony diameter of each group was measured with a vernier caliper, and the inhibition rate of strain growth was calculated. FA was dissolved in dimethyl sulfoxide (DMSO) for antifungal assays, and the maximum solvent amount for DMSO was 0.1% (v/v).




2.9 Exogenous FA treatment of Amorphophallus muelleri corms

Disease-free corms were harvested, cut into thin slices (~1 cm thick, 7.5 cm long, and 4 cm wide), and placed in a culture dish lined with a moistened sterile filter paper at the bottom. F. solani was grown in a PDA culture dish for 5 days, and mycelial discs were obtained using a 6-mm puncher. The mycelial side was placed on the corm slices, and the diameter of the disease spot was observed after 3, 4, and 5 days of inoculation. Corm slices sprayed with water served as the control group, while those sprayed with 100 μg mL-1 FA served as the experimental group. Each treatment was replicated three times.





3 Results



3.1 Identification of pathogenic fungi

Morphological observation of the PDA plates showed dense, white mycelia. The small conidia were kidney-shaped or ovoid, and large conidia were nearly sickle-shaped and had blunt rounded tips (Supplemental Figure S1). The EF1 (GenBank accession no. OR073911; 239 bp) and ITS (GenBank accession no. OP604148.1; 560 bp) sequences of the isolated fungi were 97.81% and 99.81% identical to those of F. solani isolates (GenBank accession nos. MH817435.1 and OQ318496.1, respectively). Based on these results, the fungus was identified as F. solani. In the pathogenicity test, all inoculated corms showed symptoms similar to those observed in the field, while the control corms showed no symptoms (Figure 1). The morphological and molecular identification of strains reisolated from the infected petioles fulfilled Koch’s postulates.




Figure 1 | Symptoms of Amorphophallus muelleri corms after three days of inoculation with F. solani.






3.2 Overview of transcriptome analysis

Approximately 42.52 Gb data (PRJNA932136) were generated from a total of 12 samples (3 LC, 3LD, 3 FC, and 3 FD). The percentage of clean reads with Q > 20 and Q > 30 was approximately 97.46% and 93.06%, respectively, and the GC content varied between 47.89% and 49.52%, indicating that the sequenced fragments were of high quality (Supplemental Table S2). Principal component analysis (PCA) of these samples showed that all replicates exhibited similar expression patterns (Supplemental Figure S2), indicating that the RNA-Seq data were highly reliable. These results indicated that the RNA-Seq data were suitable for subsequent analysis.

To conduct a comprehensive overview of the gene expression profiles associated with the response of flower bud corms and leaf bud corms of A. muelleri to F. solani infection, DEGs was identified by using the DESeq2 software, based on two criteria: corrected P-value < 0.05, and |log2FC| ≥ 1. A total of 306 (262 upregulated, 44 downregulated) and 749 (547 upregulated, 202 downregulated) DEGs were found in the FC vs FD and LC vs LD comparisons, respectively (Figure 2). In these two comparisons, the most highly expressed genes included those encoding WRKY transcription factors, calcium-binding proteins, calcium-dependent protein kinases, mitogen-activated protein kinases (MAPKs), and plant hormone signaling factors, among others. This result indicated that F. solani infection altered gene expression in the flower bud and leaf bud corms of A. muelleri.




Figure 2 | Volcano plot of differentially expressed genes (DEGs) identified in the leaf bud and flower bud corms of A. muelleri infected with F. solani. (A, B) Leaf bud corms (A) and flower bud corms (B) of A. muelleri at 3 d after F. solani infection.



To understand the attributes of DEGs and their products, GO analysis was conducted using the GOseq software. In the FC vs FD and LC vs LD comparisons, the DEGs were mainly enriched in GO terms such as ‘cellular process’, ‘metabolic process’, and ‘single-organism process’ in the biological process category; ‘cell’, ‘cell part’, and ‘membrane’ in the cellular component category; and ‘catalytic activity’ and ‘binding’ in the molecular function category (Figures 3A, B). These results indicate that F. solani infection enhanced metabolic activity in A. muelleri corms.




Figure 3 | Gene Ontology bubble diagram of DEGs identified in the F. solani-infected leaf bud and flower bud corms of A. muelleri. (A, B) Leaf bud corms (A) and flower bud corms (B) of A. muelleri at 3 d after F. solani infection.



To further explore the main pathways activated by F. solani infection, a KEGG enrichment analysis of the DEGs was conducted. Of the 749 DEGs identified in the LC vs LD comparison, 196 DEGs were assigned to 81 KEGG pathways; these included genes involved in ‘starch and sucrose metabolism’, ‘amino sugar and nucleotide sugar metabolism’, ‘plant-pathogen interaction’, and ‘alpha-linolenic acid metabolism’, among other pathways (Figure 4A). Of the 306 DEGs identified in the FC vs FD comparison, 69 DEGs were assigned to 54 KEGG pathways; these included genes involved in ‘plant-pathogen interaction’, ‘MAPK signaling pathway-plant’, ‘beta-Alanine metabolism’, and ‘alanine, aspartate and glutamate metabolism’, among other pathways (Figure 4B). Taken together, these results showed that molecular signaling processes, amino acid metabolism, and plant hormone synthesis and signal transduction are activated in A. muelleri corms to induce resistance against F. solani.




Figure 4 | Kyoto Encyclopedia of Genes and Genomes (KEGG) bubble diagram of DEGs identified in the F. solani-infected leaf bud and flower bud corms of A. muelleri. (A, B) Leaf bud corms (A) and flower bud corms (B) of A. muelleri at 3 d after F. solani infection.



Heatmaps of DEGs subclusters were developed to better understand the key genes associated with F. solani resistance in A. muelleri. The results revealed DEGs involved in A. muelleri–F. solani interactions. Functional annotation analyses showed that these genes included three Ca2+-binding protein genes, six Ca2+-dependent protein kinase genes, six mitogen-activated protein kinase kinase genes, five antioxidant stress-related genes (including four ascorbic acid metabolism pathway genes and one respiratory burst oxidase gene), seventeen secondary metabolite biosynthesis pathway genes, disease resistance related genes, and four plant hormone (jasmonic acid, salicylic acid, and abscisic acid) signal transduction pathway genes (Figure 5). These findings suggest that A. muelleri corms respond to F. solani infection by activating the expression of genes involved in disease resistance pathways, plant hormone biosynthesis, anti-oxidation, and disease resistance compound biosynthesis.




Figure 5 | Heatmap of gene expression levels in the leaf bud corms and flower bud corms of A. muelleri infected with F. solani. The scale bar represents the expression level of each gene (FPKM) in different treatments, as indicated by yellow/blue rectangles. Genes in yellow were upregulated, and those in blue were downregulated. (A) Plant secondary metabolite biosynthesis pathway genes; (B) Ca2+ signaling pathway genes; (C) MAPK signaling pathway genes; (D) ROS metabolic pathway gene; (E) Ascorbic acid metabolism pathway genes; (F) PTI genes; (G) plant hormone signaling transduction pathway genes.






3.3 Overview of metabolome analysis

To understand the changes in metabolite levels and possible defense mechanisms of A. muelleri, we analyzed the metabolite profiles of A. muelleri corm samples (FC, FD, LC, LD). A total of 1,525 metabolites were detected in all samples. The results of subsequent model test and differential metabolite screening by orthogonal partial least squares discriminant analysis (OPLS-DA) revealed 21 significantly upregulated and 52 significantly downregulated metabolites in the LC vs LD comparison (Figure 6A) and 103 significantly upregulated and 27 significantly downregulated metabolites in the FC vs FD comparison (Figure 6B). In the FC vs FD and LC vs LD comparisons, the DAMs mainly included metabolites related to phenylpropane, amino acid, carbohydrate, lipid, phenolic acid, terpenoid, and alkaloid metabolism.




Figure 6 | Volcano plot of DAMs identified in the leaf bud and flower bud corms of A. muelleri infected with F. solani. (A, B) Leaf bud corms (A) and flower bud corms (B) of A. muelleri at 3 d after F. solani infection.



the DAMs mainly included phenylpropane metabolism pathway metabolites, amino acid metabolites, carbohydrate metabolites, lipid metabolites, phenolic acid metabolites, terpenoids, and alkaloids, among others. These results indicate that F. solani infection altered metabolite levels in A. muelleri corms.

To identify the main pathways and metabolites used by A. muelleri to respond to F. solani, we performed the KEGG analysis of DAMs. The DAMs identified in the LC vs LD comparison were significantly enriched in ‘Tryptophan metabolism’, ‘Isoquinoline alkaloid biosynthesis’, ‘Stilbenoid, diarylheptanoid and gingerol biosynthesis’, ‘Nicotinate and nicotinamide metabolism’, and ‘Phenylpropanoid biosynthesis’, among other pathways (Figure 7A), while those identified in the FC vs FD comparison were significantly enriched in ‘Phenylpropanoid biosynthesis’, ‘Biosynthesis of secondary metabolites’, ‘Carotenoid biosynthesis’, and ‘Tryptophan metabolism’, among other pathways (Figure 7B). These results showed that metabolic pathways related to disease resistance were significantly enriched, indicating that F. solani infection activates the defense mechanism of A. muelleri.




Figure 7 | KEGG bubble diagram of DAMs identified in F. solani-infected leaf bud and flower bud corms of A. muelleri. (A, B) Leaf bud corms (A) and flower bud corms (B) of A. muelleri at 3 d after F. solani infection.






3.4 Conjoint analysis

In biological systems, transcription and metabolism do not occur independently. Therefore, we analyzed the association between transcription and metabolism based on the theory that “genes or metabolites involved in the same biological process have the same or similar change patterns” (Cho et al., 2016). The conjoint KEGG enrichment analysis of DEGs and DAMs revealed 97 co-mapped pathways, including 35 and 38 co-mapped pathways in the FC vs FD and LC vs LD comparisons of DAMs, respectively (Supplemental Tables 3, 4). Among these co-mapped pathways, ‘phenylpropanoid biosynthesis’, ‘isoquinoline alkaloid biosynthesis’ and ‘ubiquinone and other terpenoid-quinone biosynthesis’, among other secondary metabolite synthesis pathways, were common to both comparisons. This suggests that multiple secondary metabolic pathways are activated in A. muelleri corms in response to F. solani infection. The combined analysis of transcriptomics and metabonomic data showed that the O2PLS model was reliable (R2 > 0.75). Pearson correlation coefficients of the DEGs and DAMs were consistent. The absolute value of the correlation coefficient was greater than 0.5, and the top 250 DEGs and the corresponding metabolites were further selected and represented as a network diagram (Supplemental Figure S3).




3.5 Phenylpropanoid biosynthesis

Plants employ the phenylpropanoid biosynthesis pathway in response to defense against pathogens. In this study, he phenylpropanoid biosynthesis pathway was significantly enriched in F. solani-infected A. muelleri corms. Key metabolites in the phenylpropanoid biosynthesis pathway, including L-tyrosine, p-coumaric acid, trans-FA, coniferyl alcohol, sinapyl alcohol, and eleutheroside b, exhibited different levels in different treatments; these compounds were increased by factors of -1.6, 9.24, 1.55, 1.72, 2.56, and 2.88, respectively, in FD samples compared with FC samples, and by factors of -0.56, 9.92, 1.41, 1.42, 1.76, and 1.16, respectively, in LD samples compared with LC samples (Figure 8). Moreover, key phenylpropanoid biosynthesis genes, including AmPER51, AmCYP73As, Am4CL2, and AmCCR1, were upregulated (Figure 8). These results indicate that the phenylpropanoid biosynthesis pathway is involved in the interaction between A. muelleri and F. solani.




Figure 8 | Schematic of the phenylpropane biosynthesis pathway. (A, B) Correlation diagram (A), correlation network diagram of DEGs and DAMs (B), and histogram of the relative content of DAMs involved in the phenylpropane biosynthesis pathway (C). MSTRG.30509: 4-coumarate-CoA ligase (4CL2); scaffold1470318.1: peroxidase (PER51); C427344540.1: trans-cinnamate 4-monooxygenase (CYP73A12); scaffold1317237.1: trans-cinnamate 4-monooxygenase (CYP73A16); scaffold170000.1: trans-cinnamate 4-monooxygenase (CYP73A1); scaffold1269903.1: cinnamoyl-CoA reductase (CCR1); M182T295_POS: DL-tyrosine; M163T152_POS: coniferyl alcohol; M177T173_POS: trans-ferulic acid; M395T152_POS: eleutheroside b; M193T150_POS: sinapyl alcohol; M147T46_POS:P-coumaric acid. In (B), yellow line indicates negative regulation, and blue line indicates positive regulation. ** on the bars indicate significant differences at different infection times (Student’s t-test, P < 0.05).






3.6 Validation of candidate DEGs based on qRT-PCR analysis

To determine whether the candidate DEGs were involved in the A. muelleri response to F. solani, we screened the expression of six genes, including three ‘plant-pathogen interaction’ pathway genes (AmCDPK20, AmRBOH, and AmWRKY33) and three ‘phenylpropane biosynthesis’ pathway genes (Am4CL, AmCYP73A1, and AmPOD), by qRT-PCR. The results showed that all six genes were significantly upregulated in A. muelleri after infection with F. solani (Figure 9), indicating that these six genes could be used as candidates to study the response of konjac to F. solani in future studies.




Figure 9 | Verification of the expression profiles of six unigenes by qRT-PCR.  ** on the bars indicate significant differences at different infection times (Student’s t-test, P < 0.05).






3.7 Inhibition of Fusarium solani growth by FA treatment

FA is an intermediate product of the phenylpropane biosynthesis pathway. To verify whether the phenylpropane biosynthesis pathway is involved in the defense of konjac corms against F. solani, in vitro antifungal tests against F. solani were conducted in the presence of FA. The results showed that as the concentration of FA increased, the inhibition rate of F. solani mycelium gradually increased; the inhibition rate was 15.64% at 1 μg mL-1 FA, 28.94% at 20 μg mL-1 FA, and 54.6% (approaching half of the maximum effective concentration) at 100 μg mL-1 FA (Figure 10A). Moreover, the growth rate of the control group was higher than that of the other FA treatment groups, and the colonies of the control group filled almost the entire culture dish by the 7th day of cultivation (Figure 10B). The FA treatment groups showed inhibitory effects on the growth of colonies, and the inhibitory effect increased with the increase in FA concentration (Figure 10C). These results indicate a positive correlation between the concentration of FA and the inhibition rate of F. solani mycelial growth.




Figure 10 | Effects of different concentrations of ferulic acid (FA) on the growth of F. solani and A. muelleri. (A–D) Effects of FA on the colony diameter (A) and strain growth (B) of F. solani, and on the lesion diameter (C) and the resistance phenotype (D) of F. solani-inoculated A. muelleri corms.






3.8 Exogenous FA treatment of Amorphophallus muelleri corms

To test whether FA enhances the resistance of A. muelleri to F. solani, resistance experiments were conducted at FA concentration of 100 μg mL-1, based on the inhibitory effect of different concentrations of FA. In the FA treatment group, the lesion diameters on A. muelleri corms were 1.11, 1.45, and 1.69 cm at 3, 4, and 5 dpi, respectively; however, in the control group, the lesion diameters were 1.77, 2.32, and 2.77 cm, respectively (Figure 10D). The lesion diameter in the FA treatment group was significantly smaller than that in the control group. This indicates that exogenous FA treatment can effectively enhance the resistance of konjac to F. solani.





4 Discussion



4.1 RNA-Seq analysis of Amorphophallus muelleri resistance to Fusarium solani

After infection with F. solani, A. muelleri exhibits reduced yields and poor-quality corms, which affect the growth of seedlings, causing serious economic losses to farmers and producers. With advancements in next-generation sequencing, RNA-Seq has become an important means for researchers to study the mechanism of plant disease resistance. Through physiological index determination and transcriptome sequencing, Peng et al. (2022) showed that the expression of multiple core defense genes involved in fungal disease resistance and hormone signaling pathways is induced in tomato (Solanum lycopersicum) upon Cladosporium fulvum infection. Wei et al. (2022) sequenced the transcriptome of Amorphophallus spp. with high resistance or susceptibility to Pectobacterium carotovorum subsp. carotovorum, and showed that genes involved in plant hormone signaling, phenylpropane synthesis, and plant–pathogenic interactions regulate the response of Amorphophallus spp. to P. carotovorum. Liu et al. (2019) performed a transcriptome analysis and noted that the synergistic effect of jasmonic acid and ethylene signaling positively regulates the defense response of Panax notoginseng to F. solani. In this study, numerous DEGs and DAMs were identified in the flower bud and leaf bud corms of A. muelleri corms upon F. solani infection. Several DEGs were related to various defense responses to F. solani, including those involved in ‘plant-pathogenic interaction’, ‘mitogen-activated protein kinases (MAPKs)’, ‘plant hormone synthesis and signal transduction’, and ‘phenylpropane biosynthesis’. Upon infection by F. solani, the pattern recognition receptors (PRRs) of A. muelleri bind to pathogen-associated molecular patterns (PAMPs) to form early immune system warning signals and stimulate disease resistance reactions, including the induction of antioxidant burst enzyme genes (AmRBOHD), Ca2+ channel related genes (AmCALM), and MAPK signaling pathway transduction genes (AmMAPKs). Additionally, to prevent F. solani infection, A. muelleri plants express resistance protein-encoding genes (AmFLS2 and AmPTI) and molecular chaperone gene (AmHtpG), which leads to a hypersensitive response (HR) at the infection site, promoting cell death. This indicates that F. solani infection induces effector-triggered immunity in A. muelleri. Together, these transcriptomic data suggest that multiple metabolic activities are associated with the defense of in A. muelleri against F. solani, which is consistent with the fact that the plants have evolved complex defense mechanisms during their interactions with pathogenic bacteria (Nobori and Tsuda, 2019; Teixeira et al., 2019).




4.2 Metabolomics analysis of Amorphophallus muelleri resistance to Fusarium solani

The biosynthesis of secondary metabolites is an important strategy employed by plants to defend against pathogen infections. Infection by pathogenic bacteria induces the synthesis of secondary metabolites, such as terpenes and alkaloids, in plants, which enhance plant immunity (Zaynab et al., 2018; Marone et al., 2022). In wheat (Triticum aestivum), Farahbakhsh et al. (2019) employed UPLC-QTOF/MS to compare the metabolic changes induced by wheat streak mosaic virus (WSMV) inoculation in highly resistant and susceptible varieties, and found that amino acid metabolism, lipid metabolism, and alkaloid metabolism pathways are involved in the defense response of wheat to WSMV. Similarly, Khizar et al. (2020) used UPLC-QTOF/MS to detect the differences in metabolite accumulation between Aspergillus tubingensis-resistant and -susceptible varieties of cotton (Gossypium hirsutum), and found that phenylpropanoids (stilbenes and furanocoumarin), flavonoids (phlorizin and kaempferol), alkaloids (indolizine and acetylcorynoline), and terpenoids (azelaic acid and oleanolic acid) accumulated to higher levels in resistant varieties than in susceptible varieties. Under F. solani stress, the level of 115 secondary metabolites was significantly increased in the flower bud and leaf bud corms of A. muelleri. These DAMs were mainly involved in ‘phenylpropane biosynthesis’, ‘arachidonic acid metabolism’, ‘stilbene, diarylheptane and gingerolin biosynthesis’, ‘isoquinoline alkaloids biosynthesis’, and other disease resistance-related metabolic pathways. In addition, the contents of 73 secondary metabolites were significantly decreased in A. muelleri flower bud corms and leaf bud corms under F. solani stress. These DAMs were mainly involved in ‘glycolysis/gluconeogenesis’, ‘purine metabolism’, and ‘fructose and mannose metabolism’. These results showed that when infected by F. solani, the contents of disease resistant metabolites increased in A. muelleri corms, inhibiting respiratory activity. The results of this study are consistent with the inhibition of respiration in Actinidia chinensis and Capsicum annuum after infection with Pseudomonas syringae pv. actinidiae and Phytophthora capsica, respectively (Stamler et al., 2015; Li et al., 2020).




4.3 Role of phenylpropane biosynthesis pathway in Fusarium solani resistance

The phenylpropane biosynthesis pathway, one of the critical secondary metabolic pathways of plants, and its metabolites, such as lignin, phenols, isoflavones, and organic acids, play an important role in regulating plant disease resistance, growth, and development. Chen et al. (2021) found that Pichia galeiformis improved the resistance of Citrus reticulata to Penicillium digitatum by upregulating the expression of key phenylpropane biosynthesis genes, enhancing the activity of key enzymes such as phenylalanine ammonia lyase (PAL) and 4-coumarate-CoA ligase (4CL), and increasing the content of total phenols, flavonoids, and lignin. Qu et al. (2022) showed that melatonin enhanced the postharvest disease resistance of Vaccinium sp. through enhancing the activity of PAL, 4CL, and other enzymes related to phenylpropane biosynthesis, improving the expression of genes related to phenylpropane metabolism,and promoting the accumulation of total phenols, flavonoids, anthocyanins, and lignin. In this study, the flower bud and leaf bud corms of A. muelleri were inoculated with F. solani, and transcriptome analysis revealed the upregulation of phenylpropane biosynthesis genes, including Am4CL, AmCYP73A1, Am PAO5, AmPER51, and AmCCR1. metabolome analysis showed that the level of L-tyrosine decreased, while the level of coniferyl alcohol, trans-FA, eleutheroside b, sinapyl alcohol, and p-coumaric acid increased. Moreover, the combined analysis of transcriptomics and metabolomics data also showed the enrichment of the phenylpropane biosynthesis pathway and a strong correlation between the phenylpropane biosynthesis related DEGs and DAMs. This result indicates that the phenylpropane biosynthesis pathway is involved in the defense of A. muelleri corms against F. solani.

FA is an important compound in the phenylpropane biosynthesis pathway. The effects of FA on Fusarium spp. have been explored in several studies. Martínez-Fraca et al. (2022) determined that the content of FA in the seeds of Fusarium verticillioides resistant maize varieties was significantly higher than that in the seeds of susceptible varieties. In vitro treatment with high-concentration FA extract inhibited the growth of fungi, and its effect was equivalent to FA ranging in concentration from 0.25–0.5 mM. Ponts et al. (2011) tested five phenolic acids (ferulic, coumaric, caffeic, syringic, and p-hydroxybenzoic acids) in radial growth assays, and found that FA exhibited the strongest antifungal activity against Fusarium graminearum. Consistent with the above studies, we found that 100 μg mL-1 FA was the most effective against F. solani, and the inhibitory effect on the growth of F. solani mycelium increased with the increase in FA concentration. Besides, Zheng et al. (2019) showed that the content of free FA, p-coumaric acid and conjugated t-cinnamic acid in Brassica napus is an important factor affecting cultivar resistance to Verticillium longisporum. Patzke and Schieber (2018) tested five phenolic acids (phlorizin, resveratrol, FA, 5-N-alkylresorcinols, and quercetin) for their ability to inhibit fungal growth, and found that FA was highly effective against Botrytis cinerea. Zhang et al. (2022) pointed out that FA enhances the ability of poplar trees to limit the growth of Colletotrichum gloeosporioides. Similarly, in this study, exogenous FA treatment significantly enhanced the resistance of A. muelleri corms to F. solani.





5 Conclusion

In conclusion, this study combined RNA-Seq and metabolome analyses to investigate the defense response of A. muelleri corms to F. solani infection. Under F. solani stress, A. muelleri leaf bud corms and flower bud corms exhibited similar disease resistance patterns. A series of plant disease resistance related pathways were activated, including ‘plant hormone signal transduction’, ‘MAPK cascade reaction’, ‘plant-pathogen interaction’, and ‘phenylpropane biosynthesis’. Moreover, AmCDPK20, AmRBOH, AmWRKY33, Am4CL, AmPOD, and AmCYP73A1 appeared to participate in the defense against F. solani. In addition, according to metabolomic data analysis, secondary metabolite biosynthesis pathways, including ‘phenylpropane biosynthesis’, ‘arachidonic acid metabolism’, ‘stilbene, diarylheptane and gingerol biosynthesis’, and ‘isoquinoline alkaloid biosynthesis’, were induced upon F. solani infection. Finally, the conjoint analysis of DEGs and DAMs revealed that the phenylpropane biosynthesis pathway plays a very important role in the defense response of A. muelleri corms against F. solani infection. Notably, FA treatment inhibited the growth of F. solani and alleviated the disease symptoms on A. muelleri corms. This study not only provides a list of candidate genes and metabolites involved in A. muelleri defense against F. solani but also lays a strong foundation for further investigation of the molecular mechanism of A. muelleri resistance to F. solani.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Author contributions

PG, FH, and LY conceptualized this study and executed the experiments; YQ, LL, and SY provided experimental guidance; HW and JL participated in processing the data and writing the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This study was funded by Yunnan Province Youth Talent Support Program (grant no. 202101AU070047), Yunnan Provincial Science and Technology Department (grant nos. 2019FH001-008 and 2019FH001-051), Yunnan Fundamental Research Projects (grant no. 202101BA070001-163), Yunnan Education Department Research Project (grant no. 2022J0644), and Yunnan Education Department Research Project (grant no. 2023J0827).




Acknowledgments

We thank Min Yang (Kunming University) for assistance with the experiment isolation of pathogenic fungus.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1207970/full#supplementary-material

Supplementary Figure 1 | Morphological evaluation of F. solani cultured on PDA medium for 7 days. (A, B) Morphology of the culture (A) and of hyphae and conidia (B).

Supplementary Figure 2 | Principal component analysis (PCA) of the transcriptomic changes in infected and healthy A. muelleri corms. LC, disease-free leaf bud corms; LD, leaf bud corms inoculated with F. solani for three days; FC, disease-free flower bud corms; FD, flower bud corms inoculated with F. solani for three days.

Supplementary Figure 3 | Heatmap of the top 250 DEGs and the corresponding metabolites.

Supplementary Table 1 | Primers used for qPCR.

Supplementary Table 2 | Statistics of the RNA-Seq data of A. muelleri corms infected with F. solani.

Supplementary Table 3 | Conjoint enrichment analysis of the DEGs and DAMs identified between healthy and infected A. muelleri flower bud corms.

Supplementary Table 4 | Conjoint enrichment analysis of the DEGs and DAMs identified between healthy and infected A. muelleri leaf bud corms.




References

 Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al. (2000). Gene ontology: tool for the unification of biology. Gene ontology consortium. Nat. Genet. 25 (1), 25–29. doi: 10.1038/75556

 Bouhaddani, S. E., Houwing-Duistermaat, J., Salo, P., Perola, M., Jongbloed, G., and Uh, H. W. (2016). Evaluation of O2PLS in omics data integration. BMC Bioinform. 17 Suppl 2 (Suppl 2), 11. doi: 10.1186/s12859-015-0854-z

 Chen, O., Deng, L., Ruan, C., Yi, L., and Zeng, K. (2021). Pichia galeiformis induces resistance in postharvest citrus by activating the phenylpropanoid biosynthesis pathway. J. Agric. Food Chem. 69 (8), 2619–2631. doi: 10.1021/acs.jafc.0c06283

 Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). Fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34 (17), i884–i890. doi: 10.1093/bioinformatics/bty560

 Cho, K., Cho, K. S., Sohn, H. B., Ha, I. J., Hong, S. Y., Lee, H., et al. (2016). Network analysis of the metabolome and transcriptome reveals novel regulation of potato pigmentation. J. Exp. Bot. 67 (5), 1519–1533. doi: 10.1093/jxb/erv549

 Coleman, J. J. (2016). The fusarium solani species complex: ubiquitous pathogens of agricultural importance. Mol. Plant Pathol. 17 (2), 146–158. doi: 10.1111/mpp.12289

 Farahbakhsh, F., Hamzehzarghani, H., Massah, A., Tortosa, M., Yassaie, M., and Rodriguez, V. M. (2019). Comparative metabolomics of temperature sensitive resistance to wheat streak mosaic virus (WSMV) in resistant and susceptible wheat cultivars. J. Plant Physiol. 237, 30–42. doi: 10.1016/j.jplph.2019.03.011

 Geng, X., Gao, Z., Zhao, L., Zhang, S., Wu, J., Yang, Q., et al. (2022). Comparative transcriptome analysis of resistant and susceptible wheat in response to Rhizoctonia cerealis. BMC Plant Biol. 22 (1), 235. doi: 10.1186/s12870-022-03584-y

 Gherbawy, Y. A., Hussein, M. A., Hassany, N. A., Shebany, Y. M., Hassan, S., and El-Dawy, E. (2021). Phylogeny and pathogenicity of fusarium solani species complex (FSSC) associated with potato tubers. J. Basic Microbiol. 61 (12), 1133–1144. doi: 10.1002/jobm.202100393

 Kanehisa, M., and Goto, S. (2000). KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28 (1), 27–30. doi: 10.1093/nar/28.1.27

 Khizar, M., Shi, J., Saleem, S., Liaquat, F., Ashraf, M., Latif, S., et al. (2020). Resistance associated metabolite profiling of aspergillus leaf spot in cotton through non-targeted metabolomics. PloS One 15 (2), e0228675. doi: 10.1371/journal.pone.0228675

 Kim, S. B., Van den Broeck, L., Karre, S., Choi, H., Christensen, S. A., Wang, G. F., et al. (2021). Analysis of the transcriptomic, metabolomic, and gene regulatory responses to Puccinia sorghi in maize. Mol. Plant Pathol. 22 (4), 465–479. doi: 10.1111/mpp.13040

 Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with bowtie 2. Nat. Methods 9 (4), 357–359. doi: 10.1038/nmeth.1923

 Li, J., and Cheng, L. (2022). Fusarium solani causing root rot disease on Gastrodia elata in Shaxi, China. Plant Dis. 106, 320. doi: 10.1094/pdis-04-21-0753-pdn

 Li, B., and Dewey, C. N. (2011). RSEM: accurate transcript quantification from RNA-seq data with or without a reference genome. BMC Bioinform. 12, 323. doi: 10.1186/1471-2105-12-323

 Li, Y., Wang, X., Zeng, Y., and Liu, P. (2020). Metabolic profiling reveals local and systemic responses of kiwifruit to Pseudomonas syringae pv. actinidiae. Plant Direct. 4 (12), e00297. doi: 10.1002/pld3.297

 Liu, D., Zhao, Q., Cui, X., Chen, R., Li, X., Qiu, B., et al. (2019). A transcriptome analysis uncovers Panax notoginseng resistance to Fusarium solani induced by methyl jasmonate. Genes Genomics 41 (12), 1383–1396. doi: 10.1007/s13258-019-00865-z

 Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15 (12), 550. doi: 10.1186/s13059-014-0550-8

 Luo, F., Yan, P., Xie, L., Li, S., Zhu, T., Han, S., et al. (2022). Molecular mechanisms of phenylpropane-synthesis-related genes regulating the shoot blight resistance of Bambusa pervariabilis × dendrocalamopsis grandis. Int. J. Mol. Sci. 23 (12), 6760. doi: 10.3390/ijms23126760

 Marone, D., Mastrangelo, A. M., Borrelli, G. M., Mores, A., Laidò, G., Russo, M. A., et al. (2022). Specialized metabolites: physiological and biochemical role in stress resistance, strategies to improve their accumulation, and new applications in crop breeding and management. Plant Physiol. Biochem. 172, 48–55. doi: 10.1016/j.mnplaphy.2021.12.037

 Martínez-Fraca, J., de la Torre-Hernández, M. E., Meshoulam-Alamilla, M., and Plasencia, J. (2022). In search of resistance against fusarium ear rot: ferulic acid contents in maize pericarp are associated with antifungal activity and inhibition of fumonisin production. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.852257

 Nobori, T., and Tsuda, K. (2019). The plant immune system in heterogeneous environments. Curr. Opin. Plant Biol. 50, 58–66. doi: 10.1016/j.pbi.2019.02.003

 Ogata, H., Goto, S., Sato, K., Fujibuchi, W., Bono, H., and Kanehisa, M. (1999). KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 27 (1), 29–34. doi: 10.1093/nar/27.1.29

 Patzke, H., and Schieber, A. (2018). Growth-inhibitory activity of phenolic compounds applied in an emulsifiable concentrate - ferulic acid as a natural pesticide against Botrytis cinerea. food res. Int. (Ottawa Ont). 113, 18–23. doi: 10.1016/j.foodres.2018.06.062

 Peng, R., Sun, S., Li, N., Kong, L., Chen, Z., Wang, P., et al. (2022). Physiological and transcriptome profiling revealed defense networks during Cladosporium fulvum and tomato interaction at the early stage. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.1085395

 Pertea, M., Kim, D., Pertea, G. M., Leek, J. T., and Salzberg, S. L. (2016). Transcript-level expression analysis of RNA-seq experiments with HISAT, StringTie and ballgown. Nat. Protoc. 11 (9), 1650–1667. doi: 10.1038/nprot.2016.095

 Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T. C., Mendell, J. T., and Salzberg, S. L. (2015). StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. Nat. Biotechnol. 33 (3), 290–295. doi: 10.1038/nbt.3122

 Ponts, N., Pinson-Gadais, L., Boutigny, A. L., Barreau, C., and Richard-Forget, F. (2011). Cinnamic-derived acids significantly affect Fusarium graminearum growth and in vitro synthesis of type b trichothecenes. Phytopathology. 101 (8), 929–934. doi: 10.1094/phyto-09-10-0230

 Qu, G., Wu, W., Ba, L., Ma, C., Ji, N., and Cao, S. (2022). Melatonin enhances the postharvest disease resistance of blueberries fruit by modulating the jasmonic acid signaling pathway and phenylpropanoid metabolites. Front. Chem. 10. doi: 10.3389/fchem.2022.957581

 Stamler, R. A., Holguin, O., Dungan, B., Schaub, T., Sanogo, S., Goldberg, N., et al. (2015). BABA and Phytophthora nicotianae induce resistance to Phytophthora capsici in chile pepper (Capsicum annuum). PloS One 10 (5), e0128327. doi: 10.1371/journal.pone.0128327

 Teixeira, P. J. P., Colaianni, N. R., Fitzpatrick, C. R., and Dangl, J. L. (2019). Beyond pathogens: microbiota interactions with the plant immune system. Curr. Opin. Microbiol. 49, 7–17. doi: 10.1016/j.mib.2019.08.003

 Wei, H., Yang, M., Ke, Y., Liu, J., Chen, Z., Zhao, J., et al. (2022). Comparative physiological and transcriptomic profiles reveal regulatory mechanisms of soft rot disease resistance in amorphophallus spp. Physiol. Mol. Plant P. 118, 101807. doi: 10.1016/j.pmpp.2022.101807

 Yan, H., and Nelson, B. Jr. (2022). Effects of soil type, temperature, and moisture on development of fusarium root rot of soybean by Fusarium solani (FSSC 11) and Fusarium tricinctum. Plant Dis. 106 (11), 2974–2983. doi: 10.1094/pdis-12-21-2738-re

 Zaynab, M., Fatima, M., Abbas, S., Sharif, Y., Umair, M., Zafar, M. H., et al. (2018). Role of secondary metabolites in plant defense against pathogens. Microb. Pathog. 124, 198–202. doi: 10.1016/j.micpath.2018.08.034

 Zhang, L., Ren, Y., Meng, F., Bao, H., Xing, F., and Tian, C. (2022). Verification of the protective effects of poplar phenolic compounds against poplar anthracnose. Phytopathology. 112 (10), 2198–2206. doi: 10.1094/PHYTO-12-21-0509-R

 Zheng, X., Koopmann, B., and von TieDAMann, A. (2019). Role of salicylic acid and components of the phenylpropanoid pathway in basal and cultivar-related resistance of oilseed rape (Brassica napus) to Verticillium longisporum. Plants 8 (11), 491. doi: 10.3390/plants8110491

 Zhu, L., Yang, Q., Yu, X., Fu, X., Jin, H., and Yuan, F. (2022). Transcriptomic and metabolomic analyses reveal a potential mechanism to improve soybean resistance to anthracnose. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.850829




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.


Copyright © 2023 Gao, Qi, Li, Yang, Liu, Wei, Huang and Yu. 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.


OEBPS/Images/fpls.2023.1207970_cover.jpg
& frontiers | Frontiers in Plant Science

Amorphophallus muelleri activates ferulic
acid and phenylpropane biosynthesis
pathways to defend against Fusarium solani
infection





OEBPS/Images/fpls-14-1207970-g003.jpg
“lﬂlluum....._H.Ullu.“u

140

120
100
EY
60
40
20
0

S3UBD JO JaqUINN

Molecular Function

Cellular Component

Biological Process

Low L

350

300
250
200
150

S8U89 40 JaqUINN

100
50
0

Molecular Function

Cellular Component

Biological Process





OEBPS/Images/fpls-14-1207970-g006.jpg
L] up
© nodiff
® down






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Amorphophallus muelleri activates ferulic acid and phenylpropane biosynthesis pathways to defend against Fusarium solani infection

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Plant growth and plant infection

          



          		

            2.2 RNA extraction, library construction, and sequencing

          



          		

            2.3 RNA-Seq data analysis

          



          		

            2.4 Metabolite extraction and quantification

          



          		

            2.5 Metabolomic data analysis

          



          		

            2.6 Combined metabolomic and transcriptomic analysis

          



          		

            2.7 Validation of RNA-Seq data

          



          		

            2.8 Antifungal tests

          



          		

            2.9 Exogenous FA treatment of Amorphophallus muelleri corms

          



        



        



        		

          3 Results

        

          		

            3.1 Identification of pathogenic fungi

          



          		

            3.2 Overview of transcriptome analysis

          



          		

            3.3 Overview of metabolome analysis

          



          		

            3.4 Conjoint analysis

          



          		

            3.5 Phenylpropanoid biosynthesis

          



          		

            3.6 Validation of candidate DEGs based on qRT-PCR analysis

          



          		

            3.7 Inhibition of Fusarium solani growth by FA treatment

          



          		

            3.8 Exogenous FA treatment of Amorphophallus muelleri corms

          



        



        



        		

          4 Discussion

        

          		

            4.1 RNA-Seq analysis of Amorphophallus muelleri resistance to Fusarium solani

          



          		

            4.2 Metabolomics analysis of Amorphophallus muelleri resistance to Fusarium solani

          



          		

            4.3 Role of phenylpropane biosynthesis pathway in Fusarium solani resistance

          



        



        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1207970-g002.jpg
© down

309

o
Tua1)016

o
o|-

25

309

=)
Tua)oi60r

o
=

log2(FC)

log2(FC)






OEBPS/Images/fpls-14-1207970-g008.jpg
A
Phenylalanine, tyrosine and tryptophan biosynthesis ‘* 5

|
CYPT3A12 1169 * .
| EEE&N e @Tyrosine
phenylalanine®  «<es ERET
Cinnamic acid

"P-Coumanic acid

1.14.1491 ‘ @ ferulic acid
6.2.1.12
| o sz | 6.2.1.12
‘ oo i
1.2.1.44 1.2.1.44
‘ _ CCR1 *
Ll 3
| i | Coniferyl alcohol Sinapyl alcohol
@ ——o—nimicenn)
116
T PERSUL P 1017 ‘ L1117 NIRK])|
oo Io l v

(]
P-Hydroxy-phenyl lignin Guaiacyl lignin Syringyl lignin Eleytheroside b

(&)
E
g are 3 5
= = ‘@
£ 40000 3% O Z 30000 *+ 2 150000
2 Ow & O F g . O F
g 30000 O < 40 gm < O D
5 2 OLc 2 100000 OLc
% 20000 2 =i = ok 8 b
2 2 40000 2
2 10000 5 5 50000
z 0 o 20000 >
2 Coniferyl alcohol 2 &
z 0 . 3 0 ;
4 L-tyrosine & Eleutheroside b
= S 50000 i
H % 60000 i 2z
£ 400000 - Fc 8 Orc 2 4000 .
= g < OFrm g Kok g
3 300000 - B1C 2 40000 . E t[% 3 30000
= LD §
2 200000 by E
E g 20000 s
2 2 k5
= k5 2
2 P-coumaric acid 2 Sinapy! alcohol Trans-ferulic acid





OEBPS/Images/fpls-14-1207970-g004.jpg
Pathway

Starch and sucrose metabolism

Amino sugar and nucleotide sugar metabolism
Plant-pathogen interaction

Alpha-Linolenic acid metabolism

Nitrogen metabolism

Metabolic pathways

Inositol phosphate metabolism

Galactose metabolism

Protein processing in endoplasmic reticulum
Aflatoxin biosynthesis

Cysteine and methionine metabolism
Endocytosis

Stilbenoid, diarylheptanoid and gingerol biosynthesis

Riboflavin metabolism

Thiamine metabolism

Alanine, aspartate and glutamate metabolism
Phosphatidylinositol signaling system

MAPK signaling pathway - plant

Linoleic acid metabolism

Plant hormone signal transduction

0.0

0.1 0.2
‘Gene Ratio

03

Gene number
i

o 215

o 5

@ 05

. 107

logy(Qualue)
2

15
1
0.5

Pathway

Tropane,

Plant-pathogen interaction
MAPK signaling pathway - plant
Beta-Alanine metabolism
Alanine, aspartate and glutamate metabolism
Brassinosteroid biosynthesis
Amino sugar and nucleotide sugar metabolism
Plant hormone signal transduction
Arginine and proline metabolism
Ascorbate and aldarate metabolism
Taurine and hypotaurine metabolism
Starch and sucrose metabolism
Vitamin B6 metabolism
Glyoxylate and dicarboxylate metabolism
Limonene and pinene degradation
Histidine metabolism
Butanoate metabolism
Fructose and mannose metabolism
Nicotinate and nicotinamide metabolism

piperidine and pyridine alkaloid biosynthesis

Selenocompound metabolism

002 004 006 008

Gene Ratio

Gene number
|

o 475

e 85

[ 1225
.‘IE

-log (Qualue)

SN o





OEBPS/Images/fpls-14-1207970-g009.jpg
£E58
0000

*%
Bk

Ug)

0

(ag)] (@] —

uotssaldxa aAne[oy uoIssa1dxd dATIR[Y

243 A
boon 0oom

Bk

Bk

wvi < N AN —~ O

on o
uorssa1dxa dATR[Y = 8=

uorssaIdxd OANR[OY

Ofa)
Ll 2R3

0000 000O

5 0 5 0
— —

uorssaidxa oane[oy

uoISssaIdxad dANR[Y





OEBPS/Images/fpls-14-1207970-g010.jpg
Colony diameter (cm)

0 pg*mL-1

%)

&

T T
> o
Time (d)

1 ug*mlL-1

0 pg*mL-1

1 pg*mL-1
20 pg*mL-1
100 pg*mL-1

Lesion diameter (¢cm)

Time (d)

- CK
- FA






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-14-1207970-g001.jpg
Treatment






OEBPS/Images/fpls-14-1207970-g007.jpg
A Tryptophan metabolism
Isoquinoline alkaloid biosynthesis

Stilbenoid, diarylheptanoid and gingerol biosynthesis
Nicotinate and nicotinamide metabolism
Phenylpropanoid biosynthesis

Degradation of aromatic compounds

Pathway

AGE-RAGE signaling pathway in diabetic complications
Tyrosine metabolism

Taurine and hypotaurine metabolism

Ubiquinone and other terpenoid-quinone biosynthesis

Metabolites number
.1

e 15

® 2

. 25

. 3

-logqo(Qvalue)

B
Phenylpropanoid biosynthesis
Biosynthesis of secondary metabolites
Carotenoid biosynthesis
Tryptophan metabolism
§' Caffeine metabolism
g Isoquinoline alkaloid biosynthesis

ABC transporters
Purine metabolism
AGE-RAGE signaling pathway in diabetic complications

Glycerophospholipid metabolism

0.1 0.2 0.3

Metabolites Ratio

01 02 03 04

Metabolites Ratio

Metabolites number
o 1

e 45

® 8

@] 115

. 15

-log4p(Qvalue)

0.5





OEBPS/Images/fpls-14-1207970-g005.jpg
3
| 427344540 1(CYPT3A12) 3 C I scafiold818031.1(MAPKKK17) (713
| scaffold1317237.1(CYPT3A16) 5 ‘{ - | ﬁglsggi?mmi 1
| scaffold943450.1(maol) 0 [ ; 0
ffold441186.2(MPK12) 4
(- MSTRG.30509(4CL2) A sca
426967285 1(Chts) { E’: | C427166857.1(MAPKKK18)
scaffold1470318.1(PER51) ||} scaffold1396121.1(MPKS)
] scaffold1375249.1(HAB1) %0 lalalalo o
craiagrraielelalaieiase,
‘ scaffold1269903.1(CCR1) D S TR R DR R A R
scaffold205427.1(ACS1) [T ] - scaffold1094790.1(RBOHF) =40
scaffold170000.1(CYP73A1) AR Dot B '
scaffold197594.1(EP3) e U_,Q,O 2 sesasaseiala, 2
| C427182745.1(GGCT2;1) 10
C427223408.1(CYP92C6)
] - scaffold753720.2(KCS11) E scaffold1278425.1 (PAOS) TR
— scaffold481484.2(EDS1) { — 'Scagoigi‘s‘ggﬁ%ll(}é%]?‘“) 0
! scaffold1138532.1(CYP734A6) — . 1‘ : ALDI)-IZB o I
ol scaffold466076.1(HSP83A) scatlo :
Sadal ( LALAA (
g F R ‘)Q?O o O QJQJO O‘QOJ
I scaffold702276.1(At4g27220) =3
MSTRG.4938(CML16) !2 scaffold1296925.1(PTI13) f
scaffold74878.1(CML14) 1 [ [ ] scaffold1404981.1(FLS2) o
scaffold971991.1(CML14) o PP ?
scaffold1475067.1(CBP) ki -1 QAR PngvafQ;QngQ 5
scaffold1089350.1(CPK5) G

| scaffold1223073.1(DPBF3)
scaffold1249326.1(NPR1) 2
scaffold1221705.1(TIFY6A) |
scaffold70647.1(TIFY9) 1

scaffold1281055.1(CPK20)
scaffold1270689.1(CPK5)
scaffold942056.2(CPK20)
scaffold1300666.2(CPK4) L |

A x\ A A

o aka ’% 22 ¢lalato oo Qe 0 o(o(o(o%‘o(o

QAR R RIQCAIC QAR 585R,2%55,405505%,2:%,





