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Introduction: Trichoderma spp. is a recognized bio-control agent that promotes plant growth and enhances resistance against soil-borne diseases, especially Fusarium wilt. It is frequently suggested that there is a relationship between resistance to melon wilt and changes in soil microbiome structures in the rhizosphere with plant metabolites. However, the exact mechanism remains unclear.

Method: This study aims to investigate the effects of Trichoderma application on the metabolic pathway of oriental melon roots in response to Fusarium oxysporum f. sp. melonis in a pot experiment. The experiment consisted of three treatments, namely water-treated (CK), FOM-inoculated (KW), and Trichoderma-applied (MM) treatments, that lasted for 25 days. Ultra-performance liquid chromatography-electron spray ionization-mass spectrometry (UPLC-ESI-MS) was used to analyze the compounds in melon roots.

Results: The results show that Trichoderma harzianum application resulted in a reduction in the severity of oriental melon Fusarium wilt. A total of 416 distinct metabolites, categorized into four groups, were detected among the 886 metabolites analyzed. Additionally, seven differential metabolites were identified as key compounds being accumulated after inoculation with Fusarium oxysporum f. sp. melonis (FOM) and Trichoderma. The mechanism by which Trichoderma enhanced melon's resistance to Fusarium wilt was primarily associated with glycolysis/gluconeogenesis, phenylpropanoid biosynthesis, flavone and flavonol biosynthesis, and the biosynthesis of cofactors pathway. In comparison with the treatments of CK and MM, the KW treatment increased the metabolites of flavone and flavonol biosynthesis, suggesting that oriental melon defended against pathogen infection by increasing flavonol biosynthesis in the KW treatment, whereas the application of Trichoderma harzianum decreased pathogen infection while also increasing the biosynthesis of glycolysis/gluconeogenesis and biosynthesis of cofactors pathway, which were related to growth. This study also aims to enhance our understanding of how melon responds to FOM infection and the mechanisms by which Trichoderma harzianum treatment improves melon resistance at the metabolic level.
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1 Introduction

Melon (Cucumis melo L.) is highly regarded and valued globally due to its abundant nutritional contents, including ascorbic acid, carotene, folic acid, potassium, and various other bioactive compounds (Thakur et al., 2019). In intensive and large-scale melon production systems, it tends to be monocropped due to its high economic value and the limited availability of land. Consequently, soil sickness is a serious issue that can cause growth retardation, yield loss, poor quality, and increased pathogen colonization. Fusarium wilt is the primary cause of soil sickness in China, which limits melon yield and marketability. Therefore, the pressing requirement in melon production is to research how to manage agriculture better in terms of both quality and quantity.

Fusarium wilt, a widespread soil-borne fungus that colonizes and blocks the vascular systems of host plants (Gordon, 2017), caused by Fusarium oxysporum f. sp. melonis (FOM), is living in the soil and is hardly eliminated from continuously cropped melon soil. It is one of the most destructive diseases affecting the production and quality of melon widely, which is the bottleneck problem of melon in production. The utilization of microbial strategies, specifically the manipulation of the microbiome, has become a prominent area of focus in both research and production (Carrion et al., 2019; Pascale et al., 2019; Li et al., 2020a; Snelders et al., 2020). Biocontrol is considered a desirable approach for managing disease through beneficial microorganisms in host plants and soil-borne pathogens, such as Trichoderma, Bacillus, and Pseudomonas (Shi et al., 2019; Wen et al., 2020). Trichoderma, as bio-control agents, can alleviate the incidence of soil-borne disease; meanwhile, accumulating evidence indicates that microbiota in the rhizosphere directly or indirectly participate in host plant metabolic processes by regulating the secondary metabolisms of host plants (Chen et al., 2018; Huang et al., 2018; Pang et al., 2021). However, it is unclear whether the exogenous application of Trichoderma could change the melon metabolites related to resistance.

It recognizes that beneficial microorganisms can cause an immune response in the entire plant when they come together in the soil around a plant's roots (Qin et al., 2022). This defense mechanism includes releasing antibiotics, changing the composition of substances in the roots, and modifying the soil's microbial community. Together, these measures prevent the spread of dangerous pathogens (Wang et al., 2023). Numerous studies have shown that certain proteins released from the roots of plants act as signals when they deal with the beneficial fungus Trichoderma, such as SSCPs (small, secreted, cysteine-rich proteins), which act as negative effectors, reducing the defense level (Amdan et al., 2015). The plant's defense system makes use of these signals (Kan et al., 2023; Zhang T. et al., 2023). It has been demonstrated that Trichoderma application reduces the possibility of diseases, particularly those that affect the soil. This decrease is closely associated with modifications in the root's metabolic compounds, particularly indole-3-acetic acid, during the Trichoderma interaction (Bader et al., 2020; Li et al., 2023). Meanwhile, melon secreted different kinds of metabolic compounds (including hormones and phytoalexins) and improved the growth indirectly when Trichoderma colonized in the rhizosphere (López-Bucio et al., 2015; Malmierca et al., 2015).

Previously, we found that the application of Trichoderma promoted the growth of orient melon, induced resistance against FOM, and alleviated the incidence of Fusarium wilt. However, it remains uncertain whether the increased resistance was related to changes in metabolic compounds. Therefore, we hypothesized that the application of Trichoderma improved the resistance of orient melon by changing its root metabolism. To verify the hypothesis, the pot experiments were conducted with the following specific objectives: (1) to determine if the application of Trichoderma enhanced the resistance of orient melon against FOM, thereby reducing the occurrence of Fusarium wilt; (2) to analyze the changes in metabolites using UPLC-Q-TOF technology; and (3) to clarify the altered metabolic pathway in orient melon treated with Trichoderma in response to the pathogen, which will provide a technological foundation for future applications of Trichoderma in production.



2 Method and materials


2.1 Materials

The “YangJiaoMi” melon seeds, a self-pollinating line that is susceptible to Fusarium oxysporum f. sp. melonis (FOM), were provided by the Department of Horticulture, Heilongjiang Bayi Agricultural University. The soil used was collected from a greenhouse located in Daqing, China (46°58′N, 125°03′E), where orient melon has been cultivated exclusively for multiple consecutive years. The soil had a composition of 3.64% organic matter, 139 mg kg−1 available N, 271 mg kg−1 Olsen P, and 223 mg kg−1 available K. The electrical conductivity (EC) of the solution was measured to be 0.68 mS cm−1 (1:2.5, w/v), while the pH was determined to be 6.91 (1:2.5, w/v). The soil was used repeatedly to cultivate melon over several years, leading to a notable prevalence of melon wilt and the subsequent accumulation of pathogens, particularly Fusarium spp. Fusarium oxysporum f. sp. Melonis was isolated from diseased orient melon plants in a continuously monocropped melon field (Datong Farm in Daqing, China) cultured on potato dextrose agar (PDA) media. The Trichoderma harzianum (Xue et al., 2021) was provided by the Department of Horticulture, Heilongjiang Bayi Agricultural University, Daqing, Heilongjiang province, China.



2.2 Experiments design

The pot experiment was conducted in a greenhouse from 20 May to 15 June 2021, located in Heilongjiang Bayi Agriculture University, Daqing, Heilongjiang province, under a 16/8-h light/dark regime with a day temperature of 26°C and a night temperature of 16°C, the light intensity was ~8,000–10,000 lux. Orient melon seeds were sterilized with 2.5% sodium hypochlorite solution for 10 min, rinsed with sterilized water three times, and potted in pots (12 cm × 15 cm) filled with the soil from monocropping with orient melon. When they had two fully expanded leaves, the inoculations with FOM and Trichoderma harzianum were carried out using the root irrigation method, and three treatments were arranged: (1) treated with water (CK); (2) treated with FOM (105 spores/g soil); (3) treated with Trichoderma harzianum (105 spores/g soil). These pots were transferred to a plant growth chamber with a 16-h light/8-h dark photoperiod and a temperature cycle of 28°C (light) and 18°C (dark). The humidity level was consistently maintained at 70%. After 15 days, the incidence of Fusarium wilt was investigated, and the roots of orient melon were harvested. In total, 15 orient melon roots were considered one replicate sample, and each treatment contained three treatments. Furthermore, the roots were washed with water and wrapped in tinfoil, immediately frozen in liquid nitrogen, and stored at −80°C, which was used for the analysis of different metabolic compounds with UPLC-ESI-MS/MS.



2.3 Sample preparation and extraction

The orient melon roots were freeze-dried by a vacuum freeze-dryer (Scientz-100F) and then ground using a grinding mill (MM 400; Retsch, Haan, Germany) for 1.5 min at a frequency of 30 Hz. Then, 100 mg of powder was weighed and subjected to an extraction process at 4°C with 1.2 ml of 70% aqueous methanol. The extraction process lasted for a duration of 24 h. After centrifugation at 12,000 g for 10 min to remove undissolved residues, the extracts were filtered using SCAA-104 with a 0.22 μm pore size (ANPEL, Shanghai, China), followed by LC-MS analysis.



2.4 High-performance liquid chromatography conditions

The extracts above were analyzed using an LC-ESI-MS/MS system (UPLC Shimadzu CBM30A system, https://www.shimadzu.com.cn/; MS, 4500 Q TRAP; Applied Biosystems, https://www.thermofisher.cn/cn/zh/home/brands/applied-biosystems.html). The analytical conditions were as follows: the chromatographic column was Waters Acquity UPLC: Agilent SB-C18 (2.1 mm*100 mm, particle size 1.8 μm) and the mobile phase consisted of solvent A (pure water with a 0.1% formic acid solution) and solvent B (acetonitrile with a 0.1% formic acid solution). Sample measurements were performed with a binary gradient program that employed the starting conditions of 95% A and 5% B. Within 9 min, a linear gradient of 5% A and 95% B was programmed, and a composition of 5% A and 95% B were kept for 1 min. Subsequently, a composition of 95% A and 5.0% B was adjusted within 1.1 min and maintained for 12.9 min. The flow velocity was set at 0.35 ml min−1; the column oven was set to 40°C; and the sample injection volume was 4 μl. The effluent was alternatively connected to an ESI-triple quadrupole-linear ion trap (QTRAP)-MS (Chen et al., 2013; Peng et al., 2017; Zhu et al., 2018).



2.5 ESI-Q trap-MS/MS

A system equipped with linear ion trap (LIT) and triple quadrupole (QQQ) scans was utilized to detect metabolites. The system was equipped with an ESI turbo-ion spray interface that operated in positive and negative ion monitoring modes. The interface was controlled using the Analyst v1.6.3 software, developed by AB Sciex, Foster City, CA, United States. The operation parameter of the ESI source was an ion source utilizing turbo spray technology, operating at a temperature of 550°C and a voltage of 5,500 V. The pressure settings for gas I, gas II, and curtain gas were 55, 60, and 25 psi, respectively. The collision gas was adjusted to a high level. For the instrument tuning and mass calibration, we utilized polypropylene glycol solutions with concentrations of 10 and 100 μmol/L in the QQQ and LIT modes, respectively. The QQQ scans were acquired during the multiple reaction monitoring (MRM) experiments using nitrogen as collision gas at a pressure of 5 psi. Optimization was conducted to determine the de-clustering potential (DP) and collision energy (CE) for each MRM transition. The monitoring process focused on a specific set of MRM transitions, which were determined based on the metabolites that were eluted during each period (Chen et al., 2013; Peng et al., 2017; Zhu et al., 2018).



2.6 Qualitative and quantitative metabolite analyses

Analyst v1.6.3 software was used to analyze the MS data. Based on the metabolic database (Sigma-Aldrich, St. Louis, MO, United States) and self-compiled MWDB database (MetWare Biological Science and Technology Co., Ltd., Wuhan, China), we compared the accurate precursor ions (Q1), product ion (Q3) values, retention times, and fragmentation patterns with standards to analyze the primary and secondary MS data.

The quantitative analysis of each metabolite was carried out in the MRM mode. The characteristic ions of metabolites were screened by QQQ MS to get the signal strengths. MultiaQuant v3.0.2 (AB Sciex, Concord, Ontario, Canada) was used for the integration and correction of chromatographic peaks. The peak area of each chromatographic peak represented the relative content of the corresponding substance compared to standards. In the absence of standards, we utilized a self-compiled database called MWDB, as well as publicly accessible metabolite databases, to conduct data analysis.



2.7 Multivariate statistical analysis

Multivariate statistical analysis was used to make high-dimensional data more simplified and was reduced by retaining the original information to the greatest extent, and reliable mathematical models were established to summarize the characteristics of the metabolic data of the objects. Metabolite data were log2-transformed for statistical analysis to improve normality and were normalized. Metabolites from nine samples were used for principal component analysis (PCA), orthogonal partial least squares discriminant analysis (OPLS-DA), and hierarchical clustering analysis (HCA) using R software to study metabolite accession-specific accumulation. The p-values and fold change values were set to 0.05 and 2.0, respectively. The number of differential metabolites in three comparison pairs was expressed by Venn diagrams. Identified metabolites were annotated using the KEGG COMPOUND database (http://www.kegg.jp/kegg/compound/), and then, the annotated metabolites were mapped to the KEGG Pathway database (http://www.kegg.jp/kegg/pathway.html). Pathways with significantly regulated metabolites mapped were then fed into metabolite sets enrichment analysis (MSEA), and their significance was determined by the hypergeometric test's p-values. All data were graphed using Origin12.0.




3 Results


3.1 The incidence and index of melon Fusarium wilt

The incidence and index of melon Fusarium wilt are shown in Figure 1. After 15 days of inoculation with FOM and Trichoderma, the incidence of melon Fusarium wilt in the FOM-inoculated (KW) treatment showed a significant increase compared to the control (CK) treatment, while the Trichoderma-application (MM) treatments resulted in a significant decrease in the incidence of melon Fusarium wilt. However, the index of melon Fusarium wilt was at a comparable level to the incidence of melon Fusarium wilt.


[image: Figure 1]
FIGURE 1
 The incidence (A) and index (B) of melon Fusarium wilt (CK: control; KW: inoculated with FOM; MM: inoculated with Trichoderma). Columns labeled with different letters are significantly different at the 0.05 probability level based on Tukey's HSD.




3.2 Metabolic profiling

A total of 886 metabolic compounds were found in the three treatment samples (Supplementary material), which were divided into 10 classes, including 396 primary metabolites, 398 secondary metabolites, and 92 others. The primary metabolites included amino acids and derivatives of 84 types, organic acids of 85 types, lipids of 168 types, nucleotide and derivatives of 59 types. In addition, secondary metabolites included flavonoids of 100 types, phenolic acids of 176 types, terpenoids of 40 types, alkaloids of 54 types, lignins and coumarins of 28 types, and others of 92 types (Figure 2A). To ensure the repeated ability and reliability of the data, hierarchical cluster analysis and analysis of the mass spectrometry results of different quality control (QC) samples are shown in Figure 2B and Supplementary Figure 1, respectively. These results indicated that the curves of the QC samples exhibited a substantial degree of overlap in the total ion current (TIC), suggesting that the test results were reliable.


[image: Figure 2]
FIGURE 2
 (A) Classification of the 774 metabolites of melon samples; (B) hierarchical cluster analysis (HCA); (C) principal component analysis (PCA).


Hierarchical cluster analysis (HCA) was used to analyze the differences in the accumulation patterns of metabolites among CK, KW, and MM treatments (Figure 2B). The analysis revealed a significant disparity in the accumulation of compounds among the treatments, with these metabolites being categorized into four clusters. The metabolite contents in Cluster I exhibited the highest level in MM, an intermediate level in KW, and the lowest in CK. The metabolite contents in Cluster II exhibited the highest level in MM, an intermediate level in CK, and the lowest level in KW. The metabolite contents in Cluster III exhibited the highest level in CK, an intermediate level in KW, and the lowest level in MM. The metabolite contents in Cluster IV exhibited the highest level in KW, an intermediate level in CK, and the lowest level in MM. According to principal component analysis (PCA) results, the orient melon samples under different treatments were separated significantly, indicating that the metabolites of different treatments were significantly different after inoculation with FOM and Trichoderma, corresponding to the observation of the incidence and index of melon wilt. The first principal component (PC1) can explain 45.41% of the characteristics of the original dataset. Different treatments were separated by the principal components, while the inoculated orient melon plants and non-inoculated orient melon plants were separated by the second principal component (PC2), which explained 16.82% of the characteristics of the original dataset (Figure 2C).



3.3 Analysis of differential metabolites

Orthogonal partial least squares discriminant analysis (OPLS-DA) was used to maximize population differentiation to identify distinct metabolites, which is a multivariate statistical analysis method. Comparison pairwise was analyzed using the optimization OPLS-DA model, and the score plots are shown in Figure 3. In the optimization model, R2X and R2Y were used to represent the interpretation rate for the X and Y matrices, respectively, and Q2 represented the prediction ability. Comparison pairwise results showed that both R2Y and Q2 scores were higher than 0.9, indicating that the model was suitable. In addition, the effectiveness of the OPLS-DA model was confirmed through 200 alignment experiments, with the results demonstrating its efficacy (Supplementary Figure 2).


[image: Figure 3]
FIGURE 3
 The score plots of OPLS-DA pairwise comparisons of differential metabolites. (A) CK vs. KW; (B) CK vs. MM; and (C) KW vs. MM.


The metabolites that showed differential expression were identified by considering both the fold change value and the VIP value. Specifically, metabolites with a fold change of ≥2, a fold change of ≤ 0.5, and a VIP ≥ 1 were considered and selected as differential metabolites. As shown in Figure 4A, in the three comparison pairs (CK vs. KW, CK vs. MM, and KW vs. MM), the number of upregulated metabolites was comparable to the number of downregulated metabolites. In the comparison of CK and KW, a total of 70 differential metabolites were identified, consisting of 33 metabolites that were upregulated and 37 metabolites that were downregulated. A total of 128 metabolites exhibited differential expression in the comparison pairs of CK and MM, with 67 metabolites being upregulated and 61 metabolites being downregulated. In the comparison of KW and MM, a total of 218 differential metabolites were identified, consisting of 111 upregulated metabolites and 107 downregulated metabolites. Figure 4B illustrates the division of different metabolites into 10 categories: four primary metabolites (nucleotides, organic acids, amino acids and derivatives, and lipids) and five secondary metabolites (alkaloids, flavonoids, lignins and coumarins, phenolic acids, and terpenoids). The analysis revealed that orient melon plants treated with Trichoderma harzianum had a higher presence of upregulated flavonoids and derivatives compared to those treated with KW. This suggested that the Trichoderma harzianum treatment might stimulate the synthesis of these metabolites in melon plants, protecting against the Fusarium pathogens. The downregulated metabolites between comparison pairs were all concentrated in amino acids and derivatives and lipids, while the upregulated metabolites between the three comparison pairs were all concentrated in flavonoids and phenolic acids, indicating that these differential metabolites were accumulated more in orient melon after FOM and Triochderma infection, indicating that orient melon plants had a defense response to pathogens.


[image: Figure 4]
FIGURE 4
 (A) The number of differentially expressed metabolites of each pairwise comparison of melons; (B) classification of differentially expressed metabolites of three pairwise comparisons.




3.4 KEGG functional annotation and enrichment analysis of differential metabolites

According to the KEGG annotation and enrichment results (Figure 5), the differential metabolites between CK and KW were mainly annotated and enriched in the following pathways: flavonoid biosynthesis, flavone and flavonol biosynthesis, phenylpropanoid biosynthesis, linoleic acid metabolism, biosynthesis of unsaturated fatty acids, and arachidonic acid metabolism, which may be related to the resistance of plants (Figure 5A).


[image: Figure 5]
FIGURE 5
 KEGG annotations and enrichment of differentially expressed metabolites of each pairwise comparison of melon. (A) CK vs. KW; (B) CK vs. MM; and (C) KW vs. MM.


In the comparison between CK and MM, the incidence and index of Fusarusim wilt were higher in KW, and the differential metabolites were primarily annotated and enriched in the following pathways: flavonoid biosynthesis, flavone and flavonol biosynthesis, amino acid biosynthesis, 2-oxocarboxylic acid metabolism, galactose metabolism, fructose and mannose metabolism, glycerophospholipid metabolism, nicotinate and nicotinamide metabolism, phenylalanine, tyrosine and tryptophan biosynthesis, sphingolipid metabolism and valine, and leucine and isoleucine biosynthesis (Figure 5B). Otherwise, the differential metabolites between KW and MM were primarily annotated and enriched in the subsequent pathways: linoleic acid metabolism, galactose metabolism, glycolysis/gluconeogenesis, nicotinate and nicotinamide metabolism, carbon fixation in photosynthetic organisms, phenylalanine, tyrosine and tryptophan biosynthesis, fructose and mannose metabolism, and flavonoid biosynthesis (Figure 5C).

In these comparison pairs, the overlapped metabolic pathways included flavone and flavonol biosynthesis, flavonoid biosynthesis, and phenylpropanoid biosynthesis. The remarkable thing was that the metabolic pathways mentioned above all pertain to resistance against pathogen infection.



3.5 Key metabolites and pathways related to orient melon resistance to pathogens

An analysis was conducted to identify the key metabolites related to the incidence of Fusarium wilt in response to pathogen infection. Figure 6 depicts a Venn diagram, illustrating that the overlapping and distinct metabolites were shared among CK vs. KW, CK vs. MM, and KW vs. MM. According to Figure 6, we identified seven key metabolites in three pairwise comparisons. These metabolites were found to be significant in response to pathogen infection and could be divided into four distinct classes. The details of these metabolites are provided in Table 1.


[image: Figure 6]
FIGURE 6
 A Venn diagram between CK, KW, and MM (A) and the classification of the seven key metabolites (B).



TABLE 1 Seven key differential metabolites in three comparison pairs.
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3.6 Analysis of the pathway of common differential metabolites

With the CK vs. KW pairwise comparison, the metabolites of coniferyl alcohol and chlorogenic acid showed significant enrichment and downregulation in the phenylpropanoid biosynthesis pathway. However, the metabolites of pinobanksin 3-acetate and vitexin exhibited significant enrichment and upregulation in the flavonoid biosynthesis pathway. Isovitexin, vitexin, and chrysoeriol experienced enrichment and significant upregulation in the flavone and flavonol biosynthesis pathways. The compounds of 15-OxoETE, arachidonate, 9,10-DHOME, and 9,12,13-triHOME were found to be enriched and significantly reduced in the pathways of arachidonic acid metabolism and linoleic acid metabolism, except for 9,12,13-triHOME (Figure 7).


[image: Figure 7]
FIGURE 7
 Changes in key metabolites mapped to metabolic pathways in melon samples pairwise comparisons (CK, VS, and KW). The red small rectangle indicates that the metabolite content is significantly upregulated; the green small rectangle indicates that metabolite content is significantly downregulated.


With the KW vs. MM pairwise comparison, glycerone-P, glycerate-3P, shikimate, phenylpyruvate, and phosphoenolpyruvate were enriched, which were significantly upregulated in glycolysis/gluconeogenesis phenylpropanoid pathway. Nicotinamide, NAD, and NADP+ exhibited an increase in abundance and upregulation in the biosynthesis of the cofactor pathway. The compounds of caffeic acid, caffeoyl quinic acid, coniferyl alcohol, syringin, luteolin, eriodictyol, neohesperidin, and coumarin were enriched, which were upregulated significantly except for coumarin in the phenylpropanoid biosynthesis pathway. In the phenylalanine metabolism pathway, the compounds 4-hydroxy-phenylacetate, 2-hydroxy-phenylacetate, phenylpyruvate, and tyrosine were enriched, which were downregulated except for phenylpyruvate. In amino acid pathway biosynthesis, LL-2,6-diaminohepta nedioate, citruline, and oxaloacetate were enriched, which were downregulated except for oxaloacetate (Supplementary Figure 3).

With the CK vs. MM pairwise comparison, glycerate-3P, shikimate, phenylpyruvate, and phosphoenolpyruvate were enriched, which were significantly upregulated in the glycolysis/gluconeogenesis phenylpropanoid pathway. In amino acids pathway biosynthesis, the compounds of (s)-2-aceto-2-hydroxybutanoate, 2,6-diaminoheptanedioate, citruline, and oxaloacetate were found to be enriched, which were downregulated except for oxaloacetate and (s)-2-aceto-2-hydroxybutanoate (Supplementary Figure 4).




4 Discussion

Fusarium wilt, caused by Fusarium oxysporum f. sp. melonis (FOM), posed a significant challenge to melon production due to its persistence in monocropping systems. Utilizing pesticides in the production process may reduce the prevalence of Fusarium wilt, but it poses risks to both human and ecological wellbeing. Previous studies showed that the application of Trichoderma could reduce the intensity of Fusarium wilt in melon. However, the specific mechanism behind the reduction in wilt severity has not been fully understood.

The phenylpropanoid biosynthesis pathway was the major secondary metabolism in various plants when plants suffered from abiotic or biotic stress (Sharma et al., 2019). In this pathway, numerous antioxidants in plants were generated, including flavonoids, phenols, and lignins, preventing Fusarium from attacking the melon plants (Anjali et al., 2023). In this study, the levels of compounds in the phenylpropanoid biosynthesis pathway were found to be significantly increased in KW compared to MM, with the exception of coumarin compounds. Conversely, caffeoyl quinic acid, caffeic acid, coniferylalcohol, syringin, and chlorogenic acid were significantly decreased in CK compared to KW comparison pairs. Chlorogenic acid is an important signaling molecule and plant activator with various physiological functions, especially in induced resistance and in the presence of both biotic and abiotic stress conditions (Zhang Y. et al., 2023). Caffeic acid and syringic acid were the precursors of lignin, which could inhibit the growth of pathogens and enhance plant resistance (König et al., 2014). Plant cell walls were strengthened by the deposition of lignin, referred to as phytoalexin, allowing them to withstand the mechanical pressure caused by pathogen invasion (Liu et al., 2018). In this study, these results suggested that Trichoderma harzianum inoculation would increase the defensive capabilities of oriental melon in comparison to FOM inoculation, implying that Trichoderma harzianum not only inhibited the growth of FOM but also had a tendency to induce the resistance of oriental melon to the pathogen infection. These results may explain the intuitive outcome of Trichoderma harzianum treatment in alleviating the incidence of Fusarium wilt.

Several studies indicated that coumarins were antimicrobial substances that controlled the microbiomes in the rhizosphere and were characterized as phytoalexin agents (Stringlis et al., 2019). Our study revealed that the application of Trichoderma harzianum resulted in a decrease in the secretion of coumarins in the roots of oriental melon. P-coumaric acid, a phenolic acid produced by Cucurbitaceae crops, plays a crucial role in the occurrence of continuous cropping obstacles in these crops (Zhou and Wu, 2012). According to reports, P-coumaric acid negatively affects the growth of cucumbers by altering the composition of microorganisms in the rhizosphere. Zhou et al. (2018) demonstrated the conversion of p-coumaric acid into coumarin using multiple enzymes. However, we could not exclude the possibility that the application of Trichoderma harzianum inhibited the synthesis of self-toxic chemicals and boosted the production of antifungal compounds, thereby reducing the challenges associated with continuous cropping. This could potentially account for the observed decrease in coumarin concentration; however, further studies are needed to confirm these findings.

Flavonoids, acting as phytoalexins or antioxidants, are synthesized from the phenylpropanoid metabolic pathway. They possess the capability to scavenge reactive oxygen species (ROS) and provide protection to plants against both biotic and abiotic stresses (Iwashina, 2003; Pourcel et al., 2007; Cavaiuolo et al., 2013; Zhang et al., 2020). Sakuranetin, a flavanone phytoalexin, was synthesized in rice plants as a defense mechanism against pathogens. In mutant pal06, which cannot produce sakuranetin, there was an increased production of flavonoids and a heightened susceptibility to the rice blast fungus Magnaporthe oryzae (Duan et al., 2014; Hasegawa et al., 2014; Singh et al., 2023). In this study, the content of flavonoids was found to increase in the roots of melon inoculated with FOM or Trichoderma harzianum. However, the treatment of Trichoderma harzianum resulted in a significant decrease in the flavonoid content compared to the treatment with FOM inoculation. Additionally, out of the six different varieties, it was observed that “Yangjiaomi,” an oriental melon, was susceptible to FOM, suggesting that Trichoderma harzianum had the potential to safeguard oriental melon from pathogen infection. However, further studies are required to investigate the specific regulatory mechanisms.

The glycolysis/gluconeogenesis pathway is a metabolic process that involves the conversion of 6-carbon glucose into 2-carbon molecules, which then bond with the tricarboxylic acid cycle. This process leads to the release of ATP (Rui, 2014), which serves as the kinetic energy for plant growth (He et al., 2023). Accumulating evidence shows that the glycolysis/gluconeogenesis pathway is usually upregulated in plants as a response to abiotic and biotic stress conditions, leading to the development of resistance (Li et al., 2020b). In this study, the tricarboxylic cycle and phenylpropanoid biosynthesis nodes were connected via the glycolysis/gluconeogenesis pathway, which was accumulated in the comparison pairs of CK vs. MM and KW vs. MM. Treatment with Trichoderma harzianum stimulated the synthesis of various intermediate metabolites in the glycolysis/gluconeogenesis pathway, such as shikimate, glycerone-3p, phosphoenolpyruvate, and other key compounds (Figure 8). These results showed that Trichoderma harzianum, used as a plant growth-promoting rhizobacterium (PGPR), improved the resistance against FOM and facilitated the growth of oriental melon by providing energy. Nicotinamide adenine dinucleotide (NAD) is a chemical elicitor that regulates plant defense responses to multiple biotic stresses (Abdelsamad et al., 2019; Sidiq et al., 2021). The application of NAD+ to citrus tissues prepared them for more rapid and robust activation of genes in multiple salicylic acid pathways when subsequently infected with Xcc (Alferez et al., 2018). In this study, treatment with MM resulted in higher levels of NAD+, NADP+, and nicotinamide compared to KW. However, in the other comparisons, there was no change in the levels of these compounds, which suggested that the application of Trichoderma harzianum could prime the resistance of melon against pathogen infection, implying that oriental melon suffered from infection with pathogens only.
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FIGURE 8
 Changes in key metabolites mapped to metabolic pathways in melon samples by pairwise comparisons. The red small rectangle indicates that the metabolite content is significantly upregulated; the green small rectangle indicates that metabolite content is significantly downregulated; the blue small rectangle indicates no significant difference in that metabolite content.


Cucurbitin, referred to as a “green pesticide,” is a potent tool for plant defense against pests and diseases (Balkema-Boomstra et al., 2003). In this investigation, it was discovered that the content of isocurbitin D increased with CK vs. KW comparison pairs. However, in KW vs. MM comparison pairs, isocurbitin A, E, and D contents dramatically decreased, and cucurbitin A and isocucurbitin D levels were dramatically reduced in CK vs. MM comparison pairs. Therefore, the application of Trichoderma harzianum resulted in a considerable reduction in isocucurbitin D levels. Nevertheless, Zhong et al. (2022) reported that cucurchinin B was the primary constituent responsible for melon disease resistance, which may be associated with the differences in cucurbitin production among different oriental melon varieties. Utilizing cucurchinin has the potential to improve melon's resistance to Fusarium wilt while simultaneously enhancing the quality of melon vegetables. However, further studies and analysis will be required to comprehend the varying responses of different cucurbitins to Fusarium wilt.



5 Conclusion

From the metabolic pathway of the KEGG analysis, Trichoderma treatment could alleviate the incidence of Fusarium wilt for its inhibiting effect and change the metabolites in oriental melon under the infection of pathogens, mainly through regulating the phenylpropanoid biosynthesis pathway and the flavone and flavonol biosynthesis pathways, whereas Trichoderma harzianum application decreased the infection of pathogens, increased the biosynthesis of glycolysis/gluconeogenesis, and increased the biosynthesis of cofactors related to growth. This study can provide new insights into the understanding of the response of oriental melon against the infection of FOM and the mechanisms of improving the resistance of oriental melon treated with Trichoderma harzianum to Fusarium wilt exerted by the metabolism level.
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