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Abstract: During post-harvest storage of Cucumis sativus fruit, the application of trypsin treatment could increase flavonoid compound levels and reduce oxidative damage. To investigate the mechanism of trypsin-induced flavonoid biosynthesis in C. sativus, we conducted a combined analysis of transcriptomics and widely targeted metabolomics. One hundred and seventy-five significantly different metabolites were obtained from metabolomics data. The kyoto encyclopedia of genes and genomes (KEGG) functional enrichment results indicated that these metabolites were mainly involved in the phenylpropanoid biosynthesis pathway. By combining the results of the weighted gene co-expression network analysis (WGCNA) with the 130 upregulated phenylpropanoid metabolites, 22 significantly upregulated phenylpropanoid metabolites were identified. Trilobatin was identified as the most prominent metabolite through cluster analysis and variable importance in projection (VIP) analysis. High performance liquid chromatography (HPLC) experiments confirmed that trilobatin was the key metabolite induced by trypsin. The transcriptomic results showed that 1068 genes in the brown module of WGCNA were highly positively correlated with flavonoid biosynthesis. The gene set enrichment analysis (GSEA) identified leading edges in 4 key KEGG pathways. Finally, combined with WGCNA and GSEA analysis results, 35 core genes were obtained. The co-expression network of transcriptomics and metabolomics suggested that CsWRKY28 and CsMYC2 regulated the biosynthesis of trilobatin. The quantitative real-time polymerase chain reaction (RT-qPCR) and dual luciferase experiments confirmed the activation effect of CsWRKY28 on CsMYC2 and downstream target genes. This study revealed the key transcription factors involved in the trypsin-controlled biosynthesis of trilobatin in C. sativus and provided a new theoretical basis for elucidating the molecular mechanism of trypsin preservation.
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1  Introduction

Phenylpropanoid compounds were commonly found in plants and were synthesized through a series of enzymatic reactions, including catalysis by phenylalanine deaminase (PAL), cinnamate-4 hydroxylase (C4H), and 4-coumaryl CoA ligase (4CL). They were transformed into different phenylpropanoid metabolites through downstream biosynthesis pathways, including flavonoids, coumarins, terpenes, lignin, anthocyanins and others [1,2]. Flavonoids are a type of plant secondary metabolite that are widely present in nature and have various physiological activities and protective effects [3].

Flavonoids could act as natural antioxidants for plants, neutralizing hydrogen peroxide and radicals produced during photosynthesis and other biochemical reactions, thus preventing excessive accumulation and oxidative damage to cells [2]. Additionally, they also enhanced gene expression levels and antioxidant enzyme activities, promoted the content and clearance of antioxidant compounds, and played an important role in maintaining the post-harvest quality of fruits and vegetables while delaying aging [4]. Research on lychee and banana fruits has shown that proanthocyanidins help maintain fruit quality by promoting antioxidant activity and enhancing endogenous flavonoid biosynthesis [5–7]. Flavonoid biosynthesis and regulatory mechanisms have been extensively studied in plants due to the bioactive functions of these compounds.

According to reports, several transcription factors (TFs) were involved in the regulation of key genes in the phenylpropanoid pathway, thereby affecting the levels of anthocyanins, lignins, and flavonoids [8]. For instance, VaMYBF1 could bind to the VaCHS promoter regulating flavonol biosynthesis in Vitis adenoclada grapes [9]. In cotton, GhWRKY41 promoted the accumulation of lignin and flavonoids by activating the expression of GhC4H and Gh4CL [10]. In strawberries, FaWRKY71 mediated resistance to active oxygen species (ROS) by accelerating anthocyanin accumulation, thereby reducing the content of MDA (Malondialdehyde) [11]. Our laboratory also discovered that the expression of HuWRKY40 in pitaya was closely related to flavonoid biosynthesis [12].

Previous studies conducted in our laboratory have demonstrated that trypsin could act as a biological preservative, significantly enhancing the antioxidant capacity of fruits and vegetables, thereby extending their storage period [13]. Trypsin not only cleared superoxide anions and regulated endogenous ROS levels in pitaya peel, but also induced the biosynthesis of lignin, chlorogenic acid [14,15], and flavonoids in the phenylpropanoid pathway [16,12]. This affected the flavonoids’ ability to scavenge radicals such as DPPH (2,2-Diphenyl-1-picrylhydrazyl) and ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) [17,18], enhancing the fruit’s resistance. Trypsin was found to activate the expression of CsMYC2, promoting flavonoid biosynthesis in C. sativus [19]. However, the promotion of flavonoid biosynthesis by trypsin required more professional and in-depth research to fully reveal its mechanism of action.

C. sativus was a nutritious vegetable with high water content, but it was prone to quality deterioration and decay after harvest [20,21]. In this study, C. sativus was used as the experimental material. The key flavonoid compounds promoted by trypsin were screened using widely targeted metabolomics. Key pathway genes and transcription factors influenced by trypsin were selected from the transcriptome data. Co-expression network analysis was used to identify the connections between key metabolites and their biosynthesis-related genes. The function of CsWRKY28 was validated, and its impact on the expression of downstream target genes was verified through RT-qPCR and dual-luciferase assays. The results of this study provided new theoretical evidence for the mechanism by which trypsin enhances flavonoid biosynthesis, thus providing a more comprehensive understanding of the molecular mechanisms of trypsin in flavonoid biosynthesis in C. sativus.

2  Materials and Methods

2.1 C. sativus Treatment Methods

The C. sativus (Jinyou 38) was harvested from Miaoshui Base, Ruyang County, Luoyang City, Henan Province, China. The fruit with bright green color, no obvious mechanical damage, and uniform length were selected for grouping research. Experiments were conducted following the treatment method proposed by Zhang et al. [12], took photos and recorded data regularly.

2.2 Weighted Gene Co-Expression Network Analysis (WGCNA)

Unsupervised co-expression modules were analyzed using WGCNA. This method utilized the PickSoftThreshold function from the WGCNA package to determine the weights of each indicator, ensuring conformity to a scale-free network distribution [22]. For each identified co-expression module of biological molecules, representative feature genes were computed (using the WGCNA function “module feature genes”), and the correlation between module feature genes and stress parameters was calculated (adjusting the corresponding p-values using the R function p adjust (FDR) with Benjamin-Hochberg correction).

2.3 Transcriptomic Analysis

Differential expression analysis of the transcriptome was performed using the DESeq2 software [23], with parameters set as follows: p adjust < 0.05 & |log2FC| >= 1.5, to identify differentially expressed genes. Enrichment analysis of KEGG pathways was performed on the selected differentially expressed genes using an R script. Additionally, the gene set enrichment analysis (GSEA) method was employed. This method, based on the Signal2Noise algorithm, comprehensively detects genes with significant biological significance at the overall level, without the need to specify a threshold for the degree of differential expression [24].

2.4 Widely Targeted Metabolomics Analyses

Metabolites with VIP > 1.0 (variable importance in the projection) and p < 0.05 were considered as differentially expressed metabolites (DEMs) [14]. Additionally, supervised models such as OPLS-DA/PLS-DA were employed. Paired differences were examined and predicted through 7-fold cross-validation. Variable importance in projection (VIP) analysis based on the first principal component was utilized to identify metabolites contributing significantly to classification.

2.5 Correlation Network Analyses

Differential genes and metabolites selected from the transcriptomics and metabolomics profiles were used to compute correlations using Spearman. A co-expression network diagram of genes and metabolites was constructed using Cytoscape software (https://cytoscape.org/index.html, accessed on 17 October 2024, ver3.9.1). The cytoHubba plugin was employed to rank nodes based on closeness using 11 topological analysis methods [25].

2.6 RNA Isolation and First-Strand cDNA Synthesis

Total RNA was extracted from C. sativus peel samples using Triquick reagent. The purity of the extracted RNA was assessed using a microvolume spectrophotometer. Subsequently, cDNA synthesis was performed using the TransScript® One-Step gDNA Removal and cDNA Synthesis SuperMix Kit.

2.7 Construction of CsWRKY28 Vector

Fragments of CsWRKY28 (279 bp) obtained through PCR amplification and purification were ligated with the pTRV2 vector. The full-length CsWRKY28 (1431 bp) was also ligated with the P3300 vector. Both constructs were separately transformed into Agrobacterium GV3101 for subsequent experiments (primer sequences used are provided in Table S1). C. sativus samples were divided into four groups: the blank control group (CK group), trypsin-treated group (Try group), trypsin combined with CsWRKY28 silencing treatment group (TV-WRKY28), and trypsin combined with CsWRKY28 overexpression treatment group (TO-WRKY28). The infection protocol followed the method described by Li et al. [26], whereby the peel was immersed in a bacterial suspension with an OD600 of 0.6. After soaking in bacterial solution, samples were cultured in darkness for one day, followed by trypsin treatment, and then incubated at 25°C for 18 days. Distilled water treatment was used as the control group (CK), while the group treated with only trypsin was designated as the Try group. The group soaked in bacterial solution containing the recombinant pTRV2 plasmid, followed by trypsin treatment, was referred to as the TV-WRKY28 group, and the group soaked in bacterial solution containing the recombinant P3300 plasmid, followed by trypsin treatment, was designated as the TO-WRKY28 group.

2.8 Dual-Luciferase Assay

The promoter sequence of the target gene was analyzed using the PlantCARE database website (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (accessed on 17 October 2024) [27]. Subsequently, the specific promoter sequence of the target gene was cloned and ligated with the Luc plasmid (primer sequences used are provided in Table S1). The construct was then transformed into Agrobacterium GV3101 containing helper plasmids for subsequent infection of tobacco [28].

2.9 RT-qPCR and Quality of Fruits

The method of 2−ΔΔCt was used to calculate the expression levels of differential genes, with experiments repeated three times [29]. All primers are listed in Table S1. The loss rate was periodically measured according to the method introduced previously. Hardness testing was performed using a TA. XT EXPRESS food texture analyzer. The maximum force required to penetrate to a depth of 10 mm at a rate of 1 mm/s with a P/5 probe was measured. pH detection was conducted using a PHS-3E pH meter, measuring the pH value of C. sativus juice sequentially. Each sample was measured three times, and the average value was recorded [14,30].

2.10 Metabolites Determination by HPLC

The dried sample of C. sativus was ground and filtered by 70% absolute ethanol, bathed in water at 65°C for 2.5 h, and placed overnight at −20°C. The supernatant was centrifuged and filtered through a 0.2 μM filter membrane, and the filtrate was analyzed by high-performance liquid chromatography (HPLC). The Agilent 1200 series HPLC system (Agilent Technologies, Santa Clara, CA, USA) was used in the current work. Chromatographic column: reverse liquid chromatographic column (Agilent ZORBAX SB-C18, 4.6 mm × 250 mm, 5 μm). The column temperature was kept at 30°C. A gradient mobile phase consisted of 0.1% formic acid in water (A) and methanol (B) and separation was achieved using the following gradient program: 1–5 min, 5% B; 5–8 min, 5%–30% B; 8–15 min, 30%–40% B; 15–20 min, 40%–60% B; 20–30 min, 60%–70% B; 30–33 min, 70%–5% B; 33–38 min, 5% B. The inject volume was 20 μL. Flow rate: 0.8 mL/min; Detection wave length: 280 nm. The loading concentration of the standard products of trilobatin (Shanghai Yuanye Bio-Technology Co., Ltd., Shanghai, China), phloretin and phloretin (Shanghai Aladdin Bio-Chem Technology Co., Ltd., Shanghai, China) were all 1 mg/mL, respectively [19].

2.11 Statistical Analyses

Data analysis and graph plotting were performed using Origin 2022 software. The t-test between samples was conducted using SPSS software to calculate the differences between samples. Significance and high significance differences were denoted by *p < 0.05 and **p < 0.01, respectively [31].

3  Results

3.1 Screening of Important Metabolic Pathways and Key Metabolites

Differential metabolite analysis was conducted on C. sativus metabolites after trypsin treatment, and a total of 704 metabolites were identified (Fig. 1A), among which 175 metabolites showed significant differences (Table S2). KEGG enrichment analysis was conducted on the 175 significantly different metabolites. It was found that among the top 20 pathways enriched by these significantly different metabolites, the phenylpropanoid biosynthesis pathway was the most prominent (Fig. 1B). Therefore, we further focused on the phenylpropanoid biosynthesis pathway and selected 216 compounds related to it from the 704 metabolites in the metabolomic data, including 130 upregulated metabolites.
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Figure 1: Metabolomics analysis of key metabolites regulated by trypsin. (A) Volcano plot of significant differential metabolites: red represented significantly upregulated metabolites, and blue represented significantly downregulated metabolites. (B) KEGG pathway enrichment plot of 175 metabolites. (C) Weighted gene co-expression network analysis of metabolites. On the left was the clustering analysis of metabolites and phenotypes, with the upper part showing the hierarchical clustering tree of metabolites, the middle part indicating the modules to which the metabolites belong, and the lower part representing the heat map of the correlation between metabolites within the module and phenotypes. On the right was the analysis of the correlation between modules and phenotypes, where the left column of numbers indicates the number of metabolites in the module, and each group of data on the right represented the correlation coefficient and significance p-value (in parentheses) between the module and phenotype. A larger absolute value indicates a stronger correlation, with red indicating positive correlation and blue indicating negative correlation. (D) Venn diagram of metabolites in three groups. (E) VIP analysis. (F) Clustering analysis of metabolites

Additionally, Weighted Gene Co-Expression Network Analysis (WGCNA) could partition metabolites into modules based on their expression trends, providing a more comprehensive assessment of the correlation between phenotypes and metabolites. Therefore, we employed WGCNA again to reanalyze 704 metabolites, identifying a total of 4 color modules. Among these modules, only the blue module, consisting of 280 metabolites, exhibited a highly positive correlation with trypsin (Fig. 1C), while the remaining three modules showed a negative correlation with trypsin. Consequently, we selected the 280 metabolites showing significant positive correlation with trypsin for subsequent analysis.

Venn analysis was performed on the 175 significantly different metabolites, the 280 metabolites significantly positively correlated with trypsin, and the 130 upregulated phenylpropanoid metabolites, confirmed 22 core metabolites significantly upregulated by trypsin and associated with phenylpropanoid (Fig. 1D; Table S3). After VIP analysis, it was found that significantly increased compounds included trilobatin, rosmarinic acid-3′-O-glucoside, and P-coumaroylmalic acid, among other phenylpropanoid compounds (Fig. 1E). Subsequently, cluster analysis was conducted on the 22 differentially upregulated metabolites, with trilobatin exhibiting the highest expression level (Fig. 1F). To further elucidate the mechanisms regulated by relevant genes, transcriptomic data will be used for in-depth analysis.

3.2 Transcriptome Analysis for Screening Key Genes

Based on the gene expression profile induced by trypsin treatment, an analysis of differential expression levels was completed. According to the transcriptomic PCA analysis, the samples were divided into two independent groups (Fig. 2A), with significant differences observed between the two groups (PC1 = 55.58%). Samples marked with the same color within each group were closely clustered together (PC2 = 12.63%). Subsequently, to elucidate the regulatory mechanism of trypsin on C. sativus preservation, we would analyze genes regulated by trypsin from multiple perspectives and focus on identifying functional genes that regulate flavonoid compounds, in combination with the results of metabolomic analysis.
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Figure 2: Transcriptomic analysis of differentially expressed genes regulated by trypsin. (A) PCA analysis of samples. (B) Volcano plot of expression differences. (C) KEGG pathway enrichment analysis of multiple gene sets, with transcription factor enrichment results on the left and differential gene expression enrichment results on the right. (D) GSEA analysis of genes related to 4 pathways. The upper curve represented the trend of cumulative ES values, with the highest point being the ES value of the gene set; the middle vertical line represented the position of the prior gene set in the sorted gene list, with black lines marking the position of each gene in the prior gene set in the sorted gene list; the lower heatmap and gray area graph represented the distribution of genes in the sorted gene list

Significant changes in gene expression were observed in C. sativus after trypsin treatment (Fig. 2B), with a total of 4198 differentially expressed genes identified (p < 0.05, FC > 1.5). KEGG pathway enrichment analysis (Table S4) revealed that the most enriched pathways among the differentially expressed genes were “phenylpropanoid biosynthesis” (map00940) pathway (68/4198) and “plant-pathogen interaction” (map04626) pathway (58/4198). In our previous work, it was found that trypsin treatment significantly altered gene expression in C. sativus during storage, with transcription factors playing important regulatory roles in this process [32]. Therefore, we identified 1242 transcription factors from the transcriptomic data, of which 270 were significantly upregulated and 255 were significantly downregulated. KEGG pathway enrichment analysis (Table S5) of these 1242 transcription factors showed that the most enriched pathways were “MAPK signaling pathway-plant” (map04016) pathway (26/1242) and “plant hormone signal transduction” (map04075) pathway (55/1242). The analysis identified four major pathways involved in the regulation of genes and transcription factors significantly influenced by trypsin (Fig. 2C). However, relying solely on the significance of differential gene expression as a basis to assume that these genes played a key role was not comprehensive enough, as it may overlook genes with important biological significance but non-significant expression differences.

Therefore, we targeted these four pathways and re-screened all genes enriched in these pathways in C. sativus. Subsequently, we performed GSEA analysis on the genes of these four pathways to identify their leading subsets (Fig. 2D). A total of 197 genes were obtained, with 46 genes enriched in the leading edge of map00940, 36 genes enriched in the leading edge of map04016, 76 genes enriched in the leading edge of map04075, and 41 genes enriched in the leading edge of map04626.

Combining the results of our previous metabolomics analysis, the “phenylpropanoid biosynthesis” pathway was significantly enriched in both omics results. Moreover, it was found during the metabolomics analysis that flavonoid compounds were likely to play a crucial role in the phenylpropanoid biosynthesis pathway. Therefore, we selected 280 genes related to flavonoids from the transcriptome data, among which 56 genes were significantly upregulated. To prevent the omission of important genes related to flavonoids, we further identified all genes through WGCNA analysis, and after associating the modules with flavonoid phenotypic features, we obtained a heatmap of gene-phenotype correlation (Fig. 3A), which included a total of 5106 genes and were divided into 7 modules. Among these modules, the “yellow”, “brown”, and “turquoise” modules showed a positive correlation between their expression patterns and the dynamic changes of flavonoid compounds. Moreover, the brown module, consisting of 1068 genes, exhibited a highly positive correlation with flavonoid biosynthesis, with 607 genes showing upregulated expression.
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Figure 3: Screening of key genes. (A) Weighted co-expression analysis plot. On the left was the clustering analysis of metabolites and phenotypes, with the top being the hierarchical clustering tree of metabolites, the middle being the modules to which metabolites belong, and the bottom representing the heat map of the correlation between metabolites and phenotypes within the modules. On the right was the analysis of the correlation between modules and phenotypes, where each group of data on the right represented the correlation coefficient and significance p-value (in parentheses) between the module and phenotype, with a larger absolute value indicating a stronger correlation, red indicating positive correlation, and blue indicated negative correlation. (B) Venn diagram analysis of multiple gene sets, with the red triangular area representing the core genes

Finally, by combining the 270 significantly upregulated transcription factors, GAEA analyzed a total of 197 genes in the leading edge of 4 key pathways, 56 flavonoid-related significantly upregulated genes were selected from the transcriptome data, and 607 genes upregulated in the WGCNA brown module were analyzed using Venn plots (Fig. 3B). At last, a total of 35 genes highly related to flavonoids, with high pathway enrichment in KEGG, playing a key role, and related to upregulated transcription factors were selected.

3.3 Correlation Network of Genes and Metabolites

The 35 key genes selected above were co-expressed with the 130 metabolites related to phenylpropanoid and upregulated to construct a co-expression network and analyzed the correlation between the genes and metabolites. The selected list of key genes and metabolites was input into Cytoscape software, and an interaction diagram between co-expressed network genes was created based on their weights (Fig. 4A). The size of the node shape represented the number of edges connected to the node, and the width of the edges represented the weight of the connections between the two nodes. The key metabolite trilobatin was used as the central node, and the transcription factors CsWRKY28 (CsaV3_3G033350) and CsMYC2 (CsaV3_2G010120) related to it were selected (Fig. 4B). Then, CsWRKY28 was used as the central node to screen for genes and metabolites related to it, obtaining the top 10 genes and metabolites ranked by the Closeness algorithm (Table S6). The results indicated that the CsMYC2 transcription factor may also have been regulated by CsWRKY28 and further regulated the biosynthesis of quercetin by affecting CsUGT91C1 (CsaV3_3G048090) and CsUGT71K1 (CsaV3_4G032530) (Fig. 4C).
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Figure 4: Expression correlation network analysis. (A) Co-expression network diagram, where pink represented genes, green represented metabolites, and the target metabolite quercetin was highlighted in yellow. The pink lines indicated the correlated genes. (B) Trilobatin biosynthesis network interaction diagram, with the central green representing the trilobatin metabolite and surrounding genes. (C) CsWRKY28 regulation network interaction diagram, with circles representing transcription factors, triangles representing genes, and rectangles representing metabolites. (D) The left panel showed the top 10 genes and metabolites related to CsWRKY28 obtained according to the Closeness algorithm in (C), and the right panel showed the parameters of (C)

3.4 Validation of the Function of CsWRKY28

To validate the function of CsWRKY28, RNA was extracted from C. sativus and reverse transcribed into C. sativus cDNA. Using this as a template, a silencing fragment (279 bp) for RNAi interference and the full-length open reading frame (1431 bp) of the target gene CsWRKY28 were obtained through PCR. Subsequently, the silencing fragment was ligated to the pTRV2 vector and the full-length fragment was ligated to the p3300-35S-Tone vector through double enzyme digestion. The structures of the recombinant plasmids for overexpression and RNAi silencing were shown in Fig. 5A. The successfully constructed recombinant plasmids were then separately transformed into Agrobacterium tumefaciens strain pTRV1 for cultivation.
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Figure 5: Depicted the construction and functional validation of the CsWRKY28 vector. (A) Schematic diagram of CsWRKY28 vector construction. The left side displays the electrophoresis image of the target gene cloning and the right side illustrates the connection mode between the target gene and vector. (B) The phenotypic results of C. sativus in different treatment groups. CK represented the blank control group, Try represented the trypsin treatment group, TV-WRKY28 represented the trypsin combined with WRKY28 silencing treatment group, and TO-WRKY28 represented the trypsin combined with WRKY28 overexpression treatment group. (C) HPLC determination of trilobatin content in C. sativus of different groups. (D) The results of C. sativus weight loss rate, hardness, and pH measurements

After being subjected to different treatments and stored for 18 days, the overall phenotypic changes of C. sativus were shown in (Fig. 5B). C. sativus from the CK group and TV-WRKY28 group gradually turned yellow and exhibited wrinkles. In contrast, C. sativus from the try group and TO-WRKY28 group appeared comparatively fresher, with the color maintaining stability. Over time, the C. sativus’ dehydration rate increased gradually. After 18 days of storage, the C. sativus dehydration rate was lowest in the TO-WRKY28 group (36.59%), followed by the trypsin-treated group (38.14%), TV-WRKY28 silenced group (42.79%), and the control group (43.72%). This trend was also reflected in the hardness measurements of the four C. sativus groups and the pH values after juicing (Fig. 5D), further indicating that the decay of C. sativus was delayed after treatment.

After trypsin treatment, the content of trilobatin in C. sativus was gradually increased and accumulated, and in the process affecting trilobatin biosynthesis, a key role may have been played by the transcription factor CsWRKY28. To verify this speculation, the trilobatin content in C. sativus samples after 17 days of storage in four groups was analyzed by HPLC. As shown in Fig. 5C, compared to fresh C. sativus at 0 h, the trilobatin content was found to have increased in all four groups after 17 days of storage, with the highest trilobatin content observed in the CsWRKY28 overexpression group, followed by the trypsin-treated group, CsWRKY28 silenced group, and CK group.

3.5 Verification of Downstream Target Genes of CsWRKY28

An analysis was performed on five central transcription factors of the WRKY family (Fig. 6A) using RT-qPCR, and it was demonstrated that their expression levels were consistent between RT-qPCR and RNA-seq data. A high degree of fit was shown by linear regression analysis between the data from the two methods, with an R2 value greater than 0.99 (Fig. 6B), confirming the reliability of the transcriptome data.
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Figure 6: Validation of downstream target genes regulated by CsWRKY28. (A) Expression patterns of five genes determined by transcriptomics and RT-qPCR. (B) Linear relationship of selected gene expression rates. (C and D) Validation of expression levels of CsWRKY28 downstream target genes. (E) Schematic diagram of dual-luciferase vector construction. The upper part showed the schematic diagram of the W-box structure in the MYC2 promoter sequence, and the lower part displayed the vector construction. (F) Interaction assay between CsWRKY28 and CsMYC2 promoter

Predicted downstream target genes of CsWRKY28, identified from the co-expression network analysis of genes and metabolites along with the key genes involved in the phenylpropanoid metabolic pathway, were analyzed using RT-qPCR to examine changes in gene expression levels in C. sativus after different treatments (Fig. 6C,D). After 18 days of storage, with the gene expression changes in the control group C. sativus set as 0 for comparison, the expression levels of genes such as CsMYC2, CsUGT91C1, Cs4CL, and CsCHS were significantly upregulated in the trypsin-treated group, whereas in the CsWRKY28-silenced group, the expression of these genes was generally down-regulated. Conversely, the expression levels of these genes were further enhanced in the CsWRKY28-overexpression group, confirming the impact of the transcription factor CsWRKY28 on the biosynthesis pathway of C. sativus flavonoids.

CsMYC2 was one of the transcription factors regulating the biosynthesis of saponins and might have been one of the important downstream transcription factors regulated by CsWRKY28. In order to verify the activation of CsMYC2 by CsWRKY28, the promoter sequence of CsMYC2 was analyzed. According to the results from the PlantCARE database network tool, the W-box element capable of directly binding with WRKY TFs was found. Subsequently, the CsMYC2 promoter sequence containing the W-box region was inserted into the LUC0800 vector as a reporter. It was then transferred into GV3101 (pSoup) containing the helper plasmid. CsWRKY28 was inserted into the p3300-35S-Tons vector as an effector and transferred into Agrobacterium tumefaciens, as shown in Fig. 6E. The LUC/REN ratio was obtained through fluorescence detection (Fig. 6F). The results indicated that CsWRKY28 could bind to the promoter of CsMYC2, leading to an increased expression level of CsMYC2 upon overexpression of CsWRKY28 (Fig. 6C). This further verified the promoting effect of CsWRKY28 on CsMYC2 expression.

4  Discussion

C. sativus, as a high-moisture vegetable, was losing water, leading to cell structure damage, soft texture, causing internal oxidative damage to fruits, and making them more susceptible to infections such as Fusarium and Verticillium wilt, and bacterial soft rot, resulting in significant economic losses [33]. Flavonoids, as a class of metabolites with biological activity in plants, had significant effects in scavenging free radicals and resisting oxidative damage [34]. In this study, the mechanism by which pancreatin activated the CsWRKY28 transcription factor in C. sativus to regulate the phenylpropanoid biosynthesis pathway was revealed, thereby promoting flavonoid biosynthesis.

KEGG enrichment analysis of all significantly different genes and metabolites using metabolomics and transcriptomics data revealed that the phenylpropanoid biosynthesis pathway was consistently enriched in the first place. This strongly suggested that trypsin may have been primarily enhancing C. sativus fruit resistance to aging and decay by regulating the phenylpropanoid biosynthesis pathway. Numerous studies have shown that phenylpropanoid compounds play important roles in regulating plant growth, maintaining redox homeostasis, and responding to biotic and abiotic stress [8]. Activation of the phenylpropanoid pathway could enhance the host’s resistance to invading pathogens [30]. The involvement of the phenylpropanoid pathway in regulating C. sativus disease resistance was identified by Wang et al. through metabolomics analysis [35]. Additionally, the phenylpropanoid secondary metabolism pathway could also be influenced by the biosynthesis of flavonoids and lignins, thereby enhancing plant resilience [36–38]. Phenylpropanoid compounds have been extensively studied due to their antibacterial properties and their role in signal transduction during defense responses [39,40].

In our metabolomics study, it was found that the biosynthesis of various flavonoid compounds in C. sativus could also be promoted by pancreatin, and 22 core metabolites were identified. Particularly, trilobatin was identified as the most crucial metabolite, with a significant increase of 32-fold. Trilobatin was an important compound in apples (Malus spp.) and had also been detected in sweet tea (Lithocarpus polystachyus rehd.) and crabapples [41–43]. The presence of trilobatin was detected in C. sativus peel by our laboratory, which not only expanded our understanding of trilobatin distribution but also provided important information for further exploration of the biological activity and potential applications of trilobatin in C. sativus. Therefore, in-depth studies on the metabolic pathways and regulatory mechanisms of trilobatin could provide a new perspective for elucidating the resistance and disease resistance of C. sativus.

Trilobatin was a natural dihydroxy flavonoid compound that was synthesized through a branch of the phenylpropanoid and flavonoid pathways, involving the participation of various enzymes and the coordinated regulation of multiple transcription factors [44–46]. It was demonstrated by studies in mango and cotton that WRKY transcription factors played a positive role in the accumulation of flavonoid compounds [47,10]. Our previous studies indicated that trilobatin was regulated by CsUGT91C1 and CsMYC2, with the W-box motif being capable of binding to WRKY transcription factors identified in the promoter sequence of CsMYC2, a relationship that was confirmed by dual-luciferase assays conducted in our laboratory. The results of this study further revealed that CsUGT91C1 and CsMYC2 were activated by the upstream transcription factor CsWRKY28, with CsMYC2 acting as an intermediate regulatory factor, thereby influencing the expression of downstream CsUGT91C1. These research findings provided important references for elucidating the regulatory mechanisms of trilobatin biosynthesis in C. sativus.

The functions of trilobatin in plants primarily include promoting growth, enhancing stress resistance, and improving nutritional components, and it is believed to regulate plant metabolic pathways. Research has indicated that it may also influence the synthesis of certain hormones [48]. In Wang et al.’s experiment [43], trilobatin, as a plant-derived sweetener, was produced in high concentrations in the young leaves of transgenic plants that overexpressed PGT2, resulting in a significantly sweeter taste compared to the control group. In our study, we observed that C. sativus in the CsWRKY28 overexpression group exhibited better overall conditions compared to other groups, with significantly delayed water loss, hardness, and pH changes. Additionally, we found a notable increase in trilobatin synthesis in the overexpression group compared to the others. Therefore, we propose that trilobatin enhances the stress resistance of C. sativus, maintaining their overall quality.

Through Dual-luciferase assays, CsWRKY28 was proven to regulate CsMYC2. Using RT-qPCR, the expression changes of the predicted downstream target genes of CsWRKY28 were analyzed, such as CsUGT91C1, Cs4CL, and CsCHS, under different treatments in C. sativus. The results indicated that the expression of these genes was generally downregulated in C. sativus with silenced CsWRKY28, while the expression levels were further elevated in the CsWRKY28 overexpression group, consistent with CsWRKY28 expression. This also confirmed the influence of the transcription factor CsWRKY28 on the flavonoid compound synthesis pathway in C. sativus. In our previous study [19], silencing of the CsMYC2 gene also significantly downregulated multiple enzyme-coding genes in the downstream phenylpropanoid pathway, particularly CsPAL, Cs4CL, and CsUGT91C1. It is evident that both CsWRKY28 and CsMYC2 can affect key enzymes in the flavonoid synthesis pathway. We concluded that trypsin treatment upregulates CsWRKY28, which then binds to CsMYC2 to regulate key downstream genes in the flavonoid pathway, such as CsUGT91C1, thereby achieving a preservation effect for C. sativus.

Furthermore, it was found that CsWRKY28 was enriched in the MAPK pathway, and it was likely to have been activated through this pathway. Based on this finding, a hypothesis was proposed: trypsin may have activated the expression of CsWRKY28 through the MAPK cascade pathway and activated the expression of downstream target genes CsMYC2, CsUGT91C1, and genes related to flavonoid biosynthesis, thereby promoting the biosynthesis of trilobatin (Fig. 7). Interestingly, the conclusions of Wang et al. were consistent with our findings, as they proposed a novel disease defense mechanism in cotton where the WRKY-MAPK pathway promoted GhMYC2-mediated flavonoid biosynthesis to defend against pathogen infection [49]. In summary, the biosynthetic pathway of trilobatin in C. sativus was elucidated in this study, demonstrating that trilobatin could serve as an important feature of flavonoid metabolism in trypsin-treated C. sativus. These findings not only contributed to a better understanding of trypsin-mediated resistance regulation mechanisms in C. sativus but also provided a theoretical basis for improving C. sativus quality and extending its shelf life.

[image: images]

Figure 7: Process diagram of trypsin regulating CsWRKY28 to promote flavonoid biosynthesis

5  Conclusion

Trypsin protease treatment effectively delayed C. sativus water loss played a positive role in maintaining fruit firmness and normal morphology, induced the biosynthesis of phenylpropanoid compounds, enhanced fruit resistance, and further extended the storage time of C. sativus. Metabolomics analysis revealed that trypsin protease induced differential expression of metabolites in the phenylpropanoid metabolic pathway, with a significant increase in the content of flavonoids, including quercetin, among the regulated metabolites. Transcriptomics analysis identified the key transcription factor CsWRKY28 and downstream target gene CsMYC2, which were potentially regulated, and their regulatory relationship was experimentally validated through in vitro RNA interference, transient overexpression of target genes, dual-luciferase assay, and fluorescence semi-quantification, demonstrating the regulatory role of CsWRKY28 in promoting the expression of genes involved in flavonoid biosynthesis. HPLC results confirmed the increase in the content of quercetin in C. sativus. As a novel bio-preservative, trypsin protease activated the expression of CsWRKY28 and its downstream genes, improved endogenous flavonoid biosynthesis, enhanced fruit resistance, and thereby delayed C. sativus decay. Trypsin protease contributed to quality control during C. sativus storage, providing further theoretical support for bio-preservation technology.

This study preliminarily demonstrated that CsWRKY28 was a key transcription factor influenced by chymotrypsin in the biosynthesis of flavonoids via the phenylpropanoid pathway, and it could activate the expression of downstream target genes such as CsMYC2, thereby enhancing the biosynthesis of trilobatin.
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