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Abstract

:

Melatonin’s role in regulating the biosynthesis of phenolic compounds, particularly stilbenes, remains unknown in grape seeds. In this study, widely targeted metabolomics analysis revealed that 82 phenolic compounds were differentially accumulated in grape seeds from the berries treated with melatonin. The accumulation of resveratrol and its 11 derivatives was largely increased in melatonin-treated berry seeds. Additionally, melatonin treatment of preveraison grape berries increased the resveratrol content in seeds during berry ripening. The results of RNA-Seq showed that a total of 399 genes were differentially expressed, which were mainly involved in the plant hormone signal transduction, metabolic, and biosynthesis of secondary metabolites pathways, in melatonin-treated berry seeds compared to control seeds. Additionally, five PALs, four 4CLs, one C4H, and four STSs were elucidated to be induced by melatonin in seeds at different time points after treatment. Therefore, melatonin promotes resveratrol accumulation and its derivatives, probably by upregulating the genes in the phenylpropanoid pathway, which provides precursors for resveratrol biosynthesis, and the STS genes in grape seeds.
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1. Introduction


Grapevine is one of the most important economic fruit crops worldwide. Approximately one-third of all grapes are consumed as fresh berries, and half are used to produce wine. Grapes and red wine are the major dietary contributors of stilbenes to human nutrition [1,2]. Stilbenes accumulate in grape stems, skins, and seeds [3]. Resveratrol (trans-3,5,4′-trihydroxy-trans-stilbene) and its derivatives, such as viniferins, oxyresveratrol, and pterostilbene, belong to the stilbene family and have been extensively studied due to their strong biological activities and potential health-promoting properties [4,5,6,7]. Resveratrol, the basic unit of stilbenes, was first isolated in 1939 from white hellebore roots [8]. Later, resveratrol was detected in Polygonum cuspidatum roots [9]. In 1974, resveratrol was found to function as a phytoalexin in Vitaceae leaves [10]. Current studies have shown that grapes and their processed products, including red wine and juice, are the most important natural sources of resveratrol [2]. Extractable amounts of resveratrol are detected in the berry seeds and skins of many grape cultivars, and the synthesis and accumulation of resveratrol in grape seeds are not associated with climate change [11]. Increasing demand for a natural source of resveratrol also advances studies regarding the mechanisms underlying resveratrol biosynthesis. In grapevine, a total of 33 VvSTS genes have been identified and classified into three major groups according to sequence similarity [12]. Additionally, the transcription factors VvMYB14 and VvMYB15 increase stilbene accumulation [13], and MYB14 binds directly to the STS gene promoter and promotes its expression [14]. VviMYB13, which co-expresses with STS genes, might be a pivotal transcription factor involved in stilbene accumulation [15].



Melatonin (N-acetyl-5-methoxytryptamine) is an indoleamine that is synthesized from L-tryptophan metabolism via serotonin. Melatonin is not only a well-documented antioxidant but also a potential signaling molecule involved in many physiological processes in plants [16,17]. For example, melatonin influences fruit ripening and/or delays postharvest senescence in tomatoes, grapes, and bananas [18,19,20]. Melatonin participates in regulating tolerance to abiotic stresses, including drought, cold, salt, heavy metal toxicity, and others [21]. Additionally, a couple of studies have demonstrated that melatonin is critical in regulating the biosynthesis of phenolic compounds in grapes. Xu et al. reported that a total of 18 phenolic compounds are increased in grape berries by melatonin treatment [19]. Targeted metabolomics analysis reveals that a total of 27 compounds of the detected 464 metabolites are significantly changed in grape skin under melatonin treatment, primarily including flavonoids, phenolic acids, and stilbenes [22]. Melatonin treatment significantly increases proanthocyanidin content in grape seeds, which is mediated by VvMYB14 [23].



To date, the global changes in metabolites caused by melatonin in grape seeds remain unclear. Our recent study has demonstrated that melatonin content continues to increase in grape seeds during berry ripening [23], suggesting its important function in seeds. Therefore, the objective of this study was to identify the primary metabolite and key genes induced by melatonin in grape seeds. The accumulation of phenolic compounds in ‘merlot’ grape seeds was measured using widely targeted metabolomics. The content of resveratrol and its 11 derivatives was largely increased in melatonin-treatment seeds. Additionally, RNA-seq showed that a total of 399 genes were differentially expressed in melatonin-treated seeds compared to control seeds at 3 days after treatment. qRT-PCR analysis was used to assess the expression profiles of five PALs, four 4CLs, one C4H, and four STSs in seeds at different time points after melatonin treatment. The obtained results provide an overview of the function of melatonin on the accumulation of resveratrol and its derivatives and the molecular control network. This study may help promote the application of melatonin to regulate stilbene biosynthesis in grape seeds.




2. Materials and Methods


2.1. Plant Materials and Experimental Treatments


Our experiment was conducted at an experimental vineyard in Tai-An City, Shandong Province, China. Five-year-old self-rooted ‘Merlot’ vines were used in this experiment. Each vine had 10 vertical fruiting shoots, and each fruiting shoot was controlled to produce two clusters. At 60, 70, 73, 76, 79, 82, 85, and 90 days after bloom (DAB), the 100 berries from the shoulder, middle, and tail of each cluster were collected for the assays of berry ripening. Preveraison Merlot grapes at 79 DAB were subjected to melatonin treatment. The clusters on the vine were completely soaked for 5 s in a solution of 50 µM MT plus 0.05% Triton X-100. Control berries were soaked in 0.05% Triton X-100. Each treatment contained three biological replications, with three vines (approximately 30 clusters) per replicate. For each cluster, 200 berries were randomly sampled from the shoulder, middle, and tail at 1, 3, and 5 days after melatonin treatment. Then, the seeds were separated, frozen in liquid nitrogen, and stored at −80 °C for the assays of melatonin, total proanthocyanidins, flavonoids, phenols, widely targeted metabolomics analysis, and RNA-seq. In addition, 100 berries were randomly sampled from the shoulder, middle, and tail at 5, 10, 20, 30, and 40 days after melatonin treatment. The seeds were also separated, frozen in liquid nitrogen, and stored at −80 °C for the assays of resveratrol.




2.2. Determination of Total Soluble Solids (TSS), Titratable Acid, and Total Anthocyanins


Fresh berry pulp was mixed, homogenized, and filtered. The filtrate was used for TSS and titratable acid determinations. TSS was determined with a PAL-1 digital-display sugar meter (Atago, Tokyo, Japan). Titratable acid was determined using 100 mM NaOH to a pH of 8.3 in filtrate titration. Total anthocyanins in grape skin were extracted and determined in accordance with the method described by Gao et al. [24]. Ten milliliters of methanol in a 1% (v/v) HCl solution were added to 1 g of fresh berry skins. Sonicated for 5 min. The extraction, which was incubated for 24 h in the dark, was centrifuged for 15 min at 8000 rpm. Ten milliliters of extraction solution were added to the residue, and the process was repeated. The aqueous phase was subjected to spectrophotometric quantification at 530 and 657 nm. The relative unit was calculated by the formula OD = A530 − 0.25 × A657, and the anthocyanin content is expressed as U mg−1 dry weight (DW).




2.3. Extraction and Determination of Total Proanthocyanidins, Flavonoids, and Phenols


Total proanthocyanidins, flavonoids, and phenols were extracted according to the method described by Xu [19], with some modifications. Briefly, 1 g of samples were sonicated in an ultrasonic bath for 15 min with 9 mL of the HCL/methanol (0.1% HCL, v/v) and centrifuged (13,400× g) for 15 min at 4 °C. After the supernatant had been poured out, the precipitate was extracted with 8 mL of the same solvent two more times. The supernatants were combined into a 50 mL tube and then filtered on filter paper, and the filtrate was evaporated to dryness at 30 °C. The tubes were covered to minimize light exposure during the extraction.



Total phenols were spectrophotometrically determined by the Folin–Ciocalteu assay using gallic acid as a standard [25]. Briefly, 0.5 mL of grape extract was mixed with 3 mL of distilled water, together with 0.25 mL of Folin-Ciocalteu reagent. Then, 1 mL of 7.5% Na2CO3 was added after 5 min and incubated at room temperature for 90 min in the dark. The absorbance was measured at 760 nm using a double-beam UV/Vis spectrophotometer. Total flavonoid content was determined using the colorimetric method with rutin as the standard [25]. Briefly, 0.5 mL of the extract was added to a 10 mL tube containing 2 mL of distilled water and 0.15 mL of 5% NaNO2. Then, 0.15 mL of 10% AlCl3 was added after 5 min of incubation, followed by the addition of 1 mL of 1 M NaOH. The absorbance of the resulting solution was measured at 510 nm. Total proanthocyanidin content was measured using the vanillin assay with vanillin as the standard [26]. One milliliter of extract and 3 mL of a 95% solution of n-butanol/HCl (95:5 v/v) were mixed. Then, 0.1 mL of a solution of NH4Fe(SO4)2·12H2O in 2 M HCl was added. The mixture was incubated for 40 min at 95 °C. The absorbance was measured at 550 nm.




2.4. Melatonin Extraction and Determination


Melatonin was extracted as in our previous study [24]. Briefly, the lyophilized grape seeds were extracted three times in 9 mL of methanol via an ultrasonic bath for 15 min each time. After centrifuging at 13,400× g for 15 min, the supernatant was evaporated to dryness at 30 °C in a rotary evaporator. The extract was purified by a C18 solid-phase extraction cartridge (ProElutTM; Dikma, Beijing, China). The samples were separated via a BEH C18 column on an Acquity UHPLC system and detected using a QTof-micro mass spectrometer (Waters, Milford, MA, USA). The separation and detection parameters were set according to our previous study [19]. Mobile phases, 0.05% (v/v) acetic acid (A) and methanol (B), were delivered at 0.3 mL min−1. The elution started at a composition of 80% A and 20% B, held for 0.8 min; a 1.4 min linear gradient to 40% A, held for 3 min; and a return to the initial ratio of A and B by a 0.1 min gradient, held for 2.9 min. The parameters were as follows: capillary temperature, 300 °C; column temperature, 25 °C; spray voltage, 3000 V; sheath pressure, 35 V; and auxiliary pressure, 15 V. The external calibration curve of a melatonin standard was used to calculate the melatonin content.




2.5. Widely Targeted Metabolomics Analysis


Metabolites were extracted and determined as described by Gao et al. [24]. In brief, the lyophilized grape seeds were ground to powder with a MM400 grinder (Retsch). Next, 70% methanolic aqueous was added, and the sample was extracted by 5 min of vortexing, 5 min of ultrasonication, and centrifugation, followed by filtration through a microporous membrane with a 0.22 μm pore size. Metabolites were determined and analyzed using a UPLC-MS/MS platform (AB SCIEX, Darmstadt, Germany) containing an ExionLCTM AD UPLC and an AB Sciex QTRAP 6500 MS. The detailed analytical conditions were set according to a previously reported method [27]. Differentially accumulated metabolites were screened based on VIP > 1 and a significant difference at the 5% level.




2.6. RNA-Seq and Quantitative RT–PCR (qRT-PCR)


Purified mRNA was used to construct sequencing libraries with the TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San Diego, CA, USA). The Illumina HiSeq Xten system (Illumina, San Diego, CA, USA) was used to sequence the RNA libraries to generate 150-bp paired-end reads. The grape genome (https://phytozome-next.jgi.doe.gov/info/Vvinifera_v2_1 (accessed on 6 August 2020)) were used as a reference to assemble the clean reads into transcripts. Reads per fragment per kilobase of transcript per million mapped reads (RPKM) were used to quantify unigene expression levels. The differentially expressed genes (DEGs) were screened according to the following criteria: absolute log2 (fold change) ≥ 1 and false discovery rate < 0.05. qRT-PCR was conducted using SYBR qPCR Master-Mix (Vazyme, Nanjing, China) on a Bio-Rad iQ5 instrument (Hercules, CA, USA), and the PCR primers are listed in Table S1.




2.7. Resveratrol Extraction and Content Determination


Resveratrol extraction from seeds was performed according to the following method [28]. Grape seeds were ground to a powder in liquid nitrogen, followed by extraction with 7.5 mL of methanol and ethyl acetate (1:1 v/v) for 24 h in the dark. After centrifugation at 13,400× g for 15 min, the collected extract was vacuum-dried at 35 °C and then dissolved in 1 mL of methanol. The extract was further purified by filtration with a 0.22 µm filter for HPLC analysis. The extract was isolated on a Dionex Ultimate 3000 UHPLC system and detected on an ESI-triple quadrupole mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA). The detection wavelength was 306 nm. The parameter settings were consistent with previous studies [28].




2.8. Statistical Analysis


Principal component analysis (PCA) was performed using the statistics function prcomp in R (base page, v3.5.1). Identified metabolites were annotated using the KEGG Compound database. Analysis of variance (ANOVA) and significant difference tests were performed using SPSS (v20.0) software.





3. Results


3.1. Melatonin Treatment of Preveraison Grape Berries Promotes Phenolic Accumulation in Seeds


Veraison is the onset of berry ripening, which is sensitive to treatments with exogenous signaling molecules. Soluble solids (TSS) and anthocyanins began to increase, and titratable acid began to decline at 79 days after blooming (DAB) (Figure 1A–C), indicating veraison’s presence approximately at this time point. Then, the berries at 79 DAB were treated with exogenous melatonin. Melatonin treatment significantly enhanced the endogenous melatonin levels in seeds at 1, 3, and 5 days after treatment (DAT) (Figure 1D). Additionally, the content of total proanthocyanidins, flavonoids, and phenols was significantly increased by melatonin treatment at 3 and 5 DAT (Figure 1E–G). Therefore, melatonin treatment induces phenolic biosynthesis by increasing its endogenous level.




3.2. Identification of Differentially Accumulated Metabolites (DAMs) in Response to Melatonin


Berry seeds collected at 3 DAT were used to further detect melatonin’s effect on phenolic compounds. A total of 591 phenolic compounds were detected in the control and melatonin-treated berry seeds at 3 DAT (Table S2). The 591 compounds were classified into 17 different groups, including 232 phenolic acids, 29 flavanols, 28 stilbenes, 15 proanthocyanidins, and several other phenolic compounds (Table S2). The PCA showed that the control and melatonin-treated samples were clearly classified into two different groups, indicating the reliability of the generated metabolomic data and the large effects of the melatonin treatment on metabolites (Figure 2A). A total of 82 DAMs were identified in the Con3 vs. MT3 comparison (Table S3). Compared to control seeds, the content of 53 phenolic compounds increased and 29 decreased in the melatonin-treated berry seeds, including stilbenes, phenolic acids, lignans, and tannins (Figure 2B; Table S3). Notably, the accumulation of 16 stilbene compounds, including resveratrol and its 11 derivatives, significantly increased in the melatonin-treated seeds (Table 1), and the increments exceeded 1.17-fold. Particularly, pinosylvin, resveratrol, and resveratrol polymers (α-Viniferin, Vaticanol A, and Amurensin C) were greatly increased by melatonin treatment with increments of more than 10.54-fold (Table 1). Additionally, KEGG enrichment analysis showed that the DAMs were primarily related to secondary metabolite biosynthesis, stilbenoid, diarylheptanoid, and gingerol biosynthesis, flavonoids, flavones, and flavonol biosynthesis, and phenylpropanoid biosynthesis (Figure 2C; Table S4). Moreover, melatonin treatment increased resveratrol content in seeds from 5 to 40 DAT (Figure 2D), indicating melatonin’s continuous effects on resveratrol accumulation. Therefore, it is likely that melatonin increases resveratrol biosynthesis and, thereby, its polymers.




3.3. The Changes in the Transcriptome Profile of Grape Seeds in Response to Melatonin


RNA-Seq analysis of the control and melatonin-treated seeds at 3 DAT was conducted to quantify gene expression changes. The different clustering of the control and melatonin-treated samples indicated the reliability of the transcriptomic data (Figure 3A). A total of 175 and 224 genes were significantly up- and down-regulated, respectively, in the melatonin-treated seeds compared to the control seeds (Figure 3B; Table S5). KEGG enrichment analysis indicated that the DEGs were primarily associated with the plant hormone signal transduction, metabolic, and biosynthesis of secondary metabolites pathways (Figure 3C; Table S6). Based on GO enrichment in the biological process category, the DEGs were mostly involved in cellular processes and metabolic processes. Among molecular functions, the DEGs were primarily related to catalytic activity and binding. The inferred proteins of the DEGs were mainly located in the cellular anatomical entity (Figure 3D; Table S7).




3.4. Association Analysis of DAMs and DEGs Related to Resveratrol Metabolism


To better understand the changes in resveratrol and its derivatives induced by melatonin, a proposed metabolic pathway with annotations of variations in metabolites and candidate genes was presented (Figure 4). Compared to the control, melatonin treatment caused increases in the content of resveratrol, resveratrol dimer Pallidol, ε-Viniferin, and Ampelopsin F, resveratrol trimer α-Viniferin, Amurensin C, and Amurensin D, and resveratrol tetramer Vaticanol A and Vitisin C. Furthermore, RNA-Seq analysis demonstrated that VvPAL and VvSTS were significantly induced by melatonin treatment at 3 DAT. Additionally, qRT-PCR elucidated that the expression of five VvPALs, four Vv4CL, one VvC4H, and four VvSTSs was significantly increased by melatonin treatment at least one time point after melatonin treatment. Therefore, melatonin might increase gene expression in the metabolic flux of resveratrol biosynthesis and, thereby, the accumulation of resveratrol and its polymers.





4. Discussion


We found that melatonin treatment caused large modifications in phenolic compounds in grape seeds (Table S3). Similar results were also reported in grape berries [19] and skin [22]. The above studies indicate the role of melatonin as a signaling molecule. Additionally, the interplay between melatonin and other signal molecules has been reported. Melatonin treatment increases ABA, H2O2, and particularly ethylene biosynthesis in grape berries [29]. Melatonin alters the biosynthesis of several phenolic compounds, partially through ethylene in grape skin [22] and seeds [23]. Melatonin treatment enhances ethylene release and accelerates the climacteric phase of tomato fruits [18]. Therefore, it is suggested that melatonin modifies (or at least partially modifies) phenolic compound metabolism through other signal molecules. Notably, melatonin continues to increase and reaches the highest level in grape seeds, while it is almost undetectable in grape skin at the ripened stage [22,23], suggesting its different role in skin and seeds. The above inference was also supported by the fact that a large difference exists in phenolic compound profile changes caused by melatonin in grape skin and seeds (Table S2; [22]).



RNA-Seq was employed to reveal the melatonin-induced genes and thereby provide theoretical support for metabolite changes in seeds. A total of 399 DEGs were detected at 3 DAT, with significant differences in melatonin content between the control and melatonin-treated seeds (Figure 1; Table S4). In contrast, more DEGs were detected at other time points (particularly 1 DAT) using qRT-PCR (Figure 4). Therefore, it is likely that the changes in gene expression primarily exist in the early stages of melatonin treatment. Resveratrol biosynthesis occurs via the phenylalanine metabolic pathway, which includes the phenylpropanoid, stilbenoid, and flavonoid pathways. The phenylpropanoid pathway, which is catalyzed by PAL, C4H, and 4CL, provides substrates for the stilbenoid and flavonoid pathways [30]. PAL provides the initial substrate for the phenylpropanoid pathway by catalyzing cinnamic acid biosynthesis, and PALs function in regulating phenolic compound biosynthesis has been verified in Arabidopsis [31]. C4H is responsible for p-coumaric acid biosynthesis, and 4CL provides precursors for all downstream metabolites by synthesizing p-coumaroyl CoA, cinnamoyl-CoA, and caffeoyl-CoA [32]. The increase in PALs, C4H, and 4CL expressions suggests an increase in their corresponding products. Then, the precursors may be channeled into stilbene and flavonoid biosynthesis. Most of the metabolites from the flavonoid pathway were not significantly affected by melatonin; in contrast, resveratrol and its derivative largely increased, which was also verified by the increase in STS expression, a key gene for resveratrol synthesis. Additionally, the resveratrol analogue, pinosylvin, which has the same biosynthesis pathway as resveratrol, showed a large increase [33]. Therefore, it is suggested that melatonin primarily induces carbon flux from phenylpropanoid metabolism to the stilbene biosynthesis pathway. The mechanism underlying the melatonin-induced resveratrol increase remains unclear. Moreover, MYB14 was reported to regulate STS gene expression by directly binding to its promoter [14], and MYB14 was strongly induced by melatonin in grape seeds [23]. Therefore, melatonin might regulate STS expression and resveratrol synthesis via MYB14. Additionally, it was reported that VqWRKY53 interacts with VqMYB14 and VqMYB15 to form a transcription complex to regulate STS genes [34]. Further studies are needed to reveal whether melatonin regulates STS gene expression by modifying the above complex.



Stilbenes exist as monomeric and polymeric stilbenes due to oligomerization. More than 300 resveratrol oligomers have been characterized through oligomerization of the resveratrol monomers, and the resveratrol oligomers usually contain two to eight resveratrol units [35]. However, the key enzymes responsible for these oligomerization processes remain unknown. In this study, we elucidated that melatonin increased resveratrol accumulation and oligomerization. Notably, melatonin largely increased piceid and piceatannol levels in grape skin; however, melatonin did not affect their content in grape seeds (Table S2), suggesting the different role of melatonin in regulating resveratrol oligomerization in grape skin and seeds.




5. Conclusions


In conclusion, widely targeted metabolomics analysis revealed 82 DAMs in melatonin-treated seeds, of which resveratrol and resveratrol polymer accumulations were largely increased. RNA-Seq analyses demonstrated that melatonin mainly affects the plant hormone signal transduction, metabolic, and biosynthesis of secondary metabolite pathways, which included stilbene biosynthesis. Association analysis of DAMs and DEGs revealed that PALs, C4H, and STSs are crucial in resveratrol and resveratrol polymer accumulation under melatonin treatment.
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Figure 1. Changes in the content of melatonin and total proanthocyanidin, flavonoids, and phenols in the control seeds and those treated with melatonin. Changes in TSS, titratable acid, and anthocyanin content were used to indicate the onset of ripening (A–C). The berries, at 79 days after bloom, were treated with 50 µM melatonin. Melatonin content (D), total proanthocyanidin content (E), total flavonoids (F), and total phenol content (G) of berry seeds after MT treatment. The values represent the means ± SD of three replicates. *, significant difference, p < 0.05. 
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Figure 2. Identification and functional characterization of DAMs between control seeds and those treated with melatonin. (A): PCA of the six samples and a quality control sample (mix) for metabolomic analysis. (B): Volcano plot showing the DAMs from metabolomic analysis in Con3 vs. MT3. (C): KEGG enrichment analysis of DAMs from metabolomic analysis in the Con3 vs. MT3 comparisons. (D): Changes in the accumulation of the resveratrol in the control and melatonin-treated seeds at different DAT. Con, control; MT, melatonin. *, significant difference, p < 0.05. **, highly significant difference, p < 0.001. 
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Figure 3. Expression patterns of DEGs and their GO and KEGG enrichment analyses. (A): PCA of the six seed samples based on the RPKM values. (B): Volcano plot showing the DEGs from transcriptomic analysis in Con3 vs. MT3. (C): KEGG enrichment of the DEGs occurring simultaneously in the Con3 vs. MT3 comparison. (D): GO classification of the DEGs occurring simultaneously in the Con3 vs. MT3 comparison. Con, control; MT, melatonin. 
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Figure 4. Changes in the content of resveratrol and its derivatives and the expression of the genes involved in resveratrol synthesis under melatonin treatment. Each solid black arrow represents an enzyme-catalyzed reaction. The dotted line means that uncertain enzyme-catalyzed processes are included. The boxes with white backgrounds indicate that metabolites were not detected in this study. The boxes with color represent the metabolites whose content changed in response to melatonin treatment, and the normalized values are shown on a color scale. The expression of genes was shown by a heat map. The first column means RNA-Seq; the 2–5 column means the qRT-PCR analysis at 1, 3, 5, and 10 days after treatment. “nd” means not detected; "ud" means undetectable. 
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Table 1. Content of stilbene compounds in control and melatonin-treated seeds.
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	Compounds
	Con3
	MT3





	pinosylvin
	9.00 ± 0.00
	2356.28 ± 505.41 *



	α-Viniferin
	188,847.90 ± 54,182.28
	2,449,201.31 ± 426,335.38 **



	Vaticanol A
	5830.19 ± 1146.64
	69,281.18 ± 5266.76 **



	Amurensin C
	188,718.79 ± 53,271.80
	2,179,123.95 ± 616,648.37 *



	Amurensin D
	190,930.54 ± 27,811.23
	1,980,980.38 ± 408,186.50 *



	Ampelopsin H
	50,520.08 ± 5251.23
	295,471.18 ± 37,293.55 **



	Vitisin C
	42,901.96 ± 1562.33
	250,819.85 ± 6649.66 **



	Neohopeaphenol A
	5899.16 ± 293.83
	32,810.76 ± 3416.07 **



	Amurensin B
	109,458.38 ± 22,593.39
	589,960.05 ± 182,509.44 *



	epsilon-Viniferin
	9817.16 ± 1935.81
	28,930.87 ± 2644.88 **



	Ampelopsin F
	32,124.87 ± 2397.95
	93,821.43 ± 9448.45 **



	Gnetin A
	28,488.77 ± 1737.31
	81,414.05 ± 7458.81 **



	Pallidol
	26,675.34 ± 6608.20
	70,994.99 ± 12,082.73 *



	ε-Viniferin
	8985.18 ± 2752.81
	22,726.13 ± 1918.08 *



	Resveratrol
	92,312.43 ± 2404.19
	200,857.58 ± 46,631.23 *



	Leachianol B
	29,326.08 ± 3670.84
	59,727.30 ± 16,682.69 *



	gnetupendin A
	670,566.02 ± 10,249.34
	388,370.45 ± 4479.28 **



	2,3,5,4′-Tetrahydroxystilbene-2-O-glucoside
	812,403.24 ± 14,592.55
	457,287.42 ± 58,580.91 **







Values are reported as the means ± SD. *, significant difference, p < 0.05. **, highly significant difference, p < 0.001.
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