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Toon buds, a popular woody vegetable, contain large amounts of nutrients. However, toon buds have strong respiratory metabolism after harvest and are highly prone to decay, resulting in quality deterioration. Low temperature can effectively inhibit postharvest senescence of toon buds. GC-TOF-MS combined with quantitative real-time PCR was used to elucidate the toon bud deterioration mechanism after harvest by analyzing the difference in the relative contents of primary metabolites and their derivatives, and the expression of key genes associated with metabolic pathways in toon buds between low temperature and room temperature storages for 72 h. Results showed that the ethylene synthesis in toon buds accelerated under room temperature storage, along with significant changes in the primary metabolic pathway. The catabolism of amino acids, fatty acids, and cell membrane phospholipids was accelerated, and the gluconeogenesis synthesis was strengthened. Moreover, the sucrose synthesis was increased, the glycolysis and TCA cycle were broken down, and the pentose phosphate pathway was vigorous. As metabolic intermediates, organic acids were considerably accumulated. Moreover, varieties of toxic compounds were produced in parallel with the activation of aromatic compounds. This work provided a comprehensive understanding of the metabolic regulation, thereby revealing how low and room temperatures differentially influenced the quality deterioration of postharvest toon buds.
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Highlights

	Ethylene production and respiration rate in postharvest toon buds were accelerated.

	A total of 305 metabolites were detected in the metabolic data.

	Sucrose and organic acids were accumulated in postharvest toon buds.

	Catabolism of amino acids was strengthened in postharvest toon buds.

	Some key genes were differentially expressed between two storage temperatures.






1 Introduction

Toona sinensis, also called Xiangchun in Chinese, is an important woody vegetable widely planted in Asian countries. In food production, toon buds are used as raw materials for sauce and functional food by consumers because of their bright color, distinctive flavor, and multiple nutrients (Jiang et al., 2019; Su et al., 2020).

As a woody vegetable, toon buds are susceptible to decay and quality deterioration during postharvest storage because of their high respiration rate and water content (Zhao et al., 2018; Lin S. H. et al., 2019). Many preservative methods, such as modified atmosphere, film coating, and various chemical reagent treatments, have been employed to prolong the shelf life of toon buds. However, cold storage has been considered as an effective and economical method (Zhang et al., 2009; Yang et al., 2011; Zhu and Gao, 2017). LT contributes to decreasing respiration, slowing metabolism and maintaining the quality of toon buds (Wang et al., 2019). However, the quality of toon buds inevitably deteriorates with the increasing storage time (Hu et al., 2019). Nevertheless, two storage temperature models, i.e., room temperature (RT) and LT, provide an ideal model for deeply analyzing the molecular mechanism of quality deterioration of toon buds. Previous studies have mainly investigated the secondary metabolites in postharvest toon buds. These metabolites determine the color and flavor quality of toon buds (Yang et al., 2011; Yang et al., 2019). After cold storage, the total content of flavonoids and volatile terpenoids and their oxidates increase significantly with prolonged storage time (Zhao et al., 2019; Zhao et al., 2021). However, how the main carbohydrates, organic acids, amino acids, fatty acids, and their metabolic mechanism change in postharvest toon buds during storage remains largely unknown.

Recently, a large number of literatures have reported the physiological, biochemical, and molecular regulatory mechanisms of quality deterioration and postharvest senescence of fruits and vegetables (Tang et al., 2016; Guo et al., 2019; Pott et al., 2020). Tang et al. (2016) revealed that RT storage enhanced ABA and ethylene signaling pathways via the upregulation of PYLs, ABI5, and ERFs on Powell orange pulp senescence. The RT-stored upregulated genes were involved in primary metabolism including sucrose metabolism, glycolysis, gluconeogenesis, and fermentation pathways, resulting in declining levels of sucrose and organic acids, such as malate, citrate, and α-ketoglutaric acid, and accumulated hexoses on Powell orange pulp. Postharvest fruit respiration directly affects primary metabolic pathways, including glycolysis and the tricarboxylic acid cycle (TCA), which account for changes in sugar, amino acid, and organic acid levels (Zhang et al., 2011; Goulas et al., 2015). Guo et al. (2019) reported that the metabolic pathways related to carbohydrates, organic acids, and amino acids might be highly active in RT-stored litchi pulps, whereas the metabolic pathways related to aliphatic metabolites and nucleotides might be highly active in LT-stored litchi pulps. The genotype tomato with malate dehydrogenase (MDH) deficiency showed higher malate content and poorer postharvest behavior than non-transformed fruits (Osorio et al., 2019). This finding indicates malate’s role in postharvest responses to RT storage. In the present study, the metabolites in the toon buds at harvest (0 h) were determined through gas chromatograph coupled with a time-of-flight mass spectrometer (GC-TOF-MS) after storage at RT and LT for 12, 24, 48, and 72 h. The DEMs of toon buds after 12, 24, 48, and 72 h of storage at RT and LT were identified compared with those at harvest 0 h (control). Furthermore, the differential expression of the critical genes involved in the primary metabolism and ethylene signaling pathway was revealed between two storage temperature models. In summary, our study shed light on the differential metabolites and candidate genes associated with the quality deterioration of toon buds in both storage models.




2 Materials and methods



2.1 Plant materials

Freshly harvested toon buds of the ‘Heiyouchun’ cultivar were obtained from the T. sinensis nursery base in Xin Town of Taihe County in Anhui Province, in April 2021. More than 300 toon buds with uniform color and size but without visual blemishes and mechanical damage were selected. The harvested toon buds collected in ice boxes were immediately transported to the laboratory (control). Then, they were randomly divided into two groups. One group was placed in a hermetic plastic container at RT (20°C ± 0.5°C) with a relative humidity 80%–90%. In comparison, the other group was stored in a refrigerator (4°C ± 0.5°C) for the LT storage with the same humidity. The sampling time points at both treatments were set at 12, 24, 48, and 72 h after storage. Six biological replicates were designed with five toon buds each. The samples were collected at each time point for respiration rate and ethylene content measurements. The quick-freeze samples treated with liquid nitrogen were stored at −80°C and employed for subsequent metabolites and RNA extraction.




2.2 Toon bud appearance evaluation

Toon bud appearance was evaluated as previously described by Zhao et al. (2018). The decay symptoms after storage were visually determined as injury ranks using a five-grade marking system based on the percentage of brown leaves or shoots: 0 = intact buds without brown or rotten tissue; 1 = 1% to 25% of the bud-damaged tissue; 2 = 26% to 50% of the bud-damaged tissue; 3 = 51% to 75% the bud-damaged tissue; 4 ≥ 76% of the bud-damaged tissue. The decay index (DI) was calculated following the formula described by Zhao et al. (2018).




2.3 Determining respiration rate and ethylene production

Respiration rates were measured according to the modified small-skep-method (MSSM) (Li et al., 2015). Three toon buds with uniform size from each sample were kept in a 0.5-l airtight wide-mouth bottle. The released CO2 from postharvest toon buds was absorbed using Ba(OH)2 solution, and the residual Ba(OH)2 was titrated with oxalic acid solution. The amount of CO2 could be calculated from the difference between the oxalic acid solution consumed by the blank and the samples. The result was expressed as mg kg−1 h−1 of CO2. Ethylene production was measured via gas chromatography (GC). The samples were placed in 0.5-l airtight plastic bottles (each containing three toon buds) for five time points at both storage temperatures. Then, 0.1 ml of the headspace gas was injected into an Agilent 7890A GC (Agilent, Santa Clara, CA, USA) equipped with a HP-5MS packed column and a flame ionization detector. The amount of ethylene production was calculated from a calibration curve of standard ethylene gas and expressed as ng kg−1 s−1 of fresh weight.




2.4 Non-target GC–TOF-MS analysis



2.4.1 Sample preparation and extraction

Hydrophilic metabolites were extracted from 50 mg of the powered toon buds by adding 500 μl of 3:1 (v/v) methanol: ddH2O as a precold extraction mixture. Then, 10 µl ribitol (0.5 g l−1 stock solution) was added to the extraction mixture as the internal standard (IS). The extraction was mixed using a thermomixer compact (Eppendorf AG, Germany) for 30 s. A steel ball was added to the extraction to extract the metabolites fully. Moreover, the sample was treated with a 45-Hz grinding instrument for 4 min and ultrasonicated with an ice water bath for 5 min (repeated three times). After centrifugation at 4°C for 15 min at 12,000 rpm, 300 μl supernatant was transferred to a fresh tube. Then, 100 μl of each sample was collected, pooled, and evaporated in a vacuum concentrator to prepare the quality control (QC) sample. The dried samples were redissolved in 80 μl of 20 g l−1 methoxyamine hydrochloride in pyridine and incubated at 80°C for 30 min while shaking. Then, derivatization of the mixture was achieved through incubation with 100 μl of BSTFA regent (1% TMCS, v/v) at 70°C for 1.5 h. After the samples were gradually cooled to RT, 5 μl of FAMEs (in chloroform) was added to the QC sample. Then, all samples were subjected to Agilent 7890 GC coupled with a time-of-flight mass spectrometer (GC-TOF-MS) for analysis.




2.4.2 Injection parameters on GC-TOF-MS

A volume of 1 μl aliquot of derivatized sample was injected in splitless mode and separated on a 30 m × 0.25 mm DB-5MS capillary column coated with a 0.25-µm CP-Sil 8 CB low bleed (Varian Inc., Palo Alto, CA, USA). Helium was used as the carrier gas. The front inlet purge flow was 3 ml min−1. The gas flow rate through the column was 1 ml min−1. The initial temperature was kept at 50°C for 1 min. Then, it was raised to 310°C at a rate of 10°C min−1 and kept for 8 min at 310°C. The injection, transfer line, and ion source temperatures were 280°C, 280°C, and 250°C, respectively. The energy was −70 eV in the electron impact mode. The mass spectrometry data were acquired in the full-scan mode with the 50–500-m/z range at 12.5 spectra per second after a solvent delay of 6.27 min.




2.4.3 Metabolite analysis by GC-TOF-MS

Raw data analysis, including peak extraction, baseline adjustment, deconvolution, alignment, and integration, was completed with ChromaTOF (V 4.3x, LECO) software. The LECO-Fiehn Rtx5 database was used for metabolite identification by matching the mass spectrum and retention index (Kind et al., 2009). Finally, the peaks detected in less than half of the QC samples or relative standard deviation (RSD) in>30% of the QC samples was removed (Dunn et al., 2011).





2.5 RNA isolation and quantitative real-time PCR analysis

The relative expression levels of the genes selected were analyzed following the method by Zhao et al. (2017) with slight modifications. The total RNA was isolated from 100 mg of toon bud samples with RNAprep Pure Plant Plus Kit (polysaccharide- and polyphenolics-rich) (Tiangen, Beijing). Then, it was reversely transcribed into single cDNA at 42°C for 15 min by using FastKing gDNA Dispelling RT SuperMix (Tiangen, Beijing) according to the manufacturer’s protocols. Then, the cDNA was diluted 10-fold as templates for the quantitative real-time PCR (qRT-PCR) analysis via SuperReal PreMix Plus (SYBR Green) (Tiangen, Beijing) performed by the Bio-Rad, CFX96 Connect Optics Module Real-Time System (Thermo, CA). The actin gene of T. sinensis was used as the internal control for evaluating the relative expression of the specific genes. The gene-specific primers used are listed in Supplementary Table S1 (Zhao et al., 2017). The expression levels of critical genes involved in the primary metabolism and ethylene signaling were analyzed by qRT-PCR. The 2–△△Ct method was applied to calculate the relative expression levels of these genes (Zhao et al., 2017). Each sample also contained three biological replicates and three technological replicates. The relative expression levels were represented by mean ± standard error of the mean (SEM) values (Zhao et al., 2017).




2.6 Statistical analysis

The data of metabolites presented in this study were the mean values of six biological replicates. The GC-TOF-MS data were processed with SIMCA software (Version 15.0, Umetrics, Umea, Sweden) to obtain the result of multivariate statistical analysis. Principal component analysis (PCA) was performed to compare the DEM level between both samples. Then, DEMs were identified and confirmed between the two samples using the orthogonal partial least square discriminant analysis (OPLS–DA) with the threshold value of variable importance in projection (VIP) >1 and P < 0.05. Subsequently, the expression patterns of DEMs were demonstrated by hierarchical clustering analysis (HCA) and heat maps. The physiological data and qRT-PCR analysis were the mean values of three replicates. A two-way ANOVA was performed. The Fisher test (P < 0.05) was used for mean comparisons between the two samples using SPSS 22.0. The different letters between means were indicative of significant difference at a significant level of P < 0.05.





3 Results



3.1 Alleviation of postharvest senescence and rotting of toon buds by LT

Toon bud browning is a common problem affecting quality and consumer preference. The visual effects of LT storage on delaying toon bud senescence, browning, and rotting are shown in Figure 1A. The toon buds under LT storage still retained a green appearance after 72 h. In comparison, the toon buds stored in RT developed severe browning and rotting. As illustrated in Figure 1B, the DI of the LT-stored toon buds was 17.8% in 72 h, significantly lower than that of RT-stored toon buds (68.7%).




Figure 1 | Appearance (A) and DI (B) of toon buds at 4°C and 20°C storage after 0, 12, 24, 48, and 72 h. The values are presented as the mean ± SEM. The bars with different lowercase letters are significantly different at P < 0.05.






3.2 Inhibition of ethylene production and respiration rate in postharvest toon buds by LT

When the storage temperature regime was not considered during the whole storage period, the ethylene concentrations increased with prolonged storage time (Figure 2A). However, the ethylene release rate significantly differed between RT and LT storages. When toon buds were under LT conditions, the ethylene release rate was very low during the whole storage period. The ethylene release rate was only 2.34 ng kg-1 s-1 after 72 h of storage. However, the ethylene release rate increased exponentially after a relatively stable period of 24–48 h under RT storage. The ethylene release rate reached 39.90 ng kg −1 s −1 at the end of the storage period (Figure 2A).




Figure 2 | Change in the (A) ethylene release rate and respiration rate (B) of toon buds at 4°C and 20°C storage after 0, 12, 24, 48, and 72 h. The values are presented as the mean ± SEM. The bars with different lowercase letters are significantly different at P < 0.05.



Unlike the ethylene release rate, the respiration rate demonstrated various downward trends in both groups (Figure 2B). During 0–48 h of RT storage, the respiration rate of the LT storage was lower than that of the RT storage. The finding indicated that the respiratory consumption of toon buds was inhibited under LT conditions. After 72 h, the respiration rate in RT was lower than that in LT.




3.3 Identification of the metabolites in postharvest toon buds

A total of 305 metabolites were detected in the raw data, of which 150 matched the known metabolites in the database, including carbohydrates, organic acids, amines, aldehydes and alcohols, amino acids, fatty acids, alkaloids, pyridines and purines, and their derivatives. The remaining 155 metabolites were named as “unknown” or “analyte.” Their structural features needed to be further identified (Supplementary Table S2). The correlation coefficients (six biological duplicate samples) within a group exceeded a threshold value (0.7) within the range of 0.77−0.98. This finding suggested that the data within the group showed good repeatability and could be used for subsequent differential metabolite screening (Supplementary Table S3).




3.4 Multivariate analysis of metabolomic data in postharvest toon buds

The metabolic data between groups (control and 12−24 h of LT-stored groups, 48 h of RT-stored and 72 h of RT-stored groups, 48−72 h of LT-stored and 12−24 h of RT stored groups) had high correlation coefficients, indicating that these groups had similar metabolite accumulation patterns (Supplementary Figure S1). PCA was performed to reveal the distribution trends among various samples (Supplementary Figure S1). The differences between the samples could not be explained through the visual discrimination generated by the PCA. The orthogonal projections to latent structures-discriminant analysis (OPLS-DA) and permutation plots indicated the clear separation of the eight coupled treatments between control and other storage times (Figure 3). In general, an R2Y value of 0.65 or more and Q2Y of 0.5 or more indicated a satisfactory ability for quantitative prediction. High Q2, R2X, and R2Y values were observed in the comparison between control (0 h) and other samples. This observation indicated major time-dependent relationships in the metabolic profiles of postharvest toon buds.




Figure 3 | Metabolomic analysis of postharvest toon buds using GC-TOF-MS, including the OPLS-DA plots of RT, LT-stored samples, and control (top figure). Performance of the permutation tests validated from the OPLS-DA model (bottom figure).






3.5 DEMs in RT- and LT-stored toon buds compared with control

A differential metabolomics method based on VIP > 1 and P < 0.05 was used to screen the DEMs of postharvest toon buds. The total differential metabolites of LT vs. control, RT vs. control, and RT vs. LT at the same storage time point were 192 (Figures 4A, D), 234 (Figures 4B, E), and 277 (Figures 4C, F), respectively.




Figure 4 | Distribution of DEMs at different storage times after harvest. Identification and number statistics of DEMs based on VIP > 1 and P < 0.05 (A–C). According to Venn diagram analysis, the DEMs overlapped at different times under RT and LT storages after harvest (D–F).






Figure 5 | Hierarchical cluster analysis of changes in various carbohydrates (A), organic acids (B), amino acids (C), alcohol, aldehyde, amine, and their derivatives (D), and pyridine, pyrimidine and purine (E) in toon buds during storage. Red indicates high abundance. The metabolites with low relative abundance are shown in green. (The color key scale is at the bottom of the heatmap).



We built an HCA to unveil the diversity in the metabolite profiles among different experimental samples (Figure 5). Among the known differential metabolites, 16 carbohydrates (Figure 5A), 45 known acid metabolites (Figure 5B), 13 amino acids and their 18 derivatives (Figure 5C), 36 secondary metabolites (Figure 5D), and nine pyridines, pyrimidines, purines, and their derivatives (Figure 5E) were identified.

As shown in Figure 5A, the change patterns of various carbohydrates in toon buds under RT and LT storage were different. Sorbose, fructose, sucrose, lactose, D-talose, and maltose displayed greater upregulation in RT storage than in LT storage. The decrease in the relative contents of lysose, ribose, and fucose in toon buds during RT storage was more than that at LT storage. Digitoxose and 3,6-anhydro-D-galactose were upregulated under RT storage and downregulated under LT storage. D-Glucoheptose and isomaltose were downregulated under RT storage but not significantly.

As shown in Figure 5B, 16 organic acids related to glucose metabolism, including glucose 1-phosphate, glucose 6-phosphate, and 6-phosphogluconic acid, accumulated in different levels between LT and RT groups. The relative contents of inorganic sulfuric acid increased at RT, particularly after 48 h of storage. However, they decreased under LT storage. Phosphoric acid decreased rapidly during RT storage but changed slightly under LT storage.

Except for aspartic acid, glutamic acid, and glutamine, most amino acids and their derivatives exhibited a declining trend during storage. Moreover, the decrease in amino acid contents in the RT storage was greater than that in the LT storage. The relative contents of essential fatty acids such as palmitic acid and linolenic acid also showed a similar downward trend. However, the change in stearic acid was not remarkable during storage (Figure 5C).

Except for the primary metabolites, 36 secondary metabolites were classified into alcohol, phenol, aldehyde, amine, and their oxides (Figure 5D).

Given the catabolism of vitamins and uracil, 2-hydroxypyridine, 4-hydroxypyridine, and orotic acid accumulated significantly in toon buds during RT storage (Figure 5E). In contrast, purine and pyrimidine such as uracil, allantoic acid, hypoxanthine nucleoside, guanine nucleoside, and purine nucleoside decreased significantly during RT storage.




3.6 Differentially expressed genes related to the primary metabolism, shikimic acid, and ethylene biosynthesis

As sucrose, shikimic acid, and ethylene accumulated significantly during storage, the expression levels of genes related to these metabolism pathways were further investigated (Figure 6). The expression levels of genes related to sucrose biosynthesis, including sucrose-phosphate synthase (SPS), sucrose synthase (SuSy), and sucrose-phosphatase (SPP) were significantly upregulated under RT storage. Three glucose and xylose isomerized-related genes, namely, uridine diphosphate-glucose 4-epimerase (UGE), glucose-6-phosphate 1-epimerase (GPE), and xylose isomerase (XI), play critical roles in monosaccharide configuration transformation during storage. Compared with the control, UGE, GPE, and XI were upregulated significantly, particularly after 24 h of storage. A group of genes related to gluconeogenesis and the TCA cycle was also analyzed. Compared with the control and LT storage, the expression levels of phosphoenolpyruvate carboxykinase (PCK), phosphoenolpyruvate carboxylase (PEPC), citrate synthase (CS), isocitrate dehydrogenase (ICD), isocitrate lyase (ICL), and MDH were obviously upregulated during RT storage. In particular, their relative expression levels reached the maximum after 24–48 h during RT storage. This finding indicated that gluconeogenesis was strengthened and the balance of the TCA cycle was disturbed within 24 or 48 h of RT storage. Oppositely, LT effectively suppressed gluconeogenesis and maintained the relative balance of the TCA cycle.




Figure 6 | Differential expression of genes related to sucrose biosynthesis, sugar, organic acid, amino acid metabolism, ethylene biosynthesis, and signal transduction pathway in toon buds between RT and LT storages. SPS, sucrose-phosphate synthase; SuSy, sucrose synthase; SPP, sucrose-phosphatase; UGE, uridine diphosphate-glucose 4-epimerase; GPE, glucose-6-phosphate 1-epimerase; GPD, glucose-6-phosphate 1-dehydrogenase; XI, xylose isomerase; PCK, phosphoenolpyruvate carboxykinase; PEPC, phosphoenolpyruvate carboxylase; CS, citrate synthase; ICD, isocitrate dehydrogenase; ICL, isocitrate lyase; MDH, malate dehydrogenase; GS, glutamate synthase; ADC, arginine decarboxylase; GoLS, galactinol synthase; HPPD, 4-hydroxyphenylpyruvate dioxygenase; ACS, 1-aminocyclopropane-1-carboxylate synthase; ACO, 1-aminocyclopropane-1-carboxylate oxidase; ERF, ethylene-responsive transcription factor. The values are the means ± SEM from biological replicates. The bars with different lowercase letters are significantly different at P < 0.05.



In addition to those genes related to sugar metabolism, two key enzyme genes involved in amino acid metabolism, including glutamate synthase (GS) and arginine decarboxylase (ADC), were observed. Similar to ICL, the GS expression level of RT storage was significantly higher than that of LT storage. The GS expression displayed an increasing trend with prolonged RT storage time. Unlike GS expression, ADC expression reached the maximum under 12 h of RT storage. Then, the ADC expression began to decrease gradually. Its expression level during RT storage was lower than that during LT storage. The expression level of galactinol synthase (GoLS) decreased gradually with the extended RT storage time. This finding was consistent with the relative content decrease of galactinol. Moreover, 4-hydroxyphenylpyruvate dioxygenase (HPPD), an essential enzyme gene involved in aromatic compound biosynthesis, significantly increased during RT storage. However, LT storage effectively inhibited HDDP expression. Thus, LT storage contributed to the reduction of the secondary acids containing aromatic metabolites and the preservation of postharvest toon bud quality.

As mentioned above, the ethylene release rate rapidly increased during RT storage. The expression patterns of the three genes involved in the ethylene signaling transduction pathway were further investigated. Two ethylene biosynthetic-genes, namely, 1-aminocyclopropane-1-carboxylate synthase (ACS) and 1-aminocyclopropane-1-carboxylate oxidase (ACO), and an ethylene-responsive transcription factor (ERF) were obviously upregulated during storage. Moreover, their expression levels at RT storage were much higher than those at LT storage. The results indicated that ethylene-triggered events in toon bud may happen after postharvest storage, leading to toon bud senescence and quality deterioration.





4 Discussion



4.1 Changes in the appearance and physiological characteristics of toon bud during storage at RT and LT

Toon buds are widely favored as delicious and nutritious vegetables by consumers. However, postharvest toon buds are susceptible to decay because of their active respiration and vigorous metabolism, resulting in the loss of nutritional value following quality deterioration during RT storage (Zhao et al., 2018; Jiang et al., 2019; Lin S. H. et al., 2019). LT storage can effectively inhibit the respiration of harvested toon buds, maintain their quality, and prolong their postharvest shelf life. Our results further verified that LT could reduce the respiration rate of toon buds and strongly repress ethylene release after harvest.




4.2 Changes in the sugar metabolism of toon buds during storage at RT and LT

The sugars with high sweetness, such as sucrose and fructose, accumulated rapidly with the prolonged storage time, particularly at RT storage. In comparison, the sugars with low sweetness related to stress showed a downward trend. This finding implied that the rot of toon buds was aggravated and the protective effect of osmolytes was weakened. Sugars are the main respiratory substrates for energy supply and osmolytes (Guo et al., 2019; Uarrota et al., 2019). Sucrose and fructose accumulated rapidly with the extended storage time. The possible reason was that the hydrolysis of starch provided glucose for sucrose synthesis. Alternatively, glucose 1-phosphate or glucose 6-phosphate flowed through the gluconeogenesis pathway to promote sucrose synthesis further (Farcuh et al., 2018; Luo et al., 2021). Figure 6 shows that the expression levels of the key enzyme genes of sucrose synthesis increased rapidly during RT storage. However, their expression levels at LT storage were significantly lower than those at RT storage. The increase level of sucrose was quite limited under LT storage conditions. Many studies have shown that ethylene-dependent sucrose accumulation promoted postharvest ripening and senescence of fruits and vegetables (Foukaraki et al., 2015; Xu et al., 2016; Farcuh et al., 2018). Ethylene release rate increased during postharvest ripening of apples, resulting in sucrose and fructose accumulations (Sun et al., 2021). Exogenous ethylene application stimulated the expression of SuSy in postharvest blueberries (Wang et al., 2020). Our results were consistent with the above reports.

The intermediates’ accumulation in the glycolysis indicated that the metabolic pathway gradually weakened (Luo et al., 2021). The gene encoding glucose-6-phosphate 1-dehydrogenase (GPD) is the key enzyme of PPP metabolism (Perotti et al., 2015). During storage for 24−48 h, the GPD expression level at RT was significantly higher than that at LT. The results suggested that the PPP metabolism was enhanced in stored toon buds. The transcript level of the XI gene involved in the PPP metabolism also displayed an increasing trend at RT. Its expression was extremely low under LT storage, reflecting the strengthening of PPP metabolism under RT storage.

Previous studies have shown that the respiratory metabolism of good fruit and vegetable harvested was mainly based on EMP and TCA cycle pathways, and PPP was used as the auxiliary respiratory metabolism (Guo et al., 2019; Lin L. J. et al., 2019; Guo et al., 2022). However, PPP became the active respiratory metabolism for postharvest deteriorated fruit and vegetable tissues. In our results, the toon buds at the early stage of postharvest storage (0−24 h) were robust and healthy. Moreover, the respiratory pathway was mainly through the EMP-TCA cycle to provide sufficient energy for the life activities of the tissues. After 24 h of storage, the browning and quality deterioration of the harvested toon buds began, and the respiratory metabolism considerably depended on PPP.




4.3 Changes in amino acid and organic acid metabolisms of toon buds during storage at RT and LT

In addition, various essential amino acids decomposed severely with increasing storage time, resulting in a decrease in their contents. However, the levels of amino acids maintained at LT storage were higher than those at RT. For example, alanine and aspartic acid were transformed into pyruvate and oxaloacetic acid, respectively. Other amino acids, such as valine, leucine, isoleucine, and lysine, were transformed into α-ketoisocaproic acid through the combined transamination (Bekele et al., 2015; Ren et al., 2020). The GS and ADC in toon buds at RT storage exhibited significantly higher expressions than those at LT storage. This scenario further aggravated the accumulation of organic acids, such as oxaloacetic acid, citric acid, α-ketoisocaproic acid, and malic acid in the TCA cycle. However, this metabolic flow slowed down under the LT storage of toon buds. Many studies have shown that during postharvest storage, the upregulated expression of various enzyme genes in the TCA cycle accelerated respiratory consumption and reduced the contents of various organic acids (Lin et al., 2015; Liu et al., 2016; Yao et al., 2018). Our results did not exactly accord with previous reports. The possible reason was the upregulated expression of PEPC and PCK genes in the gluconeogenesis pathway, which converted pyruvate into oxaloacetic acid and reduced it to form malic acid (Perotti et al., 2015; Han et al., 2018).

The expression level of ICL, the key gene in the glyoxylic acid cycle in the bypass of the TCA cycle pathway, was also highly expressed under RT storage compared with LT storage. This finding indicated that the glyoxylic acid cycle involved in fatty acid catabolism was also strengthened. Intermediate accumulation in the EMP−TCA pathway strengthened gluconeogenesis, transforming non-sugar substances into sugars such as fructose and sucrose (Bekele et al., 2015; Liu et al., 2016).




4.4 Accumulation of aldehydes, acids, amines, and other compounds in toon buds during storage at RT and LT

The superfluous intermediates derived from sugars and amino acids, such as various organic acids, were metabolized into various toxic compounds, such as aldehydes, acids, and amines, through side reaction. This phenomenon further accelerated the quality deterioration of postharvest toon buds. However, this process slows down significantly under LT storage. Moreover, the relative levels of aldehydes, acids, amines, and their derivatives were significantly lower than those under RT storage. Phosphoenolpyruvate, the intermediate of gluconeogenesis pathway, combined with erythrose 4-phosphate, the intermediate of PPP pathway, to form other phenolic acids in the shikimic acid pathway (Becerra-Moreno et al., 2015). The upregulated expression of HPPD indicated that the transformation from primary metabolism to secondary metabolism was accelerated in toon buds. This result was consistent with our previous report (Zhao et al., 2021).

On the basis of the above results, we preliminarily described the changes in the molecular metabolic pathways of postharvest toon buds. As demonstrated in Figure 7, the sucrose metabolism, hexose isomerization, gluconeogenesis pathway, and PPP metabolic pathway that centered on glucose 1-phosphate or glucose 6-phosphate were strengthened. In comparison, the glycolysis pathway and the TCA cycle gradually weakened with the prolonged storage time. The increased catabolism of fatty acids and amino acids and the active side reactions, such as transamination, deamination, dehydrogenation, and oxidation, led to the accumulation of ketones, acids, aldehydes, and amines. The metabolic transformation of aromatic amino acids and the accelerated catabolism of pyrimidine or purine nucleotides led to toxic compound accumulation and cell energy consumption. All these circumstances led to the loss of nutrition and quality deterioration of toon buds after harvest.




Figure 7 | A summary of the significantly changed metabolic pathways in RT and LT storages. Narrow: upregulated or downregulated; dash: unchanged.







5 Conclusions

In summary, the molecular mechanism of quality deterioration in toon buds was explored by comparatively analyzing the metabolic differences in toon buds between RT and LT storages. The results showed that compared with RT storage, LT storage could effectively inhibit the respiration rate and the ethylene release rate of toon buds. Moreover, the catabolism of various essential amino acids and fatty acids maintained a comparatively stable level. The expression levels of the key enzyme genes associated with sugar metabolism in LT-stored toon buds were significantly lower than those in RT-stored toon buds, resulting in the limited accumulation of sucrose and various organic acids. However, the primary metabolism displayed the opposite trend in the RT-stored toon buds. Compared with LT storage, RT storage promoted the metabolism of branched-chain synthesis pathways, such as shikimic acid, resulting in the accumulation of various aromatic compounds. In addition, various toxic compounds formed by oxidation, decarboxylation, and transamination rapidly increased under RT storage, eventually leading to quality deterioration and nutrition loss of postharvest toon buds.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Author contributions

HZ conceived and designed this experiment. HZ drafted the manuscript. CS and QH collected samples of toon sprouts. MF and XL extracted and assayed flavonoid components and volatile terpenoid compounds. JW carried out. qRT-PCR experiments and analyzed the data. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by grants from the Natural Science Key Foundations of the Anhui Bureau of Education, the Institution of Higher Education Outstanding Top Talent Cultivation funding project of the Anhui Bureau of Education, and the Science and Technology Special Project of Municipal – University Cooperation (Fuyang Normal University-Fuyang City) (Nos. KJ2021A0683, KJ2020A0545, gxgwfx2020049, and SXHZ202107), and the Innovation Program for College Students (No. S202110371080).




Acknowledgments

The authors would like to thank Dr. Li Wang from the School of Tea and Food Science & Technology, Anhui Agricultural University, for critically reading the manuscript.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1142840/full#supplementary-material




References

 Becerra-Moreno, A., Redondo-Gil, M., Benavides, J., Nair, V., Cisneros-Zevallos, L., and Jacobo-Velázquez, D. A. (2015). Combined effect of water loss and wounding stress on gene activation of metabolic pathways associated with phenolic biosynthesis in carrot. Front. Plant Sci. 6. doi: 10.3389/fpls.2015.00837

 Bekele, E. A., Beshir, W. F., Hertog, M., Nicolai, B. M., and Geeraerd, A. H. (2015). Metabolic profiling reveals ethylene mediated metabolic changes and a coordinated adaptive mechanism of ‘Jonagold’ apple to low oxygen stress. Physiol. Plant 155, 232–247. doi: 10.1111/ppl.12351

 Dunn, W. B., Broadhurst, D., Begley, P., Zelena, E., Francis-McIntyre, S., Anderson, N., et al. (2011). Procedures for large-scale metabolic profiling of serum and plasma using gas chromatography and liquid chromatography coupled to mass spectrometry. Nat. Protoc. 6, 1060–1083. doi: 10.1038/nprot.2011.335

 Farcuh, M., Rivero, R. M., Sadka, A., and Blumwald, E. (2018). Ethylene regulation of sugar metabolism in climacteric and non-climacteric plums. Postharv. Biol. Tech. 139, 20–30. doi: 10.1016/j.postharvbio.2018.01.012

 Foukaraki, S. G., Cools, K., Chope, G. A., and Terry, L. A. (2015). Impact of ethylene and 1-MCP on sprouting and sugar accumulation in stored potatoes. Postharvest Biol. Technol. 114, 95–103. doi: 10.1016/j.postharvbio.2015.11.013

 Goulas, V., Minas, I. S., Kourdoulas, P. M., Lazaridou, A., Molassiotis, A. N., Gerothanassis, I. P., et al. (2015). 1H NMR metabolic fingerprinting to probe temporal postharvest changes on qualitative attributes and phytochemical profile of sweet cherry fruit. Front. Plant Sci. 6. doi: 10.3389/fpls.2015.00959

 Guo, X. M., Luo, T., Han, D. M., and Wu, Z. X. (2019). Analysis of metabolomics associated with quality differences between room–temperature– and low–temperature–stored litchi pulps. Food Sci. Nutr. 7, 3560–3569. doi: 10.1002/fsn3.1208

 Guo, X. M., Luo, T., Han, D. M., Zhu, D. F., Li, Z. Y., Wu, Z. Y., et al. (2022). Multi-omics analysis revealed room temperature storage affected the quality of litchi by altering carbohydrate metabolism. Sci. Hortic. 293, 110663. doi: 10.1016/j.scienta.2021.110663

 Han, S. K., Nan, Y. Y., Qu, W., He, Y. H., Ban, Q. Y., Lv, Y. R., et al. (2018). Exogenous gamma-aminobutyric acid treatment that contributes to regulation of malate metabolism and ethylene synthesis in apple fruit during storage. J. Agr. Food Chem. 66, 13473–13482. doi: 10.1021/acs.jafc.8b04674

 Hu, X., Liu, X. L., He, M. Y., Zhao, W., Zhao, Z. Y., Yang, J. X., et al. (2019). Postharvest physiological and biochemical changes and preservation techniques of Toona sinensis. Food Ferment. Ind 45, 286–291. doi: 10.13995/j.cnki.11-1802/ts.019326

 Jiang, X. X., Zhang, B. B., Lei, M. H., Zhang, J. J., and Zhang, J. F. (2019). Analysis of nutrient composition and antioxidant characteristics in the tender shoots of Chinese toon picked under different conditions. LWT-Food Sci. Technol. 109, 137–144. doi: 10.1016/j.lwt.2019.03.055

 Kind, T., Wohlgemuth, G., Lee, D. Y., Lu, Y., Palazoglu, M., Shahbaz, S., et al. (2009). FiehnLib: mass spectral and retention index libraries for metabolomics based on quadrupole and time-of-flight gas chromatography/mass spectrometry. Anal. Chem. 81, 10038–10048. doi: 10.1021/ac9019522

 Li, H. X., Xu, J. W., Cai, M. L., Zeng, H. L., and Wang, X. K. (2015). Improved method for measuring respiratory rate of plant seeds using small-skep-method. J. Biol. 32, 100–106. doi: 10.3969/j.issn.2095–1736.2015.01.100

 Lin, S. H., Chen, C. K., Luo, H. X., Xu, W. T., Zhang, H. J., Tian, J. J., et al. (2019). The combined effect of ozone treatment and polyethylene packaging on postharvest quality and biodiversity of Toona sinensis (A.Juss.) M.Roem. Postharvest Biol. Technol. 154, 1–10. doi: 10.1016/j.postharvbio.2019.04.010

 Lin, L. J., Lin, Y. X., Lin, H. T., Lin, M. S., Ritenour, M. A., Chen, Y. H., et al. (2019). Comparison between 'Fuyan' and 'Dongbi' longans in aril breakdown and respiration metabolism. Postharvest Biol. Technol. 153, 176–182. doi: 10.1016/j.postharvbio.2019.04.008

 Lin, Q., Wang, C. Y., Dong, W. C., Jiang, Q., Wang, D. L., Li, S. J., et al. (2015). Transcriptome and metabolome analyses of sugar and organic acid metabolism in ponkan (Citrus reticulata) fruit during fruit maturation. Gene 554, 64–74. doi: 10.1016/j.gene.2014.10.025

 Liu, R. L., Wang, Y. Y., Qin, G. Z., and Tian, S. P. (2016). Molecular basis of 1-methylcyclopropene regulating organic acid metabolism in apple fruit during storage. Postharvest Biol. Technol. 117, 57–63. doi: 10.1016/j.postharvbio.2016.02.001

 Luo, T., Shuai, L., Lai, T. T., Liao, L. Y., Li, J., Duan, Z. H., et al. (2021). Up-regulated glycolysis, TCA, fermentation and energy metabolism promoted the sugar receding in ‘Shixia’ longan (Dimocarpus longan lour.) pulp. Sci. Hortic. 281, 109998. doi: 10.1016/j.scienta.2021.109998

 Osorio, S., Carneiro, R. T., Lytovchenko, A., Mcquinn, R., Sørensen, I., Vallarino, J. G., et al. (2019). Genetic and metabolic effects of ripening mutations and vine detachment on tomato fruit quality. Plant Biotechnol. J. 18, 106–118. doi: 10.1111/pbi.13176

 Perotti, V. E., Moreno, A. S., Trípodi, K., Del Vecchio, H. A., Meier, G., Bello, F., et al. (2015). Biochemical characterization of the flavedo of heat-treated Valencia orange during postharvest cold storage. Postharvest Biol. Technol. 99, 80–87. doi: 10.1016/j.postharvbio.2014.08.007

 Pott, D. M., Vallarino, J. G., and Osorio, S. (2020). Metabolite changes during postharvest storage: effects on fruit quality traits. Metabolites 10, 187. doi: 10.3390/metabo10050187

 Ren, L., Zhang, T. T., Wu, H. X., Ge, Y. X., Zhao, X. H., Shen, X. D., et al. (2020). Exploring the metabolic changes in sweet potato during postharvest storage using a widely targeted metabolomics approach. J. Food Process. Preserv. 45. doi: 10.1111/jfpp.15118

 Su, S., Wang, L. J., Ni, J. W., Geng, Y. H., and Xu, X. Q. (2020). Diversity of red, green and black cultivars of Chinese toon [Toona sinensis (A. juss.) roem]: anthocyanins, favonols and antioxidant activity. J. Food Meas. Charact. 14, 3206–3215. doi: 10.1007/s11694-020-00560-8

 Sun, Y. J., Shi, Z. D., Jiang, Y. P., Zhang, X. H., Li, X. A., and Li, F. J. (2021). Effects of preharvest regulation of ethylene on carbohydrate metabolism of apple (Malus domestica borkh cv. starkrimson) fruit at harvest and during storage. Sci. Hortic. 276, 109748. doi: 10.1016/j.scienta.2020.109748

 Tang, N., Deng, W., Hu, N., Chen, N., and Li, Z. G. (2016). Metabolite and transcriptomic analysis reveals metabolic and regulatory features associated with Powell orange pulp deterioration during room temperature and cold storage. Postharvest Biol. Technol. 112, 75–86. doi: 10.1016/j.postharvbio.2015.10.008

 Uarrota, G. V., Fuentealba, C., Hernández, I., Defilippi-Bruzzone, B., Meneses, C., Campos-Vargas, R., et al. (2019). Integration of proteomics and metabolomics data of early and middle season hass avocados under heat treatment. Food Chem. 289, 512–521. doi: 10.1016/j.foodchem.2019.03.090

 Wang, L. Q., Lin, S. H., Chen, C. K., Zhang, H. J., Luo, H. X., and Xu, W. T. (2019). Effects of three different preservation methods on storage quality of Toona sinensis. Food Res. Dev. Food Res. 40, 150–155.

 Wang, S. Y., Zhou, Q., Zhou, X., Zhang, F., and Ji, S. J. (2020). Ethylene plays an important role in the softening and sucrose metabolism of blueberries postharvest. Food Chem. 310, 125965–125973. doi: 10.1016/j.foodchem.2019.125965

 Xu, F., Wang, H. F., Tang, Y. C., Dong, S. Q., Qiao, X., Chen, X. H., et al. (2016). Effect of 1-methylcyclopropene on senescence and sugar metabolism in harvested broccoli florets. Postharvest Biol. Technol. 116, 45–49. doi: 10.1016/j.postharvbio.2016.01.004

 Yang, Y., Wang, J., Xing, Z. E., Dai, Y. Q., and Chen, M. (2011). Identification of phenolics in Chinese toon and analysis of their content changes during storage. Food Chem. 128, 831–838. doi: 10.1016/j.foodchem.2011.03.071

 Yang, H., Zhao, S. H., Shi, G. Y., Zhang, L., Wang, X. M., and Wang, Z. G. (2019). Effect of near freezing-point storage on quality and key flavor substances of Toona sinensis bud. Storage Process 19, 46–52. doi: 10.3969/j.issn.1009-6221.2019.05.008

 Yao, S. X., Cao, S. X., Xie, J., Deng, L. L., and Zeng, K. F. (2018). Alteration of sugar and organic acid metabolism in postharvest granulation of Ponkan fruit revealed by transcriptome profiling. Postharv. Biol. Tech. 139, 2–11. doi: 10.1016/j.postharvbio.2018.01.003

 Zhang, J., Wang, X., Yu, O., Tang, J., Gu, X., Wan, X., et al. (2011). Metabolic profiling of strawberry (Fragaria × ananassa duch.) during fruit development and maturation. J. Exp. Bot. 62, 1103–1118. doi: 10.1093/jxb/erq343

 Zhang, X. M., Zhao, F. C., Li, H. L., and Liu, Y. Y. (2009). Effects of Allium macrostemon bunge extracts on the preservation of Toona sinensis. chin. Agric. Sci. Bull. 25, 55–58.

 Zhao, H., Feng, S. S., Zhou, W., and Kai, G. Y. (2019). Transcriptomic analysis of postharvest toon buds and key enzymes involved in terpenoid biosynthesis during cold storage. Sci. Hortic. 257, 108747. doi: 10.1016/j.scienta.2019.108747

 Zhao, H., Lv, W. J., Fan, Y. L., and Li, H. Q. (2018). Gibberellic acid enhances postharvest toon sprout tolerance to chilling stress by increasing the antioxidant capacity during the short-term cold storage. Sci. Hortic. 237, 184–191. doi: 10.1016/j.scienta.2018.04.018

 Zhao, H., Ren, L. P., Fan, X. Y., Tang, K. J., and Li, B. (2017). Identification of putative flavonoid-biosynthetic genes through transcriptome analysis of taihe Toona sinensis bud. Acta Physiol. Plant 39, 122. doi: 10.1007/s11738-017-2422-9

 Zhao, H., Shi, X. P., Shen, C., Chen, C. F., Liu, J. Y., and Qu, C. Q. (2021). High-throughput sequencing analysis reveals effects of short-term low temperature storage on miRNA-mediated flavonoid accumulation in postharvest toon buds. Plant Gene 26, 100291. doi: 10.1016/j.plgene.2021.100291

 Zhu, Y. Q., and Gao, J. (2017). Effect of package film on the quality of postharvest chinese toon tender shoots storage. J. Food Qual. 2017, 5605202. doi: 10.1155/2017/5605202



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Zhao, Shen, Hao, Fan, Liu and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




Appendix A. Supplementary data



Glossary


 






OEBPS/Images/fpls-14-1142840-g001.jpg
4°C |8
Oh
20 °C &
4°C
12h
20 °C
4°C
24h
20 °C
4°C
§ 48h
20 °C
4°C
72 h

20 °C

Decay index

80%

60%

=
)
=

20%

12

24 48
Storage time (h)

72





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Metabolic profiling and gene expression analysis reveal the quality deterioration of postharvest toon buds between two different storage temperatures

      

        		

          Highlights

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Plant materials

          



          		

            2.2 Toon bud appearance evaluation

          



          		

            2.3 Determining respiration rate and ethylene production

          



          		

            2.4 Non-target GC–TOF-MS analysis

          

            		

              2.4.1 Sample preparation and extraction

            



            		

              2.4.2 Injection parameters on GC-TOF-MS

            



            		

              2.4.3 Metabolite analysis by GC-TOF-MS

            



          



          



          		

            2.5 RNA isolation and quantitative real-time PCR analysis

          



          		

            2.6 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Alleviation of postharvest senescence and rotting of toon buds by LT

          



          		

            3.2 Inhibition of ethylene production and respiration rate in postharvest toon buds by LT

          



          		

            3.3 Identification of the metabolites in postharvest toon buds

          



          		

            3.4 Multivariate analysis of metabolomic data in postharvest toon buds

          



          		

            3.5 DEMs in RT- and LT-stored toon buds compared with control

          



          		

            3.6 Differentially expressed genes related to the primary metabolism, shikimic acid, and ethylene biosynthesis

          



        



        



        		

          4 Discussion

        

          		

            4.1 Changes in the appearance and physiological characteristics of toon bud during storage at RT and LT

          



          		

            4.2 Changes in the sugar metabolism of toon buds during storage at RT and LT

          



          		

            4.3 Changes in amino acid and organic acid metabolisms of toon buds during storage at RT and LT

          



          		

            4.4 Accumulation of aldehydes, acids, amines, and other compounds in toon buds during storage at RT and LT

          



        



        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



        		

          Appendix A. Supplementary data

        



        		

          Glossary

        



      



      



    



  



OEBPS/Images/fpls-14-1142840-g004.jpg
Number of DEMs

180

150

120

30

B 150 c 150
mup mup
= down 120 | Mdown ndo
120 wn
H 2
90 %0
a 8
2 s
3 5
£ 60 £ 60
] H
z z
J ) 30
0 0 R

LT-12hvsOh LT-24hvsOh LT-48hvsOh LI-72hvsOh

RT-12hvsOh RT-24hvsOh RT-48hvsOh RT-72hvsOh

RT-12h vs LT-12 hRT-24h vs LT-24 hRT-48h vs LT-48 hRT-72h vs LT-72 h






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1142840-g006.jpg
1ve expression level

Relat

Stor

12 24 48 72

age time (h





OEBPS/Images/fpls-14-1142840-g002.jpg
Enthylene release rate (ug-Kg'-h™)

48

72 0
Storage time (h)

12

24

48

72

2400

1800

1200

600

(,_y-, S3-Sw) o1e1 uonendsay





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





OEBPS/Images/fpls-14-1142840-g003.jpg
Scores (OPLS-DA)

Scores (OPLS-DA)

Scores (OPLS-DA)

Scores (OPLS-DA)

w | aLrT12n A LT-24h A LT48h g Jarrnn
T | e control-0h o _| ® Control-0h o _| ® Control0h © Control-0h
o |
sl o o 4
9_ 4
6 w - w -
3 g g g
o & & &
c © T © T ° T ©
s s s s
w0 | 0 |
lf” - Il Il
24
o | o | 0
e | - 2
0
v | e
e ! ' g
L T
T T T T T T T T T T T T T T T T
-20 -10 0 10 20 -20 -10 0 10 20 -30 -20 -10 0 10 20 30 -20 0 20
R2X R2Y Qz2y RMSEE pre  ort R2X R2Y Qz2y RMSEE pre  ort R2X R2Y Qz2y RMSEE pre ort R2X R2Y Qz2y RMSEE pre  ort
0.379 0.977 0.855 1 (22%) 0.088 1 1 0.582 0.993 0.863 1 (27%) 0.053 1 2 0.522 0.993 0.959 1 (39%) 0.05 1 1 0.671 0.989 0.969 1 (49%) 0.062 1 1
o | o | o |
2 1 - LI )
L] i o @ - - 2 w | |.-
w0 | 1 H R 1 " 1 " - H 3
=3 - 1 ] I 3 :
]
« . Eo . i
1 ] . = i 3 S
" 1 " o H I e
5] 1 L ° .
~§ S ] = ™ o« ] 1 . ~§ 9 = _ o
<} e <} g ©° - g n
2 . 1 2 i | 2 . 1 ERE
H I 5 o | 1 H : 1 H
> Bl 5 ] 1 > >
5 ., & 5 s 9 1 35
c @2 | = « 5 1 = o« - o
] 0 & 2
T ] . " 3 ] | =
o F
i = . ! i
. " . .
o | " s 4 " 24 =
= i o o ]
0 2 o
5 [ ] = [ g " (]
! o
N " . o
- " ° R2Y ° R2Y H ° R2Y Y . * R2Y
- = Q2 = = Q2 = L = Q2 . = Q2
T T T T T T T T T T T T T T T T T T T T
0.0 0.2 0.4 06 08 1.0 0.0 0.2 0.4 06 08 1.0 0.0 0.2 0.4 0.6 08 1.0 0.0 0.2 0.4 0.6 08 1.0
Correlation Coefficient Correlation Coefficient Correlation Coefficient Correlation Coefficient
Scores (OPLS-DA) Scores (OPLS-DA) Scores (OPLS-DA) Scores (OPLS-DA)
& = A RT-24h g 4 RT48h ART-2h
& ja.mrizh o Control-0h o Control-0h o Control-0h
® Control-0h © |
& 2
o |
o e
o | e
e e 4
w0
g & £ &
& & o T o z o
= o = = =
= ° ° °
H K] £ K]
o |
?
e 4
0 °
2 24 .
0 il
8 w0
Y -
8 4
< J !
' : - r T T T T T T T T T T T T T T T T T T T
- 20 7 o b 20 i -30 -20 -10 0 10 20 30 -30 -20 -10 [ 10 20 30 -30 -20  -10 0 10 20 30
Rk v sy RMSEE | pre - brt R2X R2Y Q2y RMSEE  pre  ort R2X R2Y Q2y RMSEE  pre  ort R2X R2Y Q2y RMSEE  pre  ort
0765  0.997 0.973 t1(44% 0.033 1 2 0595  0.995 0.949 t1(42% 0.041 1 1 0596  0.992 0.962 t1(45% 0.05 1 1
0563 0.995 0.957 t1(40%) 0.042 1 1 64%) 62%) 5%)
o | o | o | o |
0 | n " o | o -1 !
° ! i i g ° 1 [ S . 9
. . . . S H
" 1 A ! - " I " X 1
g | " . < - . o . 1
s I = S o u 3 - I O i I
. .
3 x | 8 i 8 i 8 3 —
] T 9 9
5 2 . i § 34 | § w 1 § .
> 7 > > o >
] I [ q 7 ] &
4 & o« - 4 H o
L] 0
. o " ] 3 1
e | I . 2 5 ? H
0 . . 2
" L] ™ -
0 2 .
- o T N 0 " = il
0 % = 0
! X - 5 L]
° R2Y . ° R2Y * R2Y © R2Y
o . = Q2 S H = Q2 . = Q2 . = Q2
3 =t T T T T T ! T T T T T T T T T T T T T T T
0.0 0.2 0.4 06 08 1.0 0.0 02 0.4 0.6 0.8 1.0 0.0 0.2 0.4 06 08 10 0.0 02 0.4 06 08 10

Correlation Coefficient

Correlation Coefficient

Correlation Coefficient

Correlation Coefficient






OEBPS/Images/fpls-14-1142840-g005.jpg
Dihydroxyacetone D Glyedtioadd ik
L-Threose R-Glvcerol-Lphosphate
Digitoxose PHydroxypyruvate

Lactic acid
Allose Oxalacetic acid
Lyxose Ciric acid
Ribose eKetorocaproie acid
Fucose 2.2-Dimethylsuccinic acid
agatose Malonic acid
Sorbos L-Malic acid
Erudhse Giyeoli aid
D-Talose G-Phosphoghuconic acid
Anhydro-D-galactose Glucoheptonic acid
actonic acid
Sucrose Digalacturanic acid
Lactose Lactobionic acid
Maltose Threonic acid

y Ribonic acid
Sentiobiose Phosphate

mal Sulfiie acid
1cose-1-phosphate xalic acid
Glue phosphate
Gluconic lactone 4-Aminobenzoic acid
3.4-Dihydroxybenzoic
Phthalic acid
3-Hydroxypropionic acid
fole-2-carboxylic acid
Pipecolinic acid
Tartaric acid
Tartronic acid
Tropic acid
Cittamalic ncid
Glutaric acid
Glutaconic acid
wans-Muconie acid
Quinic acid
Shikimic acid
Alanine cis-2-Hydroxycinnamic aci
Glycin iydroxyeinnamic acid

Valin 2-Ketoadipate
Leucine 2-Ketoadipat

(
h vs CK-(
h vs CK

RT-48h vs CK-

RT-12h vs LT-1
RT-24h vs

CK-0h
CK-0h

h vs CK-Oh
h vs CK-Oh

4h vs LT-24h|

72

Tyrosine
N-Fih

Glycocyamine
N-Methyl-DL-alanine
D-Alanyl-D-alanine

LT-12h vs CK-0h
LT-24h vs CK-0Oh
5

RT-12h vs CK-0h
RT-24h v

RT-

LT-48h vs
LT-72h v

RT-
RT-72h vs LT-

Alanine
trans-4-Hydroxy-L-proline
Oxoproline

&

Hydrouy
Cycloleucine
L-Allothrsonine yerythritol
L Homoserin
3 Aminobutyri acid ol
2:4-Diaminobutyric acid b ghudiioh
- Acetamidobutyric acid
Ormithine
Citrulline
Palmitic acid
Linolenic acid
Pyrogaliol
Glunaroldenyde
Hydroxylamin

4h vs CK-(
4h vs LT-24h
h vs LT-72h

D-mannozamine

T-2
LT-48h vs CI
[RT-2:
RT-721

hingosine
Lactamid

4-Hydroxypyridine
Uracil p
Uridine i
Orotic acid Naringenin
Allantoic acid oy Taxifolin
Inosine

Guanosine Conduritol  cpo>

urine riboside

-Oh
24h

h vs CK-0h
s C

h vs CK-Oh
h vs LT-

w
721
4h vs LT-24h

RT-24h vs CK-0h
RT-48h vs CK-(
)

LT-12h vs CK-(

T-24h vs CK-Oh
T-48h vs LT-48h

LT-12h vs CK-f
LT-48h v

RT-24h vs LT-:
T






OEBPS/Images/table1.jpg
ACO
ACS
ADC
Cs
EMP
ERF
GC

GC-TOF-
MS

GoLS
GPD
GPE
GS
DEMs
DI
HCA
HPPD
ICD
ICL

s

LT
MDH
MSSM
OPLS-DA
PCA
PCK
PEPC
PPP:
qRT-PCR
RSD
RT
SPP
SPS
SuSy
UGE
vip

XI

1-aminocyclopropane-1-carboxylate oxidase
1-aminocyclopropane-1-carboxylate synthase
arginine decarboxylase

citrate synthase

Embden-Meyerhof pathway
ethylene-responsive transcription factor

gas chromatograph

gas chromatograph coupled with a time-of-flight mass
spectrometer

galactinol synthase
glucose-6-phosphate 1-dehydrogenase
glucose-6-phosphate 1-epimerase
glutamate synthase

differentially expressed metabolites
decay index

hierarchical clustering analysis
4-hydroxyphenylpyruvate dioxygenase
isocitrate dehydrogenase

isocitrate lyase

internal standard

low temperature

malate dehydrogenase

modified small-skep-method
orthogonal partial least squares discriminant analysis
principal component analysis
phosphoenolpyruvate carboxykinase
phosphoenolpyruvate carboxylase
pentose phosphate pathway
quantitative real-time PCR

relative standard deviation

room temperature
sucrose-phosphatase
sucrose-phosphate synthase

sucrose synthase

uridine diphosphate-glucose 4-epimerase
variable importance in the projection

xylose isomerase





OEBPS/Images/fpls.2023.1142840_cover.jpg
& frontiers | Frontiers in Plant science

Metabolic profiling and gene expression
analysis reveal the quality deterioration of
postharvest toon buds between two different
storage temperatures





OEBPS/Images/fpls-14-1142840-g007.jpg
MNSucrose A Digalacturonic acid

A 3,6-Anhydro-D- MNLactose == A Lactobionic Acid
galactose MMaltose
— Galactonic acid \ Isomaltose P
Mugcic acid igi Al A
¢ fpsee — (o
VRibose
WV Ribonic acid
I A L-Threose
A Threonic acid

AGlucose I-phosphate ‘A6-Phosphogluconic acid ==

Galactosc ™ AGlucose 6-phosphate v D-Glucoheptose

MFructose A Gluconic acid
AD-Talose \v%(l}lucgnlc lagtongd
A Sorbose ucoheptonic aci
v Fucose A 2-Deoxyerythritol \ trans, trans-Muconic acid
V Lyxose A Threitol
\PTagtOSC — A Acetol ﬁ
— Allose AD-Arabitol
M, 5-Anhydroglucitol
— Sorbitol
A Cyclohexylamine A Glycerql 1-phosphate
AN-cyclohexylformamide —Diglycerol
AN Conduritol B epoxide I
I AGlyceric acid  qmump ~ DINYAroXyacetone  qmp Apihydroxyacetone
AGallic acid L gl
M Benzoic acid I
V 4-Aminobenzoic acid
A\ 3,4-Dihydroxybenzoic acid Glyceraldehyde 3-phosphate
APhthalic acid
W Quinic acid
0 illl)ikimicl 1aclid Phosphoenolpyruvic acid ALactamide
yrogallo
ASalicin ﬁ L I 1
N Arbutin Erythrose 4-phosphate APyruvic acid = |, Lactic acid
\ Palmitic acid
-Hydr ate ] -
2 }\Ld A(l):ggfguv p— VLinolenic acid
¥ Glycine 4 Pyruvic acid B TiC acid
V Serine ) VvMalonic acid
AL-Homoserine . . .
B inlycine v Aminomalonic acid
! ) - 4} 3-Hydroxypropionic acid
AN-Methyl-DL-alanine B/ =CO5 ¥ 5-Hlydroxyprop
AD-Alanyl-D-alanine VTyrosine
\% L-Allothreonine Vv Leucine
R ACycloleucine
M Nicotinamide V¥ Lysine
A Nornicotine
NAD(P)+or NAD(P)H e A2-hydroxypyridine
M -hydroxypyridine
APipecolinic acid
Aceltyl-CoA
VAsparagine = ACitric acid === ACitramalic acid
M ic aci p—
gEgeacd MNOxalacetic acid l
AOxalic acid Aa-Ketoisocaproic acid
J
AGlutaric acid ¢f§fﬁﬁf££°§d A Omithine A3-Aminoisobutyric acid
AMGlutaconic acid Proline vV Citrulline Vv 4-Aminobutyric acid
V2-Ketoadipate v g\xoproline — Glycocyamine A2, 4-diaminobutyric acid
N 5 Al
P aliehy de A trans-4-Hydroxy- V4-Acetamidobutyric acid
L-proline
v Uracil AMnosine /r\H/I\(}i?huret 4 Arginine
VUridine V Guanosine oy
l AMPurine riboside
AB-Alanine Mllantoic acid
AOrotic acid
a-Ketoisocaproic acid
1 \ Valine
v Isoleucine
Succinyl-CoA  mmmp
] Methionine == Al 3-diaminopropane mssAEthylene
AN 2,2-Dimethylsuccinic Acid 4= \,Succinic acid
1

Vv Maleimide 4= Fumaric acid <= \, Tyrosine <= Phenylalanine

: I
Tartaric acid
% = AMalic acid |

ATartronic acid — " y
[ W Tropic Acid \ Naringenin
p— \/ cis-2-Hydroxycinnamic acid A (+/-)-Taxifolin
AOxalacetic acid V4-Hydroxycinnamic acid

AN 4-Hydroxyquinazoline
A 4-Nitroquinoline N-oxide

Galactonic acid
AN Hydroxylamine
A Ethanolamine
- N O-Phosphorylethanolamine
Cell wall and membrane lysis — m—) VN-Acetyl-D-galactosamine
MN-Acetyl-beta-D-mannosamine
A DL-dihydrosphingosine
A Galactinol
N myo-inositol

—Pyrrole-2-Carboxylic Acid

Chlorophyll decomposition — m—) v Phytol





