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Abstract

:

The composition and content of sugar and acid are important indicators of organ development and the quality of horticultural products. B. juncea is an important vegetable in the cruciferous family, with a swollen fleshy stem as the edible organ. Elucidating the characteristics of sugar and acid accumulation during stem expansion of stem mustard and its regulatory mechanism could enhance stem quality. In this study, physiological indicators such as dry matter content, sugar–acid content and related enzyme activities were measured in eight stages of the tumorous stem. The results showed that the sugar and sucrose contents initially increased and then decreased during stem development: Sucrose exhibited a positive correlation with sucrose synthase and sucrose phosphate synthase, while acid content was highly positively correlated with malate dehydrogenase. Further analysis of the dynamic patterns of sugar and acid metabolite contents using metabolomics showed that 1097 metabolites were detected, including 229 organic acids and derivatives, 109 lipids, and other metabolites. Metabolic pathway enrichment analysis showed that metabolites were significantly enriched in organic acids, amino acids, glycolysis/gluconeogenesis, starch, and sucrose metabolism. Analysis of the sugar pathway and the tricarboxylic acid cycle revealed obvious differences in the content and type of metabolites, with most upregulated metabolites in S3 and S4. The expression patterns of enzyme genes associated with the biosynthesis and accumulation of sugar and acid metabolites were found based on differentially expressed genes at different developmental stages, and gene expression levels were verified by qPCR, which showed that the expression patterns of enzyme genes associated with this pathway were highly consistent with the metabolite accumulation. These results suggest that amino acids, sugars, and acids play a critical role in regulating the development of tumorous stems. Results of the present study offer a theoretical basis to improving the quality of mustard by using a metabolomics approach to determine the dynamics of metabolites and related regulatory enzymes during development and the correlation between these levels, which provides novel insights into the potential mechanisms underlying sugar and acid metabolism.
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1. Introduction


Stem mustard (Brassica juncea var. tumida Tsen et Lee) is a biennial herb representing a mustard species in the genus Mustard of the family Cruciferae, with chromosome number 2n = 4x = AABB = 36 [1]. Many types and varieties exist, which are traditionally divided into oilseed mustard, seed stalk mustard, root mustard, stem mustard, and leaf mustard according to their edible organs [2]. Stem mustard is a vegetable with a swollen edible stem grown in China. It is widely consumed worldwide not only as a fresh vegetable, but its stem can be also processed to make squash [3]. Its tuberous stem develops in a concave protrusion and is a raw material crop for processing and making squash.



The growth and development of horticultural product organs generally have a long cycle, ranging from small to large in size, accompanied by the accumulation and metabolism of nutrients inside [4]. The accumulation and metabolism of internal photosynthetic assimilation are central to regulating product organ growth and development and directly affect organ expansion. The development of a tumorous stem involves several physiological and biochemical changes [5]. The components, content, and proportions of sugar and acid substances are important indicators for determining the quality [6], mainly glucose, fructose, sucrose, malic acid, citric acid, and isocitric acid [7]. Multiple key genes in sucrose metabolism affecting fruit ripening have been documented in studies on horticultural crops such as peaches, strawberries, and tomatoes [8,9]. Sucrose represents the main accumulator of the photosynthetic assimilates in plants and is an important energy carrier, broken down into glucose and fructose after accumulation in product organs [10]. These small reducing sugars are further involved in glycolysis and the tricarboxylic acid cycle (TCA), which provide energy and the carbon skeleton for early organ development and cell expansion [11]. Sucrose metabolism is a critical process for the accumulation of sugar, and studying enzymes related to sucrose metabolism is an important tool for exploring sugar accumulation in fruits. Such enzymes mainly involve sucrose synthase (SS), sucrose phosphate synthase (SPS), and invertase (INV) [12,13]. Sucrose concentration is well-established as an important factor affecting potato tuber growth and development, and potato tuber expansion is reportedly significantly correlated with nutrient accumulation and enzyme activity [14]. However, the key enzymes responsible for sucrose accumulation are heterogeneous across species or varieties of the same species [15]. Organic acids, as products of primary plant metabolism and metabolic intermediates, are major substances in determining osmotic potential and play an important role in developing horticultural crop product organs for swelling [16]. The source of organic acids depends mainly on the TCA in the mitochondria, which is the final oxidation pathway for the three major nutrients (sugars, fatty acids, and amino acids), supplying the energy to the organism while also serving as a metabolic connection hub for all three substances [17]. The accumulation of acid is regulated by enzymes related to organic acid metabolisms, such as malate dehydrogenase (MDH), malic enzyme (ME), and isocitrate dehydrogenase (IDH), which are key in regulating malate and citrate metabolism [18,19]. In recent years, much emphasis has been placed on the rational regulation of sugar and acid content [20,21]. However, sugar and acid accumulation represent a complex process controlled by multiple gene regulatory networks, influenced by environmental factors, and relying on many interrelated physiological and metabolic processes [22,23].



High-throughput technology-based omics provide powerful tools to analyze complex regulatory processes for metabolic pathways and regulatory networks [24]. Metabolomics indicates the combination of genetic and environmental factors in an organism and mirrors the physiological phenotype and biochemical levels in the organism [25]. Variations in the type and content of metabolites in plants may be the basis for the differences [26]. Metabolomic analysis has been widely used to identify pathways controlling sugar and acid synthesis and catabolism in plants. For example, Xu et al., found that the level of sugar accumulation mostly tended to increase, and the level of organic acids, including TCA cycle intermediates, decreased significantly in the four developmental stages of apple fruit [27]. Gong et al., investigated flavor changes in watermelon during its development and revealed that sugar content and gene expression in glycolytic pathways exhibited similar expression trends, providing a molecular insight of flavor formation during the development of fruits [28]. The previous studies showed that the differentially expressed genes in the transcriptome were analyzed in association with the differential metabolites to target the key pathways associated with the metabolite changes and then construct the core regulatory network to reveal the intrinsic patterns [29]. However, studies on the key genes and pathways regulating the synthesis of sugar and acid metabolites in the tumorous stem of B. juncea and the relationship between changes in sugar acid and different developmental stages have not been reported. Therefore, in this study, the metabolome was used to analyze the differential changes of sugar and acid metabolites and differential genes during stem development of stem mustard and to construct and analyze its related metabolic pathways in combination with sugar and acid changes and related enzyme activities, to clarify the regulatory mechanisms of sugar and acid regulation on growth and development in B. juncea, and to provide a theory for improving the quality of stems.




2. Materials and Methods


2.1. Plant Material and Treatment


The cultivar ‘Fuza No. 2′ of stem mustard (Brassica juncea var. tumida Tsen et Lee) was used in this study. The plants were grown in the field at the practice site in Chongzhou in the Sichuan Province of China. The stems were measured from different angles with digital calipers and the maximum diameter was measured precisely. Swelling stems were collected in three biological replicates with stem diameters of 2 (15 weeks of growth), 4 (17 weeks of growth), 6 (19 weeks of growth), 8 (20 weeks of growth), 10 (21 weeks of growth), 12 (22 weeks of growth), 14 (23 weeks of growth), and 16 cm (24 weeks of growth), representing S1, S2, S3, S4, S5, S6, S7, and S8 developmental stages, respectively. Samples were frozen immediately in liquid nitrogen and then stored at −80 °C for further experiment.




2.2. Methods for Determination of Morphological Indexes, Sugar and Acid Contents, and Related Enzymes


The vertical diameter (the length from the base of the stem to the top) and the horizontal diameter (the widest point perpendicular to the vertical diameter) of the stem were measured by using a digital vernier caliper, and the vegetable shape index = vertical diameter/horizontal diameter; the mass was measured by an analytical balance (0.001 g), and after being killed at 105 °C for 30 min, the stem was dried in an oven at 80 °C to a constant amount to determine the dry mass, and the moisture content was calculated. The titratable acid content was detected by the acid–base titration method. Sugar (soluble sugar, glucose, sucrose, and fructose) and sugar–acid-related enzymes (sucrose synthase (EC:2.4.1.13), sucrose phosphate synthase (EC:2.4.1.14), malate dehydrogenase (EC:1.1.1.37), malic enzyme (EC:1.1.1.38), and isocitrate dehydrogenase (EC:1.1.1.42)) were detected using the corresponding kit (Solabao, Beijing, China), and these kits were purchased from Nanjing Jiancheng Institute of Bioengineering Institute. These indexes were measured by UV spectrophotometer (Thermo Fisher).




2.3. Metabolomics Analysis


2.3.1. Sample Preparation and UHPLC-MS/MS


Each stem mustard sample of 50 mg was ground in liquid nitrogen, added to 1000 μL of 80% methanol solution, then the mixture was vortexed and incubated in an ice bath for 5 min and centrifuged at 5000 rpm and 4 °C for 20 min. About 50 mg of stem mustard sample was mixed with 1000 μL of extract containing internal standard (1000:2) (methanol-acetonitrile-water volume ratio = 2:2:1, concentration of internal standard 2 mg/L), vortexed for 30 s. Ceramic balls were added and ground at the speed of 45 Hz for 10 min, and then the extract was sonicated for 10 min (ice water solution bath). The mixture was allowed to stand at −20 °C for 1 h and then centrifuged at 4 °C for 15 min at 12,000 rpm. 500 μL of supernatant was taken in an EP tube and the extraction was dried in a vacuum-concentrator. Then, 160 μL of extract (acetonitrile-water volume ratio: 1:1) was added to the dried metabolites, re-solubilized, vortexed for 30 s, and sonicated for 10 min in an ice water bath. After centrifuging at 4 °C, 12,000 rpm for 15 min, 120 μL of supernatant was collected in 2 mL syringe vials, and then 10 μL of each sample was added to the QC samples for LC-MS/MS analysis.




2.3.2. Data Processing


The original data were obtained by MassLynx V4.2 and used Progenesis QI software for peak extraction, peak alignment, and other manipulation operations, and were identified according to the online METLIN database of Progenesis QI software and Bemec’s library, while theoretical fragmentation was identified, and the mass number deviations were all within 100 ppm [30,31].




2.3.3. Identification and Screening of Metabolites


The differential metabolites were screened according to OPLS-DA, VIP > 1.0, p < 0.05. The metabolites were characterized according to the public database (http://www.hmdb.ca/http://www.lipidmaps.org/accessed on 11 November 2021) and the self-built database of Shanghai Luming Biotechnology Co. The metabolic pathways of the differential metabolites were analyzed by KEGG (http://www.genome.jp/KEGG/pathway.html/accessed on 11 November 2021) pathway analysis.





2.4. Validation of Gene Expression Levels


RNA was extracted from B. juncea using Plant Total RNA Isolation Kit (Goldenstar RT6 cDNA Synthesis Kit Ver. 2 Ltd.). cDNA was obtained by Goldenstar RT6 cDNA Synthesis Kit Ver.2 kit (Beijing TsingKe Biotech Co., Ltd., Beijing, China). qPCR was performed using the real-time PCR system Bio-Rad CFX96TM (Bio-Rad, Hercules, CA, USA) with the 2× T5 Fast qPCR Mix (SYBR Green I). The gene-specific primer was designed by Primer Premier 6 and its sequence is shown in Table S1. The relative expression levels of each gene were normalized using the reference gene UBC [32] and calculated using the 2-∆∆CT method for the fold change [33].





3. Results


3.1. Morphological and Growth Index Changes during Stem Expansion of Stem Mustard


As shown in Figure 1, variations in the tumorous stem index during the early stages of stem mustard development were more obvious, which first increased and then decreased from S1 to S4 and exhibited small variations and decreased from S4 to S8. This finding indicates that the shape of the tumorous stem was suborbicular at the early stage of expansion and gradually became oblate after development, which was consistent with the previous studies [34,35]. The moisture content increased from S1 to S4 and peaked at 95% at S4. The moisture content gradually decreased from S4 to S8. Dry matter content in the later stages of stem development was three-fold higher than in the early stages. It is widely thought that assimilation products may be mainly used for cell division, cell expansion, and stem morphology during the early stage of development. Thus, the accumulation of dry matter was low. The assimilated products accumulated more, and the dry matter content significantly increased in the later stages, because the stems were formed and the volume increased less.




3.2. The Variation of Sugar and Acid Content during Stem Development


The trends in soluble sugar and sucrose contents were more consistent during the development of stems and initially increased, followed by a decrease. Fructose and glucose contents were lower, with glucose showing a gradually increasing trend overall, and fructose initially decreased and then increased (Figure 2). The most rapid increase in sucrose content was observed from S2 to S3, rising by 10.33 mg/g. Soluble sugar and sucrose content reached their highest levels during S4 (30.77 and 17.49 mg/g, respectively) and declined rapidly during S4 to S5 (by 11.95 and 11.85 mg/g, respectively). The titratable acid content of stems did not significantly change from S1 to S4, reaching a nadir at S5 and peaking at S6 at 34.10 mg/g. It is well-established that the sugar–acid ratio is an essential factor influencing the flavor quality of stem mustard. We found that sugar–acid ratio exhibited an increasing trend from 32% to 117% from S1 to S4 of the stem and gradually decreased from S4 to S8. The sugar–acid ratio of tuberous stems was at a low level at maturity, consistent with the special sour taste of squash [36].




3.3. Analysis of the Correlation between Sugar and Acid Metabolizing Enzymes during the Development of Stem


Among the sugar and acid-related enzymes, SS, SPS, MDH, and IDH have high activities, while ME has low activity (Figure 3). The activities of SS and SPS, which are related to sucrose content, both exhibited an increasing trend during stem development. From S1 to S4, SS and SPS activity increased and then decreased, consistent with the trend in sucrose content, indicating that SS activity during synthesis was higher than during catabolism, and catalytic sucrose synthesis activity was higher than catalytic sucrose catabolism during this period. From S6 to S8, both SS and SPS activity increased, while the sucrose content decreased to lower levels, indicating that SS activity was increased and decreased during catabolism and synthesis, respectively. After correlation analysis, it was concluded that SS was positively correlated with sucrose content, SPS was moderately positively correlated with sucrose content, and SS was positively correlated with SPS activity with correlation coefficients 0.911, 0.817, and 0.889, respectively (Figure 4). The titratable acid content in the stem was highly positively correlated with MDH activity and negatively correlated with ME activity, with correlation coefficients of 0.851 and −0.423, respectively. The titratable acid content in stems was negatively correlated with IDH activity (correlation coefficient −0.724).




3.4. Analysis of Metabolite Levels


3.4.1. Metabolic Data Evaluation


Metabolomic analysis was used to assess the significance of variations in physiological indicators of the tumorous stem during S1–S4. The results of the QC sample spectra comparison among a total of 24 tested samples from 4 stages (S1, S2, S3, and S4 stages) of stem mustard with different developmental periods showed that the corresponding intensities and retention times of the peaks largely overlapped under positive and negative ion patterns (Figures S1 and S2). QC samples exhibited a clustered distribution on the PCA analysis plot and were clearly separated for four developmental stages. The replicates were tightly clustered, thus indicating the reliability of the experiment (Figure S3). The sample points between S1 and S4 were distant, indicating large differences in metabolites in the correlation samples.




3.4.2. Analysis of Differential Metabolites


Based on untargeted metabolomic techniques, 1097 metabolites were detected in stem mustard samples from the four developmental stages (Table S2). Hierarchical clustering analysis of the 1097 metabolites from the four developmental stages showed a clear clustering pattern (Figure 5A). The most downregulated metabolites were found in S1 and S2 (green), and the most up-regulated metabolites were found in S3 and S4 periods (red). According to the HMDB database, the 427 metabolites were classified into seven categories (Figure 5B), including “organic acids and derivatives” (229 metabolites), “lipids and lipid-like molecules” (109 metabolites), and “phenylpropane and polyketide compounds” (39 metabolites), nucleosides, nucleotides, and analogs (24 metabolites), and lignans, neolignans, and related compounds (2 metabolites).




3.4.3. Analysis of Differential Metabolites


To identify metabolites related to stem development, the four developmental stages were compared between groups, and the standards for classification were FC > 1, p-value < 0.05, and VIP > 1. In the four developmental stages, metabolites were significantly different from each other (Figure 6A), and comparison of S1 vs. S4 periods yielded the greatest number of differential metabolites (n = 599, 524 upregulated and 75 downregulated), followed by S3 vs. S4 stages (n = 574, 319 upregulated and 255 downregulated). More metabolites were upregulated than downregulated, indicating that most metabolites exhibited high levels at all developmental stages. Visualization of the top 20 upregulated and downregulated metabolites (Table S3) showed that most of them belonged to organic acids and derivatives and phenyl propane and polyketide compounds. Comparisons including S1 vs. S2, S2 vs. S3, S2 vs. S4, and S3 vs. S4 were further conducted to analyze metabolites commonly or exclusively expressed in two or more comparisons (Figure 6B), yielding 90, 50, 127, and 118 differential metabolites, respectively. The intersection of the above metabolites yielded 73 common differential metabolites. This finding suggests that fewer metabolites accumulated during the early stages of stem development and more accumulated during the later stages, and new metabolites may have appeared and accumulated during the later stages.




3.4.4. Analysis of Differential Metabolite Pathways


KEGG pathway analysis showed significant enrichment in relevant metabolic pathways (Figure 7 and Table S4). The differential metabolites were involved in 92 metabolic pathways. The results showed four differential metabolic pathways, namely metabolic pathways, the biosynthesis of secondary metabolites, ABC transporters, and the biosynthesis of amino acids, were enriched in 183, 97, 26, and 19 different metabolites, respectively. The most enriched metabolites were found in the top 20 KEGG pathways analyzed in S1 vs. S4 and S2 vs. S4 combinations, containing 139 and 141 metabolites, while S1 vs. S2 and S1 vs. S3 metabolites were less enriched, with 91 and 73 metabolites, respectively. The metabolites involved in sucrose and organic acid metabolism were significantly enriched, such as starch and sucrose metabolism (n = 4 for S1 vs. S2, S1 vs. S3, and S2 vs. S3), glycolysis/gluconeogenesis (n = 2 for S1 vs. S2 and S1 vs. S3). The TCA cycle was enriched in 4 metabolites (S1 vs. S4 and S2 vs. S3), and galactose metabolism was enriched in 2 metabolites (S1 vs. S2 and S2 vs. S4). Most importantly, carbon metabolism was enriched in 4, 9, 8, 8, and 6 metabolites when comparing S1 vs. S2, S1 vs. S3, S1 vs. S4, S2 vs. S3, and S3 vs. S4, respectively. The above findings demonstrated that sugars, organic acids, and amino acids were the major metabolites, among which amino acids provided the basis for protein synthesis, free amino acids provided a nitrogen source for plant growth and development, carbon metabolism accelerated photosynthetic reactions, and soluble sugars were not only substrates for starch synthesis but also regulated the growth and development of tumorous stem.




3.4.5. Analysis of Metabolites Related to Sugar and Acid Biosynthetic Pathways


The accumulation levels of sugar and acid-related metabolites were evaluated given that the sucrose biosynthesis pathway and the TCA cycle enriched with differentially accumulated metabolites. A total of 12 primary metabolites were associated with sugar and acid synthesis (Figure 8 and Table S5), of which 8 were related to sugars and 4 to acids. The expression levels of most metabolites in biosynthesis pathway of sugar and TCA cycles in the four developmental stages peaked during S3 and S4. For example, the accumulation of levan, sucrose, and alpha-D-hexose 6-phosphate in the starch and sucrose metabolism first increased and then decreased, with accumulation in the S3 stage being 6-, 2-, and 2-fold higher than in the S1 stage, respectively. The accumulation of L-malic acid, citric acid, and oxoglutaric acid was the highest in S3, which were 2-, 1.5-, and 2.2-fold higher than in S1. GDP-L-Fucose accumulation in S1 was 18.6-fold higher than in S3. D-Mannitol levels were the highest in the S4 period, with 9-fold higher levels than in S1.





3.5. The Expression Level of Genes Related to Sugar and Acid Biosynthesis Pathway by qPCR


The role of genes involved in sugar and acid accumulation was revealed using qPCR to analyze the mRNA levels. As shown in Figure 9, the results showed that most of the genes were in agreement with the transcriptome data, and all showed an initial increase followed by decrease, with higher expression in S3 and S4 stages than S1 and S2 stages. Among the sugar-related enzyme, it seems that the relative expression of INV (BjuA037015) and Gmd (BjuB048743) is similar in S1, S2, and S4. HK (BjuA019270) expression is similar in S1 and S2 and in S3 and S4. In the sucrose and starch synthesis pathway, INV (BjuA037015), as the first enzyme gene in the sucrose catabolic pathway, had 2.8-fold higher expression levels in S3 than in S1. Both Gmd (BjuB048743) and TSTA3 (BjuB039905) genes showed the highest expression in the S3 stage after the sudden decrease in the S2 stage, which was 2.—and 1.2-fold higher than the S1 stage. In the TCA cycle, the relative expression levels of MDH1 (BjuB021247 and BjuB001329), MDH2 (BjuA019013 and BjuB045011), CS (BjuA033443), IDH1 (BjuA045395), and IDH2 (BjuA003018) showed a similar trend and were highest in the S3 stage. This finding suggests that the expression of these 11 key enzyme genes is consistent with the accumulation of sugar and acid metabolites.





4. Discussion


The tumorous stem is the edible product of stem mustard, and its growth and development can directly determine the yield and quality of stem mustard [32]. Changes in important physiological processes can significantly affect stem development, and studying these physiological processes is a prerequisite for improving stem mustard yield. Current evidence suggests that sugars and acids are the basic raw materials for organ quality components and flavor substances of horticultural products, as well as for plant life activities, and also provide osmotic propulsion for cell expansion [37]. In this respect, glucose, fructose, and sucrose are their main soluble sugar components, and their content and composition play a critical role in the development and quality formation of product organs [38]. The process of sugar and acid metabolism is complex, and their accumulation levels are regulated by a combination of related enzymes and their structural gene expression [39]. In this study, the horizontal diameter, vertical diameter, and volume were significantly increased, and the moisture content was slightly elevated during the early stage of the development of tumorous stems. The changes in the tumorous stems during this stage provide an important basis for the formation of yield and quality of stem mustard. The soluble sugar and sucrose contents first increased and then decreased with the expansion of the tumorous stems, while the fructose and glucose contents were lower, and fructose tended to decrease and then increase. The titratable acid content in tumorous stems was higher from S1 to S4 and lowest during S5. Moreover, SS and SPS activities initially increased and then decreased, while malate enzyme activity first decreased and then increased. Correlation analysis revealed that sucrose levels exhibited a significant positive correlation with SS and SPS activities. Titratable acid levels exhibited a high positive correlation with MDH activity, and NADP-ME and IDH activities were negatively correlated.



To further analyze the expression of sugar and acid-related metabolites in stem development, metabolomic analysis of four developmental stages of stem mustard was reported in this study, and 1097 metabolites were detected, including organic acids, lipids, phenylpropanoids, and polyketide compounds. After pairwise comparisons, it was found that the composition of stem mustard metabolites differed at different developmental stages, and S1 vs. S4 yielded the highest number of differential metabolites, with 524 upregulated and 75 downregulated metabolites. Metabolic pathway enrichment analysis showed that metabolites were significantly enriched in organic acid, amino acid, carbon metabolism, glycolysis/gluconeogenesis, sucrose, and starch biosynthesis pathways, which may be involved in regulating sugar and acid metabolism [40]. Metabolite synthesis pathway analysis revealed that 12 metabolites related to sugar and acid synthesis accumulated in higher levels in S3 and S4 than in S1 and S2 during the four developmental stages. Sucrose, starch, and organic acids were involved in multiple metabolic pathways, indicating that these substances have a high influence on metabolic pathways, are present at the nodes of the complex network of metabolic pathways, and are the hubs connecting the pathways [41]. There is a growing consensus that the accumulation of sugars and acids is influenced by a combination of the inter-regulatory effects of related genes and key enzymes [42,43]. Therefore, combined with gene expression analysis, revealed that the transcript levels of genes involved in sucrose and organic acid metabolism were consistent with changes in sucrose and organic acid content, indicating that sugar and acid catabolism and synthesis were associated with differences in related enzyme genes. Among them, INV enzyme genes involved in sucrose catabolism were significantly upregulated in S3, HK enzyme genes involved in glucose catabolism were also significantly upregulated with stem development, and the expression of Gmd and TSTA3 enzyme genes involved in mannitol catabolism were highest in S3. MDH, CS, and IDH enzyme genes involved in the TCA cycle were also significantly expressed during the S3 stages, while higher IDH gene expression accounted for the low acidic characteristics to a certain extent [44]. In addition, the starch and sucrose metabolism, glycolysis/gluconeogenesis pathway, and TCA cycle were significantly increased from S2 to S3 stages, indicating an enhanced flux change from sucrose metabolism to organic acid metabolism. This finding indicated that reducing sugars in the early stage of the leaf could be converted to sucrose more quickly and transported to the stem for the synthesis of other substances, such as protein. In the later stages of development, due to the gradual decline of plant organism function, the synthesis capacity of other substances in the tuberous stem weakened, resulting in less sucrose consumption, then the rate of reducing sugar conversion to sucrose decreased, resulting in a relatively higher reducing sugar content in the later stage, consistent with the literature [45].



Cell division and differentiation require many sugar nutrients at the cellular level, and sucrose is the primary carbon source for growth, development and defense [46]. Previous anatomical studies by our group during the development of the tumorous stem concluded that the tumorous stem completed the expansion process by first cell division, and cell volume increased during the S2–S3 stages [47]. Therefore, the products of photosynthesis at this stage are mainly used for the rapid development of stem cell division and volume, SS catabolism was higher than synthesis at this time, and the catabolism of sucrose into reducing sugars provides the material basis for the synthesis of other substances. During later stages of stem development in stem mustard, cell division slowed, and sugar requirements were smaller; thus, sucrose synthesis was higher than catabolism, leading to sucrose accumulation. Organic acids were produced metabolically by the TCA cycle pathway and were regulated by CS, MDH, and IDH [48]. During stem development of stem mustard, IDH, ME, and MDH were more active, while oxoglutarate metabolites accumulated in higher amounts at later stages, which suggested that organic acids were degraded to oxoglutaric acid through TCA cycle and enzymatic activities at later stages of development. In this study, the key metabolic pathways and metabolites of sugar and acid in stem mustard were explored by metabolomics, and the expression levels of the key genes were quantified in combination with the transcriptome. The results provide the foothold for future studies on the mechanism underlying sugar and acid metabolism regulation in the tumorous stem mustard.




5. Conclusions


In this study, the results showed the sugar and acid content and the activities of enzymes showed a dynamic pattern with the stem development in stem mustard. Of these, sucrose was positively correlated with SS and SPS enzyme activity, while titratable acid content was positively correlated with the activity of the MDH enzyme. However, titratable acid was negatively correlated with ME and IDH enzyme activity. Metabolites were clearly distinguishable in the S1–S4 stages, with the accumulation of sugars and acids significantly higher in S3 and S4 than in S1 and S2. The levels of enzyme activity and gene expression lead to differences in the accumulation of sugars, acids, and related metabolites. In conclusion, this study clarifies the physiological and molecular mechanisms underlying the dynamic accumulation of sugars and acids during stem development in B. juncea, providing a new perspective for the precise regulation of stem quality in stem mustard.
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Figure 1. Changes in growth indexes of stem mustard at different developmental stages. Vertical bars with different letters (a–f) indicate significant differences at the 0.05 level. Three biological replicates were performed for each index. 
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Figure 2. Changes in sugar and acid content at different developmental stages of stems. Vertical bars with different letters (a–f) indicate significant differences at the 0.05 level. Three biological replicates were performed for each index. 
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Figure 3. Changes in the activity of sugar and acid-related enzymes at different expansion stages of the stem. Vertical bars with different letters (a–f) indicate significant differences at the 0.05 level. Three biological replicates were performed for each index. 
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Figure 4. Correlation analysis of sucrose and acid content and related enzyme activities. (A) Correlation analysis between sucrose content and sucrose-related enzyme activity. (B) Correlation analysis between acid content and acid-related enzyme activity. * At the level of 0.05, the correlation shows significance. ** At the level of 0.01, the correlation shows high significance. 
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Figure 5. Classification of metabolites according to annotation. (A) Hierarchical clustering analysis of metabolite expression for all samples. (B) Metabolites classified by HMDB database. 
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Figure 6. Identification of differentially accumulated metabolites among four development stages. (A) Number of different accumulated metabolites in at any two different developmental stages of B. juncea. (B) Venn diagram of differentially accumulated metabolites expressed commonly or distinctly in two or more comparisons. 
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Figure 7. The top 20 enrichment KEGG pathways were represented. The vertical axis is the name of the KEGG metabolic pathway and the horizontal axis is the number of metabolites and its proportion to the total number of annotated metabolites to the pathway. The orange bar represents the percentage of differential metabolites associated with each pathway among all differential accumulated metabolites; the green bar represents all differential metabolites of each pathway. 
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Figure 8. Biosynthesis pathway of sugar and TCA cycles in four developmental stages. The colored squares represent the expression levels of different metabolites in S1–S4 period shown by heatmap. SS: Sucrose synthase; SPS: sucrose phosphate synthase; INV: invertase; HK: hexokinase; Gmd: GDP mannose 4,6-dehydratase; TSTA3: GDP-L-fucose synthase; CS: citrate synthase; ACO: aconitate hydratase; IDH: isocitrate dehydrogenase; MDH: malate dehydrogenase. 
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Figure 9. Relative expression levels (target gene vs. UBC) of sugar- and acid-related enzyme genes in four different developmental stems of B. juncea. (A) Relative expression levels of sugar-related enzyme genes. (B) Relative expression levels of acid-related enzyme genes. Colored squares represent enzyme gene transcript abundance. The different letters (a–d) on the vertical bars mean significant differences at the 0.05 level. Three biological replicates were performed for each gene. 
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