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Abstract

:

Radish sprouts are valued as a key nutrient-dense food in Asian countries. In the current study, we examined how radish sprouts responded to treatments with various carbon sources. The influence of those treatments in parameters such as plant growth and glucosinolate and phenolic compounds levels were analyzed. A positive correlation between plant growth and the accumulation of glucosinolates and phenolics was observed. In this study, except for galactose treatment, all other carbon-exposed radish sprouts showed the highest shoot and root length and fresh weight. Seven different glucosinolate and five phenolic compounds were identified in radish sprouts. The total glucosinolates and phenolic compound content were increased after treatments with different carbon sources. Radish sprouts exposed to sucrose showed the highest total glucosinolates and phenolics content, which was 1.22-fold and 1.45-fold higher than that of untreated sprouts, respectively. Moreover, sucrose exposure led to a higher production of glucoiberin, gluconapoleiferin, 4-hydroxyglucobrassicin, glucoerucin, glucoraphasatin, glucobrassicin, gallic acid, sinapic acid, rutin, and p-coumaric acid compared to that of untreated sprouts. The results obtained in this study will be helpful for researchers around the world to enhance specific glucosinolate and phenolic compounds by treating the radish sprout plants with suitable carbon sources.
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1. Introduction


Sugar-based compounds are important energy sources, partly affecting plant growth and morphogenesis. These compounds maintain osmotic potential, influencing cell division or the degree of cell morphogenesis in plant cell and tissue cultures [1,2,3]. Previous studies have reported that both monosaccharides and disaccharides function as signals involved in plant primary and secondary metabolism [1,2,3,4,5]. Previous studies have also reported that different sugars enhance the accumulation of secondary metabolites, and particularly that sucrose enhances anthocyanin and flavonoids in several plants, namely Brassica oleracea, Ipomoea batatas, Morinda citrifolia, Scutellaria baicalensis and Withania somnifera [2,6,7,8,9,10]. In sweet potatoes, the production of phenolic compounds was enhanced by the addition of sorbitol [6], whereas 2-deoxyglucose and mannose increased the accumulation of anthocyanin in grape berries [11]. Wang and Weathers [12] reported that when Artemisia annua L. seedlings were grown under glucose, artemisinin production was enhanced by up to 200% when compared to those grown under sucrose. In contrast, mannitol and mannose did not enhance artemisinin production, and similarly, the combination of sucrose and palatinose also led to a decrease in the yield of artemisinin [12]. In another study, it was reported that the Artemisia annua hairy root was cultured under different sugars (sucrose, glucose, and fructose). The result showed that growth under sucrose and fructose exhibited similar growth patterns; however, it was significantly better than the glucose treatment [13]. Several studies have reported that in plants, several growth regulatory factors are influenced by different carbon sources, whereas shoot and root morphogenesis is significantly affected by the supplementation of carbohydrates [1,3]. A study conducted by Grant and Beevers [14], comparing carrot slices with corn root tips, found that different tissues absorb different monosaccharides. Hence, it is important to consider not only the target tissue, but also the selection of a suitable carbon source.



Cruciferous crops are one of the most commonly cultivated vegetables worldwide, and they include radish, broccoli, Brussels sprouts, cabbage, cauliflower, kale, kohlrabi, and others. These plants, including radishes, have been recognized as functional vegetables due to their health-promoting nutritional compounds, which include minerals, amino acids, vitamins, glucosinolates, phenolics, and flavonoids [15,16,17]. Glucosinolates are rich in plants of the order Brassicales, in the families Cruciferae, Caricaceae, and Capparidaceae, as well as in the genus Drypetes of the Euphorbiaceae family [18,19]. In addition, phenolics are also important compounds in these cruciferous crops, contributing to various health benefits such as anticancer and antioxidant activities [17,20].



Glucosinolates can be hydrolyzed into bioactive molecules by the endogenous β-thioglucosidase glucohydrolase. The hydrolyzed products, namely epithionitriles, nitriles, and oxazolidinethiones, substitute isothiocyanates, and thiocyanates, contribute to plant defense and exhibit diverse biological properties that are possibly beneficial to human health [19,21,22]. Furthermore, glucosinolates from cruciferous crops have been associated with a reduced risk of stomach, lung, breast, rectum, colon, pancreas, and prostate cancer [23,24,25,26,27].



Phenolics are widely distributed secondary metabolites in most plants and are produced from shikimic acid and phenylpropanoid pathways [28]. They possess at least one aromatic ring coupled to one or more hydroxyl substituents and are categorized by their chemical structure; these include flavonoids, lignans, phenolic acids, stilbenes, and tannins [29]. Moreover, phenolics not only exhibit antioxidant activity, which prevents free radicals from causing various diseases in human beings, but also prevent cancer due to inhibiting the binding of carcinogens to DNA [30,31].



Raphanus sativus (radish), belonging to the family Cruciferae, is a juicy, pungent, and sweet edible root vegetable. Radish cultivars vary widely in size, color, shape, and cultivation requirements [32,33]. Several studies have reported that the different varieties of radish cultivars consist of various metabolites, such as amino acids, anthocyanins, carbohydrates, carotenoids, glucosinolates, organic acids, and phenolics [33,34,35,36]. In addition, it contains many important antioxidant compounds (anthocyanin), fiber, vitamins (folic acid), and minerals (calcium, copper, iron, phosphorus, potassium, and zinc) [37]. In particular, the red radish is rich in anthocyanins and its extract is widely used as a natural food coloring agent. The analysis of anthocyanin from the red radish was previously reported by Park et al. [38]. To the best of our knowledge, no previous report has conducted an analysis of the glucosinolates and phenolics in radish in response to different carbon sources. Thus, the current study aims to compare the contents of glucosinolates and phenolics in radish sprouts exposed to different carbon sources.




2. Materials and Methods


2.1. Plant Materials


Raphanus sativus L. (Jukwhan 21 Moo) seeds were purchased from Asia Seed Co., Ltd. (Seoul, Republic of Korea). Seeds were surface sterilized with 70% (v/v) ethanol for 30 s and 4% (v/v) sodium hypochlorite solution for 10 min and then rinsed with distilled water five times. Then, 100 sterilized seeds were used for each treatment and were germinated on ½ Murashige and Skoog (MS) medium [39] at a pH of 5.8 with 0.7% (w/v) phytoagar, supplemented with 100 mM of monosaccharides (galactose, glucose, and fructose) and 100 mM of disaccharides (maltose and sucrose); one set was not treated with a sugar source and was used as a control. For replicates, we used ten plastic boxes for each treatment. The seeds were grown in the growth chamber under a 16 h light/8 h dark cycle (light treatment) at 25 °C and 60% humidity. After 10 days, whole seedlings of radish sprouts (including root) were harvested and dried using a freeze dryer (HyperCool HC3055, Hanil Scientific Inc., Gimpo, Republic of Korea) for at least 3 days to measure the dry weight (DW) of the HRs and to analyze the glucosinolate and phenolic compounds.




2.2. Extraction and Analysis of Desulfo-Glucosinolates


Desulfo-glucosinolates were extracted as previously described [31,40]. Glucosinolates were extracted from 100 mg of freeze-dried radish sprout samples and were mixed with 1.5 mL of 70% methanol (v/v). Then, the mixture was incubated in an ultrasonic cleaning bath (JAC 4020, Ultrasonic, Gyeonggi-do, Republic of Korea) at 70 °C for 5 min to inactivate endo-myrosinases. After centrifugation at 10,000× g and 4 °C for 15 min, the supernatant was transferred into a new tube. The residue was re-extracted twice following the same procedure, and the resulting supernatants were pooled. Crude glucosinolate extracts were transferred to a mini-column, consisting of DEAE-Sephadex A-25 (H+ form by 0.5 M sodium acetate) and washed with ultrapure distilled water. Subsequently, glucosinolates were desulfated via the addition of aryl sulfatase solution (75 μL) to the mini-column. After overnight incubation (16 to 18 h) at room temperature, the elution of desulfo-glucosinolates was performed by adding 0.5 mL (×3) of ultrapure water. The resulting elutes were filtered through a 0.45 µm hydrophilic PTFE syringe filter into amber high-performance liquid chromatography (HPLC) vials. The analysis was conducted using an Agilent Technologies 1200 series (Palo Alto, CA, USA) equipped with a reversed-phase Inertsil ODS-3 column (GL Sciences, Tokyo, Japan) and an E-type cartridge guard column (10 × 2.0 mm i.d., 5 μm) at a flow rate of 0.2 mL/min and an oven temperature of 40 °C; the detection wavelength was 227 nm. The mobile phase was composed of ultrapure water (solvent A) and acetonitrile (solvent B), and the gradient programs were set according to a previous study [31]. Individual glucosinolates were identified based on the retention time and quantitated with 5 mL of sinigrin (0.1 mg/mL) as an external standard, which was prepared following the same extraction protocol and used to create an HPLC area and response factor [31,40]. All the desulfo-glucosinolates were referred to as glucosinolates in the current study.




2.3. Extraction and Analysis of Phenolics


Phenolic compounds were extracted as described previously by Lee et al. [41]. Briefly, 1.2 mL of 80% (v/v) methanol was added to tubes containing 100 mg of freeze-dried fine-powder radish sprout samples and sonicated in a water bath for 60 min. After centrifugation at 16,000× g for 20 min at 4 °C, the supernatant was transferred into a new tube through a 0.45 µm hydrophilic PTFE syringe filter. These filtered extracts were used for HPLC (NS-4000, Futecs Co., Daejeon, Republic of Korea) analysis by using the Optimak column (RStech Co., Daejeon, Republic of Korea). The mobile phase consists of solvent (A) methanol and solvent (B) 0.2% acetic acid–water (acetic acid/water, 2/98, v/v). The conditions of analysis, including the gradient program, were based on a method previously reported by Do et al. [42]; the flow rate was 1 mL/min, the oven temperature was 30 °C, and the detection wavelength was 280 nm. All the standard chemicals (ferulic acid, gallic acid, p-coumaric acid, rutin, and sinapic acid) were purchased from Sigma-Aldrich, St. Louis, MO, USA, the purity of all standards was ≥95%, and they were dissolved in ethanol for HPLC analysis. Phenolic compounds in the samples, were identified from retention times data and standard spiking tests were performed. Chromatograms were evaluated by using Clarity Lite Chromatography software for quantification. The quantification was performed by using the corresponding calibration curves. The linear equations for ferulic acid, gallic acid, p-coumaric acid, rutin, and sinapic acid were y = 39.2744x + 57.5849 (R2 = 0.9999), y = 32.8959x − 26.1737 (R2 = 0.9999), y = 63.4249x + 76.3047 (R2 = 0.9999), y = 8.0971x − 105.5466 (R2 = 0.9995), and y = 16.9702x + 7.3115 (R2 = 0.9999), respectively.




2.4. Statistical Analysis


Statistical analyses were conducted using SPSS Statistics for Windows software version 26.0 (IBM Corp., Armonk, NY, USA). All values are written as means ± standard deviation (SD) of three biological replicates. Means with the same letter are not significantly different at p < 0.05 according to Duncan’s new multiple range test (DMRT). Heat map, principal component analysis (PCA), partial least-squares discriminant analysis (PLS-DA), Pearson correlation analysis, and variable importance in projection (VIP) analysis of all the identified metabolites were performed using MetaboAnalyst 5.0 (http://www.metaboanalyst.ca/, accessed on 17 April 2023) with autoscaling.





3. Results


3.1. Effect of Different Carbon Sources on the Growth of Radish Sprouts


The morphology of radish sprouts varied greatly in response to treatments with different carbon sources when compared to control plants. Except for galactose, all other sugar sources used in this study enhanced the growth of shoots and roots in radish sprouts (Figure 1A and Figure S1) compared with the control. The shoot length of radish sprouts ranged from 4.99 to 7.15 cm in response to different carbon sources and the control (Figure 1A). Shoot growth was 1.23-fold reduced by treatments with galactose when compared with that in control treatments. The root length of radish sprouts ranged between 3.4 and 8.81 cm in response to different treatments. Among the treatments, only sucrose, fructose, and glucose treatment slightly increased the root growth, whereas treatment with galactose did not enhance the root growth when compared with the control. The sucrose, fructose, and glucose treatments induced a 1.28-, 1.21-, and 1.09-fold root growth, respectively, compared with the control conditions (Figure 1B and Figure S1). The pattern of fresh weight in response to different sugar sources nearly overlapped that of the shoot and root growth. Thus, the fresh weight of the radish sprouts treated with sucrose, glucose, fructose, and maltose was higher by 1.05-, 1.14-, and 1.30-fold, respectively, compared with that of the control, whereas the galactose treatment showed the lowest fresh weight (Figure 2A). The highest dry weight was obtained in the radish sprouts treated with glucose, fructose, and sucrose; however, this does not show any significant difference, and the lowest was achieved in the galactose-treated radish sprouts (Figure 2B).




3.2. Accumulation of Glucosinolate in Response to Different Carbon Sources


The accumulation of glucosinolate in radish sprouts was analyzed via HPLC. Seven different glucosinolate compounds, i.e., glucoiberin, gluconapoleiferin, glucoerucin, 4-hydroxyglucobrassicin, glucoraphasatin, 4-methoxyglucobrassicin, and glucobrassicin, were detected in the radish sprouts treated with different carbon sources (Figure 3), and their content was highly correlated with the type of carbon source. Except for 4-methoxyglucobrassicin and glucoiberin, the production of glucosinolate compounds was enhanced significantly in treatments with different carbon sources. In particular, the treatments with sucrose and glucose appeared to enhance glucosinolate production in radish sprouts. The total glucosinolate content ranged from 24.97 to 30.58 mg/g dry weight in response to different carbon source treatments. The radish sprouts treated with sucrose had the highest total glucosinolate content, which was 1.22-fold higher than that of the control. The total contents of glucosinolates in the radish sprouts treated with glucose, fructose, galactose, and maltose were 1.17-, 1.13-, 1.13-, and 1.09-fold higher than those of the control, respectively. In addition, sucrose treatment increased the accumulation of gluconapoleiferin, glucoerucin, glucoraphasatin, and glucobrassicin by 1.89-, 1.62-, 1.22-, and 1.44-fold compared with that of the control treatments. The levels of gluconapoleiferin and glucoraphasatin in the radish sprouts treated with glucose were 1.78- and 1.16-fold higher than those in the control, respectively, when radish sprouts were treated with fructose. Similarly, the levels of gluconapoleiferin, 4-hydroxyglucobrassicin, glucoraphasatin, and glucobrassicin were 1.67-, 1.39-, 1.12-, and 1.31-fold higher in the fructose treatment than those of the control, respectively. Galactose treatment similarly enhanced glucosinolate production, particularly the accumulations of glucoerucin, glucoraphasatin, and glucobrassicin, which were increased by 1.49-, 1.15-, and 1.50-fold compared to those of the control. Except for 4-methoxyglucobrassicin, all other glucosinolate compounds were increased when compared with the control. Moreover, the synthesis of 4-methoxyglucobrassicin was not enhanced by the treatment of any carbon sources. The levels of 4-methoxyglucobrassicin were 1.26-fold higher in the control than in the plants treated with galactose.




3.3. Accumulation of Phenolics in Response to Different Carbon Sources


The accumulation of phenolics in radish sprouts was also analyzed via HPLC. Five different phenolic compounds, i.e., gallic acid, ferulic acid, sinapic acid, p-coumaric acid, and rutin, were detected in the radish sprouts grown with different carbon sources (Figure 4 and Figures S2–S4). Their content was significantly different from the various types of carbon sources. The sinapic acid content of radish sprouts is mostly affected by different types of carbon sources when compared to the other five phenolic compounds. Compared with the control, the amounts of sinapic acid were 5.39-, 3.76-, 2.00-, 2.07-, and 1.24-fold higher in the radish sprouts treated with sucrose, maltose, glucose, fructose, and galactose, respectively. The total phenolic content ranged from 20.59 to 29.77 µg/g dry weight in response to different carbon source treatments. In particular, the total phenolic content of radish sprouts grown with sucrose was the highest, which was 1.45-fold higher than that of the control. The total contents of phenolics in maltose, glucose, fructose, and galactose-treated radish sprouts were 1.19-, 1.10-, 1.10-, and 1.04-fold higher than those of the control, respectively. In all types of radish sprouts, rutin was the largest part of the quantified phenolic content. Similar to the sinapic acid content, rutin was more highly accumulated in the sucrose treatment than in the other treatments. Maltose treatment also enhanced the production of rutin. The levels of p-coumaric acid were 1.68-, 1.49-, and 1.27-fold higher in the glucose, fructose, and galactose treatments than that in the control, respectively. However, the levels of ferulic acid were not increased by any treatment except galactose and fructose, which were 1.16- and 1.13-fold higher compared to the control, respectively. In addition, the gallic acid content was enhanced in the galactose and sucrose-treated sprouts.




3.4. Metabolic Profiling of Identified Metabolites in Response to Different Carbon Sources


In total, seven individual glucosinolate and five phenolic compounds were identified and quantified via HPLC from the radish sprouts exposed to different carbon sources. Most of the individual glucosinolate and phenolic contents were significantly higher in the carbon-exposed radish sprouts when compared to the control. The heat map result shows that most of the glucosinolate and phenolic compounds were highest in sucrose (Figure 5). In detail, the individual glucosinolate compounds (glucoiberin, gluconapoleiferin, glucoerucin, 4-hydroxyglucobrassicin, 4-methoxyglucobrassicin, and glucoraphasatin) were slightly higher in the sucrose-exposed sprouts, whereas individual phenolic compounds (sinapic acid and rutin) were significantly higher in the sucrose-exposed sprouts when compared to the other carbon-exposed sprouts. The second-highest individual glucosinolate was obtained in the glucose-exposed sprouts followed by the fructose-exposed plants. In contrast, the second-highest total phenolics content was achieved in the maltose followed by fructose and glucose-exposed plants. In the glucose-exposed sprouts, a total of nine individual glucosinolate and phenolic compounds, including glucoiberin, gluconapoleiferin, 4-hydroxyglucobrassicin, glucoerucin, glucoraphasatin, glucobrassicin, sinapic acid, rutin, and p-coumaric acid, were highest when compared to the control. In the fructose treatment, most of the metabolites, namely glucoiberin, gluconapoleiferin, 4-hydroxyglucobrassicin, glucoerucin, glucoraphasatin, glucobrassicin, 4-methoxyglucobrassicin, ferulic acid, sinapic acid, p-coumaric acid, and rutin, had were higher contents than those in the control. However, in the maltose-exposed sprouts, most of the metabolites, including glucoiberin, gluconapoleiferin, 4-hydroxyglucobrassicin, glucoerucin, glucoraphasatin, glucobrassicin, sinapic acid, and rutin, accumulated at higher levels when compared to the control. In the galactose-exposed sprouts, the contents of glucobrassicin and ferulic acid were higher than those of the control and other carbon-exposed sprouts, whereas the contents of other individual glucosinolates and phenolics were lower. Considering these results, it is observed that the different carbon source enhances the accumulation of different metabolites in radish sprouts.



According to the PCA, the PC1 and PC2 showed 51.3% and 21.4% variance, respectively (Figure 6). Among the different carbon-exposed sprouts, the galactose, maltose, and sucrose-exposed sprouts showed clear separation, whereas the other carbon-exposed plants were not separated. This clear separation between the galactose, maltose, sucrose, and other sugar-exposed plants might be due to the ferulic acid, and the associated eigenvector value was −0.052232; the values for gluconapoleiferin, glucoraphasatin, sinapic acid, glucoiberin, and glucoerucin were 0.33968, 0.32573, 0.317, 0.31459, and 0.31139, respectively (Figure 6A). In addition, the PLS-DA was performed to maximize the separation between the different carbon-exposed sprouts. The PLS-DA model showed a clear separation between the different carbon-exposed sprouts, which showed 49.5% (PC1) and 18.8% (PC2), respectively. In the PLS-DA, the separation of the maltose and sucrose-exposed sprouts showed a far group when compared to that of the control and other carbon-exposed sprouts. This clear separation might be due to the ferulic acid, and the associated eigenvector value was −0.13179; the values for sinapic acid, rutin, gluconapoleiferin, glucoiberin, and glucoerucin were 0.37216, 0.35711, 0.3407, 0.30107, and 0.30072, respectively (Figure 6B). In addition, sinapic acid was the most important metabolite for the prediction according to the VIP analysis; its content was highest in the sucrose-exposed sprouts, leading to the far separation (Figure 7). The maltose-exposed sprouts also showed slight separation from the other sugar-exposed sprouts because the second-highest sinapic acid content was achieved in the maltose-exposed sprouts. The other sugar-exposed sprouts were not separated; this is because the total contents of glucosinolates and phenolics were more or less similar to each other. This result supports the heatmap result, which showed that most of the metabolites were highest in the sucrose-exposed sprouts.



The correlation matrix analysis of the 12 identified metabolites after the sprouts were exposed to different carbon sources (Figure 8) were clustered into two main clusters, which consist of glucosinolate and phenolics based on the positive correlation. The most important metabolite, determined via VIP analysis, was sinapic acid, which showed a positive correlation with most of the metabolites; however, it showed a negative correlation with ferulic acid and p-coumaric acid. Among the identified glucosinolates, glucoraphasatin showed a strong positive correlation with all other identified individual glucosinolate and phenolic compounds. In the phenolic compounds, rutin showed the highest content, which exhibited a positive correlation with most of the metabolites; however, it showed a negative correlation with ferulic acid and p-coumaric acid.





4. Discussion


In this study, the sucrose treatment showed the highest shoot length, followed by glucose, fructose, and maltose. Similar results were reported in Echinacea angustifolia, in which the plants supplemented with sucrose showed the highest shoot length [43]. In addition, the highest shoot regeneration of an Aloe saponaria explant was obtained in the sucrose treatment, followed by glucose, and fructose treatments [44]. In Pharbitis nil, glucose, fructose, and maltose showed very low levels of shoot regeneration and elongation [45]. In another study, in vitro beech cultures showed the highest axillary branching and adventitious shoot regeneration under the glucose treatment [46]. Similarly, in other plants such as Alnus cremastogyne [47], Alnus glutinosa [48], Corylus avellana [49], Prunus mume [50], Rosa chinensis minima [51], and Rosa hybrida [51], the best shoot regeneration was achieved in the glucose and fructose treatments compared to the sucrose treatment. From these results, it is shown that the effect of different carbon sources on shoot regeneration might be species and tissue specific.



Moving on to the root generation, in this study, the highest root length was achieved in the sucrose treatment, followed by the fructose and glucose treatments. A previous study reported that root regeneration and growth are high-energy-demanding processes, and they can occur only when the metabolic substrate is highly available [45]. Sucrose was proven to be a particularly useful sugar, even though glucose gave satisfactory results during in vitro rhizogenesis [52,53]. A previous study reported that in Quber suber, autoclaved fructose had a smaller effect on root induction [52]. A similar effect was observed in P. nil [45]. The reason for this might be a result of the different susceptibility levels of specific species and types of explants to the fructose degradation products produced during autoclaving, such as 5-(hydroxymethyl)-2-furaldehyde. This product might be strongly toxic to plants [54]. From these results, it is shown that sucrose is one of the most prominent carbon sources for the enhancement of root generation in most plant species when compared to other carbon sources.



In the present study, seven glucosinolates and five phenolic compounds were detected in the radish sprouts treated with different carbon sources. In previous studies, 12 glucosinolates, including gluconapoleiferin, glucoerucin, 4-hydroxyglucobrassicin, glucoraphasatin, 4-methoxyglucobrassicin, and glucobrassicin, have been identified in the skin and flesh of radish cultivars [55]; in addition, eight glucosinolates, including glucoiberin, were detected in mature radish taproots [56]. Yuan et al. [57] identified 4-OH-glucobrassicin, glucoraphasatin, 4-methoxyglucobrassicin, and glucobrassicin in radish sprouts under different saline treatments. Furthermore, ten glucosinolates in red radishes [58] and nine glucosinolates in radish seedlings [59], including glucoerucin, 4-hydroxyglucobrassicin, glucoraphasatin, 4-methoxyglucobrassicin, and glucobrassicin, were identified under light conditions and methyl jasmonate treatments. Additionally, analysis of the phenolic contents of four vegetable sprouts showed that the highest contents of phenolic compounds were achieved in the radish sprouts [60]. Similarly, an analysis of the total phenolic content in twelve varieties of vegetable sprouts showed that the highest total phenolic accumulation was achieved in the radish sprouts [61]. This result shows that radish sprouts are rich in glucosinolates and have a high phenolics content.



Sucrose is usually regarded as the most suitable carbon source for plant tissue culture because it is most commonly present in the phloem sap of many plant species and is easily available and economically beneficial [62,63,64]. Several studies have reported that some plant species can be grown on alternative carbon sources, such as sugar alcohols (mannitol and sorbitol), monosaccharide hexoses (fructose, glucose, galactose, mannose, and dextrose), and disaccharides (trehalose, lactose, and maltose) [4,65,66,67,68]. In the present study, treatment with different carbon sources enhanced glucosinolate and phenolic production in radish sprouts. In particular, sucrose, glucose, and fructose contributed to the higher accumulation of glucosinolates; whereas sucrose, maltose, fructose, and glucose showed higher phenolic accumulation. Our results are consistent with previous studies, which reported increased glucosinolate production in broccoli sprouts treated with different sugar sources, including sucrose, glucose, fructose, mannitol, and fructose/glucose (1:1) [8], and an increased production in broccoli sprouts treated with different concentrations of sucrose and mannitol [9]. Similarly, various sugar sources increased the production of flavonoids, baicalin, baicalein, and wogonin, with sucrose, galactose, and fructose promoting the highest accumulation of flavonoids [2]. Sucrose can increase the accumulation of paclitaxel in Taxus chinensis cell suspension culture [69] and enhance the yield of anthraquinone, phenolics, and flavonoids in the adventitious roots of Morinda citrifolia [10]. Similar results were obtained in the hairy root culture of Withania somnifera when exposed to various carbon sources; the highest contents of withaferin A and withanone were achieved in the sucrose-exposed culture [7]. In addition, in another study, the constant maintenance of a sucrose concentration of 2% in the culture media enhanced the withaferin A content in the adventitious root culture of W. somnifera. Similarly, the exposure of ginseng hairy root culture to 2% sucrose positively enhanced the metabolite accumulation [70]. Furthermore, fructose increased catharanthine production in Catharanthus roseus hairy root culture [71] and enhanced the total flavonoid content in Hydrocotyle bonariensis callus [72]. Chattopadhyay et al. [73] reported that glucose is a suitable carbohydrate source for growth and podophyllotoxin production in cell cultures of Podophyllum hexandrum. From the overall results, it is evident that different types of carbon sources enhance the specific metabolites in different plant species.



Previous studies have suggested that active forms of hexokinases are glucose sensors in Arabidopsis and yeast [74,75]. Fructose is the substrate of hexokinase, which enhances the accumulation of flavonoids in Scutellaria baicalensis [2]. In the case of Vitis vinifera cells, mannose (substrate of hexokinase) induces anthocyanin production, whereas 3-O-methyl-D-glucose (cannot be phosphorylated by hexokinase) has no effect [76]. In contrast, in the radish hypocotyl, both mannose and 3-O-methyl-d-glucose do not induce any anthocyanin production [77]. However, in this study, neither fructose nor galactose could significantly accumulate glucosinolate and phenolic content. These results show that glucose itself or glucose metabolites are important for the induction of glucosinolate and phenolic content in radish sprouts. In addition, in this study, disaccharides such as maltose and sucrose showed variation with regard to the accumulation of glucosinolates and phenolics. The reason for this might be that maltose experiences slow hydrolysis, whereas the rapid hydrolysis of sucrose increases the content of hexoses and storage compounds, directing the cells to fast proliferation rates [3,78], which leads to the highest accumulation of glucosinolates and the highest phenolic content.




5. Conclusions


In summary, seven glucosinolates and five phenolics were identified, and the results showed that there was a great difference in the levels of glucosinolates and phenolics after the exposure of radish sprouts to different carbon sources. The production of glucosinolates and phenolics was positively affected by most of the stimuli used in this study. In particular, the radish sprouts treated with sucrose accumulated significantly higher levels of glucosinolates and phenolics. Therefore, this study confirms that different carbon sources play a major role in the production of glucosinolates and phenolics in radish sprouts. This study provides valuable information that can be used to enhance specific secondary metabolites by adding specific carbon sources to red radish sprouts. In addition, this study will be helpful in order to improve the commercial and nutritional quality of red radish sprouts. However, in the future, further studies are needed in order to investigate the glucosinolate and phenylpropanoid biosynthetic pathway gene expression after the exposure of radish sprouts to sucrose. In addition, the analysis of primary metabolites (amino acids, carbohydrates, and organic acids), secondary metabolites (anthocyanin, carotenoid, and triterpenoid), and their gene expression profiles in sucrose-exposed radish sprouts could be an exciting topic for future research.
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Figure 1. The effects of different carbon sources on (A) shoot and (B) root length of radish sprouts. The height of each error bar and the error bars show the mean and standard error, respectively, from ten replicates. Mean values with different letters (a–d) were significantly different (p < 0.05, ANOVA, DMRT) compared with the control. 
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Figure 2. The effects of different carbon sources on (A) fresh weight and (B) dry weight of radish sprouts. The height of each error bar and the error bars show the mean and standard error, respectively. Mean values with different letters (a–e) were significantly different (p < 0.05, ANOVA, DMRT) compared with the control. 
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Figure 3. Effect of different carbon sources on glucosinolate content (mg/g dry weight) in radish sprouts. The height of each error bar and the error bars show the mean and standard error, respectively, from three replicates. Mean values with different letters (a–d) were significantly different (p < 0.05, ANOVA, DMRT) compared with the control. 
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Figure 4. Effect of different carbon sources on phenolic compound content (µg/g dry weight) in radish sprouts. The height of each error bar and the error bars show the mean and standard error, respectively, from three replicates. Mean values with different letters (a–f) were significantly different (p < 0.05, ANOVA, DMRT) compared with the control. 
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Figure 5. Heatmap showing the changes in the relative metabolite content in radish sprouts after exposure to different carbon sources. The color scale (2 to −2) at the right denotes the relative metabolite concentrations, with a high concentration in red and a low concentration in blue. 
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Figure 6. Score and loading plot of the PCA (A) and PLS-DA (B) model of the metabolites identified in radish sprouts after exposure to different carbon sources. 
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Figure 7. The main components, separating the radish sprouts after exposure to different carbon sources, are based on the VIP scores obtained via the PLS-DA model. The black dot represents the VIP scores reflecting the degree of importance of metabolites, with values >0.07 seen as driving the calculated discrimination. 
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Figure 8. Correlation matrix of metabolites identified in radish sprouts after exposure to different carbon sources. Each colored box denotes Pearson’s correlation coefficient for a pair of compounds, and the value of the correlation coefficient is shown by the intensity, with a high concentration in red and a low concentration in blue, as displayed on the right-side color scale (1 to −0.5). 
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