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Abstract

:

Radish (Raphanus sativus) is a Brassica vegetable important for human nutrition and health because it is rich in diverse metabolites. Although previous studies have evaluated various metabolites, few studies have comprehensively profiled the primary and secondary metabolites in the roots of white- and green-colored radishes. Thus, this study aimed to provide information about the contents of metabolites beneficial for human health in both cultivars and to investigate the relationships between the various metabolites detected. In particular, among the 55 metabolites detected in radish roots, the levels of most amino acids and phenolic acids, vital to nutrition and health, were higher in green radish roots, while slightly higher levels of glucosinolates were observed in white radish roots—information which can be used to develop an effective strategy to promote vegetable consumption. Furthermore, glutamic acid, as a metabolic precursor of amino acids and chlorophylls, was positively correlated with other amino acids (cysteine, tryptophan, asparagine, alanine, serine, phenylalanine, valine, isoleucine, proline, leucine, beta-alanine, lysine, and GABA), and chlorophylls (chlorophyll a and chlorophyll b) detected in radish roots and phenylalanine, a metabolic precursor of phenolic compounds, were positively correlated with kaempferol, 4-hydroxybenzoate, and catechin. In addition, strong positive correlations between carbohydrates (sucrose and glucose) and phenolics were observed in this study, indicating that sucrose and glucose function as energy sources for phenolic compounds.
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1. Introduction


Plant species of the Brassicaceae family have long been recognized as beneficial for human health. They are the most commonly grown vegetables worldwide because of their high contents of vitamins, carotenoids, tocopherol, minerals, folate, amino acids, carbohydrates, dietary fiber, and bioactive compounds, namely, glucosinolates and phenylpropanoids. They have commercial importance as components of the daily human diet and as a primary source for the vegetable oil industry [1,2,3].



The Brassicaceae family includes many important vegetable crops, including Brassica rapa (Chinese cabbage), Brassica juncea (mustard), Brassica oleracea (cabbage, kale, broccoli, cauliflower, kohlrabi, and brussels sprouts), and Raphanus sativus (radish). The intake of these cruciferous vegetables plays a crucial role in antioxidation, improving the immune system, and preventing aging-related and cardiovascular diseases, as well as diabetes and cancers. These health benefits are related to antitoxic, anticancer, antioxidant, antidiabetic, and anti-inflammatory effects, and are mainly associated with the properties of secondary metabolites, including phenylpropanoids, carotenoids, vitamins, and glucosinolates, present in the Brassicaceae family [1,2,3,4,5].



Plant metabolites can be divided into primary and secondary metabolites. However, their borders are ambiguous because intermediate metabolites generated in primary metabolism are crucial for secondary metabolism, and primary metabolites and secondary metabolites show functional overlap [6]. Generally, primary metabolites can be considered endogenous compounds, such as amino acids, organic acids, and sugars, which are directly involved in basic plant life [7,8,9]. Furthermore, plant sugars, amino acids, and proteins are crucial for human nutrition. Simple sugars, such as glucose, fructose, and sucrose, are commonly found in plants. Of these, glucose and sucrose play important roles in the regulation of gene expression associated with metabolism, stress responses, and the growth and development of many plants [10,11,12,13]. It has been demonstrated that the above two sugars are involved in the synthesis of polyphenols [14,15]. Furthermore, the carbon molecules in glucose and fructose are reported to be directed into diverse metabolic pathways as a result of the spatiotemporal activities of corresponding metabolizing enzymes [16,17,18]. The enzymes involved in sugar metabolism appear to play a critical role in carbon allocation and partitioning in plants [16,17]. Secondary metabolites can be biosynthesized from primary metabolites, such as phenylalanine, tyrosine, or tryptophan, and can provide competitiveness when plants are exposed to unfavorable conditions due to biotic or abiotic factors [8]. Glucosinolates and phenolic compounds are secondary metabolites commonly present in species of the family Brassicaceae. Glucosinolates are sulfur-containing compounds that can be subdivided into three groups: aliphatic, aromatic, and indolic glucosinolates, based on their precursors (aliphatic amino acids (methionine, isoleucine, leucine, or valine), aromatic amino acids (phenylalanine or tyrosine), and tryptophan) [19]. Furthermore, glucosinolates possess health-beneficial properties (e.g., antioxidant, anti-inflammatory, and anti-angiogenic effects) [20], and these sulfur compounds are responsible for the bitter taste and spicy flavor found in radish [21]. Most phenolic compounds are derived from amino acids (phenylalanine or tyrosine) and contribute to plant defense and reproduction by providing resistance against various stresses or attracting pollinators via pigmentation [22]. In addition, the intake of plant phenolics is recommended to prevent chronic diseases [23].



Radish (Raphanus sativus L.) has been continuously consumed as a root vegetable, and various radish cultivars have been developed since it was domesticated in Europe in pre-Roman times [24]. White- and green-colored radishes, otherwise called Mu, have been widely used in traditional Korean cooking for more than 1500 years [25]. Before cooking, Mu is often grated or cut into small pieces to ensure optimal preparation of this cruciferous vegetable. In Korea, people will often eat Mu with boiled fish, soy sauce, and Korean fermented soybean. Various organs of the radish, including the seeds, leaves, and roots, have been used for therapeutic purposes. The annual yield of radish in Korea is 4.5 million tons. Previous studies reported the presence of various metabolites, including amino acids, carbohydrates, organic acids, glucosinolates, phenolics, and carotenoids, in different radish cultivars [26,27,28,29]. Nonetheless, to date, there have been no studies on metabolite profiles in green and white radish cultivars (Figure 1) using high-performance liquid chromatography (HPLC) and gas chromatography–time-of-flight mass spectrometry (GC–TOFMS). Therefore, this study aimed to provide information on the health-beneficial metabolites present in these two radish cultivars using HPLC- and GC–TOFMS-based metabolite analysis and investigated the relationships between metabolites found in these cultivars.




2. Materials and Methods


2.1. Plant Materials


The seeds of white-colored (exhibiting white color at the roots) and green-colored (exhibiting green color at the roots) radishes were obtained from Asia Seed Co., Ltd., Seoul, Korea. Seeds were cultivated at an experimental farm of the National Institute of Horticultural and Herbal Science, Wanju-gun, Korea. The roots were harvested after 70 days. Analyses were performed for three biological replicates, each consisting of 3–8 white- and green-colored radish roots. The roots of each radish cultivar were frozen in liquid nitrogen and freeze-dried for phytochemical analysis.




2.2. HPLC Analysis of Desulfoglucosinolates


Desulfoglucosinolates were extracted and analyzed as described in our previous study [28]. Freeze-dried sample powders (100 mg) of white- and green-colored radish roots were extracted with 1.5 mL of methanol (70%, v/v) at 70 °C and then maintained at 70 °C for 5 min in a water bath, followed by centrifugation at 11,000 rpm for 15 min. The supernatants were transferred into fresh tubes. Afterward, the pellets were extracted twice more using the same extraction protocol, and then the collected extract of radish samples was loaded onto a column packed with DEAE-Sephadex A-25. After adding an arylsulfatase solution (75 µL) for desulfation, the desulfoglucosinolates were eluted with 1.5 mL of water and then syringe-filtered into a vial. The system, program, and conditions used to isolate and quantify individual glucosinolates were based on our previous study [28], and the detailed HPLC conditions for analyzing the desulfoglucosinolates are described in Table S1.




2.3. HPLC Analysis of Phenolic Compounds


Phenolic compounds were extracted and analyzed as described in our previous study [28]. Freeze-dried sample powders (100 mg) of white- and green-colored radish roots were extracted with 1 mL of methanol (70%, v/v) and then sonicated for 65 min, followed by centrifugation at 11,000 rpm for 15 min. The supernatants were transferred into fresh tubes. Afterward, the pellets were extracted twice using the same extraction protocol and then dried with nitrogen gas. The dried samples were re-extracted with 1 mL of methanol, and the resulting extracts were filtered through a syringe and collected in a vial. The system, program, and conditions used to isolate and quantify phenolic compounds were based on the method described in our previous study [28], and the detailed HPLC conditions for analyzing the phenolic compounds are described in Table S1.




2.4. Chlorophyll Analysis


Approximately 100 mg of ground powder root samples of white- and green-colored radishes were mixed with 2 mL of methanol. The mixtures were incubated in a water bath (HB-205SW, Hanbeak Scientific Co., Bucheon, Korea) for 30 min, followed by vigorous vortexing for 20 s. The resultant mixtures were centrifuged and filtered under sterilized conditions. The chlorophyll contents of the crude extracts were measured at 665 and 652 nm wavelengths, as described by Lichtenthaler and Buschmann [30].




2.5. GC–TOFMS Analysis


Freeze-dried sample powders (10 mg) of white- and green-colored radish roots were mixed with 0.45 mL of methanol with ribitol (0.2 g L−1) at 1300 rpm and 37 °C for 2 min and then centrifuged at 11,000 rpm for 20 min. The supernatants were added to 190 μL of chloroform and 480 μL of water and mixed vigorously for 30 s, followed by centrifugation at 11,000 rpm for 15 min. The polar phases (450 μL) were transferred to tubes and freeze-dried in a concentrator. After adding 40 μL of methoxyamine hydrochloride pyridine (30 g L−1), the extracts were shaken at 990 rpm and 37 °C for 120 min, subjected to the addition of N-Methyl-N-(trimethylsilyl) trifluoroacetamide (70 μL), then shaken at 990 rpm and 37 °C for 30 min. The extracts were transferred to vials for analysis of hydrophilic compounds. The system and conditions for analyzing and identifying hydrophilic compounds were determined using the protocol reported in our previous study [28], and the detailed GC–TOFMS conditions for analyzing the hydrophilic metabolites are described in Table S1.




2.6. Statistical Analysis


Student’s t-test and multivariate analysis (PCA, PLS-DA, and HCA with Pearson correlation) were performed using SAS software version 9.2 (SAS Institute Inc., Cary, NC, USA) and MetaboAnalyst 5.0 (http://www.metaboanalyst.ca/, accessed on 7 February 2022).





3. Results


3.1. Desulfoglucosinolate Analysis


A total of seven glucosinolates (glucoraphanin, glucoalyssin, gluconapin, 4-hydroxyglucobrassicin, glucoerucin, glucoraphasatin, and 4-methoxyglucobrassicin) were quantified in the white and green radish roots (Table 1), and the sum of these glucosinolates was found to be higher in white radish roots. Specifically, the levels of gluconapin, 4-hydroxyglucobrassicin, glucoerucin, and glucoraphasatin were slightly higher in white radish roots than in green radish roots. However, the levels of glucoalyssin and 4-methoxyglucobrassicin were slightly higher in green radish roots.




3.2. Phenolic Content


A total of four phenolics (gallic acid, catechin, 4-hydroxybenzoic acid, and kaempferol) were quantified in the white and green radish roots (Table 2). Specifically, the levels of gallic acid, catechin, 4-hydroxybenzoic acid, and kaempferol were slightly higher in green radish roots than in white radish roots (p < 0.05).




3.3. Chlorophyll Content


Chlorophyll a and chlorophyll b contents were measured in the white and green radish roots (Table 3). Green radish roots had much higher chlorophyll a and chlorophyll b levels than white radish roots, as shown in Figure S1. As chlorophyll reflects green light, this difference corresponded to the phenotypic differences.




3.4. GC–TOFMS Analysis


Forty-two metabolites (amino acids, carbohydrates, organic acids, and sugar alcohols) were identified in white- and green-colored radish roots using GC–TOFMS (Table S2). As shown in Figure S1, the levels of most amino acids (alanine, valine, leucine, isoleucine, proline, serine, β-alanine, 4-aminobutyric acid, cysteine, arginine, glutamic acid, phenylalanine, asparagine, glutamine, lysine, and tryptophan) were significantly higher in green radish roots, except pyroglutamic acid. Similarly, the green cultivar contained higher levels of carbohydrates (sucrose and raffinose), sugar alcohols (mannitol, inositol, and glycerol), organic acids (threonic acid and shikimic acid), and TCA intermediates (fumaric acid, malic acid, and citric acid). In contrast, the white cultivar had higher contents of organic acids (pyruvic acid, lactic acid, nicotinic acid, glyceric acid, and succinic acid).



A total of 55 phytochemicals detected in both radish cultivars were subjected to PCA, which showed a clear separation between white and green radish cultivars in PC1 and PC2, explaining 93.2% of the total variance (Figure 2). The separation was due to amino acids, carbohydrates, organic acids, and TCA intermediates. According to the results from the Pearson correlation analysis (Figure 3), these metabolites were clustered into two groups, one of which comprised most organic acids, amino acids, and phenolic compounds, while the other included several carbohydrates and glucosinolates. Glutamine, glutamate, aspartate, and asparagine, consisting of metabolic networks responsible for amino acid metabolism, showed a strong positive correlation with the other amino acids. In particular, glutamic acid, which has a central position in amino acid metabolism, was highly correlated with cysteine (r = 0.91898, p = 0.0095806), tryptophan (r = 0.91056, p = 0.011641), asparagine (r = 0.97936, p = 0.0006349), alanine (r = 0.97812, p = 0.00071283), serine (r = 0.98507, p = 0.00033263), phenylalanine (r = 0.99026, p = 0.00014174), valine (r = 0.98204, p = 0.00048069), isoleucine (r = 0.97868, p = 0.00067718), proline (r = 0.97915, p = 0.00064742), leucine (r = 0.99783, p = 0.0000070689), beta-alanine (r = 0.99494, p = 0.000038297), lysine (r = 0.99886, p = 0.0000019387), and GABA (r = 0.95723, p = 0.0027053). Furthermore, glutamic acid was strongly positively correlated with chlorophyll a (r = 0.96751, p = 0.00157) and chlorophyll b (r = 0.96515, p = 0.0018). Phenylalanine, a precursor of phenolic compounds, and sucrose, known to promote flavonoid biosynthesis, were positively correlated with 4-hydroxybenzonate, catechin, and kaempferol (r > 0.8, p < 0.05).





4. Discussion


The differences in metabolites between white and green radish roots were investigated in this study. A total of 55 metabolites, including amino acids, sugars, sugar alcohols, organic acids, glucosinolates, chlorophylls, phenolics, and amines, were identified in both radish cultivars. According to the primary metabolite profiles, the levels of amino acids, chlorophylls, and organic acids were significantly higher in green radish roots than in white radish roots. In particular, green radish roots are richer in essential amino acids (lysine, leucine, isoleucine, valine, phenylalanine, and tryptophan) that are not biosynthesized in the human body and should be supplemented by food [31]; they contain higher levels of GABA, which reduces stress and promotes sleep in humans [32], and proline, which plays a role in wound healing [33]. Additionally, chlorophyll a and b levels were much higher in green radish roots, revealing that green coloration in the roots is due to chlorophyll pigments. Therefore, the intake of green radish roots can benefit human health and they are richer in amino acids, chlorophylls, and organic acids than white radish roots.



According to the secondary metabolite profiles, four phenolics (gallic acid, catechin, 4-hydroxybenzoic acid, and kaempferol) and seven glucosinolates (glucoraphanin, glucoalyssin, gluconapin, 4-methoxyglucobrassicin, 4-hydroxyglucobrassicin, glucoraphasatin, and glucoerucin) were detected in both cultivars. The levels of phenolic compounds (gallic acid, catechin, 4-hydroxybenzoic acid, and kaempferol) were significantly higher in green radish roots, whereas white radish roots contained higher levels of glucosinolates (4-hydroxyglucobrassicin, glucoraphasatin, gluconapin, and glucoerucin). These findings were consistent with previous studies that identified glucosinolates and phenolic compounds in various radish cultivars. Park et al. [28] detected glucosinolates (glucoraphasatin, glucoerucin, 4-methoxyglucobrassicin, and 4-hydroxyglucobrassicin) and flavonoids (catechin and kaempferol) in the roots of white radishes [16]. Wang et al. [34] identified glucoraphanin, glucoalyssin, and gluconapin in radish roots [23]. In addition, the analysis of glucosinolates in three radish cultivars (Seo Ho, Man Tang Hong, and Hong Feng No. 1) revealed that the content of glucoraphasatin was significantly higher in all the cultivars examined compared to other glucosinolates [35]. Moreover, the analysis of aliphatic glucosinolates in the Raphanus species (R. sativus, R. raphanistrum, R. sativus L. var. raphanistroides) revealed that the content of glucoraphasatin was much higher, while the lowest content was detected for gluconapin [36]. Similar to the previous report, the content of glucoraphasatin was highest, whereas the content of gluconapin was lowest in both cultivars. Bajkacz et al. [37] reported the presence of 4-hydroxybenzoic acid in radish roots; Goyeneche et al. [38] identified gallic acid in radish roots. In line with the previous study [39], catechin was found to be the most abundant phenolic compound in R. sativus root extracts. Furthermore, the current and previous studies found that secondary metabolite contents varied between the roots of both cultivars. This may be due to a combination of specificity, environmental factors, or climatic factors that affect the quality and quantity of phytochemicals.



In this study, the levels of most amino acids were significantly higher in the green radish roots, and glutamic acid was positively correlated with amino acids (cysteine, tryptophan, asparagine, alanine, serine, phenylalanine, valine, isoleucine, proline, leucine, beta-alanine, lysine, and GABA), revealing that glutamic acid plays a central role in plant amino acid metabolism. Similarly, previous studies have reported a strong positive correlation between glutamic acid and other amino acids in Morus alba fruits [40], Lycoris radiata flowers [22], and Brassica rapa L. var. japonica plants [41]. Furthermore, the larger pools of glutamic acid and phenylalanine, which are initial precursors for chlorophyll metabolism and phenolic compound metabolism, respectively, reflected the higher levels of chlorophyll a and chlorophyll b and phenolic compounds detected in green radish roots, supported by the strong positive correlations between glutamic acid and chlorophylls and between phenylalanine and phenolics, respectively. These findings are in agreement with previous studies describing the increased pool of endogenous phenylalanine, derived from the cessation of cell division, enhanced anthocyanin biosynthesis in suspension cultures of Vitis sp. via upregulation of phenylalanine ammonia-lyase (PAL) and chalcone synthase (CHS) expression [42], and exogenous supply of phenylalanine improved the production of phenolic compounds in Pisum sativum leaves via an increase in PAL activity [43]. Furthermore, the endogenous abundance of phenylalanine has been reported to be positively correlated with phenolics in the roots, leaves, and stems of Lavandula pubescens [44], the roots of xBrassicoraphanus, Chinese cabbage and radish [28], and the flowers of Lycoris radiata [22].



Sucrose and glucose function as energy sources for phenolic compounds. Strong correlations between carbohydrates (sucrose and glucose) and phenolic compounds were observed in this study, suggesting that sucrose and glucose positively impact phenolic compounds. Our findings are in agreement with those of Shin et al. [45], who reported that an increase in endogenous sucrose abundance, derived from calcium signaling, enhanced anthocyanin content with upregulation of flavonoid biosynthesis gene expression, and those of Zakhleniuk et al. [46], who showed that the increased abundance of glucose and sucrose, induced by a sucrose transporter 2 (SUC2) mutation, was associated with increased accumulation of anthocyanins. Park et al. [47] reported that the enhanced pool of sucrose, caused by AtMYB75 overexpression, was positively correlated with flavones in Scutellaria baicalensis hairy roots. The exogenous application of sucrose induced the upregulation of anthocyanin biosynthesis in radish hypocotyls [48], while sucrose-dependent enhancement of anthocyanin production was observed in Arabidopsis expressing petunia CHS-A [49], and an increase in anthocyanin accumulation by sucrose was recorded in yellow lupine cells [50]. Furthermore, a positive correlation between sucrose and phenolic compounds has been reported in several Brassica vegetables, such as Chinese cabbage (Brassica rapa ssp. pekinensis) [51] and mizuna (Brassica rapa L. var. japonica) [41].




5. Conclusions


In conclusion, this is the first study to profile metabolites in the roots of white- and green-colored radishes and investigate the metabolic relationship between diverse metabolites detected in both cultivars. Among the 55 metabolites detected in green- and white-colored radishes, the levels of most amino acids, organic acids, phenolic compounds, and chlorophylls, which are important for nutrition and health, were higher in green radishes. In contrast, the white radish contained slightly higher levels of glucosinolates. Furthermore, metabolic precursors (glutamic acid and phenylalanine) were positively correlated with the levels of other amino acids, chlorophylls, and phenolics, and carbohydrates (sucrose and glucose), acting as energy sources, were positively correlated with phenolics. The metabolic profiles of Korean white- and green-colored radish roots associated with primary metabolites (amino acids, carbohydrates, and organic acids) and secondary metabolites (chlorophyll, desulfoglucosinolate, and phenolics) will provide valuable information and help to lay the groundwork for human health.
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Figure 1. Photograph of (A) green-colored radishes; and (B) white-colored radishes. 
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Figure 2. Scores and loading plots of PCA model for metabolites present in green and white radish roots. 
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Figure 3. Correlation matrix of metabolites present in green and white radish roots. 
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Table 1. Glucosinolate content in white and green radish cultivars (μg g−1).






Table 1. Glucosinolate content in white and green radish cultivars (μg g−1).





	Compounds
	White Radish Root
	Green Radish Root





	Glucoraphanin
	0.67 ± 0.03
	0.71 ± 0.03



	Glucoalyssin
	0.08 ± 0.01
	0.13 ± 0.02 *1



	Gluconapin
	0.08 ± 0.01 **
	0.04 ± 0.01



	4-Hydroxyglucobrassicin
	0.27 ± 0.03 *
	0.12 ± 0.00



	Glucoerucin
	0.28 ± 0.01 ***
	0.15 ± 0.03



	Glucoraphasatin
	11.34 ± 0.57 *
	9.93 ± 0.33



	4-Methoxyglucobrassicin
	0.35 ± 0.00
	0.49 ± 0.02 **



	Total
	13.06 ± 0.55 *
	11.56 ± 0.37







1 Student’s t-test, * p < 0.05, ** p < 0.01, *** p < 0.005.
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Table 2. Phenolic content in white and green radish cultivars (μg g−1).






Table 2. Phenolic content in white and green radish cultivars (μg g−1).





	Compounds
	White Radish Root
	Green Radish Root





	Gallic acid
	8.17 ± 0.01
	11.64 ± 0.20 ***1



	Catechin
	84.68 ± 0.64
	90.96 ± 0.69 ***



	4-hydroxybenzoic acid
	1.58 ± 0.34
	3.22 ± 0.37 ***



	Kaempferol
	40.33 ± 0.16
	46.13 ± 2.11 *



	Total
	134.75 ± 0.80
	151.96 ± 2.48 *







1 Student’s t-test, * p < 0.05, *** p < 0.005.
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Table 3. Chlorophyll content in white and green radish cultivars (μg g−1).






Table 3. Chlorophyll content in white and green radish cultivars (μg g−1).





	Compounds
	White Radish Root
	Green Radish Root





	Chlorophyll a
	5.64 ± 0.30
	57.85 ± 6.45 ***1



	Chlorophyll b
	7.02 ± 0.14
	14.26 ± 0.42 ***



	Total
	12.66 ± 0.17
	72.11 ± 0.37 ***







1 Student’s t-test, *** p < 0.005.
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