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Mungbeans (Vigna radiata L.), a major legume crop in Asia, contain higher amounts of functional substances than other legumes, such as catechin, chlorogenic acid, and vitexin. Germination can improve the nutritional value of legume seeds. Here, 20 functional substances were profiled in germinated mungbeans and the expression levels of the transcripts of key enzymes in targeted secondary metabolite biosynthetic pathways were identified. VC1973A, a reference mungbean elite cultivar, had the highest amount of gallic acid (99.93 ± 0.13 mg/100 g DW) but showed lower contents of most metabolites than the other genotypes. Wild mungbeans contained a large amount of isoflavones compared with cultivated genotypes, especially for daidzin, genistin and glycitin. The expression of key genes involved in biosynthetic pathways had significant positive or negative correlations with the target secondary metabolite contents. The results indicate that functional substance contents are regulated at the transcriptional level, which can be applied to improve the nutritional value of mungbean sprouts in molecular breeding or genetic engineering, and wild mungbeans are a useful resource to improve the quality of mungbean sprouts.
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1 Introduction

Secondary metabolites in plants, including phenolic compounds and flavonoids, are produced through defense mechanisms against biotic and abiotic stresses (Hartmann, 2007; Zandalinas et al., 2017). These are known to have diverse physical and chemical traits, such as color, flavor, and medicinal effects, leading to high economic value (Pagare et al., 2015). Legume crops, such as soybean, mungbean (Vigna radiata L.), and pigeonpea (Cajanus cajan), were reported to contain large amounts of functional substances, including catechin, neo/chlorogenic acid, and iso/vitexin (Fu et al., 2008; Cao et al., 2011). Catechin and chlorogenic acid have been reported to have protective effects against colorectal cancers, reducing the incidence by 77–83% in humans (Lu et al., 2022). Vitexin also provides many health benefits including antioxidant, anti-inflammatory, antinociceptive, cardioprotective, and neuroprotective effects (He et al., 2016).

Mungbeans, one of the major legume crops in Asia, are cultivated on over six million hectares worldwide, with an annual grain production of three million tons (Gayacharan et al., 2020). Because of their high carbohydrate content (50–60%) and protein content (20–24%), mungbeans are an important nutritional source in many developing countries and are mostly consumed as starch grains or germinated sprouts (Peng et al., 2008; Tang et al., 2014). Ethanol extracts of mungbean seeds contain high levels of phenolic compounds, such as catechin, chlorogenic acid, and vitexin (An et al., 2020). Germination increases the nutritional value of the seeds (Hung et al., 2012). Germination can improve the functional and nutritional quality of legumes by increasing protein digestibility and reducing anti-nutritional factors, and germinated legumes can be consumed as protein supplements with functional agents (Kartikeyan et al., 2022). In mungbeans, the contents of functional substances, including carotenoids, vitamin E, and various phenolic compounds, increase after germination (Li et al., 2021). Mungbean sprouts grow rapidly indoors without being affected by the weather. Ethanol extracts of mungbean sprouts were reported to contain higher amounts of phenolic compounds than the seeds, even when compared with other legume crops (Peng et al., 2008). Therefore, mungbean sprouts are a healthy food that is easy to produce and can efficiently supply functional substances to the human diet.

The secondary metabolite contents in soybeans vary depending on the cultivar, cultivation period, and tissue (Yun et al., 2020). In cauliflowers (Brassica aleracea L. ssp. botrytis), secondary metabolites, such as anthocyanins, carotenoids, and phenolic compounds, were reported to vary according to genotypes with different floret colors (Park et al., 2013). Although the contents of secondary metabolites in mungbeans can vary depending on the cultivation period, genotype, and environmental conditions, these studies only examined a few major cultivars (Guo et al., 2012; An et al., 2020). Therefore, we hypothesized that the secondary metabolites would vary significantly among the 50 different mungbean genotypes and they would be regulated in the level of transcription. In this study, the metabolic profiling of 50 mungbean genotypes of diverse origins and phenotypes, including wild species, was performed using ultra-high-performance liquid chromatography (UPLC). Key genetic factors underlying the biosynthesis of secondary metabolites were identified. This study provides new insights into the value of mungbean sprouts as a nutritional resource with high functional substance contents.




2 Materials and methods



2.1 Sample preparation

All mungbean seeds were harvested at the Gangneung-Wonju National University Experimental Farm in Gangneung, South Korea (37.77°N, 128.86°E) in 2021. A total of 50 mungbean genotypes were germinated (Supplementary Table 1). Mungbean seeds were rinsed three times, and then soaked with distilled water in dark conditions at 37°C for 17 h using an incubator (JEIO TECH. ISS-4075R, Daejeon, Korea). The mungbean sprouts were cultivated using the water-spraying method in a sprout cultivator (Sundotcom, ST001A, Seoul, Korea). Water spraying was conducted for 2 mins every four hours at 30 ± 2°C for 3 days according to the methods of a previous study (Kim et al., 2021). Three-day-old mungbean sprouts were dried at 70°C for 24 h, and then ground into a fine powder (Gan et al., 2017). The samples were extracted at 0.1 g/mL (w/v) with 70% ethanol (EtOH) and stored at -20°C until further analysis.




2.2 UPLC-photodiode array method

UPLC was performed for metabolic profiling (Nexera series equipped with MPM-40, SCL-40, SPD-M40, LC-40, SIL-40, and CTO-40 units from Shimadzu, Kyoto, Japan) using a photodiode array (PDA) detector. Secondary metabolites were separated on a ZORBAX SB-C18 column (3.5 μm, 4.6 x 150 mm; Agilent, PN 863953-902, Santa Clara, USA). The mobile phase gradients of ultrapure water-0.1% acetic acid solution (v/v; solvent A) and acetonitrile (solvent B) flowed at 1 mL/min as follows: 0–10 min 95–90% A, 10–11 min 90–85% A, 11–15 min 85–80% A, 15–16 min 80–70% A, 16–25 min 70–65% A, 25–28 min 65–50% A, 28–32 min 50% A, 32.1 min solvent A was increased from 50 to 95%, and 32.1–40 min 95% A. The column oven temperature was set at 40°C, and the sample injection volume was 2 μL. The results were determined based on standard calibration curves (10–100 mg/L) with three replicates. The photon wavelength of the detector scan range was set between 190 and 800 nm. The chromatograms of metabolites, such as biochanin A (Chemfaces, CFN99734, Wuhan, China), catechin (Chemfaces, CFN99646), and genistin (Chemfaces, CFN90250) were extracted at 270 nm, while caffeic acid (Chemfaces, CFN99646), daidzein (Chemfaces, CFN98774), daidzin (Chemfaces, CFN99101), formononetin (Chemfaces, CFN99962), gallic acid (Chemfaces, CFN99624), genistein (Chemfaces, CFN98681), glycitein (Chemfaces, CFN99106), glycitin (Chemfaces, CFN99105), isovitexin (Chemfaces, CFN98620), neochlorogenic acid (Chemfaces, CFN97472), p-coumaric acid (Chemfaces, CFN98794), resveratrol (Chemfaces, CFN98791), syringic acid (Chemfaces, CFN98884), t-ferulic acid (Chemfaces, CFN92394), and vitexin (Chemfaces, CFN98601) were extracted at 280 nm, and chlorogenic acid (Chemfaces, CFN99116), coumestrol (Chemfaces, CFN96040), kaempferol (Chemfaces, CFN98838), myricetin (Chemfaces, CFN98877), and quercetin (Chemfaces, CFN99272) were extracted at 330 nm (Table 1; Supplementary Figure 1).


Table 1 | List of UPLC standard materials.






2.3 Total RNA extraction and quantitative reverse-transcription polymerase chain reaction

Total RNA was extracted with GeneAll Ribospin™ Plant Kit (Cat. 307-150; Gene all, Seoul, Korea). The extracted RNA was quantified using a UV/Vis Nanodrop spectrophotometer (MicroDigital, Nabi, Seongnam, Korea). RNA purity was measured using the absorbance ratio of OD 260/280 and OD 260/230. The cDNA library was synthesized using the PrimeScript™ RT reagent Kit with gDNA Eraser (RR047A; TaKaRa, Tokyo, Japan) according to the manufacturer’s protocol with 1 μg of RNA. The quantitative reverse-transcription polymerase chain reaction (qRT-PCR) was conducted using the TB Green® Premix Ex Taq™∥ Kit (Tli RNaseH Plus) (RR820A; TaKaRa, Tokyo, Japan). The PCR primer sequences are listed in Supplementary Table 2. qRT-PCR was performed using the 12 genotypes of which the secondary metabolite contents varied significantly.




2.4 Statistical analysis

The contents of the secondary metabolites are shown as the mean ± standard deviation from three replicates. Experimental data from the UPLC quantitative analysis were analyzed by a one-way analysis of variance (ANOVA), and a significance analysis was performed using Duncan’s Multiple Range test at 0.05 (Stahle and Wold, 1989). Multivariate statistical analysis of the secondary metabolite content detected in the 50 mungbean genotypes was performed using a principal component analysis (PCA) and hierarchical clustering (HCA). All data analyses were performed using RStudio (R Core Team, 2017). A Pearson correlation analysis between gene expression and metabolites was performed on eight out of 12 randomly selected genotypes.





3 Results



3.1 Identification of secondary metabolites in mungbean sprouts

Metabolic profiling was conducted on the 50 mungbean genotypes using a UPLC-PDA system. Of the 23 standard compounds that have been previously detected in legumes, 20 metabolites were identified in the mung bean sprout extracts. In most genotypes, catechin [(132.89 ± 0.03–1,441.46 ± 0.92 mg/100 g dry weight (DW)], chlorogenic acid (294.79 ± 0.36–1,763.24 ± 0.23 mg/100 g DW), and neochlorogenic acid (548.93 ± 1.52–1,308.58 ± 1.15 mg/100 g DW) showed the highest contents, followed by isovitexin (77.9 ± 0.05–386.73 ± 0.11 mg/100 g DW), myricetin (152.89 ± 0.03–79.82 ± 0.11 mg/100 g DW), and vitexin (9.39 ± 0.05–344.95 ± 0.15 mg/100 g DW) (Figures 1, 2). In VC1973A (genotype no. 45), a reference elite mungbean cultivar, most metabolites were relatively lower than in the other genotypes, while gallic acid (99.93 ± 0.13 mg/100 g DW) was highest. In wild mungbeans (genotype no. 36–42), higher contents of isoflavones, such as daidzin, genistin, and glycitin, were detected than in the cultivated genotypes (Supplementary Tables 3, 4).




Figure 1 | Metabolic profiling of 50 mungbean genotypes. (A) Heatmap 362 of the contents of the secondary metabolites in 50 mungbean genotypes. The contents of 20 secondary metabolites are indicates by color scale from red to green. Upper tree indicates clustering by HCA of 50 mungbean genotypes according to the contents of the secondary metabolites. (B) PCA of mungbean genotypes according to the contents of secondary metabolites. The circle colors indicate clustering results of mungbean genotypes according to HCA. Arrows indicate the major metabolites of mungbean sprouts according to UPLC analysis.






Figure 2 | Contents of 20 secondary metabolites of mungbean sprouts on 50 genotypes. Metabolites names in red indicate the target compounds of qRT-PCR. Bar color indicates seed coat color of mungbean genotypes. Statistical analysis was conducted by Duncan test (P < 0.05).






3.2 HCA and PCA based on the contents of secondary metabolites

Based on the contents of the 20 secondary metabolites, the 50 mungbean genotypes were clustered using HCA and PCA (Figure 1). Five clusters were grouped using HCA, and the genotypes in each cluster were consistently grouped using the PCA. Neochlorogenic acid, chlorogenic acid, catechin, isovitexin, and myricetin affected clustering the most in the order of the HCA (Figure 1A). The PCA revealed two principal components (PCs), with PC1 and PC2 accounting for 69.66% and 15.04% of the variance, respectively (Figure 1B). Chlorogenic acid, catechin, neochlorogenic acid, isovitexin, and vitexin contributed the most in that order.




3.3 Correlation analysis of secondary metabolites

A correlation analysis was conducted on the contents of the 20 metabolites among the 50 genotypes. The most significant correlations were detected among the isoflavonoid groups, including daidzein, daidzin, formononetin, genistin, glycitein, and glycitin (Figure 3). The glycitein and formononetin contents, and the daidzin, and glycitin contents, which are synthesized by the same enzymes, isoflavonoid synthase (IFS) and isoflavone 7-O glucosyltransferase (IF7GT), respectively, in the biosynthesis pathway, showed the highest positive correlation of 0.61. The next highest positive correlations were between diadzin and genistin (correlation coefficient = 0.44) and genistin and glycitin (0.31), with IF7GT involved in the biosynthesis. Glycitein, which a precursor of glycitin, had a negative correlation of -0.22 with glycitin  (Figure 3; Supplementary Figure 2).




Figure 3 | Correlation analysis among the contents of isoflavonoids in mungbean sprouts. The correlations among isoflavonoids were presented by pearson correlation coefficient and color scale from red to blue. Red indicates negative correlation, and blue indicates positive correlation between the secondary metabolites.






3.4 Genetic factors correlated with the secondary metabolite contents

The candidate key genes involved in these pathways were identified using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.ad.jp/kegg/). In total, the nucleotide sequences of 85 genes in model species such as Arabidopsis thaliana and soybean were used to identify 10 orthologous genes in mungbeans (Ha et al., 2021) (Figure 4).




Figure 4 | Correlation analysis between the contents of secondary metabolites and the expression levels of key genetic factors. The correlations were presented by pearson correlation with color scale from blue to red. Red and blue indicates positive and negative correlations, respectively. R is indicates pearson correlation coefficient between the metabolites and gene expression. Target metabolites are indicating green.



Phenylalanine ammonia-lyase (PAL) is involved in the biosynthesis of p-coumaric acid from phenylalanine (Cochrane et al., 2004). Caffeate O-methyltransferase (COMT) catalyzes the conversion of caffeic acid into ferulic acid (Ebel et al., 1974). 4-coumarate-CoA ligase (4CL) catalyzes the conversion of ferulic acid to feruloyl-CoA (Schneider et al., 2005). Caffeoyl-CoA O-methyltransferase (CCOMT) is involved in ferulic acid biosynthesis from Caffeoyl-CoA (Kühnl et al., 1989). Isoflavone synthase (IFS) is involved in the biosynthesis of daidzein, and formononetin, and in the pathway from liquirtigenin to glycitein (Hashim et al., 1990). Isoflavone 7-O-glucosyltransferase (IF7GT) catalyzes daidzin biosynthesis (Noguchi et al., 2007). Chalcone isomerase catalyzes naringenin biosynthesis, the precursor of vitexin (Shirley et al., 1992). Flavanoid 3’, 5’-hydroxylase (F3’5’H) catalyzes the pathway from dihydroquercetin to dihydromyricetin (Shimada et al., 1999). Dihydroflavonol 4-reductase (DFR) is catalyzes in the biosynthesis of leucocyanidin, the precursor of catechin (Fischer et al., 2003). Flavonol synthase (FLS) catalyzes the conversion of dihydromyricetin to myricetin (Wellmann et al., 2002).

The relative expression levels of the candidate genes were measured in 12 genotypes, and significant variations were detected in the contents of major secondary metabolites (Table 2; Supplementary Table 5). The expression levels of the 10 candidate genes were significantly correlated with the contents of related secondary metabolites, as measured by UPLC (Figure 4). The highest positive correlation was between PAL expression and p-coumaric acid contents, with a correlation coefficient of 0.96, followed by COMT and ferulic acid (0.93), IF7GT and daidzin (0.86), and CCOMT and ferulic acid (0.83). The highest negative correlation was between F3`5`H expression and the catechin contents (-0.92). Both chlorogenic acid and neochlorogenic acid, which are isomers, negatively correlated with CCOMT expression, with correlation coefficients of -0.67 and -0.60, respectively.


Table 2 | The contents of secondary metabolites in the mungbean genotypes with high variations.







4 Discussion

Legume crops have high nutritional and health benefits and can produce high yields over relatively short cultivation periods, which are important traits for food crops (Iqbal et al., 2006; Rebello et al., 2014). Legume crops contain high amounts of secondary metabolites, including flavonoids and isoflavones, which can positively and negatively affect food quality. On the positive side, secondary metabolites have antioxidant, anti-inflammatory, and anti-cancer effects in humans (Ali Reza et al., 2021). However, some secondary metabolites can lower the food quality, taste bitter, decrease legume storage capacity, and discolor food (Oz et al., 2017). In this study, 20 secondary metabolites were profiled in 50 mungbean genotypes using UPLC to provide useful information for improving the food quality of mungbean sprouts.

Neochlorogenic acid was the most abundant component in most genotypes, followed by chlorogenic acid and catechin identified in the HCA (Figure 1A), whereas chlorogenic acid, catechin, and neochlorogenic acid were the major components in the PCA (Figure 1B). Although neochlorogenic acid was the most abundant secondary metabolite, it had less of an effect on clustering in the PCA because catechin and chlorogenic acid had higher variances among the genotypes (Figure 2). Among the 20 functional substances, the chlorogenic acid and catechin contents showed the greatest variation, suggesting that these two compounds could be the first targets of genetic engineering or molecular breeding to improve the nutritional value of mungbean sprouts.

The mungbean reference genotype VC1973A (genotype 45) mungbean contained the highest amount of gallic acid (Figure 2). Gallic acid is known to have effects of antioxidant, anti-inflammatory and neuroprotective capacity, that are beneficial for human health (Kroes et al., 1992; Lu et al., 2006). However, VC1973A had relatively lower contents of most compounds than the other genotypes. Commercial strawberry (Fragaria × ananassa) cultivars have lower anthocyanin contents and diversity than non-commercial cultivars and wild types, which is one of the problems to be addressed in breeding programs (Dzhanfezova et al., 2020). Wild mungbeans (genotype no. 36–42) had relatively higher isoflavone contents, including daidzein, genistin, and glycitin, than other genotypes, including VC1973A (Figure 2). Isoflavones have physiological functions, such as phytoestrogens that have beneficial effects on bone health and reduce menopausal symptoms and the risk of breast cancer (Chen and Chen, 2021). Thus, the results of this study suggest that wild mungbeans can be a useful resource for producing functional substances that promote the nutritional value of mungbean sprouts.

Among the secondary metabolites identified in the mungbean sprouts, isoflavones, including daidzein, formononetin, genistin, glycitein, and glycitin, showed relatively high positive correlations (Figure 3). The expression levels of transcripts encoding key enzymes in the biosynthetic pathways of isoflavones were measured using qRT-PCR (Figure 4). Positive correlations were identified between secondary metabolite contents and the expression of genes that catalyze the biosynthetic pathways of secondary metabolites, such as IFS and daidzein, and IF7GT and daidzin. Soybean IFS has been shown to catalyze the biosynthesis of daidzein and genistein, which are the precursors of daidzin and genistin in rapeseed (Li et al., 2011). In contrast, negative correlations were detected between the formononetin content and IF7GT expression levels, where formononetin is catalyzed by formononetin 7-O glucoside by IF7GT. In soybeans, the aglycosylation of isoflavones decreased as the expression of IF7GT decreased (Gupta et al., 2017). A negative correlation was reported between formononetin contents and expression level of IF7GT because IF7GT is associated with the aglycosylation of formononetin (De Vega et al., 2015). The catechin contents and expression levels of F3’5’H, which catalyzes the other side of the biosynthetic pathway of dihydroquercetin, a precursor of catechin, also had a negative correlation (Figure 4). F3’5’H had been reported to catalyze the biosynthesis of dihydromyricetin from dihydroquercetin in grape (Vitis vinifera) and tea plant (Camellia sinensis) (Jeong et al., 2006; Zhou et al., 2016). Within the pathway, the biosynthesis of delphinidin-based anthocyanins and cyanidin-based anthocyanins increased and decreased, respectively, as the expression level of F3’5’H increased. When dihydroquercetin, a precursor of leucocyanidin, was synthesized into dihydromyricetin by F3’5’H, the contents of leucocyanidin decreased. Thus, in the current study, when the expression level of F3’5’H increased, the leucocyanidin contents decreased, which is a precursor of catechin, resulting in a negative correlation between the catechin contents and expression of F3’5’H. In summary, significant correlations were identified between the contents of secondary metabolites and the expression levels of the genes catalyzing the biosynthetic pathways of these metabolites, indicating that the secondary metabolite contents are regulated at the level of the transcription of key genes in their pathways in mungbeans. These results suggest that functional substance content can be regulated by manipulating target genes for molecular breeding or genetic engineering.

In this study, metabolic profiling and transcriptome analysis were conducted using UPLC and qRT-PCR, respectively, on 50 mungbean genotypes of different origins. The key genes involved in the biosynthesis of secondary metabolites with beneficial effects on human health were identified in the mungbean sprouts. We found that wild mungbeans contained significantly higher levels of isoflavones, such as daidzin, genistin, and glycitin, than cultivated mungbeans. The chlorogenic acid and catechin contents showed the highest variance among the genotypes. A strong positive correlation was detected among the isoflavone groups in which the mainstream biosynthetic pathways were regulated by the same key enzymes (Figure 4; Supplementary Figure 2). The results of this study will help enable improving the nutritional value of mungbean sprouts containing functional substances for desired purposes while reducing secondary metabolites that negatively impact food quality.





Data availability statement

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





Author contributions

BK designed the experiments and wrote the manuscript. BK and IL collected the material data and conducted experiments. BK performed the qualifying and quantifying of the metabolites and analyzed the transcriptomic results. IL contributed the transcriptomic results analyse. JH supervised and revised the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This work has been supported by the National Research Foundation of Korea (NRF) grant funded by the Korean government (MSIT) (No. 2021R1C1C1004233). This work has been supported by the National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIT)
(No. 2022R1A4A1030348).





Conflict of interest

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





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1207940/full#supplementary-material




References

 Ali Reza, A. S. M., Nasrin, M. S., Hossen, M. A., Rahman, M. A., Jantan, I., Haque, M. A., et al. (2021). Mechanistic insight into immunomodulatory effects of food-functioned plant secondary metabolites. Crit. Rev. Food Sci. Nutr. 27, 1–31. doi: 10.1080/10408398.2021.2021138

 An, Y. J., Kim, M. J., Han, S. I., Chi, H.-Y., Kwon, C., Kim, S. Y., et al. (2020). Comparison of chemical constituents in mung bean (Vigna radiata l.) flour between cultivation regions and seeding dates. Korean J. Crip Sci. 65, 457–467. doi: 10.7740/KJCS.2020.65.4.457

 Cao, D., Li, H., Yi, J., Zhang, J., Che, H., Cao, J., et al. (2011). Antioxidant properties of the mung bean flavonoids on alleviating heat stress. PloS One 6, e21071. doi: 10.1371/journal.pone.0021071

 Chen, L.-R., and Chen, K.-H. (2021). Utilization of isoflavones in soybeans for women with menopausal syndrome: an overview. Int. J. Mol. Sci. 22, 3212. doi: 10.3390/ijms22063212

 Cochrane, F. C., Davin, L. B., and Lewis, N. G. (2004). The arabidopsis phenylalanine ammonia lyase gene family: kinetic characterization of the four PAL isoforms. Phytochemistry 65, 1557–1564. doi: 10.1016/j.phytochem.2004.05.006

 De Vega, J. J., Ayling, S., Hegarty, M., Kudrna, D., Goicoechea, J. L., Ergon, Å., et al. (2015). Red clover (Trifolium pratense l.) draft genome provides a platform for trait improvement. Sci. Rep. 5, 17394. doi: 10.1038/srep17394

 Dzhanfezova, T., Barba-Espín, G., Müller, R., Joernsgaard, B., Hegelund, J. N., Madsen, B., et al. (2020). Anthocyanin profile, antioxidant activity and total phenolic content of a strawberry (Fragaria × ananassa duch) genetic resource collection. Food Biosci. 36, 100620. doi: 10.1016/j.fbio.2020.100620

 Ebel, J., Schaller-Hekeler, B., Kobloch, K.-H., Wellman, E., Grisebach, H., and Hahlbrock, K. (1974). Coordinated changes in enzyme activities of phenylpropanoid metabolism during the growth of soybean cell suspension cultures. Biochim. Biophys. Acta (BBA) - Gen. Subj. 362, 417–424. doi: 10.1016/0304-4165(74)90137-8

 Fischer, T. C., Halbwirth, H., Meisel, B., Stich, K., and Forkmann, G. (2003). Molecular cloning, substrate specificity of the functionally expressed dihydroflavonol 4-reductases from malus domestica and pyrus communis cultivars and the consequences for flavonoid metabolism. Arch. Biochem. Biophys. 412, 223–230. doi: 10.1016/S0003-9861(03)00013-4

 Fu, Y., Zu, Y., Liu, W., Zhang, L., Tong, M., Efferth, T., et al. (2008). Determination of vitexin and isovitexin in pigeonpea using ultrasonic extraction followed by LC-MS. J. Sep Sci. 31, 268–275. doi: 10.1002/jssc.200700312

 Gan, R.-Y., Lui, W.-Y., Chan, C.-L., and Corke, H. (2017). Hot air drying induces browning and enhances phenolic content and antioxidant capacity in mung bean (Vigna radiata l.) sprouts. J. Food Process. Preserv. 41, e12846. doi: 10.1111/jfpp.12846

 Gayacharan,, Archak, S., Gupta, K., Gupta, V., Tyagi, V., and Singh, K. (2020). “Mungbean genetic resources and utilization,” in The mungbean genome compendium of plant genomes. Eds.  R. M. Nair, R. Schafleitner, and S.-H. Lee (Cham: Springer International Publishing), 9–25. doi: 10.1007/978-3-030-20008-4_2

 Guo, X., Li, T., Tang, K., and Liu, R. H. (2012). Effect of germination on phytochemical profiles and antioxidant activity of mung bean sprouts (Vigna radiata). J. Agric. Food Chem. 60, 11050–11055. doi: 10.1021/jf304443u

 Gupta, O. P., Nigam, D., Dahuja, A., Kumar, S., Vinutha, T., Sachdev, A., et al. (2017). Regulation of isoflavone biosynthesis by miRNAs in two contrasting soybean genotypes at different seed developmental stages. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.00567

 Ha, J., Satyawan, D., Jeong, H., Lee, E., Cho, K.-H., Kim, M. Y., et al. (2021). A near-complete genome sequence of mungbean (Vigna radiata l.) provides key insights into the modern breeding program. Plant Genome 14, e20121. doi: 10.1002/tpg2.20121

 Hartmann, T. (2007). From waste products to ecochemicals: fifty years research of plant secondary metabolism. Phytochemistry 68, 2831–2846. doi: 10.1016/j.phytochem.2007.09.017

 Hashim, M. F., Hakamatsuka, T., Ebizuka, Y., and Sankawa, U. (1990). Reaction mechamism of oxidative rearrangement of flavanone in isoflavone biosynthesis. FEBS Lett. 271, 219–222. doi: 10.1016/0014-5793(90)80410-K

 He, M., Min, J.-W., Kong, W.-L., He, X.-H., Li, J.-X., and Peng, B.-W. (2016). A review on the pharmacological effects of vitexin and isovitexin. Fitoterapia 115, 74–85. doi: 10.1016/j.fitote.2016.09.011

 Hung, P. V., Maeda, T., Yamamoto, S., and Morita, N. (2012). Effects of germination on nutritional composition of waxy wheat. J. Sci. Food Agric. 92, 667–672. doi: 10.1002/jsfa.4628

 Iqbal, A., Khalil, I. A., Ateeq, N., and Sayyar Khan, M. (2006). Nutritional quality of important food legumes. Food Chem. 97, 331–335. doi: 10.1016/j.foodchem.2005.05.011

 Jeong, S. T., Goto-Yamamoto, N., Hashizume, K., and Esaka, M. (2006). Expression of the flavonoid 3′-hydroxylase and flavonoid 3′,5′-hydroxylase genes and flavonoid composition in grape (Vitis vinifera). Plant Sci. 170, 61–69. doi: 10.1016/j.plantsci.2005.07.025

 Kartikeyan, A., Vasudevan, V., Peter, A. J., Krishnan, N., Velmurugan, D., Velusamy, P., et al. (2022). Effect of incubation period on the glycosylated protein content in germinated and ungerminated seeds of mung bean (Vigna radiata (L.) wilczek). Int. J. Biol. Macromol. 217, 633–651. doi: 10.1016/j.ijbiomac.2022.07.036

 Kim, B. C., Lim, I., Jeon, S. Y., Kang, M., and Ha, J. (2021). Effects of irrigation conditions on development of mungbean (Vigna radiata l.) sprouts. Plant Breed. Biotechnol. 9, 310–317. doi: 10.9787/PBB.2021.9.4.310

 Kroes, B. H., van den Berg, A. J., Quarles van Ufford, H. C., van Dijk, H., and Labadie, R. P. (1992). Anti-inflammatory activity of gallic acid. Planta Med. 58, 499–504. doi: 10.1055/s-2006-961535

 Kühnl, T., Koch, U., Heller, W., and Wellmann, E. (1989). Elicitor induced s-adenosyl-l-methionine: caffeoyl-CoA 3-o-methyltransferase from carrot cell suspension cultures. Plant Sci. 60, 21–25. doi: 10.1016/0168-9452(89)90039-3

 Li, J., Lu, Y., Chen, H., Wang, L., Wang, S., Guo, X., et al. (2021). Effect of photoperiod on vitamin e and carotenoid biosynthesis in mung bean (Vigna radiata) sprouts. Food Chem. 358, 129915. doi: 10.1016/j.foodchem.2021.129915

 Li, X., Qin, J.-C., Wang, Q.-Y., Wu, X., Lang, C.-Y., Pan, H.-Y., et al. (2011). Metabolic engineering of isoflavone genistein in brassica napus with soybean isoflavone synthase. Plant Cell Rep. 30, 1435–1442. doi: 10.1007/s00299-011-1052-8

 Lu, Y.-T., Gunathilake, M., Lee, J., Kim, Y., Oh, J. H., Chang, H. J., et al. (2022). Coffee consumption and its interaction with the genetic variant AhR rs2066853 in colorectal cancer risk: a case–control study in Korea. Carcinogenesis 43, 203–216. doi: 10.1093/carcin/bgac007

 Lu, Z., Nie, G., Belton, P. S., Tang, H., and Zhao, B. (2006). Structure–activity relationship analysis of antioxidant ability and neuroprotective effect of gallic acid derivatives. Neurochem. Int. 48, 263–274. doi: 10.1016/j.neuint.2005.10.010

 Noguchi, A., Saito, A., Homma, Y., Nakao, M., Sasaki, N., Nishino, T., et al. (2007). A UDP-glucose : isoflavone 7-O-Glucosyltransferase from the roots of soybean (Glycine max) seedlings: PURIFICATION, GENE CLONING, PHYLOGENETICS, AND AN IMPLICATION FOR AN ALTERNATIVE STRATEGY OF ENZYME CATALYSIS*. J. Biol. Chem. 282, 23581–23590. doi: 10.1074/jbc.M702651200

 Oz, A. T., Kafkas, E., Oz, A. T., and Kafkas, E. (2017). Phytochemicals in fruits and vegetables. In Superfood and functional foods. An overview of their processing and utilization (IntechOpen: London, UK), 175–184. doi: 10.5772/66987

 Pagare, S., Bhatia, M., Tripathi, N., Pagare, S., and Bansal, Y. K. (2015) Secondary metabolites of plants and their role: overview. In: Current trends in biotechnology and pharmacy. Available at: https://scholar.google.com/scholar_lookup?title=Secondary+Metabolites+of+Plants+and+their+Role%3A+Overview&author=Pagare%2C+Saurabh&publication_year=2015 (Accessed March 17, 2023).

 Park, S.-Y., Lim, S.-H., Ha, S.-H., Yeo, Y., Park, W. T., Kwon, D. Y., et al. (2013). Metabolite profiling approach reveals the interface of primary and secondary metabolism in colored cauliflowers (Brassica oleracea l. ssp. botrytis). J. Agric. Food Chem. 61, 6999–7007. doi: 10.1021/jf401330e

 Peng, X., Zheng, Z., Cheng, K.-W., Shan, F., Ren, G.-X., Chen, F., et al. (2008). Inhibitory effect of mung bean extract and its constituents vitexin and isovitexin on the formation of advanced glycation endproducts. Food Chem. 106, 475–481. doi: 10.1016/j.foodchem.2007.06.016

 R Core Team (2017). R: a language and environment for statistical computing (Vienna, Austria: R Foundation for Statistical Computing). Available at: https://www.R-project.org/.

 Rebello, C. J., Greenway, F. L., and Finley, J. W. (2014). A review of the nutritional value of legumes and their effects on obesity and its related co-morbidities. Obes. Rev. 15, 392–407. doi: 10.1111/obr.12144

 Schneider, K., Kienow, L., Schmelzer, E., Colby, T., Bartsch, M., Miersch, O., et al. (2005). A new type of peroxisomal acyl-coenzyme a synthetase from arabidopsis thaliana has the catalytic capacity to activate biosynthetic precursors of jasmonic acid. J. Biol. Chem. 280, 13962–13972. doi: 10.1074/jbc.M413578200

 Shimada, Y., Nakano-Shimada, R., Ohbayashi, M., Okinaka, Y., Kiyokawa, S., and Kikuchi, Y. (1999). Expression of chimeric P450 genes encoding flavonoid-3’, 5’-hydroxylase in transgenic tobacco and petunia plants (1). FEBS Lett. 461, 241–245. doi: 10.1016/s0014-5793(99)01425-8

 Shirley, B. W., Hanley, S., and Goodman, H. M. (1992). Effects of ionizing radiation on a plant genome: analysis of two arabidopsis transparent testa mutations. Plant Cell 4, 333–347. doi: 10.1105/tpc.4.3.333

 Stahle, L., and Wold, S. (1989). Analysis of variance (ANOVA). Chemom. Intelligent Lab. Syst. 6, 259–272. doi: 10.1016/0169-7439(89)80095-4

 Tang, D., Dong, Y., Ren, H., Li, L., and He, C. (2014). A review of phytochemistry, metabolite changes, and medicinal uses of the common food mung bean and its sprouts (Vigna radiata). Chem. Cent. J. 8, 4. doi: 10.1186/1752-153X-8-4

 Wellmann, F., Lukacin, R., Moriguchi, T., Britsch, L., Schiltz, E., and Matern, U. (2002). Functional expression and mutational analysis of flavonol synthase from citrus unshiu. Eur. J. Biochem. 269, 4134–4142. doi: 10.1046/j.1432-1033.2002.03108.x

 Yun, D.-Y., Kang, Y.-G., Kim, M., Kim, D., Kim, E.-H., and Hong, Y.-S. (2020). Metabotyping of different soybean genotypes and distinct metabolism in their seeds and leaves. Food Chem. 330, 127198. doi: 10.1016/j.foodchem.2020.127198

 Zandalinas, S. I., Sales, C., Beltrán, J., Gómez-Cadenas, A., and Arbona, V. (2017). Activation of secondary metabolism in citrus plants is associated to sensitivity to combined drought and high temperatures. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.01954

 Zhou, T.-S., Zhou, R., Yu, Y.-B., Xiao, Y., Li, D.-H., Xiao, B., et al. (2016). Cloning and characterization of a flavonoid 3′-hydroxylase gene from tea plant (Camellia sinensis). Int. J. Mol. Sci. 17, 261. doi: 10.3390/ijms17020261




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


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


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Metabolic profiling and expression analysis of key genetic factors in the biosynthetic pathways of antioxidant metabolites in mungbean sprouts

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Sample preparation

          



          		

            2.2 UPLC-photodiode array method

          



          		

            2.3 Total RNA extraction and quantitative reverse-transcription polymerase chain reaction

          



          		

            2.4 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Identification of secondary metabolites in mungbean sprouts

          



          		

            3.2 HCA and PCA based on the contents of secondary metabolites

          



          		

            3.3 Correlation analysis of secondary metabolites

          



          		

            3.4 Genetic factors correlated with the secondary metabolite contents

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls.2023.1207940_cover.jpg
& frontiers | Frontiers in Plant science

Metabolic profiling and expression analysis
of key genetic factors in the biosynthetic
pathways of antioxidant metabolites in
mungbean sprouts





OEBPS/Images/fpls-14-1207940-g001.jpg
Metabolite

Myricetin’
Vitexin
Quercetin:
Gallic acid:
Daidzein;
Caffeic acid
Genistin
Coumestrol
Daidzin
Glycitin
Resveratrol
p-Coumaric acid
t-Ferulic acid
Formononetin
Biochanin A
Glycitein

38412 12484921442220 8 1811 3 1726 4 7 423419133336 5 2531472728352923 2446453050 9 4314163240373915 6 10 1

0.50- 38
o

0.25-

PC2 (15.04%)

0.00-

-0.25-

-04 -0.2 0.0
PC1 (69.66%)

Genotype

0.2





OEBPS/Images/table2.jpg
Genotype

No.

15

17

2

33

36

38

39

45

49

N.D, not detected.
(mg/100g DW).

Catechin

10727 + 043"

1058.66 +
273%

42641 £ 0.26%

119224 £25°

103563 +
172¢

77473 % 16

705.13 £ 0.31°

41459 £ 007"

397.8 + 026

13289 + 0,03

447.44 £ 017%

484.83 £ 041"

Chlorogenic i ot e Neochlorogenic -Coumaric
9 Daidzein Formononetin ~ Glycitein  Myricetin 9 P
acid acid acid
a 16051 =
1252.73 £ 0.9 f)zif ND. 7.0 £ 004" 6‘?‘; 15477 + 0.02° 95178 £ 2.7° 443+ 003
129284 + 3.85° 53‘;;’ 978 002" 707 £0.1° 1562 £ 0.08° | 15997 +0.03 106424 + 063" 117 £ 0.01%
3529+ 1832
875.89 + 022" 862 + 002" 472 +002° 2 152.95 + 0.02° 76552 + 032" N.D.
013 003
140407 + 4.69° ‘:‘ﬁf 279 + 004" 568 £007° 6839 £038° 15524 £ 0.03° 111338 +0.88" ND.
4 5933+ 1277+ n 187.06 = " % i
121506 + 186 oo st 12,89 £ 004 i 15466 + 0.03° 111776 + 0,11 244 £ 002
883,91+ 349 ‘Qg,’ zﬁi,’ ND. ND. 160.18 £ 007 81442 + 157 11420018
68224 £ 0.9% 68+ 004" 6;‘:;* N.D. 1029 £ 0.02° '602;%,* 772,66 + 0.07° 279£001°
176324 £023 | 57.4£003 3")':';’ ND. ND. '7‘;""8‘2,‘ 88973 +0.26° 2172 £ 005"
weson | s | o b, oo EEE
439.14 + 0.41" l;‘:‘;,’ ND. N.D. 86+ 004" ND. 602.15 + 0.28% 215+ 001"
X 71+
wwsier | e | PR | e | w9 - -
103223 + 1.49° 46001 3:"";’ ND. N.D. ‘39‘;1/_5,3 77186 + 025° 349 £ 0010

5.53+003"

5.11%001°

0.96 001

ND.

301 +0.01°

421+ 004"

3.62£001°

ND.

801+ 002"

278 40,02

051+ 0.01°

192 £ 0,01

13723 ¢
031°

10739
033

60.15 £ 0.03¢

13031 =
001"

59.73 % 0.12¢

12401 &
0.56"

88.49 £ 0.19"

7657 £0.25°

939+ 005

4687 £ 005"

5503 +0.°

69.62 % 0.02"





OEBPS/Images/fpls-14-1207940-g003.jpg
Glycitein ‘ ® O

0.61 | Formononetin O

0.01 | -0.04 |Daidzein @

-0.10 -0.03 0.11 |Daidzin

-0.18 -0.07 -0.05 0.44 |Genistin

-0.22 -0.13 0.19 0.61 0.31 |Glycitin






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





OEBPS/Images/fpls-14-1207940-g002.jpg
Catechin

Biochanin A ffeic aci
120 120 Caffeic acid : 1600
100 H
80 90 c
\de de de ] e d
60 60 ; fg . fg 8 n h i . fg
g k I Im Im Im L
b P fmn no | imn mnl}
#9 jkimnopgr Imnopqrs jkimnopqr  KImROPAr  mnpars jkimno imn | 30 sl stuvfstusl” fstuv Perst fstuvjrsty,, Rt 11T o] Reuld ) tuve
200 sﬁﬂlmgpqno;:;mn:ps ¢ e s s s < lghis I:\nnp et dtiisklmn Lt cv"']""’l’q'se!s |)klmnn|> defm .. Cighd | gy 0
1251567 89 NURDUBHTBINARD UL BBNANBARNT SI N N8 hb s BHn O 123456789101112131415161718192021222324252627 282930 3132 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 12345678 9NNNBUBHTBHNANBUBRTBHNNNBHBRTRNOALBUHETL950
Chlorogenic acid Coumestrol Daidzein
2000 Y 8 ) 60 A 120
b be 50 b
1500 defd hdef of f 1|t f ef de 40 mno|
shp | 8 jk H . Kmn 8 i i 8 hi < c d
ikl j Kl
1000+, k Pt Pa st PRt nop | eatt | Pro 30 £ fg 1 e ¢1 f
—_— i
g 500
D 0 12345678910111213141516171819202122232425262728293031323334353637 383940414243 44454647 48 4950 0 1234567 89101M12131415161718192021222324252627282930313233 34353637 383940412 4344 4546 47 484950 0 12345678 9101112131415161718192021 2223 242526 2728 29 30 31 32 33 34 35 36 3738 39 40 41 42 43 44 45 46 47 48 49 50
50 5 Daidzin 5 Formononetin Gallic acid
o PR = 160
S 60 c o |12
\m d
R 40 g < h f 9 bb
. y c
E 2 s i Kk i 1 ik j 6 e d d d
nof m| pn op_stuv Mop no 3 f f h
~ o = * o Fruveuved Twevwf x [T ) xoxow x st et S moii i i‘gg‘ij sRaRsl F1 B liiiiiiiiiiiiiiiiigliio
(7] 1 234567B91011121314151617131920Zlél;ﬁ242§262_728293031323334353637383940414243444546474“950 1234567890 NNBUI516171819202122232425262728293031233 1353637389 404140243 4546478950 12345678 9101121314151617181920212223 242526272829 30 31 32 33 34 35 36 37 38 39 40 4142 43 44 45 46 47 48 49 50
U enistin Glycitein Glycitin
2 80 250 Y 160 Y
o b
o 60 2004} . PR 120
" £
,_c% 40 150 o f e N 80
- 100 i ; i
v 20 50 N k 1 k 1 40
E 0 0 e pelip|¥riplrrPpp PP "pppl_',’,"wpp ppl_';"pppp 0 0 0 nonoo Mnoo 0 0 0 0 0 N00 0 Noo
s 123456789 NUDBUBHIBHNANBUBRTBHNANBUBITBNNNLBUEETHY0 12345678 9101M1231415161715192021222324 252627282930 3132 33 34 35 36 37 38 39 40 41 4243 44 45 46 47 48 49 50 1234567 890NDBUBKTBYNANBUBBTBBNINBHBEHTBINALBUE678H5
S 5 Isovitexin 0 Myricetin Neochlorogenic acid
o " 3 1500
i rstu PATSt g e ki fghij o S mkim 4
g 150 T o TRl M e g Sparg g8 KB R gl 3 g nolmn gy KmKimy 1200 cad b d b KimP 4
= B e o ik ghi ik ij oo 1w hi
e 900 {.ars s s s sPa T s s q|%s
m 100 : v u Uy
= 600 2 b
=
c ot 300
8 0 1234567391I]1112131415161718192021222324252627.?.829303.1323334353637383940414243444546474349 0 1234567 8910NNBUIG161718192021222324252627282930 313233 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 5 0 12345678 91011121314151617181920 21222324 252627 28 29 30 31 32 33 34 35 36 37 38 39 40 414243 44 45 46 47 48 49 50
g p-Coumaric acid Quercetin Resveratrol
O 2 d efgh b wlb  be o b a o
120 5 op 15 iklgkl xidexq efg hijk ikldefl klkl def efght Tno K mnd  nop, ] efgh‘h"krfqr
15 b pq qrs sty fmsts | st
80 10
f
101 § . H h .
5 koK nopq ! k % "35‘1 T 1:1‘:0 40
OVW vl wx x X S X% 0 s 5555 |Ss58sss s s slss]ss u
123456789 NUDRBUBHIBHNANBUBHTBYNANBUBHTRVNALBUEETHEI5 1234567891011121314151617181920111223242526272829303 1&33435363738394041414344454647484950 12345678 90UNBUIBHTBH0ALBU52627289303132B34353%3789404 2845464578495
t-Ferulic acid Vitexin
30 400 N
300
b
200 d 5 -
T F il isnf £ h ¢h
e W Tali o} mn K i lim
100 {pa o st tu Pq tuv vy P st wst v ars
y
0 12134567 89 NNDBUBHTBONARBRBRTBVNARBUB R BV NaoBAG6TH8050 0 123456789 0NNBUBI6171819202122232425262728293031323334353637383940 414243 44 45464748 4950

Genotype





OEBPS/Images/table1.jpg
No. Name Formula Cas No. External ID Pub SID
1 Gallic acid C7H605 9917 170.1 C01424 4609
2 Neochlorogenic acid C16H1809 906-33-2 3543 C17147 96023599
3 Catechin CI5H1406 154-23-4 2903 C06562 8791
1 Chlorogenic acid C16H1809 327-97-9 35431 C00852 4109
5 Caffeic acid C9H804 331-39-5 180.15 C01481 4652
6 Syringic acid C9H1005 530-57-4 1982 C10833 13016
4 Pp-coumaric acid C9H803 501-98-4 164.2 C00811 4069
8 Daidzin C21H2009 552-66-9 | 416.38 C10216 12402
9 Glycitin C22H22010 40246-10-4 44641 C16195 47205503
10 t-Ferulic acid C10H1004 537-98-4 1942 C01494 4664
11 Vitexin C21H20010 3681-93-4 4324 C01460 4637
12 Isovitexin C21H20010 38953-85-4 4324 C01714 4851
13 Genistin C21H20010 529-59-9 43238 C09126 11318
14 Myricetin CI5H1008 529-44-2 3182 C10107 12293
15 Resveratrol Cl14H1203 501-36-0 2282 C03582 6374
16 Daidzein CI5H1004 ‘ 486-66-8 2542 C10208 12394
17 Glycitein C16H1205 40957-83-3 28426 C14536 17395536
18 Quercetin CI5H1007 117-39-5 302.2 00389 3679
19 Genistein CI5H1005 446-72-0 2702 C06563 8792
20 Coumestrol CI5H805 479-13-0 2682 C10205 12391
21 Kaempferol C15H1006 520-18-3 2862 05903 8191
22 Formononetin C16H1204 485-72-3 26827 00858 4115

23 Biochanin A C16H1205 491-80-5 284.26 C00814 4072





OEBPS/Images/fpls-14-1207940-g004.jpg
1.00 050 0.00 -0.50 -1.00

Phenylalanine

Cinnamic acid

P-Coumaroyl-CoA m—— Caffeoyl-CoA Feruloyl-CoA

} L: Chlorogenic acid
Neochlorogenic acid

Naringenine

2,7,4'-Trihydroxy
-isoflavanone

Formononetin ¢ Daidzein

Formononetin Daidzin
7-O glucoside

Vitexin

Eriodictyol

Dihydroquercetin Dihydromyticetin

Leucocyanidin

|

Catechin

Myricetin






