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Many bioactive components in plants are beneficial to health, and their contents in seeds and sprouts are much higher than those in mature parts. This study intended to uncover alterations in nutritional compositions of radish seeds following germination. It also aimed to evaluate the health-promoting potential of both radish (Raphanus sativus L.) seeds and sprouts by quantifying representative bioactive compounds and antioxidants across six varieties. The ultimate goal was to identify the optimal radish variety with these beneficial properties through the TOPSIS-entropy weight method. This study measured chlorophyll, carotenoids, anthocyanins, glucosinolates (GLSs), total phenol (TP), vitamin C content, and antioxidant capacities (POD: Peroxidase; PAL: Phenylalanine ammonia lyase; T-AOC: Total antioxidant capacity) in seeds and sprouts of radish grew for 7 days. The GLSs content in seeds was 3 to 6-fold higher than that in sprouts; while contents of anthocyanin, sugar, and TP were much higher in radish seeds than those in sprouts. Chlorophyll, carotenoid content, and POD activity were significantly higher in sprouts than in seeds. Combined with the ideal solution similarity ranking preference method (TOPSIS) entropy weight method, M (Man Tang Hong) was the optimal radish variety. Sprouts generally outperformed seeds in terms of overall phytochemical composition and antioxidant capacities, except for M. Therefore, more sprouts are recommended to be consumed in daily life without choosing specific radish variety. In conclusion, this study supports the health-promoting properties of radish based on a comprehensive deciphering of the nutritional profile of radish seeds and sprouts, both of which are good sources of bioactive compounds.
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1 Introduction

Cruciferous plants are widely cultivated and used around the world, with definite preventive effects on various chronic diseases and cancers documented by different epidemiological and meta-analyses (Li et al., 2022). In addition to the unique glucosinolates (GLSs), different phytochemicals such as polyphenols, carotenoids, and vitamin C (VC) contained in cruciferous vegetables work together as anti-inflammatory and antioxidant agents (Šamec et al., 2017). Vegetables in the germination stage, as sprouts, have gained increasing attention currently from the public, especially health-conscious consumers (Francis et al., 2022). Sprouts may contain 2 to 10-fold more phytochemicals than vegetables in the mature stage (Choe et al., 2018), and they are fast-growing and short-cycle, which can usually be collected and eaten after 5-10 days (Moreno et al., 2006). Also, it has been extensively explored regarding the beneficial health effects of edible seeds (Kakkar et al., 2023). Many authors have studied different varieties of wheat (Chen et al., 2017; Tian et al., 2019), while fewer have studied buckwheat, broccoli, radish, alfalfa, brown rice, etc (Pajak et al., 2014; Thakur et al., 2021; Wunthunyarat et al., 2020). Seeds also accumulate some bioactive substances (e.g., antioxidants, and vitamins) during germination (Liu et al., 2022), but reduced contents of sugars and some special biochemicals, such as GLSs, in radish seeds (Gamba et al., 2021). These findings support that edible seeds and sprouts are of equal importance for research.

Raphanus sativus L. (generally termed Radish) is a popular vegetable from the cruciferous family. Consumption of radish sprouts, a product of seed germination, is increasing as they exhibit higher nutrient levels than the matured portion (Manivannan et al., 2019; Gamba et al., 2021). Dried seeds of radish (RS, Raphani Semen, Lai Fu-zi in Chinese), are listed in China Pharmacopoeia, which can be eaten in daily life and used clinically as medicine to treat food indigestion, upper abdominal distension, constipation, panting, and coughing in China with a long history (Jacky, 2023). In India, RS has a therapeutic effect on asthma and other chest diseases (Aruna et al., 2012), revealing excellent anti-inflammatory and antioxidant properties. Furthermore, sprouts and seeds also show a variety of culinary forms, whether served in salads or cooked with other vegetables, etc. Radish seeds may not be as commonly consumed as their sprouts, which can generally be eaten straight, sautéed, served with salads or in soups. Therefore, both sprouts and seeds of radish can be used as a food with health benefits. There have been reports on GLSs, total phenols (TP), vitamin content and antioxidant capacities in some radish sprouts and seeds. But little is known about the mechanism of these compounds and their antioxidant capacities changing throughout the seed germination process. In addition, there is still no consensus about the use of germination conditions and applied assays in most reports. Moreover, compounds and antioxidant activities vary remarkably in seeds grown under different situations (light source and time, varied seed treatments) (Hanlon and Barnes, 2011; Baenas et al., 2012; Kyriacou et al., 2019; Liu et al., 2022; Bowen-Forbes et al., 2023; Tilahun et al., 2023; Šola et al., 2024). It may also be a challenge to compare the research results of different authors and directly draw consistent conclusions. In addition, researchers put more emphasis on sprouts despite existing comparative analyses on uncovering the potential for nutrient production between seeds and sprouts of radish (Baenas et al., 2012). Therefore, more efforts should be put in measuring and validating the content and antioxidant capacity of various compounds in seeds and sprouts under the same germination conditions. Equal importance should be given to the comparison of seeds and sprouts, two major and equally important sources of nutrients.

Obtaining high-quality sprouts and seeds requires consideration of species and variety selection. Different radish varieties show differences in the phytochemical content of seeds and sprouts at varied stages (Hanlon and Barnes, 2011). Screening for eligible radish variety can therefore provide valuable insights to meet consumer nutritional preferences. Sprouts have many advantages over seeds in terms of improved functional quality, such as more obvious accumulation of minerals, phenolic acids, flavonoids, vitamins and other bioactive compounds (Gan et al., 2017; Le et al., 2019). However, the content of GLSs within radish seeds is much higher than in sprouts (Baenas et al., 2012). GLSs are functional components unique to cruciferous vegetables, possessing abundant bioactive activities involving cancer-protective, antioxidant, anti-inflammatory, antidiabetic, neuroprotective, and cholesterol-lowering (Alloggia et al., 2023). It can thus be determined comprehensively that the nutritional function of radish seeds is not necessarily lower than that of sprouts. While there is still no comprehensive study to highlight the nutritional function of radish seeds and sprouts through comparison. A comparison of the chemical compositions in radish seeds and sprouts will also offer useful information for consumers’ decision-making of their consumption according to their needs.

On these basis, there is a lack of systematic comparisons of bioactive compound contents between seeds and sprouts of radish from the perspectives of comparison methods and radish cultivars. This study was designed with several purposes: (1) to investigate changes in nutrient composition of radish seeds after germination; (2) to compare GLS yield, TP content, and antioxidant capacities of seeds and sprouts from six different cultivars of radish; and (3) to comprehensively evaluate the phytochemicals content such as GLS yield and TP to prioritize radish cultivars, seeds, and sprouts to obtain the best radish varieties. Multi-criteria decision making (MCDM) method: the technique of similarity preference ranking of ideal solutions (TOPSIS), is a time-saving convenient tool that works easily by finding solutions based on the distance to positive and negative ideal solutions and then ranking them accordingly (Nandi and Guha, 2023). The entropy weighting method determines index weights by assessing index values. Index with greater weight will occupy a stronger position in the assessment system and offer more information. TOPSIS-entropy weight method allows for the evaluation of the importance of indicators as well as a comprehensive evaluation of the excellence of different varieties. Thus, this study employed this method to screen for the optimal variety of radish.

This study collected and analyzed data on several radish seeds and sprouts variables including GLSs, chlorophyll, carotenoids and anthocyanins content, total and soluble sugars content, VC, TP content and antioxidant capacities. These data were analyzed in a comprehensive and comparative manner to obtain the optimal variety. Through this exploration, we may understand the popularization of radish seeds and sprouts preferably as functional food ingredients.




2 Materials and methods



2.1 Plants and germination conditions

Six common varieties of radish seeds were commercial varieties locally: Man Tang Hong, M; Qiu Bai Yu, BY; Tian Cui, T; Ying Tao, Y; Da Qing, Q; Da Hong Feng, HF. It has been confirmed that all radish seeds are hand-picked clean and loose by the farmer, and can either be eaten directly or cultivated into sprouts. Seeds of six radish species (M, BY, T, Y, Q, HF) with full grains and no mold were selected separately for repeated rinsing and soaking in distilled water for 10 h. The soaked seeds were evenly sown in 30*20 cm seedling trays lined with four layers of cotton gauze, and then placed in an incubator at 25°C and 75% relative humidity to dark for 2 h. The next step was incubation under a fixed light/darkness cycle of 16 h/8 h and a light intensity of 1,500 lux, with a watering frequency of 50 mL every 6 hours. Sprouts were collected after 7 days of incubation, and the sprouts and soaked seeds were fast-frozen with liquid nitrogen, respectively. These sprouts and soaked seeds were ground and stored at -80°C for testing.




2.2 Extraction and quantification of chlorophyll, carotenoids and anthocyanin contents



2.2.1 Chlorophyll a, b, and carotenoids

The samples were added with 95% ethanol to mix thoroughly for extraction by oscillation for 2~4 h until the samples were colorless. The next steps were centrifugation (12,000 g for 10 min), and absorbance measurements (665, 649, and 470 nm) after supernatant discarding. The 95% ethanol was used as a reference solution by the following formula (Chen and Wang, 2006):

	

	

	

Ca, Cb and Cxc are concentrations of chlorophyll a, b and carotenoids, respectively (mg/L). Ultimately, their contents were calculated as:

	

	

	




2.2.2 Anthocyanin

The samples were dissolved in 1% HCl in methanol solution, extracted by shaking at 4°C for 30 min, and centrifuged at 12,000 g for 10 min at 4°C for absorbance measurement (530 and 657 nm) after the supernatant was left. Using methanol with 1% HCl as a reference solution, anthocyanin content was determined as follows (Li and Zhu, 2018):

	





2.3 Determination of total and soluble sugar content

The two components were measured using the Total Sugar and Soluble Sugar Assay Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) by referring to corresponding manual, respectively expressed as mg/g FW and mg/mL FW.




2.4 Determination of VC content

VC content was quantified, with results in μg/mg FW, following the instruction of a VC assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).




2.5 Determination of TP content

TP determination, with gallic acid as a control and expressed as GAE/g FW, was performed as described by previous research with minor modifications (Zhou et al., 2013). Frozen radish seeds or sprouts were dissolved in 50% alcohol, and then subjected to a 30°C water bath for 1.5 h, shaking every 15 min. The supernatant obtained from centrifugation (6,000 g for 15 min) was mixed with Folin-Ciocalteu reagent, and then 20% sodium carbonate solution, fixed with distilled water. The solution was allowed to stand for 2 h at room temperature and protected from light for absorbance measurement (765 nm).




2.6 Determination of the content of GLSs

By referring to prior method with minor modifications (Li and Zhu, 2018), the content of GLSs was determined using following steps. Briefly, the prepared sprouts and soaked seeds were dry vaporized in a boiling water bath for 10 min, adding with 1.5 ml of boiling distilled water, and then in a boiling water bath for 30 min. After removing and cooling down, and voluming to 2.5 ml, the next step was centrifugation (12,000 g for 10 min) to get 1 ml of the supernatant. It was added and mixed with 2 mL of 0.15% (w/w) carboxymethylcellulose sodium solution, and then added with 1 ml of 8 mmol/L palladium chloride chromogenic solution for 2 h of placement in a light-proof environment. The results were expressed as μmol/g FW after absorbance measurement at 540 nm on the UV spectrophotometer.




2.7 Measurement of antioxidant capacities

Peroxidase (POD), phenylalanine ammonia lyase (PAL), and total antioxidant capacity (T-AOC), different antioxidants enriched in plant species, were measured to indicate the antioxidant capacities. The measurements (U/g FW for all) were completed using PAL, POD, and T-AOC assay kits (Solarbio, Beijing, China), with strict operations as indicated in the manual.




2.8 Application of the TOPSIS-entropy weight method

TOPSIS-entropy weight method was used to analyze the phytochemical content and antioxidant capacities of the assays across multiple metrics to determine the optimal variety of radishes, sprouts, or seeds with preferable health-promoting potential. A dozen indicators such as phytochemical content and antioxidant capacities were determined by identifying the distance from positive and negative ideal solutions, and the treatments were ranked to determine the optimal radish variety. The analysis was performed as described by Ansarifar et al. (2015) and Khodaei, Yu et al (Yu et al., 2020; Khodaei et al., 2021).




2.9 Statistical analysis

A Duncan’s multiple range test (P < 0.05) was utilized to determine the level of statistical significance after one-way analysis of variance in IBM SPSS Statistics 26.0. All data (means ± standard deviation) were determined independently in triplicate.





3 Results



3.1 Contents of chlorophyll, carotenoid, and anthocyanin

Chlorophyll, carotenoids, and anthocyanins were determined in seeds and 7-day-old sprouts of radish from six varieties (Figure 1). Significantly higher contents measured from sprouts were observed than from seeds for six radish varieties. At the same weight, the increase ranged from 37.61 to 268.75-fold (chlorophyll a, Figure 1A), 20.68 to 68.21-fold (chlorophyll b, Figure 1B), and 9.61 to 36.79-fold (carotenoids, Figure 1C). Chlorophyll a content in sprouts ranged from 0.112 to 0.187 mg/g FW, chlorophyll b from 0.041 to 0.076 mg/g FW, and carotenoids from 0.026 to 0.040 mg/g FW, with significant differences between varieties. Q sprouts had the highest chlorophyll a, chlorophyll b, and carotenoids, followed by T, while Y had the lowest content. Levels of anthocyanins also varied in the seeds and corresponding sprouts of the six radish varieties (Figure 1D). The levels of anthocyanins were significantly higher in the seeds of M and T than in the sprouts (3.00-fold, 3.68-fold). In contrast, levels in Y were significantly higher in the sprouts than in the seeds (1.72-fold), and the differences were not significant in the remaining three varieties. The high-to-low ranks of different varieties based on anthocyanins were M (0.29 mg/g FW), T (0.064 mg/g FW) and BY (0.035 mg/g FW) (for seeds); while Y (0.10 mg/g FW) M (0.096 mg/g FW) and BY (0.01 mg/g FW) (for sprouts).




Figure 1 | Chlorophyll, carotenoid, and anthocyanin contents of radish seeds and sprouts (germination for 7 days) from different radish varieties. Chlorophyll a (A), Chlorophyll b (B), Carotenoid (C), Anthocyanin (D). mg/g FW, mg/g FW indicates the comparison of the content of the target substance per gram of seed and per gram of fresh sprout. The data represent mean ± SD values (n = 3). The different lowercase letters indicated significant differences in values (P < 0.05).






3.2 Total sugars and soluble sugars content

Figure 2 shows the determination of the total and soluble sugar contents in seeds and corresponding sprouts of six radish varieties, essential nutrients in food. Both contents were significantly higher in all seeds than in sprouts. Total sugar content in seeds ranged from 115.05 to 130.99 mg/g FW, with the highest in Y and the lowest in BY. The content in sprouts ranged from 14.65 to 21.06 mg/g FW, and the overall difference in content was not significant (Figure 2A). Soluble sugar content in seeds ranged from 36.78 to 53.37 mg/mL FW, with M being the highest and T the lowest; and in sprouts ranged from 14.65 to 20.22 mg/mL FW (Figure 2B).




Figure 2 | The total and soluble sugar content of seeds and sprouts (germination for 7 days) of six radish varieties. Total Sugar (A), Soluble Sugar (B); mg/g FW, mg/mL FW indicates the comparison of the content of the target substance per gram of seed and per gram of fresh sprout. The data represent mean ± SD values (n = 3). The different lowercase letters indicated significant differences in values (P < 0.05).






3.3 VC content

In Figure 3, VC content of seeds and sprouts of different radish varieties varied considerably. With the germination of seeds, the concentration of VC decreased in M, BY, Y, and Q, but increased in T and HF. T, Y, and HF seeds and sprouts differed significantly in their VC content. In seeds, the highest content of VC was Y (0.76 μg/mg FW), the content of the six varieties ranged from 0.44 to 0.76 μg/mg FW. The highest concentration was T in sprouts (0.70 μg/mg FW), ranging from 0.35 to 0.70 μg/mg FW.




Figure 3 | Vitamin C content of seeds and sprouts (germination for 7 days) of six radish varieties. The data represent mean ± SD values (n = 3). The different lowercase letters indicated significant differences in values (P < 0.05).






3.4 TP content

In Figure 4, the content of TP content in seeds (3.55 to 5.22 mg GAE/g FW) was significantly higher than that in sprouts (1.31 to 2.12 mg GAE/g FW). Decrease in content was measured to be about 1.8 to 3.5-fold. The highest TP content was found in M seeds followed by Q, BY, and T, which were significantly higher than HF and Y. No obvious difference was noticed in TP content among sprouts of the six varieties.




Figure 4 | Total phenolic content of six radish seeds and seven-day-old sprouts. The data represent mean ± SD values (n = 3). The different lowercase letters indicated significant differences in values (P < 0.05).






3.5 The content of GLSs

GLSs in seeds and sprouts of six radish varieties were compared and are presented in Figure 5. Based on fresh weight, significantly higher levels of GLSs were found in radish seeds than in sprouts, showing inter-varietal differences. Concentrations of GLSs in seeds were about 3 to 6-fold higher than in sprouts. M (140.70 μmol/g FW) and BY (136.38 μmol/g FW) seeds had the highest levels of GLSs, followed by Y (108.98 μmol/g FW) and HF (104.14 μmol/g FW), and the lowest levels of Q (99.32 μmol/g FW) and T (89.84 μmol/g FW). The yield of GLSs from sprouts decreased dramatically from 21.49 to 31.88 μmol/g FW during germination for six radish varieties, with considerable inter-varietal differences.




Figure 5 | Glucosinolates (GLSs) content of six radish seeds and their seven-day sprouts. The data represent mean ± SD values (n = 3). The different lowercase letters indicated significant differences in values (P < 0.05).






3.6 Antioxidant capacities

As shown in Table 1, three different antioxidants were used to evaluate the antioxidant capacity. The results obtained under different methods were different. Much higher POD activity of radish sprouts was measured than that of seeds (p<0.05). POD content was significantly higher in Y sprouts than in several other species, followed by M, T, BY, and finally Q and HF. HF had the highest POD content in seeds, but the differences in the contents among species were not significant. Compared with seeds, there was little difference in PAL activity in sprouts (p>0.05). The same results were obtained between different varieties. T-AOC of seeds was significantly higher than that of sprouts (p<0.05), with the strongest T-AOC (30.76 U/g FW) found in M among different varieties.


Table 1 | Antioxidant activity of radish seeds and sprouts.






3.7 Optimal variety determination based on the TOPSIS-entropy weight method

The current analysis was used to comprehensively evaluate and analyze seeds and sprouts samples from six different radish varieties, enabling the confirmation of the optimal radish variety. The selection was determined based on chlorophyll, carotenoid, anthocyanin, total sugars, soluble sugars, VC, TP, GLSs, POD, PAL, and T-AOC. All criteria were considered positive. In Table 2, chlorophyll a had the largest weight and the greatest influence on the comprehensive evaluation of radish varieties, followed by POD and chlorophyll b. VC and PAL had the smallest weights and thus had little influence. Table 3 shows the final selection ranking of radish varieties obtained by TOPSIS in combination with different assays. A higher Ci value may reveal a higher combined value of major phytochemicals and bioactivities. The combined ranking was M seeds > M sprouts > Y sprouts > T sprouts > Q sprouts > BY sprouts > HF sprouts > Y seeds > Q seeds > BY seeds > T seeds > HF seeds. Altogether, M might be the optimal radish variety.


Table 2 | Weighting of phytochemicals and biological activities.




Table 3 | Final ranking of radish varieties under different phytochemical contents and bioactivities by TOPSIS.







4 Discussion

Chlorophyll, carotenoid, and anthocyanin jointly participate in the production of various colors of leaves, flowers, and fruits of plants (Liu et al., 2021). Chlorophylls play an essential role in the photosynthesis of plants. The main type is chlorophyll a, presenting blue-green under light conditions, and chlorophyll b, forming yellow-green, at a distribution ratio of about 3:1 (Gebregziabher et al., 2021). Chlorophylls and their derivatives positively affect human health through anti-mutation, anti-cancer, and anti-inflammatory activities (Ferruzzi and Blakeslee, 2007). While carotenoids are widely known as pro-vitamin A and are important in reducing the risk of eye diseases such as cataracts and age-related macular degeneration, as well as maintaining heart health and reducing ultraviolet light-induced skin damage (Eggersdorfer and Wyss, 2018). Anthocyanins are widely found in plant vacuoles and also act as antioxidants. Anthocyanins also have the potential to treat cardiovascular diseases such as hypertension and atherosclerosis, besides the function of eliminating free radicals in plants (Garcia and Blesso, 2021). These three components could be used to reveal the quality of radish microgreens. Pigmentation is considered an important parameter in determining the quality of sprouts in view of its powerful roles in living plants, in addition to assisting photosynthesis based on light capture. Still, the color also influences the consumer’s choice and acceptance preference (Tilahun et al., 2023). Previously, the total chlorophyll (chlorophyll a + b) content of radish sprouts harvested for 10 days was determined to be in the range of 0.30 to 0.60 mg/g DW (Tilahun et al., 2023). Here, we obtained a total chlorophyll content of 0.264 mg/g FW for the highest variety of radish sprouts, which was comparable to but slightly lower than that reported previously, and this may be related to differences in radish varieties (Wojdyło et al., 2020; Kyriacou et al., 2019). Chlorophyll content in various sprouts (e.g. Radish, Broccoli, Tatsoi, Cabbage, Mustard, etc.) range from 0.014 to 1.842 mg/g FW (Kyriacou et al., 2019; Wojdyło et al., 2020). Carotenoid levels exhibited the same pattern as chlorophyll levels. Previous studies have reported similar levels of various carotenoids (0.022-0.949 mg/g FW) (Wojdyło et al., 2020).

Energy is a major prerequisite for plant growth. Cell division and differentiation in plants depend on sugars to supply nutrients and signaling molecules. Sugars can also scavenge free radicals, alter cell osmotic pressure and enhance stress resistance. Soluble sugar may act as a major supplier of nutrients, further boosting the generation of macromolecules and energy, as well as specific and coordinated development (Eveland and Jackson, 2012; Sami et al., 2019). Seeds can retain a high percentage of energy compounds, including sugars (Zhao et al., 2020). Similar to previous studies (Wojdyło et al., 2020; Kyriacou et al., 2019), our study revealed that sugar contents did not vary excessively according to radish variety. Germination of seeds, utilizing its storage material, significantly reduced the total and soluble sugar content, which was consistent with prior report (Alipor et al., 2019). Their contents are comparable to other fruits or vegetables, such as broccoli and sunflower sprouts, respectively (Wojdyło et al., 2020).

VC can efficiently scavenge oxidative stress and retard reactive oxygen species production in response to abiotic stresses. Humans need to eat a lot of VC, rather than other vitamins, to maintain health, with the effect of preventing anemia, cancer, etc (Fujii, 2021; Noreen et al., 2021). Our detection of VC content in radish sprouts were similar to the previously reported data (Kyriacou et al., 2019; Šola et al., 2024; Tilahun et al., 2023). There was heterogeneous pattern of VC in seeds and sprouts of different radish varieties, largely due to the variety (Pajak et al., 2014).

Foods rich in polyphenols can be consumed to benefit the health preservation for patients with chronic diseases, such as cardiovascular disease, cancer, diabetes and so on, even to a lesser extent positively impacting human brain function (Fraga et al., 2019). Vegetables and cereals, including both seeds and sprouts, are good sources of phenolic compounds, and radishes offer a large proportion of phenolic acid (Pajak et al., 2014). Our result was consistent with several publications (Baenas et al., 2012; Lv et al., 2020). However, more studies have confirmed sprouts’ higher taxonomic content than corresponding seeds (Gawlik-Dziki et al., 2016; Chen et al., 2017; Francis et al., 2022). It is impossible to explain this difference, which may be influenced by various factors such as plant type, assay method, etc. It is unclear how phenolic levels change throughout the germination process, which may be caused by the complex biochemical metabolism of seeds (Dueñas et al., 2009). This also needs to be explored in the next research. Similarly, Tilahun et al. (2023) analyzed five varieties of radish sprouts with TP content ranging from 1.5 to 3.0 mg GAE/g DW. Francis et al. (2022) reported polyphenol content of radish seeds ranging from 2 to 4 mg GAE/g DW. Previously reported ranges and trends of TP content in broccoli seeds and sprouts were consistent with our results (Lv et al., 2020). The polyphenol contents of radish seeds and sprouts were also comparable to other fruits or vegetables, such as apples, red grapes, strawberries, peaches, bananas, red onions, spinach, and peppers, respectively (Lin and Tang, 2007). Altogether, these discoveries support the health benefits of radish seeds and sprouts.

GLSs, unique among cruciferous plants, are precursor compounds of isothiocyanates (ITCs) with definite functional properties (Alloggia et al., 2023), and the main reason for their consumption recommendation. GLSs represent an important class of secondary plant products, are unique to Brassicaceae, which are the precursor compounds to ITCs. It has antioxidant, antibacterial, anti-inflammatory, and other active functions, can reduce the incidence and severity of many degenerative diseases (e.g., cardiovascular disease, metabolic disorder and tumors) (Chartoumpekis et al., 2019). It was reported that the content of GLSs decreased gradually during the growth of sprouts, and was significantly higher than that in mature vegetables (Pérez-Balibrea et al., 2008). To optimize bioactive component-rich fresh foods to maintain healthy, the key lies in the selection of plants with the optimal phytochemical composition, including seeds and sprouts (Baenas et al., 2017). Given that radishes belong to the genus brassica as well as the edible and medical properties of their seeds, radish seeds and sprouts are excellent raw materials with health benefits. Concentrations of GLSs in seeds were about 3 to 6-fold higher than in sprouts, in agreement with those recorded by Baenas et al. (2014). The content of GLSs (100 to 140 μmol/g DW) in 7-day-old radish sprouts was close to the measured value in seeds by Bowen-Forbes et al. (2023). While different levels of GLSs in sprouts were also reported separately (Baenas et al., 2014; Bowen-Forbes et al., 2023; Hanlon and Barnes, 2011). Its content in radish seeds ranged from 167 to 1052 mg/100 g FW in previous study (Baenas et al., 2014). Consistently, our research revealed that the content of GLSs was highest at the seed stage and decreased with increasing days of growth in cruciferous plants (Baenas et al., 2012; Gamba et al., 2021).

POD is an important metabolic enzyme in the growth stage of plants. It can modulate the plant antioxidant system by differentiation, seed germination, fruit maturation, and aging. Our early research has generated similar values in POD content (Zhao and Zhu, 2014). PAL, an important enzyme in plant secondary metabolism, is involved in the synthesis of lignin, flavonoids, and coumarin, exhibiting potential in human disease management (Levy et al., 2018; Kawatra et al., 2020). T-AOC of radish depends on the type and content of antioxidant, which may be higher in the case of greater variety and content (Zhao and Zhu, 2014). T-AOC of Brassicaceae sprouts was found to depend mainly on anthocyanins (Steyn et al., 2002), phenols (Kim et al., 2006), and GLSs (Williamson et al., 1998). The content of TP and GLSs in radish seed was significantly higher than that of sprout in this experiment. It can be inferred that the decrease in T-AOC during radish germination would be explained by the decrease in the content of these substances.

TOPSIS method is one of the main functional feature of this paper, which is a multi-objective decision-making method. The information entropy is generally utilized to understand the degree of dispersion of a certain indicator. A smaller value may suggest a greater degree of dispersion, and thus a stronger influence (i.e., weight) on the comprehensive evaluation. The indicator may occupy none obvious position in the evaluation if all the values of a certain indicator are equal. Therefore, acting as a tool for weight calculation of each indicator, the information entropy may offer interpretable data for the comprehensive evaluation of multiple indicators. TOPSIS comprehensive evaluation, i.e., a way to rank following the proximity of a finite number of evaluation objects to the idealized target, is the evaluation of the relative merits and demerits of the existing objects. It is a kind of ranking approaching to the ideal solution, which is frequently employed with definite value in the analysis of multi-objective decision-making. It is also known as the superiority and inferiority solution distance method (Ansarifar et al., 2015; Khodaei et al., 2021). In our exploration, the variety M exhibited the highest ranking of seeds and sprouts, which is validated to be the optimal radish variety. While seeds of the other five varieties were rated lower than sprouts. Hence, the combined value of phytochemicals and bioactivities of sprouts was generally higher than that of the seeds. As a result, consumption of radish sprouts, with superior chemical composition, is more recommended for health promotion in daily life, without need to consider the variety. Of course, it is also recommended to consume radish seeds, for its higher content of GLSs, for different selection needs.




5 Conclusions

In the present research, genotype is speculated to be the main factor influencing their values in radish seeds and sprouts, taking into consideration of change trends of phytochemical compounds we investigated. Seeds have higher content of GLSs, TP, total sugars, and soluble sugars than sprouts. While sprouts possess higher chlorophyll, carotenoids, and POD content than seeds. The contents of GLSs, chlorophyll, carotenoids, anthocyanins, VC, TP, POD, and T-AOC varied greatly among different varieties. Therefore, it is necessary to obtain the optimum radish variety by using suitable tools for comprehensive evaluation. Our selection of M as the optimal variety has achieved by comprehensive evaluation based on TOPSIS-entropy weight method. Moreover, sprouts outperform seeds, which is hence recommended to consume more in daily life to obtain more bioactive components. For more GLSs, it is recommended to consume radish seeds. Currently, radish seeds may not be commonly consumed due to insufficient public awareness of their health properties and the consumption method. Our data supports it as a good source of health-promoting functional foods and that it can be consumed similarly to other edible seed classes, in salads, in soups or directly. Our experiments on radish seeds also aim to increase consumers’ knowledge, thus expanding the range of functional food choices and allowing consumers to choose radish seeds according to their needs based on the difference in phytochemical content between radish and seedling phytoconstituents. While some shortcomings should be emphasized in our study: (1) It is still not clear whether the levels of phytochemicals and antioxidants obtained directly from seeds are higher than in sprouts germinated from the same number of seeds, despite comparisons made between radish seeds and sprouts. (2) The range of radish varieties, with 6 types merely at this time, can be further expanded in subsequent studies. (3) We only detected the amount of GLSs in radishes, and subsequent experiments can further examine the amount of its metabolite ITCs. Considering an increased level of affection for edible plants, this study significantly improves our understanding of the nutritional profile of radish seeds and sprouts, revealing them to be a good source of health-promoting bioactive compounds. Sprouts or seeds of recommended radish varieties be consumed daily as superfoods or functional foods. Data generated here may also guide cultivation practices to improve radishes’ phytochemical compositions.
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Categories Weight Number
Chlorophyll A 0.1076 1
Chlorophyll B 0.1031 3
Carotenoid 0.0786 8
Anthocyanin 0.0994 4
Total sugar 0.0979 5
Soluble sugar 0.0834 6
Vitamin C (VC) 0.0435 12
Total phenolic (TP) 0.0696 10
Glucosinolates (GLSs) 0.0778 9
POD 0.1042 2
PAL 0.0524 11
T-AOC 0.0825 7
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Cultivar L L* (€5 Rank

Sprouts
M 0.0876 0.0919 0.4881 2
BY 0.0707 0.1132 0.3845 6
T 0.0895 0.1095 0.4498 4
Y ' 0.0865 0.0939 0.4795 3
Q 0.0913 0.1124 0.4482 5
HF 0.0609 0.1157 0.3449 7
Seeds
M 0.1070 0.1064 0.5014 1
BY 0.0621 0.1323 0.3194 10
T 0.0561 0.1274 0.3058 11
Y 0.0644 0.1279 0.3349 8
Q 0.0603 0.1272 0.3217 9
HF 0.0560 0.1310 0.2997 12

L™ is the distance between each evaluation index and the positive ideal solution, L’ refers to the
distance between each evaluation index and the negative ideal solution, and C; represents the
relative proximity.
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Cultivar

Seeds Sprouts Seeds Sprouts Seeds Sprouts
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"Within columns, values (n=3;  SD) with different lowercase letters indicate significant differences at P<0.05 according to Duncan’s test. POD, Peroxidase; PAL, Phenylalanine ammonia lyase;
T-AOC, Total antioxidant capacity.
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