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Abstract

:

Background: The main objective of this study was to evaluate the effect of periodical UV-B illumination during red cabbage germination on morphological development and the phenolics and carotenoid accumulation. Methods: During a sprouting period of 10 days at 20 °C in darkness, seedlings received 5, 10, or 15 kJ m−2 UV-B (T5, T10, and T15) applied in four steps (25% on days 3, 5, 7, and 10). UV untreated sprouts were used as control (CTRL). After 10 days of germination, the sprouts were harvested and stored 10 days at 4 °C as a minimally processed product. Phenolic and carotenoid compounds were analysed 1 h after each UV-B application and on days 0, 4, 7, and 10 during cold storage. Results: The longest hypocotyl length was observed in T10-treated sprouts. The total phenolic content (TPC), total flavonoid content (TFC), and total antioxidant capacity (TAC) increased during germination following a sigmoidal kinetic, especially in the UV-B-treated samples, which reported a dose-dependent behaviour. In this way, T10-treated sprouts increased the TPC by 40% after 10 days at 4 °C compared to CTRL, while TAC and TFC increased by 35 and 30%, respectively. Carotenoids were enhanced with higher UV-B doses (T15). Conclusions: We found that UV-B stimulated the biosynthesis of bioactive compounds, and a dose of 10 kJ m−2 UV-B, proportionally applied on days 3, 5, 7, and 10 days, is recommended.
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1. Introduction


In recent years, food consumption habits have changed due to consumers’ new lifestyle, which tends towards healthier foods. Therefore, the food demand is more oriented to diets based on fruit and vegetables, characterised by a high content of bioactive and nutritional compounds [1,2]. In this way, there is a current trend of eating minimally processed vegetables harvested in the first days of growth (<14 days), commonly known as sprouted seeds. Indeed, they are becoming very popular worldwide because of their health benefits due to the high content of health-promoting compounds (carotenoids and phenolics) and the lack of additives. In particular, such health-promoting compounds are exponentially biosynthesised during germination, while the concentration of anti-nutritional compounds decreases [1]. In this sense, frequency consumption of sprouted seeds has been linked with a lower risk of chronic diseases [3], mainly due to their high concentration in nutraceutical compounds with potential health benefits [1,4,5].



Brassica oleracea var. capitata f. Rubra (red cabbage) was used in this work as a model for studying sprouted seeds. Brassicas are widely known as a good source of antioxidant compounds, especially phenolics and flavonoids. In fact, cruciferous (cabbage family) sprouts are reported to be up to 10-fold richer in nutraceutical compounds compared to the adult plant. For that reason, Brassicaceae sprouts have been incorporated into the gastronomy of some Mediterranean countries in recent years [6].



Light provides a key factor for biological responses during plant growth as the main energy source. Therefore, its intensity, wavelength, and application time are essential factors influencing plant development. The ultraviolet (UV) radiation acts from 100 to 400 nm of the electromagnetic spectrum [7,8]. High doses of UV-B radiation (280–320 nm) can produce harmful effects in DNA and several components of plants [9]. However, plant responses to UV-B radiation vary according to the received dose, UV-spectral composition, light direction, distance of the light source, acclimation time, plant genotype, and development stage [10]. Therefore, plant susceptibility to UV-B radiation depends on the balance between protection, mitigation, and damage. In this sense, low doses of UV-B radiation can be an important stimuli of the biosynthesis of secondary metabolites in plants [11]. In fact, barley acclimation to UV radiation results in an increased photoprotective capacity [10]. In this case, the oxidative stress triggered by exposure to UV-B is counteracted by the synthesis of secondary metabolites with important antioxidant abilities that compensate the impact of such oxidative processes [11].



In this sense, plants detect UV-B radiation through photoreceptors called ULTRAVIOLET B RESISTANCE LOCUS 8 (UVR8), which regulate the expression of key genes which induce the accumulation of reactive oxygen species (ROS) chelating compounds [12,13], which are also involved in the phytochemicals accumulation as non-photoreceptor-mediated responses [14]. This behaviour occurs when the UVR8 receptor interacts with CONSTITUTIVE PHOTOMORPHOGENESIS PROTEIN 1 (COP1) and then with protein ELONGATED HYPOCOTYL 5 (HY5). This UVR8–COP1–HY5 complex triggers the expression of the genes needed for the acclimation to UV-B radiation, such as genes encoding for enzymes of the phenylpropanoid pathway [15], flavonoid–glycosylation, ROS scavenging enzymes, and/or UV-induced morphogenic responses [16,17]. Through the regulation of these genes, defence and repair capacity of the plant are adjusted to allow the acclimation to UV-B [15]. In fact, the UVR8–COP1–HY5 pathway is the main signalling cascade involved in UV-B tolerance [17].



Recent studies have shown that the combination of moderate UV-B and UV-C treatments induced a higher content of phenolic compounds and glucosinolates after 72 h at 15 °C in broccoli by-products such as leaves and stems [18]. In addition, high UV-B treatment (15 kJ m−2), alone or combined with moderate UV-C illumination, increased the phytochemicals of broccoli edible florets with the highest glucosinolates after 72 h at 15 °C, which is important for the fresh product market [18]. Topcu et al. [19] concluded that pre-harvest UV-B treatments during the vegetative period is a promising tool for increasing the nutraceutical compounds in Brassicaceae, reporting that the glucosinolates in broccoli was substantially increased by UV-B treatments (2.2, 8.8, and 16.4 kJ m−2 day−1).



The aim of the present research work was to study the effect of periodical UV-B illumination during red cabbage germination on the content of their main bioactive compounds (phenolics, antioxidants, flavonoids, and carotenoids). Likewise, the evolution of such health-promoting compounds in the harvested sprouts was also assayed during a shelf-life period of 10 days at 4 °C.




2. Materials and Methods


2.1. Sprouting Conditions


Red cabbage seeds (Brassica olearacea var. capita) (2 g per tray), provided by Intersemillas S.A. (Valencia, Spain), were rinsed twice (1 min each one). After that, the seeds were sown in a laminar flow hood. Seeds were sown on polypropylene trays (17 × 12 × 5 cm), using a layer of filter paper as support. To ensure a high relative humidity (RH), we covered the trays with a 40 μm biaxially oriented polypropylene film (PDS Group). A total of 168 trays were initially prepared: 6 trays per treatment (4 = CTRL, T5, T10, T15) and sampling days (7 = 3, 5, 7, and 10 days of sprouting followed by 4, 7, or 10 day cold treatment).



Red cabbage seeds were germinated under darkness conditions for 10 days at 20 °C and 85% RH in a growth chamber (Sanyo MLR-350 H, Osaka, Japan).




2.2. UV-B Doses during Sprouting and Processing after Harvesting


On days 3, 5, 7, and 10 of the sprouting periods, trays with red cabbage sprouts were placed in the radiation chamber, 17.5 cm below the UV-B TL 40 W/01 RS lamps (Philips, Eindhoven, The Netherlands). The radiation chamber, previously described by Formica-Oliveira et al., [20,21] included 6 UV-B lamps, which were switched off while treatments were not applied. The applied UV-B intensity of 7.90 ± 0.35 W m−2 was measured using a LP 471 UV-B (Delta OHM, Padova, Italy) radiometer (n = 25), and the UV-B spectrum is shown in Figure S1. The intensities of UV lighting were kept constant, but the exposure time varied to create different UV doses:




	
CTRL: no UV treatment was used as a control.



	
T5: the sprouts received a total of 5 kJ m−2 UV-B at the end of germination using 1.25 kJ m−2 day−1. For that, UV-B lamps were switched on for 2 min 42 s each day.



	
T10: the sprouts received a total of 10 kJ m−2 UV-B at the end of the germination using 2.50 kJ m−2 day−1. For that, UV-B lamps were switched on for 5 min 24 s each day.



	
T15: the sprouts received a total of 15 kJ m−2 UV-B at the end of the germination using 3.25 kJ m−2 day−1. For that, UV-B lamps were switched on for 8 min 6 s each day.








The total UV-B dose received by the sum of each UV application was based on our previous experiments with Brassicaceae sprouts to reach maximum phenolics accumulation while minimising heating during the UV treatment [22]. CTRL samples were kept in the growth chamber under darkness conditions, while UV-B treatments were applied. One hour after each UV-B application (on days 3, 5, 7, and 10 of the germination period), the sprouts (6 trays per treatment—CTRL, T5, T10, and T15–) were immediately frozen at −80 °C and freeze-dried (Lyoquest-85, Telstar Technologies, Terrassa, Spain).



After the last UV treatment, the 10-day-old sprouts left unsampled were washed, sanitised with a 150 mg L−1 sodium hypochlorite solution (5 °C; pH = 6.5) for 1 min, and then rinsed for 1 min at 5 °C. The sprouts were then stored for 10 days at 4 °C in 280 mL polypropylene containers with lids under 90% RH for 4, 7, or 10 days. Six trays per treatment were sampled on each day and freeze-dried until further analysis. The experimental design is schematised in Figure 1.




2.3. Morphological Development during Growth


Hypocotyl and root lengths as well as moisture content were determined. The hypocotyl and root lengths (10 sprouts from 3 randomly picked tray for each sample = 3 independent biological replicates) were determined using the ImageJ software 1.8.0_172 [23].



Moisture was expressed as percentage (%) and calculated using the following equation: (FW − DW)/FW × 100; with FW: fresh weight and DW: dry weight.




2.4. Extraction of Bioactive Compounds


Following the method described by Martínez-Zamora et al. [24], we placed freeze-dried sprouts (50 mg) in plastic tubes with 6 mL methanol/H2O (80:20, v/v). For each treatment, three biological replicates (sprouts from 3 trays) were extracted in an orbital shaker where the samples were shaken for 1 h, at 4 °C, in darkness. The supernatant was collected after a centrifugation at 3220× g for 10 min at 5 °C to measure total phenolic content (TPC), total flavonoid content (TFC), and total antioxidant capacity (TAC) using three replicates for each of the analysed compounds.



The method of Singleton and Rossi [25] with some modifications was performed to determine TPC, as described by Martínez-Zamora et al. [26]. For that, 0.019 mL of the sample extract was mixed with 0.029 mL of 1 mol L−1 Folin–Ciocalteu reagent and 0.192 mL of 0.4% Na2CO3 and 2% NaOH. The absorbance was measured at 750 nm using a microplate reader (Tecan Infinite M200; Tecan Trading AG, Männedorf, Switzerland) after 1 h of incubation under darkness conditions. The TPC was expressed as mg chlorogenic acid equivalents (CAE) g−1 DW using the following chlorogenic acid standard curve: y = 0.32 × (−0.01); R2 > 0.99.



TFC was determined by following the method described by Hamed et al. [27]. Briefly, 0.030 mL of extract was mixed with 0.080 mL of aluminium chloride (20 g L−1). The samples were shaken for 30 s and then incubated in darkness for 1 h. After that, the reaction absorbance was measured at 415 nm. TFC was expressed as mg rutin equivalents (RE) g−1 of DW using the following rutin standard curve: y = 1.83 × 0.01; R2 > 0.99.



TAC was analysed using DPPH• (2,2-diphenyl-1-picrylhydrazyl) [28], FRAP (ferric reducing ability power) [29], and ABTS•+ (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) [28] assays. DPPH• assay was performed by adding 0.194 mL of DPPH• (700 μM) solution to 0.021 mL of sprout extract. After 30 min incubation in darkness, absorbance was measured at 515 nm. TAC was expressed as mg trolox equivalents (TE) g−1 of DW using the following trolox standard curve: y = 0.20 × (−0.05); R2 > 0.99. The FRAP method was conducted using a daily solution containing sodium acetate buffer (pH 3.6), 10 mM TPTZ (2,4,6-Tris(2-pyridyl)-s-triazine) solution (in 40 mM HCl), and 20 mM FeCl3 (10:1:1; v/v/v). Then, 0.198 mL of FRAP solution was added to 0.006 mL of sprout extract, and the mixture was incubated for 40 min in darkness, with TAC measured by changes in absorbance at 593 nm. TAC was expressed as mg TE g−1 of DW using the following Trolox standard curve: y = 0.41 × (−0.01); R2 > 0.99. The ABTS•+ assay was performed by adding 0.2 mL of the activated ABTS•+ solution (32 μM) to 0.011 mL of sprout extract in a 96-well plate. TAC was assessed by changes in absorbance at 414 nm after 20 min under darkness conditions. Obtained data were expressed as mg of TE g−1 DW using the following Trolox standard curve: y = 0.15 × (−0.02); R2 > 0.99.




2.5. Extraction and Determination of Total Carotenoids Content


Sample preparation was performed according to Castillejo et al. [30] in triplicate, where 90 mg of lyophilised sample was weighed in tubes and mixed with 9 mL of hexane and 15 mL of a methanol/acetone dilution (1:2, v/v). The extraction was carried out in an orbital shaker, where the samples were vigorously shaken for 4 h in darkness at 4 °C. After extraction, 25 mL of a 1 M NaCl solution was added, and the samples were shaken in a vortex. The absorbance was measured at 470 nm in quartz cells (Hellma GmbH&Co., Müllheim, Germany) using a UV-visible spectrophotometer (Hewlett Packard, model 8453, Columbia, SC, USA). Three replicates were performed for each sample. The equations developed by Wellburn [31] were used to determine the total carotenoids content (TCC):


  C a r o t e n o i d s        μ g   mL    − 1     =     1000 × A b  s  470     −   1.28 ×  C a    −   56.7 ×  C b      205    











Being:


   C a         μ g   mL    − 1     =   10.05 × A b  s  662     −   0.766 × A b  s  644      










   C b         μ g   mL    − 1     =   16.37 × A b  s  644     −   3.14 × A b  s  662      











Values were expressed as μg carotenoid g−1 DW.




2.6. Data Analysis


The experiment was a two-factor design (UV-B dose × sampling time) subjected to two-way ANOVA using Statgraphics Centurion 19 software (Statpoint Technologies. Inc. The Plains, Warrenton, VA, USA). Hence, UV-B doses were: 0 (CTRL), 5 (T5), 10 (T10), and 15 (T15), and days of sampling time were: 0 (seed); 3, 5, 7 (sprouting days); 10/0 (harvesting); and 10 + 3, 10 + 7, 10 + 10 (storage at 4 °C). Statistical significance was assessed at the level p < 0.05, and Tukey’s multiple range test was used to separate means.



Changes in the total bioactive compound content and TAC were fitted to sigmoidal curves [32] with XLSTAT. The accumulation of bioactive compounds as a sigmoidal model has been previously described by Rogez et al. [33]: a phase of high growth is observed until reaching a plateau phase led by a maximum concentration. The fit converged for all datasets. Sigmoidal curves presented a plateau at CMAX (maximal concentration in red cabbage sprouts) and a variable slope factor (g). All the obtained results fitted to the function:


  Y =    C  M A X     1 +   10      X  1 / 2   − X   × g      








where Y was the concentration of the measured bioactive compound, g was the gain term (Hill slope), and X was the time (in days).





3. Results


3.1. Morphological Parameters of Red Cabbage Sprouts


The hypocotyl length of the 3-day sprouts grown in darkness (CTRL) was 0.25 ± 0.12 cm, while T10 treatment stimulated the growth by 82% (Table 1).



After 5 days, all UV treatments increased the hypocotyl length compared to CTRL samples by 51, 88, and 44% for T5, T10, and T15, respectively, reporting T10 as the highest hypocotyl length. As shown in Table 1, UV-B-treated samples showed 75% higher hypocotyl length compared to CTRL samples on 10-day-old sprouts, but there were no differences among the UV treatments (T5, T10, and T15) on the same day of growth. As root growth was irregular (Figure 2), we measured the total sprout length (hypocotyl + root) after 5 and 7 days; the T10-treated red cabbage sprouts were 90% (5 days) and 44% (7 days) higher than CTRL.



The hypocotyl/root (H/R) ratio of 3-day sprouts was less than 1 for all treatments, being almost double in T10-treated samples than the remaining treatments because T10-treated sprouts had longer hypocotyls compared to the other treatment at the third sprouting day. From day 5 onwards, no differences were observed between UV-B and CTRL treatments. Furthermore, as the growth of the hypocotyl increased, the H/R ratio was higher than 1. The T10 treatment increased the growth speed of the 3-day sprouts to 1.49 ± 0.20 mm day−1 compared to CTRL sprouts (0.82 ± 0.40 mm day−1). The higher UV-B radiation applied (15 kJ m−2) slowed down the sprouts’ growth speed after 3 days, although such a dose (T15) experienced a higher growth speed compared to the CTRL on the remaining application days. As expected, moisture (%) increased as sprouts grew. Although no clear trend was observed in our experiment, it should be mentioned that T10 treatment reported on many occasions the highest values, which might be related to higher growth rate and sprout lengths in these sprouts.




3.2. Bioactive Compounds


3.2.1. TPC


The TPC increased by 148% after 10 days of sprouting, from 6.94 ± 0.45 mg CAE g−1 DW (seed) to 17.21 ± 0.41 mg CAE g−1 DW reported in CTRL samples (Figure 3). In the same way, the TPC increased by 35% during the post-harvest period, up to 23.21 ± 0.84 mg CAE g−1 DW observed in CTRL samples after 10 days at 4 °C, which represented an increase of 234% throughout the study.



The TPC changes followed a sigmoidal increase trend in all treatments (R2 > 0.900), with T5 being the one with the highest slope (0.111), followed by CTRL, T10, and T15 (Table 2), which means a faster increase in TPC in the T5 samples. The maximum TPC (CMAX) ranged from 24.9 to 72.1 mg g−1 DW, with T15 being the treatment that induced the higher TPC increase followed by T10 (Table 2) during germination at 20 °C. Therefore, T10-treated seedlings at the end of the study (10 days at 4 °C) had 40, 25, and 14% more phenolic compounds compared to CTRL, T5, and T15 samples, respectively. In fact, T10 treatment showed the highest coefficient of determination in the regression predictions of a sigmoidal kinetic (R2 = 0.932), which makes this model reliable for predicting the quantity of TPC in red cabbage sprouts under the UV treatments.




3.2.2. TFC


Regarding the flavonoids (Figure 4), the TFC represents approximately half of the phenolic compounds (TPC) of red cabbage sprouts (Figure 5). Red cabbage seeds reported 3.72 ± 0.09 mg rutin per g DW, which increased in CTRL during the germination period from 55% on day 3 up to 150% after 10 days at 20 °C. In the same way, after the post-harvest period of 10 days at 4 °C, CTRL sprouts had an increased TFC to 12.01 ± 0.47 mg rutin per g DW, showing an increase up to 223% compared to the initial value. UV-B stimulated the biosynthesis of flavonoids, with the highest increase reported for T15 compared to CTRL samples (31%; 15.69 ± 0.48 mg rutin per g DW), although T5 and T10 also showed 19 and 23% increase, respectively.



The flavonoid accumulation throughout the time can also be fitted to a sigmoidal curve with R2 > 0.965 for all treatments (Table 2), which makes this model predictable and reliable. The highest CMAX was 17.9 mg g−1 DW for the T15 treatment, followed by T10 and T5 with 15.8 and 15.1 mg g−1 DW, respectively. The highest slope was observed for T5 with 0.117 but the half CMAX was reached by earlier by T10-treated seedlings (4.9 days).




3.2.3. TAC


The TAC was evaluated following three methods in which the scavenging activity against DPPH• and ABTS•+ free radicals or the ability of our samples to reduce Fe+3 by FRAP was assessed. Obtained values by the DPPH• procedure are shown in Figure 5A, while Figure 5B shows values by the ABTS•+ assay and Figure 5C the TAC evaluated by the FRAP method. In fact, the antioxidant activity cannot be directly measured and it must be evaluated by several methods because antioxidant compounds act through several chemical mechanisms: free radical scavengers; singlet oxygen quenchers; inactivators of peroxides; and other ROS, metal ion chelators, quenchers of secondary oxidation products, and inhibitors of prooxidative enzymes [34,35].



The scavenging activity against DPPH• radical increased up to 24% throughout 10 days of germination in CTRL samples starting from 6.52 ± 0.57 mg TE g−1 DW in seeds. A higher increase (37%) was observed after the subsequent post-harvest storage of 10 day at 4 °C in CTRL samples, reporting values of 11.07 ± 0.56 mg TE g−1 DW. Moreover, UV-B-treated samples (T5, T10, and T15) showed the highest ability to scavenge DPPH• free radicals at the end of the refrigerated storage (Figure 5A). Although a sigmoidal trend was observed, UV-treated sprouts were the ones with the highest TAC content measured by DPPH• assay. The CMAX for T5, T10, and T15 were 13.6, 13.6, and 18.4 mg g−1 DW, respectively, compared to CTRL (11.5 mg g−1 DW). Moreover, CTRL and T10 increased TAC faster compared to the remaining treatments, presenting the highest slopes (0.132 and 0.128, respectively), while T15 obtained the lowest slope (0.039) with a linear improvement in its antioxidant capacity in the pre- and the post-harvest periods. In this way, T10 and T15 showed the highest fit to a sigmoidal kinetic with R2 of 0.942 and 0.946, respectively, which demonstrates the reliability of this model for predicting the TAC (measured by several methods) in 10-day-old red cabbage sprouts under the UV-B doses evaluated.



The hydrophilic TAC evaluated by the ABTS•+ method showed a similar behaviour to the lipophilic TAC registered by the DPPH• assay, although higher values were reported (Figure 5B). Therefore, our sprouts were found to be slightly richer in hydrophilic antioxidants. Red cabbage seeds presented 8.31 ± 0.82 mg TE g−1 DW, which increased 42% after 10 pre-harvest day and up to 84% after the additional 10 days at 4 °C in CTRL samples. Nevertheless, no relevant differences were found in this case among CTRL and UV-B treatments throughout the post-harvest storage, although T5 and T10 were the most remarkable treatments, showing 1–2 mg TE g−1 DW more than CTRL samples after 10 days of germination. Furthermore, the highest slope was reported for T5 (0.086), followed by T10 treatments (0.063), which means T5- and T10-treated seedlings increased their ability to scavenge ABTS•+ free radical faster than the T15-treated or CTRL seedlings. The CMAX of the CTRL and UV-treated seedlings ranged from 15.1 to 19.4 mg g−1 DW (Table 2).



When we used the FRAP assay, TAC increased importantly in UV-B-treated seedlings throughout the sprouting period (Figure 5C). Initially, red cabbage seeds reported 9.51 ± 0.52 mg TE g−1 DW, which increased in CTRL samples by 93 and 126% after 10 growing days at 20 °C and after the post-harvest storage of 10 days at 4 °C, respectively. Moreover, after 10 days of sprouting, T5 and T10 showed 38 and 25% higher TAC compared to CTRL samples, while T5-, T10-, and T15-treated seedlings had an improved TAC at the end of the study by 35, 33, and 21%, respectively, compared to CTRL samples. In fact, although no great differences were shown among UV-B treatments after 7 or 10 days at 4 °C, T10-treated seedlings had a faster increase of TAC, measured by FRAP, than the seedlings treated with T5 or T15, which could be appreciated due to the higher slope (0.107) of the dose–dependence curve (Table 2).



From a general point of view, an increase of the TAC was observed during germination, which was accentuated during the post-harvest storage. However, a higher increase was detected in the UV-B-treated sprouts, with T10-treated seedlings having the highest TAC followed equally by T15 and T5. Furthermore, the sigmoidal increase of the TAC (R2 > 0.88 for DPPH• and FRAP), with regards to the application of UV light under the described conditions, made it possible to model the TAC behaviour throughout the sprouting period or among the different UV-B doses applied.




3.2.4. TCC


The TCC of the red cabbage seeds was 12.53 ± 1.56 μg carotene g−1 DW. This concentration increased 3.5- (58.13 ± 3.63 μg carotene g−1 DW) and 6.5-fold (81.31 ± 1.44 μg carotene g−1 DW) in CTRL sprouts after the growth and post-harvest periods, respectively (Figure 6). A periodical UV-B application of 10 and 15 kJ m−2 enhanced the biosynthesis of carotenoids by 36 and 32% after 10 days at 4 °C of post-harvest storage compared to CTRL samples, respectively. Moreover, the synthesis of carotenoids seemed to increase faster upon application of 15 kJ m−2 compared to the other UV-B doses, which could be appreciated by the slope (0.232) of the sigmoidal curve (Table 2). Therefore, this model also fitted a sigmoidal curve with a coefficient of determination higher than 0.914, showing a great goodness of fit of the model prediction of the carotenoid content accumulation throughout time in red cabbage sprouts under the different UV-B treatments evaluated.



From a general point of view, carotenoids are the main bioactive compounds naturally increasing during sprout development. This natural increase was highly enhanced after low UV-B doses (T5). This increase was fitted to a linear model from the seed to the end of the sprouting period (harvest time). The UV-B doses applied during the sprouting period also reported effects during the refrigerated period after 4 days, when the phytochemicals naturally reached their maximum concentration (CMAX), and which was specially enhanced after T15 treatment. Moreover, such higher values were kept constant until the end of the shelf-life study. Therefore, a sigmoidal curve was the statistical model that better fitted to the biosynthesis of carotenoids during the whole study (sprouting + postharvest period).






4. Discussion


4.1. UV-B Treatment Improved the Morphological Development of Sprouts


In our study, the development of red cabbage was improved under UV-B treatments, especially after 10 kJ m−2 (T10) (Figure 1, Table 1), which can be explained by the photomorphogenic responses produced by young plants under such abiotic stress. In fact, a positive dose–response was observed from 0 (CTRL) to 10 kJ m−2 (T10), while higher doses (T15) did not show this improvement compared to untreated red cabbage sprouts (Table 1). A periodical UV-B illumination during germination favoured the growth of the hypocotyl length compared to CTRL. Similarly, Kacharava et al. [36] reported an increase in the height of 2 months white cabbage whose seeds were treated with 9 kJ m−2 UV-B.



Mature plants under UV-B conditions trigger complex signal systems linking several types of photoreceptors that, in turn, trigger specific photomorphogenic responses such as changes in morphology, physiology, and production of secondary metabolites that can act as UV-absorbing screens [37]. UVR8 has been identified as a specific UV-B receptor, and the main proteins modulated by the UV-B photomorphogenic responses are COP1 and HY5 [38]. Indeed, the UVR8 receptors form a complex with COP1 and HY5, which triggers the expression of a set of genes involved in the plant acclimation response to UV-B.



As previously reviewed by Jansen and Bornman [15], low UV-B doses accelerated the binding between UVR8 and COP1, which activates the gene expression of HY5, directly associated with the phenylpropanoid pathway, and hence to the plant physiology and morphology [16]. Such authors also showed that Arabidopsis thaliana plants had an altered morphogenic response (decrease of 23% of the plant length) when treated with UV-B (0.56 kJ m−2 day−1) in comparison with untreated UV-B plants.



By contrast, Zuk-Golaszewska et al. [39] showed that UV-B (4, 8, and 12 kJ m−2 day−1) had no effect (i.e., no decrease of plant length) on Avenua fatua and Setaria viridis, which demonstrated again that plant response to UV-B is different depending the plant species and the UV dose tested.



However, not all plant species have a stimulated growth by UV-B; some plant species are unaffected [40] or even had a plant growth inhibition [41,42,43]. The role of all actors involved in the UV-B response network remains unclear, possibly because many genetic changes do not lead to severe phenotypic variations [38]. Furthermore, several environmental factors such as light quantity and quality, increased temperature, or drought stress can increase the adaptation of plants to UV-B radiation [37]. For these reasons, the increase of temperature during the UV-B treatment (approximately 2 °C) may explain the results obtained in the present study, but further research is needed to rule out this possibility.




4.2. UV-B Treatment Enhanced the Biosynthesis of Nutraceuticals


Although UV-B radiation may cause damage to plant tissues, an optimum dose can promote the accumulation of antioxidant and UV-protective molecules that enhance nutraceutical biosynthesis in plant foods without altering the sensory quality [11]. Such an increase in the concentration of bioactive compounds is mainly due to the environmental stress generated by UV-B light, which leads to changes in morphology, physiology, and the molecular conformation of DNA, RNA, and proteins.



One of the nutraceuticals we examined was the phenolic content by the Folin–Ciocalteu method (Figure 3). The measurement of TPC can be altered by the presence of some interfering substances, particularly sugars, aromatic amines, sulphur dioxide, ascorbic acid, organic acids, and Fe(II) [44]. For that, we corrected for interfering substances and used gallic acid as a reference standard. In our case, red cabbage is rich in vitamin C (7.959 ± 0.516 mg g−1 DW) [45], which may interfere with Folin–Ciocalteu absorbances. Our results indicate an increase from 23.21 ± 0.84 mg CAE g−1 DW in 10 days red cabbage sprouts (at harvest) to 32.42 ± 1.20 mg CAE g−1 DW after 10 days of refrigerated storage. The phenolic content measured here is very similar to what Drozdowska et al. [45] obtained with HPLC (32.015 ± 0.516 mg phenolic compounds g−1 DW in 14 days red cabbage sprouts). In addition, it should be noted that the comparative standard of gallic acid was not used in our present study, since the concentration of this phenolic acid is three times lower than chlorogenic acid content [45] in Brassicaceae sprouts. Therefore, our obtained values using chlorogenic acid instead of gallic acid as standard can make our obtained values more accurate, repeatable, and predictable.



Furthermore, our TPC results agree with those reported in “baby type” chard cultivated on hydroponic soil with different UV-B doses (0, 11, 19, and 29 kJ m−2) in cycles of 3 h day−1 over 8 days [46]. Their results showed an increase of 59 and 54% of the TPC compared to untreated plants, which demonstrated a quick protective response against adverse environmental conditions such as the presence of higher levels of UV-B radiation. The ability of the plants to produce higher levels of TPC when exposed to a continuous stress factor (here UV-B radiation) help them to become more resistant to future exposure [47]. Similarly, Formica-Oliveira et al. [21] analysed the effects of the combination of UV-B (1.5 kJ m−2) and UV-C (4 kJ m−2) on the biosynthesis of phenolic compounds in fresh-cut carrots. Freshly cut and grated carrots treated with UV-B (1.5 kJ m−2) achieved an accumulation of phenolic compounds of approximately 500% after 72 h at 15 °C, while non-UV-radiated samples showed an accumulation of 380% compared to their initial content.



The second nutraceutical measured in our study was the flavonoids, whose content is also highly correlated with TAC (R2 > 0.900). Flavonoids have received considerable attention because of their benefits for human health, as they are effective as cardio-protectors, antioxidants, anticarcinogens, anti-inflammatory agents, and antibacterial agents [11]. UV-B lighting greatly affects flavonoid pathways and transforms the flavonoid’s profile of several plants [48]. This was also the case in our study, when UV-B stimulated the biosynthesis of flavonoids in T15, T10, and T5 compared to CTRL samples by 31, 23, and 19%, respectively. The flavonoid content in our study was measured following the aluminium chloride colorimetric method described by Hamed et al. [27] (Figure 5). It must be taken into account that aluminium chloride forms acid-stable complexes with the C-4 keto group and either the C-3 or C-5 hydroxyl group of flavones and flavonols (kaempferol, rutin, quercetin, and myricetin), which had a maximum absorbance at 415 nm [49]. Considering that catechin and epicatechin are the major flavonoids found in red cabbage sprouts, representing 65% of the TFC [45], these compounds have their maximum absorbance at 280 nm. For that, and according to our method, in the present study, rutin was chosen as standard to quantify the TFC (R2 = 0.99), which had maximum absorbance at 415 nm [49].



Independently of the measurement method chosen, the effects of UV-B radiation on secondary metabolites are highly dose-dependent. In fact, biosynthesis and accumulation of flavonoids in chloroplasts, vacuoles, and plant cell walls are largely controlled by the intensity and exposure to UV-B radiation [48]. In general, our results, previously described, agree with the fact that higher UV-B radiation doses tend to trigger flavonoid accumulation in plants. For instance, Hectors et al. [16] showed increases in the concentrations of kaempferol derivatives from 2.1- to 19-fold in Arabidopsis thaliana under 0.56 kJ m−2 day−1 UV-B compared to CTRL. Moreover, Neugart et al. [50] showed that UV-B (0.22–0.88 kJ m−2 day−1) induced remarkable increases (even fivefold higher) in kaempferol and hydroxycinnamic acid derivatives in a dose-dependent manner during sprouting of kale (Brassica oleracea var. sabellica). Furthermore, recently Neugart et al. [51] have shown that Arabidopsis thaliana under UV-B treatments (from 2.376 kJ m−2 to 9.072 J m−2) can trigger the biosynthesis of kaempferol glycosides to contribute to the adaptation to UV radiation. In this sense, and regarding previous findings, TFC results in the present study can be justified in relation to the biosynthesis of flavonoids, especially rutin and kaempferol derivatives, as main flavonoids identified in Brassicaceae family.



Topcu et al. [52] evaluated the effect of different UV-B doses (2.2, 8.8, and 16.4 kJ m−2 d−1) on broccoli florets, and they found that TPC and TFC increased by 64 and 82%, respectively, after 8.8 kJ m−2 day−1 UV-B illumination compared to CTRL. Such increases in the TFC are a response of the plants’ secondary metabolism as a result against the abiotic stress applied by the UV radiation, similarly to the results obtained in our study. Plants have a high capacity to respond to UV-B exposure. Plants possess five different types of sensory photoreceptors that allow them to accurately perceive ambient light and generate the responses to prevent damage and enhance photosynthesis. UVR8 is the most widely reported UV-B photoreceptor, regulating a wide range of UV-B responses, including flavonoid biosynthesis, hypocotyl growth inhibition, leaf cell expansion [13], protection against oxidative stress, and DNA repair [53]. Besides UV photoreceptors, which seem to be activated at low doses, the beneficial responses to stimulate the biosynthesis of phytochemicals, as secondary metabolites, are also mediated by ROS. In this sense, the accumulation rate of antioxidants does not seem to decrease when the sprouts are cooled from 20 to 4 °C at least in the initial 4 days, which suggests that the biosynthetic route for the most strongly induced antioxidants is not highly temperature-dependent in this range. It may be possible that low temperature stress, combined with low UV-B doses, could act as an inductor of the bioactive compound’s synthesis [14].



In fact, this increase in phenolic compound content is directly related to the antioxidant capacity (R2 > 0.900; TAC measured by DPPH• (Figure 5A); ABTS•+ (Figure 5B); and FRAP (Figure 5C)). These increases were also observed in 6-day-old buckwheat sprouts (Fagopyrum esculentum Moench) under darkness conditions with different sources of visible and UV light (at different wavelengths: 260–320 nm, 280–320 nm, and 300–320 nm) with a dose of 10 μmol m−2 s−1 PPFD. The TAC measured by DPPH• (Figure 5A) was higher in UV-B-irradiated sprouts (25.3 mmol TE 100 g−1 DW). The results showed that a radiation with UV-B > 300 nm at a PPFD dose of 10 μmol m−2 s−1 increased the TAC by 1.6-fold compared to the sprouts kept in darkness. Moreover, the TAC was higher in the post-harvested seedlings compared to seedlings at germination phase. Darré et al. [14] evaluated the UV-B dose-dependence effect between colour retention and TAC of broccoli florets (B. oleracea var. italica). As a result, samples exposed to 2 kJ m−2 UV-B showed an increase in TAC 6 and 18 h after the UV treatment in comparison with initial values at harvest. These data agree with the results obtained in our work. The TAC accumulation mainly resulted from the accumulation of phenolic compounds, but it is known that the responses to UV exposure depend on the ontogenetic stage of the fruit. Several works have suggested that abiotic stresses induced by UV-B radiation could be a valuable technological strategy to increase the TAC of fresh processed sprouts [11]. However, the responses reported in the literature are very variable depending on the product and the treatment applied. Csepregi et al. [48] evaluated the effect of UV-B on TAC and the flavonols accumulation in Arabidopsis leaves. Leaves exposed to UV-B radiation of 0.6648 kJ m−2 day−1 for 7 days at 22 °C showed higher TAC values.



The last nutraceutical measured was the carotenoid, whose content is also related to the antioxidant activity in plants, and previous authors have already shown that UV-B is able to increase the concentration in these secondary metabolites. Red cabbage adult plants are naturally rich in carotenoid compounds, especially in carotenes (β-carotene) and xanthophylls (lutein) [54,55], which have their maximum absorbance at 456 and 465 nm, respectively, making them measurable at 470 nm [31]. He et al. [56] investigated the effects of UV-B radiation and CaCl2 on the improvement of the carotenoid content in maize kernel sprouts. A UV-B radiation of 0.375 μW m−2 applied in 1 h (0.0324 kJ m−2 day−1) increased the content of the six predominant carotenoids found compared to untreated control. This reveals that UV-B radiation can increase the carotenoid content and the activity of the antioxidant enzyme. In addition, CaCl2 may further improve carotenoid content and reduce photooxidative damages caused by UV-B radiation. Our hypothesis to explain this increase in the carotenoid concentration in red cabbage sprouts is based on the improvement of the biosynthesis of carotenes under UV-B radiation. In this sense, UVR8, as main UV-B receptors, are in charge to activate several transcription factors, such as COP1 (linked to HY5), as main stimulator of the PHYTOENE SYNTHASE (PSY), the first enzyme of carotenogenesis [13,57,58]. This behaviour has been recently shown in red peppers after a UV-B dose of 6 kJ m−2 applied before a short retailing period, which increased by 20 % the carotenoid accumulation, especially in combination with a blue + red LED photoperiod during the nights at supermarkets [59].





5. Conclusions


Periodical UV-B pulses at low doses improved the morphological development of red cabbage sprouts and probably will have the same effect on other sprouts. Similarly, TPC, TFC, and TAC presented a UV-B dose-dependence response. Indeed, the TPC increased in UV-B-treated sprouts throughout the study, reaching the highest content with the application of 10 kJ m−2 UV-B during growing (T10). Furthermore, TFC and TAC were also gradually enhanced in T10-treated samples, reaching around 30% higher content than in CTRL samples. Similarly, the biosynthesis of carotenoids was also improved under UV-B radiation, this time being 15 kJ m−2 UV-B, the treatment that obtained the best results. Therefore, our results demonstrated that the application of UV-B light during germination induces a positive effect on the growth of red cabbage sprouts, as well as on the secondary metabolite content, which were related to the nutritional quality. The analysed bioactive compounds (phenolics, flavonoids, and carotenoids) increased during germination and tended to remain constant throughout a refrigerated shelf life. In particular, the total dose of 10 kJ m−2 proportionally applied on days 3, 5, 7, and 10 during germination is recommended. In future studies, the key will be to find an optimised UV-B dose for each species to enhance the phytochemical content without compromising the sensory quality of the treated products.
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Figure 1. Experimental design evaluating the effect of periodical UV-B illumination on the physiology of red cabbage spouts and the content of bioactive compounds (phenolics, flavonoids, and carotenoids) both during germination and during cold storage. Seedlings received 5, 10, or 15 kJ m−2 UV-B (T5, T10, and T15) divided into four doses applied on 3, 5, 7 and 10 days of the sprouting period (10 days at 20 °C in darkness). UV-untreated sprouts were used as control (CTRL). At the end of the germination (10 days), the sprouts were harvested and stored 10 days at 4 °C. Sprout development and studied bioactive compounds were analysed after 1 h of each UV-B application (sprouting period) and on 0, 4, 7, and 10 days at 4 °C (shelf-life study). 






Figure 1. Experimental design evaluating the effect of periodical UV-B illumination on the physiology of red cabbage spouts and the content of bioactive compounds (phenolics, flavonoids, and carotenoids) both during germination and during cold storage. Seedlings received 5, 10, or 15 kJ m−2 UV-B (T5, T10, and T15) divided into four doses applied on 3, 5, 7 and 10 days of the sprouting period (10 days at 20 °C in darkness). UV-untreated sprouts were used as control (CTRL). At the end of the germination (10 days), the sprouts were harvested and stored 10 days at 4 °C. Sprout development and studied bioactive compounds were analysed after 1 h of each UV-B application (sprouting period) and on 0, 4, 7, and 10 days at 4 °C (shelf-life study).
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Figure 2. Representative pictures of control (0, CTRL) or UV-B-treated (5, 10, and 15 kJ m−2) red cabbage sprouts after 10 growing days at 20 °C and 90% RH. 
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Figure 3. Total phenolic content of control (0, CTRL) or UV-B-treated (5, 10, and 15 kJ m−2) red cabbage sprouts after 10 days growth at 20 °C and stored 10 days at 4 °C after harvest. Different capital letters indicate significant differences among treatments at p < 0.05 according to Tukey’s test (n = 6, which were the plates collected, and each plate is a repetition). Different lowercase letters indicate significant differences among time of analysis of the same treatment at p < 0.05 according to Tukey’s test. 
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Figure 4. Total flavonoid content of control (0, CTRL) or UV-B treated (5, 10, and 15 kJ m−2) red cabbage sprouts after 10 days growth at 20 °C and stored 10 days at 4 °C after harvest. Different capital letters indicate significant differences among treatments at p < 0.05 according to Tukey’s test (n = 6, which were the plates collected, and each plate is a repetition). Different lowercase letters indicate significant differences among time of analysis of the same treatment at p < 0.05 according to Tukey’s test. 
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Figure 5. Total antioxidant capacity using the DPPH• (A), ABTS•+ (B), and FRAP (C) methods of control (0, CTRL) or UV-B treated (5, 10, and 15 kJ m−2) red cabbage sprouts after 10 days growth at 20 °C and stored 10 days at 4 °C after harvest. Different capital letters indicate significant differences among treatments at p < 0.05 according to Tukey’s test (n = 6, that were the plates collected, and each plate is a repetition). Different lowercase letters indicate significant differences among time of analysis of the same treatment at p < 0.05 according to Tukey’s test. 
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Figure 6. Total carotenoid content of control (0, CTRL) or UV-B treated (5, 10, and 15 kJ m−2) red cabbage sprouts after 10 days growth at 20 °C and stored 10 days at 4 °C after harvest. Different capital letters indicate significant differences among treatments at p < 0.05 according to Tukey’s test (n = 6, that were the plates collected, and each plate is a repetition). Different lowercase letters indicate significant differences among time of analysis of the same treatment at p < 0.05 according to Tukey’s test. 
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Table 1. Morphological characteristics of UV-B treated (0 -CTRL-, 5, 10, and 15 kJ m−2) red cabbage sprouts during 10 growing days at 20 °C.
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Days at 20 °C

	
Treatment

	
Hypocotyl Length (cm)

	
Sprout Length (cm)

	
H/R Ratio

	
Moisture (%)

	
Growth Rate

(mm day−1) *






	
3

	
CTRL

	
0.25 ± 0.12 B d

	
1.03 ± 0.07 c

	
0.35 ± 0.21 AB c

	
61.8 ± 0.3 B c

	
0.82 ± 0.40 B c




	
T5

	
0.27 ± 0.07 AB d

	
1.01 ± 0.17 c

	
0.38 ± 0.14 AB c

	
59.9 ± 1.7 B c

	
0.91 ± 0.22 AB c




	
T10

	
0.45 ± 0.06 A c

	
1.13 ± 0.11 c

	
0.65 ± 0.07 A b

	
64.6 ± 2.2 A c

	
1.49 ± 0.20 A c




	
T15

	
0.21 ± 0.02 B d

	
0.96 ± 0.15 c

	
0.28 ± 0.02 B c

	
55.5 ± 1.5 C d

	
0.69 ± 0.07 B c




	
5

	
CTRL

	
0.76 ± 0.04 C c

	
1.97 ± 0.17 C b

	
0.63 ± 0.09 b

	
63.5 ± 1.5 AB c

	
1.52 ± 0.08 C b




	
T5

	
1.15 ± 0.05 B c

	
2.75 ± 0.16 B b

	
0.72 ± 0.04 bc

	
64.2 ± 1.3 A c

	
2.29 ± 0.11 B b




	
T10

	
1.43 ± 0.03 A b

	
3.74 ± 0.25 A b

	
0.62 ± 0.07 b

	
61.3 ± 0.1 B c

	
2.85 ± 0.07 A b




	
T15

	
1.09 ± 0.09 B c

	
2.82 ± 0.16 B b

	
0.63 ± 0.07 b

	
60.3 ± 1.9 B c

	
2.18 ± 0.19 B b




	
7

	
CTRL

	
1.69 ± 0.05 D b

	
3.82 ± 0.43 B a

	
0.81 ± 0.16 b

	
67.6 ± 4.0 B b

	
2.41 ± 0.07 D a




	
T5

	
2.20 ± 0.14 C b

	
5.06 ± 0.74 AB a

	
0.80 ± 0.20 b

	
75.6 ± 2.5 A b

	
3.14 ± 0.20 C a




	
T10

	
3.17 ± 0.11 A a

	
5.49 ± 0.37 A a

	
1.39 ± 0.21 a

	
78.2 ± 4.3 A b

	
4.53 ± 0.15 A a




	
T15

	
2.52 ± 0.06 B b

	
4.81 ± 0.81 AB a

	
1.20 ± 0.44 a

	
73.3 ± 0.4 AB b

	
3.60 ± 0.09 B a




	
10

	
CTRL

	
2.41 ± 0.21 B a

	
4.33 ± 0.16 a

	
1.27 ± 0.20 a

	
79.6 ± 2.2 B a

	
2.41 ± 0.21 B a




	
T5

	
3.20 ± 0.06 A a

	
5.19 ± 0.37 a

	
1.67 ± 0.38 a

	
84.8 ± 3.0 A a

	
3.20 ± 0.06 A a




	
T10

	
3.18 ± 0.12 A a

	
5.07 ± 0.61 a

	
1.77 ± 0.45 a

	
85.6 ± 3.1 A a

	
3.18 ± 0.12 A b




	
T15

	
3.28 ± 0.15 A a

	
5.12 ± 0.54 a

	
1.84 ± 0.40 a

	
83.6 ± 0.4 AB a

	
3.28 ± 0.15 A a








H/R: hypocotyl/root. FW/DW: fresh weight/dry weight. * Growth rate was calculated by dividing the hypocotyl (mm) length by the days of growth. Different capital letters denote significant differences (p < 0.05) among different treatments for the same sampling time according to Tukey’s test. Different lowercase letters denote significant differences (p < 0.05) among different sampling times for the same treatment according to Tukey’s test.
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Table 2. Mathematical description models for the biosynthesis of the main bioactive compounds content and for the total antioxidant capacity in UV-B-treated (0 (CTRL), 5, 10, and 15 kJ m−2) red cabbage sprouts during 10 germination days at 20 °C + 10 days at 4 °C as a minimally processed product.






Table 2. Mathematical description models for the biosynthesis of the main bioactive compounds content and for the total antioxidant capacity in UV-B-treated (0 (CTRL), 5, 10, and 15 kJ m−2) red cabbage sprouts during 10 germination days at 20 °C + 10 days at 4 °C as a minimally processed product.





	

	
Treatment

	
CMAX (mg g−1 DW)

	
X1/2

	
g

	
R2






	
TPC

	
CTRL

	
25.2

	
−14.0

	
0.054

	
0.900




	
T5

	
25.0

	
2.5

	
0.111

	
0.927




	
T10

	
40.7

	
−19.0

	
0.031

	
0.932




	
T15

	
72.1

	
−119.9

	
0.009

	
0.940




	
TFC

	
CTRL

	
12.8

	
6.5

	
0.113

	
0.981




	
T5

	
15.1

	
7.2

	
0.117

	
0.965




	
T10

	
15.8

	
4.9

	
0.080

	
0.996




	
T15

	
17.9

	
7.7

	
0.072

	
0.998




	
TCC

	
CTRL

	
78.8 *

	
9.0

	
0.323

	
0.937




	
T5

	
111.8 *

	
0.8

	
0.047

	
0.914




	
T10

	
515.4 *

	
−65.6

	
0.006

	
0.962




	
T15

	
105.9 *

	
9.8

	
0.232

	
0.916




	
DPPH•

	
CTRL

	
11.5

	
9.5

	
0.132

	
0.882




	
T5

	
13.6

	
8.5

	
0.099

	
0.918




	
T10

	
13.5

	
7.1

	
0.128

	
0.942




	
T15

	
18.4

	
11.6

	
0.039

	
0.946




	
ABTS•+

	
CTRL

	
17.3

	
−68.0

	
0.031

	
0.891




	
T5

	
15.1

	
−25.1

	
0.086

	
0.847




	
T10

	
16.2

	
−27.7

	
0.063

	
0.823




	
T15

	
19.4

	
−38.7

	
0.028

	
0.895




	
FRAP

	
CTRL

	
22.3

	
−33.8

	
0.068

	
0.962




	
T5

	
28.8

	
1.9

	
0.094

	
0.951




	
T10

	
29.5

	
3.7

	
0.107

	
0.965




	
T15

	
69.6

	
−24.2

	
0.011

	
0.886








* μg g−1 DW. TPC: total phenolic content; TFC: total flavonoid content; TCC: total carotenoid content.
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