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Abstract

:

As a vegetable with high nutritional value, broccoli (Brassica oleracea var. italica) is rich in vitamins, antioxidants and anti-cancer compounds. Glucosinolates (GLs) are one of the important functional components widely found in cruciferous vegetables, and their hydrolysate sulforaphane (SFN) plays a key function in the anti-cancer process. Herein, we revealed that blue light significantly induced the SFN content in broccoli sprouts, and salicylic acid (SA) was involved in this process. We investigated the molecular mechanisms of SFN accumulation with blue light treatment in broccoli sprouts and the relationship between SFN and SA. The results showed that the SFN accumulation in broccoli sprouts was significantly increased under blue light illumination, and the expression of SFN synthesis-related genes was particularly up-regulated by SA under blue light. Moreover, blue light considerably decreased the SA content compared with white light, and this decrease was more suppressed by paclobutrazol (Pac, an inhibitor of SA synthesis). In addition, the transcript level of SFN synthesis-related genes and the activity of myrosinase (MYR) paralleled the trend of SFN accumulation under blue light treatment. Overall, we concluded that SA participates in the SFN accumulation in broccoli sprouts under blue light.
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1. Introduction


Sulforaphane (SFN) is an important secondary metabolite in cruciferous vegetables, which is hydrolyzed from glucosinolates (GLs). Moreover, it is identified as the most active health-promoting compound among analogs produced by the GLs [1]. However, GL itself has no significant activity, so it needs to break the glucoside bond between sulfur atoms and glucose through myrosinase (MYR) to form unstable aglucone. The unstable aglucone is then rearranged to form isothiocyanate substances that are beneficial to the human body, of which the most representative substance is SFN [2]. At present, a large number of studies have shown that SFN has a detoxification effect on carcinogens and can inhibit the growth of cancer cells [3]. In addition, SFN has anti-oxidation, antibacterial, anti-inflammation and anti-aging effects on the human body. Importantly, SFN is by far recognized as one of the strongest anti-cancer and cancer-preventing natural active ingredients in vegetables [4,5,6]. Therefore, SFN has attracted great attention from scientists as a potential cancer preventive agent, and improving the accumulation of SFN has become a new health hotspot.



At present, the synthetic pathway of SFN has been elucidated. The synthesis of SFN starts with methionine as the substrate, then goes through the extension of amino acids to the formation of aldoxime, then through oxidation, cleavage and sulfation to form GLs, and finally are hydrolyzed to SFN by MYR [7]. In recent years, there have been many research reports on the regulation of SFN synthesis. For example, through major quantitative trait locus (QTL) analysis, Lambrix found that epithiospecifier protein (ESP) can hydrolyze GLs [8]. In Brassica rapa, MYB28 is a key transcription factor for SFN synthesis [9]. In addition, many other genes in the biosynthetic pathway of SFN have been identified, such as MYR, Elong, CYP79B2, CYP83B1, UGT74B1 and so on [10]. In addition, the synthesis of SFN is also regulated by other substances. In the last ten years it has been found that the treatment of exogenous glucose, sulfur and selenium can improve the content of SFN in broccoli [11,12]. Riahi-Madvar and Manal Ali et al. also found that the accumulation of SFN in cruciferous vegetables could be regulated by spraying exogenous substances such as NaCl and plant hormones during the growth period [13,14]. Similar research has also been found in cabbage and radish [15].



Light is a very important environmental signal throughout the life cycle of plants [16]; it also plays an important role in regulating the synthesis of SFN. Studies have shown that LED red light can promote callus proliferation and SFN accumulation in Raphanus sativus L. [17]. The short duration of blue light treatment before harvest can significantly increase the accumulation of SFN content in Brassica oleracea [18]. Meanwhile, in broccoli sprouts, Kopsell found that different ratios of LED light treatment can improve the SFN content [19]. In addition, the study found that the amount of GLs, as the precursor of SFN, may be affected by different doses of blue light [20]. Zheng et al. found that blue light can effectively improve the total content of GLs in cabbage [21]. Coincidentally, the same result was also reported in the study of GLs in Chinese kale sprouts [22]. On the contrary, there are also some different points of view. In Cardamine fauriei, the content of aliphatic GLs can be improved through the use of blue light [23]. However, in Brassica napus, the total amount of GL content does not respond to blue light [24]. Because of these conflicting results, the regulation of SFN in plants using blue light needs more verification.



As a common hormone, salicylic acid (SA) plays an indispensable function in secondary metabolism in plants [25]. In recent decades, it has been found that SA, as a signaling molecule, can regulate the formation of secondary metabolites such as GLs in plant physiological processes [26]. The exogenous application of SA at a suitable concentration can achieve the effect of improving the GL composition and content in cruciferous vegetables [27]. Pérez-Balibrea et al. found that indole GLs content increased by 33% under 100 μM SA treatment in 7 d broccoli sprouts [28]. Furthermore, it was reported that increased SFN concentration might be related to SA accumulation in plants [29]. Coincidentally, recent research reported that SA can suppress the accumulation of indole-3-carbinol (I3C, another GLs hydrolysate) in broccoli sprouts [30]. However, there are still few studies on whether SA and blue light can co-regulate the SFN content in broccoli.



At present, the reports on SFN mainly focus on the anti-cancer aspect [31], while there are few studies on its accumulation in plants, especially on the optimal time point and mechanism of SFN accumulation in plants under the treatment of blue light. Furthermore, the current research on GLs is mainly concentrated on Arabidopsis thaliana, while there are still few reports on other cruciferous plants, such as brassicas crops [32]. As a common vegetable in the cruciferous family, broccoli sprouts are one of the potentially functional foods. They are favored by consumers because of their rich beneficial substances, such as glucoraphanin. Furthermore, the SFN concentration in broccoli sprouts is 20-fold higher than that in mature broccoli [33]. Therefore, it is very important to explore the effect of different lights to improve the quality of broccoli sprouts. The research was to investigate the function of blue light treatments on SFN content and MYR activity and the induction mechanism was further elucidated by studying the effect of SA on transcription levels of SFN synthesis-related genes in broccoli sprouts.




2. Results


2.1. Effects of Blue Light on the Growth of Broccoli Sprouts


Light is a key environmental factor regulating plant growth. To explore the effect of blue light on the growth of broccoli sprouts, we analyzed the phenotypes and growth parameters [height and fresh weight (FW)] of broccoli sprouts with blue light and white light treatments, respectively. As shown in Figure 1, the height of broccoli sprouts under blue light treatment gradually increased with time and was always higher than that under white light treatment. Compared with the control (white light treatment), the height of 5/6/7 d broccoli sprouts with blue light treatment was increased by 16.95%, 8.67% and 13.60%, respectively (Figure 1B). In addition, the fresh weight of 5/6 d broccoli sprouts under blue light treatment was significantly higher than that of control, but the weight of 7 d broccoli sprouts showed no significant difference between white light and blue light treatment. Furthermore, the fresh weight of 5/6/7 d broccoli sprouts under blue light treatment was increased by 12.67%, 9.58% and 1.22%, respectively, compared to the control (Figure 1C). Therefore, according to Figure 1, we found that blue light can promote the growth of broccoli sprouts.




2.2. Effects of Blue Light on the Content of SFN and MYR Activity


To further verify the effect of blue light on the growth and development of broccoli sprouts, we analyzed sulforaphane (SFN) content and myrosinase (MYR) activity under the treatment of blue light at different times. It was found that the SFN content after 5/6/7 d blue light treatment was 94%, 139% and 90% of that after white light treatment. In addition, after 6 d blue light treatment, SFN content in broccoli sprouts was the highest (Figure 2A). Previous studies have found that the activity of MYR, a key enzyme in SFN production, also showed a similar trend [4,5,6]. The MYR activity of 6 d broccoli sprouts treated with blue light was increased by 19.16%, while it was markedly reduced in 5 d and 7 d broccoli sprouts under blue light treatment in comparison with that of the controls. In addition, MYR activity was also the greatest in 6 d broccoli sprouts under blue light treatment (Figure 2B). Together, these results indicated that blue light significantly increased SFN accumulation and MYR activity in 6 d broccoli sprouts. Moreover, the accumulation of SFN and the activity of MYR exhibited the same trend under the treatment of blue light, which was consistent with the previous results.




2.3. Effect of Blue Light on Antioxidant Enzyme Activity of Broccoli Sprouts


Different light treatments can change the activity of protective enzymes in plants, thereby inducing different degrees of removal mechanisms of reactive oxygen species in plants (such as SOD, POD and CAT), thus affecting plant growth and secondary metabolism [34]. Therefore, in order to verify whether blue light has an effect on the activity of protective enzymes in broccoli sprouts, we determined the activity of reactive oxygen species (ROS) in broccoli sprouts treated with blue light at different times, including SOD, POD and CAT. The activity of SOD, POD and CAT of 6 d broccoli sprouts revealed that blue light treatment did not change SOD activity but decreased the activity of POD and CAT as compared with that of the control (Figure 3). At the same time, by contrast, the POD and CAT activities of 6 d broccoli sprouts were obviously decreased by 51.12% and 36.8%, respectively, under blue light treatment. The activities of POD and CAT also showed similar phenomena in 7 d broccoli sprouts. By contrast, POD and CAT activities of 5 d broccoli sprouts were dramatically enhanced under blue light (Figure 3B,C). Interestingly, there was no significant difference in SOD activity between the control and blue light treatment (Figure 3A).




2.4. Effects of Blue Light on the Expression Level of Related Genes of SFN Synthesis


According to the above results, we found that blue light can promote the accumulation of SFN. To elucidate the molecular mechanism, we determined the expression level of SFN biosynthesis-related genes in broccoli sprouts. Elong, CYP83A1, UGT74B1, ST5b, MYR and ESP were key genes in the SFN biosynthesis pathway of brassica species [35,36,37]. All these genes except BoESP in 6 d broccoli sprouts were up-regulated with blue light treatment. As shown in Figure 4, the expression of BoElong, BoCYP83A1, BoUGT74B1, BoST5b and BoMYR in 6 d broccoli sprouts under blue light treatment was increased by 427%, 1201%, 1368%, 429% and 453%, respectively, compared with the control. However, under blue light treatment, their expression level in 5 d broccoli sprouts was decreased by 56.4%, 70%, 14.6%, 34% and 82.6%, respectively, as compared with that of the control (Figure 4A–E). Similar results were also found in 7 d broccoli sprouts under blue light. Meanwhile, there was no effective difference from the control of BoESP expression under blue and white light treatments (Figure 4F).



Based on gene heat map analysis under different conditions, we found that the transcription level of these genes under blue light for 6 d was significantly higher than others, except for BoESP (Figure 5). Therefore, in this research, the 6 d broccoli sprouts would be used for further experiments.




2.5. Effects of Blue Light on Endogenous Hormone Content, Expression of Key Genes and Enzymatic Activity of SA Synthesis Pathway


Phytohormones play a vital role in the growth, development and secondary metabolism of plants [25]. To explore whether light affects the production of phytohormones, which in turn affects the metabolism of plant secondary substances, we tested the content of a variety of basic phytohormones in broccoli sprouts under blue light. The results showed that the SA content was significantly reduced by 24.48% compared with the control after the 6 d broccoli sprouts were irradiated by blue light (Figure 6A). However, there were no significant differences in auxin, ethylene (ETH), gibberellin (GA), cytokinin (CTK), and abscisic acid (ABA) contents, which were all compared with white light (Figure 6A). Compared with other hormones, SA decreased most significantly under blue light. Therefore, the next step is to study the mechanism of the effect of blue light on SA metabolism.



In order to investigate the mechanism of blue light on SA metabolism, we examined the activities of key enzymes in SA synthesis, namely PAL and BA2H [30]. As shown in Figure 6, consistent with the changes in SA content after blue light treatment, the transcription level of the SA synthesis-related genes BoPAL, BoBA2H and the corresponding enzymatic activities were decreased in broccoli sprouts (Figure 6B,C). Meanwhile, the expression level of BoPAL and BoBA2H in broccoli sprouts treated with blue light was decreased by 82.2% and 96.4%, respectively, compared with those treated with white light (Figure 6B). As a similar trend in enzymatic activities, the activities of PAL and BA2H were significantly inhibited after blue light treatment and decreased by 82.2% and 96.4%, respectively, compared with control (Figure 6C). Together, the result indicated that blue light can inhibit SA metabolism in 6 d broccoli sprouts. However, 6 d broccoli sprouts treated with blue light significantly accumulated SFN. Therefore, we speculated that SA may inhibit the accumulation of SFN, and there is a negative correlation between SA and SFN.




2.6. Effects of Exogenous SA on Content of Endogenous SA, SFN Synthesis


To verify our hypothesis, we investigated the effects of exogenous SA on endogenous SA content and SFN synthesis. As shown in Figure 7A, under white and blue light treatments, compared with control, the SA content of broccoli sprouts treated with exogenous SA was increased by 12.5% and 12.4%, respectively. The content of SA was decreased significantly by 11.1% and 11.2%, respectively, with Pac (an SA synthesis inhibitor) treatment. However, co-treatment of SA plus Pac obviously improved the content of SA compared with that of Pac treatment alone (Figure 7A).



By contrast, under white and blue light treatment, the content of SFN is completely opposite to that of SA. Under SA treatment, the SFN content of white and blue light was significantly reduced by 16.1% and 12.1%, respectively, in comparison with that of the controls. The broccoli sprouts with Pac treatment resulted in rapid recovery of SFN, even higher than that of broccoli sprouts treated with blue light alone. When SA was co-treated with Pac, the inhibition of SFN was significantly enhanced (Figure 7B). There was a similar tendency in MYR activity in broccoli sprouts. MYR activity of broccoli sprouts was reduced by SA treatment, while it was significantly increased by Pac treatment. The decrease in MYR activity was effectively alleviated after co-treatment of Pac and SA compared to SA alone (Figure 7C). These results correspond exactly to our hypothesis, which indicates that SA can inhibit the synthesis of SFN.




2.7. Effects of SA on the Expression of SFN Synthesis Genes


Based on the above results, in order to further verify the molecular mechanism of SA inhibiting SFN, we measured the transcription levels of SFN synthesis-related genes in broccoli sprouts treated with SA, Pac, and co-treatment of SA and Pac. As shown in Figure 8, compared with white light treatment, blue light enhanced the expression of SFN synthesis related genes, except for BoESP (Figure 8), while, under blue light, SA treatment reduced their expression levels. In addition, in the absence of SA, the expression levels of BoElong, BoCYP83A1, BoUGT74B1, BoST5b, and BoMYR increased by 40.3%, 21.4%, 14.6%, 17.9% and 27.9%, respectively, in Pac treatment alone compared with SA treatment alone. However, co-treatment of SA and Pac had no obvious effect on their expression in comparison with the SA treatment (Figure 8A–E). At the same time, the transcription levels of these genes under white light were similar to those under blue light. No matter whether under white or blue light treatment, the expression of these genes was remarkably decreased by SA. However, the expression level of BoESP was not significantly changed by SA under white or blue light treatment (Figure 8F). In summary, SA participated in the regulation of SFN accumulation in broccoli sprouts under blue light; that is, blue light inhibited the negative effects of SA on SFN and further promoted the accumulation of SFN.




2.8. Verification of SA Biosynthesis-Deficient Arabidopsis Mutants


SFN is an important secondary metabolite in plants, which mainly exists in Brassicaceae plants. Brassicaceae plants Arabidopsis thaliana, as a model plant, can also generate SFN. To further demonstrate the negative effect of SA on SFN accumulation, we used SA biosynthesis-deficient Arabidopsis mutants for further analysis. The laboratory has carried out some work on the mutant, including purification and verification, gene expression of eds5 and ics1-L1, SA content, and found that blue light inhibits the synthesis of SA. Furthermore, we also found that the seedlings of eds5 and ics1-L1 displayed shorter hypocotyl and root compared to the wild-type (WT) [30].



Next, we detected the SFN content of eds5 and ics1-L1 after two weeks of treatment with blue light and white light, respectively. The results of Figure 9 showed that the SFN content of WT, eds5 ics1-L1 under blue light treatment was higher than that of white light treatment. Further, the SFN content of eds5 and ics1-L1 of SA biosynthesis-deficient Arabidopsis mutants was significantly higher than that of WT. According to the results, we further demonstrated that blue light promotes SFN accumulation by inhibiting the synthesis of SA.





3. Materials and Methods


3.1. Plant Growth and Treatments


Broccoli (Brassica oleracea var. italica, Mantuolv) seeds were bought from the Nanjing Jinshengda Seed Company (Nanjing, China). The seeds were soaked in water at room temperature for 4–6 h and then spread on wet gauze to germinate for 24 h and covered with plastic wrap to retain moisture. At the same time, they were cultured under dark conditions of 25 ± 3 °C until white buds appeared. Then, the buds with consistent growth were selected to cultivate in a seedling tray containing 1/4 Hoagland’s solution [38] and illuminated using a LED with white and blue light in a growth chamber (Ningbo Sai Fu Instrument Co, Ltd., Ningbo, China). The wavelengths of white light and blue light are 380–750 nm and 460 nm, respectively. The photoperiod was set at 16 h light/8 h dark with a light intensity of 200 μmol m−2 s−1. In addition, the temperature and relative humidity were set at 25 ± 1 °C and 75 ± 5%, respectively. Then, 5/6/7 d broccoli sprouts were collected for experimental analysis.



The A. thaliana eds5 (SALK-091541) and ics1-L1 (SALK-133146) mutants were bought from the AraShare. The A. thaliana was cultivated using the method of Wu et al. with some revisions [39]. The seeds of Arabidopsis thaliana were first cultured on 1/2 MS solid medium for about 10 d, and then the seedlings were transferred to the soil and cultivated for 2 weeks under blue light and white light in a growth chamber (Ningbo Sai Fu Instrument Co., Ltd., Ningbo, China) with a light intensity of 200 μmol m−2 s−1 and a photoperiod of 16 h light/8 h dark. The temperature and humidity settings of the growth chamber are the same as those of broccoli. Two weeks later, the plants were collected for measurement.




3.2. SA Treatments of Broccoli Sprouts


In the SA experiment, the 4 d broccoli sprouts were treated with SA using the method of Wang et al. [30]. The SA was dissolved in 0.2% ethanol at 50 μM concentration, and paclobutrazol (Pac, SA synthesis inhibitor) was dissolved in ddH2O at 100 μM concentration. The treatments of broccoli sprouts were grouped as follows: (1) Control treatment (distilled water); (2) SA treatment (50 μM); (3) Pac treatment (100 μM); and (4) Pac + SA treatment (100 μM Pac + 50 μM SA). Then, 6 d broccoli sprouts were collected for analysis.




3.3. Determination of Growth Parameters


The growth parameters of 5/6/7 d broccoli sprouts (phenotype, sprout height and fresh weight) were determined. The plant height of broccoli sprouts was measured using a ruler (Accuracy: 0.1 cm). The fresh weight of broccoli samples under different treatments was determined using an electronic scale (Accuracy 0.0001 g). The phenotype of broccoli sprouts was captured by the camera (Canon, Toyko, Japan, EOS 6D MarkII).




3.4. Determination of SFN Content


SFN was performed using the method outlined by Yang et al. with some revisions [11]. A total weight of 1.5 g fresh sample (Broccoli sprouts and Arabidopsis plants) was added to 12 mL of distilled water to grind it into a homogenate. Then, 10 mL of dichloromethane was added after hydrolyzation at 37 °C for 3 h and then evaporated at 37 °C. After this, the extract was dissolved via ultrasonic means with 10% acetonitrile. Then, the crude extract was passed through a 0.45 μm syringe filter. Finally, the HPLC system was used to separate the extraction liquid with a C18 (ACQUITY UPLC, 2.1 × 100 mm, 1.8 Micron) column.




3.5. Enzymatic Activities Assay


Myrosinase (MYR) activity was detected using the method of Guo et al. with some revisions [40]. Fresh broccoli sprouts (1.5 g) were ground in order to homogenize them with 9 mL of 0.1 M pre-cooled phosphate buffer in an ice bath and centrifuged at 12,500× g for 0.5 h at 4 °C. Then, 0.5 mL of supernatant was mixed with allyl glucoside solution and reacted for 20 min at 37 °C. The glucose content was measured with a glucose kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). In this experiment, 1 nM glucose generated per minute was considered 1 enzyme activity unit (U/g FW).



Phenylalanine ammonia lyase (PAL) activity was analyzed using the method of Lister et al. with minor revisions [41]. Fresh broccoli sprouts (0.5 g) were ground in an ice bath with 5 mL of the extract solution (0.018 M 2-Mercaptoethanol, 0.05 M Vitamin C and 0.1 M pH 8.7 Boric acid buffer). Each homogenate was centrifuged at 14,000× g for 15 min at 4 °C. In this experiment, 250 μL of supernatant was mixed with 875 µL Boric acid buffer and 250 µL of 11 mM L-phenylalanine in a new EP tube. The mixture was set in a water bath at 30 °C for 0.5 h, and 0.5 mL of 15% HCl was used to stop the reaction. The product was centrifuged at 8000× g at room temperature for 10 min. The absorbance of samples was measured at a 290 nm wavelength using a Spectrophotometer (PGENERAL, Beijing, China). Then, the PAL enzyme activity was calculated via a standard curve.



Benzoate hydroxylase (BA2H) activity was analyzed using the method of León et al. with some revisions [42]. Liquid nitrogen was used to grind 1.5 g fresh broccoli sprouts. The suspension composed of powder and 6 mL of the extraction buffer (1 mM phenylmethylsulphonyl fluoride, 14 mM 2-mercaptoethanol and 20 mM triethanolamine, pH 7.4) was centrifuged at 10,000× g for 30 min at 4 °C; then, 0.2 mL of the supernatant was incubated with the reaction mixture (1 μM NADPH, 1 μM BA, 10 μM triethanolamine buffer, pH 7.4) at 30 °C for 0.5 h. Then, the reaction was stopped using 0.25 mL of 15% (w/v) TCA. After the reaction mixture was eddied and centrifuged for 5 min at 12,500× g, 0.5 mL of cyclopentane/ethyl acetate/2-propanol (50/50/1, v/v/v) was applied to leach the supernatant. The upper was evaporated at 35 °C in a vacuum dryer (Hualida, LNG-T1OO, Changzhou, Jiangsu, China), and then the residue was redissolved in 23% (v/v) methanol/sodium acetate buffer (20 mM, pH 5.0). The SA content was detected via HPLC with an Agilent C18 column (250 × 4.6 mm, 5 μm) at a 300 nm detection wavelength. Methanol–water–ice–acetic acid (48:52:3) was chosen as the mobile phase, and the flow rate is 1.0 mL/min.



Superoxide dismutase (SOD) activity: The extraction of the antioxidant enzymes was slightly modified with reference to the method of Sudhakar et al. [43]. Take 1.5 g broccoli sprouts, homogenate with 4 mL of pre-chilled 50 mM phosphate buffer (pH 7.0, containing 1% polyvinylpyrrolidone and 0.1 mM EDTA) on ice, and centrifuge at 10,000× g at 4 °C for 20 min. The clear solution is the crude enzyme solution. The enzyme activity unit (U) is the SOD amount corresponding to an SOD inhibition rate of 50% in 1 mL of reaction solution per gram of fresh broccoli sprouts.



Catalase (CAT) activity was detected by Singh et al. with minor modifications [44]. In this experiment, 1.5 mL of 20 mM H2O2 was taken and reacted with 50 μL of crude enzyme extract, recorded at 470 nm OD every 60 s for 2 min. The change in absorbance per minute of broccoli sprouts decreased by 0.01 to 1 catalase activity unit (U).



Peroxidase (POD) activity was detected according to the method outlined by Eichholz et al. with slight modifications [44]. Enzyme extract (200 μL) was reacted with 5.8 mL 0.05 M phosphate buffer, 2 mL 2% H2O2 solution and 2 mL 0.05 M guaiacol. The enzyme solution after boiling for 5 min was used as a control and recorded at 470 nm every 60 s for 2 min. The change of OD 470 nm per minute with fresh broccoli sprouts was 0.01 as 1 enzyme unit (U).




3.6. Analysis of Plant Hormone Content


The content of plant hormones SA, IAA, GA, CTK, ABA and ETH were analyzed using the method outlined by Zhang et al. with minor revisions [45]. The sample of 6 d broccoli sprouts with blue light and white light treatments (1.0 g) was grounded into powder in the presence of liquid nitrogen and transferred to a centrifuge tube, and then 30 mL of 80% methanol was added to the centrifuge tube. The mixture was centrifuged at 8500× g at room temperature for 20 min. Then, the supernatant was transferred to a new tube, and 15 mL of 80% methanol was added for the precipitation of secondary extraction. Finally, the extract was filtered as in 2.4. The HPLC system was used to separate the extraction liquid with a C18 column (The column type is the same as in 2.4). The compounds were detected based on 280 nm. The column oven temperature was set at 30 °C, and 2 μL portions were injected into the column with a flow rate of 1.0 mL·min−1. The proportion of mobile phase was 30% acetate buffer (pH 3.22): 70% (methanol).




3.7. RNA Preparation and Quantitative Real-Time-PCR Analysis


Quantitative real-time PCR (qRT-PCR) was used to investigate the effects of various treatments on the expression patterns of genes encoding SFN synthesis and SA synthesis. The broccoli sprouts sample (0.5 g) was homogenized using a mortar and pestle in the presence of liquid nitrogen. The total RNA was extracted using trizol reagent according to the instructions of the RNA extraction kit (Invitrogen, Gaithersburg, MD, USA). After that, the RNA integrity was detected via 1% agarose gel electrophoresis. The cDNA was produced by the reagent kit (TOYOBO CO, LTD. Japan). The final product can be used for qRT-PCR experiments. Concerning qRT-PCR analysis, the expression level of the target genes was determined using the system of Wu [39]. The primers were designed according to Wang et al. and are shown in Table 1 [30]. Finally, the 2−ΔΔCt method was used to calculate the transcription level of different genes [46].




3.8. Statistical Analysis


All experiments were performed in triplicate biological and technical replicates. SPSS (Chicago, IL, USA) was used to analyze the data. The data were presented as mean ± standard deviation of three independent experiments after a one-way analysis of variance (ANOVA). The data were analyzed via Duncan’s multiple range test (p < 0.05).





4. Discussion


In recent years, sprouts like broccoli and radish have become popular with consumers because of their rich nutritional value [47]. According to scientific studies, the induced amount of phase II enzymes in broccoli sprouts is 10–100 times higher than that of mature broccoli. Phase II enzymes are a class of key enzymes in the enzyme system of detoxifying carcinogens for detoxifying carcinogenic factors [48]. Therefore, broccoli sprouts have become a popular healthy vegetable due to their natural active ingredient SFN, which is also rich in biological activities such as cardioprotection and anti-inflammatory activities [40]. In this study, we demonstrated that SA is involved in the blue light-induced SFN accumulation in broccoli sprouts. To our knowledge, what the study shows is that blue light could induce SFN accumulation in broccoli sprouts, while most previous reports focused on the improvement of nutritional substances, such as phenolics [40] and flavonoids [49].



Light is a natural environmental signal that plays an indispensable role in the secondary metabolism of plants. Previous research has shown that blue light can improve the nutritional quality of cruciferous vegetables such as broccoli and Chinese kale [18,22]. Furthermore, blue light can also affect the growth and development of plants [30]. In this study, blue light notably increased the broccoli sprout’s height and fresh weight; the broccoli sprout’s height and fresh weight grown under blue light for 6 d was significantly higher than those under white light treatment (Figure 1B,C). The biomass of broccoli sprouts increased, which may be related to the promotion of leaf stretching and chloroplast development by blue light [50]. Photoinhibition will occur if a plant is in an unfavorable light environment for a long time, which will lead to the accumulation of activity of antioxidant enzymes [51]. Our studies have shown that there was no significant difference in SOD activity between the control and blue light in broccoli sprouts, and the activity of CAT and POD after blue light treatment decreased, which may be because the intensity of blue light did not cause severe oxidative damage and was not sufficient to cause a major outbreak of ROS (Figure 3).



As an important secondary metabolite in cruciferous plants, SFN is also regulated by blue light. Previous research has shown that different ratios of LED light treatment can significantly improve the SFN content in Brassica oleracea [19]. This study suggested that blue light treatment obviously enhanced SFN content in 6 d broccoli sprouts (Figure 2A). Similar results have been reported that blue light increased GLs content of Chinese kale sprouts [22]. In the past 10 years, MYR has been shown to be a key enzyme in GL hydrolysis [6]. A previous study has shown that light stimulation can also change MYR activity [52]. In this experiment, we also exhibited that blue light can significantly enhance the activity of MYR, which was also consistent with the change in SFN content (Figure 2B). SFN biosynthesis in plants involves the participation of several genes, such as Elong, CYP83A1, UGT74B1, ST5b, MYR, ESP, etc. [36]. Therefore, RT-qPCR was used to detect the transcriptional levels of these genes. In parallel with the accumulation of SFN, the expression levels of the SFN synthesis-related structural genes (BoElong, BoCYP83A1, BoUGT74B1, BoST5b, BoMYR) were all significantly up-regulated by blue light illumination, which implied that these five genes may take part in the synthesis of SFN (Figure 4 and Figure 5). Coincidentally, in Arabidopsis, Huseby et al. found that blue light could increase the transcription levels of GLs synthesis genes [53]. In a word, the results indicated that blue light promoted SFN accumulation in broccoli sprouts by up-regulating genes related to SFN biosynthesis.



Previous research suggested that blue light could induce GL accumulation [22], but whether SA is involved in this process is still unknown. Our study demonstrated that compared with the white light, 6 d illuminated with blue light significantly inhibited the endogenous SA level in broccoli sprouts (Figure 6A), suggesting that blue light induced accumulation of SFN partly contributed to the decrease in SA level. Similarly, Wang’s results showed that blue light can obviously inhibit the content of SA [30]. SA, as an important plant hormone, is recently considered a central regulator in the synthesis of GLs [26,29,54]. To further confirm this, we quantified the expression of BoPAL and BoBA2H and tested the corresponding enzymatic activities. The transcript level of BoPAL and BoBA2H was significantly inhibited by blue light, and a similar trend was observed in enzymatic activities (Figure 6B,C), which is consistent with Wang’s research [30]. In conclusion, these results revealed that blue light illumination inhibited SA synthesis, mainly through down-regulating BoPAL and BoBA2H, finally increasing the accumulation of SFN. On the contrary, other studies have found that light can promote SA accumulation in Solanum lycopersicum [55] and Helianthus annuus [56]. Because of these opposing results, a great deal of evidence is required for further verification.



In recent years, it has been found that the exogenous application of SA can regulate the nutritional quality and growth of vegetables [27,57]. In this research, according to the analysis of exogenous SA and Pac results, we found that the exogenous application of SA significantly decreased the content of SFN and MYR activity in broccoli sprouts under blue light (Figure 7B,C), which implied that SA can inhibit SFN synthesis in broccoli sprouts. This phenomenon was mainly due to the decreased transcription level of genes related to SA synthesis under blue light in Brassica oleracea [30]. Many studies suggested that SA treatment can change the transcription levels of genes related to GLs [26]. This study also found that the transcription level of genes related to SFN synthesis was down-regulated under SA treatment (Figure 8). Moreover, it was found that the content of SFN in SA biosynthesis-deficient Arabidopsis mutants was significantly higher than that in the wild type. The SFN content under the blue light treatment was higher than that under the white light treatment (Figure 9). All these results indicated that SA is involved in blue light-induced SFN accumulation. Contrariwise, in Arabidopsis, SA treatment markedly induced the gene expression of MYB51, which plays an important role in the synthesis of indole GLs [29,58]. In a word, these data indicate that SA is involved in the regulation of genes related to GL synthesis in cruciferous plants, thus regulating the metabolism of GLs and its hydrolysates.




5. Conclusions


In summary, the content of SFN in broccoli sprouts under blue light is significantly increased, and the expression of genes related to SFN synthesis is also significantly increased. The exogenous addition of Pac under blue light further enhanced the content of SFN compounds and the expression of synthetic genes. However, the exogenous addition of SA inhibited the expression of SFN synthesis-related genes significantly. Considering different extents of decrease in SFN synthesis gene expression with SA treatment under blue light, we speculate that SA inhibited SFN accumulation partly because of blue light induction (Figure 10).







Author Contributions


N.S. led the relevant project and designed the study. Author Y.G. performed the experiments and wrote the manuscript. Author C.G. wrote and modified the manuscript. B.C. and T.D. helped with the statistics of this paper. X.X., J.D., K.Z. and K.G. helped to modify the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Jiangsu Agricultural Science and Technology Innovation Fund [CX(21)3034] and the National Natural Science Foundation of China (31801849 and 31772360).




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Esfandiari, A.; Saei, A.; McKenzie, M.J.; Matich, A.J.; Babalar, M.; Hunter, D.A. Preferentially enhancing anti-cancer isothiocyanates over glucosinolates in broccoli sprouts How NaCl and salicylic acid af-fect their formation. Plant Physiol. Biochem. 2017, 115, 343–353. [Google Scholar]

	



Miao, H.; Xia, C.; Yu, S.; Wang, J.; Zhao, Y.; Wang, Q. Enhancing health-promoting isothiocyanates in Chinese kale sprouts via manipulating BoESP. Hortic. Res. 2023, 10, uhad029. [Google Scholar]

	



Cheng, A.; Shen, C.; Hung, C.; Hsu, Y. Sulforaphane Decrease of SERTAD1 Expression Triggers G1/S Arrest in Breast Cancer Cells. J. Med. Food 2019, 22, 444–450. [Google Scholar] [CrossRef]

	



Martinez-Villaluenga, C.; Penas, E.; Ciska, E.; Piskula, M.K.; Kozlowska, H.; Vidal-Valverde, C.; Frias, J. Time dependence of bioactive compounds and antioxidant capacity during germination of different cultivars of broccoli and radish seeds. Food Chem. 2010, 120, 710–716. [Google Scholar] [CrossRef]

	



Fix, C.; Carver-Molina, A.; Chakrabarti, M.; Azhar, M.; Carver, W. Effects of the isothiocyanate sulforaphane on TGF-β1-induced rat cardiac fibroblast activation and extracellular matrix interactions. J. Cell Physiol. 2019, 243, 13931–13942. [Google Scholar] [CrossRef]

	



Farag, M.A.; Motaal, A.A.A. Sulforaphane composition, cytotoxic and antioxidant activity of crucifer vegetables. J. Adv. Res. 2010, 1, 65–70. [Google Scholar] [CrossRef]

	



Ruhee, R.T.; Suzuki, K. The Integrative Role of Sulforaphane in Preventing Inflammation, Oxidative Stress and Fatigue: A Review of a Potential Protective Phytochemical. Antioxidants 2020, 9, 521. [Google Scholar] [CrossRef]

	



Lambrix, V.; Reichelt, M.; Mitchell-Olds, T.; Gershenzon, K.J. The Arabidopsis Epithiospecifier Protein Promotes the Hydrolysis of Glucosinolates to Nitriles and Influences Trichoplusia ni Herbivory. Plant Cell 2001, 13, 2793–2807. [Google Scholar]

	



Seo, M.S.; Jin, M.; Chun, J.H.; Kim, S.J.; Park, B.S.; Shon, S.H.; Kim, J.S. Functional analysis of three BrMYB28 transcription factors controlling the biosynthesis of glucosinolates in Brassica rapa. Plant Mol. Biol. 2016, 90, 503–516. [Google Scholar] [CrossRef]

	



Tian, M.; Yang, Y.; Avila, F.; William, F.; Tara, Y. Effects of Selenium Supplementation on Glucosinolate Biosynthesis in Broccoli. J. Agric. Food Chem. 2018, 66, 8036–8044. [Google Scholar] [CrossRef]

	



Yang, R.; Guo, L.; Jin, X.; Shen, C.; Zhou, Y.; Gu, Z. Enhancement of glucosinolate and sulforaphane formation of broccoli sprouts by zinc sulphate via its stress effect. J. Funct. Foods 2015, 13, 345–349. [Google Scholar] [CrossRef]

	



Miao, H.; Cai, C.; Wei, J.; Huang, J.; Chang, J.; Qian, H.; Zhang, X.; Zhao, Y.; Sun, B.; Wang, B.; et al. Glucose enhances indolic glucosinolate biosynthesis without reducing primary sulfur assimilation. Sci. Rep. 2016, 6, 31854. [Google Scholar]

	



Riahi-Madvar, A.; Rezaee, F.; Bonyad, F.J.; Ahsaei, M.G.; Goharrizi, K.J. Effect of Salinity Stress on Enzymes’ Activity, Ions Concentration, Oxidative Stress Parameters, Biochemical Traits, Content of Sulforaphane, and CYP79F1 Gene Expression Level in Lepidium draba Plant. J. Plant Growth Regul. 2020, 39, 1075–1094. [Google Scholar]

	



Amer, M.A.; Mohamed, T.R.; Rahman RA, A.; Ali, M.; Badr, A. Studies on exogenous elicitors promotion of sulforaphane content in broccoli sprouts and its effect on the MDA-MB-231 breast cancer cell line—ScienceDirect. Ann. Agric. Sci. 2021, 66, 46–52. [Google Scholar] [CrossRef]

	



Kestwal, R.M.; Lin, J.C.; Bagal-Kestwal, D.; Chiang, B.H. Glucosinolates fortification of cruciferous sprouts by sulphur supplementation during cultivation to enhance anti-cancer activity. Food Chem. 2011, 126, 1164–1171. [Google Scholar] [CrossRef]

	



Smith, H. Phytochrome and light signal perception by plants—An emerging synthesis. Nature 2000, 407, 585–591. [Google Scholar]

	



Liu, H.; Li, S.; Ma, S.Y.; Luo, L.Y.; Liu, Y. Effects of Different LED Light Qualities on Callus Induction, Proliferation and Sulforaphane Content of Raphanus sativus L. Plant Physiol. Commun. 2010, 46, 347–350. [Google Scholar]

	



Kopsell, D.A.; Sams, C.E. Increases in shoot tissue pigments, glucosinolates, and mineral elements in sprouting broccoli after exposure to short-duration blue light from light emitting diodes. J. Am. Soc. Hortic. Sci. 2013, 53, 60–133. [Google Scholar] [CrossRef]

	



Kopsell, D.A.; Sams, C.E.; Barickman, T.C.; Morrow, R.C. Sprouting Broccoli Accumulate Higher Concentrations of Nutritionally Important Metabolites under Narrow-band Light-emitting Diode Lighting. J. Am. Soc. Hortic. Sci. 2014, 139, 469–477. [Google Scholar] [CrossRef]

	



Dougher, T.A.O.; Bugbee, B. Differences in the response of wheat, soybean and lettuce to reduced blue radiation. Photochem. Photobiol. 2010, 73, 199–207. [Google Scholar] [CrossRef]

	



Zheng, Y.; Zhang, Y.; Liu, H.; LI, Y.; Liu, Y.; Hao, Y.; Lei, Y. Supplemental blue light increases growth and quality of greenhouse pak choi depending on cultivar and supplemental light intensity. J. Integr. Agr. 2018, 17, 2245–2256. [Google Scholar] [CrossRef]

	



Qian, H.; Liu, T.; Deng, M.; Miao, H.; Cai, C.; Shen, W.; Wang, Q. Effects of light quality on main health-promoting compounds and antioxidant capacity of Chinese kale sprouts. Food Chem. 2016, 196, 1232–1238. [Google Scholar] [CrossRef] [PubMed]

	



Abe, K.; Kido, S.; Maeda, T.; Kami, D.; Matsuura, H.; Shimura, H.; Suzuki, T. Glucosinolate profiles in Cardamine fauriei and effect of light quality on glucosinolate concentration. Sci. Hortic. 2015, 189, 12–16. [Google Scholar] [CrossRef]

	



Park, C.; Kim, N.; Park, J.; Lee, S.; Lee, J.W.; Park, S. Effects of Light-Emitting Diodes on the Accumulation of Glucosinolates and Phenolic Compounds in Sprouting Canola (Brassica napus L.). Foods 2019, 8, 76. [Google Scholar] [CrossRef]

	



Nawaz, F.; Shabbir, R.N.; Shahbaz, M.; Majeed, S.; Sohail, M.A. Cross Talk between Nitric Oxide and Phytohormones Regulate Plant Development during Abiotic Stresses. In Phytohormones and Their Signaling Mechanisms in Plant Development; IntechOpen: London, UK, 2017. [Google Scholar]

	



Sun, B.; Yan, H.; Zhang, F.; Wang, Q. Effects of plant hormones on main health-promoting compounds and antioxidant capacity of Chinese kale. Food Res. Int. 2012, 48, 359–366. [Google Scholar] [CrossRef]

	



Baenas, N.; García-Viguera, C.; Moreno, D.A. Elicitation: A Tool for Enriching the Bioactive Composition of Foods. Molecules 2014, 19, 13541–13563. [Google Scholar] [CrossRef]

	



Pérez-Balibrea, S.; Moreno, D.A.; García-Viguera, C. Improving the phytochemical composition of broccoli sprouts by elicitation. Food Chem. 2011, 129, 35–44. [Google Scholar] [CrossRef]

	



Gigolashvili, T.; Berger, B.; Flügge, U. Specific and coordinated control of indolic and aliphatic glucosinolate biosynthesis by R2R3-MYB transcription factors in Arabidopsis thaliana. Phytochem. Rev. 2009, 8, 3–13. [Google Scholar] [CrossRef]

	



Wang, T.; Zhang, D.; Yang, B.; Su, N.; Cui, J. Salicylic Acid Regulates Indole-3-Carbinol Biosynthesis Under Blue Light in Broccoli Sprouts (Brassica oleracea L.). Front. Plant Sci. 2022, 13, 848454. [Google Scholar] [CrossRef]

	



Meeran, S.M.; Patel, S.N.; Tollefsbol, T.O. Sulforaphane Causes Epigenetic Repression of hTERT Expression in Human Breast Cancer Cell Lines. PLoS ONE 2010, 5, e11457. [Google Scholar] [CrossRef]

	



Gao, M.; Li, G.; Yang, B.; McCombie, W.R.; Quiros, C.F. Comparative analysis of a Brassica BAC clone containing several major aliphatic glucosinolate genes with its corresponding Arabidopsis sequence. Genome 2004, 47, 666–679. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Z.; Li, S.; Sun, L. Progressin Studieson Genetic Engineering of Secondary Metabolitesin Plant. J. Jilin Agric. Sci. 2010, 35, 13–573. [Google Scholar]

	



Mittler, R. Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci. 2002, 7, 405–410. [Google Scholar] [CrossRef] [PubMed]

	



Matusheski, N.V.; Jeffery, E.H. Comparison of the bioactivity of two glucoraphanin hydrolysis products found in broccoli, sulforaphane and sulforaphane nitrile. J. Agric. Food Chem. 2001, 49, 5743–5749. [Google Scholar] [CrossRef]

	



Zang, Y.X.; Kim, H.U.; Kim, J.A.; Lim, M.H.; Jin, M.; Lee, S.C.; Kwon, S.J.; Lee, S.I.; Hong, J.K.; Park, T.H. Genome-wide identification of glucosinolate synthesis genes in Brassica rapa. Febs J. 2010, 276, 3559–3574. [Google Scholar] [CrossRef]

	



Halkier, B.A.; Du, L. The biosynthesis of glucosinolates. Trends Plant Sci. 1997, 2, 425–431. [Google Scholar] [CrossRef]

	



Golldack, D.; Su, H.; Quigley, F.; Kamasani, U.R.; Pantoja, O. Characterization of a HKT-type transporter in rice as a general alkali cation transporter. Plant J. 2010, 31, 529–542. [Google Scholar] [CrossRef]

	



Wu, X.; Su, N.; Yue, X.; Fang, B.; Cui, J. IRT1 and ZIP2 were involved in exogenous hydrogen-rich water-reduced cadmium accumulation in Brassica chinensis and Arabidopsis thaliana. J. Hazard. Mater. 2021, 407, 124599. [Google Scholar] [CrossRef]

	



Guo, L.; Yang, R.; Wang, Z.; Gu, Z. Effect of freezing methods on sulforaphane formation in broccoli sprouts. RSC Adv. 2015, 5, 3229–32297. [Google Scholar] [CrossRef]

	



Lister, C.E.; And, J.E.L.; Walker, J.R.L. Developmental Changes in Enzymes of Flavonoid Biosynthesis in the Skins of Red and Green Apple Cultivars. J. Sci. Food Agr. 1996, 1046, 58–64. [Google Scholar] [CrossRef]

	



Leon, J.; Yalpani, N.; Raskin, I.; Lawton, M.A. Induction of Benzoic Acid 2-Hydroxylase in Virus-Inoculated Tobacco. Plant Physiol. 1993, 23, 286. [Google Scholar] [CrossRef] [PubMed]

	



Sudhakar, C.; Lakshmi, A.; Giridarakumar, S. Changes in the antioxidant enzyme efficacy in two high yielding genotypes of mulberry (Morus alba L.) under NaCl salinity. Plant Sci. 2001, 161, 613–619. [Google Scholar] [CrossRef]

	



Singh, V.P.; Kumar, J.; Singh, S.; Prasad, S.M. Dimethoate modifies enhanced UV-B effects on growth, photosynthesis and oxidative stress in mung bean (Vigna radiata L.) seedlings: Implication of salicylic acid. Pestic. Biochem. Phys. 2014, 116, 13–23. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Niu, J.; Xiao, M.; Cai, Z. Graphene oxide-SiO2 nanocomposite as the adsorbent for extraction and preconcentration of plant hormones for HPLC analysis. J. Chromatogr. B 2017, 1046, 58–64. [Google Scholar] [CrossRef] [PubMed]

	



Flatschacher, D.; Speckbacher, V.; Zeilinger, S. qRAT: An R-based stand-alone application for relative expression analysis of RT-qPCR data. Bmc Bioinform. 2022, 23, 286. [Google Scholar] [CrossRef]

	



Zhou, C.; Zhu, Y.; Luo, Y. Effects of Sulfur Fertilization on the Accumulation of Health-Promoting Phytochemicals in Radish Sprouts. J. Agr. Food Chem. 2013, 61, 7552–7559. [Google Scholar] [CrossRef]

	



Nestle, M. Broccoli sprouts as inducers of carcinogen-detoxifying enzyme systems: Clinical, dietary, and policy implications. Proc. Natl. Acad. Sci. USA 1997, 94, 11149–11151. [Google Scholar] [CrossRef]

	



Ji, H.; Tang, W.; Zhou, X.; Wu, Y. Combined Effects of Blue and Ultraviolet Lights on the Accumulation of Flavonoids in Tartary Buckwheat Sprouts. Pol. J. Food Nutr. Sci. 2016, 66, 93–98. [Google Scholar] [CrossRef]

	



Christie, J.M.; Briggs, W.R. Blue Light Sensing in Higher Plants. J. Biol. Chem. 2001, 276, 11457–11460. [Google Scholar] [CrossRef]

	



Liu, Y.F.; Qi, M.F.; Li, T.L. Photosynthesis, photoinhibition, and antioxidant system in tomato leaves stressed by low night temperature and their subsequent recovery. Plant Sci. 2012, 196, 8–17. [Google Scholar] [CrossRef]

	



Yamada, K.; Hasegawa, T.; Minami, E.; Shibuya, N.; Kosemura, S.; Yamamura, S.; Hasegawa, K. Induction of myrosinase gene expression and myrosinase activity in radish hypocotyls by phototropic stimulation. J. Plant Physiol. 2003, 160, 255–259. [Google Scholar] [CrossRef] [PubMed]

	



Stine, H.; Anna, K.; Bok-Rye, L.; Shikha, S.; Richard, M.; Anne-Berit, W.; Bengtsson, G.B.; Stanislav, K. Diurnal and light regulation of sulphur assimilation and glucosinolate biosynthesis in Arabidopsis. J. Exp. Bot. 2013, 64, 1039–1048. [Google Scholar]

	



Go-Eun, Y.; Arif, R.; Kiwoung, Y.; Jong-In, P.; Byung, H.; Ill-Sup, N. Exogenous Methyl Jasmonate and Salicylic Acid Induce Subspecies-Specific Patterns of Glucosinolate Accumulation and Gene Expression in Brassica oleracea L. Molecules 2016, 2016, 1417. [Google Scholar]

	



Pucci, A.; Picarella, M.E.; Mazzucato, A. Phenotypic, genetic and molecular characterization of 7B-1, a conditional male-sterile mutant in tomato. Theor. Appl. Genet. 2017, 130, 2361–2374. [Google Scholar] [CrossRef] [PubMed]

	



Kurepin, L.V.; Walton, L.J.; Reid, D.M.; Chinnappa, C.C. Light regulation of endogenous salicylic acid levels in hypocotyls of Helianthus annuus seedlings. Botany 2010, 88, 904–910. [Google Scholar] [CrossRef]

	



Pérez-Balibrea, S.; Fernández, D.A.M.; Viguera, C.G. Influence of light on health-promoting phytochemicals of broccoli sprouts. J. Sci. Food Agric. 2010, 88, 904–910. [Google Scholar] [CrossRef]

	



Frerigmann, H.; Gigolashvili, T. MYB34, MYB51, and MYB122 distinctly regulate indolic glucosinolate biosynthesis in Arabidopsis thaliana. Mol. Plant 2014, 7, 814–828. [Google Scholar] [CrossRef]








[image: Plants 12 03151 g001] 





Figure 1. Effect of blue light on growth of broccoli sprouts at different time points. (A) Phenotype of 5/6/7 d broccoli sprouts with blue light and white light treatments. Bar = 1 cm. (B,C) The 5/6/7 d broccoli sprout height (B) and fresh weight (C) with blue light and white light treatments. Each data point represents the mean of three independent biological replicates (mean ± SE). Different letters indicated statistical differences (p < 0.05). 
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Figure 2. Effect of blue light on SFN content and MYR activity of broccoli sprouts at different time points. (A,B) The SFN content (A) and MYR activity (B) of 5/6/7 d broccoli sprouts with blue light treatment. Each data point represents the mean of three independent biological replicates (mean ± SE). Different letters indicated statistical differences (p < 0.05). 
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Figure 3. The changes of SOD, CAT and POD activities of 5/6/7 d broccoli sprouts at different time points with blue light and white light treatments. (A–C) The SOD (A), POD (B) and CAT (C) activities of 5/6/7 d broccoli sprouts with blue light and white light treatments. Each data point represents the mean of three independent biological replicates (mean ± SE). Different letters indicated statistical differences (p < 0.05). 
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Figure 4. Effects of blue light at different time points on SFN synthesis-related gene expression in broccoli sprouts. (A–F) Transcript analysis of SFN synthesis-related genes in 5/6/7 d broccoli sprouts with blue light treatment. Each data point represents the mean of three independent biological replicates (mean ± SE). Different letters indicated statistical differences (p < 0.05). 
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Figure 5. The heat map shows the differences in the expression of SFN synthesis related genes in 5/6/7 d broccoli sprouts with blue light and white light treatments. The values of log 2 [fold change (FC)] were represented using the depth of color, with green representing low expression and red representing high expression. Fold change means the ratio of the gene expression in blue light treatment to it in control. 
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Figure 6. Effect of the content of hormone, key genes and enzymatic activities of the synthetic pathway of SA in broccoli sprouts with blue light and white light treatments. (A) The hormone content of 6 d broccoli sprouts with blue light treatment, including SA, Auxin, ETH, GA, CTK and ABA. (B,C) Transcript analysis of SA synthesis-related genes (B) and the activities of key enzymes in SA synthesis (C) in 6 d broccoli sprouts with blue light treatment. ETH means ethylene, GA means gibberellin, CTK means cytokinin, and ABA means abscisic acid. Different letters indicated statistical differences (p < 0.05). 
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Figure 7. Effect of SA and Pac on SA content, SFN content and MYR activity in broccoli sprouts under blue light and white light treatments. (A–C) The SA content (A), SFN content (B) and MYR activity (C) of 6 d broccoli sprouts under blue light with SA (50 μM), Pac (100 μM) and their combination (100 μM Pac + 50 μM SA) treatments. Each data point represents the mean of three independent biological replicates (mean ± SE). Different letters indicated statistical differences (p < 0.05). 
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Figure 8. Effect of SA, Pac and their combination on expression of SFN synthesis-related genes in broccoli sprouts under blue light and white light treatments. (A–F) Transcript analysis of SFN synthesis-related genes in broccoli sprouts with SA (50 μM), Pac (100 μM) and co-treatments (SA 50 μM + Pac 100 μM). Each data point represents the mean of three independent biological replicates (mean ± SE). Different letters indicated statistical differences (p < 0.05). 
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Figure 9. The content of SFN in SA biosynthesis-deficient Arabidopsis mutants eds5 and ics1−L1 under blue light treatment. Each data point represents the mean of three independent biological replicates (mean ± SE). Different letters indicated statistical differences (p < 0.05). 
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Figure 10. A proposed model of blue light and SA regulating SFN accumulation in broccoli sprouts. On the one hand, blue light can directly promote the expression of SFN synthesis-related genes, including BoElong, BoCYP83A1, BoUGT74B1, BoST5b and BoMYR, thereby promoting the accumulation of SFN in broccoli sprouts. On the other hand, blue light inhibits the expression of SA synthesis-related genes BoPAL and BoBA2H. Then, SA biosynthesis was blocked, and the negative regulation of SA on SFN synthesis-related genes was also inhibited, thereby promoting the accumulation of SFN in broccoli sprouts. 
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Table 1. Nucleotide sequence of primers in quantitative RT-PCR.
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Gene

	
Primer Sequence (5′ to 3′)




	
Forward

	
Reverse






	
Actin

	
CTGTTCCAATCTACGAGGGTTTCT

	
GCTCGGCTGTGGTGGTGAA




	
BoElong

	
AAGGTCGTCTGAAAGAGTTGGG

	
TGATTTCGTTGTCGTTAGTGCC




	
BoCYP83A1

	
CAAACGCTACAAACTGCC

	
GTGGGTGAGAACAAGTGG




	
BoUGT74B1

	
CAAAGACGATAAAGGCTACGGC

	
TCCCAAAGGAACCAAACGAA




	
BoST5b

	
CTGATACAGCCTCGCATTG

	
GAGGGTTTGTGGAATCGTTG




	
BoMYR

	
ACACGAGATGGCAGAAAG

	
GACCTCCTTGGTTCACTC




	
BoESP

	
AAGAGGGAGGACCCGAGGCT

	
TCCTTTGCTCACTCCACC




	
BoPAL

	
AGCAGCGGAACAGATGAA

	
ACTCCCTTTCATCTGTTCC




	
BoBA2H

	
GCCCTTGTGGTAGCGAAAT

	
TTGCTCAACACCAGGAAG

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check CrossRef













media/file8.jpg
BoMYR

BoST5b

BoESP

BoElong

BoUGT74B1

BoCYP83A1





media/file13.png
SA+Pac

Pac

Con

ALALALS

lLﬂﬂ

1400
200
000

0
600

(7/10wd)
proe d1d1fes

w = u = uw = w
Lag] Lag] (o] (o] — —
(M4, 8 31i)

Juduo0d dueydeaojng

v

100

(Mmd,30)
AJIAI)OR ISBUISOIAA]

O

v





media/file12.jpg
1600

® ©
o
- @
of o
= =
i =
© a2
2k e
§iisggg-As ARt -3
(Tnoud) (na,33r)

Ju2ju0 auvydeaoyng

Pac  SA+Pac

SA





media/file18.jpg
BoCYP83AT
BoUGT74B1

Desulfo-GSL

- RECY)






media/file9.png
BoMYR

BoST5b

BoESP

BoElong

BoUGT74B1

BoCYP83A1





media/file14.jpg
ive expression

Gene relat

1]

W s
BoElong BoSTSh
long 5 D o i
b J b ¢ ¢
C [4
P 4
‘A B R il E K
e | d
BoCYP83A1 a E BoMYR
o a
b be ¢ b ¢ ¢
4
N E d
DK B K Y I €
‘f f e ) f
- m—
BoUGT7HBT F “[BoESP
b ¢ & ¢ laa aa aa aa
o3
0.
fI I I I I
Ton  SA  Pac SA+Pac *=Con  SA  Pac SAtPac





media/file5.png
(Md  3n)aos  (

Ad uw 3 )) a0d  (Md U 3 1) LVD
< = @





media/file15.png
Gene relative expression

o
=

t BoElong

b

a
C C
d
e &
[~ [

&

BoCYP83A1

L BoUGT74B1

11

b

SA+Pac

B B

BoST5b
8 L

b

11

e <

BoMYR

e

o

1114

- N

q4a

BoESP
1.2¢ a
aa aa aa
0.8}
0.4}
0.0—
Con SA Pac
