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Abstract

:

Phenylpropanoids are naturally occurring compounds that exert beneficial pharmacological effects on human health. Phenylpropanoids can act as antioxidants and are involved in resistance to ultraviolet light and cancer; these compounds possess anti-inflammatory, antiviral, and antibacterial activity, and aid in wound healing. The expression of genes involved in phenylpropanoid biosynthesis, and consequent accumulation of phenylpropanoids in wheat sprout under conditions of stress, have not been extensively studied. This is the first study to examine the effects of light-emitting diodes (LED) on the expression of genes involved in phenylpropanoid biosynthesis and accumulation of phenylpropanoids in wheat sprouts. Our results, obtained using qRT-PCR and HPLC analyses, indicate that white light (380 nm) was the optimal wavelength for epicatechin biosynthesis in wheat sprouts. Compared with the effects of white light, blue light (470 nm) enhanced the accumulation of gallic acid and quercetin, but decreased the levels of p-coumaric acid and epicatechin; red light (660 nm) increased the accumulation of ferulic acid at 8 day and p-coumaric acid at 12 day. Compared gene expression with phenylpropanoid content showed that TaPAL3, TaPAL4, and TaDFR maybe important genes in phenylpropanoid biosynthesis in wheat sprout. This study provides insights into the effects of led lights on phenylpropanoid production in wheat sprouts. This knowledge will help improve secondary metabolite production in wheat sprouts.
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1. Introduction


There has been an increase in the use of sprouted grains, including barley, rye, wheat, triticale, rice, oats, sorghum, maize, and buckwheat in the human diet. Wheat (Triticum aestivum L.) is an important grain cultivated worldwide. It is a significant source of human nutrition that provides dietary fiber, minerals, vitamins (notably thiamine, riboflavin, niacin, B5 vitamin, and B6 vitamin), phytochemicals (such as phenolic acids, flavonoids, stilbenes/lignans, and carotenoids), and protein (mainly gluten) [1]. During growth and development, wheat is affected by environmental factors, including light quality, UV light, temperature variations, and irrigation. One of the most influential factors is light, which affects plant photosynthesis, physiology, variation in growth, and development. Light also drives the production of metabolites in plants [2,3]. Near monochromatic light-emitting diodes (LEDs) possess features such as wavelength specificity, high energy-conversion efficiency, long operating lifetime, low heat emission, small size, and adjustable light intensity [4,5]. The use of LEDs enables us to assess how different narrow-band wavelengths of light impact the accumulation of secondary compounds, and seedling morphology and physiology, in controlled environments. Numerous studies have examined the influence of LEDs on plant production of secondary metabolites. LEDs have been used to examine the production of secondary metabolites in lettuce [6,7], buckwheat [8,9], lemon balm [10], pea seedling [11], broccoli [3], bitter melon [12], Chinese cabbage [13], rapeseed [14], and kale [2]; however, the influence of LEDs on the production of secondary metabolites in wheat sprouts has not been investigated.



Phenylpropanoids are a large class of secondary metabolites, including coumarins, aurones, catechin, isoflavonoids, lignin, lignocellulose, flavonoids, and stilbenes [15]. Phenylpropanoids are present in fruits, vegetables, medicinal herbs (seeds, root, and leaves), and nuts [16,17]. Phenylpropanoids possess anti-inflammatory, antiviral, anti-allergenic, antibacterial, and antioxidant properties, which are beneficial to human health [18,19,20]. Phenylpropanoid is also reported to inhibit carcinogenesis and reduce the risk of diabetes and heart disease [21,22]. In plants, the major component of plant cell walls is lignin [23]. The antimicrobial properties of certain phenylpropanoids are also used in the defense of the plant during plant–microbe interactions [24]. Phenylalanine is involved in the phenylpropanoid biosynthetic pathway (Figure 1). In the first three steps, phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), and p-coumaroyl coenzyme A ligase (4CL) catalyze the conversion of phenylalanine into p-coumaroyl CoA; this is termed the general phenylpropanoid pathway (GPP) [25]. Ferulic acid is formed from p-coumaric acid via the activity of 4-hydroxycinnamate 3-hydroxylase (CH3) and caffeic acid 3-o-methyltransferase (COMT). In the next three steps, dihydrokaempferol is formed from p-coumaroyl CoA via chalcone synthase (CHS), chalcone isomerase (CHI), and flavone 3-hydroxylase (F3H). Subsequently, flavonoid 3′-hydroxylase (F3′H) catalyzes the production of dihydroquercetin and splits it into two branches. Flavonol synthase (FLS) converts dihydroquercetin to quercetin. Dihydroflavonol-4 reductase (DFR) catalyzes the transformation of dihydroquercetin into leucocyanidin, and then into epicatechin.



In this study, we analyzed the expression of genes involved in phenylpropanoid biosynthesis pathways. We then examined the accumulation of the products encoded by these genes in wheat sprouts treated with white, blue, and red light. This study provides insights into phenylpropanoid production in wheat sprouts under controlled environmental conditions.




2. Materials and Methods


2.1. Plant Materials


Wheat seeds were purchased from Asia Seed Co., Ltd. (Seoul, Korea) One hundred wheat seeds were placed into separate pots (size: 11 cm × 11 cm). The pots were placed in a growth chamber maintained at a 16-h light/8-h dark cycle and temperature of 25 °C and irradiated with 380 nm (white light), 470 nm (blue light), or 660 nm (red light). Wheat spouts were harvested at 4, 8, or 12 days of growth, and then shoot length, root length, and fresh weight were measured. These harvested samples were powdered using liquid nitrogen for quantitative real-time PCR (qRT-PCR), which was used to examine the expression levels of genes involved in phenylpropanoid and flavonoid biosynthesis. The harvested samples were also freeze-dried at −80 °C for 72 h for high performance liquid chromatography (HPLC) analysis used to assess the content of phenolic compounds. All samples were prepared in triplicate.




2.2. Total RNA Isolation and cDNA Synthesis


Each sample of wheat sprout was finely ground in liquid nitrogen. Total RNA was isolated using the Easy BLUE Total RNA Kit (iNtRON, Seongnam, Korea). An agarose gel (1.2%) and NanoVue plus (GE Healthcare Life Sciences, Marlborough, MA, USA) were used to determine the quality of RNA in each sample. Then, 1 ng of total RNA per sample was used to synthesize cDNA using a ReverTra Ace kit (Toyobo Co., Ltd., Osaka, Japan).




2.3. Quantitative Real-Time PCR Analysis


Primers were designed using the Primer3 website (http://bioinfo.ut.ee/primer3-0.4.0/primer3/) [26] based on the sequence of genes involved in the wheat phenylpropanoid pathway (Table 1). Each qRT-PCR reaction mixture (20 µL) contained 5 µL cDNA diluted 20-fold, 10 µL 2× SYBR Green buffer, 3 µL DNase-free water, and 2 µL primers (10 ppM). All qRT-PCR reactions were performed thrice using a Bio-Rad CFX machine and Bio-Rad CFX Manager software (version 2.0, Bio-Rad Laboratories, Inc., Hercules, CA, USA). PCR reactions were performed under the following thermal cycling conditions: 95 °C (5 min), 38 cycles of 95 °C (20 s), 56 °C (20 s), 72 °C (20 s), and 72 °C (8 min). The expression of actin (TaActin, accession number: GQ339780) was used as a reference to quantify the expression of genes involved in phenylpropanoid biosynthesis in wheat sprouts.




2.4. Analysis of Phenylpropanoid Content by HPLC


Samples of wheat sprouts were extracted and subjected to HPLC analysis of soluble phenolic compounds using the method by Cuong et al., (2018) with slight modifications [27]. Prior to HPLC analysis, samples of wheat sprouting were freeze-dried at −80 °C for at least 48 h, and then ground into a fine powder using mortar and pestle. For extraction of phenolic compounds, 80% aqueous MeOH (3 mL) was added to 100 mg of each powdered sample. Each mixture was vortexed for 1 min and vigorously sonicated at 35 °C for 60 min. After centrifugation at 10,000 g for 15 min, the supernatants were filtered through 0.45-µm filters for HPLC analysis. The conditions and gradient program for HPLC, used in this study, have previously been described by Cuong et al., (2018) [27]. HPLC analysis was performed with a C18 column (250 mm × 4.6 mm, 5 µm; RStech; Daejeon, Korea). The mobile phase consisted of methanol and water:acetic acid (98.5:1.5 v/v), and the column was maintained at 29 °C. The flow rate was maintained at 1.0 mL/min−1, the injection volume was 20 µL, and the detection wavelength was 280 nm. Spiking tests and comparison of retention time were performed for peak identification. Corresponding calibration curves were used to quantify the contents of phenolic compounds.




2.5. Statistical Analysis


All the results in this study are expressed as the mean ± SD of three independent replicates. The data were analyzed using the computer software Statistical Analysis System (SAS version 9.2, SAS Institute Inc., Cary, NC, USA, 2009). Treatment mean comparisons were performed with the least significant difference (LSD).





3. Results and Discussion


3.1. Wheat Sprout Growth under LED Light


Shoot length, root length, and fresh weight of wheat sprouts were measured at 4 to 12 days after sowing (DAS) (Figure 2). The three groups of wheat sprouts, grown under the three differed LED lights, showed different growth patterns. Wheat sprouts grown under blue light showed slower development than that of wheat sprouts grown under white and red light. The shoot and root length were similar between the wheat sprouts grown under white and red light (Figure 2). The length of shoots and roots increased over time under all three LED light conditions; however, after 8 days of growth, the shoot and root length did not increase insignificantly. Fresh weight decreased at 8 to 12 days of growth. These results indicate that maximal biomass for commercial purposes can be achieved in wheat sprouts grown under white or red light for approximately 8 days; however, wheat sprouts grown under blue light showed decreased development. These results agree with the findings of Jacobsen et al., [28] who found that blue light inhibits germination in dormant grain. Blue light also inhibits germination in barley [29], brachypodium [30], and ryegrass [31].




3.2. Expression of Phenylpropanoid Biosynthesis Genes in Wheat Sprouts Grown under White, Blue, or Red Light


Using quantitative RT-PCR analysis, we investigated the transcriptional levels of genes involved in phenylpropanoid biosynthesis in wheat sprouts at 4, 8, or 12 days after germination under white, red, or blue light (Figure 3). The expression of TaPAL1 at day 4 and day 12 under blue light was higher under white and red light treatment. However, expression of TaPAL1 was highest at day 8 under white light treatment. The transcription of TaPAL2 was highest under red light illumination, higher by 2.02-, 1.97-fold than white and blue illumination, respectively. TaPAL3 expression level under blue light was higher than white and red at day 4. The expression of TaPAL3 and TaPAL4 under red illumination at day 8 and day 12 were significantly higher than white and blue illumination. At 8 days illumination, the expression of TaC4H, Ta4CL1, TaCHS, TaF3H, TaF3′H, TaFLS6, and TaCOMT1 were highest under red light. Ta4CL2 and Ta4CL3 expression were highest at day 12 under white illumination, higher by 3.7-, 1.74-fold and 2.93-, 1.72-fold than blue and red illumination, respectively. Ta4CL5 expression level under red illumination was higher than white and blue at all experiment time. The expression of TaFLS1 under blue illumination at day 12 was lower than white and red illumination. TaFLS2 expression level was highest at day 4 under blue illumination, higher by 2.8-, 1.4-time than white and red, respectively. The expression of TaFLS3 at day 8 and day 12 under white illumination were significantly higher than blue and red. Under blue illumination, TaDFR expression level was lower than white and red illumination. Under white light, the transcription of TaPAL1, TaPAL3, Ta4CL1, Ta4CL3, Ta4CL5, TaCHI, TaFLS1, TaFLS2, and TaFLS6 decreased at 8 DAS and then increased at 12 DAS. The expression of TaPAL2, TaC4H, Ta4CL1, Ta4CL2, TaCHS, TaF3H, TaF3’H, and TaFLS3 steadily increased at 4 to 12 DAS, while expression of TaPAL4 and TaDFR gradually decreased at 4 to 12 DAS under the same lighting conditions. Under blue light illumination, the expression of TaPAL2, TaC4H, Ta4CL3, TaCHS, TaF3H, TaF3′H, and TaFLS3 was increased, while that of TaCHI, TaFLS2, and TaDFR was gradually decreased at 4 to 12 DAS. The expression of TaPAL1, TaPAL3, TaPAL4, Ta4CL1, Ta4CL5, TaFLS1, TaFLS6, and TaCOMT1 decreased at 8 DAS but subsequently increased at 12 DAS, under blue light illumination. Compared with levels of expression observed under white light, the expression of TaPAL2, TaC4H, Ta4CL1, Ta4CL2, Ta4CL3, Ta4CL5, TaF3H, and TaFLS3 under blue light was significantly decreased (Figure 3). The expression of almost all genes under red light was similar to that under white and blue light; however, the expression of TaPAL4, Ta4CL1, and Ta4CL5 showed greater changes under red light. The expression of TaPAL2, TaPAL4, TaC4H, Ta4CL1, TaCHS, TaF3H, and TaFLS6 was gradually increased, in contrast to TaFLS1, TaFLS2, and TaDFR, which gradually decreased at 4 to 12 DAS under red light.




3.3. Effects of LEDs on Phenylpropanoid Content in Wheat Sprouts


After treatment with white, blue, or red light for 4, 8, or 12 days, the content of phenylpropanoids was analyzed in wheat sprouts by HPLC analysis (Figure 4). Our results indicate that different lights exerted different effects on phenylpropanoid biosynthesis. The accumulation of phenylpropanoids, except that of epicatechin, was gradually increased at 4 to 12 days of growth under all light conditions. Epicatechin, one of the main phenylpropanoids found in wheat sprouting. The highest content of epicatechin was observed at 4 days and gradually decreased at 8 to 12 days under all three LEDs lights condition. The highest content of epicatechin (616.56 µg/g dry weight) was found at 4 days of growth under white light; this was 1.46- fold and 1.3-fold higher than that observed under blue or red light, respectively. The high content of epicatechin observed under white light coincided with the expression of TaDFR, which decreased at 4 to 12 days of growth.



In this study, six soluble phenolic compounds (gallic acid, p-coumaric acid, ferulic acid, 4-hydroxybenzoic acid, quercetin, and epicatachin) were detected in wheat sprouts exposed to different types of LEDs. Our results agree with those of previous studies reporting the presence of 4-hydroxybenzoic acid [32], ferulic acid [32], p-coumaric acid [32], gallic acid [33], and epicatechin [33] in wheat sprouts. Under all the light conditions used in this study, the contents of gallic acid, 4-hydroxybenzoic acid, p-coumaric acid, and quercetin were gradually increased and reached a maximum at 12 days; this coincided with the expression of TaPAL2, TaC4H, Ta4CL1, TaCHS, and TaF3H, which was increased at 4 to 12 days. The accumulation of ferulic acid peaked at 8 DAS, decreased under blue and red light, but gradually increased under white light. Under blue light, the accumulation of gallic acid (20.18 µg/g dry weight) at 8 days of growth was 1.2-fold and 1.5-fold higher than that observed under white and red light, respectively, and this accumulation maintains for up to 12 days. The content of quercetin in wheat sprouts was increased at 4 to 12 days under all the LED light conditions used in this study. However, under blue light, the accumulation of quercetin was the highest at 12 days (51.77 µg/g dry weight), which was 3.12-fold and 1.9-fold higher than that observed under white and red light, respectively. The effect of blue light on the accumulation of secondary compounds in plants has been examined previously. In Norway spruce, blue light enhances the accumulation of flavonoids, lignin, and phenylpropanoids [34]. Blue light also promotes the accumulation of polyphenols in lettuce [6] and that of phenolic compounds in Chinese cabbage [13]. In this study, treatment with red light affected the content of p-coumaric acid in wheat sprouts. The accumulation of p-coumaric acid was the highest (8.11 µg/g dry weight) at 12 days of growth under red light, which was 1.27-fold and 1.77-fold higher than that observed under white and blue light, respectively. This coincided with the expression of TaPAL3 and TaPAL4, which was highest under red light. Red light also has been reported to enhance the accumulation of charantin in bitter melon [12], aliphatic glucosinolates in kale [2], and β-cryptoxanthin in citrus fruit [35]. Exposing pea seedlings to red light is an effective method for inducing accumulation of β-carotene [11].





4. Conclusions


In summary, our results indicate that illumination with white light was optimal for inducing the accumulation of 4-hydroxybenzoic acid and epicatechin in wheat sprouts. Compared with the effects obtained using white light, blue light increased the accumulation of gallic acid and quercetin but decreased the contents of epicatechin. Red light was optimal for inducing p-coumaric acid and ferulic acid biosynthesis in wheat sprouts. Compared gene expression with phenylpropanoid content showed that TaPAL3, TaPAL4, and TaDFR maybe important gene in phenylpropanoid biosynthesis in wheat sprout. This is the first study to examine the effects of LED light on the expression of genes involved in phenylpropanoid biosynthesis and accumulation of phenylpropanoids in wheat sprouts. Further studies are needed for a more comprehensive assessment of these effects.
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Figure 1. Proposed phenylpropanoid and flavonoid biosynthetic pathway in wheat sprouts. Blue color denotes the phenylpropanoids and flavonoids assessed in this study via HPLC analysis. Red color indicates the enzymes whose gene expression was assessed via qRT-PCR. PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase; C3H, 4-hydroxycinnamate 3-hydroxylase; COMT, caffeic acid 3-O-methyltransferase; 4CL, 4-coumaroyl CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3′H, flavonoid 3′-hydroxylase; FLS, flavonol synthase; DFR, dihydroflavonol-4 reductase; 3GT, flavonoid 3-o-glucosyltransferase. 
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Figure 2. Development of wheat sprout at 4, 8, and 12 days of growth under white, blue, and red LED lights. The scale bars represent 2 cm. The means and standard deviations were obtained from three independent experiments. Letters a–e indicate significant differences (p < 0.05). 
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Figure 3. Expression levels of genes involved in phenylpropanoid biosynthesis in wheat sprouts irradiated with white, blue, or red LED light. The means and standard deviations were obtained from three independent experiments. Letters a–g indicates significant differences (p < 0.05). 






Figure 3. Expression levels of genes involved in phenylpropanoid biosynthesis in wheat sprouts irradiated with white, blue, or red LED light. The means and standard deviations were obtained from three independent experiments. Letters a–g indicates significant differences (p < 0.05).
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Figure 4. Phenylpropanoid content (µg/g dry weight) in wheat sprouts irradiated with white, blue, and red LED lights. Samples were harvested after 4, 8, and 12 days of growth under illumination and used for HPLC analysis. The means and standard deviations were obtained from three independent experiments. Letters a–e indicate significant differences (p < 0.05). 






Figure 4. Phenylpropanoid content (µg/g dry weight) in wheat sprouts irradiated with white, blue, and red LED lights. Samples were harvested after 4, 8, and 12 days of growth under illumination and used for HPLC analysis. The means and standard deviations were obtained from three independent experiments. Letters a–e indicate significant differences (p < 0.05).
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Table 1. Primers used in this study for quantitative real-time PCR analysis.
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Gene

	
ID

	
Primer Sequence (5′ to 3′)




	
Forward Primer

	
Reverse Primer






	
WpPAL1

	
CJ628388.1

	
GCTCTTTGAGGCCAATGTTCTT

	
GCTTCTATCTGTCCAGGGTGGT




	
WpPAL2

	
CJ707202.1

	
CTACATGGCACTCGCAAAGAAG

	
GTTGATCTCACGCTCGATTGAC




	
WpPAL3

	
CJ805150.1

	
TACATGAAGCAGGCAAAGAAGC

	
TTGTCGTTGACGGAGTTGATCT




	
WpPAL4

	
BQ752712.1

	
GTGAACTCTCTGGGCCTTGTGT

	
TCACGGAGGTCTTGATGTTCTC




	
WpC4H

	
HX132432.1

	
CAACCACCGCAACCTCAT

	
GGTGAAGATGTCGAAGACGA




	
Wp4CL1

	
GH727954.1

	
GCCGCTGTTCCACATCTA

	
GGTCGCTCTTGGCGATCT




	
Wp4CL2

	
CJ951387.1

	
GAGGCCACAAAGAACACCAT

	
TTTGATTTCGGCGTGTGTAA




	
Wp4CL3

	
CK163034.1

	
AGTTCGCCTTCTCCTTCCTC

	
CGTACTCCAGCACCTTGTCC




	
Wp4CL5

	
GH724596.1

	
CAAGGGCGTCATGCTCA

	
AGCGAGTAGATGTGGAACAGC




	
WpCHS

	
HX091886.1

	
CGTGGACGAAGTGATGAAGA

	
TTAGGTGTTCGCTGTTGGTG




	
WpCHI

	
CD890742.1

	
ACAAGGTGACGGAGAACTGC

	
GAGTGGGTGAAGAGGATGGA




	
WpF3H

	
CJ659795.1

	
CTGGAGAAGGTGATGGCTGT

	
CAGATAGTCCCGCCAGTTGT




	
WpF3′H

	
HX255892.1

	
AAGGAGAGGCGCAATAGGAT

	
GTGATGGGGAAGCTACAAGC




	
WpFLS1

	
BE423889.1

	
TGAAGGATTTGGCTACTGTGG

	
GAGAAGACGCGGATGTCGT




	
WpFSL2

	
BQ244276.1

	
ATCCAAACTGACACGCATGA

	
AGTTCCCGGCCAAGTACAAG




	
WpFLS3

	
HX107493.1

	
CTACGGCTTCTTCCAGATCG

	
CAGATAGTCCCGCCAGTTGT




	
WpFLS6

	
CD454732.1

	
GTACCAGCATCCGTCCTTGA

	
GTGGTGCTCCTCCAGAAGAT




	
WpDFR

	
CJ714375.1

	
TACGACCAGGACAACTGGAG

	
GGGATGATGCTGATGAAGTC




	
WpCOMT1

	
CJ858964.1

	
CCATCAAGGGCATCAACTTC

	
CAAGGCGTCGTAGCAGTTCT




	
WpActin

	
GQ339780

	
CGTGTTGGATTCTGGTGATG

	
CGAGCTTCTCCTTGATGTCC












© 2019 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 (http://creativecommons.org/licenses/by/4.0/).
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