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Abstract

:

Flaxseed could be suitable for obtaining high-quality sprouts and microgreens thanks to high amounts of nutrients and antioxidant, antidiabetic, and anticancer compound content in its seeds. Recent studies highlighted that seedling growth, nutritional compound, and secondary metabolite content can be strongly managed by regulation of the light spectrum used during germination. The present study intended to shed light on flaxseed as emerging and novel species for sprouts and microgreens and to evaluate the effect of light, with different spectrum compositions (100% blue, 100% red, 100% green, and red:green:blue—1:1:1) on the performance of flax microgreens and sprouts grown indoors under controlled conditions. Microgreens showed, compared to sprouts, a higher chlorophyll (+62.6%), carotenoid (+24.4%), and phenol content (+37.8%), antioxidant capacity (+25.1%) and a lower dry matter content (−30.7%). Besides, microgreens treated with 100% blue light were characterized by the highest content of flavonoids (2.48 mg CAE g−1 FW), total phenols (3.76 mg GAE g−1 FW), chlorogenic acid (1.10 mg g−1 FW), and antioxidant capacity (8.06 µmol TEAC g−1 FW). The paper demonstrates the feasibility of obtaining flax sprouts and microgreens indoors with a considerable antioxidant capacity and health-promoting compounds by modulating the light spectrum.
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1. Introduction


Sprouts and microgreens have gained an ever-increasing popularity over the last few decades as emerging types of specialty vegetable and new functional foods. Sprouts are young seedlings obtained from seed germination with a very short growth cycle (4–10 days), while microgreens (a marketing term) are young and tender greens without roots that are harvested 10–14 days from sowing, after the development of the cotyledon leaves, and first true leaves [1].



Beside their unique taste and flavor, both sprouts and microgreens have a higher nutritional and health profile compared to seeds or mature plants, thanks to the germination process. The germination process, in fact, generally improves the overall nutritional quality by reducing the amounts of antinutrients, such as cyanogenic glycosides (CNGs), protease inhibitors and phytates, and by increasing the levels of desired compounds. Sprouting induces activation and de novo synthesis of hydrolytic enzymes that make nutrients available for plant growth and development, thus, consumption of sprouted grains is suggested to be beneficial for human health [2]. Sprouting of seeds is known to increase, in a natural way, the nutritive and nutraceutical value in terms of improved levels of oligo- and monosaccharides [3], free fatty acids [4], oligopeptides, amino acids [5], vitamins, available carbohydrates, dietary fibers, and phytochemicals such as polyphenols (flavonoids, phenolic acids, lignans, phytoestrogens). Therefore, sprouts and microgreens show very high antioxidant, antidiabetic, and anticancer properties [6], and, in the specific case of microgreens, the greater content of phytochemicals and antioxidants were found in the first pair of leaves than in the mature ones [7]. The relative amounts of all these health-promoting compounds depend on the plant species, cultivar, environmental conditions, germination performances (germination percentage and mean germination time), storage, and processing.



The number of plant species that can be consumed as sprouts or microgreens is huge and the most exploited include cereals, legumes, crucifers, oilseeds [2,8]. Among the latter, flaxseed (Linum usitatissimum L., Linaceae family), although little investigated for sprouting purposes, could represent an appreciated plant species for obtaining high-quality sprouts and microgreens thanks to several peculiar traits of its seeds. Flaxseed has regained, in recent years, a growing interest as an important functional food ingredient owing to the presence, in its seeds, of high amounts of nutrients and biologically active compounds such as high-quality proteins, a very high amount of polyunsaturated fatty acids (PUFAs), especially α-linolenic acid (>50% of total fatty acids), dietary fibers and phenolic compounds, such as phenolic acids (mainly ferulic acid, chlorogenic acid, and gallic acid), flavonoids (belonging to the sub-group of flavones), and lignans (mainly secoisolariciresinol diglucoside) [9,10,11]. Finally, flaxseed contains carotenoids such as β-carotene [12] and water-soluble and fat-soluble vitamins, mostly represented by vitamin E, in its γ-tocopherol form, responsible for protection of cell proteins and fats against oxidation processes [11]. Beside their content in functional elements, flaxseed is not totally free of anti-nutritional factors, such as cyanogenic glycosides (CNGs) and phytates. To overcome this, the germination process could be adopted also in flaxseed in order to obtain sprouts and microgreens with reduced levels of antinutrients [13,14], as done for other plant species [15,16]. To date, flaxseed sprouts have been little investigated, and the few studies carried out on this topic have shown higher content of essential micronutrients (Fe, Mn, and Zn) compared to the seed themselves [17], high level of phenolic compounds [18], water-soluble proteins and free amino acids [13], free fatty acids, glycolipid fractions, lysophosphatidylcholine, and phospholipids [19]. On the other hand, biochemical composition can be strongly influenced by environmental factors, such as light (exposure to different light spectrum, intensity, or dosage) [1], since light plays a crucial role in modulating the concentration of plant secondary metabolism.



Recent studies have highlighted the possibility of regulating seedling growth and increasing the content of pivotal nutritional compounds and secondary metabolites through appropriate regulation of the light spectrum used during germination. Many recent studies underlined the diversity of response of several crops towards different light conditions, in terms of both quality (wavelength) and dose (intensity and duration of exposure) [20,21]. Particularly, recent studies on microgreens and sprouts have shown the strong influence of red- and blue-light supplementation on carotenoids, chlorophylls, and phenolics accumulation in several plants of food interest, e.g., soybean, mustard, beet, pak choi, and parsley [22,23,24]. To the best of our knowledge, there are no data in the literature about the effect of different light spectra on growth and quality of sprouts and microgreens deriving from flaxseed. Therefore, the present study intends to shed light on flaxseed as emerging and novel species for sprouts and microgreens and to evaluate the effect of light, with different spectrum compositions, on the performance of flaxseed microgreens and sprouts grown indoors under controlled conditions. The variant effect of light treatment, on pigments and antioxidant compounds, was compared in microgreens and sprouts.




2. Materials and Methods


2.1. Plant Material and Growth Conditions


Two experiments were conducted, so that the second one was the replication of the first one, at the Department of Agriculture, Food and Environment of the University of Pisa, Italy (latitude 43°40′ N) during December 2020 and January 2021. Seeds of flaxseed (Linum usitatissimum L.) were used as starting material.



The brown seeds, of the commercial variety Sideral, (Semfor s.r.l., Verona, Italy), were preliminary tested for germination (G%) and mean germination time (MGT, days), according to the International Rules for Seed Testing [25]. For each accession, four replications of 100 seeds each were placed on Petri dishes on filter paper soaked in water (5 mL) and incubated for 16 h dark at 20 °C and 8 h light at 30 °C in germination cabinets. Germination was monitored every 2 days up to 21 days. Germination ended with the appearance of cotyledons. Germinated seeds were daily counted, and germination counts were stopped when final germination percentages were reached.



Germination percentage averaged 98% (±2.36) and mean germination time 3.00 (±0.17) days.



For the experiments, the seeds were sown in plastic trays (10 × 6.5 cm), on a substrate consisting of moistened filter paper placed on a jute felt (for sprout production) or directly on the jute felt (air porosity 87.6%, free porosity at pF1 46.5%, water-retention capacity 41.1%, Green Felt, http://www.maiano.it/eng/nursery.html, accessed on 18 January 2022) (for microgreen production). Before sowing, seeds were soaked in distilled water for 2 h at room temperature (18 °C) in the dark and then thoroughly rinsed with distilled water to remove seed-coat mucilage. In order to obtain about 2 seeds cm−2, 1 g of seeds (about 130 seeds) was sown on each tray (replicate), and watered with distilled water. After sowing, the trays were moved in a growth chamber, and kept in the dark at 20 °C for 72 h. Then, LED lights (AMBRALIGHT, LED AE80), with different spectrum compositions (detailed below), were used to provide 200 PPFD with a photoperiod of 24 h for 4 days, and 16 h for the next 7 days. The 16 h photoperiod was chosen since it is commonly used for the cultivation of microgreens, and we have previously used this photoperiod in others experiments with microgreens [26].



Before starting the experiments, the seeds were characterized in terms of fatty-acid composition and phytochemical properties. The results obtained from these assays are reported in Table 1.




2.2. Experimental Design


Three replicates, composed of two trays of seedlings, were used for each treatment (six trays of each treatment in each experiment). The light spectrum of the different treatments was: 100% blue (peak at 450 nm) (B), 100% red (peak at 660 nm) (R), 100% green (peak at 520 nm) (G), and R:G:B—1:1:1 (RGB). Trays were watered using a half-strength Hoagland’s nutrient solution with this composition: N-NO3 7.5 mM, P-H2PO4 0.5 mM, K 3.0 mM, Ca 2.5 mM, Mg 1.0 mM, Fe 25.0 µM, B 23.1 µM, Mn 4.6 µM, Zn 0.39 µM, Cu 0.16 µM, Mo 0.06 µM. The pH was 5.56, and the electrical conductivity (EC) was 1.15 mS cm−1.




2.3. Determinations


2.3.1. Biomass Production


Sprouts and microgreens were harvested 4 (7 days after sowing) and 11 (14 days after sowing) days after turning on the lights, respectively, and fresh weight (FW) was determined. Sprouts were constituted by shoots and rootlets, otherwise, microgreens were cut just above the growth substrate and were constituted only by shoots. After drying in a ventilated oven at 70 °C, for 4 days, till constant weight, dry weight (DW) of samples was measured. The fresh and dry biomass production were expressed as g FW m−2 and g DW m−2, respectively.




2.3.2. Total Phenol and Flavonoid Content


Total phenol and flavonoid contents were determined in fresh samples of sprouts and microgreens at harvest. An aliquot of 100 mg of vegetable tissues (FW) was extracted with 5 mL methanol 99% (v/v).



Total phenolic content was measured using the Folin–Ciocalteau reagent [27], and calculated using the calibration curve containing 0, 50, 100, 150, and 250 mg gallic acid equivalents (GAE) L−1. Values were expressed as mg of GAE g−1 FW.



For the determination of flavonoid content, 0.1 mL of the methanolic extract was added to 60 µL of NaNO2 (5%), 40 µL of AlCl3 (10%), and after 5 min, 0.4 mL of NaOH and 0.2 mL of H2O. Then, the absorbance was read at 510 nm. The results were expressed as mg catechin (CAE) g−1 FW [28].




2.3.3. Chlorogenic Acid Content


The chlorogenic acid content of the methanolic extracts was evaluated by HPLC. The chromatographic apparatus (Jasco, Tokyo, Japan) included a PU-2089 four-solvent low-pressure gradient pump and an MD-4010 diode array detector. The HPLC separation was performed using a Macherey–Nagel C18 250/4.6 Nucleodur® 100–5 Isis column equipped with a guard column, at a flow rate of 1 mL min−1. Injection volume was 20 µL and the working wavelength range was 220–550 nm. Acetonitrile (solvent A) and 0.1% phosphoric acid (solvent B) were used for elution, with the following gradient: 0–12 min, A 10–25%; 12–13 min, A 25–95%; 13–16 min, A 95%; 16–17 min, A 95–100%, followed by 5 min equilibration (A 100%). Based on the chromatographic profile that was observed, standard solutions of chlorogenic acid (Sigma-Aldrich, Milano, Italy) in the range 5–20 mg L−1 were used for calibration.




2.3.4. Antioxidant Capacity


The leaf antioxidant capacity was measured using both the FRAP [29] and the ABTS [30] assays. In the former method, 0.1 mL of the methanol extract was added to 0.9 mL of FRAP reagent, which consisted of 1 mM 2,4,6-tripyridyl-2-triazine (TPTZ) and 2 mM ferric chloride in 250 mM sodium acetate (pH 3.6), then mixed and kept at 20 °C for 4 min. The absorbance was read at 593 nm, and the results were expressed as µmol of Fe(II) mg−1 FW. The ABTS assay is based on the decolorization of ABTS˙+, the cationic radical of 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid), at 30 °C. The radical solution, containing 7 mM ABTS and 2.45 mM potassium persulfate, was prepared 16 h before use and was diluted immediately before the assay to an absorbance value of about 0.7 at 734 nm. The absorbance was measured 1 min after addition of 100 µL methanol (blank) or properly diluted methanolic extract (sample) to 1.0 mL ABTS˙+ solution, and the percentage inhibition was calculated as % Inhibition = (Ablank − Asample)/Asample ∗ 100. A concentration–response curve was obtained in the same way using standard Trolox solutions (0–16 µM) and the results were expressed as μmol Trolox equivalents g−1 FW.




2.3.5. Chlorophyll, Carotenoid, and Anthocyanin Content


Total chlorophyll, chlorophyll a, b, and carotenoid content were determined in fresh samples according to the Lichtenthaler method [31]. Foliar fresh tissues (100 mg) were extracted with 5 mL methanol 99% v/v. The concentrations of chlorophyll a, chlorophyll b, and carotenoids were calculated using the Welburn and Lichtenthaler equation [32].



The total anthocyanin content was assessed in fresh samples of the second experiment. A 100 mg measure of fresh microgreens was extracted using 5 mL of acidified 80% methanol (containing 1% hydrochloric acid). The absorbance of acid extract was read at 530 nm and the results were expressed as mg cyanidin-3-glucoside (C3G) g−1 FW, using the value 38,000 M−1 cm−1 for the molar absorptivity [33].





2.4. Statistical Analysis


Since the second experiment was the replication of the first one and the results obtained from the two experiments agreed, the data of the both experiments were analyzed together, and thus, the final value is the result of the mean of six replicates. The data of the anthocyanin content were separately analyzed since it was measured only in the second experiment, and in this case the replicates are three. Data were subjected to two-way ANOVA, with stage and light treatment as variables. Mean values were separated by LSD test (p < 0.05). A principal component analysis (PCA) was also performed on the measured parameters, after standardization of data. Statistical analysis was performed using R Statistical Software.





3. Results


The differences reported in the following sections refer to average values of the two experiments.



3.1. Effect of Harvest Stage


The harvest stage significantly affected the fresh biomass and the dry matter content. The fresh biomass (FW) was higher in microgreens than in sprouts (Table 2). Besides, the dry matter content was 44.7% higher in sprouts than in microgreens (Table 2).



Microgreens showed a higher content of chlorophyll a, b, total chlorophylls, and a lower amount of carotenoids, compared to sprouts (Table 3). Otherwise, in the second experiment, the anthocyanin content was 45.2% lower in microgreens compared to sprouts (Figure 1).



Higher total phenol and flavonoid content, respectively, was detected in microgreens compared to sprouts (Figure 2).




3.2. Effect of Light Treatments


Treatment with B light increased the dry matter content of sprouts and microgreens, compared to R (+17.7%) and G (+14.2%) light. Besides, no differences in dry matter content were detected between RGB and the other treatments (Table 2).



The carotenoid content in RGB treatment was 15.4 and 27.2% higher than in B and G treatment, respectively, and there were no differences between RGB and R treatments (Table 3). Sprouts and microgreens treated with RGB light also showed a higher anthocyanin content in compared to R and G treatment and the lowest content of anthocyanin was detected in G treatment. (Figure 1).



Light treatments significantly affected the total phenol and flavonoid content, which showed the highest value in B treatment (Figure 3).



Besides, no differences were detected between the content of total phenols and flavonoids in sprouts and microgreens treated with B and RGB and between the RGB, B, and R treatments (Figure 3).




3.3. Effect of Interaction of Harvest Stage and Light Treatment


Light treatment significantly affected the chlorogenic acid content only in microgreens, where treatment with B light showed a higher chlorogenic acid content compared to treatment R (+54.9%) and G (+123.0%). No significant differences were detected between microgreens treated with RGB or B light (Figure 2).



The interaction between the harvest stage and the light treatment significantly affected the antioxidant capacity. The antioxidant capacity, measured by FRAP assay, of microgreens grown under B light was higher compared to the other treatments. Besides, in sprouts treated with B light, the antioxidant capacity, measured by FRAP assay, was higher only than sprouts grown under G light. When measured by ABTS assay, the antioxidant capacity was affected by light treatment only in microgreens, where treatment with B light induced a higher antioxidant capacity compared to R (+46.3%) and G (+64.3%) light (Figure 3).




3.4. Principal Component Analysis (PCA)


A PCA was carried out in order to investigate whether there were factors grouping correlated qualitative characteristics, of sprouts and microgreens, together and to identify clusters across species and stages of harvest. Since we measured the anthocyanin content only in the second experiment, those data were excluded from the PCA. The first two principal components (PCs), explaining a cumulative variance of 76.7%, were identified based on a screen plot of eigenvalues. PC1, which explained 61.4% of the total variance, was positively correlated with chlorophyll a, b, total chlorophylls, carotenoids, flavonoids, chlorogenic acid, and antioxidant capacity, measured by ABTS assay, and negatively to dry matter content, while PC2 (15.3% of the total variance) was negatively correlated to dry matter content and antioxidant capacity, measured by FRAP assay.



The loadings reported in Figure 4 illustrate the relationships between the parameters measured in this study. Parameters located close to each other had a strong co-variance. Moreover, parameters far from the origin contributed more to the PCs than parameters close to it. In the right half of Figure 4, a cluster, with chlorophylls a, b, and total, and carotenoids and a second cluster with total phenols, flavonoids, and antioxidant capacity, measured by ABTS assay, suggested a strong co-variance between these variables, as well as a strong contribution of these clusters, together with chlorogenic acid to PC1, and on the opposite side, dry matter content. The most important variable contributing to PC2 was antioxidant capacity, measured by FRAP assay.



The scores reported in Figure 4 show the relationship existing between the analyzed samples. PC1 and PC2 discriminated five main groups: sprouts treated with R (sR), G (sG), and RGB (sRGB) light, sprouts treated with B (sB) light, microgreens treated with G (mG) and R (mR) light, microgreens treated with RGB (mRGB) light, and microgreens treated with B (mB) light. sB were positioned in the down-left half of the plot (negative side of PC1), and were characterized by the highest dry matter content, followed by sR, sG, and sRGB. Sprouts were characterized by the lowest content of chlorophylls and carotenoids. sR, sG, and sRGB also showed the lowest content of chlorogenic acid, flavonoids, total phenols, and antioxidant capacity, measured by ABTS assay (Figure 4).



All microgreens were located in the right half of the plot (positive side of PC1). Besides, microgreens treated with B light were separated from the other treatments, and were characterized by the highest content of flavonoids, total phenols, chlorogenic acid, and antioxidant capacity. mRGB showed a higher content of chlorogenic acid, total phenols, flavonoids, and antioxidant capacity compared to mG and mR (Figure 4).



In general, microgreens showed the highest values of chlorophylls, carotenoids, phenols, antioxidant capacity, and the lowest dry matter content (Figure 4).





4. Discussion


4.1. Sprouts and Microgreens Characterization


The higher fresh biomass production of microgreens is due to the most advanced growth stage though, conversely from sprouts, roots were not harvested. A higher production of microgreens compared to sprouts has been already detected in Brassica oleracea L. [34]. In our experiments, the dry matter content of flax sprouts was higher than the values reported by Wang et al. [18,35] and Wu et al. [36], and lower than those reported by Narina et al. [17], showing that the dry matter content of flax sprouts could be quite variable, ranging from 5.5 [36] to 24% [17]. The lower dry matter content observed in our study in comparison with Narina et al. [17] could be due to the older sprouts harvested in our experiment (7 vs. 4 days in [17]). In fact, the dry matter content decreases going from sprouts to microgreens, and a higher dry matter content in sprouts was already detected in sprouts of Amaranthus tricolor compared to microgreens [37]. In the literature, there is no information about the dry matter content of flaxseed microgreens. Besides, among different species of microgreens tested by Xiao et al. [38], pea microgreens showed a dry matter content close to that detected in our experiments. Otherwise, microgreens of other species showed lower dry matter content [26,38].



The color of sprouts and microgreens is one of the first attributes that affects consumers’ choice and, consequently, the acceptability of the product, and, thus, it represents a key parameter determining their quality. Microgreens could be more attractive for consumers than sprouts due to their higher content of photosynthetic pigments, which could be due to the longer light exposure [39] and to the higher ratio between the leaf biomass and stem plus roots, the latter with a lower content of pigments. Total phenolic content in sprouts detected in our experiment results were higher compared to the values reported by Wu et al. [36], although the chlorogenic acid content was in the range reported by the same authors. Similarly, the sprout flavonoid content detected in our study was higher than that reported by Wang et al. [35] and very close to the findings of Wang et al. [18]. Besides, the chlorogenic acid content reported in sprouts resulted higher compared to the content found by Wu et al. [36] in flax sprouts. Wang et al. [18] investigated the dynamic of accumulation of phytochemical compounds in flaxseed sprouts during germination. These authors observed, at eighth of germination, a 22.1-fold increase in vitamin C, 2.67-fold increase in total phenol, and 5.48-fold increase in flavonoid contents as compared to initial concentration in seeds. According with our experiment, an increase in total phenols and flavonoids occurred passing from seeds to sprouts, and a further increase was also observed passing from sprouts to microgreens, irrespective of the light spectrum.



Interestingly, Wang et al. [18] registered a change in the ratio between free and bound phenols, from an initial value of 68.46% to 85.29% on the eighth day of germination, suggesting greater bio-accessibility and digestibility for the gastrointestinal absorption, due to the germination process. Similar behavior was also observed in free and bound flavonoid ratio. To the best of our knowledge, conversely, no data are available in the literature about the phenolic content of flaxseed microgreens. The phenolic content of microgreens detected in our experiment was lower compared to the phenolic content found in broccoli microgreens [40], higher than the phenolic content detected in red pak choi and tatsoi [41], chicory, lettuce, and brassica [42], and close to that of mustard [41] and Brassica oleracea microgreens [34].



The higher phenolic content in microgreens than in sprouts could be due to the longer exposure to light. This is in agreement with the results obtained by Ebert et al. [37], with amaranth microgreens that showed a higher phenolic content compared to sprouts. The higher antioxidant activity detected in microgreens, compared to sprouts, may be due to their higher concentration of total phenols, flavonoids, and chlorogenic acid. Nevertheless, in another study conducted with Brassica oleracea, a higher phenolic content has been detected in sprouts than in microgreens [34]. Compared to other species, the flavonoid content in microgreens found in our experiments were lower than those found in green and red basil microgreens [43], and higher than the values detected in radish [44] and broccoli microgreens [45]. Chlorogenic acid content of microgreens, detected in our experiments, was higher than the values reported in other studies conducted with amaranth [37], Brassica oleracea [34], coriander, cress, jute, kohlrabi, komatsuna, mibuna, mustard, pak choi, radish, swiss chard [46], green basil, purple basil, and tatsoi microgreens [46,47]. Conversely, in another study, Pannico et al. [47] detected a higher content of chlorogenic acid in coriander microgreens compared to our results.



The higher antioxidant capacity of microgreens, compared to sprouts, measured by ABTS assay is confirmed by the FRAP assay, if the results are expressed on a dry weight basis (Table S1). The higher antioxidant capacity may be due to the higher phenol content in flaxseed microgreens than in sprouts, given that, in plant cells, phenolic compounds take part in the antioxidant system [48], and their increment can determine an increase in antioxidant capacity [49].




4.2. Effect of Light Treatment


Considering the overall performance, no differences were detected among all treatments, although RGB and B lights were more effective in enhancing sprout and microgreens quality. Growth and developmental processes of plants, such as chloroplast movements, suppression of stem elongation, stomatal operations, phototropisms, and genetic expression are strongly controlled by light stimuli [50]. Photosynthesis is more efficiently improved by red light than blue or green light [51], but the red light alone may cause elongated hypocotyls and cotyledons [52]. Green light is also essential for plants to sense the environment and it is involved in the regulation of the morphology of cells, tissues, and organs. It also affects photosynthesis, respiration, and the duration of stages of plant ontogenesis [53].



Light treatments did not affect the fresh and dry biomass of flax sprouts and microgreens in our experiment, as previously detected in broccoli [54] and lettuce microgreens [55]. Besides, in an experiment conducted with amaranth microgreens, treatments with blue light did not affect biomass production, but it was increased by treatment with red light [56]. In agreement with our results, in previous studies a higher dry matter content has been detected in microgreens of red amaranth treated with a higher percentage of blue light [57]. In contrast, treatment with only blue light induced a lower dry matter content in mustard microgreens, compared with treatment with both red and blue light [58]. To the best of our knowledge, there are no data in the literature about the effects of green light on dry matter content of microgreens. In any case, in our experiment, the reduction in dry matter content in flax microgreens treated only with green light was due to the absence of red and blue light, fundamental for the photosynthesis process. In the literature, contrasting results are reported in microgreens treated with different lights. No differences in beta-carotene content have been detected in brassica microgreens treated with different lights compositions in an experiment conducted by Kamal et al. [59]. On the contrary, in an experiment conducted by Brazaitytė et al. [58], light with different blue/red ratio induced significant differences in chlorophyll index of brassica microgreens. In another study, the carotenoid content of broccoli microgreens was increased by blue light exposure [54]. Samuolienė et al. [60] found a positive relationship between the rate of blue light and the content of photosynthetic pigments in beet microgreens, but no significant differences were detected in mustard and parsley microgreens. Thus, different compositions of light may have different effect on photosynthetic pigment content depending on plant species.



The higher total phenol, flavonoid content, and antioxidant activity of sprouts and microgreens treated with RGB and B light may be due to the presence of blue light in the spectrum. In fact, phenolic compounds, that in plants take part to the antioxidant system and increase the antioxidant capacity [48], could be enriched by blue light more efficiently than red light. Previous studies suggest that blue light could be mediated by transcription factor family genes [61], acting as a signal to increase the production of phenolic compounds [62]. This may also explain the higher antioxidant capacity in B than in RGB treatment detected in our experiments. Treatment with blue light increased the concentrations of phenols in basil [63], Chinese foxglove [64], perilla plants [65], and lettuce [66]. Besides, a higher antioxidant activity has been previously detected in amaranth microgreens [56], lettuce seedlings [67], and coriander plants [68] treated with a higher percentage of blue light. To the best of our knowledge, there are not published data about the effect of light on chlorogenic acid content of seedlings. Despite that, according with our results, in previous works it has been reported that blue light promotes chlorogenic acid synthesis in strawberry [69] and lettuce [62]. It has been previously reported that blue and red light can increase the anthocyanins content of strawberry [70] and lettuce [71], and this may explain the lower anthocyanin content detected in G treatment in our experiment compared to the other treatments. In addition, green light reduced the anthocyanins content in plants of Brassica oleracea L. [72].





5. Conclusions


Definitively, the present study highlighted the possibility to successfully grow flaxseed sprouts and microgreens indoors by modulating the light spectrum. Microgreens showed a higher productivity (+43.8%), content of pigments (Chl tot +62.6%, Car +24.2%), and secondary metabolites (Phen tot. +37.8%, Flav. +84.9%, CGA +638.9%), compared to sprouts, with the best results obtained when 100% blue light was used for the cultivation. Both sprouts and microgreens were rich in natural antioxidants, including phenolic compounds (1.98–3.76 mg GAE g−1 FW), flavonoids (1.61–2.48 mg CAE g−1 FW), chlorogenic acid (0.13–1.10 mg g−1 FW), carotenoids (0.134–0.205 mg g−1 FW), and chlorophylls (0.780–1.415 mg g−1 FW), that contribute to their considerable antioxidant capacity (13.4–25.4 µmol Fe(II) g−1 FW and 4.76–8.06 µmol TEAC g−1 FW), and make flaxseed sprouts and microgreens a good source of health-promoting compounds.
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Figure 1. Anthocyanin content, in sprouts and microgreens of flaxseed grown indoors under controlled conditions with different light-spectrum compositions (100% blue (peak at 450 nm) (B), 100% red (peak at 660 nm) (R), 100% green (peak at 520 nm) (G), and R:G:B—1:1:1 (RGB)), during the second experiment. Means (n = 3) followed by the same letter are not statistically different for p = 0.05 after LSD test. Significance level: *** p ≤ 0.001; ns = not significant. Bars represent the standard error. 
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Figure 2. Total phenols (A), flavonoids (B), and chlorogenic acid—(C) content in sprouts and microgreens of flaxseed grown indoors under controlled conditions with different light-spectrum compositions (100% blue (peak at 450 nm) (B), 100% red (peak at 660 nm) (R), 100% green (peak at 520 nm) (G), and R:G:B—1:1:1 (RGB)). Means (n = 6) flanked by the same letter are not statistically different for p = 0.05 after LSD test. Significance level: *** p ≤ 0.001; ** p ≤ 0.01; ns = not significant. Bars represent the standard error. 
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Figure 3. Antioxidant capacity, measured by FRAP (A) or ABTS (B) assay, in sprouts and microgreens of flaxseed grown indoors under controlled conditions with different light-spectrum compositions (100% blue (peak at 450 nm) (B), 100% red (peak at 660 nm) (R), 100% green (peak at 520 nm) (G), and R:G:B—1:1:1 (RGB)). Means (n = 6) followed by the same letter are not statistically different for p = 0.05 after LSD test. Significance level: *** p ≤ 0.001; ** p ≤ 0.01; ns = not significant. Bars represent the standard error. 
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Figure 4. Loading and score plot for PC 1 and 2, describing variation in qualitative characteristics of sprouts (s) and microgreens (m) of flaxseed grown indoors under controlled conditions with different light-spectrum compositions (100% blue (peak at 450 nm) (B), 100% red (peak at 660 nm) (R), 100% green (peak at 520 nm) (G), and R:G:B—1:1:1 (RGB)). 
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Table 1. Chemical characterization of flaxseed seeds: fat (%), most-representative fatty acids (relative %), total phenols, and total flavonoids.
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	Fat (g 100 g−1)
	45.20 ± 1.60





	Palmitic acid (%)
	6.33 ± 0.11



	Stearic acid (%)
	3.33 ± 0.04



	Oleic acid (%)
	15.93 ± 1.73



	Linoleic acid (%)
	16.18 ± 0.39



	Alpha-linolenic acid (%)
	57.35 ± 0.30



	Other FA (%)
	0.88 ± 0.00



	Total phenols (mg GAE g−1 DW)
	2.62 ± 0.18



	Total flavonoids (mg CAE g−1 DW)
	1.29 ± 0.03







Data presented are the mean ± SD (n = 3).
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Table 2. Fresh (FW) and dry (DW) biomass and dry matter content (DW/FW) of microgreens of flaxseed grown indoors under controlled conditions with different light-spectrum compositions (100% blue (peak at 450 nm) (B), 100% red (peak at 660 nm) (R), 100% green (peak at 520 nm) (G), and R:G:B—1:1:1 (RGB)).






Table 2. Fresh (FW) and dry (DW) biomass and dry matter content (DW/FW) of microgreens of flaxseed grown indoors under controlled conditions with different light-spectrum compositions (100% blue (peak at 450 nm) (B), 100% red (peak at 660 nm) (R), 100% green (peak at 520 nm) (G), and R:G:B—1:1:1 (RGB)).





	
Stage

	
Light Spectrum

	
FW (kg m−2)

	
DW (kg m−2)

	
DW/FW (%)






	
Sprouts

	
RGB

	
0.881 ± 0.036

	
0.142 ± 0.008

	
16.2 ± 0.0842




	
B

	
0.770 ± 0.033

	
0.143 ± 0.007

	
18.6 ± 0.725




	
R

	
0.945 ± 0.048

	
0.140 ± 0.009

	
14.8 ± 0.406




	
G

	
0.812 ± 0.050

	
0.130 ± 0.006

	
16.1 ± 0.800




	
Microgreens

	
RGB

	
1.179 ± 0.095

	
0.140 ± 0.009

	
12.0 ± 0.208




	
B

	
1.244 ± 0.093

	
0.145 ± 0.005

	
11.9 ± 0.733




	
R

	
1.200 ± 0.110

	
0.133 ± 0.012

	
11.1 ± 0.179




	
G

	
1.277 ± 0.119

	
0.133 ± 0.008

	
10.7 ± 0.483




	

	

	
Mean effect

	

	




	
Sprouts

	

	
0.852 ± 0.02 b

	
0.139 ± 0.004

	
16.5 ± 0.439 a




	
Microgreens

	

	
1.225 ± 0.050 a

	
0.138 ± 0.004

	
11.4 ± 0.243 b




	

	
RGB

	
1.030 ± 0.066

	
0.141 ± 0.006

	
14.1 ± 0.763 ab




	

	
B

	
1.007 ± 0.086

	
0.144 ± 0.004

	
15.3 ± 1.127 a




	

	
R

	
1.072 ± 0.069

	
0.137 ± 0.007

	
13.0 ± 0.599 b




	

	
G

	
1.045 ± 0.093

	
0.132 ± 0.005

	
13.4 ± 0.940 b




	

	

	
ANOVA

	

	




	
Stage

	

	
***

	
ns

	
***




	
Light spectrum

	

	
ns

	
ns

	
**




	
Stage × light spectrum

	
ns

	
ns

	
ns








Data presented are the mean ± standard error (n = 6). Means flanked by the same letter are not statistically different for p = 0.05 after LSD test. Significance level: *** p ≤ 0.001; ** p ≤ 0.01; ns = not significant.
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Table 3. Chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophylls (Chls tot), and carotenoids (Car) content, in microgreens of flaxseed grown indoors under controlled conditions with different light-spectrum compositions (100% blue (peak at 450 nm) (B), 100% red (peak at 660 nm) (R), 100% green (peak at 520 nm) (G), and R:G:B—1:1:1 (RGB)).






Table 3. Chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophylls (Chls tot), and carotenoids (Car) content, in microgreens of flaxseed grown indoors under controlled conditions with different light-spectrum compositions (100% blue (peak at 450 nm) (B), 100% red (peak at 660 nm) (R), 100% green (peak at 520 nm) (G), and R:G:B—1:1:1 (RGB)).





	
Stage

	
Light Spectrum

	
Chl a (mg g−1 FW)

	
Chl b (mg g−1 FW)

	
Chls tot (mg g−1 FW)

	
Car (mg g−1 FW)






	
Sprouts

	
RGB

	
0.650 ± 0.037

	
0.241 ± 0.018

	
0.891 ± 0.055

	
0.170 ± 0.008




	
B

	
0.576 ± 0.016

	
0.230 ± 0.016

	
0.805 ± 0.030

	
0.148 ± 0.002




	
R

	
0.556 ± 0.010

	
0.224 ± 0.012

	
0.780 ± 0.015

	
0.144 ± 0.005




	
G

	
0.562 ± 0.014

	
0.254 ± 0.035

	
0.816 ± 0.044

	
0.134 ± 0.008




	
Microgreens

	
RGB

	
0.874 ± 0.064

	
0.542 ± 0.110

	
1.415 ± 0.162

	
0.205 ± 0.013




	
B

	
0.839 ± 0.048

	
0.534 ± 0.082

	
1.373 ± 0.128

	
0.176 ± 0.007




	
R

	
0.913 ± 0.080

	
0.420 ± 0.065

	
1.333 ± 0.140

	
0.200 ± 0.009




	
G

	
0.772 ± 0.021

	
0.458 ± 0.049

	
1.230 ± 0.060

	
0.160 ± 0.007




	
Sprouts

	

	
0.586 ± 0.013 b

	
0.237 ± 0.011 b

	
0.823 ± 0.020 b

	
0.149 ± 0.004 b




	
Microgreens

	

	
0.850 ± 0.029 a

	
0.488 ± 0.039 a

	
1.338 ± 0.062 a

	
0.185 ± 0.006 a




	

	
RGB

	
0.762 ± 0.049

	
0.391 ± 0.070

	
1.153 ± 0.114

	
0.187 ± 0.009 a




	

	
B

	
0.708 ± 0.046

	
0.382 ± 0.061

	
1.089 ± 0.106

	
0.162 ± 0.005 bc




	

	
R

	
0.734 ± 0.066

	
0.322 ± 0.043

	
1.056 ± 0.107

	
0.172 ± 0.010 ab




	

	
G

	
0.667 ± 0.034

	
0.356 ± 0.042

	
1.023 ± 0.072

	
0.147 ± 0.006 c




	
ANOVA




	
Stage

	

	
***

	
***

	
***

	
***




	
Light spectrum

	
ns

	
ns

	
ns

	
***




	
Stage × light spectrum

	
ns

	
ns

	
ns

	
ns








Data presented are the mean ± standard error (n = 6). Means flanked by the same letter are not statistically different for p = 0.05 after LSD test. Significance level: *** p ≤ 0.001; ns = not significant.
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