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Abstract

:

The performance of hemp seedlings was evaluated through morphological traits, photosynthetic pigments, and osmolytes under 11 light treatments (10 LED light compositions + natural light) in an aeroponics system. The seedlings were brought under treatment at 25 days of age, where the light intensity was 300 µmol m−2s−1 and duration was 20 days. A higher leaf number and node number were observed in L10 (R4:B2:W2:FR1:UV1) and L11 (R2:B2:G2:W2:FR1:UV1), and a higher leaf length and leaf width were recorded in the L2 (white), L3 (R8:B2), and L5 (R7:B2:FR1) treatments. Furthermore, a higher shoot length was recorded in L3 (R8:B2), L6 (R6:B2:G1:FR1), and L9 (R6:B2:FR1:UV1) while roots developed more in the L1 (natural light), L5 (R7:B2:FR1), and L9 (R6:B2:FR1:UV1) treatments. On the other hand, the L3 (R8:B2) treatment manifested higher chlorophyll a, chlorophyll b, and photosynthetic quantum yield (Fv/Fm). The hierarchical clustering and heatmap analysis revealed that higher leaf numbers and node numbers resulted in bushy plants with shorter shoots and longer roots. A negative correlation was also observed in photosynthetic traits (pigments and fluorescence) with osmolytes and root length. Importantly, the treatments L4 (R7:B2:G1), L6 (R6:B2:G1:FR1), L8 (R5:B2:G1:FR1:UV1), and L11 (R2:B2:G2:W2:FR1:UV1) manifested higher nodes with a higher osmolyte content, such as proline, ascorbic acid, total soluble carbohydrate, and sucrose, which may be a helpful indicator for higher branches and inflorescences, and ultimately higher cannabinoids accumulation in the plants. The approach and findings of this study could provide future research with the baseline information on optimizing the light composition to produce hemp plants with ideal phenotypes.
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1. Introduction


Plant growth, development, metabolism, and morphology can be greatly manipulated by the quality and duration of light [1]. Light quality denotes the color or wavelength adjacent to the surface of the plant, which affects plant growth, foliar and floral morphology, biochemical changes, and photosynthesis process [2]. Plants use light sources both as energy sources and to adjust to environmental conditions [3]. It was demonstrated that wavelengths ranging from 430 to 500 nm is effective for pigmentation, secondary metabolites production, chloroplast development, and functioning in photosynthesis [3,4]. The wavelength range 500–600 nm also influences chlorophyll production and photosynthetic activity [5,6]. On the other hand, the wavelength range 640–670 nm was found effective in leaf area, photosynthetic activity, and plant biomass accumulation [3,7]. Light quality and quantity also have a drastic effect on the excitation of PS I and PS II, which is directly interlinked with photosynthesis processes [8,9].



Light quality has a direct contribution to the formation of photosynthetic pigments, whose composition and concentration control the photosynthetic rate of plant leaves [10]. Blue light generally helps the biosynthesis of Chl a and Chl a/b ratios by modulating some gene expressions, such as MgCH, GluTR, and FeCH [11,12,13,14]. Blue light also enhances the total soluble carbohydrates (TSC) and starch accumulation efficiency, while RB treatment enhances the fresh mass and dry mass of the plant [15]. It was also reported that plants grown under blue light (400–500 nm) produce smaller leaves and shorter stem, green light (510–585 nm; a less photosynthetic efficient) reduce loss of lower leaves, and red light (620–700 nm) can prevent flowering; in turn, the combination of red and far-red light (700–780 nm) can promote flowering and elongation of leaf and stem [16].



Light is an inevitable component for plant growth and development, which is maintained by an elaborate light quality sensor called photoreceptors [17]. Among the photoreceptor, phytochromes (PHY) are sensitive to red and far-red, while cryptochromes and phototropins absorb UV-A and blue light. Plants mainly use these three photoreceptors to sense their light environment [18]. A low R:FR light ratio promotes the inactivation of phytochrome b and enhances the level of gibberellin (GA), which subsequently leads to degradation of growth retardants DELLA protein [19,20]. It was reported that despite the negative effect on quantum yield, plants attained a higher photosynthetic rate and biomass accumulation under supplemental UV-A radiation. This higher photosynthetic rate was due to an increase in stomatal conductance (gs), instead of the ratio of intracellular to ambient CO2 content (Ci/Ca) [21]. Hemp (Cannabis sativa L.) is an annual herb belonging to the Cannabaceae family, widely used for fiber and terpenophenol compounds (cannabinoids) [22]. Furthermore, light quality and quantity have a significant effect on the biologically active components, such as Δ9-tetrahydrocannabinol (THC), cannabichromene (CBC), and cannabidiol (CBD), in hemp plants [23,24]. Light also has an influencing role in the branching of hemp plants, where intense branching may develop a more compound raceme [25], desirable for higher cannabinoid accumulation. Therefore, the objective of the study was to determine the suitable LED spectra for higher growth and establishment of the suitable architecture of hemp plants to ensure the maximum content of the biologically active components.




2. Materials and Methods


2.1. Experimental Design and Treatment


Hemp seeds (Cannabis sativa L. strain India) were sown in sixteen cells of a plug tray filled with commercial soil mixture (Bio-soil No. 1, Heungnong Agricultural Materials Mart, Korea) in a glasshouse. Before sowing, the seeds were sterilized (70% (v/v) ethanol, 0.1% (w/v) HgCl2, and 0.2% (w/v) thiram) and soaked in water for 24 h at room temperature to facilitate the germination. The environmental conditions, such as temperature, relative humidity (RH), and photoperiod, were set at 30/25 °C (day/night), 60–70 %, and 12 h, respectively. The seedlings were irrigated daily using tap water to the field capacity level. After three weeks, 20 uniformly grown seedlings were transferred to a steel-made chamber (80 cm × 60 cm × 80 cm) equipped with different LED light (Bisol LED light Co. Korea) combinations (Figure 1; Table 1). The plant growth chamber was designed for an aeroponics system where the nutrient solution (Table 2) was sprayed onto the plant root zone for twenty seconds every two minutes. The seedlings were adjusted with nutrient solution for 4 days without any artificial light. After that, the treatments were applied where the photosynthetic photon flux density (PPFD), photoperiod, and temperature of the chamber were 300 µmol m−2s−1, 16 h (6.00 a.m. to 10.00 p.m.), and 23 to 27 °C, respectively. The natural photoperiod ranged from 11.44 h to 12.32 h during treatment time (10–30 March 2020). After 20 days of treatments, sampling was done by randomly selecting three plants for each replication, where two replications were done for each treatment. The experiment was repeated one more time following the same conditions, where the natural photoperiod ranged from 11.44 h to 12.32 h (10–30 March 2020).




2.2. Determination of the Morphological Traits of Hemp Seedlings


Two samples (three plants/sample) from each chamber were randomly selected at the end of the treatment to determine the shoot length (SL), root length (RL), number of nodes (NN), number of leaves (LN), leaf length (LL), leaf width (LW), and plant fresh weight (PFW). The LN was counted from both the main stem and branches. The plant growth rate (PGR) was calculated based on the height differences between the 1st and 20th day of treatment application. The third leaf from the top was selected for measuring length and width.




2.3. Photosynthetic Pigments Analysis


2.3.1. Chlorophyll (Chl) and Carotenoid (Car) Determination


For the determination of photosynthetic pigments, the freeze-dried (25 mg) leaves were extracted (10 mL of 80% acetone) and placed at room temperature for 15 min, then centrifuged at 4000 rpm for 10 min. The absorbance was taken at 647, 663, and 470 nm, respectively, using a spectrophotometer (UV-1800 240 V, Shimadzu Corporation, Kyoto, Japan). Chlorophyll a, Chlorophyll b, and Car were determined according to the formula proposed by Lichtenthaler [26] and expressed as mg g−1 DW:


Chl a = 12.25 × A663 − 2.79 × A647










Chl b = 21.50 × A647 − 5.10 × A663










Car = [(1000 × A470) − (1.82 × Chl a) − (85.02 × Chl b)]/198












2.3.2. Determination of Photosystem II Quantum Yield


The photosynthetic quantum yield (Fv/Fm) of photosystem II (PSII) was measured using a Fluor Pen FP 100 (Photon system Instruments, Drasov 470, 66424 Drasov, Czech Republic) under the dark-adapted condition at least for 20 min [27].





2.4. Determination of Osmolytes


2.4.1. Free Proline Content


Proline concentration was determined by following the method of Bates et al. [28]. Approximately 25 mg of freeze-dried plant material was homogenized in 10 mL sulfosalicylic acid (3%) and filtered through Whatman’s filter paper. Two milliliters of the filtrate were mixed with a similar amount (2 mL) of acid-ninhydrin and glacial acetic acid. The mixture was heated for 1 h at 100 °C and cooled immediately in an ice bath. The reaction mixture was extracted with toluene (4 mL). The upper chromophore layer (upper layer) was aspirated and cooled to room temperature. The absorbance was taken at 520 nm with a UV-Vis spectrophotometer (UV-1800 240 V, Shimadzu Corporation, Kyoto, Japan), and calculations were done using an appropriate proline standard curve.




2.4.2. Total Soluble Carbohydrates (TSC) and Sucrose Content


A sample of freeze-dried leaves (25 mg) was homogenized in 5 mL ethanol (95%) followed by centrifuging at 3500 rpm for 10 min. After collecting the supernatant, the pellets were resuspended with 70% ethanol, and the process was repeated. Both supernatants were mixed together and kept in a refrigerator (4 °C) to determine the TSC and sucrose content [29].



The TSC content was determined according to Khoyerdi et al. [30]. At first, 0.1 mL of the aliquot was mixed with 1 mL anthrone (200 mg anthrone mixed with 100 mL of 72% sulfuric acid). The mixture was heated at 100 °C for 10 min and then cooled. The total soluble carbohydrates was estimated by using a glucose standard curve; the detection wavelength was 625 nm, and the results were expressed as mg g−1 dry weight.



Sucrose content was determined according to van Handel [31]. Briefly, 0.2 mL of the supernatant was mixed with 0.1 mL of KOH (30%) and heated at 100 °C for 10 min. After cooling at room temperature, 3 mL of anthrone (150 mg anthrone mixed with 100 mL 70% sulfuric acid) was added. Ten minutes later, the samples were cooled, and absorbance was read at 620 nm. The sucrose concentration was calculated using the standard curve, and the results were expressed as mg g−1 dry weight.




2.4.3. Ascorbic Acid


Ascorbic acid was determined by following the method described by Mukherjee and Choudhuri [32]. A sample of freeze-dried leaf sample (25 mg) was homogenized with 6% trichloroacetic acid (10 mL). After that, 4 mL of the extract was mixed with 2 mL of dinitrophenyl hydrazine (2%), and then 1 drop of 10% thiourea solution (in 70% ethanol) was added to the mixture. The mixture was boiled for 15 min and then allowed to cool to room temperature in a water bath. Then, 5 mL of 80% H2SO4 (v/v) were added to the mixture at 0 °C. The absorbance of the solution was read at 530 nm in a spectrophotometer and compared with the standard curve by using ascorbic acid ranges from 10 to 100 mg L−1.





2.5. Statistical Analysis


All results were expressed as the mean ± SE (standard error). A one-way analysis of variance was performed using Statistix 10 (Tallahassee, FL, USA) following a Complete Randomized Design (CRD) with 4 replications. Different letters indicate the statistically significant differences between the treatments at p < 0.05, according to the least significant differences (LSD). The heatmap and clustering analysis were prepared by MetaboAnalyst 4.0 (www.metaboanalyst.ca), accessed on 26 July 2021, where the samples were normalized by sum and auto-scaling features were applied. A hierarchical cluster analysis was conducted using the Euclidean distance metric (average linking clustering). The principal component analysis (PCA) was carried out using OriginLab 10.0 software (OriginLab, Northampton, MA, USA).





3. Results


3.1. Effect of LED Light on the Morphological Traits of Hemp Seedlings


From the current study, it was observed that different combinations of light spectra have an effect on the SL, RL, PFW, and PGR of hemp seedlings (Figure 2). The maximum SL was recorded from L6, while the lowest plant height was recorded from L8 and L10. Higher RL and PFW were recorded in the L1, L9, and L10 spectra, while L2 gave the minimum value. On the other hand, the L5 treatment manifested the highest PGR whereas L2, L3, and L4 recorded the minimum PGR.



It was also observed that different combinations of light spectra have a significant effect (p ≤ 0.05) on the LN, NN, LL, and LW of hemp seedlings (Figure 3). From the results, both the L10 and L11 treatments gave higher LN and NN. On the other hand, both LL and LW were recorded higher in the L5 light treatment.




3.2. Effect of LED Light on the Photosynthetic Pigments and Fluorescence of Hemp Seedlings


Higher Chl a was recorded in L3 and L10 followed by L2, L4, L11, and L6, respectively (Figure 4). Higher Chl b was recorded in L3 followed by L2, L4, and L10. Higher Car was recorded in L8 and L11 followed by L1, L10, and L7. On the other hand, a higher chlorophyll a/b ratio was observed in the control (L1) followed by L9, L8, and L7, respectively.



On the other hand, photosynthetic quantum yield (under dark acclimated condition) ranged from 0.77 to 0.818, where it was found higher in L2 followed by L8, L4, L11, and L5, respectively, and lower in the L6 treatment (Figure 5).




3.3. Effect of LED Light Spectra on Osmotic Adjustment Molecules


Each osmotic adjustment molecule varied according to the individual LED spectra in hemp leaves (Figure 6). Proline ranged from 25.22 to 0.62 (µmol g−1 dry weight), total soluble carbohydrate (TSC) ranged from 0.90 to 0.303 (mg g−1 dry weight), and sucrose content ranged from 0.335 to 0.127 (mg g−1 dry weight) across the 11 light sources. Under natural light, plants generated the highest amount of proline (p ≤ 0.05). Beside this, higher proline was also recorded from the L4, L6, L11, L7, and L2 light spectra. On the other hand, lower proline was observed from that of the L5, L10, L3, L9, and L8 spectra. Higher TSC was recorded from spectrum L9 followed by the L10, L8, and L7 spectra, while it was found lower in L3, L2, L11, L6, and L5. Higher sucrose content was observed from spectrum L9 followed by the L10, L8, and L7 spectra, while it was found lower in L3, L2, L4, L6, and L11. Higher ascorbic acid was recorded from natural light followed by L2, L4, L6, L7, and L9, respectively, while it was found lower in L11 followed by L3, L10, L5, and L8.




3.4. Hierarchical Clustering, Heatmap, and PCA Analysis Unveiled the Connection between Variables and Treatments


The morpho-physiological and biochemical data from the hemp seedlings under all treatments were employed to construct the heatmap, hierarchical clustering, and PCA. Hierarchical clustering grouped all the variables into two clusters (Cluster A and Cluster B) (Figure 7a). Hierarchical clustering and heatmap revealed that Cluster A was characterized by the photosynthetic pigments (Chl a and Chl b), Fv/Fm, leaf length, leaf width, shoot length, proline, and ascorbic acid. Cluster A also indicated a close relation of the photosynthetic pigments and fluorescence with shoot length and leaf area. On the other hand, Cluster B represents the leaf number, node number, root length, plant fresh weight, plant growth rate, Car, chlorophyll a/b ratio, total soluble carbohydrates, and sucrose content. Cluster B also indicated a close relation of growth rate, leaf number, and brach number with root length and plant fresh weight.



The PCA analysis was carried out to uncover the connection of the different parameters with the different treatment groups (Figure 7b). The PCA biplot reveals clear segregation of the treatments into two groups (L2, L3, L4, L5, and L6; and L1, L7, L8, L9, L10, and L11). The elements of PC1 and PC2 together described 60.67 % of the variability in the data. The results displayed that the variables that relate to photosynthetic pigments (Chl a, Chl b, and Fv/Fm) were negatively correlated with Pro, AsA, and RL. The biplot also showed that LL, LW, and SL maintained a negative correlation with LN and NN.





4. Discussion


Light spectral quality considerably affects plant shoots and roots regarding their growth and morphology, and their interaction [33,34]. In the present experiment, the longest RL was recorded from L1 and L9, and the opposite result was found from L2 and L6 (Figure 2). In a previous study, plant height and weight were found better in red light; RL was longer in red and natural light while shorter in white and blue light under greenhouse conditions [35]. In the present study, the addition of FR light to R and B (L5) increased the LL and LW, while decreasing the LN and NN (Figure 3). It was reported that the cannabis plant attained a higher plant height and leaf area in white light compared to the combination of red and blue light [36], but we did not find any significant differences in those morphological traits under similar light conditions. In a previous study, the addition of FR to R and B decreased the LL and SL of tomato plants while no significant effect was observed for RL and LN [37]. The PCA analysis revealed that LL, LW, and SL were negatively correlated with LN and NN (Figure 7). Results indicated that a higher number of leaves and branches will make the hemp plants shorter in size with narrow leaves and vice versa. Importantly, LN and NN were closely associated with the treatments L9, L10, and L11, whereas LL and LW manifested an opposite relationship with them (Figure 7). This may be due to the influence of UV-A, which reduced the leaf area but increased the leaf number and branching. Generally, UV radiation impacts the phytohormone auxin levels higher in leaf regions with high division activity and lower in areas of cell expansion [38], resulting in a decrease in adaxial pavement cell expansion [39]. Furthermore, compared to white light, PFW, PGR, and NN increased in most LED composition. The results indicate the incapability of monochromatic white light for plant growth and development, as it also resulted in lower TSC and sucrose accumulation in most cases. The PCA analysis indicated a negative relationship between the L2 treatment (white) and NN, PFW, PGR, TSC, and sucrose, which also had a positive correlation with the parameters.



An earlier study showed that the Chl a and Chl b contents increased in lettuce, basil, spinach, kale, and pepper under different combinations of R and B [40]. In our study, the Chl a and b of hemp plants were significantly increased, but the chlorophyll a/b ratio and Car drastically decreased in the L3 (R8:B2) treatment compared to L1 (Figure 4). Besides this, Chl a and b significantly increased, and the Chl a/b ratio significantly decreased in all treatments, while the carotenoid concentration was found decreased in the L2, L3, L4, L6, and L9 treatments compared to L1 (natural light). Similar results from a previous study described that a high ratio of both R:B and R:B:W manifested higher chlorophyll compared to natural light in Silene capitate Kom. [41]. Each of the plant pigments has been characterized by an absorbance pattern in wavelength called the absorbance spectrum, where the blue and red regions are absorbed strongly by Chl a and b, with less absorbance of other wavelengths [42]. It is also known that the Chl and Car pigments absorb 400–500 nm and 630–680 nm in the light spectrum in plants with the help of light-harvesting antenna [43,44]. The positive influence of red and blue light on Chl synthesis in the present study complies with these findings [45]. Furthermore, the accumulation of Car and the Chl a/b ratio were increased, whereas Chl b was decreased significantly under the spectra composed with green light (L4, L6, L8, and L11) when compared to the red and blue spectra (L3). Since red and blue light are absorbed by photosynthetic pigments more strongly, their influence is predominant in the upper cell layers, while green light can penetrate deeper into leaf tissues and excite the photosystem in the deeper cell layer [46]. On the other hand, Car are lipid-soluble colored pigments that mostly consist of carotenes and xanthophylls (red and orange in color), whose absorbance range extend into the green region (400–500 nm, peaking at around 470 nm), effectively cover the poorest region of chlorophyll absorbance (500–550 nm) [47]. Thus, the addition of green light along with others in the present study might increase the concentration of Car.



The photochemical activity of photosystem II (PS II) is expressed by Fv/Fm, which characterizes the maximum efficiency of the photochemical activity under PS II [48], where Fv (Fm-F0), Fm, and F0 denotes the maximal variable fluorescence, maximal fluorescence intensity, and fluorescence intensity at 50 µs, respectively. The photosynthetic fluorescence is a byproduct of the photosynthetic process created by trapping light energy at the reaction center within a photosynthetic membrane and after being used in photochemistry that dissipates along with heat energy [49,50]. A decreasing trend in Fv/Fm was observed in the treatments L1, L6, L7, and L10 in the present study (Figure 5). A lower Fv/Fm may be a consequence of decreasing Fm, since F0 does not change too much in light stress [49]. Besides light stress, a decreasing trend in Fv/Fm by reducing Fm was also observed under stress from heat, ozone, and other pollutants [49,51]. Interestingly, Fv/Fm was found higher in the white, R:B:W, and R:B:G ratio in some previous studies [41,52], which quite supports our present findings. PCA analysis revealed that Chl a, Chl b, and Fv/Fm were negatively correlated with Pro, AsA, RL, PFW, and Car (Figure 7). Higher accumulation of osmolytes and Car indicates a stress response of plants where oxidative stress reduces photosynthetic pigments and fluorescence [53]. In this connection, the treatments L2, L3, and L4 were found closely associated with higher photosynthetic pigments and fluorescence efficiency, which indicated that UV A and far-red has very little influence on the photosynthetic pigmentation of hemp plants.



Proline is an important compound as its synthesis and catabolism play an important role in the stress adaptation of plants by keeping in balance the redox reaction [54,55]. Under stress conditions, ROS-mediated regulation, including H2O2, can upregulate P5CS and downregulate PRODH activity in the plant, which can trigger the biosynthesis of proline [56,57,58]. Over biosynthesis of proline by the overexpression of P5CS may play an important role in flower initiation and bolting promotion at the early stage of plant development [59,60]. Lower photosynthetic pigments and fluorescence with higher accumulation of proline in the present study indicate a stress response of plants in the L1 treatment (Figure 6). This stress may be due to the lower intensity of natural light under greenhouse conditions.



Carbohydrates are the main source of energy and are considered the main criterion of cell division activity in plants, and their concentration depends on the amount of photosynthetically active radiation [61]. In a previous study, it was reported that UV-A light influenced the plants to accumulate more carbohydrates [21], whereas at a low R:FR ratio plants accumulated more soluble sugar, carbohydrates, and secondary metabolites [17,62]. The ratio of red spectrum ranged from 40 to 60%, with other light sources increasing the TSC and sugar in L7, L8, L9, and L10 (Figure 6). The monochromatic red, blue, and their combined spectra manifested decreased soluble carbohydrate in Anthurium cut flowers in a previous study [63]. Our present study also found a lower TSC and sucrose content in combined red-blue spectra compared to all other treatments. From the PCA analysis, it can be revealed that both the TSC and sucrose content manifested a negative correlation with SL, LL, and LW (Figure 7) and are closely associated with the L9 treatment. A possible explanation is based on the fact that under stress plants produce excess carbon skeletons to prevent the declining trend in photosynthetic rate and growth in plants, which help to increase osmolytes production [64]. The reduced photosynthetic pigments (Chl a and Chl b), LL, and LW under the L9 treatment in the present study quite support this hypothesis.



Our study found a similar pattern of TSC and sucrose content while little dissimilarities were also observed from ascorbic acid under different light spectra. It was narrated that TSC are the precursor for ascorbic acid biosynthesis, and mature green tomatoes can achieve both compounds in higher amounts under high irradiance of light, but no correlations were observed in a series of experiments between them [65]. These results indicate that the accumulation of sucrose content and TSC is interdependent, whereas ascorbic acid is independent of both compounds. Moreover, plants accumulate all osmoprotectant molecules (proline, AsA, sucrose, and TSC) significantly higher when the green light was added to the other light spectra (L4, L6, L8, and L11), compared to the red and blue combination (L3).




5. Conclusions


A complex response of hemp seedlings along with variation among the parameters was observed under different light spectra. A higher leaf number and node number were observed in L11 (R2 + B2 + G2 + W2 + FR1 + UV1), whereas a higher leaf length and leaf width were recorded in L2 (W), L3 (R8 + B2), and L5 (R7:B2:FR1). Furthermore, higher shoots were recorded in L3 (R8:B2), L6 (R6:B2:G1:FR1), and L9 (R6:B2:FR1:UV1), while roots developed more in the L1 (natural light), L5 (R7:B2:FR1), and L9 (R6:B2:FR1:UV1) treatments. On the other hand, L3 (R8:B2) manifested higher chlorophyll a, chlorophyll b, and photosynthetic quantum yield (Fv/Fm), with a lower accumulation of osmolytes such as proline, ascorbic acid, total soluble carbohydrates, and sucrose. Leaf length, leaf width, and shoot length have a negative correlation with leaf number and node number. A negative correlation was also observed in photosynthetic traits (pigments and fluorescence) with osmolytes and root length. Finally, the treatments L4 (R7:B2:G1), L6 (R6:B2:G1:FR1), L8 (R5:B2:G1:FR1:UV1), and L11 (R2:B2:G2:W2:FR1:UV1) seems to be more suitable for hemp cultivation as they manifested bushy-type plants, desirable for higher inflorescence number with more bioactive compounds.
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Figure 1. Hemp plants under treatment in the steel-made chambers (80 cm × 60 cm × 80 cm) equipped with different LED lights. Here and subsequent models: L1, Natural light; L2, W; L3, R8:B2; L4, R7:B2:G1; L5, R7:B2:FR1; L6, R6:B2:G1:FR1; L7, R5:B2:W2:FR1; L8, R5:B2:G1:FR1:UV1; L9, R6:B2:FR1:UV1; L10, R4:B2:W2:FR1:UV1; L11, R2:B2:G2:W2:FR1:UV1. All treatments used a photosynthetic photon flux density of 300 µmol m−2s−1. Insert: The root architecture of the hemp under the aeroponics system. 
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Figure 2. Effect of 20 days exposure to different LED spectra on the shoot length (A), root length (B), plant fresh weight (C), and plant growth rate (D) of hemp seedlings. Here and subsequent figures: L1, Natural light; L2, White; L3, R8:B2; L4, R7:B2:G1; L5, R7:B2:FR1; L6, R6:B2:G1:FR1; L7, R5:B2:W2:FR1; L8, R5:B2:G1:FR1:UV1; L9, R6:B2:FR1:UV1; L10, R4:B2:W2:FR1:UV1; L11, R2:B2:G2:W2:FR1:UV1. All treatments used a photosynthetic photon flux density of 300 µmol m−2s−1. Column height indicates the mean, vertical bars indicate the standard error of the mean (n = 4), and different letters indicate significant differences at p < 0.05. 
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Figure 3. Effect of 20 days exposure to different LED spectra on the number of leaves plant−1 (A), number of nodes plant−1 (B), leaf length (C), and leaf width (D) of hemp seedlings. Here and subsequent figures: L1, Natural light; L2, White; L3, R8:B2; L4, R7:B2:G1; L5, R7:B2:FR1; L6, R6:B2:G1:FR1; L7, R5:B2:W2:FR1; L8, R5:B2:G1:FR1:UV1; L9, R6:B2:FR1:UV1; L10, R4:B2:W2:FR1:UV1; L11, R2:B2:G2:W2:FR1:UV1. All treatments used a photosynthetic photon flux density of 300 µmol m−2s−1. Column height indicates the mean, vertical bars indicate the standard error of the mean (n = 4), and different letters indicate significant differences at p < 0.05. 
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Figure 4. Effect of 20 days exposure to different LED spectra on chlorophyll a (A), chlorophyll b (B), carotenoid (C), and chlorophyll a/b ratio (D) of hemp seedlings. Here and subsequent figures: L1, Natural light; L2, White; L3, R8:B2; L4, R7:B2:G1; L5, R7:B2:FR1; L6, R6:B2:G1:FR1; L7, R5:B2:W2:FR1; L8, R5:B2:G1:FR1:UV1; L9, R6:B2:FR1:UV1; L10, R4:B2:W2:FR1:UV1; L11, R2:B2:G2:W2:FR1:UV1. All treatments used a photosynthetic photon flux density of 300 µmol m−2s−1. Column height indicates the mean, vertical bars indicate the standard error of the mean (n = 4), and different letters indicate significant differences at p < 0.05. 






Figure 4. Effect of 20 days exposure to different LED spectra on chlorophyll a (A), chlorophyll b (B), carotenoid (C), and chlorophyll a/b ratio (D) of hemp seedlings. Here and subsequent figures: L1, Natural light; L2, White; L3, R8:B2; L4, R7:B2:G1; L5, R7:B2:FR1; L6, R6:B2:G1:FR1; L7, R5:B2:W2:FR1; L8, R5:B2:G1:FR1:UV1; L9, R6:B2:FR1:UV1; L10, R4:B2:W2:FR1:UV1; L11, R2:B2:G2:W2:FR1:UV1. All treatments used a photosynthetic photon flux density of 300 µmol m−2s−1. Column height indicates the mean, vertical bars indicate the standard error of the mean (n = 4), and different letters indicate significant differences at p < 0.05.



[image: Horticulturae 07 00239 g004]







[image: Horticulturae 07 00239 g005 550] 





Figure 5. Effect of 20 days exposure to different LED spectra on the photosynthetic fluorescence of hemp seedlings. Here and subsequent figures: L1, Natural light; L2, White; L3, R8:B2; L4, R7:B2:G1; L5, R7:B2:FR1; L6, R6:B2:G1:FR1; L7, R5:B2:W2:FR1; L8, R5:B2:G1:FR1:UV1; L9, R6:B2:FR1:UV1; L10, R4:B2:W2:FR1:UV1; L11, R2:B2:G2:W2:FR1:UV1. All treatments used a photosynthetic photon flux density of 300 µmol m−2s−1. Column height indicates the mean, vertical bars indicate the standard error of the mean (n = 4), and different letters indicate significant differences at p < 0.05. 
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Figure 6. Effect of 20 days exposure to different LED spectra on proline (A), ascorbic acid (B), sucrose content (C), and total soluble carbohydrates (TSC; (D)) of hemp seedlings. Here and subsequent figures: L1, Natural light; L2, White; L3, R8:B2; L4, R7:B2:G1; L5, R7:B2:FR1; L6, R6:B2:G1:FR1; L7, R5:B2:W2:FR1; L8, R5:B2:G1:FR1:UV1; L9, R6:B2:FR1:UV1; L10, R4:B2:W2:FR1:UV1; L11, R2:B2:G2:W2:FR1:UV1. All treatments used a photosynthetic photon flux density of 300 µmol m−2s−1. Column height indicates the mean, vertical bars indicate the standard error of the mean (n = 4), and different letters indicate significant differences at p < 0.05. 
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Figure 7. Hierarchical clustering and heatmap analysis (a) and principal component analysis (PCA) (b) to elucidate the variable treatment relationships among the eleven treatments for 20 days. In the heatmap, the mean values of the various parameters obtained in this study were normalized and clustered. At the variable level, two major clusters were recognized for each treatment. The color scale displays the intensity of the normalized mean values of the different parameters. In the PCA, the lines starting from the central point of the biplots display the negative or positive associations of the different variables, and their proximity specifies the degree of correlation with specific treatment. L1, Natural light; L2, White; L3, R8:B2; L4, R7:B2:G1; L5, R7:B2:FR1; L6, R6:B2:G1:FR1; L7, R5:B2:W2:FR1; L8, R5:B2:G1:FR1:UV1; L9, R6:B2:FR1:UV1; L10, R4:B2:W2:FR1:UV1; L11, R2:B2:G2:W2:FR1:UV1. SL, shoot length; RL, root length; PFW, plant fresh weight; PGR, plant growth rate; LN, number of leaf plant-1; NN, number of node plant-1, LL, leaf length; LW, leaf width; Chl a, chlorophyll a; Chl b, chlorophyll b; Car, carotenoid; Chl a/b ratio, chlorophyll a/b ratio; Fv/Fm, Fv/Fm of PS II; Pro, proline; AsA, ascorbic acid; Sucrose, sucrose content; TSC, total soluble carbohydrate. 
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Table 1. LED light composition.






Table 1. LED light composition.





	Spectrum Combinations
	Ratio (%)
	Intensity

(µmol m−2s−1)
	Code Name





	Natural light
	-
	150–250
	L1



	W *
	100 **
	300
	L2



	R8 + B2
	80:20
	300
	L3



	R7 + B2 + G1
	70:20:10
	300
	L4



	R7 + B2 + FR1
	70:20:10
	300
	L5



	R6 + B2 + G1 + FR1
	60:20:10:10
	300
	L6



	R5 + B2 + W2 + FR1
	50:20:20:10
	300
	L7



	R5 + B2 + G1 + FR1 + UV1
	50:20:10:10:10
	300
	L8



	R6 + B2 + FR1 + UV1
	60:20:10:10
	300
	L9



	R4 + B2 + W2 + FR1 + UV1
	40:20:20:10:10
	300
	L10



	R2 + B2 + G2 + W2 + FR1 + UV1
	20:20:20:20:10:10
	300
	L11







* W, white; R, red; B, blue; G, green; FR, far-red; UV, ultraviolet A. ** Light ratio and intensity were set by a PG200N Handheld spectral PAR meter (UPRtek, Vogt 21, Aachen, Germany).
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Table 2. Nutrient solution.






Table 2. Nutrient solution.










	Chemical Name
	A Tank (50 L) *
	B Tank (50 L)





	Ca(NO3)2. 4H2O
	1.5 kg
	



	KNO3
	3.79 kg
	3.79 kg



	(NH4)2HPO4
	
	1.6 kg



	MgSO4
	
	4.3 kg



	K2SO4
	
	



	Fe-EDTA
	460 g
	



	MnSO4
	
	30.8 g



	H3BO3
	
	57.2 g



	ZnSO4
	
	3.6 g



	CuSO4
	
	1.3 g



	(NH4)6Mo7O24. 4H2O
	
	0.4 g







* Solution of Tank A and Tank B were subjected to mixing to maintain an EC range between 1.2 and 1.7 (dS m−2), pH 6.0.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 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/).






media/file13.jpg
re2a24m)

reianog






media/file4.png
e
qe
7]
(e
qu  H -
v —E
qe | _ “ -
qe
e
£
as :
| | !
2 S = °
{ma) yppduag ooy
e
£
qe
£
qu -
™
® -
HE
qe
qe
qe
| | | 1
2 s = °

() yySuay ooy

.ﬂmu
ﬁgm
I_I_Ii
o |

LS L9 L10L11

I3 L4 L5

Pog _|_|_

3 5
I-I-i

]
L

(AEP T2 3jel yuoad yueg

1
0

i

=

~
T

4
2
0

(2) yySram ysany juepg

L1

Le L7

L1 L2

L6 L'.Ir L3 L9 L10L11

L3 L4 L5

L2






nav.xhtml


  horticulturae-07-00239


  
    		
      horticulturae-07-00239
    


  




  





media/file2.png





media/file5.jpg
« ;
o "
e N
“w P
w «
o 5
@ e a o«
_.z w
» i
< o0
T e G e
« -
- «
- -
w -
o .
< @ o @
- «
- -
o fie

e e o ssqung

() witwar o1

1203 L4 L5 Ls L7 Ls 19 LIOLL

I

L1 L2 03 L4 Ls L6 17 Ls L9 LI0LI






media/file3.jpg
B w 3

- a H

- . 2

B « a

- 5

- a 3

- 1

- - 3

« » a

B " Ll

« HE [ a3
T [RSR -

U 3

- 3

- 3

B 3

- 5

- 3

* 4

« - 3

. » ]

- = ]

« - 3

0.

(o) wobuor wous

@ it ysa g






media/file1.jpg





media/file7.jpg
o g cudoson

o

(a3 30w deseny

(a2 20) q nidarers

o

011203 Ua (5 16 L7 U8 19 LioLT1

U112 13 L4 U5 16 L7 18 L9 L0LTt

Trestments

Tratments






media/file10.png
Fv/Fm of PS 1l (dark adapted condition)

-
Q
J

S
0
|

S
o
|

o
»
]

S
N
|

o
o

de @ abed ab abc  bed

_-———*—-—

a abcdC

de

—=

ab

| | | | | | | | | | |
L1 L2 L3 L4 L5 L6 L7 L8 L9 L10L11

Treatments






media/file12.png
—

f
1

a
b

“I

L3 L9 L10L11

c

"

h__._._ - c_ -..L,.
S I wHE T8
Bc;. |D E_ |B
A = M
= - “
: - e
a_ i d_._|_ |~
ST 113 s f o3

(AN .8 8mr) DSL

o

o |

2 p
I_II
LS L9 L10L11

Ls L7

L3 I4 L5

L2

g

L1

=]
&9

s
|

T
=]
™~

]

(A 8 2poand) aurporg

0

=
=

3
2
1
0.0

= = =
{Ama H-u Smr) Juajuod asoaang

Treatments

Treatments






media/file9.jpg
-~ 1.0
=
de @ abed ab abc e bed @ adecde ab

0.8

0.6

0.4

0.2

=
H
S
s
2
-
s
3
E
=
H
2
@
4
5}
E
£
4

0.0 T T T
L1 L2 L3 L4 L5 L6 L7 L8 L9 L1OL11

Treatments





media/file0.png





media/file14.png
PC 2 (22.48%)

JSL

PC 1 (38.19%)






media/file8.png
1

ey = w3 = w3 = ™~ -
h - s - = = onea qe aydoaopyn
(M@ 8 Sw) prousajoae
o o
C -
L -
° T
- _ o - _
- v | . m 2
& o
™ s
C o
| ] T I T _ _

(Ma .8 Sar) e aydoaopy )

(A Q-8 3mr) q aydoaopy)

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10LM

L1 L2 L3 L4 L5 Le L7 L8 L9 L10LM

Treatments

Treatments






media/file11.jpg
o ~
P iy S8 2 3.3 3
(gt shr=cyery (a3 3w o5t
3
- -
- i

(na 3 spom) susg

3
5
3
£l
3
3
8

13 L I3 Ls L7 L5 19 LioLll

0o






media/file6.png
as

e
qe
qe
podqe

age _|_|_

Ll L2 I2 I4 L5

pagq A 5

paqe

0

5

=

L1 I3 I4 L5

b
—+

5
oy

15-

0
5
0

ﬁ-ﬂ—-ﬂ—_ﬂ Jeal Jo daq mrmp]

3

]
- o
£
c
.ﬂ

fi

g
e
e

2q HA

104
3

g =] =+ i\

0

(nn) ppra yeary
A

»

=
“I.I

L3 L9 L10L11

T

an

0
5
0

(o) yySuag yeary

Ls L9 L10L11

Le L7

Le L7

L1






