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Abstract

:

In order to inhibit spindling growth and improve quality of cucumber seedlings under low irradiance, effects of supplemental light-emitting diodes (LED) light (SL) on morphological and physiological characteristics of cucumber seedlings at different growth stages under extremely low irradiance (ELI) were investigated. Supplementary monochromatic, dichromatic and trichromatic LED light on cucumber seedlings were conducted in experiment one, and supplements of combination ratios and intensity of blue and red LED light (RB) were conducted in experiment two. The morphological and physiological parameters of cucumber seedlings were promoted effectively by supplemental monochromatic red light or dichromatic containing red light (RB and RG) under ELI as early as one-leaf seedling stage, as demonstrated by suppressed length of hypocotyl and first internode, increased stem diameter and biomass, higher net photosynthetic rate (Pn) and soluble sugar content. Monochromatic or additional green light was not beneficial to cucumber seedlings under the ELI. The length of shoot and hypocotyl decreased, while stem diameter and leaf area increased as early as one-leaf seedling stage by RB SL. Root activities, root–shoot ratio, activities of catalase (CAT) and peroxidase (POD), as well as palisade–spongy ratio in the leaf of cucumber seedlings were promoted effectively by increasing blue light proportion (1R1B/1R2B). Increasing light intensity (50/75) enhanced soluble sugar accumulation in leaves. There were synergistic effects of RB ratio and light intensity on increasing stem diameter, leaf area, seedling index and decreasing hypocotyl cell area of the vertical section. In conclusion, 1R2B-75 may be the optimal SL to inhibit spindling growth of cucumber seedlings under ELI condition.
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1. Introduction


As one of the primary greenhouse vegetables, cucumber is widely cultivated in China. However, spindling (elongated hypocotyl, lower dry weight and seedling index, etc.) often appeared in cucumber seedling production in protected horticulture, when they suffered from continuous rainy or cloudy weathers, especially during winter or early-spring growing seasons. This disorder is a major limitation to the success of commercial production, as well as transplant quality and subsequent formation of yield and quality. Supplementary artificial lighting was considered as the most effective way to inhibit spindling growth and produce high-quality seedlings [1], which has been commonly used in areas, and during seasons, with low irradiance intensity [2,3,4,5].



Light-emitting diodes (LED) represent a promising light source for protected horticulture, which can be used as supplemental light (SL) or a main light source. Blue light is involved in a wide range of plant processes such as phototropism, photomorphogenesis, stomatal conductance, and leaf photosynthetic functioning [6], which causes stomatal opening through phototropin mediated activation of H+-ATPases in stomatal guard cells [7]. Red LED light has the highest relative quantum yield from the Photosynthetically Active Radiation (PAR) spectrum [8], and chlorophyll absorption peaks are also closer to the red spectrum [9]. Green light has been reported to reverse some blue light responses, such as inhibition of hypocotyl elongation and stomatal conductance in seedlings [10].



The combination of red and blue light has significantly synergistic effects on stomatal density in cucumber seedlings [11]. Blue light was more effective than red light in enhancing photosynthetic electron transport and the activities of photosystem II and I and in cucumber leaves [12]. Increasing percentage of blue light could promote hydraulic conductance, net photosynthetic rate (Pn), stomatal conductance (Gs), and chlorophyll concentration in cucumber seedlings [11,13] and tomato seedlings [14]. Morphological and growth parameters of cucumber [15] and tomato seedlings [5] were all improved by the combination of blue and red light, but there were no significant differences among different B:R ratios. In contrast, Nanya et al. [16] found that the net photosynthesis rate increased with the decrease in blue light percent and increase in red light percent in tomato.



Our previous studies found that the growth of cucumber seedlings was significantly improved by supplemental red or blue LED light, indicated by high seedling index and dry weight [17]. Moreover, supplemental blue and red light significantly suppressed hypocotyl elongation through interaction of light signals, GA/BR and CsPIF4, in cucumber seedlings. Red and blue light might directly affect photomorphogenesis of cucumber seedlings through mediating CsPHYA/B and CsCRY1/2, respectively [18].



There are many pieces of research concerning the effects of SL on cucumber growth and development in normal or low irradiance conditions; however, little research was available on SL regulating spindling growth in extremely low irradiance (ELI) conditions in greenhouses, which is very essential because spindling growth often appeared under ELI conditions. SL was provided in photosynthetic daily light integral as low as 5.2 ± 1.2 mol·m−2·d−1 as compared with a high one at 16.2 ± 5.3 mol·m−2·d−1 [5]. However, seedlings sometimes suffered from ELI < Photosynthetic Photon Flux Density (PPFD) 100 μmol·m−2·s−1.



In this study, we aimed to widen the understanding of SL effects on morphological and physiological characters of cucumber seedlings and to provide information for inhibiting spindling growth and promoting photosynthesis of seedlings under ELI. Therefore, under an ELI condition (35 μmol·m−2·s−1), by using shade screen, cucumber seedlings were treated with supplementary monochromatic, dichromatic and trichromatic LED light in experiment one, and a different combination ratio and intensity of blue and red LED light in experiment two, and the effects of SL on seedling growth, photosynthesis and antioxidant enzyme activity were investigated.




2. Materials and Methods


2.1. Plant Materials and Cultural Conditions


Cucumber (Cucumis sativus L. cv. Yuexiu no. 3) seeds were sown into 72-cell plug trays (2.7 cm × 2.7 cm; 12 mL volume), which were filled with mixed substrate of peat:coconut coir:perlite = 1:1:1 (v:v:v). LED tubes produced by Kedao Co. (Huizhou, China; green light: 520–540nm, blue light: 450–460 nm, red light: 630–660 nm) were applied as a SL source. Seedlings with fully expended cotyledons were irrigated with Yamazaki (Ca(NO3)2·4H2O 826 mg/L, KNO3 607 mg/L, NH4H2PO4 153 mg/L, MgSO4·7H2O 370 mg/L, NaFe-EDTA 20 mg/L, H3BO3 2.86 mg/L, MnSO4·4H2O 2.13 mg/L, ZnSO4·7H2O 0.22 mg/L, CuSO4·5H2O 0.08 mg/L, (NH4)6Mo7O24·4H2O 0.02 mg/L) nutrient solution once a day. Both experiments were performed in a greenhouse in the College of Horticulture, South China Agriculture University. The cultivation system and management for the greenhouse were the same as in our previous research [18]. The average day/night temperature was 25–28 °C/16–20 °C, relatively humidity was 60%–70% and CO2 was ambient. After germination, different SL treatments were established.




2.2. Light Treatments


Shading screens were used to create ELI conditions, the SL experiments were conducted under ELI from 06:00 to 18:00 every day. In experiment one, cucumber seedlings were placed under the following constant 25 ± 5 μmol·m−2·s−1 PPFD SL light conditions: (1) CK, no SL, 0–35 μmol·m−2·s−1 PPFD, (2) G, monochromatic green light, (3) B, monochromatic blue light, (4) R, monochromatic red light, (5) RB, red:blue = 1:1, (6) RG, red:green = 1:1, (7) GB, green:blue = 1:1, (8) RGB, red:green:blue = 1:1:1.



In experiment two, there were 4 SL treatments: CK (no SL, 0–35 mol·m−2·s−1 PPFD), 1R1B-50 (R:B = 1:1, 50 ± 5 μmol·m−2·s−1 PPFD), 1R2B-50 (R:B = 1:2, 50 ± 5 μmol·m−2·s−1 PPFD), 1R1B-75 (R:B = 1:1, 75 ± 5 μmol·m−2·s−1 PPFD), 1R2B-75 (R:B = 1:2, 75 ± μmol·m−2·s−1 PPFD).



A total of 2808 seedlings were cultivated in both experiments. Three replicates for each treatment were adopted, and each replicate contained one seedling tray with 72 cells. Then, 36 seedlings in each replicate (72 cell tray) were randomly selected and separated into 3 parts for investigation: 24 for morphology, growth, and photosynthetic characteristics, 24 for physiological and antioxidant enzyme activity investigation, and 12 for microstructure and ultrastructure observation.




2.3. Measurement and Statistical Analyses


2.3.1. Morphology and Growth Characteristics


When cucumber seedlings had three fully expanded true leaves, morphology and growth characteristics were investigated. Shoot length from the basal part to apical point, hypocotyl length from the basal part to cotyledonary node and the first internode length between the cotyledonary node and the first true leaf were measured by a ruler. Stem diameter at 1 cm below the cotyledonary node was measured by a digital caliper. Leaf area per plant was measured by a leaf area meter (Li-3000A, LI-COR Inc., Lincoln, NE, USA). Number of leaves that had a width greater than 2 cm per plant were counted. The fresh weight of shoots was recorded using an electronic balance, whereas the dry weight was recorded after seedlings were heated to de-enzyme at 105 °C, then dried at 80 °C till constant. Seedling index = (stem diameter/shoot length) × plant dry weight.




2.3.2. Physiological Characteristics


Root activity was analyzed by the triphenyltetrazolium chloride (TTC) method [19] and expressed as the deoxidization ability. Then, 0.5 g of fresh root was immersed in 10 mL of equally mixed solution of 0.4% TTC and phosphate buffer (pH 7.0) and kept in the dark at 37 °C for 2 h. Then, 2 mL of 1 mol·L−1 H2SO4 was added to stop the reaction with the root. The root was dried with filter paper and then extracted with ethyl acetate. The extract was measured at 485 nm by a UV-spectrophotometer.



Chlorophyll content was analyzed according to Porra et al. [20]. The sample (1 g) was homogenized by 20 mL of 80% (v/v) acetone. The absorbance at 663 (OD 663) and 645 nm (OD 645) was determined by a UV-spectrophotometer (Shimadzu UV-16A, Shimadzu, Corporation, Kyoto, Japan). Total chlorophyll (mg·L−1) = 8.02 × OD 663 +20.20 × OD 645.



The soluble proteins content was measured by the Coomassie brilliant blue method [21]. Then, 0.5 g of fresh sample was homogenized in a mortar with liquid nitrogen, to which 5 mL of phosphate-buffered solution (pH 7.0) was added. The extract was centrifuged at 10,000× g for 10 min at 4 °C, and 0.3 mL of the supernatant was combined with 0.7mL of distilled water and 5 mL of Coomassie brilliant blue G-250 solution (0.1 g/L). After 2 min, the absorbance at 595 nm was determined by a UV-spectrophotometer.



The soluble sugars content was measured by the method of sulfuric acid anthrone (Sigma, Louis, MO, USA) [22]. Then, 0.5 g of fresh leaves were put into a test tube, 10 mL of distilled water was added and mixed. After 30 min in a water bath at 85 °C, the supernatant was collected, and this step was repeated twice. Next, 0.1 mL of sample extract was added to a test tube with a volume of 20 mL, and 1.9 mL of distilled water was added, then 0.5 mL of ethyl anthrone acetate reagent and 5 mL of concentrated sulfuric acid were added to the test tube, with vigorous shaking. After cooling to ambient temperature, the soluble sugar content was determined at 630 nm with a UV-spectrophotometer.




2.3.3. Photosynthetic Characteristics


The net photosynthetic rates (Pn), stomatal conductance (Gs), intercellular CO2 concentration (Ci) and transpiration rate (Ts) of the second true leaf were measured by a TPS-2 portable photosynthetic system (PP System, Amesbury, MA, USA) during 9:00 to 11:00 on sunny days. A total of 10 fully expanded leaves from the five seedlings of each group were randomly selected for measurements under ambient light and CO2 concentration.




2.3.4. Antioxidant Enzyme Activity


For antioxidant enzyme extraction, 0.5 g of fresh leaf was ground in 5 mL 50 mM sodium phosphate buffer (pH 7.0) (ice cold), the homogenates were centrifuged at 10,000 rpm for 20 min at 4 °C, and the supernatant was used for the determination of enzyme activity, the activity of sodium dismutase (SOD) was estimated according to Giannopolitis and Ries [23], peroxidase (POD) activity was estimated according to Kochba et al. [24], and catalase (CAT) was according to Cakmak and Marschner [25], respectively.




2.3.5. Microstructure and Ultrastructure Observation


Microstructural characteristics of hypocotyl cells and mesophyll cells were observed by performing standard paraffin sectioning as described by Naijia et al. [26]. The hypocotyl at 1 cm below the cotyledon node and selected leaf samples were fixed in formaldehyde/ethanol/acetic acid (FAA) 10:85:5 (v/v/v), dehydrated in alcohol series between 70% and 100%, transferred into gradual alcohol-xylol series and finally embedded in paraffin. Samples were cut with a rotatory microtome (Leica, RM2125 RT, Solms, Germany) and observed under microscope (OLYMPUS DP12, Shinjuku, Tokyo, Japan). The ultrastructure of hypocotyl cells was observed by transmission electron microscopy (FEI Tecnai 12, Hillaborough, OR, USA), the hypocotyl samples at 1 cm below cotyledon node were fixed with 3.5% glutaraldehyde for 24 h and were washed with a 0.1 M phosphate buffer (pH 7.0). The samples were then post-fixed with 1% osmic acid at 4 °C for 4 h, dehydrated with ethanol and embedded in Spurr resin at 60 °C for 24 h. Ultrathin sections were cut from the hypocotyl samples, and observed under a transmission electron microscope (FEI Tecnai 12, Hillaborough, OR, USA).





2.4. Statistical Analysis


Significant differences among the treatments were determined by analysis of variance (ANOVA), followed by Duncan’s multiple range tests of SPSS 17.0 (IBM, Almok, New York, NY, USA) at p ≤ 0.05.





3. Results


3.1. Experiment 1


3.1.1. Growth, Morphological and Physiological Parameters


Morphological parameters of cucumber seedlings were significantly affected by different SL qualities under ELI (Figure 1A–F), and this phenomenon appeared as early as the one-leaf stage (Figure 1A,B). Seedling vigor also showed significant difference as shown in Figure 1G. Under SL treatment, the variation in length of shoot, first internode and hypocotyl showed a similar response pattern (Figure 1A,D,E). Typically, RB, R and RG exhibited inhibitory effects on elongation of the first internode and hypocotyl, while G significantly promoted hypocotyl elongation as compared with CK (Figure 1D,E). In comparison with CK, the length of the hypocotyl and first internode decreased by 25% and 40% under RB (Figure 1D,E). A reverse response pattern was observed in stem diameter, the highest stem diameter was observed in R, RB and RG, followed by RGB, B and GB (Figure 1B). A significantly bigger leaf area showed in RG, followed by RGB, R, RB and B, and then GB, CK and G (Figure 1C). Seedling shoot fresh weight and dry weight showed a similar response pattern to supplemental light quality as stem diameter (Table 1).



Seedling index of cucumber seedlings grown under RB, RG and R treatments increased more than three-fold higher than those under CK (Figure 1F). Generally, supplement of monochromatic red light or dichromatic containing red light effectively suppressed hypocotyl elongation, induced stem thickening and higher biomass production. However, G could restrict growth, resulted in an excessively thin stem, long hypocotyl, the lowest leaf area, as well as the lowest seedling index among all the treatments.



Except for G, cucumber seedling biomass, chlorophyll content and soluble sugar content were all promoted under the other supplemental light treatments (Table 1). The fresh weight of cucumber seedlings grown under RG and RGB was significantly higher than the other treatments, and RG, RB and RGB produced significantly higher dry weight. Seedlings grown under R, B and GB had significantly higher chlorophyll content than those under other treatments. RB treatment significantly stimulated soluble sugar accumulation in leaves, which were two-fold more than CK, followed by B, RG, and R. To compare with CK, soluble protein content increased significantly in GB treatment, but significantly decreased in G and R treatments, and there was no significant difference among the other treatments.




3.1.2. Photosynthetic Characteristics


The Pn was significantly enhanced by SL except the G treatment. The Pn of seedlings grown under RB was 29% significantly higher than B, whereas there were no differences between RB and R; however, the Pn was significantly reduced by adding G in R or RB (Figure 2A). The Ts was increased by adding G in B or RG (Figure 2D). Both the Ts and Gs were increased by the combination of G and B (Figure 2B,D). Generally, R and RB was more effective in enhancing the Pn than the other light treatments. G reduced the Pn in the form of dichromatic light, while it enhanced Gs and Ts when combined with B for cucumber seedlings grown in ELI. Ci was not affected by SL (Figure 2C).





3.2. Experiment 2


3.2.1. Growth, Morphological and Physiological Parameters


Similar to experiment one, morphological parameters of cucumber seedlings were significantly affected by different SL under ELI as early as the one-leaf seedling stage (Figure 3A–D) in experiment two. Seedling vigor also showed significant difference as shown in Figure 3G. All SL treatments prominently suppressed the elongation of hypocotyl and shoot (Figure 3A,C), promoted the stem thickening and leaf expansion (Figure 3B,D), and increased the number of leaves of cucumber seedlings (Figure 3E). There was no significant difference in leaf number and hypocotyl length among SL treatments (Figure 3C,E). Stem diameter significantly increased in 1R2B, when light intensity increased from 50 μmol·m−2·s−1 to 75 μmol·m−2·s−1 in two-leaf and three-leaf stages, whereas this was not observed in 1R1B (Figure 3B). Leaf area under 75 μmol·m−2·s−1 light intensity was significantly bigger than 50 μmol·m−2·s−1 during two-leaf stage. However, during three-leaf stage, the total leaf area significantly increased by 35% in 1R2B-75 as compared to 1R1B-50, whereas there was no significant difference among 1R1B-50, 1R1B-75 and 1R1B-75 (Figure 3D). Leaf area increased both when the blue light proportion and light intensity increased in cucumber seedlings under ELI during the three-leaf stage.



Seedling index exhibited a similar response tendency to light treatments as stem diameter. Both increasing blue light proportion and SL intensity could increase seedling index, while one of the factors did not have the same effects (Figure 3F). To compare with 1R1B-50, seedling index increased by 51% and 85% in 1R1B-75 and 1R2B-75, respectively. There was no significant difference between 1R1B-50 and 1R2B-50. In this study, increasing light intensity was more effective than increasing blue light proportion to enhance seedling index.



Shoot biomass of cucumber seedling significantly increased under SL, in which both increasing blue light proportion and light intensity could increase shoot biomass, while one of the factors did not have these increased effects (Table 2). In comparison with CK, shoot fresh and dry mass increased by about 4.8-fold, and nine-fold in 1R2B-75, respectively, and root fresh mass and dry mass increased by about 17.2- and 11-fold. At the same SL intensity level, the root–shoot ratio of cucumber seedlings significantly increased with the increasing of blue light proportion under the ELI (Table 2). However, increasing light intensity had no effect on the root–shoot ratio.



As compared with CK, root activity of cucumber seedlings was significantly promoted in 1R2B-50, 1R1B-75 and 1R2B-75 treatments (Table 2). At the same SL intensity, root activity significantly increased with the increasing of blue light proportion. Furthermore, root activity significantly increased with the increasing of light intensity, ranging from 50 μmol·m−2·s−1 to 75 μmol·m−2·s−1 at both light qualities. Root activity increased by 78% under 1R2B as compared with 1R1B at 50 μmol·m−2·s−1 and increased by 26% at 70 μmol·m−2·s−1, respectively (Table 2). In this study, the root activity of cucumber seedlings was significantly enhanced by increasing blue light proportion or light intensity under the ELI.



The chlorophyll content in cucumber seedling leaves was reduced by SL, which reduced by decreasing the blue light proportion. Accumulation of soluble sugar in seedling leaf was stimulated by SL, which increased with the increasing of supplemental light intensity from 50 μmol·m−2·s−1 to 75 μmol·m−2·s−1, while the proportion of blue light had no effect on soluble sugar accumulation. Except for 1R2B-75 treatment, the soluble protein content was significantly reduced under other supplemental light treatments as compared with CK.




3.2.2. Photosynthetic Characteristics and Antioxidant Enzyme Activity


In comparison with CK, Pn increased by 70% and two-fold in 1R1B-75 and 1R2B-75, respectively (Figure 4A), indicating that Pn was enhanced by increasing the proportion of blue light from 50% (1R1B) to 67% (1R2B) when SL intensity was 75 μmol·m−2·s−1, but there was no significant difference between these two treatments. Gs was enhanced by SL, but it was reduced by increasing blue light proportion (Figure 4B). Ci increased under SL, and there were no significant differences among different SL treatments (Figure 4C). The Ts of cucumber seedlings grown under 1R2B-75 was significantly increased by 22% as compared with CK (Figure 4D).



Under SL, the activities of SOD and POD in cucumber seedlings significantly increased (Figure 5A,B), while CAT activities reduced (Figure 5C). Increasing blue light proportion could significantly increase activities of POD and CAT. Increasing both blue light proportion and SL intensity (1R2B-75 vs. 1R1B-50) could significantly increase activities of SOD, POD and CAT (Figure 5A–C).




3.2.3. Anatomical Structure of Hypocotyl and Mesophyll


Leaf anatomical structure shown in Figure 6A. The thickness of leaf, palisade tissue (Figure 6B) and spongy parenchyma (Figure 6C) of cucumber seedlings was significantly promoted by SL. In each SL intensity of 50 or 70 μmol·m−2·s−1, palisade parenchyma thickness increased but spongy parenchyma thickness reduced with increasing blue light proportion from 50% (1R1B) to 67% (1R2B) (Figure 6D).



Average cell area of the vertical (Figure 7A) or horizontal section (Figure 7B) in hypocotyl was enlarged by SL, in which the hypocotyl cell area of the vertical section was reduced by increasing blue light proportion and increasing light intensity. However, blue light proportion or light intensity had no effect on the cell area of the horizontal section (Figure 7C).



The chloroplasts of CK exhibited an oblate and long shape, containing less starch granules and more basal granules, which was clearly visible and assembled distinctively. In contrast, the chloroplast exhibited an elliptic shape under SL, containing less basal granules and more starch granules (Figure 8A). In comparison with CK, the mitochondria in the leaf of seedlings under SL were bigger and contained more inclusions. There were no significant differences in the size of mitochondria under SL treatments, and the internal structure was clearer than those in CK (Figure 8B).






4. Discussion


Hypocotyl elongation regulated by light quality has been documented in several studies. Hernández and Kubota [5] reported that 100% red light was preferred for cucumber seedlings, and additional blue light was not beneficial for SL in greenhouses. Monochromatic red SL resulted in a shorter hypocotyl length than monochromatic blue SL in cucumber seedlings [5] and tomato seedlings [27]. However, several studies have shown that red light was more effective at elongating stem height, and red and green light stimulated stem elongation, while blue light inhibited stem elongation in chrysanthemums [28] and tomatoes [14].



This study indicates that R SL or dichromatic containing R light (RB and RG) significantly promoted the growth of cucumber seedlings, as demonstrated by the suppressed hypocotyl and first internode (Figure 1D,E), combined with higher biomass accumulation (Table 1). Furthermore, 31% less plant height was found under 50B:50R treatment than under 100B treatment for tomato seedlings [14]. Red light has the highest relative quantum amount in the PAR spectrum [8], and absorption peaks of chlorophyll are closer to the red spectrum [9]. In the presence of red light, the Pfr absorbing form was the most abundant, which suppressed stem elongation; however, when red light was removed, the blue (455 nm) light made the Pr absorbing form more abundant and consequently lowered the inhibition of hypocotyl elongation [29].



In this study, the highest chlorophyll content was observed in R, followed by B, GB and RB (Table 1), while Pn showed a similar response pattern to chlorophyll content (Figure 2A). R and RB showed promotion effects on Pn, while G, B, GB and RGB exhibited inhibitory effects on Pn. Soluble sugar accumulation was also promoted in leaves under RB, which reached up to two-fold more than CK (Table 1). Higher leaf photosynthetic rates under R and RB might be associated with higher chlorophyll content. The sunlight PAR spectrum (400–700 nm) contains about 31% of blue light on the energy basis (400–500 nm) out of photosynthetically active radiation [12]. Blue light was essential for enhancing photosynthetic electron transport and the activities of photosystem II and I in cucumber leaves [12].



Both Gs and Ts significantly increased with the combination of G and B or B and RG light as compared with monochromatic light (Figure 2B,D). In addition, accumulation of soluble protein was also promoted by GB (Table 1). Green light is known to increase hypocotyl length in several plant species [30,31]. The effect of green light is similar to blue light [32], the positive response of the plant photosynthetic capacity and phytochemicals to green light depend on light quantity [33,34]. In this study, adding G to B or RB showed significantly increased shoot height and decreased seedling index (Figure 1A,F), and Pn also decreased. Generally, monochromatic or additional green light was not beneficial to cucumber seedlings in the case of ELI.



Many pieces of research have shown that the combination of red and blue light has significant synergistic effects on plant growth [5,11,15]. In experiment one, combinations of R and B or R and G light reversed the effect of monochromatic light on hypocotyl length and seedling index. Therefore, the combination of R and B or R and G has synergistic effects on the inhibition of elongation of hypocotyl and promotion of seedling index for cucumber seedlings in the case of ELI.



Generally, the morphological parameters and physiological characteristics of cucumber seedlings were improved by SL in experiment one, but the seedlings still exhibited spindling growth. It is well known that the response of seedling morphological parameters depends not only on the light quality, but also on the total photon flux density. Thus, different RB ratios combining SL light intensity were conducted in experiment two. RB SL prominently increased leaf number, suppressed the hypocotyl elongation and promoted the stem thickening of cucumber seedlings. As a result of the expansion of the hypocotyl cell in the horizontal section and the reduced cell area in the vertical section of cucumber seedlings grown under SL of RB (Figure 7C), the suppression of hypocotyl elongation was significantly promoted by SL treatments (Figure 3C).



In this study, stem diameter significantly increased with the increasing of light intensity in the case of 1R2B, which was not observed in 1R1B (Figure 3B). Thus, 1R2B-75 exhibited significantly higher seedling index than 1R1B-50 and 1R2B50, which is attributable to increased stem diameter and dry mass. The increasing of blue light proportion decreased tomato plant height [15]. At the same SL intensity level, root activity and root/shoot ratio of cucumber seedlings significantly increased with increasing blue light proportion in the ELI (Table 2). These results indicate that carbon metabolites distributed to roots are more than shoots under higher proportion of B than R in RB. In spite of the seedling index being enhanced in 1R2B-75, increasing blue light proportion had no effect on suppressing the elongation of hypocotyl (Figure 3C), indicating that increasing the amount probably could not satisfy the required level of light intensity or R and B ratio in the ELI condition, thus a higher blue light or red light proportion should be discussed in the future research.



Blue light during growth is not only for qualitatively photosynthesis and but also quantitatively mediates leaf responses, resembling irradiance intensity [13,35]. Increasing the percentage of blue light could promote hydraulic conductance, net photosynthetic rate, stomatal conductance, and chlorophyll concentration in cucumber seedlings [11,13] and tomato seedlings [14]. In contrast, Nanya et al. [16] found that net photosynthesis rate increased with the reduction in blue light percent and increase in red light percent in tomato. In this research, Pn increased by 32% with increasing proportion of blue light from 50% (1R1B) to 67% (1R2B) in the case of 75 μmol·m−2·s−1 PPFD SL, but there was no significant difference between them. Additionally, Pn was significantly enhanced by increasing light intensity in the case of 1R2B, which was not observed in 1R1B. Cucumber plants showed greater stomata density, larger stomata, and consequently greater Gs under higher blue light proportion [11,13,36]. Increasing the B:R ratio increases stomata pore aperture [37,38,39,40]. Blue light increases the leaf photosynthetic pigment content [35] and improves the stomatal conductance [13]. The combination of red and blue increased leaf nitrogen accumulation [41], thereby increasing the photosynthetic rate [42]. In contrast, this research shows a trend of decreasing Gs with the decrease in R:B ratio in the case of 50 μmol·m−2·s−1 PPFD SL. Generally, light intensity contributed more to photosynthesis than RB ratio in the case of ELI; therefore, suitable RB ratios should be discussed in future research.



The leaf is an important organ to perceive and capture light. Light changes the anatomical structure of leaves by regulating the differentiation or arrangement of palisade and spongy cells [43]. Leaf thickness was increased nearly 1~2 times by the supplement of blue light to red light with the increase in palisade parenchyma length in pepper [44]. In this study, the thickness of the leaf, palisade parenchyma and spongy parenchyma was significantly promoted and cells of palisade and spongy were well arranged under SL. Higher blue light proportion and light intensity increased the thickness of palisade but decreased spongy parenchyma, the palisade–spongy ratio increased significantly, which indicates that the photosynthesis of the leaf was enhanced but transpiration was relatively weakened. Both light intensity and blue light proportion has a synergistic effect on leaf expansion in cucumber seedlings. Leaves with well-arranged cells of palisade and spongy, thicker palisade parenchyma and spongy parenchyma can significantly reduce transpiration, which were considered to be beneficial to the growth of the in vitro cultured plantlets [45]. In this research, the shape of chloroplast was changed by SL, which contained less basal granules and more starch granules (Figure 8A), and mitochondria were bigger, containing more inclusions as well as the internal structure being clearer under SL (Figure 8B). The chloroplast ultrastructure in cucumber seedlings was remarkably altered by blue or red light [46]. Starch in chloroplasts can be translated or utilized more easily under blue light than red light [47]. More carbohydrate content in cucumber seedlings under SL might be associated with enhanced photosynthesis and more carbohydrates.



In plant cells, the reactive oxygen species (ROS) generated via the photosynthetic electron transport pathway can attack cellular molecules, such as DNA, Rubisco, and Chlorophyll, leading to accelerated plant cell senescence processes [48]. Chloroplasts and mitochondria of plant cells are major sites for the generation of ROS under stress conditions. SOD dismutates O2− into H2O2 in chloroplast, mitochondria and other organelles. In this study, the activity of SOD, POD and CAT of cucumber seedlings was enhanced by increasing blue light proportion and light intensity as compared to CK (Figure 5). Furthermore, seedling index showed a similar response pattern to different light treatments as SOD and POD activities, indicating that stress resistance of cucumber seedlings is also associated with seedling index under SL in the case of ELI.




5. Conclusions


In this study, morphological and physiological parameters of cucumber seedlings were promoted effectively by supplemental monochromatic red light or dichromatic containing red light (RB and RG) under ELI as early as the one-leaf seedling stage, as demonstrated by the suppressed length of hypocotyl and first internode, the thickening stem diameter and more biomass, higher Pn and soluble sugar content. Monochromatic or additional green light was not beneficial to cucumber seedlings under ELI. Based on supplemental combined blue and red light, increasing blue light proportion and light intensity has synergistic effects on enhancing the seedling index, root activity, ratio of palisade–spongy and root–shoot of cucumber seedlings grown under ELI. Increasing light intensity was more effective than increasing blue light proportion in enhancing seedling index. Generally, 1R2B-75 might be the optimal SL to inhibit spindling growth of cucumber seedlings under ELI in protected cultivation conditions.
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Figure 1. Effects of supplemental light quality on morphological parameters of cucumber seedlings under extremely low irradiance (ELI), including shoot length (A), stem diameter (B), leaf area (C), first internode length (D), hypocotyl length (E), seedling index (F) and growth vigor of cucumber seedlings (G) in experiment 1. Different letters indicate statistically significant differences among treatments (p ≤ 0.05). Error bars show SE (n = 24). 






Figure 1. Effects of supplemental light quality on morphological parameters of cucumber seedlings under extremely low irradiance (ELI), including shoot length (A), stem diameter (B), leaf area (C), first internode length (D), hypocotyl length (E), seedling index (F) and growth vigor of cucumber seedlings (G) in experiment 1. Different letters indicate statistically significant differences among treatments (p ≤ 0.05). Error bars show SE (n = 24).
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Figure 2. Effects of supplemental light quality on net photosynthetic rates (A, Pn), stomatal conductance (B, Gs), intercellular CO2 concentration (C, Ci), and transpiration rate (D, Ts) of cucumber seedlings under extremely low irradiance. Different letters indicate statistically significant differences among treatments (p ≤ 0.05). Error bars show SE (n = 24). 
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Figure 3. Effects of blue and red light-emitting diodes (LED) light (RB) ratio and intensity of supplemental light on morphological parameters of cucumber seedlings under extremely low irradiance, including shoot length (A), stem diameter (B), hypocotyl length (C), total leaf area (D), leaf number (E), seedling index (F) and growth vigor of cucumber seedlings (G) in experiment 2. Different letters indicate statistically significant differences among treatments (p ≤ 0.05). Error bars show SE (n = 24). 
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Figure 4. Effects of RB ratio and intensity of supplemental light on net photosynthetic rates (A, Pn), stomatal conductance (B, Gs), intercellular CO2 concentration (C, Ci), and transpiration rate (D, Ts) of cucumber seedlings under extremely low irradiance. Different letters indicate statistically significant differences among treatments (ANOVA, p ≤ 0.05). 
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Figure 5. Effects of RB ratio and intensity of supplemental light on antioxidant enzyme activity of cucumber seedlings under extremely low irradiance. Sodium dismutase (SOD) (A), peroxidase (POD) (B) and catalase (CAT) (C). Different letters indicate statistically significant differences among treatments (ANOVA, p ≤ 0.05). 
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[image: Agronomy 10 01698 g005]







[image: Agronomy 10 01698 g006 550] 





Figure 6. Effects of RB ratio and intensity of supplemental light on cucumber seedling leaf anatomical structure (PT: palisade tissue, SPT: spongy tissue. (A)), palisade thickness (B), spongy thickness (C) and ratio of palisade/Spongy (D). Different letters indicate statistically significant differences among treatments (ANOVA, p ≤ 0.05). 
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Figure 7. Microstructure from hypocotyl cells in cucumber seedlings grown under different light treatments. Vertical cut 40× (A), horizontal cut 100× (B), average cell area (C). Different letters indicate statistically significant differences among treatments (ANOVA, p ≤ 0.05). 
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Figure 8. Ultrastructure of chloroplast (chl, A) and mitochondria (mit, B) from leaf cells in cucumber seedlings grown under different light treatments. CK, extremely low irradiance (0–35 μmol·m−2·s−1 PPFD). 
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Table 1. Effects of the different supplemental lighting treatments on biomass of shoot and root, physiological parameters of cucumber seedlings under extremely low irradiance.
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Treatment

	
Fresh Weight (g·Plant−1)

	
Dry Weight (g·Plant−1)

	
Chlorophyll Content (mg·g−1)

	
Soluble Sugar Content (mg·g−1)

	
Soluble Protein Content (mg·g−1)




	
Shoot

	
Root

	
Total

	
Shoot

	
Root

	
Total






	
CK

	
1.85 ± 0.15 d

	
0.08 ± 0.05 e

	
1.94 ± 0.16 e

	
0.08 ± 0.03 d

	
0.003 c

	
0.09 ± 0.03 d

	
1.88 ± 0.01 d

	
2.07 ± 0.03 d

	
3.66 ± 0.16 bc




	
G

	
1.49 ± 0.06 e

	
0.03 ± 0.02 e

	
1.52 ± 0.06 f

	
0.06 ± 0.01 d

	
0.003 d

	
0.06 ± 0.01 d

	
1.46 ± 0.03 e

	
2.13 ± 0.03 d

	
3.07 ± 0.09 d




	
B

	
3.15 ± 0.40 b

	
0.15 ± 0.01 d

	
3.3 ± 0.40 cd

	
0.16 ± 0.02 abc

	
0.01 c

	
0.17 ± 0.02 bc

	
2.39 ± 0.01 a

	
3.46 ± 0.15 b

	
3.65 ± 0.09 bc




	
R

	
3.17 ± 0.52 b

	
0.26 ± 0.05 c

	
3.43 ± 0.51 bc

	
0.15 ± 0.04 bc

	
0.017 bc

	
0.17 ± 0.05 bc

	
2.41 ± 0.02 a

	
3.36 ± 0.04 b

	
3.16 ± 0.03 d




	
RB

	
3.21 ± 0.23 b

	
0.48 ± 0.12 a

	
3.58 ± 0.11 bc

	
0.17 ± 0.01 abc

	
0.027 a

	
0.19 ± 0.00 ab

	
2.16 ± 0.02 b

	
4.16 ± 0.11 a

	
3.79 ± 0.12 b




	
RG

	
3.76 ± 0.28 a

	
0.28 ± 0.06 c

	
4.05 ± 0.23 a

	
0.19 ± 0.06 a

	
0.02 b

	
0.21 ± 0.06 a

	
1.89 ± 0.04 d

	
3.37 ± 0.16 b

	
3.48 ± 0.49 c




	
GB

	
2.81 ± 0.19 c

	
0.22 ± 0.06 c

	
3.03 ± 0.22 d

	
0.14 ± 0.03 c

	
0.013 c

	
0.15 ± 0.03 c

	
2.37 ± 0.04 a

	
2.93 ± 0.03 c

	
4.46 ± 0.44 a




	
RGB

	
3.56 ± 0.16 a

	
0.38 ± 0.07 b

	
3.94 ± 0.14 a

	
0.17 ± 0.01 abc

	
0.02 b

	
0.19 ± 0.00 ab

	
2.02 ± 0.02 c

	
3.02 ± 0.15 c

	
3.65 ± 0.67 bc








Note: presented values are means ± SE. Different letters in the same column indicate significant differences (p ≤ 0.05, n = 24).
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Table 2. Effects of RB ratio and intensity of supplemental light on biomass and physiological parameters of cucumber seedlings under extremely low irradiance.
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Treatment

	
Fresh Weight (g·Plant−1)

	
Dry Weight (g·Plant−1)

	
Ratio (Root/Shoot)

	
Root Activity (mg·g−1·h−1)

	
Chlorophyll Content (mg·g−1)

	
Soluble Sugar Content (mg·g−1)

	
Soluble Protein Content (mg·g−1)




	
Shoot

	
Root

	
Shoot

	
Root






	
CK

	
1.42 ± 0.1 c

	
0.10 ± 0.0 c

	
0.08 ± 0.0 c

	
0.01 ± 0.00 c

	
0.05 ± 0.01 b

	
59.67 ± 0.39 c

	
2.10 ± 0.06 a

	
4.03 ± 0.12 c

	
5.73 ± 0.09 a




	
1R1B-50

	
4.70 ± 0.2 b

	
0.74 ± 0.3 bc

	
0.47 ± 0.1 b

	
0.05 ± 0.01 b

	
0.10 ± 0.02 b

	
60.33 ± 0.22 c

	
1.70 ± 0.00 c

	
7.77 ± 0.15 b

	
4.98 ± 0.09 c




	
1R2B-50

	
5.70 ± 0.3 ab

	
1.42 ± 0.3 ab

	
0.61 ± 0.1 ab

	
0.10 ± 0.01 a

	
0.16 ± 0.02 a

	
107.33 ± 0.84 b

	
1.85 ± 0.01 b

	
7.81 ± 0.27 b

	
5.08 ± 0.14 bc




	
1R1B-75

	
5.60 ± 0.5 ab

	
0.76 ± 0.1 bc

	
0.60 ± 0.1 ab

	
0.06 ± 0.01 b

	
0.10 ± 0.01 b

	
116.67 ± 0.39 b

	
1.82 ± 0.04 b

	
9.96 ± 0.13 a

	
5.40 ± 0.09 b




	
1R2B-75

	
6.80 ± 0.6 a

	
1.82 ± 0.3 a

	
0.79 ± 0.1 a

	
0.12 ± 0.02 a

	
0.16 ± 0.02 a

	
146.67 ± 0.85 a

	
1.87 ± 0.03 b

	
9.81 ± 0.21 a

	
5.82 ± 0.09 a








Note: presented values are means ± SE. Different letters in the same column indicate significant differences (p ≤ 0.05, n = 24).
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