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Abstract

:

This study was conducted to compare the effects of broad spectrum during the whole seedling period and photon flux density (PFD) in the healing stage on the growth and energy use efficiency of grafted tomato (Lycopersicon esculentum Mill.) transplants in a plant factory. Fluorescent lights, white LED lights, and white plus red LED lights were applied at the growth processes of grafted tomato transplants from germination of rootstock and scion to post-grafting. Three levels of PFD (50, 100, 150 μmol m−2 s−1) were set in the healing stage under each kind of light quality. The results indicated that the growth and quality of grafted tomato transplants under different broad spectrums were influenced by the ratio of red to blue light (R/B ratio) and the ratio of red to far-red light (R/FR ratio). A higher R/B ratio was beneficial to total dry matter accumulation, but excessive red light had a negative effect on the root to shoot ratio and the seedling quality index. The higher blue light and R/FR ratio suppressed stem extension synergistically. The LED lights had good abilities to promote plant compactness and leaf thickness in comparison with fluorescent lights. The plant compactness and leaf thickness increased with the increase in daily light integral in the healing stage within a range from 2.5 to 7.5 mol m−2 d−1 (PFD, 50 to 150 μmol m−2 s−1). Compared to fluorescent lights, the LED lights showed more than 110% electrical energy saving for lighting during the whole seedling period. Higher PFD in the healing stage did not significantly increase the consumption of electric power for lighting. White plus red LED lights with an R/B ratio of 1.2 and R/FR ratio of 16 were suggested to replace fluorescent lights for grafted tomato transplants production considering the high quality of transplants and electrical energy saving, and PFD in the healing stage was recommended to be set to 150 μmol m−2 s−1.
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1. Introduction


Grafted tomato (Lycopersicon esculentum Mill.) transplants are the optimal combination of rootstock and scion with desirable production traits. They usually have the advantages of tolerance to soil-borne diseases and abiotic stresses, promotion of plant vigor, yield increases, and so on, compared to non-grafted ones [1]. The percentage of tomato cultivation area with grafted transplants has increased to 75% in the Netherlands, 50% in France, 40% in Japan, and 25% in Korea [2]. Although the proportion of tomato grafting is only around 1%, China is the country with the largest grafted tomato cultivation area of more than 20 thousand hectares [3].



The grafted tomato transplant production usually starts with the raising of rootstock and scion plantlets, followed with grafting and healing, and ends with the acclimation [1]. The management of light, temperature, and relative humidity during healing is very important for the survival and vigorous growth of tomato grafted transplants. Therefore, the professional nurseries usually utilize healing chambers to provide a controlled environment for the healing of grafted transplants [4]. Many studies have focused on environment optimization in the healing stage for grafted transplants production in the greenhouse [5,6,7]. It is noteworthy that grafted tomato transplants have been commercially produced in the plant factory with artificial lighting (PFAL) for the advantages of high-quality, pesticide-free, and annual production [8]. In comparison with the traditional production methods, production in PFAL is different in the preparation of rootstock and scion plantlets. To ensure the high-quality and pesticide-free production of transplants and stability of production, all the growth processes of grafted tomato transplants from sowing to post-grafting are in a fully controlled environment with artificial lighting. Generally, lighting accounts for 70%–80% of the total electricity consumption in a PFAL and greatly affects the growth and development of transplants [9]. It is meaningful to optimize the lighting environment during the whole seeding period to promote the growth of grafted tomatoes and reduce the electric consumption of lighting.



Recently, power-efficient and narrow-spectrum LED lights have been gradually replacing the fluorescent lights as the light sources in PFALs [10]. The chlorophyll absorption spectra were often used as the theoretical support for the design of horticultural commercial LED fixtures made by a combination of red and blue LEDs. However, the efficiency of red plus blue LED lights for plants is doubtful [11]. For a living plant, the pigments in vivo can absorb light with wavelengths from 400 nm to 700 nm and transfer the excitation energy to chlorophyll a for photoreaction [12]. Green light can be used for photosynthesis quite efficiently compared to blue light according to the relative quantum yield curve determined by McCree [13]. Kim et al. [14] reported that the growth of lettuce under red and blue LEDs was highly enhanced by an addition of 24% green lights, while the total photon flux density (PFD) and the ratio of red to blue light (R/B ratio) remained unchanged. The leaves can acclimate their photosystem composition to their growth light spectrum and quantum yields can be enhanced substantially under combined different wavelengths [15]. It has been proved that the phosphor-conversion white LEDs with continuous broad spectrum have great potential to promote high yields and energy-saving in PFALs compared to fluorescent lights and red and blue LED lights [16].



However, one thing to consider is that the common phosphor-based white LEDs that are widely used in architectural lighting applications [17] usually have a relative deficiency of red light in the spectrum considering the high use efficiency of red light for plants. One solution for the lack of red light in the spectrum of white LEDs is adding red LEDs to the white LED lights. The white LED light with additional red light emitted a more promising spectrum for increasing photosynthesis and energy efficiency of Chinese cabbage, lettuce, pepper, and tomato [18,19]. The quality of grafted tomato transplants was significantly promoted by supplementing lighting with white plus red plus blue LED lights compared to white LED lights in greenhouses [20].



The main aim of the present study is to compare the effects of the broad spectrum emitted by fluorescent lights, white LED lights, and white plus red LED lights during the whole seedling period on the growth and energy use efficiency of grafted tomato transplants in a PFAL. Considering that PFD in the healing stage affects the growth and quality of grafted transplants [21,22], three levels of PFD were set in the healing stage of grafted tomato transplants grown under each light quality to investigate the possible interactive effects of light quality and PFD. The results are expected to provide suggestions on replacing fluorescent lights with white LED lights for grafted tomato transplants production in a PFAL.




2. Materials and Methods


2.1. Plant Materials and Growth Conditions


The experiment was conducted in a walk-in growth chamber equipped with an automatic environmental control system, the internal size of which is 2.8 m long, 2.9 m wide, and 2.4 m high (Figure 1). The tomatoes (Lycopersicon esculentum Mill.) “Zhezhan No.1” and “Dongfeng No.1” (Jinan Weili Seeds Co., Ltd., Jinan, China) were used as rootstock and scion, respectively. Rootstock seeds were sown 2 days after sowing scion seeds, in 72-cell and 128-cell plug trays filled with a mixture of vermiculite and perlite (3:1, v/v), respectively. The scion and rootstock seeds germinated 4 days after sowing the scion in the dark with a temperature of 28 °C ± 1 °C and relative humidity of 75% ± 8%.



A total of 20 days after sowing the scion, the stem diameter of rootstock and scion was in the range between 2.0 mm and 3.0 mm. The grafting process was carried out manually by experienced workers using the cleft grafting method [2]. Air temperature in the growth chamber was maintained at 25 °C ± 1 °C and 20 °C ± 1 °C in photoperiod and dark period, respectively, and relative humidity was always controlled at 90% ± 5% within 7 days after grafting (in the healing stage). At pre-grafting and post-healing stage, air temperature and relative humidity in the growth chamber were maintained at 24 °C ± 1 °C and 60% ± 5%, respectively, in the light period, and 20 °C ± 1 °C and 65% ± 5%, respectively, in the dark period. During the whole seedling stage, the CO2 concentration was maintained at 800 ± 50 μmol mol−1 in photoperiod and no control in the dark period.



During the experiment, the tomato transplants were fully sub-irrigated every two or three days with the nutrient solution, which was prepared using purified water based on the Japanese horticultural formula (mg L−1): KNO3, 808; Ca(NO3)2·4H2O, 944; MgSO4·7H2O, 492; NH4H2PO4, 153; DTPA-Fe-7, 42.9; H3BO3, 2.82; MnSO4·H2O, 1.54; CuSO4·5H2O, 0.08; ZnSO4·7H2O, 0.22; (NH4)6Mo7O24·4H2O, 0.03, respectively. One-third strength of standard nutrient solution was used after seed germination. One-half strength of standard nutrient solution was used after cotyledon unfolding. Full strength of standard nutrient solution was used after first true leaf unfolding, until to the end of experiment. The pH of nutrient solution was controlled at 6.0–6.5 during the experiment.




2.2. Lighting Treatments


Three kinds of tubular LED lighting fixtures (W-LED-16W, WR-LED5/1-16W, WR-LED5/3-16W, Beijing Lighting Valley Technology Co., Beijing, China) were used for lighting treatments (Table 1). They were white LED light with R:B ratio of 0.9 (L0.9), white plus red LED light with white and red chips in number ratio 5:1 and R:B ratio of 1.2 (L1.2), white plus red LED light with white and red chips in number ratio 5:3 and R:B ratio of 2.2 (L2.2), respectively. Each light is 1.2 m long and has 120 chips arranged linearly with a spacing of 1 cm. All the white LED chips had a color temperature of 6500 K, and red chips had a peak at 660 nm. One kind of tri-phosphor fluorescent light (Shanghai Nonghui Biotechnology Corp., Shanghai, China) in a color temperature of 4200 K with R:B ratio of 1.8 (F1.8) was used as a control. The spectral distributions of PFD emitted by four lighting sources across the 300–800 nm wavelength were measured at 15 cm below the lights using a fiber spectrometer (AvaSpec-ULS2048, Avantes Inc., Apeldoorn, The Netherlands) (Figure 2). The photon flux fraction of ultraviolet light (300–399 nm), blue light (400–499 nm), green light (500–599 nm), red light (600–699 nm), and far-red light (700–800 nm) were calculated for light quality analysis. Lighting treatments using four kinds of lights lasted 15 days after germination of rootstock and scion with the PFD of 250 μmol m−2 s−1 and photoperiod of 14 h d−1. On grafting day, all the lights were turned off to provide a dark environment for grafted seedlings. On the second day after grafting, the PFD was set to three levels, namely 50, 100, 150 μmol m−2 s−1, under each lighting source for 6 days until the healing stage was over. At post-healing stage, the PFD was set back to 250 μmol m−2 s−1 for 3 days. Different levels of PFD were achieved by changing the number and horizontal position of lights. Each lighting treatment included 24 plants and three replicates.




2.3. Measurements and Calculations


At ten days after grafting, the general destructive measurements were carried out to determine the transplant characteristics. Six plants were randomly selected to measure in each treatment. Plant height (PH, cm) was measured from the substrate surface to the growing point of stem apex using a ruler. Stem diameters (SD, mm) were measured 1 cm above and below the joint using a vernier caliper, and the average value of them was used. All unfolded true leaves were counted as the leaf number, and the total leaf area was calculated according to the pixel value of the leaf image taken by a scanner (LiDE 110, Canon (China) Co., Ltd., Shenzhen, China). The fresh leaves, stems and root were weighed separately, then they were dried for 72 h in a drying oven at 80 °C, and the dry matter of leaves, stems and root were measured, respectively.



The root to shoot (R/S) ratio was the ratio of root dry matter (RDM) and shoot dry matter (SDM). The seedling quality index (SQI) was calculated as TDM/(PH/SD + SDM/RDM) [23], where TDM was a total dry matter in grams, and PH and SD are in centimeters and millimeters, respectively. The plant compactness was defined as SDM/PH. The specific leaf area (SLA) was the ratio of total leaf area per plant to total leaf dry matter per plant [24].



The net photosynthetic rate (Pn) of tomato leaf was measured using a portable photosynthesis system (LI-6400XT, LI-COR Biosciences Inc., Lincoln, NE, USA) equipped with a 6400-02B leaf chamber, in which PFD, air temperature, and CO2 concentration were set at 250 µmol m−2 s−1, 25 °C, and 800 µmol mol−1, respectively. The potential maximum quantum yield of primary PSII photochemistry (Fv/Fm) of the tomato leaf was measured using a multi-function plant efficiency analyzer (M-PEA, Hansatech Instruments Ltd., Norfolk, UK) after dark-adaptation for 30 min.



The fresh leaf tissue in approximately 70.0 mg (W) of each transplant was extracted in 80% (v/v) acetone for 48 h in the dark. The total volume of extract solution is 10 mL. The absorbance of the solution at 663 nm (A663), 646 nm (A646) and 470 nm (A470) were measured by a spectrophotometer (UV-3150, Shimadzu Corporation, Kyoto, Japan). Chlorophyll a, chlorophyll b and total carotenoids content (mg g−1) were calculated as (122.5A663 − 27.9A646)/W, (215.0A646 − 51.0A663)/W and (50.5A470 + 20.8A663 − 92.1A646)/W, respectively [25].



The light energy use efficiency of the plant community (LUEp) and electrical energy use efficiency of lighting (EUEL) were calculated by f·D/PARp and f·D/AL, respectively [26]. f is the conversion factor from dry mass to chemical energy fixed in dry matter (about 20 MJ kg−1); D is the average dry matter increase rate of grafted tomato plants during the whole seedling period (kg m−2 h−1); PARP is average photosynthetically active radiation received at the plant community surface (MJ m−2 h−1); AL is electrical energy consumed by lights, which is measured by a power monitor (T8006, Shenzhen BeiDian Instrument Co., Shenzhen, China).




2.4. Data Statistics and Analysis


A two-way analysis of variance (ANOVA) was conducted to test the effects of light quality and PFD on plant growth and energy use efficiency using IBM SPSS Statistics 23 (IBM, Inc., Chicago, IL, USA). Duncan’s test was used to make post-hoc multiple comparisons at α = 0.05 level (n = 6). For the data in figures, means were separated across the four kinds of light quality and three levels of PFD, respectively, if there was no interaction between light quality and PFD.





3. Results


3.1. Growth Characteristics of Grafted Tomato Transplants


The morphology of grafted tomato transplants affected by light quality during the whole seedling period and PFD in the healing stage are shown in Figure 3. The PFD in the healing stage had interactive effects with light quality on plant height and Pn (Table 2). The height of grafted tomato transplants under F1.8-P100 was at the highest level, and that under L1.2-P100 was at the lowest level. Compared to F1.8-P100, the plant height under L1.2-P100 was 30% lower. The highest Pn of 14.1 μmol m−2 s−1 was observed on the transplants grown under F1.8-P150 and L1.2-P100, and the lowest Pn of 10.9 μmol m−2 s−1 was found on the transplants grown under L2.2-P50 and L2.2-P150. There were no interactive effects of light quality and PFD on the stem diameter, leaf number, leaf area, and TDM. The stem diameter was not affected by light quality during the whole seedling period. The PFD of 50 μmol m−2 s−1 in the healing stage resulted in the smallest stem diameters under F1.8 and L1.2. The leaf number and leaf area were not affected by PFD in the healing stage. The highest leaf number and leaf area were observed under F1.8. The TDM was affected by light quality and PFD. It was the highest under L2.2, and there were no significant differences under F1.8, L0.9, and L1.2. The PFD of 50 μmol m−2 s−1 in the healing stage led to the lowest TDM. There were no significant differences of TDM under 100 and 150 μmol m−2 s−1 in the healing stage.



No interactive effects of light quality and PFD were found on the Fv/Fm, ratio of chlorophyll a to chlorophyll b (chl a/b) and ratio of total chlorophylls to total carotenoids ((a + b)/(x + c)) (Figure 4). Fv/Fm of grafted tomato transplants grown under different light sources ranged from 0.811 to 0.822, not affected by PFD in the healing stage. The highest value of Fv/Fm 0.822 was observed on the transplants grown under L0.9, and the lowest value of Fv/Fm 0.811 was found on the transplants grown under L2.2. The PFD in the healing stage had no effects on the composition of photosynthetic pigments. Although there were statistical differences in chl a/b and (a + b)/(x + c) under different light quality, the chl a/b and (a + b)/(x + c) just varied within the range of 3.33 to 3.45 and 4.70 to 5.11, respectively. Moreover, the lowest values of chl a/b and (a + b)/(x + c) both emerged under L2.2.



There were no interactive effects of light quality and PFD on parameters of compactness and SLA (Figure 5). Compared to fluorescent lights, the LED lights led to higher compactness and lower SLA. The addition of red light to white LED lights significantly improved the compactness and reduced the SLA. However, no significant differences in compactness and SLA were found under two kinds of white plus red LED lights. The compactness increased linearly with an increase in daily light integral (DLI) in the healing stage at the range of 2.5 to 7.5 mol m−2 d−1. SLA decreased with the increase in DLI, responding in an opposite manner to compactness. Interactive effects of light quality and PFD were observed on the R/S ratio and SQI (Figure 6). There were no significant differences in R/S ratio between different PFD under F1.8 and L0.9 light quality. However, the R/S ratio had an increasing and decreasing trend, respectively, with the increase in PFD under L1.2 and L2.2 light quality. The SOI had a similar response as the R/S ratio to light quality and PFD. The R/S ratio and SQI of grafted tomato transplants under L1.2-P150 were both at comparable levels compared to that under F1.8.




3.2. Energy Use Efficiency


There were no interactive effects on LUEP and EUEL between light quality during the whole seedling period and PFD in the healing stage (Figure 7). The LUEP and EUEL were both affected by light quality during the whole seedling period but not affected by PFD in the healing stage. Compared to F1.8, the LUEp of grafted tomato transplants under L0.9 and L1.2 were both at the same level, and that under L2.2 increased by 19% with the highest value of 0.025. There were no significant differences in EUE of grafted tomato transplants grown under L0.9, L1.2 and L2.2, which improved by 123%, 126%, and 110%, respectively, compared to that under F1.8 with the lowest value of 0.0031.





4. Discussion


4.1. Growth of Grafted Tomato Transplants as Affected by Light Quality and PFD


Light quality is an essential factor for plant growth and development. Tubular fluorescent lights have been used as lighting sources for transplant production in commercialized PFALs since 2002 for their balanced spectrum and high efficiency [27]. Many studies aiming to optimize LED lighting for plant production in PFALs usually set fluorescent lights as the control in experiments [6,28,29]. They are willing to accept LED lights as lighting sources when the growth and quality of plants are comparable or better under LED lights in comparison with fluorescent lights considering the huge energy-saving advantages. In this study, high-quality transplants were evaluated according to the suggestions of Lee et al. [2] that they should have a proper size with healthy thick leaves and well-developed root systems, free from environmental stress during the growth stage. To understand the relationship between spectrum and growth and quality of grafted tomato transplants, integrated values of blue (400–499 nm), green (500–599 nm), red (600–699 nm), and far-red (700–800 nm) PFD in different lighting environments were used for discussion.



In the current study, light quality during the whole seeding period and PFD in the healing stage affected the TDM independently. Hernández et al. [29] compared the physiological responses of tomato seedlings to different R/B ratios using a combination of monochromatic blue LED and red LED, and found that R/B ratios in the range 1.0–2.3 were best for tomato seedling production in a PFAL, considering the higher dry matter accumulation. The R/B ratio of lights used in this study ranged from 0.9 to 2.2, similar to the ratio range mentioned above. Our results showed that there were no significant differences in TDM under an R/B ratio of 0.9–1.8, but a 14.2% increase in TDM was observed under an R/B ratio of 2.2. It seemed to indicate that grafted tomato transplants grown under L2.2 had the highest quantum yield for CO2 fixation. However, it cannot be explained by the Pn of grafted tomato transplants for the reason that it decreased significantly under L2.2, especially under PFD of 50 and 100 μmol m−2 s−1 in the healing stage. Correspondingly, a slight decrease in Fv/Fm was also found under L2.2. It has been reported that red light alone led to a lower Fv/Fm value but higher TDM on lettuces [30]. Hernández et al. [29] also observed a similar response on non-grafted tomato seedlings. A similar phenomenon was also reported by Bantis et al. [6], who found that grafted watermelon seedlings treated by a higher R/B ratio in the healing stage had a higher TDM but showed a lower Pn and Fv/Fm value. Hernández et al. [29] explained that this phenomenon was caused by the different light intersections due to different leaf areas and leaf numbers. However, the leaf area and leaf number under L2.2 were not significantly higher than those under other treatments in this study.



The photosynthetic quantum yield of leaves is wavelength-dependent, and the leaves can acclimate their photosystem composition to their growth light spectrum [15]. Adaptation to different light environment is usually characterized by the adjusted composition of photosynthetic pigments and various Chl fluorescences in the leaf [31]. In this study, Fv/Fm of grafted tomato transplants grown under different light sources ranged from 0.811 to 0.822. It indicated that the grafted tomato transplants under different lighting environments did not suffer from obvious environmental stress [32]. The chl a/b and (a + b)/(x + c) showed a mildly decreased value under L2.2, similar to Fv/Fm. These results showed that the leaves of grafted tomato transplants acclimated their photosystem to adapt to the higher red lights of L2.2 by increasing chlorophyll b and total carotenoids fraction to resist possible photoinhibition. In this study and that conducted by Bantis et al. [6], the Pn of plants grown under different light qualities was measured under the same lighting environment provided by red and blue LED built in the leaf chamber; the measured Pn cannot represent the real Pn during the growth period, since the leaves have adapted to their growth light spectrum. The Pn measured under the growth light spectrum may be a good indicator to explain the response of TDM. McCree [33] reported that effects of light of different wavelengths could be treated as independent and additive and that the relative photosynthetic rate of a leaf under white light could be roughly calculated as the sum of the products of action spectrum by the spectral energy flux distribution of the white light, which is also known as yield photon flux of lighting. Based on this method and action spectrum of tomato leaf measured by McCree [13], the yield photon flux of F1.8, L0.9, L1.2, and L2.2 can be estimated as 9.5, 9.4, 9.6, and 10.0 (relative value), respectively, which could explain the TDM response in this study.



It is necessary to prevent excessive elongation of stem for tomato transplant production in high planting densities. Wollaeger and Runkle [34] reported that tomato transplants grown under blue light alone or in combination with red reduced the height compared to that under pure red light and red plus green light. The effect of blue light on plant height was highly species-dependent [35]. Tomato was classified as the blue-inhibition type according to the stem elongation in response to monochromatic light [28]. In the current study, the grafted tomato transplants under L0.9 and L1.2 had a lower height than those under F1.8 and L2.2. It was a result of a higher fraction of blue light in L0.9 and L1.2. However, F1.8 showed a significant promotion effect on plant height compared to L2.2, although they had the same dose of blue light. This phenomenon may be caused by a lower ratio of red to far-red light (R/FR ratio) of F1.8 compared to L2.2, since the low R/FR ratio can induce the shade-avoidance response [36]. There were shreds of evidence that the high R/FR ratio and blue light could suppress stem extension synergistically; in other words, the full expression of shade avoidance required both low R/FR and reduced blue light [6,29,37]. What’s more, the higher fraction of green light of F1.8 might be another reason for the taller height. Green light can also induce the shade-avoidance response and promote the elongation of the stem [38,39]. This study indicated that the white plus red LED light of L1.2 with an R/B ratio of 1.2 and an R/FR ratio of 16 had a good ability of synergistically reducing shade-avoidance response for grafted tomato transplants.



In this study, LED lights showed good abilities to promote the compactness of grafted tomato transplants compared to fluorescent lights. The compactness of grafted tomato transplants was improved by a higher R/B ratio under LED lighting, but no significant differences were found between R/B ratios of 1.2 and 2.2. Excessive addition of red light to white LED light did not have a positive effect on improving transplant compactness. Similar results were also observed on grafted watermelon transplants: the plant compactness was not further promoted by a higher R/B ratio as the red-light fraction was over 64% under red plus blue LED lighting [6]. However, these results were not supported by Hernández et al. [29], who reported that the compactness of non-grafted tomato transplants was promoted by a higher fraction of blue light under red plus blue LED lighting, and no significant differences were observed when blue-light fraction was over 50%. This difference was caused by the different responses of SDM and plant height to R/B ratio. The SLA is the leaf area per unit of dry matter, and the lower SLA indicates a thicker leaf [24]. It was reported that a higher R/FR ratio led to the thicker leaves of tropical tree seedlings [40]. In this study, the far-red fraction of fluorescent light was two times that of LED light; therefore, it led to the lowest SLA. The grafted tomato transplants grown under L1.2 and L2.2 had the thickest leaves.



The healing process after grafting was influenced by PFD in the healing stage. Vu et al. [41] reported that grafted tomato seedlings under red light in approximately 15 μmol m−2 s−1 in the healing stage were significantly more compact than those in dark. The compactness and SLA had obvious responses to DLI in the healing stage in this study. Within the range of 2.5 to 7.5 mol m−2 d−1 in the healing stage, the compactness increased, and SLA decreased proportionally with the increase in DLI. This result agreed with the results of Jang et al. [21] who reported that the SLA of grafted cucumber seedlings decreased as DLI in the healing stage increased from 0 to 10.2 mol m−2 d−1. Hu et al. [22] also reported that compactness and SLA of grafted tomato transplants increased and decreased, respectively, as DLI in the healing stage increased from 2.2 to 6.5 mol m−2 d−1. Moreover, the compactness and SLA of grafted watermelon transplants also had similar responses to increasing supplemental DLI of 0–5.8 mol m−2 d−1 in greenhouses [42]. Our results indicated that high DLI in the healing stage was beneficial to the formation of compact plant shape. The provision of the PFD of 150 μmol m−2 s−1 is recommended at the healing stage.



A higher R/S ratio indicates that more carbohydrates are distributed to the roots, thus favoring the development of strong transplants [43]. In the current study, the R/S ratio of grafted tomato transplant was interactively affected by the light quality and PFD in the healing stage. A higher PFD in the healing stage promoted the R/S ratio under L1.2 but reduced the R/S ratio under L2.2. The L2.2 was not conducive to the allocation of dry matter to roots, especially under high PFD in the healing stage. Similarly, the R/S ratio of watermelon transplants significantly decreased when the R/B ratio of the broad LED spectrum was more than 1.7 [23]. It may be caused by excessive red light in photon fluxes, since it has been reported that red light was more beneficial to the growth rate of shoots than roots of lettuces, and the R/S ratio of lettuces decreased with increasing red LED ratio [30]. Higher PFD in the healing stage under L1.2 led to a higher R/S ratio. A similar result was also observed on the grafted cucumber seedlings [21]. The SQI includes parameters of height, stem diameter, and R/S ratio, and was suggested as a valuable indicator alongside the R/S ratio and compactness to evaluate the quality of grafted watermelon seedling [23]. In this study, the response of SQI to light quality and PFD in the healing stage was similar to the R/S ratio. Increased PFD in the healing stage under L1.2 promotes the increase in SQI. Sun et al. [44] also reported that the SQI of grafted cucumber seedlings with pumpkin rootstock increased with the increase in PFD within a range from 0 to 200 μmol m−2 s−1. Moreover, L1.2 showed the same ability as F1.8 to promote the quality of grafted tomato transplants when PFD in the healing stage was 150 μmol m−2 s−1.




4.2. Energy Use Efficiency as Affected by LED Quality


There were no effects of PFD in the healing stage on LUEP and EUEL of grafted tomato transplants, which may be caused by the little differences in dry matter accumulation under different PFD in the short healing time of only six days. The differences caused by different PFD in the healing stage were narrowed to a negligible level when compared to the differences in LUEP and EUEL during the whole seedling stage.



Compared to TDM and LUEP of grafted tomato transplants grown under F1.8, those under L2.2 increased by 14% and 19%, respectively. The difference between the two increase rates was due to the difference in light energy input. According to Planck’s equation, photon energy is inversely proportional to wavelength. It means that a greater fraction of red light and a lesser fraction of blue light contribute to less light energy when total photon flux is fixed. In this study, the fractions of red, green, and blue light photon flux of L2.2 were 44.0%, 33.9%, and 20.4%, respectively. The highest fraction of red light and the lowest fraction of green and blue light can explain why the increase rate of LUEP is higher than that of TDM of grafted tomato transplants under L2.2. In the current experiment, the average LUEp of grafted tomato transplants was approximately in the range between 0.021 and 0.025, which was about half times lower than that of non-grafted tomato seedling production in the PFAL reported by previous studies [45,46]. It is largely because half of the biomass of rootstock and scion was discarded during grafting, which was not regarded as the usable biomass of grafted transplants, and the decreased growth rate in the healing stage was another possible reason.



The EUEL of grafted tomato transplants under LED lights improved by 110%–126% compared to that under fluorescent lights. The LED lights showed good energy-saving ability. It is expected that replacing part of white LED chips with red LED chips can promote the photon efficacy of white LED fixtures for the reason that the photon efficiency of red LEDs is usually higher than that of white LEDs [47]. However, the EUEL of grafted tomato transplants under L2.2 did not increase compared to that under L0.9 and L1.2, although the LUEP of L2.2 was the highest among three kinds of LED lights. It indicated that L2.2 had a poor photon efficiency, which may be related to the manufacturing process of LED fixtures. Regardless, white LEDs are widely used in architectural lighting applications, the cost of which is now only 20% that of red LEDs [47]. Therefore, it is not necessary to add red light in excess considering the EUEL and cost of LED fixtures.





5. Conclusions


Compared to fluorescent lights, the LED lights show more than 110% electrical energy saving for lighting during the whole seedling period. The growth and quality of grafted tomato transplants under different broad LED light spectrums are influenced by the R/B ratio. The addition of an appropriate amount of red light to white LED lights can promote the total dry matter and enhance plant compactness and leaf thickness of grafted tomato transplants. However, excessive red light brings about a negative effect on the seedling quality and potentially increases costs of white plus red LED light fixtures. Higher PFD in the healing stage had a positive impact on the growth and quality of grafted tomato transplants and did not significantly increase the consumption of electric power for lighting. White plus red LED lights with R/B ratio of 1.2 and R/FR ratio of 16 are suggested to replace fluorescent lights for grafted tomato transplants production considering the high quality of transplants and electrical energy saving, and PFD in the healing stage is recommended to be set to 150 μmol m−2 s−1.
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Figure 1. Tomato transplants at pre-grafting stage (A), healing stage (B), and post-healing stage (C). 
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Figure 2. Spectral distribution of photon flux density (PFD) emitted by fluorescent lights (F1.8) with R:B ratio of 1.8 (A) and three LED lights (L0.9, L1.2 and L2.2) with R:B ratio of 0.9, 1.2 and 2.2, respectively (B). The total PFD was normalized to 100 μmol m−2 s−1. The PFD of ultraviolet light (UV, 300–399 nm), blue light (B, 400–499 nm), green light (G, 500–599 nm), red light (R, 600–699 nm) and far-red light (FR, 700–800 nm) were obtained by integral calculation (C). 
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Figure 3. Effects of light quality during the whole seedling period and photon flux density in the healing stage on the morphology of grafted tomato transplants. Z Symbol represents lighting source of F1.8 and photon flux density of 50 μmol m−2 s−1. 
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Figure 4. Effects of light quality during the whole seedling period and photon flux density (PFD) in the healing stage on Fv/Fm, ratio of chlorophyll a to chlorophyll b (chl a/b) and ratio of total chlorophylls to total carotenoids ((a + b)/(x + c)) of grafted tomato transplants. There were no interactive effects of light quality and PFD on Fv/Fm (P = 0.056), chl a/b (P = 0.440) and (a + b)/(x + c) (P = 0.256). Duncan’s test was used to make post-hoc multiple comparisons at α = 0.05 level (n = 6). Vertical bars represent standard deviations. Different letters, a and b, indicate significant differences and NS indicates nonsignificant differences. 






Figure 4. Effects of light quality during the whole seedling period and photon flux density (PFD) in the healing stage on Fv/Fm, ratio of chlorophyll a to chlorophyll b (chl a/b) and ratio of total chlorophylls to total carotenoids ((a + b)/(x + c)) of grafted tomato transplants. There were no interactive effects of light quality and PFD on Fv/Fm (P = 0.056), chl a/b (P = 0.440) and (a + b)/(x + c) (P = 0.256). Duncan’s test was used to make post-hoc multiple comparisons at α = 0.05 level (n = 6). Vertical bars represent standard deviations. Different letters, a and b, indicate significant differences and NS indicates nonsignificant differences.



[image: Agriculture 11 00816 g004]







[image: Agriculture 11 00816 g005 550] 





Figure 5. Effects of light quality during the whole seedling period and daily light integral (DLI) in the healing stage on compactness, specific leaf area (SLA) of grafted tomato transplants. There were no interactive effects of light quality and DLI on compactness (P = 0.216) and SLA (P = 0.716). Duncan’s test was used to make post-hoc multiple comparisons at α = 0.05 level (n = 6). Vertical bars represent standard deviations. Different letters, a–c, indicate significant differences. 
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Figure 6. Root to shoot (R/S) ratio and seedling quality index (SQI) of grafted tomato transplants as affected by light quality during the whole seedling period and photon flux density in the healing stage. Means were separated by Duncan’s test at α = 0.05 level (n = 6). Vertical bars represent standard deviations. Different letters, a–c, indicate significant differences. 






Figure 6. Root to shoot (R/S) ratio and seedling quality index (SQI) of grafted tomato transplants as affected by light quality during the whole seedling period and photon flux density in the healing stage. Means were separated by Duncan’s test at α = 0.05 level (n = 6). Vertical bars represent standard deviations. Different letters, a–c, indicate significant differences.



[image: Agriculture 11 00816 g006]







[image: Agriculture 11 00816 g007 550] 





Figure 7. Effects of light quality during the whole seedling period and photon flux density (PFD) in the healing stage on energy use efficiency of grafted tomato transplants. There were no interactive effects of light quality and PFD on LUEP (P = 0.212) and EUEL (P = 0.063). Duncan’s test was used to make post-hoc multiple comparisons at α = 0.05 level (n = 6). Vertical bars represent standard deviations. Different letters, a and b, indicate significant differences and NS indicates nonsignificant differences. 
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Table 1. Lighting treatments created by four kinds of light sources during the whole seedling period and three levels of photon flux density in the healing stage.
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Treatment

	
Light Source for the Whole

Seedling Period

	
Photon Flux Density

(μmol m−2 s−1)

	
Photoperiod

(h d−1)

	
Daily Light Integral

(mol m−2 d−1)




	
Healing Stage

(7 d) Z

	
Pre-Grafting/Post-Healing Stage

(15 d/3 d)

	
Healing Stage

	
Pre-Grafting/Post-Healing Stage






	
F1.8-P050Y

	
F1.8

	
50

	
250

	
14

	
2.5

	
12.6




	
F1.8-P100

	
100

	
5.0




	
F1.8-P150

	
150

	
7.6




	
L0.9-P050

	
L0.9

	
50

	
250

	
14

	
2.5

	
12.6




	
L0.9-P100

	
100

	
5.0




	
L0.9-P150

	
150

	
7.6




	
L1.2-P050

	
L1.2

	
50

	
250

	
14

	
2.5

	
12.6




	
L1.2-P100

	
100

	
5.0




	
L1.2-P150

	
150

	
7.6




	
L2.2-P050

	
L2.2

	
50

	
250

	
14

	
2.5

	
12.6




	
L2.2-P100

	
100

	
5.0




	
L2.2-P150

	
150

	
7.6








Z The healing stage was 7 days. All the lights were turned off on the first day, and three levels of PFD were provided on the next 6 days. Y Symbol represents lighting source of F1.8 and photon flux density of 50 μmol m−2 s−1.













[image: Table] 





Table 2. Morphological characteristics, biomass and net photosynthetic rate (Pn) of grafted tomato transplants as affected by light quality (LQ) during the whole seedling period and photon flux density (PFD) in the healing stage. Different letters in the same column indicate significant differences at α = 0.05 level (n = 6) according to Duncan’s test. NS and * represent nonsignificant and significant difference, respectively.
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	Treatment
	Plant Height

(cm)
	Stem Diameter

(mm)
	Leaf Number
	Leaf Area

(cm2)
	Total Dry Matter

(g)
	Net Photosynthetic Rate

(μmol m−2 s−1)





	F1.8-P050 Z
	7.6 ± 0.6 ab
	2.7 ± 0.1 b
	3.8 ± 0.4 a
	46.5 ± 4.3 a
	0.19 ± 0.02 b
	11.9 ± 1.4 ab



	F1.8-P100
	7.9 ± 0.4 a
	3.0 ± 0.2 a
	3.8 ± 0.4 a
	46.0 ± 5.4 a
	0.22 ± 0.03 ab
	12.2 ± 1.1 ab



	F1.8-P150
	7.2 ± 0.2 b
	2.9 ± 0.2 ab
	3.7 ± 0.5 ab
	46.9 ± 7.4 a
	0.22 ± 0.04 ab
	14.1 ± 1.2 a



	L0.9-P050
	6.2 ± 0.8 cd
	2.9 ± 0.2 ab
	3.5 ± 0.5 ab
	43.4 ± 4.7 ab
	0.20 ± 0.03 b
	12.0 ± 1.7 ab



	L0.9-P100
	6.0 ± 0.4 cd
	2.9 ± 0.2 ab
	3.2 ± 0.4 b
	41.9 ± 8.2 ab
	0.20 ± 0.03 b
	12.8 ± 1.7 ab



	L0.9-P150
	6.6 ± 0.7 c
	2.9 ± 0.2 ab
	3.8 ± 0.4 a
	46.6 ± 6.8 a
	0.24 ± 0.03 a
	12.3 ± 2.3 ab



	L1.2-P050
	5.4 ± 0.3 e
	2.7 ± 0.1 b
	3.0 ± 0.0 b
	36.6 ± 4.1 b
	0.19 ± 0.02 b
	13.8 ± 1.2 a



	L1.2-P100
	5.5 ± 0.3 e
	3.0 ± 0.2 a
	3.3 ± 0.5 ab
	44.2 ± 5.1 ab
	0.23 ± 0.03 a
	14.1 ± 1.3 a



	L1.2-P150
	5.6 ± 0.2 de
	3.0 ± 0.1 a
	3.3 ± 0.5 ab
	36.7 ± 1.7 b
	0.23 ± 0.02 a
	11.0 ± 1.0 b



	L2.2-P050
	6.3 ± 0.4 cd
	2.9 ± 0.1 ab
	3.2 ± 0.4 b
	46.4 ± 3.0 a
	0.24 ± 0.03 a
	10.9 ± 2.6 b



	L2.2-P100
	6.7 ± 0.5 c
	2.8 ± 0.2 ab
	3.2 ± 0.4 b
	42.4 ± 8.6 ab
	0.24 ± 0.05 a
	12.7 ± 1.6 ab



	L2.2-P150
	6.0 ± 0.6 d
	2.8 ± 0.2 ab
	3.6 ± 0.5 ab
	42.4 ± 6.4 ab
	0.24 ± 0.04 a
	10.9 ± 0.8 b



	LQ
	*
	NS
	*
	*
	*
	*



	PFD
	NS
	*
	NS
	NS
	*
	NS



	LQ × PFD
	*
	NS
	NS
	NS
	NS
	*







Z Symbol represents lighting source of F1.8 and photon flux density of 50 μmol m−2 s−1.
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