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Abstract

:

Supplemental artificial light in greenhouses is fundamental to achieving sustainable crop production with high yield and quality. This study’s purpose was to investigate the efficacy of supplemental light (SL) sources on the vegetative and reproductive growth of cherry tomatoes. Four types of light sources were applied, including high-pressure sodium lamps (HPS), a narrow-spectrum LED light (NSL), and two specific full-spectrum LED lights (SFL1 and SFL2) with a shorter blue peak wavelength (436 nm) and/or green peak wavelength (526 nm). The control was the natural light condition. Shoot fresh and dry weight and leaf area in the SFL1 and SFL2 treatments were greater than those in the control. The HPS and NSL treatments also enhanced tomato growth, but they were less efficient compared to the SFL treatments. The SFL1 and SFL2 treatments showed higher fruit yields by 73.1% and 70.7%, respectively, than the control. The SL sources did not affect the effective photochemical quantum yield of photosystem II (Y (II)). However, they did trigger the increased electron transport rate (ETR) and non-photochemical quenching (NPQ). The SFL treatments enhanced tomato growth, fruit yield, and efficient use of light and energy, suggesting that the specific full spectrum based on the short-wavelength blue and/or green peak can be successfully applied for the cultivation of cherry tomato and other crops in greenhouses.
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1. Introduction


Greenhouses are one of the most advanced agriculture systems. Initially, they were developed for growing crops in cold regions to prevent low-temperature exposure in the winter. Recently, greenhouse technology has rapidly spread, providing better environmental management, higher resource use efficiency, and high-technology application [1]. This minimizes the adverse environmental effects and produces crops with higher quantity, better quality, and stability of year-round production [2]. The commercial greenhouse has widely been applied for cultivating leafy and fruiting vegetables. Generally, an ideal greenhouse can be implemented by increasing light input, reducing heat loss in the winter, and increasing heat removal in the summer [3]. However, the structure and covering materials limit available natural light for the plants in the greenhouse, causing a light intensity reduction by about 20–30% inside the greenhouse compared to outside [4]. In addition, the high-wire production system and the high planting densities for the cultivation of fruiting plants have a strong shading effect on leaves under the plant canopy and dramatically depress photosynthesis processes in the lower canopy [5]. Therefore, designing proper greenhouse lighting is important for improving crop production [6].



Applying SL sources in a greenhouse is an effective method to optimize the lighting environment and plant growth. Artificial lighting systems significantly contribute to the energy and operation cost of greenhouses [7]. The SL is typically used during the winter season due to the limit of solar radiation for light interception by plants. However, some cloudy and rainy days in the other seasons can also cause reduced DLI (daily light integral), as in the winter [8]. Hence, SL can be effectively used to maintain year-round crop production on a tight schedule (fall–winter and spring–summer). Until recently, HPS lamps have been the most popular SL source in the greenhouse due to their high electrical efficiency—about 30–40% [9]. A weak point of HPS lamps is the spectrum, in that they emit most strongly in the yellow and orange regions, which do not match with the absorbance of the pigments for photosynthesis [10]. Recently, light-emitting diodes (LEDs), which can provide any desired broad spectrum with narrow spectra, have been rapidly deployed in the horticultural lighting field. Moreover, the dramatic performance improvement and cost reduction in the LED industry allowed for extensive application of supplemental LED lights, which could efficiently enhance plant growth, crop yields, and energy efficiency [11,12].



Tomato (Solanum lycopersicum L.) is a fruiting vegetable widely grown and consumed globally [13]. Tomato can be cultivated in greenhouses under controlled microclimatic conditions throughout the year [14] and is considered a model plant for studying newly developed techniques in the greenhouse [15]. The plant canopy is increased to intercept as much light as possible for the whole-plant photosynthesis and productivity. HPS lamps are a conventional SL source for growing tomato seedlings [16]. Meanwhile, the usefulness of LED lighting systems in qualitatively and quantitatively improving tomato production in a greenhouse has recently been reported [17,18,19,20]. Tomato plants under LED showed higher gas exchange and photosynthetic capacity compared to HPS, and those grown under LED lights exhibit more vegetative growth and have longer vigor than plants grown under HPS lamps, while HPS lamps stimulate more generation and early production but with faster senesce [21,22]. The LED SL in the form of toplighting and/or interlighting has the highest light-use efficiency and the most favorable surplus of all the variable costs over the value of production compared to HPS lamps or the HPS–LED combination [23]. The supplement of LED interlighting in the spring and summer season positively affected tomato growth and fruit yield [24].



The necessity of the R and B LED combination for growing tomatoes in a greenhouse has been confirmed [25,26,27]. In addition, the white (W) LED light is an efficient SL source in tomato production in greenhouses [28]. This study evaluated the role of various SL sources on cherry tomato cultivation, including HPS lamps, narrow-spectrum LEDs (NSL) with R and B combination, and two specific full-spectrum or W light LEDs (SFL). The new SFL sources were built with phosphor-converted W LEDs that contain short-wavelength (436 nm) blue emitter and/or green emitter (526 nm), in combination with deep red (660 nm) LEDs. The short-wavelength blue-based W LED was recently developed by Samsung Electronics. This spectrum is extraordinary because most W LEDs commercially available on the market are based on a 450 nm blue emitter, which is optimized for human vision, thus for general illumination. The SFL sources have been tested and found superior in enhancing lettuce growth and increasing light and energy use efficiency in vertical farming [29]. We conducted this study to investigate the broad application of SFLs on growing tomatoes.




2. Materials and Methods


2.1. Plant Materials and Growth Conditions


A semi-closed greenhouse at the Gyeongsang National University, Jinju, Korea (35°09′38″ N, 128°04′39″ E; altitude, 44 m) was used to cultivate cherry tomato (Solanum lycopersicum L., cv. ‘Berry King’), and the experiment was conducted from 26 May 2021 to 27 July 2021. Forty-three-day-old tomato seedlings with two true leaves were transplanted into rock wool slabs (Grotop Master, Grodan, The Netherlands) with a density of 2.5 plants m−2 on 8 June 2021. An automatic drip irrigation hydroponic system (Win-7000S, Woosung Hitec, Korea) was applied. The plants were irrigated with nutrient solution at an electrical conductivity of 2.0~2.2 dS m−1 and pH of 5.5~6.0 (Table 1). The growing conditions were controlled during the experiment at an average temperature of 28.8 ± 14 °C and humidity of 76 ± 20%. Cherry tomato plants per treatment were cultivated for 49 days after treatment.




2.2. Experimental Design and Light Treatment


The two middle rows were divided into five plots via white curtains impenetrable to light. Four SL treatments were installed over the four plots: HPS lamps (SON-T Agro, Philips, Amsterdam, The Netherlands; 250 W), NSL (Models LH351H Blue 450 nm and LH351H Deep Red 660 nm V2; Samsung Electronics, Suwon, Korea; 104 W), and SFL1 and SFL2 (Models LM301H EVO and LM301H EVO Mint White, respectively, with LH351H Deep Red 660 nm V2; Samsung Electronics, Suwon, Korea; 100 W) (Table 2 and Figure 1). Two fixtures of same type were installed per treatment above the canopy. The natural light condition in the greenhouse was used as control. We used a translucent sunscreen with 50% of transmittance over the whole area for cultivation to mimic the natural light condition of the fall–winter season (poor natural light condition). For the analysis of the spectral composition and the R, G, B ratio of each light source, the spectral distribution was measured at five positions on a horizontal plane at the height of 50 cm below the light source by a portable spectroradiometer (LI-180; Li-Cor, Lincoln, NE, USA). All light sources were set above the top of the canopy (at a distance of 1 m). The light intensities measured in the middle canopy of HPS, NSL, SFL1, and SFL2 were 152.60, 138.33, 117.37, and 112.14 µmol m−2 s−1, respectively. The photon flux density was comparable but was not evenly regulated across the four treatments due to the non-dimmable feature of the fixtures used for the experiment. The fixtures for HPS lamps had a parabolic reflector surrounding the lamp, resulting in a concentrated light distribution below the fixtures. In contrast, the other three types of LED fixtures did not have any beam-forming optics, resulting in a wider radiation pattern compared to the HPS fixtures—130° with NSL and 120° with SFLs.



The SL treatment was activated for 8 h per day (09:00–16:00). A quantum sensor (LI-191SA; LI-COR Biosciences, Lincoln, NE, USA) was installed in the middle of the plants. Based on the outdoor global radiation, DLI was calculated with a conversion factor and a light transmission factor for the greenhouse of 2.2 µmol J−1 and 0.7, respectively. The DLI of the natural light (control) and treatments received by the plants were on average 8.34 and 6.85 mol m−2 d−1, respectively. Thus, total DLIs (natural light + SL) in the canopy from the control, HPS, NSL, SFL1, and SFL2 were 8.34, 11.24, 10.83, 10.23, and 10.08, respectively.




2.3. Growth Characteristics and Harvest


The growth characteristics of the cherry tomatoes were measured after 7 weeks of treatment. The shoots were measured for fresh weight via an electronic scale (PAG214C; Ohaus Corp, Parsippany, NJ, USA) and then dried at 70 °C for 5 days in an oven (WOF-155; Daihan, Korea) to measure the dry weight. Leaf area was calculated by ImageJ software. Ripened fruits (grade 8–9 in scale of 1–12; Bama AS) were harvested from the 5th week after treatment (2 times each week). Final destructive harvests were performed in the 7th week.




2.4. Optical Properties (Absorbance and Transmittance)


After 6 weeks of treatment, the optical properties (absorbance and transmittance) of fully expanded leaves of the tomato plants were measured by a spectroradiometer (LI-180 Spectrometer, Li-COR Biosciences, Lincoln, NE, USA) and recorded by spectrometer operating software. The measurements were conducted under conditions with and without sunlight.




2.5. Chlorophyll Fluorescence and Electron Transport Rate


Five fully developed leaves per plant from the top canopy and five plants per treatment were used to measure chlorophyll fluorescence, including Y (II), NPQ, and ETR. PAM-2100 chlorophyll fluorometer (Heinz Walz GmbH, Effeltrich, Germany) was used to measure these parameters on the 40th day of treatment.



Y (II): Effective quantum yield of photosystem II.



NPQ: Non-photochemical quenching.



ETR: Electron transport rate.




2.6. Individual Phenolic Acid and Flavonol Analysis


To determine the individual phenolic acid and flavonol of the fruits, cherry tomato fruits were collected three times before harvest. Each replicate consisted of five tomato fruits in each treatment. The methods for measuring individual phenolic acid and flavonol contents were described in our previous study [29].




2.7. Light and Energy Use Efficiency


The light and energy use efficiency (LUE and EUE, respectively) were calculated as fresh fruit weight per photosynthetic photon that plants received and per electrical energy unit consumed by lamps.




2.8. Statistical Analysis


Six tomato plants per treatment were harvested for growth measurements and analyzed. Statistical data were analyzed by SAS 9.2 program (SAS Institute Inc., Cary, NC, USA) with variance analysis. Duncan’s multiple range test was used to verify the significant differences in all treatments at p < 0.05.





3. Results


3.1. Growth Characteristics


The various SL sources significantly increased tomato growth in the greenhouse compared to without SL (Figure 2). The improvement of crop yields by SL was as expected as we reduced the DLI from the natural light using a sunscreen as if we performed the experiment in the winter season. The tomato shoot fresh and dry weights were increased by ~1.5 and 1.6 times, respectively, in the SFL1 and SFL2 treatments compared to those of plants in the control (Figure 2A,B). The SFL1 and SFL2 treatments also increased the leaf area of tomato by 38.2% and 45.2%, respectively, compared to the control (Figure 2C). The tomatoes grown in the supplement of HPS and NSL lights also exhibited significantly enhanced growth compared to the control but showed lower values than the SFL1 and SFL2 treatments. The total fruit yield was remarkably increased by 73.1% and 70.7% with the SFL1 and SFL2 treatments compared to the control (Figure 2D). The fruit yields from HPS and NSL treatments were slightly lower than those from the SFL1 and SFL2 treatments, but the difference was not statistically significant.




3.2. Absorbance and Transmittance


Table 3 presents the absorbance and transmittance of the tomato leaves. Under the sunlight (daytime), higher absorbance and lower transmittance of B, G, and R wavelengths were observed in the SL treatments compared to the control (with sunlight). The B, G, and R absorbances were highest in the SFL2 treatment, followed by the NSL treatment and then the HPS and SFL1 treatments. In contrast, the transmittance was highest in the HPS and SFL1 treatments. Without sunlight, the absorbances of all three spectrum ranges were highest in the NSL treatment. Compared to the HPS treatment, the SFL1 and SFL2 treatments had a similar B absorbance, while slightly decreased R and G absorbances were found in the SFL1 and SFL2 treatments. The G transmittance in the NSL, SFL1, and SFL2 treatments was greater than in the HPS treatment.




3.3. Chlorophyll Fluorescence and Electron Transport Rate


The results of Y (II), NPQ, and ETR are shown in Figure 3. The tomatoes grown with the supplemental light sources had a higher NPQ value by 47~61% compared to the control (Figure 3A). The ETR value was increased by 38~48% for the SL sources compared to control (Figure 3B). The SL sources did not affect the Y (II) value of the tomatoes (Figure 3C).




3.4. Light and Energy Use Efficiency


Table 4 presents the energy consumption, LUE, and EUE of each light source. The NSL, SFL1, and SFL2 consumed less than half of the energy consumed by the HPS. Compared to the LUE in the HPS treatment, the LUE in NSL was not significantly different, although it showed a higher value. Meanwhile, the SFL1 and SFL2 treatments increased the LUE by 1.43 and 1.38 times compared to the HPS and NSL treatments, respectively. A similar result was observed for the EUE. The EUE in the NSL treatment was ~130% higher than in the HPS treatment. Meanwhile, the EUE values in the SFL1 and SFL2 treatments were higher than that in the HPS treatment by 186.8% and 183%, respectively. In short, the LUE and EUE were significantly increased in the SFL treatments.




3.5. Individual Phenolic and Flavonol Contents


The harvested fruits were analyzed for 10 individual phenolic acids and 11 flavonols to evaluate the quality of the cherry tomatoes grown with various light sources (Table 5). The SL treatments significantly stimulated the biosynthesis of some individual phenolic acids, including chlorogenic, p-Hydrobenzoic, ferulic, ventaric, and benzoic acids, compared to the control without SL. Chlorogenic acid was the most predominant phenolic acid and was significantly increased in the SL treatments. The chlorogenic acid content was highest in the SFL2 treatment. Meanwhile, the contents of some flavonols, including epigallocatechin, catechin, epicatechin, quercetin, naringin, and formononetin, were considerably increased in the SL treatments. The quercetin content was the highest among the flavonols, followed by epigallocatechin, catechin, and rutin contents. Total flavonol contents in the SFL1 and SFL2 treatments were higher than the HPS and NSL treatments.





4. Discussion


It is known that the SL increases leaf photosynthesis, plant growth, yield, and quality [30,31,32]. The application of HPS and LED sources for growing tomato in a greenhouse has been evaluated [20]. In the present study, SL significantly affected the vegetative growth and reproductive parameters of tomatoes. Leaf morphology (reflected by leaf area and thickness) mainly contributes to leaf mass and closely correlates with light interception and photosynthesis. Thicker leaves enable a higher level of photosynthetic apparatus, while broad and thinner leaves allow greater light interception [33,34]. In the present study, the SL sources significantly increased leaf area, and the SFL treatments resulted in the highest value. Kim et al. [20] reported that LED light sources increased leaf mass per area compared to HPS and without supplemental lighting, and the leaf mass area tended to increase in B or high far-red lights added to R light. Monochromatic B light or higher amounts of B in the R and B combination significantly increase the thickness of leaves and leaf layers, while R light resulted in higher leaf dry mass and area [20,35,36]. In addition, the combination of green (G), R, and B lights can inhibit the B light response [37], making the suppression of leaf expansion of B light less effective [38]. The supplement of G LEDs to HPS lamp lighting enhanced fresh and dry weights, leaf area, and pigment concentration in tomato, sweet pepper, and cucumber [39]. The SFL sources were a combination of R light and shorter wavelengths of B and G lights, which resulted in a remarkable impact on tomato vegetative growth compared to the NSL, HPS, and control. In addition to the effect of light spectra, the PPFD and DLI are vital light conditions for plant growth, and the plant biomass generally increases as the PPFD and DLI increase [27]. However, Fan et al. [27] also reported that excessively increased DLI enhanced the photosynthetic rate but did not result in greater biomass. Hence, it is necessary to provide adequate PPDF and DLI for efficient plant production. The PPFD and DLI levels of the SL treatments in this study were not completely equalized. In particular, the HPS treatment provided a relatively higher PPFD compared to the NSL and SFL treatments. Nevertheless, the total DLI was not substantially different between the SL treatments; therefore, we do not believe that there is any treatment condition, especially the HPS treatment, where the plants’ response becomes saturated. Most importantly, the SFL treatments resulted in superior plant growth even though they had a lower PPFD and total DLI. Our previous research also revealed that specific W LED light significantly improved growth and individual phenolic/flavonol contents in lettuce cultivars [29].



Chlorophyll fluorescence analysis is a powerful method to measure the efficiency of PS II and has been widely used to assess the effect of stressful conditions on plant responses [40]. NPQ is a mechanism in plants that helps convert excess excitation energy to harmless heat, which minimizes the damage to the photosynthetic apparatus due to the excessively absorbed energy [41]. However, it is necessary to increase photosynthesis and reduce NPQ by optimizing light spectra for growing plants in non-stressful conditions in a greenhouse [42]. It is known that the absorbance of R and B lights by photosynthetic pigments is closely linked to the NPQ activation [43]. Therefore, supplementing G light to the R and B combination is considered to efficiently enhance photosynthesis in the leaf canopy and prevent NPQ activation. Trojak and Skowron [44] reported that R and B lights enhanced the NPQ amplitude of tomato. In contrast, G and W lights showed a lower NPQ value due to the decrease in NPQ-related protein, PS II subunit S, proton gradient regulation-like 1, cytochrome b6f subunit f, and violaxanthin de-epoxidase. B LED light also causes a significant increase in NPQ of pepper plants, indicating that the protection mechanisms of PS II in plants are increased in blue light by dissipating excessive energy to heat [45]. In our study, the tomato plants grown under SL sources had higher NPQ values, and the high NPQ value in the SFL treatments reflected the plant mechanisms to protect the photosynthetic apparatus from the high energy of the shorter B wavelength in specific full-spectrum lights. Furthermore, the actual captured energy of the PS II was evaluated by measuring Y (II) [46]. No significant difference in Y (II) was obtained among the treatments, although a slightly lower value was obtained in the SFL treatments. The supplemental light source enhanced the electron transport rate, a light-acclimated parameter. The high absorbance of B and R lights and high penetration of green light of plants in the SFL treatments positively affected ETR, which subsequently activated the photosynthesis processes of the inner leaf and carboxylation activity of RuBisCo [47].



The vegetative growth of tomatoes happens in the top and middle canopy, while the reproductive growth or fruit occurs in the middle or bottom of the canopy. In addition, most tomato yield increases in the early production stage and eventually decreases later. The higher plant height and larger canopy promote the light absorption area and subsequently enhance photosynthesis and light use efficiency [48]. Tomato fruit is considered a functional food and economic product widely consumed globally [49,50]. Tomato fruit dry mass in the HPS lamp treatment was similar to tomatoes grown with LEDs [23]. Dzakovich et al. [18] found that the LEDs did not influence tomato fruit quality. However, yield response is highly related to the spectra of the light sources. It has been proven that the SL of W or R LEDs effectively promotes the growth of tomato fruit compared to B LEDs, and W light was the most efficient light source [28]. In the present study, the SLs tended to significantly increase the total fruit yield compared to the control without any SL. Although the difference was small, supplementary SFL sources tended to increase the fruit yield of tomatoes further compared to the HPS and NSL. This finding is significant considering the PPFD and DLI for the SFL treatments were lower than those of the HPS and NSL treatments. In addition, fruit quality is usually evaluated by some fruit features including size, color, texture, taste, flavor, and phytochemical contents [18]. The high contents of bioactive compounds beneficial to health, including lycopene, vitamin C, phenolic acids, and flavonols, contribute to the commercial value of tomato [51]. Most studies have confirmed the role of R and B lights on promoting secondary metabolites in plants [52,53]. However, the W LED light that contains B light has been found to induce higher total phenolic and flavonol contents in tomato compared to R and G light [25]. This is consistent with the result of our study. Phenolic acids (chlorogenic, p-coumaric, ferulic acids, etc.) and flavonoids (quercetin, rutin, naringenin, etc.), the main compounds in tomato fruit, were detected in this study, among which chlorogenic acid and quercetin were most predominant [54]. The contents of individual phenolic acids and flavonols in tomato fruit tended to increase in the SFL treatments. The shorter B peak wavelength (436 nm) in the SFL treatments may have triggered the biosynthesis of phenolic acids and flavonols in the tomato fruit more efficiently [55,56]. In addition, the SFL used in this study showed significantly higher LUE and EUE than the HPS and NSL treatments (Table 4). The LUE reflects the effective use of artificial light sources for plant production [57]. The present study suggests that using shorter wavelength B light as in the SFL treatments may open the door to the next level of optimization of LED light spectra for quantitative and qualitative plant growth.




5. Conclusions


This study illustrated the important role of the SL in growing cherry tomatoes in a greenhouse and how full-spectrum W light with the shorter blue spectral component makes differences in the plants’ morphogenesis and biosynthesis. Compared to the HPS and NSL treatments, the SFL treatments enhanced the vegetative growth of the cherry tomato plants. Total fruit yield in the SFL treatments was further improved from the HPS and NSL treatments, but without significant differences, possibly due to the lower PPFD and DLI associated with the SFL treatments. However, the normalized fruit yield in terms of LUE and EUE was remarkably higher with the SFL treatments. The fruit quality reflected by individual phenolic acids and flavonol compounds was also improved in the SFL treatments, although the contents of some compounds were similar to those from the HPS and NSL treatments. Based on the findings from this study, it is concluded that the SFLs with the short B or G peak wavelength can be preferably applied to grow tomatoes and other crops in greenhouses.







Author Contributions


Conceptualization, methodology, software, formal analysis, investigation, resources, data curation, writing—original draft preparation, T.K.L.N. and K.M.C.; data curation, formal analysis, investigation, methodology, H.-S.S., H.-Y.L. and J.-H.K.; supervision, validation, funding acquisition, writing—review and editing, K.-H.S. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by a grant from the National Research Foundation of Korea (NRF), funded by the Korean government (MSIT; No. 2018R1C1B5086600) and Samsung Electronics.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data are available in the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Shamshiri, R.R.; Jones, J.W.; Thorp, K.R.; Ahmad, D.; Che Man, H.; Taheri, S. Review of optimum temperature, humidity, and vapour pressure deficit for microclimate evaluation and control in greenhouse cultivation of tomato: A review. Int. Agrophys. 2018, 32, 287–302. [Google Scholar] [CrossRef]

	



Golzar, F.; Heeren, N.; Hellweg, S.; Roshandel, R. A comparative study on the environmental impact of greenhouses: A probabilistic approach. Sci. Total Environ. 2019, 675, 560–569. [Google Scholar] [CrossRef] [PubMed]

	



Critten, D.; Bailey, B. A review of greenhouse engineering developments during the 1990s. Agric. For. Meteorol. 2002, 112, 1–22. [Google Scholar] [CrossRef]

	



Peet, M.; Welles, G. Greenhouse tomato production. Crop. Prod. Sci. Hortic. 2005, 13, 257. [Google Scholar]

	



Trouwborst, G.; Oosterkamp, J.; Hogewoning, S.W.; Harbinson, J.; Van Ieperen, W. The responses of light interception, photosynthesis and fruit yield of cucumber to LED-lighting within the canopy. Physiol. Plant. 2010, 138, 289–300. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, X.-G.; Long, S.P.; Ort, D.R. Improving photosynthetic efficiency for greater yield. Annu. Rev. Plant Biol. 2010, 61, 235–261. [Google Scholar] [CrossRef]

	



Xu, D.; Du, S.; van Willigenburg, G. Double closed-loop optimal control of greenhouse cultivation. Control Eng. Pract. 2019, 85, 90–99. [Google Scholar] [CrossRef]

	



Tewolde, F.T.; Lu, N.; Shiina, K.; Maruo, T.; Takagaki, M.; Kozai, T.; Yamori, W. Nighttime supplemental LED inter-lighting improves growth and yield of single-truss tomatoes by enhancing photosynthesis in both winter and summer. Front. Plant Sci. 2016, 7, 448. [Google Scholar] [CrossRef]

	



Gupta, S.D.; Agarwal, A. Artificial lighting system for plant growth and development: Chronological advancement, working principles, and comparative assessment. In Light Emitting Diodes for Agriculture; Springer: Berlin/Heidelberg, Germany, 2017; pp. 1–25. [Google Scholar]

	



Wallace, C.; Both, A. Evaluating operating characteristics of light sources for horticultural applications. In Proceedings of the VIII International Symposium on Light in Horticulture, East Lansing, MI, USA, 22–26 May 2016. [Google Scholar]

	



Gómez, C.; Mitchell, C. Supplemental lighting for greenhouse-grown tomatoes: Intracanopy LED towers vs. overhead HPS lamps. In Proceedings of the International Symposium on New Technologies for Environment Control, Energy-Saving and Crop Production in Greenhouse and Plant, Beijing, China, 20–24 August 2013. [Google Scholar]

	



Joshi, N.C.; Ratner, K.; Eidelman, O.; Bednarczyk, D.; Zur, N.; Many, Y.; Shahak, Y.; Aviv-Sharon, E.; Achiam, M.; Gilad, Z. Effects of daytime intra-canopy LED illumination on photosynthesis and productivity of bell pepper grown in protected cultivation. Sci. Hortic. 2019, 250, 81–88. [Google Scholar] [CrossRef]

	



Heuvelink, E. Tomatoes; CABI: Wallingford, UK, 2018. [Google Scholar]

	



Gautier, H.; Diakou-Verdin, V.; Bénard, C.; Reich, M.; Buret, M.; Bourgaud, F.; Poëssel, J.L.; Caris-Veyrat, C.; Génard, M. How does tomato quality (sugar, acid, and nutritional quality) vary with ripening stage, temperature, and irradiance? J. Agric. Food Chem. 2008, 56, 1241–1250. [Google Scholar] [CrossRef]

	



Kimura, S.; Sinha, N. Tomato (Solanum lycopersicum): A model fruit-bearing crop. Cold Spring Harb. Protoc. 2008, 2008, pdb-emo105. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, K.; Hao, X.; Khosla, S.; Guo, X.; Bennett, N. Comparison of HPS lighting and hybrid lighting with top HPS and intra-canopy LED lighting for high-wire mini-cucumber production. In Proceedings of the VIII International Symposium on Light in Horticulture, East Lansing, MI, USA, 22–26 May 2016. [Google Scholar]

	



Tewolde, F.T.; Shiina, K.; Maruo, T.; Takagaki, M.; Kozai, T.; Yamori, W. Supplemental LED inter-lighting compensates for a shortage of light for plant growth and yield under the lack of sunshine. PLoS ONE 2018, 13, e0206592. [Google Scholar] [CrossRef] [PubMed]

	



Dzakovich, M.P.; Gómez, C.; Mitchell, C.A. Tomatoes grown with light-emitting diodes or high-pressure sodium supplemental lights have similar fruit-quality attributes. HortScience 2015, 50, 1498–1502. [Google Scholar] [CrossRef]

	



Jiang, C.; Johkan, M.; Maruo, T.; Hohjo, M.; Tsukagoshi, S.; Ebihara, M.; Nakaminami, A. Effect of supplemental far-red light with blue and red LED lamps on leaf photosynthesis, stomatal regulation and plant development of protected cultivated tomato. In Proceedings of the International Symposium on New Technologies for Environment Control, Energy-Saving and Crop Production in Greenhouse and Plant, Beijing, China, 20–24 August 2017. [Google Scholar]

	



Kim, H.-J.; Lin, M.-Y.; Mitchell, C.A. Light spectral and thermal properties govern biomass allocation in tomato through morphological and physiological changes. Environ. Exp. Bot. 2019, 157, 228–240. [Google Scholar] [CrossRef]

	



Palmitessa, O.D.; Prinzenberg, A.E.; Kaiser, E.; Heuvelink, E. LED and HPS Supplementary Light Differentially Affect Gas Exchange in Tomato Leaves. Plants 2021, 10, 810. [Google Scholar] [CrossRef]

	



Hao, X.; Zheng, J.; Little, C.; Khosla, S. Hybrid Lighting Configurations with Top HPS Lighting and LED Inter-lighting and N: K ratios in Nutrient Feedings Affected Plant Growth, Fruit Yield, and Light and Energy Use Efficiency in Greenhouse Tomato Production. In HORTSCIENCE; Amer Soc Horticultural Science: Alexandria, VA, USA, 2015. [Google Scholar]

	



Kowalczyk, K.; Gajc-Wolska, J.; Metera, A.; Mazur, K.; Radzanowska, J.; Szatkowski, M. Effect of supplementary lighting on the quality of tomato fruit (Solanum lycopersicum L.) in autumn-winter cultivation. In Proceedings of the VII International Symposium on Light in Horticultural Systems, Wageningen, The Netherlands, 15–18 October 2012. [Google Scholar] [CrossRef]

	



Paucek, I.; Pennisi, G.; Pistillo, A.; Appolloni, E.; Crepaldi, A.; Calegari, B.; Spinelli, F.; Cellini, A.; Gabarrell, X.; Orsini, F. Supplementary LED interlighting improves yield and precocity of greenhouse tomatoes in the Mediterranean. Agronomy 2020, 10, 1002. [Google Scholar] [CrossRef]

	



Kim, E.-Y.; Park, S.; Park, B.-J.; Lee, Y.; Oh, M.-M. Growth and antioxidant phenolic compounds in cherry tomato seedlings grown under monochromatic light-emitting diodes. Hortic. Environ. Biotechnol. 2014, 55, 506–513. [Google Scholar] [CrossRef]

	



Ouzounis, T.; Heuvelink, E.; Ji, Y.; Schouten, H.; Visser, R.; Marcelis, L. Blue and red LED lighting effects on plant biomass, stomatal conductance, and metabolite content in nine tomato genotypes. In Proceedings of the VIII International Symposium on Light in Horticulture, East Lansing, MI, USA, 22–26 May 2016. [Google Scholar]

	



Fan, X.-X.; Xu, Z.-G.; Liu, X.-Y.; Tang, C.-M.; Wang, L.-W.; Han, X.-l. Effects of light intensity on the growth and leaf development of young tomato plants grown under a combination of red and blue light. Sci. Hortic. 2013, 153, 50–55. [Google Scholar] [CrossRef]

	



Lu, N.; Maruo, T.; Johkan, M.; Hohjo, M.; Tsukagoshi, S.; Ito, Y.; Ichimura, T.; Shinohara, Y. Effects of supplemental lighting with light-emitting diodes (LEDs) on tomato yield and quality of single-truss tomato plants grown at high planting density. Environ. Control Biol. 2012, 50, 63–74. [Google Scholar] [CrossRef]

	



Nguyen, T.K.L.; Cho, K.M.; Lee, H.Y.; Cho, D.Y.; Lee, G.O.; Jang, S.N.; Lee, Y.; Kim, D.; Son, K.-H. Effects of white LED lighting with specific shorter blue and/or green wavelength on the growth and quality of two lettuce cultivars in a vertical farming system. Agronomy 2021, 11, 2111. [Google Scholar] [CrossRef]

	



Gajc-Wolska, J.; Kowalczyk, K.; Metera, A.; Mazur, K.; Bujalski, D.; Hemka, L. Effect of supplementary lighting on selected physiological parameters and yielding of tomato plants. Folia Hortic. 2013, 25, 153–159. [Google Scholar] [CrossRef]

	



Hernández, R.; Eguchi, T.; Kubota, C. (Eds.) Growth and morphology of vegetable seedlings under different blue and red photon flux ratios using light-emitting diodes as sole-source lighting. In Proceedings of the VIII International Symposium on Light in Horticulture, East Lansing, MI, USA, 22–26 May 2016. [Google Scholar]

	



Bantis, F.; Smirnakou, S.; Ouzounis, T.; Koukounaras, A.; Ntagkas, N.; Radoglou, K. Current status and recent achievements in the field of horticulture with the use of light-emitting diodes (LEDs). Sci. Hortic. 2018, 235, 437–451. [Google Scholar] [CrossRef]

	



Jullien, A.; Allirand, J.-M.; Mathieu, A.; Andrieu, B.; Ney, B. Variations in leaf mass per area according to N nutrition, plant age, and leaf position reflect ontogenetic plasticity in winter oilseed rape (Brassica napus L.). Field Crops Res. 2009, 114, 188–197. [Google Scholar] [CrossRef]

	



Weraduwage, S.M.; Chen, J.; Anozie, F.C.; Morales, A.; Weise, S.E.; Sharkey, T.D. The relationship between leaf area growth and biomass accumulation in Arabidopsis thaliana. Front. Plant Sci. 2015, 6, 167. [Google Scholar] [CrossRef] [PubMed]

	



Massa, G.D.; Kim, H.-H.; Wheeler, R.M.; Mitchell, C.A. Plant productivity in response to LED lighting. HortScience 2008, 43, 1951–1956. [Google Scholar] [CrossRef]

	



Nguyen, T.K.L.; Oh, M.M. Physiological and biochemical responses of green and red perilla to LED-based light. J. Sci. Food Agric. 2021, 101, 240–252. [Google Scholar] [CrossRef]

	



Wang, Y.; Folta, K.M. Contributions of green light to plant growth and development. Am. J. Bot. 2013, 100, 70–78. [Google Scholar] [CrossRef]

	



Wojciechowska, R.; Kołton, A.; Długosz-Grochowska, O.; Kunicki, E.; Mrowiec, K.; Bathelt, P. LED lighting affected the growth and metabolism of eggplant and tomato transplants in a greenhouse. Hortic. Sci. 2020, 47, 150–157. [Google Scholar] [CrossRef]

	



Samuolienė, G.; Sirtautas, R.; Brazaitytė, A.; Duchovskis, P. LED lighting and seasonality effects antioxidant properties of baby leaf lettuce. Food Chem. 2012, 134, 1494–1499. [Google Scholar] [CrossRef]

	



Wang, H.; Qian, X.; Zhang, L.; Xu, S.; Li, H.; Xia, X.; Dai, L.; Xu, L.; Yu, J.; Liu, X. A method of high throughput monitoring crop physiology using chlorophyll fluorescence and multispectral imaging. Front. Plant Sci. 2018, 9, 407. [Google Scholar] [CrossRef]

	



Zhao, X.; Chen, T.; Feng, B.; Zhang, C.; Peng, S.; Zhang, X.; Fu, G.; Tao, L. Non-photochemical quenching plays a key role in light acclimation of rice plants differing in leaf color. Front. Plant Sci. 2017, 7, 1968. [Google Scholar] [CrossRef] [PubMed]

	



Hamdani, S.; Khan, N.; Perveen, S.; Qu, M.; Jiang, J.; Zhu, X.-G. Changes in the photosynthesis properties and photoprotection capacity in rice (Oryza sativa) grown under red, blue, or white light. Photosynth. Res. 2019, 139, 107–121. [Google Scholar] [CrossRef]

	



Nishio, J. Why are higher plants green? Evolution of the higher plant photosynthetic pigment complement. Plant Cell Environ. 2000, 23, 539–548. [Google Scholar] [CrossRef]

	



Trojak, M.; Skowron, E. Light quality-dependent regulation of non-photochemical quenching in tomato plants. Biology 2021, 10, 721. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Lu, W.; Hu, G.; Wang, X.C.; Zhang, Y.; Sun, G.X.; Fang, Z. Effects of light-emitting diode supplementary lighting on the winter growth of greenhouse plants in the Yangtze River Delta of China. Bot. Stud. 2016, 57, 2. [Google Scholar] [CrossRef]

	



Schreiber, U.; Bilger, W.; Neubauer, C. Chlorophyll fluorescence as a nonintrusive indicator for rapid assessment of in vivo photosynthesis. In Ecophysiology of Photosynthesis; Springer: Berlin/Heidelberg, Germany, 1995; pp. 49–70. [Google Scholar]

	



Terashima, I.; Fujita, T.; Inoue, T.; Chow, W.S.; Oguchi, R. Green light drives leaf photosynthesis more efficiently than red light in strong white light: Revisiting the enigmatic question of why leaves are green. Plant Cell Physiol. 2009, 50, 684–697. [Google Scholar] [CrossRef]

	



Bugbee, B. Toward an optimal spectral quality for plant growth and development: The importance of radiation capture. In Proceedings of the VIII International Symposium on Light in Horticulture, East Lansing, MI, USA, 22–26 May 2016. [Google Scholar]

	



Peralta, I.E.; Peppi, D.; Sance, M.; Asis, R.; Asprelli, P.D.; Galmarini, C.R. Nutritional quality of orange tomatoes for fresh consumption and processing products. In Proceedings of the XIV International Symposium on Processing Tomato, Santiago, Chile, 6–9 March 2016. [Google Scholar]

	



Borguini, R.G.; Ferraz da Silva Torres, E.A. Tomatoes and tomato products as dietary sources of antioxidants. Food Rev. Int. 2009, 25, 313–325. [Google Scholar] [CrossRef]

	



García-Closas, R.; Berenguer, A.; Tormo, M.J.; Sánchez, M.J.; Quiros, J.R.; Navarro, C.; Arnaud, R.; Dorronsoro, M.; Chirlaque, M.D.; Barricarte, A. Dietary sources of vitamin C, vitamin E and specific carotenoids in Spain. Br. J. Nutr. 2004, 91, 1005–1011. [Google Scholar] [CrossRef]

	



Taulavuori, K.; Hyöky, V.; Oksanen, J.; Taulavuori, E.; Julkunen-Tiitto, R. Species-specific differences in synthesis of flavonoids and phenolic acids under increasing periods of enhanced blue light. Environ. Exp. Bot. 2016, 121, 145–150. [Google Scholar] [CrossRef]

	



Wang, W.; Su, M.; Li, H.; Zeng, B.; Chang, Q.; Lai, Z. Effects of supplemental lighting with different light qualities on growth and secondary metabolite content of Anoectochilus roxburghii. PeerJ 2018, 6, e5274. [Google Scholar] [CrossRef]

	



Sharma, A.; Kaur, M.; Katnoria, J.K.; Nagpal, A.K. Polyphenols in food: Cancer prevention and apoptosis induction. Curr. Med. Chem. 2018, 25, 4740–4757. [Google Scholar] [CrossRef] [PubMed]

	



Ebisawa, M.; Shoji, K.; Kato, M.; Shimomura, K.; Goto, F.; Yoshihara, T. Supplementary ultraviolet radiation B together with blue light at night increased quercetin content and flavonol synthase gene expression in leaf lettuce (Lactuca sativa L.). Environ. Control Biol. 2008, 46, 1–11. [Google Scholar] [CrossRef]

	



Ryan, K.G.; Swinny, E.E.; Markham, K.R.; Winefield, C. Flavonoid gene expression and UV photoprotection in transgenic and mutant Petunia leaves. Phytochemistry 2002, 59, 23–32. [Google Scholar] [CrossRef]

	



Cocetta, G.; Casciani, D.; Bulgari, R.; Musante, F.; Kołton, A.; Rossi, M.; Ferrante, A. Light use efficiency for vegetables production in protected and indoor environments. Eur. Phys. J. Plus 2017, 132, 43. [Google Scholar] [CrossRef]








[image: Horticulturae 08 00319 g001 550] 





Figure 1. Relative intensity of each SL source. HPS, high-pressure sodium lamps (A); NSL, narrow-spectrum LEDs (B); SFL1, specific full-spectrum LED 1 (C); and SFL2, specific full-spectrum LED 2 (D). 
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Figure 2. Shoot fresh (A) and dry (B) weights, leaf area (C), and total fruit yield (D) of cherry tomato plants grown in different SL sources after 7 weeks of treatment. Control, natural light; HPS, high-pressure sodium lamps; NSL, narrow-spectrum LEDs; SFL, specific full-spectrum or W light sources. Different letters above the bars indicate significant difference at p < 0.05 (n = 6). Each value in the figure is the mean of 6 replicates (per plant) for each SL source. Total fruit yield was calculated with 5 clusters at each plant. 
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Figure 3. NPQ (A), ETR (B), and Y (II) (C) of cherry tomato plants grown with different SL sources after 7 weeks of treatment. Control, natural light; HPS, high-pressure sodium lamps; NSL, narrow-spectrum LEDs; SFL, specific full-spectrum or W light sources. Different letters above the bars indicate a significant difference at p < 0.05 (n = 5). NS; not significant. 
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Table 1. Nutrient solution components for cherry tomatoes used in this study.
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Type

	
Chemical

	
Amount (g 1000 L−1)






	
A

	
KNO3

	
20,200




	
Ca(NO3)2·4H2O

	
35,400




	
Fe-EDTA

	
1500




	
B

	
KNO3

	
20,200




	
NH4H2PO4

	
7600




	
MgSO4·7H2O

	
24,600




	
H3BO3

	
114




	
MnSO4·4H2O

	
81




	
ZnSO4·7H2O

	
9




	
CuSO4·5H2O

	
4




	
Na2MoO4·2H2O

	
1
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Table 2. Peak wavelengths and spectral ratio of each SL source.
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Light Source z

	
Range (nm)

	
Peak Wavelength (nm)

	
Ratio (%)






	
HPS

	
Blue (380–499)

	
497

	
7




	
Green (500–599)

	
597

	
49




	
Red (600–700)

	
600

	
44




	
NSL

	
Blue (380–499)

	
450

	
30




	
Green (500–599)

	
0

	
0




	
Red (600–700)

	
660

	
70




	
SFL1

	
Blue (380–499)

	
436

	
16




	
Green (500–599)

	
585

	
36




	
Red (600–700)

	
660

	
48




	
SFL2

	
Blue (380–499)

	
436

	
27




	
Green (500–599)

	
524

	
37




	
Red (600–700)

	
660

	
36








z HPS, high-pressure sodium lamps; NSL, narrow-spectrum LEDs; SFL, specific full-spectrum or W light sources.
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Table 3. Absorbance and transmittance of tomato plants grown in different SL sources after 7 weeks of treatment.
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Light Sources z

	
Absorbance (%)

	
Transmittance (%)




	
Blue

(380–499 nm)

	
Green

(500–599 nm)

	
Red

(600–700 nm)

	
Blue

(380–499 nm)

	
Green

(500–599 nm)

	
Red

(600–700 nm)






	
With sunlight

	
Control

	
78

	
74

	
63

	
22

	
26

	
37




	
HPS

	
86

	
91

	
85

	
14

	
9

	
15




	
NSL

	
91

	
71

	
90

	
9

	
29

	
10




	
SFL1

	
83

	
86

	
86

	
17

	
14

	
14




	
SFL2

	
92

	
91

	
86

	
8

	
9

	
14




	
Without sunlight

	
HPS

	
96

	
94

	
91

	
4

	
6

	
9




	
NSL

	
99

	
95

	
98

	
1

	
5

	
2




	
SFL1

	
96

	
92

	
94

	
4

	
8

	
6




	
SFL2

	
96

	
92

	
94

	
4

	
8

	
6








z Control, natural light; HPS, high-pressure sodium lamps; NSL, narrow-spectrum LEDs; SFL, specific full-spectrum or W light sources.
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Table 4. Light and energy use efficiency of the cherry tomato plants grown with different SL sources after 7 weeks of treatment.
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	Light Source
	Energy Consumption

(Watt)
	Light Use Efficiency

(g FW mol−1)
	Energy Use Efficiency

(g FW kWh−1)





	HPS
	250
	4.01 b z
	2.12 c



	NSL
	104
	4.14 b
	4.88 b



	SFL1
	100
	5.72 a
	6.08 a



	SFL2
	100
	5.72 a
	6.00 a







HPS, high-pressure sodium lamps; NSL, narrow-spectrum LEDs; SFL, specific full-spectrum or W light sources. z Means within the column followed by different letters are significantly different by analysis of variance (ANOVA) test at p ≤ 0.05.
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Table 5. Individual phenolic acid and flavonol contents of the cherry tomato fruits grown with different SL sources after 7 weeks of treatment. Different letters indicate significant difference at p < 0.05 (n = 5).
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Individual Compound Contents

(g plant−1)

	
Supplemental Light Source




	
Control

	
HPS

	
NSL

	
SFL1

	
SFL2






	
Phenolic acids

	
Gallic acid

	
7.07

	
c z

	
9.11

	
bc

	
8.62

	
c

	
10.97

	
ab

	
11.73

	
a




	
Protocatechuic acid

	
0.79

	
b

	
0.86

	
b

	
0.86

	
b

	
1.18

	
a

	
0.70

	
b




	
Chlorogenic acid

	
32.80

	
c

	
62.29

	
b

	
64.06

	
b

	
64.25

	
b

	
78.93

	
a




	
p-Hydrobenzoic acid

	
7.47

	
b

	
13.39

	
a

	
11.00

	
a

	
13.17

	
a

	
12.93

	
a




	
Vanillic acid

	
1.36

	
b

	
3.02

	
a

	
2.90

	
a

	
n.d.

	
n.d.




	
p-Coumaric acid

	
0.78

	
c

	
1.91

	
a

	
1.17

	
b

	
1.12

	
b

	
0.77

	
c




	
Ferulic acid

	
1.74

	
c

	
4.43

	
a

	
4.11

	
ab

	
3.57

	
b

	
4.20

	
ab




	
Ventaric acid

	
1.93

	
c

	
4.73

	
b

	
6.92

	
a

	
6.48

	
a

	
6.51

	
a




	
Benzoic acid

	
12.07

	
c

	
20.84

	
b

	
18.12

	
b

	
20.80

	
b

	
32.25

	
a




	
trans-Cinnamic acid

	
2.53

	
a

	
3.16

	
a

	
0.47

	
b

	
3.00

	
a

	
2.84

	
a




	
Total

	
68.54382

	
123.7343

	
118.2031

	
124.542

	
150.8515




	
Flavonols

	
Epigallocatechin

	
490.15

	
c

	
708.39

	
b

	
699.55

	
b

	
784.91

	
b

	
945.71

	
a




	
Catechin

	
317.55

	
b

	
537.12

	
a

	
473.16

	
a

	
566.82

	
a

	
540.95

	
a




	
Epicatechin

	
71.10

	
b

	
118.25

	
a

	
97.67

	
a

	
117.09

	
a

	
107.56

	
a




	
Epigallocatechin gallate

	
38.39

	
c

	
45.89

	
c

	
87.28

	
a

	
58.91

	
b

	
37.41

	
c




	
Vanillin

	
6.06

	
b

	
5.48

	
b

	
5.25

	
b

	
12.52

	
a

	
n.d.




	
Rutin

	
319.69

	
c

	
551.42

	
a

	
416.01

	
b

	
459.14

	
b

	
377.43

	
bc




	
Catechin gallate

	
35.08

	
c

	
62.87

	
b

	
54.91

	
b

	
54.42

	
b

	
80.23

	
a




	
Quercetin

	
546.59

	
b

	
873.46

	
a

	
905.17

	
a

	
1012.09

	
a

	
1036.47

	
a




	
Naringin

	
35.11

	
b

	
65.62

	
a

	
62.30

	
a

	
59.18

	
a

	
64.28

	
a




	
Naringenin

	
263.87

	
b

	
347.12

	
a

	
327.31

	
ab

	
325.29

	
ab

	
318.66

	
ab




	
Formononetin

	
21.36

	
b

	
39.49

	
a

	
27.34

	
b

	
41.54

	
a

	
38.46

	
a




	
Total

	
2144.95

	
3355.10

	
3155.96

	
3491.90

	
3547.14








Control, natural light; HPS, high-pressure sodium lamps; NSL, narrow-spectrum LEDs; SFL, specific full-spectrum or W light sources. z Mean separation within rows according to Duncan’s multiple range test at p < 0.05. n.d.; Not detected.
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