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Abstract

:

In Northern Europe, the use of light–emitting diodes (LEDs) is widely adopted in protected horticulture, enabling to enhance plant growth by ensuring needed radiative fluxes throughout seasons. Contrarily, the use of artificial lighting in Mediterranean greenhouse still finds limited applications. In this study, the effects of supplemental LED interlighting on vegetative development, fruit growth, yield, and fruit quality of high-wire tomato plants (Solanum lycopersicum L. cv. ‘Siranzo’) during spring and summer season were addressed in a hydroponic greenhouse in Italy. Plants were either grown under natural solar radiation (control), or by adding supplemental LED interlighting. LED treatment featured red (R) and blue (B) light (RB ratio of 3) and a photosynthetic photon flux density of 170 µmol m−2 s−1 for 16 h d−1. Supplemental LED interlighting enhanced yield as a result of increased fruit weight and dimension. While no effects on soluble solids content and fruit color at harvesting were observed, supplemental LED interlighting accelerated ripening by one week in spring and two weeks in summer and this also resulted in increased cumulated productivity (+16%) as compared to control treatment. Overall, supplemental LED interlighting can represent a feasible technology for tomato greenhouse production also in the Mediterranean region.
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1. Introduction


Tomato (Solanum lycopersicum L.) is one of the most important vegetable crops produced worldwide, especially in the Mediterranean area where it represents a major component of the traditional cuisine. Tomato global production has been increasing along the past years up to 182 million tons in 2018 [1]. This increment is related to an expansion of the greenhouse vegetable industry (occurred since the mid-1990s both in Europe and North America) and the innovation in cultivation technologies (e.g., grafting, hydroponics), which have resulted in yield increases [2,3].



Recently, among developed economies, the use of high-tech greenhouse facilities for vegetable crop cultivation is spreading, allowing off-season production, higher yields, better input management and control, improvement of the product quality and higher marketable value [4]. However, if modern greenhouse technologies offer the possibility to increase plant density as compared with open field cultivation, drawbacks associated with improper light exposure and mutual shading may also occur [5,6]. Accordingly, light in tomato greenhouse cultivation could become a limiting factor, especially for what concerns lower portion of the canopy [7,8,9,10,11]. Moreover, solar light interception can be limiting for the whole plant during wintertime, while the quantification of yield reduction possibly caused by frequent cloudy or rainy days in other seasons still remains unclear [10].



Recent research mentioned several lighting technologies (e.g., fluorescent lamps, high-pressure sodium (HPS) lamps, metal halide lamps, or light emitting diodes (LED) lamps) as a solution to enhance crop productivity in case of limited light conditions [7,8,9,12,13,14]. In the past, HPS lamps have been the most commonly utilized for plant-growth applications in greenhouses [15], despite their intrinsic features resulting in several drawbacks (e.g., low electrical efficiency, non-uniform spectral distribution, and large radiant heat) [16]. More recently, the evolution of LED lighting technologies enabled to achieve wavelength specificity, low power consumption, long lifetime, and cool emitting surface [8], which determine a greater suitability especially in the case of interlighting application (with the lighting source placed within plant canopy) [10].



This study investigates the effects of supplemental LED interlighting lamps on plant morphologic development, fruit yield, and fruit quality, applied in a high-wire tomato greenhouse located in Northern Italy. The research objective was to evaluate the feasibility of optimized supplemental lighting technology for tomato crop production in the Mediterranean region.




2. Materials and Methods


2.1. Plant Material and Growing Conditions


The experiment took place in the high-wire hydroponic greenhouse of iPOM Pellerossa s.r.l, located at Mezzolara di Budrio, Bologna, Italy (44°34’49” N, 11°31’54” E). The greenhouse structure is covered with a MultiEVA film, and features natural ventilation roof, lateral openings and horizontal fan systems for air circulation. Tomato seedlings (Solanum lycopersicum L. cv. ‘Siranzo’; Rijk Zwaan®) germinated in rock wool cubes (100 mm × 100 mm × 65 mm) were transferred into rock wool slabs (Grodan® Vital, Roermond, Netherlands) on 3 January 2019 and experiment was closed on 23 September 2019. Plants were cultivated as two-stem V-system, with a planting density of 3.1 stems m−2. Maximum and minimum average daily temperatures and relative humidity, as well as external daily cumulated solar radiation were monitored by the greenhouse environmental control system during the whole growing cycle. The greenhouse uses hot water residual flow coming from an adjacent biogas plant to maintain a proper temperature in the coldest months.



A computer-controlled drip-irrigation system with closed cycle was used to fertigate plants. The fertigation consisted on a complete nutrient solution, containing similar rates of macronutrients, micronutrients and acids along the growing cycle (Table 1). Chemical characteristics of the nutrient solution were constantly monitored and adjusted to maintain a pH of 6.0 and an electrical conductivity (EC) of 2.6 dS m−1.




2.2. Light Treatment and Experimental Design


Two lighting regimes (control and LED) were applied. Control plants were cultivated under natural lighting conditions, while LED treated plants also received supplemental light provided by LED interlighting lamps (Flygrow Interlight, Flytech LED Technology®, Belluno, Italy), starting from 26 February 2019.



LED interlighting system consisted of lamps featuring red (R, peak wavelength: 666 nm; band width at half peak height: 24 nm) and blue (B, peak wavelength: 462 nm; band width at half peak height: 27 nm) diodes, emitting a spectrum characterized by a red:blue (RB) ratio of 3 [17,18] and supplying a photosynthetic photon flux density (PPFD) of 170 µmol m−2 s−1 at 30 cm of distance from the lamps for 16 h d−1 (8:00–00:00). Lamps were placed at 1.2 m and 1.5 m height from the rock wool slabs, within plants canopy (Figure 1) at a distance of 30 cm from the stem.



A strip-block design was used with three replications containing 5 plants per replicate (monitoring in total 15 plants per treatment). The experiment was divided in two seasons: from 11 March 2019 until 21 June 2019 (spring season) and from 22 June 2019 until 23 September 2019 (summer season).




2.3. Vegetative and Fruit Growth Measurements


Internode length and stem diameter were measured under the first ripening fruit truss from the base. Collar diameter was also monitored at 1 cm from the rock wool cube surface for the whole plant cycle. Leaf length (including petiole length) and leaf width were measured at the top leaflet of the branch on three leaves per plant.



Fruit dimensions (transversal and longitudinal diameter) were monitored on three tomatoes of the same cluster of each plant by using a manual Vernier caliper. Measures were taken once per week until harvest time. At the same time, fruit color was evaluated according to fruit growth/maturation phase (Figure 2).



Vegetative and fruit growth measurements were performed in two periods: from 11 March 2019 until 6 May 2019 (spring season) and from 1 July 2019 until 22 August 2019 (summer season) once per week. Leaf dimensions were only measured during spring.




2.4. Physiological and Quality Measurements


Physiological and quality measurements were performed on 12 April 2019. Relative chlorophyll content of leaves was evaluated by using an N-Tester (Yara N-TesterTM, Yara, Oslo, Norway) on the youngest fully developed leaves of three selected plants per replicate per treatment. Stomatal conductance and leaf temperature were measured by using respectively a leaf porometer (AP4 Porometer, Delta-T Devices Ltd., Cambridge, England) and an infrared thermometer (Fluke 66 Handheld Infrared Thermometer, Fluke, Everett, Washington, USA) on a completely expanded leaf at mid-height within the canopy and within 50 cm from lamps in the LED treatments, on three selected plants per replicate per treatment.



Fruit soluble solids content was performed by using a digital refractometer (Atago®, Tokyo, Japan). In addition, 8 fruits per treatment were selected for CIE Lab color space analysis, where L component represents the lightness from black (0) to white (100), a component ranges from green (−) to red (+), and b component from blue (−) to yellow (+).




2.5. Post-Harvest Measurements


From 25 March 2019 to 23 September 2019 fruit clusters were harvested once per week, on an average of 23 clusters per plant. A digital scale was used to determine the fresh weight of the cluster after harvesting. Number of clusters and number of fruits per cluster were counted for each plant. The average fresh weight of an individual fruit was calculated by dividing the cluster fresh weight by the number of fruits. The total fresh mass of fruits produced by each plant was calculated by summing the clusters weight.




2.6. Statistical Analysis


Data were collected on 5 plants per replicate per treatment (unless otherwise stated). Before the analysis, all data were checked for normality (Shapiro-Wilk test) and homogeneity of the variance (Levene’s test). Microsoft Excel software and R statistical software version 3.3.2 (packages “emmeans” and “car”) were employed for the analysis of the experimental data. One-way ANOVA was used for the statistical analysis.





3. Results and Discussion


3.1. Environmental Conditions during the Experiment


The potentialities for crop yield enhancement through accurate environmental control has driven the rapid evolution of greenhouse cultivation in the last decades, also in the Mediterranean basin [3]. One of the most important microclimate parameters affecting tomato production and quality is air temperature [19]. Jun et al. [20] reported that the best temperature regime for net photosynthesis on greenhouse-grown tomatoes is 28/20 °C (day/night), while higher or lower temperatures can negatively affect fruit set [21]. In the current research, minimum and maximum average air temperatures inside the greenhouse were maintained between 16.5 and 23.4 °C (spring) and 20.9 and 26.8 °C (summer) (Figure 3a). However, in 30 days of spring and 70 days of summer, a maximum temperature above 30 °C was also reached inside the greenhouse (Figure 3a). Despite most tomato cultivars perform at their best under relative humidity (RH) ranging between 50 and 70% [22], maximum RH reached 96 and 99% during the spring and summer, respectively (Figure 3b). Average RH on the other hand resulted quite stable across seasons and sufficiently low to allow a stable plant growth (55%). Also, total solar radiation can directly affect the growth of tomato fruit [8]. During the considered growing cycle, the average external cumulated solar radiation was 1825 and 2064 J cm−2 day−1 for spring and summer season respectively (Figure 3c). However, light transmissivity within the greenhouse can be limited by 20–30% as a result of structure and covering interference, in addition to the reduction determined by plant canopy shading [23]. Specific limitations in greenhouses have solicited measures to improve solar radiation capture, since well-designed greenhouses can determine a better light transmission than traditional ones [3]. Nonetheless, solar radiation can vary daily, affecting thereby the final yield of tomato plants [8].




3.2. Plant Vegetative Growth in Response to Supplementary Lighting


Several studies addressed the relations occurring between light availability, plant productivity, and plant canopy architecture. Light availability influences plant photosynthesis, which directly affects biomass production [24]. This is particularly evident in highly dense plant production systems such as those of greenhouses, where a 1% reduction of daily light integral (DLI) may cause 1% reduction in fruit vegetable yields (e.g., cucumber, tomato, and sweet pepper) [25]. Concurrently, according to Beer–Lambert’s law, plant photosynthetic rate depends on the amount of light intercepted by canopy layers, which is function of leaf area index (LAI) and light extinction coefficient (k) that highly depend on canopy architectural traits (e.g., internode length, stem diameter, and leaf dimension) [26]. Light availability can be a limiting factor for plant development in highly dense greenhouse tomato cultivation. Accordingly, the effects of supplemental interlighting systems on canopy architectural traits have been subject of several researches. In a greenhouse grown tomato [9], no effects on crop architecture (stem height, stem diameter, and leaf length) were observed when solar radiation was integrated with supplemental LED interlighting emitting 80 µmol m−2 s−1 at 30 cm. Contrarily, when tomato plants were treated with a supplemental LED interlighting system (with lamps emitting 165 µmol m−2 s−1 at 10 cm for 12 h d−1), a greater stem diameter and a shorter internode length as compared to plants grown under natural solar light in both summer and winter seasons were observed [10]. In another study by Tewolde et al. [24], plants grown under natural light were compared to plants undergoing supplemental LED interlighting (red and blue diodes featuring RB = 4 and PPFD of 220 µmol m−2 s−1), against two different cloudy cover simulations obtained using a shading cloth for 40% and 60% of the cycle. While internode length was not affected by the different lighting regimes, stem diameter of plants grown under both shading simulations was lower as compared to control plants [24]. However, the application of supplemental LED interlighting on shaded plants showed a positive effect on stem diameter growth, obtaining similar results as compared to plants grown under control non-shaded conditions [24].



In the present research, internode length and stem diameter were measured both in spring and summer season (Figure 4). Supplemental LED interlighting influenced internode length, with a reduction on LED treated plants by 6% in spring and 12% in summer as compared to control plants (Figure 4a,c). This dwarfing effect of LED supplemental lighting on internode length was already observed on tomato and cucumber plants in previous researches, as a result of increased light distribution within plant canopy enabling a greater light absorption [10,27,28]. Also stem diameter was influenced by supplemental LED interlighting in both spring and summer season, with greater values (+8% and +17%, respectively, in the spring and summer season) in LED treated plants as compared to control plants (Figure 4b,d). Similarly, collar diameter of LED treated plants was enhanced by +23% and +25% in the spring and summer season, respectively, as compared to control plants (data not shown). Furthermore, similarly to findings of previous studies [9,10,11,24] no statistically significant differences among LED treated and control plants were detected for leaf width (mean value of 11.7 cm) and leaf length (mean value of 24 cm) in the present research (data not shown).




3.3. LED Interlighting Improves Leaf Gas Exchanges and Alters Leaf Temperature


The effects of supplemental LED interlighting on specific physiological parameters of tomato crop have been studied in the last decade. Gajc-Wolska et al. [29] compared high-wire tomatoes grown under natural light and supplemental LED treatment (overhead lamps emitting 100 µmol m−2 s−1 at 1 m for 16 h d−1), obtaining greater values for photosynthesis, transpiration, stomatal conductance, and leaf chlorophyll content in plants exposed to supplemental artificial light. In another research [11], the effects of supplemental inner canopy LED modules (emitting 200 µmol m−2 s−1 at 10 cm for 16 h d−1) were also compared to a sole-solar radiation treatment, resulting in a significant increase of net photosynthesis, stomatal conductance and transpiration in plants under LEDs, although no concurrent changes in leaf chlorophyll content were observed.



In the present research, higher leaf chlorophyll content estimated by chlorophyll meter (+15.5%) was found in plants cultivated with supplemental LED light (Table 2). Similarly, the addition of supplemental LED interlighting featuring different percentages of red, blue, and far red diodes resulted in an average increase of 11% in leaf chlorophyll content as compared to plants grown under sole solar radiation [30]. Accordingly, red and blue LEDs were suggested to alter both anatomical and morphological leaf parameters, while also promoting chloroplast development [31]. Both stomatal conductance and leaf temperature resulted affected by lighting treatments (Table 2). Accordingly, stomatal conductance in LED treated plants resulted approximately three-times higher as compared to control plants (Table 2). Under control conditions, the limited radiation within the canopy may have induced stomatal closure and decreased photosynthetic activity [11]. Contrarily, supplemental LED interlighting fosters CO2 uptake and, consequently, photosynthesis by promoting stomatal conductance, as previously observed in tomato [11] and cucumber [32]. When transpiration rate is higher, a lower leaf temperature is generally experienced, since thermal energy required for evaporation is subtracted from the leaf surface [33]. However, in the present research, higher stomatal conductance of LED treated plants was accompanied by a higher leaf temperature as compared with control plants (Table 2), possibly in response to the heat released by LED lamps, which can ultimately alter the environmental temperature around mid-canopy as a consequence of direct irradiance [10]. The increased temperature at canopy level in the observed ranges (e.g., from 16.6 to 18 °C, Table 2) during spring could also have been beneficial to the plants, whereas it should be further investigated whether heat released by lamps during warmer months may eventually affect plant performances.



The differences in morphological (Figure 4) and physiological (Table 2) traits observed among lighting regimes are the results of the action of photoreceptors, proteins which initiate plant responses to light [34]. Accordingly, plants react to variations in environmental lighting conditions (e.g., spectral composition, light intensity, and photoperiod) by converting light signal into biochemical responses, which may result in changes in plant morphology and physiology [27]. Besides, photoreceptors are also present in tomato fruits and may affect fruit development and ripening as described in the following section.




3.4. LED Interlighting Enhances Fruit Growth and Yield Parameters


Tomato fruit growth rate strongly depends on irradiation fluxes and distribution within the greenhouse environment [8]. In Jiang et al. [11], when greenhouse-grown tomato plants were supplied with supplemental LED interlighting, a 14% increase of fresh yield as compared to control conditions was observed. However, yield response to lighting is highly related to the spectral features of the lamps used. For instance, supplementary lighting featuring either white or red LED spectra were proven more effective in fostering tomato fruit growth as compared with blue LEDs [8].



In the present research, fruit growth rate was monitored by measuring longitudinal and transversal fruit diameter during spring and summer season until harvesting time (Figure 5), resulting in larger fruits in LED treated plants as compared to those receiving sole solar radiation. At harvesting, longitudinal and transversal diameters were increased by 14% and 13%, respectively during spring (Figure 5a,b) and by 5% and 6% during summer (Figure 5c,d). Apparently, supplemental LED interlighting improved light distribution within the canopy [10], which may have ultimately positively influenced tomato fruits growth especially during spring season, when the relative occurrence of days with lower radiation was higher than in summer (Figure 3c) [8].



Fruits ripening time was also influenced by LED supplemental lighting, resulting in a faster fruit growth and maturation in LED treated plants (Figure 6). On 29 April, when 91% of fruits of LED treated plants were ready to harvest (dark orange and red colors) (Figure 6a), only 73% of fruits of control plants were at the same maturation stage (Figure 6b). The effect was also evident during the summer season, in which all fruits from LED treated plants were harvested two weeks earlier as compared to control plants (Figure 6c,d). From these results emerges that fruits ripening is influenced by changing in lighting conditions environment and is mediated by photoreceptors, as already observed by Gupta et al. [35] which, comparing the duration of ripening stage in two wild types of tomato plants and different phytochrome mutants (phyA, phyB1, phyB2, phyAB1, phyB1B2, and phyAB1B2), observed that mutant phyAB1B2 had most accelerated fruit ripening with fruit abscission nearly 21 d earlier than the wild types.



The application of supplemental LED interlighting in tomato greenhouse cultivation was previously shown to increase crop productivity thanks to a higher light availability in regions where access to solar radiations may be limited [8,9,10,11]. However, no effects on yield could be associated with the exposition of cucumber and tomato to interlighting sources (e.g., HPS, fluorescent, and LED) in a number of other researches [36,37,38]. These contradictory results may be imputed to several causes, including among others reduced light interception in response to leaf curling, inefficient spectral composition of the supplemental light used or an extremely limited solar irradiance on the top of the canopy [38]. In the current study, yield (kg plant−1) of LED treated plants was higher as compared to control plants both in spring (+24%) and summer (+13%) season (Table 3). Similarly, supplemental LED interlighting starting from nighttime (from 4 a.m. to 4 p.m.) resulted in an increase of winter and summer productivity of 24% and 12%, respectively as compared to the control in Japan [10]. Fruit number per plant was previously shown to be affected by the adoption of supplemental LED treatments [30,39]. However, in the present research, supplemental LED lighting did not affect fruit number (Table 3) and the observed increase in fruit yield should be linked to increased fruit size (Figure 5) and weight (Table 3) in both seasons. Accordingly, average fruit weight (g fruit−1) was enhanced by supplemental LED lighting by 16% and 15% during the spring and summer season, respectively, comparing to average fruit weight from control plants (Table 3). Larger fruits (+12%) in plants grown under supplemental LED lighting were previously associated to improved photosynthetic capacity [9]. Indeed, developing tomato fruit are also capable of photosynthesis and may contribute up to 20% to the fruit’s photosynthate content, as formerly described by Hetherington et al. [40]. Accordingly, it could be advanced that photosynthesis in fruit could also be facilitated by LED light and resulted in more sustained fruit growth [41,42].



Cumulated total production (kg m−2) was enhanced by the supplemental LED lighting treatment (Figure 7). Under control conditions, the solar light extinction in the middle and lower portion of the canopy may substantially reduce crop yield in high-density greenhouses, especially during seasons when access to natural light may be limited [8]. Accordingly, in the present research, the beneficial effects on yield associated with the application of supplemental LED interlighting were maximized during spring, as compared with summer season. Overall, LED treated plants achieved a cumulated total productivity of 51 kg m−2, resulting in an increase of 16% as compared to control plants (Figure 7).




3.5. Quality Parameters


Content of soluble solids (°Brix) is a commonly adopted parameter to evaluate tomato fruit quality [13,43,44]. In Jiang et al. [11] the application of supplemental LED interlighting (emitting 200 µmol m−2 s−1 at 10 cm from 16 h d−1) significantly increased soluble solids content of tomato fruits by 16% as compared to control treatment without supplemental lighting. Similarly, Tewolde et al. [24] demonstrated that tomato plants under low-light stress conditions obtained using a cloudy cover simulation could compensate the decrease in total fruit soluble solids through the employment of supplemental LED interlighting, as compared to control treatment (no shading and no interlighting). However, the exposition of tomato plants to different LEDs colors (white, red, and blue LEDs, respectively) did not significantly alter the fruit sugar content as compared with plants grown under sole solar radiation [8]. Similarly, supplemental lighting treatment using LED towers (RB = 95:5, daily light integrals of 25 mol m−2 d−1) did not significantly influence fruit sugar content as compared to control-grown fruits [43]. In the hereby shown research, soluble solids content was not altered by lighting regimes (Table 4). Moreover, a CIE Lab analysis on harvested fruits was performed to assess final fruit color. Table 4 shows no significant differences for L, a, and b components. These results are consistent to those reported by Dzakovich et al. [43], where supplemental inner canopy LED towers did not affect the above-mentioned colorimetric indexes. Additionally, the a:b ratio whose correlation with lycopene content has been recently documented [44], was not influenced by supplemental LED interlighting, however, other lighting sources (e.g., supplemental overhead high-pressure sodium) could negatively affect this ratio [43]. Therefore, further research should specifically target a better understanding of fruit colorimetric response to the exposition to supplemental lighting.





4. Conclusions


Supplemental LED interlighting resulted in positive effects on plant morphology and fruit yield along spring and summer seasons of hydroponics tomato cultivation. The plant growth features were associated with improved leaf gas exchanges, which ultimately resulted in increased crop yield by means of larger fruit growth. Accordingly, the adoption of supplemental LED lighting may present interesting potentialities for improving cultivation performances in high-wire greenhouse-grown tomatoes in the Mediterranean area. Further research integrating a comprehensive financial analysis is needed in order to establish the economic feasibility of the proposed technology in the Mediterranean region. Moreover, future research should further investigate other qualitative aspects (e.g., carotenoid content, flavonoid content, and pH value), in order to have a better and overall understanding of supplemental LED interlighting effects on tomato quality in the Mediterranean area.
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Figure 1. Supplemental light–emitting diode (LED) interlighting arrangement within plant canopy. (a) Graphical representation and (b) side-view of the illuminated treatment on 3 May 2019 (Photo: I. Paucek). 
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Figure 2. Tomato cluster with fruits in different growth/maturation phases according to external coloration: (1) green (fruit growth), (2) dark green (green, breaker ripeness classes), (3) light orange (turning, pink ripeness classes), (4) dark orange (light-red ripeness class), and (5) red (red ripeness class). 






Figure 2. Tomato cluster with fruits in different growth/maturation phases according to external coloration: (1) green (fruit growth), (2) dark green (green, breaker ripeness classes), (3) light orange (turning, pink ripeness classes), (4) dark orange (light-red ripeness class), and (5) red (red ripeness class).
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Figure 3. Environmental parameters at iPOM greenhouse. (a) Daily maximum (red squares), minimum (blue triangles), and average (black circles) temperatures; (b) daily maximum (red squares), minimum (blue triangles), and average (black circles) relative humidity; and (c) external (outdoor) daily radiation sum during growing cycle. 
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Figure 4. Effect of lighting regime on internode length (a,c) and stem diameter (b,d) during spring (a,b) and summer (c,d) season. Symbols (**) indicate significant differences at p ≤ 0.01, or p ≤ 0.001 (***). 
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Figure 5. Effect of supplemental LED interlighting (pink) and control treatment (white) on longitudinal (a,c) and transversal diameter (b,d) during spring (a,b) and summer (c,d) season. Symbols (*) indicate significant differences at p ≤ 0.05 (*), 0.01 (**), or 0.001 (***), “ns” indicates non-significant differences at p ≤ 0.05. 
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Figure 6. Effect of supplemental LED interlighting (a,c) and control treatment (b,d) on fruit growth/maturation stage during spring (a,b) and summer (c,d) season. 
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Figure 7. Effect of supplemental LED interlighting (pink) and control treatment (white) on the cumulated total production for spring and summer season. Symbols (*) indicate significant differences at p ≤ 0.05 (*), 0.01 (**), or 0.001 (***), “ns” indicates non-significant differences at p ≤ 0.05. 
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Table 1. Nutrient solution composition adopted in iPOM greenhouse during spring and summer season.
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	Main Component
	Unit
	Spring Season
	Summer Season





	N-NO3−
	mM
	21.1
	21.1



	N-NH4+
	mM
	2.04
	2.04



	P-H2PO4−
	mM
	1.56
	2.04



	SO4
	mM
	3.15
	3.15



	H3O+
	mM
	8.34
	8.34



	K
	mM
	10.8
	11.2



	Ca
	mM
	8.05
	8.05



	Mg
	mM
	3.40
	3.40



	Na
	mM
	3.00
	3.00



	Cl
	mM
	1.00
	1.00



	Fe
	µM
	27.0
	15.0



	Mn
	µM
	12.0
	12.0



	Zn
	µM
	6.0
	6.0



	B
	µM
	20.0
	20.0



	Mo
	µM
	1.00
	1.00
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Table 2. Effect of lighting regime on leaf chlorophyll content, stomatal conductance, and leaf temperature in spring season.
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LED

	
Control






	
Leaf chlorophyll content (N-tester value)

	
505.2

	
437.4




	

	
*




	
Stomatal conductance (mmol m−2 s−1)

	
367.1

	
126.8




	

	
***




	
Leaf temperature (°C)

	
18.0

	
16.6




	

	
***








Symbols (*) indicate significant differences at p ≤ 0.05 (*), or 0.001 (***).
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Table 3. Effect of lighting regime on plant productivity, fruit average weight, and fruit number during spring and summer season.
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Spring

	
Summer




	

	
LED

	
Control

	
LED

	
Control






	
Yield (kg plant−1)

	
5.7

	
4.6

	
9.9

	
8.8




	

	
*

	
*




	
Average fruit weight (g fruit−1)

	
126.4

	
108.5

	
144.4

	
125.8




	

	
**

	
***




	
Fruit number (n plant−1)

	
45.0

	
42.2

	
56.3

	
57.1




	

	
ns

	
ns








Symbols (*) indicate significant differences at p ≤ 0.05 (*), 0.01 (**), or 0.001 (***), “ns” indicates non-significant differences at p ≤ 0.05.
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Table 4. Effect of lighting regime on fruit soluble solids content and CIE Lab color space analysis.
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LED

	
Control






	
Soluble solids content (°Brix)

	
3.7

	
3.9




	

	
ns




	
CIE Lab color space analysis

	




	
L

	
41.3

	
42.4




	

	
ns




	
a

	
18.7

	
17.7




	

	
ns




	
b

	
21.6

	
21.7




	

	
ns




	
a:b ratio

	
0.87

	
0.81




	

	
ns








“ns” indicates non-significant differences at p ≤ 0.05.
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