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Abstract

:

The purpose of the present study was to evaluate the effects of different light treatments on biomass, nutrient concentrations and physiological parameters of Fittonia verschaffeltii (Lem) Van Houtte. The aim was to establish a methodology to evaluate the effect of photosynthetically active radiation (PAR) emitted by lamps on biomass. The light treatments used were tube luminescent Dunn (TL-D), tube luminescent Dunn + light emitting diodes (LEDs) and Tube luminescent 5 (TL-5). At the end of the experimental period, biomass, nutritional, biochemical, and physiological parameters were assessed. A clear reduction in total plant dry weight under TL-D + LEDs at the end of the experiment was recorded. With respect to nutrient concentration in the different organs assessed, there was no clear response under the different light treatments. The growth under TL-D lamps resulted in the highest concentration of total soluble sugars and starch in leaves, whereas the highest value of indole 3-acetic acid concentration was under TL-5 lamps. Plants grown under TL-D + LEDs showed the lowest values of chlorophyll a, b and a + b. The relationship proposed between integrated use of spectral energy (IUSE) and total dry weight (TDW) showed a good correlation with an R2 value of 0.86, therefore we recommend this methodology to discern the effects of the different spectral qualities on plant biomass.
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1. Introduction


Illumination is a powerful environmental stimulus with impacts on a wide range of plant metabolic processes [1]. The ability of plants to sense and respond to light depends on their photosynthetic pigments and photoreceptors that absorb different wavelengths of the light [2].



In plant sciences, a wide variety of lamps have been used to study the effects of spectral quality on plant growth. Growth improvements have been obtained by adjusting the spectral quality [3]. Fluorescent lamps (FL) and high intensity discharge (HID) lamps (e.g., high pressure sodium (HPS)) are the most commonly used artificial light sources for plant research and greenhouse horticulture [4]. Currently, light emitting diodes (LEDs) are replacing these light sources for plant growth under controlled conditions. The use of LEDs can enable commercial growers to obtain plants with desired characteristics and to optimize the spectra for each crop and stage of development [5]. The LEDs have several distinctive advantages like small volume, single spectrum wavelength, long life, directional light emission and little heat production and high energy efficiency power [6]. In our experiment, we investigated the effects of fluorescent lamps and supplementary LED lighting in Fittonia verschaffeltii (Lem) Van Houtte. Mosaic plant (F. verschaffeltii) is an evergreen creeping herbaceous perennial plant native to the Peruvian rainforest, belonging to the family Acanthaceae. It is appreciated by nursery growers for its attractive and decorative foliage and is often used in terrariums or arrangements in various combinations of plants to decorate offices and housing [7].



Many earlier studies have dealt with the use of LEDs as source lighting in greenhouses for horticultural and ornamental plants production [8,9,10,11]. Nevertheless, there is little information on the effects of light treatments on this much-appreciated ornamental species.



On the other hand, the light conversion efficiency in photosynthesis has been well studied by Radmer and Kok [12], as has the relationship between photosynthetically active radiation (PAR) and biomass [13]. Nevertheless, under artificial light, spectral quality differences in PAR region may generate differences between lamps and as consequence in the use of energy by the plant. This work has tested the hypothesis that adequate crop management in horticulture using different lamp types including LEDs is only possible when the plant’s response to spectral quality and intensity of the given lamp is known in depth. For this, we studied the effects of spectral composition from three different sources of light on biomass production, nutrient concentration and physiological parameters in Fittonia verschaffeltii.




2. Materials and Methods


2.1. Experimental Design and Treatments


Rooted cuttings (plants) of F. verschaffeltii were acquired from a commercial nursery (Las Fresas, El Ejido, Almería, Spain) with an initial total dry weight of 1.34 ± 0.10 g. Each plant was transplanted into 1.5 L polyethylene pots containing Sphagnum peat-moss (Kekkila Finnpeat; Projar, Valencia, Spain, with the following characteristics: porosity (95%), water retention capacity (53%)). During the trial (8 weeks), the pots were scheduled for follow-up in a growth chamber where they were randomly assigned to each light treatment. The growth chamber was set at a constant (day/night) 25 °C and a relative humidity of 55% to minimize any potentially confounding effect of a diurnal temperature difference or relative humidity on extension growth. The plants were grown under a 16 h-8 h light-dark photoperiod and irrigated manually every day with a Steiner nutrient solution [14] in order to avoid any water or nutrient limitation. To further minimize any edge or position effects within each treatment, the pots were rearranged every other day.



The experiment consisted of three light treatments: TL-D (9067 cd) (Tube luminescent Dunn (Ø = 26 mm)) treatment (Fluorescent TL-D 18W (4 light Philips TCS097 × 2 lamps, Philips Lighting Spain, Madrid, Spain)) with a power of 144 W, TL-D + LEDs treatment (9067 cd) (Fluorescent TL-D 18W (3 light Philips TCS097 × 2 lamps, Philips Lighting Spain, Madrid, Spain)) with a power of 108 W + Pure Blue and Pure Red Mix-Light-Emitting Diodes (BR-LEDs) RGB (4 lines ALUM 40 × 25 LED SMD RGB × 9 W with console DN-RGB FIBER LIGHT, Modular Signs, Murcia, Spain) with a power of 36 W resulting in total in 144 W, and TL-5 (8815 cd) (Tube luminescent (Ø = 16 mm)) treatment (High Efficiency Fluorescent TL-5 35W (2 light MAXOS 4M691 × 2 lamps, Philips Lighting Spain, Madrid, Spain)) with a power of 140 W.



The experimental design consisted of three light treatments, four blocks, and five plants (one plant per pot) per block giving a total of 60 plants per species, plus border plants. The selection of these light treatments was done following the recommendations given by local nursery growers.




2.2. Spectral Distribution and Agronomic Characterization of Light Treatments


The spectral distribution of each treatment was recorded at 300–1100 nm with 1-nm steps, using a calibrated spectroradiometer (LI-COR 1800, Lincoln, NE, USA) at the canopy level. With these measurements, agronomic characterization of each light treatment was assessed following the methodology established by Baille et al. [15].




2.3. Biomass Parameters


At the end of the trial, the plants were harvested, the substrate gently washed from the roots and the root surface dried with blotting paper. The plants were split into roots (R), stems (S) and leaves (L) and the respective fresh weights (FW) measured. Roots, stems and leaves were then oven-dried (model E FN500; Nüve, Istanbul, Turkey) at 60 °C until they reached a constant weight (~48 h) to provide the respective dry weights (DW). Parameters associated with biomass partitioning were calculated as indicated by Ryser and Lambers [16] and García-Caparrós et al. [17]: relative leaf weight ratio (LWR; leaf DW per unit plant DW); the stem weight ratio (SWR; stem DW per unit plant DW); and the root weight ratio (RWR; root DW per unit plant DW). The plant’s total dry weight (TDW) was calculated as the sum of the leaves, stems and roots DW. The fresh and dry weights of roots, stems and leaves were used to calculate the water content (WC—g water per g fresh weight) in each organ, as indicated by Ben Amor et al. [18]:


WC = (FW − DW)/FW



(1)








2.4. Root, Stem and Leaf Nutrients


The oven-dried samples were ground in a mill and divided into two subsamples. The analysis of soluble ionic form (NO3−) in the roots, stems and leaves was carried out using high performance liquid chromatography (HPLC); model Metrohm 883 Basic IC Plus, anions ion exchange column model Metrosep A SUPP 4, IC conductivity detector range (0–15000 µS cm−1)) in one subsample following water extraction as described by Csáky and Martínez-Grau [19]. The other subsample was mineralized with sulfuric acid (H2SO4, 96%) in the presence of hydrogen peroxide (H2O2, 30% (w v−1), P-free) at 300 °C and used for the colorimetric determination of organic N [20] and total P [21] expressed as mg g−1 DW. The total N concentration was calculated as the sum of the organic N and N-NO3− concentration. The K+ concentration expressed as mg g−1 DW was directly measured in the mineralized extract by flame spectrophotometry (model Jenway PFP 7) [22].




2.5. Biochemical Parameters


To determine the concentrations of proline, total soluble sugars (TSS), starch and indole 3-acetic acid (IAA) in leaves, five plants were randomly selected per treatment at harvest. Fresh material (0.5 g of leaves) was crushed in 5 mL of 95% (v v−1) ethanol and centrifuged (model Digicen 21 R) at 3500 g for 10 min. The pellet was washed twice with 5 mL of 70% (v v−1) ethanol and recentrifuged. The free proline, indole 3-acetic acid (IAA), TSS and starch concentrations were determined in the alcoholic extract supernatant. The free proline concentration was determined using the ninhydrin reagent method (expressed as µmol g−1 DW). The total soluble sugars (TSS) concentration was determined using the anthrone reagent method and was expressed as µmol glucose-equivalent g−1 DW. The starch concentration was determined using the oven-dried residue of total soluble sugars determination. The starch concentration was also expressed as µmol glucose-equivalent g−1 DW [23]. The indole 3-acetic acid (IAA) concentration was determined using the Salkowski reagent method and was expressed as µmol g−1 DW [24].




2.6. Pigments Concentrations


To determine the concentrations of pigments (chlorophylls and carotenoids) in leaves, five plants were randomly selected per treatment at harvest. Extraction of chlorophyll a and b (Chl a and Chl b) and carotenoids were performed by submerging 0.2 g of fresh leaves in methanol in the dark at room temperature (15 °C) for 24 h. The supernatant was removed, and the photosynthetic pigment concentrations were determined colorimetrically at their respective wavelengths in a spectrophotometer (Shimadzu Scientific Instruments, Columbia, MD, USA): Chl a (λ = 666 nm), Chl b (λ = 653 nm), and carotenoids (λ = 470 nm) following the methodology of Wellburn [25]. Pigment concentrations were expressed as mg g−1 FW.




2.7. Relationship between Pigment Content and Absorbed Light Spectrum


To study the energy collected by plant to be transformed in biomass, we considered the concepts of theoretical irradiance energy absorbed by pigments (Ia), the theoretical use of spectral energy by each pigment of the plant (USEpigment) and the theoretical integrated use of spectral energy (IUSE) by crop as capacity of harvesting radiation energy by plant.



The theoretical irradiance energy absorbed by pigments (Ia) (chlorophyll a and b and carotenoids) was calculated using the following equation:


  Ia  (  car ,    chl    a ,    chl    b  )  =   ∫   400   700   Ka  (  car ,    chl    a ,    chl    b  )  ×    Ie   d λ   



(2)




where Ia (car, Chl a, Chl b) is total irradiance energy absorbed by each pigment expressed in W m−2, Ka (car, Chl a, Chl b) is percentage of energy absorbed by pigment according to each wavelength following the recommendations established by Whitmarsh and Govindjee [26], and Ie is irradiance emitted by each lamp per wavelength expressed in W m−2.



Assuming that all leaves have received the same irradiance, the theoretical use of spectral energy by each pigment of the plant (USEpigment) for each light treatment was calculated using the following equation:


USEpigment (car, chl a, chl b) = (LW × c) × Ia



(3)




where USEpigment (car, Chl a, Chl b): Use of spectral energy absorbed by each pigment per plants expressed in W m−2. LW: leaf fresh weight per plant expressed in g plant−1. c: pigment concentration in leaves, expressed in mg g−1 FW.



Considering the three photosynthetic pigments, the theoretical Integrated use of spectral energy (IUSE) by crop was calculated as summation of the USE of each pigment


IUSE crop = USE Cla + USE Clb + USE car



(4)








2.8. Statistical Analysis


The experiment had a completely randomized block design, and the values obtained for each plant and each variable were considered as independent replicates. The data were analyzed through one-way analysis of variance (ANOVA) and least significant difference (LSD) tests (p < 0.05) in order to assess the differences between treatments. To relate the IUSE and biomass (TDW), a simple regression has been done and this regression was compared with the classical simple regression between PAR and biomass (TDW). All the statistical analyses were done with Statgraphic Plus for Windows (version 5.1).





3. Results


3.1. Spectral Distribution and Agronomic Characterization


Spectral distribution of the different light treatments showed common peaks at 407, 437, 492, 546, 587, 613, 631 and 712 nm (B, R and FR regions). The treatment with TL-D + LEDs showed the lowest values compared with those undergoing TL-D and TL-5 treatments. Moreover, the highest peak in TL-D occurred at 546 nm, whereas in TL-5 it occurred at 613 nm (R region) (Figure 1). The agronomic characterization of light treatments showed different trends according to the spectral region studied. The treatment TL-D showed the highest values of B, PAR and total radiation compared to the other light treatments, whereas TL-5 had the highest values of UV, R, FR and NIR. The treatment TL-D + LEDs showed the highest values in the ratios calculated except for the ratio of PAR:TOTAL showing the same value than in TL-D (Table 1).




3.2. Biomass Parameters


Plants grown under TL-D + LEDs showed a reduction of 18% of the total dry weight (TDW) compared to the other light treatments mainly due to a decrease in leaf dry weight (LDW). On the other hand, stem and root dry weight (SDW and RDW; respectively) were unaffected by light treatments. Plants grown under TL-D + LEDs showed the lowest leaf weight ratios (LWR) and the highest stem weight ratio (SWR), whereas relative root dry weight ratio (RWR) remained unchanged under different light treatments. The water content of the organs analyzed (roots, stems or leaves) was unaffected by the light treatments (data not shown) (Figure 2).




3.3. Contents of N, P and K in Roots, Stems and Leaves


The N concentration in all the organs studied remained unchanged under different light treatments. The leaves of plants grown under TL-5 had the highest P concentration, whereas in roots and stems was unaffected by light treatments. The roots and stems of plants grown under TL-D + LEDs had the highest K concentration whereas leaves present the highest value under TL-5 (Table 2).




3.4. Biochemical Parameters


The leaves of plants grown under TL-D had the highest concentration of total soluble sugars (TSS) and starch. Leaves indole 3-acetic acid (IAA) concentration was the highest in plants grown under TL-5. Proline concentration in leaves remained unchanged under different light treatments (Figure 3).




3.5. Changes in Pigment Concentrations


Chlorophyll a concentrations of F. verschaffeltii leaves in all treatments were higher than the respective Chl b concentrations. Plants grown under TL-D + LEDs treatment had the lowest chlorophyll (a, b and a + b) concentrations. However, no significant differences were observed in carotenoids concentration regardless of the light treatments (Table 3).




3.6. Plant’s Harvesting Lamp PAR Model


The percentage of energy absorbed by each pigment (Ka) (chlorophylls a and b and carotenoids) following the recommendations established by Whitmarsh and Govindjee [25] are presented in Figure 4. The highest peaks in Chl a were at 430 and 660 nm, in Chl b at 430, 500 and 646 nm and in carotenoids at 460 and 500 nm. With these results, and considering the data recorded of Ie (irradiance emitted by each lamp per wavelength expressed in W m−2), we calculated the theoretical irradiance energy absorbed by pigments (Ia) (chlorophyll a and b and carotenoids) in each light treatment (Figure 5). Then using the formulas above mentioned, we calculated the use of spectral energy absorbed by each pigment per plants USEpigment (car, Chl a, Chl b) (expressed in W m−2) (Figure 6). Integrating the results obtained for each pigment and light treatment, we obtained the data reported in Table 4, where TL-D + LEDS showed the lowest value of USE for Chl a and b, whereas in USEcar there were no differences between light treatments. The IUSE values by crop were the following: 2.51, 1.82 and 2.70 W m−2 under TL-D, TL-D + LEDS and TL-5; respectively. Finally, total plant dry weight (TDW) was related to IUSE and PAR through a linear regression (Figure 7), showing that the relationship between ISUE and TDW (R2 = 0.86; p < 0.05) was higher than the relationship between PAR and TDW (R2 = 0.49).





4. Discussion


With respect to light quality and intensity of the treatments, the addition of LEDs in lamps resulted in lower values of photosynthetically active radiation (PAR), as well as total radiation.



As a consequence, total plant dry weight after eight weeks of treatment showed a reduction when grown under TL-D + LEDs. This reduction was reflected only in reduced leaf weight, and did not affect stem and root mass.



This result suggests that the lowest value of total plant dry weight grown under TL-D + LEDs may be ascribed to the lowest value of red light and the corresponding morphogenetic response in plants. Concerning the effects of red light on leaf dry weight in ornamental species, Wollaeger and Runkle [27] reported that leaf dry weight was greater for salvia and petunia under these light conditions. In the present investigation, stem and root dry weight remained unchanged under different light treatments. With respect to stem dry weight, different results were found by other researchers. For instance, stem dry weight of Chrysanthemum plants showed an inverse relationship with the proportion of blue light received, resulting in a decrease at the end of the experiment [28]. The same results were also reported by Randall and Lopez [29] in Impatiens and Petunia. Concerning the lack of variations in root dry weight under different light treatments, different results were reported by Randall and Lopez [30] who noted that the root dry weight of marigold, geranium, impatiens and petunia increased as the amount of blue light increased. The different trends in biomass partitioning for roots of plants grown under three different light treatments suggested preferential biomass accumulation between different sink tissues with respect to the light characteristics. No differences in the water content of the organs studied in the present investigation suggest that there was no relationship between light treatments and water content in organs. Nevertheless, Sharkey and Raschke [31] found that blue light was nearly ten times more effective than red light in affecting the stomatal conductance generating differences in water content in the plant.



The leaf nutrient concentration for N (15.54 mg g−1 DW) and P (3.41 mg g−1 DW) were lower than the values reported for both nutrients in F. verschaffeltii (N (42.28 mg g−1 DW) and P (7.75 mg g−1 DW)) by Mills and Jones [32] whereas the values of leaf K concentration in our experiment (59.67 mg g−1 DW) were similar to the value of 56.55 mg g−1 DW proposed by these researchers in these species.



There have been a limited number of studies on mineral nutrient uptake by crops as affected by different light treatments. Results in the present investigation showed that the N, P, and K concentrations in the different organs of the plants displayed different patterns under different light treatments. The N concentration did not vary in the different organs of the plants under different light treatments. Different results were obtained by Almansa et al. [33] who reported an increase of N concentration in tomato seedlings grown under lamps with high values of blue radiation.



As far as P and K were concerned, there were no variations in root and stem P concentrations, whereas plant gown under TL-5 showed the highest leaf P concentration, which could be due to the high value of red radiation emitted by these lamps. Contrary to results in the present investigation, Kopsell and Sams [34] reported an increase of P in leaves of sprouting broccoli microgreens grown under blue light exposure. The highest value of K concentration in the organs studied in plants grown under TL-D + LEDs can be ascribed to the high value of B:R emitted by these lamps. Different results have been observed in Arabidopsis seedlings grown under blue light conditions, which showed an increase of K concentration due to the changes in guard cell membrane transport activity [35].



The highest concentration of total soluble sugars and starch was found in plants grown under TL-D lamps, which can be attributed to the high value of blue emitted by these lamps. These results are at odds with the increase of total soluble sugars and starch concentration under a combination (1:1) of red and blue radiation observed in several ornamental species, such as Ageratum houstonianum L., Tagetes erecta L. and Salvia splendens L. [36].



The highest value of red and far red radiation emitted by TL-5 lamps may be the responsible for the high concentration of indole 3-acetic acid (IAA). These results are in line with the findings of Islam et al. [37] who reported an increase of IAA concentration in poinsettia plants grown under red light conditions. The increase of IAA concentration under red and far red radiation may be explained by the photo-conversion of most phytochrome (phyB) into the inactive (Pr) form and the low phyA levels due to the R-enriched light environment before the shift to low R/FR ratio light since phyA and phyB are both repressors of auxin-regulated gene transcription [38]. We did not find variation in the leaf proline concentrations between the light treatments. Different results were obtained in other ornamental species such as Chrysanthemum where higher proline levels were found in plants grown under blue light compared to the other light qualities [39].



Changes in irradiance wavelengths may modify pigment concentrations in plants [40]. In our experiment, the lowest concentration of pigments (chlorophylls) in plants grown under TL-D + LEDs lamps may be attributed to the lowest value of red region. Different results were observed by Garcia-Caparros et al. [41] in an experiment with Dieffenbachia maculata plants which showed lower pigment concentrations under higher red conditions. No variations in carotenoids concentrations under different light treatments were reported in this experiment. These results suggest that carotenoid concentrations did not appear to be influenced by the wavelengths in the light environment, coinciding with the results reported by Zheng and Van Labeke [42], who noted that carotenoid concentrations in Cordyline australis G. Forst. Endl. and Ficus benjamina L. did not vary under different light treatments.



In our experiment we assessed IUSE using the spectral energy emitted by the lamp, radiation absorption by the pigments, and the photosynthetic pigment concentrations in the plants, in order to evaluate the light energy captured by the plant. The results obtained reporting a higher correlation between IUSE and DW. Our model may help to quantify the spectral effect to adjust the relationship between biomass and PAR received under artificial light, which also has been shown by researchers such as Garcia-Caparros et al. [41] in Dieffenbachia maculata. In our approach, we have considered that the main function of chlorophyll in plants is the absorbance of light and the transference through plants during the photosynthesis and also the jointly pigments capacity for harvesting radiation [43]. In this sense, it is necessary to mention that although chlorophyll a is the primary cofactor for photochemical reactions in both photosystems (I and II), chlorophyll b is an accessory pigment with a fundamental role in the photosynthetic process only found in peripheral light-harvesting complexes (LHCs) [44].




5. Conclusions


Total plant dry weight was reduced in Fittonia verschaffeltii plants grown under TL-D + LEDs. Mineral composition of the different organs analyzed did not show a clear trend under different light treatments. Plants grown under TL-D lamps showed the highest concentration of total soluble sugars and starch in leaves, whereas plants grown under TL-5 lamps had the greatest concentration of indole 3-acetic acid. Leaf proline did not differ between light treatments. Plants grown under TL-D + LEDs showed the lowest values of chlorophyll a, b, and a + b. With respect to the model proposed, it can be highlighted that there was no strong relationship between PAR and total dry weight, whereas the comparison between IUSE and TDW showed a better relationship, with a R2 value of 0.86. Therefore, calculated IUSE values better explained the plant biomass relative to lamp treatment than the PAR output did. Therefore, we recommend this methodology to discern the effects of the different spectral qualities on plant biomass.
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Figure 1. Spectral distribution of the different light treatments: (a) TL-D, (b) TL-D+LEDs and (c) TL-5. 
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Figure 2. Effect of light treatments on leaf (LDW), stem (SDW), root (RDW), and total dry weight (TDW; expressed in g) (A), and leaf weight ratio (LWR), stem weight ratio (SWR), and relative root weight ratio (RWR) (B) at the end of the experiment (8 weeks). Each parameter was analyzed individually. Values are the means ± standard deviations (error bars) of five plants per treatment. Bars with different letters are significantly different at p < 0.05 (analysis of variance (ANOVA) and least significant difference (LSD) tests). ns: not significant. 






Figure 2. Effect of light treatments on leaf (LDW), stem (SDW), root (RDW), and total dry weight (TDW; expressed in g) (A), and leaf weight ratio (LWR), stem weight ratio (SWR), and relative root weight ratio (RWR) (B) at the end of the experiment (8 weeks). Each parameter was analyzed individually. Values are the means ± standard deviations (error bars) of five plants per treatment. Bars with different letters are significantly different at p < 0.05 (analysis of variance (ANOVA) and least significant difference (LSD) tests). ns: not significant.
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Figure 3. Effect of light treatments on total soluble sugars (TSS) and starch (expressed as µmol glucose equivalents g−1 DW) (A), indole 3-acetic acid (IAA) and proline (µmol g−1 DW) (B) in leaves at the end of the experiment (8 weeks). Each parameter was analyzed individually. Values are the means ± standard deviations (error bars) of five plants per treatment. Bars with different letters are significantly different at p < 0.05 (ANOVA and LSD test). ns: not significant. 
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Figure 4. Percentage of energy absorbed (Ka) by pigments (car, chla, chlb) according to each wavelength. 
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Figure 5. Theoretical irradiance energy absorbed by pigments (Ia) (chlorophyll a and b and carotenoids) in light treatments: (a) TL-D, (b) TL-D+LEDs and (c) TL-5. 
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Figure 6. Use of spectral energy by each pigment of the crop (USEcrop) (chlorophyll a and b and carotenoids) in light treatments: (a) TL-D, (b) TL-D+LEDs and (c) TL-5. 
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Figure 7. Linear univariant regression model integrated use of spectral energy (IUSE) and photosynthetically active radiation (PAR) with TDW. 
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Table 1. Agronomic characterization of light treatments.
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Spectral Region (nm)

	
Irradiance (µmol m−2 s−1)




	
TL-D

	
TL-D + LEDs

	
TL-5






	
UV (300–400)

	
0.49

	
0.25

	
1.22




	
B (400–500)

	
25.40

	
22.11

	
16.78




	
R (600–700)

	
39.32

	
30.02

	
44.99




	
FR (700–800)

	
3.81

	
1.94

	
5.45




	
PAR (400–700)

	
112.38

	
77.37

	
101.22




	
NIR (700–1100)

	
6.09

	
3.06

	
10.56




	
TOTAL (300–1100)

	
118.96

	
80.68

	
113.00




	
PAR:TOTAL

	
0.94

	
0.96

	
0.90




	
PAR:NIR

	
18.45

	
25.25

	
9.58




	
B:R

	
0.65

	
0.74

	
0.37




	
B:FR

	
6.66

	
11.39

	
3.08




	
R:FR

	
10.31

	
15.46

	
8.25








UV = ultraviolet, B = blue, R = red, FR = far red, PAR = photosynthetically active radiation, NIR = near red infrared.
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Table 2. Mineral nutrient composition (expressed in mg g−1 DW) in roots, stems and leaves of F. verschaffeltii treated with different light treatments at the end of the experiment (8 weeks). Values with the same letters are not significantly different at p < 0.05 (ANOVA and LSD test). ns: not significant. Data are the means ± standard deviation of five plants per treatment.
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Light Treatments

	
Roots

	
Stems

	
Leaves






	
N

	
TL-D

	
15.54 ± 1.54 a

	
16.66 ± 1.40 a

	
14.84 ± 1.26 a




	
TL-D + LEDs

	
15.54 ± 1.54 a

	
16.38 ± 1.52 a

	
14.98 ± 1.35 a




	
TL-5

	
15.12 ± 1.33 a

	
16.24 ± 1.68 a

	
15.54 ± 1.50 a




	
P

	
TL-D

	
1.55 ± 0.31 a

	
0.93 ± 0.31 a

	
2.48 ± 0.28 b




	
TL-D + LEDs

	
1.86 ± 0.26 a

	
1.14 ± 0.30 a

	
2.60 ± 0.25 b




	
TL-5

	
1.78 ± 0.29 a

	
1.20 ± 0.25 a

	
3.41 ± 0.30 a




	
K

	
TL-D

	
26.13 ± 2.34 b

	
15.21 ± 1.24 b

	
46.41 ± 4.29 b




	
TL-D + LEDs

	
33.54 ± 3.12 a

	
24.96 ± 2.38 a

	
45.24 ± 4.51 b




	
TL-5

	
27.13 ± 2.21 b

	
16.38 ± 1.39 b

	
59.67 ± 5.56 a
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Table 3. Pigment concentration (expressed in mg g−1 FW) in plants of F. verschaffeltii treated with different light treatments at the end of the experiment (8 weeks). Values with the same letters are not significantly different at p < 0.05 (ANOVA and LSD test). ns: not significant. Data are the means ± standard deviation of five plants per treatment.






Table 3. Pigment concentration (expressed in mg g−1 FW) in plants of F. verschaffeltii treated with different light treatments at the end of the experiment (8 weeks). Values with the same letters are not significantly different at p < 0.05 (ANOVA and LSD test). ns: not significant. Data are the means ± standard deviation of five plants per treatment.





	Light Treatments
	Chl a
	Chl b
	Chl (a+b)
	Car





	TL-D
	0.58 ± 0.02 a
	0.31 ± 0.01 a
	0.89 ± 0.04 a
	0.09 ± 0.01 a



	TL-D + LEDs
	0.53 ± 0.02 b
	0.27 ± 0.01 b
	0.80 ± 0.03 b
	0.09 ± 0.01 a



	TL-5
	0.60 ± 0.03 a
	0.32 ± 0.03 a
	0.90 ± 0.03 a
	0.11 ± 0.01 a
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Table 4. Use of spectral energy by each pigment (USEpigment) (chlorophyll a and b and carotenoids) (expressed in W m−2) in each light treatment. Values with the same letters are not significantly different at p < 0.05 (ANOVA and LSD test). ns: not significant. Data are the means ± standard deviation of five plants per treatment.






Table 4. Use of spectral energy by each pigment (USEpigment) (chlorophyll a and b and carotenoids) (expressed in W m−2) in each light treatment. Values with the same letters are not significantly different at p < 0.05 (ANOVA and LSD test). ns: not significant. Data are the means ± standard deviation of five plants per treatment.











	
	USECla
	USEClb
	USECar





	TL-D
	1.39 ± 0.27 a
	0.90 ± 0.09 a
	0.22 ± 0.04 a



	TL-D + LEDs
	0.86 ± 0.16 b
	0.73 ± 0.07 b
	0.20 ± 0.04 a



	TL-5
	1.57 ± 0.27 a
	0.92 ± 0.09 a
	0.21 ± 0.05 a











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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