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Abstract

:

Controlled environment agricultural (CEA) systems create technological opportunities for the higher nutritional value of vegetables and herbs. It was hypothesized that UV-A light, supplementing basal light emitting diode (LED) illumination in CEA, would enhance growth and nutritional value (nutraceutical compounds and mineral element contents) in purple and green basil in a UV-A wavelength-specific manner. Therefore, blue (452 nm) and red (662 nm) 1:10 basal LED lighting (250 μmol m−2 s−1, 16 h) was supplemented with 1 mW cm−2 of 343, 366, 386, or 402 nm UV-A LED light for green ‘Italiano classico’ and purple ‘Red rubin’ basil cultivation. Different wavelengths have specific impacts for two basil genotypes, and certain light wavelengths should be selected to boost growth or to alter the contents of specific nutraceutical compounds. UV-A/violet 402 nm light enhanced growth, chicoric acid, β carotene, lutein, and zeaxanthin contents in green basil, while 343 nm UV-A light increased fresh weight, ascorbic acid, and carotenoid content in purple basil. UV-A light of 386 nm has the most negligible impact on reducing mineral element (P, Ca, Fe, K, Mg, Mn, and Zn) contents in basil. Understanding the wavelength dependence of plant responses to UV-A is essential for optimizing quality preservation and improving basil cultivation in controlled environment systems.
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1. Introduction


Vertical farming is a modern plant production system that enables local cultivation of high-quality vegetables through precise control of plant physiology and development processes by accurately managing growth conditions [1]. Plant cultivation in a controlled environment has several benefits, such as year-round crop production, improved resource use efficiency, protection from severe weather conditions, and increased plant productivity (76–116% compared to traditional farming) [2,3]. Contemporary horticulture is optimized for maximal productivity; however, it is also important to highlight the so-called “dilution effect”, which describes an inverse relationship between yield and concentrations of nutritionally important chemical constituents in vegetable tissues: an increase in biomass is often accompanied by a decrease in contents of minerals, proteins, vitamins, and other bioactive compounds [4,5]. However, consumer attitude towards crop quality, nutritional value, flavor, and postharvest longevity is rising [6]. It was stated that 90% of consumers are willing to pay more for crops with increased flavor, sensory properties, and nutritional value [6,7]. The resulting demand creates new scores to employ technological properties of controlled environment cultivation systems seeking to tailor plant growth and metabolism for higher vegetable nutritional value and increased profitability.



Light is one of the main controllable environmental factors affecting plant growth, morphology, and metabolism. Light emitting diode (LED) lighting is the more energy-efficient source for vertical farming. It enables improved performance and control compared to traditional high-pressure sodium or fluorescent plant lighting [8,9]. The spectrum, intensity, and duration of LED light are precisely controlled. Therefore, artificial light can be employed as a signal for tailoring specific physiological responses in plants. In vertical farming systems, plants are exposed to a restricted number of constant environmental parameters, including lighting, during the day [10]. The combinations of red (R) and blue (B) light-emitting diodes (LEDs) are used as the most efficient and sufficient light for normal plant growth and productivity [11,12].



Notwithstanding, natural solar radiation comprises a complex spectrum of light, ranging from ultraviolet (UV) and visible light to infrared radiation, that can modulate most of the plant’s biochemical and physiological processes in the plant [13]. Numerous studies have proved that other light colors of the visible spectrum, such as green, far-red, and orange have meaningful effects on various leafy vegetables in controlled environment horticultural systems [9,14]. Recent advances in UV-A LED technology and scientific research have enabled UV light as a trigger to induce eustress in horticultural crop production [15,16].



Solar UV radiation can be divided into UV-C (200 to 280 nm), UV-B (280 to 315 nm), and UV-A (315 to 400 nm). UV-A radiation accounts for ~95% of solar UV radiation at sea levels [13,17]. In natural sunlight and artificial lighting systems, the ratio of UVA/PAR (Photosynthetically Active Radiation) is up to 7–8% [17]. It was shown that low levels of UV-A radiation have stimulatory effects on the growth of some leafy vegetables [17,18,19,20]. Still, higher UV-A concentrations for UV-sensitive plants might result in growth inhibition [21]. Supplemental UV-A LED light often leads to higher total phenolic compound, anthocyanin, and ascorbic acid contents in leaves, and antiradical properties in leafy vegetables and herbs [16,18,22,23]. However, plant responses to UV-A radiation are still poorly understood due to the high variability of the research results; the available literature often contains contradictory information [16,17]. The differences in UV-A peak wavelength applied in different studies with UV-A dosage and parameters of the main light source may play a role in this controversy and the differential sensitivity of plant species to UV-A lighting. Therefore, the hypothesis was put forward that different UV-A light wavelengths have distinct, genotype-specific impacts on plant growth and metabolism, thus affecting their productivity and nutritional value. This hypothesis was tested with purple and green basil (Ocimum basilicum) genotypes. Basil is a valued horticultural crop that presents a complex nutraceutical and aroma compound profile, and there is an increasing interest in enhancing the synthesis of these health-beneficial phytochemical compounds to produce premium quality basil under a controlled environment [24]. Following that, the aim of this study was to compare the impacts of different UV-A LED wavelength lights on green and purple basil growth, nutraceutical, and mineral element contents in their leaves.




2. Materials and Methods


2.1. Plant Cultivation


Experiments were performed in a walk-in controlled-environment growth chamber (4 × 6 m). Day/night temperatures of 21 ± 2/17 ± 2 °C were maintained within a 16 h photoperiod and relative humidity of 50–60%. Two basil varieties (Ocimum basilicum L. ‘Italiano classico’ (green leaves) and ‘Red rubin’ (purple leaves); Sėklos, Didžioji Riešė, Lithuania) were cultivated in peat substrate (Profi 1, JSC Durpeta, Netoniai, Lithuania): pH 5.5–6.0, EC (electrical conductivity) 1.0–1.2 mS cm−1. The average amounts of nutrients in the substrate were: 110 mg L−1 N, 50 mg L−1 P2O5, 160 mg L−1K2O. Three seeds were seeded into a 120 mL vessel, 28 vessels for each light treatment replication. Plants were watered to maintain even soil moisture and, during the third week, fertilized with NPK 3-1-3 liquid fertilizer (Plagron, Ospel, The Netherlands).




2.2. Lighting Experiments


Experimental lighting was applied from the sowing time. Five light-emitting diode (LED) lighting treatments were performed parallelly in three replications. In each treatment, the main photosynthetic photon flux (PPF) was provided by blue 452 nm (B; LedEngin LZ1-00B200, Osram Sylvania Inc., Wilmington, NC, USA) and deep-red 662 nm (R; Luxeon Rebel LXM3-PD01-0300, Philips Lumileds Lighting Co., San Jose, CA, USA) LED wavelengths. In four of them, the main PPF (250 µmol m−2 s−1, 16 h photoperiod, R:B = 10:1) was supplemented with 1 mW cm−2 of different high-power UV-A LEDs emitting at 343 nm (CUD4AF1B, Seoul Viosys Co., Ltd., Ansan-city, Republic of Korea), 366 nm (LedEngin LZ4-04UV00, Osram Sylvania Inc., Wilmington, NC, USA), 386 nm (LedEngin LZ440UB00-U4, Osram Sylvania Inc., Wilmington, NC, USA), or 402 nm (LedEngin LZ440UB00-U7, Osram Sylvania Inc., Wilmington, NC, USA). The 402 nm light is on the boundary of UV-A and photosynthetically active radiation. Therefore, in this study, we sought to compare the effect of 402 nm light to the effects of defined (343, 366, 386 nm) UV-A wavelengths on plants. UV-A untreated plants (RB treatment) were considered as the control. Photosynthetic photon flux density (PPFD) was measured and adjusted at the plant top level (30 cm from the light source) using a photometer–radiometer (RF-100, Sonopan, Białystok, Poland); UV-A light intensity was adjusted using FLAME-S-UV-VIS-ES spectrometer (Ocean Optics, Ostfildern, Germany). Plants were randomly relocated twice a week to minimize the experimental error caused by the uneven light distribution.




2.3. Biometric Measurements


Sampling and measurements were performed 45 days after sowing. For biometric measurements, leaf area was measured using an automatic leaf area meter (AT Delta-T Devices, Cambridge, UK), and fresh and dry plant weight (DW) (dried at +55 °C for 48 h, Venticell-BMT, Brno-Zábrdovice, Czech Republic) was determined for 10 plants per treatment (n = 10) [25].



Extracts were prepared from the conjugated biological samples (mixed above-ground biomass) from not less than 5 plants per experimental replication. Each biochemical analysis was performed in 3 analytical replications.




2.4. Antioxidant Properties and Phenolic Compounds


Antioxidant properties of basil leaves were evaluated as the DPPH (2-diphenyl-1-picrylhydrazyl), ABTS (2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt) radical scavenging activities, and Fe2+ reducing antioxidant power assay (FRAP), and the total contents of phenolic compounds were determined. Extracts were prepared by diluting ground dry plant material with 80% methanol 1:10 (w:v). After 24 h, extracts were filtered through cellulose, then a 0.22 µm PTPE syringe filter (VWR International, Radnor, PA, USA).



The DPPH free radical scavenging activity [26] was determined by mixing the diluted extract with 0.06 M methanolic DPPH solution and radical quenching monitored every minute for 16 min measuring absorbance at 515 nm (M501, Camspec, Crawley, UK). The results are presented as DPPH free radical scavenging activity, µmol DPPH g−1 of plant DW.



The ABTS [27] radical solution was prepared by mixing 50 mL of 2 mM ABTS with 200 µL 70 mM K2S2O8, allowing the mixture to stand in the dark at room temperature for 16 h before use and diluting it to obtain an initial absorbance of AU 0.700 at 734 nm (M501, Camspec, Crawley, UK). Next, 100 µL of the sample was mixed with 2 mL ABTS solution, and absorbance was monitored for 11 min. The results are presented as ABTS free radical scavenging activity, µmol ABTS g−1 of plant DW.



FRAP [28] working reagent was prepared by mixing acetate buffer (300 mM, pH 3.6), a solution of 10 mM TPTZ (2,4,6-tripyridyl-s-triazine) in 40 mM HCl, and 20 mM FeCl3 × 6H2O at 10:1:1 (v/v/v). Next, 20 µL of the sample was mixed with 3 mL of working solution and incubated in the dark for 30 min. Then, absorbance at 593 nm was read (M501, Camspec, Crawley, UK). The antioxidant power is expressed as Trolox equivalent antioxidant capacity (µmol Trolox per g−1 of plant DW).



The extract was mixed with diluted Folin–Ciocâlteu reagent (1:10) and 7.5% sodium carbonate (Na2CO3) solution 1:1:2, respectively, for the total phenolic content [29]. After 20 min, the absorbance of the mixture was measured at 756 nm (M501, Camspec, Crawley, UK). The results were expressed in mg of gallic acid equivalents per g of dry basil material.



Target phenolic compounds (chicoric and rosmarinic acids) were identified and quantified in 80% methanolic extracts by high-performance liquid chromatography (HPLC) method with diode array detection (DAD) at 280 nm on Shimadzu 10A system (Shimadzu, Kyoto, Japan) and Nucleodur EC 150/4 3 µm column (Macherey-Nagel, Allentown, PA, USA). Injection volume 10 µL. Mobile phase gradient consisted of A (acetonitrile) and B (1% acetic acid in water): 95% B for 25 min, followed by a linear gradient to 70% B at 5 min, then to 5% B in 2 min and hold for 1 min, then elevated till 95% B in 7 min, and hold until the 40 min. Flow rate 1 mL min−1. The calibration method, using standard solutions of chicoric and rosmarinic acids, was used for phenolic compound quantification (mg g−1 in plant DW).




2.5. Determination of Carotenoids by HPLC


Β-carotene, lutein, and zeaxanthin contents were evaluated using the HPLC method with diode array detection (DAD) at 440 nm on Shimadzu 10A (Shimadzu, Japan) system. About 0.1 g of dry ground plant material was diluted with 80% acetone. The extraction was carried out for 24 h at +4 °C temperature. Then, the extract was centrifuged at 10,000 rpm for 10 min and filtered through a 0.22 µm PTFE syringe filter (VWR International, Radnor, PA, USA). Separation was performed on Chromegabond C30 3µ 120 Å, 15 cm × 2.1 mm column (ES Industries, West Berlin, NJ, USA). Injection volume 10 µL. Mobile phase gradient consisted of A (25% aqueous methanol) and B (ethyl acetate) at a flow rate of 0.2 mL min−1: 20% B for 2.5 min, followed by a linear gradient to 30% B at 5 min, holding 30% B for 5 min, then elevated until 80% B in 2.5 min, until 87% B in 7.5 min, and until 100% in 5 min, and again 20% B until the end of the run. The calibration method was used for β carotene, lutein, and zeaxanthin quantification (mg g−1 in plant DW).




2.6. Quantification of Ascorbic Acid by HPLC


Ascorbic acid contents were determined on Shimadzu 10A (Shimadzu, Japan) system with DAD detection at 230 nm, using a slightly modified analysis method, described by Romero Rodriguez et al. [30]. The sample was prepared by grinding fresh plant material and diluting it with water 1:10 (w:v). The extract was clarified by centrifugation at 10,000 rpm for 15 min and filtered through 0.22 µm PTFE syringe filter (VWR International, Radnor, PA, USA). Separation was performed on Lichrosorb RP-18 4.6 × 250 mm, 5 5 µm column (Altech, Nicholasville, KY, USA). The mobile phase was 0.05 M sulfuric acid, flow rate 0.5 mL min−1, injection volume 10 µL. The calibration method was used for ascorbic acid quantification—results presented in plant dry weight (mg g−1 in DW).




2.7. Determination of Mineral Elements


The mineral element contents in basil were determined by using a modified microwave-assisted digestion method combined with inductively coupled plasma optical emission spectrometry (ICP-OES) [31,32]. The complete digestion of dry basil material (0.5 g) with 65% nitric and 30% hydrogen peroxide (5:3) was performed in the microwave-assisted digestion system Multiwave GO (Anton Paar GmbH, Graz, Austria). Mineralized samples were diluted to 50 mL with deionized water and analyzed by ICP–OES spectrometer (Spectro Genesis, SPECTRO Analytical Instruments GmbH, Kleve, Germany) at 1300 W RF power, 12 L min−1 plasma flow, 1 L min−1 auxiliary flow, 0.8 L min−1 nebulizer flow, 1 mL min−1 sample uptake rate. P, Ca, Fe, K, Mg, Mn, and Zn were evaluated at 213.618, 445.478, 259.941, 766.491, 279.079, 259.373, and 213.856 nm analytical wavelengths, respectively, and quantified using the ICP-OES multi-elemental standard solution (Merck KGaA, Darmstadt, Germany). The contents of mineral elements in the dry weight of basil (mg g−1 DW) are presented.




2.8. Statistical Analysis


The results are presented as the average ± standard deviation of 3 experimental and 3 analytical replications, n = 9 per treatment. Data were processed using XLStat statistical software (Xlstat, Addinsoft, Paris, France, 2019) at the confidence level p = 0.05. One-way analysis of variance ANOVA, Tukey’s HSD test, and the principal component analysis (PCA) were used for UV-A light wavelength impact comparison, and Pearson correlation coefficients were calculated.





3. Results


UV-A light wavelengths had distinct impacts on basil growth and morphology (Figure 1). In green basil ‘Italiano calssico’, highest fresh weight (1.8 times higher, compared to BR control) was accumulated in plants treated with supplemental 402 nm UV-A light (RB + 402 nm; Figure 1a). The accumulated fresh biomass strongly correlates (R = 0.891; Appendix Table A1) with the leaf area in green basil (Figure 1c): In 402 nm illuminated plants, it was determined the highest (1.6 times higher) compared to the plants without supplemental UV-A. Dry weight percentage (Figure 1a) did not differ significantly between treatments. However, all supplemental UV-A wavelengths tended to increase basil plant height (Figure 1c).



In purple basil‚ ‘Red rubin’ (Figure 1b), the highest fresh weight was accumulated in plants cultivated under the shortest supplemental 343 nm UV-A wavelength (RB + 343 nm; 1.9 times higher, compared to RB). RB + 366 nm and RB + 402 treatments also resulted in higher purple basil fresh weight (1.4–1.5 times higher than in RB control), while the impact of 386 nm supplemental UV-A light did not differ from control. Similarly to the green genotype, fresh purple basil weight positively correlated with leaf area (R = 0.848; Appendix Table A2), and dry weight percentage (Figure 1b) did not differ significantly between treatments. Moreover, RB + 343 nm treatment increased purple basil height (Figure 1d).



Different UV-A wavelengths unevenly impacted the antioxidant properties of purple and green basil leaves (Table 1). All supplemental UV-A wavelengths in green basil ‘Italiano classico’ resulted in higher DPPH free radical scavenging activity, with RB + 402 nm treatment having the most pronounced (20% higher compared to RB) impact. ABTS free radical scavenging activity, 36 and 22% higher, was determined in green basils cultivated under supplemental 343 nm and 366 nm light, while no significant differences were determined in ferric reduction antioxidant power (FRAP). In purple basil, 402 nm light, on the boundary of UV-A and blue-violet visible light, did not significantly impact antioxidant properties compared to defined UV-A wavelengths of 343, 366, and 386 nm and did not significantly differ in green basil. In purple basil, illuminated with moderate (366 and 386 nm) UV-A wavelengths, FRAP antioxidant power and ABTS free radical scavenging activity tend to be 18–23% higher than other wavelengths. DPPH free radical scavenging activity in purple basil, contrary to green basil, was significantly lower under the 402 nm treatment. All three supplemental UV-A treatments resulted in ~30% higher DPPH free radical activity. The 366 nm and 386 nm light enhanced ABTS free radicals scavenging activity and FRAP power by 30% compared to RB control.



In green basil, DPPH free radical scavenging activity did not correlate with analyzed antioxidant compound content, while in purple basil, it had moderate strength of association (R = 0.638) with contents of phenolic compounds and both DPPH (R = 0.821) and FRAP (R = 0.800; Appendix Table A2) indices positively and strongly correlate with rosmarinic acid contents. This confirms the differential metabolic reaction of basil species to UV-A wavelengths, which results in distinct levels of the main antioxidant nutrients in basil leaves (Figure 2).



Different UV-A wavelengths did not have a statistically different impact (Figure 2a), but all of them resulted in ~1.8 times higher contents of total phenolic compounds in green basil. This coincided but did not correlate with the significant increase in rosmarinic acid contents: the longer the UV-A wavelength, the more pronounced impact was observed. Oppositely, chicoric acid contents were determined remarkably lower under supplemental UV-A treatment. In purple basil (Figure 2b), different UV-A wavelengths also did not significantly impact the total contents of phenolic compounds. At the same time, UV-A in the 343–386 nm range resulted in 1.7–2.9 times higher rosmarinic acid contents, and RB + 386 and RB + 402 treatments resulted in 10 and 20% higher chicoric acid contents, compared to RB.



In ‘Italiano classico’ green basil (Figure 2c), supplemental UV-A light, except 402 nm light, resulted in slightly decreased β carotene, lutein + zeaxanthin, and ascorbic acid contents. Meanwhile, no significant negative impact was observed in purple basil (Figure 2d). Contrarily, purple basil, cultivated under the shortest investigated UV-A wavelength, 343 nm, accumulated 23% and 8% more of β carotene and lutein + zeaxanthin, respectively.



UV-A light significantly affected mineral element contents (Table 2) in basil. In general, purple basil ‘Red rubin’ had 1.3–1.9 times higher contents of P, Ca, Fe, K, Mg, Mn, and Zn compared to green leaf ‘Italiano classico’. All supplemental UV-A wavelengths, including 402 nm light, reduced mineral element contents in both basil varieties. The 386 nm lighting resulted in the least negative impact. Ca and Mg contents in both basil varieties and P and K in green basil ‘Italiano classico’ were the most sensitive to the impact of different UV-A wavelengths. Moreover, Ca, Fe, K, and Mg in green basil (R = −0.607–−0.692) and P, Mg, Mn, and Zn in purple (R = −0.545–−0.768) showed moderate to strong negative correlation with basil fresh weight (Appendix Table A1 and Table A2).



Principal component analysis (PCA) confirmed (Figure 3) that green and purple basil species differentially react to supplemental UV-A lighting. For green leaf ‘Italian classico’ (Figure 3a), the PCA scatterplot shows that 343 nm and 366 nm UV-A light had a similar impact on growth and selected nutraceutical contents, but it was remarkably different from the control RB treatment. Compared to the control, 386 nm supplemental light did not have a pronounced impact, while 402 nm, which is on the boundary of UV-A and visible light, had quite a specific impact compared to other wavelengths. In purple basil ‘Red rubin’ (Figure 3b), each light treatment had a specific impact on growth, nutraceutical, and mineral contents, and the impact of 402 nm was not remarkably different from the impact of 343 nm light.




4. Discussion


In this study, three UV-A light wavelengths and UV-A/visible 402 nm light showed significant but differential impacts on growth, nutraceutical, and mineral element contents in green and purple basil cultivars. In agreement with other works, specific UV-A wavelengths significantly increased growth parameters in lettuce and other leafy greens at moderate dosages. It was summarized [17] that UV-A increased biomass production in lettuce, but only to an optimum, indicating that growth of indoor cultivated lettuce may have a saturating response to UV-A. Choi et al. (2022) reported that treatments with supplemental 395 and 405 nm at 30 Wm−2 for 7 days before harvest increased kale growth parameters and photosynthesis rate, compared to 365, 375, and 385 nm treatments [33]. Chen et al. (2019) demonstrated that 365 nm UV-A LEDs at intensities from 10 to 30 μmol m−2 s−1 promoted dry shoot weights from 15 to 27% and leaf area by 14 to 32% [17]. In our previous study [20], it was also explored that red-leaf lettuce acclimated to longer UV-A wavelengths by increasing biomass production. All these studies differ in cultivation peculiarities, UV-A light dosage, and the main lighting parameters; however, it proposes that UV-A light has a growth-promoting impact on various leafy vegetable genotypes, and longer UV-A wavelengths (≥385 nm) reveal the more pronounced impact. Similarly, in this study, green leaf basil biomass was the highest under supplemental 402 nm treatment. In contrast, in the purple basil genotype, both 343 nm and 402 had pronounced and, according to PCA results, comparable impact on plant fresh weight and leaf area. Moreover, an increase in growth parameter, fresh weight, and leaf area under the impact of these wavelengths negatively correlated with the contents of mineral elements (Ca, K, Mg) in both basil cultivars. Similar trends were observed in a previous study with brassica microgreens [34]. Ca, P, and Mg contents in tissues affected by different UV-A wavelengths in green and purple basil pose plants the risk of restrictions in mineral nutrition, with the more significant variation in mineral contents under different UV-A wavelengths in the green genotype. Therefore, mineral nutrition aspects should be essentially considered when developing UV-A lighting strategies for CEA.



UV radiation is generally considered an abiotic stress and, like some other abiotic stressors, is known to promote the accumulation of secondary metabolites [16,17]. The general impact of UV-A light on the higher contents of protective phenolic compounds is described in different horticultural plants [17,33,35,36], and also conforms to our study’s results. Appolloni et al. (2021) summarized that the increased rate of specialized metabolites in plants can result from the imbalance between the amount of irradiated light and energy consumed due to the limited supply of CO2 [37]. Our results show that shorter (343, 366 nm) UV-A wavelengths, having higher energy, have a more pronounced (either positive or negative) impact on nutraceutical secondary metabolite contents, compared to longer UV-A wavelengths (386, 402 nm). Notwithstanding, longer UV-A wavelengths are more inclined in stimulating accumulation of antioxidant compounds. Longer UV-A wavelength specific positive impacts on plant antioxidant system response and antioxidant contents were also explored in other plants. For example, 380 nm UV-A supplementation improved the flavonoid, polyphenol, and anthocyanin contents and DPPH free radical-scavenging rate in ‘Yanzhi’ and ‘Red butter’ lettuce [38]. In kale plants [33], total phenolic compounds, antioxidant capacity, and total flavonoid contents were significantly increased under all investigated 365, 375, 385, 395, and 405 nm UV-A wavelengths. In another study [39], 370 and 385 nm UV-A LEDs increased caffeic acid, ferulic acid, and kaempferol in kale even after a short-term 5-day treatment. In our experiment, longer 386 and 402 nm wavelength treatment resulted in enhanced chicoric acid contents in both basil cultivars, while lutein and zeaxanthin, β-carotene contents—only in green basil. Rosmarinic acid contents, which was also reported as the dominant phenolic compound responding to UV-A light exposure in perilla leaves [40], were significantly negatively affected by all investigated wavelengths, while in purple basil, its contents were remarkably higher in all UV-A treatments, excluding 402 nm. It both suggests that (1) different UV-A wavelengths do not affect all nutraceutical compounds in plants equally [41], and (2) leaf color type (green or purple) determines the metabolic response to UV-A wavelengths due to different qualitative and quantitative contents of protective antioxidants.



The differences in cultivar of different leaf color responses to UV-A light are distinct at the shorter UV-A wavelengths. Though in UV-A untreated (RB) purple and green leaf plants, the contents of investigated carotenoids were determined in comparable amounts, the UV-A impact was diverse. In purple basil, contrarily to green, carotenoid (β carotene, lutein, and zeaxanthin) and ascorbic acid contents were determined the highest under the shorter 343 nm light, while in the green cultivar, both 343 and 366 nm light resulted in significantly reduced contents of these compounds. No consensus exists in the literature concerning effects of UV exposure on carotenoids in plants; the effects depend on dose and wavelength dependencies, as well as on interactive effects with further environmental parameters [42]. Our study confirms these trends, as well as highlighting the cultivar importance. This, as well as other studies [37,43] on the differential green and purple basil cultivar reaction to lighting parameters, confirms that a strong interaction between genotype and environment (G × E) offers a better potential to control plant growth and metabolism by light in CEA cultivation systems [1]; therefore, further research on UV-A impacts on plants should be even more targeted for different plant cultivars and varieties. Moreover, UV-A wavelengths between 370 and 385 nm were most analyzed due to the availability of these wavelengths for the other application areas, while only a minority of research compares both shorter (315–360 nm) and longer (360–400 nm) UV-A impacts. Moreover, the comparison of the UV-A light’s impact on plants between different studies is restricted due to different experimental design, and, most importantly, due to differential main lighting spectra and intensity. For example, Goto et al. (2016) explored that the total ORAC values in red leaf lettuce ‘Red fire’ increased with decreasing shorter UV-A wavelengths 340 < 325 < 310 nm [22], but the results were not compared to the longer UV-A wavelengths. Therefore, the choice of optimal UV-A lighting parameters for improving nutraceutical contents in vegetables should be based on more comprehensive research.



According to our results, 386 nm supplemental UV-A light is the secure choice which induces phenolic compound accumulation with no pronounced negative impact on carotenoid, ascorbic acid, and mineral element contents in both basil genotypes. However, 343 nm UV-A light could be employed for the purple basil variety for a more pronounced positive impact on nutraceutical contents. In contrast, green basil’s phytochemical contents could be enhanced by UV-A/violet 402 nm light, whose pronounced impact for green cultivars is partially assigned by PAR functions, comparable to blue light [36].



UV-A light exposure could be a promising approach for augmenting the synthesis of phytochemicals in basil plants. Consistent with previous studies [18,44], when investigating the impact of UVA on plant metabolites and mineral element levels, it is crucial to examine changes in specific nutraceutical compounds. Furthermore, it is worthwhile to delve deeper into the plant physiological effects of wavelengths that are near the UV-A and visible light boundary.




5. Conclusions


Understanding the wavelength dependence of plant responses to UV-A is essential for optimizing quality preservation and improving basil cultivated in controlled environment cultivation systems. The impacts of UV-A light wavelengths on green and purple basil cannot be generalized and optimal lighting strategies require individual development for green and purple cultivar. UV-A light has a more pronounced effect on green basil than purple basil and different wavelengths have specific impacts on two basil genotypes. For nutraceutical-enriched green basil of high biomass productivity, supplemental 386 or 402 nm UV-A light is preferable, while for purple—shorter 343 nm light.



Further research on the wavelength-dependent plant responses to UV-A in the whole wavelength range of UV-A light is essential for optimizing quality preservation and improvement for basil cultivation in controlled environment systems.
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Table A1. Pearson correlation matrix of parameters, measured in green basil ‘Italiano classico’.






Table A1. Pearson correlation matrix of parameters, measured in green basil ‘Italiano classico’.





	Variables
	Height
	Leaf Area
	Fresh Weight
	DM%
	β Carotene
	Lutein+ Zea-Xanthin
	Ascorbic Acid
	Chicoric Acid
	Rosmarinic Acid
	DPPH
	ABTS
	Phenols
	FRAP
	P
	Ca
	Fe
	K
	Mg
	Mn
	Zn





	Height
	1
	0.346
	0.308
	0.002
	−0.306
	−0.414
	−0.602
	0.475
	0.149
	0.159
	0.615
	0.617
	0.049
	−0.749
	−0.764
	−0.546
	−0.666
	−0.681
	−0.586
	−0.561



	Leaf area
	0.346
	1
	0.891
	0.114
	−0.045
	0.220
	−0.192
	0.491
	−0.077
	0.582
	0.303
	0.268
	0.557
	−0.450
	−0.628
	−0.759
	−0.729
	−0.674
	−0.222
	−0.409



	Fresh weight
	0.308
	0.891
	1
	0.060
	−0.052
	0.203
	−0.206
	0.551
	0.016
	0.471
	0.342
	0.232
	0.607
	−0.478
	−0.625
	−0.686
	−0.692
	−0.653
	−0.245
	−0.447



	DM%
	0.002
	0.114
	0.060
	1
	−0.243
	−0.314
	−0.281
	0.049
	−0.233
	0.307
	0.358
	−0.052
	0.072
	−0.289
	−0.243
	−0.448
	−0.334
	−0.342
	−0.400
	−0.279



	β carotene
	−0.306
	−0.045
	−0.052
	−0.243
	1
	0.734
	0.684
	−0.277
	0.599
	0.255
	−0.379
	−0.424
	0.116
	0.405
	0.270
	0.206
	0.138
	0.139
	0.264
	−0.068



	Lutein + Zeaxanthin
	−0.414
	0.220
	0.203
	−0.314
	0.734
	1
	0.834
	0.008
	0.369
	0.340
	−0.693
	−0.302
	0.192
	0.496
	0.348
	0.231
	0.191
	0.211
	0.555
	0.169



	Ascorbic acid
	−0.602
	−0.192
	−0.206
	−0.281
	0.684
	0.834
	1
	−0.122
	0.450
	0.115
	−0.799
	−0.347
	−0.156
	0.631
	0.607
	0.532
	0.497
	0.481
	0.543
	0.262



	Chicoric acid
	0.475
	0.491
	0.551
	0.049
	−0.277
	0.008
	−0.122
	1
	0.422
	0.460
	0.232
	0.853
	0.068
	−0.747
	−0.714
	−0.509
	−0.673
	−0.705
	−0.538
	−0.676



	Rosmarinic acid
	0.149
	−0.077
	0.016
	−0.233
	0.599
	0.369
	0.450
	0.422
	1
	0.319
	−0.095
	0.343
	−0.168
	−0.245
	−0.228
	0.029
	−0.223
	−0.287
	−0.323
	−0.580



	DPPH
	0.159
	0.582
	0.471
	0.307
	0.255
	0.340
	0.115
	0.460
	0.319
	1
	0.206
	0.300
	0.325
	−0.298
	−0.427
	−0.483
	−0.540
	−0.517
	−0.323
	−0.458



	ABTS
	0.615
	0.303
	0.342
	0.358
	−0.379
	−0.693
	−0.799
	0.232
	−0.095
	0.206
	1
	0.372
	0.371
	−0.747
	−0.721
	−0.670
	−0.667
	−0.674
	−0.790
	−0.587



	Phenols
	0.617
	0.268
	0.232
	−0.052
	−0.424
	−0.302
	−0.347
	0.853
	0.343
	0.300
	0.372
	1
	−0.029
	−0.779
	−0.711
	−0.370
	−0.583
	−0.621
	−0.593
	−0.573



	FRAP
	0.049
	0.557
	0.607
	0.072
	0.116
	0.192
	−0.156
	0.068
	−0.168
	0.325
	0.371
	−0.029
	1
	−0.132
	−0.277
	−0.366
	−0.364
	−0.323
	0.004
	−0.099



	P
	−0.749
	−0.450
	−0.478
	−0.289
	0.405
	0.496
	0.631
	−0.747
	−0.245
	−0.298
	−0.747
	−0.779
	−0.132
	1
	0.952
	0.770
	0.887
	0.918
	0.893
	0.850



	Ca
	−0.764
	−0.628
	−0.625
	−0.243
	0.270
	0.348
	0.607
	−0.714
	−0.228
	−0.427
	−0.721
	−0.711
	−0.277
	0.952
	1
	0.856
	0.965
	0.967
	0.797
	0.842



	Fe
	−0.546
	−0.759
	−0.686
	−0.448
	0.206
	0.231
	0.532
	−0.509
	0.029
	−0.483
	−0.670
	−0.370
	−0.366
	0.770
	0.856
	1
	0.935
	0.908
	0.689
	0.752



	K
	−0.666
	−0.729
	−0.692
	−0.334
	0.138
	0.191
	0.497
	−0.673
	−0.223
	−0.540
	−0.667
	−0.583
	−0.364
	0.887
	0.965
	0.935
	1
	0.993
	0.763
	0.859



	Mg
	−0.681
	−0.674
	−0.653
	−0.342
	0.139
	0.211
	0.481
	−0.705
	−0.287
	−0.517
	−0.674
	−0.621
	−0.323
	0.918
	0.967
	0.908
	0.993
	1
	0.808
	0.896



	Mn
	−0.586
	−0.222
	−0.245
	−0.400
	0.264
	0.555
	0.543
	−0.538
	−0.323
	−0.323
	−0.790
	−0.593
	0.004
	0.893
	0.797
	0.689
	0.763
	0.808
	1
	0.864



	Zn
	−0.561
	−0.409
	−0.447
	−0.279
	−0.068
	0.169
	0.262
	−0.676
	−0.580
	−0.458
	−0.587
	−0.573
	−0.099
	0.850
	0.842
	0.752
	0.859
	0.896
	0.864
	1







Values in bold are different from 0 with a significance level alpha = 0.05.













 





Table A2. Pearson correlation matrix of parameters, measured in purple basil ‘Red rubin’.
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	Variables
	Height
	Leaf Area
	Fresh Weight
	DM%
	β Carotene
	Lutein+Zea Xanthin
	Ascorbic Acid
	Chicoric Acid
	Rosmarinic Acid
	DPPH
	ABTS
	Phenols
	FRAP
	P
	Ca
	Fe
	K
	Mg
	Mn
	Zn





	Height
	1
	0.418
	0.666
	−0.039
	0.230
	0.275
	0.279
	−0.600
	0.299
	0.594
	0.049
	−0.079
	0.212
	−0.660
	−0.321
	−0.163
	0.144
	−0.357
	−0.513
	−0.410



	Leaf area
	0.418
	1
	0.848
	−0.173
	0.317
	0.260
	0.316
	−0.035
	0.042
	0.250
	0.103
	−0.206
	0.079
	−0.666
	−0.412
	−0.353
	−0.246
	−0.480
	−0.588
	−0.702



	Fresh weight
	0.666
	0.848
	1
	−0.230
	0.512
	0.483
	0.467
	−0.287
	0.019
	0.342
	−0.004
	−0.354
	−0.051
	−0.746
	−0.480
	−0.355
	−0.122
	−0.545
	−0.684
	−0.768



	DM%
	−0.039
	−0.173
	−0.230
	1
	−0.706
	−0.739
	−0.692
	−0.246
	0.322
	0.354
	0.646
	0.695
	0.606
	−0.230
	−0.143
	0.077
	0.043
	0.023
	−0.106
	0.069



	β carotene
	0.230
	0.317
	0.512
	−0.706
	1
	0.951
	0.744
	0.079
	−0.153
	0.027
	−0.585
	−0.784
	−0.473
	0.018
	0.318
	0.191
	0.264
	0.146
	0.170
	−0.094



	Lutein + Zeaxanthin
	0.275
	0.260
	0.483
	−0.739
	0.951
	1
	0.767
	−0.046
	−0.259
	−0.025
	−0.721
	−0.844
	−0.566
	0.118
	0.240
	0.162
	0.327
	0.106
	0.155
	−0.032



	Ascorbic acid
	0.279
	0.316
	0.467
	−0.692
	0.744
	0.767
	1
	−0.077
	−0.521
	−0.189
	−0.554
	−0.584
	−0.539
	0.077
	−0.016
	−0.086
	0.033
	−0.178
	−0.011
	−0.121



	Chicoric acid
	−0.600
	−0.035
	−0.287
	−0.246
	0.079
	−0.046
	−0.077
	1
	−0.285
	−0.651
	−0.036
	0.040
	−0.271
	0.354
	0.233
	−0.197
	−0.515
	0.115
	0.321
	−0.001



	Rosmarinic acid
	0.299
	0.042
	0.019
	0.322
	−0.153
	−0.259
	−0.521
	−0.285
	1
	0.821
	0.438
	0.286
	0.800
	−0.471
	0.270
	0.374
	0.348
	0.256
	−0.058
	−0.011



	DPPH
	0.594
	0.250
	0.342
	0.354
	0.027
	−0.025
	−0.189
	−0.651
	0.821
	1
	0.344
	0.108
	0.713
	−0.619
	0.093
	0.391
	0.514
	0.143
	−0.208
	−0.085



	ABTS
	0.049
	0.103
	−0.004
	0.646
	−0.585
	−0.721
	−0.554
	−0.036
	0.438
	0.344
	1
	0.638
	0.746
	−0.550
	−0.265
	−0.234
	−0.261
	−0.272
	−0.406
	−0.397



	Phenols
	−0.079
	−0.206
	−0.354
	0.695
	−0.784
	−0.844
	−0.584
	0.040
	0.286
	0.108
	0.638
	1
	0.550
	−0.142
	−0.115
	−0.051
	−0.223
	−0.036
	−0.087
	0.037



	FRAP
	0.212
	0.079
	−0.051
	0.606
	−0.473
	−0.566
	−0.539
	−0.271
	0.800
	0.713
	0.746
	0.550
	1
	−0.502
	0.025
	0.135
	0.108
	0.000
	−0.209
	−0.115



	P
	−0.660
	−0.666
	−0.746
	−0.230
	0.018
	0.118
	0.077
	0.354
	−0.471
	−0.619
	−0.550
	−0.142
	−0.502
	1
	0.569
	0.391
	0.255
	0.579
	0.828
	0.801



	Ca
	−0.321
	−0.412
	−0.480
	−0.143
	0.318
	0.240
	−0.016
	0.233
	0.270
	0.093
	−0.265
	−0.115
	0.025
	0.569
	1
	0.835
	0.659
	0.905
	0.906
	0.735



	Fe
	−0.163
	−0.353
	−0.355
	0.077
	0.191
	0.162
	−0.086
	−0.197
	0.374
	0.391
	−0.234
	−0.051
	0.135
	0.391
	0.835
	1
	0.869
	0.923
	0.754
	0.761



	K
	0.144
	−0.246
	−0.122
	0.043
	0.264
	0.327
	0.033
	−0.515
	0.348
	0.514
	−0.261
	−0.223
	0.108
	0.255
	0.659
	0.869
	1
	0.720
	0.537
	0.609



	Mg
	−0.357
	−0.480
	−0.545
	0.023
	0.146
	0.106
	−0.178
	0.115
	0.256
	0.143
	−0.272
	−0.036
	0.000
	0.579
	0.905
	0.923
	0.720
	1
	0.897
	0.848



	Mn
	−0.513
	−0.588
	−0.684
	−0.106
	0.170
	0.155
	−0.011
	0.321
	−0.058
	−0.208
	−0.406
	−0.087
	−0.209
	0.828
	0.906
	0.754
	0.537
	0.897
	1
	0.894



	Zn
	−0.410
	−0.702
	−0.768
	0.069
	−0.094
	−0.032
	−0.121
	−0.001
	−0.011
	−0.085
	−0.397
	0.037
	−0.115
	0.801
	0.735
	0.761
	0.609
	0.848
	0.894
	1







Values in bold are different from 0 with a significance level alpha = 0.05.
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Figure 1. Growth parameters of green and purple basils, illuminated with red and blue LEDs (RB), supplemented with different UV-A wavelengths (nm) (    x  ¯  ± S D ,   n = 9 )  . (a,b)—fresh weight and dry weight %, (c,d)—basil height and leaf area. (a,c)—green leaf basil ‘Italiano classico’. (b,d)—purple leaf basil ‘Red rubin’. Different letters indicate statistically significant differences between means according to Tukey’s HSD test at the confidence level p = 0.05. 
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Figure 2. Nutraceutical contents in green and purple basils, illuminated with red and blue LEDs (RB), supplemented with different UV-A wavelengths (nm) (    x  ¯  ± S D ,   n = 9 )  . (a,c)—green leaf basil ‘Italiano classico’. (b,d)—purple leaf basil ‘Red rubin’. Different letters indicate statistically significant differences between means according to Tukey’s HSD test at the confidence level p = 0.05. 
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Figure 3. The PCA scatterplot, indicating distinct differences in green (a) and purple (b) basil (3 experimental replications), cultivated under red and blue LEDs (RB) lighting, supplemented with different UV-A wavelengths (nm). 
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Table 1. The antioxidant properties of green and purple basil (DW), illuminated with red and blue LED light, supplemented with different UV-A wavelengths (nm) (    x  ¯  ± S D ,   n = 9 )  . Different letters indicate statistically significant differences between means according to Tukey’s HSD test at the confidence level p = 0.05.
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DPPH,

μmol g−1

	
ABTS,

μmol g−1

	
FRAP,

mmol Trolox g−1






	

	
‘Italiano classico’




	
RB

	
388.0 c

	
1113 b

	
145.2 a




	
RB + 343

	
416.2 b

	
1521 a

	
145.7 a




	
RB + 366

	
406.4 b

	
1363 ab

	
145.7 a




	
RB + 386

	
405.7 b

	
1096 b

	
138.1 a




	
RB + 402

	
473.2 a

	
1197 b

	
152.3 a




	

	
‘Red rubin’




	
RB

	
375.8 b

	
1503 b

	
141.4 c




	
RB + 343

	
506.6 a

	
1619 ab

	
157.3 bc




	
RB + 366

	
522.8 a

	
1996 a

	
183.9 ab




	
RB + 386

	
495.32 a

	
2058 a

	
189.7 a




	
RB + 402

	
378.8 b

	
1881 ab

	
154.5 c











 





Table 2. Mineral element contents in green and purple basil (DW), illuminated with red and blue LEDs (RB), supplemented with different UV-A wavelengths (nm) (    x  ¯  ± S D ,   n = 9 )  . Different letters indicate statistically significant differences between means according to Tukey’s HSD test at the confidence level p = 0.05.
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‘Italiano Classico’




	
mg g−1 DW:

	
P

	
Ca

	
Fe

	
K

	
Mg

	
Mn

	
Zn




	
RB

	
10.54 a

	
26.62 a

	
0.09 a

	
30.24 a

	
8.18 a

	
0.05 a

	
0.04 a




	
RB + 343

	
5.33 d

	
14.64 e

	
0.06 b

	
22.30 c

	
5.23 d

	
0.03 b

	
0.02 c




	
RB + 366

	
6.62 c

	
18.43 c

	
0.06 b

	
25.05 b

	
6.32 c

	
0.04 ab

	
0.03 b




	
RB + 386

	
7.97 b

	
22.63 b

	
0.09 a

	
28.34 a

	
7.22 b

	
0.04 ab

	
0.03 b




	
RB + 402

	
7.15bc

	
17.28 d

	
0.06 b

	
22.63 c

	
5.51 cd

	
0.04 ab

	
0.02 c




	

	
‘Red Rubin’




	
mg g−1 DW:

	
P

	
Ca

	
Fe

	
K

	
Mg

	
Mn

	
Zn




	
RB

	
15.40 a

	
27.37 a

	
0.10 a

	
29.58 a

	
9.58 a

	
0.07 a

	
0.05 a




	
RB + 343

	
9.46 bc

	
25.54 b

	
0.10 a

	
29.56 a

	
9.03 abc

	
0.06 b

	
0.03 b




	
RB + 366

	
9.33 c

	
22.34 c

	
0.09 a

	
29.16 a

	
8.68 bc

	
0.05 b

	
0.04 ab




	
RB + 386

	
11.29 b

	
28.39 a

	
0.11 a

	
29.05 a

	
9.83 a

	
0.07 a

	
0.04 ab




	
RB + 402

	
10.30 bc

	
21.31 c

	
0.07 b

	
25.33 b

	
8.17 c

	
0.05 b

	
0.03 b
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