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Abstract

:

Light is a crucial element for plant growth and production. High-pressure sodium (HPS) lamps are considered not very electrically efficient as they generate high radiant heat, and as a consequence, there has been a lot of interest in replacing HPS lamps with new more efficient lighting sources in the form of light-emitting diodes (LEDs). LEDs have a linear photon output with the electrical input current, and this great feature allows the design of lighting arrays that match the plant’s needs. In the current study, light spectrum absorbance of pigments extracted from 14 plant species was analyzed. Two absorbance peaks were observed in the Photosynthetically Active Radiation (PAR) region: one at 435 nm and the other at 665 nm. The light spectrum array was designed to produce the spectrum absorbed by basil pigments. This included the use of new wavelengths of 435 ± 5 nm to cover the blue region. Moreover, the ratio between blue and red was considered to match the absorbance of basil pigment. The use of a light spectrum that matches the plant absorbance significantly improved the investigated physiological parameters and increased the growth yield of basil. Moreover, this is the first to confirm the great positive impact of using 435 nm light spectrum in comparison with the commercially widely used 450 nm LED spectrum. This investigation has great scientific and commercial applications in the field of indoor faming and plant factory systems.
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1. Introduction


Ocimum basilicum L. (basil) belongs to the Lamiaceae family and grows wild in tropical and subtropical climates [1]. Basil is an important culinary herb and essential oil crop grown and is used worldwide [2,3], and basil essential oil has been used widely in the food industry as a food flavour, in the medical industries [4] as a component of oral health and dental products and in the fragrance industry [5]. Moreover, basil has been claimed to be effective in treating several medical complaints such as anxiousness, stomach aches, pyrexia, kidney failure, arthropod stings, sickness, infections, headaches, coughs, acne and constipation [5,6,7,8,9]. Basil essential oils contain a wide array of chemical compounds, depending on genotype and growing conditions (light, temperature and irrigation) [10]. The main active organic biochemical components of basil essential oils are estragole, a phenylpropene used in perfume manufacturing and as a food additive for flavour [11,12], and Linalool, which is used widely as a scent in many hygiene products and cleaning agents [13,14].



Photosynthesis is a chemical process whereby light plays a major role in utilizing carbon dioxide and water in the chloroplast to produce glucose, which is the source of energy for plant growth and development. Wavelengths of light between 400–700 nm are the drivers of photosynthesis in plants and are typically referred to as Photosynthetically Active Radiation (PAR). However, plants do not respond uniformly to all wavelengths of PAR.



A new method of artificial grow light source, Light Emitting Diodes (LEDs) has been intensively developed in recent years [15] and, now, has potential for use in agricultural and horticultural production. LEDs have a linear photon output with electrical input current [16]. LEDs also have a substantial potential importance in plant development because LEDs can be constructed in arrays big enough to provide enough PAR but still small in size (few centimetres in diameter) and still emit less heat than “traditional” high-intensity discharge lighting lamps [17,18,19,20]. LEDs are also known for their durability and long operating lifetime [21]. LED arrays can be designed to have wavelength specificity [22], which is a key factor due to the fact that each plant species differentially responds to different light wavelengths due to specific differences in their photoreceptors [14]. Numerous research has investigated the role of LEDs to enhance plant shape, edible quality [23], biomass, number of leaves [24], growth rate and stem width [25]. Simultaneously, research has demonstrated the effects of LEDs on chemical compounds such as vitamin C content, soluble sugar content [26], chlorophyll level [27], antioxidant activity [28] and different protein levels of many plant species. Plants do not utilise all wavebands of white light (sunlight) equally, but those between 400–700 nm provide photons of the correct energy to drive photosynthesis and these wavelengths are typically referred to as Photosynthetically Active Radiation (PAR) [29,30,31]. Other wavebands are also important in photo-morphological development (above 700 nm) and in causing damage to plant cell DNA (below 400 nm) [14], as cited from [32].



Sweet basil cultivation using grow lights in indoor farming layouts has been and still is the focus of many researchers [33,34]. In choosing the right quality of light for the cultivation of any crop and, in this case, for sweet basil, many researchers refer to the McCree curve [29,35] in their work regarding the use of artificial lighting [36,37,38]. However, the McCree curve cannot be related to the individual illumination requirements of plants. The McCree curve sheds light on the importance of some light regions in the reaction of photosynthesis but does not look at the full spectrum of light absorption by plants. Furthermore, the McCree study was conducted under low light intensity (approx. 50 µmol m−2 s−1) which has a big limiting impact on the growth and development of plants, as demonstrated by [39,40]. The McCree curve does not give a full light requirement profile of plants, and there still exists the need for a full analysis to determine individual plant species light requirements.



In the current study, sweet basil was chosen as a model for this analysis. Sweet basil was cultivated under controlled environment conditions (temperature, humidity and light) in a plant factory system aimed at investigating whether the supply of a light regime that matches plant absorbance would improve the growth and quality of sweet basil. This included the use of a new wavelength which has not been used for agricultural application before.




2. Materials and Methods


2.1. Absorption Spectra of 14 Plant Species between 400 and 700 nm


Several plant species were grown for pigment extraction viz Calendula officinalis (pot marigold “improved orange”), Mentha spicata (common mint), Lychnis coronaria (rose campion), Verbena bonariensis (purpletop vervain), Dianthus barbatus (“dash pink”), Tagetes patula (French marigold “durnago mix”), Coriandrum sativum (coriander), Polemonium caeruleum (Jacob’s ladder), Ocimum basilicum (basil) and Asparagus aethiopicus (Sprenger’s asparagus). Plants were grown in polytunnels for 8 weeks bespoke compost mixture: Brassica oleracea var. botrytis (cauliflower) and Solanum lycopersicum (tomato) at Skardon Garden at the University of Plymouth. Plant leaves (0.2 g) were ground in 10 mL of 80% acetone using a pestle and mortar. The volume was then made up to 25 mL using 80% acetone for each sample. Samples were then centrifuged for 2 min at 6000 RPM min−1 (max setting) in a ROTOFIX 32 (Tuttlingen, Germany). The supernatant (2 mL) was placed in a cuvette, and the absorbance was measured at 5 nm intervals between 400 and 700 nm using a Jenway 7315 (Staffordshire, UK) spectrophotometer (Figure 1). Three plants were grown for each species (biological replicates), and triplicate samples were taken from each plant (measurement replicates).




2.2. Absorption Spectrum of Sweet Basil between 300 and 700 nm


Sweet basil cv. Maggie seeds were obtained from CN seeds (CN Seeds, Pymoor, Ely, Cambridgeshire, UK), were sown and were germinated in a glasshouse at Skardon gardens. Growing conditions were applied as reported previously [41]. Plants were harvested at full vegetative growth, pre-flowering.



Two experimental replicates from three separate sweet basil plants were used (three biological replicates). Pigments were extracted following the methods described above, and the absorption was measured every 5 nm between 300 and 700 nm using a Jenway 7315 spectrophotometer.




2.3. Growth of Sweet Basil under Different Lighting Regimes


Sweet basil cv. Maggie seeds were obtained from CN seeds (CN Seeds, Pymoor, Ely, Cambridgeshire, UK), sown and germinated in the greenhouse at Skardon Gardens. When seedlings had their first pair of true leaves, they were then transferred to the Plant Factory facility at the University of Plymouth. The Plant Factory facility at the University of Plymouth is a converted insulated greenhouse where external light has been excluded and a multi-tier hydroponic growing system consists of gulleys for NFT (nutrient film technique) and is installed with interchangeable LED light units. The Plant Factory system was divided into several multi-shelf hydroponic units, each consisting of three tiers. The distance between tier is 50 cm, and 16 basil plants were planted in each tier at a spacing of 20 cm within a gully and 20 cm between gullies. The temperature and humidity were monitored using Gemini data loggers (Tinytag Plus (part No GP-1590)) and an instantaneous thermometer (Fisher Scientific) at 28 ± 2 °C. The dark/light period was set to 8/16 h. Three lighting treatments were designed and applied using Shy LED lighting systems (LED Hydroponic LTD., Reading, UK) in addition to ambient light in the greenhouse treatment. Light treatments were as follows:



An LED light treatment with a combination of red (663 nm) and blue (450 nm), with a ratio of red to blue LEDs of 1:1.5, was designated R/B450.



An LED light treatment with a combination of red (663 nm) and blue (435 nm), with a ratio of red to blue LEDs of 1:1.4 to mirror the absorption ratio from the sweet basil light absorption curve (Figure 2), was designated R/B435.



An LED light treatment with a combination of red (663 nm) LED and blue (450 nm), with a ratio of red to blue LEDs of 1:1 as found in many commercial lighting rigs, was designated R/B; 1:1.



A Glasshouse (GH) treatment with ambient light was supplemented with High Pressure Sodium (HPS) lights to extend the light period (daylength) to 16 h. Light intensity measured in the greenhouse at 11.30 am BST on 12 April on a sunny day was 1250 µmol m−2 s−1. The daily light integral was estimated to be 34.60 mol day−1 using mathematical models and included supplementary lighting to extend the lighting period.



Light intensity from the LED lighting treatments was measured using a Skye PAR (Photosynthetically Active Radiation) (Skye Instruments Ltd., Powys, UK) and adjusted to deliver 300 ± 20 µmol m−2 s−1 for each treatment. Daily light integral for the LED lighting treatment was calculated at 17.28 mol day−1. The emitted light spectrum of the lighting treatments was measured (relative light intensity) using a UPRtek spectrophotometer (UPRtek MK350N premium Standalone handheld spectral light meter, Taiwan) and corrected to show the radiant density at each wavelength (Figure 1).



Physiological and morphological responses of sweet basil to the lighting treatments were measured at three stages of development: at the initial vegetative stage when sweet basil plants had 4–5 pairs of leaves (Stage 1), at the end of the vegetative stage when flowering buds started to appear (Stage 2) and at the full flowering stage (Stage 3). The experiment was carried for a total of 40 days (final harvest on 30 April 2019).



Physiological measurements included light-saturated instantaneous maximum photosynthetic rate Amax (µg cm−2 s−1) measured using an LCi-SD Highly Portable Ambient Photosynthesis System (ADC BioScientific, Herts, UK), the chlorophyll fluorescence ratio (Fv/Fm) measured using a Hansatech Pocket PEA meter (Hansatech Ltd., Norfolk, UK) and stomatal conductance (cm s−1) measured using a Delta-T AP4 Leaf Porometer (Delta T Devices, Cambridge, UK).



Morphological measurements included plant height (cm); leaf area (LA mm2), using a leaf area image analyser HITACHI KP-D40 color digital camera with a lightbox and WinDias 1.5 software (Delta-T Devices Ltd., Cambridge, UK); fresh weight (FW); and dry weight (DW) (g) after removing the root system, using a sensitive Fisher Scientific SG-402 laboratory balance; for dry weight, plants were dried at 60 °C for 96 h [42].




2.4. Essential Oil Content


Dry plant material (stems and leaves) was used to extract the essential oil from sweet basil using a solvent extraction method [43] with some modifications. Dry plant material (20 g) was ground in a mortar and pestle with 10 mL of FISHER Scientific’s HPLC-grade C6H14 (Hexane) ≥ 95% (Thermos Fisher Scientific). The resultant mixture was then added to a sintered column with the addition of 60 mL of hexane. The mixture was drained, and the solution was collected. A significant amount of used hexane was evaporated using a BÜCHI R-124 Rotary Evaporator System. A blow-down technique using thermal Techne® Sample Concentrator and BOC nitrogen gas was applied to evaporate the rest of the hexane from the solution [44]. The essential oils of sweet basil were then collected in a vial. The vial was weighed after the blow-down to calculate the quantity of the essential oil obtained.




2.5. Light Use Efficiency (LUE)


The light use efficiency model is a model of net primary productivity (NPP); it predicts that NPP is directly proportional to absorbed photosynthetically active radiation (APAR):


NPP = e APAR,








where the parameter e (or LUE (light use efficiency)) represents all of the photosynthetic and respiratory processes [45]. In the current study, we used dry weight as an indication of the NPP and we used the provided PAR intensity as an indication of the APAR. A simple LUE was calculated using the above quotation by dividing the DW (g m2) by the sum of the PAR provided over 40 days (Mol).




2.6. Statistical Analysis


The main experiment consisted of 4 lighting treatments (3 in the plant factory and 1 in the glasshouse), with 16 plants per treatment (four replicates each consists of 4 plants). Treatments were randomized at each replication. Dataloggers (delta T devices) were placed in each treatment, and no significant differences in temperature regimes were noted. Results are presented as means ± standard error (S.E.). All data were subjected to analysis of variance (ANOVA) using Minitab software (version 17), and comparisons of means were made using the least significant difference (LSD) test at the 5% level of probability.





3. Results


3.1. Light Spectrum Analyzed


3.1.1. Spectrum Analysis (between 400 and 700 nm) of 14 Plant Species


The absorption spectrum of the plant species tested showed similar curve shapes between species but varied significantly in their relative absorption (p ≤ 0.001) (Figure 2). There were two main absorbance peaks at 435 nm (blue) and at 665 nm (red). Whilst the red peak was a relatively narrow (from 640 to 690 nm), the blue peak was very broad (from 400 (or less) to 480 nm). The blue to red ratio was calculated for each species, and there were significant differences between plant species in terms of the ratios of peak sizes at 435 nm to 665 nm: p ≤ 0.001. The highest 435/665 absorbance ratio was observed in Solanum lycopersicum (1.867), and the lowest was observed in Brassica oleracea (1.532). There was also a significant impact of the plant species on the total light absorbance (area under the absorbance curve) (p ≤ 0.001) with Dianthus barbatus showing the highest level of absorbance and Calendula officinalis showing the lowest level of absorbance.




3.1.2. Spectrum Analysis (between 300 and 700 nm) of Sweet Basil (Ocimum basilicum)


The absorption curve for basil (Figure 3) showed three main absorption peaks, a blue (at 435 nm) and a red (at 665 nm) as found above and a third peak in the ultraviolet range at 330 nm (from 300 to 360 nm). The blue–red ratio between the absorbance peaks at 435 nm and 665 nm was 1.4 (Figure 3).





3.2. Physiological Responses


3.2.1. Chlorophyll Fluorescence Rate Fv/Fm


Light treatments had a significant impact on Fv/Fm. The plant factory light treatments had a significantly (p ≤ 0.001) higher value of Fv/Fm than the greenhouse grown plants at all developmental stages (Figure 4A), and the LED light treatment R/B435 had the highest Fv/Fm value. Plant development stage also had a significant effect (p ≤ 0.001), with Fv/Fm increasing as development progressed under all light regimes. There was an interaction between the development stages and the light treatments (p ≤ 0.001), with more variation under the glasshouse conditions and the B/R; 1:1 treatment than under the R/B450 and R/B435 treatments.




3.2.2. Light Saturated Maximum Photosynthetic Rate (Amax)


There was a significant effect (p ≤ 0.001) of the lighting treatments on Amax. LED lighting treatment R/B435 (Figure 4B) promoted the highest Amax, and the lowest was found in the glasshouse-grown plants. Development stage also had a big impact (p ≤ 0.001) on Amax and peaked when the plants were at the end of the vegetative stage. Furthermore, there was a significant interaction between the light treatments and the development stages on Amax (p = 0.007). Among the LED lighting treatments, the treatment R/B435 had the highest Amax at all developmental stages.




3.2.3. Stomatal Conductance (Gs)


There was a big effect of the lighting treatments (p ≤ 0.001) on Gs, with the R/B435 treatment showing the highest Gs values and the glasshouse treatment showing the lowest (Figure 4C). Developmental stage also had a significant effect (p ≤ 0.001) with Gs progressively increasing with the later development stages. There was no significant effect of the interaction between the light treatment and developmental stage (p = 0.18). Overall, the LED light treatments had a more positive impact on Gs than the glasshouse, and the R/B435 had the highest Gs (Figure 4C).





3.3. Growth Responses


There was a significant effect of the lighting treatments (p ≤ 0.001) on the height (Figure 5A), stem diameter (Figure 5B) and number of leaves (Figure 5C), with the R/B435 lighting treatment giving the biggest and more robust plants. Plant size also increased with the vegetative stage (p ≤ 0.001). Plants grown under the LED light treatments were overall bigger than those grown in the glasshouse, and amongst the LED lighting treatments, R/B435 gave the biggest plants at all developmental stages. There was a significant effect of the lighting treatments on the Leaf area (LA; p ≤ 0.001) (Figure 5D), with lighting treatment R/B 435 showing an almost seven-fold increase in LA compared with the plants grown in the glasshouse. Amongst the LED lighting treatments, R/B435 had the greatest LA. The pattern of results of the biomass yield, both Fresh weight (FW; Figure 5) and Dry weight (DW; Figure 5E,F respectively) were similar to all other parameters measured with the LED lighting treatment plants exceeding those grown in the glasshouse. The R/B435 lighting treatment was the highest amongst the LED treatments for both FW and DW (p ≤ 0.001).




3.4. Essential Oil Yield


There were no significant impacts of lighting treatments of the proportion of essential oil (3.5–3.6%) (p = 0.625). However, due to the significant differences in dry matter yield, there was a consequent significant increase in overall oil yield, with lighting treatment R/B435 giving the highest yield (p ≤ 0.001) (Figure 6).




3.5. Light Use Efficiency (LUE)


The LUE was significantly higher when the LED lighting system was used in comparison with plants grown in the greenhouse. Moreover, the use of a 1:1.5 R/blue ratio significantly improved the LUE in comparison with the 1:1 red/blue ratio. The use of 435 nm light as a source of blue was found to produce the best LUE (p ≤ 0.001) (Figure 7).





4. Discussion


Plants grown in the plant factory system performed significantly better in comparison with those grown in the greenhouse in terms of both physiological and yield parameters. This was despite the fact that the daily light integral (DLI) (total PAR receipt) was significantly higher in the greenhouse. In agreement with our findings, Kozai [46] indicated that LEDs in plant factory systems increase Amax and LA by up to threefold, thus increasing yield and possibly enhancing quality. This highlights the importance of providing lights that match plant needs at an intensity which the photosynthetic apparatus can utilize efficiently. Therefore, it is probable that basil grown under red/blue LEDs absorbed a higher percentage of light (energy) because the light provided was focused in the region of high absorbance rate. Inada [47] reported that particular portions of the PAR spectrum are greatly important because the quantum yield curve presents two peaks in the red and blue wavelength ranges, demonstrating that these regions are the essential energy sources for photosynthetic assimilation [23]. Furthermore, Mitchell and Stutte [48] reemphasised that red and blue light have the best quantum efficiencies for driving photosynthesis.



In the current research, three lighting systems were compared with the same overall PAR delivery but with relatively small or subtle differences in the wavelengths supplied, but none-the-less, there were clearly significant differences between all three treatments. Two things were consistently revealed by the results: firstly, that a ratio of more blue over red increased growth and yield more and, secondly, that using blue light with a wavelength peak of 435 nm promoted growth up to 20% better than that of blue light at 450 nm. On the face of it, this is not surprising given that the measured plant absorption spectrum presented here for 14 plant species showed that the blue absorption peak is at 435 nm and not at 450 nm as predicted by the McCree curve [29]. This is a significant finding which could have implications for the future manufacture of red/blue grow-lights for horticulture. Currently, most current commercial LED grow-lights that are available use blue at 450 nm, and the industry appears to have broadly adopted this as the industry standard. A 20% yield increase for a shift of just 15 nm in the blue LED is remarkable. Currently, this finding is being cross-checked for other species, and early (unpublished) results indicate that it holds true. This also highlights the importance of chlorophyll A in the process of photosynthesis and its subsequent impact on the growth and yield of basil. Ustin et al. [49] reported that the absorption maxima of chlorophyll a when extracted in diethyl ether are at 430 and 662 nm and that chlorophyll b has peaks located at 453 and 642 nm. Most of the commercially available LED lighting systems produce a blue spectrum in the 450 nm region and ignore the high level of absorbance of chlorophyll a in the absorbance region of 435 nm. Blue light (400–500 nm) is absorbed by accessory pigments including carotenoids, and the absorbed energy is transferred via excited electrons to chlorophylls a and b and finally to the chlorophyll b photosynthetic reaction center with some energy loss [50]. Providing an LED light spectrum that matches the absorbance of chlorophyll a clearly facilitates the process of photosynthesis and minimizes energy loss.



Another significant finding was that the use of a ratio of 1.5 blue to 1.0 red in the balance of LEDs in an array increased growth and yield in comparison to a 1:1 ratio B/R. This is also unexpected since most commercial horticultural grow-lights have a much higher red component than blue. Moreover, the current findings support our approach of firstly studying plant pigment absorbance in order to provide the LED recipe requirement. The approach to LED array design that was used in the current experiments was to go back to the plant light absorption spectrum and to build an array that mirrored absorption, i.e., higher blue than red and a blue peak at 435 nm, and this approach has definitely been shown to be advantageous in plant performance under our Plant Factory conditions. This provides a significant body of evidence to the concept of “designer grow-lights” that need to be optimized on a species-by-species basis. Moreover, this highlights the importance for studying the light requirement for individual plant species as the optimum ratio between blue and red can vary quite substantially. Therefore, it is clear that the light requirement should be considered on a species-by-species basis. The determination of spectral balances is very important since there is no single red–blue ratio of light ideal for all species and since it also appears to vary for every stage of plant growth [48,51]. The use of our approach in determining the light requirement of plant species has several advantages in comparison with the widely used default McCree methods. This was evidenced by the significant improvement of both physiological and yield parameters of basil. Although McCree provided a wonderful piece of work in his most referenced article on plant lighting “The action spectrum, absorptance and quantum yield of photosynthesis in crop plants”, some drawbacks affect the use of this work to determine the spectral balance needs of plant species. For example, the light absorbance was measured by McCree at increments of 25 nm (5 nm was used in the current study) and the photosynthesis rate was determined at an incident light intensity of about 30 to 60 umol m−2 s−1 for different wavelengths, which is very low compared with most plant requirements and is around the compensation point for most plants.



The current finding concerning the significant impact of blue light on the growth and development of basil is in disagreement with Pennisi et al. [52], who reported a yield reduction associated with a higher fraction of blue light. Furthermore, other studies have reported that the presence of blue light did not alter basil plant height or fresh weight [33,53]. However, other works [54,55] reported that the tallest basil plants were obtained in the treatment where only blue light was applied in comparison with white or mixed (white + blue) light. From these mixed reports, it does seem that the growing environment such as light intensity, temperature and plant intensity has a clear impact on the response of basil to light treatment, but Massa et al. [32] indicated that one of the great challenges of the replicability of research results in LED lighting applications could be due to the high variability in the experimental setups. For example, while 300 μmol m−2 s−1 PPFD was applied in the current research, low PPFD values, e.g., 60–120 μmol m−2 s−1 were applied by [33,53]. The high positive impact of using a high level of blue lights on physiological parameters in basil reported here is in agreement with Jensen, Clausen and Kjaer [56], who reported that blue light increased Stomatal density (SD) in basil. It is well established that blue light activation of cryptochrome CRY promotes stomatal development and that this occurs through the regulation of transcriptional factors [57]. Darko et al. [58] indicated that red light in the region of 650–665 nm from LED lighting units matches the assimilation peak of the photoreceptors phytochrome and chlorophyll and that the combination of red–blue light for growing plants can enhance the maximum photosynthetic rate, Amax, as a consequence of the activation of cryptochromes, phytochromes and chlorophyll more than if a monochromatic light was used as a grow light. This increase in Amax was explained as a result of the increase in carbon dioxide levels when the blue light stimulated better stomatal gapping [59,60,61]. This also agrees with our findings concerning the higher Gs under blue dominant LED. This increase in Amax and Gs leads to a consequent improvement in DW with the addition of blue light. It has also been reported that the blue region of the light has more effect on the stomatal opening than the red region of light [62,63]. This also supports the current results concerning the significant impact of blue dominant treatment on stomatal conductance in basil. In an earlier publication (Aldarkazali et al. [41]), we reported the significant impact of a high blue to red ratio on the stomatal conductance, leaf area, photosynthesis efficiency and yield parameters of basil, and this has been upheld in the current paper.



One of the most significant findings of the current research is the high positive advantage of using 435 nm LEDs as the source of blue light. This has led to a significant improvement in the physiological and yield response of basil. The fact that 435 nm is only a 15 nm shift from the commonly commercially used 450 nm LED highlights the importance of using our approach of measuring plant light absorbance in order to design the light spectrum. In agreement with our finding, Lamb, Røkke and Hohmann-Marriott [64] reported the role of 435 nm stimulating Photosystem I (PS I) in the photosynthesis process in cyanobacteria and Arabidopsis thaliana. This could explain the significant increased chlorophyll fluorescence rate (Fv/Fm) and light-saturated maximum photosynthetic rate (Amax) observed in the current study. In bean plants, [65] showed that the action spectrum analysis curve showed a blue light peak at 437 nm. A fluorescence spectra analysis also showed that chamomile pollen has a peak at a blue light region of 435 nm [66]. However, to our knowledge, there have been no prior studies that tested the impact of 435 nm wavelength as the sole source of blue in comparison with the widely commercially used 450 nm wavelengths lights.



In our study, the developmental stage did not seem to interact with the light spectrum requirement and the high blue rate (especially at 435 nm) was essential for the investigated physiological and yield parameters throughout the growing period of basil. This could be due to the fact that the research focused on the light requirement of basil through the vegetative stage since vegetative parts and essential oil are the main desirable yield of basil. However, further research is required to investigate whether these requirements would change through the flowering and seeding stages.



Blue light has been reported to enhance the biosynthesis of the chemical composition of several plant species [67,68]. Amaki et al. [69] reported that blue light has a great impact on the level of essential oil in sweet basil. They indicated that the essential oil content of basil plants grown under blue light was between 1- and 4-fold higher than those grown without blue light. However, in our study, there was no significant impact of the lighting treatments on the percentage of essential oils of sweet basil. This could be due to the fact that all the applied treatments had a sufficient amount of blue required for the synthesis of essential oils in basil. The inconsistency of our finding with the literature could be to the difference in experimental setup [32]. Nevertheless, the total sweet basil essential oil was significantly increased under 435 nm blue light treatment because of the significant impact of this treatment on the dry weight of basil. Ongoing work is investigating the oil profile of plants grown under these lighting regimes.




5. Conclusions


In comparison to glasshouse-grown treatments, sweet basil can be cultivated more efficiently in a multi-tier hydroponic system under LEDs with a combination of blue light with a peak wavelength of 435 nm and red light with a peak wavelength of 663 nm. The combination of blue–red light is better when provided in a ratio of 1.5:1 to enhance yield. The use of 435 nm as a source of blue light LED significantly increased the yield in comparison with 450 nm blue light LEDs, which are commonly used in commercial horticultural LED arrays. To the best of our knowledge, this is the first report to confirm the significant advantages of using 435 nm blue LED light and to confirm the significant increase in yield as an output of this modification in the blue wavelength used. It is recommended that each plant species should be characterized for its light absorption spectrum prior to designing or programming specific LED arrays to maximize yield.
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Figure 1. Spectra of the lighting treatments used as measured by a UPRtek spectrophotometer: (A) the radiant density of the light spectrum intensity and (B) the relative light intensity. 
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Figure 2. Spectrometric analysis of Calendula officinalis, Mentha spicata, Lychnis coronaria, Verbena bonariensis, Dianthus barbatus, Tagetes patula, Coriandrum sativum (Coriander), Polemonium caeruleum, Ocimum basilicum, Brassica oleracea, Solanum lycopersicum and Asparagus aethiopicus pigment absorption using Jenway 7315 spectrophotometer: Results presented as means (between wavelengths: p ≤ 0.001, least significant difference (LSD) = 0.054; between plant species: p ≤ 0.001, LSD = 0.164). 
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Figure 3. Spectrometric analysis of sweet basil (Ocimum basilicum) pigment absorption using a Jenway 7315 spectrophotometer: Results are presented as means + standard error (S.E.). 
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Figure 4. The effect of lighting treatment and development stage on various physiological aspects in sweet basil: (A) chlorophyll fluorescence rate (Fv/Fm) (LSD = 0.02), (B) light-saturated maximum photosynthetic rate (Amax) (LSD = 0.6) and (C) stomatal conductance (LSD = 0.064 for the lighting treatments, LSD = 0.074 for the development stage). 
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Figure 5. The effect of light treatment and development stage on the (A) height (H) (LSD = 1.96), (B) stem diameter (SD) (LSD = 0.09), (C) number of leaves (NL) (LSD = 5.01), (D) leaf area (LA) (LSD = 133.3), (E) fresh weight (FW) (LSD = 10.8) and (F) dry weight (DW) (LSD = 0.9) of sweet basil (Ocimum basilicum) in a plant factory and glasshouse cultivation. 
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Figure 6. The effect of light treatments on the yield of essential oil per plant of sweet basil (LSD = 0.0554). 
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Figure 7. The effect of light treatments on the light used efficiency (LSD = 0.0745). 
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