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Abstract

:

The major bioactive compounds in S. chirayita are amarogentin (most bitter compound) and mangiferin, which contribute to its medicinal value due to its antidiabetic, anticancer, antimicrobial and antimalarial properties. In this study, we developed a light emitting diode (LED)–based culture setup as an alternative to the existing white fluorescent lamps (WFL) used as a light source in the tissue culture conditions of the plants. The in-vitro raised plants of S. chirayita cultivated under LED lights showed a higher accumulation of shoot biomass and secondary metabolites as compared with plants growing under WFL. In the LED lights experiment, red LED accounted forthe maximum biomass accumulation (3.56 ± 0.04 g L−1), and blue LED accounted for the accumulated maximum content of amarogentin (8.025 ± 0.04 µg mg−1 DW), total phenolics (22.33 ± 1.05 mg GA g−1 DW), total flavonoids (29 ± 1.03 mg QE g−1 DW) and DPPH radical scavenging activity (50.40 ± 0.16%) in comparison with other light conditions. From the findings, we propose LED lightning as a more sustainable, eco-friendly and reliable source for the enormous production of quality rich secondary metabolites in shoot cultures of S. chirayita than the traditionally used fluorescent lights.
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1. Introduction


S. chirayita is an endangered herb in the family Gentianaceae, comprised of annual and perennial herbs, that is an erect plant and reaches up to 1.5 m in height. It is native to the Himalaya region and grows at an elevation of 1200–3000 m between Kashmir and Bhutan. It is a traditional Ayurvedic herb of Nepal, China and India [1,2] and is collected from the wild population for medicinal purposes. Almost the whole plant is used for therapeutic purposes because of its analgesic, antiviral, antimalarial, anti-inflammatory, antidiabetic and anticancer properties [3]. Numerous compounds, including phenolics, flavonoids, and the important biomarker compounds amarogentin (secoiridoid glucoside) and mangiferin (xanthone C-glucoside), which contribute to the herb’s therapeutic capabilities, are responsible for the extensive biological activities of S. chirayita [4,5]. Amarogentin possesses antidiabetic and anticancer properties, whereas mangiferin possesses anti-HIV, antidiabetic, antiparkinson and anticancerous properties [6,7,8,9,10]. Based on their high medicinal properties, amarogentin and mangiferin have become the major phytochemicals for biological experimentation. The demand for S. chirayita has increased tremendously because of its rich pharmacological values [11]. Yet, accessibility of such a valuable herb is limited because of human interferences in their natural habitat; a low seed viability rate, as their growth period is 2–3 years and reproduction occurs through seeds produced by the plant; and other environmental changes [12]. Such challenges put the status of S. chirayita under the category of “critically endangered” by the IUCN [4], and it is on a list of 32 focused medicinal plants of India by the NMPB, Govt. of India http://www.nmpb.nic.in (accessed on 10 August 2022). As per the World Health Organization (WHO), the present demand of S. chirayita to be used as an herbal raw material is ≈ US $14 billion/year and will reach up to ≈ US $5 trillion by the year 2050 [13,14].



The primary goal of the herb industry is to produce a sustainable and high-yield amount of secondary metabolites. In recent years, many methods, including micropropagation, synthetic seed technology, and elicitor’s treatments, have been employed for the synthesis of phytoconstituents [15]. Use of elicitor treatments such as methyl jasmonate, salicylic acid and sodium nitroprusside was reported in tissue cultures of S. chirayita to enhance the production of secondary metabolites [16].The implementation of these technologies on a wide scale is difficult because technology accessibility is constrained and social acceptance of gene-edited plants is low. Herb growers are constantly looking towards more dependable and environmentally friendly technologies to boost the supply of secondary metabolites without using chemicals or genetic engineering.



Elicitation is the best biotechnological strategy for enhancing the production of bioactive compounds in plant cell cultures. Light as an abiotic elicitor inspires the synthesis as well as the development of important bioactive compounds [17]. Most of the breeders are utilizing traditional fluorescent lamps for indoor cultivation, but these sources are not efficient enough due to high temperature operations, high energy consumption and unequal spectral distribution for the growth of plants [18,19,20]. As an alternative to these lights, LEDs can improve the efficacy of biomarker compounds by altering the plants’ primary and secondary metabolism and light fluency, and they provide an accurate wavelength for plant growth [21]. Additionally, the use of LEDs provides many advantages, such as cost-effectiveness, a sustainable supply of energy, and a lifelong source of light with less heat generation as compared with the conventional one [22]. Several reports have discussed the impact of various LEDs on the enhancement of bioactive compounds in medicinal plants such as Rhodiola imbricate and Panax ginseng, but none of these studies was conducted on in vitro raised plants of S. chirayita. [17,23].



Therefore, the present goal of this study was to accelerate the shoot biomass and antioxidant activity and enhance production of key secondary metabolites in shoot cultures of S. chirayita under LED lights.




2. Material and Methods


2.1. Selection of Plant Material and Establishment of In Vitro Shoots under LED Lighting


Plants of S. chirayita were collected at the Himalayan Forest Research Institute, H.P. India (20 76′ N, 67 12′ E). Further care for the plants was provided in a greenhouse at JUIT in Waknaghat, Solan, India (1400 m altitude), with controlled lighting (1300–4700 W m−2), humidity (74%), and a photoperiod of 14 h of day and 10 h of light. Shoots of S. chirayita were maintained in the plant tissue culture laboratory JUIT, Waknaghat, India. Shoots were grown in MS media [24] provided with different growth hormone concentrations such as indole-3-butyric acid (IBA) 3 mg L−1 and kinetin (KN) 1 mg L−1. After a 30-day interval, plants were routinely subcultured.



For maintaining the shoot cultures under LED lamps, in vitro grown shoot apices were used as inoculums for carrying out further experimentation. Freshly growing shoot cultures of S. chirayita (≈0.5 gm weight) were transferred to MS media (50 mL in glass jars) provided with indole-3-butyric acid (IBA) 3mg L−1 and kinetin (KN) 1mg L−1, 0.8% agar-agar, and 3% w/v sucrose, and pH was maintained at 5.6 with controlled conditions (white fluorescent light (WFL) at 3000 μmol m−2 s −1 intensity), 15 ± 1 °C temperature, and humidity (≈74%) with 16 h day and 8 h light photoperiod under aseptic conditions. Following shoots of tissue cultured plants were used for elicitation experiment by LED lamps.




2.2. Light Setup with Growth Conditions


For elicitation of medicinal compounds, various colored 12-watt LED lamps were used, which were bought from Amazon www.amazon.com (accessed on 10 August 2022) through online mode with light colors of green, red, blue (Empire brand, Tejas brand) and WFL as control. In our experimentation we used a two-part light-emitting setup. The first part was an easily removable electric circuit for LEDs, and the second consisted of a direct supply of current that was used as control. Plants of S.chirayita were randomly assigned to each LED treatment in the plant tissue culture lab at 15 °C ± 1 with a photoperiod of 16 h of light and 8 h of dark. The LED lineup conditions were as follows:




	(a)

	
(Control: white fluorescent light at 15 °C ± 1 with 3000 μmol m−2 s −1 intensity (16 h of light and 8 h of dark photoperiod).




	(b)

	
Red: 100% red LED at~660 nm wavelength with 20 nm of bandwidth at ½ peak height.




	(c)

	
Blue: 100% blue LED at ~460 nm wavelength with 20 nm of bandwidth at ½ peak height.




	(d)

	
Green: 100% green LED at ~550 nm wavelength with 20 nm of bandwidth at ½ peak height.




	(e)

	
RGB: 40% red, 40% green and 20% blue polychromatic LEDs at 15°C± 1 inside plant tissue culture room.









After 30 days of cultivation conditions, growth metrics, total phenolics, total flavonoids, total antioxidants, and acclimation were examined by taking the plant from the culture bottles under aseptic conditions. However, the time periods for biomarker compound (amarogentin and mangiferin) accumulation in S. chirayita were analyzed at different time intervals for 30 days (days 0, 5, 15, 21, 25 and 30).




2.3. Growth Determination of Shoot Cultures


To determine the fresh weight (FW) of the shoots, they were removed from the culture medium, excess water was removed by pressing them on WhatmanTM filter paper (GE Healthcare, UK Limited), and they were weighed (Citizon, cg-203) under aseptic conditions. Simultaneously, shoots were oven dried at 45 °C (220/230 V) and finally weighed for the dry weight (DW) as expressed in (g L−1) of the medium used. Subsequently, on day 30, the growth index (GI) of shoot cultures was calculated as reported by Ketchum et al. 1995 [25],



where



GI = Wf − Wi/Wi



Wf, Final dry weight of shoots on day 30



Wi, Initial dry weight on first day



On day 30, various growth parameters were examined (plant biomass, number and length of shoots and roots (cm)) (Table 1).




2.4. Phytochemical Screening of Plant Extracts


2.4.1. Preparation of Plant Extract


The completely developed shoots were removed, dried, and ground into a fine powder using liquid nitrogen before being suspended in 100 mL of 80% methanol for an overnight period. The following day, samples were sonicated for 10 min at 30% amplitude with 2 s pulse (SONICS, Vibra CellTM). After sonication, extracts were introduced to centrifugation at 10,000 rpm for 15 min at 4 °C (Eppendr of, 5804 R), and supernatant was filtered with syringe filters (0.22 µm) PVDF. Remaining extract was kept at 4 °C until further analysis.




2.4.2. Quantification of Bioactive Compounds through Reverse-Phase HPLC


Shoot cultures grown under various LED lamps were subjected to reverse-phase HPLC (Agilent 11,200 series) along with an HPLC pump using C18 (5 µm) Waters column and Photodiode Array Detector (Waters 2996) to estimate the amounts of amarogentin and mangiferin. The filtrate was 10× diluted and inoculated in the column. Solvent A, a 0.1% TFA trifluoroacetic acid (Merck), and Solvent B, a solvent system, are employed (70:30 acetonitrile: water, Merck: MiiliQ). At a flow rate of 1.0 mL/min, the column was eluted in isocratic mode and the amarogentin and mangiferin were identified at 270 nm. The column temperature was 25 °C, and the cycle lasted 30 min. Quantification of bioactive compounds (amarogentin and mangiferin) in the plant extracts was evaluated by measuring their retention time with the authentic standards obtained from Chromadex, Inc, India. Results were expressed as µg/mg DW.





2.5. Determination of Total Phenolics and Total Flavonoid Content


2.5.1. Total Phenolic Content


Total phenolic content of plant extracts of S. chirayita grown under different LED lamps was determined by using the protocol of Kim et al. 2003 [26] with some modifications. According to this method, 0.1 mL of plant extract was mixed with 0.4 mL of distilled water, and then 0.15 mL of Folin–Coicalteu reagent was added. After proper mixing, it was incubated at room temperature for 5 min. Afterwards, 0.5 mL of 20% Na2CO3 was added. After mixing, the mixture was incubated in a dark room for 1 h. Absorbance was measured at 750 nm using a UV-visible spectrophotometer. For plotting the calibration curve, gallic acid was used (100–500 μg mL−1).The total amount of phenolics was estimated using the calibration curve equation (y = 0.003x − 0.046, r2 = 0.996), and it was represented as mg gallic acid (mg GA g−1).




2.5.2. Total Flavonoid Content


Total flavonoid content of plant extracts of S. chirayita grown under different LED lamps was determined by using the method of Ebrahimzadeh et al. 2008 [27], with some modifications. Briefly, 0.1 mL of methanolic plant extract was mixed with 0.4ml of methanol, and then 0.1 mL of 10% AlCl2 was added. Afterwards, 0.1mL of 1M sodium acetate was added to make up the final volume up to 4 mL with distilled water. Then it was incubated at room temperature for 30 min. Absorbance was taken at 415nm using a UV-visible spectrophotometer. For plotting the calibration curve, quercetin (100–500 μg mL−1, Sigma-aldrich, India) was used as standard. Flavonoid content was calculated using the following calibration curve equation (y = 0.001x − 0.019, r2 = 0.993), and the total amount of flavonoids was represented as mg quercetin (mg QE g−1).





2.6. Determination of DPPH Free Radical Scavenging Activity


The antioxidant activity of shoot culture extracts of S. chirayita was determined by DPPH free radical scavenging assay under different LED lamps by using the method of Yesmin et al. 2008 [28] with some changes. After this, 50 μL of plant extract was used with 3mL of methanolic DPPH (0.004%) solution added to it. Then it was stored in the dark for 30 min at room temperature. Absorbance was taken at 517 nm using a UV-visible spectrophotometer. The free RSA of different extracts incubated at different polychromatic LED lamps were compared with BHT (Sigma-Aldrich) as standard. DPPH free radical scavenging activity (%RSA) was determined as follows:


%RSA= {(Ab. of control − Ab. of Sample)/Ab. of control} × 100








where Ab. is absorbance.




2.7. Acclimatization and Transplantation of Light Treated Plants of S. chirayita


Well-grown shoots of S. chirayita incubated under different LED lamps were taken out from the culture conditions and settled at room temperature for approximately 2 h (20 bottles from each setup). Shoots were removed from the vessels and washed with running tap water to clear agar and finally rinsed with 0.5% Bavistin. These fully-grown shoots were then shifted to the containers having a mixture of sand, soil, perlite, vermiculite and cocopeat in the ratio of 1:1:1:1:1 v/v, covered with plastic bags for 3 weeks and incubated under plant tissue culture lab with different LED lamps (16 h of light and 8 h of darkness photoperiod). For 3 weeks these plants were regularly checked, and then the plastic was removed and the plants were shifted to big pots in the greenhouse area of JUIT, Waknaghat, India.




2.8. Statistical Analysis


Each experiment was performed three times, and the results were provided as mean standard deviation (standard deviation).To check the differences among group means, one-way ANOVA was used with the Duncan multiple range test. Values at (p ≤ 0.05) were considered significant. MS Office (Window Version 10, USA Microsoft India Devolpment Center (IDC), Hydrabad) was used for generating figures.





3. Result


3.1. Impact of LED Lighting on Growth


The present study revealed the impact of different LED lamps on growth in shoot cultures of S. chirayita. Similar growth kinetics in shoot cultures grown under various LED lamps are depicted in Figure 1. With a relevant variety of phases, the growth curve of shoot cultures incubated under various LED lamps showed a sigmoidal pattern for growth(lag phase: days 0–5, exponential phase: days 6–15, linear phase: days 16–21, deceleration phase: days 22–25 and stationary phase: days 25–30). Shoot cultures grown under different polychromatic LED lamps exhibited some variations in their morphology (Figure 2). Among various LED lamps, shoot cultures incubated under red LED showed maximum biomass accumulation (3.03 ± 0.01 g/lt DW) on day 21 of incubation. On day 30 of incubation, the maximum increase in the length of shoot and roots (6.13 ± 0.91 cm, 3.09 ± 1.33 cm, respectively) was observed in the red LED. An increase in the number of shoots and roots (5.51 ± 0.82, 1.94 ± 1.18, respectively) was also seen in shoot cultures incubated under red LED as compared with other LED lamps (Table 1). Growth index (GI) displayed the maximum accumulation in the red LED (5.06 ± 0.01) as compared with others and the control WFL (4.84 ± 0.01). However, the minimum accumulation was observed in shoots grown under green LED (4.60 ± 0.03) on day 30 of culture (Figure 3).




3.2. Impact of LED Lighting on Bioactive Compound Production


In the present work, the effect of LED lighting on the synthesis of active compounds in S. chirayita shoot cultures was investigated. Reverse-phase HPLC analysis of shoot cultures incubated under various LED lamps in the current investigation revealed substantial variation in the amount of amarogentin, whereas mangiferin was absent in all shoot cultures, with the exception of WFL utilised as a control (Figure 4). Interestingly, shoot cultures grown under RGB light did not show any signs of amarogentin. Shoot cultures expanded under various LED lights revealed comparable production kinetics (Figure 4). In shoot cultures grown under various polychromatic LED lamps, the production of amarogentin showed an exponential surge in the production curve for bioactive synthesis from days 5 through 21, followed by a steady decline until day 30.Among the various LED lamps, shoot cultures incubated under blue LED showed the maximum amount of amarogentin (8.035 ± 0.04 µg mg−1 DW) on day 21 of culture.



Upon completion at 30 days, the concentration of amarogentin in shoots culture incubated under various LED lamps ranged from 6.935 to 7.125 µg mg−1 DW. The maximum amount of amarogentin (7.125 ± 0.01 µg mg−1 DW) was quantified in shoot cultures incubated under blue LED in comparison with other lights, such as control WFL (6.945 ± 0.01 µg mg−1 DW). The minimum accumulation of amarogentin (6.935 ± 0.01 µg mg−1 DW) was quantified in shoot cultures incubated under green LED (Figure 4).




3.3. Impact of LED Lighting on Phenolic and Flavonoid Content


The current research examined how LED lighting affected S. chirayita shoot culture production of total phenolic and total flavonoid content. In the current investigation, total phenolic content in shoot cultures incubated under various LED lamps showed appreciable changes. The total phenolic amounts observed in shoot cultures varied from 4.33 to 22.33 mg GA g−1 DW of plants (Figure 5). Shoot cultures incubated under blue LED showed the highest content of total phenolics (22.33 ± 1.05 mg GA g−1 DW), in comparison with other LEDs and WFL as control (12 ± 0.06 mg GA/g DW) (Figure 5). The minimum accumulation of phenolics (4.33 ± 0.03 mg GA g−1 DW) was observed in shoot cultures incubated under green LED. Shoot cultures incubated under different LED lamps showed significant variations in the total flavonoid amount also. Total flavonoid content in shoot cultures varied from 29 to 13 mg QE/g DW of plants (Figure 6). Shoot cultures incubated under blue LED showed the highest amount of total phenolics (29 ± 1.03 mg QE g−1 DW), in comparison with other LEDs and WFL as control (20 ± 0.05 mg QE g−1 DW). The minimum accumulation of phenolics (13 ± 0.03 mg GA g−1 DW) was observed in shoot cultures incubated at green LED.




3.4. Impact of LED Lighting on DPPH Activity


As reported in the current study, shoot cultures incubated under LED lighting showed significant variations in the DPPH free radical scavenging assay. The RSA% in shoot cultures varied from 28.45 to 50.40% (Table 2). Compared with other LEDs, shoot cultures incubated under blue LEDs showed the highest RSA (50.40 0.15%), and WFL was used as control (39.02 ± 0.11%). The minimum RSA (28.45 ± 0.19%) was observed in shoot cultures incubated under green LED. Our findings are similar to those of Manivanman et al. 2015 [29], who observed the same impact of blue LED on RSA in cell cultures of Rehmannia glutinosa.




3.5. Acclimatization to Outer Environment


After successful quantification of the metabolites, the rest of the in vitro shoots of S. chirayita grown under different LED lamps were transferred to the greenhouse area. These plantlets were successfully acclimatized, with red LED shoots surviving with an 80% success rate in comparison with WFL used as control (Figure 7).





4. Discussion


Plants contain a dynamic group of photoreceptors called phytochromes (red and far red light) and cryptochromes (blue light), which help them in responding to varying photo-environmental conditions [30].The cause for enhancement in the accumulation of biomass can be credited to the considerable rise in the level of Pfr, which might have increased the growth-related enzymes in the shoot cultures [31]. In previous studies it was reported by Yu et al. 2016 [32] that red LED enhanced the photosynthetic and photochemical efficiency in Camptotheca acuminata seedlings. Our results show that different light sources have varied effects on physiological and growth patterns in cell cultures, and that these responses can vary depending on the species [33,34,35,36]. Therefore, these results demonstrated the remarkable finding that red LED increased the accumulation of biomass in S. chirayita shoot cultures. Such findings are favorable, because the red LED–incubated shoot cultures of S. chirayita can impart a sustainable supply of pharmacologically important biomarkers in an environment-friendly mode.



Amarogentin and mangiferin exhibit a wide range of bioactive properties, such as antidiabetic, anticancerous, antimalarial and antipyretic [9,10]. Previous reports have validated the impact of different light qualities on the production of bioactive compounds under various plant species’ cell culture conditions [36,37,38,39,40,41]. Our time-based investigation demonstrated that the synthesis of amarogentin was totally growth dependent in cell culture conditions. As per our knowledge, this is the first study of the impact of blue LED on the increased accumulation of amarogentin in shoot cultures of S. chirayita. The considerable conversion of the Pr to Pfr could be the cause of this [40]. Similar results were reported by [41,42] on the production of chlorogenic acid, cyanidin and jaceosidin in Populus cell cultures, when incubated under blue light. Kumar et al. 2013 [43] reported that S. chirayita plants elicited with media containing Agrobacterium rhizogenes accumulated a high amount of marker compounds as compared with other elicitors, such as salicylic acid, vanadyl sulphate, methyl jasmonate, Hoagland solution and yeast extract. Our results add to the already existing reports, which claim that the quality of different lights helps in the production of bioactive compounds [44].



The current study shows that the shoot cultures of S. chirayita, incubated under blue LED, could start out as a substitute medium for the sustainable supply of these therapeutically bioactive compounds (amarogentin). Shoot cultures of S. chirayita incubated under blue LED could aid further experimentation on discerning the detailed mechanism for enhanced production of amarogentin. In the present report, we have concluded that blue LED could increase the production of amarogentin in shoot cultures of S. chirayita, which can be scaled up by using biological tools for the enhanced production of amarogentin.



Phenolic compounds are ubiquitously present in plants and are of enormous importance due to their various biological defenses as antiproliferative agents, antioxidants, antimutagens, antiatherogenics and protectors against cardio disorders [45]. The main class of phenolic compounds that contribute to the scavenging of oxygen free radicals are flavonoids [46,47,48]. Phenolic compounds serve a diverse array of biological properties as well as health benefits [49,50,51,52]. Different types of light have been employed in earlier investigations to produce phenolics and flavonoids in tissue cultures [52,53], and numerous reports have examined the impact of polychromatic LED lights on the production of bioactive compounds as species-specific in plants [54].



The current investigation highlights the fact that shoot cultures grown under blue LED increased the production of total phenolics and total flavonoids. Our findings are consistent with those of Kapoor et al. 2018 [17], who noted comparable outcomes in Rhodiola imbricata callus cultures with regard to the generation of phenolics and flavonoids under blue light. Similar findings were observed in Stevia rebaudiana callus cultures incubated under blue light [55,56]. The enhanced accumulation of flavonoids and phenolics in blue LED–incubated shoot cultures of S. chirayita might be considered a protective response of shoot cultures against the oxidative stress caused by blue LED–induced reactive oxygen species [57]. Variation in the amount of phenolics and flavonoids in shoot cultures of S. chirayita contributed to the different light treatments and changes in the genetic expression involved during secondary metabolism machinery [52]. Our findings, along with the previous reports, revealed that different light qualities selectively enhance the production of bioactive compounds [58,59]. The current study suggests that elicitation with blue LED can serve as an alternative way for the enhanced production of phenolics and flavonoid compounds as high bioactive properties. This revealed that blue LED in cell cultures helps in the production of pharmaceutically important compounds. Our findings revealed that blue LED could increase the production of phenolics and flavonoid compounds in the shoot cultures of S. chirayita. Such compounds with high medicinal properties are of utmost priority in the pharmaceutical world.



The DPPH test is an easy method used for assessing the antioxidant capacity of different plant extracts. Its sensitivity allows it to identify active ingredients at low quantities [60,61].The present study revealed that shoot cultures incubated under blue LED displayed a higher accumulation of antioxidants, which may suggest that the higher production of antioxidants in shoot cultures protects against oxidative stress caused by reactive oxygen species [57,62]. As a result, the shoot cultures of S. chirayita produced under blue LEDs may be used as a substitute for currently available antioxidants, which are highly valued in the food and pharmaceutical industries.




5. Conclusions


The extreme endangered status of this herb warranted the development of a production platform for enriched contents of major chemical components. Among various abiotic and biotic elicitors, the application of LED lights is one of the remarkable strategies for enriching the production of secondary metabolites in tissue raised endangered medicinal herbs. The red LED as a source of elicitation provides a promising treatment for enhancement of biomass accumulation, whereas blue LED helps in the enhanced production of amarogentin, phenolics, flavonoids and antioxidants in shoot cultures of S. chirayita, in comparison with traditionally used fluorescent lamps. These important secondary metabolites play a major role as therapeutics in the pharmaceutical industry. In addition, the extracts of shoot cultures may be tested for other biological activities, such asanticancerous, antibacterial and antidiabetic, and this study could be utilized for up-scaling the bioactive compounds production on a commercial scale as well.
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Figure 1. Time period for accumulation of biomass in shoot cultures of S. chirayita incubated under LED lighting. Experiment was conducted three times, and data were recorded as mean ± SD. 
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Figure 2. In vitro shoot cultures of S. chirayita incubated under LED lighting: (a) Red LED: Green and well developed shoots, (b) Blue LED: Green and compact shoots, (c) WFL: Green and compact shoots,(d) RGB: Less green and less compact shoots,(e) Green LED: Green and less compact shoots, small in size. 
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Figure 3. Impact of LED lighting on GI of shoot cultures in S. chirayita after 30 days of culture. Experiment was conducted three times, and data were recorded as mean ± SD, with a representing the highest, b representing the mild, c and d representing the least. 
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Figure 4. Time period for amarogentin production in shoot cultures of S. chirayita incubated under LED lighting. Experiment was conducted three times, and data were recorded as mean ± SD. 
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Figure 5. Impact of LED lighting on total phenolic content in shoot cultures of S. chirayita after 30 days. Experiment was conducted three times, and data were recorded as mean ± SD, with a representing the highest; b representing the mild; c, d and e representing the least. 
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Figure 6. Impact of LED lighting on total flavonoid content in shoot cultures of S. chirayita after 30 days. Experiment was conducted three times, and data were recorded as mean ± SD, with a representing the highest, b representing the mild, c and d representing the least. 
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Figure 7. Acclimatization of plants incubated under LED lighting. 
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Table 1. Growth characteristics reported under LED lighting in S. chirayita.






Table 1. Growth characteristics reported under LED lighting in S. chirayita.





	LED Lamp
	Shoot Length (cm)
	Root Length (cm)
	No. of Shoots/Explants
	No. of Roots/

Shoot





	Red LED
	6.13 ± 0.91 a
	3.09 ± 1.33 a
	5.51 ± 0.82 a
	1.94 ± 1.18 a



	Blue LED
	4.14 ± 0.61 b
	2.71 ± 1.34 ba
	4.91 ± 0.90 a
	1.70 ± 0.83 a



	RGB LED
	3.70 ± 0.35 cb
	1.18 ± 0.65 ba
	2.61 ± 0.25 b
	1.42 ± 0.72 a



	Green LED

WFL (Control)
	2.61 ± 0.37 cb

3.96 ± 0.33 cb
	0.00 ± 0.00 b

2.11 ± 1.12 ba
	2.19 ± 0.37 b

3.91 ± 0.93 a
	0.00 ± 0.00 a

1.59 ± 0.54 a







Experiment was conducted three times and data were recorded as mean ± SD within a column followed by the same letters are not significantly different at p < 0.05 according to Duncan multiple range test, with a representing the highest, b representing the mild and c representing the least.
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Table 2. Impact of LED lighting on antioxidant activity in shoot cultures of S. chirayita.
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Antioxidant Activity






	
Light Quality

	
%RSA




	
Blue

	
50.40 ± 0.15 a




	
Red

	
43.08 ± 0.06 b




	
WFL

	
39.02 ± 0.11 c




	
RGB

	
35.77 ± 0.05 c




	
Green

	
28.45 ± 0.19 d




	
Standard




	
BHT

	
67.47 ± 0.05 e








Experiment was conducted three times, and data were recorded as mean ± SD within a column followed by the same letters are not significantly different at p< 0.05 according to the Duncan multiple range test, with a representing the highest, b representing the mild, c, d and e representing the least.
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