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Abstract

:

A plant tissue culture protocol from stevia was optimized for the production of planting materials and the natural sweetener, rebaudioside A. The highest survivability (88.90% ± 5.55) of explants was achieved at 15 and 30 days after culture initiation (DACI) on Murashige and Skoog (MS) media by sterilization with 30% Clorox (5 min) and 10% Clorox (10 min), respectively. Supplementation of MS with 0.50 mg/L 2,4-Dichlorophenoxyacetic acid (2,4-D) and 0.10 mg/L zeatin produced 50% callus at 15 DACI while 1.50 mg/L 2,4-D and 0.10 mg/L zeatin at 30 DACI increased callus production to 76.67%. The highest shoot proliferation per callus was achieved with 10.00 mg/L 6-benzyl amino purine (BAP) in MS at 15 DACI (5.80) and 30 DACI (12.33). The longest shoots of 4.31 cm and 6.04 cm at 15 and 30 DACI, respectively, were produced using BAP (10.00 mg/L) and 1.00 mg/L naphthalene acetic acid (NAA). MS media (0.50 strength) induced 2.86 and 6.20 roots per shoot and produced 3.25 cm and 7.82 cm long roots at 15 and 30 DACI, respectively. Stevia grown on 0.25 MS accumulated the highest concentration of rebaudioside A (6.53%), which correlated with the expression level of its biosynthetic gene uridine-diphosphate-dependent (UDP)-glycosyltransferase (UGT76G1).
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1. Introduction


Stevia (Stevia rebaudiana Bertoni) is a self-incompatible species of plant belonging to the Asteraceae family. It is a perennial herbaceous plant [1] originating from Paraguay in South America and is currently grown in several regions of the world, including Europe, North America, and Asia [2]. Stevia consists of 200 different species worldwide, but only Stevia rebaudiana has a sweet flavor [3]. Stevia plants are a dominant contributor of diterpenoid steviol glycosides (SGs) for economic use [4] and have been quickly gaining favor in the food and beverage industry as a natural sweetening agent. It is commercially cultivated in China, Paraguay, Korea, Brazil, Thailand, and Southeast Asia [5]. In dry stevia leaves, diterpenoid SGs accumulated up to 30% [6]. SGs are a complex collection of related molecules, with certain SGs species imparting a sweet flavor and others imparting a bitter or metallic flavor [7]. They are not only utilized as sugar substitutes but also employed for medicinal uses demonstrating anti-microbial, anti-inflammatory, and anti-oxidant [8], anti-carcinogenic [9], anti-hypertensive [10], anti-hyperglycemic [11], anti-diarrhoeal, immunomodulatory, anti-tumor and diuretic effects [12], anti-glycemic and anti-fibrotic effects on the heart [13], and anti-diabetic potentials [14,15]. Several pharmaceutical and nutraceutical products are being produced from stevia with a variety of applications [16].



SGs are around 300 times sweeter than sucrose and rebaudioside A has the sweetest flavor, which is 180 to 400 folds sweeter than sucrose [17]. The diterpene precursor steviol is composed mostly of eight ent-kaurene glycosides: stevioside, rebaudioside A-E, dulcoside A, and steviolbioside [18,19]. Stevioside makes up the majority of sweetening constituents(60–70%) with a significant therapeutic potential [20,21,22], and rebaudioside A is of specific importance because of its appealing flavor character, as well as the fact that it is non-cariogenic, non-mutagenic, and anti-diabetic [23]. It makes up 30 to 40% of the overall sweetening ingredients and has no long-lasting, licorise-like bitter taste after consumption [1].



Stevia uses cytoplasmic uridine-diphosphate-dependent (UDP)-glycosyltransferases (UGTs) to form SGs. A variety of SGs is produced by UGTs through methylerythriol-4-phosphate (MEP)-pathway [24,25]. Biochemical characterization showed UGT85C2, UGT74G1, and UGT76G1 as being critical for the manufacturing of SGs [26]. The UGT85C2 catalyzes the accumulation of steviolmonoside from steviol; UGT74G1 is responsible for the formation of stevioside from steviolbioside, and the UGT76G1 is involved in the conversion of stevioside to rebaudioside A at the final step of MEP-pathway [23], which enriches the steviol glycosides’ organoleptic characteristics [25,27].



Seeds and stem cuttings are the most common plant materials for propagating stevia [1]. However, the tiny size and poor viability of stevia seeds have hampered traditional breeding [28]. It is also hard to retrieve enough cuttings (vegetative components) for multiplication owing to the scarcity of high-quality planting materials [29]. In vitro regeneration of plants is really the only tool for rapid and efficient development of stevia needed to leverage the industrial application [1,30]. Furthermore, plant tissue culture techniques offer great potential in improving the abundance and uniformity of stevia plants, as well as the levels of bioactive compounds found in them. For developing disease-free genotypes and enhancing active compounds, advancements in plant tissue culture technologies such as the refinement of growing media for in vitro production of plants and establishment of cell and callus culture are widely utilized. Significantly higher amounts of SGs have been extracted from in vitro regenerated plant cells compared to field-grown stevia [28,31,32,33,34,35,36].



Under sterile, regulated growth conditions, callus and tissuecultures can be used to generate SGs on a long-term basis. The variety of explants used, the category and concentration of plant growth hormones, and the in vitro growth environmental impact the formation of callus culture in stevia [37]. Callus tissues can maintain cell division capacity for longer periods of time, making them ideal as resources for bioactive compound generation, germplasm survival, and genetic manipulation, including gene editing and genetic engineering [38,39,40]. Numerous investigations on the tissue culturing of stevia have been published, with a wide range of media ingredients and culture conditions documented [41,42]. The endogenous as well as exogenous plant growth regulators, particularly plant growth hormones, can regulate plant tissue culture processes [29,43]. Auxins, cytokinins, and auxin-cytokinin interactions are thought to be the most critical for controlling the growth and development of plants during tissue and organ culture [44]. For example, a combination of these two phytohormones is effective in triggering callus production from the different types of plant organs as they play a role in maintaining and regulating plant cell division and elongation in culture [45].



There is growing interest in using tissue-cultured plantlets for stevia cultivation. Currently, there is very limited information about the content of SGs in tissue-cultured materials to enable future exploration of extracting SGs from in vitro propagated plants [46]. Normally, the expression of the genes responsible for secondary metabolite production is enhanced by using different concentrations and combinations of plant growth hormones. However, the present study focuses on the investigation of the stevia explants sterilization procedure for successful plant tissue culture and the effects of different plant growth hormones used in in vitro culture for callus and shoot induction. The effects of different strengths of MS media without any plant growth hormones on rooting, the expression levels of SG biosynthetic genes (UGT76G1, UGT74G1, and UGT85C2), and the accumulation of desirable SGs (stevioside and rebaudioside A) are also investigated. This could be a valuable strategy for enhancing the production of secondary metabolites in stevia through tissue culture.




2. Materials and Methods


2.1. Plant Materials and Sterilization


Leaves were collected from soil-grown 30-day-old seedlings of stevia and used as explants for in vitro regeneration. Sterilization is an essential step in plant tissue culture to avoid microbial infection (bacterial, fungal, etc.). To avoid contamination, all necessary research items like Petri dish, forceps, scissors, scalpel, and conical flasks were sterilized by autoclaving at 121 °C for 20 min at 15 Ibs/sq inch pressure. All experimental work was performed under a laminar airflow cabinet after sterilization with 70% ethanol as a sterilizing agent.




2.2. Media Preparation


To prepare the MS basal semi-solid media, all stock solutions were mixed together along with 30 g/L sucrose, as per the prescription of Murashige and Skoog (1962) [47]. The MS basal media were supplemented with different concentrations of different plant growth hormones utilized for callus induction (Table 1) and shoot regeneration (Table 2). The different strengths of MS media were utilized for root initiation. The pH of each medium was adjusted to between 5.7 to 5.8 by using 1N HCl and 1N NaOH as per needed. To solidify the media, gelrite was added at the rate of 2.5 g/L. After adding gelrite, the media was autoclaved at 121 °C for 20 min and cooled down to room temperature, then poured into previously sterilized 50 mL conical flasks separately and kept at room temperature for further use.




2.3. Surface Sterilization of Explants, Culture Establishment and Maintenance


The explants were washed thoroughly with running tap water for 15 min. After washing, the entire explants were treated with Tween 20 (2 drops in 100 mL of double distilled water) for 5 min by gently shaking. Then all explants were washed three times with double distilled water to remove the residual Tween 20 from the explants properly. The explants were soaked in 70% ethanol for 30 s. The surface sterilization was performed by using different concentrations (0, 5, 10, 15, 20, and 30%) of Clorox (15% NaOCl) for different periods (5, 10, 15, and 20 min) of time under laminar airflow cabinet to maintain aseptic conditions. After surface sterilization, the explants were washed four times with double distilled water to eradicate the Clorox properly. The surface sterilized explants were cut into small pieces using a sterile sharp scalpel and plated aseptically on MS media without any plant growth hormones in conical flasks under a laminar airflow cabinet.



After the placement of explants on MS media, the conical flasks were kept in the culture room under controlled environmental conditions. The culture room prevailed at 25 ± 2 °C temperature, 16 h light and 8 h dark conditions, approximately 3000 lux light intensity, and around 60% humidity. The explants exhibiting responses to the growth media were regularly transferred to the new media every 30 days after culture initiation (DACI).



At 15 and 30 DACI of explants, the percentages of fungal contamination, bacterial contamination, decontamination, and survivability were evaluated. Decontamination of explants denoted the explants as free from any contamination either in living or dead forms, whereas the survivability recognized the explants as free from contaminants (fungal and bacteria) and remaining alive and green in the culture medium.




2.4. Callus Induction and Characterization


For callus induction, the excised parts of leaf blades were cultured as explants. All explants derived from the culture were conducted by surface sterilization with 10% Clorox for 10 min. In this study, the effect of different concentrations and combinations of auxin and cytokinin on callus induction and proliferation was investigated. To achieve this goal, leaf segments were plated on MS media augmented with different concentrations (0.00–2.00 mg/L) of 2.4-D and 0.10 mg/L of zeatin (Table 1).



The frequency of callus induction was determined at 15 DACI and 30 DACI. The frequency was expressed as a percentage and calculated by the following formula (No. of explants with callus/total no. of explants) × 100%. At 15 DACI and 30 DACI, the induced calli were categorized in two ways; compact callus and friable (fish-egg structure) callus. The explants which did not show any response for inducing callus were also evaluated.




2.5. Shoot Initiation


For shoot initiation, the induced calli were transferred to MS media supplemented with the combinations of different concentrations of BAP (0.00 to 10.00 mg/L) and NAA (0.00 to 1.00 mg/L) listed in Table 2. Data were collected at 15 and 30 DACI of callus, the length of shoots, number of shoots per callus, number of leaves per shoot, and the percentage of callus that were able to proliferate shoots were measured and quantified. This experiment was conducted with three replications; each replication had 10 flasks with 5 calli each.




2.6. Root Induction


The proliferated shoots were transferred into different strengths of MS (0.00, 0.25, 0.50, 0.75, and 1.00) media without any plant growth hormones to develop roots. At 15 and 30 DACI of shoot for initiation of roots, the number of roots, the number of roots per shoot, the length of roots, and the percentage of shoots able to initiate roots were measured and quantified. This experiment was replicated three times and each replication consisted of 10 conical flasks, with every flask containing 10 shoots.




2.7. Steviol Glycosides (SGs) Extraction


The leaves of the micropropagated plantlets grown on different strengths of MS (0.00, 0.25, 0.50, 0.75, and 1.00) media without any plant growth hormones were harvested at 30 days age and oven dried for 48 h at 60 °C. The dried leaves were ground by using a sterile pestle and mortar to prepare a fine powder. The powders of the dried leaves were weighed out perfectly as 20 mg. The SGs were extracted from the powder by mixing with 300 µLof deionized water and this was repeated three times. The mixed samples were boiled for 30 min at 100 °C by using a water block heater after each stage of mixing with deionized water. The samples were cooled down to room temperature and centrifuged at 2500× g for 10 min at 10 °C at every stage of mixing the samples with deionized water. The supernatants were transferred to 1 mL Eppendorf tubes and the volumes were adjusted to 1 mL by adding deionized water and kept at −20 °C until HPLC analysis. The extractions were conducted in triplicate.




2.8. HPLC Analysis


The improved approach developed by Bergs et al., (2012) [48] was used to isolate and quantify SGs (stevioside and rebaudioside A) using high-performance liquid chromatography (HPLC). A SYKAM HPLC system equipped with a UV detector was employed to detect stevioside and rebaudioside A. Samples were separated on a C18 column (4.6 mm ID × 250 mm, SP-120-5-5C18-AP) with a pre-column after passing through a syringe filter with a PVDF membrane (pore diameter 0.45 µm). At 30 °C of column temperature, the injection volume was 20 µL. For separation of stevioside and rebaudioside A from the sample, isocratic elution with an 80/20 mobile phase of acetonitrile and deionized water was utilized. Stevioside and rebaudioside A were identified at 210 nm wavelength. The retention duration and UV spectra were used to identify stevioside and rebaudioside A in the samples. Calibration was accomplished by graphing the peak area responses against concentration values ranging from 0.00 to 1.00 mg/mL, with linear dependency for both molecules. Each analysis was conducted three times, with the mean value utilized each time. Working in an isocratic mode, it took less than 10 min to isolate the components of interest without interfering with resolution.



The standard solution of stevioside and rebaudioside A were prepared in deionized water. The standard of stevioside (≥98%, CAS Number: 57817-89-7, (Sigma-Aldrich Chemie GmbH, Eschenstr. 5, 82024 Taufkirchen, Germany)) and rebaudioside A (≥96%, CAS Number: 58543-16-1, Sigma-Aldrich Chemie GmbH, Eschenstr. 5, 82024 Taufkirchen, Germany) were prepared in 0.00, 0.20, 0.40, 0.60, 0.80, and 1.00 mg/mL. All standards were injected in the three replications and the value was reported as the mean. The areas of the peak of each standard against the concentrations of standard time were used to construct a respective standard curve. Through HPLC analysis, the amount of stevioside and rebaudioside A were determined by using respective standards curves constructed based on their different areas of peak against different concentrations (0.00, 0.20, 0.40, 0.60, 0.80, and 1.00 mg/mL). The average retention time for detection of stevioside was 3.62 min, and for rebaudioside A was 3.90 min.




2.9. Extraction of Total RNA


For isolation of total RNA from stevia, 100 mg of fresh leaves were collected from each sample grown on 0.00 MS, 0.25 MS, 0.50 MS, 0.75 MS, and 1.00 MS rooting media. The leaf samples were placedinto two milliliters flat bottom Eppendorf tubes and flash frozen by keeping them in liquid nitrogen for 10 min. Total RNA was isolated using TRI Reagent® ((Sigma-Aldrich Chemie GmbH, Eschenstr. 5, 82024 Taufkirchen, Germany, Catalog Number: 9404) following the manufacturer’s procedures. Concentrations of the isolated RNAs were measured by a Thermo Scientific™ NanoDrop™ 1000 Light Spectrophotometer, and the quality was confirmed by gel electrophoresis on 1.2% (w/v) agarose gel containing 1% florosafe at 50 volts for 60 min in 1× TBE buffer.



The harvested 10 µg of total RNAs were treated with DNase I (1 U) RNase-free enzyme (Thermo SCIENTIFIC) as per the manufacturer’s recommendation to remove the DNA contamination from the isolated RNAs. The purity and concentrations of RNAs were measured by using a Thermo Scientific™ NanoDrop™ 1000 Light Spectrophotometer, and the qualities of the purified RNAs were confirmed by gel electrophoresis on 1.2% (w/v) agarose gel containing 1% florosafe at 50 volts for 60 min in 1× TBE buffer.




2.10. Quantitative Reverse Transcription PCR (RT q-PCR) Analysis for UGT76G1, UGT74G1, and UGT85C2


In order to quantify the expression level of UGT76G1, UGT74G1, and UGT85C2, RT q-PCR analysis was conducted using cDNA synthesized from RNA extracted from the leaves of stevia rooted in 0.00 MS, 0.25 MS, 0.50 MS, 0.75 MS, and 1.00 MS media. The total RNA (1.00 µg per 20 µL) was reverse transcribed with SensiFAST™ cDNA Synthesis Kit (Bioline Ltd., London, UK, Catalog number: BIO-65053) according to the manufacturer’s procedures. Gene-specific primers for the targeted gene: UGT76G1, UGT74G1, and UGT85C2 and reference genes: Actin (AF548026.1), Aquaporin (DQ269455.1), and Calmodulin (AF474074.1) were designed and synthesized as listed in Table 3. A Bio-Rad CFX96 real-time machine (C1000 Touch thermal cycler) was used to perform quantitative reverse transcription PCR with a SensiFast SYBR No-ROX Kit (Bioline Ltd., London, UK, Catalog Number: BIO-98005). The reaction mixture containing the final concentrations of 1× SensiFast SYBR No-ROX, template cDNA (5 ng of total RNA) and 200 nM of each forward and reverse primer was prepared in a final volume of 10 µL. No template control (NTC) was prepared to contain all the reaction mixtures without the template. NTC was set as a negative control wherein the absence of amplification denoted no cross-contamination mixtures.



The RT q-PCR analysis was performed with cycling parameters set up as in Table 4. The expression patterns of each targeted gene were normalized to three reference genes according to the Livak method [49] using the Bio-Rad CFX Manager™ software, version 3.1 (Bio-Rad, USA). The RT q-PCR was performed using samples of three pooled biological replications with three technical replications.




2.11. Statistical Analysis


The Statistical Analysis System (SAS) program (version 9.4) was used to perform statistical analyses. All values were shown as mean ± SE (Standard Error); (n = 3) representingmeans for three biological replications per treatment. Data were subjected to analysis of variance (ANOVA) for mean comparison, and significant differences were evaluated according to the Student’s t-test. The probability level for all statistical analyzes was 0.05.





3. Results


3.1. Surface Sterilization of Explants


The explants of stevia sterilized with different concentrations (0, 5, 10, 15, 20, and 30%) of Clorox for different periods (5, 10, 15, and 20 min) of time showed different frequencies of contamination and decontaminations (free from bacteria and fungi) as well as survivability on growth media. Figure 1 shows the fungal and bacterial contaminations, decontaminations, and survivability of stevia explants. Ethanol could not sterilize the explants of stevia properly at the concentration of 70% for different durations (5, 10, 15, and 20 min). The explants of stevia treated with different concentrations (0, 5, 10, 15, 20, and 30%) of Clorox for different (5, 10, 15, and 20 min) periods of time showed bacterial contamination at different frequencies. The highest bacterial contamination was found at 15 DACI treated with 20% of Clorox with a decontamination frequency of 22.23%, which increased to 38.89% at 30 DACI (Table 5). At 15 and 30 DACI, the explants treated with 5, 10, and 30% of Clorox for 10, 15, and 20 min, 15% of Clorox for 15 and 20 min, 20% of Clorox for 5, 15, and 20 min showed no bacterial contaminations on plated explants of stevia (Table 5).



Fungal contaminations were found on different explants of stevia at 15 and 30 DACI, treated with the same concentrations of Clorox for the same periods of time. The highest (66.68%) fungal contamination was found at 15 DACI by using 0 and 5% of Clorox for 20 and 5 min, respectively, whereas there were no fungal contaminations found on the explants treated with 20% of Clorox for 15 min and 30% of Clorox for 5, 15, and 20 min (Table 6). At 30 DACI, the control treatment (0% of Clorox) showed the highest frequencies of fungal contamination that was 66.67% for all time periods (5, 10, 15, and 20 min) and 5% of Clorox for 5 min of soaking also showed the highest (72.22%) fungal contamination. The 30% of Clorox for 15 and 20 min of sterilization of stevia explants showed no fungal contaminations (Table 6).



Non-contaminated stevia explants were produced by surface sterilization utilizing different concentrations of Clorox at different time periods. The highest (50.01%) decontaminations were found at 15 DACI using 10 and 20% of Clorox for 10 and 15 min, respectively whereas, 10% of Clorox for 5 min, 15% of Clorox for 15 and 20 min, and 30% of Clorox for 5 min showed the lowest (5.56%) frequency of decontaminations (Table 7). The highest frequencies of decontaminations at 30 DACI, were found as 61.11 and 72.23% by using 20% of Clorox for 5 min and 15 min, respectively while surface sterilisation using 30% of Clorox for 5 and 20 min resulted in 66.67% and 55.56% decontaminations. There were significant differences found among the concentrations of Clorox as well as among the time period for sterilization of explants of stevia based on the Student’s t-test at p = 0.05. The explants sterilized with 0, 10, and 30% of Clorox for 10 min and 5% of Clorox for 5 min showed no culture decontamination (Table 7).



The sterilizing agents and duration of exposure for sterilization of explants greatly affect the survivability of explants of stevia. At 15 DACI, the highest survivability was found using 5% of Clorox for 15 min (83.34%), 10% of Clorox for 15 min (77.79%) and 20 min (83.35%), 15% of Clorox for 15 min (77.79%), 20% of Clorox for 20 min (83.34%), and 30% of Clorox for 5 min (88.90%), 10 min (83.35%), 15 min (83.34%) and for 20 min (88.90%). Whereas the control (0%) concentration of Clorox showed the lowest (16.67%) rate of survivability of stevia explants sterilized for 5, 10,15, and 20 min at 15 DACI (Table 8). At 30 DACI, the highest (88.89%) survivability of stevia explants was found using 10% of Clorox for 10 min, whereas the lowest (16.67%) frequencies were found using 0% of Clorox for 5, 10, 15, and 20 min.



The lowest average survivability was also found using 5% of Clorox for 5 min (16.67%), 10% of Clorox for 5 min (22.22%), 20% of Clorox for 10 min (22.22%), 20% of Clorox for 15 min (16.67%), and 30% of Clorox for 5 min (22.22%) (Table 8).




3.2. Callus Induction


The leaf segments of stevia were utilized as explants for the induction of callus on MS media supplemented with different concentrations of 2,4-D and 0.10 mg/L zeatin. The induced calli were characterized as compact and friable calli. Figure 2 illustrates the induced calli from stevia explants.



MS media supplemented with 0.10 mg/L zeatin and different concentrations of 2,4-D (0.10 mg/L, 0.25 mg/L, 0.50 mg/L, 1.00 mg/L, and 1.50 mg/L) induced higher percentage of compact calli of 20, 23.33, 23.33, 20, and 23.33, respectively at 15 DACI. The MS media in which PGRs were not included showed no compact calli induction from the plated explants of stevia. At 15 DACI, the media augmented with 0.10 mg/L zeatin and 2,4-D (0.75 mg/L, and 2.00 mg/L) induced 10% and 3.33% compact callus (Figure 3a). It was observed that there were significant differences found among the hormonal combinations on the induction of calli at 15 DACI. At 30 DACI, significantly the highest (53.33%) induction of compact calli was found from the MS media supplemented with 1.50 mg/L 2, 4-D and 0.10 mg/L zeatin. The MS media in which PGRs were not included showed no compact callus induction from the cultured explants of stevia at 30 DACI. The MS media supplemented with and 0.10 mg/L zeatin and different concentrations of 2,4-D (0.10 mg/L, 0.25 mg/L, 0.50 mg/L, 0.75 mg/L, 1.00 mg/L, and 2.00 mg/L) induced 13.33, 10, 36.67, 33.33, 33.33, and 26.67% of compact calli at 30 DACI, respectively (Figure 3a).



The MS media with different concentrations of 2,4-D and zeatin showed different levels of efficiencies in forming friable callus from cultured leaf segments of stevia at 15 and 30 DACI. The significantly highest (26.67%) percentage of friable calluses wasinduced on the MS media supplemented with 0.50 mg/L 2,4-D and 0.10 mg/L zeatin at 15 DACI, whereas at 30 DACI, the MS media with 0.10 mg/L 2,4-D and zeatin showed 40% induction of friable callus. The lowest frequencies (0.00 and 3.33%) of friable callus induction were found using MS media without any plant growth hormones at 15 DACI and 30 DACI, respectively (Figure 3b). At 15 DACI, the MS media with 0.10 mg/L zeatin and different concentrations of 2,4-D (0.10 mg/L, 0.25 mg/L, 0.75 mg/L, 1.00 mg/L, 1.50 mg/L, and 2.00 mg/L) produced 20, 13.33, 10, 13.33, 20, and 10% of friable callus whereas at 30 DACI, the MS media supplemented with 0.10 mg/L zeatin along with 0.25 mg/L, 0.50 mg/L, 0.75 mg/L, 1.00 mg/L, 1.50 mg/L, and 2.00 mg/L of 2,4-D induced 30, 30, 13.33, 20, 23.33 and 26.67% of friable callus, respectively.



The MS media utilized for the induction of calli showed different efficiencies in inducing calli from the explants of stevia at both 15 and 30 DACI. The highest (50%) percentage of callus formation was achieved from the explants cultured on the MS media augmented with 0.50 mg/L 2,4-D and 0.1 mg/L zeatin at 15 DACI, whereas the MS media having no plant growth hormones did not show any induction of callus. However, the media supplemented with 1.50 mg/L 2,4-D and 0.10 mg/L zeatin showed the highest (76.67%) efficiency in the induction of callus at 30 DACI and the media without any plant growth hormones also showed the lowest (3.33%) efficiency in the induction of callus at 30 DACI. At 15 DACI, the MS media with 0.10 mg/L zeatin and different concentrations of 2,4-D (0.10 mg/L, 0.25 mg/L, 0.75 mg/L, 1.00 mg/L, 1.50 mg/L, and 2.00 mg/L) produced 40, 36.67, 20, 33.33, 43.33, and 13.33% of total callus, respectively, whereas at 30 DACI, the MS media supplemented with 0.10 mg/L zeatin along with 0.10 mg/L, 0.25 mg/L, 0.50 mg/L, 0.75 mg/L, 1.00 mg/L, 1.50 mg/L, and 2.00 mg/L of 2,4-D induced 53.33, 40, 66.67, 46.67, 53.33, and 53.33% of total callus, respectively (Figure 3c).



The explants of stevia utilized to induce callus showed different degrees of callus induction in response to the MS media augmented with different plant growth hormones (2,4-D and zeatin) at different DACI. The highest percentage (86.67 and 63.33%) of explants did not show any response to the MS media having no PGRs for inducing calli at 15 and 30 DACI respectively. The lowest percentage of explants (30%) did not show a response to MS media containing 1.00 mg/L 2,4-D and 0.10 mg/L zeatin at 15 DACI. At 30 DACI, the 0.00% of explants did not show any response to MS media supplemented with 1.50 mg/L 2,4-D and 0.10 mg/L zeatin as well as 2.00 mg/L and 0.10 mg/L zeatin for inducing callus from the cultured explants of stevia. At 15 DACI, 43.33, 40, 46.67, 40, 50, and 46.67% of explants did not show any response to the MS media with 0.10 mg/L zeatin and 0.10 mg/L, 0.25 mg/L, 0.50 mg/L, 0.75 mg/L, 1.50 mg/L, and 2.00 mg/L of2,4-D respectively. The 13.33, 30, 23.33, 3.33 and 3.33% of explants did not show any prominent effect to form callus by the MS media with 0.10 mg/L zeatin and 0.10 mg/L, 0.25 mg/L, 0.50 mg/L, 0.75 mg/L, and 1.00 mg/L of 2,4-D respectively at 30 DACI (Figure 3d).




3.3. Shoot Regeneration


The induced calli of stevia were utilized for the regeneration of shoots on MS media with different concentrations of BAP and NAA listed in Table 2. The MS media augmented with different concentrations of BAP and NAA showed variable efficiencies in the regeneration of shoots of stevia (Figure 4). The highest number of shoot proliferation per callus (5.8) was found from MS media supplemented with 10.0 mg/L BAP without NAA at 15 DACI and also remains the highest (12.33) at 30 DACI. The MS media supplemented without any plant growth hormone did not show any shoot proliferation at both 15 and 30 DACI. Besides the MS media supplemented without any plant growth hormone, the lowest number of shoot proliferation (0.65) and (1.85) were found from the MS media supplemented with 1.00 mg/L BAP without NAA at 15 and 30 DACI, respectively. The MS media with 1.00 mg/L BAP and 1.00 mg/L NAA, 2.50 mg/L BAP, 2.50 mg/L BAP and 1.00 mg/L NAA, 5.00 mg/L BAP, 5.00 mg/L BAP and 1.00 mg/L NAA, and 10.00 BAP and 1.00 mg/L NAA regenerated the average number of 1.51, 0.78, 3.65, 4.62, 1.90, and 0.85 shoots per callus, respectively, at 15 DACI. At 30 DACI, the mean numbers 4.97, 1.86, 4.79, 8.20, 3.57, and 2.59 of shoots regenerated from the induced calli by utilizing MS media augmented with 1.00 mg/L BAP and 1.00 mg/L NAA, 2.50 mg/L BAP, 2.50 mg/L BAP and 1.00 mg/L NAA, 5.00 mg/L BAP, 5.00 mg/L BAP and 1.00 mg/L NAA, and 10.00 mg/L BAP and 1.00 mg/L NAA, respectively (Figure 5a).



The MS media augmented with different concentrations of BAP and NAA showed different levels of efficiency in generating shoots with different lengths. The MS media supplemented with BAP (10.0 mg/L) and NAA (1.00 mg/L) showed the highest efficiency in producing the average longest (4.31 cm) shoot at 15 DACI. The average longest shoot (6.05 cm) was also found from the same modified MS media at 30 DACI. The MS media containing no plant growth hormone did not show any induction of shoot from the cultured callus at both 15 and 30 DACI. At both 15 and 30 DACI, the MS media with only 1.00 mg/L BAP regenerated average lowest 0.73 and 1.19 cm long shoots, respectively. The MS media with 1.00 mg/L BAP and 1.00 mg/L NAA, 2.50 mg/L BAP, 2.50 mg/L BAP and 1.00 mg/L NAA, 5.00 mg/L BAP, 2.50 mg/L BAP and 1.00 mg/L NAA, and 10.00 mg/L BAP regenerated average 2.42, 1.65, 3.83, 2.86, 3.31, and 1.47 cm long shoots, respectively, at 15 DACI. At 30 DACI, the MS media with 1.00 mg/L BAP and 1.00 mg/L NAA, 2.50 mg/L BAP, 2.50 mg/L BAP and 1.00 mg/L NAA, 5.00 mg/L BAP, 2.50 mg/L BAP and 1.00 mg/L NAA, and 10.00 mg/L BAP regenerated average 3.84, 2.94, 5.38, 3.90, 4.78, and 2.04 cm long shoots, respectively (Figure 5b).



The numbers of leaves per shoot were counted from regenerated plantlets of stevia utilizing MS media containing different concentrations of BAP and NAA. The highest average number of leaves (5.63) per shoot was found in regenerated shoots from cultured calli on MS media supplemented with BAP (5.00 mg/L) and NAA (1.00 mg/L) at 15 DACI, but at 30 DACI, the highest average number of leaves (10.70) per shoot were found in regenerated shoots from cultured calli on MS media supplemented with BAP (10.00 mg/L) without NAA. The MS media without any plant growth hormone did not produce any leaves from the cultured calli at 15 and 30 DACI. At both 15 and 30 DACI, the MS media with 10.00 mg/L BAP and 1.00 mg/L NAA produced an average lowest 2.16 and 4.35 number of leaves per shoot, respectively. At 15 DACI, the MS media supplemented with 1.00 mg/L BAP, 1.00 mg/L BAP and 1.00 mg/L NAA, 2.50 mg/L BAP, 2.50 mg/L BAP and 1.00 NAA, 5.00 mg/L BAP, 10.00 mg/L BAP, and 10.00 mg/L BAP and 1.00 mg/L NAA produced average 2.78, 3.59, 2.95, 5.07, 2.37, and 4.28 number of leaves per shoot from induced calli, respectively. The MS media containing 1.00 mg/L BAP, 1.00 mg/L BAP and 1.00 mg/L NAA, 2.50 mg/L BAP, 2.50 mg/L BAP and 1.00 mg/L NAA, 5.00 mg/L BAP, and 5.00 mg/L BAP and 1.00 mg/L NAA produced average 7.14, 8.27, 4.98, 7.26, 5.64, and 7.56 number of leaves per shoot, respectively, from induced calli at 30 DACI (Figure 5c).



The MS media with different concentrations of BAP and NAA exhibited different shoot regeneration frequencies from calli. The media with BAP (10.0 mg/L) without NAA showed the highest average percentage of shoot proliferation (67.33%) at 15 DACI. At 30 DACI of shoot regeneration, the same media showed the highest average percentage of shoot proliferation (90.67%). The MS media without having any plant growth hormones did not show any frequencies of shoot regeneration from the calli. Besides the MS media without any plant growth hormones, 2.50 mg/L BAP containing MS media showed the lowest average percentages (15.33% and 21.33%) of shoot proliferation at 15 and 30 DACI. The MS media with 1.00 mg/L BAP, 1.00 mg/L BAP and 1.00 mg/L NAA, 2.50 mg/L BAP and 1.00 mg/L NAA, 5.00 mg/L BAP, 5.00 mg/L BAP and 1.00 mg/L NAA, and 10.00 mg/L BAP and 1.00 mg/L NAA proliferated average 44.67, 62.67, 52.67, 62.67, 41.33, and 45.33% shoots, respectively, at 15 DACI. At 30 DACI, the MS media supplemented with 1.00 mg/L BAP, 1.00 mg/L BAP and 1.00 mg/L NAA, 2.50 mg/L BAP and 1.00 mg/L NAA, 5.00 mg/L BAP, 5.00 mg/L BAP and 1.00 mg/L NAA, and 10.00 mg/L BAP and 1.00 mg/L NAA proliferated average 66.67 86.67, 76.67, 87.33, 76, and 73.33% shoots, respectively, from induced calli (Figure 5d).




3.4. Root Induction


The regenerated shoots were cultured for induction of the stevia roots. For root induction, different strengths of MS (0.00, 0.25, 0.50, 0.75, and 1.00) media without any plant growth hormone were utilized. Figure 6 illustrates the roots originated from shoots of stevia. The highest average number of roots (2.86) per shoot was recorded from 0.50 MS media at 15 DACI. At 30 DACI, the 0.25 and 0.50 MS media showed the highest number of roots initiation of 6.19 and 6.20, respectively. The 0.00 strengths of MS media exhibited the lowest average numbers of roots with 1.26 and 2.81 inductions at both 15 and 30 DACI, respectively. The 0.25 MS, 0.50 MS, and 0.75 MS induced an average of 2.73, 2.86, and 2.00 roots per shoot, respectively, at 15 DACI, whereas at 30 DACI, an induced average of 6.19, 4.05, 5.40 roots per shoot, respectively (Figure 7a). All values between 15 and 30 DACI were significantly different in inducing roots from shoots of stevia based on the Student’s t-test at the probability level of p = 0.05.



The different strengths of MS (0.00, 0.25 0.50, 0.75, and 1.00) media showed different efficiencies in the production of root on the cultured shoot of stevia, especially on root length. The 0.50 MS media showed a good performance in producing the average highest (3.25 cm) length of root using shoot at 15 DACI. Concerning the shoots ability to produce shoots at 30 DACI, the 0.50 MS media showed the same performance in producing the longest root (7.82 cm). The 0.00 MS media at both 15 and 30 DACI produced the average shortest roots of 1.45 and 3.41 cm, respectively. At 15 DACI, the 0.25 MS, 0.75 MS, and 1.00 MS induced average lengths of 2.36 cm, 2.86 cm, and 2.93 cm roots, respectively, from regenerated shoots of stevia, whereas the same strengths of MS media induced average lengths of 5.29 cm, 6.67 cm, and 6.85 cm roots, respectively, at 30 DACI (Figure 7b).



The different strengths (0.00, 0.25, 0.50, 075, and 1.00) of MS media showed different efficiencies in root regeneration from cultured shoots of stevia. The highest mean percentages (68.00%) of shoots were able to produce roots on 0.50 MS media at 15 DACI. At 30 DACI, the 0.50 MS media showed the highest average percentages (95.33%) of shoots in producing roots, and 95 and 92% of shoots were able to produce roots on 1.00 MS and 0.25 MS media, respectively. At 15 and 30 DACI of shoots for the regeneration of roots, the 0.00 MS media showed the lowest average percentages in producing roots of 45.33 and 74.00%, respectively. At 15 DACI, the 0.25 MS, 0.75 MS, and 1.00 MS were effective in producing roots from 63.67, 57.33, and 64.667% shoots, respectively, whereas at 30 DACI, the frequencies were 92, 85.33, and 95%, respectively (Figure 7c).




3.5. HPLC Analysis for Steviol Glycosides (SGs)


The accumulation of stevioside and rebaudioside A in the leaves of stevia grown on different strengths of MS (0.0, 0.25, 0.50, 0.75, and 1.00) media was investigated in this study.All validated efforts that employed HPLC analysis to identify stevioside and rebaudioside A fulfilled the standardized guidelines. The determination of stevioside and rebaudioside A content in the leaves of stevia grown on different strengths of MS (0.00, 0.25, 0.50, 0.75, and 1.00) media revealed that all of the treatments used for rooting of stevia resulted in different accumulation levels of stevioside and rebaudioside A. The highest (39.76%) accumulation of stevioside was found in the leaves of stevia grown on 0.75 MS media, followed by 39.17 and 38.16% from the leaves grown on 0.25 MS and 0.50 MS media, respectively. The lowest (23.67%) level of stevioside accumulation was found in the leaves of stevia grown on 0.00 MS media and was significantly different from the stevioside accumulation in the leaves of stevia grown on 0.25 MS, 0.50 MS, 0.75 MS, and 1.00 MS media. The leaves of stevia rooted on 1.00 MS media accumulated 30.56% stevioside (Figure 8).



The accumulation of rebaudioside A also varied in the leaves of stevia rooted on different strengths of MS (0.00, 0.25, 0.50, 0.75, and 1.00) media. The highest (6.53%) accumulation of rebaudioside A was found in the leaves of stevia grown on 0.25 MS media, whereas the lowest (5.28%) accumulation of stevia was found in the leaves of stevia grown on 0.00 MS media. There was a significant difference between the synthesis of rebaudioside A in the leaves of stevia grown on 0.25 MS and 0.00 MS media. At the same time, the 0.50 MS, 0.75 MS, and 1.00 MS media accumulated 5.90, 5.85, and 5.44% rebaudioside A, respectively, in stevia leaves, and there was a significant difference among them based on the Student’s t-test at p = 0.05 (Figure 8).




3.6. Quality and Concentrations of RNAs Isolated from Stevia Leaves


The purities of isolated RNAs ranged from 1.89 to 1.96 before DNase I treatment and increased to between 2.02 to 2.04 after the removal of the DNA. The final yield obtained ranged from 138.9 to 178.3 ng/µL (Table 9). The distinct bands corresponding to 28S and 18S RNAs were clearly visible, showing that the RNA was of good integrity without DNA contamination (Figure 9).




3.7. RT q-PCR Analysis for UGT76G1, UGT74G1 and UGT85C2


Based on the results, stevia rooted on 0.25 MS media showed the highest (1.16-folds) level of expression of UGT76G1 followed by the plants rooted on 0.50 MS media exhibiting 1.15-folds, 1.00 MS media (0.80-folds) and 0.75 MS media (0.76-folds). The lowest level of expression of UGT76G1 was found in the stevia grown on 0.00 MS media (0.73-folds) (Figure 10).



The normalized gene expression of UGT74G1 relative to zero showed significant variation among the stevia plantlets rooted on different strengths (0.00, 0.25, 0.50, 0.75, and 1.00) of MS media and showed the highest value of gene expression (1.34-fold) in the stevia grown on 0.50 MS media whereas the lowest (0.87-fold) value for normalized gene expression was found in the stevia grown on 0.00 MS media. The UGT74G1 was moderately expressed in stevia rooted on 0.75 MS, 1.00 MS, and 0.25 MS, where the values were 1.12, 1.10, and 0.97-fold, respectively (Figure 10).



The stevia grown on different strengths of MS media also showed significant variations in the expression levels of UGT85C2. The stevia grown on 0.75 MS media showed the average highest (1.10 folds) level of expression of UGT85C2 relative to zero, while the stevia achieved from 0.00 MS media exhibited the averagelowest (0.79-fold) level of expression. The normalized gene expression value for UGT85C2 was also detected as 1.01, 0.89, and 0.81-fold in the stevia rooted on 0.50, 0.25, and 1.00 MS media, respectively (Figure 10).





4. Discussion


Maintaining an aseptic environment is essential for optimal in vitro plant regeneration and proliferation. Reducing contamination that often involves time-consuming and lengthy procedures is the major difficulty faced when field-grown plants are selected as the source of explants for the production of “clean”in vitro plantlets [50]. In the present study, a 50.01% and 72.23% decontamination of stevia explants was achieved using 20% of Clorox for 15 min at 15 and 30 DACI, respectively. Even when we increased the concentration of Clorox to 30% (4.5% of calcium hypochlorite) for 30 min, we still observed a very high percentage of survivability of explants (88.90%). The highest survivability (43%) that has been reported for stevia explants sterilized using calcium hypochlorite was at 3% for 10 min by Halim et al., (2017) [51], and 76.67% of survivability was achieved utilizing 5% calcium hypochlorite for 10 min by Urbi et al., (2015) [52]. Our results and the other studies suggest that the explants used in in vitro culture can tolerate the increasing concentration of calcium hypochlorite up to 4.5%. However, with a duration above 10 min using this high concentration of calcium hypochlorite, the decontamination improves but reduces the survivability of explants. The improvement in the survivability rate could be due to enhanced protection from the damaging effects of microbial contaminants. Similar to the observations by Hammond et al., (2014) [53], ethanol alone did not overcome contamination of stevia explants, but instead had negative effects on the explants, causing the cultures to deteriorate.



The stevia culture was mainly contaminated with fungal species consistent with the reports by Mng’omba et al., (2012) [54] and Hammond et al., (2014) [53], which showed fungi to be the most visible and well-known contaminants in tissue-cultured plants. The highest concentration (30%) of Clorox for higher exposure time (15 and 20 min) was able to eradicate all fungal contaminations from the explants of stevia and a similar observation was revealed by Sen et al., (2013) [55]. The different concentrations of Clorox also successfully overcame bacterial contaminations on the stevia explants. Surface sterilization of plant explants from various sources using Clorox has been well documented [56,57]. According to Zand et al., (2012) [58], the efficacy of Clorox increased with increased exposure duration. Hypochlorite salts [NaOCl, Ca(OCl)2, LiOCl, and KOCl] dissolving in water produce HClO, whose concentration is adversely linked with bactericidal action, perhaps owing to lethal to DNA [55].



The induction of callus from appropriate explants is the initial stage in indirect regeneration. According to Guruchandran and Sasikumar (2013) [59], the maximum callus induction was found using leaf explants amongthe three explants (leaf, nodal segment, and shoot tip) of stevia studied. Singh et al., (2017) [60] also emphasized the use of stevia leaf for callus induction and in vitro regeneration. The best callogenic response was observed on flower explants of stevia incubated on MS medium supplemented with synthetic auxin and cytokinins (2.00 mg/L 2,4-D and 2.00 mg/L BA) after 30-days of culture [61]. Another study by Abdelmaksood et al., (2017) [62] also showed that a combination of synthetic auxin and cytokinin (1.00 mg/L BAP and 0.50 mg/L NAA) was a better treatment for the high frequency of callus induction in stevia. This may suggest that the combination of different types of synthetic auxin and cytokinin are effective in inducing callus formation of stevia. However, the concentration of the specific type of auxin and cytokinin needs to be optimized for maximum frequency of callus induction. In this study, the leaf explants sterilized with 10% Clorox for 10 min utilized for callus induction revealed higher survivability at 30 DACI. Good-quality friable callus was initially observed when the MS-medium was augmented with 0.50 mg/L 2,4-D and 0.10 mg/L zeatin but with a longer period of culture, a higher frequency of callus formation was found with increasing concentration of 2,4-D. There are limited reports on the use of natural cytokinin in the form of zeatin in combination with auxin for callus induction in stevia. Wada et al., (1981) [63] used much higher concentration of zeatin (10.00 mg/L) for callus induction from stevia in combination with IAA (1.00 mg/L), a natural auxin.



In the present study, we optimized the regeneration of stevia through adventitious organogenesis. The combination of BAP and NAA (1.00 mg/L) demonstrated 86.67% regeneration potential after 30 DACI. Wan et al., (2011) [64] and Huii et al., (2012) [65] obtained similar results from Brassica napus and Salvia splendens, respectively. However, the maximum percentage of calli was induced on MS media supplemented with 10.00 mg/L BAP without NAA at 30 days, achieving 90.67% success. Ahmad et al., (2010) [66] found a similar result demonstrating that BAP alone can enhance the shooting response in stevia. Zuraida et al., (2011) [67] also found that MS medium augmented with 5.00 mg/L BAP having no NAA generated the highest percentage of shoot regeneration (86%). The uses of BAP at very low concentrations is less expensive [68].



In the current investigation, the average highest (5.8 and 12.33) number of shoots per callus was observed at 15 and 30 DACI, respectively, when the 10.00 mg/L BAP alone was added. Thiyagarajan and Venkatachalam (2012) [69] found a total of 123 shoots per stevia explant. The discrepancy in the results is attributable to the manner of regeneration. The current study employed an indirect regeneration approach to create numerous shoots from callus culture, whereas they [69] used direct regeneration from nodal segments [69]. Our findings corroborate with Ahmad et al., (2010 and 2011) [61,66] observation, who reported that the addition of BA induced the maximum number of shoots per explant in stevia. In the present study, it was observed that higher concentrations of BAP in MS media significantly increased the length of shoots. A higher concentration of BAP (10.00 mg/L) in the presence of NAA (1.00 mg/L) showed a maximum shoot length of 4.30 and 6.04 cm at both 15 and 30 DACI, respectively. However, the same concentration of BAP (10.00 mg/L) without NAA produced a significantly shorter shoot length of 1.47 and 2.04 cm, respectively, at both 15 and 30 DACI. The freshly added auxin in the growth media consequently carried to the bases of the lamina, petiole, and hypocotyl, where it promotes cell elongation in the petiole and hypocotyl [70,71,72,73].



Under in vitro conditions, shoot elongation in stevia is a major problem because elongated shoots begin to curl after transferring to the soil environment. Addition of a higher concentration of BAP without NAA in the MS media results in a shorter shoot length which is preferable. Dey et al., (2013) [74] reduced the length of shoots of stevia by the addition of the Indole-3-butyric acid (IBA), an auxin, and chlorcholine chloride [gibberellin (GA) biosynthesis inhibitor] into the MS-medium. The number of leaves regenerated per explant under the impact of various PGRs was also studied in this experiment. At 15 DACI, the MS media supplemented with 5.00 mg/L BAP and 1.00 mg/L NAA produced the significantly highest number (5.63) of leaves, and at 30 DACI, the MS media containing 10.00 mg/L BAP produced 10.70 leaves per shoot. Fakhrul et al., (2014) [75] obtained similar results on the number of leaves regenerated per explants of stevia.



For root initiation, vigorous shoots of appropriate length were transplanted to five (0.00, 0.25, 0.50, 0.75, and 1.00) strengths of MS media without any plant growth hormones. The 0.50 MS media was able to produce roots from 68.00 and 95.33% shoots at 15 and 30 DACI, respectively. The highest (2.86 and 6.20) number of roots per shoot also confirmed 0.50 MS media at both 15 and 30 DACI, respectively. The 0.50 MS media was significantly effective in the regeneration of the highest (3.25 and 7.82 cm) length of roots at 15 and 30 DACI, respectively. In contrast, some authors have added auxin to the MS medium to increase the percentage of rooting of stevia shoots [76]. This study confirmed the findings of Ramírez-Mosqueda and Iglesias-Andreu (2016) [77], who mentioned that low concentrations of MS salts without PGRs contribute to in vitro rooting of stevia. The present investigation employed hormone-free MS media during the rooting stage to lower the cost of plant regeneration. Therefore, the method we have developed for stevia tissue culture is both efficient and cost-effective.



The only method to preserve the genetic homogeneity of a particular cultigen in a self-incompatible, obligatory out-crossing plant like stevia is by vegetative clonal replication, which has sparked a lot of tissue culture research. Given the considerable variation in SGs profiles reported across various stevia germplasm, ensuring genetic homogeneity is especially critical when the aim entails alteration of the SGs content [78,79]. According to Yadav et al., (2011) [2], the most useful extracts from stevia plants are those with higher rebaudioside A. Rebaudioside A is the most highly desirable SGs due to its pleasant taste as well as its organoleptic, physicochemical, and higher water solubility properties. These characteristics are attributable to the presence of more polar groups in rebaudioside A than in stevioside [79]. Rebaudioside A outperforms stevioside in terms of sweetness and flavor quality especially because stevioside is commonly associated with a bitter aftertaste [80]. The present study evaluates the potential of producing stevia with greater quantities of rebaudioside A in tissue culture as the source of a natural sweetener.



Our data show that the highest rebaudioside A content in the leaves of tissue-cultured plantlets was 6.53% (w/w) which is greater than the highest (3.80%) in the leaves of field-grown plants reported by Goyal et al., (2010) [81]. Richman et al., (2005) [26] showed that among the 12 UGT genes found in Stevia rebaudiana Bertoni, three of them, UGT85C2, UGT74G1, and UGT76G1 encode enzymes that play specialized roles in the production of rebaudioside A. We employed RT q-PCR for quantitative analysis of the expression levels of these three genes in five different nutrient levels of MS (0 to 1.00 MS) growth medium for comparison. The present investigation found that the stevia grown on 0.75 MS expressed the highest level of UGT85C2 (1.09-fold), and the expression level directly correlated with the stevioside content of stevia. The UGT74G1 was highly expressed (1.34-folds) on 0.50 MS, which also correlated with the stevioside content of stevia; finally the expression level of UGT76G1 was revealed as 1.16-folds in stevia grown on 0.25 MS and the expression level directly correlated with the rebaudioside A content of stevia leaves. Our findings areconsistent with the findings of Behroozi et al., (2017) [41] and Zhang et al., (2019) [6], which revealed the level of the biosynthetic pathway’s final product, rebaudioside A, increased as the transcript levels of the UGT76G1 increased. Previous research indicated that UGT85C2, and UGT76G1 transcriptional level is directly correlated with SGs content [24,82,83]. UGT85C2 acted as a rate-limiting enzyme aiding in providing more intermediate precursor, stevioside, for UGT76G1 to produce rebaudioside A at the final step of the biosynthesis of SGs [25]. To the best of our knowledge, this is the first report which analyzes the expression of all three key genes (UGT85C2, UGT74G1, and UGT76G1) involved in stevioside and rebaudioside A biosynthesis in stevia and associating with the specific metabolites (stevioside and rebaudioside A) being produced in plantlets derived from tissue culture.



Previously, Kahrizi and co-workers [46] investigated the expression of UGT74G1 and UGT76G1, and SGs accumulation in the leaves of stevia plantlets produced through direct in vitro propagation on different strengths of MS media. Their study revealed that lower strength of MS media was responsible for the reduced accumulation of SGs (stevioside and rebaudioside A), which is correlated with lower expression of UGT74G1 and UGT76G1. In contrast to their findings, our study observed a higher accumulation of stevioside along with higher expression of UGT74G1 at lower MS strength (0.50 MS), while the accumulation of rebaudioside A increased up to 6.53%, with a corresponding increase in UGT76G1 expression at a much lower strength of MS (0.25 MS). However, both studies consistently showed that enhanced production of stevioside and rebaudioside A in the stevia leaves of tissue-cultured plantlets directly correlated with the increased expression of the biosynthetic genes. Akbari et al., (2018) [84] revealed that different doses of nitrogen in growth media influence the growth and expression of UGT85C2, UGT74G1, and UGT76G1 genes in stevia in in vitro conditions. Therefore, evidence from our study and the other recent studies [46,85] suggests that the expression of SGs biosynthetic genes can be manipulated in in vitro conditions. Thus, the development of the commercial production of the high-value rebaudioside A can be achieved through growth media manipulation in tissue cultures in order to meet the increasing demands for natural sweeteners.




5. Conclusions


Selection of varieties with high rebaudioside A content for breeding programs of stevia has been a major focus in stevia cultivation and production. This study optimized the sterilization procedure for explants essential for successful plant tissue culture and hormonal combinations for callus, shoots as well as roots induction to increase the production of quality planting materials of stevia. It was shown that variation in the strength of the MS medium which is routinely used in plant tissue culture, has an effect on the accumulation of SGs (stevioside and rebaudioside A). The media strength affects the expression level of UGT76G1 responsible for the conversion of stevioside to the final product rebaudioside A and UGT85C2 encoding a rate-limiting enzyme for providing the precursor (steviol) for the synthesis of SGs in stevia. An increase in the expression of these UGTs resulted in a significant rise in their respective glycosides. The results obtained using in vitro regenerated plants confirmed that the expression of UGT76G1 can be a universal biomarker for monitoring the biosynthesis of rebaudioside A, the most desirable SGs in efforts to improve its production through growth media manipulation.
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Figure 1. Effect of surface sterilization on explants of stevia by different concentrations of Clorox (0, 5, 10, 15, 20, and 30%) for different periods of time (5, 10, 15, and 20 min): (a) explant with fungal contamination; (b) explant with bacterial contamination; (c) non-contaminated explant; and (d) survived explant. 
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Figure 2. Induced calli from the explants of stevia at 30 DACI; (a) induced callus on MS media with 0.10 mg/L 2, 4-D and 0.10 mg/L zeatin; (b) induced callus on MS media with 0.50 mg/L 2, 4-D and 0.10 mg/L zeatin; (c) induced callus on MS media with 1.00 mg/L 2, 4-D and 0.10 mg/L zeatin; and (d) induced callus on MS media with 1.50 mg/L 2, 4-D and 0.10 mg/L zeatin. 
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Figure 3. Frequencies of callus induction during in vitro culture of stevia on MS media supplemented with different concentrations of 2,4-D and zeatin: (a) compact callus; (b) friable callus; (c) total callus; and (d) non-response of stevia explants. Bars denote the mean of three replications per treatment ± SE (standard error). Mean values with the same letters are not significantly different based on the Student’s t-test at p = 0.05. 
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Figure 4. Regenerated shoots of stevia from induced calli on MS media supplemented with different concentrations of BAP and NAA at 30 DACI: (a) regenerated shoots on MS media with 1.00 mg/L BAP and 1.00 mg/L NAA; (b) regenerated shoots on MS media with 5.00 mg/L BAP and 0.00 mg/L NAA; and (c) regenerated shoots on MS media with 10.00 mg/L BAP. 
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Figure 5. Shoot proliferation of stevia on MS media supplemented with different concentrations of BAP and NAA at 15 and 30 days after inoculation (DACI): (a) No. of shoots induced per callus; (b) Length of induced shoots; (c) No. of leaves per shoot; and (d) Percentage of shoot proliferation. Bars denote the mean of three replications per treatment ± SE (standard error). Mean values with the same letters are not significantly different based on the Student’s t-test at p = 0.05. 
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Figure 6. Regenerated roots from stevia shoot on different strengths of MS media at 30 DACI: (a) initiated roots on 0.25 MS media; (b) initiated roots on 0.50 MS media; and (c) initiated roots on 1.00 MS media. 
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Figure 7. Root initiation of stevia from shoot grown on different strengths of MS media at 15 and 30 days after inoculation (DACI): (a) No. of roots initiated per shoot; (b) length of induced roots; and (c) percentage of root production. Bars denote the mean of three replications per treatment ± SE (Standard Error). Mean values with the same letters are not significantly different based on the Student’s t-test at p = 0.05. 
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Figure 8. Stevioside and rebaudioside A content in the leaves of stevia rooted on different strengths (0.00, 0.25, 0.50, 0.75, and 1.00) of MS media. Bars denote the mean of three replications per treatment ± SE (standard error). Mean values with the same letters are not significantly different based on the Student’s t-test at p = 0.05. 
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Figure 9. Purified total RNAs isolated from stevia rooted on different strengths of MS (0.00, 0.25, 0.50, 0.75, and 1.00) media. The total RNAs analyzed by electrophoresis on 1.2% (w/v) agarose gel. 
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Figure 10. Expression levels of UGT76G1, UGT74G1, and UGT85C2 in stevia grown on 0.00, 0.25, 0.50, 0.75 and 1.00 strengths of MS media. The expression was normalized with three reference genes Actin (AF548026.1), Aquaporin (DQ269455.1), and Calmodulin (AF474074.1). Bars denote the mean of three biological replications per treatment ± SE (standard error). Mean values with the same letters are not significantly different based on the Student’s t-test at p = 0.05. 
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Table 1. Plant growth hormones added in MS media used for callus induction in stevia.
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	Treatment
	2,4-D (mg/L)
	Zeatin (mg/L)





	T1
	0.00
	0.00



	T2
	0.10
	0.10



	T3
	0.25
	0.10



	T4
	0.50
	0.10



	T5
	0.75
	0.10



	T6
	1.00
	0.10



	T7
	1.50
	0.10



	T8
	2.00
	0.10
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Table 2. Plant growth hormones added in MS media used for shoot regeneration of stevia through in vitro culture.






Table 2. Plant growth hormones added in MS media used for shoot regeneration of stevia through in vitro culture.





	Treatment
	BAP (mg/L)
	NAA (mg/L)





	S1
	0.00
	0.00



	S2
	1.00
	0.00



	S3
	1.00
	1.00



	S4
	2.50
	0.00



	S5
	2.50
	1.00



	S6
	5.00
	0.00



	S7
	5.00
	1.00



	S8
	10.00
	0.00



	S9
	10.00
	1.00
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Table 3. Details of the designed primers used to detect the expression level of targeted and reference genes in RT q-PCR.
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Name

(Accession No.)

	
Forward (F)/

Reverse (R)

	
Sequence (5′–3′)

	
Amplicon Size (bp)

	
Annealing Temperature (°C)






	
Actin (AF548026.1)

	
F

	
CTGAGAACTGAGGGCTAGGG

	
187

	
70.5




	
R

	
AACCCAGCCTTGACCATTCC




	
Aquaporin (DQ269455.1)

	
F

	
GGAGCCGCCGTAATCTACAA

	
86

	
80




	
R

	
GCAATCGCCGCACCAATAAA




	
Calmodulin (AF474074.1)

	
F

	
ATCCGCTCACCGACGATCA

	
142

	
65




	
R

	
TGCAGTTCAGCTTCTGTTGG




	
UGT76G1

(KM206772.1)

	
F

	
CTGCCAATGCCACCGTTATT

	
94

	
52




	
R

	
TCATAAACCGTCTGACGCAGG




	
UGT74G1

(AY345982.1)

	
F

	
TTCCAGTGCTTCAACGGTGG

	
124

	
61




	
R

	
GTGAAGACCCAACGTGCTTG




	
UGT85C2

(AY345978.1)

	
F

	
CGTTCGATGAGTTGGAGCCT

	
181

	
61




	
R

	
AGCCACTGGAAACACTCTGG
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Table 4. Cycling parameters for RT q-PCR.






Table 4. Cycling parameters for RT q-PCR.





	
Step

	
Temperature

	
Duration

	
Cycle (s)






	
Initial activation

	
95 °C

	
2 min.

	
1




	
Denaturation

	
95 °C

	
05 s

	
40




	
Annealing

	
* 52–80 °C

	
10 s




	
Extention

	
72 °C

	
15 s




	
Melt curve

	
65–95 °C

	
5 s for every increment of 0.5 °C








* the optimized annealing temperature for each targeted and reference gene was set accordingly.
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Table 5. Effect of different concentrations of Clorox used as a surface sterilizing agent for different periods of time on bacterial contamination on stevia explants (%).
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15 Days after Culture Initiation (DACI)

	
30 Days after Culture Initiation (DACI)




	

	

	
Period of Time (Minute)

	
Period of Time (Minute)






	

	

	
5

	
10

	
15

	
20

	
5

	
10

	
15

	
20




	
Concentration of Clorox (%)

	
0

	
11.11 ± 5.56 abc

	
16.67 ± 0.00 ab

	
5.56 ± 5.56 bc

	
5.56 ± 5.56 bc

	
11.11 ± 5.56 bc

	
16.67 ± 0.00 b

	
5.56 ± 5.56 bc

	
11.11 ± 5.56 bc




	
5

	
11.11 ± 5.56 abc

	
0.00 ± 0.00 c

	
0.00 ± 0.00 c

	
0.00 ± 0.00 c

	
11.11 ± 5.56 bc

	
0.00 ± 0.00 c

	
0.00 ± 0.00 c

	
0.00 ± 0.00 c




	
10

	
16.67 ± 9.62 ab

	
0.00 ± 0.00 c

	
0.00 ± 0.00 c

	
0.00 ± 0.00 c

	
16.67 ± 9.62 b

	
0.00 ± 0.00 c

	
0.00 ± 0.00 c

	
0.00 ± 0.00 c




	
15

	
16.67 ± 9.62 ab

	
5.56 ± 5.56 bc

	
0.00 ± 0.00 c

	
0.00 ± 0.00 c

	
16.67 ± 9.62 b

	
5.56 ± 5.56 bc

	
0.00 ± 0.00 c

	
0.00 ± 0.00 c




	
20

	
0.00 ± 0.00 c

	
22.23 ± 5.56 a

	
0.00 ± 0.00 c

	
0.00 ± 0.00 c

	
0.00 ± 0.00 c

	
38.89 ± 5.56 a

	
0.00 ± 0.00 c

	
0.00 ± 0.00 c




	
30

	
5.56 ± 5.56 bc

	
0.00 ± 0.00 c

	
0.00 ± 0.00 c

	
0.00 ± 0.00 c

	
5.56 ± 5.56 bc

	
0.00 ± 0.00 c

	
0.00 ± 0.00 c

	
0.00 ± 0.00 c








Values denote the mean of three replications per treatment ± SE (standard error). Mean values with the same letters are not significantly different based on the Student’s t-test at p = 0.05.
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Table 6. Effect of different concentrations of Clorox used as a surface sterilizing agent for different periods of time on fungal contamination on explants (%) of stevia.
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15 Days after Culture Initiation (DACI)

	
30 Days after Culture Initiation (DACI)




	

	

	
Period of Time (Minute)

	
Period of Time (Minute)






	

	

	
5

	
10

	
15

	
20

	
5

	
10

	
15

	
20




	
Concentration of Clorox (%)

	
0

	
55.56 ± 5.56 ab

	
38.89 ± 5.55 bc

	
55.57 ± 20.03 ab

	
66.68 ± 9.63 a

	
66.67 ± 9.62 a

	
66.67 ± 0.00 a

	
66.67 ± 9.62 a

	
66.67 ± 9.62 a




	
5

	
66.68± 0.00 a

	
16.67 ± 9.62 de

	
5.56 ± 5.56 e

	
27.78 ± 5.56 dc

	
72.22 ± 5.55 a

	
38.89 ± 14.70 b

	
55.56 ± 5.56 de

	
27.78 ± 5.55 bc




	
10

	
38.89 ± 5.55 bc

	
11.11 ± 5.56 de

	
16.67 ± 9.62 de

	
11.11 ± 5.56 de

	
38.89 ± 5.56 b

	
11.11 ± 5.56 cde

	
22.22 ± 5.55 bcd

	
11.11 ± 5.56 cde




	
15

	
16.67 ± 9.62 de

	
5.56 ± 5.56 e

	
11.11 ± 5.56 de

	
38.89 ± 11.11 bc

	
22.22 ± 11.11 bcd

	
5.56 ± 5.56 de

	
22.22 ± 5.55 bcd

	
38.89 ± 11.11 b




	
20

	
5.56 ± 5.56 e

	
27.78 ± 5.56 dc

	
0.00 ± 0.00 e

	
5.56 ± 5.56 e

	
11.11 ± 5.56 cde

	
27.78 ± 5.55 bc

	
11.11 ± 5.56 cde

	
11.11 ± 5.56 cde




	
30

	
0.00 ± 0.00 e

	
5.56 ± 5.56 e

	
0.00 ± 0.00 e

	
0.00 ± 0.00 e

	
5.56 ± 5.56 de

	
16.67 ± 9.62 cde

	
0.00 ± 0.00 e

	
0.00 ± 0.00 e








Values denote the mean of three replications per treatment ± SE (standard error). Mean values with the same letters are not significantly different based on the Student’s t-test at p = 0.05.
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Table 7. Effect of different concentrations of Clorox used as a surface sterilizing agent for different periods of time on decontamination of stevia explants (%).
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15 Days after Inoculation (DACI)

	
30 Days after Inoculation (DACI)




	

	

	
Period of Time (Minute)

	
Period of Time (Minute)






	

	

	
5

	
10

	
15

	
20

	
5

	
10

	
15

	
20




	
Concentration of Clorox (%)

	
0

	
16.67 ± 0.00 cd

	
27.78 ± 5.56 bc

	
22.23 ± 5.56 bcd

	
11.11 ± 5.56 cd

	
5.56 ± 5.56 de

	
0.00 ± 0.00 e

	
11.11 ± 5.56 cde

	
5.56 ± 5.56 de




	
5

	
5.56 ± 5.56 d

	
50.01 ± 16.67 a

	
11.11 ± 11.11 cd

	
22.22 ± 14.70 bcd

	
0.00 ± 0.00 e

	
27.78 ± 5.55 bc

	
22.22 ± 11.11 bcd

	
16.67 ± 9.62 bcde




	
10

	
16.67 ± 9.62 cd

	
38.89 ± 5.55 ab

	
5.56 ± 5.56 d

	
5.56 ± 5.56 d

	
22.22 ± 5.55 bcd

	
0.00 ± 0.00 e

	
16.67 ± 0.00 bcde

	
5.56 ± 5.56 de




	
15

	
16.67 ± 0.00 cd

	
22.23 ± 5.56 bcd

	
11.11 ± 5.56 cd

	
16.67 ± 0.00 cd

	
33.33 ± 9.62 b

	
27.78 ± 5.55 bc

	
11.11 ± 5.56 cde

	
27.78 ± 5.55 bc




	
20

	
27.78 ± 5.56 bc

	
16.67 ± 0.00 cd

	
50.01 ± 9.62 a

	
11.11 ± 5.56 cd

	
61.11 ± 5.56 a

	
11.11 ± 5.56 cde

	
72.23 ± 5.56 a

	
27.78 ± 5.55 bc




	
30

	
5.56 ± 5.56 d

	
11.11 ± 5.56 cd

	
16.67 ± 9.62 cd

	
11.11 ± 5.56 cd

	
66.67 ± 9.62 a

	
0.00 ± 0.00 e

	
16.67 ± 9.62 bcde

	
55.56 ± 5.56 a








Values denote the mean of three replications per treatment ± SE (standard error). Mean values with the same letters are not significantly different based on the Student’s t-test at p = 0.05.
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Table 8. Effect of different concentrations of Clorox used as a surface sterilizing agent for different periods of time on the survivability of stevia explants (%).
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15 Days after Inoculation (DACI)

	
30 Days after Inoculation (DACI)




	

	

	
Period of Time (Minute)

	
Period of Time (Minute)






	

	

	
5

	
10

	
15

	
20

	
5

	
10

	
15

	
20




	
Concentration of Clorox (%)

	
0

	
16.67 ± 0.00 d

	
16.67 ± 0.00 d

	
16.67 ± 9.62 d

	
16.67 ± 9.62 d

	
16.67 ± 0.00 f

	
16.67 ± 0.00 f

	
16.67 ± 9.62 f

	
16.67 ± 9.62 f




	
5

	
16.67 ± 9.62 d

	
33.34 ± 9.62 cd

	
83.34 ± 9.62 a

	
50.01 ± 9.62 bc

	
16.67 ± 9.62 f

	
33.33 ± 9.62 ef

	
72.22 ± 5.55 abc

	
55.56 ± 5.56 cd




	
10

	
27.78 ± 5.56 cd

	
50.01 ± 9.62 bc

	
77.79 ± 11.11 a

	
83.35 ± 0.00 a

	
22.23 ± 5.56 f

	
88.89 ± 5.56 a

	
61.11 ± 5.56 cd

	
83.33 ± 0.00 ab




	
15

	
50.00 ± 0.00 bc

	
66.68 ± 9.63 ab

	
77.79 ± 5.56 a

	
44.45 ± 11.11 bc

	
27.78 ± 5.55 ef

	
61.11 ± 5.56 cd

	
66.67 ± 9.62 bc

	
27.78 ± 5.55 ef




	
20

	
66.68 ± 9.63 ab

	
33.34 ± 9.62 cd

	
50.01 ± 9.62 bc

	
83.34 ± 9.62 a

	
27.78 ± 5.55 ef

	
22.22 ± 5.55 f

	
16.67 ± 0.00 f

	
61.11 ± 5.56 cd




	
30

	
88.90 ± 5.55 a

	
83.35 ± 5.56 a

	
83.34 ± 9.62 a

	
88.90 ± 5.55 a

	
22.22 ± 5.55 f

	
83.33 ± 9.62 ab

	
83.33 ± 9.62 ab

	
44.44 ± 5.56 de








Values denote the mean of three replications per treatment ± SE (standard error). Mean values with the same letters are not significantly different based on the Student’s t-test at p = 0.05.
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Table 9. Yield and purity of RNAs extracted from leaves of stevia.
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RNA

	
Before DNAse I Treatment

	
After DNAse I Treatment




	
Yield (ng/µL)

	
Purity(A260/A280)

	
Yield (ng/µL)

	
Purity(A260/A280)






	
0.00 MS

	
390.8

	
1.90

	
139.5

	
2.03




	
0.25 MS

	
395.3

	
1.91

	
138.9

	
2.02




	
0.50 MS

	
418.4

	
1.94

	
159.0

	
2.03




	
0.75 MS

	
311.5

	
1.89

	
151.3

	
2.03




	
1.00 MS

	
357.5

	
1.96

	
178.3

	
2.04
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