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Abstract

:

Rhododendron decorum is a woody species with high ornamental and medical value. Herein, we introduce a novel in vitro regeneration method for R. decorum. We used flower buds to develop an efficient and rapid plant regeneration protocol. Sterile flower buds of R. decorum of a 2 cm size were used as explants to study the effects of the culture medium and plant growth regulators on the callus induction and adventitious shoot differentiation, proliferation, and rooting. According to the results, the optimal medium combination for callus induction was WPM + 1 mg/L TDZ + 0.2 mg/L NAA, and its induction rate reached 95.08%. The optimal medium combination for adventitious shoot differentiation from the callus was WPM + 0.5 mg/L TDZ + 0.1 mg/L NAA, and its differentiation rate reached 91.32%. The optimal medium combination for adventitious shoot proliferation was WPM + 2 mg/L ZT + 0.5 mg/L NAA, for which the proliferation rate reached 95.32% and the proliferation coefficient reached 9.45. The optimal medium combination for rooting from adventitious shoots was WPM + 0.1 mg/L NAA + 1 mg/L IBA, and its rooting rate reached 86.90%. The survival rates of the rooted regenerated plantlets exceeded 90% after acclimatization and transplantation. This regeneration system has the advantages of being simple and highly efficient, and it causes little damage to the shoots of the mother plants, laying a foundation for the plantlet propagation, genetic transformation, and new-variety breeding of R. decorum.
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1. Introduction


Rhododendron decorum Franch. is a woody ornamental plant species that belongs to the subgenus Hymenanthes of Rhododendron of Ericaceae. It is distributed in southwest China and northeast Myanmar, and it grows under forests at an altitude of 1000–3700 m. Its inflorescence is huge, white, and graceful, with fragrance and late flowering, which make the plant popular. This plant is suited to a cool and humid climate and humus-rich and slightly acidic soil. It requires sunlight, but it is not resistant to strong sunlight [1,2]. In addition to its high ornamental value, R. decorum also has high medicinal value, and its roots, branches, and leaves are all traditional medicinal materials for local people in China [3]. Its corolla is rich in various amino acids, polysaccharides, minor elements, and other substances, and is a good food resource for locals [4,5,6,7]. In recent years, given the indiscriminate exploitation of its wild resources, the habitat of R. decorum has been seriously damaged, and its resources are being increasingly endangered [8]. Thus, its propagation and conservation are urgently needed.



The species of the subgenus Hymenanthes are difficult to propagate by cuttings, and particularly R. decorum [9]. The species of this subgenus are mainly propagated by seeds, but the seeds are small, the germination rate is low, the seedling growth cycle is long, and the traits of the seed seedlings are prone to variation [10]. Tissue culture technology can effectively solve these problems. The establishment of a tissue regeneration system not only provides an efficient technique for the propagation of R. decorum, but it also serves as an important prerequisite for genetic transformation and gene function verification studies [11,12,13,14]. Previous studies on R. decorum have mainly focused on genetic polymorphism [15,16], medicinal components [17,18], interspecific hybridization [19,20], and mycorrhizal fungi [21,22]. However, an efficient tissue regeneration system has not been reported.



Therefore, the effects of the flower bud culture medium and plant growth regulators on the callus induction and adventitious shoot differentiation, proliferation, and rooting of R. decorum were studied to provide a basis for its efficient propagation, further research on breeding, and related genetic studies.




2. Materials and Methods


2.1. Plant Materials


The flower buds of R. decorum were collected from a rhododendron nursery in Guizhou Province, China, on 10 December 2021. The flower buds were soaked in tap water for 2 h. The outer sepals were removed and rinsed five times for 1 min with tap water, and the surfaces were dried with tissue paper. Then, the flower buds were sterilized with 75% alcohol (v/v) for 1 min, washed with sterile water five times, sterilized with 5% sodium hypochlorite (v/v) for 10 min and/or 0.1% mercuric chloride (v/v) for 10–30 min to compare the efficiency of the sterilization, and finally rinsed five times for 1 min with sterile distilled water. All the remaining sepals were finally removed. The white 2 cm sized sterile flower buds in the medium for tissue culture and their contamination and survival rates were observed after 2 weeks and were determined using the following equation: contamination rate (%) = number of flower buds contaminated/total number of flower buds × 100%; survival rate (%) = number of flower buds that survived/total number of flower buds × 100%.




2.2. Culture Medium and Conditions


The uniform flower bud explants were cultured vertically on the media. The culture media included Murashige and Skoog (MS) [23], Woody Plant Medium (WPM) [24], and Driver and Kuniyuki Walnut (DKW) [25]. Agar as the gelling agent (7 g/L) and sucrose (30 g/L) were added to each medium, and 15 g/L of sucrose was added to the rooting culture. The pH values of the media were adjusted to 5.8 with 1 N NaOH or 1 N HCl, and the media were autoclaved at 121 °C for 20 min. The callus induction culture was incubated in artificial climate chambers without light at 25 ± 1 °C, and the other cultures were incubated in artificial climate chambers under a 12 h light cycle with a light intensity of 20–30 µmol·m−2·s−1 at 25 ± 1 °C. All chemicals and reagents used in this study were purchased from Solarbio Company, Beijing, China.




2.3. Callus Induction


The flower buds were placed on the basal media MS, WPM, and DKW in the dark for the selection of the suitable basal medium for callus induction. Then, after 2 weeks, the flower buds were placed on a basal WPM containing different combinations of thidiazuron (TDZ) (0.1, 0.5, and 1 mg/L) and naphthaleneacetic acid (NAA) (0.1, 0.2, and 0.5 mg/L) in the dark for the screening of the best suitable combination of plant growth regulators for callus induction. All induction rates were determined after 30 days of the culture of the flower buds with the following equation: callus induction rate (%) = induction of the number of flower buds from the callus/total number of flower buds × 100%.




2.4. Shoot Induction


Calluses were transferred to a WPM containing different plant growth regulator combinations of TDZ (0.1, 0.5, and 1 mg/L) and NAA (0.1, 0.2, and 0.5 mg/L) under light conditions for adventitious shoot induction. All induction rates were determined after 30 days of the culture of the calluses with the following equation: induction rate of adventitious shoots (%) = number of callus-induced adventitious shoots/total number of calluses × 100%.




2.5. Shoot Proliferation


Adventitious shoots up to 1 cm high with two intact leaves were defined as effective shoots. They were transferred to the WPM containing different combinations of zeatin (ZT) (1, 2, and 3 mg/L) and NAA (0.1, 0.2, and 0.5 mg/L) for shoot proliferation. All induction rates were determined after 30 days of culture of the shoots with the following equation: adventitious shoot proliferation rate (%) = number of shoot-induced effective shoots/total number of shoots × 100%; proliferation coefficient = number of proliferating shoots/total number of shoots.




2.6. Cytological Observation


The cytological changes during callus induction, callus proliferation, and the differentiation of complete adventitious shoots were observed on paraffin sections prepared every 20 days of culture. The shoots were initially fixed in FAA solution (formalin, acetic acid, and 70% ethanol in a 1:1:13 ratio) for 24 h, dehydrated in the tertiary butyl alcohol series, and embedded in liquid paraffin [26]. The transverse sections of a 5–10 μm thickness were sliced using a rotary microtome (Erma, Yoshikawa, Japan). The sections were stained with 1% (w/v) safranin and mounted in glycerin. The specimens were microphotographed with a Leica DM 750 LED microscope, as described.




2.7. Rooting and Acclimatization


After the adventitious shoot proliferation culture, adventitious shoots of approximately 2 cm in height were cultured vertically on a WPM for rooting. Effective shoots were transferred to WPM medium combinations of indole-3-butyric acid (IBA) (0.5 and 1 mg/L) and NAA (0.1 and 0.5 mg/L) for rooting. The rooting status was recorded after 30 days. Regenerated plantlets with six fully developed leaves were transferred from an artificial climate and incubated under natural light for 5–7 days. The tissue culture bottles were opened for 2 days for the refinement of the seedlings. Plantlets were transferred to pots containing a sterilized substrate (vermiculite:peat soil = 3:1) at 121 °C for 1 h, and then covered with polyethylene film. Water was sprayed daily to create saturated conditions of relative humidity. The plantlets remained in a growth room at 24 ± 1 °C under a 16 h light cycle at a 35 µmol·m−2·s−1 photosynthetic photon flux density, provided by fluorescent lamps. After 4 weeks of acclimatization, the survival rate of the regenerated plantlets was determined using the following equation: rooting rate (%) = number of rooting shoots/numbers of transplanted shoots × 100%; survival rate (%) = number of surviving regenerated plants/total number of transplanted regenerated plants × 100%.




2.8. Statistical Analysis of Data


In the regeneration experiments, one flower bud was cultured on the medium of each bottle, and 20 flower buds were cultured for each experiment with three replicates. The results are presented as means ± standard errors (SEs). The mean and SE values were assessed using Microsoft Excel 2019. IBM SPSS Statistics v26 (Armonk, NY, USA) was used for the variance analyses. The significance of the differences among the mean values was assessed using Duncan’s multiple range test at p ≤ 0.05. The results are presented as the mean ± SE of three replicates.





3. Results


3.1. Sterilization of Flower Buds


The results of the different combinations of sterilization methods showed that sodium hypochlorite (5%) or mercury chloride (0.1%) resulted in a high rate of contamination and the low survival rate of the explants, whereas the combination of sodium hypochlorite and mercury chloride resulted in a lower rate of contamination than that of sodium hypochlorite and mercury chloride alone (Table 1). The sterilization combination of 5% sodium hypochlorite for 10 min followed by 0.1% mercury chloride for 30 min yielded the best result.




3.2. Effects of Different Media on Callus Induction


Calluses could be induced and grew well in the flower buds on the WPM, DKW, and MS media without plant growth regulators, but the induction rate varied significantly (Table 2). Two weeks after the flower buds were cultured in the different basal media, the bases of the flower buds began to swell and produce white calluses. No differences in the sizes or colors of the calluses were observed. The induction rates in the WPM and DKW media were significantly higher than the induction rate in the MS medium, and the WPM medium had the highest induction rate at 93.97%.




3.3. Effect of Plant Growth Regulators on Callus Induction


TDZ and NAA were used to induce the R. decorum calluses, and the induction effects are shown in Table 3. After the callus induction in the medium supplemented with plant growth regulators for 2 weeks in the dark, the flower bud bases expanded and produced white and soft calluses. The best callus induction combination was WPM + 1 mg/L TDZ + 0.2 mg/L NAA, and the induction rate was 95.08%. The induction rate increased with the TDZ and NAA concentrations, but the rate decreased when the concentration exceeded the optimal concentration (1 mg/L TDZ and 0.2 mg/L NAA).




3.4. Effects of Different Plant Growth Regulators on Adventitious Shoot Induction


The calluses began to differentiate adventitious shoots by culture on the shoot induction media after 2 weeks (Table 4). The best induction rate was 91.32% on the medium combination WPM + 0.5 mg/L TDZ + 0.1 mg/L NAA. The induction rate initially increased, and it then decreased with the increasing TDZ concentrations. In addition, when the TDZ concentration was low, a high concentration of NAA improved the induction rate of the adventitious shoots, and when the concentration of TDZ was high, a low concentration of NAA was more suitable for the adventitious shoot induction. Although the concentration of the growth regulator exceeded the optimal value, the growth rate of the adventitious shoots decreased with their increasing induction rate, but the adventitious shoot leaves were bright green and healthy. When cultured under a light environment, most of the calluses differentiated into adventitious shoots, and a few calluses did not, which exhibited browning and eventually died (Figure 1).




3.5. Effects of Different Plant Growth Regulators on Adventitious Shoot Proliferation


After 1 week of culture, adventitious shoots began to proliferate. Low and high concentrations of NAA and ZT produced adventitious shoots with low proliferation coefficients and weak growth shoots with abnormal leaves (Figure 2). The combination of 0.5 mg/L NAA and 2 mg/L ZT resulted in the best adventitious shoot proliferation rate of 95.32% and a proliferation coefficient of 9.42 (Table 5). The shoot leaves were fresh green, the shoot stems were strong, and the growth rate was fast. The deformed adventitious shoots produced by proliferation had a slow growth rate and death during the culture process.




3.6. Cytological Observation of Shoot Regeneration


Cytological observation at three stages of the adventitious shoot formation from the calluses showed that white and fluffy calluses formed at the bases of the shoots after 20 days of culture (Figure 3a,d). The cells divided rapidly and were closely arranged. After 40 days of culture, the proliferation of the calluses was completed, and the cells continued to divide and expand (Figure 3b,e). After 60 days of culture, adventitious shoots differentiated from the calluses, which are clearly shown on the paraffin section (Figure 3c,f), suggesting that the shoot regeneration from the calluses was indirect.




3.7. Rooting and Acclimatization


The adventitious shoots were rooted in a medium containing NAA and IBA. The results are shown in Table 6. Adventitious roots were induced after 30 days of culture (Figure 4). The best medium combination for rooting was WPM + 0.1 mg/L NAA + 1 mg/L IBA, with a rooting rate of 86.9%. A high concentration of IBA and low concentration of NAA induced healthy adventitious roots, the rooting speed was fast, and no calluses appeared at the bases of the adventitious shoots (Figure 4a,b). However, a high concentration of NAA induced slow rooting with fewer roots and a large number of calluses at the base. In addition, after 30 days of transplantation, the survival rates of the rooted plantlets were higher than 90%, and the plantlets were in good growth condition (Figure 4c,d).





4. Discussion


There are 8–10 small flower buds in the racemes of R. decorum before blossom. Hence, its buds can be used as explants for developing tissue culture systems. Wang et al. [27] reported that the performance of a tissue culture using the flower buds of Rhododendron hybrids cn.’Dr. Tjebbe’ as explants had a low contamination rate and high induction rate. The use of flower buds as explants neither harms the mother plant nor causes mutation because small flower buds are wrapped in sepals, which are easy to sterilize and do not easily brown [28]. These features may be the reasons that the survival rates of the flower buds subjected to sterilization treatment reached 100% in this study.



In the process of tissue culture, the basal medium is the main source of the nutrients required by the explants, and the appropriate basal medium type is essential for the rapid and healthy growth and development of explants from different plant species [29,30,31]. Different parts of the same genotype can have different growth responses to a certain basal medium [32,33,34]. Therefore, the screening of the basal medium is beneficial to the smooth progress of the tissue culture. For example, in the rapid propagation of Vaccinium ashei Reade, which is a species belonging to Ericaceae, the basal medium DKW is more suitable for the rapid propagation culture of the stem segments than WPM or MS [35]. By contrast, in the present study, WPM was the most suitable basal medium for culturing the flower buds of R. decorum, which is a species that belongs to the same family, followed by DKW and MS. This difference may be caused by the low nitrogen demand of R. decorum. WPM, with a low nitrogen content, met this demand [36,37], whereas the DKW and MS media, with relatively high contents of nitrogen, did not [38].



Plant growth regulators are minor natural compounds that are produced in plant metabolism, and they regulate the growth and development processes of plants [39,40]. In tissue culture, plant growth regulators play a key regulatory role in the formation of calluses and the induction and proliferation of adventitious shoots. This effect is affected by the concentration and type of growth regulator, as well as by the interaction between growth regulators. A reasonable ratio of growth regulators is especially crucial for the induction and proliferation of adventitious shoots; thus, the formulas of the growth regulators in tissue culture systems vary among [41,42]. In the tissue culture process of woody plants, the commonly used plant growth regulators are TDZ, NAA, IBA, and kinetin [43,44]. However, different species have different degrees of sensitivity to plant growth regulators. TDZ is currently considered to be one of the most active cytokinins, with good induction effects on calluses and adventitious shoots, and it is widely used in the regeneration processes of R. calophytum [45], R. delavayi [46], and Rhododendron ‘Fragrantissimum Improved’ [47]. Similarly, in the present study, the plant growth regulator combination 0.2 mg/L NAA + 0.5 mg/L TDZ was the most suitable for the induction of the adventitious shoots of the flower buds of R. decorum, and the adventitious shoots grew rapidly and healthily.



Proliferation culture is an indispensable step in the process of tissue culture, and the proliferation coefficient can reflect the speed and efficiency of the propagation in vitro and is an important index for estimating the total production of plantlets. Previous studies have shown that ZT is the most ideal exogenous hormone to induce differentiation and proliferation during the tissue culture process of Rhododendron [48]. When the ZT concentration was extremely high, the adventitious shoot proliferation rate and proliferation coefficient were also increased, but the adventitious shoots were prone to elongation, thinness, and deformity, and they were hyperhydric [49].



Rooting induction is another important step in the establishment of a rapid propagation system in vitro. IBA and NAA are commonly used for the rooting induction of Rhododendrons species plantlets, which have a high rooting rate and multiple and strong roots, as well as a high survival rate after transplantation. For example, Elmongy et al. [50] found that 2 mg/L of IBA was suitable for the rooting of two azalea cultivars: ‘Mingchao’ and ‘Zihudie’. Almeida found that 1 mg/L of IBA + 2 mg/L of NAA was suitable for the rooting of R. ponticum [51]. In this study, NAA and IBA were found to be suitable for inducing the rooting of R. decorum adventitious shoots. The results showed that high concentrations of NAA resulted in slow rooting and weak roots, whereas high concentrations of IBA were conducive to the induction of root development and root health. A high concentration of IBA was conducive to the induction of root development, and the root system was developed and strong. The root systems of the regenerated plants were thick, and the survival rate of transplantation was high.



Tissue culture involves the induction, proliferation, rooting, and transplanting of plant materials within a sterile and controlled environment. In this study, the flower buds of R. decorum were used for regeneration. The protocol was as follows: (1) the induction of calluses using sterilized flower buds in WPM + 1 mg/L TDZ + 0.2 mg/L NAA in the dark; (2) the induction of adventitious shoots using fluffy calluses in WPM + 0.5 mg/L TDZ + 0.1 mg/L NAA under a 12 h light cycle; (3) the proliferation of adventitious shoots using shoots up to 1 cm in WPM + 2 mg/L ZT + 0.5 mg/L NAA under a 12 h light cycle; (4) the rooting of adventitious shoots using shoots up to 2 cm in WPM + 0.1 mg/L NAA + 1 mg/L IBA under a 12 h light cycle; (5) the transplanting of the rooted plantlets after acclimation under a 16 h light cycle.




5. Conclusions


This study established an in vitro propagation system for R. decorum through indirect organogenesis using its flower buds as explants by screening the influencing factors, such as different sterilization method, basal medium, and plant growth regulator combinations. Tissue culture using flower buds as explants has the advantages of thorough sterilization, efficient and rapid regeneration, and it causes little damage to the mother plants. This regeneration system is simple and highly efficient, and it lays a foundation for the plantlet propagation, genetic transformation, and new-variety breeding of R. decorum.
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Figure 1. Adventitious shoots induced within 30 days: (a) adventitious shoots of callus differentiation; (b) browning callus. Bars = 1.0 cm. 
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Figure 2. Adventitious shoot proliferation of calluses on different medium combinations: (a) adventitious shoots with high proliferation coefficient containing green and normal leaves or (d) hyperhydric; (b) adventitious shoots with low proliferation coefficient containing green normal leaves or (c) yellow-green and abnormal leaves. Scale bars = 1.0 cm. 
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Figure 3. Observation on paraffin section of shoot regeneration of R. decorum: (a) white fluffy callus; (b) proliferation of fluffy calluses; (c) differentiation of adventitious shoots from calluses; (d) arrow shows cells that divided rapidly after 20 days of culture; (e) arrow shows cells that divided and expanded after 40 days of culture; (f) arrow shows adventitious shoots that differentiated from callus after 60 days of culture. Bars = 100 μm. 
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Figure 4. Roots and acclimatization of rooted plantlets: (a) roots in WPM medium after 30 days of culture; (b) rooted plantlets; (c,d) acclimatized plantlets from ex vitro rooting after 30 days. Bars = 1.0 cm. 
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Table 1. Effects of different sterilization methods on explants.
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	Sodium Hypochlorite

(min)
	Mercury Chloride

(min)
	Contamination Rate

(%)
	Survival Rate

(%)





	10
	0
	100.00 ± 0.00 a
	0.00 ± 0.00 g



	0
	10
	65.84 ± 2.84 b
	34.16 ± 1.54 f



	0
	20
	46.12 ± 3.03 c
	53.88 ± 2.08 e



	0
	30
	34.67 ± 4.04 d
	65.33 ± 3.48 d



	10
	10
	16.63 ± 1.42 e
	83.37 ± 2.02 c



	10
	20
	5.72 ± 1.81 f
	94.28 ± 0.69 b



	10
	30
	0.00 ± 0.00 g
	100.00 ± 0.00 a







Different letters in same column are significantly different at p < 0.05 (DMRT).
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Table 2. Effects of basal media on callus induction rate of R. decorum flower buds.
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	Medium
	Induction Rate (%)





	WPM
	93.97 ± 1.51 a



	DKW
	85.72 ± 3.31 b



	MS
	65.25 ± 1.93 c







Different letters in same column are significantly different at p < 0.05 (DMRT).
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Table 3. Effects of TDZ and NAA on callus induction.
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	TDZ (mg/L)
	NAA (mg/L)
	Induction Rate (%)





	0.1
	0.1
	36.67 ± 1.53 f



	0.1
	0.2
	51.02 ± 5.29 e



	0.1
	0.5
	54.66 ± 3.51 e



	0.5
	0.1
	65.73 ± 1.52 d



	0.5
	0.2
	72.33 ± 3.79 c



	0.5
	0.5
	78.67 ± 0.58 c



	1
	0.1
	85.66 ± 2.08 b



	1
	0.2
	95.08 ± 1.02 a



	1
	0.5
	78.45 ± 5.13 c







Different letters in same column are significantly different at p < 0.05 (DMRT).
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Table 4. Effects of TDZ and NAA on adventitious shoot induction.
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	TDZ (mg/L)
	NAA (mg/L)
	Induction Rate (%)





	0.1
	0.1
	46.05 ± 2.45 f



	0.1
	0.2
	61.21 ± 4.35 d



	0.1
	0.5
	74.00 ± 2.36 c



	0.5
	0.1
	91.32 ± 2.36 a



	0.5
	0.2
	84.02 ± 1.56 b



	0.5
	0.5
	73.07 ± 4.36 c



	1
	0.1
	58.33 ± 0.57 d



	1
	0.2
	55.53 ± 0.88 d



	1
	0.5
	51.45 ± 2.03 e







Different letters in same column are significantly different at p < 0.05 (DMRT).
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Table 5. Effects of NAA and ZT on adventitious shoot proliferation.
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	NAA

(mg/L)
	ZT

(mg/L)
	Proliferation Rate (%)
	Proliferation Coefficient
	Growth Status





	0.1
	1
	66.34 ± 3.06 d
	4.67 ± 0.47 f
	Leaves were green and healthy, shoots were small



	0.2
	1
	74.03 ± 3.12 c
	5.57 ± 0.15 e
	Leaves were green and healthy, shoots were small



	0.5
	1
	76.67 ± 3.21 c
	7.47 ± 0.36 c
	Leaves were green and healthy, shoots were stout



	0.1
	2
	81.47 ± 6.51 b
	8.67 ± 0.11 a
	Leaves were green and healthy, shoots were stout



	0.2
	2
	88.76 ± 4.51 a
	8.97 ± 0.44 a
	Leaves were green and healthy, shoots were stout



	0.5
	2
	95.32 ± 2.56 a
	9.42 ± 0.27 b
	Leaves were green and healthy, shoots were stout



	0.1
	3
	89.32 ± 4.14 a
	4.21 ± 0.31 b
	Leaves were yellow-green and small, with a few abnormal leaves



	0.2
	3
	84.34 ± 2.65 b
	2.64 ± 0.09 c
	Leaves were yellow-green and hyperhydric, with many abnormal leaves



	0.5
	3
	74.43 ± 2.52 c
	1.95 ± 0.21 e
	Leaves were yellow-green and hyperhydric, with many abnormal leaves







Different letters in same column are significantly different at p < 0.05 (DMRT).
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Table 6. Effects of NAA and IBA on adventitious shoot rooting.
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	NAA (mg/L)
	IBA (mg/L)
	Rooting Rate (%)





	0.1
	0.5
	59.33 ± 4.09 b



	0.1
	1
	86.90 ± 2.97 a



	0.5
	0.5
	21.53 ± 2.49 d



	0.5
	1
	42.67 ± 2.84 c







Different letters in same column are significantly different at p < 0.05 (DMRT).
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