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Abstract

:

Salvia dominica L. is an important wild medicinal plant that grows in Jordan and neighboring countries, and this plant has been suffering from many threats in its wild environment. Therefore, this research aims to establish a comprehensive and sustainable approach via an in vitro propagation and conservation system for the S. dominica L. plant. Axillary buds were used to initiate the in vitro culture on Murashige and Skoog MS media supplemented with 0.5 mg L−1 of GA3. In vitro shoot proliferation and rooting were experimented on with different concentrations of cytokinins and auxins, respectively. Calli were induced in the dark on excised leaf discs (0.5 cm in diameter), and multiplication was experimented on with different growth regulators. Cryopreservation experiments were applied on the callused segments under different growth conditions via the vitrification technique. A full protocol was achieved for shoot proliferation with 6.3 shoots/explant using 1.2 mg L−1 of thidiazuron (TDZ), while rooting was achieved at 1.5 mg L−1 of NAA with 6.6 functional roots/explant. Acclimatization was completely successful for the rooted plants. The highest callus production with 5.81 g/calli was achieved using 1.5 mg L−1 of benzylaminopurine (BAP). Cryopreservation of the S. dominica calli was successfully achieved when a pure plant vitrification solution (PVS2) was used to dehydrate the calli for 20 min after immersion in the loading solution for 20 min with a 76.6% regrowth percentage. The loading and the plant vitrification solution type and duration were the most critical points in the regrowth of the cryopreserved calli. In conclusion, a successful protocol was set up for the in vitro propagation and conservation of S. dominica calli. This study has prompted us to perform further studies on sustainable in vitro production and conservation of critically endangered medicinal plants to implement a green environment protecting against surrounding threats.
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1. Introduction


Plant biodiversity is the main source of human civilization and the primary source of food and shelter which will sustain the livelihoods of humans and animals [1]. Plant biodiversity conservation can ensure sustainable development in terms of socioeconomic development [2,3]. Wild plants such as those in the Salvia species are an essential source of plant biodiversity. Wild plants are considered the most important plant genetic resources as they are the wild relatives of food plants [1,4]. Further, any reduction in plant biodiversity can affect other life forms in the ecosystem, and this will include all organisms taking into consideration that plants are the primary producers on Earth [1].



Salvia (sage) is the largest genus of the family Lamiaceae with about 900 species spread worldwide [5,6] and contains a number of medicinal species [7]. Jordan has been reported to contain about twenty-seven species of Salvia, either wild or domesticated [8,9]. Salvia dominica L. is a wild medicinal plant that is distributed in Jordan and is commonly named Dominica sage or also Khweekha in Arabic. S. dominica L. has been recorded in different wild parts of Jordan, and it has been used in folk medicine throughout history [8,10]. S. dominica L. is a woody subshrub that is distributed mainly in Mediterranean regions [8].



S. dominica L. has been screened for its medicinal components and medicinal activities in Jordan and other countries [10,11,12,13]. Most of these research works reported the presence of different medicinal components. The major components that were detected in the aerial parts of S. dominica L., which grows wild in Jordan, were linalool and alpha terpineol [10]. S. dominica L. is considered an important wild genetic resource and a wild relative to the Salvia species [4].



Wild plants, including S. dominica, are facing many threats to biodiversity in their natural habitats [8,14]. Previous research works depended on wild sources of the S. dominica plant from illegal collection, which threatens the wild plant source. In addition to that, people collect S. dominica from the wild for medical uses without any restrictions and in an uncontrolled way. Many other reasons have also led to the degradation of S. dominica and other wild plants [8,9,14]. These include urbanization, the climate change crisis, deforestation, pollution, environmental disasters that cause destruction in plant and animal habitats, and the destruction of the soil composition, which is considered the plant’s main living environment [8,9,14]. Therefore, most of the wild plants have become red-listed, and some plant species are now endangered or totally extinct in their natural environments, such as Salvia fruticose Mill in Jordan, which is now considered regionally extinct [8]. Therefore, it is imperative to conserve this promising medicinal plant by applying tissue culture techniques of in vitro propagation and cryopreservation techniques.



Plant tissue culture is an important technique that can serve as a tool in order to enhance propagation over a short period [15,16,17]. Plant tissue culture has been documented as a sustainable way to exploit the most important plant species in propagation and ex situ conservation [14,15,16,17]. This is because it assists the conservation of plant biodiversity [14]. The measure of plant biodiversity conservation is an important tool that can help to achieve sustainability goals [18]. This measurement can be applied by the continuous evaluation of the plant species in their natural habitat [1,2,14]. In Jordan, a plant red list has been issued in two volumes to classify plant species according to their presence (extinct, endangered, threatened, near threatened, etc.) [8,9]. However, we should manage the monitoring of plant biodiversity sustainability in an easier way to preserve the wild plants and not depend only on these measures. This is because sustainability entails renewable statistics, professional personnel, high cost for data collection, and many other obstacles that can face sustainability evaluation [19,20]. Therefore, it is very important to collaborate to retain wildlife to sustain our environment and decrease the pressure on legal and governmental agencies to preserve this important wild environment. Therefore, the application of this research can help in applying sustainability goals and assist national agencies to conserve the wild environment and plant biodiversity.



The effect of the in vitro culture conditions on Salvia species has been studied previously [21,22,23]. Most of the in vitro propagated Salvia species have economic importance due to their medicinal uses [24,25]. The most used techniques of Salvia spp. in tissue culture are in vitro propagation, conservation, and secondary metabolite production. Conservation via the tissue culture technique can involve either long- or mid-term conservation. Cryopreservation is a effective long-term way to conserve most plant species, especially those that are facing threats in their natural habitats [26]. Different cryopreservation methods have been studied previously, such as vitrification, which is an effective freeze-avoidance mechanism of cryopreservation [15]. The vitrification technique relies on exposing plant material to highly concentrated cryoprotectants at non-freezing temperatures, which leads to material dehydration [27]. In this study, S. dominica was conserved using the vitrification technique. According to our knowledge, there are, as of yet, no studies that are related to this plant species in terms of micropropagation and cryopreservation, which makes this research project novel. Thus, the aim of this study was to apply biotechnological approaches to the massive propagation and conservation of this valuable plant using tissue culture techniques.




2. Materials and Methods


2.1. Plant Source and In Vitro Establishment


Axillary buds of the S. dominica L. were obtained from wild plants in Jerash Al Raieh (32°10′03″ N 35°52′24″ E) and were identified by the plant taxonomist Hatem Taifor from the Royal Botanic Garden in Jordan. The surface sterilization process was performed by washing axillary buds from any contaminant and then rinsing them with a few drops of Tween 20 and tap water for ten minutes. After that, plant materials were agitated with HgCl2 solution (0.1%) for 2 min. Then, they were subjected to three washes in sterilized distilled water under fully sterilized conditions. Next, the mother stock establishment was initiated from the sterilized axillary buds of S. dominica using MS Murashige and Skoog media [28] with 0.5 mg L−1 of gibberellic acid (GA3). The cultures were retained under growth room conditions (16 h of light and 8 h in complete darkness with a moderate temperature of 23 ± 2 °C).




2.2. In Vitro S. dominica Proliferation, Rooting, and Acclimatization


The sterilized in vitro shoot segments (1.0 cm) with at least two nodes were transferred into Erlenmeyer flasks with Murashige and Skoog MS media [28]. Three cytokinin types were used in the prepared media, namely 6-furfuryl amino purine (kinetin), thidiazuron (TDZ), and benzylaminopurine (BAP) at varying levels (0.0, 0.4, 0.8, 1.2, and 2.0 mg L−1). The control was at the level 0.0 for each hormone. Five replications (flasks) for each treatment level were used in the proliferation experiment. The replicate had two in vitro shoot segments. Data were collected after four weeks on the number of proliferating shoots, shoot height, and callus presence using diameter measurement. Rooting was experimented with subculturing of 1.0 cm of microshoot (that has apical meristems) on MS media at varying levels (0.0, 0.5, 1.0, 1.5, 2.0 mg L−1) of different auxin types. The used auxins were indole-3-butyric acid (IBA), indole-3-acetic acid (IAA), and α-naphthalene acetic acid (NAA). The control was at the level 0.0 for each hormone. Cultures were transferred and kept in the mentioned growth room conditions. Ten replications were used; the replicate was a test tube with one microshoot. Data were recorded after four weeks for the number of roots, root length, and shoot height. In vitro acclimatization was performed using the plantlets that had well-developed roots, which were obtained from the rooting experiments. The well-developed root plantlets were hardened by transferring them from test tubes and washing them gently under tap water. After that, hardened plantlets were cultured in small pots with a 1:1 mixture of peat moss and perlite medium. Then, pots with the new hardened plantlets were left in growth room conditions, and they were wetted with distilled water twice a week. Plastic bags were used to cover the pots until the plantlets had hardened further. Then, plastic bags were taken off, and the hardened plants were kept for another two weeks in the mentioned growth room conditions. The survival of the hardened plants was taken as a percentage after four weeks. Survival was recorded for healthy, well-developed ex vitro acclimatized plants.




2.3. Induction and Multiplication of S. dominica Callus


About 0.5 cm diameter leaf segments were used to induce calli on MS media that have both 2.0 mg L−1 2,4-dichlorophenoxy acetic acid (2,4-D) and 1.0 mg L−1 of kinetin. The multiplication experiments were performed using MS media supplemented with varying levels (0.0, 0.5, 1.0, 1.5, 2.0 mg L−1) of TDZ, kinetin, or BAP plus 2.0 mg L−1 of 2,4-D by culturing of 0.5 g of friable callus segments in Petri dishes. The control treatment was MS media supplemented with 2.0 mg L−1 2,4-D only. Five replications (Petri dishes) were used for each treatment. Each replicate had four callus segments. Data were recorded after one month for callus weight, color, and texture.




2.4. Cryopreservation of S. dominica Callus


Cryopreservation was performed using the vitrification method for callus segments as calli are a more accessible and more productive genetic plant source in the cryopreservation method. About 0.1 g of friable callus segments were treated by culturing for three days in dark conditions on MS media that had high osmotic conditions by adding 0.3 M sucrose to MS media. Then, the vitrification procedure was applied with five major steps. Pretreated calli were put in cryovials, and each cryovial had 20 calli. The calli then were treated by immersion for 20 min in the loading solution (liquid hormone-free (HF) MS media + 0.4 M sucrose + 2 M glycerol). About five cryovials were used for each treatment, and each cryovial was considered a replicate. Then, they were washed in the unloading solution (liquid hormone-free (HF) MS media with 0.1 M sucrose) three times for 5 min for each. After that, callus segments were immersed in a vitrification solution (PVS2), which is a liquid MS medium with 0.4 M sucrose, and 15% ethylene glycol, 30% glycerol, and 15% DMSO (w/v), which is called pure PVS2 or 100% PVS2.



Four different experiments were performed by changing the PVS2 concentration (30%, 60%, or 100), using different immersion periods in the PVS2 (10, 20, 30, 40, and 60 min) at room temperature, or by changing the vitrification solution PVS type: PVS2, liquid HF-MS media with 30% DMSO and 1.0 M sucrose, liquid HF-MS media supplemented with 15% DMSO and 1.0 M sucrose, and liquid HF-MS media supplemented with 40% glycerol and 40% sucrose (PVS3). The final experiment was performed by changing the plant loading solution type (2 M glycerol + 0.1 M sucrose + hormone-free (HF) media, 0.5 or 0.75 M sucrose and 5% DMSO + HF media, 0.5 or 0.75 M sucrose and 10% DMSO + HF media, or 0.4 M sucrose + 2 M glycerol + HF media), and then the vitrification step was carried out using pure PVS2. The duration time of callus immersion was 20 min. in the PVS solution. After that, cryovials with plant materials were immersed in liquid nitrogen for at least 1 h. Then, the cryovials with the callus segments were removed from liquid nitrogen (LN), and they were thawed for 2 min in the unloading solution, which is described above. After that, half the cryopreserved calli (about 10 calli) from each cryovial were used for a survival 2,3,5-triphenyl tetrazolium chloride (TTC) test, which was described previously by (Rabba’a et al., 2012) [29], and the survival percentage was calculated using the formula (survival percentage = (number of red shoots/total number of shoots) × 100%). Then, the remaining vitrified calli (10 calli/cryovial) were cultured on MS media supplemented with 0.1 M sucrose for two weeks in growth room conditions in dark conditions. After that, callus regrowth was calculated according to the following formula: Regrowth % = [No. of the recovered callus clumps/Total No. of the callus clumps] × 100. Each treatment was replicated 5 times with 10 callus clumps (0.1 g each) per replicate, and the mean and standard errors were calculated for callus segments.




2.5. Statistical Analysis


All the above treatments were set in a completely randomized design (CRD). All treatments were replicated five times except for rooting experiments (ten replicates) and as described above in each section. Data were collected from each treatment, and the analysis of data variance (ANOVA) was performed separately for each treatment. The software SPSS version 18 was used. Tukey’s HSD test at 0.05 probability level was used for the separation of means. All standard errors were calculated for means.





3. Results and Discussion


3.1. Plant Sterilization and In Vitro Establishment


The surface sterilization process with mercury chloride HgCl2 was very effective in the vegetative establishment of S. dominica L. buds. The contamination was less than 5% of the cultures. Using mercury chloride HgCl2 was also effective in many studies for sterilization of the explants in the in vitro cultures. For example, mercury chloride was used successfully for Commiphora gileadensis L. leaf sterilization [30] and also for stem segment sterilization in Cnidoscolus aconitifolius (Mill.) [31]. About 95% of the cultured S. dominica L. axillary buds were developed successfully on MS media supplemented with 0.5 mg L−1 of GA3 after four weeks of establishment. Also, GA3 was effective in seedling development from in vitro axillary buds in other studies [32,33].



In this study, axillary buds were used as explants to initiate in vitro cultures. This is because they exhibited good development under the in vitro conditions, unlike seeds that were suffer from germination problems. The previous literature reported that Salvia species suffer from seed dormancy [34,35]. Furthermore, most of the previous studies documented the use of axillary buds to initiate the in vitro culture [36,37,38].



The axillary buds are an asexual propagation method that gives genetically identical plants to the mother plants rather than seeds [36,38]. According to our objective, we tried to produce a sustainable protocol to conserve this valuable plant and apply this protocol in the future in order to return this valuable plant to its environment after the acclimatization process, with fewer variations in the produced plants. The mother stock plants were established in our study using MS media supplemented with 0.5 mg L−1 GA3. The growth regulator (GA3) was documented in the previous literature to induce growth and to break bud dormancy [34,39].




3.2. In Vitro S. dominica Proliferation, Rooting, and Acclimatization


For the in vitro shoot proliferation, the highest shoot numbers of 6.3 shoots/explant were obtained on MS media supplemented with 1.2 mg L−1 of TDZ as shown in Table 1 and Figure 1a. Also, BAP at 1.2 mg L−1 gave 4.8 shoots/explant. The growth regulator kinetin gave only 2.6 shoots at 0.8 mg L−1 (Table 1). Also, the shoot height increased with the cytokinin (CK) level, and the proliferation of shoots increased. Moreover, the callus growth on the shoot base increased when the CK level increased. We can see from Table 1 that TDZ was the best plant hormone in inducing shoot proliferation in the in vitro S. dominica L. Similarly, TDZ maximized the shoot regeneration in Salvia sclarea L. when it was used at 0.5 mg L−1 in combination with IAA [40]. Also, the highest branching of the shoots was achieved in Aeschynanthus pulcher using 3.0 mg L−1 TDZ [41], while the proliferation index in Salvia tomentosa was obtained in hormone-free media or at the low BA level [42]. Like our study, all cytokinin types except kinetin were effective in shoot regeneration in Salvia bulleyana [43]. From the above study, we can notice that plant species, explant type, and plant growth regulators were very important in the determination of the shoot proliferation in S. dominca and other plant species. In our study, a small and neglected callus was observed on the in vitro shoot base, except for when TDZ was used at high concentrations where the callus diameter on the base of the in vitro shoots reached up to 2.18 cm with 2.0 mg L−1 TDZ. Similarly, TDZ at 2.0 mg L−1 produced a higher callus diameter (8.8 mm) on the base of T. polium in vitro shoots [36].



Rooting was achieved at 1.5 mg L−1 of NAA with 6.6 functional roots/explant and 2.76 cm root length, and the shoot height reached up to 4.99 cm as shown in Table 2 and Figure 1b. Other auxins IAA and IBA also gave a high number of roots of 3.5 at 1.5 mg L−1 and 4 at 1.0 mg L−1, respectively, as shown in Table 2. We noticed that higher levels of auxins affected the number of roots adversely. The acclimatization was completely successful for the rooted plants as shown in Figure 1c. This indicates that the rooted in vitro microshoots were hardened in a proper way. In another study, in vitro Teucrium polium shoots were successfully rooted and acclimatized using NAA [36]. Also, the root induction in the woody cuttings of Rosmarinus officinalis L. was achieved using NAA [44]. On the other hand, successful rooting was achieved in Salvia sclarea L. at 0.5 mg L−1 of IAA [40]. In Salvia tomentosa, rooting was recorded at 0.1 mg L−1 IBA, and successful acclimatization was obtained [42]. The auxin type and the used level were the determinants of the root induction in the in vitro cultures. In the present study, NAA gave the most functional roots and can be used successfully for rooting and acclimatization of in vitro S. dominica shoots.




3.3. Induction and Multiplication of S. dominica Callus


Calli of S. dominica were induced successfully using 2,4-D and kinetin at 2.0 and 1.0 mg L−1, respectively. The multiplication of callus was varied according to the hormone used as shown in Table 3, and the 2,4-D at the level of 2.0 mg L−1 was constant in all media used. We can see from Table 3 that BAP at 2.0 mg L−1 gave the best callus fresh weight 5.81 g with friable texture, and the color of callus segments was white to yellow (Figure 2A). Also, kinetin at 2.0 mg L−1 gave 3.61 g of the fresh calli, but the calli were semi friable. In contrast, the high levels of TDZ concentration did not increase the callus fresh weight as kinetin and BAP. Also, the callus segments obtained from TDZ treatment were not friable, and they were in a compact form, then they turned brown in color (Figure 2B). The growth regulator 2,4-D and kinetin were used in the induction of friable calli in Salvia hispanica L [45], Salvia leriifolia [46], and Lantana camara [47]. Furthermore, BA was used in callus induction in Salvia officinalis in combination with NAA [48]. Also, BAP was the best plant growth regulator that increased the friable callus growth in different Salvia species [49,50] and other plant species such as C. gileadensis [30] and Taraxacum officinale [51]. From that, we can conclude that BAP was the best growth regulator to multiply S. dominica calli.




3.4. Cryopreservation of S. dominica Callus


In the cryopreservation experiments, about 95.4% of the survival percentage was recorded for cryopreserved vitrified calli of S. dominica after treatment with pure PVS2 solution for 20 min. Their regrowth percentage was 76.6% as we can see in Figure 3a. Furthermore, about 72.4% of the calli were regrown after treatment in PVS2 for 20 min, as shown in Figure 3b. Meanwhile, a high decrease in the regrowth percentage occurred when the exposure time to PVS2 was extended to 60 min (Figure 3b). The highest recovery percentages (71.8%) were recorded after cryopreservation in the plant vitrification solution PVS2; see Table 4. No recovery rate was obtained in the plant vitrification solution (30% DMSO + 1.0 M sucrose) treatment as shown below in Table 4. Loading solution-type treatments were critical to cryopreserved S. dominica calli, as shown in Table 4. The treatments 1 M sucrose, 10% DMSO + 0.5 M sucrose, and 10% DMSO + 0.75 M sucrose did not exhibit any recovery after being immersed in the liquid nitrogen, while the loading solution treatment (2 M glycerol + 0.4 M sucrose + HF-MS) gave the highest recovery percentage (71.8%) as shown in Table 4. Previous studies also indicated that plant vitrification solutions are used in the cryoprotection process, and most previous studies also indicated that PVS2 was the best vitrification solution [15,51,52]. This is because it has a cryoprotection material that is not lethal to most plant tissues, and the most used and successful PVS2 concentration was 100% in different studies [15,52,53,54]. Furthermore, the duration of incubation in PVS2 was documented in many studies as 30–50 min, and this was critical in many species [55]. The loading solution is also a critical point in the cryoprotection for many plant species and can be used for preparing the plant material for high osmotic stress before immersion in plant vitrification solution [56,57]. In this study, the best exposure time to PVS2 for the vitrified plant material was 20 min, and pure PVS2 was the best concentration used here. Meanwhile, the best vitrification solution used was pure PVS2, and the best loading solution was (0.4 M sucrose + 2 M glycerol + HF media).



In this study, cryopreservation was successful for S. dominica calli. Plant regeneration from the callus was not performed in this study. This may be used in further studies in the future. The callus is considered a valuable genetic plant material of undifferentiated tissue that has all the genetic information [58]. The previous literature documented the use of the callus with cryopreservation methods. Callus cryopreservation was used in some studies without regeneration experiments [59,60]. The ability of the callus regeneration is due to the totipotency potential in the plant cell leading to new plants through direct and indirect embryogenesis [58]. In the plant tissue culture studies, the genetic homogeneity of the in vitro propagated plants in most cases is still constant. The soma-clonal variation in the plant tissue culture is affected by the growth regulators used and the direct and indirect regeneration [61,62]. However, most reports found a low percentage of somaclonal variation occurrence in tissue-cultured plants [63,64]. In this study, no genetic stability was performed. However, some studies have documented the genetic stability after cryopreservation. For example, no genetic variations were detected in the cryopreserved shoots of Thymbra spicata [15], Rubus germplasm [65], or wasabi shoot tips [66] before and after cryopreservation. This study also may open the gate to further research depending on the current data with other details and new approaches.





4. Conclusions


The current study describes a sustainable approach to in vitro propagation and conservation of S. dominica. A successful protocol has been set for the first time for in vitro shoot proliferation, rooting, acclimatization, and conservation via a vitrification procedure in S. dominca. The highest shoot (6.3) and root (6.6) numbers were obtained using 1.2 mg L−1 of TDZ and 1.5 mg L−1 of NAA, respectively. The rooted plants achieved a full acclimatization process. Also, calli were successfully produced with 5.81 g/calli using BAP at 1.5 mg L−1. On the other hand, the highest regrowth 76.6% was achieved after cryopreservation of S. dominica calli using 0.4 M sucrose + 2 M glycerol + HF media as a loading solution for 20 min and 100% PVS2 for 20 min before immersion in the liquid nitrogen. This protocol was easy to handle and produced efficient hardened plants that can be returned to their wild environments as sustainable sources. In addition, a promising conservation method via vitrification was achieved, and the critical points in the S. dominica cryopreservation were determined. So, the used protocol enables us to conserve valuable genetic resources for the long term with high regrowth percentages, which will help in sustainable exploitation of the ex situ conservation of this valuable genetic resource. Furthermore, it will help in conserving plant biodiversity in which the environment serves as a source for human food and shelter. So, the three pillars of sustainability (socioeconomic, environmental, and life) will be achieved.
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Figure 1. In vitro propagation of in vitro grown S. dominica L.: (a) shoot multiplication; (b) rooting; (c) acclimatization. 






Figure 1. In vitro propagation of in vitro grown S. dominica L.: (a) shoot multiplication; (b) rooting; (c) acclimatization.



[image: Sustainability 15 14218 g001]







[image: Sustainability 15 14218 g002] 





Figure 2. Callus multiplication of S. dominica. (A) White, yellow, and friable callus grown on MS media supplemented with 2.0 mg L−1 of 2,4-D and BAP. (B) Brown and compact callus grown on MS media supplemented with 1.0 mg L−1 TDZ and 2.0 mg L−1 of 2,4-D. 
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Figure 3. The survival and regrowth as expressed in percentages for the S. dominica calli after cryopreservation by vitrification as influenced by: (a) PVS2 concentrations (30%, 60%, 100%) and (b) different durations of exposure to PVS2 (10, 20, 30, 40, 60 min). The column represents the mean of data entries for each treatment separately ± standard error (the bar). Different letters express that means are significantly different in accordance with Tukey’s HSD test at p ≤ 0.05. The survival and regrowth are shown separately in (a,b). 
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Table 1. In vitro shoot proliferation of S. dominica L. after being treated with different levels of BAP, kinetin, and TDZ after four weeks of incubation in growth room conditions.
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Cytokinin Type

	
Concentration (mg L−1)

	
Number of

Microshoots/Explant

	
Shoot Height (cm)

	
Callus Diameter

(cm)






	
BAP y

	
0.0 (control)

	
1.20 ± 0.12 d *

	
1.36 ± 0.11 b

	
0.13 ± 0.02 c




	
0.4

	
2.50 ± 0.15 c

	
2.38 ± 0.090 a

	
0.13 ± 0.01 c




	
0.8

	
2.20 ± 0.12 c

	
2.18 ± 0.080 a

	
0.61 ± 0.07 ab




	
1.2

	
4.80 ± 0.12 a

	
2.46 ± 0.14 a

	
0.84 ± 0.10 a




	
2.0

	
3.0 ± 0.16 b

	
1.44 ± 0.07 b

	
0.52 ± 0.01 b




	
Kinetin

	
0.0 (control)

	
1.40 ± 0.19 b

	
1.36 ± 0.09 b

	
0.30 ± 0.07 c




	
0.4

	
1.40 ± 0.19 b

	
2.60 ± 0.22 a

	
0.52 ± 0.11 bc




	
0.8

	
2.60 ± 0.18 a

	
1.94 ± 0.35 ab

	
0.72 ± 0.08 b




	
1.2

	
1.30 ± 0.12 b

	
1.98 ± 0.26 ab

	
0.83 ± 0.02 b




	
2.0

	
1.80 ± 0.25 a

	
2.46 ± 0.25 a

	
1.2 ± 0.10 a




	
TDZ

	
0.0 (control)

	
1.20 ± 0.19 d

	
1.40 ± 0.070 c

	
0.18 ± 0.04 d




	
0.4

	
2.20 ± 0.20 c

	
1.46 ± 0.12 c

	
0.58 ± 0.11 cd




	
0.8

	
2.80 ± 0.12 c

	
2.14 ± 0.20 b

	
0.68 ± 0.10 c




	
1.2

	
6.30 ± 0.30 a

	
2.76 ± 0.19 b

	
1.40 ± 0.05 b




	
2.0

	
4.40 ± 0.18 b

	
3.70 ± 0.11 a

	
2.18 ± 0.18 a








y Each growth regulator for each parameter was analyzed separately in the same column. * Different letters in each column express the data means that are significantly different in accordance with Tukey’s HSD test at p ≤ 0.05. Each data entry is the mean ± standard error.













 





Table 2. In vitro rooting of S. dominica L. after being treated with different levels of NAA, IAA, and IBA after four weeks of incubation in growth room conditions.
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Auxin Type

	
Concentration (mg L−1)

	
Number of Roots

	
Root Length

(cm)

	
Shoot Height

(cm)






	
NAA y

	
0.0 (control)

	
0.00 ± 0.00 d *

	
0.00 ± 0.00 e

	
1.42 ± 0.04 d




	
0.5

	
1.3 ± 0.21 c

	
0.5 ± 0.08 d

	
1.65 ± 0.06 d




	
1.0

	
2.5 ± 0.17 b

	
0.89 ± 0.09 c

	
2.22 ± 0.85 c




	
1.5

	
6.6 ± 0.34 a

	
2.76 ± 0.08 a

	
4.99 ± 0.15 a




	
2.0

	
2.6 ± 0.16 b

	
1.31 ± 0.16 b

	
2.78 ± 0.19 b




	
IAA

	
0.0 (control)

	
0.0 ± 0.0 c

	
0.00 ± 0.0 c

	
1.27 ± 0.04 d




	
0.5

	
0.7 ± 0.26 c

	
0.15 ± 0.06 c

	
1.48 ± 0.04 cd




	
1.0

	
1.8 ± 0.32 b

	
0.44 ± 0.05 b

	
1.78 ± 0.09 c




	
1.5

	
3.5 ± 0.22 a

	
1.04 ± 0.06 a

	
2.52 ± 0.11 a




	
2.0

	
0.4 ± 0.16 c

	
0.20 ± 0.09 bc

	
2.19 ± 0.07 b




	
IBA

	
0.0 (control)

	
0.0 ± 0.00 c

	
0.00 ± 0.0 c

	
1.24 ± 0.03 c




	
0.5

	
2.2 ± 0.20 b

	
0.27 ± 0.05 c

	
1.25 ± 0.02 bc




	
1.0

	
4.0 ± 0.21 a

	
0.42 ± 0.02 b

	
1.44 ± 0.03 b




	
1.5

	
2.8 ± 0.29 b

	
1.07 ± 0.04 a

	
1.87 ± 0.04 a




	
2.0

	
0.5 ± 0.16 c

	
0.24 ± 0.10 b

	
1.22 ± 0.03 a








y Each growth regulator for each parameter was analyzed separately in the same column. * Different letters in each column express the data means that are significantly different in accordance with Tukey’s HSD test at p ≤ 0.05. Each data entry is the mean ± standard error.













 





Table 3. Callus multiplication of S. dominica on MS media supplemented with different growth regulators TDZ, kinetin, or BAP plus 2.0 mg L−1 of 2,4-D after one month of incubation in the dark.
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Cytokinin Type

	
Concentration (mg L−1)

	
Fresh Weight (g)

	
Texture

	
Color






	
y Kinetin

	
z C

	
1.11 ± 0.02 d *

	
Friable

	
White yellow




	
0.5

	
1.24 ± 0.01 d

	
Semi-friable

	
White yellow




	
1.0

	
1.65 ± 0.04 c

	
Semi-friable

	
White yellow




	
1.5

	
2.75 ± 0.06 b

	
Semi-friable

	
White yellow




	
2.0

	
3.61 ± 0.05 a

	
Semi-friable

	
White yellow




	
BAP

	
z C

	
1.14 ± 0.03 e *

	
Friable

	
White yellow




	
0.5

	
1.74 ± 0.08 d

	
Friable

	
White yellow




	
1.0

	
2.51 ± 0.05 c

	
friable

	
White yellow




	
1.5

	
3.73 ± 0.07 b

	
Friable

	
White yellow




	
2.0

	
5.81 ± 0.10 a

	
Friable

	
White yellow




	
TDZ

	
z C

	
1.07 ± 0.01 d

	
Friable

	
White yellow




	
0.5

	
1.46 ± 0.08 c

	
Compact

	
Brown




	
1.0

	
2.79 ± 0.03 a

	
Compact

	
Brown




	
1.5

	
1.79 ± 0.04 b

	
Compact

	
Brown




	
2.0

	
1.74 ± 0.09 b

	
Compact

	
Brown








y Each growth regulator for each parameter was analyzed separately in the same column. * Different letters in each column express the data means that are significantly different in accordance with Tukey’s HSD test at p ≤ 0.05. Each data entry is the mean ± standard error. z C: Control is MS media with 2.0 mg L−1 of 2,4-D.













 





Table 4. The cryopreserved S. dominica callus survival and recovery percentages after treatment with different plant vitrification or loading solution types.
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	Vitrification Solution Type x
	Survival %
	Recovery %



	PVS2 z
	95.4 ± 4.2 a *
	71.8 ± 5.5 a



	HF-MS + 15%DMSO + 1 M sucrose
	36.8 ± 5.6 b
	23.2 ± 3.1 b



	HF-MS + 30%DMSO + 1 M sucrose
	0.0 ± 0.0 d
	0.0 ± 0.0 d



	PVS3
	22.8 ± 2.2 c
	13.8 ± 2.7 c



	Loading Solution Type y
	Survival %
	Recovery %



	1.0 M sucrose + HF-MS + 2 M glycerol
	5.4 ± 5.5 d
	0 