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Abstract

:

Sages are medicinal and aromatic plants that constitute a large pool from which active compounds of great pharmaceutical potential can be derived, while at the same time, they also have ornamental value. The purpose of this study was to develop the micropropagation protocols of Salvia fruticosa, S. officinalis, S. ringens, S. tomentosa, and S. pomifera ssp. pomifera to facilitate their exploitation in the pharmaceutical and floriculture industries. In vitro cultures of S. ringens and S. pomifera ssp. pomifera was studied for the first time. Shoot tips and single node explants from in vitro seedlings were initially cultured on hormone free (Hf)-MS medium, followed by subcultures on MS medium supplemented with 6-benzyladenine (BA) for all species, as well as with zeatin (ZEA), kinetin (KIN), 6-(γ,γ-dimethylallyamino) purine (2iP), or meta-topolin (mT) for S. fruticosa and S. officinalis, at concentrations 0.0 to 3.2 mg L−1, in combination with 0.01 mg L−1 1-naphthaleneacetic acid (NAA). S. officinalis was the most efficient in shoot multiplication of all the studied species. The highest multiplication indices were found using 0.8 mg L−1 BA for S. fruticosa, 0.4 mg L−1 BA, or mT for S. officinalis, and lower than 0.8 mg L−1 BA for the other three species. Hyperhydricity was a problem at the multiplication stage, and was most pronounced in single node explants, increasing in proportion to cytokinin concentration. Microshoots rooted at high percentages (75–85%) on half-strength MS medium with 0.0 or 0.5 mg L−1 Indole-3-butyric acid (IBA), except for those of S. ringens, which rooted best at 1.0–2.0 mg L−1 IBA. Ex vitro acclimatization was highly successful (80–95%) on peat–perlite substrate (1:1 v/v). Thus, the present study resulted in efficient micropropagation protocols for five Mediterranean sage species native to Greece, which will facilitate breeding programs and the promotion of these species in the floriculture and pharmaceutical industries.
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1. Introduction


The genus Salvia (tribe Mentheae) is the largest in the Lamiaceae family, with 986 accepted species names [1] displaying a remarkable range of variation; it is not a monophyletic genus [2]. It has undergone marked species radiations in three regions of the world, Mediterranean and Central Asia, Eastern Asia, and Central and South America [2]. Salvia is distinguished from other Mentheae by its staminal structure, having two stamens instead of the four found in most members of the tribe Menthae, and a distinct stamen morphology [3]. The name Salvia comes from the Latin salvus (healthy), and a plant called “Salvia” by the Romans, likely the type species for the genus Salvia, S. officinalis, was described for the first time by Pliny the Elder. The common name in English, sage, is attributed to different species of the genus Salvia, which are widely used as ornamental or medicinal plants [4].



Sages are medicinal and aromatic plants from which active compounds of great pharmaceutical potential can be derived. The leaves of sages are rich in essential oils and secondary metabolites such as phenolics and terpenoids, and there is widespread knowledge and use of many native Salvia spp. in various countries for medicinal and perfumery purposes, as well as culinary plants, supported by a huge number of scientific publications [5,6,7,8,9,10,11,12]. In addition, numerous cultivars, varieties, and hybrids of Salvia are widely used worldwide as ornamental plants for their flower interest and fragrant foliage. Further, Salvia spp. are valuable along with other aromatic herbs for healing gardens and therapeutic landscapes, which are gaining ground internationally [13].



The climate crisis has reinforced the need for the ecological and sustainable design of green projects. Therefore, Salvia spp. native to eastern Mediterranean regions are worth promoting for use in these landscape regeneration contexts, due to their resistance to xerothermic conditions, low maintenance needs, and their contribution to the rescue of insect pollinators [14,15,16,17,18]. In addition, the floriculture industry is constantly looking for new plant species to compete in international markets, and the Mediterranean flora is an inexhaustible reservoir.



In Greece are found 30 taxa (species and subspecies) of the genus Salvia [19]. Two of these are widely known commercially as medicinal and ornamental plants, S. officinalis and S. fruticosa (S. triloba), and there are hundreds of research papers on their properties [9,15,16,17,20,21,22,23,24]. However, a number of the other native sages of Greece have also been studied for their medicinal, cosmetic, and floricultural value [16,17,23,25,26,27,28,29,30,31,32,33].



The research project SALVIA-BREED-GR (https://www.salvia-breed-gr.com/el/) was carried out for four years (2019–2022) in order to explore the native sages of Greece, with the aim of promoting to the ornamental plant industry new sage products of high ornamental value suitable for xeriscaping. Four species, S. fruticosa Mill., S. officinalis L., S. ringens Sibth., and Sm., S. tomentosa Mill.; and one subspecies, S. pomifera L. ssp. pomifera, members of macchia vegetation, were selected for this project, and among other parameters, their seed and clonal propagation were studied.



S. fruticosa (Greek sage Figure 1a), is a strongly aromatic perennial evergreen shrub (120 cm tall), bearing lilac or pink flowers (Figure 1b) in early spring. It is endemic to the Mediterranean coastal zone, with a wider distribution from Sicily to Israel. In Greece, it is found in Central Greece, the Peloponnese, and the Aegean islands [34]. It is widely used for the preparation of an herbal tea (faskomilo).



S. officinalis (Dalmatian sage, common sage, sage, (Figure 1c) is a strongly aromatic perennial evergreen shrub (60 cm tall), bearing violet-blue flowers (Figure 1d) in May–July. It is naturally widespread on the Apennines and the eastern Adriatic coast, but naturalized in many places throughout the world [35]. In Greece, it is found in the north and the east, and in the Ionian islands. Since antiquity, it has been used as a medicinal plant, while nowadays is cultivated in many varieties as a medicinal and ornamental plant, being one of the most important Salvia species worldwide.



S. ringens (Figure 1e) is a perennial evergreen plant with a slightly woody base and low vegetation (30 cm). Its leaves have a light aroma. It bears a few violet-blue flowers on branching long (60 cm) stocks (Figure 1f) during late spring through summer. It is found in the southern and eastern parts of the Balkan Peninsula. In Greece, it spreads north, and in the highlands of Macedonia, Epirus, and Central Greece [35].



S. tomentosa (Figure 1g) is a strongly aromatic perennial evergreen plant (80 cm tall), bearing violet flowers with reddish-brown calyces (Figure 1h) in late spring or early summer. Its geographical distribution extends from South-Eastern Europe to Transcaucasia [36]. In Greece, it is found in the central and north-eastern areas, and in Eastern Aegean Islands [19].



S. pomifera ssp. pomifera (Figure 1i) is an endemic shrub of Greece found in Crete and the Peloponnese [34]. It is a strongly aromatic perennial evergreen plant (80 cm tall), bearing pink or violet flowers (Figure 1j) in spring to early summer on slightly curving flower stocks.



All the above sages have been found to be suitable for use as ornamental plants under limited water supply [14,15,16,17], which makes them valuable plants for xeriscaping and landscaping in arid and semi-arid regions. Research on their propagation using stem cuttings has shown that this is a suitable method for their commercial production [37], although its effectiveness may depend on the season or climatic conditions. In contrast, the seed propagation of these sage species was found to be unstable in terms of germination rates, and in most species, especially in S. ringens and S. tomentosa, the germination rate was extremely low [33,38,39], verifying that seed germination is a global problem of the Salvia spp. [40,41]. Concerning the micropropagation of these Mediterranean Salvia spp., there are many works published on the in vitro culture of S. officinalis [42,43,44,45,46,47,48,49,50,51], two on S. fruticosa [42,52], and one on S. tomentosa [53] while there were no reports found on the micropropagation of S. ringens and S. pomifera ssp. pomifera.



The commercial production of many ornamental, medicinal, and aromatic plants is based on the use of tissue culture and micropropagation at some stage of their development; micropropagation technique is important for developing, selecting, multiplying and conserving the critical genotypes of these plants [54,55,56]. In medicinal plants, tissue culture is used to produce active compounds for pharmaceutical and herbal industries. In addition, in vitro culture techniques are applied for the conservation of the genetic material of many threatened medicinal plants [55].



Shoot proliferation in most micropropagation protocols proposed for S. officinalis was low, as in most cases, up to three shoots per explant were produced using shoot tip or nodal explants on MS medium [57] supplemented with rather low concentrations (0.5 to 1.5 mg L−1) of 6-benzyladenine (BA), alone or in combination with a low concentration (0.1 mg L−1) of 1-naphthaleneacetic acid (NAA) [33,45,46,50,58]. Even lower BA concentrations (0.2–0.5 mg L−1) were found to be appropriate for the shoot proliferation of S. fruticosa [52], inducing lower proliferation indices compared to S. officinalis. In S. officinalis, a liquid culture in MS with BA and a low concentration of auxin resulted in similarly low proliferation, as in solid medium [48], while the proliferation was doubled when triacontanol at 20 mg L-I was added into the liquid medium [48]. Similarly increased proliferation was achieved when adventitious shoots were induced from nodal or leaf explants excised from in vitro seedlings on MS medium with 1.5 mg L−1 thidiazuron (TDZ), combined with 0.1 mg L−1 indole-3-acetic acid (IAA) [51].



The nature and origin of explants has been shown to significantly influence the in vitro response [59,60,61,62], as the ability for totipotency differs in plant cells. In the micropropagation of S. officinalis, both shoot tip explants [46,48,49] and nodal explants [43,47,50,58] have been used, and more often, shoot tips showed higher response rates [49], as has also been shown in other medicinal Lamiaceae herbs [63,64]. In S. fruticosa [52] and other Mediterranean sages [65,66], as well as in other medicinal Lamiaceae herbs, nodal explants have been shown to produce more shoots than the shoot tip explants [67,68,69,70,71]. Further, the juvenile or adult origins of the explants may affect their response to micropropagation differently. Explants originating from seedlings often present high shoot proliferation, as has been shown for some native Mediterranean species [72,73]. The use of seedlings as mother plants is recommended when native species are reintroduced to the landscape, because a higher genetic diversity is promoted. In addition, seedling mother material contributes to the selection of specific genotypes that present special characteristics as high medicinal value.



The in vitro rooting of medicinal Lamiaceae herbs, including Salvia spp., presented no difficulties [38,50,52,53,65,66,67,68,69,71,72,74,75,76], and in a number of these species, auxin supplementation was not necessary for rooting [38,45,65,72,75]. In contrast, S. fruticosa microshoots rooted only in the presence of auxin [52]. Half-strength MS medium supplemented with IBA at 0.5–1.5 mg L−1 and occasionally up to 4.0 mg L−1 has been the most appropriate protocol, with a few exceptions in which full-strength MS medium was used [52,66].



The aim of this work was to develop protocols for the micropropagation of S. fruticosa, S. officinalis, S. ringens, S. tomentosa, and S. pomifera ssp. Pomifera, in order to facilitate their introduction into the pharmaceutical and floriculture industries, by providing high-value plant material for cultivation without seasonal constraints and the selection and conservation of critical genotypes. The micropropagation of S. ringens and S. pomifera ssp. pomifera were studied for the first time to our knowledge. The in vitro micropropagation studies of S. fruticosa and S. officinalis aimed to further improve the protocols due to the commercial importance of these species. Thus, five types of cytokinins at various concentrations were tested as for their efficacy in shoot proliferation from shoot tip and singe node explants of seedling origin. In vitro rooting and ex vitro acclimatization were also studied, and the responses of the five species to all stages of micropropagation were compared and discussed.




2. Materials and Methods


2.1. In Vitro Culture Establishment Stage


The establishment of in vitro cultures was performed on hormone free (Hf)-MS medium [57] with 30 g L−1 sucrose, under the culture conditions described below. Shoot tip and single node explants of the 1st, 2nd, or 3rd visible node below the shoot tip, about 0.6 cm long, excised from 3-month-old in vitro grown seedlings of S. fruticosa, S. officinalis, S. ringens, S. tomentosa, and S. pomifera ssp. pomifera were used as explants. The seedlings were germinated in vitro, following the method described by Vlachou et al. [77], and grown on Hf-MS medium with 30 g L−1 sucrose.




2.2. Shoot Multiplication Stage


Aiming to increase the plant material to be used in experiments on shoot proliferation, up to six subcultures (the number depending on Salvia spp.) on MS medium supplemented with 0.4 mg L−1 6-benzyladenine (BA) and 0.01 mg L−1 1-naphthaleneacetic acid (NAA) were performed for each Salvia species.



The media used in the shoot multiplication stage were based on preliminary work, and on previous reports on Mediterranean sages and other Lamiaceae [33,38,45,50,58].



2.2.1. Effect of Explant Type and BA Concentration on the Proliferation of the Five Salvia spp.


The aim of this experiment was to investigate the effect of BA concentration in relation to explant type (shoot tip and single node) and Salvia species, on shoot proliferation. Shoot tip and single node explants of the five Salvia spp. were cultured, either on Hf-MS medium or on MS medium supplemented with BA at four concentrations, i.e., 0.4, 0.8, 1.6, and 3.2 mg L−1, in combination with 0.01 mg L−1 NAA.



The explants were 0.6 cm long and they were excised from microshoots grown on MS medium supplemented with 0.4 mg L−1 BA and 0.01 mg L−1 NAA.




2.2.2. Effect of Explant Type, and Cytokinin Type and Concentration on the Proliferation of S. fruticosa and S. officinalis


Shoot tip and single node explants, 0.6 cm long, were excised from the microshoots of in vitro cultures (on MS medium with 0.4 mg L−1 BA and 0.01 mg L−1 NAA) of S. fruticosa and S. officinalis, and cultured on MS medium with 30 g L−1 sucrose. The medium was either Hf (control) or supplemented with 0.01 mg L−1 1-naphthaleneacetic acid (NAA) in combination with a cytokinin of five different types, i.e., BA, zeatin (ZEA), kinetin (KIN), 6-(γ,γ-dimethylallylamino) purine (2iP), or meta-topolin (mT), at four concentrations, i.e., 0.4, 0.8, 1.6, and 3.2 mg·L−1.




2.2.3. Explant Number and Data Collection at the Shoot Multiplication Stage


The number of explants used in each experiment at the multiplication stage is presented at the base of each relevant data table.



Data were collected after 30 d of culture. The percentage of explants that responded to form shoots, the percentage of those that formed normal shoots or normal, together with hyperhydrated shoots and the percentage of explants that formed only hyperhydrated shoots (Figure 2), were recorded. The number of normal and hyperhydrated shoots produced, shoot length, and the number of nodes per shoot of the normal shoots were also recorded. The “multiplication index” of each culture was calculated by multiplying the percentage of explants that produced normal shoots (i.e., explants with all shoots hyperhydrated were not included) by the mean number of normal shoots per responding explant, and by the mean node number per normal shoot.





2.3. In Vitro Rooting


For the experiment on in vitro root induction and development, microshoots produced on MS medium supplemented with 0.4 or 0.8 mg L−1 BA and 0.01 mg L−1 NAA, approximately 2.0 cm long, were used. Microshoots were cultured on half-strength MS medium with 20 g L−1 sucrose supplemented with various concentrations of IBA, i.e., 0.0, 0.5, 1.0, 2.0, or 4.0 mg L−1.



Three replicates of 10 microshoots were used for each treatment. Data were collected after 30 d of culture. The percentage of explants that formed roots, and the number and length of roots were recorded.




2.4. Ex Vitro Acclimatization


For ex vitro acclimatization, the rooted microshoots of all rooting media after being rinsed thoroughly with running tap water to remove growth medium were transferred to 500 mL containers (eight plantlets per container), on peat (high-moor with adjusted pH of up to 5.5–6.5, Klasmann-Delimann Gmbh, Geeste, Germany) and perlite (particles diameter 1–5 mm, Perloflor, ISOCON S.A., Athens, Greece) substrate 1:1 (v/v), were transferred ex vitro into trays (eight plantlets per 500 mL volume tray) with a mixture of peat: perlite (1:1, v/v). The trays were covered with plastic wrap (SANITAS; Sarantis S.A., Greece) and placed in a growth chamber (20 °C and 16 h cool white fluorescent light, 37.5 mmol·m−2·s−1) for 1 week. Then, the plastic wrap was removed and transferred to a heated glasshouse (37°58′58.0″ N, 23°42′19.2″ E) for an additional 4 weeks.



Six to 10 replicates of eight rooted microshoots were used, and their survival was estimated at 30 d after transfer to the greenhouse.




2.5. In Vitro Culture Conditions


All media were solidified with 8 g L−1 agar, and their pH was adjusted to 5.7 before agar addition and autoclaving (121 °C for 20 min). Initial cultures from in vitro seedlings, subcultures, and rooting experiments took place in 145 mL glass vessels with 25 mL medium (four explants or microshoots per vessel), covered with a magenta plastic cap. The cultures were maintained at 25 ± 2 °C with a 16 h photoperiod at 37.5 μmol m−2 s−1 fluorescent light, provided by cool-white fluorescent lamps.




2.6. Statistical Analysis


A completely randomized design was used. The significance of the results was tested through either one-, two-, or three-way analysis of variance (ANOVA), and the means of the treatments were compared via Student’s t test at p ≤ 0.05 (JMP 13.0 software, SAS Institute Inc., Cary, NC, USA).





3. Results


3.1. Establishment Stage


For the establishment of in vitro cultures, seedlings that germinated and grew in vitro were used as mother plants. The germination rates of S. ringens, S. pomifera ssp. pomifera, and S. tomentosa were very low, and especially in S. tomentosa, it was lower than 10% [77]. Thus, for these sage species, the mother material was limited. At the culture establishment stage, which took place on Hf-MS medium, shoot tip explants of all five Salvia spp. responded at higher percentages to produce normal shoots compared to single node explants (26–93% vs. 10–75%, depending on the species), as the latter showed higher hyperhydricity, which in the case of S. pomifera ssp. pomifera and S. tomentosa reached 40–50%. Apart from hyperhydricity problems, S. tomentosa also showed much a lower explant response to producing shoots, compared to all other species (Table 1). In all of the sage species, single node explants, which bear two buds due to the phyllotaxis of Salvia spp., produced more shoots compared to shoot tip explants, but shoots on single node explants were shorter and with fewer nodes (Table 1, Figure 3) and thus, the shoot tip explants presented higher multiplication indices compared to single node explants (Table 1), with the exception of S. officinalis.




3.2. Shoot Multiplication on BA Media


3.2.1. S. fruticosa


In S. fruticosa, both type of explants, shoot tip, and single node, responded at high percentages (70–100%) to produce shoots in all media tested, with single node explants showing a decrease in response with increasing BA concentration, which was significantly lower compared to the shoot tip explants in all BA media (Figure 4a). Some of the explants produced only hyperhydrated shoots, while others produced both normal and hyperhydrated shoots. An increase in BA concentration resulted in an increase in hyperhydrated explants that was more pronounced in single node ones, which at the two highest BA concentrations, only 20–30% produced normal shoots and 40–50% produced only hyperhydrated shoots (Figure 4b). In contrast, at the highest BA concentration, shoot tip explants produced normal shoots in 68%, and only hyperhydrated shoots in 32% (Figure 4b).



The number of shoots per responding explant was higher in single node explants when normal and hyperhydrated shoots were counted together (Figure 5a and Figure 6a), but as single node explants formed more hyperhydrated shoots compared to the tip explants, the production of normal shoots was not statistically significantly different between the two types of explants (Figure 5b). At 0.8 mg L−1 BA; however, single node explants produced significantly more normal shoots compared to the tip ones (Figure 5b).



Shoot length and number of nodes per shoot were the highest in Hf medium, while all media with BA reduced to a similar extent the shoot length and number of nodes in the generated shoots, to half of that of Hf medium (Figure 7a,b).



Both types of explants gave a similar multiplication index in Hf and low BA media, while at 1.6 and 3.2 mg L−1 BA, the multiplication index was significantly higher when shoot tip explants were used (Figure 8a).




3.2.2. S. officinalis


In S. officinalis, almost all explants of both types produced shoots (Figure 4c), but some of the explants produced only hyperhydrated shoots (Figure 4d). The explants showed the highest percentage of normal shoot production on Hf medium, which gradually decreased with the gradual increase in BA concentration, while the production of hyperhydrated explants gradually increased (Figure 4d). Shoot tip explants showed higher response percentages for normal shoot production compared to single node explants, while the latter showed higher percentages of hyperhydration, except in the medium with 0.8 mg L−1 BA (Figure 4d). At the highest BA concentrations, hyperhydration was 50–57 and 90% for shoot tip and single node explants, respectively (Figure 4d).



Increasing the BA concentration in the medium resulted in an increase in shoot production per explant (Figure 5c and Figure 6b), and at the same time, an increase in the hyperhydrated shoots (Figure 5d). So, at the two highest BA concentrations, the approximately five shoots formed per explant 2–4 were hyperhydrated, and in single node explants at 3.2 mg L−1 BA, all shoots were hyperhydrated (Figure 5d).



There was an indication that shoot length and node number per shoot were higher in shoot tip explants compared to single node explants, and this decreased at the highest BA concentration (Figure 7c,d).



The highest multiplication index was shown with 0.4 mg L−1 BA using shoot tip explants (Figure 8b).




3.2.3. S. pomifera ssp. pomifera


In S. pomifera ssp. pomifera, shoot tip explants showed the highest response to produce shoots (94%) on Hf medium (Figure 4e), and only 2% produced only hyperhydrated shoots (Figure 4f), while single node explants responded in a lower percentage (74%), and 12% of the responded explants produced only hyperhydrated shoots (Figure 4e,f). The gradual increase in BA concentration induced a proportional decrease in explant response, and an increase in hyperhydration (Figure 4e,f). The negative effect of BA on shoot production was stronger in single node explants, which at the two highest BA concentrations, responded at very low percentages (20%) and produced only hyperhydrated shoots (Figure 4e,f).



Single node explants produced higher shoot numbers at almost all BA concentrations compared to shoot tip explants (Figure 5e), but most of them were hyperhydrated, especially at the two highest BA concentrations (Figure 5f). Single node explants on Hf medium and shoot tip explants on the two highest BA concentrations produced the highest number of normal shoots (two shoots per explant, Figure 5f), while single node explants at the two highest BA concentrations produced double the number (3–4) shoots per explant, but they were all hyperhydrated (Figure 5f and Figure 6c).



Shoot tip explants gave longer shoots with a higher number of nodes compared to single node explants (Figure 7e,f). Shoot length gradually decreased with increasing BA concentration (Figure 7e). The number of nodes per shoot was similar in the HF medium and in the media with the two lowest BA concentrations (Figure 7f). Both shoot length and number of nodes were significantly reduced in the media with the two highest BA concentrations (Figure 7e,f).



Shoot tip explants showed much higher multiplication indices compared to single node explants. The multiplication index was highest in the HF medium and gradually decreased with increasing BA concentration (Figure 8c).




3.2.4. S. ringens


In S. ringens, the shoot tip explants had a consistent response for shoot production in all media tested compared to single node explants, whose response decreased at BA concentrations of 0.8 mg L−1 and higher (Figure 4g). In addition, shoot tip explants produced normal shoots at much higher percentages (78–88%), compared to single node explants (Figure 4h). Further, hyperhydration was more pronounced in single node explants, especially at the highest BA concentration (Figure 4h).



Increasing BA up to 1.6 mg L−1 resulted in a slight increase in both normal and hyperhydrated shoots (Figure 5g,h). Most normal shoots were produced at 1.6 mg L−1 BA (Figure 5h). In the two lowest BA concentrations, shoot tip explants gave slightly longer shoots with more nodes than single node explants, and the highest elongation and number of nodes (Figure 6d and Figure 7g,h).



Shoot tip explants resulted in higher multiplication indices than single node explants, except in the HF medium, which reached its highest value in the 0.8 mg L−1 BA medium (Figure 8d).




3.2.5. S. tomentosa


In S. tomentosa, shoot tip explants responded at higher percentages to produce shoots, both normal and hyperhydrated, compared to single node explants, and Hf medium induced the highest response, similar to 0.4 and 0.8 mg L−1 BA media, while the response percentage was almost halved in the medium with 3.2 mg L−1 BA (Figure 4i,j). The percentage of hyperhydrated explants was not affected by the medium plant growth regulators in both explant types (Figure 4j).



Single node explants produced a greater number of shoots in all media compared to shoot tip explants, and both explant types produced the highest number of shoots at the highest BA concentration (Figure 5i). Single node explants also produced more normal shoots compared to shoot tip explants in HF medium and in the two lowest BA concentrations, while in the two highest BA concentrations, most of the shoots produced were hyperhydrated; the number of hyperhydrated shoots in both explant types gradually increased with increasing BA concentration (Figure 5j).



The shoot length was greater in HF medium and at the lowest BA concentration (Figure 6e and Figure 7i), and the node number was greater in HF medium and similar in all BA media (Figure 7j).



The multiplication index was highest when single node explants were cultured on HF medium, halved when 0.4 mg L−1 BA was added to the medium, and lowest at the highest BA concentration in both types of explant (Figure 8e).





3.3. Effects of Cytokinin Type and Concentration on the Multiplication of S. fruticosa and S. officinalis


Aiming to increase shoot proliferation in the commercial species S. fruticosa and S. officinalis, the effect of BA on the response of shoot tip and single node explants for shoot production was compared with that of four other cytokinins, i.e., ZEA, Kin, 2iP, and mT. Three-way ANOVA showed in most cases a significant interaction of the experimental factors (cytokinin type, cytokinin concentration, and explant type). In both species, factor means indicated that a gradual increase in cytokinin concentration induced a gradual decrease in the percentage of explants responding to produce normal shoots, and an increase in hyperhydration expressed as the percentage of explants producing only hyperhydrated shoots or the number of hyperhydrated shoots produced per explant (Table 2 and Table 3). Furthermore, a gradual increase in cytokinin concentration, although causing a gradual increase in the number of normal and hyperhydrated shoots, simultaneously reduced the length and number of nodes per shoot, leading to a decrease in the multiplication index (Table 2 and Table 3). Concerning the cytokinin type, in both sage species, KIN induced the highest percentage of response to produce normal shoots, and the lowest percentage of explants that produced only hyperhydrated shoots (Table 2 and Table 3). In S. fruticosa, BA, ZEA, and mT produced the highest number of normal and hyperhydrated shoots per explant, and KIN and mT, the longest shoots; while in S. officinalis, BA and mT produced the highest numbers of normal and hyperhydrated shoots per explant, and ZEA produced the longest ones. mT in S. fruticosa and BA in S. officinalis achieved the highest multiplication index (Table 2 and Table 3). In both sage species, shoot tip explants responded at a higher percentage than single node explants to produce normal shoots, while single node explants showed higher hyperhydration levels. Further, shoot tip explants produced slightly fewer shoots, both normal and hyperhydrated (statistically not significant), which were longer and had more nodes compared to single node explants and resulted in a slightly higher multiplication index than single node explants (Table 2 and Table 3).



Due to interactions between experimental factors, the results were further analyzed using one-way ANOVA, and the treatment means were compared.



In S. fruticosa, all cytokinins, with the exception of mT, affected the percentage of explant response to produce normal and hyperhydrated shoots in a similar manner; i.e., at the lowest concentration (0.8 mg L−1) they induced high response percentages for normal shoot production, such as Hf medium, while as the concentration increased, there was a proportional decrease in the response percentage for the production of normal shoots and an increase in explant hyperhydration (Table 4). mT at the lowest concentration caused a lower response percentage compared to other cytokinins and the control, which increased when 0.8 mg L−1 was used. As in previous experiments with BA, shoot tip explants responded at higher percentages compared to single node explants, while single node explants showed higher hyperhydration. An increase in cytokinin concentration caused a gradual increase in shoot number in both normal and hyperhydrated shoots, and a decrease in shoot length. Although ZEA at the highest concentration resulted in the highest number of shoots per explant, half of them were hyperhydrated, so that normal shoot production on ZEA media was similar to that of BA, while the other cytokinins produced slightly lower shoot numbers (Table 4 and Figure 9). Multiplication indices were higher in Hf medium, as well as those with low cytokinin concentrations, and reached the highest value in the medium, with 0.8 mg L−1 mT (Table 4).



In S. officinalis, at the two highest concentrations of cytokinins, especially in BA, the single node explants had a lower response percentage to produce normal shoots than the shoot tip explants, as they showed very high hyperhydricity percentages reaching 100%. Increasing the concentrations of all cytokinins gradually decreased the percentage of explants that gave normal shoots, and increased the percentage of hyperhydrated explants (Table 5). At the same time, there was a small increase in the number of normal and hyperhydrated shoots, and a generally small decrease in their length (Table 5 and Figure 10). S. officinalis showed higher proliferation indices than S. fruticosa, which were highest in 0.4 mg L−1 BA in both shoot tip and single node explants (Table 5).




3.4. In Vitro Rooting


3.4.1. S. fruticosa


One-third of S. fruticosa microshoots rooted on Hf ½ MS medium, while the highest percentage of rooting (75%) was achieved on medium supplemented with the lowest IBA concentration tested, i.e., 0.5 mg L−1. An increase in IBA concentration resulted in a corresponding decrease in rooting, although the two highest IBA concentrations (2 and 4 mg L−1) resulted in the same percentage of rooting (Figure 11). The number of roots formed in a microshoot increased, while the root length decreased proportionally with increasing IBA concentration in the medium (Figure 11 and Figure 12a).




3.4.2. S. officinalis


S. officinalis microshoots, in contrast to S. fruticosa, rooted at the highest percentage (85%) on Hf medium, as well as on a medium with 0.5 mg L−1 IBA, and a gradual increase in IBA resulted in a corresponding reduction in rooting, but as in S. fruticosa, the two highest IBA concentrations led to the same percentage of rooting (Figure 11). IBA resulted in an increase in root number regardless of concentration, while the root length was similar in all media except that with the highest IBA concentration, which resulted in a halving of root length (Figure 11 and Figure 12b).




3.4.3. S. ringens


In S. ringens, higher rooting percentages (70–73%) were induced using IBA concentrations of higher than 0.5 mg L−1, which also resulted in a greater number of roots, while the root length was similar in Hf medium and those with the two lowest IBA concentrations, and decreased in those with the two highest concentrations (Figure 11 and Figure 12c).




3.4.4. S. tomentosa


S. tomentosa microshoots rooted at the highest percentage (75%) on Hf medium, and a gradual increase in IBA concentration in the medium resulted in a corresponding decrease in rooting (Figure 11). Root number was not affected by IBA, while root length decreased gradually with increasing IBA concentration (Figure 11 and Figure 12d).




3.4.5. S. pomifera ssp. pomifera


Shoot tip explants of S. pomifera ssp. pomifera rooted at 80% when cultured on Hf MS medium, and formed numerous and long roots (Figure 6c). The small number of mother plants of this Salvia species available for the establishment of in vitro cultures due to the very low percentage of seed germination, as well as the low percentage of shoot multiplication, along with the high percentage of hyperhydrated shoots, did not allow for the production of sufficiently long normal shoots that could be used for rooting. As a result, in vitro rooting was not tested further for this species.





3.5. Ex Vitro Acclimatization


In all five Salvia spp., in vitro rooted microshoots coming from MS medium supplemented with 0.4 or 0.8 mg L−1 BA and 0.01 mg L−1 NAA, except for S. pomifera ssp. pomifera, whose microshoots were obtained from the Hf MS medium, acclimatized ex vitro at percentages of 80–95% (Figure 12 and Figure 13).





4. Discussion


In vitro cultures of all five Salvia spp. were successfully established on Hf-MS medium from either shoot tip or single node explants excised from in vitro-grown seedlings, but explant response varied with Salvia species and explant type. Most shoot tip explants elongated when placed in culture, while single node explants produced two shoots, as expected due to the phyllotaxis of Salvia sp., confirming a previous report for S. officinalis [49]. Previous reports also showed reduced establishment rates due to explant necrosis, browning, and hyperhydricity [45]. In our work, almost all (96–100%) S. officinalis and S. pomifera ssp. pomifera explants of both types produced shoots, while in S. fruticosa, the response was slightly reduced (78–87%), as was the case for the shoot tip explants of S. ringens (87% response) too, while single node explants of S. ringens and both explant types of S. tomentosa responded at much lower percentages (36–50%) (Table 1). A problem at the establishment stage was the hyperhydricity of the produced shoots that was more pronounced in single node explants (18–50%), with the exception of S. fruticosa, which developed hyperhydrated shoots at a quite high percentage (17%) in shoot tip explants as well. The growth conditions mostly associated with hyperhydricity are limited aeration; high levels of total nitrogen, ammonium nitrogen, and cytokinin in the medium; and ethylene accumulation in the aerial part of the culture vessel [78,79,80,81,82]. As the medium of the establishment stage did not contain cytokinin, and vessels were covered with magenta caps that allowed for aeration, the most possible reason for the appearance of hyperhydricity seems to be the nitrogen richness of the MS medium. Nitrogen levels have been positively correlated with the increased occurrence of hyperhydricity in a number of species [79,82,83,84]. However, a low-nitrogen medium may not be suitable for shoot production, as in a previous work with S. fruticosa, MS medium was found superior to low-nitrogen media such as Nitsch and Nitsch and B5 [52].



Pronounced hyperhydricity has been reported in the micropropagation of several species of macchia, such as Globularia alypum [85], Lithodora zahnii [86], Anthyllis barba-jovis [87,88], Calamintha cretica [38], and Clinopodium nepeta [75].



At the shoot multiplication stage, in the presence of BA, shoot tip explants responded at higher percentages for shoot production compared to single node explants, with the exception of S. officinalis, where explants of both types responded at 100% (Figure 4). Increasing the BA concentration resulted in a corresponding decrease in explant response that was more pronounced in single node explants and in S. pomifera ssp. pomifera and S. tomentosa, and at the same time, it proportionally increased the number of shoots produced per explant while reducing their length and number of nodes. As in the establishment stage, the hyperhydricity was particularly pronounced in single node explants and increased proportionally with increasing BA concentration. Thus, the multiplication index in S. pomifera ssp. pomifera and S. tomentosa decreased with increasing BA concentration, and in S. fruticosa it was rather indifferent; while in S. officinalis, for both explant types, and in S. ringens, only for shoot tip explants, low BA concentrations (0,4 or 0.8 mg L−1, respectively) resulted in increased multiplication indices compared to Hf-medium and a medium with higher BA content, indices that were the highest among all species.



Multiplication indices, in terms of normal shoots (excluding hyperhydrated shoots) in the most productive treatment for each species, were rather low in S. fruticosa (2.6) and S. pomifera ssp. pomifera (3.8), average in S. ringens (5.5) and S. tomentosa (5.4), and high in S. officinalis (7.2). These indices are considered satisfactory, as in all previous works on the in vitro propagation of Mediterranean sages, the multiplication indices were in almost all cases much lower than the present ones [33,44,48,50,51,52].



Regarding the effect of different types of cytokinin, i.e., BA, ZEA, KIN, 2iP, and mT, on the shoot multiplication of S. fruticosa and S. officinalis, it was found that mT at 0.8 mg L−1 induced the highest multiplication indices in S. fruticosa, both in shoot tip and single node explants, while in S. officinalis, mT at the lowest concentration of 0.4 mg L−1 also induced high multiplication indices, but lower than those induced by 0.4 mg L−1 BA. BA was superior for shoot multiplication in S. officinalis compared to all other cytokinins tested, in agreement with previous works, which also showed that BA or BAP in combination, as in the present study, with an auxin in low concentration, was superior to KIN [45,49,52], thidiazuron (TDZ) [50,52], 2iP, and ZEA [50] for proliferation. To the contrary, for adventitious shoots regeneration through callus, TDZ was more suitable than BA and KIN [51]. In S. fruticosa, a previous work had shown that BA is superior to KIN for proliferation [52], while in our work, BA, KIN, ZEA, and 2iP induced a similar response.



As discussed above for BA, increasing the concentration of cytokinin of all types in the medium resulted in an analogous increase in shoot number per explant, with a simultaneous decrease in shoot length and number of nodes, and a significant increase in hyperhydricity leading to a decrease in the multiplication indices. Single node explants showed a slightly lower response rate for shoot production, and more pronounced hyperhydricity compared to shoot tip explants in all cytokinin types, while at the highest cytokinin concentrations, the production of normal shoots was very low from single node explants due to hyperhydricity. In S. fruticosa, Arikat et al. [52] reported that single node explants almost failed to produce shoots when BA, KIN, or TDZ were used at concentrations of higher than 1 mg L−1, but he did not report on hyperhydricity. Hyperhydricity has been reported previously in S. officinalis [45,48,50], as well as in S. scarlea [33].



Cytokinins has been shown to induce hyperhydricity in some plant species during in vitro propagation, depending on the cytokinin type and concentration [38,75,79,89,90]. Decreasing the concentration of cytokinin in the medium or using a different type of cytokinin resulted in a reduction in hyperhydricity [70,86,91], often with a simultaneous reduction in shoot production [38,75], as shown in the present work. Therefore, measures aimed at eliminating hyperhydricity should be complex and specific for each plant species.



In vitro rooting was successful (a rooting percentage of higher than 80%) in all five species. S. officinalis, S. tomentosa, and S. pomifera ssp. pomifera rooted at high percentages (75–83%) on Hf medium, or in the presence of the lowest IBA concentration tested (0.5 mg L−1), while S. ringens and S. fruticosa rooted at low percentages on Hf medium (35 and 35%, respectively) and at 1.0 and 0.5 mg L−1 IBA, respectively, were required to achieve high rooting percentages. Our results confirmed those of Avato et al. [45], who also found that auxin supplementation was not necessary for rooting in S. officinalis. Arikat et al. [52] also found that S. fruticosa rooted only in the presence of a low concentration of auxin (0.5 mg L−1 IBA). An equally low concentration of IBA (0.5–1.0 mg L−1) was shown to induce maximum rooting rates in the microshoots of S. officinalis (65–70%) [50] and Salvia hispanica (65–70%) [76], while similar concentrations of IBA induced the highest percentage of rooting in S. scarlea, which however, did not exceed 40% [33]. IBA at low concentrations (up to 1 mg L−1) was effective for the rooting of other Mediterranean medicinal Lamiaceae as well [33,67,68,71,72,75,76]. Half-strength MS medium was used in most of the above works, as in the present study, as rather low concentrations of nutrients positively affect rooting [92].



In S. officinalis and S. tomentosa, where auxin supplementation was not necessary for rooting, root number was indifferent to auxin concentration in the medium, while in S. fruticosa and S. ringens, which showed low rooting ability in auxin-free medium, increasing auxin content, in addition to higher rooting rates, also induced a higher number of roots per microshoot. In contrast, a gradual increase in IBA resulted in a gradual decrease in root length in all five species, as previously found for S. scarlea [66], Teucrium capitatum [72], and C. cretica [38].



Rooted microshoots of all five sage species acclimatized ex vitro at percentages of higher than 80%, retaining the characteristics of the mother plants, as has been shown for other sages [33,66,67,68,71,74,76] and a number of other medicinal Lamiaceae [38,69,72,75].




5. Conclusions


The five Mediterranean sages, S. fruticosa, S. officinalis, S. ringens, S. tomentosa, and S. pomifera spp. pomifera, native to Greece, showed many similarities, but also some quantitative differences in their in vitro propagation. All were successfully established on Hf-MS medium in the initial culture from either shoot tip or single node explants excised from seedlings grown in vitro, showing low proliferation indices, except for S. officinalis, which stood out with the highest indices. In the multiplication stage, the explant response for shoot production was high, but the number of shoots produced per explants was rather low. Supplementing the medium with various types and concentrations of cytokinin in combination with auxin did not significantly increase the proliferation indices, as the number of shoots produced per explant remained below five, and a significant proportion of them were hyperhydrated. Shoot tip explants produced normal shoots at much higher percentages compared to single node explants. All five sages rooted readily in vitro, either without or under low auxin, and they acclimatized ex vitro at high percentages. Thus, the present study led to efficient micropropagation protocols for five Mediterranean sage species native to Greece, which are expected to facilitate their sustainable exploitation in the pharmaceutical and floriculture industries.
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Figure 1. Native to Greece Salvia spp.; S. fruticosa plant (a) and inflorescence (b), S. officinalis plant (c) and inflorescence (d), S. ringens plant (e) and inflorescence (f), S. tomentosa plant (g) and inflorescence (h), S. pomifera ssp. pomifera plant (i) and inflorescence (j). 
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Figure 2. Responses of single node explants of S. officinalis during the multiplication stage to produce normal and hyperhydrated shoots, (a) or hyperhydrated shoots only (b). NSh = normal shoot, HSh = hyperhydrated shoot. Size bars= 1.0 cm. 
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Figure 3. Typical responses of shoot tip and single node explants excised from in vitro seedlings of Salvia spp., during the in vitro establishment stage on hormone-free MS medium. Size bars = 1.0 cm. 
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Figure 4. Effect of 6-benzyladenine (BA) concentration on explant response percentage for shoot production when shoot tip or single node (nodal) explants of each Salvia species shown were cultured on MS medium, either hormone free or supplemented with 0.01 mg L−1 1-naphthaleneacetic acid (NAA) and BA concentration marked. Total shooting (%): percentage of explants that responded for shoot production. Explants formed both normal and hyperhydrated shoots. Explants formed only hyperhydrated shoots. Response of explants (black bold letters) was statistically analyzed separately from the respective explants (red underlined letters). Mean separation using Student’s t, p ≤ 0.05; means followed by the same letter are not significantly different at p ≤ 0.05, n = 30. 
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Figure 5. Effect of BA concentration on normal, hyperhydrated, and total number of shoots produced per explant of Salvia spp. shown when shoot tip or single node (nodal) explants were cultured on MS medium, either hormone free or supplemented with 0.01 mg L−1 NAA and BA concentration marked. Response for normal and hyperhydrated shoot production was statistically analyzed separately (black bold letters and red underlined letters, respectively). Mean separation via Student’s t, p ≤ 0.05; means followed by the same letter are not significantly different at p ≤ 0.05, n = 30. Normal shoots per explant. Hyperhydrated shoots per explant. 
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Figure 6. Characteristic response of shoot tip and single node explants of Salvia fruticosa (a), S. officinalis (b), S. pomifera spp. pomifera (c), S. ringens (d) and S. tomentosa (e) during the multiplication stage, when cultured on MS medium either hormone free (Hf) or supplemented with 0.01 mg L−1 NAA and BA concentration (mg L−1) marked. Size bar s = 1.0 cm. 
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Figure 7. Effect of BA concentration on shoot length (cm) and node number per shoot, produced using shoot tip or single node (nodal) explants of each Salvia species shown cultured on MS medium, either hormone free or supplemented with 0.01 mg L−1 NAA and BA concentration marked. Only normal shoots 3 were recorded. Mean separation using Student’s t, p ≤ 0.05; means followed by the same letter are not significantly different at p ≤ 0.05, n = 30. 3 Normal shoots per explant. 
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Figure 8. Effect of BA concentration on the shoot multiplication index of Salvia fruticosa (a), S. officinalis (b), S. pomifera spp. pomifera (c), S. ringens (d) and S. tomentosa (e), when shoot tip or single node (nodal) explants were cultured on MS medium, either hormone free or supplemented with 0.01 mg L−1 NAA and BA concentration marked. Mean separation using Student’s t, p ≤ 0.05; means followed by the same letter are not significantly different at p ≤ 0.05, n = 30. Multiplication index = shoot-producing explants 1 (%) × mean shoot number 3 × mean node number 1. Explants that formed both normal and hyperhydrated shoots. 3 Normal shoots per explant. 
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Figure 9. Characteristic shoot multiplication of shoot tip and single node explants of S. fruticosa cultured on MS medium supplemented with 0.01 NAA (mg.L−1), and cytokinin type and concentration (mg.L−1) marked. Size bars= 1.0 cm. 
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Figure 10. Characteristic shoot multiplication of shoot tip and single node explants of S. officinalis cultured on MS medium supplemented with 0.01 NAA (mg.L−1) and cytokinin type and concentration (mg.L−1) marked. Size bars= 1.0 cm. 
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Figure 11. Effect of IBA concentration on in vitro rooting of marked Salvia spp. microshoots, on ½MS medium supplemented with indole-3-butyric acid (IBA) concentration marked (n = 15–30). 
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Figure 12. Typical in vitro rooting of Salvia fruticosa (a), S. officinalis (b), S. ringens (c) and S. tomentosa (d) microshoots, cultured on ½MS medium supplemented with IBA at concentration (mg.L−1) marked (left), and ex vitro acclimatized plantlets about 6 weeks old (right). Size bars = 1.0 cm. 
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Figure 13. Ex vitro acclimatization of rooted microshoots of Salvia spp., on a peat–perlite substrate 1:1 (v/v) (n = 6–10 repetitions of 8 rooted microshoots). 
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Table 1. Effect of Salvia species and explant type on axillary shoot production of explants excised from in vitro seedlings of Greek sage species, at the establishment stage of in vitro cultures on a hormone-free MS medium.






Table 1. Effect of Salvia species and explant type on axillary shoot production of explants excised from in vitro seedlings of Greek sage species, at the establishment stage of in vitro cultures on a hormone-free MS medium.





	
Salvia sp.

	
Explant Type

	
Shoot-Producing Explants 1/2 (%)

	
Mean Number of NSh ₸/HSh ₸₸

	
Mean Shoot

Length (cm)

	
Mean NSh Node Number

	
Multi-Plication Index ₸






	
S. fruticosa

(n = 18)

	
Shoot tip

	
67.0 c z/17 de

	
1.2 bc/0.2 cd

	
1.6 cd

	
3.2 bc

	
2.6 c




	
Single node

	
56.0 d/22 cd

	
1.9 a/0.7 b

	
0.8 d

	
1.1 d

	
1.2 de




	
S. officinalis

(n = 30)

	
Shoot tip

	
93.3 a/7 f

	
1.1 c/0.1 d

	
3.6 a

	
4.7 a

	
4.8 b




	
Single node

	
75.0 b/23 c

	
2.1 a/0.8 ab

	
3.0 b

	
3.7 b

	
5.8 a




	
S. pomifera ssp. pomifera (n = 12)

	
Shoot tip

	
92.0 a/8 f

	
1.0 c/0.1 d

	
1.6 d

	
2.1 cd

	
1.9 cd




	
Single node

	
46.0 e/50 a

	
1.8 a/1.0 a

	
1.0 d

	
1.6 d

	
1.3 cde




	
S. ringens

(n = 40)

	
Shoot tip

	
87.0 a/0 g

	
1.0 c/0.0 d

	
3.0 ab

	
5.2 a

	
4.5 b




	
Single node

	
27.1 f/18 cd

	
1.4 b/0.4 c

	
2.4 bc

	
4.5 a

	
1.6 cde




	
S. tomentosa

(n = 7)

	
Shoot tip

	
26.0 f/10 ef

	
1.0 c/0.2 cd

	
1.9 bcd

	
2.4 cd

	
0.6 de




	
Single node

	
10.0 g/40 b

	
2.0 a/0.9 ab

	
1.4 cd

	
2.0 cd

	
0.4 e




	
FSalvia sp.

	

	
-/-

	
-/-

	
***

	
***

	
-




	
Fexplant type

	

	
-/-

	
-/-

	
**

	
***

	
-




	
FSalvia sp. × expl. type

	

	
***/***

	
**/*

	
NS

	
NS

	
***




	
Fone-way ANOVA

	

	
***/***

	
***/***

	
***

	
***

	
***








z Mean separation in columns using Student’s t, p ≤ 0.05; means followed by the same letter are not significantly different at p ≤ 0.05. NS: nonsignificant or *, **, *** significant at p ≤ 0.05 or p ≤ 0.01 or p ≤ 0.001, respectively, n = 7–58. Multiplication index = shoot-producing explants 1 (%) × mean shoot number ₸ × mean node number ₸. 1 The explants produced normal and hyperhydrated shoots. 2 The explants produced hyperhydrated shoots only. ₸ NSh = normal shoot. ₸₸ HSh = hyperhydrated shoot.
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Table 2. The effect of the experimental factors, i.e., cytokinin type, BA, zeatin (ZEA), kinetin (KIN), 6-(γ,γ-dimethylallyamino) purine (2iP), and meta-topolin (mT), cytokinin concentration (0.4, 0.8, 1.6, and 3.2 mg L−1) and explant type (shoot tip and single node) on shoot multiplication of S. fruticosa. All media except BA also contained 0.01 mg L−1 NAA.
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Three-Way ANOVA

	
Shoot-

Producing Explants 1

	
Shoot-

Producing

Explants 2

	
Mean Number of NSh ₸

	
Mean NSh Length ₸

	
Mean NSh Node Number ₸

	
Mean Number of HSh ₸₸

	
Multi-Plication Index ₸






	
0.4

	
74.5

	
17.6

	
1.5

	
1.4 a z

	
2.1 a

	
0.4

	
2.1




	
0.8

	
66.6

	
23.6

	
1.7

	
1.3 ab

	
2.0 a

	
0.5

	
2.2




	
1.6

	
58.1

	
31.3

	
1.6

	
1.2 b

	
1.8 b

	
0.8

	
1.6




	
3.2

	
44.5

	
41.2

	
1.8

	
1.1 b

	
1.7 b

	
1.1

	
1.3




	
BA

	
57.6

	
31.3

	
2.0

	
0.7 c

	
1.4 d

	
0.8

	
1.6




	
ZEA

	
51.2

	
32.8

	
1.7

	
1.1 b

	
1.9 bc

	
0.9

	
1.5




	
KIN

	
70.9

	
21.0

	
1.4

	
1.7 a

	
2.1 ab

	
0.5

	
2.0




	
2iP

	
62.8

	
22.4

	
1.3

	
1.1 b

	
1.8 c

	
0.4

	
1.4




	
mT

	
62.1

	
34.6

	
1.8

	
1.6 a

	
2.3 a

	
1.0

	
2.6




	
Shoot tip

	
70.7

	
25.1

	
1.5

	
1.4 a

	
2.1 a

	
0.5

	
2.1




	
Single node

	
51.2

	
31.8

	
1.8

	
1.1 b

	
1.7 b

	
0.9

	
1.5




	
Significance §




	
FCytokinin type

	
-

	
-

	
-

	
***

	
***

	
-

	
-




	
FCytok. concentration

	
-

	
-

	
-

	
**

	
***

	
-

	
-




	
FExplant type

	
-

	
-

	
-

	
***

	
***

	
-

	
-




	
FCytok. × Concentration

	
-

	
-

	
NS

	
NS

	
NS

	
-

	
***




	
FCytok. × Explant type

	
-

	
-

	
**

	
NS

	
NS

	
-

	
*




	
FCytok. × Expl. type

	
-

	
-

	
*

	
NS

	
NS

	
-

	
NS




	
FCytok. × Conc. × Expl. type

	
***

	
***

	
NS

	
NS

	
NS

	
***

	
NS








z Mean comparison in columns within each main factor with Student’s t test at p ≤ 0.05; means followed by the same letter are not significantly different at p ≤ 0.05. § NS or * or ** or ***, non-significant at p ≤ 0.05 or significant at p ≤ 0.05 or p ≤ 0.01 or p ≤ 0.001, respectively. 1 The explants produced normal and hyperhydrated shoots. 2 The explants produced hyperhydrated shoots only. ₸ NSh = normal shoot. ₸₸ HSh = hyperhydrated shoot. Multiplication index = shoot-producing explants 1 (%) × mean shoot number ₸ × mean node number ₸.
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Table 3. The effect of the experimental factors, i.e., cytokinin type (BA, ZEA, KIN, 2iP, and mT), cytokinin concentration (0.4, 0.8, 1.6, and 3.2 mg L−1) and explant type (shoot tip and single node) on shoot multiplication of S. officinalis. All media except BA also contained 0.01 mg L−1 NAA.
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Three-Way ANOVA

	
Shoot-

Producing Explants 1

	
Shoot-

Producing

Explants 2

	
Mean Number of NSh ₸

	
Mean NSh Length ₸

	
Mean NSh Node Number ₸

	
Mean Number of HSh ₸₸

	
Multi-Plication Index ₸






	
0.4

	
72.6

	
25.8

	
1.9

	
2.8 a z

	
2.9 a

	
0.6

	
3.8




	
0.8

	
58.2

	
41.0

	
2.0

	
2.3 b

	
3.1 a

	
0.8

	
3.1




	
1.6

	
43.2

	
55.9

	
2.0

	
2.1 b

	
2.8 a

	
1.1

	
2.1




	
3.2

	
33.4

	
65.6

	
1.8

	
1.6 c

	
2.1 b

	
1.9

	
1.8




	
BA

	
43.0

	
56.5

	
2.4

	
2.5 b

	
2.8 bc

	
2.0

	
3.7




	
ZEA

	
50.0

	
50.0

	
1.7

	
2.8 a

	
3.2 a

	
0.9

	
2.4




	
KIN

	
70.1

	
27.1

	
1.5

	
2.0 c

	
2.3 d

	
0.6

	
2.3




	
2iP

	
65.0

	
33.5

	
1.5

	
1.9 c

	
2.9 b

	
0.6

	
2.6




	
mT

	
30.5

	
68.3

	
2.5

	
1.8 c

	
2.4 cd

	
1.4

	
2.4




	
Shoot tip

	
60.0

	
42.1

	
1.9

	
2.6 a

	
3.2 a

	
0.8

	
3.0




	
Single node

	
46.8

	
52.1

	
1.9

	
1.8 b

	
2.3 b

	
1.4

	
2.4




	
Significance §




	
FCytokinin type

	
-

	
-

	
-

	
***

	
***

	
-

	
-




	
FCytok. concentration

	
-

	
-

	
-

	
**

	
***

	
-

	
-




	
FExplant type

	
-

	
-

	
-

	
***

	
***

	
-

	
-




	
FCytok. × Concentration

	
-

	
-

	
NS

	
NS

	
NS

	
-

	
***




	
FCytok. × Explant type

	
-

	
-

	
**

	
NS

	
NS

	
-

	
*




	
FCytok. × Expl. type

	
-

	
-

	
*

	
NS

	
NS

	
-

	
NS




	
FCytok. × Conc. × Expl. type

	
***

	
***

	
NS

	
NS

	
NS

	
***

	
NS








z Mean comparison in columns within each main factor with Student’s t test at p ≤ 0.05; means followed by the same letter are not significantly different at p ≤ 0.05. § NS or * or ** or ***, non-significant at p ≤ 0.05 or significant at p ≤ 0.05 or p ≤ 0.01 or p ≤ 0.001, respectively. 1 The explants produced normal and hyperhydrated shoots. 2 The explants produced hyperhydrated shoots only. ₸ NSh = normal shoot. ₸₸ HSh = hyperhydrated shoot. Multiplication index = shoot-producing explants 1 (%) × mean shoot number ₸ × mean node number ₸.
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Table 4. Effect of cytokinin type and concentration on shoot multiplication of S. fruticosa shoot tip or single node explants, excised from culture established from in vitro grown seedlings, in the presence of 0.01 mg L−1 NAA.






Table 4. Effect of cytokinin type and concentration on shoot multiplication of S. fruticosa shoot tip or single node explants, excised from culture established from in vitro grown seedlings, in the presence of 0.01 mg L−1 NAA.





	
PGRs

Concentration

(mg L−1)

	
Shoot-

Producing Explants 1/2 (%)

	
Mean Number of NSh ₸/HSh ₸₸

	
Mean NSh Length ₸ (cm)

	
Mean Node Number ₸

	
Multi-Plication Index






	
Shoot tip explant

	

	

	

	




	
0.0 (Hf ₸₸₸)

	
84 b z/8 n

	
1.0 j/0.1 n

	
2.2 a

	
3.3 a

	
2.8 cd




	
0.4 BA

	
80 bc/20 kl

	
1.6 def/0.3 lmn

	
0.8 fgh

	
1.2 ij

	
1.5 ijk




	
0.8 BA

	
67 fgh/27 jk

	
1.6 def/0.5 kl

	
0.8 fgh

	
1.6 fgh

	
1.7 hi




	
1.6 BA

	
67 fgh/33 hij

	
1.9 cde/0.8 hij

	
0.7 gh

	
1.7 efg

	
2.2 efg




	
3.2 BA

	
67 fgh/33 hij

	
2.0 bcd/0.8 hij

	
0.7 gh

	
1.6 fgh

	
2.1 fgh




	
0.4 ZEA

	
83 b/13 mn

	
1.1 ij/0.2 mn

	
1.6 bcd

	
2.5 bcd

	
2.3 efg




	
0.8 ZEA

	
67 fgh/21 kl

	
1.4 fgh/0.3 lmn

	
1.3 def

	
2.5 bcd

	
2.3 efg




	
1.6 ZEA

	
59 ij/29 ij

	
1.3 ghi/0.6 j

	
1.1 ef

	
2.3 cde

	
1.8 ghi




	
3.2 ZEA

	
21 op/58 b

	
2.2 abc/2.3 b

	
0.7 gh

	
1.2 ij

	
0.6 klm




	
0.4 KIN

	
92 a/8 n

	
1.0 j/0.2 mn

	
2.1 a

	
2.5 bcd

	
2.3 efg




	
0.8 KIN

	
83 b/17 lm

	
1.2 hij/0.3 lmn

	
2.0 ab

	
2.5 bcd

	
2.5 def




	
1.6 KIN

	
71 def/21 kl

	
1.3 ghi/0.5 kl

	
1.9 abc

	
2.0 def

	
1.8 ghi




	
3.2 KIN

	
58 ij/30 ij

	
1.5 efg/0.8 hij

	
1.7 bcd

	
2.0 def

	
1.7 hi




	
0.4 2iP

	
83 b/17 lm

	
1.0 j/0.2 mn

	
1.5 bcd

	
2.2 cde

	
1.8 ghi




	
0.8 2iP

	
75 cd/21 kl

	
1.1 ij/0.2 mn

	
1.2 def

	
1.9 efg

	
1.6 ij




	
1.6 2iP

	
75 cd/21 kl

	
1.2 hij/0.3 lmn

	
1.1 ef

	
1.8 efg

	
1.6 ij




	
3.2 2iP

	
71 def/29 ij

	
1.2 hij/0.3 lmn

	
0.8 fgh

	
2.1 def

	
1.8 ghi




	
0.4 mT

	
73 de/21 kl

	
1.7 def/0.6 j

	
2.0 ab

	
2.9 ab

	
3.6 b




	
0.8 mT

	
77 c/23 jkl

	
2.2 abc/0.6 j

	
1.8 bc

	
2.7 bc

	
4.6 a




	
1.6 mT

	
65 gh/35 hij

	
1.8 cde/0.9 gh

	
1.6 bcd

	
2.4 bcd

	
2.8 cd




	
3.2 mT

	
62 hi/38 fgh

	
2.1 abc/1.0 fgh

	
1.4 cde

	
1.7 efg

	
2.2 efg




	
Single node explant

	

	

	

	




	
0.0 (Hf ₸₸₸)

	
71 def/17 lm

	
1.7 def/0.3 lmn

	
1.4 cde

	
2.3 cde

	
2.8 cd




	
0.4 BA

	
67 fgh/20 kl

	
2.0 bcd/0.6 j

	
0.7 gh

	
1.5 ghi

	
2.0 fgh




	
0.8 BA

	
50 kl/27 jk

	
2.5 a/1.0 fgh

	
0.6 h

	
1.2 ij

	
1.5 ijk




	
1.6 BA

	
40 mn/40 ef

	
2.4 ab/1.0 fgh

	
0.6 h

	
1.2 ij

	
1.2 jk




	
3.2 BA

	
23 op/50 c

	
2.2 abc/1.2 ef

	
0.6 h

	
1.1 j

	
0.5 lm




	
0.4 ZEA

	
50 kl/29 ij

	
2.0 bcd/0.7 ij

	
1.2 def

	
1.7 efg

	
1.7 hi




	
0.8 ZEA

	
46 lm/33 hij

	
1.9 cde/1.0 fgh

	
1.1 ef

	
1.7 efg

	
1.5 ijk




	
1.6 ZEA

	
46 lm/37 ghi

	
2.0 bcd/1.0 fgh

	
1.0 efg

	
1.7 efg

	
1.6 ij




	
3.2 ZEA

	
13 p/62 a

	
2.0 bcd/2.4 a

	
0.8 fgh

	
1.3 hij

	
0.3 m




	
0.4 KIN

	
83 b/13 mn

	
1.4 fgh/0.3 lmn

	
1.6 bcd

	
2.0 def

	
2.3 efg




	
0.8 KIN

	
71 def/21 kl

	
1.6 def/0.4 kl

	
1.5 bcd

	
2.0 def

	
2.3 efg




	
1.6 KIN

	
63 ghi/25 jkl

	
1.6 def/0.7 ij

	
1.5 bcd

	
2.1 def

	
2.1 fgh




	
3.2 KIN

	
46 lm/33 hij

	
1.8 cde/1.0 fgh

	
1.4 cde

	
1.9 efg

	
1.6 ij




	
0.4 2iP

	
78 c/8 n

	
1.6 def/0.2 mn

	
1.2 def

	
1.4 ghi

	
1.7 hi




	
0.8 2iP

	
63 ghi/17 lm

	
1.6 def/0.2 mn

	
1.0 ef

	
1.7 efg

	
1.7 hi




	
1.6 2iP

	
33 n/33 hij

	
1.5 efg/0.8 hij

	
0.9 efg

	
1.4 ghi

	
0.7 klm




	
3.2 2iP

	
25 o/33 hij

	
1.5 efg/0.7 ij

	
0.9 efg

	
1.8 efg

	
0.7 klm




	
0.4 mT

	
56 jk/27 jk

	
1.7 def/0.6 j

	
1.9 abc

	
2.7 bcd

	
2.6 def




	
0.8 mT

	
67 fgh/29 ij

	
2.2 abc/0.9 gh

	
1.4 cde

	
2.4 bcd

	
3.5 b




	
1.6 mT

	
58 ij/42 de

	
1.7 def/1.4 d

	
1.2 def

	
1.6 fgh

	
1.6 ij




	
3.2 mT

	
38 mn/62 a

	
1.5 ghi/1.6 cd

	
1.0 ef

	
2.0 def

	
1.1 jk




	
Fone-way ANOVA

	
***/***

	
***/***

	
***

	
***

	
***








z Mean separation in columns using Student’s t, p ≤ 0.05; means followed by the same letter are not significantly different at p ≤ 0.05; *** significant at p ≤ 0.001, n = 30. Multiplication index = shoot-producing explants 1 (%) × mean shoot number ₸ × mean node number ₸. 1 The explants produced normal and hyperhydrated shoots. 2 The explants produced hyperhydrated shoots only. ₸ NSh = normal shoot. ₸₸ HSh = hyperhydrated shoot. ₸₸₸ Hf = hormone free.
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Table 5. Effect of cytokinin concentration and type on shoot multiplication of shoot tip or single node explants of S. officinalis excised from culture established from in vitro grown seedlings, in the presence of 0.01 mg L−1 NAA.
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PGRs

Concentration

(mg L−1)

	
Shoot-

Producing Explants 1/2 (%)

	
Mean Number of NSh ₸/HSh ₸₸

	
Mean NSh Length ₸ (cm)

	
Mean Node Number ₸

	
Multi-Plication Index






	
Shoot tip explant

	

	

	

	




	
0.0 (Hf ₸₸₸)

	
93 a z/7 p

	
1.0 l/0.1 j

	
3.4 c

	
3.7 bc

	
3.4 g




	
0.4 BA

	
77 cd/23 op

	
2.6 de/1.0 ef

	
3.7 bc

	
3.6 bc

	
7.2 a




	
0.8 BA

	
50 jk/50 hi

	
2.6 de/1.5 de

	
3.8 bc

	
4.1 ab

	
5.3 c




	
1.6 BA

	
50 jk/50 hi

	
2.9 bc/1.6 de

	
2.9 cd

	
3.3 cd

	
4.8 cd




	
3.2 BA

	
43 jkl/57 gh

	
3.5 a/1.8 d

	
2.4 fg

	
2.8 ef

	
4.2 ef




	
0.4 ZEA

	
79 bcd/21 op

	
1.1 kl/0.2 ij

	
5.6 a

	
4.3 a

	
3.7 fg




	
0.8 ZEA

	
58 hi/42 jk

	
1.0 l/0.4 hi

	
2.6 de

	
4.2 a

	
2.4 jk




	
1.6 ZEA

	
55 ij/45 ij

	
1.2 jk/0.7 gh

	
2.9 cd

	
3.6 bc

	
2.4 jk




	
3.2 ZEA

	
29 mn/71 d

	
2.3 fgh/1.3 e

	
2.0 ijk

	
2.5 fgh

	
1.7 mn




	
0.4 KIN

	
75 de/17 p

	
1.0 l/0.2 ij

	
2.5 ef

	
2.6 fg

	
2.0 lm




	
0.8 KIN

	
75 de/25 n

	
1.1 kl/0.5 hi

	
2.6 de

	
2.8 ef

	
2.3 jk




	
1.6 KIN

	
71 ef/29 mn

	
1.1 kl/0.7 gh

	
2.5 ef

	
2.5 fgh

	
2.0 lm




	
3.2 KIN

	
67 fg/33 lm

	
1.8 hi/0.8 fg

	
2.5 ef

	
2.8 ef

	
3.4 g




	
0.4 2iP

	
83 b/17 p

	
1.0 l/0.2 ij

	
1.8 jk

	
2.5 fgh

	
2.1 kl




	
0.8 2iP

	
71 ef/25 n

	
1.0 l/0.3 ij

	
1.9 jk

	
2.9 ef

	
2.1 kl




	
1.6 2iP

	
62 gh/38 klm

	
1.0 l/0.4 hi

	
1.9 jk

	
3.3 cd

	
2.0 lm




	
3.2 2iP

	
58 hi/42 jk

	
1.0 l/0.4 hi

	
2.0 ijk

	
4.0 ab

	
2.3 jk




	
0.4 mT

	
67 fg/33 lm

	
2.5 efg/0.4 hi

	
2.6 de

	
3.5 bc

	
5.9 b




	
0.8 mT

	
40 kl/60 f

	
2.9 bc/0.6 gh

	
2.4 fg

	
3.3 cd

	
3.8 g




	
1.6 mT

	
20 n/80 bc

	
3.0 b/1.1 ef

	
2.3 g

	
2.8 ef

	
1.7 mn




	
3.2 mT

	
10 o/83 b

	
3.3 b/1.2 e

	
1.4 m

	
1.5 l

	
0.5 p




	
Single node explant

	

	

	

	




	
0.0 (Hf ₸₸₸)

	
79 bcd/17 p

	
1.9 hi/0.4 hi

	
1.9 jk

	
2.4 gh

	
3.6 fg




	
0.4 BA

	
63 gh/33 lm

	
2.5 efg/1.7 d

	
2.5 ef

	
3.0 de

	
4.7 cd




	
0.8 BA

	
58 hi/42 jk

	
2.6 de/1.8 d

	
2.8 d

	
3.0 de

	
4.5 de




	
1.6 BA

	
3 p/97 a

	
2.0 gh/2.5 c

	
1.5 lm

	
2.5 fgh

	
0.2 p




	
3.2 BA

	
0 q/100 a

	
0.0 m/4.1 b

	
-

	
-

	
0.0 r




	
0.4 ZEA

	
67 fg/33 lm

	
1.8 hi/0.9 fg

	
3.9 b

	
3.3 cd

	
4.0 ef




	
0.8 ZEA

	
54 ij/46 ij

	
2.0 gh/0.8 fg

	
2.6 de

	
3.1 de

	
3.3 gh




	
1.6 ZEA

	
35 lmn/65 e

	
2.0 gh/1.3 e

	
1.6 lm

	
2.3 hij

	
1.6 n




	
3.2 ZEA

	
23 n/77 c

	
2.0 gh/1.5 de

	
1.5 lm

	
2.4 gh

	
1.1 o




	
0.4 KIN

	
79 bcd/17 p

	
1.6 i/0.3 ij

	
1.7 klm

	
1.7 kl

	
2.1 kl




	
0.8 KIN

	
83 b/17 p

	
1.7 i/0.5 hi

	
1.7 klm

	
1.9 jk

	
2.7 i




	
1.6 KIN

	
63 gh/33 lm

	
1.8 hi/0.7 gh

	
1.8 jk

	
1.7 kl

	
1.9 mn




	
3.2 KIN

	
54 ij/46 ij

	
1.9 hi/1.1 ef

	
1.9 jk

	
2.2 hij

	
2.3 jk




	
0.4 2iP

	
79 bcd/21 op

	
2.0 gh/0.4 hi

	
1.7 klm

	
2.0 ij

	
3.2 gh




	
0.8 2iP

	
63 gh/33 lm

	
2.0 gh/0.7 gh

	
1.9 jk

	
2.7 ef

	
3.4 g




	
1.6 2iP

	
54 ij/42 jk

	
1.9 hi/0.9 fg

	
2.0 ijk

	
2.8 ef

	
2.9 hi




	
3.2 2iP

	
50 jk/50 hi

	
2.0 gh/1.1 ef

	
2.1 hi

	
2.8 ef

	
2.8 hi




	
0.4 mT

	
57 hi/43 jk

	
2.7 cde/0.6 gh

	
2.0 ijk

	
2.6 fg

	
4.0 ef




	
0.8 mT

	
30 mn/70 d

	
2.7 cde/0.7 gh

	
1.6 lm

	
2.4 gh

	
1.9 mn




	
1.6 mT

	
20 n/80 bc

	
2.8 bc/1.2 e

	
1.7 klm

	
3.2 cd

	
1.8 mn




	
3.2 mT

	
0 q/97 a

	
0.0 m/5.5 a

	
-

	
-

	
0.0 r




	
Fone-way ANOVA

	
***/***

	
***/***

	
***

	
***

	
***








z Mean separation in columns using Student’s t, p ≤ 0.05; means followed by the same letter are not significantly different at p ≤ 0.05; *** significant at p ≤ 0.001, n = 30. Multiplication index = shoot-producing explants 1 (%) × mean shoot number ₸ × mean node number ₸. 1 The explants produced normal and hyperhydrated shoots. 2 The explants produced hyperhydrated shoots only. ₸ NSh = normal shoot. ₸₸ HSh = hyperhydrated shoot. ₸₸₸ Hf = hormone free.
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