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Abstract

:

An effective method of tulip regeneration via somatic embryogenesis (SE) was developed. Explants, flower stem slices excised from cooled bulbs were incubated in darkness on MS modified media containing auxins alone (2,4-dichlorophenoxyacetic acid—2,4-D, 1-naphthalene acetic acid—NAA and 4-amino-3,5,6-trichloro-2-pyridine carboxylic acid—picloram) or combined with thidiazuron (TDZ) at 0.1 and 0.5 mg L−1. Yellowish-white callus with a granular structure was developed in the presence of all auxins on the cut surface from the tissues of the vascular bundles. From this, lines of embryogenic calli were derived. The addition of TDZ to the medium with auxins significantly stimulated somatic embryo formation. Cyclic and the most intensive proliferation of embryogenic callus as well as embryo formation was obtained in the presence of 2,4-D at 0.1 mg L−1 combined with TDZ at 0.5 mg L−1. Addition of proline enhanced either callus proliferation rate or frequency of embryo formation. The best quality embryos with cotyledons longer than 10 mm able to form bulbs were recorded when TDZ was replaced with 6-benzylaminopurine (BAP) at the concentration of 0.1 mg L−1. Histomorphology showed that the development of somatic embryos could have either external or internal origins. Embryos of external origin were initiated by cell division on the edge of embryogenic calli. Embryos of internal origin resulted from the division of parenchyma cells inside the tissue. Embryonic cells were characterized by their small volume, regular shape, dense cytoplasm and large nuclei. The globular embryos were covered by a distinct layer of periderm. Then, the embryos developed into structures having leaf-shaped cotyledons with a procambial strand and a sideward-orientated meristem of the vegetative apex (stolon). Cotyledon embryos did not show vascular connections with the parent tissue, and they did not develop embryonic roots.
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1. Introduction


Tulips are among the leading cut flowers produced [1,2]. The development of a new cultivar is time-consuming and expensive. Around 20–25 years can pass from the selection of the first seedlings to the propagation of a new cultivar into 10,000 bulbs and its appearance on the market [1]. By using an in vitro propagation method, this period can be shortened. However, in vitro tulip regeneration systems described in the available literature have been not efficient enough. In the 1980s, 1990s and in the first years of the 21st century, much information was generated on the direct regeneration of shoots or microbulbs on the initial explants such as the bulb scales, vegetative buds and flower stems, with the latter showing highest regenerative potential [3,4,5,6,7,8]. These methods were not the systems based on the cyclic multiplication of adventitious shoots or bulbs and allowed obtaining at most about 200 microbulbs from one donor bulb. Maślanka and Bach [9] demonstrated a high regenerative potential for seedling fragments as initial explants of Tulipa tarda. This method is based also on the direct regeneration of adventitious shoots, and it could be used successfully to reproduce wild tulip species, e.g., those endangered with extinction. Recently, a similar in vitro propagation system has been reported for T. suaveolens by Kritskaya et al. [10]. However, the use of seedlings as initial explants does not allow it to be used in the production of tulip cultivars, as these are highly heterozygous genotypes and require explants obtained from vegetative organs for cloning. Several years ago, we developed the method of tulip micropropagation based on cyclic multiplication of adventitious shoots. This system is characterized by higher efficiency and it is possible to produce approximately 1000 microbulbs from a few bulbs over 2–3 years [11,12,13,14]. The method is based on the regeneration of somatic embryos from fragments of a flower stem, then adventitious shoot regeneration on stolon tips developed from the embryos, and further cyclic multiplication of adventitious shoots for about two years on medium containing N-phenyl-N′-1,2,3-thidiazol-5-yl urea (TDZ), isopentenyl adenosine (iP) and 1-naphthalene acetic acid (NAA). This micropropagation method has been used either for virus elimination using chemotherapy or the propagation of healthy material of several tulip cultivars [15] and for tetraploid induction [16].



Further progress in enhancing the regeneration efficiency of tulip can be achieved using systems based on somatic embryogenesis (SE). SE is a developmental process enabling non-zygotic plant cells (somatic cells) to form an embryo and then regenerate the whole plant [17]. The first somatic embryo formation in vitro was reported for carrot over 60 years ago [18]. Since then, the process of plant regeneration via SE has been studied on many levels: morphological, histological, hormonal or genetic regulation, and various SE-based regeneration systems have been developed for numerous plan species [19,20,21,22,23]. Somatic embryos may arise directly on the initial explants (fragments of young organs such as shoots, vegetative buds, leaves and flower stalks) or indirectly via the embryogenic callus. The various SE systems, regardless of the species, consist of three to four stages. In a direct SE, the stages are as follows: (1) induction of embryo formation, (2) embryo development and (3) plant regeneration from the embryo; whereas in an indirect SE: (1) initiation of embryogenic callus, (2) callus proliferation, (3) embryo formation and (4) plant regeneration. The former is used rather for various breeding purposes and the latter is more suitable for commercial propagation. SE is influenced by several factors such as genotype, explants source, plant growth regulators (PGRs) with auxins playing a key role, and organic additives as casein hydrolysate, glutamine, proline or polyamines [19].



The SE of tulip was first demonstrated by Gude and Dijkema [24]. They induced somatic embryos on flower stem explants on a medium with 5 or 50 μM 2,4-dichlorophenoxyacetic acid (2,4-D) or 4-amino-3,5,6-trichloro-2-pyridine carboxylic acid (picloram). Bach and Ptak [25] and Ptak and Bach [26] reported the possibility of using the method based on somatic embryogenesis for tulip propagation by the formation of numerous embryos on ovary segments and flower stem fragments, respectively, isolated from cooled bulbs and incubated on an MS medium supplemented with 25 μM of picloram and 0.5 μM 6-benzylaminopurine (BAP). Further development of embryos in plants was conducted in the presence of 5 μM BAP and 0.5 μM NAA. The formation of bulbs was achieved after the embryos were cultured in a sucrose-rich medium and treated with a low temperature of 5 °C to induce the bulbing process. Subsequent studies of this research team showed that the use of salicylic acid (an inhibitor of ethylene biosynthesis) together with 2-chloroethylphosphonic acid (ethephon) stimulated the development of leaves at the cotyledonary phase [27]. In turn, abscisic acid (ABA), as well as the inhibitor of its biosynthesis—fluridone—did not significantly influence the shoot development of the embryos [28]. It seems that the continuation of research on the optimization of individual stages of tulip propagation in vitro via SE could be highly effective.



The current study aimed to develop an effective method of tulip regeneration utilizing SE for the rapid multiplication of healthy material of new cultivars and other breeding purposes. In our research, we focused on direct SE as well cyclic embryogenic callus proliferation and stimulation of embryo production from such calli, then the development of plantlets and finally bulbs, the final product of tulip micropropagation. In addition, histological analyses were conducted to confirm the nature of the callus and to clarify the development of embryos.




2. Material and Methods


2.1. Plant Material


The tulip cultivars ‘Blue Parrot’, ‘Apeldoorn’ and ‘Prominence’ were used in the research to induce callus and direct somatic embryo formation. For further studies on embryogenic callus proliferation and embryo development, the calli of ‘Blue Parrot’ were used. This is because this cultivar produced during the stabilization SE stage, the highest amount of embryogenic calli that made it possible to conduct further experiments.



The research included optimization of the conditions in the successive stages of SE: (1) induction of callus and direct somatic embryo formation, (2) multiplication of embryogenic callus and (3) induction of somatic embryo formation from callus and further development of an embryo into plantlets and finally bulb formation.




2.2. Induction of Callus and Direct Somatic Embryo Formation


The initial explants were isolated from bulbs cooled from September for 16 weeks at 5 °C and then grown in the darkness for 10 days at 15 °C to obtain flower stems 2–5 cm long. The bulbs were surface disinfected with 3% chloramine T for 20 min, washed in sterile water, then disinfected again with 0.1% HgCl2 for 10 min and washed 3 times in sterile water. The flower stems were isolated and cut into 2 mm slices which were then incubated in darkness at 20 °C for 2.5 months on a basal medium containing Murashige and Skoog [29] mineral salts and organic compounds: 10 mg L−1 thiamine, 1 mg L−1 pyridoxine, 5 mg L−1 nicotinic acid, 10 mg L−1 glycine, 100 mg L−1 glutamine, 1 g L−1 casein hydrolysate, 0.8% Bactoagar, 3% sucrose; this basal medium was supplemented with auxins alone, such as 2,4-D, picloram or NAA and combined with TDZ at 0.1 and 0.5 mg L−1. Auxin concentrations were selected based on preliminary study and were applied as follows: 2,4-D and picloram at 2.5 mg L−1 and NAA at 10 mg L−1. Callus production and the number of visible embryos (longer than 3 mm) per initial explant were estimated after 2.5-month initial culture. Callus formation was assessed according to a 0–3 scale: 0—no callus growth, 1—the presence of callus in 2–3 points on the explant, 2—callus on the surface of the entire epidermis and 3—callus on the surface of the entire explant.



The forming callus was then transferred monthly to the same fresh media as used in the initial stage to stimulate callus growth or embryo development. Stabilized embryogenic callus was obtained after 6 months only when cultures were grown on the medium supplemented with 2.5 mg L−1 2,4-D and 0.1 and 0.5 mg L−1 TDZ. The amount of callus sufficient to conduct further research, was achieved only for ‘Blue Parrot’. Such callus was used for further experiments. The above-described basal medium (15 mL in 50-mL Erlenmeyer flasks) and culture conditions, the temperature of 20 °C and darkness, were used throughout the study except where stated otherwise.




2.3. Embryogenic Callus Production


The effect of proline (100 and 200 mg L−1) and Tytanit® (InterMag, Osiek, Poland: 10 and 100 mg L−1) on embryogenic callus production were studied. Calli were subcultured twice at one-month intervals on basal media supplemented with 2.5 mg I−1 2,4-D and 0.1 mg L−1 TDZ, proline and Tytanit®, in darkness. In the control, the medium did not contain proline or Tytanit®. Four 100 mg callus clumps were placed in 50-mL Erlenmeyer flasks, with four flasks for each treatment, i.e., 4 × 0.1 g callus × 4 flasks = 1.6 g callus per treatment. An increase in callus fresh mass (FM) was calculated as the ratio of the final to the initial callus FM at the end of the second subculture.




2.4. Somatic Embryo Formation from Callus and Their Further Development


In the first experiment, the influence of tyrosine (100 mg L−1) and proline (100, 200 and 400 mg L−1) as well as a white and red light on the formation and development of somatic embryos, was investigated. Embryogenic calli with developing embryos were transferred to fresh medium four times at two-month intervals. The media contained TDZ (0.1 mg L−1) and 2,4-D (0.1 mg L−1) and above-mentioned amino acids. In the control, the medium was devoid of these amino acids. During the first two subcultures, the embryogenic callus cultures were carried out in the darkness and for the next two subcultures, in cool white light (Philips TLD 36 W/95) or red light (Philips TLD 36 W/15 with a wavelength peak of about 660 nm), both at PPFD of 30 µmol m−2 s−1 and a 16 h photoperiod. The number of somatic embryos was recorded at the end of the experiment.



In the second experiment, the effects of growth regulators, TDZ, BAP, m-Topolin (m-T) and gibberellic acid (GA3) (see Table 1) on the formation and development of somatic embryos were examined. Embryogenic callus was sub-cultured four times at two-month intervals in darkness, on the basal medium supplemented with the above-mentioned PGRs and 100 mg L−1 proline. Meanwhile, 2,4-D was used at a concentration of 0.1 mg L−1 in the first subculture and 0.01 mg L−1 in the remaining subcultures. Embryo numbers were counted at the end of each subculture. The amount of callus and replications were similar to those described for the experiment on callus production.



The post effect of the PGR treatments on bulb formation was also examined. The slightly modified procedure of the three-step bulb formation process and further bulb cultivation, developed in earlier studies, was applied [13,14]. Briefly, to prepare embryo cultures for the bulb formation process, the clusters of embryos with cotyledons longer than 10 mm were transferred to basal medium (in 100–mL Erlenmeyer flasks) supplemented with 100 mg L−1 proline, containing 2,4-D and BAP both at 0.1 mg L−1, and cultured in standard light conditions (PPFD of 40 mol m−2 s−1) at a 16 h photoperiod. Two months later, 20 mL of liquid MS medium [13] supplemented with NAA and cyclopropyl-(4-methoxyphenyl)-pyrimidin-5-ylmethanol (ancymidol), both at 1 mg L−1 were added to flasks with plantlet cultures. After an additional six weeks on such a two-phase medium, to induce bulb formation, the intact plantlet clusters were transferred to 100-mL Erlenmeyer flasks with 40 mL of a bulbing MS medium containing 7% sucrose and cooled in darkness for 12 weeks at 5 °C. Finally, flasks with plantlet culture were placed for 10 weeks at 23 °C in standard light conditions for bulb formation. Then, the bulbs were washed and stored at room temperature for four weeks. The number of bulbs per 100 mg of callus and the total number of bulbs per treatment (obtained from an initial 1.6 g of embryogenic callus) were counted. Bulbs were then planted to peat medium at 9 °C for 3 months and cultivated in an insect-proof tunnel in a field.




2.5. Microscopic Analysis


For histological observation, fragments of callus and regenerating structures were fixed in chromic acid, acetic acid and formalin (CrAF) solution for 48 h at room temperature, dehydrated through an increasing alcohol series (70, 80, 90 and 100%), and embedded in paraffin. Longitudinal sections, 15 μm thick, were cut with a rotary microtome (Leica, Wetzlar, Germany) and stained with safranin (1% prepared in ultrapure water) followed by fast green (1% prepared in 95% ethanol). The sections were mounted in Canada balsam and analyzed using a light microscope (Eclipse 80i, Nikon, Tokyo, Japan) with imaging software NIS-Elements BR ver. 4.00 (Nikon Instruments Inc., Tokyo, Japan) for photo documentation.




2.6. Statistical Analyses


Data were subjected to analysis of variance (ANOVA) and the means were compared by Duncan’s test at p < 0.05. In successive experiments, the following ANOVA models were used: (Section 2.2) the effects of auxin and TDZ, depending on cultivar, on the induction of callus and direct embryo formation—the three-way ANOVA; (Section 2.3) the effects of proline and Tytanit® on embryogenic callus production—one-way ANOVA; (Section 2.4, 1st experiment) the effects of amino acids and light quality on somatic embryo formation - the two-way ANOVA; (Section 2.4, 2nd experiment) effects of PGRs in successive subcultures on embryo production - the two-way ANOVA, and the bulb formation was analyzed using one-way ANOVA; significance of the effects were confirmed by the P (probability) value of the statistic from ANOVA, p ≤ 0.05 meant that the effect was significant. All calculations were done with STATISTICA package (StatSoft v. 13.1).





3. Results


3.1. Callus Induction and Direct Embryogenesis


Callus formation was observed on initial explants in the presence of all auxins (Figure 1 and Figure 2). A white and soft callus was developed from epidermal cells. Yellowish-white callus with a granular structure was developed on the cut surface from the tissues of the vascular bundles. From this, the lines of embryogenic calli were derived. Three-way ANOVA revealed that the cultivar, auxin type and TDZ significantly influenced the callus growth (Tables S1 and S2; Figure 1 and Figure 2). The addition of TDZ to the medium with auxins significantly stimulated callus formation in ‘Apeldoorn’ irrespective of the auxin type. In ‘Prominence’, significantly higher callus production was recorded on media containing picloram and NAA, regardless of TDZ presence, compared to all 2,4-D treatments. TDZ combined with 2,4-D inhibited callus formation in this cultivar. In ‘Blue Parrot’, the higher callus amounts were observed for 2,4-D and NAA applied alone while TDZ, especially at higher concentration, significantly reduced callus formation on initial explants regardless of auxin type.



Based on three-way ANOVA, the cultivars differed significantly in capacity for somatic embryogenesis and this process was highly influenced by auxin type and TDZ presence (Tables S1 and S2). The highest average number of embryos was obtained for ‘Prominence’, then ‘Blue Parrot’, and the least for ‘Apeldoorn’, 8.5, 4.0 and 0.7 respectively. The addition of TDZ to auxin containing media strongly stimulated SE. The highest number of embryos, approximately 24, was recorded for ‘Prominence’ in the presence of 2,4-D combined with TDZ, irrespective of its concentration (Figure 1c and Figure 3). For NAA combined with TDZ 0.1 and 0.5 mg L−1, 11.3 and 16.3 embryos per explant were formed, respectively. A strong response was also observed for ‘Blue Parrot’ on medium containing 0.5 mg L−1 TDZ combined with 2.4-D or NAA resulting in 12.9 and 7.7 embryos, respectively (Figure 1a and Figure 3). The weaker reactions of all cultivars were observed with picloram.



Stages of direct somatic embryogenesis in tulip ‘Prominence’ on induction media containing 2.5 mg L−1 picloram and 0.5 mg L−1 TDZ are shown in Figure 4. Figure 4a,b shows an early stage of embryo development. Somatic globular embryos were mainly composed of small compact meristematic cells, characterized by a dense cytoplasm and nucleus. Globular embryos formed a typical single layer of protoderm on their surface (Figure 4b). Then, the embryos developed into characteristic structures: cotyledons growing upwards, in the opposite direction an apical bud formed at the base of the cotyledon (Figure 4c,d). Histological analysis confirmed the presence of a leaf-shaped cotyledon with a procambial strand and a sideward-orientated meristem of the vegetative apex (Figure 4d). However, no vascular connection of the embryo with parental tissue was observed. In addition, no development of the embryonic root was observed. Further development of the embryos was obtained in white light on a medium containing TDZ (0.1 mg L−1) and 2,4-D (0.1–0.4 mg L−1) (Figure 4e,f). Embryos produced shorter or longer stolons (dropper) and on their apex, vegetative buds developing in shoots were formed.




3.2. Callus Production


Callus proliferation of ‘Blue Parrot’ was significantly stimulated by proline (100 mg L−1) alone or combined with Tytanit® (10 mg L−1) (Figure 5).




3.3. Somatic Embryo Formation from Callus and Their Further Development


Two-way ANOVA showed that both the light quality and amino acids significantly influenced embryo development with p < 0.01 for both of the factors and their interactions. ‘Blue Parrot’ embryo formation was stimulated by proline at the concentration of 100 mg L−1 in white light applied during the last two subcultures when shoot development in embryos was more advanced (Figure 6). In this treatment, 6.6 somatic embryos were obtained, while in the control, 5.2. Tyrosine did not influence embryo number. Red light revealed generally an inhibitory SE effect. Based on two-way ANOVA, the embryo number per 100 mg callus obtained under red light was on average significantly lower (4.0) compared to white light treatment (5.2). The significantly lower embryo numbers under the red light compered to white light were observed for proline treatments at 100 and 400 mg L−1.



Results of the second experiment (conducted in darkness) showed that the higher total numbers of embryos (from approx. 44 to 54 embryos per 100 mg callus) were obtained when the medium contained TDZ at 0.5 mg L−1 alone or TDZ at 0.1 mg L−1 combined with BAP or m-Topolin each at 0.5 mg L−1 (Table 1, Figure 7a,b). The highest total embryo number, 94.3, was recorded at the end of the second subculture for TDZ at 0.5 mg L−1. In the following cycles, however, the number of embryos decreased to 38 at the last subculture and was comparable to that obtained for the combination of 0.1 mg L−1 TDZ with BAP or m-Topolin. GA3 revealed generally an inhibitory effect on SE, especially when applied at higher concentration of 1 mg L−1 (Table 1). The average total embryo numbers for GA3 used at 0.1 and 1 mg L−1 were on average 23.3 and 8.8, respectively and were significantly lower when compared to the best mentioned above treatments with TDZ, BAP and m-Topolin. Moreover, the embryo numbers differed significantly between subcultures. The lowest total embryo number was observed in the 1st subculture, on average 19.2 embryos per 100 mg callus, twice as many in the second and third subcultures, and in the fourth subculture, the total number of embryos decreased to an average of about 30 embryos per 100 mg callus.
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Table 1. Effect of plant growth regulators (PGRs): N-phenyl-N′-1,2,3-thidiazol-5-yl urea (TDZ), 6-benzylaminopurine (BAP), m-Topolin (m-T) and gibberellic acid (GA3), on the production of somatic embryos in successive subcultures; the basal medium contained 2,4-dichlorophenoxyacetic acid (2,4-D) at the concentration of 0.1 mg L−1 in the first subculture and 0.01 in the remaining subcultures.






Table 1. Effect of plant growth regulators (PGRs): N-phenyl-N′-1,2,3-thidiazol-5-yl urea (TDZ), 6-benzylaminopurine (BAP), m-Topolin (m-T) and gibberellic acid (GA3), on the production of somatic embryos in successive subcultures; the basal medium contained 2,4-dichlorophenoxyacetic acid (2,4-D) at the concentration of 0.1 mg L−1 in the first subculture and 0.01 in the remaining subcultures.





	
PGRs

(mg L−1)

	
Total Number of Embryos at the End of Consecutive Two-Month Subcultures per 100 mg Callus




	
1

	
2

	
3

	
4

	
Mean






	
TDZ 0.1

	
13.8 ab

	
34.3 b

	
30.3 bc

	
18.5 bc

	
24.2 d




	
TDZ 0.5

	
32.3 a

	
94.3 a

	
57.8 a

	
38.0 ab

	
55.6 a




	
BAP 0.1

	
25.3 ab

	
38.8 b

	
46.0 ab

	
37.0 ab

	
36.8 bc




	
BAP 0.5

	
20.0 ab

	
40.8 b

	
38.0 ab

	
30.8 ab

	
32.4 cd




	
TDZ 0.1 + BAP 0.1

	
19.4 ab

	
36.3 b

	
43.3 ab

	
31.8 ab

	
32.6 cd




	
TDZ 0.1 + BAP 0.5

	
13.5 ab

	
52.3 b

	
54.5 a

	
55.3 a

	
43.9 b




	
TDZ 0.1 + m-T 0.1

	
13.0 ab

	
38.0 b

	
40 ab

	
22.0 bc

	
28.3 cd




	
TDZ 0.1 + m-T 0.5

	
28.5 ab

	
61.0 b

	
54.5 a

	
33.8 ab

	
44.4 b




	
TDZ 0.1 + GA3 0.1

	
20.0 ab

	
30.0 bc

	
25.5 bc

	
20.0 bc

	
23.3 d




	
TDZ 0.1 + GA3 1

	
6.5 b

	
11.5 c

	
11.8 c

	
5.3 c

	
8.8 e




	
Mean

	
19.2 C

	
43.7 A

	
39.9 A

	
29.2 B

	




	
ANOVA

	

	

	

	

	




	
Effect

	
p

	

	

	




	
Subculture

	
<0.001

	

	

	




	
PGR

	
<0.001

	

	

	




	
Subculture x PGR

	
0.04

	

	

	








Means in columns marked with the same small letter did not differ significantly at p = 0.05; Duncan’s test; Means in row marked with the same capital letter did not differ significantly at p = 0.05; Duncan’s test.











The best quality embryos with cotyledons longer than 10 mm, most suitable for bulb formation, were obtained in the presence of BAP alone at the concentration of 0.1 mg L−1 (Table 2). In this treatment the highest number (32.5) of the embryos with longer cotyledons were recorded at the fourth subculture (Table 2, Figure 7c). Whereas, at the same time, 2.3 and 10 embryos were formed in the presence of TDZ at 0.1 and 0.5 mg L−1, respectively. The lowest numbers of embryos with longer cotyledons were obtained for GA3 at 1 mg L−1.



The production of embryos with longer cotyledons (>10 mm) increased from subculture to subculture and the higher embryo numbers were recorder in the last two subcultures, reaching an average of about 14 embryos per 100 mg of callus.



The effectiveness of the bulb formation depended on the conditions in which the embryos had developed earlier (Table 3). The highest number of plantlets (10.1) with cotyledons longer than 10 mm were obtained following treatment with BAP applied alone at a lower concentration of 0.1 mg L−1. Such plants were than able to form the highest number of bulbs per 100 mg callus (5.56) with the high efficiency of approximately 55% (Table 3, Figure 7d,e). Thus starting from 1.6 g of embryogenic callus, 89 bulbs with a mean FM of 174 mg were produced within 17.5 months of culture (8.5 months of embryo production + 9 months of bulb formation process). While with TDZ alone at 0.1 and 0.5 mg L−1, only 2 and 11 bulbs were produced, respectively.



During ex vitro cultivation approximately 70–90% of bulbs developed into plants having one leaf and produced one daughter bulb larger than the initial bulb by 40–50% (Figure 7e).



Histological sections using different developmental stages of embryogenic calli showed that the development of somatic embryos was generally initiated through the division of superficial cells of callus. The embryogenic calli were comprised of a small volume, of regular shape and closely arranged cells, which were characterized by dense cytoplasm and large nuclei. Intensive cell division of embryonic cells was observed within the surface of the callus, leading to embryonic body development (Figure 8a,b). Globular embryos were formed either in clumps or singly. Their surface was covered by the distinct layer of protoderm provided the isolation layer for the embryo (Figure 8c,d). Later on, numerous embryogenic cell clusters (ET) were also formed internally in calli through the division of parenchyma cells inside the tissue (Figure 8c,d).



The scheme representing implemented experiments including the optimal conditions for particular stages of SE is shown in Table 4.





4. Discussion


4.1. SE Induction and Embryo Development


In our study, embryogenic calli capable of continuous multiplication were derived from yellowish-white callus with a granular structure, formed on the cut surface of flower stem - from the tissues of the vascular bundles, in the presence of 2,4-D and TDZ. Similar callus formation and SE initiation from cells surrounding the veins have frequently been observed for various plant species, as reviewed by Fehér [22]. It should be noted that we used 2,4-D at a higher concentration for induction of such granular callus but this auxin at much lower concentration was effective for further callus multiplication with simultaneous embryo formation. This corresponds with a report on carrot SE induced in liquid cultures from single cells or cell clusters of perivascular origin [30]. It was suggested, based on several reports that in the presence of 2,4-D, these cells formed pro-embryogenic cell masses as a transitional state leading to SE. In turn, removal of the auxin was a signal for embryo formation from pro-embryogenic masses [22].



The results of the current research revealed that the highest numbers of embryos directly regenerated on initial explants were recorded for 2,4-D or NAA combined with TDZ while auxins alone purely induced SE. Furthermore, we observed lower numbers of tulip embryos in the presence of picloram, even when it was combined with TDZ, unlike in other species such as Lachenalia viridiflora [31], Cyrtanthus mackenii [32], Manihot esculenta [33] and Lilium sp. [34].



As in the present study, the strong morphogenetic effect of TDZ was also observed in our earlier studies in which TDZ combined with NAA was essential for the cyclic multiplication of tulip adventitious shoots [11]. A similar PGR combination was used to induce the direct formation of adventitious shoots from vegetative buds isolated from uncooled bulbs of tulip ‘Apeldoorn’ [35] and generative seedlings of Tulipa kaufmanniana [36]. These correspond to numerous reports, which showed that TDZ, a derivative of diphenylurea with cytokinin-like activity, induces morphogenetic processes much more strongly than purine cytokinins [37,38]. The strong activity of TDZ is attributed to its direct action through binding to cytokinin receptors [39] or indirectly via increasing the accumulation of endogenous cytokinins by inhibiting the activity of cytokinin oxidase/dehydrogenase (CKX) [40]. This highly active PGR in combination with auxins has often been used to induce the formation of callus, embryos or adventitious shoots in vitro in species commonly considered “difficult” for in vitro regeneration [38].



In our research, the yield of the embryos produced in the process of cyclic multiplication of embryogenic callus using 0.5 g L−1 TDZ combined with 2,4-D (0.01–0.1 mg L−1) was very high, reaching 94.3 embryos per 100 mg of callus at the second subculture. However, in the following stages, some of the developing embryos died, and only 18.6% of them were able to develop cotyledons longer than 10 mm, capable of forming bulbs with an efficiency of 19.3%. Whereas, Ptak and Bach [26] obtained at most 7.9 embryos per 1 g of callus in the presence of 25 µM picloram in combination with 0.5 µM BAP. These authors, however, did not report on the formation of bulbs. In our study, embryo conversion into plant was positively influenced by BAP applied at a lower concentration of 0.1 mg L−1 combined with decreased 2,4-D concentration to 0.1 (in the first subculture) and then to 0.01 mg L−1 (in subsequent subcultures). For this treatment, a three-fold higher bulb number was obtained (5.56 bulbs per 100 mg of callus). Similarly, BAP combined with NAA was more effective for either SE induction or embryo conversion into plants in several ornamental geophytes such as Hippeastrum hybridum, Eucharis grandiflora and Crinum asiaticum [41]. Furthermore, NAA was ineffective when used alone. Unlike tulip, Hippeastrum and Eucharis were completely unresponsive to 2,4-D. Large differences among plant species and cultivars in SE responses to auxin type and other PGRs have been observed in numerous studies [19,23]. The process of SE is a complex multifactorial system controlled by exogenous stress factors and PGRs, mainly auxins alone or combined with cytokinins during early SE stages. Other PGRs such as ethylene, abscised acid and gibberellins regulate further embryo development (maturation or conversion into plants) [21].



In our study, TDZ combined with GA3 negatively influenced embryo production and conversion into plants. However, we used GA3 continuously during embryogenic callus multiplication and the simultaneous embryo formation. In gladiolus, GA3 addition at 0.5 mg L−1 stimulated embryo development at later phases such as maturation and conversion into a plant. This indicates GA’s positive action on embryo development when applied in later stages. On the other hand, GA was reported to either inhibit or stimulate SE depending on the plant species as reviewed by Joshi and Kumar [19].



Organic nitrogen sources such as casein hydrolysate and amino acids, especially glutamine have been considered to have a positive effect on SE [42,43]. In our study, the basal medium contained casein hydrolysate and glutamine. In addition, we found that another amino acid such as proline significantly increased either embryogenic callus production rate or embryo development. Proline is reported to stimulate SE of many species, e.g., maize [44,45] and ginseng [46]. Gerdakaneh et al. [47] showed that proline at 100 mg L−1 was much more effective than glutamine and alanine at induction and development of somatic embryos of strawberry. These authors suggested that the strong action of proline on SE could be related to improved cell signaling since this amino acid is associated with several signal transduction pathways. Perhaps the beneficial effect of proline is also related to the role of arabinogalactans in the formation of somatic embryos. These proteins reach in hydroxyproline are proteoglycans that are present in the cell membrane, the cell matrix and cell wall [48]. Arabinogalactans promoted SE of carrot [49]. Another amino acid, tyrosine was reported to stimulate somatic embryo formation in cassava [33]. However, in our study, we did not observe any positive effect of this amino acid.



In addition, we examined the effect of Tytanit® on SE since this fertilizer (containing titanium (Ti) at 0.8% concentration) was reported to stimulate plant growth through increased nutrient uptake [50]. Słomka et al. [51] observed that Tytanit® decreased zygotic embryo abortions and increased seed set in distylous common buckwheat. In our study, this biostimulant (10 mg L−1) combined with proline (100 mg L−1) significantly improved embryogenic callus production compared to control but its effect was not significantly different compared to proline used alone.



Our preliminary study showed that both callus production and adventitious shoot formation on flower stem fragments were strongly inhibited either in red or white light [52]. The results of the current study confirmed that light negatively influenced the regenerative potential of tulip cells. Furthermore, the red light was more inhibitory to SE. Embryo formation proceeded best in darkness that is indicated by the comparison of the results of our first and the second experiment on embryo development from callus. Thus, on the same medium containing proline at 100 mg L−1 and TDZ combined with 2,4-D, each at the concentration of 0.1 mg L−1, 6.6 and 3.9 embryos were obtained under white and red lights, respectively (used in the last two subcultures of the four ones, in the first experiment) whereas 13.8 embryos were recorded in the first subculture in the second experiment. The darkness during the initial regeneration of shoot-like structures of tulip was also recommended by Le Nard et al. [4] and Hulscher et al. [6]. In contrast, the beneficial effect of red light under continuous irradiation on the formation and multiplication of embryogenic callus and the somatic embryo development was demonstrated for several geophytes such as freesia, hyacinth, lily and cyclamen [53]. In turn, Yu et al. [54] have shown that red light promoted cotton embryonic callus formation by influencing the levels of endogenous hormones and polyamines, and activities of antioxidant enzymes, while in continuous darkness, no embryogenic callus was produced.



We present a complete system of tulip micropropagation through SE, starting from the initiation of embryogenic callus, via its cyclical multiplication and formation of somatic embryos, then their conversion into plants, and finally the formation of bulbs ready for ex vitro planting. In addition, the efficiency of somatic embryogenesis is higher than that presented by other authors who obtained somatic embryos only through direct regeneration on initial explants or from callus maintained for one or two subcultures [24,26,28]. These authors, however, did not present results on bulb formation.




4.2. Morphology and Histology of Somatic Embryo Development


Our histological analysis of somatic embryo formation from callus showed that embryos have either external or internal origins. Similarly, Yan et al. [34] documented two pathways of somatic embryo development in Lilium. This may be important in improving the efficiency of SE. In contrast, in Lachenalia virdiflora, the development of somatic embryos was initiated at the surface of embryogenic calli [31]. Regardless of the place of initiation of divisions, the embryogenic cells were characterized by a prominent nucleus with dense cytoplasm [31,34]. Globular embryos were covered with the protoderm. Similar findings have been reported by Yan et al. [34] for somatic embryos in Lilium, and the authors believed that protoderm provided the physiological isolation layer required for somatic embryo development. The division of the globular embryo continued, and they enlarged, reaching the cotyledon stage. Our observations showed that longitudinal structures formed in the dark, when transferred to a medium with a lower TDZ and 2,4-D concentration, and placed in the light at a 16-h photoperiod, developed into characteristic forms during the long-lasting process which four successive phases could be distinguished: (1) the development of an upward-growing cotyledon; (2) formation of a radicle (that never developed further) at the base of the cotyledon (these two phases were in the dark during the first two months), (3) development of a shortened or longer stolon growing downwards into the medium and (4) development of one or more vegetative bud meristems at the stolon tip (they developed in the third and fourth month of the initial culture).



Further process of somatic embryo formation in a tulip was similarly described by Gude and Dijkema [24] and by Maślanka and Bach [27]. As in our study, these authors also did not observe the development of the embryonic root. The formation of regular structures: the cotyledon and the stolon at its opposite pole resembled the development of a zygotic embryo, as described by Niimi [55]. The difference in the structures developing in vitro compared to the zygotic embryos was the lack of development of the embryonic root in the former. This author reported that the tulip zygotic embryo in a seed is not fully mature; there is no radicle and no apical shoot meristem. For the proper development of radicle and shoot, low-temperature treatment is required to break dormancy. The author showed that a radicle appears after 40 days of cooling at 4 °C and a bud meristem forms a stolon tip after 70 days, then, bulb develops from this bud. In the immature, not yet cooled zygotic embryo, two vascular bundles were visible: one directed towards the cotyledon tip and the other downwards towards the stolon tip. In our study, two similar vascular tissues were observed in the somatic embryo developing in vitro. All these observations indicate that the regeneration of specific structures on the initial explant was of somatic embryogenesis. At the same time, vegetative bud meristem formed on the stolon pol (in the presence of TDZ and at a temperature of 23 °C) and developed into a shoot. As for the reasons for the inhibition of the embryonic root development, it can be assumed that this was due to the lack of low-temperature treatment and the presence of TDZ in the medium, which strongly inhibits root formation [14].





5. Conclusions


An efficient method of tulip regeneration via SE has been developed. This system is based on the cyclic multiplication of the embryogenic callus with the simultaneous formation of embryos. The process of the callus proliferation and embryo production is most efficient when it is running in darkness on a medium containing 2,4-D 0.01 mg L−1 and TDZ or BAP alone or in combination, enriched with 100 mg L−1 proline. Using these PGRs and proline supplementation, it is possible to obtain on average from 30 to 55 embryos per 100 mg callus. More embryos (capable of forming bulbs) with longer, well developed cotyledons are obtained in the presence of 2,4-D and BAP at low concentrations, 0.01 and 0.1 mg L−1, respectively. However, the stage preceding the formation of bulbs, in which the embryos develop into plants, and the stage of bulb formation, require further optimization in order to increase efficiency of bulbing process over 55%, obtained in the presented studies.



Histological analysis has confirmed the embryonic nature of the callus and clarified embryo development on the medium containing 2,4-D combined with TDZ at the concentrations of 0.1 mg L−1.
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Figure 1. Callus and somatic embryos formed in the process of direct somatic embryogenesis on fragments of flower stems of tulip (a) ‘Blue Parrot’, (b) ‘Apeldoorn’ (c) ‘Prominence’, on auxin-containing media, from the top (mg L−1): 2.5 2,4-dichlorophenoxyacetic acid (2,4-D); 2.5 4-amino-3,5,6-trichloro-2-pyridine carboxylic acid (picloram); 10 1-naphthalene acetic acid (NAA) and N-phenyl-N′-1,2,3-thidiazol-5-yl urea (TDZ), from the left (mg L−1): 0, 0.1 and 0.5; after 2.5-month initial culture. 
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Figure 2. Effect of auxins and TDZ on callus induction on tulip initial explants (fragments of flower stem) assessed according to a 0–3 scale: 0—no callus growth, 1—the presence of callus in 2–3 points on the explant, 2—callus on the surface of the entire epidermis and 3—callus on the surface of the entire explant; plant growth regulator (PGR) concentrations in mg L−1, control medium without TDZ; three-way ANOVA, p < 0.02 for all of the factors (cultivar, auxin and TDZ concentration) and their interactions; means for each cultivar marked with the same letter did not differ significantly at p = 0.05; Duncan’s test. 
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Figure 3. Effect of auxins and TDZ on the number of somatic embryos >3 mm per initial explant (fragments of lower stem) during a direct regeneration; PGR concentrations in mg L−1, control medium without TDZ; three-way ANOVA, p < 0.001 for all of the factors (cultivar, auxin and TDZ concentration) means for each cultivar marked with the same letter did not differ significantly at p = 0.05; Duncan’s test. 
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Figure 4. Direct somatic embryogenesis in tulip ‘Prominence’ on induction medium containing picloram 2.5 mg L−1 and TDZ 0.5 mg L−1, after two-month initial culture. (a) Globular embryos in Stereoscope Microscope. (b) Microscopic picture of a longitudinal section of a globular embryo; P—protoderm, PC—procambium (Bar = 100 µm). (c) Embryos forming cotyledons growing upwards with an apical bud formed at their base. (d) Longitudinal section of the embryo at the cotyledonary phase C—cotyledon; V—vascular tissue; S—apical bud (Bar = 200 µm). (e) Cluster of embryos at the cotyledonary phase. (f) Shoots developed from embryos with cotyledonary leaves and stolons. 
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Figure 5. Effect of proline and Tytanit® on callus production of tulip ‘Blue Parrot’; proline and Tytanit® concentrations in mg L−1, control medium without these compounds; callus production rate was calculated as the ratio of the final to the initial callus FM; one-way ANOVA, p < 0.001; means marked with the same letter did not differ significantly at p = 0.05; Duncan’s test. 
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Figure 6. The effects of amino acids and light quality on the number of somatic embryos per 100 mg L−1 of tulip ‘Blue Parrot’; two-way ANOVA, p < 0.01 for both of the factors (light quality and amino acid) and their interactions; means marked with the same letter did not differ significantly at p = 0.05; Duncan’s test. 
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Figure 7. Somatic embryogenesis in callus cultures and the embryos developing into plantlets and then bulbs. (a) SE on media containing 2,4-D combined with TDZ (at the top) at the concentrations of 0.1 and 0.5 mg L−1 (from the left), 6-benzylaminopurine (BAP) at the bottom at the concentrations of 0.1 and 0.5 mg L−1 (from the left). (b) Embryogenic callus on media containing 2,4-D combined with 0.1 mg L−1 TDZ and BAP at 0.1 (left) and 0.5 mg L−1 (right), after 2nd subculture. (c) Embryos with developed cotyledons at the stage of preparation for bulb formation; (d). Plantlets developed from embryos with the visible cotyledonary leaf growing up and at the opposite pole, the small stolon growing down, ready for induction of bulb formation. (e) Bulb formation 10 weeks after cooling. 
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Figure 8. Histological analysis of embryogenic callus differentiation in ‘Blue Parrot’ on medium containing 2,4-D combined with TDZ at the concentrations of 0.1 mg L−1. (a) Embryogenically induced epidermal cells. (b) Details of the outer surface of callus. Embryogenic cells are characterized by the presence of a large nucleus and dense cytoplasm. (c) Single globular embryo. (d). Nodular callus formation with numerous embryogenic cell clusters at the surface callus. Abbreviations: EC—embryonic callus, ET—embryogenic cell clusters, GE—globular embryo, NC—non-proliferating callus, p—protoderm; Scale bar: a,c,d = 200 µm; b = 25 µm. 
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Table 2. Effect of PGRs on the production of somatic embryos longer than 10 mm in successive subcultures, the basal medium contained 2,4-D at the concentration of 0.1 mg L−1 in the first subculture and 0.01 in the remaining subcultures.
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PGRs

(mg L−1)

	
Number of Embryos with Cotyledon Length > 10 mm at the End of Consecutive Two-Month Subcultures/100 mg Callus

	




	
1

	
2

	
3

	
4

	
Mean






	
TDZ 0.1

	
2.5 b

	
5.8 b

	
8.8 cd

	
2.3 cd

	
4.8 e




	
TDZ 0.5

	
13.3 a

	
9.5 b

	
17.5 ab

	
10 c

	
12.6 bc




	
BAP 0.1

	
9.8 ab

	
22.3 a

	
25.8 a

	
32.5 a

	
22.6 a




	
BAP 0.5

	
8.3 ab

	
11.8 b

	
15.5 bc

	
22.3 b

	
14.4 b




	
TDZ 0.1 + BAP 0.1

	
1.3 b

	
6.8 b

	
14.8 bc

	
21.8 b

	
11.1 bc




	
TDZ 0.1 + BAP 0.5

	
4.0 b

	
9.5 b

	
19.5 ab

	
23.8 b

	
14.2 b




	
TDZ 0.1 + m-T 0.1

	
4.8 ab

	
8.0 b

	
15.3 bc

	
8.8 cd

	
9.2 cd




	
TDZ 0.1 + m-T 0.5

	
6.5 ab

	
5.2 b

	
15.5 bc

	
10 c

	
9.3 cd




	
TDZ 0.1 + GA3 0.1

	
4.8 ab

	
7.5 b

	
6.8 cd

	
5.3 cd

	
6.1 de




	
TDZ 0.1 + GA3 1

	
2.3 b

	
3.8 b

	
2.8 d

	
0.5 d

	
2.3 e




	
Mean

	
5.7 C

	
9.0 B

	
14.2 A

	
13.7 A

	




	
ANOVA

	

	

	

	

	




	
Effect

	
p

	

	

	

	




	
Subculture

	
<0.001

	

	

	

	




	
PGR

	
<0.001

	

	

	

	




	
Subculture x PGR

	
<0.001

	

	

	

	








Means in columns marked with the same small letter did not differ significantly at p = 0.05; Duncan’s test. Means in row marked with the same capital letter did not differ significantly at p = 0.05; Duncan’s test; p—probability of F statistic from ANOVA.
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Table 3. Post effect of PGRs on bulb formation.
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PGRs

(mg L−1)

	
Number of Plantlets Forming Bulbs Per 100 mg Callus

(Total Number of Plantlets Forming Bulbs Obtained from 1.6 g of Callus)

	
Number of Bulbs Per 100 mg Callus

(Total Number of Bulbs Obtained from 1.6 g of Callus)

	
Plantlets Forming Bulbs

(%)

	
Mean Bulb FM

(mg)






	
TDZ 0.1

	
0.56 d

	
(9)

	
0.13 d

	
(2)

	
22.2

	
239.1 ab




	
TDZ 0.5

	
3.56 c

	
(57)

	
0.69 d

	
(11)

	
19.3

	
53.7 d




	
BAP 0.1

	
10.1 a

	
(162)

	
5.56 a

	
(89)

	
54.9

	
174 b




	
BAP 0.5

	
6.18 d

	
(99)

	
3.43 b

	
(55)

	
55.6

	
200.3 ab




	
TDZ 0.1 + BAP 0.1

	
6.69 b

	
(107)

	
2.19 c

	
(35)

	
32.7

	
189. 0 ab




	
TDZ 0.1 + BAP 0.5

	
7.19 b

	
(115)

	
2.38 c

	
(38)

	
33.0

	
223.9 ab




	
TDZ 0.1 + m-T 0.1

	
6.81 b

	
(109)

	
1.88 c

	
(30)

	
27.5

	
190.6 ab




	
TDZ 0.1 + m-T 0.5

	
2.19 c

	
(35)

	
0.56 d

	
(9)

	
25.7

	
312.5 a




	
TDZ 0.1 + GA3 0.1

	
2.38 c

	
(38)

	
0.56 d

	
(9)

	
23.7

	
111.3 cd




	
TDZ 0.1 + GA3 1

	
-

	
-

	
-

	
-

	
-

	
-




	
p

	
0.00

	

	
0.00

	

	

	
0.02








Means marked with the same letter did not differ significantly at p = 0.05; Duncan’s test.
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Table 4. Scheme showing the course of experiments in the subsequent stages of the SE of tulip, the growth regulators used, the light/dark conditions and the duration of the successive stages; the optimal conditions for particular stages of SE were also indicated. For callus and direct SE induced on initial explants (first stage), three cultivars were used: ‘Blue Parrot’, ‘Apeldoorn’ and ‘Prominence’; during the second stage, stabilization of embryogenic callus, of these three cultivars, the highest amount of embryogenic callus, sufficient for the investigations was obtained only for ‘Blue Parrot’ which was then used for the experiments.
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	No.
	SE Stages
	PGRs and Additives

(mg L−1)
	Number and Duration of the Subcultures,

Darkness/Light





	1
	Induction of callus and direct embryo formation on initial explants (flower stem fragments)
	TDZ 0, 0.01, 0.5

2,4-D 2.5,

NAA 10,

or picloram 2.5
	1 × 2 months

darkness



	2
	Stabilization and proliferation of embryogenic callus
	TDZ 0.01, 0.5

2,4-D 2.5,

NAA 10,

or picloram 2.5

Optimal 2,4-D 2.5 +TDZ 0.1 and 0.5

Darkness
	6 × 1 month

darkness



	3
	Optimization of callus production
	2,4-D 2,5 + TDZ 0.1

Proline (100 and 200), Tytanit® (10 and 100)

Optimal: proline 100 alone or combined with Tytanit®
	2 × 1 month

darkness



	4
	Somatic embryo formation from callus
	Experiment 1.

2,4-D 0.1 + TDZ 0.1

Proline 100, 200, 400; tyrosine 100

White and red light

Optimal: proline 100

Experiment 2.

2,4-D at 0.1 in 1st subculture then at 0.01 in 2nd, 3rd and 4th subculture

+ proline 100

+ PGRs: TDZ and BAP at 0.1 and 0.5 alone and in combination: TDZ + BAP, TDZ + m-T,

TDZ + GA3

Optimal for embryo production: TDZ 0.1 combined with BAP or m-T each at 0.5

Optimal for embryo conversion: BAP 0.1; darkness
	2 × 2 months in darkness +

2 × 2 months in white/red light

4 × 2 months

darkness



	5
	Preparation for bulb formation
	2.,4-D and BAP at 0.1 for 2 months,

then addition of a liquid medium containing NAA 1 and ancymidol 1 for 1.5 months
	1 × (2 month + 1.5 months)

light



	6
	Induction of bulb formation process

(cooling at 5 °C)
	PGR-free medium with 7% sucrose
	1 × 3 months

darkness



	7
	Bulb formation
	The same PGR-free medium with 7% sucrose
	1 × 2.5 monthslight
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