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Abstract

:

In this study, the solid culture method, and Plantform™ and SETIS™ temporary immersion bioreactor systems were used comparatively to propagate, root, and acclimatize ‘Grande Naine’ and ‘Azman’ banana varieties for rapid, cheap, and mass production in in vitro conditions. Micropropagation rate, plant height, number of leaves, and fresh and dry weight parameters were investigated in the micropropagation stage across eight subcultures. Rooting rate, plant height, number of leaves, number of roots/plant, root length, fresh and dry weight parameters were investigated in the rooting stage. Photosynthetic pigment analyses and stoma examinations were performed throughout all stages. In the micropropagation stage, a 20% increase in the Plantform™ system, a 12% increase in the SETIS™ system in ‘Grande Naine’, an 82% increase in the Plantform™ system, and a 98% increase in SETIS™ system in ‘Azman’ were determined compared to the solid culture. At the rooting stage, higher data were obtained from bioreactor systems than solid culture. Plants from bioreactor systems acclimatized faster and developed healthier in the greenhouse stage. It was determined that stomata were more active, and pigment accumulation was higher in bioreactor systems. Genetic variations across subcultures are among the most critical issues in banana clonal propagation. Leaf samples were taken from each system, and plant variation was investigated using SSR (Simple Sequence Repeat) markers. No variation was observed from the initial stage to the greenhouse stage. As a result, it has been determined that bioreactor systems are an essential alternative for the mass production of bananas.
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1. Introduction


For years, classical tissue culture techniques have been used to produce seedlings and saplings in many plant species through micropropagation. However, recent years have introduced modern tissue culture techniques, such as bioreactor systems, as an alternative to classical techniques. Bioreactor systems offer cost, labor, and time savings, especially in mass production [1,2]. Plant production in a bioreactor is achieved by temporary immersion in liquid nutrients and regular aeration. This provides faster growth and improved plant quality than conventional gelled medium [3]. The concept of automatic plant tissue culture systems was introduced in 1985 [4], and it has become convenient and easily accessible today with various companies’ standardization and mass production of different bioreactor systems. Although the number of designed systems with similar working principles is increasing, handmade bioreactors are also commonly used.



Bananas (Musa spp.) are the world’s most important fruit crop in acreage and production. Among all agricultural commodities, it is the seventh largest traded commodity in the world, following wheat, maize, soybean, rice, barley, and sugar. As a tropical fruit originating from Asia, bananas are a popular and convenient fruit worldwide, as they are affordable, nutritious, and available throughout the year [5]. While world banana production increased by 14% in the last ten years (2011–2021), it increased by 425% in Türkiye [6]. Parallel to this significant increase in production, the need for a significant amount of high-quality banana saplings has emerged. The Cavendish banana is the most widely commercialized type, accounting for about 47% of global production. Among the Cavendish bananas, the Grand Naine and Dwarf Cavendish are the most traded internationally [7]. The ‘Azman’ variety has good market value because it is fragrant, delicious, and durable to transport. This banana variety’s plants are more resistant to low temperatures than other varieties and are vigorous and productive [8]. It is grown under the ecology of Türkiye and as an alternative to the ‘Grande Naine’ variety.



The use of Plantform™ and SETIS™ systems in different plant species is common in the literature. Studies on the use of bioreactor systems in banana micropropagation are still limited. This study aimed to evaluate the effects of different culture systems on the in vitro propagation of two different banana varieties. In addition to in vitro micropropagation, rooting, acclimatization performances, stoma examinations, pigment contents, and genetic stability analyses were made to determine the most efficient production method.




2. Materials and Methods


2.1. Plant Materials and In Vitro Establishment


‘Grande Naine’ and ‘Azman’ banana varieties were used in the study. The varieties’ 8-month-old rhizomes (100 pieces of each) were collected from the greenhouses, pre-cleaned, and brought to the laboratory. The rhizomes were cut down slowly to not damage the growth tip and made ready for sterilization. The rhizomes prepared for sterilization were brought into sterile cabinets. Explants were treated with 0.05% HgCl2 (mercuric chloride) + a few drops of Tween 20 for 10 min, then rinsed thrice with sterile water. The explants were cut 0.5 cm long and wide, soaked in 70% ethanol for one minute, then treated with 10% NaClO (sodium hypochlorite) + Tween 20 solution for 10 min, and rinsed with sterile water. This step has been repeated twice [9]. After sterilization, shoot tips were transferred to culture dishes containing one mg L−1 BAP (6-Benzilaminopurin) and MS nutrient medium [10]. We added 30 g L−1 sucrose and 8 g L−1 agar to the nutrient media. Shoot tips were cultured in the dark and at 25 °C ambient temperature during the micropropagation stages. Plants were subcultured thrice every four weeks to obtain plant material for micropropagation experiments in solid culture, and Plantform™ and SETIS™ systems.




2.2. Comparison of Different Culture Systems in the Micropropagation Stage


Compared to the classic solid culture method with Plantform™ [3] and SETIS™ [11], temporary immersion bioreactor systems were used. Glass culture vessels with a diameter of 8 cm and a height of 10 cm were used in the solid culture method. Following the culture containers, lids close to transparent, allowing light to pass, are preferred. In the solid culture method, 50 mL of nutrient medium and five plants were placed in the culture dishes. In bioreactor systems, 50 plants were placed in each culture vessel, and 500 mL of nutrient medium was used. Thus, 10 mL of nutrient medium was used for each plant. The micropropagation stage used the MS nutrient medium containing 2 mg L−1 BAP. Plantlets transferred to the propagation media were subjected to 16 h of light and 8 h of dark, 25 °C culture conditions (with the light intensity of 42 μmol/m2s). Plantlets were subcultured eight times, every four weeks in solid culture and every six weeks in bioreactor systems. The immersion frequencies were applied for 10 min every 8 h in the Plantform™ system and 2 min every 4 h in the SETIS™ system. After six weeks of cultures, 20 plants from each culture system were randomly selected with three replications, and plant height, proliferation coefficient, number of leaves, and fresh and dry weight parameters were examined. In addition, chlorophyll contents and stomata were examined in leaf samples taken from each subculture.




2.3. Comparison of Different Culture Systems in the Rooting Stage


Rooting experiments were conducted using an MS medium containing 1 mg L−1 IBA (Indole-3-butyric acid). In the rooting stage of plants in temporary immersion bioreactor systems, immersion periods of 10 min were applied every eight hours in the Plantform™ system and 2 min every four hours in the SETIS™ system, as in the micropropagation experiments. After eight weeks, plant height, rooting rate, root length, root number, fresh weight, and dry weight parameters were examined in 50 randomly selected plants from each culture system.




2.4. Photosynthetic Pigment and Total Carotenoid Analysis


To analyze chlorophyll a, chlorophyll b, total chlorophyll, and total carotenoids, 0.2 g of leaf samples were taken from each subculture from each system at the micropropagation, rooting, and greenhouse stages. The samples were homogenized in 15 mL of 80% acetone solution using an ultrathorax device under dim light. The resulting solution was passed through 0.22 µm microfilters and read in the spectrophotometer at 470, 645, 652, and 663 nm wavelengths. The obtained values were calculated using the coefficients Lichtenthaler [12] provided.




2.5. Stoma Investigations


Stomata were examined on the lower and upper surfaces of leaves from plants grown in solid culture and bioreactor systems at different stages of growth. Transparent nail varnish was applied to the surfaces of the leaves, creating a mold of the stomata to conduct the examination. The mold was transferred onto a transparent tape and placed on a microscope slide [13]. Stomata were counted and measured using a microscope at different magnifications. Stomata density was calculated at 40× magnification by counting the number of stomata in a given area, usually measured in mm2. Stomata width and length were measured at 100× magnification, while stomata opening was also observed at this magnification.




2.6. Ex Vitro Acclimatization


Before the plants obtained from the solid culture rooting experiments were transferred to external conditions, the culture containers were opened gradually, and the preliminary acclimation process was carried out in the laboratory. The plants were transferred to the vials without pre-exercising in the bioreactor systems. After the plants obtained from the solid culture were wholly removed from the agar with water, they were transferred directly to vials containing a 1:1 ratio of peat/perlite mixture in the greenhouse since there was a liquid culture in the bioreactor systems. The plants were gradually acclimated to the external conditions under the mini plastic tunnel. Plantlets from solid culture and temporary immersion bioreactor systems were observed in individual vials. Plant height and number of leaves were measured 12 weeks after the plants acclimatized to the external environment.




2.7. Determination of Genetic Stability of Plants


In micropropagation experiments using classical and new-generation tissue culture methods, SSR analyses determined whether there was variation at the end of subcultures, rooting stage, and plants acclimatized to external conditions. In the micropropagation stage, at the end of each subculture, 8 samples (8 solid cultures, 8 Plantform™, and 8 SETIS™), three rootings (1 solid culture, 1 Plantform™, and 1 SETIS™), and three greenhouses (1 solid culture, 1 Plantform™, and 1 SETIS™) completed the adaptation. DNA analyses were conducted in 90 plants for each variety, with three replications from each of the 30 samples. Two types of bananas were used in the study. For this reason, SSR analyses were carried out with 180 plants. DNA isolation from the obtained plants was carried out using the DNAeasy Plant Mini Kit (Qiagen, Germany) method. SSR analyses were performed with the isolated DNAs. PCR (Polymerase Chain Reaction) reactions were prepared with a total volume of 20 µL, and a Li-Cor gel system (Li-Cor DNA analyzer 4300-Biosciences, Germany) was used while images were taken of the PCR products. Thirteen microsatellite primers developed specifically for bananas were used in SSR analysis [14] (Table 1).




2.8. Experimental Plan and Statistical Analysis


All of the experiments for micropropagation and rooting of banana plants were established according to the “factorial order in random plots” experimental design with three replications. Analysis of variance was performed with the data obtained in the study. The LSD test determined differences between significant means. The JMP 5.01 program [19] was used for statistical analysis.





3. Results


3.1. Assessing the Impact of Different Culture Methods on Shoot Multiplication


The results obtained in the micropropagation stage showed significant differences according to the varieties and between the applied culture systems (Table 2). System selectivity among varieties has been observed (Figure 1). For the ‘Grande Naine’ variety, the highest shoot multiplication was obtained with an average of 4.32 shoots per explant in the Plantform™ system, while 4.01 shoots per explant were obtained in the SETIS™ system. The lowest shoot multiplication was obtained in solid culture application with 3.58 shoots per explant. In the ‘Azman’ variety, differences of up to two-fold were observed between solid culture and SETIS™ system. The highest shoot multiplication was obtained at 4.08 shoots per explant in the SETIS™ system. The lowest shoot multiplication was obtained in solid culture application with 2.06 shoots per explant. In the Plantform™ system, the highest shoot multiplication was obtained in the ‘Grande Naine’ variety, while the highest yield in the SETIS™ system was obtained in the ‘Azman’ variety. The longest plant height data for the ‘Grande Naine’ variety was obtained at 4.38 cm in the solid culture application, while plant height data of 4.06 cm and 3.88 cm were obtained in the Plantform™ system and the SETIS™ system, respectively.



Similarly, the longest plant height data was obtained at 3.98 cm in the solid culture medium for the ‘Azman’ variety. The lowest plant height data were obtained in the SETIS™ system for the ‘Grande Naine’ variety and in the Plantform™ system for the ‘Azman’ variety. The plants showed more robust growth in the bioreactor systems (Figure 2). The highest fresh weight data for ‘Grande Naine’ were obtained in the Plantform™ and SETIS™ systems (1.89 and 1.85). The lowest data were obtained in the solid culture application for both varieties. However, better results were obtained in the SETIS™ system (1.73 g) compared to the ‘Azman’ variety’s Plantform™ and solid culture method. When examining the dry weight data, the ‘Grande Naine’ variety showed the highest value of 0.22 g in the Plantform™ system. The highest dry weight datum of 0.18 g for the ‘Azman’ variety was obtained from the SETIS™ system. Conversely, the solid culture application observed the lowest dry weight datum of 0.09 g.




3.2. Assessing the Impact of Different Culture Methods on Rooting


The results obtained during the rooting stage showed significant differences among the varieties and between the applied culture systems (Table 3). The highest plant height recorded was 8.51 cm, obtained through SETIS™ application in the ‘Grande Naine’ variety. The lowest plant height recorded in the solid culture application was 5.45 cm. For the ‘Azman’ variety, the highest plant height of 7.79 cm was achieved through the SETIS™ application, while the lowest plant height recorded was 5.28 cm in the solid culture application. During the rooting stage, the plants exhibited more robust growth in the bioreactor systems compared to the solid culture application, with the SETIS™ system showing particular selectivity (Figure 3 and Figure 4). In the number of roots/plant data, the highest data was obtained in the ‘Azman’ variety SETIS™ application with 9.92 number of roots/plant. For the ‘Grande Naine’ variety, the highest value was obtained in the SETIS™ application with 9.18 number of roots/plant, indicating the equal importance of this parameter in both varieties. The lowest number of roots/plant for both varieties was observed in the solid culture application. The longest roots were observed in the ‘Grande Naine’ variety, with 13.47 cm in the SETIS™ application. In comparison, the longest root length in the ‘Azman’ variety was recorded as 12.03 cm in the Plantform™ system. The shortest root length data for both varieties were obtained from the solid culture application. The lowest root length data were obtained from solid culture applications for both varieties. The highest data were obtained in the Plantform™ application of the ‘Grande Naine’ variety, with 6.63 leaves in the leaf count examinations. The lowest number of leaves was obtained from the ‘Azman’ variety Plantform™ application. The highest number of leaves in the ‘Azman’ variety was obtained from solid culture application. When the fresh weight data were examined, the highest datum was obtained with 3.21 g wet weight in the ‘Azman’ variety SETIS™ application. The lowest wet weight data were obtained from the ‘Azman’ variety solid culture application. The highest wet weight data for the ‘Grande Naine’ variety were obtained from SETIS™ (2.94 g) and Plantform™ (2.84 g) systems.




3.3. Stomata Examinations


Significant differences emerged between the culture systems and varieties used in the stoma examinations conducted on the anterior and posterior surfaces of the leaf (Table 4). When the stomatal density on the front surface of the leaf was examined, the highest stoma numbers were obtained in the SETIS™ system as 18.73/mm2 for the ‘Grande Naine’ variety and 20.01/mm2 for the ‘Azman’ variety. When the stomatal density on the front surface of the leaf was examined, the highest stomata numbers were obtained in solid culture application for both varieties. In bioreactor systems, the number of stomata per mm2 was generally similar at the same significance level. When examining the stomatal openings on the anterior and posterior surfaces of the leaf, it was observed that the stomata of plants obtained from bioreactor systems were similarly more active. In solid culture micropropagation experiments, it was observed that although the plants generally contained more stomata per mm2, the stomata were more closed. On the other hand, the plants obtained from bioreactor systems had a lower stomatal density per mm2, but their stomata were more active.



Stomata profiles were created by taking the averages of the obtained width–length measurements (Figure 5). In stoma profiles, it was observed that the stomata on the anterior surface of the leaf were smaller and more rounded, while the stomata on the posterior surface of the leaf were more elliptical and larger. When stomata profiles on the back surface of the leaf were examined, it was observed that stomata had a larger area in bioreactor systems.




3.4. Assessing the Impact of Different Culture Methods on Acclimatization


During the acclimatization stage to external conditions, the plants showed a 100% survival percentage in all treatments in both varieties (Table 5). In the greenhouse stage, the highest plant height was obtained from plants from the ‘Azman’ variety SETIS™ system at 23.91 cm. The lowest plant height datum was obtained with 22.18 cm from plants obtained from the Plantform™ system and 15.73 cm from the solid culture system. The highest plant height data were obtained in SETIS™ (23.42 cm) and Plantform™ (22.87 cm) systems in the ‘Grande Naine’ variety, and the lowest plant height data were obtained in plants obtained from the solid culture (18.35 cm) method. When the number of leaves of the plants in greenhouse conditions was examined, the highest number was obtained in the solid culture (8.73) application in the ‘Grande Naine’ variety and the SETIS™ system in the ‘Azman’ variety.




3.5. Effect of Different Culture Systems on Photosynthetic Pigment Contents


Photosynthetic pigment content analyses were evaluated separately at micropropagation, rooting, and greenhouse stages (Figure 6). During the micropropagation stage, in the analysis conducted using shoots obtained from different culture systems, the highest chlorophyll-a content was measured in the SETIS™ system, as 0.546 mg g−1 FW in the ‘Grande Naine’ variety and 0.564 mg g−1 FW in the ‘Azman’ variety. In the Plantform™ system, a slight decrease in chlorophyll-a content was observed (0.512 mg g−1 FW and 0.425 mg g−1 FW), while the lowest content was measured in solid culture applications, with 0.409 mg g−1 FW and 0.345 mg g−1 FW. The highest chlorophyll b content in the SETIS™ system was obtained as 0.251 mg g−1 FW in the ‘Azman’ variety. Decreases in chlorophyll b content occurred in Plantform™ (0.160 mg g−1 FW) and solid culture (0.116 mg g−1 FW) applications. While the highest chlorophyll b content was obtained in SETIS™ (0.216 mg g−1 FW) and Plantform™ systems (0.200 mg g−1 FW) in ‘Grande Naine,’ decreases were observed in solid culture (0.167 mg g−1 FW) application. Similarly, the highest values in total chlorophyll contents were obtained in the SETIS™ system. There was some reduction in the Plantform™ system, but the lowest contents were obtained in the solid culture application.



When comparing chlorophyll contents during the rooting stage, the highest values were observed in the ‘Grande Naine’ variety in the SETIS™ system, with 0.744 mg g−1 FW. In the Plantform™ system, the value was 0.712 mg g−1 FW, while the lowest value of 0.579 mg g−1 FW was obtained in the solid culture method. In the ‘Azman’ variety, the highest values were obtained in the SETIS™ system with 0.779 mg g−1 FW, followed by the Plantform™ system with 0.675 mg g−1 FW. The solid culture method obtained the lowest value of 0.501 mg g−1 FW. When examining chlorophyll b contents, the highest data were obtained from the bioreactor systems. However, these results were found to be statistically insignificant. While the total chlorophyll levels were also insignificant, similar to chlorophyll b contents, higher values were measured in the bioreactor systems. The highest results for total carotenoid contents were obtained in the SETIS™ (0.223 mg g−1 FW) and Plantform™ (0.206 mg g−1 FW) systems for the ‘Grande Naine’ variety. There was a significant decrease in total carotenoid content in the solid culture (0.123 mg g−1 FW). Similarly, for the ‘Azman’ variety, the highest values were obtained in the SETIS™ (0.251 mg g−1 FW) and Plantform™ (0.221 mg g−1 FW) systems, while a decrease was observed in the solid culture (0.118 mg g−1 FW) application.



While the highest chlorophyll contents of the ‘Grande Naine’ variety were determined in plants obtained from SETIS™ (1.535 mg g−1 FW) and Plantform™ (1.411 mg g−1 FW) systems in greenhouse stage plants, comparable results were obtained in the ‘Azman’ variety in all applications. Differences in chlorophyll b contents between application and varieties were not found to be significant. Similarly, high values were measured in total chlorophyll contents in plants obtained from SETIS™ (2.537 mg g−1 FW) and Plantform™ (2.186 mg g−1 FW) systems in the ‘Grande Naine’ variety. In contrast, similar results were obtained in the ‘Azman’ variety in all applications. While the highest values in total carotenoid contents were obtained in the Plantform™ (0.373 mg g−1 FW) system in the ‘Grande Naine’ variety, it was obtained in solid culture (0.339 mg g−1 FW) applications and the SETIS™ (262 mg g−1 FW) system in the ‘Azman’ variety.




3.6. Genetic Stability Analysis Results


For genetic stability tests, SSR analyses were performed with DNA samples obtained from plant materials at the initial, solid culture micropropagation and rooting stage, Plantform™ micropropagation and rooting stage, SETIS™ micropropagation and rooting stage, and greenhouse stage. As a result of the analysis using 13 SSR primers, no variation was found in the starting material and eight subculture micropropagation stages and in the plants in the rooting stage and greenhouse conditions. An example of the obtained gel image is presented in Figure 7.





4. Discussion


4.1. Assessing the Impact of Different Culture Methods on Shoot Multiplication


As a result of the research, it has been conclusively established that bioreactor systems represent an indispensable alternative for the large-scale cultivation of bananas, encompassing both of the banana varieties examined in the study. Noceda et al. [20] reported that temporary immersion bioreactor systems strengthen micro-shoots and increase the multiplication rate in banana in vitro propagation. Wilken et al. [21] reached the results of 4.2 shoots/plants in a 5-L culture pot and 3 shoots/plants in a 40 L culture bowl for the ‘Grande Naine’ banana variety in the bioreactor system they developed. Morena et al. [22] reported that large-scale production of banana in vitro propagation can be performed using bioreactor systems. They explained that using the Rita bioreactor system significantly increases the multiplication rate and other parameters. However, they used 500 mL of nutrient medium for 10 plants in the Plantform™ system and 200 mL for four plants in the Rita bioreactor system. Bello Bello et al. [23] investigated in vitro micropropagation and rooting possibilities of the ‘Grande Naine’ banana variety by comparing bioreactor systems with liquid culture and solid culture medium.



Our study obtained the lowest values in the multiplication rate data in liquid culture and solid culture applications, 2.60 and 2.86 shoots/plants. The highest reproduction coefficient was reached in the SETIS™ system with 7.30 shoots/plants. Researchers used 4 mg L−1 BA, and 50 mL of nutrient medium was used for each plant. In this study, the highest multiplication rate data were obtained in the Plantform™ system of ‘Grande Naine,’ 4.32 shoots/plant, and the ‘Azman’ variety, 4.03 shoots/plants in the SETIS™ system. It used 2 mg L−1 BA, and 10 mL of nutrient medium was used for each plant. The use of bioreactor systems similarly resulted in increases in the multiplication rate. In large-scale production, 50 mL of nutrient medium per plant can incur a significant cost. Uma et al. [24] compared the bioreactor system they developed for banana in vitro propagation with the solid culture method and obtained 2.7 times more shoots. Abdulmalik et al. [25] reported significant increases in shoot propagation and rooting percentages in the bioreactor system they designed for banana in vitro propagation. Similar to using bioreactor systems in the study, a significant increase in the multiplication rate was achieved. In this study, the multiplication rate of the ‘Azman’ variety increased up to twice using bioreactor systems.



The plant height data showed that the plants that gave a large number of shoots were shorter than those that gave a small number of shoots because they directed their energy toward shoot development. Roels et al. [26] reported that using a bioreactor system in the in vitro propagation of bananas significantly increased the growth coefficient and the highest data in plant height measurements were obtained using the solid culture method. Bello-Bello et al. [23] achieved the highest results in plant height measurements with the solid culture method. Similarly, in this study, while a significant increase was observed in the shoot multiplication in bioreactor systems, higher results were obtained with the solid culture method in the plant height parameter.



In the micropropagation stage, fresh and dry weight data increases were observed with a greater shoot yield and mass increase in strongly developing shoots in bioreactor systems. In their study, Ramírez-Mosqueda and Bello-Bello [27], investigating the in vitro regeneration possibilities of the vanilla plant, reached the highest wet and dry weight data using the SETIS™ system. Hwang et al. [28], in their study of the Golden Bel chrysanthemum plant, obtained the highest fresh and dry weight data in the SETIS™ system. Park and Jeong [29] reported increases of up to 3 times in the fresh weight of plants obtained from temporary immersion bioreactor systems. Zhang et al. [30] reported the biomass and alkaloid ratios of the medicinal plant Dendrobium nobile Lindl. increased from 2 to 10 times compared to solid culture using the Bioreactor system. Saptari et al. [31] obtained up to a 40% increase in rates of viability and steviol glycoside yield in the bioreactor system in the stevia plant. In this study, using bioreactors, the wet weight data increased by 23% in the ‘Grande Naine’ variety and 61% in the ‘Azman’ variety compared to the solid culture method. Bioreactor systems increased dry weight data up to twice in the ‘Azman’ variety.




4.2. Assessing the Impact of Different Culture Methods on Rooting


In rooting experiments using bioreactor systems, extremely high results were obtained for both varieties in all critical parameters compared to solid culture. Leyva-Ovalle et al. [32] reported that they did not need another protocol for rooting when the plants formed roots in the micropropagation stages using the TIS bioreactor system in the orchid species. This study observed the rooting tendency in banana plants even at the micropropagation stage in bioreactor systems. By turning to this advantage in the rooting stage, vital developments were observed in both the plant and root parts. Wilken et al. [21] reported a high rooting rate in bioreactor systems for in vitro ‘Grande Naine’ banana variety rooting. Bello Bello et al. [23] found that the highest root number per plant was reached, with 5.33 in plantlets obtained from the SETIS™ system. In SETIS™, partial immersion, and semi-solid culture systems, plantlets with the highest root length were obtained with an average length of 6 cm. This study obtained quite a high root number (9.55) and root length (11.13) data compared to other studies in the plants obtained from the SETIS™ system. Uma et al. [24] reported that rooting percentage and number of roots per shoot increased significantly in banana plants using the temporary immersion bioreactor system. Costa et al. [33] reported that the rooting properties of the Dwarf Cavendish banana variety were significantly increased by the use of silicon elements and the temporary immersion bioreactor system compared to the solid culture method. By evaluating the data we have obtained and similar studies in the literature, bioreactor systems significantly improve the in vitro rooting properties of the banana plant.



Temporary immersion bioreactor systems increase biomass in vitro to supply root-derived substances, producing solid and numerous roots. Pavlov and Bley [34] obtained biomass increase and maximum betalain yield from capillary root culture of radish plant using RITA temporary immersion bioreactor. Mišic et al. [35] achieved approximately 2–4 times higher biomass production rate and up to 8 times higher total secoiridoid glycoside production rate in RITA® bioreactors for the production of secoiridoid glycosides, which are of immense importance to the food and pharmaceutical industry. The wet weight values obtained in the rooting experiments in this study prove that using a bioreactor system significantly increases biomass. According to the solid culture method, fresh weight data showed an increase of 30% in the ‘Grande Naine’ variety and 179% in the ‘Azman’ variety.




4.3. Effect of Different Culture Systems on Stoma Examinations and Photosynthetic Pigment Contents


Yang and Yeh [36] investigated in vitro leaf anatomy and ex vitro photosynthetic contents of linden plants obtained from solid media and temporary immersion systems. They reported that plants obtained from the bioreactor system produced thicker leaf chlorenchyma and aquifer parenchyma, lower stomatal density, and more epicuticular wax than plants in solid media. Park and Jeong [29] reported the highest chlorophyll content and the most normal stoma formation using temporary immersion bioreactor systems in the in vitro propagation of clove plants. In this study, during the solid culture micropropagation experiments, it was observed that although the plants generally contained more stomata per mm2, the stomata were more closed, while the plants obtained from bioreactor systems contained fewer stomata per mm2, but the stomata were more active. Width and length measurements of the stomata were taken during the micropropagation trials. Although there was no significant structural difference, it was observed that stomata were larger in bioreactor systems.



Additionally, the stomata on the anterior surface of the leaf were smaller and more rounded, while the stomata on the posterior surface of the leaf were more elliptical and larger. Uma et al. [24] obtained the highest chlorophyll a, b, a/b ratio and carotenoid contents from the TIB bioreactor system in banana in vitro propagation. Ramírez-Mosqueda and Iglesias-Andreu [37], in their study investigating the in vitro growth possibilities of the vanilla plant, found that the highest pigment accumulation (chlorophyll a, b, and a + b) was obtained in the BIT® bioreactor system, and the highest carotenoid content was obtained in the BIG® bioreactor system. Bello-Bello et al. [23] evaluated the chlorophyll content of banana plants. They measured the highest chlorophyll value in the semi-solid medium and the lowest in the TIB bioreactor system. The highest chlorophyll b value was determined in the SETIS™ bioreactor system. This study obtained the lowest chlorophyll contents in the solid culture method as 0.406 mg g−1 in ‘Grande Naine’ and 0.386 mg g−1 in the ‘Azman’ variety. The highest contents were reached at 0.546 mg g−1 in the ‘Grande Naine’ variety and 0.564 mg g−1 in the ‘Azman’ variety in the SETIS™ bioreactor system. Similarly, the highest values in chlorophyll b and total chlorophyll contents were measured in the SETIS™ system. In all measurements, pigment accumulation was measured much higher than the values obtained by the researchers.




4.4. Genetic Stability Analysis Results


SSR analysis was not employed for somaclonal variation in bananas by far. In their study, Bairu et al. [38] observed an increasing trend in somaclonal variation in the Zelig banana variety with the progression of proliferation cycles and the concentration of BA, reaching a substantial 72% variation in the 10th subculture with a 7.5 mg L−1 BA application. On the other hand, Korneva et al. [39] reported a modest 1.55% somaclonal variation in Barraganete banana (AAB) plants cultivated under controlled greenhouse conditions. These plants were derived from embryogenic cell suspensions and somatic embryos obtained through a temporary immersion system. Safarpour et al. [40] conducted genetic stability tests using Random Amplified Polymorphic DNA (RAPD) analyses. They reported a significant 23.46% polymorphism in the in vitro propagation of the ‘Grande Naine’ banana variety, utilizing 4.5 mg L−1 BAP. In the present study, we employed 2 mg L−1 of BA as a growth regulator and conducted micropropagation experiments over eight successive subcultures, each lasting between 4 and 6 weeks. Notably, no morphological or genetic variations were detected from the initial stages of micropropagation to the greenhouse stage. It is worth noting that the banana genome size is reported to be approximately 523 megabases [41]. While the analyses conducted in this study yield valuable insights, the advent of next-generation sequencing technologies holds the potential to unveil more subtle mutations in the banana genome.





5. Conclusions


System selectivity among varieties has been observed. For the ‘Grande Naine’ variety, the highest shoot multiplication was obtained from the Plantform™ system. The highest shoot multiplication of the ‘Azman’ variety was obtained in the SETIS™ system. Besides the success in micropropagation, excellent results were also obtained in the rooting phase. In the rooting stage, both cultivars obtained better results in the SETIS™ system. The vigorous plants obtained continued their development in the greenhouse stage. As a result, it was determined that temporary immersion bioreactor systems used for ‘Grande Naine’ and ‘Azman’ banana cultivars are essential alternatives for in vitro banana production. Variety system selectivity was also observed. The most efficient production method can be determined by comparing different systems in different varieties.
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Figure 1. Plants obtained from different culture systems in the multiplication stage. All plants are 6-week-old plants obtained from media containing MS + 2 mg L−1 BAP (ruler 15 cm). 






Figure 1. Plants obtained from different culture systems in the multiplication stage. All plants are 6-week-old plants obtained from media containing MS + 2 mg L−1 BAP (ruler 15 cm).



[image: Horticulturae 09 01154 g001]







[image: Horticulturae 09 01154 g002] 





Figure 2. Development of plants in different culture systems. (a) Solid culture initiation stage. (b) Two-week-old plants in solid culture. (c,d) Plants that have reached the transfer stage in solid culture. (e,f) Plantform™ initiation stage. (g,h) Plants obtained after 6 weeks of culture in Plantform™ system. (i) SETIS™ initiation stage. (j) SETIS™ system and growth of plants in 3-week culture. (k) Plants obtained after 6 weeks of culture in SETIS™ system. 
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Figure 3. Plants obtained from different culture systems at the rooting stage after eight weeks (ruler 20 cm). 
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Figure 4. The development of plants in the rooting stage. (a–c) Solid culture initial and rooting stages in Grande Naine variety. (d,e) Plants obtained from Plantform™ rooting experiments in Azman variety. (f,g) Plants obtained from Plantform™ rooting experiments in Grande Naine variety. (h) SETIS™ system and growth of rooting stage plants. (i) Plants obtained from SETIS™ rooting experiments in Azman variety (j,k) Plants obtained from SETIS™ rooting experiments in Grande Naine variety. 






Figure 4. The development of plants in the rooting stage. (a–c) Solid culture initial and rooting stages in Grande Naine variety. (d,e) Plants obtained from Plantform™ rooting experiments in Azman variety. (f,g) Plants obtained from Plantform™ rooting experiments in Grande Naine variety. (h) SETIS™ system and growth of rooting stage plants. (i) Plants obtained from SETIS™ rooting experiments in Azman variety (j,k) Plants obtained from SETIS™ rooting experiments in Grande Naine variety.



[image: Horticulturae 09 01154 g004]







[image: Horticulturae 09 01154 g005] 





Figure 5. Stomatal profiles of plants obtained from different culture systems. 
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Figure 6. The effect of different culture systems on photosynthetic pigment contents (mg g−1 FW) of banana varieties during micropropagation, rooting, and greenhouse stages. Different letters within a bar denote statistically significant differences according to the LSD test at p ≤ 0.01. Differences between non-letter bars are insignificant. (GN: Grande Naine variety; AZ: Azman variety; Chl. a: Chlorophyll a; Chl. b: Chlorophyll b; Total chl.: Total chlorophyll; Total car.: Total carotenoid). 
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Figure 7. Gel images of Maocen13 primer: ‘Azman’ (AZ) and ‘Grande Naine’ (GN) initiation samples and root and greenhouse stages, M: 50-350 bp DNA ladder. 
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Table 1. Primers and sequence information used to determine the genetic stability of plants.
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No

	
Primer

	
Primer Sequences

	
Reference






	
1

	
MA1-17

	
F: AGGCGGGGAATCGGTAGA

R: GGCGGGAGACAGATGGAG

	
[15]




	
2

	
MA1-27

	
F: TGAATCCCAATTTGGTCAAG

R: CAAAACACTGTCCCCATCTC




	
3

	
MA3-103

	
F: TCGCCTCTCTTTAGCTCTG

R: TGTTGGAGGATCTGAGATTG




	
4

	
AGMI 24-25

	
F: TTTGATGTCACAATGGTGTTCC

R: TAAAGGTGGGTTAGCATTAGG

	
[16]




	
5

	
AGMI 67-68

	
F: ATACCTTCTCCCGTTCTTCTTC

R: TGGAAACCCAATCATTGATC




	
6

	
AGMI 93-94

	
F: ACAACTAGGATGGTAATGTGTGGAA

R: GATCTGAGGATGGTTCTGTTGGAGTG




	
7

	
AGMI 103-103

	
F: CAGAATCGCTAACCCTATCCTCA

R: CCCTTTGCGTGCCCCTAA




	
8

	
MAOCEN01

	
F: TCTCAGGAAGGGCAATC

R: GGACCAAAGGGAAAGAAACC

	
[17]




	
9

	
MAOCEN03

	
F: GGAGGAAATGGAGGTCAACA

R: TTCGGGATAGGAGGAGGAG




	
10

	
MAOCEN10

	
F: GGAAGAAAGAAGTGGAGAATGAA

R: TGAAATGGATAAGGCAGAAGAA




	
11

	
MAOCEN12

	
F: GCAAGAAAGAACGAGAAGGAAA

R: GTGGGGAGGGAGGCATAG




	
12

	
MAOCEN13

	
F: GCTGCTATTTTGTCCTTGGTG

R: CTTGATGCTGGGAATCTGG




	
13

	
MB1-100

	
F: TCGGCTGGCTAATAGAGGAA

R: TCTCGAGGGATGGTGAAAGA

	
[18]











 





Table 2. Effects of different culture systems on in vitro micropropagation of banana varieties. Means with different letters are significantly different according to the LSD test (p ≤ 0.01).
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Variety

	
Culture

Systems

	
Plant Length

(cm)

	
Number of

Shoots

	
Number of

Leaves

	
Fresh

Weight (g)

	
Dry

Weight (g)






	
Grande Naine

	
Solid

	
4.38 a

	
3.58 c

	
10.27 a

	
1.53 d

	
0.18 bc




	
Plantform™

	
4.06 b

	
4.32 a

	
9.88 b

	
1.89 a

	
0.22 a




	
SETIS™

	
3.88 c

	
4.01 b

	
9.30 d

	
1.85 a

	
0.19 b




	
Azman

	
Solid

	
3.98 bc

	
2.06 d

	
6.73 e

	
1.07 e

	
0.09 e




	
Plantform™

	
3.48 d

	
3.75 c

	
8.29 d

	
1.66 c

	
0.16 d




	
SETIS™

	
3.87 c

	
4.08 b

	
8.29 d

	
1.73 b

	
0.18 c








LSDPlantlength:0.12 LSDNumberofshoot:0.19 LSDNumberofleaves:0.39 LSDFreshweight:0.07 LSDDryweight:0.01.













 





Table 3. Effects of different culture systems on in vitro rooting of banana varieties. Means with different letters are significantly different according to the LSD test (p ≤ 0.01). Differences between non-letterization values are insignificant.
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Variety

	
Culture

Systems

	
Plant Length

(cm)

	
Number of

Roots/Plant

	
Root Length

(cm)

	
Number of

Leaves

	
Fresh

Weight (g)

	
Dry

Weight (g)






	
Grande Naine

	
Solid

	
5.45 d

	
5.08 d

	
6.61 d

	
4.95 b

	
2.26 c

	
0.21




	
Plantform™

	
7.32 b

	
7.51 b

	
11.43 b

	
6.63 a

	
2.84 b

	
0.23




	
SETIS™

	
8.51 a

	
9.18 a

	
13.47 a

	
5.08 b

	
2.94 ab

	
0.24




	
Azman

	
Solid

	
5.28 d

	
5.33 cd

	
5.06 e

	
6.37 b

	
1.15 d

	
0.16




	
Plantform™

	
6.14 c

	
7.11 b

	
12.03 b

	
4.42 c

	
1.89 c

	
0.21




	
SETIS™

	
7.79 b

	
9.92 a

	
8.80 c

	
5.12 b

	
3.21 a

	
0.27








LSDPlantlength:0.50 LSDVariety*Application:0.85 LSDRootlength:1.40 LSDNumberofleaves:0.34 LSDFreshweight:0.37.













 





Table 4. Effects of different culture systems on in vitro stomatal activity of banana varieties. Means with different letters are significantly different according to the LSD test (p ≤ 0.01). The stoma area used to create stoma profiles is given as an average.
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Variety

	
Applications

	
Stomata Density

(per mm2)

	
Stomata Opening (µm)

	
Stomata Area (µm2)






	
Leaf Surface

	
Anterior

	
Posterior

	
Anterior

	
Posterior

	
Anterior

	
Posterior




	
Grande Naine

	
Solid

	
17.36 bc

	
115.91 a

	
3.46 c

	
5.71 c

	
971.8

	
1011.21




	
Plantform™

	
16.9 bcd

	
98.18 b

	
4.96 b

	
10.01 a

	
1025.05

	
1122.98




	
SETIS™

	
18.73 ab

	
100.78 b

	
5.71 a

	
9.88 a

	
949.17

	
1010.76




	
Azman

	
Solid

	
15.17 d

	
114.13 a

	
2.73 d

	
4.48 d

	
882.91

	
1010.76




	
Plantform™

	
16.72 cd

	
100.78 b

	
3.79 c

	
7.42 b

	
899.22

	
1091.51




	
SETIS™

	
20.1 a

	
86.58 c

	
4.64 b

	
9.76 a

	
999.35

	
1163.67








LSDStomatadensityAnterior:1.01 LSDStomatadensityPosterior:1.75 LSDStomataopeningAnterior:0.25 LSDStomataopeningPosterior:0.27.













 





Table 5. Effects of different culture systems on acclimatization of banana varieties. Means with different letters are significantly different according to the LSD test (p ≤ 0.01).
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Variety

	
Culture

Systems

	
Survivor (%)

	
Plant Length

(cm)

	
Number of

Leaves






	
Grande Naine

	
Solid

	
100

	
18.35 c

	
8.73 a




	
Plantform™

	
100

	
22.87 ab

	
7.40 de




	
SETIS™

	
100

	
23.42 ab

	
7.55 cd




	
Azman

	
Solid

	
100

	
15.73 d

	
7.87 bc




	
Plantform™

	
100

	
22.18 b

	
7.04 e




	
Setis

	
100

	
23.91 a

	
8.18 b








LSDPlantlength:1.25 LSDNumberofleaves:0.41.
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