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Abstract

:

In vitro-induced microrhizomes are promising for producing disease-free planting materials in ginger (Zingiber officinale Rosc.), spice and medicinal crops threatened by several soil-borne diseases. The study examined microrhizome induction, genetic homogeneity, and field performance in ginger. The condition combination of 3.0 mg·L−1 6-benzylaminopurine (BAP), 100 g·L−1 sucrose, and a 12-h photoperiod (the optimal conditions) produced the largest number of microrhizomes among all treatments but resulted in a lower average fresh weight during the 60-day culture period. Larger microrhizomes exhibited greater tolerance to water loss and a higher percentage of sprouting. Therefore, additional efforts were made to increase the size of the microrhizomes. Under the optimal conditions, the fresh weight increased significantly to 280.3 mg and 403.4 mg after 30 days of additional culture and in vitro culture of small-sized microrhizomes, respectively. Flow cytometry analysis and SSR characterization confirmed the genetic homogeneity of the regenerated plants with microrhizomes (MR) and those obtained by directly sowing sprouted microrhizomes into the substrate without acclimatization (FMR). At harvest, the MR had the most robust growth, a significantly higher fresh rhizome weight (206.1 g per plant) than the FMR (121.8 g per plant) and conventional tissue-cultured plants (TC), and similar rhizome finger size (11.5 g and 10.2 cm2) to the FMR. These findings suggest that both the MR and the FMR have advantages over the TC in producing seedling rhizomes of ginger in the first growing season. The established approach may be useful for large-scale production of disease-free ginger rhizomes.
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1. Introduction


Ginger (Zingiber officinale Rosc.) is a perennial herbaceous monocotyledon of the Zingiberaceae family, widely used as a spice and medicinal plant globally [1]. The thick and tuberous rhizomes of ginger are traditionally consumed as a cooking vegetable, food condiment, and herbal remedy. They contain several bioactive compounds with known antimicrobial, antioxidant, anti-inflammatory, and anti-tumor properties [1,2]. Ginger is commonly propagated through rhizome splitting due to infrequent flowering and poor seed set [3]. Many propagules are required due to the low reproductive rate. Moreover, ginger rhizomes are vulnerable to soil-borne diseases, such as bacterial wilt and rhizome rot, which can cause significant yield and quality losses during storage and cultivation [4,5]. These diseases are easily transmitted by rhizomes, leading to high infection rates in the next growing season [4]. Productivity and quality are significantly reduced when diseased rhizomes are used as propagation materials [4,5]. Therefore, it is imperative to cultivate pathogen-free seedling rhizomes via a cost-effective method with a high multiplication rate to ensure success in cultivating this crop species. In vitro culture has been extensively used to produce disease-free plants in numerous crop species [6,7], including ginger [8,9]. However, ginger plants regenerated in vitro generally produce low yields and small rhizomes that are not suitable for commercial use in the first growing season [10]. Typically, it takes 2–3 growing cycles to produce a yield and seed rhizome size that is acceptable to the grower [9,10]. Moreover, conventional tissue culture plants require several time-consuming and labor-intensive procedures before plant transplantation, such as removing residual media and acclimating the plants [11,12]. Additionally, it is expected that plants may experience losses during acclimation due to the significant environmental changes from controlled conditions to the ex vitro environment [11,13]. Consequently, the production of disease-free rhizomes using conventional tissue culture is limited in ginger due to its inefficiency and high cost.



Microrhizomes are miniature rhizomes induced in vitro. Over the past decades, microrhizome induction has been achieved in several rhizomatous crop species, such as Curcuma aromatica [14,15], Curcuma caesia [16], and Kaempferia parviflora [17]. Microrhizome technology is becoming increasingly popular in rhizomatous crops due to its several potential advantages over traditional in vitro culture systems. Microrhizomes could successfully sprout both in vitro and in vivo [18] and were easily stored and transported [19]. Recently, it has been reported that in vitro-induced microrhizomes could be used for germplasm conservation [20], artificial seed production [21], and secondary metabolite production [16,22]. In ginger, attempts have been made to induce microrhizomes in vitro using high concentrations of sucrose and different combinations of plant growth regulators (PGRs) [23,24,25]. Ginger microrhizomes, harvested freshly, were observed to sprout within 14–20 days of storage in wet sand and thrived in the field [24,25,26]. Using the transverse thin cell layer section of the microrhizomes as explants, plants were regenerated at a high frequency via somatic embryogenesis in ginger [27]. In short, in vitro-produced microrhizomes have multiple practical applications in ginger, including producing disease-free seedling rhizomes [26].



Several factors have been reported to play essential roles in developing microrhizomes in Zingiberaceae species. These factors include carbohydrate type [23], sucrose concentration [25,28], PGRs combination [26,29], culture vessel [30], and photoperiod [31]. Sucrose, at a concentration ranging from 60 to 90 g·L−1, was found to be the most effective carbon source for inducing microrhizomes in several varieties of ginger [23,25,26,28]. Additionally, it should be noted that the in vitro formation of ginger microrhizomes is significantly impacted by PGRs. The most commonly used PGRs for microrhizome induction are exogenous 6-benzylaminopurine (BAP) and 1-naphthylacetic acid (NAA) [23,26,29]. For example, Rout et al. [23] found that the highest percentage of microrhizome formation was observed on MS medium supplemented with 4.44 μM BAP and 5.71 μM IAA. Moreover, the photoperiod is a crucial factor in ginger microrhizome formation. A 16-h photoperiod treatment is commonly used to induce ginger microrhizomes [28,30,32]. A 24-h photoperiod was also reported to have greater effectiveness than other photoperiods in microrhizome production [23,24]. Mehaboob et al. [31] found that microrhizome production significantly increased under an 8-hour photoperiod. The growth and development of in vitro cultured tissues are regulated by various factors, such as medium composition and culture environment [33]. However, most reports have only provided protocols for inducing microrhizome in ginger by manipulating one or two factors. Typically, these factors are PGRs or carbohydrate levels [23,25,26]. High genetic homogeneity is critical for successful clonal propagation of plants regenerated in vitro [34,35]. Despite extensive research into microrhizome induction in ginger over the last decades, there still needs to be more understanding of the genetic homogeneity of in vitro-induced microrhizomes. Additionally, the growth performance of microrhizomes must be assessed before practical application [36]. In turmeric, Shirgurkar et al. [18] found that the size and fresh weight of microrhizomes induced in vitro affected their sprouting percentage. However, no related reports are available in ginger. Therefore, an orthogonal experimental design was utilized to establish the optimal conditions for the in vitro induction of ginger microrhizomes. Two methods were tested to enhance the average fresh weight of microrhizomes: prolonging the induction duration and in vitro culture of the induced microrhizomes. The study evaluated the sprouting characteristics, genetic homogeneity, and field performance of microrhizomes. The research aimed to develop a precise and efficient protocol for producing high-quality ginger microrhizomes and assess their potential practical applications in field plantings.




2. Materials and Methods


2.1. Plant Materials


Plants of disease-free Zingiber officinale Rosc. cv Fengtou were previously obtained [9]. The plants were maintained on Murashige and Skoog (MS) basal medium [37] supplemented with 1 mg·L−1 6-benzylaminopurine (BAP), 0.2 mg·L−1 indole butyric acid (IBA), 30 g·L−1 sucrose, and 7.5 g·L−1 agar (pH 5.8), with a subculture interval of 60 days. After 30 days of culture under cool white, fluorescent lamps with a light intensity of approximately 50 μmol m−2 s−1 and a 14-h daylight period at 25 ± 1 °C, regenerated multiplied shoots of approximately 4.0 cm in height were separated and used as initial explants for the microrhizome induction. All reagents were purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China), unless otherwise specified.




2.2. Microrhizome Induction


An orthogonal design of three factors at three levels obtained by SPSS 23.0 (SPSS Inc., Chicago, IL, USA) was applied to determine an optimal approach for the microrhizome induction, as listed in Table 1. The three factors were selected based on previous research [25,26,27], namely the BAP concentration (A), sucrose concentration (B), and photoperiod (C). Levels of the factors were set as 1.0, 2.0, and 3.0 mg·L−1 for the BAP concentration, 60, 80, and 100 g·L−1 for the sucrose concentration, and 12 h/12 h, 16 h/8 h, and 20 h/4 h (light/dark) cycles for the photoperiod. The regulation of the photoperiod is controlled by a device that sets the times for turning the lights on and off. According to the L9 (33) orthogonal array, nine groups of different culture condition treatments were conducted. All media were based on MS basal medium fortified with 7.5 g·L−1 agar at pH 5.8. For microrhizome induction, healthy individual shoots of approximately 4.0 cm in height were separated. Then, they were cultured on the medium after the roots were trimmed to nearly 0.5 cm in length. All cultures were maintained at 25 ± 1 °C under a light intensity of 50 μmol m−2 s−1, and photoperiod was set as indicated in Table 1. Four explants were inoculated in each 300 mL glass container filled with 60 mL of the culture medium. Four containers with a total of 16 plants were used, and three repetitions were performed. At the end of 60 days of culture, data was collected on the number of regenerated shoots, plant height, and quantity and fresh weight of microrhizomes. Finally, a validation experiment was conducted to determine the optimal culture conditions. The conditions that produced the highest number of microrhizomes and the greatest average fresh weight were used as controls.




2.3. Water Loss Rate Analysis and Sprouting Tests


The induced microrhizomes were collected, washed with tap water for 10 min, and dried on filter paper. After weighing, the microrhizomes were graded into three groups according to the fresh weight: small (<150 mg), medium (150–250 mg), and large size (>250 mg). Then, the samples were left to air-dry at room temperature. To evaluate the effects of the microrhizome sizes and air-drying duration on the water loss rate and sprouting percentage, different-sized microrhizomes were subjected to air drying for 0, 1, 2, and 3 days. Five microrhizomes of each treatment were weighed immediately to obtain a measure of fresh mass (Wf) to estimate the water loss rate. After that, the microrhizomes were air-dried and weighed again (Wd), and the water loss rate was calculated as (Wf − Wd)/Wf × 100) [38]. For testing the sprouting percentage, 20 microrhizomes of each treatment were placed on moistened filter paper in a 100 × 15 mm Petri dish. The dishes were sealed with parafilm and incubated at 25 ± 1 °C under continuous darkness. Twenty days later, the sprouting percentage was calculated as the percentage of the number of sprouted microrhizomes over the total number of microrhizomes. The measurements were repeated three times.




2.4. Increasing the Fresh Weight of Microrhizomes


Two approaches were employed to enhance the fresh weight of microrhizomes: (1) extending the culture period and (2) in vitro culture of the induced microrhizomes. Both approaches were based on the optimal condition combination for the microrhizome induction according to the orthogonal test. In the first experiment, the culture duration was prolonged from 60 to 90 days based on our preliminary observation. The changes in several microrhizome characteristics were examined, including the microrhizome number, microrhizome length and width, microrhizome fresh weight, and percentage of different-sized microrhizomes. In the second experiment, 60-day-old microrhizomes of approximately 120 mg in fresh weight were isolated and cultured under the optimal conditions, with 30 g·L−1 sucrose as a control. Four culture vessels with three microrhizomes were used for each treatment, and three repetitions were conducted for each experiment. After 60 days of culture, the shoot length, shoot number, microrhizome number, and microrhizome fresh weight were determined.




2.5. Plant Establishment for the Field Experiment


Three types of plants were prepared for subsequent field experiments, namely conventional tissue-cultured plants (TC), in vitro-raised plants with microrhizomes (MR), and plants forced from harvested microrhizomes (FMR). The TC and MR plants were obtained after 60 days of culture on the subculture medium and under the optimal induction conditions (3.0 mg·L−1 BAP, 100 g·L−1 sucrose, and a 12-h photoperiod), respectively. The TC and MR plants were rinsed with running tap water to remove adhered medium residues for acclimatization. Then, they were transferred to plastic seedling trays (6 cm × 6 cm × 10 cm/cell) filled with a commercial substrate (Jiangsu Peilei Matrix Technology Development Co., Ltd., Zhenjiang, China). The plants were covered with transparent plastic covers to maintain humidity and then incubated at 25 ± 1 °C with a 14-h photoperiod (130 μmol m−2 s−1). Fifteen days later, the covers were removed, and the plants were incubated for another 15 days at around 28 °C day/18 °C night. To obtain the FMR plants, the harvested microrhizomes of approximately 300 mg in fresh weight were sowed directly in the trays under the above-mentioned conditions. Thirty days later, the survival rate was calculated. Thirty-two plants or microrhizomes were used for each treatment, with three repetitions for each type.




2.6. Genetic Homogeneity Assessment


Before examining the field performance, flow cytometry and molecular marker analysis were conducted to assess the genetic homogeneity of these plants. Five plants were randomly selected from each plant type (TC, MR, and FMR). The relative nuclear DNA content was estimated as described by Zhang et al. [39] on a CytoFLEX flow cytometer (Beckman Coulter, Suzhou, China). The fluorescence intensity of released nuclei from each sample was measured with three replicates.



Total genomic DNA was extracted from approximately 100 mg of the fresh leaves of each sample following the method of Fulton et al. [40]. DNA concentration and purity were determined on a NanoDrop One C spectrophotometer (Thermo Fisher Scientific, Madison, WI, USA). For simple sequence repeat (SSR) amplifications, ten randomly selected ginger-specific microsatellite loci (Table S1) retrieved from Zhao et al. [9] were analyzed to assess the genetic homogeneity. The PCR reaction was performed in a total volume of 20 μL containing 2 μL of 25 ng·μL−1 temple DNA, 1.0 μL of each forward and reverse primer (10 μM), 10 μL of 3G Master Mix for polyacrylamide gel electrophoresis (Vazyme, Nanjing, China), and 6.0 μL ddH2O. The amplification was performed in an FC-96G thermocycler (BigFish, Hangzhou, China) under the following program: initial denaturation for 2 min at 94 °C, followed by 40 cycles of denaturation at 94 °C for 30 s, annealing at a temperature according to each primer for 30 s and extension at 72 °C for 30 s, and final extension at 72 °C for 10 min. PCR products were separated on an 8% (w/v) non-denaturing polyacrylamide gel and visualized by silver staining according to Yu et al. [41].




2.7. Field Performance Evaluation


The TC, MR, and FMR plants were planted in soil in a plastic greenhouse from late April to mid-November 2023. The temperature and relative humidity during the research period ranged from 14.5 °C to 38.9 °C and 42.1% to 85.6%, respectively. The soil texture of the experimental site was sandy loam, with a pH value of 7.3. Approximately 100 plants of each type were planted in soil with a spacing of 20 × 60 cm and a planting depth of 20 cm. Shading, irrigation, fertilization, and hilling were performed as necessary during the growing season.



Morphological parameters and production potential were investigated after approximately 160 days (harvest time) of growth in the field, including the plant height, tiller number, main tiller diameter, number of leaves per tiller, leaf length and width, rhizome length and width, number of rhizome fingers per plant, rhizome fresh weight, fresh weight and volume per rhizome finger, aboveground biomass per plant, root fresh weight per plant. Related data were collected following the descriptors reported by Zambrano Blanco and Baldin Pinheiro [42]. The leaf greenness index was determined on three fully expanded leaves per plant with a portable chlorophyll meter (SPAD-502 plus, Konica Minolta, Tokyo, Japan). The volume of rhizome fingers was determined according to the water displacement method. The root/shoot ratio was calculated by dividing the root fresh weight by the aboveground biomass. To estimate the dry matter percentage, the fresh rhizome samples were weighed (Wf), cut into pieces, and dried in a hot air oven at 60 °C until the weight stabilized (Wd). The dry matter percentage was calculated as Wd/Wf × 100 [43]. Five plants were randomly selected from each group, and three repetitions were conducted for each measurement.




2.8. Statistical Analysis


Data analyses were performed using SPSS 23.0 (SPSS Inc., Chicago, IL, USA). The percentage data were transformed into arcsine-square root prior to analysis. For the orthogonal experiments, a univariate analysis of variance (ANOVA) was employed to evaluate each factor’s impact on microrhizome induction. The statistical significance of variations in microrhizome parameters across various durations of culture and sucrose concentrations was evaluated by Student’s t-test. A two-way ANOVA was performed to assess the water loss rate and the sprouting percentage. A one-way ANOVA analyzed other data with Duncan’s multiple range test.





3. Results


3.1. Effects of Different Culture Condition Combinations on Microrhizome Induction


After 60 days of culture, the plant morphology under different treatments showed significant differences (Figure S1). The shoots cultured on the media containing 60 g·L−1 sucrose with a more extended photoperiod (16 and 20 h), namely the T4 and T7, exhibited more robust growth. Conversely, poor plant growth was observed in the presence of 80 or 100 g·L−1 sucrose, including the treatments of T2, T3, T6, and T9.



Table 1 presents the results of the influence of different condition combinations on the number and the average fresh weight of the induced microrhizomes after 60 days of culture. The treatment T9, which consisted of 3.0 mg·L−1 BAP, 100 g·L−1 sucrose, and a 16-h photoperiod, yielded the highest number of microrhizomes per explant (11.42), followed by the T8 (8.43) and T6 (7.88). The microrhizomes produced through the treatment T5 (2.0 mg·L−1 BAP, 80 g·L−1 sucrose, and a 20-h photoperiod) had the highest average fresh weight (183.5 mg), followed by the treatment T8 (159.6 mg) and T4 (157.6 mg). The range analysis showed that the effects of the three factors on the microrhizome number reduced in the order of A (BAP concentration) > B (sucrose concentration) > C (photoperiod). In contrast, it was A > C > B for the average fresh weight of the microrhizomes (Table 2). The results suggest that the concentration of BAP was the most influential factor for both the quantity and average fresh weight of the induced microrhizomes. According to the values of k1, k2, and k3, the optimal combination for producing microrhizomes in large quantities was A3B3C1 (3.0 mg·L−1, 100 g·L−1 sucrose, and a 12-h photoperiod). For microrhizome expansion, the optimal condition was A2B2C3 (2.0 mg·L−1 BAP, 80 g·L−1 sucrose, and a 20-h photoperiod). Table S2 shows that all three factors had a significant effect (p < 0.001) on the number of induced microrhizomes per explant, according to a further univariate ANOVA. Additionally, the average fresh weight of microrhizomes was significantly affected by the BAP concentration (p < 0.001), sucrose concentration (p < 0.05), and photoperiod (p < 0.05).




3.2. Validation Experiment


According to the results of the orthogonal array, the combination of A3B3C1 was identified as the theoretically optimal condition for producing microrhizomes in large quantities. It is worth noting that this combination was not included in Table 1 of the orthogonal array. To confirm the effects of this optimal combination on the number and average fresh weight of induced microrhizomes, a validation experiment was performed. The controls employed were the combination that yielded the most microrhizomes (T9) and the greatest average fresh weight (T5), as determined by the orthogonal results. Swelling at the base of the shoot explants and microrhizome initiation were observed after approximately ten days of culture under the optimal combination (Figure 1A). It was accompanied by forming adventitious shoots with roots (Figure 1A). After 30 days of culture, each plant explant generated several microrhizomes and 4-6 robust roots at its base (Figure 1B). At the end of 60 days of culture, multiple shoots with well-developed roots were regenerated (Figure 1C), and numerous microrhizomes were observed at the base of the shoots (Figure 1D). The induced microrhizomes exhibited varying sizes and shapes and had a light yellow color (Figure 1E). Under the optimal conditions, each explant produced 9–17 microrhizomes with an average of 13.94 (Figure 1F), which was significantly higher than those produced under the T5 (1.98) and T9 treatments (11.42). The average weight of microrhizomes harvested after 60 days under the optimal conditions was only 117.0 mg, which was substantially lower than that of T5 (183.5 mg) (Figure 1F). However, there was no significant difference in the average weight of microrhizomes between the optimal and T9 treatments (Figure 1F).




3.3. Effects of Various Sizes and Air-Drying Duration on Water Loss Rate and Sprouting Percentage in Microrhizomes


Figure 2A shows freshly harvested microrhizomes of varying sizes placed in Petri dishes with wet filter papers to assess sprouting percentage. After ten days of incubation, most microrhizomes produced 1–3 buds, each approximately 1 cm long (Figure 2B). Upon transfer to a moist substrate, the sprouted microrhizomes exhibited robust growth with a 100% survival rate (Figure 2C). The study then investigated the effects of microrhizome size and air-drying duration on water loss rate (Figure 2D) and germination percentage (Figure 2E). The water loss rate decreased for small (<150 mg), medium (150–250 mg), and large (>250 mg) microrhizomes with increasing air-drying duration. Significant changes in the water loss rate (p < 0.05) were detected only in small-sized microrhizomes only after one day of exposure to air drying. In contrast, large and medium-sized microrhizomes significantly reduced the water loss rate (p < 0.05) after two days of treatment. The two-way ANOVA results showed that air-drying duration significantly altered the water loss rate (p < 0.001). Microrhizome size and the interaction of air-drying duration with microrhizome size did not have a significant effect on the water loss rate. The sprouting percentage of small and medium microrhizomes significantly decreased with increasing air-drying duration (p < 0.05), and they lost the ability to sprout entirely after two days of treatment. Large microrhizomes maintained a 100% sprouting percentage on the first day of air drying but then significantly decreased (p < 0.05) until reaching 0% on the third day. The study confirmed the statistical significance of microrhizome size, air-drying time, and size × time interaction on sprouting percentage at the 0.1% level.




3.4. Effects of Culture Duration and Sucrose Concentration on Microrhizome Fresh Weight


Two independent experiments were conducted to increase the fresh weight of microrhizomes, including prolonging the culture period and in vitro culture of the microrhizomes. The effects of different culture durations (60 and 90 days) on microrhizome characteristics under the optimal combination of conditions are shown in Figure 3. The number of microrhizomes per explant increased from 13.94 to 14.89 when the culture duration was extended from 60 to 90 days (Figure 3A). However, it was observed that the increase was not statistically significant. The length (Figure 3B) and width (Figure 3C) of the microrhizomes increased by 1.59 and 1.61 times, respectively, after 90 days of culture compared to those cultured for 60 days. Additionally, the average fresh weight of the microrhizomes increased from 117.04 mg at 60 days to 280.30 mg at 90 days (Figure 3D). The results of the significance analysis indicate that extending the culture period by 30 days led to a significant increase in microrhizome length (p < 0.05), microrhizome width (p < 0.01), and average microrhizome fresh weight (p < 0.05). The average fresh weight of microrhizomes ranged from 58.0 mg to 157.1 mg after 60 days of culture. Among these, 88.1% and 11.9% belonged to the small and medium-sized groups, respectively, while no large microrhizomes were identified (Figure 3E). In comparison, the average fresh weight of the microrhizomes varied widely, ranging from 73.5 mg to 847.1 mg after 90 days of culture. Among these microrhizomes, 49.6%, 32.6%, and 17.8% belonged to the large, medium, and small-sized groups, respectively (Figure 3E). The statistical analysis revealed that the extended 30-day culture significantly increased the percentage of large (p < 0.01) and medium microrhizomes (p < 0.05), while significantly decreasing the percentage of small-sized microrhizomes (p < 0.001).



The effects of different concentrations of sucrose (30 and 100 g·L−1) on the development of new microrhizomes were analyzed in the second experiment, as shown in Figure 4. After 60 days of culture, the regenerated plants treated with 100 g·L−1 sucrose showed more vigorous growth compared to those treated with 30 g·L−1 sucrose (Figure 4A). In addition, microrhizomes were observed at the shoot base when 100 g·L−1 sucrose was applied (Figure 4B). The regenerated multiple shoots with microrhizomes remained viable for at least four months on the medium containing 100 g·L−1 sucrose (Figure 4C). Compared to the 30 g·L−1 sucrose treatment, the medium supplemented with 100 g·L−1 sucrose significantly increased the shoot length (p < 0.01) and number (p < 0.05) after 60 days of culture (Figure 4D). The treatment with 100 g·L−1 sucrose resulted in an average number of 21.3 new microrhizomes per microrhizome, which was significantly higher than that of the 30 g·L−1 sucrose treatment (Figure 4D). Furthermore, the microrhizomes treated with 100 g·L−1 sucrose had a significantly (p < 0.05) higher average fresh weight (403.4 mg) than those treated with 30 g·L−1 sucrose treatment (Figure 4D).




3.5. Genetic Homogeneity Assessment of the Established Plants by Flow Cytometry and SSR Marker Analysis


Flow cytometry and SSR molecular markers were utilized to evaluate the genetic uniformity of the established TC, MR, and FMR plants. The flow cytometry analysis results showed a single peak located at approximately 5.4 × 105 in the histogram for all three plant types (Figure 5), indicating no variation in their ploidy level. Furthermore, ten pairs of SSR primers were used to evaluate the genetic homogeneity of the three types of plants. Out of the primers used, four markers (Ginger11, Ginger49, Ginger84, and Ginger97) produced reproducible banding patterns with 3–5 amplified DNA fragments in all DNA samples (Figure 6). The four SSR primer pairs did not show any changes in banding patterns among the three types of plants, indicating a high degree of genetic homogeneity.




3.6. Field Performance Evaluation of the Three Types of Plants


A comparative analysis was performed to determine the survival rate and plant performance among the TC, MR, and FMR plants. The survival rate was recorded after 30 days of growth in the trays as shown in Figure 7A. The FMR plants had the highest survival rate (100%), followed by the MR (98.6%) and TC (90.3%) plants. There was no significant difference in survival rate between the FMR and MR plants in the survival rate, both of which were significantly higher than that of the TC plants. The plants showed strong growth both at 60 and 120 days after planting in the field (Figure S2) and at the time of harvest (Figure 7B). At harvest, significant morphological differences were observed among the three plant types. Specifically, compared to the TC and FMR plants, the MR plants had increased plant height and more erect tillers (Figure 7C) and produced larger rhizomes (Figure 7D) with more giant rhizome fingers (Figure 7E). The arrangement of rhizomes in all three plant types was irregular, with different numbers and sizes of rhizome fingers (Figure 7D). The rhizome fingers of all plants had visible knobs and a yellow flesh color (Figure 7E).



Differences in the above-ground morphological traits, rhizome characteristics, root/shoot ratio, and dry matter percentage of the three types of plants grown in the field at harvest are presented in Table 3. Among the three types, the MR plants had the tallest height (83.7 cm), the highest number of tillers per plant (17.1), and the highest number of leaves on the main tiller (20.2). When the FMR plants were compared with the TC and MR plants, they had the largest main tiller diameter (8.0 mm), leaf SPAD value (44.3), and leaf length (19.9 cm) and width (2.5 cm) but produced the least number of tillers per plant (11.4) and leaves on the main tiller (15.8). The TC plants were found to have the largest leaf length to width ratio (8.8), the shortest plant height (63.3 cm), the lowest leaf SPAD value (41.1), and thinner leaves (16.7 cm long and 1.9 cm wide) than the other two plant types. These observations suggest that the TC plants have narrower and less green leaves than the other plant types. No significant differences were found in the above-ground measurements within the three plant types except for the number of tillers per plant between the MR and FMR plants, the plant height between the MR and TC plants, and the leaf width between the FMR and TC plants.



In contrast, all rhizome characteristics differed significantly among the three groups. The MR plants showed a statistically significant increase in rhizome length (15.1 cm) and rhizome width (5.3 cm) compared to the FMR and TC, respectively. Additionally, the MR plants had an average fresh rhizome weight of 206.1 g, approximately 2.1 and 1.7 times that of the TC and FMR, respectively. The number of rhizome fingers produced was highest in each MR plant (18.5), followed by the TC (16.3) and FMR (12.9). However, no significant differences were found between the TC and both the MR and the FMR plants. The MR group exhibited the highest average fresh weight (11.9 g) and volume (10.5 cm2) of rhizome fingers, which was significantly higher than that of the TC plants and not significantly different from that of the FMR. No significant differences were found among the three plant types in terms of the root/shoot ratio and dry matter percentage. The results showed that the MR plants were more responsive in rhizome production than the other two types, including size, fresh weight, number, mass, and volume of rhizome fingers.





4. Discussion


In vitro induction of small storage organs has been reported in several plant species [16,28,44]. Microrhizome development is a complex process influenced by numerous internal and external factors [44]. The in vitro induction of ginger microrhizomes is significantly influenced by several factors, such as sucrose content, concentration of plant growth regulators (PGRs), and photoperiod [23,25,26,28]. However, most reports have only provided protocols for microrhizome induction in ginger by manipulating one or two factors, typically PGRs or carbohydrate levels. In this study, an orthogonal experiment was conducted to investigate the optimal conditions for microrhizome induction in ginger, including three factors: BAP concentration, sucrose concentration, and photoperiod, each at three levels. The results showed that all three factors had a significant impact on the number and fresh weight of the induced microrhizomes. Zahid et al. [26] also reported that the concentration of sucrose and NAA, as well as their interaction, had significant effects (p < 0.001) on the number, biomass, and diameter of the in vitro-induced microrhizomes.



Cytokinins, such as BAP, have various functions in plant growth and development, making them a popular choice for in vitro induction of ginger microrhizomes [26,28,29]. In this study, an increased level of BAP significantly increased the number of microrhizomes, which is consistent with the findings of Abbas et al. [29]. However, a significant decrease in the average fresh weight of microrhizomes was observed at BAP concentrations above 2.0 mg·L−1. The study confirms previous research that showed a significant decrease in microrhizome fresh weight when BAP concentrations reached 4.0 mg·L−1 or higher [28]. A conflicting result was reported by Zahid et al. [26], who found that a BAP concentration greater than 15 μM significantly reduced the number, biomass, and diameter of the ginger microrhizomes. According to Rani et al. [22], the number and fresh weight of induced ginger microrhizomes varied depending on the genotype. Therefore, it is possible that the differences in BAP requirements for ginger microrhizome induction are due to genotypic differences.



Sucrose is the main carbon source utilized in tissue culture. To encourage microrhizome differentiation in ginger, it has been well-documented that the sucrose concentration should be increased to over 60 g·L−1 [25,28]. This study found that using higher sucrose concentrations (80 and 100 g·L−1) also significantly increased the number of microrhizomes compared to the treatment with 60 g·L−1 sucrose. However, in this study, a significant reduction in the average fresh weight of the microrhizomes was observed when the sucrose concentration was raised from 80 to 100 g·L−1. This result is consistent with the findings of Zahid et al. [26], who reported a decrease in biomass of induced microrhizomes when sucrose concentrations exceeded 60 and 75 g·L−1 in the presence of 7.5 and 5 μM NAA, respectively. David et al. [25] reported that the addition of surplus sucrose to the culture medium could cause osmotic stress, which could hinder nutrient intake by the cultures. In this study, it was found that an excessive amount of sucrose (100 g·L−1) limited the growth of aerial shoots. This limitation could reduce photosynthetic capacity and impede biomass accumulation in the microrhizomes.



In addition to PGRs and sucrose, photoperiod plays a crucial role in microrhizome formation in ginger [23,24,31]. This study found that a longer photoperiod led to a decrease in the number of microrhizomes but an increase in their average fresh weight. This result is consistent with the findings of Mehaboob et al. [31], who reported that a shorter photoperiod of 8 h resulted in a greater biomass of microrhizomes. However, according to most reports, a 16-h photoperiod was found to be more effective in inducing ginger microrhizomes [25,26,28,30,32]. Further research is needed to understand the mechanisms that underlie the impact of photoperiod on the induction and growth of microrhizomes in vitro.



Efficient and high-quality induction of microrhizomes is crucial for their practical application. The validation experiment confirmed the accuracy of the predicted optimal condition combination (A3B3C1: 3.0 mg·L−1 BAP, 100 g·L−1 sucrose, and 12-h photoperiod) by producing a significantly larger number of microrhizomes (13.94 per shoot explant) compared to the controls. However, the average fresh weight of microrhizomes treated with the A3B3C1 (117.04 mg) was significantly lower than that of the T5 treatment (A2B2C3: 2.0 mg·L−1 BAP, 80 g·L−1 sucrose, and 20-h photoperiod), which yielded the highest microrhizome fresh weight in the original orthogonal experiment. Similar observations were made by Singh et al. [30], who noted that treatments favoring microrhizome production were typically associated with a lower average fresh weight. Previous studies have indicated that the size and fresh weight of in vitro-induced microrhizomes have an impact on their sprouting percentage [18]. This study also found that the sprouting percentage of the microrhizomes was significantly affected by their fresh weight. Desiccation is a significant factor that adversely affects the storage life and quality of ginger rhizomes [45,46], leading to a reduction in the sprouting percentage. To maintain the quality of ginger rhizomes, it is important to prevent desiccation. This study found that larger microrhizomes were more resistant to water loss, which could explain their higher sprouting percentage during air drying.



Therefore, we attempted to increase the microrhizome fresh weight based on the optimal condition combination (A3B3C1) in this study. The results showed that an additional 30 days of culture under the optimal conditions significantly increased the average microrhizome fresh weight to 280.3 mg. This finding is supported by Rani et al. [22], who reported that the fresh weight of microrhizomes increased with the duration of the induction period during the first three months of culture. In the second experiment, microrhizomes were isolated and cultured in vitro to increase their fresh weight. The results showed that using 100 g·L−1 sucrose was more efficient in inducing microrhizome production, with an average of 21.3 new microrhizomes and an average fresh weight of 403.4 mg. This approach achieved notably superior efficiency compared to earlier ginger reports [23,26,29,30]. The study found that the average fresh weight was sufficient, with samples containing large microrhizomes and a high sprout percentage. In addition, the newly produced microrhizomes and the regenerated multiple shoots grew normally after four months of culture. In other Zingiberaceae species, microrhizomes have been found to be preserved in vitro for up to six months [14]. Therefore, the in vitro-induced microrhizomes have the potential to produce large quantities of new, high-quality microrhizomes in vitro and to conserve germplasm in ginger.



Genetic uniformity of in vitro-produced progenies is critical for commercial applications [34,35]. However, numerous factors, including the explant sources, medium components, and duration and number of subcultures, can induce morphological, cytological, genetic, and epigenetic variations in regenerated plants [47]. Although the most suitable medium for microrhizome induction (A3B3C1) contains a high amount of BAP (3.0 mg·L−1) and sucrose (100 g·L−1), the genetic homogeneity of the TC, MR, and FMR plants in this study was confirmed by flow cytometry analysis and SSR characterization. Genetic instability and somaclonal variation have rarely been reported in ginger [9,48], possibly due to the high genetic stability during in vitro culture [9]. However, the limited use of five plants and ten pairs of SSR primers in this study may provide insufficient genetic information of the regenerated population. Zhao et al. [9] used flow cytometry analysis and discovered that out of approximately 2000 in vitro-propagated ginger plants, five plants were mixoploid, containing both diploid and tetraploid cells. Therefore, more plants, primers, and methods are needed to comprehensively evaluate the genetic uniformity of microrhizome plants in the future.



After verification of the genetic uniformity, the MR, FMR and TC plants were grown in the field for comparative analysis of their growth performance and rhizome characteristics at harvest. Compared to the other two plant types, the MR plants showed superior growth performance in the field, exhibited the largest rhizomes and produced the most significant number and average weight and volume of rhizome fingers. In Curcuma longa, Nayak and Naik [36] also found that the in vitro-raised plants with microrhizomes produced a larger rhizome yield than the micropropagated plants without microrhizomes. Seed rhizome size is known to significantly affect growth and rhizome yield in ginger [49]. In addition to biologically active constituents, ginger rhizomes contain an abundance of carbohydrates, proteins, and other nutrients necessary for the growth of young plants [2,49]. As a result, the growth and rhizome yield of the MR plants were improved compared to the TC plants. This result could be related to the fact that the microrhizomes of the MR plants contained nutrient components that promoted plant growth. In general, in vitro propagated plants produced low yield and small rhizome fingers in the first growing season in ginger [9,10]. This study further demonstrated that the tissue culture-derived plants produced the smallest size and weight of rhizome fingers. In addition, acclimation of in vitro regenerated plants may have several limitations, such as labor intensity, time consumption, and plant losses [11,12]. Conversely, it has been reported that the germinated microrhizomes have a high survival rate when transferred to the field without acclimatization [18,19,26]. In this study, the MR and TC plants required an acclimation process. In contrast, the FMR plants were obtained by sowing the sprouted microrhizomes directly into the substrate without acclimation. The results showed a significantly higher survival rate for both MR and FMR compared to TC, indicating that the two plant types were more easily able to adapt to the ex-vitro environment. Although the FMR plants produced significantly fewer rhizome fingers than the MR, the weight and volume of the rhizome fingers were similar to those of the MR, suggesting that both the MR and FMR plants had their unique advantages in producing disease-free seedling rhizomes in ginger in the first generation. However, additional research is needed to evaluate field performance and production in the following season.




5. Conclusions


This study presents an efficient procedure for the in vitro production of high-quality ginger microrhizomes with satisfactory field performance (Figure 8). Disease-free ginger plants grown in vitro are used as the starting materials. The largest number of microrhizomes is achieved after 60 days of culture on MS medium supplemented with 3.0 mg·L−1 BAP and 100 g·L−1 sucrose under a 12-h photoperiod (the optimal culture conditions). Induced microrhizomes are cultured under the optimal conditions for 60 days to obtain a sufficient number of large-sized microrhizomes. The MR and FMR plants can produce the first generation of disease-free rhizomes with an acceptable number and size of rhizome fingers. This protocol could contribute to producing genetically stable and disease-free ginger rhizomes more efficiently and cost-effectively than the traditional method. Additionally, this approach can be utilized to mass-produce high-quality ginger microrhizomes for various applications, including germplasm conservation, synthetic seed production, and secondary metabolite extraction.
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Figure 1. In vitro induction of microrhizomes of ‘Fengtou’ ginger under the theoretical optimum condition combination (3.0 mg·L−1 BAP, 100 g·L−1 sucrose, and a 12-h photoperiod) based on an orthogonal test. (A) microrhizome initiation ten days after culture; (B) induced microrhizomes after 30 days of culture; (C) regenerated shoots with well-developed roots after 60 days of culture; (D) microrhizomes observed at the shoot base 60 days after culture; (E) typical microrhizomes produced from one explant within 60 days; (F) the number (left) and average fresh weight (right) of the induced microrhizomes after 60 days of culture under the treatments of T5 (2.0 mg·L−1 BAP, 80 g·L−1 sucrose, and a 20-h photoperiod), T9 (3.0 mg·L−1 BAP, 100 g·L−1 sucrose, and a 16-h photoperiod), and the optimum condition combination. Bars = 1 cm. Values with different letters on the bars are significantly different (p < 0.05), as estimated by Duncan’s multiple range test. 
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Figure 2. Effects of different sizes and air-drying duration on the water loss rate and sprouting percentage of the ginger microrhizomes. The sizes were determined by the microrhizome fresh weight, including small (<150 mg), medium (150–250 mg), and large size (>250 mg). (A) freshly harvested microrhizomes placed on wet filter papers in a petri dish for the sprouting test; (B) sprouting of the fresh microrhizomes of different sizes after ten days of incubation at 25 °C; (C) growth of the microrhizome-propagated plants (MRP) 30 days after transplantation; (D) changes in the rate of water loss in the small, medium, and large-sized microrhizomes treated by different air-drying time; (E) impacts of air-drying time and microrhizome sizes on the ex vitro sprouting frequency. Bars = 1 cm. Different letters on the bars indicate significant differences by Duncan’s range test at the 5% level. ns and *** mean non-significant and significant differences (p < 0.001) using two-way ANOVA with interaction approach. 
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Figure 3. Effects of different culture duration (60 and 90 days) on the microrhizome characteristics under the optimum condition combination (3.0 mg·L−1 BAP, 100 g·L−1 sucrose, and a 12-h photoperiod), including the microrhizome number per explant (A), microrhizome length (B), microrhizome width (C), microrhizome fresh weight (D), and percentage of different-sized microrhizomes (E). *, **, and *** indicate significant differences between the 60 and 90 days-induced microrhizomes estimated by Student’s t-test at p < 0.05, 0.01, and 0.001, respectively. ns means non-significant differences. 
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Figure 4. In vitro culture of small-sized microrhizomes under the optimum condition combination except the sucrose concentrations for 60 days. (A) regenerated plants from the microrhizomes on the medium containing 30 (below) and 100 g·L−1 sucrose (above), respectively; (B) new microrhizomes induced on the medium containing 100 g·L−1 sucrose; (C) shoot clusters maintained on the medium containing 100 g·L−1 sucrose for four months; (D) effects of different concentrations of sucrose on the shoot length, number of regenerated shoots per explant, microrhizome number, and microrhizome fresh weight. Bars = 2 cm. * and ** indicate significant differences between the 30 and 100 g·L−1 sucrose treatment estimated by Student’s t-test at p < 0.05 and 0.01, respectively. 
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Figure 5. Flow cytometry analysis of the TC (conventional tissue-cultured plants), MR (in vitro-raised plants with microrhizomes), and FMR plants (plants forced from harvested microrhizomes). FI: fluorescence intensity. 
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Figure 6. SSR profiles of the TC, MR, and FMR plants by the primer pairs Ginger11, Ginger49, Ginger84, and Ginger97. M: DL500 DNA marker (Takara Bio Inc., Shiga, Japan); Lanes: 1–5: the TC plants; 6–10: the MR plants; 11–15: the FMR plants. 
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Figure 7. The survival rate, field performance, and rhizome features of the three types of plants (TC, MR, and FMR). (A) the survival rate after 30 days of growth in the substrate; (B) growth performance in the field at harvest; (C–E) the representative plants (C), rhizomes (D), and rhizome fingers; (E) the TC, MR, and FMR plants at harvest. Values with different letters on the bars indicate significantly different (p < 0.05) according to Duncan’s multiple range test. Bars = 10 cm for (A) and 5 cm for (B,C). 
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Figure 8. A flow chart of genetically stable and disease-free rhizome production via in vitro induced ginger microrhizomes. The duration for Step 1, Step 2, Step 3, and Step 5 was 60 days, 30 days, 30 days, and approximately 200 days, respectively. 
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Table 1. The Orthogonal L9 (33) array and effects of different culture condition combinations on the number and average fresh weight of the induced microrhizomes of ‘Fengtou’ ginger after 60 days of inoculation.
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Treatments

	
Factors

	
No. of Induced

Microrhizomes per Explant

	
Average Microrhizome Fresh Weight (mg)




	
(A) BAP (mg·L−1)

	
(B) Sucrose (g·L−1)

	
(C) Photoperiod (h)






	
T1

	
1 (1.0)

	
1 (60)

	
1 (12)

	
0.46 ± 0.07

	
29.8 ± 8.0




	
T2

	
1 (1.0)

	
2 (80)

	
2 (16)

	
1.63 ± 0.22

	
50.9 ± 0.6




	
T3

	
1 (1.0)

	
3 (100)

	
3 (20)

	
3.02 ± 0.76

	
83.4 ± 9.4




	
T4

	
2 (2.0)

	
1 (60)

	
2 (16)

	
1.21 ± 0.33

	
157.6 ± 26.7




	
T5

	
2 (2.0)

	
2 (80)

	
3 (20)

	
1.98 ± 0.45

	
183.5 ± 13.8




	
T6

	
2 (2.0)

	
3 (100)

	
1 (12)

	
7.88 ± 1.54

	
130.8 ± 20.3




	
T7

	
3 (3.0)

	
1 (60)

	
3 (20)

	
5.07 ± 0.81

	
134.2 ± 13.1




	
T8

	
3 (3.0)

	
2 (80)

	
1 (12)

	
8.31 ± 1.69

	
159.6 ± 27.7




	
T9

	
3 (3.0)

	
3 (100)

	
2 (16)

	
11.42 ± 1.16

	
100.8 ± 12.0








An orthogonal test of three factors (A: BAP concentration; B: sucrose concentration; C: photoperiod) at three levels (1, 2, and 3: three levels of factors.) was applied to determine an optimal approach for the microrhizome induction. 













 





Table 2. Range analysis of the L9 (33) test for the in vitro induction of microrhizomes of ‘Fengtou’ ginger.
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Analysis Parameters

	
No. of Induced Microrhizomes per Explant

	
Microrhizome Fresh Weight (mg)




	
(A) BAP

	
(B) Sucrose

	
(C) Photoperiod

	
(A) BAP

	
(B) Sucrose

	
(C) Photoperiod






	
k1

	
1.70

	
2.25

	
5.55

	
54.71

	
107.21

	
106.74




	
k2

	
3.69

	
3.97

	
4.76

	
157.27

	
131.34

	
103.09




	
k3

	
8.27

	
7.44

	
3.36

	
131.55

	
104.98

	
133.69




	
Range

	
6.56

	
5.19

	
2.19

	
102.56

	
26.36

	
30.60




	
The sorting

	
A > B > C

	
A > C > B




	
Optimal level

	
A3

	
B3

	
C1

	
A2

	
B2

	
C3








A: BAP concentration; B: sucrose concentration; C: photoperiod. k1, k2, and k3 represent the average values corresponding to a factor at levels 1, 2, and 3, respectively. Range = kmax − kmin.













 





Table 3. Comparisons of the aboveground morphological characteristics, rhizome features, root/shoot ratio, and dry matter percentage among three types of plants grown in the field at harvest, including the conventionally tissue-cultured plants (TC), in vitro-raised plants with microrhizomes (MR), and plants forced from the microrhizomes (FMR).
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	Characters
	TC
	MR
	FMR





	Plant height (cm)
	63.3 ± 10.3 b
	83.7 ± 10.6 a
	70.3 ± 4.2 ab



	No. of tillers per plant
	13.7 ± 2.5 ab
	17.1 ± 1.9 a
	11.4 ± 2.7 b



	Main tiller diameter (mm)
	6.3 ± 1.3 a
	7.8 ± 0.4 a
	8.0 ± 0.5 a



	Leaf SPAD value
	41.1 ± 2.3 a
	43.7 ± 1.7 a
	44.3 ± 1.7 a



	No. of leaves on the main tiller
	16.8 ± 4.0 a
	20.2 ± 0.2 a
	15.8 ± 0.3 a



	Leaf length (cm)
	16.7 ± 1.5 a
	19.3 ± 1.4 a
	19.9 ± 1.9 a



	Leaf width (cm)
	1.9 ± 0.3 b
	2.3 ± 0.2 ab
	2.5 ± 0.3 a



	Leaf length/width ratio
	8.8 ± 0.8 a
	8.6 ± 0.5 a
	7.9 ± 0.4 a



	Rhizome length (cm)
	12.8 ± 0.5 ab
	15.1 ± 2.3 a
	9.8 ± 1.8 b



	Rhizome width (cm)
	3.8 ± 0.3 b
	5.3 ± 0.9 a
	4.7 ± 0.7 ab



	Rhizome fresh weight per plant (g)
	97.2 ± 11.2 b
	206.1 ± 38.0 a
	121.8 ± 16.4 b



	No. of rhizome fingers per plant
	16.3 ± 4.3 ab
	18.5 ± 2.0 a
	12.9 ± 1.6 b



	Fresh weight per rhizome finger (g)
	6.1 ± 1.4 b
	11.9 ± 2.1 a
	11.5 ± 3.1 a



	Volume per rhizome finger (cm2)
	5.5 ± 0.9 b
	10.5 ± 1.5 a
	10.2 ± 0.7 a



	Aboveground biomass per plant (g)
	94.2 ± 9.3 b
	157.1 ± 41.4 a
	89.1 ± 20.1 b



	Root fresh weight per plant (g)
	22.0 ± 5.2 b
	38.4 ± 9.1 a
	25.0 ± 3.2 b



	Root/shoot ratio
	0.24 ± 0.07 a
	0.25 ± 0.04 a
	0.29 ± 0.05 a



	Dry matter percentage (%)
	16.0 ± 2.2 a
	16.5 ± 3.2 a
	15.7 ± 1.2 a







Means ± standard deviation in a row followed by different letters indicate significant difference at 5% level according to Duncan’s multiple range test.
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