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Abstract

:

Improving plant regeneration ability and shortening regeneration time can promote the development of genetic transformation breeding technology for horticultural crops. We optimized several culture conditions, including explant type, mother plant genotype, and medium, to improve shoot formation in winter squash (Cucurbita maxima Duch.). Histological analysis of the occurrence of shoots was also carried out. The results indicate that cotyledon was the most suitable explant for inducing the shoot regeneration of winter squash. We found that ‘Jin-li’ had a shorter shoot induction time and a higher average number of shoots. The highest induction rate of 95.23% among the five lines. The average shoot induction rate of five lines was the highest (84.85%) on Murashige and Skoog (MS) medium supplemented with 2.0 mg/L 6-benzylaminopurine (6-BA) and 0.2 mg/L indole-3-acetic acid (IAA). We also found that there was an interaction between genotypes and induction media, and their interaction had a greater impact on the shoot induction rate than individual effects. Histological observation revealed that the induced shoots of winter squash cotyledons originated from subepidermal cells. We also found that the optimal medium for de novo root regeneration was 1/2 MS. We acclimatized and cultivated regenerated plants and harvested their fruits, which maintained the characteristics of mother plants. These findings lay an important foundation for further research on direct shoot regeneration and accelerate its application in winter squash genetic transformation.
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1. Introduction


Winter squash (Cucurbita maxima Duch.) is a fragrant, sweet, nutritious fruit with certain medicinal and health-promoting properties and is very popular among food manufacturers and consumers [1,2,3,4]. Traditional crop breeding methods, such as interspecific hybridization and intraspecific hybridization for C. maxima, have a long cycle and low efficiency and can no longer meet market demand. With the development of genome sequencing and genome editing technologies, the precise improvement of plant traits through genetic transformation has become a new approach for many species of the Cucurbitaceae. According to previous reports, cucumber [5,6,7,8], melon [9,10,11,12,13], and watermelon [14,15,16,17] have successfully undergone gene transformation and genome editing.



The genus Cucurbita is recalcitrant to transformation, and there are few related reports on Cucurbita moschata Duch. In 2011, Nanasato et al. first used wounding with aluminum borate whiskers to induce Agrobacterium-mediated transformation of C. moschata, and the average transgenic efficiency was approximately 2.7% [18,19]. In 2022, Xin et al. utilized CRISPR/Cas9 technology to create compact structural mutants in C. moschata by optimizing genetic transformation programs [20]. A transient transformation system for studying gene function in C. moschata has also been described [21]. However, due to differences in genotype and regeneration pathways, the current transformation methods used for the genus Cucurbita are not universally applicable. Notably, there are no reports of transformation in C. maxima, possibly because of the lack of stable and efficient regeneration systems.



Previous studies have demonstrated that organogenesis in the genus Cucurbita is influenced by explant type, genotype, induction media, and other factors [22,23,24,25]. Lee et al. reported the cultivation of cotyledon explants from two winter squash varieties, both of which successfully produced complete plants, and investigated several factors affecting organogenesis, such as the size of the explants and the type of culture media [26]. The critical factor in inducing plant organogenesis is the use of hormones on explants with regenerative potential at a certain growth stage [27]. Since the organogenesis of winter squash is also influenced by various factors, improving the regeneration rate of winter squash solely through explants is insufficient. More attention should be given to the mutual influence of these factors. A long organogenesis time is also a vital matter that must be addressed in the regeneration of the genus Cucurbita. Additionally, a critical understanding of the timing and site of shoot formation will also be helpful for the development of genetic transformation methods. However, there is currently limited research on organogenesis in winter squash.



To address the aforementioned issues, we evaluated the effects of explant type, genotype, culture media, and their interactions on the de novo organogenesis of winter squash and observed histological events related to the initiation and development of shoots. The aim of this study was to optimize the de novo organogenesis systems of five winter squash lines, determine the timing and origin site of shoots, and obtain complete plants in a short period, providing efficient and stable de novo organogenesis system support for the genetic transformation of winter squash.




2. Materials and Methods


2.1. Plant Materials


In this study, five winter squash lines were used as mother plants (Table 1). Except for L-4 and L-5, all the other lines were the first filial generations of commercial varieties in China. We chose evenly sized, plump seeds and soaked them in tap water for 5 h before peeling off the testae to ensure that the seeds were intact. The seeds were immersed in 75% (v/v) ethanol for 30 s, rinsed with sterile water three times, immersed in a 2% (v/v) sodium hypochlorite solution for 10 min and gently shaken 2–3 times. Next, the seeds were rinsed five times with sterile water. Finally, the seed surfaces were dried with sterile paper, inoculated in culture bottles (6 cm in diameter, 9 cm tall) containing MS media [28] with 10 seeds per bottle, and placed in a 28 °C incubator for dark cultivation for 4 days.




2.2. Explant Preparation and Plantlet Regeneration


After 4 days of cultivation, the hypocotyls of the plants extended to 2–3 cm, and 2–4 roots were generated. Half of the cotyledons farthest from the hypocotyl were cut off and gently separated from the hypocotyl to form two cotyledons (Figure 1(a1)). Then, the cotyledon was cut in two segments along the main vein to obtain two 1/2 cotyledons (Figure 1(c1)). Half of the cotyledons farthest from the hypocotyl were cut off, 2 mm of the hypocotyl was collected and divided in half, and the main bud was scraped off with a blade, resulting in a cotyledon +2 mm hypocotyl explant (Figure 1(b1)). Two cotyledons were cut off, and a 5 mm hypocotyl was taken from the junction between the cotyledons and hypocotyl (Figure 1(d1)).



Pre-experiments showed that cotyledon explants curled when they were placed flat on some of the media, causing the backs of the cotyledons to lose contact with the media, thereby affecting the induction rate and shoot quality. In this study, the hypocotyl was placed flat on culture media, while other types of explants were inserted at a 45° angle into the media to address these issues. L-5 (JP) was used for the screening of explant types. The culture was maintained at 25 °C with a 16/8 h (light/dark) photoperiod and a light intensity of 2000 lux, and the same medium was replaced every 14 days until shoots appeared. After about 28 days of cultivation, the shoot reached a height of 2.0–3.0 cm or 2–3 leaves were growing. The shoot was separated from the explant and transferred to R media to induce rooting under the same cultivation conditions.




2.3. Media Composition and Preparation


The previously mentioned MS culture medium contained Murashige and Skoog basal salt and vitamins (all the materials were purchased from Beijing Coolaber Technology Co., Ltd.; Beijing, China). The media compositions are shown in Table 2. Before dividing the culture media into 40 mL portions that were placed into culture bottles, the pH of all culture media was adjusted to 5.8 ± 0.1, and then the media were autoclaved at 121 °C for 20 min.




2.4. Histological Analysis


For histological observations, cotyledons were placed on shoot-inducing medium M8 and sampled after 0, 3, 6, 8, and 12 days of culture. The cultivation conditions were the same as those in Section 2.2. Three small pieces (2 mm × 2 mm) were taken at each cultivation stage of cotyledons. Small pieces cut from the junction between cotyledons and hypocotyls were immersed in formaldehyde-acetic acid-ethanol (FAA) fixative (provided by Wuhan Servicebio Technology Co., Ltd., Wuhan, China) for 24 h. The fixed sample was washed twice with 50% ethanol absolute and then dehydrated. It was sequentially treated with ethanol absolute at concentrations of 75%, 85%, 95%, and 100%, followed by 2/3 ethanol absolute +1/3 xylene,1/2 ethanol absolute +1/2 xylene,1/3 ethanol absolute +2/3 xylene, and xylene twice, and each step lasted for 1–2 h. The dehydrated sample was immersed in paraffin at room temperature (20–30 °C) until saturated, and then transferred to a constant temperature box at 30–40 °C. When the volume ratio of xylene to paraffin reached 1:1, it was transferred to a constant temperature box at 58–60 °C for complete volatilization, and it was embedded after 6 h. The cross-sectional and longitudinal sections were cut to 5–7 μm thickness using an ultramicrotome (Leica RM2016, Leica Microsystems Trading (Shanghai) Co., Ltd., Shanghai, China) and stained with hematoxylin-eosin. The slices were dehydrated and cleared before they were sealed with gum and observed under an optical microscope (Nikon Eclipse Ci, Nikon Precision Shanghai Co.,Ltd., Shanghai, China). Images were recorded using a charge-coupled device (CCD) connected to a microscope, and analyzed using image processing software (CaseViewer 2.4, The Digital Pathology Company, Budapest, Hungary).




2.5. Propagation, Acclimatization, and Transplantation


Under sterile conditions, the regenerated plant, cultured for 4 weeks to be propagated, was cut into stem segments of about 3 cm (including a mature leaf and lateral bud) and inserted into R2 medium (Table 2). The cultivation conditions were the same as those in Section 2.2. After about 4 weeks, it has grown 5–7 leaves and can continue to propagate in a circular manner or wash the culture medium of its roots before transplanting to the seedling substrate and acclimatizing in an artificial climate box. The humidity of the artificial climate box was set to 90%, the temperature was 25 °C, the light cycle was 16/8 h (light/dark), and the light intensity was 2000 lux. After one week, the humidity of the artificial climate box was adjusted to 80%, the temperature cycle was 25/18 °C (light/dark), the light cycle was 16/8 h (light/dark), and the light intensity was 2000 lux. After two to three weeks, the acclimatization was completed, and the plants were transplanted into the greenhouse with a spacing of 50–60 cm.




2.6. Statistical Analysis


The experiments were performed at least three times. (i) The shoot induction rate (number of explants induced for shoots/30 explants), (ii) average number of shoots (number of shoots/30 explants), (iii) rooting induction rate (number of rooted plantlets/30 shoots), and (iv) average number of roots (number of roots/30 shoots). Each treatment consisted of 30 explants, with a set of three replicates for each experiment. The data were processed using SPSS 26.0 (IBM, Chicago, IL, USA). One-way analysis of variance (ANOVA) was used to evaluate the effects of genotype and shoot induction media. The shoot regeneration data were analyzed using a two-way ANOVA factorial experimental design to test the significance of genotype (lines) and induction media (media). The initial data were collected in 2021 and 2023.





3. Results


3.1. Effects of Explant Type on Shoot Induction


Generally, the explants enlarged considerably, and the color changed from light yellow to light green and then to dark green during the first few days in culture (Figure 1). Subsequently, sporadic white callus tissues, which were fragile nonembryonic callus tissues, appeared at the contact points between the explants and culture medium (Figure 1, arrows). The explants regenerated buds on the induction medium (Figure 1(a2,b2,c2,d2)), and regenerated roots on MS medium (Figure 1(a3,b3,c3,d3)). At 2–3 weeks, the explants no longer grew, and their area was two to three times larger than that before cultivation, while the shoots continued to grow. L-5 (JP) was used for the screening of explant types. The regeneration results after the fourth week showed that all four types of explants induced shoot formation, and there was a significant difference in the shoot induction rate (Figure 2). When the four types of explants were induced on media containing 6-BA (M1~M4), the shoot induction rates of the four types of explants tended to first increase and then decrease with increasing 6-BA concentration, and their shoot induction rates were higher on media supplemented with 2 mg/L 6-BA (M2). Among the six media combi-nations of NAA,2,4-D, IAA and 6-BA, M8 (2.0 mg/L 6-BA + 0.2 mg/L IAA) ranged from 40.51% to 90.50% had a higher shoot induction rate ranged from 40.51% to 90.50% among the four types of explants than did the other media. An evaluation of the regeneration of four types of explants on ten induction media showed that the induction rate of cotyledon regeneration was higher than that of the other three types of explants, which was the most suitable explant for inducing winter squash shoot regeneration.




3.2. Effects of Genotype on De Novo Shoot Regeneration


The purpose of this experiment was to evaluate the effect of genotype on shoot regeneration through the regeneration of cotyledons from five lines, and the results are shown in Table 3. Based on previous experiments, four media were selected, and all five lines were able to induce shoot regeneration on these four media. Shoot production was quantified for each genotype, revealing that the five lines had different shoot induction rates on the same media. L-2 (85.67%), L-3 (95.23%), L-4 (80.33%), and L-5 (90.50%) had the highest shoot induction rates on M8, whereas L-1 (91.16%) had the highest shoot induction rates on M6. L-2 and L-3 shoots appeared earlier (8.33–10.33 days), while L-4 and L-1 shoots appeared later (13.33–15.67 days). The average shoot induction rates of L-2 and L-3 are higher than the other three lines. L-3 had the shortest number of days required for shoot regeneration, as well as the highest regeneration rate and average number of shoots among the five genotypes (Table 3).




3.3. Effects of Media on De Novo Shoot Regeneration


The results for shoot induction through cotyledons on the four media are shown in Table 4. All media clearly induced shoot formation, but there were significant differences in the shoot induction rate of the same line among the different media. For example, the shoot induction rates and average numbers of shoots of L-3 on M2 and M8 media were significantly greater than those on the other four media, while the shoot regeneration rates on M6 media were significantly lower than those on the other media. The evaluation of the average shoot induction rate showed that M8 medium (2 mg/L 6-BA + 0.2 mg/L IAA) had the highest average shoot induction rate (84.85%) of the five lines, suggesting that M8 is a more suitable induction medium for the de novo regeneration of winter squash shoots.




3.4. Effects of Genotype and Induction Medium on De Novo Shoot Regeneration


We used marginal mean estimation to create a model graph to infer the average values for the genotype, culture medium, and genotype * culture media (Figure 3). The p values for genotype, media, and lines * media were all less than 0.05, as shown in Table 5, clearly demonstrating that genotype, media, and their interaction significantly impacted shoot induction. The largest difference in the partial eta squared (ηp2) value was observed for genotype * media (ηp2 = 0.993), indicating that there was an interaction between them and that their interaction effect was greater than their individual effects.




3.5. Histological Observation of Adventitious Shoot Formation


To facilitate the identification of specific cells that can respond to external stimuli to produce shoots, we first determined the anatomical structure of the cotyledons (Figure 4a,b). As shown in the adaxial cross section, the winter squash cotyledon is composed of epidermis, mesophyll, and conductive tissue (Figure 4b). On the third day of cultivation, significant cellular changes occurred in the subepidermal area. First, subepidermal cells were activated and rapidly divided under induction in culture medium (Figure 4c). These cell masses continue to proliferate, leading to rapid expansion of the total volume and surface area (Figure 4d). On the eighth day of explant establishment and culture, regenerated shoots appeared (Figure 4e). After 12 days of cultivation on induction media, the buds exhibited visible conductive tissue connections (Figure 4f). Histological observation and analysis indicated that the origin of de novo shoot regeneration was from subepidermal cells, and the shoots induced from winter squash explants had the same structure as those produced during seed development (Figure 4g,h).




3.6. Root Regeneration and Character Observation


After four weeks of cultivation, the shoots had grown to a height of 2.0–3.0 cm and had two to three leaves (Figure 1e). At this time, the shoot was removed from the explant and transferred to R media to induce rooting and form a complete plant (Figure 1f,g). As shown in Table 6, the average number of days required for winter squash (L-1–L-5) to root on the five R media was 8.67–13.33 days. Adding NAA (0.1~0.3 mg/L) relatively reduced the number of days of root induction and increased the number of roots. The R media were ranked according to the root induction rate as R3 < R2 < R1 < R4 < R5. The shoots were induced to have multiple thick roots in R3 medium, with an average number of 4.73 roots and a rooting rate of 97.77%. However, the internodes of the plants were long, and the leaves were small, exhibiting a phenomenon similar to excessive growth (Figure 1g). With increasing NAA concentration (0.1~0.5 mg/L), both root growth and number of roots decreased. Shoots were grown in R2 media (1/2 MS) for 12.33 days, at a rooting rate of 95.55% and an average of 3.54 roots, after which the plants grew vigorously (Figure 1f). Based on the root induction indicators in Table 6 and plant growth, R2 media was more suitable for root induction.



Three lines of regenerated plants were selected for acclimatization and cultivation (L-1, L-3, and L5). After 2 weeks of acclimatization (Figure 5a), these plants were transplanted to greenhouses and single vine pruning was performed (Figure 5b). The regenerated plants of three lines all harvested fruits (Figure 5c–e), and their growth periods and fruit characteristics are shown in Table 7. These plants maintain the characteristics of mother plants from the first female flower node, fruit development period, growth period, and average single fruit weight.





4. Discussion


Whether or not winter squash explants will begin to regenerate will largely depend on the extent of their limitations in relation to their original tissue capacity. In this study, we designed four explants with regeneration potential, and the shoot induction rates showed that the plants could produce shoots (Figure 2). The shoot regeneration rates observed in the cotyledons were greater than those in the half cotyledons (1/2 cotyledons). Similarly, Kim et al. reported that smaller cotyledons of figleaf gourd (C. ficifolia Bouche) produced fewer adventitious shoots, which indicated that the shoot induction rate is greater when the area adjacent to the explant containing the cotyledon and hypocotyl is greater [29]. We found that the shoots appeared at the junction between the cotyledon and hypocotyl, which is consistent with previous findings for C. pepo [30]. We achieved a regeneration rate of 52.62% for the 5 mm long hypocotyl. However, Lee et al. reported that shoots cannot be regenerated from winter squash hypocotyls [26]. We speculate that differences in the specific location of hypocotyl sampling and genotype may account for this discrepancy in results. The shoot regeneration rate of cotyledons was significantly greater than that of the other three types of explants on ten different media (Figure 2). Previous studies have shown that plant regeneration from cotyledons is an immensely reliable reproductive process that maintains genetic similarity. Cotyledons can serve as explants for de novo shoot regeneration in winter squash.



Genotype is an important factor affecting cell division, differentiation, and morphogenesis in the organogenesis of the family Cucurbitaceae [31]. Obtaining effective regenerated plants from commercial genotypes is a prerequisite for applying genetic transformation techniques for crop improvement [32]. Differences in embryo and shoot induction rates have been observed even when cultured on the same medium in plants such as summer squash (C. pepo) [25] and pumpkin (C. moschata) varieties [33]. This experiment evaluated the effect of genotype on regeneration using three widely cultivated varieties (L-1, L-2, and L-3) in China and two inbred lines (L-4 and L-5) from Hunan Province. The results showed that the induction rate of regenerated shoots was the highest for L-3 (Jin-Li), followed by L-2 (Hong-li No. 2) and L-5 (JP) (Table 3). In addition, the number of regeneration days and average number of shoots were closely related to the tested genotypes. Overall, under the same cultivation conditions, the shoot regeneration rate of the commercial varieties was greater than that of the inbred lines.



The induction medium components had a strong impact on the regeneration of winter squash. It is thought that cytokinin activity in explants can be effectively triggered by lower doses of auxin to produce more shoots [34]. However, Zhang et al. concluded that 6-BA is necessary for C. moschata to induce shoot formation in cotyledons and that there was no difference in the concentration of 6-BA between 0.50~2.00 mg/L [35]. Similarly, Samuel Aworunse et al. reported a lack of shoot response in C. pepo explants cultured on media supplemented with both 6-BA and 2,4-D, whereas lower concentrations of 6-BA alone achieved better outcomes [36]. In this paper, shoot induction was assessed using four media supplemented with 6-BA and six combinations of media, and the results indicated that on culture media supplemented with only 6-BA (1.0 mg/L-4 mg/L), the shoot induction rate tended to increase and then decrease with increasing 6-BA concentration (Figure 2). Although 6-BA influences cotyledon regeneration, the addition of 2.0 mg/L6-BA and 0.2 mg/L IAA media resulted in a greater shoot induction rate than did the addition of media supplemented with only 2.0 mg/L6-BA (Table 4). Previous studies have also reported similar phenomena [37,38,39]. A further finding was the production of fragile white embryogenic callus tissue at the contact point between the explant and culture medium, which increased with increasing hormone content. This phenomenon also occurs in C. moschata [35]. Ananthakrishnan et al. suggested that rapid callus growth in C. pepo reduces shoot regeneration [30]. However, our results showed that this fact did not affect the regeneration of shoots. This difference may be due to the difference in the ratio of auxin to cytokinin in the media.



Several factors can affect the induction of Cucurbitaceae shoot growth, the two most important of which are genotype and medium composition [40,41]. The mutual influence between these factors leads to increased complexity of this process. To date, many studies have focused on single-factor effects, but evaluations of the interactions between factors in the genus Cucurbita have not yet been performed. However, we can still draw some insights from previous research. Lee et al. induced shoot formation from two genotypes of winter squash on 6-BA media supplemented with four different concentrations of salt [26]. The results showed that the different genotypes had distinct regeneration rates on the same medium and that the same genotype had varying regeneration rates on different media, indicating an interaction between these two factors. A similar conclusion was reached in another study on shoot regeneration in C. pepo [25]. In this study, we determined the impact of genotype and induction medium interactions on shoot induction through two-way ANOVA and found that their interactions had a greater impact on shoot induction than did their individual effects. This result indicates that mutual interactions among factors represent the main stimuli for inducing shoot growth and should receive increased attention.



MS, 1/2 MS, or medium supplemented with the hormones IAA and NAA are commonly used to induce root growth in Cucurbita. Kurtar et al. rooted C. maxima and C. moschata plants on MS media supplemented with 0.01 mg/l IAA [42]. Kabir et al. also used this medium to induce root growth in sweet gourd (C. moschata) [33]. We evaluated whether the rooting duration, rooting rate, and average rooting number of the winter squash plants were variable in the five different culture media (Table 6). The highest rooting rate was observed for R3 (97.77%), followed by R2 (95.55%), and the lowest rooting rate was observed for R5 (66.87%). From the perspective of plant growth status, R2 (1/2 MS) is the most suitable as a root induction medium for winter squash. We also found that the rooting time of shoots in culture medium with 0.1–0.3 mg/L NAA added was reduced compared to that in MS medium.



The development of plants is largely determined by their ability to form new organs [43]. Somatic cell regeneration in the family Cucurbitaceae can occur from cotyledons or through calli. Although genetic transformation plants through cotyledon regeneration may exhibit chimerism, de novo organogenesis is more suitable for the genus Cucurbita due to its minimal potential for somaclonal variation and capacity for a shorter regeneration time [20]. Histological observations revealed that cell division occurred in the subepidermal region before the appearance of meristem tissue (Figure 4). These cells, which have perpetual proliferative abilities, continuously proliferate through mitosis and differentiate into shoots. However, during the normal growth process of plants, cells with potential meristematic ability usually have little or no meristematic function [27]. The anatomical structures of the de novo regenerated shoots and the vegetative buds produced on intact plants are similar. We believe that these proliferating cells under the epidermis may be targets for direct gene transfer in winter squash cotyledon explants. If the intensity of the Agrobacterium infection can be controlled at these sites, the probability of obtaining transformed plants will greatly increase.




5. Conclusions


In this study, we successfully established an effective protocol for the de novo organogenesis of five winter squash over approximately 50 days. First, we evaluated the shoot induction rates of four types of explants. The shoot induction rate was highest in the cotyledons, making them the most suitable explants for winter squash. Second, the effects of genotype and medium on regeneration were quantified. The commercial variety L-3 (Jin-Li) had the shortest shoot regeneration period and the highest regeneration rate and average number of shoots among the five genotypes. M8 medium (2 mg/L 6-BA + 0.2 mg/L IAA) had the highest average induction rate (84.85%) for the five strains of shoots and can be used as a medium for winter squash de novo shoot regeneration. Moreover, we first found that the interaction effect between genotype and induction medium was greater than the effect of each factor individually. Third, we conducted histological observations of the de novo shoot regeneration process and determined that the induced shoots of cotyledons originated from subepidermal cells, establishing this report as the first to describe the origin of shoot regeneration in winter squash. Fourth, we confirmed that 1/2 MS is suitable for root regeneration. Finally, we acclimatized and cultivated the regenerated plants, which maintained the characteristics of mother plants in their growth period and fruit. This study provides an important foundation for future de novo shoots regeneration research on the family Cucurbitaceae and accelerates the application of cotyledon culture systems in genetic transformation breeding technology for winter squash.
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Figure 1. Shoot induction and plant regeneration of winter squash: (a1), cotyledon on the day of culture establishment; (a2), cotyledon regenerated shoot on Murashige and Skoog (MS) medium supplemented with 2.0 mg/L 6-BA and 0.2 mg/L IAA (M8) after 14 days; (a3), cotyledon regenerated roots on MS medium after 14 days; (b1), cotyledon + 2 mm hypocotyl on the day of culture establishment; (b2), cotyledon + 2 mm hypocotyl regenerated shoot on M8 medium after 14 days; (b3), cotyledon + 2 mm hypocotyl regenerated roots on MS medium after 14 days; (c1), 1/2 cotyledon on the day of culture establishment; (c2), 1/2 cotyledon regenerated shoot on M8 medium after 14 days; (c3), 1/2 cotyledon regenerated roots on MS medium after 14 days, (d1), 5 mm hypocotyl on the day of culture establishment; (d2), 5 mm hypocotyl regenerated shoot on M8 medium after 14 days; (d3), 5 mm hypocotyl regenerated roots on MS medium after 14 days; (e), shoot cultured on M8 medium for 4 weeks; (f), rooted plantlet on 1/2 MS (R2) medium after 15 days; (g), rooted plantlet on MS supplemented with 0.1 mg/L NAA (R3) medium after 15 days; arrows, non-embryonic callus tissue; bars = 1.0 cm. 
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Figure 2. Four types of explants of L-5 (JP) induced shoot formation in ten media: means followed by the same letter in a column are not significantly different (±SD) at the 0.05 level based on Duncan’s multiple range test (DMRT); CK is MS media. 
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Figure 3. Interaction effect of genotype and media on shoot induction: the lines are the mother plants; the x-axis shows the four types of shoot induction media, and the y-axis shows the average shoot induction rates. The intersecting lines indicate the interactions between two factors. 






Figure 3. Interaction effect of genotype and media on shoot induction: the lines are the mother plants; the x-axis shows the four types of shoot induction media, and the y-axis shows the average shoot induction rates. The intersecting lines indicate the interactions between two factors.



[image: Horticulturae 10 00165 g003]







[image: Horticulturae 10 00165 g004] 





Figure 4. Histological observation of de novo shoot regeneration in cotyledon explants: (a) longitudinal section of explant on the day of culture establishment, bar = 300 μm; (b) cross section of explant on the day of culture establishment, bar = 200 μm; (c) after 3 days on induction medium, subepidermal cells divided; arrows indicate cells after division, bar = 100μm; (d) after 6 days of cultivation on induction medium, subepidermal cells proliferate and form protrusions, bar = 50 μm; (e) young adventitious shoot (the precursor of the shoots) grows on the explant after 8 days of cultivation, bar = 100 μm; (f) shoot with connection of conductive tissue of explant after 12 days of cultivation, bar = 500 μm; (g) regenerated shoot after 3 weeks of cultivation, bar = 500μm; (h) shoots developed from seeds, bar = 500 μm. 
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Figure 5. Observation of characteristics of regenerated plants: (a) regenerated plant after two weeks of acclimatization; (b) regenerated plant during the nutritional growth period; (c) the fruit of regenerated plants of L-5; (d) the fruit of regenerated plants of L-1; (e) the fruit of regenerated plants of L-3. 
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Table 1. The seed supplier on the varieties that are used for in vitro culture of winter squash.
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	Lines
	Cultivar
	Seed Provider





	L-1
	Hong-li No. 2
	Hunan Xue-Feng Seed Company, Ltd., Shaoyang, China



	L-2
	Hong-Li 68
	Hunan Xue-Feng Seed Company, Ltd., Shaoyang, China



	L-3
	Jin-Li
	Hunan Xue-Feng Seed Company, Ltd., Shaoyang, China



	L-4
	Qing 4
	Hunan Xue-Feng Seed Company, Ltd., Shaoyang, China



	L-5
	JP
	Hunan Xue-Feng Seed Company, Ltd., Shaoyang, China










 





Table 2. The composition of culture medium for the induction of shoots and roots of winter squash.
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	Induction Culture
	MS g/L
	Sucrose g/L
	Agar g/L
	6-Benzylaminopurine (6-BA) mg/L
	Naphthaleneacetic Acid (NAA) mg/L
	Indole-3-Acetic Acid (IAA) mg/L
	2,4-Dichlorophenoxyacetic Acid (2,4-D) mg/L
	Media





	Shoots induction
	4.14
	30
	7
	1.0
	
	
	
	M1



	
	4.14
	30
	7
	2.0
	
	
	
	M2



	
	4.14
	30
	7
	3.0
	
	
	
	M3



	
	4.14
	30
	7
	4.0
	
	
	
	M4



	
	4.14
	30
	7
	1.0
	0.1
	
	
	M5



	
	4.14
	30
	7
	2.0
	0.1
	
	
	M6



	
	4.14
	30
	7
	1.0
	
	0.2
	
	M7



	
	4.14
	30
	7
	2.0
	
	0.2
	
	M8



	
	4.14
	30
	7
	1.0
	
	
	0.05
	M9



	
	4.14
	30
	7
	2.0
	
	
	0.05
	M10



	Root induction
	4.14
	30
	7
	
	
	
	
	R1/MS



	
	2.07
	30
	7
	
	
	
	
	R2



	
	4.14
	30
	7
	
	
	0.1
	
	R3



	
	4.14
	30
	7
	
	
	0.3
	
	R4



	
	4.14
	30
	7
	
	
	0.5
	
	R5










 





Table 3. Shoots induction through cotyledons culture with different lines.






Table 3. Shoots induction through cotyledons culture with different lines.





	
Media

	
Lines

	
Days for Shoot

Induction (d)

	
Shoots Induction Rate (%)

	
Average Number of Shoots






	
M2

	
L-1

	
13.33 ± 0.58 a

	
85.34 ± 0.10 c

	
1.19 ± 0.03 c




	
L-2

	
9.33 ± 0.58 c

	
78.29 ± 0.27 d

	
1.19 ± 0.02 c




	
L-3

	
8.33 ± 0.58 c

	
91.45 ± 0.44 a

	
1.37 ± 0.06 b




	
L-4

	
13.33 ± 0.58 a

	
60.29 ± 0.28 e

	
1.10 ± 0.03 d




	
L-5

	
10.67 ± 0.58 b

	
87.52 ± 0.27 b

	
1.14 ± 0.01 a




	
M6

	
L-1

	
13.67 ± 0.58 ab

	
91.16 ± 0.67 a

	
1.23 ± 0.02 d




	
L-2

	
9.67 ± 0.58 c

	
74.93 ± 0.79 c

	
1.56 ± 0.02 b




	
L-3

	
9.33 ± 0.58 c

	
71.58 ± 0.36 d

	
1.61 ± 0.03 a




	
L-4

	
14.33 ± 0.58 a

	
72.53 ± 0.18 e

	
1.08 ± 0.01 e




	
L-5

	
12.67 ± 0.58 c

	
78.14 ± 0.09 b

	
1.36 ± 0.03 c




	
M8

	
L-1

	
15.33 ± 0.58 a

	
72.50 ± 0.16 e

	
1.20 ± 0.03 c




	
L-2

	
9.67 ± 0.58 c

	
85.67 ± 0.21 c

	
1.51 ± 0.02 b




	
L-3

	
8.67 ± 0.58 c

	
95.23 ± 0.19 a

	
1.87 ± 0.06 a




	
L-4

	
14.67 ± 0.58 a

	
80.33 ± 2.19 d

	
1.05 ± 0.03 d




	
L-5

	
11.67 ± 0.58 b

	
90.50 ± 0.79 b

	
1.20 ± 0.04 c




	
M10

	
L-1

	
15.67 ± 0.58 a

	
75.46 ± 0.88 c

	
1.18 ± 0.02 c




	
L-2

	
10.33 ± 0.58 c

	
71.26 ± 0.22 d

	
1.54 ± 0.03 a




	
L-3

	
9.33 ± 0.58 c

	
80.45 ± 0.31 a

	
1.56 ± 0.03 a




	
L-4

	
15.33 ± 0.58 a

	
58.84 ± 0.43 e

	
1.07 ± 0.02 d




	
L-5

	
13.00 ± 1.00 b

	
77.37 ± 0.04 b

	
1.26 ± 0.01 b








Means followed by the same letter in a column are not significantly different (±SD) at the 0.05 level based on Duncan’s multiple range test (DMRT); in this test, the days of shoot induction are the days when the total number of shoots in the cotyledon reaches 60%.













 





Table 4. Shoots induction through cotyledons culture with different media.






Table 4. Shoots induction through cotyledons culture with different media.





	Media
	Shoots Induction Rate of L-1 (%)
	Shoots Induction Rate of L-2 (%)
	Shoots Induction Rate of L-3 (%)
	Shoots Induction Rate of L-4 (%)
	Shoots Induction Rate of L-5 (%)
	Average Shoot Induction Rate (%)





	M2
	85.34 ± 0.10 b
	78.29 ± 0.27 b
	91.45 ± 0.44 b
	60.29 ± 0.28 c
	87.52 ± 0.27 b
	80.58



	M6
	91.16 ± 0.67 a
	74.93 ± 0.79 c
	71.58 ± 0.36 d
	72.53 ± 0.18 b
	78.14 ± 0.09 c
	77.67



	M8
	72.50 ± 0.16 d
	85.67 ± 0.21 a
	95.23 ± 0.19 a
	80.33 ± 2.19 a
	90.50 ± 0.79 a
	84.85



	M10
	75.46 ± 0.88 c
	71.26 ± 0.22 d
	80.45 ± 0.31 c
	58.84 ± 0.43 c
	77.37 ± 0.04 c
	72.68







Means followed by the same letter in a column are not significantly different (±SD) at the 0.05 level based on Duncan’s multiple range test (DMRT).













 





Table 5. Tests of Between-Subjects Effects: Effects of genotype, induction media and their interaction on shoots induction.
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	Source
	Type III Sum of Squares
	df
	Mean Square
	F
	Sig.
	Partial Eta Squared





	Corrected Model
	5543.517 a
	19
	291.764
	703.343
	0.000
	0.997



	Intercept
	373,905.625
	1
	373,905.625
	901,357.501
	0.000
	1.000



	Lines
	2148.940
	4
	537.235
	1295.089
	0.000
	0.992



	Media
	1176.469
	3
	392.156
	945.354
	0.000
	0.986



	Lines * Media
	2218.107
	12
	184.842
	445.591
	0.000
	0.993



	Error
	16.593
	40
	0.415
	
	
	



	Total
	379,465.736
	60
	
	
	
	



	Corrected Total
	5560.110
	59
	
	
	
	







a R Squared = 0.997 (Adjusted R Squared = 0.996).













 





Table 6. Effect of different concentration of MS and NAA on root induction of five winter squash.
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	Media
	Average Rooting Days
	Average Root Induction Rate
	Average Number of Roots





	R1
	13.33 ± 0.58 a
	88.89 ± 1.93 b
	2.15 ± 0.02 d



	R2
	12.33 ± 0.58 a
	95.55 ± 0.84 b
	3.54 ± 0.02 c



	R3
	8.67 ± 0.58 b
	97.77 ± 1.93 a
	4.73 ± 0.09 a



	R4
	9.67 ± 0.58 b
	73.54 ± 0.22 c
	2.05 ± 0.19 b



	R5
	12.67 ± 0.58 a
	66.87 ± 0.26 d
	1.55 ± 0.02 c







Means followed by the same letter in a column are not significantly different (±SD) at the 0.05 level based on Duncan’s multiple range test (DMRT); in this test, the average rooting days refer to the days when the total number of roots in cotyledons reaches 60%.













 





Table 7. Observation on the growth period and fruit characteristics of regenerated plants from L-1, L-3, and L5.
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	Lines of Regenerated Plants
	Node Position of the First Female Flower
	Fruit Development Period/d
	Whole Growth Period/d
	Average Fruit Weight/kg





	L-1
	9–12
	56
	102
	2.53



	L-3
	8–10
	47
	99
	1.77



	L-5
	7–9
	52
	95
	0.68
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