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Abstract

:

The sweet oranges [C. sinensis (L.) Osbeck] produced in India are mainly consumed fresh as a table fruit and in the form of freshly extracted juice. Currently, a fraction of the fruit is processed into products like orange juice, concentrates, pulp, and other value-added products. Seedless varieties are preferred both by the consumers and by the processing industry; however, indigenously developed seedless sweet orange cultivars are not available. Citrus triploids are usually seedless due to their abnormal meiosis and embryo abortion. A research study was undertaken at CCRI Nagpur to develop triploid seedless plants of the local sweet orange cultivar Mosambi through endosperm culture in the shortest possible time by dovetailing various techniques. Various steps, viz., endosperm excision, standardization of media for callus initiation, somatic embryogenesis, shoot/root differentiation, mini-grafting, and validation of the triploid status through flow cytometry, chromosome counting, and other morphological parameters, were standardized, and seven confirmed triploid plants were finally produced. An evaluation of fruit quality parameters during the 2022 and 2023 fruiting seasons revealed that the fruits of the triploid sweet orange trees were commercially seedless. This is the first reported comprehensive study on the successful development of commercially seedless plants of the sweet orange cultivar Mosambi. The fruits of the triploid plants showed desirable fruit quality parameters in terms of their seed number (3 to 5.9/fruit), higher vitamin C content (34.4 to 42.66 mg), and lower limonene content (7.77 to 11.34 µg/mL). These triploid plants have the potential to gain recognition as a distinct variety.
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1. Introduction


Sweet orange [C. sinensis (L.) Osbeck] is commercially grown in India in the states of Andhra Pradesh, Karnataka, Maharashtra, Punjab, Rajasthan, and Telangana, among others, over an area of 188,000 ha with a production of 3,580,000 million tonnes [1]. The traditionally grown cultivars are Mosambi (Maharashtra), Sathgudi, Batavian (Andhra Pradesh, Telangana), and Malta and Jaffa (Punjab). The fruiting season of these cultivars spans from October to March. The sweet oranges produced in India are mainly consumed fresh, while a smaller percentage is processed into products like orange juice, concentrates, pulp, and other value-added products. The freshly extracted juice of sweet oranges is a choice drink for both healthy and recuperating persons. The popularity of orange juice has increased due to its nutraceutical components and associated health benefits. The pulp of sweet orange is rich in vitamin C, dietary fibers, and other essential nutrients.



Several Indian companies such as Pepsico India (Tropicana), Coco-Cola India (Minute maid), Dabur India (Real), and ITC (B-Natural) are engaged in the production of citrus juices, including orange juice (brand names are mentioned in parentheses). The food processing sector is identified as a thrust area of the economy by the Government of India, and the Ministry of Food Processing Industries has introduced various schemes to promote processing and exports. The availability of suitable citrus varieties with desirable attributes, viz., high yields, disease resistance, fewer seeds, lower limonene contents, higher juice contents, and early/late fruiting seasons, would boost the processing industry. Research organizations and entrepreneurs have introduced promising varieties, including seedless ones from the U.S.A., Brazil, and other countries, to bridge the gap. A strong varietal breeding program is a perpetual necessity to improve the indigenous cultivars as they are well acclimated to local conditions and are popular among consumers.



Both fresh fruit consumers and the processing industry prefer seedless fruits. The seeds are the prime source of the bitterness components “limonene” and naringin; hence, seedless cultivars are preferred by the processing industry. Seeded cultivars are accepted in the absence of seedless cultivars or when the fruit quality parameters of seeded cultivars are far superior to those of seedless cultivars. Many citrus cultivars with desirable quality characteristics have not attained commercial importance because of their seededness [2]. The Washington navel orange, Marsh seedless grapefruit, and Satsuma mandarin are preferred and prized varieties because they are seedless. Hence, incorporating seedlessness has become one of the most important breeding objectives of many citrus research projects around the world.



The development of seedless cultivars through conventional breeding methods, viz., natural selection and mutation breeding, is laborious and time-consuming due to the long juvenility, incompatibility, and high degree of apomixes [3,4]. The frequency of natural seedless mutants is negligible; further, natural mutants may or may not be superior horticulturally.



Mutation breeding through irradiation can enhance the frequency of seedless/triploid mutants. The need to maintain a large mutant population, the efficient screening methods needed to isolate desirable mutants, and the long juvenility limit the use of this method. Ploidy manipulation (through colchicine) and interploid hybridization (2n × 4n: 4n × 2n) followed by embryo reuse is one possible approach to produce triploids. The somatic hybridization of haploids and diploids via protoplast fusion can lead to the development of triploids. The development of transgenic plants containing genes for decreased seed set and their identification by PCR techniques can also lead to the development of triploids, but these techniques are technology- and cost-intensive.



Advanced biotechnological pathways (interploid hybridization, somatic hybridization, transgenics, etc.) are tedious [5,6,7,8]; hence, breeders have harnessed endosperm culture, which is a single-step approach and the most efficient method for triploid plant production. The endosperm is a unique tissue in ploidy level, origin and development [5,9,10] and is the product of the union of three haploid nuclei, two from a female gametophyte and one originating from pollen via double fertilization; hence, the endosperm contains three sets of chromosomes and is triploid in nature.



The first attempt to achieve in vitro endosperm culture was made in 1930 [11]. Endosperm culture was attempted in around 64 species for triploid regeneration, and the differentiation of shoots/roots/plants from the endosperm was reported in only 32 species. Confirmed triploid plants were reported in only 15 species. The genotype, sampling time, and medium formulation were found to be the factors influencing endosperm culture and successful regeneration [12].



Sweet orange [C. sinensis (L.) Osbeck] cv. Mosambi is a popular cultivar traditionally grown in Central India and is well-acclimated to local conditions. A study conducted during the Ambia season of 2011–2012 in the Jalna district of Maharashtra reported 26 seeds per fruit in a nine-year-old orchard of Mosambi [13].



The present research was conducted in order to create stable triploid seedless plants of the Mosambi cultivar in the shortest possible time by dovetailing various techniques, viz., endosperm culture, somatic embryogenesis, and mini-grafting, and by confirming the triploid status through flow cytometry, chromosome counting, and other morphological parameters.




2. Materials and Methods


2.1. Plant Materials


A few promising trees of C. sinensis (L.) Osbeck cv. Mosambi were selected from an experimental block of the CCRI in Nagpur as a parent source. Around 1500 flowers of sweet orange cv. Mosambi were tagged at the time of anthesis in January, during the Ambia bahar season. The tagged open-pollinated immature fruitlets were harvested 75–84 days after anthesis. Fruitlets were sterilized using sodium hypochlorite 1% (w/v) for 10 min, followed by rinsing three times with autoclaved distilled water. Fruitlets were dissected aseptically under a zoom stereo dissection microscope. Immature seeds were dried on filter paper, peeled, and dissected, and the endosperms were carefully squeezed out. After the endosperm was excised, the nucellus tissue and associated embroid tissues were also peeled off under the microscope. One uninured endosperm was cultured in each test tube.




2.2. Primary Callus Induction, Proliferation, and Embryogenesis


Five different media formulations, viz., (i) Murashige and Tucker (MT) + malt extract (ME) (500 mg/L), (ii) MT + ME + casein hydrolysate (CH) (500 mg/L) + benzyl adenine (BA) (5 mg/L) + 2,4-dichlorophenoxyacetic acid (2,4-D) (2 mg/L), (iii) MT + ME + CH (500 mg /L) + 2,4-D (2 mg/L), (iv) Murashige and Skoog (MS) + ME (500 mg/L), and (v) MT + ME + CH (500 mg/L) + 2,4-D (2 mg/L) were tested to determine the response of the cellular endosperm for primary callus induction. Cultures were grown in darkness at 26 ± 1 °C to induce callus formation. After callus initiation and proliferation in darkness, all cultures were grown under a 16 h fluorescent light photoperiod. The observations recorded were the endosperm response to callus induction, percentage of callus induction, and number of days taken for initiation of the primary callus.



Proliferated primary calli were separated and cultured in 25 mm × 150 mm tubes containing 25 mL of MT [14] medium supplemented with 2,4-D (2 mg/L), CH, and ME and MS [15] medium supplemented with only CH for the initiation of somatic embryogenesis and morphogenesis. The observations recorded were the numbers of globular, heart-shaped, torpedo, and cotyledonary embryoids.



The embryoids from embryogenic calli were isolated and cultured on six medium formulations containing growth regulators. MT medium was supplemented with growth regulators, viz., gibberellic acid (GA3) (1mg/L), IBA (2 mg/L), adenine sulphate (10 mg/L), and benzyl adenine (BA) (2 mg/L), for shoot and root regeneration.




2.3. Lab-to-Land Transfer


To facilitate the successful transfer of prospective triploid plants from the lab to an external environment, elongated strong shoots regenerated from in vitro endosperm cultures were mini-grafted onto greenhouse-grown, five-month-old vigorous rough lemon rootstock in the year 2017. The rootstock seedlings were decapitated at a height of 9 inches from the ground, and endosperm-derived shoots were inserted into small vertical incisions made at the top of the decapitated rootstock. Successful grafts were acclimatized in the same screen house. Thereafter, the plants were planted in the experimental block for field evaluation in the year 2019.




2.4. Ploidy Analysis


The ploidy analysis of the endosperm-regenerated plants was conducted using flow cytometry (Partec Gmbh, Munster, Germany). Tender leaves were collected from the field-transferred plants. The nuclear cells were extracted from the leaves, stained with a fluorescent dye (4′,6-diamidino-2-phenylindole dihydrochloride (DAPI)), and illuminated with UV light. The fluorescent light intensity was measured and presented in the form of a histogram, proportional to the DNA content of the labeled cells. Peaks in the histogram depict the ploidy levels of the respective samples. More than 5000 nuclei were analyzed in each sample. The use of flow cytometry and specialized software facilitated the accurate analysis of a large number of nuclei in each sample. Leaf samples from diploid sweet orange were used as controls.




2.5. Cytology


The protoplast dropping method developed by [16] was used with some modifications for counting the chromosomes [17]. Shoot tips from new flushes collected from field-transferred plants of endosperm origin were used for ploidy determination. The enzymatic digestion (cellulase and pectinase) of shoot tips was used to prepare metaphase chromosomes. The resulting protoplasts were treated hypotonically and dropped onto the microscopic slide, and the chromosome sets were then counted.




2.6. Stomatal Morphology


Stomatal analysis was carried out by collecting fully developed leaf samples of field-planted triploid and diploid plants between 10.30 and 11.00 a.m. A thin layer of transparent nail polish was applied on the abaxial surface of the leaves. The dried nail polish layer was removed from the leaves with the help of transparent sticky tape and transferred to a glass slide. An analysis of stomatal characteristics, such as their size and density, was performed using a Leica phase-contrast microscope (40× and 100× magnification) equipped with a video camera connected to a computer. The stoma number per 500 µm area was recorded.




2.7. Analysis of Fruit Quality Parameters


Fruits were harvested from field-planted triploid and diploid plants during the fruiting seasons of 2022 and 2023. Yield and fruit quality parameters, viz., fruit weight, fruit diameter, peel thickness, number of segments, seed number, juice (%), TSS (°Brix), acidity (%), and vitamin C (mg/100 gm) and limonene contents (ppm), were recorded and analyzed as per the standard procedures.




2.8. Statistical Analysis


A completely randomized statistical design (CRD) with 4 replications comprising 10 explants for each replication was employed for the studies on primary callus induction, the morphogenesis of endosperm calli, and plantlet regeneration. The stoma morphometry (stoma length, width, and density) was estimated via t-test analysis.





3. Results


The development of seedless triploid plants of sweet orange cv. Mosambi through endosperm culture involved various steps, viz., (i) the identification of the stage at which the endosperm is most responsive; (ii) a technique of endosperm rescue; (iii) the identification of the optimal culture medium for callus induction, somatic embryogenesis, and shoot/root differentiation; (iv) the transfer of regenerated plants to the field by mini-grafting and acclimatization; (v) a confirmation of the ploidy status; and (vi) an analysis of fruit quality parameters and count of the seed content of field-transferred stable/viable triploid plants. The results of this study are described below.



3.1. Age of Responsive Endosperm


The endosperms were cultured, and complete plants were regenerated successfully, indicating that 11- to 12-week-old endosperms were responsive to triploid plant production. It was observed that the primary endosperm callus had a creamy texture and was compact but not hard (Figure 1).




3.2. Callus Induction and Proliferation


The data pertaining to the influence of the medium on the endosperm survival percentage, the endosperm response to callus induction, and the number of days taken for the initiation of primary calli are presented in Table 1. The data indicate that the callus induction response (78.16%) and survival (70.40%) were at their maximum in the MT + ME (500 mg/L) + CH (500 mg/L) + 2,4-D (2 mg/L) medium. The callus initiation response in different media ranged from 15.08% to 47.57%, and it was significantly higher (47.57%) in the MT + ME + CH (500 mg/L) + 2,4-D (2 mg/L) medium, followed by the MS + ME (500 mg/L) medium (35.72%) (Table 1).




3.3. Effect of Media on Morphogenesis of Embryogenic Callus


Proliferating callus cultures were sub-cultured on five different medium formulations after one month of incubation in the dark (Table 2). The callus cultures transformed from amorphous to a greenish embryogenic form when the cultures were shifted to different medium formulations. The maximum stimulation for embryogenesis and morphogenesis was observed in the medium consisting of 2MT + ME (500 mg/L) + adenine sulphate (Ad.S) (2 mg/L) + GA3 (2 mg/L) + BA (2 mg/L), followed by MT + CH (500 mg/L) + GA3 (1 mg/L) + BA (0.25 mg/L). The results of this experiment highlighted the influence of different medium formulations on embryogenesis, morphogenesis, and cotyledonary embryoid production.



The best stimulation for callus induction, embryogenesis, and later morphogenesis to embryoids (Figure 2) occurred when the medium was supplemented with CH (500 mg/L) at all stages. The highest number of cotyledonary embryoids was observed in 2MT + ME (500 mg/L) + Ad.S (2 mg/L) + GA3 (2 mg/L) + BA (2 mg/L), followed by MT + CH (500 mg/L) + GA3 (1 mg/L) + BA (0.25 mg/L). The regeneration potential of the proliferating embryogenic calli was recorded for an additional year by sub-culturing.




3.4. Effect of Phytohormones on Shoot and Root Differentiation


The data on the effect of phytohormones on shoot and root differentiation from cotyledonary embryoids are presented in Table 3 and Figure 3. The maximum response (92.54%) in terms of shoot differentiation occurred in MT + ME + Ad.S (10 mg/L) + GA3 (2 mg/L), followed by MT + ME + GA3 (1 mg/L) (88.63%). The number of shoots and roots was the highest and the elongation of shoots and roots was at its maximum in MT + ME (500 mg/L) + Ad.S (10 mg/L) + BA (2 mg/L) + GA3 (2 mg/L). Shoot bud differentiation from green cotyledonary embryoids occurred within 7 to 19 days after culturing. The shoots attained a length of 1.05 to 3.3 cm in 60–75 days, depending on the medium used (Figure 4).




3.5. Morphological Characterization


The sweet orange triploid plants displayed more thorny, robust, and vigorous growth than did the diploid plants. The data concerning the leaf morphology characteristics, viz., the length, width, and area of the leaves of triploids and diploids, are presented in Table 4 and Figure 5. The length, width, and area were higher in triploids than in diploids. It was observed that the leaves of triploids rolled upwards at the outer margin, giving a spoon-like shape, whereas the leaves of diploid plants were flat (Figure 5).




3.6. Triploid Induction Ratio in Sweet Orange


Initially, 120 tender seeds were aseptically extracted from 25 tagged fruits of selected elite sweet oranges. Out of the 120 seeds, 90 endosperms were aseptically excised and cultured (Figure 1). Out of the 90 rescued endosperms, 70 putative triploids were regenerated and mini-grafted onto rough lemon rootstocks, with 57% success.



Out of the 70 pot-transferred grafts, 40 survived in the screen house. The ploidy status of these 40 pot-transferred plants was ascertained using flow cytometric, cytogenetic, and morphological studies, and 7 plants were certified/validated as triploids. The observed ratio of tender seeds to stable triploids was 17:1 (120:7). The ratio of rescued endosperm to stable triploids was 13:1 (90:7) (Table 5). The success ratio of the lab-to-land-transferred putative triploids from mini-grafting to confirmed triploids was 6:1 (40:7), equivalent to 17.5%.



The confirmed triploid plants exhibited variations in important morphological traits, viz., leaf size and shape, stomatal characteristics, and the appearance of prominent thorns, compared to those of diploid plants (Figure 6 and Figure 7).




3.7. Characterization of Triploid Plants by Flow Cytometry


Nuclear DNA histograms were constructed by using CyView software (serial no. 140500541), and the relative ploidy levels of the tested diploid and triploid samples were determined. Flow cytometry analysis validated the triploid nature of the endosperm-rescued plants (Figure 8).




3.8. Triploid Characterization by Cytology


The chromosome number in emerging leaf tissue was counted using enzyme digestion and protoplast dropping techniques to further confirm the ploidy results obtained through flow cytometry. The chromosome number of the tested triploid plants was 2n = 3x = 27, confirming their triploid nature (Figure 9).




3.9. Stomatal Analysis


Significant differences were observed as regards the size and number of guard cells between diploid and triploid plants. Variations in the ploidy level affected the size and frequency of stomata in C. sinensis (L.) Osbeck cv. Mosambi. The stomata in triploid plants were longer and wider (Figure 10) compared to those in diploids. The numbers of stomata per 500 µm leaf area in triploids and diploids were 12 and 19, respectively. The average stomatal length in triploids was 0.683 µm, whereas the average stomatal length in diploids was 0.463 µm. The stomatal length in triploid samples was 47.51% longer compared to that in diploid samples (Table 6).



Student’s t-test was conducted to assess the statistical significance of the differences observed in the mean length and width of stomata between diploid and triploid samples. The t-test indicated a significant difference in the stoma mean length between diploid and triploid samples and also suggested a positive correlation between the ploidy level and stoma length (Figure 10).




3.10. Fruit Quality Parameters of Field-Transferred Sweet Orange Triploid Plants


It was observed that the field-transferred triploid plants displayed a stronger spreading growth habit with drooping branches. Prominent thorns were present all over the tree, except on fruit-bearing branches. The fruits of triploid plants showed desirable fruit quality parameters in terms of their seed number (2 to 5.9, commercially seedless), high vitamin C content (34.4 to 42.66 mg /100 g), and lower limonene content (7.77 to 11.34 µg/mL) (Table 7).





4. Discussion


In India, sweet orange [C. sinensis (L.) Osbeck] cv. Mosambi fruit is consumed as table fruit and used for fresh juice extraction. The quantity of processed sweet orange fruit is increasing due to the acknowledgement of the nutritive value of the juice by consumers and due to the entry of corporations in this sector. An increased processing volume promotes price stabilization and protect the interests of growers. The availability of seedless varieties enhances consumer acceptance, provides greater ease of processing, minimizes the amount of limonene in extracted juice, and favors the quality of the produced juice; hence, there is a need to develop seedless varieties of sweet orange.



The development of seedless varieties of Citrus spp. has been an important objective of breeding programs worldwide. Citrus triploids are seedless due to their seed sterility caused by improper meiotic division. Breeders have used different approaches like the selection of natural mutants, interploid hybridization [4], mutation breeding [18], and the somatic hybridization of haploids and diploids via protoplast fusion [18] for the production of seedless triploid varieties. The use of these methods is restricted by various genetic limitations, such as the long juvenility, incompatibility, and high degree of apomixes found in Citrus species. The regeneration of plants from endosperm, a naturally occurring triploid tissue, offers a direct one-step approach to produce triploids [19] and helps to overcome genetic limitations. It is important to combine both conventional and innovative in vitro and in vivo techniques to achieve the desired results.



The present study was undertaken to develop triploids of C. sinensis (L.) Osbeck cv. Mosambi in a cost-effective manner and within a reasonable timeframe by dovetailing various techniques, viz., endosperm culture, micrografting, and flow cytometry.



The production of stable triploids in citrus via endosperm rescue is technically challenging and requires proper advance planning and high skill. The flowering period of individual sweet orange cv. Mosambi trees lasts for a few days; hence, the tagging of flowers at anthesis is required to decide the most appropriate time of fruitlet harvesting and the age of responsive endosperms. Our studies indicated that sweet orange cv. Mosambi endosperm rescued from pre-tagged fruitlets at 75–84 days post-anthesis exhibited a better response for callus initiation, somatic embryogenesis, morphogenesis, and shoot bud differ entiation [10]. Exciting endosperms beyond 11–12 weeks was difficult as the seeds had matured further.



Squeezing and separating the endosperm from the immature seeds of 11–12-week-old fruitlets was easy and convenient compared to squeezing the endosperm from the mature seeds of older fruitlets, as the seed coats of the latter were thicker. Endosperms at this stage were tender and elastic, with a liquid-to-soft texture, and were more responsive. Cotyledonary embryoids/zygotic embryos were observed at 14 weeks post-anthesis or beyond; hence, the right stage for endosperm rescue in sweet orange cv. Mosambi was up to 12 weeks. Similar findings were reported in previous studies [10,20,21].



In the present study, endosperms were cultured in five (5) different medium compositions to achieve callus induction and proliferation. The best callus induction response was observed in MT + ME (500 mg/L) + CH (500 mg/L) + 2,4-D (2 mg/L) medium. These results indicated that a concentration of 2,4-D greater than 1.0 mg/L was required for callus induction with stronger plant regeneration ability. The majority of prior studies on endosperm culture also reported that 2,4-D was the most effective phytohormone for callus induction from endosperm [10,22,23,24,25]. The genotype, sampling time, and culture medium composition determine the successful development of triploid plants [10,23,26,27].



The proliferating endosperm calli were sub-cultured after one month of incubation in the dark, in five (5) different medium combinations, and shifted to light conditions in order to induce somatic embryogenesis and morphogenesis.



The maximum stimulation for embryogenesis and morphogenesis was observed in the medium with 2MT + ME (500 mg/L) + Ad.S (2 mg/L) + GA3 (2 mg/L) + BA (2 mg/L). Creamish calli transitioned to a greenish color in about 17 to 25 days on the embryogenesis stimulation medium, followed by morphogenesis, leading to the development of various kinds of embryoids [21,26]. BA was found to be the most effective cytokinin for the induction of morphogenesis and various kinds of embryoids. All the previous reports on endosperm culture also indicated BA as an indispensable cytokinin [10,21,22,23,27,28].



Enhanced nutrition and GA3 were both essential for globular callus induction and the stimulation of embryogenesis from primary calli leading to embryoid development. Cotyledonary embryoids of endosperm calli underwent a regeneration process involving shoot and root differentiation in different medium formulations. The number and length of roots and shoots were greater in MT + ME (500 mg/L) + Ad.S (10 mg/L) + BA (1 mg/L) + GA3 (2 mg/L).



The activation of endosperm metabolism and shoot bud differentiation occurred when the media were supplemented with GA3, Ad.S, and BA. Similar results were reported in endosperm culture studies of pomelo and sweet orange [10,29], Nagpur mandarin [21], kiwifruit [22], mulberry [26], passion fruit [27], neem [30], and tangor dweet [31].



The characteristic feature of triploid shoots of endosperm origin is the presence of a large number of multicellular glands/organ fasciation; young shoots, especially, appear to be fused, a morphology which can be observed in the figures. The successful mini-grafting of such shoots with variable vigor, the transfer of mini-grafts from the lab to the greenhouse, and their acclimatization in the soil were real challenges faced in our studies [10,21,30].



The morphometric analysis of the stomata revealed significant differences between diploids and triploids in terms of the number and dimensions of guard cells, as ploidy level variation leads to changes in the size and frequency of stomata. Triploid plants exhibited longer and wider stomata compared to their diploid counterparts. The t-test indicated a significant difference in the mean length of stomata between diploid and triploid samples. The results suggested a positive correlation between the ploidy level and stoma length and an inverse relationship between the stoma frequency and ploidy level [32].



The modern analytical method of flow cytometry with accompanying software was used to construct nuclear DNA histograms to provide a visual representation of the relative ploidy levels of the tested diploid and triploid samples. Flow cytometry analysis was found to be a much easier and faster method to validate the triploid nature of endosperm-derived plants, which is crucial for ensuring the accuracy of ploidy confirmation [5,33]. Additionally, chromosomal counting was performed to further corroborate the results obtained through flow cytometry. The chromosome numbers of the triploid plants provided additional support for the accuracy of the ploidy analysis conducted in this study. These results were consistent with the results obtained in previous reports on clementine [34], passion fruit [27], and kiwifruit [22].



The observed regeneration ratio of confirmed triploids from the tagged harvested fruitlets was 1:3.5 (28%), and the ratio of successfully surviving stable triploid plantlets from endosperm rescue was 1:13.



Several studies have also reported that polyploidization increases the size and area of leaves. The triploid leaves rolled upwards at the edges, displaying a spoon-like leaf shape. The unbalanced growth of two different tissues in the same leaf might have resulted in variations in the leaf shape and leaf rolling. This observation was consistent with previous reports [35,36].



The fruits collected from triploid trees (aged 5–6 years) planted in the experimental block of CCRI contained fewer seeds, numbering 2 to 5.9, i.e., commercially seedless, whereas in the research conducted by Patil and Panchal [13] during the Ambia bahar season of 2011–2012 in the Jalna District of Maharashtra, 26 seeds were reported per fruit harvested from a 9-year-old local sweet orange tree.



The observed physical features of endosperm-regenerated plants, viz., morphological differences in the leaves, the density and dimensions of stomata, the non-thorny nature of fruiting shoots, and the thorny nature of the main stems of the trees, indicate the distinct characteristics of the triploids [28,37]. The cytological confirmation of triploid status, the stable nature of field-transferred triploid plants, and the desirable fruit parameters, viz., fewer seeds (2 to 5.9/fruit), a high vitamin C content (34.4 to 42.66 mg/100 g), and a lower limonene content (7.77 to 11.34 µg/mL), proved the successful achievement of our objective in this study.




5. Conclusions


This study demonstrated that triploid seedless Citrus sinensis (L.) Osbeck cv. Mosambi plants with desirable fruit quality parameters can be successfully produced through endosperm culture. The complete protocol for successful triploid plant regeneration through endosperm rescue was standardized. These seedless plants can be further multiplied vegetatively and have the potential to be registered as a distinct variety.



This is the first and the most comprehensive study reported from India on the successful production of commercially seedless triploid plants of Citrus sinensis (L.) Osbeck cv. Mosambi.
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Figure 1. (a) Rescued endosperm; (b) induction of primary calli. 
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Figure 2. (a) Morphogenesis of somatic embryos. (b) Magnified view of embryoids. (c) Initiation. (d) Morphogenesis to various stages of embryoids. 
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Figure 3. Shoot and root initiation in cotyledonary embryoids (a,b). 
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Figure 4. Complete plantlet regeneration from endosperm rescue via somatic embryogenesis. 
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Figure 5. Leaf morphology from diploid and triploid plants of C. sinensis (L.) Osbeck cv. Mosambi. 
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Figure 6. (a) Mini-grafting of endosperm-regenerated shoots. (b) Pot-transferred confirmed triploid plant. (c) Field-transferred sweet orange plant. (d) Fruiting branch without thorns. (e) Thorns on the main stem of a triploid plant. 
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Figure 7. (a) Comparison of diploid and triploid flowers. (b) Seedless characteristic of C. sinensis (L.) Osbeck cv. Mosambi. 
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Figure 8. Flow cytometry histograms represent (a) diploid and (b) triploid C. sinensis (L.) Osbeck cv. Mosambi. 
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Figure 9. Processed metaphase cells of Citrus sinensis: (a) diploid; (b) triploid. 
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Figure 10. Effect of ploidy level on leaf morphology and stomatal characteristics in Citrus sinensis: (a) triploid; (b) diploid. 
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Table 1. Influence of the medium on the induction of primary calli/embryoids of sweet orange.
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Culture Medium

	
Survival

(%)

	
Response (%)

	
Days Taken

	
Callus

Initiation






	
MT + ME (500 mg/L)

	
52.69

(46.69)

	
22.34

(28.28)

	
32.08

	
17.83

(25.02)




	
MT + CH (500 mg/L) + BA (5 mg/L) + 2,4-D (2 mg/L)

	
14.77

(22.54)

	
59.23

(50.31)

	
34.91

	
15.08

(22.84)




	
MT + CH (500 mg/L) + 2,4-D (2 mg/L)

	
61.9

(51.91)

	
53.36

(46.92)

	
29.13

	
31.34

(34.03)




	
MS + ME (500 mg/L)

	
31.83

(31.31)

	
31.01

(33.87)

	
25.08

	
35.72

(36.69)




	
MT + ME + CH (500 mg/L) + 2,4-D (2 mg/L)

	
70.40

(57.04)

	
78.16

(61.13)

	
22.96

	
47.57

(43.57)




	
CD

	
0.01%

	
0.907 **

	
0.779 **

	
0.710 **

	
0.710 **




	

	
0.05%

	
0.656 *

	
0.563 *

	
0.556 *

	
0.556 *








Numbers in parentheses are arc sine-transformed means of four replicate batches. ** Highly significant (p < 0.01), * significant (p < 0.05).













 





Table 2. Influence of the medium on the morphogenesis of sweet orange endosperm calli.
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Culture Medium

	
Embryogenesis

(Days)

	
Embryogenic Callus

(%)

	
Differentiation of Embryoids




	
Globular

	
Heart

	
Torpedo

	
Cotyledonary






	
MS + CH (500 mg/L)

	
25.63

	
19.85

(26.45)

	
26.7

(27.07)

	
19.67

(26.31)

	
18.07

(25.16)

	
10.56

(18.95)




	
MT + CH (500 mg/L) + GA3 (1 mg/L) + BA (0.25 mg/L)

	
21.76

	
52.05

(46.17)

	
23.6

(29.08)

	
24.68

(29.78)

	
31.05

(33.86)

	
17.48

(24.55)




	
2MT + CH (500 mg/L) +

GA3 (1 mg/L) + BA (0.25 mg/L)

	
23.97

	
11.95

(20.21)

	
37.7

(37.09)

	
22.67

(28.46)

	
24.56

(29.69)

	
14.52

(22.63)




	
2MT + CH (500 mg/L) + GA3 (1 mg/L) + Ad.S (2 mg/L + BA (0.25 mg/L)

	
19.97

	
73.69

(59.13)

	
27.5

(31.67)

	
24.65

(31.67)

	
23.56

(29.03)

	
16.91

(27.72)




	
2MT + ME + Ad.S (2 mg/L)

+ GA3 (2 mg/L) + BA (2 mg/L)

	
17.92

	
77.74

(61.84)

	
22.6

(28.43)

	
26.78

(31.64)

	
26.63

(31.06)

	
22.57

(28.35)




	
CD

	
0.01%

	
0.403 **

	
0.587 **

	
1.335 **

	
0.272 **

	
0.426 **

	
0.704 **




	

	
0.05%

	
0.291 *

	
0.424 *

	
0.965 *

	
0.197 *

	
0.308 *

	
0.509 *








Numbers in parentheses are arc sine-transformed means of four replicate batches. ** Highly significant (p < 0.01), * significant (p < 0.05).













 





Table 3. Complete plantlet regeneration from sweet orange endosperm via somatic embryogenesis.
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Culture Medium

	
Response

(%)

	
Shoot

Initiation

(Days)

	
Root

Initiation

(Days)

	
Shoot (No.)

	
Root

(No.)

	
Length of Shoot

(cm)

	
Length of Root

(cm)






	
MT + Ad.S (10 mg/L) + GA3 (1 mg/L)

	
76.57

(61.00)

	
10.69

	
11.70

	
2.6

	
2.52

	
2.45

	
2.0




	
MT + ME + GA3 (1 mg/L)

	
88.63

(70.27)

	
12.57

	
26.6

	
3.03

	
3.6

	
3.3

	
3.0




	
MT + IBA (2 mg/L)

	
69.76

(55.88)

	
8.75

	
24.56

	
3.05

	
3.8

	
2.6

	
2.5




	
MT + Ad.S (10 mg/L) + GA3 (1 mg/L) + IBA

(0.5 mg/L)

	
84.61

(66.85)

	
18.68

	
27.57

	
0.85

	
1.57

	
1.85

	
1.16




	
MT + ME + Ad.S (10 mg/L) + GA3 (2 mg/L)

	
92.54

(74.08)

	
7.61

	
10.58

	
3.15

	
4.17

	
3.3

	
4.3




	
MT + Ad.S (10 mg/L) + BA (2 mg/L) + GA3 (2 mg/L)

	
54.39

(47.35)

	
14.49

	
22.66

	
1.6

	
2.2

	
1.05

	
2.1




	
CD

	
0.01%

	
0.388 **

	
0.306 **

	
0.621 **

	
0.352 **

	
0.498 **

	
0.532 **

	
0.379 **




	

	

	
0.283 *

	
0.224 *

	
0.453 *

	
0.257 *

	
0.363 *

	
0.388 *

	
0.276 *








Numbers in parentheses are arc sine-transformed means of four replicate batches. ** Highly significant (p < 0.01), * significant (p < 0.05).













 





Table 4. Statistical analysis of the leaf area.
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Leaf Area






	
Diploid

	

	
8.23




	
Triploid

	

	
28.61




	
CD

	
0.01

	
2.657 **




	
0.05

	
1.966 *








** Highly significant (p < 0.01), * significant (p < 0.05).













 





Table 5. Triploid induction ratio in sweet orange [Citrus sinensis (L.) Osbeck] cv. Mosambi.
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	Stages in Endosperm

Culture
	Endosperm

Culture
	Primary Callus

Induction
	Embryogenesis and

Morphogenesis
	Complete

Plantlet

Regeneration
	Transfer by

Mini-Grafting





	Selected best culture

medium
	MT + ME + CH (500 mg/L) +

2,4-D (2 mg/L)
	MT +ME + CH (500 mg/L) + 2,4-D (2 mg/L)
	2MT + ME (500 mg/L) + Ad.s (2 mg/L) + GA3+ (2 mg/L) + BA (2 mg/L)
	MT + ME + Ad.S (2 mg/L) + GA3 (2 mg/L)
	



	Total fruitlets
	25
	
	
	
	



	Immature seeds
	120
	
	
	
	



	Tender endosperm from

immature seed (no.)
	90
	
	
	
	



	Response of endosperm

for callus induction (%)
	
	78.16
	
	
	



	Callus induction (%)
	
	47.57
	
	
	



	Induction of somatic

embryogenesis
	
	
	77.74
	
	



	Morphogenesis—cotyledonary
	
	
	22.57
	
	



	Shape response to

plantlet regeneration (%)
	
	
	
	92.54
	



	Plants generated (no.)
	
	
	
	125
	



	Putative triploid plants

(no.)
	
	
	
	70
	



	Lab-to-land transfer by

mini-grafting
	
	
	
	
	40



	Confirmed triploid plants
	
	
	
	
	7










 





Table 6. Morphometric analysis of stomata in triploid and diploid Citrus sinensis (L.) Osbeck cv. Mosambi.
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Triploid

Stoma Length

	
Diploid

Stoma Length

	
Triploid

Stoma Width

	
Diploid

Stoma Width






	
Stoma count

	
12

	
19

	
12

	
19




	
Average length and width of stomata (µm)

	
0.683

	
0.463

	
0.550

	
0.315




	
SD

	
0.077

	
0.091

	
0.111

	
0.045




	
Variance

	
0.006

	
0.008

	
0.012

	
0.002




	
T-statistic

	
6.959

	
8.252




	
T-table (0.01)

	
2.756 **