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Abstract

Rootstock selection plays a key role in influencing tree vigor, yield quality, graft success and resilience to biotic and abiotic stresses. A study was conducted at Nagaland University in 2021-2023, in which eight citrus rootstocks (Indian wild orange, Tasi orange, Rangpur lime, Khasi papeda, Citrange, Karna Khatta, Kachai lemon, and Rough lemon) were evaluated for seedling growth, graft success, and overall performance under shade net conditions. Among the rootstocks, rough lemons showed the highest seed germination rate and exhibited superior seedling growth, including better seedling height, diameter, shoot and leaf number, and overall vigor. Grafting success with Khasi mandarin was the highest on rough lemon and Karna khatta rootstocks. However, Citrange performed poorly on most of the growth parameters studied. The results suggested that rough lemons and Karna khatta have potential as rootstocks for Khasi mandarin grafting, seedling vigor, and strong root systems. Further evaluation at the field level is essential to determine the compatibility of the scion-stock relationship and its impact on fruit quality and yield. 
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Introduction
Citrus fruits are among the most important fruit crops worldwide, cultivated in over 50 countries across tropical and subtropical regions. Their global significance lies not only in their nutritional value but also in their contribution to international trade and rural economies. The citrus industry is led by China, Brazil, and the United States, which collectively account for a major share of global citrus production (Anonymous, 2020a). In India, citrus ranks third in fruit production after mangoes and bananas, covering approximately 10.58 lakh hectares and yielding around 140.32 lakh metric tonnes (MT) annually (Anonymous, 2020b). The main citrus groups cultivated in India include mandarin, sweet orange, and acid lime, with mandarins alone contributing nearly 40% to the national citrus output. Among mandarin cultivars, Khasi mandarin (Citrus reticulata Blanco), indigenous to the northeastern states of India, is especially valued for its superior fruit quality, unique flavor, and high market demand. This cultivar has earned Geographical Indication (GI) tags due to its unique agro-climatic adaptation and consumer preference. The northeastern region of India is also considered as a primary center of origin and genetic diversity for citrus, where several wild and semi-wild species, such as Citrus medica, C. jambhiri, C. aurantium and C. indica are found in their natural habitats (Bhattacharya & Dutta, 1956; Malik et al., 2006; Verma & Ghosh, 1979).
Despite its economic and genetic importance, Khasi mandarin cultivation faces challenges in propagation. Traditional seed propagation methods remain prevalent, resulting in non-uniform plant populations, high heterozygosity, extended juvenile phases, and increased susceptibility to biotic stresses, including fungal, bacterial, and viral diseases (Deshmukh et al., 2017). These constraints not only reduce overall productivity but also hinder the establishment of uniform, high-density orchards. To overcome these challenges, vegetative propagation methods such as budding and grafting are recommended, as they enable the production of true-to-type, early-bearing, and uniform planting material. Among the vegetative techniques, T-budding, veneer grafting, and softwood grafting have shown various levels of success in citrus propagation. However, studies have indicated that the grafting success rate in Khasi mandarin remains relatively low, often below 50%, primarily due to scion-rootstock interaction and local environmental conditions (Patel et al., 2010; Pandey & Karki, 2019). Several factors, including temperature, humidity, physiological conditions of the scion and rootstock, and timing of grafting operations, plays an important role in determining graft union success. The optimal period from November to January is considered optimal for grafting, coinciding with favorable climatic conditions that support successful union formation (Gautam et al. 2001; Chalise et al. 2013a; Bhandari et al. 2021). 
Rootstock selection is another crucial factor influencing the success of citrus propagation and the long-term performance of orchards. Rootstocks impact numerous horticultural traits such as tree vigor, canopy size, tolerance to abiotic stresses (e.g., drought, salinity), resistance to soil-borne diseases, and overall fruit yield and quality (Hartmann et al., 2002). In India, Rough Lemon (C. jambhiri) remains the most widely used rootstock due to vigor, adaptability and compatibility with various scion cultivars. Recent studies have highlighted softwood grafting as a viable alternative, capable of achieving higher success rates and reducing the time required to produce buddable plants. Patel et al. (2010) reported graft success rates of up to 95% using softwood grafting on Rough Lemon under controlled nursery conditions. Nevertheless, grafting success and scion performance can vary significantly depending on the rootstock genotype and local environmental conditions. However, there is limited research on the performance of Khasi mandarin on different rootstocks, especially during nursery-stage conditions in northeastern India.
Given the increasing demand for uniform, disease-free, and high-quality planting material in the region, there is a need for systematic evaluation of rootstock-scion combinations. The present study was therefore undertaken to evaluate the performance of Khasi mandarin grafted onto eight citrus rootstocks under nursery conditions, focusing on seed germination, seedling vigor, and grafting success. The aim was to identify compatible and high-performing rootstocks suitable for large-scale propagation and commercial orchard establishment in northeastern India.
Materials and methods

The experiment was conducted at the Instructional Cum Research Farm, Department of Horticulture, School of Agricultural Sciences, Nagaland University, Nagaland (India) during 2021 and 2022 under a 50% shade net. The site has a humid subtropical climate with 70–85% humidity (25°45'53’ ‘N, 93°53'04 ‘’ E; 310 m asl). Summer temperatures range from 21°C to 33°C, whereas winter temperatures vary between 10°C and 15°C, occasionally dropping to 8°C. Under the shade net, temperatures ranged from 8.9°C to 24°C from November to January. The area receives 2000–2500 mm of rainfall from April to September, with drier conditions from November to March. The soil was sandy loam to sandy clay loam with a pH of 4.5–6.5.
Rootstocks: In this study, eight citrus rootstcoks - Indian wild orange (Citrus indica), Tasi orange (Citrus sinensis), Rangpur lime (Citrus limonia), Khasi papeda (Citrus papeda), Citrange (Poncirus sp.), Karna katta (Citrus karna), Kachai lemon (Citrus jambhiri), and Rough lemon (Citrus jambhiri) were evaluated in a nursery under shade net conditions. The experiment was laid out in a completely randomized block design (CRBD) and was replicated three times. Seeds were extracted from healthy and fully mature fruits, washed, shade-dried, and soaked in GA3 (200 ppm) for 24 h to promote germination. Fifty seeds per replicate were sown in a pro-tray (265 × 525 mm) filled with a 1:1 mixture of cocopeat and vermicompost in January. Once the seedlings reached 4–6 leaf stage, they were transplanted into polybags (15 × 25 cm) filled with a potting mix containing equal parts of fertile soil, sand and well-decomposed farmyard manure (1:1:1).
Data on days to germination, germination percentage, and polyembryony (%) were recorded 30 d after sowing. Shoot parameters, including seedling height (cm), stem diameter (mm), and average number of shoots and leaves per seedling, were measured 14 months after sowing (MAS). Root characteristics, such as taproot length (cm), taproot diameter (mm), number of primary and secondary roots, and number of fibrous roots were recorded once the seedlings reached the graftable stage. Khasi mandarin was wedge grafted onto different rootstocks after attainment of graftable stem thickness in mid-March of both 2022 and 2023, and graft success (%) was also evaluated six months after grafting. 
The collected data were analyzed using an F-test, as per the method described by Gomez and Gomez (2010). Critical differences (CD) at the 5% significance level were calculated to determine the significance of the treatment means.
Results and discussion
Days taken for germination: A significant difference in the number of days required for germination was observed among the different citrus genotypes (Table 1). Rough lemon took the longest time (21.27 d) for germination, statistically at par with C. indica (20.53 days), while Karna khatta (18.40 days) and Kachai lemon (18.80 days) took the shortest durations. Seeds treated with 150 ppm GA₃ germinated earliest, whereas untreated controls showed delayed germination, indicating that GA promoted germination by enhancing endogenous gibberellin activity (Sanaullah et al., 2020). Temperature also significantly influenced the germination. Increasing the temperature from 20 to 30°C resulted in a faster germination rate and reduced the time required for germination. However, further increasing the temperature to 35°C reversed this effect, leading to delayed germination (Upadhaya et al., 2019). The optimal temperature range for germination in C. macroptera, C. latipes and C. indica was reported to be between 26 and 28°C within 7–25 days. Similarly, Rouse and Sherrod (1996) reported germination in citrus rootstocks within 5–28 d at 20–40°C under Florida conditions. Singh et al., 2019 found Rangpur lime germinated in 23.3 days, followed by Rough lemon (21.3) and Rubidoux trifoliate (18.7) under Punjab conditions.
Seed germination (%): A significant variation was observed in the germination percentage among the citrus rootstocks 30 days after sowing (Table 1). The highest germination rate was recorded in rough lemon (91.0%), followed by Citrus indica (89.5%), while Tasi orange exhibited the lowest germination percentage (65.8%). These results suggest genotype-specific responses in seed viability and early growth performance. Temperature plays a critical role in seed germination. The germination percentage increased with optimum temperature (20–40°C), beyond which a decline was noted. This pattern was consistent with the findings of Rouse and Sherrod (1996), who reported similar trends across 17 citrus varieties in Florida. Wiltbank et al. (1995) also highlighted the detrimental effects of suboptimal temperatures on citrus seed germination, indicating thermal sensitivity in different genotypes. The sowing environment also notably affected germination rates and seedling development. Seeds sown in protrays or black polybags under protected conditions, such as shade-net houses, have higher germination percentages than those sown in open-field nursery beds. Rough lemon showed improved germination under protected conditions (Sharma and Dhaliwal, 2013), with rates of 85–90% reported under 50% shade net and polycarbonate roof (Dhaliwal and Mehan, 2006). Similarly, Singh et al. (1970) observed 65–85% germination in C. jambhiri, C. limonia, and Poncirus trifoliata under alkathene cover compared to 25–52% in open conditions. Shinde et al., 2007 also noted higher germination (54–81%) in genotypes like Rangpur lime and Rough lemon, while most Citrange rootstocks showed lower rates (31–45%) in Parbhani, Maharashtra.
Polyembryony (%): A wide range of variation in the level of polyembryony was observed among the different citrus rootstocks (Table 1). Rough lemon had the highest percentage of polyembryony (71.17%), which was significantly higher than that of Karna khatta (56.13%), whereas the lowest polyembryony percentage was exhibited by Khasi papeda (3.85%). The reduced polyembryony percentages in certain species may be due to poor germination and inherent species characteristics. The extent of polyembryony in different citrus rootstocks has also been reported by various authors. Kishore et al., 2012 noted C. jambhiri has highest polyembryony (>90%). Similarly, Altaf et al. (2001) recorded maximum polyembryony (90–100%) in Rangpur lime seedlings, contrasting with our present findings. Carvalho and Silva (2013) documented the lowest polyembryony (31% to 32%) in Citrange and Malta lemons, whereas Lemon galgal, Jambheri local, Narangi coorg, Kumquat, Marmalade orange, and Citrus macrophylla genotypes exhibited higher levels of polyembryony (33% to 75%).
Seedling height (cm): Seedling height also showed significant variation among the citrus rootstocks (Table 1). At 14 months after sowing (MAS), the maximum seedling height was recorded in rough lemon (43.25 cm), followed by Karna khatta (40.93 cm) and Kachai lemon (39.70 cm). The lowest seedling height (27.52 cm) was recorded for C. indica seedlings. In general, all rootstocks exhibited nearly 95.41% of the initial vegetative growth between 6 and 8 months after sowing (MAS), that is, between June and August, which coincides with the monsoon season. However, seedling growth rates were approximately 37.48% for all rootstocks from 8 to 10 MAS (August to October). Furthermore, the rate of seedling growth declined to 12.59% at 10–12 MAS (October–December) and gradually decreased to 8.05% between 12 and 14 MAS (December–February). This may be due to the slow growth rate and the fact that the physiological activities of plants are at a minimum during winter.
Under protected conditions, short days and relatively low temperatures during the winter season were found in Citrange (1.82). Rough lemons, being vigorous in nature compared to other citrus genotypes, have better plant height and a higher number of shoots/branches per plant. Similarly, the results were confirmed by Singh et al., 2010, who also reported the highest number of shoots in Rough lemon (4.80), followed by sour orange and Rangpur lime.
Number of leaves per plant: Various citrus genotypes significantly differed from each other in terms of the number of leaves per plant. At 14 months after sowing (MAS), the rough lemon rootstock had the maximum number of leaves per seedling (61.72), followed by Tasi orange (55.75), whereas Citrange had the lowest number of leaves per seedling (26.70). The evergreen nature of rough lemon leads to higher branch and leaf production per seedling. In contrast, trifoliate orange and its hybrids, being deciduous, shed their leaves during winter and resume vegetative growth in spring, resulting in reduced leaf numbers. This behavior may be attributed to the genotypic traits of the rootstocks. Additionally, slower growth in terms of plant height on certain rootstocks may contribute to a lower leaf count. Hafez (2006) documented that Rangpur limes, sour oranges, and Troyer had maximum leaf counts of 44.7, 45.4, 13.6, 14.8, 24.1, and 29.5, respectively, in line with their respective characteristics.
Length of tap root (cm): The tap root length among different citrus genotype rootstocks was found to be significantly different in this study. The maximum root length (37.00 cm) was observed in Karna khatta rootstock, which was statistically at par with Rough lemon (36.23 cm), whereas the minimum root length was recorded in Citrange rootstock (23.00 cm). The variation in the root length of different citrus rootstocks may be due to differences in the genetic behavior of each genotype. Differences in vegetative growth patterns among rootstocks may have also contributed to the variable root lengths in the stocks. Chahal et al. (2018) reported the highest root length in sexually propagated seedlings (23.8 cm) compared to asexually propagated (cuttings or tissue culture) Carrizo Citrange rootstock. Similarly, Singh and Chahal (2021) confirmed the maximum root length (35.3 cm) in Volkameriana lemon, followed by Rangpur lime, Carrizo citrange, Benton citrange, X-639, and Rough lemon, and the minimum (15.3 cm) in Rich 16-6 rootstock.
Root diameter (mm): It is pertinent to mention that root thickness (diameter) among different citrus rootstocks showed significant variation (Table 2). The maximum root diameter (6.35 mm) was noted in the Rough lemon rootstock, which was statistically similar to Karna khatta (6.27 mm), and the minimum was observed in C. indica (4.52 mm) rootstock. The greater root length, greater number of fibrous rootstocks, and larger diameter in the case of rough lemon might be due to good vegetative growth, which could have produced more metabolites in leaves, which in turn, after translocating to the lower part of the plant, may have enhanced root growth. The vital raw ingredients for development are light and CO2 for leaves, and minerals and water for roots. As shoot and root growth are codependent, higher vegetative growth may have stimulated better root development (Wolstenholme, 1981). The root system of the plant is also responsible for the production of various essential metabolites and hormones. Singh and Chahal, 2021 reported that among different citrus rootstocks studied, the maximum root diameter grown under protected conditions was observed in Benton citrange (5.95 mm), followed by Carrizo Citrange (5.82 mm), Volkameriana lemon (5.60 mm), Rangpur lime (5.58 mm), Swingle citrumello (5.55 mm) and Rough lemon (5.05 mm).
Number of secondary roots: The maximum number of secondary roots was found in Khasi papeda (17.00), statistically at par with Tasi orange (16.46), while the minimum number of secondary roots was recorded in Citrange (8.80) rootstock. Singh et al., 2019 concluded the highest number of secondary roots in C-35 rootstock (24.0), followed by X-639, Carrizo and Gou Tou. They also reported the minimum number (12.0) of secondary roots on Rich 16-6, Rubidoux trifoliate, and Troyer citrange rootstocks.
Number of fibrous roots: The number of fibrous roots among                                                                                                                                                                                                                                                                                                                                               the different citrus genotypes differed significantly (Table 1). The maximum number of fibrous roots (111.78) was recorded in Khasi papeda, followed by Tasi orange (106.60), Karna khatta (102.82), and rough lemon (98.45). The minimum number of fibrous roots was observed in the Citrange (56.33) rootstock. Hafez (2006) reported that Spanish sour orange seedlings had a higher production of secondary and adventitious roots than Volkameriana lemon, Troyer citrange, and Rangpur lime rootstocks. This observation aligns with the variations in fibrous root numbers observed in different citrus genotypes.

Graft success (%): The percentage of graft success (six months after grafting) was highly significant among the various rootstocks (Table 2). The highest percentage of graft success (89.17%) was recorded in Rough lemon, followed by Karna khatta (86.62%), whereas the minimum graft success was noted in C. indica (58.83%), which was statistically similar to Khasi papeda (59.18%). The higher graft success rates in Rough lemon and Rangpur lime rootstocks could be attributed to the efficient sap flow between the stock and scion. This rapid sap flow facilitates the union of xylem and cambium tissues, enhancing the match between the scion and rootstock stem tissues. These findings align with those of Patel et al., 2010, who reported the highest graft success rate for Khasi mandarin on C. jhambiri (95.00%), followed by Naity Jamir (92.00%) and C. latipes (85.00%), while the lowest success rate on the Karun Jamir rootstock (78.00%). Similarly, Dubey et al., 2004 also reported the graft success percentage of Khasi mandarin scion on C. grandis (93.30%), C. latipes (87.50%), C. volkameiana (85.90%), and C. reshni (62.90%). In contrast, Bhandari et al. (2021) reported the highest success rate (95.0 ± 2.04%) for mandarin scions grafted on trifoliate rootstock after 150 days, which contradicts the present findings.

Table 1: Vegetative parameters of different citrus rootstocks grown under Nagaland condition
	Rootstocks
	Days taken for germination
	Germination (%)
	Polyembryony (%)
	Seedling height (cm)
	Seedling diameter
(mm)
	No. of shoots /plant
	No. of leaves /plant

	Citrus indica
	20.53
	89.50
	6.04
	27.52
	4.66
	2.37
	36.25

	Tasi orange
	19.77
	65.80
	12.29
	36.23
	5.69
	2.82
	55.75

	Rangpur lime
	19.78
	88.00
	13.85
	37.63
	5.83
	2.92
	51.63

	Khasi papeda
	19.30
	73.67
	3.85
	38.00
	5.86
	2.45
	50.82

	Citrange
	20.40
	72.13
	29.34
	32.03
	4.93
	1.82
	26.70

	Karna khatta
	18.40
	81.17
	56.13
	40.93
	6.17
	3.33
	45.87

	Kachai lemon
	18.80
	84.83
	18.57
	39.70
	5.86
	2.83
	45.93

	Rough lemon
	21.27
	91.00
	71.17
	43.25
	6.13
	3.32
	61.72

	SEm (±)
	0.25
	0.35
	0.25
	0.19
	0.04
	0.08
	0.39

	CD @ 5%
	0.75
	1.01
	0.74
	0.54
	0.12
	0.23
	1.12





Table 2: Root characters of different citrus rootstocks and its graft success on khasi mandarin under Nagaland condition
	Rootstocks
	Length of tap root (cm)
	Diameter of root (mm)
	No. of primary roots
	No. secondary roots
	No. fibrous roots
	Grafting success (%)

	Citrus indica
	35.50
	4.52
	1.10
	14.90
	94.22
	58.83

	Tasi orange
	25.23
	5.21
	1.15
	16.46
	106.60
	74.00

	Rangpur lime
	31.10
	5.30
	1.32
	13.29
	86.90
	74.92

	Khasi papeda
	32.57
	5.73
	1.25
	17.00
	111.78
	59.18

	Citrange
	23.00
	4.88
	1.47
	8.80
	56.33
	78.50

	Karna khatta
	37.00
	6.27
	1.30
	15.90
	102.82
	86.62

	Kachai lemon
	27.53
	5.88
	1.27
	11.24
	73.07
	78.95

	Rough lemon
	36.23
	6.35
	1.58
	15.18
	98.45
	89.17

	SEm (±)
	0.46
	0.06
	0.09
	0.31
	0.78
	0.39

	CD @ 5%
	1.39
	0.16
	NS
	0.89
	2.26
	1.13





Table 3: Correlation studies among plant growths parameters of different species of citrus.
	
	Seedling height (cm)
	Seedling diameter (mm)
	No. of nodes/plant
	No. of leaves/plant
	Root diameter (mm)
	Length of tap root (cm)
	No. of primary roots
	No. of secondary roots
	No. of fibrous roots

	Seedling height (cm)
	1
	0.987**
	0.887**
	0.921**
	0.991**
	0.858**
	0.865**
	0.863**
	0.859**

	Seedling diameter (mm)
	
	1
	0.912**
	0.914**
	0.988**
	0.909**
	0.819**
	0.904**
	0.899**

	No. of nodes/plant
	
	
	1
	0.878**
	0.871**
	0.912**
	0.778*
	0.866**
	0.854**

	No. of  leaves/plant
	
	
	
	1
	0.887**
	0.793*
	0.866**
	0.919**
	0.916**

	Root diameter (mm)
	
	
	
	
	1
	0.886**
	0.823**
	0.872**
	0.869**

	Length of tap root (cm)
	
	
	
	
	
	1
	0.747*
	0.882**
	0.877**

	No. of primary roots
	
	
	
	
	
	
	1
	0.699*
	0.697*

	No. of secondary roots
	
	
	
	
	
	
	
	1
	0.999**

	No. of fibrous roots
	
	
	
	
	
	
	
	
	1


Correlation - significant @ 0.05 % level

Correlation: 
The correlation study among citrus seedling growth parameters revealed strong and significant positive relationships between all traits, indicating a high level of interdependence between shoot and root development (Table 3). It was observed that seedling height had strong positive correlation (r2 = 0.987, P<0.05) with seedling diameter, number of nodes/plant (r2 = 0.887) number of leaves/plant (r2 = 0.921), root diameter (r2 = 0.991), length of tap root (r2 = 0.858), number of primary roots (r2 = 0.865), number of secondary roots (r2 = 0.863) and number of fibrous roots (r2 = 0.859). Similarly, seedling diameter also had high significant correlations with number of nodes/plant (r2 = 0.912), number of leaves/plant (r2 = 0.914), root diameter (r2 = 0.998), length of tap root (r2 = 0.909), number of primary roots (r2 = 0.819), number of secondary roots (r2 = 0.904) and number of fibrous roots (r2 = 0.899). Number of nodes/plant had also positive correlations with number of leaves/plant (r2 = 0.878), root diameter (r2 = 0.871), length of tap root (r2 = 0.912), number of primary roots (r2 = 0.778), number of secondary roots (r2 = 0.866) and number of fibrous roots (r2 = 0.854). Number of leaves/plant had also positive correlation with root diameter (r2 = 0.887), length of tap root (r2 = 0.793), number of primary roots (r2 = 0.866), number of secondary roots (r2 = 0.919) and number of fibrous roots (r2 = 0.916). Root diameter also showed positive correlations with length of tap root (r2 = 0.886), number of primary roots (r2 = 0.823), number of secondary roots (r2 = 0.872) and number of fibrous roots (r2 = 0.869). Similarly, length of tap root was found positively correlated with number of primary roots (r2 = 0.747), number of secondary roots (r2 = 0.882) and number of fibrous roots (r2 = 0.877). Number of primary roots also had positive correlations with number of secondary roots (r2 = 0.699) and number of fibrous roots (r2 = 0.697). The highest correlation was observed between the number of secondary and fibrous roots (r = 0.999 P<0.01). These findings revealed that growth parameters in citrus seedlings are positively and significantly correlated with each other. This indicates that the development of one parameter is strongly associated with the development of others, suggesting a high degree of interdependence among vegetative and root growth traits.
                                              
Rough lemon exhibited superior growth across all parameters, likely due to its efficient nutrient uptake and photosynthesis, as supported by its higher leaf count. The critical role of leaves in photosynthate production for growth was noted by Kamanga et al (2017) & Sestak (1981). Additionally, the correlations between roots parameters and seedling height suggest that photosynthesis and energy production are key drivers of growth, as discussed by Singh (2005).
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