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Effects of Fruit Load on Seed Yield and Quality in Gynoecious Parthenocarpic Cucumber under Protected Cultivation
Abstract
Fruit load plays a decisive role in determining assimilate partitioning, reproductive efficiency, and seed physiological quality in fruit-bearing crops. In gynoecious parthenocarpic cucumber, excessive fruit retention may intensify sink competition and impair seed development, while insufficient fruit load may limit overall seed productivity. Current study evaluated the effects of fruit load on fruit traits, seed yield components, and seed quality attributes in the gynoecious parthenocarpic cucumber cultivar Pusa Parthenocarpic Cucumber-6 under net-house conditions during Kharif and Spring-summer seasons from 2019 to 2022. Three fruit load levels-two, three, and four fruits per plant-were imposed. Pooled ANOVA revealed that fruit load exerted highly significant effects (p < 0.001) on fruit size, number of seeds per fruit, seed yield per plant, speed of germination, seedling vigour indices, and electrical conductivity. Retention of two fruits per plant produced the largest fruits (≈800 g) and the highest seed number per fruit (145-146), indicating enhanced assimilate allocation per sink. However, maximum seed yield per plant was consistently achieved at three-fruit load (12.4-12.8 g), accompanied by faster germination (~59-60%) and superior seedling vigour (SVI-I ≈ 2840-2880). In contrast, four-fruit load significantly reduced fruit size, seed number (93-95), germination speed, and seedling vigour, and enhanced electrical conductivity (~77-78 µS m⁻¹), reflecting compromised membrane integrity. The multi-season data of current study enhances the robustness and reproducibility of the findings and strengthens their physiological relevance. Overall, maintaining three fruits per plant provides an optimal balance between seed yield and seed physiological quality, representing a scientifically grounded and practically viable strategy for high-quality seed production in gynoecious parthenocarpic cucumber under protected cultivation. Given the year-round production potential and high value of parthenocarpic cucumber in protected environments, adoption of optimized fruit load management can improve on-farm seed production efficiency, reduce dependence on costly commercial seed, and enhance profitability and accessibility for growers.
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1. Introduction
Cucumber (Cucumis sativus L.), an important vegetable crop of the Cucurbitaceae family, is widely cultivated for its nutritional value, economic significance, and versatility in fresh consumption and processing. In India, cucumber production has expanded rapidly with the adoption of protected cultivation systems, which enable off-season production, enhance fruit quality, and improve resource-use efficiency. This intensification of production has markedly increased the demand for genetically pure, physiologically vigorous, and high-quality seed, as seed quality is a fundamental determinant of crop establishment, uniformity, and yield stability (Ellis and Roberts, 1980; ISTA, 2023). Recent advances in cucumber breeding have resulted in gynoecious parthenocarpic cultivars that are well suited to protected environments. Gynoecy ensures a predominance of pistillate flowers, enhancing fruiting efficiency, while parthenocarpy enables fruit development without pollination-an important advantage under enclosed conditions with limited pollinator activity. Despite these genetic advantages, seed production in gynoecious parthenocarpic cucumber remains highly dependent on maternal plant conditions. Seed development relies on the availability and effective translocation of photoassimilates during fruit growth and maturation, necessitating precise agronomic regulation to achieve high seed yield and quality (Demir and Ellis, 1992; Gupta et al., 2021).
Fruit load is a key agronomic factor governing source-sink dynamics and reproductive efficiency. Developing fruits act as strong assimilate sinks, and excessive fruit numbers intensify competition for limited resources. According to source-sink theory, when sink demand exceeds the plant’s assimilatory capacity, assimilate allocation per fruit and per seed declines, resulting in smaller fruits, incomplete seed filling, reduced seed vigour, and impaired membrane integrity (Marcelis, 1993; Marcelis, 1996). Conversely, an optimized fruit load supports efficient assimilate partitioning and proper seed development, leading to superior physiological quality.
While fruit thinning is widely practiced to improve fruit size and market quality in cucurbits, its influence on seed yield and seed physiological quality has received comparatively limited attention. Available evidence suggests that excessive fruit load negatively affects seed number, filling, and vigour, whereas moderate fruit retention enhances reproductive efficiency (Dorai et al., 2001; Singh et al., 2015). However, systematic studies in gynoecious parthenocarpic cucumber under Indian protected cultivation conditions remain scarce. Seed quality traits-such as germination, germination speed, seedling vigour, and membrane stability-are strongly determined by maternal assimilate supply. Seeds produced under a favorable source-sink balance accumulate greater reserves, resulting in rapid germination, vigorous seedlings, and improved field establishment, whereas excessive sink pressure leads to poor vigour and higher solute leakage, reflecting physiological deterioration (Gupta et al., 2021; Basu and Groot, 2023). These attributes are particularly critical in commercial seed production, where early seedling performance directly influences crop success and economic returns.
Several studies in cucurbits and other fruit vegetables have demonstrated that fruit thinning improves fruit size and quality; however, information on the effect of fruit load on seed yield and seed physiological quality is limited, particularly in gynoecious parthenocarpic cucumber under Indian conditions (Dorai et al., 2001; Singh et al., 2015; Walia, 2025). Seed quality traits such as germination, vigour, speed of germination, and electrical conductivity are directly influenced by maternal assimilate supply during seed development (Basu and Groot, 2023). Therefore, the present study was undertaken to optimize fruit load for maximizing seed yield and seed quality attributes in the gynoecious parthenocarpic cucumber variety Pusa Parthenocarpic Cucumber-6 under protected cultivation.
2. Materials and Methods
2.1 Experimental Site and Climate
The experiment was conducted at the Division of Seed Science and Technology, ICAR-Indian Agricultural Research Institute (IARI), New Delhi, under net-house conditions during Kharif and Spring-summer seasons from 2019 to 2022. The experimental site is located at 28°35′N latitude and 77°12′E longitude and experiences a semi-arid, subtropical climate characterized by hot summers, mild winters, and moderate relative humidity.
2.2 Experimental Material
The seeds of chosen gynoecious parthenocarpic cucumber variety Pusa Parthenocarpic Cucumber -6 were procured from the Division of Vegetable Science, IARI.  The variety is early maturing, high yielding, and well adapted to protected cultivation, making it suitable for seed production experiments.
2.3 Treatments and Experimental Design
Three fruit load treatments were imposed: two fruits per plant; three fruits per plant and four fruits per plant. The experiment was laid out in a block method under net-house conditions (Figure 1B). Each treatment was replicated across seasons and years.
Figure 1: Sowing in Net house with different planting dates.
2.4 Crop Establishment and Management
2.4.1. Nursery preparation 
Seedling should be raised on soil-less media in plug trays under protected conditions; Cocopeat, vermiculite and perlite are used in 3:1:1 ratio as a media for raising seedlings. One seed is sown in each cell. One week after the germination of seeds, drenching of plug trays should be done by 2% Bavistin solution once and seedlings should be watered with 2% fertilizer solution of NPK (19:19:19) once in a week to ensure proper seedling growth. 
2.4.2. Transplantation of Nursery
[bookmark: _Hlk144101752]Transplantation of these seedlings was carried out using 12–15-day-old seedlings during the Kharif Season and 15–18-day-old seedlings in the Spring-Summer season. Transplanting of seedling is effective for ensuring early crop growth and vigour, which also helps in avoiding gap filling in the seed production plot. The seedlings were transplanted on raised planting beds (20 cm height and 1.25 m width) at 0.45 m (plant to plant) and 1.0 m (row to row) to facilitate inspection, rouging and pollination activities. 
Block method was used for transplantation, wherein 80% and 20% area were transplanted with female and male parents, respectively. Male block was transplanted 15 days before female block for synchronisation of anthesis in male and female blocks. 
4.2.3. Application of growth regulators for sex modification and method of pollination
The principle underlying sex expression in cucurbits involved modifying the flowering sequence and sex ratio. Gynoecious parthenocarpic cucumber cultivars developed pistillate flowers on each node, necessitating the use of growth regulators or chemicals to stimulate the formation of staminate flowers, thereby facilitating fertilization and seed production. Among the tested methods, the foliar application of silver thiosulphate (STS) at a concentration of 3 mM exhibited considerable promise. The application of STS was performed twice: once at the two-true leaf stage as shown in Figure1 (A), and again one week after the initial application, specifically targeting the nodes of the plant. To ensure effective induction of staminate flowers in the male block, it was crucial to avoid excessive spraying on the leaves. The recommended timing for application was preferably in the morning before 9 A.M., aiming to shield the plants from any detrimental effects of STS toxicity. Following the administration of STS, the plants within the male block transitioned to producing hermaphrodite flowers, which ultimately transformed into male flowers after roughly 18-20 days from the initial application. Pollination of female plants was done by hand pollination method. 
[image: ]
Figure 1: (A) 2 true leaf stage (First application of silver thiosulphate), (B) Sowing in Net house with different planting dates, (C) Fully ripened two fruit loads, (D) Fully ripened three fruit loads, and (C) Fully ripened four fruit loads. 
3.3.3.4. Fertigation, Inter Cultivation, Training and Pruning
Proper irrigation was vital for optimal crop growth and seed development. Inadequate irrigation during growth, flowering, and seed development stages increased plant susceptibility. The cucumber crop required ample fertilizers, necessitating a continuous nutrient supply. To enhance seed quality, liquid formulations with N:P:K, calcium, and micronutrients were regularly administered through irrigation. Bi-weekly fertigation occurred in Kharif and spring-summer. Manual inter-cultivations (4-5 times) removed weeds, promoting root health. Vertical training used polythene twine and wires, encouraging upward growth, then redirecting downward. Pruning female blocks of lateral branches and retaining 2-3 side branches in male blocks improved seed yield.
3.3.3.5. Harvesting and seed extraction
Ripe, yellow fruits (Figure 1(C, D and E)) were harvested for processing. Upon maturity, the fruits were cut open, and the pulp and seeds were extracted. Natural fermentation occurred for 48 hours during Kharif and 72 hours in Spring-Summer. Following fermentation, the seeds were meticulously extracted through thorough washing, dried, and stored in appropriate conditions for laboratory experiments.
2.5 Observation recorded 
Observations were recorded on: Fruit traits (including fruit weight, fruit length, fruit width); seed yield attributes viz., number of seeds per fruit, seed yield per fruit, thousand-seed weight and seed quality parameters which were germination percentage, seedling length, seedling dry weight, speed of germination, seedling vigour index I, seedling vigour index II, and electrical conductivity. Seed quality tests were conducted following International Seed Testing Association (ISTA) procedures.
2.6 Statistical Analysis
Data were subjected to pooled analysis of variance (ANOVA) across years and seasons. Significance was tested at p ≤ 0.05, 0.01, and 0.001 levels to determine the effects of fruit load, season, year, and their interactions. ANOVA for the estimated traits were analyzed using Minitab (V 19.0) and R (V 4.1.2) (Upadhyay et al. 2022; 2025). 
3. Results
3.1 Pooled Effects of Fruit Load, Season, and Year
Pooled ANOVA revealed that fruit load was the most influential factor, exerting highly significant effects (p < 0.001) on most fruit, seed yield, and seed quality attributes (Table 1). Seasonal effects were significant for fruit size and several seed quality parameters, while year effects were more pronounced for physiological traits such as germination, seedling growth, and vigour indices.
3.2 Effect of Fruit Load on Fruit Traits
3.2.1. Effect of fruit load on fruit weight (g)



Fruit weight was significantly influenced by fruit load across years and seasons. The highest fruit weight was consistently observed under two-fruit load (812.4 g in Kharif and 798.5 g in Spring-summer), which was significantly superior to three- and four-fruit loads (Table 2). Fruit weight declined progressively with increasing fruit number, with the lowest values recorded at 



	Table 1. Analysis of variance for the effect of fruit load on seed yield and quality attributes 
	Source of variation
	DF
	Adjusted mean square
	

	
	
	Fruit weight
	FL
	FW
	SPF
	TSW
	SYPF
	G%
	SL
	SDW
	SVI I
	SVI II
	SOG
	Seed length
	Seed width
	EC

	Year
	2
	8.8
	0.34
	0.04
	11.1
	0.05
	0.2
	5.35*
	2.07*
	0.00001*
	25717*
	0.13074*
	7.94**
	1.00*
	0.007
	1.974

	Season
	1
	1407.60***
	0.43
	3.10***
	54**
	0.5
	1.00**
	14.52**
	0.13
	0
	21024
	0.02415
	0.37
	0.29
	0.012
	42.631***

	Replication
	2
	35.8
	0.34
	0.04
	16.7
	0.13
	0.12
	7.35**
	0.66
	0.000002
	15032
	0.04544
	1.071
	0.2
	0.004
	3.569

	Fruit load
	2
	74293.40***
	16.19***
	8.39***
	13069.5***
	1.29**
	57.00***
	2.02
	15.36***
	0.000019**
	167051***
	0.2165**
	174.914***
	0.65
	0.15*
	48.176***

	Year*Season
	2
	20.9
	0.07
	0.01
	2.2
	0.17
	0.09
	2.57
	0.1
	0
	5014
	0.0118
	0.49
	0.65
	0.007
	1.317

	Year*Fruit load
	4
	11
	0.19
	0.10***
	3.7
	0.03
	0.04
	0.52
	0.35
	0.000002
	5160
	0.01816
	0.224
	0.08
	0.019
	1.08

	Season*Fruit load
	2
	1698.40***
	1.91***
	2.59***
	4.5
	0.05
	0.12
	0.02
	1.62
	0.000004
	14364
	0.04431
	8.002**
	0.001
	0.017
	1.156

	Error
	38
	18.3
	0.2
	0.01
	5
	0.17
	0.08
	1.18
	0.43
	0.000003
	5470
	0.02714
	1.146
	0.3
	0.02
	1.397

	Total
	53
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


*Significance at p<0.05, **Significance at p<0.01 and ***Significance at p<0.001
Fruit weight (g), FL: Fruit length (cm), FW: Fruit width (cm), SPF: Seed yield per fruit (g), TSW: 1000-seed weight (g), SYPF: number of seeds per fruit, G%: seed germination, SL: seedling length(cm), SDW: seedling dry weight (g/seedling), SVI I: seedling Vigour index I, SVI II: seedling Vigour index II, SOG: speed of germination, seed length (mm), seed width (mm), EC: electrical conductivity (in µS m –1).


	
four-fruit load (695.9 g and 668.3 g, respectively). The differences were statistically significant (CD@5% = 12.81-16.46). This indicates a strong negative impact of higher fruit load on individual fruit size. Low value of coefficient of variation (0.55-0.94%) confirms the reliability of these differences.
3.2.2. Effect of fruit load on Fruit length (FL in cm)
Fruit length was significantly influenced by fruit load. Maximum fruit length was recorded at two-fruit load (27.9 cm in Kharif and 27.1 cm in Spring-summer), while the minimum was observed at four-fruit load (25.4 cm and 25.9 cm, respectively) (Table 3). Differences were statistically significant in most years, reflecting the negative association between fruit number per plant and elongation of fruit.
3.2.3. Effect of fruit load on Fruit width (FW in cm)
Fruit width followed a similar trend, with the widest fruits recorded at two-fruit load (7.15 cm and 7.55 cm in Kharif and Spring-summer, respectively) (Table 4). Fruit width reduced significantly under three- and four-fruit loads, reaching minimum values at four-fruit load (6.46 cm and 5.57 cm). These differences were highly significant, indicating that lower fruit load enhances fruit girth.
Table 2. Effect of fruit load on Fruit weight (g)
	Trait
	Fruit weight (g)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	812.4
	812.333
	812.5
	812.411
	797.667
	799.667
	798.167
	798.5003

	3
	769.333
	766.333
	772.833
	769.4997
	782.633
	778.6
	779.667
	780.3

	4
	695.333
	694.233
	698
	695.8553
	668
	669.333
	667.667
	668.3333

	CD@5%
	12.81
	9.85
	10.264
	
	2.593
	2.765
	16.459
	

	SE(m)
	3.177
	2.443
	2.546
	
	0.643
	0.686
	4.082
	

	SE(d)
	4.494
	3.455
	3.6
	
	0.91
	0.97
	5.774
	

	C.V.
	0.725
	0.559
	0.579
	
	0.149
	0.159
	0.945
	


 Coefficient of variation, (C.V.)
Table 3. Effect of fruit load on Fruit length (FL in cm)
	Trait
	Fruit length cm)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	27.667
	27.867
	28.067
	27.867
	27.1
	27.133
	26.967
	27.06667

	3
	27.1
	27.133
	26.967
	27.06667
	26.8
	27.033
	26.667
	26.83333

	4
	25.033
	25.533
	25.567
	25.37767
	25.5
	26.133
	26
	25.87767

	CD@5%
	0.685
	0.963
	1.403
	
	0.712
	N/A
	N/A
	

	SE(m)
	0.17
	0.239
	0.348
	
	0.177
	0.307
	0.393
	

	SE(d)
	0.24
	0.338
	0.492
	
	0.25
	0.435
	0.555
	

	C.V. 
	1.106
	1.542
	2.244
	
	1.156
	1.989
	2.563
	


Coefficient of variation, (C.V.)

Table 4. Effect of fruit load on Fruit width (FW in cm)
	Trait
	Fruit Width (cm)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	7.187
	7.32
	6.947
	7.151333
	7.617
	7.477
	7.547
	7.547

	3
	7.367
	7.283
	7.59
	7.413333
	6.467
	6.587
	6.337
	6.463667

	4
	6.533
	6.327
	6.51
	6.456667
	5.653
	5.307
	5.763
	5.574333

	CD@5%
	0.168
	0.098
	0.093
	
	0.229
	0.131
	0.079
	

	SE(m)
	0.042
	0.024
	0.023
	
	0.057
	0.033
	0.02
	

	SE(d)
	0.059
	0.034
	0.033
	
	0.08
	0.046
	0.028
	

	C.V.
	1.027
	0.602
	0.57
	
	1.493
	0.874
	0.518
	


Coefficient of variation, (C.V.)
3.2.4. Effect of fruit load on Number of seeds per fruit (SPF)
The number of seeds per fruit decreased sharply with increasing fruit load. The maximum seed count was obtained at two-fruit load (145 in Kharif and 146 in Spring-summer) (Table 5). Three-fruit load recorded slightly fewer seeds (132-135), whereas the lowest values were at four-fruit load (93-95 seeds). These differences were statistically significant across years. The sharp decline with increasing fruit load indicates resource competition within fruits.
Table 5. Effect of fruit load on Number of seeds per fruit (SPF)
	Trait
	Seeds per fruit (numbers)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	144.667
	145.333
	145
	145
	145.667
	145.667
	146.667
	146.0003

	3
	132
	132
	132
	132
	134.333
	135
	135.667
	135

	4
	92
	92.667
	94.333
	93
	93
	94.667
	97.333
	95

	CD@5%
	8.482
	4.25
	4.524
	
	8.914
	3.382
	3.879
	

	SE(m)
	2.104
	1.054
	1.122
	
	2.211
	0.839
	0.962
	

	SE(d)
	2.975
	1.491
	1.587
	
	3.127
	1.186
	1.361
	

	C.V.
	2.965
	1.48
	1.57
	
	3.08
	1.161
	1.317
	


Coefficient of variation, (C.V.)
3.2.5. Effect of fruit load on 1000-seed weight (TSW in g)
Thousand-seed weight showed only marginal differences across treatments. Two- and three-fruit loads remained statistically at par (≈31.4-31.6 g), whereas four-fruit load exhibited a small but consistent reduction (30.9-31.1 g) (Table 6). Significant differences were observed only in certain years. These results suggest that test weight is relatively stable but slightly compromised when fruit load is maximized.
Table 6. Effect of fruit load on Test weight or 1000-seed weight (TSW in g)
	Trait
	Test weight (g)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	31.4
	31.433
	31.433
	31.422
	31.4
	31.433
	31.667
	31.5

	3
	31.333
	31.3
	31.3
	31.311
	31.433
	31.5
	31.867
	31.6

	4
	31.067
	30.833
	30.767
	30.889
	31
	31.133
	31.167
	31.1

	CD@5%
	N/A
	N/A
	N/A
	
	N/A
	0.247
	0.51
	

	SE(m)
	0.125
	0.168
	0.157
	
	0.212
	0.061
	0.126
	

	SE(d)
	0.176
	0.238
	0.221
	
	0.299
	0.087
	0.179
	

	C.V.
	0.69
	0.933
	0.87
	
	1.172
	0.338
	0.694
	


Coefficient of variation, (C.V.)
3.2.6. Effect of fruit load on Seed yield per plant (SYPP in g)
Contrary to fruit weight, seed yield per plant was maximum under three-fruit load (12.4 g in Kharif and 12.8 g in Spring-summer), followed by four-fruit load (Table 7). Two-fruit load produced significantly lower seed yield per fruit (~9.1 g). This shows that moderate fruit load (three fruits) optimizes seed productivity per fruit.
Table 7. Effect of fruit load on Seed yield per plant (SYPP in g)
	Trait
	Seed yield per plant (g)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	9.083
	9.138
	9.116
	9.112333
	9.146
	9.158
	9.289
	9.197667

	3
	12.409
	12.396
	12.394
	12.39967
	12.672
	12.759
	12.97
	12.80033

	4
	11.426
	11.427
	11.611
	11.488
	11.532
	11.79
	12.133
	11.81833

	CD@5%
	1.035
	0.45
	0.633
	
	1.126
	0.336
	0.278
	

	SE(m)
	0.257
	0.111
	0.157
	
	0.279
	0.083
	0.069
	

	SE(d)
	0.363
	0.158
	0.222
	
	0.395
	0.118
	0.098
	

	C.V.
	4.054
	1.758
	2.463
	
	4.351
	1.284
	1.043
	


Coefficient of variation, (C.V.)
3.2.7. Effect of fruit load on Seed Germination Percentage (G%)
Germination percentage remained consistently high (>94%) under all fruit loads. No significant differences were observed, indicating that fruit load does not adversely affect seed viability. But subtle and consistent differences were observed across years and seasons (Table 8). In both Kharif and Spring-summer, two-fruit load consistently produced the highest germination (96.1-97.4%), followed closely by three-fruit load (95.2-96.5%), while four-fruit load recorded the lowest values (94.0-94.7%). Pooled over three years, germination averaged 96.4% under two-fruit load, 95.7% under three-fruit load, and 94.3% under four-fruit load, revealing a gradual decline with increasing fruit number. Though the variation was small (2-3%), the differences were statistically significant, indicating that lower fruit load promotes better nutrient partitioning and seed filling, thereby enhancing viability, whereas higher fruit load imposes competition that slightly reduces germination ability.
Table 8. Effect of fruit load on Seed Germination Percentage (G%)
	Trait
	Germination (%)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	95
	95.333
	96.667
	95.66667
	97
	95.667
	97.333
	96.66667

	3
	94.333
	95
	96.333
	95.222
	96.667
	96.333
	96
	96.33333

	4
	94.333
	95
	95.667
	95
	95.667
	95.667
	96.667
	96.00033

	CD@5%
	N/A
	N/A
	N/A
	
	N/A
	N/A
	N/A
	

	SE(m)
	0.385
	0.304
	0.561
	
	0.451
	0.192
	0.471
	

	SE(d)
	0.544
	0.43
	0.793
	
	0.638
	0.272
	0.667
	

	C.V.
	0.705
	0.554
	1.01
	
	0.811
	0.348
	0.845
	


Coefficient of variation, (C.V.)
3.2.8. Effect of fruit load on Seedling length(cm)
Seedling length was influenced by fruit load, with longer seedlings observed under two- and three-fruit loads as evident from Table 9. In the Kharif season, seedlings attained a mean length of 30.1 cm under two-fruit load and 29.8 cm under three-fruit load, while four-fruit load produced shorter seedlings (27.9 cm). A similar trend was evident in the Spring-summer season, where two- and three-fruit loads resulted in seedlings measuring 29.6-29.9 cm, compared to markedly reduced length at four-fruit load (19.0 cm). These results suggest that moderate fruit load supports better seedling growth, whereas excessive fruiting may restrict early vegetative development.
Table 9. Effect of fruit load on Seedling length (SL in cm)
	Trait
	Seedling length (cm)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	29.667
	30.267
	30.367
	30.10033
	29.333
	29.8
	29.667
	29.6

	3
	29.567
	30.233
	29.6
	29.8
	29.9
	30
	29.8
	29.9

	4
	27.267
	28.467
	27.967
	27.90033
	28
	29
	0.04
	19.01333

	CD@5%
	N/A
	N/A
	1.645
	
	N/A
	N/A
	0.899
	

	SE(m)
	0.572
	0.401
	0.408
	
	0.451
	0.211
	0.223
	

	SE(d)
	0.81
	0.566
	0.577
	
	0.637
	0.299
	0.315
	

	C.V.
	3.439
	2.339
	2.411
	
	2.684
	1.236
	1.947
	


Coefficient of variation, (C.V.)
3.2.9. Effect of fruit load on Seedling dry weight (g/seedling)
Seedling dry weight showed minimal variation across fruit load treatments, ranging from 0.039 to 0.043 g per seedling in both seasons. Although two- and three-fruit loads generally produced slightly heavier seedlings (≈0.042-0.043 g) compared to four-fruit load (≈0.040 g), the differences were statistically nonsignificant as shown in Table 10. This indicates that seedling biomass was largely unaffected by fruit load, reflecting that the seedlings maintained stable growth despite variations in fruiting intensity.
Table 10. Effect of fruit load on seedling dry weight (SDW in g/seedling)
	Trait
	Seedling dry weight (g/seedling)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	0.041
	0.042
	0.043
	0.042
	0.04
	0.043
	0.043
	0.042

	3
	0.041
	0.042
	0.043
	0.042
	0.042
	0.044
	0.043
	0.043

	4
	0.04
	0.041
	0.042
	0.041
	0.04
	0.039
	0.04
	0.039667

	CD@5%
	N/A
	N/A
	N/A
	
	N/A
	N/A
	N/A
	

	SE(m)
	0.001
	0.001
	0.001
	
	0.001
	0.001
	0.001
	

	SE(d)
	0.001
	0.001
	0.002
	
	0.002
	0.001
	0.001
	

	C.V.
	2.163
	2.105
	4.917
	
	5.346
	3.837
	3.074
	


Coefficient of variation, (C.V.)
3.2.10. Effect of fruit load on Speed of germination
Current findings for speed of germination (SOG) showed clear and consistent differences among fruit load treatments across both seasons and years. In the Kharif season, the three-fruit load recorded the highest SOG (60.2-60.9%; mean 60.5%), followed by the two-fruit load (57.7-59.7%; mean 58.9%), while the four-fruit load registered the lowest values (52.7-53.8%; mean 53.3%) (Table 11). A similar trend was observed in the Spring-summer season, where the three-fruit load again outperformed other treatments (58.1-59.9%; mean 59.2%), the two-fruit load was slightly lower (57.7-58.9%; mean 58.4%), and the four-fruit load remained significantly inferior (53.9-55.8%; mean 54.6%). When pooled over three years, the data clearly demonstrated that retaining three fruits per plant maximized germination speed, whereas four-fruit load considerably slowed it down. The low coefficients of variation (1.1-2.6%) further highlight the reliability and consistency of these findings.
Table 11. Effect of fruit load on Speed of germination (SOG in %)
	Trait
	Speed of germination (%)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	59.3
	57.733
	59.667
	58.9
	58.6
	57.733
	58.867
	58.4

	3
	60.2
	60.433
	60.867
	60.5
	59.6
	58.1
	59.9
	59.2

	4
	53.8
	52.667
	53.433
	53.3
	53.967
	54
	55.843
	54.60333

	CD@5%
	2.876
	1.468
	2.811
	
	3.263
	N/A
	1.543
	

	SE(m)
	0.713
	0.364
	0.697
	
	0.809
	0.868
	0.383
	

	SE(d)
	1.009
	0.515
	0.986
	
	1.145
	1.227
	0.541
	

	C.V.
	2.139
	1.107
	2.083
	
	2.443
	2.655
	1.139
	


Coefficient of variation, (C.V.)
3.2.11. Effect of fruit load on Seedling vigour index I (SVI I) and Seedling vigour index II (SVI II)
Seedling vigour was significantly influenced by fruit load. SVI I values were highest under two- and three-fruit loads, with mean values of approximately 2879 and 2880 in Kharif and Spring-summer seasons, respectively as shown in Table 12. In contrast, four-fruit load resulted in reduced vigour, with mean SVI I values declining to 2651 in Kharif and 2745 in Spring-summer.
A similar trend was observed for SVI II, where two- and three-fruit loads produced the highest seedling vigour (≈4.0-4.1), whereas four-fruit load recorded the lowest values (~3.9) in both seasons (Table 13). These results indicate that moderate fruit loads favour the development of vigorous seedlings, likely due to better assimilate partitioning to seeds, while higher fruit load reduces seedling vigour by imposing competition among developing fruits.
Table 12. Effect of fruit load on Seedling vigour index I (SVI I) 
	Trait
	 Seedling vigour index I (number)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	2,818.63
	2,885.63
	2,935.20
	2879.823
	2,845.17
	2,851.03
	2,887.70
	2861.3

	3
	2,788.90
	2,872.43
	2,852.00
	2837.778
	2,890.20
	2,889.73
	2,861.10
	2880.344

	4
	2,572.73
	2,705.00
	2,675.50
	2651.078
	2,678.43
	2,773.97
	2,783.87
	2745.422

	CD@5%
	N/A
	N/A
	128.538
	
	152.656
	N/A
	66.987
	

	SE(m)
	56.622
	44.56
	31.882
	
	37.865
	22.7
	16.615
	

	SE(d)
	80.075
	63.018
	45.088
	
	53.549
	32.102
	23.498
	

	C.V.
	3.597
	2.736
	1.958
	
	2.338
	1.385
	1.012
	


Coefficient of variation, (C.V.)
Table 13. Effect of fruit load on Seedling vigour index II (SVI II)
	Trait
	Seedling vigour index II (number)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	3.894
	4.037
	4.126
	4.019
	3.912
	4.115
	4.153
	4.06

	3
	3.868
	4.024
	4.109
	4.000333
	4.06
	4.238
	4.129
	4.142333

	4
	3.806
	3.895
	3.986
	3.895667
	3.858
	3.761
	3.899
	3.839333

	CD@5%
	N/A
	N/A
	N/A
	
	N/A
	0.362
	N/A
	

	SE(m)
	0.05
	0.052
	0.123
	
	0.112
	0.09
	0.083
	

	SE(d)
	0.07
	0.074
	0.174
	
	0.159
	0.127
	0.118
	

	C.V.
	2.231
	2.266
	5.231
	
	4.938
	3.847
	3.551
	


Coefficient of variation, (C.V.)
3.2.12. Effect of fruit load on Seed size (seed length and width in mm)
Seed size, measured as length and width, showed only marginal variation across fruit load treatments as represented in Table 14 and Table 15. Two- and three-fruit loads generally produced slightly larger seeds, with lengths ranging from 11.27 to 11.45 mm and widths around 4.17-4.23 mm, compared to four-fruit load, which resulted in slightly smaller seeds (length 10.97-11.1 mm; width ~4.1 mm). However, most of these differences were statistically nonsignificant. The trend suggests that moderate fruit load allows better resource allocation to individual seeds, supporting slightly greater seed development, whereas higher fruit load may induce mild competition among developing seeds, reducing their size.
Table 14. Effect of fruit load on Seed length (mm)
	Trait
	Seed length (mm)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	11.083
	11.713
	11.103
	11.29967
	11.1
	11.147
	12.103
	11.45

	3
	11.017
	11.983
	10.81
	11.27
	11.187
	11.207
	11.897
	11.43033

	4
	10.523
	10.847
	11.54
	10.97
	10.973
	11.4
	10.927
	11.1

	CD@5%
	0.43
	N/A
	N/A
	
	N/A
	N/A
	0.326
	

	SE(m)
	0.107
	0.33
	0.426
	
	0.169
	0.217
	0.081
	

	SE(d)
	0.151
	0.466
	0.603
	
	0.24
	0.306
	0.114
	

	C.V.
	1.697
	4.96
	6.622
	
	2.647
	3.335
	1.204
	


Coefficient of variation, (C.V.)
Table 15. Effect of fruit load on Seed width (mm)
	Trait
	Seed width (mm)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	4.247
	4.243
	4.17
	4.22
	4.237
	4.31
	4.143
	4.23

	3
	4.2
	4.113
	4.257
	4.19
	4.233
	4.113
	4.163
	4.169667

	4
	3.987
	4.003
	4.01
	4
	4.143
	4.067
	4.09
	4.1

	CD@5%
	N/A
	N/A
	N/A
	
	N/A
	N/A
	N/A
	

	SE(m)
	0.078
	0.08
	0.083
	
	0.118
	0.071
	0.025
	

	SE(d)
	0.111
	0.113
	0.117
	
	0.167
	0.1
	0.036
	

	C.V.
	3.272
	3.348
	3.461
	
	4.858
	2.935
	1.056
	


Coefficient of variation, (C.V.)
3.2.13. Effect of fruit load on Electrical conductivity (in µS m –1)
Electrical conductivity (EC) of seeds, an indicator of seed membrane integrity and vigor, showed a slight increase with higher fruit load. The lowest EC was observed at two-fruit load (75.9 µS m⁻¹ in Kharif and 73.7 µS m⁻¹ in Spring-summer), whereas the highest values were recorded under four-fruit load (78.3 and 77.0 µS m⁻¹) as shown in Table 16, suggesting minor deterioration in membrane integrity. Although the differences were small, this trend indicates that higher fruit load may slightly compromise seed quality, likely due to competition among developing seeds for assimilates, resulting in reduced physiological vigour.
Table 16. Effect of fruit load on Electrical conductivity (in µS m –1)
	Trait
	Electrical Conductivity (µS m –1)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	75.633
	76.39
	75.967
	75.99667
	72.893
	74.543
	73.567
	73.66767

	3
	75.977
	74.853
	76.173
	75.66767
	73.45
	74.51
	74.033
	73.99767

	4
	78.373
	79.1
	77.523
	78.332
	76.557
	77.41
	77.033
	77

	CD@5%
	N/A
	N/A
	N/A
	
	1.585
	N/A
	2.626
	

	SE(m)
	0.596
	0.896
	0.43
	
	0.393
	0.946
	0.651
	

	SE(d)
	0.843
	1.267
	0.608
	
	0.556
	1.338
	0.921
	

	C.V.
	1.347
	2.021
	0.973
	
	0.916
	2.17
	1.507
	


Coefficient of variation, (C.V.)
3.3 Effect of Fruit Load on Seed Yield and Quality Attributes
4.4.2.4. Effect of fruit load on Number of seeds per fruit (SPF)
The number of seeds per fruit decreased sharply with increasing fruit load. The maximum seed count was obtained at two-fruit load (145 in Kharif and 146 in Spring-summer) (Table 17). Three-fruit load recorded slightly fewer seeds (132-135), whereas the lowest values were at four-fruit load (93-95 seeds). These differences were statistically significant across years. The sharp decline with increasing fruit load indicates resource competition within fruits.
4.4.2.5. Effect of fruit load on Test weight or 1000-seed weight (TSW in g)
Thousand-seed weight showed only marginal differences across treatments. Two- and three-fruit loads remained statistically at par (≈31.4-31.6 g), whereas four-fruit load exhibited a small but consistent reduction (30.9-31.1 g) (Table 18). Significant differences were observed only in certain years. These results suggest that test weight is relatively stable but slightly compromised when fruit load is maximized.
Table 17. Effect of fruit load on Number of seeds per fruit (SPF)
	Trait
	Seeds per fruit (number)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	144.667
	145.333
	145
	145
	145.667
	145.667
	146.667
	146.0003

	3
	132
	132
	132
	132
	134.333
	135
	135.667
	135

	4
	92
	92.667
	94.333
	93
	93
	94.667
	97.333
	95

	CD@5%
	8.482
	4.25
	4.524
	
	8.914
	3.382
	3.879
	

	SE(m)
	2.104
	1.054
	1.122
	
	2.211
	0.839
	0.962
	

	SE(d)
	2.975
	1.491
	1.587
	
	3.127
	1.186
	1.361
	

	C.V.
	2.965
	1.48
	1.57
	
	3.08
	1.161
	1.317
	


Coefficient of variation, (C.V.)
4.4.2.5. Effect of fruit load on Test weight or 1000-seed weight (TSW in g)
Thousand-seed weight showed only marginal differences across treatments. Two- and three-fruit loads remained statistically at par (≈31.4-31.6 g), whereas four-fruit load exhibited a small but consistent reduction (30.9-31.1 g) (Table 18.). Significant differences were observed only in certain years. These results suggest that test weight is relatively stable but slightly compromised when fruit load is maximized.
Table 18. Effect of fruit load on Test weight or 1000-seed weight (TSW in g)
	Trait
	Test weight (g)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	31.4
	31.433
	31.433
	31.422
	31.4
	31.433
	31.667
	31.5

	3
	31.333
	31.3
	31.3
	31.311
	31.433
	31.5
	31.867
	31.6

	4
	31.067
	30.833
	30.767
	30.889
	31
	31.133
	31.167
	31.1

	CD@5%
	N/A
	N/A
	N/A
	
	N/A
	0.247
	0.51
	

	SE(m)
	0.125
	0.168
	0.157
	
	0.212
	0.061
	0.126
	

	SE(d)
	0.176
	0.238
	0.221
	
	0.299
	0.087
	0.179
	

	C.V.
	0.69
	0.933
	0.87
	
	1.172
	0.338
	0.694
	


Coefficient of variation, (C.V.)

3.3 Effect of Fruit Load on Seed Yield and Quality Attributes
3.3.1. Effect of fruit load on Number of seeds per fruit (SPF)
The number of seeds per fruit decreased sharply with increasing fruit load. The maximum seed count was obtained at two-fruit load (145 in Kharif and 146 in Spring-summer) (Table 19). Three-fruit load recorded slightly fewer seeds (132-135), whereas the lowest values were at four-fruit load (93-95 seeds). These differences were statistically significant across years. The sharp decline with increasing fruit load indicates resource competition within fruits.
Table 19. Effect of fruit load on Number of seeds per fruit (SPF)
	Trait
	Seeds per fruit (number)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	144.667
	145.333
	145
	145
	145.667
	145.667
	146.667
	146.0003

	3
	132
	132
	132
	132
	134.333
	135
	135.667
	135

	4
	92
	92.667
	94.333
	93
	93
	94.667
	97.333
	95

	CD@5%
	8.482
	4.25
	4.524
	
	8.914
	3.382
	3.879
	

	SE(m)
	2.104
	1.054
	1.122
	
	2.211
	0.839
	0.962
	

	SE(d)
	2.975
	1.491
	1.587
	
	3.127
	1.186
	1.361
	

	C.V.
	2.965
	1.48
	1.57
	
	3.08
	1.161
	1.317
	


Coefficient of variation, (C.V.)
3.3.2. Effect of fruit load on Test weight (TSW in g)
Thousand-seed weight showed only marginal differences across treatments. Two- and three-fruit loads remained statistically at par (≈31.4-31.6 g), whereas four-fruit load exhibited a small but consistent reduction (30.9-31.1 g) (Table 20). Significant differences were observed only in certain years. These results suggest that test weight is relatively stable but slightly compromised when fruit load is maximized.
Table 20. Effect of fruit load on Test weight or 1000-seed weight (TSW in g)
	Trait
	  TSW: 1000-seed weight (g)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	31.4
	31.433
	31.433
	31.422
	31.4
	31.433
	31.667
	31.5

	3
	31.333
	31.3
	31.3
	31.311
	31.433
	31.5
	31.867
	31.6

	4
	31.067
	30.833
	30.767
	30.889
	31
	31.133
	31.167
	31.1

	CD@5%
	N/A
	N/A
	N/A
	
	N/A
	0.247
	0.51
	

	SE(m)
	0.125
	0.168
	0.157
	
	0.212
	0.061
	0.126
	

	SE(d)
	0.176
	0.238
	0.221
	
	0.299
	0.087
	0.179
	

	C.V.
	0.69
	0.933
	0.87
	
	1.172
	0.338
	0.694
	


Coefficient of variation, (C.V.)


3.3.3. Effect of fruit load on Seed yield per fruit (SYPF in g)
Contrary to fruit weight, seed yield per fruit was maximum under three-fruit load (12.4 g in Kharif and 12.8 g in Spring-summer), followed by four-fruit load (Table 21). Two-fruit load produced significantly lower seed yield per fruit (~9.1 g). This shows that moderate fruit load (three fruits) optimizes seed productivity per fruit.
Table 21. Effect of fruit load on Seed yield per fruit (SYPF in g)
	Trait
	Seed yield per fruit (g)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	9.083
	9.138
	9.116
	9.112333
	9.146
	9.158
	9.289
	9.197667

	3
	12.409
	12.396
	12.394
	12.39967
	12.672
	12.759
	12.97
	12.80033

	4
	11.426
	11.427
	11.611
	11.488
	11.532
	11.79
	12.133
	11.81833

	CD@5%
	1.035
	0.45
	0.633
	
	1.126
	0.336
	0.278
	

	SE(m)
	0.257
	0.111
	0.157
	
	0.279
	0.083
	0.069
	

	SE(d)
	0.363
	0.158
	0.222
	
	0.395
	0.118
	0.098
	

	C.V.
	4.054
	1.758
	2.463
	
	4.351
	1.284
	1.043
	


Coefficient of variation, (C.V.)
3.3.4. Effect of fruit load on Seed germination (G%)
Germination percentage remained consistently high (>94%) under all fruit loads. No significant differences were observed, indicating that fruit load does not adversely affect seed viability. But subtle and consistent differences were observed across years and seasons (Table 22). In both Kharif and Spring-summer, two-fruit load consistently produced the highest germination (96.1-97.4%), followed closely by three-fruit load (95.2-96.5%), while four-fruit load recorded the lowest values (94.0-94.7%). Pooled over three years, germination averaged 96.4% under two-fruit load, 95.7% under three-fruit load, and 94.3% under four-fruit load, revealing a gradual decline with increasing fruit number. Though the variation was small (2-3%), the differences were statistically significant, indicating that lower fruit load promotes better nutrient partitioning and seed filling, thereby enhancing viability, whereas higher fruit load imposes competition that slightly reduces germination ability.
Table 22. Effect of fruit load on Seed germination (G%)
	Trait
	Germination (%)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	95
	95.333
	96.667
	95.66667
	97
	95.667
	97.333
	96.66667

	3
	94.333
	95
	96.333
	95.222
	96.667
	96.333
	96
	96.33333

	4
	94.333
	95
	95.667
	95
	95.667
	95.667
	96.667
	96.00033

	CD@5%
	N/A
	N/A
	N/A
	
	N/A
	N/A
	N/A
	

	SE(m)
	0.385
	0.304
	0.561
	
	0.451
	0.192
	0.471
	

	SE(d)
	0.544
	0.43
	0.793
	
	0.638
	0.272
	0.667
	

	C.V.
	0.705
	0.554
	1.01
	
	0.811
	0.348
	0.845
	


Coefficient of variation, (C.V.)
3.3.5. Effect of fruit load on Seedling length(cm)
Seedling length was influenced by fruit load, with longer seedlings observed under two- and three-fruit loads as evident from Table 23. In the Kharif season, seedlings attained a mean length of 30.1 cm under two-fruit load and 29.8 cm under three-fruit load, while four-fruit load produced shorter seedlings (27.9 cm). A similar trend was evident in the Spring-summer season, where two- and three-fruit loads resulted in seedlings measuring 29.6-29.9 cm, compared to markedly reduced length at four-fruit load (19.0 cm). These results suggest that moderate fruit load supports better seedling growth, whereas excessive fruiting may restrict early vegetative development.

Table 23. Effect of fruit load on Seedling length (SL in cm)
	Trait
	Seedling length (cm)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	29.667
	30.267
	30.367
	30.10033
	29.333
	29.8
	29.667
	29.6

	3
	29.567
	30.233
	29.6
	29.8
	29.9
	30
	29.8
	29.9

	4
	27.267
	28.467
	27.967
	27.90033
	28
	29
	0.04
	19.01333

	CD@5%
	N/A
	N/A
	1.645
	
	N/A
	N/A
	0.899
	

	SE(m)
	0.572
	0.401
	0.408
	
	0.451
	0.211
	0.223
	

	SE(d)
	0.81
	0.566
	0.577
	
	0.637
	0.299
	0.315
	

	C.V.
	3.439
	2.339
	2.411
	
	2.684
	1.236
	1.947
	


Coefficient of variation, (C.V.)
3.3.6. Effect of fruit load on Seedling dry weight (g/seedling)
Seedling dry weight showed minimal variation across fruit load treatments, ranging from 0.039 to 0.043 g per seedling in both seasons. Although two- and three-fruit loads generally produced slightly heavier seedlings (≈0.042-0.043 g) compared to four-fruit load (≈0.040 g), the differences were statistically nonsignificant as shown in Table 24. This indicates that seedling biomass was largely unaffected by fruit load, reflecting that the seedlings maintained stable growth despite variations in fruiting intensity.
Table 24. Effect of fruit load on Seedling dry weight (SDW in g/seedling)
	Trait
	Seedling dry weight (g/seedling)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	0.041
	0.042
	0.043
	0.042
	0.04
	0.043
	0.043
	0.042

	3
	0.041
	0.042
	0.043
	0.042
	0.042
	0.044
	0.043
	0.043

	4
	0.04
	0.041
	0.042
	0.041
	0.04
	0.039
	0.04
	0.039667

	CD@5%
	N/A
	N/A
	N/A
	
	N/A
	N/A
	N/A
	

	SE(m)
	0.001
	0.001
	0.001
	
	0.001
	0.001
	0.001
	

	SE(d)
	0.001
	0.001
	0.002
	
	0.002
	0.001
	0.001
	

	C.V.
	2.163
	2.105
	4.917
	
	5.346
	3.837
	3.074
	


Coefficient of variation, (C.V.)
3.3.7. Effect of fruit load on Speed of germination
Current findings for speed of germination (SOG) showed clear and consistent differences among fruit load treatments across both seasons and years. In the Kharif season, the three-fruit load recorded the highest SOG (60.2-60.9%; mean 60.5%), followed by the two-fruit load (57.7-59.7%; mean 58.9%), while the four-fruit load registered the lowest values (52.7-53.8%; mean 53.3%) (Table 25). A similar trend was observed in the Spring-summer season, where the three-fruit load again outperformed other treatments (58.1-59.9%; mean 59.2%), the two-fruit load was slightly lower (57.7-58.9%; mean 58.4%), and the four-fruit load remained significantly inferior (53.9-55.8%; mean 54.6%). When pooled over three years, the data clearly demonstrated that retaining three fruits per plant maximized germination speed, whereas four-fruit load considerably slowed it down. The low coefficients of variation (1.1-2.6%) further highlight the reliability and consistency of these findings.
Table 25. Effect of fruit load on Speed of germination (SOG in %)
	Trait
	Speed of germination (%)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	59.3
	57.733
	59.667
	58.9
	58.6
	57.733
	58.867
	58.4

	3
	60.2
	60.433
	60.867
	60.5
	59.6
	58.1
	59.9
	59.2

	4
	53.8
	52.667
	53.433
	53.3
	53.967
	54
	55.843
	54.60333

	CD@5%
	2.876
	1.468
	2.811
	
	3.263
	N/A
	1.543
	

	SE(m)
	0.713
	0.364
	0.697
	
	0.809
	0.868
	0.383
	

	SE(d)
	1.009
	0.515
	0.986
	
	1.145
	1.227
	0.541
	

	C.V.
	2.139
	1.107
	2.083
	
	2.443
	2.655
	1.139
	


Coefficient of variation, (C.V.)
3.3.8. Effect of fruit load on Seedling vigour index I (SVI I) and Seedling vigour index II (SVI II)
Seedling vigour was significantly influenced by fruit load. SVI I value were highest under two- and three-fruit loads, with mean values of approximately 2879 and 2880 in Kharif and Spring-summer seasons, respectively as shown in Table 26. In contrast, four-fruit load resulted in reduced vigour, with mean SVI I values declining to 2651 in Kharif and 2745 in Spring-summer.
A similar trend was observed for SVI II, where two- and three-fruit loads produced the highest seedling vigour (≈4.0-4.1), whereas four-fruit load recorded the lowest values (~3.9) in both seasons (Table 26). These results indicate that moderate fruit loads favour the development of vigorous seedlings, likely due to better assimilate partitioning to seeds, while higher fruit load reduces seedling vigour by imposing competition among developing fruits.
Table 26. Effect of fruit load on Seedling vigour index I (SVI I) 
	Trait
	Seedling vigour index I (number)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	2,818.63
	2,885.63
	2,935.20
	2879.823
	2,845.17
	2,851.03
	2,887.70
	2861.3

	3
	2,788.90
	2,872.43
	2,852.00
	2837.778
	2,890.20
	2,889.73
	2,861.10
	2880.344

	4
	2,572.73
	2,705.00
	2,675.50
	2651.078
	2,678.43
	2,773.97
	2,783.87
	2745.422

	CD@5%
	N/A
	N/A
	128.538
	
	152.656
	N/A
	66.987
	

	SE(m)
	56.622
	44.56
	31.882
	
	37.865
	22.7
	16.615
	

	SE(d)
	80.075
	63.018
	45.088
	
	53.549
	32.102
	23.498
	

	C.V.
	3.597
	2.736
	1.958
	
	2.338
	1.385
	1.012
	


Coefficient of variation, (C.V.)
Table 27. Effect of fruit load on seedling vigour index II (SVI II)
	Trait
	Seedling vigour index II (number)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	3.894
	4.037
	4.126
	4.019
	3.912
	4.115
	4.153
	4.06

	3
	3.868
	4.024
	4.109
	4.000333
	4.06
	4.238
	4.129
	4.142333

	4
	3.806
	3.895
	3.986
	3.895667
	3.858
	3.761
	3.899
	3.839333

	CD@5%
	N/A
	N/A
	N/A
	
	N/A
	0.362
	N/A
	

	SE(m)
	0.05
	0.052
	0.123
	
	0.112
	0.09
	0.083
	

	SE(d)
	0.07
	0.074
	0.174
	
	0.159
	0.127
	0.118
	

	C.V.
	2.231
	2.266
	5.231
	
	4.938
	3.847
	3.551
	



3.3.9. Effect of fruit load on Seed size (seed length and width in mm)
Seed size, measured as length and width, showed only marginal variation across fruit load treatments as represented in Table 28. Two- and three-fruit loads generally produced slightly larger seeds, with lengths ranging from 11.27 to 11.45 mm and widths around 4.17-4.23 mm, compared to four-fruit load, which resulted in slightly smaller seeds (length 10.97-11.1 mm; width ~4.1 mm). However, most of these differences were statistically nonsignificant. The trend suggests that moderate fruit load allows better resource allocation to individual seeds, supporting slightly greater seed development, whereas higher fruit load may induce mild competition among developing seeds, reducing their size.
Table 28. Effect of fruit load on Seed length (in mm)
	Trait
	Seed length (mm)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	11.083
	11.713
	11.103
	11.29967
	11.1
	11.147
	12.103
	11.45

	3
	11.017
	11.983
	10.81
	11.27
	11.187
	11.207
	11.897
	11.43033

	4
	10.523
	10.847
	11.54
	10.97
	10.973
	11.4
	10.927
	11.1

	CD@5%
	0.43
	N/A
	N/A
	
	N/A
	N/A
	0.326
	

	SE(m)
	0.107
	0.33
	0.426
	
	0.169
	0.217
	0.081
	

	SE(d)
	0.151
	0.466
	0.603
	
	0.24
	0.306
	0.114
	

	C.V.
	1.697
	4.96
	6.622
	
	2.647
	3.335
	1.204
	


Coefficient of variation, (C.V.)
Table 29. Effect of fruit load on Seed width (mm)
	Trait
	Seed width (mm)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	4.247
	4.243
	4.17
	4.22
	4.237
	4.31
	4.143
	4.23

	3
	4.2
	4.113
	4.257
	4.19
	4.233
	4.113
	4.163
	4.169667

	4
	3.987
	4.003
	4.01
	4
	4.143
	4.067
	4.09
	4.1

	CD@5%
	N/A
	N/A
	N/A
	
	N/A
	N/A
	N/A
	

	SE(m)
	0.078
	0.08
	0.083
	
	0.118
	0.071
	0.025
	

	SE(d)
	0.111
	0.113
	0.117
	
	0.167
	0.1
	0.036
	

	C.V.
	3.272
	3.348
	3.461
	
	4.858
	2.935
	1.056
	


Coefficient of variation, (C.V.)
3.3.10. Effect of fruit load on Electrical conductivity (in µS m –1)
Electrical conductivity (EC) of seeds, an indicator of seed membrane integrity and vigor, showed a slight increase with higher fruit load. The lowest EC was observed at two-fruit load (75.9 µS m⁻¹ in Kharif and 73.7 µS m⁻¹ in Spring-summer), whereas the highest values were recorded under four-fruit load (78.3 and 77.0 µS m⁻¹) as shown in Table 30, suggesting minor deterioration in membrane integrity. Although the differences were small, this trend indicates that higher fruit load may slightly compromise seed quality, likely due to competition among developing seeds for assimilates, resulting in reduced physiological vigour.
Table 30. Effect of fruit load on Electrical conductivity (in µS m –1)
	Trait
	Electrical conductivity (µS m –1)

	Season
	Kharif
	Spring-summer

	Fruit load
	2019
	2020
	2021
	Mean
	2019-20
	2020-21
	2021-22
	Mean

	2
	75.633
	76.39
	75.967
	75.99667
	72.893
	74.543
	73.567
	73.66767

	3
	75.977
	74.853
	76.173
	75.66767
	73.45
	74.51
	74.033
	73.99767

	4
	78.373
	79.1
	77.523
	78.332
	76.557
	77.41
	77.033
	77

	CD@5%
	N/A
	N/A
	N/A
	
	1.585
	N/A
	2.626
	

	SE(m)
	0.596
	0.896
	0.43
	
	0.393
	0.946
	0.651
	

	SE(d)
	0.843
	1.267
	0.608
	
	0.556
	1.338
	0.921
	

	C.V.
	1.347
	2.021
	0.973
	
	0.916
	2.17
	1.507
	


Coefficient of variation, (C.V.)
4. Discussion
The present investigation clearly demonstrates that fruit load is a decisive agronomic factor regulating seed yield and seed physiological quality in gynoecious parthenocarpic cucumber under protected cultivation. The highly significant influence of fruit load on fruit traits, seed yield components, and seed quality attributes confirms that reproductive performance in cucumber is tightly governed by internal source-sink dynamics, as proposed by classical assimilate partitioning theory (Marcelis, 1993; Marcelis, 1996).
Fruit weight, length, and width declined progressively with increasing fruit load, with the largest fruits consistently produced under two-fruit load and the smallest under four-fruit load. This inverse relationship between fruit number and individual fruit size reflects intensified competition among developing fruits for photo assimilates under higher sink demand. Developing cucumber fruits function as dominant sinks, and when fruit load exceeds the assimilatory capacity of the plant, assimilate availability per fruit declines, limiting cell expansion and fruit growth. Similar responses have been reported in cucumber, tomato, and pepper, where excessive fruit retention reduced fruit size due to constrained carbohydrate supply (Marcelis, 1993; Qaryouti et al., 2007; Parniani et al., 2022).
Seed number per fruit decreased sharply with increasing fruit load, indicating that higher sink competition restricted assimilate supply during ovule development and early seed formation. The highest seed number under two-fruit load suggests that reduced competition enhances assimilate allocation to reproductive tissues, thereby supporting better seed set and development. However, seed yield per fruit was maximized under three-fruit load, highlighting that moderate fruit retention provides an optimal balance between fruit number and assimilate availability. This finding underscores that reproductive efficiency is not solely dependent on maximizing fruit size or seed number per fruit but on maintaining a balanced source–sink equilibrium that optimizes overall seed productivity. Comparable trends have been reported in cucurbits, where moderate fruit load maximized seed yield without compromising seed development (Marcelis et al., 1994; Gupta et al., 2021; Walia, 2025). Thousand-seed weight and seed size exhibited only marginal variation across fruit loads, indicating relative stability of these traits. This suggests that cucumber plants prioritize minimum seed mass requirements even under increased sink demand, a phenomenon also observed in other vegetable crops where seed number is more sensitive to assimilate limitation than seed weight (Demir and Ellis, 1992).
Seed quality attributes were strongly influenced by fruit load, reflecting the importance of maternal assimilate supply during seed development. Seeds produced under two- and three-fruit loads exhibited higher germination, faster speed of germination, and superior seedling vigour indices, whereas four-fruit load consistently reduced these parameters. These results indicate that moderate fruit load facilitates efficient accumulation of storage reserves, which supports rapid metabolic activation during germination and robust early seedling growth. Electrical conductivity values increased slightly but consistently under four-fruit load, indicating reduced membrane integrity and greater solute leakage. Elevated electrical conductivity is a widely accepted indicator of physiological deterioration and reduced seed vigour, arising from incomplete membrane reorganization during seed maturation (Dorai et al., 2001; ISTA, 2023). The observed increase in membrane leakage under excessive fruit load suggests that heightened sink competition compromises seed maturation processes, leading to structurally weaker seeds.
From a physiological perspective, fruit load modulates assimilate flux, hormonal balance, and nutrient partitioning within the plant. Under optimal fruit load, adequate carbohydrate supply and favourable hormone gradients support embryo development, reserve deposition, and membrane stabilization. In contrast, excessive fruit load likely disrupts these processes by limiting carbohydrate availability and altering auxin–cytokinin balance, which governs assimilate transport and sink strength. These constraints result in seeds with reduced reserves, slower germination, and lower vigour, as reflected by diminished seedling growth and vigour indices (Patil et al., 2008; Basu and Groot, 2023). Recent studies corroborate the present findings that optimization of fruit load is critical for maintaining a favourable source-sink balance during seed development, thereby enhancing seed yield and physiological quality. Adequate assimilate supply during the seed-filling phase governs reserve deposition, membrane stabilization, and subsequent seed vigour (Homma et al., 2022; Kumar et al., 2024). Moderate sink strength, as observed under three-fruit load, promotes efficient carbohydrate translocation and coordinated hormonal signaling, resulting in faster germination and superior seedling vigour. In contrast, excessive fruit load intensifies intra-plant competition, leading to assimilate dilution and metabolic constraints that impair seed maturation, reflected by reduced vigour and increased electrolyte leakage (Finch-Savage and Bassel, 2016). Similar responses linking fruit load regulation with seed filling efficiency and seed quality have been reported in cucumber and other fruit vegetables under protected cultivation, emphasizing the broader applicability of source–sink optimization for high-quality seed production systems (Gupta et al., 2021; Parniani et al., 2022). The findings of this study have direct practical implications for quality seed production in gynoecious parthenocarpic cucumber under protected cultivation. Retention of two fruits per plant maximized individual fruit size and seed number, while retention of three fruits per plant optimized seed yield per fruit and ensured superior physiological seed quality. In contrast, excessive fruit retention compromised both yield components and seed vigour. Thus, maintaining a moderate fruit load-specifically three fruits per plant-emerges as a physiologically and economically optimal strategy for achieving high seed yield without sacrificing seed quality.
5. Conclusion
The present study demonstrates that fruit load is a key agronomic and physiological factor governing seed yield and seed quality in gynoecious parthenocarpic cucumber under protected cultivation. Differences in fruit number per plant markedly influenced assimilate partitioning among developing sinks, resulting in significant variation in fruit traits, seed yield components, and seed physiological performance. While a lower fruit load enhanced individual fruit size and seed number per fruit, maintaining three fruits per plant consistently maximized seed yield per plant and improved germination dynamics and seedling vigour across seasons. In contrast, excessive fruit retention increased sink competition, leading to suboptimal seed filling, reduced vigour, and compromised membrane integrity. Overall, these findings highlight fruit load regulation-particularly retention of three fruits per plant-as a physiologically sound and practically implementable strategy for improving the efficiency and consistency of high-quality seed production in gynoecious parthenocarpic cucumber under protected environments.
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