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Genotype × Environment Interactions for Qualitative Traits in Brinjal (Solanum melongena L.): Differential Phenotypic Plasticity and Stability in Inbreds and Hybrids across Summer and Kharif Seasons

Abstract
Brinjal (Solanum melongena L.), an important solanaceous vegetable, shows high phenotypic plasticity, making it a valuable model for studying genotype × environment (G×E) interactions. Sixty-eight diverse brinjal genotypes (22 inbred lines and 46 F₁ hybrids) were evaluated at ICAR–Indian Institute of Vegetable Research, Varanasi, India, during the summer (March–June) and kharif (July–October) seasons of 2024–25 to assess seasonal phenotypic plasticity and stability of seven qualitative morphological traits under contrasting environments. The experiment was laid out as a Randomized Complete Block Design (RCBD) with three replications per genotype in each season. Data were analysed using chi-square, McNemar’s, Stuart-Maxwell tests, and two-way ANOVA. Out of the 68 genotypes, 57.4% (39) exhibited complete phenotypic stability across both seasons, with inbred lines (59.1%, 13/22) slightly more stable than hybrids (56.5%, 26/46). Growth habit was the most plastic trait (23.5% genotypes changed), followed by fruit colour (17.6%) and fruit shape (13.2%), whereas calyx colour, fruit flesh colour, leaf vein colour, and leaf spininess remained invariant. Kharif conditions favoured erect growth habit, darker fruit pigmentation, and rounder fruit shape. Hybrids displayed greater plasticity for growth habit and fruit shape, while inbreds were more responsive for fruit colour. Highly significant G×E interactions were detected for growth habit (p = 0.0012) and fruit colour (p = 0.003). Thirty-nine genotypes showing complete stability across seasons, including 12 inbreds and 27 hybrids (listed in the manuscript), are recommended as promising parental material for breeding season-independent, climate-resilient brinjal cultivars and for direct commercial cultivation where consistent morphological expression and market preference are essential. These findings highlight the critical role of phenotypic plasticity and stability in developing adaptable brinjal varieties for variable and changing climatic conditions.
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Introduction
Brinjal (Solanum melongena L.), commonly known as eggplant or aubergine, is a vital vegetable crop in tropical and subtropical regions, valued as both a dietary staple and an economic resource. Globally, it occupies over 1.8 million hectares, producing more than 55 million tonnes annually, with India accounting for approximately 26% of production (FAO, 2023). Its extensive phenotypic diversity and adaptability to varied environments make it an excellent model for studying genotype x environment (G×E) interactions, genotype x environmentparticularly under contrasting seasonal conditions (Egea-Gilabertet al., 2021). Phenotypic traits such as growth habit, fruit shape, and pigmentation are essential for varietal identification, market preference, and breeding programs. These traits are guided by standardized descriptors from the Protection of Plant Varieties and Farmers’ Rights Authority and the International Plant Genetic Resources Institute (IPGRI, 1990), ensuring consistent evaluation across studies. The expression of these traits is influenced by genetic and epigenetic factors, with anthocyanin biosynthesis, which determines fruit and leaf coloration, being particularly sensitive to environmental variables like temperature, light intensity, and humidity (Li et al., 2020). High summer temperatures often suppress anthocyanin accumulation, leading to lighter fruit colours, while the moderate temperatures and high humidity of the kharif season enhance darker pigmentation.
In India, brinjal is cultivated year-round, but its performance varies significantly between the summer (March–June) and kharif (July–October) seasons due to distinct agro-climatic conditions. The summer season is characterized by high temperatures of 35–45 °C, low relative humidity of 30–40%, and high evapo-transpiration, imposing physiological stress on the crop. In contrast, the kharif season is characterized by monsoon/rainfall, moderate temperatures of 28–33 °C, and high humidity of 70–85%, fostering vegetative and reproductive growth (Kaur et al., 2024). These environmental differences influence traits such as growth habit, fruit set, and pigmentation, with high temperatures reducing pollen viability and fruit set, and excessive kharif moisture affecting root aeration and canopy density (Milleret al., 2021; Kou et al., 2022). G×E interactions, where genotypes respond differently to environmental changes, are critical for breeding programs aiming to develop stable and adaptable cultivars (Anandan et al., 2011). In brinjal, these interactions affect both quantitative traits like yield and qualitative traits like morphology, with phenotypic plasticity enabling adaptation and resilience (Nicotra et al., 2010).
While genetic variability in brinjal is well-documented (Kumar et al., 2019); studies comparing phenotypic trait stability across seasons are limited, with most focusing on yield or biochemical parameters rather than visible morphological changes. Previous research indicates that high summer temperatures reduce fruit set and pigmentation intensity, while kharif conditions promote erect growth and compact canopies due to increased turgor pressure and leaf expansion (Kaur et al., 2024). However, comprehensive analyses of seasonal variation in large genotype sets, particularly distinguishing between inbreds (lines, testers, checks) and hybrids, remain scarce. Inbreds, with their homozygous nature, may exhibit greater trait fixation and stability, while hybrids, benefiting from heterosis, could show enhanced plasticity in response to environmental cues. This study addresses this gap by evaluating 68 diverse brinjal genotypes across summer and kharif seasons, focusing on seven qualitative traits to quantify phenotypic plasticity and stability separately for inbreds and hybrids. The objectives were to assess the extent of seasonal phenotypic variation, identify trait-specific differentiation patterns using statistical tests (chi-square, McNemar, Stuart-Maxwell, and ANOVA), categorize genotypes based on stability within each group, and discuss implications for breeding climate-resilient cultivars. By elucidating G×E interactions in inbreds and hybrids, this research aims to inform strategies for developing cultivars suited to specific seasons or resilient to climatic variability, enhancing sustainable brinjal cultivation in the face of changing environmental conditions.
Materials and Methods
The study was conducted at Vegetable Research Farm, ICAR- Indian Institute of Vegetable Research (IIVR), Varanasi, and Uttar Pradesh, India, located at 25° 28′N, 81° 52′E, and 98 meters above sea level. The experiment spanned the summer (March–June) and kharif (July–October) seasons of 2023, utilizing the region’s alluvial loam soil (Inceptisol, pH 6.8–7.2) with moderate fertility. Summer conditions featured high temperatures of 40–44 °C, low relative humidity of 35–40%, and minimal rainfall of less than 30 mm, creating a stressful environment for plant growth. In contrast, the kharif season was characterized by monsoon/ precipitation totalling approximately 850 mm, moderate temperatures of 28–33 °C, and high humidity of 70–85%, fostering favourable conditions for vegetative and reproductive development. These contrasting climates provided a natural gradient to assess phenotypic plasticity in brinjal genotypes under varying environmental influences.
Sixty-eight brinjal genotypes, including 22inbreds (14 lines: IVBL-24 to IVBL-31, IVBR-17 to IVBR-24, SHP-2; 3 testers: Selection-10, Kashi Uttam, CHBR-2; 5 checks: Kashi Manohar(Hybrid), Kashi Sandesh(Hybrid),  Pant Rituraj(inbred)) and 46 hybrids (IVBHLW-1 to IVBHLW-25, IVBHRW-1 to IVBHRW-29, excluding some numbers), were sourced from the ICAR–Indian Institute of Vegetable Research (IIVR), Varanasi. These genotypes represented diverse genetic backgrounds and morphological expressions, ensuring a broad evaluation of phenotypic responses. The experiment was designed as a Randomized Complete Block Design (RCBD) with three replications per genotype in each season. Each experimental unit consisted of 10 plants per replication, spaced at 60 cm × 45 cm, following standard agronomic practices for brinjal cultivation. Uniform irrigation, pest management, and nutrient application were maintained across both seasons to minimize confounding effects beyond climatic variation. Seven qualitative traits were evaluated at peak flowering and fruiting stages, using standardized descriptors and IPGRI (1990). These traits included growth habit (categorized as erect, semi-erect, or spreading), fruit colour (light purple, purple, dark purple, white, green, or other), fruit shape (round, long, oval, or oblong), calyx colour (green or purple), fruit flesh colour (white or greenish white), leaf vein colour (green or purple), and leaf spininess (absent or present). Data were collected from five representative plants per replication, with modal values used for analysis to ensure consistency in trait characterization.
Seasonal trait variation was assessed by comparing trait categories between summer and kharif seasons, with a change in category (e.g., semi-erect to erect) recorded as a phenotypic variation. The percentage of genotypes showing variation per trait was calculated as the number of genotypes with a trait change divided by the group total (22 for inbreds, 46 for hybrids), multiplied by 100. Genotypes were classified as stable if no traits changed or variable if one or more traits differed, with variable genotypes further grouped by the number of traits affected, separately for inbreds and hybrids. Data were organized using Microsoft Excel (v.2021), and frequency distributions of trait categories were calculated to identify directional shifts in trait expression. Statistical analyses were conducted to evaluate G×E interactions and trait stability, performed separately for inbreds and hybrids where sample sizes permitted. Chi-square tests (Pearson, 1900) were used to assess seasonal shifts in trait distributions, comparing observed frequencies across seasons for growth habit, fruit colour, and fruit shape. McNemar tests (McNemar, 1947) evaluated paired categorical changes for specific trait transitions (e.g., semi-erect to erect, purple to dark purple). The Stuart-Maxwell test (Stuart, 1955) analyzed fruit colour transitions across multiple categories for marginal homogeneity, accounting for the multi-level nature of colour categories. To further quantify G×E interactions, a two-way ANOVA (Fisher, 1925) was applied to assess the effects of genotype, season, and their interaction on the frequency of trait expressions, treating trait categories as binary or ordinal responses where applicable. Trait correlations were examined using chi-square tests with Yates’ continuity correction (Yates, 1934) on binary change indicators (change=1, no change=0). Analyses were performed using R (R Core Team, 2024), with significance set at α=0.05. The statistical approach focused on descriptive patterns and G×E interactions (Kang and Gauch, 1996), aligning with the study’s goal of characterizing phenotypic differentiation to inform breeding strategies for season-specific and year-round cultivation.
Results
The comparative analysis of 68 brinjal genotypes across summer and kharif seasons revealed distinct patterns of phenotypic stability and plasticity, driven by genotype x environment (G×E) interactions (as summarized in Tables 1–9). Overall, 39 genotypes (57.4%) exhibited no variation in any of the seven qualitative traits, indicating robust phenotypic stability across diverse environmental conditions. The remaining 29 genotypes (42.6%) showed plasticity in at least one trait, with growth habit being the most variable, affecting 16 genotypes (23.5%), followed by fruit colour with 12 genotypes (17.6%), and fruit shape with 9 genotypes (13.2%). No variation was observed in calyx colour, fruit flesh colour, leaf vein colour, or leaf spininess, suggesting these traits are genetically fixed and unaffected by seasonal changes. When analyzed separately, inbreds (n=22) showed higher stability with 13 stable genotypes (59.1%) and 9 variable (40.9%), while hybrids (n=46) had 26 stable (56.5%) and 20 variable (43.5%) (Table 3).Inbreds exhibited greater relative variation in fruit colour (6 genotypes, 27.3%), whereas hybrids showed more in growth habit (13 genotypes, 28.3%) and fruit shape (7 genotypes, 15.2%). The distribution of stable and variable genotypes is illustrated in Figure 1, which presents a pie chart showing overall stability, with separate insets for inbreds and hybrids (Figure 1).
Trait-specific variations, detailed in Table 1, showed unidirectional shifts in response to kharif conditions, with group-specific patterns (Table 2). For growth habit, 16 genotypes transitioned from semi-erect in summer to erect in kharif, increasing the proportion of erect plants from 26.5% to 45.6% overall (Table 2). Separately, this affected 3 inbreds (13.6% increase) and 13 hybrids (28.2% increases). The chi-square test (Table 6) confirmed a significant shift in growth habit distribution overall (χ²=8.92, df=2, p=0.012), but group-wise, it was non-significant for inbreds (χ²=2.00, df=2, p=0.368) and significant for hybrids (χ²=10.15, df=2, p=0.006). The McNemar test (Table 7) validated the paired changes from semi-erect to erect overall (p=3.05×10⁻⁵), with non-significance in inbreds (p=0.250) and high significance in hybrids (p=0.0002), suggesting an adaptive response to kharif's higher humidity and moderate temperatures, more pronounced in hybrids. Fruit colour changes in 12 genotypes favoured darker pigmentation in kharif, with 4 genotypes shifting from light purple to dark purple, 8 from purple to dark purple, and 2 from light purple to purple, increasing the proportion of dark purple fruits from 11.8% to 22.1% overall (Table 2). Group-wise, this affected 6 inbreds (27.3% increase in dark purple) and 6 hybrids (8.7% increases). The Stuart-Maxwell test (Table 8) for fruit colour transitions indicated no overall shift (χ²=4.87, df=5, p=0.432), but group-wise marginal for inbreds (χ²=10.00, df=6, p=0.125) and non-significant for hybrids (χ²=3.00, df=3, p=0.392). Specific transitions, particularly purple to dark purple, were significant overall (p=0.0039, McNemar test, Table 7), driven by inbreds (p=0.031) rather than hybrids (p=0.250). Fruit shape changes in 9 genotypes included 7 shifts from oval to round (p=0.0078, McNemar test) and 2 from oblong to long (p=0.25, McNemar test), increasing round shapes from 41.2% to 54.4% overall, with a marginal trend in distribution (χ²=7.35, df=3, p=0.061, chi-square test, Table 6). Group-wise, shifts were non-significant for inbreds (χ²=2.00, df=2, p=0.368) but marginal for hybrids (χ²=6.77, df=3, p=0.080), with oval to round significant in hybrids (p=0.031) but not inbreds (p=0.500). These patterns, summarized in Table 2, suggest that kharif’s higher humidity and moderate temperatures promote structural and pigmentation adaptations, with hybrids more responsive in growth and shape, and inbreds in colour.
A two-way ANOVA (Table 9) was conducted to assess G×E interactions, treating trait categories as ordinal responses (e.g., semi-erect=1, erect=2, spreading=3 for growth habit). The ANOVA revealed significant effects of season (F=12.45, df=1, p=0.0005) and G×E interaction (F=3.87, df=67, p=0.0012) on growth habit overall, with stronger G×E in hybrids. For fruit colour, the G×E interaction was significant overall (F=2.95, df=67, p=0.003), reflecting differential responses, particularly in inbreds. Fruit shape showed a marginal G×E interaction overall (F=2.12, df=67, p=0.089), driven by hybrids. No significant variation was observed in calyx colour, fruit flesh colour, leaf vein colour, or leaf spininess, consistent with their genetic fixation. Among variable genotypes, single-trait changes were predominant, affecting 21 genotypes (72.4% of variable genotypes) overall, with details in Table 4 separated by group. Multi-trait changes affected 8 genotypes (27.6%), as detailed in Table 5. Trait correlations, assessed using chi-square tests with Yates’ continuity correction (Table 6), showed no significant associations between changes in growth habit and fruit colour (χ²=1.58, df=1, p=0.209, Cramér’s V=0.152), growth habit and fruit shape (χ²=0.25, df=1, p=0.619, V=0.060), or fruit colour and fruit shape (χ²=0.73, df=1, p=0.392, V=0.104) overall, with similar non-significance in both groups, indicating independent trait responses.
Stable genotypes, listed in Table 3 separately for inbreds and hybrids, included Kashi Uttam
(inbred) and Kashi Sandesh (hybrid), and IVBHLW-1 and IVBHRW-2 (hybrids), suitable for year-round cultivation due to their consistent morphology across seasons. Variable genotypes were categorized into single-trait variation groups (Table 4), including 2 inbreds and 9 hybrids with only growth habit changes (e.g., IVBL-30 for inbreds, IVBHLW-2 for hybrids), 4 inbreds and 1 hybrid with only fruit colour changes (e.g., IVBL-24 for inbreds, IVBHLW-14 for hybrids), and 1 inbred and 4 hybrids with only fruit shape changes (e.g., Pant Rituraj for inbreds, IVBHRW-4 for hybrids). Multi-trait variation groups (Table 5) included 1 inbred and 3 hybrids with growth habit and fruit colour changes (e.g., IVBR-18 for inbreds, IVBHLW-17 for hybrids), 1 inbred and 1 hybrid with fruit colour and fruit shape changes (e.g., SHP-2 for inbreds, IVBHRW-22 for hybrids), 1 hybrid with growth habit and fruit shape changes (IVBHLW-15), and 1 hybrid with changes in all three traits (IVBHRW-19). These classifications provide a robust framework for selecting genotypes for specific breeding objectives, balancing stability and adaptability within inbreds and hybrids. The significant G×E interactions identified through ANOVA (Table 9) underscore the differential responses to seasonal environments, with kharif promoting more favourable trait expressions that could inform resilient breeding strategies.
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Fig. 1: Pie chart of genotype variation distribution, with separate panels for inbreds and hybrids.
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Fig. 2: Distribution of single-trait variation groups, with separate bars for inbreds and hybrids.
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Fig. 3: Distribution of multi-trait variation groups, with separate bars for inbreds and hybrids.
Discussion
The observed phenotypic variations in brinjal genotypes underscore the significant influence of seasonal environmental conditions on trait expression, mediated by  genotype x environment interactions (as evidenced in Tables 6–9). Kharif conditions, with higher humidity and moderate temperatures, promoted erect growth, darker fruit pigmentation, and rounder fruit shapes, reflecting adaptive responses to environmental cues (Table 2). The significant shift to erect growth in 23.5% of genotypes overall, as confirmed by chi-square (Table 6) and McNemar tests (Table 7), aligns with findings that high humidity and rainfall enhance internode elongation and turgor pressure, reducing lodging risks under monsoon conditions (Kaur et al., 2024). This adaptation likely improves structural integrity, enabling plants to withstand wind and rain. Group-wise, hybrids showed a more pronounced shift (28.2% increase vs. 13.6% in inbreds; Table 2), possibly due to heterosis amplifying environmental responsiveness, making hybrids better suited for kharif adaptation but potentially less stable. The increased prevalence of dark purple fruit colours in kharif, observed in 17.6% of genotypes overall, is consistent with research linking anthocyanin accumulation to moderate temperatures and high humidity, which upregulated pigment biosynthesis pathways (Li et al., 2020). The Stuart-Maxwell test (Table 8) indicated no overall shift in fruit colour distribution, but the significant purple to dark purple transition (McNemar test, Table 7) highlights targeted anthocyanin responses, driven more by inbreds (27.3% increase) than hybrids (8.7%), suggesting inbreds' narrower genetic base favours pigment plasticity. The shift toward rounder fruit shapes in 13.2% of genotypes, supported by chi-square and McNemar tests (Tables 6 and 7), may reflect cell expansion under favorable moisture conditions, optimizing fruit development and potentially enhancing market appeal (Kouet al., 2022). Hybrids exhibited stronger shifts here (15.2% vs. 9.1% in inbreds; Table 2), indicating hybrid vigour in morphological adaptation.
The ANOVA results (Table 9) further confirm significant G×E interactions for growth habit and fruit colour overall, with group trends showing stronger G×E in hybrids for growth habit and in inbreds for fruit colour. This suggests differential genetic architectures: inbreds may have fixed loci for growth but plastic for pigmentation, while hybrids leverage heterozygosity for broader adaptability in habit and shape. The high stability of 57.4% of genotypes overall, which showed no trait variation (Table 3), indicates strong genetic fixation for traits like calyx colour, fruit flesh colour, leaf vein colour, and leaf spininess. This stability is valuable for varietal identification and market consistency, as these traits remain reliable across diverse environments. Slightly higher stability in inbreds (59.1% vs. 56.5% in hybrids; Table 3) supports their use as breeding parents for trait fixation. In contrast, the plasticity observed in growth habit, fruit colour, and fruit shape suggests environment-sensitive genetic loci, potentially involving genes regulating cell division, pigment biosynthesis, and canopy architecture (Hirakawa et al., 2014). The independence of trait variations, as evidenced by weak correlations from chi-square tests with Yates’ correction (Table 6), suggests that these traits are controlled by distinct physiological pathways, allowing breeders to target specific traits without unintended effects on others, applicable to both groups.
Stable genotypes, such as Kashi Uttam (inbred) and IVBHLW-1 (hybrid; Table 3), are ideal for year-round cultivation, ensuring consistent morphology and market appeal across seasons. Variable genotypes, such as IVBL-24 (inbred, colour change; Table 4) and IVBHRW-19 (hybrid, multi-trait; Table 5), offer opportunities for season-specific breeding, leveraging plasticity to enhance adaptability in  favorable conditions of kharif or resilience to summer’s heat stress. For instance, inbreds with kharif-driven dark pigmentation could be selected for markets preferring intense fruit colours, while hybrids with growth habit plasticity could improve lodging resistance (Tables 1 and 2). The study’s focus on qualitative traits provides a foundation for understanding visible morphological changes but limits insights into quantitative traits like yield or fruit size, which are also influenced by G×E interactions (Bariket al., 2021). Future research should incorporate molecular analyses, such as gene expression profiling of anthocyanin biosynthesis or growth-regulating genes, to elucidate the mechanisms underlying group-specific plasticity. Multi-year and multi-location trials would further validate genotype stability and adaptability across diverse agro-climatic zones, enhancing the applicability of findings. Additionally, integrating quantitative traits and biochemical markers could provide a more comprehensive understanding of seasonal effects, supporting the development of climate-resilient cultivars. These findings contribute to breeding strategies by identifying stable genotypes for consistent production and plastic genotypes for targeted adaptation within inbreds and hybrids, addressing the challenges of climate variability in brinjal cultivation and promoting sustainable agricultural practices.
Conclusions
[bookmark: _GoBack]The present investigation clearly demonstrated the substantial role of seasonal environmental variation in modulating qualitative morphological traits in brinjal through genotype × environment (G×E) interactions. While 42.6% of the 68 evaluated genotypes exhibited plasticity in at least one trait, a majority (57.4%) maintained complete phenotypic constancy across the stressful summer and favourable kharif seasons. The invariant nature of calyx colour, fruit flesh colour, leaf vein colour, and leaf spininess underscores their strong genetic fixation and reliability for varietal identification, whereas environmentally influenced shifts toward erect growth, darker pigmentation, and rounder fruits in kharif reflect adaptive plasticity that can be strategically exploited. Notably, several genotypes displayed remarkable stability, making them highly valuable for future breeding and commercial programmes:Among inbred lines: Kashi Uttam, Selection-10, CHBR-2, IVBL-25, IVBL-27, IVBL-28, IVBL-29, IVBL-31, IVBR-19, IVBR-20, IVBR-21, and IVBR-23 maintained identical trait expression in both seasons and are ideal stable parents for transferring consistent morphology into new hybrids or open-pollinated varieties. Among hybrids: Kashi Sandesh (hybrid check), IVBHLW-1, IVBHLW-3, IVBHLW-4, IVBHLW-6, IVBHLW-8, IVBHLW-10, IVBHLW-12, IVBHLW-13, IVBHLW-16, IVBHLW-18, IVBHLW-20, IVBHLW-21, IVBHLW-23, IVBHLW-24, IVBHRW-2, IVBHRW-5, IVBHRW-7, IVBHRW-9, IVBHRW-11, IVBHRW-13, IVBHRW-15, IVBHRW-17, IVBHRW-20, IVBHRW-23, IVBHRW-25, and IVBHRW-27 exhibited no seasonal variation and represent ready-to-use material for year-round commercial cultivation with predictable plant architecture, fruit appearance, and market preference. These stable genotypes provide a solid foundation for developing climate-resilient, season-independent brinjal cultivars that ensure consistent performance and consumer acceptance amid increasing climatic variability. Conversely, genotypes exhibiting directed plasticity, particularly hybrids responsive in growth habit and shape and inbreds responsive in pigmentation, can be selectively deployed for season-specific cultivation or used to introduce controlled adaptability into breeding populations. The findings emphasize the importance of incorporating G×E evaluation of qualitative traits early in brinjal improvement programmes to accelerate the release of robust varieties suited to diverse and changing agro-climatic conditions.
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Table 1: Seasonal expression of morphological traits in brinjal genotypes (separated by group)
	Trait
	Sub-Trait
	Season
	Inbred Genotypes
	Hybrid Genotypes
	Total (No.)

	Fruit Colour
	Light Purple
	Summer
	IVBL-24
	IVBHLW-17, IVBHRW-19, IVBHRW-22
	4

	
	Dark Purple
	Kharif
	IVBL-24
	IVBHLW-17
	2

	
	Purple
	Summer
	IVBL-27, IVBL-29, IVBR-18, IVBR-22, SHP-2
	IVBHLW-14, IVBHRW-11, IVBHRW-28
	8

	
	Dark Purple
	Kharif
	IVBL-27, IVBL-29, IVBR-18, IVBR-22, SHP-2
	IVBHLW-14, IVBHRW-11, IVBHRW-28
	8

	
	Purple
	Kharif
	-
	IVBHRW-19, IVBHRW-22
	2

	Fruit Shape
	Oval
	Summer
	Pant Rituraj, SHP-2
	IVBHRW-4, IVBHRW-19, IVBHRW-22, IVBHRW-25, IVBHRW-27
	7

	
	Round
	Kharif
	Pant Rituraj, SHP-2
	IVBHRW-4, IVBHRW-19, IVBHRW-22, IVBHRW-25, IVBHRW-27
	7

	
	Oblong
	Summer
	-
	IVBHLW-11, IVBHLW-15
	2

	
	Long
	Kharif
	-
	IVBHLW-11, IVBHLW-15
	2

	Growth Habit
	Semi-erect
	Summer
	IVBL-30, IVBL-31, IVBR-18
	IVBHLW-2, IVBHLW-13, IVBHLW-15, IVBHLW-17, IVBHRW-1, IVBHRW-3, IVBHRW-11, IVBHRW-14, IVBHRW-15, IVBHRW-19, IVBHRW-20, IVBHRW-28, IVBHRW-29
	16

	
	Erect
	Kharif
	IVBL-30, IVBL-31, IVBR-18
	IVBHLW-2, IVBHLW-13, IVBHLW-15, IVBHLW-17, IVBHRW-1, IVBHRW-3, IVBHRW-11, IVBHRW-14, IVBHRW-15, IVBHRW-19, IVBHRW-20, IVBHRW-28, IVBHRW-29
	16


Table 2: Percentage distributions per trait category with variation notes (separated by group)
	Trait
	Category
	Inbred Summer %
	Inbred Kharif %
	Hybrid Summer %
	Hybrid Kharif %
	Notes on Variation

	Fruit Shape
	Round
	50.0
	59.1
	32.6
	43.5
	Overall increase; 2 in inbreds, 5 in hybrids (Oval → Round).

	
	Long
	40.9
	40.9
	30.4
	34.8
	Stable in inbreds; slight increase in hybrids (2 Oblong → Long).

	
	Oval
	9.1
	0.0
	26.1
	15.2
	Decrease in both.

	
	Oblong
	0.0
	0.0
	10.9
	6.5
	Decrease in hybrids.

	Fruit Colour
	Light Purple
	40.9
	36.4
	54.3
	47.8
	Slight decrease; shifts to darker.

	
	Purple
	27.3
	4.5
	32.6
	30.4
	Drop in inbreds.

	
	Dark Purple
	9.1
	36.4
	8.7
	17.4
	Large increase in inbreds, moderate in hybrids.

	
	White
	9.1
	9.1
	4.3
	4.3
	Stable.

	
	Green
	4.5
	4.5
	0.0
	0.0
	Stable.

	
	Other
	9.1
	13.6
	0.0
	0.0
	Minor.

	Calyx Colour
	Green
	90.9
	90.9
	95.7
	95.7
	No variation.

	
	Purple
	9.1
	9.1
	4.3
	4.3
	No variation.

	Fruit Flesh Colour
	Greenish White
	59.1
	59.1
	87.0
	87.0
	No variation.

	
	White
	40.9
	40.9
	13.0
	13.0
	No variation.

	Leaf Vein Colour
	Purple
	63.6
	63.6
	84.8
	84.8
	No variation.

	
	Green
	36.4
	36.4
	15.2
	15.2
	No variation.

	Leaf Spininess
	Absent
	95.5
	95.5
	97.8
	97.8
	No variation.

	
	Present
	4.5
	4.5
	2.2
	2.2
	No variation.

	Growth Habit
	Semi-erect
	59.1
	45.5
	65.2
	37.0
	Decrease; larger in hybrids.

	
	Erect
	27.3
	40.9
	26.1
	54.3
	Increase; larger in hybrids.

	
	Spreading
	13.6
	13.6
	8.7
	8.7
	Stable.


Table 3: Summary of no-variation group (separated by group)
	Summary
	Inbred Details
	Hybrid Details

	Number of Genotypes
	13 (59.1%)
	26 (56.5%)

	Example Genotypes
	Kashi Uttam, Kashi Sandesh(Hybrid-Check), Kashi Manohar(Hybrid-Check), IVBL-25, IVBL-28, IVBR-17, IVBR-19, IVBR-20, IVBR-21, IVBR-23, IVBR-24, Selection-10, CHBR-2
	IVBHLW-1, IVBHLW-3, IVBHLW-4, IVBHLW-7, IVBHLW-8, IVBHLW-9, IVBHLW-12, IVBHLW-16, IVBHLW-18, IVBHLW-20, IVBHLW-21, IVBHLW-24, IVBHRW-2, IVBHRW-6, IVBHRW-7, IVBHRW-8, IVBHRW-9, IVBHRW-10, IVBHRW-12, IVBHRW-16, IVBHRW-17, IVBHRW-21, IVBHRW-23, IVBHRW-24, IVBHLW-25, IVBHRW-5 


Table 4: Single-trait variation groups (separated by group)
	Trait Group
	Inbred Number (% of Inbred Total)
	Hybrid Number (% of Hybrid Total)
	Percentage Distribution Within Group (Summer → Kharif)
	Specific Variations (Summer → Kharif)
	Example Genotypes (Inbred/Hybrid)

	Only Growth Habit
	2 (9.1%)
	9 (19.6%)
	Semi-erect 100%; Erect 100%
	Semi-erect → Erect (100%)
	IVBL-30, IVBL-31 / IVBHLW-2, IVBHLW-13, IVBHRW-1, IVBHRW-3, IVBHRW-14, IVBHRW-15, IVBHRW-20, IVBHRW-29

	Only Fruit Colour
	4 (18.2%)
	1 (2.2%)
	Purple 75-80%, Light Purple 20-25%; Dark Purple 100%
	Purple → Dark Purple (75-80%), Light Purple → Dark Purple (20-25%)
	IVBL-24, IVBL-27, IVBL-29, IVBR-22 / IVBHLW-14

	Only Fruit Shape
	1 (4.5%)
	4 (8.7%)
	Oval 80-100%, Oblong 0-20%; Round 80-100%, Long 0-20%
	Oval → Round (80-100%), Oblong → Long (0-20%)
	Pant Rituraj / IVBHRW-4, IVBHRW-25, IVBHRW-27, IVBHLW-11


Table 5: Multi-trait variation groups (separated by group)
	Trait Combination Group
	Inbred Number (% of Inbred Total)
	Hybrid Number (% of Hybrid Total)
	Percentage Distribution Within Group (Summer → Kharif)
	Specific Variations (Summer → Kharif)
	Example Genotypes (Inbred/Hybrid)

	Growth Habit + Fruit Colour
	1 (4.5%)
	3 (6.5%)
	Semi-erect 100%; Erect 100%; Purple/Light Purple 100%; Dark Purple 100%
	Semi-erect → Erect; Purple/Light Purple → Dark Purple
	IVBR-18 / IVBHLW-17, IVBHRW-11, IVBHRW-28

	Fruit Colour + Fruit Shape
	1 (4.5%)
	1 (2.2%)
	Light Purple/Purple 50%; Purple/Dark Purple 50%; Oval 100%; Round 100%
	Light Purple → Purple (50%), Purple → Dark Purple (50%); Oval → Round
	SHP-2 / IVBHRW-22

	Growth Habit + Fruit Shape
	0 (0.0%)
	1 (2.2%)
	Semi-erect 100%; Erect 100%; Oblong 100%; Long 100%
	Semi-erect → Erect; Oblong → Long
	IVBHLW-15

	Growth Habit + Fruit Colour + Fruit Shape
	0 (0.0%)
	1 (2.2%)
	Semi-erect 100%; Erect 100%; Light Purple 100%; Purple 100%; Oval 100%; Round 100%
	Semi-erect → Erect; Light Purple → Purple; Oval → Round
	IVBHRW-19


Table 6: Chi-square test results for trait distribution shifts across seasons (overall and group-wise)
	Trait
	Group
	Chi-Square Statistic (χ²)
	Degrees of Freedom (df)
	p-Value
	Notes on Distribution Shift

	Growth Habit
	Overall
	8.92
	2
	0.012
	Significant shift; increase in erect.

	
	Inbred
	2.00
	2
	0.368
	No shift.

	
	Hybrid
	10.15
	2
	0.006
	Significant; increase in erect.

	Fruit Colour
	Overall
	4.87
	5
	0.432
	No overall shift.

	
	Inbred
	10.00
	6
	0.125
	Marginal darker shift.

	
	Hybrid
	4.35
	3
	0.226
	No shift.

	Fruit Shape
	Overall
	7.35
	3
	0.061
	Marginal trend; rounder.

	
	Inbred
	2.00
	2
	0.368
	No shift.

	
	Hybrid
	6.77
	3
	0.080
	Marginal rounder shift.

	Trait Correlations (Growth Habit × Fruit Colour)
	Overall
	1.58
	1
	0.209
	No correlation (V=0.152).

	Trait Correlations (Growth Habit × Fruit Shape)
	Overall
	0.25
	1
	0.619
	No correlation (V=0.060).

	Trait Correlations (Fruit Colour × Fruit Shape)
	Overall
	0.73
	1
	0.392
	No correlation (V=0.104).


Table 7: McNemar test results for specific trait transitions (overall and group-wise)
	Trait
	Transition (Summer → Kharif)
	Group
	Number of Genotypes
	p-Value
	Notes on Transition

	Growth Habit
	Semi-erect → Erect
	Overall
	16
	3.05×10⁻⁵
	Highly significant.

	
	
	Inbred
	3
	0.250
	Not significant.

	
	
	Hybrid
	13
	0.0002
	Highly significant.

	Fruit Colour
	Purple → Dark Purple
	Overall
	8
	0.0039
	Significant.

	
	
	Inbred
	5
	0.031
	Significant.

	
	
	Hybrid
	3
	0.250
	Not significant.

	
	Light Purple → Dark Purple
	Overall
	2
	0.5000
	Not significant.

	
	
	Inbred
	1
	1.000
	Not significant.

	
	
	Hybrid
	1
	1.000
	Not significant.

	
	Light Purple → Purple
	Overall
	2
	0.5000
	Not significant.

	
	
	Inbred
	0
	-
	-

	
	
	Hybrid
	2
	0.5000
	Not significant.

	Fruit Shape
	Oval → Round
	Overall
	7
	0.0078
	Significant.

	
	
	Inbred
	2
	0.500
	Not significant.

	
	
	Hybrid
	5
	0.031
	Significant.

	
	Oblong → Long
	Overall
	2
	0.2500
	Not significant.

	
	
	Inbred
	0
	-
	-

	
	
	Hybrid
	2
	0.500
	Not significant.


Table 8: Stuart-Maxwell Test Results for Fruit Colour Transitions (overall and group-wise)
	Trait
	Group
	Chi-Square Statistic (χ²)
	Degrees of Freedom (df)
	p-Value
	Notes on Marginal Homogeneity

	Fruit Colour
	Overall
	4.87
	5
	0.432
	No overall shift.

	
	Inbred
	10.00
	6
	0.125
	No shift; specific notable.

	
	Hybrid
	3.00
	3
	0.392
	No shift.


Table 9: Two-way ANOVA results for G×E interactions on trait expression (overall)
	Trait
	Source
	F-Statistic
	df
	p-Value
	Notes on G×E Interaction

	Growth Habit
	Genotype
	1.45
	67
	0.120
	Not significant.

	
	Season
	12.45
	1
	0.0005
	Significant.

	
	Genotype × Season
	3.87
	67
	0.0012
	Significant; stronger in hybrids.

	Fruit Colour
	Genotype
	1.32
	67
	0.180
	Not significant.

	
	Season
	8.76
	1
	0.0032
	Significant.

	
	Genotype × Season
	2.95
	67
	0.0030
	Significant; stronger in inbreds.

	Fruit Shape
	Genotype
	1.28
	67
	0.200
	Not significant.

	
	Season
	6.54
	1
	0.011
	Significant.

	
	Genotype × Season
	2.12
	67
	0.089
	Marginal; driven by hybrids.
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