


[bookmark: genetic_variability_and_heritabil_d583af][bookmark: _GoBack]Genetic Variability and Heritability in Bread Wheat (Triticum aestivum L.) Germplasm Across Sowing Environments
[bookmark: abstract]
Abstract
Genetic variability is a fundamental prerequisite for successful plant breeding and crop improvement. This investigation assessed genetic variability parameters, including genotypic and phenotypic coefficients of variation (GCV and PCV), heritability, and genetic advance in 40 geographically diverse wheat (Triticum aestivum L.) genotypes across three sowing environments (normal, late, and very late sowing). Pooled analysis of variance revealed highly significant differences among genotypes for all morphological, yield-attributing, and quality traits, indicating the presence of substantial genetic variability in the experimental material. PCV values were consistently higher than GCV values for all traits, though the narrow gap between them suggested a predominance of genetic control over environmental influence. Heritability estimates ranged from 63.37% (seed yield per plant) to 95.55% (iron content in seed), indicating strong genetic control for most traits. Genetic advance as a percentage of mean (GAM) was highest for 1000-seed weight (24.70%) and effective tillers per plant (21.36%), suggesting that these traits are governed predominantly by additive gene effects and can be effectively improved through simple phenotypic selection. Results indicated that traits such as days to maturity, zinc content, and seed yield per plant exhibited high heritability coupled with low GAM, suggesting significant non-additive gene action. These findings provide valuable insights for designing effective selection strategies in wheat breeding programmes aimed at improving yield and nutritional quality across variable agro-climatic conditions in India.
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[bookmark: bm_1_introduction]Introduction
Wheat (Triticum aestivum L.), belonging to the family Poaceae (previously Gramineae), ranks as the world's most widely cultivated cereal crop by harvested area. It earns the title "King of cereals" due to its vast global acreage, high productivity, and dominant role in international food grain trade. Globally, wheat is cultivated on approximately 221 million hectares with annual production reaching around 780 million tonnes (FAO, 2024). In India, during the 2023-24 Rabi season, wheat cultivation covered approximately 31.7 million hectares, representing 24-25% of the country's total crop area, with production reaching a record 112 million tonnes (MoAFW, 2024). 
Wheat production depends on several component characters such as days to flowering, days to maturity, plant height, spike length, effective tillers per plant, grains per spike, 1000-grain weight, and importantly, biofortification traits such as zinc, iron, and protein content Meena et al., (2025).  Yield is a complex quantitative trait influenced by polygenic inheritance and significantly affected by environmental fluctuations Annicchiarico, P. (2002). The success of wheat cultivation across diverse environments depends largely on genetic diversity and the continuous development of improved varieties suited to variable agro-climatic conditions Patel et al., (2023). For effective crop improvement, knowledge of the genetic variability present in the available germplasm is essential Allard (1960). 
Genetic variability provides the basis for selection and exploitation of favorable alleles through breeding programmes. The estimation of genetic parameters such as genotypic coefficient of variation (GCV), phenotypic coefficient of variation (PCV), heritability, and genetic advance as percentage of mean (GAM) helps breeders understand the inheritance pattern of traits and design efficient selection strategies Patel et al., (2024).  Heritability indicates the proportion of phenotypic variation that is due to genetic variation and determines the response to selection (Allard, 1960). High heritability coupled with high genetic advance indicates the predominance of additive gene action, making direct selection more efficient, whereas high heritability with low genetic advance suggests the role of non-additive gene effects, where delayed selection or heterosis breeding could be beneficial Manjunatha et al., (2023).  
Multi-environment testing is essential for identifying stable genotypes that maintain consistent performance across diverse growing conditions (Annicchiarico, 2002). Sowing date is a critical environmental factor that influences wheat phenology, growth, and yield. Late sowing exposes wheat to terminal heat stress during grain filling, reducing yield and physiological traits (Choudhary et al., 2021). However, genotypes vary in their response to such environmental stress, and understanding this variation is crucial for identifying broadly adapted and stress-tolerant varieties. Meena et al., (2025).  
The present investigation was undertaken to assess genetic variability parameters in a diverse collection of wheat genotypes across three contrasting sowing environments (normal, late, and very late sowing), providing insights into the nature and magnitude of genetic control and the potential for selection to improve yield and quality traits under variable environmental conditions.
[bookmark: bm_2_materials_and_methods]Materials and Methods
[bookmark: bm_2_1_plant_material]Plant Material
The study employed 40 geographically diverse indigenous wheat genotypes collected from principal wheat-growing regions of India. These genotypes represented diverse genetic backgrounds and agronomic characteristics, selected to capture the breadth of genetic diversity available in Indian wheat germplasm.
[bookmark: bm_2_2_experimental_design_and_en_1ba861]Experimental Design and Environments
The experiment was conducted at two research farms at SGT’s Farm and at the IARI’s farm the in Gurugram & Delhi across three sowing environments.The design used is Randomised Block Design, 2 replications in experiment was carried out in three environments:
E1: Normal sowing (timely sown conditions, optimal temperature and moisture) on 15-11-2023.
E2: Late sowing (30-40 days delayed from normal sowing) on 15-12-2023.
E3: Very late sowing (60-70 days delayed from normal sowing) on 15-1-2024.
Each environment was established with standard agronomic practices, including recommended fertiliser application, irrigation management, and pest and disease control measures.
[bookmark: bm_2_3_traits_recorded]Traits Recorded
Morphological and yield-attributing traits:
I. Days to 50% flowering
II. Days to maturity
III. Plant height (cm)
IV. Effective tillers per plant
V. Spike length (cm)
VI. Spikelets per spike
VII. Grains per spike
VIII. 1000-seed weight (g)
IX. Biological yield per plant (g)
X. Seed yield per plant (g)
Quality traits:
I. Zinc content in seed (ppm)
II. Iron content in seed (ppm)
III. Protein content in seed (%)
[bookmark: bm_2_4_statistical_analysis_and_e_15eb25]Statistical Analysis and Estimation of Genetic Parameters
[bookmark: bm_2_4_1_analysis_of_variance_anova]Analysis of Variance (ANOVA)
Combined ANOVA was performed for each trait considering environments and genotypes as factors. Mean sum of squares for genotypes, environments, and their interaction were computed.
[bookmark: bm_2_4_2_genetic_variability_parameters]


Genetic Variability Parameters
Phenotypic Coefficient of Variation (PCV) and Genotypic Coefficient of Variation (GCV) were calculated using the formulae:


where  is genotypic variance,  is phenotypic variance, and  is the mean.
Heritability (Broad-sense) was estimated as:

Genetic Advance (GA) was calculated as:

where S is the selection differential (assuming 5% selection intensity; S = 2.063)
Genetic Advance as Percentage of Mean (GAM) was computed as:

Heritability and GAM classifications followed standard criteria where:
I. High GCV/PCV: >20%
II. Moderate GCV/PCV: 10-20%
III. Low GCV/PCV: <10%
IV. High heritability: >60%
V. High GAM: >20%
VI. Moderate GAM: 10-20%
VII. Low GAM: <10%
[bookmark: bm_3_results]Results

[bookmark: bm_3_1_analysis_of_variance]Analysis of Variance
The pooled analysis of variance (Table 1) indicated highly significant differences (P < 0.01) among environments for all traits studied, including days to 50% flowering, days to maturity, plant height, effective tillers per plant, spike length, spikelets per spike, grains per spike, 1000-seed weight, biological yield per plant, and quality traits (zinc, iron, and protein content). This revealed that environmental factors, particularly variation in sowing dates, exerted considerable influence on phenotypic expression. Mean squares due to genotypes were also highly significant (P < 0.01) for all traits, suggesting the presence of sufficient genetic variability in the experimental material. Such variability is a prerequisite for successful selection programmes in wheat breeding. Environment-wise analysis revealed that mean sum of squares due to treatments (genotypes) was highly significant (P < 0.01) for all traits across all three environments (E1: normal, E2: late, E3: very late sowing), clearly indicating the presence of substantial genetic variability among wheat genotypes within each environment.
Table 1: Pooled Analysis of Variance for Seed Yield and Associated Traits in Wheat evaluated in RBD, 2 replications across 3 environments (E1, E2 & E3)
	Source of variation
	df
	Days to 50% flowering
	Days to maturity
	Plant height (cm)
	Effective tillers per plant
	Spike length (cm)
	Spikelets per spike
	Grains per spike
	1000-seed weight (g)
	Biological yield per plant (g)
	Zn content in seed (ppm)
	Fe content in seed (ppm)
	Protein content in seed (%)
	Seed yield per plant (g)

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Environment
	2
	3366.91**
	9742.39**
	17251.17**
	123.4**
	364.18**
	919.01**
	4727.7**
	1728.95**
	13369.24**
	1866.39**
	562.12**
	270.33**
	709.51**
	

	Replication within environment
	6
	3.07
	3.06
	13.8
	0.12
	0.09
	0.07
	0.28
	2.23
	0.11
	0.17
	0.06
	0.02
	0.06
	

	Genotype
	39
	58.29**
	79.07**
	240.4**
	2.55**
	1.93**
	6.72**
	70.3**
	192.59**
	5.16**
	11.27**
	12.43**
	6.52**
	1.3**
	

	Genotype x Environment 
	78
	12.16**
	18.74**
	59.65**
	0.23**
	0.31**
	1.85**
	17.73**
	7.17**
	2.37**
	1.41**
	0.7**
	0.24**
	0.39**
	

	Error
	234
	5.6
	7.04
	28.23
	0.1
	0.15
	0.62
	3.07
	3.56
	0.81
	0.64
	0.19
	0.11
	0.21
	



[bookmark: bm_3_2_genetic_variability_parameters]Genetic Variability Parameters
Estimates of GCV, PCV, heritability, and genetic advance for all traits under pooled analysis are presented in Table 2.
Table 2: Genetic variability parameters for wheat traits under pooled analysis
	Trait
	GCV (%)
	PCV (%)
	Heritability (%)
	GAM (%)
	Interpretation

	Days to 50% flowering
	2.14
	3.89
	80.22
	3.67
	High h², Low GAM

	Days to maturity
	1.58
	2.79
	79.88
	2.49
	High h², Low GAM

	Plant height (cm)
	4.29
	5.45
	84.53
	7.69
	High h², Moderate GAM

	Effective tillers per plant
	15.84
	17.21
	91.43
	21.36
	High h², High GAM

	Spike length (cm)
	6.74
	8.34
	82.68
	11.62
	High h², Moderate GAM

	Spikelets per spike
	8.21
	9.87
	88.44
	14.35
	High h², Moderate GAM

	Grains per spike
	10.13
	11.92
	86.57
	12.11
	High h², Moderate GAM

	1000-seed weight (g)
	15.47
	17.08
	93.75
	24.70
	High h², High GAM

	Biological yield/plant (g)
	12.56
	14.38
	89.68
	18.45
	High h², Moderate-High GAM

	Seed yield per plant (g)
	9.87
	12.37
	63.37
	12.68
	Moderate h², Moderate GAM

	Zinc content (ppm)
	7.45
	10.23
	71.92
	10.86
	High h², Moderate GAM

	Iron content (ppm)
	8.34
	8.88
	95.55
	13.17
	Very High h², Moderate GAM

	Protein content (%)
	9.56
	11.45
	85.66
	14.45
	High h², Moderate GAM



[bookmark: bm_3_2_1_genotypic_and_phenotypic_d2569e]Genotypic and Phenotypic Coefficients of Variation
PCV values were found to be consistently higher than the corresponding GCV values for all traits studied under pooled analysis, indicating the influence of environmental factors on trait expression. However, the narrow gap between PCV and GCV for most traits suggested a predominance of genetic control over environmental influence, making these traits more reliable for selection.
Traits with moderate to high GCV (>10%) included effective tillers per plant (15.84%), 1000-seed weight (15.47%), biological yield per plant (12.56%), grains per spike (10.13%), and protein content (9.56%). These traits exhibited wider ranges of genetic variation and greater opportunity for selection.
Traits with low GCV (<10%) included days to maturity (1.58%), days to 50% flowering (2.14%), and iron content (8.34%). Despite low GCV, some of these traits (e.g., iron content) exhibited high heritability, indicating strong genetic control with small phenotypic variation.
[bookmark: bm_3_2_2_heritability_estimates]Heritability Estimates
Heritability estimates under pooled conditions ranged from 63.37% (seed yield per plant) to 95.55% (iron content in seed), indicating substantial genetic control for all traits. Traits with heritability exceeding 90% included iron content (95.55%), 1000-seed weight (93.75%), and effective tillers per plant (91.43%). These high values indicate strong additive genetic effects and reliability for selection. Seed yield per plant exhibited the lowest heritability (63.37%) among the traits studied, reflecting its complex quantitative nature and greater susceptibility to environmental fluctuations. Despite this lower heritability, the estimate still falls within the 'high' category (>60%), suggesting that genetic selection can still be effective for this important trait. Phenological traits (days to flowering and maturity) exhibited high heritability (79.88-80.22%), indicating that these traits are largely under genetic control and can be reliably selected for.
[bookmark: bm_3_2_3_genetic_advance_and_sele_27cd2d]Genetic Advance and Selection Potential
Genetic advance as percentage of mean (GAM) was highest for 1000-seed weight (24.70%) and effective tillers per plant (21.36%), indicating that these traits are governed predominantly by additive gene effects and can be effectively improved through simple phenotypic selection. The combination of high heritability and high GAM makes these traits excellent targets for direct selection. Moderate GAM (10-20%) was recorded for spike length (11.62%), spikelets per spike (14.35%), grains per spike (12.11%), iron content (13.17%), protein content (14.45%), biological yield per plant (18.45%), and seed yield per plant (12.68%), reflecting a combination of additive and non-additive gene action. Traits such as days to maturity (2.49%), days to 50% flowering (3.67%), and plant height (7.69%) exhibited low to very low GAM despite high heritability, suggesting the predominance of non-additive gene effects. These traits would benefit from breeding strategies such as hybridisation or recurrent selection rather than simple phenotypic selection.
[bookmark: bm_3_3_environmental_influence_on_85e866]Environmental Influence on Trait Expression
Mean performance comparison between environments indicated that phenotypic expression varied considerably with sowing dates, highlighting the influence of environmental factors on trait expression. Generally, timely sown conditions (E1) recorded higher mean values for yield and most yield-attributing traits, whereas late (E2) and very late (E3) sowing conditions tended to reduce yield performance due to exposure to terminal heat stress during grain filling. Phenological traits such as days to 50% flowering and days to maturity were significantly shortened under late and very late sowing conditions compared to timely sowing, reflecting an adaptive response to higher temperatures during reproductive growth [Choudhary et al., 2021]. The decreased grain-filling duration under heat stress ultimately contributed to lower test weight, reduced biological yield, and compromised grain quality. Nutritional quality traits (zinc, iron, and protein content) exhibited variation between environments. In some cases, late sowing enhanced protein content due to concentration effects under reduced grain size, while micronutrient concentrations varied inconsistently across environments.
[bookmark: bm_4_discussion][bookmark: bm_4_1_significance_of_genetic_va_8aa835]Discussion

Significance of Genetic Variability in Wheat Improvement
The presence of significant genotypic variability for all traits studied demonstrates that the experimental germplasm collection possesses sufficient genetic diversity to serve as a base for effective selection programmes. This genetic variability is a fundamental prerequisite for any crop improvement initiative, as it provides the raw material for isolating superior genotypes and developing improved varieties adapted to diverse agro-climatic conditions (Burton et al., 1952). The highly significant differences observed among genotypes in all three environments (E1, E2, E3) indicate that selection can be environment-specific, and that certain lines may perform consistently well across sowing conditions, making them suitable for wide adaptation. Conversely, some genotypes may be identified as specifically adapted to late or very late sowing conditions, which is particularly important for regions prone to delayed wheat planting due to late harvest of preceding crops (Dargicho et al., 2016)
[bookmark: bm_4_2_interpretation_of_gcv_and_94a122]Interpretation of GCV and PCV: Genetic versus Environmental Control
The consistent observation that PCV values were slightly higher than GCV values for all traits, with narrow gaps, indicates that environmental factors do influence phenotypic expression but genetic control predominates for most traits. This pattern is particularly favorable for breeding programmes, as it suggests that observed differences among genotypes are largely heritable and will be transmitted to offspring . Traits with higher GCV values (effective tillers per plant, 1000-seed weight, biological yield per plant) demonstrate greater opportunity for selection because they show more genetic variation relative to environmental variation. In contrast, traits with lower GCV values but still high heritability (e.g., phenological traits, iron content) indicate strong genetic control operating within a narrower range of genetic variation.
[bookmark: bm_4_3_heritability_and_its_impli_cdd06d]Heritability and Its Implications for Breeding Strategy
The high heritability estimates obtained for most traits (>60%) indicate that genetic differences among genotypes are more important than environmental differences in determining phenotypic variation. This finding supports the adoption of simple phenotypic selection strategies for improving these traits, as offspring will closely resemble their parents for these highly heritable characters (Patel et. al., 2023) The classification of heritability interpretation reveals important breeding implications:
Traits with High Heritability and High GAM (1000-seed weight, effective tillers per plant, biological yield per plant): These traits respond excellently to direct selection and represent ideal targets for variety development through conventional breeding. Simple pedigree selection or mass selection would be effective for improving these traits (Meena et al., 2025).Traits with High Heritability but Low GAM (days to flowering, days to maturity, zinc content): The combination of high heritability with low GAM suggests the presence of non-additive gene effects (dominance, epistasis) or linkage disequilibrium between alleles at different loci. For these traits, advanced breeding strategies such as Recurrent selection (to accumulate favorable alleles), Heterosis breeding (to exploit hybrid vigor), Genomic selection (to better identify and pyramid favorable alleles) would be more effective than simple phenotypic selection (Ali et al., 2008).
Seed Yield per Plant: The relatively low heritability (63.37%) compared to component traits reflects the complex, quantitative nature of yield as a highly polygenic trait influenced by multiple loci with small individual effects. This finding emphasizes the importance of considering multiple component traits simultaneously in yield improvement programmes. Selection for component traits with higher heritability and GAM (such as 1000-seed weight and effective tillers per plant) can be an effective indirect approach to improving yield (Annicchiarico et al., 2002).
[bookmark: bm_4_4_trait_specific_breeding_im_79bad7]Trait-Specific Breeding Implications
[bookmark: bm_4_4_1_morphological_and_develo_beb9ba]Morphological and Developmental Traits
Days to flowering and maturity, with high heritability (79.88-80.22%) but low GAM (2.49-3.67%), indicate strong genetic control with limited scope for rapid genetic improvement through simple selection. However, these traits are crucial for adaptation to specific sowing dates and environmental conditions. The identification of early-maturing genotypes is particularly important for areas prone to late sowing, where early completion of grain filling before terminal heat stress becomes critical.
Plant height, with high heritability (84.53%) and moderate GAM (7.69%), offers good potential for improvement. Modern wheat breeding has consistently selected for dwarf and semi-dwarf plant heights to minimize lodging risk, improve harvest index, and enhance response to fertilizer application.The continued availability of genetic variability for this trait enables further refinement of plant architecture for specific agro-ecologies.
[bookmark: bm_4_4_2_yield_attributing_traits]Yield-Attributing Traits
Effective tillers per plant and 1000-seed weight, both showing high GCV, high heritability, and high GAM, emerge as the most promising targets for direct selection to improve yield. These traits exhibit additive gene action, making them highly responsive to phenotypic selection. Historical wheat breeding progress confirms that improvement in these component traits has contributed significantly to yield enhancement. The moderate genetic variability and GAM for grains per spike (GCV 10.13%, GAM 12.11%) and biological yield per plant (GCV 12.56%, GAM 18.45%) indicate that these traits also offer good opportunity for improvement through simple selection. The integration of multiple yield component traits (tiller number, spike length, grains per spike, seed weight) into a coordinated selection strategy, based on understanding their relative contribution to overall yield, is essential for achieving substantial yield improvements (Meena et al 2025).
[bookmark: bm_4_4_3_quality_and_nutritional_traits]Quality and Nutritional Traits
Iron content showed the highest heritability (95.55%) among all traits, indicating very strong genetic control and excellent potential for improvement through selection (Al-Jibouri et al.,1958). The moderately high GCV (8.34%) coupled with this exceptional heritability suggests that genetic variability for iron content is substantial and heritable. Zinc and protein content, with GCV values of 7.45% and 9.56% respectively and heritabilities of 71.92% and 85.66%, demonstrate good potential for improvement. The integration of these nutritional quality traits into yield improvement programmes, referred to as "biofortification breeding," is increasingly important for addressing micronutrient deficiencies in human populations, particularly in South Asia. The lower heritability of seed yield compared to quality traits suggests that simultaneous improvement for both yield and nutritional quality require strategic breeding approaches that specifically target both objectives, exploiting genotypes that combine acceptable yield with enhanced nutritional traits (Breese et al., 1969).
[bookmark: bm_4_5_environmental_effects_and_c65d95]Environmental Effects and Stability Considerations
[bookmark: bm_4_6_comparison_with_previous_research]The significant influence of sowing environment on trait expression, with late sowing reducing yield and altering phenotype, highlights the importance of multi-environment testing in variety development. The relatively narrow gap between GCV and PCV across environments suggests that genetic control of traits is robust even under stress conditions, although absolute phenotypic values may be depressed. Genotypes with high mean performance, high heritability, and high GAM for yield components represent the most promising candidates for recommendation in multi-location wheat breeding programmes aimed at enhancing yield stability across varying agro-climatic conditions in India (Deepti et al., 2009).
Comparison with Previous Research
These results align with earlier findings reported in wheat by Meena et al. (2022, 2025), and Patel et al. (2023), who similarly documented high heritability for yield and yield-attributing traits, particularly 1000-seed weight and tiller number. The present study extends these observations by providing comprehensive analysis across contrasting sowing environments and including biofortification traits, offering a more complete picture of genetic variability in wheat germplasm under Indian conditions. The predominance of additive gene effects for component traits, as evidenced by the high heritability and high GAM combinations, supports the continued use of conventional breeding approaches in wheat improvement, while the low GAM for some traits with high heritability suggests the potential value of exploring advanced breeding methodologies.
[bookmark: bm_5_conclusions]Conclusions
This investigation revealed substantial genetic variability in wheat germplasm for morphological, yield-attributing, and quality traits across multiple sowing environments. Most traits exhibited high heritability (>60%), indicating strong genetic determination and reliability for selection. Effective tillers per plant (GCV 15.84%, GAM 21.36%) and 1000-seed weight (GCV 15.47%, GAM 24.70%) emerged as the most promising targets for direct phenotypic selection, exhibiting both high genetic variability and high genetic gain. Traits with high heritability but low GAM (days to flowering, days to maturity, zinc content) indicate the presence of non-additive gene action, suggesting the need for advanced breeding strategies such as recurrent selection or hybridization. While component traits showed good genetic variability, the lower heritability of seed yield per plant (63.37%) emphasizes the polygenic nature of yield and the need for selection on multiple traits simultaneously. The narrow gap between PCV and GCV suggests that selected traits will remain stable across diverse sowing environments, supporting the development of broadly adapted wheat varieties. High heritability of quality traits (iron 95.55%, protein 85.66%) indicates strong potential for biofortification breeding without compromising yield potential, provided that specialized selection strategies are employed. These findings provide a scientific foundation for designing efficient wheat improvement programmes that target both yield enhancement and nutritional quality improvement, utilizing the substantial genetic variability present in available wheat germplasm, and adapted to variable sowing environments prevalent in Indian wheat-growing regions.
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Table S1: Genotypes evaluated for genetic variability assessment
(List of 40 wheat genotypes )

	Series
	Genotypes
	Special Characteristics

	Raj Series
	Raj 3077, Raj 3765, Raj 3777, Raj 4027, Raj 4037, Raj 4098, Raj 4136, Raj 4137
	Released varieties, high yield, moderate micronutrient content

	K Series
	K 8551, K 9305, K 9507, K 9703, K 9904
	Advanced breeding lines, stress tolerance

	UP Series
	UP 2358, UP 2571, UP 2600, UP 2665
	Productivity focus, variable nutrition

	GW Series
	GW 230, GW 231, GW 273, GW 322, GW 338, GW 347, GW 366, GW 379, GW 387, GW 394, GW 397, GW 9715, GW 496
	High potential yield, diverse micronutrient profiles

	HD Series
	HD 2189, HD 2687 (Check), HD 2851, HD 2864
	Check variety (HD 2687), widely adapted

	PBW Series
	PBW 352, PBW 498, PBW 524, PBW 541
	Pan-India adaptability

	LOK Series
	LOK 1
	Local adaptation



Table S2: Environmental conditions for three sowing dates
	Environment
	Sowing Date
	Temperature (°C)
	Rainfall (mm)
	Sowing-to-Maturity Duration (days)

	E1 (Normal)
	Nov 15
	20-28
	50-120
	125-135

	E2 (Late)
	Dec 15
	15-25
	20-80
	110-120

	E3 (Very Late)
	Jan 25
	12-22
	10-40
	95-110


 The two table S 3 & S 4 are added to bring more clarity and justify the review mentioning the GCV/h²/GAM across the E1 to E3.
	Table S3: Environment-wise GCV/h²/GAM

	Trait
	E1 GCV/h²/GAM
	E2 GCV/h²/GAM
	E3 GCV/h²/GAM

	Seed yield/plant
	8.2/72%/14.2
	10.1/58%/11.5
	11.3/55%/10.8

	1000-seed wt
	14.5/92%/23.1
	16.2/94%/25.4
	17.8/90%/22.9

	Tillers/plant
	14.8/90%/20.1
	16.5/92%/22.3
	18.2/88%/19.7


 		Top genotypes across the environments namely E1 to E3
	Table S4: Top 5 Genotypes per Env (Seed Yield g)

	Env
	Top Genotypes

	E1
	Raj 4027 (10.2), K 9904 (9.8)

	E2
	PBW 541 (8.5), GW 387 (8.2)

	E3
	Raj 3777 (7.9), UP 2600 (7.6)


The parameters are mentioned below to bring clarity to the parameters.
	Table S5- Detailed measurement protocols are in Materials and Methods

	Phenological traits (plot basis):

	Days to 50% flowering: Days from sowing to ~50% plants in plot initiating flowering (visual assessment). ​

	Days to maturity: Days to 85-90% plants reaching physiological maturity (flag leaf yellowing, full grain size). ​

	Morphological/yield traits (5 random plants/replication).

	Plant height (cm): Soil surface to tallest spike tip (excl. flag leaf). ​

	Effective tillers/plant: Grain-bearing tillers at flowering (3 plants). ​

	Spike length (cm): Base to tip awns (3 plants). ​

	Spikelets/spike: Count on main spike post-threshing (5 spikes).​

	Grains/spike: Total grains on main spike (5 plants).​

	1000-seed weight (g): Random sample weighed precisely.​

	Biological/seed yield/plant (g): Harvest, dry, weigh above-ground biomass/grains 
(3 plants).​

	Quality traits (milled grain samples):

	Zn/Fe (ppm): Atomic absorption spectrophotometry. ​

	Protein: Kjeldahl method.​






