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Harnessing Wheat's Genetic Diversity from Heat-Tolerant, High-Yielding Varieties


ABSTRACT
The experimental study included 58 bread wheat genotypes of 45 F1 hybrids, 10 parental lines, and three control varieties. This research was conducted during the Rabi seasons of 2022-23 and 2023-24 at the Field Experimentation Centre within the Department of Genetics and Plant Breeding at SHUATS in Prayagraj, Uttar Pradesh. The experimental study included 58 bread wheat genotypes of 45 F1 hybrids, 10 parental lines, and three control varieties. This research was conducted during the Rabi seasons of 2022-23 and 2023-24 at the Field Experimentation Centre within the Department of Genetics and Plant Breeding at SHUATS in Prayagraj, Uttar Pradesh. A randomized block design with three replications was used for the experiment. The parental lines included SHUATS-W8, SHUATS-W10, SHUATS-W12, SHUATS-W13, SHUATS-W16, SHUATS-W21, SHUATS-W66, SHUATS-W67, SHUATS-W86, and SHUATS-W87, which were crossed using a half-diallel cross design. The variance analysis showed significant differences (α=0.05) across all 18 traits in both timely (E1) and late sown (E2) environments, highlighting substantial genetic variability among bread wheat germplasms and indicating strong potential for selection-based improvement. Traits such as plant height, days to first heading, days to 50% flowering, days to maturity, and test weight showed minimal differences between GCV and PCV in both environments, indicating a lower environmental impact and a higher degree of genetic control over their expression.
In contrast, traits like the number of grains per spike and chlorophyll content exhibited more significant GCV-PCV differentials, suggesting a greater environmental effect on their phenotypic traits. Notably, high heritability and significant genetic advance as a percentage of the mean were found for test weight, plant height, and days to maturity, emphasizing the influence of additive gene action and making these traits prime candidates for direct selection in breeding initiatives. Traits such as days to first heading and days to 50% flowering showed moderate GCV, high heritability, and moderate genetic advance, indicating a reasonable potential for genetic enhancement. The pooled mean analysis further confirmed that test weight and days to first heading displayed high genetic variability, heritability and genetic advance, positioning them as important targets for wheat improvement efforts.
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INTRODUCTION
Agriculture plays a significant role in the Indian economy. Supporting two-thirds of the population. India is the second-largest agricultural producer globally, primarily producing cereals and essential dietary staples. These cereals are vital for agro-industries due to their high nutritional value, including essential vitamins, minerals, carbohydrates, fats, and proteins. The country grows a variety of cereals, such as wheat, rice, barley, buckwheat, oats, maize, rye, sorghum (jowar), pearl millet (bajra), and finger millet (ragi). According to the Third Advance Estimate (2023–24) by the Ministry of Agriculture, India achieved remarkable cereal production levels: rice (136.7 million tonnes), wheat (112.92 million tonnes), maize (35.67 million tonnes), and bajra (10.66 million tonnes). 
India is the second-largest wheat producer globally, contributing nearly one-tenth of the world's total wheat output (Khan et al., 2014). Wheat is considered the staple grain in temperate climates, much like rice is in tropical areas. In India, wheat cultivation is mainly focused in the northern regions, with Punjab and Haryana being the top contributors to wheat production. Botanically classified under Triticum spp., wheat occupies a pivotal position among cereals due to its extensive cultivation, high nutritional value, and instrumental role in shaping early human civilizations. Its adaptability to diverse agro-climatic conditions and its significance in global food security further enhance its agricultural prominence. Hexaploid wheat has been cultivated in Ethiopia since antiquity (Malbhage et al., 2020). Bread wheat, scientifically identified as Triticum aestivum (L.), is a monocotyledonous species from the Gramineae family. It is the sole tetraploid wheat species (AABBDD, 2n=6x=42) of substantial commercial importance, offering farmers a highly viable and profitable cropping option. Representing 85 to 88% of the global wheat area, bread wheat accounts for approximately 90.36% of the total wheat production worldwide. Analysing total variation by separating it into phenotypic, genotypic, and environmental components helps identify the type of gene action and directs breeding practices (Dutta et al., 2013). Decreased genetic variability makes crops more susceptible to diseases and adverse climatic conditions. Research indicates that a reduced gene pool in durum wheat heightens the risk of vulnerability to diseases and pests (Frankel et al., 1998).
	To enhance selection in durum wheat, breeders should focus on understanding the genetic variability and heritability of key agronomic traits (Abinasa et al., 2011). The genetic potential of various genotypes available to plant breeders can only be fully realized through systematically evaluating different traits. Identifying potential variations in morphological traits is crucial for genetic improvement programs, and the genetic diversity of durum wheat genotypes can be assessed through morphological variation (De Vita et al., 2010). Genetic variability among durum wheat genotypes can be evaluated using qualitative and quantitative traits. Selecting the right parents is critical for a successful breeding program. Effective selection requires detailed information on the nature and extent of variation within the population, the relationship between traits and yield, their interrelationships, and the impact of environmental factors on trait expression (Yagdi, 2009).
MATERIALS AND METHODS
The experimental investigation was carried out with 45 F1s, 10 parents and three checks (total 58 genotypes) of bread wheat cultivated in Rabi 2022-23 and 2023-24 at the Field Experimentation Centre, Department of Genetics and Plant Breeding, SHUATS, Prayagraj, Uttar Pradesh, using a Randomized Block Design with three replications. Situated approximately 5 kilometres from Prayagraj City, the university is positioned along the left flank of the Prayagraj–Rewa National Highway. The Department of Genetics and Plant Breeding at the Naini Agricultural Institute, Sam Higginbottom University of Agriculture, Technology, and Sciences (SHUATS), Prayagraj, Uttar Pradesh, facilitated all essential agronomic inputs, including field preparation, resource allocation, irrigation infrastructure, and labour, ensuring optimal crop cultivation conditions. Prayagraj falls within the central plain subzone of Agro-climatic Zone V, while Naini is geographically positioned between 20° 33' 40'' to 21° 50' N latitude and 73° 27' 58'' to 73° 56' 36'' E longitude. The region exhibits a tropical climate characterized by humid monsoons, intensely warm summers, and moderately cold winters. Substantial rainfall occurs from June to September, predominantly influenced by the southwest monsoon, with peak precipitation observed during July and August. The experimental site comprises level terrain with uniformly fertile sandy loam soil, distinguished by a high sand fraction and minimal clay content, fostering well-drained conditions conducive to agricultural research. 
Characteristics assessed under environment timely sown (E1) and late sown (E2), comprised of plant height (cm); flag leaf length (cm); spikelet length (cm); days to maturity; number of tillers per plant; test weight (g); harvest index (%); grain yield per plant (g). Ten parents comprising SHUATS-W8, SHUATS-W10, SHUATS-W12, SHUATS-W13, SHUATS-W16, SHUATS-W21, SHUATS-W66, SHUATS-W67, SHUATS-W86 and SHUATS-W87 were mated in half diallel design. The Fisher and Yates, 1963 method was used to analyze the data statistically. Johnson et al. (1955) used formulae to calculate GCV and PCV. Heritability (in the broad sense) was eliminated by the formula by Burton and Devane (1953). 
RESULTS AND DISCUSSION
Analysis of variance
Mean sum squares data for 18 characters were subjected to analysis of variance for experimental design. The analysis of variance for different characters calculated is presented in Table 1 under two environments, E1, E2 and pooled mean, respectively. The analysis of variance showed highly significant differences (α=0.05) among 45 F1s, 10 parents and three checks for all characters studied under two environments, E1, E2 and pooled mean, indicating considerable genetic variability among bread wheat germplasms. It also indicated the scope of selection for genetic improvement of bread wheat. The results align with studies conducted by Dave et al. (2021) and Dragov et al. (2022).
Extent of Genetic variability
The environment has a significant impact on how a genotype is expressed. Phenotypic commentary is used to infer genotypic data. Therefore, biometric parameters such as GCV, PCV, genetic advance as a percentage of mean, heritability (broad sense), and genetic advance can be used to estimate variability. Breeders use this valuable tool in their selection processes to improve crop plants' genetic makeup for the benefit of humankind. The estimates of GCV, PCV, Heritability (h2) in a broad sense, Genetic Advance, and Genetic Advance as a per cent of mean for fourteen characters studied have been furnished in tables 2 and 3 for two environments viz., E1 (timely sown) and E2 (late sown) and pooled mean respectively.
PCV and GCV
Under E1 (timely sown) conditions, characters like plant height, days to first heading, days to 50% flowering, days to maturity, and test weight were observed to have comparably less difference between its GCV and PCV value, predicting the lesser influence of environment in the expression of character by genotypes. Similarly, Under E2 (late sown) conditions, traits like plant height, flag leaf length, days to first heading, days to 50% flowering, days to maturity, number of grains per spike and test weight were observed to have comparably less difference between its GCV and PCV value predicting the lesser influence of environment in expression of character by genotypes. The pooled mean analysis revealed that traits such as days to first heading, days to 50% flowering, days to maturity and test weight exhibited relatively minor disparities between their genotypic coefficient of variation (GCV) and phenotypic coefficient of variation (PCV), indicating a diminished environmental influence on the expression of these characters. Conversely, the remaining traits displayed notably wider differentials between GCV and PCV, signifying a pronounced environmental impact on their phenotypic expression, thereby reflecting greater susceptibility to external environmental factors (Alemu et al., 2020; Bhardwaj, 2018). 
The bread wheat germplasm exhibited a high genotypic coefficient of variation (GCV) and phenotypic coefficient of variation (PCV) for test weight under E1 conditions, reflecting substantial genetic variability for this trait. Moderate GCV was observed for plant height, days to first heading, and days to 50% flowering, indicating appreciable but relatively moderate genetic variation. In contrast, traits such as the number of grains per spike and chlorophyll content exhibited a moderate genetic coefficient of variation (GCV) along with a high phenotypic coefficient of variation (PCV), indicating a significant environmental impact on their expression despite showing moderate genetic variability. Singh et al. (2020), Partial et al., (2021), and Hassani et al. (2022) came to similar conclusions for bread wheat in their research for days to first heading, test weight. The bread wheat germplasm exhibited a high genotypic coefficient of variation (GCV) and phenotypic coefficient of variation (PCV) for days to maturity under E2 conditions, reflecting substantial genetic variability for this trait. Moderate GCV and PCV were observed for plant height, flag leaf length, days to first heading, days to 50% flowering, number of grains per spike and test weight, indicating appreciable but relatively moderate genetic variation. Dragov et al., (2022) and Yadav et al., (2022) reported the same number of grains per spike in bread wheat for flag leaf length. Pooled mean analysis in bread wheat germplasm revealed high GCV and PCV for test weight, reflecting substantial genetic variability for this trait. Moderate GCV and PCV were observed for days to first heading and days to 50% flowering, indicating appreciable but relatively moderate genetic variation. Conversely, the traits number of grains per spike and days to maturity displayed moderate GCV coupled with high PCV, signifying a considerable environmental influence on their expression despite moderate genetic variability. Seyoum and Sisay (2021), Tanveer et al. (2022), and Vaghela et al., (2022) concluded the same for test weight, days to 50% flowering in bread wheat for GCV. These characters exhibited more significant genetic variability than others, suggesting hybridization and selection-induced variability could effectively enhance crop improvement. The remaining traits recorded low GCV and PCV values, indicating limited genetic variability and a lower potential for substantial genetic gain through selection. 
Genetic Parameters
The genotypic coefficient of variation (GCV) quantifies the genetic variability transmitted from parental lines to their offspring. Heritability, a pivotal parameter that delineates the genetic correlation between progenitors and their descendants, is a crucial predictor of a trait's potential inheritance across successive generations, inherently encapsulating genotypic variability. The concept of broad-sense heritability was first articulated, emphasizing that elevated heritability alone does not necessarily guarantee substantial genetic improvement through selection unless complemented by considerable genetic advance. Burton (1952) postulated that estimates of genetic variation alongside heritability provide more precise insight into the expected efficacy of selection, asserting that traits exhibiting both high GCV and substantial heritability hold significant value in breeding programs. 
Numerous traits demonstrated significant broad-sense heritability in both environmental conditions (E1 and E2) and across the overall mean. In E1, the traits that showed high heritability included test weight, days to first heading, plant height, days to maturity, days to 50% flowering, flag leaf length, spikelet length, and grain yield per plant. Conversely, E2 noted high heritability for test weight, plant height, days to maturity, number of grains per spike, days to 50% flowering, days to first heading, flag leaf length, grain yield per plant, spike length, and flag leaf width. The combined analysis indicated high heritability for plant height, test weight, days to maturity, days to 50% flowering, days to first heading, and spike length. Similar results for high heritability for test weight, plant height, and days to maturity were reported earlier by Vaghela et al., (2022). High heritability was found earlier by Dave et al. (2021) for the number of grains per spike, days to 50% flowering, and flag leaf length. High heritability was also observed in spike length, plant height, test weight and days to maturity. Jasmine and Ravindra (2018), Nagar et al. (2018), and Kumar et al. (2020) came to similar conclusions in their research.
Heritability alone does not definitively measure the genetic progress attainable by selecting specific genotypes. Consequently, assessing genetic advancement alongside heritability proves highly advantageous. Comstock and Robinson (1952) elucidated that genetic advancement denotes the enhancement in the mean performance of a selected population relative to the original base population. In the present study, under environment I (E1), test weight was reported to have high GCV, high heritability, and high genetic advance as a cent of the mean. Traits such as plant height had moderate GCV, high heritability, and high genetic advance as a percentage of the mean. While days to first heading, days to 50% flowering exhibited moderate GCV, coupled with high heritability and moderate genetic advance as a percentage of the mean, and chlorophyll content exhibited moderate GCV, coupled with moderate heritability and moderate genetic advance as a percentage of the mean. Given that these attributes are predominantly governed by additive gene action, direct selection can be effectively employed for their genetic enhancement.
In the present study, under environment II (E2), days to maturity exhibited high GCV, high heritability, and moderate genetic advance as a percentage of the mean. The test weight, plant height, and flag leaf length exhibited a moderate genetic coefficient of variance (GCV), high heritability, and a significant genetic advance as a percentage of the mean. Similarly, traits such as days to first heading, days to 50% flowering, and the number of grains per spike showed moderate GCV and high heritability; however, they had moderate genetic advance as a percentage of the mean. Since these traits are primarily governed by additive gene action, direct selection can be effectively utilised for their genetic improvement. This study's pooled analysis conducted across two environments revealed that test weight showed a high genetic coefficient of variation (GCV), high heritability, and genetic advance as a percentage of the mean. The number of grains per spike, days to 50% flowering and days to first flowering demonstrated moderate GCV, accompanied by high heritability and substantial genetic advance as a percentage of the mean. As these traits are predominantly governed by additive gene action, direct selection can be effectively employed to enhance their genetic potential. Similar findings regarding the harvest index have been documented by Malbhage et al. (2020), Patial et al. (2021) and Tanveer et al. (2022).
CONCLUSION
The analysis of variance showed highly significant differences (α=0.05) among all 18 traits in both environment ts: timely sown (E1) and late sown (E2), as well as in the pooled mean. This indicates substantial genetic variability among the bread wheat germplasms, highlighting the potential for selection-driven genetic improvement. Traits such as plant height, days to first heading, days to 50% flowering, days to maturity, and test weight exhibited minimal differences between GCV and PCV across both environments, reflecting lower environmental influence and higher genetic control over their expression. In contrast, traits such as the number of grains per spike and chlorophyll content exhibited more significant GCV-PCV differentials, indicating a more substantial environmental impact on their phenotypic expression. High heritability coupled with substantial genetic advance as a percentage of the mean was observed for test weight, plant height, and days to maturity, highlighting the predominance of additive gene action, making them ideal targets for direct selection in breeding programs. Traits such as days to first heading and days to 50% flowering displayed moderate GCV, high heritability, and moderate genetic advance, suggesting a moderate genetic potential for improvement. The pooled mean analysis further validated that test weight and days to first heading exhibited high genetic variability, high heritability and genetic advance, making them valuable selection targets for wheat improvement.
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	ANOVA Summary

	S.No.
	Characters
	Mean Sum of Squares (MSS)

	
	Degrees of freedom
	Timely sown (E1)
	Late sown (E2)
	Pooled mean

	
	
	df=2
	df=57
	df=114
	df=2
	df=57
	df=114
	df=2
	df=57
	df=114

	1
	Plant height
	120.21
	345.54*
	11.05
	190.88
	315.65*
	10.41
	153.51
	303.43*
	5.70

	2
	Flag leaf length 
	2.84
	22.97*
	2.49
	1.72
	33.30*
	1.85
	2.55
	1171.75*
	2.00

	3
	Flag leaf width
	0.06
	0.05
	0.01
	0.03
	0.05
	0.01
	0.02
	2.92
	0.10

	4
	Chlorophyll content
	1.14
	53.23*
	17.32
	10.89
	18.89*
	4.43
	7.15
	1888.23*
	4.88

	5
	Canopy temperature deficit
	0.69
	0.71
	0.32
	0.25
	0.81*
	0.12
	0.39
	20.88*
	0.59

	6
	Culm wall thickness
	0.02
	0.02
	0.01
	0.55
	0.02**
	0.08
	0.40
	0.55**
	0.18

	7
	Stem diameter
	1.72
	0.25**
	0.08
	0.02
	0.18**
	0.07
	0.71
	4.09**
	1.03

	8
	Days to first heading
	0.85
	48.80*
	1.25
	0.28
	53.91*
	2.90
	1.04
	1340.48*
	0.08

	9
	Days to 50% flowering
	3.66
	43.61*
	2.03
	6.41
	46.56*
	2.46
	9.50
	1376.04*
	0.57

	10
	Spikelet length
	1.74
	4.35*
	0.61
	0.68
	4.17*
	0.58
	0.85
	159.86*
	1.57

	11
	Number of tillers per plant
	1.88
	8.47**
	2.09
	1.76
	3.87**
	1.06
	3.56
	273.04**
	0.07

	12
	Grain filling period
	0.84
	5.90*
	1.89
	2.86
	6.60*
	1.69
	3.11
	374.48*
	0.59

	13
	Days to maturity
	2.50
	52.88*
	1.83
	12.71
	64.18*
	2.40
	12.32
	3389.06*
	2.89

	14
	Number of grains per spike
	32.78
	50.46*
	9.53
	4.62
	46.99*
	2.39
	27.54
	1161.83*
	9.86

	15
	Test weight
	3.63
	74.52*
	0.63
	1.88
	54.95*
	1.11
	5.37
	772.68*
	0.14

	16
	Biological yield per plant
	1.55
	33.52**
	24.71
	7.83
	17.56**
	3.64
	7.70
	3801.67*
	1.68

	17
	Harvest index
	5.40
	27.94*
	9.77
	3.44
	18.06*
	3.64
	2.42
	384.17*
	6.41

	18
	Grain yield per plant
	2.02
	14.65*
	2.40
	0.47
	10.28*
	1.22
	2.22
	1225.05*
	0.27

	Table 1: Analysis of Variance (ANOVA) for 18-grain yield characters in bread wheat among 45 F1s, 10 parents and three checks under two environments (E1 and E2) and pooled mean. Where *,** indicates significant level at 5% and 1% level of significance  






	S.No.
	Genetic Parameters
	Timely sown (E1)
	Late sown (E2)

	
	
	PCV (%)
	GCV (%)
	h2
(%)
	GA
	GAM (%)
	PCV (%)
	GCV (%)
	h2
(%)
	GA
	GAM (%)

	1
	Plant height
	10.73
	10.23
	90.98
	20.75
	20.10
	11.58
	10.56
	90.67
	19.78
	20.56

	2
	Flag leaf length
	9.32
	6.82
	73.30
	5.90
	22.67
	12.34
	10.48
	84.90
	7.87
	35.21

	3
	Flag leaf width
	0.03
	0.01
	34.50
	0.15
	8.83
	0.03
	0.02
	62.40
	0.25
	15.52

	4
	Chlorophyll content
	29.29
	11.97
	40.90
	5.83
	12.96
	9.26
	4.82
	52.10
	4.18
	10.36

	5
	Canopy temperature deficit
	0.46
	0.13
	28.80
	0.51
	12.36
	0.42
	0.20
	47.50
	0.81
	17.44

	6
	Culm wall thickness
	0.02
	0.01
	24.20
	0.08
	8.05
	0.01
	0.01
	41.20
	0.12
	13.05

	7
	Stem diameter
	0.14
	0.06
	41.00
	0.40
	19.76
	0.11
	0.04
	34.70
	0.30
	16.36

	8
	Days to first heading
	17.11
	15.85
	92.60
	10.11
	15.29
	19.91
	17.00
	85.40
	10.06
	16.16

	9
	Days to 50% flowering
	15.90
	13.86
	87.20
	9.17
	12.26
	17.17
	14.70
	85.60
	9.36
	13.21

	10
	Spikelet length
	1.86
	1.25
	67.10
	2.41
	20.43
	1.78
	1.20
	67.30
	2.36
	22.64

	11
	Number of tillers per plant
	4.22
	2.13
	50.40
	2.73
	23.75
	2.00
	0.94
	47.00
	1.75
	18.00

	12
	Grain filling period
	3.24
	1.34
	41.30
	1.96
	4.76
	3.33
	1.64
	49.20
	2.37
	6.06

	13
	Days to maturity
	18.85
	17.01
	90.20
	10.34
	8.89
	23.00
	20.60
	89.60
	11.33
	10.30

	14
	Number of grains per spike
	23.18
	13.64
	58.90
	7.48
	9.30
	17.26
	14.87
	86.10
	9.44
	12.30

	15
	Test weight
	25.27
	24.63
	97.50
	12.93
	33.15
	19.06
	17.95
	94.20
	10.85
	30.11

	16
	Biological yield per plant
	27.65
	2.94
	10.60
	1.47
	2.92
	8.28
	4.64
	56.00
	4.25
	9.69

	17
	Harvest index
	15.83
	6.06
	38.20
	4.01
	9.66
	8.45
	4.81
	56.90
	4.36
	11.06

	18
	Grain yield per plant
	6.49
	4.08
	62.90
	4.22
	20.06
	4.25
	3.02
	71.10
	3.86
	22.32

	Table 2: Extent of Genetic variability for 18-grain yield characters of bread wheat among 45 F1s, 10 parents and three checks under two environments (E1 and E2). Where, PCV=Phenotypic Coefficient of Variation; GCV=Genotypic Coefficient of Variation; h2=Heritability (Broad sense);




mean
	S. No.
	Genetic Parameters
	Pooled mean

	
	
	PCV
(%)
	GCV
(%)
	h2
(%)
	GA
	GAM
(%)

	1
	Plant height
	10.27
	9.99
	94.57
	19.96
	20.01

	2
	Flag leaf length
	6.49
	4.34
	60.00
	5.20
	21.52

	3
	Flag leaf width
	0.01
	0.02
	36.80
	0.15
	9.32

	4
	Chlorophyll content
	5.37
	13.90
	27.90
	3.23
	7.56

	5
	Canopy temperature deficit
	0.20
	0.24
	44.70
	0.77
	17.72

	6
	Culm wall thickness
	0.01
	0.01
	37.60
	0.12
	12.23

	7
	Stem diameter
	0.06
	0.07
	46.70
	0.43
	22.33

	8
	Days to first heading
	15.57
	2.94
	84.10
	9.55
	14.88

	9
	Days to 50% flowering
	14.00
	2.53
	84.70
	9.08
	12.47

	10
	Spikelet length
	1.14
	0.68
	62.60
	2.23
	20.01

	11
	Number of tillers per plant
	1.57
	1.54
	50.40
	2.34
	22.08

	12
	Grain filling period
	1.47
	1.81
	44.80
	2.14
	5.33

	13
	Days to maturity
	18.05
	2.87
	86.30
	10.41
	9.20

	14
	Number of grains per spike
	13.61
	6.61
	67.30
	7.99
	10.16

	15
	Test weight
	20.89
	1.27
	94.30
	11.71
	31.21

	16
	Biological yield per plant
	2.30
	15.67
	12.80
	1.43
	3.03

	17
	Harvest index
	5.38
	6.76
	44.30
	4.07
	10.06

	18
	Grain yield per plant
	3.02
	2.35
	56.30
	3.44
	17.93

	Table 3: Extent of Genetic variability for 18-grain yield characters of bread wheat among 45 F1s, 10 parents and three checks for pooled 
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