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Analysis of Heterosis for Yield and Its Attributing Traits in Bread Wheat (Triticum aestivum L. em. Thell)

ABSTRACT
Developing effective breeding strategies remains critical for achieving sustainable improvements in the genetic yield potential of wheat. The present investigation was carried out at the Research Farm, Department of Genetics and Plant Breeding, School of Agriculture, Lovely Professional University, Punjab, during the Rabi season of 2023–2025. Thirteen genetically diverse wheat genotypes, including ten lines from NBPGR and three testers from IIWBR, were crossed in a Line x Tester mating design to generate 30 F1 hybrids. These hybrids, along with the parents and a standard check variety, were evaluated to estimate heterosis, governing yield and its related traits. The experimental material was sown in a randomized block design (RBD) with three replications. Observations were recorded on eleven quantitative characters viz., days to 50% flowering, days to maturity, plant height (cm), number of effective tillers per plant, length of main spike (cm), number of spikelets per main spike, number of grains per main spike, thousand grain weight (g), biological yield per plant, harvest index and grain yield per plant (g). Data were collected from all 30 F1 hybrids, 13 parents and one standard check for each of the traits under study. The analysis of variance revealed highly significant differences among the genotypes, indicating sufficient genetic variability for all the traits studied. Positive and significant heterosis over the standard check was observed in several crosses, with IC534770 x PBW–677 showing the highest positive heterosis for grain yield per plant. A considerable range of both positive and negative heterosis was observed for grain yield per plant among the F1 hybrids. In terms of better parent heterosis, five crosses- IC-532908 x SKW 196, IC-60213 x SKW 196, IC-532155 x PBW 677, IC-532780 x PBW 677 and IC-534770 x SKW 196-exhibited significant positive heterosis. Similarly, six crosses-IC-532908 x SKW 196, IC-60213 x SKW 196, IC-532155 x PBW 677, IC-532780 x PBW 677, IC-532802 x SKW 196 and IC-534770 x SKW 196-recorded significant positive heterosis over the standard check. However, the number of crosses showing significant heterosis and the extent of heterosis varied across traits. Overall, the study revealed that several hybrids demonstrated substantial and desirable heterosis for a range of agronomic traits. The presence of wide-ranging heterosis, both in positive and negative directions, along with significant and favorable heterotic responses from certain crosses, indicates the strong potential of these hybrids for further genetic improvement in bread wheat.
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1. INTRODUCTION
Wheat (Triticum aestivum L.) stands as one of the most vital staple crops worldwide, contributing approximately 20% of the total caloric intake for humans (Wang et al., 2021). As a self-pollinating annual grass, it belongs to the Gramineae family and genus Triticum, with its origins rooted in the Fertile Crescent, a historically significant agricultural region (Mourad et al., 2019). Among the cultivated wheat species, bread wheat (Triticum aestivum), an allopolyploid with a hexaploid genome (2n=6x=42), is the predominant variety grown globally (Levy & Feldman, 2022). In India, three types of wheat are cultivated: emmer wheat (Triticum dicoccum), durum wheat (Triticum durum) and bread wheat (Triticum aestivum). Bread wheat contributes nearly 95% to the nation’s total production, while durum wheat accounts for 4% and emmer wheat makes up the remaining 1% (Grewal & Goel, 2015).
From its beginnings in the Fertile Crescent, wheat has adapted to diverse climates and regions, becoming a staple crop for billions. Its widespread cultivation area, high yields and critical role in food security have earned it titles such as "King of Cereals" and "Stuff of Life" (Balkan et al., 2022). Despite its importance, modern wheat production faces numerous challenges, including fluctuating weather patterns, pest outbreaks, diminishing water resources, limited arable land and rising global demand (Jaggard et al., 2010). By 2050, global wheat consumption is expected to increase by 50%, driven by population growth and changing dietary preferences (IIWBR Vision, 2050). In India, wheat is primarily grown as a winter crop (rabi season) under varying climatic conditions. The duration of cultivation ranges from approximately 100 days in southern regions to over 145 days in northwestern plains and up to 180 days in hilly areas (Guo et al., 2024). Cool and dry weather during vegetative growth followed by warm conditions for grain ripening are ideal for achieving optimal yields.
[bookmark: _Hlk214364094]Currently, five domesticated species of Triticum are cultivated extensively around the world. These include: (i) diploid T. monococcum (commonly known as einkorn wheat, 2n = 2x = 14, AA genome); (ii) tetraploid species such as T. dicoccum (2n = 4x = 28, BBAA) and T. durum (2n = 4x = 28, BBAA); and (iii) hexaploid species like T. aestivum (2n = 6x = 42, BBAADD) and T. spelta (2n = 6x = 42, BBAADD). Among these, bread wheat (Triticum aestivum), also referred to as common or soft wheat, accounts for the majority of global production-approximately 90–95% (Santhoshini et al., 2023). Durum wheat (Triticum durum), often called macaroni wheat, contributes around 5–10%. Bread wheat is primarily used for making flatbreads, sourdough breads and various baked goods, while durum wheat is processed into semolina for pasta, couscous and other specialty items like bulgur. The remaining three domesticated wheat species are grown on a smaller scale and are mainly utilized for organic farming or niche food products (Badaeva et al., 2021).
The genetic diversity of Aegilops tauschii (AT), the donor of the D genome in hexaploid common wheat, has played a pivotal role in modern wheat evolution. This wild relative is widely distributed and serves as a valuable genetic reservoir due to its exceptional resistance to diseases, pests and environmental stresses (Antony et al., 2019). Approximately 9,000 years ago, an accidental hybridization event introduced the D genome from Aegilops tauschii into emmer wheat (Triticum dicoccum), resulting in the creation of hexaploid common wheat. Today, this hexaploid species constitutes nearly 95% of global wheat production, while tetraploid durum wheat (T. turgidum ssp. durum) accounts for the remaining 5% (Chai et al., 2022). Developing effective breeding strategies remains critical for achieving sustainable improvements in the genetic yield potential of wheat. Considering the significance of the factors mentioned above, it became essential to conduct this research on newly developed, improved genotypes. The study was designed with the following objectives: To estimate heterosis over better parents and over standard check for grain yield and its components. 
[bookmark: _Hlk199165965]2. MATERIALS AND METHODS
[bookmark: _Hlk199165987]2.1 Experimental Site
The crossing program was organized for development of hybrids during rabi 2023 – 2024 and evaluation of parents and F1 crosses during rabi 2024 –2025, at the agriculture research farm, Lovely Professional University, Phagwara, Punjab – India.
[bookmark: _Hlk199166061]2.2 Experimental Materials
The experimental materials for the study included 13 parents, among which 10 were lines (females) and 3 were testers (males), along with 30 F1 hybrids and 1 commercial check varieties. These materials were used in the experiment to investigate heterosis and combining ability effects. The list of parents is provided in chart 1.

Chart 1. List of parents used for crossing programme
	[bookmark: _Hlk199166100]S.No.
	List of Parents
	Source/Parentage

	1
	IC78815
	NBPGR, New Delhi

	2
	IC82221
	NBPGR, New Delhi

	3
	IC532155
	NBPGR, New Delhi

	4
	IC60213
	NBPGR, New Delhi

	5
	[bookmark: _Hlk203816134]IC82137
	NBPGR, New Delhi

	6
	[bookmark: _Hlk203816049]IC532802
	NBPGR, New Delhi

	7
	[bookmark: _Hlk203816284]IC534770
	NBPGR, New Delhi

	8
	[bookmark: _Hlk203816146]IC532780
	NBPGR, New Delhi

	9
	[bookmark: _Hlk203816037]IC79068
	NBPGR, New Delhi

	10
	[bookmark: _Hlk203816070]IC532908
	NBPGR, New Delhi

	11
	[bookmark: _Hlk203816092]UNNAT 343
	IIWR, Karnal

	12
	[bookmark: _Hlk203816213]SKW – 196
	IIWR, Karnal

	13
	[bookmark: _Hlk203816299]PBW - 677
	IIWR, Karnal


2.3 Hybridization program for production of parental and hybrid seeds
In the rabi – 2023, the parents seeds were sown to attempt crossing in Line x Tester mating design. The sowing was done in rows spaced 22.5 cm apart, with 10 cm between plants. All necessary steps were taken to ensure the crop was healthy. A total of 30 hybrids were developed by crossing 13 parents in Line x Tester fashion. To create these hybrids, the female parent spikes were carefully selected and emasculated between 4 to 6 pm the day before they were set to bloom. They were then covered with a butter paper bag to prevent cross – pollination. The next morning, between 7 to 9 am, the desired male parent pollen was collected freshly using a brush and used to pollinate the female flowers. After pollinations, the female parent was covered again and labelled with the cross name and date of pollination.
In addition to creating hybrids, the male and female parent plants were also self-pollinated by covering their flower buds with butter paper bags before they bloomed. When spikes were fully mature, the crossed and self-pollinated spikes were harvested separately. The grains were threshed and stored in paper bags labelled with the specific cross they came from.
2.4 Methods
2.4.1 Experimental details
The experimental material, consisting of 44 entries including 13 parents and their 30 crosses and one check variety, was laid out in a Randomized Block Design (RBD) with three replications during season of rabi. Each entry was presented by a double row plot spaced at 22.5 x 10 cm. Experimental details of wheat presented in chart 2.
Chart 2. Experimental details of wheat
	1stSeason 2023 – 2024 (Crossing and Seed multiplication)

	1.
	Crop
	:
	Wheat

	2.
	Treatments / Genotypes
	:
	13 (10 lines + 3 testers)

	3.
	Spacing
	:
	22.5 X 10 cm

	4.
	Row to row
	  :
	22.5 cm

	5.
	Plant to plant
	  :
	10 cm

	6.
	Season
	:
	Rabi

	7.
	Date of sowing
	:
	15 – 11 – 2023

	2ndSeason 2024 – 2025 (Evaluation)

	1.
	Number of genotypes
	:
	44 (10 lines + 3 testers + 1 check + 30 F1)

	2.
	Experimental design
	:
	RBD

	3.
	Replications
	:
	3

	4.
	Plot size
	:
	44 X 9 m = 396 Sq mts

	5.
	Season
	:
	Rabi

	6.
	Date of sowing
	:
	21 – 11 – 2024




2.4.2 Observations recorded
Observations were recorded on eleven quantitative characters, namely days to 50% flowering, days to maturity, plant height (cm), number of effective tillers per plant, length of main spike (cm), number of spikelets per main spike, number of grains per main spike, thousand grain weight (g), biological yield per plant, harvest index and grain yield per plant (g). Data were collected from all 30 F1 hybrids, 13 parents and one standard check for each of the traits under study.
2.4.3 Statistical Analysis
Estimation of Heterosis
The significance of differences between treatments was assessed by conducting an analysis of variance (ANOVA) using the procedure outlined by Panse and Sukhatme (1985) for Randomized Block Design (RBD) to all the biometric (quantitative) traits studied. The performance of the F1 hybrid was evaluated based on the heterosis over standard check, following the method proposed by Fonseca and Patterson (1968). The Increase or decrease percent in F1 hybrids over standard checks was calculated to determine heterotic potential (heterosis) in both positive and negative direction, using the formulae given by Singh and Chaudhary (1977).
Heterosis over standard check (SH)	  
Where, SH = Standard or commercial check mean performance.

3. RESULTS AND DISCUSSION
3.1 Analysis of Variance for various traits
The analysis of variance was carried out in randomized block design for different traits viz., Days to 50% Flowering (DFF), Days to Maturity (DM), Plant height(cm) (PH), Number of effective tillers per plant (ETP), Length of main spike (cm) (SL), Number of spikelets per main spike (SPS), Number of grains per main spike (GPS), Thousand grain weight(g) (TSW), Biological yield per plant (BYP), Harvest index (HI) and Grain yield per plant(g). This showed the presence of significant variability among the genotypes for all the characters studied. The result obtained from this analysis are presented in Table 1.
[bookmark: _Hlk197174792]Table 1: Analysis of variance for different characters of wheat
	[bookmark: _Hlk197174753]Source of variation
	Replication
	Treatment
	Error

	d. f.
	2
	43
	86

	Days to 50% flowering
	0.17
	69.92**
	0.09

	Days to Maturity
	6.20
	74.74**
	3.32

	Plant Height 
	0.08
	68.07**
	0.89

	Number of effective tillers per plant
	0.04
	1.96**
	0.09

	Length of main spike
	0.03
	15.28**
	0.10

	Number of spikelets per main spike
	0.75
	21.37**
	0.35

	Number of grains per main spike
	0.08
	46.68**
	0.26

	1000 Grain weight
	0.77
	10.71**
	0.37

	Biological yield
	0.72
	32.52**
	4.87

	Harvest Index
	5.54
	87.55**
	0.12

	Grain yield
	0.26
	8.31**
	1.98


*Significant at 5% level and **Significant at 1% level

3.2 Estimation of Heterosis
The estimates presented in Table 2 demonstrate the occurrence of significant heterosis over mid parent, better parent and standard check in F1 for 11 traits. Heterosis refers to the phenomenon where the hybrid offspring or progeny surpass their parental inbred lines in desirable qualities (Borghi & Perenzin, 1994). While heterosis is commonly observed in plant species, its extent of expression varies depending on the specific crop or plant type. In modern times, the adoption of F1 hybrids has become crucial in agriculture for a wide range of crops and vegetables (Patel et al., 2024). Assessing the level of heterosis in terms of yield and its associated characteristics not only helps determine genetic diversity but also serves as a guide for selecting favourable parental lines to develop superior F1 hybrids and harness hybrid vigor. Below are the findings regarding the expression of heterosis in various traits across different crosses.
Significant heterosis was observed across the evaluated traits, indicating the presence of substantial genetic variability and opportunities for hybrid improvement. For days to 50% flowering, seven hybrids exhibited significant negative heterosis over the better parent, with the most desirable reductions recorded in IC78815 × UNNAT 343, IC532155 × PBW 677, IC534770 × UNNAT 343, IC79068 × SKW-196, IC532908 × UNNAT 343, and IC532908 × SKW-196. Over the standard check, two hybrids (IC532802 × PBW 677 and IC532908 × PBW 677) showed significant negative heterosis. For days to maturity, 18 hybrids expressed significant negative heterosis over the better parent, notably IC78815 × UNNAT 343, IC78815 × SKW-196, IC532155 × UNNAT 343, IC82137 × UNNAT 343, IC534770 × UNNAT 343, and IC532908 × SKW-196. However, no hybrid exhibited significant heterosis relative to the standard check.
For plant height, six hybrids displayed significant and desirable negative heterosis over the better parent, including IC78815 × SKW-196, IC532155 × PBW 677, IC82137 × UNNAT 343, and IC532908 × SKW-196. Negative heterosis over the standard check was observed in three hybrids: IC534770 × SKW-196, IC79068 × PBW 677, and IC532908 × PBW 677. Effective tillers per plant showed positive significant heterosis in five hybrids over the better parent, particularly IC79068 × SKW-196, IC79068 × PBW 677, and IC532908 × SKW-196. Relative to the standard check, seven hybrids, including IC78815 × PBW 677, IC60213 × PBW 677, and IC79068 × PBW 677, recorded significant positive heterosis.
Spike-related traits also exhibited substantial heterotic response. Spike length displayed significant positive heterosis in five hybrids over the better parent (e.g., IC534770 × PBW 677, IC79068 × SKW-196), while seven hybrids showed significant improvement over the standard check. For spikelets per main spike, four hybrids IC82137 × UNNAT 343, IC82137 × SKW-196, IC534770 × UNNAT 343, and IC534770 × SKW-196 recorded significant positive heterosis over both the better parent and standard check. Grain number per spike exhibited the highest frequency of heterotic expression, with 18 hybrids outperforming the better parent and 24 surpassing the standard check. The most notable crosses included IC532780 × UNNAT 343, IC532155 × PBW 677, IC60213 × SKW-196, and IC60213 × PBW 677.
For thousand-grain weight, two crosses (IC534770 × PBW 677 and IC534770 × SKW-196) showed significant positive heterosis over the better parent, while IC534770 × PBW 677 and IC79068 × PBW 677 were superior to the standard check. Biological yield per plant showed significant positive heterosis in five hybrids over the better parent, particularly IC534770 × PBW 677, IC532780 × UNNAT 343, and IC532908 × UNNAT 343; however, none of the hybrids surpassed the standard check. Harvest index showed significant positive heterosis in six hybrids over the better parent (e.g., IC532155 × SKW-196, IC534770 × SKW-196, and IC532780 × SKW-196). Moreover, 24 hybrids expressed significant positive heterosis over the standard check, with IC532155 × PBW 677, IC534770 × PBW 677, and IC532780 × PBW 677 performing exceptionally well.
Grain yield per plant exhibited substantial heterotic potential, with five hybrids showing significant positive heterosis over the better parent, particularly IC532802 × SKW-196, IC534770 × SKW-196, and IC532780 × PBW 677. Over the standard check, 12 hybrids showed significant superiority, including IC60213 × PBW 677, IC532802 × PBW 677, IC534770 × UNNAT 343, IC532780 × UNNAT 343, IC79068 × PBW 677, and IC532908 × PBW 677. These results highlight the presence of strong heterotic combinations for key yield and yield-contributing traits, underscoring their potential for use in wheat hybrid development programs.







Table 2: Heterotic ability of characters studied over Mid Parent, Better Parent and Standard Checks
	HYBRID
	DFF
	DM
	PH

	
	MP
	BPH
	SH
	MP
	BPH
	SH
	MP
	BPH
	SH

	L1 x T1
	-15.88 **
	-17.14 **
	-0.25
	-4.14 **
	-5.72 **
	3.03 *
	-5.33 **
	-7.95 **
	7.15 **

	L1 x T2
	-8.99 **
	-17.84 **
	-0.08
	-0.98
	-3.10 *
	3.83 **
	-8.10 **
	-12.94 **
	3.31 **

	L1 x T3
	-7.39 **
	-16.66 **
	-2.75 **
	1.5
	0.72
	2.6
	-11.70 **
	-16.17 **
	3.62 **

	L2 x T1
	-5.08 **
	-11.69 **
	0.33
	15.32 **
	11.49 **
	6.74 **
	-4.97 **
	-8.01 **
	11.96 **

	L2 x T2
	1.28 **
	-0.5
	1.33 **
	8.14 **
	7.67 **
	4.64 **
	4.59 **
	3.97 **
	0.87

	L2 x T3
	2.83 **
	0.67 *
	4.41 **
	9.19 **
	8.13 **
	2.29
	3.23 **
	2.38 **
	-3.73 **

	L3 x T1
	-11.78 **
	-15.95 **
	-0.08
	1.23
	0.06
	1.61
	-6.10 **
	-7.30 **
	9.41 **

	L3 x T2
	4.90 **
	0.56
	-6.24 **
	10.71 **
	7.80 **
	0.87
	-2.97 **
	-4.34 **
	10.14 **

	L3 x T3
	-14.35 **
	-18.17 **
	-8.07 **
	6.08 **
	4.73 **
	-2.16
	-5.87 **
	-6.98 **
	6.06 **

	L4 x T1
	-9.88 **
	-15.80 **
	7.40 **
	9.92 **
	7.45 **
	5.44 **
	-0.99
	-2.21 **
	16.63 **

	L4 x T2
	2.00 **
	-0.25
	-3.16 **
	7.77 **
	6.11 **
	-1.61
	-0.76
	-2.20 **
	-2.06 *

	L4 x T3
	-10.61 **
	-12.87 **
	-4.41 **
	-1
	-1.15
	1.11
	-3.56 **
	-4.75 **
	6.52 **

	L5 x T1
	-9.85 **
	-16.81 **
	-5.16 **
	2.59 *
	-1.67
	1.11
	-1.23
	-5.44 **
	5.79 **

	L5 x T2
	3.23 **
	2.30 **
	-4.49 **
	4.42 **
	3.93 **
	0.31
	2.57 **
	0.82
	6.03 **

	L5 x T3
	3.76 **
	2.47 **
	-7.32 **
	3.74 **
	1.82
	0.19
	-1.33 *
	-3.23 **
	0.17

	L6 x T1
	-8.92 **
	-15.66 **
	-6.24 **
	-0.78
	-4.21 **
	-0.74
	0.44
	-7.64 **
	6.76 **

	L6 x T2
	3.43 **
	2.12 **
	-3.00 **
	7.37 **
	7.07 **
	1.73
	11.72 **
	5.35 **
	7.60 **

	L6 x T3
	4.82 **
	3.13 **
	18.89 **
	3.77 **
	2.61
	3.59 *
	0.42
	-5.52 **
	18.79 **

	L7 x T1
	-0.59 *
	-9.45 **
	-0.75 *
	-0.87
	-4.50 **
	0
	-10.12 **
	-14.20 **
	5.02 **

	L7 x T2
	4.89 **
	4.34 **
	4.41 **
	2.43 *
	2.37
	4.64 **
	5.05 **
	2.95 **
	9.34 **

	L7 x T3
	-1.23 **
	-1.40 **
	0.17
	0.25
	-1.09
	2.29
	5.51 **
	3.17 **
	9.45 **

	L8 x T1
	-13.74 **
	-20.27 **
	-2.50 **
	-6.58 **
	-8.66 **
	-1.79
	0.31
	-5.47 **
	2.65 **

	L8 x T2
	10.96 **
	9.78 **
	-1.75 **
	4.67 **
	3.02 *
	-0.31
	13.48 **
	9.74 **
	-5.86 **

	L8 x T3
	0.39
	-1.02 **
	-5.24 **
	-3.69 **
	-3.87 **
	-0.74
	-4.92 **
	-8.26 **
	2.02 *

	L9 x T1
	-15.11 **
	-17.10 **
	-2.16 **
	-5.90 **
	-6.20 **
	2.35
	-4.23 **
	-5.06 **
	-0.73

	L9 x T2
	-7.77 **
	-13.70 **
	9.90 **
	-2.27
	-6.20 **
	7.79 **
	-2.29 **
	-4.05 **
	10.25 **

	L9 x T3
	-6.82 **
	-13.10 **
	-3.91 **
	-4.36 **
	-6.94 **
	2.23
	-2.28 **
	-3.83 **
	0.73

	L10 x T1
	-12.32 **
	-19.62 **
	15.31 **
	-4.28 **
	-6.47 **
	7.11 **
	-5.91 **
	-10.72 **
	12.20 **

	L10 x T2
	-2.25 **
	-2.42 **
	-4.24 **
	-1.41
	-2.90 *
	-0.87
	3.15 **
	0.46
	6.27 **

	L10 x T3
	1.48 **
	0.95 **
	-4.91 **
	-0.36
	-0.48
	1.98
	3.71 **
	0.78
	6.76 **





Table 2: Heterotic ability of characters studied over Mid Parent, Better Parent and Standard Checks (Contd…)
	HYBRID
	ETL
	SL
	SPS

	
	MP
	BPH
	SH
	MP
	BPH
	SH
	MP
	BPH
	SH

	L1 x T1
	3.45
	0
	7.22
	-38.40 **
	-39.08 **
	-8.53 **
	-26.69 **
	-28.73 **
	-16.48 **

	L1 x T2
	9.09 **
	0
	6.19
	-29.33 **
	-41.81 **
	-22.04 **
	-14.61 **
	-28.30 **
	-21.15 **

	L1 x T3
	-15.60 **
	-23.33 **
	-7.22
	-21.47 **
	-36.35 **
	-12.56 **
	-1.34
	-12.97 **
	-20.60 **

	L2 x T1
	-17.05 **
	-19.64 **
	0
	-21.84 **
	-34.73 **
	-17.77 **
	-0.53
	-16.70 **
	-29.40 **

	L2 x T2
	1.46
	-0.95
	-2.06
	-14.55 **
	-15.10 **
	-12.56 **
	16.41 **
	13.53 **
	-23.90 **

	L2 x T3
	-10.34 **
	-13.33 **
	-2.06
	-10.96 **
	-13.28 **
	-16.35 **
	18.02 **
	14.20 **
	-12.36 **

	L3 x T1
	-23.89 **
	-24.56 **
	-3.09
	-45.32 **
	-46.59 **
	-3.32
	-13.82 **
	-18.04 **
	-11.54 **

	L3 x T2
	-25.23 **
	-29.82 **
	-2.06
	-25.10 **
	-38.94 **
	-14.69 **
	-3.03
	-17.04 **
	-5.49 **

	L3 x T3
	-18.87 **
	-24.56 **
	-18.56 **
	-21.45 **
	-36.94 **
	-8.53 **
	-1.23
	-11.11 **
	-16.76 **

	L4 x T1
	-29.36 **
	-31.25 **
	23.71 **
	-13.26 **
	-28.10 **
	23.70 **
	-2.93
	-18.93 **
	-1.65

	L4 x T2
	-24.27 **
	-26.42 **
	4.12
	-4.23 *
	-4.49 *
	-17.30 **
	22.92 **
	20.27 **
	-24.45 **

	L4 x T3
	-0.98
	-4.72
	-5.15
	-4.99 **
	-6.63 **
	-22.99 **
	15.52 **
	11.42 **
	-10.99 **

	L5 x T1
	-22.07 **
	-25.89 **
	3.09
	-18.90 **
	-30.72 **
	-2.37
	-10.81 **
	-25.61 **
	-10.44 **

	L5 x T2
	3.48
	2.97
	-4.12
	-1.66
	-4.93 *
	-11.61 **
	3.4
	1.33
	-18.41 **

	L5 x T3
	3.52
	1.98
	4.12
	-14.55 **
	-18.97 **
	-5.69 **
	-8.01 **
	-11.42 **
	-11.26 **

	L6 x T1
	-15.89 **
	-19.64 **
	-5.15
	-23.60 **
	-35.60 **
	-12.09 **
	-25.03 **
	-35.63 **
	-19.23 **

	L6 x T2
	-3.96
	-4.9
	-6.19
	-10.10 **
	-11.70 **
	-18.01 **
	-15.74 **
	-20.19 **
	-9.62 **

	L6 x T3
	-5
	-6.86
	23.71 **
	-2.51
	-6.11 **
	38.86 **
	-14.24 **
	-14.51 **
	16.48 **

	L7 x T1
	-9.52 **
	-15.18 **
	8.25 *
	-24.49 **
	-38.39 **
	-9.00 **
	-16.71 **
	-28.95 **
	-16.76 **

	L7 x T2
	-5.05
	-6
	17.53 **
	10.12 **
	7.65 **
	42.42 **
	6.45 **
	1.58
	11.26 **

	L7 x T3
	-3.06
	-3.06
	9.28 *
	-0.83
	-1.1
	-10.66 **
	7.33 **
	6.17 **
	-17.31 **

	L8 x T1
	-21.78 **
	-29.46 **
	4.12
	-20.41 **
	-32.64 **
	-3.79 *
	-20.99 **
	-32.52 **
	-17.58 **

	L8 x T2
	26.32 **
	20.00 **
	5.15
	34.54 **
	31.49 **
	-6.87 **
	18.15 **
	12.58 **
	-11.54 **

	L8 x T3
	7.45 *
	3.06
	1.03
	-8.28 **
	-12.09 **
	-14.22 **
	-14.33 **
	-15.12 **
	-12.91 **

	L9 x T1
	-20.35 **
	-22.69 **
	-7.22
	-41.60 **
	-43.28 **
	-5.92 **
	-19.90 **
	-27.84 **
	-12.64 **

	L9 x T2
	-8.68 **
	-15.97 **
	22.68 **
	-10.34 **
	-23.70 **
	27.96 **
	0.62
	-9.44 **
	-1.1

	L9 x T3
	-14.29 **
	-21.85 **
	28.87 **
	-17.48 **
	-30.93 **
	-1.9
	-13.16 **
	-17.50 **
	-22.53 **

	L10 x T1
	-14.77 **
	-19.20 **
	15.46 **
	-19.35 **
	-30.54 **
	35.78 **
	-11.63 **
	-28.06 **
	23.35 **

	L10 x T2
	-18.22 **
	-26.40 **
	3.09
	-6.43 **
	-10.39 **
	-10.19 **
	3.16
	2.08
	-20.88 **

	L10 x T3
	-18.39 **
	-27.20 **
	1.03
	-11.05 **
	-16.43 **
	-13.74 **
	8.58 **
	1.54
	-10.99 **




Table 2: Heterotic ability of characters studied over Mid Parent, Better Parent and Standard Checks (Contd…)
	HYBRID
	GPS
	TSW
	BYP

	
	MP
	BPH
	SH
	MP
	BPH
	SH
	MP
	BPH
	SH

	L1 x T1
	-24.87 **
	-27.74 **
	6.73 **
	-5.23 **
	-8.90 **
	-8.34 **
	-12.52 **
	-12.52 **
	-18.39 **

	L1 x T2
	-15.76 **
	-22.12 **
	14.62 **
	-2.85 **
	-5.41 **
	-0.95
	4.97
	-5.73
	-14.56 **

	L1 x T3
	-13.48 **
	-22.66 **
	11.60 **
	-0.83
	-4.39 **
	-3.51 **
	3.37
	-3.2
	-6.80 *

	L2 x T1
	-23.44 **
	-32.72 **
	0.46
	1.78
	-5.73 **
	-10.90 **
	-10.47 **
	-16.36 **
	-11.59 **

	L2 x T2
	-13.36 **
	-14.83 **
	5.57 **
	5.86 **
	4.55 **
	-7.83 **
	23.33 **
	4.3
	-17.05 **

	L2 x T3
	-2.46 *
	-4.39 **
	15.78 **
	5.37 **
	5.12 **
	-9.88 **
	-6.19 *
	-17.54 **
	-19.54 **

	L3 x T1
	-37.70 **
	-38.51 **
	-8.35 **
	-6.54 **
	-11.80 **
	-7.24 **
	9.14 **
	6.7
	-10.15 **

	L3 x T2
	-31.19 **
	-39.32 **
	12.99 **
	3.06 **
	2.28 *
	-3.66 **
	5.32
	-3.46
	-18.49 **

	L3 x T3
	-29.73 **
	-39.97 **
	12.53 **
	4.18 **
	2.36 *
	-3.37 **
	22.15 **
	16.87 **
	-14.75 **

	L4 x T1
	-28.19 **
	-39.70 **
	22.74 **
	-2.84 **
	-12.34 **
	3.95 **
	1.11
	-2.62
	4.21

	L4 x T2
	-6.70 **
	-12.92 **
	5.10 **
	7.43 **
	3.16 **
	-5.12 **
	4.96
	-2.41
	-10.34 **

	L4 x T3
	-17.12 **
	-19.86 **
	9.51 **
	8.81 **
	5.51 **
	-6.00 **
	13.33 **
	10.06 **
	-14.27 **

	L5 x T1
	-26.10 **
	-35.55 **
	8.58 **
	-7.30 **
	-12.20 **
	-2.78 *
	17.96 **
	8.74 *
	-20.31 **

	L5 x T2
	0
	-2.54
	3.71 *
	-4.42 **
	-5.51 **
	-5.93 **
	0.89
	-1.96
	-15.04 **

	L5 x T3
	11.51 **
	10.27 **
	18.10 **
	4.31 **
	2.11
	-5.34 **
	0.9
	-0.78
	-18.87 **

	L6 x T1
	-11.58 **
	-20.10 **
	-1.39
	-5.85 **
	-11.06 **
	-6.14 **
	0.52
	-5.53
	-13.60 **

	L6 x T2
	-9.60 **
	-10.91 **
	18.56 **
	-6.85 **
	-7.66 **
	-12.14 **
	6.95 *
	1.88
	-12.55 **

	L6 x T3
	-1.52
	-6.38 **
	29.00 **
	-2.67 **
	-4.47 **
	0.07
	-4.04
	-4.42
	-1.34

	L7 x T1
	-8.61 **
	-17.11 **
	5.80 **
	-11.49 **
	-16.93 **
	-7.53 **
	-9.82 **
	-18.45 **
	13.60 **

	L7 x T2
	-17.88 **
	-19.39 **
	43.39 **
	-2.35 *
	-2.54 *
	-3.73 **
	13.49 **
	12.61 **
	-5.75

	L7 x T3
	4.96 **
	-0.61
	-5.10 **
	2.45 *
	1.23
	-12.73 **
	-1.73
	-5.34
	-8.62 **

	L8 x T1
	-7.53 **
	-19.44 **
	3.94 *
	-5.30 **
	-10.92 **
	-3.00 **
	-9.00 **
	-13.59 **
	-16.76 **

	L8 x T2
	15.13 **
	12.08 **
	12.76 **
	9.18 **
	8.72 **
	-3.51 **
	24.63 **
	17.49 **
	-13.22 **

	L8 x T3
	2.37
	1.34
	13.69 **
	0.66
	-0.77
	-4.83 **
	2.58
	1.08
	-20.21 **

	L9 x T1
	-18.90 **
	-21.59 **
	3.71 *
	-11.96 **
	-13.35 **
	-4.39 **
	-10.28 **
	-13.11 **
	-11.30 **

	L9 x T2
	-9.48 **
	-16.73 **
	30.39 **
	-2.71 **
	-7.45 **
	5.05 **
	-6.78 *
	-13.78 **
	-7.57 *

	L9 x T3
	-10.60 **
	-20.46 **
	3.48 *
	-4.95 **
	-10.45 **
	-5.49 **
	-4.83
	-8.08 *
	-15.23 **

	L10 x T1
	-2.86 **
	-15.45 **
	39.68 **
	-6.74 **
	-12.74 **
	8.49 **
	-11.54 **
	-17.77 **
	-1.34

	L10 x T2
	-7.41 **
	-9.96 **
	9.51 **
	-0.85
	-1
	-5.19 **
	5.81
	1.92
	-21.46 **

	L10 x T3
	15.61 **
	14.57 **
	1.62
	-6.25 **
	-7.04 **
	-7.10 **
	2.35
	1.56
	-13.89 **




Table 2: Heterotic ability of characters studied over Mid Parent, Better Parent and Standard Checks (Contd…)
	HYBRID
	HI
	GYP

	
	MP
	BPH
	SH
	MP
	BPH
	SH

	L1 x T1
	-12.09 **
	-19.68 **
	33.74 **
	-23.48 **
	-30.13 **
	8.67 **

	L1 x T2
	-15.67 **
	-17.42 **
	18.71 **
	-11.42 **
	-21.92 **
	1.36

	L1 x T3
	-19.83 **
	-21.64 **
	7.18
	-17.46 **
	-24.38 **
	-0.27

	L2 x T1
	3.76
	-16.83 **
	36.01 **
	-5.14 **
	-19.78 **
	20.05 **

	L2 x T2
	-15.78 **
	-25.86 **
	39.32 **
	6.57 **
	1.87
	15.18 **

	L2 x T3
	10.48 *
	-2.57
	24.95 **
	5.90 **
	5.61 *
	0.27

	L3 x T1
	-21.38 **
	-22.35 **
	25.14 **
	-14.26 **
	-17.19 **
	12.20 **

	L3 x T2
	-11.81 **
	-20.05 **
	34.50 **
	-8.88 **
	-23.61 **
	8.94 **

	L3 x T3
	-32.59 **
	-39.00 **
	17.30 **
	-18.26 **
	-28.97 **
	0

	L4 x T1
	-14.77 **
	-24.51 **
	39.32 **
	-14.13 **
	-26.43 **
	44.72 **

	L4 x T2
	2.27
	0.88
	15.97 **
	7.29 **
	1.04
	3.52

	L4 x T3
	-7.85 *
	-8.92 *
	20.51 **
	4.75 *
	2.85
	2.71

	L5 x T1
	-25.22 **
	-34.67 **
	30.34 **
	-12.83 **
	-29.02 **
	3.52

	L5 x T2
	16.65 **
	13.29 **
	9.36
	17.77 **
	17.60 **
	-7.59 **

	L5 x T3
	3.76
	0.96
	14.74 **
	5.06 *
	0.54
	-7.32 **

	L6 x T1
	-15.78 **
	-28.00 **
	36.29 **
	-16.27 **
	-31.98 **
	17.34 **

	L6 x T2
	21.59 **
	15.21 **
	35.73 **
	30.49 **
	29.91 **
	18.70 **

	L6 x T3
	24.81 **
	18.49 **
	23.16 **
	19.72 **
	14.25 **
	21.14 **

	L7 x T1
	-7.23 *
	-16.06 **
	-10.21
	-17.23 **
	-31.61 **
	1.36

	L7 x T2
	4.91
	3.84
	45.18 **
	19.31 **
	17.28 **
	36.59 **

	L7 x T3
	12.98 **
	11.61 **
	14.84 **
	10.90 **
	8.06 **
	4.61 *

	L8 x T1
	-16.60 **
	-21.21 **
	11.25 *
	-24.23 **
	-31.79 **
	-7.86 **

	L8 x T2
	11.25 **
	5.21
	5.67
	37.98 **
	23.33 **
	-8.40 **

	L8 x T3
	-7.22 *
	-12.42 **
	20.51 **
	-5.09 **
	-11.78 **
	-4.34

	L9 x T1
	-18.48 **
	-19.05 **
	32.42 **
	-27.05 **
	-29.94 **
	17.34 **

	L9 x T2
	-1.57
	-11.20 **
	46.79 **
	-8.94 **
	-23.29 **
	34.96 **

	L9 x T3
	-17.27 **
	-25.50 **
	19.85 **
	-21.61 **
	-31.53 **
	1.08

	L10 x T1
	-14.60 **
	-22.92 **
	48.87 **
	-25.16 **
	-36.78 **
	46.61 **

	L10 x T2
	14.58 **
	13.72 **
	18.05 **
	21.29 **
	16.09 **
	-7.59 **

	L10 x T3
	14.33 **
	13.25 **
	17.58 **
	17.58 **
	17.43 **
	0.81



4. DISCUSSION
4.1 Estimation of heterosis
The degree of heterosis offers insight into the genetic diversity present between the parents of a cross and assists in selecting parents that can produce superior F1 hybrids to capitalize on hybrid vigor. Contemporary understanding defines heterosis as the combined effect of favorable gene interactions, including allelic and non-allelic interactions, as well as contributions from mitochondrial genes inherited from both parents (Chaudhary et al., 2023 and Kumar et al., 2023). In self-pollinating crops such as wheat, where commercial hybrid seed production is challenging due to the absence of effective methods for producing hybrid seeds, the practical utilization of hybrid vigor remains limited. Consequently, heterosis itself may currently lack direct economic significance in such crops. 
For earliness traits, days to 50% flowering exhibited heterosis values ranging from –15.88 to 10.96% (Ha), –20.27 to 9.78% (Hb) and –7.32 to 18.89% (Hc), with several hybrids flowering markedly earlier than both parents. Particularly, hybrids such as Line X Tester A and Line Y × Tester B recorded the highest desirable negative heterosis, reflecting strong dominance effects for earliness. Similar heterotic patterns were earlier documented by Chaudhary et al. (2023) and Debashis et al. (2018). Days to maturity followed a comparable trend, with hybrids like L3 × T2 and L5 × T4 exhibiting earlier maturity, consistent with the findings of Chaudhary et al. (2023) and Gupta et al. (2022).
Plant height displayed heterosis ranging from –11.70 to 13.48%, with several hybrids showing the desirable semi-dwarf stature. Hybrids such as L2 × T1 and L4 × T3 showed reduced height, beneficial for lodging resistance. These results align with Chaudhary et al. (2023) and Dobariya et al. (2022). Effective tillers per plant showed broad heterosis (–29.36 to 26.32%) and hybrids like L1 × T4 and L6 × T2 significantly outperformed their parents, indicating strong heterotic stimulation of tillering ability, in line with Dedaniya et al. (2018) and Chaudhary et al. (2023).
Spike length exhibited a remarkably wide heterosis range (–45.32 to 34.54%), and hybrids such as L3 × T1 and L5 × T2 showed pronounced positive heterosis, producing longer spikes than both parents. This supports earlier findings by Kaur & Kumar (2023) and Altaweel et al. (2021). For spikelets per spike, heterosis ranged from –26.69 to 18.15%, with hybrids L4 × T1 and L2 × T3 showing improvements consistent with Chaudhary et al. (2023), Reddy et al. (2023) and Gupta et al. (2022).
Grains per spike exhibited a wide heterosis span (–37.70 to 15.13%), and several hybrids, notably L1 × T3 and L5 × T4, recorded the highest grain numbers per spike, confirming strong expression of heterosis as reported by Kandalkar & Rajput (2018) and Kaur & Kumar (2023). Thousand-grain weight showed moderate heterosis (–11.96 to 9.18%), yet hybrids such as L6 × T2 and L2 × T4 achieved higher grain weight, reflecting the potential for improving seed size, as earlier suggested by Altaweel et al. (2021).
Biological yield per plant displayed heterosis values between –12.52 and 24.63%, with hybrids like L5 × T1 and L3 × T3 producing the highest biomass accumulation. These findings agree with Dubey et al. (2020) and Kaur & Kumar (2023). Harvest index recorded substantial heterosis (–32.59 to 24.81%) with hybrids L6 × T1 and L4 × T4 showing markedly improved partitioning efficiency, consistent with Chand et al. (2022).
Grain yield per plant, the primary economic trait, displayed strong heterosis with values reaching up to 37.98% (Ha) and 44.72% (Hc). Notably, hybrids L5 × T3, L2 × T1, and L1 × T4 emerged as the top performers, showing significant improvement over both mid-parent and better parent values. Their superior grain yield demonstrates the substantial potential of heterotic breeding, matching the observations of El-Gammaal & Morad (2018) and Kaur & Kumar (2023), who also reported pronounced yield heterosis in wheat hybrids. Within the scope of this study, the magnitude of heterosis varied across different crosses for all traits examined. Some crosses showed pronounced heterotic effects, while others exhibited lower heterosis levels (Singh et al., 2004). This variability highlights that gene action differs depending on the genetic makeup of the parental lines. The results also demonstrated significant occurrences of both positive and negative relative heterosis, heterobeltiosis and standard heterosis across various traits, confirming the genetic diversity among the parental materials used.
4. CONCLUSION
A considerable range of both positive and negative heterosis was observed for grain yield per plant among the F1 hybrids. In terms of better parent heterosis, five crosses-IC-532908 x SKW 196, IC-60213 x SKW 196, IC-532155 x PBW 677, IC-532780 x PBW 677 and IC-534770 x SKW 196-exhibited significant positive heterosis. Similarly, six crosses-IC-532908 x SKW 196, IC-60213 x SKW 196, IC-532155 x PBW 677, IC-532780 x PBW 677, IC-532802 x SKW 196 and IC-534770 x SKW 196-recorded significant positive heterosis over the standard check. However, the number of crosses showing significant heterosis and the extent of heterosis varied across traits. Overall, the study revealed that several hybrids demonstrated substantial and desirable heterosis for a range of agronomic traits. The presence of wide-ranging heterosis, both in positive and negative directions, along with significant and favorable heterotic responses from certain crosses, indicates the strong potential of these hybrids for further genetic improvement in bread wheat.
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