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Novelty statement
The present study was conducted for the main reason of improve the final grain product of wheat. Therefore, for this reason many statistical tools were applied for the genetic components like Additive and dominance components were found significant for all the traits which revealed the primary role of both additive and non-additive gene action in controlling for all the traits in F1 generation at both locations, which has played a vital role in quantitative characters such as grain yield. Likewise, heritability defends on the transmission of genes, and the study showed at some extent that many characters are transfer through crossing and the desirable characters association has come in the populations which contribute to grains yield attributes.
Abstract

To develop high yielding wheat cultivars, it is imperative to study the genetic makeup of diverse wheat lines, and inheritance pattern of earliness and yield traits under existing environmental conditions. Inheritance of pre- and post-harvest yield-associated traits was studied in 6 × 6 F1 hybrids using Hayman's genetic analysis. Six diverse wheat genotypes were crossed in a half diallel fashion during 2016–2017. Parental genotypes along with their respective F1 hybrids were evaluated during 2017–2018 to explore the genetic basis of various traits. Genotypes differed significantly (p ≤ 0.01) for all the traits at both locations. According to scaling tests, the additive-dominance model was found partially adequate for all the traits at both Aup and CCRI except biological yield per plant for which the additive –dominance model was non-adequate at CCRI. The significance of additive (D) and dominance (H1 and H2) components of genetic variance revealed the involvement of both additive and non-additive gene effects for days to heading, plant height, tillers per plant, spike length, biological yield per plant and grain yield per plant. The values of H2/4H1 were lower than optimum value (0.25) for all the traits which indicated the asymmetrical distribution of positive and negative genes among the parental genotypes. However, according to components of genetic variance and Vr-Wr graphs, over-dominance type of gene action was predominant for the majority of the traits. Broad-sense heritability values were greater than narrow sense, which also confirms non-additive gene effects. Prevalence of over-dominance type of gene action revealed that selection could be delayed to later segregating generations to improve yield traits. 

Keywords: Genetic components of variance; Additive and non-additive gene action; Earliness and yield traits; F1 full diallel crosses. 

Abbreviations: D — additive genetic component of variance; H1 and H2 — dominance genetic components of variance; F — The mean of Fr values over arrays; h2 — dominance effect (as algebraic sum over all loci in heterozygous phase in all crosses); E — The expected environmental component of variation; b — regression coefficient; H2/4H1 — denotes the proportion of genes with positive and negative effects in the parents; h2/H2 — denotes the number of gene groups/genes which control the character and exhibit dominance

Introduction

Bread wheat (Triticum aestivum L.) is one of the most important crops providing one-fifth of the total calories for the world’s population (Sehgal et al. 2015). Economy of Pakistan largely depends on Agriculture and subsequently on wheat, which is the staple crop of Pakistan. Wheat consumption is increasing day by day due to increase in population and its exports are not comparatively growing, hence becoming a threat to the country’s economy in the coming years (Haider et al. 2019). It has been predicted that the world population would rise to over 9 billion by the year 2050. It is projected that the world population will grow from 7.7 billion to 9.7 billion (26%) in 2050 (United Nations, Population Division, 2019). This growth in population will increase the demand for wheat by 60% compared with current years. To meet this demand, global annual yield increases have to rise from the current level of 1% per year to 1.6% per year until 2050 (Anonymous 2014). For this reason, the wheat breeders have to share an urgent need to increase grain yield potential of wheat by developing new wheat varieties with desirable genetic makeup (Erkul et al. 2010). This could be achieved by exploring maximum genetic potential from available wheat germplasm (Khan et al. 2007). It ranks as first cereal crop with respect to utilization, nutritive value, production, storage qualities, adaptation and world trade. In Pakistan during 2018-19, wheat was grown on an area of 8,740 thousand hectares, which produced 25.195 thousand tons of grains with average yield of 2883 g ha-1 (PBS, 2019). Pakistan has made considerable progress towards increasing the grain yield per unit area by introducing and hybridizing new high-yielding genotypes of wheat supported by new production technology packages for different areas.

Climate change will increase the risk of food security for some vulnerable group of crops like wheat. In current scenario of climatic change, major constraints in wheat production are drought, heat, and irregular rainfall (Ahmad et al. 2020). Therefore, development of new wheat lines with earliness and medium stature is pre-requisite to cope with environmental changes and for the genotypes to escape from onset of stress at later stages and are likely less lodging resistant. Earliness in wheat is important for adaptability to different environmental conditions. Early-matured cultivars/lines may also be less prone to pre-harvest sprouting, which is an end-season phenomenon happens in humid conditions (Pervez et al. 2014; Thomason et al. 2019). Under colder conditions, maturity is delayed by a few days, where crops are given more time to generate assimilates and move them to sink resulting in higher grain yield.

Tillers per plant is a significant yield contributing trait that plays an important role in rising the yield of grain in wheat (Tilley et al., 2019). Tillering in wheat determines plant canopy size, photosynthetic area and, more importantly, the number of spikes bearing grains at maturity (fertile shoots), which is a key component of yield (Xie et al. 2016).

During grain filling, warmer temperatures influenced crop growth and temperature above 30 ° C, not only had a negative impact on grain yield but also had an effect on heading and maturity days and plant stature (Mondal et al. 2013). There is significant negative correlation between daily sunshine duration and days to heading (Li et al. 2019). Increasing spike length under heat stress would increase grain yield per spike through increasing number of spikelets per spike and number of grains per spike (Shamuyarira et al. 2019). Evidently, spike length is positively correlated with grain yield per spike as well as with 1000 kernel weight (Wu et al. 2012; Dedaniya et al. 2019). With the gene effects controlling spike length being prominently additive, selection for this character would be rewarding (Ljubičić et al. 2014).

As more than 70 percent of population in Pakistan depends on dairy and crop farming, for which grain and forage yield become emerging problems especially in cold winter when the availability of forage become scarce and the life of livestock can hear the signals of danger. Moreover, availability of quality forage is serious problem in our country (Islam et al. 2015). In order to solve these problems plant breeder must struggle for both grain as well as forage yield in wheat breeding program. In order to minimize the risks of forage shortage, dual purpose wheat is very important (Khan et al. 2020). Both grain and plant height are important objectives for any wheat breeding program because grain provides energy, protein and dietary fiber in human nutrition while height can increase the straw yield which becomes the important forage for livestock. Increase in plant height can increase the forage production in wheat crop. Selection of varieties for breeding program with maximum plant height can improve grain and forage production in wheat. Therefore, breeding for plant height as well as grain yield are the foremost challenges for wheat breeder (Khan 2016; Meenakshi et al. 2019).
To develop high yielding wheat cultivars, it is important to study the genetic makeup of diverse wheat lines, inheritance pattern of earliness and yield contributing traits and association of various traits with yield under existing environmental conditions. Grain yield being a polygenic character shows association with numerous traits greatly influenced by different environmental conditions (Inamullah and Khalil 2011; Afridi et al. 2017a). Breeders have a great desire to identify wheat genotypes with rust resistance and greater yield potential. For exploitation of available germplasm and to determine the nature of inheritance for important traits, there are several breeding schemes like diallel analysis, line × tester analysis, and generation means analysis etc. Diallel analysis is one of the important tools used to cross the available germplasm (with desirable traits) in all possible combinations and to determine the nature of inheritance for various underpinning quantitative variables (Shamsabadi et al. 2019).

Hayman diallel analysis is one of the approaches used to determine genetic components of variance (D, H1 and H2) for classification of various traits with their gene action. Based on diallel analysis, the nature of gene action has been reported in several past studies. Over-dominance type of gene action was observed for flag leaf area, days to maturity and grain yield in bread wheat (Nazir et al. 2014; Afridi et al. 2019). Over-dominance type of gene action among parental lines for spikelets per spike, grains per spike and grain yield in spring wheat was observed (Ahmad et al. 2016). However, additive type of gene action with partial dominance was noted for controlling earliness, peduncle length, plant height, spike length, husk content and grain yield in wheat (Farooq et al. 2011; Raikwar 2019). Additive type of gene action was also reported for spikelets per spike, grains per spike, grain yield, flour recovery, protein content and lysine content in wheat (Rabbani et al. 2011; Hazra et al. 2019). Both additive and non-additive components of genetic variance demonstrated the involvement of additive and non-additive gene actions; however, over-dominance was predominant for harvest index in wheat (Ahmad et al. 2007). For the control of several quantitative traits in wheat; additive, non-additive and analysis of combining ability are very important (Dedaniya et al. 2019). Some other studies suggested over-dominance type of gene action (Farooq et al. 2011; Ahmad et al. 2016) and additive type of gene action (Pervez et al. 2014) for flag leaf area, harvest index and other yield related traits in wheat. Thus, before developing an appropriate breeding program it is essential that genetic mechanism controlling various characteristics using available populations must be studied. Keeping in view the importance of wheat yield in current scenario of climatic change, the current study was undertaken using 6 × 6 full diallel crosses to estimate gene action and inheritance patterns (additive vs. dominance) for various traits through Hayman's approach in F1 population in wheat at two locations of Khyber Pakhtunkhwa viz., the new developmental farm, the University of Agriculture, Peshawar, Pakistan and Cereal Crops Research Institute Pirsabak (CCRI), Nowshera, Khyber Pakhtunkhwa, Pakistan.

Materials and Methods
Breeding material and procedure

Experimental Material: Six wheat genotypes i.e., Benazir, Khaista, Inquilab-91, Ghaznavi-98, Galaxy and Parula representing a wide range of diversity for earliness and yield traits were grown during 2016-17 in a crossing block at the University of Agriculture, Peshawar, Pakistan (Table 1). All the genotypes were crossed in a complete diallel fashion to produce 30 F1 hybrids (15 direct and 15 reciprocal). Several crosses were made for each cross combination to get sufficient seeds. Recommended cultural practices including land preparation, fertilizers, weed control and irrigation were uniformly applied to all the genotypes. At maturity, all the crosses were harvested separately, hand threshed, properly bagged and stored. During 2017-18, six parental genotypes and their 30 F1 hybrids were grown in a randomized complete block (RCB) design with three replications at two locations of Khyber Pakhtunkhwa viz., the University of Agriculture, Peshawar (situated between 34°, 02′ North latitude and 71°, 37′ East longitude) and Cereal Crops Research Institute Pirsabak (CCRI), Nowshera (situated between 34° N latitude and 72° E longitude with altitude of 288 m), Khyber Pakhtunkhwa, Pakistan.
Traits Measurement: In both environments, all the data were recorded on twenty randomly selected plants in parental genotypes, their F1 hybrids and then averaged. The studied traits were days to heading, plant height, tillers per plant, spike length, biological yield per plant and grain yield per plant, and then averaged before analysis. Significant variations among genotypes, environments and genotype by environment (G × E) interactions for various traits were compared by using the least significant difference (LSD) test at 5% level of probability. 
Diallel analysis assumptions and tests of adequacy

2.1. Assumptions/Hypotheses of diallel cross analysis Certain hypotheses and assumption hold in many genetical systems. The following are the assumptions of diallel cross analysis as described by Hayman (1954) and Obi (2013): 

i. Diploid segregation/Normal diploid segregation ii. No multiple allelism/Absence of multiple alleles iii. Lack of maternal effects iv. Homozygosity of parents/Homozygous parents v. Absence of linkage among genes affecting the character vi. Lack of epistasis vii. Genes independently distributed between the parents/Random mating 

In the diallel crossing system the homozygous inbred lines should be used. The entries in the diallel table off diagonal cells should be replaced before analysis by their respective cross and reciprocal means to eliminate the mutual discrepancies. With the analysis of variance of Wr-Vr entities for the arrays of each repeated diallel set, the remaining three hypotheses of non-allelic interaction, multiple allelism, and independent assortment of genes can be fulfilled. Significant "F values" will show their heterogeneity in the analysis, which invalidates all those hypotheses. Three scaling tests {regression analysis, arrays analysis of variance (Wr+Vr) and (Wr-Vr) and t2 test} to see the adequacy of additive-dominance model for design and data will be used. According to Mather and Jinks (1982) the regression coefficient is expected to be significantly different from zero and not from unity. Failure of this test means the presence of epistasis. If certain type of non-allelic interaction is present, Wr + Vr must change from array to array. Similarly, if there exists epistasis, Wr-Vr will vary between arrays. Non-significant value of t2 test also confirming presence of no nonallelic interaction and the genes will be independent in their action for random association. Failure of these three tests will completely invalidate the additive-dominance model. However, if one fulfills the assumptions even, the additive-dominance model is to be considered partially adequate.

The genetic components of variation and their ratio along with standard error will be estimated as follows:

D = 
Additive genetic variance {D = Volo-E (Volo = Variance of the Parents)}.

H1 = 

Dominance variance {H1 = Volo-4Wolo1+V1L1-(3n-2) E/n (Wolo = Mean covariance between the parents and the arrays)}.

H2 = 

H1 {1-(u-v)2}, where u and v are the proportions of positive and negative genes, in 
the parents.

F = 

Mean of Fr values over arrays = 2Volo-4Wolo1-2(n-2) E/n, where Fr is the covariance of additive and dominance effects in a single array. F is positive where dominant genes are more frequent than recessive.

h2 = 

(ML1-MLo)2-4(n-1) E/n2; Dominance effect (as algebraic sum over all loci in 
heterozygous phase in all crosses). When frequency of dominant and recessive alleles is equal, then H1 = H2 = h2. Significance of h2 confirms that dominance is unidirectional.
E = 
Expected environmental component of variation; 
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From these estimates, the following genetic ratios will be determined. 

(H1/D: 
denotes average degree of dominance, If the value of this ratio is zero, there is no dominance; If it is greater than zero but less than 1, there is partial dominance; and if it is greater than 1, it denotes over-dominance.

H2/4H1: 
denotes the proportion of genes with positive and negative effects in the parents, and if the ratio is equal to 0.25, indicates symmetrical distribution of positive and negative genes.

(4DH1+F/(4DH1-F: denotes the ratio of dominant and recessive genes in the parents, If the ratio is 1, the dominant and recessive genes in the parents are in equal proportion; if it is less than 1, it indicates an excess of recessive genes; but being greater than 1, it indicates excess of dominant genes.

h2/H2: denotes the number of gene groups/genes, which control the character and exhibit dominance.

Heritability
Broad and narrow sense heritabilities in F1 generation will be calculated for each character according to Mather and Jinks (1982).
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Where;

D = Variation due to additive effect.

H1 = Component of variation due to dominance effect of genes.

H2 = H1[1-(u-v)2] [u = positive and v = negative genes].

F = The mean of "Fr" over the arrays.

E = The expected environmental component of variation.

Results

The F1 populations and their parental cultivars revealed highly significant (p ≤ 0.01) differences for all the studied traits (Table 2). Three scaling tests viz., t2 test, regression analysis and arrays analysis of variance for adequacy of additive-dominance model were found partially adequate for all the traits at both AUP and CCRI except biological yield per plant for which the additive –dominance model was non-adequate at CCRI (Table 3).
Days to heading: For days to heading, both additive and dominant genetic components were prevailing as evident from the significant (p ≤ 0.01) results of genetic components 'a' and 'b' components in F1 generation at both AUP and CCRI locations (Table 4). At both locations, non-significant value of 'b1' in F1 hybrids was obtained, hence non-directional genes were present. At AUP and CCRI component 'b2' was non-significant and significant (p ≤ 0.01), suggesting that the genes were symmetrically and asymmetrically distributed among the parental lines, respectively. Moreover, the significant values 'b3' revealed residual dominance due to specific gene complexes F1s along with parents at both locations. The gene effects were non-specific at both locations. 
The major role of additive gene action was observed in F1 generation due to significant value of additive component and the value of average degree of dominance was less than unity for both AUP and CCRI (0.49, 0.81) for days to heading at both locations (Table 5). Both positive and negative genes were distributed irregularly among the parental genotypes as suggested by the unequal values of H1 and H2 components and the ratios of H2/4H1 (0.07, 0.12) in F1 generation at both locations. Positive values of F (4.55, 10.16) and ratio of dominant and recessive genes in the parental genotypes (3.08, 2.25), indicated that dominant genes were more frequent than recessive genes in F1 generation at both locations. Negative values of h2 indicated the high level of recessive genes in F1 generation at both locations for days to heading. Broad sense heritability values (0.49, 0.85) were greater than narrow-sense heritability values (0.47, 0.70) for days to heading in F1 generation at AUP and CCRI, respectively (Table 5). 
In the Vr-Wr graph (Fig. 1a, 1b), the regression line passes through the origin cutting the Wr axis, which indicated partial dominance at both locations of AUP and CCRI for days to heading. At AUP, the placement of array points displayed that the parental cultivars Khaista, Parula and Benazir had equal proportion of dominant and recessive genes. The parental genotype Ghaznavi-98 occupied nearest position to the origin and hence exhibited dominant genes, while Galaxy being farther away from the origin revealed maximum recessive genes in F1 generation at both locations. 

Plant height: The genetic components 'a' and 'b' components were significant (p ≤ 0.01) in F1 generation at AUP, which demonstrated the role of both additive and dominant genetic components in F1 generation at AUP in controlling plant height, regarding CCRI, the 'a' was non-significant; whereas the 'b' component was significant (p ≤ 0.01) for plant height (Table 4). The value of component 'b1' was also non-significant in F1 hybrids at AUP, presented the existence of non-directional genes. However, the said component was significant at CCRI, demonstrating the presence of directional genes for plant height. At AUP and CCRI, component 'b2' was significant, which suggested asymmetrical gene distribution among parents for plant height in F1 generation. Specific gene effects were observed due to significant values of component 'b3' in F1 generation at both locations.
Genetic components of variance revealed that additive (D), dominance (H1, H2) and covariance of additive and dominance effects (F) were significant for plant height in F1 generation at AUP and CCRI (Table 5). Environmental variation (E) was significant (p ≤ 0.05) at AUP and non-significant and having no influence in the inheritance of said trait at CCRI. Additive component was significant AUP (p ≤ 0.01) and CCRI (p ≤ 0.05) in F1 generation, which indicated the primary role of additive gene action for plant height at both locations. Average degree of dominance was more than unity (1.18, 1.87) for both AUP and CCRI, which authenticated non-additive type of gene action for plant height at both locations. The H2 value was less than H1 at both locations, which signified that positive and negative genes were not in proportion at all loci, and it was confirmed by the ratios of H2/4H1 (0.18, 0.18). Positive value of F (27.67, 36.65) indicated that dominant genes were more frequent than recessive genes in F1 generation at both locations, and the same also confirmed by ratio of dominant and recessive genes in the parental genotypes (2.63, 3.40). Negative and positive values of h2 indicated the high level of recessive genes at AUP and high level of dominant genes in F1 generation at CCRI. Broad sense heritability values (0.71, 0.74) were greater than narrow-sense heritability values (0.30, 0.38) for plant height in F1 generation at AUP and CCRI, respectively (Table 5). 
At both locations of AUP and CCRI, in Vr-Wr graph the regression line intercepted the Wr-axis below the point of origin, which demonstrated over dominance type of gene action for plant height (Fig. 2, 2b). This result suggests that the selection in early generation may be unfruitful.
Tillers per plant: The genetic components 'a' and 'b' components were significant (p ≤ 0.01) in F1 generation at both AUP and CCRI locations, which demonstrated the role of both additive and dominant genetic components in F1 generation in controlling tillers per plant (Table 4). The value of component 'b1' was non-significant in F1 hybrids at AUP, presented the existence of non-directional genes. However, the said component was significant at CCRI, demonstrating the presence of directional genes for tillers per plant. At AUP the value of component 'b2' was non-significant for F1 hybrids, which indicated symmetrical distribution of genes among the parental genotypes. However, the 'b2' component was significant at CCRI, signifying asymmetrical distribution of genes at AUP. Non-specific gene effects were recorded due to significant ‘b3’ component for tillers per plant at both locations. 
Additive component was significant in F1 generation, which indicated the primary role of additive gene action for days to heading at both locations. Average degree of dominance was less than unity (0.30, 0.97) for both AUP and CCRI, which authenticated additive type of gene action for tillers per plant at both locations (Table 5). The H2 value was less than H1 at both locations, which signified that positive and negative genes were not in proportion at all loci, and it was confirmed by the ratios of H2/4H1 (0.19, 0.19). Negative value of F (-0.35, -0.01) indicated that recessive genes were more frequent than dominant genes in F1 generation at both locations. Negative values of h2 indicated the high level of recessive genes in F1 generation at both locations for tillers per plant. Broad sense heritability values (0.75, 0.68) were greater than narrow-sense heritability values (0.73, 0.53) for tillers per plant in F1 generation at AUP and CCRI, respectively (Table 5). 
Graphical analysis showed that partial dominance was observed as the regression line intercepted the Wr-axis above the point of origin for tillers per plant at AUP (Fig. 3a and b). Arrays of parental cultivars on the regression line revealed that parental cultivars were genetically diverse for tillers per plant. Cultivar Benazir had more dominant genes as it was nearest the origin while genotype Ghaznavi-98 was away from the origin with more recessive genes in F1 generation at AUP. Cultivars Parula and Khaista were being nearest the origin had more dominant genes while cultivar Inquilab-91 was far away from the origin and had more recessive genes for CCRI in F1 generation. 

Spike length: The genetic components 'a' and 'b' components were significant (p ≤ 0.01) in F1 generation at both AUP and CCRI locations, which demonstrated the role of both additive and dominant genetic components in F1 generation at both locations in controlling spike length (Table 4). The value of component 'b1' was also significant AUP (p ≤ 0.05) and CCRI (p ≤ 0.01) in F1 hybrids, presented the existence of directional genes for spike length. Asymmetrical genes distribution among the parental genotypes was supported by significant value of component 'b2' in F1 generation at both locations. Specific gene effects were identified due to significant (p ≤ 0.01) value of component 'b3' in F1 generation at both locations. 
Additive component was significant in F1 generation, which indicated the primary role of additive gene action for spike length at both locations. Average degree of dominance was more than unity (1.64, 1.29) for both AUP and CCRI, which authenticated non-additive type of gene action for spike length at both locations (Table 5). Unequal H1 and H2 components and the ratio of H2/4H1 (0.18, 0.22) exhibited the irregular distribution of positive and negative genes among the parental genotypes for spike length in F1 generation at both locations. Positive value of F (0.20, 0.10) indicated that dominant genes were more frequent than recessive genes in F1 generation at both locations, and the same also confirmed by ratio of dominant and recessive genes in the parental genotypes (1.44, 0.88). Positive values of h2 indicated the high level of dominant genes in F1 generation at both locations for spike length. Broad sense heritability values (0.74, 0.41) were greater than narrow-sense heritability values (0.41, 0.50) for spike length in F1 generation at AUP and CCRI, respectively (Table 5). 

For spike length, the Vr-Wr graph showed that regression line intercepted Wr-axis on the negative side and revealed over-dominance type of gene action at both locations (Fig. 4a and b). The parental genotypes along the regression line revealed that maximum dominant genes were observed for cultivars Ghaznavi-98 at both locations F1 generation, as this cultivar was closer to the point of origin. Cultivars Galaxy and Benazir received maximum recessive genes being on distant positions from the origin at AUP and CCRI environments, respectively.

Biological yield per plant: The genetic components 'a' and 'b' components were significant (p ≤ 0.01) in F1 generation at both AUP and CCRI locations, which demonstrated the role of both additive and dominant genetic components in F1 generation at both locations in controlling biological yield per plant (Table 4). The value of component 'b1' was also significant AUP (p ≤ 0.01) and CCRI (p ≤ 0.05) in F1 generation, presented the existence of directional genes for biological yield per plant. At both environments component 'b2' was non-significant, which suggested symmetrical gene distribution among parents for biological yield per plant in F1 generation. Specific gene effects were observed due to significant values of component 'b3' in F1 generation at both locations.
Additive component was non-significant in F1 generation, which indicated the primary role of non-additive gene action for biological yield per plant at both locations. Average degree of dominance was more than unity (16.36, 8.20) for AUP and CCRI, which authenticated additive type of gene action for biological yield per plant at both locations (Table 5). Unequal H1 and H2 components and the ratio of H2/4H1 (0.25, 0.27) exhibited the irregular distribution of positive and negative genes among the parental genotypes for biological yield per plant in F1 generation at both locations. Positive value of F (5.09) indicated that dominant genes were more frequent than recessive genes in F1 generation at AUP. Positive values of h2 indicated the high level of dominant genes in F1 generation at both locations for biological yield per plant. Significant value of h2 pointed out the dominant genes due to heterozygous loci, which is also supported by the value of 4DH1½ ± F/4DH11/2 – F (1.13, 0.56). Broad sense heritability values (0.93, 0.75) were greater than narrow-sense heritability values (0.19, 0.33) indicating less contribution of additive genetic variation for biological yield per plant in F1 generation at AUP and CCRI, respectively (Table 5). 

At both locations of AUP, in Vr-Wr graph the regression line intercepted the Wr-axis above the point of origin, which demonstrated partial dominance for biological yield per plant. Whereas, at CCRI, Vr-Wr graph showed that the line intercepted the Wr-axis below the point of origin and thus displayed over dominance (Fig. 5a, b). The placement of array points displayed that parental genotypes Inquilab-91 and Ghaznavi-98 being closer to the point of origin has more dominant genes at AUP and CCRI, respectively. The parental cultivars Galaxy and Ghaznavi-98 are farther away from the point of origin and thus showing the presence of recessive genes at AUP. Similarly, Khaista followed by Galaxy displaying the existence of recessive genes as being away from the origin at CCRI. 

Grain yield per plant: The components i.e., 'a' and 'b' were significant (p ≤ 0.01) for grain yield per plant which showed the involvement of additive and non-additive gene action at both locations (Table 4). Significant (p ≤ 0.01) component 'b1' at AUP and CCRI specified the occurrence of directional genes for grain yield per plant. The significant 'b2' component indicated the symmetrical distribution of genes in the parental genotypes at AUP, whereas at CCRI, non-significant component ‘b2’ indicated asymmetrical distribution of genes among parental genotypes. Specific gene effects were observed due to significant values of component 'b3' in F1 at both locations. Components of genetic variation (D, H1 and H2) and E were significant while F was non-significant for grain yield per plant at AUP, whereas, at CCRI (H1, H2, E and F) were significant, while D was non-significant. The values of H1 and H2 were greater than D in F1 generation at both locations which revealed non-additive gene action in genetic control of grain yield per plant. Average degree of dominance was also greater than unity (2.11, 2.25) in F1 hybrids at both locations. Greater value of H1 than H2 indicating that positive and negative alleles were different among parental lines and it was confirmed by ratios of H2/4H1 (0.19, 0.20) for grain yield in both generations (Table 5).
Negative value of F for grain yield demonstrating equal distribution of dominant and recessive genes in parental cultivars for F1 generation at both locations. Significance of F revealed that dominant genes were in excess than recessive and that is also verified by the ratio of 4DH11/2 ± F/4DH11/2 – F (0.84, 0.09), and h2 confirmed the unidirectional dominance. Significant environmental variance (E) specified the primary role of environment in controlling grain yield in wheat. Broad-sense heritability (0.85, 0.74) were greater than narrow-sense (0.50, 0.56) indicating that most of the genetic variation was contributed by non-additive genes for grain yield per plant in F1 generation at AUP and CCRI, respectively (Table 5). 

In Vr-Wr graphical analysis, the regression line cut off the Wr-axis below the point of origin which revealed over-dominance type of gene action for grain yield in F1 generation at both locations (Fig. 6a, b). Parental cultivars on the regression line revealed that cultivar Galaxy had the most dominant genes, while cultivar Khaista had the most recessive genes at AUP and CCRI, respectively.

Discussion 

After knowing the inheritance pattern of various variables and nature of genetic components, the breeders could better decide about the future use of the developed and improved populations after hybridization. The mode of inheritance of different characters can be investigated following Hayman (I954a) diallel analysis in full and half diallel crosses. These investigations revealed that F1 hybrids and their parental genotypes have greater genetic variability, and thus the said data was further for genetic analysis. In previous studies, different wheat populations with diverse genetic makeup also revealed significant differences for days to heading, plant height, tillers per plant, spike length, biological yield per plant and grain yield per plant (Ahmad et al. 2007; Afridi et al. 2017a). Genotypic and phenotypic variance was noted for plant height and spike length (Haydar et al. 2020). Adequacy of additive-dominance model was found partially adequate for all the traits in both locations except biological yield per plant for which additive-dominance model was non-adequate. In past studies, additive-dominance model was partially adequate for earliness, yield traits and biological yield in wheat (Shamsabadi et al. 2019). Additive-dominance model was partially adequate for tillers per plant, spike length, husk content and grain yield in different wheat populations with diverse genetic makeup (Nazir et al. 2014; Afridi et al. 2019; Raikwar et al. 2019). However, Yao et al. (2011) observed that the model was fully adequate for earliness and yield traits in bread wheat genotypes.

Significance of both additive and dominance components of genetic variance revealed the involvement of both additive and dominance genetic effects for plant height and spike length. Previous studies also revealed that both additive and dominance components were involved in the inheritance of earliness and yield traits in different wheat populations under diverse environments (Farooq et al. 2011, 2015). Dominant genes play a vital role in the inheritance of various yield and yield related traits as compare to dominant × additive and additive × additive gene action (Koubisy 2019). Dominance components were predominant and greater in magnitude than additive component which suggested that non-additive gene action played primary role in the inheritance of plant height, spike length, biological yield per plant and grain yield per plant in F1 generation at both locations. The role of additive genes in controlling the yield and yield related parameters i.e., spike per plant, spike length, seeds per spike, seed weight is more prominent as compare to nom-additive genes (Ayoub et al. 2019). Present results further revealed that according to Vr-Wr graph, the inheritance for plant height and grain yield per plant were regulated by over-dominance type of gene action in F1 generation. Average degree of dominance was greater than unity for plant height, spike per plant, spike length, kernel per spike, biological yield and grain yield which demonstrated the greater role of over-dominance and superiority of dominance genetic variance in bread wheat at both locations (Farshadfar et al. 2012; Abdelkhalik 2019). However, additive component excelled dominance components for earliness traits in diallel crosses of five wheat cultivars using two different models (Zare-Kohan and Heidari 2012). Contradiction between present and past findings might be due varied genetic makeup of the wheat genotypes and the environment where studied.

According to components of genetic variance and Vr/Wr graph, both additive and non-additive gene action played an important role in the inheritance of earliness, plant height, tillers per plant, spike length, biological yield and grain yield in F1 generation at both locations. Non-significant values for additive and dominance components in genetic study of earliness and yield related traits in wheat (Ivanovska et al. 2000). Average degree of dominance was less than unity for earliness traits in bread wheat (El-Rahman 2013). Average degree of dominance is less than unity which suggests additive gene action (Afridi et al. 2019). Incomplete dominance for days to heading was observed in spring wheat under stress (Irshad et al. 2012).
In past studies, significant values were recorded for 'a' and 'b' as well as 'b1', 'b2' and 'b3' for plant height in F1 hybrids in bread wheat (Jadoon et al. 2012). Additive type gene action was observed for plant height in wheat cultivars by having average degree of dominance less than unity (Zare-Kohan and Heidari 2012). Additive gene action is responsible for days to heading, plant height, tillers per plant and spikes per plant having degree of dominance less than unity (Afridi et al. 2019). Partial dominance type of gene action was responsible for inheritance of plant height in wheat (Munis et al. 2012).
Significant 'a' and 'b' components were observed, which demonstrated “additive and non-additive gene action” for tillers per plant in wheat (Cheruiyot et al. 2014). Similarly, Potla et al. (2013) reported “average degree of dominance” less than unity for tillers per plant in barley. Additive types of gene regulated tillers per plant with partial dominance as the regression line cut Wr-axis above the point of origin (Kaukab et al. 2014).

Over-dominance type of gene action for spike length in spring wheat was observed supporting the current study (Al-Layla 2015). (El-Hady et al. 2018) also observed over dominance effects for spike length. Additive type of gene action with partial dominance for spike length as point of intercept was positive on Wr-axis (Gurmani et al. 2007). Over-dominance type of gene action as the regression line intercepted Wr-axis below the origin for spike length in wheat (Kaukab et al. 2014; Ljubičić et al. 2014).
Significant effects of 'b1', 'b2' and 'b3' for biological yield in wheat segregating populations were observed (Jadoon et al. 2012). Biological yield was controlled by over-dominance type of genes in wheat (Asif et al. 2000). Higher value of non-additive genetic component than additive component, which suggested over-dominance type of gene action for controlling biological yield in barley (Lal et al. 2013). Significant higher value of D than H1 and H2 components indicating additive type of effect in controlling biological yield under normal and heat stress conditions in wheat (Farooq et al. 2011). Over-dominance type of gene action for biological yield per plant was observed in chickpea as regression line cut the Wr-axis below the origin (Biranvand et al. 2013) 

In Vr-Wr graphical analysis, the regression line cut off the Wr-axis below the point of origin which revealed over-dominance type of gene action for grain yield in F1 generation at both locations. The over-dominance in F1 generation could be used for exploitation of heterosis by selection in promising wheat F1 populations (Afridi et al. 2019). Greater values of dominance components than additive revealed that grain yield was controlled by dominant genes in spring wheat (Zare-Kohan and Heidari 2012). For grain yield, additive gene action was confirmed by components of genetic variation and graphical analysis in wheat (Nazir et al. 2014). However, dominance effects were also found for grain yield in genetic analysis in wheat (Nazeer et al. 2010). Past studies also revealed that according to genetic components, average degree of dominance and Vr-Wr graphs, the grain yield was controlled by non-additive gene action in spring wheat (Farooq et al. 2011; Asadabadi et al. 2012).
For all the pre- and post-harvest traits, the broad-sense heritability values were greater than narrow sense which confirms the over-dominance type of gene action. High broad and low narrow-sense heritability values were recorded for various yield traits in F1 generations of bread wheat (Ahmad et al. 2007). High broad and low narrow-sense heritability values were recorded for spike traits and grain yield in bread wheat, suggesting non-additive genes control in the inheritance of these traits (Nazir et al. 2014). High heritability for days to heading which might be due to involvement of few major genes in durum wheat (Solomon and Labuschagne 2004). Low heritability for plant height in wheat hybrid populations were observed (Ahmed et al. 2007). However, past researchers reported high broad and narrow-sense heritabilities for plant height in bread wheat (Khiabani et al. 2015). High broad than narrow sense heritability for tillers per plant were reported and suggested greater role of non-additive genes in the inheritance of studied trait in hulless barley (Eshghi and Akhundova 2010). High broad and low narrow-sense heritability for spike length in bread wheat, suggesting non-additive genes in genetic control of spike length (Badieh et al. 2012). High broad and narrow sense heritability that specified the primary role of both additive and non-additive gene effects in controlling the biological yield in barley (Aghamiri et al. 2012).
Conclusion
Additive and dominance components were found significant for all the traits which revealed the primary role of both additive and non-additive gene action in controlling days to heading, plant height, tillers per plant, spike length, biological yield per plant and grain yield per plant in F1 generation at both locations. However, components of genetic variance, Vr-Wr graphs and greater values of broad sense heritability revealed preponderance of over-dominance type of gene action which suggested that selection should be delayed to later segregating generations for improving yield associated traits.
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Table 1: Parentage and various characteristics of the wheat parental cultivars used in diallel crosses
	Genotypes
	Pedigree
	Color / general look
	Yr Resistance
	Grain yield (tons ha-1)

	Benazir
	CHEN/AEGILOPS SQUARROSA (TAUS)//BCN/3/VEE#7/…
	Dark green
	Resistant
	8.00

	Khaista
	KAUZ//ALTAR84/AOS/3/MILAN/KAUZ/4/HUITE
	Waxy green
	Resistant
	5.50

	Inquilab-91
	WL711/CROW
	Yellowish green
	Susceptible
	6.00

	Ghaznavi-98
	JUP/BJY//URES
	Waxy green
	Susceptible
	5.50

	Galaxy
	Punjab96/V87094//MH-97
	Waxy green
	Susceptible
	6.70

	Parula
	FKN/3/2*FR//KAD/GB/4/BB/CHA
	Waxy green
	Resistant
	6.50


Table 2: Sum of squares, mean squares and percentages of total variation of G, E, G × E interaction and experimental error (replications) for various traits in bread wheat
	Variables
	S.O.V.
	D.F.
	S.S.
	M.S.
	C.V. (%)

	Days to heading
	G
	36
	1530.08
	42.50**
	2.09

	
	E
	1
	457.56
	457.56**
	

	
	G × E
	36
	647.13
	17.98**
	

	
	Replications
	4
	42.47
	10.62
	

	
	Error
	144
	936.28
	6.50
	

	Plant height
	G
	36
	4095.42
	113.76**
	3.45

	
	E
	1
	56.63
	56.63*
	

	
	G × E
	36
	1833.43
	50.93**
	

	
	Replications
	4
	102.78
	25.70
	

	
	Error
	144
	7863.76
	12.33
	

	Tillers per plant
	G
	36
	165.52
	4.60**
	6.42

	
	E
	1
	180.53
	180.53**
	

	
	G × E
	36
	41.70
	1.16*
	

	
	Replications
	4
	8.31
	2.08
	

	
	Error
	144
	96.44
	0.67
	

	Spike length
	G
	36
	108.15
	3.00**
	4.25

	
	E
	1
	15.83
	15.83**
	

	
	G × E
	36
	18.74
	0.52**
	

	
	Replications
	4
	1.44
	0.36
	

	
	Error
	144
	38.44
	0.27
	

	Biological yield per plant
	G
	36
	11734.34
	325.95**
	7.49

	
	E
	1
	1014.58
	1014.58**
	

	
	G × E
	36
	958.94
	26.64**
	

	
	Replications
	4
	31.23
	7.81
	

	
	Error
	144
	2044.37
	14.20
	

	Grain yield per plant
	G
	36
	2536.73
	70.46**
	4.66

	
	E
	1
	976.96
	976.96**
	

	
	G × E
	36
	450.89
	12.52**
	

	
	Replications
	4
	25.43
	6.36
	

	
	Error
	144
	907.30
	6.30
	


*, ** = Significant at P ≤ 0.05 and P ≤ 0.01








Table 3: Scaling test for various traits in 6 × 6 F1 full diallel crosses of wheat at AUP and CCRI

	Variables
	Locations
	t2 test
	Regression analysis
	Uniformity of Wr and Vr
	Conclusion

	
	
	
	b0
	b1
	
	

	Days to heading
	AUP
	NS
	NS
	NS
	NS
	Partially Adequate

	
	CCRI
	NS
	NS
	NS
	NS
	Partially Adequate

	Plant height
	AUP
	NS
	NS
	NS
	NS
	Partially Adequate

	
	CCRI
	NS
	NS
	NS
	NS
	Partially Adequate

	Tillers plant-1
	AUP
	NS
	*
	NS
	NS
	Partially Adequate

	
	CCRI
	NS
	**
	NS
	NS
	Partially Adequate

	Spike length
	AUP
	NS
	*
	NS
	NS
	Partially Adequate

	
	CCRI
	NS
	NS
	NS
	NS
	Partially Adequate

	Biol. yield plant-1
	AUP
	NS
	NS
	NS
	**
	Inadequate

	
	CCRI
	NS
	NS
	NS
	NS
	Partially Adequate

	Grain yield plant-1
	AUP
	NS
	NS
	NS
	NS
	Partially Adequate

	
	CCRI
	NS
	NS
	NS
	NS
	Partially Adequate


Table 4: Genetic analysis for various traits in 6 × 6 F1 full diallel crosses of wheat

	Source of variation
	d.f.
	Days to heading
	Plant height
	Tillers plant-1
	Spike length
	Biological yield plant-1
	Grain yield plant-1

	
	AUP/CCRI
	AUP
	CCRI
	AUP
	CCRI
	AUP
	CCRI
	AUP
	CCRI
	AUP
	CCRI
	AUP
	CCRI

	Replications
	2
	12.99
	7.21
	23.80
	24.55
	10.00
	41.02**
	0.58
	0.20
	15.52
	1.34
	1.00
	12.01

	a
	5
	65.18**
	95.59**
	97.31**
	9.00
	11.85**
	54.61**
	4.04**
	4.21**
	121.55**
	197.67**
	126.11**
	92.49**

	b
	15
	34751.86**
	36471.55**
	25062.71**
	24559.09**
	453.94**
	2406.21**
	376.07**
	343.7**
	16755.3**
	15073.59**
	3129.79**
	2407.89**

	b1
	1
	1.96
	3.06
	5.67
	46.31*
	0.00
	72.44**
	1.78*
	1.8**
	747.71**
	126.34*
	148.79**
	53.81**

	b2
	5
	16.9
	27.07**
	62.23**
	94.32**
	0.74
	35.6**
	1.6**
	0.55**
	13.44
	7.31
	32.1**
	14.58

	b3
	9
	57910.16**
	60770.53**
	41735.98**
	40874.27**
	756.16**
	3982.53**
	625.7**
	572.33**
	27834.96**
	25104.56**
	5181.95**
	3999.07**

	Error
	70
	9.92
	3.23
	13.72
	11.36
	0.65
	4.99
	0.39
	0.15
	6.82
	22.18
	5.81
	6.58


*, ** = Significant at P ≤ 0.05 and P ≤ 0.01, NS = Non-significant

Table 5: Genetic components of variance for various traits in 6 × 6 F1 full diallel crosses of wheat

	Genetic components
	Days to heading
	Plant height
	Tillers plant-1
	Spike length
	Biological yield plant-1
	Grain yield plant-1

	
	AUP
	CCRI
	AUP
	CCRI
	AUP
	CCRI
	AUP
	CCRI
	AUP
	CCRI
	AUP
	CCRI

	D
	9.14**
	15.13**
	26.17**
	17.95*
	0.88**
	0.65**
	0.34**
	0.47**
	16.36
	8.20
	5.48*
	1.62

	H1
	2.18
	9.85**
	36.17*
	62.95**
	0.08
	0.61*
	0.92**
	0.78**
	99.68**
	46.61*
	24.32**
	8.24*

	H2
	0.63
	4.55*
	25.39*
	44.5*
	0.06
	0.47
	0.65*
	0.69**
	98.2**
	49.92**
	18.48*
	6.46*

	F
	4.55
	10.16**
	27.67*
	36.65*
	-0.35*
	-0.01
	0.20
	0.10
	5.09
	-14.60
	-2.04
	-6.14*

	h2
	-1.48
	-0.03
	-1.49
	6.47
	-0.12
	-0.12
	0.25
	0.31*
	137.22**
	19.31*
	26.52**
	8.71**

	E
	3.31**
	1.08**
	4.57*
	3.79
	0.22**
	0.24**
	0.13**
	0.05
	2.27
	7.39**
	1.94*
	2.19**

	D-H1
	6.95
	5.28
	-10.00
	-45.00
	0.80
	0.04
	-0.58
	-0.31
	-83.31
	-38.41
	-18.84
	-6.62

	(H1/D)½
	0.49
	0.81
	1.18
	1.87
	0.30
	0.97
	1.64
	1.29
	2.47
	2.38
	2.11
	2.25

	(H2/4H1)
	0.07
	0.12
	0.18
	0.18
	0.19
	0.19
	0.18
	0.22
	0.25
	0.27
	0.19
	0.20

	KD/KR
	3.08
	2.25
	2.63
	3.40
	0.20
	0.98
	1.44
	0.88
	1.13
	0.56
	0.84
	0.09

	(h²/H2)
	-2.34
	-0.01
	-0.06
	0.15
	-2.05
	-0.26
	0.39
	0.44
	1.40
	0.39
	1.44
	1.35

	Heritability (bs)
	0.49
	0.85
	0.71
	0.74
	0.75
	0.68
	0.74
	0.89
	0.93
	0.75
	0.85
	0.74

	Heritability (ns)
	0.47
	0.70
	0.30
	-0.01
	0.73
	0.53
	0.41
	0.50
	0.19
	0.33
	0.50
	0.56
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Fig. 1a. Vr-Wr graph for days to heading in 6 × 6 F1 half diallel crosses of wheat at AUP.
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Fig. 1a. Vr-Wr graph for days to heading in 6 × 6 F1 full diallel crosses of wheat at CCRI.
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Fig. 2a. Vr-Wr graph for plant height in 6 × 6 F1 full diallel crosses of wheat at AUP.
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Fig. 2b. Vr-Wr graph for plant height in 6 × 6 F1 full diallel crosses of wheat at CCRI.
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Fig. 3a. Vr-Wr graph for tiller per plant in 6 × 6 F1 full diallel crosses of wheat at AUP.
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Fig. 3b. Vr-Wr graph for tiller per plant in 6 × 6 F1 full diallel crosses of wheat at CCRI.
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Fig. 4a. Vr-Wr graph for spike length in 6 × 6 F1 full diallel crosses of wheat at AUP.
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Fig. 4b. Vr-Wr graph for spike length in 6 × 6 F1 full diallel crosses of wheat at AUP.
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Fig. 5a. Vr-Wr graph for grain yield per plant in 6 × 6 F1 full diallel crosses of wheat at AUP.
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Fig. 5b. Vr-Wr graph for grain yield per plant in 6 × 6 F1 full diallel crosses of wheat at CCRI.
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Fig. 6a. Vr-Wr graph for biological yield per plant in 6 × 6 F1 full diallel crosses of wheat at AUP.
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Fig. 6b. Vr-Wr graph for biological yield per plant in 6 × 6 F1 full diallel crosses of wheat at CCRI.
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