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ABSTRACT 

Maize (Zea mays L.), being a major cereal crop, is used as both food and feed 

worldwide however, maize proteins are of poor nutritional quality due to deficiency of 

essential amino acids; lysine and tryptophan. Quality protein maize (QPM) breeding 

involves the combined use of the opaque-2 (o2) gene and the genetic modifiers of the o2 

locus to develop cultivars with elevated levels of lysine and tryptophan. In the present 

study, four white QPM inbred lines were crossed in full diallel fashion in Summer 2006. 

Parental inbreds along with their 12 F1 hybrids were field evaluated at two locations of 

Khyber Pakhtunkhwa, Agricultural University Peshawar (AUP) and Cereal Crops 

Research Institute (CCRI), Pirsabak, Nowshera in Summer 2007. A randomized complete 

block design with three replications was used at each location. All the inputs and cultural 

practices were kept uniform at both test locations. Data was recorded to asses the gene 

action, general (GCA) and specific (SCA) combining ability and heterotic effects for 

morpho-physiological, yield, protein quantity and protein quality contributing traits. 

Highly significant differences for all the traits under study were found among genotypes 

(inbred lines and F1 hybrids) at both test locations. Genotype×location interaction effects 

were also significant for most of the morpho-physiological, yield and protein content and 

quality traits measured on four S5 white QPM inbred lines and their twelve F1 hybrid 

combinations. Genetic components of additive and dominance variation were significant 

at both test locations for most of the yield and protein quality traits. However, over 

dominant type of gene action was comparatively more pronounced than the additive 

component of variation for grain yield and yield contributing traits at both locations. At 

CCRI, preponderance of non-additive component of variation for lysine and tryptophan 

contents was observed while additive component for these traits were comparatively 

more prominent at AUP. Reciprocal effects at AUP influenced dominant and additive 

components of variation for ear height, biological yield, stover yield, 100-grain weight, 

ear weight, kernel weight ear-1, grain lysine and tryptophane content, and lysine and 

tryptophane concentrations in protein while at CCRI, kernel rows ear-1, grain lysine and 

tryptophan contents, and lysine and tryptophan concentrations in protein were influenced. 

Mean squares due to GCA and SCA were highly significant for all the important yield 

and quality traits investigated at both locations. The variance ratio of GCA to SCA 

revealed preponderance of non-additive gene action for protein quality, grain yield and its 

contributing traits at both test locations. The Inbred lines NCIQW13 and NCIQW3 

performed well in general combinations for grain yield and lysine content at both test 

locations. The desirable SCA effects for grain yield at both locations were recorded for 

NC1QW5×NCIQW13. The best specific combinations for tryptophan and grain protein 

content were NC1QW1×NCIQW5 and NC1QW3×NCIQW5 respectively by expressing 



 

 

xii

desirable SCA effects for grain protein content. Significant heterotic effects for 100-grain 

weight were recorded for cross combination NC1QW13×NCIQW1 (24.34 and 17.24%) 

with maximum value for 100-grain (34.7 and 31.2g) at both locations, respectively. 

Maximum grain yield at AUP was expressed by NC1QW5×NCIQW13 (5758 kg ha-1) 

while its reciprocal NC1QW1×NC1QW13 with 6908 kg ha-1 was best among the 

hybrids at CCRI. The same combination expressed comparatively desired grain lysine 

(0.385 and 0.380 g/100 g sample) and tryptophan (0.0865 and 0.0895 g/100 g sample) 

contents at AUP and CCRI, respectively. Mean performance of inbred lines NC1QW3 

and NC1QW5 was comparatively better in general combinations for yield and protein 

quality traits and recommended for future breeding programs. Comparatively better 

combinations on the basis of average performance regarding yield and protein quality 

traits were NC1QW5×NCIQW13 and NC1QW1×NCIQW5. These hybrids may be useful 

transgressive segregants in subsequent generations and the inbred lines be exploited in 

future breeding program for yield and protein quality attributes. Based on different 

inheritance patterns for different traits it was inferred that over all performance of the 

inbreds and their all-possible cross combinations might be more useful while selecting for 

yield and quality enhancement. On the basis of these results, it is suggested that 

combinations with desirable values for protein and protein quality attributes across 

locations will be the cross combinations between lines with the highest GCA values for 

these parameters.  



 1

CHAPTER I 

INTRODUCTION 

Maize (Zea mays L.) is the leading world cereal in terms of both total production 

(720 million tons) and per unit area yield (FAO, 2009). Being a C4 plant, maize is capable 

of utilizing solar radiation more efficiently compared to other cereals. Despite, high genetic 

potential and photosynthesis explorative crop, its average productivity achieved in the world 

is 4906 kg ha-1. There is no cereal on earth which has so immense yield potential as maize 

and that is why it is called as “Queen of Cereals”. A form of teosinte (Zea mays ssp. 

parviglumis) has been identified as the progenitor of maize through different Molecular 

analyses techniques (Doebley, 2004; Mary, 2001).  

  Maize has an extensive geographical distribution, growing from sea level to 

elevations exceeding 3,000 meters; from the equator to above 50o on both sides (well 

beyond the tropics and subtropics); and in cold, hot, rainy, and dry areas. The major maize 

producing countries are the United States of America, China, South and Central Africa, 

Argentina, Brazil and Mexico. In Pakistan, maize is third important cereal after wheat and 

rice. Maize in Pakistan is cultivated as multipurpose crop for food, feed and fodder, 

generally by resource poor farmers using marginal land at low level inputs, with significant 

portions of harvest distend for home/farm consumption. The use of maize in Pakistan as 

direct human food is declining but its utilization in the feed and wet milling industry is 

growing at a much larger pace than anticipated. Currently, maize grown in Pakistan is 

enough for domestic needs and Pakistan is neither surplus nor deficient in maize grain 

supplies. Currently, except potato maize is the most profitable, stable and dependable 

crop in the agriculture system of Pakistan.  

 In Pakistan, maize yields have shown a steady progress since independence, and 

in the last five years significant yield improvements have been realized. Maize 

production in Pakistan has increased from 0.38 million tons in 1947-50 to 3.59 million 

tons during 2009 (MINFAL, 2009). Maize is being grown on an area of 0.982 million 

hectares with annual production of 2.8 million tones and average grain yield of 2864 kg 

ha-1 (FAO, 2009). During 2009, Maize was grown on more than 0.5 million hectares in 

Khyber Pakhtunkhwa with production of 0.86 million tons and productivity of 1716 kg 
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ha-1 (MINFAL, 2009). Maize is the second most important crop after wheat in Khyber 

Pakhtunkhwa province. It is both the primary crop in a majority of the farming systems 

and staple food of the rural population in much of the province, especially mountainous 

areas. In Khyber Pakhtunkhwa, maize is often grown as dual purpose crop, producing 

grain as well as fodder (Kiramat et al., 2003). Other uses of maize are in starch industry, 

bio-ethanol, polish and poultry feed. 

 Globally, Maize contributes 15% of the protein and 20% of the calories derived 

from food crops in the world’s diet (National Research Council, 1988). In many 

developing countries in Latin America, Africa and Asia maize is the staple food and 

sometimes the only source of protein in diet, especially in weaning food for babies. With 

its high content of carbohydrates, fats, proteins, some of the important vitamins and 

minerals, maize has acquired a well-deserved reputation as a poor man’s nutricerea. 

Several million people, particularly in developing countries, derive their protein and 

calorie requirements from maize where animal protein is scarce and expensive and 

consequently, unavailable to a vast sector of the population. Normal maize, being 

deficient in amino acids such as lysine, tryptophane, and threonin that are essential for 

monogastric animals and humans, is nutritionally poor with biological value (amount of 

nitrogen that is retained in the body) of 40 to 57% (Bressani, 1992). Cereal proteins 

contain on average about 2% lysine, which is less than one-half of the concentration 

recommended for human nutrition by the Food and Agriculture Organization of the 

United Nations. This nutritional deficiency is of concern, particularly for people with 

high protein requirements, e.g., young children, pregnant or lactating women and the ill, 

in countries where maize is a staple food and often a significant source of protein. 

 Quality protein maize (QPM) with homozygous embryo and endosperm for 

mutant alleles o2 at the α-zeins regulatory gene opaque-2 shows about 60 to 100% 

increase in lysine and tryptophane. Because of the increase in concentration of these two 

essential amino acids, increased digestibility and increased nitrogen uptake relative to 

normal-endosperm maize, the biological value of QPM is about 80%, whereas that of 

normal maize is 40 to 57% (Bressani, 1992). QPM has about 90% the biological value of 

cow milk (National Research Council, 1988). An alternative use of QPM is in feed 
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rations for swine, poultry or fish, where conventional sources of lysine, generally 

soybean meal or synthetic lysine, raise feed and hence production cost (Knabe et al., 

1992). The currently available QPM is the result of two decades of breeding work to 

overcome low yield and various other agronomic deficiencies, and the opaque endosperm 

phenotype associated with the original opaque-2 maize (Bjarnason and Vasal, 1992). 

Scientists at CIMMYT have used back cross and recurrent selection techniques to convert 

several maize populations to opaque-2 and subsequently modify the undesirable traits 

associated with the mutations (Bjarnason and Vasal, 1992; Villegas et al., 1992; National 

Research Council, 1988). The number of genes involved in modifying the opaque 

phenotype of opaque-2 endosperm so that it is translucent and similar to that of normal 

maize is not known, but most reports indicate that inheritance is complex (Bjarnason and 

Vasal, 1992; Lopes and Larkins, 1996), and several cycles of improvement are required 

to achieve satisfactory modification for most opaque-2 germplasm (Vasal et al., 1980). 

The result of this breeding work is QPM, which has superior protein quality, similar to 

opaque-2 maize, but resembles normal-endosperm maize both phenotypically and 

agronomically. The award of the 2000 World Food Prize to Drs. Villegas and Vasal 

recognized the magnitude of this achievement and has renewed global interest in QPM. 

Recent research results have demonstrated the competitiveness for grain yield of QPM 

with the best normal maize cultivars in numerous tropical environments (Bjarnason and 

Vasal, 1992; Pixley and Bjarnason, 1993). Little is known, however, about the stability of 

performance of QPM cultivars. 

 General and specific combining abilities are related to the type of gene action 

involved. Variance for GCA includes additive portion while that of SCA includes 

nonadditive portion of total variance arising largely from dominance and epistatic 

deviations (Rojas and Sprague, 1952). Diallel crosses have been widely used in genetic 

research to investigate the inheritance of important traits among a set of genotypes. These 

were devised, specifically, to investigate the combining ability of the parental lines for 

the purpose of identification of superior parents for use in hybrid development 

programmes. Diallel analysis partition the total variation of diallel data into GCA of the 

parents and SCA of the crosses (Yan and Hunt, 2002). A diallel is simple to manipulate 
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in maize and supplies important information about the studied populations for various 

genetic parameters (Vacaro et al., 2002). The analysis is also useful for the evaluation of 

populations per se.  

The present study was conducted using four S5 white QPM lines with the following major 

objectives; 

 

 

(i) To quantify genotype × location interaction effects for S5 inbred lines and 

resultant F1 hybrids of white kernel QPM. 

(ii) To estimate GCA effects for important agronomic, grain yield, grain 

protein content and quality traits of white QPM inbred lines. 

(iii) To estimate SCA effects and identify best hybrid combinations for 

aforementioned traits.  

(iv) To estimate mid and best parent heterotic effects in the S5 derived F1 

hybrids of white QPM at two test locations. 
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CHAPTER II 
 

REVIEW OF LITERATURE 

2.1 Quality Protein Maize (QPM): a historical perspective 

The fact that maize grain is poor nutritionally is well known and the need for 

improving its nutritional value was acknowledged long time ago (Osborne and Mendel, 

1914). Major portion of the protein content in a mature maize kernel is restricted in the 

endosperm and the germ. The endosperm protein quality is comparatively poor while the 

germ protein is superior in quality but very limited in quantity. However, major portion 

of the maize kernel comprise of endosperm and contributes as much as 80% of the total 

grain protein (Zuber and Helm, 1972). Thus, any major improvements for protein quality 

must be focused on the endosperm of maize kernel. 

Efforts to improve protein quality of maize kernel took strength and speed with 

the discovery of the biochemical effects of mutant alleles o2 (Mertz et al., 1964) and 

floury-2 (fl2) (Nelson et al., 1965) by the researchers at Purdue University opening new 

bulk of opportunities for enhancing the protein quality of maize endosperm. These 

mutants (o2 and fl2) alter amino acid profile and composition of endosperm protein in 

maize kernel and results in two-fold increase in the levels of lysine and tryptophan 

compared to what is found in normal maize genotypes. The mutants derive their name 

from soft, floury opaque endosperm, respectively Mertz (1992), Villegas et al. (1992) and 

Vasal et al. (1984b). 

In the earlier phase of their discovery, both o2 and fl2 genes were used separately 

or in combination. However, fl2 was used initially; eventually its use was discontinued 

Vasal (2000) and Bjarnason and Vasal (1992). The investigations and research conducted 

to improve protein quality of maize has not offered so far a better alternative to the o2 

gene (Vasal, 2001). In the later phases some undesirable effects associated with these 

genes were discovered. Major emphasis of the researchers in most of the breeding 

programs for protein quality enhancement is, therefore, placed on the effective and useful 

utilization of the o2 mutant (Glover, 1992; Villegas et al. 1992; NRC, 1988). Maize with 

homogenous recessive o2 allele (with two copies of the mutation) carries a substantially 

higher lysine content (+69%) in grain endosperm compared to normal maize grain Mertz 

et al. (1964). In the later phase of QPM, research it was concluded that genotypes with o2 

mutations also exhibit a corresponding increase in tryptophan content in maize kernel 
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eventually the enhanced concentrations of these two essential amino acids (mostly found 

deficient in the maize endosperm) in fact doubles the biological value of maize protein 

(Bressani,1992).  

Shortly after the breakthrough of the nutritional benefits of the o2 mutation, it was 

being incorporated into many breeding programs throughout the world, mainly 

emphasizing on conversion of normal endosperm inbred lines and populations to o2 

versions using a direct backcross approach (Prasanna et al. 2001; Gevers, 1995). 

However, interest over the direct incorporation of the o2 mutation in the breeding 

programs soon caved in after the discovery of severe negative secondary (pleiotropic) 

effects of this mutation Prasanna et al. (2001) and Bjarnason and Vasal, (1992). These 

negative effects associated with o2 mutation are reduction in grain yield (as compared to 

normal maize), low grain density, soft and chalky kernel phenotype, greater susceptibility 

to ear rot, slow dry-down of kernels following physiological maturity, lower rate of 

germination and greater kernel breakage (Prasanna et al., 2001; Vasal, 2001; Lin et al., 

1997; Moro et al., 1995; Bjarnason and Vasal, 1992; Glover, 1992; Villegas et al., 1992; 

Vasal et al., 1984a). In the developing world who are accustomed to harder grain types 

soft endosperm texture is not acceptable (Krivanek et al., 2007). Such type of negative 

secondary effects severely influenced the practical use of the mutation in the field.  

To overcome the negative effects associated with the o2 gene selection 

specifically for hard endosperm modification was rapidly incorporated into o2 breeding 

schemes. Initially QPM breeding programs at CIMMYT were focused on conversion of 

subtropical and tropical lowland adapted, normal endosperm populations to o2 versions 

through a backcross-cum-recurrent selection technique, with emphasis on accumulation 

of hard endosperm phenotype, maintaining protein quality with increasing yield and 

resistance to ear rot (Prasanna et al., 2001; Vasal, 2001; Bjarnason and Vasal, 1992; 

Villegas et al., 1992; NRC, 1988). The number of genes involved in modifying the 

opaque phenotype of o2 endosperm to hard and translucent is not known, but most 

reports indicate that inheritance is complex Lopes and Larkins (1996) and Bjarnason and 

Vasal (1992).  

Genotypes developed after years of hard work with enhanced lysine and 

tryptophan content compared to normal maize but without the negative soft endosperm 

phenotype were termed by CIMMYT as Quality Protein Maize (QPM) (Bjarnason and 
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Vasal, 1992; Vasal et al., 1984b). The term QPM is now referred to maize homozygous 

for the o2 allele, with increased lysine and tryptophan content but without the negative 

effects of a soft endosperm Vasal (2001). QPM appearance and performance is like 

normal maize and can be reliably differentiated only through laboratory tests Villegas et 

al. (1992). It is worth mentioning here that QPM is the out come of conventional plant 

breeding and no genetic engineering was used during its development (Pixley and 

Bjarnason, 1993). 

Institutions other than CIMMYT that continued vigorously and persistently to 

improve the protein quality were the University of Kwazulu-Natal (previously University 

of Natal), South Africa and the Crow’s Hybrid Seed Company at Milford, Illinois, USA 

(Prasanna et al., 2001 and Vasal, 2000). The maize breeding program in South Africa has 

developed soft endosperm and hard endosperm, white and yellow high-lysine maize 

inbred lines, hybrid and OPVs with excellent agronomic quality (Bhatnagar et al., 2004; 

Hohls et al., 1996; Gevers and Lake, 1992). Crow’s Hybrid Seed Company developed an 

o2 hybrid with good yield and a thick protective husk for animal feed (Mertz, 1995). In 

the USA, Texas A&M researchers are working to develop QPM inbreds and hybrids with 

normal endosperm phenotype, competitive yield, and adaptability to the southern USA 

(Betran et al., 2003a;b;c). With continuous efforts, many cultivars (both OPV’s and 

hybrids) with improved protein quality have been developed for different environments 

like temperate, tropical highland, and subtropical and tropical lowland growing climates.  

QPM populations developed by CIMMYT were at large for direct use in the field 

as open pollinated varieties (OPV’s) or individual plants were self-pollinated to form 

inbred lines used in hybrid combinations (Villegas et al., 1992; Vasal et al., 1980; 

1984b). QPM populations, pools, inbreds and hybrids with adaptability to subtropical and 

tropical environments developed at CIMMYT are widely used in the development of 

high-lysine maize in many developing and developed countries (Vasal, 2001; Bjarnason 

and Vasal, 1992; Villegas et al., 1992).  

QPM hybrid programs at CIMMYT were started in 1985, in response to 

increasing interests in hybrids among the national programs especially in developing 

countries (Vasal, 2001; Vasal et al., 1993b; Bjarnason and Vasal, 1992). Several 

advantages favoring QPM hybrids over the open pollinated varieties include i) increasing 

yield performance through exploitation of heterosis; ii) facilitating maintenance of the 
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seed purity of inbred progenitors with respect to agronomic traits, the genetic modifiers 

and the protein quality; iii) reduce dependence on laboratory facilities for monitoring the 

protein quality provided the lines are fixed and kept genetically pure; iv) the hybrids will 

exhibit more uniformity and stability with respect to kernel modification and; v) 

attracting involvement of the private seed industry in the QPM efforts (Hadji, 2004; 

Vasal, 2001; CIMMYT, 2000; Pixley and Bjarnason, 1993; Vasal et al., 1993a; 1993b; 

Gevers and Lake, 1992). Inbred line development efforts are more strengthened at 

CIMMYT than before (Bhatnagar et al., 2004; Hadji, 2004; Xingming et al., 2004). At 

NARC Islamabad breeding efforts have led to the release of some OPV’s and hybrids 

however, in Khyber Pakhtunkhwa no research work on QPM other than the present study 

have been reported so far. 

2.2 QPM genetics and gene action governing agronomic and quality traits: 

The breeding of QPM muddle through the manipulation of three distinct genetic 

systems (Krivanek et al., 2007). The recessive mutant allele of the o2 gene is the first and 

central component (Vasal, 2001; Villegas et al., 1992). Characterization of this gene has 

suggested it as encoding a transcription factor (a gene regulator) involved in zein 

synthesis (Schmidt et al., 1990). In maize, zeins, and especially alpha-zeins are the most 

abundant proteins in the grain endosperm (Gibbon and Larkins, 2005; Prasanna et al., 

2001; Lending et al., 1988; Villegas et al., 1980) but are also characteristically poor in 

the amino acids lysine and tryptophan (Vasal, 2000). The homozygous o2 mutant causes 

a decrease in production of these zeins and consequently resulting in a corresponding 

increase in non-zein proteins, which are naturally rich in lysine and tryptophan (Gibbon 

and Larkins, 2005; Vasal, 2002). 

Kernel hardness is the second distinct genetic system managed within QPM 

breeding programs, comprised of the alleles for endosperm hardness called modifier 

genes responsible for conversion of the soft/opaque mutant endosperm to a hard/vitreous 

endosperm accompanied with minimum loss of protein quality (Vasal, 2002; Hohls et al., 

1996). The first report on endosperm modification in o2 kernels (50% translucent and 

50% opaque) was submitted by Paez et al. (1969). Afterward, modified o2 kernels with 

different proportions of translucent and opaque fractions have been reported and studied 

by a number of researchers (Bjarnason et al., 1976; Lodha et al., 1976; Annapurna and 

Reddy, 1971). These endosperm modifiers along with the o2 mutant allele can be used as 
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a rapid and low cost method in selection (Hohls et al., 1996), whereby light is projected 

through the vitreous grains or blocked by the opaque grains, respectively (Krivanek et al., 

2007; Vasal, 2001; Vasal et al., 1980;). Grain endosperm opaqueness is rated on a scale 

from 1 (completely hard/vitreous) to 5 (soft/opaque) (Vasal et al., 1997a; Hohls et al., 

1996; Lopes et al., 1995; Vasal et al., 1980). All grains with a score of 2 to 5 are 

homozygous for the o2 allele, but only grains with score 2 - 3 have significantly modified 

hard endosperm to be selected as QPM grains (Krivanek et al., 2007). Hohls et al. (1996) 

reported that this visual screening method is effective and convenient and makes the 

more laborious measurements of kernel density and kernel hardness less important 

In QPM breeding programs the third genetic system more critical and important, 

comprises of a distinct set of amino acid modifier genes, which affect the relative levels 

of lysine and tryptophan content in the grain endosperm (Krivanek et al., 2007; Villegas 

et al., 1992; Mertz et al., 1964). In a comparative study of normal and QPM maize 

conducted by Moro et al. (1996), they concluded that the lysine levels in normal and 

QPM maize average 2% and 4%, and tryptophan average 0.4% and 0.8% of total protein 

in whole grain flour, respectively. However, lysine levels vary across genetic 

backgrounds from 1.6 to 2.6% in normal maize and 2.7 to 4.5% in their o2 converted 

corresponding genotypes, and tryptophan range varies from 0.2 to 0.5% in normal maize 

and 0.5 to 1.1% in QPM counterparts (CIMMYT, 2002; Vasal, 2001; Moro et al., 1996; 

Villegas et al., 1992). Lysine and tryptophan levels are highly correlated (Hernandez and 

Bates, 1969) therefore, an assay for either of the amino acids can be used for analyzing 

protein quality, although as in routine practice the latter is most often chosen due to lower 

laboratory costs (Krivanek et al., 2007). Multigenic effects have been reported 

controlling amino acid content (Wang et al., 2001; Wu et al., 2002). Eventually, it 

becomes apparent that the simple genetic nature of o2 maize has been converted to a 

classic polygenic trait in reference to QPM and must be manipulated as such in breeding 

programs. If lysine or tryptophan levels are not frequently monitored during the course of 

breeding process the additional gains in protein quality may be lost even though the o2o2 

genotype is maintained (Krivanek et al., 2007).  

Utilizing recurrent selection techniques for genetic modifiers in o2 backgrounds 

(Bjarnason and Vasal, 1992; Lonnquist, 1964) and recombination of superior hard 

endosperm o2 families, CIMMYT have successfully developed new cultivars, mainly for 
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tropical and subtropical regions. These materials are similar in yield and other agronomic 

properties to normal maize (Villegas et al., 1992; Bjarnason and Vasal, 1992; Ortega et 

al., 1991; Villegas et al., 1980) and used as QPM donor stocks as well as QPM 

populations for further improvement (Vasal, 2000; Prasanna et al., 2001). The 

development of QPM donor stocks then led to large-scale QPM germplasm development 

in different genetic backgrounds using an innovative breeding procedure, termed as 

“modified backcrossing-cum-recurrent selection”. Consequently, a substantial amount of 

several QPM populations and pools possessing different ecological adaptation, maturity, 

grain colour and texture were developed (Vasal, 2001; Vasal et al., 1984b; CIMMYT, 

1985).  

Currently QPM breeding efforts at CIMMYT and national breeding programs in 

sub-Saharan countries focus on introducing and testing QPM developed elsewhere, 

conversion of existing adapted genotypes to QPM and pedigree breeding (Krivanek et al., 

2007; CIMMYT, 2004b). Inbred lines, hybrids, and OPVs are acquired primarily from 

CIMMYT-Mexico (which has a wealth of QPM germplasm), as well as other breeding 

programs in Mexico, Ghana and South Africa to identify the most adapted cultivars for 

direct release.  

Adapted normal maize genotypes that can resist major biotic and abiotic stresses 

of the region are converted to QPM. Considerable effort has been dedicated to the 

formation of maize streak virus resistant varieties by converting resistant genotypes 

(CIMMYT, 2004b). Pedigree breeding is commonly used, whereby the best performing 

inbred lines, complementary in different traits, are crossed to establish new segregating 

families. Three types of crosses provide a choice of breeding strategies (Krivanek et al., 

2007): QPM x QPM, QPM x normal, and QPM x normal backcross conversion (of the 

normal genotype to QPM using at least three backcross generations). Within each of 

these methods, successive inbreeding of the material is made in parallel with continual 

selection on the three important QPM genetic systems (recessive mutant allele of o2, 

endosperm modifiers, and amino acid modification). 

Quality protein maize (QPM) breeding involves both the opaque-2 (o2) gene and 

the genetic modifiers of the o2 locus in combination, which leads to development of 

cultivars with modified endosperm kernel, and increased concentrations of lysine and 

tryptophan (Wegary et al., 2011). They conducted a study to assess grain yield 
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performance, endosperm modification, and protein quality and quantity under two 

contrasting soil nitrogen environments. They studied a 15-parent diallel cross under low 

nitrogen stress and optimal nitrogen environment each at Harare (Zimbabwe) and Bako 

(Ethiopia). Most of the QPM hybrids expressed higher protein quality levels than the best 

non-QPM check under both conditions. Significant differences were observed for protein 

concentration across nitrogen levels, but not endosperm type. Significant differences 

were observed for the test of main effect i.e. nitrogen-level for endosperm modification 

and tryptophan concentration of kernel. They suggested that QPM maintains quality even 

under low soil nitrogen, a widespread deficiency in Africa. General combining ability 

(GCA) mean squares were highly significant for most protein quality traits for each 

environment and across environments whereas specific combining ability (SCA) mean 

squares were significant in few cases. This indicated that additive gene effects with 

dominance were primarily responsible for variation of most traits evaluated and hence 

progeny performance can adequately be predicted on the basis of parental performance. 

Inbred lines P2, P4 and P12 had desirable GCA effects for endosperm modification while 

P1 and P3 had the best GCA for tryptophan concentration in grain. They concluded that 

QPM hybrids with desirable endosperm modification, protein quality and stable 

performance under low nitrogen stress and optimal conditions can be produced with 

careful selection. 

Zonghua et al., (2010) reported highly significant differences existing in additive 

and non-additive components of lysine content among parents, and the additive effet 

were main on lysine content. The lysine content in kernels was tested by using MATRIX-

I type NIRS, and the effects of genotypes, locations and their interactions as well as gene 

action and heterosis were evaluated on corn lysine content in F2 kernels. They concluded 

highly significant differences for different locations, genotypes and the L×G interactions. 

They suggested two inbred lines E28, and Mo17, with high lysine content and high 

additive component of variation as an important resource for high lysine breeding 

program, especially E28 with greater potential usage having lysine content 0.42%. 

There exist a highly significant interaction between additive effects for grain yield 

and nitrogen levels but this interaction is not significant for lysine content (Medici et al., 

2009). They used six S5 lines of maize, with different lysine and oil contents in grains, to 
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carry out a complete series of diallel crosses. They evaluated the resulting hybrids at two 

nitrogen levels (10 and 130 kg N ha–1). They computed the additive and dominant 

genetic components of variation for grain yield, and grain lysine and oil contents and 

concluded significant additive and non-additive effects for lysine content across the two 

nitrogen levels and non-significant for oil content in grain. However, they reported a 

positive correlation between lysine and oil contents in the hybrids, in the lines and even 

in the control cultivars. They suggested effectiveness of selection for lysine content, 

irrespective of N level, in the studied non-opaque maize lines, and the possibility of 

achieving both high lysine and oil content in grains. 

Prakash et al., (2009) studied the performance and genetic behavior for quality 

traits viz, 100-kernel weight, protein per cent, tryptophan and lysine in protein, specific 

gravity and grain yield were studied in seven selected QPM hybrids in two locations 

during kharif 2000. Specific gravity, tryptophan and lysine content in protein and protein 

per cent were found as primary quality traits to improve QPM genotypes along with 

yield. F1 crosses CML-176 x CML 186 and CML-177 x CML-176 declared as best high 

yielding QPM hybrids and proposed for their multi-location testing before commercial 

utilization. Wattoo et al. (2009), concluded partial dominance for genetic control of 

protein content in maize kernel. 

Effects of low nitrogen and drought on genetic parameters such as gene action 

and combining abilities of protein quantity and quality of QPM are not known 

(Ngaboyisonga et al., 2008). They conducted a study to assess that how the different 

genetic parameters are affected by field conditions with low nitrogen and drought. They 

acquired eight inbred lines from CIMMYT and used to generate single cross hybrids with 

North Carolina Design II procedures. They evaluated the crosses at Kiboko (Kenya) in 

2006 under optimum, low nitrogen and drought environments for protein and tryptophan 

concentrations in grain. They concluded that gene action governing protein concentration 

in grain was predominantly of additive and maternal natures whereas that of tryptophan 

concentration was predominantly of non-additive nature. Different Field conditions 

changed the proportions of genetic effects and suppressed maternal effects for protein 

concentration, but induced non-additive effects for both traits. Low nitrogen reduced the 

proportion of additive and maternal effects on protein concentration while it reduced non-
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additive effects on tryptophan concentration. However, drought reduced non-additive 

effects on both protein and tryptophan concentrations in grain. By changing the 

proportion of genetic effects, environments changed magnitudes and directions of general 

(GCAs) and specific (SCAs) combining abilities.  

Characterization of crop genetic diversity aids in efficiently exploiting the allelic 

variation for genetic improvement of economically desirable traits. Maize (Zea mays L.) 

grain quality traits increase the value of end-use products (Osorno et al., 2008). The 

objective of their research was to determine whether groups of genetic diversity could be 

identified for early maturing maize grain quality traits (percentage of protein, oil, and 

starch) and agronomic traits. They crossed ten improved populations in a diallel mating 

design without reciprocals. Parents, their respective crosses, and a selected group of 

checks were evaluated in an 8x8 lattice design across eight environments. Combined 

analyses of variance showed significant differences among the genotypes for all traits 

studied, but none showed significance for average heterosis. No significant differences 

were found for protein content among parents. Narrow ranges were observed for the traits 

analyzed, particularly for grain quality traits. They concluded that additive effects were 

more important for grain oil concentration than grain protein and starch concentrations 

while non-additive effects were larger for protein and starch concentration than oil 

concentration. Clustering analysis showed the presence of five diversity groups based on 

their breeding origin. These results support breeding efforts towards the genetic 

improvement of grain quality traits in the U.S. northern Corn Belt. 

Firoz et al., (2007) evaluated the performance of Quality Protein Maize (QPM) 

lines with respect to grain yield and endosperm protein quality, they selected a set of 14 

lines developed in India (DMRQPM series) and three exotic testers (from CIMMYT, 

Mexico) were involved in a Line x Tester mating design. The experimental hybrids along 

with their parental lines were evaluated at two locations (Delhi and Pantnagar) and 

biochemical analysis for estimation of endosperm protein content and per cent tryptophan 

in endosperm protein was undertaken on the harvested material. They concluded the 

preponderance of variance due to dominance effects over that due to additive effects for 

most of the characters at both Delhi and Pantnagar. They identified DMRQPM-404 x 

CML189 as the best heterotic combination at both locations. They reported DMRQPM-

28-5 (0.99%) and CML189 (0.98%) among the inbred lines and DMRQPM-56 x 
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CML189 (1.03%) among the crosses for highest percent tryptophan content in the 

endosperm protein. CML189 was identified as best donor for endosperm quality traits. 

On account of combining ability effects for grain yield and endosperm protein quality, 

besides heterosis, DMRQPM65 and CML189 among the inbreds and DMRQPM-45 x 

CML189 among the crosses were declared as most promising for utilization in future 

QPM breeding programmes. 

Some kernel traits of agronomic importance in maize are affected by the opaque-2 

(o2) gene and background polygenes, which express in different genetic systems such as 

embryo, endosperm, cytoplasm and maternal plant (Lou et al., 2005). They used a genetic 

model for seed quantitative traits with the o2 gene effects and polygenic effects as well as 

their GE interactions for protein content, lysine content, oil content and kernel density in 

maize. They suggested distinctive effects of the o2 gene on various traits investigated. 

They reported large effects of the o2 gene on lysine content and protein content while 

minor on oil content. They observed a substantially wide quantitative variation from 

polygenes expressing in different genetic systems for the traits evaluated. Significant GE 

interactions of the o2 gene and background polygenes declared that not only the main 

effects but also specific expressions depending on environments were responsible for 

variation of the traits studied. They concluded strong maternal heterosis and slight 

embryo heterosis for kernel density.  

Tryptophan content is negatively correlated with endosperm modification. Amino 

acid levels of inbred lines are significantly correlated with those of their hybrids, but with 

low predictive value. (Bhatnagar et al., 2004). They reported that QPM hybrids yielded 

less than commercial checks. They suggested that additive effects across environments 

were non-significant for grain yield but highly significant for secondary traits. In another 

separate study they haplotyped 92 high lysine maize inbred lines with different origins 

and genetic diversity to characterize genetic diversity on chromosome 7 using 

centimorgan scale with 43 mapped SSR markers.  They estimated parental contribution 

through linkage disequilibrium around opaque-2 locus in inbred lines. They further 

determined genetic diversity of inbred lines utilizing cluster analysis. They detected a 

total of 200 alleles with an average of 4.7 alleles per locus. Significant linkage 
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disequilibrium around opaque-2 locus suggested that parental contributions of haplotypes  

are linked with either arm of chromosome 7, exclusively. 

Shanthi et al., (2002) conducted a study on nature of gene action and combining 

ability for yield, oil and protein contents in maize through L x T design. They reported 

higher magnitude of sca effect and lower gca/sca ratio suggesting preponderance of non-

additive genes governing the inheritance of these attributes. Parents AML-18, HOL-68, 

TQPM-38 and M -210 were with highly significant GCA effects for yield, oil and protein 

and therefore these could be utilized as valuable donor sources for improving these traits. 

Among the 40 F1 hybrids, they reported 13 hybrids with significant non additive effects 

for yield, oil and protein contents and among these only four hybrids observed with both 

parents had good general combiners for yield and oil content, suggesting that these 

hybrids could further be advanced for obtaining desirable pyramidized transgressants for 

yield and high oil content. 

Joshi et al., (1998) Combining ability analysis was conducted in early maturing 

maize (Zea mays L.) inbred lines for quality and yield attributes. Both additive and non 

additive gene effects were present in the aterial under study. However, the ratio of 

additive/non additive genetic variance revealed that there was preponderance of non 

additive gene action in the expression of yield per plant, protein content and starch 

content, while for oil content and 10G-grain weight there was preponderance of additive 

gene action. Inbred line χ2W-3232-1-1-1-1 was good general combiner for all the three  

quality traits along with grain yield. Inbred line χ1W-1527-2-2-1-1 was also good general 

combiner for all the three quality traits along with 10G-grain weighl Single cross Pop.30-

5044-2 x CD<W-113-2-1-2-1 had positive significant sca effects for oil content along 

with grain yield per plant and 100-grain weight with highest estimate of economic 

heterosis for oil content. In general, parental inbreds possessed high per se perfonnance 

for quality traits along with grain yield per plant and 10G-grain weight. Significant 

economic heterosis for starch and protein in content could not be obtained. 

Gene action studies shows that both the additive and non-additive gene actions are 

important in the expression of percent protein in grain but the additive component is more 

important relative to non-additive in the inheritance of protein content (Pollmer et al., 
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1977). They further suggested that protein content in stover and grain yield are governed 

predominantly by non-additive gene action. They evaluated a diallel of ten flint and nine 

dent inbred lines of maize (Zea mays L.) at two locations. Computations were conducted 

on percent protein and protein yield of grain and stover, grain and stover yield, percent 

dry matter in the ear, and 1,000-kernel weight. They suggested that both the additive and 

dominant components of variation were significant for all the mentioned traits. 

Genotype×environment interactions involving both type of genetic variances were 

generally significant. They further suggested that simultaneous selection for high protein 

content in grain and agronomic traits, indicating that the inbred line that performed well 

in different cross combinations for protein percentage in the grain was also significantly 

good for grain yield. No association was found between percent protein in the grain and 

grain yield. 

Zein prepared from normal maize inbred contains six different separable 

components, Z1 and Z2 being the predominant species, with molecular weights of 21,800 

and 19,000 daltons. Amino acid analysis of these two components shows that both are 

rich in glutamic acid, leucine, and proline, but low in lysine. While, of the four minor 

bands, Z3, Z4, Z5, and Z6, the latter two exist in trace amounts (Lee et al., 1976). They 

concluded that a mutation at the opaque-2 locus severely suppresses the synthesis of Z1 

component. The non-allelic mutant, opaque-7, strongly suppresses the synthesis of Z3 

and Z4, while slightly reducing Z2. On the other hand, the floury-2 mutant appears to 

reduce the synthesis of these six proteins in the same relative proportion. In the double 

mutant combinations, opaque-2 apparently is epistatic to opaque-7 and floury-2 in the 

synthesis of zein components. The glutelin fraction shows a more complex banding 

pattern; however, qualitative differences are not apparent among the mutant lines 

examined. 

2.2.1 Gene action for grain yield and yield contributing traits: 

Irshad-Ul-Haq et al. (2010), crossed eight diverse maize inbred lines in complete 

diallel fashion to determine the type of gene action in genetic parameters of yield and 

other quantitative traits. Analysis of variance revealed that inbred lines differed 

significantly among each other for all traits. It was concluded that non additive genetic 
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effects were more pronounced in the inheritance of plant height, days to 50% tasseling, 

days to 50% silking, ear height and grain yield per plant. Directional dominance b1 was 

observed for all the characters studied. Asymmetrical gene distribution was significant 

for all the attributes except ear height for which parental lines contained equal number of 

dominant and recessive genes. Inferences from the graphic analysis suggested that all the 

characters were under the genetic control of over dominance type of gene action; 

therefore, the material can easily be exploited for heterotic effect. 

Akbar et al. (2009), studied physiological and grain yield traits in a 6×6 diallel of 

maize and suggested over dominance controlling plant height, days to tasseling and 

silking, stomatal conductance, transpiration rate and grain yield. While, non-additive 

gene action was found controlling growing degree days to maturity. 

Hussain et al. (2009), evaluated gene action in six elite inbred lines across two 

environments in a full diallel study in maize. They concluded partial dominance for 

control of plant height, leaf area, grain yield per plant and harvest index suggesting 

utilization of these traits during selection for developing synthetics. While, gene action 

governing kernels per row and 100-kernel weight was confirmed as over dominant. 

Grain yield is a complex phenomenon resulting from interaction of different 

factors contributing in various forms and impacts highly influenced by environmental 

differences Wattoo et al. (2009). They studied a 7×7 complete diallel scheme in maize 

utilizing Variance/Co-variance graphs to explore the gene action controlling yield 

potential traits. Results revealed that number of days taken to tasseling, silking, plant 

height, number of ears per plant, number of kernel rows per ear, number of kernels per 

row, 100-grain weight and grain yield per plant were predominantly conditioned by over 

dominance type of gene action. However, quality traits like protein and oil contents were 

conditioned by partial dominance. 

Asefa et al. (2008) conducted study to evaluate the combining ability of highland 

maize inbred lines for ear length, 1000-kernel weight, ear height, shelling percentage and 

grain yield. The crosses were obtained from five lines and three testers using line by 

tester technique. The analysis of variance showed that the mean squares due to genotypes 

were significant for all traits, except for 1000-kernel weight and shelling percentage. 
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Generally, the magnitude of mean squares due to general combining ability of lines was 

higher than that of the specific combining ability in most of the cases, indicating that 

additive gene actions were more important than non-additive with regard to inheritance of 

the traits studied.  

Worku and Zelleke (2008) evaluated the twenty maize cultivars across nine 

locations in Ethiopia using randomized complete block design with three replications for 

two years in different environmental conditions. Most of the cultivars had significant 

deviation mean square, suggesting that these cultivars had unstable performance across 

the testing environments. However, additive main effect and multiplicative interaction 

analysis showed Gibe-1 (mean yield, 7.40 t ha-1) had relatively stable performance 

across the environments. BH-660 (mean grain yield, 8.14 t ha-1) had a relatively good 

performance in the mid to high altitude.  

Ojo et al. (2007) evaluated the seven parents diallel of white maize planted in 

randomized complete block design. The collected data was analyzed for combining 

ability and heterosis of yield and yield components (ear length, ear diameter and shelling 

percentage). GCA mean squares were highly significant for grain yield. The cross 

tropical×temperate produced hybrids with highest heterosis for all the parameters. 

Additive gene action was more important than non-additive gene action for grain yield. 

Sayar et al. (2007) studied the general combining ability and specific combining 

ability effects in wheat and found to be significant for both traits (deeper root length and 

grain yield) however, additive gene effects were predominant over  non-additive effects. 

Broad-sense and narrow-sense heritability were high for deeper root length, confirming 

the importance of additive gene effects, whereas strict sense heritability for grain yield 

was average, indicating the importance of interaction effects as compared with the 

additive effects.  

Srdic et al. (2007) investigated the inheritance of maize grain yield and grain 

yield components, such as number of kernel rows, 1000-kernel weight and number of 

kernels per row. Both additive and non-additive components of variation were highly 

significant for all observed parameters. Dominant gene effects were more significant in 

maize grain yield and number of kernels per rows, while additive gene effects concluded 

for number of kernel row and 1000-kernel weight. Tabassum et al. (2007) evaluated plant 
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height equally conditioned by additive and non-additive genes and reported non additive 

gene effect for 1000-grain weight.  

Ti-da et al. (2006)  conducted an experiment to determine the effects of drought 

on the grain yield and yield components of maize. They reported that cob characteristics 

deteriorated and the economic yield of maize decreased significantly under drought 

conditions. The main factors that caused the reduction of yield were the decrease of 

kernels per ear and 100-kernel weight.  

 Malik et al. (2004), in a nine-parent diallel excluding reciprocals concluded that 

plant and ear heights, leaf area, ears plant-1, ear weight and kernels row-1, days to pollen 

shedding, ear weight and grain moisture at harvest were governed by additive type of 

gene action with partial dominance. While, suggesting preponderance of over dominance 

for grain yield. Tabassum (2004) conducted experiments under normal and water stress 

environments. He found control of additive type of gene action for major yield and yield 

contributing traits under both the conditions.  

 Yadav et al. (2003) carried out the genetic analysis according to variety 

cross diallel model involving eight diverse maize composites possessing various levels of 

tolerance to moisture stress under optimum moisture and rain fed conditions. The 

variance due to dominance effect was significant for days to 50% silking and tasseling, 

leaf area, plant height, cob width under both moisture situations. Variance due to additive 

effect, dominance effect, general and specific combining abilities were significant for 

grain yield under both irrigated and rain fed conditions. Farshadfar et al. (2002) 

investigated the genetic properties of some physiological and agronomical characters in 

maize, a six-parent diallel cross, excluding reciprocals, was evaluated under two different 

environments (irrigated and rain fed) at the research station of Dezful, Iran. High narrow 

sense heritability and additive gene action were found to be predominant for relative 

water loss, excised leaf water retention, seed weight and number of ear per plant. 

Saleem et al., (2002) determined Gene action for various quantitative characters 

in a complete diallel set of six maize inbred lines. Inferences of Variance/covariance 

graphs revealed that number of days taken to tasseling, number of days taken to silking, 

number of kernel rows per ear, number of kernels per row, 100- grain weight and grain 
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yield per plant were governed by over dominance type of gene action, while number of 

days taken to silking depicted partial dominance. Distribution of the array points 

indicated that inbred line B-46 had maximum dominant genes for 100-kernel weight and 

line EX-285 for grain yield plant-1. For number of days taken to tasseling, number of days 

taken to silking and number of kernel rows per ear, inbred line SYP-24 possessed 

maximum dominant genes. Shabir and Saleem (2002) performed diallel analysis of six 

elite lines of maize and reported that grain yield and all the contributing characters being 

studied were under the control of over-dominance type of gene action, except protein 

percentage which showed additive type of gene action. 

Singh et al. (2001) analyzed a half diallel cross of ten maize inbred lines utilizing 

graphical approach. Epistatic gene action was reported important for grain yield per plant. 

Over dominance was concluded for grain yield per plant in Rabi season. For majority of 

the parental inbred lines equal proportions of dominant and recessive genes were 

involved in the expression of majority of the attributes of under investigation. 

Saeed et al. (2000), conducted a diallel study of six elite inbred lines of maize to 

investigate the gene action responsible for number of kernel rows per cob, number of 

kernels per row, 100-kernel weight, and grain yield per plant. An over dominance type of 

gene action was concluded for all the traits except for number of kernel rows per cob. 

They further suggested that selection in later generation may be more effective for those 

traits being governed by over dominant type of gene action while selection in early 

generation for the one under the influence of additive gene action. 

Dutu (1999) derived information, on phenotypic and genetic variance for grain 

yield in 56 simple hybrids from a diallel cross among 8 inbred lines. Analysis of the data 

indicated that additive gene action was predominant in the inheritance of grain yield. Gul 

et al. (1998) reported non-significant mean square for grain yield in maize. Saeed 

(1998) recorded grain yield per plant under control of additive gene effect. Chen et al. 

(1996) investigated inheritance of grain yield per plant in an eight-parent diallel. 

Inheritance of grain yield per plant was governed by over dominance type of gene action. 

In another investigation, Perez et al. (1996) conducted diallel analysis of five elite 

maize inbred lines and suggested that plant height was governed by additive type 
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of gene action, while 100-kernel weight and kernel yield per plant were 

conditioned by over-dominance. Damborsky et al. (1994) studied seven inbred 

lines and their hybrids in a complete set of diallel crosses and reported that grain 

yield was predominantly conditioned by additive type of gene action. Khotyleva 

and Lemesh (1994) studied 4×4 complete diallel cross and the hybrid seedlings were 

evaluated for grain weight per ear in the adult plants. Genes with additive effects played a 

leading part in genetic control of grain weight. In a 6�6 diallel cross investigation of 

maize Yousaf (1992) reported that plant height, leaf area, 100-grain weight and 

grain yield per plant were under the control of over-dominance type of gene 

action. In a study on 6�6 diallel cross in maize conducted by Shakil (1992), 

reported that all the characters under observation were conditioned by over-

dominance type of gene action except grain yield which showed complete 

dominance type of gene action. Pfarr and Lamkey (1992), performed 4�4 maize 

diallel cross and reported the presence of dominant alleles for grain yield.  

Eight genetically divers inbred lines were crossed by Mahajan and Khera 

(1991), in diallel fashion, excluding reciprocals. The resulting 28 F1 hybrids were 

evaluated at eight different environments. Data were recorded for plant height and 

some other yield characters. They reported that additive type of gene action for 

genetic control of plant height. While, Arif (1990) studied 6�6 diallel cross in 

maize and reported that 100-grain weight, plant height, grains per cob and grain 

yield per plant were governed by over-dominance type of gene action. Malik (1990) 

reported that 100 grain weight per plant was controlled by over-dominance type of gene 

action in a 6×6 diallel cross experiment. Tabassum (1989) concluded from a 6×6 diallel 

study in maize that plant height, weight ear-1, 100-grain weight and yield per plant 

were conditioned by additive type of gene action. Naveed (1989), investigated six 

maize inbred lines in a diallel scheme and concluded that plant and ear height, biological 

yield, ear length, 100-grain weight and grain yield per plant were controlled by over 

dominance type of gene action. In a study reporting same conclusions, Siddiqui (1988) in 

a 6×6 diallel performed in maize suggested that plant height, grain yield and 100-grain 

weight is controlled by over-dominant type of gene action. While, in a diallel analysis of 
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five elite maize inbreds performed by Bukhari (1986), he reported that plant height was 

conditioned by additive type of gene action, however, over-dominance was suggested for 

100-kernel weight and grain yield plant-1. 

Khalid et al. (1979) found days to tasseling, days to silking, plant height and ear 

height under control of additive type of gene action while, grains per ear, 100-grain 

weight and grain yield were conditioned by over dominant type of gene action. Naved 

(1979) reported days to tasseling and silking 100-grain weight and grain yield under both 

dominant and additive type of gene action. Ramamurthy (1980) claimed that days to 

anthesis were conditioned by additive gene action. Saeed (1998) evaluated days to 50% 

tasseling and silking under control of additive gene. Similarly Wu (1987) recorded 100 

grain weight under control of both dominant and additive gene action but dominant 

genetic effect was dominant over additive effect while plant height was under additive 

gene control. Bawzir (1983) concluded that 100-grain weight was under additive gene 

control in grain sorghum. Ramamurthy (1980) claimed that 100 grain weight was under 

additive gene control. Zia and Chaudhry (1980) found plant height under control of 

partially dominant gene effect and suggested over dominant type of gene action for 

genetic control of 100-kernel weight. Karim (1979) also reported days to silking under 

control of over dominant type of gene action from his 5×5 diallel cross in maize. Munir et al. 

(1977) noted 100-kernel weight under additive type of gene action. Dhillon et al. (1976) 

concluded from his 20×20 diallel cross experiments grown in four environments that number 

of days to silking was under control of over dominant type of gene action. Chapman and 

McNeal (1971) extracted that kernel weight was under control of both additive and non 

additive type of gene effects.  

2.3 Combining abilities 

Sprague and Tatum (1942) being pioneer who brought in the concepts of general 

combining ability (GCA) and specific combining ability (SCA) to make a distinction 

between the average performances of a set of parents in different cross combinations 

(GCA) and the deviation of specific-individual crosses from the average performance of 

the parents involved (SCA) (Hallauer and Miranda, 1988). The diallel mating designs are 

used as a technique to analyze cross combinations, or parents and crosses, for GCA and 

SCA (Griffing, 1956), providing an estimation of their relative qualities to guide selection 

and testing schemes. The word ‘DIALLEL’ is a Greek term and implies all possible cross 
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combinations between male and female animals in set or collection (Dabholkar, 1992). 

Hayman (1954) and Stoskopf et al. (1993) defined “diallel cross” as the set of all possible 

mating combinations among several genotypes used as parents.  

Diallel cross mating methods have been widely used in breeding programs for the 

assessment of the genetic potential of parents ranging from inbred lines to large genetic 

base varieties (Bernardo, 2002; Stoskopf et al., 1993; Hallauer and Miranda, 1988). 

Diallel analysis provides inferences on genetic control of the traits under investigation. 

As observed by Hallauer and Miranda (1988), the diallel mating designs has been used 

and abused more extensively than any other in maize and other plant species. However, 

the diallel mating designs can be very valuable if properly analyzed and interpreted 

(Hallauer and Miranda, 1988). Much of the abuse of diallel is due to the presence of two 

models for diallel analysis: a random model and a fixed model (Bernardo, 2002). The 

main quandary seems to arise from interpretations and inferences that can be made about 

estimates obtained from analysis of the diallel crosses (Hallauer and Miranda, 1988). A 

random model is useful for estimating GCA and SCA variances; but a fixed model aims 

to measure the GCA effects for each parent and the SCA effects for each pair of parents 

(Bernardo, 2002).  

Information on the combining ability estimates of maize germplasm is of great 

value to maize breeders. GCA and SCA effects being the important indicators and of 

potential value, regarding inbred lines in various hybrid combinations (Sprague and 

Tatum, 1942). Combining ability estimates of inbred lines is the ultimate factor that helps 

in determining future worth of lines for hybrid development (Hallauer and Miranda, 

1988). Using the concepts of combining ability, genetic variance is partitioned into two 

components: variance due to GCA and variance due to SCA (Sughroue and Hallauer, 

1997; Hallauer and Miranda, 1988). GCA is recognized primarily as a measure of 

additive gene action and SCA as an estimate of non-additive gene action such as 

dominance and epistasis (Kambal and  Webster, 1965; Gowen, 1964; Rojas and Sprague, 

1952; Sprague and Tatum, 1942). The relative importance of additive versus non-additive 

effects in diallel crosses is an indication of the type of gene action (Baker, 1978). 

Besides, combining  ability studies allow classification of selected parental materials with 

respect to breeding behaviour (Sprague and Tatum, 1942; Hallauer and Miranda, 1988; 

Poehlman and Sleper, 1995).  
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According to Hallauer and Miranda (1988), categorization of genetic variance and 

type of gene action operative in crosses of inbreds are interpreted relative to GCA and 

SCA of inbred lines. The proportion of additive and non-additive components of genetic 

variance depends on the genetic structure of the crosses analyzed and the environmental 

conditions in which they were grown (Khotyleva and Trutina, 1973). Kebede (1989) 

reported that additive gene effects were more important in determining traits in the 

populations while non-additive gene actions were important in inbred line crosses. 

Younes and Andrew (1978) reported that additive gene action is more important than 

non-additive components for most traits in previously unselected material. GCA is 

predominant for parents that have been developed through selection for GCA, and for 

parents that have not been separated into heterotically complementary groups during their 

development (Pixley and Bjarnason, 1993).  

On the other hand, Kambal and Webster (1965) suggested the importance of non-

additive gene action for genetic control of some traits, including grain yield, in materials 

that were selected for GCA. Betran et al. (2003d) computed negative SCA for hybrids 

involving inbred lines with the same origin of germplasm or related by pedigree and 

greater SCA for hybrids involving inbred lines of different origin of source germplasm. 

San Vincente et al. (1998) reported greater relative importance of non-additive than 

additive genetic effects for grain yield in diallel crosses among improved tropical white 

endosperm populations. Kim and Ajala (1996) studied combining ability among tropical 

and temperate maize inbred lines and evaluated that a major proportion of Crosse’s sum 

of squares for grain yield was explained by GCA. Vasal et al. (1992a) reported 

significant GCA and GCA x environment interaction effects for grain yield and days to 

silking. In crosses among subtropical and temperate CIMMYT germplasm, Beck et al. 

(1991) observed highly significant GCA effects for grain yield, time to silk and plant 

height. Similarly, results from combining ability investigations of CIMMYT’s tropical 

early and intermediate maize germplasm (Beck et al., 1990) showed highly significant 

GCA effects for grain yield and yield contributing traits.  

The choice of the most effective breeding scheme and the rate of the genetic 

improvement are dependent upon the relative magnitude of various gene effects (Dhillon 

and Pollmer, 1978). Lee et al. (2005) reported that although both additive and non-

additive genetic effects influence grain yield in inbred line crosses, 74% of the total 
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genetic variance is attributed to the additive genetic component. The average of nearly 

100 estimates indicate that, assuming no epistasis and no linkage, additive genetic effects 

on average account for 61.2% and dominance count for 38.8% of total genetic effects 

(Hallauer and Miranda, 1988).  

Majority of the population in Zimbabwe depend on maize as a source of 

carbohydrates, as it has a low protein quality and therefore makes the population prone to 

protein malnutrition. QPM with double the amount of lysine and tryptophan, is therefore 

suitable to combat possible protein malnutrition. The Zimbabwe maize research program 

is currently using QPM inbred lines whose combining ability for grain quality and 

agronomic traits has not been previously tested and validated. They conducted combining 

ability analysis to identify appropriate QPM donor inbred lines for use in the 

development of new QPM inbred lines and the conversion of non-QPM open pollinated 

varieties (OPVs) and inbred lines to QPM. They reported that the inbred lines CZL082 

and CML511 are recommended for use as donors in the development of new QPM inbred 

lines and the conversion of non-QPM inbred lines and OPVs to QPM by the national 

maize research program in Zimbabwe. 

Zonghua et al., (2010) composed a total of 90 direct and reciprocal crosses 

according to Griffing design by using 10 inbreds from different heterotic groups, and 

trailed under randomized block design at three locations in Henan Province. The lysine 

content in kernels was tested by using MATRIX-I type NIRS, and the effects of 

genotypes, locations and their interactions as well as combining abilities and heterosis 

were evaluated on corn lysine content in F2 kernels. They reported highly significant 

differences at different locations, genotypes and the location×genotype interactions. 

Meanwhile, highly significant differences existed in GCA and SCA effects of lysine 

content among parents, and the GCA effect was main on lysine content as reported. The 

inbred lines E28 and Mo17, with high lysine content and high GCA effect, were 

important resources in high lysine breeding, especially E28 with greater potential usage, 

which lysine content and GCA effect were 0.42%and 0.502, respectively. Lysine content 

in kernels of hybrid expressed negative heterosis and showed positive relations with 

protein content (r=0.6052), while negative relations with grain yield (r=-0.2280). They 
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inferred that the improvement of yield and quality synchronously would be far more 

difficult than the improvement of a single trait. 

Medici et al. (2009) evaluated six S5 lines of maize, with differences for lysine 

and oil contents in grains, to carry out a complete series of diallelic crosses. The resulting 

15 direct cross combinations were grown in a field at two nitrogen levels (10 and 130 kg 

N ha–1). The general combining ability (GCA) and specific combining ability (SCA) 

were obtained by using the method 4, model I of Griffing for grain yield, and grain lysine 

and oil contents. Significant (p < 0.001) interaction was observed between GCA and N 

levels for grain yield, indicating the selection of different lines for each N level. This 

interaction was not significant for lysine content, but there were significant effects of 

GCA for this trait at both N levels (p < 0.1). Significant effects were not observed for 

GCA or SCA for oil content, however a positive correlation was observed between lysine 

and oil contents in the hybrids, in the lines and even in the control cultivars. The results 

indicate the effectiveness of selection for lysine content, irrespective of N level, in the 

studied non-opaque maize lines, and the possibility of achieving both high lysine and oil 

content in grains. 

Singh and Gupta, (2009) Studied heterotic expression and combining ability for 

fifteen yield and related traits in maize involving 66 F1 crosses produced in line x tester 

design. Pooled analysis of variance revealed significant differences among lines, testers 

and line x tester crosses except for leaves per plant and ear girth due to testers. Inbred 

lines L9, L13, L14, L15 and L18 were good general combiners for earliness; L2, L3 and 

L5 for higher plant height, ear height and number of leaves per plant, L2 and L3 for ear 

length, ear girth, kernel rows ear, kernels per row, 100 kernels weight, grain yield per 

plant, stover yield per plant and biological yield per plant. On the basis of SCA and per se 

performance, hybrid L15 x T3 identified as early in flowering traits. Crosses L19 x T3, 

L7 x T3 and L11 x T3 revealed high SCA effects for grain yield per plant. They 

suggested that if one or both the parents were poor general combiners, this resulted into a 

hybrid having highly significant SCA effects upon crossing. This is exemplified by 

hybrid L19 x T3 for ear length, kernel rows, kernels per row, 100-kernel weight, grain 

yield, dry stover yield and biological yield.  
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 Characterization of crop genetic diversity aids in resourcefully exploiting the 

allelic variations for genetic improvement of economically desirable traits. Maize (Zea 

mays L.) grain quality traits increase the value of end-use products (Osorno et al., 2008). 

The objective of their research was to determine whether groups of genetic diversity 

could be identified for early maturity maize grain quality traits (percentage of protein, oil, 

and starch) and agronomic traits. They crossed ten improved populations in a diallel 

mating design without reciprocals. Parents, their respective crosses, and a selected group 

of checks were evaluated in an 8x8 lattice design across eight environments. Combined 

analyses of variance showed significant differences among the genotypes for all traits 

studied. No significant differences were found for protein content among parents. 

General combining ability (GCA) effects were more important for grain oil concentration 

than grain protein and starch concentrations while specific combining ability (SCA) 

effects were larger for protein and starch concentration than oil concentration. Clustering 

analysis showed the presence of five diversity groups based on their breeding origin. 

These results support breeding efforts towards the genetic improvement of grain quality 

traits in the U.S. northern Corn Belt. 

Akbar et al. (2008) investigated combining ability, reported that GCA/SCA 

variance ratio exhibiting preponderance of non-additive genes for all the yield and 

contributing traits under study, and found under grand mean reduction in various traits. 

Parmar (2007), studied genetic analysis in ten maize inbred lines and their all-possible 

cross combinations excluding reciprocals in a diallel fashion and reported significant 

GCA and SCA variances on pooled basis revealing the importance of both additive and 

non-additive gene action for all the traits.  

Patil, (2006). Studied drought in pearl millet and computed combining ability 

analysis that revealed significant GCA as well as SCA variances for different traits in 

both the environments indicating the preponderance of both additive and non-additive 

gene action in inheritance of harvest index and grain yield. Tabassum et al. (2005) 

evaluated 8 × 8 diallel for combining ability under normal and stress conditions and 

recorded all traits under study were under the control of non-additive type of genes 

except plant height that was under the control of both additive and non-additive type of 

genes. 
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Makumbi et al. (2004) estimated GCA and SCA effects of 15 tropical maize 

inbred lines for anthesis date, silking date, plant height, anthesis-silking interval, ears per 

plant and grain yield under stressed and optimal conditions. The results indicated that 

both GCA and SCA effects across locations were significant for all traits and GCA x 

environment and SCA × environment interaction effects were significant for grain yield 

and ears per plant. They further reported that additive genetic effects were more 

important for grain yield under drought and well-watered conditions and non-additive 

genetic effects were found to be more important under low N stress conditions for ears 

per plant in these inbred lines.  

Bhatnagar et al. (2004) studied combining ability of white and yellow QPM 

inbreds for  grain yield, days to silk, plant and ear heights, lodging and grain moisture 

and reported presence of significant GCA effects for all traits except for grain yield in 

both diallel sets across locations. Xingming et al. (2004) evaluated combining ability and 

heterotic groups of yellow QPM inbreds and observed significant differences among the 

crosses and GCA of lines for grain yield, plant height, rows per ear, kernels per row and 

thousand seed weight; and nonsignificant difference in SCA mean squares for all traits. 

 Hadji (2004) evaluated the combining ability of 10 white QPM inbred lines and 

reported significant GCA mean squares for days to anthesis, ear and plan height, ears per 

plant, ear length, ear diameter, rows per ear, kernels per rows, kernel weight, endosperm 

hardness and grain yield and significant SCA mean squares for all these traits except 

endosperm hardness. He reported the dominance of GCA effects for most of the traits 

studied except for ear length, kernels per row and grain yield. Fan et al. (2004) analyzed 

the combining ability of 10 yellow QPM indreds from CIMMYT and China, and reported 

significant GCA and SCA effects for grain yield and contributing traits. Cordova et al. 

(2003) reported the importance of GCA effects for grain yield in a factorial crosses 

between QPM inbred lines from two heterotic groups.  

Vacaro et al. (2002) evaluated twelve maize inbred lines and their crosses to 

estimate combining ability as source populations in breeding programs in Brazil. Plant 

height and grain yield per plant were recorded in the field experiments. The results 

indicated that the mean squares for general combining ability were greater than specific 

combining ability for all traits under study. Dubey et al. (2001) reported significant mean 
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squares for 100-grain weight. Specific combining ability variance was greater than 

general combining ability variance indicating preponderance of non-additive gene action 

in the expression of this trait. Desai and Singh (2001) conducted 7×7 half diallel croses of 

maize inbred lines. Analysis of variance showed significant differences in general 

combining ability and specific combining ability for plant height. Shreenivasa and Singh. 

(2001) studied seven-parental half diallel cross involving relatively drought tolerant 

inbred lines of maize under water stress environment during the crop season, water stress 

occurred at the time of anthesis, silking, pollination and grain filling stage of the crop 

growth, significant differences for general combining ability and specific combining 

ability effects were observed. Among the parents, 1b 1073, 1b 1143 and 1b 1155 were 

found to have positive GCA effects for plant height and grain yield. 1b 1073×1b 1143 

and 1b 1073× 1b 1155 crosses also showed positive specific combining ability effects for 

plant height and grain yield. 

Sujiprihati et al., (2001) previously selected twelve maize inbred parents were 

evaluated for their performance in a diallel scheme. They tested the genotypes for general 

combining ability (GCA) and specific combining ability (SCA), at two locations in the 

Universiti Putra Malaysia. They reported significant GCA and SCA effects suggesting 

the importance of both additive and non-additive gene actions for yield and related 

characters in the hybrids. However, the SCA variances for all the characters investigated 

were much higher than their respective GCA variances. The hybrids showed a high range 

of performance for all characters under study, and are recommended to be further 

exploited for their heterotic capacities. Revila et al. (1999) studied ten maize inbred lines 

in diallel fashion including reciprocals for plant height. Significant general combining 

ability and specific combining ability effects were observed for plant height.  

Joshi et al., (1998) Combining ability analysis was conducted in early maturing 

maize (Zea mays L.) inbred lines for quality and yield attributes. Both additive and non-

additive gene effects were present in the material under study. However, the ratio of 

additive/non additive genetic variance revealed that there was preponderance of non-

additive gene action in the expression of yield per plant, protein content, and starch 

content, while for oil content and 10G-grain weight there was preponderance of additive 

gene action. Inbred line χ2W-3232-1-1-1-1 was good general combiner for all the three 
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quality traits along with grain yield. Inbred line χ1W-1527-2-2-1-1 was also good general 

combiner for all the three quality traits along with 10G-grain weight Single cross Pop.30-

5044-2 x CD<W-113-2-1-2-1 had positive significant SCA effects for oil content along 

with grain yield per plant and 100-grain weight with highest estimate of economic 

heterosis for oil content. In general, parental inbreds possessed high per se performance 

for quality traits along with grain yield per plant and 10G-grain weight. Significant 

economic heterosis for starch and protein in content was not obtained. 

Mathur et al. (1998) studied seventy eight single cross maize hybrids in normal 

and water stress conditions. Combining ability analysis showed significant GCA variance 

for grain yield per plant in both environments, SCA variance was significant for grain 

yield per plant in the moisture stress environment. A preponderance of additive gene 

effects were observed in the expression of all the characters studied. Inbred lines that 

were good combiners for various traits under normal and stress irrigations were 

earmarked. Altinbas and Tosun (1998) reported combining ability effects for 100-grain 

weight should be more useful in maize for selecting parental lines. 

Singh and Mishra (1996) evaluated GCA and SCA using diallel analysis of eight 

inbred lines of maize for yield per plant. They observed highly significant differences 

among the lines and general combiners were identified. El-Hosary et al. (1994) studied 

GCA, SCA, and their interaction in 28 F1 hybrids of crosses among eight maize inbred 

lines. Both GCA and SCA were noticed as significant for all traits. Sedhom (1994) 

evaluated nine elite maize inbred lines crossed in a diallel scheme to estimate combining 

ability for nine yield components under two planting dates. Significant interactions were 

observed between GCA and SCA for grain yield per plant. M24 was the best combiner 

for plant height and M13 was the best for grain yield per plant. The most desirable SCA 

effects were observed in the crosses M32 × M99 for plant height, M13 × M24 for grain 

yield per plant and M12 × M32 for 100-grain weight. Ali (1993) used six-parent diallel 

crossing system and found that GCA mean squares were highly significant for all the 

yield components. Furthermore, SCA mean squares were highly significant possessing 

importance in five yield components, thereby manifesting non-additive action, and in 

other four characters, additive gene action was reported. In a diallel study of CIMMYT’s 

QPM germplasm, Vassal et al. (1993a;b) observed significant GCA effects for grain 
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yield, time to silk, ear height, plant height and endosperm hardness. Results of a 

combining ability study of CIMMYT’s subtropical QPM germplasm showed highly 

significant GCA mean squares for all and non-significant SCA mean square for most of 

these traits. Based on these results, they suggested that additive gene actions are more 

important in controlling grain yield and kernel modification.  

Brenner et al. (1991) evaluated eight maize population and their 56 hybrids 

obtained by diallel crossing at Rio Pardo, Brazil in an 8×8 duplicated simple lattice 

design. Combining ability was estimated by method 1, model 1, of Griffing. They 

concluded that additive (GCA) effects were more important, while reciprocal and specific 

combining ability (SCA) effects important only in specific crosses. Iqbal (1991) 

investigated combining ability analysis for grain yield and quality characters in a 6 ×6 

diallel cross of maize inbred lines, he found both GCA and SCA mean squares highly 

significant for all the characters. Specific combining ability variances were greater in 

magnitude and relatively were more important for all the characters, which indicated the 

presence of non-additive type of gene action for the characters under study. Reddy and 

Joshi (1990) studied combining ability analysis in a 6×6 diallel for harvest index in 

sorghum and the conclusions reported depict that significant GCA and SCA variances 

were important of both additive and non-additive components of variance in the 

inheritance of this trait. Beck et al. (1990) evaluated ten parents and their crosses for 

grain yield and plant high at six locations in Mexico, General combining ability was 

significant for all traits while specific combining ability was not significant for any. 

Vozda and Kubecuva (1989) evaluated a diallel cross with a 45 parental genotypes for 

general and specific combining ability and reported that GCA and SCA varied 

considerably suggesting inconsistency across different environments. 

Pollmer et al., (1977) Ten flint and nine dent inbred lines of maize (Zea mays L.) 

comprised the parental material. Four flint and four dent lines were selected for high 

protein percentage in the grain and good general combining ability (GCA) for agronomic 

traits, whereas the remaining 11 lines were selected for good GCA for agronomic traits 

only. The resulting 90 flint×dent hybrid combinations were evaluated at two locations. 

Data were recorded on percent protein and protein yield of grain and stover, grain and 

stover yield, percent dry matter in the ear, and 1,000-kernel weight. In the materials under 
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study, mean squares due to GCA and specific combining ability (SCA) were significant 

for all traits. Genotype×environment interactions, involving both GCA and SCA were 

generally significant. Percent protein in the grain showed the highest GCA/SCA ratios, 

indicating that additive gene action relative to non-additive gene action was more 

important in its inheritance than for the other traits. Lowest GCA/SCA ratios were 

observed for grain yield and protein percentage in the stover. As a result of simultaneous 

selection for high protein percentage in the grain and GCA for agronomic traits, the 

inbred line that revealed the highest positive GCA effect for protein percentage in the 

grain was also a significantly good general combiner for grain yield. No association was 

observed between percent protein in the grain and grain yield. 

2.3.1 GCA and SCA studies for protein and protein quality traits: 

Several researchers reported the importance of both additive and dominance 

genetic variances though some suggesting more importance if additive effects for percent 

protein in grain, percent tryptophan or lysine in grain, and percent tryptophan or lysine in 

protein for different o2 germplasm (Wegary et al., 2011; Zonghua et al,. 2010; De-quan 

and Shi-huang, 1995; Pixley and Bjarnason, 1993; Wessel-Beaver et al.,  1985; Motto et 

al., 1978; Bjarnason et al., 1977; Sreeramulu  and Baumann, 1970). The absence of SCA 

effects for protein quality traits is undesirable because heterosis which makes it difficult 

to be exploited, to directly contribute gains for these traits (Pixley and Bjarnason, 1993). 

However, Manicacci et al. (2009) and Ngaboyisonga et al. (2008) reported the 

significance of non-additive gene action in conferring protein, lysine, and tryptophan 

concentrations in QPM kernels. Wattoo et al. (2009), suggested dominant gene action for 

genetic control of protein content in maize kernels. Osorno and Carena (2008), Firoz et al. 

(2007), Shanthi et al. (2002) and Joshi et al. (1998) have also concluded non-additive gene 

action for genetic control of grain protein and protein quality traits in QPM germplasms of 

diverse source populations. While, Pixley and Bjarnason (1993) conducted four diallel 

studies involving 34 tropical QPM lines and concluded that grain protein content, 

tryptophan in grain and tryptophan in protein are controlled largely by additive gene 

action. They reported the predominance of additive gene effect in a diallel cross of 

tropical QPM inbred lines for these traits. 



 33

The inheritance of o2 modifier genes for endosperm texture is complex (Wessel-

Beaver and Lambert, 1982; Vasal et al., 1980; Annapurna and Reddy, 1971). Several 

investigators reported that additive genetic effects are more important than non-additive 

effects for endosperm hardness in the o2 background of QPM (De-quan and Shi-huang, 

1995; Vasal et al., 1993a; b; Pixley and Bjarnason, 1993; Wessel-Beaver et al., 1985; 

Ortega and Bates, 1983; Asal et al., 1980; Motto, 1979; Motto et al., 1978; Bjarnason et 

al., 1976; Sriwatanapongse et al., 1974; Annapurna and Reddy, 1971). Non-additive 

genetic components also contribute to the expression of kernel vitreousness 

(Sriwatanapongse et al., 1974; Wessel- Beaver and Lambert, 1982). The genetic variance 

associated with protein and lysine concentrations in modified o2 material was mostly 

additive (Bjarnason et al., 1977; Motto et al., 1978). Wessel-Beaver et al. (1985) 

suggested effective selection in increasing the frequency of the favorable alleles for 

endosperm modification.  

Environmental conditions affect the gene action governing protein and tryptophan 

concentration. Ngaboyisonga et al. (2008) evaluated factorial crosses of QPM inbred 

lines under optimal, low N and drought conditions for protein and tryptophan 

concentrations in grain. The results showed that protein concentration is predominantly 

governed by non-additive gene action under low N conditions. Tryptophan concentration 

is predominantly controlled by non-additive gene action under optimum, and by additive 

gene action under low N and drought conditions.  

Giridharan et al. (1996) in their study on gene action and combining ability in 

grain yield, found that yield was controlled by additive and non-additive gene action in 

diallel crosses and dominant gene action in triallel and quadriallel crosses, suggesting that 

grain yield could be improved by heterosis breeding. In a diallel cross among Mexican 

races of maize, Crossa et al. (1990) reported highly significant GCA and SCA mean 

squares for grain yield, days to anthesis and ears per plant. They further reported that 

GCA effect was the most important component of variation among the entries for grain 

yield. In population diallel crosses, Glover et al. (2005) observed significant GCA and 

SCA mean squares for grain yield, stalk lodging, ear height and days to silking. 

The relative importance of GCA increases with drought stress level when 

comparing trials grown at the same location and during the same season (Betran et al., 

2003e). Betran et al. (1999) analyzed the genetics of abiotic stress tolerance in 17 tropical 
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inbred lines and reported that as drought stress increased so did the importance of GCA 

and additive genetic effects. Non-additive gene effects were more important under low-N 

stress and a significant number of cross-overs were observed between the GCA of lines 

under low and high N levels (Betran et al., 1999). Betran et al. (2003d) reported that 

additive genetic effects accounted for 84% of the genetic variance under severe drought, 

60% under well-watered conditions and 61% across drought and low N stress, and 

unstressed environments. Under low N the nonadditive gene effects were more important 

than the additive genetic effects and a significant number of crossovers were observed 

between the GCA of lines under low and high N. Results of evaluations of tropical maize 

progenies indicated that when low N stress became more severe, the correlation of grain 

yields between low and high N decreased and changes in genotype ranks increased when 

compared with high N environments (Banziger et al., 1997).  

 

2.4 Hybrid performance and heterosis 

Hybrid varieties are the first filial generations (F1) from crosses between two or 

more pure lines, inbreds, open-pollinated varieties, clones or other populations that are 

genetically dissimilar (Singh, 2005). Maize hybrid development began in the early 1900s 

(Hallauer et al., 1988). In maize, hybrid breeding remains the method of choice for 

attaining maximum genetic gain from the effect of heterosis. Food and feed supplies 

would undoubtedly be greatly reduced if only non-hybrids were available to the producer 

(Stuber, 1994b). According to Singh (2005), most of the commercial hybrid varieties are 

F1’s from two or more inbreds. An inbred is a nearly homozygous line obtained through 

continuous inbreeding of cross-pollinated species with selection accompanying 

inbreeding (Singh, 2005). The success of hybrid maize development depends on the 

ability of the breeding program to rapidly isolate lines that combine well in hybrid 

combinations and to identify appropriate heterotic combinations to maximize the vigour 

of the hybrid (Kim and Ajala, 1996). The general process to develop maize hybrids starts 

with the creation of a source segregating breeding population that is used to develop 

inbred lines through inbreeding and selection (Betran et al., 2004). Selected inbred lines 

are then evaluated in hybrid combinations across locations to select superior hybrids and 

to estimate their combining ability.  
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With the decision to embark on the QPM hybrid breeding program, several diallel 

studies were conducted and information on hybrid combinations has been documented 

(Gupta et al., 1975; Pixley and Bjarnason, 1993; Vasal et al., 1993a;b; Hohls et al., 1995; 

Cordova et al., 2003; Hadji, 2004; Xingming et al., 2004; Bhatnagar et al., 2004). QPM 

hybrids yield more grain than open pollinated QPM cultivars, but mean grain yield does 

not differ for single-, three-way-, and double-cross QPM hybrids in multilocation trials 

(Pixley and Bjarnason, 2002). They suggested that failure of the single cross to yield 

more than three-way or double cross progeny is due to lack of heterosis among at least 

some of the parental lines used. They further explained that broader genetic constitution 

of three-way and double cross hybrids buffer them better than single crosses against the 

extreme environmental diversity of the trial sites. 

In a trial, Pixley and Bjarnason (1993) observed a QPM hybrid exceeding a 

normal endosperm hybrid check on average by 14% for grain yield, 48% for tryptophan 

concentration in grain, and 60% for tryptophan concentration in protein. Bhatnagar et al. 

(2004) evaluated diallel crosses of white and yellow QPM inbred lines and reported 

higher grain yield for some crosses among white QPM inbreds but lower grain yield for 

all crosses among the yellow QPM inbreds as compared to normal maize checks used. 

The term heterosis was coined by Shull (1952). It is defined as the difference 

between the hybrid value for one trait and the mean value of the two parents for the same 

trait (Falconer and Mackay, 1996). According to Miranda (1999), heterosis is the genetic 

expression of the superiority of a hybrid in relation to its parents. Two major types of 

estimation of heterosis are reported in literature; namely, mid-parent or average heterosis, 

which is the increased vigor of the F1 over the mean of two parents; and high-parent or 

better parent heterosis, which is the increased vigor of the F1 over the better parent 

(Sinha and Khanna, 1975; Jinks, 1983). Heterosis (usually considered to be synonymous 

with hybrid vigor) is one of the primary reasons for the success of the commercial maize 

industry (Stuber, 1994b). Although several economically important crops benefit from 

the manifestation of heterosis, both the genetic and physiological mechanisms underlying 

this phenomenon are still unexplained (Hallauer and Miranda, 1988; Tollenaar et al., 

2004). Three major theories, such as dominance, over-dominance and epistasis, have 

been proposed as the main theories to explain mechanisms underlying the phenomena of 

heterosis (Hallauer and Miranda, 1988; Singh, 2005). However, it is generally accepted 
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that heterosis, to a large extent, is due to dominance gene action (Singh, 2005). To 

overcome many of the difficulties that are encountered in the interpretation of heterosis 

for complex traits, component analysis approaches have been used to study the effect of 

heterosis on grain yield (Sinha and Khanna, 1975). Grain yield has been subdivided, for 

instance, into ear number, kernel number, and weight in an attempt to understand how 

heterosis influences grain yield (Sinha and Khanna, 1975). These grain yield components, 

however, are static attributes that do not lend themselves to a process-based analysis of 

grain yield formation (Tollenaar et al., 2004).  

Heterosis is important in maize breeding and is dependent on level of dominance 

and differences in gene frequency. The manifestation of heterosis depends on genetic 

divergence of the two parental varieties (Moll et al., 1965; Hallauer and Miranda, 1988). 

Low grain yield heterosis is observed for crosses among genetically similar germplasm 

and for crosses among broad genetic base germplasm (Hallauer and Miranda, 1981; Beck 

et al., 1990; Crossa, 1990; Beck et al., 1991; Vasal et al., 1992a; b; 1993a; b). Higher 

levels of heterosis were seen with increased divergence within a certain range, but that 

heterosis declined in extremely divergent crosses (Moll et al., 1965; Prasad and Singh, 

1986). Genetic divergence of the parents is inferred from the heterotic patterns 

manifested in a series of crosses (Moll et al., 1965; Hallauer and Miranda, 1988; 

Miranda, 1999).  

Heterosis in maize has been investigated extensively. Hallauer and Miranda 

(1988)  summarized results from studies on heterosis for grain yield in maize up to 1979. 

They reported that mid-parent heterosis ranged from -3.6% to 72.0% while high-parent 

heterosis ranged from -9.9% to 43.0%. Surprisingly, the magnitude of heterosis has not 

been changed during the hybrid era (Duvick, 1999), even though mean commercial maize 

grain yield has substantially increased during this time (Troyer, 1990; Tollenaar and Wu, 

1999). Crossa et al. (1987) reported estimates of heterosis as percentage of the high 

yielding parent ranging from 0 to 47.7 in maize population crosses. In crosses among 

CIMMYT’s subtropical and temperate maize germplasm, Beck et al. (1991) observed 

high-parent heterosis for grain yield ranging from -14.8 to 9.9%. Vasal et al. (1992a) 

reported a maximum high parent heterosis of 13% in diallel crosses among seven 

CIMMYT sub-tropical and temperate early-maturity maize germplasm lines. Glover et al. 

(2005) found high parent heterosis as high as 46% in crosses among 10 Chinese and US 
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lines and concluded that the populations used in these crosses were more narrowly based 

than those used in other exotic maize diallel studies. In a study by Vasal et al. (1992b), 

high-parent heterosis ranged from -3.1% to 12.7% for grain yield, -7.7% to 4.5% for 

plant height, -4.7% to -0.1 for days to silk in pools and populations. Tollenaar et al. 

(2004) reported an average heterosis of 167% for grain yield, 109% for  number of 

kernels per plant and 12% for thousand kernel weight. In diallel crosses among 

CIMMYT’s subtropical QPM germplasm, Vasal et al. (1993a) reported estimates of 

highparent heterosis ranging from -14.8 to 11.5% for gain yield. Similarly, Vasal et al. 

(1993b) observed high-parent grain yield heterosis ranging from -10.8 to 15.6 for 

CIMMYT’s lowland tropical QPM germplasm.   

Heterosis of varying magnitude has been observed in almost all the crop plants. 

Any of a multitude of genetic phenomena known to influence qualitative or quantitative 

characters is expected to influence heterosis but over the years that dispersion of 

completely or incompletely dominant genes and over-dominance along with some 

contribution of non-allelic interactions have been considered to be the main causes of 

heterosis. Heterosis breeding has received more attention than other branches of plant 

breeding in several crop plants and maize is one such cross fertilized crop in which has an 

array of hybrids have been realized over decades. Heterosis is the deviation of F1 from 

the reference for the particular character.Shull (1908) coined the term heterosis to provide 

a term to describe the phenomenon but it did not include a description of genetic 

mechanism involved in its expression. Bruce (1910) and Keeble and Pellow (1910) put-

forth the support for dominance hypothesis, which suggested that increase in vigour after 

crossing resulted from the combination of various dominant alleles by each parent. Shull 

(1911), East and Hays (1912) objected the dominance theory and proposed over 

dominance hypothesis indicating heterosis as the result of heterozygosis. 

Zonghua et al., (2010) Total of 90 reciprocal crosses were composed according to 

Griffing design by using 10 inbreds from different heterotic groups,and trailed under 

randomized block design at three locations in Henan Province.The lysine content in 

kernels was tested by using MATRIX-I type NIRS,and the effects of genotypes,locations 

and their interactions as well as combining abilities and heterosis were evaluated on corn 

lysine content in F2 kernels. The results showed that highly significant differences had 
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been found in different locations, genotypes and the location × genotype interactions. 

Meanwhile,highly significant differences existed in GCA and SCA effects of lysine 

content among parents,and the GCA effect was main on lysine content.The inbred lines 

E28,8085 and Mo17,with high lysine content and high GCA effect,were important 

resources in high lysine breeding,especially E28 with greater potential usage, which 

lysine content and GCA effect were 0.42%and 0.502, respectively. Lysine content in 

kernels of hybrid expressed negative heterosis and showed positive relations with protein 

content (r=0.6052), while negative relations with grain yield (r=-0.2280).It inferred that 

the improvement of yield and quality synchronously would be far more difficult than the 

improvement of a single trait. 

Li-Jizhu (2004) reported highest heterosis for ear grain weight and lowest for ear 

row number. All characters studied were controlled by additive gene action. Ear length 

had significant additive and dominance effects, whereas, ear row number and ear grain 

weight had dominant and epistatic effects, respectively. Kabdal et al. (2003) in their 

studies on heterosis for grain yield and its components in maize using 7 inbred lines 

observed positive and significant heterotic effects for all the investigated traits except ear 

height. Betran et al. (2003) conducted experiment on genetic diversity and heterosis in 

tropical maize under stress environment. They observed that SCA had the strongest 

correlation with genetic diversity. Environment significantly affected the correlation 

between F1, SCA, MPH and HPH, with lower values of gd revealed in most stress 

condition. Srivastava et al. (2003) studied heterosis and combining ability for yield and 

maturity by using exotic and indigenous inbred lines of maize. Eighty single crosses 

along with parental lines were evaluated in three environments viz., Uttaranchal, 

Uttarpradesh and Punjab, during kharif 2000. The mean square due to interaction of lines 

and lines x testers with environments were significant for all characters, while testers 

with environments was significant for days to 50 per cent silking. 

Saleh et al. (2002) reported high estimates of heterosis for grain yield, ear weight, 

grain weight per ear, moderate estimates for plant and ear height, shelling percentage, ear 

circumference, number of kernel rows per ear, number of kernels per ear row and grain 

weight. Vidal Martinez et al. (2001) observed negative heterotic values in pollen yield 

components and reported heterotic values upto 300 per cent for pollen yield in Corn belt 
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genotypes and upto 200 per cent for grain yield in exotic genotypes. Geetha (2001) 

obtained maximum heterosis for grain yield per plant, ear weight and number of grains 

per ear. They also reported that significant positive heterosis in grain yield which was 

associated with the heterosis for plant height, number of grains per row, 100grain weight 

and number of rows per ear. Han Li Jun et al. (2001) made crosses using North Carolina 

Design II. The results showed that all the F1 hybrids exhibited positive heterosis in some 

degrees and the highest heterosis was in crosses in which MO-17 was the male parent. 

Kara (2001) observed positive heterosis for all characters studied except for days to 

tasseling with the average hybrid yield being 79.89 per cent above that of the parents. 

Shahwani et al. (2001) noticed positive and significant heterosis in 17 hybrids, while 11 

hybrids showed heterobeltiosis for ears per plant. 

Netaji et al. (2000) obtained significant and positive heterosis and heterobeltiosis  

for grain and moreover the expression of heterobeltiosis was most evident for grain yield 

per plot followed by test weight, ear length, plant height and number of grain rows per 

ear. Rosa et al. (2000) noticed the highest values of heterosis over the mid-parental value 

in the hybrid PP- 9539 × AN-453 (11.35%) and PP-9603 × PP-9539 (11.13%). Sain Dass 

and Pawan Arora (1999) reported that negative heterosis will be considered as desirable 

for the phenological traits as it contributed favourable genes for earliness. Stojokovic et 

al. (1999) reported that partial or complete dominance of dominant alleles with additive 

effects were the main contributers to heterosis in maize. Over dominance may exist at 

some loci but of minor importance. Nagesh Kumar et al. (1999) observed eterosis for 

grain yield that ranged from 26.31 to 37.30 per cent over better parent. Geetha (1997) 

obtained positive heterosis over mid parent in 24 hybrids and significant standard 

heterosis in 19 hybrids.  

Abdul (1995) noticed heterotic effects in plant height and leaf area per plant. 

Kumar (1995) observed high degree of heterosis for grain yield per plant and earliness in 

eight hybrids. Lamkey (1995) indicated that hybrids obtained from the crosses between 

24 high yielding and 24 low yielding inbred lines differed significantly for group means 

and heterosis for yield and days to silking. Nagda et al. (1995) obtained significant 

positive heterosis for grain yield per plant over the best check in 15 crosses and 

significant relative heterosis for days to silking, plant height and ear height in 14 hybrid 

combinations. Gupta et al. (1994) studied 23 double cross hybrids and reported that 16 
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out of 23 double cross hybrids showed high degree of heterosis for grain yield than the 

best standard variety “Shweta”. Bhatnagar et al. (1993) observed high heterotic effects 

for early silking and grain yield per plant in early maize inbred lines. High heterotic 

effects for grain yield per plant and time to silk was reported by Vasal et al. (1993) based 

on the combining ability analysis of maize germplasm lines. Malhi et al. (1993) in their 

study of relative performance of the single crosses and double crosses observed that the 

single cross hybrids had a significantly higher ranking than the double cross hybrids for 

yield on average over all crosses and over the five best crosses. Comparison of yield 

performance indicated that the single cross hybrids were more stable than the double 

cross hybrids.  

Masikevich et al. (1989) presented evidence that the increased yield of heterotic 

hybrids is the result of competitive interaction between photorespiration and 

photosynthesis. They have shown that heterotic organisms have a more economical 

utilization of energy and nutrient resources than non-heterotic ones and greater autonomy 

of the protein synthesizing system of the chloroplasts in relation to the ribonuclease 

function. Muthiah (1989) obtained significant positive heterosis for grain yield per plant 

and other 15 yield related characters in several cross combinations from 9 × 9 diallel 

analysis. Shakoor (1988) observed positive heterosis for number of leaves (13.4% to 

20.0%) and leaf area per plant (-0.01 to 54.8) over better parent. According to Prasad and 

Singh (1986), the magnitude of heterosis for grain yield per plant and six of its 

components were greater when the parents were moderately diverse than when they were 

highly diverse. Mukherjee and Saha (1984) observed positive heterosis for grains per ear 

in seven crosses, ear length in ten crosses and 100-grain weight in eight cross 

combinations. 

Debnath (1984) obtained heterosis over mid parental value and better parent for 

grain yield components in 36 F1 hybrids from a diallel cross among nine elite diverse 

inbreds.  The heterosis for grain yield ranged from 21.07 to 123.58 per cent over the mid 

parental value and from –2.96 to 95.07 per cent over the better parent. Heterosis was high 

for grains per row and ear length. Petrenko (1980) observed high positive heterosis for 

yield and yield components viz., plant height, ear height, and length of growth period. 

Mabo (1977) noticed encouraging results by selecting parents with a large number of 

grain rows per cob, since the degrees of heterosis for the number of grains per ear, 
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number of grains per row, plant height and grain yield depended on the number of grain 

rows per ear in the parents.  

Dornescu (1973) noticed varying degrees of heterosis in single cross hybrids of 

maize. Grain weight per ear showed significant heterosis and was directly correlated with 

ear length. Mukherjee et al. (1974) obtained significant heterotic effect for ear 

circumference and grain rows per ear. Appadurai and Nagarajan (1975) observed 

increased yield in 20 combinations exceeding 100 per cent over their respective parents, 

33 showed heterosis for plant height, 44 for earliness, 18 for grain rows per ear, 40 for 

kernel number per row and 45 for grain weight per ear. Dhillon and Singh (1976) 

obtained heterosis for grain yield over mid parental and better parental values by 31 and 

13 hybrids, respectively. Griffing and Zsiros (1971) viewed heterosis as not entirely the 

result of genetic stimuli but rather because of the interaction between genetic and 

environmental stimuli and implicated that the environment was a significant factor in the 

manifestation of heterosis. Karvencheko et al. (1971) reported heterosis for ear length, 

plant height, 100-grain weight, number of kernel rows and yield. Annenkova (1973) 

stated that selecting suitable pollen parents with 21.8 to 41.2 per cent higher yield than 

standard check could produce hybrids with superior heterotic vigor. The degree of 

geographical separation and the degree of ancestral relationship can be used as an 

indication of genetic diversity. The greater genetic diversity of the parents is associated 

with greater heterosis in the F1 (Moll et al., 1962, Paternani and Lonnquist, 1964; 

Wellhausen, 1965; Heidrich Sobrinho and Cordeiro, 1975; Vasal et al., 1992). Moll et al. 

(1967) reported that heterosis increased with increased divergence within certain limits 

and extremely divergent crosses in maize resulted in decrease in heterosis. 
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CHAPTER III 

MATERIALS AND METHODS 

 

The first phase of this study was conducted at the New Developmental Research 

Farm (NDRF), Khyber Pakhtunkhwa Agricultural University, Peshawar, Pakistan. 

Peshawar is located at 34o N (latitude) and 74o E (longitude) with 530 m above sea level. 

Four white kernel S4 quality protein maize (QPM) inbred lines (NC1QW1, NC1QW3, 

NC1QW5 and NC1QW13) obtained from National Agricultural Research Centre 

(NARC), Islamabad, Pakistan were used as genetic material in this study. The four S4 

QPM lines were planted at NDRF during spring 2006 and selfed to produce respective S5 

lines. The four selected white S5 QPM inbred lines were crossed in all possible 

combinations in full diallel scheme to produce F1 single cross hybrids in summer 2006. 

Female plants were hand pollinated with care to avoid contamination of the genetic 

material with unwanted pollen. Thus, 12 cross combinations; six direct crosses and six 

reciprocals of the white QPM were obtained.  

The twelve F1 single cross hybrids developed from white S5 lines along with their 

parental inbred lines were evaluated during summer 2007 at two locations, viz. 

Agricultural University Peshawar, and Cereal Crops Research Institute (CCRI), Pirsabak, 

Nowshera. The experiment at each location was planted using Randomized Complete 

Block Design with three replications. The experiment was planted on June 26th and June 

29th, 2007 at AUP and CCRI respectively. Each hybrid and parental line was planted in 

5m long two rows plot, each 0.75m apart with plant-to-plant distance of 0.25m. Two  

seeds per hill were planted to ensure good stand of 56,000 plants ha-1 and thinning was 

done after germination to have single healthy seedling per hill. At the beginning and end 

of each block, non-experimental QPM lines were raised to minimize the border effects. 

Irrigations of trials were carried out throughout the growing season and cultural practices, 

like fertilizer applications and weeding were accomplished as per recommendation. Data 

were recorded on the following traits. 

1). Days to tasseling  

Days to tasseling were counted from sowing till 50% plants in a plant produced. 

Days to 50% tasseling depicts the vegetative phase of a hybrid or inbred line. 
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2). Days to silking  

Days to silking were counted from sowing till emergence of silk in 50% plants in 

a plot of a hybrid or inbred line. 

 

3). Plant height (cm) 

Five plants from each plot were taken randomly at physiological maturity and 

plant height was measured with the help of meter rod from the base of the stem to the 

base of the tassel.  

 

4). Ear height (cm) 

Five plants from each plot were randomly selected at physiological maturity and 

ear height was measured with the help of meter rod from the base of the stem to the node 

bearing the main ear. 

 

5). biological yield (kg ha-1)  

 Whole fresh plants from each replication were weighed, the biological yield per 

plot was then converted to per hectare yield for each genotype in each replication at each 

location. 

 

6). Stover yield (kg ha-1) 

 All the ears were removed from plants and fresh plants without cobs were 

weighed again with a balance to determine stover yield per plot which was then 

converted to stover yield per hectare. 

 

7). Ear length (cm) 

 Five random ears were selected from the harvested ears of each plot to measure 

length. Ear length was measured as length of the ear from the base to tip and then 

averaged for each genotype.  

 

8). Ear diameter (cm) 

 Ear diameter was measured at the mid way along the ear length as average of the 

five randomly selected ears. 
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9). Ear weight (g) 

  Five randomly selected ears were weighed on electronic scale and average was 

obtained as single ear weight. 

 

10). Kernel rows ear-1 (no) 

 Kernel rows ear-1 were counted on five randomly selected ears and then averaged 

for each genotype. 

 

11). Kernels row-1 (no) 

 Kernels row-1 were counted on five randomly selected ears and then averaged for 

each genotype. 

  

12). Kernels ear-1 (no) 

 Kernels ear-1 were calculated from kernel rows ear-1 and kernels row-1 for each of 

the five randomly selected ears and then averaged for each genotype. 

 

13). Kernel weight ear-1 (g) 

 Threshed seed of five randomly selected ears was weighed on electronic balance 

and kernel weight ear-1 was calculated as mean of the five ears. 

 

14). 100-kernel weight (g) 

 Five randomly selected ears were hand threshed and three samples of 100 kernels 

were weighed on electronic balance to obtain average 100-kernel weight for each plot.  

 

15). Ear harvest index (%) 

 Ear harvest index for each genotype was calculated in percentage on five 

randomly selected ears using following formula: 

     Grain yield ear-1 

Ear harvest index (%) = ______________________   × 100  

       Weight ear-1 
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16). Grain yield (kg ha-1) 

 At crop maturity ears were harvested and weighed for each plot separately and 

grain yield ha-1 was determined with the help of the following formula: 

Grain yield (kg ha-1)   =       Fresh wt. × (100 – MC) × 0.8 × 10,000 m2                       
(At 15% GMC)   (100 – 15) × 7.5 m2 

 
Where,  

 Fresh weight   = weight of ears plot-1 at the time of harvest 

 0.8  = shelling percentage 

 10,000 m2  = area per hectare 

 15%  = standard grain moisture for grain storage 

 7.5 m2  = area of plot harvested 

Protein and protein quality traits 

The chemical analysis for protein and protein quality parameters were performed 

at IOWA State University, Ames, IOWA, USA. QPM grain samples for each of the 

sixteen genotypes in each replication of each location were evaluated for lysine, 

tryptophane, protein and lysine and tryptophane concentrations with in protein following 

protocol of Scott et al. (2004).  

Amino acid assay to determine limiting amino acid levels in maize samples: 
The maize samples used for the determination of amino acid levels were sixteen 

samples of each replication that makes a total of 96 grain samples from both the 

locations. Kernels of the selected samples were grinded using a Stein grinder in order to 

make representative sample of each genotype. Ten mg of the ground material were then 

deposited into a randomly assigned well of a 96-well plate; each sample were replicated 

three times in the plate. The powdered grains were then hydrolyzed and protein were 

extracted using 100 µL of 50 mM KCl (pH 2.0) and 0.2 mg of pepsin. Plates were then 

incubated at 37 oC on a shaker overnight at 225 rpm. The plates were then centrifuged at 

3000 x g for 20 minutes. Ten µl of the supernatant were then transferred to the 

corresponding well of a second plate. The plate was inoculated with the E. coli strain, 

which was auxotrophic for limiting amino acid in 50 µL of inoculated M9 minimal 

media. The plate was then shaken at 37 oC overnight. Following incubation, the optical 

density at 595 nm was taken using a microplate reader to give a value that directly 
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reflects that level of amino acid mass-1 of tissue. The concentration of limiting amino acid 

in each analysis was calculated by average optical density value.  

M9 Minimal Media (Sambrook, with modifications)  
 
5x M9 salts: 

Na2HPO4.7H2O 64 g 
KH2PO4  15 g 
NaCl   2.5 g 
NH4Cl   5 g 
Add water to 1 l and autoclave 

1M MgSO4 – Filter sterilize 
1M CaCl2 – Filter sterilize and freeze 
20% glucose - 10 ml aliquots – Filter sterilize and freeze 
Glucose/salt stock: Aseptically add 2 ml 1M MgSO4 and 50 ul 1M CaCl2 to 10 ml 20 % 
glucose. 
2x Agar - 1.9 g Agar + 62.5 ml water in a 250 ml orange capped bottle.  Autoclave 
 
Liquid Media: 

 
 
 
 
 
 
Plates: 

Microwave to thaw 63.5 ml 2x agar in orange capped bottle 
Add to bottle: 
25 ml 5x M9 salts 
3 ml Glucose/salt stock 
34.5 ml water 
 
Abbreviated Microbial Amino Acid Protocol 
 
Day 1 

I. Grind material 
a. 5 kernels for small grinder or 20-50 kernels for large grinder 

 
II. Weigh material 

a. Use V-well plates 
b. Place samples in wells according to randomization 
c. Weigh out 9.8-10.2 mg per well 

 
III. Hydrolysis 

a. Prepare Pepsin buffer 
b. Add Pepsin at 0.2 mg/ml of buffer 

 1 ml 5 ml 100 ml 
5x M9 salts 0.2 ml 1 ml 20 ml 
Glucose/salt stock 24 ul 120 ul 2.4 ml 
Sterile Water 0.75 3.75 75 ml 
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c. Add 200 µl pepsin+buffer to each well (*leave open wells for standards 
and blanks) 

d. Seal plate with SealPlate adhesive film (add a lid if going to stack plates) 
e.  Shake overnight 37˚ minimum 7 hours (no maximum time) 

 
IV. Liquid Innoculum 

a. Make fresh M9 media  
b. Add amino acids from 1 mg/ml stocks 
c. 5 ml M9, 120 µl amino acid, shake 15 hours* 

i. *one exception is Lys (K) which needs 240 µl amino acid and 
shakes 18 hours 

 
Day 2 

I. Spin plates 
a. Code 29 for SH-3000 rotor 
b. 20 min, 3000 rpm, room temp 

 
II. Prepare plates 

a. Use flat-bottomed sterile cell culture plates 
b. Add samples according to randomization map 

 
Amount of extract and standard 

 W  10 µl 
 K  10 µl 
 M  5 µl 
 P  5 µl 
 L  5 µl 
 T  5 µl 

c. For each plate mix 200 µl of liquid innoculum and 10 ml of fresh M9 
media 

d. Add 100 µl of M9+inoculum to each well 
e. Seal plates with adhesive film and cover with lid for shaking overnight 
 
Plates  Time to shake (hours) 
M    16 
P    16 
T    16 
K    18 
W    20 
L    20 
 
Day 3 
I. Reading plates 

a. Take plates out of according to their appropriate time period.   
b. Shake plates 30 sec at 1000 rpm on Labnet plate shaker 
c. Read plates at 595 nm 
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STATISTICAL ANALYSIS 

Analysis of Variance 

Data recorded for various morphophysiological, yield and protein quality traits at 

both locations subjected to investigate the analysis of variance across the locatons and 

then independently analyzed for each location (Steel and Torrie, 1980, Steel et al. 1997), 

and the traits found significant were further analyzed.  

Diallel Analysis 

For diallel analysis, the data obtained at AUP and CCRI were subjected according 

to Hayman (1954a,b) and Mather and Jinks (1982). Variations occurred in diallel crosses 

due to the differences among parental or maternal genotypes or due to interaction 

between them.  

In the present study two phases of the analysis of diallel (Mather and Jinks, 1982) 

were conducted. Formal analysis of variance of the data is carried out which specified 

whether significant additive or non-additive genetic variations are present. In the absence 

of maternal effects, the main items for the differences among the same set of genotypes 

should yield the estimates of the same components of variation, the additive variation. 

Where the additive-dominance model is adequate and there are no reciprocal differences, 

the mean squares of most of the items in the analysis of the variance can be represented 

in simple terms. Thus, the a and b items tests the significance of the additive effects of 

the genes and significance of the dominance effects. The item a is a test of the additive 

genetic component if b was non-significant. The b1 item tests the mean deviation of the 

F1s from their mid parental values. It is significant only if the dominance deviations of 

the genes are predominantly in one direction suggesting that, there is directional 

dominance effect. The b2 item tests whether the mean dominance deviation of the F1 

from their mid-parental values within each array differs over arrays. It will differ, if some 

parents have considerably more dominant alleles than others do. The b3 items test the part 

of dominance deviation, which is unique to each of F1. This item is equal to specific 

combining ability of Griffing (1956).  

Gene action 

Gene action was determined following Hayman (1954a, b), Jinks (1954) and 

Whitehouse et al. (1958). There are certain conditions prior to the application of diallel 

analysis. 
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The main assumptions were as follow: 

Homozygous parents 

Normal diploid segregation 

No reciprocal difference (No maternal effect) 

Independent distribution of genes among the parents 

Absence of multiple allelism 

Independent action of non-allelic genes 

In the present study, most of conditions were assumed fulfilled and reciprocal 

differences avoided by taking the means to both arrays. Reciprocal differences were 

avoided to fulfill these crosses were arranged in array and the F1 values were set out in 

the diallel table from each diallel set. The statistics like variance (Vr) of the family means 

with in array and co-variance (Wr) of these means with non-recurrent parents were 

calculated.  

The regression line was evaluated from the mean variance (Vr) and mean 

covariance (Wr). The slope and position of the regression line was fitted to the array 

points. If the line of a unit slope (b=1) passes through the origin, complete dominance is 

revealed. The movement of line upward and downward in graphs indicated decreasing 

and increasing dominance, respectively. If it intercepts the axis below the origin, it 

depicts over-dominance and if it is almost tangent to the parabola, additive type of gene 

action is revealed. The position of the array points on the regression lines shows the 

distribution of the dominant and recessive genes among the common parents of the array. 

Limiting parabola 

The limiting parabola was out lined on the basis of the formula Wr2 = Vr.Vp, i.e., 

by plotting Vr, (Wr x Vp) points. The corresponding values for Wr for all obtained values 

were calculated as Vr.Vp  

Where: 

Vp = parental variance 

Vr = Genotypic variance 

As their limiting points, different arrays were fitted within the limits of parabola 

using the variance and co-variance. Array nearest to the point of origin told most 

dominant genes, while the array far from the point of origin indicated most recessive 
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genes, while the intermediate position reveals the presence of both dominant and 

recessive genes in the array. 

Test for the validity of diallel assumption 

Hayman (1954b) suggested assumption of diallel analysis, that were assured 

while conducting these studies. Tow scaling tests were employed to fulfill the 

assumptions of absence of epistasis, absence of multiple allelism and independent gene 

distribution. The first test was an analysis of regression coefficient. Variance (of each 

array) and covariance (arrays with its parental values) were calculated from the mean 

diallel table. Then the regression of covariance on the variance was estimated. The 

expected regression coefficient is to be significantly different from zero but not from 

unity. Failure of this test indicates that non-allelic interaction (epistasis) is present or 

genes are not independent in their action, or show non-random association among 

parents. Analysis of variance of Wr and Vr was done as a second test for the adequacy of 

the additive dominance model. The uniformity of Wr, Vr indicates the validity of 

assumptions made by Hayman (1954). The test is done by using t2 analysis which is an F 

with 4 and (n–2) degrees of freedom. If t2 is significant the additive-dominance model is 

not a good fit. Then we must extend the model. The failure of this test reflects certain 

types of non-allelic interaction or presence of epistasis. Failure of both the tests 

completely invalidates the additive dominance model. However, the additive-dominance 

model was considered partially adequate and analyzed further if one of them fulfils the 

assumptions. Components of variance models were used by various scientists for such 

type of partially adequate models (Aksel and Johnson, 1963; Wilson et al. 1978; Azhar 

and McNeilly, 1988; Mahmood, 1998).  

Genetic components of variation 

The methods for calculating genetic components of variance following a diallel 

analysis (Hayman (1954b) and Mather and Jinks (1982)) are outlined below. These gentic 

parameters were calculated by using the formulae as given by Singh and Chaudhry 

(1985). 

Additive variation (D) 

D = Vp – E 

Where: Vp = variance of the parents and E = Environmental component of 

variation. 
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Variation due to dominant effect of genes (H1) 

  
H1 = Vp – 4Wr + 4Vr – 3n – 2  E 

                         n 
Where, Vr = mean of the array variance      

  Wr = mean of the covarainces between parents and arrays and 

 N = number of the parents 

Variation due to dominant effect of genes correlated for gene distribution (H2) 

   H2 =  4Vr -  4Vm - 2E  

Where, Vm = variance of the mean of arrays 

Relative frequency of dominant and recessive alleles 

In the presence of gene frequencies, the sign and magnitude of F determines the 

relative frequency of dominant and recessive alleles in the parental population and the 

variation in the dominance level over loci. F is positive whenever the dominant alleles are 

more than the recessive ones, irrespective of whether these are increasing or decreasing in 

their effect. It was calculated as under: 

   
F ═ 2Vp – 4Wr – 2(n – 2)  E 

                        n 
 
Overall dominance effect of heterozygous loci 
 
  h2 = 4(ML1 – ML0)2 – 4(n–1) E    
       n2 

 
Where, 

 (ML1 – ML0)2 = [1/n × {(G.T/n) – ∑ Parental value}]2  

G.T. = Grand total of all the observations 

Environmental variation 

   

  E =  [ {ErrorSS + RepSS} ÷  {Errordf + Repdf} ] ÷ No of Rep  

 

Where, Error SS = error sum of square and 

Rep. SS = replication sum of square in the analysis of variance 

Average degree of dominance 

√(H1/D)  
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Proportion of dominant genes 

 Proportion of dominant genes was calculated by using the following expressions: 

 Proportion of dominant genes = kd/(kd+kr) ≈ .             [(4DH1)1/2 + F]    
         [(4DH1)1/2 + F] + [(4DH1)1/2  – F] 
  

Heritability (narrow sense) 

  0.5D+0.5H10.5H20.5F       .          
  0.5D+0.5H10.25H20.5F+E 
Where D = variation due to additive effects, H = component of variance due to 
dominance effect and F = the mean of Fr over the arrays. 

Heritability (broad sense) 

Heritability (Broad sense)  
 

= {(Genotypic Variance)÷ (Genotypic Variance+Error Variance)}×100 
 
Where, Variance= mean square calculated from ANOVA according to Steel and Torrie 
(1980).  
 

Combining ability analysis  

Using Griffing approach Method I Model I (1956) gene action involved in the 

expression of quantitative traits was deduced from general combining ability (GCA) and 

specific combining ability (SCA) estimates obtained from the 4x4 diallel of white S5 

QPM lines. Genetic variability in the genotypes was partitioned into components of 

general, specific combining ability, reciprocal effects, and error mean squares for those 

traits under investigation. Sums of squares for these components were calculated as 

under:  

SS due to GCA = (1/2n) × Σ (Yi. + Yj)2 – (2/n2) × Y2..  

SS due to SCA = (1/2) × ΣΣ Yij × (Y i j + Y j i) – (1/2n) × Σ(Yj + Yi.)2 + (1/n2) × Y2..  

SS due to reciprocals = (1/2) × ΣΣ Yij + Y j i)2  

Where,  

Yi. and Yj  = total of the ith and jth arrays in the mean table  

Y..   = Grand total of the mean table  

Yij   = mean value of the cross of ith parent with jth parent  

Yji   = mean value of the cross of jth parent with ith parent (reciprocal cross)  

n   = number of parents  
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Sum of Square due to error  

The mean sum of squares due to error obtained in the ANOVA was used after 

dividing with number of replications because mean values are used here,  

Thus, MS due to error (Me’) = MS (error) in ANOVA / r  

While, r=Number of replications  

Keeping in view the expectation of the mean squares for model 1 (fixed model), 

estimates of genetic components due to SCA, GCA and reciprocals are obtained as under:  

ANOVA for combining ability in method I model I  

SOV  Df SS MS F-value Expected (MS) 

GCA  (p–1) Sg Mg Mg/Me’ σ2e+2n{(1/(n–1)}∑gi
2  

SCA  p(p–1)/2 Ss Ms Ms/ Me’ σ2e+{2/(n(n–1))} ∑∑sij
2 

Reciprocal  p(p–1)/2 Sr Mr Mr/ Me’ σ2e+{2/(n(n–1))} ∑∑rij
2 

Error (r–1)(p2–1) Se Me’  σ2e 

 

Estimation of components of variation was carried out as under: 

Variance due to GCA (σ2g) = 1/n–1 Σ gi2 = Mg–M′e/2n 

Variance due to GCA (σ2g) =2 / (n (n–1)) ΣΣ s2
ij = Ms–Me' 

Variance due to GCA (σ2r) =2/ (n(n–1) ΣΣ r2
ij = (Mr–Me')/2 

Variance due to   σ2e= Me' 

Where, 

 σ2g , σ2s, σ2r and σ2e are the estimates of variance due to general combining 

ability (GCA), specific combining ability (SCA), reciprocal effects and environment, 

respectively. 

General combining ability (GCA) effects were calculated using the expression:  

GCA effect of parents gi = 1/2n (Yi. + Y.j) – (1/n2) Y.. 

Specific combining ability effects (SCA) were calculated using the expression 

SCA effect of hybrids sij = 1/2 (Yij + Yji) – 1/2n (Yi.+Y.j+Y.i+Yj.) + 1/n2 Y.. 

 

Reciprocal effects were calculated using the expression:  

RCA effect of hybrids rij = 1/2 (Yij – Yji) 
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Where, 

 Y.. = Grand total of all hybrids 

 Yi. = Row total of ith parent  

 Y.j = Column total of jth parent  

 Y.i = Column total of ith parent 

 Yj. = Row total of jth parent 

 Yij = Mean value of ijth hybrid 

 Yji = Reciprocal value ijth hybrid 

 n = Number of parents involved 

 

Variances were calculated as under: 

 Var (gi) = (n–1/2n2) Me′ 

 Var (sij) = ((n–1)2/2n2) Me′ 

 Var (rij) = (1/2) Me′ 

By taking square root of the respective variance standard errors were computed.  

Critical difference between two parents = S.E × t (Tab) at 0.05 probability. 

Heterosis  

The following types of heterotic effects were computed for all traits at each 

location. 

 

(i) Mid-parent Heterosis (%) = ((F1- MP)/MP) × 100 

(ii) High-parent Hetrosis (%) = ((F1- HP)/HP) × 100 

 
Where 

  F1 = Mean of F1 hybrid for a specific trait 

  MP= Mean of the two parents in a cross for a specific trait 

  HP= Mean of the best parent in a cross for a specific trait   

Significance of the mid-parent and high-parent heterosis was determined using t-test 

proposed by Wyne et al. (1970). 
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

 The analysis of variance across two locations showed highly significant 

differences among the two test locations (AUP and CCRI) and sixteen QPM genotypes 

(four S5 inbred lines and twelve hybrids) for most of the morpho-physiological, yield, 

protein quantity and quality traits (Table 1). The genotype × location interaction was also 

significant (P ≤ 0.01) for days to tasseling, plant height, ear height, biological yield, 

stover yield, ear length, ear diameter, kernels rows ear-1, kernels row-1, kernels ear-1, 100-

grain weight, ear weight, kernel weight ear-1, ear harvest index, grain yield, grain lysine, 

tryptophane and protein contents, and lysine and tryptophane concentrations in protein of 

QPM genotypes.  

 The presence of genotype × location interaction for most of the traits necessitated 

independent analysis of data for each location. 

Statistical analysis were carried out on the data taken on four white QPM inbred 

lines and their all-possible crosses to examine the genetic information on various 

agronomic and quality traits at both locations. First standard analysis of variance were 

conducted according to Steel and Torrie (1980). Traits with significant genotypic 

differences were subjected to further analysis comprising diallel analysis (Hayman, 

1954a, b and Mather and Jinks, 1982), combining ability analysis (Griffing, 1956) and 

heterotic studies. This chapter comprise of four parts. The first part includes, analysis of 

variance and the following three parts comprise of interpretation of the results evaluated 

through diallel analysis, combining ability and heterosis.  

 
GENETIC ANALYSIS  

A. ANALYSIS OF VARIANCE 

Analysis of variance was carried out separately for AUP and CCRI, which 

showed highly significant differences among genotypes for days to tasseling, silking, 

plant height,  ear height, biological yield, stover yield, ear length, ear diameter, kernel 

rows ear-1, kernels row-1, kernels ear-1, 100-grain weight, ear weight, kernel weight ear-1, 

ear harvest index, grain yield ha-1, grain lysine content, grain tryptophane content, grain 

protein content, lysine concentration in protein and tryptophane concentration in protein 
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(Table 2). However, analysis for ear harvest index did not reveal significant genotypic 

differences. 

B. DIALLEL ANALYSIS 

Before conducting a formal diallel analysis the data collected for various traits 

were subjected to two scaling tests to satisfy the assumptions of Hayman (1954) for 

validity of additive-dominance model. Diallel analysis was carried out in three different 

phases. In the first phase, the formal analysis of variance was conducted, in the second 

phase data was subjected to graphical analysis following the method described by 

Hayman (1954a) and in the third phase genetic parameters of variation for the traits under 

study were computed. Results obtained for all the characters at both locations are 

discussed below. 

Scaling tests 

The data which were significant at least at the level of 0.05 were subjected to two 

scaling tests to determine the validity of data for additive-dominance model and the 

assumptions of diallel analysis (Hayman, 1954a). The first test for the adequacy of 

additive-dominance model is the analysis of regression coefficient. Variances (of each 

array) and covariances (array with its parental values) were estimated from the mean 

diallel table. Then the regression of covariance on the variances was computed. 

According to Mather and Jinks (1982) the regression coefficient is expected to be 

significantly different from zero (b=0) but not from unity (b=1). Failure of this test means 

that non-allelic interaction (epistasis) is present or genes are not independent in their 

action, or show non-random association among parents. The second test was the 

uniformity of Wr and Vr test (t2), which indicates the validity of assumptions made by 

Hayman (1954a). The significance of “t2” value indicates failure of hypothesis (Singh 

and Chaudhary, 1985).  

Failure of both the tests completely invalidates the additive-dominance model. 

However, if one of the tests confirms a good fit the additive-dominance model is 

considered partially adequate. Completely and partially adequate data was analyzed 

further for the estimation of genetic components of variation. Ahmad (2002), Arshad 

(2002), Subhani (1997), Wilson et al. (1978) and Johnson and Askel (1964) conducted 

genetic analysis for such type of partially adequate models. 
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Table 3 shows that, days to tasseling, ear height, biological yield, stover yield, ear 

diameter, kernel rows ear-1 and kernel weight ear-1 were adequate at AUP by “t2” analysis 

of Wr and Vr. While, at CCRI, days to silking, plant height, biological yield, stover yield, 

ear diameter, kernels row-1, 100-grain weight, ear weight, grain tryptophane content, and 

tryptophane concentration in protein were all partially adequate “t2” analysis (Table 4). 

All other traits were recorded completely adequate for additive dominance model at both 

locations. 

 It can be inferred from both the tables (3 and 4) that some traits are completely 

adequate at both the locations like ear length, kernels ear-1, grain yield, grain lysine 

content, grain protein content and lysine concentration of protein. While other traits are 

completely adequate at one location and partially adequate at the other location. As 

evident that days to tasseling, ear height, kernel row ear-1 and kernel weight ear-1 were 

partially adequate at AUP and completely adequate by both the tests at CCRI. However, 

biological yield, stover yield and ear diameter were partially adequate at both the 

locations. Change in adequacy tests for a trait also depicted change in genetic behavior 

under different environmental conditions as reported earlier by Jana (1975) and 

Tabassum (2004).  

 
1. Genetic analysis for days to tasseling  

Analysis   of   variance   for  days to  tasseling at AUP displayed  that  variation  due  

to  both  a  and  b  items  was highly significant  indicating the importance of both additive 

and dominant genetic effects, respectively (Table 5). Similarly, highly significant variation 

due to b1 and b2 highlighted the importance of directional dominance and asymmetric gene 

distribution among the parents, respectively. While item, b3 was non-significant negating 

importance of specific gene effects. Similarly, item c was also non-significant indicating non-

involvement of maternal effects, but item d for reciprocal effects was significant which 

suggest retesting of b item against d mean square. Retesting dominance items against d 

depicted that significance of b, b1 and b2 turned non-significant suggesting that reciprocal 

effects affected dominance, directional dominance and asymmetric gene distribution, 

respectively. At CCRI, variations due to both a and b was highly significant indicating the 

importance of additive and dominant genetic effects respectively. Highly significant variation 

due to b1 highlighted the importance of directional dominance where as non-significant 
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variations due to b2 and b3 depicted symmetric gene distribution and absence of specific gene 

effects, respectively. Similarly, item c was significant and d was found non-significant 

suggesting involvement of maternal and absence of reciprocal effects, respectively. When a 

was retested against mean square of maternal effects (c) it turned non-significant indicating 

that additive effects were suppressed by maternal effects. 

Genetic components of variation were estimated according to Hayman (1954b) and 

are presented in Table 6. Non-significant value of D indicated the importance of non-additive 

genetic effects at both the locations. Significant values for H components (H1 and H2) 

revealed importance of dominant variation at AUP, while at CCRI non-significant values for 

H components (H1 and H2) revealed importance of additive over dominant variation. 

Different distribution of dominant genes at both the locations was displayed by unequal 

values of H1 and H2. This was also supported by the ratios of H2/4H1 that were less than 

(0.25). It suggests that when the genes are equally distributed among the parents, this value is 

equal to 0.25 (Singh and Chaudhary, 1985). F was negative and non-significant at both the 

locations indicating lower frequency of dominant genes supported by the proportion of 

dominant genes (0.11 and 0.49 at AUP and CCRI, respectively) which was less than (0.5). 

Important effect of heterozygous loci for days to 50% tasseling was indicated by significant 

value of h2 at both the locations. The environmental component E was significant indicating 

influence of environment. The value of average degree of dominance (H1/D) 1/2 at AUP and 

CCRI, is much greater than 1 indicating over dominance for this trait the negative intercepts  

of Wr/Vr regression lines (Figure 1a and b) also support an additive gene action with over 

dominance.  

High narrow and broad sense heritability estimates were recorded for days to 50% 

tasseling (Table 6). Heritability in broad sense estimates the genetic portion (additive + 

dominant + interaction) of the total phenotypic variation while heritability in narrow sense 

estimates only the additive portion. Thus, broad sense heritability estimates eventually are 

greater than narrow sense heritability. Their relative magnitude explicates the proportion of 

additive variation within genetic variation. Thus, for days to tasseling greater portion of the 

heritable variation was of additive nature. The results are in accordance with those of an over 

dominant type of gene action for days to 50% tasseling as reported by Saleem et al. (2002) 

and Siddiqui (1988) while Satyanarayana (1995) and Zia and Chaudhry (1980) found days to 

50% tasseling under control of partially dominant gene effect. Saeed (1998), Tabassum 

(1989), Bukhari (1986) and Ramamurthy (1980) evaluated days to 50% tasseling under 
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control of additive type of gene action. Sharma and Bhalla (1990) reported dominant type of 

gene action for days to 50% tasseling. The genetic control for days to 50% tasseling may 

vary from breeding material to material or due to difference in environment or interaction of 

genes with the environment.  Distribution of array points depicted that at AUP, parents 

NC1QW3 and NC1QW13 had the most dominant while NC1QW1 had the most recessive 

genes for this trait. The NC1QW5 had intermediate constitution at both locations (Figure 1a, 

b). At CCRI, the parents NC1QW3 and NC1QW1 had the most dominant genes for days to 

50% tasseling while NC1QW13 had the most recessive genes for this trait having farthest 

position from the origin 

2. Genetic analysis for days to silking 

Analysis of variance for days to silking at AUP (Table 7) revealed that variation due 

to both the items a and b was highly significant indicating the importance of additive and 

dominant genetic effects, respectively. Highly significant variation due to b1 highlighted the 

importance of directional dominance. Asymmetric gene distribution and absence of specific 

gene effects were revealed by non-significant variations for b2 and b3 respectively. Item c 

was found non-significant and d was found significant indicating absence of maternal and 

involvement of reciprocal effects respectively. After retesting of dominance items b and b1 

against d item b turned non-significant while b1 remained unchanged suggesting that 

dominance was affected but directional dominance due to b1 was not affected by reciprocal 

effects. At CCRI, Analysis of variance for days to 50% silking (Table 7) revealed that 

variation due to item a turned non-significant negating the importance of additive genetic 

effects and importance of dominant genetic effects was reflected by high significance of item 

b. Highly significant variation due to b1 highlighted the importance of directional dominance. 

Symmetric gene distribution and absence of specific gene effects were revealed by non-

significant variations for b2 and b3 respectively. Item c and d were found non-significant 

negating involvement of maternal and reciprocal effects respectively. 

Genetic components of variation were estimated according to Hayman (1954b) and 

are presented in (Table 8). Significant value of D indicated the importance of additive genetic 

effects at AUP. While at CCRI, non-significant value of D indicted the importance of non-

additive genetic effects. Similarly significant values for H components (H1 and H2) at both 

the locations revealed importance of dominant variation. Different distribution of dominant 

genes were displayed by unequal values of H1 and H2 these components differed in 

magnitude at both the locations. This was also supported by the ratios of H2/4H1 that were 
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less than 0.25. Genetic component F was negative and non-significant showing lower 

frequency of dominant genes at AUP supported by the proportion of dominant genes (0.43) 

which was less than (0.5). Although at CCRI proportion of dominant genes was slightly 

higher (0.54) than recessive genes. The value of genetic component h2 was positive and 

significant at both locations. The environmental component E was significant indicating 

influence of environment. The value of average degree of dominance (H1/D) 1/2 is more than 

1.0 indicating over dominance for this trait at AUP and CCRI in white QPM hybrids. The 

negative intercepts of Wr/Vr regression lines (Figure 2a, b) also support a gene action with 

over dominance. Low narrow sense and high broad sense heritability estimates were recorded 

for days to 50% silking (Table 8). However, the narrow sense heritability estimates were 

comparatively much higher at AUP than CCRI. The results are in agreement with those of an 

over dominant type of gene action for days to 50% silking as reported by Wattoo et al. 

(2009), Saleem et al. (2002) and Siddiqui (1988) while and Zia and Chaudhry (1980) found 

days to 50% tasseling under control of partially dominant gene effect. Saeed (1998), 

Tabassum (1989) and Bukhari (1986) evaluated days to 50% silking under control of additive 

type of gene action. Sharma and Bhalla (1990) reported dominant type of gene action for 

days to 50% silking. The genetic control for days to 50% silking may vary across 

environments and also changes with breeding material to material or due to interaction of 

genes with the environment.  

Distribution of array points depicted that at AUP, parents NC1QW1 and NC1QW3 

had the most dominant while NC1QW13 had the recessive genes for this trait. The NC1QW5 

had intermediate constitution at both locations (Figure 1a, b). At CCRI, the parents 

NC1QW13 and NC1QW1 had the most dominant genes for days to 50% silking while 

NC1QW3 could express the most recessive genes for this trait having farthest position from 

the origin. 

3. Genetic analysis for plant height 

Analysis of variance for plant height (Table 9) revealed that variations due to both 

additive (a) and dominance (b) gene effects were highly significant for plant height at both 

the locations. While in case of item b1, at AUP variations were non-significant which 

suggested that dominant deviation is not predominantly in one direction. Similarly significant 

variation of b2 indicated mean dominance deviation of the F1 from their mid parental value 

within each array differed over arrays because some of the parents contain considerably more 

dominant genes than the others that is asymmetrical gene distribution among the parents for 
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this trait.  The b3 item tested the part of dominance deviation, which is unique to each of F1. 

This item is equal to specific combining ability of Griffing (1956); presence of specific gene 

effects was reflected by the high significance of b3 item. Variation due to both c and d items 

was found non-significant indicating absence of maternal and reciprocal effects, respectively 

for plant height in white QPM. While at CCRI, variations of item b1 were highly significant 

which suggested that dominant deviation was predominantly in one direction. Highly 

significant variation of b2 indicated mean dominance deviation of the F1 from their mid 

parental value within each array differed over arrays because some of the parents contain 

considerably more dominant genes than the others that is asymmetrical gene distribution 

among the parents for this trait. The b3 item tested the part of dominance deviation, which is 

unique to each of F1. This item is equal to specific combining ability of Griffing (1956); 

presence of specific gene effects was reflected by the high significance of b3 item.Variation 

due to both c and d items was found highly significant indicating importance of maternal and 

reciprocal effects respectively. Therefore, additive and dominant items were retested against 

maternal and reciprocal effects this revealed that significance of dominance (b) and 

directional dominance (b1) remained unchanged suggesting that reciprocal effects had no 

influence. However, the significance of a, b2 and b3 turned non-significant suggesting that 

additive effects were swayed by maternal effects, similarly asymmetric gene distribution and 

specific gene effects were also influenced by reciprocal effects. 

Genetic components of variation for AUP and CCRI were estimated according to 

Hayman (1954b) and are presented in (Table 10). Significant value of D indicated the 

importance of additive genetic effects for this trait at AUP and CCRI. The magnitude of H1 

value was little higher than that of D, which indicated preponderance of dominant mode of 

gene action for this trait. Value for genetic component H was greater than D value depicting 

that dominant genes effect was greater than additive gene effect at both the locations. 

Significant values for H components (H1 and H2) reflected the importance of dominant 

variation across locations. Unequal values of H1 and H2 indicated the dissimilar distribution 

of dominant genes among the parents, which was also supported by balance of positive and 

negetive alleles (H2/4H1) that is less than (0.25) at both locations. Value of F was positive 

and non significant at AUP while, positive and significant at CCRI suggesting that the 

frequency of dominant genes is comparatively higher than that of recessive genes supported 

by the proporaion of dominant genes (0.59 at AUP and 0.60 at CCRI ) which was greater 

than (0.5). The value of genetic component h2 was positive and non significant indicating 
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little importance of heterozygous loci effect for plant height at AUP while this component 

was positive and significant at CCRI suggesting the importance of heterozygous loci effect. 

The environmental component E was significant at both locations indicating influence of 

environment. Similarly value of average degree of dominance (H1/D)1/2 at AUP and CCRI is 

greater than 1 indicating over dominance for this trait The negetive intercepts of Wr/Vr 

regression lines (Figure 11a, b) also support a gene action with over dominance. Low narrow 

sense and high broad sense heritability estimates were recorded for plant height (Table 10). 

However, comparatively high narrow sense heritability was observed at AUP for plant 

height. Graphical presentation of the data displayed over dominant type of gene action for 

plant height at both locations. These findings are in agreement with those of an over 

dominance type of gene action for plant height. Siddiqui (1988) reported over dominant type  

of gene action for genetic control of plant height Tabassum et al. (2007) and Wu (1987) and 

Zia and Chaudhry (1980) observed plant height equally under control of additive and non 

additive genes. While Malik et al. (2004), Tabassum (2004), Saeed (1998), and Tabassum 

(1989) concluded additive type of gene action for plant height. Partial dominant gene effect 

was reported by Siddiqui (1988) and Karim (1979). Distribution of array points depicted that 

at AUP, inbred line NC1QW3 possessed most dominant genes being in close vicinity to the 

point of origin for both the locations while NC1QW5 had the position farthest from the point 

of origin hence had the recessive genes for plant height at both the locations. The NC1QW13 

had the intermediate constitution at both locations (Figure 3a, b). 

4. Genetic analysis for ear height 

Analysis of variance for ear height displayed that variation due to both a and b items 

at AUP were highly significant which indicated the importance of both additive and 

dominant genetic effects, respectively (Table 11). Similarly, highly significant variation due 

to b1 highlighted dominant deviation predominantly in one direction. Highly significant 

variation of b2 indicated mean dominance deviation of the F1 from their mid parental values 

within each array had differed over arrays because some of the parents contain more 

dominant genes than the others that was asymmetrical gene distribution among the parents. 

The b3 item tested the part of dominance deviation, which is unique to each of F1 this item is 

equal to the specific combining ability of Griffing (1956) presence of important specific gene 

effects was expressed by significance of b3 item. Variation due to both c and d items was 

found highly significant indicating importance of maternal and reciprocal effects 

respectively. Consequently, additive and dominance items were retested against maternal and 
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reciprocal mean squares, which revealed that none of these items could on their significance. 

This suggests that maternal effects masked the expression of additive component similarly 

reciprocal effects influenced dominance, directional dominance, asymmetric gene 

distribution and specific gene effect. At CCRI, Analysis of variance for ear height displayed 

that variation due to (a) and (b) items were non-significant and significant which indicated 

the negated the importance of additive and highlighted the importance of dominant genetic 

effects, respectively. Similarly, highly significant variation due to b1 highlighted dominant 

deviation predominantly in one direction. Non-significant variation of b2 indicated mean 

dominance deviation of the F1 from their mid parental values within each array did not differ 

over arrays because all of the parents contain similar dominant genes that is symmetrical 

gene distribution among the parents. The b3 item tested the part of dominance deviation, 

which is unique to each of F1 this item is equal to the specific combining ability of Griffing 

(1956) negligence of important specific gene effects was expressed by non significance of b3 

item. Variation due to c and d items was found non-significant and significant respectively, 

indicating absence of maternal and importance of reciprocal effects. 

Genetic components of variation were estimated according to Hayman (1954b) and are 

presented in (Table 12). Significant value of D indicated the importance of additive genetic 

effects at AUP while this component was non-significant at CCRI. Significant values for H 

components (H1 and H2) revealed importance of dominant variation. Different distributions 

of dominant genes were displayed by unequal values of H1 and H2 at both the locations. This 

was also supported by the ratios of H2/4H1 that were less than (0.25). Genetic component F 

was negative and significant showing lower frequency of dominant genes at both the 

locations also supported by the proportion of dominant genes (0.39 at AUP and 0.33 at 

CCRI) which were less than (0.5). The value of genetic component h2 was positive and 

significant indicating important effect of heterozygous loci for ear height. However, at CCRI 

the effect of heterozygous loci was absent depicted by negative and non-significant value of 

h2. The environmental component E was significant indicating influence of environment at 

both the locations. The value of average degree of dominance (H1/D) 1/2 is slightly higher 

than one indicating over dominance for this trait at both the locations the negative intercepts 

of Wr/Vr regression lines (Figure 4a, b) being little below the point of origin also support a 

gene action with over dominance. Low narrow sense and high broad sense heritability 

estimates were observed across the locations for ear height (Table 12). Graphical presentation 

of the data displayed over dominant type of gene action for plant height at both locations. 
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These results are in agreement with those of an over dominant type of gene action for ear 

height. Glover et al. (2005), Kabdal et al. (2003) and Siddiqui (1988) reported over 

dominant type of gene action for genetic control of ear height Tabassum et al. (2007) and Wu 

(1987) observed ear height equally under control of additive and non additive genes. While 

Malik et al. (2004), Tabassum (2004), Saeed (1998), Vassal et al. (1993a;b) and Tabassum 

(1989)  concluded additive type of gene action for ear height. Distribution of array points 

depicted that at AUP, inbred line NC1QW3 possessed most dominant genes being in close 

vicinity to the point of origin while NC1QW5 had the position farthest from the point of 

origin hence had the recessive genes for ear height at AUP and NC1QW1 had the 

intermediate constitution. Similarly at CCRI, inbred line NC1QW1 had the most dominant 

genes for ear height followed by inbred line NC1QW3 (Figure 4a, b). 

5. Genetic analysis for biological yield 

Analysis of variance for biological yield (Table 13) displayed that variation due to both 

(a) and (b) items were highly significant at both locations, which reflected the importance of 

both additive and dominant genetic effects, respectively. Highly significant variation due to 

b1 highlighted dominant deviation predominantly in one direction. Significant variation due 

to b2 indicated mean dominance deviation of the F1 from their mid parental values within 

each array differed over arrays because some parents contains considerably more dominant 

genes than the others that is asymmetrical gene distribution among the parents for this trait. 

Importance of specific gene effects was reflected by the significance of b3 item. Variation due 

to both c and d items was found highly significant suggesting importance of maternal and 

reciprocal effects respectively. This propose that item a should be retested against mean 

square of c after retesting it turned non-significant implying that additive effects were 

influenced by maternal effects. While dominance items after retesting against reciprocal 

mean squares changed from significant to non-significant which revealed that dominance, 

directional dominance, asymmetrical gene distribution and specific gene effects were all 

affected by reciprocal effects. At CCRI, Highly significant variation due to b1 highlighted 

dominant deviation predominantly in one direction. Significant variation due to b2 indicated 

mean dominance deviation of the F1 from their mid parental values within each array differed 

over arrays because some of the parents contain considerably more dominant genes than the 

others that is asymmetrical gene distribution among the parents for this trait. Importance of 

specific gene effects was reflected by the significance of b3 item. Variation due to c item was 

found highly significant and that of d was non-significant indicating importance of maternal 
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and negligence of reciprocal effects respectively. This required retesting of a against mean 

square of maternal effects (c) after retesting a turned non-significant suggesting that additive 

effects for biological yield were masked by maternal effects.  

Genetic components of variation were estimated according to Hayman (1954b) and are 

presented in (Table 14). Significant value of D indicated the importance of additive genetic 

effects for this trait at AUP while at CCRI this component not significant. Highly significant 

values for H components (H1 and H2) reflected importance of dominant variation at both the 

locations. Different distributions of dominant genes were displayed by unequal values of H1 

and H2. This was also supported by the ratios of H2/4H1 that were less than (0.25). Genetic 

component F was positive and significant which indicated that frequency of positive alleles 

was higher for biological yield of white QPM at both the locations this was supported by the 

proportion of dominant genes (0.57 at AUP and 0.54 at CCRI) which was more than (0.5). 

The value of genetic component h2 was positive and significant at the locations indicating 

important effect of heterozygous loci for biological yield. The environmental component E 

was significant indicating influence of environment at AUP and CCRI. The value of average 

degree of dominance (H1/D)1/2 is much greater than 1 at both the locations indicating over 

dominance for this trait the negative intercepts of Wr/Vr regression lines (Figure 5a, b) also 

support a gene action with over dominance. Low narrow sense and high broad sense 

heritability estimates were observed for biological yield (Table 14). Singh and Gupta (2009) 

reported over dominant type of gene action for genetic control of biological yield Shakil 

(1992), Shabir and Saleem (2002) also concluded dominance type of gene action. While 

Malik et al. (2004) and Tabassum (2004) concluded additive type of gene action for genetic 

control of biological yield in maize. Distribution of array points depicted that at AUP, inbred 

line NC1QW3 possessed most dominant genes being in close vicinity to the point of origin 

while NC1QW13 had the position farthest from the point of origin hence had the recessive 

genes for biological yield at AUP and NC1QW1 had the intermediate constitution. Similarly 

at CCRI, inbred line NC1QW13 had the most dominant genes for biological yield followed 

by inbred line NC1QW3 while NC1QW5 was farthest from the point of origin and NC1QW1 

held the intermediate constitution (Figure 5a, b). 

6. Genetic analysis for stover yield 

Analysis of variance for stover yield at AUP and CCRI displayed that variation due 

to both (a) and (b) items were highly significant, indicating importance of additive and 

dominant genetic effects respectively (Table 15). Highly significant variation due to b1 
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highlighted dominant deviation predominantly in one direction for both the locations. Non-

significant value of b2 depicted mean dominance deviation of the F1 from their mid parental 

values within each array has not differed over arrays because all the parents contain similar 

dominant genes distribution that is symmetrical gene distribution among the parents. 

Presence of important specific gene effects at AUP was indicated by highly significant b3 

item. Variation due to both c and d items was found highly significant indicating importance 

of maternal and reciprocal effects respectively and suggesting retesting of additive and 

dominance items against c and d mean squares. After retesting it was revealed that item a 

turned non-significant indicating that maternal effects has influenced the additive effects. 

While b1 item remained significant after retesting against d item depicting that directional 

dominance was not influenced by reciprocal effects. However, b, b2 and b3 turned non-

significant indicating that reciprocal effects not ascribable to c has affected the 

expressions of dominance, asymmetrical gene distribution and specific gene effect. At 

CCRI, highly significant mean square of b2 depicted mean dominance deviation of the F1 

from their mid parental values within each array differed over arrays because some of the 

parents contain considerably more dominant genes than the others that is asymmetrical gene 

distribution among the parents. Absence of important specific gene effects was indicated by 

non-significant b3 item. Variation due to c and d items was found highly significant and non-

significant, respectively indicating importance of maternal and negating presence of 

reciprocal effects respectively. So item a ought to be retested against c after retesting it was 

revealed that additive bowed non-significant suggesting that its expression was masked by 

maternal effects. 

Genetic components of variation for stover yield at AUP and CCRI were estimated 

according to Hayman (1954b) and are presented in Table 16. Significant value of D displayed 

that additive genetic effects were of importance for this trait at AUP while at CCRI this 

component turned non-significant negating importance of additive component at this 

location. Significant values for H components (H1 and H2) reflected importance of dominant 

variation at both the locations however; these estimates were much higher at CCRI. Similar 

distributions of dominant genes were displayed by approximately equal values of H1 and H2 

at AUP. This was also supported by the ratios of H2/4H1 that were equal to (0.25). while at 

CCRI, dissimilar distributions of dominant genes were displayed by different values of H1 

and H2 this was also supported by the ratios of H2/4H1 that were less than (0.25). Genetic 

component F was positive and non-significant at both locations which indicated that 
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frequency of positive alleles was a bit higher than negative alleles for this trait, supported by 

the proportion of dominant genes (0.54 at AUP and 0.58 at CCRI) which was greater than 

(0.5). The value of genetic component h2 was positive and significant for AUP and CCRI 

indicating important effect of heterozygous loci for stover yield at both the locations. The 

environmental component E was significant indicating influence of environment. The value 

of average degree of dominance (H1/D) 1/2 is much greater thane one indicating over 

dominance for this trait at both locations. The negative intercepts of Wr/Vr regression lines 

(Figure 6a, b) also support a gene action with over dominance. Low narrow sense and high 

broad sense heritability estimates were recorded for stover yield across the locations (Table 

16). Singh and Gupta (2009) reported over dominant type of gene action for genetic control 

of stover yield Shakil (1992), Shabir and Saleem (2002) also concluded dominance type of 

gene action. While Malik et al. (2004) and Tabassum (2004) concluded additive type of gene 

action for genetic control of stover yield in maize.  

Distribution of array points depicted that at AUP, inbred line NC1QW3 possessed most 

dominant genes being in close vicinity to the point of origin while NC1QW13 had the 

position farthest from the point of origin hence had the recessive genes for stover yield at 

AUP and NC1QW1 had the intermediate constitution. Similarly, at CCRI, inbred line 

NC1QW13 had the most dominant genes for biological yield followed by inbred line 

NC1QW3 while NC1QW5 was farthest from the point of origin and NC1QW1 held the 

intermediate constitution (Figure 4a, b). 

7. Genetic analysis for ear length 

Analysis of variance for ear length at AUP and CCRI displayed that variations due to 

both (a) and (b) items were highly significant, indicating the importance of both additive and 

dominant genetic effects, respectively across both locations (Table 17). Highly significant 

variation due to b1 highlighted dominant deviation predominantly in one direction at both the 

locations. Similarly significant variation due to b2 at AUP suggested mean dominance 

deviation of the F1 from their mid parental values within each array differed over arrays 

because some parents contains considerably more dominant genes than the others do that is 

asymmetrical gene distribution among the parents. Presence of specific gene effects was 

indicated by significant b3 item. Variation due to c and d items was found highly significant 

and non-significant indicating importance of maternal and absence of reciprocal effects, 

respectively. This requires retesting of item a against c mean square after retesting it was 

noted that additive effects turned non-significant which suggested that this expression was 
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influenced by maternal effects. At CCRI, non-significant variation due to b2 suggested mean 

dominance deviation of the F1 from their mid parental values within each array did not differ 

over arrays because all the parents contain considerably similar dominant genes that is 

symmetrical gene distribution among the parents. Absence of specific gene effects was 

indicated by non-significant b3 item. Variations due to c and d items were found non-

significant negating importance of maternal and reciprocal effects, respectively.  

Genetic components of variation for stover yield at AUP and CCRI were estimated 

according to Hayman (1954b) and are presented in Table 18. Significant value of D displayed 

the importance of additive genetic effects for this trait at AUP while at CCRI non-significant 

value of D opposed the importance of additive genetic effects for this trait. Significant values 

for H components (H1 and H2) at both locations reflected importance of dominant variation. 

Unequal values of H1 and H2 at AUP displayed the different distribution of dominant genes. 

This was also supported by the ratios of H2/4H1 that were less than (0.25). However, at 

CCRI equal values of H1 and H2 displayed the similar distribution of dominant genes this 

was also supported by the ratios of H2/4H1 that were equal to (0.25).Genetic component F 

was positive and highly significant showing higher frequency of dominant genes supported 

by the proportion of dominant genes (0.63) which was more than (0.5). While at CCRI, 

genetic component F turned out negative and non-significant showing lower frequency of 

dominant genes supported by the proportion of dominant genes (0.49) which was less than 

(0.5). The value of genetic component h2 was positive and significant indicating important 

effect of heterozygous loci for ear length at both locations. The environmental component E 

was significant indicating influence of environment at both locations. Value for average 

degree of dominance (H1/D) 1/2 is much greater than one at AUP and CCRI indicating over 

dominance for this trait the negative intercepts of Wr/Vr regression lines (Figure 6a, b) below 

the point of origin also support a gene action with over dominance at both locations. Low 

narrow sense and high broad sense heritability estimates were recorded for ear length in 

white QPM at both locations (Table 18). Heritability in broad sense estimates the genetic 

portion (additive + dominant + interaction) of the total phenotypic variation while heritability 

in narrow sense estimates only the additive portion. Thus, broad sense heritability estimates 

are eventually greater than narrow sense heritability estimates. Their relative magnitude 

explicates the proportion of additive variation within genetic variation. Thus, for ear length 

greater portion of the heritable variation was of non-additive nature. Ojo et al. (2007), Hadji 

(2004), Choudhary et al. (2000) and Debnath and Sarkar (1990), reported over dominant 
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type of gene action for genetic control of ear length While Asefa et al. (2008), Tabassum 

(2004) Mandal et al. (2001), concluded additive type of gene action for genetic control of 

ear length in maize. More over, Zargar and Singh (1990) suggested that additive components 

of variance with dominance played a major role in the inheritance of ear length. Distribution 

of array points depicted that inbred line NC1QW3 at AUP and CCRI possessed most 

dominant genes being in close vicinity to the point of origin. While, NC1QW13 had the 

position farthest from the point of origin hence had the recessive genes for ear length at both 

locations however; inbred line NC1QW5 had the intermediate constitution of dominant and 

recessive genes for ear length at both the locations (Figure 4a, b). 

8. Genetic analysis for ear diameter  

Grain yield is positively and significantly correlated with ear diameter El-Shouny et 

al. (2005). Analysis of variance for ear diameter revealed significant effects due to item a and 

non-significant for item b suggesting the importance of additive and negligence of dominant 

gene effects, respectively at AUP (Table 19). However, at CCRI, analysis of variance for ear 

diameter revealed non-significant effects due to item a and significant for item b suggesting 

the unimportance of additive and importance of dominant gene effects, respectively. Highly 

significant variation due to b1 highlighted the dominant deviation predominantly in one 

direction at both locations. Non-significant variation due to b2 indicated mean dominance 

deviation of the F1 from their mid parental values within each array did not differ over arrays 

because all the parents contains considerably similar dominant genes that is symmetrical gene 

distribution among the parents. While, at CCRI asymmetrical gene distribution was observed 

due to highly significant b2 item. Absence of specific gene effects was reflected by non-

significant b3 item at both the locations. Variation due to c and d items at AUP was found 

significant and non-significant indicating presence of maternal and absence of reciprocal 

effects, respectively. Consequently item a was retested against item c after retesting it was 

revealed that significance of additive effect was swayed non-significant suggesting that 

additive expression was masked by maternal effects. At CCRI, Variation due to c and d items 

were found significant and non-significant indicating presence of maternal and absence of 

reciprocal effects respectively. For this reason item a was retested against mean square of c 

which revealed that additive effect remained non-significant which suggests that additive 

gene effects were masked by maternal effects for ear diameter in white QPM.    

Genetic components of variation for ear diameter were estimated according to 

Hayman (1954b) and are presented in Table 20. Non-significant value of D at AUP displayed 
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that additive genetic effects were of little importance for this trait. While estimates for D 

component were significant at CCRI that indicate that additive, variations were more 

important at this location. Non-significant values for H components (H1 and H2) at AUP 

reflected unimportance of dominant variation. However, at CCRI highly significant values 

for H components (H1 and H2) reflected importance of dominant variation. Dissimilar 

distribution of recessive genes was depicted by unequal values of H1 and H2 at both 

locations. This was also supported by the ratios of positive and negative alleles (H2/4H1) that 

were not equal to (0.25). Genetic component F was positive at both locations and non-

significant at AUP which suggested that frequency of positive alleles was higher for this trait 

at both AUP and CCRI; supported by the proportion of dominant genes (0.58 at AUP and 

0.63 at CCRI) which was greater than (0.5). The value of genetic component h2 was positive 

at both locations indicating important effect of heterozygous loci for ear diameter in white 

QPM. The environmental component E was significant at AUP and CCRI indicating 

influence of environment.  

The value of average degree of dominance (H1/D) 1/2 is less than one indicating 

partial dominance for this trait at AUP the positive intercepts of Wr/Vr regression lines 

(Figure 8a) which is above the point of origin also support a gene action with partial 

dominance. Low narrow sense and high broad sense heritability estimates were recorded for 

ear diameter at both the locations however heritability estimates in narrow sense were 

substantially higher at AUP (Table 20). The value of average degree of dominance (H1/D) 1/2 

is greater than one at CCRI for ear diameter indicating over dominance for this trait the 

negative intercepts of Wr/Vr regression lines (Figure 8b) which is below the point of origin 

also support a gene action with over dominance. The results are in accordance with those of 

an over dominant type of gene action for ear diameter as reported by Abdel-Moneam et al. 

(2009), Hadji (2004), Tollenaar et al. (2004) Saleem et al. (2002) and Siddiqui (1988) while 

Satyanarayana (1995) and Zia and Chaudhry (1980) found ear diameter under control of 

partially dominant gene effect. Saeed (1998), Tabassum (1989), Bukhari (1986) and 

Ramamurthy (1980) evaluated ear diameter under control of additive type of gene action. The 

genetic control for ear diameter may vary from breeding material to material or due to 

difference in environment or interaction of genes with the environment.  Distribution of array 

points depicted that at AUP, parents NC1QW1 and NC1QW3 had the most dominant while 

inbred line NC1QW5 had the most recessive genes for this trait at both locations. The 

NC1QW13 had intermediate constitution at both locations (Figure 8a, b). 
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9. Genetic analysis for kernel rows per ear  

Analysis of variance for kernel rows per ear at AUP and CCRI displayed that 

variation due to both (a) and (b) items was significant which indicated the importance of both 

additive and dominant genetic effects, respectively (Table 21). Similarly, non significant 

variation due to b1 highlighted the dominant deviation was not in one direction at AUP. 

Significant variation of b2 indicated mean dominance deviation of the F1 from their mid 

parental values within each array differed over arrays because all the parents contain 

considerably different dominant genes, which is asymmetrical gene distribution among the 

parents. Absence of specific gene effects was reflected by the non-significance of b3 item. 

Variation due to c and d items was found highly significant and non-significant indicating 

importance of maternal and absence of reciprocal effects respectively. Consequently item a 

was retested against item c after retesting it was revealed that significance of additive effect 

was swayed non-significant suggesting that additive expression was masked by maternal 

effects. At CCRI, highly significant variation due to b1 highlighted dominant deviation 

predominantly in one direction. Significant variation of b2 indicated mean dominance 

deviation of the F1 from their mid parental values within each array differed over arrays 

because all the parents contain considerably different dominant genes, which is asymmetrical 

gene distribution among the parents. Absence of specific gene effects was reflected by the 

non-significance of b3 item. Variations due to both c and d items were found significant 

indicating importance of maternal and reciprocal effects respectively. Consequently, additive 

and dominance items were retested against maternal and reciprocal mean squares, 

respectively which revealed that item a turned non-significant. This suggests that maternal 

effects masked the expression of additive component. Similarly, b, b1, b2 and b3 swayed non-

significant indicating that reciprocal effects influenced dominance, directional dominance, 

asymmetric gene distribution and specific gene effect, respectively. 

Genetic components of variation were estimated according to Hayman (1954b) for 

kernel rows ear-1 in white QPM parents and all their possible hybrids at AUP and CCRI 

(Table 22). Non-significant value of D negated the importance of additive genetic effects at 

AUP. While at CCRI significant, value of D indicated the presence of additive genetic effects 

Non-significant values for H components (H1 and H2) revealed absence of dominant 

variation. However, at CCRI significant values for H components (H1 and H2) revealed 

importance of dominant variation. Different distributions of dominant genes were displayed 

by unequal values of H1 and H2 at both locations. This was also supported by the ratios of 
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H2/4H1 that were less than (0.25). Genetic component F was negative and non-significant 

showing lower frequency of dominant genes supported by the proportion of dominant genes 

(0.2918) which was less than (0.5). The value of genetic component h2 was positive and non-

significant indicating important effect of heterozygous loci for kernel rows per ear at both 

locations. The environmental component E was significant indicating influence of 

environment at both locations. Genetic component F was positive and significant at CCRI 

showing higher frequency of dominant genes supported by the proportion of dominant genes 

(0.74) which was greater than (0.5).  The value of average degree of dominance (H1/D) 1/2 is 

more than 1.0 at AUP and CCRI indicating over dominance for this trait. The negative 

intercepts of Wr/Vr regression lines (Figure 9a, b) also support a gene action with over 

dominance. Low narrow sense and high broad sense heritability estimates were observed for 

kernel rows per ear (Table 22). The results are in agreement with those of an over dominant 

type of gene action for kernel rows as reported by Saleh et al. (2002), Debnath and Sarkar 

(1990), Prasad et al. (1988) while Satyanarayana (1995) and Zia and Chaudhry (1980) found 

kernel rows under control of partially dominant gene effect. Zargar and Singh (1990) 

concluded that additive components with dominance played a major role in the inheritance of 

kernel rows ear-1. The genetic control for kernel rows may vary with breeding material or due 

to difference in environment or interaction of genes with the environment.  Distribution of 

array points depicted that at AUP, parent NC1QW1 being in close vicinity to the point of 

origin had the most dominant while inbred line NC1QW5 had the most recessive genes being 

farthest from the point of origin for this trait at both locations. The inbred lines NC1QW3 and 

NC1QW13 had intermediate constitutions at both locations (Figure 8a, b). 

10. Genetic analysis for kernels row-1  

Analysis of variance for kernels per row displayed that variation due to (a) item was 

non-significant which trim down the importance of additive genetic effects at AUP (Table 

23). Highly significant variations were displayed by item b indicating importance of 

dominant genetic effects. Similarly, highly significant variation due to b1 highlighted 

dominant deviation predominantly in one direction and that of b2 indicated mean dominance 

deviation of the F1 from their mid parental values within each array differed over arrays 

because some of the parents contain considerably more dominant genes than the others, that 

is asymmetrical gene distribution among the parents for this trait.  The b3 item tested the part 

of dominance deviation, which is unique to each of F1. This item is equal to specific 

combining ability of Griffing (1956); absence of specific gene effects was reflected by the 
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non-significance of b3 item. Variation due to c item was found significant and that of d was 

non-significant indicating presence of maternal and absence of reciprocal effects, 

respectively. This required retesting of a against c mean square this revealed that additive 

effects remained non-significant suggesting that maternal effects masked the expression of 

additive item for this trait. At CCRI, variation due to both the items a and b was highly 

significant indicating importance of additive and dominant genetic effects respectively. 

Similarly, highly significant variation due to b1 highlighted dominant deviation 

predominantly in one direction and that of b2 indicated mean dominance deviation of the F1 

from their mid parental values within each array did not differ over arrays because all of the 

parents contain considerably similar dominant genes that is symmetrical gene distribution 

among the parents for this trait.  The b3 item was non-significant depicting absence of 

specific gene effects. Variation due to c and d items was found non-significant and 

significant, respectively indicating absence of maternal and importance of reciprocal effects. 

Therefore, dominance items were retested against reciprocal mean square retesting revealed 

that item b, b2 and b3 turned non-significant indicating that reciprocal effects influenced 

dominance, asymmetric gene distribution and specific gene effect, respectively. However, 

item b1 remained significant indicating that reciprocal effects did not influence directional 

dominance.  

Genetic components of variation were estimated according to Hayman (1954b) for 

kernels per ear row in white QPM at AUP and CCRI (Table 24). Significant value of D 

indicated the importance of additive genetic effects at AUP while at CCRI non-significant 

value of D trim down the importance of additive genetic effects for this trait. Significant 

values for H components (H1 and H2) at both locations reflected the importance of dominant 

variation. Unequal values of H1 and H2 at AUP revealed the dissimilar distribution of 

dominant and recessive genes this was also supported by the ratios of H2/4H1 that were less 

than (0.25). however, at CCRI equal values for H1 and H2 reflected similar distribution of 

dominant and recessive alleles for this trait in white QPM, this was also supported by the 

ratios of H2/4H1 that were equal to (0.25). Genetic component F was positive and significant 

at AUP showing higher frequency of dominant genes supported by the proportion of 

dominant genes (0.72) which was greater than (0.5). While at CCRI, F was positive but non-

significant suggesting lower frequency of dominant genes supported by the proportion of 

dominant genes (0.42) which was less than (0.5). The value of genetic component h2 was 

positive and non-significant negating important effect of heterozygous loci for kernels per 
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row at AUP. However, at CCRI value of genetic component h2 was positive and significant 

indicating important effect of heterozygous loci. The environmental component E was 

significant indicating influence of environment. The value of average degree of dominance 

(H1/D) 1/2 is much greater than 1 indicating over dominance for this trait at both the 

locations. The negative intercepts of Wr/Vr regression lines (Figure 10a, b) also support a 

gene action with over dominance. Low narrow sense and high broad sense heritability 

estimates were recorded for kernels per row (Table 24). The results are in agreement with 

those of an over dominant type of gene action for kernels per row as reported by Wattoo et 

al. (2009), Srdic et al. (2007) and Hadji et al. (2004) while Zia and Chaudhry (1980) found 

kernels per row under control of partially dominant gene effect. Xingming et al. (2004), 

Tabassum (1989) and Bukhari (1986) evaluated kernels per row under control of additive 

type of gene action. Distribution of array points depicted that at AUP, parents NC1QW1 and 

NC1QW3 had the most dominant while NC1QW13 had the recessive genes for this trait. The 

NC1QW5 had intermediate constitution at both locations (Figure 10a, b). At CCRI, the 

parents NC1QW3 and NC1QW5 had the most dominant genes for kernels per row while 

NC1QW13 could express the most recessive genes for this trait having farthest position from 

the point of origin. 

11. Genetic analysis for kernels ear-1  

Analysis of variance shows that both additive (a) and dominance (b) gene effects 

were significant for kernels per cob at AUP and CCRI (Table 25). Similarly, highly 

significant variation due to b1 highlighted dominant deviation predominantly in one direction. 

Highly significant variation of b2 indicated mean dominance deviation of the F1 from their 

mid parental value within each array differed over arrays because some of the parents had 

considerably more dominant genes than the others, which is asymmetrical gene distribution 

among the parents for this trait at AUP.  The b3 item tested the part of dominance deviation, 

which is unique to each of F1. This item is equal to specific combining ability of Griffing 

(1956); absence of specific gene effects was reflected by the non-significance of b3 item. 

Variation due to both c and d items was found non-significant indicating absence of maternal 

and reciprocal effects respectively. Similarly, at CCRI, highly significant variation due to b1 

highlighted dominant deviation predominantly in one direction. However, non-significant 

variation of b2 indicated mean dominance deviation of the F1 from their mid parental value 

within each array did not differ over arrays because all the parents had considerably similar 

dominant genes, which is symmetrical gene distribution among the parents for this trait. The 



 75

b3 item tested the part of dominance deviation, which is unique to each of F1 important 

specific gene effects was reflected by the highly significant b3 item. Variation due to c and d 

items was found non-significant and highly significant indicating absence of maternal and 

importance of reciprocal effects respectively. This suggested that dominance items ought to 

be retested against reciprocal mean square. After retesting it was revealed that item b, b2 and 

b3 turned non-significant indicating that reciprocal effects influenced dominance, asymmetric 

gene distribution and specific gene effect, respectively. However, item b1 remained 

significant depicting that reciprocal effect did not influence directional dominance. 

Genetic components of variation for kernels ear-1 in white QPM at AUP and CCRI 

were estimated according to Hayman (1954b) and are presented in Table 26. Significant 

value of D indicated the importance of additive genetic effects for this trait however, these 

effects turned out non-significant at second location. The magnitude of H1 was much higher 

than that of D, which indicated preponderance of dominant mode of gene action for kernels 

ear-1 at both locations. Significant values for H components (H1 and H2) reflected the 

importance of dominant variation. Unequal values of H1 and H2 at both locations indicated 

the dissimilar distribution of dominant genes among the parents that is also supported by 

balance of positive and negative alleles (H2/4H1) which is less than (0.25). Value of F was 

positive and non-significant displaying the frequency of dominant genes is comparatively 

greater than that of recessive genes at AUP supported by the proportion of dominant genes 

(0.70) which was greater than (0.5). However, value of F was negative and non-significant 

displaying the frequency of dominant genes is comparatively lower than that of recessive 

genes supported by the proportion of dominant genes (0.48) which was just below (0.5). The 

value of genetic component h2 was positive and significant at both locations indicating 

important effect of heterozygous loci for kernels ear-1. The environmental component E was 

significant indicating influence of environment. The value of average degree of dominance 

(H1/D) 1/2 is much greater than 1 indicating over dominance for this trait at both locations. 

The negative intercepts of Wr/Vr regression lines (Figure 11a, b) also support a gene action 

with over dominance. Low narrow sense and high broad sense heritability estimates were 

recorded for kernels ear-1 in white QPM at AUP and CCRI (Table 26). The results suggests 

an over dominant type of gene action for kernels ear-1 as reported by Hadji (2004), Malik et 

al (2004), Tabassum (2004) and Saleem et al. (2002) while Prasad et al. (1988) found kernels 

ear-1 under control of partially dominant gene effect. Debnath and Sarkar (1990) and 

Tabassum (1989) evaluated kernels ear-1 under control of additive type of gene action. 
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However, Giridharan et al. (1996) reported both additive and dominant type of gene actions 

for control of this trait. Distribution of array points depicted that at AUP, parental inbred 

lines NC1QW1 and NC1QW3 being located close to the origin carried the most dominant 

genes while NC1QW13 had the least dominant genes being distant from the point of origin 

for this trait. The NC1QW5 had intermediate constitution at both locations (Figure 1a, b). At 

CCRI, the parental inbred line NC1QW3 had the most dominant genes for kernels ear-1 while 

NC1QW13 had the least dominant genes for this trait having farthest position from the 

origin. Gene’s expression for a trait in different environments may vary as reported by Firoz 

et al. (2007), Lou et al. (2005) and Jana (1975). The broad sense heritability estimates (78% 

at AUP and 96 at CCRI) revealed that number of kernels ear-1 was least influenced by 

environment. Heritability narrow sense depicted that non-additive genes predominantly 

controlled this trait, as narrow sense heritability was less than 15% under both the locations. 

12. Genetic analysis for 100-grain weight  

Analysis of variance for 100-grain weight revealed that variations for both the items 

(a) and (b) were highly significant at AUP and CCRI suggesting importance of additive and 

dominant genetic effects, respectively (Table 27). Similarly, highly significant variation due 

to b1 item at AUP highlighted dominant deviation predominantly in one direction. While high 

significance of b2 indicated mean dominance deviation of the F1 from their mid parental value 

within each array differed over arrays because some of the parents contain considerably more 

dominant genes than the other parents that is asymmetrical gene distribution among the 

parents for this trait.  The b3 item tested the part of dominance deviation, which is unique to 

each of F1 presence of specific gene effects was reflected by the significance of b3 item. 

Variation due to both c and d items was highly significant indicating importance of maternal 

and reciprocal effects respectively. Therefore, additive and dominant items were retested 

against maternal and reciprocal effects, respectively. After retesting of a item it was revealed 

that it turned non-significant indicating influence of maternal effects. Similarly retesting of 

dominance items revealed that significance of dominance (b), asymmetric gene distribution 

(b2) and specific gene effects (b3) swayed non-significant suggesting that dominance items 

were influenced by reciprocal effects. At CCRI, highly significant variation due to b1 item 

highlighted dominant deviation predominantly in one direction. While non-significance of b2 

indicated, mean dominance deviation of the F1 from their mid parental value within each 

array did not differ over arrays because all the parents contain considerably similar dominant 

genes that is symmetrical gene distribution among the parents for this trait.  The b3 item was 
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non-significant depicting absence of specific gene effects. Variation due to both c and d 

items was non-significant negating importance of maternal and reciprocal effects 

respectively. 

Genetic components of variation for 100 grain weight in white QPM inbred lines and 

their all possible hybrids were estimated according to Hayman (1954b) and are presented in 

Table 28. Non-significant value of D indicated the minimum importance of additive genetic 

effects for this trait at both locations. The magnitude of H1 value was much higher than that 

of D, which indicated preponderance of dominant mode of gene action for this trait at both 

locations. Value for genetic component H was much greater than D value depicting that 

dominant genes effect was greater than additive gene effect. Significant values for H 

components (H1 and H2) reflected the importance of dominant variation. Unequal values of 

H1 and H2 indicated the dissimilar distribution of dominant genes among the parents also 

supported by balance of positive and negative alleles (H2/4H1) which is less than (0.25). 

however, estimates of positive and negative alleles at CCRI depicted a balance supported by 

ratio of  (H2/4H1) which was equal to (0.25). Value of F was positive and non significant at 

both locations displaying the frequency of dominant genes is comparatively greater than that 

of recessive genes supported by the proportion of dominant genes (0.61 at AUP and 0.52 at 

CCRI) which was more than (0.5). The value of genetic component h2 was positive and 

significant at both locations indicating important effect of heterozygous loci for 100-grain 

weight. The environmental component E was significant indicating influence of environment. 

The value of average degree of dominance (H1/D) 1/2 is much greater than 1 indicating over 

dominance for this trait at AUP and CCRI in white QPM hybrids. The negative intercepts of 

Wr/Vr regression lines (Figure 12a, b) also support a gene action with over dominance. Low 

narrow sense and high broad sense heritability estimates were recorded for 100-grain weight 

(Table 28). The results suggests an over dominant type of gene action for 100 grain weight as 

reported by Hadji (2004), Malik et al (2004), Tabassum (2004) and Saleem et al. (2002). 

While, Tabassum et al. (2007), Khotyleva and Lemesh (1994), Hosary and Sedhom (1990), 

Tabassum (1989) and Chapman and McNeal (1971) reported both additive and dominant 

type of gene actions for control of this trait. Distribution of array points depicted that at AUP, 

parental inbred lines NC1QW13 and NC1QW3 being located close to the origin carried the 

most dominant genes while NC1QW1 had the least dominant genes being distant from the 

point of origin for this trait. The NC1QW5 had intermediate constitution at both locations 

(Figure 1a, b). At CCRI, the parental inbred line NC1QW3 had the most dominant genes for 
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100 grain weight while NC1QW13 had the least dominant genes for this trait having farthest 

position from the origin. Gene’s expression for a trait in different environments may vary as 

reported by Firoz et al. (2007) and Lou et al. (2005). The broad sense heritability estimates 

(94% at AUP and CCRI) revealed that 100 grain weight was least influenced by 

environment. Heritability in narrow sense depicted that non-additive genes predominantly 

controlled this trait, as narrow sense heritability was less than 20% under both the locations. 

13. Genetic analysis for ear weight   

Analysis of variance for ear weight displayed that variations due to both a and b 

items was highly significant at AUP and CCRI which indicated the importance of both 

additive and dominant genetic effects, respectively (Table 29). Similarly, highly significant 

variation due to b1 highlighted dominant deviation predominantly in one direction and that of 

b2 indicated mean dominance deviation of the F1 from their mid parental values within each 

array differed over arrays because some of the parents had considerably more dominant 

genes than the others that was asymmetrical gene distribution among the parents at AUP. The 

b3 item tested the part of dominance deviation; presence of important specific gene effects 

was expressed by highly significant b3 item. Significant values of both c and d items at AUP 

depicted the involvement of average maternal effect of each parental line and the reciprocal 

differences not ascribable to item c respectively. Therefore, additive and dominant items 

ought to be retested against maternal and reciprocal effects, respectively. After retesting of a 

item it was revealed that it turned non-significant indicating influence of maternal effects on 

additive variations. Similarly, retesting of dominance items against c mean square revealed 

that significance of dominance (b), asymmetric gene distribution (b2) and specific gene 

effects (b3) swayed non-significant suggesting that dominance items were influenced by 

reciprocal effects. However, directional dominance (b1) remained significant depicting no 

influence of reciprocal effects.  At CCRI, highly significant variation due to b1 highlighted 

dominant deviation predominantly in one direction and that of b2 indicated asymmetrical 

gene distribution among the parents. The b3 item tested the part of dominance deviation; 

presence of important specific gene effects was expressed by significant b3 item. Non 

significant values of both c and d items negated the involvement of average maternal effect 

of each parental line and the reciprocal differences not ascribable to item c respectively. 

Genetic components of variation for ear weight were estimated according to Hayman 

(1954b) and are presented in Table 30. Non-significant value of D indicated the minimum 

importance of additive genetic effects for this trait at AUP. While, importance of additive 
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genetic effect was depicted by significance of D at CCRI. The magnitude of H1 value was 

much higher than that of D at both locations indicating preponderance of dominant mode of 

gene action for this trait. Value for genetic component H was much greater than D value 

depicting that dominant genes effect was greater than additive gene effect. Highly significant 

values for H components (H1 and H2) reflected the importance of dominant variation at AUP 

and CCRI. Unequal values of H1 and H2 indicated the dissimilar distribution of dominant 

genes among the parents also supported by balance of positive and negative alleles (H2/4H1) 

which is less than (0.25) at AUP. However, this balance suggests similar distribution of 

positive and negative alleles among the parent at CCRI. Value of F was positive and 

significant at both locations displaying the frequency of dominant genes is comparatively 

greater than that of recessive genes supported by the proportion of dominant genes (0.51 at 

AUP and 0.55 CCRI) which was more than (0.5).  

The value of genetic component h2 was positive and highly significant indicating 

important effect of heterozygous loci for kernel weight per ear at both the locations. The 

environmental component E was significant indicating influence of environment. The value 

of average degree of dominance (H1/D) 1/2 is much greater than 1 indicating over dominance 

for this trait at both locations. The negative intercepts of Wr/Vr regression lines (Figure 13a, 

b) also support a gene action with over dominance. Low narrow sense and high broad sense 

heritability estimates were recorded for ear weight (Table 30). The results are in agreement 

with those of an over dominant type of gene action for ear weight as claimed by Ali et al. 

(2007), Katna et al. (2005), Hadji (2004), Shabbir and Saleem (2002), Gupta and Nagda 

(2000) and Packiaraj (1995). While, Xingming et al. (2004), Mani et al. (2000), reported 

additive type of gene actions for control of this trait. Distribution of array points depicted that 

at AUP, parental inbred line NC1QW1and NC1QW3 being located close to the origin carried 

the most dominant genes while NC1QW13 had the least dominant genes being distant from 

the point of origin for this trait. The NC1QW5 had intermediate constitution at both locations 

(Figure 1a, b). At CCRI, the parental inbred line NC1QW3 being in close to the origin 

carried the most dominant genes for ear weight while NC1QW13 had the least dominant 

genes for this trait having farthest position from the origin. Gene’s expression for a trait in 

different environments may vary as reported by Firoz et al. (2007) and Lou et al. (2005). The 

broad sense heritability estimates (96 at AUP and 98% at CCRI) revealed that ear weight was 

least influenced by environment. Heritability in narrow sense depicted that non-additive 
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genes predominantly controlled this trait, as narrow sense heritability was less than 20% 

under both the locations. 

14. Genetic analysis for kernel weight ear-1 

Analysis of variance for kernel weight ear-1 at AUP and CCRI displayed that 

variations due to both a and b items were highly significant, indicating the importance of 

both additive and dominant genetic effects, respectively across both locations (Table 31). 

Similarly, highly significant variation due to b1 highlighted dominant deviation 

predominantly in one direction and that of b2 indicated mean dominance deviation of the F1 

from their mid parental values within each array differed over arrays because some of the 

parents had considerably more dominant genes than the others that was asymmetrical gene 

distribution among the parents at AUP. Presence of important specific gene effects was 

expressed by significant b3 item. Significant values of both c and d items depicted the 

involvement of average maternal effect of each parental line and the reciprocal differences 

not ascribable to item c respectively. Consequently, additive and dominance items were 

retested against maternal and reciprocal effects, respectively. After retesting of a item it was 

revealed that it turned non-significant indicating that maternal effects suppressed additive 

effects. Similarly, retesting of dominance items revealed that significance of dominance (b), 

asymmetric gene distribution (b2) and specific gene effects (b3) turned non-significant 

suggesting influence of reciprocal effects. However, significance of item b1 remained 

unchanged depicting that reciprocal effects did not influence directional dominance. At 

CRRI, highly significant variation due to b1 highlighted dominant deviation predominantly in 

one direction and that of b2 indicated mean dominance deviation of the F1 from their mid 

parental values within each array differed over arrays because some of the parents had 

considerably more dominant genes than the others that was asymmetrical gene distribution 

among the parents. The b3 item tested the part of dominance deviation, which is unique to 

each of F1, this item is equal to specific combining ability (SCA) of Griffing (1956); presence 

of important specific gene effects was expressed by highly significant b3 item. Highly 

significant values of c and non-significant of d items depicted the involvement of average 

maternal effect of each parental line and negated the involvement of reciprocal differences 

not ascribable to item c, respectively. This required retesting of a item against c mean square, 

after retesting item a turned non-significant indicating that maternal effects influenced 

additive effects. 
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Genetic components of variation for kernel weight ear-1 were estimated according to 

Hayman (1954b) and are presented in Table 32. Significant value of D at AUP and CCRRI 

indicated the importance of additive genetic effects for this trait. The magnitude of H1 value 

was much higher than that of D, which indicated preponderance of dominant mode of gene 

action for this trait at both locations. Highly significant values for H components (H1 and 

H2) reflected the importance of dominant variation. Unequal values of H1 and H2 at AUP 

indicated the dissimilar distribution of dominant genes among the parents also supported by 

balance of positive and negative alleles (H2/4H1) which is less than (0.25). however, at 

CCRI equal values of H1 and H2 indicated the similar distribution of dominant genes among 

the parents also supported by balance of positive and negative alleles (H2/4H1) which is 

equal to (0.25).  

Value of F was positive at both locations displaying the frequency of dominant genes 

is comparatively greater than that of recessive genes supported by the proportion of dominant 

genes (0.54 at AUP and 0.54 CCRI) which was more than (0.5). The value of genetic 

component h2 was positive and highly significant at AUP and CCRI indicating important 

effect of heterozygous loci for kernel weight ear-1. The environmental component E was 

significant indicating influence of environment. The value of average degree of dominance 

(H1/D) 1/2 is much greater than 1 indicating over dominance for this trait the negative 

intercepts of Wr/Vr regression lines (Figure 14a, b) also support a gene action with over 

dominance at both locations in white QPM germplasm. The results are in accord with those 

suggesting an over dominant type of gene action for kernel weight ear-1 as concluded by 

Bhatnagar et al. (2004), Xingming et al. (2004) Shabbir and Saleem (2002) and Gupta and 

Nagda (2000). While, Konak et al. (2001) Mani et al. (2000), reported additive type of gene 

actions for control of this trait. However, Mahto ad Ganguly (2001) and Mandal et al. (2001) 

suggested both additive and non-additive genetic components for this trait. Distribution of 

array points depicted that at AUP, parental inbred lines NC1QW1 and NC1QW3 being 

located close to the origin carried the most dominant genes while NC1QW13 had the least 

dominant genes being distant from the point of origin for this trait. The NC1QW5 had 

intermediate constitution at both locations (Figure 1a, b). At CCRI, the parental inbred line 

NC1QW3 had the most dominant genes for kernel weight ear-1 while NC1QW13 had the 

least dominant genes for this trait having farthest position from the origin. The broad sense 

heritability estimates (96 at AUP and 98% at CCRI) revealed that kernel weight ear-1 was 

least influenced by environment. Heritability in narrow sense depicted that non-additive 
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genes predominantly controlled this trait, as narrow sense heritability was less than 20% at 

both (AUP and CCRI) locations. 

15. Genetic analysis for grain yield ha-1 

Analysis of variance for grain yield ha-1 in 4×4 diallel of white QPM inbred lines at 

AUP and CCRI displayed that variation due to a item was highly significant which reflected 

the importance of additive genetic effects (Table 33). Highly significant variations were 

displayed by item b indicating importance of dominant genetic effects at both locations. 

Similarly, highly significant variation due to b1 highlighted dominant deviation 

predominantly in one direction. While non-significant variation of b2 indicated, mean 

dominance deviation of the F1 from their mid parental value within each array did not differ 

over arrays because all of the parents contain considerably similar dominant genes that is 

symmetrical gene distribution among the parents for this trait.  The b3 item tested the part of 

dominance deviation, which is unique to each of F1. This item is equal to specific combining 

ability of Griffing (1956); presence of specific gene effects was reflected by the high 

significance of b3 item. Variation due to c item was found non-significant and that of d was 

highly significant indicating absence of maternal and presence of reciprocal effects 

respectively. This suggested retesting of dominance items against d mean square. After 

retesting it was revealed that b1 item remained significant depicting that directional 

dominance was not influenced by reciprocal effects. However, b, b2 and b3 turned non-

significant indicating that reciprocal effects not ascribable to c has affected the 

expressions of dominance, asymmetrical gene distribution and specific gene effect. At 

CCRI, highly significant variation due to b1 highlighted dominant deviation predominantly in 

one direction. While non-significant variation of b2 indicated, mean dominance deviation of 

the F1 from their mid parental value within each array did not differ over arrays because all 

of the parents contain considerably similar dominant genes that is symmetrical gene 

distribution among the parents for grain yield. presence of specific gene effects was annulled 

by the non-significance of b3 item. Variation due to c item was found significant and that of d 

was non-significant indicating presence of maternal and absence of reciprocal effects, 

respectively. For this reason item a was retested against c mean square which suggested that 

additive effects for grain yield were masked by maternal influence. 

Genetic components of variation for grain yield at AUP and CCRI were estimated 

according to Hayman (1954b) and are presented in Table 34. Significant value of D reflected 

the importance of additive genetic effects. While this component was non-significant at 



 83

CCRI that annulled the importance of additive genetic effects for grain yield. Significant 

values for H components (H1 and H2) reflected the importance of dominant variation at both 

locations. Similar values of H1 and H2 at AUP and CCRI revealed the similar distribution of 

dominant and recessive genes this was also supported by the ratios of H2/4H1 that were 

equal to (0.25). Genetic component F was negative and non-significant at both locations 

showing lower frequency of dominant genes supported by the proportion of dominant genes 

(0.47 at AUP and 0.49 at CCRI) which was less than (0.5). The value of genetic component 

h2 was positive and significant across locations indicating important effect of heterozygous 

loci for grain yield. The environmental component E was significant indicating influence of 

environment at both locations. The value of average degree of dominance (H1/D)1/2 is much 

greater than 1 indicating over dominance for grain yield. The negative intercepts of Wr/Vr 

regression lines at both locations (Figure 16a, b) also support a gene action with over 

dominance. Low narrow and high broad sense heritability estimates were recorded for grain 

yield (Table 34). Heritability in broad sense estimates the genetic portion (additive + 

dominant + interaction) of the total phenotypic variation while heritability in narrow sense 

estimates only the additive portion. Thus, estimates for heritability in broad sense are 

eventually higher than narrow sense heritability. Their relative magnitude explicates the 

proportion of additive variation within genetic variation. Thus, for grain yield greater portion 

of the heritable variation was of non-additive nature (Table 34). The results are in agreement 

with those of an over dominant type of gene action for grain yield as reported by Irshad-Ul-

Haq (2010), Wattoo et al. (2009), Srdic et al. (2007) and Hadji et al. (2004) while Zia and 

Chaudhry (1980) found grain yield under control of partially dominant gene effect. Xingming 

et al. (2004), Kadlubiec et al. (2000) and Bukhari (1986) evaluated grain yield under control 

of additive type of gene action. Ngaboyisonga et al. (2008) concluded that non-additive and 

maternal effects contributed more than 80% of the total variations for grain yield. 

Distribution of array points depicted that at AUP, parents NC1QW13 had the most dominant 

while NC1QW3 had the excess of recessive genes for this trait. The NC1QW1 had 

intermediate constitution at AUP and CCRI (Figure 1a, b). At CCRI, the parents NC1QW3 

and NC1QW13 had the most dominant genes for grain yield while NC1QW5 carried the 

most recessive genes for this trait having farthest position from the point of origin. 

16. Genetic analysis for lysine content/100 g of grain sample 

Analysis of variance shows that additive and dominant gene effects of items a and b 

respectively, were highly significant for lysine content (Table 35) at AUP and CCRI. 
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Similarly, non-significant variation due to b1 highlighted that dominant deviation is not 

unidirectional and highly significant variation of b2 indicated asymmetrical gene distribution 

among the parents for this trait.  The b3 item tested the part of dominance deviation, which is 

unique to each of F1. This item is equal to specific combining ability of Griffing (1956); 

absence of specific gene effects was reflected by the non-significance of b3 item. Variation 

due to both c and d items was found highly significant indicating importance of maternal and 

reciprocal effects respectively. Consequently, additive and dominance items were retested 

against maternal and reciprocal mean squares, respectively which revealed that item a turned 

non-significant. This suggests that maternal effects masked the expression of additive 

component for lysine content at AUP. Similarly, b, b1, b2 and b3 swayed non-significant 

indicating that reciprocal effects influenced dominance, directional dominance, asymmetric 

gene distribution and specific gene effect, respectively. At CCRI, non-significant variation 

due to b1 highlighted that dominant deviation is not unidirectional. Similarly, highly 

significant variation of b2 indicated mean dominance deviation of the F1 from their mid 

parental value within each array differ over arrays because some of the parents contain 

considerably more dominant genes than the others; that is asymmetrical gene distribution 

among the parents for this trait.  The b3 item  was non-significant at CCRI indicating absence 

of specific gene effects. Highly significant variation due to both c and d items indicated 

importance of maternal and reciprocal effects respectively. This required retesting of additive 

and dominance items against c and d mean squares, respectively. Retesting suggested that 

maternal effects masked the expression of additive component while expression of 

dominance, directional dominance, asymmetrical gene distribution and specific genes were 

influenced by reciprocal effect.  

Genetic components of variation for lysine content in grain of white QPM at AUP 

and CCRI were estimated according to Hayman (1954b) and are presented in Table 36. 

Significant value of D indicated the importance of additive genetic effects for this trait at 

both locations. The magnitude of H1 value was higher than that of D, which indicated 

preponderance of dominant mode of gene action for this trait across locations. Value for 

genetic component H was greater than that of D value depicting that dominant genes effect 

was greater than additive gene effect at both locations though non-significant at AUP. 

Unequal values of H1 and H2 indicated the dissimilar distribution of dominant genes among 

the parents also supported by balance of positive and negative alleles (H2/4H1) which is less 

than (0.25) at AUP and CCRI. Value of F was positive displaying the frequency of dominant 
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genes is comparatively greater than that of recessive genes supported by the proportion of 

dominant genes (0.75 at AUP and CCRI) which was much greater than (0.5). The value of 

genetic component h2 was non-significant suggesting absence for effect of heterozygous loci 

for lysine content at both locations. The environmental component E was significant 

indicating influence of environment. The value of average degree of dominance (H1/D) 1/2 is 

greater than 1.0 indicating over dominance for this trait. The negative intercepts of Wr/Vr 

regression lines (Figure 17a, b) also support a gene action with over dominance at both the 

locations. Manicacci et al. (2009) concluded that Opaque2 coding sequence interact non-

additively to enhance lysine content in maize kernel. Low narrow sense and high broad sense 

heritability estimates were recorded for lysine content/100 g of grain sample (Table 36). The 

results are in agreement with those of an over dominant type of gene action for lysine content 

in grain of QPM as reported by Ngaboyisonga et al. (2008) and Firoz et al. (2007) while De-

quan and Shi-huang, (1995) and Pixley and Bjarnason, (1993) found lysine content under 

control of additive gene effects. However, Zonghua et al. (2010) concluded both additive and 

non-additive type of gene action for genetic control of lysine. Distribution of array points 

depicted that at AUP, parents NC1QW5 and NC1QW13 had the most dominant while 

NC1QW1 had the excess of recessive genes for this trait. The NC1QW3 had intermediate 

constitution at both locations (Figure 1a, b). Similarly, at CCRI, the parents NC1QW5 and 

NC1QW13 had the most dominant genes for lysine content while NC1QW1 carried the most 

recessive genes for this trait having farthest position from the point of origin. 

17. Genetic analysis for tryptophane content/100 g of grain sample 

Analysis of variance for tryptophane content suggested that variation due to both a 

and b items was significant at AUP and CCRI, which indicated the importance of both 

additive and dominant genetic effects, respectively (Table 37). Similarly, non-significant 

variation due to b1 highlighted dominant deviation was not directional and highly significant 

variation of item b2 indicated asymmetrical gene distribution among the parents at AUP. The 

b3 item tested the part of dominance deviation, which is unique to each of F1, this item is 

equal to specific combining ability (SCA) of Griffing (1956); absence of specific gene effects 

was expressed by non-significant b3 item. Variations due to both c and d items were found 

highly significant indicating importance of maternal and reciprocal effects, respectively. 

Consequently, additive and dominance items were retested against maternal and reciprocal 

mean squares, respectively which revealed that item a turned non-significant. This suggests 

that maternal effects masked the expression of additive component. Similarly, b, b1, b2 and 
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b3 swayed non-significant indicating that reciprocal effects influenced dominance, directional 

dominance, asymmetric gene distribution and specific gene effect, respectively. At CCRI, 

highly significant variation due to b1 highlighted dominant deviation was primarily in one 

direction and highly significant variation of item b2 indicated asymmetrical gene distribution 

among the parents for tryptophane content in white QPM. The significant b3 item reflected 

presence of specific gene effect. Variations due to both c and d items were found highly 

significant indicating importance of maternal and reciprocal effects respectively. So additive 

and dominance items ought to be retested against maternal and reciprocal mean squares, 

respectively which revealed that all items turned non-significant. This suggests that maternal 

effects masked the expression of additive component while, reciprocal effects influenced 

dominance, directional dominance, asymmetric gene distribution and specific gene effect, 

respectively. 

Genetic components of variation for tryptophane content in grain of white QPM were 

concluded according to Hayman (1954b) and are presented in Table 38. Significant value of 

D indicated the importance of additive genetic effects for this trait at AUP while, at CCRI 

this component turned non-significant. The magnitude of H1 value was higher than that of D 

at both locations, which indicated preponderance of dominant mode of gene action for this 

trait. Value for genetic component H was greater than D value depicting that dominant genes 

effect was greater than additive gene effect. However, H components (H1 and H2) were 

significant at CCRI only. Unequal values of H1 and H2 at AUP indicated the dissimilar 

distribution of dominant genes among the parents also supported by balance of positive and 

negative alleles (H2/4H1) which is less than (0.25). While at CCRI, corresponding values of 

H1 and H2 indicated the similar distribution of dominant genes among the parents also 

supported by balance of positive and negative alleles (H2/4H1) which is equal to (0.25).  

Value of F was positive and significant displaying the frequency of dominant genes is 

comparatively greater than that of recessive genes supported by the proportion of dominant 

genes (0.79) which was much higher than (0.5) at AUP. While, the value of F was negative 

and non-significant at CCRI displaying the frequency of dominant genes is comparatively 

lower than that of recessive genes supported by the proportion of dominant genes (0.32) 

which was less than (0.5). The value of genetic component h2 was negative and non-

significant at AUP neglecting the effect of heterozygous loci for tryptophane content. While, 

this component turned out positive and significant at CCRI suggesting importance for the 

effect of heterozygous loci. The environmental component E was significant indicating 
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influence of environment. The value of average degree of dominance (H1/D) 1/2 is greater 

than 1.0 at both locations indicating over dominance for this trait. The negative intercepts of 

Wr/Vr regression lines (Figure 14a, b) also support a gene action with over dominance. Low 

narrow sense and high broad sense heritability estimates were recorded for tryptophane 

content (Table 38). The results suggest a gene action with over dominance for tryptophane 

content as reported by Ngaboyisonga et al. (2008) and Firoz et al. (2007) while Wegary et al. 

(2011) found tryptophane content under control of additive gene effect. Zonghua et al. (2010) 

suggested the importance of both additive and non-additive type of gene action for 

tryptophane content. The genetic control for tryptophane content may vary from breeding 

material to material or due to difference in environment or interaction of genes with the 

environment as reported by Singh and Singh (1989). Distribution of array points depicted 

that, parents NC1QW13 and NC1QW5 had the most dominant genes for tryptophane content 

while inbred line NC1QW3 had the excess of recessive genes for this trait at both locations. 

The NC1QW1 had intermediate constitution at both locations (Figure 8a, b). 

18. Genetic analysis for protein content/100 g of grain sample 

Analysis of variance for protein content in 4×4 diallel of white QPM at AUP and 

CCRI shows that additive (a) and dominance (b) gene effects were highly significant (Table 

39). Non-significant variation due to b1 highlighted dominant deviation was not 

predominantly in one direction at AUP. Similarly, highly significant variation due to b2 item 

indicated asymmetric gene distribution among the parents. The b3 item tested the part of 

dominance deviation, which is unique to each of F1 presence of important specific gene 

effects was expressed by highly significant b3 item. Non-significant value of c and highly 

significant value of d item depicted the absence of average maternal effect of each parental 

line and the importance of reciprocal differences not ascribable to item c, respectively. This 

required retesting of dominance items against mean square of item c. dominance items (b, b1, 

b2 and b3) after retesting against swayed from significant to non-significant which revealed 

that dominance, directional dominance, asymmetric gene distribution and specific gene 

effects were all affected by reciprocal influence.   

At CCRI, Significant variation due to b1 highlighted dominant deviation 

predominantly in one direction. Highly significant variation due to b2 item indicated that 

mean dominance deviation of the F1 from their mid parental values within each array differed 

over arrays because some of the parents had considerably more dominant genes than the 

others that was asymmetrical gene distribution among the parents for this trait. Presence of 
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important specific gene effects was expressed by highly significant b3 item. Highly 

significant values of c and d items depicted the involvement of average maternal effect of 

each parental line and the importance of reciprocal differences not ascribable to item c, 

respectively. This suggested that additive (a) and dominance (b) items ought to be retested 

against maternal and reciprocal mean squares, respectively. After retesting it was revealed a 

turned non-significant indicating influence of maternal effects. Similarly, items b, b1, b2 and 

b3 turned non-significant indicating that reciprocal effects influenced dominance, directional 

dominance, asymmetric gene distribution, and specific gene effect, respectively. 

Genetic components of variation for protein content were estimated according to 

Hayman (1954b) and are presented in Table 40. Significant value of D indicated the 

importance of additive genetic effects for this trait at both AUP and CCRI. However, the 

magnitude of H1 value was higher than that of D, which indicated preponderance of dominant 

mode of gene action at both the locations. Similarly, Significant values for H components 

(H1 and H2) reflected the importance of dominant variation. Unequal values of H1 and H2 

indicated the dissimilar distribution of dominant genes among the parents also supported by 

balance of positive and negative alleles (H2/4H1) which is less than (0.25) at both locations. 

Value of F was positive and significant at both AUP and CCRI displaying the frequency of 

dominant genes is comparatively much greater than that of recessive genes supported by the 

proportion of dominant genes (0.68 and 0.65, respectively) which was more than (0.5). The 

value of genetic component h2 was non-significant and negative which indicated that effect of 

heterozygous loci for protein content was not important at both locations. The environmental 

component E was significant indicating influence of environment.  

The value of average degree of dominance (H1/D) 1/2 is much greater than 1 at both 

locations indicating over dominance for this trait. The negative intercepts of Wr/Vr 

regression lines (Figure 19a, b) at AUP and CCRI also support a gene action with over 

dominance. Low narrow sense and high broad sense heritability estimates were recorded for 

protein content (Table 40). The results suggests an over dominant type of gene action for 

protein content as reported by Manicacci et al. (2009), Firoz et al. (2007) and Lou et al. 

(2005). While, Wegary et al. (2011), Pixley and Bjarnason (1993) concluded additive genetic 

control for protein in maize. Zonghua et al. (2010) and Wattoo et al. (2009) reported both 

additive and dominant type of gene actions for control of this trait. Distribution of array 

points along the regression line depicted that at AUP, parental inbred lines NC1QW13 being 

located close to the origin carried possessed the most dominant genes while NC1QW1 had 
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the least dominant genes being distant from the point of origin for this trait. The NC1QW3 

had intermediate constitution at both locations (Figure 1a, b). At CCRI, the parental inbred 

line NC1QW5 had the most dominant genes for protein content while NC1QW1 had the least 

dominant genes for this trait having farthest position from the origin. Gene’s expression for a 

trait in different environments may vary as reported by Firoz et al. (2007), Lou et al. (2005) 

and Singh and Singh (1989). The broad sense heritability estimates (88% at AUP and 94 at 

CCRI) revealed that protein content was least influenced by environment. Heritability in 

narrow sense depicted that non-additive genes controlled this trait, as narrow sense 

heritability was less than 30% under both the locations. 

19. Genetic analysis for lysine percentage in grain protein  

Analysis of variance for lysine percentage in grain protein displayed that variations 

due to both a and b items were highly significant, which indicated the importance of both 

additive and dominant genetic effects, respectively at both locations (Table 41). Similarly, 

non-significant variation due to b1 suggested that dominant deviation was not in one direction 

at AUP. However, highly significant variation of b2 indicated mean dominance deviation of 

the F1 from their mid parental values within each array differed over arrays because some of 

the parents had considerably more dominant genes than the others that was asymmetrical 

gene distribution among the parents. Importance of specific gene effect was reflected by 

significance of b3 item. Highly significant values for both c and d items depicted the 

involvement of average maternal effect of each parental line and reciprocal differences not 

ascribable to item c, respectively. Therefore, additive (a) and dominance (b) items were 

retested against maternal and reciprocal mean squares, respectively. After retesting, item a 

turned non-significant indicating that additive expression for protein content was masked by 

maternal influence. Similarly, items b, b1, b2 and b3 turned non-significant indicating that 

reciprocal effects influenced dominance, directional dominance, asymmetric gene 

distribution, and specific gene effect, respectively. At CCRI, non-significant variation due to 

b1 suggested that dominant deviation was not directional. Highly significant variation of b2 

indicated asymmetric gene distribution among the parental inbred lines. The b3 item tested 

the part of dominance deviation, which is unique to each of F1, this item is equal to specific 

combining ability (SCA) of Griffing (1956); importance of specific gene effect was reflected 

by significance of b3 item. Highly significant values for both c and d items depicted the 

involvement of average maternal effect of each parental line and reciprocal differences not 

ascribable to item c, respectively. Consequently, additive (a) and dominance (b) items ought 
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to be retested against maternal and reciprocal mean squares, respectively. After retesting, 

item a turned non-significant indicating influence of maternal effects. Similarly, items b, b1, 

b2 and b3 swayed non-significant suggesting that, reciprocal effects influenced dominance, 

directional dominance, asymmetric gene distribution, and specific gene effect, respectively. 

Genetic components of variation for lysine content in grain protein were estimated 

according to Hayman (1954b) and are presented in Table 42. Significant value of D indicated 

the importance of additive genetic effects at both locations. However, the magnitude of H1 

value was much higher than that of D, which indicated preponderance of dominant mode of 

gene action for this trait in white QPM at AUP and CCRI. Significant values for H 

components (H1 and H2) reflected the importance of dominant variation. Unequal values of 

H1 and H2 indicated the dissimilar distribution of dominant genes among the parents at both 

locations also supported by balance of positive and negative alleles (H2/4H1) which is less 

than (0.25). Value of F was positive and significant displaying the frequency of dominant 

genes is comparatively greater than that of recessive genes at both (AUP and CCRI) 

locations, also supported by the proportion of dominant genes (0.72 and 0.71 respectively) 

which was much greater than (0.5). The value of genetic component h2 was negative and non-

significant at both locations neglecting the importance for effect of heterozygous loci for 

lysine percentage in grain protein. The environmental component E was significant indicating 

influence of environment. The value of average degree of dominance (H1/D) 1/2 is much 

greater than 1 indicating over dominance for this trait. The negative intercepts of Wr/Vr 

regression lines (Figure 20a, b) also support a gene action with over dominance at both 

locations. Low narrow sense and high broad sense heritability estimates were recorded for 

lysine percentage in grain protein (Table 42). The results suggests an over dominant type of 

gene action for lysine concentration in grain protein as reported by Ngaboyisonga et al. 

(2008) and Firoz et al. (2007) while De-quan and Shi-huang, (1995) and Pixley and 

Bjarnason, (1993) found lysine concentration in grain protein under control of additive gene 

effects. However, Zonghua et al. (2010) concluded both additive and non-additive type of 

gene action for genetic control of lysine concentration in grain protein. Distribution of array 

points depicted that, parental inbred lines NC1QW13 and NC1QW5 being located close to 

the origin carried the most dominant genes while NC1QW1 possessing excess of recessive 

genes was distant from the point of origin for this trait at AUP and CCRI (Figure 20a, b). The 

NC1QW3 had intermediate constitution at both locations. The broad sense heritability 

estimates (90% at AUP and 97 at CCRI) revealed that lysine concentration with in the grain 
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protein was least influenced by environment. Heritability in narrow sense depicted that non-

additive genes predominantly controlled this trait, as narrow sense heritability was less than 

33% at both the locations. 

20. Genetic analysis for tryptophan percentage in grain protein 

Analysis of variance for tryptophane percentage in grain protein displayed that 

variation due to both a and b items were significant which indicated the importance of both 

additive and dominant genetic effects, respectively at both locations (Table 43). Similarly, at 

AUP non-significant variation due to b1 highlighted dominant deviation was not directional. 

Highly significant variation of b2 indicated mean dominance deviation of the F1 from their 

mid parental values within each array differed over arrays because some of the parents had 

considerably more dominant genes than the others that was asymmetrical gene distribution 

among the parents. The b3 item tested the part of dominance deviation, which is unique to 

each of F1, this item is equal to specific combining ability (SCA) of Griffing (1956); 

presence of important specific gene effects was expressed by significant b3 item. Variations 

due to c and d items were found highly significant indicating importance of maternal and 

reciprocal effects respectively. Consequently, as suggested by Mather & Jinks (1982) 

additive (a) and dominance (b) items were retested against maternal and reciprocal mean 

squares, respectively. After retesting, item a swayed non-significant indicating that effect of 

additive genes were masked by genes with maternal effects. Similarly, items b, b1, b2 and b3 

turned non-significant suggesting that, reciprocal effects influenced dominance, directional 

dominance, asymmetric gene distribution, and specific gene effect, respectively. At CCRI, 

significant variation due to b1 highlighted dominant deviation predominantly in one direction. 

Similarly, highly significant variation of b2 indicated asymmetrical gene distribution among 

the parents. Presence of important specific gene effects was expressed by significant b3 item. 

Variations due to c and d items were found highly significant indicating importance of 

maternal and reciprocal effects respectively. This required retesting additive (a) and 

dominance (b) items against maternal and reciprocal mean squares, respectively. After 

retesting, item a turned non-significant indicating confirming influence of maternal effects on 

additive variation. Similarly, items b, b1, b2 and b3 turned non-significant suggesting that, 

effect dominant genes were masked by the genes with reciprocal effects. 

Genetic components of variation for tryptophane concentration in grain protein of 

white QPM at AUP and CCRI were estimated according to Hayman (1954b) and presented in 

Table 44. Significant value of genetic component D indicated the contribution of additive 
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genetic effects for this trait at AUP. However, the magnitude of H1 value was much higher 

than that of D, which indicated preponderance of dominant mode of gene action for this trait 

at both locations. Much higher value for H than D revealed that non-additive effects were 

more pronounced as compared to additive gene effects. Highly significant values for H 

components (H1 and H2) at AUP and CCRI also reflected the importance of dominant 

variation. Unequal values of H1 and H2 indicated the dissimilar distribution of dominant 

genes among the parents also supported by balance of positive and negative alleles (H2/4H1) 

which is less than (0.25). Value of F was positive and significant showing the frequency of 

dominant genes is comparatively greater than that of recessive genes supported by the 

proportion of dominant genes (0.74 at AUP and 0.64 at CCRI) which was more than (0.5). 

The value of genetic component h2 was negative and non-significant suggesting negligence 

for important effect of heterozygous loci for tryptophane percentage in grain protein 

however, this effect was positive at CCRI. The environmental component E was significant 

indicating influence of environment. The value of average degree of dominance (H1/D) 1/2 is 

greater than one at both locations indicating over dominance for this trait. The negative 

intercepts of Wr/Vr regression lines (Figure 21a, b) also support a gene action with over 

dominance. Low narrow sense and high broad sense heritability estimates were recorded for 

tryptophane percentage in grain protein (Table 44). ). The results suggest a gene action with 

over dominance for tryptophane concentration in grain protein as reported by Ngaboyisonga 

et al. (2008) and Firoz et al. (2007) while Wegary et al. (2011) found tryptophane content 

under control of additive gene effect. Zonghua et al. (2010) suggested the importance of both 

additive and non-additive type of gene action for tryptophane concentration in grain protein. 

Type of gene actions and their relative magnitudes for a trait in different environments may 

vary as reported by Firoz et al. (2007) and Lou et al. (2005). Distribution of array points 

depicted that, parental inbred NC1QW13 being very close to the point of origin carried the 

most dominant genes while NC1QW3 had the least dominant genes being distant from the 

point of origin for tryptophane concentration in grain protein at AUP and CCRI. The parental 

inbred lines NC1QW1 and NC1QW5 had the intermediate constitutions at both locations 

(Figure 21a, b). The broad sense heritability estimates (78% at AUP and 96 at CCRI) 

revealed that tryptophane content of grain protein was least influenced by environment. 

Heritability narrow sense depicted that non-additive genes predominantly controlled this trait, 

as narrow sense heritability was less than 16% for both locations. 
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C. COMBINING ABILITY ANALYSIS 

The genetic potential of an inbred to transmit characters with desired performance to 

the resulting hybrids is regarded as combining ability of that inbred line. Combining ability 

of an inbred is said to be good when combined with another inbreds and results in superior 

performance by the subsequent hybrid progeny. Sprague and Tatum (1942) extended the 

concept into general and specific combining ability that significantly influenced the evolution 

of inbred lines in maize and Griffing (1956) set about its mathematical modeling in his 

classical paper in conjunction with the diallel crosses. The general combining ability (GCA) 

and specific combining ability (SCA) effects are of potential importance for inbred lines in 

hybrid combinations, GCA effects are attributed to additive, additive × additive variance, and 

higher-order interactions of additive genetic effects in the base population, while SCA effects 

are attributed to non-additive genetic variance arising largely from dominance and epistatic 

deviations (Falconer, 1981). Genetic variability for each parameter in the analysis of variance 

was further partitioned into general and specific combining ability effects as defined by 

Sprague and Tatum (1942) and reciprocal effects as coined by Griffing (1956).  

Analysis of variance of white QPM lines, their direct and reciprocal crosses revealed 

significant mean squares due to genotypes, general combining ability (GCA), specific 

combining ability (SCA) and reciprocal effects (RCA) for all the parameters under study at 

both test locations (Table 45 and 46). The RCA effects were non-significant for plant height 

and kernels ear-1 at AUP and for days to silking, ear length and 100-grain weight at CCRI. 

Estimates for components of variances displayed greater SCA variances (δ2s) as compared to 

GCA variances (δ2g) for all the traits at both test locations (Table 47 and 48) indicating the 

non-additive genetic effects for all the characters at both AUP and CCRI. As a fundamental 

opinion, Sprague and Tatum (1942) emphasized that SCA has more importance than GCA 

for selected inbred lines. However, among unselected inbred lines GCA has relatively greater 

importance than SCA for yield characters. They concluded SCA as an indicator for the 

preponderance of genes with dominance and epistatic effects, whereas GCA as indication for 

prevalence of genes with mostly additive effects. Abdel-Moneam et al. (2009), Malik et al. 

(2004), Alika (1994) and Beck et al. (1991) have also reported non-additive gene effects for 

most of the agronomic traits of maize. Similarly, Choukan (1999) and Dehghanpour et al. 

(1996) reported non-additive effects for most of the physiological and yield traits. However, 

additive genetic control for plant height is reported by Shreenivasa and Singh (2001), Revilla 

et al. (1999) and El-Hosary and Sedhom (1990). These contradictory reports about gene 
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actions are attributable to discrepancies in nature of environment and diversity of the material 

studied. 

1. Days to tasseling  

This important trait was assessed due its positive relationship with earliness. Highly 

significant (P≤0.01) GCA, SCA and RCA (P≤0.05) effects for days to tasseling were 

observed at both the locations (Table 45 and 46). Comparatively a greater SCA variance than 

GCA variance (depicted as ratio of SCA to GCA variances) is suggesting the prevalence of 

non-additive gene action in the inheritance of tasseling in white QMP lines (Table 47 and 

48). However, the extent of these estimates was mostly higher at AUP than CCRI. Saleem et 

al. (2002) reported gene action with over dominance for control of days taken to tasseling. 

Opposing these findings, Prakash and Ganguli (2004), and Rana and Venod (2001) 

concluded additive gene effects for this trait. Similarly, Barati et al. (2004), Ahmad (2002), 

Nigussie and Zellke (2001), Revilla et al. (1999) and Saeed (1998) have reported that both 

additive and non-additive gene actions are controlling this character in maize. 

When the breeding objective is early maturity, negative values of GCA and SCA 

effects are desirable. Combining ability estimates revealed that two of the parents, NCIQW1 

and NC1WQ13, expressed negative GCA effects for days to tasseling at both test locations 

(Table 49). NCIQW13 with highest negative GCA effects (-1.07 at AUP and -1.10 at CCRI) 

was the best general combiner for this trait. The inbred line NCIQW3 expressed maximum 

positive GCA effects (0.95 at AUP and 0.63 at CCRI), and hence was the poor general 

combiner at both the locations. Among the direct cross combinations, three crosses displayed 

positive and three negative specific combining ability effects at AUP. The highest negative 

SCA effect (-0.55) was observed for the cross NC1QW3×NCIQW5 followed by 

NC1QW1×NCIQW13 (-0.39) at AUP. The maximum positive SCA effect (0.76) expressed 

by NC1QW1×NCIQW3 declared this as poor combiner at AUP for days to tasseling. At 

CCRI, all the direct crosses had positive SCA effects with NC1QW1×NC1QW3 being the 

best combiner exhibiting the least positive SCA effect (0.02) followed by 

NC1QW5×NC1QW13 (0.10). Regarding reciprocal effects, three crosses at AUP and 

five at CCRI expressed negative reciprocal effects. The maximum negative reciprocal 

effect (-0.25) were observed for cross combination NC1QW5×NC1QW3 at AUP while at  

CCRI the cross combination of NC1QW13×NC1QW3 displayed highest (-1.50) desirable 

reciprocal effect. Cross combinations of NC1QW5×NC1QW1 and NC1QW5×NC1QW3 

expressed highest positive reciprocal effects at AUP (1.33) and CCRI (0.58), 
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respectively. Akbar et al. (2009) and Malik et al. (2004) have reported similar patterns of 

combining ability for earliness in various cross combinations of maize.  

2. Days to silking  

Days to silking is an important trait in maize, which determines the magnitude of 

time for vegetative growth. GCA and SCA effects for days to silking were highly significant 

(P≤0.01) at both the locations (Table 45 and 46).  In contrast, RCA effect for days silking 

was significant at AUP only (Table 45). Like tasseling, SCA variance was comparatively 

greater than GCA variance for silking at both locations suggesting the predominance of non-

additive gene action. These results suggest the contribution of both additive and non-additive 

gene action in the inheritance of this trait in white QMP inbred lines under study. However, 

the ratio of SCA to GCA variance was less than unity (Table 47 and 48) depicting more 

contribution from non-additive gene action in the expression of this trait. The degree of these 

estimates was mostly higher at AUP than at CCRI. Reddy (2004), Nigussie and Zellke 

(2001), and Ogunbodede (2000) emphasized on the importance of additive genetic effects for 

control of tasseling and silking in maize. Contrary to these findings, Barati et al. (2004), 

Ahmad (2002), Saleem et al. (2002) and Vicente et al. (2001) have proposed that both 

additive and non additive gene actions contribute to the development of days to silking.  

Combining ability estimates (Table 50) revealed that two of the parents, NCIQW1 

and NC1WQ13, expressed negative GCA effect for days to silking at both test locations, 

NCIQW13, with highest negative GCA effect at both AUP (-1.02) and CCRI (-0.81), was the 

best general combiner for this trait. The inbred line NCIQW3 expressed maximum positive 

GCA effect at AUP (0.62) and CCRI (0.63) and hence was the poor general combiner at both 

the locations. Among the direct cross combinations, one cross at each location displayed the 

desired negative specific combining ability effect. The highest negative SCA effect was 

observed for the cross NC1QW3×NCIQW13 (-0.08) followed by NC1QW5×NCIQW13 

(0.35). The highest positive SCA effect (0.96) expressed by NC1QW1×NCIQW5 declared 

this as poor combiner at AUP for days to silking. At CCRI, NC1QW1×NC1QW13 is the   

best combiner by exhibiting the highest negative SCA effect (-0.85) followed by 

NC1QW1×NC1QW3 (0.37). Regarding reciprocal effects, two crosses at AUP and two at 

CCRI expressed desirable negative reciprocal effects. At AUP, the maximum negative 

reciprocal effects (-0.67) were observed for cross combination NC1QW13×NC1QW3 

followed by NC1QW13×NC1QW1 (-0.08), while at CCRI the combination of 

NC1QW5×NC1QW1 displayed highest (-1.17) negative reciprocal effect. Cross 
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combination of NC1QW5×NC1QW3 expressed positive reciprocal effects at both test 

locations. Akbar et al. (2009) and Malik et al. (2004) have reported similar patterns of 

combining ability effects for days to silking in various cross combinations of maize 

hybrids.  

3. Plant height  

Analysis of variance revealed highly significant (P≤0.01) GCA and SCA effects for 

plant height at both the locations (Table 45 and 46) indicating the importance of both additive 

and non-additive gene effects, while reciprocal effects were significant at CCRI only. 

However, comparatively greater SCA variance than GCA variance suggests the 

preponderance of non-additive gene action in the expression of plant height in white QMP 

hybrids (Table 47 and 48). However, the extent of these estimates was in general higher at 

CCRI than AUP. Tabassum et al. (2007), Ahmad (2002), Gribincea (2002) and Lemos et al. 

(1999) have reported both additive and non-additive gene action for control of plant height. 

In contradiction to these findings, Malik et al. (2004), Yuan et al. (2003), and Nigussie and 

Zellke (2001) suggested additive gene effects for this trait. The findings of various scientists 

regarding genetic control of plant height varied due to disparity in breeding material as well 

as the test environments. 

Combining ability estimates revealed that three parents at AUP and two at CCRI 

expressed positive GCA effects for plant height (Table 51); NCIQW1 with highest positive 

GCA effect (4.03) at AUP was the best general combiner for this trait. The inbred line 

NCIQW13 expressed maximum negative GCA effects (-8.16 at AUP and -5.27 at CCRI) and 

hence was the poor general combiner at both the locations. Among the direct cross 

combinations, four crosses displayed positive and two negative specific combining ability 

effects at AUP. At AUP, the highest positive SCA effect was observed for the cross 

NC1QW1×NCIQW5 (7.25) followed by NC1QW3×NCIQW13 (6.25). The maximum 

negative SCA effect expressed by NC1QW1×NCIQW3 (-7.15) declared it as poor combiner 

for plant height at AUP. At CCRI, four of the direct crosses had positive SCA effects with 

NC1QW5×NCIQW13 being the best combiner displaying highest SCA effect (6.18) 

followed by NC1QW1×NC1QW13 (6.14). Regarding reciprocal effects, four crosses each 

at AUP and CCRI expressed positive reciprocal effects. The highest positive reciprocal 

effect was observed for cross combination NC1QW13×NC1QW1 (2.17) at AUP while at 

CCRI the cross combination of NC1QW13×NC1QW3 displayed highest (5.50) desirable 

reciprocal effects. The cross combination of NC1QW13×NC1QW5 expressed highest 
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negative reciprocal effects at AUP (-1.77) and CCRI (-0.94). Akbar et al. (2009) and 

Sujiprihati et al. (2001) have reported similar patterns of combining ability effects for 

plant height in various cross combinations of maize.  

4. Ear height  

Analysis of variance revealed highly significant (P≤0.01) GCA, SCA and RCA 

effects for ear height at both the locations (Table 45 and 46) indicating the importance of 

both additive and non-additive gene effects. However, comparatively greater SCA variance 

than GCA variance suggested the preponderance of non-additive gene action in the 

expression of ear height in white QPM hybrids (Table 47 and 48). However, the degree of 

these estimates seems to be higher at AUP than CCRI. Irshad-ul-haq et al. (2010), Alam et 

al. (2008), Sujiprihati et al. (2001), Alika (1994) and Beck et al. (1991) reported non-additive 

gene action for control of ear height. Opposing these findings, Malik et al. (2004), Prakash et 

al. (2004), and Revilla et al. (1999) suggested additive gene effects for inheritance of ear 

height. The findings of various scientists regarding genetic control of ear height varied due to 

discrepancy in breeding material as well as the environmental divergence. 

Combining ability estimates revealed that three of the parents at AUP and one at 

CCRI expressed positive GCA effects for ear height (Table 52). Inbred line NCIQW1 with 

highest positive GCA effect (2.63) at AUP was the best general combiner for this trait. The 

inbred line NCIQW13 expressed maximum negative GCA effects (-4.48 at AUP and -0.39 at 

CCRI), and hence was the poor general combiner at both the locations. Among the direct 

cross combinations, four crosses displayed positive and two negative SCA effects at AUP. At 

AUP, the highest positive SCA effect (3.37) was observed for the cross NC1QW1×NCIQW5 

followed by NC1QW3×NCIQW5 (2.51). The maximum negative SCA effect expressed by 

NC1QW1×NCIQW3 (-1.31) declared this as poor combiner at AUP for ear height. At CCRI, 

four of the direct crosses had positive SCA effects with NC1QW5×NCIQW13 being the best 

combiner displaying highest SCA effect (3.57) followed by NC1QW1×NC1QW13 (2.67). 

Regarding reciprocal effects, two crosses each at AUP and CCRI expressed positive 

reciprocal effects. The highest positive reciprocal effects were observed for cross 

combination NC1QW13×NC1QW3 (1.87) at AUP while at CCRI the cross combination 

of NC1QW5×NC1QW1 displayed highest (2.17) desirable reciprocal effect. The cross 

combination of NC1QW3×NC1QW1 expressed highest negative reciprocal effects at 

AUP (-5.73) and NC1QW5×NC1QW3 at CCRI (-5.28). Sujiprihati et al. (2001) and 
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Hansen et al. (1977) have reported similar patterns of combining ability for ear height in 

various cross combinations of maize hybrids.  

5. Biological yield  

Analysis of variance revealed highly significant (P≤0.01) GCA, SCA and RCA 

effects for biological yield at both the locations indicating the importance of both additive 

and non-additive gene actions (Table 45 and 46). However, comparatively greater SCA 

variance than GCA variance suggested the preponderance of non-additive gene action in the 

inheritance of biological yield in white QMP hybrids (Table 47 and 48). While the magnitude 

of SCA variance was generally higher at CCRI than AUP. Tabassum (2004), Has-V (1999), 

Anwar (1993), Khaki (1990) and Anwar (1989) reported non-additive gene action for control 

of biological yield. Contrary to non-additive gene action, El-Hosary and Sedham (1990) 

suggested additive gene effects for inheritance of this trait. While Paul and Debanth (1999) 

and Javed (1986) concluded both additive and non-additive effects for this trait. The findings 

of various scientists regarding genetic control of biological yield vary because of discrepancy 

in breeding material as well as the environmental differences. 

Combining ability estimates revealed that three of the parents at AUP and two at 

CCRI expressed positive GCA effects for biological yield (Table 53). Inbred line NCIQW5 

with highest positive GCA effect (1126) at AUP was the best general combiner for this trait. 

The inbred line NCIQW1 expressed maximum negative GCA effects at both locations (-1238 

at AUP and -684 at CCRI), and hence was the poor general combiner at both the locations. 

Among the direct cross combinations, four crosses displayed positive and two negative SCA 

effects at AUP. At AUP, the highest positive SCA effect was observed for the cross 

NC1QW5×NCIQW13 (2846) followed by NC1QW1×NCIQW13 (1822). The maximum 

negative SCA effect was expressed by NC1QW3×NCIQW5 (-1820) at AUP and hence 

declared this as poor combiner at AUP for biological yield. Similarly at CCRI, four of the 

direct crosses had positive SCA effects with NC1QW5×NCIQW13 being the best combiner 

by displaying highest SCA effect (2623) followed by NC1QW1×NC1QW13 (1937). 

Regarding reciprocal effects, three crosses at AUP and all at CCRI expressed positive 

reciprocal effects. The highest positive reciprocal effect was observed for cross 

combination NC1QW13×NC1QW1 (3944) at AUP while at CCRI the cross combination 

of NC1QW3×NC1QW1 displayed highest (3189) desirable reciprocal effect. The cross 

combination of NC1QW5×NC1QW3 expressed highest negative reciprocal effect at AUP 

(-1944) and least positive at CCRI (89). Singh and Gupta (2009) have reported similar 
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patterns of combining ability for biological yield in various cross combinations for maize 

hybrids.  

6. Stover yield  

Analysis of variance revealed highly significant (P≤0.01) GCA, SCA and RCA 

effects for stover yield at both the locations indicating the importance of both additive and 

non-additive gene effects (Table 45 and 46). However, comparatively greater SCA variance 

than GCA variance suggests the predominance of non-additive gene action in the expression 

of stover yield in white QMP hybrids (Table 47 and 48). Moreover, the ratio of SCA to GCA 

variance was less than unity at both the locations implying that the genotypic variations 

mostly comprised of non-additive genetic effects. However, the level of these estimates 

seems to be higher at CCRI than AUP. Similar findings by Tabassum (2004), Has-V (1999), 

Anwar (1993), Khaki (1990) and Anwar (1989) suggesting non-additive gene action for 

control of stover yield. Opposing the importance of non-additive gene action, El-Hoary and 

Sedham (1990) suggested additive gene effects for inheritance of this trait. While Paul and 

Debanth (1999) and Javed (1986) concluded both additive and non-additive effects for this 

trait. The results of various scientists regarding genetic control of stover yield vary because 

of discrepancy in the nature and size of breeding material as well as the environmental 

disparities. 

Combining ability estimates revealed that two of the parents at AUP and two at CCRI 

expressed positive GCA effects for stover yield (Table 54). Inbred line NCIQW5 with 

highest positive GCA effect (774) at AUP was the best general combiner for this trait. The 

inbred line NCIQW1 expressed maximum negative GCA effects (-669) at AUP and 

NCIQW13 (-585) at CCRI, and hence were the poor general combiners at respective 

locations. Among the direct cross combinations, five crosses displayed positive and one 

negative specific combining ability effects at AUP and CCRI, respectively. The highest 

positive SCA effect was observed for the cross NC1QW5×NCIQW13 (1678) followed by 

NC1QW1×NCIQW3 (1326) at AUP. The maximum negative SCA effect was expressed by 

NC1QW3×NCIQW5 (-890) declared this as poor combiner at AUP for stover yield. 

Similarly at CCRI, the direct cross combination of NC1QW1×NCIQW5 was noted the best 

combiner displaying highest SCA effect (1478) followed by NC1QW1×NC1QW3 (894). 

Regarding reciprocal effects two crosses at AUP and two at CCRI expressed positive 

reciprocal effects. The highest positive reciprocal effects were observed for cross 

combination NC1QW13×NC1QW1 (2911) at AUP while at CCRI the cross combination 
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of NC1QW3×NC1QW1 displayed highest (2289) desirable reciprocal effects. The cross 

combination of NC1QW5×NC1QW3 expressed highest negative reciprocal effects at 

AUP (-1344) and CCRI (-931). Singh and Gupta (2009) have reported similar patterns of 

combining ability for stover yield in various cross combinations of maize hybrids. 

7. Ear length   

Analysis of variance revealed highly significant (P≤0.01) GCA and SCA effects for 

ear length at both the locations (Table 45 and 46) indicating the importance of both additive 

and non-additive gene effects, while reciprocal effects were significant at AUP only. 

However, comparatively greater SCA variance than GCA variance suggests the 

preponderance of non-additive gene action in the expression of ear length in white QMP 

hybrids (Table 47 and 48). However, the extent of these estimates was in general higher at 

CCRI than AUP. Abdel-Moneam et al. (2009), EL-Diasty (2007), Prakash and Ganguli 

(2004) and Hassaballa et al. (2002) have reported both additive and non-additive gene action 

for control of ear length. In contradiction to these findings, Asefa et al. (2008), Ojo et al. 

(2007) and Nigussie and Zellke (2001) suggested additive gene effects for this trait. The 

reports of these scientists for gene action involved in control of ear length speckled due to 

disparity in breeding material as well as the test environments. 

Combining ability estimates revealed that two parents at AUP and two at CCRI 

expressed positive GCA effects for ear length (Table 55); NCIQW3 with highest positive 

GCA effects (0.32 at AUP and 0.46 at CCRI) was the best general combiner for ear length at 

both locations. Inbred lines NCIQW13 and NCIQW1 expressed maximum negative GCA 

effects (-0.43) at AUP and (-0.66) at CCRI, respectively and hence were the poor general 

combiner at respective locations. Among the direct cross combinations, five crosses 

displayed positive and one negative specific combining ability effects at AUP. At AUP, the 

highest positive SCA effect was observed for the cross NC1QW5×NCIQW13 (1.16) 

followed by NC1QW1×NCIQW3 (0.93). The maximum negative SCA effect expressed by 

NC1QW3×NCIQW5 (-0.27) declared it as poor combiner for ear length at AUP. At CCRI, 

all the direct crosses had positive SCA effects with NC1QW5×NCIQW13 being the best 

combiner displaying highest SCA effect (1.00) followed by NC1QW1×NC1QW13 (0.76). 

Regarding reciprocal effects, one cross at AUP and two at CCRI expressed positive 

reciprocal effects. The highest positive reciprocal effect was observed for cross 

combination NC1QW13×NC1QW5 (0.13) at AUP while at CCRI the cross combination 

of NC1QW13×NC1QW3 displayed highest (0.53) desirable reciprocal effects. The cross 
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combination of NC1QW5×NC1QW3 expressed highest negative reciprocal effects at 

AUP (-0.68) and CCRI (-0.40). Srdic et al. (2007) have reported similar patterns of 

combining ability effects for ear length in various cross combinations of maize.  

8. Ear diameter   

Analysis of variance revealed significant (P≤0.05) GCA and SCA effects for ear 

diameter at both the locations (Table 45 and 46) indicating the importance of both additive 

and non-additive gene effects, while reciprocal effects were highly significant (P≤0.01) at 

both the locations. However, comparatively greater SCA variance than GCA variance 

suggests the preponderance of non-additive gene action in the expression of ear diameter in 

white QMP hybrids (Table 47 and 48). However, the degree of these estimates was in general 

higher at CCRI than AUP. Abdel-Moneam et al. (2009), EL-Diasty (2007), Prakash and 

Ganguli (2004) and Hassaballa et al. (2002) have reported both additive and non-additive 

gene action for control of ear diameter. In contradiction to these findings, Asefa et al. (2008), 

Ojo et al. (2007) and Nigussie and Zellke (2001) suggested additive gene effects for this 

trait. different type of gene actions have been reported by various scientists regarding genetic 

control of ear diameter these findings vary due to discrepancy in breeding materials as well 

as the test environments. 

Combining ability estimates revealed that one parent at AUP and two at CCRI expressed 

positive GCA effects for ear diameter (Table 56); NCIQW1 with highest positive GCA effect 

(0.13 at AUP and 0.04 at CCRI) was the best general combiner for this trait at both the 

locations. Inbred line NCIQW5 expressed maximum negative GCA effects (-0.08 at AUP 

and -0.04 at CCRI) and hence was the poor general combiner at both the locations. Among 

the direct cross combinations, five crosses each at AUP and CCRI, displayed positive 

specific combining ability effects. At AUP, the highest positive SCA effect was observed for 

the cross NC1QW3×NCIQW5 (0.12) followed by NC1QW1×NCIQW13 (0.07). The 

maximum negative SCA effect expressed by NC1QW3×NCIQW13 (-0.02 at AUP and -0.01 

at CCRI) declared it as poor combiner for ear diameter at both locations. At CCRI, among the 

direct crosses NC1QW5×NCIQW13 was the best combiner displaying highest SCA effect 

(0.19) followed by NC1QW1×NC1QW13 (0.14). For reciprocal effects, three crosses at AUP 

and four at CCRI expressed positive reciprocal effects. The highest positive reciprocal effect 

was observed for cross combination NC1QW13×NC1QW1 (0.10) at AUP while at CCRI the 

cross combination of NC1QW13×NC1QW5 displayed highest (0.09) desirable reciprocal 

effects. The cross combination of NC1QW3×NC1QW1 expressed highest negative reciprocal 
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effects at AUP (-0.16) and NC1QW5×NC1QW3 at CCRI (-0.13). Atta (2001) have reported 

similar patterns of combining ability effects for ear diameter in various cross combinations of 

maize. 

9. Kernel rows ear-1  

Analysis of variance revealed significant (P≤0.01) GCA, SCA and RCA effects for 

kernel rows ear-1 at both the locations indicating the importance of both additive and non-

additive gene actions (Table 45 and 46). However, comparatively greater SCA variance than 

GCA variance suggested the preponderance of non-additive gene action in the inheritance of 

kernel rows ear-1 in white QMP hybrids (Table 47 and 48). While the magnitude of SCA 

variance was generally higher at CCRI than AUP. Abdel-Moneam et al. (2009), Malik et al. 

(2004) and Gama et al. (1995) reported non-additive gene action for control of kernel rows 

ear-1. Contrary to non-additive gene action, Srdic et al. (2007) suggested additive gene effects 

for inheritance of this trait. While some scientists like Ojo et al. (2007) suggested both 

additive and non-additive effects for this trait. The findings of various scientists regarding 

genetic control of kernel rows ear-1 vary because of discrepancy in breeding material as well 

as the environmental differences. 

Combining ability estimates revealed that three of the parents at each location (AUP 

and CCRI) expressed positive GCA effects for kernel rows ear-1 (Table 57). Inbred line 

NCIQW1 with highest positive GCA effect (0.18) at AUP was the best general combiner for 

this trait. The inbred line NCIQW3 expressed maximum negative GCA effects (-0.29) at 

AUP and NCIQW5 with (-0.16) at CCRI and hence were the poor general combiners at their 

respective locations for kernel rows ear-1. Among the direct cross combinations, four crosses 

displayed positive and two negative SCA effects at AUP. At AUP, the highest positive SCA 

effect was observed for the cross NC1QW3×NCIQW5 (0.57) followed by 

NC1QW1×NCIQW5 (0.23). The maximum negative SCA effect was expressed by 

NC1QW3×NCIQW13 (-0.15) at AUP and hence declared this as poor combiner at AUP for 

kernel rows ear-1. Similarly at CCRI, five of the direct crosses had positive SCA effects with 

NC1QW5×NCIQW13 being the best combiner by displaying highest SCA effect (0.27) 

followed by NC1QW1×NC1QW5 (0.24). Regarding reciprocal effects, four crosses at 

AUP and two at CCRI expressed positive reciprocal effects. The highest desirable 

reciprocal effect was observed for cross combination NC1QW13×NC1QW3 (0.53 at 

AUP 0.32 at CCRI) at both the locations. The cross combination of NC1QW5×NC1QW1 

expressed highest negative reciprocal effects at AUP (-0.13) and CCRI (-0.07). Malik et 
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al. (2004) have reported similar patterns of combining ability for kernel rows ear-1 in 

various cross combinations of maize hybrids. 

10. Kernels row-1 

Analysis of variance revealed significant (P≤0.05) GCA and SCA effects for kernels 

row-1 at both the locations (Table 45 and 46) indicating the importance of both additive and 

non-additive gene effects, while reciprocal effects were highly significant (P≤0.01) at CCRI 

only. However, comparatively greater SCA variance than GCA variance suggests the 

preponderance of non-additive gene action in the expression of kernels row-1 in white QMP 

hybrids (Table 47 and 48). However, the degree of these estimates was in general higher at 

CCRI than AUP. Abdel-Moneam et al. (2009), Malik et al. (2004) and Tabassum (2004) 

have reported non-additive gene action for control of kernels row-1. while El-Hosarry and 

Sedhom (1990) suggested additive gene effects for this trait. different type of gene actions 

have been reported by various scientists regarding genetic control of kernels row-1 these 

findings vary due to discrepancy in breeding materials as well as the test environments. 

Combining ability estimates revealed that three parents at AUP and two at CCRI 

expressed positive GCA effects for kernels row-1 (Table 58). NCIQW1 with highest positive 

GCA effect (0.45) at AUP and Inbred line NCIQW3 (1.50) at CCRI were the best general 

combiners for this trait at their respective locations. Inbred line NCIQW13 showed maximum 

negative GCA effects (-1.02) at AUP and NC1QW1 (-0.94) at CCRI and hence were poor for 

general combination at two locations. Among the direct cross combinations, five crosses each 

at AUP and CCRI, displayed positive specific combining ability effects. At AUP, the highest 

positive SCA effect was observed for the cross NC1QW5×NCIQW13 (2.57) followed by 

NC1QW3×NCIQW13 (1.95). The maximum negative SCA effect expressed by 

NC1QW3×NCIQW5 (-1.09 at AUP and -0.81 at CCRI) declared it as poor combiner for 

kernels row-1 at both locations. At CCRI, among the direct crosses the same cross 

combination NC1QW5×NCIQW13 was the best combiner displaying highest SCA effect 

(3.14) followed by NC1QW1×NC1QW3 (3.03). For reciprocal effects, none crosses at AUP 

and two at CCRI expressed positive reciprocal effects. The lowest negative reciprocal effect 

was observed for cross combination NC1QW5×NC1QW1 (-0.43) at AUP while at CCRI the 

cross combination of NC1QW13×NC1QW3 displayed highest (1.07) desirable reciprocal 

effect. The cross combination of NC1QW3×NC1QW1 expressed highest negative reciprocal 

effects at AUP (-1.53) and NC1QW5×NC1QW3 at CCRI (-2.57). Abdel-Moneam et al. 
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(2009) have reported similar patterns of combining ability effects for kernels row-1 in various 

cross combinations of maize. 

11. Kernels ear-1  

Analysis of variance revealed highly significant (P≤0.01) GCA, SCA and RCA 

(P≤0.05) effects for kernels ear-1 at both the locations indicating the importance of both 

additive and non-additive gene effects (Table 45 and 46). However, comparatively greater 

SCA variance than GCA variance suggests the predominance of non-additive gene action in 

the expression of kernels ear-1 in white QMP hybrids (Table 47 and 48). Moreover, the ratio 

of SCA to GCA variance was less than unity at both the locations implying that the genotypic 

variations mostly comprised of non-additive genetic effects. However, the level of these 

estimates seems to be higher at CCRI than AUP. Similar findings by Tabassum et al. (2007), 

Malik et al. (2004), Tabassum (2004), Saleem et al. (2002) and Roy et al. (1995) suggesting 

non-additive gene action for control of kernels ear-1. Opposing the importance of non-

additive gene action, Prakash and Ganguli (2004) and Yuan et al. (2003) suggested additive 

gene action for inheritance of this trait. While Ahmad (2002) and Rameeh (2000) concluded 

both additive and non-additive effects for this trait. The results of various scientists regarding 

genetic control of kernels ear-1 vary because of discrepancy in the nature and size of breeding 

material as well as the environmental disparities. 

Combining ability estimates revealed that two of the parents at AUP and one at CCRI 

expressed positive GCA effects for kernels ear-1 (Table 59). Inbred line NCIQW1 with 

highest positive GCA effect (11.54) at AUP and NCIQW3 (24.00) at CCRI were the best for 

general combinations for this trait at their respective locations. The inbred line NCIQW13 

expressed maximum negative GCA effects (-12.47) at AUP and NCIQW1 (-17.58) at CCRI, 

and hence were the poor general combiners at respective locations. Among the direct cross 

combinations, five crosses displayed positive and one negative specific combining ability 

effects at AUP and CCRI, respectively. The highest positive SCA effect was observed for the 

cross NC1QW5×NCIQW13 (35.44 at AUP and 52.85 at CCRI) followed by 

NC1QW3×NCIQW13 (20.32 at AUP and 37.20 at CCRI) and hence declared best for 

specific combinations. The maximum negative SCA effect was expressed by 

NC1QW1×NCIQW3 (-2.63) hence declared this as poor combiner at AUP for kernels ear-1. 

The direct cross combination NC1QW3×NCIQW5 expressed maximum negative SCA 

effects (-16.49) and declared worst specific combination for kernels ear-1 at CCRI.  

Regarding reciprocal effects, none at AUP and two crosses at CCRI expressed positive 
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reciprocal effects. Desirable reciprocal effects were observed for cross combination 

NC1QW13×NC1QW3 (-0.40 at AUP and 30.50 at CCRI) while the cross combination of 

NC1QW5×NC1QW3 expressed highest negative reciprocal effects (-17.13 at AUP and -

31.53 at CCRI). Atanaw et al. (2006) have reported similar patterns of combining ability 

for kernels ear-1 in various cross combinations of maize hybrids. 

12. 100-grain weight   

Analysis of variance revealed significant (P≤0.05) GCA and SCA effects for 100-

grain weight  at both the locations (Table 45 and 46) indicating the importance of both 

additive and non-additive gene effects, while reciprocal effects were highly significant 

(P≤0.01) at AUP only. However, comparatively greater SCA variance than GCA variance 

suggests the preponderance of non-additive gene action in the expression of 100-grain 

weight in white QMP hybrids (Table 47 and 48). However, the degree of these estimates 

was in general higher at AUP than CCRI. Tabassum et al. (2007), Tabassum (2004), 

Rameeh et al. (2000) and Dubey et al. (2001) have reported non-additive gene action for 

control of 100-grain weight. While Farshadfar et al. (2002) and Mani et al. (2000) 

suggested additive gene effects for this trait. However, Zelleke (2000) and Javed (1986) 

reported both additive and dominance gene effects for the control of 100-grain weight.  

Different type of gene actions have been reported by various scientists regarding genetic 

control of 100-grain weight contradictions in these findings is due to discrepancy in breeding 

materials as well as the test environments. 

Combining ability estimates revealed that two parents at AUP and two at CCRI 

expressed positive GCA effects for 100-grain weight (Table 60). Inbred lines NCIQW1 with 

highest positive GCA effect (0.84) at AUP and NCIQW5 (0.41) at CCRI were the best 

general combiners for this trait at their respective locations. Inbred line NCIQW13 expressed 

maximum negative GCA effects (-0.98 at AUP and -0.35 at CCRI) and hence was the poor 

general combiner at both the locations. Among the direct cross combinations, four of the 

crosses at AUP and six at CCRI, displayed positive specific combining ability effects. At 

AUP, the highest positive SCA effect was observed for the cross NC1QW1×NCIQW5 (2.15) 

followed by NC1QW1×NCIQW5 (1.41). The maximum negative SCA effect was expressed 

by NC1QW3×NCIQW13 (-1.45) at AUP and hence declared it as poor combiner for 100-

grain weight. At CCRI, among the direct crosses NC1QW1×NCIQW13 was the best specific 

combiner displaying highest SCA effect (1.55) followed by NC1QW3×NC1QW5 (1.26). For 

reciprocal effects, three crosses at AUP and four at CCRI expressed positive reciprocal 
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effects. The highest positive reciprocal effect was observed for cross combination 

NC1QW5×NC1QW1 (0.08) at AUP while at CCRI the cross combination of 

NC1QW13×NC1QW3 displayed highest (0.64) desirable reciprocal effects. The cross 

combination of NC1QW5×NC1QW3 expressed highest negative reciprocal effects at AUP (-

2.42) and NC1QW13×NC1QW5 at CCRI (-0.21). Malik et al. (2004), Tabassum (2004) and 

Sain et al. (1997) have reported similar patterns of combining ability effects for 100-grain 

weight in various cross combinations of maize hybrids. 

13. Ear weight  

Analysis of variance revealed highly significant (P≤0.01) GCA, SCA and RCA 

effects for ear weight at both the locations indicating the importance of both additive and 

non-additive gene actions (Table 45 and 46). However, comparatively greater SCA variance 

than GCA variance suggested the preponderance of non-additive gene action in the 

inheritance of ear weight in white QMP hybrids (Table 47 and 48). While the magnitude of 

these estimates was generally higher at CCRI than AUP. Tabassum et al. (2007), Atanaw et 

al. (2006), Sujiprihati et al. (2001), Dass et al. (1997) and Packiaraj (1995) reported non-

additive gene action for control of ear weight. Contrary to non-additive gene action, Saliu et 

al. (2008), Malik et al. (2004) and Geetha (1997) suggested additive gene effects for 

inheritance of this trait. While Geetha and Jayaraman (2000b) and Mahto ad Ganguly 

(2001) concluded both additive and non-additive effects for this trait. 

Combining ability estimates revealed that two of the parents at AUP and two at CCRI 

expressed positive GCA effects for ear weight (Table 61). Inbred line NCIQW1 with highest 

positive GCA effect (6.78) at AUP was the best general combiner for this trait. While at 

CCRI, NCIQW3 was the best for general combination with highest GCA effect (5.00). The 

inbred line NCIQW13 expressed maximum negative GCA effects (-3.75) at AUP and 

undesirable GCA effect (-5.14) at CCRI was expressed by NCIQW1 and hence were declared 

as poor general combiners at respective locations. Among the direct cross combinations, five 

crosses displayed positive and one negative SCA effects at AUP. At AUP, the highest 

positive SCA effect was observed for the cross NC1QW5×NCIQW13 (17.89) followed by 

NC1QW1×NCIQW3 (13.98). The maximum negative SCA effect was expressed by 

NC1QW3×NCIQW13 (-1.80) and hence declared this as poor specific combiner at AUP for 

ear weight. Similarly at CCRI, all of the direct crosses had positive SCA effects with 

NC1QW5×NCIQW13 being the best combiner by displaying highest SCA effect (19.86) 

followed by NC1QW1×NC1QW13 (12.88). Regarding reciprocal effects, three crosses at 
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AUP and four at CCRI expressed positive reciprocal effects. The highest positive 

reciprocal effect was observed for cross combination NC1QW13×NC1QW1 (7.07) at 

AUP while at CCRI the cross combination of NC1QW13×NC1QW3 displayed highest 

(4.83) desirable reciprocal effect. The cross combination of NC1QW3×NC1QW1 

expressed highest negative reciprocal effect (-17.57) at AUP and cross combination 

NC1QW5×NC1QW3 (-6.42) at CCRI. Prakash and Ganguli (2004) have reported similar 

patterns of combining ability for ear weight in various cross combinations for maize 

hybrids.  

14. Kernel weight ear-1  

Analysis of variance revealed highly significant (P≤0.01) GCA, SCA and RCA 

effects for kernel weight ear-1 at both the locations indicating the importance of both additive 

and non-additive gene effects (Table 45 and 46). However, comparatively a much greater 

SCA variance than GCA variance suggests the predominance of non-additive gene action in 

the expression of kernel weight ear-1 in white QMP hybrids (Table 47 and 48). Moreover, the 

ratio of SCA to GCA variance was less than unity at both the locations implying that the 

genotypic  

variations mostly comprised of non-additive genetic effects. However, the level of these 

estimates seems to be higher at CCRI than AUP. Similar findings by Atanaw et al. (2006), 

Kumar et al. (1998), Dass et al. (1997) Debnath and Sarkar (1990), Has-V (1999) and 

Zargar and Singh (1990) suggested non-additive gene action for control of kernel weight ear-1 

. Opposing the importance of non-additive gene action Aliu et al. (2008), Malik et al. (2004) 

and Yuan et al. (2003) suggested additive gene effects for inheritance of this trait. While 

Barati et al. (2004), Ahmad (2002) and Geetha and Jayaraman (2000b) concluded both 

additive and non-additive effects for this trait. The results of various scientists regarding 

genetic control of kernel weight ear-1 vary because of discrepancy in the nature and size of 

breeding material as well as the environmental differences. 

Combining ability estimates revealed that one of the parents at AUP and two at CCRI 

expressed positive GCA effects for kernel weight ear-1 (Table 62). Inbred line NCIQW1 with 

highest positive GCA effect (6.57) at AUP was the best general combiner for this trait. While 

at CCRI, the inbred line NCIQW3 with desirable GCA effect (5.13) was the best general 

combiner at this location. The inbred line NCIQW13 expressed maximum negative GCA 

effects (-3.67 at AUP and -3.80 at CCRI) and hence was the poor general combiners at both 

the locations. Among the direct cross combinations, five crosses at AUP and six at CCRI 
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displayed positive specific combining ability effects. The highest positive SCA effect was 

observed for the cross NC1QW5×NCIQW13 (16.27 at AUP and 18.18 at CCRI) followed by 

NC1QW1×NCIQW3 (11.22 at AUP and 9.78 at CCRI), respectively. The maximum negative 

SCA effect was expressed by NC1QW3×NCIQW13 (-0.98) and hence declared this as poor 

specific combination at AUP for kernel weight ear-1. Regarding reciprocal effects three 

crosses at AUP and three at CCRI expressed positive reciprocal effects. The highest 

positive reciprocal effects were observed for cross combination NC1QW13×NC1QW1 

(7.03) at AUP while at CCRI the cross combination of NC1QW13×NC1QW3 displayed 

highest (6.08) desirable reciprocal effects. The cross combination of 

NC1QW5×NC1QW3 expressed highest negative reciprocal effects at AUP (-11.50) and 

CCRI (-4.43). Saleem et al. (2007) have reported similar patterns of combining ability for 

kernel weight ear-1 in various cross combinations of maize hybrids. 

15. Grain yield ha-1  

Analysis of variance revealed highly significant (P≤0.01) GCA, SCA and RCA 

effects for grain yield ha-1 at both the locations indicating the importance of both additive and 

non-additive gene effects (Table 45 and 46). However, comparatively a much greater SCA 

variance than GCA variance suggests the predominance of non-additive gene action in the 

expression of grain yield ha-1 in white QMP hybrids (Table 47 and 48). Moreover, the ratio of 

SCA to GCA variance was less than unity at both the locations implying that the genotypic 

variations mostly comprised of non-additive genetic effects. However, the level of these 

estimates seems to be higher at CCRI than AUP. Similar findings by Tabassum et al. 

(2007), El-Moula et al. (2004), Malik et al. (2004), Prakash and Ganguli (2004), 

Tabassum (2004) and Singh et al. (2001)  suggesting non-additive gene action for control 

of grain yield ha-1. Opposing the importance of non-additive gene action Rezaei et al. 

(2005), Vafias and Ipsilandis (2005), Konak et al. (2001), Nigussie and Zellke (2001) and 

Kadlubiec et al. (2000) reported additive gene effects for inheritance of this trait. While 

Atanaw et al. (2006), Katna et al. (2005), Ahmad (2002), Mandal et al. (2001), Geetha 

and Jayaraman (2000b) and Zelleke (2000) concluded both additive and non-additive 

effects for this trait. The results of various scientists regarding genetic control of grain yield 

in maize hybrids vary because of discrepancy in the nature and size of breeding material as 

well as the environmental disparities. 

Combining ability estimates revealed that two of the parents at each location, AUP 

and CCRI expressed positive GCA effects for grain yield ha-1 (Table 63). Inbred line 
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NCIQW13 with highest positive GCA effect (422.99) at AUP was the best general combiner 

for this trait. While at CCRI, the inbred line NCIQW3 with desirable GCA effect (247.91) 

was the best general combiner at this location. The inbred line NCIQW1 expressed maximum 

negative GCA effects (-305.52 at AUP and -394.99 at CCRI) and hence was the poor general 

combiner at both the locations. Among the direct cross combinations, five crosses each at 

AUP and CCRI displayed positive specific combining ability effects. The highest positive 

SCA effect was observed for the cross NC1QW5×NCIQW13 (648.97 at AUP and 842.40 at 

CCRI) followed by NC1QW1×NCIQW3 (518.77) at AUP and NC1QW1×NCIQW5 (463.88) 

at CCRI, respectively and hence declared the best specific combinations at their respective 

locations. The maximum negative SCA effect was expressed by NC1QW3×NCIQW5 (-

158.48 at AUP and 76.94 at CCRI) and hence exposed this as poor specific combination at 

both the locations for grain yield ha-1. Regarding reciprocal effects three crosses at AUP 

and four at CCRI expressed positive reciprocal effects. The highest positive reciprocal 

effects were observed for cross combination NC1QW13×NC1QW1 (148.12) at AUP 

while at CCRI the cross combination of NC1QW3×NC1QW1 displayed highest (623.17) 

desirable reciprocal effects. The cross combination of NC1QW5×NC1QW3 expressed 

highest negative reciprocal effects (-623.55) at AUP and NC1QW13×NC1QW3 (-

623.17) at CCRI. Singh and Gupta (2009), Prakash and Ganguli (2004) and Dodiya and 

Joshi (2003) have reported similar patterns of combining ability for grain yield ha-1 in 

various cross combinations of maize hybrids. 

16. Lysine content per 100 g of grain sample 

Analysis of variance evinced highly significant (P≤0.01) GCA, SCA and RCA mean 

squares for lysine content in grain at both the locations indicating the importance of both 

additive and non-additive gene actions (Table 45 and 46). Wegary et al. (2011) and Zonghua 

et al. (2010) also observed highly significant GCA and SCA mean squares for lysine content 

in grain of QPM across locations. However, comparatively greater SCA variance than GCA 

variance suggested the preponderance of non-additive gene action in the inheritance of lysine 

content in grain in white QMP hybrids (Table 47 and 48). While, the degree of these 

estimates were higher at AUP than CCRI except for the SCA variance which was higher at 

CCRI. Ngaboyisonga et al. (2010) reported non-additive gene action contributed more than 

60% of the genetic variations for lysine content. Similarly Manicacci et al. (2009) suggested 

that Opaque2 coding sequence interact non-additively to modify lysine content in grains of 

QPM germplasm. 
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Combining ability estimates revealed that three of the parents each at AUP and CCRI 

expressed positive GCA effects for lysine content in QPM inbreds (Table 64). Inbred line 

NCIQW3 with highest positive GCA effect (0.01) at AUP was the best general combiner for 

this trait. While at CCRI, NCIQW13 was the best for general combination with highest GCA 

effect (0.01). The inbred line NCIQW5 expressed maximum negative GCA effects (-0.01) at 

both the locations and hence was declared as poor general combiners at both the locations. 

Among the direct cross combinations, three crosses displayed positive and three negative 

SCA effects at AUP. At AUP, the highest positive SCA effect was observed for the cross 

NC1QW1×NCIQW3 (0.01) followed by NC1QW1×NCIQW5 (0.01). The maximum 

negative SCA effect was expressed by NC1QW5×NCIQW13 (-0.01) and hence declared this 

as poor specific combiner at AUP for lysine content. Similarly at CCRI, four of the direct 

crosses had positive SCA effects with the same combination NC1QW1×NCIQW3 being the 

best combiner by displaying highest SCA effect (0.02) followed by NC1QW1×NC1QW13 

(0.01). Regarding reciprocal effects, two crosses each at AUP and CCRI expressed 

positive reciprocal effects. The highest positive reciprocal effect (0.01) was observed for 

cross combination NC1QW13×NC1QW3 at both the locations. The cross combination of 

NC1QW5×NC1QW1 expressed highest negative reciprocal effect (-0.04) at both the 

locations. Medici et al. (2009) have concluded similar estimates of combining ability 

effects for lysine content in various cross combinations of maize. 

17. Tryptophane content per 100 g of grain sample 

Analysis of variance revealed highly significant (P≤0.01) GCA, SCA and RCA mean 

squares for tryptophane content across locations indicating the importance of both additive 

and non-additive gene actions (Table 45 and 46). Wegary et al. (2011) and Darrigues et al. 

(2005) also reported highly significant GCA and SCA effects for grain tryptophane content in 

QPM. However, comparatively greater SCA variance than GCA variance depicted the 

prevalence of non-additive gene action in the inheritance of tryptophane concentration in 

white QMP hybrids (Table 47 and 48). Similar to Lysine concentration, the magnitude of 

these estimates for tryptophane seemed generally higher at AUP than CCRI. Ngaboyisonga et 

al. (2008) reported non-additive gene action contributed 65.3% of the genetic variations for 

tryptophane content. Firoz et al. (2007) and Lee et al. (1976) have also concluded non-

additive and epistatic expressions, respectively regarding tryptophane concentration in maize 

kernel. 
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Combining ability estimates revealed that two of the parents at AUP and one at CCRI 

expressed positive GCA effects for tryptophane content in kernel of white QPM inbreds 

(Table 65). Inbred line NCIQW3 with highest positive GCA effect (0.0031) at AUP was the 

best general combiner for this trait. While at CCRI, NCIQW1 was the best for general 

combination with highest GCA effect (0.0017). The inbred line NCIQW5 expressed 

maximum negative GCA effect (-0.0018) at AUP and undesirable GCA effect (-0.0008) at 

CCRI was expressed by the same inbred line NCIQW5 and hence was declared as poor 

general combiners at both locations. Among the direct cross combinations, four crosses 

displayed positive and one negative SCA effects at AUP. At AUP, the highest positive SCA 

effect was observed for the cross NC1QW1×NCIQW5 (0.0043) followed by 

NC1QW5×NCIQW13 (0.0025). The maximum negative SCA effect was expressed by 

NC1QW3×NCIQW13 (-0.0029) and hence declared this as poor specific combination at 

AUP for tryptophane content. Similarly at CCRI, one of the direct crosses had positive SCA 

effects with NC1QW3×NCIQW5 being the best combination by displaying highest SCA 

effect (0.0007). Regarding reciprocal effects, one cross at AUP and three at CCRI 

expressed positive reciprocal effects. The highest positive reciprocal effect was observed 

for cross combination NC1QW3×NC1QW1 (0.0032) at AUP while at CCRI the cross 

combination of NC1QW13×NC1QW3 displayed highest (0.0034) desirable reciprocal 

effect. The hybrid combination of NC1QW5×NC1QW1 expressed highest negative 

reciprocal effect (-0.014) at AUP and (-0.0091) at CCRI. Darrigues et al. (2005) have 

concluded similar patterns of combining ability effects for tryptophane concentration in 

various cross combinations of high and low tryptophane maize germplasms. 

18. Protein content per 100 g of grain sample 

Analysis of variance exhibited highly significant (P≤0.01) GCA, SCA and RCA 

mean squares for grain protein content in white QPM at both the locations indicating the 

importance of both additive and non-additive gene actions (Table 45 and 46). Wegary et al. 

(2011), Zonghua et al. (2010), Ngaboyisonga et al. (2008) and Okello et al. (2005) also 

reported highly significant GCA and SCA effects for grain protein content in QPM. 

However, comparatively greater SCA variance than GCA variance suggested the 

preponderance of non-additive gene action in the inheritance of protein content in white 

QMP (Table 47 and 48). Similar to Lysine and tryptophane concentrations, the magnitude of 

these estimates for protein were observed generally higher at AUP than CCRI. Manicacci et 

al. (2009), Wattoo et al. (2009), Osorno and Carena (2008) Firoz et al. (2007), Shanthi et al. 
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(2002) and Joshi et al. (1998) have also concluded non-additive gene action for genetic 

control of grain protein in QPM. While, Pollmer et al. (1977) concluded additive genetic 

effects for this trait. 

Combining ability estimates revealed that three of the parents at AUP and two at 

CCRI expressed positive GCA effects for protein content (Table 66). Inbred line NCIQW3 

with highest positive GCA effect (0.221) at AUP was the best general combiner for this trait. 

While at CCRI, NCIQW5 was the best for general combination with highest GCA effect 

(0.174). The inbred line NCIQW13 expressed maximum negative GCA effects (-0.349) at 

AUP and undesirable GCA effect (-0.219) at CCRI and hence was declared as poor general 

combiner at both locations for grain protein concentration. Among the direct cross 

combinations, two crosses each at AUP and CCRI displayed positive SCA effects. The 

highest positive SCA effects were observed for the cross NC1QW3×NCIQW5 at AUP 

(0.746) and CCRI (0.400) followed by NC1QW5×NCIQW13 at AUP (0.476) and CCRI 

(0.239), respectively. The maximum negative SCA effects were displayed by cross 

NC1QW3×NCIQW13 (at AUP -0.620 and CCRI -0.466) and hence declared this as poor 

specific combination at both locations for this quality trait. Regarding reciprocal effects, 

four crosses at AUP and two at CCRI expressed positive reciprocal effects. Lou et al. 

(2005) also reported positive cytoplasmic effects for protein content. The highest positive 

reciprocal effect was observed for cross combination NC1QW5×NC1QW3 (0.650) at 

AUP while at CCRI the cross combination of NC1QW3×NC1QW1 displayed highest 

(0.405) desirable reciprocal effect. The cross combination of NC1QW5×NC1QW1 

expressed highest negative reciprocal effect (-0.658) at AUP and cross combination 

NC1QW13×NC1QW1 (-0.599) at CCRI. Musila et al. (2010), Mutimaamba et al. (2010), 

Osorno and Carena (2008) and Singh and Singh (1989) have concluded similar patterns of 

combining ability effects for protein content in various breeding schemes of QPM 

germplasms. 

19. Percent lysine in grain protein  

Analysis of variance revealed highly significant (P≤0.01) GCA, SCA and RCA mean 

squares for protein-lysine content at both the locations indicating the importance of both 

additive and non-additive gene actions (Table 45 and 46). Wegary et al. (2011), Zonghua et 

al. (2010) and Medici et al. (2009) have reported highly significant GCA and SCA mean 

squares for protein-lysine content in grain of QPM in different environments. However, 

comparatively greater SCA variance than GCA variance suggested that non-additive gene 
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action is more prominent in the inheritance of protein-lysine content in grain in white QMP 

hybrids (Table 47 and 48). Similar to other grain quality traits, a higher trend in the 

magnitude of these estimates was expressed at AUP than CCRI suggesting that selection for 

improvement of these quality traits will be more effective at AUP. Ngaboyisonga et al. 

(2010) reported non-additive gene action contributed more than the additive for genetic 

variations in protein-lysine content. Similarly Manicacci et al. (2009) reported that Opaque2 

coding sequence interacted non-additively to enhance lysine content in grains of QPM 

germplasm. Lou et al. (2005) concluded that the effects of o2 gene were substantial on lysine 

content than any other quality trait. 

Combining ability estimates revealed that two of the parents at AUP and two at CCRI 

expressed positive GCA effects for protein-lysine content (Table 67). Inbred line NCIQW13 

with highest positive GCA effect (0.172) at AUP was the best general combiner for this trait. 

While at CCRI, the same inbred NCIQW3 was the best for general combination with highest 

GCA effect (0.169). The inbred line NCIQW5 expressed maximum negative GCA effects (-

0.097) at AUP and undesirable GCA effect (-0.134) at CCRI and hence was declared as poor 

general combiners at both locations. Among the direct cross combinations, four crosses each 

at AUP and CCRI exhibited positive SCA effects for white QPM hybrids. At AUP, the 

highest positive SCA effect was observed for the cross NC1QW1×NCIQW5 (0.226) 

followed by NC1QW3×NCIQW13 (0.190). The maximum negative SCA effect was 

expressed by NC1QW3×NCIQW5 (-0.367) and hence declared this as poor specific 

combination at AUP for protein-lysine content. Similarly at CCRI, the highest SCA effect 

(0.254) was expressed by NC1QW1×NCIQW3 being the best combination followed by 

NC1QW1×NC1QW13 (0.115) for protein-lysine content. Regarding reciprocal effects, 

one cross at AUP and two at CCRI expressed positive reciprocal effects. The highest 

positive reciprocal effect was observed for cross combination NC1QW13×NC1QW3 

(0.021) at AUP while at CCRI the cross combination of NC1QW13×NC1QW1 displayed 

highest (0.150) desirable reciprocal effect. While, The cross combination of 

NC1QW5×NC1QW3 expressed highest negative reciprocal effect (-0.575) at AUP and 

cross combination NC1QW5×NC1QW1 (-0.259) at CCRI. Medici et al. (2009) and 

Okello et al. (2005) have reported similar patterns of combining ability for protein-lysine 

content in various cross combinations for QPM hybrids. 

20. Percent tryptophane in grain protein 
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Analysis of variance exhibited highly significant (P≤0.01) GCA, SCA and RCA 

mean squares for protein-tryptophane content in white QPM at both the locations indicating 

the importance of both additive and non-additive gene actions (Table 45 and 46). Wegary et 

al. (2011), Zonghua et al. (2010), Darrigues et al. (2005) and Okello et al. (2005) also 

reported highly significant GCA and SCA effects for protein-tryptophane content in QPM. 

However, comparatively greater SCA variance than GCA variance suggested the 

preponderance of non-additive gene action in the inheritance of protein-tryptophane content 

in white QPM (Table 47 and 48). As for other protein quality traits, the degree of these 

estimates for tryptophane concentrations in grain protein was expressed generally higher at 

AUP than CCRI. Ngaboyisonga et al. (2008) reported that non-additive effects were 

predominant for tryptophane contcentration in protein. Firoz et al. (2007) and Lee et al. 

(1976) have also concluded non-additive epistatic expressions, respectively regarding 

tryptophane concentration in grain protein. 

Combining ability estimates revealed that two of the parents at AUP and three at 

CCRI expressed positive GCA effects for protein-tryptophane content (Table 68). Inbred line 

NCIQW13 with highest positive GCA effect (0.034) at AUP and (0.017) at CCRI and hence 

declared the best general combiner for this trait at both the locations. Inbred line NCIQW1 

expressed maximum negative GCA effects (-0.030) at AUP while NCIQW5 expressed 

undesirable GCA effect (-0.021) at CCRI and hence were declared as poor general combiner 

at respective locations for protein-tryptophane concentration. Among the direct cross 

combinations, four crosses at AUP and one at CCRI displayed positive SCA effects. The 

highest positive SCA effects were observed for the cross NC1QW1×NCIQW5 at AUP 

(0.062) followed by NC1QW1×NCIQW13 (0.040) and were the best specific combinations. 

The maximum negative SCA effects were displayed by specific cross combination 

NC1QW3×NCIQW5 (at AUP -0.073 and at CCRI -0.031) and hence declared this as poor 

specific combination at both locations for this quality trait. At CCRI, the desirable SCA 

effect (0.018) was expressed by NC1QW1×NCIQW3 declaring this as best among specific 

combinations at this location. Regarding reciprocal effects, none of the crosses at AUP and 

three at CCRI expressed positive reciprocal effects. The highest positive reciprocal effect 

was observed for cross combination NC1QW13×NC1QW3 (0.033) at CCRI. The cross 

NC1QW13×NC1QW5 expressed highest negative reciprocal effect (-0.136) at AUP and 

cross combination NC1QW5×NC1QW1 (-0.060) at CCRI. Darrigues et al. (2005) have 

concluded similar patterns of combining ability effects for tryptophane concentration in 
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various cross combinations of high and low tryptophane maize inbred lines. Osorno and 

Carena (2008) and Singh and Singh (1989) have reported similar combining ability effects 

for protein-tryptophane content in various breeding schemes of QPM hybrids. 

D. Heterosis 
 Heterosis refers to the hybrid vigor in F1 generation obtained from crosses 

between inbred lines manifested in superior performance vis-à-vis different parameters 

(vigor, fertility, resistance, yield, quality, and many others) to that of the mean of the 

parents and the better parents (Shull, 1952), introduced this the term heterosis for the first 

time. In literature, two major types of estimations for heterosis are reported; namely, mid-

parent or average heterosis, which refers to the increased vigor of the F1 over the mean of 

two parents; and high-parent or better parent heterosis, which is the increased vigor of the 

F1 over the better parent (Jinks, 1983; Sinha and Khanna, 1975). (Zea mays L.) comply 

the ever-increasing market demands for food because of the extraordinary properties of 

its hybrid, which is responsible for the elevated commercial value of hybrid maize. 

Heterosis can be observed in maize at very early developmental stages like seedling 

emergence, leaf appearance and elongation rate. Heterosis can also be observed in 

tasseling, silking, plant height, ear height, biological yield, stover yield, ear length, ear 

diameter, number of rows per ear, number of grains per row, 100-grain weight, grain 

yield, protein content, and amino acid contents. Maize has shown substantial potentials 

for heterotic manifestation and its exploitations. This might be the very reason for high 

number of hybrid varieties than open pollinated, double cross, synthetic, or three way 

crosses.  

Days to tasseling 

 In maize hybrid production the negative estimates of heterosis are preferred for 

days to tasseling, because it leads to earliness and saves the spring crop from pollen 

desiccation due to rise in temperature during the month of May. Means and heterotic 

effects for days to tasseling of white QPM lines are given in Table 69. The white QPM 

lines as well as their F1 hybrids took comparatively more days to tasseling at CCRI than 

AUP. Days to tasseling of QPM lines and F1 hybrids ranged from 49.0 to 54.2 at AUP 

vs. 51.5 to 57.7 at CCRI (Table 69). The white QPM line NC1QW13 took minimum days 

to tasseling both at AUP and at CCRI. Among the F1 cross combinations of 

NC1QW13×NC1QW1 displayed the minimum days to tasseling at both test locations. 
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Two of the 12 F1 hybrids, expressed desirable negative mid and better parent heterosis 

for tasseling at AUP. In contrast, three F1 hybrids showed the desirable negative best 

parent heterosis at CCRI. Similar results suggesting negative heterotic patterns for days 

to tasseling are reported by Flint-Garcia et al. (2009), Singh and Gupta (2009), Dickert 

and Tracy (2002), Saleh et al. (2002),Gupta and Nagda (2000), Lobato-ortiz et al. (2000) 

and Mendoza et al. (2000). 

Days to silking 

For days to silking negative heterosis is desirable because it is an indication for 

early maturity. Means and heterotic effects for days to silking of white QPM lines and 

their hybrids are given in Table 70. The white QPM lines as well as their F1 hybrids took 

comparatively more days to silking at CCRI than AUP. Days to silking of parents and F1 

hybrids ranged from 50.5 to 56.2 at AUP vs. 57.5 to 62.5 at CCRI (Table 70). The white 

QPM line NC1QW13 took minimum days to silking at both AUP (50.5) and CCRI 

(57.5). Cross combinations of NC1QW13×NC1QW3 and NC1QW1×NC1QW13 

displayed the minimum days to silking at AUP and CCRI. One of the 12 F1 hybrids, 

expressed desirable negative mid and better parent heterosis for silking at AUP. In 

contrast, two F1 hybrids showed the desirable negative best parent heterosis at CCRI. 

These results are in accordance with those of Tollenaar et al. (2004) who reported mean 

heterosis up to -7% for days to silking in maize. Similarly, Alam et al. (2008), Dickert and 

Tracy (2002), Saleh et al. (2002), Vieente et al. (2001), Gupta and Nagda (2000), 

Mendoza et al. (2000), and Vasal et al. (1993), have reported varying degrees of negative 

heterotic effects for days to silking in maize hybrids. 

Plant height 

 Means of white QPM lines, their hybrids, and estimates of heterotic effects for 

plant height are presented in Table 71. Mean values generally depicted a lower trend for 

plant height at AUP than at CCRI. Plant height of parental lines ranged from 124.9 to 

138.5 cm at AUP vs. 120.7 to 142.8 cm at CCRI. While mean values for hybrids ranged 

from 131.1 to 155.4 cm and 136.6 to 156.3 cm at AUP and CCRI, respectively. The mid-

parent heterotic effects for plant height were positive at both locations indicating that the 

F1 hybrids were taller than their parental lines. The cross NC1QW13×NC1QW5 

displayed least mid-parent heterosis (0.98%) while NC1QW13×NC1QW1 had the lowest 

best-parent heterosis (-3.35%) at AUP. Alvi et al. (2003) have reported mid and best-
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parent heterosis of 11.49 and 8.72%, respectively for plant height in maize. All of the 

crosses expressed positive mid-parent heterosis and two showed negative best-parent 

heterosis for plant height at CCRI. The cross combination of NC1QW3×NC1QW13 

(136.6 cm) at CCRI, displayed lowest values for mid 3.65% and best-parent heterosis -

4.36% respectively. The magnitude of heterotic effects ranged from 3.65 to 18.79% and -

4.36 to 17.65% against the mid and best parental values, respectively in crosses regarding 

plant height. Similar results for plant height suggesting heterotic effects in different cross 

combinations of maize hybrids have been reported by Flint-Garcia et al. (2009), Singh 

and Gupta (2009), Alvi et al.(2003), Gyenes-Hegyi et al. (2002), Rosa et al. (2000), 

Chelyk and Chebotar (1999), Konak et al. (1999), Arias and souza (1998), Vasal et al. 

(1992 a) and Misevic (1989).  

Ear height  
 Breeders tend to select maize genotypes with ears at the mid-position of plant 

because such plants are more tolerant to lodging. It can be observed from the data in 

Table 72 that the ear height of white QPM lines and their F1 progeny was generally 

higher at AUP than at CCRI. The magnitude of heterotic effects ranged from 1.38 to 

18.09% and -3.54 to 13.38% over mid and best parental values, respectively at AUP. 

Cross combination of NC1QW13×NC1QW5 (59.9 cm) at AUP had the least values for 

mid (1.38%) and best parent (-3.54%) heterosis regarding ear height. The cross of 

NC1QW1×NC1QW5 (57.2 cm) showed the least values for mid-parent (0.10%) and best-

parent (-4.19%) heterosis for ear height at CCRI. Different estimates for mid and best 

parent heterosis for ear height have been reported by various researchers. For example, 

Alam et al. (2008) reported mid and best parent heterosis values of 11.0 and 10.83%, 

respectively for ear height. The magnitude of mid and best-parent heterotic effects at 

CCRI varied from 0.10 to 20.09% and -4.19 to 16.28% for ear height. The results 

presented here for ear height are in accordance with those of Singh and Gupta (2009), 

Gyenes-Hegyi et al. (2002), Leta Tulu (2001), Bejarano et al. (2000), Saleh et al. (2000), 

El-Shouny et al. (1999) and Konak et al. (1999). 

Biological yield 

  The estimates of heterosis and heterobeltiosis for biological yield are presented in 

Table 73 indicating positive effects for all the crosses. The magnitude of mid and better 

parent heterosis varied from cross to cross; a thorough study of the results indicated that 
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the average biological yield at CCRI tends to be higher than at AUP. Biological yield of 

white QPM parental lines and their hybrid progeny ranged from 8127 to 14111 Kg ha-1 

and 13356 to 20278 Kg ha-1 vs. 11917 to 13911 Kg ha-1 and 17806 to 24578 Kg ha-1 at 

AUP and CCRI, respectively. The cross of NC1QW3×NC1QW1 at AUP displayed 

highest percentage of heterosis over mid parent (98.82%) as well as over better parent 

(82.42%). The magnitude of heterotic effects ranged from 36.17% to 98.82% and 8.03% 

to 82.42% against their mid and better parental values, respectively in crosses at AUP 

regarding biological yield. At CCRI, all the crosses showed positive heterosis and 

heterobeltiosis for biological yield. The same cross combination of NC1QW3×NC1QW1 

(24500 Kg ha-1) at CCRI displayed highest percentage for heterosis 99.95% and 

heterobeltiosis 94.62% over their mid and better parental values, respectively. The 

magnitude of heterotic effects ranged from 34.38% to 99.95% and 28.00% to 94.62% 

against their mid and better parental values, respectively in crosses regarding biological 

yield. Similar results for biological yield suggesting heterotic effects in different cross 

combinations of maize hybrids have been reported by Tomov (1988), Misevic (1989), 

Vasal et al. (1992 a), Arias and Souza (1998), Konak et al. (1999), Chelyk and Chebotar 

(1999), Rosa et al. (2000), Gyenes-Hegyi et al. (2002) and Singh and Gupta (2009). 

Stover yield 

The estimates of heterosis and heterobeltiosis for stover yield are presented in (Table 

74) indicating positive effects for all the crosses. The results indicated that the cross of 

NC1QW3×NC1QW1 displayed highest values for heterosis 109.87 % and heterobeltiosis 

86.42 % over their mid and better parental values, respectively. The magnitude of heterotic 

effects ranged from 38.65 % to 109.87 % and 13.09 % to 86.42 % against their mid and 

better parental values, respectively. At CCRI, the same cross combination of 

NC1QW3×NC1QW1 displayed highest values for heterosis 92.49 % and heterobeltiosis 

88.75 % over their mid and better parental values, respectively. The magnitude of heterotic 

effects ranged from 22.44 % to 92.49 % and 12.94 % to 88.75 % against their mid and 

better parental values, respectively in crosses regarding stover yield. Similar results for 

stover yield suggesting heterotic effects in different cross combinations of maize hybrids 

have been reported by Tomov (1988), Misevic (1989), Vasal et al. (1992 a), Arias and 

souza (1998), Konak et al. (1999), Chelyk and Chebotar (1999), Rosa et al. (2000), 

Gyenes-Hegyi et al. (2002) and Singh and Gupta (2009). 
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Ear length 

 It is an important yield-determining component, as large seed set is only possible 

due to increase in ear length. The data presented in (Table 75) shows that the cross of 

NC1QW3×NC1QW1 at AUP had the highest values for heterosis 26.68 % and 

heterobeltiosis 20.00 % over their mid and better parental values for ear length. The 

magnitude of heterotic effects ranged from 12.09 % to 26.68 % and 8.92 % to 20.00 % over 

their mid and better parental values, respectively. At CCRI, The cross of 

NC1QW13×NC1QW3 had the highest value for heterosis 29.39 % and heterobeltiosis 

25.94 % over their mid and better parental values, respectively. The magnitude of heterotic 

effect appeared to vary from 21.16 % to 29.39 % and 13.96 % to 25.94 % against their mid 

and better parental values, respectively. The results presented for ear length are in 

accordance with those of  Debanth (1989), Tomov (1988), El-Shouny et al. (1999), Vaezi 

et al. (1999), Gorgulho and Filho (2001), Suba et al. (2001) and Singh and Gupta (2009). 

Ear diameter 

 This is also an important yield-contributing trait that expressed significant amount 

of heterosis 8.40 % and heterobeltiosis 8.06 % in cross NC1QW13×NC1QW5 at AUP 

(Table 76). All the crosses showed positive heterotic effects the magnitude ranged from 

0.76 % to 8.40 % and -0.38 % to 8.06 % over their mid and better parental values, 

respectively. 

At CCRI, The same cross combination of NC1QW13×NC1QW5 had the highest value 

for heterosis 14.80 % and heterobeltiosis 13.54 % over their mid and better parental 

values, respectively. The magnitude of heterotic effects ranged from 4.84 % to 14.80 % 

and 1.82 % to 13.54 % against their mid and better parental values, respectively in 

crosses regarding ear diameter. Similar results have been reported by El-Shouny et al. 

(1999), Gupta and Nagda (2000), Bejarano et al. (2000), Gorgulho and Filho (2001), 

Saleh et al. (2002), Dickert and Tracy (2002), Carrera-Valtierra and Cerventes-Santana 

(2002), Venugopal et al. (2002) and Singh and Gupta (2009).  

Kernel rows 

The estimates of heterosis and heterobeltiosis for kernel rows are presented in 

(Table 77) indicating that the cross of NC1QW1×NC1QW5 at AUP displayed highest 

values for heterosis 6.47 % and heterobeltiosis 6.34 % over their mid and better parental 

values, respectively. The magnitude of heterotic effects at AUP ranged from -4.62 % to 
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6.47 % and -5.77 % to 6.34 % against their mid and better parental values, respectively. 

At CCRI, most of the crosses showed positive heterosis and heterobeltiosis for kernel 

rows. The cross combination of NC1QW13×NC1QW1 displayed highest values for 

heterosis 5.80 % and heterobeltiosis 4.72 % by NC1QW5xNC1QW13 over their mid and 

better parental values, respectively. The level of heterotic effects ranged from -2.24 % to 

5.80 % and -4.85 % to 4.72 % against their mid and better parental values, respectively in 

crosses regarding kernel rows. Similar results for kernel rows suggesting heterotic effects 

in different cross combinations of maize hybrids have been reported by Polerecky (1980), 

El-Shouny et al. (1999), Chen and Gao Xiang (2001), Shahwani et al. (2001), Geetha 

(2001), Suba et al. (2001), Saleh et al. (2002) and Singh and Gupta (2009). 

Kernels per row 

Heterotic effects for kernels per row in (Table 78) depicts that the cross of 

NC1QW3×NC1QW13 at AUP had the highest values for heterosis 30.16 % and 

heterobeltiosis 29.25 % over their mid and better parental values regarding kernels per 

row. The magnitude of heterotic effects ranged from 11.55 % to 30.16 % and 6.53 % to 

29.25 % over their mid and better parental values respectively. At CCRI, all the crosses 

showed positive heterosis for kernels per row. The cross of NC1QW1×NC1QW3 had the 

highest values for heterosis 43.90 % and highest heterobeltiosis 44.55 % was shown by 

cross NC1QW3×NC1QW5 over their mid and better parental values regarding kernels 

per row. The magnitude of heterotic effects appeared to vary from 21.79 % to 43.90 % 

and 21.70 % to 44.45 % against their mid and better parental values, respectively. The 

results presented here for kernels per row are in accordance with those of  Polerecky 

(1980), Wan et al. (1986), El-Shouny et al. (1999), Suba et al. (2001) and Saleh et al. 

(2002).  

Kernels per ear 

Heterotic effects for kernels per ear in (Table 79) depicts that the cross of 

NC1QW13×NC1QW3 at AUP had the highest values for heterosis 27.99 % and 

heterobeltiosis 25.83 % over their mid and better parental values regarding kernels per 

ear. The magnitude of heterotic effects ranged from 15.15 % to 27.99 % and 9.19 % to 

25.83 % over their mid and better parental values, respectively. At CCRI, all the crosses 

showed positive heterosis for kernels per ear. The cross of NC1QW13×NC1QW3 had the 

highest values for heterosis 47.80 % and heterobeltiosis 40.35 % over their mid and better 



 121

parental values regarding kernels per ear. The magnitude of heterotic effects appeared to 

vary from 23.16 % to 47.80 % and 18.95 % to 40.35 % against their mid and better 

parental values, respectively. The results presented here for kernels per ear are in 

accordance with those of  Polerecky (1980), Wan et al. (1986), El-Shouny et al. (1999), 

Suba et al. (2001) and Saleh et al. (2002). 

100-Kernel weight  

The estimates of heterosis and heterobeltiosis for 100-kernel weight are presented 

in (Table 80) indicating that the cross of NC1QW13×NC1QW1 at AUP displayed highest 

values for heterosis 24.34 % and heterobeltiosis 23.46 % over their mid and better 

parental values, respectively. The magnitude of heterotic effects varied from 9.96 % to 

24.34 % and 9.83 % to 23.46 % against their mid and better parental values, respectively. 

At CCRI, all the crosses showed positive heterosis and heterobeltiosis for 100-kernel 

weight. The cross combination of NC1QW13×NC1QW1 displayed highest values for 

heterosis 17.24 % and heterobeltiosis 15.43 % over their mid and better parental values, 

respectively. The magnitude of heterotic effects ranged from 9.34 % to 17.24 % and 8.31 

% to 15.43 % against their mid and better parental values, respectively. Similar results for 

100-kernel weight suggesting heterotic effects in different cross combinations of maize 

hybrids have been reported by Polerecky (1980), Gupta and Nagda (2000), Shahwani et 

al. (2001), Geetha (2001), and Suba et al. (2001). 

Weight per ear 

It is an important yield-determining trait, as higher yield is only possible due to 

increased weight per ear. The data presented in (Table 81) shows that the cross of 

NC1QW13×NC1QW5 at AUP had the highest values for heterosis 40.71 % and 

heterobeltiosis 33.81 % over their mid and better parental values for weight per ear. The 

magnitude of heterotic effects ranged from 16.88 % to 40.71 % and 12.56 % to 33.81 % 

over their mid and better parental values, respectively. At CCRI, The same cross of 

NC1QW13×NC1QW5 had the highest value for heterosis 50.74 % and heterobeltiosis 

47.46 % was expressed by NC1QW13×NC1QW1 over their mid and better parental values, 

respectively. The magnitude of heterotic effect appeared to vary from 31.01 % to 50.74 % 

and 21.89 % to 47.46 % against their mid and better parental values, respectively. The 

results presented for weight per ear are in accordance with those of  Polerecky (1980), Wan 

et al. (1986), El-Shouny et al. (1999), Suba et al. (2001) and Saleh et al. (2002). 
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Kernel weight per ear 

It is another important parameter, as it guarantees higher yield by its increased expression 

in hybrid combinations of maize. The data presented in (Table 82) shows that all the cross 

combinations expressed varying degrees of positive values for heterosis and heterobeltiosis. 

The cross of NC1QW13×NC1QW5 at AUP had the highest values for heterosis 45.19 % 

and heterobeltiosis 41.33 % was displayed by NC1QW13×NC1QW5 over their mid and 

better parental values for kernel weight per ear. The magnitude of heterotic effects ranged 

from 13.17 % to 45.19 % and 9.46 % to 41.33 % over their mid and better parental values, 

respectively. At CCRI, The same cross of NC1QW13×NC1QW5 had the highest value for 

heterosis 57.11 % and heterobeltiosis 45.80 % over their mid and better parental values, 

respectively. The magnitude of heterotic effect appeared to vary from 33.02 % to 57.11 % 

and 23.91 % to 45.80 % against their mid and better parental values, respectively. The 

results presented for kernel weight per ear are in accordance with those of  Polerecky 

(1980), Wan et al. (1986), El-Shouny et al. (1999), Cheres (2000), Suba et al. (2001), Iqbal 

et al. (2001) and Saleh et al. (2002). 

Ear harvest index 

The estimates of heterosis and heterobeltiosis for ear harvest index are presented 

in (Table 83) indicating positive effects for most of the crosses.  The results indicated that 

the cross of NC1QW13×NC1QW1 at AUP displayed highest values for heterosis 8.07 % 

and heterobeltiosis 5.91 % over their mid and better parental values, respectively. The 

magnitude of heterotic effects ranged from -3.46 % to 8.07 % and -3.96 % to 5.91 % 

against their mid and better parental values, respectively for ear harvest index. At CCRI, 

the cross combination of NC1QW13×NC1QW3 displayed highest values for heterosis 

6.42 % and heterobeltiosis 4.58 % over their mid and better parental values, respectively. 

The magnitude of heterotic effects ranged from -0.77 % to 6.42 % and -2.13 % to 4.58 % 

against their mid and better parental values, respectively in crosses regarding ear harvest 

index. Similar results have been reported by Chen-Ze Hui and GaoXian (2001), Geetha 

(2001), Santos et al. (2001), Suba et al. (2001) and Saleh et al. (2002). 

Grain Yield 

The ultimate goal of a plant breeding program is higher grain yield. The estimates 

of heterosis and heterobeltiosis for grain yield are presented in Table 84 indicating 

positive effects for all the crosses. Grain yield of white QPM lines and their resultant F1 
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hybrids was generally higher at CCRI than AUP. However, mid and best-parent heterotic 

effects for grain yield were greater in magnitude at AUP than CCRI. Grain yield of 

parental lines ranged from 1951 to 3934 Kg ha-1 at AUP vs. 3645 to 4435 Kg ha-1 at 

CCRI. Similarly, grain yield of white QPM F1 hybrids ranged from 4214 to 5758 and 

5093 to 6597 Kg ha-1 at AUP and CCRI, respectively. High yielding white QPM line at 

AUP was NC1QW13 (3934 Kg ha-1), while NC1WQ3, having lowest yield at AUP, was 

the highest yielding line (4435 Kg ha-1) at CCRI. Among F1 hybrids, 

NC1QW5×NC1QW13 was the high yielding at AUP (5758 Kg ha-1), while its reciprocal 

cross (NC1QW13×NC1QW5) ranked first for grain yield at CCRI (6908 Kg ha-1). 

Maximum mid (112.1%) and best-parent (77.4%) heterosis for grain yield at AUP was 

observed for cross combination NC1QW3×NC1QW1. At CCRI, cross combination 

NC1QW13×NC1QW5 expressed the maximum mid and best parent heterosis of 66.0 and 

63.5% for grain yield, respectively. Similar results for grain yield suggesting heterotic 

effects in different cross combinations of maize hybrids have been reported by Tomov  

(1988), Tokatlidis et al. (1999), Cheres (2000), Souza and Pinto (2000), Iqbal et al. 

(2001), Venugopal et al. (2002), Joshi et al. (2002) and Soengas et al. (2002). 

Lysine content 

The estimates of heterosis and heterobeltiosis for lysine content are presented in 

(Table 85) indicating negative heterotic effects for almost all the crosses.  The results 

indicated that the cross of NC1QW1×NC1QW5 at AUP displayed highest values for 

heterosis 4.09 % and heterobeltiosis 1.78 % over their mid and better parental values, 

respectively. The magnitude of negative heterotic effects ranged from -11.60 % to 4.09 % 

and -12.93 % to 1.78 % against their mid and better parental values, respectively for 

lysine content. At CCRI, the same cross combination of NC1QW1×NC1QW5 displayed 

highest values for heterosis 11.53 % and heterobeltiosis 5.33 % over their mid and better 

parental values, respectively. The magnitude of heterotic effects ranged from -14.54 % to 

11.53 % and -16.0 % to 5.33 % against their mid and better parental values, respectively 

in crosses regarding lysine content. Similar results have been reported by Zhan-jun MA et 

al. (2009), X Lou et al. (2005) and Saleh et al. (2002). 

Tryptophane content 

The estimates of heterosis and heterobeltiosis for tryptophane content are presented 

in (Table 86) indicating negative effects for most of the crosses. The cross of 
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NC1QW1×NC1QW5 at AUP displayed highest values for heterosis 14.08 % and 

heterobeltiosis 12.35 % over their mid and better parental values, respectively. The level 

of heterotic effects ranged from -12.67 % to 14.08 % and -15.20 % to 12.35 % against the 

mid and better parental values, respectively. The cross combination of 

NC1QW5xNC1QW13 at CCRI displayed least negative values for heterosis -3.59 % and 

heterobeltiosis -4.11 % over their mid and better parental values, respectively. The level 

of heterotic effects ranged from -28.16 % to -3.59 % and -25.44 % to -4.11 % against the 

mid and better parental values, respectively in crosses regarding tryptophane content. 

Similar results for tryptophane content in kernel suggesting similar patterns of heterotic 

effects in different cross combinations of maize hybrids have been reported by Zhan-jun 

MA et al. (2009) and X Lou et al. (2005). 

Protein content 

The estimates of heterotic effects for protein content are presented in (Table 87) 

indicating negative values for most of the crosses. The cross of NC1QW5×NC1QW3 at 

AUP displayed highest values for heterosis 8.72 % and heterobeltiosis 7.48 % over their 

mid and better parental values, respectively. The magnitude of heterotic effects ranged 

from -8.11 % to 8.72 % and -13.20 % to 7.48 % against the mid and better parental 

values, respectively. The cross combination of NC1QW3×NC1QW5 at CCRI displayed 

highest positive values for heterosis 9.25 % and heterobeltiosis 8.87 % over their mid and 

better parental values, respectively. The level of heterotic effects ranged from -9.92 % to 

9.25 % and -14.03 % to 8.87 % against the mid and better parental values, respectively in 

crosses regarding protein content. Results for protein content in kernel suggesting similar 

heterotic effects in different cross combinations of maize hybrids have been reported by 

Zhan-jun MA et al. (2009) and X Lou et al. (2005). 

Lysine percentage in grain protein 

The estimates of heterosis and heterobeltiosis for lysine percentage in grain protein 

are presented in (Table 88) indicating different effects for most of the crosses. The cross 

of NC1QW1×NC1QW13 at AUP displayed highest values for heterosis 8.62 % and 

heterobeltiosis -0.90 % over their mid and better parental values, respectively. The level 

of heterotic effects ranged from -14.38 % to 8.62 % and -15.79 % to -0.90 % against the 

mid and better parental values, respectively. The cross combination of 

NC1QW1×NC1QW3 at CCRI displayed highest values for heterosis 17.94 % and 
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heterobeltiosis 7.26 % over their mid and better parental values, respectively. The level of 

heterotic effects ranged from -19.76 % to 17.94 % and -20.24 % to 7.26 % against the 

mid and better parental values, respectively in crosses regarding lysine percentage in 

grain protein. Results suggesting similar patterns of heterotic effects in different cross 

combinations of maize hybrids have been reported by Zhan-jun MA et al. (2009) and X 

Lou et al. (2005). 

Tryptophane percentage in grain protein 

The estimates of heterosis and heterobeltiosis for tryptophane percentage in grain 

protein  are presented in (Table 89) indicating different heterotic effects for the crosses. 

The cross of NC1QW1×NC1QW5 at AUP displayed highest values for heterosis 11.01 %  

and heterobeltiosis 5.45 % over their mid and better parental values, respectively. The 

level of heterotic effects ranged from -17.53 % to 11.01 % and -21.20 % to 5.45 % 

against the mid and better parental values, respectively. The cross combination of 

NC1QW1×NC1QW3 at CCRI displayed highest values for heterosis -6.71 % and 

heterobeltiosis -10.07 % was expressed by NC1QW13×NC1QW1 over their mid and 

better parental values, respectively. The levels of heterotic effects ranged from -36.15 % 

to -6.71 % and -29.36 % to -10.07 % against the mid and better parental values, 

respectively in crosses regarding tryptophane percentage in grain protein. Results 

suggesting similar patterns of heterotic effects in different cross combinations of maize 

hybrids have been reported by Zhan-jun MA et al. (2009) and X Lou et al. (2005). 
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Table 2. Genotypic mean squares for different traits in a complete 4×4 diallel cross of 
white QPM at AUP and CCRI.  

 
*, ** = Significant at 0.05 and 0.01 probability levels, respectively and NS = non-significant.  
 

Traits AUP CCRI 

Days to tasseling 8.694 ** 8.454 ** 

Days to silking 5.976 ** 5.961 * 

Plant height 252.2 ** 311.7 ** 

Ear height 83.96 ** 67.31 ** 

Biological yield 29399758 ** 50476517 ** 

Stover yield 13619158 ** 16239786 ** 

Ear length 4.736 ** 6.418 ** 

Ear diameter 0.071 ** 0.112 ** 

Kernel rows ear-1 0.476 ** 0.339 ** 

Kernels row-1 17.19 ** 47.28 ** 

Kernels ear-1 2701.3 ** 11187 ** 

100-grain weight 17.80 ** 8.134 ** 

Ear weight 885.3 ** 1552 ** 

Kernel weight ear-1 674.0 ** 1016 ** 

Ear Harvest Index 15.834 NS 9.998 NS 

Grain yield ha-1 1855944 ** 2773789 
** 

Grain lysine content 0.002 ** 0.002 
** 

Grain tryp content 0.0003 ** 0.0002 
** 

Grain protein content 1.437 ** 0.887 
** 

Protein lysine content 0.482 ** 0.328 
** 

Protein tryp content 0.036 ** 0.019 
** 
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Table 3. Summary of tests of adequacy of additive-dominance model (regression 
analysis and arrays analysis of variance) for various traits evaluated in 
4×4 diallel of white QPM at AUP.  

 
 Regression analysis t2 analysis Remarks 
Parameters b=0 b=1 -----------  
Days to tasseling 0.42 NS 7.34 * 1.06 NS Partially adequate by 

arrays analysis 
Days to silking 4.646 * 0.504 NS 0.053 NS Adequate by both the 

tests 
Plant height 18.26 * -3.76 NS 1.90 NS Adequate by both the 

tests 
Ear height 17.465 * 14.126 * 3.145 NS Partially adequate by 

arrays analysis 
Biological yield ha-1 

21.714 * 9.005 * 1.455 NS Partially adequate by 
arrays analysis 

Stover yield ha-1 
84.76 * 11.32 * 0.971 NS Partially adequate by 

arrays analysis 
Ear length 28.25 * 3.70 NS 0.19 NS Adequate by both the 

tests 
Ear diameter 333.10 * 100.08 * 17.68 NS Partially adequate by 

arrays analysis 
Kernel rows ear-1 

47.43 * 20.88 * 4.08 NS Partially adequate by 
arrays analysis 

Kernels row-1 

19.67 * 4.29 NS   0.37 NS Adequate by both the 
tests 

Kernels ear-1 13.75 * 4.16 NS  0.40 NS Adequate by both the 
tests 

100-grain weight 2.45 NS 3.20 NS  0.30 NS Adequate by both the 
tests 

Ear weight  6.72 * 3.76 NS  0.42 NS Adequate by both the 
tests 

Kernel weight ear-1 4.51 * 4.92 * 0.74 NS Partially adequate by 
arrays analysis 

Grain yield ha-1 

15.18 * -1.17 NS  0.35 NS Adequate by both the 
tests 

Grain lysine content  5.09 * -1.65 NS 2.70 NS Adequate by both the 
tests 

Grain tryp content 6.12 * -1.13 NS 1.02 NS Adequate by both the 
tests 

Grain protein content  0.96 NS -0.01 NS 1.07 NS Adequate by both the 
tests 

Protein lysine content 1.91 NS -0.99 NS 6.93 NS Adequate by both the 
tests 

Protein tryp content 1.30 NS 0.40 NS 0.25 NS Adequate by both the 
tests 

 
* = Significant at 0.05 probability level and NS = non-significant.  
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Table 4. Summary of tests of adequacy of additive-dominance model (regression 
analysis and arrays analysis of variance) for various traits evaluated in 
4×4 diallel of white QPM at CCRI.  

 
 Regression analysis t2 analysis Remarks 
Parameters b=0 b=1 -----------  
Days to tasseling 16.68 * 1.45 NS 0.01 NS Adequate by both the 

tests 
Days to silking 42.54 * 16.65 * 2.99 NS Partially adequate by 

arrays analysis 
Plant height 567.41 * 125.87 * 18.56 NS Partially adequate by 

arrays analysis 
Ear height 24.73 * -1.41 NS 0.26 NS Adequate by both the 

tests 
Biological yield ha-1 

10.07 * 5.35 * 0.76 NS Partially adequate by 
arrays analysis 

Stover yield ha-1 
8.42 *  6.13 * 1.01 NS Partially adequate by 

arrays analysis 
Ear length 14.67 * 3.19 NS 0.20 NS Adequate by both the 

tests 
Ear diameter 12.13 * 17.43 * 4.31 NS Partially adequate by 

arrays analysis 
Kernel rows ear-1 

1.966 NS 0.494 NS 0.125 NS Adequate by both the 
tests 

Kernels row-1 

56.47 * -8.33 * 2.10 NS Partially adequate by 
arrays analysis 

Kernels ear-1 13.45 * 3.66  NS 0.30 NS Adequate by both the 
tests 

100-grain weight 9.08 * 9.54 * 1.99 NS Partially adequate by 
arrays analysis 

Ear weight  20.03 * 12.57 * 2.57 NS Partially adequate by 
arrays analysis 

Kernel weight ear-1 18.34 * 10.67 * 2.05 NS Adequate by both the 
tests 

Grain yield ha-1 

6.22* 4.30 NS 0.62 NS Adequate by both the 
tests 

Grain lysine content  4.27 NS  -1.75 NS 4.02 NS Adequate by both the 
tests 

Grain tryp content -1.43 NS 15.71* 2.58 NS Partially adequate by 
arrays analysis 

Grain protein content  -0.28 NS 2.33 NS 0.00003 NS Adequate by both the 
tests 

Protein lysine content 1.85 NS -0.25 NS 1.02 NS Adequate by both the 
tests 

Protein tryp content 13.00 * 98.35 * 19.11 NS Partially adequate by 
arrays analysis 

 
* = Significant at 0.05 probability level and NS = non-significant.  
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Table 5. Analysis of variance of 4×4 diallel cross in white QPM for days to 50% 
tasseling at AUP and CCRI (Hayman’s approach, 1954a) 

A. AUP 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 21.30 18.8 **   
b 6 8.16 7.19 **  1.62 

b1 1 26.70 23.5 **  5.29 
b2 3 7.39 6.51 **  1.46 
b3 2 0.05 0.05ns   

c 3 1.44 1.27ns   

d 3 5.05 4.45 *   

Error 30 1.14    

Total 45     

 
B. CCRI 
 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 15.90 10.1 ** 2.29  
b 6 6.68 4.23 **   

b1 1 29.30 18.6 **   
b2 3 1.35 0.86ns   
b3 2 3.34 2.12ns   

c 3 6.94 4.40 *   

d 3 3.33 2.11ns   

Error 30 1.58    

Total 45     
 

†  Mean squares of the items a, b, b1, b2, b3, c, and d are tested against error mean 

square.  

δ a = additive gene effect, b = dominance gene effect, b1 = directional dominance 

deviation, b2 = gene distribution among the parents, b3 = effect of specific genes, 

c = maternal effect, d = reciprocal effect 
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Table 6. Estimates of genetic components of variation for days to 50% tasseling 

in white QPM at AUP and CCRI.  
 

 
Components† 

AUP CCRI 

Value Std. Error Value Std. Error 

D 0.29 ns 0.67 2.35 ns 1.54 

H1 5.73 * 2.21 3.37 ns 1.99 

H2 4.73 * 1.74 3.47 ns 1.83 

F -2.0 ns 0.70 -0.08 ns 1.32 

h2 6.42 * 2.68 6.99 * 3.41 

E 0.38 * 0.09 0.52 * 0.14 

(H1/D)1/2 4.41 5.59 1.19  1.15 

H2/4H1 0.21 0.02 0.26 0.03 

 
KD/(KD+Kr) 
 

0.11 0.25 0.49 0.12 

Heritability (ns) 0.51 0.09 0.46 0.12 

Heritability (bs) 0.88 0.04 0.79 0.07 

 
* The value of variance is significant when it exceeds 1.96 when it is divided by its std. error 
ns non-significant 
† D measures additive effect, H1 and H2 measure dominance effect, F determines frequencies of 
dominant to recessive alleles in parents, h2 determines the overall dominance effect due to 
heterozygous loci, E shows environmental effect  
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(a) 

 

(b) 

 
1=NC1QW1, 2=NC1QW3, 3=NC1QW5 and 4=NC1QW13 

Figure 4.1: Wr/Vr graph for days to tasseling at a) AUP and, b) CCRI 
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Table 7. Analysis of variance of 4×4 diallel cross in white QPM for days to 50% 
silking at AUP and CCRI (Hayman’s approach, 1954a) 

A. AUP 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 14.2 29.6 **   
b 6 6.61 13.8 **  4.69 

b1 1 35.0 73.0 **  24.82* 
b2 3 1.19 2.48 ns  0.84 
b3 2 0.54 1.12 ns  0.38 

c 3 1.08 2.24 ns   

d 3 1.41 2.94 *   

Error 30 0.48    

Total 45     

 
B. CCRI 
 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 7.96 2.83 ns   
b 6 18.7 6.66 **   

b1 1 85.6 30.4 **   
b2 3 6.44 2.29 ns   
b3 2 3.78 1.34 ns   

c 3 1.31 0.47 ns   

d 3 5.47 1.94 ns   

Error 30 2.81    

Total 45     
 

†  Mean squares of the items a, b, b1, b2, b3, c, and d are tested against error mean 

square.  

δ a = additive gene effect, b = dominance gene effect, b1 = directional dominance 

deviation, b2 = gene distribution among the parents, b3 = effect of specific genes, 

c = maternal effect, d = reciprocal effect 
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Table 8. Estimates of genetic components of variation for days to 50% silking in 
white QPM at AUP and CCRI.  

 
 
Components† 

AUP CCRI 

Value Std. Error Value Std. Error 

D 1.44 * 0.59 0.74 ns  1.55 

H1 4.21 * 1.08 11.2 * 4.35 

H2 4.11 * 1.01 10.7 * 3.92 

F -0.72 ns 0.44 0.48 ns 1.96 

h2 8.65 * 2.06 20.8 * 7.74 

E 0.16 * 0.04 0.94 * 0.24 

(H1/D)1/2 1.71 0.52 3.90 4.58 

H2/4H1 0.24 0.01 0.24 0.02 

 
KD/(KD+Kr) 
 
 

0.43 0.05 0.54 0.15 

Heritability (ns) 0.49 0.08 0.09 0.09 

Heritability (bs) 0.93 0.02 0.76 0.08 

 
* The value of variance is significant when it exceeds 1.96 when it is divided by its std. error 
ns non-significant 
† D measures additive effect, H1 and H2 measure dominance effect, F determines frequencies of 
dominant to recessive alleles in parents, h2 determines the overall dominance effect due to 
heterozygous loci, E shows environmental effect  
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(a) 

 

(b) 

 
1=NC1QW1, 2=NC1QW3, 3=NC1QW5 and 4=NC1QW13 

Figure 4.2: Wr/Vr graph for days to silking at a) AUP and, b) CCRI
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Table 9. Analysis of variance of 4×4 diallel cross in white QPM for plant height at 

AUP and CCRI (Hayman’s approach, 1954a) 

A. AUP 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 751.13 15.84 **   
b 6 240.40 5.070 **   

b1 1 112.71 2.380 ns   
b2 3 198.79 4.190 *   
b3 2 366.67 7.730 **   

c 3 18.330 00.39 ns   

d 3 10.960 00.23 ns   

Error 30 47.420    

Total 45     

 
B. CCRI 
 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 416.75 104.27 ** 5.48  
b 6 501.85 125.56 **   8.97* 

b1 1 2374.94 594.18 **  39.13** 
b2 3 145.48 36.40 **  2.40 
b3 2 99.87 24.99 **  1.65 

c 3 76.05 19.03 **   

d 3 60.70 15.19 **   

Error 30 4.00    

Total 45     
 

†  Mean squares of the items a, b, b1, b2, b3, c, and d are tested against error mean 

square.  

δ a = additive gene effect, b = dominance gene effect, b1 = directional dominance 

deviation, b2 = gene distribution among the parents, b3 = effect of specific genes, 

c = maternal effect, d = reciprocal effect 
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Table 10. Estimates of genetic components of variation for plant height in white 

QPM at AUP and CCRI.  

 
 
Components† 

AUP CCRI 

Value Std. Error Value Std. Error 

D 147.47 * 61.10 127.79 * 15.40 

H1 153.89 * 76.22 355.46 * 26.41 

H2 130.64 * 61.31 332.03 * 24.22 

F 55.43 ns 59.55 82.55 * 15.30 

h2 17.81 ns 40.51 592.86 * 48.71 

E 15.81 * 4.01 1.33 * 0.33 

(H1/D)1/2 1.022 0.296 1.67 0.10 

H2/4H1 0.212 0.018 0.23 0.003 

 
KD/(KD+Kr) 
 
 

0.592 0.068 0.60 0.012 

Heritability (ns) 0.543 0.102 0.29 0.028 

Heritability (bs) 0.851 0.047 0.99 0.003 

 
* The value of variance is significant when it exceeds 1.96 when it is divided by its std. error 
ns non-significant 

† D measures additive effect, H1 and H2 measure dominance effect, F determines 

frequencies of dominant to recessive alleles in parents, h2 determines the overall dominance 

effect due to heterozygous loci, E shows environmental effect  
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(a) 

 

(b) 

 
1=NC1QW1, 2=NC1QW3, 3=NC1QW5 and 4=NC1QW13 

Figure 4.3: Wr/Vr graph for plant height at a) AUP and, b) CCRI 
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Table 11. Analysis of variance of 4×4 diallel cross in white QPM for ear height at AUP 

and CCRI (Hayman’s approach, 1954a) 

A. AUP 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 239.5 63.74 ** 5.21  
b 6 38.24 10.18 **  0.66 

b1 1 67.24 17.90 **  1.16 
b2 3 29.33 7.810 **  0.51 
b3 2 37.12 9.880 **  0.64 

c 3 45.95 12.23 **   

d 3 57.93 15.42 **   

Error 30 3.760    

Total 45     

 
B. CCRI 
 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 53.61 2.47 ns   
b 6 58.71 2.71 *  0.63 

b1 1 262.1 12.1 **  2.82 
b2 3 7.820 0.36 ns  0.08 
b3 2 33.33 1.54 ns  0.36 

c 3 20.25 0.93 ns   

d 3 92.99 4.29 *   

Error 30 21.69    

Total 45     
 

†  Mean squares of the items a, b, b1, b2, b3, c, and d are tested against error mean 

square.  

δ a = additive gene effect, b = dominance gene effect, b1 = directional dominance 

deviation, b2 = gene distribution among the parents, b3 = effect of specific genes, 

c = maternal effect, d = reciprocal effect 
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Table 12. Estimates of genetic components of variation for ear height in white 

QPM at AUP and CCRI.  

 
 
Components† 

AUP CCRI 

Value Std. Error Value Std. Error 

D 24.022 * 6.938 2.56 ns 11.03 

H1 27.254 * 8.405 22.4 ns 23.22 

H2 23.149 * 6.816 25.6 ns 21.05 

F -10.998 * 4.947 -5.1 ns 11.37 

h2 15.988 * 8.122 60.8 ns 37.00 

E 1.2523 *  0.301 7.23 * 1.911 

(H1/D)1/2 1.0650  0.244 2.96 2.567 

H2/4H1 0.212 0.011 0.29 0.975 

 
KD/(KD+Kr) 
 
 

0.3925 0.052 0.33 0.533 

Heritability (ns) 0.735 0.053 0.14 0.148 

Heritability (bs) 0.953  0.012 0.54  0.150 

 
* The value of variance is significant when it exceeds 1.96 when it is divided by its std. error 
ns non-significant 

† D measures additive effect, H1 and H2 measure dominance effect, F determines 

frequencies of dominant to recessive alleles in parents, h2 determines the overall dominance 

effect due to heterozygous loci, E shows environmental effect  
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(a) 

 

(b) 

 
1=NC1QW1, 2=NC1QW3, 3=NC1QW5 and 4=NC1QW13 

Figure 4.4: Wr/Vr graph for ear height at a) AUP and, b) CCRI 
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Table 13. Analysis of variance of 4×4 diallel cross in white QPM for biological yield 

at AUP and CCRI (Hayman’s approach, 1954a) 

A. AUP 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 22470660 30.86 ** 0.98  
b 6 42279500 58.06 **  2.48 

b1 1 199382200 273.8 **  11.69 * 
b2 3 11083510 15.22 **  0.65 
b3 2 10522100 14.45 **  0.62 

c 3 22910490 31.46 **   

d 3 17058620 23.43 **   

Error 30 728174.30    

Total 45     

 
B. CCRI 
 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 13498370 3.720 * 0.35  
b 6 96716620 26.70 **   

b1 1 514218600 141.7 **   
b2 3 13828720 3.810 *   
b3 2 12297500 3.390 *   

c 3 38335650 10.56 **   

d 3 7115546 1.960 ns   

Error 30 3630423    

Total 45     
 

†  Mean squares of the items a, b, b1, b2, b3, c, and d are tested against error mean 

square.  

δ a = additive gene effect, b = dominance gene effect, b1 = directional dominance 

deviation, b2 = gene distribution among the parents, b3 = effect of specific genes, 

c = maternal effect, d = reciprocal effect 
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Table 14. Estimates of genetic components of variation for biological yield in 

white QPM at AUP and CCRI.  

 
 
Components† 

AUP CCRI 

Value Std. Error Value Std. Error 

D 5340261 * 1329080 1131759.000 ns    2244852 

H1 29426670 * 3150775 63757250.00 * 10653980 

H2 27731120 * 2916389 62208860.00 * 10187990 

F 3442350 * 1429211 1186869.000 ns  2980135 

h2 49686270 * 5879880 127760500.0 * 21710830 

E 242724.80 * 59764.58 1210141.000 * 306140 

(H1/D)1/2 2.347 0.296 7.50 7.729 

H2/4H1 0.236  0.004 0.24  0.005 

 
KD/(KD+Kr) 
 
 

0.5687  0.0205 0.54  0.0682 

Heritability (ns) 0.200 0.037 0.04 0.038 

Heritability (bs) 0.973  0.007 0.93  0.019 

 
* The value of variance is significant when it exceeds 1.96 when it is divided by its std. error 
ns non-significant 

† D measures additive effect, H1 and H2 measure dominance effect, F determines 

frequencies of dominant to recessive alleles in parents, h2 determines the overall dominance 

effect due to heterozygous loci, E shows environmental effect 
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(a) 

 

(b) 

 
1=NC1QW1, 2=NC1QW3, 3=NC1QW5 and 4=NC1QW13 

Figure 4.5: Wr/Vr graph for biological yield at a) AUP and, b) CCRI 
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Table 15. Analysis of variance of 4×4 diallel cross in white QPM for stover yield at 
AUP and CCRI (Hayman’s approach, 1954a) 

A. AUP 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 9671168 17.53 ** 0.73  
b 6 18522770 33.58 **  2.22 

b1 1 98615810 178.8 **  11.82* 
b2 3 1332919 2.420 ns  0.16 
b3 2 4261031 7.730 **  0.51 

c 3 13329520 24.17 **   

d 3 8340390 15.12 **   

Error 30 551547    

Total 45     

 
B. CCRI 
 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 8122880 4.79 ** 0.49  
b 6 28075290 16.5 **   

b1 1 133642600 78.7 **   
b2 3 9987615 5.88 **   
b3 2 2423145 1.43 ns   

c 3 16562630 9.76 **   

d 3 364099 0.21 ns   

Error 30 1697291    

Total 45     
 

†  Mean squares of the items a, b, b1, b2, b3, c, and d are tested against error mean 

square.  

δ a = additive gene effect, b = dominance gene effect, b1 = directional dominance 

deviation, b2 = gene distribution among the parents, b3 = effect of specific genes, 

c = maternal effect, d = reciprocal effect 
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Table 16. Estimates of genetic components of variation for stover yield in white 

QPM at AUP and CCRI.  

 
 
Components† 

AUP CCRI 

Value Std. Error Value Std. Error 

D 2303184 * 831786 1069502.00 ns 1244663 

H1 12111070 * 1807341 18967050.0 * 4395989 

H2 12003850 * 1750350 17656090.0 * 3948470 

F 913500.2 ns  773802 1380299.00 ns 1737052 

h2 24533320 * 3651040 33039380.0 * 7638465 

E 183849.10 * 48821.96 565763.500 * 142368.0 

(H1/D)1/2 2.293 0.444 4.21 10.00 

H2/4H1 0.248  0.004 0.23  0.008 

 
KD/(KD+Kr) 
 
 

0.5432  0.0278 0.58  0.114 

Heritability (ns) 0.190 0.049 0.09 0.060 

Heritability (bs) 0.953  0.013 0.89  0.030 

 
* The value of variance is significant when it exceeds 1.96 when it is divided by its std. error 
ns non-significant 

† D measures additive effect, H1 and H2 measure dominance effect, F determines 

frequencies of dominant to recessive alleles in parents, h2 determines the overall dominance 

effect due to heterozygous loci, E shows environmental effect 
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(a) 

 

(b) 

 
1=NC1QW1, 2=NC1QW3, 3=NC1QW5 and 4=NC1QW13 

Figure 4.6: Wr/Vr graph for stover yield at a) AUP and, b) CCRI 
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Table 17. Analysis of variance of 4×4 diallel cross in white QPM for ear length at 

AUP and CCRI (Hayman’s approach, 1954a) 

A. AUP 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 2.704 21.16 ** 1.33  
b 6 9.307 72.85 **   

b1 1 41.17 322.3 **   
b2 3 3.053 23.90 **   
b3 2 2.754 21.56 **   

c 3 2.028 15.87 **   

d 3 0.336 2.630 ns   

Error 30 0.128    

Total 45     

 
B. CCRI 
 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 5.54 14.61 **   
b 6 12.6 33.27 **   

b1 1 73.7 194.3 **   
b2 3 0.67 1.750 ns   
b3 2 0.01 0.020 ns   

c 3 0.30 0.800 ns   

d 3 1.02 2.630 ns   

Error 30 0.38    

Total 45     
 

†  Mean squares of the items a, b, b1, b2, b3, c, and d are tested against error mean 

square.  

δ a = additive gene effect, b = dominance gene effect, b1 = directional dominance 

deviation, b2 = gene distribution among the parents, b3 = effect of specific genes, 

c = maternal effect, d = reciprocal effect 

 
 
 
 
 
 



 149

Table 18. Estimates of genetic components of variation for ear length in white 

QPM at AUP and CCRI.  

 
 
Components† 

AUP CCRI 

Value Std. Error Value Std. Error 

D 1.7176 * 0.3267 0.715 ns 0.399 

H1 6.6071 * 0.6607 8.204 * 1.189 

H2 6.1248 * 0.5979 8.172 * 1.165 

F 1.7759 * 0.3725 -0.097 ns 0.253 

h2 10.265 * 1.1427 18.34 * 2.558 

E 0.0425 * 0.0108 0.126 * 0.033 

(H1/D)1/2 1.96 0.178 3.39 1.084 

H2/4H1 0.23  0.004 0.25  0.003 

 
KD/(KD+Kr) 
 
 

0.63  0.014 0.49  0.034 

Heritability (ns) 0.11 0.029 0.16 0.048 

Heritability (bs) 0.97 0.006 0.95 0.013 

 
* The value of variance is significant when it exceeds 1.96 when it is divided by its std. error 
ns non-significant 

† D measures additive effect, H1 and H2 measure dominance effect, F determines 

frequencies of dominant to recessive alleles in parents, h2 determines the overall dominance 

effect due to heterozygous loci, E shows environmental effect 
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(a) 

 

(b) 

 
1=NC1QW1, 2=NC1QW3, 3=NC1QW5 and 4=NC1QW13 

Figure 4.7: Wr/Vr graph for ear length at a) AUP and, b) CCRI 
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Table 19. Analysis of variance of 4×4 diallel cross in white QPM for ear diameter 

at AUP and CCRI (Hayman’s approach, 1954a) 

A. AUP 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 0.157 9.98 ** 3.27  
b 6 0.028 1.76 ns   

b1 1 0.126 8.02 **   
b2 3 0.010 0.62 ns   
b3 2 0.006 0.35 ns   

c 3 0.048 3.07 *   

d 3 0.035 2.22 ns   

Error 30 0.016    

Total 45     

 
B. CCRI 
 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 0.021 2.20 ns 0.62  
b 6 0.233 24.5 **   

b1 1 1.132 119  **   
b2 3 0.081 8.55 **   
b3 2 0.012 1.22 ns   

c 3 0.034 3.54 *   

d 3 0.026 2.75 ns   

Error 30 0.010    

Total 45     
 

†  Mean squares of the items a, b, b1, b2, b3, c, and d are tested against error mean 

square.  

δ a = additive gene effect, b = dominance gene effect, b1 = directional dominance 

deviation, b2 = gene distribution among the parents, b3 = effect of specific genes, 

c = maternal effect, d = reciprocal effect 
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Table 20. Estimates of genetic components of variation for ear diameter in white 

QPM at AUP and CCRI.  

 
 
Components† 

AUP CCRI 

Value Std. Error Value Std. Error 

D 0.02898 ns 0.01658 0.021 * 0.0106 

H1 0.00701 ns 0.01556 0.160 * 0.0278 

H2 0.00867 ns 0.01343 0.149 * 0.0249 

F 0.00446 ns 0.01411 0.031 * 0.0138 

h2 0.02807 ns 0.02353 0.280 * 0.0503 

E 0.00524 * 0.00136 0.003 * 0.0008 

(H1/D)1/2 0.492 0.421 2.76 0.761 

H2/4H1 0.309  0.340 0.23  0.007 

 
KD/(KD+Kr) 
 
 

0.578  0.200 0.63  0.027 

Heritability (ns) 0.607 0.128 0.02 0.035 

Heritability (bs) 0.722  0.098 0.92  0.022 

 
* The value of variance is significant when it exceeds 1.96 when it is divided by its std. error 
ns non-significant 

† D measures additive effect, H1 and H2 measure dominance effect, F determines 

frequencies of dominant to recessive alleles in parents, h2 determines the overall dominance 

effect due to heterozygous loci, E shows environmental effect 
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(a) 

 

(b) 

 
1=NC1QW1, 2=NC1QW3, 3=NC1QW5 and 4=NC1QW13 

Figure 4.8: Wr/Vr graph for ear diameter at a) AUP and, b) CCRI 
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Table 21. Analysis of variance of 4×4 diallel cross in white QPM for kernel rows per 
ear at AUP and CCRI (Hayman’s approach, 1954a) 

A. AUP 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 0.990 12.66 ** 1.34  
b 6 0.223 2.850 *   

b1 1 1.880 2.400 ns   
b2 3 0.317 4.050 *   
b3 2 0.101 1.290 ns   

c 3 0.737 9.420 **   

d 3 0.208 2.660 ns   

Error 30 0.078    

Total 45     

 
B. CCRI 
 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 0.325 6.44 ** 1.64  
b 6 0.502 9.95 **  3.01 

b1 1 0.795 15.8 **  4.76 
b2 3 0.714 14.2 **  4.28 
b3 2 0.038 0.74 ns  0.23 

c 3 0.198 3.92 *   

d 3 0.167 3.31 *   

Error 30 0.050    

Total 45     
 

†  Mean squares of the items a, b, b1, b2, b3, c, and d are tested against error mean 

square.  

δ a = additive gene effect, b = dominance gene effect, b1 = directional dominance 

deviation, b2 = gene distribution among the parents, b3 = effect of specific genes, 

c = maternal effect, d = reciprocal effect 
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Table 22. Estimates of genetic components of variation for kernel rows per ear 

in white QPM at AUP and CCRI.  

 
 
Components† 

AUP CCRI 

Value Std. Error Value Std. Error 

D 0.0462 ns 0.0531 0.24 * 0.075 

H1 0.1365 ns 0.1101 0.41 * 0.120 

H2 0.1000 ns 0.0804 0.30 * 0.088 

F -0.066 ns 0.0575 0.30 * 0.095 

h2 0.0298 ns 0.0661 0.19 ns 0.105 

E 0.0260 * 0.0064 0.02 * 0.004 

(H1/D)1/2 1.720 1.857 1.33 0.201 

H2/4H1 0.183  0.024 0.18  0.009 

 
KD/(KD+Kr) 
 
 

0.2919  0.2166 0.74  0.023 

Heritability (ns) 0.593 0.113 0.19 0.087 

Heritability (bs) 0.792  0.068 0.85  0.044 

 
* The value of variance is significant when it exceeds 1.96 when it is divided by its std. error 
ns non-significant 

† D measures additive effect, H1 and H2 measure dominance effect, F determines 

frequencies of dominant to recessive alleles in parents, h2 determines the overall dominance 

effect due to heterozygous loci, E shows environmental effect 
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(a) 

 

(b) 

 
1=NC1QW1, 2=NC1QW3, 3=NC1QW5 and 4=NC1QW13 

Figure 4.9: Wr/Vr graph for kernel rows ear-1 at a) AUP and, b) CCRI 
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Table 23. Analysis of variance of 4×4 diallel cross in white QPM for kernels per 

row at AUP and CCRI (Hayman’s approach, 1954a) 

A. AUP 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 9.586 2.45 ns 0.68  
b 6 25.47 6.52 **   

b1 1 70.00 17.9 **   
b2 3 23.23 5.95 **   
b3 2 6.577 1.68 ns   

c 3 14.18 3.63 *   

d 3 6.474 1.66 ns   

Error 30 3.905    

Total 45     

 
B. CCRI 
 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 30.68 8.320 **   
b 6 93.27 25.28 **  8.12 

b1 1 523.6 141.9 **  45.61* 
b2 3 3.181 0.860 ns  0.28 
b3 2 13.22 3.580 *  1.15 

c 3 7.708 2.090 ns   

d 3 11.48 3.110 *   

Error 30 3.689    

Total 45     
 

†  Mean squares of the items a, b, b1, b2, b3, c, and d are tested against error mean 

square.  

δ a = additive gene effect, b = dominance gene effect, b1 = directional dominance 

deviation, b2 = gene distribution among the parents, b3 = effect of specific genes, 

c = maternal effect, d = reciprocal effect 
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Table 24. Estimates of genetic components of variation for kernels per row in 

white QPM at AUP and CCRI.  

 
 
Components† 

AUP CCRI 

Value Std. Error Value Std. Error 

D 8.6758 * 4.238 1.475 ns 2.269 

H1 17.603 * 7.596 59.64 * 10.18 

H2 14.544 * 6.117 59.87 * 10.04 

F 10.951 * 5.247 -3.11 ns 1.676 

h2 16.646  9.014 130.1 * 21.71 

E 1.3016 * 0.339 1.229 * 0.311 

(H1/D)1/2 1.424 0.575 6.36 8.873 

H2/4H1 0.207  0.015 0.25  0.003 

 
KD/(KD+Kr) 
 
 

0.7215  0.042 0.42  0.123 

Heritability (ns) 0.073 0.096 0.12 0.050 

Heritability (bs) 0.756  0.084 0.93  0.019 

 
* The value of variance is significant when it exceeds 1.96 when it is divided by its std. error 
ns non-significant 

† D measures additive effect, H1 and H2 measure dominance effect, F determines 

frequencies of dominant to recessive alleles in parents, h2 determines the overall dominance 

effect due to heterozygous loci, E shows environmental effect 
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(a) 

 

(b) 

 
1=NC1QW1, 2=NC1QW3, 3=NC1QW5 and 4=NC1QW13 

Figure 4.10: Wr/Vr graph for kernels row-1 at a) AUP and, b) CCRI 
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Table 25. Analysis of variance of 4×4 diallel cross in white QPM for kernels per 

ear at AUP and CCRI (Hayman’s approach, 1954a) 

A. AUP 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 2581.00 3.82 *   
b 6 4548.00 6.73 **   

b1 1 12476.8 18.5 **   
b2 3 3822.39 5.66 **   
b3 2 1672.03 2.48 ns   

c 3 1314.96 1.95 ns   

d 3 515.026 0.76 ns   

Error 30 675.327    

Total 45     

 
B. CCRI 
 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 7300.00 13.71 **   
b 6 22140.6 41.59 **  7.08 

b1 1 122850.2 230.7 **  39.31* 
b2 3 802.411 1.510 ns  0.26 
b3 2 3793.25 7.120 **  1.21 

c 3 1226.27 2.300 ns   

d 3 3125.21 5.870 **   

Error 30 532.413    

Total 45     
 

†  Mean squares of the items a, b, b1, b2, b3, c, and d are tested against error mean 

square.  

δ a = additive gene effect, b = dominance gene effect, b1 = directional dominance 

deviation, b2 = gene distribution among the parents, b3 = effect of specific genes, 

c = maternal effect, d = reciprocal effect 
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Table 26. Estimates of genetic components of variation for kernels per ear in 

white QPM at AUP and CCRI.  

 
 
Components† 

AUP CCRI 

Value Std. Error Value Std. Error 

D 1461.13 * 743.79 869.466 ns 531.63 

H1 3106.52 * 1230.7 14450.5 * 1940.5 

H2 2610.20 * 986.59 14427.7 * 1908.3 

F 1668.16 911.72 -213.432 ns 428.36 

h2 2971.48 * 1404.9 30596.1 * 4091.0 

E 225.109 * 58.852 177.470 * 45.211 

(H1/D)1/2 1.458 0.399 4.08 1.512 

H2/4H1 0.210  0.014 0.25 0.003 

 
KD/(KD+Kr) 
 
 

0.6957  0.044 0.48  0.031 

Heritability (ns) 0.141 0.101 0.13 0.041 

Heritability (bs) 0.780  0.076 0.96  0.011 

 
* The value of variance is significant when it exceeds 1.96 when it is divided by its std. error 
ns non-significant 

† D measures additive effect, H1 and H2 measure dominance effect, F determines 

frequencies of dominant to recessive alleles in parents, h2 determines the overall dominance 

effect due to heterozygous loci, E shows environmental effect 
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(a) 

 

(b) 

 
1=NC1QW1, 2=NC1QW3, 3=NC1QW5 and 4=NC1QW13 

Figure 4.11: Wr/Vr graph for kernels ear-1 at a) AUP and, b) CCRI 
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Table 27. Analysis of variance of 4×4 diallel cross in white QPM for 100-grain 

weight at AUP and CCRI (Hayman’s approach, 1954a) 

A. AUP 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 14.83 13.38 ** 1.90  
b 6 28.43 25.64 **  2.98 

b1 1 95.55 86.17 **  10.30* 
b2 3 20.52 18.50 **  2.15 
b3 2 6.728 6.070 **  0.71 

c 3 7.794 7.030 **   

d 3 9.528 8.590 **   

Error 30 1.109    

Total 45     

 
B. CCRI 
 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 2.568 4.080 *   
b 6 18.35 29.18 **   

b1 1 101.1 160.8 **   
b2 3 1.825 2.900 ns   
b3 2 1.772 2.820 ns   

c 3 1.132 1.800 ns   

d 3 0.268 0.430 ns   

Error 30 0.629    

Total 45     
 

†  Mean squares of the items a, b, b1, b2, b3, c, and d are tested against error mean 

square.  

δ a = additive gene effect, b = dominance gene effect, b1 = directional dominance 

deviation, b2 = gene distribution among the parents, b3 = effect of specific genes, 

c = maternal effect, d = reciprocal effect 
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Table 28. Estimates of genetic components of variation for 100-grain weight in 

white QPM at AUP and CCRI.  

 
 
Components† 

AUP CCRI 

Value Std. Error Value Std. Error 

D 0.8714 ns 0.8152 0.30 ns 0.43 

H1 21.445 * 3.6572 12.0 * 1.91 

H2 18.257 * 3.0232 11.9 * 1.85 

F 1.8182 ns 1.6066 0.17 ns 0.49 

h2 23.645 * 5.0447 25.1 * 4.02 

E 0.3696 * 0.0935 0.21 * 0.05 

(H1/D)1/2 4.961 6.325 6.36 6.39 

H2/4H1 0.213  0.007 0.25  0.004 

 
KD/(KD+Kr) 
 
 

0.6052  0.013 0.52  0.05 

Heritability (ns) 0.185 0.054 0.05 0.04 

Heritability (bs) 0.94 0.017 0.94  0.02 

 
* The value of variance is significant when it exceeds 1.96 when it is divided by its std. error 
ns non-significant 

† D measures additive effect, H1 and H2 measure dominance effect, F determines 

frequencies of dominant to recessive alleles in parents, h2 determines the overall dominance 

effect due to heterozygous loci, E shows environmental effect 
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(a) 

 

(b) 

 
1=NC1QW1, 2=NC1QW3, 3=NC1QW5 and 4=NC1QW13 

Figure 4.12: Wr/Vr graph for 100-grain weight at a) AUP and, b) CCRI 
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Table 29. Analysis of variance of 4×4 diallel cross in white QPM for ear weight at 
AUP and CCRI (Hayman’s approach, 1954a) 

A. AUP 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 595.19 17.87 ** 0.91  
b 6 1345.6 40.40 **  2.78 

b1 1 5368.0 161.2 **  11.10* 
b2 3 322.34 9.680 **  0.67 
b3 2 869.43 26.10 **  1.80 

c 3 656.78 19.72 **   

d 3 483.42 14.51 **   

Error 30 33.311    

Total 45     

 
B. CCRI 
 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 665.38 16.40 **   
b 6 3370.8 83.10 **   

b1 1 19021 468.9 **   
b2 3 266.46 6.570 **   
b3 2 202.25 4.990 *   

c 3 71.469 1.760 ns   

d 3 88.581 2.180 ns   

Error 30 40.565    

Total 45     
 

†  Mean squares of the items a, b, b1, b2, b3, c, and d are tested against error mean 

square.  

δ a = additive gene effect, b = dominance gene effect, b1 = directional dominance 

deviation, b2 = gene distribution among the parents, b3 = effect of specific genes, 

c = maternal effect, d = reciprocal effect 
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Table 30. Estimates of genetic components of variation for ear weight in white 

QPM at AUP and CCRI.  

 
 
Components† 

AUP CCRI 

Value Std. Error Value Std. Error 

D 54.302 ns 32.56 207.09 * 65.29 

H1 923.06 * 126.2 2257.8 * 207.4 

H2 876.27 * 117.0 2221.8 * 202.1 

F 8.8260 ns 40.34 140.61 * 67.63 

h2 1334.7 *  211.6 4746.4 * 438.5 

E 11.103 * 2.841 13.521 * 3.392 

(H1/D)1/2 4.123  1.463 3.30 0.531 

H2/4H1 0.237 0.005 0.25 0.002 

 
KD/(KD+Kr) 
 
 

0.5099  0.039 0.55  0.017 

Heritability (ns) 0.17 0.043 0.08 0.025 

Heritability (bs) 0.96  0.011 0.98  0.006 

 
* The value of variance is significant when it exceeds 1.96 when it is divided by its std. error 
ns non-significant 

† D measures additive effect, H1 and H2 measure dominance effect, F determines 

frequencies of dominant to recessive alleles in parents, h2 determines the overall dominance 

effect due to heterozygous loci, E shows environmental effect 
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(a) 

 

(b) 

 
1=NC1QW1, 2=NC1QW3, 3=NC1QW5 and 4=NC1QW13 

Figure 4.13: Wr/Vr graph for ear weight at a) AUP and, b) CCRI 
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Table 31. Analysis of variance of 4×4 diallel cross in white QPM for kernel weight 

per ear at AUP and CCRI (Hayman’s approach, 1954a) 

A. AUP 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 497.50 17.09 ** 1.53  
b 6 1127.3 38.73 **  3.86 

b1 1 4574.3 157.2 **  15.68* 
b2 3 332.54 11.43 **  1.14 
b3 2 595.95 20.48 **  2.04 

c 3 326.04 11.20 **   

d 3 291.76 10.02 **   

Error 30 29.105    

Total 45     

 
B. CCRI 
 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 489.63 20.76 ** 3.97  
b 6 2205.3 93.50 **   

b1 1 12361 524.0 **   
b2 3 151.53 6.420 **   
b3 2 208.10 8.820 **   

c 3 123.19 5.220 **   

d 3 58.911 2.500 ns   

Error 30 23.587    

Total 45     
 

†  Mean squares of the items a, b, b1, b2, b3, c, and d are tested against error mean 

square.  

δ a = additive gene effect, b = dominance gene effect, b1 = directional dominance 

deviation, b2 = gene distribution among the parents, b3 = effect of specific genes, 

c = maternal effect, d = reciprocal effect 
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Table 32. Estimates of genetic components of variation for kernel weight per ear 

in white QPM at AUP and CCRI.  

 
 
Components† 

AUP CCRI 

Value Std. Error Value Std. Error 

D 68.04 * 31.63 137.01 *  39.49 

H1 782.7 * 108.1 1475.8 * 131.6 

H2 733.3 * 98.88 1455.4 * 127.9 

F 40.54 ns 39.36 80.668 * 40.78 

h2 1137  * 177.8 3085.0 * 273.7 

E 9.701 * 2.477 7.8623 * 2.007 

(H1/D)1/2 3.392 0.983 3.28 0.485 

H2/4H1 0.234 0.005 0.25 0.002 

 
KD/(KD+Kr) 
 
 

0.54  0.035 0.54  0.016 

Heritability (ns) 0.17 0.044 0.09 0.023 

Heritability (bs) 0.96  0.012 0.98  0.005 

 
* The value of variance is significant when it exceeds 1.96 when it is divided by its std. error 
ns non-significant 

† D measures additive effect, H1 and H2 measure dominance effect, F determines 

frequencies of dominant to recessive alleles in parents, h2 determines the overall dominance 

effect due to heterozygous loci, E shows environmental effect 
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(a) 

 

(b) 

 
1=NC1QW1, 2=NC1QW3, 3=NC1QW5 and 4=NC1QW13 

Figure 4.14: Wr/Vr graph for kernel weight ear-1 at a) AUP and, b) CCRI 
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Table 33. Analysis of variance of 4×4 diallel cross in white QPM for grain yield at 
AUP and CCRI (Hayman’s approach, 1954a) 

A. AUP 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 3058048.0 20.2 **   
b 6 2647995.0 17.4 **  3.58 

b1 1 13887100 91.5 **  18.75* 
b2 3 61994.920 0.41 ns  0.08 
b3 2 907446.30 5.98 **  1.23 

c 3 185044.50 1.22 ns   

d 3 740618.80 4.88 **   

Error 30 151819.90    

Total 45     

 
B. CCRI 
 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 2473600.00 8.12 ** 1.03  
b 6 4570381.00 15.0 **   

b1 1 23813250.0 78.2 **   
b2 3 645388.100 2.12 ns   
b3 2 836433.100 2.75 ns   

c 3 2408007.00 7.90 **   

d 3 750854.300 2.46 ns   

Error 30 304703.500    

Total 45     
 

†  Mean squares of the items a, b, b1, b2, b3, c, and d are tested against error mean 

square.  

δ a = additive gene effect, b = dominance gene effect, b1 = directional dominance 

deviation, b2 = gene distribution among the parents, b3 = effect of specific genes, 

c = maternal effect, d = reciprocal effect 
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Table 34. Estimates of genetic components of variation for grain yield in white 

QPM at AUP and CCRI.  

 
 
Components† 

AUP CCRI 

Value Std. Error Value Std. Error 

D 395267.90 * 177702 302838.80 ns  249104.50 

H1 1649152.0 *  362292 2900549.0 * 694468.40 

H2 1670444.0 * 356015 2856469.0 * 656732.10 

F -104077.0 ns 126512 -1869.843 ns 252721.60 

h2 3438559.6 * 736962 5886670.0 * 1345278.0 

E 50606.630 * 12557.3 101567.80 * 26829.880 

(H1/D)1/2 2.04 0.543 3.09 2.296 

H2/4H1 0.25  0.004 0.25  0.007 

 
KD/(KD+Kr) 
 
 

0.47 0.039 0.49 0.063 

Heritability (ns) 0.34 0.070 0.18 0.070 

Heritability (bs) 0.93  0.020 0.89  0.031 

 
* The value of variance is significant when it exceeds 1.96 when it is divided by its std. error 
ns non-significant 
† D measures additive effect, H1 and H2 measure dominance effect, F determines frequencies of 

dominant to recessive alleles in parents, h2 determines the overall dominance effect due to 

heterozygous loci, E shows environmental effect 
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(a) 

 

(b) 

 
1=NC1QW1, 2=NC1QW3, 3=NC1QW5 and 4=NC1QW13 

Figure 4.15: Wr/Vr graph for grain yield at a) AUP and, b) CCRI 
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Table 35. Analysis of variance of 4×4 diallel cross in white QPM for lysine 
content/100 g of grain sample at AUP and CCRI (Hayman’s approach, 
1954a) 

A. AUP 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 0.0016 4.92 ** 0.53  
b 6 0.0013 3.84 **  0.28 

b1 1 0.0000 0.13 ns  0.00 
b2 3 0.0023 6.93 **  0.50 
b3 2 0.0003 1.05 ns  0.07 

c 3 0.0030 9.01 **   

d 3 0.0046 13.9 **   

Error 30 0.0003    

Total 45     

 
B. CCRI 
 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 0.0009 8.08 ** 0.36  
b 6 0.0013 11.9 **  0.35 

b1 1 0.0001 1.29 ns  0.03 
b2 3 0.0024 22.4 **  0.65 
b3 2 0.0002 1.49 ns  0.05 

c 3 0.0025 23.2 **   

d 3 0.0037 33.8 **   

Error 30 0.0001    

Total 45     
 

†  Mean squares of the items a, b, b1, b2, b3, c, and d are tested against error mean 

square.  

δ a = additive gene effect, b = dominance gene effect, b1 = directional dominance 

deviation, b2 = gene distribution among the parents, b3 = effect of specific genes, 

c = maternal effect, d = reciprocal effect 
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Table 36. Estimates of genetic components of variation for lysine content/100 g 

of grain sample in white QPM at AUP and CCRI.  

 
 
Components† 

AUP CCRI 

Value Std. Error Value Std. Error 

D 0.00075 * 0.00036 0.00052 * 0.00016 

H1 0.00095 ns 0.00054 0.00118 * 0.00030 

H2 0.00064 ns 0.00037 0.00079 * 0.00020 

F 0.00086 ns 0.00045 0.00078 * 0.00023 

h2 -0.00006 ns 0.00014 0.00001 ns 0.00007 

E 0.00011 * 0.00003 0.00004 * 0.000009 

(H1/D)1/2 1.13 0.303 1.51 0.195 

H2/4H1 0.17  0.017 0.17  0.004 

 
KD/(KD+Kr) 
 
 

0.75  0.086 0.75  0.019 

Heritability (ns) 0.27 0.132 0.21 0.080 

Heritability (bs) 0.70  0.094 0.88  0.036 

 
* The value of variance is significant when it exceeds 1.96 when it is divided by its std. error 
ns non-significant 
† D measures additive effect, H1 and H2 measure dominance effect, F determines frequencies of 

dominant to recessive alleles in parents, h2 determines the overall dominance effect due to 

heterozygous loci, E shows environmental effect 
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(a) 

 

(b) 

 
1=NC1QW1, 2=NC1QW3, 3=NC1QW5 and 4=NC1QW13 

Figure 4.16: Wr/Vr graph for grain lysine content at a) AUP and, b) CCRI 
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Table 37. Analysis of variance of 4×4 diallel cross in white QPM for tryptophane 

content/100 g of grain sample at AUP and CCRI (Hayman’s approach, 

1954a) 

A. AUP 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 0.00013 3.08 * 0.37  
b 6 0.00017 3.91 **  0.27 

b1 1 0.00002 0.37 ns  0.03 
b2 3 0.00029 6.69 **  0.47 
b3 2 0.00007 1.52 ns  0.11 

c 3 0.00035 8.16 **   

d 3 0.00062 14.4 **   

Error 30 0.00004    

Total 45     

 
B. CCRI 
 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 0.00004 10.43 ** 0.44  
b 6 0.00032 92.01 **  1.23 

b1 1 0.00172 500.8 **  6.62 
b2 3 0.00002 5.190 **  0.08 
b3 2 0.00006 17.85 **  0.23 

c 3 0.00009 25.15 **   

d 3 0.00026 76.89 **   

Error 30 0.00000    

Total 45     
 

†  Mean squares of the items a, b, b1, b2, b3, c, and d are tested against error mean 

square.  

δ a = additive gene effect, b = dominance gene effect, b1 = directional dominance 

deviation, b2 = gene distribution among the parents, b3 = effect of specific genes, 

c = maternal effect, d = reciprocal effect 
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Table 38. Estimates of genetic components of variation for tryptophane 

content/100 g of grain sample in white QPM at AUP and CCRI.  

 
 
Components† 

AUP CCRI 

Value Std. Error Value Std. Error 

D 0.00011 * 0.00005 0.000000 ns 0.000002 

H1 0.00013 ns 0.00008 0.000210 * 0.000019 

H2 0.00009 ns 0.00005 0.000208 * 0.000018 

F 0.00014 * 0.00007 -0.000003 ns 0.000002 

h2 -0.000005 ns 0.00002 0.000428 * 0.000039 

E 0.00001 * 0.000004 0.000001 * 0.000000 

(H1/D)1/2 1.06 0.25 51.3 24.17 

H2/4H1 0.17 0.03 0.25 0.002 

 
KD/(KD+Kr) 
 
 

0.79 0.05 0.32 0.094 

Heritability (ns) 0.16 0.14 0.05 0.019 

Heritability (bs) 0.66 0.12 0.98 0.005 

 
* The value of variance is significant when it exceeds 1.96 when it is divided by its std. error 
ns non-significant 
† D measures additive effect, H1 and H2 measure dominance effect, F determines frequencies of 

dominant to recessive alleles in parents, h2 determines the overall dominance effect due to 

heterozygous loci, E shows environmental effect 
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(a) 

 

(b) 

 
1=NC1QW1, 2=NC1QW3, 3=NC1QW5 and 4=NC1QW13 

Figure 4.17: Wr/Vr graph for grain tryptophane content at a) AUP and, b) CCRI 
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Table 39. Analysis of variance of 4×4 diallel cross in white QPM for protein 
content/100 g of grain sample at AUP and CCRI (Hayman’s approach, 
1954a) 

A. AUP 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 1.49 9.94 **   
b 6 1.64 10.9 **  0.68 

b1 1 0.07 0.43 ns  0.03 
b2 3 2.07 13.8 **  0.86 
b3 2 1.77 11.9 **  0.74 

c 3 0.03 0.19 ns   

d 3 2.40 16.1 **   

Error 30 0.15    

Total 45     

 
B. CCRI 
 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 0.84 21.1 ** 1.31  
b 6 0.94 23.5 **  0.89 

b1 1 0.18 4.38 *  0.17 
b2 3 1.13 28.2 **  1.07 
b3 2 1.05 26.1 **  0.99 

c 3 0.65 16.1 **   

d 3 1.06 26.4 **   

Error 30 0.04    

Total 45     
 

†  Mean squares of the items a, b, b1, b2, b3, c, and d are tested against error mean 

square.  

δ a = additive gene effect, b = dominance gene effect, b1 = directional dominance 

deviation, b2 = gene distribution among the parents, b3 = effect of specific genes, 

c = maternal effect, d = reciprocal effect 
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Table 40. Estimates of genetic components of variation for protein content/100 g 

of grain sample in white QPM at AUP and CCRI.  

 
 
Components† 

AUP CCRI 

Value Std. Error Value Std. Error 

D 0.47 * 0.19 0.19 * 0.06 

H1 1.31 * 0.37 0.78 * 0.14 

H2 1.00 * 0.28 0.60 * 0.10 

F 0.57 * 0.25 0.23 * 0.09 

h2 -0.02 ns 0.08 0.04 ns 0.04 

E 0.05 * 0.02 0.01 ns 0.01 

(H1/D)1/2 1.68 0.34 2.05 0.33 

H2/4H1 0.19 0.01 0.19 0.01 

 
KD/(KD+Kr) 
 
 

0.68 0.04 0.65 0.03 

Heritability (ns) 0.27 0.09 0.29 0.06 

Heritability (bs) 0.88 0.04 0.94 0.02 

 
* The value of variance is significant when it exceeds 1.96 when it is divided by its std. error 
ns non-significant 
† D measures additive effect, H1 and H2 measure dominance effect, F determines frequencies of 

dominant to recessive alleles in parents, h2 determines the overall dominance effect due to 

heterozygous loci, E shows environmental effect 
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(a) 

 

(b) 

 
1=NC1QW1, 2=NC1QW3, 3=NC1QW5 and 4=NC1QW13 

Figure 4.18: Wr/Vr graph for grain protein content at a) AUP and, b) CCRI 
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Table 41. Analysis of variance of 4×4 diallel cross in white QPM for lysine 

percentage in grain protein at AUP and CCRI (Hayman’s approach, 

1954a) 

A. AUP 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 0.3923 10.49 ** 1.29  
b 6 0.5462 14.60 **  0.89 

b1 1 0.0003 0.010 ns  0.00 
b2 3 0.8287 22.15 **  1.34 
b3 2 0.3954 10.57 **  0.64 

c 3 0.3035 8.110 **   

d 3 0.6162 16.47 **   

Error 30 0.0374    

Total 45     

 
B. CCRI 
 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 0.434 47.6 ** 3.03  
b 6 0.415 45.5 **  1.77 

b1 1 0.004 0.39 ns  0.02 
b2 3 0.759 83.2 **  3.24 
b3 2 0.106 11.6 **  0.45 

c 3 0.143 15.7 **   

d 3 0.234 25.6 **   

Error 30 0.009    

Total 45     
 

†  Mean squares of the items a, b, b1, b2, b3, c, and d are tested against error mean 

square.  

δ a = additive gene effect, b = dominance gene effect, b1 = directional dominance 

deviation, b2 = gene distribution among the parents, b3 = effect of specific genes, 

c = maternal effect, d = reciprocal effect 
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Table 42. Estimates of genetic components of variation for lysine percentage in 

grain protein in white QPM at AUP and CCRI.  

 
 
Components† 

AUP CCRI 

Value Std. Error Value Std. Error 

D 0.184 *  0.058 0.155 *  0.0259 

H1 0.471 * 0.107 0.396 * 0.0489 

H2 0.341 * 0.077 0.271 * 0.0333 

F 0.256 * 0.078 0.209 * 0.0363 

h2 -0.008 ns 0.013 -0.001 ns 0.0042 

E 0.013 * 0.003 0.003 * 0.0008 

(H1/D)1/2 1.603 0.227 1.59 0.122 

H2/4H1 0.181 0.006 0.17 0.002 

 
KD/(KD+Kr) 
 
 

0.718 0.024 0.71 0.015 

Heritability (ns) 0.23 0.076 0.33 0.048 

Heritability (bs) 0.90 0.029 0.97 0.008 

 
* The value of variance is significant when it exceeds 1.96 when it is divided by its std. error 
ns non-significant 
† D measures additive effect, H1 and H2 measure dominance effect, F determines frequencies of 

dominant to recessive alleles in parents, h2 determines the overall dominance effect due to 

heterozygous loci, E shows environmental effect 
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(a) 

 

(b) 

 
1=NC1QW1, 2=NC1QW3, 3=NC1QW5 and 4=NC1QW13 

Figure 4.19: Wr/Vr graph for protein’ lysine content at a) AUP and, b) CCRI 
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Table 43. Analysis of variance of 4×4 diallel cross in white QPM for tryptophane 
percentage in grain protein at AUP and CCRI (Hayman’s approach, 
1954a) 

A. AUP 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 0.0216 3.80 * 0.57  
b 6 0.0331 5.81 **  0.63 

b1 1 0.0003 0.06 ns  0.01 
b2 3 0.0523 9.19 **  0.99 
b3 2 0.0206 3.62 *  0.39 

c 3 0.0381 6.69 **   

d 3 0.0526 9.24 **   

Error 30 0.0057    

Total 45     

 
B. CCRI 
 
 
Sources δ 

 
df 

 
MS 

 
F-ratio † 

Retested against 
c d 

a 3 0.0060 7.30 ** 1.58  
b 6 0.0372 45.1 **  3.21 

b1 1 0.1505 182  **  12.97* 
b2 3 0.0169 20.5 **  1.46 
b3 2 0.0111 13.4 **  0.96 

c 3 0.0038 4.55 **   

d 3 0.0116 13.9 **   

Error 30 0.0008    

Total 45     
 

†  Mean squares of the items a, b, b1, b2, b3, c, and d are tested against error mean 

square.  

δ a = additive gene effect, b = dominance gene effect, b1 = directional dominance 

deviation, b2 = gene distribution among the parents, b3 = effect of specific genes, 

c = maternal effect, d = reciprocal effect 
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Table 44. Estimates of genetic components of variation for tryptophane 

percentage in grain protein in white QPM at AUP and CCRI.  

 
 
Components† 

AUP CCRI 

Value Std. Error Value Std. Error 

D 0.013 * 0.0063 0.0008 ns 0.00066 

H1 0.026 * 0.0109 0.0269 * 0.00348 

H2 0.019 * 0.0077 0.0243 * 0.00309 

F 0.018 * 0.0082 0.0027 * 0.00133 

h2 0.001 ns 0.0020 0.0374 * 0.00565 

E 0.002 * 0.0005 0.0003 * 0.00007 

(H1/D)1/2 1.447 0.350 5.64 2.912 

H2/4H1 0.178 0.010 0.22 0.005 

 
KD/(KD+Kr) 
 
 

0.743 0.036 0.64 0.038 

Heritability (ns) 0.16 0.110 0.06 0.031 

Heritability (bs) 0.76 0.082 0.96 0.011 

 
* The value of variance is significant when it exceeds 1.96 when it is divided by its std. error 
ns non-significant 
† D measures additive effect, H1 and H2 measure dominance effect, F determines frequencies of 

dominant to recessive alleles in parents, h2 determines the overall dominance effect due to 

heterozygous loci, E shows environmental effect 
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(a) 

 

(b) 

 
1=NC1QW1, 2=NC1QW3, 3=NC1QW5 and 4=NC1QW13 

Figure 4.20: Wr/Vr graph for protein’ tryptophane content at a) AUP and, b) CCRI 
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Table 45. Estimates of mean squares attributable to genotypes, general combining 
ability (GCA), specific combining ability (SCA), and reciprocal effects 
(RCA) of four white QPM inbred lines in a complete diallel cross at AUP. 

 
Parameters Genotype 

(df = 15) 
GCA 
(df = 3) 

SCA 
(df = 6) 

RCA 
(df = 6) 

Error 
(df = 30) 

Days to tasseling 8.694** 6.992** 2.668** 1.081* 0.380 

Days to silking 5.976** 4.725** 2.204** 0.414* 0.160 

Plant height 252.2** 250.3** 80.14** 4.883NS 15.807 

Ear height 83.96** 79.82** 12.75** 17.31** 1.252 

Biological yield 29399758** 7490329** 14093112** 6661521** 242724 

Stover yield 13619158** 3203503** 6136755** 3610792** 182762 

Ear length 4.736** 0.901** 3.102** 0.394** 0.043 

Ear diameter 0.071** 0.066** 0.012* 0.014** 0.004 

Kernel rows ear-1 0.476** 0.330** 0.074* 0.157** 0.026 

Kernels row-1 17.19** 3.734* 8.481** 3.976* 1.176 

Kernels ear-1 2701.3** 859.9* 1516.1** 305NS 225.1 

100-grain weight 17.80** 4.944** 9.475** 2.887** 0.370 

Ear weight  885.3** 198.4** 448.6** 190.0** 11.104 

Kernel weight ear-1 674.0** 165.8** 375.8** 103.0** 9.702 

Grain yield ha-1 1855944** 1019358** 882663** 154278* 50607 

Grain lysine content  0.002** 0.001** 0.00042** 0.001** 0.000 

Grain tryp content 0.0003** 0.000044* 0.000056** 0.00016** 0.000014 

Grain protein content  1.437** 0.495** 0.544** 0.405** 0.050 

Protein lysine content 0.482** 0.129** 0.179** 0.158** 0.013 

Protein tryp content 0.036** 0.007** 0.011** 0.015** 0.002 

 
*, ** = Significant at 0.05 and 0.01 probability levels, respectively and NS = non-significant.  
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Table 46. Estimates of mean squares attributable to genotypes, general combining 
ability (GCA), specific combining ability (SCA), and reciprocal effects 
(RCA) of four white QPM inbred lines in a complete diallel cross at 
CCRI 

 
 
Parameters Genotype 

(df = 15) 
GCA 
(df = 3) 

SCA 
(df = 6) 

RCA 
(df = 6) 

Error 
(df = 6) 

Days to tasseling 8.454** 5.308** 2.681** 1.711* 0.527 
Days to silking 5.961* 3.336** 2.485** 0.815NS 0.570 

Plant height 311.7** 138.8** 167.5** 22.86** 1.328 

Ear height 67.31** 14.06** 31.20** 17.86** 4.514 

Biological yield 50476517** 4499233* 32238941** 7575206** 1210141 

Stover yield 16239786** 2707379** 9358303** 2821163** 565767 

Ear length 6.418** 1.847** 4.205** 0.220NS 0.126 

Ear diameter 0.112** 0.008* 0.080** 0.009** 0.002 

Kernel rows ear-1 0.339** 0.109** 0.167** 0.061** 0.017 

Kernels row-1 47.28** 10.22** 31.09** 3.198* 1.230 

Kernels ear-1 11187** 2433** 7380** 725.3** 177.5 

100-grain weight 8.134** 0.856* 6.117** 0.233NS 0.210 

Ear weight  1552** 200.8** 1166** 27.59* 8.788 

Kernel weight ear-1 1016** 163.2** 735.1** 30.35** 7.862 

Grain yield ha-1 2773789** 651797** 1620411** 365182** 33217 

Grain lysine content  0.002** 0.0003** 0.0004** 0.001** 0.00004 

Grain tryp content 0.0002** 0.00001** 0.00011** 0.00006** 0.000001 

Grain protein content  0.887** 0.281** 0.314** 0.284** 0.013 

Protein lysine content 0.328** 0.145** 0.138** 0.063** 0.003 

Protein tryp content 0.019** 0.002** 0.012** 0.003** 0.0003 

 
*, ** = Significant at 0.05 and 0.01 probability levels, respectively and NS = non-significant.  
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Table 47. Estimates for genotypic variances and its components relative to general 
combining ability (GCA), specific combining ability (SCA), and 
reciprocal effects (RCA) of four white QPM inbred lines in a complete 
diallel cross according to Griffing’s approach (method 1 model 1) at AUP 

 
Parameters δ2g δ2s δ2r δ2e δ2g/ δ2s 
Days to tasseling 0.827 2.288 0.351 0.380 0.361 
Days to silking 0.571 2.044 0.127 0.160 0.279 

Plant height 29.32 64.33 -5.462 15.81 0.456 

Ear height 9.821 11.50 8.030 1.252 0.854 

Biological yield 905951 13850388 3209399 242724 0.065 

Stover yield 377593 5953993 1714015 182763 0.063 

Ear length 0.107 3.060 0.176 0.043 0.035 

Ear diameter 0.008 0.008 0.005 0.004 0.971 

Kernel rows ear-1 0.038 0.048 0.066 0.026 0.785 

Kernels row-1 0.320 7.305 1.400 1.176 0.044 

Kernels ear-1 79.36 1291 39.94 225.1 0.061 

100-grain weight 0.572 9.105 1.259 0.370 0.063 

Ear weight  23.41 437.4 89.46 11.10 0.054 

Kernel weight ear-1 19.52 366.1 46.63 9.702 0.053 

Grain yield ha-1 121094 832057 51835.5 50606.6 0.146 

Grain lysine content  0.000054 0.0003 0.0006 0.0001 0.173 

Grain tryp content 0.000004 0.000042 0.00007 0.000014 0.089 

Grain protein content  0.056 0.495 0.178 0.050 0.113 

Protein lysine content 0.015 0.166 0.073 0.013 0.088 

Protein tryp content 0.001 0.009 0.007 0.002 0.072 

 
δ2g =GCA variance, δ2s =SCA variance, δ2r =reciprocal variance and δ2e = error variance. 
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Table 48. Estimates for genotypic variances and its components relative to 
general combining ability (GCA), specific combining ability (SCA), and 
reciprocal effects (RCA) of four white QPM inbred lines in a complete 
diallel cross according to Griffing’s approach (method 1 model 1) at 
CCRI 

 
Parameters δ2g δ2s δ2r δ2e δ2g/ δ2s 

Days to tasseling 0.598 2.153 0.592 0.527 0.278 
Days to silking 0.346 1.915 0.122 0.570 0.181 

Plant height 17.19 166.1 10.76 1.328 0.103 

Ear height 1.194 26.69 6.674 4.514 0.045 

Biological yield 411136 31028800 3182532 1210142 0.013 

Stover yield 267701 8792536 1127698 565767 0.030 

Ear length 0.215 4.078 0.047 0.126 0.053 

Ear diameter 0.001 0.078 0.004 0.002 0.009 

Kernel rows ear-1 0.011 0.151 0.022 0.017 0.076 

Kernels row-1 1.124 29.86 0.984 1.230 0.038 

Kernels cob-1 282.0 7203 273.9 177.5 0.039 

100-Grain weight 0.081 5.907 0.012 0.210 0.014 

Weight cob-1 24.00 1157 9.403 8.788 0.021 

Kernels weight cob-1 19.42 727.2 11.24 7.862 0.027 

Grain yield ha-1 77322 1587193 165982 33217 0.049 

Grain lysine content  0.00003 0.0004 0.0005 0.00004 0.081 

Grain Tryp content 0.0000013 0.0001 0.00003 0.000001 0.013 

Grain Protein content  0.033 0.301 0.136 0.013 0.111 

Protein lysine content 0.018 0.135 0.030 0.003 0.131 

Protein tryp content 0.0002 0.012 0.001 0.0003 0.018 

 
δ2g =GCA variance, δ2s =SCA variance, δ2r =reciprocal variance and δ2e = error variance. 
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Table 49. Estimates for general combining ability effects (diagonal values), specific 
combining ability effects (above diagonal values) and reciprocal effects 
(below diagonal values) for days to tasseling of white QPM inbred lines at 
AUP and CCRI 

 
 AUP 

 

CCRI 

Inbred 
lines W1 W3 W5 W13 W1 W3 W5 W13 

W1 -0.47 0.76 0.53 -0.39 -0.13 0.02 1.04 0.33 

W3 0.08 0.95 -0.55 0.28 -0.33 0.63 1.13 1.17 

W5 1.33 -0.25 0.59 -0.03 -0.83 0.58 0.60 0.10 

W13 -0.08 -0.17 1.17 -1.07 -0.42 -1.50 -1.25 -1.10 

     
 
Table 50. .Estimates for general combining ability effects (diagonal values), specific 

combining ability effects (above diagonal values) and reciprocal effects 
(below diagonal values) for days to silking of white QPM inbred lines at 
AUP and CCRI 

 

 AUP 

 

CCRI 

Inbred 
lines W1 W3 W5 W13 W1 W3 W5 W13 

W1 -0.04 0.77 0.96 0.83 -0.21 0.37 0.69 -0.85 

W3 0.00 0.62 0.54 -0.08 0.08 0.63 1.02 1.31 

W5 0.67 0.58 0.44 0.35 -1.17 1.00 0.40 0.88 

W13 -0.08 -0.67 0.08 -1.02 0.08 -0.25 0.08 -0.81 

 
 
 
W1 = NC1QW1, W3 = NC1QW3, W5 = NC1QW5 and W13 = NC1QW13. 

Cd (gi-gj)   = 0.927 Cd (gi-gj)   = 0.788 
Cd (sij-sik) = 1.543 Cd (sij-sik) = 1.497 
Cd (rij-rkl)  = 0.604 Cd (rij-rkl)  = 0.785 

Cd (gi-gj)   = 0.736 Cd (gi-gj)   = 0.600 
Cd (sij-sik) = 1.872 Cd (sij-sik) = 1.411 
Cd (rij-rkl)  = 0.358 Cd (rij-rkl)  = 0.357 
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Table 51. Estimates for general combining ability effects (diagonal values), 
specific combining ability effects (above diagonal values) and reciprocal 
effects (below diagonal values) for plant height of white QPM inbred 
lines at AUP and CCRI 

 
 AUP 

 

CCRI 

Inbred 
lines W1 W3 W5 W13 W1 W3 W5 W13 

W1 4.03 -7.15 7.25 -3.87 1.19 -0.40 4.39 6.14 

W3 2.17 3.18 5.16 6.25 2.94 4.74 1.81 -0.50 

W5 0.67 -1.27 0.95 -1.33 5.22 -0.56 -0.66 6.18 

W13 2.17 0.30 -1.77 -8.16 1.08 5.50 -0.94 -5.27 

     
 
Table 52. Estimates for general combining ability effects (diagonal values), specific 

combining ability effects (above diagonal values) and reciprocal effects 
(below diagonal values) for ear height of white QPM inbred lines at AUP 
and CCRI 

 

 AUP 

 

CCRI 

Inbred 
lines W1 W3 W5 W13 W1 W3 W5 W13 

W1 2.63 -1.31 3.37 -0.61 1.16 2.58 -2.27 2.67 

W3 -5.73 0.15 2.51 1.20 -2.36 -0.36 -3.90 0.67 

W5 -0.37 -3.73 1.71 -1.09 2.17 -5.28 1.91 3.57 

W13 -0.80 1.87 0.93 -4.48 2.08 -2.89 -1.67 -0.39 

 
 
 
W1 = NC1QW1, W3 = NC1QW3, W5 = NC1QW5 and W13 = NC1QW13. 

Cd (gi-gj)   = 5.52 Cd (gi-gj)   = 4.23 
Cd (sij-sik) = 8.18 Cd (sij-sik) = 13.1 
Cd (rij-rkl)  = 2.38 Cd (rij-rkl)  = 3.35 

Cd (gi-gj)   = 3.20 Cd (gi-gj)   = 1.11 
Cd (sij-sik) = 3.46 Cd (sij-sik) = 5.27 
Cd (rij-rkl)  = 2.89 Cd (rij-rkl)  = 2.64 
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Table 53. Estimates for general combining ability effects (diagonal values), specific 
combining ability effects (above diagonal values) and reciprocal effects 
(below diagonal values) for biological yield of white QPM inbred lines at 
AUP and CCRI 

 

 AUP 

 

CCRI 

Inbred 
lines W1 W3 W5 W13 W1 W3 W5 W13 

W1 -1238 1488 -275 1822 -684 1808 1745 1937 

W3 444 29 -1820 888 3189 739 1527 -236 

W5 444 -1944 1126 2846 817 89 552 2623 

W13 3944 -500 0 84 2289 289 2561 -607 

     
 
Table 54.  Estimates for general combining ability effects (diagonal values), 

specific combining ability effects (above diagonal values) and reciprocal 
effects (below diagonal values) for stover yield of white QPM inbred 
lines at AUP and CCRI 

 
 AUP 

 

CCRI 

Inbred 
lines W1 W3 W5 W13 W1 W3 W5 W13 

W1 -669 1326 333 766 -356 894 1478 802 

W3 617 220 -890 710 2289 698 473 -338 

W5 22 -1344 774 1678 650 -931 242 840 

W13 2911 -411 22 -326 1158 -717 284 -585 

 
 
W1 = NC1QW1, W3 = NC1QW3, W5 = NC1QW5 and W13 = NC1QW13. 
 

Cd (gi-gj)   = 970.85 Cd (gi-gj)   = 654.02 
Cd (sij-sik) = 3796.0 Cd (sij-sik) = 5681.8 
Cd (rij-rkl)  = 1827.3 Cd (rij-rkl)  = 1819.6 

Cd (gi-gj)   = 626.78 Cd (gi-gj)   = 527.75 
Cd (sij-sik) = 2488.9 Cd (sij-sik) = 3024.5 
Cd (rij-rkl)  = 1335.4 Cd (rij-rkl)  = 1083.2 
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Table 55. Estimates for general combining ability effects (diagonal values), 
specific combining ability effects (above diagonal values) and 
reciprocal effects (below diagonal values) for ear length of white QPM 
inbred lines at AUP and CCRI 

 
 AUP 

 

CCRI 

Inbred 
lines W1 W3 W5 W13 W1 W3 W5 W13 

W1 -0.10 0.93 0.68 0.66 -0.66 0.45 0.61 0.76 

W3 -0.28 0.32 -0.27 0.25 0.26 0.46 0.08 0.76 

W5 -0.35 -0.68 0.20 1.16 -0.37 -0.40 0.20 1.00 

W13 -0.37 -0.60 0.13 -0.43 -0.03 0.53 -0.12 0.00 

     
 
Table 56.  Estimates for general combining ability effects (diagonal values), 

specific combining ability effects (above diagonal values) and reciprocal 
effects (below diagonal values) for ear diameter of white QPM inbred 
lines at AUP and CCRI 

 

 AUP 

 

CCRI 

Inbred 
lines W1 W3 W5 W13 W1 W3 W5 W13 

W1 0.13 0.03 0.02 0.07 0.04 0.04 0.12 0.14 

W3 -0.16 -0.02 0.12 -0.02 -0.02 0.01 0.02 -0.01 

W5 -0.04 -0.04 -0.08 0.05 0.03 -0.13 -0.04 0.19 

W13 0.10 0.05 0.05 -0.03 0.01 0.04 0.09 -0.01 

 
 
 
W1 = NC1QW1, W3 = NC1QW3, W5 = NC1QW5 and W13 = NC1QW13. 
 

Cd (gi-gj)   = 0.33418 Cd (gi-gj)   = 0.47302 
Cd (sij-sik) = 1.78421 Cd (sij-sik) = 2.05985 
Cd (rij-rkl)  = 0.42755 Cd (rij-rkl)  = 0.22061 

Cd (gi-gj)   = 0.08998 Cd (gi-gj)   = 0.02733 
Cd (sij-sik) = 0.09134 Cd (sij-sik) = 0.28532 
Cd (rij-rkl)  = 0.07533 Cd (rij-rkl)  = 0.06279 
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Table 57. Estimates for general combining ability effects (diagonal values), 
specific combining ability effects (above diagonal values) and reciprocal 
effects (below diagonal values) for kernel rows ear-1 of white QPM 
inbred lines at AUP and CCRI 

 
 AUP 

 

CCRI 

Inbred 
lines W1 W3 W5 W13 W1 W3 W5 W13 

W1 0.18 0.09 0.23 -0.02 0.10 -0.21 0.24 0.20 

W3 -0.07 -0.29 0.57 -0.15 -0.03 0.06 0.12 0.03 

W5 -0.13 0.40 0.03 0.16 -0.07 -0.03 -0.16 0.27 

W13 0.07 0.53 0.03 0.08 0.27 0.32 -0.07 0.01 

     
 
Table 58.  Estimates for general combining ability effects (diagonal values), 

specific combining ability effects (above diagonal values) and reciprocal 
effects (below diagonal values) for Kernels row-1 of white QPM inbred 
lines at AUP and CCRI 

 

 AUP 

 

CCRI 

Inbred 
lines W1 W3 W5 W13 W1 W3 W5 W13 

W1 0.45 0.18 0.13 0.24 -0.94 3.03 1.49 0.45 

W3 -1.53 0.24 -1.09 1.95 -1.22 1.50 -0.81 1.62 

W5 -0.43 -2.23 0.32 2.57 -0.18 -2.57 0.24 3.14 

W13 -1.20 -1.23 -1.20 -1.02 -0.27 1.07 0.53 -0.80 

 
 
 
W1 = NC1QW1, W3 = NC1QW3, W5 = NC1QW5 and W13 = NC1QW13. 
 

Cd (gi-gj)   = 0.19881 Cd (gi-gj)   = 0.10923 
Cd (sij-sik) = 0.22433 Cd (sij-sik) = 0.39576 
Cd (rij-rkl)  = 0.26138 Cd (rij-rkl)  = 0.1513 

Cd (gi-gj)   = 0.57669 Cd (gi-gj)   = 1.08153 
Cd (sij-sik) = 2.75684 Cd (sij-sik) = 5.57378 
Cd (rij-rkl)  = 1.20677 Cd (rij-rkl)  = 1.01197 
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Table 59. Estimates for general combining ability effects (diagonal values), 
specific combining ability effects (above diagonal values) and reciprocal 
effects (below diagonal values) for kernels ear-1 of white QPM inbred 
lines at AUP and CCRI 

 
 AUP 

 

CCRI 

Inbred 
lines W1 W3 W5 W13 W1 W3 W5 W13 

W1 11.54 -2.63 11.36 5.44 -17.58 36.33 29.38 5.64 

W3 -14.93 -3.61 3.71 20.32 -12.07 24.00 -16.49 37.20 

W5 -12.13 -17.13 4.54 35.44 3.10 -31.53 -1.35 52.85 

W13 -13.87 -0.40 -7.67 -12.47 9.77 30.50 -0.73 -5.07 

     
 
Table 60. Estimates for general combining ability effects (diagonal values), specific 

combining ability effects (above diagonal values) and reciprocal effects 
(below diagonal values) for 100-grain weight of white QPM inbred lines at 
AUP and CCRI 

 

 AUP 

 

CCRI 

Inbred 
lines W1 W3 W5 W13 W1 W3 W5 W13 

W1 0.84 2.15 1.41 0.99 0.08 0.30 0.95 1.55 

W3 -0.23 0.37 -0.27 -1.45 -0.04 -0.14 1.26 0.38 

W5 1.08 -2.42 -0.24 0.71 0.08 0.42 0.41 0.84 

W13 1.05 -0.02 0.70 -0.98 0.25 0.64 -0.21 -0.35 

 
 
W1 = NC1QW1, W3 = NC1QW3, W5 = NC1QW5 and W13 = NC1QW13. 
 
 

Cd (gi-gj)   = 9.09 Cd (gi-gj)   = 17.13 
Cd (sij-sik) = 36.65 Cd (sij-sik) = 86.57 
Cd (rij-rkl)  = 6.45 Cd (rij-rkl)  = 16.88 

Cd (gi-gj)   = 0.77 Cd (gi-gj)   = 0.29 
Cd (sij-sik) = 3.08 Cd (sij-sik) = 2.48 
Cd (rij-rkl)  = 1.14 Cd (rij-rkl)  = 0.11 
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Table 61. Estimates for general combining ability effects (diagonal values), 
specific combining ability effects (above diagonal values) and reciprocal 
effects (below diagonal values) for ear weight of white QPM inbred lines 
at AUP and CCRI 

 
 AUP 

 

CCRI 

Inbred 
lines W1 W3 W5 W13 W1 W3 W5 W13 

W1 6.78 13.98 4.37 6.29 -5.14 12.38 10.71 12.88 

W3 -17.57 -3.73 5.47 -1.80 -0.63 5.00 1.18 4.93 

W5 -9.40 -9.23 0.71 17.89 1.73 -6.42 3.53 19.86 

W13 7.07 5.00 3.60 -3.75 3.85 4.83 0.13 -3.39 

     
 
Table 62.  Estimates for general combining ability effects (diagonal values), 

specific combining ability effects (above diagonal values) and reciprocal 
effects (below diagonal values) for kernel weight ear-1 of white QPM 
inbred lines at AUP and CCRI 

 

 AUP 

 

CCRI 

Inbred 
lines W1 W3 W5 W13 W1 W3 W5 W13 

W1 6.57 11.22 5.40 5.96 -3.79 9.78 6.40 8.81 

W3 -8.80 -2.29 2.13 -0.98 -0.52 5.13 0.36 5.79 

W5 -5.53 -11.50 -0.61 16.27 -1.03 -4.43 2.46 18.18 

W13 7.03 2.43 3.63 -3.67 5.52 6.08 1.65 -3.80 

 
 
 
W1 = NC1QW1, W3 = NC1QW3, W5 = NC1QW5 and W13 = NC1QW13. 
 

Cd (gi-gj)   = 4.94 Cd (gi-gj)   = 5.00 
Cd (sij-sik) = 21.33 Cd (sij-sik) = 34.70 
Cd (rij-rkl)  = 9.65 Cd (rij-rkl)  = 3.13 

Cd (gi-gj)   = 4.51 Cd (gi-gj)   = 4.49 
Cd (sij-sik) = 19.52 Cd (sij-sik) = 27.51 
Cd (rij-rkl)  = 6.97 Cd (rij-rkl)  = 3.42 
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Table 63. Estimates for general combining ability effects (diagonal values), 
specific combining ability effects (above diagonal values) and reciprocal 
effects (below diagonal values) for grain yield ha-1 of white QPM inbred 
lines at AUP and CCRI 

 
 AUP 

 

CCRI 

Inbred 
lines W1 W3 W5 W13 W1 W3 W5 W13 

W1 -305.52 518.77 361.18 -1.75 -394.99 306.20 463.88 352.11 

W3 -110.71 -285.78 -158.48 266.48 623.17 247.91 -76.94 104.71 

W5 104.46 -623.55 168.31 648.97 312.62 -145.37 163.34 842.40 

W13 148.12 39.04 -165.51 422.99 306.38 -603.55 360.82 -16.26 

     
 
Table 64.  Estimates for general combining ability effects (diagonal values), 

specific combining ability effects (above diagonal values) and 
reciprocal effects (below diagonal values) for grain lysine content of 
white QPM inbred lines at AUP and CCRI 

 
 AUP 

 

CCRI 

Inbred 
lines W1 W3 W5 W13 W1 W3 W5 W13 

W1 0.00 0.01 0.01 0.00 0.00 0.02 0.00 0.01 

W3 0.00 0.01 -0.01 -0.01 0.00 0.00 0.00 -0.01 

W5 -0.04 -0.04 -0.01 -0.01 -0.04 -0.03 -0.01 -0.01 

W13 -0.01 0.01 -0.03 0.00 -0.01 0.01 -0.02 0.01 

 
 
W1 = NC 1QW1, W3 = NC1QW3, W5 = NC1QW5 and W13 = NC1QW13. 
 
 

Cd (gi-gj)   = 354.95 Cd (gi-gj)   = 283.63 
Cd (sij-sik) = 930.41 Cd (sij-sik) = 1285.04 
Cd (rij-rkl)  = 232.23 Cd (rij-rkl)  = 415.56 

Cd (gi-gj)   = 0.00 Cd (gi-gj)   = 0.01 
Cd (sij-sik) = 0.00 Cd (sij-sik) = 0.02 
Cd (rij-rkl)  = 0.00 Cd (rij-rkl)  = 0.02 
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Table 65. Estimates for general combining ability effects (diagonal values), 
specific combining ability effects (above diagonal values) and reciprocal 
effects (below diagonal values) for grain tryptophane content of white 
QPM inbred lines at AUP and CCRI 

 
 AUP 

 

CCRI 

Inbred 
lines W1 W3 W5 W13 W1 W3 W5 W13 

W1 -0.0018 0.0002 0.0043 0.0017 0.0017 -0.0010 -0.0042 -0.0032 

W3 0.0032 0.0031 -0.0018 -0.0029 0.0016 -0.0007 0.0007 -0.0055 

W5 -0.0140 -0.0093 -0.0018 0.0025 -0.0091 0.0004 -0.0008 -0.0009 

W13 -0.0008 -0.0018 -0.0137 0.0006 -0.0030 0.0034 -0.0082 -0.0002 

     
 
Table 66. Estimates for general combining ability effects (diagonal values), 

specific combining ability effects (above diagonal values) and reciprocal 
effects (below diagonal values) for grain protein content of white QPM 
inbred lines at AUP and CCRI 

 
 AUP 

 

CCRI 

Inbred 
lines W1 W3 W5 W13 W1 W3 W5 W13 

W1 0.122 -0.027 -0.308 -0.237 0.136 -0.241 -0.226 -0.020 

W3 0.583 0.221 0.746 -0.620 0.405 -0.091 0.400 -0.466 

W5 -0.658 0.650 0.006 0.476 -0.378 -0.084 0.174 0.239 

W13 0.067 0.115 -0.033 -0.349 -0.599 0.107 -0.412 -0.219 

 
 
W1 = NC1QW1, W3 = NC1QW3, W5 = NC1QW5 and W13 = NC1QW13. 
 
 
 

Cd (gi-gj)   = 0.0020 Cd (gi-gj)   = 0.001 
Cd (sij-sik) = 0.0066 Cd (sij-sik) = 0.011 
Cd (rij-rkl)  = 0.0087 Cd (rij-rkl)  = 

 
0.005 

Cd (gi-gj)   = 0.241 Cd (gi-gj)   = 0.186 
Cd (sij-sik) = 0.717 Cd (sij-sik) = 0.559 
Cd (rij-rkl)  = 0.430 Cd (rij-rkl)  = 0.376 
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Table 67. Estimates for general combining ability effects (diagonal values), 
specific combining ability effects (above diagonal values) and reciprocal 
effects (below diagonal values) for protein lysine content of white QPM 
inbred lines at AUP and CCRI 

 
 AUP 

 

CCRI 

Inbred 
lines W1 W3 W5 W13 W1 W3 W5 W13 

W1 -0.095 0.108 0.226 0.136 -0.076 0.254 0.067 0.115 

W3 -0.168 0.019 -0.367 0.190 -0.184 0.042 
-
0.167 0.097 

W5 -0.100 -0.575 -0.097 -0.278 -0.259 -0.228 
-
0.134 -0.188 

W13 -0.138 0.021 -0.294 0.172 0.150 0.089 
-
0.073 0.169 

     
 
Table 68.  Estimates for general combining ability effects (diagonal values), 

specific combining ability effects (above diagonal values) and reciprocal 
effects (below diagonal values) for protein tryptophane content of white 
QPM inbred lines at AUP and CCRI 

 
 AUP 

 

CCRI 

Inbred 
lines W1 W3 W5 W13 W1 W3 W5 W13 

W1 -0.030 0.000 0.062 0.040 0.004 0.018 -0.028 -0.028 

W3 -0.016 0.015 -0.073 0.025 -0.020 0.000 -0.031 -0.018 

W5 -0.089 -0.133 -0.019 -0.018 -0.060 0.010 -0.021 -0.030 

W13 -0.013 -0.033 -0.136 0.034 0.020 0.033 -0.046 0.017 

 
       
    W1 = NC1QW1, W3 = NC1QW3, W5 = NC1QW5 and W13 = NC1QW13. 
 

Cd (gi-gj)   = 0.123 Cd (gi-gj)   = 0.136 
Cd (sij-sik) = 0.416 Cd (sij-sik) = 0.375 
Cd (rij-rkl)  = 0.275 Cd (rij-rkl)  = 0.176 

Cd (gi-gj)   = 0.026 Cd (gi-gj)   = 0.015 
Cd (sij-sik) = 0.098 Cd (sij-sik) = 0.112 
Cd (rij-rkl)  = 0.083 Cd (rij-rkl)  = 0.034 
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Table 69. Means and heterotic effects for days to tasseling in white QPM at AUP and CCRI. 
 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 
  Days -----------%-----------  Days -----------%----------- 
NC1QW1 49.2 -  -  55.0 -  -  
NC1QW3 50.2 -  -  54.8 -  -  
NC1QW5 50.3 -  -  54.8 -  -  
NC1QW13 49.0 -  -  51.5 -  -  
NC1QW1×NC1QW3 52.2 5.0 * 4.0 * 56.2 2.3   2.1   
NC1QW1×NC1QW5 50.3 1.2   0.0   57.7 5.0 * 4.8 * 
NC1QW1×NC1QW13 49.2 0.2   0.0   54.8 3.0 * -0.3   
NC1QW3×NC1QW1 52.3 5.4 * 4.3 * 55.5 1.1   0.9   
NC1QW3×NC1QW5 54.2 7.8 * 7.6 * 56.5 3.0 * 3.0   
NC1QW3×NC1QW13 51.3 3.5 * 2.3   57.5 8.2 * 4.9 * 
NC1QW5×NC1QW1 53.0 6.5 * 5.3 * 56.0 2.0   1.8   
NC1QW5×NC1QW3 53.7 6.8 * 6.6 * 57.7 5.2 * 5.2 * 
NC1QW5xNC1QW13 49.3 -0.7   -2.0   56.2 5.6 * 2.4   
NC1QW13×NC1QW1 49.0 -0.2   -0.3   54.0 1.4   -1.8   
NC1QW13×NC1QW3 51.0 2.9 * 1.7   54.5 2.5   -0.6   
NC1QW13×NC1QW5 51.7 4.0 * 2.6   53.7 0.9   -2.1   
Location mean 51.0     55.4     

LSD (0.05) for location means = 0.87;    LSD (0.05) for G x L means = 1.89 
* P < 0.05 † MPH = Mid-parent heterosis ‡ BPH = Best-parent heterosis 
 
Table 70. Means and heterotic effects for days to silking in white QPM at AUP and CCRI. 

 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 
  Days -----------%-----------  Days -----------%----------- 
NC1QW1 53.0 -  -  59.8 -  -  
NC1QW3 52.8 -  -  59.3 -  -  
NC1QW5 52.3 -  -  59.7 -  -  
NC1QW13 50.5 -  -  57.5 -  -  
NC1QW1×NC1QW3 55.0 3.9 * 3.8 * 61.2 2.7   2.2   
NC1QW1×NC1QW5 54.3 3.2 * 2.5 * 62.5 4.6 * 4.5 * 
NC1QW1×NC1QW13 53.5 3.4 * 0.9  58.5 -0.3   -2.2   
NC1QW3×NC1QW1 55.0 3.9 * 3.8 * 61.3 2.9   2.5   
NC1QW3×NC1QW5 55.0 4.6 * 4.1 * 60.5 1.7   1.4   
NC1QW3×NC1QW13 53.8 4.2 * 1.9 * 61.8 5.8 * 4.2 * 
NC1QW5×NC1QW1 55.7 5.7 * 5.0 * 60.2 0.7   0.6   
NC1QW5×NC1QW3 56.2 6.8 * 6.3 * 62.5 5.0 * 4.7 * 
NC1QW5xNC1QW13 53.3 3.7 * 1.9 * 60.8 3.8 * 2.0   
NC1QW13×NC1QW1 53.3 3.1 * 0.6  58.7 0.0   -1.9   
NC1QW13×NC1QW3 52.5 1.6  -0.6  60.0 2.7   1.1   
NC1QW13×NC1QW5 53.5 4.1 * 2.2 * 60.0 2.4   0.6   
Location mean 53.7     60.3     

LSD (0.05) for location means = 0.56;    LSD (0.05) for G x L means = 2.07 
* P < 0.05 † MPH = Mid-parent heterosis ‡ BPH = Best-parent heterosis 
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Table 71. Means and heterotic effects for plant height in white QPM at AUP and CCRI. 
 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 
  cm -----------%----------- cm -----------%----------- 
NC1QW1 138.5 -  -  135.3 -  -  
NC1QW3 127.4 -  -  142.8 -  -  
NC1QW5 134.9 -  -  122.6 -  -  
NC1QW13 124.9 -  -  120.7 -  -  
NC1QW1×NC1QW3 135.3 1.7   -2.3   145.7 4.8 * 2.0 * 
NC1QW1×NC1QW5 147.9 8.2 * 6.8   142.8 10.7 * 5.5 * 

NC1QW1×NC1QW13 133.9 1.7   -3.3   144.1 12.5 * 6.4 * 
NC1QW3×NC1QW1 144.5 8.7 * 4.3   151.6 9.0 * 6.1 * 
NC1QW3×NC1QW5 155.4 18.5 * 15.2 * 156.3 17.8 * 9.5 * 
NC1QW3×NC1QW13 153.6 21.8 * 20.6 * 136.6 3.6 * -4.4   
NC1QW5×NC1QW1 150.5 10.1 * 8.7 * 153.2 18.8 * 13.2 * 
NC1QW5×NC1QW3 144.5 10.2 * 7.1   155.2 16.9 * 8.7 * 
NC1QW5xNC1QW13 140.1 7.9 * 3.9   144.3 18.6 * 17.7 * 
NC1QW13×NC1QW1 133.8 1.6   -3.3   146.2 14.2 * 8.0 * 
NC1QW13×NC1QW3 142.8 13.2 * 12.1 * 147.6 12.0 * 3.3 * 

NC1QW13×NC1QW5 131.1 1.0   -2.8   142.4 17.0 * 16.1 * 
Location mean 139.9     142.9     

 LSD (0.05) for location means = 0.4.94;    LSD (0.05) for G x L means = 4.23 
* P < 0.05 † MPH = Mid-parent heterosis ‡ BPH = Best-parent heterosis 
 
Table 72. Means and heterotic effects for ear height in white QPM at AUP and CCRI. 

 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 
  cm -----------%-----------  cm -----------%----------- 
NC1QW1 58.4 -  -  54.6 -  -  
NC1QW3 53.4 -  -  54.2 -  -  
NC1QW5 62.1 -  -  59.7 -  -  
NC1QW13 56.1 -  -  52.2 -  -  
NC1QW1×NC1QW3 62.2 11.2 * 6.4 * 63.3 16.4 * 16.0 * 
NC1QW1×NC1QW5 64.7 7.4 * 4.2   57.2 0.1   -4.2   
NC1QW1×NC1QW13 60.6 5.9 * 3.8   56.9 6.6   4.3   
NC1QW3×NC1QW1 61.0 9.1 * 4.4   58.6 7.8   7.3   
NC1QW3×NC1QW5 69.3 19.9 * 11.5 * 69.4 22.0 * 16.3 * 
NC1QW3×NC1QW13 60.2 9.9 * 7.3 * 61.4 15.4 * 13.3 * 
NC1QW5×NC1QW1 67.4 11.8 * 8.5 * 60.6 5.9   1.4   
NC1QW5×NC1QW3 61.5 6.5 * -1.0   58.9 3.4   -1.4   
NC1QW5xNC1QW13 61.5 4.0   -1.0   66.7 19.1 * 11.6 * 
NC1QW13×NC1QW1 59.4 3.7   1.6   61.1 14.4 * 11.9   
NC1QW13×NC1QW3 63.6 16.1 * 13.4 * 56.9 7.0   5.1   
NC1QW13×NC1QW5 59.9 1.4   -3.5   60.0 7.2   0.5   
Location mean 61.3     59.5     

 LSD (0.05) for location means = 1.88;    LSD (0.05) for G x L means = 6.38 
* P < 0.05 † MPH = Mid-parent heterosis ‡ BPH = Best-parent heterosis 
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Table 73. Means and heterotic effects for biological yield in white QPM at AUP and CCRI. 
 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 
 Kg ha-1 -----------%----------- Kg ha-1 -----------%----------- 
NC1QW1 8127 -  -  12589 -  -  
NC1QW3 9733 -  -  11917 -  -  
NC1QW5 14111 -  -  12722 -  -  
NC1QW13 11489 -  -  13911 -  -  
NC1QW1×NC1QW3 16133 80.66 * 65.75 * 18122 47.90 * 43.95 * 
NC1QW1×NC1QW5 15244 37.10 * 8.03   20244 59.96 * 59.13 * 
NC1QW1×NC1QW13 13356 36.17 * 16.25 * 17806 34.38 * 28.00 * 
NC1QW3×NC1QW1 17756 98.82 * 82.42 * 24500 99.95 * 94.62 * 
NC1QW3×NC1QW5 19833 51.24 * 40.55 * 24111 60.16 * 89.52 * 
NC1QW3×NC1QW13 17322 63.25 * 50.77 * 19056 47.56 * 36.98 * 
NC1QW5×NC1QW1 17544 57.79 * 24.33 * 21878 72.87 * 71.97 * 
NC1QW5×NC1QW3 17422 46.13 * 23.46 * 24289 97.16 * 90.92 * 
NC1QW5xNC1QW13 20278 58.42 * 43.70 * 19456 46.10 * 39.86 * 
NC1QW13×NC1QW1 18900 92.70 * 64.51 * 22383 68.93 * 60.90 * 
NC1QW13×NC1QW3 18656 75.81 * 62.38 * 19633 52.03 * 41.13 * 
NC1QW13×NC1QW5 18478 44.36 * 30.94 * 24578 84.56 * 76.68 * 
Location mean 15898.87         19199.69     

             LSD (0.05) for location means = 1309.6;    LSD (0.05) for G x L means = 981.9 
* P < 0.05 ** P < 0.01 † MPH = Mid-parent heterosis ‡ BPH = Better-parent heterosis 
 
Table 74. Means and heterotic effects for stover yield in white QPM at AUP and CCRI. 

 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 
 Kg ha-1 -----------%----------- Kg ha-1 -----------%----------- 
NC1QW1 4478 -  -  7689 -  -  
NC1QW3 5767 -  -  8000 -  -  
NC1QW5 8233 -  -  7638 -  -  
NC1QW13 6533 -  -  9100 -  -  
NC1QW1×NC1QW3 9544 86.33 * 65.51 * 10522 34.14 * 31.53   
NC1QW1×NC1QW5 9311 46.50 * 13.09 * 12289 60.36 * 59.83 * 

NC1QW1×NC1QW13 7633 38.65 * 16.84 * 10278 22.44 * 12.94 * 
NC1QW3×NC1QW1 10750 109.87 * 86.42 * 15100 92.49 * 88.75 * 
NC1QW3×NC1QW5 11978 54.77 * 45.48 * 15550 66.99 * 94.37 * 

NC1QW3×NC1QW13 10611 72.54 * 62.41 * 12067 41.13 * 32.60 * 
NC1QW5×NC1QW1 10989 72.90 * 33.47 * 13589 77.33 * 76.73 * 
NC1QW5×NC1QW3 10678 52.54 * 29.69 * 13688 75.07 * 71.10 * 
NC1QW5xNC1QW13 12233 65.69 * 48.58 * 11788 40.86 * 29.54   
NC1QW13×NC1QW1 11133 102.22 * 70.41 * 12594 50.03 * 38.40 * 

NC1QW13×NC1QW3 11056 79.77 * 69.22 * 10633 24.37 * 16.85   
NC1QW13×NC1QW5 10856 47.03 * 31.85 * 12356 47.64 * 35.78 * 

Location mean 9486.44         11430.06     
            LSD (0.05) for location means = 790.4;    LSD (0.05) for G x L means = 884.1 

* P < 0.05 ** P < 0.01 † MPH = Mid-parent heterosis ‡ BPH = Better-parent heterosis 
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Table 75. Means and heterotic effects for ear length in white QPM at AUP and CCRI. 
 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 
  Cm -----------%-----------  cm -----------%----------- 
NC1QW1 11.0 -  -  10.3 -  -  
NC1QW3 12.3 -  -  11.8 -  -  
NC1QW5 12.6 -  -  11.6 -  -  
NC1QW13 11.4 -  -  11.0 -  -  
NC1QW1×NC1QW3 14.0 19.40 * 13.11 * 13.5 21.60 * 13.96 * 
NC1QW1×NC1QW5 14.9 26.00 * 18.10 * 14.0 27.85 * 21.04 * 
NC1QW1×NC1QW13 13.5 20.03 * 17.93 * 13.6 27.80 * 24.20 * 
NC1QW3×NC1QW1 14.8 26.68 * 20.00 * 14.0 26.26 * 18.34 * 
NC1QW3×NC1QW5 15.1 18.10 * 19.42 * 15.3 25.30 * 29.06 * 
NC1QW3×NC1QW13 14.8 24.26 * 19.73 * 14.2 24.45 * 19.89 * 
NC1QW5×NC1QW1 14.1 19.10 * 11.62 * 13.3 21.16 * 14.70 * 

NC1QW5×NC1QW3 14.0 12.09 * 10.83 * 14.5 23.59 * 22.28 * 
NC1QW5xNC1QW13 15.0 24.74 * 18.89 * 14.8 31.46 * 27.95 * 
NC1QW13×NC1QW1 13.8 23.00 * 20.85 * 13.6 27.33 * 23.74 * 

NC1QW13×NC1QW3 13.4 13.04 * 8.92 * 15.2 33.82 * 28.91 * 
NC1QW13×NC1QW5 14.0 16.70 * 11.23 * 14.6 29.39 * 25.94 * 
Location mean 13.67         13.46     

          LSD (0.05) for location means = 0.38;    LSD (0.05) for G x L means = 0.83 
* P < 0.05 ** P < 0.01 † MPH = Mid-parent heterosis ‡ BPH = Better-parent heterosis 

 

Table 76. Means and heterotic effects for ear diameter in white QPM at AUP and CCRI. 
 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 
  cm -----------%-----------  cm -----------%----------- 
NC1QW1 4.48 -  -  4.33 -  -  
NC1QW3 4.41 -  -  4.39 -  -  
NC1QW5 4.34 -  -  4.13 -  -  
NC1QW13 4.31 -  -  4.22 -  -  
NC1QW1×NC1QW3 4.60 3.33   2.53   4.67 7.15 * 6.46 * 
NC1QW1×NC1QW5 4.69 6.23 * 4.54 * 4.63 9.46 * 6.93 * 
NC1QW1×NC1QW13 4.51 2.46   0.52   4.68 9.35 * 8.01 * 
NC1QW3×NC1QW1 4.58 3.03   2.23   4.64 6.46 * 5.78 * 
NC1QW3×NC1QW5 4.63 5.87 * 4.98 * 4.72 10.65 * 7.60 * 
NC1QW3×NC1QW13 4.40 0.76   -0.38   4.51 4.84 * 2.89   
NC1QW5×NC1QW1 4.67 5.93 * 4.24 * 4.72 11.58 * 9.01 * 
NC1QW5×NC1QW3 4.58 4.72 * 3.85   4.47 4.89 * 1.82   
NC1QW5xNC1QW13 4.49 3.70 * 3.38   4.61 10.38 * 9.16 * 
NC1QW13×NC1QW1 4.70 6.78 * 4.76 * 4.74 10.83 * 9.47 * 
NC1QW13×NC1QW3 4.56 4.43 * 3.25   4.60 6.93 * 4.94 * 
NC1QW13×NC1QW5 4.69 8.40 * 8.06 * 4.80 14.80 * 13.54 * 
Location mean 4.54         4.55     

          LSD (0.05) for location means = 0.058;    LSD (0.05) for G x L means = 0.12 
* P < 0.05 ** P < 0.01 † MPH = Mid-parent heterosis ‡ BPH = Better-parent heterosis 
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Table 77. Means and heterotic effects for kernel rows in white QPM at AUP and CCRI. 
 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 
  No -----------%-----------  No -----------%----------- 
NC1QW1 13.6 -  -  14.6 -  -  
NC1QW3 13.9 -  -  15.1 -  -  
NC1QW5 13.7 -  -  13.9 -  -  
NC1QW13 13.5 -  -  14.1 -  -  
NC1QW1×NC1QW3 14.0 1.82   0.96   14.6 -1.79   -3.52 * 
NC1QW1×NC1QW5 14.5 6.47 * 6.34 * 14.9 4.45 * 1.83   
NC1QW1×NC1QW13 14.1 3.56 * 3.18 * 14.7 2.09 * 0.46   
NC1QW3×NC1QW1 14.1 2.30   1.44   14.5 -2.24 * -3.96 * 
NC1QW3×NC1QW5 14.1 2.78 * 1.92   14.5 -0.25   -4.41 * 
NC1QW3×NC1QW13 13.1 -4.62   -5.77   14.4 -1.59   -4.85 * 
NC1QW5×NC1QW1 14.4 5.49 * 5.37 * 14.7 3.51 * 0.91   
NC1QW5×NC1QW3 13.9 1.21   0.48   14.4 -0.69   -4.85 * 
NC1QW5xNC1QW13 13.9 2.21   1.71   14.8 5.71 * 4.72 * 
NC1QW13×NC1QW1 14.1 4.05 * 3.67 * 15.2 5.80 * 4.11 * 
NC1QW13×NC1QW3 14.4 5.11 * 3.85 * 15.0 2.73 * -0.66   
NC1QW13×NC1QW5 14.5 6.37 * 5.85 * 14.7 4.76 * 3.77 * 
Location mean 13.99         14.63     

 LSD (0.05) for location means = 0.19;    LSD (0.05) for G x L means = 0.33 
* P < 0.05 ** P < 0.01 † MPH = Mid-parent heterosis ‡ BPH = Better-parent heterosis 

 
Table 78. Means and heterotic effects for kernels per row in white QPM at AUP 

and CCRI. 
 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 
  No -----------%-----------  No -----------%----------- 
NC1QW1 28.5 -  -  24.2 -  -  
NC1QW3 26.1 -  -  25.7 -  -  
NC1QW5 30.1 -  -  25.2 -  -  
NC1QW13 25.7 -  -  24.3 -  -  
NC1QW1×NC1QW3 30.9 13.38 * 8.67   35.9 43.89 * 39.87 * 
NC1QW1×NC1QW5 34.0 15.99 * 12.85 * 32.1 29.65 * 27.08 * 
NC1QW1×NC1QW13 31.8 17.22 * 11.59 * 30.1 23.99 * 23.90 * 
NC1QW3×NC1QW1 31.8 16.55 * 11.71 * 33.5 34.13 * 30.39 * 
NC1QW3×NC1QW5 34.9 20.10 * 16.06 * 37.1 36.09 * 44.55 * 
NC1QW3×NC1QW13 33.7 30.16 * 29.25 * 32.3 29.51 * 25.97 * 
NC1QW5×NC1QW1 32.7 11.55 * 8.53   31.7 28.17 * 25.63 * 
NC1QW5×NC1QW3 32.1 14.12 * 6.53   32.0 25.61 * 24.55 * 
NC1QW5xNC1QW13 35.3 26.45 * 17.28 * 33.1 33.87 * 31.31 * 
NC1QW13×NC1QW1 31.7 17.10 * 11.48 * 29.5 21.79 * 21.70 * 
NC1QW13×NC1QW3 31.5 21.67 * 20.82 * 34.5 38.05 * 34.29 * 
NC1QW13×NC1QW5 32.3 15.70 * 7.31   34.2 38.18 * 35.54 * 
Location mean 31.44         30.96     

 LSD (0.05) for location means = 1.39;    LSD (0.05) for G x L means = 2.76 
* P < 0.05 ** P < 0.01 † MPH = Mid-parent heterosis ‡ BPH = Better-parent heterosis 
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Table 79. Means and heterotic effects for kernels per ear in white QPM at AUP and CCRI. 
 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 

  No -----------%-----------  No -----------%----------- 
NC1QW1 393.0 -  -  342.5 -  -  
NC1QW3 359.7 -  -  381.7 -  -  
NC1QW5 409.7 -  -  350.3 -  -  
NC1QW13 347.6 -  -  343.2 -  -  
NC1QW1×NC1QW3 433.4 15.15 * 10.28 * 503.9 39.15 * 32.02 * 
NC1QW1×NC1QW5 494.4 23.19 * 20.68 * 456.4 31.76 * 30.30 * 

NC1QW1×NC1QW13 445.2 20.23 * 13.28 * 422.3 23.16 * 23.04 * 
NC1QW3×NC1QW1 446.7 18.70 * 13.67 * 479.7 32.49 * 25.69 * 
NC1QW3×NC1QW5 492.5 24.14 * 20.21 * 517.1 34.97 * 35.48 * 

NC1QW3×NC1QW13 441.4 24.81 * 22.70 * 474.7 30.97 * 24.37 * 
NC1QW5×NC1QW1 468.7 16.78 * 14.40 * 462.6 33.55 * 32.07 * 

NC1QW5×NC1QW3 447.3 16.28 * 9.19 * 454.0 24.06 * 18.95 * 
NC1QW5xNC1QW13 482.3 27.39 * 17.74 * 496.2 43.11 * 41.66 * 
NC1QW13×NC1QW1 448.1 21.02 * 14.03 * 441.8 28.85 * 28.73 * 

NC1QW13×NC1QW3 452.7 27.99 * 25.83 * 535.7 47.80 * 40.35 * 

NC1QW13×NC1QW5 465.5 22.93 * 13.62 * 494.7 42.68 * 41.24 * 
Location mean 439.26         447.30     

 LSD (0.05) for location means = 21.0;    LSD (0.05) for G x L means = 38.7 
* P < 0.05 ** P < 0.01 † MPH = Mid-parent heterosis ‡ BPH = Better-parent heterosis 

  
 Table 80. Means and heterotic effects for 100-kernel weight in white QPM at AUP and CCRI. 

 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 
 g -----------%-----------  g -----------%----------- 
NC1QW1 27.7 -  -  27.0 -  -  
NC1QW3 28.1 -  -  26.7 -  -  
NC1QW5 28.2 -  -  27.7 -  -  
NC1QW13 28.1 -  -  26.2 -  -  
NC1QW1×NC1QW3 34.4 23.24 * 22.22 * 29.9 11.49 * 10.80 * 
NC1QW1×NC1QW5 33.1 18.25 * 17.06 * 31.0 13.41 * 12.05 * 
NC1QW1×NC1QW13 32.0 14.95 * 14.13 * 30.7 15.36 * 13.58 * 
NC1QW3×NC1QW1 33.4 19.65 * 18.66 * 29.8 11.18 * 10.49 * 
NC1QW3×NC1QW5 34.6 20.72 * 22.61 * 30.5 10.23 * 10.24 * 
NC1QW3×NC1QW13 31.0 10.14 * 10.01 * 28.9 9.34 * 8.31 * 
NC1QW5×NC1QW1 34.2 22.18 * 20.96 * 31.2 14.02 * 12.65 * 
NC1QW5×NC1QW3 31.6 12.24 * 12.04 * 31.3 15.34 * 13.25 * 
NC1QW5xNC1QW13 31.6 12.26 * 11.92 * 30.8 14.24 * 11.14 * 
NC1QW13×NC1QW1 34.7 24.34 * 23.46 * 31.2 17.24 * 15.43 * 
NC1QW13×NC1QW3 30.9 9.96 * 9.83 * 30.2 14.20 * 13.13 * 
NC1QW13×NC1QW5 32.7 15.99 * 15.64 * 30.3 12.69 * 9.64 * 
Location mean 31.64         29.59     

 LSD (0.05) for location means = 0.70;    LSD (0.05) for G x L means = 0.82 
 * P < 0.05 ** P < 0.01 † MPH = Mid-parent heterosis ‡ BPH = Better-parent heterosis 
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Table 81. Means and heterotic effects for weight per ear in white QPM at AUP and CCRI. 
 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 
 g -----------%-----------  g -----------%----------- 
NC1QW1 135.7 -  -  109.1 -  -  
NC1QW3 130.5 -  -  128.8 -  -  
NC1QW5 140.9 -  -  121.9 -  -  
NC1QW13 127.1 -  -  110.9 -  -  
NC1QW1×NC1QW3 174.7 31.26 * 28.73 * 167.2 40.54 * 29.78  
NC1QW1×NC1QW5 187.1 35.29 * 32.81 * 162.7 40.87 * 33.47  
NC1QW1×NC1QW13 160.1 21.87 * 17.98 * 154.8 40.76 * 39.62  
NC1QW3×NC1QW1 167.5 25.83 * 23.40 * 166.9 40.32 * 29.57  
NC1QW3×NC1QW5 172.3 22.59 * 22.26 * 178.9 32.69 * 38.84  
NC1QW3×NC1QW13 156.7 21.70 * 20.10 * 157.0 31.01 * 21.89  
NC1QW5×NC1QW1 170.4 23.20 * 20.94 * 166.2 43.87 * 36.31  
NC1QW5×NC1QW3 158.6 16.88 * 12.56 * 167.4 33.50 * 29.91  
NC1QW5xNC1QW13 178.2 32.98 * 26.45 * 175.2 50.52 * 43.72  
NC1QW13×NC1QW1 175.2 33.33 * 29.08 * 163.5 48.67 * 47.46  
NC1QW13×NC1QW3 167.6 30.14 * 28.43 * 166.7 39.07 * 29.39  
NC1QW13×NC1QW5 188.5 40.71 * 33.81 * 175.5 50.74 * 43.94  
Location mean 161.94         154.54     

LSD (0.05) for location means = 5.49;    LSD (0.05) for G x L means = 5.40 
* P < 0.05 ** P < 0.01 † MPH = Mid-parent heterosis ‡ BPH = Better-parent heterosis 

 
Table 82. Means and heterotic effects for kernel weight per ear in white QPM at AUP and 

CCRI. 
 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 
 g -----------%----------- g -----------%----------- 
NC1QW1 101.5 -  -  91.5 -  -  
NC1QW3 103.0 -  -  101.0 -  -  
NC1QW5 110.3 -  -  97.8 -  -  
NC1QW13 98.2 -  -  83.7 -  -  
NC1QW1×NC1QW3 136.5 33.45 * 32.48 * 135.7 41.00 * 34.39 * 
NC1QW1×NC1QW5 148.0 39.72 * 34.19 * 130.2 37.54 * 33.13 * 
NC1QW1×NC1QW13 124.4 24.57 * 22.52 * 119.8 36.71 * 30.88 * 
NC1QW3×NC1QW1 137.2 34.14 * 33.16 * 134.7 39.92 * 33.37 * 
NC1QW3×NC1QW5 138.6 25.40 * 25.70 * 142.8 33.02 * 41.35 * 
NC1QW3×NC1QW13 125.6 24.86 * 21.93 * 125.2 35.49 * 23.91 * 
NC1QW5×NC1QW1 139.0 31.29 * 26.09 * 128.1 35.35 * 31.02 * 
NC1QW5×NC1QW3 120.7 13.17 * 9.46 * 133.9 34.71 * 32.57 * 
NC1QW5xNC1QW13 143.8 37.96 * 30.41 * 139.3 53.47 * 42.43 * 
NC1QW13×NC1QW1 143.5 43.69 * 41.33 * 130.8 49.30 * 42.94 * 
NC1QW13×NC1QW3 133.5 32.67 * 29.55 * 137.3 48.65 * 35.94 * 
NC1QW13×NC1QW5 151.3 45.19 * 37.24 * 142.6 57.11 * 45.81 * 
Location mean 128.44         123.40     

LSD (0.05) for location means = 4.32;    LSD (0.05) for G x L means = 3.77 
* P < 0.05 ** P < 0.01 † MPH = Mid-parent heterosis ‡ BPH = Better-parent heterosis 
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Table 83. Means and heterotic effects for ear harvest index in white QPM at AUP and CCRI. 
 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 
  % -----------%-----------  % -----------%----------- 
NC1QW1 74.3 -  -  76.6 -  -  
NC1QW3 79.2 -  -  78.1 -  -  
NC1QW5 78.4 -  -  78.8 -  -  
NC1QW13 77.4 -  -  75.4 -  -  
NC1QW1×NC1QW3 78.3 1.95   -1.20   81.3 5.01 * 4.02   
NC1QW1×NC1QW5 79.1 3.58   0.89   80.0 2.96   1.54   
NC1QW1×NC1QW13 77.7 2.38   0.34   77.3 1.65   0.84   
NC1QW3×NC1QW1 82.0 6.74 * 3.44   80.7 4.30 * 3.31   
NC1QW3×NC1QW5 80.5 2.11   1.55   79.8 1.68   1.26   
NC1QW3×NC1QW13 80.2 2.39   1.21   78.4 2.18   0.41   
NC1QW5×NC1QW1 81.6 6.86 * 4.09   77.1 -0.77   -2.13   
NC1QW5×NC1QW3 76.1 -3.46   -3.96   80.0 1.95   1.51   
NC1QW5xNC1QW13 80.7 3.56   2.90   78.6 1.98   -0.20   
NC1QW13×NC1QW1 82.0 8.07 * 5.91 * 80.0 5.18 * 4.34   
NC1QW13×NC1QW3 79.6 1.65   0.48   81.7 6.42 * 4.58 * 
NC1QW13×NC1QW5 80.3 3.04   2.39   81.5 5.66 * 3.40   
Location mean 79.21         79.08     

         LSD (0.05) for location means = 1.18;    LSD (0.05) for G x L means = 3.28 
        * P < 0.05 ** P < 0.01 † MPH = Mid-parent heterosis ‡ BPH = Better-parent heterosis 
 
     Table 84.  Means and heterotic effects for grain yield in white QPM at AUP and CCRI. 

 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 
  Kg ha-1 -----------%-----------  Kg ha-1 -----------%----------- 
NC1QW1 2912 -  -  3645 -  -  
NC1QW3 1959 -  -  4435 -  -  
NC1QW5 3108 -  -  4095 -  -  
NC1QW13 3934 -  -  4225 -  -  
NC1QW1×NC1QW3 4484 84.1 * 54.0 * 5093 26.1 * 14.8 * 
NC1QW1×NC1QW5 4945 64.3 * 59.1 * 5477 41.5 * 33.8 * 
NC1QW1×NC1QW13 4419 29.1 * 12.3   5192 31.9 * 22.9 * 
NC1QW3×NC1QW1 5167 112.1 * 77.4 * 6340 56.9 * 42.9 * 
NC1QW3×NC1QW5 4956 58.2 * 59.4 * 6597 35.8 * 48.7 * 
NC1QW3×NC1QW13 4879 65.6 * 24.0 * 6497 50.0 * 46.5 * 
NC1QW5×NC1QW1 5000 66.1 * 60.9 * 6102 57.7 * 49.0 * 
NC1QW5×NC1QW3 4214 66.3 * 35.6 * 6306 47.9 * 42.2 * 
NC1QW5xNC1QW13 5758 63.5 * 46.4 * 6186 48.7 * 46.4 * 
NC1QW13×NC1QW1 5096 48.9 * 29.5 * 5804 47.5 * 37.4 * 
NC1QW13×NC1QW3 5391 82.9 * 37.0 * 5290 22.2 * 19.3 * 
NC1QW13×NC1QW5 5289 50.2 * 34.4 * 6908 66.0 * 63.5 * 
Location mean 4469.44         5512.00     

             LSD (0.05) for location means = 368.6;    LSD (0.05) for G x L means = 279.1 
* P < 0.05 ** P < 0.01 † MPH = Mid-parent heterosis ‡ BPH = Better-parent heterosis 
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Table 85. Means and heterotic effects for lysine content (g/100g of grain sample) in white 
QPM at AUP and CCRI. 

 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 
  g/100g -----------%-----------  g/100g -----------%----------- 
NC1QW1 0.358 -  -  0.333 -  -  
NC1QW3 0.380 -  -  0.370 -  -  
NC1QW5 0.375 -  -  0.375 -  -  
NC1QW13 0.387 -  -  0.388 -  -  
NC1QW1×NC1QW3 0.362 -2.03   -4.82   0.378 7.58 * 2.25   
NC1QW1×NC1QW5 0.382 4.09   1.78   0.395 11.53 * 5.33 * 
NC1QW1×NC1QW13 0.383 2.91   -0.86   0.388 7.62 * 0.00   
NC1QW3×NC1QW1 0.372 0.68   -2.19   0.375 6.64 * 1.35   
NC1QW3×NC1QW5 0.383 1.88   0.88   0.372 -0.27   -0.89   
NC1QW3×NC1QW13 0.358 -6.52 * -7.33 * 0.352 -7.25 * -9.44 * 
NC1QW5×NC1QW1 0.333 -9.09 * -11.11 * 0.315 -11.06 * -16.00 * 
NC1QW5×NC1QW3 0.347 -8.17 * -8.77 * 0.318 -14.54 * -15.11 * 
NC1QW5xNC1QW13 0.385 1.09   -0.43   0.380 -0.44   -2.15   
NC1QW13×NC1QW1 0.353 -5.15   -8.62 * 0.370 2.54   -4.72 * 
NC1QW13×NC1QW3 0.368 -3.91   -4.74   0.376 -0.88   -3.22   
NC1QW13×NC1QW5 0.337 -11.60 * -12.93 * 0.333 -12.66 * -14.16 * 
Location mean 0.37         0.36     

LSD (0.05) for location means = 0.0073;    LSD (0.05) for G x L means = 0.02 
* P < 0.05 ** P < 0.01 † MPH = Mid-parent heterosis ‡ BPH = Better-parent heterosis 
 
Table 86. Means and heterotic effects for tryptophane content (g/100g of grain sample) 

in white QPM at AUP and CCRI. 
 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 
  g/100g -----------%-----------  g/100g -----------%----------- 
NC1QW1 0.0798 -  -  0.0950 -  -  
NC1QW3 0.0888 -  -  0.0975 -  -  
NC1QW5 0.0823 -  -  0.0933 -  -  
NC1QW13 0.0795 -  -  0.0923 -  -  
NC1QW1×NC1QW3 0.0833 -1.19   -6.19   0.0817 -15.15 * -16.24 * 
NC1QW1×NC1QW5 0.0925 14.08 * 12.35 * 0.0890 -5.49 * -6.32 * 
NC1QW1×NC1QW13 0.0763 -4.18   -4.38   0.0845 -9.79 * -11.05 * 
NC1QW3×NC1QW1 0.0835 -0.99   -6.00   0.0848 -11.86 * -12.99 * 
NC1QW3×NC1QW5 0.0822 -5.01   -7.50   0.0752 -28.16 * -22.91 * 
NC1QW3×NC1QW13 0.0848 0.79   -4.50   0.0728 -23.27 * -25.30 * 
NC1QW5×NC1QW1 0.0753 -7.09   -8.50   0.0708 -24.78 * -25.44 * 
NC1QW5×NC1QW3 0.0753 -11.98 * -15.20 * 0.0760 -20.35 * -22.05 * 
NC1QW5xNC1QW13 0.0865 6.90   5.06   0.0895 -3.59 * -4.11 * 
NC1QW13×NC1QW1 0.0730 -8.37   -8.56   0.0785 -16.19 * -17.37 * 
NC1QW13×NC1QW3 0.0790 -6.14   -11.07 * 0.0803 -15.40 * -17.64 * 
NC1QW13×NC1QW5 0.0707 -12.67 * -14.17 * 0.0732 -21.18 * -21.61 * 
Location mean 0.081         0.083     

LSD (0.05) for location means = 0.004;    LSD (0.05) for G x L means = 0.0038 
* P < 0.05 ** P < 0.01 † MPH = Mid-parent heterosis ‡ BPH = Better-parent heterosis 
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Table 87. Means and heterotic effects for protein content (g/100g of grain sample) in 
white QPM at AUP and CCRI. 

 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 
  g/100g -----------%-----------  g/100g -----------%----------- 
NC1QW1 10.3 -  -  10.4 -  -  
NC1QW3 9.4 -  -  9.5 -  -  
NC1QW5 9.6 -  -  9.5 -  -  
NC1QW13 9.2 -  -  9.5 -  -  
NC1QW1×NC1QW3 9.1 -7.46 * -11.83 * 9.1 -8.89 * -13.05 * 
NC1QW1×NC1QW5 10.2 2.44   -1.31   10.1 1.68   -2.85 * 
NC1QW1×NC1QW13 9.2 -5.89 * -11.10 * 10.2 2.13   -2.53   
NC1QW3×NC1QW1 10.0 1.20   -3.58   9.9 -0.75   -5.28 * 
NC1QW3×NC1QW5 10.2 7.03 * 6.00 * 10.3 9.25 * 8.87 * 
NC1QW3×NC1QW13 9.0 -3.46   -4.32   8.8 -7.30 * -7.30 * 
NC1QW5×NC1QW1 9.5 -4.28   -7.78 * 9.4 -5.90 * -10.09 * 
NC1QW5×NC1QW3 10.3 8.72 * 7.48 * 10.2 7.23 * 7.09 * 
NC1QW5xNC1QW13 10.2 8.19 * 6.00 * 10.3 8.29 * 8.17 * 
NC1QW13×NC1QW1 9.0 -8.11 * -13.20 * 9.0 -9.92 * -14.03 * 
NC1QW13×NC1QW3 8.9 -4.53   -5.39   9.0 -5.04 * -5.05 * 
NC1QW13×NC1QW5 9.4 -0.19   -2.21   9.4 -0.40   -0.51   
Location mean 9.59         9.66     

LSD (0.05) for location means = 0.14;    LSD (0.05) for G x L means = 0.30 
* P < 0.05 ** P < 0.01 † MPH = Mid-parent heterosis ‡ BPH = Better-parent heterosis 
 
Table 88. Means and heterotic effects for lysine percentage in grain protein in white 

QPM at AUP and CCRI. 
 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 
 % -----------%----------- % -----------%----------- 
NC1QW1 3.47 -  -  3.20 -  -  
NC1QW3 4.06 -  -  3.91 -  -  
NC1QW5 3.92 -  -  3.95 -  -  
NC1QW13 4.21 -  -  4.10 -  -  
NC1QW1×NC1QW3 3.96 5.33   -2.27   4.19 17.94 * 7.26 * 
NC1QW1×NC1QW5 3.74 1.21   -4.63   3.90 9.11 * -1.30   
NC1QW1×NC1QW13 4.17 8.62 * -0.90   3.84 5.33 * -6.25 * 
NC1QW3×NC1QW1 3.74 -0.69   -7.86 * 3.82 7.58 * -2.16   
NC1QW3×NC1QW5 3.78 -6.54   -6.82   3.61 -9.50 * -8.73 * 
NC1QW3×NC1QW13 4.00 -3.14   -4.89   4.01 0.03   -2.34   
NC1QW5×NC1QW1 3.51 -4.92   -10.40 * 3.38 -5.37 * -14.40 * 
NC1QW5×NC1QW3 3.42 -14.38 * -15.79 * 3.15 -19.76 * -20.24 * 
NC1QW5xNC1QW13 3.79 -6.66 * -9.82 * 3.71 -7.96 * -9.62 * 
NC1QW13×NC1QW1 3.94 2.54   -6.44   4.14 13.53 * 1.04   
NC1QW13×NC1QW3 4.16 0.61   -1.20   4.18 4.50 * 2.01   
NC1QW13×NC1QW5 3.60 -11.34 * -14.34 * 3.56 -11.57 * -13.17 * 
Location mean 3.84         3.79     

LSD (0.05) for location means = 0.15;    LSD (0.05) for G x L means = 0.089 
* P < 0.05 ** P < 0.01 † MPH = Mid-parent heterosis ‡ BPH = Better-parent heterosis



 214

 
Table 89. Means and heterotic effects for tryptophane percentage in grain protein in 

white QPM at AUP and CCRI. 
 AUP CCRI 
Parents/Crosses Means MPH † BPH ‡ Means MPH BPH 
 % -----------%----------- % -----------%----------- 
NC1QW1 0.774 -  -  0.912 -  -  
NC1QW3 0.945 -  -  1.032 -  -  
NC1QW5 0.861 -  -  0.987 -  -  
NC1QW13 0.864 -  -  0.976 -  -  
NC1QW1×NC1QW3 0.916 6.65   -3.01   0.907 -6.71 * -12.12 * 
NC1QW1×NC1QW5 0.907 11.01   5.39   0.879 -7.42 * -10.94 * 
NC1QW1×NC1QW13 0.830 1.36   -3.95   0.838 -11.22 * -14.13 * 
NC1QW3×NC1QW1 0.839 -2.30   -11.14   0.867 -10.79 * -15.97 * 
NC1QW3×NC1QW5 0.810 -13.12   -14.23 * 0.729 -36.15 * -29.36 * 
NC1QW3×NC1QW13 0.947 4.71   0.25   0.831 -17.27 * -19.51 * 
NC1QW5×NC1QW1 0.788 -3.51   -8.39   0.759 -20.03 * -23.07 * 
NC1QW5×NC1QW3 0.744 -17.53 * -21.20 * 0.749 -25.76 * -27.38 * 
NC1QW5xNC1QW13 0.855 -0.82   -1.02   0.874 -10.98 * -11.47 * 
NC1QW13×NC1QW1 0.813 -0.74   -5.94   0.878 -7.02 * -10.07 * 
NC1QW13×NC1QW3 0.891 -1.44   -5.64   0.896 -10.75 * -13.17 * 
NC1QW13×NC1QW5 0.756 -12.31 * -12.49   0.782 -20.37 * -20.81 * 
Location mean 0.846         0.869     

LSD (0.05) for location means = 0.037;    LSD (0.05) for G x L means = 0.04 
* P < 0.05 ** P < 0.01 † MPH = Mid-parent heterosis ‡ BPH = Better-parent heterosis 
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CHAPTER V 
 

SUMMARY 
 

 Maize is the dominant staple crop in most regions of the developing countries and 

as feed in the developed world. Maize protein being deficient in essential amino acids 

such as lysine and tryptophane has poor nutritional value. Utilizing different approaches 

of plant breeding maize genotypes have been developed by CIMMYT with enhanced 

levels of limiting amino acids termed as QPM. The present study was conducted to 

examine the level of genetic variability among four white QPM inbred lines and their 

hybrids developed in full diallel fashion during summer 2006. The resulting genotypes 

along with their parents were evaluated in summer 2007 in triplicate randomized 

complete block design at two separate locations (AUP and CCRI). The nature of genetics 

of yield and quality parameters and the identification of most promising parental material 

in the light of information derived from the experiments can be utilized for further efforts 

to achieve elevated levels of maize yield and quality. Data was collected for yield and 

yield contributing traits along with protein quantity and quality parameters. Genetic 

analysis for components of variation, gene action and combining ability were estimated 

by using methods of Mather and Jinks (1982), Hayman (1954 a and b) and Griffing 

(1956), respectively. 

 Highly significant differences for all the traits under study were found at both the 

locations. Scaling test at AUP revealed that days to tasseling, ear height, biological yield, 

stover yield, ear diameter, kernel rows ear-1 and kernel weight ear-1 were adequate by “t2” 

analysis of Wr and Vr. While, at CCRI, days to silking, plant height, biological yield, 

stover yield, ear diameter, kernels row-1, 100-grain weight, ear weight, grain tryptophane 

content, and tryptophane concentration in protein were all partially adequate by “t2” 

analysis. All other traits were recorded completely adequate for additive dominance 

model at both locations.  

Estimation of genetic components analysis (Hayman, 1954a, b) revealed that at 

AUP, both components additive (D) and dominant (H) for genetic variations were 

significant for days taken to tasseling, days taken to silking, plant height, ear height, 

biological yield, stover yield, ear length, kernels row-1, kernels ear-1, kernel weight ear-1, 
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grain yield ha-1, grain protein content, lysine concentration in protein and tryptophane 

concentration in protein. While at CCRI, both components of genetic variation were 

found significant for ear diameter, kernel rows ear-1, ear weight, kernel weight ear-1, grain 

lysine content, grain tryptophane content, grain protein content and lysine concentration 

in protein. While for lysine and tryptophan content at AUP non-additive component of 

variation was non-significant. Preponderance of over-dominant gene action was observed 

for most of the traits at both the locations. Maternal and reciprocal (reciprocal differences 

not ascribable to maternal effects) effects at AUP influenced dominant and additive 

components of variation for ear height, biological yield, stover yield, 100-grain weight, 

ear weight, kernel weight ear-1, grain lysine and tryptophane content, and lysine and 

tryptophane concentrations in protein. While at CCRI, both the influences were 

significant for kernel rows ear-1, grain lysine and tryptophan contents, and lysine and 

tryptophan concentrations in protein. 

Combining ability and heterosis were computed for genotypes at both locations to 

identify best general and specific combinations for yield, yield contributing traits and 

protein quantity and quality. Mean squares due to GCA, SCA and reciprocal effects were 

highly significant for all the traits studied at both locations with the exceptions of non-

significant RCA mean squares for plant height and kernels ear-1 at AUP and days to silk, 

ear length and 100-grain weight at CCRI. The significance of GCA, SCA and reciprocal 

effects revealed significant contribution of components of genetic variation attributable to 

GCA, SCA and reciprocal effects. The variance ratio of GCA to SCA revealed 

preponderance of non-additive gene action for grain yield and its contributing traits at 

both test locations. The expression of additive, dominant or both types of genes for a trait 

at AUP and CCRI varied for most of the traits. Therefore, the validity of the information 

was limited to the breeding material and the environmental conditions under which these 

were evaluated. Therefore, such information is useful only for utilization of the breeding 

material studied.  

The Inbred line NCIQW13 at AUP while the inbred line NCIQW3 at CCRI, with 

desirable GCA effects were best general combiners at their respective locations with best 

performance for grain yield. The comparison of specific combining ability effects at test 

locations disclosed that NC1QW5×NCIQW13 retained its positive effects and was the 
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best combination at both locations for grain yield and some other yield contributing traits. 

While, its reciprocal cross expressed minimum SCA effects at AUP and maximum at 

CCRI. Other good direct combinations were NC1QW1×NCIQW3 at AUP and 

NC1QW1×NCIQW5 at CCRI, respectively with desirable reciprocal effects too. For 

lysine content the best GCA effect was observed for inbred line NCIQW3 while at CCRI 

NCIQW13 expressed the positive GCA effects and best specific combination was 

NC1QW1×NCIQW3 at both the locations. Similarly, for tryptophan content inbred lines 

NCIQW1 and NCIQW3 were best general combiners at the two respective locations with 

specific cross NC1QW1×NCIQW5, expressing highest SCA effect, was recorded as best 

combination. For grain protein content the inbred lines, with reference to their best 

general performance at AUP and CCRI were NCIQW3 and NCIQW5, respectively and 

among the specific cross combinations NC1QW3×NCIQW5 was the best at both 

locations. Distribution of array points in graphical analysis for grain yield depicted that 

parental inbred lines NC1QW13 and NC1QW3 had the most dominant genes at AUP and 

CCRI, respectively. For lysine and tryptophan contents, at both locations NC1QW5 

possessed the most dominant genes however, NC1QW3 and NC1QW1 had the 

intermediate constitutions for grain lysine and tryptophan contents, respectively. The 

most dominant genes among the inbred lines for protein content at AUP and CCRI were 

carried by NC1QW13 and NC1QW5. Grain yield and tryptophan concentration were 

comparatively more stable across locations than protein content.  

Generally, number of crosses with positive heterotic effects for yield and 

contributing traits and magnitude of hybrid vigor was comparatively greater at AUP than 

CCRI. Positive and significant heterotic effects at both locations were observed for plant 

height, ear height, biological yield, stover yield, ear length, ear diameter, number of rows 

ear-1, number of grains row-1, 100-grain weight and grain yield. Heterotic investigation of 

inbred lines and their hybrids revealed that for grain and biological yield at AUP 

NC1QW5×NCIQW13 was the best among all the crosses while its reciprocal performed 

superior at CCRI. However, good stover yield at both locations was produced by 

NC1QW3×NCIQW5. Heterotic effects for protein content in grain and protein quality 

traits at both locations were generally negative. The most desirable mid and best parent 

heterosis for lysine and tryptophan contents was expressed by cross combination 
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NC1QW1×NCIQW5 at both the locations. While for protein content, highest positive 

heterotic effects were evaluated for cross combination NC1QW3×NCIQW5. However, 

heterotic effects varied for lysine and tryptophan concentrations in grain protein. At AUP 

cross NC1QW1×NCIQW13 exhibited the desirable heterotic effects for lysine 

concentration in grain protein and NC1QW3×NCIQW5 with positive significant heterotic 

potentials was recorded at CCRI. Similarly for tryptophan concentration in protein, 

NC1QW1×NCIQW5 was recorded as best combination for desirable heterotic effects at 

both locations.   

 Information from the genetic diversity analyses of the QPM inbred lines can be 

used for effective utilization of the inbred lines in the breeding programs for the 

formation of heterotic populations and development of desirable hybrids. The inbred lines 

used in this study, in general, were found to be useful sources for genetic variability for 

the development of new genotypes with comparatively good yield and protein quality 

traits and the study confirmed the possibility of achieving good performances across 

locations in QPM germplasm. However, more breeding efforts should be devoted to the 

development of QPM inbred lines with better field performance and acceptable levels of 

protein quality and quantity with stability of genetic components across different 

environments. Inbred lines identified as good o2 donors can be used for the conversion of 

well-adapted normal maize genotypes into QPM counterparts.  
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