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Chapter 1 

 

General introduction 

 

Maize (Zea mays L.) is the most widely used cereal grain for both human and animal 

nutrition, throughout the world. In 2011 it was the most produced grain crop with a 

production of 883.46 million ton (FAOSTAT, 2011). Overall the United States was the 

highest producer with South Africa (SA) ranking 9th in the world, thus being the African 

continent's biggest producer. Maize is a staple food crop for the majority of the 

population in SA and it is ranked first in terms of production, yield and consumption. The 

crop is produced by both commercial and subsistence farmers throughout the country, 

with the Free State (41.7%), Northwest (27.2%) and Mpumalanga (18.6%) province 

contributing the majority of the produce in 2010 (DAFF, 2011a). The crop is used for 

both human food and livestock feed. During 2011 the production and consumption was 

10.68 and 9.96 million ton, respectively (BFAP, 2011; DAFF, 2011b). Consumption 

trend of maize between 2005 and 2011 shows a steady increase from 8 to 10 million ton 

(USDA GAIN, 2012), which shows the importance of the crop in the country. The 

country produces both white and yellow maize; with yellow maize mostly fed to animals. 

Currently about 50% of the white maize is for human consumption, while 40% and 10% 

are for animal consumption and industrial uses, respectively.  

 

Maize is an important source of proteins and carbohydrates and it plays a vital role in the 

diet of humans and accounts for about 50-60% of the dietary protein in poor communities 

(Showemimo, 2004). Dietary protein is the primary source of the nine essential amino 

acids and provides nitrogen (N) for the synthesis of the 11 non-essential amino acids. 

Although it serves as an important source of proteins and carbohydrates, it has limited 

amounts of two amino acids, tryptophan and lysine, that are essential for human growth 

and development (Bressani, 1992; Knabe et al., 1992; Vasal, 1999). Lack of these 

essential amino acids usually results in malnutrition, which mostly has a negative effect 

on young children, and women who are pregnant or lactating (Pixley and Bjarnason, 

2002). In Africa malnutrition is prevalent and more than 10% of children younger than 
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five years were undernourished between the years 2005 and 2008 in most countries 

(FAO, 2008). Improving nutritional quality of maize is the best way to reduce the 

occurrence of malnutrition diseases such as pellagra and kwashiorkor (NRC, 1988).  

 

Maize protein quality research has received relatively little attention from breeders, 

mainly due to lack of funding and the difficulty involved in breeding for improved 

nutritional quality. Research on maize nutritional quality started in the early 1960’s when 

a soft opaque-2 maize mutant was discovered (Vietmeyer, 2000). Opaque-2 maize was 

found to have an o2 gene that results in high lysine and tryptophan content (Mertz et al., 

1964). The maize with high lysine looked and tasted just like normal maize though the 

yields were about 10% lower. It was also susceptible to pests and diseases due to its soft 

chalky endosperm and inability to dry quickly (Vietmeyer, 2000; Krivanek et al., 2007). 

During those periods efforts were made mainly by the International Maize and Wheat 

Improvement Center (CIMMYT) researchers to focus on maize nutrition. Drs. Evangelina 

Villegas and Surinder Vasal around 1986 managed to develop a better product from the 

soft opaque maize with good agronomic traits and high lysine and tryptophan content. 

They named this product quality protein maize (QPM) because amongst other things it 

had improved nutritional quality, and performed better or comparable to normal maize 

with regard to yield, appearance, and disease and pest resistance (Vasal et al., 1993a; 

CIMMYT, 2000; Vasal, 2000; Vietmeyer, 2000; Krivanek et al., 2007; Vivek et al., 

2008). These researchers won the World Food Prize in 2000 in recognition of their 

accomplishments.  

 

Compared to normal maize, QPM has about 70-100% more lysine and tryptophan 

(Bressani, 1991; 1992; Prasanna et al., 2001; Sofi et al., 2009). The protein’s biological 

value is associated with the digestibility and metabolism of the essential amino acids it 

contains. The amount of protein needed in the diet to supply the essential amino acid 

requirements is small when the protein’s biological value is high. QPM’s biological value 

is very high and has been found to be comparable to cow’s milk. It was found that 

children fed QPM showed the same growth as those fed modified cow milk formula 

(Graham et al., 1990). Superior grain protein quality is only expressed when endosperm 
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tissue is homozygous recessive (o2o2) (NRC, 1988). The increased tryptophan and lysine 

content can be better utilised because of the improved essential amino acid balance 

(Pixley and Bjarnason, 2002; Mbuya et al., 2011). QPM cultivars can help to reduce 

protein deficiencies in areas where maize forms a large proportion of the diet (Bressani, 

1992). Many researchers have reported recovering of children with malnutrition when fed 

with QPM (Graham et al., 1980; NRC, 1988; Akuamoa-Boateng, 2002) and increased 

weight in animals (Gevers, 1974; Onimisi et al., 2009).  

 

The development of QPM was a great effort to counteract the effects of malnutrition in 

areas where maize is a staple. Several organisations have been actively involved in 

development of maize with improved nutritional quality. CIMMYT has been the most 

dedicated in terms of resources allocated to research and progress made thus far, even 

during the times when other organisations abandoned research on improving maize 

nutrition. Their researchers have developed a number of QPM inbred lines, hybrids and 

open-pollinated varieties which are used throughout the world today and are making a 

great impact in many breeding programmes. In SA, the Agricultural Research Council’s 

Grain Crops Institute (ARC-GCI) carried out most of the breeding which resulted in the 

development of maize with improved quality during the same period as CIMMYT; 

however the research stopped in 1995 and was restarted in 2005. During both periods 

quite a number of maize genotypes with high lysine and later with added improved kernel 

hardness were developed, tested and released, while other germplasm were introduced 

into the country to improve the breeding programme. It is evident today that the 

development of QPM was an important research milestone which brought hope in the 

fight against malnutrition (Batik, 2000; Vietmeyer, 2000).  

 

QPM was only grown by four countries in 1977 (Sofi et al., 2009) and by 2000 about 11 

countries; and it was estimated that the area would increase from 1 to 3.5 million hectares 

(mha) in 2003 (Batik, 2000). The economists’ expectations were met because in 2003 

there were more than 23 countries growing QPM on an area of more than 3.5 mha (Sofi et 

al., 2009). The area of QPM production in sub-Saharan Africa is around 200 000 ha with 

about 17 countries growing the crop. QPM is very popular in Ghana and Uganda and this 
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is reflected by the area currently allocated to the crop at 71 250 and 46 717 ha, 

respectively (Krivanek et al., 2007). In SA the production of QPM is mainly done by 

small-scale farmers who mainly grow the crop for subsistence. Currently there is little or 

no information on studies that have been done on QPM germplasm for genotype and 

environment interaction (GEI), stability in low N conditions, donor identification, and 

pollination effects in SA and worldwide.  

 

Maize variety trials are mainly planted in open pollinated fields and usually pollen from 

one maize plant can have an immediate effect on the yield and quality traits of the other 

plants. The immediate effect sometimes referred to as xenia, usually results in increased 

yield, weight, seed size or is shown by an immediate colour change. Abdulai (2005) 

reported an increased seed size up to 1.97 g per 100 kernels from a large seeded 

population and a decrease in seed size up to 9.88 g per 100 kernels from a small seeded 

population compared to 30.95 g per 100 kernels from open pollinated hybrids in a cross-

pollination experiment. This research project is important because most of the studies on 

pollination effects were done on normal maize with limited information on QPM. 

 

In SA, the contribution by small-scale farmers to the total maize production is small 

mainly due to size of the area allocated to the crop and the stressful conditions the crops 

encounter. Abiotic stress is the most harmful factor affecting the growth and productivity 

of crops worldwide. The two most important abiotic stress factors limiting maize 

production are poor soil fertility and drought (Lafitte and Edmeades, 1988; Beck et al., 

1996; Bänziger and Lafitte 1997; Bänziger and Diallo 2004). 

 

Poor soil fertility caused by limited use of N fertilisers by farmers does not only affect 

yield and related traits in maize, it also has a negative effect on the protein quantity and 

quality. The use of fertilisers is limited amongst small-scale farmers generally because of 

its high cost, and these impacts on food security and economic growth. Therefore to 

imitate the environments in which farmers grow their maize, a method was developed 

whereby N is depleted in the soil so that researchers can test newly developed materials 

and select promising lines which can perform well under farmers’ conditions (Bänziger 

and Lafitte, 1997). Poor soil fertility in QPM has been found to affect yield, protein, 
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endosperm and the tryptophan in grain and protein. According to Ngaboyisonga (2008) N 

deficiency reduced protein quantity, the levels of tryptophan in the grain and endosperm 

modification of QPM inbred lines by 29%, 20% and 75%, respectively. He concluded 

that QPM germplasm planted under N and water deficiency conditions are likely to be 

rejected for human consumption because of the higher proportion of soft and chalky 

kernels present. The reason for rejection is based mainly on the fact that the kernels are 

easily damaged by pests which results in yield reduction. In SA soft grain would also be 

rejected by millers because of low extraction rates. That is why it is important to test 

QPM lines under stress environments and select good germplasm to use in the 

development of superior products that will be available for use by small-scale farmers in 

SA. 

 

Maize germplasm is grown in a wide array of environments in the world, though in most 

cases, when tested across several locations it encounters GEI. It is a restricting 

phenomenon to breeders; because it results in germplasm performance differences from 

one environment to another and reduces genetic progress in plant breeding programmes 

(Kaya et al., 2006). This phenomenon, when it is significant, results in the need to 

evaluate the germplasm for stability in different environments. Maize researchers in SA 

have dedicated a lot of research time on stability of agronomic traits. QPM research, on 

the other hand, has concentrated mostly on stability of both agronomic traits and protein 

and endosperm quality traits in stress and optimum environments. However currently 

there is more information documented on agronomic traits (Vasal et al., 1993b; Pixley 

and Bjarnason, 2002; Gissa 2008; Machida, 2008; Ngaboyisonga, 2008) than protein and 

endosperm quality traits (Vasal et al., 1993b; Pixley and Bjarnason, 2002; Ngaboyisonga, 

2008). 

 

When developing QPM varieties, three or more donors are often used in order to convert 

normal maize germplasm to QPM (Vivek et al., 2008). Presently, the ARC-GCI has QPM 

germplasm, however there is still little information on which specific QPM inbred lines to 

use in the breeding programme, resulting in the current use of three donors when 

converting normal maize germplasm. QPM inbred lines vary in the levels of tryptophan 
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concentration and kernel modification, and this usually has an impact on the way 

germplasm is converted. It is important to separate QPM germplasm into different classes 

in terms of their ability to transfer tryptophan and kernel traits during the conversion 

process. Researchers in CIMMYT managed to classify some of the QPM inbred lines in 

three categories which are poor, moderate and good for tryptophan content and 

agronomic traits, while other researchers have documented studies on QPM donors 

(Gissa, 2008; Vivek et al., 2008; Machida, 2008). Some of the CIMMYT germplasm 

were included in this study to see how they react when used as donors to normal South 

African maize recipients and their reaction to different environments.  

 

This study is important to the QPM breeding programme in SA since QPM donors have 

not been classified in the ARC-GCI germplasm. This information will be useful to 

breeders as it will reduce resources needed to convert normal lines into QPM lines. Thus 

the total number of QPM donors used to convert normal maize genotypes to QPM will be 

reduced by identification of good QPM donors. The good QPM donors identified will be 

readily available to be used in the breeding programme to develop QPM varieties in a 

cost effective manner. Studies on QPM hybrids were done for grain yield and grain 

quality traits (Machida, 2008; Ngaboyisonga, 2008; Machida et al., 2010; Mutimaamba et 

al., 2010). Few of the studies were looking at grain yield and grain quality traits.  

 

Research objectives 

The objectives of this study were as follows: 

(1) To investigate the effect of pollen parents on tryptophan concentration in QPM inbred 

lines; 

(2) To analyse GEI and do stability analysis of QPM inbred lines for kernel hardness, 

protein, tryptophan, oil and starch concentration under low and optimum N conditions; 

(3) To compare the performance of QPM genotypes to normal maize genotypes for grain 

quality traits and investigate the relationship between grain traits under low and optimum 

N conditions; and 

(4) To estimate general combining ability and specific combining ability of South African 

QPM inbred lines and the identification of good donors for grain quality traits. 
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Chapter 2 

 

Literature review 

 

2.1 Maize: Importance, chemical composition and nutritional value 

 

In SA maize constitutes about 70% of grain production and covers about 60% of the 

cropping area (Akpalu et al., 2009). It is a staple food to the majority of the rural 

communities, with a per capita consumption of more than 100 kg per year, providing 

22.7 g protein and a total of 889 kcal per day (FAOSTAT, 2009). Many of these 

communities rely on protein from maize and other plant sources as they cannot afford 

animal protein. South Africa is ranked third after Lesotho and Zimbabwe in maize per 

capita consumption. 

 

The Southern African Grain Laboratory (SAGL, 2011) reported that South African maize 

on average contains 3.9% oil, 8.7% protein and 72.1% starch. The value ranges over 

years between 2.8-5.8%, 6.1-12.7% and 58.3-77.0% for oil, protein and starch content, 

respectively (Table 2.1). The nutritional quality of normal maize is extremely poor in 

some of the essential amino acids when it is compared to QPM. FAO (1992) reported that 

opaque-2 maize and QPM had 96.8% and 82.1% casein compared to 32.1% casein in 

normal maize. Protein of QPM in general contains about 50% and 30% more tryptophan 

and lysine, respectively, than normal maize (Prasanna et al., 2001).  

 

QPM looks and performs equal or better than normal maize for endosperm hardness, 

yield and chemical composition, except that normal endosperm is deficient in some 

essential amino acids. Duarte et al. (2004) studied QPM hybrids, obtained through 

conversion of normal inbred lines, together with elite QPM hybrids plus normal 

endosperm maize and observed that all the QPMs performed better for protein quality and 

similar for grain yield relative to normal endosperm maize. Converted QPM hybrids also 

had lower grain density relative to the normal version. According to the FAO/WHO 

(1991) the reference level for tryptophan in QPM maize is 1.1 g 100 g-1, while Vivek et 

al. (2008) indicated a threshold value of 0.075% when analysing the whole grain. 
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Table 2.1 Chemical composition of South African maize from 2001/02 to 2010/11 

Year             Oil%         Protein%        Starch% 
 Av Min Max Av Min Max Av Min Max 

2001/02 4.2 3.0 5.5 8.9 6.7 11.6 71.5 58.3 74.7 
2002/03 4.1 3.0 5.4 9.2 7.2 11.7 71.6 62.5 75.9 

2003/04 4.0 3.5 4.6 9.1 7.9 10.2 71.1 70.2 72.6 

2004/05 3.9 2.9 4.7 8.8 6.5 12.0 71.3 68.9 74.3 

2005/06 4.0 3.2 5.0 8.4 6.4 10.4 71.2 69.5 73.4 

2006/07 3.7 2.8 4.8 9.4 6.9 12.7 73.0 70.1 75.2 

2007/08 3.8 2.9 4.8 8.5 6.6 10.9 72.1 69.9 75.0 

2008/09 3.8 2.9 5.1 8.3 6.2 10.6 72.7 70.7 74.8 

2009/10  4.0 3.3 5.8 8.3 6.5 10.1 72.9 70.6 75.4 

2010/11 3.9 2.8 4.6 7.9 6.1 9.8 73.8 71.9 77.0 

Av=Average; Min= Minimum; Max=Maximum (SAGL, 2011) 

 

2.2 Malnutrition and QPM benefits 

 

Malnutrition refers to insufficient (under-nutrition), excessive (over-nutrition) or 

imbalanced consumption of one or more nutrients resulting in under-nutrition or over-

nutrition (UNICEF, 2006). Protein energy deficiency which relates to insufficient and 

inadequate intake is one of the most important forms of malnutrition that is common in 

Africa (Maletnlema, 1992; WHO, 1999). The biggest problem facing Africa is that the 

majority of people are consuming large amounts of cereals, especially maize, as staple 

foods without adequate supplementation with other protein sources. Malnutrition affects 

most people living in rural areas, who are poor and rely mostly on maize, that has low 

levels of tryptophan and lysine, for food. South Africa is no exception to this problem, 

because malnutrition is mostly encountered in rural areas where the poorest of the 

communities are located. Improvement of maize nutrition is an important foundation to 

assist in the fight against malnutrition. During the year 2000 at the Millennium Summit, 

189 countries including 147 heads of state and governments signed the Millennium 

Development Goals (MDGs) declaration and committed themselves to reduce 

malnutrition by 2015 (MDG, 2011). However, in 2010 most countries were still far from 

reaching their MDGs. Ghana, Cameroon and Ethiopia have made a lot of progress in 

reaching the MDGs, with most of the developing countries still lagging behind (MDG, 

2011). In 2010 the estimated number of undernourished people was around 925 million,  
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with developing countries accounting for 98% of this figure (Figure 2.1; FAO and WFP, 

2010). For sub-Saharan Africa, where maize is a staple food, about 239 million people are 

affected, with Asia and the Pacific having the largest number of undernourished people.  

 

 

Figure 2.1 Estimation of undernourished people in the world (FAO and WFP, 2010)  

 

Children under five years of age in the developing countries are 13% more likely to die 

than those in developed countries, and sub-Saharan Africa accounts for about half the 

deaths of those children in the developing world (UNDP, 2008). Yearly about 530 000 

women die due to maternal death and 99% of these deaths occur in the developing world, 

with 56% of the deaths in sub-Saharan Africa (WHO, 2012). Malnutrition is one of the 

factors that increase the incidence of maternal deaths by 80%. The statistics of the years 

2006 to 2010 show that in SA about 9%, 5% and 24% of under-fives were suffering from 

moderate and severe underweight, wasting and stunting respectively, according to the 

World Health Organisation (UNICEF, 2010). UNICEF (2012) reported that under-

nutrition contributes to more than a third of the under-five’s deaths globally. Still, under 

these circumstances, the use of bio-fortified foods that can assist in the reduction of these 

conditions is limited or does not exist in most developing countries. Increasing the levels 

of tryptophan and lysine is thus essential for improving the livelihoods of people affected 

by protein deficiencies.  
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Several researchers have been involved in determining the impact of QPM in human and 

animal nutrition (Graham et al., 1989; Akuamoa-Boateng, 2002; Onimisi et al., 2009; 

Sofi et al., 2009; Mbuya et al., 2011). According to Graham et al. (1980; 1990) the 

energy and protein needs of infants and children can be adequately met with a diet 

exclusively based on QPM. Clark et al. (1977) reported that children who were suffering 

from Kwashiorkor and fed a diet with opaque-2 maize, recovered. According to Graham 

et al. (1980) QPM, with regard to nurturing growth in recovering malnourished children, 

is 50% more effective than normal maize. Bhargava et al. (2003) assessed the nutritional 

quality of QPM and normal maize in pre-school children aged between 1-3 years old. The 

diet had one third of recommended daily allowance (RDA) of calories and protein, with 

skimmed milk included as a control measure. QPM based diets were better than the 

control. Children fed with a QPM based diet gained 117% weight compared to those fed 

with normal milk based and standard diet, who gained 112% and 43% weight 

respectively. It was also reported that the height, head and mid-arm circumferences of the 

children fed on the QPM based diet were better than the group fed on a skimmed milk 

diet. Nuss and Tanumihardjo (2011) indicated that consuming QPM results in a 40% 

reduction in maize intake to meet protein requirements when compared to normal maize. 

Their study found that approximately 100 g QPM is required for children to maintain 

adequacy of lysine, while for adults nearly 500 g is required. Krivanek et al. (2007) 

indicated that the effect of using QPM in animal feed can easily be calculated in monetary 

terms since QPM can provide a cheaper alternative than normal maize in obtaining 

balanced animal feeds. Gevers (1995) highlighted that QPM silage in SA may have an 

economical and nutritional value as compared to normal maize in the feeding of dairy 

animals. 

 

QPM can be an important tool that can assist in reaching the MDGs number one, four and 

five that deal with halving hunger by reducing undernourishment to less than 5% of the 

population, improving the lives of young children affected by malnutrition by reducing 

the child mortality and under-nutrition levels; and finally improving maternal health. 

Developing countries which are behind in reaching millennium goals can learn a lot from 

Ghana which is growing QPM comprising 90% of seed sales since its inception (Sallah et 

al., 2003), and incorporating QPM in their maize diet in order to reduce child mortality, 

maternal death and hunger. QPM is not a cure to everything but can be used as one of the 
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tools, which help when used with other methods. Therefore, any efforts by society to 

either alleviate poverty or improve the nutritional value of crops should be supported by 

national governments and businesses.  

 

2.3 Nitrogen deficiency 

 

2.3.1 Low nitrogen in African soils and factors affecting use of fertilisers 

 

Poor soil fertility in Africa is a widespread problem, especially as more land is being 

cultivated for crop production (Henao and Baanante, 1999). N deficiency occurs mainly 

due to unavailability or low N availability in the soil and it has been cited as an 

environmental stress reducing endosperm hardness and protein quality in QPM (Gissa, 

2008). Cultivation of crops results in a significant reduction of N in the soil (Prinsloo, 

1988; Du Toit and Du Preez, 1995; Du Preez et al., 2011). Lafitte and Edmeades (1988) 

reported that N deficiency is the largest limiting factor in more than 20% of arable land in 

Africa.  

 

In African soil, N becomes depleted due to limited or no application of fertilisers, soil 

erosion and leaching; and as the population increases more soils are affected because 

farmers are growing crops in new areas to meet production demand (Henao and Baanante, 

1999). These researchers indicated that for maintaining current production more than 80 

kilogram per hectare (kg ha‐1) N is required in South African soils without depleting 

available nutrients. Commercial farmers are capable of applying more than the required 

rate to their crop to improve crop productivity, unlike small-scale farmers, who in many 

cases cannot afford this.  

 

Fertiliser application in sub-Saharan Africa, which can be used to improve quality and 

productivity of crops, is much lower at 9-10 kg ha‐1 (Henao and Baanante, 1999; Molden, 

2007) as compared to 100 kg ha‐1 in South Asia, 73 kg ha‐1 in Latin America and over 250 

kg ha‐1 in Western Europe and North America (Molden, 2007). The prices of fertiliser in 

Africa are twice to six times the world average (Pinstrup-Andersen et al., 1999) which 

often tend to lead to low N application because crops are mostly grown by resource poor 

rural farmers who cannot afford the expensive fertiliser. According to Odhiambo and 
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Magandini (2008) 75% of farmers in one district of SA indicated that fertiliser is too 

costly and 48% said they do not have sufficient funds to buy it. Another factor which is 

associated with low or lack of use of fertiliser is accessibility because most of the farmers 

are in rural areas far away from cities and it will again cost them to travel to major cities 

to purchase the product. About 50% of the farmers interviewed had easy access to 

fertilisers and concluded that there is a need to make fertiliser more accessible to farmers 

by establishing strategically placed depots (Odhiambo and Magandini, 2008). 

 

2.3.2 Effects of nitrogen on maize genotypes for grain quality traits and benefit of 

tolerant cultivars 

 

Growth and development of maize plants are affected by variation in N supply 

(McCullough et al., 1994). Laubscher (1981), McMullan et al. (1988) and Carr et al. 

(1992) reported that soil nutrient variation can cause differences in grain quality and 

yield. In areas where fertiliser use is minimal, genetic approaches to developing and 

selecting superior genotypes that can perform well under low N environments are crucial. 

A major setback facing maize genotype performance under low N environments is that 

researchers were developing and testing improved cultivars under optimum environments 

(Muza et al., 2004), before taking it to farmer’s conditions, in so doing leaving small-

scale farmers vulnerable to poor soil fertility and unable to contribute to the economy. 

There are a large number of QPM cultivars developed and registered in SA for high input 

agriculture. Currently there are no cultivars developed for tolerance to low N in SA. 

Therefore it is essential to evaluate available QPM germplasm for tolerance to low soil N. 

Existence of genetic variation in the germplasm will allow development of low N tolerant 

QPM cultivars. Improved cultivars that tolerate low soil fertility will help maize farmers 

to obtain better yields and grain quality. 

 

Exposing experimental cultivars to low N environments during selection and evaluation 

will results in cultivars that perform well under farmer’s conditions. Under low N 

environments QPM genotypes perform differently due to the existence of genetic 

variability for tolerance to stress (Mosisa et al., 2007; Gissa, 2008; Ngaboyisonga et al., 

2008). Mosisa et al. (2007) and Bello et al. (2012) found that genotype variation was 

significant for tryptophan in the protein and grain, protein content in the grain and protein 
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quality under low and optimum N levels. N deficiency results in poor endosperm 

modification by producing soft kernels on the maize cob as compared to high N 

conditions (Ngaboyisonga et al., 2006; 2009; Gissa, 2008; Wegary et al., 2011). 

However, Wegary et al. (2011) observed that even under low N conditions QPM still 

maintained acceptable protein quality and endosperm hardness. Under low N grain 

protein and tryptophan content were lower relative to optimum N conditions (CIMMYT, 

2003). Sabata and Mason (1992) indicated that increased soil N levels resulted in 

increased grain protein content and decreased kernel breakage susceptibility in maize. N 

levels and grain protein were shown to be positively correlated (Oikeh et al., 1998). 

Duarte et al. (2005) in a study with four levels of N found that high N levels increased 

protein, hardness and reduced breaking susceptibility. Genotypes had a larger influence 

than N environments. Li et al. (2011) found significant genotypic variation across low N, 

across high N and across both high and low N sites. Under low N conditions protein 

concentration was reduced. For starch and oil, genotype variation was greater than GEI 

and environment effects across high and low N conditions, while for protein 

concentration environmental effects and GEI was larger than genotypic variation. They 

concluded that examining genotypes under low and high N is of great importance. Zaidi 

et al. (2009) observed that grain protein, lysine and tryptophan contents decreased by 

17.0%, 12.5% and 15.6% respectively under a low N environment. 

 

2.4 Evaluation of genotype, environment and genotype by environment interaction 

effects using analysis of variance (ANOVA), additive main effects and multiplicative 

interactions (AMMI) and genotype and genotype by environment interaction (GGE) 

biplots 

 

Production environments may vary due to factors such as rainfall, soil fertility, season, 

temperature and soil types. The environments used in trials can be described, for example, 

by different years, locations and fertilisation levels. These variables might play an 

important role in differences in expression of the genotypes, resulting in GEI, however 

sometimes the genotypic variation might be more important than environmental variation, 

resulting in small or no GEI. Plant breeders are concerned by GEI, because during 

cultivar development, it is essential to understand the interaction of the genotypes within 

particular environments in order to determine the stability of those genotypes. A genotype 
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is stable when it is able to perform consistently across a broad range of environments 

(Annicchiarico, 2002). Multi-location trials are conducted for various agronomic and 

grain quality traits in order to identify superior genotypes across a wide range of 

environmental conditions. The inconsistency in the performance of genotypes in a wide 

range of environments is known as GEI. Beck et al. (1991) reported that when genotypes 

are grown under a wide range of environments and outside their usual adaptation zone, 

the occurrence of large GEI is expected. Large GEI makes it difficult for the identification 

of better performing genotypes. The GEI is of practical significance when the ranking of 

genotypes varies among environments; this is known as crossover interactions (Crossa 

and Cornelius, 1997; Russell et al., 2003).  

 

The most important aim of a breeder is to develop genotypes such as inbred lines, hybrids 

and open-pollinated varieties (OPVs) that are adapted to a wide range of environments; 

however the occurrence of large GEI reduces the chances of making the most accurate 

choice of the best cultivar(s) for the end-user. It is important for breeders to evaluate 

different types of cultivars under various environments for grain quality and other traits 

valuable to the end users. Significant GEI allows breeders to further assess the 

adaptability and overall stability of the genotypes across different environments. Breeders 

are striving to identify superior inbred lines to be used as parents in the development of 

better cultivars, in so doing they resort to testing these materials over different 

environments to measure their superiority. It does not matter about the types of materials 

used in a study because GEI is usually present, whether cultivars are pure lines, single-

crosses, double-crosses, S1 lines or any other breeding material (Dabholkar, 1999). It is 

regarded as a differential expression of genotypes across environments (Crossa et al., 

1990; Basford and Cooper, 1998), and complicates selection of genotypes for broad 

adaptation. It needs to be investigated and analysed properly so that its nature and causes 

are clearly understood. A genotype which is consistent over a range of environments has 

general adaptation while the one which is consistent over a limited range of environments 

has specific adaptation. The best way to create a widely adapted cultivar is to increase its 

tolerance to different stress factors (Ramagosa and Fox, 1993). The analysis of GEI in 

this study would assist in revealing the patterns of adaptation of QPM inbred lines for 

grain quality traits in low N environments. 
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There are a number of statistical procedures that can be useful in measuring the presence 

of GEI in trials and stability of genotypes to the environments, such as ANOVA (Steel 

and Torrie, 1980), linear regression (Finlay and Wilkinson, 1963; Eberhart and Russell, 

1966), principle component analysis (PCA) (Vargas et al., 1999), the environmental 

variance (Lin et al., 1986), Shukla’s stability variance (Shukla, 1972), Wricke’s 

ecovalence (Wricke, 1962) and multivariate methods such as GGE and AMMI (Crossa, 

1990; Yan et al., 2000; Akçura et al., 2005). There is limited information on the GEI, 

adaptation and stability of QPM germplasm in the world, especially using AMMI and 

GGE biplots for grain quality traits. Few researchers have reported significant GEI for 

protein, endosperm hardness and tryptophan in QPM (Pixley and Bjarnason 2002). Hohls 

et al. (1995b) reported significant GEI on grain yield of QPM. This is the only reported 

study done on South African QPM inbred lines in the country and it did not evaluate grain 

quality traits. The methods for determining existence and extent of GEI on various crops 

are discussed below. 

 

2.4.1 Analysis of variance  

 

ANOVA is mostly used in the assessment of cultivars in trials which result in two-way 

data of genotype effects and environment effects (additive) and GEI (non-additive) 

effects. However, the model explains only a small percentage of the variation in the GEI 

and does not show stability (Zobel et al., 1988; Samonte et al., 2005). In other words it is 

able to detect only the existence of the GEI. Therefore AMMI and GGE biplots will be 

used to further explore and understand the extent of GEI and stability.  

 

QPM cultivars have been mainly evaluated using ANOVA for grain quality traits in 

single and combined environments (Pixley and Bjarnason, 2002; Worku et al., 2007; 

Zaidi et al., 2009; Wegary et al., 2011), with most results showing significant genotype, 

environments and GEI effects. Vasal et al. (1993) reported highly significant GEI for 

endosperm hardness and other yield related traits, in a study with diallel crosses of 10 

QPM populations tested across locations. Taghouti et al. (2010) evaluated durum wheat 

cultivars adapted to different environments for quality traits and encountered significant 

genotype and environment effects and GEI for all measured quality traits. They found that 

for protein the environment and the genotype effects were higher than GEI effects while 
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for vitreousness the environments and GEI effects were higher than the genotype effect. 

For both protein and vitreousness environment had a larger effect than the genotype, 

indicating that these traits are controlled more by the environment than the genotype. It 

was concluded that in order to determine the protein of a cultivar, multi-location trials are 

necessary since the trait was influenced more by the environment than genotype and GEI. 

For traits that are not easily influenced by environment it is not necessary to start with 

multi-location trials, the genotypes can be planted in single locations before good 

performers are taken to multi-location trials. Dandeech and Joshi (2007) reported on a 

study of 74 maize genotypes, planted in four environments for determination of GEI and 

stability, that genotype, environment and GEI effects were highly significant for protein, 

starch and oil concentrations, except for the environment effect for starch content in a 

pooled ANOVA. 

 

2.4.2 Additive main effects and multiplicative interaction analyses 

 

The AMMI model is a statistical tool that has been developed to further analyse and 

understand GEI patterns. The analysis has been reported to be suitable for depicting 

adaptive responses and is useful in understanding complex GEI (Gauch and Zobel, 1989; 

Crossa, 1990; Gauch and Zobel, 1997). The AMMI model combines both classical 

ANOVA and PCA into a single model with additive and multiplicative parameters (Zobel 

et al., 1988; Shafii and Price, 1998; Pinnschmidt and Hovmoller, 2002). The model 

separates the additive variance from the interaction variance and applies PCA to the 

interaction portion from the ANOVA analysis to extract a new set of coordinate axes that 

account more effectively for the interaction patterns (Zobel et al., 1988; Shafii and Price, 

1998; Thillainathan and Fernandez, 2001). In clarification of GEI, AMMI summarises 

patterns and relationships of genotypes and environments (Crossa, 1990).  

 

Furthermore statistical model results from AMMI analysis are plotted in a graph showing 

the main and interaction effects for both genotypes and environments on the same scatter 

plot, with the noise rich residual discarded and the data separated into a pattern rich 

model to gain accuracy (Gauch and Zobel, 1996). The AMMI graph is used to visualise 

the adaptability (average performance across localities) and stability (consistent 

performance across environments) of various genotypes. In the AMMI graph the 
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differences in main effects are indicated along the abscissa while the differences in 

interaction are indicated along the ordinates. The interpretation of this is that the 

genotypes that are located close to the abscissa are relatively stable, while the ones that 

are located far away from the abscissa are unstable because they interact with the 

environments. AMMI analysis was considered to be the best model compared to linear 

models (Gauch and Zobel, 1988). Gauch (1988) described AMMI as a powerful tool to 

explore and understand GEI. The AMMI model was recognised by Gauch (1993) to be 

more effective and efficient in handling both the main effects and GEI in multi-location 

trials than other statistical models. Wallace et al. (1993) stated that for various measured 

traits in different environments AMMI analysis is capable of separating and quantifying 

GEI effects. 

 

Studies using the AMMI model have been reported by various researchers on various 

traits across different environments (Worku et al., 2007; Zaidi et al., 2009; Taghouti et 

al., 2010; Castillo et al., 2012). The AMMI model has been proved to be a valuable tool 

for graphically showing adaptive responses (Gauch and Zobel, 1989; Gauch, 1993). 

Worku et al. (2007) used the AMMI model to evaluate the effects of GEI and stability in 

14 CIMMYT maize hybrids and two commercial hybrids from Seed Co Ltd across nine 

environments. The AMMI analysis was able to identify significant genotypes, 

environments and GEI. The interaction principle component axes (IPCA) 1 and 2 

explained 37.3% and 28.6% of the interaction sum of squares, respectively; together 

accounting for most of the interaction (65.9%). Hybrids with specific adaptation to either 

high or low N environments were also identified. Zaidi et al. (2009) found significant 

GEI for protein in the grain, lysine in protein and agronomic traits. Their stability results 

indicated that tryptophan and lysine contents were the most stable traits and grain protein 

and yield were most unstable. Most of the genotypes were stable for tryptophan, while 

most of the genotypes were unstable for grain protein. 

 

In a recent study on yield and quality parameters of spring wheat cultivars Castillo et al. 

(2012) found that IPCA1 and 2 accounted for GEI variation of 71.89% in AMMI, 

however the method was not better when compared to site regression (SREG) which 

accounted for 81.08% of the GEI variation. The methods were able to identify cultivars 

with good yield, high quality and stability across environments, however SREG was the 
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most effective and efficient method to identify the best performer in terms of yield, 

quality and stability. Taghouti et al. (2010) evaluated durum wheat cultivars adapted to 

different environments for quality traits and encountered significant GEI effects for all the 

measured traits. The AMMI analysis showed that the first two IPCA axes were highly 

significant for protein and vitreousness, and together accounted for more than 70% of the 

GEI variation for all traits. Overall, genotypes showed differences in degree of stability 

for various measured traits and within genotypes and there was variability for stability, 

showing that between traits genetic factors for GEI varied. The method was able to select 

a genotype with high and stable quality. AMMI for starch content showed that 

environment, genotype and GEI were significant and highly significant respectively 

(Parkes, 2011). The analysis further indicated that IPCA1 (76.5%) and IPCA2 (23.5%) 

axes explained 100% of the total GEI variation and was able to identify stable genotypes. 

For oil content the first two IPCA were significant and accounted for more than 80% of 

GEI variation (Mekonnen and Mohammed, 2009). 

 

2.4.3 Genotype and genotype by environment interaction biplot analysis 

 

The GGE biplot is the graphical representation of the genotype main effect and GEI of 

multi-location trials for visual evaluation of genotypes and test environments and 

identification of mega-environments (Yan et al., 2000). Genotypic and GEI effects are the 

two most important sources of variation relevant to cultivar evaluation (Yan et al., 2001). 

The GGE biplot is based on plotting the first two interaction principal component axes 

(IPCAs) 1 and 2 against each other with IPCA1 on the X axis and IPCA2 on the Y axis. 

 

There are a number of GGE biplots, which can be computed for analyses of multi-

location trials data, depending on what the researcher wants to get from the data. There 

are those which help in cultivar evaluation, test environment evaluation and mega-

environment identification (Yan et al., 2000). For genotype evaluation there are mean vs 

stablity biplots which help identify high yielding or performing genotypes and then the 

stable genotypes, and mean and stability biplots which identify an ideal genotype. A 

genotype which ranks highest for any characteristic in all the locations used (absolute 

stable in performance) is regarded as an ideal genotype (Yan and Kang, 2003); however 

in reality such a genotype sometimes may not exist. It is important to identify such a 
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genotype in order to use it as a reference during genotype evaluation. In test environment 

evaluation there are the discriminating vs representative biplots, which are graphically 

represented by vectors and angles; and the discriminating and representative biplots, 

which are an easier visual representation of an ideal environment. The “which won 

where” or “what is best for what” biplot graphically shows which genotypes won in 

which environments and it identifies mega-environments. In a general ANOVA it is not 

possible to select superior cultivars for each mega environment, however GGE is able and 

that allows for effective exploitation of both genotype and GEI (Muungani et al., 2007). 

 

The GGE biplot has been successful in identifying ideal genotypes in a study comparing 

seven QPM cultivars across four hill environments of Nepal, but mostly for grain yield 

(Upadhyay et al., 2009). Badu-Apraku et al. (2010) used GGE biplots in evaluation of 

normal and QPM cultivars under stress and non-stress environments, and identified five 

cultivars with outstanding performance in both environments. They further identified 

superior genotypes for stress and others for non-stress environments. Badu-Apraku et al. 

(2011) were able to select ideal genotypes, location and identified mega-environments 

using various GGE biplots in evaluation of maize cultivars.  

 

2.5 Cross-pollination effects on various traits 

 

In maize there is data to show that crossing has an immediate effect on the yield and 

related traits and various grain quality traits (Krieger et al., 1998; Letchworth and 

Lambert, 1998; Balestre et al., 2007; Castañeda, 2010). Currently there is limited 

information on effects of pollination methods on grain yield and quality traits of QPM 

(Bosch et al., 1978; Hossain et al., 2008). Balestre et al. (2007) reported no significant 

differences between the proportion of fertilised and sampled allo-pollen and auto-pollen 

(self) in the maize ear and found that allo-pollen increased the mean kernel weight by 

16.5 mg (gain of 4.65%). They concluded that even when there was no significant 

difference between the pollination methods, allo-pollen when compared to auto-pollen 

increased the kernel weight. 
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Krieger et al. (1998) evaluated 24 hybrids to study the effect of three pollination methods, 

self-pollination small-plot, open pollination small-plot, and open pollination large plot 

(farmer’s field) at two Iowa growing locations on starch thermal properties and reported 

significant differences in starch gelatinisation and retro-gradation properties between the 

pollination methods and between locations. The study recommended the use of self-

pollination when growing maize samples in small plots for research purposes due to the 

differences found in starch traits associated with pollination methods.  

 

Letchworth and Lambert (1998) reported in their study of pollen parent effect on oil, 

protein and starch concentration in maize kernels that self-pollinated kernels had a higher 

protein concentration than open-pollinated kernels even though hybrid rankings showed 

no significant difference within pollination treatments. The results indicated that field 

evaluation is feasible for protein concentration under open-pollinated small plot 

conditions. The immediate pollen effect is sometimes referred to as xenia effect, and it 

usually results in increased yield, weight, seed size or is shown by an immediate colour 

change. Castañeda (2010) studied xenia effects on quality of a maize female inbred in 

production of hybrid seed and showed a significant inbred effect on yield. He found that 

cross-pollination with some of the inbred lines resulted in reduced yields of hybrid seed, 

while most of the inbred lines increased yields of the hybrid seed. Generally the findings 

recommended the use of open pollination for growing females to avoid loss of vigour 

observed with selfing.  

 

Bosch et al. (1978) studied pollination effects on grain yield and quality of fertilised 

plants comparing self-pollination with the same QPM pollen to cross-pollination with 

normal maize pollen and found that for opaque-2 (QPM) treatment, yield was 12.4% 

higher in one hybrid (p < 0.05), but 3.32% and 6.55% lower in the other two hybrids. 

These differences in grain yield and plant traits, related with the genetic differences of the 

fertilising pollen, suggest that the genetic information that the pollen transferred to the 

embryo and to the endosperm affected not only the vigour of the seed but also the 

physiology of the female parent plant. Hossain et al. (2008) who studied the effect of 

genotype x pollination mode interaction on kernel modification in QPM genotypes, 

reported significant interaction of genotype with pollination method which suggested the 

importance of pollen source and its genetic constitution to confer kernel texture.  
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2.6 QPM donors and combining ability of lines 

 

In a QPM breeding programme approximately three QPM donors are used to convey the 

high levels of tryptophan and endosperm hardness to a normal maize recipient. It would 

be desirable to minimise the number of worthless conversion projects. Therefore it is of 

great importance to study donors, in order to identify suitable donors to be used in a 

conversion programme and alleviate the use of many donors, thus making the breeding 

programme more cost effective and efficient. However, depending on the types of 

germplasm involved in the conversion programme it can be easy or impossible to get new 

QPM versions of the normal line or population. Bjarnason et al. (1976) observed that 

some F2s of crosses between normal and opaque-2 genotypes produced more translucent 

to opaque kernels than the expected 3:1 ratio. This suggested that some homozygous 

opaque-2 kernels were modified in such a way that they were phenotypically 

indistinguishable from normal kernels.  

 

CIMMYT (2004) reported findings on the identification of QPM donors in a study of F2 

seed developed through the crossing of nine QPM inbred lines to 16 normal inbred lines. 

They identified good and bad donors by classifying the F2 seed for endosperm 

modification on a scale of 1-5 into donor types. The QPM lines were ranked according to 

their ability to modify kernels in crosses. According to the report, the QPM donor lines 

were grouped into four classes; whereby group 1 were excellent donors which combined 

well with most of the lines, CML144, CML181f and CML176; group 2 were good donors 

by combining with some lines, CML173, CML154 and CML175; group 3 were fair 

donors as they combined with few of the lines, CML181d, CML182; group 4 had one 

poor donor CML159. QPM breeders are looking for quick ways to discriminate between 

good and bad QPM donors in backcross programmes to prevent wasting precious time 

and resources. This is expected to save QPM breeders from the trouble of advancing their 

materials through several backcrosses before they can discard worthless crosses involving 

poor donors. Genotypes differ considerably in their ability to show opaque-2 modifiers 

(Vasal, 1975). Mutimaamba et al. (2010) in a study with Zimbabwean QPM and normal 

inbred lines managed to identify QPM donors for the Zimbabwean breeding programme.  
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Kambal and Webster (1965) defined combining ability as the performance of a line in 

hybrid combinations. It plays an important role in selecting superior parents for hybrid 

combinations and in studying the nature of genetic variation because the final evaluation 

of inbred lines can be best determined by hybrid performance (Hallauer and Miranda, 

1988). Sprague and Tatum (1942) categorised the concept of combining ability into 

general combining ability (GCA) which they described as average performance of lines in 

hybrid combinations, and specific combining ability (SCA) as the deviation of individual 

crosses from the average of the margins. Diallel analysis is an important tool used by 

breeders for partitioning of total variation of the data into SCA of each cross and GCA of 

each genotype; and to select superior parents for developing crosses (Hallauer and 

Miranda, 1988; Sughroue and Hallauer, 1997; Koutsika-Sotiriou, 1999; Shukla and 

Pandey, 2008). 

 

Few studies have been published on the combining ability of South African QPM inbred 

lines used in the ARC-GCI QPM breeding programme for important grain quality traits 

(Hohls et al., 1995a; 1996; Bhatnagar et al., 2004). Conversely there is more available 

information on the combining ability of these inbred lines on resistance to grey leaf spot 

and grain yield traits (Gevers et al., 1994; Hohls et al., 1995b). In Bhatnagar et al. (2004); 

the South African lines used were tested in the US with some of the CIMMYT inbreds 

and US inbred lines from Texas A&M University. The research denoted highly 

significant GCA for kernel quality traits. Pixley and Bjarnason (1993) in a study of 

combining ability using 34 modified endosperm opaque-2 tropical maize inbred lines 

found that mean squares for GCA effects were significant for protein content, quality 

index (QI) and tryptophan content, whereas those for SCA effects were not significant for 

all the quality traits. Okello et al. (2005) recommended the use of QPM donors identified, 

which were superior in terms of GCA for foliar diseases, protein quantity and quality in 

the Ugandan QPM breeding programme. On the other hand Jompuk et al. (2007) found 

non-significant differences between GCA and SCA of protein content in the endosperm. 

Machida et al. (2010) studied reciprocal cross effects and combining ability of elite QPM 

inbred lines evaluated in subtropical environments. They reported occurrence of GCA 

effects for protein content, tryptophan content and kernel modification, conversely non-

significant SCA effects for all the quality traits were observed except for QI. Hadji (2004) 

indicated significant GCA mean squares for endosperm hardness and non-significant 
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SCA mean squares for endosperm hardness in a study of combining ability of 10 white 

QPM inbred lines for various traits. Most of the combining ability analyses studies above 

were for crosses between QPM inbred lines. Liangming et al. (2010) reported that in a 

study of combining ability for protein, starch and oil contents in maize inbred lines both 

GCA and SCA were highly significant for all the measured traits. GCA mean squares 

were more important than SCA mean squares. 

 

2.7 Reciprocal cross and maternal effects 

 

Maternal effects and reciprocal effects are important components in particular when the 

traits are maternally determined, with grain and ear quality traits targeted (Jumbo and 

Carena, 2008); and are mainly analysed using diallel analysis. Reciprocal cross effect 

analysis helps in determining the direction of crosses for hybrids (Lopez et al., 2003; 

Scott et al., 2009). It is important to determine if these effects are present or not, because 

their presence bias the estimates for GCA (additive genetic variance) and SCA (non-

additive genetic variance) in an unpredictable direction (Crusio, 1987; Roach and Wulff, 

1987). Griffing (1956) proposed four methods to be used in diallel analyses. Of the four 

methods Griffing methods 1 and 3 can be used for determining reciprocal cross effects. 

Method 1 is used when there are data for parents, F1 crosses and reciprocals. Method 3 on 

the other hand can be used when there are F1 crosses and reciprocals. Reciprocal effects 

are partitioned into maternal effects and non-maternal effects (Zhang and Kang, 1997). 

The maternal effects are the average effects of using parents as females rather than males 

in their crosses expressing the maternal genotype in the phenotype (Roach and Wulff, 

1987; Dhliwayo et al., 2005) whilst non-maternal effects are deviations from that 

average; and might be caused by interaction of cytoplasmic factors and nuclear genes 

(Lopez et al., 2003; Dhliwayo et al., 2005). However, for the present study maternal 

effects were evaluated in a line x tester design and analysed using ANOVA for GCA and 

SCA. 

 

There are various researchers who have studied reciprocals cross effects and reported the 

significance and presence of the effects on various traits. Jumbo and Carena (2008) in a 

study of elite early maturing maize population hybrids reported that reciprocal cross 

effects and maternal effects were not significant in maize for most of the measured traits. 
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In their reports they indicated the need for more research of maternal and reciprocal 

effects on kernel endosperm related traits given that the traits might have reciprocal and 

maternal effects and this might impact breeding of better quality maize. Sung (1984) 

made reciprocal crosses in modified opaque-2 maize inbred lines and found that the 

reciprocal F1 seeds showed differences in degree of modification, zein and free amino 

acids and when the modified endosperm opaque-2 inbred lines were used as pollen 

parents, the F1 seed showed differences from the non-modified female parent endosperm 

for all traits. The differences in seeds were thought to have occurred as a result of dosage 

and maternal effects. Vasal et al. (1980; 1984) reported significant reciprocal effects in 

kernel modification. Alika and Ojomo (1996) reported significant reciprocal effects for 

grain starch content and said it was an indication that cytoplasmic factors were important. 

Hossain et al. (2008) in a diallel study of QPM genotypes reported significant reciprocal 

effects for kernel modification and implied possible dosage effects of the endosperm 

modifiers. 

 

2.8 Correlations among grain quality traits 

 

Correlation analyses are used as a measure of the strength of association between two 

variables (Steel and Torrie, 1980; Hallauer and Miranda, 1988). When associations 

among traits are weak, it is difficult to conduct simultaneous selection between important 

traits, however when the relationship among traits are positive it indicates the possibility 

of a simultaneous selection of the traits involved. In an improvement programme breeders 

are interested in analysis of correlated traits, in order to know whether traits are related. 

Falconer and Mackay (1996) reported that correlated traits are of interest because of 

genetic causes of correlation through the pleiotropic action of genes, connection to 

changes brought about by selection and connection with natural selection. 

 

In a QPM improvement programme it is important to select for both protein quality traits 

and endosperm modification and for the traits to be positively correlated. However, when 

endosperm hardness is negatively correlated with tryptophan it is important to determine 

tryptophan or lysine content in order to keep track of the concentrations (Glover, 1992). 

Pixley and Bjarnason (2002) reported that endosperm hardness was positively correlated 

with all quality traits even though the values were extremely low. Other researchers 
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indicated that endosperm hardness and protein content were positively correlated (Motto 

et al., 1978; Vasal et al., 1980); while Wessel-Beaver et al. (1985) reported that 

endosperm modification and protein quality are negatively correlated. Pixley and 

Bjarnason (2002) further supported earlier studies by various researchers (Wessel-Beaver 

et al., 1985; Pixley and Bjarnason, 1993) that protein content is positively correlated with 

tryptophan content but negatively correlated with tryptophan in protein or QI. Tryptophan 

content on the other hand was positively correlated with QI (Pixley and Bjarnason, 2002). 

Gutierrez-Rojas et al. (2008) in a study with recombinant inbred lines reported that 

endosperm opacity and tryptophan content were positively correlated with some lines 

showing high levels of tryptophan and degree of modification showing the possibility that 

the two traits could be concomitantly selected. Protein content and oil content in maize 

have been reported to be correlated (Clark et al., 2006; Dudley et al., 2007); while Seiam 

and Khalifa (2007) reported negative correlation between the two traits. Mittelmann et al. 

(2003) studied correlation among grain quality traits with testcross populations from 

Family S1 x tester and reported that oil and protein were correlated but with low values at 

0.21 to 0.41. With regards to starch and protein some authors have reported that starch 

and protein content are negatively correlated (Clark et al., 2006; Dudley et al., 2007).  
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Chapter 3 

 

Effects of pollination method on tryptophan content of 12 quality 

protein maize inbred lines in South Africa 

 

3.1 Abstract 

 

Maize is one of the most common cereal crops in SA, which produces grain for human 

and animal consumption due to its considerable protein content. However, its protein 

lacks two essential amino acids, tryptophan and lysine. Xenia effect is the immediate 

genetic and physiological effects which the male parent pollen can exert on the 

development of seed in the female parent. Xenia effects can cause significant changes in 

maize quality and agronomic traits. Although the changes are sometimes beneficial they 

are, however, detrimental when they occur in maize field trials where the accurate 

genotypic potential needs to be evaluated. In order to achieve the real genotypic potential, 

maize germplasm are usually being self-pollinated for the purpose of traits evaluation. 

Several researchers have studied the effects of pollination on kernel quantity and quality 

traits in normal maize but very few have studied this in QPM. If pollination method has 

no effect on kernel traits, it would not be necessary to do self-pollination in field 

evaluation. The objective of the study was to measure the effects of the pollen parent on 

tryptophan content in 12 QPM inbred lines. The inbred lines were self and cross-

pollinated in the field. Hans Male was used as the pollen parent for cross-pollination. The 

trial was replicated three times with two row plots, where one row was self-pollinated and 

the other cross-pollinated. Kernels of the 12 QPM inbred lines from self and cross-

pollinated rows were harvested and used for determination of the tryptophan content. This 

was done spectrophotometrically and statistically analysed using a paired t-test. Results 

indicated that there was no significant (P > 0.05) difference between the two pollination 

methods. The findings indicate that the QPM inbred lines can be evaluated in field trials 

without being self-pollinated. 
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3.2 Introduction 

 

Maize is an important cereal crop, which ranks third in the world after rice (Oryza sativa 

L.) and wheat (Triticum aestivum L.). In SA it is preferred by the majority of the 

population and is the primary staple food crop. It is used as a source of protein for human 

and other monogastric animals (NRC, 1988; Bjarnason and Vasal, 1992). Normal 

endosperm maize protein is deficient in two essential amino acids, lysine and tryptophan 

(FAO/WHO/UN, 1985; Prasanna et al., 2001). In mature maize grain the germ protein is 

superior in both quantity and quality (Vasal, 2000), even though the majority of the 

protein is in the endosperm (82%). The protein in the endosperm contains zeins; a group 

of four structurally distinct alcohol-soluble proteins which account for 50-70% of the 

endosperm protein and are rich in glutamine. 

 

QPM can be used as a replacement of normal maize in communities where maize is used 

as a source of protein, because QPM has improved nutritional value. Various researchers 

have studied the importance of QPM for human and animal feed (pigs and broiler 

chickens) and have recommended it for use (Singh et al., 1980; Dei, 1997; Rahmanifar 

and Hamaker, 1999; Krivanek et al., 2007; Onimisi et al., 2009; Gunaratna et al., 2010). 

For maize to be considered QPM the lysine and tryptophan concentration in the grain 

must be more than doubled and this is usually expressed when the opaque-2 gene in the 

endosperm tissue is homozygous (Mertz et al., 1964; Vasal, 2000; Sentayehu, 2008; Nurit 

et al., 2009). Tryptophan and lysine concentration in maize have been found to be highly 

correlated (Villegas et al., 1984; Nurit et al., 2009) (Figure 3.1).  

 

 

Figure 3.1 Correlation between tryptophan and lysine content in maize grain (Nurit et al., 

2009). 
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Maize is a cross-pollinating crop, which is mainly grown in open pollinated field plots 

without restriction of pollen interchanging from one plot to the other when evaluating 

germplasm for yield and quality traits. Xenia effect is considered the immediate genetic 

and physiological effects, which the male parent pollen can exert on the development of 

seed in the female parent (Castañeda, 2010). The effect is immediate in maize as 

compared to other crops. Research on pollination methods plays an important role in 

determining whether maize genotypes need to be self-pollinated or just left to open-

pollinate when tested for research purposes in field trials. When the effect is not 

significant it is not necessary to self-pollinate genotypes when planting them for research 

trials, but when the effect is significant it will result in a need to self-pollinate in order to 

determine the exact potential of the genotype and to avoid contamination. The expensive 

and time-consuming step of selfing germplasm during research field trials can be 

potentially eliminated by first conducting pollination effects studies. For evaluation of 

germplasm in research plots, methods such as isolation of trials in open-pollinated fields 

by distances and time can be used, however this is often impractical. The self-pollination 

and isolation methods are labour intensive, expensive and time consuming during testing 

stages especially where a large number of materials are to be tested.  

 

Several researchers have studied the effects of pollination on kernel quantity and quality 

in normal maize (Bosch et al., 1978; Bulant and Gallais 1998; Krieger et al., 1998; 

Letchworth and Lambert, 1998; Bulant et al., 2000; Weingartner et al., 2002; Balestre et 

al., 2007), however, only a few researchers studied pollination methods in QPM (Sung 

1984; Pixley and Bjarnason, 1994; Hossain et al., 2008). Most of the studies on normal 

maize endosperm have shown the importance of these effects, while in QPM few of the 

studies showed the importance of these effects, especially when foreign pollen is from 

another QPM. Since it is important to know whether the pollen from a different QPM 

genotype causes changes in protein quality, an investigation into this is necessary in order 

to understand how to proceed with the rest of the research objectives. The objective of 

this study was therefore to measure the effect of the pollen parent on quality traits of 

QPM inbred lines. 
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3.3 Materials and methods 

 

3.3.1 Germplasm 

 

Thirteen white QPM inbred lines were obtained from the ARC-GCI and CIMMYT 

Harare maize breeding programmes (Table 3.1). The lines having an O code after the first 

letter in the name were developed by Dr. Hans Gevers whilst he was at the ARC-GCI. 

The CML coded lines, also known as CIMMYT maize lines, are internationally accepted, 

and are commonly used in eastern and southern Africa for QPM development. Hans Male 

line which was used as the pollen source for the crosses was obtained from the Quality 

Seed Company in KwaZulu-Natal, SA. 

 

Table 3.1  List of 13 QPM inbred lines used to determine the pollen parent 

effects on tryptophan content 

Lines HG Origin ADT 

CML144   B   CIMMYT LT 

CML176 B   CIMMYT LT 

CML176-3 B   CIMMYT LT 

CML182 B   CIMMYT ST 

SO503W M ARC-GCI STTW 

SO607W P ARC-GCI STTW 

SO713W P ARC-GCI STTW 

RO421W F ARC-GCI STTW 

RO424W  M ARC-GCI STTW 

RO544W F ARC-GCI STTW 

KO54W F ARC-GCI STTW 

FO215W P ARC-GCI STTW 

Hans Male  --- Quality seed STTW 

HG=heterotic groupings; ADT=adaptability; LT=lowland tropics; ST=subtropics; STTW=subtropical temperate warm 
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3.3.2 Environment  

 

The field trial was conducted during the 2007/08 growing season, at the ARC-GCI 

Research station in Potchefstroom (26.7° latitude, 27.1° longitude and about 1349 m 

altitude). During the growing season the location received precipitation of 544.1 mm, 

with an average maximum and minimum temperature of 27.1oC and 11.2oC, respectively. 

An overall average temperature of 18.8oC was recorded during the growing season (Table 

3.2). The soil type at the Potchefstroom farm is a brownish sandy clay loam. 

 

Table 3.2 Weather data for the growing season at Potchefstroom 

Months Tx (°C) Tn (°C) T (°C) Rn (mm) 

Nov  28.42 14.17 20.93 79.5 

Dec  29.73 16.48 22.54 206.2 

Jan  30.81 15.98 23.13 45.1 

Feb  31.18 15.2 22.85 73.4 

March  29.52 13.42 21.02 50.3 

April  25.49 10.6 17.49 64.5 

May  22.76 2.61 12.43 0 

June  19.43 1.15 9.6 25.1 

Average 27.1 11.20 18.75 544.1 

Tx=Average maximum temperature; Tn=Average minimum temperature; T=Average temperature; Rn=Average total rainfall 

 

3.3.3 Experimental layout 

 

The experiment was laid out as an alpha lattice where each pair of treatments appeared 

together in a block once or not at all (Patterson and Williams, 1976), within a split-plot 

arrangement. The main-plot was aligned as the maize inbred lines and sub-plots as 

pollination treatments. The trial had two row plots replicated three times. Land was 

ploughed and disked using a tractor-drawn plough and disc harrow. Planting rows of 0.9 

m apart were marked and two maize seeds per inbred line were planted per station with a 

jab-planter. Spacing within the row was 0.3 m between the stations in a 5 m row.  
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3.3.4 Pollination method 

 

Ears of one row were cross-pollinated while those of the other row in the plot were self-

pollinated. Self-pollination was done as follows: The shoot was covered in a transparent 

ear shoot bag before silks appeared out of the husks to prevent pollen contamination. 

During flowering, a brown pollination paper bag was placed on the tassel of the same 

maize plant for collection of pollen. This was usually done by covering the tassels in the 

afternoon and do pollinations mid-morning when all foreign pollen would have died. The 

pollen was transferred manually from the tassels and deposited on the silks of the same 

plant by carefully removing the transparent ear shoot bag and depositing pollen on the 

silks and covering the ear with the brown pollination bag. The bag stayed on the ear until 

full maturity to prevent contamination that could take place after self-pollination. 

 

For cross-pollination the same method was used as for self-pollination whereby the ear 

shoot was covered before silk emergence. During flowering the pollen was manually 

transferred from the male parent to the silk of the female parents in the cross-pollination 

row. Ears were immediately covered with brown pollination bags after pollination and 

these were left until the ears were harvested. 

 

3.3.5 Trial management 

 

Standard cultural practices for growing maize were followed. Gaucho® (active 

ingredient: Imidacloprid) was applied to maize seeds before planting, to guard against soil 

borne insects. Thinning was done to one plant per station three weeks after emergence to 

maintain a plant population density of 37 037 plants ha-1. Fertiliser was applied at a rate 

of 100 kg N ha-1 to all plots. The N was given as a basal application at planting as 

compound fertiliser 3:2:1 (32) + Zn translating to 15% N, 10.7% P, 5.3% K and 0.5% Zn. 

Lime ammonium nitrate (LAN) with 28% N was used for top-dressing in two equal splits 

at 28 and 56 days after emergence at a rate of 50 kg ha-1 each. Weeds were effectively 

controlled by herbicides and hand weeding. The pre-emergence Sorgomil Gold (active 

ingredient: S-metolachlor/terbuthylazine), and post-emergence Basagran (active 

ingredient: bendioxide) herbicides were applied at a rate of 2.6 L. ha-1 and 2.0 L. ha-1, 

respectively, to control weeds. Throughout the growing season weeds were controlled by 
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hand weeding. Kombat (active ingredient: Carbaryl) was applied in the maize funnel of 

affected plants to effectively control stalk borer (Buseola fusca) infestation, four weeks 

after emergence. Irrigation was applied at planting, when the leaves showed signs of 

rolling and during pollination to encourage silking. The plants were left to field dry for 

about two weeks after reaching physiological maturity. The ears for each pollination 

method were hand harvested separately and then shelled for tryptophan analysis. In this 

study only tryptophan content was measured as lysine and tryptophan contents are highly 

correlated (Figure 3.1). 

 

3.3.6 Tryptophan analysis 

 

Twenty kernels of each inbred line of each pollination treatment, with uniform size were 

selected and finely ground at the ARC-GCI. The milled samples were sent to the ARC-

Animal Production Institute at Irene for tryptophan analysis. Tryptophan was determined 

spectrophotometrically according to the method of Devries et al. (1980) after alkaline 

hydrolysis of the samples (AOAC, 1995; Method 982.30). 

 

3.3.7 Statistical analysis 

 

To determine the effects of cross-pollination on tryptophan concentration, a paired t-test 

was done (Steel and Torrie, 1980). From the tryptophan concentration of both self and 

cross-pollinated kernels, a cross fertilisation effect (R) was deduced as the relative 

increase of cross-pollinated tryptophan content compared to self-pollinated tryptophan 

content. For each inbred line, the relative cross fertilisation effect was computed as the 

difference between mean tryptophan content of crossed (CP) and selfed (SP) plants 

divided by the mean tryptophan content of selfed plants (Bulant et al., 2000; Pahlavani 

and Abolhasani, 2006).  

 

RCPE= [(CP - SP) / SP x 100], 

 

Where, RCPE=relative cross fertilisation effect,  

CP=mean tryptophan content of cross-pollinated plants, and  

SP=mean tryptophan content of self-pollinated plants.  
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3.4 Results 

 

The pollination effects were calculated by comparing the mean differences in tryptophan 

content between selfed and crossed seed over the different crosses and selfs. No 

significant (P > 0.05) differences were observed (Table 3.3). Tryptophan content mean 

for self-pollination, cross-pollination, cross-pollination differences and the relative cross 

pollination effects were 0.099, 0.098, -0.00108 and 2.7725, respectively. The pollination 

differences of the tryptophan content varied from -0.024 (SO503W) to 0.026 (RO544W). 

Relative xenia effect ranged from 29% (RO544W x Hans Male) to -24% (SO503W x 

Hans Male). 

 

Table 3.3  Effects of two pollination methods on tryptophan content of 12 quality 

protein maize inbred lines 

Inbred lines SP 
 

CP 
(x HM) 

CPD (cp-sp) RCPE 
 

SO607W 0.111 0.099 -0.012 -10.81 

CML176  0.116 0.110 -0.006 -5.17 

SO503W  0.101 0.077 -0.024 -23.76 

CML182  0.106 0.087 -0.019 -17.92 

RO421W  0.102 0.096 -0.006 -5.88 

KO54W  0.108 0.122   0.014 12.96 

CML144  0.091 0.094   0.003 3.30 

CML176-3  0.103 0.100   0.003 2.91 

FO215W  0.093 0.102   0.009 9.68 

SO713W 0.081 0.095   0.014 17.28 

RO544W  0.090 0.116   0.026 28.89 

RO424W  0.078 0.095   0.017 21.79 

Mean 
SD 
SEM  
P value 
Ttest 

0.099 
0.012 
0.003 
 
 

0.098 
0.012 
0.004 
 
 

-0.001 
 
 
0.812ns 
0.244ns 

2.773 
16.126 
 
 
 

SP=self-pollination; CP=cross-pollination; CPD=cross-pollination differences; HM=Hans Male; RCPE=relative cross fertilisation 

effect; SEM=standard error of the mean 
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3.5 Discussion 

 

The importance of xenia effect on endosperm modification, protein quantity and quality 

has been previously reported in both normal maize and QPM and most of the research 

findings are contradicting. Vivek et al. (2008) mentioned that in QPM when white is 

crossed with yellow there is an immediate visible impact at harvest on the white 

endosperm maize which will have yellow kernels present. This is due to the fact that the 

allele for yellow colour is dominant. Cordova (2000) and Machida (2008) on the other 

hand, studied QPM and normal endosperm maize crops growing under conditions not 

designed to completely prevent cross-pollination or inter-mating to determine the levels 

of contamination by normal endosperm maize to the nutritional quality of the QPM 

endosperm. They found that the pollen from the normal endosperm maize had an 

immediate effect on the nutritional quality of the QPM. The contamination levels to the 

QPM were found to be ranging from 15.3% to 31.9% and were not as high as previously 

expected. They concluded that QPM can be planted together with normal maize 

endosperm without QPM losing its entire nutritional advantage (Machida, 2008; Machida 

et al., 2012). 

 

Hohls et al. (1995) indicated that in their study they selfed some of the inbred plants to be 

used for endosperm modification analysis due to the fact that Wessel-Beaver and Lambert 

(1982) and Sung (1984) found that xenia effects significantly changed endosperm traits of 

normal and modified opaque-2 maize. Garcia and Souza (2002) hand pollinated their 

materials to control pollen within each plot in order to avoid the xenia effects. These 

efforts by the researchers indicate the importance of xenia effects.  

 

Tsai and Tsai (1990) in crosses between P3732 and B73 x Mo17 found a significant (p≤ 

0.05) cross-pollination effect causing a 20% increase in protein content and 12.4% 

increase in kernel weight compared to self-pollination of the P3732 genotype. Pixley and 

Bjarnason (1994) in a study with different QPM genotypes planted in research trials using 

open and self-pollination, investigated whether the pollen-parent affected the protein 

quality and quantity. They used six pollen treatments (four QPM inbreds, normal maize 

inbred and self-pollination) on the different QPM inbreds in the study. The results 

indicated that the pollen parent does not have an effect on protein quality traits when the 
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females were pollinated by a QPM male or self-pollinated. There were slight differences 

on kernel vitreousness for females pollinated by QPM males compared to self-pollination. 

Protein concentration in the grain was not affected by pollen when QPM females were 

crossed with normal endosperm maize. Respectively, tryptophan in grain and tryptophan 

in the protein were reduced by 37% and 38% and kernel modification was improved by 

normal endosperm maize pollen. Furthermore they indicated that for all traits measured, 

the interaction of males x females were not significant. They concluded that QPM 

germplasm can inter-pollinate in open field plots except when normal endosperm maize is 

involved. Their research findings were valuable for QPM research because it meant that 

self-pollination, which is expensive and labour intensive, will not be necessary when 

evaluating QPM germplasm for protein quality and kernel traits.  

 

In this study pollen parent effects did not play a significant role in the concentration of 

tryptophan in QPM. Results of this study confirmed the results of Pixley and Bjarnason 

(1994), who studied both endosperm and tryptophan concentration and found no 

significant pollen parent effects and pollination methods x genotype interaction on protein 

quality traits. But their results were not in agreement with studies when QPM females 

were pollinated by normal endosperm (Machida, 2008; 2012; Vivek et al., 2008). These 

results were different in the sense that normal endosperm maize rather than QPM was 

used. 

 

3.6 Conclusions 

 

The differences between cross and self-pollinated seeds were determined to measure the 

effect of cross-pollination in QPM. Tryptophan concentration of the self-pollinated 

inbreds did not differ significantly from the cross-pollinated material. This indicated that 

cross-pollination effect does not play a major role in the control of tryptophan content in 

QPM. The findings of this study meant that pollen from Hans Male did not have a major 

effect on the tryptophan concentration of the 12 inbred lines and therefore for this study it 

can be concluded that it is not necessary to self-pollinate QPM inbred lines when 

evaluating them in small research plots, since the potential of the inbreds can be 

accurately determined in open pollinated fields. However, in order to confirm these 

results additional research should be done with more than one male parent for the same 
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number of females. Future research may also include the effect of location with the 

pollination methods on tryptophan content to see the importance of pollination methods 

and location, since others have found significant differences when the materials were 

evaluated on multi-location basis (Krieger et al., 1998). 
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Chapter 4 

 
Genotype by environment interaction for grain quality traits in quality 

protein maize under low and optimum nitrogen conditions 
 

4.1 Abstract 

 

Evaluation of maize inbred lines for grain quality traits in multi-location trials usually 

results in GEI. The GEI is known to influence the selection of superior genotypes in 

breeding programmes and results in inconsistency in the performance of genotypes from 

one environment to another. Understanding GEI is of great importance for the 

identification and selection of superior genotypes. The objective of this study was to 

determine genotypic variation and the existence and magnitude of GEI on endosperm 

hardness, QI and tryptophan, protein, starch and oil content in QPM inbred lines. Twelve 

QPM inbred lines were grown in four locations during the 2009/10 growing season. The 

four locations consisted of two N levels resulting in eight environments. Data were 

collected on endosperm hardness, QI, protein, tryptophan, starch and oil content. Single 

and combined ANOVA were performed on the data for genotype, environment and GEI 

effects. Large genotypic differences were detected in all grain quality traits in both low 

and optimum N environments. For combined ANOVAs genotypes, environments and 

GEI effects were highly significant for all traits except for endosperm hardness. AMMI 

and genotype main effect and GGE biplots were employed in the identification of 

superior genotypes and ideal environments for significant traits. The AMMI and GGE 

biplot analyses were more efficient in extracting the total GEI variation, with both 

explaining more than 60% of GEI variation than ANOVA. GGE biplots explained a 

greater proportion of the sum of squares of the GEI, except for tryptophan content, and it 

is better for visualisation of environments and cultivar performance than the AMMI 

analysis. AMMI and GGE biplots were similar in identifying high performing genotypes 

for all traits except for oil concentration, and the most stable genotypes except for QI, 

protein and oil concentration. GGE biplots were also able to identify the ideal (high 

performing and stable) genotypes as KO54W, KO54W, Hans Male, SO503W and 

CML144 for QI, tryptophan, protein, oil and starch content respectively, for further use in 

QPM breeding programmes. The GGE biplots for “which-won-where” further assessed 
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which genotypes performed well in which environments. For tryptophan content 

BO163W, KO54W and SO503W were the vertex genotypes and performed similar at the 

Potchefstroom low N (PL) environment. Hans Male and RO559W were the best 

genotypes across eight environments for protein content, whilst KO54W and SO713W 

were the best across seven environments for QI. For oil content Hans Male was the best at 

Cedara optimum N (CH), Towoomba optimum N (TWH), Cedara low N (CL) and 

Towoomba low N (TWL), while SO503W was the best at TWL, Tshiombo optimum N 

(TSH), Potchefstroom optimum N (PH) and Tshiombo low N (TSL), and FO215W at PL. 

CML144 was the best at CH, PH, TWH, TSH, CL, PL and TSL, and BO163W at TWL 

for starch content. GGE biplots identified CH as the most representative and 

discriminating environments for QI, tryptophan and starch concentration, and TSH and 

PH were for protein and oil concentration, respectively. AMMI biplots identified the 

highest yielding environments as TWH for tryptophan and protein concentration, TSH for 

QI and starch concentration and PH for oil concentration. The results were expected 

because all the environments were representative of the optimum N conditions.  

 

4.2 Introduction 

 

In SA maize covers about 60% of the cropping area and constitutes more than 70% of 

grain production (Akpalu et al., 2008). It plays an important role for food, feed and 

industrial purposes and is mainly comprised of 70-75% starch, 8-10% protein and 4-5% 

oil (Boyer and Hannah 1994; Mukharib, 2006). Its importance increases with 

improvement of grain quality characters such as endosperm hardness, protein, starch, oil 

and tryptophan concentration for which some the South African maize industry is 

extremely strict. Public and private maize breeding programmes up to this point have 

mainly focused on these traits, because improving grain quality provides various end 

users with grain that is better suited to their needs. The SAGL annually conducts maize 

quality surveys to determine the quality of the maize produced in the country, using 

various grading systems. During the 2010/11 growing season they reported that the 

nutritional values of South African maize were ranging between 2.8-5.8% oil, 6.1-12.7% 

protein and 58.3-77.0% starch (SAGL, 2011).  
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Environment has a major influence on different quality traits in maize genotypes, and the 

environmental conditions in which maize is grown vary widely. The crop is grown in 

areas receiving an annual rainfall of 250 to 5000 mm, from latitude 580 N to 400 S and 

from sea level to higher than 3000 m altitude (Paterniani, 1990; Downsell et al., 1996), 

and has spread across the world because of its high adaptability to a wide range of 

environments. In SA maize is grown from semi-arid to sub-tropical wet regions across the 

nine provinces and is highly vulnerable to changes in rainfall and temperature (Benhin, 

2006; Durand, 2006). The areas differ considerably in terms of soil type and climatic 

conditions. Environmental factors such as soil N availability, drought, temperature and 

heat stress have an influence on kernel filling, kernel hardness, yield, starch, oil and 

protein concentration in normal endosperm maize (Kettlewell, 1996; Commuri and Jones, 

2001; Hadi, 2004; Monjardino et al., 2005; Terasawa et al., 2008), and some of those 

factors have a major effect on grain quality characteristics in QPM. Documented 

constraints causing significant reduction and effects to nutritional quality and kernel 

hardness in QPM include low soil fertility and drought (Ngaboyisonga et al., 2006; Gissa, 

2008; Ngaboyisonga, 2008). In Africa fertiliser use is low when compared to the rest of 

the world, and subsistence farmers grow maize under declined soil fertility (FAO, 2005). 

Researchers usually develop and test breeding materials under different conditions to that 

of farmers, and that needs to change in order for those materials to perform better and 

become adaptable to farmer’s conditions. In this study the performance of different QPM 

genotypes under different environments was investigated. Originally the ARC-GCI 

breeding materials were developed and tested under optimum conditions, while the reality 

is that many farmers are growing maize under low N conditions. 

 

The most important objective of a breeding programme is to develop inbred lines and 

hybrids that have high breeding values for yield, grain quality and other agronomic 

characteristics. It is important for breeders to evaluate those different types of varieties 

under multi-environment trials for characteristics that are valuable to the different end 

users (Alake and Ariyo, 2012). Multi-environment trials are usually planted in the same 

year at different locations with similar varieties (Gauch, 1992). Genotypes respond 

differently to the environments causing significant GEI where the relative performance of 

varieties cannot be predicted from one environment to another (Kang, 2004). Large GEI 

has an important and problematic bearing on the breeding of better varieties in most 



 

60 
 

breeding programmes due to the fact that it is difficult to identify better performing 

genotypes and it reduces selection progress. In each environment the measured 

performance of each genotype is a measure of the environmental main effects, genotypic 

main effect and GEI, with the environmental effects accounting for about 80% of the total 

variation and genotypic effects and GEI representing the rest of variation even though 

they are most relevant for cultivar recommendation (Yan et al., 2007). It is important for 

genotypes to show reliable performance for various characters when tested over a wide 

range of environmental conditions (Becker and Leon, 1988). Widely adapted and 

consistently performing genotypes across environments are desirable to breeders and 

farmers. A genotype is considered to be adaptable if it has a low degree of fluctuation in 

performance and a high mean when grown over diverse environments (Falconer, 1981). 

Consequently it is important to test genotypes across a wide range of environments and 

conduct stability analysis studies to select genotypes with stable characteristics. 

 

Different researchers have observed significant GEI for yield and endosperm hardness 

traits in QPM hybrids (Hohls et al., 1995; Pixley and Bjarnason, 2002; Preciado-Ortiz et 

al., 2006; Shava, 2007; Gissa, 2008; Machida, 2008; Ngaboyisonga, 2008). In SA GEI 

has been reported in normal maize for yield (Laubscher, 2000; Alberts, 2004), in QPM 

for yield (Hohls et al., 1995), wheat (Purchase, 2000; Solomon et al., 2008), sunflower 

yield and oil characteristics (Schoeman, 2003; Van Der Merwe, 2010), sugarcane yield 

and estimated recoverable crystal (Ramburan et al., 2011; Zhou et al., 2012) and sweet-

potato (Laurie, 2010). 

 

In terms of analysing and understanding the existence and magnitude of GEI there are 

various methods which are helpful in revealing GEI. The most recently used methods are 

the AMMI model (Gauch, 1992; Gauch and Zobel, 1996) and GGE biplots (Yan et al., 

2000). In SA AMMI has been broadly used on maize, while GGE biplots have only been 

reported on sweet-potatoes (Laurie, 2010) and sugarcane (Ramburan et al., 2011; Zhou et 

al., 2012). The AMMI firstly extracts genotype effects and environment effects to predict 

genotypic performance in specific environments, and then the GEI (Gauch and Zobel, 

1988; 1996), while GGE biplots extract genotype and GEI and no environment effects 

(Yan et al., 2000; 2007). The GEI and stability analysis in QPM has mainly been 

conducted for grain yield, endosperm hardness and other agronomic characteristics, and 
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literature is limited for other important grain quality characteristics such as tryptophan, 

oil, starch and protein and QI.  

 

There is limited literature in the South African context on the influence of genotype, 

environment and GEI effects on grain quality characters such as endosperm hardness; and 

none on protein, tryptophan, starch and oil concentration; and in most of these studies the 

entries were tested under only optimum conditions. It is of great importance to test QPM 

inbred lines in trials over varying growing locations in order to determine and understand 

the occurrence and magnitude of GEI. This allows breeders to identify and select superior 

QPM inbred lines for use in breeding programmes. The objective of this study was to 

evaluate QPM inbred lines for endosperm hardness, tryptophan, protein, oil and starch 

concentration in low and optimum N environments; and to determine the existence and 

understand the degree of GEI on grain quality characteristics. 

 

4.3 Materials and methods 

 

4.3.1 Germplasm 

 

A total of 12 QPM inbred lines were evaluated. Six of the inbred lines were the same as 

those used in Chapter 3 except for BO163W, RO559W, RO550W, RO452W, CZL01005 

and CML176-2. CZL01005 and CML176-2 are from CIMMYT-Zimbabwe while the 

other four inbred lines are from the ARC-GCI.  

 

4.3.2 Field trials environment, design and management  

 

The field trials were conducted during the 2009/10 growing season in four locations 

namely: Cedara, Towoomba, Potchefstroom and Tshiombo. Trials were planted under 

two N levels (low and optimum N) at each location resulting in a total of eight 

environments. At the low N sites N was applied at planting and no further N was given to 

the crop throughout the growing season. Potchefstroom is located in the Tlokwe 

municipality of the Northwest (NW) province and lies at -26.730 latitude, 27.080 

longitude, at an altitude of 1349 m above sea level (masl), with brown sandy loam soils. 

Compound fertiliser 3:2:1 (32) + Zn was applied as a basal application at planting at a 
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rate of 100 kg N ha-1 to optimum N plots and 100 kg N ha-1 to low N environment. LAN 

with 28% N was used for top-dressing in two equal splits at 28 and 56 days after 

emergence at a rate of 50 kg ha-1 each only in optimum N plots. Cedara is located in the 

uMngeni municipality of the KwaZulu-Natal (KZN) province and lies at -29.540 latitude, 

30.260 longitude, at an altitude of 1066 masl, with reddish brown clay soils. Fertiliser 

used was MAP 250 kg ha-1at planting for optimum N environments, 30 kg ha-1 low N 

environment and LAN given at 150 kg ha-1 in two equal splits of 75 kg ha-1 for only the 

optimum N sites at 28 and 56 days after emergence. Towoomba is located in the Bela-

Bela municipality of the Limpopo (LP) province and lies at -24.920 latitude, 28.330 

longitude, at an altitude of 1143 masl, with dark black clay soils. Fertiliser was given at a 

rate of 100 kg N ha-1 for the optimum N plots and 20 kg N ha-1 for low N plots, as a basal 

application at planting as compound fertiliser 3:2:1 (32) + Zn. LAN with 28% N was used 

at the optimum N environment for top-dressing at 28 days after emergence at a rate of 50 

kg ha-1. Tshiombo is located in the Thulamela municipality of the LP province and lies at 

-22.800 latitude, 30.480 longitude at an altitude of 650 masl, with brown sandy loam soils. 

Fertiliser was applied at a rate of 150 kg N ha-1 to optimum N environments, 25 kg N ha-1 

to low N plots, and the N was given as a basal application at planting as compound 

fertiliser 3:2:1 (32) + Zn. LAN with 28% N was used only at the optimum N plots for top-

dressing at 28 days after emergence at a rate of 100 kg ha-1.  

 

A summary of the climatic conditions for each location is listed in Table 4.1. KZN, LP 

and NW which are the three provinces used in this study, have about 33, 23 and 11% of 

the small-scale farmers who produce maize for subsistence in SA, with some of the 

farmers in these provinces already producing QPM. Temperature and precipitation data 

for each location were obtained from the weather division at ARC-Institute for Soil 

Climate and Water in SA using geographical points of each location; and collected from 

the weather stations closest to the locations. For Towoomba weather data sets for 

November 2009 to February 2010 were missing because the weather station was stolen 

during that period and only replaced in March 2010.  

 

The inbred lines were evaluated in a (0,1) alpha lattice design (Patterson and Williams, 

1976), replicated three times and with a different randomisation used in each 

environment.  
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The weed management and disease control used for Potchefstroom, Tshiombo and 

Towoomba sites were similar to those in Chapter 3, while for Cedara, at planting Eptam 

Super (active ingredient: EPTC + safener), at a rate of 3l ha-1 was used for control of 

annual grasses, yellow and purple nutsedge; and during the growth season Basagran 

(active ingredient: Bendioxide) was used for control of annual broad leaved weeds and 

yellow nutsedge at 3l ha-1. GLS and NLB were controlled with Punch Extra (active 

ingredient: Carbendazim/iflusilazole) and narrow range mineral oil at a rate of 1.5l ha-1. 

Stalk borer was controlled with Karate EC (active ingredient: lambda-cyhalothrin) at a 

rate of 120 ml ha-1. Other cultural practices for all the sites were similar to those in 

Chapter 3. 

 

4.3.3 Tryptophan analysis 

 

Twenty kernels of each inbred line, with uniform size were selected and then milled at the 

ARC-GCI. The seeds of the inbred lines were analysed at the University of the Free State, 

Plantbreeding biochemical laboratory for tryptophan concentration using a colorimetric 

method based on glyoxylic acids reaction with tryptophan in the presence of ferric 

chloride and sulphuric acid (Nurit et al., 2009).  

 

Chemicals and reagents were prepared for 22 samples as follows: Papain solution (1 mg 

ml-1) was prepared daily by adding 0.065 g papain into 65 ml of 0.165 M sodium acetate. 

DL-Tryptophan was used as a standard and prepared in 0.1 M sodium acetate at pH 7. 

This was prepared weekly by dissolving 10 mg of DL-Tryptophan into 100 ml buffer and 

stored in a refrigerator at 40C. A 30 N sulphuric acid stock was prepared by adding 833.3 

ml sulphuric acid (96%) slowly into a bottle with 166.7 ml of distilled water placed on ice 

and stirred continuously with a magnetic stirrer. It was allowed to cool to room 

temperature, after which distilled water was gradually added to obtain the final volume of 

1000 ml in a volumetric flask. Four reagents (A-D) were prepared. A=0.332 g glycolic 

acid in 35 ml 7 N H2SO4; B=0.017 g ferric chloride added to A; C=30 N H2SO4 and D=35 

ml C added to 35 ml B. The defatting protocol of Folch et al. (1957) was followed where 

1 g milled sample was measured into a 50 ml falcon tube and 10 ml of a 2:1 

chloroform:methanol mixture was added. The tube was shaken and left overnight in a 

refrigerator at 4ºC. The content of the tube was filtrated, and about 10 ml  
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Table 4.1 Weather data at Towoomba, Potchefstroom, Cedara and Tshiombo during the 2009/2010 growing season 

Months                                                                                           Locations 

 Cedara   Towoomba Tshiombo Potchefstroom 

 Tx Tn Rn Tx Tn Rn Tx Tn Rn Tx Tn Rn 

November 22.42 11.6 70.4 - - - 29.1 17.1 208.3 27.3 13.5 87.9 

December 24.94 13.7 52.8 - - - 30.0 19.2 128.3 30.6 16.3 205.0 

January 26.23 15.0 140.7 - - - 29.2 19.2 212.3 27.3 17.1 242.6 

February 28.22 15.3 97.3 - - - 28.8 19.4 179.8 29.2 16.2 86.4 

March 26.39 14.4 67.3 32.9 16.5 92.5 29.6 18.4 22.7 28.3 15.2 143.0 

April 24.7 11.3 67.3 26.4 13.5 219.0 26.4 16.6 336.3 24.5 12.2 77.5 

May 24.75 7.3 3.3 26.9 8.0 19.1 25.6 13.3 21.1 23.2 6.78 25.4 

June 20.54 3.3 5.08 23.7 1.9 0 23.2 8.27 9.7 19.9 -0.3 0 

Mean 24.7 11.5 63.0 27.5 9.9 82.7 27.7 16.4 139.8 26.3 12.1 108.5 

Total Rn in season 504.2   ---   1119   867.8 

Latitude -29.5419 -24.92632 -22.80146 -26.73607 

Longitude 30.2649 28.33843 30.48139 27.07553 

Alt (masl) 1066   1066   653   1349   

Tx=Average maximum temperature in °C; Tn=Average minimum temperature in °C; Rn=Average total rainfall in mm; Alt=Altitude in metres above sea level (masl) 
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chloroform:methanol solution was used to rinse the tube and wash the remaining fat from 

the samples. The washing process was done three times. The samples were left at room 

temperature to dry whilst in the filter papers for about an hour, from which 0.08 g sample 

was placed in a 15 ml falcon tube and digested using 3 ml of the freshly prepared papain 

solution. A control was included in the form of a blank tube with only papain solution to 

be used later to zero the spectrophotometer (Helios UV, Spectronic Unicam). Samples 

were incubated in the waterbath for 16 hours at 640C, and vortexed at least twice (one 

hour after being placed in the waterbath and one hour before being taken out). After 16 

hours the tubes were taken out of the water bath and allowed to cool at room temperature. 

The tubes were vortexed before being centrifuged at 3600 g for 5 minutes, ensuring that 

the supernatant is clear. One ml of the supernatant was carefully transferred to a glass 

tube; and 3 ml of reagent D was added. Samples were thoroughly vortexed for 5 seconds 

and then incubated at 640C for 30 minutes to allow colour development. The samples 

were allowed to cool at room temperature for two hours before reading the optical density 

(OD) at 560 nm on a spectrophotometer.  

 

For the standard curve dilutions, the tryptophan in 0.1 M sodium acetate (pH 7) stock 

solution were used to prepare a 0, 10, 15, 20, 25 and 30 µg ml-1 tryptophan concentration 

series. Of each concentration 1 ml was added into a 15 ml glass tubes, and to this reagent 

D (3 ml) was added. Samples were vortexed, incubated to allow colour development. 

After 30 min in the waterbath (640C) the sample were taken out and cooled at room 

temperature and OD560nm readings were done on the spectrophotometer and these readings 

were used to draw a calibration curve. The slope with the unit OD x ml µg-1 was 

calculated and the percentage tryptophan was calculated from the corrected OD (OD560nm 

sample – OD560nm average papain blanks). By multiplying the corrected OD560nm by a 

factor: hydrolysate volume/(standard curve slope x sample weight), and dividing the 

micrograms of tryptophan measured during sample analysis by micrograms of tryptophan 

added (papain solution) to each sample, and multiplying by 100 (Nurit et al., 2009). 

 

                                OD560mm                hydrolysis volume 
%trp (µg µg-1) = ––––––––––––– x    –––––––––––––––––     x 100 
                              slope                           sample weight 
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4.3.4 Protein, starch, oil and quality index determination 
 

The method used for protein, oil and starch is the same as that used by the SAGL. An 

Infratec 1241 Whole Grain Analyser was used to measure fat, protein and starch 

concentrations in the maize grain at the ARC-GCI. The analyser uses transmission 

absorptions; in which the constituents to be measured in the grain absorb electromagnetic 

radiation in the near-infrared region of the spectrum. The grain quality components are 

indicated on a dry base as percentage (g 100 g-1). QI was determined by taking the ratio of 

tryptophan concentration to protein content, and expressed as a percentage. 

 

4.3.5 Endosperm hardness 

 
Endosperm hardness scores were recorded following the method of Pixley and Bjarnason 

(2002) and Vivek et al. (2008). The ten best ears in each plot were identified and 10 

kernels taken in the middle of the ear to make a total of 1000 kernels for each plot. A light 

table was used for measuring degree of kernel modification. The light table is a table with 

the top made of acrylic or translucent glass with a fluorescent tube placed underneath the 

glass as a source of light. It is placed in a moderately dark room and kernels are spread on 

top of the glass for selection into five different classes. For this study a sample of 1000 

kernels for each inbred line was sorted and scored on a scale of 1-5, where 1 is 

completely modified/hard and 5 is completely opaque/soft. The scores were based on 

appearance of kernel endosperm on the light table as follows: class 1: 100% hard 

translucent, 0% soft-opaque; class 2: 75% hard translucent, 25% soft-opaque; class 3: 

50% hard translucent, 50% soft-opaque; class 4: 25% hard translucent, 75% soft-opaque; 

and Class 5: 0% hard translucent, 100% soft-opaque (Bjarnason and Vasal, 1992; Pixley 

and Bjarnason, 2002; Vivek et al., 2008). Endosperm modification score (EMS) of a plot 

was measured by using the following formula: 

 

EMS= (A*1) + (B*2) + (C*3) + (D*4) + (E*5) / A+B+C+D+E 

 

Where: A is the total number of kernels in class 1; B the total number of kernels in class 

2; C the total number of kernels in class 3; D  the total number of kernels in class 4; and E 

total number of kernels in class 5. 
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4.3.6 Statistical analyses 

 

Data were analysed using AGROBASE Gen II software (Agronomix Software Inc., 

2005). Single ANOVAs were conducted for eight separate environments, with genotypes 

regarded as fixed effects and replications and locations as random effects. Combined 

ANOVA were then done for the low and optimum N environments and then across the 

eight N environments in order to determine the genotypic main effects, environmental 

effects and GEI. The proportion of variance was calculated using the sum of squares. For 

GEI the stability of genotypes across various environments was assessed using the AMMI 

model (Zobel et al., 1988; Gauch and Zobel, 1996) and GGE biplots (Yan et al., 2007). 

AMMI1 biplots were compiled using Genstat 16th Edition (Genstat, 2012); where IPCA1 

is plotted against genotype and environment means. IPCA scores against both genotype 

and site means were done for each trait separately using the first one or two significant 

IPCAs. The AMMI biplots were drawn by placing the mean on the horizontal and IPCA 1 

score on the vertical axis. Genotypes or environments that appear almost on a 

perpendicular line of the graph have similar means, while those that fall almost on the 

horizontal line have similar interaction patterns (Crossa, 1990). By using IPCA 1 scores 

of individual environments in conjunction with IPCA scores of the genotype, the 

adaptability of a genotype is determined by characterisation of environments. 

Environments were classified into low or high potential (Crossa, 1990). The GGE biplots 

were plotted using Genstat 16th edition (Genstat, 2012). The biplots were drawn for each 

trait separately using the first two significant IPCAs. IPCA2 scores were plotted against 

IPCA1 scores withthe IPCA1 scores on the horizontal and IPCA2 scores on the vertical 

axis. 
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4.4 Results 

 

4.4.1 Separate analysis of variance for grain quality traits in low N environments 

 

4.4.1.1 Endosperm hardness 

The ANOVA and mean values results for four low N environments trials are presented in 

Table 4.2 and Table 4.3 respectively. Genotype mean squares were highly significant 

(P≤0.01) for Towoomba and significant (P≤0.05) for Potchefstroom, Cedara and 

Tshiombo. As a percentage of total sum of squares, the genotypes accounted for 54.5, 

55.8, 57.5 and 61.6 of the variation in Potchefstroom, Towoomba, Cedara, and Tshiombo, 

respectively. Variations were observed in rankings of genotypes across the four locations, 

due to changes in performance of genotypes in response to the different environments. 

The mean values across the locations ranged between a score of 1.06-3.20 in Cedara, 

1.64-3.46 in Potchefstroom, 1.67-3.25 in Towoomba and 2.14-3.75 in Tshiombo. On 

average Tshiombo produced the softest kernels due to high mean scores (3.75) and 

Cedara produced hard kernels due to the low mean scores. Hans Male ranked first in three 

locations namely Potchefstroom, Cedara and Towoomba; while it was second in 

Tshiombo. Genotypes that ranked last were KO54W, RO559W, CZL01005 and BO163W 

in Potchefstroom, Cedara, Tshiombo and Towoomba respectively. 

 

4.4.1.2 Oil concentration 

Highly significant genotype mean squares (P≤0.01) were observed at all the locations and 

60.2-85.0% of the variance was contributed by genotypes at all four locations (Table 4.4). 

Variation was observed in rankings of genotypes across four locations (Table 4.5). Hans 

Male ranked first in both Cedara (6.0%) and Towoomba (5.7%), while SO503W ranked 

first in Potchefstroom (5.8%) and second in Cedara and Towoomba; while KO54W was 

first in Tshiombo (5.1%). The oil concentration ranged between 4.1-6.0% in Cedara, 4.6-

5.8% in Potchefstroom, 4.5-5.7% in Towoomba and 3.8-5.1% in Tshiombo. In terms of 

average means Tshiombo yielded the lowest average oil concentration (4.7%), while 

Towoomba and Potchefstroom yielded the highest average oil concentration (5.3%). 
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Table 4.2  Mean squares from analysis of variance and proportion of variance components for endosperm hardness of 12 QPM 

inbred lines tested in four low N environments of South Africa 

Source DF Potchefstroom Cedara Tshiombo Towoomba 
  MS %Variation MS %Variation MS %Variation MS %Var iation 

Replication 2 0.125 1.81 0.178 1.84 0.164 2.05 0.515 7.19 
Genotype 11 0.685* 54.53 1.011* 57.51 0.893* 61.59 0.727** 55.84 
Residual 22 0.274 43.66 0.357 40.64 0.264 36.36 0.241 36.97 
CV (%)          20.19              25.22        17.54           19.99 
*P≤0.05; **P≤0.01; MS=Mean squares; CV=Coefficient of variation 

 

Table 4.3 Mean values and rankings of endosperm hardness for 12 QPM inbred lines in four low N environments 

Genotype Potchefstroom Cedara  Tshiombo  Towoomba  
Mean Rank 

 
Mean Rank 

 
Mean Rank 

 
Mean Rank 

 SO503W 2.17 103 2.64 8 3.25 8 2.67 9 
Hans Male 1.64 1 1.06 1 2.15 2 1.67 1 
CML144 2.16 2 1.95 3 2.14 1 2.11 4 
RO424W 2.92 10 1.76 2 2.25 3 2.04 3 
FO215W 2.63 6 2.78 10 3.31 10 2.88 10 
RO559W 2.66 7 3.20 12 3.48 11 2.24 5 
SO713W 2.34 4 2.21 5 2.56 4 1.98 2 
BO163W 2.80 9 2.96 11 3.13 7 3.25 12 
CML176-2 3.09 11 2.67 9 3.06 6 2.60 8 
KO54W 3.46 12 2.52 7 3.30 9 2.52 7 
RO450W 2.52 5 2.21 4 2.75 5 2.27 6 
CZL01005 2.73 8 2.48 6 3.75 12 3.22 11 

Average           2.59           2.37            2.93              2.46  
LSD (0.05)           1.07           1.22            1.05              1.01  
LSD=least significant difference 
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Table 4.4  Mean squares from analysis of variance and proportion of variance components for oil concentration of 12 QPM 

inbred lines tested in four low N environments of South Africa 

Source DF     Potchefstroom        Cedara       Tshiombo    Towoomba 
  MS %Variation MS %Variation MS %Variation MS %Var iation 

Replication 2 0.006 0.27 0.017 0.37 0.134 4.32 0.152 5.13 
Genotype 11 0.347** 84.76 0.692**  85.04 0.418** 73.86 0.325** 60.20 
Residual 22 0.031 14.97 0.059 14.58 0.062 21.82 0.093 34.67 
CV (%)  3.30            4.79           5.30               5.72  
**P≤0.01; MS=Mean squares; CV=Coefficient of variation 
 

Table 4.5 Mean values and rankings of oil concentration for 12 QPM inbred lines in four low N environments 

Genotype Potchefstroom Cedara  Tshiombo  Towoomba  
 Mean Rank 

 
Mean Rank 

 
Mean Rank 

 
Mean Rank 

 SO503W 5.77 1 5.47 2 4.93 4 5.67 2 
Hans Male 5.23 7 6.00 1 4.93 5 5.73 1 
CML144 4.57 12 4.13 12 3.83 12 4.47 12 
RO424W 5.40 6 5.03 8 4.63 8 5.17 11 
FO215W 5.76 2 5.00 9 4.77 6 5.57 3 
RO559W 5.17 9 4.37 11 5.00 3 5.33 7 
SO713W 4.93 11 5.30 3 5.07 2 5.53 4 
BO163W 5.50 4 5.00 10 4.33 11 5.23 10 
CML176-2 5.43 5 5.10 7 4.53 9 5.50 5 
KO54W 5.53 3 5.23 5 5.13 1 5.27 9 
RO450W 5.23 8 5.13 6 4.67 7 5.30 8 
CZL01005 5.17 10 5.30 4 4.40 10 5.40 6 

Average           5.31           4.79           4.69             5.34  
LSD (0.05)           0.36           0.49           0.51             0.63  
LSD=least significant difference 
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4.4.1.3 Protein concentration 

In the ANOVA for protein concentration (Table 4.6), mean squares for genotype were 

highly significant (P≤0.01) at all four locations and 71.4-95.5% of the total variance was 

accounted for by genotypes. Genotypes at Potchefstroom had the highest percentage total 

sum of squares (95.5%). Variation was observed in the rankings of genotypes across four 

locations (Table 4.7). Hans Male ranked first in three locations namely Cedara (11.9%), 

Tshiombo (11.4%) and Towoomba (11.4%) and second in Potchefstroom with CML144 

ranking first. SO503W ranked last in all the locations except at Cedara where it ranked 8th 

which is still below the average mean, with FO215W ranking last. The average mean was 

highest at Tshiombo and lowest at Potchefstroom. Protein concentrations ranged between 

8.0-11.9%, 8.5-11.4%, 8.1-11.4%, and 6.7-10.3% at Cedara, Tshiombo, Towoomba and 

Potchefstroom respectively.  

 

4.4.1.4 Quality index 

ANOVA for QI (Table 4.8) indicated significant mean squares (P≤0.05) for replication at 

Potchefstroom. Genotype mean squares were highly significant (P≤0.01) for Cedara and 

Tshiombo, significant (P≤0.05) for Towoomba and non-significant for Potchefstroom. As 

a percentage of total sum of squares, the genotype accounted for 40.9, 56.0, 56.4 and 74.0 

of the variation in Potchefstroom, Tshiombo, Towoomba, and Cedara respectively. 

Variations were observed in rankings of genotypes across the four locations, due to 

changes in performance of genotypes in response to the different environments (Table 

4.9). SO503W ranked first in Potchefstroom and Tshiombo; while KO54W ranked first in 

Cedara and Towoomba. Hans Male and BO163W ranked last in Potchefstroom, Cedara, 

Towoomba and Tshiombo respectively. The mean values across the locations ranged 

between 0.60-1.30% in Towoomba, 0.60-1.33% in Cedara, 0.70-1.20% in Tshiombo and 

0.73-1.13% in Potchefstroom. Generally Cedara had the highest average mean value 

(1.08%) and Towoomba had the lowest mean value for QI.  
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Table 4.6  Mean squares from analysis of variance and proportion of variance components for protein concentration of 12 QPM 

inbred lines tested in four low N environments of South Africa 

Source DF     Potchefstroom        Cedara       Tshiombo    Towoomba 
  MS %Variation MS %Variation MS %Variation MS %Var iation 

Replication 2 0.443 1.80 0.084 0.32 0.087 0.66 2.130 8.80 
Genotype 11 3.592** 80.07 4.525**  95.47 2.064** 87.26 3.145** 71.44 
Residual 22 0.497 18.13 0.100 4.21 0.143 12.08 0.435 19.77 
CV (%)          7.56            3.45          3.92          7.18  
**P≤0.01; MS=Mean squares; CV=Coefficient of variation 
 

Table 4.7 Mean values and rankings of protein concentration for 12 QPM inbred lines in four low N environments 

Genotype Potchefstroom Cedara  Tshiombo  Towoomba  
 Mean Rank 

 
Mean Rank 

 
Mean Rank 

 
Mean Rank 

 SO503W 6.73 12 8.43 8 8.47 12 8.07 12 
Hans Male 10.00 2 11.87 1 11.43 1 11.40 1 
CML144 10.27 1 8.30 9 10.00 4 9.13 5 
RO424W 7.87 8 9.50 4 9.00 9 8.80 7 
FO215W 9.00 4 7.97 12 9.40 8 8.87 6 
RO559W 8.77 5 10.33 3 9.60 7 10.37 2 
SO713W 7.80 9 9.20 4 9.80 6 9.75 4 
BO163W 9.63 3 10.67 2 10.00 3 10.17 3 
CML176-2 7.47 11 8.03 11 9.80 5 8.40 9 
KO54W 7.90 7 8.13 10 8.62 11 8.17 11 
RO450W 7.73 10 8.67 6 9.00 10 8.77 8 
CZL01005 8.03 6 8.67 7 10.50 2 8.40 10 

Average            8.43           9.15            9.63              9.19  
LSD (0.05)            1.31           0.65            0.77              1.35  
LSD=least significant difference 
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Table 4.8  Mean squares from analysis of variance and proportion of variance components for quality index of 12 QPM inbred 

lines tested in four low N environments of South Africa 

Source DF     Potchefstroom        Cedara       Tshiombo    Towoomba 
  MS %Variation MS %Variation MS %Variation MS %Var iation 

Replication 2 0.084* 16.63 0.030 4.26 0.069 8.61 0.004 0.61 
Genotype 11 0.038ns 40.94 0.095**  73.97 0.081** 56.03 0.075* 56.43 
Residual 22 0.020 42.42 0.014 21.77 0.026 35.36 0.029 42.95 
CV (%)            13.58            10.90           16.45           17.93  
*P≤0.05; **P≤0.01; MS=Mean squares; CV=Coefficient of variation 
 

Table 4.9 Mean values and rankings for quality index of QPM inbred lines in four low N environments 

Genotype Potchefstroom Cedara  Tshiombo  Towoomba  
Mean Rank 

 
Mean Rank 

 
Mean Rank 

 
Mean Rank 

 SO503W 1.13 1 1.03 9 1.20 1 0.93 8 
Hans Male 0.73 12 0.60 12 0.77 11 0.60 12 
CML144 0.93 11 1.00 11 0.83 10 0.83 11 
RO424W 0.97 10 1.03 10 1.10 4 0.93 6 
FO215W 1.03 8 1.23 2 1.17 2 1.03 2 
RO559W 1.13 2 1.10 8 0.97 7 0.90 9 
SO713W 1.10 4 1.10 7 1.00 6 0.97 5 
BO163W 1.03 9 1.10 6 0.70 12 1.00 3 
CML176-2 1.03 7 1.17 3 1.00 5 1.00 4 
KO54W 1.10 5 1.33 1 1.17 3 1.30 1 
RO450W 1.07 6 1.13 5 0.90 8 0.90 10 
CZL01005 1.10 3 1.17 4 0.87 9 0.93 7 

Average            1.03           1.08            0.97             0.94  
LSD (0.05)            0.29           0.24            0.33             0.35  
LSD=least significant difference 
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4.4.1.5 Tryptophan concentration 

Replication mean squares were significant (P≤0.05) at Potchefstroom. Only Cedara 

showed significant genotype mean squares (P≤0.01) and about 66.7% of the total variance 

was contributed by genotypes at Cedara (Table 4.10). Variation was observed in rankings 

of genotypes across four locations (Table 4.11). BO163W, FO215W, KO54W and ranked 

first in Cedara (0.12%), Tshiombo (0.11%), Towoomba (0.11%), respectively, and 

RO559W and B0163W ranked first and second with a mean of 0.10% at Potchefstroom 

(0.10%); while Hans Male ranked last at Potchefstroom, Cedara and Towomba and 

BO163W ranking last at Tshiombo. The tryptophan concentration ranged between 0.07-

0.12%, 0.07-0.11%, 0.07-0.11% and 0.07-0.10% at Cedara, Tshiombo, Towoomba and 

Potchefstroom respectively. Generally, genotypes had the lowest tryptophan 

concentration in Potchefstroom and Towoomba and the highest tryptophan concentration 

at Cedara and Tshiombo. In terms of average means Cedara gave the highest average 

tryptophan concentration (0.10%), while the other three locations had similar average 

lowest tryptophan concentration (0.09%). 

 

4.4.1.6 Starch concentration 

Mean squares for genotype were highly significant (P≤0.01) at all the locations except for 

Towoomba which had significant (P≤0.05) mean square values (Table 4.12). About 46.6-

86.6% of the total variance was accounted for by genotype across all four locations. 

Variation was observed in the rankings of genotypes across all four locations (Table 

4.13). Hans Male ranked last at Cedara and Towoomba, and BO163W at Tshiombo and 

Potchefstroom. CML144 ranked first at Cedara and Tshiombo, CML176-2 at 

Potchefstroom and BO163W at Towoomba. The average mean for starch concentration 

was highest at Potchefstroom and lowest at Tshiombo. Starch concentration ranged 

between 65.3-72.6%, 68.7-73.2%, 69.7-72.3 and 70.1-72.6% at Tshiombo, Cedara, 

Towoomba and Potchefstroom respectively.  
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Table 4.10  Mean squares from analysis of variance and proportion of variance components for tryptophan concentration of 12 

QPM inbred lines tested in four low N environments of South Africa 

Source  DF     Potchefstroom        Cedara       Tshiombo    Towoomba 
  MS %Variation MS %Variation MS %Variation MS %Var iation 

Replication 2 0.001* 14.29 0.000 0.00 0.001 11.11 0.000 0.00 
Genotype 11 0.000ns 42.86 0.001**  66.67 0.000ns 44.44 0.000ns 44.44 
Residual 22 0.000 57.14 0.000 33.33 0.000 44.44 0.000 55.55 
CV (%)          15.04           11.15          15.12          16.89  
*P≤0.05; **P≤0.01; MS=Mean squares; CV=Coefficient of variation 

 

Table 4.11 Mean values and rankings of tryptophan concentration for 12 QPM inbred lines in four low N environments 

Genotype Potchefstroom Cedara  Tshiombo  Towoomba  
Mean Rank 

 
Mean Rank 

 
Mean Rank 

 
Mean Rank 

 SO503W 0.08 10 0.09 10 0.10 4 0.07 11 
Hans Male 0.07 12 0.07 12 0.09 9 0.07 12 
CML144 0.09 4 0.08 11 0.08 10 0.08 10 
RO424W 0.08 11 0.10 5 0.10 6 0.08 7 
FO215W 0.09 3 0.10 8 0.11 1 0.09 5 
RO559W 0.10 1 0.11 2 0.09 7 0.09 4 
SO713W 0.09 5 0.10 7 0.10 2 0.09 3 
BO163W 0.10 2 0.12 1 0.07 12 0.10 2 
CML176-2 0.08 9 0.09 9 0.10 5 0.08 6 
KO54W 0.09 6 0.11 3 0.10 3 0.11 1 
RO450W 0.08 8 0.10 6 0.08 11 0.08 8 
CZL01005 0.09 7 0.10 4 0.09 8 0.08 9 

Average           0.09           0.10           0.09              0.09  
LSD (0.05)           0.03           0.02           0.03              0.03  
LSD=least significant difference 
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Table 4.12  Mean squares from analysis of variance and proportion of variance components for starch concentration of 12 QPM 

inbred lines tested in four low N environments of South Africa 

Source DF     Potchefstroom        Cedara       Tshiombo    Towoomba 
  MS %Variation MS %Variation MS %Variation MS %Var iation 

Replication 2 0.972 8.16 0.697 2.33 1.306 2.11 2.238 12.79 
Genotype 11 1.255** 57.95 4.678**  85.99 9.962**  88.62 1.482* 46.61 
Residual 22 0.367 33.88 0.318 11.68 0.521 9.26 0.646 40.59 
CV (%)          0.85            0.79        1.02           1.13  
*P≤0.05; **P≤0.01; MS=Mean squares; CV=Coefficient of variation 

 

Table 4.13 Mean values and rankings of starch concentration for 12 QPM inbred lines in four low N environments 

Genotype Potchefstroom Cedara  Tshiombo  Towoomba  
 Mean Rank 

 
mean Rank 

 
mean Rank 

 
mean Rank 

 SO503W 72.03 3 71.03 7 71.47 3 71.30 6 
Hans Male 71.07 10 68.70 12 70.07 10 69.73 12 
CML144 71.57 6 73.17 1 72.60 1 71.60 4 
RO424W 71.73 5 70.47 10 71.23 6 71.27 7 
FO215W 71.07 11 72.80 2 71.25 5 71.40 5 
RO559W 71.17 8 71.87 4 70.00 11 70.80 10 
SO713W 72.27 2 70.53 9 70.80 7 70.35 11 
BO163W 70.17 12 70.63 8 65.33 12 72.33 1 
CML176-2 72.57 1 72.50 3 71.97 2 71.80 3 
KO54W 71.13 9 71.30 5 70.80 8 71.93 2 
RO450W 71.87 4 71.17 6 71.30 4 71.20 8 
CZL01005 71.50 7 70.20 11 70.23 9 71.07 9 

Average 71.51           71.20         70.59            71.23  
LSD (0.05) 1.24           1.15          1.48            1.65  
LSD=least significant difference
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4.4.2 Separate analysis of variance for grain quality traits in optimum N 

environments  

 

4.4.2.1 Endosperm hardness 

Genotype mean squares were highly significant (P≤0.01) for Potchefstroom, significant 

(P≤0.05) for Tshiombo and non-significant for Towoomba and Cedara (Table 4.14). 

Replication mean squares were significant (P≤0.05) for the Potchefstroom trial. As a 

percentage of total sum of squares, the genotypes accounted for 75.2% and 56.4% of 

variation in Potchefstroom and Tshiombo respectively. Variations were observed in 

rankings of genotypes across the four locations (Table 4.15). The mean values across the 

locations ranged between a score of 1.11-2.83 in Cedara, 1.25-3.16 in Potchefstroom, 

1.75-3.26 in Towoomba and 2.34-3.69 in Tshiombo. On average Tshiombo produced the 

softest kernels with a mean score of 3.06 with Cedara and Towoomba mostly had hard 

kernels with mean scores of 2.37 and 2.41, respectively. Hans Male performed better than 

the other inbred lines and ranked first in three locations. SO503Wand KO54W ranked last 

at Tshiombo and Potchefstroom, respectively.  

 

4.4.2.2 Oil concentration 

The ANOVA and mean values for four optimum N trials are presented in Table 4.16 and 

Table 4.17 respectively. Highly significant genotype mean squares (P≤0.01) were 

observed at all the locations except for Towoomba. About 74.7%, 85.5% and 87.2% of 

the variance was contributed by genotypes at Tshiombo, Potchefstroom and Cedara 

respectively. Hans Male ranked first at Cedara (6.2%), KO54W at Potchefstroom (5.8%) 

and Tshiombo (5.2%), and CZL01005 (5.2%) at Towoomba. The oil concentration 

ranged between 1.95-6.2% in Cedara, 4.2-5.2% in Tshiombo, 4.3-5.2% in Towoomba and 

4.3-5.8% in Potchefstroom. Generally, genotypes had lower oil concentrations in 

Tshiombo and higher oil concentrations at Potchefstroom. In terms of average means 

Tshiombo yielded the lowest oil concentration (4.7%), and Potchefstroom the highest 

(5.4%). 
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Table 4.14  Mean squares from analysis of variance and proportion of variance components for endosperm hardness of 12 QPM 

inbred lines tested in four optimum N environments of South Africa 

Source     Potchefstroom        Cedara       Tshiombo    Towoomba 
 MS %Variation MS %Variation MS %Variation MS %Vari ation 

Replication 0.489* 6.74 0.218 2.51 0.082 1.57 1.815 19.13 
Genotype 0.993** 75.19 0.789 49.85ns 0.535* 56.42 0.697ns 40.42 
Residual 0.119 18.06 0.377 47.64 0.199 42.76 0.349 40.45 
CV (%)            14.26            29.87         14.58          24.48 
*P≤0.05; **P≤0.01; MS=Mean squares; CV=Coefficient of variation 

 

Table 4.15 Mean values and rankings of endosperm hardness of 12 QPM inbred lines in four optimum N environments 

Genotype Potchefstroom          Cedara Tshiombo      Towoomba 
Mean Rank 

 
Mean Rank 

 
Mean Rank 

 
Mean Rank 

 SO503W 1.97 3 2.02 7 3.69 12 2.90 10 
Hans Male 1.25 1 1.11 1 2.34 1 1.80 2 
CML144 1.62 2 1.71 3 2.65 3 1.75 1 
RO424W 2.31 4 1.51 2 3.10 8 2.03 3 
FO215W 2.76 8 2.57 10 3.02 6 2.27 6 
RO559W 2.84 10 2.83 12 3.53 11 2.58 9 
SO713W 2.49 7 1.79 5 2.61 2 2.22 5 
BO163W 3.08 11 2.30 8 3.09 7 2.40 7 
CML176-2 2.36 5 2.01 6 3.52 10 3.26 12 
KO54W 3.16 12 2.72 11 2.74 4 3.10 11 
RO450W 2.42 6 1.79 4 3.01 5 2.13 4 
CZL01005 2.80 9 2.32 9 3.42 9 2.51 8 

Average            2.42          2.37            3.06              2.41  
LSD (0.05)           0.71           1.22            0.91              1.21  
LSD=least significant difference 
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Table 4.16  Mean squares from analysis of variance and proportion of variance components for oil concentration of 12 QPM 

inbred lines tested in four optimum N environments of South Africa 

Source     Potchefstroom         Cedara       Tshiombo    Towoomba 
 MS %Variation MS %Variation MS %Variation MS %Vari ation 

Replication 0.076 2.20 0.043 0.82 0.012 0.41 0.083 3.31 
Genotype 0.536** 85.51 0.838**  87.19 0.397** 74.71 0.223ns 48.49 
Residual 0.039 12.29 0.058 11.99 0.066 24.88 0.111 48.20 
CV (%)            4.65          5.51            6.68  
*P≤0.05; **P≤0.01; MS=Mean squares; CV=Coefficient of variation 

 

Table 4.17 Mean values and rankings of oil concentration of 12 QPM inbred lines in four optimum N environments 

Genotype Potchefstroom Cedara      Tshiombo      Towoomba 
 Mean Rank 

 
Mean Rank 

 
Mean Rank 

 
Mean Rank 

 SO503W 5.67 3 5.43 4 5.20 2 4.97 8 
Hans Male 5.60 4 6.23 1 4.90 4 4.97 9 
CML144 4.30 12 1.95 12 4.30 10 4.33 12 
RO424W 5.53 6 5.03 8 4.50 8 5.13 4 
FO215W 5.70 2 5.03 9 4.87 5 5.10 6 
RO559W 4.83 11 4.60 11 4.30 11 4.77 10 
SO713W 5.40 8 5.33 5 4.73 6 5.23 2 
BO163W 5.60 5 5.57 2 4.17 12 5.20 3 
CML176-2 5.50 7 5.13 6 4.63 7 4.63 11 
KO54W 5.77 1 5.50 3 5.23 1 5.03 7 
RO450W 5.23 10 4.80 10 4.30 9 5.10 5 
CZL01005 5.27 9 5.10 7 4.93 3 5.23 1 

Average           5.36          5.16         4.67             5.00  
LSD (0.05)           0.40          0.49         0.53             0.68  
LSD=least significant difference 
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4.4.2.3 Protein concentration 

ANOVA and mean values for protein concentration are presented in Table 4.18 and Table 

4.19. Genotype mean squares for protein concentration were highly significant (P≤0.01) 

at all four locations and 78.7%, 83.9%, 93.2% and 94.4% of the total variance was 

accounted for by genotypes at Towoomba, Tshiombo, Cedara and Potchefstroom 

respectively. Genotypes performed differently at different locations. Hans Male ranked 

first in three locations namely Potchefstroom (11.6), Cedara (11.3%), and Towoomba 

(13.4%); while it ranked second in Tshiombo (11.0%) with BO163W (11.7%) ranking 

first there. SO503W ranked last in all the locations and the mean values were below the 

average mean. The average mean for protein concentration was high at Towoomba (10.6) 

and lowest at Cedara (8.8). Protein concentration ranged between 7.0-11.6%, 7.2-11.7%, 

7.5-11.3% and 8.5-13.4 at Potchefstroom, Tshiombo, Cedara and Towoomba 

respectively.  

 

4.4.2.4 Quality Index 

Mean squares were significant (P≤0.05) for replication at Towoomba (Table 4.20). 

Genotype mean squares were highly significant (P≤0.01) for Potchefstroom, Tshiombo 

and Towoomba and non-significant for Cedara. As a percentage of total sum of squares, 

the genotype accounted for 60.1%, 68.0% and 85.1 of variation in Towoomba, 

Potchefstroom and Tshiombo respectively. Variations were observed in rankings of 

genotypes across the four locations (Table 4.21). SO503W (1.93%) ranked first in 

Towoomba, KO54W (1.60%) at Potchefstroom and at Cedara (1.80%) and S0713W 

(1.87%) at Tshiombo. Hans Male ranked last with QI values of 0.70%, 0.83% and 1.00% 

at Tshiombo, Potchefstroom and Towoomba respectively. Generally Tshiombo had the 

highest average mean value (1.43%) and Potchefstroom the lowest mean value (1.25) for 

QI.  
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Table 4.18  Mean squares from analysis of variance and proportion of variance components for protein concentration of 12 QPM 
inbred lines tested in four optimum N environments of South Africa 

Source     Potchefstroom        Cedara       Tshiombo    Towoomba 
 MS %Variation MS %Variation MS %Variation MS %Vari ation 

Replication 0.021 0.070 0.050 0.18 1.712* 5.55 0.784 2.00 
Genotype 5.138** 94.36 4.816**  93.23 4.706**  83.87 5.637**  78.70 
Residual 0.152 5.57 0.170 6.59 0.297 10.58 0.691 19.31 
CV (%)         4.25            4.70         6.04            7.83  
*P≤0.05; **P≤0.01; MS=Mean squares; CV=Coefficient of variation 

 

Table 4.19 Mean values and rankings for protein concentration of 12 QPM inbred lines in four optimum N environments 

Genotype Potchefstroom Cedara  Tshiombo  Towoomba  
 Mean Rank 

 
Mean Rank 

 
Mean Rank 

 
Mean Rank 

 SO503W 7.00 12 7.50 12 7.20 12 8.47 12 
Hans Male 11.63 1 11.33 1 10.97 2 13.37 1 
CML144 10.70 2 8.17 8 8.97 6 11.43 3 
RO424W 8.20 10 9.03 4 8.53 8 10.87 5 
FO215W 9.30 5 7.87 9 9.30 4 11.20 4 
RO559W 9.73 4 9.97 3 9.30 3 9.63 10 
SO713W 9.27 6 8.59 5 8.63 7 10.70 7 
BO163W 10.50 3 10.77 2 11.67 1 12.20 2 
CML176-2 8.57 8 7.50 11 7.97 11 10.77 6 
KO54W 8.63 7 7.83 10 8.47 9 10.13 8 
RO450W 7.90 11 8.43 6 7.97 10 9.83 9 
CZL01005 8.53 9 8.37 7 9.30 5 8.87 11 

Average         9.16           8.78            9.02            10.62  
LSD (0.05)         0.80           0.85            1.12            1.70  
LSD=least significant difference 
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Table 4.20  Mean squares from analysis of variance and proportion of variance components for quality index of 12 QPM inbred 

lines tested in four optimum N environments of South Africa 

Source     Potchefstroom        Cedara       Tshiombo       Towoomba 
 MS %Variation MS %Variation MS %Variation MS %Vari ation 

Replication 0.004 0.31 0.008 0.50 0.001 0.04 0.218* 11.71 
Genotype 0.140** 67.97 0.146 50.63 0.400** 85.05 0.203** 60.08 
Residual 0.033 31.67 0.071 48.89 0.035 14.91 0.048 28.24 
CV (%)           14.50           19.35        13.11          15.86  
*P≤0.05; **P≤0.01; MS=Mean squares; CV=Coefficient of variation 

 

Table 4.21 Mean values and rankings for quality index of QPM inbred lines in four optimum N environments 

Genotype  Potchefstroom Cedara  Tshiombo  Towoomba  
 Mean Rank 

 
Mean Rank 

 
Mean Rank 

 
Mean Rank 

 SO503W 1.23 7 2.64 5 1.63 4 1.93 1 
Hans Male 0.83 12 1.00 12 0.70 12 1.00 12 
CML144 1.00 11 1.47 4 1.57 6 1.33 7 
RO424W 1.13 9 1.10 11 1.43 7 1.30 8 
FO215W 1.30 5 1.30 8 1.60 5 1.10 11 
RO559W 1.23 8 1.40 5 1.40 8 1.67 2 
SO713W 1.30 6 1.63 2 1.87 1 1.40 5 
BO163W 1.43 3 1.27 9 0.83 11 1.13 10 
CML176-2 1.07 10 1.37 6 1.77 2 1.27 9 
KO54W 1.60 1 1.80 1 1.77 3 1.50 4 
RO450W 1.33 4 1.23 10 1.40 9 1.33 6 
CZL01005 1.50 2 1.53 3 1.17 10 1.57 3 

Average           1.25           1.37            1.43              1.38  
LSD (0.05)           0.37           0.54            0.38              0.45  
LSD=least significant difference 
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4.4.2.5 Tryptophan concentration 

Replication showed significant mean squares (P≤0.05) at Towoomba (Table 4.22). Highly 

significant genotype mean squares (P≤0.01) were observed at Potchefstroom and 

Tshiombo with the other two locations non-significant. About 21.7-78.3% of the total 

variance was contributed by genotypes across the locations. Variation was observed in 

rankings of genotypes between the locations (Table 4.23). SO713W was ranked first at 

Tshiombo (0.16%) and Cedara (0.14%), while BO163W and SO503W were ranked first 

at Potchefstroom (0.15%) and Towoomba (0.16%), respectively. The tryptophan 

concentration ranged between 0.10-0.14%, 0.08-0.16%, 0.12-0.16% and 0.09-0.15% at 

Cedara, Tshiombo, Towoomba and Potchefstroom respectively. Generally, genotypes had 

the lowest tryptophan concentration in Tshiombo (0.08%) and Potchefstroom (0.09%); 

and the highest tryptophan concentration at Towoomba and Tshiombo respectively. The 

means are all above the acceptable value of 0.08%. In terms of average means Tshiombo 

(0.13) and Towoomba (0.14%) gave the highest average tryptophan concentration, while 

Potchefstroom (0.11%) gave the average lowest concentration.  

 

4.4.2.6 Starch concentration 

Mean squares for genotype were highly significant (P≤0.01) at all the locations except for 

Towoomba which had significant (P≤0.05) mean squares (Table 4.24). About 52.7%, 

62.0%, 75.3% and 82.5% of the total variance was accounted for by genotypes at 

Towoomba, Tshiombo, Potchefstroom and Cedara respectively. Variation was observed 

in the rankings of genotypes across the four locations (Table 4.25). Hans Male ranked last 

in three locations namely Cedara (69.1%), Tshiombo (70.6%) and Potchefstroom (69.3%) 

and second last in Towoomba (69.2%) with RO450W ranking last there with 69.0%. 

CML144 ranked first in all the locations (72.7-74.2%) except at Towoomba where it 

ranked fourth, with CML176-2 ranking first (71.5%) there. The average mean of starch 

concentration was high at Tshiombo (71.8%) and lowest at Towoomba (70.4%). Starch 

concentration ranged between 69.0-71.5%, 69.1-74.2% in, 69.3-73.0%, and 70.6-72.7% at 

Towoomba, Cedara, Potchefstroom, and Tshiombo, respectively.  
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Table 4.22  Mean squares from analysis of variance and proportion of variance components for tryptophan concentration of 12 

QPM inbred lines tested in four optimum N environments of South Africa 

Source     Potchefstroom        Cedara       Tshiombo    Towoomba 
 MS %Variation MS %Variation MS %Variation MS %Vari ation 

Replication 0.000 0.00 0.000 0.00 0.000 0.00 0.003* 21.74 
Genotype 0.001 65.00** 0.001ns 45.45 0.002** 78.26 0.000ns 21.74 
Residual 0.000 35.00 0.001 54.56 0.000 17.39 0.001 56.52 
CV (%)       16.06            19.40          11.17           17.32  
*P≤0.05; **P≤0.01; MS=Mean squares; CV=Coefficient of variation 

 

Table 4.23 Mean values and rankings for tryptophan concentration of 12 QPM inbred lines in four optimum N environments 

Genotype Potchefstroom    Cedara        Tshiombo       Towoomba 
 Mean Rank 

 
Mean Rank 

 
Mean Rank 

 
Mean Rank 

 SO503W 0.09 12 0.10 10 0.12 7 0.16 1 
Hans Male 0.10 9 0.11 7 0.08 12 0.13 10 
CML144 0.11 7 0.12 6 0.14 4 0.15 4 
RO424W 0.09 10 0.10 11 0.12 8 0.14 7 
FO215W 0.12 6 0.10 12 0.15 2 0.12 12 
RO559W 0.12 5 0.14 3 0.13 6 0.16 2 
SO713W 0.12 4 0.14 1 0.16 1 0.15 5 
BO163W 0.15 1 0.13 4 0.10 11 0.13 9 
CML176-2 0.09 11 0.10 8 0.14 5 0.13 8 
KO54W 0.14 2 0.14 2 0.15 3 0.15 3 
RO450W 0.10 8 0.10 9 0.11 9 0.13 11 
CZL01005 0.13 3 0.13 5 0.11 10 0.14 6 

Average            0.11           0.12 0.13 0.14  
LSD (0.05)            0.04           0.05  0.05  0.05  
LSD=least significant difference 
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Table 4.24  Mean squares from analysis of variance and proportion of variance components for starch concentration of 12 QPM 

inbred lines tested in four optimum N environments of South Africa 

Source     Potchefstroom        Cedara       Tshiombo    Towoomba 
 MS %Variation MS %Variation MS %Variation MS %Vari ation 

Replication 0.324 1.41 0.709 2.00 0.902 7.84 0.881 4.11 
Genotype 3.154**  75.26 5.306**  82.46 1.297** 62.01 2.050* 52.66 
Residual 0.489 23.33 0.500 15.54 0.316 30.16 0.841 43.22 
CV (%)          0.99           0.99        0.78           1.30  
*P≤0.05; **P≤0.01; MS=Mean squares; CV=Coefficient of variation 

 

Table 4.25 Mean values and rankings for starch concentration of QPM inbred lines in four optimum N environments 

Genotype Potchefstroom Cedara  Tshiombo Towoomba 
 Mean Rank 

 
Mean Rank 

 
Mean Rank 

 
Mean Rank 

 SO503W 71.83 2 71.33 9 71.63 9 71.20 2 
Hans Male 69.33 12 69.10 12 70.63 12 69.20 11 
CML144 73.00 1 74.17 1 72.67 1 71.00 4 
RO424W 70.63 8 71.57 6 72.27 4 69.80 9 
FO215W 70.87 6 73.03 2 71.67 8 70.60 6 
RO559W 70.90 5 71.53 8 71.80 7 70.73 5 
SO713W 70.10 10 71.13 10 72.00 6 70.13 8 
BO163W 69.47 11 70.17 11 72.00 5 69.50 10 
CML176-2 71.60 3 72.87 3 72.60 2 71.53 1 
KO54W 70.40 9 71.53 7 70.93 11 70.53 7 
RO450W 71.47 4 72.47 4 72.45 3 69.00 12 
CZL01005 70.77 7 71.63 5 71.10 10 71.07 3 

Average 70.86           71.71         71.81            70.36  
LSD (0.05) 1.43           1.45          1.15            1.88  
LSD=least significant difference
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4.4.3. Combined analyses of variance within and across N environments   

 

Results of combined ANOVA for within environments and across environments are 

presented in Tables 4.26-4.28. In low and optimum N the environments and genotype 

mean squares were highly significant (P≤0.01) for all traits. GEI was highly significant 

(P≤0.01) for protein, oil and starch concentration, significant (P≤0.05) for tryptophan 

concentration and non-significant for endosperm hardness and QI across the low N 

environments; while for the optimum N environments GEI was highly significant for all 

traits except endosperm hardness. For tryptophan concentration KO54W, RO599W and 

BO163W were the best three genotypes in low N and KO54W, SO713W and RO559W 

were best for optimum N environments (Table 4.27). The highest performing genotypes 

for tryptophan concentration had values of 0.10% and 0.15%, while the worst performing 

genotypes had values of 0.08% and 0.11%, with average means of 0.09% and 0.13% in 

low and optimum N environments, respectively. Protein concentration ranged between 

7.9-11.2% and 7.5-11.8% with average means of 9.1% and 9.4% for low and optimum N 

environments respectively. The highest yielding genotype for oil concentration had values 

of 5.48% and 5.38%, with average means of 5.11% and 5.04% for both N environments 

respectively. Starch concentration was higher in optimum than low N environments. 

 

The combined ANOVA across all environments indicated highly significant (P≤0.01) 

environment, genotype and GEI mean squares for all traits except endosperm hardness 

(Table 4.28). It showed that tryptophan and QI were highly affected by environment, 

which explained 46.1% and 33.1% of the total (G + E + GEI) variation, whilst protein, 

starch, endosperm and oil were highly affected by genotype which explained 51.7%, 

32.6%, 31.7% and 35.9% of variation, respectively. GEI explained 16.7%, 16.7%, 20.4%, 

20.6% and 32.4% of variation for tryptophan, protein, QI, oil and starch respectively. The 

mean values for all the traits are presented in Table 4.29. Tryptophan concentration varied 

from 0.09% to 0.12% across the eight N environments with average concentration of 

0.11%. The highest and lowest ranking genotypes for tryptophan and QI were KO54W 

and Hans Male respectively. For protein and oil concentration Hans Male was the best 

genotype while SO503W and CML144 were the worst genotypes respectively. CML144 

and Hans Male were the best and worst performing genotypes for starch concentration 

respectively. 
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Table 4.26  Mean squares of combined analysis of variance for endosperm hardness, quality index, tryptophan, protein, oil and 

starch concentration of 12 QPM inbred lines within low and optimum N environments of South Africa 

Source            EH Tryptophan  Protein Quality index Oil   Starch  

 LowN OptN LowN OptN LowN OptN LowN OptN LowN OptN LowN OptN 

Environ  2.168** 6.274** 0.001** 0.005** 8.889** 24.953** 0.138** 0.213** 3.309** 3.122** 5.453** 17.484** 

Rep in E 0.245 0.651* 0.000 0.001 0.686* 0.642 0.047* 0.058 0.077ns 0.054ns 1.303** 0.704 

Gen 2.414** 2.4027** 0.001** 0.002** 9.885** 16.620** 0.209** 0.497** 1.199** 1.313** 7.470** 7.838** 

GEI 0.301ns 0.329ns 0.000* 0.001** 1.147** 1.226** 0.027ns 0.131** 0.194** 0.227** 3.303** 1.323** 

Residual  0.284 0.261 0.000 0.000 0.271 0.328 0.022 0.047 0.061 0.068 0.463 0.536 

CV (%) 20.60 20.54 14.53 16.32 5.72 6.09 14.70 15.90 4.58 5.18 0.96 1.03 
*P≤0.05; **P≤0.01; ns=non-significant; EH=Endosperm hardness; LowN=Low nitrogen; OptN=Optimum nitrogen; Env=Environment; Rep in E=Replication in environment; Gen-Genotype; GEI=Genotype by 

environment interaction; CV=Coefficient of variation 
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Table 4.27  Mean values for endosperm hardness, quality index, tryptophan, protein, oil and starch concentration of 12 QPM 
inbred lines within low and optimum N environments of South Africa 

Genotype EH Tryptophan Quality Index Protein Oil  Starch  
 LowN OptN 

 
LowN OptN 

 
LowN OptN 

 
LowN OptN 

 
LowN OptN 

 
LowN OptN 

 SO503W 2.68 2.65 0.08 0.12 1.08 1.54 7.93 7.54 5.46 5.32 71.46 71.50 
Hans Male 1.63 1.62 0.08 0.11 0.68 0.88 11.18 11.83 5.48 5.38 69.89 69.57 

CML144 2.09 1.93 0.08 0.13 0.90 1.34 9.43 9.82 4.25 4.27 72.23 72.71 

RO424W 2.24 2.24 0.09 0.11 1.01 1.24 8.79 9.16 5.06 5.05 71.18 71.07 

FO215W 2.90 2.65 0.10 0.12 1.12 1.33 8.81 9.42 5.28 5.18 71.63 71.54 

RO559W 2.89 2.94 0.10 0.14 1.03 1.43 9.77 9.66 4.97 4.63 70.96 71.24 

SO713W 2.27 2.28 0.10 0.14 1.04 1.55 9.14 9.29 5.21 5.18 70.99 70.84 

BO163W 3.04 2.72 0.10 0.13 0.96 1.17 10.12 11.28 5.02 5.13 69.62 70.28 

CML176-2 2.85 2.79 0.09 0.12 1.05 1.37 8.43 8.70 5.14 4.98 72.21 72.15 
KO54W 2.95 2.93 0.10 0.15 1.23 1.67 8.20 8.77 5.29 5.38 71.29 70.85 

RO450W 2.44 2.34 0.09 0.11 1.00 1.33 8.54 8.53 5.08 4.86 71.38 71.35 

CZL01005 3.05 2.76 0.09 0.13 1.02 1.44 8.90 8.77 5.07 5.13 70.75 71.14 

Average 2.59 2.49 0.09 0.13 1.01 1.36 9.10 9.40 5.11 5.04 71.13 71.19 
LSD (0.05) 0.361 0.347 0.009 0.014 0.101 0.146 0.353 0.388 0.168 0.177 0.462 0.497 
EH=Endosperm hardness; LowN=Low nitrogen; OptN=Optimum nitrogen; LSD= Least significance difference 
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Table 4.28  Combined analysis of variance for endosperm hardness, quality index, tryptophan, protein, oil and starch 

concentration of 12 QPM inbred lines across eight N environments of South Africa 

Source Endosperm 

hardness 

Tryptophan  Protein Quality 

Index 

Oil   Starch  

 MS %Var MS %Var MS %Var MS %Var MS %Var MS %Var 

Environment  3.719** 17.26 0.015** 46.05 15.400** 19.93 1.400** 33.09 2.799** 26.63 9.861** 13.97 

Rep in Env 0.448ns 4.76 0.001* 3.51 0.664** 1.96 0.052ns 2.82 0.065ns 1.42 1.004* 3.25 

Genotype 4.349** 31.73 0.002** 10.53 25.420** 51.69 0.630** 23.39 2.401** 35.89 14.645** 32.61 

GEI 0.283ns 14.45 0.000** 16.67 1.172** 16.68 0.078** 20.37 0.196** 20.56 2.077** 32.37 

Residual  0.284 31.80 0.000 22.81 0.299 9.74 0.034 20.33 0.065 15.49 0.500 17.80 

CV (%)                 15.93       5.92            15.65          5.01         0.99 
*P≤0.05; **P≤0.01; ns=non-significant; MS=Mean squares; Var=Variation; Rep in Env=Replication in Environment; GEI=Genotype by environment interaction; CV=Coefficient of variation 

 

 

 

 

 

 



 

90 
 

Table 4.29  Mean values and rankings for endosperm hardness, quality index, tryptophan, protein, oil and starch concentration of 

12 QPM inbred lines across eight N environments of South Africa 

Genotype EH Tryptophan Quality Index Protein Oil  Starch  
 Mean Rank 

 
Mean Rank 

 
Mean Rank Mean Rank 

 
Mean Rank 

 
Mean Rank 

 SO503W 2.66  6 0.10 10 1.31 2 7.73 12 5.39 2 71.48 4 
Hans Male 1.63  1 0.09 12 0.78 12 11.50 1 5.45 1 69.73 12 

CML144 2.01  2 0.11 7 1.12 10 9.62 4 4.26 12 72.47 1 
RO424W 2.24  3 0.10 9 1.13 9 8.98 7 5.05 9 71.12 6 

FO215W 2.78  7 0.11 5 1.22 6 9.11 6 5.23 4 71.59 3 

RO559W 2.92 11 0.12 3 1.23 5 9.71 3 4.80 11 71.10 7 

SO713W 2.28  4 0.12 2 1.30 3 9.21 5 5.19 5 70.91 10 

BO163W 2.88  9 0.11 4 1.06 11 10.70 2 5.08 7 69.95 11 

CML176-2 2.82  8 0.10 8 1.21 7 8.56 9 5.06 8 72.18 2 

KO54W 2.94  12 0.12 1 1.45 1 8.49 11 5.34 3 71.07 8 

RO450W 2.39  5 0.10 11 1.16 8 8.54 10 4.97 10 71.36 5 

CZL01005 2.90  10 0.11 6 1.23 4 8.83 8 5.10 6 70.95 9 

Average         2.54         0.11       1.18        9.25         5.07           71.16 
LSD (0.05)         0.249         0.008       0.088        0.261         0.122           0.337 
EH=Endosperm hardness; LowN=Low nitrogen; OptN=Optimum nitrogen; LSD= Least significance difference 
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4.4.4 Additive main effects and multiplicative interaction analysis across N 

environments 

 

4.4.4.1 Tryptophan concentration 

The AMMI analysis showed that IPCA axis 1 and IPCA axis 2 were highly significant 

(P≤0.01) and significant (P≤0.05) for tryptophan concentration (Table 4.30), explaining 

56.5% and 24.9% of the total variation respectively, and when combined they explained 

81.4% of the genotype main effect and GEI (Table 4.31). Few genotypes were clustered 

around the zero point (Figure 4.1). Genotypes with IPCA 1 scores close to zero are more 

stable than those furthest away from zero. KO54W and RO559W were the best 

performing genotypes with regards to tryptophan concentration and stability. However 

CML144 and RO450W were relatively stable with tryptophan values that were average 

and below average respectively. Genotypes with tryptophan concentration that was above 

average were KO54W, RO559W, SO713W, FO215W, BO163W and CZL01005. Of all 

those genotypes, BO163W, FO215W and CZL01005 were considered to be unstable. 

Hans Male had unstable and lower tryptophan concentration. Environments TWH, TSH, 

CH and PH were higher yielding; whilst environments PL, TWL, TSL and CL were lower 

yielding for tryptophan concentration. 

 

Table 4.30  Additive main effects and multiplicative interaction model mean 

squares for tryptophan, protein, oil and starch concentration across 

eight N environments in South Africa 

Source                                       Mean squares  
Trytophan Protein QI Oil Starch 

Environments 0.015** 15.400** 1.441** 2.799** 9.861** 
Genotype 0.002** 25.420** 0.651** 2.401** 14.645** 

GEI 0.001** 1.172** 0.082** 0.196** 2.077** 

IPCA1 0.001** 2.571** 0.173** 0.347** 5.036** 

IPCA2 0.001* 1.242** 0.117** 0.210** 2.725** 

IPCA3 0.000 1.070** 0.071* 0.190** 1.320** 

IPCA4 --- 0.852** 0.032 0.167** 0.609 

Residual 0.000 0.299 0.034 0.065 0.500 
*P ≤0.05, **P≤0.01; GEI= Genotype by environment interaction; IPCA= Interactive principle component axes; QI=Quality index 
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Table 4.31 Contribution of IPCA scores to the total variation for GEI of 

tryptophan, protein, oil and starch concentration across eight N 

environments 

IPCA 
Axis 

 
Protein 

        
Tryptophan 

 
Quality Index 

 
        Oil  

 
     Starch 

%GEI 
Exp 

Cum 
% 

%GEI 
Exp 

Cum 
% 

%GEI 
Expl 

Cum 
% 

%GEI 
Expl 

Cum 
% 

%GEI 
Expl 

Cum 
% 

1 50.52 50.52 56.52 56.52 49.23 49.23 44.21 44.21 56.94 56.94 

2 22.00 72.52 24.94 81.47 29.38 78.61 23.61 67.82 27.19 84.13 

3 16.47 88.93 18.53 100 15.56 94.17 18.45 86.27 11.42 95.55 

4 11.07 100   ---  --- 5.83 100 13.73 100 4.45 100 

IPCA: Interactive principle component axes, GEI Expl: Genotype by environment interaction explained; Cum=Cumulative 

 

 

Figure 4.1  Additive main effects and multiplicative interaction biplot for 

genotype tryptophan concentration in eight environments. 
PH =Potchefstroom optimum N; PL =Potchefstroom low N; CH=Cedara optimum N; CL=Cedara low N; TSH =Tshiombo optimum 

N; TSL =Tshiombo low N; TWH =Towoomba optimum N; TWL =Towoomba low N 
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4.4.4.2 Protein concentration 

The AMMI analysis revealed that PC1 and PC2 were highly significant (P≤0.001) for 

protein concentration (Table 4.30) and explained 50.5% and 22.0% of the total variation. 

Together they explained 72.5%, of the genotype main effect and GEI (Table 4.31). 

SO713W was the most stable genotype with above average protein concentration (Figure 

4.2). BO163W and Hans Male were relatively stable with the highest protein 

concentration. The most unstable genotypes were CML144 and RO559W. Genotype 

CZL01005 and KO54W were relatively stable but with lower protein concentration. 

Higher yielding environments were TWH and TSL; whilst lower yielding environments 

were PL, CH and TSH. PH, CL and TWL were average yielding environments. 

 

 

Figure 4.2  Additive main effects and multiplicative interaction biplot for 

genotype protein concentration in eight environments. 
PH =Potchefstroom optimum N; PL =Potchefstroom low N; CH=Cedara optimum N; CL=Cedara low N; TSH =Tshiombo optimum 

N; TSL =Tshiombo low N; TWH =Towoomba optimum N; TWL =Towoomba low N 

 

4.4.4.3 Quality Index 

The partitioning of GGE through AMMI analysis revealed that IPCA axis 1 and IPCA 

axis 2 were highly significant (P≤0.001) for QI (Table 4.30), explaining 49.2% and 29.4% 

of the total variation respectively. When combined, they explained 78.6% of the genotype 
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main effect and GEI (Table 4.31). KO54W was the best genotype with the highest stable 

QI of all the genotypes (Figure 4.3). Other relatively stable genotypes were RO559W, 

RO424W and RO450W with high QI values. B0163W and Hans Male were the most 

unstable genotypes with below average QI, while SO713W, CML176-2 and CZL01005 

had above average QI values. The genotypes with the highest QI were KO54W, SO503W 

and SO713W, whilst the ones with the lowest QI were Hans Male, BO163W and 

CML144. TSH, TWH, CH and PH were the environments with the highest QI; whilst the 

environments with the lowest QI were TWL, TSL, PL and CL. 

 

 

Figure 4.3  Additive main effects and multiplicative interaction biplot for 

genotype quality index in eight environments. 
PH =Potchefstroom optimum N; PL =Potchefstroom low N; CH=Cedara optimum N; CL=Cedara low N; TSH =Tshiombo optimum 

N; TSL =Tshiombo low N; TWH =Towoomba optimum N; TWL =Towoomba low N 

 

4.4.4.4 Oil concentration 

The AMMI analysis showed that IPCA axis 1 and IPCA axis 2 were highly significant 

(P≤0.001) for oil concentration (Table 4.30), explaining 44.2% and 23.6% of the total 

variation respectively. When combined, they explained 67.8% of the genotype main 

effect and GEI (Table 4.31). SO503W, CML176-2, KO54W and CZL01005 were the 

most stable genotypes, with SO503W, KO54W and CZL01005 having the highest oil 

concentration and CML176-2 having the lowest (Figure 4.4). The most unstable 
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genotypes with the highest oil concentration were Hans Male and FO215W, while the 

lowest yielding and unstable genotypes were RO559W and CML144. Environments with 

the highest oil concentration were PH, TWL, PL, CH and CL; whilst those with the 

lowest oil concentration were TSH, TSL and TWH. 

 

 

Figure 4.4  Additive main effects and multiplicative interaction biplot for 

genotype oil concentration in eight environments. 
PH =Potchefstroom optimum N; PL =Potchefstroom low N; CH=Cedara optimum N; CL=Cedara low N; TSH =Tshiombo optimum 

N; TSL =Tshiombo low N; TWH =Towoomba optimum N; TWL =Towoomba low N 

 

4.4.4.5 Starch concentration 

The partitioning of GGE through AMMI analysis showed that IPCA axis 1 and IPCA axis 

2 were highly significant (P≤0.001) for starch concentration (Table 4.30), explaining 56.9 

and 27.2% of the total variation respectively. Together they explained 84.1% of the 

genotype main effect and GEI (Table 4.31). In Figure 4.5 most of the genotypes were 

centred in the region of the biplot origin. The most stable genotypes were KO54W and 

CZL01005. CML144 was associated with the highest yielding environments with regards 

to starch concentration; however it was considered the most unstable of them all. The 

genotype with the lowest and unstable starch concentration was Hans Male. Higher 

yielding environments for starch concentration were CH, TSH and PL; with the lowest 

yielding environments being TWH, TSL and PH.  
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Figure 4.5  Additive main effects and multiplicative interaction biplot for 

genotype starch concentration in eight environments. 
PH =Potchefstroom optimum N; PL =Potchefstroom low N; CH=Cedara optimum N; CL=Cedara low N; TSH =Tshiombo optimum 

N; TSL =Tshiombo low N; TWH =Towoomba optimum N; TWL =Towoomba low N 

 

4.4.5 Genotype and genotype by environment interaction biplots for five traits 

 

The GGE biplot analysis with visual positioning of the genotypes is presented in Figures 

4.6a to 4.6e. It explained a total of 78.9%, 89.3%, 78.7%, 79.5% and 86.5% of GGE 

variation for tryptophan, protein, QI, oil and starch respectively. The high variation 

explained by the GGE biplot indicates its appropriateness in further carrying out other 

biplot types (such as discriminating environments, genotype evaluation and ideal 

environments). The two principal components for tryptophan, protein, QI, oil and starch 

had scores of 48.5% and 30.4%, 77.8% and 11.6%, 61.2% and 17.5%, 69.8% and 9.77% 

and, 65.6% and 20.9% for the GGE variation respectively. In the case of tryptophan 

RO559W was associated with TWL, PL, CL and CH environments, while FO215W and 

CZL01005 corresponded to TSL and PH environment respectively. KO54W had the 

highest tryptophan concentration. For protein concentration CML144 and FO215W were 

mostly associated with PL, PH and TWH, while BO163W and Hans Male were 

associated with TSH and TWL, and RO559W with CL and CH. It was found that Hans 

Male and BO163W performed better, with high protein concentration. With regards to QI 
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SO713W, SO503W and FO215W were suitable for the TSL environment, while 

RO559W, KO54W and RO450W corresponded to PL, TWL, TWH, CH and CL 

environments and CML176-2 and CZL01005 corresponded to TSH and PH respectively. 

KO54W had the highest QI. For oil concentration genotypes KO54W and SO503W were 

suitable for PH, TSH, TWL and TWH environments, while FO215W was associated with 

the PL and TSL environments, and Hans Male corresponded with CL and CH 

environments. The genotype with the highest oil concentration was Hans Male. In terms 

of starch concentration SO503W was mostly suitable for the PL environment, while 

FO215W was associated with TSH and TWH environments. PH and CH environments 

were mostly associated with genotype CML144, while environments PH and TWH were 

associated with genotype CML176-2. CML144 was the genotype with the highest starch 

content. 

 

Graphical presentation of GGE biplot analysis for mean vs stability of genotypes for 

tryptophan, protein, QI, oil and starch is shown in Figures 4.7a to 4.7e.The PC1 is on the 

X axis and PC2 on the Y axis respectively and they represent the mean performance 

(genotypes with high PC1 are more productive) and stability (genotypes with PC2=0 are 

more stable) of genotypes. The mean performance and stability were determined by the 

average environment co-ordinates (AEC) method (Yan, 2001; Yan and Hunt, 2001), with 

the average environment defined by PC1 and PC2 average values for all the environments 

indicated with a circle (Kaya et al., 2006; Choukan, 2011). The line passing through the 

biplot origin and the average environment is known as the average environment axis 

(AEA). The line passing through the biplot origin and which is perpendicular to the AEA 

is called AOE and divides genotypes into those that perform above average and those 

with lower values than average. The genotypes are ranked by mean performance on AEA, 

increasing in the position of the arrow. Genotype stability is based on their distance from 

the AE abscissa i.e. the closer they are to the abscissa the more stable they are and vice 

versa (Kaya et al., 2006; Yan and Tinker, 2006). 
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Figure 4.6  Genotype and genotype by environment interaction biplot of 

tryptophan (a), protein (b), QI (c), oil (d) and starch (e). PH =Potchefstroom 
optimum N; PL =Potchefstroom low N; CH=Cedara optimum N; CL=Cedara low N; TSH =Tshiombo optimum 
N; TSL =Tshiombo low N; TWH =Towoomba optimum N; TWL =Towoomba low N 
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Figure 4.7  Genotype and genotype by environment interaction biplot based on average 
environment co-ordinate view for tryptophan (a), protein (b), QI (c), oil (d) 
and starch (e). PH =Potchefstroom optimum N; PL =Potchefstroom low N; CH=Cedara optimum N; CL=Cedara low 
N; TSH =Tshiombo optimum N; TSL =Tshiombo low N; TWH =Towoomba optimum N; TWL =Towoomba low N 
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In the case of tryptophan concentration the highest mean performers were KO54W, 

SO713W and RO559W and the lowest were Hans Male, SO503W and RO450W. 

KO54W was the most stable of all the genotypes, followed by RO559W. Genotypes with 

the highest protein concentration were Hans Male, BO163W and RO559W, while 

SO503W and KO54W had the lowest protein concentration. SO713W, BO163W and 

Hans Male were the most stable genotypes. The genotypes which had the highest QI were 

KO54W, SO713W and FO215W, while Hans Male, BO163W and RO450W had the 

lowest. Hans Male was the most stable of all the genotypes, followed by RO559W and 

RO450W. For oil concentration Hans Male, SO503W and KO54W were the best 

performers, while CML144, RO559W and RO450W were the worst. The most stable 

genotypes were RO450W and CML176-2. In the case of starch concentration the best 

performers were CML144, CML176-2 and FO215W, while the worst performers were 

Hans Male, BO163W and SO713W. The stable genotypes were KO54W and CML176-2.  

 

Graphical presentation of the “ideal” genotype using GGE biplot analysis is shown by 

Figure 4.8. The arrow on the line is an indication of the “ideal” genotype. An ideal 

genotype has the highest and absolute stable mean across all test environments (Kaya et 

al., 2006). The closer the genotype is located closest to the “ideal” genotype the more 

desirable it becomes (Kaya et al., 2006; Choukan, 2011). In this study the genotype that 

was closest to the “ideal” genotype for tryptophan, protein, QI, oil and starch 

concentration were KO54W, Hans Male, KO54W, SO503W and CML144 respectively. 

 

Graphical presentation of the “ideal” environment is presented in Figure 4.9. The “ideal” 

environment is the one that is both discriminating of genotypes and representative of the 

average tester (Yan et al., 2007; Badu-Apraku et al., 2011). An average tester is shown 

with the circle, while the arrow points to the “ideal” environment and the vertical line that 

passes through the biplot origin and the circle is called the average environment axis. The 

testing environment which is closely located to the “ideal” environment is the one which 

is more desirable in terms of discrimination ability of genotypes and representativeness of 

the environments. 
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Figure 4.8  GGE biplots for “ideal” genotype for tryptophan (a), protein (b), QI 

(c), oil (d) and starch (e).  
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Figure 4.9  Ranking of environments based on both discriminating power and 

representativeness for tryptophan(a), protein(b), QI(c), oil(d) and starch(e). 
PH =Potchefstroom optimum N; PL =Potchefstroom low N; CH=Cedara optimum N; CL=Cedara low N; TSH =Tshiombo 
optimum N; TSL =Tshiombo low N; TWH =Towoomba optimum N; TWL =Towoomba low N. 

e)      Total - 86.48%

RO424W

CML176-2

SO713W 
CZL01005

RO559W FO215W CML144

SO503W
RO450W

BO163W

HANS MALE

KO54W 

CL

CH

PH

PL

TSH

TSL 

TWH

TWL
0.5 

 1.5 

-0.5

0.0 

 1.0 

-1.0

1.0 

 0.5  0.0  -0.5 

P
C

2 
- 

20
.9

0%

 

PC1 - 65.57%

RO559W

BO163W

d)      Total - 79.50%)

SO713WCZL01005

RO424W

HANS MALE

SO503WKO54W

FO215W

RO450W CML176-2

CML144 

PL

TSH PH

CL
CH

TSL 

TWH
TWL

 -0.5  0.0  1.0 

-1.0

 2.0 

-0.5

0.0 

0.5 

1.0

 1.5  0.5 

PC1 - 69.73%

P
C

2 
- 

9.
77

%

KO54W 

HANS MALE SO713W

BO163W

c)     Total - 78.73%

CML176-2

RO450W 

CZL01005

RO424W

FO215W

RO559W 
SO503W

CML144 

CH

PH

PL

TSH 

TSL

TWH
CLTWL 

 1.00 

-1.00

-0.75

-0.50

-0.25

0.00 

 0.50 

0.25 

 0.00 

0.50 

 -0.50  -0.75 

0.75 

1.00

 0.75  -0.25  1.25  0.25 

P
C

2 
- 

17
.5

3%
 

PC1 - 61.20%

CZL01005

CML176-2
KO54W

b)     Total - 89.33%

HANS MALE

SO503W

FO215W 

SO713W

RO559W 
RO424W 

RO450W 
BO163W

CML144 

TSH 
TSL 

PL
PH

CL

CH

TWH

TWL 0.25

 0.25 

-1.00

 -0.25 

-0.75

-0.50

-0.25

 0.75 

0.00

 1.25 

0.50

0.75

1.00 

 0.00  1.00  1.50  0.50 

PC1 - 77.76%

P
C

2 
- 

11
.5

7%
 

KO54W

HANS MALE

SO713W

BO163W

CML176-2

a)     Total - 78.87%

RO450W 
CZL01005

RO424W 

FO215W

RO559W 

SO503W

CML144 

CH 
PH

PL

TSH

CL

TSL

TWH

TWL

0.6 

0.2 

-0.2

 0.8 

-0.6

 0.6  -0.4  0.4 

-0.0

0.4 

-0.4

 0.2  -0.0  -0.2 

P
C

2 
- 

30
.3

9%
 

PC1 - 48.48%



 

103 
 

The ranking of tester environments for tryptophan concentration is as follows: CH > 

TWL > PH > CL > PL > TSH > TWH > TSL, with CH being the “ideal” environment. In 

case of protein the “ideal” environment was TSH, with ranking as TSH > PH = TWL > 

TWH > CH > PL > TSL > CL. The ranking of tester environments for QI is as follows: 

CH > TWH > CL > TSH > TWL > PH > TSL > PL, with CH as the “ideal” environment. 

For oil the “ideal” environment was PH and for starch it was CH, with rankings as 

follows:  PH > CL > CH > TWL > TSH > TSL > PL > TWH and CH > PH > CL > TSL > 

TWH > TSH > PL > TWL respectively. 

 

The GGE biplot is drawn with a polygon view of “which-won-where” or “which is best 

for what” in order to assess which genotypes performed well in which environments 

(Figure 4.10). The genotypes located away from the biplot origin are connected with a 

straight line that forms a polygon, resulting in other genotypes being contained within the 

polygon. Then a set of perpendicular lines are drawn from the origin of the plots and 

extends beyond the polygon to divide the polygon into several sectors. Each sector 

represents environments where certain genotypes ranked the highest. For tryptophan 

concentration the polygon biplot was drawn from BO163W, KO54W, SO713W, 

CML176-2, SO503W and Hans Male with perpendicular lines dividing the biplot into six 

sectors (Figure 4.10a). Genotypes that performed similarly for PL environments were 

KO54W and BO163W, while for the TSL environment they were SO713W and 

CML176-2. Genotype BO163W wins for PH, CH, CL and environments, while KO54W 

wins for TWL and PL, and SO713W wins for TWH, TSL and TSH. Most of the other 

genotypes were less responsive than the vertex genotypes since they fell within the 

polygon. The polygon was drawn on RO559W, CML44, SO503W and Hans Male in the 

case of protein concentration (Figure 4.10b). The perpendicular lines divided the polygon 

in six sectors with all the eight environments falling into one sector and the vertex 

genotypes were Hans Male and RO559W. The remaining genotypes were less responsive 

to the environments. 
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Figure 4.10  Polygon views of GGE biplots showing “which won where” or “what 
is best for what” for tryptophan(a), protein(b), QI (c), oil(d) and 
starch(e). PH =Potchefstroom optimum N; PL =Potchefstroom low N; CH=Cedara optimum N; 
CL=Cedara low N; TSH =Tshiombo optimum N; TSL =Tshiombo low N; TWH =Towoomba optimum N; TWL 
=Towoomba low N. 
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In QI the polygon had six sectors drawn on KO54W, SO713W, CML176-2, Hans Male, 

BO163W and CZL01005 (Figure 4.10c). CH, PH, TWH, CL, TWL, PL and TSL were 

best for KO54W and SO713W. The remaining genotypes fell within the polygon and 

were less responsive compared to the vertex genotypes. The polygon was drawn on Hans 

Male, CML144, RO559W, FO215W and SO503W and it divides by perpendicular line 

into five sectors with regards to oil concentration (Figure 4.10d). Hans Male won at CH, 

TWH, CL and TWL, while SO503W won at TWL, TSH, PH and TSL, with FO215W 

winning at PL. Hans Male and SO503W performed similarly with regards to the TWL 

environment. For starch concentration the polygon was drawn on CML144, Hans Male 

and BO163W with the perpendicular line dividing it into four sectors (Figure 4.10e). 

Environment CH, PH, TWH, TSH, CL, PL and TSL were best for CML144, while TWL 

was best for BO163W. The remaining genotypes fell within the polygon and thus were 

less responsive of target environments for both traits. 

 

4.5 Discussion 

 

Evaluation of QPM inbred lines for grain quality characteristics in multi-environment 

trials is crucial for understanding the effect of environment on those characteristics 

because understanding GEI will assist in identifying and selecting superior QPM inbred 

lines which will be useful in QPM breeding programmes. Highly significant genotypic 

differences observed among the QPM inbred lines across the grain quality characteristics 

indicated the existence of variation for endosperm hardness, QI, tryptophan, protein, oil 

and starch content. Worku et al. (2007) in a study with QPM and normal maize cultivars 

tested in nine environments for determination of kernel endosperm quality, observed 

significant genotypic differences for QI, protein and tryptophan concentrations, while 

Hohls et al. (1996) in a study with opaque-2 maize germplasm observed highly 

significant genotypic differences amongst crosses for kernel hardness. In the present 

study environments were significantly different, which showed that each environment 

used was different in N levels. The QI and tryptophan content values observed in this 

study were similar to those achieved by Ignjatovic-micic et al. (2009) and higher than 

those achieved by Okello et al. (2006). Various researchers also found genetic variation 

in endosperm hardness, QI, tryptophan and protein under low and optimum N 
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environments (Pixley and Bjarnason, 1993; Worku, 2005; Gissa, 2008; Ngaboyisonga, 

2008).  

 

The results also revealed significant GEI for all measured traits except for endosperm 

hardness. Non-significant GEI for endosperm hardness meant that the QPM inbred lines 

were generally adapted to low and optimum N environments, which is what most 

breeders would want to achieve. Significant variation of GEI indicated the differences in 

the response of genotypes to the various environments. The result of the study was in 

agreement with findings of Hohls et al. (1996) and Pixley and Bjarnason (2002). 

However, it was in disagreement with the findings by Machida (2008) for endosperm 

hardness, and with Worku et al. (2007) who observed non-significant GEI differences for 

QI and protein concentration. The significant GEI of oil and starch are consistent with 

findings of other researchers (Lambert et al., 1998; Letchworth and Lambert, 1998; 

Guria, 2006). These findings indicated that the responses of QPM inbred lines to the 

environments were not similar for measured traits. Oikeh et al. (1998) found that varieties 

performed differently in different N environments, which makes it difficult to select 

superior genotypes for different end users. Kniep and Mason (1991), Tsai et al. (1992), 

Kaye et al. (2007), Ngaboyisonga (2008) and Surma et al. (2012) indicated that an 

increase in N fertiliser caused an increase in protein concentration. N application in most 

cases resulted in reduced grain hardness and this was shown by various researchers (Tsai 

et al., 1992; Kettlewell, 1996); however other researchers (Duarte et al., 2005; Kaye et 

al., 2007; Surma et al., 2012) observed an increase in grain hardness as N levels 

increased. Protein and tryptophan concentration of the grain endosperm increased 

markedly as available N in the soil increased, indicating that all protein fractions in the 

grain are reduced when N in the soil is limiting; while QI decreases (Worku, 2005; 

Worku et al., 2007). The results were consistent with findings of this study except for QI, 

which increased as N was increased. Low N supply results in a lowered starch 

concentration (Griess et al., 2010). This was not the case with the present study where 

average starch content was found to be higher under low N than optimum N conditions.  

 

Ngaboyisonga (2008) in a study to determine the effects of water deficiency on protein 

quality traits, found that water deficiency increased the concentration of protein in grain 

and that of tryptophan. The findings of the current study disagreed with these findings by 
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indicating that the Cedara site, which had the lowest rainfall, produced genotypes with the 

lowest protein concentration. It did, however, agree with the finding that tryptophan 

content was increased in environments where rainfall was limited. Water deficiencies 

negatively affected endosperm hardness from hard kernels to soft kernels (Ngaboyisonga, 

2008). However the findings of this study indicated that when rainfall was limited 

endosperm hardness was positively affected, while high rainfall (Tshiombo) resulted in 

soft kernels. High rainfall sites resulted in low oil content compared to low rainfall sites 

which resulted in increased oil content. According to Jurgens et al. (1978) severe drought 

results in reduced oil content.  

 

Genotype and GEI variations measure the response of the genotypes across environments 

while the environment effects measure the differences of the cultivar means to the 

environments (Aremu et al., 2008). In the present study, genotype had the largest effect 

on endosperm hardness, protein, oil and starch content. According to Duarte et al. (2005) 

genotype had a larger effect on grain quality parameters. Surma et al. (2012) observed 

that environment had a large effect on the performance of genotypes for protein content, 

except for endosperm hardness and starch content (Machida, 2008; Surma et al., 2012). 

Similar to findings in this study, oil content was less influenced by the effects of 

environment and GEI (Berke and Rocheford, 1995). Environment had a larger effect than 

genotype on tryptophan and QI. For starch content GEI was larger than genotype effects 

as compared to results for other traits measured where in most instances genotype effect 

was greater than GEI. These results are not consistent with that of Aremu et al. (2008) 

and Badu-Apraku et al. (2011) who reported that GEI was greater than genotype effects. 

In the present study tryptophan and QI were highly affected by environment, which 

explained 46.1% and 33.1% of the total (G + E + GEI) variation, whilst protein, starch, 

endosperm and oil were highly affected by genotype which explained 51.7%, 35.9% 

32.6% and 23.4% of variation. GEI explained 16.7%, 16.7%, 20.4%, 20.6% and 32.4% of 

variation for tryptophan, protein, QI, oil and starch respectively. For various traits, the 

high genotype contribution in this study indicated the variability in genotypes, while the 

high E effect meant that environments were very different, which influenced genotype 

performance. The high GEI on the other hand meant that it was difficult to recommend 

genotypes for various mega-environments (Machida, 2008). The findings in the present 

study agrees with the above studies on GEI significance; however the partitioning of 
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components deviates from the most commonly observed pattern of results, possibly 

because of large genotypic differences and smaller differences in environments (Table 

4.1). Under low and optimum N environments the best genotype for endosperm hardness, 

tryptophan, protein, QI, starch and oil content were Hans Male, KO54W, Hans Male, 

KO54W, CML176-2 and Hans Male, respectively. The best performer across 

environments for endosperm hardness, protein and oil content was Hans Male, while for 

tryptophan and QI it was KO54W and CML144 for starch content.  

 

The existence and magnitude of GEI in oil yield differ. Ghafoor et al. (2005) found that 

GEI was important in a study with sunflower genotypes by contributing more than 85% 

of the total variation in oil yield, which meant that with respect to oil yield the stability 

analysis of genotypes based on the location index was important. Mekonen and 

Mohammed (2010) found that GEI only contributed 4.6% of variation and genotypes had 

the largest effect on the oil yield. Findings in the present study were different from the 

reports by these researchers. Gutierrez-Rojas et al. (2008) in their study with a 

recombinant inbred population on endosperm texture modification and amino acid 

composition found highly significant genotype and environment effects for endosperm 

texture, opacity, and tryptophan and lysine content. They also found significant 

differences for endosperm texture in the field, however there were no significant GEI 

effects for tryptophan, lysine and vitreousness/hardness for the recombinant inbred 

population. The findings in the present study were different from the reports of these 

researchers. The need for extensive germplasm testing in multi-environment trials is 

confirmed by highly significant GEI effects (Badu-Apraku et al., 2011). Because highly 

significant GEIs were observed for traits measured, further multivariate analysis were 

done in order to determine the stability and adaptability of genotypes across locations for 

grain quality characteristics. This was done using the AMMI model and GGE biplots. 

 

IPCA1 of AMMI analysis accounted for 49.2%, 50.5%, 56.5%, 44.2% and 56.9% and 

IPCA2 for 29.4%, 22.0%, 24.9%, 23.6% and 27.2% of the GEI variation for QI, protein, 

tryptophan, oil and starch concentrations. Findings indicated that the first two IPCAs 

explained more than 60%-80% of the GEI. Similarly Choukan (2011) in a study on 

genotype, environments and GEI effects on performance of maize inbred lines observed 

the two IPCAs explained more than 80% of GEI variation. Other researchers who 
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obtained similar results are Yan et al. (2007) and Mitrovic et al. (2012). Inbred lines 

KO54W and RO559W were the best performing genotypes in terms of tryptophan content 

and stability. For protein content SO713W was the most stable genotype. KO54W was 

considered to be the best genotype with the highest and stable QI. SO503W and KO54W 

were the most stable genotypes, with the highest oil concentration. FO215W and 

CML176-2 were considered the best because they were stable with a good starch 

concentration. Environments TWH, TSH, CH and PH were higher yielding; whilst 

environments PL, TWL, TSL and CL were lower yielding for tryptophan concentration. 

Higher yielding environments for protein content were TWH and TSL; whilst lower 

yielding environments were PL, CH and TSH. PH, CH and TWL were average yielding 

environments. TSH, TWH, CH and PH were the environments with the highest QI; whilst 

the environments with the lowest QI were TWL, TSL, PL and CL. Environments with the 

highest oil concentration were PH, TWL, PL, CH and CL; whilst those with the lowest oil 

concentration were TSH, TSL and TWH. Higher yielding environments for starch 

concentration were CH, TSH and PL; with the lowest yielding environments being TWH, 

TSL and PH.  

 

According to Yan and Kang (2003) and Yan et al. (2007) the most important three 

aspects of genotype and environment data analysis for GGE biplots are genotype 

evaluation, test environment evaluation and mega-environment identification. In this 

study the GGE biplot results were used to show the positioning of the genotypes in 

different environments and total variation due to G and GEI, the relative mean 

performance vs stability of genotypes across environments, the ideal genotype, ideal 

environment, and which was best for what/which wins where pattern analysis. The GGE 

biplot average environment co-ordinate view allows test environments to be evaluated by 

discriminating power and representativeness and genotypes by mean performance and 

stability (Yan, 2001; Yan and Hunt, 2001; Yan et al., 2007). Yan (2001) also defined the 

ideal environments and genotypes. An ideal genotype is represented by a high mean 

performance and high stability across environments, with an ideal environment being the 

one that is most discriminating and representative of the environments (Yan, 2001; Yan 

and Hunt, 2001; Kaya et al., 2006; Yan and Tinker, 2006; Yan et al., 2007; Badu-Apraku 

et al., 2011; Choukan, 2011). The graphical visualisation of “which is best for what” 

pattern is essential for reviewing the potential existence of different mega environments 



 

110 
 

in the target region of the multi-environment data set (Gauch and Zobel, 1997; Yan et al., 

2000; Yan et al., 2001).  

 

The GGE biplot analysis of tryptophan, protein, QI, oil and starch content for 12 QPM 

inbred lines explained, respectively, 78.9%, 89.3%, 78.7%, 79.5% and 86.5% of G + GE 

variation. The GGE variation explained suggests some strong and complex GEI in the 

multi-environment data; and the high proportion of total variation explained justifies the 

use of GGE biplots (Aremu et al., 2008). Various researchers reported similar findings for 

total G + GE variation with GGE biplots (Yan et al., 2007; Aremu et al., 2008; Badu-

Apraku et al., 2011; Choukan, 2011). RO559W was associated with TWL, PL, CL and 

CH environments and KO54W had the highest tryptophan concentration. CML144 and 

FO215W were mostly associated with PL, PH and TWH, while BO163W and Hans Male 

with TSH and TWL with Hans Male and BO163W having high protein concentration. 

With regards to QI RO559W, KO54W and RO450W corresponded to PL, TWL, TWH, 

CH and CL environment with KO54W having the highest QI. KO54W and SO503W 

were suitable for four environments, while Hans Male had the highest oil content and 

corresponded to CL and CH environments. CML144 had the highest starch content and 

was associated with PH and CH environments. All the environments associated with the 

genotypes were in the above average zone. The GGE biplot is able to do a lot of graphical 

visualisations in analysis of multi-environment data and in interpretation of GEI; and 

explains more of total variance compared to AMMI analysis (Yan et al., 2007). The 

findings of this study agree with the above reports except for tryptophan content where 

AMMI (81.47%) was better than GGE (78.90%) analysis in partitioning of the total G + 

GEI variation. 

 

According to Yan (2002) in the GGE biplot of mean vs stability PC1 approximates G 

which is the mean performance of the various genotypes and PC2 measures the stability 

and approximates the GEI effects. The highest mean performers for tryptophan 

concentration were KO54W, SO713W and RO559W and lowest were Hans Male, 

SO503W and RO450W, with KO54W and RO559W being the most stable. Hans Male, 

BO163W and RO559W had the highest protein content, while SO503W and KO54W had 

the lowest. SO713W, BO163W and Hans Male were most stable. The genotypes which 

had the highest QI were KO54W, SO713W and FO215W, while Hans Male, BO163W 
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and RO450W had the lowest. Hans Male, RO559W and RO450W were the most stable of 

all the genotypes. Hans Male, SO503W and KO54W were the best performers, while 

CML144, RO559W and RO450W were the worst for oil content. RO450W and CML176 

were stable for oil content. For starch concentration the best performers were CML144, 

CML176-2 and FO215W, while the worst were Hans Male, BO163W and SO713W. 

KO54W and CML176-2 were stable. The study was able to identify both high mean 

performers and stable inbred lines for all the traits measured. Choukan (2011) in a GGE 

biplot for mean vs stability study used the same type of germplasm as used in the current 

study and was able to identify the highest yielding and very stable line which could be 

further used in a breeding programme. 

 

A genotype that is selected as an ideal genotype can be used as a reference during cultivar 

evaluation trials (Kaya et al., 2006; Choukan, 2011). In most cases an ideal genotype is 

one that is closest to the visual “ideal” genotype because in most cases an ideal genotype 

does not exist (Kaya et al., 2006). This study was able to identify ideal genotypes for 

various traits measured.  The ideal genotypes were KO54W, Hans Male and KO54W for 

QI, protein and tryptophan concentration. In the case of oil and starch concentration the 

ideal genotypes were SO503W and CML144 respectively. Consistent with the current 

results, Choukan (2011) was able to identify an ideal genotype which can be used as a 

reference in cultivar evaluation. 

 

In most studies the discriminating ability vs representativeness are visualised with vectors 

and angles on the GGE biplot graph (Yan and Tinker, 2006; Yan et al., 2007; Aremu et 

al., 2008; Badu-Apraku et al., 2011; Choukan, 2011). However, in this study the GGE 

biplots plotted were for discriminating power and representativeness. According to Badu-

Apraku et al. (2011) both biplots are able to identify suitable locations to select superior 

genotypes. The biplot indicates an ideal environment as an environment that is both 

discriminating and representative of the test environments through the rankings of 

environments (Badu-Apraku et al., 2011). The ranking of environments for tryptophan 

concentration were as follows: CH > TWL > PH > CL > PL > TSH > TWH > TSL, with 

CH being the “ideal” environment. In case of protein the “ideal” environment was TSH, 

with ranking as TSH > PH = TWL > TWH > CH > PL > TSL > CL. For QI the ranking 

of the environments were as follows: CH > TWH > CL > TSH > TWL > PH > TSL > PL, 
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with CH as the “ideal” environment. For oil the “ideal” environment was PH while for 

starch it was CH, with rankings as follows:  PH > CL > CH > TWL > TSH > TSL > PL > 

TWH and CH > PH > CL > TSL > TWH > TSH > PL > TWL respectively. Similar to 

Badu-Apraku et al. (2011) the findings of this study were able to identify the most 

discriminating and representative of the test environments and regarded those 

environments as ideal environments for selecting superior genotypes. 

 

The GGE biplot of “which was best for what” is used to identify superior genotypes in 

each environment or mega-environment (Yan and Hunt, 2002). The most responsive 

genotypes are best performers in those environments; while the less responsive genotypes 

are those that fall within the areas closer to the biplot origin of the polygon, whereas 

genotypes where environments did not feature in their polygon sectors were the lowest 

yielding in all or some of those environments (Badu-Apraku et al., 2011; Choukan, 

2011). In the GGE biplots for “which was best for what” the best genotype in the test 

locations was BO163W which was superior for PH, CH and CL environments, KO54W 

for TWL and PL environments, and SO713W for TWH, TSL and TSH environments for 

tryptophan content. For protein content the vertex genotypes were Hans Male and 

RO559W in all eight environments. Environments CH, PH, TWH, CL, TWL, PL and 

TSL were best for KO54W and SO713W for QI. In terms of oil content Hans Male won 

at CH, TWH, CL and TWL, while SO503W won at TWL, TSH, PH and TSL, with 

FO215W winning at PL. Hans Male and SO503W performed similarly with regards to the 

TWL environment. For starch content, environment CH, PH, TWH, TSH, CL, PL and 

TSL were best for CML144, while TWL was best for BO163W. The GGE biplots for 

“which was best for what” was a clear summary of the GE pattern of a multi-environment 

trial data set by simply identifying the best performers in various environments. Similar to 

what was reported by Badu-Apraku et al. (2011) it was easier to visualise the “which was 

best for what” pattern with the GGE biplot than the AMMI biplot.  

 

4.6 Conclusions 

 

Significant genotypic differences were observed for all traits measured in different 

environments indicating the existence of genetic variability amongst the QPM inbred 

lines, which will allow for selection for improvement in the breeding programme. 
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Genotype effects in the QPM inbred lines for all traits measured were greater than 

environment effects except in the case of tryptophan content and QI and greater than GEI 

effects except for the case of starch content. The combined ANOVA within environments 

revealed that in some instances both low and optimum N environments discriminated the 

inbred lines similarly, which gave an indication of a good possibility of genetic 

improvement and selection of genotypes that will perform well in both the low N 

environments used by small-scale farmers who apply no or small amounts of fertiliser 

during planting and for optimal conditions. The large genetic variation encountered under 

low N environments creates an opportunity to exploit the QPM inbred lines even more 

effectively in order to develop hybrids that are adaptable or tolerant to these 

environments. The low and optimum N environments sometimes discriminated the 

genotypes differently, whereas in some cases environments sharing the same location but 

with different stress levels discriminated the genotypes similarly. This showed the 

possibility of developing genotypes under both stress and optimal environments. The 

environment effects were found to be significant even though the environmental effects 

were lower than the other effects. An increase in N fertiliser caused an increase in protein 

content, grain hardness, tryptophan content, QI and oil content while low N conditions 

resulted in higher starch content. Endosperm hardness and tryptophan and oil content 

were improved while protein was reduced in low N sites. The inbred lines used in this 

study performed well for the majority of the traits under both optimum and stress 

environments, which indicated the tolerance of the germplasm available in the country for 

low N environments. These materials will be beneficial to farmers since they usually 

plant maize under low N conditions. In a combined ANOVA across the eight 

environments GEI was significant for all traits except for endosperm hardness, indicating 

the differential response of the QPM inbred lines to contrasting N levels which also 

indicated the possibility of developing hybrids or the formation of specific populations for 

each environment in the maize breeding programme. ANOVA was able to detect the 

existence of GEI effects, and AMMI and GGE analyses were used to further analyse this.   

The AMMI and GGE analysis were efficient in analysing and interpreting GEI effects 

and this was shown by the large GEI extracted by both analyses. However, overall GGE 

biplots were superior for partitioning of the total G + GEI variation except for the case of 

tryptophan content. The GGE biplots were easy to interpret because of their ability to 

visualise the results, and due to the availability of graphical tools for visualization of G + 
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GEI interpretation as compared to the AMMI graphs. AMMI and GGE biplots were 

successful in the identification of high performance and stability and the overall ideal 

genotypes. Both methods were similar in the identification of genotype performance for 

QI, tryptophan and protein content; and similar for determining stability of inbred lines 

for tryptophan, protein and starch content but different for QI and oil content. The ideal 

genotypes were KO54W, Hans Male and KO54W, SO503W and CML144 for QI, protein 

tryptophan oil and starch concentration, respectively.  

 

The AMMI identified the highest yielding environments as TWH, TWH, TSH, PH and 

TSH for tryptophan, protein, QI, oil and starch content, respectively. The test 

environment evaluations of GGE biplots were able to identify the ideal environment 

which is the most discriminating and representative of the environments. The ideal 

environments for tryptophan, protein, QI, oil and starch concentration were CH, TSH, 

CH, PH and CH, respectively. All of these ideal environments were optimum N 

environments. BO163W won for PH, CH and CL environments, KO54W for TWL and 

PL environments, and SO713W for TWH, TSL and TSH environments in tryptophan 

content. Hans Male and RO559W were superior in eight environments for protein 

content. KO54W and SO713W won in CH, PH, TWH, CL, TWL, PL and TSL 

environments for QI. Hans Male was superior at CH, TWH, CL and TWL, SO503W at 

TWL, TSH, PH and TSL, and FO215W at PL for oil content. CML144 won at CH, PH, 

TWH, TSH, CL, PL and TSL environments, and BO163W at TWL in starch content. As 

for further using GGE biplots for identification of mega-environments future studies need 

to be done which include year interactions in order to identify and validate mega-

environment results. 
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Chapter 5 

 

Evaluation of high quality protein maize (QPM) and non-QPM hybrids 

and open-pollinated varieties under two nitrogen levels for grain quality 

traits 

 

5.1 Abstract 

 

Low N in the soil affects grain quality traits of maize. Field experiments were conducted 

in two provinces of SA to evaluate grain quality traits of 20 QPM and non-QPM 

genotypes under low and optimum N conditions. Single and combined ANOVAs were 

conducted in low N, optimum N and across N environments for grain quality traits. Single 

and combined correlation matrix analyses were also conducted to determine relationships 

between the grain quality characters. There were non-significant genotype differences for 

all grain quality traits except for oil content at Cedara optimum N and tryptophan content 

and QI in all environments. The QPM had acceptable levels of hardness, which is an 

important trait for millers and QPM commercialisation. Environment effects were highly 

significant for all traits measured and played a major role in determining the expression of 

the traits. The GEI was significant for tryptophan content and QI, but was not larger than 

environment effects. Most of the traits improved with increased N level. Although many 

correlations were significant, values were relatively low except between tryptophan 

content and QI, and starch and oil content. Starch was significantly negatively correlated 

with oil content (r = -0.72, -0.65 and -0.67), whilst tryptophan content were highly 

significantly correlated with QI (r = 0.95, 0.98 and 0.97) in low, optimum and across N 

environments. Tryptophan content and QI values were lower in low N than optimum N 

environments. QPM varieties performed significantly better than non-QPM varieties for 

tryptophan and QI in all environments. Genetic variation observed for tryptophan content 

in the genotypes will be useful in the QPM breeding programmes, with better performing 

synthetics to be tested across more environments to determine their stability. Positively 

correlated traits will make it easier for simultaneous selection of grain quality traits in the 

ARC-GCI maize breeding programme. 
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5.2 Introduction 

 

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

calorie requirements from maize (Mbuya et al., 2011). In SA, more than half of the maize 

consumed domestically is for human consumption and the rest is used for animal feed and 

industrial purposes (NDA, 2012). The maize kernel has poor nutritional quality and is 

mainly fortified in developed countries for human consumption, while for animal 

consumption the feed is supplemented with other protein sources. In most of the 

developing countries the reality is that the poorer communities are unable to acquire 

fortified products and other sources of protein to consume with maize. The majority of 

pregnant women and young children are at a higher risk of contracting protein deficiency 

diseases. Maize oil, due to a high degree of unsaturated fatty acids and low levels of 

saturated fatty acids (Zai and Gao, 2001), is widely used for human consumption and it is 

also an important energy source for livestock feed (Perry, 1988). Subsequently, in order 

to improve human and animal health, it is of great importance to improve the nutritional 

quality of maize. The discovery of the opaque-2 mutant in the 1960s brought a lot of hope 

for a breakthrough to improve the nutritional value of normal maize and bring relief to 

millions of people suffering from malnutrition and other diseases associated with the 

absence of essential amino acids. The improvement of maize using the opaque-2 mutant 

lead to the development of QPM varieties with about twice the levels of lysine and 

tryptophan and 10% higher grain yield than the most modern varieties of tropical maize. 

This created the possibility of significant improvement in human and animal nutrition 

(Akande and Lamidi, 2006; Olakojo et al., 2007). 

 

In developing countries most of the maize is grown under low N conditions (McCown et 

al., 1992; Stoorvogel et al., 1993) and this is mainly due to high fertiliser cost (Odhiambo 

and Magandini, 2008). In SA fertiliser use is higher compared to other African countries; 

however its application is still lower than the recommended optimum levels, especially in 

the case of small-scale farmers. Nitrogen significantly affects grain quality traits in 

normal maize (Tsai et al., 1992; Oikeh et al., 1998) and QPM (Wegary et al., 2011; 

Ngaboyisonga et al., 2012). Most of the research on maize at large focuses on grain yield 

and yield related traits, and the impact of low N on protein quality and quantity of QPM 

germplasm has not yet been sufficiently addressed (Gissa, 2008; Ngaboyisonga et al., 

2012). Determination of tryptophan content is a necessary step to develop QPM, and 
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every QPM breeding programme must have access to a laboratory equipped to do 

tryptophan analysis. Various researchers have conducted comparative studies between 

QPM and normal maize endosperm for yield, endosperm hardness, protein, tryptophan, 

fat, and starch concentration; and results show that QPM varieties perform better for 

tryptophan or lysine, equivalent or better for yield, endosperm hardness and protein, 

including fat, starch and carbohydrate concentration (Bjarnason and Vasal, 1992; Pixley 

and Bjarnason, 1993; Martinez et al., 1996; Pixley and Bjarnason 2002; Guria, 2006). 

Levels of tryptophan in opaque-2 maize range from 0.5% to 1.1% and in normal 

endosperm maize from 0.2% to 0.5% (Nurit et al., 2009) while in QPM the levels have to 

be equal or greater than 0.8% (Krivanek et al., 2007; Vivek et al., 2008). 

 

Negative and positive relationships amongst various maize grain quality characters have 

been reported (Song et al., 1999; Uribelarrea et al., 2004; Pradeepa, 2007; Ngaboyisonga 

et al., 2012). It is important to target the most important grain quality characters in QPM 

breeding because they add value to the grain for animal feed, human health and industrial 

applications. But it is not easy to do that simultaneously since some traits are negatively 

correlated. There is no information with regards to correlation of starch, oil, protein and 

tryptophan in QPM. Most of the available QPM germplasm and commercial hybrids have 

been developed and tested under optimum conditions and there is limited information on 

their grain quality traits compared to those of non-QPM germplasm in SA. The aim of 

this study was to determine whether QPM (hybrids and OPVs) perform better or similar 

to normal maize and how the grain quality traits of the different genotypes are affected by 

low and optimum N environments, and to determine the relationship between grain 

quality traits. 

 

5.3 Materials and methods 

 

5.3.1 Germplasm, trial environment, design and management 

 

Eight QPM and 12 non-QPM varieties were used in this study. The materials consisted of 

hybrids (four QPM hybrids and six non-QPM hybrids), and open-pollinated varieties 

(four QPM OPVs and six non-QPM OPVs). A list of varieties and their description is 

given in Table 5.1. The varieties were tested in Potchefstroom and Cedara under two N 
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levels (low and optimum N) resulting in four environments. The trial designs, N 

application rates and trial management were the same as those described in Chapter 4. 

 

Table 5.1  List of maize hybrids and open-pollinated varieties evaluated in two 

locations 

Entries Types Origin 

PAN6479 Non-QPM hybrid PANNAR  

PAN6611 Non-QPM hybrid PANNAR 

PAN6616 Non-QPM hybrid PANNAR 

PhB30Y83 Non-QPM hybrid PIONEER 

CRN3505 Non-QPM hybrid MONSANTO  

DKC78-15 Bt Bt maize hybrid MONSANTO 

QS7705 QPM hybrid Quality Seed 

QS7707 QPM hybrid Quality Seed 

QS7711 QPM hybrid Quality Seed 

QS7715 QPM hybrid Quality Seed 

Syn9QW QPM Synthetic OPV ARC-GCI 

Syn15QW QPM Synthetic OPV ARC-GCI 

Syn12 QW QPM Synthetic OPV ARC-GCI 

Obatanpa-SR QPM OPV CIMMYT-Zim 

SAM1109 Non-QPM OPV ARC-GCI 

ZM1421 Non-QPM OPV CIMMYT-Zim 

ZM1423 Non-QPM OPV CIMMYT-Zim 

ZM1523 Non-QPM OPV CIMMYT-Zim 

ZM1623 Non-QPM OPV CIMMYT-Zim 

ZM521 Non-QPM OPV CIMMYT-Zim 

 

5.3.2 Data collection and analyses 

 

Data collection and analyses methods for grain quality traits were the same as described 

in Chapter 4. Single and combined ANOVAs were conducted in low N, optimum N and 

across N environments for grain quality traits. Single and combined correlation matrix 

analyses were also conducted for optimum and low N environments and across N 

environments to determine relationships between the grain quality characters. 
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5.4 Results  

 

Single ANOVAs conducted for each environment showed significant differences amongst 

genotypes for oil content at Cedara optimum N and highly significant genotype variation 

for tryptophan content and QI in all environments. The single ANOVA’s results are not 

shown in the thesis chapter as combined analyses of the two locations were deemed a 

better representation of trends than single location analysis. The environment effects were 

significant for QI, starch and oil content; and highly significant for the other traits except 

for tryptophan content in low N environment, and highly significant for all traits in the 

optimum N environment (Table 5.2). GEI was highly significant for only tryptophan and 

QI in all environments. Genotypes played a major role in the determination of grain 

quality traits when compared to environment and GEI effects in all environments.  

 

Tryptophan content of the QPM varieties ranged between 0.07-0.09% across low N 

environments and 0.11-0.16% across optimum N environments; whilst it ranged between 

0.03-0.07% and 0.05-0.07% for the non-QPM varieties across low N and optimum N 

environments respectively (Table 5.3). The QPM varieties had QI values which ranged 

from 0.70-1.05% under low N and 1.09-1.53% under optimum N; while for non-QPM 

varieties it ranged between 0.34-0.61% in low N and 0.47-0.72% in optimum N 

environments. Average means of the varieties for tryptophan content and QI in low N 

conditions were 0.06% and 0.68%, whilst those for optimum N environments were 0.10% 

and 0.94% respectively. The genotypes with best performance for tryptophan content and 

QI under both low and optimum N environments were QS7707 and Syn15QW 

respectively. The average means of tryptophan and QI for the QPM hybrids and non-

QPM hybrids were 0.08 and 0.05% in low N sites respectively, whereas in optimum N 

sites it was 0.12 and 0.06% respectively. For QPM OPVs and non-QPM OPVs the 

average mean was 0.07 and 0.05% respectively in low N conditions, whereas it was 0.14 

and 0.07% respectively in optimum N environments. Tryptophan content and QI value 

were lower in low N than optimum N environments, and higher in QPM than non-QPM. 

Therefore, QPM varieties performed much better than non-QPM varieties for tryptophan 

and QI.
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Table 5.2  Mean squares for six grain quality traits of 20 QPM and non-QPM varieties grown in low and optimum N 

environments 

Source DF                          Mean squares low N                   Mean squares optimum N   
  Protein Tryp QI EH Starch Oil Protein Tryp QI EH Starch Oil 

Block  2 0.116 0.000 0.004 0.078 0.207 0.024 0.283 0.000 0.007 0.015 0.185 0.006 

Genotype  19 0.506 0.002** 0.209** 0.233 0.655 0.140 0.528 0.007** 0.659** 0.197 0.990 0.264 

Env 1 14.008** 0.000 0.043* 4.929** 5.002* 0.990* 8.112** 0.002** 0.046** 12.095** 25.669** 0.954** 

GEI 19 0.426 0.000** 0.021** 0.184 0.928 0.158 0.378 0.001** 0.061** 0.278 0.726 0.127 

Residual 76 0.620 0.000 0.007 0.195 0.808 0.187 0.709 0.000 0.007 0.324 0.654 0.138 

Mean   9.22 0.06 0.64 2.51 70.3 4.87 10.05 0.09 0.88 2.26 69.91 4.91 

LSD(0.05)  1.08 0.01 0.12 0.61 1.23 0.59 1.16 0.0004 0.12 0.78 1.11 0.51 

CV (%)  8.54 11.62 13.1 17.6 1.28 8.87 8.38 3.14 9.64 25.14 1.16 7.56 

*P≤0.05; **P≤0.01; Env=Environments; GEI=Genotype by environment interaction; LSD=least significant difference; CV=Coefficient of variation; Tryp=Tryptophan; EH=Endosperm hardness; QI=Quality 

Index 
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Table 5.3  Mean values of 20 QPM and non-QPM varieties for grain quality traits grown in low and optimum N environments of 

South Africa 

Entries Low N Optimum N 
 Protein  Tryp QI EH Oil Starch Protein  Tryp QI EH  Oil Starch 

QS7705 9.18(11) 0.08(4) 0.83(4) 2.49(10) 4.83(11) 70.15(15) 9.80(16) 0.13(3) 1.36(3) 2.48(18) 4.95(11) 69.78(12) 
QS7707 8.97(16) 0.09(1) 1.05(1) 2.57(13) 4.80(16) 70.37(11) 10.20(5) 0.11(8) 1.10(7) 2.20(8) 4.97(9) 69.60(18) 

QS7711 8.73(20) 0.08(2) 0.94(2) 2.92(20) 4.85(12) 70.50(5) 9.53(20) 0.12(4) 1.21(4) 2.07(5) 4.47(20) 70.87(1) 

QS7715 9.32(7) 0.07(8) 0.70(8) 2.53(12) 4.87(10) 70.42(8) 10.25(4) 0.11(7) 1.09(8) 2.03(3) 5.05(5) 69.10(20) 

QPM hybrid mean  9.05 0.08 0.88 2.63 4.84 70.36 9.95 0.12 1.19 2.20 4.86 69.84 
CRN3505 9.05(15) 0.06(9) 0.61(9) 2.45(8) 4.92(7) 70.28(12) 9.68(19) 0.07(10) 0.67(10) 2.55(20) 5.15(2) 69.87(9) 

PAN6479 9.13(12) 0.05(18) 0.51(17) 2.34(5) 4.83(15) 70.48(6) 9.83(15) 0.06(19) 0.61(16) 2.38(14) 4.88(14) 69.77(13) 

PAN6611 9.65(3) 0.05(13) 0.52(15) 2.30(4) 5.10(3) 69.68(20) 10.43(2) 0.06(17) 0.57(19) 2.04(4) 4.95(10) 60.73(14) 

PAN6616 8.87(19) 0.05(10) 0.60(10) 2.58(14) 4.93(6) 70.75(2) 9.70(18) 0.07(12) 0.67(11) 2.48(17) 4.60(19) 70.55(2) 

PHB30Y83 9.45(4) 0.05(12) 0.55(14) 2.28(3) 5.13(1) 70.00(17) 10.07(11) 0.07(15) 0.65(13) 2.39(15) 4.80(15) 70.07(6) 

DKC78-15 Bt 9.37(5) 0.05(16) 0.52(16) 2.58(16) 5.00(4) 70.45(7) 10.80(1) 0.05(20) 0.47(20) 2.02(2) 5.03(6) 69.40(19) 

Normal hybrid mean  9.25 0.05 0.55 2.42 4.99 70.27 10.09 0.06 0.61 2.31 4.90 68.40 
Obatanpa-SR 9.88(1) 0.07(5) 0.73(7) 2.24(1) 5.10(2) 69.78(19) 10.07(10) 0.12(6) 1.14(6) 2.28(11) 5.27(1) 70.15(5) 

Syn9QW 9.08(14) 0.08(3) 0.90(3) 2.51(11) 4.57(19) 70.75(3) 10.18(6) 0.14(2) 1.39(2) 2.47(16) 4.90(13) 70.02(7) 

Syn12QW 8.95(17) 0.07(6) 0.77(5) 2.76(17) 4.75(17) 70.28(13) 9.88(13) 0.12(5) 1.17(5) 2.50(19) 4.70(16) 69.85(10) 

Syn15QW 9.23(9) 0.07(7) 0.74(6) 2.80(18) 4.98(5) 70.40(9) 10.18(7) 0.16(1) 1.53(1) 2.37(13) 5.13(3) 69.68(15) 

QPM OPV mean 9.29 0.07 0.79 2.58 4.85 70.30 10.08 0.14 1.31 2.41 5.00 69.93 
ZM521 9.28(8) 0.03(20) 0.34(20) 2.58(15) 4.90(8) 70.25(14) 9.88(14) 0.06(16) 0.61(17) 2.20(9) 5.12(4) 69.78(11) 

ZM1421 9.22(10) 0.03(19) 0.36(19) 2.25(2) 4.88(9) 70.38(10) 9.77(17) 0.07(9) 0.72(9) 2.29(12) 4.65(17) 70.37(3) 

ZM1423 9.12(13) 0.05(15) 0.56(13) 2.38(7) 4.57(20) 70.63(4) 10.13(9) 0.07(14) 0.64(15) 2.16(7) 4.97(8) 69.67(16) 

ZM1523 9.35(6) 0.05(11) 0.56(12) 2.36(6) 4.87(11) 70.03(16) 10.33(3) 0.06(18) 0.58(18) 2.26(10) 5.00(7) 69.62(17) 

ZM1623 9.68(2) 0.07(17) 0.48(18) 2.48(9) 4.85(13) 69.83(18) 10.07(12) 0.07(11) 0.65(14) 2.12(6) 4.62(18) 70.37(4) 

SAM1109 8.92(18) 0.05(14) 0.58(11) 2.81(19) 4.72(18) 70.92(1) 10.13(8) 0.07(13) 0.65(12) 2.00(1) 4.95(12) 69.92(8) 

Normal OPV mean  9.26 0.05 0.48 2.48 4.80 70.34 10.05 0.07 0.64 2.17 4.89 69.96 

Grand mean 9.21 0.06 0.68 2.53 4.87 70.32 10.04 0.10 0.94 2.27 4.91 69.53 
LSD (0.05) 1.08 0.01 0.12 0.61 0.59 1.23 1.16 0.0004 0.12 0.78 0.51 1.11 
LSD=least significant difference; Tryp=Tryptophan; EH=Endosperm hardness; QI=Quality Index; OPV=Open pollinated variety 
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Combined ANOVA across N environments is presented by Table 5.4. Highly significant 

environmental effects were observed for all traits and genotypic effects for tryptophan 

and QI. Environmental effects played a major role in determination of the quality traits, 

followed by genotype effects and then GEI for all characters except for endosperm 

hardness where genotype effects were the least important. Averaged over all 

environments, tryptophan content for all varieties ranged from 0.05% to 0.11%, with 

QPM hybrids and OPVs having the highest tryptophan content compared to other types of 

varieties (Table 5.5). The average means of QPM and non-QPM hybrids for tryptophan 

was 0.10 and 0.06% whereas for OPVs they were 0.11% and 0.06% respectively. For QI 

the average means of QPM and non-QPM hybrids were 1.03% and 0.58% respectively, 

whereas for QPM and non-QPM OPVs they were 1.05% and 0.56% respectively. The 

average means of all the varieties for protein content, endosperm hardness, tryptophan, 

QI, oil and starch contents were 9.6%, 2.4%, 0.08%, 0.81%, 4.9% and 70.1% 

respectively. The top five performers for tryptophan and QI across N environments were 

Syn15QW, Syn9QW, QS7705, QS7707 and QS7711. Taking all measured traits into 

consideration Obatanpa-SR performed well overall for protein (9.98%), tryptophan 

content (0.09%), QI (0.93%), endosperm hardness (2.26%) and oil content (5.18%), 

followed by QS7715 and QS7707. QPM varieties performed much better than non-QPM 

varieties for tryptophan and QI. 

 

Under low N environments tryptophan content was highly significantly (almost 100%) 

and positively correlated with QI (r = 0.95) and was non-significantly (P>0.05) correlated 

with all the other traits (Table 5.6). This was expected since tryptophan content values are 

used to calculate QI. Starch content showed a highly significant (P<0.01) negative 

relationship with oil content (r = -0.72). Protein content had a highly significant negative 

correlation with QI (r = -0.32), endosperm hardness (r = -0.27) and starch content (r = -

0.41). Endosperm hardness was highly significantly positively correlated with QI (r = 

0.23) and significantly positively correlated with starch content (r = 0.18).  
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Table 5.4 Mean squares of six grain quality traits in 20 QPM and non-QPM varieties grown across four N environments 

Source DF Protein Tryp QI EH Starch  Oil 

Block in loc 8 0.200 0.000 0.006 0.046 0.196 0.015 

Genotype  19 0.759 0.007** 0.725** 0.184 0.847 0.237 

Environment 3 20.986** 0.017** 1.114** 6.887** 13.586** 0.673** 

GEI 57 0.360 0.001** 0.075** 0.236 0.817 0.151 

Residual  152 0.664 0.000 0.007 0.260 0.731 0.162 

Mean   9.63 0.073 0.76 2.39 70.11 4.89 

LSD(0.05)  0.78 0.01 0.08 0.49 0.82 0.37 

CV (%)  8.46 7.12 11.10 21.34 1.22 8.24 

**P≤0.01; Env=Environments; GEI=Genotype by environment interaction; LSD=least significant difference; CV=Coefficient of variation; Tryp=Tryptophan; EH=Endosperm  
hardness; QI=Quality Index 
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Table 5.5 Mean values and rankings of 20 QPM and non-QPM varieties for six grain quality traits across four N environments 

Entries Protein  Rank Tryp Rank QI Rank EH Rank Oil  Rank Starch  Rank 

QS7705 9.49 14 0.10 3 1.09 3 2.49 15 4.89 10 69.97 16 
QS7707 9.58 12 0.10 4 1.07 5 2.38 11 4.88 11 69.98 14 
QS7711 9.13 20 0.10 5 1.07 4 2.50 16 4.66 20 70.68 1 
QS7715 9.78 6 0.09 8 0.90 8 2.28 5 4.96 8 69.76 19 
QPM hybrid mean  9.50  0.10  1.03  2.41  4.85  70.10  
CRN3505 9.37 18 0.06 9 0.64 9 2.50 17 5.03 3 70.08 9 
PAN6479 9.48 16 0.05 17 0.56 16 2.36 10 4.86 12 70.13 7 
PAN6611 10.04 2 0.06 16 0.55 17 2.17 1 5.03 4 69.71 20 
PAN6616 9.28 19 0.06 10 0.64 10 2.53 18 4.77 16 70.65 2 
PHB30Y83 9.76 7 0.06 11 0.60 13 2.33 9 4.97 7 70.03 12 
DKC78-15 Bt 10.08 1 0.05 19 0.49 19 2.30 6 5.02 5 69.93 17 
Normal hybrid mean  9.67  0.06  0.58  2.37  4.95  70.09  
Obatanpa-SR 9.98 3 0.09 6 0.93 7 2.26 2 5.18 1 69.97 15 
Syn9QW 9.63 9 0.11 2 1.15 1 2.49 14 4.73 17 70.38 4 
Syn12QW 9.42 17 0.09 7 0.97 6 2.63 20 4.73 19 70.07 10 
Syn15QW 9.71 8 0.11 1 1.14 2 2.59 19 5.06 2 70.04 11 
QPM OPV mean  9.69  0.11  1.05  2.49  4.93  70.12  
ZM521 9.58 11 0.05 20 0.48 20 2.39 12 5.01 6 70.02 13 
ZM1421 9.49 15 0.05 18 0.54 18 2.27 3 4.77 14 70.38 5 
ZM1423 9.63 10 0.06 12 0.60 12 2.27 4 4.77 15 70.15 6 
ZM1523 9.84 5 0.06 14 0.57 14 2.31 8 4.93 9 69.83 18 
ZM1623 9.88 4 0.06 15 0.56 15 2.30 7 4.73 18 70.10 8 
SAM1109 9.53 13 0.06 13 0.62 11 2.41 13 4.83 13 70.42 3 
Normal OPV mean  9.66  0.06  0.56  2.33  4.84  70.15  
Grand mean 9.63  0.08  0.81  2.40  4.89  70.12  
LSD(0.05) 0.78  0.01  0.08  0.49  0.39  0.82  
LSD=least significant difference;Tryp=Tryptophan; EH=Endosperm hardness; QI=Quality Index; OPV=Open pollinated variety 
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Under optimum N environments protein content had a highly significant negative 

association with endosperm hardness (r = -0.65) and starch content (r = -0.66), a highly 

significant positive correlation with oil content (r = 0.39) and a significant negative 

correlation with QI (r = -0.20). Starch content, on the other hand, showed a highly 

significant positive relationship with endosperm hardness (r = 0.44) and a highly 

significant negative correlation with oil content (r = -0.65). Tryptophan content was 

highly significantly (almost 100%) and positively correlated with QI (r = 0.98). 

 

Across all environments tryptophan content was highly significantly positively correlated 

with protein content (r = 0.20) and QI (r = 0.97); and significantly negative associated 

with starch content (r = -0.14) although these values were relatively low. Starch content 

had highly significant and negative correlation with oil content (r = -0.67) across all 

environments. Protein content on the other hand had a highly significant negative 

relationship with endosperm hardness (r = -0.52) and starch content (r = -0.57) and a 

highly significant positive correlation with oil content (r = 0.25). Endosperm hardness 

showed a highly significant positive association with starch content (r = 0.36).  

 

Table 5.6 Correlation analysis of 20 QPM and non-QPM varieties for quality traits in low 

N, optimum N and across N environments 

 Tryp  Protein QI  EH Starch 
Low N environments 

Protein -0.04 ns     
QI  0.95 ** -0.32 **    
EH   0.15 ns -0.27 **  0.23 **   
Starch  0.004 ns -0.41 **  0.11 ns 0.18 *  
Oil -0.03 ns  0.13 ns -0.07 ns 0.07 ns  -0.72 ** 

Optimum N environments 
Protein -0.01 ns     
QI  0.98 ** -0.20 *    
EH   0.03 ns -0.65 ** 0.15 ns   
Starch -0.07 ns -0.66 ** 0.06 ns  0.44 **  
Oil  0.09 ns  0.39 ** 0.01 ns -0.11 ns -0.65 ** 

Across N environments 
Protein  0.20 **     
QI  0.97 ** -0.03 ns     
EH  -0.05 ns -0.52 **  0.07 ns   
Starch -0.14 * -0.57 ** -0.01 ns  0.36 **  
Oil  0.06 ns  0.25 ** -0.004 ns -0.04 ns -0.67 ** 
*P≤0.05; **P≤0.01; Tryp= Tryptophan; Prot=Protein; QI=Quality index; EH=Endosperm hardness 
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5.5 Discussion 

 

Grain quality traits such as endosperm hardness, protein, starch and oil content are 

extremely important for the maize industry. To make QPM more acceptable and 

appealing to the South African maize industry it is important to select QPM varieties 

performing similar or better than non-QPM varieties for the above traits as well as for 

tryptophan content and QI. Grain quality traits affect each other in different ways and are 

also affected by N levels in the soil. Therefore it is important in a breeding programme, 

when developing and testing new materials to take into consideration all these aspects. 

 

The results of this study showed that genotypes performed similar for all traits except for 

tryptophan content and QI in all environments. The reason for non-significant protein, 

starch content and endosperm hardness differences between genotypes might be due to 

the fact that the commercial QPM hybrids available have been improved for those grain 

quality traits, especially protein content and endosperm hardness, so that they perform 

better or similar to non-QPM varieties which is extremely important for the maize 

industry. This shows the amount of dedication and effort given to the development of 

QPM varieties, and this is confirmed by the new developed QPM synthetics from the 

ARC-GCI which are also performing similar for all grain quality characters. It brings 

scientists a step closer to bringing better nutrition to millions of people who rely on 

maize. However, what is missing in SA currently is linking QPM to the maize industry 

because farmers are interested in producing the varieties but the produce is mixed with 

non-QPM at the millers and secondly there is no price incentive involved in producing 

this nutritious maize. 

 

Bello et al. (2012) evaluated 22 QPM hybrids and OPVs with two local checks for 

nutritional quality and other agronomic traits. They indicated that genotypes were 

significantly different for carbohydrate content and grain crude protein and non-

significant for oil content with the mean value of carbohydrates content ranging from 65 - 

74% and protein content ranging between 7.50 - 10.67% and. This study disagreed with 

Bello et al. (2012), with regards to significant differences amongst genotypes for starch 

and protein content. However, agreed on mean values of starch and protein content 

ranging from 69.10 – 70.87% and 9.53 – 10.80%. The SAGL (2011) reported that South 
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African maize on average contains 3.9% oil, 8.7% protein and 72.1% starch. The value 

ranges between 2.8 - 5.8%, 6.1 - 12.7% and 58.3 - 77.0% for oil, protein and starch 

content, respectively. The levels of oil, protein and starch obtained in this study are 

similar to those of South African maize as reported by SAGL (2011). 

 

Sentayehu (2008) tested 12 QPM varieties for protein, tryptophan and lysine and reported 

highly significant differences between treatments for all traits in all environments. 

Ngaboyisonga et al. (2012) evaluated 41 QPM varieties against one check variety under 

three low, three optimum N and two drought environments for endosperm modification, 

tryptophan and protein contents. They found highly significant differences amongst 

hybrids for all the traits, under low, optimum and across all N conditions. In the present 

study it was found that there were no genotypic differences for traits measured except for 

tryptophan content and QI. Ngaboyisonga et al. (2012) found highly significant 

environment effects for all traits under low, optimum and across N conditions. This was 

coupled with significant GEI effects for all traits in all N conditions except for endosperm 

modification under low and optimum N conditions. The present study observed 

significant environmental effects for all characters in all N environments except for 

tryptophan content in the low N environments and significant GEI effects for tryptophan 

content only, in all N environments. The environment played the most important role in 

defining most of the characters in both studies, followed by genotypes, except for EH in 

the present study where environment effect was followed by GEI. However, overall GEI 

was less important for all the characters measured in the present study in all N 

environments. This might be due to the few locations and genotypes used in this study.  

 

CIMMYT (2003) in a study which focused on the effect of abiotic stresses on endosperm 

modification observed that low N conditions had a negative effect on endosperm 

modification and that prompted further investigation in the effects of abiotic stresses on 

tryptophan and protein content. The present study focused on the effect of low N 

conditions on a number of grain quality traits, where more severe effects were reported 

than in the above study. There was no significant genetic variation for endosperm 

hardness under low N and optimum N conditions, although some individual differences 

were observed. Endosperm modification was higher under low N conditions with a score 

of 2.53 compared to optimum N conditions with a score of 2.27, showing the presence of 
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softer kernels or poor modification under low N. This study agrees with CIMMYT (2003) 

indicating that low N has a negative effect on endosperm modification. Low N affects 

endosperm hardness negatively, resulting in development of softer kernels (Ngaboyisonga 

et al., 2012). The mean score of the present study was also within the acceptable array of 

below 3, similar to findings of Machida (2008). Even though the genotypes were not 

significantly different from one another for endosperm hardness, Obatanpa-SR was 

among the best performing genotypes with a score of 2.24 under low N and 2.26 across N 

environments, with the best performer being SAM1109 with a score of 2.00.  

 

The present study is in agreement with the results obtained by various researchers that 

tryptophan content of QPM varieties under low and optimum N is higher as compared to 

normal maize endosperm, and also that tryptophan content is higher under optimum than 

low N conditions (Mosisa, 2005; Mosisa et al., 2007; Gissa, 2008; Wegary et al., 2011). 

Gissa (2008) reported a lower QI value under optimum N conditions when compared to 

low N conditions, and explained that it was due to a sharp reduction in protein content 

under low N conditions. The present study demonstrated an increase in protein QI value 

under optimum N together with an increase in protein and tryptophan content. 

Ngaboyisonga et al. (2012) concluded that low N conditions, especially when they occur 

together with drought, increase tryptophan content with poor grain quality and this raises 

concerns about its use for human and animal consumption.  

 

Mbuya et al. (2011) in a study on six QPM and seven non-QPM varieties focused on 

profiling the nutritional quality of elite QPM varieties from the Democratic Republic of 

Congo breeding programme and selected the best QPM variety for local release. They 

found that tryptophan in the protein, which is also known as QI, was higher in QPM 

varieties than non-QPMs, and that the tryptophan content of QPM Longe 5 showed a 50% 

increase over non-QPMs. These results were in agreement with the present research 

findings, which illustrated that QI of QPM varieties were significantly better than those of 

the non-QPMs.  

 

Grain quality traits that are negatively correlated make it difficult to select them 

simultaneously in the same plants. In most QPM studies it has been shown that various 

grain quality characters are negatively correlated, as a result making the breeding process 
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more complex. In the present study instances where traits were negatively correlated with 

one another, making it difficult to select them at the same time, was between starch and 

oil content in all environments; protein content with QI in low and optimum N 

enviromnents; protein content with endosperm hardness and protein content with starch in 

all environments. The levels of correlations were weak except between starch and oil 

content in all environments, protein content and endosperm hardness; protein and starch 

content in optimum N and across environments and tryptophan content and QI in all 

environments.  

 

Pixley and Bjarnason (2002) reported that protein content was highly significantly and 

positively correlated with tryptophan in the grain, positively correlated with endosperm 

modification and highly significantly and negatively correlated with QI (r = -0.45); whilst 

tryptophan in the grain was positively correlated with QI. The correlation between protein 

and tryptophan content was very high (r = 0.84); however that of protein content and 

endosperm modification score, tryptophan content with QI and endosperm modification 

score, tryptophan in protein and endosperm modification score were weak and not 

significant. Olakojo et al. (2007) reported that tryptophan and protein were significantly 

and positively correlated at 0.56. This study disagrees with the findings by Pixley and 

Bjarnason (2002) and Olakojo et al. (2007); indicating that protein was highly significant 

and negatively correlated with endosperm hardness (r = -0.65), and non-significant with 

tryptophan content (r = -0.01) in optimum N environments. However, the study agrees 

with Pixley and Bjarnason (2002) indicating that protein content and QI are highly 

significantly and negatively correlated, and that the associations between tryptophan 

content with endosperm modification score and QI and endosperm modification score 

were weak and non-significant under optimum N environments.  

 

Gissa (2008) reported that the negative correlation between QI and protein content 

confirms the probability that higher protein content will result in lower protein quality. 

An increase in total protein in maize kernels results in an increase in the zein fraction in 

endosperm protein (Glover, 1992), which has poor nutritional quality by lacking 

tryptophan and lysine. Gutierrez-Rojas et al. (2008) noted a negative correlation between 

tryptophan and kernel vitreousness (% hardness/total area) and a positive correlation 

between endosperm opacity and amino acids content in a cross between B73o2 × 
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CML161. They reported that as the recombinant inbred lines inclined from opaqueness 

towards hard modified kernels the amino acid content decreased. The negative association 

between QI and protein content is undesirable and very important for QPM breeders 

because they complicate simultaneous improvement of these traits (Pixley and Bjarnason, 

2002). Conversely, lack of unfavourable correlations between endosperm modification 

score and other traits should facilitate QPM cultivar development efforts (Pixley and 

Bjarnason, 2002). 

 

The significant positive correlation of protein content with oil content has been found in 

different populations, lines and cultivars (Mittelmann et al., 2003; Song and Chen, 2004; 

Wassom et al., 2008; Wang et al., 2009; Li et al., 2011; Cook et al., 2012), however other 

researchers found non-significant correlations (Dudley and Lambert, 2004; Lambert et 

al., 2004; Song and Chen, 2004). It has been mostly reported that oil content is 

significantly and negatively correlated with starch content (Doehlert and Lambert, 1991; 

Dudley and Lambert, 1992; 2004; Moose et al., 2004; Song and Chen, 2004; Uribelarrea 

et al., 2004; Pradeepa, 2007; Wang et al., 2009). Mittelmann et al. (2003) observed that 

protein and oil content were positively correlated in all the experiments, but with low 

values, (0.21 to 0.41). Associations between protein and oil content varied from not 

significant (Dorsey-Redding et al., 1991; Séne et al., 2001) to highly significant positive 

values (Song et al., 1999). Uribelarrea et al. (2004) reported a strong negative association 

between grain protein and starch concentration with maize hybrids. With regards to 

correlations amongst grain quality traits, oil content was reported to have a significant 

negative association with starch content (r = -0.624) (Pradeepa, 2007). Cook et al. (2012) 

studied genetic architecture of maize kernel composition in the nested association 

mapping (NAM) and inbred association panels (AP). They found a significant positive 

correlation between protein and oil (r = 0.32 and r = 0.29, NAM and AP, respectively) 

and a highly significant negative correlation between starch and protein (r = -0.66 and r = 

-0.56, NAM and AP, respectively) and starch and oil (r = -0.41 and r = -0.33, NAM and 

AP, respectively), in both the NAM and AP populations. The results of the present study 

are in line with most if not all of these findings are in line with the results of the present 

study. 
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According to Li et al. (2011) significant correlation among traits were generally 

consistent between low and high N levels. They found that the estimates were either 

positive or negative under both N levels, with all non-significant estimates except one 

observed under the high N level. Protein and oil content were positively correlated and 

showed a strong negative correlation with starch content. According to Alexander and 

Lambert (1968) the ability of the plant to produce carbohydrates and to synthesize oil are 

physiologically independent. The current study agreed with these findings. The inverse 

relationship between kernel protein and starch concentration is impacted not only by 

genotype, but also by N availability.  

 

5.6 Conclusions 

 

The results of this study showed that genotypes performed similar for all traits except for 

tryptophan content and QI in all environments. QPMs gave superior tryptophan content 

and QI value than non-QPMs under both high and low N. The best QPMs under low and 

optimum N environments were Syn15QW, Syn9QW, QS7705, QS7707 and QS7715. 

Genetic variation observed for tryptophan content in the genotypes can be useful in the 

QPM breeding programmes, with newly developed synthetics to be tested across more 

environments to determine their stability. The best five varieties for tryptophan and QI 

under low and optimum N environments were Syn15QW, Syn9QW, QS7705, QS7707 

and QS7715. Genetic variation observed for tryptophan content in the genotypes can be 

useful in the QPM breeding programmes, with newly developed synthetics to be tested 

across more environments to determine their stability. The reason for non-significant 

protein, starch content and endosperm hardness differences between genotypes might be 

due to the fact that the commercial QPM hybrids available have been improved for those 

grain quality traits, especially protein content and endosperm hardness, so that they 

perform better or similar to non-QPM varieties. This shows the amount of dedication and 

effort given to the development of QPM varieties, and this is confirmed by the new 

developed QPM synthetics from the ARC-GCI which are also performing similar for all 

grain quality characters except for tryptophan content and QI value, for which they 

perform better than non-QPM. 
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Most of the traits measured in the present study were interdependent as evidenced by 

significant and negative association among them. Correlated traits will make it easier for 

simultaneous selection in the ARC-GCI maize breeding programme. Thus to come up 

with conclusive recommendations, further studies with more locations and a large number 

of QPM genotypes are required under low and optimum N environments to determine the 

stability of genotypes for grain quality traits, thus seeking a deeper understanding of the 

relationships and GEI, in the view of increasing the efficiency of breeding programmes to 

N stress conditions. 
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Chapter 6 

 

Combining ability of high quality protein maize (QPM) and non-QPM 

inbred lines in South Africa 

 

6.1 Abstract 

 

The combining ability of QPM inbred lines with normal maize germplasm for grain 

quality traits was determined using line x tester design, in order to identify suitable QPM 

donors for use in conversion programmes of normal maize lines to QPM and in the 

development of hybrids through QPM x QPM crosses. For the purpose of combining 

ability, seven normal maize inbred lines were used as females (lines) and crossed with six 

QPM inbreds (testers) in a line x tester design during the 2008/09 growing season, 

resulting in 42 crosses which were later evaluated during 2009/10 for use in analysis of 

GCA and SCA effects. Data for four traits viz., tryptophan, protein content, QI and 

endosperm modification, were collected and analysed. The GCA of lines was highly 

significant for protein content, QI and endosperm hardness, for testers it was significant 

for endosperm hardness and protein and tryptophan content, whilst the interaction of lines 

with testers was highly significant for all traits measured, showing that dominant gene 

effects were more important than additive gene action. SCA mean squares were highly 

significant for all traits except endosperm hardness. Contribution of SCA (lines x testers), 

was higher than that of GCA for lines and testers for all traits except for endosperm 

hardness where GCA of testers was higher. Larger GCA of lines than testers showed the 

importance of maternal effects in most of the traits. The lines J80W and T1162W were 

amongst the best general combiners for most traits. Among the testers SO607W, CML144 

and SO503W were the best combiners for the majority of the traits. These testers can be 

used as donor parents for the development of new QPM cultivars. Four crosses viz., 

K64R x SO503W, T1162W x RO452W, K64R x RO452W and K64R x SO713W were 

promising for endosperm hardness, tryptophan content, QI and protein content, 

respectively. In general RO452W was the best specific combiner for most traits except for 

endosperm hardness of which SO503W was the best. Best lines, testers and crosses were 

identified for the ARC-GCI QPM breeding programme.  
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6.2 Introduction 

 

Maize protein quality is poor due to low amounts of lysine and tryptophan. The primary 

reason for the poor protein quality of maize is the high proportion of zeins in the 

endosperm (Vasal, 2000). On average maize protein contains about 2% lysine, which 

according to the recommendation by the Food and Agriculture Organization of the United 

Nations, is less than one-half of the concentration recommended for human nutrition 

(Mbuya et al., 2011). The structure and content of the maize endosperm influences the 

expression of traits targeted for genetic improvement (Mazur et al., 1999). The 

improvement of protein in terms of tryptophan and lysine content is important in dealing 

with nutritional quality of malnourished communities. The introduction of opaque-2 

maize resulted in improvement of these two essential amino acids (Mertz et al., 1964). 

However, there were problems associated with the opaque-2 maize as shown by various 

researchers (Vasal et al., 1980; Bjarnason and Vasal, 1992; Vasal, 1994) which prompted 

researchers to look for alternatives in better mutants, seed/endosperm ratio alterations, 

double mutant combinations, recurrent selection and backcross techniques.  

 

The development of QPM was done through selection for genetic modifiers that restore 

the desirable hard endosperm texture in opaque-2 whilst maintaining its high levels of 

lysine and tryptophan (Bjarnason and Vasal, 1992; Gevers and Lake 1992; Villegas et al., 

1992; Vasal, 1994; 2001). The main objective of QPM improvement programmes would 

be to obtain varieties with high nutritional quality to combat malnutrition, mainly among 

the rural poor children and women in many developing countries. Selecting inbred lines 

with hard endosperm, high levels of tryptophan and protein content and QI as well as 

yield potential will be useful in breeding programmes. The information on kernel 

modification and tryptophan content of inbred lines will be important for breeders to use 

in breeding programmes for development of superior QPM. 

 

The line by tester mating design is important in maize breeding for selecting parental 

material and identifying their genetic potential for hybridisation; and by further providing 

information about the GCA and SCA of parents and estimates of other genetic 

parameters. The design is a modified form of the top-cross scheme proposed by Davis in 

1927 for inbred evaluation and it was developed by Kempthorne (1957). The mating 
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design involves crossing lines to each of the testers resulting in hybrids, with the resultant 

crosses tested with or without parents in a replicated trial using a suitable field design 

(Kempthorne, 1957; Singh and Chaudhary 1985). Among the different biometrical 

methods employed to study combining ability, line x tester analysis is the most widely 

used; and it has been useful in identification of suitable parents and crosses displaying 

good performance for traits measured (Ahuja and Dhayal, 2007). The GCA and SCA 

effects are important tools used by breeders in selecting superior parents for developing 

crosses (Shukla and Pandey, 2008). The per se performance of parental lines does not 

always translate to GCA effects, therefore it is important for breeders to study GCA 

effects of parental lines of hybrids in order to determine their appropriateness for hybrid 

development. 

 

According to Allard (1960) combining ability analysis provides an indication of the 

genetic behaviour of the parental material and assists in selecting parents to be used for 

hybridisation based on their combining ability, thus it is a highly useful technique for 

plant breeding. According to Shukla and Pandey (2008), GCA effects should be used for 

selection of particular parents, while SCA is used in combination with hybrid 

performance. Additive gene effects are indicated by high GCA values while non-additive 

effects are shown by high SCA values which are associated with dominance and epistasis 

(Rojas and Sprague, 1952). Combining ability studies rely on the availability of genetic 

diversity in genotypes involved in a breeding programme, in order to identify maize 

inbred lines with good GCA and SCA effects.  

 

Studies on combining ability of South African QPM inbred lines have been previously 

reported for kernel modification and yield (Hohls et al., 1996) and on CIMMYT lines for 

yield, endosperm modification, tryptophan and protein content, and QI (Gissa, 2008; 

Machida, 2008; Machida et al., 2010). Pixley and Bjarnason (1993) studied 28 QPM 

crosses derived from five populations in a diallel and suggested that hybrids could be best 

obtained by crosses between the lines with high GCA because they found that the hybrids 

had a tryptophan and protein content improvement of 48% and 60%, respectively. Hohls 

et al. (1996) evaluated 12 inbred lines of opaque-2 for endosperm modification and 

reported a positive GCA for grain hardness, with grain vitreousness positively correlated 

with the accumulation of key modifier genes of the grain. The researchers concluded that 
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inbred lines can be used in a programme to improve grain quality protein since they 

showed sufficient genetic potential. There is no available information on combining 

ability for tryptophan and protein content in South African QPM inbred lines. This study 

intends to fill the gap by examining combining ability of QPM and normal maize inbred 

lines for grain quality traits, in order to identify suitable QPM donor parents for use in the 

QPM breeding programme. In the light of the issues discussed above the objectives of the 

present study were to determine combining ability of South African QPM inbred lines 

and the identification of good donors for conversion of normal maize inbred lines to 

QPM. 

 

6.3 Materials and methods 

 

6.3.1 Germplasm, trial environment and management 

 

QPM inbred lines were obtained from CIMMYT-Harare and ARC-GCI, with all normal 

maize inbred lines obtained from ARC-GCI. Seven normal maize inbred lines were used 

as females and crossed with six QPM inbred lines used as testers in a line x tester design, 

during the 2008/09 summer season. The resultant 42 F1 hybrids were planted in a (0, 1) 

alpha lattice design with three replications, at ARC-GCI Potchefstroom during the 

2009/10 summer season. All cultural practices were applied as described in Chapter 3. 

The F1 plants were self-pollinated and then F2 seeds (F2 progeny) were harvested. For 

each plot, a sample of 1000 QPM seeds were randomly selected using a light table. The 

QPM seed samples (F2 QPM progeny) were then used for determining endosperm 

hardness, tryptophan and protein content and QI as described in Chapters 4 and 5. 

However for endosperm evaluation class 1 data were not considered to avoid confusion 

with segregating normal endosperm kernels. QI was determined by taking the ratio of 

tryptophan concentration to protein content, and expressed as a percentage. 

 

6.3.2 Data analyses 

 

Agrobase Gen II software (Agronomix Software Inc., 2005) was used for computing 

ANOVA  for all the studied traits. Agrobase Gen II software was further used for line × 

tester analysis, following the procedure presented by Kempthorne (1957), whereby 
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females were designated as lines and males as testers. The programme was also used to 

compute ANOVA for entries, GCA for lines and testers, SCA for line x tester of selected 

traits for individual sites, LSDs for entries, line and tester GCA and SCA and the 

proportional contribution of GCA and SCA to entry mean squares. Lines, testers and 

crosses were considered fixed effects whilst replications were considered random effects. 

Assessments of the inbred lines were made for the relative importance of GCA and SCA 

effects on tryptophan and protein content, QI and endosperm hardness. 

 

Table 6.1 List of six QPM and seven non-QPM inbred lines used in the study  

Entries Endosperm types Origin 

SO607W QPM  ARC-GCI 

SO503W QPM  ARC-GCI 

SO713W QPM ARC-GCI 

RO452W QPM  ARC-GCI 

CML144 QPM  CIMMYT 

CZL01005 QPM  CIMMYT 

R2565Y Non-QPM  ARC-GCI 

T1162W Non-QPM  ARC-GCI 

K64R Non-QPM  ARC-GCI 

J80W Non-QPM  ARC-GCI 

L116W Non-QPM  ARC-GCI 

P2579W Non-QPM  ARC-GCI 

M162W Non-QPM  ARC-GCI 
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6.4 Results  

 

6.4.1 Analysis of variance of lines, testers and line x tester for grain quality traits of 

F2 QPM progeny 

 

ANOVA for the line x tester analyses for four grain quality traits are presented in Table 

6.2. The F2 QPM progeny mean squares were highly significant (P≤0.01) for endosperm 

hardness, QI, protein and tryptophan content. The GCA mean squares for lines were 

highly significant (P≤0.01) for endosperm hardness, protein content and QI and were not 

significant (P>0.05) for tryptophan content. The GCA attributable to tester mean squares 

was highly significant (P≤0.01) for endosperm hardness, protein and tryptophan content 

but not for QI. The SCA mean squares were highly significant (P≤0.01) for QI, protein 

and tryptophan content and not significant for endosperm hardness. GCA mean squares of 

lines were higher than those of the testers for protein content and QI, while it was 

reversed for endosperm hardness. The GCA mean squares for lines and testers were larger 

than SCA mean squares for protein content and endosperm hardness.  

 

Table 6.2  Mean squares of four grain quality traits in a line x tester analysis of 

F2 QPM progeny of seven non-QPM lines and six QPM testers  

Source DF Protein Tryp QI EH 

Block  2 0.216 0.000** 0.026 0.483 

F2 progeny  41 1.291** 0.000** 0.040** 0.385** 

Lines (GCA) 6 2.690** 0.000 0.033** 0.563** 

Testers (GCA)  5 1.872** 0.000** 0.014 1.572** 

L x T (SCA) 30 0.915** 0.000** 0.046** 0.152 

Residual  82 0.317 0.000 0.010 0.171 

CV (%)  5.16 6.67 8.31 12.98 

**P≤0.01; L x T=Lines x Testers; CV=Coefficient of variation; Tryp=Tryptophan; EH=Endosperm hardness; QI=Quality Index; 
GCA=General combining ability, SCA=Specific combining ability 
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6.4.2 Performance of F2 progeny 

 

Table 6.3 shows the mean performance and ranking of 42 F2 QPM progeny of seven non-

QPM lines crossed with six QPM testers. The mean values for endosperm hardness, 

protein and tryptophan content, and QI, were 3.19 (2-5 rating), 10.9, 0.13, and 1.20, 

respectively. The F2 progeny means ranged from 0.10 to 0.14, 9.3 to 10.93, 0.91 to 1.45, 

and 2.65 to 4.06 for tryptophan and protein content, QI and endosperm hardness, 

respectively. P2579W/CML144 had the best F2 progeny, followed by K64R/SO503W for 

endosperm hardness. For tryptophan content the best progenies had a tryptophan value of 

0.14, with 21 of them achieving that. K64R/RO452W had the best F2 progeny for QI, 

followed by the progeny of T1162W/CZL01005. For protein content the best progeny 

was that of M162W/SO607W, followed by that of M162W/CML144, J80W/SO713W, 

P2579W/S0503W and K64R/SO607W. 

 

6.4.3 General combining ability effects of lines and testers  

 

The GCA of lines and testers for QI, endosperm hardness, tryptophan and protein content 

are presented in Table 6.4. The lines with the best GCA effects for protein were M162W 

(0.46) and J80W (0.41) with T1162W having the most negative GCA effect for this trait 

(-0.69). K64R had the highest positive GCA effect for endosperm hardness (0.22), while 

T1162W had the highest negative GCA effect (-0.20) followed by R2565Y (-0.19). For 

endosperm hardness lines with negative GCA effects are considered the best; in this case 

these were T1162W (-0.204) and R2565Y (-0.195). The line with the best GCA effect 

value for QI was T1162W (0.073), while the line with the worst GCA effect was M162W 

(-0.056). The tester with the best GCA effect for protein was SO503W (0.33). SO607W, 

which was the second best tester for protein content (0.31), had the highest and best GCA 

tester effect for tryptophan (0.0073) and QI (0.034). RO452W was the worst tester with a 

negative GCA value for protein (-0.47) and tryptophan (-0.007) content. The tester with 

the best GCA value for endosperm hardness (-0.34) was CML144 followed by SO503W 

(-0.23), with CZL01005 having the poorest negative tester effect of 0.43.  
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Table 6.3  Means and rankings for four grain quality traits of 42 F2 QPM 

progeny of seven line and six tester crosses 

F2 progeny Endosperm  hardness scores Tryptophan Quality Index Protein 

Mean Rank Mean Rank Mean Rank Mean Rank 

J80W/CML144 2.95 12 0.140 5 1.2 22 11.73 7 

J80W/CZL01005 3.28 28 0.130 24 1.19 24 10.95 21 

J80W/RO452W 3.09 20 0.123 31 1.1 35 11.30 15 

J80W/S0503W 3.05 17 0.140 6 1.3 9 10.80 25 

J80W/SO607W 3.05 16 0.143 1 1.26 16 11.37 12 

J80W/SO713W 3.12 22 0.120 35 1.02 40 11.83 3 

K64R/CML144 2.86 7 0.127 27 1.18 26 10.73 26 

K64R/CZL01005 4.06 42 0.123 32 1.12 33 11.03 19 

K64R/RO452W 3.51 35 0.137 14 1.45 1 9.47 41 

K64R/S0503W 2.66 2 0.127 28 1.14 31 11.10 17 

K64R/SO607W 3.94 41 0.140 7 1.2 21 11.80 5 

K64R/SO713W 3.45 34 0.137 15 1.18 27 11.57 9 

L116W/CML144 3.16 23 0.120 36 1.16 28 10.37 34 

L116W/CZL01005 3.70 37 0.137 16 1.21 19 11.33 14 

L116W/RO452W 3.45 33 0.123 33 1.2 23 10.33 35 

L116W/S0503W 3.30 29 0.127 29 1.12 34 11.30 16 

L116W/SO607W 3.22 26 0.137 17 1.35 6 10.10 38 

L116W/SO713W 3.31 30 0.140 8 1.29 10 10.87 23 

M162W/CML144 2.84 6 0.143 2 1.21 18 11.83 2 

M162W/CZL01005 3.77 38 0.133 22 1.14 29 11.73 6 

M162W/RO452W 3.21 25 0.097 42 0.91 42 10.60 30 

M162W/S0503W 2.99 15 0.143 3 1.26 15 11.35 13 

M162W/SO607W 3.34 32 0.130 25 1.09 36 11.97 1 

M162W/SO713W 3.84 40 0.137 18 1.27 13 10.80 24 

P2579W/CZL01005 3.80 39 0.130 26 1.13 32 11.47 10 

P2579W/RO452W 3.06 18 0.127 30 1.19 25 10.63 29 

P2579W/S0503W 2.96 14 0.123 34 1.04 39 11.83 4 

P2579W/O607W 3.23 27 0.140 9 1.27 14 11.05 18 

P2579W/CML144 2.65 1 0.140 10 1.31 8 10.73 27 

P2579W/SO713W 3.18 24 0.137 19 1.36 3 10.07 39 

R2565Y/CZL01005 3.61 36 0.110 40 1.05 37 10.50 32 

R2565Y/RO452W 2.87 9 0.120 37 1.14 30 10.55 31 

R2565Y/S0503W 2.86 8 0.120 38 1.05 38 11.40 11 

R2565Y/SO607W 2.78 5 0.140 11 1.2 20 11.67 8 

R2565Y/SO713W 3.07 19 0.140 12 1.35 5 10.40 33 

R2565Y/CML144 2.77 4 0.133 23 1.23 17 10.87 22 

T1162W/CML144 2.70 3 0.120 39 1.29 11 9.37 42 

T1162W/CZL01005 3.09 21 0.137 20 1.39 2 9.80 40 

T1162W/RO452W 2.95 13 0.140 13 1.36 4 10.30 37 

T1162W/S0503W 2.90 10 0.143 4 1.32 7 10.97 20 

T1162W/SO607W 2.94 11 0.137 21 1.28 12 10.67 28 

T1162W/SO713W 3.32 31 0.103 41 1.01 41 10.30 36 

Mean 3.19 0.130 1.2 10.93 

Range 2.65-4.06 0.10-0.14 0.91-1.45 9.3-11.97 

LSD (0.05) 0.805 0.017 0.19 10.91 
LSD= Least significance difference; Red colour=top ten rankings 
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Table 6.4  GCA effects of lines and testers for protein and tryptophan content, 

quality index and endosperm hardness  

Inbred lines Protein Tryp QI EH 

  Lines/females   

M162W 0.4560 -0.0002 -0.0562 0.1418 

R2565Y -0.0274 -0.0036 -0.0337 -0.1948 

K64R 0.0254 0.0009 0.0099 0.2246 

J80W 0.4060 0.0020 -0.0270 -0.0971 

L116W -0.2079 -0.0002 0.0203  0.1646 

P2579W 0.0393 0.0020 0.0141  -0.0354 

T1162W -0.6913 -0.0008 0.0726  -0.2037 

  Testers/males   

CML144 -0.1198 0.0011 0.0218 -0.3427 

SO713W -0.0913 -0.0003 0.0073  0.1397 

CZL01005 0.0492 -0.0022 -0.0278  0.4273 

SO503W 0.3254 0.0011 -0.0265 -0.2303 

SO607W 0.3063 0.0073 0.0341 0.0311 

RO452W -0.4698 -0.0070 -0.0090  0.0251 

Tryp=Tryptophan; EH=Endosperm hardness; QI=Quality Index; Black bolded colour=best value; Red colour=poorest value 

 

6.4.4  Percentage contribution of lines, testers, and their interactions to the 

expression of four grain quality traits 

 

SCA (lines x testers) contributed a larger percentage of variation to majority of the 

measured traits compared to lines and testers (Table 6.5). SCA contributed about 52%, 

82%, 84% and 29%, respectively, to variation for protein content, tryptophan content, QI 

and endosperm hardness; while GCA of testers (QPM lines) contributed about 50% to 

endosperm hardness, 16% to tryptophan content, and 18% to protein, with the GCA of 

lines (normal endosperm) contributing about 31%, 2.7%, 12% and 21% to protein 

content, tryptophan content, QI and endosperm hardness, respectively. Overall the GCA 
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of lines and testers contributed less than 50% to all the traits except endosperm hardness 

(Table 6.5).  

 

Table 6.5  Percentage contribution of GCA of lines and testers, and their SCA to 

the expression of four grain quality traits 

Genetic components Protein Tryp QI EH 

Lines  30.49 2.71 11.96 21.41 

Testers 17.68 15.64 4.11 49.77 

Lines x testers 51.83 81.66 83.93 28.82 

Tryp=Tryptophan; EH=Endosperm hardness; QI=Quality Index 

 

6.4.5 Specific combining ability effects 

 

The SCA effects of the lines and testers for endosperm hardness, tryptophan content, QI 

and protein content are presented in Tables 6.6, 6.7, 6.8 and 6.9, respectively. For 

endosperm hardness the best cross was K64R/S0503W with a SCA effect of -0.52. The 

poorest SCA (0.50) was between K64R and SO607W. The best cross was 

T1162W/RO452W for tryptophan content (0.017), whilst the poorest crosses were 

M162W/RO452W and T1162W/SO713W with SCA values of -0.027 and -0.026, 

respectively. A cross between K64R and RO452W had the highest SCA effect (0.25), for 

QI and the lowest SCA effect (-0.28) was obtained for T1162W/SO713W. For protein 

content the cross with the best SCA (0.71) was K64R/ SO713W, and the worst (-1.013) 

was K64R/RO452W. 
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Table 6.6 Specific combining ability effects for endosperm hardness  

   Line       

Tester M162W R2565Y  K64R J80W L116W P2579W T1162W 

CML144 -0.149 0.118 -0.215 0.203 0.145 -0.162 0.060 

SO713W 0.372 -0.061 -0.104 -0.109 -0.181 -0.144 0.198 

CZL01005 0.014 0.184 0.222 -0.237 -0.085 0.222 -0.320 

SO503W -0.115 0.095 -0.524 0.191 0.173 0.033 0.148 

SO607W  -0.026 -0.243 0.498 -0.074   -0.169 0.091 -0.077 

RO452W -0.097 -0.093 0.124 0.026 0.117 -0.069 -0.008 

Black bolded colour=best value; Red colour=poorest value 
 

Table 6.7 Specific combining ability effects for tryptophan content  

   Line       

Tester M162W R2565Y  K64R J80W L116W P2579W T1162W 

CML144 0.012 0.005 -0.006 0.006 -0.012 0.006 -0.011 

SO713W 0.006 0.013 0.005 -0.012 0.010 0.004 -0.026 

CZL01005 0.005 -0.015 -0.006 -0.001 0.008 -0.001 0.009 

SO503W 0.012 -0.008 -0.006 0.006 -0.005 -0.011 0.012 

SO607W  -0.008 0.005 0.001 0.003 -0.001 0.000 -0.001 

RO452W -0.027 0.000 0.012 -0.002 0.000 0.001 0.017 

Black bolded colour=best value; Red colour=poorest value 
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Table 6.8 Specific combining ability effects for quality index  

 Line       

Tester M162W R2565Y  K64R J80W L116W P2579W T1162W 

CML144 0.044 0.037 -0.056 -0.002 -0.083 0.069 -0.008 

SO713W 0.113 0.174 -0.037 -0.167 0.059 0.134 -0.276 

CZL01005 0.017 -0.092 -0.066 0.039 0.011 -0.056 0.147 

SO503W 0.144 -0.093 -0.045 0.148 -0.074 -0.148 0.067 

SO607W  -0.092 -0.002 -0.044 0.051 0.096 0.018 -0.027 

RO452W -0.225 -0.024 0.248 -0.070 -0.009 -0.017 0.097 

Black bolded colour=best value; Red colour=poorest value 

 

Table 6.9 Specific combining ability effects for protein content  

 Line       

Tester M162W R2565Y  K64R J80W L116W P2579W T1162W 

CML144 0.573 0.089 -0.097 0.523 -0.230 -0.111 -0.747 

SO713W -0.489 -0.406 0.708 0.594 0.241 -0.806 0.158 

CZL01005 0.304 -0.446 0.034 -0.430 0.567 0.454 -0.483 

SO503W -0.356 0.177 -0.175 -0.856 0.258 0.544 0.408 

SO607W  0.280 0.463 0.544 -0.270 -0.923 -0.220 0.127 

RO452W -0.311 0.123 -1.013 0.439 0.087 0.139 0.537 

Black bolded colour=best value; Red colour=poorest value 

 

6.5 Discussion 

 

According to Bernado (1991) and Utz et al. (1994) the basis for index selection for 

characteristics should be based on the genetic variation, heritability, and economic value 

of each characteristic. In the present study the possibility of selection for improved 

protein quality and hard endosperm phenotype was indicated by highly significant 

variation among the F2 QPM progeny for all four traits measured. Several researchers 

have reported similar results for endosperm modification, tryptophan and protein content 



 

157 
 

(Gissa, 2008; Machida et al., 2010; Mutimaamba et al., 2010) and QI (Gissa, 2008; 

Machida et al., 2010). Majority of the traits in QPM are based on endosperm hardness 

and tryptophan content. The three best crosses for endosperm hardness had F2 QPM 

progeny with mean values of 2.65 (P2579W/CML144), 2.66 (K64R/SO503W) and 2.7 

(T1162W/CML144). For tryptophan content half of the F2 QPM progeny had a value of 

0.14. M162W/CML144 had the best F2 QPM progeny for both tryptophan and protein 

content, whilst for QI K64R/RO452W had the best. Therefore the top 10 crosses selected 

based on endosperm hardness of their F2 QPM progeny, were P2579W/CML144, 

K64R/SO503W, T1162W/CML144, R2565Y/CML144, R2565Y/SO607W, 

M162W/CML144, K64R/CML144, R2565Y/SO503W, R2565Y/RO452W and 

T1162W/SO503W. The best crosses in terms of endosperm hardness, tryptophan content 

and QI of their F2 QPM progeny were P2579W/CML144 and T1162W/SO503W. 

 

Plant breeders have extensively used components of variance and heritability estimates in 

selection of promising genotypes and prediction of desirable traits (Morakinyo, 1996). 

Highly significant GCA mean squares for lines and testers and SCA mean squares for line 

x tester combination were obtained for the majority of the traits in the present study. 

These results indicated the importance of both additive and non-additive gene effects for 

most of the traits. Gissa (2008) conducted combining ability studies on QPM x QPM 

under optimum and stressed environments and reported that GCA mean squares for lines 

and testers were highly significant for endosperm hardness, tryptophan and protein 

content and QI; while SCA effects were only significant for endosperm hardness and 

protein concentration under optimum conditions. SCA was not significant for these traits 

under stressed environments. He further highlighted the importance of additive gene 

action for most traits. If the GCA mean squares are not significant, as is the case for 

tryptophan content for lines and QI for testers in the current study, Narro et al. (2003) 

indicated that it is advisable to select lines based only on SCA. However if SCA is not 

significant as in the case of endosperm hardness, performance of single-cross hybrids can 

be predicted adequately on the basis of GCA (Baker, 1978). Kooner et al. (2005) reported 

highly significant mean squares due to lines for tryptophan and protein content, testers for 

protein content and line x tester for both traits. Their results were different from the 

present study in the sense that GCA of lines was not significant for tryptophan content 

while for the tester it was highly significant. Kooner et al. (2005) indicated the 
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predominance of non-additive effects for protein and tryptophan content which is similar 

to the present study.  

 

GCA effects means additive gene action is associated with alleles at the same locus; while 

SCA indicates dominant gene action plus epistasis (interaction of genes at different loci) 

and other gene interactions (Holland, 2001). SCA effects were highly significant and 

contributed more than 80% to F2 QPM progeny variation for tryptophan content and QI, 

and more than 50% for protein content, while for endosperm hardness it was not 

significant and its contribution was less than that of the testers (50%). The results of this 

study were consistent with the known genetic basis of tryptophan content and endosperm 

hardness. In QPM, tryptophan content is controlled by the recessive opaque-2 gene and 

its interaction with modifier genes and hence the importance of both dominance and 

epistasis as indicated by the high SCA. However, additive gene action seems to be more 

important than dominance and epistasis as indicated by higher GCA effects. These results 

are not in agreement with those of Mutimaamba et al. (2010) who reported that additive 

gene action was predominant in the control of protein and tryptophan content in a 

combining ability analysis study of QPM and non-QPM inbred lines. The results for 

endosperm hardness were however in agreement, that additive gene effects played a 

major role in the control of the trait.  

 

Machida et al. (2010) reported highly significant GCA and SCA effects. According to 

their report GCA effect was the largest contributor to hybrid variation with more than 

70% contribution of the hybrid sum of squares for tryptophan and protein content, 

endosperm hardness and QI, thus confirming that additive gene action was more 

important than non-additive effects for all the traits. Their findings were similar to 

findings of the current study on the significance of GCA effects for the majority of the 

traits and differed for SCA effects since SCA effects were highly significant for protein, 

tryptophan and QI and non-significant for endosperm hardness. Furthermore it differed in 

terms of gene action and components of F2 QPM progeny variation, because they 

emphasised that additive gene effects were more important than dominant gene effects 

and that GCA effects were the major contributor to hybrid sum of squares; while in the 

present study it is the opposite since non-additive gene effects were more important and 

SCA was the biggest contributor to F2 progeny variation for all traits except for 
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endosperm hardness, where GCA of the testers was the largest contributor with 50%. 

Hohls et al. (1996) studied gene action of QPM inbreds for endosperm hardness and 

indicated highly significant GCA and SCA effects. They further indicated that GCA 

effects were more important and additive gene action made a major contribution to sum 

of squares of the crosses and that selection should be based on GCA.  

 

Good GCA for a normal endosperm line means that such a line can easily be converted by 

any QPM donor line whereas a normal endosperm line with poor GCA cannot be easily 

converted. The normal lines with the best GCA values were M162W for protein content 

and T1162W for QI and endosperm hardness. Although GCA effects of lines for 

tryptophan were not significant, J80W and P2579W were the best general combiners. The 

lines with the most desirable and significant GCA effects for endosperm hardness were 

T1162W and R2565Y. J80W and T1162W were identified as the best general combiners 

for QI, whilst for protein M162W and J80W were good general combiners.  

 

A QPM tester with good GCA means it is a good donor because it converts many lines to 

desirable levels of tryptophan content, endosperm hardness, QI and protein content. Also 

the best donor converts well for all important QPM traits namely high tryptophan content, 

endosperm hardness and good quality protein. The donor with the best GCA for protein 

content and endosperm hardness was SO503W, whilst the best donor for tryptophan 

content, QI and protein content was SO607W. CML144 was also the second best donor 

for QI although the GCA tester effect for QI was not significant. These donors can be 

used as parents for the development of new QPM cultivars either through the conversion 

of normal maize to QPM germplasm or QPM x QPM crosses. Gissa (2008) and Machida 

et al. (2010) also reported that CML144 was identified as the best general combiner for 

endosperm hardness. In this study RO452W had a positive GCA effect for endosperm 

modification. These results are similar to the findings of Hohls et al. (1996), who also 

reported a positive GCA effect for the inbred line. 

 

The best SCA refers to or identifies the best specific combination(s) for the trait(s) of 

interest. For example which specific combination of normal line x QPM donor provides 

the highest tryptophan content, best hardness, best QI, best protein or a combination of 

essential QPM traits. For endosperm hardness the best cross was K64R/S0503W with a 
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SCA effect of -0.52, whilst the poorest SCA (0.50) was between line K64R and SO607W. 

The best cross was T1162W/RO452W for tryptophan content (0.017), whilst the poorest 

crosses were M162W/RO452W and T1162W/SO713W with SCA values of -0.027 and -

0.026, respectively. A cross between K64R and RO452W had the highest SCA effect 

(0.25), for QI and the lowest SCA effect (-0.28) was obtained for T1162W/SO713W. For 

protein content the cross with the best SCA (0.71) was K64R/SO713W, while the worst (-

1.013) was K64R/RO452W. SO503W was a good specific combiner as indicated by the 

significant negative SCA effects for endosperm hardness; whilst SO607W was a poor 

combiner for the trait. The GCA effects for RO452W and CZL01005 were significantly 

positive, while that of SO503W was significantly negative. For tryptophan content 

RO452W and SO503W had a positive significant SCA effect. The GCA effect for 

RO452W was significantly negative and SO503W non-significantly positive. RO452W 

had the highest SCA effect, with SO713 and SO503W being the best specific combiners 

for QI. GCA effects for these testers were non-significant for this trait. As for protein 

content most of the testers had significantly positive SCA effects, with SO713W and 

CZL01005 considered the best specific combiners. These testers had GCA effects that are 

non-significantly negative and positive, respectively. According to Tyagi and Lal (2005) 

parents with poor GCA might produce better hybrids while parents with good GCA 

effects sometimes produce better hybrids. Some of the findings for the current study agree 

with the above statement. 

 

Maternal effects were important in the expression of protein content and QI, and this was 

shown by higher GCA mean squares of lines than that of testers. GCA mean squares of 

testers were higher than those of lines for endosperm hardness and tryptophan content, 

suggesting that paternal effects were more important for endosperm hardness and 

tryptophan content. This means that these traits were dependent on the direction of the 

cross. The implication of the results in a QPM conversion/breeding programme means 

that QPM donors need to be used as females in an initial cross for protein content and QI, 

while for tryptophan content and endosperm hardness QPM donors are to be used as 

males in order to confer the traits. Machida et al. (2010) reported that maternal and 

paternal effect exists, and that the presence of reciprocal crosses accounted for about 7 to 

13% of the hybrid sum of squares. Results of the current study were in agreement with 

Machida et al. (2010), that maternal and paternal effects were present in F2 progeny. 
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6.6 Conclusions 

 

Highly significant mean squares of lines, testers and lines x testers were observed for all 

traits except for tryptophan content (lines), QI (testers) and endosperm hardness (lines x 

testers), indicating that both additive and non-additive gene action are important for 

controlling the majority of the traits. Contribution of SCA (lines x testers), was higher 

than that of GCA for lines and testers for all traits except endosperm hardness. GCA of 

females was larger than GCA of males, indicating that maternal effects are important for 

the majority of the traits.  

 

The present study helped in identification of lines, testers and crosses for grain quality 

traits which can be exploited for further improvements in a breeding programme. In terms 

of GCA effects the best inbred lines which can easily be converted to QPM for the 

majority of the traits were J80Wand T1162W. The best donors based on GCA for all or 

specific QPM traits were CML144, SO503W and SO607W. RO452W was identified as a 

donor line with good SCA effect for the majority of the traits except endosperm hardness. 

Identified donors can be utilised in future breeding programmes for development of QPM 

with enhanced grain quality traits and for the conversion of well-adapted normal maize 

genotypes into QPM counterparts. The following normal x QPM inbred combinations 

were good and therefore recommended for further advancement to 

homozygous/permanent QPM inbred lines for the ARC breeding programme; K64R x 

SO503W, T1162W x RO452W, K64R x RO452W and K64R x SO713W. SO503W was a 

good specific combiner for endosperm hardness; whilst SO607W was a poor combiner 

for the trait. RO452W and SO503W were good specific combiners for tryptophan 

content. RO452W, SO713W and SO503W being the best specific combiners for QI. As 

for protein content SO713W and CZL01005 were the best specific combiners. However 

the performance of those testers also needs to be confirmed, by crossing them to more 

inbred lines.  
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Chapter 7 

 

General conclusions and recommendations 

 

In SA maize is the staple food to the majority of rural communities and it is grown by 

both commercial and small-scale farmers. The nutritional quality of maize is, however, 

extremely poor in two essential amino acids, lysine and tryptophan. Malnutrition mainly 

affects rural communities and is considered a national priority in SA. QPM can be useful 

since it has been used in other African countries to address malnutrition problems, 

because its protein has twice the amount of lysine and tryptophan as compared to normal 

maize. The levels of these limiting amino acids in normal maize can be genetically 

improved. Index selection for each trait should be based on genetic variation, heritability, 

and economic value. The objectives of this study were to (1) investigate the effect of 

pollen parents on tryptophan content in QPM inbred lines; (2) analyse GEI and do 

stability analysis of QPM inbred lines for kernel hardness, protein, tryptophan, oil, and 

starch content under optimum and low N environments; (3) compare the performance of 

QPM genotypes to normal maize genotypes for grain quality traits and investigate the 

relationship between grain traits under low and optimum N environments; and (4) 

estimate general combining ability and specific combining ability of South African QPM 

inbred lines and the identification of good donors for grain quality traits. 

 

It was important to study pollination effects on tryptophan content, in order to determine 

whether it is necessary to self-pollinate inbred lines when planting them for evaluation in 

field trials. Tryptophan concentration of the self-pollinated inbred lines did not differ 

significantly from the cross-pollinated material. This indicated that cross-pollination 

effect does not play a major role in the control of tryptophan content in QPM. The 

findings of this study meant that pollen from Hans Male, which was the male parent, did 

not have a major effect on the tryptophan content of the 12 inbred lines. These results 

indicate that it is not necessary to self-pollinate QPM inbred lines when evaluating them 

in small research plots, since the potential of the inbreds can be accurately determined in 

open pollinated fields. However, in order to confirm these results additional research 

should be done with more than one male parent for the same number of females. Future 

research on inbred lines should, however, be done, including the effect of location and the 
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pollination methods on tryptophan content, as significant differences have been reported 

when genotypes were evaluated under multi-location trials. 

 

Significant genotypic differences were observed for all traits measured in different 

environments. Genotype effects were larger than environment and GEI effects for most of 

the traits measured. The existence of genetic variability amongst the QPM inbred lines 

will allow for selection for further improvement in the breeding programme. The large 

genetic variation encountered under low N environments creates an opportunity to exploit 

the QPM inbred lines even more effectively in order to develop hybrids that are adaptable 

or tolerant to these environments. The results of across environment analysis revealed that 

in some instances both low and optimum N environments discriminated the inbred lines 

similarly, which gave an indication of the possibility of genetic improvement through 

selection of genotypes that will perform well in both low N and optimal conditions. As 

expected, an increase in N fertiliser caused an increase in the values of the majority of the 

traits, while a decrease in N levels resulted in decreases. The inbred lines performed well 

for the majority of the traits under both optimum and stress environments, which 

indicated the tolerance of the germplasm available in the country for low N environments. 

These materials will be beneficial to farmers since they usually plant maize under low N 

conditions.  

 

For the all the traits GEI was significant except for endosperm hardness across all 

environments, indicating the differential response of the QPM inbred lines to contrasting 

N levels, which also indicated the possibility of developing hybrids or the formation of 

specific populations for each environment in the maize breeding programme.  

 

The AMMI and GGE analysis were efficient in analysing and interpreting GEI effects 

which was shown by the large GEI extracted by both analyses. GGE biplots were easy to 

interpret because of their superior ability to visualise the results and superiority to 

partition G + GEI as compared to the AMMI biplots. Both methods were similar in the 

identification of genotype performance for QI, tryptophan and protein content; and 

similar for determining stability of inbred lines for the majority of the traits. The ideal 

genotypes were KO54W, Hans Male, KO54W, SO503W and CML144 for QI, protein, 

tryptophan, oil and starch content respectively. AMMI identified the highest yielding 
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environments while the GGE biplots were able to identify the ideal environments which 

are most discriminating and representative of all the environments. Both high yielding 

and ideal environments from the two methods were optimum N environments. GGE 

biplots for “which won where” identified BO163W, KO54W and SO713W as vertex 

genotypes for tryptophan content, while Hans Male and RO559W were superior in all 

environments for protein content. KO54W and SO713W won in seven environments for 

QI. Hans Male was superior at Cedara and Towoomba while SO503W was superior at 

TWL, TSH, PH and TSL for oil content. CML144 won in seven environments for starch 

content. As for further using GGE biplots for identification of mega-environments future 

studies need to be done which include year interactions in order to identify and validate 

mega-environment results. 

 

It is encouraging to see that QPM varieties have been improved to have grain quality 

similar to non-QPM varieties which is extremely important for the maize industry. The 

maize industry follows strict standards for acceptable grain quality traits; therefore it is 

good to see that QPM genotypes evaluated in this study meet the standards set for non-

QPM genotypes. This brings scientists a step closer to bringing better nutrition to millions 

of people who rely on maize. In SA farmers are interested in producing QPM varieties; 

however what is missing is linking QPM programmes to the existing maize industry, 

because currently farmers that produce QPM are faced with the problem that their 

produce is mixed with non-QPM at the millers and secondly there is no price incentive 

involved in producing this nutritious maize.  

 

Genetic variation observed for tryptophan content in the genotypes can be useful in the 

QPM breeding programmes, with newly developed synthetics to be tested across more 

environments to determine their stability. The reason for non-significant protein, starch 

content and endosperm hardness differences between genotypes might be due to the fact 

that the commercial QPM hybrids available have been improved for those traits, 

especially protein content and endosperm hardness, so that they perform better or similar 

to non-QPM varieties. This shows the amount of dedication and effort given to the 

development of QPM varieties, and this is confirmed by the newly developed QPM 

synthetics from the ARC-GCI which are also performing similar for all grain quality traits 

except for tryptophan content and quality index value, for which they perform better than 
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non-QPM. Overall Obatampa-SR was the best performer under low N and optimum N 

environments for endosperm hardness (2.24; 2.28), QI (0.73; 1.14), protein (9.98; 10.07), 

tryptophan (0.07; 0.12), oil (5.10; 5.27) and starch content (70.15). The best five varieties 

for tryptophan and QI under low and optimum N environments were Syn15QW, 

Syn9QW, QS7705, QS7707 and QS7715.  

 

Correlated traits make it easier for simultaneous selection of grain quality traits. 

Interdependent relationship was observed for most grain quality traits in this study. 

Endosperm hardness was significantly positively correlated with QI, whilst protein was 

significantly correlated with the majority of the traits. Most of the correlations were 

significant. Tryptophan content and QI, and starch and oil content were positively and 

negatively highly correlated at almost 100% and 70% respectively at low, optimum and 

across N environments. However to come up with conclusive recommendations, further 

studies with more locations and a large number of QPM genotypes are required under low 

and optimum N environments to determine the stability of genotypes for grain quality 

traits, thus seeking a deeper understanding of the relationships and GEI, in the view of 

increasing the efficiency of breeding programmes to N stress conditions.   

 

In a QPM breeding programme the existence of genetic variability for grain quality traits 

is of major importance, since it will allow for selection of those traits. F2 progeny differed 

significantly for all traits, showing the existence of large variability amongst QPMs. The 

significance of GCA and SCA mean squares suggests the importance of both additive and 

non-additive variance for the majority of the traits. Contribution of SCA (lines x testers), 

was higher than that of GCA for lines and testers for most traits, with contribution of 

between 29-83% to the sum of squares; except for endosperm hardness. For endosperm 

hardness GCA for tester was the highest contributor to total sum of squares by 50%. 

Larger GCA of females than males showed the importance of maternal effects in most of 

the traits when QPM and non-QPM inbred lines were crossed. Donors identified from this 

study will be further utilised in future breeding programmes for development of QPM 

with enhanced grain quality traits and for the conversion of well-adapted normal maize 

genotypes into QPM counterparts. GCA tester effects revealed that the best donors were 

CML144, SO503W and SO607W, while RO452W was identified as a tester with good 

SCA effect for the majority of the traits. In terms of GCA effects the best inbred lines 
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which can easily be converted to QPM for the majority of the traits were J80W and 

T1162W. The following normal x QPM inbred combinations were good and therefore 

recommended for further advancement to homozygous/permanent QPM inbred lines for 

the ARC breeding programme; K64R x SO503W, T1162W x RO452W, K64R x 

RO452W and K64R x SO713W. As for protein content SO713W and CZL01005 were 

the best specific combiners. However the performance of those testers also needs to be 

confirmed, by crossing them to more inbred lines.  

 

In conclusion, the present study has provided relevant information on pollination parent 

studies, combining ability and maternal effects related to QPM. The study further showed 

that QPM hybrids developed in South Africa are performing similar to commercially 

released non-QPM hybrids when evaluated under low and optimum N conditions. 

Correlated traits can be further exploited for improvement. Genotypes with good grain 

quality traits have been identified for release and further use in QPM improvement 

programmes. The results obtained from this study will benefit various stakeholders such 

as farmers, and breeders from both private and public institutions. 
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Summary 

 

Genetic improvement of QPM can assist to better the livelihoods of resource poor 

communities and farmers in SA who rely on maize. QPM germplasm from the ARC-GCI 

was evaluated to generate information to assist breeders in improving the breeding 

programme through designing efficient selection procedures that will reduce the time and 

cost required to develop lines with improved nutritional quality; in the process benefiting 

small-scale farmers. Pollen parent effect was determined by selfing and cross-pollinating 

12 QPM inbred lines for tryptophan content. The two pollination methods did not differ 

significantly for tryptophan content. Single ANOVAs detected genotypic differences for 

grain quality traits, while combined ANOVAs across eight environments detected highly 

significant genotype, environment and GEI effects for all traits except endosperm 

hardness. The AMMI and GGE biplot analyses explained more than 60% of GEI 

variation. GGE biplots were the best for visualisation of environments and cultivar 

performance. AMMI and GGE biplots were similar in identifying high performing 

genotypes for all traits except for oil content, and the most stable genotypes except for 

starch and tryptophan content. The GGE biplots identified the ideal genotypes as 

KO54W, KO54W, Hans Male, SO503W and CML144 for QI, tryptophan, protein, oil and 

starch content respectively. GGE biplots identified Cedara optimum N as the most 

representative and discriminating environment for QI, tryptophan and starch content, 

Tshiombo optimum N for protein and Potchefstroom optimum N for oil content. Twenty 

QPM and non-QPM genotypes were evaluated under low and optimum N conditions in 

two locations and highly significant environment effects were observed for all traits, 

whilst significant genotypic differences and GEI were observed for tryptophan content 

and QI. Most of the traits improved with increased N level. QPM varieties performed 

significantly better than non-QPM varieties for tryptophan content and QI in all 

environments. Tryptophan content was highly significantly correlated with QI (r = 0.95, 

0.98 and 0.97), while starch content was significantly negatively correlated with oil 

content (r = -0.72, -0.65 and -0.67) in low, optimum and across N environments. Line x 

tester analyses of QPM inbred lines showed highly significant GCA mean squares of lines 

and testers for most traits and highly significant SCA mean squares for all traits except 

endosperm hardness. Contribution of SCA (lines x testers), was higher than that of GCA 

for lines and testers for most traits, with contribution of between 29-83% to the sum of 
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squares; except for endosperm hardness. For endosperm hardness GCA for tester was the 

highest contributor to total sum of squares by 50%. Larger GCA of females than males 

showed the importance of maternal effects in most of the traits. Among the testers 

CML144, SO607W and SO503W had the best GCA for the majority of the traits. Four 

crosses viz., K64R x SO503W, T1162W x RO452W, K64R x RO452W and K64R x 

SO713W were promising for endosperm hardness, tryptophan content, QI and protein 

content, respectively. In general RO452W was the best specific combiner. The present 

study provides novel results on pollination methods, GEI, AMMI and GGE analyses, line 

x tester analysis, and correlation of grain quality traits of QPM germplasm in SA.  

 

Keywords: QPM, GEI, AMMI, GGE biplot, stability, pollination effect, line x tester 

analysis, combining ability 
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Opsomming  

 

Genetiese verbetering van QPM kan bydra tot die verbetering van lewenskwaliteit van 

hulpbronarm gemeenskappe in SA wat afhanklik is van mielies. QPM kiemplasma van 

die LNR-SGI is geëvalueer om inligting te genereer wat telers kan help met die 

verbetering van teelprogramme deur effektiewe seleksieprosedures te ontwerp wat die tyd 

en koste vir die ontwikkeling van lyne met verbeterde voedingswaardes sal verminder, 

wat gelyktydig ook bestaansboere sal bevoordeel. Stuifmeelouer effekte is bepaal deur die 

self- en kruisbestuiwing van 12 QPM ingeteelde lyne vir triptofaan inhoud. Die twee 

bestuiwingsmetodes het geen betekenisvolle verskille vir triptofaan inhoud getoon nie. 

Enkel ANOVAs het genotipiese verskille getoon vir graankwaliteitseienskappe, terwyl 

gekombineerde ANOVAs oor agt omgewings hoogs betekenisvolle verskille getoon het 

vir genotipe, omgewing en GEI effekte vir alle eienskappe behalwe endosperm hardheid. 

Die AMMI en GGE “biplot” analises het meer as 60% van die GEI variasie verklaar. 

GGE “biplots” was die beste vir die visualisering van omgewings and cultivar prestasie. 

AMMI en GGE “biplots” was soortgelyk vir die identifikasie van hoogs produktiewe 

genotipes vir alle eienskappe behalwe stysel en triptofaan inhoud. GGE “biplots” het die 

mees ideale genotipes geïdentifiseer as KO54W, KO54W, Hans Male, SO503W en 

CML144 vir QI, triptofaan, proteïen, olie en stysel inhoud onderskeidelik. GGE “biplots” 

het Cedara optimum N as die mees verteenwoordigende en diskriminerende omgewing 

geïdentifiseer vir QI, triptofaan en stysel inhoud, Tshiombo optimum N vir proteïen, en 

Potchefstroom optimum N vir olie inhoud. Twintig QPM en nie-QPM genotipes is 

geëvalueer onder lae en optimum N omstandighede in twee omgewings, en hoogs 

betekenisvolle omgewingseffekte is gesien vir alle eienskappe, terwyl betekenisvolle 

genotipiese verskille en GEI gesien is vir triptofaan inhoud en QI. Meeste van die 

eienskappe het verbeter onder hoër N toestande. QPM genotipes het betekenisvol beter as 

nie-QPM genotipes gepresteer ten opsigte van triptofaan en QI in alle omgewings. 

Triptofaaninhoud was betekenisvol gekorreleer met QI (r=0.95, 0.98 en 0.97), en 

styselinhoud was betekenisvol negatief gekorreleer met olie inhoud (r=-0.72, -0.65 en      

-0.67) in lae, optimum en oor N omgewings. Lyn x toetser analises van QPM ingeteelde 

lyne het hoogs betekenisvolle GCA gemiddelde kwadrate van lyne en toetsers vir meeste 

eienskappe getoon, en hoogs betekenisvolle SCA gemiddelde kwadrate vir alle 

eienskappe behalwe endosperm hardheid. Bydrae van SCA (lyne x toetsers) was hoër as 
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die van GCA vir lyne en toetsers vir meeste eienskappe, met bydraes tussen 29-83% van 

die som van kwadrate, behalwe vir endosperm hardheid. Vir endosperm hardheid was 

GCA vir die toetser die hoogste bydraer tot totale som van kwadrate van 50%. Groter 

GCA van wyfies as mannetjies het die belangrikheid van moedereffekte in meeste van die 

eienskappe getoon. Van die toetsers gebruik het CML144, SO607W en SO503W die 

beste GCA gehad vir die meeste eienskappe. Vier kruisings nl. K64R x SO503W, 

T1162W x RO452W, K64R x RO452W en K64R x SO713W het potensiaal getoon vir 

endosperm hardheid, triptofaan inhoud, QI en proteïen, inhoud, onderskeidelik. Oor die 

algemeen was RO452W die beste spesifieke kombineerder. Hierdie studie het nuwe data 

gegenereer ten opsigte van bestuiwings metodes, AMMI en GGE analises, lyn x toetser 

analise, en korrelasie van graankwaliteitseienskappe van QPM kiemplasma in SA.  

 

Sleutelwoorde: QPM, GEI, AMMI, GGE biplots, stabiliteit, bestuiwingseffekte, lyn x 

toetser analise, kombineervermoë 

 


