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Chapter 1

General introduction

Maize Zea mayd..) is the most widely used cereal grain for bothmlan and animal
nutrition, throughout the world. In 2011 it was theost produced grain crop with a
production of 883.46 million ton (FAOSTAT, 2011)v@&all the United States was the
highest producer with South Africa (SA) rankin i the world, thus being the African
continent's biggest producer. Maize is a stapled faoop for the majority of the
population in SA and it is ranked first in termspobduction, yield and consumption. The
crop is produced by both commercial and subsistéacrers throughout the country,
with the Free State (41.7%), Northwest (27.2%) &fppumalanga (18.6%) province
contributing the majority of the produce in 2010A®F, 2011a). The crop is used for
both human food and livestock feed. During 2011 gheduction and consumption was
10.68 and 9.96 million ton, respectively (BFAP, 20DAFF, 2011b). Consumption
trend of maize between 2005 and 2011 shows a steadBase from 8 to 10 million ton
(USDA GAIN, 2012), which shows the importance o€ tbrop in the country. The
country produces both white and yellow maize; wigHow maize mostly fed to animals.
Currently about 50% of the white maize is for hunsansumption, while 40% and 10%

are for animal consumption and industrial useqeetvely.

Maize is an important source of proteins and caytidtes and it plays a vital role in the
diet of humans and accounts for about 50-60% oflib&ary protein in poor communities
(Showemimo, 2004). Dietary protein is the primaoyrse of the ninessential amino

acids and provides nitrogen (N) for the syntheg$ishe 11 non-essential amino acids.
Although it serves as an important source of pnsteind carbohydrates, it has limited
amounts of two amino acids, tryptophan and lysihat are essential for human growth
and development (Bressani, 1992; Knadteal, 1992; Vasal, 1999). Lack of these
essential amino acids usually results in malnotritiwvhich mostly has a negative effect
on young children, and women who are pregnant ciatimg (Pixley and Bjarnason,

2002). In Africa malnutrition is prevalent and mdhan 10% of children younger than
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five years were undernourished between the yea@ 2Md 2008 in most countries
(FAO, 2008). Improving nutritional quality of maizie the best way to reduce the
occurrence of malnutrition diseases such as pellagd kwashiorkor (NRC, 1988).

Maize protein quality research has received redtiittle attention from breeders,
mainly due to lack of funding and the difficultyviolved in breeding for improved
nutritional quality. Research on maize nutritiogahlity started in the early 1960’s when
a soft opaque-2 maize mutant was discovered (Viggme000). Opaque-2 maize was
found to have a2 gene that results in high lysine and tryptophanen(Mertzet al.,
1964). The maize with high lysine looked and tagted like normal maize though the
yields were about 10% lower. It was also susceptiblpests and diseases due to its soft
chalky endosperm and inability to dry quickly (\fretyer, 2000; Krivanekt al., 2007).
During those periods efforts were made mainly by kiternational Maize and Wheat
Improvement Center (CIMMYT) researchers to focusraize nutrition. Drs. Evangelina
Villegas and Surinder Vasal around 1986 managetket@lop a better product from the
soft opaque maize with good agronomic traits argh lysine and tryptophan content.
They named this product quality protein maize (QRiause amongst other things it
had improved nutritional quality, and performedt&ebr comparable to normal maize
with regard to yield, appearance, and disease ast rpsistance (Vasal al., 1993a;
CIMMYT, 2000; Vasal, 2000; Vietmeyer, 2000; Krivdnet al, 2007; Viveket al.,
2008). These researchers won the World Food Priz20D0 in recognition of their

accomplishments.

Compared to normal maize, QPM has about 70-100%e nhgsine and tryptophan
(Bressani, 1991; 1992; Prasaretaal., 2001; Sofiet al., 2009). The protein’s biological
value is associated with the digestibility and rbetsm of the essential amino acids it
contains. The amount of protein needed in the wietupply the essential amino acid
requirements is small when the protein’s biologiale is high. QPM’s biological value
is very high and has been found to be comparableows milk. It was found that
children fed QPM showed the same growth as thodenfedified cow milk formula
(Grahamet al., 1990). Superior grain protein quality is only exgged when endosperm



tissue is homozygous recessioq2 (NRC, 1988). The increased tryptophan and lysine
content can be better utilised because of the iwgarcessential amino acid balance
(Pixley and Bjarnason, 2002; Mbuy al., 2011). QPM cultivars can help to reduce
protein deficiencies in areas where maize formargel proportion of the diet (Bressani,
1992). Many researchers have reported recoverimgittfren with malnutrition when fed
with QPM (Grahamet al, 1980; NRC, 1988; Akuamoa-Boateng, 2002) andemsed
weight in animals (Gevers, 1974; Onimasial.,2009).

The development of QPM was a great effort to caactethe effects of malnutrition in
areas where maize is a staple. Several organisatiame been actively involved in
development of maize with improved nutritional qyalCIMMYT has been the most
dedicated in terms of resources allocated to rebBeand progress made thus far, even
during the times when other organisations abandaesdarch on improving maize
nutrition. Their researchers have developed a nub®PM inbred lines, hybrids and
open-pollinated varieties which are used throughbatworld today and are making a
great impact in many breeding programmes. In SA,Africultural Research Council’s
Grain Crops Institute (ARC-GCI) carried out mosttloé breeding which resulted in the
development of maize with improved quality durirfte tsame period as CIMMYT,
however the research stopped in 1995 and was texbtar 2005. During both periods
guite a number of maize genotypes with high lysind later with added improved kernel
hardness were developed, tested and released, @thiée germplasm were introduced
into the country to improve the breeding programrieis evident today that the
development of QPM was an important research roiestvhich brought hope in the
fight against malnutrition (Batik, 2000; Vietmey@Q00).

QPM was only grown by four countries in 1977 (Saifial.,2009) and by 2000 about 11
countries; and it was estimated that the area wioglgase from 1 to 3.5 million hectares
(mha) in 2003 (Batik, 2000). The economists’ expgohs were met because in 2003
there were more than 23 countries growing QPM oaraa of more than 3.5 mha (Sefi
al., 2009). The area of QPM production in sub-Sahar@itais around 200 000 ha with

about 17 countries growing the crop. QPM is vergyar in Ghana and Uganda and this
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is reflected by the area currently allocated to thep at 71 250 and 46 717 ha,
respectively (Krivanelet al., 2007). In SA the production of QPM is mainly dadmg

small-scale farmers who mainly grow the crop fdossstence. Currently there is little or
no information on studies that have been done oM @Brmplasm for genotype and
environment interaction (GEI), stability in low Norditions, donor identification, and

pollination effects in SA and worldwide.

Maize variety trials are mainly planted in openlipated fields and usually pollen from
one maize plant can have an immediate effect oryitld and quality traits of the other
plants. The immediate effect sometimes referredstaenia, usually results in increased
yield, weight, seed size or is shown by an immed@ilour change. Abdulai (2005)
reported an increased seed size up to 1.97 g perkéfhels from a large seeded
population and a decrease in seed size up to 98 @00 kernels from a small seeded
population compared to 30.95 g per 100 kernels fopen pollinated hybrids in a cross-
pollination experiment. This research project iparant because most of the studies on

pollination effects were done on normal maize Wittited information on QPM.

In SA, the contribution by small-scale farmers be total maize production is small
mainly due to size of the area allocated to the @od the stressful conditions the crops
encounter. Abiotic stress is the most harmful faeftecting the growth and productivity
of crops worldwide. The two most important abioBtress factors limiting maize
production are poor soil fertility and drought (lttf and Edmeades, 1988; Beekal.,
1996; Banziger and Lafitte 1997; Banziger and Di2iD04).

Poor soll fertility caused by limited use of N fesers by farmers does not only affect
yield and related traits in maize, it also has gatige effect on the protein quantity and
quality. The use of fertilisers is limited amongstall-scale farmers generally because of
its high cost, and these impacts on food secumity @conomic growth. Therefore to
imitate the environments in which farmers grow theaize, a method was developed
whereby N is depleted in the soil so that reseascban test newly developed materials
and select promising lines which can perform welller farmers’ conditions (Banziger

and Lafitte 1997). Poor solil fertility in QPM has been fourd dffect yield, protein,
4



endosperm and the tryptophan in grain and profagnording to Ngaboyisonga (2008) N

deficiency reduced protein quantity, the leveldrgptophan in the grain and endosperm
modification of QPM inbred lines by 29%, 20% and/,5respectively. He concluded

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

rejected for human consumption because of the highaportion of soft and chalky

kernels present. The reason for rejection is basaidly on the fact that the kernels are
easily damaged by pests which results in yield ¢Bdn. In SA soft grain would also be

rejected by millers because of low extraction rafdsat is why it is important to test

QPM lines under stress environments and select ggemihplasm to use in the

development of superior products that will be aafa# for use by small-scale farmers in
SA.

Maize germplasm is grown in a wide array of envinemts in the world, though in most
cases, when tested across several locations ituetess GEI. It is a restricting
phenomenon to breeders; because it results in g@smpperformance differences from
one environment to another and reduces genetiagssdn plant breeding programmes
(Kaya et al., 2006). This phenomenon, when it is significansufts in the need to
evaluate the germplasm for stability in differenizieonments. Maize researchers in SA
have dedicated a lot of research time on stallitggronomic traits. QPM research, on
the other hand, has concentrated mostly on stabiliboth agronomic traits and protein
and endosperm quality traits in stress and optinemvironments. However currently
there is more information documented on agronomaitst (Vasalet al., 1993b; Pixley
and Bjarnason, 2002; Gissa 2008; Machida, 2008pblgaonga, 2008) than protein and
endosperm quality traits (Vasat al.,1993b; Pixley and Bjarnason, 2002; Ngaboyisonga,
2008).

When developing QPM varieties, three or more doaoesoften used in order to convert
normal maize germplasm to QPM (Vivekal.,2008). Presently, the ARC-GCI has QPM
germplasm, however there is still little informattion which specific QPM inbred lines to
use in the breeding programme, resulting in theeoruse of three donors when

converting normal maize germplasm. QPM inbred linay in the levels of tryptophan



concentration and kernel modification, and thisalisjuhas an impact on the way
germplasm is converted. It is important to sepa@®@® germplasm into different classes
in terms of their ability to transfer tryptophandakernel traits during the conversion
process. Researchers in CIMMYT managed to classifge of the QPM inbred lines in
three categories which are poor, moderate and doodtryptophan content and
agronomic traits, while other researchers have meated studies on QPM donors
(Gissa, 2008; Vivelet al., 2008; Machida, 2008). Some of the CIMMYT germplasm
were included in this study to see how they redetmwused as donors to normal South

African maize recipients and their reaction toeti&nt environments.

This study is important to the QPM breeding prograrmn SA since QPM donors have
not been classified in the ARC-GCI germplasm. Tinrmation will be useful to
breeders as it will reduce resources needed toecbnermal lines into QPM lines. Thus
the total number of QPM donors used to convert mbmmuaize genotypes to QPM will be
reduced by identification of good QPM donors. Thed QPM donors identified will be
readily available to be used in the breeding pnogna to develop QPM varieties in a
cost effective manner. Studies on QPM hybrids wawee for grain yield and grain
quality traits (Machida, 2008; Ngaboyisonga, 20@&chidaet al.,2010; Mutimaambat
al., 2010). Few of the studies were looking at gragld/and grain quality traits.

Research objectives

The objectives of this study were as follows:

(1) To investigate the effect of pollen parentsmyptophan concentration in QPM inbred
lines;

(2) To analyse GEI and do stability analysis of Qiidred lines for kernel hardness,
protein, tryptophan, oil and starch concentratindar low and optimum N conditions;

(3) To compare the performance of QPM genotypemtmal maize genotypes for grain
quality traits and investigate the relationshipa@stn grain traits under low and optimum
N conditions; and

(4) To estimate general combining ability and sfi@combining ability of South African
QPM inbred lines and the identification of good dianfor grain quality traits.
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Chapter 2

Literature review

2.1 Maize: Importance, chemical composition and nuitional value

In SA maize constitutes about 70% of grain productand covers about 60% of the
cropping area (Akpalet al., 2009). It is a staple food to the majority of theal
communities, with ger capitaconsumption of more than 100 kg per year, progdin
22.7 g protein and a total of 889 kcal per day (FA@T, 2009). Many of these
communities rely on protein from maize and othemplsources as they cannot afford
animal protein. South Africa is ranked third aftexsotho and Zimbabwe in maiper

capitaconsumption.

The Southern African Grain Laboratory (SAGL, 20fdported that South African maize
on average contains 3.9% oil, 8.7% protein and %2starch. The value ranges over
years between 2.8-5.8%, 6.1-12.7% and 58.3-77.0%ifoprotein and starch content,
respectively (Table 2.1). The nutritional qualitfy mormal maize is extremely poor in
some of the essential amino acids when it is coathtor QPM. FAO (1992) reported that
opaque-2 maize and QPM had 96.8% and 82.1% casaipared to 32.1% casein in
normal maize. Protein of QPM in general containsuatb0% and 30% more tryptophan

and lysine, respectively, than normal maize (Praganhal.,2001).

QPM looks and performs equal or better than nomrmaize for endosperm hardness,
yield and chemical composition, except that normatlosperm is deficient in some
essential amino acids. Duargd al. (2004) studied QPM hybrids, obtained through
conversion of normal inbred lines, together withteelQPM hybrids plus normal
endosperm maize and observed that all the QPMerpeetl better for protein quality and
similar for grain yield relative to normal endospemaize. Converted QPM hybrids also
had lower grain density relative to the normal \@rs According to the FAO/WHO
(1991) the reference level for tryptophan in QPMzeds 1.1 g 100 ¢ while Vivek et

al. (2008) indicated a threshold value of 0.075% wéealysing the whole grain.
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Table 2.1 Chemical composition of South African maie 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 55 8.9 6.7 11.6 715 583 747
2002/03 4.1 3.0 54 9.2 7.2 11.7 716 625 75.9
2003/04 4.0 35 4.6 9.1 7.9 10.2 711 70.2 726
2004/05 3.9 2.9 4.7 8.8 6.5 120 71.3 689 743
2005/06 4.0 3.2 5.0 8.4 6.4 104 712 695 734
2006/07 3.7 2.8 4.8 9.4 6.9 127 73.0 70.1 752
2007/08 3.8 2.9 4.8 8.5 6.6 109 721 69.9 75.0
2008/09 3.8 2.9 5.1 8.3 6.2 10.6 727 70.7 7438
2009/10 4.0 3.3 5.8 8.3 6.5 101 729 706 754
2010/11 3.9 2.8 4.6 7.9 6.1 9.8 73.8 719 77.0

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

2.2 Malnutrition and QPM benefits

Malnutrition refers to insufficient (under-nutriiy, excessive (over-nutrition) or
imbalanced consumption of one or more nutrientsltieg in under-nutrition or over-
nutrition (UNICEF, 2006). Protein energy deficienafich relates to insufficient and
inadequate intake is one of the most important oahmalnutrition that is common in
Africa (Maletnlema, 1992; WHO, 1999). The biggesblgem facing Africa is that the
majority of people are consuming large amountseaséals, especially maize, as staple
foods without adequate supplementation with otlietgin sources. Malnutrition affects
most people living in rural areas, who are poor eglg mostly on maize, that has low
levels of tryptophan and lysine, for food. Southriéd is no exception to this problem,
because malnutrition is mostly encountered in raeas where the poorest of the
communities are located. Improvement of maize naoiriis an important foundation to
assist in the fight against malnutrition. During thear 2000 at the Millennium Summit,
189 countries including 147 heads of state and mowents signed the Millennium
Development Goals (MDGs) declaration and committdeemselves to reduce
malnutrition by 2015 (MDG, 2011). However, in 20d®st countries were still far from
reaching their MDGs. Ghana, Cameroon and Ethiopiehmade a lot of progress in
reaching the MDGs, with most of the developing ddes still lagging behind (MDG,

2011). In 2010 the estimated number of undernoedgieople was around 925 million,
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with developing countries accounting for 98% ofthigure (Figure 2.1; FAO and WFP,
2010). For sub-Saharan Africa, where maize isplesfaod, about 239 million people are

affected, with Asia and the Pacific having the &atghumber of undernourished people.

Total = 925 million (m)

M Developed countries, 18m

B Near East and North Africa, 37m

m Latin America and
theCaribbean, 53m

W Sub-Saharan Africa, 239m

W Asia and Pacific, 578m

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

Children under five years of age in the develomogntries are 13% more likely to die
than those in developed countries, and sub-Sahsirgea accounts for about half the
deaths of those children in the developing worldNQ, 2008). Yearly about 530 000
women die due to maternal death and 99% of thesthsleccur in the developing world,
with 56% of the deaths in sub-Saharan Africa (WKQ12). Malnutrition is one of the
factors that increase the incidence of maternaihdelay 80%. The statistics of the years
2006 to 2010 show that in SA about 9%, 5% and 2#¥nder-fives were suffering from
moderate and severe underweight, wasting and sguméspectively, according to the
World Health Organisation (UNICEF, 2010). UNICEFO0{2) reported that under-
nutrition contributes to more than a third of theder-five’s deaths globally. Still, under
these circumstances, the use of bio-fortified fotbdd can assist in the reduction of these
conditions is limited or does not exist in most eleping countries. Increasing the levels
of tryptophan and lysine is thus essential for iowprg the livelihoods of people affected
by protein deficiencies.
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Several researchers have been involved in deterghihie impact of QPM in human and
animal nutrition (Grahanet al., 1989; Akuamoa-Boateng, 2002; Onimedi al., 2009;
Sofi et al, 2009; Mbuyaet al., 2011). According to Graharat al. (1980; 1990) the
energy and protein needs of infants and childrem loa adequately met with a diet
exclusively based on QPM. Claet al. (1977) reported that children who were suffering
from Kwashiorkor and fed a diet with opaque-2 maieeovered. According to Graham
et al. (1980) QPM, with regard to nurturing growth in egering malnourished children,
iIs 50% more effective than normal maize. Bhargeatval. (2003) assessed the nutritional
quality of QPM and normal maize in pre-school didldaged between 1-3 years old. The
diet had one third of recommended daily allowarRBA) of calories and protein, with
skimmed milk included as a control measure. QPMethadiets were better than the
control. Children fed with a QPM based diet gaiidd% weight compared to those fed
with normal milk based and standard diet, who ghirlel2% and 43% weight
respectively. It was also reported that the heigbgd and mid-arm circumferences of the
children fed on the QPM based diet were better thangroup fed on a skimmed milk
diet. Nuss and Tanumihardjo (2011) indicated tr@atsaming QPM results in a 40%
reduction in maize intake to meet protein requinetmevhen compared to normal maize.
Their study found that approximately 100 g QPM eguired for children to maintain
adequacy of lysine, while for adults nearly 500sgrequired. Krivanelet al. (2007)
indicated that the effect of using QPM in animadean easily be calculated in monetary
terms since QPM can provide a cheaper alternatia® inormal maize in obtaining
balanced animal feeds. Gevers (1995) highlightedl @PM silage in SA may have an
economical and nutritional value as compared tonabmaize in the feeding of dairy

animals.

QPM can be an important tool that can assist iohieg the MDGs number one, four and
five that deal with halving hunger by reducing umdeirishment to less than 5% of the
population, improving the lives of young childrefieated by malnutrition by reducing
the child mortality and under-nutrition levels; afidally improving maternal health.
Developing countries which are behind in reachingermium goals can learn a lot from
Ghana which is growing QPM comprising 90% of sesdsssince its inception (Sallah
al., 2003), and incorporating QPM in their maize drebrder to reduce child mortality,

maternal death and hunger. QPM is not a cure toyéweg but can be used as one of the
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tools, which help when used with other methods.rdloee, any efforts by society to
either alleviate poverty or improve the nutritiovalue of crops should be supported by

national governments and businesses.

2.3 Nitrogen deficiency

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

Poor soil fertility in Africa is a widespread preioh, especially as more land is being
cultivated for crop production (Henao and Baanah899). N deficiency occurs mainly

due to unavailability or low N availability in theoil and it has been cited as an
environmental stress reducing endosperm hardnespratein quality in QPM (Gissa,

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

1988; Du Toit and Du Preez, 1995; Du Preeal.,2011). Lafitte and Edmeades (1988)
reported that N deficiency is the largest limitiagtor in more than 20% of arable land in
Africa.

In African soil, N becomes depleted due to limimdno application of fertilisers, soll
erosion and leaching; and as the population ineseasore soils are affected because
farmers are growing crops in new areas to meetyatazth demand (Henao and Baanante,
1999). These researchers indicated that for maintaicurrent production more than 80
kilogram per hectare (kg HaN is required in South African soils without depiet
available nutrients. Commercial farmers are capablapplying more than the required
rate to their crop to improve crop productivity like small-scale farmers, who in many

cases cannot afford this.

Fertiliser application in sub-Saharan Africa, whicdéin be used to improve quality and
productivity of crops, is much lower at 9-10 kg't{elenao and Baanante, 1999; Molden,
2007) as compared to 100 kg'tia South Asia, 73 kg hein Latin America and over 250
kg ha'in Western Europe and North America (Molden, 200 He prices of fertiliser in
Africa are twice to six times the world averagen@®iup-Anderseret al., 1999) which
often tend to lead to low N application becausesrare mostly grown by resource poor
rural farmers who cannot afford the expensive Ifseti. According to Odhiambo and
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Magandini (2008) 75% of farmers in one district @A indicated that fertiliser is too
costly and 48% said they do not have sufficiendfuto buy it. Another factor which is
associated with low or lack of use of fertiliselarscessibility because most of the farmers
are in rural areas far away from cities and it \&ghin cost them to travel to major cities
to purchase the product. About 50% of the farmetsrviewed had easy access to
fertilisers and concluded that there is a need akarfertiliser more accessible to farmers

by establishing strategically placed depots (Odba@nd Magandini, 2008).

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

tolerant cultivars

Growth and development of maize plants are affedigdvariation in N supply
(McCullough et al., 1994). Laubscher (1981), McMullagt al. (1988) and Caret al.
(1992) reported that soil nutrient variation camusz differences in grain quality and
yield. In areas where fertiliser use is minimalpnggc approaches to developing and
selecting superior genotypes that can perform wadler low N environments are crucial.
A major setback facing maize genotype performanaeulow N environments is that
researchers were developing and testing improvéivars under optimum environments
(Muzaet al., 2004), before taking it to farmer’s conditions,sa0 doing leaving small-
scale farmers vulnerable to poor soil fertility amdable to contribute to the economy.
There are a large number of QPM cultivars develapetiregistered in SA for high input
agriculture. Currently there are no cultivars depeld for tolerance to low N in SA.
Therefore it is essential to evaluate available Qienplasm for tolerance to low soil N.
Existence of genetic variation in the germplasm allbw development of low N tolerant
QPM cultivars. Improved cultivars that tolerate Iswil fertility will help maize farmers

to obtain better yields and grain quality.

Exposing experimental cultivars to low N environseduring selection and evaluation
will results in cultivars that perform well undeariner’'s conditions. Under low N
environments QPM genotypes perform differently doethe existence of genetic
variability for tolerance to stress (Mosisaal.,2007; Gissa, 2008; Ngaboyisongial.,
2008). Mosiseet al. (2007) and Bellcet al. (2012) found that genotype variation was

significant for tryptophan in the protein and grginotein content in the grain and protein
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quality under low and optimum N levels. N deficigntesults in poor endosperm
modification by producing soft kernels on the maizab as compared to high N
conditions (Ngaboyisongat al., 2006; 2009; Gissa, 2008; Wegagt al., 2011).
However, Wegaryet al. (2011) observed that even under low N conditiof&ViQstill
maintained acceptable protein quality and endospeaminess. Under low N grain
protein and tryptophan content were lower relatov@ptimum N conditions (CIMMYT,
2003). Sabata and Mason (1992) indicated that aseck soil N levels resulted in
increased grain protein content and decreased Ikere@kage susceptibility in maize. N
levels and grain protein were shown to be poskivarrelated (Oikelet al., 1998).
Duarteet al. (2005) in a study with four levels of N found thagh N levels increased
protein, hardness and reduced breaking susceptidienotypes had a larger influence
than N environments. lat al. (2011) found significant genotypic variation agdsw N,
across high N and across both high and low N sliesler low N conditions protein
concentration was reduced. For starch and oil, typeovariation was greater than GEI
and environment effects across high and low N dom, while for protein
concentration environmental effects and GEI wageathan genotypic variation. They
concluded that examining genotypes under low agt N is of great importance. Zaidi
et al. (2009) observed that grain protein, lysine angttyghan contents decreased by

17.0%, 12.5% and 15.6% respectively under a lomWrenment.

2.4 Evaluation of genotype, environment and genotyby environment interaction
effects using analysis of variance (ANOVA), additig main effects and multiplicative
interactions (AMMI) and genotype and genotype by esironment interaction (GGE)
biplots

Production environments may vary due to factordrsag rainfall, soil fertility, season,

temperature and soil types. The environments uséthis can be described, for example,
by different years, locations and fertilisation éés: These variables might play an
important role in differences in expression of genotypes, resulting in GEI, however
sometimes the genotypic variation might be moreartgnt than environmental variation,
resulting in small or no GEI. Plant breeders araceoned by GEI, because during
cultivar development, it is essential to understdralinteraction of the genotypes within

particular environments in order to determine tiabitity of those genotypes. A genotype
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is stable when it is able to perform consistenttyoas a broad range of environments
(Annicchiarico, 2002). Multi-location trials are maucted for various agronomic and
grain quality traits in order to identify superigenotypes across a wide range of
environmental conditions. The inconsistency in peeformance of genotypes in a wide
range of environments is known as GEI. Betlal. (1991) reported that when genotypes
are grown under a wide range of environments ansidmitheir usual adaptation zone,
the occurrence of large GEI is expected. Large i@&kes it difficult for the identification
of better performing genotypes. The GEI is of prattsignificance when the ranking of
genotypes varies among environments; this is knas/icrossover interactions (Crossa
and Cornelius, 1997; Russetlal.,2003).

The most important aim of a breeder is to develapotypes such as inbred lines, hybrids
and open-pollinated varieties (OPVs) that are asthpd a wide range of environments;
however the occurrence of large GEI reduces thaadsof making the most accurate
choice of the best cultivar(s) for the end-userislimportant for breeders to evaluate
different types of cultivars under various envir@mts for grain quality and other traits
valuable to the end users. Significant GEI allowgebers to further assess the
adaptability and overall stability of the genoty@esoss different environments. Breeders
are striving to identify superior inbred lines te bsed as parents in the development of
better cultivars, in so doing they resort to tesgtithese materials over different
environments to measure their superiority. It dogismatter about the types of materials
used in a study because GEI is usually presentth@heultivars are pure lines, single-
crosses, double-crosses, S1 lines or any othedibgeenaterial (Dabholkar, 1999). It is
regarded as a differential expression of genotygmess environments (Croses al.,
1990; Basford and Cooper, 1998), and complicatésctsen of genotypes for broad
adaptation. It needs to be investigated and andlyseperly so that its nature and causes
are clearly understood. A genotype which is coasisbver a range of environments has
general adaptation while the one which is consistgar a limited range of environments
has specific adaptation. The best way to createlalyvadapted cultivar is to increase its
tolerance to different stress factors (Ramagosakang 1993). The analysis of GEI in
this study would assist in revealing the patterhadaptation of QPM inbred lines for

grain quality traits in low N environments.
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There are a number of statistical procedures tate useful in measuring the presence
of GEI in trials and stability of genotypes to teevironments, such as ANOVA (Steel
and Torrie, 1980), linear regression (Finlay andkivson, 1963; Eberhart and Russell,
1966), principle component analysis (PCA) (Vargdsal., 1999), the environmental
variance (Lin et al, 1986), Shukla’s stability variance (Shukla, 1Q7¥Vricke’'s
ecovalence (Wricke, 1962) and multivariate methsgish as GGE and AMMI (Crossa,
1990; Yanet al., 2000; Akcuraet al, 2005). There is limited information on the GEl,
adaptation and stability of QPM germplasm in theléoespecially using AMMI and
GGE biplots for grain quality traits. Few researshkave reported significant GEI for
protein, endosperm hardness and tryptophan in kel and Bjarnason 2002). Hohls
et al. (1995b) reported significant GEI on grain yield@PM. This is the only reported
study done on South African QPM inbred lines in¢bantry and it did not evaluate grain
quality traits. The methods for determining existeand extent of GEI on various crops

are discussed below.

2.4.1 Analysis of variance

ANOVA is mostly used in the assessment of cultivargrials which result in two-way
data of genotype effects and environment effectklif@e) and GEI (non-additive)
effects. However, the model explains only a smaicpntage of the variation in the GEI
and does not show stability (Zoketlal., 1988; Samontet al, 2005). In other words it is
able to detect only the existence of the GEI. TioeeeAMMI and GGE biplots will be
used to further explore and understand the exfe@&db and stability.

QPM cultivars have been mainly evaluated using AMOMr grain quality traits in
single and combined environments (Pixley and Bjona 2002; Workwet al., 2007;
Zaidi et al., 2009; Wegaret al.,2011), with most results showing significant gepet
environments and GEI effects. Vasl al. (1993) reported highly significant GEI for
endosperm hardness and other yield related tiaita, study with diallel crosses of 10
QPM populations tested across locations. Taghetual. (2010) evaluated durum wheat
cultivars adapted to different environments for lgyaraits and encountered significant
genotype and environment effects and GEI for athsneed quality traits. They found that

for protein the environment and the genotype effeatre higher than GEI effects while
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for vitreousness the environments and GEI effea@sevihigher than the genotype effect.
For both protein and vitreousness environment haadrger effect than the genotype,
indicating that these traits are controlled morethxy environment than the genotype. It
was concluded that in order to determine the pmadéa cultivar, multi-location trials are
necessary since the trait was influenced more éyettvironment than genotype and GEI.
For traits that are not easily influenced by envinent it is not necessary to start with
multi-location trials, the genotypes can be plantedsingle locations before good
performers are taken to multi-location trials. Daach and Joshi (2007) reported on a
study of 74 maize genotypes, planted in four emrirents for determination of GEI and
stability, that genotype, environment and GEI efegere highly significant for protein,
starch and oil concentrations, except for the emvirent effect for starch content in a
pooled ANOVA.

2.4.2 Additive main effects and multiplicative inteaction analyses

The AMMI model is a statistical tool that has besgveloped to further analyse and
understand GEI patterns. The analysis has beenteepto be suitable for depicting
adaptive responses and is useful in understandimplex GEI (Gauch and Zobel, 1989;
Crossa, 1990; Gauch and Zobel, 1997). The AMMI rhamenbines both classical
ANOVA and PCA into a single model with additive amdltiplicative parameters (Zobel
et al., 1988; Shafii and Price, 1998; Pinnschmidt and Hollen 2002). The model
separates the additive variance from the interactiariance and applies PCA to the
interaction portion from the ANOVA analysis to eat¢t a new set of coordinate axes that
account more effectively for the interaction patte(Zobelet al.,1988; Shafii and Price,
1998; Thillainathan and Fernandez, 2001). In ctaifon of GEI, AMMI summarises

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

Furthermore statistical model results from AMMI bysés are plotted in a graph showing
the main and interaction effects for both genotyged environments on the same scatter
plot, with the noise rich residual discarded and tlata separated into a pattern rich
model to gain accuracy (Gauch and Zobel, 1996). A&/l graph is used to visualise
the adaptability (average performance across loes)i and stability (consistent

performance across environments) of various gemstypn the AMMI graph the
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differences in main effects are indicated along #fscissa while the differences in
interaction are indicated along the ordinates. Titerpretation of this is that the
genotypes that are located close to the abscisseekatively stable, while the ones that
are located far away from the abscissa are unstadbause they interact with the
environments. AMMI analysis was considered to ke llest model compared to linear
models (Gauch and Zobel, 1988). Gauch (1988) destrAMMI as a powerful tool to
explore and understand GEI. The AMMI model was getsed by Gauch (1993) to be
more effective and efficient in handling both thaimeffects and GEI in multi-location
trials than other statistical models. Wallaateal. (1993) stated that for various measured
traits in different environments AMMI analysis iagable of separating and quantifying
GElI effects.

Studies using the AMMI model have been reportedvéifous researchers on various
traits across different environments (Workual., 2007; Zaidiet al., 2009; Taghoutet
al., 2010; Castilloet al.,2012). The AMMI model has been proved to be aalalki tool
for graphically showing adaptive responses (Gaucth Aobel, 1989; Gauch, 1993).
Worku et al. (2007) used the AMMI model to evaluate the effeft&SEI and stability in
14 CIMMYT maize hybrids and two commercial hybritlem Seed Co Ltd across nine
environments. The AMMI analysis was able to idgntiignificant genotypes,
environments and GEI. The interaction principle poment axes (IPCA) 1 and 2
explained 37.3% and 28.6% of the interaction sunsapiares, respectively; together
accounting for most of the interaction (65.9%). Hgb with specific adaptation to either
high or low N environments were also identifiedidfeet al. (2009) found significant
GEI for protein in the grain, lysine in protein aagronomic traits. Their stability results
indicated that tryptophan and lysine contents vileeemost stable traits and grain protein
and yield were most unstable. Most of the genotypere stable for tryptophan, while

most of the genotypes were unstable for grain prote

In a recent study on yield and quality parametérspong wheat cultivars Castillet al.
(2012) found that IPCA1l and 2 accounted for GEliataan of 71.89% in AMMI,
however the method was not better when comparesitéoregression (SREG) which
accounted for 81.08% of the GEI variation. The radthwere able to identify cultivars

with good yield, high quality and stability acromsvironments, however SREG was the
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most effective and efficient method to identify thest performer in terms of yield,
quality and stability. Taghougt al. (2010) evaluated durum wheat cultivars adapted to
different environments for quality traits and enctawed significant GEI effects for all the
measured traits. The AMMI analysis showed thatfifst two IPCA axes were highly
significant for protein and vitreousness, and tbgeticcounted for more than 70% of the
GElI variation for all traits. Overall, genotypesosled differences in degree of stability
for various measured traits and within genotypes thiere was variability for stability,
showing that between traits genetic factors for &&tled. The method was able to select
a genotype with high and stable quality. AMMI fotarch content showed that
environment, genotype and GEI were significant dmghly significant respectively
(Parkes, 2011). The analysis further indicated tR&A1 (76.5%) and IPCA2 (23.5%)
axes explained 100% of the total GEI variation aad able to identify stable genotypes.
For oil content the first two IPCA were significaamid accounted for more than 80% of
GElI variation (Mekonnen and Mohammed, 2009).

2.4.3 Genotype and genotype by environment interaoh biplot analysis

The GGE biplot is the graphical representationhef genotype main effect and GEI of
multi-location trials for visual evaluation of gegpes and test environments and
identification of mega-environments (Yahal.,2000). Genotypic and GEI effects are the
two most important sources of variation relevantutiivar evaluation (Yamt al.,2001).
The GGE biplot is based on plotting the first tumberaction principal component axes
(IPCAs) 1 and 2 against each other with IPCA1 enXraxis and IPCA2 on the Y axis.

There are a number of GGE biplots, which can beptded for analyses of multi-
location trials data, depending on what the resmarwants to get from the data. There
are those which help in cultivar evaluation, tesvienment evaluation and mega-
environment identification (Yaet al., 2000). For genotype evaluation there are mean vs
stablity biplots which help identify high yieldingr performing genotypes and then the
stable genotypes, and mean and stability biplotglwidentify an ideal genotype. A
genotype which ranks highest for any characteristiall the locations used (absolute
stable in performance) is regarded as an idealtgpaedYan and Kang, 2003); however

in reality such a genotype sometimes may not ekiss important to identify such a
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genotype in order to use it as a reference duremptype evaluation. In test environment
evaluation there are the discriminating vs repriegeme biplots, which are graphically

represented by vectors and angles; and the disatmg and representative biplots,
which are an easier visual representation of amli@avironment. The “which won

where” or “what is best for what” biplot graphicalshows which genotypes won in
which environments and it identifies mega-environteeln a general ANOVA it is not

possible to select superior cultivars for each negaronment, however GGE is able and
that allows for effective exploitation of both géyyme and GEI (Muungarat al, 2007).

The GGE biplot has been successful in identifyiohgal genotypes in a study comparing
seven QPM cultivars across four hill environmerit®Nepal, but mostly for grain yield
(Upadhyayet al., 2009). Badu-Aprakeet al. (2010) used GGE biplots in evaluation of
normal and QPM cultivars under stress and nonssteagironments, and identified five
cultivars with outstanding performance in both eowments. They further identified
superior genotypes for stress and others for n@sstenvironments. Badu-Aprakt al.
(2011) were able to select ideal genotypes, losatind identified mega-environments

using various GGE biplots in evaluation of maiz#icars.

2.5 Cross-pollination effects on various traits

In maize there is data to show that crossing hasnamediate effect on the yield and
related traits and various grain quality traits i@ger et al., 1998; Letchworth and
Lambert, 1998; Balestret al., 2007; Castafieda, 2010). Currently there is limited
information on effects of pollination methods oraigryield and quality traits of QPM
(Boschet al., 1978; Hossairet al., 2008). Balestreet al. (2007) reported no significant
differences between the proportion of fertilised @ampled allo-pollen and auto-pollen
(self) in the maize ear and found that allo-poliecreased the mean kernel weight by
16.5 mg (gain of 4.65%). They concluded that evdrerwthere was no significant
difference between the pollination methods, alliggpowhen compared to auto-pollen

increased the kernel weight.
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Kriegeret al. (1998) evaluated 24 hybrids to study the effe¢hode pollination methods,
self-pollination small-plot, open pollination smalbot, and open pollination large plot
(farmer’s field) at two lowa growing locations otaich thermal properties and reported
significant differences in starch gelatinisatiord aetro-gradation properties between the
pollination methods and between locations. The ysttgtommended the use of self-
pollination when growing maize samples in smalltplor research purposes due to the

differences found in starch traits associated wahination methods.

Letchworth and Lambert (1998) reported in theirdgtof pollen parent effect on ail,
protein and starch concentration in maize kerrieds $elf-pollinated kernels had a higher
protein concentration than open-pollinated kermsisn though hybrid rankings showed
no significant difference within pollination treagmis. The results indicated that field
evaluation is feasible for protein concentrationdem open-pollinated small plot
conditions. The immediate pollen effect is sometimeferred to as xenia effect, and it
usually results in increased yield, weight, see@ sir is shown by an immediate colour
change. Castafieda (2010) studied xenia effectsuahtygof a maize female inbred in
production of hybrid seed and showed a significabted effect on yield. He found that
cross-pollination with some of the inbred linesutéed in reduced yields of hybrid seed,
while most of the inbred lines increased yieldshef hybrid seed. Generally the findings
recommended the use of open pollination for growielgales to avoid loss of vigour

observed with selfing.

Boschet al. (1978) studied pollination effects on grain yieldd quality of fertilised
plants comparing self-pollination with the same QPbllen to cross-pollination with
normal maize pollen and found that for opaque-2 MPRreatment, yield was 12.4%
higher in one hybrid (p < 0.05), but 3.32% and 8&Bwer in the other two hybrids.
These differences in grain yield and plant traiggted with the genetic differences of the
fertilising pollen, suggest that the genetic infatian that the pollen transferred to the
embryo and to the endosperm affected not only figew of the seed but also the
physiology of the female parent plant. Hosseinal. (2008) who studied the effect of
genotype x pollination mode interaction on kernabdification in QPM genotypes,
reported significant interaction of genotype withllimation method which suggested the

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

In a QPM breeding programme approximately three Qi®Mors are used to convey the
high levels of tryptophan and endosperm hardnessrtormal maize recipient. It would
be desirable to minimise the number of worthlessvecsion projects. Therefore it is of
great importance to study donors, in order to iferguitable donors to be used in a
conversion programme and alleviate the use of noamprs, thus making the breeding
programme more cost effective and efficient. Howewdepending on the types of
germplasm involved in the conversion programmait lbe easy or impossible to get new
QPM versions of the normal line or population. Bmsonet al. (1976) observed that
some ks of crosses between normal and opaque-2 genopypdaced more translucent
to opaque kernels than the expected 3:1 ratio. $aggested that some homozygous
opaque?2 kernels were modified in such a way that they ewgrhenotypically

indistinguishable from normal kernels.

CIMMYT (2004) reported findings on the identificati of QPM donors in a study of F
seed developed through the crossing of nine QPNedhbnes to 16 normal inbred lines.
They identified good and bad donors by classifyittg F, seed for endosperm
modification on a scale of 1-5 into donor typese TPPM lines were ranked according to
their ability to modify kernels in crosses. Accarglito the report, the QPM donor lines
were grouped into four classes; whereby group kewe&cellent donors which combined
well with most of the lines, CML144, CML181f and @¥76; group 2 were good donors
by combining with some lines, CML173, CML154 and CMS5; group 3 were fair
donors as they combined with few of the lines, Clglld, CML182; group 4 had one
poor donor CML159. QPM breeders are looking forcguvays to discriminate between
good and bad QPM donors in backcross programmesetent wasting precious time
and resources. This is expected to save QPM breéden the trouble of advancing their
materials through several backcrosses before theyliscard worthless crosses involving
poor donors. Genotypes differ considerably in tladaiity to showopaque-2modifiers
(Vasal, 1975). Mutimaambet al. (2010) in a study with Zimbabwean QPM and normal

inbred lines managed to identify QPM donors forZimababwean breeding programme.
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Kambal and Webster (1965) defined combining ab#isythe performance of a line in
hybrid combinations. It plays an important rolesilecting superior parents for hybrid
combinations and in studying the nature of genaitation because the final evaluation
of inbred lines can be best determined by hybridopemance (Hallauer and Miranda,
1988). Sprague and Tatum (1942) categorised theepbrof combining ability into
general combining ability (GCA) which they descdles average performance of lines in
hybrid combinations, and specific combining abiliCA) as the deviation of individual
crosses from the average of the margins. Diallelyais is an important tool used by
breeders for partitioning of total variation of ttlata into SCA of each cross and GCA of
each genotype; and to select superior parents déoeldping crosses (Hallauer and
Miranda, 1988; Sughroue and Hallauer, 1997; KoatSktiriou, 1999; Shukla and
Pandey, 2008).

Few studies have been published on the combiniiigyatf South African QPM inbred
lines used in the ARC-GCI QPM breeding programnreirfgportant grain quality traits
(Hohls et al., 1995a; 1996; Bhatnagat al., 2004). Conversely there is more available
information on the combining ability of these inthiénes on resistance to grey leaf spot
and grain yield traits (Geveet al.,1994; Hohlset al.,1995b). In Bhatnagaat al. (2004);
the South African lines used were tested in thewit8 some of the CIMMYT inbreds
and US inbred lines from Texas A&M University. Thesearch denoted highly
significant GCA for kernel quality traits. Pixleyn@ Bjarnason (1993) in a study of
combining ability using 34 modified endosperm op&@utropical maize inbred lines
found that mean squares for GCA effects were sggmt for protein content, quality
index (QI) and tryptophan content, whereas thos&@A effects were not significant for
all the quality traits. Okellet al. (2005) recommended the use of QPM donors idedfifie
which were superior in terms of GCA for foliar dises, protein quantity and quality in
the Ugandan QPM breeding programme. On the othed Bampuket al. (2007) found
non-significant differences between GCA and SChAmitein content in the endosperm.
Machidaet al. (2010) studied reciprocal cross effects and comdiability of elite QPM
inbred lines evaluated in subtropical environmeiitsey reported occurrence of GCA
effects for protein content, tryptophan content &athel modification, conversely non-
significant SCA effects for all the quality traitsere observed except for QI. Hadji (2004)

indicated significant GCA mean squares for endospkardness and non-significant
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SCA mean squares for endosperm hardness in a sfuhymbining ability of 10 white
QPM inbred lines for various traits. Most of therdamning ability analyses studies above
were for crosses between QPM inbred lines. Liangreinal. (2010) reported that in a
study of combining ability for protein, starch aoidl contents in maize inbred lines both
GCA and SCA were highly significant for all the rsaeed traits. GCA mean squares

were more important than SCA mean squares.

2.7 Reciprocal cross and maternal effects

Maternal effects and reciprocal effects are impartaomponents in particular when the
traits are maternally determined, with grain and eaality traits targeted (Jumbo and
Carena, 2008); and are mainly analysed using tiatlalysis. Reciprocal cross effect
analysis helps in determining the direction of eessfor hybrids (Lopeet al., 2003;
Scottet al.,2009). It is important to determine if these eféeate present or not, because
their presence bias the estimates for GCA (addigjgretic variance) and SCA (non-
additive genetic variance) in an unpredictabledtion (Crusio, 1987; Roach and Wulff,
1987). Griffing (1956) proposed four methods toused in diallel analyses. Of the four
methods Griffing methods 1 and 3 can be used ftaraening reciprocal cross effects.
Method 1 is used when there are data for parepntso8ses and reciprocals. Method 3 on
the other hand can be used when there adsses and reciprocals. Reciprocal effects
are partitioned into maternal effects and non-nmaleeffects (Zhang and Kang, 1997).
The maternal effects are the average effects ofjysarents as females rather than males
in their crosses expressing the maternal genotype phenotype (Roach and Wulff,
1987; Dhliwayo et al., 2005) whilst non-maternal effects are deviationsmf that
average; and might be caused by interaction ofptgsmic factors and nuclear genes
(Lopez et al., 2003; Dhliwayoet al., 2005). However, for the present study maternal
effects were evaluated in a line x tester desigharalysed using ANOVA for GCA and
SCA.

There are various researchers who have studieproeais cross effects and reported the
significance and presence of the effects on varimits. Jumbo and Carena (2008) in a
study of elite early maturing maize population hgbrreported that reciprocal cross

effects and maternal effects were not significantaize for most of the measured traits.
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In their reports they indicated the need for maesearch of maternal and reciprocal
effects on kernel endosperm related traits givex tine traits might have reciprocal and
maternal effects and this might impact breedingoefter quality maize. Sung (1984)
made reciprocal crosses in modified opaque-2 maibeed lines and found that the
reciprocal kr seeds showed differences in degree of modificatem and free amino
acids and when the modified endosperm opaque-Zdnbnes were used as pollen
parents, the £seed showed differences from the non-modified femparent endosperm
for all traits. The differences in seeds were thdug have occurred as a result of dosage
and maternal effects. Vasal al. (1980; 1984) reported significant reciprocal effein
kernel modification. Alika and Ojomo (1996) repattsignificant reciprocal effects for
grain starch content and said it was an indicatthan cytoplasmic factors were important.
Hossainet al. (2008) in a diallel study of QPM genotypes repdsegnificant reciprocal
effects for kernel modification and implied possililosage effects of the endosperm

modifiers.

2.8 Correlations among grain quality traits

Correlation analyses are used as a measure otrdmggih of association between two
variables (Steel and Torrie, 1980; Hallauer andaktia, 1988). When associations
among traits are weak, it is difficult to conduchaltaneous selection between important
traits, however when the relationship among traits positive it indicates the possibility
of a simultaneous selection of the traits involMadan improvement programme breeders
are interested in analysis of correlated traitsprisher to know whether traits are related.
Falconer and Mackay (1996) reported that correlatads are of interest because of
genetic causes of correlation through the pleiatragction of genes, connection to

changes brought about by selection and connectitnnatural selection.

In a QPM improvement programme it is importantétest for both protein quality traits

and endosperm modification and for the traits tgbsitively correlated. However, when
endosperm hardness is negatively correlated wyfitdphan it is important to determine
tryptophan or lysine content in order to keep tratkhe concentrations (Glover, 1992).
Pixley and Bjarnason (2002) reported that endospgerdness was positively correlated

with all quality traits even though the values wensdremely low. Other researchers
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indicated that endosperm hardness and protein mowere positively correlated (Motto
et al.,, 1978; Vasalet al., 1980); while Wessel-Beavest al. (1985) reported that
endosperm modification and protein quality are tiegly correlated. Pixley and
Bjarnason (2002) further supported earlier stutesarious researchers (Wessel-Beaver
et al., 1985; Pixley and Bjarnason, 1993) that proteinteohis positively correlated with
tryptophan content but negatively correlated wisiptophan in protein or QI. Tryptophan
content on the other hand was positively correlatgld QI (Pixley and Bjarnason, 2002).
Gutierrez-Rojaset al. (2008) in a study with recombinant inbred linepared that
endosperm opacity and tryptophan content were ipelitcorrelated with some lines
showing high levels of tryptophan and degree of ification showing the possibility that
the two traits could be concomitantly selected.tétnocontent and oil content in maize
have been reported to be correlated (Caril.,2006; Dudleyet al.,2007); while Seiam
and Khalifa (2007) reported negative correlatiotwieen the two traits. Mittelmaret al.
(2003) studied correlation among grain quality tsraivith testcross populations from
Family S x tester and reported that oil and protein wereetated but with low values at
0.21 to 0.41. With regards to starch and protemes@authors have reported that starch

and protein content are negatively correlated (Gtamal.,2006; Dudleyet al.,2007).
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Chapter 3

Effects of pollination method on tryptophan contentof 12 quality

protein maize inbred lines in South Africa

3.1 Abstract

Maize is one of the most common cereal crops in\8#ich produces grain for human
and animal consumption due to its considerableeprotontent. However, its protein
lacks two essential amino acids, tryptophan anthéysXenia effect is the immediate
genetic and physiological effects which the malegepta pollen can exert on the
development of seed in the female parent. Xenictffcan cause significant changes in
maize quality and agronomic traits. Although tharules are sometimes beneficial they
are, however, detrimental when they occur in mdie&l trials where the accurate
genotypic potential needs to be evaluated. In amachieve the real genotypic potential,
maize germplasm are usually being self-pollinatedthe purpose of traits evaluation.
Several researchers have studied the effects bhatdn on kernel quantity and quality
traits in normal maize but very few have studied th QPM. If pollination method has
no effect on kernel traits, it would not be necegsa do self-pollination in field
evaluation. The objective of the study was to meashe effects of the pollen parent on
tryptophan content in 12 QPM inbred lines. The @dbidines were self and cross-
pollinated in the field. Hans Male was used aspibléen parent for cross-pollination. The
trial was replicated three times with two row platdere one row was self-pollinated and
the other cross-pollinated. Kernels of the 12 QRiMred lines from self and cross-
pollinated rows were harvested and used for detextioin of the tryptophan content. This
was done spectrophotometrically and statisticatiglgsed using a paireetest. Results
indicated that there was no significant (P > 0.@&grence between the two pollination
methods. The findings indicate that the QPM indnees can be evaluated in field trials

without being self-pollinated.
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3.2 Introduction

Maize is an important cereal crop, which ranksdtr the world after ricedryza sativa

L.) and wheat Triticum aestivumL.). In SA it is preferred by the majority of the
population and is the primary staple food cros lised as a source of protein for human
and other monogastric animals (NRC, 1988; Bjarnaaod Vasal, 1992). Normal
endosperm maize protein is deficient in two esakatnino acids, lysine and tryptophan
(FAO/WHOJ/UN, 1985; Prasanret al.,2001). In mature maize grain the germ protein is
superior in both quantity and quality (Vasal, 2Q08yen though the majority of the
protein is in the endosperm (82%). The proteirhim éndosperm contains zeins; a group
of four structurally distinct alcohol-soluble prote which account for 50-70% of the

endosperm protein and are rich in glutamine.

QPM can be used as a replacement of normal maizenmmunities where maize is used
as a source of protein, because QPM has improvedional value. Various researchers
have studied the importance of QPM for human anidhanfeed (pigs and broiler
chickens) and have recommended it for use (Setghl., 1980; Dei, 1997; Rahmanifar
and Hamaker, 1999; Krivanek al.,2007; Onimisiet al.,2009; Gunaratnat al., 2010).
For maize to be considered QPM the lysine and apjpn concentration in the grain
must be more than doubled and this is usually esgae when the opaque-2 gene in the
endosperm tissue is homozygous (Mettal, 1964; Vasal, 2000; Sentayehu, 2008; Nurit
et al.,2009). Tryptophan and lysine concentration in mdiave been found to be highly
correlated (Villega®t al.,1984; Nuritet al.,2009) (Figure 3.1).

0.60
0.55
0.50
0.45

0.40 -

Lysine (%)

0.35

0.30 o

0.25

0.20 T T T T v
0.03 0.05 0.07 0.09 0.11 0.13
Tryptophan (%)

Figure 3.1 Correlation between tryptophan and lysine contemhaize grain (Nuriet al.,
2009).
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Maize is a cross-pollinating crop, which is maigisown in open pollinated field plots
without restriction of pollen interchanging from eoiplot to the other when evaluating
germplasm for yield and quality traits. Xenia effexconsidered the immediate genetic
and physiological effects, which the male parertepocan exert on the development of
seed in the female parent (Castafieda, R0TOe effect is immediate in maize as
compared to other crops. Research on pollinatiothoals plays an important role in
determining whether maize genotypes need to beped#ihated or just left to open-
pollinate when tested for research purposes ird figlals. When the effect is not
significant it is not necessary to self-pollinaengtypes when planting them for research
trials, but when the effect is significant it widsult in a need to self-pollinate in order to
determine the exact potential of the genotype aralvbid contamination. The expensive
and time-consuming step of selfing germplasm duniegearch field trials can be
potentially eliminated by first conducting pollima effects studies. For evaluation of
germplasm in research plots, methods such asimolat trials in open-pollinated fields
by distances and time can be used, however tluaa impractical. The self-pollination
and isolation methods are labour intensive, experand time consuming during testing

stages especially where a large number of matexralto be tested.

Several researchers have studied the effects bhgtodbn on kernel quantity and quality
in normal maize (Bosclet al., 1978; Bulant and Gallais 1998; Krieget al., 1998;
Letchworth and Lambert, 1998; Bulagtt al., 2000; Weingartneet al.,2002; Balestret
al., 2007), however, only a few researchers studietinatibn methods in QPM (Sung
1984; Pixley and Bjarnason, 1994; Hossairal.,2008). Most of the studies on normal
maize endosperm have shown the importance of #fésets, while in QPM few of the
studies showed the importance of these effectecedfy when foreign pollen is from
another QPM. Since it is important to know whettiex pollen from a different QPM
genotype causes changes in protein quality, arstigation into this is necessary in order
to understand how to proceed with the rest of gsearch objectives. The objective of
this study was therefore to measure the effechefpollen 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 frdne ARC-GCI and CIMMYT
Harare maize breeding programmes (Table 3.1). iflee having an O code after the first
letter in the name were developed by Dr. Hans Gewdrilst he was at the ARC-GCI.
The CML coded lines, also known as CIMMYT maizesBnare internationally accepted,
and are commonly used in eastern and southernadinicQPM development. Hans Male
line which was used as the pollen source for tlissgs was obtained from the Quality

Seed Company in KwaZulu-Natal, SA.

Table 3.1 List of 13 QPM inbred lines used to detmine 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=lowldtropics; ST=subtropics; STTW=subtropical tempexaarm
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3.3.2 Environment

The field trial was conducted during the 2007/08vwgng season, at the ARC-GCI
Research station in Potchefstroom (26.7° latit@iel° longitude and about 1349 m
altitude). During the growing season the locatieneived precipitation of 544.1 mm,
with an average maximum and minimum temperatu27afC and 11.2C, respectively.

An overall average temperature of f&8vas recorded during the growing season (Table
3.2). The solil type at the Potchefstroom farm lis@vnish sandy clay loam.

Table 3.2 Weather data for the growing season at Rdhefstroom

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 minintemperature; T=Average temperature; Rn=Averagé raitzall

3.3.3 Experimental layout

The experiment was laid out as an alpha latticeravieach pair of treatments appeared
together in a block once or not at all (Pattersod Williams, 1976), within a split-plot
arrangement. The main-plot was aligned as the maeed lines and sub-plots as
pollination treatments. The trial had two row plotplicated three times. Land was
ploughed and disked using a tractor-drawn ploughdisc harrow. Planting rows of 0.9
m apart were marked and two maize seeds per itineevere planted per station with a
jab-planter. Spacing within the row was 0.3 m bemnvthe stations in a 5 m row.
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3.3.4 Pollination method

Ears of one row were cross-pollinated while thosthe other row in the plot were self-
pollinated. Self-pollination was done as followsieTshoot was covered in a transparent
ear shoot bag before silks appeared out of theshtslprevent pollen contamination.
During flowering, a brown pollination paper bag waaced on the tassel of the same
maize plant for collection of pollen. This was usudone by covering the tassels in the
afternoon and do pollinations mid-morning whenfateign pollen would have died. The
pollen was transferred manually from the tassets deposited on the silks of the same
plant by carefully removing the transparent earosiag and depositing pollen on the
silks and covering the ear with the brown pollinatbag. The bag stayed on the ear until
full maturity to prevent contamination that couddke place after self-pollination.

For cross-pollination the same method was usedrmséif-pollination whereby the ear
shoot was covered before silk emergence. Duringéditmg the pollen was manually
transferred from the male parent to the silk of fdmaale parents in the cross-pollination
row. Ears were immediately covered with brown paition bags after pollination and

these were left until the ears were harvested.
3.3.5 Trial management

Standard cultural practices for growing maize wdolowed. Gauch® (active
ingredient: Imidacloprid) was applied to maize sebefore planting, to guard against soll
borne insects. Thinning was done to one plant faios three weeks after emergence to
maintain a plant population density of 37 037 pamd’. Fertiliser was applied at a rate
of 100 kg N h# to all plots. The N was given as a basal appbeatt planting as
compound fertiliser 3:2:1 (32) + Zn translatingl&? N, 10.7% P, 5.3% K and 0.5% Zn.
Lime ammonium nitrate (LAN) with 28% N was used fop-dressing in two equal splits
at 28 and 56 days after emergence at a rate ofjFtakeach. Weeds were effectively
controlled by herbicides and hand weeding. Thegonergence Sorgomil Gold (active
ingredient: S-metolachlor/terbuthylazine), and pmsergence Basagran (active
ingredient: bendioxide) herbicides were appliechate of 2.6 L. hdand 2.0 L. h3,

respectively, to control weeds. Throughout the gngvseason weeds were controlled by
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hand weeding. Kombat (active ingredient: Carbamdps applied in the maize funnel of
affected plants to effectively control stalk bo(Buseola fuscainfestation, four weeks
after emergence. Irrigation was applied at plantiwben the leaves showed signs of
rolling and during pollination to encourage silkinthe plants were left to field dry for
about two weeks after reaching physiological maturfhe ears for each pollination
method were hand harvested separately and theledltet tryptophan analysis. In this
study only tryptophan content was measured asdyaml tryptophan contents are highly
correlated (Figure 3.1).

3.3.6 Tryptophan analysis

Twenty kernels of each inbred line of each polimatreatment, with uniform size were
selected and finely ground at the ARC-GCI. The exdilsamples were sent to the ARC-
Animal Production Institute at Irene for tryptophamalysis. Tryptophan was determined
spectrophotometrically according to the method eWiieset al. (1980) after alkaline
hydrolysis of the samples (AOAC, 1995; Method 982..3

3.3.7 Statistical analysis

To determine the effects of cross-pollination gyptophan concentration, a pairetest
was done (Steel and Torrie, 1980). From the trypaopconcentration of both self and
cross-pollinated kernels, a cross fertilisationeeff(R) was deduced as the relative
increase of cross-pollinated tryptophan content gamed to self-pollinated tryptophan
content. For each inbred line, the relative crasslisation effect was computed as the
difference between mean tryptophan content of eq€P) and selfed (SP) plants
divided by the mean tryptophan content of selfeah{d (Bulantet al., 2000; Pahlavani
and Abolhasani, 2006).

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

Where, RCPE-=relative cross fertilisation effect,
CP=mean tryptophan content of cross-pollinatedtp)aand

SP=mean tryptophan content of self-pollinated glant
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3.4 Results

The pollination effects were calculated by compatime mean differences in tryptophan
content between selfed and crossed seed over ffevedi crosses and selfs. No
significant (P > 0.05) differences were observedb{(& 3.3). Tryptophan content mean
for self-pollination, cross-pollination, cross-po#tion differences and the relative cross
pollination effects were 0.099, 0.098.00108 and 2.7725, respectively. The pollination
differences of the tryptophan content varied fréh®24 (SO503W) to 0.026 (RO544W).

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

Table 3.3 Effects of two pollination methods on grptophan content of 12 quality
protein maize inbred lines

Inbred lines SP CP CPD(cp-sp) RCPE
(x HM)
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 0.003 291
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 0.099 0.098 -0.001 2.773
SD 0.012 0.012 16.126
SEM 0.003 0.004
P value 0.812ns
Ttest 0.244ns

SP=self-pollination; CP=cross-pollination; CPD=agmllination differences; HM=Hans Male; RCPE=rfatcross fertilisation
effect SEM=standard error of the mean
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3.5 Discussion

The importance of xenia effect on endosperm madatifin, protein quantity and quality
has been previously reported in both normal mam @PM and most of the research
findings are contradicting. Vivekt al. (2008) mentioned that in QPM when white is
crossed with yellow there is an immediate visibhepact at harvest on the white
endosperm maize which will have yellow kernels présThis is due to the fact that the
allele for yellow colour is dominant. Cordova (20Ghd Machida (2008) on the other
hand, studied QPM and normal endosperm maize qopsing under conditions not
designed to completely prevent cross-pollinationnber-mating to determine the levels
of contamination by normal endosperm maize to theitronal quality of the QPM
endosperm. They found that the pollen from the mbrendosperm maize had an
immediate effect on the nutritional quality of t@&M. The contamination levels to the
QPM were found to be ranging from 15.3% to 31.9% waere not as high as previously
expected. They concluded that QPM can be plantggtiter with normal maize
endosperm without QPM losing its entire nutritioadvantage (Machida, 2008; Machida
et al.,2012).

Hohlset al. (1995) indicated that in their study they selfedche of the inbred plants to be
used for endosperm modification analysis due tdabhethat Wessel-Beaver and Lambert
(1982) and Sung (1984) found that xenia effectsitantly changed endosperm traits of
normal and modified opaque-2 maize. Garcia and &¢d002) hand pollinated their
materials to control pollen within each plot in erdo avoid the xenia effects. These
efforts by the researchers indicate the importaricenia effects.

Tsai and Tsai (1990) in crosses between P3732 @BdxBVo17 found a significant £p

0.05) cross-pollination effect causing a 20% inseean protein content and 12.4%
increase in kernel weight compared to self-pollovabf the P3732 genotype. Pixley and
Bjarnason (1994) in a study with different QPM gepes planted in research trials using
open and self-pollination, investigated whether putlen-parent affected the protein
guality and quantity. They used six pollen treattadfour QPM inbreds, normal maize
inbred and self-pollination) on the different QPMbreds in the study. The results

indicated that the pollen parent does not haveff@eteon protein quality traits when the
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females were pollinated by a QPM male or self-paliéd. There were slight differences
on kernel vitreousness for females pollinated byvQRales compared to self-pollination.
Protein concentration in the grain was not affedigcdpollen when QPM females were
crossed with normal endosperm maize. Respectitgigtophan in grain and tryptophan
in the protein were reduced by 37% and 38% andekenodification was improved by
normal endosperm maize pollen. Furthermore theicateld that for all traits measured,
the interaction of males x females were not sigaift. They concluded that QPM
germplasm can inter-pollinate in open field plotsept when normal endosperm maize is
involved. Their research findings were valuable @?M research because it meant that
self-pollination, which is expensive and labouremgive, will not be necessary when

evaluating QPM germplasm for protein quality anthie¢traits.

In this study pollen parent effects did not plagignificant role in the concentration of
tryptophan in QPM. Results of this study confirntad results of Pixley and Bjarnason
(1994), who studied both endosperm and tryptophancentration and found no
significant pollen parent effects and pollinatioethods x genotype interaction on protein
quality traits. But their results were not in agremt with studies when QPM females
were pollinated by normal endosperm (Machida, 2@08;2; Viveket al.,2008). These
results were different in the sense that normalbspdrm maize rather than QPM was
used.

3.6 Conclusions

The differences between cross and self-pollinatstls were determined to measure the
effect of cross-pollination in QPM. Tryptophan centration of the self-pollinated
inbreds did not differ significantly from the cregsllinated material. This indicated that
cross-pollination effect does not play a major rolehe control of tryptophan content in
QPM. The findings of this study meant that pollesni Hans Male did not have a major
effect on the tryptophan concentration of the 1#ed lines and therefore for this study it
can be concluded that it is not necessary to sdlinpte QPM inbred lines when
evaluating them in small research plots, since pbe&ential of the inbreds can be
accurately determined in open pollinated fieldswedweer, in order to confirm these

results additional research should be done withentlban one male parent for the same

52



number of females. Future research may also incthdeeffect of location with the

pollination methods on tryptophan content to sexithportance of pollination methods
and location, since others have found significaffeidences when the materials were
evaluated on multi-location basis (Kriegsral.,1998).

3.7 References

AOAC (1995) Official methods of analysis 982.30™¥81. Washington, DC: Association
of Official Analytical Chemists.

Balestre M, Souza JC, Luders RR and Silva NO (2@&3¥&ct of allo-pollen in artificial
crosses of white and yellow endosperm maize hybr@i®p Breeding and
Applied Biotechnology 7: 82-87.

Bjarnason M and Vasal SK (1992) Breeding of Qudhitgtein Maize (QPM). In: J Jarick
(Eds.). Plant breeding Reviews. Vol 9. John Wileyl &ons, Inc., New York,
USA, pp. 181-216.

Bosch L, Blanco M, Alvarez A, Pons A and Blanco(1078) Pollination effects on the
grain yield and the qualities of the fertilized mtis, II: self-pollination with 02
pollen vs. cross-pollination with 02+ pollen. Maiz8enetics Cooperation
Newsletter 52: 122-123.

Bulant C and Gallais A (1998) Xenia effects in neawith normal endosperm: I.
Importance and stability. Crop Science 38: 15175152

Bulant C, Gallais A, Matthys-Rochon E and Prioul(2D00) Xenia effects in maize with
normal endosperm: Il. Kernel growth and enzymevéis during grain filling.
Crop Science 40: 182-189.

Castafieda LA (2010) Xenia Effects on Quality of aia Female Inbred in Production
of Hybrid Seed. PhD thesis, The Graduate Schodlraversity of Nebraska,
Lincoln, Nebraska.

Cordova H (2000). Quality protein maize: improvedrition and livelihoods for the
poor. Maize Research Highlights 1999-2000, CIMMMAVailable on the internet
from: http://apps.cimmyt.org/Research/Maize/resnizhigh99-00/mrhigh99-

00_qual.pdfDate Accessed: 08 August, 2012].

53



Dei HK (1997) Quality - protein maize (QPM) as adengredient for layer chickens.
MSc thesis in Animal Science, Kwame Nkrumah Uniitgrsf Science and
Technology, Kumasi, Ghana.

DeVries JW, Koski CM, Egberg DC and Larson PA (19&bmparison between a
spectrophotometric and a high-pressure liquid clatography method for
determining tryptophan in food products. JournaRgficultural Food Chemistry
28: 896-898.

FAO/WHO/UN (1985) Expert Consultation: WHO Technical Reporti€&emMNo. 724.
World Health Organization, Geneva. Available on theternet from
www.fao.org/docrep/003/aa040e/AA040E00.HTM [Datecéssed: 08 August,
2012].

Garcia AAF and deSouza CL Jr (2002) Phenotypicrreat selection to improve protein

quality in non-opaque maize populations. Scientigidola 59: 743-748.

Gunaratna NS, De Groote H, Nestel P, Pixley KV ®BraCabe G (2010) Evaluating the
impact of biofortification: A meta-analysis of commity-based studies on quality
protein maize (QPM). Food Policy 35: 202-210.

Hohls T, Shanahan PE, Clarke GP and Gevers HO J1G@hetic control of kernel
modification found in South African quality protemaize inbred lines. Euphytica
87:103-1009.

Hossain F, Prasanna BM, Kumar R and Singh BB (2008) effect of genotype X
pollination mode interaction on kernel modificatiam quality protein maize
(QPM) genotypes. Indian Journal of Genetics 68-132.

Krieger KM, Pollak LM, Brumm TJ and White PJ (1998fects of pollination method
and growing location on starch thermal propertiédscorn hybrids. Cereal
Chemistry 75: 656-659.

Krivanek AF, De Groote H, Gunaratna N, Diallo A aAdesen D (2007) Breeding and
disseminating quality protein maize (QPM) for A#ic African Journal of
Biotechnology 6: 312-324.

Letchworth MB and Lambert RJ (1998) Pollen pareifé¢ots on maize kernels. Crop
Science 38: 363-367.

54



Machida L (2008) Quantitative genetic analysisgromomic and kernel endosperm traits
in quality protein maize (QPM) and investigatiorighe putative nutritional value
of contaminated QPM crops. PhD thesis, African @efdr Crop Improvement,
School of Agricultural Sciences and Agribusinesgscuity of Science and
Agriculture. University of KwaZulu-Natal, South Ada.

Machida L, Derera J, Tongoona P, Mutanga O and MbheR J (2012) Geostatistical
analysis of quality protein maize outcrossing wkbllen from adjacent normal
endosperm maize varieties. Crop Science 52: 1235-12

Mertz ET, Bates LS and Nelson OE (1964) Mutant dh@nges protein composition and
increases lysine content of maize endosperm. Seib#s: 279-280.

NRC (1988) Quality Protein Maize. National AcadeRmgss, Washington, D.C. USA,
pp. 41-54.

Nurit E, Tiessen A, Pixley KV and Palacios-Rojas(2009) Reliable and inexpensive
colorimetric method for determining protein-boumgptophan in maize kernels
Journal of Agricultural and Food Chemistry 57: 72238.

Onimisi PA, Omage JJ, Dafwang Il and Bawa GS (20®&lacement value of normal
maize with quality protein maize (Obatampa) in lenodiets. Pakistan Journal of
Nutrition 8: 112-115.

Pahlavani MH and Abolhasani K (2006) Xenia effestseed and embryo size in cotton
(Gossypiumhirsuturh.). Journal of Applied Genetics 47: 331-335.

Patterson HD and Williams ER (1976) A new classragolvable incomplete block
designs. Biometrika 63: 83-92.

Pixley KV and Bjarnason MS1994) Pollen-parent effects on protein quality and
endosperm modification of quality protein maizeoC6cience 34: 404-409.

Prassana BM, Vasal SK, Kassahun B and Singh NN1({2@uality protein maize.
Current Science 81: 1308-1309.

Rahmanifar A and Hamaker BR (1999) Potential not@l contribution of quality
protein maize: a close-up on children in poor comitires. Ecology of Food and
Nutrition 38: 165-182.

Sentayehu A (2008) Protein, tryptophan and lysiaetents in quality protein maize
(QPM), North India. Ethiopian Journal of Health &we 18: 9-15.

55



Singh J, Koshy S, Agarwal K, Singh NN, Lodha M a8dthi A (1980). Relative
efficiency of opaque-2 maize in growth of preschoildren. Indian Journal of
Nutrition and Dietetics 17: 326-334.

Steel RGD and Torrie JH (1980) Principles and piaces of statistics: a biometrical
approach. McGraw-Hill, New York, 633pp.

Sung TM (1984) Xenia effect in modified endospemmwtiire opaque-2 maize. Maize
Genetics Cooperation Newsletter 58: 22-23.

Tsai CL and Tsai CY (1990) Endosperm modified byssrpollination maize to induce
changes in dry matter and nitrogen accumulationp@rcience 30: 804-808.

Vasal SK (2000) The quality protein maize storyoédutrition Bulletin 21: 445-450.

Villegas E, Ortega E and Bauer R (1984) Chemicathods used at CIMMYT for
determining protein quality in cereal grains. CIMMYMexico City, Mexico.

Vivek BS, Krivanek AF, Palacios-Rojas N, TwumasHgie S and Diallo AO (2008)
Breeding Quality Protein Maize (QPM): Protocols Bveloping QPM Cultivars.
Mexico, D.F.: CIMMYT, 50pp.

Weingartner U, Kaeser O, Long M and Stamp P (2@&nbining cytoplasmic male
sterility and xenia increases grain yield of mdigbrids. Crop Science 42: 1848-
1856.

Wessel-Beaver L and Lambert RJ (1982) Genetic obofrmodified endosperm texture
in opaque-2maize. Crop Science 22: 1095-1098.

56



Chapter 4

Genotype by environment interaction for grain qualty traits in quality

protein maize under low and optimum nitrogen conditons

4.1 Abstract

Evaluation of maize inbred lines for grain qualitgits in multi-location trials usually
results in GEI. The GEI is known to influence thedestion of superior genotypes in
breeding programmes and results in inconsistentlgarperformance of genotypes from
one environment to another. Understanding GEI is gofat importance for the
identification and selection of superior genotyp&be objective of this study was to
determine genotypic variation and the existence magnitude of GEI on endosperm
hardness, QI and tryptophan, protein, starch ahcdootent in QPM inbred lines. Twelve
QPM inbred lines were grown in four locations dgrihe 2009/10 growing season. The
four locations consisted of two N levels resultimgeight environments. Data were
collected on endosperm hardness, QI, protein, dpjmn, starch and oil content. Single
and combined ANOVA were performed on the data famagype, environment and GEI
effects. Large genotypic differences were deteateall grain quality traits in both low
and optimum N environments. For combined ANOVASs aigpes, environments and
GEI effects were highly significant for all traiéxcept for endosperm hardness. AMMI
and genotype main effect and GGE biplots were eyaploin the identification of
superior genotypes and ideal environments for Sagmt traits. The AMMI and GGE
biplot analyses were more efficient in extractifge ttotal GEI variation, with both
explaining more than 60% of GEI variation than AN®VGGE biplots explained a
greater proportion of the sum of squares of the, @ktept for tryptophan content, and it
is better for visualisation of environments andtigal performance than the AMMI
analysis. AMMI and GGE biplots were similar in idiéying high performing genotypes
for all traits except for oil concentration, anctmost stable genotypes except for QI,
protein and oil concentration. GGE biplots wereoaddble to identify the ideal (high
performing and stable) genotypes as KO54W, KO54vdndHMale, SO503W and
CML144 for QI, tryptophan, protein, oil and stammmtent respectively, for further use in
QPM breeding programmes. The GGE biplots for “whigim-where” further assessed
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which genotypes performed well in which environnsenEor tryptophan content
BO163W, KO54W and SO503W were the vertex genotgpesperformed similar at the
Potchefstroom low N (PL) environment. Hans Male aR@559W were the best
genotypes across eight environments for proteirtecdnwhilst KO54W and SO713W
were the best across seven environments for QloiFoontent Hans Male was the best at
Cedara optimum N (CH), Towoomba optimum N (TWH),d&a low N (CL) and
Towoomba low N (TWL), while SO503W was the besT#{L, Tshiombo optimum N
(TSH), Potchefstroom optimum N (PH) and Tshiombe M (TSL), and FO215W at PL.
CML144 was the best at CH, PH, TWH, TSH, CL, PL &8l, and BO163W at TWL
for starch content. GGE biplots identified CH ase timost representative and
discriminating environments for QI, tryptophan astdrch concentration, and TSH and
PH were for protein and oil concentration, respetyi. AMMI biplots identified the
highest yielding environments as TWH for tryptoplaexa protein concentration, TSH for
QI and starch concentration and PH for oil conegin. The results were expected

because all the environments were representatitfeeaiptimum N conditions.

4.2 Introduction

In SA maize covers about 60% of the cropping areh @nstitutes more than 70% of
grain production (Akpalwet al., 2008). It plays an important role for food, feeuda
industrial purposes and is mainly comprised of 3@s7starch, 8-10% protein and 4-5%
oil (Boyer and Hannah 1994; Mukharib, 2006). Itsportance increases with
improvement of grain quality characters such asosperm hardness, protein, starch, oil
and tryptophan concentration for which some thetisoifrican maize industry is
extremely strict. Public and private maize breedimmggrammes up to this point have
mainly focused on these traits, because improviregngquality provides various end
users with grain that is better suited to theirdsed’he SAGL annually conducts maize
guality surveys to determine the quality of the zeaproduced in the country, using
various grading systems. During the 2010/11 growsegson they reported that the
nutritional values of South African maize were riauggbetween 2.8-5.8% oil, 6.1-12.7%
protein and 58.3-77.0% starch (SAGL, 2011).

58



Environment has a major influence on different guafaits in maize genotypes, and the
environmental conditions in which maize is growmyaidely. The crop is grown in
areas receiving an annual rainfall of 250 to 5008, from latitude 58N to 40 S and
from sea level to higher than 3000 m altitude (Paa@i, 1990; Downselét al, 1996),
and has spread across the world because of its ddgptability to a wide range of
environments. In SA maize is grown from semi-adduib-tropical wet regions across the
nine provinces and is highly vulnerable to changesinfall and temperature (Benhin,
2006; Durand, 2006). The areas differ considerablyerms of soil type and climatic
conditions. Environmental factors such as soil Milability, drought, temperature and
heat stress have an influence on kernel fillingn&ke hardness, yield, starch, oil and
protein concentration in normal endosperm maizdt{&eell, 1996; Commuri and Jones,
2001; Hadi, 2004; Monjardinet al., 2005; Terasawat al., 2008), and some of those
factors have a major effect on grain quality chemastics in QPM. Documented
constraints causing significant reduction and é$fdo nutritional quality and kernel
hardness in QPM include low soil fertility and dghti (Ngaboyisongat al.,2006; Gissa,
2008; Ngaboyisonga, 2008). In Africa fertiliser usdow when compared to the rest of
the world, and subsistence farmers grow maize udéelined soil fertility (FAO, 2005).
Researchers usually develop and test breeding imlatander different conditions to that
of farmers, and that needs to change in orderHosd materials to perform better and
become adaptable to farmer’s conditions. In thislpthe performance of different QPM
genotypes under different environments was invattd) Originally the ARC-GCI
breeding materials were developed and tested wptienum conditions, while the reality

is that many farmers are growing maize under logoNditions.

The most important objective of a breeding prograrmto develop inbred lines and
hybrids that have high breeding values for yieldaig quality and other agronomic
characteristics. It is important for breeders taleate those different types of varieties
under multi-environment trials for characteristitbsit are valuable to the different end
users (Alake and Ariyo, 2012). Multi-environmenals are usually planted in the same
year at different locations with similar varietié&auch, 1992). Genotypes respond
differently to the environments causing signific&Il where the relative performance of
varieties cannot be predicted from one environmer#nother (Kang, 2004). Large GEI

has an important and problematic bearing on theding of better varieties in most
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breeding programmes due to the fact that it isialiff to identify better performing
genotypes and it reduces selection progress. Ih eawironment the measured
performance of each genotype is a measure of tieoemental main effects, genotypic
main effect and GEI, with the environmental effesxtsounting for about 80% of the total
variation and genotypic effects and GEI represegnthe rest of variation even though
they are most relevant for cultivar recommendagiéan et al., 2007). It is important for
genotypes to show reliable performance for varichsracters when tested over a wide
range of environmental conditions (Becker and Led888). Widely adapted and
consistently performing genotypes across environsane desirable to breeders and
farmers. A genotype is considered to be adaptélidnas a low degree of fluctuation in
performance and a high mean when grown over divems@éonments (Falconer, 1981).
Consequently it is important to test genotypes s wide range of environments and

conduct stability analysis studies to select ggmegywith stable characteristics.

Different researchers have observed significant @Elyield and endosperm hardness
traits in QPM hybrids (Hohlst al., 1995; Pixley and Bjarnason, 2002; Preciado-Gatiz
al., 2006; Shava, 2007; Gissa, 2008; Machida, 2008pblgaonga, 2008). In SA GEI
has been reported in normal maize for yield (Labbgc2000; Alberts, 2004), in QPM
for yield (Hohlset al., 1995), wheat (Purchase, 2000; Solonetral., 2008), sunflower
yield and oil characteristics (Schoeman, 2003; Y2&n Merwe, 2010), sugarcane Yyield
and estimated recoverable crystal (Rambwtaal., 2011; Zhouet al.,2012) and sweet-
potato (Laurie, 2010).

In terms of analysing and understanding the extgteand magnitude of GEI there are
various methods which are helpful in revealing GHle most recently used methods are
the AMMI model (Gauch, 1992; Gauch and Zobel, 1986) GGE biplots (Yaet al.,
2000). In SA AMMI has been broadly used on maizeilevGGE biplots have only been
reported on sweet-potatoes (Laurie, 2010) and sagar(Ramburaat al.,2011; Zhouet

al., 2012). The AMMI firstly extracts genotype effeetisd environment effects to predict
genotypic performance in specific environments, #meh the GEI (Gauch and Zobel,
1988; 1996), while GGE biplots extract genotype &tl and no environment effects
(Yan et al., 2000; 2007). The GEI and stability analysis in QPisls mainly been

conducted for grain yield, endosperm hardness dimer agronomic characteristics, and
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literature is limited for other important grain djtyacharacteristics such as tryptophan,

oil, starch and protein and QI.

There is limited literature in the South Africanntext on the influence of genotype,
environment and GEI effects on grain quality chemacsuch as endosperm hardness; and
none on protein, tryptophan, starch and oil come#ion; and in most of these studies the
entries were tested under only optimum conditidins. of great importance to test QPM
inbred lines in trials over varying growing locatin order to determine and understand
the occurrence and magnitude of GEI. This alloveeders to identify and select superior
QPM inbred lines for use in breeding programmese ®hjective of this study was to
evaluate QPM inbred lines for endosperm hardneggtophan, protein, oil and starch
concentration in low and optimum N environments] &m determine the existence and

understand the degree of GEI on grain quality atarestics.

4.3 Materials and methods

4.3.1 Germplasm

A total of 12 QPM inbred lines were evaluated. 8fxhe inbred lines were the same as
those used in Chapter 3 except for BO163W, RO55R®550W, RO452W, CZL01005
and CML176-2. CZL01005 and CML176-2 are from CIMM¥Iimbabwe while the

other four inbred lines are from the ARC-GCI.

4.3.2 Field trials environment, design and manageme

The field trials were conducted during the 20094t6wing season in four locations
namely: Cedara, Towoomba, Potchefstroom and Tshooribals were planted under
two N levels (low and optimum N) at each locatiogsulting in a total of eight
environments. At the low N sites N was appliedlahpng and no further N was given to
the crop throughout the growing season. Potcheifstras located in the Tlokwe
municipality of the Northwest (NW) province and dieat -26.73 latitude, 27.08

longitude, at an altitude of 1349 m above sea lé@walsl), with brown sandy loam soils.

Compound fertiliser 3:2:1 (32) + Zn was appliedaabasal application at planting at a
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rate of 100 kg N Hato optimum N plots and 100 kg N h&o low N environment. LAN
with 28% N was used for top-dressing in two equalts at 28 and 56 days after
emergence at a rate of 50 kg'teach only in optimum N plots. Cedara is locatethin
uMngeni municipality of the KwaZulu-Natal (KZN) primce and lies at -29.84atitude,
30.26 longitude, at an altitude of 1066 masl, with retidbrown clay soils. Fertiliser
used was MAP 250 kg Hat planting for optimum N environments, 30 kg*Haw N
environment and LAN given at 150 kg hin two equal splits of 75 kg Hdor only the
optimum N sites at 28 and 56 days after emergeho@oomba is located in the Bela-
Bela municipality of the Limpopo (LP) province atigs at -24.92 latitude, 28.33
longitude, at an altitude of 1143 masl, with dal&ck clay soils. Fertiliser was given at a
rate of 100 kg N hafor the optimum N plots and 20 kg N hor low N plots, as a basal
application at planting as compound fertiliser B:@82) + Zn. LAN with 28% N was used
at the optimum N environment for top-dressing atiags after emergence at a rate of 50
kg ha’. Tshiombo is located in the Thulamela municipatifythe LP province and lies at
-22.80 latitude, 30.48longitude at an altitude of 650 masl, with brovamay loam soils.
Fertiliser was applied at a rate of 150 kg N ha optimum N environments, 25 kg Nha
to low N plots, and the N was given as a basaliegipdn at planting as compound
fertiliser 3:2:1 (32) + Zn. LAN with 28% N was usedly at the optimum N plots for top-

dressing at 28 days after emergence at a rateOokd 64’

A summary of the climatic conditions for each laeaatis listed in Table 4.1. KZN, LP

and NW which are the three provinces used in tiidys have about 33, 23 and 11% of
the small-scale farmers who produce maize for stdrste in SA, with some of the
farmers in these provinces already producing QP®&Mmgerature and precipitation data
for each location were obtained from the weatheisdin at ARC-Institute for Soil

Climate and Water in SA using geographical poiriteaxh location; and collected from
the weather stations closest to the locations. F@voomba weather data sets for
November 2009 to February 2010 were missing bectueseveather station was stolen

during that period and only replaced in March 2010.

The inbred lines were evaluated in a (0,1) alptigcé&adesign (Patterson and Williams,
1976), replicated three times and with a differeahdomisation used in each

environment.
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The weed management and disease control used fohd?stroom, Tshiombo and
Towoomba sites were similar to those in Chaptewxtdle for Cedara, at planting Eptam
Super (active ingredient: EPTC + safener), at a odt3| ha was used for control of
annual grasses, yellow and purple nutsedge; anchgdtine growth season Basagran
(active ingredient: Bendioxide) was used for contfoannual broad leaved weeds and
yellow nutsedge at 3| Ha GLS and NLB were controlled with Punch Extra i{at
ingredient: Carbendazim/iflusilazole) and narrowga mineral oil at a rate of 1.5| ha
Stalk borer was controlled with Karate EC (actimgredient: lambda-cyhalothrin) at a
rate of 120 ml hA Other cultural practices for all the sites weimilar to those in
Chapter 3.

4.3.3 Tryptophan analysis

Twenty kernels of each inbred line, with uniformaesivere selected and then milled at the
ARC-GCI. The seeds of the inbred lines were andlyddhe University of the Free State,
Plantbreeding biochemical laboratory for tryptoplmmcentration using a colorimetric
method based on glyoxylic acids reaction with togbtan in the presence of ferric
chloride and sulphuric acid (Nuet al.,2009).

Chemicals and reagents were prepared for 22 saraplésllows: Papain solution (1 mg
ml™) was prepared daily by adding 0.065 g papain &3enl of 0.165 M sodium acetate.
DL-Tryptophan was used as a standard and prepar@dlLiM sodium acetate at pH 7.
This was prepared weekly by dissolving 10 mg of Diyptophan into 100 ml buffer and
stored in a refrigerator af@. A 30 N sulphuric acid stock was prepared by rgl@33.3
ml sulphuric acid (96%) slowly into a bottle witb@.7 ml of distilled water placed on ice
and stirred continuously with a magnetic stirrer.wlas allowed to cool to room
temperature, after which distilled water was grédighedded to obtain the final volume of
1000 ml in a volumetric flask. Four reagents (A\dgre prepared. A=0.332 g glycolic
acid in 35 ml 7 N HSQ,; B=0.017 g ferric chloride added to A; C=30 NS, and D=35
ml C added to 35 ml B. The defatting protocol ofdrcet al. (1957) was followed where
1 g milled sample was measured into a 50 ml falta@me and 10 ml of a 2:1
chloroform:methanol mixture was added. The tube slzaken and left overnight in a
refrigerator at 4°C. The content of the tube witiafed, and about 10 ml
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Table 4.1 Weather data at Towoomba, Potchefstroonedara and Tshiombo during the 2009/2010 growing ason

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 2123 27.3 17.1 242.6
February  28.22 153 973 - - - 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. 245 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 03- 0
Mean 24.7 11.5 63.0 275 9.9 82.7 27.7 16.4  139.8 26.3 12.1 1085
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=Averagaimum temperature in °C; Rn=Average total rainfainm; Alt=Altitude in metres above sea level (Masl
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chloroform:methanol solution was used to rinsetthee and wash the remaining fat from
the samples. The washing process was done thres.tifilne samples were left at room
temperature to dry whilst in the filter papers &wout an hour, from which 0.08 g sample
was placed in a 15 ml falcon tube and digestedgu3iml of the freshly prepared papain
solution. A control was included in the form of lark tube with only papain solution to
be used later to zero the spectrophotometer (H&lds Spectronic Unicam). Samples
were incubated in the waterbath for 16 hours 4C64nd vortexed at least twice (one
hour after being placed in the waterbath and one before being taken out). After 16
hours the tubes were taken out of the water badreiowed to cool at room temperature.
The tubes were vortexed before being centrifuge®b@0 g for 5 minutes, ensuring that
the supernatant is clear. One ml of the supernatast carefully transferred to a glass
tube; and 3 ml of reagent D was added. Samples thereughly vortexed for 5 seconds
and then incubated at %2 for 30 minutes to allow colour development. Tlaenples
were allowed to cool at room temperature for twarkdefore reading the optical density

(OD) at 560 nm on a spectrophotometer.

For the standard curve dilutions, the tryptophar®.ih M sodium acetate (pH 7) stock
solution were used to prepare a 0, 10, 15, 20n2538ug ml™* tryptophan concentration
series. Of each concentration 1 ml was added idto @l glass tubes, and to this reagent
D (3 ml) was added. Samples were vortexed, incdbaieallow colour development.
After 30 min in the waterbath (88) the sample were taken out and cooled at room
temperature and Olghnmreadings were done on the spectrophotometer &seé tieadings
were used to draw a calibration curve. The slopth whie unit OD x mlug* was
calculated and the percentage tryptophan was eaéclifrom the corrected OD (Gddnm
sample — ORyonm average papain blanks). By multiplying the comdcODsonm by a
factor: hydrolysate volume/(standard curve slopsaxple weight), and dividing the
micrograms of tryptophan measured during samplé/siseby micrograms of tryptophan
added (papain solution) to each sample, and myhiglby 100 (Nuritet al.,2009).

QJbmm hydrolysis volume
%trp (g pg™) = X x 100
slope sample weight
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4.3.4 Protein, starch, oil and quality index deterrmation

The method used for protein, oil and starch isdhme as that used by the SAGL. An
Infratec 1241 Whole Grain Analyser was used to mmeadat, protein and starch

concentrations in the maize grain at the ARC-G(ie Tanalyser uses transmission
absorptions; in which the constituents to be meskur the grain absorb electromagnetic
radiation in the near-infrared region of the spawtr The grain quality components are
indicated on a dry base as percentage (g TP0Q) was determined by taking the ratio of

tryptophan concentration to protein content, angtessed as a percentage.

4.3.5 Endosperm hardness

Endosperm hardness scores were recorded followamgnethod of Pixley and Bjarnason
(2002) and Viveket al. (2008). The ten best ears in each plot were ifiedtand 10
kernels taken in the middle of the ear to makeal tif 1000 kernels for each plot. A light
table was used for measuring degree of kernel noatidn. The light table is a table with
the top made of acrylic or translucent glass wifluarescent tube placed underneath the
glass as a source of light. It is placed in a matddy dark room and kernels are spread on
top of the glass for selection into five differaésses. For this study a sample of 1000
kernels for each inbred line was sorted and scameda scale of 1-5, where 1 is
completely modified/hard and 5 is completely opdsoke. The scores were based on
appearance of kernel endosperm on the light tabldobows: class 1. 100% hard
translucent, 0% soft-opaque; class 2: 75% hardslimaant, 25% soft-opaque; class 3:
50% hard translucent, 50% soft-opaque; class 4: R&#fd translucent, 75% soft-opaque;
and Class 5: 0% hard translucent, 100% soft-op@Bjaenason and Vasal, 1992; Pixley
and Bjarnason, 2002; Vivedt al, 2008). Endosperm modification score (EMS) ofat pl

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 clas® the total number of kernels in class

2: C the total number of kernels in class 3; Dtthtal 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 Il softwakgrgnomix Software Inc.,
2005). Single ANOVAs were conducted for eight sa@environments, with genotypes
regarded as fixed effects and replications andtimea as random effects. Combined
ANOVA were then done for the low and optimum N eomiments and then across the
eight N environments in order to determine the gro main effects, environmental
effects and GEI. The proportion of variance wasuated using the sum of squares. For
GElI the stability of genotypes across various emunents was assessed using the AMMI
model (Zobelet al., 1988; Gauch and Zobel, 1996) and GGE biplots (¥taal., 2007).
AMMI1 biplots were compiled using Genstat"Edition (Genstat, 2012); where IPCA1
is plotted against genotype and environment me&®€A scores against both genotype
and site means were done for each trait separasghyg the first one or two significant
IPCAs. The AMMI biplots were drawn by placing theam on the horizontal and IPCA 1
score on the vertical axis. Genotypes or environmehat appear almost on a
perpendicular line of the graph have similar meavis]e those that fall almost on the
horizontal line have similar interaction patter@dssa, 1990). By using IPCA 1 scores
of individual environments in conjunction with IPCAcores of the genotype, the
adaptability of a genotype is determined by charasdtion of environments.
Environments were classified into low or high pai@n(Crossa, 1990). The GGE biplots
were plotted using Genstat"1édition (Genstat, 2012). The biplots were drawnefach
trait separately using the first two significanCiRs. IPCA2 scores were plotted against
IPCAL scores withthe IPCA1 scores on the horizoatal IPCA2 scores on the vertical

axis.
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4.4 Results

4.4.1 Separate analysis of variance for grain quayi traits in low N environments

4.4.1.1 Endosperm hardness

The ANOVA and mean values results for four low Niesnments trials are presented in
Table 4.2 and Table 4.3 respectively. Genotype nseprares were highly significant
(P<0.01) for Towoomba and significant {@.05) for Potchefstroom, Cedara and
Tshiombo. As a percentage of total sum of squahesgenotypes accounted for 54.5,
55.8, 57.5 and 61.6 of the variation in PotchetstipTowoomba, Cedara, and Tshiombo,
respectively. Variations were observed in rankiofygenotypes across the four locations,
due to changes in performance of genotypes in nsgpto the different environments.
The mean values across the locations ranged betwesmore of 1.06-3.20 in Cedara,
1.64-3.46 in Potchefstroom, 1.67-3.25 in Towoombd 2.14-3.75 in Tshiombo. On
average Tshiombo produced the softest kernels duleigh mean scores (3.75) and
Cedara produced hard kernels due to the low meaesddans Male ranked first in three
locations namely Potchefstroom, Cedara and TowopmWdale it was second in
Tshiombo. Genotypes that ranked last were KO54W5%8W, CZL01005 and BO163W

in Potchefstroom, Cedara, Tshiombo and Towoomhzertwely.

4.4.1.2 Oil concentration

Highly significant genotype mean squares@®1) were observed at all the locations and
60.2-85.0% of the variance was contributed by ggrex at all four locations (Table 4.4).
Variation was observed in rankings of genotypesssfour locations (Table 4.5). Hans
Male ranked first in both Cedara (6.0%) and Towoar{th7%), while SO503W ranked
first in Potchefstroom (5.8%) and second in Cederd Towoomba; while KO54W was
first in Tshiombo (5.1%). The oil concentration gad between 4.1-6.0% in Cedara, 4.6-
5.8% in Potchefstroom, 4.5-5.7% in Towoomba and53186 in Tshiombo. In terms of
average means Tshiombo yielded the lowest averdgeoncentration (4.7%), while

Towoomba and Potchefstroom yielded the highestaaeeoil concentration (5.3%).
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Table 4.2 Mean squares from analysis of variancend proportion of variance components for endospernhardness of 12 QPM

inbred lines tested in four low N environments of 8uth Africa

Source DF Potchefstroon Cedars Tshiombc Towoombe

MS %Variation MS %Variation MS %Variation MS %Var iation
Replicatior 2 0.12¢ 1.81 0.17¢ 1.84 0.16¢ 2.0t 0.51¢ 7.1¢
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 36.36 410.2 36.97
CV (%) 20.19 25.22 By, 19.99

*P<0.05; **P<0.01; MS=Mean squares; CV=Coefficient of variation

Table 4.3 Mean values and rankings of endosperm hdness for 12 QPM inbred lines in four low N enviroments

Genotype Potchefstroorr Cedara Tshiombc Towoombe

Mean Rank Mean Rank Mean Rank Mean Rank
SO503W 2.17 10z 2.64 8 3.2t 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 2.5¢ 2.37 2.9: 2.4¢€
LSD (.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 variancend proportion of variance components for oil concetration of 12 QPM

inbred lines tested in four low N environments of 8uth Africa

Source DF Potchefstroon Cedara Tshiombc Towoombe

MS %Variation MS %Variation MS %Variation MS %Var iation
Replicatior 2 0.00¢ 0.27 0.017 0.37 0.13¢ 4.3z 0.15: 5.12
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 21.82 930.0 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 concenttean for 12 QPM inbred lines in four low N environments

Genotype Potchefstroomn Cedare Tshiombc Towoombe

Mean Rank Mean Rank Mean Rank Mean Rank
SO503w 5.7 1 5.47 2 4.9¢ 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
FO215wW 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 4.7¢ 4.6¢ 5.3¢
LSD (.05 0.36 0.49 0.51 0.63

LSD=least significant difference

70



4.4.1.3 Protein concentration

In the ANOVA for protein concentration (Table 4.8)ean squares for genotype were
highly significant (R0.01) at all four locations and 71.4-95.5% of to&lt variance was
accounted for by genotypes. Genotypes at Potchefsthad the highest percentage total
sum of squares (95.5%). Variation was observetanrankings of genotypes across four
locations (Table 4.7). Hans Male ranked first irethlocations namely Cedara (11.9%),
Tshiombo (11.4%) and Towoomba (11.4%) and secorfébichefstroom with CML144
ranking first. SO503W ranked last in all the looas except at Cedara where it rank&d 8
which is still below the average mean, with FO21&hking last. The average mean was
highest at Tshiombo and lowest at PotchefstroomwteRr concentrations ranged between
8.0-11.9%, 8.5-11.4%, 8.1-11.4%, and 6.7-10.3% edata, Tshiombo, Towoomba and
Potchefstroom respectively.

4.4.1.4 Quality index

ANOVA for QI (Table 4.8) indicated significant meaguares (£0.05) for replication at
Potchefstroom. Genotype mean squares were highyfisant (<0.01) for Cedara and
Tshiombo, significant (B0.05) for Towoomba and non-significant for Potclreism. As

a percentage of total sum of squares, the genatypaunted for 40.9, 56.0, 56.4 and 74.0
of the variation in Potchefstroom, Tshiombo, Towdan and Cedara respectively.
Variations were observed in rankings of genotype®ss the four locations, due to
changes in performance of genotypes in respongketalifferent environments (Table
4.9). SO503W ranked first in Potchefstroom and dsitio; while KO54W ranked first in
Cedara and Towoomba. Hans Male and BO163W ranlgtdnaotchefstroom, Cedara,
Towoomba and Tshiombo respectively. The mean vahoesss the locations ranged
between 0.60-1.30% in Towoomba, 0.60-1.33% in Gedai70-1.20% in Tshiombo and
0.73-1.13% in Potchefstroom. Generally Cedara Mned Highest average mean value

(1.08%) and Towoomba had the lowest mean valu®for
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Table 4.6 Mean squares from analysis of variancend proportion of variance components for protein cacentration of 12 QPM

inbred lines tested in four low N environments of 8uth Africa

Source DF Potchefstroon Cedara Tshiombc Towoombe

MS %Variation MS %Variation MS %Variation MS %Var iation
Replicatior 2 0.44: 1.8C 0.08¢ 0.32 0.083 0.6¢€ 2.13( 8.8(
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 50.43 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 conagration for 12 QPM inbred lines in four low N environments

Genotype Potchefstroon Cedare Tshiombc Towoombe

Mean Rank Mean Rank Mean Rank Mean Rank
SO503w 6.7: 12 8.4: 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
FO215wW 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 8.4: 9.1t 9.67 9.1¢
LSD (.05 1.31 0.65 0.77 1.35

LSD=least significant difference
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Table 4.8

lines tested in four low N environments of South Afca

Mean squares from analysis of variancend proportion of variance components for quality irdex of 12 QPM inbred

Source DF Potchefstroon Cedars Tshiombc Towoombe

MS %Variation MS %Variation MS %Variation MS %Var iation
Replicatior 2 0.084* 0.03( 4.2¢ 0.06¢ 8.61 0.00¢ 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 29.0 42.95
CV (%) 13.58 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 inde of QPM inbred lines in four low N environments

Genotype Potchefstroomr Cedara Tshiombc Towoombe

Mean Rank Mean Rank Mean Rank Mean Rank
SO503w 1.13 1 1.02 9 1.2C 1 0.9:
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
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 1.0¢ 1.0¢ 0.97 0.9¢
LSD (.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((B5) at Potchefstroom. Only Cedara
showed significant genotype mean square® (1) and about 66.7% of the total variance
was contributed by genotypes at Cedara (Table 4V&d)ation was observed in rankings
of genotypes across four locations (Table 4.11)188W, FO215W, KO54W and ranked
first in Cedara (0.12%), Tshiombo (0.11%), Towoom(@al1%), respectively, and
RO559W and B0163W ranked first and second with ama 0.10% at Potchefstroom
(0.10%); while Hans Male ranked last at Potchetstro Cedara and Towomba and
BO163W ranking last at Tshiombo. The tryptophancemtration ranged between 0.07-
0.12%, 0.07-0.11%, 0.07-0.11% and 0.07-0.10% ataf2edlshiombo, Towoomba and
Potchefstroom respectively. Generally, genotypesd hihe lowest tryptophan
concentration in Potchefstroom and Towoomba anditjeest tryptophan concentration
at Cedara and Tshiombo. In terms of average meadsar& gave the highest average
tryptophan concentration (0.10%), while the othaeé locations had similar average

lowest tryptophan concentration (0.09%).

4.4.1.6 Starch concentration

Mean squares for genotype were highly significéa0(01) at all the locations except for
Towoomba which had significant{P.05) mean square values (Table 4.12). About 46.6-
86.6% of the total variance was accounted for byotgge across all four locations.
Variation was observed in the rankings of genotypesss all four locations (Table
4.13). Hans Male ranked last at Cedara and Towoparxh BO163W at Tshiombo and
Potchefstroom. CML144 ranked first at Cedara andiiofsbo, CML176-2 at
Potchefstroom and BO163W at Towoomba. The averaggnnfor starch concentration
was highest at Potchefstroom and lowest at Tshion@tarch concentration ranged
between 65.3-72.6%, 68.7-73.2%, 69.7-72.3 and 7P.6% at Tshiombo, Cedara,
Towoomba and Potchefstroom respectively.
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Table 4.10 Mean squares from analysis of variancand proportion of variance components for tryptophan concentration of 12

QPM inbred lines tested in four low N environmentsof South Africa

Source DF Potchefstroon Cedars Tshiombc Towoombe

MS %Variation MS %Variation MS %Variation MS %Var iation
Replicatior 2 0.001’ 14.2¢ 0.00( 0.0C 0.001 11.11 0.00(¢ 0.0C
Genotype 11  0.000ns 42.86 0.601 66.67 0.000ns 44.44 0.000ns 44.44
Residual 22 0.000 57.14 0.000 33.33 0.000 44.44 000.0 55.55
CV (%) 15.04 11.15 5.1 16.89

*P<0.05; **P<0.01; MS=Mean squares; CV=Coefficient of variation

Table 4.11 Mean values and rankings of tryptophanancentration for 12 QPM inbred lines in four low Nenvironments

Genotype Potchefstroorr Cedara Tshiombc Towoombe

Mean Rank Mean Rank Mean Rank Mean Rank
SO503W 0.0¢ 1C 0.0¢ 10 0.1C 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 0.0¢ 0.1C 0.0¢ 0.0¢
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 variancand proportion of variance components for starch cocentration of 12 QPM

inbred lines tested in four low N environments of 8uth Africa

Source DF Potchefstroon Cedara Tshiombc Towoombe

MS %Variation MS %Variation MS %Variation MS %Var iation
Replicatior 2 0.97: 0.697 2.3¢ 1.30¢ 2.11 2.23¢ 12.7¢
Genotype 11 1.255%* 4.678 85.99 9.967 88.62 1.482* 46.61
Residual 22 0.367 33.88 0.318 11.68 0.521 9.26 60.64  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 conegation for 12 QPM inbred lines in four low N environments

Genotype Potchefstroorn Cedars Tshiombc Towoombe

Mean Rank mean Rank mean Rank mean Rank
SO503W 72.0¢ 3 71.0¢ 7 71.47 3 71.3( 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 71.2( 70.5¢ 71.2¢
LSD (.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 quaji traits in optimum N

environments

4.4.2.1 Endosperm hardness

Genotype mean squares were highly significarO(@1) for Potchefstroom, significant
(P<0.05) for Tshiombo and non-significant for Towoomaad Cedara (Table 4.14).
Replication mean squares were significan€QP5) for the Potchefstroom trial. As a
percentage of total sum of squares, the genotypesuated for 75.2% and 56.4% of
variation in Potchefstroom and Tshiombo respectiv®ariations were observed in
rankings of genotypes across the four location®l€rd.15). The mean values across the
locations ranged between a score of 1.11-2.83 idaf@e 1.25-3.16 in Potchefstroom,
1.75-3.26 in Towoomba and 2.34-3.69 in Tshiombo.a@erage Tshiombo produced the
softest kernels with a mean score of 3.06 with @edad Towoomba mostly had hard
kernels with mean scores of 2.37 and 2.41, respgtiHans Male performed better than
the other inbred lines and ranked first in thrematmns. SO503Wand KO54W ranked last
at Tshiombo and Potchefstroom, respectively.

4.4.2.2 Oil concentration

The ANOVA and mean values for four optimum N triale presented in Table 4.16 and
Table 4.17 respectively. Highly significant genatypnean squares £B.01) were
observed at all the locations except for TowoonAizout 74.7%, 85.5% and 87.2% of
the variance was contributed by genotypes at TdhionPotchefstroom and Cedara
respectively. Hans Male ranked first at Cedara%®), KO54W at Potchefstroom (5.8%)
and Tshiombo (5.2%), and CZL01005 (5.2%) at Towoambhe oil concentration
ranged between 1.95-6.2% in Cedara, 4.2-5.2% iioigio, 4.3-5.2% in Towoomba and
4.3-5.8% in Potchefstroom. Generally, genotypes hkaser oil concentrations in
Tshiombo and higher oil concentrations at Potchedsh. In terms of average means
Tshiombo yielded the lowest oil concentration (4)7%nd Potchefstroom the highest
(5.4%).
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Table 4.14  Mean squares from analysis of variancand proportion of variance components for endospernmardness of 12 QPM

inbred lines tested in four optimum N environmentsof South Africa

Source Potchefstroon Cedars Tshiombc Towoombe

MS %Variation MS %Variation MS %Variation MS %Vari ation
Replicatior 0.489* 6.74 0.21¢ 2.51 0.08: 1.57 1.81¢ 19.1:
Genotype 0.993** 75.19 0.789 49.85ns 0.535* 56.42 .690ns 40.42
Residual 0.119 18.06 0.377 47.64 0.199 42.76 0.349 40.45
CV (%) 14.26 29.87 381 24.48

*P<0.05; **P<0.01; MS=Mean squares; CV=Coefficient of variation

Table 4.15 Mean values and rankings of endosperm faness of 12 QPM inbred lines in four optimum N enironments

Genotype Potchefstroorr Cedara Tshiombc Towoombe

Mean Rank Mean Rank Mean Rank Mean Rank
SO503W 1.97 3 2.0z 7 3.6¢ 12 2.9C 1C
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 4 151 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 2.4z 2.37 3.0¢ 2.41
LSD (.05 0.71 1.22 0.91 1.21

LSD=least significant difference
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Table 4.16

inbred lines tested in four optimum N environmentsof South Africa

Mean squares from analysis of variancand proportion of variance components for oil concetration of 12 QPM

Source Potchefstroon Cedara Tshiombc Towoombe

MS %Variation MS %Variation MS %Variation MS %Vari ation
Replicatior 0.07¢ 2.2 0.04: 0.82 0.01: 0.41 0.08: 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 8.6

*P<0.05; **P<0.01; MS=Mean squares; CV=Coefficient of variation

Table 4.17 Mean values and rankings of oil concerdtion of 12 QPM inbred lines in four optimum N envionments

Genotype Potchefstroon Cedara Tshiombc Towoombe

Mean Rank Mean Rank Mean Rank Mean Rank
SO503W 5.67 3 5.4z 4 5.2(C 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 5 473 6 5.23 2
BO163W 5.60 5 5.57 2 417 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 5.3¢ 5.1¢ 4.67 5.0C
LSD (.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@esented in Table 4.18 and Table
4.19. Genotype mean squares for protein concemtratere highly significant &0.01)

at all four locations and 78.7%, 83.9%, 93.2% adA% of the total variance was
accounted for by genotypes at Towoomba, Tshiombeda@ and Potchefstroom
respectively. Genotypes performed differently dfedent locations. Hans Male ranked
first in three locations namely Potchefstroom ()1®edara (11.3%), and Towoomba
(13.4%); while it ranked second in Tshiombo (11.08h BO163W (11.7%) ranking
first there. SO503W ranked last in all the locasi@md the mean values were below the
average mean. The average mean for protein coatientwas high at Towoomba (10.6)
and lowest at Cedara (8.8). Protein concentraamged between 7.0-11.6%, 7.2-11.7%,
7.5-11.3% and 8.5-13.4 at Potchefstroom, Tshiom@®edara and Towoomba

respectively.

4.4.2.4 Quality Index

Mean squares were significant<®R05) for replication at Towoomba (Table 4.20).
Genotype mean squares were highly significar®O(@1) for Potchefstroom, Tshiombo
and Towoomba and non-significant for Cedara. A®@entage of total sum of squares,
the genotype accounted for 60.1%, 68.0% and 85.1lvasfation in Towoomba,
Potchefstroom and Tshiombo respectively. Variatiovexe observed in rankings of
genotypes across the four locations (Table 4.2058W (1.93%) ranked first in
Towoomba, KO54W (1.60%) at Potchefstroom and ata@edl1.80%) and S0713W
(1.87%) at Tshiombo. Hans Male ranked last withv&ues of 0.70%, 0.83% and 1.00%
at Tshiombo, Potchefstroom and Towoomba respeygtiveénerally Tshiombo had the

highest average mean value (1.43%) and Potchefsttbe lowest mean value (1.25) for

Ql.
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Table 4.18

Mean squares from analysis of varian@nd proportion of variance components for protein oncentration of 12 QPM

inbred lines tested in four optimum N environmentsof South Africa

Source Potchefstroon Cedara Tshiomba Towoombe

MS %Variation MS %Variation MS %Variation MS %Vari ation
Replicatior 0.02] 0.07( 0.05( 0.1¢ 1.712° 5.5¢F 0.78¢ 2.0C
Genotype 5.138**  94.36 4816  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 .3119
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 carentration of 12 QPM inbred lines in four optimum N environments

Genotype Potchefstroomn Cedare Tshiombc Towoombe

Mean Rank Mean Rank Mean Rank Mean Rank
SO503w 7.0C 12 7.5C 12 7.2C 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 9.1¢ 8.7¢ 9.0z 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 varianand proportion of variance components for quality hdex of 12 QPM inbred
lines tested in four optimum N environments of Souit Africa

Source Potchefstroon Cedara Tshiombc Towoombe

MS %Variation MS %Variation MS %Variation MS %Vari ation
Replicatior 0.00¢ 0.31 0.00¢ 0.5C 0.001 0.0¢ 0.218* 11.71
Genotype 0.140** 67.97 0.146 50.63 0.400** 85.05 200 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 indx of QPM inbred lines in four optimum N environmerts

Genotype Potchefstroon Cedarsa Tshiombc Towoombe

Mean Rank Mean Rank Mean Rank Mean Rank
SO503w 1.2¢ 7 2.6 5 1.6 4 1.9¢ 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 1.2t 1.37 1.4 1.3¢
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 square)(P5) at Towoomba (Table 4.22). Highly
significant genotype mean squares<ff?1) were observed at Potchefstroom and
Tshiombo with the other two locations non-signifitaAbout 21.7-78.3% of the total
variance was contributed by genotypes across ttetibms. Variation was observed in
rankings of genotypes between the locations (T4l#8). SO713W was ranked first at
Tshiombo (0.16%) and Cedara (0.14%), while BO163Wf SO503W were ranked first
at Potchefstroom (0.15%) and Towoomba (0.16%), easgely. The tryptophan
concentration ranged between 0.10-0.14%, 0.08-0,16%2-0.16% and 0.09-0.15% at
Cedara, Tshiombo, Towoomba and Potchefstroom régplc Generally, genotypes had
the lowest tryptophan concentration in Tshiomb®&2) and Potchefstroom (0.09%);
and the highest tryptophan concentration at Towaoard Tshiombo respectively. The
means are all above the acceptable value of 0.08%rms of average means Tshiombo
(0.13) and Towoomba (0.14%) gave the highest aeetiggtophan concentration, while
Potchefstroom (0.11%) gave the average lowest craten.

4.4.2.6 Starch concentration

Mean squares for genotype were highly significéa0(01) at all the locations except for
Towoomba which had significant £B.05) mean squares (Table 4.24). About 52.7%,
62.0%, 75.3% and 82.5% of the total variance waowatted for by genotypes at
Towoomba, Tshiombo, Potchefstroom and Cedara ragplc Variation was observed
in the rankings of genotypes across the four looat{Table 4.25). Hans Male ranked last
in three locations namely Cedara (69.1%), Tshio(7806%) and Potchefstroom (69.3%)
and second last in Towoomba (69.2%) with RO450Wkiran last there with 69.0%.
CML144 ranked first in all the locations (72.7-7P except at Towoomba where it
ranked fourth, with CML176-2 ranking first (71.5%)ere. The average mean of starch
concentration was high at Tshiombo (71.8%) and &bve¢ Towoomba (70.4%). Starch
concentration ranged between 69.0-71.5%, 69.1-74280.3-73.0%, and 70.6-72.7% at

Towoomba, Cedara, Potchefstroom, and Tshiomboectisply.
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Table 4.22

Mean squares from analysis of variancand proportion of variance components for tryptophan concentration of 12

QPM inbred lines tested in four optimum N environments of South Africa

Source Potchefstroon Cedara Tshiombc Towoombe

MS %Variation MS %Variation MS %Variation MS %Vari ation
Replicatior 0.00( 0.0cC 0.00(¢ 0.0C 0.00( 0.0cC 0.003* 21.7¢
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 tryptophartoncentration of 12 QPM inbred lines in four optimum N environments

Genotype Potchefstroon Cedars Tshiomba Towoombe

Mean Rank Mean Rank Mean Rank Mean Rank
SO503w 0.0¢ 12 0.1C 10 0.12 7 0.1¢ 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 0.1z 0.1<
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 variancand proportion of variance components for starch cocentration of 12 QPM

inbred lines tested in four optimum N environmentsof South Africa

Source Potchefstroon Cedara Tshiombc Towoombe

MS %Variation MS %Variation MS %Variation MS %Vari ation
Replicatior 0.32¢ 1.41 0.70¢ 2.0C 0.90: 7.84 0.881 411
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 coreatration of QPM inbred lines in four optimum N environments

Genotype Potchefstroon Cedarsa Tshiombc Towoombe

Mean Rank Mean Rank Mean Rank Mean Rank
SO503w 71.8: 2 71.3¢ 9 71.6: 9 71.2C 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 70.8¢ 71.71 71.81 70.3¢
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 agss N environments

Results of combined ANOVA for within environmentadaacross environments are
presented in Tables 4.26-4.28. In low and optimunth®&l environments and genotype
mean squares were highly significan&Qf01) for all traits. GEI was highly significant
(P<0.01) for protein, oil and starch concentratiomgngicant (0.05) for tryptophan

concentration and non-significant for endospermdhess and QI across the low N
environments; while for the optimum N environme@®&I| was highly significant for all

traits except endosperm hardness. For tryptophanetdration KO54W, RO599W and
BO163W were the best three genotypes in low N a@b4W, SO713W and RO559W
were best for optimum N environments (Table 4.2Nhe highest performing genotypes
for tryptophan concentration had values of 0.10% @i15%, while the worst performing
genotypes had values of 0.08% and 0.11%, with geenaeans of 0.09% and 0.13% in
low and optimum N environments, respectively. Rrowoncentration ranged between
7.9-11.2% and 7.5-11.8% with average means of @d&09.4% for low and optimum N

environments respectively. The highest yieldingadgoe for oil concentration had values
of 5.48% and 5.38%, with average means of 5.11%5a04P%6 for both N environments

respectively. Starch concentration was higher imogm than low N environments.

The combined ANOVA across all environments indidateghly significant (R0.01)
environment, genotype and GEI mean squares faraats except endosperm hardness
(Table 4.28). It showed that tryptophan and QI wieighly affected by environment,
which explained 46.1% and 33.1% of the total (G + BEI) variation, whilst protein,
starch, endosperm and oil were highly affected bgyotype which explained 51.7%,
32.6%, 31.7% and 35.9% of variation, respectivéligl explained 16.7%, 16.7%, 20.4%,
20.6% and 32.4% of variation for tryptophan, prnot€)l, oil and starch respectively. The
mean values for all the traits are presented if€l4l29. Tryptophan concentration varied
from 0.09% to 0.12% across the eight N environmevita average concentration of
0.11%. The highest and lowest ranking genotypedrigtophan and QI were KO54W
and Hans Male respectively. For protein and oilcemration Hans Male was the best
genotype while SO503W and CML144 were the worsobggres respectively. CML144
and Hans Male were the best and worst performingptypes for starch concentration

respectively.
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Table 4.26  Mean squares of combined analysis of nence for endosperm hardness, quality index, tryppphan, protein, oil and

starch concentration of 12 QPM inbred lines withinlow and optimum N environments of South Africa

Source EH Tryptophan Protein Quality imex 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* 0.0580.077ns 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**
GEl 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 0.047 610.0 0.068 0.463 0.536

CV (%) 20.60 20.54 14.53 16.32 5.72 6.09 14.70 5.9 4.58 5.18 0.96 1.03

*P<0.05; **P<0.01; ns=non-significant; EH=Endosperm hardnessyN:eLow nitrogen; OptN=Optimum nitrogen; Env=Enviroent; Rep in E=Replication in environment; Gen-Ggpe, GEI=Genotype by

environment interaction; CV=Coefficient of variatio
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Table 4.27

Mean values for endosperm hardness, ditg index, tryptophan, protein, oil and starch corcentration of 12 QPM
inbred lines within low and optimum N environmentsof South Africa

Genotype EH Tryptophan Quality Index Protein Oil Sarch
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 11.28 025. 5.13 69.62 70.28
CML176-2 2.85 2.79 0.09 0.12 1.05 1.37 8.43 8.70 145. 498 7221 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 8.90 877 075. 5.13 70.75 71.14
Average 2.59 2.49 0.09 0.13 1.01 1.36 9.10 9.40 151 5.04 71.13 71.19
LSD (.05 0.361 0.347 0.009 0.014 o0.101 0.146 0.353 0.388 168. 0.177 0.462 0.497

EH=Endosperm hardness; LowN=Low nitrogen; OptN=@pth nitrogen; LSD= Least significance difference
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Table 4.28 Combined analysis of variance for endpsrm hardness, quality index, tryptophan, protein, oil and starch

concentration of 12 QPM inbred lines across eight ¥nvironments of South Africa

Source Endosperm Tryptophan Protein Quality Qil Starch
hardness Index
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** 196 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 2M/* 32.37
Residual 0.284  31.80 0.000 2281 0299 974  0.03420.33 0.065 1549 0500  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=atioh; Rep in Env=Replication in Environment; GEkr®type by environment interaction; CV=Coefficiefivariation

89



Table 4.29

Mean values and rankings for endospertmardness, quality index, tryptophan, protein, oil and starch concentration of
12 QPM inbred lines across eight N environments @outh Africa

Genotype EH Tryptophan Quality Index Protein Oil Sarch

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 1150 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 60.2 0.122 0.337

EH=Endosperm hardness; LowN=Low nitrogen; OptN=@pthn nitrogen; LSD= Least significance difference
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4.4.4 Additive main effects and multiplicative inteaction analysis across N
environments

4.4.4.1 Tryptophan concentration

The AMMI analysis showed that IPCA axis 1 and IP@As 2 were highly significant
(P<0.01) and significant &0.05) for tryptophan concentration (Table 4.30)plaiing
56.5% and 24.9% of the total variation respectivalyd when combined they explained
81.4% of the genotype main effect and GEI (Tab8L}.Few genotypes were clustered
around the zero point (Figure 4.1). Genotypes WRBA 1 scores close to zero are more
stable than those furthest away from zero. KO54W &O559W were the best
performing genotypes with regards to tryptophanceotration and stability. However
CML144 and RO450W were relatively stable with togitan values that were average
and below average respectively. Genotypes withidptan concentration that was above
average were KO54W, RO559W, SO713W, FO215W, BO1&3M/ CZL01005. Of all
those genotypes, BO163W, FO215W and CZL01005 wensidered to be unstable.
Hans Male had unstable and lower tryptophan conagon. Environments TWH, TSH,
CH and PH were higher yielding; whilst environmets TWL, TSL and CL were lower

yielding for tryptophan concentration.

Table 4.30  Additive main effects and multiplicatie interaction model mean
squares for tryptophan, protein, oil and starch cowmentration across

eight N environments in South Africa

Source Meagusires

Trytophan Protein QI Qil Starch
Environments 0.015** 15.400** 1.441** 2.799** 9.861
Genotype 0.002** 25.420** 0.651** 2.401** 14.645**
GEl 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; ARGnteractive principle component axes; QI=Qualitgiex
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Table 4.31  Contribution of IPCA scores to the total variation for GEI of
tryptophan, protein, oil and starch concentration aross eight N
environments

IPCA

Axis  Protein Tryptophan Quiality Index Qil Starch

%GElI Cum %GEI Cum %GElI Cum %GEI Cum %GElI Cum
Exp % Exp % Expl % Expl % Expl %

1 50.52 50.52 56.52 56.52 49.23 49.23 4421 44.26.945 56.94

2 22.00 7252 2494 8147 29.38 78.61 2361 67.87.192 84.13

3 16.47 88.93 18.53 100 1556 94.17 18.45 86.27 4211. 95.55

4 11.07 100 - 5.83 100 13.73 100 4.45 100

IPCA: Interactive principle component axes, GEIl Exgenotype by environment interaction explainediaCumulative
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Figure 4.1  Additive main effects and multiplicative interaction biplot for

genotype tryptophan concentration in eight environnents.

PH =Potchefstroom optimum N; PL =Potchefstroom MWCH=Cedara optimum N; CL=Cedara low N; TSH =Tshiim optimum
N; TSL =Tshiombo low N; TWH =Towoomba optimum N; TW¢Towoomba low N
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4.4.4.2 Protein concentration

The AMMI analysis revealed that PC1 and PC2 weghligi significant (R0.001) for
protein concentration (Table 4.30) and explained%0and 22.0% of the total variation.
Together they explained 72.5%, of the genotype ne&dfact and GEI (Table 4.31).
SO713W was the most stable genotype with aboveagegurotein concentration (Figure
4.2). BO163W and Hans Male were relatively stabléhwhe highest protein
concentration. The most unstable genotypes were ZMiLand RO559W. Genotype
CZL01005 and KO54W were relatively stable but withwer protein concentration.
Higher yielding environments were TWH and TSL; whilower yielding environments

were PL, CH and TSH. PH, CL and TWL were averagéyig environments.
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FQ215W TWH
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T T T I I I
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Genotype and environment means

Figure 4.2  Additive main effects and multiplicative interaction biplot for

genotype protein concentration in eight environmerg.

PH =Potchefstroom optimum N; PL =Potchefstroom MwCH=Cedara optimum N; CL=Cedara low N; TSH =Tshiim optimum
N; TSL =Tshiombo low N; TWH =Towoomba optimum N; TV Towoomba low N

4.4.4.3 Quality Index

The partitioning of GGE through AMMI analysis rele that IPCA axis 1 and IPCA
axis 2 were highly significant §0.001) for QI (Table 4.30), explaining 49.2% and428

of the total variation respectively. When combiniey explained 78.6% of the genotype
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main effect and GEI (Table 4.31). KO54W was thet lgesiotype with the highest stable
QI of all the genotypes (Figure 4.3). Other relalyvstable genotypes were RO559W,
RO424W and RO450W with high QI values. BO163W arah$iMale were the most
unstable genotypes with below average QI, while B8W, CML176-2 and CZL01005
had above average QI values. The genotypes withigfest QI were KO54W, SO503W
and SO713W, whilst the ones with the lowest QI weklans Male, BO163W and
CML144. TSH, TWH, CH and PH were the environmenith the highest Ql; whilst the
environments with the lowest QI were TWL, TSL, RideCL.
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o

-0.2
CML144
SO713W
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-0.8 _|
TSH

Genotype and environment means

Figure 4.3  Additive main effects and multiplicative interaction biplot for

genotype quality index in eight environments.

PH =Potchefstroom optimum N; PL =Potchefstroom MWCH=Cedara optimum N; CL=Cedara low N; TSH =Tshiim optimum
N; TSL =Tshiombo low N; TWH =Towoomba optimum N; TV Towoomba low N

4.4.4.4 Oil concentration

The AMMI analysis showed that IPCA axis 1 and IP@As 2 were highly significant
(P<0.001) for oil concentration (Table 4.30), explami44.2% and 23.6% of the total
variation respectively. When combined, they exm@dir67.8% of the genotype main
effect and GEI (Table 4.31). SO503W, CML176-2, K@b&nd CZL01005 were the
most stable genotypes, with SO503W, KO54W and CBD81lhaving the highest oll

concentration and CML176-2 having the lowest (Fegut.4). The most unstable
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genotypes with the highest oil concentration ween$iMale and FO215W, while the
lowest yielding and unstable genotypes were RO558d/ CML144. Environments with
the highest oil concentration were PH, TWL, PL, @hd CL; whilst those with the

lowest oil concentration were TSH, TSL and TWH.
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Figure 4.4  Additive main effects and multiplicative interaction biplot for

genotype oil concentration in eight environments.

PH =Potchefstroom optimum N; PL =Potchefstroom MwCH=Cedara optimum N; CL=Cedara low N; TSH =Tshiim optimum
N; TSL =Tshiombo low N; TWH =Towoomba optimum N; W& Towoomba low N

4.4.4.5 Starch concentration
The partitioning of GGE through AMMI analysis shahiat IPCA axis 1 and IPCA axis
2 were highly significant (f0.001) for starch concentration (Table 4.30), exjg 56.9
and 27.2% of the total variation respectively. Ttbge they explained 84.1% of the
genotype main effect and GEI (Table 4.31). In Fegdr5 most of the genotypes were
centred in the region of the biplot origin. The instble genotypes were KO54W and
CZL01005. CML144 was associated with the highesldyng environments with regards
to starch concentration; however it was considéhedmost unstable of them all. The
genotype with the lowest and unstable starch cdratgon was Hans Male. Higher
yielding environments for starch concentration w€iké, 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 MWCH=Cedara optimum N; CL=Cedara low N; TSH =Tshiim optimum
N; TSL =Tshiombo low N; TWH =Towoomba optimum N; TW¢Towoomba low N

4.4.5 Genotype and genotype by environment interaon biplots for five traits

The GGE biplot analysis with visual positioningtbé genotypes is presented in Figures
4.6a to 4.6e. It explained a total of 78.9%, 89.3%.,7%, 79.5% and 86.5% of GGE
variation for tryptophan, protein, QI, oil and starrespectively. The high variation
explained by the GGE biplot indicates its apprdpnass in further carrying out other
biplot types (such as discriminating environmenggnotype evaluation and ideal
environments). The two principal components foptophan, protein, QI, oil and starch
had scores of 48.5% and 30.4%, 77.8% and 11.698%%and 17.5%, 69.8% and 9.77%
and, 65.6% and 20.9% for the GGE variation respelgti In the case of tryptophan
RO559W was associated with TWL, PL, CL and CH emvinents, while FO215W and
CZL01005 corresponded to TSL and PH environmenpeas/ely. KO54W had the
highest tryptophan concentration. For protein catreéion CML144 and FO215W were
mostly associated with PL, PH and TWH, while BO163Nd Hans Male were
associated with TSH and TWL, and RO559W with CL &tdl It was found that Hans
Male and BO163W performed better, with high protsamcentration. With regards to QI

genotype
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SO713W, SO503W and FO215W were suitable for the TEBlironment, while
RO559W, KO54W and RO450W corresponded to PL, TWMYH, CH and CL
environments and CML176-2 and CZL01005 corresportde€ldlSH and PH respectively.
KO54W had the highest QI. For oil concentration@gpes KO54W and SO503W were
suitable for PH, TSH, TWL and TWH environments, \HtO215W was associated with
the PL and TSL environments, and Hans Male corredpd with CL and CH
environments. The genotype with the highest oilcemtration was Hans Male. In terms
of starch concentration SO503W was mostly suitdbtethe PL environment, while
FO215W was associated with TSH and TWH environmdpits and CH environments
were mostly associated with genotype CML144, whitgironments PH and TWH were
associated with genotype CML176-2. CML144 was tbeogype with the highest starch

content.

Graphical presentation of GGE biplot analysis foeam vs stability of genotypes for
tryptophan, protein, QI, oil and starch is showrFigures 4.7a to 4.7e.The PC1 is on the
X axis and PC2 on the Y axis respectively and tregyresent the mean performance
(genotypes with high PC1 are more productive) dadility (genotypes with PC2=0 are
more stable) of genotypes. The mean performancestaility were determined by the
average environment co-ordinates (AEC) method (2801; Yan and Hunt, 2001), with
the average environment defined by PC1 and PCagegeralues for all the environments
indicated with a circle (Kayat al., 2006; Choukan, 2011). The line passing through the
biplot origin and the average environment is knoamthe average environment axis
(AEA). The line passing through the biplot origimdawhich is perpendicular to the AEA
is called AOE and divides genotypes into those pgaaform above average and those
with lower values than average. The genotypesaried by mean performance on AEA,
increasing in the position of the arrow. Genotyfab#ity is based on their distance from
the AE abscissa i.e. the closer they are to theisdssthe more stable they are anae
versa(Kayaet al.,2006; Yan and Tinker, 2006).
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Figure 4.6  Genotype and genotype by environment teraction biplot of

tryptophan (a), protein (b), QI (c), oil (d) and sarch (e). PH =Potchefstroom
optimum N; PL =Potchefstroom low N; CH=Cedara optimN; CL=Cedara low N; TSH =Tshiombo optimum
N; TSL =Tshiombo low N; TWH =Towoomba optimum N; TWTowoomba low N
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Figure 4.7 Genotype and genotype by environmentt@raction 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 MWCH=Cedara optimum N; CL=Cedara low
N; TSH =Tshiombo optimum N; TSL =Tshiombo low N; F#=Towoomba optimum N; TWL =Towoomba low N
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In the case of tryptophan concentration the higmeeain performers were KO54W,
SO713W and RO559W and the lowest were Hans Male&0S®@ and RO450W.
KO54W was the most stable of all the genotypesoviedd by RO559W. Genotypes with
the highest protein concentration were Hans Mal®1&W and RO559W, while
SO503W and KO54W had the lowest protein conceomatsO713W, BO163W and
Hans Male were the most stable genotypes. The gee®ivhich had the highest QI were
KO54W, SO713W and FO215W, while Hans Male, BO163kWd &0450W had the
lowest. Hans Male was the most stable of all theogges, followed by RO559W and
RO450W. For oil concentration Hans Male, SO503W &@54W were the best
performers, while CML144, RO559W and RO450W were worst. The most stable
genotypes were RO450W and CML176-2. In the casstarth concentration the best
performers were CML144, CML176-2 and FO215W, while worst performers were
Hans Male, BO163W and SO713W. The stable genotypes KO54W and CML176-2.

Graphical presentation of the “ideal” genotype gs®GE biplot analysis is shown by
Figure 4.8. The arrow on the line is an indicatminthe “ideal” genotype. An ideal
genotype has the highest and absolute stable noeassaall test environments (Kaga

al., 2006). The closer the genotype is located closeshe “ideal” genotype the more
desirable it becomes (Kaw al., 2006; Choukan, 2011). In this study the genotyyae t
was closest to the *“ideal” genotype for tryptophaptein, QI, oil and starch
concentration were KO54W, Hans Male, KO54W, SO508W CML144 respectively.

Graphical presentation of the “ideal” environmenpresented in Figure 4.9. The “ideal”
environment is the one that is both discriminatfigyenotypes and representative of the
average tester (Yaet al., 2007; Badu-Aprakeet al.,2011). An average tester is shown
with the circle, while the arrow points to the “af&environment and the vertical line that
passes through the biplot origin and the circleaited the average environment axis. The
testing environment which is closely located to ‘tideal” environment is the one which
is more desirable in terms of discrimination abibf genotypes and representativeness of

the environments.
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Figure 4.9 Ranking of environments based on both discriminatigp power and

representativeness for tryptophan(a), protein(b), @c), oil(d) and starch(e).
PH =Potchefstroom optimum N; PL =Potchefstroom KwCH=Cedara optimum N; CL=Cedara low N; TSH =Tshim
optimum N; TSL =Tshiombo low N; TWH =Towoomba optim N; TWL =Towoomba low N.
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The ranking of tester environments for tryptophamaentration is as follows: CH >
TWL > PH > CL > PL > TSH > TWH > TSL, with CH beirige “ideal” environment. In
case of protein the “ideal” environment was TSHthwanking as TSH > PH = TWL >
TWH > CH > PL > TSL > CL. The ranking of tester @onments for QI is as follows:
CH>TWH>CL>TSH > TWL > PH > TSL > PL, with Cas the “ideal” environment.
For oil the “ideal” environment was PH and for stant was CH, with rankings as
follows: PH>CL>CH>TWL>TSH>TSL>PL>TWBnd CH>PH>CL>TSL >
TWH > TSH > PL > TWL respectively.

The GGE biplot is drawn with a polygon view of “whiwon-where” or “which is best
for what” in order to assess which genotypes peréat well in which environments
(Figure 4.10). The genotypes located away fromhiipéot origin are connected with a
straight line that forms a polygon, resulting ihet genotypes being contained within the
polygon. Then a set of perpendicular lines are dréwm the origin of the plots and
extends beyond the polygon to divide the polygoto iseveral sectors. Each sector
represents environments where certain genotypdsedathe highest. For tryptophan
concentration the polygon biplot was drawn from BAW, KO54W, SO713W,
CML176-2, SO503W and Hans Male with perpendiculad dividing the biplot into six
sectors (Figure 4.10a). Genotypes that performedlasiy for PL environments were
KO54W and BO163W, while for the TSL environment ythevere SO713W and
CML176-2. Genotype BO163W wins for PH, CH, CL am¥ieonments, while KO54W
wins for TWL and PL, and SO713W wins for TWH, TShdaTSH. Most of the other
genotypes were less responsive than the vertextypa® since they fell within the
polygon. The polygon was drawn on RO559W, CML44588W and Hans Male in the
case of protein concentration (Figure 4.10b). Téendicular lines divided the polygon
in six sectors with all the eight environments ifgl into one sector and the vertex
genotypes were Hans Male and RO559W. The remagengtypes were less responsive

to the environments.
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Figure 4.10 Polygon views of GGE biplots showingwhich 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 Iy CH=Cedara optimum N;
CL=Cedara low N; TSH =Tshiombo optimum N; TSL =Tahbo low N; TWH =Towoomba optimum N; TWL
=Towoomba low N.
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In QI the polygon had six sectors drawn on KO54\@7$3W, CML176-2, Hans Male,
BO163W and CZL01005 (Figure 4.10c). CH, PH, TWH,, GWL, PL and TSL were
best for KO54W and SO713W. The remaining genotyp#swithin the polygon and
were less responsive compared to the vertex geestyfhe polygon was drawn on Hans
Male, CML144, RO559W, FO215W and SO503W and itabsgi by perpendicular line
into five sectors with regards to oil concentrat{&igure 4.10d). Hans Male won at CH,
TWH, CL and TWL, while SO503W won at TWL, TSH, PHdA&TSL, with FO215W
winning at PL. Hans Male and SO503W performed sirtyilwith regards to the TWL
environment. For starch concentration the polyg@s wWrawn on CML144, Hans Male
and BO163W with the perpendicular line dividinginto four sectors (Figure 4.10e).
Environment CH, PH, TWH, TSH, CL, PL and TSL weesbfor CML144, while TWL
was best for BO163W. The remaining genotypes féhiw the polygon and thus were

less responsive of target environments for boikstra

4.5 Discussion

Evaluation of QPM inbred lines for grain qualityachcteristics in multi-environment
trials is crucial for understanding the effect afvieonment on those characteristics
because understanding GEI will assist in identdyand selecting superior QPM inbred
lines which will be useful in QPM breeding prograesnHighly significant genotypic
differences observed among the QPM inbred linessacthe grain quality characteristics
indicated the existence of variation for endospeardness, QIl, tryptophan, protein, oil
and starch content. Worlet al. (2007) in a study with QPM and normal maize caits/
tested in nine environments for determination ofnké endosperm quality, observed
significant genotypic differences for QI, proteindatryptophan concentrations, while
Hohls et al. (1996) in a study with opaque-2 maize germplasmsenked highly
significant genotypic differences amongst crosseskernel hardness. In the present
study environments were significantly different, iekh showed that each environment
used was different in N levels. The QI and tryptapttontent values observed in this
study were similar to those achieved by Ignjatawicic et al. (2009) and higher than
those achieved by Okellet al. (2006). Various researchers also found geneti@atian

in endosperm hardness, Ql, tryptophan and proteidemu low and optimum N
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environments (Pixley and Bjarnason, 1993; Worku)=220Gissa, 2008; Ngaboyisonga,
2008).

The results also revealed significant GEI for a#asured traits except for endosperm
hardness. Non-significant GEI for endosperm harsimesant that the QPM inbred lines
were generally adapted to low and optimum N enwvirtents, which is what most
breeders would want to achieve. Significant vasiainf GEI indicated the differences in
the response of genotypes to the various enviroteandime result of the study was in
agreement with findings of Hohlst al. (1996) and Pixley and Bjarnason (2002).
However, it was in disagreement with the findings NMdachida (2008) for endosperm
hardness, and with Worlet al. (2007) who observed non-significant GEI differenéer

QI and protein concentration. The significant GElod and starch are consistent with
findings of other researchers (Lambeitt al., 1998; Letchworth and Lambert, 1998;
Guria, 2006). These findings indicated that thgpoeses of QPM inbred lines to the
environments were not similar for measured tr&igehet al. (1998) found that varieties
performed differently in different N environmentshich makes it difficult to select
superior genotypes for different end users. Knieg Bason (1991), Tsait al. (1992),
Kaye et al. (2007), Ngaboyisonga (2008) and Suretaal. (2012) indicated that an
increase in N fertiliser caused an increase ingimotoncentration. N application in most
cases resulted in reduced grain hardness and #sskown by various researchers (Tsali
et al., 1992; Kettlewell, 1996); however other researct{Pigarteet al., 2005; Kayeet
al., 2007; Surmaet al., 2012) observed an increase in grain hardness adsvéls
increased. Protein and tryptophan concentrationthef grain endosperm increased
markedly as available N in the soil increased,dating that all protein fractions in the
grain are reduced when N in the soil is limitinghil@ QI decreases (Worku, 2005;
Worku et al, 2007). The results were consistent with findinfjths study except for Ql,
which increased as N was increased. Low N suppbult® in a lowered starch
concentration (Griesst al., 2010). This was not the case with the presentysivtere

average starch content was found to be higher dodeN than optimum N conditions.

Ngaboyisonga (2008) in a study to determine thectdfof water deficiency on protein
quality traits, found that water deficiency incredghe concentration of protein in grain
and that of tryptophan. The findings of the curreilaidy disagreed with these findings by
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indicating that the Cedara site, which had the kiwainfall, produced genotypes with the
lowest protein concentration. It did, however, agmeith the finding that tryptophan
content was increased in environments where rdimfat limited. Water deficiencies
negatively affected endosperm hardness from hawtkleto soft kernels (Ngaboyisonga,
2008). However the findings of this study indicatdtht when rainfall was limited
endosperm hardness was positively affected, whgha hainfall (Tshiombo) resulted in
soft kernels. High rainfall sites resulted in loWw @ontent compared to low rainfall sites
which resulted in increased oil conteAtcording to Jurgenset al. (1978) severe drought

results in reduced oil content.

Genotype and GEI variations measure the responses @enotypes across environments
while the environment effects measure the diffeesnof the cultivar means to the
environments (Aremet al., 2008). In the present study, genotype had theetargffect
on endosperm hardness, protein, oil and starchentmccording to Duartet al. (2005)
genotype had a larger effect on grain quality patens. Surmat al. (2012) observed
that environment had a large effect on the perfoceadf genotypes for protein content,
except for endosperm hardness and starch conteathifa, 2008; Surmet al., 2012).
Similar to findings in this study, oil content waass influenced by the effects of
environment and GEI (Berke and Rocheford, 1995yifanment had a larger effect than
genotype on tryptophan and QI. For starch contdfitv@s larger than genotype effects
as compared to results for other traits measuregtevim most instances genotype effect
was greater than GEI. These results are not censistith that of Aremtet al. (2008)
and Badu-Aprakuet al. (2011) who reported that GEI was greater than typeoeffects.

In the present study tryptophan and QI were higiffected by environment, which
explained 46.1% and 33.1% of the total (G + E +)G&Fiation, whilst protein, starch,
endosperm and oil were highly affected by genotwiech explained 51.7%, 35.9%
32.6% and 23.4% of variation. GEI explained 16.1%7%, 20.4%, 20.6% and 32.4% of
variation for tryptophan, protein, QI, oil and sfarrespectively. For various traits, the
high genotype contribution in this study indicatbd variability in genotypes, while the
high E effect meant that environments were verjedght, which influenced genotype
performance. The high GEI on the other hand mdaattit was difficult to recommend
genotypes for various mega-environments (Machi@@82 The findings in the present

study agrees with the above studies on GEI sigmifie; however the partitioning of
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components deviates from the most commonly obsepadtern of results, possibly
because of large genotypic differences and smdlfégrences in environments (Table
4.1). Under low and optimum N environments the lgestotype for endosperm hardness,
tryptophan, protein, QI, starch and oil content evetans Male, KO54W, Hans Male,
KO54W, CML176-2 and Hans Male, respectively. Thestbgerformer across
environments for endosperm hardness, protein dntbontent was Hans Male, while for
tryptophan and QI it was KO54W and CML144 for stacontent.

The existence and magnitude of GEI in oil yieldatif Ghafooret al. (2005) found that
GEI was important in a study with sunflower genetygy contributing more than 85%
of the total variation in oil yield, which meantathwith respect to oil yield the stability
analysis of genotypes based on the location indexs wnportant. Mekonen and
Mohammed (2010) found that GEI only contributed®4 .6f variation and genotypes had
the largest effect on the oil yield. Findings ire thresent study were different from the
reports by these researchers. Gutierrez-R@asal. (2008) in their study with a
recombinant inbred population on endosperm textmedification and amino acid
composition found highly significant genotype ant/ieonment effects for endosperm
texture, opacity, and tryptophan and lysine contefhiey also found significant
differences for endosperm texture in the field, boeer there were no significant GEI
effects for tryptophan, lysine and vitreousnessthass for the recombinant inbred
population. The findings in the present study weiféerent from the reports of these
researchers. The need for extensive germplasmmgesii multi-environment trials is
confirmed by highly significant GEI effects (Badp#akuet al., 2011). Because highly
significant GEIs were observed for traits measufadher multivariate analysis were
done in order to determine the stability and adaifitya of genotypes across locations for

grain quality characteristics. This was done usiregAMMI model and GGE biplots.

IPCAL1 of AMMI analysis accounted for 49.2%, 50.556.5%, 44.2% and 56.9% and
IPCA2 for 29.4%, 22.0%, 24.9%, 23.6% and 27.2%hef GEI variation for QI, protein,

tryptophan, oil and starch concentrations. Findimgiicated that the first two IPCAs
explained more than 60%-80% of the GEI. SimilarlgoGkan (2011) in a study on
genotype, environments and GEI effects on perfoomad maize inbred lines observed

the two IPCAs explained more than 80% of GEI varat Other researchers who
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obtained similar results are Yaat al. (2007) and Mitrovicet al. (2012). Inbred lines
KO54W and RO559W were the best performing genotypésrms of tryptophan content
and stability. For protein content SO713W was thestrstable genotype. KO54W was
considered to be the best genotype with the highedtstable Ql. SO503W and KO54W
were the most stable genotypes, with the highektcancentration. FO215W and
CML176-2 were considered the best because they wigle with a good starch
concentration. Environments TWH, TSH, CH and PH ewéigher yielding; whilst
environments PL, TWL, TSL and CL were lower yielglifor tryptophan concentration.
Higher yielding environments for protein contentr&gef WH and TSL; whilst lower
yielding environments were PL, CH and TSH. PH, Gid aWL were average yielding
environments. TSH, TWH, CH and PH were the envirents with the highest QI; whilst
the environments with the lowest QI were TWL, T8I, and CL. Environments with the
highest oil concentration were PH, TWL, PL, CH &I1d whilst those with the lowest oil
concentration were TSH, TSL and TWH. Higher yietdienvironments for starch
concentration were CH, TSH and PL; with the loweslding environments being TWH,
TSL and PH.

According to Yan and Kang (2003) and Yanh al. (2007) the most important three
aspects of genotype and environment data analysisGIGE biplots are genotype
evaluation, test environment evaluation and mega@mment identification. In this
study the GGE biplot results were used to showpbsitioning of the genotypes in
different environments and total variation due to aBd GEI, the relative mean
performance vs stability of genotypes across enwents, the ideal genotype, ideal
environment, and which was best for what/which wirgere pattern analysis. The GGE
biplot average environment co-ordinate view alldest environments to be evaluated by
discriminating power and representativeness anatgpas by mean performance and
stability (Yan, 2001; Yan and Hunt, 2001; Yenhal.,2007). Yan (2001) also defined the
ideal environments and genotypes. An ideal genotgpeepresented by a high mean
performance and high stability across environmenit$) an ideal environment being the
one that is most discriminating and representativehe environments (Yan, 2001; Yan
and Hunt, 2001; Kayat al, 2006; Yan and Tinker, 2006; Ya al.,2007; Badu-Apraku
et al., 2011; Choukan, 2011). The graphical visualisabbriwhich is best for what”

pattern is essential for reviewing the potentias&nce of different mega environments
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in the target region of the multi-environment ds¢d (Gauch and Zobel, 1997; Yanal,
2000; Yaret al, 2001).

The GGE biplot analysis of tryptophan, protein, Qil,and starch content for 12 QPM
inbred lines explained, respectively, 78.9%, 89.3%7%, 79.5% and 86.5% of G + GE
variation. The GGE variation explained suggestsesatnong and complex GEI in the
multi-environment data; and the high proportiortaial variation explained justifies the
use of GGE biplots (Aremet al.,2008). Various researchers reported similar figslifor
total G + GE variation with GGE biplots (Yaat al., 2007; Aremuet al., 2008; Badu-
Apraku et al., 2011; Choukan, 2011). RO559W was associated with., TPL, CL and
CH environments and KO54W had the highest tryptapt@ncentration. CML144 and
FO215W were mostly associated with PL, PH and TWhile BO163W and Hans Male
with TSH and TWL with Hans Male and BO163W havinghprotein concentration.
With regards to QI RO559W, KO54W and RO450W coroesjed to PL, TWL, TWH,
CH and CL environment with KO54W having the high€dt KO54W and SO503W
were suitable for four environments, while Hans &bhd the highest oil content and
corresponded to CL and CH environments. CML144 thadhighest starch content and
was associated with PH and CH environments. Alleh@ronments associated with the
genotypes were in the above average zone. The @Q&k# is able to do a lot of graphical
visualisations in analysis of multi-environment al&nd in interpretation of GEI; and
explains more of total variance compared to AMMBlgris (Yanet al., 2007). The
findings of this study agree with the above repertsept for tryptophan content where
AMMI (81.47%) was better than GGE (78.90%) analysipartitioning of the total G +

GEI variation.

According to Yan(2002) in the GGE biplot of mean vs stability PChpraximates G
which is the mean performance of the various gepestyand PC2 measures the stability
and approximates the GEI effects. The highest mparformers for tryptophan
concentration were KO54W, SO713W and RO559W andesvtwwere Hans Male,
SO503W and RO450W, with KO54W and RO559W beingntiust stable. Hans Male,
BO163W and RO559W had the highest protein contemte SO503W and KO54W had
the lowest. SO713W, BO163W and Hans Male were mstadtle. The genotypes which
had the highest QI were KO54W, SO713W and FO215WlewHans Male, BO163W
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and RO450W had the lowest. Hans Male, RO559W and9R@ were the most stable of
all the genotypes. Hans Male, SO503W and KO54W wleeebest performers, while
CML144, RO559W and RO450W were the worst for oitemt. RO450W and CML176
were stable for oil content. For starch concerdgrathe best performers were CML144,
CML176-2 and FO215W, while the worst were Hans M&©®163W and SO713W.
KO54W and CML176-2 were stable. The study was ablédentify both high mean
performers and stable inbred lines for all thet¢raneasured. Choukan (2011) in a GGE
biplot for mean vs stability study used the sanpe tgf germplasm as used in the current
study and was able to identify the highest yieldamgl very stable line which could be

further used in a breeding programme.

A genotype that is selected as an ideal genotypdeaised as a reference during cultivar
evaluation trials (Kayat al., 2006; Choukan, 2011). In most cases an ideal gpaads
one that is closest to the visual “ideal” genotigeeause in most cases an ideal genotype
does not exist (Kayat al., 2006). This study was able to identify ideal ggpes for
various traits measured. The ideal genotypes W&®4W, Hans Male and KO54W for
QI, protein and tryptophan concentration. In theecaf oil and starch concentration the
ideal genotypes were SO503W and CML144 respectivebnsistent with the current
results, Choukan (2011) was able to identify aralidgenotype which can be used as a

reference in cultivar evaluation.

In most studies the discriminating ability vs regaetativeness are visualised with vectors
and angles on the GGE biplot graph (Yan and Tink@06; Yanet al.,2007; Aremuet
al., 2008; Badu-Aprakeet al., 2011; Choukan, 2011). However, in this study tHeEs
biplots plotted were for discriminating power amgresentativeness. According to Badu-
Apraku et al. (2011) both biplots are able to identify suitaldeations to select superior
genotypes. The biplot indicates an ideal envirortnan an environment that is both
discriminating and representative of the test emwirents through the rankings of
environments (Badu-Apraket al., 2011). The ranking of environments for tryptophan
concentration were as follows: CH > TWL > PH > CIPt > TSH > TWH > TSL, with
CH being the “ideal” environment. In case of protéie “ideal” environment was TSH,
with ranking as TSH > PH = TWL > TWH > CH > PL >I$ CL. For QI the ranking
of the environments were as follows: CH > TWH > €ISH > TWL > PH > TSL > PL,
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with CH as the “ideal” environment. For oil the &al” environment was PH while for
starch it was CH, with rankings as follows: PHEXCH >TWL >TSH > TSL > PL >
TWH and CH > PH > CL > TSL > TWH > TSH > PL > TWEkgpectively. Similar to
Badu-Aprakuet al. (2011) the findings of this study were able toniafy the most
discriminating and representative of the test emritents and regarded those

environments as ideal environments for selectingsar genotypes.

The GGE biplot of “which was best for what” is usedidentify superior genotypes in
each environment or mega-environment (Yan and HR002). The most responsive
genotypes are best performers in those environmehike the less responsive genotypes
are those that fall within the areas closer to ot origin of the polygon, whereas
genotypes where environments did not feature i fh@ygon sectors were the lowest
yielding in all or some of those environments (Baguraku et al., 2011; Choukan,
2011). In the GGE biplots for “which was best fohat” the best genotype in the test
locations was BO163W which was superior for PH, &td CL environments, KO54W
for TWL and PL environments, and SO713W for TWHLT&hd TSH environments for
tryptophan content. For protein content the vergenotypes were Hans Male and
RO559W in all eight environments. Environments G4, TWH, CL, TWL, PL and
TSL were best for KO54W and SO713W for Ql. In teroh®il content Hans Male won
at CH, TWH, CL and TWL, while SO503W won at TWL, ISPH and TSL, with
FO215W winning at PL. Hans Male and SO503W perfarsieilarly with regards to the
TWL environment. For starch content, environment, &, TWH, TSH, CL, PL and
TSL were best for CML144, while TWL was best for BE3W. The GGE biplots for
“which was best for what” was a clear summary ef GE pattern of a multi-environment
trial data set by simply identifying the best pemfiers in various environments. Similar to
what was reported by Badu-Apraktal. (2011) it was easier to visualise the “which was
best for what” pattern with the GGE biplot than A&&MI biplot.

4.6 Conclusions

Significant genotypic differences were observed &lr traits measured in different
environments indicating the existence of genetigabagity amongst the QPM inbred

lines, which will allow for selection for improveme in the breeding programme.
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Genotype effects in the QPM inbred lines for adits measured were greater than
environment effects except in the case of tryptoptantent and QI and greater than GEI
effects except for the case of starch content.ciimebined ANOVA within environments
revealed that in some instances both low and optifNuenvironments discriminated the
inbred lines similarly, which gave an indication af good possibility of genetic
improvement and selection of genotypes that wilifggen well in both the low N
environments used by small-scale farmers who applyr small amounts of fertiliser
during planting and for optimal conditions. Thegmgenetic variation encountered under
low N environments creates an opportunity to explee QPM inbred lines even more
effectively in order to develop hybrids that areapidble or tolerant to these
environments. The low and optimum N environmentmettmes discriminated the
genotypes differently, whereas in some cases amvients sharing the same location but
with different stress levels discriminated the dgpes similarly. This showed the
possibility of developing genotypes under both ssrand optimal environments. The
environment effects were found to be significan¢rethough the environmental effects
were lower than the other effects. An increase iieiliser caused an increase in protein
content, grain hardness, tryptophan content, Ql @hdontent while low N conditions
resulted in higher starch content. Endosperm hasdia@d tryptophan and oil content
were improved while protein was reduced in low Msi The inbred lines used in this
study performed well for the majority of the traitsider both optimum and stress
environments, which indicated the tolerance ofgbemplasm available in the country for
low N environments. These materials will be benefito farmers since they usually
plant maize under low N conditions. In a combinedNGVVA across the eight
environments GEI was significant for all traits egt for endosperm hardness, indicating
the differential response of the QPM inbred linescontrasting N levels which also
indicated the possibility of developing hybridstbe formation of specific populations for
each environment in the maize breeding programnmdOYA was able to detect the
existence of GEI effects, and AMMI and GGE analysese used to further analyse this.
The AMMI and GGE analysis were efficient in anatygsiand interpreting GEI effects
and this was shown by the large GEI extracted lip hoalyses. However, overall GGE
biplots were superior for partitioning of the to@l+ GEI variation except for the case of
tryptophan content. The GGE biplots were easy terpmet because of their ability to

visualise the results, and due to the availabditgraphical tools for visualization of G +
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GEI interpretation as compared to the AMMI grapA8IMI and GGE biplots were
successful in the identification of high performarand stability and the overall ideal
genotypes. Both methods were similar in the ideatifon of genotype performance for
QI, tryptophan and protein content; and similar determining stability of inbred lines
for tryptophan, protein and starch content butedéht for QI and oil content. The ideal
genotypes were KO54W, Hans Male and KO54W, SO508WGML144 for QI, protein

tryptophan oil and starch concentration, respelstive

The AMMI identified the highest yielding environnteras TWH, TWH, TSH, PH and
TSH for tryptophan, protein, QI, oil and starch tmm, respectively. The test
environment evaluations of GGE biplots were ableidentify the ideal environment
which is the most discriminating and representatifethe environments. The ideal
environments for tryptophan, protein, QI, oil artdreh concentration were CH, TSH,
CH, PH and CH, respectively. All of these ideal iemvments were optimum N
environments. BO163W won for PH, CH and CL envirenis, KO54W for TWL and
PL environments, and SO713W for TWH, TSL and TSHir@mments in tryptophan
content. Hans Male and RO559W were superior in tegivironments for protein
content. KO54W and SO713W won in CH, PH, TWH, CL\WO, PL and TSL
environments for QI. Hans Male was superior at TW/H, CL and TWL, SO503W at
TWL, TSH, PH and TSL, and FO215W at PL for oil camtt CML144 won at CH, PH,
TWH, TSH, CL, PL and TSL environments, and BO163W L in starch content. As
for further using GGE biplots for identification nfega-environments future studies need
to be done which include year interactions in ortteridentify and validate mega-

environment results.
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Chapter 5

Evaluation of high quality protein maize (QPM) andnon-QPM hybrids
and open-pollinated varieties under two nitrogen leels for grain quality

traits

5.1 Abstract

Low N in the soil affects grain quality traits ofame. Field experiments were conducted
in two provinces of SA to evaluate grain qualitaits of 20 QPM and non-QPM
genotypes under low and optimum N conditions. ®irmhd combined ANOVAs were
conducted in low N, optimum N and across N envirenta for grain quality traits. Single
and combined correlation matrix analyses were edswlucted to determine relationships
between the grain quality characters. There weresignificant genotype differences for
all grain quality traits except for oil content@édara optimum N and tryptophan content
and QI in all environments. The QPM had acceptéblels of hardness, which is an
important trait for millers and QPM commercialigati Environment effects were highly
significant for all traits measured and played gmiple in determining the expression of
the traits. The GEI was significant for tryptophaomtent and QI, but was not larger than
environment effects. Most of the traits improvedwincreased N level. Although many
correlations were significant, values were reldyiviow except between tryptophan
content and QI, and starch and oil content. Steua$ significantly negatively correlated
with oil content (r = -0.72, -0.65 and -0.67), vshiltryptophan content were highly
significantly correlated with QI (r = 0.95, 0.98daA.97) in low, optimum and across N
environments. Tryptophan content and QI values Weser in low N than optimum N
environments. QPM varieties performed significartétter than non-QPM varieties for
tryptophan and QI in all environments. Genetic atawh observed for tryptophan content
in the genotypes will be useful in the QPM breedinggrammes, with better performing
synthetics to be tested across more environmentdeteErmine their stability. Positively
correlated traits will make it easier for simultane 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 devalapcountriesderive their protein and
calorie requirements from maize (Mbugial.,2011). In SA, more than half of the maize
consumed domestically is for human consumptionthadest is used for animal feed and
industrial purposes (NDA, 2012). The maize kerres$ Ipoor nutritional quality and is
mainly fortified in developed countries for humawonsumption, while for animal
consumption the feed is supplemented with otherteprosources. In most of the
developing countries the reality is that the poaremmunities are unable to acquire
fortified products and other sources of proteircemsume with maize. The majority of
pregnant women and young children are at a higklerof contracting protein deficiency
diseases. Maize oil, due to a high degree of uredai fatty acids and low levels of
saturated fatty acids (Zai and Gao, 2001), is wideked for human consumption and it is
also an important energy source for livestock f@eerry, 1988). Subsequently, in order
to improve human and animal health, it is of giegiortance to improve the nutritional
guality of maize. The discovery of the opaque-2antin the 1960s brought a lot of hope
for a breakthrough to improve the nutritional vahfenormal maize and bring relief to
millions of people suffering from malnutrition arather diseases associated with the
absence of essential amino acids. The improvenfemiae using the opaque-2 mutant
lead to the development of QPM varieties with abtwite the levels of lysine and
tryptophan and 10% higher grain yield than the nmostlern varieties of tropical maize.
This created the possibility of significant improvent in human and animal nutrition
(Akande and Lamidi, 2006; Olakogi al.,2007).

In developing countries most of the maize is grawder low N conditions (McCowat
al., 1992; Stoorvogedt al.,1993) and this is mainly due to high fertiliser c@8dhiambo
and Magandini, 2008). In SA fertiliser use is highempared to other African countries;
however its application is still lower than theagunended optimum levels, especially in
the case of small-scale farmers. Nitrogen signifiigaaffects grain quality traits in
normal maize (Tsaet al, 1992; Oikehet al, 1998) and QPM (Wegargt al., 2011,
Ngaboyisongat al.,2012). Most of the research on maize at largedeswn grain yield
and yield related traits, and the impact of low INprotein quality and quantity of QPM
germplasm has not yet been sufficiently addres&aglsq, 2008; Ngaboyisongd al.,

2012). Determination of tryptophan content is aessary step to develop QPM, and
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every QPM breeding programme must have access lab@atory equipped to do
tryptophan analysis. Various researchers have ateducomparative studies between
QPM and normal maize endosperm for yield, endosgsmdness, protein, tryptophan,
fat, and starch concentration; and results show @fM varieties perform better for
tryptophan or lysine, equivalent or better for gieendosperm hardness and protein,
including fat, starch and carbohydrate concentnafi®jarnason and Vasal, 1992; Pixley
and Bjarnason, 1993; Martinez al, 1996; Pixley and Bjarnason 2002; Guria, 2006).
Levels of tryptophan in opaque-2 maize range from%@to 1.1% and in normal
endosperm maize from 0.2% to 0.5% (Netital.,2009) while in QPM the levels have to
be equal or greater than 0.8% (Krivametlal.,2007; Viveket al.,2008).

Negative and positive relationships amongst varimasze grain quality characters have
been reported (Sorgg al., 1999; Uribelarre&t al.,2004; Pradeepa, 2007; Ngaboyisonga
et al.,2012). It is important to target the most impottgrain quality characters in QPM
breeding because they add value to the grain fonarieed, human health and industrial
applications. But it is not easy to do that simn#tausly since some traits are negatively
correlated. There is no information with regardsdorelation of starch, oil, protein and
tryptophan in QPM. Most of the available QPM geragph and commercial hybrids have
been developed and tested under optimum condiindghere is limited information on
their grain quality traits compared to those of 4iAM germplasm in SA. The aim of
this study was to determine whether QPM (hybrid$ @PVs) perform better or similar
to normal maize and how the grain quality traitshef different genotypes are affected by
low and optimum N environments, and to determine thlationship between grain

quality traits.

5.3 Materials and methods

5.3.1 Germplasm, trial environment, design and margement

Eight QPM and 12 non-QPM varieties were used ig $hidy. The materials consisted of
hybrids (four QPM hybrids and six non-QPM hybridahd open-pollinated varieties
(four QPM OPVs and six non-QPM OPVs). A list of ieties and their description is

given in Table 5.1. The varieties were tested itclRefstroom and Cedara under two N
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levels (low and optimum N) resulting in four enwiroents. The trial designs, N

application rates and trial management were theesssmthose described in Chapter 4.

Table 5.1 List of maize hybrids and open-pollinate varieties evaluated in two

locations
Entries Types Origin
PAN6479 Non-QPM hybrid PANNAR
PANG6611 Non-QPM hybrid PANNAR
PANG6616 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
Synl5QW QPM Synthetic OPV ARC-GCI
Synl2 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 grainityuahbits were the same as described
in Chapter 4. Single and combined ANOVAs were cateld in low N, optimum N and

across N environments for grain quality traits.gknand combined correlation matrix
analyses were also conducted for optimum and loverNironments and across N

environments to determine relationships betweemthm quality characters.
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5.4 Results

Single ANOVAs conducted for each environment shosigdificant differences amongst
genotypes for oil content at Cedara optimum N agtili significant genotype variation
for tryptophan content and QI in all environmeritke single ANOVA's results are not
shown in the thesis chapter as combined analyséiseofwo locations were deemed a
better representation of trends than single lonadizalysis. The environment effects were
significant for QI, starch and oil content; andHhiigsignificant for the other traits except
for tryptophan content in low N environment, andhty significant for all traits in the
optimum N environment (Table 5.2). GEI was highiyn#ficant for only tryptophan and
QI in all environments. Genotypes played a majde iia the determination of grain

guality traits when compared to environment and €fkdcts in all environments.

Tryptophan content of the QPM varieties ranged betw0.07-0.09% across low N
environments and 0.11-0.16% across optimum N enments; whilst it ranged between
0.03-0.07% and 0.05-0.07% for the non-QPM varietiesoss low N and optimum N
environments respectively (Table 5.3). The QPMaeatas had QI values which ranged
from 0.70-1.05% under low N and 1.09-1.53% undedinogm N; while for non-QPM
varieties it ranged between 0.34-0.61% in low N &nhd7-0.72% in optimum N
environments. Average means of the varieties fggtaphan content and QI in low N
conditions were 0.06% and 0.68%, whilst those fdmoum N environments were 0.10%
and 0.94% respectively. The genotypes with besbpeance for tryptophan content and
QI under both low and optimum N environments wer&7Q07 and Synl15QW
respectively. The average means of tryptophan anthbiQthe QPM hybrids and non-
QPM hybrids were 0.08 and 0.05% in low N sites eetipely, whereas in optimum N
sites it was 0.12 and 0.06% respectively. For QPRNV® and non-QPM OPVs the
average mean was 0.07 and 0.05% respectively iMlaenditions, whereas it was 0.14
and 0.07% respectively in optimum N environmentg/piophan content and QI value
were lower in low N than optimum N environmentsg daigher in QPM than non-QPM.
Therefore, QPM varieties performed much better tih@amQPM varieties for tryptophan
and Ql.
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Table 5.2 Mean squares for six grain quality trais of 20 QPM and non-QPM varieties grown in low andoptimum N

environments

Source DF Mean squaresow N Mean squares ptimum N
Protein  Tryp Ql EH Starch Ol Protein Tryp Ql EH Starch Oll

Block 2 0.116 0.000 0.004 0.078 0.207 0.024 0.283.000 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**
GEl 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 0.187 090.7 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 0.09 808 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 0.12 780. 1.11 0.51
CV (%) 8.54 11.62 131 17.6 1.28 8.87 8.38 3.14 649. 2514 1.16 7.56

*P<0.05; **P<0.01; Env=Environments; GEI=Genotype by environmatgraction; LSD=least significant difference; QWeefficient of variation; Tryp=Tryptophan; EH=Eng@sm hardness; QI=Quality
Index
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Table 5.3

South Africa

Mean values of 20 QPM and non-QPM varigts for grain quality traits grown in low and optimum N environments of

Entries Low N Optimum N

Protein  Tryp Ql EH o]] Starch Protein Tryp Ql EH 0]] Starch
QS7705 9.18(11) 0.08(4) 0.83(4) 2.49(10) 4.83(11p.13(15) 9.80(16) 0.13(3) 1.36(3) 2.48(18) 4.95(18p.78(12)
QS7707 8.97(16) 0.09(1) 1.05(1) 2.57(13) 4.80(169.37(11) 10.20(5) 0.11(8) 1.10(7) 2.20(8) 4.97(9) 9.66(18)
QS7711 8.73(20) 0.08(2) 0.94(2) 2.92(20) 4.85(12p.50(5) 9.53(20) 0.12(4) 1.21(4) 2.07(5) 4.47(20)0.87(1)
QS7715 9.32(7) 0.07(8) 0.70(8) 2.53(12) 4.87(10).42(8) 10.25(4) 0.11(7) 1.09(8) 2.03(3) 5.05(5) 168920)
QPM hybrid mean 9.05 0.08 0.88 2.63 4.84 70.36 ®.9 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) .28(L2) 9.68(19) 0.07(10) 0.67(10) 2.55(20) 5.15(269.87(9)
PAN6479 9.13(12) 0.05(18) 0.51(17) 2.34(5) 4.83(15D.48(6) 9.83(15) 0.06(19) 0.61(16) 2.38(14) M8%( 69.77(13)
PAN6611 9.65(3) 0.05(13) 0.52(15) 2.30(4) 5.10(3) 9.68(20) 10.43(2) 0.06(17) 0.57(19) 2.04(4) 4.9%(160.73(14)
PAN6616 8.87(19) 0.05(10) 0.60(10) 2.58(14) 4.93(6Y0.75(2) 9.70(18) 0.07(12) 0.67(11) 2.48(17) 446Q( 70.55(2)
PHB30Y83 9.45(4) 0.05(12) 0.55(14) 2.28(3) 5.13(1)r0.00(17) 10.07(11) 0.07(15) 0.65(13) 2.39(15) @8) 70.07(6)
DKC78-15 Bt 9.37(5) 0.05(16) 0.52(16) 2.58(16) %40 70.45(7) 10.80(1) 0.05(20) 0.47(20) 2.02(2) 3%) 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%9.78(19) 10.07(10) 0.12(6) 1.14(6) 2.28(11) 5127( 70.15(5)
Syn9QW 9.08(14) 0.08(3) 0.90(3) 2.51(11) 4.57(190.73(3) 10.18(6) 0.14(2) 1.39(2) 2.47(16) 4.90(13)0.02(7)
Syn12QW 8.95(17) 0.07(6) 0.77(5) 2.76(17) 4.75(17).28(13) 9.88(13) 0.12(5) 1.17(5) 2.50(19) 4.79(169.85(10)
Syn15QWwW 9.23(9) 0.07(7) 0.74(6) 2.80(18) 4.98(5) .40(M) 10.18(7) 0.16(1) 1.53(1) 2.37(13) 5.13(3) .68915)
QPM OPV mean 9.29 0.07 0.79 2.58 4.85 70.30 10.08 .140 131 241 5.00 69.93
ZM521 9.28(8) 0.03(20) 0.34(20) 2.58(15) 4.90(8) .ZBQ14) 9.88(14) 0.06(16) 0.61(17) 2.20(9) 5.12(4%9.78(11)
ZM1421 9.22(10) 0.03(19) 0.36(19) 2.25(2) 4.88(9) 0.3B(10) 9.77(17) 0.07(9) 0.72(9) 2.29(12) 4.65(170.37(3)
ZM1423 9.12(13) 0.05(15) 0.56(13) 2.38(7) 4.57(2@)0.63(4) 10.13(9) 0.07(14) 0.64(15) 2.16(7) 4.97(869.67(16)
ZM1523 9.35(6) 0.05(11) 0.56(12) 2.36(6) 4.87(11)0.0B8(16) 10.33(3) 0.06(18) 0.58(18) 2.26(10) 5.00(769.62(17)
ZM1623 9.68(2) 0.07(17) 0.48(18) 2.48(9) 4.85(13)9.83(18) 10.07(12) 0.07(11) 0.65(14) 2.12(6) 4.82(170.37(4)
SAM1109 8.92(18) 0.05(14) 0.58(11) 2.81(19) 4.72(180.92(1) 10.13(8) 0.07(13) 0.65(12) 2.00(1) 41F( 69.92(8)
Normal OPV mean 9.26 0.05 0.48 2.48 4.80 70.34 0BD. 0.07 0.64 2.17 4.89 69.96
Grand mear 9.21 0.0€ 0.6¢ 2.5% 4.87 70.32 10.0¢ 0.1C 0.94 2.2 4.91 69.5:
LSD (05 1.08 0.01 0.12 0.61 0.59 1.23 1.16 0.0004 0.12 8 0.7 0.51 1.11

LSD=least significant difference; Tryp=Tryptoph&ti=Endosperm hardness; QI=Quality Index; OPV=Opalinated variety
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Combined ANOVA across N environments is presenteddble 5.4. Highly significant
environmental effects were observed for all traitgl genotypic effects for tryptophan
and QI. Environmental effects played a major rolelétermination of the quality traits,
followed by genotype effects and then GEI for allaacters except for endosperm
hardness where genotype effects were the least riamio Averaged over all
environments, tryptophan content for all varietrasged from 0.05% to 0.11%, with
QPM hybrids and OPVs having the highest tryptopt@rtent compared to other types of
varieties (Table 5.5). The average means of QPMramdQPM hybrids for tryptophan
was 0.10 and 0.06% whereas for OPVs they were 0dridd.06% respectively. For QI
the average means of QPM and non-QPM hybrids w&®d and 0.58% respectively,
whereas for QPM and non-QPM OPVs they were 1.0580 (66% respectively. The
average means of all the varieties for protein @ontendosperm hardness, tryptophan,
Ql, oil and starch contents were 9.6%, 2.4%, 0.08981%, 4.9% and 70.1%
respectively. The top five performers for tryptophend QI across N environments were
Syn15QW, Syn9QW, QS7705, QS7707 and QS7711. Taklingheasured traits into
consideration Obatanpa-SR performed well overatl pootein (9.98%), tryptophan
content (0.09%), QI (0.93%), endosperm hardnes26¢2) and oil content (5.18%),
followed by QS7715 and QS7707. QPM varieties paréat much better than non-QPM

varieties for tryptophan and QI.

Under low N environments tryptophan content waslyigignificantly (almost 100%)
and positively correlated with QI (r = 0.95) andswen-significantly (P>0.05) correlated
with all the other traits (Table 5.6). This was egf@d since tryptophan content values are
used to calculate QI. Starch content showed a yigidnificant (P<0.01) negative
relationship with oil content (r = -0.72). Protaantent had a highly significant negative
correlation with QI (r = -0.32), endosperm hardn@ss -0.27) and starch content (r = -
0.41). Endosperm hardness was highly significaptgitively correlated with QI (r =
0.23) and significantly positively correlated wgtarch content (r = 0.18).
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Table 5.4 Mean squares of six grain quality traitsn 20 QPM and non-QPM varieties grown across four Nenvironments

Source DF Protein Tryp Ql 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 0.23
Environment 3 20.986** 0.017** 1.114* 6.887** 13.586** 0.673**
GEl 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 environnietgraction; LSD=least significant difference; Q¥eefficient of variation; Tryp=Tryptophan; EH=Eng&sm
hardness; QI=Quality Index
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Table 5.5 Mean values and rankings of 20 QPM and meQPM varieties for six grain quality traits acrossfour N environments

Entries Protein Rank  Tryp Rank QI Rank EH Rank  Oil Rank  Starch Rank
QS770:! 9.4¢ 14 0.1C 1.0¢ 2.4¢ 4.8¢ 1C 69.97 16
QS7707 9.58 12 0.10 4 1.07 5 2.38 11 4.88 11 69.9%
QS7711 9.13 20 0.10 5 1.07 4 2.50 16 4.66 20 70.6B
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 1.03 241 4.85 70.1
CRN3505 9.37 18 0.06 9 0.64 9 2.50 17 5.03 3 70.08
PAN6479 9.48 16 0.05 17 0.56 16 2.36 10 4.86 12 1370. 7
PAN6611 10.04 2 0.06 16 0.55 17 2.17 1 5.03 4 69.720
PANG6616 9.28 19 0.06 10 0.64 10 2.53 18 4.77 16 6570. 2
PHB30Y83 9.76 7 0.06 11 0.60 13 2.33 9 4.97 7 70.032
DKC78-15 Bt 10.08 1 0.05 19 0.49 19 2.30 6 5.02 5 998 17
Normal hybrid mean 9.67 0.06 0.58 2.37 4.95 0.09
Obatanpa-SR 9.98 3 0.09 6 0.93 7 2.26 2 5.18 1 769.915
Syn9QWwW 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 70.070
Syn15QW 9.71 8 0.11 1 1.14 2 2.59 19 5.06 2 70.041 1
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 70.023
ZM1421 9.49 15 0.05 18 0.54 18 2.27 3 4.77 14 70.38
ZM1423 9.63 10 0.06 12 0.60 12 2.27 4 4.77 15 70.16
ZM1523 9.84 5 0.06 14 0.57 14 2.31 8 4.93 9 69.838 1
ZM1623 9.88 4 0.06 15 0.56 15 2.30 7 4.73 18 70.18
SAM1109 9.53 13 0.06 13 0.62 11 2.41 13 4.83 13 470. 3
Normal OPV mean 9.66 0.06 0.56 2.33 4.84 A.1

Grand mear 9.65 0.0¢ 0.81 2.4C 4.8¢ 70.12

LSD(o.05 0.78 0.01 0.08 0.49 0.39 0.82

LSD=least significant difference; Tryp=TryptophartiEEndosperm hardness; QI=Quality Index; OPV=0Opdlinated variety
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Under optimum N environments protein content hadighly significant negative

association with endosperm hardness (r = -0.65)séan@¢h content (r = -0.66), a highly
significant positive correlation with oil content € 0.39) and a significant negative
correlation with QI (r = -0.20). Starch content, tre other hand, showed a highly
significant positive relationship with endospermrdmess (r = 0.44) and a highly
significant negative correlation with oil content £ -0.65). Tryptophan content was

highly significantly (almost 100%) and positivelgreelated with QI (r = 0.98).

Across all environments tryptophan content was lgiglgnificantly positively correlated
with protein content (r = 0.20) and QI (r = 0.9@hd significantly negative associated
with starch content (r = -0.14) although these &slwere relatively low. Starch content
had highly significant and negative correlationhwiil content (r = -0.67) across all
environments. Protein content on the other hand #&aldighly significant negative
relationship with endosperm hardness (r = -0.52) starch content (r = -0.57) and a
highly significant positive correlation with oil ntent (r = 0.25). Endosperm hardness
showed a highly significant positive associatiothvatarch content (r = 0.36).

Table 5.6Correlation analysis of 20 QPM and non-QPM vargefa quality traits in low

N, optimum N and across N environments

Tryp Protein ol EH Starch
Low N environments
Protein -0.04"™
Ql 0.95 ** -0.32 **
EH 0.15™ -0.27 ** 0.23 **
Starch 0.004™ -0.41 ** 0.11™ 0.18 *
Oil -0.03"™ 0.13™ -0.07™ 0.07™ -0.72 **
Optimum N environments
Protein -0.01"™
Ql 0.98 ** -0.20 *
EH 0.03™ -0.65 ** 0.15™
Starch -0.07™ -0.66 ** 0.06™ 0.44 **
Oil 0.09"™ 0.39 ** 0.01™ -0.11™ -0.65 **
Across N environments
Protein 0.20 **
Ql 0.97 ** -0.03"™
EH -0.05"™ -0.52 ** 0.07™
Starch -0.14 * -0.57 ** -0.01™ 0.36 **
Qil 0.06"™ 0.25 ** -0.004™ -0.04™ -0.67 **

*P<0.05; **P<0.01; Tryp= Tryptophan; Prot=Protein; Ql=Qualitglex; EH=Endosperm hardness
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5.5 Discussion

Grain quality traits such as endosperm hardnessigipr starch and oil content are
extremely important for the maize industry. To ma®®M more acceptable and
appealing to the South African maize industry itrgortant to select QPM varieties
performing similar or better than non-QPM varietfes the above traits as well as for
tryptophan content and QI. Grain quality traiteeatfeach other in different ways and are
also affected by N levels in the soil. Thereforesitmportant in a breeding programme,

when developing and testing new materials to tat@gonsideration all these aspects.

The results of this study showed that genotypeopeed similar for all traits except for
tryptophan content and QI in all environments. Téason for non-significant protein,
starch content and endosperm hardness differereteseén genotypes might be due to
the fact that the commercial QPM hybrids availdidee been improved for those grain
quality traits, especially protein content and espmiym hardness, so that they perform
better or similar to non-QPM varieties which is rertely important for the maize
industry. This shows the amount of dedication afidrtegiven to the development of
QPM varieties, and this is confirmed by the newealeped QPM synthetics from the
ARC-GCI which are also performing similar for altagh quality characters. It brings
scientists a step closer to bringing better notmitto millions of people who rely on
maize. However, what is missing in SA currentlyiking QPM to the maize industry
because farmers are interested in producing theties but the produce is mixed with
non-QPM at the millers and secondly there is neepmcentive involved in producing

this nutritious maize.

Bello et al. (2012) evaluated 22 QPM hybrids and OPVs with tecal checks for

nutritional quality and other agronomic traits. Vhandicated that genotypes were
significantly different for carbohydrate contentdamrain crude protein and non-
significant for oil content with the mean valuecairbohydrates content ranging from 65 -
74% and protein content ranging between 7.50 -7B0.&nd. This study disagreed with
Bello et al. (2012), with regards to significant differencesoagst genotypes for starch
and protein content. However, agreed on mean vabfiesarch and protein content
ranging from 69.10 — 70.87% and 9.53 — 10.80%. SAGL (2011) reported that South
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African maize on average contains 3.9% oil, 8.7%tgn and 72.1% starch. The value
ranges between 2.8 - 5.8%, 6.1 - 12.7% and 58.3.0% for oil, protein and starch
content, respectively. The levels of oil, proteindastarch obtained in this study are
similar to those of South African maize as repoligSAGL (2011).

Sentayehu (2008) tested 12 QPM varieties for pnpteyptophan and lysine and reported
highly significant differences between treatmentds &ll traits in all environments.
Ngaboyisongaet al. (2012) evaluated 41 QPM varieties against onelclkadety under
three low, three optimum N and two drought envirenis for endosperm modification,
tryptophan and protein contents. They found higignificant differences amongst
hybrids for all the traits, under low, optimum aactoss all N conditions. In the present
study it was found that there were no genotypited#ihces for traits measured except for
tryptophan content and QIl. Ngaboyisonga al. (2012) found highly significant
environment effects for all traits under low, optimm and across N conditions. This was
coupled with significant GEI effects for all traitsall N conditions except for endosperm
modification under low and optimum N conditions. eTtpresent study observed
significant environmental effects for all charasten all N environments except for
tryptophan content in the low N environments amphificant GEI effects for tryptophan
content only, in all N environments. The environtnplayed the most important role in
defining most of the characters in both studieboWed by genotypes, except for EH in
the present study where environment effect wasvi@d by GEI. However, overall GEI
was less important for all the characters measumedhe present study in all N

environments. This might be due to the few locatiand genotypes used in this study.

CIMMYT (2003) in a study which focused on the effe€ abiotic stresses on endosperm
modification observed that low N conditions had egative effect on endosperm
modification and that prompted further investigatiao the effects of abiotic stresses on
tryptophan and protein content. The present stubuded on the effect of low N
conditions on a number of grain quality traits, vehenore severe effects were reported
than in the above study. There was no significagmetjc variation for endosperm
hardness under low N and optimum N conditions,caigfin some individual differences
were observed. Endosperm modification was highdeutow N conditions with a score

of 2.53 compared to optimum N conditions with arsocof 2.27, showing the presence of
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softer kernels or poor modification under low N.igktudy agrees with CIMMYT (2003)
indicating that low N has a negative effect on espdom modification. Low N affects
endosperm hardness negatively, resulting in devedop of softer kernels (Ngaboyisonga
et al., 2012). The mean score of the present stiadyalso within the acceptable array of
below 3, similar to findings of Machida (2008). Evéhough the genotypes were not
significantly different from one another for endesm hardness, Obatanpa-SR was
among the best performing genotypes with a sco2zf under low N and 2.26 across N
environments, with the best performer being SAM1M8 a score of 2.00.

The present study is in agreement with the resafitained by various researchers that
tryptophan content of QPM varieties under low aptdmum N is higher as compared to
normal maize endosperm, and also that tryptophatenois higher under optimum than
low N conditions (Mosisa, 2005; Mosis& al., 2007; Gissa, 2008; Wegaey al.,2011).
Gissa (2008) reported a lower QI value under optinii conditions when compared to
low N conditions, and explained that it was dueatsharp reduction in protein content
under low N conditions. The present study demotestran increase in protein QI value
under optimum N together with an increase in protand tryptophan content.
Ngaboyisongaet al. (2012) concluded that low N conditions, especialhen they occur
together with drought, increase tryptophan conattt poor grain quality and this raises

concerns about its use for human and animal consomp

Mbuya et al. (2011) in a study on six QPM and seven non-QPMetias focused on
profiling the nutritional quality of elite QPM vagties from the Democratic Republic of
Congo breeding programme and selected the best @Rty for local release. They
found that tryptophan in the protein, which is alsmwn as QI, was higher in QPM
varieties than non-QPMs, and that the tryptopharterd of QPM Longe 5 showed a 50%
increase over non-QPMs. These results were in agnee with the present research
findings, which illustrated that QI of QPM varigtievere significantly better than those of
the non-QPMs.

Grain quality traits that are negatively correlatetake it difficult to select them
simultaneously in the same plants. In most QPMistud has been shown that various

grain quality characters are negatively correlateda result making the breeding process
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more complex. In the present study instances wineits were negatively correlated with
one another, making it difficult to select themtla same time, was between starch and
oil content in all environments; protein contenttiwiQl in low and optimum N
enviromnents; protein content with endosperm hasslia@d protein content with starch in
all environments. The levels of correlations werealkv except between starch and oll
content in all environments, protein content andosperm hardness; protein and starch
content in optimum N and across environments apptdphan content and QI in all

environments.

Pixley and Bjarnason (2002) reported that proteintent was highly significantly and
positively correlated with tryptophan in the grapusitively correlated with endosperm
modification and highly significantly and negatiyelorrelated with QI (r = -0.45); whilst
tryptophan in the grain was positively correlatathv@l. The correlation between protein
and tryptophan content was very high (r = 0.84)véwer that of protein content and
endosperm modification score, tryptophan contenih Wil and endosperm modification
score, tryptophan in protein and endosperm modifinascore were weak and not
significant. Olakojoet al. (2007) reported that tryptophan and protein wegaificantly
and positively correlated at 0.58his study disagrees with the findings by Pixley an
Bjarnason (2002) and Olakog al. (2007); indicating that protein was highly sigo#nt
and negatively correlated with endosperm hardness-(.65), and non-significant with
tryptophan content (r = -0.01) in optimum N envirents. However, the study agrees
with Pixley and Bjarnason (2002) indicating thabtein content and QI are highly
significantly and negatively correlated, and thia¢ tassociations between tryptophan
content with endosperm modification score and @ andosperm modification score

were weak and non-significant under optimum N emvinents.

Gissa (2008) reported that the negative correlabetween QI and protein content
confirms the probability that higher protein coritenll result in lower protein quality.
An increase in total protein in maize kernels rissi an increase in the zein fraction in
endosperm protein (Glover, 1992), which has pootrittanal quality by lacking
tryptophan and lysine. Gutierrez-Rogtsal. (2008) noted a negative correlation between
tryptophan and kernel vitreousness (% hardnesk/so&m) and a positive correlation

between endosperm opacity and amino acids conterd cross between B@3 x
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CML161. They reported that as the recombinant ishbirees inclined from opaqueness
towards hard modified kernels the amino acid candenreased. The negative association
between QI and protein content is undesirable ag wnportant for QPM breeders
because they complicate simultaneous improvemethiese traits (Pixley and Bjarnason,
2002). Conversely, lack of unfavourable correlagidetween endosperm modification
score and other traits should facilitate QPM caltidevelopment efforts (Pixley and
Bjarnason, 2002).

The significant positive correlation of protein ¢emt with oil content has been found in
different populations, lines and cultivars (Mittelrmet al.,2003; Song and Chen, 2004;
Wassonet al.,2008; Wanget al.,2009; Liet al.,2011; Cooket al.,2012), however other
researchers found non-significant correlations (Bydnd Lambert, 2004; Lambest
al., 2004; Song and Chen, 2004). It has been mostlyrtegpathat oil content is
significantly and negatively correlated with stadntent (Doehlert and Lambert, 1991;
Dudley and Lambert, 1992; 2004; Moasteal.,2004; Song and Chen, 2004; Uribelarrea
et al.,2004; Pradeepa, 2007; Waegal., 2009). Mittelmanret al. (2003) observed that
protein and oil content were positively correlaiadall the experiments, but with low
values, (0.21 to 0.41). Associations between pmoteid oil content varied from not
significant (Dorsey-Reddingt al.,1991; Sénet al.,2001) to highly significant positive
values (Songt al.,1999). Uribelarre&t al. (2004) reported a strong negative association
between grain protein and starch concentration wwitize hybrids. With regards to
correlations amongst grain quality traits, oil attwas reported to have a significant
negative association with starch content (r = -0)§Pradeepa, 2007). Coek al. (2012)
studied genetic architecture of maize kernel comtiposin the nested association
mapping (NAM) and inbred association panels (AR)ey found a significant positive
correlation between protein and oil (r = 0.32 ared 0.29, NAM and AP, respectively)
and a highly significant negative correlation begwetarch and protein (r = -0.66 and r =
-0.56, NAM and AP, respectively) and starch and(io# -0.41 and r = -0.33, NAM and
AP, respectively), in both the NAM and AP populaso The results of the present study
are in line with most if not all of these findingse in line with the results of the present

study.
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According to Li et al. (2011) significant correlation among traits werengrally
consistent between low and high N levels. They dbtimat the estimates were either
positive or negative under both N levels, with radin-significant estimates except one
observed under the high N level. Protein and oilteot were positively correlated and
showed a strong negative correlation with starchteadt. According to Alexander and
Lambert (1968) the ability of the plant to prodwegbohydrates and to synthesize oil are
physiologically independent. The current study aedrevith these findings. The inverse
relationship between kernel protein and starch eotmation is impacted not only by

genotype, but also by N availability.

5.6 Conclusions

The results of this study showed that genotypefopeed similar for all traits except for
tryptophan content and QI in ahvironments. QPMs gave superior tryptophan content
and QI value than non-QPMs under both high andNowhe best QPMs under low and
optimum N environments were Synl5QW, Syn9QW, QS7T@57707 and QS7715.
Genetic variation observed for tryptophan contenthie genotypes can be useful in the
QPM breeding programmes, with newly developed sftith to be tested across more
environments to determine their stability. The Hest varieties for tryptophan and QI
under low and optimum N environments were Syn15@%hHoQW, QS7705, QS7707
and QS7715Genetic variation observed for tryptophan contenthie genotypes can be
useful in the QPM breeding programmes, with newdyadoped synthetics to be tested
across more environments to determine their stgbilihe reason for non-significant
protein, starch content and endosperm hardneseliées between genotypes might be
due to the fact that the commercial QPM hybridslakike have been improved for those
grain quality traits, especially protein contentda@ndosperm hardness, so that they
perform better or similar to non-QPM varieties. §Bhows the amount of dedication and
effort given to the development of QPM varietiesd &his is confirmed by the new
developed QPM synthetics from the ARC-GCI which als® performing similar for all
grain quality characters except for tryptophan enhtand QI value, for which they

perform better than non-QPM.
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Most of the traits measured in the present studsevileterdependent as evidenced by
significant and negative association among themmreGaied traits will make it easier for
simultaneous selection in the ARC-GCI maize breggrmgramme. Thus to come up
with conclusive recommendations, further studiethwore locations and a large number
of QPM genotypes are required under low and optimuenvironments to determine the
stability of genotypes for grain quality traitspthseeking a deeper understanding of the
relationships and GEl, in the view of increasing #fficiency 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 namimmaize germplasm for grain
quality traits was determined using line x testesign, in order to identify suitable QPM
donorsfor use in conversion programmes of normal maireslito QPM and in the
development of hybrids through QPM x QPM crosses. the purpose of combining
ability, seven normal maize inbred lines were usedemales (lines) and crossed with six
QPM inbreds (testers) in a line x tester designinguthe 2008/09 growing season,
resulting in 42 crosses which were later evaluatathg 2009/10 for use in analysis of
GCA and SCA effects. Data for four traits viz., gtgphan, protein content, QI and
endosperm modification, were collected and analy3éw GCA of lines was highly
significant for protein content, QI and endosperandness, for testers it was significant
for endosperm hardness and protein and tryptopbiatewt, whilst the interaction of lines
with testers was highly significant for all tramseasured, showing that dominant gene
effects were more important than additive geneoactsCA mean squares were highly
significant for all traits except endosperm hard@gn€&ontribution of SCA (lines x testers),
was higher than that of GCA for lines and testensdll traits except for endosperm
hardness where GCA of testers was higher. Largek GiCines than testers showed the
importance of maternal effects in most of the $raithe lines J80W and T1162W were
amongst the best general combiners for most transng the testers SO607W, CML144
and SO503W were the best combiners for the majofitye traits.These testers can be
used as donor parents for the development of neWM Q#tivars. Four crosses viz.,
K64R x SO503W, T1162W x RO452W, K64R x RO452W ar@fiR x SO713W were
promising for endosperm hardness, tryptophan conté@i and protein content,
respectivelyln general RO452W was the best specific combinemfost traits except for
endosperm hardness of which SO503W was the best.liBes, 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 amountdysine and tryptophan. The primary
reason for the poor protein quality of maize is thigh proportion of zeins in the
endosperm (Vasal, 2000Dn average maize protein contains about 2% lysiiech
according to the recommendation by the Food andcAlgure Organization of the United
Nations, is less than one-half of the concentratecommended for human nutrition
(Mbuya et al., 2011). The structure and content of the maize gpelon influences the
expression of traits targeted for genetic improveiméMazur et al., 1999). The
improvement of protein in terms of tryptophan aysirie content is important in dealing
with nutritional quality of malnourished commungieThe introduction ofopaque-2
maize resulted in improvement of these two esdeatrano acids (Mertzt al., 1964).
However, there were problems associated withofteejue-2maize as shown by various
researchers (Vasat al.,1980; Bjarnason and Vasal, 1992; Vasal, 1994) kvprompted
researchers to look for alternatives in better mistaseed/endosperm ratio alterations,
double mutant combinations, recurrent selectionkaakcross techniques.

The development of QPM was done through selectorgénetic modifiers that restore
the desirable hard endosperm texturepaque-2whilst maintaining its high levels of
lysine and tryptophan (Bjarnason and Vasal, 1996 and Lake 1992; Villegas al.,
1992; Vasal, 1994; 2001Jhe main objective of QPM improvement programmesiladio
be to obtain varieties with high nutritional qugalib combat malnutrition, mainly among
the rural poor children and women in many develgmountries. Selecting inbred lines
with hard endosperm, high levels of tryptophan anatein content and QI as well as
yield potential will be useful in breeding programsn The information on kernel
modification and tryptophan content of inbred line#i be important for breeders to use

in breeding programmes for development of sup&pieM.

The line by tester mating design is important inizeebreeding for selecting parental
material and identifying their genetic potential fybridisation; and by further providing
information about the GCA and SCA of parents antimeges of other genetic
parameters. The design is a modified form of thedmss scheme proposed by Davis in

1927 for inbred evaluation and it was developedKeynpthorne (1957)The mating
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design involves crossing lines to each of the tesesulting in hybrids, with the resultant
crosses tested with or without parents in a refdtdrial using a suitable field design
(Kempthorne, 1957; Singh and Chaudhary 1985). Amtrmg different biometrical

methods employed to study combining ability, lineéester analysis is the most widely
used; and it has been useful in identification wtable parents and crosses displaying
good performance for traits measured (Ahuja andyBh&007). The GCA and SCA

effects are important tools used by breeders iacteh superior parents for developing
crosses (Shukla and Pandey, 2008). pee seperformance of parental lines does not
always translate to GCA effects, therefore it igpamant for breeders to study GCA
effects of parental lines of hybrids in order tdaedmine their appropriateness for hybrid

development.

According to Allard (1960) combining ability anaigsprovides an indication of the
genetic behaviour of the parental material andstsén selecting parents to be used for
hybridisation based on their combining ability, ghiti is a highly useful technique for
plant breeding. According to Shukla and Pandey §08CA effects should be used for
selection of particular parents, while SCA is used combination with hybrid
performance. Additive gene effects are indicatedhigjy GCA values while non-additive
effects are shown by high SCA values which areaaszl with dominance and epistasis
(Rojas and Sprague, 1952)ombining ability studies rely on the availability genetic
diversity in genotypes involved in a breeding pesgme, in order to identify maize
inbred lines with good GCA and SCA effects.

Studies on combining ability of South African QPNRbred lines have been previously
reported for kernel modification and yield (Holelsal., 1996) and on CIMMYT lines for
yield, endosperm modification, tryptophan and proteontent, and QI (Gissa, 2008;
Machida, 2008; Machidat al., 2010). Pixley and Bjarnason (1993) studied 28 QPM
crosses derived from five populations in a diadlletl suggested that hybrids could be best
obtained by crosses between the lines with high GE&ause they found that the hybrids
had a tryptophan and protein content improvemer88b and 60%, respectively. Hohls
et al. (1996) evaluated 12 inbred lines opaque-2for endosperm modification and
reported a positive GCA for grain hardness, withigvitreousness positively correlated

with the accumulation of key modifier genes of gnain. The researchers concluded that
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inbred lines can be used in a programme to impgraén quality protein since they
showed sufficient genetic potential. There is nailable information on combining
ability for tryptophan and protein content in So#éttiican QPM inbred lines. This study
intends to fill the gap by examining combining &kibf QPM and normal maize inbred
lines for grain quality traits, in order to idenptguitable QPM donor parents for use in the
QPM breeding programmén the light of the issues discussed abthesobjectives of the
present study were to determine combining abilitySouth African QPM inbred lines
and the identification of good donors for convemsimf 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-HaramdaARC-GCI, with all normal
maize inbred lines obtained from ARC-GCI. Sevemmarmaize inbred lines were used
as females and crossed with six QPM inbred linesl @s testers in a line x tester design,
during the 2008/09 summer season. The resultaf, 4brids were planted in a (0, 1)
alpha lattice design with three replications, at ARBCI Potchefstroom during the
2009/10 summer season. All cultural practices vegrglied as described in Chapter 3.
The F plants were self-pollinated and then $eeds (F progeny) were harvested. For
each plot, a sample of 1000 QPM seeds were randsetdgted using a light table. The
QPM seed samples {FQPM progeny) were then used for determining enelwsp
hardness, tryptophan and protein content and Qélesxribed in Chapters 4 and 5.
However for endosperm evaluation class 1 data weteconsidered to avoid confusion
with segregating normal endosperm kernels. QI weterthined by taking the ratio of

tryptophan concentration to protein content, angtessed as a percentage.

6.3.2 Data analyses

Agrobase Gen Il software (Agronomix Software In2005) was used for computing
ANOVA for all the studied traits. Agrobase Gen Il softevaras further used for line x

tester analysis, following the procedure preserttgdKempthorne (1957), whereby
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females were designated as lines and males asstefle programme was also used to
compute ANOVA for entries, GCA for lines and teste8CA for line x tester of selected
traits for individual sites, LSDs for entries, lirend tester GCA and SCA and the
proportional contribution of GCA and SCA to entryeam squares. Lines, testers and
crosses were considered fixed effects whilst rapbns were considered random effects.
Assessments of the inbred lines were made fordlagive importance of GCA and SCA

effects on tryptophan and protein content, QI amtbsperm hardness.

Table 6.1 List of six QPM and seven non-QPM inbredines 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 anchi x tester for grain quality traits of
F, QPM progeny

ANOVA for the line x tester analyses for four grajnality traits are presented in Table
6.2. The EQPM progeny mean squares were highly significagO(®1) for endosperm
hardness, QI, protein and tryptophan content. T Gnean squares for lines were
highly significant (R0.01) for endosperm hardness, protein content dreh@ were not
significant (P>0.05) for tryptophan content. The Asé&ltributable to tester mean squares
was highly significant (R0.01) for endosperm hardness, protein and tryptogloatent
but not for QI. The SCA mean squares were highgypificant (<0.01) for QI, protein
and tryptophan content and not significant for espgom hardness. GCA mean squares of
lines were higher than those of the testers fotemocontent and QI, while it was
reversed for endosperm hardness. The GCA meanesgicariines and testers were larger

than SCA mean squares for protein content and @edoshardness.

Table 6.2 Mean squares of four grain quality trais in a line x tester analysis of

F, QPM progeny of seven non-QPM lines and six QPM tests

Source DF Protein Tryp Ql EH

Block 2 0.216 0.000** 0.026 0.483

F> 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*
Lx 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 \ation; Tryp=Tryptophan; EH=Endosperm hardness; Qiy Index;
GCA=General combining ability, SCA=Specific comiigiability
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6.4.2 Performance of Eprogeny

Table 6.3 shows the mean performance and rankidg@ & QPM progeny of seven non-
QPM lines crossed with six QPM testers. The mednegafor endosperm hardness,
protein and tryptophan content, and QI, were 32% (ating),10.9, 0.13, and 1.20,
respectively The F, progeny means ranged from 0.10 to 0.14, 9.B0t@3, 0.91 to 1.45,
and 2.65 to 4.06 for tryptophan and protein contépt and endosperm hardness,
respectively. P2579W/CML144 had the bespFogeny, followed by K64R/SO503W for
endosperm hardnedsor tryptophan content the best progenies hadpadphan value of
0.14, with 21 of them achieving tha&64R/RO452W had the best, progeny for QI,

followed by the progeny of T1162W/CZL01005. For tein content the best progeny
was that of M162W/SO607W, followed by that of M16Z2WW1L144, J8OW/SO713W,
P2579W/S0503W and K64R/SO607W.

6.4.3 General combining ability effects of lines ahtesters

The GCA of lines and testers for QI, endosperm iesd, tryptophan and protein content
are presented in Table 6.4. The lines with the B&3A effects for protein were M162W
(0.46) and J80W (0.41) with T1162W having the megative GCA effect for this trait
(-0.69). K64R had the highest positive GCA effemt éndosperm hardness (0.22), while
T1162W had the highest negative GCA effect (-020pwed by R2565Y (-0.19). For
endosperm hardness lines with negative GCA efim&onsidered the best; in this case
these were T1162W (-0.204) and R2565Y (-0.195). [iiee with the best GCA effect
value for Ql was T1162W (0.073), while the line lwihe worst GCA effect was M162W
(-0.056). The tester with the best GCA effect fostpin was SO503W (0.33). SO607W,
which was the second best tester for protein cori@81), had the highest and best GCA
tester effect for tryptophan (0.0073) and QI (0)0&IO452W was the worst tester with a
negative GCA value for protein (-0.47) and tryptapi{(-0.007) content. The tester with
the best GCA value for endosperm hardness (-0.34) @ML144 followed by SO503W
(-0.23), with CZL01005 having the poorest negatesgter effect of 0.43.
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Table 6.3 Means and rankings for four grain qualiy traits of 42 F, QPM

progeny of seven line and six tester crosses

F, progeny Endosperm hardness scores Tryptophan Quigy Index Protein

Mean Rank Mean Rank Mean Rank Mean Rank
J8OW/CML144 2.95 12 0.140 5 12 22 11.73 7
J80W/CZL01005 3.28 28 0.130 24 1.19 24 10.95 21
J8OW/RO452W 3.09 20 0.123 31 11 35 11.30 15
J80W/S0503W 3.05 17 0.140 6 13 9 10.80 25
J80W/SO607W 3.05 16 0.143 1 1.26 16 11.37 12
J8O0W/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 351 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 12 21 11.80
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 16 121 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 331 30 0.140 8 1.29 10 10.87 23
M162W/CML144 2.84 6 0.143 2 121 18 11.83
M162W/CZL01005 3.77 38 0.133 22 1.14 29 11.73
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 26 113 32 11.47 10
P2579W/R0O452W 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/0607W 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 12 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 12 10.93
Range 2.65-4.06 0.10-0.14 0.91-1.45 9.3-11.97
LSD (.05 0.805 0.017 0.19 10.91

LSD= Least significance difference; Red colour=tep rankings
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Table 6.4 GCA effects of lines and testers for ptein and tryptophan content,
quality index and endosperm hardness
Inbred lines Protein Tryp Ql 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
SO503wW 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=Quidiitiex; Black bolded colour=best value; Red colowerest value

6.4.4 Percentage contribution of lines, testers,nd their interactions to the

expression of four grain quality traits

SCA (lines x testers) contributed a larger peraggataf variation to majority of the
measured traits compared to lines and testers €T@abl). SCA contributed about 52%,
82%, 84% and 29%, respectively, to variation fart@in content, tryptophan content, QI
and endosperm hardness; while GCA of testers (QR&%) contributed about 50% to
endosperm hardness, 16% to tryptophan content18%ato protein, with the GCA of
lines (normal endosperm) contributing about 31%%2. 12% and 21% to protein

content, tryptophan content, QI and endosperm lessjrespectively. Overall the GCA
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of lines and testers contributed less than 50% | tiha traits except endosperm hardness
(Table 6.5).

Table 6.5 Percentage contribution of GCA of lineand testers, and their SCA to
the expression of four grain quality traits

Genetic components  Protein Tryp Ql 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=Quditiex

6.4.5 Specific combining ability effects

The SCA effects of the lines and testers for eneéimshardness, tryptophan content, QI
and protein content are presented in Tables 6.8, @8 and 6.9, respectively. For
endosperm hardness the best cross was K64R/SO508WABCA effect of -0.52. The
poorest SCA (0.50) was between K64R and SO607W. TDest cross was
T1162W/R0O452W for tryptophan content (0.017), wthitke poorest crosses were
M162W/RO452W and T1162W/SO713W with SCA values 6f027 and -0.026,
respectively. A cross between K64R and RO452W hadighest SCA effect (0.25), for
QI and the lowest SCA effect (-0.28) was obtained T1162W/SO713W. For protein
content the cross with the best SCA (0.71) was K&B713W, and the worst (-1.013)
was K64R/RO452W.
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Table 6.6 Specific combining ability effects for etlosperm hardness

Line
Tester M162W R2565Y K64R J80OW 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 9®.1
CZL01005 0.014 0.184 0.222 -0.237 -0.085 0.222 20.3
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=poovasie

Table 6.7 Specific combining ability effects for typtophan content

Line
Tester M162W R2565Y K64R J80wW  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 20.01
SO607W  -0.008 0.005 0.001 0.003 -0.001 0.000 10.00
RO452W  -0.027 0.000 0.012 -0.002 0.000 0.001 0.017

Black bolded colour=best value; Red colour=poovasie
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Table 6.8 Specific combining ability effects for qality index

Line

Tester M162W R2565Y K64R J8OW  L116W P2579W T1162W

CML144 0.044 0.037 -0.056 -0.002 -0.083 0.069 -8.00
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 0.06
SO607W  -0.092 -0.002 -0.044 0.051 0.096 0.018 2-0.0
RO452wW  -0.225 -0.024 0.248 -0.070 -0.009 -0.017 0.097

Black bolded colour=best value; Red colour=poovasie

Table 6.9 Specific combining ability effects for potein content

Line

Tester M162W R2565Y K64R J8OW  L116W P2579W T1162W

CML144 0.573 0.089 -0.097 0.523 -0.230 -0.111 -0.74
SO713wW  -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 0.12
RO452w  -0.311 0.123 -1.013 0.439 0.087 0.139  0.537

Black bolded colour=best value; Red colour=poovasie

6.5 Discussion

According to Bernado (1991) and U&t al. (1994) the basis for index selection for
characteristics should be based on the genetiati@rj heritability, and economic value
of each characteristic. In the present study thesipdity of selection for improved
protein quality and hard endosperm phenotype walkcated by highly significant
variation among the JFQPM progeny for all four traits measured. Seveeskearchers
have reported similar results for endosperm maation, tryptophan and protein content
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(Gissa, 2008; Machidat al., 2010; Mutimaambeet al., 2010) and QI (Gissa, 2008;
Machidaet al., 2010). Majority of the traits in QPM are basedendosperm hardness
and tryptophan content. The three best crosseerdosperm hardness had GPM
progeny with mean values of 2.65 (P2579W/CML144%62(K64R/SO503W) and 2.7
(T1162W/CML144). For tryptophan content half of theQPM progeny had a value of
0.14. M162W/CML144 had the best BPM progeny for both tryptophan and protein
content, whilst for QI K64R/RO452W had the besteidfore the top 10 crosses selected
based on endosperm hardness of their(QPM progeny, were P2579W/CML144,
K64R/SO503W, T1162W/CML144, R2565Y/CML144, R2565007W,
M162W/CML144, K64R/CML144, R2565Y/SO503W, R2565Y/B&2W and
T1162W/SO503W. The best crosses in terms of endwspardness, tryptophan content
and QI of their F QPM progeny were P2579W/CML144 and T1162W/SO503W.

Plant breeders have extensively used componemarigince and heritability estimates in
selection of promising genotypes and predictiordesirable traits (Morakinyo, 1996).
Highly significant GCA mean squares for lines aestérs and SCA mean squares for line
X tester combination were obtained for the majodfythe traits in the present study.
These results indicated the importance of bothtagdand non-additive gene effects for
most of the traits. Gissa (2008) conducted compirability studies on QPM x QPM
under optimum and stressed environments and reptrse GCA mean squares for lines
and testers were highly significant for endosperandhess, tryptophan and protein
content and QI; while SCA effects were only sigrafit for endosperm hardness and
protein concentration under optimum conditions. S@as not significant for these traits
under stressed environments. He further highlightesl importance of additive gene
action for most traitslf the GCA mean squares are not significant, athéscase for
tryptophan content for lines and QI for testerghia current study, Narret al (2003)
indicated that it is advisable to select lines dasely on SCA. However if SCA is not
significant as in the case of endosperm hardnesfrmance of single-cross hybrids can
be predicted adequately on the basis of GCA (Bdl&#8). Kooneet al. (2005) reported
highly significant mean squares due to lines fgptiophan and protein content, testers for
protein content and line x tester for both traikkeir results were different from the
present study in the sense that GCA of lines wassigmificant for tryptophan content
while for the tester it was highly significant. Kuoer et al. (2005) indicated the
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predominance of non-additive effects for proteid &yptophan content which is similar

to the present study.

GCA effects means additive gene action is assatiain alleles at the same locus; while
SCA indicates dominant gene action plus epistasisraction of genes at different loci)
and other gene interactions (Holland, 2001). SCi&ctf were highly significant and
contributed more than 80% to F2 QPM progeny vammafor tryptophan content and Ql,
and more than 50% for protein content, while fod@sperm hardness it was not
significant and its contribution was less than thiathe testers (50%). The results of this
study were consistent with the known genetic bakisyptophan content and endosperm
hardness. In QPM, tryptophan content is controligdhe recessive opaque-2 gene and
its interaction with modifier genes and hence thmpartance of both dominance and
epistasis as indicated by the high SCA. Howevelljtag gene action seems to be more
important than dominance and epistasis as indidagddgher GCA effects. These results
are not in agreement with those of Mutimaarebal. (2010) who reported that additive
gene action was predominant in the control of pno&nd tryptophan content in a
combining ability analysis study of QPM and non-Qmibred lines. The results for
endosperm hardness were however in agreementatitiive gene effects played a

major role in the control of the trait.

Machidaet al. (2010) reported highly significant GCA and SCAeets. According to
their report GCA effect was the largest contribuimrhybrid variation with more than
70% contribution of the hybrid sum of squares fomptophan and protein content,
endosperm hardness and QI, thus confirming thaitiaeldgene action was more
important than non-additive effects for all theitda Their findings were similar to
findings of the current study on the significandeG&CA effects for the majority of the
traits and differed for SCA effects since SCA efffewere highly significant for protein,
tryptophan and QI and non-significant for endospbardness. Furthermore it differed in
terms of gene action and components ef ZPM progeny variation, because they
emphasised that additive gene effects were morertaupt than dominant gene effects
and that GCA effects were the major contributohybrid sum of squares; while in the
present study it is the opposite since non-addigeee effects were more important and

SCA was the biggest contributor to, rogeny variation for all traits except for
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endosperm hardness, where GCA of the testers veatatpest contributor with 50%.
Hohls et al. (1996) studied gene action of QPM inbreds for espdom hardness and
indicated highly significant GCA and SCA effectshely further indicated that GCA
effects were more important and additive gene aati@de a major contribution to sum

of squares of the crosses and that selection steuchsed on GCA.

Good GCA for a normal endosperm line means thdt adme can easily be converted by
any QPM donor line whereas a normal endospermwitie poor GCA cannot be easily
converted. The normal lines with the best GCA valwere M162W for protein content
and T1162W for QI and endosperm hardneskhough GCA effects of lines for
tryptophan were not significant, J80W and P2579Weviee best general combinefsie
lines with the most desirable and significant GGfe@s for endosperm hardness were
T1162W and R2565Y. J80W and T1162W were identifisdhe best general combiners
for QI, whilst for protein M162W and J8OW were gogeheral combiners.

A QPM tester with good GCA means it is a good ddrewause it converts many lines to
desirable levels of tryptophan content, endospeardrtess, QI and protein content. Also
the best donor converts well for all important QBEmts namely high tryptophan content,
endosperm hardness and good quality protein. Therdwith the best GCA for protein
content and endosperm hardness was SO503W, whédsbést donor for tryptophan
content, QI and protein content was SO607W. CMLM&4 also the second best donor
for QI although the GCA tester effect for QI wag sanificant. These donors can be
used as parents for the development of new QPNvartdteither through the conversion
of normal maize to QPM germplasm or QPM x QPM aeesSissa (2008) and Machida
et al. (2010) also reported that CML144 was identifiedlaes best general combiner for
endosperm hardness. In this study RO452W had aiypo$CA effect for endosperm
modification. These results are similar to the imgd of Hohlset al. (1996), who also
reported a positive GCA effect for the inbred line.

The best SCA refers to or identifies the best $jpecombination(s) for the trait(s) of
interest. For example which specific combinatiomofmal line x QPM donor provides
the highest tryptophan content, best hardness,@kediest protein or a combination of
essential QPM traits. For endosperm hardness thiecbess was K64R/S0503W with a
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SCA effect of -0.52, whilst the poorest SCA (0.8@)s between line K64R and SO607W.
The best cross was T1162W/R0O452W for tryptophanerdn(0.017), whilst the poorest
crosses were M162W/RO452W and T1162W/SO713W witA 8&lues of -0.027 and -
0.026, respectively. A cross between K64R and R@A%®ad the highest SCA effect
(0.25), for QI and the lowest SCA effect (-0.28)swbtained for T1162W/SO713W. For
protein content the cross with the best SCA (0wdg K64R/SO713W, while the worst (-
1.013) was K64R/RO452W. SO503W was a good spewiiicbiner as indicated by the
significant negative SCA effects for endosperm hass; whilst SO607W was a poor
combiner for the trait. The GCA effects for RO452mM CZL01005 were significantly
positive, while that of SO503W was significantlygaéve. For tryptophan content
RO452W and SO503W had a positive significant SCfeotf The GCA effect for
RO452W was significantly negative and SO503W ngmifcantly positive. RO452W
had the highest SCA effect, with SO713 and SO50&Wdothe best specific combiners
for Ql. GCA effects for these testers were non4ficgnt for this trait. As for protein
content most of the testers had significantly pesiSCA effects, with SO713W and
CZL01005 considered the best specific combinerss&hesters had GCA effects that are
non-significantly negative and positive, respedsivéccording to Tyagi and Lal (2005)
parents with poor GCA might produce better hybndsile parents with good GCA
effects sometimes produce better hybrids. Someeofihdings for the current study agree
with the above statement.

Maternal effects were important in the expressibprotein content and QI, and this was
shown by higher GCA mean squares of lines thandhétstersGCA mean squares of

testers were higher than those of lines for endosgerdness and tryptophan content,
suggesting that paternal effects were more impbrfan endosperm hardness and
tryptophan content. This means that these trait® wiependent on the direction of the
cross. The implication of the results in a QPM asiwon/breeding programme means
that QPM donors need to be used as females initaad oross for protein content and Ql,

while for tryptophan content and endosperm hardi@@88 donors are to be used as
males in order to confer the traits. Machielaal. (2010) reported that maternal and
paternal effect exists, and that the presenceanbnecal crosses accounted for about 7 to
13% of the hybrid sum of squares. Results of theeoti study were in agreement with

Machidaet al. (2010), that maternal and paternal effects weesgt in E progeny.
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6.6 Conclusions

Highly significant mean squares of lines, testerd bnes x testers were observed for all
traits except for tryptophan content (lines), @sters) and endosperm hardness (lines x
testers), indicating that both additive and nonHaggl gene action are important for
controlling the majority of the traits. Contributiaof SCA (lines x testers), was higher
than that of GCA for lines and testers for alltgaxcept endosperm hardness. GCA of
females was larger than GCA of males, indicatirag thaternal effects are important for

the majority of the traits.

The present study helped in identification of linessters and crosses for grain quality
traits which can be exploited for further improvertgein a breeding programme. In terms
of GCA effects the best inbred lines which can Igase converted to QPM for the
majority of the traits were J80Wand T1162W. Thet lmeors based on GCA for all or
specific QPM traits were CML144, SO503W and SO60R@452W was identified as a
donor line with good SCA effect for the majoritytbie traits except endosperm hardness.
Identified donors can be utilised in future bregdmmogrammes for development of QPM
with enhanced grain quality traits and for the asion of well-adapted normal maize
genotypes into QPM counterparts. The following nalrm QPM inbred combinations
were good and therefore recommended for further amckment to
homozygous/permanent QPM inbred lines for the ARE€ething programme; K64R x
SO503W, T1162W x RO452W, K64R x RO452W and K64ROZ 83W. SO503W was a
good specific combiner for endosperm hardness;swlB0O607W was a poor combiner
for the trait. RO452W and SO503W were good spedfenbiners for tryptophan
content. RO452W, SO713W and SO503W being the Ipestifec combiners for QI. As
for protein content SO713W and CZL01005 were th& bpecific combiners. However
the performance of those testers also needs tomff@roed, 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 ofat communities and it is grown by

both commercial and small-scale farmers. The nomal quality of maize is, however,

extremely poor in two essential amino acids, lysnd tryptophan. Malnutrition mainly

affects rural communities and is considered a natipriority in SA. QPM can be useful

since it has been used in other African countr@saddress malnutrition problems,
because its protein has twice the amount of lyametryptophan as compared to normal
maize. The levels of these limiting amino acidsniormal maize can be genetically
improved. Index selection for each trait shouldblbsed on genetic variation, heritability,
and economic value. The objectives of this studyewte (1) investigate the effect of

pollen parents on tryptophan content in QPM inblieds; (2) analyse GEI and do

stability analysis of QPM inbred lines for kernelrtiness, protein, tryptophan, oil, and
starch content under optimum and low N environme@scompare the performance of
QPM genotypes to normal maize genotypes for graility traits and investigate the

relationship between grain traits under low andiropin N environments; and (4)

estimate general combining ability and specific bormg ability of South African QPM

inbred lines and the identification of good donfarsgrain quality traits.

It was important to study pollination effects ogpttophan content, in order to determine
whether it is necessary to self-pollinate inbreedi when planting them for evaluation in
field trials. Tryptophan concentration of the gedilinated inbred lines did not differ
significantly from the cross-pollinated materialhig indicated that cross-pollination
effect does not play a major role in the controltigfotophan content in QPM. The
findings of this study meant that pollen from Hanale, which was the male parent, did
not have a major effect on the tryptophan contdérthe 12 inbred lines. These results
indicate that it is not necessary to self-pollin@®@M inbred lines when evaluating them
in small research plots, since the potential ofittteeds can be accurately determined in
open pollinated fields. However, in order to camfithese results additional research
should be done with more than one male parenth®rsame number of females. Future
research on inbred lines should, however, be dankiding the effect of location and the
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pollination methods on tryptophan content, as §icgmt differences have been reported

when genotypes were evaluated under multi-locdtiats.

Significant genotypic differences were observed &l traits measured in different
environments. Genotype effects were larger thair@mwment and GEI effects for most of
the traits measured. The existence of genetic miditlaamongst the QPM inbred lines
will allow for selection for further improvement e breeding programme. The large
genetic variation encountered under low N enviromi:iereates an opportunity to exploit
the QPM inbred lines even more effectively in ortedevelop hybrids that are adaptable
or tolerant to these environments. The resultsoiss environment analysis revealed that
in some instances both low and optimum N envirortsdrscriminated the inbred lines
similarly, which gave an indication of the posstlilof genetic improvement through
selection of genotypes that will perform well inthdow N and optimal conditions. As
expected, an increase in N fertiliser caused arase in the values of the majority of the
traits, while a decrease in N levels resulted icrei@ses. The inbred lines performed well
for the majority of the traits under both optimumdastress environments, which
indicated the tolerance of the germplasm availabtee country for low N environments.
These materials will be beneficial to farmers sitley usually plant maize under low N

conditions.

For the all the traits GEI was significant except £ndosperm hardness across all
environments, indicating the differential respon$¢he QPM inbred lines to contrasting

N levels, which also indicated the possibility @veloping hybrids or the formation of

specific populations for each environment in thezméreeding programme.

The AMMI and GGE analysis were efficient in anatygsiand interpreting GEI effects
which was shown by the large GEI extracted by laothlyses. GGE biplots were easy to
interpret because of their superior ability to walése the results and superiority to
partition G + GEI as compared to the AMMI biploBoth methods were similar in the
identification of genotype performance for QI, tiyphan and protein content; and
similar for determining stability of inbred linesrfthe majority of the traits. The ideal
genotypes were KO54W, Hans Male, KO54W, SO503W @ktlL144 for QI, protein,

tryptophan, oil and starch content respectively. MiMdentified the highest yielding
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environments while the GGE biplots were able toidg the ideal environments which
are most discriminating and representative of lal €nvironments. Both high yielding
and ideal environments from the two methods wergmamn N environments. GGE
biplots for “which won where” identified BO163W, K&W and SO713W as vertex
genotypes for tryptophan content, whitans Male and RO559W were superior in all
environments for protein content. KO54W and SO7186v in seven environments for
QI. Hans Male was superior at Cedara and Towoontnée BO503W was superior at
TWL, TSH, PH and TSL for oil content. CML144 wonseven environments for starch
content. As for further using GGE biplots for idénation of mega-environments future
studies need to be done which include year interastin order to identify and validate

mega-environment results.

It is encouraging to see that QPM varieties havenhenproved to have grain quality
similar to non-QPM varieties which is extremely iong@ant for the maize industry. The
maize industry follows strict standards for accbf@gagrain quality traits; therefore it is
good to see that QPM genotypes evaluated in thdysineet the standards set for non-
QPM genotypes. This brings scientists a step clmskringing better nutrition to millions
of people who rely on maize. In SA farmers arergdted in producing QPM varieties;
however what is missing is linking QPM programmesthe existing maize industry,
because currently farmers that produce QPM aredfawiéh the problem that their
produce is mixed with non-QPM at the millers andoselly there is no price incentive

involved in producing this nutritious maize.

Genetic variation observed for tryptophan contenthe genotypes can be useful in the
QPM breeding programmes, with newly developed sftith to be tested across more
environments to determine their stability. The ogafor non-significant protein, starch
content and endosperm hardness differences betyer@types might be due to the fact
that the commercial QPM hybrids available have baaproved for those traits,
especially protein content and endosperm hardsesthat they perform better or similar
to non-QPM varieties. This shows the amount of ckehn and effort given to the
development of QPM varieties, and this is confirmmdthe newly developed QPM
synthetics from the ARC-GCI which are also perfargnsimilar for all grain quality traits

except for tryptophan content and quality indexueafor which they perform better than
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non-QPM.Overall Obatampa-SR was the best performer underNoand optimum N
environments for endosperm hardness (2.24; 2.28(0.@3; 1.14), protein (9.98; 10.07),
tryptophan (0.07; 0.12), oil (5.10; 5.27) and dtacontent (70.15). The best five varieties
for tryptophan and QI under low and optimum N eonments were Synl5QW,
Syn9QW, QS7705, QS7707 and QS7715.

Correlated traits make it easier for simultaneoediion of grain quality traits.
Interdependent relationship was observed for moaingquality traits in this study.
Endosperm hardness was significantly positivelyredated with QI, whilst protein was
significantly correlated with the majority of theaits. Most of the correlations were
significant. Tryptophan content and QI, and stamold oil content were positively and
negatively highly correlated at almost 100% and #@%pectively at low, optimum and
across N environments. However to come up with lesinee recommendations, further
studies with more locations and a large numberPiM@enotypes are required under low
and optimum N environments to determine the stgbdf genotypes for grain quality
traits, thus seeking a deeper understanding ofdlationships and GEl, in the view of

increasing the efficiency of breeding programmeN &iress conditions.

In a QPM breeding programme the existence of gewetiability for grain quality traits
is of major importance, since it will allow for setion of those traits..fprogeny differed
significantly for all traits, showing the existenctlarge variability amongst QPMs. The
significance of GCA and SCA mean squares suggestsriportance of both additive and
non-additive variance for the majority of the tsai€ontribution of SCA (lines x testers),
was higher than that of GCA for lines and testersrhost traits, with contribution of
between 29-83% to the sum of squares; except fdosperm hardness. For endosperm
hardness GCA for tester was the highest contribtdaiotal sum of squares by 50%.
Larger GCA of females than males showed the impogaf maternal effects in most of
the traits when QPM and non-QPM inbred lines weossed. Donors identified from this
study will be further utilised in future breedingogrammes for development of QPM
with enhanced grain quality traits and for the aasion of well-adapted normal maize
genotypes into QPM counterparGCA tester effects revealed that the best donors we
CML144, SO503W and SO607W, while RO452W was idettifas a tester with good
SCA effect for the majority of the traitén terms of GCA effects the best inbred lines
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which can easily be converted to QPM for the mgjoof the traits were JBOW and
T1162W. The following normal x QPM inbred combinations weyeod and therefore
recommended for further advancement to homozygeusimnent QPM inbred lines for
the ARC breeding programme; K64R x SO503W, T1162WR®452W, K64R X
RO452W and K64R x SO713W. As for protein conten7 88W and CZL01005 were
the best specific combiners. However the perforraaricthose testers also needs to be

confirmed, by crossing them to more inbred lines.

In conclusion, the present study has provided egleinformation on pollination parent
studies, combining ability and maternal effectated to QPM. The study further showed
that QPM hybrids developed in South Africa are ening similar to commercially

released non-QPM hybrids when evaluated under lo@ eptimum N conditions.

Correlated traits can be further exploited for imy@ment. Genotypes with good grain
quality traits have been identified for release dundher use in QPM improvement
programmes. The results obtained from this studlybenefit various stakeholders such

as farmers, and breeders from both private and@unsititutions.
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Summary

Genetic improvement of QPM can assist to better livelihoods of resource poor
communities and farmers in SA who rely on maizeM@®@rmplasm from the ARC-GCI
was evaluated to generate information to assisédems in improving the breeding
programme through designing efficient selectioncpoures that will reduce the time and
cost required to develop lines with improved nignial quality; in the process benefiting
small-scale farmers. Pollen parent effect was detexd by selfing and cross-pollinating
12 QPM inbred lines for tryptophan content. The patlination methods did not differ
significantly for tryptophan contengingle ANOVAs detected genotypic differences for
grain quality traits, while combined ANOVAs acraaght environments detected highly
significant genotype, environment and GEI effeats &ll traits except endosperm
hardness. The AMMI and GGE biplot analyses expthineore than 60% of GEI
variation. GGE biplots were the best for visualmatof environments and cultivar
performance. AMMI and GGE biplots were similar identifying high performing
genotypes for all traits except for oil contentdahe most stable genotypes except for
starch and tryptophan content. The GGE biplots titled the ideal genotypes as
KO54W, KO54W, Hans Male, SO503W and CML144 for @fptophan, protein, oil and
starch content respectively. GGE biplots identifi€ddara optimum N as the most
representative and discriminating environment fdr ®@yptophan and starch content,
Tshiombo optimum N for protein and Potchefstroortiropm N for oil content. Twenty
QPM and non-QPM genotypes were evaluated underalmdvoptimum N conditions in
two locations and highly significant environmenteefs were observed for all traits,
whilst significant genotypic differences and GElrev@bserved for tryptophan content
and QI. Most of the traits improved with incread¢devel. QPM varieties performed
significantly better than non-QPM varieties for gigphan content and QI in all
environmentsTryptophan content was highly significantly cortethwith QI (r = 0.95,
0.98 and 0.97), while starch content was signitiganegatively correlated with oil
content (r = -0.72, -0.65 and -0.67) in low, optimand across N environments. Line X
tester analyses of QPM inbred lines showed higigiyiicant GCA mean squares of lines
and testers for most traits and highly signific&@A mean squares for all traits except
endosperm hardness. Contribution of SCA (linesstets), was higher than that of GCA
for lines and testers for most traits, with conitibn of between 29-83% to the sum of
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squares; except for endosperm hardness. For errdo$pedness GCA for tester was the
highest contributor to total sum of squares by 508 ger GCA of females than males
showed the importance of maternal effects in mdsthe traits. Among the testers
CML144, SO607W and SO503W had the best GCA forntlagority of the traitsFour
crosses viz., K64R x SO503W, T1162W x RO452W, K64RO452W and K64R x
SO713W were promising for endosperm hardness,dpyyan content, QI and protein
content, respectivelyin general RO452W was the best specific combinbe present
study provides novel results on pollination methddEl, AMMI and GGE analyses, line

X tester analysis, and correlation of grain qualidyts of QPM germplasm in SA.

Keywords: QPM, GEI, AMMI, GGE biplot, stability, pollination efféc line x tester
analysis, combining ability
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Opsomming

Genetiese verbetering van QPM kan bydra tot dibeatering van lewenskwaliteit van
hulpbronarm gemeenskappe in SA wat afhanklik is maglies. QPM kiemplasma van
die LNR-SGI is geévalueer om inligting te genereat telers kan help met die
verbetering van teelprogramme deur effektiewe sgdgkosedures te ontwerp wat die tyd
en koste vir die ontwikkeling van lyne met verbdeervoedingswaardes sal verminder,
wat gelyktydig ook bestaansboere sal bevoordeeifnstelouer effekte is bepaal deur die
self- en kruisbestuiwing van 12 QPM ingeteelde lymetriptofaan inhoud. Die twee
bestuiwingsmetodes het geen betekenisvolle veeskill triptofaan inhoud getoon nie.
Enkel ANOVAs het genotipiese verskille getoon viegnkwaliteitseienskappe, terwyl
gekombineerde ANOVAs oor agt omgewings hoogs beiskelle verskille getoon het
vir genotipe, omgewing en GEI effekte vir alle eskappe behalwe endosperm hardheid.
Die AMMI en GGE “biplot” analises het meer as 60%nvdie GEI variasie verklaar.
GGE “biplots” was die beste vir die visualiseringnvomgewings and cultivar prestasie.
AMMI en GGE “biplots” was soortgelyk vir die idefikasie van hoogs produktiewe
genotipes vir alle eienskappe behalwe stysel etotaan inhoud. GGE “biplots” het die
mees ideale genotipes geidentifiseer as KO54W, KQ5Klans Male, SO503W en
CML144 vir QI, triptofaan, proteien, olie en stysghoud onderskeidelik. GGE “biplots”
het Cedara optimum N as die mees verteenwoordigendgiskriminerende omgewing
geidentifiseer vir QI, triptofaan en stysel inhoddhiombo optimum N vir proteien, en
Potchefstroom optimum N vir olie inhoud. Twintig f@Pen nie-QPM genotipes is
geévalueer onder lae en optimum N omstandighedevee omgewings, en hoogs
betekenisvolle omgewingseffekte is gesien vir alenskappe, terwyl betekenisvolle
genotipiese verskille en GEI gesien is vir triptofainhoud en QI. Meeste van die
eienskappe het verbeter onder hoér N toestande. g#Pitipes het betekenisvol beter as
nie-QPM genotipes gepresteer ten opsigte van tagtoen QI in alle omgewings.
Triptofaaninhoud was betekenisvol gekorreleer mét (&0.95, 0.98 en 0.97), en
styselinhoud was betekenisvol negatief gekorreteet olie inhoud (r=-0.72, -0.65 en
-0.67) in lae, optimum en oor N omgewings. Lyn gtger analises van QPM ingeteelde
lyne het hoogs betekenisvolle GCA gemiddelde kwadvan lyne en toetsers vir meeste
eienskappe getoon, en hoogs betekenisvolle SCA dgtdie kwadrate vir alle

eienskappe behalwe endosperm hardheid. Bydrae @an(I$ne x toetsers) was hoér as
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die van GCA vir lyne en toetsers vir meeste eiepg&amet bydraes tussen 29-83% van
die som van kwadrate, behalwe vir endosperm haildh&r endosperm hardheid was
GCA vir die toetser die hoogste bydraer tot tosden van kwadrate van 50%. Groter
GCA van wyfies as mannetjies het die belangrikivaid moedereffekte in meeste van die
eienskappe getoorVan die toetsers gebruik het CML144, SO607W en 3Wbalie
beste GCA gehad vir die meeste eienskapfier kruisings nl. K64R x SO503W,
T1162W x RO452W, K64R x RO452W en K64R x SO713W pwensiaal getoon vir
endosperm hardheid, triptofaan inhoud, QI en peoteinhoud, onderskeidelikor die
algemeen was RO452W die beste spesifieke kombieeddierdie studie het nuwe data
gegenereer ten opsigte van bestuiwings metodes, ABMGGE analises, lyn x toetser

analise, en korrelasie van graankwaliteitseienska@p QPM kiemplasma in SA.

Sleutelwoorde: QPM, GEI, AMMI, GGE biplots, stabiliteit, bestuiwingseftte, lyn x

toetser analise, kombineervermoé
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