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ABSTRACT

Maize (Zea mays L.) is the most important cereal in Africa, but a number of constraints
including biotic, abiotic and socio-economic factors affect its production. The abiotic factors
such as drought, low nitrogen (N) and heat contribute to the low grain yield production, which
creates a challenge that needs to be addressed by researchers. Thus, development and use
of early maturing maize hybrids could help in stabilizing maize production. Early maturing
maize hybrids help in reducing the growing period to escape some of the abiotic stresses that
contains variability for high yield potential and adaptive traits. This study, therefore, was aimed
at breeding and identifying early maturing maize hybrids cultivars that are tolerant to drought
and low N stresses. Fifty early maturing maize hybrids including six commercial checks were
evaluated under stress and non-stress environments during the 2016/17 maize growing
season in South Africa. The objectives were (i) to estimate variance components, correlation
and path coefficients among grain yield and secondary traits in early maturing maize hybrids
across stress and non-stress environments and (ii) to evaluate genotype by environment
interaction effects and stability for grain yield performance in early maturing maize hybrids

across stress and non-stress environments.

To estimate the variance components, correlation and path coefficients among grain yield and
secondary traits in early maturing maize hybrids across stress and non-stress environments,
guantitative traits data including grain yield and its secondary components were recorded.
Statistical analyses revealed that the effect of genotype, environment and genotype by
environment interaction were significant (P<0.01) for all the traits. Hybrids CZH16084,
CZH16064 and CZH16095 under managed drought, low N and optimum environments,
respectively, were identified as the outstanding genotypes for grain yield and recommended
for further testing, release and registration. High magnitude of phenotypic and genotypic
coefficient of variation as well as high heritability were recorded for each single environment
for anthesis days, silking days, ear height and plant height, suggesting that those traits
interacted with the environment. Grain yield was positively correlated with anthesis days and
ear height, field weight, grain moisture at Potchefstroom while at Lutzville and Cedara had
negative correlation with those traits, suggesting that the genotypes differed significantly for
most of the phenotypic traits. Path coefficient analyses revealed that anthesis days and
anthesis-silking interval had positive direct effects while silking days, plant height and ear per
plant had a negative direct effect on grain yield in all the environments. These traits are

recommended for effective selection to the improvement of maize grain yield.



To evaluate genotype by environment interaction effects and stability for grain yield
performance in early maturing maize hybrids across stress and non-stress environments, data
collected from all environments which were Lutzville (managed drought), Potchefstroom
(optimum), Cedara (optimum) and Cedara (low nitrogen) during the 2016/17 summer planting
season, were subjected to ANOVA and GGE biplot analyses. Analysis of variance for individual
environments showed that the genotype mean squares were significant at P<0.01. The
ANOVA across environments showed that the genotype, environment and genotype by
environment interaction mean squares were significant at P<0.01 for grain yield. From the GGE
biplot analysis, the two principal components (PC1 and PC2) contributed 64.8% of the total
variability due to genotypes plus genotype by environment interaction, with PC1 and PC2
accounting for 35.97% and 28.83%, respectively. The use of GGE biplot analyses provided a
clear basis for determining the stability and performance of the 50 early maize hybrids and
ranked them according to order. The best performing genotypes were G13 (CZH15448), G46
(CZH15574), G15 (local check 2), G33 (CZH16094), G7 (CZH16083), G20 (CZH16090) and
G4 (CZH16089). The following hybrids were adapted to specific environments as follows: G26
(CZH16070), G34 (CZH16074), G9 (CZH15499) and G18(CZH16071) at Cedara (optimum)
conditions; G46 (CZH15574), G40 (CZH16069) and G12 (CZH16080) excluding the checks
G23 (local check 1) and G14 (SC301) at Potchefstroom (optimum); G22 (CZH16093), G6
(CZH15575), G49 (CZH16068) and G17 (CZH15600) excluding the check G15 (local check
2) at Cedara (low N) and G33 (CZH16094), G37 (CZH15184), G41 (CZH16082), G28
(CZH16076) and G8 (CZH16065) at Lutzville (managed drought). The GGE biplot analysis
also identified nine stable and high yielding genotypes, which included G6 (CZH15575), G46
(CZH15574), G22 (CZH16093), G49 (CZH16068), G12 (CZH16080), G17 (CZH15600), G28
(CZH16076), G47 (CZH15452), and G8 (CZH16065). These genotypes will contribute to high
maize yields and stable grain production in specific and across environments and are

therefore, recommended for further testing and release.
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CHAPTER ONE

General Introduction

1.1 Importance and origin of maize

Maize (Zea mays L.) is the most important food source in the world and is recorded to have
originated from a wild grass called teosinte in Mexico around 7000 years ago. The Native
Americans are believed to have domesticated and improved maize into a better source of food
for human consumption (Ranum et al., 2014). The crop was later distributed to the rest of the
world as an improved cultivar. According to Meng and Ekboir (2001), maize is ranked as the
second most important cereal after wheat around the world. In addition to high demand as
food in Africa, maize is also fast becoming a very important agricultural export crop within the
region (Asea, 2005). In South Africa (SA), demand for maize grain is forecasted to surpass
that of wheat and rice by 2020, with about 14.5 million tonnes produced annually which is high
in grain yield per unit area of land (FAO, 2017).

Maize is a versatile crop that is grown over a wide range of agro-climatic zones. It serves as
a multi-purpose crop for food, medicinal purpose, animal feed, biofuel, and raw material in the
synthesis of a broad range of industrial products (Zhou et al., 2009). It is cultivated extensively
in Africa mainly for its carbohydrate-rich kernel. Apart from being a source of food, maize also
provides a supplementary source of income to farmers, especially rural women. Between now

and 2050, in the developing world maize demand will double (Anley et al., 2013).

1.2 World maize production and climate change

Climate change and weather patterns pose many challenges to large-scale farmers and
subsistence farmers. However, climate change scenario shows that agricultural production
and the ability of many regions to achieve the necessary gains for future food security will be
negatively affected (Lobell et al., 2008). Climate change scenario for sub-Saharan Africa
(SSA) includes high periodic seasons and extreme temperature events and intensity of
drought and results in changing crop production (IPCC, 2007). Low yields are mostly linked
with drought stress, low soil fertility (especially low N), weeds, pests and diseases, low fertiliser
availability, low input usage and unsuitable seeds (Cairns et al., 2013). Farmers will be tested
for their resourcefulness and adaptation capacity since climate change is having an influence

on the production and improvement of maize (Adger et al., 2007).



Cultivars with increased tolerance to abiotic stresses including heat and drought stress will
play an important role in adaptation to climate change (Easterling et al., 2007; Fedoroff et al.,
2010; Hellin et al., 2012). Maize breeders have improved maize productivity through selection
based on the phenotype. However, a greater understanding of the complex biology of
guantitative traits and more evaluation of the broader genetic base of maize genotypes will be
required (Ram, 2011). Global production of maize is currently at 1031.86 million tonnes, with
the leading producer, the United States, producing 42% and Africa as a whole producing 6.5%.
Africa imports 28% of the required maize from countries outside the continent (USDA, 2017).
Table 1.1 shows the world production in 2016/17. Most maize production in Africa is rain-fed
and the irregular rainfall can trigger shortages during occasional droughts (IITA, 2016).

Table 1-1  Top 10 maize producing countries in the world

Rank Country Million metric tonnes
1 United States 337.5
2 China 224.9
3 Brazil 83.0
4 India 42.3
5 Argentina 40.0
6 Ukraine 39.2
7 Mexico 32.6
8 Indonesia 19.0
9 France 17.1
10 South Africa 155

Source: US Grains Council 2017

Maize production over the years has been decreasing in all countries due to the catastrophic
events such as prolonged drought and low nitrogen soils that have been happening, thereby
creating new market for maize to be imported/exported to nearby countries. Some countries
like China and the United States have not been significantly affected by the climatic changes

so far and they continue to produce to meet market demands.

1.3 Maize production in South Africa

The crop estimates committee’s figures indicated that in 2016/17 season, South Africa (SA)

increased the area planted with 2,629 million ha maize by 27% to 2.46 million with a total



production of 4,19 million tons under production compared to the previous season. In SA,
maize consumption is about 10.5 million tonnes per year, therefore, any production above that
would put the country in a good surplus position to produce more maize for export market
(Hartigh, 2016). Figure 1-1 shows the distribution and production areas in SA that produced

white maize harvested in 2015/16.
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Figure 1-1 Distribution of maize production areas in South Africa

Source: DAFF, 2017

2015/16 estimates suggested that white maize production in SA was 3.254 million tonnes
(31.3%) of 1.481 million tonnes less than the 4.735 million tonnes of 2015. Whereby, 2.948
million tonnes (or 47.5%) was less than the average of the five years, which was 6.201 million
tonnes up to 2015. The estimated yield for white maize was 3.21 t ha*, compared to 3.27 t ha"
! the previous season. In the case of yellow maize, the production estimate for 2016 was 4.283
million tonnes (or 18.0%) of 936 900 tonnes less than the 5.220 million tonnes the previous
season and 1.215 million tonnes (or 22.1%) less than the five-year average which was 5.498
million tonnes up to 2015. The estimated yield for yellow maize was 4.60 t ha, compared to
4.33 t ha'lin 2015 (DAFF, 2016).

Industrial consumption of maize consists mainly of ethanol, starch and fructose-glucose syrup
production. Global consumption is projected to expand by 19 million tonnes (or by 7.3%), of
which the expansion of ethanol accounts for only 4 million tonnes. SA industrial consumption
may seem low at 6% of domestic consumption compared with the global average of 28%;
however, one should take into account that SA does not produce maize-based ethanol or

glucose fructose syrup, and that ethanol production in the US is so significant that it raises the



global average. Excluding the US, the global average industrial consumption of maize is only
16%. Direct human consumption of maize typically accounts for just 11% of global maize
consumption and is projected to only increase by 9 million tonnes (or by 9%) between
2013/14 and 2019/20 (IGC, 2014). Among the countries studied, food consumption of maize
only played a significant role in SA and Mexico. According to reports by BFAP (2015), the role
of food consumption in SA is expected, however, to reduce in future, as larger portions of
maize production will be consumed by the animal feed sector as consumption patterns evolve
to favour animal and wheat based products. Figure 1-2 shows the SA production and

consumption of maize.
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Figure 1-2 Southern Africa maize production and utilization (2005/06 - 2015/16)

Source: FAO/GIEW (2015)

According to the Bureau for Food and Agricultural policy baseline report for 2016-2025, area
under white maize production in SA declined almost by 40% in 2015, because of drought in
the western regions of the country where most of the white maize is produced on dry-land than
other regions in the country. However, there was an increase in the maize production even

though drought or climatic change had an impact on many crops (Hartigh, 2016).



Table 1-2  Cereal production in South Africa from 2012-2016 and its 2017 forecast

2012-2016 2016 2017 forecast Change
Average 2017/2016
1000 tonnes percent

Maize 11 803 8214 14 500 77
Wheat 1777 1919 1600 -17
Barley 310 354 334 -6
Others 226 163 205 26
Total 14 116 10 650 16 639 56

Source: FAO/GIEW country cereal balance sheets 2016/17

1.4  Constraints to maize production

Despite maize being the staple food diet for over 300 million people in Sub-Saharan Africa
(SSA), its production is constrained by a number of biotic, abiotic and socio-economic factors
causing variation in grain yield as compared to other regions (Olaoye, 2009). The biotic
stresses include pest and diseases, while the abiotic stresses include drought, heat,
waterlogging and low sail fertility (low N). Among the above-mentioned constraints, increasing
drought incidences and infertile soils are the most limiting factors in maize production in SSA
(Edmeades et al., 2004). In most areas, including SA, drought and low soil fertility, especially
nitrogen deficiency, frequently occur together. Drought that occurs shortly before flowering
and grain filling can cause up to 37% crop loss and more (Banziger et al., 1999), while soil
nutrient depletion is a common consequence of most African agriculture (Smaling, 1993;
Smaling et al., 1997).

By 2050, it is estimated that demand for maize in the developing world would be almost double
the current demand (Rosegrant et al., 2008). Thus with the current situation of production
which is lagging far behind, estimates are not optimistic for the poor and marginal farm
families. In addition, under the changing climate situation, there is a further threat to maize
production in low and middle-income countries. Spatial analyses in recent years have
consistently predicted an average of 10% or even more decline in maize yields by 2050 for
SSA and Latin America mainly due to drought and low N (Lobell and Field, 2007; Thornton
and Gerber, 2010). According to Food and Agriculture Organization of the United Nations
(FAO, 2017), there was a 1.2 million tonnes reduction in maize harvest in 2017 and currently
it stands at 2.593 million tonnes, which is 0.6% below the 2016 actual yield level attributed by

drought and low N stress conditions.



Additional irrigation could potentially improve maize production in drought prone areas (Boyer
and Westgate, 2004; FAO, 2006; Derera et al., 2008; Nyombayire et al., 2011). However, the
majority of smallholder farmers cannot access irrigation due to various complications (Diallo
et al., 2001; Nyombayire et al., 2011). Therefore, understanding the environmental conditions
that contribute to drought tolerance and the expression of genetic variation for drought
tolerance is critical to the success of any attempts to breeding for drought tolerance. Several
scientists have studied the performance, adaptation and genetic variability in maize for grain
yield and other secondary traits under drought stress and non-stress conditions to see the
effect in terms of genotype with its environment and treatment interaction (Lafitte and
Edmeades, 1994; Banziger et al., 1997; Duvick et al., 2004; Edmeades et al., 2006).

The second most important constraint is poor soil fertility, which includes micronutrient
deficiency and low nutrient use efficiency. This is also ranked among the most important
factors limiting crop productivity and vyield stability in both high and low possible risk
environments (Prasanna, 2013). Genetics and breeding alone cannot solve the complex
challenge of enhancing productivity in smallholder farms, but there is a distinct need for
effective complementation of improved maize cultivars by suitable conservation agriculture
practices. Furthermore, agronomists and breeders have to work in collaboration to identify
cultivars that respond best to such practices, and for generating a better understanding of the
complex interactions between genotype, environment and management practices (Prasanna,
2013).

The major causes of low soil fertility are low application of external inputs, poor management
practices, poor native soils and continuous cropping on the same piece of land without
adequate use of fertiliser (Sanchez, 2010). This has resulted in the wide yield gap between
research and smallholder farmers' yields. In most of the countries of the SSA region, the
average maize yield is less than 1.0 t ha*, compared to yields of 10 t ha* or higher achieved
by researchers. On average, the estimated annual loss of maize grain yield due to low N stress
alone varies from 10-50% (Wolfe et al., 1988; Logrono and Lothrop, 1997). Thus smallholder
farmers, even those in well-watered areas, cannot realise the potential of enhanced

germplasm mainly because of low and declining soil fertility.

Climate change is also worsening the frequency and intensity of drought and low soil fertility,
further aggravating the challenges smallholder farmers face in SSA (Ertiro et al., 2017).
According to Nyombayire et al. (2011), only a few maize cultivars tolerate both drought and
low nitrogen. Efforts to improve maize productivity have focused on producing high yielding

and high input cultivars (Banziger et al., 1997; Banziger and Cooper, 2001; Nyombayire et al.,



2011), while smallholder farmers are faced with gradually degrading soil, decreasing crop
yields, and limited access to commercial inputs. Therefore, there is an urgent need to provide
the farmers with technologies that have significant returns and long-term sustainability. Poor
seed selection and limited use of new improved commercial cultivars are among the reasons
why farmers are not able to cope with the productivity demand (Okalebo et al., 2006). Bolafios
and Edmeades (1996) reported that breeding for maize cultivars with high and stable yields
under drought conditions remains the most practical option to enhance maize productivity for
many small-scale farmers. A better approach to helping subsistence farmers is thus selecting
cultivars that are well adapted and stable under multiple stress environmental conditions, such
as low nitrogen input levels and drought.

1.5 Statement of the Problem and justification

The demand for maize in SSA exceeds the production. Drought and low nitrogen are the major
production constraints throughout the SSA countries, thus creating a need for high yielding,
stable, low nitrogen and drought tolerant cultivars. The wide gap between potential and actual
yields due to climate change effects suggests a need for new improved, high yielding and
stable cultivars that are tolerant to multiple stresses for the smallholder farmers to reduce this
gap. This study is therefore, undertaken to evaluate early maturing maize hybrids for grain
yield under multiple stress environments. Hybrids have almost completely replaced the
conventionally open-pollinated cultivars because of their potential for higher and more stable
yields even under marginal environments (Schnable and Springer, 2013). Early maturing
hybrid varieties play a major role in multiple stress tolerance through their ability to escape
seasonal drought, which is currently prevalent due to climate change. Early maturing maize
hybrids are, therefore, capable of contributing significantly to food security, especially in
marginal rainfall areas (Badu-Apraku et al., 2013; Oyekunle and Badu-Apraku, 2017). lITA
(1992), Badu-Apraku et al. (2012) and Oyekunle and Badu-Apraku (2017) reported that early
maturing and extra-early maturing genotypes afford farmers the chance to market the crop
early as green maize at a first-rate price, as well as to use such genotypes for intercropping.
Hence, breeding for earliness in maize offers a viable cropping mechanism towards
addressing end-season drought among smallholder farmers who cannot afford irrigation

technology.

The phenology of the crop to the pattern of water availability matches the selection for
earliness. Since time from sowing to flowering and maturity are highly heritable traits, selection
for earliness can easily be accomplished (Banzinger et al., 2000). As climate change is

progressively leading to hotter and drier times, the effect of drought and low nitrogen



constraints on yield and yield components will intensify. The key focus in breeding for multiple
stress has been to expose the crop to stress at flowering and post-flowering stages of the
crop. This is the stage when the crop is most susceptible to stress (Banzinger et al., 2000).
Introgression of genes that are responsible for drought and low N in early maturing varieties
may lead to the development of cultivars that are tolerant to multiples stress. The use of early
maturing varieties tolerant to drought and low N provides opportunities to accelerate
productivity of maize in SA. Therefore, it is important to use modern selection techniques such
as molecular markers followed by multi-environment testing confirm consistence their
performance in yields. In addition, deployment and distribution of drought, low nitrogen
tolerant, high yielding, locally adapted early maturing maize hybrids cultivar can help in
improving food security in Africa (Muhammad et al., 2009). The goal of this study was achieved
through identifying the best high yielding, stable and adapted maize genotypes that are
recommended for further evaluation in other multi-environments to be registered and released

to farmers.

1.6 Research goal and objectives

The goal was to evaluate early maturing maize hybrids under multiple stress environmental

conditions for possible release in South Africa.
1.6.1 Objectives
The specific objectives of the study were as follows:
» To estimate variance components, correlation and path coefficients among yield and
secondary traits in early maturing maize hybrids across stress and non-stress

environments.

» To evaluate genotype by environment interaction and stability of grain yield in early
maturing maize hybrids across stress and non-stress environments.

1.7 Structure of dissertation

This dissertation is structured as follows:

1. Chapter One: General introduction

2. Chapter Two: Literature review



Chapter Three: Variance components, correlation and path coefficients analyses in

early maturing maize hybrids across stress and non-stress conditions

Chapter Four: Genotype by environment interaction and stability of early maturing

maize hybrids across stress and non-stress environments

Chapter Five: General overview of the research findings
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CHAPTER TWO

Literature Review

2.1 Introduction

This chapter reviews studies by other researchers on the development and improvement of
early maturing maize hybrids under multiple stress conditions. The section also identifies the
research gaps that exist and then presents the focus of the study conducted. The key areas
reviewed are: botany of maize, taxonomy, conventional breeding, importance of early-
maturing maize cultivars in sub-Saharan Africa (SSA), drought stress, low nitrogen stress,
random and managed drought stress screening, secondary traits and grain yield, heritability
and genetic components, correlations and path coefficient analysis, genotype by environment

interaction, stability of yield and its components and the conclusion.

2.2 Botany of maize

Maize (Zea mays L.) is among the most human-modified crops on earth. Its ancestor is
believed to be teosinte, a wild relative with a very small rachis that breaks at maturity to release
10 to 12 seeds enclosed in capsules (Nafziger, 2010). Selection over the years has produced
a maize plant that can grow up to 5 m tall, with a rachis on a single branch that contains as
many as 800 to 1,000 kernels covered by modified leaves (husks) that protect the kernels from
desiccation. Maize would not exist in its current form had it not been selected and improved
upon for years by scientists. Human intervention in the development of maize as a crop is
assisted by the fact that maize is a monoecious crop, with separate staminate (the tassel) and
pistilate (the ear) flower structures borne on the same plant. Both flowers are separated by a
distance of one or more metres, and pollen must move this distance in order to effect
pollination of the female flower. Pollen is disseminated by wind, making maize highly cross
pollinated. At the same time, it is relatively easy to capture pollen from the tassel and to prevent
pollination by covering the long pistils before they emerge. This helps in controlling pollination

and enables the making of planned crosses between or within plants (Nafziger, 2010).

2.3 Taxonomy

Maize (Zea mays L., 2n = 2x = 20) belongs to the grass family Poaceae (Gramineae), which
shares a classification with other important crops, such as wheat (Triticum aestivum), rice
(Oryza sativa), oats (Avena sativa), sorghum (Sorghum bicolor), barley (Hordeum vulgare)

and sugarcane (Saccharum officinarum). It is further organised as genus Zea that is native to
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Mexico and Central America as a group of annual and perennial grasses. There are eight
genera, of which five are from the Old World, from India through Southeastern Asia to
Australia. Two other genera, Euchlaena and Tripsacum, occur in the American tropics. Both
are closely related to maize and have contributed to its ancestry (Purseglove, 1976; Nafziger,
2010).

Tito et al. (1991) and Ellneskog-Staam et al. (2007) reviewed five Zea mays species, which
comprises of 20 chromosomes. Additional to the simple A chromosome pair, Jones et al.
(2008) revealed that maize has one or more extra chromosomes, called B chromosomes,
during meiosis it never pairs with A chromosome. Maize and teosinte are usually classified as
domestic and wild species, respectively. Teosinte, native to Mexico and Guatemala, has been
found growing in the wild often whereby it crosses readily with cultivated maize and hybrids
produced are fertile (Nafziger, 2010). The past extensive domestication has led to the co-
existence of a wide variety of races, landraces, and improved cultivars that have been
sustained by farmers and vastly enhanced professionally to create open pollinated cultivars
(Paliwal, 2000).

2.4 Conventional breeding

Atlin and Lafitte (2002) indicated that conventional breeding is mainly focused on practical
selection for grain yield. Under multiple stress conditions, this approach is far from being
optimal since grain yield is a quantitative trait characterized by low heritability and high
genotype x environment interaction (Babu et al., 2003). Consequently, there is low genetic
gain realised such that the use of secondary traits would assist to select for grain yield
indirectly. According to Cattivelli et al. (2008), understanding of the physiological and
molecular basis of maize may assist in targeting the key traits that reduce yield. Such methods
complement conventional breeding programmes and accelerate yield improvement. The use
of molecular biology to detect important gene structures and introgress quantitative trait loci

(QTL) depends on the physiological processes (Araus et al., 2002; Kirigwi et al., 2007).

It is difficult to screen for drought stress under natural environments because of the uneven
and unpredictable drought response, while screening under managed stress environments
and rainout shelters is more controllable. According to Venuprasad et al. (2007), selection
response in the target population of environments under natural stress can be measured as
linked response to selection in managed stress environment. On the other hand, classical
breeding is a good method for enhancing drought tolerance, which depends on multi-location
tests of progenies in environments representing a random selection of the variation in drought

stress in the target conditions (Babu et al., 2003).
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2.5 Importance of early maturing maize cultivars in SSA

Development of early maturing drought and low N stress tolerant maize germplasm is one of
the important programmes that International Maize and Wheat Improvement Center
(CIMMYT) is undertaking in order to alleviate hunger in sub-Saharan Africa (SSA). Early
maturing maize hybrids are those characterized by shorter vegetative period and they are
suitable for growth in areas with shorter growing seasons. Based on a study by CIMMYT-
Zimbabwe (2000), early maturing maize hybrids are preferred for several reasons that include
off-season planting in riverbeds and production during the secondary short rain season, which
enables the planting of a full season maize crop or other crops in the following main season.
In addition, they provide an early harvest during the main season to bridge the “hungry” season
before harvest of full-season crop, which are important in areas where there are two growing
seasons. The early maturing cultivars are also ideal for intercropping due to less and reduced
moisture competition, soil nutrients and light than later maturing cultivars. In addition to
providing flexibility in planting dates, it also enables multiple plantings in a season to extend
the risk of losing a single particular crop to drought and late planting during delayed onset of

rainfall.

South Africa faces a major challenge, as only 13% of its land is suitable for crop production.
This challenge is exacerbated by low rainfall, which often results in drought. Drought leads to
crop failure, unemployment, hunger, and poverty. Climate change is predicted to worsen the
situation with rainfall that is more variable and above average temperatures. According to
DAFF (2014), the release and deployment of maize varieties that are tolerant to low nitrogen

and drought will help farmers to build resilient towards drought and low nitrogen incidences.

In South Africa, effort towards release and deployment of maize varieties that are tolerant to
multiple stress has been enhanced through the Water Efficient Maize for Africa (WEMA) and
Improved Maize for African Soils (IMAS) Projects. WEMA project is aimed at developing and
deploying drought-tolerant maize hybrids royalty-free to smallholder farmers in SSA. The
IMAS project is aimed at developing and deploying nitrogen-use efficient (fertilizer-friendly)
conventional and genetic modified (GM) maize hybrids that give at least 25% yield advantage
with the same amount of fertilizer application. Through the Agricultural Research Council-
Grain Crop (ARC-GC) participation in these two projects, the first phase of drought tolerant
maize varieties targeting the smallholder farmers has been released in South Africa (James,
2015). The Agricultural Research Council-Grain Crops (ARC-GC) plays a crucial role in
conducting independent evaluation of maize cultivars from various seed companies in an effort
to aid the farmers in selecting the best cultivar for every maize production region in South

Africa.
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2.6 Drought stress in maize

Drought or restricted water availability is the key factor that reduces crop production
(Seghatoleslami et al., 2008; Golbashy et al., 2010). Drought has been a permanent constraint
to agricultural production in many developing countries and seldom causes loss of agricultural
production in the developed countries (Ceccarelli and Grando, 1996). Araus et al. (2003)
suggested that yield was linked with water inputs under diverse water-stress conditions.
Heisey and Edmeades (1999) predicted that 20-25% of the countries maize planted area is
affected by drought in any given season throughout the year. Amongst the nine maize growing
provinces in SA, the areas affected by drought and low N fall in Limpopo, Gauteng, Free State,
Eastern Cape, Mpumalanga, North West, Western Cape and KwaZulu-Natal provinces
(Radebe, 2013; ENCA, 2016).

Reduction in maize grain yield is mainly caused by drought, which varies from 10-76%
depending on the strictness and time of incidence (Bolafios and Edmeades, 1996). Minimizing
the ‘yield gap’ and increasing the yield stability under different stress conditions are of strategic
importance in guaranteeing food for the future (Piepho, 2000). Thus, the best option for crop
production, yield improvement and yield stability under drought stress conditions is to develop

drought tolerant crop cultivars.

Various scientists have investigated the performance, adaptation and genetic variability in
maize for grain yield and other agronomic traits under drought stress and non-stress
conditions (Lafitte and Edmeades, 1994; Banziger et al., 1997; Duvick et al., 2004; Edmeades
et al., 2006). Vanshistha et al. (2013) reported that the presence of variability is important for

the resistance of biotic and abiotic factors as well as wide adaptation for genotypes.

One key objective in a breeding programme is to choose the best genotypes under drought
stress environments (Richards et al., 2002). This makes selection of plants for drought
tolerance difficult as the breeding value and heritability of grain yield (a complex trait)
decreases with increased stress intensity (Cooper et al., 2006). Low heritability of drought
tolerance and lack of effective selection methods limit improvement of tolerance of crop
cultivars to environmental stress (Kirigwi et al., 2004). Consequently, indirect selection of
drought tolerance in maize can be successfully done using extremely heritable traits that link
with drought tolerance such as anthesis-silking interval, ears per plant and senescence rate
(Derera et al., 2008).
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To estimate response of plant genotypes to drought stress, some selection indices based on
mathematical relation between stress and non-stress conditions have been suggested
(Rosielle and Hamblin, 1981; Clarke et al., 1992; Fernandez, 1992; Sio-Se et al., 2006). For
example, Fernandez (1992) classified plants according to their performance in stress and non-
stress environments in four groups: group A-genotypes with good performance in both
environments; group B-genotypes with good performance only in non-stress environments;
group C-genotype with good performance in stress environments; and group D-genotype with
weak performance in both environments. Shirinzadeh et al. (2009), on the other hand,
established that stress tolerance index is a more effective index in detecting group A from
other groups. Khalil et al. (2004) revealed that based on the geometric mean productivity and
stress tolerant indices, selection of high yielding maize hybrids under stress and non-stress
conditions could be possible. Therefore, improving maize yield stability in stress conditions
requires identification of selection indices that are able to differentiate high yielding cultivars
(Golbashy et al., 2010).

2.7 Low nitrogen stress

Low nitrogen (N) is one of the main restrictive nutrient to maize production (Badu-Apraku et
al., 2010; Ismaila et al., 2010). In most of the developing countries of the world, maize is
produced under conditions of low soil fertility (McCown et al., 1992; Oikeh and Horst, 2001).
Low N stress alone has been reported to reduce yield loss by 50% (Wolfe et al., 1988). Kernel
abortion in maize has been seen to be intensified by low N stress thereby leading to reduced
grain number (Lemcoff and Loomis, 1986; Pearson and Jacobs, 1987; Uhart and Andrade,
1995a). Maize growth is affected by low N throughout its entire life cycle compared to drought
that occurs at any particular period during the growth of the crop (Bénziger and Araus, 2007).
Lafitte and Edmeades (1988) reported that N inaccessibility is predicted to be the main
restrictive factor in more than 20% of arable land. Using inorganic fertiliser in SSA has resulted
in the unavailability of fertiliser and ever-mounting cost. There are cultivars tolerant to low N
which are efficient in exploiting available N, mostly because of their ability to efficiently utilise

and absorb N in grain production (Lafitte and Edmeades, 1994).

Nitrogen deficiency in the soil is due to the rapidity by which it is taken up or lost from the soll
through erosion, volatilization and leaching. A possible method to reduce N deficiency in soil
is to reduce its demand by the crop in selection for low N tolerance (Smith, 1994; 1995). This
method has brought about the improvement of maize inbred lines; open pollinated and hybrid
cultivars, which are capable of using the available N in the soil. The improved cultivars should
increase productivity in low N soils and reduce dependence on inorganic N fertilizer

applications.
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According to Lunze et al. (2007), the most reasonable agricultural practice for improving soil
fertility remains the use of organic compost manure. This can be problematic to implement on
a large scale because of inadequate amounts and poor quality of the existing organic
resources on farms (Palm et al., 1997). Combining with green manure enhances soil organic
matter and can improve the soil’s physical properties. Green manures also provide ground
cover and preserve the soil against corrosion (Lal, 1991). It has been reported that besides
providing nutrients for crop improvement, application of N may possibly lead to improved
drought tolerance and enhance yield (Zaman and Das, 1991; Xu et al., 2005).

Nitrogen (N) plays a critical part as an anti-oxidant protection enzyme and lipid peroxidation
metabolism under multiple stress environments (Sun et al., 2001; Saneoka et al., 2004). There
have been reports that N deficiency has negative effects on leaf expansion, emergence rate,
radiation, interception radiation use efficiency and distributed between vegetative and
reproductive organs (Uhart and Andrade, 1995a). Low N has also been implicated in the
reduction of kernel number and number of ears (Lemcoff and Loomis, 1986; Pearson and
Jacobs, 1987; Uhart and Andrade, 1995a, b: Monneveux et al.,, 2005). N deficiency has
resulted in the extended anthesis-silking interval (Jacobs and Pearson, 1991) and accelerated

senescence (Moll et al., 1994).

Breeding for tolerance to low N suggests the most comprehensive and sustainable method for
improved maize yields in the SSA (Badu-Apraku et al., 2017). Enhancement for drought
tolerance has resulted in specific adaptation and enhanced performance under low N
conditions, suggesting that tolerance to either stress involves common adaptive mechanism
(Banziger et al., 1999; Badu-Apraku et al., 2011; Badu-Apraku et al., 2015a). Therefore, it is
important to increase adoption of a general method to identify genotypes or cultivars that are
tolerant to a variety of stresses expected in the target environments instead of grouping the
different stresses (Badu-Apraku et al., 2010). Numerous evaluation of hybrids developed in
different areas under distinct N levels have been reported (Castleberry et al., 1984; Tollenaar
et al., 1997; Sangoi et al., 2002; O'Neill et al., 2004).

Utilisation of secondary traits in the selection process has been repeatedly recommended
(Lafitte et al., 2003; Jearakongman, 2005; Kumar et al., 2007) as a result of low heritability
estimates for grain yield under low N conditions. Secondary traits such anthesis-silking
interval, leaf senescence and ears per plant have been suggested as ideal for selection when
improving maize genotypes for low N environments (Banziger and Lafitte, 1997; Banzinger et
al., 2000). Selection indices focused on these traits have been identified and these have

significantly enhanced the selection efficacy under low N stress conditions (Banziger and
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Lafitte, 1997). Breeding for low N is much easier than for drought stress mostly because
inaccessibility of N affects plant growth in a more even manner unlike drought periods that
occur randomly (Bénziger et al.,, 2000). Screening germplasm under severe low N
environments should be adequate to realize low N stress tolerance for different levels of N

deficiency.

2.8 Random and managed drought stress screening trials

Most of the maize breeding activities are conducted under optimum growing conditions and
do not take into account the conditions of the smallholder farmers (Bolafios and Edmeades,
1993; Banziger and Diallo, 2004; Muza et al., 2004). Hence, for maximum breeding progress,
testing should be done in the environments that represent the target production environments
(Allen, 1978). Edmeades et al. (2006) reported that the random nature of climate-related
stresses and the inadequate number of testing sites have required the improvement and use
of managed stress sites. Random drought stress trials are usually conducted in managed
conditions furnished with irrigation facilities. To develop low N and drought tolerant genotypes
for the region, selection is done by using three types of environments: low N stress, managed
drought and recommended agronomic management or high rainfall conditions (optimum)
(Edmeades et al., 2006).

Managed drought stress trials are done in the dry seasons when the temperature, day length,
humidity and disease pressure may differ from the main growing season, while the managed
low N are done in stress scenario occurring in the target environment (Weber et al., 2012).
Under severe managed stress, irrigation is programmed such that drought stress matches
with anthesis and silking. Application of irrigation should be uniform before onset of stress to
obtain even stress levels in all genotypes, more constant plant performance and eventually

improved breeding progress (Banziger et al., 2000; Ndhlela, 2012).

Statistical analysis of grain yield under stress environments often shows non-significant
differences or higher coefficients of variation than experiments performed under optimal
environment (Banziger and Cooper, 2001). This suggests that the error variance of grain yield
does not reduce as much as the genetic variance when moving from high to low yielding

environments (Banziger and Lafitte, 1997).

2.9 Secondary traits and grain yield

Through abiotic stress conditions, grain yield and its yield components have been positively

used to improve the genetic rate enhancement for maize populations. A suitable secondary
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component is genetically associated with grain yield under drought, highly heritable, stable
and possible to measure and not associated with yield loss under ideal growing conditions
(Edmeades et al., 2001). Hence, since yield is a primary trait, it has revealed little success if
any, in the selection of drought tolerant lines and hybrids. Grain yield as a primary trait can be
characterised by low heritability under stress, low genetic variance and a high genotype by
environment interaction while heritability of secondary traits rises under stress (Jackson et al.,
1996; Bolafios and Edmeades,1996). Thus, secondary traits have helped in the advancement
of breeding against drought stress. The manipulation of these highly heritable traits, which are
associated with grain yield, presents a more effective option than direct selection of yield per
se (Kashiani and Saleh, 2010).

The genetic associations among grain yield and secondary components can be used to help
recover primary traits that have low heritability and are hard to measure under stress (Malosetti
et al., 2008). Betran et al. (2003) reported that secondary components should be strongly
correlated with grain yield both under stress and non-stress environments. Greater grain yield
in inbred lines and hybrids are usually linked with shorter anthesis-silking intervals, earlier
flowering, increased plant and ear height, increased ear per plant and increased shelling
percentage under drought environments (Banziger et al.,, 2002; Betran et al., 2003;

Monneveux et al., 2008).

For the secondary component to be helpful in a breeding programme, it must conform to
numerous requirements (Banziger et al., 2000; Araus et al., 2002; Lafitte et al., 2003; Royo et
al., 2005). According to Araus et al. (2002), firstly, secondary components must be genetically
linked with grain yield under drought; secondly, the trait must be highly heritable than grain
yield itself. This means that the environment should have less influence on it than grain yield
and have less genotype by environment interaction (GEI). Thirdly, the trait must display
genetic variability within the species. Fourthly, it must be stable, rapid, dependable and easy
to measure. Fifth, for any breeding programme’s stress-prone environments, the secondary
components should never be related with yield loss under the optimum growing conditions;
and finally, the trait must be easily evaluated in individual plants or in very small plots. The
use of secondary components in selection of drought tolerant cultivars is useful during inbred
line enhancement with good performance for hybrid combination across drought stress levels
(Betran et al., 2003).

2.10 Heritability and genetic components

Most of the characters of breeders’ interest are complex and polygenically controlled. A

successful selection programme depends not only on heritability of desired characters but also
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on the information on association among various secondary yield components and their
association with grain yield (Singh et al., 1995: Abdurakhmonov and Abdukarimov, 2008).
Bello et al. (2012) defined heritability as a quantity of the phenotypic variance attributed to
genetic causes and has predictive purposes in plant breeding. Heritability can be expressed
into two senses, the narrow sense and the broad sense. Narrow sense heritability estimates
are calculated as ratio of additive portion of the genetic variance to the phenotypic variance,
while broad sense heritability estimates are calculated as the ratio of the total genetic variance
to the phenotypic variance (Sujiprihati et al. 2003). High narrow sense heritability is associated
with additive gene effects whereas low narrow sense heritability could be due to dominance
and epistasis or great influence of the environment. Obilana and Fakorede (1981), earlier
summarized procedures in heritability estimates into three; namely, regression of offspring on
parent, variance component estimates and recurrent selection experiment. Whichever method
a breeder decides to use does not really matter, rather, the predictive ability of the estimate in
selecting genotypes for advancement makes it highly relevant in selection procedure (Olakojo
and Olaoye, 2011).

Heritability provides information on the degree to which a specific morphogenetic trait can be
passed on to continuous generations. Understanding of heritability effects the choice of
selection processes used by the plant breeder to choose which selection procedures would
be most valuable to develop the character, to predict gain from selection and to define the
relative importance of genetic effects (Waqar-Ul-Haq et al., 2008, Laghari et al., 2010).
Heritability in genetics indicates reliability of phenotypic value as a guide to breeding value
(Falconer and Mackay, 1996). Highly heritable traits can be fixed with simple selection, which
result in rapid advancement. However, genetic advanced is important when coupled with
heritability (Najeeb et al., 2009).

High genetic advance combined with high heritability estimates suggests the most appropriate
environments for selection (Bello et al.,, 2012). Ramanujam and Thirumalachar (1967)
reported restriction in the narrow sense heritability estimates, which includes both additive and
epistatic gene effects, and recommended that broad sense heritability estimated will be
reliable if complemented by a high genetic advancement. Different researchers (Nelson and
Somers, 1992; Rafaque et al., 2004) reported high heritability and high genetic advance for
different yield regulating maize traits. Hence, understanding of these genetic parameters
existing in different yield contributing traits and the comparative quantity of this genetic data
in numerous measurable traits is a pre-requisite for effective crop enhancement. Banziger et

al. (2006) stated that to improve genetic gains from selection, careful management of multiple
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stress environments is very important to reduce environmental variance and increase

heritability for stress tolerance plant characteristics.

2.11 Correlation and path coefficients analysis

Correlation and path coefficient analyses assist researchers to differentiate significant
relationships amongst traits. According to Kusaksiz (2010) correlation and path coefficient
analyses can assist in identifying certain components to be used in the enhancement of
complex traits such as grain yield. The nature and the magnitude of variability present in
genotypes can determine the effect of genetic enhancement of grain yield and yield
component. The association between two variables, which can be directly observed, is termed
as phenotypic correlation, whereas the inherent or heritable association is known as genotypic
correlation. The correlation value suggests that only the nature and extent of linkage that exists
amongst pairs of components. A character such as grain yield depends on numerous
components that are jointly related, where true association exists amongst grain yield and
secondary components, the whole network of cause and effects can be damaged by change
in any one component. Ahmad and Saleem (2003) stated that correlation and path coefficient
between grain yield and secondary components is important for selection of favourable plant
types to achieve effective breeding programme. The aim of path coefficient analyses is to
present an appropriate interpretation of correlation between variables, by creating cause and

effect models (Solymanzadeh et al., 2007).

2.12 Genotype by environment interaction

Grain yield is a complex trait that is controlled by polygenes, which are significantly influenced
by the environment. Genotype by environment interaction (GEI) is common under drought
environments and makes breeding progress difficult as it is challenging to select the best
performing and most stable genotypes. This, of course, decreases the selection progress (Yan
and Hunt, 1998). The GEI may originate from environmental variation in the timing and severity
of water deficits, genetic variation in flowering time, and nutrient deficiencies and toxicities
whose existence and severity interact with water deficits (Banziger and Cooper, 2001; Cooper
et al., 1999; Banziger and Diallo, 2004). Smithson and Grisley (1992) reported that crops lack
the wide environmental gene protection; therefore, for plant breeders, large GEI effects hinder

breeding progress.

According to Beyene et al. (2011), tropical regions have withessed great environmental

fluctuations lately due to climate change. Genotype by environment interactions (GEIs) are as
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much a function of both the genotype and environment, which are only partly heritable (Hill,
1975). Several research studies have revealed that an appropriate understanding of the
environmental and genetic factors causing the interaction as well as an evaluation of their
significance in the relevant genotype by environment system could have a large impact on

plant breeding (Magari and Kang, 1993).

There are various methods for assessing the performance of crosses and their genotypic
interactions with the location according to Crossa and Cornelius (1997) and Eberhart and
Russell (1966). These methods vary in the factors used in the assessment, the biometric
procedures employed, and the analysis. The sites regression has been recommended as a
suitable model for analysing multi environmental trials when large yield variation is due to
environments (Crossa and Cornelius, 1997). The sites regression method provides a graphical
display called genotype plus genotype x environment (GGE) interaction biplot that identifies
cultivars that are superior in different environments. The performance of a genotype can differ
among environments, and genotypes that are superior in one location may not be superior in
other location due to GEI (Makumbi et al., 2015).

2.13 Stability of yield and yield components

Stability in performance of a genotype for desirable attributes depends on the magnitude of
genotype x environment interaction (GEI) over extensive range of environments with desirable
attributes (Ahmad et al., 1996; Lodhi et al., 2015). Becker and Leon (1988) defined stability as
the ability of the genotypes to be stable, both with high or low yield levels across different
locations. On the other hand, adaptability refers to the change of a genotype to its
environment, for example a genotype that produces high yields in specific location and poor
yields in another (Balzarini et al., 2005, Kandus et al., 2010). The stability of grain yield was
statistically analysed through the evaluation of GEI in cultivar trials conducted in numerous
locations of different crops (Crossa 1990; Piepho 1998; Lodhi et al.,, 2015). The stability
concept can be static or dynamic (Becker, 1981). Static stability is considered by stable
genotype performance over different environmental circumstances, that is, the genotype is
non-responsive to increased levels of inputs, while for dynamic stability, a genotype attains a
constant high yield response to changes in the environment (Becker and Leon, 1988).
Therefore, when considering yield stability of a certain genotype, we have to bear in mind that
stability can be a consequence of various factors such as tolerance to drought or resistance

to the most important diseases or pests (Babic et al., 2010; 2013; Djurovic et al., 2014).

Genotype stability for yield and agronomic performance is an essential breeding. Stability

measures are based on either regression or principal component analyses (Bernado, 2002).
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Some of the most common stability parameters include Finlay and Wilkinsons (1963)
regression coefficient, Eberhart and Russell (1966) deviation from regression, Shukla (1972)
stability variance, Kang (1993) yield stability parameter and Gauch (1992) the AMMI model.
The adaptability of a genotype is frequently tested by the amount of its interaction with diverse
locations. A cultivar is considered more adapted or stable if it has a high mean of grain yield
with less degree of variation in yield ability for growing over several locations or even seasons
(Amin et al., 2005; Cehyan et al., 2012). According to Kumari et al. (2014), stable genotypes
are less influenced by GEI and have individual or population buffering mechanisms to make
physiological adjustments to cope with physical, chemical and biological changes in the
interaction of genetic and non-genetic development phases.

2.14 Conclusion

The review has shown that there is a huge gap between grain yield potential and the actual
yield in the farmers’ field, signifying the opportunities for breeders to bridge the gap. There is
also a need for high yielding and stable maize cultivars to be used by farmers. Due to climate
change, maize production environments have become limiting. Therefore, development and
improvement of early maturing hybrids will ensure the availability of cultivars that perform well
under multiple environmental stress conditions. Yield is the most important trait in maize and
is influenced by multiple secondary components. Since yield is a complex trait with low
heritability, use of secondary traits of high heritability and correlation with grain yield could

help in selection of superior genotypes and accelerate breeding progress.

The review further showed that low soil fertility, especially N, plays a huge role in decreasing
maize production in sub-Saharan Africa (SSA). The use of maize genotypes with improved N
use efficiency suggests an essential yield benefit at insignificant additional cost to the farmers
that will allow the farmers to accept them. Low N is a stress environment and its heritability
decrease with increase in stress, making selection difficult. Drought is another important factor
causing yield losses in SSA. Yield losses due to drought stress are major at flowering and
grain filling stages due to reduced pollen-silk synchronisation and this further exacerbates
poor ear and kernel development. It is suggested that grain yield can be improved by selecting
for short anthesis-silking interval and high number of ears per plant under stress environments.
In improving the seed quality there is need to bring in new technologies that will be adopted
by farmers. This study, therefore, intended to bridge these research gaps by identifying,
evaluating and registering new improved varieties under multiple stress conditions for farmers’

sustainability in food security.
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CHAPTER THREE

Variance Components, Correlation and Path Coefficient Analysis in
Early Maturing Maize Hybrids across Stress and Non-Stress

Environments

ABSTRACT

Development of early maturing maize hybrids is a strategy for adapting maize to the gradually
shortening rainy season, so that it can tolerate and escape drought stress that often occurs
during grain filling stage late in the growing season. This study was carried out to estimate
variance components and to investigate correlation and path coefficients among traits in early
maturing maize hybrids across three locations in South Africa, viz. Lutzville (managed
drought), Cedara (low N) and Potchefstroom (optimum) in the 2016/17 summer season. Fifty
early maturing hybrids comprising of 44 experimental hybrids and 6 commercial checks were
laid out in a 10 x 5 alpha (0.1) lattice design with two replications in each environment. The
effect of genotype, environment and genotype by environment interaction were significant
(P=<0.01) for all the traits. Hybrids CZH16084, CZH16064 and CZH16095 under managed
drought, low N and optimum environments, respectively, were identified as the outstanding
genotypes for grain yield and recommended for further testing, release and registration. High
magnitude of phenotypic and genotypic coefficient of variation as well as high heritability were
recorded for each single environment for anthesis days, silking days, ear height and plant
height, suggesting that those traits interacted with the environment. Grain yield was positively
correlated with anthesis days and ear height, field weight, grain moisture at Potchefstroom
while at Lutzville and Cedara had negative correlation with those traits, suggesting that the
genotypes differed significantly for most of the phenotypic traits. Path coefficient analyses
revealed that anthesis days and anthesis-silking interval had positive direct effects while
silking days, plant height and ear per plant had a negative direct effect on grain yield in all the
environments. These traits are recommended for effective selection to the improvement of

maize grain yield.

Keywords: Early maturing, Genetic advance, Grain yield, Heritability, Maize (Zea mays L.)

hybrids, Secondary traits
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3.1 Introduction

Maize (Zea mays L.) is an important staple food crop in Africa that has high potential for
production and productivity. It also plays an important role in the world economy and is a
valuable ingredient in a large proportion of manufactured items worldwide (Alvi et al., 2003).
Maize hybrids have been commercially exploited in different leading maize-producing
countries because they have a greater genetic potential compared to synthetic and composite
cultivars (Kinfe and Tsehaye, 2015). Adoption of improved technologies is thus important to
maximize yields. For example, early maize cultivars can avoid the effect of reduced moisture
supply during flowering resulting in a reduction of farmers’ risk in drought-prone ecological
zone (Hussain et al., 2011; Bello et al., 2012). In addition, the early maturing maize hybrids
offer flexibility of planting dates, which enables multiple plantings during the season to spread
the risk of losing a single crop to drought. Furthermore, late planting can be done when rainfall
is delayed and terminal drought can be avoided (CIMMYT, 2000; Bello et al., 2012).

Variance components and heritability estimates have been extensively used by plant breeders
in selection of promising genotypes and in prediction of percentage heritability of desirable
components (Morakinyo, 1996; Anderson et al., 1991; Olakojo and Olaoye, 2011). The genetic
improvement of yield and its components depends on the nature and magnitude of variability
present in the genotypes. Most of the characters of breeders’ interest are complex and
polygenically controlled (Bekele and Rao, 2014). Knowledge on heritability influences the
choice of breeding strategy that can be used by plant breeders to decide which selection
methods would be most useful to improve the character, to predict gain from selection and to
determine the relative importance of genetic effects (Wag-Ul-Haq et al., 2008; Laghari et al
2010). The most important function of heritability in genetic studies of quantitative traits is its
predictive role to indicate the reliability of phenotypic value as a guide to breeding value
(Falconer and Mackay 1996; Bello et al., 2012). The higher the genetic variability the more will
be the opportunities for improvement through appropriate selection procedures. Genetic
parameters such as genotypic and phenotypic coefficient variability, heritability and genetic
advance provide precise estimates of genetic variation of quantitative traits (Yadav and Dalal
1972; Vejay et al., 1975; Khorgade and Pillai, 1994; Khan et al., 1998; Khan et al., 2000;
Muhammed et al., 2003).

A successful selection programme depends not only on heritability of desirable traits but also
on the information on association among various yield component characters with grain yield
(Abduragkhmonov and Abdukarimov, 2008; Singh et al. 1995; Bekele and Rao, 2014). The

success of the genetic breeding programme lies in the availability of the genetic variability for
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desirable traits. Genetic resources through global exploration, introduction, characterization
and evaluation provides a strong base for development of elite cultivars by various
improvement methods (Paul et al., 2015). Therefore, knowledge of the nature of genetic
variability and interrelationship among grain yield and its components would facilitate the

improvement of these traits.

Correlation coefficient analyses helps researchers to distinguish significant relationships
between traits. However, correlation analysis provides only limited information as it disregards
the complex interrelationships that exists amongst the traits. Accordingly, correlation
coefficient analysis should be used with caution in making decisions regarding indirect
selection (Kang, 1994; Board et al.,, 1997; Paul et al., 2015). In order to understand how
changes made by selection in one trait may influence changes in others, genetic relationships
among important traits should be considered in exploiting genetic populations through
breeding and directed selection (Tyagi and Khan 2010; Knife and Tsehaye, 2015). Path
coefficient analysis is an important statistical tool that indicates which variable (cause) exerts
influence on other variables (effects) while recognising the impact of multi collinearity, unlike
correlation which measures the mutual association without considering causation (Akanda,
1996; Hailu et al., 2016). Therefore, the objective of the present study was to estimate variance
components, correlation and path coefficients among yield and secondary traits in early

maturing maize hybrids across stress and non-stress environments.

3.2 Materials and Methods

3.2.1 Germplasm

Fifty early maturing maize hybrids were planted during the 2016/17 summer season. They
consisted of 44 elite experimental hybrids developed by CIMMYT-Zimbabwe under the Water
Efficient Maize for Africa (WEMA) project, three commercial hybrid checks from SeedCo, one
from Pannar and two from ARC-GCI (Table 3-1).

Table 3-1  List of maize hybrids used in the study and their sources

Hybrid code Hybrid name Source

Gl CZH16087 CIMMYT-Zimbabwe
G2 CZH16077 CIMMYT-Zimbabwe
G3 CZH16081 CIMMYT-Zimbabwe
G4 CZH16089 CIMMYT-Zimbabwe
G5 CZH16084 CIMMYT-Zimbabwe
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Hybrid code Hybrid name Source

G6 CZH15575 CIMMYT-Zimbabwe
G7 CZH16083 CIMMYT-Zimbabwe
G8 CZH16065 CIMMYT-Zimbabwe
G9 CZH15499 CIMMYT-Zimbabwe
G10 CZH16086 CIMMYT-Zimbabwe
Gl1 CZH16085 CIMMYT-Zimbabwe
G12 CZH16080 CIMMYT-Zimbabwe
G13 CZH15448 CIMMYT-Zimbabwe
Gl4 SC301 SeedCo

G15 Local check 2 ARC-GCI

G16 CZH16066 CIMMYT-Zimbabwe
G17 CZH15600 CIMMYT-Zimbabwe
G18 CZH16071 CIMMYT-Zimbabwe
G19 CZH16091 CIMMYT-Zimbabwe
G20 CZH16090 CIMMYT-Zimbabwe
G21 CZH16073 CIMMYT-Zimbabwe
G22 CZH16093 CIMMYT-Zimbabwe
G23 Local check 1 ARC-GCI

G24 CZH16092 CIMMYT-Zimbabwe
G25 CZH1258 CIMMYT-Zimbabwe
G26 CZH16070 CIMMYT-Zimbabwe
G27 SC513 SeedCo

G28 CZH16076 CIMMYT-Zimbabwe
G29 CZH16095 CIMMYT-Zimbabwe
G30 CZH16072 CIMMYT-Zimbabwe
G31 CZH16064 CIMMYT-Zimbabwe
G32 CZH15189 CIMMYT-Zimbabwe
G33 CZH16094 CIMMYT-Zimbabwe
G34 CZH16074 CIMMYT-Zimbabwe
G35 SC403 SeedCo

G36 CZH16096 CIMMYT-Zimbabwe
G37 CZH15184 CIMMYT-Zimbabwe
G38 CZH16067 CIMMYT-Zimbabwe
G39 CZH16063 CIMMYT-Zimbabwe
G40 CZH16069 CIMMYT-Zimbabwe
G41 CZH16082 CIMMYT-Zimbabwe
G42 CZH16078 CIMMYT-Zimbabwe
G43 CZH1261 CIMMYT-Zimbabwe
G44 CZH16088 CIMMYT-Zimbabwe
G45 CZH16079 CIMMYT-Zimbabwe
G46 CZH15574 CIMMYT-Zimbabwe
G47 CZH15452 CIMMYT-Zimbabwe
G48 PAN 413 PANNAR

G49 CZH16068 CIMMYT-Zimbabwe
G50 CZH16075 CIMMYT-Zimbabwe
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3.2.2 Experimental sites

The hybrids were evaluated at three locations, viz. Potchefstroom (ARC-GCI) in North West
Province, Cedara in KwaZulu-Natal Province and Lutzville in Western Cape Province in South
Africa during the 2016/17 summer season. Table 3-2 shows the coordinates, environmental
conditions and soil information for each environment. The distribution of the monthly rainfall
and average temperatures for all the locations are shown in Figures 3-1, 3-2 and 3-3. At
Lutzville, managed drought were imposed by stopping irrigation two weeks before flowering
and then resuming irrigation two weeks after flowering. Low N environments were developed

by depleting the soil of nitrogen to a yield potential of less than 60%.

Table 3-2  Geographical coordinates and environmental conditions of study sites

: Altitude Total Temperature .
Location Latitude Longitude (m) season range Min- Soil
rainfall 0 type/texture
Max (°C)
(mm)
Potchefstroom  260.7361'S  27°.0755’E 1349 439 12.3-26.9 Spodosols,
(Optimum) sandy-loam
Cedara -299.5419'S  300.2650'E 1068 561 10.8-25.1 Vertisols, clay-
(Low N) loam
Lutzville -31.5854'S  18.3803'E 18 30 11.5-28.9 Spodosols,
(Managed sandy
drought)
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Figure 3-1 Total monthly rainfall and total monthly average temperature for the

2016/17 growing season at Potchfestroom (Optimum)
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Figure 3-2 Total monthly rainfall and total monthly average temperature for the

2016/17 growing season at Cedara (low N)
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Figure 3-3 Total monthly rainfall and total monthly average temperature for the

2016/17 growing season at Lutzville (Managed drought)

3.3 Field trial design and management

The fifty hybrids were laid out in a 10 x 5 alpha (0.1) lattice design with two replicates and five
entries in each of the 10 incomplete blocks, under each environment. Each entry was planted

in two-row plots. The rows were 5 m long and plants were spaced 0.25 m apart within the row
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and 0.75 m between rows to give a plant population of approximately 53 000 plant ha. There

were two border rows on each side of the block to reduce border effects.

Under optimum environment (Potchefstroom), water was applied throughout the growing
season. Managed drought stress environment (Lutz Ville), irrigation water was withheld 10
days prior to flowering stage and during grain filling stage that lasted until harvest without any
irrigation. The optimum and managed drought environments, fertiliser was applied as basal at
planting in the form of compound (N.P.K) 2:3:2 at 250 kg ha* (56 kg N ha, 83 kg P ha* and
111 kg K ha?). Under low N (Cedara) the soil was depleted of N with soil analysis taken.
Fertiliser was applied at four weeks after crop emergence in the form of Lime Ammonium
Nitrate (LAN, 28% N) at a rate of 250 kg ha. Basal fertiliser was applied as super phosphate
(P20s) at 25 kg ha* and potassium chloride (K:Cl) at 25 kg ha'. Standard cultural practices
for maize were followed including hand weeding, rouging off-types, use of herbicides and

insecticides at each environment.

3.4 Data collection

The following traits were measured following standard procedures used at CIMMYT
(Magorokosho et al., 2009):

a) Days to anthesis (AD): number of days after planting when 50% of the plants per plot
shed pollen.

b) Days to silking (SD): number of days after planting when 50% of the plants per plot
showed silks.

¢) Anthesis-silking interval (ASI): determined as the difference between days to silking
and anthesis.

d) Plant height (PH): determined by measuring 10 representative plants, in cm, from the
base of the plant to the insertion point of the first tassel branch of the same plant.

e) Ear height (EH): determined by measuring, 10 representative plants, in cm, from the
base of the plant to the insertion of the top ear of the same plant.

f) Grain moisture (GM): measured (by a moisture meter) as percentage water content
of grain at harvest.

g) Field weight (FW): measured as the weight of the ears per plot taken directly after
harvest, after removal of husks, but before shelling.

h) Grain weight (GW): this was the weight of the grain per plot after shelling.

i) Grain yield (GY): this was calculated using the grain weight adjusted to 12.5%

moisture content.
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j) Ears per plant (EPP): this is the total number of ears in a plot divided by the total

number of plants in the plot at harvesting time.

3.5 Statistical Analyses

3.5.1 Analysis of variance

Data was subjected to analysis of variance (ANOVA) using GenStat software 14" edition

(Payne et al. 2009). The following statistical models was used for the single site analysis:

Yijk =u+H, +; +BK(J.) + &

Where,Yijk, = main effect; & = overall mean or grand mean; Hi= the effect of the 1 th hybrid
and 1=1,2,3...50; I'; = number of replications and j=1,2; Bkj= estimate of the incomplete block

within replication and k=1,2; and &j;, = overall random error.

The following statistical model was used for the combined analysis:

Yijkl =U+r+ B, +S, +SH;, + Eiu

Where, Y;,, =main effect; y= overall mean or grand mean; r; = effect of number of replications;

Bi- effect of the kth block nested in j replication and k=1,2,3...10, while j=1,2; S, =the effect
of the I environment and 1=1,2,3; H, = the effect of the i hybrid and i=1,2,3...50; SH; =
interaction effect of the i™ hybrid and 1" environment and £;, = random error. The hybrids

means were ranked according to yield, which was the principal selection criterion at all sites.

3.5.2  Estimation of heritability and genetic advance

3.5.2.1 Estimating variance component

Variance components were estimated using PROC MIXED (Method=REML) of SAS version

9.3 (SAS Institute, 2010). The environment was considered as fixed while the genotypes were

regarded as random. Genotypic (Gg) and error (Of) variances were obtained directly from the
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PROC MIXED output. Using these variance components, phenotypic variance (cr;) was

calculated as follows in a single environment:

2 2 2
o,=04+0,
3.5.2.2 Phenotypic and genotypic coefficient of variation

Phenotypic coefficient of variation (PCV) and genotypic coefficient of variation (GCV) were
calculated for all the quantitative traits according to Singh and Chaudhary (2004), using the

formulae:

Vs
V7P 4100 and

mean

\/:g x100

mean

Phenotypic coefficient of variation (PCV) =

Genotypic coefficient of variation (GCV) =

Where, Géz phenotypic variance, GSz genotypic variance and mean = grand mean of the

trait.
3.5.2.3 Heritability

Broad sense heritability was calculated as the proportion of the genotypic variance to the total
phenotypic variance. Broad sense heritability across environments were calculated as follows
(Hallauer and Miranda, 1988):

2

(o)
H2 Z%XJ.OO

o, +0;

2 , . 2 : .
Where, 0, = genotypic variance and O = error variance, respectively.

3.5.2.4 Genetic advance

Genetic advance was calculated for each trait using the following formula (Singh and
Chaudhary, 2004) for combined data:
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GA= K#gZ+H?

Where, GA = genetic advance, K = standardised selection differential at 5% selection intensity
(2.063), 0, = phenotypic standard deviation of base population and H? = the heritability of the

trait under selection.
Genetic advance as percentage of the mean (GAM) was calculated as follows:

GA
mean

GAM % = x100

Where, GAM% = genetic advance as a percentage of the mean and mean = grand mean of

the trait in the unselected population.
3.5.2.5 Correlation analyses

Simple Pearson phenotypic correlation was calculated using genotype means of traits data
from all sites using the IBM SPSS version 25 software (SPSS, 2014), as follows:

_ cov(Xx,y)

" = Jar() < var(y))

Where, I, = phenotypic correlation; cow(x, y) = phenotypic covariance of traits x and y; and

JVar(x) = square root of the phenotypic covariance of trait x and +/Var(y) square root of the

phenotypic covariance of trait y.
3.5.2.6 Path coefficient analyses

Path coefficient was calculated using Microsoft Office Excel software by taking the Pearson
phenotypic correlation data to determine the contribution (direct and indirect) of each variable
to the total effect as suggested by Akintunde (2012). The following equation was used to

calculate the path coefficient:
y=a+b X, +b,X, +b, X, +U

Where, y = single response variable (grain yield) and a+b:1X;+b2X>+b3sX3+U = variables from

correlation data with the assumptions that values of variables are random, normally distributed
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and that the causal variables are independently contributing to the dependent variable (grain

yield).

3.6 Results

3.6.1 Single environment analysis

The single analysis of variance (ANOVA) on the three environments for all traits are presented
in Table 3-3. At Lutz Ville (managed drought), the mean squares for replication were significant
(P=<0.01) for anthesis-silking interval and ear height, while it was non-significant with anthesis
days, ears per plant, field weight, grain moisture, grain weight, grain yield, plant height and
silking days. The replication by incomplete block mean squares were significant (P<0.01) for
ear height and ear per plant. The genotype mean squares were significant (P<0.01) for ear

height and silking days.

At Cedara (low N), the mean squares for replication were significant (P<0.01) for grain weight,
grain yield and plant height, while it was non-significant with anthesis days, anthesis-silking
interval, ear height, ears per plant, field weight, grain moisture and silking days. The replication
by incomplete block mean squares were significant (P<0.01) for ear height, ear per plant, field
weight, grain moisture, grain weight, grain yield and silking days. The genotype mean squares
were non-significant (P<0.01) for ear per plant.

At Potchefstroom (Optimum) the mean squares for replication were significant (P<0.01) for
anthesis days, ear height, field weight, grain weight, grain yield and silking days, while it was
non-significant with anthesis-silking interval, ears per plant, grain moisture and plant height.
The replication by incomplete block mean squares were significant (P<0.01) for field weight,
grain weight, grain yield, plant height and silking days, while non-significant for anthesis-silking
interval, ear height and ear per plant. The genotype mean squares were significant (P<0.01)

for anthesis-silking interval, ear height and ear per plant.

The combined analysis of variance across the three environments for all traits is presented in
Table 3-4. The mean squares for genotype were highly significant (P<0.001) for anthesis days,
anthesis-silking interval, ear height, ear per plant, field weight, grain moisture, grain weight,
plant height and silking days. The mean squares for environment were very highly significant
(P <0.001) for all the traits. The genotype-by-environment interaction mean squares were very
highly significant for all the traits at P <0.001 except from grain moisture, which was significant
at P <0.01.
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Table 3-3  Mean squares analysis of variance of 50 early maturing maize hybrids for grain yield and secondary traits evaluated at three
environments

Lutzville (managed drought)

Sources DF AD ASI EH EPP FW GM GW GY PH SD
Rep 1 204.49 0.16* 445.21** 0.00ns 0.12ns 0.27ns 0.08ns 0.19ns 70.56 193.21ns
Rep*Incomplete block 8 104.14 0.48 158.17* 0.052* 1.13 0.94 0.64 1.69 160.6 100.51
Genotype 49 47.59 0.94 177.65** 0.12 1.13 2.26 0.68 1.83 183.73 50.03**
Residual 41 16.05 0.05 74.15 0.02 0.17 0.18 0.06 0.16 87.51 16.35
Total 99 40.68 0.53 135.92 0.07 0.72 1.27 0.41 111 140.87 41.61

Cedara (low N)

Sources DF AD ASI EH EPP FW GM GW GY PH SD
Rep 1 5.76ns 0.04ns 196.00ns 0.01ns 0.39ns 0.04ns 0.37* 1.08* 816.10* 6.76ns
Rep*Incomplete block 8 26.34 0.17 378.1%** 0.03* 0.3207* 0.51%* 0.14* 0.60*** 738.60 25.16%**
Genotype 49 39.09 0.35 302.20 0.02ns 0.60 2.32 0.41 1.30 625.30 41.04
Residual 41 6.20 0.04 102.30 0.015 0.16 0.13 0.07 0.20 146.10 6.02
Total 99 24.10 0.20 224.50 0.019 0.39 1.24 0.25 0.79 437.90 24.91

Potchefstroom (optimum)

Sources DF AD ASI EH EPP FW GM GW GY PH SD
Rep 1 16.00* 0.16ns 1479.70* 0.028ns 8.09** 0.93ns 2.82%%* 7.02%* 402.70ns 12.96*
Rep*Incomplete block 8 3.90 0.56n.s 582.70n.s 0.02ns 1.74* 1.37 0.85** 2.25** 586.40** 5.48*
Genotype 49 10.78 0.70*** 692.50* 0.02* 2.69 2.35 1.36 3.63 802.50 10.50
Residual 41 221 0.34 358.50 0.01 0.81 0.31 0.24 0.65 165.30 2.33
Total 99 6.73 0.54 553.20 0.02 1.89 1.41 0.87 2.32 517.10 6.74

DF=degree of freedom, AD= anthesis days, ASI=Anthesis-silking interval, EH=Ear height, EPP=Ears per plant, FW=field weight, GM=grain moisture, grain weight, GY= grain

yield, PH=plant height, silking days. *, **, **** indicate level of significance of the data is at P=0.1, 0.01 and 0.001. ns indicates non-significant at 5% probability level.
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Table 3-4  Mean squares combined analysis of variance of 50 early maturing maize hybrids for grain yield and secondary traits evaluated

across three enviroment

Source DF Anthesis Anthesis- Ears height Ear per Field Grain Grain Grain yield Plant height Silking

days silking plant weight moisture weight days
interval

Rep 1 84.27** 0.33n.s 1766.60*** 0.02n.s  3.17n.s 0.02n.s 1.35%* 3.63*** 1086.8n.s 74.0n.s

Rep.IB 8 471,99+ 0.49*** 427.30** 0.03n.s  0.46n.s 1.13%* 0.41%** 0.98ns 569.3*** 37.25%*

Genotype 49  65.35%** 0.88*** 605.00%** 0.07*** 1.82%** 2.82%xx 1.01%* 2.90%** 836.0*** 66.6%**

ENV 2 9136.72***  30.41*** 56568.10***  5.08** 939, 70*** 87.42%** 624.87***  1717.14**  142606.9***  8213.7***

Genotype.E 98  21.04*** 0.60*** 310.40%** 0.05%*=* 1.47%* 2.16%* 0.80*** 2.16%** 421.0%** 22.42%**

NV

Residual 141 9.89 0.16 179.20 0.02 0.40 0.21 0.13 0.36 144.6 10.07

Total 299 84.79 0.62 681.10 0.08 7.28 1.88 4.69 12.88 1315.9 79.2

*, **, *** indicate level of significance of the data at P<0.05, P<0.01 and P<0.001, respectively. n.s indicate non-significant at 5% probability level

block
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3.6.2 Genotype performance by single environment

Means for the hybrids in respect of grain yield and secondary traits are presented in Table 3-
5 and the means of the other traits are in Appendix 1. Entry effects for grain yield, anthesis-
silking interval, ear height, plant height and ear per plant were highly significant across
managed drought, low N and optimum. Grain yield of commercial hybrid checks ranged from
1.45t ha! (G14) to 3.4 t ha! (G15) under managed drought, while for low N it ranged from
2.10t ha' (G23) to 4.30 t ha! (G27) and for optimum it ranged from 7.70 t ha* (G48) to 12.35
t ha-1 (G14). The following checks; G15 under managed drought, G27 under low N, and G14
under optimum environments, were ranked as the top-yielding hybrid checks (Table 3-6). The
top yielding experimental hybrids, G17 under Lutz Ville (managed drought), G47 under Cedara
(low N) and G5 under Potchefstroom (optimum), were ranked above the hybrid checks G15,
G27 and G14, respectively. The environments were ranked in terms of their mean grain
yielding potential as follows: optimum> low N> managed drought. Mean anthesis-silking
interval was significant for all the genotypes, and ranged from 0.50-2.00; 0.50-1.00 and 1.50-
3.50 under managed drought, low N and optimum, respectively. The shortest ear height was
for G50 (97 cm) under managed drought, G16 and G43 (61 cm) under low N and G30 (99 cm)
under optimum, while plant height ranged from 197 cm (G47), 206 cm (G22) and 279 cm
(G25) under managed drought, low N and optimum, respectively. Ears per plant was lowest
for G1 under managed drought, G13 under low N and under optimum was G13 and G31 with
values of 0.25, 0.70 and 0.90 respectively. The coefficient of variation (CV) for most of the
traits was significantly low in all the environments while anthesis-silking interval had the
highest CV (30.65) under managed drought. Mean grain yield for top performing early
maturing hybrids and checks with significant levels under each environment are presented in
Table 3-5. The hybrid with the highest mean grain yield under managed drought was G29,
under low N was G27 (check) and optimum was G5 with 5.0, 4.3 and 14.3 t hal, respectively.
Among the maize hybrids evaluated in each environment, bolded checks in Table 3-5 denotes
that they demonstrated similar performance with the early maturing maize hybrids that were

evaluated.
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Table 3-5

Mean perfomance of genotypes for each environmet

Traits GY (tha) ASI (days) EH (cm) PH (cm) EPP
Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch

Genotype MD LN OPT MD LN OPT MD LN OPT MD LN OPT MD LN OPT
Gl 1.30 1.55 8.95 1.00 1.00 1.50 121.00 85.00 141.00 178.00 167.00 273.00 0.25 0.90 1.00
G2 3.20 1.40 9.55 2.00 1.00 2.50 115.00 80.00 118.00 174.00 157.00 235.00 0.85 110 1.35
G3 2.20 1.10 7.85 2.00 0.00 2.50 124.00 71.00 114.00 189.00 156.00 207.00 0.45 095 1.05
G4 3.40 2.20 9.10 0.50 1.00 2.00 135.00 83.00 128.00 189.00 157.00 231.00 1.15 0.85 1.00
G5 2.20 1.70 14.30 2.00 1.00 3.00 118.00 96.00 129.00 171.00 175.00 228.00 0.60 1.05 1.30
G6 2.85 2.10 11.85 1.00 1.00 1.50 123.00 80.00 108.00 181.00 169.00 218.00 0.65 090 1.05
G7 4.90 3.05 11.80 2.00 1.00 2.50 113.00 91.00 106.00 180.00 178.00 206.00 0.60 1.05 1.10
G8 1.15 1.50 8.75 2.00 1.00 2.00 117.00 67.00 140.00 187.00 150.00 251.00 0.35 095 1.20
G9 3.55 2.30 10.50 2.00 0.50 2.00 115.00 93.00 140.00 166.00 176.00 235.00 1.15 090 1.30
G10 2.15 2.40 9.25 1.00 1.00 2.50 103.00 87.00 138.00 173.00 181.00 259.00 0.60 1.00 1.10
G11 1.25 1.70 9.50 2.00 1.00 1.50 135.00 67.00 117.00 192.00 151.00 225.00 0.35 0.75 1.05
G12 1.15 2.15 9.75 2.00 0.00 2.00 107.00 88.00 135.00 156.00 171.00 244.00 0.65 1.00 1.20
G13 2.20 0.65 9.95 1.00 1.00 1.50 129.00 74.00 135.00 171.00 147.00 240.00 0.60 0.70  0.90
Gl4 1.45 2.55 12.35 0.50 1.00 2.50 128.00 95.00 137.00 184.00 187.00 263.00 0.35 090 1.05
G15 3.40 3.30 11.60 1.00 1.00 2.00 103.00 92.00 141.00 170.00 178.00 214.00 0.75 090 1.15
G16 2.35 3.75 11.05 0.00 0.00 1.50 121.00 61.00 116.00 170.00 145.00 225.00 0.65 1.05 1.10
G17 4.85 1.45 8.85 1.00 1.00 2.00 115.00 65.00 115.00 161.00 140.00 224.00 0.55 0.90 1.00
G18 3.70 2.05 9.55 1.00 1.00 2.00 124.00 70.00 109.00 170.00 156.00 201.00 1.20 1.00 1.10
G19 2.50 3.15 7.80 2.00 1.00 2.00 124.00 83.00 119.00 178.00 168.00 240.00 0.45 095 1.05
G20 2.30 2.20 8.40 2.00 2.00 3.00 116.00 98.00 123.00 179.00 186.00 229.00 0.50 090 1.00
G21 3.70 2.55 9.10 2.00 1.00 2.00 115.00 88.00 123.00 176.00 187.00 244.00 0.95 095 1.20
G22 1.30 2.60 10.30 1.00 1.00 1.50 133.00 126.00 151.00 166.00 206.00 247.00 0.50 095 1.15
G23 1.75 2.10 8.35 0.00 1.00 0.50 124.00 84.00 123.00 167.00 167.00 214.00 0.70 0.80 1.10
G24 2.05 2.25 10.05 2.00 1.00 2.50 127.00 86.00 134.00 175.00 139.00 253.00 0.45 1.05 1.05
G25 1.60 2.60 9.50 2.00 0.50 1.00 128.00  108.00 165.00 188.00 193.00 279.00 0.45 0.90 1.00
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Traits GY (tha) ASI (days) EH (cm) PH (cm) EPP
Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch

Genotype MD LN OPT MD LN OPT MD LN OPT MD LN OPT MD LN OPT
G26 2.20 2.65 8.85 0.50 0.50 1.00 127.00 96.00 115.00 186.00 183.00 233.00 0.60 135 1.20
G27 3.25 4.30 9.55 2.00 1.00 1.00 116.00 88.00 115.00 181.00 175.00 235.00 0.70 095 1.05
G28 1.50 2.20 11.20 2.00 1.00 2.00 125.00 73.00 131.00 184.00 160.00 260.00 0.45 085 1.05
G29 5.00 1.80 8.85 1.00 1.00 2.00 107.00 91.00 119.00 181.00 175.00 230.00 0.45 0.85 1.00
G30 2.15 2.70 7.60 2.00 1.00 1.50 118.00 64.00 99.00 169.00 137.00 202.00 0.55 0.80 0.95
G31 3.90 4.05 8.00 1.00 1.00 2.00 105.00 75.00 127.00 159.00 165.00 242.00 0.40 1.00 0.90
G32 1.65 2.40 8.35 2.00 1.00 1.50 133.00 115.00 154.00 195.00 199.00 258.00 0.55 1.15 1.15
G33 1.40 2.40 9.70 1.00 0.00 2.50 128.00 82.00 128.00 181.00 163.00 233.00 0.35 1.00 1.25
G34 1.50 0.60 9.20 1.00 0.00 2.50 117.00 80.00 141.00 176.00 169.00 253.00 0.35 0.80 1.00
G35 1.80 3.45 10.95 2.50 1.00 2.00 108.00 76.00 126.00 185.00 162.00 241.00 0.50 1.05 1.15
G36 3.65 3.55 10.00 2.00 1.00 2.00 117.00 76.00 128.00 195.00 171.00 229.000 0.55 1.00 1.00
G37 2.15 2.05 9.60 1.00 1.00 1.00 110.00 79.00 128.00 185.00 165.00 240.00 0.50 0.95 1.00
G38 3.25 1.65 6.95 1.00 1.00 1.00 115.00 77.00 101.00 175.00 160.00 200.00 0.65 0.75 1.00
G39 3.25 1.50 8.70 1.00 1.00 2.00 146.00 77.00 142.00 189.00 162.00 270.00 0.60 0.85 1.00
G40 2.15 2.40 9.15 0.50 0.00 1.50 125.00 79.00 112.00 170.00 167.00 230.00 1.45 1.05 0.95
G41 3.55 3.00 11.65 2.00 0.00 3.00 111.00 78.00 124.00 186.00 163.00 229.00 0.45 1.05 1.15
G42 1.35 3.55 9.60 1.00 1.00 1.50 116.00 91.00 141.00 186.00 181.00 247.00 0.45 0.85 1.15
G43 2.35 2.25 9.15 1.00 1.00 1.50 116.00 61.00 102.00 180.00 99.00 203.00 0.50 0.85 1.10
G44 2.60 3.15 10.80 0.00 1.00 2.50 123.00 95.00 145.00 187.00 185.00 264.00 0.50 0.85 1.00
G45 1.90 1.95 9.55 2.00 1.00 2.00 128.00 70.00 150.00 184.00 141.00 269.00 0.65 0.85 1.00
G46 1.90 2.90 8.45 2.00 1.00 2.50 119.00 89.00 135.00 159.00 184.00 255.00 1.20 095 1.05
G47 3.30 3.80 11.65 2.00 0.00 2.00 116.00  103.00 114.00 197.00 192.00 234.00 0.60 1.00 1.20
G48 3.20 3.15 7.70 0.50 0.00 1.00 130.00 87.00 211.00 180.00 162.00 246.00 0.40 090 0.95
G49 2.25 3.15 8.70 2.00 1.00 2.50 106.00 90.00 152.00 195.00 188.00 271.00 0.45 1.00 1.05
G50 1.60 2.30 10.20 3.00 0.50 1.50 97.00 90.00 112.00 175.00 163.00 218.00 0.55 0.85 1.10
Min 1.15 0.60 6.95 0.00 0.00 0.50 97.00 61.00 99.00 156.00 99.00 200.00 0.25 0.70  0.90
Max 5.00 4.30 14.30 3.00 2.00 3.00 146.00 126.00  211.00 197.00  206.00 279.00 1.45 135 1.35
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Traits GY (tha) ASI (days) EH (cm) PH (cm) EPP

Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch
Genotype MD LN OPT MD LN OPT MD LN OPT MD LN OPT MD LN OPT
Mean 2.51 2.43 9.64 1.42 0.80 1.90 119.00 84.00 129.00 178.00 167.00 237.00 0.60 0.94 1.08
CV (%) 8.36 18.38 16.17 30.65 23.87 16.21 14.69 12.08 7.22 5.42 7.25 5.24 10.62 12.88 25.42
S.E. 0.81 0.45 0.40 0.58 0.19 0.23 18.93 10.11 8.61 12.86 12.09 9.36 0.11 0.12 0.15
LSD(0.05) 1.63 0.89 0.82 1.18 0.38 0.46 38.24 20.43 17.39 25.96 24.41 18.89 0.23 024 031
P-value <.001 <.001 <.001 0.009 <.001 <.001 0.016 <.001 0.002 <.001 <.001 0.008 0.049 0.106 <.001

GY=Grain yield, ASI=Anthesis-silking interval, EH=Ear height, PH=Plant height, EPP=Ear per plant, Lutz=Lutzville, Ced=Cedara, Potch=Potchfestroom, Opt=optimum, LN=low Nitrogen,
MD=Managed drought
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Table 3-6 Mean grain yield for top perfoming hybrids and checks under each

environment (ranked by grain yield)

Mean Grain Yield (tha™?)

Genotype Lutz Ville Genotype Cedara (Low Genotype Potchefstroom
(Managed Nitrogen) (Optimum)
drought)

G29 5.00 G27 4.30 G5 14.30

G7 4.90 G31 4.05 G14 12.35

G17 4.85 G47 3.80 G6 11.85

G31 3.90 G16 3.75 G7 11.80

G21 3.70 G36 3.55 G41 11.65

G18 3.70 G42 3.55 G47 11.65

G36 3.65 G35 3.45 G15 11.60

G9 3.55 G15 3.30 G28 11.20

G41 3.55 G19 3.15 G1l6 11.05

G4 3.40 G44 3.15 G35 10.95

Min 1.15 0.60 6.95

Max 5.00 4.30 14.3

Mean 251 243 9.64

CV (%) 8.36 18.38 16.17

S.E. 0.81 0.45 0.40

LSD.05) 1.63 0.89 0.82

P-value <.001 <.001 <.001

3.6.3  Heritability and genetic parameters for each single environment

Substantial differences in heritability values for the different traits are presented in Table 3-7,
3-8 and 3-9. The heritability (%) was categorised as low, moderate and high, similar to that of
Robinson et al. (1949) as follows: 0-0.30 = low; 0.30-0.60 = moderate and >0.60 = high. The
study revealed the whole range of low to high heritability estimates. At Lutzville (managed
drought) broad sense heritability ranged from 0 to 79% (Table 3-7). High broad sense
heritability was exhibited by grain moisture, grain yield, grain weight, anthesis days and silking
days, while field weight and ear height had moderate heritability. Anthesis-silking interval, plant
height and ear per plant exhibited low heritability. Genetic advance as a percentage of mean
ranged from 56 to 87%, with plant height displaying the lowest and grain yield the highest.
Phenotypic coefficient of variation (PCV) was higher than genotypic coefficient of variation
(GCV) for all traits. Genotypic coefficient of variation ranged from 0.48 to 12.50, while PCV
ranged from 1.42 to 14.46.

At Cedara (low N) broad sense heritability ranged from 26 to 100% (Table 3-8). High broad

sense heritability was exhibited by plant height, grain moisture, silking days, anthesis days,
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grain weight and grain yield, while ear height and field weight revealed moderate heritability.
Anthesis-silking interval and ear per plant exhibited low heritability. Genetic advance as a
percentage of mean ranged from 10 to 76%, with anthesis days displaying the lowest and
anthesis-silking interval the lowest. Phenotypic coefficient of variation (PCV) was higher than
genotypic coefficient of variation (GCV) for all traits. Genotypic coefficient of variation ranged
from 2.82 to 12.18, while PCV ranged from 3.12 to 15.55.

At Potchefstroom (optimum) broad sense heritability ranged from 39 to 90% (Table 3-9). High
broad sense heritability was exhibited by Anthesis-silking interval, field weight, grain weight,
grain moisture, grain yield and ear per plant only. Whereas, anthesis days, silking days, ear
height and plant height recorded moderate heritability. No other trait exhibited low heritability.
Genetic advance as a percentage of mean ranged from 9.0 to 97.0%, with plant height
displaying the lowest and grain weight the highest. Phenotypic coefficient of variation (PCV)
was higher than genotypic coefficient of variation (GCV) for all traits. Genotypic coefficient of
variation ranged from 2.69 to 8.57, while PCV ranged from 3.12 to 13.08.

Table 3-7  Estimates of heritability and genetic parameters for grain yield and
secondary traits for the 50 early maturing maize hybrids at Lutzville

(managed drought)

Traits o ! o’ H?2 GCV  Mean PCV  GA %GA
AD 4.47 2.16 6.63 0.67 2.33 8220 284 435 5.30
sb 4.33 235 6.67 0.65 2.28 83.36  2.83 4.28 5.14
ASI 0.14 0.40 0.54 0.26 3.55 1.09 7.02 0.76 69.95
PH 0.40 16659  166.99  0.00 0.48 177.00 971 1.30 0.74
EH 0.64 12632 11196 0.01 0.85 88.63 1124 165 1.86
FW 1.06 0.77 1.83 0.58 6.17 2.77 8.12 2.12 76.39
GW 0.64 0.21 0.85 0.75 5.80 1.89 6.71 1.64 86.96
GM 111 0.30 1.41 0.79 2.94 1289 331 217 16.85
GY 0.70 0.57 2.27 0.75 1250  1.08 1446 268 4741
EPP 0.00 0.02 0.02 0.14 0.53 0.92 1.42 0.10 11.33

AD=Anthesis days, ASI=Anthesis-silking interval, EH=Ear height, EPP=Ears per plant, FW=Field weight, GM=Grain moisture,

2 2

2
GW=Grain weight, GY=Grain yield, PH=Plant height, SD=Silking days, °® = genotypic variance, % = error variance, % =
phenotypic variance, H2=broad sense heritability, GCV=genotypic coefficient of variation, PCV= phenotypic coefficient of
variation, GA=genetic advance, GAM%-= genetic advance as percent of the mean
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Table 3-8 Estimates of heritability and genetic parameters for grain yield and

secondary traits for the 50 early maturing maize hybrids at Cedara (low N)

Traits O'é O_ez O'; H? GCV Mean PCV GA %GA
AD 17.16 6.37 23.53 0.73 4.57 82.20 5.35 8.53 10.38
SD 18.12 6.23 24.35 0.74 4.66 83.36 5.40 8.77 10.52
ASI 0.16 0.40 0.56 0.29 3.88 1.09 7.19 0.83 76.56
PH 262.72 0.04 262.76  1.00 12.18 177.00  12.18 33.39 18.86
EH 118.10 96.19 21429  0.55 11.54 88.63 15.55 22.39 25.26
Fw 0.22 0.17 0.39 0.57 2.82 2.77 3.73 0.97 34.94
Gw 0.18 0.07 0.25 0.73 3.09 1.89 3.60 0.88 46.31
GM 1.13 0.12 1.25 0.90 2.96 12.89 3.12 2.19 16.98
GY 0.58 0.20 0.77 0.75 5.26 2.08 6.09 1.57 75.10
EPP 0.01 0.01 0.02 0.26 0.75 0.92 1.47 0.15 16.20

AD=Anthesis days, ASI=Anthesis-silking interval, EH=Ear height, EPP=Ears per plant, FW=Field weight, GM=Grain moisture,
GW=Grain weight, GY=Grain yield, PH=Plant height, SD=Silking days, a'gz = genotypic variance, o'e2 = error variance, g§ =

phenotypic variance, H?=broad sense heritability, GCV=genotypic coefficient of variation, PCV= phenotypic coefficient of

variation, GA=genetic advance, GAM%= genetic advance as percent of the mean

Table 3-9  Estimates of heritability and genetic parameters for grain yield and

secondary traits for the 50 early maturing maize hybrids at Potchfestroom

(optimum)

Traits - gz Gez cr; H2 GCV  Mean PCV GA %GA
AD 18.88 15.48 34.36 055 489 7881 6.60 8.95 11.36
SD 19.90 15.89 35.79 0.56  4.96  80.78 6.66 9.19 11.38
ASI 0.48 0.06 0.53 090 491 197 5.19 1.42 72.12
PH 55.43 84.99 140.42 0.39 588  160.30 9.36 15.34 9.57

EH 55.38 73.45 128.83 043 857 7534 13.08 15.33 20.35
FW 0.56 0.17 0.73 077 475 250 5.40 1.55 61.84
GW 0.34 0.07 0.41 0.84 441 176 4.83 1.21 68.47
GM 1.10 0.18 1.28 0.86 290  13.08 3.12 2.16 16.53
GY 0.93 0.17 1.11 0.84 677 203 7.38 1.99 97.90
EPP 0.05 0.02 0.07 070 296  0.59 3.54 0.47 79.48

AD=Anthesis days, ASI=Anthesis-silking interval, EH=Ear height, EPP=Ears per plant, FW=Field weight, GM=Grain moisture,
GW=Grain weight, GY=Grain yield, PH=Plant height, SD=Silking days, O_gz = genotypic variance, 092 = error variance, o—g =

phenotypic variance, H?=broad sense heritability, GCV=genotypic coefficient of variation, PCV= phenotypic coefficient of

variation, GA=genetic advance, GAM%= genetic advance as percent of the mean
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3.6.5 Correlation between yield and secondary traits for each single environment

Phenotypic correlations between yield and secondary traits for each environment were
determined and they indicated significant associations among the agronomic traits (Table 3-
10, 3-11 and 3-12). At Lutzville (Managed drought) it was observed that anthesis days and
ear height showed significant but negative correlations (r = -0.372** and -0.317* respectively)
with grain yield. Anthesis-silking days, ear per plant and field weight showed significant
positive significant and positive correlation (r=0.815**, 0.874** and 0.969** respectively).
There were highly significant and positive correlations between the following pairs of traits:
anthesis days and ear height (r=0.917**); anthesis-silking interval and ear per plant (r =
0.933**); anthesis-silking interval and field weight (r=0.877**); ear per plant and field weight
(0.945%); anthesis days and grain moisture (r=0.889**); ear height and grain moisture (r =
0.56**); anthesis-silking interval and grain yield (r=0.815**); ear per plant and grain yield
(r=0.874**); plant height and anthesis days (r=0.943**); ear height and plant height
(r=0.944**); grain moisture and plant height (r=0.903**) anthesis days and silking days (r =
0.999**); ear height and silking days (r = 0.913**); grain moisture and silking days (r=0.888).
There were highly significant and negative correlations between the following pairs of traits:
anthesis days and anthesis-silking days (r=-0.425**); anthesis days and ear per plant (r=-
0.530**); anthesis days and field weight (r=-0.451**); anthesis-silking days and ear height (r=-
0.443**); anthesis-silking days and grain moisture (r=-0.334**); anthesis-silking days and plant
height (r=-0.433**); anthesis-silking days and silking days (r=-0.414**); ear height and ear
plant per (r=-0.504**); ear height and field weight (r=-0.391**); ear per plant and grain moisture
(r=-0.416**); ear per plant and plant height (r=-0.549**); ear per plant and silking days (r=-
0.531**); field weight and grain moisture (r=-0.295%) field weight and plant height (r=-0.436**)
and field weight and silking days (r=-0.453**).

At Cedara (low N) (Table 3-11) it was observed that anthesis days showed significant but
negative correlations (r = -0.400**) with grain yield. Anthesis-silking days, ear per plant and
field weight showed significant positive significant and positive correlation (r=0.917**, 0.939**
and 0.975** respectively). There were highly significant and positive correlations between the
following pairs of traits: anthesis days and ear height (r=0.33**); anthesis days and grain
moisture (r=0.885**); anthesis days and plant height (0.943**); anthesis days and silking days
(r=1.000**); anthesis-silking interval and ear per plant (r = 0.986**); anthesis-silking interval
and field weight (r=0.963**); ear height and grain moisture (r=0723**); ear height and plant
height (r=0.937**); ear height and silking days (r=0.734**); ear per plant and field weight
(r=0.982**); grain moisture and silking days (R=0.886**); plant height and silking days (r =
0.850**); ear height and silking days (r = 0.913**); grain moisture and silking days (r=0.888).
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There were highly significant and negative correlations between the following pairs of traits:
anthesis days and anthesis-silking days (r=-0.516**); anthesis days and ear per plant (r=-
0.480**); anthesis days and field weight (r=-0.462**); anthesis-silking days and ear height (r=-
0375**); anthesis-silking days and grain moisture (r=-0.379**); anthesis-silking days and plant
height (r=-0.461**); anthesis-silking days and silking days (r=-0.513**); ear height and ear
plant per (r=-0.332*); ear height and field weight (r=-0.280%); ear per plant and grain moisture
(r=-0.339%); ear per plant and plant height (r=-0.415**); ear per plant and silking days (r=-
0.479*); field weight and grain moisture (r=-0.324%*); field weight and plant height (r=-0.366**);
field weight and silking days (r=-0.462**); grain yield and plant height (r=-0.270*) and grain
yield and silking days (r=-0.399**).

At Potchefstroom (optimum) (Table 3-12) it was observed that anthesis days, ear height, field
weight and grain moisture showed highly significant but positive correlations (r = 0.622**,
0.576**, 0.779** and 0.687** respectively) with grain yield. There were highly significant and
positive correlations between the following pairs of traits: anthesis days and ear height
(r=0.709**); anthesis days and field weight (r=0.298**); anthesis days and grain moisture
(r=0.910**); anthesis days and plant height (r=0.948**); anthesis days and silking days
(r=0.999**); anthesis-silking interval and ear per plant (r = 0.986**); anthesis-silking interval
and field weight (r=0.470**); ear height and field weight (r=0.329**); ear height and grain
moisture (r=0.688**); ear height and plant height (r=0.794); ear height and silking days
(r=0.707**); ear per plant and field weight (r=0.449**); field weight and grain moisture
(r=0.428**); field weight and plant height (r=0.301*); field weight and silking days (r=0.305%);
grain moisture and plant height (r=0.854**); grain moisture and silking days (r=0.906**); grain
yield and plant height (R=0.624**); grain yield and silking days (r = 0.628**); and plant height
and silking days (r = 0.948**).The following pairs showed significant but negative correlations
anthesis days and ear height (r=-0.512**); anthesis days and ear per plant (r=-0.455**);
anthesis-silking interval and ear height (r=-0.2766*); anthesis-silking interval and grain
moisture (r=-0.356); anthesis-silking interval and plant height (r=-0.480**); anthesis-silking
interval and silking days.(r=-0.508**); ear per plant and grain moisture(r=-0.279%); ear per plant
and plant height (r=-0.431) and plant height and silking days (r=-0.445**).
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Table 3-10 Pearson correlation coefficients for grain yield and secondary traits at Lutz

ville (managed drought)

Traits ASI EH EPP FW GM GY PH sb
AD - 425" 917 -530%  -451% 889 -372% 943 .999*
ASI - 443 933w 877 -.334* 815* -433% 414
EH -504%  -391%  856* -317* 944 913*
EPP 945+ -416% 874 -549% 531
FW -.295* 969* -436" 453
GM -0.202 .903* .888**
GY -.340* -.373%
PH 944

* ** Correlation is significant at P< 0.05 and P<0.01 level, respectively.AD=Anthesis days, ASI=Anthesis-silking interval,
EH=Ear height, EPP=Ears per plant, GM=Grain moisture, GY=Grain yield, PH=Plant height, SD=Silking days

Table 3-11 Pearson correlation coefficients for grain yield and secondary traits at Cedara

(low N)

Traits ASI EH EPP FW GM GY PH SD

AD -516" 733" -.480™ -.462" .885™ -.400” .850" 1.000"
ASI -.375" .986™ 963" -.379" 917" -.461" -.513"
EH -.332 -.280" 723" -0.194 937" 734"
EPP 982" -.339" .939™ -.415" -479
FW -.324 975" -.366" -.462"
GM -0.262 796" .886™
GY -.270° -.399"
PH .850™

* *¥*_ Correlation is significant at P< 0.05 and P<0.01 level, respectively.AD=Anthesis days, ASI=Anthesis-silking interval,
EH=Ear height, EPP=Ears per plant, GM=Grain moisture, GY=Grain yield, PH=Plant height, SD=Silking days

Table 3-12 Pearson correlation coefficients for grain yield and secondary traits at
Potchfestroom (optimum)

Traits ASI EH EPP FW GM GY PH SD
AD -512" 709" -.445™ 298" 910" 622" 948" .999"
ASI -.276 .986™ 470™ -.356™ 0.028 -.480™ -.508™
EH -0.218 329" .686" 576" 794" 707"
EPP 499" 279" 0.075 -.431" -.445™
FW 428" 7797 301" .305
GM 687" 854" .906"
GY 624" 628"
PH .948™

***. Correlation is significant at P< 0.05 and P<0.01 level, respectively.AD=Anthesis days, ASI=Anthesis-silking interval,

EH=Ear height, EPP=Ears per plant, GM=Grain moisture, GY=Grain yield, PH=Plant height, SD=Silking days
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3.6.6  Path coefficient analysis for single environment

Path coefficient analysis was studied at phenotypic level considering grain yield as dependent
character for each environment. The phenotypic direct and indirect effect of yield-related traits
are presented in Table 3-13, 3-14 and 3-15. At Lutzville (managed drought) the path coefficient
analysis revealed that anthesis day, anthesis-silking interval, ear height and grain moisture
had positive direct effects on grain yield. A negative direct effect was contributed by field
weight (-0.109), plant height (-0.129), ear per plant (-0.890) and silking days (-1.724). The
direct contribution of anthesis days to grain yield of maize was 1.711, while the highest indirect
contribution through ear per plant and ear height were 0.472 and 0.109 respectively; giving a
total contribution of -0.372**. Direct contribution of anthesis-silking interval to grain was 0.177
whereas indirect contribution was through silking days and plant height were 0.714 and 0.056,
respectively; giving a total contribution of 0.815**.

At Cedara (low N) the path coefficient analysis revealed that anthesis days, anthesis-silking
interval, grain moisture, ear height, plant height and field weight had positive direct effects on
grain yield. A negative direct effect was contributed by ear per plant (-0.916) and silking days
(-7.631). The direct contribution of anthesis days to grain yield of maize was 7.544, while the
highest indirect contribution through ear per plant and grain moisture were 0.472 and 0.075
respectively; giving a total contribution of -0.400**. Direct contribution of anthesis-silking
interval to grain was 0.587 whereas indirect contribution was through silking days and field

weight were 3.915 and 0.012 respectively; giving a total contribution of 0.917**,

At Potchefstroom (optimum), the path coefficient analysis revealed that anthesis days, silking
days, ear height, anthesis-silking interval and field weight had positive direct effects on grain
yield. A negative direct effect was contributed by plant height (-0.100), grain moisture (-0.144)
and ear per plant (-0.358). The direct contribution of anthesis days to grain yield of maize was
0.106, while the highest indirect contribution through ear per plant and silking days were 0.159
and 0.105 respectively; giving a total contribution of 0.622**. Direct contribution of silking days
to grain was 0.105 whereas indirect contribution was through ear per plant and anthesis days

were 0.159 and 0.106, respectively; giving a total contribution of 0.628**.
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Table 3-13 The direct (diagonal) and indirect (out diagonal) contribution of maize yield

traits on grain yield at Lutz ville (managed drought)

Traits AD ASI EH EPP FW GM PH SD Total correlation to GY
AD 1.711 -0.075 0.109 0.472 0.049 0.017 -0.122 -1.722 -0.372**

ASI -0.727  0.177 -0.053 -0.830 -0.096 -0.006 0.056 0.714 0.815*

EH 1.569 -0.079 0.119 0.448 0.043 0.016 -0.122 -1.574 -0.317*

EPP -0.907 0.165 -0.060 -0.890 -0.103 -0.008 0.071 0.915 0.874*

FW -0.772  0.155 -0.046 -0.784 -0.109 -0.006 0.056 0.781 0.969**

GM 1521 -0.059 0.102 0.345 0.028 0.019 -0.117 -1.531 -0.202

PH 1.613 -0.077 0.112 0.456 0.042 -0.006 -0.129 -1.627 -0.340*

SD 1.709 -0.073 0.108 0.441 0.043 -0.006 0.053 -1.724 -0.373**

AD=Anthesis days, ASI=Anthesis-silking interval, EH=Ear height, EPP=Ears per plant, GM=Grain moisture, PH=Plant height,
SD=Silking days, GY=Grain yield

Table 3-14 The direct (diagonal) and indirect (out diagonal) contribution of maize yield

traits on grain yield at Cedara (low N)

Traits AD ASI EH EPP FW GM PH SD Total correlation to GY
AD 7.544 -0.303 0.051 0.440 -0.006 0.075 0.055 -7.631 -0.400**
ASI -3.892 0587 -0.026 -0.904 0.012 -0.032 -0.030 3.915 0.917**
EH 5529 -0.220 0.070 0.304 -0.003 0.062 0.060 -5.601 -0.194
EPP -3.621 0579 -0.023 -0.916 0.012 -0.029 -0.027 3.655 0.939**
Fw -3.485 0.565 -0.020 -0.900 0.012 -0.028 -0.024 3.526 0.975**
GM 6.676 -0.223 0.051 0.311 -0.004 0.085 0.051 -6.761 -0.262
PH 6.412 -0.271 0.066 0.380 -0.004 0.068 0.064 -6.486 -0.270*
SD 7.544 -0.301 0.051 0.439 -0.006 0.076 0.055 -7.631 -0.399**

AD=Anthesis days, ASI=Anthesis-silking interval, EH=Ear height, EPP=Ears per plant, GM=Grain moisture, PH=Plant
height, SD=Silking days, GY=Grain yield

Table 3-15 The direct (diagonal) and indirect (out diagonal) contribution of maize yield

traits on grain yield at Potchfestroom (Optimum)

Traits AD ASI EH EPP Fw GM PH SD Total correlation to GY
AD 0.106 -0.024 0.050 0.159 0.002 -0.131 -0.095 0.105 0.622**
ASI -0.054 0.047 -0.019 -0.353 0.003 0.051 0.048 -0.053 0.028
EH 0.075 -0.013 0.071 0.078 0.002 -0.099 -0.079 0.074 0.576**
EPP -0.047 0.047 -0.015 -0.358 0.003 0.040 0.043 -0.047 0.075
FW 0.032 0.022 0.023 -0.179 0.006 -0.062 -0.030 0.032 T79**
GM 0.097 -0.017 0.048 0.100 0.003 -0.144 -0.085 0.095 0.687**
PH 0.101 -0.023 0.056 0.154 0.002 -0.123 -0.100 0.099 0.624**
SD 0.106 -0.024  0.050 0.159 0.002 -0.131 -0.095 0.105 0.628**

AD=Anthesis days, ASI=Anthesis-silking interval, EH=Ear height, EPP=Ears per plant, GM=Grain moisture, PH=Plant height,
SD=Silking days, GY=Grain yield
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3.7 Discussion

3.7.1 Analysis of variance and genotype performance for grain yield and secondary

traits

Grain vyield varied significantly among the hybrids in all the environments. The combined
analysis of variance across the three sites in the study revealed that genotype, environment
and genotype by environment interaction were significant for all the traits amongst the
genotypes. The results are in agreement with Saikia and Sharma (2000) who reported
significant genotype and environment effect and GEI for all traits. This suggests that there is
genetic variability amongst the traits for the maize hybrids. Genetic variability provides a good
opportunity for yield improvement, which means effective selection is attainable. The presence
of significant genotype by environment interaction indicates that the genotypes responded
differently to changes in environment. These differences could be attributed to the variation in
climatic factors in the test environments. This are similar findings done by Bello and Olaoye
(2009), Aly et al., (2011) and Abdel-Moneam et al., (2014) reported that the significant mean
squares observed for all traits indicate that the experimental growing conditions are different.
The error variance of the mean for all the traits was significant. This might be a result of the
minimum number of replications and data from the sites used in estimating the components
of variance for all the traits. The variability observed for grain yield as a quantitative inherited
trait was high among the genotypes implying that there are opportunities for selection in the
genotypes for enhancement of grain yield. This variability could be heritable and exploited in
the process of selection in the breeding programme. Similar results were recorded by other
researchers (Ackura et al., 2005; Acura and Kaya, 2008; Asfaw, 2008; Dagne, 2008; Solomon
et al., 2008; Abdurhaman, 2009; and Muluken, 2009).

The mean grain yield of hybrids ranged from 1.45-3.4 t ha?, 2.1-4.31 tha' and 7.7-12.0 t ha’
1 under managed drought, low N and optimum, respectively. The results of the mean grain
yield under managed drought and low N were similar to Bolafios and Edmeades (1996)
Pswarayi and Vivek (2008), Nyombayire et al. (2011) and Ertiro et al. (2017) reported that
yield reduction is between 20-30% under well-watered conditions, while in low N the is 50%
grain yield reduction and in drought conditions is about 50-60%. This implies that large part of
yield potential is not realised in many genotypes when evaluated under multiple stress
environments. Since the top three hybrids (G5, G31, and G29) could withstand the multiple
stress and out-yielded the commercial checks, it is, therefore, ideal that these hybrids be
tested for stability across environments. Further, yield improvements to match the three

hybrids would be achieved by improving ears per plant of these promising top yielding hybrids.
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Low N environments had the lowest mean grain yield and significant reductions in plant and
ear height. This confirms that reductions in plant and ear height are related with yield
reductions especially under stress environments. The effect of drought and low N stress on
plant height is in agreement with previous studies done by Ertiro et al., (2017), respectively
reported 1% and 40% reductions due to drought and low N. Mean grain yield for top performing
genotypes which were ranked as best therefore can be used to improve tolerance to both
drought and low N stress, since they contribute greatly to higher yields and to stress tolerance.

3.7.4  Heritability and genetic parameters for each single environment

The genotypic variances for each environments’(managed drought, low N and optimum)
under grain yield were reduced due to the multiple stress effect. Similarly, genotypic variance
for the other traits was reduced with increasing stress. These traits showed an almost similar
trend in mean grain yield. Many researchers have reported that genotypic variance for grain
yield in stress environments is generally lower than in non-stress environments (Al-Naggar et
al., 2009; Al-Naggar et al., 2011; Garg et al., 2017). Therefore, it is important to consider

using secondary traits to indirectly select for grain yield under multiple stress.

High broad sense heritability coupled with high genetic advance was observed for most of the
traits in each environment suggesting that some of the secondary traits were least influenced
by environmental effects. Similar results were reported by other researchers (Nelson and
Somers, 1992; Rafique et al., 2004; Kashiani et al., 2008; Wannows et al., 2010) that anthesis
days, grain yield and silking days’ traits had higher values of heritability than maize grain yield.
Moderate heritability was observed for plant height, ear height, anthesis-silking interval and
ear per plant while low broad sense heritability estimates were observed for grain moisture,
grain yield and field weight. The implication is that those traits with moderate heritability can
readily respond to selection while for those with low heritability, selection need to be delayed.
The results in the present study showed that multiple stresses in combination influenced the
magnitude of variances for each trait. Genotypic, error variances and heritability should be
used together in predicting the ultimate effect for selecting superior varieties (Muchie and
Fentie, 2016). Therefore, attention must be taken while breeding for this complex trait as it is

considerably influenced by environmental factors.

Estimate of heritability for secondary traits varied significantly between the environments
indicating the role of genotype by environment effects for conditioning these traits. This implies
that there was large genetic variation in each environment. These results are in contrast with
Aminu and Izge (2012) who reported moderate heritability of some traits. Although high

genetic variation was observed at each environment, the results imply that secondary traits
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are highly influenced by the environment as revealed by very low heritability at other
environments. This suggests that some other trait might not respond to selection in some
environments. These results are in line with the findings of Lorenzana and Bernardo (2008).
Shahrokhi and Ebrahimi (2013) and Ullah et al. (2013) have reported low, medium and high
estimates of heritability in different plant traits in different environments and working with
different genotypes. Higher and relatively moderate broad sense heritability of the traits
revealed that variations were transmissible and potential for developing high yielding varieties
through selection of desirable plants.

Heritability estimates along with genetic advance are more helpful in predicting the genetic
gain under selection than heritability estimates alone (Singh, 2000). Days to silking and plant
height observed in the present study were similar to those obtained in a study by Mahmood et
al. (2004). The moderate broad sense heritability for plant and ear height in this study for each
environment suggests that the actual heritability estimates might be lower (Falconer and
Mackay 1996), which may lead to low genetic gain when selecting for these traits. For a trait
measured from the same genotype in different environments, indirect selection can be applied
given information on the heritability and the genetic correlation for the secondary trait in the
environments (Makumbi et al., 2015). Low to moderate broad sense heritability estimates for
the traits that were observed in this study maybe due to the environmental influence and the

multiple stresses.

The phenotypic coefficient of variation (PCV) and genotypic coefficient of variation (GCV) are
not only useful for comparing the relative amount of phenotypic and genetic variation among
different traits but also for estimating the scope for improvement by selection. The reliability of
the parameters to be selected for a breeding programme, among other factors, is dependent
on the magnitude of its coefficient of variation especially GCV. However, the difference
between genotypic and phenotypic coefficient of variation indicates the presence of
environmental influence (Bello et al., 2012). The PCV were slightly higher than the GCV in
some of the traits. High value of PCV and GCV was observed in ear height, plant height, grain
yield, anthesis-silking interval, silking days, anthesis days and field weight in each environment
implying that there is sufficient scope for their improvement through selection. The results are
similar to the research findings of Nelson and Somers (1992), Rafique et al. (2004), Rafig et
al. (2010), Singh et al. (2003), Abirami et al. (2005) and Vashistha et al. (2013). This implies
that selection based on the phenotype would be more reliable thus resulting in genetic

enhancement of the traits.
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Low values of PCV and GCV were observed for days to anthesis, ear per plant, grain moisture,
grain weight and field weight at each environment suggesting that there was low variability
among the traits. The results are similar to the study done by Shoran and Tandon (1995),
Hossain and Joarder (2006), Bello et al. (2012) and Rahman et al. (2014). Hence, selection

for the low heritable traits results in limited possibility for improvement.

3.7.5 Correlation between grain yield and secondary traits for each single

environment

At Lutzville (Managed drought), it was observed that anthesis days, ear height, plant height
and silking days showed significant but negative correlations with grain yield. At Cedara (low
N) it was observed that anthesis days and plant height, silking days showed significant but
negative correlations with grain yield. The results are also in line with Akbar et al. (2008) and
Bocanski et al. (2009) reported that anthesis days, ear height, plant height and silking days
showed significant but negative correlations with grain yield. At Potchefstroom (optimum) it
was observed that anthesis day, ear height, field weight and grain moisture showed highly
significant but positive correlations with grain yield. This implies that increasing expression of
these traits can positively influence grain yield. The results for Potchefstroom are in line with
the work done by Selvaraj and Nagarajan (2011) who reported that plant height, ear height
and grain weight showed significant positive association with yield. The difference between
the results is mainly due to difference in genotypes used and the environments. Hence, there
is need to evaluate genotypes under different environments to determine the effects of
genotype by environment on the correlation between yields and secondary traits. Anthesis
date, silking days, ear height and plant height showed significant and negative correlation with
yield at Lutzville and Cedara. These results show that a negative correlation on the anthesis
days is favoured to obtain early maturing hybrids and that directing these traits would be
effective for indirect selection of grain yield. These results are similar with Selvaraj and
Nagarajan (2011) who reported that anthesis days and silking days showed positive non-

significant association with grain yield.

In plant breeding, correlation coefficient analysis measures the mutual relationship between
various plant traits and determines the component characters that can be used in the selection
for genetic improvement in yield (Hossain and Joarder, 1987). Generally, positive correlation
of grain yield with other yield related traits indicates that plant breeders can use these traits
as indicators in predicting grain yield. When two traits correlate, selecting for one would ensure
selection for the other trait. Knife and Tsehaye (2015) reported that effective selection based
on anthesis days, plant and ear height, ear per plant, anthesis- silking interval, grain moisture,

silking days and ear diameter is possible, which is similar to the research finding of this study
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in each environment. A significant and positive correlation of anthesis days, ear height, field
weight and grain moisture at Potchefstroom reported in this study is consistent with the
findings by Banziger et al. (1997) and Gissa (2008).

3.7.6  Path coefficient analysis for each single environment

Path coefficient analysis was used to partition the relationships between secondary traits and
grain yield into direct and indirect effects. The estimation of correlation indicates only the
extent and nature of association between grain yield and its attributes but does not show the
direct and indirect effect of different yield traits on grain yield. Grain yield is dependent on
anthesis days, silking days, anthesis-silking interval, plant height, ear height and ear per plant,
which are mutually associated and in turn impair the true link existing between a component
and grain yield. According to Singh-Jakhar et al. (2017), a change in one component is likely
to disturb the whole network of cause and effect. Thus, each component has two paths of
action viz., the direct influence on grain, indirect effect through components, which are not
revealed from correlation studies. Muhammad et al. (2008) reported that ear per plant, plant
height, ear height, anthesis days and silking days exerted positive direct effect on grain yield
per plant. The present study reveal that the was significant amount of variability in each
environment for all the traits and that they should be taken into consideration for selection of

these traits as they showed positive significant association with grain yield.

At Lutzville (managed drought) the path coefficient analysis revealed that anthesis day,
anthesis-silking interval, ear height and grain moisture had positive direct effects on grain
yield. While negative direct effect was contributed by field weight, plant height, ear per plant
and silking days. Rafiq et al. (2010) and knife and Tsehaye (2015) have earlier reported similar
results in maize. At Cedara (low N) the path coefficient analysis revealed that anthesis days,
anthesis-silking interval, grain moisture, ear height, plant height and field weight had positive
direct effects on grain yield. While negative, direct effect was contributed by ear per plant and
silking days. The results were well supported by similar finding results by knife and Tsehaye
(2015).

At Potchefstroom (optimum), the path coefficient analysis revealed that anthesis days, silking
days, ear height, anthesis-silking interval and field weight had positive direct effects on grain
yield. While negative direct effect was contributed by plant height, grain moisture and ear per
plant. These findings are in agreement with those from Geeth and Jayaraman (2000),
Muhammad et al. (2003), Vijayabharathi et al. (2009), Bello et al. (2010), Dipika et al. (2014)
and Sridhar et al. (2016) that positive direct and indirect effects of a trait on grain yield make

it possible for its exploitation in selection under specific conditions. Grain yield is influenced
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by many independent traits and understanding the nature and magnitude of the association of

these traits with grain yield and among themselves is vital for effective selection for grain yield.

3.8 Conclusion

Results from this study showed high genetic variability amongst the experimental hybrids and
thus the possibility of selecting good early maturing hybrids for grain yield and other agronomic
traits under managed drought, low N and optimum stress conditions is possible. Low to
moderate heritability estimates were realised in each environment due to the contribution of
the genotype by environment interaction and error variances, which lowered the estimates.
High heritability estimates observed coupled with high genetic advance for anthesis days, ear
height, plant height and silking days indicated that genetic variation was higher than the
environmental variation in the study. This implies that phenotypic selection for these traits
could be effective. Grain yield was positively correlated with anthesis days, silking days,
anthesis-silking interval, plant height, ear height, grain moisture, field weight and ear per plant
that are important yield components in maize. Thus, these traits are very important
components of grain yield and should be used in the selection process to improving maize
grain yield. Path coefficient analysis revealed that in each environment, some traits like
anthesis days, silking days, ear height, anthesis-silking interval, grain moisture and field weight
had positive direct effect on grain yield while few traits such as plant height and ear per plant
had negative direct effect on grain yield. Any increase in one of those traits will results in

overall increase in the yield.

This study concludes that effective selection for superior genotypes is possible considering
direct selection of the traits that contribute to grain yield improvement. Preference for selection
must be given to low N and optimum screening results than to managed drought screening
results, which may be more effective in eliminating genotypes that perform very poorly under
drought stress. Under managed drought environment, the best performing genotypes were
G29 (CZH16095), G7 (CZH16083), G17 (CZH15600), G31 (CZH16064), G21 (CZH16073),
G18 (CZH16071), G36 (CZH16096), G9 (CZH15499), and G41 (CZH16082). Under low N,
G27 (SC513), G31 (CZH16064), G47 (CZH15452), G16 (CZH16066), G36 (CZH16096), G42
(CZH16078), G35 (SC403), G15 (local check 2), G19 (CZH16091) and G44 (CZH16088)
emerged as the best. Under optimum environment, G5 (CZH16084), G14 (SC301), G6
(CZH15575), G7 (CZH16083), G41 (CZH16082), G47 (CZH15452), G15 (local check 2), G28
(CZH16076), G16 (CZH16066) and G35 (SC403) were the best performers. Therefore, these
selected best performing hybrids under each stress and non-stress conditions excluding the
checks are recommended for further evaluation and testing in advanced multi-environmental

trials.
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CHAPTER FOUR

Genotype by Environment Interaction and Stability of Early
Maturing Maize (Zea Mays L.) Hybrids across Stress and Non-

Stress Environments

ABSTRACT

The study of genotype by environment interaction and stability of grain yield across stress and
non-stress conditions was carried out on 50 early maturing maize hybrids. The plant materials
included 44 experimental hybrids from CIMMYT-Zimbabwe and 6 commercial checks from the
region. The experiment was conducted under low N, managed drought and two optimum
environments around South Africa during the 2016-2017 planting season, using a 10 x 5 (0.1)
alpha lattice design with two replications. Analysis of variance at all individual environments
showed that the genotype mean squares were significant (P<0.01). The analysis of variance
across environments showed that the genotype, environment and genotype by environment
interaction mean squares were highly significant (P<0.01) for grain yield. The contribution of
the genotype, environment and genotype by environment interaction to grain yield variation
was about 6.36, 77.96 and 11.81%, respectively. The genotype and genotype by environment
interaction were partitioned using the GGE biplot model, where PC1 and PC2 accounted for
35.97 and 28.83% of variability, respectively. The following hybrids were highly adapted to the
respective environments: CZH15448, CZH16073, CZH16074, CZH15499, and CZH15452
under optimum conditions at Cedara; CZH15574, CZH16069 excluding the checks, local
check 1 (WE3128) and SC301, and CZH16080 under optimum conditions at Potchefstroom;
CZH16093, CZH15575, CZH16068 and CZH15600 excluding the local check 2 (WE4145)
under low N at Cedara; and CZH16094, CZH15184, CZH16082, CZH16076 and CZH16065
under managed drought at Lutzville. The GGE biplot analysis identified nine genotypes
CZH15575, CZH15574, CZH16093, CZH16069, CZH16068, CZH15600, CZH16080,
CZH15452 and CZH16076 as the best performing and stable across environments. These
hybrids would contribute to high maize yields and stable grain production in specific or across

environments.

Keywords: Drought, Early maturing, GGE biplots, Grain Yield, Low N.
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4.1 Introduction

Maize (Zea mays) crop in Africa is the most important staple food source with high potential
for productivity and production. Global ecological and demographic revolution introduced the
maize crop in Africa during the 15" century (McCann, 2005). According to Badu-Apraku et al.
(2010), maize production has gone down to 7% in the last decade due to increasing
population. The existing local cultivars grown by African farmers are the product of natural
out-crossing and farmers’ selection to fit in the different farming systems (Menkir et al., 2008)
and meet various climatic conditions (Sanou et al., 1997; Menkir et al., 2008). These local
maize cultivars provide good sources of germplasm to breed for broad adaptation to
demanding growing environments (Framkel et al., 1998; Menkir et al., 2008).

Climate change is currently the world’s greatest challenge, which increases biotic, abiotic and
socio-economic factors that have adverse effect on yield of many crops. Banks (2015) stated
that expansion of irrigation in developing countries is limited due to the large number of
farmers requiring water supply. Using genetics to enhance drought, low N tolerance and offer
grain yield stability is an important part in stabilising global production. Sustainable genetic
improvement of maize can be achieved through selection of low N and drought tolerance
alleles. Ceccarelli et al. (1992) and Menkir et al. (2008) reported that farmers’ local varieties
can be valuable sources of distinctive physiological traits and alleles for adaptation to drought

tolerance, which are not present in the current improved early maturing maize cultivars.

Improved maize hybrids and landraces display a broad range of sensitivity to drought stress
which is ideal for further evaluation (Blum et al., 1991; Denci¢ et al., 2000; Menkir and
Akintunde, 2001; Menkir et al., 2009). Improvement for drought tolerance can also bring about
specific adaptation and superior performance under low N conditions, signifying that tolerance
to either stress involves a common adaptive mechanism (Banziger et al., 1999; Badu-Apraku
et al., 2010). Badu-Apraku et al. (2010) stated that under field conditions, drought and low N
can occur concurrently, which leaves a devastating effect to crop production. Through
recognition of the significant influence of the multiple stress conditions, CIMMYT-Zimbabwe
has developed maize source populations and hybrids that combine earliness or extra-
earliness with multiple stress tolerance. Multi-environments evaluation is necessary to
estimate the importance of genotype by environment interaction and to identify genotypes that
have broad adaptation and those that have specific adaptation. Gauch and Zobel (1996; 1997)
defined a mega-environment as a portion of a crop species’ growing region with a
homogenous environment in which some genotypes perform similarly. Setimela et al. (2007)

used the maize multi-environment trials data set by CIMMYT-Zimbabwe and agro-climatic
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data to identify maize mega-environments for sub-Saharan Africa including West Central

Africa.

The multi-environmental trials usually show significant genotype by environment interactions
due to the response of cultivars to different growing conditions (Badu-Apraku et al., 2010;
Workie et al. 2013). This has justified extensive testing of hybrids in multiple environments
over several years to support decisions on cultivar recommendations. Genotype by
environment interaction reduces the correlation between the phenotypic and genotypic values
(Comstock and Moll, 1963; Akcura et al. 2005; Badu-Apraku et al., 2011) and obscures the
selection of the best genotypes (Magari and Kang, 1993; Ebdon and Gauch, 2002). Epinat-Le
Signor et al. (2001) reported that identification of a combination of genotypic traits expressivity
contributing to genotype by environment interaction for grain yield facilitates the biological
explanation of the results of genotype by environment interaction analysis and identification of
superior, stable hybrids and inbred lines for hybrid production and development of synthetics.

The GGE biplot methodology proposed by Yan et al. (2000) is a great statistical tool to analyse
and identify the best performing cultivars in any given environment. This tool is also most
suitable for each cultivar assessment of any pair of hybrids in individual environments and
combination of hybrids stability and yield under different environments. It provides an
opportunity for differentiation of the best hybrids for each environment and mega-
environments, and gives information on the discriminating ability and representativeness of
the environments (Yan et al. 2000). Therefore, the objective of this study was to evaluate 50
early maturing maize hybrids for genotype by environment interaction and yield stability across

stress and non-stress environments.

4.2 Materials and Methods

42.1 Germplasm

Germplasm and list of hybrids used and their sources are as presented in section 3.2.1.

4.2.2 Experimental sites

Experimental sites and characterization of environmental conditions are as presented in

section 3.2.2.
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4.3 Field trial design and management
Field trial design and management are as presented in section 3.3.
4.4 Data collection

Data were collected for grain yield (GY) on per plot basis in all the environments. The weight
of grain per plot after shelling was determined and used to calculate GY per hectare adjusted

to 12.5% moisture content, as follows:

100-MC 1000

GY =GW x x
100—-12.5 Plotarea

Where, GW = grain weight after shelling, MC = grain moisture content of the shelled grain.

4.5 Statistical Analyses

45.1 Analysis of variance

To determine the effects of genotype by environment interaction for grain yield, the data were
first subjected to analysis of variance using GenStat software 14" edition (Payne et al. 2009).
Analyses were done for across and individual environments to test the levels of significance
(Table 4-1 and 4-2).

The following ANOVA model was used for the combined analysis across environments:

Yijkl =1+, +By +S,+H, +SH, + Eiig

Where; Yijk, = main effect; y = overall mean or grand mean; I'; = number of replications; B« =
effect of the k™ block nested in j" replication and k = 1,2,3...10, while j = 1,2; S, = the effect
the 1™ environment and 1=1,2,3,4; Hi = the effect of the I ™ hybrid and i=1,2,3...50; SH”=

interaction effect of the 1™ hybrid and |™ environment, and Ejju = random error. The hybrid

means were ranked according to yield, which was the principal selection criterion at all sites.
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The following model for single site ANOVA was used.

Yijk = u+H, +; +BK(J.) + &

Where; Yijk = the individual observation in each plot; £ = grand mean for each variable; Hi =
the effect of the 1™ hybrid and i =1,2,3...50; FJ- = 2 number of replications and j = 1,2; Bxy =

estimate of the incomplete block within replication and k = 1,2; and  &j;, = overall random

error effect.

45.2 GGE biplot analysis

The GGE biplot analysis was performed using R statistical package GEAR R version 4.0
(Pacheco et al., 2015). It was used to generate graphs showing (i) “which-won- where”, (ii)
discriminative versus representative and (iii) means versus stability (Yan and Kang, 2003).
The GGE biplot represents the first two principal components (PC1 and PC2, referred as
primary and secondary effects, respectively) derived from subjecting environment centered

yield data (yield variation due to GGE), to singular value de-composition (Yan et al., 2000).
The following model for GGE biplot was used:

Y, Y,

S =L&uNn + 480 + &

]

Where, Y= the average yield of genotype i= in the environment; Y;= the average yield
across all genotypes in environment j; SJ- = the standard deviation in environment j; 4, and
A, = the singular values for PC1 and PC2; fil and §i2= PC1 and PC2 scores, for genotype |

; Myand 77;,= PC1 and PC2 scores, for environment j; and &;= the residual of model

associated with the genotype | in the environment j. The data were not transformed but

standardised and environmental centered.

86



46 Results

4.6.1 Agronomic performance for grain yield

Analysis of variance for agronomic performance for individual and across environments
detected highly significant (P<0.01) differences among the experimental hybrids and checks
for grain yield (Tables 4-1 and 4-2). Across environments, ANOVA also revealed highly
significant (P<0.01) effects of environments and genotype by environment interaction (Table
4-1). The contribution of the genotype, environment and genotype by environment interaction
to grain yield variation was about 6.36, 77.96 and 11.81%, respectively

Table 4-1 Combined ANOVA for effects of genotype, and genotype by environment

on maize grain yield across four environments

Source of variation DF Sum of Squares Mean Square SST%
Replication 1 1.38 1.38** 0.03

Replication*Incomplete 8 33.58 4.20** 0.75

block

Genotype 49 285.89 5.83** 6.36

ENV 3 3505.67 1168.56** 77.96
Genotype*Environment 147 531.21 3.61** 11.81
Residual 191 138.80 0.73 3.09

Total 399 4496.53 11.27

DF=degree of freedom, SST%= percentage sum of squares total, **, indicate level of significance of
the data is P=0.01.

Table 4-2  ANOVA for grain yield in each environment

Cedara

Source of variation DF  (Low Cedara Lutzville Potchefstroom

N) (Opt) (MD) (Opt)
Replication 1 0.98ns 0.90ns 0.15ns 7.29 **
Elf)ﬁ’:':(ca“o”*'”comp'ete 8 060  17.91% 1.69% 231
Genotype 49 1.29** 7.39** 1.82** 3.63**
Residual 41 0.20 1.67 0.17 0.63
Total 99 0.78 5.80 1.11 2.32

DF=degree of freedom, OPT=optimum, LN=low nitrogen, MD=managed drought, ** indicate level of
significance of the data at P=0.01. ns indicates non-significant at 5% probability level.
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4.6.2 Genotype performance

The mean grain yield of the hybrids are represented in Table 4-3 for each environment and
across environments. Observed grain yield means ranged from 3.39-7.13 t ha across the
environmental conditions. Individual grain yield means for each environment ranged from
0.60-4.3, 0.85-10.3, 1.30-5, to 6.95-14.3 t ha'! under Cedara (Low N), Cedara (Optimum),
Lutzville (Managed drought) and Potchefstroom (Optimum), respectively. The best performing
hybrids for are underlined and bolded according to the mean grain yield of the environment

represented in the Table 4-3.

Table 4-3 Mean grain yields (t ha-1) of 50 early maturing hybrids at individual

environments and across four environments in 2016/17

Environments Mean GY
across
Genotype Cedara(Low N) Cedara (Opt) Lutzville (MD) Potchefstroom (Opt) environments
Gl 1.55 7.50 1.30 8.95 4.83
G2 2.15 6.75 1.15 9.75 4.95
G3 2.10 4.85 1.75 8.35 4.26
G4 0.60 6.50 1.50 9.20 4.45
G5 1.95 7.15 1.90 9.55 5.14
G6 3.80 7.45 3.30 11.65 6.55
G7 3.15 1.80 3.20 7.70 3.96
G8 3.15 6.25 2.25 8.70 5.09
G9 2.30 7.80 1.60 10.20 5.48
G10 1.40 7.70 3.20 9.55 5.46
G11 1.10 4.90 2.20 7.85 4.01
G12 2.20 9.90 3.40 9.10 6.15
G13 1.70 6.60 2.20 14.30 6.20
G14 2.10 5.95 2.85 11.85 5.69
G15 3.05 8.50 4.90 11.80 7.06
G16 1.50 4.00 1.15 8.75 3.85
G17 2.30 6.10 3.55 10.50 5.61
G18 2.40 8.20 2.15 9.25 5.50
G19 1.70 1.10 1.25 9.50 3.39
G20 0.65 0.85 2.20 9.95 3.41
G21 2.55 7.30 1.45 12.35 5.91
G22 3.30 5.20 3.40 11.60 5.88
G23 3.75 8.95 2.35 11.05 6.53
G24 1.45 4.50 4.85 8.85 491
G25 2.05 3.90 3.70 9.55 4.80
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Environments Mean GY

Genotype Cedara(Low N) Cedara (Opt) Lutzville (MD) Potchefstroom (Opt) envﬁ%rr?risents
G26 3.15 3.75 2.50 7.80 4.30
G27 2.20 3.90 2.30 8.40 4.20
G28 2.55 5.95 3.70 9.10 5.33
G29 2.60 4.65 1.30 10.30 4.71
G30 2.25 6.60 2.05 10.05 5.24
G31 2.60 3.95 1.60 9.50 4.41
G32 2.65 7.25 2.20 8.85 5.24
G33 4.30 1.65 3.25 9.55 4.69
G34 2.20 6.90 1.50 11.2 5.45
G35 1.80 3.20 5.00 8.85 4.71
G36 2.70 3.65 2.15 7.60 4.03
G37 4.05 5.80 3.90 8.00 5.44
G38 2.40 5.70 1.65 8.35 4.53
G39 2.40 6.25 1.40 9.70 4.94
G40 3.45 9.30 1.80 10.95 6.38
G41 3.55 1.05 3.65 10.00 4.56
G42 2.05 6.55 2.15 9.60 5.09
G43 1.65 6.25 3.25 6.95 4.53
G44 1.50 4.85 3.25 8.70 4.58
G45 2.40 6.95 2.15 9.15 5.16
G46 3.00 10.3 3.55 11.65 7.13
G47 3.55 7.52 1.35 9.60 5.50
G48 2.25 5.90 2.35 9.15 491
G49 3.15 6.85 2.60 10.8 5.85
G50 2.90 7.25 1.90 8.45 5.13
Mean 243 5.83 251 9.64

Maximum 4.30 10.30 5.00 14.30

Minimum 0.10 0.30 0.80 6.70

%CV 18.58 22.12 16.53 8.25

SE 0.45 1.29 0.41 0.79

L.S.D 0.91 2.61 0.84 1.61

F pr <.001 <.001 <.001 <.001

4.6.3 The GGE biplot analysis

The results are presented in three sections: the first represents “which won where” identifying

the best genotype for each environment; second section represents the discriminative and
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representative of genotypes among environments; the last section shows the genotype

performance and their stability.

4.6.3.1 ‘Which-won-where’ biplot

The GGE biplot analysis was used to identify the best hybrids at each environment and to
assess their stability. The biplot analysis gave a good visual assessment of genotype by
environment interaction which explained 64.80% (PC1=35.97and PC2=28.83%) of the total
variation for grain yield across the test environments (Figure 4-1). Based on the environments
used in this study, the results revealed four sectors with each environment falling in a different
sector and thus showing different winning genotypes for each environment (Figure 4-1). The
winning genotypes are located at the vertices of the polygon. The vertex genotypes were G15,
G33, G7, G20, G4, G13 and G46 (Figure 4-1) in different sectors. At Cedara (Opt) genotype
G13; Potchefstroom (Opt) genotype G46; Cedara (Low N) genotype G15 and Lutzville (MD)
genotype G33 were the winning genotypes. Genotypes G7, G20 and G4 were poorest in all

the four environments.

Which Won Where/What

Cedara Opt,

Potch Opt.

PC2-28.83%
2
1

Cedara Low N

Lutzville M.D.
T T T T
-2 0 2 4 6

PC1-35.97%

Figure 4-1 A polygon view of the GGE Bi-plot showing the "which-won-where" using

standardised data of 50 early maturing hybrids across four environments
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4.6.3.2 Discriminative versus representative

Environment vectors were drawn from biplot origin to connect the environment markers
(Figure 4-2). The correlation between environments is determined by the angle between their
environment vectors (<90° - high correlation, = 90° - no correlation and >90° - negative
correlation) as described by Yan and Holland (2010). The optimum environments Cedara
(Optimum) and Potchefstroom (Optimum) were highly correlated with an acute angle between
them, while Cedara (Low N) and Lutzville (managed drought) were highly correlated. In terms
of discriminating ability (informative), the longer the environment vector from the biplot origin
to the environment marker, the more discriminating it is of the genotypes. Lutzville (Managed
drought) had the longest vector, thus highly discriminating of the genotypes. The other three
environments Cedara (Low N), Cedara (Optimum) and Potchefstroom (Optimum) were more
or less the same in terms of discriminating ability, all with relatively long vectors from the biplot
origin. The distance between two environments measures their similarity or dissimilarity in
discriminating the genotypes (Yan and Tinker, 2006). Cedara (Optimum) and Potchefstroom
(Optimum) had the least distance between, while the greatest distance was observed between
Cedara (Optimum) and Lutzville (Managed drought). The distance between Lutzville
(managed drought) and Cedara (Low N) was shorter than the distance between Cedara (Low
N) and both optimum environments (Cedara (Optimum) and Potchefstroom (Optimum)). For
representativeness of the environments, an Average-Environment Axis (AEA, or average-
tester-axis) was added. The average environment is represented by the small circle at the end
of the arrow and has the average coordinates of all test environments, while the AEA is the
line that passes through the average environment and the biplot origin. A test environment

that has a smaller angle with the AEA is more representative of other test environments. Thus,
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Cedara (optimum)> Potchefstroom (Optimum)>Cedara (low N) were the most representative

whereas Lutzville (MD) was the least representative.

Discrimitiveness vs. representativeness

Cedara Opt.

Pocth Opt.

PC2-28.83%

T+ : Cedara Low N

© Lu}hville M.D.
T T T T

-2 0 2 4 6
PC1-35.97%

Figure 4-2 Ranking of environments based on discriminating ability and
representativeness GGE biplot of grain yield for 50 early maturing maize

hybrids evaluated across four environments in 2016/17

4.6.3.3 Means versus stability

The mean versus stability view biplot (Figure 4-3) was used to assess performance and
stability of the 50 genotypes across the four environments. The axis of the average
environment coordinates (AEC) abscissa, or the average environment axis, is the single-
arrowed line that passes through the biplot origin and average environment, which is at the
center of the small circle. The hybrids were ranked along the average environment axis, with
the arrow pointing to a greater value based on the mean performance across all environments.
G15 and G46 were the best performing genotypes for mean yield while G6, G49 and G12
were the most stable but G6 had a higher mean yield than G49 and G12. The top ten ranking
genotypes in terms of mean yield were G15, G46, G6, G23, G40, G13, G21, G22, G49 and
G47 while for stability (according to their projection onto the average environment axis) the
top nine stable genotypes were G49, G6, G12, G8, G17, G46, G23, G47 and G22 (Figure 4-
6). The checks were G15, G23 and G14.
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Mean vs. Stability

Cedara Opt.

Potch Opt.

PC2-28.83%

Cedara Low N

Lutzville M.D.

T T T T
-2 0 2 4 ]
PC1-35.97%

Figure 4-3 The mean vs stability view of the GGE biplot of grain yield for 50 early
maturing hybrids evaluated across four environments in 2016/17

4.7 Discussion

4.7.1 Agronomic performance for grain yield

The highly significant (P<0.01) environmental mean squares for grain yield indicated that the
environments contributed significantly to the total variation observed in the hybrid
performance. The ANOVA for grain yield revealed that genotype, environment and genotype
by environment interaction accounted for 6.36, 11.81 and 77.96% of the total sum of squares,
respectively. According to Yan and Kang (2003), the environment contributes more to variation
in multi-environment trials, but it is regarded as irrelevant for genotype evaluation to identify
superior genotypes and to determine mega-environments in a targeted region. This is the
reason that environment is removed from the phenotypic data observed in GGE biplot analysis
and the focus is on genotype and genotype by environment interaction effect, which are
relevant for genotype evaluation (Yan and Kang, 2003; Fan et al., 2007; Solonechnyi et al.,
2015). This highly significant genotype, genotypes by environment interaction for grain yield
under the individual and across all environments confirmed the differences among the
environments in terms of the stresses and the weather variation the genotypes were exposed
to, resulting in the different performance of the genotypes. The best basis for selection is the

mean grain yield and stability of the genotypes in the environments. Comstock and Moll (1963)
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reported that the presence of genotype by environment interaction complicates the selection
process as it reduces the usefulness of genotypes by confounding their yield performance
through minimizing the association between genotypic and phenotypic values. One check
which has been bolded out yielded the tested maize hybrids in Cedara under optimum. Maize
genotypes performance in each environment were as follows: Cedara (low N) G33, G49, G37;
Cedara (Optimum) G18, G23, G32, G10, G1; Lutzville (Managed drought) G24, G37, G28,
G10; and Potchefstroom (Optimum) G13, G21, G46, G6, G49.

4.7.3 The GGE biplot analysis

The GGE biplot was constructed by using GEA-R statistical tool that had the first two principal
components PC1 (35.97%) and PC2 (28.83%) gave a total variation of 64.8% for grain yield
across the test environments. Yan (2000), Yan et al. (2007), Yan (2014) and Solonechnyi et
al. (2015) stated that the GGE biplot graphically displays genotype plus genotype by
environmental interaction of the multi-environmental trial data in a way that facilitates visual

genotype evaluation and the mega-environment identification.

4.7.3.1 Which-won-where biplot

The GGE biplot analysis was used to identify the best hybrids in each environment and assess
their stability, and the biplot accounted for 64.8% of total variation across environments (Figure
4-1). The biplot indicated the best performing hybrids for each environment and the groups of
environments. The rays divided the polygon view into nine sections with the four environments
appearing in four sectors. Thus, based on the result there could be four mega environments
present, each with its own winning genotype. This also shows presence of crossover GEI. It
is also possible to group the environments into two mega environments based on their
similarities with mega environment one comprising of Cedara (optimum) and Potchefstroom
(optimum) and mega environment two comprising of Cedara (low N) and Lutzville (managed
drought). The vertex genotypes were G13 (CZH15448), G46 (CZH15574), G15 (local check
2), G33 (CZH16094), G7 (CZH16083), G20 (CZH16090) and G4 (CZH16089). Yan et al.
(2000) pointed out that the vertex genotypes in each sector represent the highest yielding
genotypes in the environments that fell within that particular sector. Thus, G13 at Cedara
(optimum), G46 at Potchefstroom (optimum), G15 at Cedara (low N) and G33 Lutzville
(managed drought) were the highest yielding hybrids. Genotypes G4, G20 and G7 did not
have any environments falling in the sectors where they were located, suggesting that they
were low yielding genotypes in some or all the environments. The following hybrids were
adapted to specific environments: G26 (CZH16070), G34 (CZH16074), G9 (CZH15499) and
G18(CZH16071) at Cedara (optimum); G46 (CZH15574), G40 (CZH16069) and G12
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(CZH16080) excluding the checks G23 (local check 1) and G14 (SC301) at Potchefstroom
(optimum); G22 (CZH16093), G6 (CZH15575), G49 (CZH16068) and G17 (CZH15600)
excluding the check G15 (local check 2) at Cedara (low N) and G33 (CZH16094), G37
(CZH15184), G41 (CZH16082), G28 (CZH16076) and G8 (CZH16065) at Lutzville (managed
drought). While the other hybrids were located within, the polygon and most of them near the
plot origin suggesting that they are more adapted to low yielding environments than the vertex
hybrids. According to a study done by Solonechinyi et al. (2015) the results, findings were the
same. That means that the yield capacity of this genotype was the highest in the particular
environment. Sserumaga et al., (2015) reported similar findings that different altitudes were
distinct from the test environments. Genotypes within the polygon, especially those located
near the point of origin are less responsive than the vertex genotypes (Yan et al., 2000) which
is similar to the study.

4.7.3.2 Discriminating versus representative

To show the discriminating ability and representativeness of the trial environments,
environmental vectors are drawn from the biplot origin to connect the environment markers.
All the environments had a positive PC1 score suggesting good discriminating ability. The
cosine of an angle between environment vector were used for evaluating the correlation
between them; the smaller the angle between environment vectors the larger the correlation
between them (Yan and Holland, 2010; Solonechnyi et al., 2015). Thus the angle between the
four environments in the study was less than 90° suggesting that there was high correlation
between them. The length of the vector from the biplot origin to the environment marker
approximates the standard deviation of the test environment. According to Yan et al. (2010),
shorter environmental vectors indicate the specific environments are not strongly correlated
with the environments with the longer vectors and that they were probably not strongly
correlated with one another either. A long environment vector represented a good
discriminating ability for a given environment. A discriminant test environment accurately
resolves genotype differences, thereby having better capability versus the environments with
low discriminating capability and lack of representativeness, which might give misleading
results. Similar research finding were done by Abakemal et al. (2016) suggesting that a lack
of discriminating power of the environments is generally attributed to unfavourable seasonal
conditions and therefore, genotypic differences based on short environmental vectors may not
be reliable. In this study, it was observed that the least discriminating environments, which
had shorter vectors and located closer to the biplot origin, were mainly stress environments,
including low N and managed drought stress, which is similar to the research finding of Yan

et al., (2007). It is therefore impossible to obtain adequate information on the differences in
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the performance of all genotypes within these environments. Based on the study, Lutzville
(Managed drought) had the longest vector, which had the most discriminating on the genotype
(G33, G37, G28 and G8) than Cedara (low N), Potchefstroom (Optimum) and Cedara
(Optimum) which had the lowest discriminating power. Respectively, there was a strong
correlation between Cedara (Optimum) and Potchefstroom (Optimum). The environments
could be ranked as follows in terms of their discriminating ability: Lutzville (managed
drought)>Cedara (low N)>Potchefstroom (optimum)>Cedara (optimum). According to Yan
and Kang (2003), environments with long vectors and small angles with the AEC abscissa are
more representative of mega environments and are ideal for testing and selecting superior
genotypes. In this study, the most representative environments were Potchefstroom
(optimum) and Cedara (low N). The biplot measures representativeness of the environments
by identifying an average environment and using it as a reference for comparison. According
to Solonechnyi et al. (2015), a test environment with a small angle to average environment
coordinate is the most representative related to the test environment. The ideal environment
is the most discriminating for the genotypes and yet representative of the other test
environments. Thus, in this study, Potchefstroom (Optimum) and Cedara (low N) were the
most desirable for selecting the genotypes, hence the best environments for genetic

differentiation of experimental hybrids.

4.7.3.4 Mean versus stability

The GGE biplot ranks genotypes by their mean yield capacity and stability in a number of
environments. The average tester coordinates x-axis (ATC) or the performance line passes
through the biplot origin with an arrow indicating the positive end of the axis and ranks
genotypes according to performance. Thus, the average environment coordinate (AEC) is
represented by a small circle that is defined by the average PC1 and PC2 scores of all
environments. According to Yan et al., (2007) and Makumbi et al., (2015) reported that the
axis of the AEC that passes through the biplot origin is perpendicular to the AEC abscissa.
The mean yield capacity of the genotypes is estimated by the projection of their markers to
the average tester coordinates x-axis. The closer the genotype to the circle indicates higher
mean grain yield. Genotype G15 (local check 2) had highest mean grain yield and G19
(CZH16091) had lowest mean grain yield. An ideal genotype should have both high mean
grain yield and high stability within a mega environment (Yan and Tanker 2006; Makumbi et
al., 2015; Sserumaga et al., 2015; Solonechnyi et al., 2015).

Nine stable and high yielding hybrids were identified as follows: G6 (CZH15575), G46
(CZH15574), G22 (CZH16093), G49 (CZH16068), G12 (CZH16080), G17 (CZH15600), G28
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(CZH16076), G47 (CZH15452), and G8 (CZH16065) because of their short projection onto
the AEC excluding the local checks G15 (local check 2), G23 (local check 1) and G14 (SC301).
Hybrid G19 had low grain yield (3.39tha!) and high stability while G48 had the averaged grain
yield (4.91thal) and low stability. Hence, in breeding perspective hybrids G19 and G48 are
not desirable for selection because farmers are looking for stable and high yielding hybrids.
Generally, hybrid G6 with acceptable stability and good vyield is the best genotype
characterized by its projection against the y-axis, hence the more projection of the hybrid the
more stable the hybrid, which is line with the work of Yan et al. (2007).

4.8 Conclusion

Analyses of variance across environments for grain yield revealed that genotype by
environment interaction played an important part in the selection of the best genotype in terms
of stability and high grain yield. The study on mean performance and stability identified nine
maize hybrids with high mean grain yield and stability across environments, suggesting that
these varieties would contribute to high maize grain yields under multiple stress environments.
The GGE biplot approach could help breeders to make rational decision on which hybrids
should be recommended for broader or specific adaptation. The GGE biplot analysis provided
a clear basis for determining the stability and performance of the 50 early maturing maize
hybrids and their rank. The vertex genotypes were G13 (CZH15448), G46 (CZH15574), G15
(local check 2), G33 (CZH16094), G7 (CZH16083), G20 (CZH16090) and G4 (CZH16089).
The following hybrids were specific adapted to the respective environmental sectors: G26
(CZH16070), G34 (CZH16074), G9 (CZH15499) and G18(CZH16071) at Cedara (optimum)
conditions; G46 (CZH15574), G40 (CZH16069) and G12 (CZH16080) excluding the checks
G23 (local check 1) and G14 (SC301) at Potchefstroom (optimum); G22 (CZH16093), G6
(CZH15575), G49 (CZH16068) and G17 (CZH15600) excluding the check G15 (local check
2) at Cedara (low N) and G33 (CZH16094), G37 (CZH15184), G41 (CZH16082), G28
(CZH16076) and G8 (CZH16065) at Lutzville (managed drought). The GGE biplot analysis
also revealed that nine stable and high yielding were identified as follows: G6 (CZH15575),
G46 (CZH15574), G22 (CZH16093), G49 (CZH16068), G12 (CZH16080), G17(CZH15600),
G28(CZH16076), G47(CZH15452), and G8(CZH16065) because of their short projection
onto the AEC coordinate excluding the local checks G15 (local check 2), G23 (local check 1)
and G14(SC301).These hybrids can contribute to high maize grain yields and stable grain

production in specific or across the environments.
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CHAPTER FIVE

Overview of the Research Findings

5.1 Introduction and objectives of the study

Maize is an important staple food crop in Africa, which has high potential for production and
productivity. It is a versatile crop, which can be grown over a range of agro-climatic zones and
has become very important in the agricultural export crop industry. The crop is affected by
socio-economic, biotic and abiotic factors that decrease grain yield production. The abiotic
stresses include drought, low N, heat and waterlogging which can occur concurrently in an
environment. This chapter outlines the findings of the study conducted on 50 early maturing
maize hybrids under multiple stresses at Potchefstroom, Cedara and Lutzville. The objectives,
summary of the research findings and recommendations are highlighted.

The objectives of the study were:

» To estimate variance components, correlation and path coefficient analysis in early

maturing maize hybrids across stress and non-stress environments.

» To evaluate genotype by environment interaction and stability of early maturing maize

hybrids across stress and non-stress environments.

5.2 Summary of the research findings

Variance Components, Correlation and Path Coefficient Analysis in Early Maturing

Maize Hybrids across stress and non-stress environments

» The analysis of variance revealed highly significant (P<0.01) differences among
the experimental hybrids for all the traits studied in each environments

» The mean performance results of all traits studied across environments revealed
that some of the experimental hybrids performed better than the local checks

» High broad sense heritability estimates at Lutzville (Managed drought) revealed
that grain moisture, grain yield, grain weight, anthesis days and silking days, while
field weight and ear height had moderate heritability. Anthesis-silking interval, plant

height and ear per plant exhibited low heritability
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High broad sense heritability at Cedara (low N) revealed that plant height, grain
moisture, silking days, anthesis days, grain weight and grain yield, while ear height
and field weight revealed moderate heritability. Anthesis-silking interval and ear
per plant exhibited low heritability

High broad sense heritability at Potchefstroom (optimum) revealed that anthesis-
silking interval, field weight, grain weight, grain moisture, grain yield and ear per
plant only. Whereas, anthesis days, silking days, ear height and plant height
recorded moderate heritability

Genetic advance in all the three environments were coupled with high-low
phenotypic and genotypic coefficient variation

The correlation coefficient analysis at Lutzville (Managed drought) revealed that
grain yield was negatively correlated with anthesis days and ear height, field
weight, grain weight and ears per plant while anthesis-silking days, ear per plant
and field weight showed significant positive significant and positive correlation
The correlation coefficient analysis at Cedara (low N) revealed that grain yield was
negatively correlated with anthesis days while anthesis-silking days, ear per plant
and field weight showed significant positive significant and positive correlation
The correlation coefficient analysis at Potchefstroom (optimum) revealed that grain
yield was positively correlated with anthesis days and ear height, field weight, grain
moisture showed significant positive significant and positive correlation

The path coefficient analysis at Lutzville (managed drought) revealed anthesis
days, anthesis-silking interval, ear height and grain moisture had positive direct
effects on grain yield had positive direct effect on grain yield while field weight,
plant height, ear per plant and silking days had negative direct effect on grain yield
selection

The path coefficient analysis at Cedara (low N) revealed anthesis days, anthesis-
silking interval, grain moisture, ear height, plant height and field weight had positive
direct effects on grain yield while ear per plant and silking days had negative direct
effect on grain yield selection

The path coefficient analysis at Potchefstroom (optimum) revealed anthesis days,
silking days, ear height, anthesis-silking interval and field weight had positive direct
effects on grain yield while plant height, grain moisture and ear per plant had
negative direct effect on grain yield selection

This implies that these traits should be considered for effective selection for grain

yield improvement in each single environment
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Genotype by environment interaction and stability of early maturing maize (Zea mays

L.) hybrids across stress and non-stress environments

>

The ANOVA for grain yield revealed that genotype, environment and genotype by
environment interaction were highly significant (P<0.01) for all the traits across
environments

The contribution of the genotype, environment and genotype by environment
interaction to grain yield variation was about 6.36, 77.96 and 11.81%, respectively
The two principal components (PC1 and PC2) obtained in the GGE Bi-plot
accounted for 35.97% and 28.83% variability for grain yield, respectively

Which-won-where revealed four mega-environments with possible classification
into only two mega environments and crossover interaction. Different winning
experimental hybrids (vertex genotypes) across the environments were identified.
The environments within the mega environment one were Cedara (optimum) and
Potchefstroom (optimum). The environments for mega environment two were
Cedara (low N) and Lutzville (managed drought). The vertex genotypes were G13
(CZH15448), G46 (CZH15574), G15 (local check 2), G33 (CZH16094), G7
(CZH16083), G20 (CZH16090) and G4 (CZH16089)

Discriminativeness versus representativeness biplot revealed that Lutzville
(managed drought) had the longest vector, which had the most discriminating
power while Cedara (low N), Potchefstroom (Optimum) and Cedara (Optimum) had
the lowest discriminating power and the angle between the environments were less
than 90° which are ideal for selecting the best genotype

The mean versus stability biplot revealed that the nine stable and high yielding
hybrids were identified as follows: G6 (CZH15575), G46 (CZH15574), G22
(CZH16093), G49 (CZH16068), G12 (CZH16080), G17(CZH15600), G28
(CZH16076), G47 (CZH15452), and G8 (CZH16065) because of their short
projection onto the AEC coordinate excluding the local checks G15 (local check 2),
G23 (local check 1) and G14 (SC301). These genotypes are recommended for

further testing for possible release and registration
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5.3 General implications and the way forward
The following implications and future directions were identified:

» Coefficients of variation for the quantitative traits for maize revealed that significant
variation exists for all the traits. Selection can be made among these traits for further

improvement of the crop.

» Low heritability and low genetic advance for most traits indicated the presence of non-
additive genes in the traits and suggested non-reliability of traits for improvement

through selection of the traits.

» Mean performance in respect to grain yield and secondary traits studied across
environments revealed that some experimental hybrids performed better depending

on the environmental conditions.

5.4 Conclusion and recommendations

The main objective of the study was to evaluate 50 early maturing maize hybrids for multiple
stress tolerance. Among the experimental hybrids evaluated, most had desirable agronomic
characteristics for the purpose of selection for grain yield improvement. In general, the study
identified valuable experimental hybrids that were stable and high yielding which can be
recommended for further evaluation in multi-environmental trials for possible release in

specific or broad agro-ecological regions of South Africa.
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APPENDIX 1

Appendix 1 Mean performance of genotypes for each site

Traits GY (th}) AD (days) SD (days) ASI (days) EH (cm)
Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch

Genotype MD LN OPT MD LN OPT MD LN OPT MD LN OPT MD LN OPT
G1 1.30 1.55 8.95 93.00 95.00 76.50 94.00 96.00 78.00 1.00 1.00 1.50 121 85 141
G2 3.20 1.40 9.55 85.50 98.00 76.00 87.50 99.00 78.50 2.00 1.00 2.50 115 80 118
G3 2.20 1.10 7.85 89.50 92.50 75.00 91.50 92.50 77.50 2.00 0.00 2.50 124 71 114
G4 3.40 2.20 9.10 92.00 96.00 73.00 92.50 97.00 75.00 0.50 1.00 2.00 135 83 128
G5 2.20 1.70 14.30 85.50 93.00 72.50 87.50 94.00 75.50 2.00 1.00 3.00 118 96 129
G6 2.85 2.10 11.85 74.00 91.50 70.00 75.00 92.50 71.50 1.00 1.00 1.50 123 80 108
G7 4.90 3.05 11.80 90.50 89.00 70.00 92.50 90.00 72.50 2.00 1.00 2.50 113 91 106
G8 1.15 1.50 8.75 92.50 96.50 72.00 94.50 97.50 74.00 2.00 1.00 2.00 117 67 140
G9 3.55 2.30 10.50 84.00 86.00 71.50 86.00 86.50 73.50 2.00 0.50 2.00 115 93 140
G10 2.15 2.40 9.25 90.50 93.50 73.50 91.50 94.50 76.00 1.00 1.00 2.50 103 87 138
G11 1.25 1.70 9.50 90.50 96.00 72.00 92.50 97.00 73.50 2.00 1.00 1.50 135 67 117
G12 1.15 2.15 9.75 90.50 92.00 76.00 92.50 92.00 78.00 2.00 0.00 2.00 107 88 135
G13 2.20 0.65 9.95 95.00 93.00 78.50 96.00 94.00 80.00 1.00 1.00 1.50 129 74 135
G14 1.45 2.55 12.35 90.50 92.50 74.50 91.00 93.50 77.00 0.50 1.00 2.50 128 95 137
G15 3.40 3.30 11.60 91.00 90.00 73.00 92.00 91.00 75.00 1.00 1.00 2.00 103 92 141
Gl6 2.35 3.75 11.05 79.00 86.00 70.50 79.00 86.00 72.00 0.00 0.00 1.50 121 61 116
G17 4.85 1.45 8.85 91.00 97.00 72.50 92.00 98.00 74.50 1.00 1.00 2.00 115 65 115
G18 3.70 2.05 9.55 73.50 85.00 70.00 74.50 86.00 72.00 1.00 1.00 2.00 124 70 109
G19 2.50 3.15 7.80 90.00 96.50 73.50 92.00 97.50 75.50 2.00 1.00 2.00 124 83 119
G20 2.30 2.20 8.40 80.50 85.00 68.00 82.50 87.00 71.00 2.00 2.00 3.00 116 98 123
G21 3.70 2.55 9.10 84.00 87.50 72.00 86.00 88.50 74.00 2.00 1.00 2.00 115 88 123
G22 1.30 2.60 10.30 92.50 94.50 76.50 93.50 95.50 78.00 1.00 1.00 1.50 133 126 151
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Traits GY (th}) AD (days) SD (days) ASI (days) EH (cm)
Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch

Genotype MD LN OPT MD LN OPT MD LN OPT MD LN OPT MD LN OPT
G23 1.75 2.10 8.35 93.00 85.00 77.00 93.00 86.00 77.50 0.00 1.00 0.50 124 84 123
G24 2.05 2.25 10.05 89.00 85.00 75.00 91.00 86.00 77.50 2.00 1.00 2.50 127 86 134
G25 1.60 2.60 9.50 92.5 92.00 74.50 94.50 92.50 75.50 2.00 0.50 1.00 128 108 165
G26 2.20 2.65 8.85 88.00 80.00 71.50 88.50 80.50 72.50 0.50 0.50 1.00 127 96 115
G27 3.25 4.30 9.55 90.00 96.00 73.50 92.00 97.00 74.50 2.00 1.00 1.00 116 88 115
G28 1.50 2.20 11.20 91.00 93.50 72.50 93.00 94.50 74.50 2.00 1.00 2.00 125 73 131
G29 5.00 1.80 8.85 74.50 87.00 72.00 75.50 88.00 74.00 1.00 1.00 2.00 107 91 119
G30 2.15 2.70 7.60 92.50 87.50 70.50 94.50 88.50 72.00 2.00 1.00 1.50 118 64 99
G31 3.90 4.05 8.00 85.50 89.00 75.00 86.50 90.00 77.00 1.00 1.00 2.00 105 75 127
G32 1.65 2.40 8.35 92.00 93.00 76.00 94.00 94.00 77.50 2.00 1.00 1.50 133 115 154
G33 1.40 2.40 9.70 91.00 88.00 73.00 92.00 88.00 75.50 1.00 0.00 2.50 128 82 128
G34 1.50 0.60 9.20 92.50 95.50 75.50 93.50 95.50 78.00 1.00 0.00 2.50 117 80 141
G35 1.80 3.45 10.95 91.50 92.50 73.50 94.00 93.50 75.50 2.50 1.00 2.00 108 76 126
G36 3.65 3.55 10.00 90.50 80.50 74.50 92.50 81.50 76.50 2.00 1.00 2.00 117 76 128
G37 2.15 2.05 9.60 88.50 93.50 76.00 89.50 94.50 77.00 1.00 1.00 1.00 110 79 128
G38 3.25 1.65 6.95 74.00 87.00 71.00 75.00 88.00 72.00 1.00 1.00 1.00 115 77 101
G39 3.25 1.50 8.70 89.50 98.00 75.00 90.50 99.00 77.00 1.00 1.00 2.00 146 77 142
G40 2.15 2.40 9.15 92.00 92.00 71.00 92.50 92.00 72.50 0.50 0.00 1.50 125 79 112
G41 3.55 3.00 11.65 86.50 87.50 70.50 88.50 87.50 73.50 2.00 0.00 3.00 111 78 124
G42 1.35 3.55 9.60 93.00 95.50 74.00 94.00 96.50 75.50 1.00 1.00 1.50 116 91 141
G43 2.35 2.25 9.15 86.00 92.00 71.00 87.00 93.00 72.50 1.00 1.00 1.50 116 61 102
G44 2.60 3.15 10.80 91.00 97.00 75.50 9100 98.00 78.00 0.00 1.00 2.50 123 95 145
G45 1.90 1.95 9.55 93.50 96.00 76.00 95.50 97.00 78.00 2.00 1.00 2.00 128 70 150
G46 1.90 2.90 8.45 91.00 92.50 75.50 93.00 93.50 78.00 2.00 1.00 2.50 119 89 135
G47 3.30 3.80 11.65 82.00 86.00 71.00 84.00 86.00 73.00 2.00 0.00 2.00 116 103 114
G48 3.20 3.15 7.70 91.00 90.00 76.50 91.50 90.00 77.50 0.50 0.00 1.00 130 87 211
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Traits GY (th}) AD (days) SD (days) ASI (days) EH (cm)

Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch
Genotype MD LN OPT MD LN OPT MD LN OPT MD LN OPT MD LN OPT
G49 2.25 3.15 8.70 93.00 9600 75.50 95.00 97.00 78.00 2.00 1.00 2.50 106 90 152
G50 1.60 2.30 10.20 84.00 88.50 70.50 87.00 89.00 72.00 3.00 0.50 1.50 97 90 112
Min 1.15 0.60 6.95 73.50 80.00 68.00 74.50 80.50 71.00 0.00 0.00 0.50 97 61 99
Max 5.00 4.30 14.30 95.00 98.00 78.50 96.00 99.00 80.00 3.00 2.00 3.00 146 126 211
Mean 2.51 2.43 9.64 88.27 91.24 73.40 89.69 92.04 75.30 1.42 0.80 1.90 119 84 129
CV (%) 8.36 18.38 16.17 2.02 2.73 4.54 2.03 2.67 4.51 30.65 23.87 16.21 14.69 12.08 7.22
S.E. 0.81 0.45 0.4 1.48 2.49 4.01 1.53 2.45 4.04 0.58 0.19 0.23 18.93 10.11 8.61
LSD(0.05) 1.63 0.89 0.82 3 5.03 8.09 3.08 4.96 8.17 1.18 0.38 0.46 38.24 20.43 17.39
P-value <.001 <.001 <.001 <.001 <.001 <.001 0.016 <.001 0.002 0.009 <.001 <.001 0.016 <.001 0.002

GY= grain yield, ASI=Anthesis-silking interval, EH=Ear height, PH=plant height, EPP=Ears per plant, OPT=optimum, LN=low nitrogen, MD=managed drought, Potch= Potchefstroom, Ced=
Cedara, Lutz= Lutzville

Continuetion of traits

Traits PH (cm) EPP FW (kgh?) GM GW (kgh)

Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch
Genotype MD LN OPT MD LN OPT MD LN OPT MD LN OPT MD LN OPT
G1 178 167 273 0.25 0.90 1.00 1.35 1.25 5.85 12,70 1445 1335 080 0.95 5.43
G2 174 157 235 0.85 1.10 1.35 3.50 1.35 8.88 13.50 10.05 13.25 195 0.95 5.79
G3 189 156 207 0.45 0.95 1.05 2.20 0.95 7.42 12.00 12.25 1335 130 0.65 4.76
G4 189 157 231 1.15 0.85 1.00 2.50 1.65 4.74 13.35 1245 1235 2.05 1.30 5.45
G5 171 175 228 0.60 1.05 1.30 1.60 2.65 10.14 1245 12,70 1470 1.35 1.00 8.79
G6 181 169 218 0.65 0.90 1.05 2.55 1.65 9.34 13.15 12,65 13.10 175 1.25 7.17
G7 180 178 206 0.6 1.05 1.10 4.20 2.20 9.26 12.65 10.65 14.80 2.95 1.80 7.28
G8 187 150 251 0.35 0.95 1.20 0.90 1.25 6.83 14.60 1250 12.05 0.70 0.90 5.22
G9 166 176 235 1.15 0.90 1.30 2.50 1.60 7.15 1440 1135 1220 2.15 1.40 6.30
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Traits PH (cm) EPP FW (kgh?) GM GW (kgh)
Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch

Genotype MD LN OPT MD LN OPT MD LN OPT MD LN OPT MD LN OPT
G10 173 181 259 0.60 1.00 1.10 1.95 1.85 6.31 1430 10.50 11.80 1.30 1.40 5.49
G11 192 151 225 0.35 0.75 1.05 1.50 1.30 6.51 15.25 12.45 13.55 0.80 1.00 5.78
G12 156 171 244 0.65 1.00 1.20 0.90 1.65 7.83 13.40 12.80 12.95 0.70 1.30 5.90
G13 171 147 240 0.60 0.70 0.90 1.50 0.65 7.07 12.80 12.10 14.35 1.30 0.40 6.10
G14 184 187 263 0.35 0.90 1.05 1.10 2.10 8.23 13.20 11.20 13.55 0.90 1.50 7.48
G15 170 178 214 0.75 0.90 1.15 2.65 2.55 9.12 15.10 10.40 13.45 2.10 1.95 7.04
G16 170 145 225 0.65 1.05 1.10 2.30 3.00 6.84 11.75 10.30 13.40 1.40 2.20 6.70
G17 161 140 224 0.55 0.90 1.00 3.20 1.35 9.10 13.70 11.50 12.05 2.95 0.85 5.27
G18 170 156 201 1.20 1.00 1.10 4.20 1.45 7.60 13.35 10.75 14.3 2.25 1.20 5.85
G19 178 168 240 0.45 0.95 1.05 1.95 2.15 6.33 12.95 10.40 11.75 1.55 1.85 4.64
G20 179 186 229 0.50 0.90 1.00 1.60 1.65 6.30 12.25 10.55 12.55 1.40 1.30 5.04
G21 176 187 244 0.95 0.95 1.20 2.65 2.05 6.45 12.85 12.70 12.05 2.25 1.55 5.44
G22 166 206 247 0.50 0.95 1.15 1.50 2.35 7.60 12.55 13.40 14.65 0.80 1.65 6.35
G23 167 167 214 0.70 0.80 1.10 1.50 1.65 6.29 13.50 12.85 13.55 1.10 1.30 5.06
G24 175 139 253 0.45 1.05 1.05 1.55 2.35 8.15 12,50 1235 12.55 1.25 1.35 6.04
G25 188 193 279 0.45 0.90 1.00 1.25 1.95 7.78 12.95 11.85 14.80 0.95 1.55 5.87
G26 186 183 233 0.60 1.35 1.20 1.95 2.50 7.48 16.50 12.65 15.25 1.40 1.60 5.49
G27 181 175 235 0.70 0.95 1.05 3.00 3.15 5.23 12.60 11.25 13.20 1.95 2.55 5.78
G28 184 160 260 0.45 0.85 1.05 1.10 1.75 8.62 12.95 14.55 12.05 0.90 1.35 6.66
G29 181 175 230 0.45 0.85 1.00 3.30 1.30 6.50 13.60 10.55 10.50 3.05 1.05 5.19
G30 169 137 202 0.55 0.80 0.95 1.60 2.30 5.42 13.60 12.55 14.35 1.30 1.60 4.67
G31 159 165 242 0.40 1.00 0.90 3.35 2.40 6.37 1450 12.30 14.15 2.40 2.40 4.88
G32 195 199 258 0.55 1.15 1.15 1.20 1.80 7.24 13.65 12.25 14.20 1.00 1.45 5.13
G33 181 163 233 0.35 1.00 1.25 1.05 1.85 7.86 13.40 10.70 12.35 0.85 1.40 5.82
G34 176 169 253 0.35 0.80 1.00 1.55 2.05 7.59 15.55 10.50 13.35 0.95 1.55 5.56
G35 185 162 241 0.50 1.05 1.15 1.35 2.55 7.42 14,70 12.40 14.45 1.10 2.10 6.73
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Traits PH (cm) EPP FW (kgh?) GM GW (kgh)

Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch Lutz Ced Potch
Genotype MD LN OPT MD LN OPT MD LN OPT MD LN OPT MD LN OPT
G36 195 171 229 0.55 1.00 1.00 2.30 2.65 7.28 1450 12,55 12.65 2.25 2.15 6.02
G37 185 165 240 0.50 0.95 1.00 1.70 1.50 7.00 12.40 1230 1145 1.30 1.25 5.69
G38 175 160 200 0.65 0.75 1.00 2.40 1.15 5.59 16.85 12,50 12.30 2.05 1.00 4.14
G39 189 162 270 0.60 0.85 1.00 2.55 1.10 5.26 13.60 10.40 1245 2.00 0.85 5.23
G40 170 167 230 1.45 1.05 0.95 1.65 1.85 5.97 1440 1230 1475 1.35 1.45 5.66
G41 186 163 229 0.45 1.05 1.15 2.45 2.35 8.57 12.55 10.35 10.45 2.15 1.80 6.83
G42 186 181 247 0.45 0.85 1.15 1.00 2.60 7.44 12,55 11,55 1430 0.80 2.10 5.88
G43 180 99 203 0.50 0.85 1.10 2.25 1.80 6.70 13.70 12,65 13.40 1.45 1.40 5.80
G44 187 185 264 0.50 0.85 1.00 2.20 2.25 8.66 1295 10.25 13.30 1.60 1.85 6.53
G45 184 141 269 0.65 0.85 1.00 1.85 1.85 8.21 13.20 12.15 14.50 1.15 1.15 5.84
G46 159 184 255 1.20 0.95 1.05 1.35 2.20 7.91 1435 1125 1390 1.15 1.75 5.15
G47 197 192 234 0.60 1.00 1.20 2.35 2.75 8.69 14.65 1255 12.05 2.05 2.30 6.95
G48 180 162 246 0.40 0.90 0.95 2.30 2.45 6.22 14.45 10.65 13.85 1.95 1.85 4.68
G49 195 188 271 0.45 1.00 1.05 1.90 2.25 7.37 1435 1245 1255 140 1.85 5.24
G50 175 163 218 0.55 0.85 1.10 1.35 1.65 6.98 14.45 12,75 13.00 1.00 1.35 6.17
Min 156 99 200 0.25 0.70 0.90 0.90 0.65 4.74 11.75 10.05 1045 0.70 0.40 4.14
Max 197 206 279 1.45 1.35 1.35 4.2 3.15 10.14 16.85 14.55 15.25 3.05 2.55 8.79
Mean 178 167 237 0.6 0.94 1.08 2.03 1.93 7.29 13.62 11.83 13.18 1.53 1.47 5.83
CV (%) 5.42 7.25 5.24 10.62 12.88 25.42 12.36 20.54 20.44 4.2 3.01 3.1 837 17.79 16.14
S.E. 12.86 12.09 9.36 0.11 0.12 0.15 0 0.39 0.41 0.55 0.36 0.42 0.49 0.26 0.25
LSD(0.05) 25.96 24.41 18.89 0.23 0.24 0.31 1.82 0.8 0.83 0.12 0.72 0.85 0.98 0.53 0.49
P-value <.001 <.001 0.008 0.049 0.106 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001

GY= grain yield, ASI=Anthesis-silking interval, EH=Ear height, PH=plant height, EPP=Ears per plant, OPT=optimum, LN=low nitrogen, MD=managed drought,

Potch= Potchefstroom, Ced= Cedara, Lutz= Lutzville
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