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ABSTRACT

With the world population expected to reach 9 billion by 2050, implying that crop yields must
be increased to meet the demand for more food due to this population increase. However, space
for agricultural activities is shrinking, hence expanding area under cultivation will not be
possible to solve food shortages. Increased maize yields, for example, can be realized through
increased genetic gain through the development of new hybrids. It is, thus, important to
determine the basis for genetic gain in maize hybrids in order to devise suitable breeding
strategies for continuous improvement of yield. The first experiment, was aimed at confirming
the comparative advantage of new maize hybrids over the old ones by running a trial involving
eight commercial hybrids; two old (control) and six new hybrids. These were evaluated in a
randomised complete block design (RCBD) replicated twice across two sites in Zimbabwe,
during the 2021/2022 summer season. The hybrids were significantly different (P<0.05) for
grain yield and other traits. There were no significant differences (P >0.05) among hybrids for
anthesis-silking interval, and grey leaf spot (GLS). Old hybrids were inferior in terms of foliar
diseases rating. The new hybrid, ExpHybrid6, displayed the highest grain yield and cultivar
superiority index (CSI). It exhibited 2.41% yield advantage with respect to the trial mean and
7.59% over the old hybrids. This hybrid was, therefore, subjected to a generation mean analysis
(GMA) in the second experiment to determine the basis of its advantages. The experiment was
undertaken to specifically understand the gene action governing grain yield and secondary
traits in this best performing new single cross hybrid, designated as ExpHybrid6. Six
populations including parents (P; and P»), F1, F2, and backcross generations (BCP; and BCP»)
were evaluated in a RCBD, during 2020/2021 and 2021/2022 summer seasons, in Zimbabwe.
Analysis of the generations using the PROC GLM function in the SAS computer software
program version 9.4 showed significant differences among generations for all the traits. The
dominance and additive gene effects were highly significant (P<0.01) for both grain yield and
secondary traits. Epistatic gene effects were significant (P<0.001) in the additive x additive
form for grain yield. Duplicate type of epistasis was observed for most traits. However,
dominance gene effects were the most prominent. Mid-parent heterosis for grain yield potential
was confirmed at 171%. It was, therefore, established that the basis for high grain yield
potential of the ExpHybrid6 is dominance gene action, implying that heterosis breeding should

be continued in developing new productive hybrids in the maize breeding program.
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CHAPTER 1
INTRODUCTION

1.1 Background

Maize (Zea mays L.) is a staple and principal crop for food security in Zimbabwe, South Africa,
and the rest of sub-Saharan Africa (SSA). Despite maize being introduced in Aftica in the 16"
century it is grown throughout the continent over approximately 35 million hectares (Ndebeh
and Akromah, 2017), which constitutes 50% of total cropping land in the region (Musundire et
al. 2021). It is also the number one yielding cereal in the world (Musimwa and Derera, 2017)

and according to Erenstein et al. (2022), maize will be the most grown cereal crop by 2030.

Maize is capable of growing in diverse conditions making it popular in Africa (Haruna et al.
2017). In Zimbabwe, it is grown throughout the country (Setimela et al. 2014), irrespective of
whether the conditions are suitable or not. However, Zimbabwe’s average maize yield was
reported to be 1.4 t ha! (ZimFact 2021), which falls below the SSA average of 1.5 t ha’!
(Erenstein et al. 2022). Cairns et al. (2013) cautioned that some decrease in yield gains due to
various factors are threatening future food security, especially in SSA. Low average maize
yield has been attributed to factors such as poor quality germplasm presently used to develop
new varieties in maize breeding programs and the effect of various stresses, both biotic and

abiotic (Mushayi et al. 2020).

Maize production and productivity varies among countries. For example, in 2021, Zimbabwe
produced 1.4 million tonnes from 957 000 hectares (1.5 t ha™!), while South Africa harvested
16.8 million tonnes from 3.1 million hectares (5.4 t ha!), and Ethiopia harvested 10.7 million
tonnes from 2.5 million hectares (4.3 t ha'!) (FAOStat 2023). These observed production and

productivity gaps have been attributed to varying soil types, low soil nutrient status, failure by



farmers to follow good agronomic practices and failure to adopt new technologies in some
instances (Bernard et al. 2011; Kafle, 2010; Sileshi et al. 2010). Furthermore, most rural
farmers are resource poor and as such cannot meet the requirements of improved hybrids. On
the other hand, the adoption of genetically modified (GM) maize by Republic of South Africa
has greatly improved yields (Ala-Kokko et al. 2021). However, not all countries are fully
supportive of this GM technology due to myths surrounding it (Engel et al. 2002). With the
world population expected to rise to 9 billion by 2050, implying that maize yields have to
increase double to meet the demand for more food to match the population increase. In addition,
land for agricultural activities continues to decrease, as urbanization increases, hence
expanding area under cultivation will not be possible to solve maize shortages (van Dijk et al.
2021). Therefore, increased food yields can be realized through increased genetic gain in new
hybrids. It is, thus, important to determine the basis for genetic gain in these high yielding
emerging maize hybrids, to devise suitable breeding strategies for continuous improvement of
yield. Various mating designs, including generation mean analysis (GMA), North Carolina
Design II, diallel and line by tester methods can be used for this purpose. It is, however,
preferable in this case to utilize GMA, since it provides a measure of the relative importance
of the average effects of the genes (additive effects), dominance deviations, and effects due to
non-allelic gene interactions (Pujar et al. 2022; Viana, 2000), separating the effects into fixable
and non-fixable ones. Furthermore, GMA enables selection of an appropriate breeding
procedure and estimation of genetic advance since the genetic system governing traits will be
unmasked. Measuring genetic gain will enable breeders to evaluate their breeding programs

and make informed decisions.



1.2 Problem statement

The world’s first commercial single cross maize hybrid was SR52 bred in Zimbabwe (then
Rhodesia) (Alumira and Rusike, 2005) and it succeeded in east and southern Africa. Its parents
form the basis of major heterotic patterns in SSA (Musimwa and Derera, 2017; Sibiya et al.
2011). The single cross hybrid, ExpHybrid6, under study possesses similar attributes to those
of SR52 but the basis for its exceptional yield has not been studied yet. Both hybrids are late
maturing and high yielding. For that reason, the genetic and yield basis needs to be exploited

since no such information is available at the moment in spite of its exceptional yield potential.

Understanding the genetic basis of yield for single cross hybrids will enable breeders to use the
parental lines in developing better new lines and creating new combinations. Investigating gene
actions would provide information valuable in reviewing the breeding approaches with the
objective of developing new lines from this hybrid. Direct selections for maize is difficult, as
yield is a complex trait, polygenically inherited and influenced greatly by the environment and
genotype X environment X management interactions. Selection of secondary traits associated
with grain yield can, therefore, be employed to improve selection efficiency for the grain yield

(Tengan et al. 2012).

Both inter and intra-allelic interactions can be examined using generation mean analysis
(GMA). For GMA to be effective, divergent homozygous parents are needed, that is, all the
favourable alleles should be in one parent and unfavourable alleles in the other (Mather and
Jinks, 1977). The hybrid understudy fulfils the requirements of GMA as it was developed using

inbred lines which are both different and homozygous.

1.3 Research objectives and justification

The principal objective was to compare ExpHybrid6’s yield ability relative to other old and

new commercial hybrids and to further examine the genetic effects contributing to its yield by



means of GMA. Results from this study shall be used in the selection of superior cross

combinations in the hybrid maize breeding. Results shall also be exploited in creating high

yielding and modified versions of the same hybrid. Information on gene interactions governing

yield would be used to exploit effectiveness of breeding programs.

1.3.1 Specific objectives

The specific objectives of the study were:

To confirm the relative yield advantage of ExpHybrid6 over eight commercial hybrids
comprising old and new hybrids.

To determine the gene action governing grain yield and secondary traits in the new
single cross hybrid ExpHybrid6.

To determine the role of epistasis in performance of ExpHybrid6.

To review literature on relevant topics related to maize production, gene action and

epistasis.

1.3.2 Research hypotheses

The following hypothesis were tested:

1.

2.

ExpHybrid6 has a yield advantage over old and other new commercial hybrids.
Dominance gene effects are responsible for ExpHybrid6’s high yield performance.
There is high heterosis in ExpHybrid6 single cross maize hybrid, influenced by

epistasis.

1.4 Dissertation outline

This dissertation consists of five standalone chapters (introduction, literature review, two

experimental chapters and general discussion/conclusion). As such unavoidable repetitions



may be found with ideas and concepts overlapping mainly on introductions and references.

Style of referencing used is based on the Crop Breeding and Applied Technology as found in

Mendeley reference manager and references appear at the end of each chapter. Table 1.1 gives a

brief outline of the chapters.

Table 1- 1: Dissertation outline

Chapter  Title

1 Introduction to dissertation

2 Review of literature

3 Relative yield advantage of ExpHybrid6 over old hybrids.

4 Generation mean analysis for yield and yield components of maize hybrid
ExpHybrid6.

5 Summary of research findings and recommendations.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The purpose of this review is to provide information needed to understand the study and expose
gaps in the area, thereby supporting the logic behind the study. Topics relevant to the research
focus are thus discussed and these include the significance of maize and maize production
trends in Zimbabwe and South Africa. Furthermore, challenges affecting maize productivity in
SSA are summarised. Further topics related types of maize hybrids grown in SSA, brief history
of maize breeding, generation mean analysis, heterosis, heritability and genetic gain were

discussed.

2.2 Significance of maize

Maize is a major staple crop used as food by almost a billion people worldwide (Mushayi et al.
2020). Musundire et al. (2019) indicated that maize has been particularly important in the SSA
region where its commercial value determines the socio-political economy and political
behaviour of the region. Since its introduction in Africa around 1500 AD, maize has spread
across the continent over the past six centuries becoming the major source of calories and
successfully replacing sorghum and millets even in areas where maize does not perform well

(Haruna et al. 2017).

According to Smale et al. (2011), total land area used for maize production is approximately
25 million hectares in the SSA with a huge potential for expansion. Erenstein et al. (2022)
reported that 41.2 million hectares were under maize worldwide from 2017 to 2019, producing
a total of 84.7 million metric tonnes. In advanced nations, 70% is processed into stock feed,

3% consumed by humans and 27% is used as either seed, bioethanoor for industrial purposes
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(Smale et al. 2011). The maize usage trend is, however, different in SSA where 80% is

consumed directly by humans either as maize meal, boiled or roasted and only 12% is used for

stock feed and the remaining 8% is used for industrial purposes (Ekpa et al. 2019). In America,

40% of maize is used for ethanol production and less than 10% is consumed directly by people

(Ranum et al. 2014). By year 2050, food demand will surge by 60% thereby putting further

burden on farming, hence the need for better yielding and climate smart maize hybrids

(FAOSTAT 2022). The data in Tables 2-1 and 2-2 shows the top 20 maize growing nations in

the world and in Africa, respectively. Figure 2-1 and 2-2 show the 10-year production trends

in Zimbabwe and South Africa, respectively. Figure 2-3 shows the 10-year production

comparison between Zimbabwe and South Africa.

Table 2- 1: Top 20 maize growing countries in the world.

Country Area harvested Production Average yield
(ha) (tonnes) (t haD
1. United States of America 34555670 383943000 11.11
2. China 43355859 272762124 6.29
3. China, mainland 43324100 272552000 6.29
4. Brazil 19024538 88461943 4.65
5. Argentina 8146596 60525805 7.43
6. Ukraine 5481800 42109850 7.68
7. India 9860000 31650000 3.21
8. Mexico 7139621 27503478 3.85
9. Indonesia 3495981 20010000 5.72
10. South Africa 3118300 16870705 541
11. France 1549520 15358300 9.91
12. Russian Federation 2901612 15239865 5.25
13. Romania 2554680 14820690 5.80
14. Canada 1390500 13983859 10.06
15. Nigeria 6000000 12745000 2.12
16. Ethiopia 2530000 10722000 4.24
17. Pakistan 1652501 10634831 6.44
18. Philippines 2564383 8300322 3.24
19. Egypt 1027057 7500000 7.30
20. Poland 998470 7321910 7.33

Source: (FAOSTAT, 2022)
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The United States of America is the global maize superpower mainly because of advanced
technologies, extensive use of GM maize and the use of single cross hybrids, and improvements
in agronomic practice. China’s production success is largely due to technology advancement,
affordability of inputs like fertilizers as well as a well-organized government support scheme
(Meng et al. 2006). The adoption of improved agricultural technologies has enabled South
Africa to produce more maize than France, Russia, Romania, and Canada and make it a top ten

producer of maize in the world.

Table 2- 2: Top 20 maize growing countries in Africa

Country Area Production Average yield
Harvested (tonnes) (thal)
(ha)
1. South Africa 3118300 16870705 541
2. Nigeria 6000000 12745000 2.12
3. Ethiopia 2530000 10722000 4.24
4. Egypt 1027057 7500000 7.30
5. Tanzania 4400000 7039000 1.60
6. Malawi 1750000 4581000 2.62
7. Zambia 1410102 3620240 2.57
8. Mali 1536189 3603000 2.35
9. Ghana 1300000 3500000 2.69
10. Kenya 2168603 3303000 1.52
11. Angola 2741091 2970208 1.08
12. Uganda 984995 2800000 2.84
13. Democratic Republic of Congo 2903683 2243379 0.77
14. Cameroon 1186193 2100150 1.77
15. Mozambique 1870000 2100000 1.12
16. Burkina Faso 1109744 1913000 1.72
17. Benin 1349543 1628149 1.21
18. Zimbabwe 957793 1469664 1.53
19. Céte d'Ivoire 518794 1140000 2.20
20. Togo 750000 929000 1.24

Source: (FAOSTAT, 2022)

According to Musundire et al. (2021) most South African farmers grow single cross maize
hybrids and this has resulted in high productivity. Nigeria’s productivity is mainly driven by

the large acreage planted to maize, due to its high population. Despite having the highest area
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under maize in Africa, Nigeria’s production is hindered by low average yields per hectare (2.2
t ha') against South Africa’s 5.4 t ha'and Ethiopia’s 4.2 t ha/(FAOSTAT 2022). About 43%
of Nigerian farmers continue to use OPVs, and this has also been cited as a hindrance to
improved productivity, thus adoption of improved hybrids would improve the yields
(Abdoulaye et al. 2018). Ethiopian maize productivity success story has been mainly attributed
to an increase in production and not land expansion, although sorghum and teft (Eragrostis tef)
growers in the rift valley have diversified into maize farming (Abate et al. 2015). Favourable
economic and production conditions, availability of modern varieties developed from home-
grown improved germplasm supported by better farmer-extension linkage and use of fertilizers
are some of the factors contributing to high maize production in Ethiopia (Abate et al. 2015).
Chivasa et al. (2022) reported that Ethiopia had a successful variety replacement story every
five years, for example BH661 released in 2011 replacing BH660, which was released in 1993.
Egypt’s productivity journey is mainly due to the use of modern varieties and fertilizers
complimented by a very good irrigation system where water is drawn from the Nile Basin
(James 2010). Egypt has approximately 2.5 million hectares of arable land which can be
irrigated. Tanzania, Kenya and Uganda have largely benefited from the bimodal rainfall pattern
resulting in increased productivity since farmers have the opportunity to plant twice within one

year (Palmer et al. 2023).
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Figure 2- 1: Ten-year maize production trend for Zimbabwe

Zimbabwe has the potential to increase its productivity by refining land tenure policies as well
as offering competitive prices to the farmers to encourage more maize production. Most
farmers are shunning maize production due to uncompetitive market prices. Farmers with
limited resources often resort to seed recycling due to high cost of certified seed and by so
doing they lose out on yield. The ten-year average yield for the period up to 2021 was 1.2
tonnes per hectare (Figure 2-1) even though seed of high yielding hybrids available on the
market. This shows that farmers are not taking advantage of hybrids that produce high yields,
which could be due to a lack of knowledge about the benefits of hybrids, or a lack of access to
high-quality hybrids. Most of the country's maize is produced by small, subsistence farmers
who cannot afford fertilizers, resulting in low yields. A sufficient level of support and
motivation could greatly increase maize yields from the current levels. Investing in agricultural

extension services, agricultural technologies, and improved access to credit could be key
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factors to increase maize yields. Additionally, providing incentives for farmers to adopt

improved management practices could also be beneficial.
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Figure 2- 2: Ten-year maize production trend for South Afiica

South Afiica’s maize yield per hectare (>5 t ha™) is very encouraging and SSA should thrive
to reach this tonnage for Africa to be food secure. The use of modemn farming techniques and
hybrids has been behind this high productivity. Single cross maize hybrids, be 1t conventional
and genetically modified, are intensively used i South Africa, thereby contributing
significantly to maize yields (Musundire et al. 2019). The ten-year average yields for South
Afiica up to 2021 are very encouraging (Figure 2-2). Yields averaged 4.75 t ha™, a higher level
than the SSA average, which is around 1.5 t ha™!. This improvement in yields can be attributed
to the use of improved agricultural techniques, such as the use of fertilizers andirrigation
systems. These techniques have helped to increase crop production, resulting in higher yields.

As SSA counfries strive to increase yields and become self-sufficient in food, they should learn
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from South Africa's success story. South Africa's success m increasing yields 1s due to its
emphasis on investing in agricultural technology and infrastructure. SSA countries should also
focus on investing in agricultural technology and infrastructure if they hope to increase their

yields and become self-sufficient in food.

20 000 000
18 000 000
16 000 000
14 000 000
12 000 000
10 000 000

8 000 000

Production level

6 000 000
4 000 000

2 000 000 ' i : i il |
o Il mefl weld mald w AR mEBR BBN weld wmER ullB
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Year
B Zimbabwe Area harvested (ha) B Zimbabwe Grain harvested (tons)
M South Africa Area harvested (ha) South Africa Grain harvested (tons)

Source: (FAOSTAT, 2022)
Figure 2- 3: Comparison of Zimbabwe and South Africa production levels 2012-2021.

South Africa’s maize production level is way above that of Zimbabwe, especially in terms of
grain yield per ha. This 1s largely attributed to the favourable economic environment prevalent
in the former as well as good land tenure policies. It can be observed from Figure 2.3 that
between 2012 and 2016, Zimbabwe’s total maize grain yield harvested was lower than the area

planted to the crop. There was a slight improvement in 2017, 2018 2020 and 2021.
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2.3 Limitations in maize production

Despite the importance of maize for food security, productivity is low in SSA (Badu-Apraku
and Oyekunle, 2012) compared to the rest of the world. Abiotic and biotic stress factors, as

well as socio-economic constraints have been linked to low productivity (Lobulu et al. 2019).

2.3.1 Abiotic factors limiting maize production

Drought stress, and cost of inputs have significantly contributed to food shortages in Africa.
Majority of maize in SSA is rain fed and this exposes it to unfavourable effects of the ever
changing weather patterns (Mulungu and Ng’ombe, 2019). Soils have low fertility especially
in northern Guinea savanna and areas with high altitude (Badu-Apraku and Fakorede 2017).
Majority of the farmers cannot afford fertilizers and little fertilizer input use is a major

contributor to below average maize yields in SSA (Leitner et al. 2020).

2.3.2 Biotic stress factors limiting maize production

Biotic factors such as insect pests like Fall army worm (FAW) and foliar diseases like Maize
lethal necrosis disease (MNLD) have resulted in huge grain losses in the horn of Africa (Keno
et al. 2018). Lobulu et al. (2019) stated that Tanzania recorded losses of 20-100% due to Striga

infestations.

The other constraints in maize production include slow adoption of modern technologies by
societies, poor maize grain prices resulting in farmers not being motivated to grow maize due
to socio-economic factors as well as ever changing government policies (Badu-Apraku and
Fakorede 2017). Post-harvest losses are prevalent in smallholder farming communities and
have a negative effect on productivity by reducing quantity and quality (Musundire et al. 2015;
Saeed and Laing 2023). Loses occur in the fields, during processing and in storage due to lack
of knowledge on post-harvest management practices (Abass et al. 2014). Storage loses due to

grain weevil Sitophilus zeamais and the larger grain borer Prostephanus truncatus have
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resulted in heavy loses of between 40-90% (Saeed and Laing 2023). Poor yielding hybrids
have also contributed to constraints in maize production as well as failure by seed producing
companies to deploy varieties adapted to specific environments, and poor variety

turnover/replacement (Chivasa et al. 2022).

Additional key challenges that maize farmers encounter that contribute to limited maize
productivity and potential are climate variability, limited access to quality seeds, soil
degradation,, limited access to agricultural inputs, and lack of knowledge and skills.
Addressing these constraints requires a multi-faceted approach that includes promoting
climate-smart agriculture, improving seed systems, implementing sustainable soil management
practices, enhancing pest and disease control measures, increasing farmers' access to
agricultural inputs, and providing training and extension services. Achieving maximum
productivity and ensuring food security for millions of people can be achieved by resolving

these limitations.

2.4 History of maize improvement in Zimbabwe

Maize is one of the most important staple crops in Zimbabwe. It has played a significant role
in the country's agricultural development and food security. Over the years, efforts have been
made to improve maize production in Zimbabwe through various breeding and cultivation

practices.

The history of maize breeding in Zimbabwe can be traced back to the early 20th century when
the government recognized the need to enhance maize yields and quality. The first step towards
this was the introduction of improved maize varieties from other countries, such as the United
States and South Africa (Rusike and Donovan 1995). Prior to the green revolution, open

pollinated varieties (OPVs) were being grown in Asia, however, by the 1940s double cross
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hybrids were gaining momentum in USA. Zimbabwe, then Rhodesia, released the first
commercial double cross in 1949 and went on to produce what would become the world’s first
commercialized single cross (SR52) in 1960 (Havazvidi and Tattersfield, 2006; Smale and
Jayne, 2004). According to Derera and Musimwa (2015), the single-cross maize hybrid went
on to become a sought after hybrid across Africa. Derera and Musimwa (2015) reported that
the hybrid is still being grown by farmers in South Africa and Eswatini. McCann (2009)
reported that some farmers in Zimbabwe recorded yields of SR52 which were better than those

obtained by farmers who were in the US corn-belt.

The SR52 parental lines, N3 and SC form the basis of major heterotic groups in maize breeding
programs across East and Southern Africa. Ever since, numerous single cross hybrids have
been produced and are preferred by modern farmers. These achievements led Zimbabwe to be
one of the countries with the highest usage of maize hybrids in SSA (Abate et al. 2017). Efforts
are being made to develop drought-tolerant and climate-resilient maize varieties to mitigate the
impact of changing climatic conditions on maize production. In the face of climate change,

these varieties aim to guarantee food security and sustainability.

The history of maize improvement in Zimbabwe has been characterized by the introduction of
improved varieties, the adoption of hybrid maize, and the development of programs to support
farmers and seed companies. The continuous efforts to enhance maize production have played

a vital role in ensuring food security and contributing to the country's agricultural development.

2.5 Types of maize hybrids commonly grown

2.5.1 Single cross maize hybrids

Single crosses are formed after crossing two homozygotic lines with a greater genetic distance

(MacRobert et al. 2014). The harvested seed expresses heterosis when planted due to genetic
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distance. They yield better than other hybrids due to equal contribution of alleles from both
parents. Single cross hybrids are generally uniform due to equal distribution of alleles from
both parents and they are not easily affected by changes in weather patterns since they have
better adaptability to variable environments (Sain Dass et al. 2009). The genetic uniformity of
hybrids makes them better yielders. However, yield of single crosses is low at seed production
level due to absence of heterosis in inbred lines. This makes seed more expensive to produce
and subsequently costly to the farmer (Macrobert et al. 2014). Under stressful conditions, single
crosses have poor pollen-silk synchronization because pollen shedding occurs for a short period
since the plants are genetically the same. This makes them more vulnerable to drought

especially during flowering.

South African maize is largely dominated by single crosses, whether genetically modified or
conventionally bred (Musundire et al. 2019). These single crosses have enabled farmers to
produce higher yields. Single cross hybrids have been bred and grown in Zimbabwe with great
success. After SR52, many other single cross hybrids were produced, and these include SC701
and SC709, which were developed by Seed Co Private limited. The average yield of these

hybrids was 8.0 t ha! under good farming practices.

2.5.2 Three-way maize hybrids

When a single cross is crossed onto an inbred line, it becomes a three-way hybrid. The single
cross will be the female parent while the inbred line is the male parent. The male inbred line
should not be related to any of the parents constituting the single cross female. A three-way
hybrid is made up of three unrelated inbred lines. The inbred line contributes 50% of the alleles
with each parent of the single cross contributing 25% of the genetic make-up (Macrobert et al.

2014).



20

Three way hybrids cost less to produce compared to single cross hybrids (Makinde et al. 2021).
This means that more seed will be harvested per unit area at seed production owing to the high
yield obtained from the female single cross (Khalil et al. 2010). The higher the seed yield, the
lower the production costs, the lower the price to the farmer. With three-way hybrids there is a
longer pollen shedding period since the plants are not uniform. This enables pollen-silk
synchronisation to be achieved even under stressful conditions (Araus et al. 2012). Three-way
hybrids have stable performance across diverse environments (Makinde et al. 2021).
According to Joshi and Gautam (2021) there is more phenotypic variability in three way
hybrids than single crosses due to the presence of three sources of alleles. The major drawback
of three-ways is in seed production because of the need to maintain and bulk three inbred lines

as opposed to two as is the case of single crosses.

Majority of seed breeding in Zimbabwe is done by private companies such as Seed Co Private
limited. The aim of these companies is to make profit. This has led to the production of three-
way hybrids because they are cheaper to produce than single cross hybrids. The early maturing
basket of maize hybrids is mainly dominated by three-way hybrids as the target market are
small holder farmers with limited finances. Average yields of 4.0 t ha! were recorded for the

three-way hybrids.

2.5.3 Double cross maize hybrids

Crossing two single crosses produces a double cross. They are unique in the sense that they are
constituted by four different inbred lines each contributing 25% of the alleles resulting in more
phenotypic variation. Since double crosses use single cross as male, more pollen is shed. This
entails that a greater female: male ratio (8:1) is appropriate in seed production. A high female:
male ratio means more rows of the female will be harvested per unit area. Double cross hybrids

are highest yielders in seed production and least expensive for the farmer. However, grain yield
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is usually less than three-way hybrids (Macrobert et al. 2014). Double cross hybrids have been
successfully used in India. After the first double cross commercial hybrids in 1961, maize
annual productivity increased from 0.9 t ha'to 1.1 t ha! (Kumar et al. 2012). Katragadda et
al. (2020) reported that since inbreds are succumbing to emerging pests and diseases as well as
their low yield potential, utilization of double cross hybrids will benefit both the farmer and
the seed growers and more seed will be harvested per unit area resulting in reduced costs
incurred by the farmer. Sujiprihati et al. (2003) reported that double cross hybrids performed
better than single cross hybrids in Malaysia. This is, however, contrary to what other
researchers reported. A study by Lynch et al. (1973) and Taj et al. (2012) found that single
cross hybrids outperformed both three-way and double cross hybrids. Utilization of double
cross hybrids is not known in Africa as private seed companies are not willing to share this

information due to intellectual property rights.

2.5.4 Open-pollinated (OPVs) and synthetic varieties

A considerable number of farmers across SSA are still growing OPVs despite introduction and
deployment of hybrids (Masuka et al. 2017) mainly because they are less priced compared to
hybrids and are fairly yielding in some cases (Kutka, 2011). Usage of OPVs is more prevalent
in West Africa (41%) compared to East Africa (27%) and Southern Africa (8%) (Abate et al.
2017). This is because of low budgetary provision and investment in research and development

in SSA particularly in West Africa (Siziba et al. 2013).

Open-pollinated varieties are developed by selecting phenotypically good ears. The selected
ears are then randomly mixed before multiplication. There is no controlled pollination during
seed multiplication. This is due to a cheap breeding procedure and a shorter development cycle
compared to hybrids. The OPVs tend to have a larger ecological plasticity which means they

have good yield stability. The OPVs yields lower than hybrids under optimum conditions.
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Synthetic varieties are developed through crossing of numerous genotypes with good
combining ability. They are a product of random mating involving selected genotypes and may
be sources of germplasm in maize programs, they could be a good source of pest and disease
resistance (Lonnquist 1961; Marquez-Sanchez and Sahagun-Castellanos 2002; Welu 2015).
They are maintained through routine mass selection using full sibs and half sibs in some cases.
Reconstitution of synthetic variety should be done regularly, failure of which will result in it
becoming an OPV (Welu, 2015). Performance of synthetics depends on the number of parental
components constituting it (Gasim and Link, 2007). Synthetic populations have better
performance than OPVs (White and Connolly, 2011). Synthetic varieties are not very popular
in Zimbabwe it could be due to high rate of hybrids adoption as reported by Abate et al. (2017).
In South Africa, there is Nelson’s Choice variety which is a synthetic variety (Capstone Seeds
2023). Sibiya et al. (2013) and Derera et al. (2006) reported that OPVs and local landraces
were being preferred over hybrids because farmers are slow to adopt change and would rather

prefer irrespective of their low yields.

2.5.5 Genetically modified (GM) maize

Progress in biotechnology has made it possible for introgression of genetic material amongst
and within species (Eckhoff et al. 2003). This has resulted in the development of maize which
resist pests attack known as Bt (Bacillus thuringiensis) maize which was released over two and
half decades ago in the United States of America. South Africa commercially adopted
genetically modified (GM) maize, yellow Bt maize, in 1998 and this was followed by herbicide
tolerant (HT) white maize which was commercialized in 2003-2004. In 2016, more than 70%
of total maize grown in South Africa was GM (Ala-Kokko et al. 2021). Despite numerous
advantages of GM maize like high yield potential, pest resistance and herbicide tolerance, its

adoption is still lagging in Africa. South Africa is the only country to commercialise GM maize
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production, while in the rest of African countries are still in confined trials or nothing has been
done to regulate them (Gbadegesin et al. 2022). Slow adoption is because of potential concerns
on health, biosafety and limited public acceptance in Africa (Ojuederie et al. 2011; Qaim,
2020). Gbadegesin et al. (2022) argued that limited public acceptance in Africa is generally

because of inadequate awareness.

The Water Efficient Maize for Africa (WEMA) and Drought Tolerant Maize for Africa
(DTMA) are projects co-funded by CIMMYT and other organizations. The mandate of these
projects to develop climate smart varieties capable of withstanding heat and drought stress.
DTMA initiatives have led to the release of more than 150 drought tolerant varieties across
participating countries in six years from 2007 (Fisher et al. 2015). Through WEMA initiatives
GM maize hybrids which had the Bt gene were released (Sujiprihati 2014). However the project
faced a lot of criticism as it was accused of having an “ulterior motive” (accused of having a
hidden agenda) by activists (anti-GM technology groups) (African Centre for Biodiversity

(ACB) 2017; Wamatsembe et al. 2017).

2.6 Grain yield

a product of dry matter and/or moisture content at harvest, and accumulation of dry matter
followed by allocation of photo-assimilates to grain (Evans and Fisher, 1999; Tollenaar and
Lee, 2002). Grain yield constitutes the target trait in crop genetic improvement (Jiagin et al.
2009). According to Acquaah (2015), yield is the amount a part of the crop which is of
importance to the producer. This can be roots, leaves, flowers, and oil content. Interaction
among various yield constituents, genetic makeup (G), environmental conditions (E) and
interaction amongst these (G*E) makes grain yield inheritance very complex (Baenziger et al.
2010; Evans and Fisher, 1999). The overall crop performance is best measured using its yield

(Acquaah, 2015).
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Yield gap is the difference between what farmers get and what a variety is capable of producing
(Assefa et al. 2020). Yield potential is what a variety yields when grown with all yield defining
factors, that is, carbon dioxide, radiation, temperature and cultivar features (Assefa et al. 2020).
Potential yield is the ceiling obtained from a crop in the absence of yield limiting factors and
yield reducing factors such as pollutants, weeds, pests and diseases, adequate moisture regime
and nutrients coupled with good agronomic practices (Liu et al. 2016; Lobell et al. 2009). Yield
gap is large in SSA versus developing countries, even though improved maize hybrids have
been adopted across various maize growing areas within the region (Assefa et al. 2020). Yield
gaps cannot be reduced due to socio-economic constraints especially amongst small scale
resource poor farmers in SSA (Liu et al. 2016). However, yield gaps can be narrowed by taking
corrective action on yield limiting and yield reducing factors, observing the correct time of
planting, good agronomic practices, varietal choice, proper usage of soil nutrient enhancers
(Fischer et al. 2009; Kihara et al. 2016; Neumann et al. 2010). Management practices such as
planting population, time of planting, seed dressing, fertilizer use and time of application were
found to be useful in increasing yields (Jiang et al. 2019; Salama et al. 2021). Adoption of
improved maize varieties positively changed the food security situation for small scale farmers
in South Africa, Tanzania and Zambia (Manda et al. 2018; Sinyolo 2020). Researchers like
Kassie et al. (2011) and Bezu et al. (2014) reported that farmers’ productivity was greatly

improved following adoption of improved maize varieties.

2.7 Grain yield components

A breeding program focuses on improving the yield trait since it is of economic significance to
breeders and producers (Greveniotis et al. 2021).Yield components for maize include cobs per
plant, kernel row number, and grains per row and grain weight. Thus desired yield components

have to be exploited indirectly (Viola et al. 2003). Several factors influence grain yield and
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yield components (Basa et al. 2016). Total plants per unit area, cobs per plant, rows per cob,
kernels per row and kernel weight are the five major yield components in maize (Acquaah
2015). Haarhoff and Swanepoel (2018) reported plant population and row spacing as major
agronomic factors with strong influence on grain. Grain yield is correlated to the number of
kernels obtained per unit (Otegui and Bonhomme, 1998; Ritchie and Alagarswamy, 2003;
Tandzi and Mutengwa, 2020). However, Acquaah (2007) stated that days to physiological
maturity and the ability to tolerate biotic and abiotic stress factors determine yield of maize.
Physiological conditions during anthesis and grain filling period affect yield (Andrade et al.
1999). Yield increase is the major target in plant breeding although such traits like disease

resistance, yield stability and drought tolerance are also are also key traits (CIMMYT 2021).

2.8 Genetic analysis using generation mean analysis

When designing breeding programs breeders should have prior understanding of the gene
action governing expression of traits (Chemeda et al. 2015). To improve yields and yield
components, plant breeders must understand gene action, heterosis, inbreeding depressions,
and genetic gain (Said 2014; Acquaah 2015). Generation mean analysis is a statistical method
of estimating gene effects in different crops (Mather and Jinks, 1977). This type of analysis is
mainly used for preliminary studies (Hallauer and Miranda, 1988). Information on fixable and
non-fixable gene effects is obtained using generation mean analysis (Acquaah 2007). This
method is credited for exposing the role of epistasis in hybrid performance (Kaeppler 2012).
Lyimo et al. (2011) reported that generation mean analysis (GMA) takes advantage of gene
interactions and provide vital information required in designing breeding strategies. Plant
breeders normally use generation mean analysis as a tool for selecting appropriate crop
improvement procedures, estimation of genetic advance, explaining heterosis and calculation

of heritability of a trait (Gaur 2018). Generation mean analysis was used in both field and
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horticultural crops such as wheat (Farshadfar et al. 2001), rice (Sharifi et al. 2013), cotton
(Srinivas and Genet, 2015), pearl millet (Jog et al. 2016), dry beans (Salegua et al. 2021) and

horticultural crops like okra (Naveed et al. 2009).

When parents have remarkably different alleles with regard to favourable traits, generation
mean analysis can be useful (Sibiya 2010). A major application of the technique has been in
disease resistance studies, in which one parent is highly susceptibility to a disease while the
other is highly resistant to it (Acquaah 2007; Sibiya 2010; Alam et al. 2014; Salegua et al.
2021). Lyimo et al. (2011) and Sibiya (2010) studied resistance of maize to grey leaf spot
(GLS) using this technique. In addition to using generation mean analysis for estimating effect
in relation to genotype and environment, it can also be used for estimating effects in relation to
linkage, epistasis, and the interaction of them (Acquaah, 2007; Mather and Jinks, 1977).
Hallauer and Miranda (1988), analysed inbred lines using generation mean analysis to confirm

whether the alleles were homozygous and homogeneous.

Generating means assumes that there are two alleles per locus, most negative alleles are present
in F1 and vice versa in no linkage at interacting loci, and t higher order epistatic relationships
do not. (Mather and Jinks, 1977). The F2 is the base population or reference population as
defined by Hayman (1960) and has maximum segregation (Hallauer and Miranda, 1988).
According to Bernardo and Woodbury (2020) the recommended minimum number of
progenies from populations is 50 to 100. Furthermore, sampling of segregating generations

must be done for valid estimates of generation means.

Several studies have been done using generation mean analysis. Mushongi et al. (2013) used
GMA on leaf chlorophyll concentration (LCC) at different N regimes and reported that
different gene effects were governing the gene expression at different stages during the grain

filling period. The general conclusion was that fixable gene effects were low under high N
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dosage while non-fixable gene effects were high under low N dosage. Derera and Musimwa
(2015) used GMA on a single cross maize hybrid, SR52, and observed high levels of heterosis
(>300%) and confirmed the presence of epistasis. Dominance gene action was found to be the

basis of this extraordinary heterosis.

Breeding programs can be evaluated using GMA because it provides detailed information on
population parameters, such as whether or not the trait is controlled by additive or non-additive
gene effects within a given population the population (Campbell et al. 1997). As well as cross-
pollinated plants, self-pollinated plants can also be analysed using GMA. A first order
statistical analysis, which is usually the minimum of a sample, is used to analyse the data, this
results in fewer sampling errors when compared with a second order statistical analysis, that
is, the next sample value after the first, (Campbell et al. 1997). According to Mbogo et al.
(2015), generation means analysis was performed to estimate genetic parameters associated
with Striga hermonthica resistance in maize and reported that to determine the most
advantageous method for breeding Striga tolerance, it was crucial to investigate the method of

gene action.

2.9 Gene action

A good understanding of gene action is essential in selecting parents and breeding procedures
for hybridization. It is therefore essential for breeders to be aware of the type of expression
before beginning breeding activities. There are several genes influencing grain yield, which is
an extremely important but also a very complex it many genes for its expression (Kayaga et al.
2017). It is also important to mention that genes can have additive, dominant, and epistatic
effects, which are described as gene interaction (Mather and Jinks 1977). An additive gene
effect occurs when different genes contribute independently to a specific trait expression. If the

heterozygote performs in a significantly different manner from its homozygote parent,
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dominant genes are acting, and usually the heterozygote will be closer to one parent than the
other. Over dominance occurs when individual alleles at a locus have separate effects on the
phenotype, but their combined effect exceeds individual effects. A partial dominance occurs
when all the alleles at a locus are partially expressed, resulting in a completely different or

intermediate phenotype (Acquaah 2007).

When epistasis gene action exists, some genes interact positively with one another and others
prevent the expression of other genes in different loci (Miko 2011). An epistatic interaction
occurs when a few genes act together rather than independently and their effects depend on the
allelic state of the other genes (Brown et al. 2014). There are two types of epistasis: fixable and
non-fixable. The additive-dominance form of epistasis is non-fixable, while the additive-

additive form of epistasis is fixable.

The additive-dominance form of epistasis is caused by a single gene that masks the effect of
one or more other genes. This form of epistasis is not fixable because it is caused by interactions
between alleles of the same gene, which can be eliminated by crossing with unrelated
individuals (Acquaah 2007) and should be avoided when selecting for desired traits.

Additive-dominance epistasis occurs when the effects of one gene on another are equal to the
additive effects of both genes together (Acquaah 2007). This type of epistasis can be eliminated
by removing or modifying the gene that is masking the other genes. The additive-additive form
of epistasis is caused by interactions between alleles of different genes (Acquaah 2007). This
type of epistasis is detectable and preventable through QTL mapping and genetic analysis, and
can be avoided when selecting for desired traits (Crawford et al. 2017). Epistasis should be
detected and eliminated from breeding programs to ensure optimal genetic gain. This can be
done through QTL mapping and genetic analysis. QTL mapping and genetic analysis can detect

the presence of epistasis, while marker-assisted selection can be used to identify and exclude
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individuals with epistasis (Crawford et al. 2017). These methods can be used to prevent
epistasis from interfering with breeding programs and ensure optimal genetic gain. As epistasis

is unlikely to have breeding value, its presence in breeding as it affects the response to selection.

The gene action that determines grain yield inheritance varies across environments. In a single
cross maize hybrid, dominance effects were found to be more important than additive effects
for grain yield (Shahrokhi et al. 2011). A similar finding was reported by Derera and Musimwa
(2015) when studying SR52, where dominance effects impacted grain yield more than
additives. These findings support the idea that environment plays an important part in the
inheritance of grain yield. Genotype-by-environment interactions are important to consider
when breeding maize varieties (Gupta et al. 2022). However, studies by other researchers like
Betran et al. (2003) reported that non-additive gene action was important in controlling yield
under sub-optimal conditions. These findings were further validated by Derera et al. (2008)
and Chandel and Mankotia (2014) who reported similar findings in which additive effects were
superior to dominance effects in controlling grain yield under drought and non-drought

situations.

2.9.1 Breeding implications due to gene action

When the breeding objective is not hybrid breeding, dominance genes are not liked by breeders
as they cannot be easily fixed (Billiard et al. 2021). Breeders, therefore, prefer to use recessive
genes, which are easier to control. Because selection in the short term is impossible, and makes
breeding very difficult. Compared to other interactions, breeders prefer additive-additive
interactions since they have a high likelihood of success (Novoselovic et al. 2004). According
to Zduni¢ et al. (2008), fixable epistatic effects can be exploited in intra-population
improvement, whereas non-fixable effects can be exploited using heterosis in hybrid

breeding. Due to the fixability of additive gene action, Mushongi et al. (2013) suggest that
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recurrent selection could be most effective if the key mode of inheritance is additive gene
action. The purpose of this study was to determine the genetic effects of the population coming

out of ExpHybrid6 and make recommendations.

2.10 Heterosis

It was Shull who coined the term heterosis between 1908 and 1912 while working with hybrid
maize (Shull 1952). An individual hybrid performs better than its parents as a result of heterosis
(Acquaah 2015). As Brown et al. (2014) showed, heterosis is more likely to occur when the
genetic distance between two parents is larger. The exploitation of heterosis in maize breeding
boosts yields and has a great economic value (Kaeppler, 2012; Yi et al. 2019). The basis of
modern maize breeding programs and the high productivity of maize hybrids is a function of
the performance of the inbred lines and the vigour of the hybrids (Brown and Caligari 2008).
Therefore, the performance of parental maize inbred lines per se can be improved by choosing
appropriate germplasm and proper selection for establishing these inbred lines. There are three
levels of heterosis: standard heterosis, mid-parent heterosis, and better parent heterosis.
Standard hybrid vigour is the dominance of F1 over standard commercial check varieties
(Acquaah 2015). This is also called useful heterosis or economic heterosis and is calculated as

follows:

Standard Heterosis = [(F, - Check) = Check] X 100

Mid-parent hybrid vigour is the dominance of a hybrid over the average performance of its
constituents. Mid-parent heterosis is calculated using the following formula:

MPH = 100% ([MF,— (MP,+MP,) /2]
(MP,+ MP,) /2)

Where: MF1 = mean performance of Fi; MP; = mean performance of Pi; MP>, = mean

performance of P».
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Better parent heterosis is when heterosis is calculated over the better parent (Singh, 2016). It is
calculated using the following formula;

((F, - BP)/BP))*100
Where BP = mean of better parent

Heterosis results in an increase in quality, overall vigour, and yield, increasing resistance to
disease and insects (Brown and Caligari 2008). The desirable heterosis is positive for the
majority of the characters (Mai et al. 2021). Negative heterosis, on the other hand, is found in
characters like earliness, plant height, and lethal substances and create superior hybrids (Derera

and Musimwa 2015).

Varying values have been recorded by various researchers. Derera and Musimwa (2015)
reported 311% mid parent heterosis and 996% better parent heterosis for yield whilst studying
a single cross maize hybrid. Atif et al. (2012) in a study on maize heterosis reported MP and
BP heterosis of 131% and 126% for grain yield respectively, while Gissa et al. (2007) reported

89% MPH on maize inbred lines.

Heterosis has long been explained by dominance and over dominance theories. These theories
suggest that heterosis is caused by the crossing of different alleles that produce a dominant or
over dominant phenotype in the offspring (Kotkar and Giri 2020). The dominance theory
suggests that heterosis is a result of dominant alleles masking the deleterious effects of
recessive alleles, while the over dominance theory suggests that heterosis is a result of
heterozygosity resulting in higher trait values than homozygosity (Lamkey and Edwards 1999;
Kotkar and Giri 2020). These theories suggest that heterosis results from the combining of
different alleles, where the dominant allele of one genotype masks the effect of the recessive
allele of another genotype (Singh et al. 2021). This leads to the expression of the traits of the

heterozygous genotype, which is greater than either parent. According to the dominance theory,
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heterosis results from dominant alleles and recessive alleles cause deleterious effects. As a
result, heterosis will occur when there are more dominant alleles than recessive alleles
(Acquaah 2015). On the other hand, the over dominance theory assumes that heterozygosity
produces higher trait values when compared with homozygosity, that is, when the alleles of

two parents are combined and the resultant offspring are produced (Acquaah 2015).

2.11 Genetic gains in maize breeding

Genetic gains realized over time should be assessed regularly as a way of measuring the
effectiveness of breeding programs in order to devise new strategies (Badu-Apraku et al. 2013).
According to Xu et al. (2017), performance growth realized over an identified period through
artificial selection is genetic gain. Genetic gain is basically genetic improvement or breeding
progress (Laidig et al. 2017). Upsurge in demand for superior products, plant breeders must
enrich genetic gain potential of their products to match the demand and address the decline in
average yield focus should be on producing market driven maize inbred lines and market-
oriented hybrids (Musundire et al. 2021). Demand led breeding, entails stakeholders along the
value chain to incorporate their different needs in breeding programs (Demand-Led Breeding
2020; Lobulu et al. 2019). Inclusive and consultative breeding encourages farmer preferred
traits to be incorporated in development of new hybrids. Masuka et al. (2017) highlighted that
genetic gain assessment facilitates breeders to measure and fine-tune breeding programmes

centred on their performance.

Maize genetic gains in SSA were not absolutely quantified until 2017 (Masuka et al. 2017).
However, Badu-Apraku et al. (2013) did studies on genetic gains using OPVs and reported
gains of 13.5 kg ha! year! under ideal growing environments and 11.4 kg ha'! year!
suboptimal situations in West and Central Africa. In East and Southern Africa, genetic gain

assessments were done for hybrids released from 2000 to 2010 and it was discovered that gains
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were 109.4 kg ha! year! under good conditions, 32.5 kg ha! year! under heat and drought
stress (Masuka et al. 2017). Most recently Asea et al. (2023) reported 81 kg ha™! year! on
varieties released between 2008 and 2020 in Uganda. Genetic gains showed variation across
environments, with higher genetic gains in stress free environments and lower in stressful

environments (Masuka et al. 2017).

Genetic gain is influenced by genetic variation in germplasm, time to complete a breeding cycle
and heritability of important traits (Xu et al. 2017). Adoption of modern breeding techniques
like genomic and molecular tools, doubled haploid technology and marker assisted selection
are some of the ways which can be adopted to improve genetic gain (Xu et al. 2019).
Furthermore, selection intensity can be enhanced through precision genotyping and
phenotyping (Xu et al. 2019). The knowledge of genetic gain is the yard stick for breeding
programmes to measure progress. Breeders should, from time to time, assess genetic gains
realised in their breeding programmes. This aids them to appraise breeding techniques and
come up with new approaches (Badu-Apraku et al. 2021). Measuring genetic gain is vital in
gauging breeding performance. Genetic gain can be improved by enabling high selection
intensity. This can be achieved by broadening the program. Some ways of increasing genetic
gain include fast tracking breeding cycles, sufficient genetic variation and proper phenotyping
(Masuka et al. 2017). Maize breeding programs succeed was due to the superiority of the

hybrids released.

2.12 Conclusion

While maize is an exotic crop to Africa, it has established itself as a strategic food security and
staple crop in Zimbabwe and the rest of SSA. This is because maize is relatively easy to grow,
highly nutritious, and its yields are significantly higher than other crops. It is relatively

inexpensive to produce, making it an important source of food for many people in the region.
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There have been numerous successes in the improvement of maize since the mid-twentieth
century. Single cross hybrids are improving yields in countries that are developing and
deploying them, so their promotion and application is necessary in order to increase yields.
There are a variety of factors that affect SSA yields, according to a literature review. The
literature review further demonstrated that grain yield inheritance depends on all forms of gene
action, with dominance gene effects greater than additive gene effects. In terms of heterosis,
most hybrids have high levels of heterosis for yield and yield components like kernel weight,
ear length, and grain mass. Breeding progress can be evaluated through genetic gains
assessments. This study examined the genetic basis of ExpHybrid6 as well as the genetic gains

of new single cross hybrids against old single cross hybrids.
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CHAPTER 3

ANALYSIS OF THE RELATIVE YIELD ADVANTAGE OF ExpHybrid6
OVER OLD AND NEW HYBRIDS

Abstract

Continuous improvement of crops is of paramount importance for food security to be achieved.
Rising global population entails that food demand must escalate by the corresponding
proportion. This study examined the relative yield advantage of new hybrids (developed post-
2000) over old hybrids (developed pre-2000). The trial was made up of eight commercial
hybrids; two old and six new hybrids and planted across two sites in Zimbabwe, that is,
Stapleford Research Centre (SRC) and Rattray Arnold Research Centre (RARS) during the
2021/22 summer season. The experimental design was a randomised complete block design
(RCBD) with two replications at each site. Traits measured were days to mid silking (DMS),
days to mid pollen (DMP), foliar diseases rating (maize streak virus, Phaesophaeria leaf spot,
Northern Corn Leaf Blight), grain yield among other traits. The hybrids were significantly
different (P<0.05) for grain yield. Statistically insignificant differences (P >0.05) were
observed on anthesis-silking interval, Grey Leaf Spot (GLS) among other traits at RARS. Old
hybrids were inferior in terms of foliar diseases rating. The mean grain yield forthe new hybrids
was superior to that of the old hybrids. Entry six, ExpHybrid6, had superior grain yield mean
across sites and the smallest Cultivar Superiority Index (CSI), the smaller the number the
superior the cultivar. Its yield advantages were 2.41% with respect to the grain yield mean of
the trial and 7.59% over the old hybrids. It is therefore recommended that farmers should tap

into ExpHybrid6’s exceptional yield potential and improve productivity and food security.
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3.1 Introduction

Over 1.2 billion people in Africa and Latin America use maize as staple food and by 2030 it
will be the most traded crop on the planet (Erenstein et al. 2022). It is vital for plant breeders
to continuously improve crop yields to match and sustain the growing population. Not solely
is production threatened by population growth, new diseases such as maize lethal necrosis
disease (MLND), pests like fall armyworm (FAW) and frequency of droughts due to climate
change also contribute to reduced productivity and production. Against this background, it is
crucial for breeders to evaluate genetic gains and measure progress in their breeding programs
for crop improvement.

In order to develop new breeding strategies, it is crucial to measure genetic gains achieved over
time (Badu-Apraku et al. 2013). The process of artificial selection that results in performance
growth over a defined period of time was described by Xu et al. (2017) as genetic gain. For
plant breeders to match the ongoing demand for superior products, they must continuously
enhance their genetic gain potential. Musundire et al. (2021) recommend that breeders focus
on developing market-oriented hybrids to counter the decline in average yields (Musundire et
al. 2021). This then entails that the relative yield advantage of current of new hybrids over old
hybrids should be assed. The relative yield advantage of maize refers to the improvement in
yield achieved by using improved maize varieties compared to traditional or local varieties. It
represents the difference in yield between the improved varieties and the baseline or reference
varieties. A successful maize breeding program is directly related to the supremacy of the new
hybrids released. The objective of this study was to estimate relative yield advantage of
ExpHybrid6 over other new and old single cross maize hybrids bred and produced in

Zimbabwe.

3.2 Materials and methods

3.2.1 Experimental design and description of sites

The experiment was made up of eight commercial hybrids, two of which are old hybrids while
the other six are new hybrids. The hybrids were evaluated for genetic gain over two sites in

Zimbabwe during the 2021/22 summer cropping season. The experimental design was a RCBD
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with two replications at each site. The sites were Stapleford Research Centre (SRC) and Rattray
Arnold Research Station (RARS). The two sites were classified as sites as mid-altitude
environments (Magorokosho et al. 2008). RARS generally receives more annual rainfall than
SRC (Table 3-2). Soils at RARS are reddish clay while those at SRC are clay loam. There is
high disease pressure at SRC due a higher altitude than RARS. Planting at SRC was done on
25 November 2021 while at RARS it was done on 18 December 2021. Spacing of 0.75 m
between rows and 0.25 m between plants was used, giving a population of 53000 plants/ha.
Consisted of two rows of eight plants per row. The standard agronomic practices were done as
per recommendation for each site. Description of hybrids and detailed climatic data for the sites

are given in Tables 3-1 and 3-2, respectively.

Table 3- 1: Description of varieties for the 2021-22 experiment

Entry Hybrid description Maturity Year of release
ExpHybrid1l New Medium 2015
ExpHybrid2 New Medium 2017
ExpHybrid3 New Medium 2017
ExpHybrid4 (SC701) Old Late 1994
ExpHybrid5 (SC709) Old Late 1997
ExpHybrid6 New Late 2009
ExpHybrid7 New Late 2017

ExpHybrid8 New Medium 2016
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Table 3- 2: Climatic data for the sites

Site name Altitude (m) Mean annual rainfall (imm)  Longitude Latitude
RARS 1360 800 17°16'S 31°31'E
SRC 1466 700 17°42'S 30°54'E

RARS = Rattray Arnold Research Station; SRC = Stapleford Research Centre

3.2.2 Data collection

Following the CIMMYT Zimbabwe protocol, agronomically important traits were measured
per plot basis (CIMMYT 1985). Traits measured and their brief description are presented in

Table 3-3.

3.3 Data Analysis

Analysis of variance for both individual and across sites was done using Breeding Management
Software (BMS) version 3.0.8 2021 (https://seedco.bmspro.io/ibpworkbench). Across site
analysis was done for the two sites using the same software. The same software was used to
calculate the Cultivar Superiority Index (CSI). Generally, CSI describe the variation in
genotype performance in each environment in relation to the genotype with maximum

performance (Bakare et al. 2022). As a result, performing CSI on each site proved challenging.
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3.3.1 Estimation of relative yield advantage of ExpHybrid6, and new versus old hybrids

The relative yield advantage of ExpHybrid6 over all the other hybrids and that of new hybrids

over old hybrids was calculated using the following formulae:

L. Relative Yield Advantage of Hybrid6 over Hybridl =
((Mean of Hybrid6 — Mean of Hybridl)/Mean of Hybridl)) * 100

II.  Relative Yield Advantage of Hybrid6 over Hybrid2 =
((Mean of Hybrid6 — Mean of Hybrid2)/Mean of Hybrid2)) * 100

III.  Relative Yield Advantage of Hybrid6 over Hybrid3 =
((Mean of Hybrid6 — Mean of Hybrid3)/Mean of Hybrid3)) * 100

1IV.  Relative Yield Advantage of Hybrid6 over Hybrid4 =
((Mean of Hybrid6 — Mean of Hybrid4)/Mean of Hybrid4)) * 100

V. Relative Yield Advantage of Hybrid6 over Hybrid6 =
((Mean of Hybrid5 — Mean of Hybrid6)/Mean of Hybrid5)) * 100

VI Relative Yield Advantage of Hybrid6 over Hybrid7 =
((Mean of Hybrid6 — Mean of Hybrid7)/Mean of Hybrid7)) * 100

VII.  Relative Yield Advantage of Hybrid6 over Hybrid8 =
((Mean of Hybrid6 — Mean of Hybrid8)/Mean of Hybrid8)) * 100

VIII.  Relative Yield Advantage of New hybrids over Old hybrids =
((Mean of new hybrids — Mean of old hybrids)/Mean of old hybrids)) * 100
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Table 3- 3: List of traits recorded

Trait Abbreviation  Criteria used

Anthesis AD Measured as the number of days from effective planting date
to 50% pollen shed.

Silking day SD Measured as the number of days from planting to 50%
silking.

Anthesis silking interval ~ ASI Calculated as the difference between AD and SD.

Plant height PH Determined by randomly selecting 10 plants from a plot and

measuring the distance between the base of the plant and
where the tassel starts to branch.

Ear height EH Determined on those plants whose heights were measured by
measuring the distance in centimetres from the plant base to
the node that bears the upper ear.

Total lodging TL Determining by adding the number of plants that lodged as a
result of root and stalk lodging.

Root lodging % RL% Root lodging incidence

Husk cover HC Obtained by counting the number of bare tips then express
them as a percentage of the total number of plants in a plot.

Shelling percentage SH% Determined by calculating the weight of shelled grain as
percentage of unshelled cob weight.

Number of plants NP Determined by recording the number of plants per plot after
thinning.

Number of ears EHP Determined by recording the number of ears harvested per

harvested per plot plot.

Moisture content MOI Determined by recording moisture percentage of grain after
shelling.

Grain yield GY Determined by adjusting grain weight to 12.5% moisture
content and converting to tonnes ha™.

Grey leaf spot GLS Scores were taken for severity of GLS (Cercospora zeae

maydis) using a disease rating scale where 1 = 0% and 9 =
75-100% leaf area showing disease symptoms.

Northern NBLT Records were taken for the severity of Northern corn leaf

corn leaf blight blight (Exserohilum turcicum) using a disease rating scale
where 1 = 0% and 9 = 75-100% leaf area showing disease
symptoms

Maize MSV Records were taken for the severity of MSV symptoms using

streak virus a disease rating scale where 1 = 0% and 9 = 75-100% leaf

area showing disease symptoms.

Rust RST Records were taken for the severity of rust symptoms
(Puccinia sorghi) using a disease rating scale where 1 = 0%
and 9 = 75-100% leaf area showing disease symptoms.

Phaeosphaeria leaf Spot  PLS Records were taken for the severity of Phaeosphaeria Leaf
Spot symptoms using a disease rating scale where 1 = 0%
and 9 = 75-100% leaf area showing disease symptoms.

Ear position ratio EPR Determined by dividing plant height by ear height.

Source: (CIMMYT 1985)
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3.3.2 Heritability

The BMS statistical package (The Breeding Management System Version 3.0.8 2021)
generates generalized heritability. This type of heritability differs with standard heritability in
that it uses average pairwise predictions error to obtain genetic and error covariance matrices

thereby allowing estimation of unbalanced data with complicated error and genetic structures.

3.4 Results

At both SRC and RARS sites, heritability estimates of > 0.5 were observed grain yield.
ExpHybrid6 had highest yield of 10.3 t h™!. ExpHybrid3 and ExpHybrid7 had the lowest yield
at SRC and RARS, respectively. Generally, most traits were statistically significant (P<0.05)
except for number of plants, maize streak virus and root lodging percentage. Combined analysis
of variance indicated that ExpHybrid6 was the highest, while entries ExpHybrid7 and
ExpHybrid8 were the lowest in grain yield. Grain yield mean was 8.3 t ha™! and only three
hybrids had yields above the overall trial mean. Tables 3-4, 3-5 and 3-6 show results from
RARS, SRC and combined (RARS and SRC), respectively. In terms of other traits, entry
ExpHybrid6 had the lowest disease scores, especially grey leaf spot, whereas ExpHybrid4 and

ExpHybrid5 had the highest disease score.
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Table 3- 4: Trial mean (RARS)

Genotypes GY MOI AD SD PH EH EPR GLS NBLT PLS SHpct
ExpHybridl 9.3 16.2 69.5 69.0 3.0 1.4 0.4 6.1 1.4 2.0 77.8
ExpHybrid2 10.9 15.4 72.5 72.5 3.0 1.3 0.4 3.8 1.3 1.5 81.4
ExpHybrid3 10.0 17.1 70.0 70.0 3.2 1.5 0.5 5.4 1.6 1.0 84.0
ExpHybrid4 9.1 15.7 67.5 67.5 3.0 1.3 0.4 5.2 0.7 1.5 81.7
ExpHybrid5 8.3 16.3 68.0 68.5 3.0 1.3 0.4 5.3 2.3 2.0 80.9
ExpHybrid6 12.0 15.2 67.5 68.0 3.1 1.5 0.5 3.4 2.1 1.5 81.8
ExpHybrid7 7.0 15.6 68.5 69.5 2.9 1.3 0.4 5.7 1.2 1.0 81.5
ExpHybrid8 8.0 15.0 70.0 70.0 3.1 1.3 0.4 4.1 2.9 1.0 64.6
Mean 9.1 15.8 69.2 69.4 3.0 1.4 0.4 4.9 1.7 1.4 79.2
Cv 13.5 8.3 2.7 3.4 55 10.8 8.2 35.8 78.9 66.2 5.7
Heritability 0.6 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8
Variance 3.5 1.7 4.0 4.7 0.0 0.0 0.0 3.2 1.3 0.5 43.5
SD 1.9 1.3 2.0 2.2 0.2 0.1 0.0 1.8 1.1 0.7 6.6
P-value 0.003 0.708 0.057 0.429 0.909 0.576  0.654 0.682 0.743 0.872 0.000

GY = Grain yield; MOI = Grain moisture content; AD = Anthesis Day; SD = Silking Day; EH = Ears Harvested; PH = Plant Height; EH = Ear Height; EPR =
Ear Position Ratio; GLS = Grey Leaf Spot; NBLT = Northern Leaf Blight; PLS = Phaeosphaeria Leaf Spot; SHpct = Shelling percentage.
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Table 3- 5: Trial mean (SRC)

Genotypes GY MOI AD SD PH EH GLS MSV PLS RST SHpct
ExpHybrid1 7.5 19.9 73.5 73.5 3.1 1.8 2.1 1.0 1.5 1.0 78.1
ExpHybrid2 6.8 17.5 71.7 72.9 3.1 1.7 3.5 1.0 1.0 1.0 80.3
ExpHybrid3 6.5 18.1 71.5 72.5 3.0 1.5 1.9 1.0 4.0 2.0 78.7
ExpHybrid4 6.8 16.3 75.8 77.1 3.1 1.7 6.0 2.0 2.0 2.5 82.4
ExpHybrid5 7.4 18.9 71.7 72.9 2.8 1.5 5.0 1.0 1.0 3.0 84.0
ExpHybrid6 8.6 16.9 77.0 77.5 3.0 1.7 1.9 1.0 1.0 1.0 78.9
ExpHybrid7 7.9 15.7 74.3 74.1 2.9 1.6 2.0 1.0 2.0 1.0 77.9
ExpHybrid8 7.0 17.4 74.5 75.0 3.1 1.8 1.6 1.0 2.0 1.0 77.6
Mean 7.3 17.6 73.8 74.4 3.0 1.7 3.0 1.1 1.8 1.6 79.7
Cv 9.4 5.6 1.1 1.7 24 4.1 39.0 48.0 47.4 36.4 0.7
Heritability 0.6 0.8 0.9 0.8 0.8 0.8 0.8 0.0 0.7 0.8 1.0
Variance 0.6 2.2 3.8 43 0.0 0.0 3.2 0.3 1.2 0.8 53
SD 0.8 1.5 1.9 2.1 0.1 0.1 1.8 0.5 1.1 0.9 23
P-value 0.017 0.000 0.000 0.000 0.000 0.000 0.000  0.429 0.003 0.000 0.000

GY = Grain yield; MOI = Grain moisture content; AD = Anthesis Day; SD = Silking Day; PH = Plant Height; GLS = Grey Leaf Spot; PLS = Phaeosphaeria
Leaf Spot; SHpct = Shelling percentage.
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Genotypes GY CSI MOI AD SD PH EH GLS PLS
ExpHybrid1 8.37 2.22 18.10 71.52 71.26 3.05 1.58 4.11 1.75
ExpHybrid2 8.86 1.13 16.45 72.12 72.70 3.06 1.50 3.66 1.25
ExpHybrid3 8.28 2.09 17.58 70.73 71.24 3.08 1.52 3.64 2.50
ExpHybrid4 7.96 2.93 16.00 71.63 72.30 3.06 1.48 5.59 1.75
ExpHybrid5 7.82 3.91 17.62 69.87 70.70 2.87 1.41 5.16 1.50
ExpHybrid6 10.32 0.00 16.03 72.23 72.74 3.04 1.59 2.64 1.25
ExpHybrid7 7.45 6.43 15.68 71.38 71.80 2.92 1.44 3.84 1.50
ExpHybrid8 7.50 4.69 16.22 72.27 72.51 3.08 1.57 2.86 1.50
Mean 8.32 16.71 71.47 71.91 3.02 1.51 3.94 1.63
Cv 18.00 8.71 2.89 2.87 4.69 8.39 29.22 36.68
P-value 0.09 0.01 0.00 0.00 0.41 0.00 0.00 0.85

GY = Grain yield; CSI = Cultivar Superiority Index; MOI = Grain moisture content; AD = Anthesis Day; SD = Silking Day; PH = Plant Height;

EH = Ear Height; GLS = Grey Leaf Spot; PLS = Phaeosphaeria Leaf Spot.
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3.4.1 Relative yield advantage of ExpHybrid6

The grain yield advantage of new hybrids versus old hybrids was 7.59%, and for EH, 7.14%.
Of particular interest is GLS, which had relative yield advantage of -35.19%. Due to its yield,
which was higher than all other hybrids, most of the analysis on centred ExpHybrid6. Table 3-
7 summarises the relative percentage yield advantage of ExpHybrid6 with respect to trial
mean, mean of new hybrids, mean of old hybrids and mean of medium hybrids on selected
traits. The ExpHybrid6 had highest yield and lowest GLS rating score. Table 3-8 shows means
of ExpHybrid6, trial mean, old hybrids, and new hybrids, late and medium maturing hybrids.
ExpHybrid6 had the highest mean grain yield of 10.3 t ha'!. Compared to the other hybrids
studied, it is very late and has the highest ear height position. The relative yield advantage of
ExpHybrid6 over the other seven hybrids is presented in Table 3-9. The relative Percentage

yield advantages ranged from 15.73% (ExpHybrid2) to 37.33% (ExpHybrid7). .

Table 3- 7: Relative yield advantage of ExpHybrid6 on selected traits.

Traits RYa RYB RYc RYp
GY 2.41 7.59 7.06 1.20
AD 0.28 1.41 -1.39 -0.56
SD 0.14 0.70 -0.69 0.00
PH 0.00 0.00 0.00 -3.23
EH 0.00 7.14 -6.67 0.00

GLS -10.26 -35.19 54.29 0.00

GY = Grain yield; AD = Anthesis Day; SD = Silking Day; PH = Plant Height; EH = Ear Height; GLS
= QGrey Leaf Spot; RYs= Relative yield advantage with respect to trial mean; RYs = Relative yield
advantage with respect to mean of old hybrids; RY¢ = Relative yield advantage with respect to mean
of new hybrids; RYp = Relative yield advantage with respect to mean of medium hybrids.
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Table 3- 8: Summary of means for selected traits on ExpHyrid6, trial mean, new, old,
medium and late hybrids across two sites.

Mean of Mean of Mean of Mean of

ExpHybridé Trial Mean of New  Old late medium
Traits Mean hybrids hybrids hybrids hybrids
GY 10.3 83 8.5 7.9 8.40 8.30
AD 722 71.5 71.7 70.7 71.30 71.70
SD 72.7 71.9 72.0 71.5 71.90 71.90
PH 3.0 3.0 3.0 3.0 3.00 3.10
EH 1.6 1.5 1.5 1.4 1.50 1.50
GLS 2.6 3.9 3.5 5.4 3.60 3.60

GY = Grain yield; AD = Anthesis Day; SD = Silking Day; PH = Plant Height; EH = Ear Height; GLS
= Grey Leaf Spot.

Table 3- 9: Relative yield advantage of ExpHybrid6 over other hybrids.

Hybrid Mean Grain yield Relative Yield advantage (%)

ExpHybrid1l 8.4 22.62
ExpHybrid2 8.9 15.73
ExpHybrid3 8.3 24.10
ExpHybrid4 8.0 28.75
ExpHybrid5 7.8 32.05
ExpHybrid6 10.3 0.00
ExpHybrid7 7.5 37.33
ExpHybrid8 7.5 37.33
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High heterosis levels for the F; with respect to the parents was detected in all traits (Table 3-

10).

Table 3- 10: Heterosis of the maize hybrid ExpHybrid6

Heterosis for F1 (%)

Heterosis for F2 (%)

Parameter
DPS
DSE
PH
EH
NL
NLAE
TBN
FW
GW
MOI
SHL
EL
KER
KRN
HKW
KPE
ED
CD
KD

MPH

-8
-7
70
76
11
6
49
157
171
9
11
34
59
9
50
79
29
17
48

P1
5
4
81
76
16
20
80
184
212

15
64
60

114
62
32
20
49

P2
-11
-10
60
76
7
-5
28
135
139
11

13
59
19
15
100
27
14
46

MPH
6
5
26
29
6
5
23
42
42
9
2
12
24
3
16
28
14
9
20

P1
-3
-2
45
41
11
19
56
89
100
9
6
39
32
-5
69
26
19
13
27

25

DPS= days to pollen shed; DSE= days to silk emergence; PH = plant height (from the soil to
flag leaf); EH = ear height (from soil to base of upper most ear); NL= total number of leaves;
NLAE = number of leaves above uppermost ear; TBN=total number of tassel branches; FW=
Field weight; GW = grain weight; MOI= grain moisture content; SHL= shelling percentage;
EL = ear length; KER = Kernels per row; KRN = kernel row number; HKW = hundred kernel

weight; KPE = kernels per ear; ED= ear diameter; CD = cob diameter; KD = kernel depth.
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The highest heterosis values were 171% and 157% for grain yield and ear mass, respectively.
With respect to better parent, Py, highest heterosis values were 212% and 184% for grain yield
and ear mass respectively. P> had 139% for grain yield and 135% for ear mass. Mid-parent
heterosis values of above 50% were observed on plant height (70%), ear height (76%), grains
per cob (79%), grains per row (59%) and hundred kernel weight (50%). On the other end, days
to mid pollen and days to mid silking had negative mid-parent heterosis values which means
hybrids were early to shade pollen than silk. Traits like the total leaves above the top most cob,
and grains per row had single digit heterosis values of 6% and 9%, respectively. Heterosis

values dropped in the F> generation across all traits.

ExpHybrid6 was the only hybrid in the study that had heterosis measured due to its involvement
in the analysis of generation means. Furthermore, the parents of the other hybrids were not

available for this study.
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3.5 Discussion

The objective of this trial was to measure the relative yield advantage of “ExpHyrid6” over old
and new hybrids. The results showed that the experimental hybrid ExpHybrid6 yield advantage
over the other hybrids. The ExpHybrid6 had 15.73% advantage over the experimental hybrid
and 37.33% over the experimental hybrid “ExpHybrid7” and “ExpHybrid8”. This is an
indication it is a good hybrid. Genetic variability determines the extent to which maize breeding
populations can improve traits through genetic improvement. Agronomic and grain yield
differences among the hybrids tested revealed significant differences. A significant amount of
variation was found for the majority of the secondary traits, which indicates that the traits used

in the study had adequate genetic diversity.

As a result of genetic diversity, plant breeders are able to select new and improved maize
varieties with desirable economic traits (Badu-Apraku et al. 2021). The results have shown that
ExpHybrid6 is superior to old hybrids due to its outstanding yield. This was further confirmed
by the cultivar superiority index (CSI), which is a non-parametric stability analysis whereby
the mean square differences between a cultivar observed value and that of the best variety
within a given environment (Lin and Binns 1988). The closer the CSI is to zero, the superior
the hybrid. The superiority of ExpHybrid6 means that the hybrid was a good candidate for
replacing old hybrids. Varietal replacement entails that old hybrids should be replaced when

revenue realized begins to decline (Chivasa et al. 2022).

An effective evaluation of genetic gains needs to be conducted over a specified time frame,
known as an era trial (Rutkoski 2019). The realised yield advantage for ExpHybrid6 with
respect to mean of old hybrids and trial mean for grain yield were 7.59% and 2.41%
respectively. The realised genetic gains were in favour of new hybrids for many traits except

for AD and SD. New hybrids including the hybrid under study had better resistance to disease
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than older hybrids, as evidenced by negative gains in GLS. This shows that new hybrids had
more resistance to GLS than old hybrids mainly due a combination of improved genetic
resources and breeding methods (conventional). GLS caused massive yield losses in the late
90s resulting in decommissioning of many commercial hybrids. It has been reported that grey

leaf spot results in yield losses of up to 25% (Sibiya et al. 2012).

Heterosis was confirmed for the hybrid ExpHybrid6. Different traits had varying values of
heterosis and this is consistent with other studies like Kaeppler (2012) who reported that
heterosis depends largely on the trait under study with yield having greatest heterosis. Positive
heterosis is desirable since it is an indicator of high yield (Duvick 2005). Heterosis was
considerably larger for grain yield than other traits, this corroborates with the position that
highly complex traits such as grain yield often have greater heterosis (Kaeppler 2012).
Heterosis values of ExpHybrid6 relative to the parental lines were quite high. The high mid-
parent heterosis values are consistent with Derera and Musimwa (2015) who reported mid

parent heterosis (311%) values between 14 % — 996 %.

Negative heterosis values were obtained for days to pollen shed and days to silk emergence.
This corroborates with findings by Derera and Musimwa (2015) and Ndaruhutse (2016) who
both reported negative heterosis for days to pollen shed and days to silk emergence. This
indicates that F1 hybrid flowers earlier than parental lines. Derera and Musimwa (2015) further
reported high values for better parent heterosis, similar to the findings of this study. Heterosis
values of 108.61% for grain yield were observed in a study on combining ability and heterosis
for yield and yield components in maize (Atif et al. 2012). Vivek et al. (2009) reported grain
yield mid parent heterosis of 33.5 % while Gissa et al. (2007) reported 89.2% on a study on

maize. Oyekunle and Badu-Apraku (2014) and Shahrokhi et al. (2011) reported heterosis
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values of 102.6% and 112.75%, respectively in maize grain yield Li et al. (2001) reporting

324.7 % in rice research.

In this study heterosis levels severely decreased at F» in relation to F1. Mid-parent heterosis for
grain yield was 171% at F1 but dropped to 42 % at F», this corroborate with Falconer (1989)
who reported that heterosis declines by 50% in the F» generation. This drop in heterosis
vindicates the position that farmers will suffer yield losses by planting F» seed. The use of
recycled seeds is prevalent in some parts of SSA mainly because of lack of resources to buy
hybrid seeds every season. Poor distribution frameworks for hybrids, especially in remote areas
and inaccessible areas also contributes to the continued use of recycled seed resulting in the

farmers losing out on yield advantage even in a good season.

3.6 Conclusion

Relative advantages were observed for grain yield relative to both the mean of trial and old
hybrids. Relative yield advantage with respect to trial mean were 2.41% whilst relative to olds
hybrids were 7.59%. Secondary traits such as anthesis day and silking day also had advantages
0f 0.28% and 0.14% with respect to mean of trial, whilst with respect to old hybrids the gains
were 0.70% and 1.41% respectively. Based on the results obtained it can be concluded that
ExpHybrid6 is indeed a highly productive hybrid. This hybrid was bred using conventional
breeding methods and underwent vigorous testing before getting registered for commercial
release. Its performance against old hybrids showed that new hybrids are better than old
hybrids. Maize breeding programs in Africa should invest in breeding of single crosses as they
have the potential of reducing the yield gap. Furthermore, heterosis was confirmed through

generation mean analysis with different traits having varying values.
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CHAPTER 4

GENERATION MEAN ANALYSIS FOR YIELD AND YIELD
COMPONENTS OF MAIZE HYBRID ExpHybrid6

Abstract

ExpHybrid6 is a single cross hybrid bred in Zimbabwe and produces exceptional yield both in
farmers’ fields and research plots. However, the genetic basis of its outstanding yield and
heterosis has not be quantified. The goal of this study was to determine gene action controlling
yield and yield components in ExpHybrid6 using generation means analysis. Six generations
developed from two divergent, highly homozygous maize lines, that is, parents (P and P>), and
its progenies Fi, F2, BCP; and BCP», were evaluated in Zimbabwe at Stapleford Research
Centre during 2020/21 and 2021/22 summer seasons. A randomized complete block design
(RCBD) was used, and the data was analysed using SAS9.4 package following the PROC
mixed protocols. The lack of fit test confirmed significant dominance and additive effects.
Furthermore, epistasis was investigated by partitioning it into additive x additive, additive x
dominance and dominance x dominance gene effects. The presence of epistasis of the
dominance nature for grain yield was confirmed. With respect to relative importance of gene
effects, non-fixable dominance effects contributed 95.54% to yield. Yield components such as
ear weight, kernels per cob, ear diameter, cob diameter and kernel depth all contributed over
90%. The results are an indication that dominance gene action is the basis of superior
performance of ExpHybrid6 yield. This implies that breeding focus should be on selecting
superior lines based on their performance in crosses. The current maize breeding initiatives

will be designed and improved using the information obtained this study.
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4.1 Introduction

Maize production occupied 41.3 million hectares across SSA in 2020, which is 16.2% of
estimated crop area and by 2030 it is expected that 50.9 million hectares will be under maize,
representing 18.3% of the estimated crop area (Erenstein et al. 2021). Despite being a strategic
crop to food security, maize yields across Africa have remained relatively low. Maize grain
yield in SSA is the lowest with less than 1.8 t ha™! compared to the global average of 5.8 t ha™!
(Masuka et al. 2017; Beyene et al. 2017; Erenstein et al. 2021). Low yields are attributed to
poor yielding varieties, low usage of inputs, biotic and abiotic stress factors were among other

contributing factors (Bello et al. 2010).

Due to changing weather patterns, new pests and diseases emerge, necessitating the
development of new hybrids to improve yield and tolerance to biotic and abiotic stress factors.
A single cross maize hybrid developed in Zimbabwe in 1960 became the first to be
commercialized in the world (Seed Co Limited 2017). Since then, various single cross maize
hybrids have been developed throughout the world. Top maize producers in the world like
China and the USA grow single cross maize hybrids with great success (Makore et al. 2022).
According to Musundire et al. (2021), South Africa’s maize seed business is dominated by
single crosses, both conventional and genetically modified. The maize breeding programs in
SSA, with the exception of South Africa, have been focused on the production of three-way
hybrids because they are inexpensive and can thrive in constrained growing conditions
common in Africa, due to of the genetic buffer effect (Makore et al. 2022). The success story
of maize improvement in the USA suggested that it is possible to improve productivity in SSA

by developing and deploying single cross hybrids (Troyer 2004).

The future of maize hinges on yield improvement and stability across Africa and not on land

expansion alone. Plant breeding efforts should be designed in a way to enhance food security
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in SSA. Maize breeding in Zimbabwe started in 1932 leading to the development of SR1 the
first double cross commercial hybrid in 1949, followed by SR52 a single cross hybrid in 1960
(Eicher, 1995; Mashingaidze, 2006). These achievements led to increases in yield potential as
well as drought and disease tolerance, which was beneficial to both small, medium and large-
scale farmers. The second half of the 20" century was characterised by a noticeable jump in
average maize yield per hectare. The maize yields went up three-fold within ten years following
the release of SR52 (McCann, 2009). The world’s top maize producers such as the USA, China

and Brazil, heavily rely on single cross maize hybrids development.

Breeders can improve the traits and maximize the efficiency of breeding programmes through
an understanding of the gene action governing the target traits (Mather and Jinks, 1982). Gene
action can be studied using biometrical techniques such as biparental cross and triple test cross
analysis, line x tester analysis, quadriallel analysis, triallel analysis, partial diallel cross, diallel
analysis and generation mean analysis (Katragadda et al. 2020). This study used GMA to
explore the basis of yield in a single cross maize hybrid ExpHybrid6. Generation mean analysis
is preferred because, it gives information on the importance of additive and dominance, as well
as epistatic gene effects, that is, additive x additive, dominance x dominance and additive x
dominance (Said 2014). Moreover, it provides comprehensive analysis of a cross (Hayman

1960) and the populations developed usable in breeding programs (Coates and White, 1998).

The hybrid under study satisfied the requirements for generation mean analysis as proposed by
Mather and Jinks, (1977). It was developed using inbred lines which were highly homozygous
and divergent in terms of maturity. Estimation of gene effects is key in any breeding program
as it helps in the formulation of new improved breeding programs (Said 2014). The hybrid
under study phenotypically resembles SR52 by which its genetic basis of heterosis was

investigated by Derera and Musimwa (2015). Just as the case with SR52, information obtained
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will be used to design and/or modify existing breeding strategies for breeding of productive
inbred lines that will be used to produce better yielding hybrids. Heterosis has been exploited
by maize breeders over many years and hybrid breeding programmes. This study investigated
the yield basis ExpHybrid6 as a way of formulating approaches for further breeding and
developing modified versions of the parental lines involved. The detailed information of the

parental inbred lines are not going to be disclosed due to intellectual property issues.

4.2 Materials and methods

4.2.1 Germplasm and crosses for generation mean analysis

The genetically pure inbred seed and the Fi generation were obtained from Seed Co Private
Limited. For the purposes of this study, the actual names of the inbred lines used shall not be
revealed due to intellectual property rights, and therefore, they will be referred to as parent 1
(P1) and parent 2 (P2). The F; was self-pollinated to produce F» in the winter of 2021 (oft-
season), May to October at Muzarabani Research Centre in Zimbabwe. Simultaneously, the
two parents, P1 and P>, were backcrossed to Fi to produce BCP; and BCP», respectively at the
same site. The parental lines are maintained by Seed Co through self-pollination and they are
homozygous and very divergent in maturity, and height, thus satisfying the requirements of

generation mean analysis (Mather and Jinks, 1977).

4.2.2 The hybrid ExpHybrid6

The maize hybrid ExpHybrid6 is a late maturing tropical mid-altitude single cross hybrid which
was bred by Seed Co Limited, one of the leading seed producers in Africa. Before it was
commercially released, it was evaluated in various yield trials at the turn of the millennium
across Zimbabwe, Zambia, Malawi, and Tanzania among other countries. Yield trials

conducted by independent institutions like International Maize and Wheat Improvement Centre
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(CIMMYT) and Agricultural Research Trust (ART) showed that this hybrid can yield up to 18
t ha'! under optimum conditions (unpublished). The hybrid has long cobs, deep kernels and
high shelling percentage. It is also resistant to foliar diseases such as grey leaf spot (GLS),

maize streak virus (MSV) and Northern Corn Leaf Blight (NCLB).

4.2.3 Experimental design and management

The six populations (Pi, P, BCPi, BCP,, Fi and F») were evaluated over two successive
seasons, 2020/21 and 2021/22 season at Stapleford Research Centre (SRC) located at 17° 42’
S (longitude) and 30° 54" E (latitude) at 1466 meters above sea level. Randomised complete
block design (RCBD) was used with two replications each season and different randomization.
Two border rows of inbred lines between plots of vigorous generations, to minimise the effects
of shading. For the non-segregating populations, Pi, P> and Fi, seven rows per plot were
planted, however, in situations where the inbred line was next to a hybrid, two extra rows were
planted to minimize shading. As a result, P> had 9 rows in replication 1 and P; had 9 rows in
replication 2. Field layouts during both seasons are presented in Figures 4.1 and 4.2. Ten rows
were planted for the segregating populations, BCP; and BCP». For the F», 15 rows were planted
since maximum segregation is obtained in this generation. This resulted in variable number of

plants per generation.

Row length was 3.5 m, intra and inter row spacing were 0.25 m and 0.75 m, respectively. At
planting, three seeds were placed at each planting hill and later thinned down to one. Thinning
was done three weeks from the date of planting. The trials were rain-fed during both seasons.
The trials were planted in 19 November 2020 and 25 November 2021 for season 1 and 2,
respectively. . The two seasons were very different in terms of total rainfall received, and the

distribution in each season is illustrated in Figure 4-2. During 2020/21 season, more rains were
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received between December and February, whereas during 2021/22 season, more rainfall was

received from January to March.

Prior to planting, the land was first ploughed using a tractor mounted disc plough. Then a tractor
mounted harrow was used to break big clods and produce a fine tilth to enable good seed
emergence. The planting stations were then marked using pre marked cables with the desired
intra and inter row spacing. Basal fertilizer 7:14:7 (NPK) and 8.5% S (1.e. 28 kg N: 56 kg P>0s:
28 kg KoO + 34 kg S) was applied manually at every planting station. The trial was irrigated
for establishment. Pre-emergence herbicides were used to control weeds and manual weeding
was done as and when necessary. Various pesticides were applied in rotation to control fall

army worm (FAW) once every fortnight.

Plot 7 Plot 8 Plot 9 Plot 10 Plot 11 Plot 12

F1 P2 BCP1 BCP2 F2 P1

7 Rows | 9 Rows 10 Rows 10 Rows 15 Rows 9 Rows

Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 Plot 6

P1 F2 BCP2 F1 BCP1 P2

9 Rows | 15 Rows 10 Rows 7 Rows 10 Rows 9 Rows
Figure 4- 1: Trial field layout at Stapleford Research Centre 2020/21 season

Plot 7 Plot 8 Plot 9 Plot 10 Plot 11 Plot 12

F1 BCP2 BCP1 F2 P1 P2

7 Rows | 10 Rows 10 Rows 15 Rows 9 Rows 7 Rows

Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 Plot 6

P2 P1 BCP1 F2 BCP2 F1

7 Rows | 9 Rows 10 Rows 15 Rows 10 Rows 7 Rows

Figure 4- 2: Trnal layout at Stapleford Research Centre 2021/22 season
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Figure 4- 3 : Total rainfall received during the two seasons

4.2.4 Data collection

Data were collected per individual plant from all plots. Each generation had different number
of plants as shown in Table 4-1. The segregating populations had the highest number of plants.
The traits measured were number of days from planting to initial silk emergence, number of
days from planting to the first pollen shedding, plant height (from the surface of the soil to the
tip of the highest tassel branch, ear height (from the soil surface to the primary ear), number of
leaves above primary ear, number of rows per ear, ear length, ear mass (which was taken as
single plant yield and in the case of ear prolificacy, the combined mass of all the ears was taken
as the yield), 100-kernel mass and grain moisture content. Even though all these traits were

measured, for generation mean analysis only divergent traits were further analysed.

Table 4- 1: Total plants per each replication over the two season

Season 1 Season 2
Number of plants Number of plants
Generation Rep 1 Rep 2 Rep 1 Rep 2
L | 83 7a 124 95
P2 76 72 79 7|
F1 71 66 112 102
F2 125 128 212 211
BCP1 128 137 138 131

BCP2 133 132 123 131
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4.3 Data Analysis

4.3.1 Analysis of variance

All the data were analysed using SAS9.4 software (SAS Institute Inc. 2013). Given that the
number of plants were different for each generation, it was necessary to do the PROC mixed
procedure. This is in agreement with what other researchers like Piepho and Mdhring (2010).

Data analysis was done using the following model:

Response = population mean+ block effects + generation effects + random error effects.

Yijk = pi + bj+ gijk + eij
Yijk = response

ui = population mean
eij = experimental error
gijk = plant specific errors

bj =effect of the j" block on the k'™ plant

Blocks, block x generation effects, were treated as random effects and the generations were
fixed effects. In situations where data was significant (P<0.05), the traits were further subjected
to the mean separation tests. It is important to note that the Bartlett’s test of homogeneity of
error variance (Hossein and Lovric 2011) across the two seasons to determine whether to

combine the years or deal with them separately was not done.

4.3.2 Mean separation

The significance of the means of the generations were separated using the Tukey’s studentized
Range test (HSD). The mean separation test was done to determine significant differences at

P<0.05 between P and P> for the measured traits. Mather and Jinks (1982), highlighted the use
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of dissimilar parents as one of the preconditions for performing generation mean analysis.
Previous studies by Mushongi et al. (2013), Musimwa and Derera (2017) and Salegua et al.
(2021) showed that the mean separation procedure was done to identify traits suitable for

subjecting traits to generation mean analysis.

4.3.3 The GMA model and epistasis testing
Y =m + aa + Bd + a?aa + 2apad +p>dd

e o and B are the coefficients for a and d, respectively
e Y = the observed mean

e m = mean = mean of the F2 (i.e., the base population)
e a=pooled additive effects

e d=pooled dominance effects

e aa = additive x additive gene interaction effects

e ad = additive x dominance gene interaction effects

e dd =dominance x dominance gene interaction effects

This model was analysed using the GLM models using SAS Macros. The procedure was
necessary since it takes care of data collected on a plant basis. This model is also capable of
detecting and partitioning epistasis into its respective forms, that is, additive, dominance,

additive-additive, additive-dominance and dominance-dominance.

4.4 Results

4.4.1 Analysis of variance

Analysis of variance (ANOVA) was done to evaluate the genotypic effects. Mean comparisons

among trait means were estimated by the least significant difference (LSD) test at 5% levels of
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significance. The analysis of variance across generations showed data were highly significant

(P<0.001) for most traits across seasons.

4.4.2 Mean separation

All trait means were subjected to generation mean analysis. A total of 19 traits were analysed.
This, however, is contrary to what Derera and Musimwa (2015) did. In their study, traits that
were similar to the inbred lines were not subjected to generation mean analysis. The Fi
generation showed means which were superior to other generations on most traits (68.4%)
measured. The parents, P; and P> were significantly different for all the traits except ear height
and kernel depth Fi and F> means were significant for all the traits except for grain moisture.
No significant difference between F; and BCPy, F> and BCP; on days to mid pollen, days to
silk emergence and cob diameter. The means of F; and segregating populations as well as the
parents showed high levels of significance. Ear height had similar means for P; and P>. On
plant height F> and BCP; had similar means. Populations F1, BCP1 and BCP2 had similar
means on days to silking. F; and BCP; and F> and BCP; had similar means on days to pollen

shed.
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Table 4- 2: Trait Means for six generations over two seasons

Generation N DPS DSE PH EH NL NLAE TBN FW GY EL KRN HKW
P: 375 84.3b 84.45b 159.94¢ 91.06e 13.63¢ 5.22d 891e 109.61f 85.32F 12.55¢ 14.11ab 23.76d
F1 351 80.45d 80.71de 289.34a  91.12¢ 15.78a  6.28b 16.02a 311.48a  266.24a  20.61a 14.06ab 50.95a
F2 676 82.12¢ 82.61c 231.46¢ 159.97a  15.07c 6.21bc 13.94c  207.69d 170.72d 17.44cd 13.41b  40.25bc
BCP: 534 79.58d 79.57de  235.70c 128.45d  15.20bc  6.12¢ 14.95b  225.90c 184.80c 16.99d 14.53a 36.37c
BCP: 519 82.17¢c 82.03cde 254.24b 137.84b 1544b  6.60d 14.08ac  247.53b  202.44b 19.48b 13.41b 44.03abc
P2 298 89.93a 89.31a 181.38d 133.68c 14.69d  6.61a 12.56d  132.60¢ 111.52¢ 18.24c 11.78c 44.24ab
Statistics

Mean 82.57 82.65 228.79 126.14 15.02 6.18 13.59 210.48 173.57 17.56 13.63 39.76
CV (%) 10.31 10.66 31.30 15.50 8.60 12.02 29.80 34.83 37.76 28.05 32.32 100.26
P-Value keksk sksksk sksksk skkk ek skeskek keksk kskosk sksksk sksksk NS ns
MSE 72.45 77.62 5128.63 382.48 1.67 0.55 16.41 5374.65 429494 2427 19.41 1589.19

*#* significant at P<0.001; ** significant at P<0.01; * significant at P<0.05; ns = not significant; DPS= days to pollen shed; DSE= days to silk
emergence; PH = plant height (from the soil to flag leaf); EH = ear height (from soil to base of upper most ear) NL= total number of leaves; NLAE =
number of leaves above uppermost ear; TBN=total number of tassel branches; FW= Field weight; GY = grain yield; EL = ear length; KRN =

kernel row number; HKW = hundred kernel weight;



Table 4- 3: Trait Means for six generations over two seasons (continuation)

Generation N MOI SHL KER KPE CD ED KD

P1 375 11.76bc 77.96bc 26.13ad 354.83de 24.31d 40.85ef 16.54de
P2 298 11.36bd 83.80ab 26.26¢cd 287.78ef 29.09a 42.46de 16.86de
F1 351 12.65ab 89.95aa 41.76a 575.51a 27.47b 53.75a 24.66a
F2 676 12.76ab 82.52abc 34.43c 448.63cd 29.02a 48.46cd 20.99¢
BCP1 534 12.84a 81.84bc 35.85bc 506.48b 27.55b 49.28bc 20.25cd
BCP2 519 12.46ab 81.14bc 36.35b 475.53bc 25.60c 50.03b 22.49b
Statistics

Mean 12.46 82.59 33.99 450.91 27.36 47.90 20.54
CV (%) 22.65 48.06 28.06 37.65 14.45 9.68 18.43
P-value ns ns EEES *kk *kk * %k *kk
MSE 7.91 1575.74 90.97 28821.30 15.63 21.50 14.34

82

***significant at P>0.001; ** significant at P>0.01; * significant at P<0.05; ns = not significant; MOI= grain moisture content; SHL= shelling percentage; CD

= cob diameter; KER = Kernels per row; KPE = kernels per ear; ED= ear diameter; KD = kernel depth



Table 4- 4: Gene effects for measured traits and their respective standard errors (£SE)
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Parameter Mean A D AA AD DD Type of interaction
DPS 91.90+1.59%** -2.82+0.30%** -28.23£3.91%%*  -4.9941.55%%* 0.23+£0.57 ns 16.57+2.51%** Duplicate

DSE 03.8941.62%** -2.43+0.3*** -32.48£3.98***  _7.2041.58%** -0.03+0.58 ns 19.1242 . 55%** Duplicate

PH 124.45+14.15%%*  -10.4942.72%**  284.03+24.86*** 53.80£13.80***  -7.94+5.1 ns -111.75422.35***  Duplicate

EH 66.9143.85%** 0.11£0.74** 166.60+£9.50***  29.1043.76*** 4.10£1.39** -68.76£6.09%*** Duplicate

NL 13.33+0.26%** -0.52+0.05%%* 4.9840.64%** 1.00£0.25%** 0.28+0.09** -2.36+0.41*** Duplicate
NLAE 5.35+0.15%** -0.69+0.03*** 2.59+£0.37%** 0.60£0.15%** 0.21£0.05** -1.62+0.23*** Duplicate

TBN 8.3 £0.80*** -1.83+0.15%* 14.49+1.98*** 2.31£0.78** 2.70£0.29*** -6.89+1.27*** Duplicate

FW 0.64+14.53 ns -11.66£2.79***  506.07£35.80*%**  116.23+14.18*** -10.05£5.24ns  -199.30+£22.95*** Duplicate

GY 3.50£13.00%** -13.20£2.50***  397.25+£32.05*** 91.68+12.70***  -4.49+4.69 ns -137.67420.55***  Duplicate

MOI 11.45£0.55***  0.18+0.11* 2.55+1.35 ns -0.43+0.54 ns 0.20+0.20 ns -1.878+0.87* Duplicate

SHL 84.61+£7.81%** -2.933+1.50ns  -14.75£19.24ns  -4.12+7.62 ns 3.63+£2.81 ns 19.71+12.33 ns Complimentary
EL 12.00+0.99%** -2.8540.19%** 12.5442 44%** 3.17£0.97** 0.36+0.36 ns -4.14+1.57 ** Duplicate

KER 19.4242.06%** -0.07+0.40 ns 37.4245.07%** 6.67£2.00%** -0.44+0.74 ns 15.18+3.25%** Complimentary
KRN 10.60+0.87%** 1.16£0.17*** 7.51£2.15%* 2.24+0.85%* -0.05+0.31 ns -4.15+1.38%* Duplicate
HKW 32.1247.82%** -10.30£1.50** 8.07£19.28 ns -0.17+7.63 ns 2.62+2.82 ns 8.77+12.36 ns Duplicate

KPE 154.05+£35.87*%*  33.59+£6.89***  762.87+88.40%** 169.45+35.00*** -2.62+12.93ns  -339.284+56.68*** Duplicate

ED 37.0940.94*** -0.80+ 0.18***  29.40+2.33*** 4.7740.92%** 0.04+0.34 ns -12.54+£1.49%** Duplicate

CD 21.45+0.77%** 0.65+0.15%** 15.78+1.89%** 3.26£0.75%** 2.1240.28*** -8.39+1.21*** Duplicate

KD 15.65+0.76%** -0.14+0.15 ns 13.62+1.86%** 1.52+0.74* -2.08+0.27%** -4.15+1.19%* Duplicate

*#* significant at P<0.001; ** significant at P<0.01; * significant at P<0.05; ns = not significant; DPS= days to pollen shed; DSE= days to silk emergence; PH
= plant height (from the soil to flag leaf); EH = ear height (from soil to base of upper most ear); NL= total number of leaves; NLAE = number of leaves above
uppermost ear; TBN=total number of tassel branches; FW= Field weight; GW = grain weight; MOI= grain moisture content; SHL= shelling percentage; EL =
ear length; KER = Kernels per row; KRN = kernel row number; HKW = hundred kernel weight; KPE = kernels per ear; ED= ear diameter; CD = cob diameter;
KD = kernel depth, A= additive, D= dominance, AA = additive-additive, AD = additive-dominance, DD = dominance-dominance.
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4.4.3 Genetic effects estimation

Most of the gene effects for different traits were significant (P<0.001). However, the additive-
dominance (AD) gene effects was not significant for 68.4% of the traits including grain weight
(Table 4-4). The additive (A) gene effects were non-significant on shelling percentage and
kernel per row and kernel number while additive x additive (AA) was not significant for grain
moisture, shelling percentage, hundred kernel weight. Dominance (D) effects were not
significant for moisture and shelling percentage and 100 kernel weight while dominance x
dominance effects did not show significant differences on shelling percentage and hundred
kernel weight. Amongst the main effects the dominance effect (D) was superior to the additive
(A) on all traits except kernel per row and kernel per ear. On the other hand, interactions AA
had larger values than DD on 68.4% of the traits while AD had two large values with DD

having five highest values.

The dominance (D) and dominance x dominance (DD) were in opposite direction, that is D is
positive whereas DD is negative on most traits except for shelling percentage, kernels per row
and hundred kernel weight, however on days to pollen shed and days to silk emergence, D was
negative while DD was positive. When dominance (D) and dominance x dominance (DD) have

contrasting signs, it means that the nature of epistasis is duplicate.

Additive gene effects were negative on 14 of the 19 traits tested and three traits were not
significant. All the traits with positive additive effects were significant. With regards to
dominance gene effects, negative significant values were observed on days to silk emergence,
days to pollen shed and shelling percentage. Positive (DD) and non-significant (AD) gene
effects were observed on grain moisture and shelling percentage. Additive x dominance effects

were positive and significant on 11 traits. With respect to dominance x dominance type of gene
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action, 14 of the 19 variables were negative and significant while the remaining were positive

with two not significant.

4.4.4 Additive-dominance model

The lack of fit test was conducted on 12 traits. Lack of fit is the equivalent to the Joint scaling
Test of Mather and Jinks (1971) and is performed to determine the adequacy of the additive-
dominance model. An analysis of lack of fit was conducted to determine if the additive-
dominance model adequately explained the dependent variables.

As a result, the following model was used:

wi=m + [a] X1 + [d]Xi2 + Ai
Where: 1= (1,.....,G)
m = an intercept
[a] = the additive effect
[d] = the dominance effect

Xiiand Xi> = the corresponding coefficients

Ai= a lack-of-fit effect

The coefficients of o and B used in the construction of models in generation mean analysis as

proposed by Piepho and Mdhring (2010) are presented in Table 4-5.

Table 4- 5: Coefficients of a and B used in the construction of models in generation mean

analysis

Generation m a d aa ad dd

P 1 1 0 1 0 0

P 1 -1 0 1 0 0

F1 1 0 1 0 0 1
F2 1 0 0.5 0 0 0.25
BCP1 1 0.5 0.5 0.25 0.25 0.25
BCP: 1 -0.5 0.5 0.25 -0.25 0.25

m = mean effects; a = additive; d = dominance; aa = additive x additive; ad = additive x
dominance; dd = dominance x dominance)

Source: (Piepho and Mdohring, 2010)
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Among the two traits fitted to the additive-dominance model, kernel row number and hundred

kernel weight were the only traits that provided good fit. This indicates the presence of epistatic

gene interactions. (Table 4-6).

Table 4- 6: Lack of fit, F-values and their significance for several traits of the maize hybrid

ExpHybrid6
Lack of fit for additive-

Additive (a) Dominance (d) dominance model
Parameter F value P value F value P value F value P value
DPS 288.1 <.0001 895.17 <.0001 38.38 <.0001
DSE 236.55 <.0001 541.43 <.0001 29.12 <.0001
PH 32.37 <.0001 314.37 <.0001 33.26 <.0001
NL 162.07 <.0001 518.34 <.0001 15.65 <.0001
NLAE 806.8 <.0001 118.62 <.0001 27.69 <.0001
TBN 120.47 <.0001 789.61 <.0001 44 .42 <.0001
Fw 98 <.0001 2811.59 <.0001 16.98 <.0001
GY 98.52 <.0001 2123.24 <.0001 11.25 <.0001
KPE 27.47 <.0001 1489.21 <.0001 15.04 <.0001
KRN 109.97 <.0001 102.49  <.0001 3.99 <0.01
HKW 37.14 <.0001 20.59 <.0001 1.07 0.3591
CD 2.14 0.1433 502.46 <.0001 40.29 <.0001




4.4.5 Influence of genetic effects

Table 4- 7: Percentage contribution of gene effects to the different traits of the hybrid
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ExpHybrid6
Additive | Additive Dominance

b ¢ X b ¢ Non-
Parameter | Additive | Dominance | Additive | Dominance | Dominance | Fixable Fixable
DPS 22.78 59.95 5.94 0.01 11.32 28.71 71.29
DSE 20.03 58.76 4.08 0.02 17.12 24.10 75.90
PH 6.94 89.73 0.07 0.25 3.07 7.01 92.99
EH 0.16 95.62 0.42 0.29 3.51 0.58 99.42
NL 23.34 69.26 0.62 1.58 5.20 23.95 76.05
NLAE 81.18 10.36 1.42 1.80 5.24 82.60 17.40
TBN 13.31 69.04 1.73 11.98 3.94 15.03 84.97
FW 4.35 91.52 0.11 0.15 3.87 4.46 95.54
GY 5.17 91.89 0.46 0.03 2.45 5.63 94.37
MOI 3.54 62.96 27.67 1.10 4.74 31.21 68.79
SHL 13.82 51.81 13.10 8.10 13.18 2691 73.09
EL 53.63 44 .46 0.60 0.18 1.12 54.24 45.76
KER 0.93 95.39 0.28 0.04 3.37 1.21 98.79
KRN 67.84 21.95 0.01 0.01 10.19 67.85 32.15
HKW 57.96 39.66 1.16 0.76 0.46 59.12 40.88
KPE 2.55 91.38 0.06 0.00 6.01 2.61 97.39
ED 3.59 91.99 0.81 0.01 3.60 4.40 95.60
CD 0.82 74.43 2.26 12.66 9.83 3.07 96.93
KD 5.58 88.81 0.21 4.46 0.94 5.79 94.21

DPS= days to pollen shed; DSE= days to silk emergence; PH = plant height (from the soil to
flag leaf); EH = ear height (from soil to base of upper most ear); NL= total number of leaves;

NLAE = number of leaves above uppermost ear; TBN=total number of tassel branches; FW=
Field weight; GW = grain weight; MOI= grain moisture content; SHL= shelling percentage;
EL = ear length; KER = Kernels per row; KRN = kernel row number; HKW = hundred kernel

weight; KPE = kernels per ear; ED= ear diameter; CD = cob diameter; KD = kernel depth

The percentage contributions to the different traits for hybrid ExpHybrid6 are shown in Table

4-7. Proportion of fixable gene effects (additive and additive x additive) to non-fixable effects

(dominance, additive x dominance, and dominance x dominance) relative to the generation sum

of squares differed from trait to trait. Non-fixable effects were observed for most traits. While

number of leaves above the uppermost ear, ear length, kernel row number and hundred kernel

weight had fixable effects of more than 50%. Interestingly ear length which had nearly equal

contribution of fixable and non-fixable effects at 54.24 % and 45.76% respectively.
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4.5 Discussion

4.5.1 Analysis of variance and mean comparisons

Significant differences were observed in most of the traits studies. Suggesting the existence of
wide variation among generations. The fact that F1 hybrids revealed higher performance in
most of the traits indicates that F1 exhibit heterosis, while parents (P1 and P2) show inbreeding
depression. Generally, means of F1 hybrids tend to be superior to those of F2 and backcross.
According to Falconer (1960) heterosis drops by at least half in the F2 generation. With regards
to flowering phenology (days to pollen shed and days to silking emergence) significant
difference were observed between parental line 1 and parental line 2. No significant differences
were observed the between F1 and BCP1 and F2 and BCP2 on days to pollen shed and silk
emergence. Indicating the pollen-silk synchronization for these generations. In these
generations, silk emergence and pollen shedding occurred simultaneously. This flowering
behaviour is beneficial under heat and drought stress and pollinations will occur over a short
space of time. Furthermore, good pollen-silk synchronization is preferred by seed growers
since both the male and female parent will be planted at the same time as opposed to staggered
planting. With regards to yield Fi was the best performer and Py was the worst. The difference

in yield between the parental lines is an indication that heterosis could be due to dominance.

The means for P; and P> were not significantly different (P>0.05) for ear height. Generally
short plants are less susceptible to root and stem lodging; thus, they can withstand high plant
populations. The two parental lines were significantly different on the number of leaves and
number of leaves above the uppermost ear. P, had more leaves than P;. Liu et al. (2020)
reported that leaves above ear are more conducive for grain filling. Number of leaves per plant
affects leaf area, which in turn affects leaf area index (LAI). The LAI is essential for the
formation of dry matter and yield. Dry matter and yield will therefore be affected indirectly by
leaf number per plant. The more the leaves above the ear, the greater the leaf area, the greater
the grain filling period (Liu et al. 2020; Pinter et al., 2011). This could be the reason why P>
had a higher grain yield than P; and may be responsible for the higher yield of ExpHybrid6.

The genetic makeup of P> may also be responsible for the higher grain yield of ExpHybrid6.
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As such, P> may be a better candidate for further research and breeding programs. Furthermore,
since P; yields better than P, therefore, the performance in ExpHybrid6 is as a result of
heterosis. The P> proved to be a better parent than P; in terms of its overall performance. Yet
again, as was expected, Fi performed better than all the other generations. This is because
heterosis is highest in the Fi generation and lowest in inbred lines due to inbreeding depression

effects (Azizi et al. 2006; Kaeppler, 2012; Samayoa et al. 2017).

The moisture levels of grain for Py and P> were greater than those for Fi, F2, BCP; and BCPo.
This confirms that the parental lines mature late, while maturity declines in subsequent
generations. However, there were no significant differences between F; and F». In terms of
shelling percentage, ear length, kernels per ear, and hundred kernel weight, P> was superior to
P1. Low shelling percentage indicates low yield, and vice versa. Overall yield is positively
influenced by ear length, kernels per ear, and hundred kernel weight. On the other hand, P;
outperformed P> on kernel depth, kernels per ear, ear and cob diameter. This is further
testimony that P> yields better than Pi. The F; hybrid, as expected, was superior to all the other
generations on all traits this because of heterosis which is highest in the Fi generation (Azizi et

al. 2006).

4.5.2 Gene effects

The study showed significant differences between Pi and P> in almost all traits studied. Brown
et al. (2014) argued that if parental lines show great diversity, levels of heterosis will be high.
Phenotypic variances amongst the parental lines could be an indication of genetic divergence.
However, genotypic divergence was not measured in this study as was the case with the study
done by Derera and Musimwa (2015). Phenotypically the lines under study are diverse based

on the studied traits. Mather and Jinks (1977) reported that genetic divergence is key in
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performing generation mean analysis. Therefore, ExpHybrid6 qualified as a candidate due to

presence of significant phenotypic differences between the parental lines.

Tests of mean separation usually determines the number of traits to be used. Statistically
significant differences were found between P; and P> for traits at P<(0.001. In this study, all
traits were subjected to generation mean analysis even though some were not divergent unlike
Mushongi et al. (2013) and Derera and Musimwa (2015). for example While studying
cucumber, Kere et al. (2013) conducted mean separation tests on four traits, of which two were
not significantly different, but went on to analyse all four traits by generation means. The
process of obtaining extreme phenotypes typically results in all traits being subjected to

generation mean analysis, as described by Derera and Musimwa (2015).

Only four traits such as the number of leaves above the uppermost ear, the ear length, the
number of kernel rows, and the weight of a hundred kernels had additive genetic effects. These
traits included the number of leaves above the uppermost ear, the ear length, the number of
kernel rows, and the weight of a hundred kernels. The dominant genetic effects were
predominant in most of the traits. Traits with dominant genetic effects are usually difficult to
select for (Zduni¢ et al. 2008). However, breeders can achieve more from the presence of
dominance gene effects through heterosis exploitation (Derera and Musimwa, 2015). Greater
chance of breeding success is found from additive and additive x additive effects than other
interactions. These gene effects are more useful to the breeders, especially when relying on

phenotypic selection. Several epistatic factors were observed in this research.

Similar signs on D and DD estimates means that gene action is complimentary, different signs
mean that gene action is duplicate (Mather and Jinks, 1982). In this study, only two traits, that
is, shelling percentage and kernels per row had complimentary type of interaction while the

rest had duplicate type of interaction. The findings corroborates with Azizi et al. (2006) whose
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study confirmed duplicate association on grain yield, kernel row number, plant height, field
weight, and kernel depth among other traits. Mbogo et al. (2015) reported complimentary type
of gene interaction on plant height. Dominant gene effects contributed more than other effects
and interactions with respect to grain yield. The importance of dominance effects is therefore
confirmed by duplicate type of interaction. This implies that dominance gene action is the basis
of high yield for ExpHybrid6. This corroborates with the findings of Derera and Musimwa
(2015) who reported that dominance gene effect was the basis of yield in SR52 maize hybrid.
Similar results confirming the contribution of dominant gene action have been shared by
several other investigators (Amer et al. 2002; Azizi et al. 2006; Oyekunle and Badu-Apraku,

2014).

4.5.3 Fixable and Non fixable gene effects

Estimation of non-fixable and fixable effects was done through assigning gene effects into their
respective groups (Gianola et al. 2009,Gregorio 2001 and Mushongi et al. 2013). Fixable
effects are also known as additive effects and consisted of A and AA. Non-additive gene effects
are also non-additive gene effects and are made up of D, AD and DD. In this study non-fixable
gene action had 94.37% for grain yield, 95.54% for grain field weight, 98.79% for kernels per
row, 95.6% for ear diameter, 96.9% for cob diameter and 94.21% for kernel depth. The high
percentage on yield and yield components are an indication that yield of ExpHybrid6 is largely
contributed by non-fixable genes. Natol et al. (2018) reported that non-additive gene effects
are superior to additive gene effects on yield. Fixable genetic effects control the inheritance
mechanism of grain yield with a pronounced dominant effect (Haq et al. 2013). Number of
leaves above uppermost ear, ear size, grain row number and hundred kernel weight had greater
additive gene value than the non-additive ones. The rest of the traits had values of non-additive

gene effects greater than additive gene effects.
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4.6 Conclusion

Generation mean analysis revealed high heterosis in the hybrid ExpHybrid6, which is
controlled by dominance gene action. Furthermore, it was revealed that majority of
ExpHybrid6’s yield related traits were controlled by dominant gene action. This means that
breeding through hybridization can be effective, thus breeders can get better results through
heterosis exploitation. It can therefore be concluded that ExpHybrid6 is an exceptional hybrid

because of dominance gene effects that confers heterosis.
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CHAPTER 5
RESEARCH OVERVIEW

5.1 Introduction

This study sought to understand the genetic basis of a single cross hybrid ExpHybrid6 and the
genetic gain of newly developed hybrids versus old ones. The tropical single cross maize hybrid
was evaluated using generation mean analysis to ascertain its genetic base and gene action
responsible for its exceptional yield as well as to confirm heterosis of ExpHybrid6.
Furthermore, eight single cross hybrids, including the generation mean analysis candidate,
were separately evaluated with the objective of measuring relative yield advantage of the new
hybrids against old hybrids. A brief overview of the research results is presented in this chapter,
along with recommendations based on the previous chapters' examination of the hybrid
ExpHybrid6's yield. In addition, the results' impact and notable shortcomings are discussed.

Finally, insights into the potential application of the ExpHybrid6 hybrid are provided.

The objectives of the study were;

1. To measure relative yield advantage of new hybrids against old hybrids and confirm
heterosis of the single cross maize hybrid ExHybrid6.

2. To determine the gene action governing grain yield and secondary traits in the new
single cross hybrid ExpHybrid6.

3. To ascertain the role of epistasis in ExpHybrido6.

5.2 Summary of research findings

It was established that ExpHybrid6 has exceptional mid parent heterosis of 171% of grain yield.
With respect to relative yield advantage, the study showed that Exphybrid6 had advantage over
old hybrids. Both individual and across site analysis substantiated that ExpHybrid6 is indeed a

high yielding hybrid, which is better than old hybrids and its yield potential is not by chance
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hence its basis should be explored. The generation mean analysis showed that dominance gene
action was the main mode of gene action responsible for grain yield and associated traits in the
hybrid ExpHybrid6 although additive effects showed significance on some traits. The presence
of epistasis was also confirmed. Duplicate type of epistasis was dominant compared to
complimentary for the majority of traits. The implication of this is that improvement can only
be done through heterosis breeding. Alternatively, recurrent selection for specific combining

ability can be employed for population improvement.

5.5 Conclusion and recommendations

The relative yield advantage study confirmed that emerging hybrids are performing better than
old hybrids. The main objective of this research was to measure relative yield advantage in
newly developed maize hybrids. Through generation mean analysis it was established that
dominance gene effects are behind the hybrid’s high yield. Dominance was also found to have
direct contribution to plant height, ear height, kernel row number, kernel per ear and ear
diameter. African maize breeding should invest in single cross breeding, because they have the
potential to reduce yield gaps. Since non additive gene action is the main mode of gene action,

it is therefore recommended that improvements be done through heterosis exploitation.

It is further recommended that correlation and path analysis be done on the same hybrid. This
will expose the role of secondary traits in yield. Path coefficients analysis will help in

partitioning correlation coefficients into direct and indirect effects.





