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General Abstract 
 

Drought stress, maize lethal necrosis (MLN) and storage pests, mainly maize weevil 

(Sitophilus zeamais Motschulsky) and larger grain borer (Prostephanus truncatus Horn), 

are among the most important maize production constraints and storage problems in 

tropical and subtropical environments. Drought stress and MLN can cause grain yield losses 

of up to 90% depending on the severity and stage of growth when they affect the crop, while 

post-harvest pests can cause 10-60% grain loss. There are no practical agronomic 

practices that can control these stresses under small-scale farming conditions since 

investments in irrigation and pesticides are unaffordable for the majority of small-scale 

farmers in developing African countries. The study was, therefore undertaken to: a) estimate 

the heritability and gene effects controlling maize weevil and larger grain borer resistance 

in tropical maize germplasm; b) determine whether resistance to maize lethal necrosis and 

tolerance to drought can be combined in F1 hybrids developed from tropical maize inbred 

lines; c) determine the combining  ability of tropical maize inbred lines for drought tolerance 

and resistance to maize weevil and assess the possibility of combining  the two traits in one 

genotype and d) determine gene action controlling the morpho-physiological and agronomic 

traits of tropical maize under maize lethal necrosis virus infected conditions and maize 

weevil infestation. 

Populations involving six generations; two parents (P1 and P2), F1, F2 and backcrosses 

(BCP1 and BCP2) were developed from cross one, CKDHL120731 (resistant) × 

CKDHL120918 (susceptible) and cross two, CKDHL120517 (resistant) × CKDHL120918 

(susceptible). The generations were evaluated under artificial infestation of Sitophilus 

zeamais Motschulsky and Prostephanus truncatus Horn in separate experiments in a post-

harvest laboratory at Kiboko, Kenya.  Data was recorded for percentage kernel weight loss, 

kernel damage and the final number of living insects and data were analysed using 

generation mean analysis. Results revealed that resistance traits for both crosses did not 

fit a simple additive-dominance model for S. zeamais, suggesting the existence of epistasis 

effects. However, for P. truncatus resistance, cross one fitted a simple additive-dominance 

model, but cross two did not, suggesting both simple additive-dominance model and digenic 

interaction model were important in the inheritance of P. truncatus resistance. Additive, 

dominance and epistasis gene effects played a role in the inheritance of resistance to both 

insects in the selected maize genotypes. This was further confirmed by the moderate 
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narrow-sense heritability estimates which suggested the involvement of additive and non-

additive gene effects in the expression of resistance to both insect pests.  

Three separate half-diallel analyses involving eight inbred lines each were conducted 

involving (1) lines with varying reactions to drought and maize lethal necrosis (MLN), (2) 

lines with varying drought tolerance and post-harvest pest resistance backgrounds, and (3) 

inbred lines with varying reactions to maize lethal necrosis (MLN) resistance and maize 

weevil resistance.  The F1 hybrids from these diallel crosses were evaluated in different 

locations under optimum conditions and managed drought stress, artificial MLN infestation 

or artificial infestation with maize weevil depending on the objective. For artificial weevil 

infestation, grain samples were obtained from sites with optimum conditions.   

Hybrids differed significantly (p<0.001) for MLN resistance and drought tolerance traits, 

including MLN scores, senescence, days to anthesis and anthesis-silking interval. The yield 

reduction due to MLND was 93% of the optimum mean grain yield of 6.04 t/ha, while 

reduction due to drought stress was 67% of the same. Genetic analysis detected highly 

significant mean squares (p< 0.001) due to both general combining ability (GCA) and 

specific combining ability (SCA) for most of the recorded traits, including grain yield under 

all environments, suggesting the importance of both additive and non-additive gene effects. 

However, additive gene action was generally predominant across all evaluation conditions. 

The results suggest that it is possible to improve tropical maize for combined drought and 

MLN tolerance and it can be faster when the evaluation is conducted under combined 

drought and MLN conditions.  

Highly significant genotype and genotype × environment interaction mean squares 

(p<0.001) for grain yield and days to anthesis were observed under drought and optimum 

conditions for the drought tolerance and weevil resistance. Highly significant genotypic 

effects (p<0.001) were also observed on the key parameters for maize weevil resistance; 

Dobie’s Susceptibility Index (SI), living insects, weight loss (WL) and seed damage (SD) 

revealing different reactions of the tested hybrids. In addition, highly significant mean 

squares (p<0.001) due to both GCA and SCA for grain yield under drought and significant 

(p<0.001) under optimum conditions were detected, suggesting the importance of both 

additive and non-additive effects. Under maize weevil infestation, highly significant mean 

squares (p<0.001) due to both GCA and SCA for the key parameters were observed except 

for GCA mean squares for weight loss which was significant (p<0.05). Additive gene action 
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was predominant over non-additive for grain yield under drought, SI, SD and living insects. 

The cross CKDHL120731 × CKDHL120517 showed tolerance to drought and resistance to 

maize weevil, while 24 hybrids showed tolerance to drought only.  

The maize lethal necrosis (MLN) resistance and maize weevil resistance F1 hybrids showed 

highly significant (p<0.001) genotype differences for field weight and grain yield under MLN 

infestation. Highly significant (p<0.001) genotype and genotype × environment interaction 

effects were also observed for MLN scores at the early and late-stages under artificial MLN 

infestation, grain yield under optimum conditions, SI, WL and SD under maize weevil 

infestation. Significant mean squares (p<0.01) due to only GCA for grain yield under MLN 

and weight loss under maize weevil infestation were detected, while highly significant mean 

squares (p<0.001) due to both GCA and SCA for MLN scores under MLN infestation and 

grain yield under optimum growing conditions, SI and SD under weevil infestation were 

observed suggesting the importance of both additive and non-additive effects.  

However, for most of the traits under the three evaluation conditions, additive gene action 

was predominant. Three hybrids CKDHL120918 × CKSBL10060, CKSBL10060 × 

CKDHL120731 and CML494 × CKDHL120731 showed good performance under the three 

evaluation conditions. The observed importance of both additive and non-additive gene 

action, with predominance of additive gene action, especially under the stressed 

environments, is an indicator of the feasibility of breeding for resistance to combined 

stresses, and suggests that recurrent selection can be applied for rapid breeding progress. 

Furthermore, the improvement of tropical maize for combined stress resistance can be 

faster when the inbred lines and hybrids are developed and evaluated under the combined 

stress environments, than under a single stress. The identified superior genotypes across 

environments in this study can be used immediately in breeding programs, especially in 

sub-Saharan Africa.  
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1. CHAPTER ONE 

General introduction 
 

1.1. Maize origin, production, and importance 
Maize (Zea mays L.) is one of the most important food sources in the world and originated 

from wild grass (teosinte) in Mexico around 7000 years ago. It is believed that the native 

Americans domesticated and improved teosinte into a better source of food for human 

consumption (Ranum et al., 2014). An improved version of maize was later distributed to 

the rest of the world. Maize is classified as a grass and therefore a monocot belonging to 

the family, Poaceae, subfamily Panicoideae, tribe Andropogoneae, and genus Zea. It is a 

monoecious plant with both sexes on the same plant but in different positions and different 

inflorescences. It is also diploid with a chromosome number of 2n = 2x = 20 (Acquaah, 

2007). 

Maize currently ranks first in global cereal production followed by wheat and rice (Statista, 

2019) and is the second most traded cereal after wheat and followed by rice (FAOSTAT, 

2019). Approximately 165 countries cultivate 190-200 million hectares of maize on a wide 

range of climate, soil, biodiversity and management practices, contributing to 39% of global 

grain production. The world's largest producer is the United States of America (USA) 

contributing roughly 36% of the total world maize production (Macauley and Ramadjita, 

2015; APEDA, 2019), while Africa produces around 6.5% of the total maize production, with 

Nigeria as the largest producer contributing around 8 million tons followed by South Africa 

(IITA, 2019). In Africa, maize is the most produced cereal (Figure 1-1) and is one of the 

major staple food crops in many African countries, especially in southern, eastern and 

central Africa (Setimela et al., 2007; Langyintuo et al., 2010; Tiba, 2011; Macauley and 

Ramadjita, 2015). Sixteen countries out of the 22 where maize is the major source of calorie 

intake are located in sub-Saharan Africa (SSA). More than 33 million ha of maize are 

produced in SSA, providing food security and income to around 208 million people 

(Macauley and Ramadjita, 2015).  

Maize is a multipurpose crop that has high nutritive value and can be used as raw material 

for the production of many industrial products such as food and medicinal products, biofuels 

for humans and feed for livestock (Dowswell et al., 1996; Zhou et al., 2009). The importance 
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of maize in Africa as a staple food equals that of rice or wheat in Asia. The highest 

consumption of maize is in eastern and southern Africa, where it provides 30% and 50% of 

the calories and protein in diets, respectively, and 15% of the calories and proteins in 

western and central African population  (Pswarayi and Vivek, 2008; Macauley and 

Ramadjita, 2015). Cutts and Hassan (2003) pointed out that in southern Africa maize 

dominates as a staple food and South Africa is the only country within this region that has 

a higher amount of maize for animal consumption.   

 
Figure 1-1. Major cereals crop production in Africa 

Source of data: FAOSTAT (2019) 
 

1.1.1. Maize production in Mozambique 
In Mozambique, maize is one of the most important food crops and it is the main staple food 

in seven out of the eleven provinces, where 52.8% of the families consider it as their primary 

food (TIA, 2007). Maize contributes 40% of the total calorie intake in the human diets in 

Mozambique (FAOSTAT, 2007) which translates to a minimum consumption of 57 kg per 

capita or 315 kg per household (Tschirley and Abdula, 2007). 

As a food crop, the maize share in the total household expenditure varies from place to 

place in the country. In Maputo (the capital city), maize share is about 2.4% compared to 

7.4% of rice. Outside the city and in other provinces the maize share is higher, ranging 

between 15 – 40% (Tschirley and Abdula, 2007). The importance of maize grain in 

Mozambique also extends to livestock feeds with some reports indicating large quantities 

of maize being imported from South Africa for livestock feed, especially for chickens (TIA, 
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2007). This is due to the national maize production not being adequate to satisfy the 

demand for both human and animal consumption (SETSAN, 2010).  

In Mozambique, maize occupies more than 44% of the total annual cultivated area allocated 

to the basic food crops and constitutes more than 25% of the annual food crops in all the 

farming systems (TIA, 2007; INE, 2011). It is grown throughout the country under diverse 

agro-ecological conditions and farming systems. Grain yields vary from region to region and 

from environment to environment within a region in the country (Figure 1-2) but the national 

average is 0.73 t/ha. Maize production in Mozambique is dominated by small scale farmers 

who account for about 99% of the maize area and 90% of the national maize production 

(TIA, 2007; Denic et al., 2007; INE, 2011).  

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

Figure 1-2. Suitable regions for maize production in Mozambique 
Source: Adapted from INIA (2000) 

 

The number of holdings, the area and the volume of maize production are higher in the 

northern and central regions than in the southern region. The northern and central regions 

account for more than 80% of the total maize land planted and around 90% of the total 

maize production in the country (Dias, 2013). This is because there are better soil types 
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and climatic conditions in the northern and central regions than in the southern region 

(Chaúque, 2009; Cunguara, 2012; Dias, 2013). The annual grain production in million metric 

tonnes in the past 5 years from 2013 to 2017 (FAOSTAT, 2019), varied from approximately 

1.2 to 1.4 with low yields ranging from 0.7 to 0.8 t/ha (FAOSTAT, 2019). The average yield 

during this period was 0.8 t/ha which is below the SADC average yield of 1.53 t/ha and also 

below all neighbouring countries except Zimbabwe (Figure 1-3), suggesting that there is a 

vast potential to increase national maize production by improving yield levels (FAOSTAT, 

2019). The most preferred maize grain types for growers and consumers are white flints 

(Cumbane and Baúque, 2008) because they are harder and easier to make maize mealie 

meal using a pestle, which is mostly used in rural areas.  

 

 
Figure 1-3. Maize production and yields in SADC countries (2013 - 2017) 

Source of data: FAOSTAT (2019) 
 
 
 

1.1.2. Maize production constraints in Mozambique 
Since most of the maize production in Mozambique is dominated by small-scale farmers, it 

is characterized by lack of mechanization and minimum farm inputs. Production of the crop 

is constrained by several biotic, abiotic and socio-economic factors. Despite maize having 

the highest genetic yield potential among all cereals (Chaudhary et al., 2014), in 

Mozambique the use of unimproved seeds with very low genetic potential for grain yield 

(Langyintuo et al., 2010; Chaúque, 2009) still dominates. This is largely due to the 
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weakness of the national seed system and extension services (Chaúque, 2009; Fato, 2010; 

Chaúque, 2016). 

Droughts and low soil fertility are the two major abiotic constraints that affect crop production 

in Mozambique (Denic et al., 2001; Bänziger et al., 2006; Setimela et al., 2007; SETSAN, 

2010). Reynolds et al. (2016) defines drought stress as a water deficit at any plant growth 

stage which results in yield losses ≥ 10% compared to an adequately watered control. In 

Mozambique, drought is more important and common than low soil fertility. Even in years 

with good precipitation, drought occurrence during the cropping season varies from region 

to region across the country, leading to pockets of rainfall shortage and loss of maize 

production. INGC (2010) reported that drought alone affected more than 16 million people 

from 1965 to 2008 and more than 100,000 people have died because of drought in 

Mozambique. 

Foliar diseases, field, and post-harvest pests are the most important biotic constraints in 

Mozambique. Among field pests, stem borers are the most important and the damage is 

more severe in the southern part of the country, where the spotted stem borer (Chilo 

partellus (Swinhoe)) is the predominant species (Fato et al., 2008). However, from 2017, 

fall armyworm (FAW; Spodoptera frugiperda Smith. Lepidoptera: Noctuidae), became one 

of the most important field pests across the country, with crop damage reaching 100% 

(Zacarias, 2018; Prasanna et al., 2018). Among foliar diseases, downy mildew (DM) 

(Perenosclerospora sorghi), maize streak virus (MSV), leaf blight (Helminthosporium 

turcicum), and grey leaf spot (Cercospora zea-maydis) are the most important (Denic et al., 

2008; Fato, 2010). Downy mildew is predominant in the lowland hot areas, although it has 

also been reported in the mid-altitude lands of the central provinces, covering five of the 11 

provinces in the country, which represents about 45% of the total country maize area. Leaf 

blight occurs mainly in the mid to high altitude lands of Manica, Tete, Zambezia, and Niassa 

Provinces where temperatures are relatively low (Denic et al., 2007).  

Breeding for drought tolerance (DT) and downy mildew (DM) resistance in maize are among 

the main breeding objectives of the Mozambique Agriculture Research Institute (IIAM). 

Some DT and downy mildew resistant open-pollinated varieties (OPVs) have been released 

in Mozambique (Bueno et al., 1989; Bueno, 1991; Chaúque et al., 2004). However, these 

are still not enough to satisfy the farmers and the emerging national seed companies 

(Chaúque, 2009) and are in addition, single trait resistance or tolerance. Therefore, 
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research addressing drought tolerance and disease resistance in Mozambique continues 

under the DTMA (Drought Tolerant Maize for Africa), STMA (Stress Resistant Maize for 

Africa), WEMA (Water Efficient Maize for Africa) and most recently TELA maize Project 

(Drought and Insect protection using transgenic products) projects and IIAM research 

activities supported by the Alliance for a Green Revolution in Africa (AGRA) and the 

Agricultural Productivity Program for Southern Africa (APPSA). 

The maize weevil (Sitophilus zeamais Motschulsky) and larger grain borer (Prostephanus 

truncatus Horn) are the major storage pests in the country (Denic et al., 2007). Both insects 

can cause losses of around 60% under small scale storage systems annually (Fato et al., 

2008). These losses have increased immensely since 1999 after the introduction of P. 

truncatus, where prior losses ranged from 6 to 12% (Cugala et al., 2007a,b). Damage 

caused by the two pests leads directly to food losses, reduced future maize production for 

the many farmers who use farm-saved seed and also due to consumption of the infected 

grain, which is a health risk (Cugala et al., 2007b; Smalley, 1998) 

Chemical control against S. zeamais and P. truncatus has been extensively promoted by 

extension services but the adoption rate by the smallholder farmers is very low due to the 

high costs of purchasing these chemicals (INE, 2003; Mariquele, 2006). Consequently, 

smallholder farmers use cultural methods to control these pests including leaves, smoke 

and ash from plant species with insecticidal properties. The most used plant species are 

tobacco (Nicotiana tabacum L), eucalyptus (Eucalyptus macrorhyncha F. Muell) and 

lantana (Lantana camara L.) but the efficacy of such control methods is very low (Mariquele, 

2006), thus alternative technologies have to be sought.  

The interest in developing improved post-harvest technologies in African countries is very 

high (CIMMYT, 2010). Locally available, ecologically safe, socio-friendly and effective 

methods for reducing post-harvest losses are therefore needed (Danho et al., 2002; 

Ogendo et al., 2006; Talukder, 2006; Isman, 2007). It is possible to improve maize varieties 

for storage pests’ resistance through maize breeding (Dhliwayo and Pixley, 2001). Under 

the Insect Resistant Maize for Africa (IRMA) project and Agricultural Productivity Program 

for Southern Africa (APPSA) in collaboration with CIMMYT some resistant sources for the 

two insect pests have been identified and one OPV has been released in the country. 

However, no breeding activity for combined traits has been done in Mozambique. The aim 

of this research was, therefore to investigate the feasibility of simultaneous improvement 
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through breeding of maize germplasm for tolerance to two major constraints in the same 

genotype. 

 

1.2. Research problem  
In Mozambique, small-scale farmers grow maize mainly in the main season from October 

to March. These farmers use limited external inputs including improved seeds, irrigation, 

fertilizers and pesticides. Although maize is not well adapted in most parts of Mozambique 

(Figure 1-2), it is grown throughout the country (TIA, 2007) where it is affected by several 

constraints. Among those, drought and foliar diseases are the most important in the field 

and maize weevil in storage, thus worsening the food security of the population (Denic et 

al., 2007). Maize lethal necrosis (MLN) disease is a new threat to maize production in 

Mozambique. It has been reported in the neighbouring country, Tanzania where it has 

devastated maize fields (Wangai et al., 2012; GAIN, 2014; CGIAR, 2015; Mahuku et al., 

2015a; Mahuku et al., 2015b), therefore, special attention to this disease should be 

considered in Mozambique. Breeding of “super maize varieties” which have resistance or 

tolerance to many stresses has been the biggest challenge faced by maize breeders in 

Africa. Despite this awareness, combining different traits in breeding has not been done in 

Mozambique. Most of the developed technologies in the region have only one trait, either 

tolerance to drought, resistance to post-harvest or resistance to MLN, but not a combination 

of two traits in a single genotype. This study, therefore, aimed at understanding the genetic 

factors for resistance to storage pests, maize lethal necrosis, tolerance to drought; and 

assessing the possibility of combining two traits in the same genotype in order to increase 

grain yield under stress conditions and reduce post-harvest losses. The findings of this 

research will ultimately act as a baseline for breeding for combined stress tolerance in 

maize, thus contribute towards increased food security and productivity by reduction of 

losses in the field and storage. 

 

1.3. Objectives 

1.3.1. Overall goal 

To contribute to increased maize productivity in Mozambique through the development of 

suitable maize germplasm tolerant to MLN and drought stress and resistance to postharvest 

insect pests (maize weevil and larger grain borer). 
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1.3.2. Specific objectives 

The specific objectives of the study were to: 

1. Estimate the heritability and gene effects controlling maize weevil and larger grain 

borer resistance in tropical maize germplasm 

2. Determine whether resistance to maize lethal necrosis and tolerance to drought can 

be achieved in F1 hybrid combinations using lines resistant to the respective stress in 

tropical maize germplasm 

3. Determine the type of gene action controlling the morpho-physiological and agronomic 

traits under maize lethal necrosis virus-infected conditions and under maize weevil 

(Sitophilus zeamais) infestation 

4. Determine whether tolerance to drought and resistance to maize weevil (Sitophilus 

zeamais) can be achieved in F1 hybrid combinations using lines resistant to the 

respective stress and the type of gene action controlling drought traits and maize 

weevil resistance traits. 
 

1.3.3. Research hypotheses 
a. Different breeding generations will show different reactions to storage pests’ 

resistance, and maternal effects, additive and non-additive gene action are 

important in the inheritance of grain resistance to maize weevil and larger grain borer 

b. Both additive and non-additive gene action are important in controlling the 

inheritance of morpho-physiological and agronomic traits in single cross maize 

hybrids developed from inbred lines with different genetic backgrounds and 

evaluated under optimum, drought, maize lethal necrosis and maize weevil 

infestation conditions. 

1.4. Thesis outline 
The thesis is structured according to the specific objectives, where, each objective is 

presented as an independent chapter that is a potential manuscript for publication; therefore 

there may be repetition of content and references across the chapters. The thesis outline is 

as follows: 
Chapter 1: General Introduction 

Chapter 2: Literature review 
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Chapter 3: Heritability and gene effects controlling post-harvest, maize weevil and larger 

grain borer resistance in tropical maize germplasm 

Chapter 4: Genetic analyses and potential of combining drought tolerance and lethal maize 

necrosis resistance in a tropical maize germplasm 

Chapter 5: Combining ability for drought tolerance and maize weevil resistance inbred lines 

in tropical maize  

Chapter 6: Gene action controlling grain yield and other traits under maize lethal necrosis 

and maize weevil infestation and 

Chapter 7: General overview of the study- Inheritance of Post-Harvest Pest Resistance and 

Genetic Analysis of Combining Drought, Maize Lethal Necrosis and Maize Weevil 

Resistance in Tropical Maize  
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2. CHAPTER TWO 

Literature review 
 

2.1. Introduction 
This chapter outlines information on the general status of agriculture in Mozambique, 

focusing on maize, the importance and main constraints for its production including 

diseases, drought and postharvest pests, control strategies and the role of host resistance 

in reducing their negative effects. The chapter further describes in detail drought and its 

effects, maize lethal necrosis, maize weevil and larger grain borer, their importance, biology, 

ecology, distribution, control methods and breeding methods and strategies. In the process 

of reviewing the literature, information gaps were identified, some of which have been 

addressed in the current study. 

2.2. Agriculture production constraints in Mozambique 

In Mozambique, agriculture is the main economic activity, although, done on less than 10% 

of the arable land, mainly by small-scale farmers accounting for around 3.2 million 

households. The small-scale farmers contribute towards 95% of total national agricultural 

production while 5% is by the commercial sector (FAO, 2019). However, most of the arable 

land is in biotic and abiotic stress-prone areas and, in addition, the agricultural sector is 

vulnerable to shocks due to low use of improved inputs, limited access to credit and markets 

and the dominance of rain-fed production (FAO, 2019). Nevertheless, agriculture sustains 

almost 80% of the population and provides about 24% of the GDP (Trading Economics, 

2019; Nations Encycloedia, 2019).  

The major cash crops in Mozambique are cashew nuts, cotton, coconut, sugarcane and tea 

while the important food crops are maize, cassava, rice, sorghum and legumes, mainly 

beans, groundnuts and cowpea (NationsEncycloedia, 2019). Maize and cassava are the 

principal staple food crops. Maize is produced throughout the country and is a staple food 

for most of the people. Maize production is done mainly by small-scale farmers, using poor 

technologies, resulting in low yields (Fato, 2010; SETSAN, 2010). Langyintuo et al. (2010) 

reported that the use of local varieties (not improved ones) with low genetic potential for 

yield is the most common socio-economic constraint in the majority of the small scale 

farming system.  Although the agricultural NGOs, seed companies and the national public 
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extension services, educate farmers on best agricultural practices, through field days and 

farmer field schools, the adoption of improved varieties and use of chemicals is still very 

low due to limited financial resources and the weakness of the national seed system and 

extension services (Chaúque, 2009; Langyintuo et al., 2010, Fato, 2010; Chaúque, 2016). 

Field pests especially stem borers and foliar diseases are the main biotic constraints limiting 

production of maize in Mozambique (Segeren et al., 1994), while in storage, pests are also 

important constraints. Stem borers are more severe in the southern part of Mozambique, 

where Chilo partellus (Swinhoe) is the most significant species, followed by Busseola fusca 

and Sesamia calamistis (Cugala et al., 2003; Fato et al., 2008; Cugala et al., 2009). Chilo 

partellus is predominant in lowland warm environments while in the mid-altitudes and cool 

environments Busseola fusca and Sesamia calamistis are the important species (Segeren 

et al., 1994; Cugala et al., 2003). From 2017, fall armyworm (Spodoptera frugiperda Smith. 

Lepidoptera: Noctuidae), became one of the most important field pests across the country, 

causing up to 100% destruction of the crop (Zacarias, 2018; Prasanna et al., 2018).  

Among foliar diseases, downy mildew (Perenosclerospora sorghi), maize streak virus 

(MSV), leaf blight (Helminthosporium turcicum), and grey leaf spot (Cercospora zeae-

maydis) are the most important, although common rust (Puccinia sorghi), ear rot (Diplodia 

maydis) and common smut (Ustilago maydis) (Denic et al., 2008; CIMMYT, 2008; Fato, 

2010) are also important. MSV is prevalent throughout the country, while downy mildew is 

predominant in the lowland hot areas, with minor reports from the mid-altitude lands and 

leaf blights are common in the mid to high altitude lands where temperatures are relatively 

low (Denic et al., 2007). 

Drought and low soil fertility are the two important abiotic stresses in agricultural production 

(Denic et al., 2001; Bänziger et al., 2006; Setimela et al., 2007; SETSAN, 2010). Even in 

years with good precipitation, drought occurrence during the cropping season varies from 

region to region across the country, leading to pockets of rainfall shortage and loss of maize 

production. 
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2.3. Drought 
2.3.1.  Concept and economic importance 

Drought is a shortage in water supply, either from precipitation or from surface 

water or even groundwater. Drought has a negative influence on the ecosystem, agriculture 

and economy. In agriculture, drought occurs when rain ends or its distribution is irregular 

throughout the growing season of the crops affecting negatively the crop production (Toker 

et al., 2007; Mir et al., 2012). 

In sub-Saharan Africa (SSA), majority of small-scale farmers rely on maize (Zea mays L.), 

however, its production is substantially reduced by drought (Derera et al., 2008; Meseka et 

al., 2011). Drought severity can be classified according to the yield reduction over its 

potential in the same site and same season. If the yield reduction is about 50%, it is 

considered moderate drought stress and it is severe when the reduction is around 80 to 

85% (Bolaños and Edmeades, 1996; Bänziger et al., 2000; Betrán et al., 2003c).  Although 

drought can affect maize at all growth stages, it is more severe when it occurs at 

reproduction stage causing yield reduction from 40% to 90% (NeSmith and Ritchie, 1992; 

Menkir and Akintunde, 2001; Cakir, 2004). During the reproduction stage, it disturbs the 

synchronization between male and female flowers in the field, causing poor pollination and 

consequently significant yield reduction (Grime and Campbell, 1991).  Whereas when it 

occurs at grain filling stage, it decreases cellular events before storage product synthesis 

in the plant, including endoreduplication, endosperm and other cellular events, causing 

reduced grain filling and grain weight (Bänziger et al., 2002). Campos et al. (2006) observed 

grain yield reduction from 45 to 60% when drought occurred at silk emergence.  

Most of the small-scale farmers have limited or no access to irrigation facilities but grow 

local varieties, majority of which are susceptible to drought. Dryland production in southern 

Africa accounts for almost 95% of the total agricultural crop production (Banziger and Diallo, 

2001, Campos et al., 2004) and it is challenging to reduce the negative drought effects 

without irrigation. The low production of maize in the region has an adverse effect on food 

security and economy of the region as revealed by a low annual GDP in most of the 

countries (Richardson, 2005). 

The current global warming and increasingly erratic rainfall caused mainly by climate 

change may aggravate drought frequency and intensity in the near future, subjecting maize 

and other crops to more unfavourable production conditions (Bolaños and Edmeades, 
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1996; Campos et al., 2004; Messmer et al., 2009; Hao et al., 2011). Therefore, developing 

high yielding maize varieties under optimum and drought conditions is critical in increasing 

the maize production globally (Campos et al., 2004; Xiong et al., 2006), and thus ensuring 

less hunger (Derera et al., 2008; Mir et al., 2012).  

Development and deployment of hybrids tolerant to drought has been the main activity at 

International Maize and Wheat Improvement Center (CIMMYT) and International Institute 

of Tropical Agriculture (IITA) in the past fifteen years to support achievement of food security 

in sub-Saharan Africa (Monneveux et al., 2006). The introduction and use of drought-

tolerant exotic germplasm allow the expansion of the genes for drought to adapted 

germplasm and breeding of new drought-tolerant maize (Kim et al., 1987; Eberhart et al., 

1995; Dhliwayo et al., 2009). Elite drought tolerant germplasm and high yielding lines have 

been used as sources to develop new hybrids with drought tolerance (Hallauer et al., 1988; 

Dhliwayo et al., 2009). Drought-tolerance is the capacity to produce economic yield under 

drought stress (Ribaut et al., 2009). 

 

2.3.2. Breeding methods for drought 
Drought causes crop yield reduction than any other abiotic stresses (Wang et al., 2019). 

Drought tolerance is a complex quantitative trait controlled by many genes, affecting the 

crop at any growth stage over space and time. It is one of the most difficult traits to study 

and characterize because, the physiological responses to it are also complex and often 

unpredictable, making breeding of drought tolerant maize genotypes a complex task 

(Maazou et al., 2016).  Breeding for abiotic constraints in the field can be achieved through 

selection under optimum conditions or through selection under target stress environment 

(Baum et al., 2007; Van Gioi et al., 2017). The selection under target stress can be divided 

into two; “empirical breeding” and “analytical (physiological) breeding”. It is considered 

“empirical breeding” when the selection is done directly for grain yield per se under stressed 

conditions and “analytical (physiological) breeding” when the selection is done using traits 

which are associated with higher yield potential simultaneously under both optimum and 

stressed environments (Bänziger et al., 2006; Baum et al., 2007; Araus et al., 2008; Lopes 

et al., 2011; Van Gioi et al., 2017).   

Breeding for grain yield potential under optimum environment has resulted in incredible 

advances in field crops, using phenotypic selection (Reynolds and Trethowan, 2007; Araus 
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et al., 2008; Lopes et al., 2011; Maazou et al., 2016). In the past, breeders believed that a 

genotype exhibiting increased yield potential under optimum conditions would always show 

relatively better performance under stressed conditions (Bolaños, 1995; Bänziger et al., 

2000; Gill and Raj, 2009). However, when selecting specifically for abiotic stress tolerance, 

the efficiency of phenotypic selection decreases dramatically (Araus et al., 2008; Maazou 

et al., 2016). It has been reported that high-yielding varieties selected under optimum 

environmental conditions significantly decrease their performance under moderate to 

severe stress growing conditions (Maestri et al., 2002; Bänziger et al., 2006; Takeda and 

Matsuoka, 2008; Vaezi et al., 2010).  This is mainly due to the significant genotype-by-

environment (GE) interactions and high field variation within a single environment leading 

to reduced heritability of grain yield and other quantitatively inherited traits under stressed 

conditions (Bolaños and Edmeades, 1996; Bänziger et al., 2006; Chimenti et al., 2006; 

Lopes et al., 2011). High yield potential genotypes require high inputs, including water, 

fertilizer and other resources, so the absence of those and lack of genetic tolerance or 

resistance under stress will result in failure. Therefore, application of the approaches that 

combine both empirical and analytical selection methods, complemented by multi local 

evaluation would be more efficient (Chaúque, 2016; Van Gioi et al., 2017). 

In general, selection for secondary traits correlated with grain yield under managed drought 

in an open field environment is the most popular procedure used by many breeders. Many 

researchers have published the importance of physiological approaches in breeding for 

abiotic stresses, including drought. The mechanisms of tolerance to drought, which include, 

increased osmotic adjustment through accumulation of solutes at the cellular level, proline 

accumulation, increased net photosynthetic activity (Pn), especially photosystem II, 

reduced production of abscic acid (ABA), reduced interval between anthesis and silking 

(ASI), reduced ear barrenness, and slow leaf senescence (prolonged stay-green) have 

been well reported by several researchers including, Bolaños and Edmeades, 1996; 

Bänziger et al., 2002, 2006; Xin-Hai et al., 2003; Tollenaar and Lee, 2006; Chen et al., 2010; 

Shuja et al., 2011;  Maazou et al., 2016; Hussain et al. 2018;  Kondwakwenda et al., 2019 

and Wang et al., 2019. However, selection for most of these traits and their influence on 

drought traits under drought conditions is not an easy task due to the great variability in the 

field (Lopes et al., 2011; Maazou et al., 2016; Van Gioi et al., 2017).   

Currently, new tools have been developed that allow identification and observation of the 

genetic variation at the molecular level and thereby avoiding the complications due to year-
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to-year variability in the frequency, duration and intensity of abiotic stresses within location 

(Xu, 2010; Lopes et al., 2011; Maazou et al., 2016). Compared to conventional approaches, 

observation at the molecular level offers extraordinary opportunities for dissecting 

quantitative traits into their single genetic determinants, quantitative trait loci (QTL), thus 

paving the way to marker-assisted selection (MAS) and, eventually, cloning of QTLs and 

their direct manipulation via genetic engineering (Tuberosa and Salvi, 2006; Maazou et al., 

2016; Van Gioi et al., 2017). 

Althought it has been difficult to identify QTLs associated with drought tolerance by fact that 

the chance to allocate all genes associated with a complex trait decreases with the number 

of loci and the magnitude of their effect (Reynolds and Trethowan., 2007; Gill and Raj, 

2009). However, Zhu et al. 2011, reported that it is possible to identify major QTLs regulating 

specific drought responses and it can provide an efficient way to improve drought tolerance 

in maize germplasm. Characterization of molecular markers associated with drought 

tolerance has been done in quantitative trait loci (QTLs) mapping (Xoconostle-Cazares et 

al., 2011).  

An exhaustive review of the breeding strategies using molecular markers for abiotic stress 

tolerance and achievements in terms of cultivars developed using this approach has been 

done by Baum et al. (2007). In maize, molecular approaches have been used in identifying 

QTLs, which explain the genetic variability for most of the morpho-physiological traits highly 

correlated with yield under abiotic stress. This includes tassel size, ASI, duration of stay-

green period, root architecture, ABA induction and photosynthesis II (Bolaños, 1995; 

Hossain et al., 2016; Wang et al., 2019), cell membrane stability (Dwyer et al., 2007; 

Hossain et al., 2016) and production of heat-shock proteins (HSPs) (Feder and Hofmann, 

1999; Hossain et al., 2016). The increasing number of research reporting QTLs for traits 

associated with drought tolerance and yield under drought stressed crops indicates 

increasing interest in this approach (Sari-Gorla et al., 1999; Ribaut et al., 2000; Fu et al., 

2008; Li et al., 2010; Messmer et al., 2011; Zhu et al., 2011, Semagn et al., 2013; Almeida 

et al., 2014; Beyene et al., 2015; Beyene et al., 2016). Ribaut et al. (2009) using combined 

modeling and field measurements, observed common QTLs for both ASI and leaf growth in 

a recombinant inbred line population under drought stress and also, that QTL associated 

with drought tolerance are dispersed throughout on the maize genome.   

Breeding programs improve drought tolerance by the use of diverse approaches such as 

recurrent selection and evaluation of segregating population under managed and multi-
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location drought-stress environment, use of secondary traits for selection under drought 

condition, genomic-based approach and transgenic technology (Van Gioi et al., 2017). The 

rapid progress in biotechnology and genomic sequencing, allows a wide choice of tools for 

the identification of candidate genes associated with specific processes, including response 

to drought stress. A lot of drought stress tolerance candidate genes have been reported by 

various researchers (Ribaut et al., 2000; Bohnert et al., 2006; Fu et al., 2008; Li et al., 2010; 

Messmer et al., 2011), although few have been validated via different plant improvement 

methods, including conventional and transgenic approaches (Ribaut et al., 2009). 

Some good promising results have been reported by several researchers (Quan et al., 

2004; Habben et al., 2014; Kikuchi et al., 2015; Maazou et al., 2016). For example, glycine 

betaine content has been reported as an important organic osmolyte that accumulates in 

some plant species, including maize under drought stress. A transformation of DH4866 with 

betA from Escherichia coli, showed that the transgenic plants accumulated higher levels of 

glycine betaine and showed high drought tolerance and yielded higher than non-

transformed genotypes during germination and seedling stages. This suggested that 

enhanced glycine betaine accumulation in maize provides better protection of the integrity 

of the cell membrane and superior activity of enzymes compared to non transgenic plants 

under drought stress conditions (Quan et al., 2004; Hossain et al., 2016; Maazou et al., 

2016).  

 

2.3.3. Gene action for grain yield and important traits under drought 
conditions 

Breeding for drought tolerance needs a good understanding of its inheritance. Available 

information on the inheritance of drought tolerance in maize is still limited, with some 

contradictory results for grain yield, although the majority of the researchers agree. Guei 

and Wassom (1992) and Shiri et al. (2010) observed that non-additive gene effects were 

responsible for controlling grain yield of tropical maize germplasm under drought stress, 

whereas, Betrán et al. (2003c), Derera et al. (2008), Erdal et al., (2015), Chauque, (2016), 

and Ertino et al. (2017) reported additive gene effects being responsible for grain yield in 

tropical and temperate maize germplasm. Betrán et al. (2003c) and Derera et al. (2008) 

also observed that the ratio of general combining ability (GCA) over specific combining 

ability (SCA) [(GCA/SCA)] increased with the level of stress, indicating the presence of 
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additive effects, which requires the two parents to be tolerant to drought to achieve 

satisfactory performance. 

The same conclusions, were reported by several researchers, including Williams et al. 

(1969) and Desai and Singh (2001) who observed that inbred lines with positive and high 

GCA effects produced the highest number of hybrids tolerant to drought, when they 

analyzed combining ability effects from a diallel mating design of six sweet corn inbred lines 

with differing reactions to drought. According to Meseka et al. (2011) and Adebayo et al. 

(2014), GCA accounted for 55% to 87% and 49 to 85%, respectively of total observed 

variation among hybrids for most of the traits under drought. The SCA effects for grain yield 

were not significant under drought stress conditions, although positive in most hybrids, 

supporting the significance of additive genetic effects in governing main traits under 

drought, including grain yield. The predominance of additive gene effects for other important 

drought associated traits, including anthesis and silk interval (ASI), number of ears per 

plant, leaf senescence and leaf rolling has been reported unanimously by several 

researchers including Derera et al. (2008); Shiri et al. (2010); Chauque, 2016 and  Ertino et 

al. (2017). 

 

2.4. Maize lethal necrosis 

2.4.1. Biology of maize lethal necrosis 
Maize lethal necrosis (MLN) is a severe maize foliar disease caused by infection of two 

viruses (synergistic interaction) on the plants; maize chlorotic mottle virus (Machlomovirus: 

Tombusviridae) in co-infection with one or more other cereal viruses from the Potyviridae 

group, including, Sugarcane mosaic virus (Potyvirus: Potyviridae) (most common), Maize 

dwarf mosaic virus or Wheat streak mosaic virus (Niblett and Claflin, 1978; Doupnik Jr, 

1979; Louie, 1980; Xie et al., 2011; Wangai et al., 2012a; Mahuku et al., 2015a). Thrips 

(Frankliniella williamsi Hood) and beetles (Cabanas et al., 2013) mainly transmit maize 

chlorotic mottle virus (MCMV) but some transmission and spread through seeds from 

infected plants has been reported at a rate of 0.0003% which is enough to cause an 

epidemic (Jensen et al., 1991). Sugarcane mosaic virus is mainly transmitted by aphids 

(Brandes, 1920) and it is linked with MLN in all countries where MLN is reported in Africa to 

date. Maize chlorotic mottle virus represents a threat on its own and can cause significant 

economic yield loss even in the absence of the other viruses.  
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2.4.2. Maize lethal necrosis symptoms 
Maize lethal necrosis causes various symptoms subject to the germplasm, period of attack 

and environmental conditions. The symptoms vary from slight chlorotic mottling to severe 

stunting, reduced male flower production with reduced and few spikes, partially filled or 

deformed ears, leaf necrosis and premature death of the whole plant (Castillo and Hebert, 

1974; Niblett and Claflin, 1978; Uyemoto et al., 1981). When maize chlorotic mottle virus 

co-infects maize with one of the potyviruses, the infected plants develop a wide range of 

symptoms. These can be observed as chlorotic mottling of the green leaves, which normally 

starts from the bottom of the younger leaves and extend up to the leaf tips. Some necrosis 

can be observed at the margins of the leaf progressing to the mid rib causing the whole leaf 

to dry. Severely affected plants produce small ears with few or no single grain and the whole 

plant commonly dies before flowering (Niblett and Claflin, 1978; Uyemoto et al., 1980, 1981; 

Wangai et al., 2012a). 

 

2.4.3. Distribution and ecology of maize lethal necrosis 
The first outbreak of maize lethal necrosis in Africa was from Kenya in September 2011 

(Wangai et al., 2012a; Wangai et al., 2012b). From there, it has been observed in Tanzania 

and Uganda (Wangai et al., 2012b; Makumbi and Wangai, 2013), Democratic Republic of 

Congo (DRC) (Lukanda et al., 2014), Rwanda (Adams et al., 2014), and more recently in 

South Sudan and Ethiopia (Mahuku et al., 2015b, Flett and Mashingaidze, 2016). 

Worldwide, MLN has been reported in Kansas, USA in 1977 as corn lethal necrosis (CLN) 

disease (Niblett and Claflin, 1978), Nebraska, USA (Doupnik Jr, 1979), Hawaii, USA (Jiang 

et al., 1992) and China (Xie et al., 2011), Peru, Argentina, Mexico, Brazil and Thailand (Flett 

and Mashingaidze, 2016). Currently, the environmental conditions favourable for 

emergence of MLN are still not well understood, creating difficulties in designing good 

strategies for mitigation (Isabirye and Rwomushana, 2016).  

 

2.4.4. Economic importance of maize lethal necrosis 
The MLN virus causes significant economic grain yield reduction even without the presence 

of the other viruses and they are considered significant in terms of occurrence and negative 

impact in numerous regions producing maize (Tilahun et al., 2001; Redinbaugh and Pratt, 

2008; Wangai et al., 2012b). Losses estimated from 50 to 90% have been reported in 

Kansas and 10 to 15% in Peru subject on the genotype and the year (Niblett and Claflin, 
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1978; Uyemoto et al., 1980). In Africa limited information on the economic losses due to 

MLN is available as the disease is still relatively new.  

In Kenya, field observations suggested that MLN affected practically all maize varieties that 

had been planted in various fields, causing yield reduction or loss ranging from 30 to 100% 

depending on the disease severity (Wangai et al., 2012a; DeGroote et al., 2016). In 2012, 

MLN affected 77,000 ha of maize in Kenya, which can be estimated as yield loss of 126 

MMT equivalent of USD 52 million (Wangai et al., 2012b; MDRAT, 2012). In 2013, in 

Tanzania, eight of the twenty main maize-growing areas were affected and in 2014, in 

Uganda, eight districts where maize is largely produced were affected by MLN disease 

(IPPC, 2014). 

 

2.4.5. Maize lethal necrosis control 
Various methods can be used to control the viruses responsible for MLN infestation. The 

most common are cultural and chemical methods. On the cultural, crop rotation or green 

bridge (an interruption in maize planting periods) are the most recommended and can 

effectively control MCMV. It is recommended to do a rotation of the crops for at least two 

planting seasons with non-cereal crops, such as potatoes, cassava, beans, and vegetables 

or leave the farm with no maize crop for 3-4 months (Uyemoto, 1983). Using these methods, 

the field should be free of weeds to reduce all possible alternative hosts for the vectors 

(Wangai et al., 2012a).  

To decrease the pathogen and the vector, infected leaves must be removed and destroyed. 

They can be used to feed cattle but rotten cobs and the grains must be burned (CABI, 

2019). Restrictions on seed movement is another method, which can be used to reduce the 

spread of the disease. However, this requires governments’ intervention, which includes 

enforcing quarantine and raising awareness in the farming community on the existence of 

this disease (CABI, 2019). On the chemical method, there is need to control soil-borne and 

early season vectors using specific pesticides. In Hawaii, Imidacloprid applied as a seed 

dressing followed by foliar sprays regularly after planting showed great results in controlling 

the disease (Nelson et al., 2011). 

 

2.4.6. Host-plant resistance 
Host plant resistance (HPR) is an attractive solution to reducing maize yield losses due to 

infestation by maize lethal necrosis (MLN) in the small-scale farming community. Tropical 
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germplasm resistant to MCMV is widely available, especially in Hawaii and provides good 

control of MLN, although no complete immunity has been observed (Nelson et al., 2011). 

Available information on the inheritance of the resistance to MLN proposes a polygenic 

control of MLN, with resistance being partially dominant (Nelson et al., 2011) and very little 

information on the genetics for resistance is available.  Beyene et al. (2017) reported that 

combining ability estimates for MLN resistance suggest the predominance of additive gene 

effects over non-additive gene effects and thus suggesting that quick development can be 

achieved using recurrent selection.  

 

2.5. Economic importance of maize weevil and larger grain borer 
Larger grain borer (Prostephanus truncatus Horn) and maize weevil (Sitophilus zeamais 

Motschulsky) and are currently among the economically important maize storage pests in 

the tropics. The two pests cause the most damage in the low and mid-altitude hot and humid 

regions when maize is stored without proper moisture content and chemical or botanic 

protection (Dhliwayo and Pixley, 2003; Tefera et al., 2010).  

Grain weight losses due to maize weevil are about 12 − 20% but this proportion increases 

up to 80% in tropical environments, when not treated maize grain with high moisture content 

(>15%) is stored in traditional structures (Dhliwayo and Pixley, 2003; Boxall, 2002; 

CIMMYT, 2001). The two insects’ damage leads directly to the loss of food as well as limiting 

the next planting area for the farmers who use saved grain (Cugala et al., 2007b). Storage 

pests contribute to a public health by the risk associated with eating infested grain, since it 

has higher levels of Aspergillus flavus contamination over non-infested grain (Smalley, 

1998).  

2.6. Biology, ecology and distribution of maize weevil 
The maize weevil (Sitophilus zeamais Motschulsky) (Plate 2-1) is an insect belonging to the 

order Coleoptera and family Curculionidae. It is distributed in tropical environments and it 

is the dominant Sitophilus species in tropical subsistence agricultural systems where its 

infestation starts in the field before harvesting. Maize weevil can be found throughout the 

warm and humid regions worldwide, especially where maize is grown. In Africa, it can be 

found in all sub-Saharan countries (CABI, 2018). However, maize weevil is also established 

in temperate environments where it is commonly associated with feeding on maize, rice and 

other raw or processed cereals (Canadian Grain Comission, 1999).  
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The adults are small weevils around 2.4 to 6.0 mm in length, dark brown to black in colour 

with four reddish-brown spots on the wing covers (elytra), elbowed antennae and head 

protruded into a long and thin snout (proboscis) which is used to bore holes into grain 

kernels. They have a pair of mandibles or jaws at the end of the snout, usually used to chew 

and crush the kernel (Roberts and Douce, 1999; Tefera et al., 2010). 

 

 

 

 

 

 

 

The life cycle of Sitophilus zeamais is composed of egg, larvae, pupa and adult stages. 

Some stages happen inside the grain, so are rarely seen, this includes the egg, larva and 

pupa stages. The fully-grown larva has a length of about 4 mm, white, legless and grub-like 

(Cotton, 1956). It develops and pupates in the kernel. Under optimal temperature conditions 

of 27 - 31°C and 70% RH, the maize weevil’s life cycle is completed in 5 to 8 weeks. 

Development stops if the temperature falls below 17°C or above 32°C (Canadian Grain 

Commission, 1999; Tefera et al. 2010). However, adults and larvae can survive at 0°C for 

several hours (Roberts and Douce, 1999). Once the female adult emerges from the kernel, 

it needs 3 days for pre-oviposition period and then it mates and lays eggs. The newly 

developed weevils have a sex ratio of 1:1. The female maize weevils have a longer life than 

the males (Tefera et al., 2010).  

The fecundity of female weevils is high, and if the weevils are not controlled, the population 

increases very fast (Tefera et al., 2010). Adults can live from 4 to 12 months depending on 

the diet and environmental conditions (Adams, 1976; Dobie and Kilminster, 1978; Gomez 

et al., 1983b; Canadian Grain Comission, 1999). During feeding, the adult maize weevil 

creates a roughly circular hole of approximately 1.5 mm in diameter in the grain by eating 

 

 
Plate 2-1. Adult and pupa of Maize weevil (Sitophilus zeamais Motschulsky) 

Source: (Robert and Douce, 1999 
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through the outer layer of it (Kranz et al., 1997). They can fly and the female lays most of 

the eggs in the kernels within the first four weeks after its emergence. It chews a small hole 

into the kernel to lay eggs, where it lays up to four eggs in a single hole and then covers it 

with a waxy secretion, which rapidly stabilizes to make a defensive plug. It lays 

approximately 300 - 400 eggs in its lifetime. The eggs hatch in a short period of time and 

upon hatching, the larvae burrows and feeds in the grain forming winding tunnels that 

increase in size as they grow (Roberts and Douce, 1999; Tefera et al., 2010).   

 

2.7. Maize weevil damage 
The detection of early maize weevil infestation is difficult because very little external 

evidence can be seen when the larvae starts chewing and developing inside the kernel until 

about 30 days when the adult gnaws throughout the kernel coat and surfaces (Roberts and 

Douce, 1999). Total destruction of grain and reduced market value of the maize is observed 

frequently because of infestation by larvae and adult maize weevils (Tefera et al., 2010).The 

larvae complete the growth inside the kernel and consume the endosperm, often leaving 

only hollow kernel shells (Roberts and Douce, 1999; Tefera et al., 2010).  The adults leave 

large, ragged exit holes in the kernel and feed on damaged kernels and flour (Roberts and 

Douce, 1999). Maize weevils produce heat and moisture through their metabolic activities, 

which lead to mold development and invasion by other insect species (Canadian Grain 

Commission, 1999). Sometimes, the seed germ (embryo) is not affected; therefore, 

germination process can occur, but the smaller endosperm leads to the production of weak 

seedlings, prone to attack by insects, fungus, bacteria and molds. According to DegeschInc 

(2009) grain damaged by weevils is easily identified by the presence of large holes, used 

as exit holes by emerging adults. 

 

2.8. Biology and ecology of larger grain borer 
The larger grain borer (LGB), Prostephanus truncatus (Horn) (Plate 2-2), belongs to the 

order Coleoptera and family Bostrichidae, affiliates of the group that are recognized as 

powder post beetles (CTA, 1998, Booth et al., 1990). Larger grain borer originated from 

Central America as an endemic pest (Farrell and Schulten, 2002). It has long been known 

as the most damaging pest of maize stored on cob form. Bostrichidae insects are widely 

known as ̋ pests of timberʺ. Most species attack and live on dried wood, but there are some, 

which also attack green wood/timber (Tooke and Scott, 1994).  
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Plate 2-1. Larva and adult of LGB (Prostephanus truncatus Horn) 
Source: CTA, 1998 

 
The adults are dark brown, small with 1.0 to 1.5 mm width and 2.0 to 3.5 mm length, with a 

cylindrical body, deflexed head, and strong mandibles and squared terminal part, typical 

features of xylophagous insects, which feed in the heartwood of woody plants (Tefera et al., 

2010). The pronotum defends the head throughout tunnelling, providing robust care for the 

mandibular muscles (Li, 1988). LGB has an extraordinary capability to tunnel throughout 

tough things, such as 35 mm heavy plastic (Li, 1988).  

Larger grain borer breeds on dry cassava, maize ears, grain and any additional stored 

commodity. The life cycle is composed of egg, larvae, pupa and adult stages. LGB has 

three larval instar stages, where the last instar stage makes a pupal case within the grain 

(Hodges, 1986). The eggs, larva, and pupal stages are hardly seen, because they occur 

inside the kernels. The pre-oviposition period is 5 - 10 days. The females deposit eggs in 

lateral tunnels at a right angle to the main tunnel and the egg clutch is typically secured by 

tightly packed frass when laid on loose maize grain (Bell and Watters, 1982). The larva 

emerges on average after 5 days and the average larval and pupal periods are 25 and 5 

days, respectively (Subramanyam et al., 1985). The larva is immobile, pale in colour and 

easily distinguished by their C-shaped body (scarabeiform) and head retracted into the 

prothorax (Subramanyam et al., 1985; CTA, 1998; Tefera et al., 2010).  

Optimum conditions for growth and development are 27 - 32ºC and 70 - 80% RH. 

Temperatures less than 25ºC or more than 35ºC reduce the rate of growth of the population 

significantly. Under optimum conditions and in rich substrata as corn-cobs, the development 
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of the egg phase to adults can take 24 days with the females ovipositing an average of 430 

eggs during their life period (Bell and Watters, 1982). The adults LGB can fly. The male: 

female reproductive ratio is 1:1. The male LGB have a shorter life-span than the female 

ones (Birkinshaw and Hodges, 2000). LGB can grow in grain with low moisture content, 

such as 9%, lower than other storage insects (Haines, 1991).  

 

2.8.1. Larger grain borer in Africa 
Larger grain borer has been reported from late 1970s. Its introduction is alleged to have 

been unintentional from Central America through maize donated to the refugee camps in 

Tanzania at Urambo, Tabora in western part of the country (Dunstan and Magazini, 1981). 

Years later in 1984, it was reported in Togo (Krall, 1984; Richter and Biliwa, 1991). From 

these two initial locations, the pest has spread rapidly to cover various countries in Africa, 

causing tremendous maize and dried cassava losses (Shires, 1977; Hodges, 1994). Since 

then, larger grain borer has been observed in 19 African countries namely: Tanzania (1981), 

Kenya (1983), Burundi, Togo and Benin (1984), Guinea and Guinea Conakry (1987), Ghana 

(1989), Burkina Faso (1991), Nigeria and Malawi (1992), Rwanda (1993), Zambia and Niger 

(1994), Uganda (1997), Namibia and South Africa (1998), Mozambique (1999) and 

Zimbabwe (2004) (CTA, 1998; Farrell and Schulten, 2002; Rwegasiram et al., 2003; Cugala 

et al., 2007b; Ridley and Bartlett, 2010; Tefera et al., 2010).  

After reports of LGB in Africa, the grain weight loss caused by storage pests increased 

dramatically, for instance, the losses in Togo increased from 11% to more than 35% in six 

months (Pantenius, 1988). In Benin losses increased to more than 30% in five months 

(Fandohan et al., 1992), in Tanzania, in three months, losses increased up to 34% (Hodges 

et al., 1984), in Kenya losses increased to more than 15% (Ndiso et al., 2007) and in South 

Africa, the losses increased up to 30% on average (ARC-LRN, 2010). 

2.8.2. Larger grain borer damage  
Larger grain borer is a critical storage pest of maize and it is amongst the primary pests of 

storage maize. Weight losses of 9% to 90% have been observed in many African countries 

due to its infestation (Pantenius, 1988; Markham et al., 1991; Schneider et al., 2004; Bett 

and Nguyo, 2007; Gueye et al., 2008). It can attack all kernels on the cob before and after 

harvest. Larvae and adults attack stored grains, often causing total damage of grain, 

reducing many kernels to powder and drastically reducing the market value of the maize 

(Compton et al., 1998). It has been reported that it can bore into the maize husks, cobs 
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and/or grain, creating many round holes and burrowing widely, making huge amounts of 

grain flour (CTA, 1998). The adults LGB have preference to grain on cobs over shelled 

grain, probably because the loose grain is more difficult to penetrate (CTA, 2003; Tefera et 

al., 2010). 

 

2.9.  Management of storage pests in Mozambique 
The main control method of larger grain borer and maize weevil attack is the use of cultural 

methods. However, these methods are not efficient (Mariquele, 2006). Chemical control 

using synthetic insecticides, mostly Actellic Super®, Actellic Gold® and Shumba® (all as a 

cocktail of Pirimiphos-methyl and Permethrin) have been tested and extensively promoted 

by extension services, but adoption by the small-scale farmers is very low (INE, 2003; 

Mariquele, 2006). This is mostly due to the high costs of pesticides (TIA, 2007). Only 4.5% 

of the small-scale farmers use pesticides in Mozambique.  

The use of biological control agents against LGB has been tried on an experimental basis. 

In 2007, about 550 individual Teretrius nigrescens Lewis (order Coleoptera and family 

Histeridae), a historic predator of larger grain borer, were introduced in three districts in 

Mozambique (Manica, Barue and Manicathe).  Two months later, pheromone traps were 

placed in the locations where the predator was released to evaluate its establishment and 

dispersion. It was observed that the predator had multiplied. However, the number was low 

and the predator needed to be given a period of 3 to 4 years to multiply to the levels that 

can control LGB (Cugala et al., 2007a).  

Borgemeister et al. (2003) reported the effectiveness of T. nigrescens in controlling LGB, 

when well established in Togo and Niger while Nang’ayo (1996) reported in Kenya. The 

adults and larvae of this insect kill the LGB eggs and larvae, even though the larvae are 

more effective than adults (Pöschko, 1993). 

2.10. Breeding for storage pests 
Development of storage pest resistant genotypes plays an essential part in an integrated 

pest management (IPM) strategy to reduce storage damage and effect on grain quality. 

Three-resistance mechanisms of plants to insect pests have been reported by Painter 

(1951) namely antibiosis, non-preference and tolerance. These mechanisms were reported 

to be significant factors of grain resistance to the maize weevil (Gomez et al., 1982; Gomez 

et al., 1983a; Horber, 1989; Arnason et al., 1997).  
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Dent (1991) defined antibiosis resistance as the capability or capacity of a host to harm the 

pest, reducing its potential reproduction, retarding the development frequency or 

eradicating the pest. Non-preference is defined as the genetic transmissible feature of the 

grain, which discourages the insects from feeding, colonizing and ovipositing and tolerance 

refers to when the plant shows an ability to develop, reproduce and repair an injury caused 

by the pest (Derera et al., 2001b). Antibiosis resistance of grain to storage pests was 

reported by Schoonhoven et al. (1975), Derera et al. (2001a) and Nhamucho et al. (2014) 

while non-preference has been reported by Schoonhoven et al., 1976, Gomez et al., 1982, 

Gomez et al., 1983a, Kang et al., 1995, Derera et al., 2001b. There are huge changes in 

the desirability of maize grain to attack by storage pests but grain texture is the basis of 

non-preference resistance (Tipping et al. 1986, 1987). In this case, the smooth pericarp 

deterred weevils from feeding and ovipositing (Tipping et al., 1988). 

In case of grain in storage, tolerance is inapplicable, since the grain is in latent stage and 

cannot repair its injury; therefore, the damage incurred is terminal (Horber, 1989). Thus, 

evaluation and selection of maize resistance to storage pests must emphasise on 

evaluating antibiosis and non-preference (Derera et al., 2001a). Good levels of resistance 

in inbred and hybrid maize have been reported by Derera et al., 2001a, 2001b, Bergvinson 

et al., 2002, Mwololo et al., 2013 and Nhamucho et al., 2014, 2017. Genetic diversity to 

storage pests is a critical aspect for the progress in appreciating the genetic basis, 

biophysical and biochemical components of host plant resistance, which is crucial in 

guaranteeing that the selected traits meet customer needs.  

Biochemical and physical characteristics of the maize varieties were recognized as 

mechanisms of kernels to resist storage pests (Arnason et al., 1997; Derera et al., 2001a; 

Mwololo et al., 2010), and they have been used as secondary traits for breeding selection.  

The most important physical attributes are grain hardness and pericarp surface texture 

while the most important nutritional components are quantities of amylose, lipid, protein and 

sugar content in the grain (Arnason et al., 1997; Dhliwayo and Pixley, 2001; Garcia-Lara et 

al., 2004). On the biochemical factors, phenolic compounds related to grain hardness are 

considered the most important (Serratos et al., 1987). Grain hardness, sugar and protein 

content are positively correlated with resistance to the maize weevil (Arnason et al., 1994; 

Garcia-Lara et al., 2004; Abebe et al., 2009). 
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Good heritability of the insect resistance has been reported, suggesting the possibility to 

introduce resistance into elite germplasm (Derera et al., 2001a; Dhliwayo and Pixley, 2001, 

2003, Dhliwayo et al., 2005; Abebe et al., 2009; Derera et al., 2010; Mugo et al., 2010; 

Mwololo et al., 2010; Matewele, 2014). Most recently, Mwololo et al. (2018) identified 

quantitative traits loci (QTL) associated with postharvest insect resistance traits, especially 

for larger grain borer. They, reported also that the chromosomal regions containing genes 

involved in the synthesis of cell wall components could be associated with resistance to 

different insect species in maize and marker assisted recurrent selection would be useful in 

transferring the QTL alleles into susceptible and promising inbred lines. The identification 

of the QTLs associated with post-harvest insect resistance in tropical maize will enable 

breeders to exploit the genetic variation and increase the efficiency in delivering maize 

varieties resistant to storage pests increasing food security for small-scale farmers. 
 

2.11. Inheritance of important traits in maize breeding 
Quantitative traits such as grain yield are highly affected by the environment, which includes 

temperature, water availability, soil fertility and sunlight (Bänziger et al., 2000). Many 

researchers have reported that both general and specific combining abilities for grain yield 

in maize are highly influenced by the environment (Egesel et al., 2003; Ojo et al., 2007), 

suggesting that performance of the inbred lines and their behaviour in a combination may 

differ according to the environmental conditions where they are grown. Bhatnagar et al. 

(2004) researching combining ability in quality protein maize (QPM), did not find significant 

effects of GCA for grain yield but observed significant effects on the interaction with the 

environment.  

Traits that are not yield or yield components have mostly been reported to be controlled 

primarily by additive gene action in various crop species, although in many cases non-

additive gene effects have also been reported to play a role. Wegary et al. (2014) reported 

prevalence of GCA over SCA effects for most maize agronomic traits evaluated under 

drought, low-nitrogen and optimum environmental conditions. The importance of additive 

gene effects was also reported for maize lethal necrosis and storage pests’ resistance 

parameters (Derera et al., 1999; Dhliwayo and Pixley, 2003; Dari et al., 2010; Beyene et 

al., 2017). 

Non-additive gene effects, except under drought, mainly control grain yield and its 

components. Machida et al. (2010) studying nine quality protein maize inbred lines crossed 
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in a diallel design and tested under optimum conditions, observed that SCA effects were 

dominant over GCA effects for grain yield. Wegary et al. (2014) reported that SCA effects 

were more important under optimal conditions and low-nitrogen for grain yield while Betrán 

et al. (2003b), Derera et al. (2008) and Wegary et al. (2014) reported the predominance of 

additive gene effects for grain yield under drought conditions. 

It was reported by Gamble (1962) that when the material used to obtain the genetic variance 

estimates become more restricted (reduced genetic variation), the additive variance for 

grain yield in maize may be reduced, giving more predominance of non-additive gene 

effects and epistasis, especially the additive × additive and additive × dominance 

interactions, but only a few crosses can exhibit dominance × dominance or the three types 

of epistasis simultaneously. In the current study, two methods of estimating gene action 

were used; generation mean analysis and diallel mating design. 
 

2.12. Generation means analysis 
The generation means analysis (GMA) gives detailed information on the genetic inheritance 

for quantitative traits as mean [m], main gene effect (additive [a], and dominance [d]) and 

digenic or non-allelic interactions (epistasis) such as additive × additive [aa], additive × 

dominance [ad]  and dominance × dominance [dd] effects in a cross between two divergent 

inbred lines for a particular trait (Kearsey and Pooni, 1998; Dabholkar, 1999; Bernardo, 

2002; Mather and Jinks, 2013).  The digenic non-allelic interactions (epistasis) are broadly 

classified as complementary when the [d] and [dd] show the same sign and duplicate when 

they show a different sign, while the positive [a] indicates gene association and negative [a] 

gene dispersion (Hayman and Mather, 1955). This analysis measures the mean of different 

generations derived from the cross of two inbred parents and interprets the means in terms 

of different genetic effects (Hayman, 1958; Gamble, 1962; Bernardo, 2002). Usually, only 

main effects are assumed to exist and only parent 1 (P1), parent 2 (P2) and F1 generation 

are used in this case (Chahal and Gosal, 2002; Mather and Jinks, 2013). However, any 

deviation in the observed and expected or significance of the linear regression ANOVA 

within families, would indicate that there are other parameters apart from the main effects, 

which will require six generations; P1, P2, F1, F2 and backcross generations, BCP1, BCP2 

to be used for estimation (Kearsey and Pooni, 1998).  

Variation among individual plants in each generation has been used to assess additive and 

dominance variances, which in turn have been used to obtain heritability estimates (Mather 
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and Jinks, 1982). Generation means analysis has an advantage that the used population 

for genetic analyses provides generations that can be included in a breeding programme 

(Coates and White, 1998) and all the genetic effects can be estimated at the same time with 

smaller sampling error due to being estimated from the generation means rather than the 

variances (Bernardo, 2002). However, the main disadvantage of GMA is that it  requires 

divergent inbreds, thus it focuses on one trait at a time and one set of inbred lines and the 

inference of the results is restricted to the inbred lines used in the cross (Sibiya, 2009).  

In maize, GMA has been used mostly to study the disease inheritance. It  has also been 

applied for grain yield and its components, maturity and some other quantitative traits, such 

as plant and ear height, ear length and diameter (Mushongi et al., 2013; Sher et al., 2012; 

Haq et al., 2013; Derera and Musimwa, 2015; Fahad et al., 2018). Several studies have 

been reported using GMA for diseases, including brown spot caused by Physoderma 

maydis (Moll et al., 1963),  Northern corn leaf blight (Hughes and Hooker, 1971), common 

rust (Kim and Brewbaker, 1977), anthracnose leaf blight (Carson and Hooker, 1981), corn 

leaf aphid (Homoptera: Aphididae) (Bing and Guthrie, 1991), aspergillus ear rot and 

aflatoxin (Campbell and White, 1995), Grey Leaf Spot (Coates and White, 1998; Crowley 

et al., 2002), Phaeosphaeria leaf spot (Carson, 2001; Sibiya, 2009), diplodia ear rot 

(Ndaruhutse, 2016). Limited studies on resistance to storage pests using GMA are 

available. Serratos et al. (1993) reported high correspondence of phenolic compounds with 

maize weevil susceptibility.  
 

2.13. Diallel mating design  
Diallel mating design is the most used among all other mating designs for assessing genetic 

information (Hallauer et al., 2010). The design allows making all possible crosses among a 

group of parents, mostly inbred lines (Sprague and Tatum, 1942). Four methods of the 

diallel are available; method I (full diallel), method II (half diallel, which includes parents and 

one set of the F1 crosses), method III (exclude the parents) and method IV (includes only 

F1s crosses) (Griffing, 1956a; Griffing, 1956b; Hallauer et al., 2010; Schlegel, 2010). In 

addition, two models for analysis; fixed (Model 1) and random (Model 2) models (Griffing, 

1956a, Griffing, 1956b) are used. A random model includes parents, which are randomly 

selected from a random large mating population while in a fixed model the parents are 

considered fixed, specifically selected in a small population. The random model allows 

estimation of general and specific combining ability variances, and inferences can be 
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extrapolated for the whole population while in the fixed model; allows measuring the 

combining abilities effects, for each parent (GCA) and for each pair of parents (SCA). The 

variance estimates obtained from the analysis of diallel are translated into genetic variance 

components, additive or dominance and from these variance components, random and 

fixed effects are analysed using either analysis of variance or combining ability estimates 

(Hallauer, 2007; Hallauer et al., 2010).  

In this study, since the parents were selected carefully for drought tolerance, maize lethal 

necrosis and insect resistance traits, a fixed model was used for estimating both GCA and 

SCA effects (Shattuck et al., 1993). Various studies on maize genetics have been 

conducted using diallel analysis for different traits, including disease resistance, drought 

tolerance, aflatoxin accumulation in maize grain and insect resistance. Borges and Orangel 

(1987) researching on downy mildew resistance concluded that both additive and non-

additive were important although additive was predominant, while Ulrich et al. (1990) 

researching grey leaf spot concluded that only additive gene effects were important. On 

drought, several studies on tropical maize have reported the prevalence of additive effects 

in controlling yield under stress. This includes studies by Derera et al. (2008) and Betrán et 

al. (2003a,b), on the gene action controlling grain yield and secondary traits, and genetic 

analysis of maize under stress and non-stress conditions.  

Williams and Windham (2015) used diallel to investigate aflatoxin accumulation in maize, 

where they reported positive and significant GCA effects on susceptible maize inbred lines, 

while Betrán et al. (2002) reported that yellow maize was more prone to aflatoxin infection 

as compared to white, with a strong environmental influence. Additive and non-additive 

gene effects were essential depending on the method used for screening aflatoxin 

accumulation.  

For insect resistance studies, the diallel mating design was used by Alvarez and Miranda 

(2002). They reported the importance of both additive and non-additive effects for 

resistance to S. frugiperda. Butrón et al. (1999) while investigating maize ear resistance to 

pink stem borer observed that additive, non-additive and cytoplasmic effects were important 

for the resistance, although additive effects were predominant. Other studies, involving 

storage pests’ resistance have been carried out using diallel-mating design. Dhliwayo et al. 

(2005) investigated combining ability effects for resistance to maize weevil and showed that 

both general and specific combining ability effects were important for maize weevil 
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resistance but general combining ability was more significant. No studies have reported 

GCA or SCA effects of two combined traits using diallel-mating design. 

 
 

2.14. Summary of literature review 
The reviewed literature showed that field pests and foliar diseases are the main biotic 

constraints while drought and soil fertility are the major abiotic stress; and some of the 

problems have already been addressed by different breeding projects in the region. 

Although breeding for improved grain yield under low soil fertility has shown tremendous 

results, research is still going on since 1995. Currently, there are regionally different projects 

addressing it, in different perspectives, breeding and agronomy.  

In contrast, drought, maize lethal necrosis and storage pests, have been well addressed 

with good results but as single traits. A combination of tolerance to the aforementioned 

stresses in maize and more focus on the mechanisms of resistance to storage pests is a 

relatively new research area and little has been done in terms of genetic studies and 

practical breeding. No detailed genetics of maize resistance to storage pests and combining 

these traits has been reported. Control of MLN and storage pests has been well described 

in literature, where some simple and applicable methods can be used to minimize the 

negative effects of these stress, including their propagation or spread. Additive gene effects 

were reported by many researchers, as the most important gene action to be considered 

when developing varieties resistant to storage pests, which suggests that both parents 

should be tolerant while for maize lethal necrosis, both additive and non-additive gene 

action were important, although additive was predominant. MLN is a new disease in Africa 

and limited genetic studies have been reported. Therefore, specific research is required in 

order to fill these gaps in information for scientists addressing the challenge caused by 

climate change worldwide, especially in the tropical lowland environments. This study will 

thus contribute to supporting available or reporting new findings. 
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3. CHAPTER THREE 
 

Heritability and gene action controlling post-harvest maize weevil 
and larger grain borer resistance in tropical maize germplasm 

 
Abstract 
The maize weevil, Sitophilus zeamais Motschulsky (Coleoptera: Curculionidae) and the larger 

grain borer Prostephanus truncatus (Horn) (Coleoptera: Bostrichidae) are the most damaging 

post-harvest insect pests of maize in Africa causing losses of up to 90% when maize is stored 

with high moisture content and/or without use of chemical protectants. Host plant resistance 

is thus a vital component of an integrated pest management (IPM) strategy against S. 

zeamais and P. truncatus. Small scale farmers can greatly benefit from resistant maize 

cultivars. This study aimed at determining the genetic action influencing inheritance of 

resistance to S. zeamais and P. truncatus in three maize inbred lines using generation mean 

analysis. Six generations (P1, P2, F1, F2, BCP1 and BCP2) were developed from each cross. 

The parents were two inbred lines resistant to maize weevil and larger grain borer 

(CKDHL120731 and CKDHL120517) and one line susceptible to the same insect pests 

(CKDHL120918), and crosses made were CKDHL120731×CKDHL120918 (cross 1) and 

CKDHL120517×CKDHL120918 (cross 2). The various generations from the two crosses were 

evaluated in separate experiments in a post-harvest laboratory in Kiboko- Kenya over three 

months, in a complete randomized design, replicated twice from November 2018 to January 

2019.  Fifteen cobs were used for P1, P2 and F1, 30 cobs for BCP1 and BCP2 and 60 cobs 

for F2. Data were recorded for percentage kernel weight loss, kernel damage and the final 

number of living insects. The resistance traits for both crosses did not fit a simple additive-

dominance model for S. zeamais, suggesting the existence of epistasis effects. However, for 

P. truncatus resistance, cross 1 fitted well on a simple additive-dominance model but cross 2 

did not, suggesting both simple model and digenic interaction model were present in the 

inheritance of P. truncatus resistance, depending on the genetic background of the parent 

used. Additive, dominance and epistasis gene effects played a significant role in the 

inheritance of resistance to both insects in the selected maize genotypes. This was further 

confirmed by moderate narrow-sense heritability estimates. This suggest that it is feasible to 

improve maize genotypes for insect resistance, although not simple due to involvement 

different types of gene action.  
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3.1. Introduction 

Farmers in Mozambique experience high maize losses in storage due to postharvest insect 

pests, mainly the maize weevil (Sitophilus zeamais Motschulsky) and the larger grain borer 

(Prostephanus truncatus Horn) (Cugala et al., 2007a,b). These two pests cause an average 

of 12 to 30% annual maize loss, which can increase to 80% (Cugala et al., 2007a,b; Fato 

et al., 2008), thus aggravating food and seed insecurity. Damaged grains are prone to 

contamination by mycotoxins, including aflatoxins which when consumed result in serious 

health risk (Kankolongo et al., 2009). The use of pesticides has been promoted to control 

these insect pests but adoption rates are low due to perceived high costs (INE, 2003; 

Mariquele, 2006). Most of the farmers resort to indigenous control methods, including the 

use of botanical extracts. However, these have low efficacies as they are seldom 

standardized in content, concentration and quantities of application (Mariquele, 2006). Host 

plant resistance (HPR) is thus an attractive solution and resistant maize varieties to these 

postharvest insect pests have been developed in other countries.  

Knowledge of the inheritance of a target trait for improvement is the first step towards a 

successful plant breeding program (Kearsey and Pooni, 1998). There are several studies 

that have reported the gene action controlling the inheritance of resistance to storage pests 

but mainly for S. zeamais (Derera et al., 2001; Sodedji et al., 2018), using north carolina 

design II and line × tester mating design, respectively, with only one reported study on P. 

truncatus (Matewele, 2014) using north carolina design II. However, the results in these 

reports are conflicting.  Dhliwayo et al. (2005) and Sodedji et al. (2018) indicated that the 

variance due to specific combining ability effects (dominance effects) was more important 

than the general combining ability effects (additive effects) for some traits controlling S. 

zeamais resistance. On the other hand, significant additive, non-additive and maternal 

effects were reported by Schoonhoven et al. (1975), Widstrom et al. (1975, 1983) and 

Derera et al. (2001) for S. zeamais resistance in maize grain. In all these studies, additive 

gene effects were more important especially for the female parent in a hybrid combination. 

Widstrom et al. (1975) also reported that dominance effects were more significant for seed 

resistance to maize weevil among genotypes segregating for endosperm when they are 

females in a cross. Matewele (2014) indicated the importance of additive gene effects for 

resistance to P. truncatus on grain damage.  

The objective of this study was to determine the gene effects controlling the inheritance of 

resistance to S. zeamais and P. truncatus in two selected crosses involving resistant and 
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susceptible maize inbred lines using generation mean analysis. Results from the study 

would help maize breeders in devising an effective resistance breeding strategy. 

 

3.2. Materials and Methods  
3.2.1. Germplasm  

Three inbred lines, selected from previous studies (Table 3.1) were planted in June 2017, 

during the 2017A season at International Maize and Wheat Improvement Center (CIMMYT) 

drought screening site at Kenya Agricultural and Livestock Research Organization (KALRO) 

at Kiboko Research Station. Kiboko is located at 2°12' 50.24'' S, 37°43' 30.11'' E, 945 masl. 

These lines were crossed in the nursery to form two F1 hybrids (Table 3.1). The female plots 

were planted in five rows of 5 m length at a spacing of 75 x 25 cm. Two seeds were sown 

per hill and thinned down to one plant per hill after emergence. The male plots were sown 

on one row per planting, preceding each set of female rows at three intervals (-5, 0 and +5 

days) after planting the females to synchronize flowering for continued pollen supply at the 

time of pollination (CIMMYT, 1985). Once the pollination was done, the male plants were 

cut down from the field. A side nursery for increasing the inbred seed was planted and each 

inbred line was planted in three rows for selfing.  

 

Table 3.1. List of the inbred lines and crosses involved in the study 

 

Fertilizers were applied according to the recommended rates for the Kiboko area, which 

includes 60 kg N and 60 kg P2O5 ha-1, where nitrogen was split in two applications. Weeding 

and harvesting were done manually. The fields were kept clean from planting to harvest. 

Supplementary irrigation was provided when necessary. Both nurseries were harvested in 

October, 2017 and the seed from female rows was cleaned, dried, shelled and kept in the 

cold room. During the long rainy season of 2018A in May, the two F1 hybrids and all inbred 

lines were planted again in the nursery at the same station to produce the grain materials 
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for evaluation. For each cross; P1, P2, F1, F2, BCP1 and BCP2 generations were produced 

where; P1 =  parent 1 (resistant) and P2 = parent 2 (susceptible) in each cross; F1 = single 

cross between P1 and P2;  F2 = generation produced by selfing the F1 hybrid; BCP1 and 

BCP2  = generation produced by backcrossing F1 to each of the parents.   

The same procedures for spacing and field management used on the 2018A nursery were 

used in this nursery. The F2s were produced in 15 rows of 5 metres in length, while BCP1, 

BCP2, F1 were produced in 10 rows for the female parent and 6 rows for the male parent, 

while, P1 and P2 were produced in eight rows each. The production of all generations in 

one season was to ensure that all seed were produced at the same time. During harvest, 

one best cob harvested from each plant was cleaned, sundried and kept in cob form. 

 

3.2.2. Rearing of maize weevil and larger grain borer 
The maize weevil (MW) and larger grain borer (LGB) were reared on maize grain according 

to the methods described by Tefera et al. (2010). Maize is a good culture medium for both 

insects. Four hundred (400) grams of susceptible hybrid (H513) grain with 11–12% moisture 

content was placed in one-liter glass jars covered with perforated lids. Two hundred 

unsexed adult MW or LGB were introduced into the jars separately. The jars were 

maintained at KALRO-Kiboko Post-Harvest Laboratory at ambient temperatures (27 ± 2ºC) 

and 65 - 70% relative humidity, 12:12 (light: dark) photoperiod. For maize weevil, after 10 
days of oviposition, all introduced adult insects were removed and then the jar was kept for 

the eggs to hatch and progeny emergence. The emerged progeny was observed daily and 

emerged insects were transferred to new glass jars with fresh grain until enough insects 

were obtained for the experiments. For larger grain borer, after 35 days, newly emerged 

LGB were removed daily and replaced in a fresh grain in glass jars and kept in the CTH 

room until enough insects were obtained. 

 

3.2.3. Evaluation of maize genotypes for resistance to S. zeamais and 
P. truncatus  

Infestation of post-harvest insects starts from the field. After harvest, the maize cobs were 

sun dried for seven days and an application of Gastoxin™ (phosphine fumigant), was used 

to fumigate the maize in plastic drums for seven days. The fumigation was applied to kill 

insects or eggs, which might have come from the field. Phosphine is an effective fumigant 

in sealed storage (air tight) against insects in most types of grain and does not give any 

residual protection after the seven days. After the seven days, the cobs harvested from the 
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different generations were shelled and dried to 12 to 13% moisture content separately. The 

experiments were set at the post-harvest pest laboratory of KARLO/ CIMMYT’s research 

station in Kiboko.  The number of cobs used differed depending on the generation. For P1, 

P2 and F1 15 cobs were used, 30 cobs for BCP1 and BCP2 and 60 cobs for F2, all replicated 

twice, for each cross and insect. 

The number of cobs in the segregating generations (F2, BCP1 and BCP2) were higher than 

the non-segregating generations (P1, P2 and F1). This is due to the variability expected 

within each generation. In each experimental set, samples of 50±1 g of clean, undamaged 

grains from each cob were placed in clean 250 cm3 glass jars (Derera et al., 2010). To allow 

ventilation inside the glass jar and prevent escape of the insects, the tops of the lids were 

cut out, leaving only the screw-top rings with fine wire gauze (Plate 3-1). The jars were kept 

in a controlled temperature and humidity (CTH) room for seven days for acclimatization at 

28±2°C and 65±5% RH with 12:12 (light: dark) photoperiod to reach uniform temperature 

and grain moisture content among all samples.  

 

 

 

 

 

 

 

 

 

After the acclimatization period, 32 unsexed and active 20 - 25 day-old S. zeamais and P. 

truncatus adults were chosen randomly from a laboratory culture and introduced into all 

jars. The jars were placed again in CTH room in shelves (Plate 3-2), laid out in a Completely 

Randomized Design (CRD) with four replications and kept undisturbed in the CTH room for 

90 days. The Completely Randomized Design (CRD) was used because in the CTH room 

the environmental conditions were constant and uniform, so the observed differences on 

 
Plate 3-1. Jars with lids cut out with fine wire gauze 
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the measured parameters were attributed to the genotype effects only. The temperature in 

the CTH room was maintained at 27 ± 2ºC and the relative humidity at 65 – 70% and had 

12:12 (light: dark) photoperiod. 

 

 
3.2.4. Data collection  

Data was collected after 90 days of incubation on number of living insects S. zeamais or P. 

truncatus, number and weight of damaged and undamaged grain from individual jars. Data 

on seed damage and grain weight loss was computed from this information. The glass jars 

were opened and the contents were separated into grains, insects and flour using 4.7 mm 

and 1.0 mm sieves for each jar. The grains were hand-sorted into damaged and undamaged 

categories.  

Damaged grains were considered those with holes and/or tunnels done by insects. A 

precision electronic scale of 0.01g was used to weigh the damaged and undamaged grains. 

Seed damage was expressed as a proportion of damaged seed over the total number of 

seeds sampled while weight loss was calculated using the Count and Weigh method as 

described by Boxall (1986) and expressed by the formula below: 

100
)(×

××(%) ×
+

−
=

NuNdWu
NuWdNdWulossWeight            Equation 3.1 

Where,   Wu = weight of undamaged grains              Nu = number of undamaged grains 

 
Plate 3-2. Shelves with jars in a CTH room at KALRO Kiboko post-harvest pest laboratory 
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          Wd = weight of insect damaged grains       Nd = number of insect damaged grains 

 

An index of selection (SI) based on the susceptibility parameters was computed to 

categorize the genotypes into resistant or susceptible types. This index was calculated by 

summing the ratios between values and overall mean and dividing by the number of 

parameters. The susceptibility parameters used were: number of living LGB, weight loss 

(%) and seed damage (%). The classification of the genotypes were grouped into resistance 

or susceptible using selection index, based on a scale developed by Bergvinson et al. 

(2002): 

 

 

 
 
 
3.2.5. Data analysis 

The data of weight loss, seed damage and number of living insects were analysed using 

unbalanced analysis of variance in Genstat 18.2 edition. The variance components were 

analysed using SAS version 9.4 (Hayman and Mather, 1955). The means were separated 

using the least significant difference (LSD) at 5%. Before the analysis of variance 

components, an F-test was applied to test the variance of the segregating generation (F2, 

BCP1 and BCP2) against the variance of non-segregating generation (P1, P2 and F1). Each 

one of the segregating generation was tested against environment variance which was the 

mean of variances of the non-segregating generation (σ2E = (σ2P1 + σ2P2 + σ2F1)/3). The 

grain weight loss (%) and seed damage (%) were transformed with angular-transformation,

proportionarcsin , and the data for living insects were transformed with logarithm 

transformation base 10, ( )1(lg10 +x ), where x  is the observed value (Gomez and Gomez, 

1984). These were done to normalize the data for analysis but the final results were 

presented as back transformed means (original data).   
 

 

Index Classification 
≤ 0.60 Highly Resistant 

0.61 - 0.8 Moderately Resistant 

0.81- 1.0 Moderately Susceptible 

> 1.0 Highly Susceptible 
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3.2.5.1. Analysis of genetic effects 

Two analysis steps were carried out.  

First, the differences among the mean of the six generations; P1, P2, F1, F2, BCP1, and 

BCP2, for each trait of the two crosses were analysed by joint scaling test (Mather, 1949; 

Hayman and Mather, 1955; Mather and Jinks, 1982). The scaling test parameters A, B, C 

and D and their variance were calculated to test adequacy of the additive-dominance model, 

following the below formulas: 

A = 2𝐵𝐵𝐵𝐵P1-𝑃𝑃1-𝐹𝐹1   

B= 2𝐵𝐵𝐵𝐵P2- 𝑃𝑃2-𝐹𝐹1 

C= 4𝐹𝐹2- 2𝐹𝐹1-𝑃𝑃1-𝑃𝑃2 

D= 2𝐹𝐹2- 𝐵𝐵𝐵𝐵𝑃𝑃1-𝐵𝐵𝐵𝐵𝑃𝑃2 

 

A, B, C and D are the values of each scaling test, 

The variance of the tests were: 

σ2A = 4σ2𝐵𝐵𝐵𝐵P1 + σ2𝑃𝑃1 + σ2𝐹𝐹1  

σ2B = 4σ2𝐵𝐵𝐵𝐵P2 + σ2𝑃𝑃2 + σ2𝐹𝐹1 

σ2C = 16σ2𝐹𝐹2 + 4σ2𝐹𝐹1 + σ2𝑃𝑃1 + σ2𝑃𝑃2 

σ2D = 4σ2VF2 + σ2𝐵𝐵𝐵𝐵1 + σ2𝐵𝐵𝐵𝐵2 

 

The significance of each scaling test was determined using t-test, which was as follows:  

±𝑡𝑡 = 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝑠𝑠𝐷𝐷𝐷𝐷𝐷𝐷𝑠𝑠𝐷𝐷𝑠𝑠𝑠𝑠 𝐷𝐷𝑠𝑠𝑠𝑠𝐷𝐷𝑠𝑠

=  𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (𝑉𝑉𝐷𝐷𝑉𝑉𝑉𝑉𝐷𝐷𝑠𝑠 𝐷𝐷𝑜𝑜 𝐴𝐴 𝐷𝐷𝑠𝑠 𝐵𝐵 𝐷𝐷𝑠𝑠 𝐶𝐶)
 �𝐷𝐷𝐷𝐷𝑠𝑠𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝑜𝑜 𝑠𝑠𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

;  ±𝑡𝑡𝑡𝑡 = 𝐴𝐴
√σ2𝐴𝐴

; ±𝑡𝑡𝐵𝐵 = 𝐵𝐵
√σ2𝐵𝐵

; ±𝑡𝑡𝐵𝐵 =

𝐶𝐶
√σ2𝐶𝐶

; ±𝑡𝑡𝑡𝑡 = 𝐶𝐶
√σ2𝐷𝐷

 

Where, 𝑡𝑡𝑡𝑡, 𝑡𝑡𝐵𝐵, 𝑡𝑡𝐵𝐵 and 𝑡𝑡𝑡𝑡 are t-test for scaling test parameters A, B, C and D.  

The significance of scaling test parameter A and B suggest presence of all types of non-

allelic gene interactions and the significance of C reveals presence of  dominance × 

dominance [dd] type of epistasis while the significance of D suggest presence of  additive 

× additive [aa] gene interaction (Singh and Narayanan, 1993).  
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In general, significance of scaling test implies that the additive-dominance model is 

inadequate. 

Secondly, the results of the scaling test, were used to fit either the three-parameter (m, a, 

and d) or six genetic parameters (m, a, d, aa, ad, and dd) model developed by (Hayman, 

1958) using the notation of Gamble (1962) 

 

The model is: ddadaadamY 22 2 βαβαβα +++++= (Kang, 1994)          Equation 3.2 

The six parameters of the genetic model were computed according to Jinks and Jones 

(1958) where:  

Y = generation mean,  

m = mean of the F2 generation and intercept value,  

α and β = matrix coefficients of generations; 

a = pooled additive effects; 

d = pooled dominance effects; 

aa = pooled additive × additive (homozygote × homozygote) effects; 

ad = pooled additive × dominance (homozygote × heterozygote) effects; 

dd = pooled dominance × dominance (heterozygote × heterozygote) effects 

 

The genetic effects were estimated as: 

m = 𝐹𝐹2,         

d =a= 𝐵𝐵𝐵𝐵P1- 𝐵𝐵𝐵𝐵P2,       

h =d= 𝐹𝐹1- 4𝐹𝐹2- ½ 𝑃𝑃1- ½𝑃𝑃2 + 2𝐵𝐵𝐵𝐵P1 + 2𝐵𝐵𝐵𝐵P2 

I = aa = 2𝐵𝐵𝐵𝐵P1 + 2𝐵𝐵𝐵𝐵P2 – 4𝐹𝐹2 

j = ad =  𝐵𝐵𝐵𝐵P1 – ½𝑃𝑃1 – 𝐵𝐵𝐵𝐵P2 + ½𝑃𝑃2 

l = dd =  𝑃𝑃1 + 𝑃𝑃2 + 2𝐹𝐹1 + 4𝐹𝐹2 - 4 𝐵𝐵𝐵𝐵P1 – 4 𝐵𝐵𝐵𝐵P2 

 

The coefficients that estimate the degree of relationship of several generations used to 

determine gene effects for the generation means (Table 3.2) 

Table 3.2. Generalized expectations of the six generations mean 
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Generations [m] [a] [d] [aa] [ad] [dd] 
P1 1 1 - ½ 1 -1 ¼ 
P2 1 -1 - ½ 1 1 ¼ 
F1 1 0 ½ 0 0 ¼ 
F2 1 0 0 0 0 0 

BCP1 1 ½ 0 ¼ 0 0 
BCP2 1 - ½ 0 ¼ 0 0 

[m]: mean of F2 generation[a] =Additive effect; [d] =Dominance effect; [aa] =Pooled Additive x 
Additive effects; [ad] = Interaction of Additive x Dominance effect and [dd] = Pooled dominance x 
dominance effects. 
Source: Hayman (1958); Gamble (1962) and Hallauer et al., 2010. 

 

3.2.5.2. Genetic variance components 
The analysis of variance of an unbalanced model was used to calculate the mean of the 

generations and genetic variances (Mather and Jinks, 1971). The variance of the 

segregating generations (F2, BCP1 and BCP2) were tested against the non-segregating 

generation (P1, P2 and F1) using the pooled estimated environment variance (σ
2
E) on a 

simple F- test. The variance components were analysed using formulae described by 

Kearsey and Pooni (1998). The phenotypic variance was regarded equal to the variance of 

the F2 generation. The variance components were determined as follows: 

 

i) [ ] ,4/1221 2222 Fσσσσ +Ρ+Ρ=Ε                        

                  where σ2E =environment variance, σ2 P1 =variance of parent one, σ2 P2 
=variance     

                  of parent two and σ2 F1=variance of F1 generation. 

 
ii) ,222 Ε−Ρ= σσσ G   Where σ2 G =genetic variance, σ2 P =phenotypic variance 

(σ2 F2) and σ2 E =environmental variance. 
iii) ( ),2122 2222 BCPBCPFA σσσσ +−=  Where A2σ = additive variance, σ2 F2 

=variance of F2 generation, σ2 BCP1 =variance of backcross with parent one, 
σ2 BCP2 =variance of backcross with parent two. 
 

iv)  ,221 22222 Ε−−+= σσσσσ FBCPBCPD  where  D2σ = dominance 
variance 
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v)   ( ),122
1 222 BCPBCPAD σσσ −=               

where σ2AD =additive and dominance variance. 

 

3.2.5.3. Heritability 
The heritability values were calculated using procedures developed by Warner (1952) and 

Allard (1960). The broad-sense heritability (H2) was expressed as the ratio of genetic 

variance (σ2G), which in this case similar as variance of the F2 generation (σ2F2) to 

phenotypic variance (σ2 P). 

                            H2 = 100 𝑥𝑥 σ
2G
σ2

 
P

= 100𝑥𝑥 σ2
 
A+ σ2D

σ2
 
A+ σ2D+σ2E 

                                     Equation 3.3 

The narrow-sense heritability (h2) was estimated as the ratio of additive variance (σ2A) to 

phenotypic variance (σ2P)  

                                   h2 = 100 𝑥𝑥 σ
2A

σ2
 
P

= 100 𝑥𝑥 σ2
 
A

σ2
 
A+ σ2D+σ2E 

                                      Equation 3.4 

The heritability estimates were classified as low when ≤ 30%, moderate from 31- 60% and 

high when it was greater than 60% as high (Robinson et al., 1949). 

 

The dominance ratio (DR) used to classify the significance of dominance and additive gene 

effects as for inbred line selection was calculate according Kearsey and Pooni (1998), using 

the following formula:  

                                                       DR =  �4σ
2D

2σ2A
                                              Equation 3.5 

Where: DR=dominance ratio, σ2D =dominance variance and σ2A =additive variance. 

The potence ratio were also calculated to assess the degree of dominance and the 

presence or absence of heterosis in the crosses. The potence ratio was calculated following 

the formula below: 

                                PR = [d]
[𝐷𝐷]

                                                                         Equation 3.6 

Where [d] is the estimate of dominance and [a] the estimate of additive effects 
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3.3. Results 
3.3.1. Analysis of variances for insect resistant parameters 

Significant differences (p> 0.05) were observed among generations for all investigated traits 

for both insects, S. zeamais and P. truncatus, in the two crosses, indicating the existence 

of genetic variation (Table 3.3 and Table 3.4). Consequently, generation mean analysis 

could be used to estimate the genetic parameters for the traits. 

The means for selection index (SI) shows the average mean of the plants for a specific 

generation and it revealed the contrast on resistance to the two crossed inbred lines for 

both insects (Table 3.5).  

Table 3.3. Means squares of parameters for maize resistance to the S. zeamais  
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Table 3.4. Mean squares of parameters for maize resistance to P. truncatus 

 

 

Table 3.5. Selection index (SI) and reaction of the generations to S. zeamais and P. truncatus 

 

 



77 
 

i) Generation means analysis 
The means, standard errors and variances of the generation means of the two crosses 

(CKDHL120731×CKDHL120918 and CKDHL120517×CKDHL120918) for S. zeamais and 

P. truncatus resistance were computed (Table 3.6 and Table 3.7). These tables also include 

test of significance for variance of the segregating generations against non-segregating 

ones. In all parameters recorded P1 and P2 showed distinct contrasts in their resistance 

levels while the other generations showed continuous variations. The lowest weight loss 

(WL) and seed damage (SD) due to S. zeamais infestation in cross 1 was observed on P1, 

followed by F1 with 0.28% and 1.1% for WL and 1.16 and 1.71%, respectively while the 

highest for the same cross was observed on F2 and P2 with 3.78 and 8.4% WL and 4.84 

and 9.17%, respectively. The same observation was made in P. truncatus infestation. Cross 

2 performed slightly different where a lower WL and SD due to the LGB were observed for 

P1 and BCP1, while the worst performance was observed on F2 and P2. It was observed 

on both crosses that the WL and SD due to P. truncatus were higher compared to those of 

S. zeamais infestation. The numbers of living insects on both crosses did not reveal any 

specific trend. 

 

The variance of most segregating generations (F2, BCP1 and BCP2) were significant 

(p<0.05) in both crosses for the WL and SD under artificial infestation of S. zeamais and P. 

truncatus except BCP1 for WL in cross 1 and SD in cross 2 and BCP2 for SD in cross 2 

under artificial infestation of P. truncatus which were not significant. The variance of the 

number of living insects for all segregating generations did not show any trend and it was 

significant and non-significant in the same generation cross for the different insects. It was 

significant (p<0.05) for F2 and BCP2 in cross 1 and only F2 in cross 2 under S. zeamais 

infestation. Under P. truncatus infestation the scenario was different, the three segregating 

generations were significantly different (p<0.05) from the non-segregating ones in cross 1 

and only BCP2 in cross 2.  The significant variance components of the segregating 

generations revealed the genetic variation that exists in the generations derived from the 

cross between resistant and susceptible inbred lines in both crosses. 
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Table 3.6. Means and variances of the traits collected for S. zeamais resistance 
 
 

 

 

ii) The joint scaling test 

The joint scaling test for the six generations of the two crosses 

(CKDHL120731×CKDHL120918 and CKDHL120517×CKDHL120918) infested with S. 

zeamais and P. truncatus is shown in Tables 3.8. Scaling parameter B was not significant 

for all traits in both crosses for the two insects. The scaling parameters A, C and D were 

significant (p<0.05) in most traits for both insects while all the scaling parameters A, B, C 

and D were non-significant for all traits in cross 2 for P. truncatus.  
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Table 3.7. The means and variances of the traits collected for P. truncatus resistance 

 
 

Table 3.8. Estimates of scaling test for the two crosses infested with S. zeamais and P. 
truncatus 
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iii) Analysis of variance of genetic effects 
The analysis of variance of the genetic effects for the crosses showing at least one 

significant (p> 0.05) scaling test parameter are presented in Table 3.9 for S. zeamais and 

Table 3.10 for P. truncatus. The genetic estimates of digenic interaction model were highly 

significant (p<0.001) for all the parameters collected. Different genetic parameters 

performed differently in different crosses for resistance to the post-harvest insects. 

However, the additive effects and pooled dominance × dominance effects did not have 

significant effects for both crosses in all traits under S. zeamais infestation while the 

interaction effects of additive × dominance had significance effects (P< 0.05). Dominance 

effects were significant (P< 0.05) for weight loss and seed damage in cross 1 and only for 

weight loss in cross 2 for S. zeamais resistance. 

 
Table 3.9. Estimates of gene effects of 2 crosses infested with S. zeamais  

 

 

For P. truncatus resistance, cross 1 showed significant (p< 0.05) dominance, interaction of 

additive × dominance and pooled additive × additive in all traits while additive effects were 

non-significant in all traits. The pooled dominance × dominance effects were significant at 

5% only for the weight loss.  

On simple additive-dominance model, applied only for cross 2, both additive and dominance 

parameters were significant (p< 0.05). Additive effects were significant for all parameters 

while dominance effects were non-significant only for the number of living larger grain borer 

insects. 
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Table 3.10. Estimates of gene effects of two crosses infested with P. truncatus  

 

 

iv) Variance components and heritability 
The variance components, heritability, dominance and potence ratios of the two crosses 

evaluated under artificial infestation of S. zeamais and P. truncatus were estimated (Tables 

3.11 and Table 3.12). The number of living insects for both crosses and both insects showed 

higher variances compared to other traits and the variances under P. truncatus infestation 

were highest compared to the variances under S. zeamais infestation for the same traits.  

 

High broad sense heritability was observed in cross 1, for weight loss (85.3% and 60.27%) 

and seed damage (78.44% and 62.90%) for the S. zeamais and P. truncatus, respectively. 

All other heritability estimates (broad- and narrow-sense) were moderate for all traits, in the 

two crosses for the two insects except weight loss in the cross 2 under larger borer 

infestation which showed high broad sense heritability (61.84%). The dominance ratio 

ranged from 0.3 to 0.78 in different traits under S. zeamais infestation and from 0.19 to 0.77 

under P. truncatus artificial infestation. Under S. zeamais infestation, the lowest potence 

ratio was observed on the number of living insects (0.74) and highest on the seed damage 

(22.33) both on the cross 2 while under P. truncatus infestation, the lowest and highest were 

observed on the number of living insects in cross 1 and 2, respectively. 
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Table 3.11. Variance components, heritability, dominance and potence ratios under S. zeamais 
infestation 

 
 
 

Table 3.12. Variance components, heritability, dominance and potence rations under P. 
truncatus infestation 

 
 
3.4. Discussion 
This study estimated the gene effects controlling resistance and heritability of the main 

maize storage pests, maize weevil (Sitophilus zeamais Motsch) and larger grain borer 
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(Prostephanus truncatus (Horn) (Coleoptera: Bostrichidae) in two crosses. Mechanisms of 

resistance for storage pests vary among maize germplasm and resistance cannot focus on 

a single trait (Mwololo et al., 2013). The present study based the analysis on three traits, 

including the percentage of weight loss and damaged grain due to S. zeamais and P. 

truncatus infestation and the total number of living insects. These traits were among the 

most used in several studies on resistance to S. zeamais and P. truncatus to classify 

resistance among maize genotypes (Dobie, 1977; Dhliwayo et al., 2005; Siwale et al., 2009; 

Tefera et al., 2011; Mwololo et al., 2013; Nhamucho et al., 2014). 

The significant difference observed in the analysis of variance among the generations for 

all investigated traits of both crosses in the two insects, S. zeamais and P. truncatus, 

indicates the presence of genetic variation. Therefore, generation means analysis method 

could be used to estimate the genetic parameters. The large difference in reaction for S. 

zeamais and P. truncatus resistance for the different traits including the selection index 

between parents P1 and P2, indicates that P1 and P2 used in the crosses were divergent 

for the studied characters. P1 was resistant and P2 was susceptible, which is a requirement 

for generation mean analysis (Mather, 1949, Mather and Jinks, 1982). The average reaction 

of the different generations varied from trait to trait, and cross to cross under the infestation 

of the two insects. However, it was observed that the reaction of F1 generation varied from 

one cross to other from moderately to highly resistant for the two insects in different traits, 

F2 varied from moderately to highly susceptible in both crosses for the two insects while 

the backcross generation did not show any trend between the crosses for the two insects. 

The significance of any one of the scaling test parameters indicates the presence of non-

allelic interaction, meaning that the simple additive-dominance model was inappropriate to 

elucidate most of genetic variation observed on the expression of the traits. This suggest 

that the inheritance of these parameters are complex and polygenic (Warnock et al., 1998), 

hence a six parameter model (digenic interaction model) was necessary to clarify the 

genetic variation, since there was contribution of epistatic effects.  

On the other hand, the non-significance of all scales observed in cross 2 under infestation 

of P. truncatus suggests that the simple additive-dominance model was adequate to 

estimate the genetic components of variance. From the results, it was evident that additive 

and dominant gene effects were highly significant for all parameters measured, suggesting 
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that both were essential for the inheritance. This also suggests, that to improve these traits, 

selection could be effective when practiced in F2 generation. 

Similar results, on the significance of additive and non-additive gene effects on controlling 

most of the S. zeamais resistance traits were reported by Kang et al. (1995), Dhliwayo et 

al. (2005) and  Gafishi et al. (2012) but there is little information in literature on gene action 

responsible for resistance P. truncatus. Various studies done on resistance to P. truncatus 

were mostly for phenotypic evaluation (Tefera et al., 2011; Mwololo et al., 2013; Nhamucho 

et al., 2014). However, Matewele (2014) in his study showed the importance of additive 

gene effects on resistance to larger grain borer on grain damage. The estimated mean 

effects [m], was significant for all studied traits in all crosses for the two insects, indicating 

that these traits were quantitatively inherited. The mean [m] reflects the contribution due to 

the locus effects, interaction of the fixed loci plus the over-all mean.  

The additive [a] gene effect and the pooled dominance × dominance [dd] did not show any 

influence on the inheritance of the collected traits for the two crosses under infestation of 

the two insect pests, except cross 1 for weight loss under larger grain borer. These results 

are in contrast with those of Kang et al. (1995); Derera et al. (2001); Kim and Kossou (2003). 

However, Dhliwayo et al. (2005) found that the variance due to SCA effects (dominance 

effects) was more important than the GCA effects (additive effects) for F1 maize weevil 

insects emerged. Sodedji et al. (2018) reported that non-additive genetic effects were 

relatively more important for F1 maize weevil insects emerged and index of susceptibility, 

indicating the importance of the contribution of the specific combining ability (dominance 

effects) in the responses of the maize hybrids against S. zeamais. 

No complementary interaction was observed in the genetic control of the studied traits on 

the two crosses for the two post-harvest insects, since none of the signs of [d] were similar 

to the [dd]. The dominance [d], the pooled dominance × dominance [dd] and the interaction 

additive × dominance [ad], which is referred to as non-additive genetic variance were the 

most important for cross 1 for weight loss and seed damage while dominance [d] and the 

interaction additive × dominance [ad] were the most important gene effects for cross 2 for 

the same traits for both insect pests. In both crosses, the number of the living insects were 

mainly controlled by the interaction additive × dominance [ad]. This suggests that, these 

were mostly controlled by dominance as main effect with non-allelic interactions as epistatic 

effects.  
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Significant additive, non-additive and maternal effects determining S. zeamais resistance in 

maize grain have been reported by Schoonhoven et al. (1975); Widstrom et al. (1975); 

Widstrom et al. (1983); Tipping et al. (1989) and Derera et al. (2001). According to Widstrom 

et al. (1975) dominance effects were important for seed resistance to weevils in maize 

sources segregating for endosperm, while Derera et al. (2001) reported additive effects as 

more important for the female parent in a cross. For rapid crop improvement, in a trait which 

shows significant epistatic effects, adoption of recurrent selection to handle desirable 

segregates through inter-mating in early segregations would be effective (Dong et al., 2006; 

El-Beially and Mohamad, 2008; El-Refaey and El-Razek, 2013). 

The negative values observed in most cases either with main effects [a], [d] and non-allelic 

interactions, [aa], [ad] and [dd], may suggest that the alleles responsible for lower trait 

values were dominant over the alleles controlling the high trait value. However, the direction 

of additive and dominance effects was the same where the signs were similar. This was 

observed for all traits in the two crosses except for seed damage and number of living 

insects in cross 1 under P. truncatus infestation. It was also observed that dominance 

effects were much higher than additive effects and this might indicate that dominance gene 

effects play a bigger role in governing the genetic variation of most of studied traits. When 

additive effects are greater over non-additive effects, it suggests that selection in early 

segregating generations can be effective, whereas if non-additive portion is greater over 

additive component, the intensive selection can be effective during later generations 

(Japtap, 1986).  

The observed results are in line with that reported by Dhillon and Singh (1980), Lin and 

Zhao (1988), Singh and Narayanan (1993), Mert et al. (2003) and Esmail (2007). Overall, 

for the two crosses, it was detected that the signs of dominance (d) and dominance × 

dominance (dd) gene effects were opposite for most of the parameters except for number 

of living insects under S. zeamais infestation, indicating duplicate type of non-allelic 

interaction. However due to insignificance of [dd] of most traits, the duplicate epistasis was 

only observed on weight loss in cross 1 under P. truncatus infestation.  Since [d] was 

negative and [dd] positive, the observed duplicate epistasis is classified as duplicate 

epistasis between dominant decreasers. Furthermore, the opposite directions of dominance 

and dominance × dominance effects resulted in lower overall dominance.  
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The positive or negative effect on additive × additive gene effects indicate association and 

dispersion of alleles in parents (Kearsey and Pooni, 1998). The negative and significant 

additive × additive gene effects observed in cross 1 for weight loss and seed damage under 

artificial infestation of both insects revealed allele dispersion in parents for resistance 

indicating the potential that the resistance can be fixed and exploited in later generations.  

Narrow-sense heritability estimates were generally lower, suggesting the presence of non-

additive gene action (Dhliwayo et al., 2005; El-Refaey and El-Razek, 2013). This was also 

observed using the dominance ratio, which showed partial dominance in both crosses for 

the two insect pests (Checa et al., 2006; Kearsey and Pooni, 1998).  

The potence ratio showed the presence of heterosis for cross 1 for both insects and cross 

2 only for the weight loss and seed damage under S. zeamais infestation. Weight loss and 

seed damage presented high heritability estimates, indicating that those traits can be used 

in selection of the genotypes to improved S. zeamais and P. truncatus resistance, as 

observed by other researchers including Derera et al. (2001), Nhamucho et al. (2014, 2017) 

and Matewele (2014). 

 

3.5. Conclusion  
The genetic effects on the different traits used to assess resistance to S. zeamais and P. 

truncatus in maize grains mainly depended on the cross. Additive and non-additive, 

including an epistasis gene effects play a role in the inheritance of resistance to both insects 

in the selected maize genotypes. This was further confirmed by the heritability estimates, 

where moderate narrow-sense heritability estimates were observed, suggesting 

involvement of additive and non-additive gene effects in the expression of resistance to both 

insects.  
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4. CHAPTER FOUR 
 

Genetic analyses and potential of combining drought tolerance 
and maize lethal necrosis resistance in tropical maize germplasm 
 

Abstract 

Drought and maize lethal necrosis disease (MLND) are among the most important stresses 

impacting maize production in sub-Saharan Africa (SSA), although maize lethal necrosis 

has not been reported in Mozambique as yet. Host plant resistance and tolerance have 

been achieved in maize hybrids and inbred lines for each of these stresses individually, but 

no combined drought tolerance and maize lethal necrosis resistance has been reported. 

This study aimed at combining resistance to the two stresses in hybrids developed from a 

half-diallel involving eight parents and to assess gene action controlling maize grain yield 

and other agronomic traits. Hybrids were evaluated in Kenya during seasons 2017A and 

2018A across six locations under optimal conditions and over two locations under MLN 

infestation, and during season 2017B and 2018B under managed drought over two 

locations, resulting in ten environments. There were highly significant genotype and 

genotype × environment interaction effects (p≤ 0.01) for grain yield under stress and 

optimum conditions. Hybrids differed significantly (p≤ 0.01) for MLND resistance and 

drought tolerance traits including MLN scores, senescence, days to anthesis and anthesis- 

silking interval. The yield reduction due to MLND was 93% of the optimum (6.04 t/ha), while 

reduction due to drought was 67%. Genetic analysis detected highly significant mean 

squares (p< 0.01) due to general combining ability (GCA) and specific combining ability 

(SCA) for most of the recorded traits, including grain yield under all environments, 

suggesting the importance of both additive and non-additive gene effects. However, 

additive gene action was generally predominant across all research conditions. Hybrids 

tolerant to drought and resistant to MLND were identified. The results suggest that it is 

possible to improve tropical maize for combined drought and MLN tolerance and it can be 

faster when evaluation is conducted under combined drought and MLN conditions. 
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4.1. Introduction 
Maize (Zea mays L.) is the major food crop for the majority of households in sub-Saharan 

Africa (FAOSTAT, 2019). However, its production is below the demand because of yield 

losses caused by different field stresses, including drought and maize lethal necrosis 

(Meseka et al., 2011; Mahuku et al., 2015a). Drought and maize lethal necrosis (MLN) can 

occur simultaneously during the main cropping season and sometimes cause complete 

maize crop failure in many tropical and subtropical environments. Drought occurs when 

seasonal rainfall stops during the growing period of the crops or when its distribution is 

erratic in the same period (Mir et al., 2012). Drought stress can occur at all stages of plant 

growth. In maize its negative effects are severe when it occurs at flowering and grain-filling 

periods (Cakir, 2004; Zaidi et al., 2004; Toker et al., 2007; Hao et al., 2011; Mir et al., 2012). 

During flowering, drought  disturbs the synchronization between pollen shed and silking, 

which is the major reason for yield reduction (Grime and Campbell, 1991), while when it 

occurs at grain filling stage, it reduces endoreduplication, endosperm cell division and other 

actions of the cell related to storage-product synthesis, thus reducing grain weight (Bänziger 

et al., 2002).  

Grain yield loss of 17 to 90% has been reported when drought occurs in these critical stages 

(Edmeades et al., 1992; NeSmith and Ritchie, 1992; Menkir and Akintunde, 2001; Campos 

et al., 2006). For example, a maize production loss of 60% was reported in southern Africa, 

during the severe drought of 1991-92 (Rosen and Scott, 1992) and an estimation of 80% of 

the total maize crop grown in developing countries is lost due to drought (Bolaños and 

Edmeades, 1993). Small-scale farmers mostly with limited access to irrigation facilities grow 

drought susceptible hybrids and in southern Africa, dryland production represents around 

95% (Banziger and Diallo, 2001). The occurrence of drought is unpredictable over space 

and time (Campos et al., 2004) and it its negative effects are difficult to minimize without 

irrigation. The low production of maize, being a staple food, has negative effects on regional 

and international economies, reflecting low annual gross domestic product throughout the 

drought years (Richardson, 2005).  

Maize lethal necrosis is a devastating new disease in Africa, where it was first observed in 

Kenya in September 2011, with incidences recorded from 2012 (Wangai et al., 2012a; 

Wangai et al., 2012b). The MLN disease was earlier reported in Kansas, USA in 1977, 

where it was known as corn lethal necrosis (CLN) disease (Niblett and Claflin, 1978). 

Thereafter, it was observed in Nebraska, USA (Doupnik Jr, 1979), Hawaii, USA (Jiang et 
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al., 1992) and China (Xie et al., 2011), Peru, Argentina, Mexico, Brazil and Thailand (Flett 

and Mashingaidze, 2016). Since then, the disease has been observed in Uganda and 

Tanzania (Wangai et al., 2012b), Democratic Republic of Congo (DRC) (Lukanda et al., 

2014) and Rwanda (Adams et al., 2014). Most recently, MLN related symptoms have been 

observed in Ethiopia and South Sudan (Mahuku et al., 2015b, Flett and Mashingaidze, 

2016).  

Maize lethal necrosis and corn lethal necrosis are both caused by dual infection with 

synergistic interaction on maize leaf plants by two viruses, namely maize chlorotic mottle 

virus (MCMV) (Machlomovirus: Tombusviridae) in co-infection with any cereal viruses from 

the Potyviridae group, including maize dwarf mosaic virus (MDMV), sugarcane mosaic virus 

(SCMV) (Potyvirus: Potyviridae) or wheat streak mosaic virus (WSMV). In China, MCMV 

was observed in combination with SCMV (Xie et al., 2011). In all African countries where 

the presence of MLN has been reported to date, MCMV has been associated with SCMV 

(Louie, 1980, Wangai et al., 2012a). MCMV is transmitted mostly by thrips 

(Frankliniellawilliamsi Hood) and beetles (Cabanas et al., 2013) but some transmission and 

spread through seeds from infected plants has been reported at a rate of 0.0003% which 

might transform to a high number of infected plants (Jensen et al., 1991). The SCMV, on 

the other hand, is transmitted by aphids (Brandes, 1920). MCMV is a threat on its own 

causing huge yield loss even in the non-appearance of other viruses.  

The MLN disease is a threat to food security in Africa. Observations from the field made in 

Kenya indicated that nearly all commercial maize varieties were affected by MLN in 2012, 

causing yield losses from 30 to 100% depending on the crop stage when the disease came 

in. Approximately 77,000 ha of maize was affected, translating into a projected yield loss of 

126 MMT equivalent of USD 52 million (Wangai et al., 2012b). Being a new disease, scanty 

information on the genetics of host resistance is available. Beyene et al. (2017) reported 

that combining ability estimates for MLN resistance suggested a predominance of additive 

over non-additive gene action. This implies that recurrent selection can be employed as a 

breeding strategy. Since both drought and MLN are devastating stresses in maize-growing 

areas and can occur simultaneously, high yielding varieties which are drought-tolerant and 

MLN resistant are thus required.  

In efforts to address this challenge, this study was carried out to: i) determine the gene 

action controlling various traits of maize in the hybrids developed from a half diallel mating 
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scheme involving 8 inbred lines with various levels of resistance/tolerance to the two 

stresses and ii) identify maize hybrids with multiple resistance/tolerance to both drought and 

MLN without compromising the yield. The findings can be used to devise the strategy for 

breeding multiple stress tolerance/resistance, and thus increase food security and improve 

the livelihoods of the small-holder farmers in Africa. 

 

4.2. Materials and Methods  

4.2.1. Germplasm  
Eight tropical maize inbred lines from the International Maize and Wheat Improvement 

Center (CIMMYT) developed from different projects (Table 4.1) were crossed in a half diallel 

combination.  
 
Table 4.1. List of the inbred lines used as parents in the diallel-cross and their attributes. 

 
 

4.2.2. Testing environments and field management 
The nursery with the eight inbred lines was planted in June 2016, during the 2016B season 

at CIMMYT´s new site at Kenya Agricultural and Livestock Research Organization (KALRO) 

in Kiboko (2°12' 50.24'' S, 37°43' 30.11'' E, 945 masl). A total of 28 F1 crosses were 

generated. The procedure used to manage the crosses and pollination is similar to that 

described in chapter 3, section 3.2.1. 
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Table 4.2. Geographical locations, agro-climatic and soil description of the sites used for 
hybrid evaluation 

 
Four sites, Kiboko, Kakamega, Embu and Naivasha (Table 4.2) were used to evaluate the 

resulting 28 F1 hybrids. Kakamega, Kiboko and Embu were used to evaluate the F1 hybrids 

under optimum conditions, while Kiboko was used to evaluate the hybrids under managed 

drought and Naivasha used to evaluate the same materials under artificial MLN infestation. 

At all sites, the evaluation was done in two main seasons, 2017A and 2018A, resulting in a 

total of six optimum, two managed drought and two artificial MLN infestation environments. 

The choice of these sites was based on specific constraints: Kakamega is a well-known hot 

spot for foliar diseases mainly grey leaf spot and turcicum leaf blight, while Embu is a known 

natural hot spot for maize streak virus and occasionally good natural infestation of stem 

borers occurs. Although, the main focus was on drought and MLN, evaluation of the hybrids 

in other environments was an added advantage that is useful for cultivar development.  

In the optimum environments, all routine agronomic practices for maize production; 

weeding, fertilizer and pesticides application were followed. The fertilization for the field was 

done using nitrogen (N) at the rate of 60 kg/ha, in two splits and potassium phosphate 

(P2O5) at rate of 60 kg/ha, a general recommendation for the Kiboko area. In the managed 

drought environments, the planting was done during the dry season. All routine agronomic 

practices of maize production; weeding, fertilizer and pesticides application were followed 

and drip irrigation was used. The irrigation was stopped two weeks before flowering to 

impose the drought stress at flowering period.  

In the maize lethal necrosis environments, artificial infestation of MLN was done by infecting 

the maize plants with the two viruses, maize chlorotic mottle virus (MCMV) and sugarcane 

mosaic virus (SCMV). Preparation of the inoculum for artificial inoculation of MLN was done 

as reported by Gowda et al. (2015) and the maintenance of the viruses (MCMV and SCMV). 

Seedlings were inoculated two times with a 1: 4 (MCMV: SCMV) mixture of MLN viruses. 

At the 4–6 leaf stage, the first inoculation was done and seven days thereafter, the second 
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was done. A motorized backpack sprayer was used to dispense the inoculum at a rate of 

120 L per hectare (Plate 4-1).  

Two weeks after inoculation each plot was scored for reaction to MLN using a 1–9 rating 

scale. In the scale, 1 = clean, no MLN disease symptom on leaves; 3= fine chlorotic streaks 

on leaves; 5- chlorotic mottling and mosaic throughout the whole plant; 7 = excessive 

chlorotic mottling and dead heart and 9 = dead plant and complete plant necrosis. MLN 

scores were taken four times at 2-week intervals from the first assessment. The 1st and 2nd 

scores were considered as MLN-early, while the 3rd and 4th scores were considered MLN-

late. Resistant hybrids had scores 1- 3, tolerant ones had scores 4-5 and susceptible 

hybrids had scores higher than 5.  

 
Plate 4-1. Application of MLN inoculum at Naivasha, Kenya (Suresh, 2018) 

 

4.2.3. Experimental design and planting 
The trial consisted of 32 hybrids made up of: 28 experimental F1 hybrids, two commercial 

hybrid checks, two internal hybrid checks (from the CIMMYT breeding program). The 

checks from the two groups included one drought tolerant hybrid check and one MLN 

resistant hybrid check. The trial design was a 4 x 8 α-lattice, with two rows per plot, 

replicated three times, except under MLN infestation where one-row plots were used. The 

rows were 4.5 m long, with 19 hills per row, inter-row spacing of 0.75 m and intra-row 

spacing of 0.25 m, corresponding to a density of 53,333 plants ha-1. Two seeds were planted 
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per hill, and later thinned to one plant per hill two weeks after emergence, except for the 

border hills which maintained two plants per hill.  

 

4.2.4. Data collection 
Data were collected on a per plot basis. Recommended procedures by CIMMYT (CIMMYT, 

1985) and Magorokosho et al. (2008) were followed for data collection. The first and last 

plant in each plot were considered as border plants and therefore, they were not used for 

the assessment of the traits.  

Data were collected on: days to anthesis (AD), days to silking (SD), plant height (PH) and 

ear height (EH), grain yield per plot, number of plants at harvest (NP), number of ears at 

harvest, field weight, grain weight (GW), grain moisture, ear aspect (EA) and plant aspect 

(PA). Anthesis-silking interval (ASI), ear position (EPO) and ears per plant (EPP) were 

calculated or estimated from the collected data. At the MLN evaluation sites, MLN disease 

reaction was scored four times (MLN1 - MLN4), while for drought trials, leaf senescence 

(SEN) was the added trait. 

The grain yield (GY) in tonnes per hectare (t ha-1), from g/m2, was calculated as follows: 

 
 

4.2.5. Analysis of agronomic performance 
Single and combined environments analyses were carried out for the 4×8 α-lattice design 

(Bänziger et al., 2000) in Fieldbook-IMIS5 (Banziger et al., 2012) statistical software 

developed by CIMMYT, following the REML procedure, mixed model. Hybrid effects were 

considered as fixed while the effects of the rest of the sources of variations were random.  

The following statistical models was used for the single site analysis:  

ijkjKjiijk BrHY εµ ++++= )(  

Where, ijklY  = main effect; µ  = overall mean; iH = the effect of the i th hybrid (l=1,2,…32);  
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jr = Effect of the replication (j=1,2,3); Bk(j)= estimate of the incomplete block within 

replication and ijkε  = overall random error.  

The following statistical model was used for the combined analysis:  

           ijklillKjijkl SHSBrY εµ +++++=  

Where,  = main effect; μ= overall mean; = effect of the replications; Bk= effect of the 

kth block nested in jth replication and k=1,2,3…8, while j=1,2,3; =the effect of the th 

environment and = the effect of the th hybrid and =1,2,3…32; = interaction effect 

of the th hybrid and th environment and = random error. The hybrids means were 

ranked according to yield and other specific traits in each environment, which was the 

principal selection criterion. 

4.2.6. Genetic analysis 
Genetic analyses were carried out for all the traits following the Griffings’ Method IV (which 

excluded the parents and the reciprocal crosses), model I (fixed) (Griffing, 1956a, 1956b) 

to estimate the combining ability effects using PROC GLM of SAS version 9.4 (Zhang et al., 

2005). The genetic analysis was done using only the 28 hybrids that were generated for the 

half diallel mating design. 

Mean squares due to general and specific combining ability parameters were estimated and 

used to make inferences about the type of gene action involved in the phenotypic 

expression of the traits (Hallauer, 2007; Hallauer et al., 2010). The mathematical model for 

genetic analysis at single environment was as follows: 

ijkijjiKijk SGGRY εµ +++++=  

where: Yijk is the individual observation recorded on cross Xij in replication Rk of environment 

Em subject to the peculiar experimental error Ɛ ijk,  

            μ is the trial mean in single environment or overall mean across environment 

           Gi and Gj are the General combining ability of parent i and parent j respectively 

           Sij  is the Specific combining ability between parent i and parent j 

 
 

ijklY jr

ls l

iH i i ilSH

i l ijklε
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The mathematical model for combined genetic analysis across environments was: 

Yijk = μ + Ee + gi + gj + sij + gEeg + sEes + Ɛijk 

in which Yijk is the observed measurement for the ijth cross grown in the kth environment (Ee), 

μ is the grand mean, gi and gj are the GCA effects of the parents, sij is the SCA effect, gEeg 

is the interaction effect between GCA and the environment (E), sEes is the interaction effect 

between SCA and the environment E, and Ɛijk is the error term associated with the ijth cross 

evaluated in the kth replication and Ee environment (Hallauer and Miranda, 1988). 

A combined analysis across the environments was performed taking into consideration that 

environments are random effects and genotypes are fixed effects (Zhang et al., 2005; SAS-

Institute Inc., 2013). General and specific combining ability mean squares were tested 

against the pooled error mean square (MSE), since the genotypes were considered fixed 

effects (Hallauer et al., 2010). Individual parent GCA (gi) and cross SCA (sij) effects were 

calculated as follows:   

 g𝑖𝑖 = 𝐷𝐷𝑛𝑛𝐷𝐷.−2Y..
𝐷𝐷 (𝐷𝐷−2)

               

𝑆𝑆𝑖𝑖𝑆𝑆 = 𝑌𝑌𝑖𝑖𝑆𝑆 −
𝑌𝑌𝑖𝑖.−𝑌𝑌. 𝑆𝑆
𝑛𝑛 − 2

+
2𝑌𝑌. .

(𝑛𝑛 − 1)(𝑛𝑛 − 2)
 

 

where: gi is the general combining ability effect of the ith parent, sij is the specific combining 

ability of the cross between ith and jth parents, n is the number of parents, Yi. is the total of 

the crosses involving parent i as female, Y.j is the total of the crosses involving parent j as 

male, and Y.. is the grand total. 

Sum of squares due to GCA (SSgca) were divided by the total sum of squares (SStotal) to 

assess the proportion of the general combining ability effects on the total genetic variability 

(SSgca/SStotal). To determine the relative importance of general and specific combining 

ability effects in the observed variation among the crosses, the following three ratios using 

sum of squares (SSgca/SS(gca+sca), SSgca/SSentry and SSsca/SSentry) were used 

(Malacarne and Vicente, 2003). 
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4.3. Results 
Analysis of variance for each environmental condition (Table 4.3 to Table 4.5) showed highly 

significant differences (p< 0.001) among the crosses in respect of the different traits, except for 

number of ears per plant (EPP) under the optimum environment and plant aspect (PA) under 

drought. Environmental effects were also statistically significant for all traits (p< 0.001). Genotype 

× environment interaction effects were significant for all traits except for first score of MLN under 

MLN environments, ears per plant (EPP) under optimum and anthesis date (AD) under managed 

drought. Statistical models significantly (p< 0.001) explained the total variation observed for all 

traits in all individual and across environments. The coefficients of determination (R2) for grain 

yield (GY) ranged from 0.86 under optimum to 0.95 under MLN. Grand means for GY were 6.04, 

2.00 and 0.38 t/ha under optimum, managed drought and MLN environments, respectively. 

 

4.3.1. Performance under maize lethal necrosis environments 
Due to the severe MLN infestation in the season 2017A, the trial did not reach the harvesting 

stage, more that ¾ of the trial was completely wiped out, and as a result the data for grain yield 

(GY), ears per plant (EPP), number of harvested plants (NP), plant height and ear position (EPO) 

that was analysed was only from the season 2018A. The results revealed that for early MLN 

scores, more hybrids tend to show resistance compared to the late MLN scores. It was observed 

that out of the 28 hybrids evaluated, 12 of these (42.8%) were resistant at early stage with scores 

ranging from 2.3 to 3.4, and the remaining 16 hybrids (57.2%) were tolerant with scores ranging 

from 3.5 to 4.8 (appendix 4-1). As for the late MLN scores, only one hybrid was resistant with a 

score of 2.8; 10 hybrids (35.7%) were tolerant with scores ranging from 4.6 to 5.3 and 17 hybrids 

(60.7%) were susceptible with scores ranging from 5.5 to 7.8 (Table 4.3). 

The mean squares due to general combining ability (MSgca) were highly significant (p< 0.001) 

for all traits except for ear position (EPO) (p > 0.05). The mean squares due to specific combining 

ability (MSsca) were significant for GY, number of harvested plants (NP), MLN scores 2, 3 and 

4 at p< 0.001, for MLN score 1 and EPP at p<0.01, EPO at p<0.05, but were not significant for 

plant height (PH). The ratios for sum of squares [(SSgca/ SS(gca + sca)], ranged from 0.2 for 

EPO to 0.77 for MLN score 1. The lowest proportion of GCA effects to the total observed genetic 

variability (SSgca/SStotal) was 0.1 for EPO and the maximum was 0.6 for GY. In this 

environment the coefficients of determination (R2) varied from 0.51 to 0.92, having the lowest for 

EPO and the highest for GY. On the other hand, the coefficient of variation varied from 8.45% to 

40.32% for the same traits. 
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Table 4.3. Mean squares for MLN scores, grain yield and other traits of diallel cross hybrids evaluated under MLN artificial infestation 
during 2017A and 2018A in Kenya 
Source Df MLN1 MLN2 MLN3 MLN4 Df GY EPP NP PH EPO
ENV 1 17.36*** 6.10*** 5.01*** 5.72*** - - - - - -
REP(ENV) 4 0.83** 0.98** 0.30ns 0.52ns 2 0.059ns 0.04ns 2.58ns 1024.54* 0.001ns
Cross 27 1.49*** 3.04*** 3.13*** 5.77*** 27 0.57*** 0.26*** 12.43*** 831.53*** 0.01*
Cross x ENV 27 0.28ns 0.56** 0.83* 0.76** - - - - - -
      GCA 7 4.41*** 8.71*** 7.77*** 15.20*** 7 1.43*** 0.57*** 23.25*** 2085.4*** 0.004ns
      SCA 20 0.47** 1.06*** 1.51*** 2.47*** 20 0.26*** 0.15** 8.64*** 392.68ns 0.005*
      GCA*ENV 7 0.25ns 0.82** 0.78ns 0.81* - - - - - -
      SCA*ENV 20 0.29ns 0.46* 0.85* 0.74* - - - - - -
Error 108 0.22 0.28 0.44 0.38 54 0.02 0.06 2.15 229.53 0.00
R2 0.75 0.78 0.70 0.82 0.92 0.70 0.75 0.66 0.51
CV (%) 15.43 12.42 12.85 10.13 40.32 37.14 17.21 10.87 8.43
Trial mean 3.01 4.25 5.16 6.10 0.43 0.64 8.52 139.38 0.62
Min 2.17 2.33 2.83 2.83 0.00 0.18 2.33 107.08 0.51
Max 4.17 5.50 6.67 8.50 2.32 1.52 10.33 175.67 0.71
SSgca/SS(gca + sca) 0.77 0.74 0.64 0.68 0.65 0.57 0.49 0.65 0.20
SSgca/Ssentry 0.77 0.74 0.64 0.68 0.65 0.57 0.49 0.65 0.20
SSsca/Ssentry 0.23 0.26 0.36 0.32 0.35 0.43 0.51 0.35 0.80
Ssgca/Sstotal 0.34 0.44 0.34 0.47 0.60 0.40 0.36 0.40 0.10

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%; ns = not statistically significant (p > 5%).

MLN1- MLN4= MLN scores, GY = grain yield; EPP = ears/plant, NP= number of plants, PH = plant height; EPO = ear position  
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4.3.1. Performance under managed drought stress conditions 
The leaf senescence (SEN) and plant aspect (PA) data were only recorded in 2018A season 

due to severe drought which resulted in the plants drying up much early. The climatic data 

of the two seasons during the trial growth, are shown in Figures 4-1 and 4-2 for 2017A and 

2018A, respectively. It was observed that generally, the temperatures in 2017A were slightly 

higher compared to 2018A, which affected some of the recorded traits. In 2017A, the trial 

anthesis date (AD) varied from 63 to 72 days with ASI ranging from 3 to 13 days while in 

2018A the AD ranged from 69 to 75 days, with ASI ranging from -2 to 4 days (Table 4.4). 

This negatively affected the yields, where in 2017A the grain yield ranged from 0.06 to 1.00 

t/ha with an average of 0.42 t/ha while in 2018A, the grain yield ranged from 2.17 to 4.58 

t/ha with an average of 3.6 t/ha (Appendix 4-2). The senescence, ear position and anthesis 

date showed the highest values of the proportion of SSgca/SStotal.  

 
Figure 4-1. Daily precipitation, relative humidity, minimum and maximum temperatures 
during the dry season 2017B at Kiboko 

 

However, it was observed that out of the 28 experimental hybrids evaluated, 19 (67.9%), in 

the two seasons yielded above 2.0 t/ha, 12 (42.9%) showed an ASI below 4 days and 12 

(42.9%) showed an average senescence score of 4, showing that there is some good 

tolerance under drought. Genetic analyses at this environment showed significant MSgca 

at p< 0.05 for all measured traits, except for EPP and ASI which were not significant while 

MSsca was significant (p< 0.05) for all recorded traits. The environment had significant 

influence on both MSgca and MSsca for all traits, except for AD in both, EPO for MSgca 
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and EPP for MSsca which were not significant. Calculated combining ability effects ratios 

(SSgca/SStotal) ranged from a minimum of 0.02 for EPP to a maximum of 0.50 for EPO. 

The lowest proportions of SSgca/SS(gca+sca) were obtained for ASI (0.41) while the 

highest was obtained AD (0.85).  

 
Figure 4-2. Daily precipitation, relative humidity, minimum and maximum temperatures 
during the dry season 2018B at Kiboko 

 

4.3.3. Performance under optimum conditions 
In the optimum environment, the genotypes showed more pronounced differences and 

higher yields compared to stress environments (Appendix 4-3). The yields varied from 2.91 

to 7.31 t/ha. The ASI were also lower compared to the drought conditions. All traits showed 

medium to high coefficients of determination (R2) which ranged from 0.59 to 0.98, PA with 

the lowest R2 and AS having the highest (Table 4.5). Out of the 28 evaluated hybrids 15 

(53.6%) showed mean yield across all environments above 6 t/ha. The mean squares due 

to general (MSgca) and specific (MSsca) combining ability were significant at p< 0.05 for 

all traits except for EA for the MSgca and PA for the MSsca. MSgca were relatively more 

influenced by the environment compared to the MSsca. MSsca for AD, PA and HC were 

not influenced by the environment. The ratios for sum of squares (SSgca / SS(gca + sca), 

ranged from 0.18 for EA to 0.92 for EPO and PA. The lowest proportion of GCA effects to 

the total observed genetic variability (SSgca / SStotal) was 0.03 for EA and the maximum 

was 0.70 for grain texture (TEX). 
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Table 4.4. Mean squares for grain yield and other traits of diallel cross hybrids evaluated under managed drought during 2017A and 2018A 
in Kenya 

Source Df GY EPP EA AD ASI PH EPO Df SEN PA
ENV 1 417.53*** 18.98*** 65.63*** 793.01*** 1354.34*** 74550.72*** 0.05*** - - -
REP(ENV) 4 6.91*** 0.066* 2.94*** 4.02* 1.24ns 2296.53*** 0.00ns 2 13.95*** 0.90ns
Cross 27 1.29*** 0.053*** 1.01*** 21.67*** 14.76*** 600.38*** 0.01*** 27 3.34*** 0.82ns
Cross x ENV 27 1.01*** 0.04** 1.06*** 1.87ns 14.85*** 256.41** 0.00* - - -
      GCA 7 2.73* 0.085ns 1.73*** 70.92*** 23.41ns 1070.45*** 0.04*** 7 6.05* -
      SCA 20 0.79*** 0.042** 0.76* 4.44*** 11.73*** 435.85*** 0.00* 20 2.39*** -
      GCA*ENV 7 2.10*** 0.063** 1.08* 1.82ns 14.74*** 409.66** 0.00ns - - -
      SCA*ENV 20 0.63** 0.032ns 1.05*** 1.89ns 14.88*** 202.77* 0.00* - - -
Error 108 0.26 0.40 0.41 1.30 3.45 116.75 0.00 54 0.67 0.51
R2 0.95 0.75 1 0.91 0.85 0.89 0.72 0.77 0.47
CV (%) 25.75 21.47 22 1.64 42.91 5.98 8.12 16.92 33.50
Trial mean 2.00 0.60 3 69.29 4.33 180.64 0.52 4.83 2.13
Min 0.62 0.43 2 66.67 1.17 159.33 0.44 3.83 1.00
Max 2.67 0.80 4 73.00 7.33 198.33 0.64 9.00 3.33
SSgca/SS(gca + sca) 0.55 0.42 0.44 0.85 0.41 0.46 0.80 0.47 -
SSgca/Ssentry 0.55 0.42 0.44 0.85 0.41 0.46 0.80 0.47 -
SSsca/Ssentry 0.45 0.58 0.56 0.15 0.59 0.54 0.20 0.53 -
SSgca/SStotal 0.04 0.02 0.07 0.31 0.06 0.06 0.40 0.27 -

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%; ns = not statistically significant (p > 5%).

GY = grain yield; EPP = ears/plant, EA = ear aspect; AD = days to anthesis; ASI = anthesis-silking interval, PH = plant height; EPO = ear position; SEN= senascence;
   PA = plant aspect
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Table 4.5. Mean squares for grain yield and other traits of diallel cross hybrids evaluated under optimum conditions during 2017A and 
2018A in Kenya 
Source Df GY EPP EA AD ASI PH EPO PA Df HC Df TEX
ENV 5 223.62*** 0.53** 14.54*** 9377.38*** 70.97*** 35327.45** 0.16*** 3.47*** 3 2679.36*** - -
REP(ENV) 12 2.42** 0.23ns 0.65* 9.30*** 1.88ns 1162.3*** 0.00*** 0.39ns 8 144.71ns 2 0.25ns
Cross 27 13.26*** 0.18ns 2.06*** 86.11*** 25.28*** 2767.48*** 0.02*** 2.23*** 27 373.48*** 27 6.57***
Cross x ENV 135 2.32*** 0.16ns 0.78*** 5.44*** 4.58*** 363.87*** 0.00*** 0.50*** 81 147.01*** - -
      GCA 7 22.80*** - 1.43ns 292.47*** 86.89*** 5628.91*** 0.07*** 7.88*** 7 925.57** 7 20.00***
      SCA 20 9.92*** - 2.28*** 13.89*** 3.71*** 1765.98*** 0.00*** 0.26ns 20 180.24** 20 1.87***
      GCA*ENV 35 5.43*** - 1.84*** 13.25*** 9.16*** 575.93*** 0.00*** 0.90*** 35 179.97*** - -
      SCA*ENV 100 1.23* - 0.40* 2.70ns 2.98*** 289.65* 0.00* 0.36ns 100 56.09ns - -
Error 324 0.94 0.16 0.30 2.75 1.38 221.77 0.00 0.32 216 82.82 - -

R2 0.86 0.39 0.71 0.98 0.79 0.81 0.90 0.59 0.64 0.89
CV (%) 16.04 40.12 21.15 2.39 107.81 6.47 4.62 21.13 99.56 22.15
Trial mean 6.04 1.00 2.60 69.29 1.09 230.16 0.49 2.68 9.14 2.89
Min 2.91 0.85 2.11 65.06 -1.61 204.00 0.42 1.78 0.60 1.00
Max 7.35 1.48 3.89 74.72 3.67 255.17 0.53 3.33 23.65 5.00
SSgca/SS(gca + sca) 0.49 - 0.18 0.88 0.89 0.53 0.92 0.92 0.64 0.79
SSgca/Ssentry 0.49 - 0.18 0.88 0.89 0.53 0.92 0.92 0.64 0.79
SSsca/Ssentry 0.51 - 0.82 0.12 0.11 0.47 0.08 0.08 0.36 0.21
SSgca/Sstotal 0.08 0.03 0.04 0.29 0.10 0.28 0.22 0.13 0.70

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%; ns = not statistically significant (p > 5%).

GY = grain yield; EPP = ears/plant, EA = ear aspect; AD = days to anthesis; ASI = anthesis-silking interval, PH = plant height; EPO = ear position; PA= plant aspect; HC= husk cover  
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4.3.4. Mean performance for yield, MLN scores and drought 
parameters 
The highest yielding entry for grain yield under optimum conditions where the trial mean 

was 7.35 t/ha was entry 17 (CKDHL120172×CML494) with mean of 6.04 t/ha, while under 

MLN infestation the highest grain yield was 2.32 t/ha for entry 7 

(CKSBL10011×CKDHL120918) with trial mean of 0.43 t/ha; and under drought conditions 

the highest was 2.67 t/ha observed on entry 16 (CML442×CML494) with a trial mean of 

1.99 t/ha. The single cross CKSBL10011×CKDHL120918 also had the lowest MLN late 

score (2.83) under MLN environment, a grain yield of 2.01 t/ha under managed drought and 

5.50 t/ha under optimum conditions.  

On the other hand, entry 2 (CKSBL10011×CML494) was the only entry which was in the 

top ten rank in all environments. It was the 3rd in yield under optimum, 4th under managed 

drought and the 10th under severe MLN infestation. Entry 18 (CKDHL120918×CML494), on 

the other hand, was the only entry which showed good results across drought and MLN 

environments. It was ranked 8th in yield under drought with 2.26 t/ha and was the 3rd under 

MLN with 0.88 t/ha. It was classified as tolerant to MLN based on the late MLN scores. Entry 

17 (CKDHL120172×CML494) had the highest yield under optimum conditions and had a 

MLN score of 5 (tolerant) while entries 16 (CML442×CML494), 14 (CKSBL10027×CML494) 

and 12 (CKDHL120172×CKDHL121230) had yields above 6.60 t/ha under optimum and 

above 2.25 t/ha under drought conditions (Table 4.6).    
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Table 4.6. Means of GY, ASI, SEN and MLN for the top and bottom 10 hybrids under optimum, drought and MLN conditions during 2017A 
and 2018A in Kenya 

Rank Entry GY Entry ASI Entry GY Entry ASI Entry SEN Entry GY Entry MLN3
1 17 7.35 18 -1.61 16 2.67 2 1.17 11 3.83 7 2.32 7 2.83
2 15 7.05 8 -0.78 14 2.42 8 2.17 21 3.83 25 0.93 25 4.00
3 2 6.90 7 -0.44 1 2.40 27 2.17 8 4.17 17 0.90 4 4.50
4 8 6.87 2 -0.39 2 2.36 1 2.33 9 4.17 18 0.88 1 4.67
5 4 6.84 17 0.11 12 2.29 14 2.83 14 4.17 3 0.81 13 4.67
6 6 6.72 15 0.22 9 2.27 22 2.83 16 4.17 15 0.80 21 4.67
7 12 6.69 14 0.28 13 2.26 7 3.00 26 4.17 8 0.78 22 4.67
8 14 6.66 25 0.33 18 2.26 28 3.00 27 4.17 5 0.71 6 4.83
9 16 6.62 22 0.50 11 2.25 9 3.17 1 4.33 22 0.63 28 4.83
10 5 6.49 16 0.61 23 2.22 18 3.50 2 4.33 2 0.59 2 5.17

18 19 5.79 6 1.50 17 2.06 3 5.00 13 4.67 10 0.00 9 5.50
19 21 5.75 12 1.50 7 2.01 13 5.00 24 4.67 11 0.00 14 5.50
20 20 5.70 10 1.61 22 1.90 24 5.00 5 4.83 12 0.00 15 5.50
21 25 5.68 4 1.67 20 1.84 12 5.17 25 5.17 13 0.00 19 5.50
22 27 5.67 3 1.89 4 1.84 23 5.17 19 5.33 14 0.00 27 5.50
23 7 5.50 20 2.11 21 1.79 4 5.50 22 5.33 16 0.00 20 5.67
24 3 5.37 21 2.28 28 1.78 15 5.50 28 5.33 19 0.00 5 5.83
25 13 5.29 23 2.44 25 1.72 11 6.33 4 5.83 20 0.00 16 5.83
26 28 5.24 19 2.61 19 1.23 25 6.83 7 6.17 23 0.00 23 6.00
27 22 5.22 26 3.00 24 0.74 6 7.00 20 6.50 24 0.00 26 6.00
28 24 2.91 24 3.67 3 0.62 19 7.33 3 9.00 26 0.00 24 6.67

Mean 6.04 1.09 2.00 4.33 4.83 0.43 5.16
Min 2.91 -1.61 0.62 1.17 3.83 0.00 2.83
Max 7.35 3.67 2.67 7.33 9.00 2.32 6.67

LSD (5%) 0.65 0.77 0.74 2.11 0.95 0.24 0.76

OPTIMUM Drought Maize Lethal necrosis

GY= grain yield; ASI= anthesis-silking interval; SEN = senascence; MLN3= MLN score at late stage  
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4.3.5. General combining ability effects 
Parents 2 (CKSBL10011) and 8 (CML494) had positive and significant (p< 0.05) general 

combining ability (GCA) effects for grain yield under optimum conditions and MLN infested 

conditions and negative and significant GCA effects for maize lethal necrosis score under 

MLN infestation. Parent 7 (CKDHL120918) also showed positive and significant (p< 0.05) 

GCA effects for grain yield under MLN infested conditions and negative and significant 

effects for maize lethal necrosis scores under the same conditions. Positive GCA effects for 

grain yield were observed under managed drought, although their effects were not 

significant for all the parents. However, negative and significant GCA effects for leaf 

senescence were observed for parents 3 (CKDHL120172), 4 (CKDHL121230) and 8 

(CML494). CML494 also showed negative and significant GCA effects on anthesis-silking 

interval (ASI). Under optimum conditions, parent 7 (CKDHL120918) and parent 8 (CML494) 

had negative and significant GCA effects on ASI (Table 4.7).  

 
Table 4.7. General combing ability of parents for grain yield, anthesis-silking interval, senescence 
and MLN score under optimum, drought and MLN conditions during 2017A and 2018A in Kenya 

Genotype GY ASI GY ASI SEN GY MLN3
CKSBL10027 -0.32* 0.58*** -0.32 0.09 0.75*** -0.24*** 0.06
CKSBL10011 0.32* -0.18 -0.08 -0.38 0.86*** 0.48*** -0.55***
CKDHL120172 -0.23 0.86*** -0.19 0.48 -0.39* -0.14** 0.2
CKDHL121230 0.15 -0.15 0.29 -0.24 -0.61** -0.29*** -0.07
CML395 -0.27 0.82*** -0.33 1.62** 0.08 -0.14** 0.17
CML442 0.09 0.63*** 0.24 0.12 -0.31 -0.3*** 0.67***
CKDHL120918 -0.61*** -1.04*** 0.02 -0.66 0.22 0.47*** -0.77***
CML494 0.87*** -1.53*** 0.36 -1.02* -0.61** 0.15** 0.28*

DroughtOptimum MLN

GY= grain yield, ASI= anthesis-silking interval, SEN=senescence, MLN= MLN score at late stage  
 

4.3.6. Specific combining ability effects 
The single crosses CKSBL10011×CML395 and CKDHL120172×CML494 had positive and 

significant (p< 0.05) specific combining ability (SCA) effects of 0.74 and 0.66 for yield under 

optimum conditions while four single crosses CKSBL10011×CKDHL120918, 

CKDHL120172×CML494, CKDHL121230×CML494 and CML395×CML494 had positive 

and significant SCA for grain yield under maize lethal necrosis infestation. The single cross 

CKDHL120172×CML395 had unfavorable and significant SCA effects for grain yield under 

optimum and MLN scores under MLN infestation.  



111 
 

Five single crosses, namely CKSBL10027×CKDHL120172, CKSBL10027×CKDHL121230, 

CKSBL10027×CML494, CKSBL10011×CKDHL121230 and CKSBL10011×CML494 had 

favorable and significant SCA effects for leaf senescence under managed drought 

conditions, while four single crosses, CKSBL10027×CKDHL120172, 

CKSBL10011×CKDHL120918, CKDHL121230×CML442 and CML442×CKDHL120918 

showed negative and significant SCA effects for maize lethal necrosis scores under MLN 

infestation (Table 4.8). 

Table 4.8. Specific combining ability of crosses for grain yield, anthesis-silking interval, 
senescence and MLN score under optimum, drought and MLN conditions during 2017A and 

2018A in Kenya 

SC Pedigree GY ASI GY ASI SEN GY MLN
S12 CKSBL10027 × CKSBL10011 -0.68* 0.4 -0.99 0.96 2.56*** 0.13 0.33
S13 CKSBL10027 × CKDHL120172 0.25 -0.25 0.30 -0.06 -1.36** 0.11 -0.76**
S14 CKSBL10027 × CKDHL121230 0.03 -0.08 0.30 -1.01 -0.81* 0.09 0.35
S15 CKSBL10027 × CML395 0.33 0.12 -0.11 1.30 -0.33 -0.05 0.1
S16 CKSBL10027 × CML442 -0.11 -0.2 -0.08 0.30 1.22** 0.1 -0.23
S17 CKSBL10027 × CKDHL120918 0.11 -0.13 0.20 -0.92 -0.47 -0.04 0.21
S18 CKSBL10027 × CML494 0.07 0.14 0.38 -0.56 -0.81* -0.35*** -0.01
S23 CKSBL10011 × CKDHL120172 0.58 -0.27 0.39 2.58* -0.81* -0.24* 0.02
S24 CKSBL10011 × CKDHL121230 -0.08 0.07 0.18 -1.37 -0.75* -0.12 0.13
S25 CKSBL10011 × CML395 0.74* -0.07 0.24 -0.06 0.06 -0.32** -0.29
S26 CKSBL10011 × CML442 0.03 -0.05 0.03 -0.06 -0.56 0.09 0.55*
S27 CKSBL10011 × CKDHL120918 -0.26 0.32 0.07 -0.29 0.25 0.93*** -1.01***
S28 CKSBL10011 × CML494 -0.33 0.23 0.07 -1.76 -0.75* -0.48*** 0.27
S34 CKDHL120172 × CKDHL121230 0.72* -0.3 0.18 0.60 0.67 0.00 -0.29
S35 CKDHL120172 × CML395 -2.64*** 0.90** -0.74 -1.42 0.14 -0.15 1.13***
S36 CKDHL120172 × CML442 0.4 0.42 0.03 -1.09 0.03 0.01 -0.04
S37 CKDHL120172 × CKDHL120918 0.03 -0.19 -0.05 -1.15 0.67 -0.19 0.24
S38 CKDHL120172 × CML494 0.66* -0.31 -0.11 0.55 0.67 0.46*** -0.31
S45 CKDHL121230 × CML395 0.28 -0.15 0.11 -1.04 0.19 0 -0.26
S46 CKDHL121230 × CML442 -0.47 -0.58* -0.28 2.13 -0.08 0.16 -0.42*
S47 CKDHL121230 × CKDHL120918 -0.29 1.21*** -0.05 1.58 0.22 -0.61 0.35
S48 CKDHL121230 × CML494 -0.19 -0.19 -0.44 -0.90 0.56 0.48*** 0.13
S56 CML395 × CML442 0.37 -0.1 0.31 -0.90 -0.28 0.01 -0.01
S57 CML395 × CKDHL120918 0.51 -0.54 0.03 1.55 0.03 0.17 -0.56*
S58 CML395 × CML494 0.41 -0.16 0.15 0.58 0.19 0.36*** -0.12
S67 CML442 × CKDHL120918 0.15 0.09 -0.08 -1.62 -0.58 -0.08 -0.44*
S68 CML442 × CML494 -0.38 0.42 0.07 1.24 0.25 -0.29** -0.29
S78 CKDHL120918 × CML494 -0.25 -0.13 -0.12 0.85 -0.11 -0.18 0.33

GY= grain yield, ASI= anthesis-silking interval, SEN=senescence, MLN= MLN score at late stage

Genotypes Optimum Drought MLN
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4.4. Discussion 
4.4.1. Grain yield, drought, MLN tolerance and resistance parameters 

The highly significant environmental mean squares observed for all traits in all environments 

indicate that the experimental growing conditions were very different, each environment 

was unique and suitable for evaluating the test hybrids (Bello and Olaoye, 2009; Allinne et 

al., 2009; Aly et al., 2011; Beyene et al., 2012). Significance of test genotypes (entries) 

suggests that these hybrids were variable in their genetic constitution, a prerequisite for 

phenotypic selection.  Significant environmental effects for all traits combined with genotype 

× environment interactions for most of the trials including the main trait (GY) suggest that 

and hybrid stability across the environments for general adaptation can be explored as well 

as determining genotypes which are adapted to specific environments (Gomez and Gomez, 

1984; Pimentel-Gomes, 2009; Montgomery, 2015). Machida et al. (2010), investigating the 

combining ability of quality protein maize, reported that some of the traits were highly 

influenced by the environment. Therefore, selections based on multiple environments is 

important for release of maize varieties.  

The highly significant (p< 0.001) genetic variation observed under maize lethal necrosis, 

optimum drought conditions (Table 4.3 - Table 4.5) for GY was due to the significant 

contribution of both general and specific combining ability effects (MSgca and MSsca, 

respectively) implying that both additive and non-additive gene action played a significant 

role in the phenotypic expression of grain yield (Falconer and Mackay, 1996; Hallauer, 

2007; Acquaah, 2007; Hallauer et al., 2010). The observed highly significant (p<0.001) GCA 

x environment as well the SCA x environment, suggest that wide testing in target 

environments is required in selecting desirable parents or hybrids. The [SSgca / SS(gca + 

sca)] ratio of 0.49 under optimum, almost half, suggested that additive and non-additive 

gene actions contributed equally to the total genetic effects sum of squares for GY under 

this environment. However, under drought and MLN environments, additive gene effects 

were more dominant than non-additive, considering the SSgca / SS(gca + sca) ratio of 0.55 

and 0.65, respectively.  

The combined contribution of both additive and non-additive gene action for GY in maize 

under non-stressed conditions has been reported by several other researchers (Gamble, 

1962a,b; Eberhart and Hallauer, 1968; Stuber and Moll, 1971; Moreno-Gonzalez and 

Dudley, 1981; Melchinger et al., 1986) and more recently (Passos et al., 2010; Machida et 

al., 2010; Zare et al., 2011; De Oliveira et al., 2011; Mhike et al., 2011; Zare-kohan and 
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Heidari, 2012; Chen et al., 2012; Zeinab and Helal, 2014; Abdel-Moneam et al., 2014; 

Adebayo et al., 2014; Erdal et al., 2015; Ertino et al. 2017 ). The prevalence of additive 

effects in controlling yield under drought has been reported by several researchers in 

tropical maize including Betrán et al. (2003); Adebayo et al. (2014); Erdal et al., (2015); 

Chauque, (2016) and Ertino et al. (2017).    

Derera et al. (2008) found that the SCA effects were not significant for yield, suggesting that 

non- additive effects were not important in controlling yield under drought. Betrán et al. 

(2003) reported similar results, where GCA was significant under drought while SCA was 

not, indicating that additive genetic effects were more important than non-additive. Reports 

on studies on genetics of maize lethal necrosis in Africa are still limited because the disease 

is relatively new on the continent. Maize lethal necrosis (MLN) is a new outbreak disease 

in eastern Africa and has become a major threat to maize production in the region (Mahuku 

et al., 2015a). Beyene et al. (2017) reported a ratio of 1:1 for GCA/SCA for yield under MLN 

infestation, implying the similar importance of both additive and non-additive gene effects.  

The results above are in contradiction with results found in this study. From this study it was 

observed that additive gene effects were predominant that non-additive and also the ratio 

[SSgca/SStotal = 0.6] revealed that GY was mainly influenced by additive gene effects, with 

relatively moderate heritability estimates. Whereas MLN is a new disease in Africa, and the 

maize germplasm used in this study is of tropical origin, therefore, inferences drawn are still 

important.  Significant MSgca and MSsca for the early and late MLN scores, average 

number of ears per plant (EPP) under MLN virus infestation, anthesis date (AD) and 

senescence scores (SEN) under drought suggest that both additive and non-additive genes 

effects controlled the inheritance of these traits. However, the anthesis-silking interval (ASI) 

and EPP under drought showed only a significant MSsca, suggesting that only non-additive 

gene effects controlled these traits in this environment, and among the inbred lines used as 

parents.  

The traits, AD, ASI, EPP and SEN have been associated with tolerance to drought in many 

studies (Betrán et al., 2003; Badu-Apraku, 2007; Derera et al., 2008; Shira et al. 2010; 

Meseka et al., 2011; Araus et al., 2012; Badu-Apraku et al., 2012; Mhike et al., 2012; Erdal 

et al., 2015; Chauque, 2016 and Ertino et al. 2017). Although both additive and non-additive 

effects play a role in controlling the traits under MLN virus infestation, the additive gene 

effects are more important considering the ratio of [SSgca /SS(gca + sca)], which for all 
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traits was above 0.55. Beyene et al. (2017), concluded that additive gene action was more 

important than non-additive gene action for many traits including EPP and MLN scores at 

early and late stage and thus rapid progress for breeding for MLN can be achieved through 

recurrent selection. 

Under drought, although AD and SEN were influenced by both additive and non-additive 

effects, additive effects played a major role over non-additive effects for AD [SSgca/SS(gca 

+ sca) =0.85]. These findings agree with those reported by many researchers, including 

Betrán et al. (2003), Derera et al. (2008), Adebayo et al. (2014) and Chaúque (2016). The 

influence of both additive and non-additive gene effects for senescence found in this study 

have been reported also by Betrán et al. (2003), Derera et al. (2008), Adebayo et al. (2014) 

and Chaúque (2016). However, most studies found additive being more dominant than non-

additive, while in this study both effects were equally important.  

Non-additive gene effects were observed for ASI and EPP in this study contradicting most 

of the previous research work. Previous studies reported the influence of both additive and 

non-additive gene effects but with additive being predominant. However, Chaúque (2016) 

reported non-significant genetic effects for EPP under drought and optimum environments, 

while Bänziger et al. (2000) reported that EPP was affected mainly by severe drought 

stress. The fewer genotypes evaluated and the drought conditions could be the reason for 

this behaviour.  

 
 

4.4.2. Combined drought tolerance and resistance to maize lethal 
necrosis 

The existence of entries with good grain yield under optimum, drought and MLN virus 

infestation suggests that drought tolerance and MLN resistance can be selected for in the 

same hybrids, with low yield penalty. However, such entries were few, and these were 

CKSBL10011×CKDHL120918, CLDHL120918×CML494 and CKSBL10011×CML494. 

Under MLN where the average yield was 0.43 t/ha, these three hybrids had yield above 0.6 

t/ha, the best yielding being CKSBL10011×CKDHL120918 at 2.32 t/ha. Under drought, 

where the average was 2.0 t/ha, these hybrids yielded higher than average, and under 

optimum where the average was 6.04 t/ha, these hybrids had grain yield higher than 5.5 

t/ha.  
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Although, the single cross CKSBL10027×CKDHL120172 (entry 21) showed a negative and 

significance SCA for ASI and MLN score under drought and MLN, respectively, which are 

considered good secondary traits for selection due to their correlation with yield under 

respective environments (Mhike et al., 2012; Beyene et al., 2017). This hybrid did not show 

good performance under drought and MLN compared to others, most probably due to the 

potential yield of the lines per se. The three hybrids identified which showed good 

performance under the three environments, involved three parents, parent 2 

(CKSBL10011), parent 7 (CKDHL120918) and parent 8 (CML494). This suggests that these 

inbred lines have high allelic frequency for grain yield.  These parents showed favourable 

and significant effects under the three environments, meaning, although not yet reported, 

they should have some genes which confer some drought tolerance. CKSBL10011 showed 

a positive and significant GCA for yield under optimum and MLN and negative and 

significant GCA for MLN score under MLN environment. However, it had positive and 

significant GCA for ASI which is not favourable under drought. CKDHL120918 revealed 

negative and significant GCA for ASI and MLN score under optimum and MLN virus infested 

environment, which is a favourable effect. It also showed a positive and significant GCA for 

grain yield under MLN infestation. CML494 showed positive and significant GCA for grain 

yield under optimum and MLN conditions, negative and significant GCA for ASI and SEN 

under optimum and drought conditions. However, CML494 showed a positive and 

significant GCA for MLN score under MLN virus infested environment. Positive GCA is 

favourable for the traits which have a positive selection and negative GCA is favourable for 

traits which have a negative selection (Hallauer et al., 2010). These parents can therefore 

be used in a breeding program for drought tolerance and MLN resistance. The combination 

of good grain yield and high levels of resistance to MLN and drought tolerance is an 

indication that it is possible to develop hybrids with combined drought tolerance and MLN 

resistance. However, since most of the drought tolerance and MLN resistance traits are 

mainly controlled by additive effects, the inbred lines should be developed separately under 

the different stresses. 
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4.5. Conclusion 

The findings of this research provide evidence from which the following deductions can be 

made: 

1. The managed drought and MLN virus infestation conditions during the experimental 

growing periods of this research study were enough to discriminate the genotypes 

than under optimum conditions. The stressed environments were significantly different 

from the optimum environment and the significant genotype × environment interaction 

revealed that the level of performance and ranking of the hybrids depended on 

growing conditions. 

 

2. General and specific combining ability effects were significant for most of the important 

traits under the three environments, except PH and EPO under MLN virus infestation, 

ASI and EPP under drought and PA under optimum, indicating importance of both 

additive and non-additive gene action in controlling these traits. However, additive 

gene action was generally predominant in most of the cases and its predominance 

increased from drought, optimum and MLN, in that order. 

3. Improvement of tropical maize for combined drought tolerance and MLN resistance is 

possible in these set of parents and it can be faster when selection is conducted under 

combined drought and MLN, than under separate environments. 

 

4. Three inbred lines CKSBL10011, CKDHL120918 and CML494 which are stem borer 

and MLN resistant were good combiners and can be good sources of resistance 

genes in breeding for combined drought tolerance and MLN resistance in maize. 
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5. CHAPTER FIVE 
 

Combining ability for drought tolerance and maize weevil 
resistance in tropical maize germplasm 

 

Abstract 

Drought and the maize weevil are the most common stresses experienced by small scale 

farmers in maize grain production and storage, respectively. This study was carried out to 

assess gene action controlling maize grain yield and other agronomic traits under drought, 

and storage traits under artificial maize weevil infestation. Twenty-eight single cross maize 

hybrids generated from a half diallel mating design, involving eight inbred lines were 

evaluated during seasons 2017A and 2018A across six locations under optimum conditions, 

and during seasons 2017B and 2018B under managed drought across two locations in 

Kenya. After harvesting, the optimum sites’ grain samples were evaluated for maize weevil 

resistance under artificial infestation in a post-harvest laboratory. Highly significant (p≤ 0.01) 

genotype and genotype × environment interaction mean squares for grain yield and days 

to anthesis under drought and optimum conditions were observed, revealing that there was 

a differential response of hybrids to changes in growing conditions. Highly significant 

genotypic effects were also observed on the key parameters for maize weevil resistance; 

Dobie’s susceptibility index (dSI), living insects, weight loss and seed damage (SD). Genetic 

analysis resulted in highly significant mean squares (p<0.001) due to both general 

combining ability (GCA) and specific combining ability (SCA) for grain yield under drought 

and significant (p<0.05) under optimum conditions, suggesting the importance of both 

additive and non-additive effects. Under maize weevil infestation, highly significant mean 

squares (p< 0.001) due to both GCA and SCA for the key parameters were observed except 

for GCA mean squares for weight loss which was significant (p<0.05). Additive gene action 

was predominant over non-additive for dSI, SD and living insects under insect infestation 

and for grain yield under drought. One hybrid, CKDHL120731 × CKDHL120517 showed 

tolerance to drought and resistance to maize weevil, while 24 hybrids showed only tolerance 

to drought.  
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5.1. Introduction 
Maize (Zea mays L.) is the leading cereal in global production followed by wheat and rice 

and is the main staple food in many African countries, including Mozambique (Ukeh et al., 

2010; Statista, 2019). However, its production and storage is below the demand because 

of yield losses caused by both field and storage pests (DeGroote, 2002). Drought and maize 

weevils are among the most important challenges in the maize value chain and are some 

of the causes of food insecurity in Africa, with  drought being the most devastating constraint 

to crop production worldwide (Toker et al., 2007; Hao et al., 2011; Mir et al., 2012).  Drought 

can reduce maize grain yield by 17 to 90%, being high when the stress occurs during 

flowering and grain filling stages (Edmeades et al., 1992; Bolaños and Edmeades, 1996; 

Bänziger et al., 2000).  

Imminent climate change which increases global warming resulting in unpredictable rainfall 

and natural disasters may worsen drought in the near future, subjecting maize to more 

drought-prone environments (Bolaños and Edmeades; 1996, Betrán et al., 2003a; Campos 

et al., 2004; Messmer et al., 2009; Hao et al., 2011; Mir et al., 2012). Therefore, breeding 

of drought-tolerant maize varieties is considered vital to increase the world’s maize 

production (Campos et al., 2004; Xiong et al., 2006) guaranteeing food security globally 

(Mir et al., 2012). CIMMYT and IITA have adopted drought, as a main objective in their 

breeding programmes for years, aimed towards achievement of food security in sub-

Saharan Africa (Monneveux et al., 2006). 

The maize weevil, Sitophilus zeamais (Motschulsky), on the other hand, is among the most 

damaging storage pests of maize in the tropical and subtropical regions. Small scale 

farmers experience widespread damages due to this pest. Worldwide, stored grain losses 

range from 20 to 90% have been observed in untreated maize due to S. zeamais infestation 

(Delima, 1987; Giga and Mazarura, 1991). In Mozambique, losses up to 20% have been 

reported under smallholder storage systems (Cugala et al., 2007). Maize weevil thrives well 

in temperatures ranging between 15°C and 34°C and causes both quantity and quality 

losses (Giga et al., 1991; Derera et al., 2014). Infestation starts in the field especially in the 

early maturing, open-tipped genotypes and this can lead to ear rot and secondary pathogen 

infections, such as mycotoxins, resulting in production of aflatoxins and fumonisins, which 

are detrimental to human health (Kankolongo et al., 2009; Dari et al., 2010).  
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These infections lower the market value of the grain and also endanger the lives of the 

consumers of the infected grain. In many countries, including Mozambique, maize breeding 

programmes primarily focused on breeding for high grain yield, resistance to diseases and 

field pests and little focus on storage pests. It was always assumed that pesticides were the 

most effective and affordable method of controlling the pests (Dhliwayo and Pixley, 2003). 

Different synthetic insecticides, including pirimiphos-methyl and other organophosphates 

applied as liquid or powder have been advocated worldwide but the use in many countries, 

especially sub-Sahara African is very low due to cost (Dhliwayo and Pixley, 2003; Fato et 

al., 2008; Cugala et al., 2007; Golob, 2002). The use of chemicals also poses an 

environmental and health risk because they are indiscriminative in nature, and have side-

effects both directly to the health of the farmer, and to the environment; whereas biological 

control methods are generally not effective although safe (Dalvie et al., 2009; Meissle et al., 

2010). 

Drought in the field and infestation of grain by maize weevils in storage can occur 

simultaneously during the main cropping seasons, thus reducing the harvest yield and 

threatening the food security in many tropical and subtropical environments. Knowledge of 

the inheritance of combined traits is an important pre-requisite for successful breeding 

aimed at developing cultivars that can cope with these challenging stresses. The type and 

magnitude of gene action governing the phenotypic expression of quantitative traits has 

been extensively studied in maize (Hallauer, 2007). Under drought, Betrán et al. (2003a) 

observed that additive gene action coupled with the severity of drought was important in 

tropical maize inbred lines.  In a different study, Derera et al. (2008) also reported that 

additive gene action was predominant in the expression of most traits, especially grain yield, 

under both stressed and non-stressed conditions when they evaluated Southern Africa 

maize inbred lines.  

However, the importance of non-additive gene action was more pronounced under non-

stressed environments. This suggested that, regardless of the type of germplasm, gene 

action seems to change depending on the intensity of drought stress. Similar findings were 

reported for drought tolerance in maize by several other researchers, including Meseka et 

al. (2011) and Makumbi et al. (2011). Under maize weevil infestation, Derera et al. (1999) 

reported that additive gene action was more significant than non-additive gene action in 

defining resistance to the maize weevil, whereas Dhliwayo and Pixley (2003) reported that 

additive, non-additive and maternal effects were all important in controlling maize weevil 
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resistance in maize hybrids. Dhliwayo et al. (2005) and Dari et al. (2010) also observed that 

both additive and non-additive gene effects were important in the inheritance of maize 

weevil resistance, although additive was predominant over non-additive gene action for the 

main weevil resistance parameters. As a result of climate change, the level of drought and 

maize pests has increased in maize-growing areas and these stresses often occur together. 

Therefore, it is important to combine drought-tolerance and maize weevil resistance in the 

same variety.  

This study therefore aimed at identifying maize hybrids with combined resistance to weevils 

and tolerant to drought stresses and determining the gene action controlling the inheritance 

of both drought and weevil resistance under optimum, drought and maize weevil infestation. 

The findings will be used for devising a strategy for breeding multiple stress 

tolerance/resistance in maize, thus increasing food security and improving livelihoods for 

the small-holder farmers in Africa. 

 

5.2. Materials and Methods  

5.2.1. Germplasm  
Eight maize inbred lines from the International Maize and Wheat Improvement Center 

(CIMMYT) developed from different projects (Table 5.1) were crossed in a half diallel mating 

design in June 2016, during the 2016B season at CIMMYT´s new site at Kenya Agricultural 

and Livestock Research Organization (KALRO) at Kiboko. Twenty-eight single cross 

hybrids were generated. The procedure used to manage the crosses and pollination has 

been described in chapter 3 section 3.2.1.   
 
Table 5.1. List of the inbred lines involved in the diallel-cross and their attributes. 

Designation Inbred line name Attributes Origin

Parent 1 (P1) CKSBL10027 Stem borer resistant CIMMYT- Kenya
Parent 2 (P2) CKSBL10011 Stem borer resistant CIMMYT- Kenya
Parent 3 (P3) CKDHL120172 Drought tolerant CIMMYT- Kenya
Parent 4 (P4) CKDHL121230 Drought tolerant CIMMYT- Kenya
Parent 5 (P5) CKSBL10082 Stem borer resistant CIMMYT- Kenya
Parent 6 (P6) CKSBL10060 Stem borer resistant CIMMYT- Kenya
Parent 7 (P7) CKDHL120731 Storage pests resistant CIMMYT- Kenya
Parent 8 (P8) CKDHL120517 Storage pests resistant CIMMYT- Kenya  
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5.2.2. Testing environments and field management 
The agro-climatic conditions for the three sites used for evaluating the experimental hybrids 

are described in Table 5.2. The three sites, Kiboko, Kakamega and Embu were used to 

evaluate the hybrids under optimum conditions, while Kiboko alone was used to evaluate 

the same hybrids under managed drought in the off season (season B). At all the sites, 

evaluations were done over two seasons (2017A and 2018A), resulting in a total of six 

optimum environments and two managed droughts. The choice of sites and trial 

management (optimum and managed drought) have been described in Chapter 4, section 

4.2.2. After harvesting of the optimum trials, the grain was prepared for post-harvest 

evaluation at the post-harvest laboratory situated at KALRO-Kiboko (37°42' 50.98'' E, 

02°13' 56.56'' S; 947 masl). 
  

Table 5.2. Description of the sites used for the maize hybrid evaluations 

Site Latitude Longitute
Elevation 

m asl
Rain fall         

(mm)
Temperature (°C)              

min        max Soil texture

KALRO- Kiboko  2°15’S  37°75’E 975 530 14.3            35.1 Sandy clay
KALRO- Kakamega 0°16’N 34°45’E 1585 1916 12.8            28.6 Sandy loam
KALRO- Embu 0° 49'S 37° 42'E 1510 1200 14.1           25.0 Clay loam  

5.2.3. Experimental design and planting 
The trial consisted of 28 test F1 hybrids and two commercial hybrid checks and two internal 

checks (within CIMMYT breeding program). For each group of the checks, one was tolerant 

to drought and one resistant to storage pests. The trial design was a 4 x 8 α-lattice, with two 

rows per plot, replicated three times. The rows were 4.5 m long, with 19 hills per row, and 

inter-row spacing of 0.75 m and inter-row spacing of 0.25 m, corresponding to a plant 

density of 53,333 plants ha-1. In each hill, two seeds were planted and thinned to one plant 

two weeks after germination, except for border rows which maintained two plants per hill.  

 

5.2.4. Post-harvest insect resistance screening 

At harvest, clean ears from each plot were selected, and grain type was collected before 

shelled and then data on moisture and some grain biochemical properties such as starch, 

oil and protein content were measured using calibrated Infratec™ 1241 Grain Analyzer. The 

Infratec™ 1241 Grain Analyzer uses the infrared technology and gives instant readings of 

the parameters that are set (GRAINtec, 2011). Starch, oil, moisture and protein content in 

the grain have been related with resistance to storage pest in maize (Serratos et al., 1987; 
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Arnason et al., 1997; Dhliwayo and Pixley, 2001; Garcia-Lara et al., 2004; Nhamucho et al. 

2017) 

After harvest, the maize cobs were sun dried for seven days and an application of 

Gastoxin™ (phosphine fumigant) was used to fumigate the grain in plastic drums for seven 

days to kill insects or eggs, which might have come from the field. Equal weights of 100±1 

g of clean, undamaged grains from each plot were placed in clean 250 cm3 glass jars in 

the post-harvest laboratory. The jars and the acclimatization process were similar to that 

described in chapter 3, section 3.2.3. After the acclimatization period, 50 unsexed, adult 

active maize weevils aged 20 - 25 days old were randomly selected from the laboratory 

culture and introduced in all jars. The jars were placed in shelves in CTH room, with each 

treatment replicated three times using the field randomization laid out in a Completely 

Randomized Design (CRD).  

The CRD was used because in the CTH room the environmental conditions were constant 

and uniform, so the observed differences on the measured parameters were attributed to 

the genotype effects only. The jars were left undisturbed for a period of 10 days oviposition 

period as recommended by Siwale et al. (2009) and Dari et al. (2010). After this period, 

maize weevils (the adult parents) were taken out from the jars by sieving maize using 4.7 

mm and 1.0 mm sieves (Endecotts Limited, UK), separating insects, grains and powder. 

The grain remained on the 4.75 mm mesh, maize weevil insects went through the 4.75 mm 

mesh opened sieve and were collected onto the 1.00 mm mesh opening sieve while the 

powder went through the sieves and collected in the lower pan.  During parental removal, 

dead and live maize weevils were counted using tweezers and a tally counter. The tweezers 

helped to check whether the immobile weevils were alive or dead. The number of dead 

parental insects was used to compute the parent mortality during the oviposition period.  

5.2.5. Data collection 
The data collection was done on plot basis. Recommended procedures by CIMMYT 

(CIMMYT, 1985) and Magorokosho et al. (2008) were followed for data collection in the 

field. The first and the last plants in each plot were taken as border plants, therefore, they 

were not used for the assessment of any trait. Data was collected on: days to silking (SD), 

days to anthesis (AD), plant height (PH) and ear height (EH), grain yield per plot, number 

of plants at harvest (NP), number of ears at harvest, field weight, grain weight (GW), grain 

moisture, ear aspect (EA) and plant aspect (PA).  Anthesis-silking interval (ASI), ear position 



131 
 

(EPO) and ears per plant (EPP) were calculated or estimated from the collected data. At 

the drought sites, leaf senescence (SEN) was also assessed. 

 

The grain yield (GY) in tonnes per hectare (tha-1) from g/m2, was calculated as follow: 

 

For the post-harvest experiments, data collection started 25 days after parental removal. 

The number of emerged maize weevils was counted and removed from the jars every two 

days until no more weevils emerged. The two-day interval of counts and removal was 

applied to avoid mating of the emerged insects and laying of eggs in the maize samples to 

produce new insects, since S. zeamais only mate from three days old (Walgenbach and 

Burkholder, 1987; Danho et al. 2002; Ukeh et al. 2010).The parental removal was done by 

sieving contents of the jars on 4.7 mm and 1.0 mm sieves.  

The Dobie’s susceptibility Index (dSI) was calculated to categorize the entries into resistant 

or susceptible types using formula below (Dobie, 1974): 

1

1ln100
Fofperiodtdevelopmenmedian

emergedadultsFofnumbertotaldSI ×=        

Where: ln is the natural logarithm 

After all the progeny had emerged in each jar, the progeny emergence and the median 

development period (MDP) were estimated per jar. Progeny emergence was considered as 

the total number of emerged insects in each jar while MDP as the time in days from the 

middle of the oviposition period (5 days) to the emergence of 50% of the progeny (Dobie, 

1974). The classification of the genotypes into resistant or susceptibility was done based 

on the below scale (Pixley, 1997). 

 
 
 

 

Dobie Index Classification 
≤ 4.0 Resistant 
4.10 – 6.0 Moderately Resistant 
6.10-   8.0 Moderately Susceptible 
8.10 – 10.0 Susceptible 
>10  Highly Susceptible 
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After determination of the progeny emergence, each glass jar was opened and the contents 

separated using the sieves described under 5.2.4 above. The grains were hand-sorted into 

damaged and undamaged. Each group was then counted and weighed. Grains with holes 

and/or tunnels caused by insects were considered damaged. Seed damage was calculated 

as a percentage by dividing the insect damaged seed with the total number of seeds in the 

sample, while weight loss (WL) was calculated using the Count and Weigh method 

developed by Boxall (1986), expressed by the formula below:  

100
)(*

**(%) ×
+

−
=

NuNdWu
NuWdNdWulossWeight      

Where:  

Wu = weight of undamaged grains,         Wd = weight of insect damaged grains  

    Nu = number of undamaged grains          Nd = number of insect damaged grains 

 

5.2.6. Analysis of agronomic and post-harvest performance 

For agronomic performance, single and combined environment analyses were carried out 

for the 4×8 α-lattice design (Bänziger et al., 2000) in Fieldbook-IMIS5 (Banziger et al., 2012) 

statistical software developed by CIMMYT, following the REML procedure, mixed model. 

Hybrid effects were considered as fixed while the effects of the rest of the sources of 

variation were random. For post-harvest performance, single as well as combined analyses 

were carried out for the complete randomized design (no block or replication effects), where 

the sources of variances are only the hybrids and the error and the hybrids were considered 

fixed effects.   

The statistical models used for the single and across sites analyses for drought and 

optimum was similar to that described in chapter 4 section 4.2.5.  

The maize weevil parental mortality (%), seed damage (%) and grain weight loss (%) were 

transformed with angular-transformation ( proportionarcsin ) while the data for progeny 

emergence were transformed with logarithm transformation base 10,   ( )1(lg10 +x ), where 

x is the observed value as recommended by Gomez and Gomez (1984). These were done 
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to normalize the data for analysis, but the final results were presented as back transformed 

means. 

 

5.2.7. Genetic analysis 
Genetic analysis was carried out following the Griffings’ Method IV (which excluded the 

parents and the reciprocal crosses) and model I (fixed) (Griffing, 1956a, Griffing, 1956b). 

The procedure was similar to that described in chapter 4 section 4.2.6.  The genetic analysis 

was done using only the 28 hybrids that were generated for the half diallel mating design. 

 

5.3. Results 

5.3.1. Performance and combining ability estimates 

Combined analysis of variance for each field environment and post-harvest performance 

are shown in Tables 5.3 to 5.5. Statistical models significantly explained the total variation 

observed for all traits in all individual and across environments analyses and the coefficients 

of determination (R2) for grain yield (GY) ranged from 0.90 under drought to 0.92 under 

optimum while the R2 for post-harvest Dobie’s susceptibility index (dSI) was 0.81. Highly 

significant (p<0.001) differences were observed for the genotypes for the different 

measured traits, except anthesis-silking interval (ASI) under drought, number of ears per 

plant (EPP) under optimum, which were significant (p<0.05) and median development 

period (MDP) and grain oil content (OIL) under post-harvest evaluation which were non-

significant.  

Environmental effects and genotype × environment (GxE) interaction effects were also 

significant for most traits except EPP, ear position (EPO) and leaf senescence (SEN) under 

drought and MDP, weight loss (WL) and OIL under post-harvest evaluation where GxE was 

non-significant. Means for GY were 2.65 t/ha under drought and 5.37 t/ha under optimum. 

The Dobie’s Susceptibility Index (dSI) ranged from 3.73 to 10.01. 
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5.3.1.1. Performance of the hybrids under managed drought stress 
conditions  

The climatic data of the two seasons during the trial growth are presented in chapter 4 

section 4.3.1 on graphics 4.3.1 and 4.3.2 for 2017A and 2018A. The temperatures were 

slightly higher in 2017 compared to 2018A and the relative humidity was relatively lower in 

2017 compared to 2018, which affected negatively some of the collected traits. The trial 

performance was greater in 2018 than 2017, where the grain yield ranged from 0.50 to 5.74 

t/ha with a mean of 3.86 t/ha while in 2017 the grain yield ranged from 0.23 to 2.05 t/ha with 

a trial mean of 1.43 t/ha. In 2017, only one entry (4%) yielded 2.00 t/ha and the rest were 

lower, while in 2018 around 24 entries (86%) yielded 3.0 t/ha and higher. In 2017, the trial 

days to anthesis (AD) varied from 62 to 70 days with anthesis-silk interval (ASI) ranging 

from -1 to 8 days while in 2018A it ranged from 70 to 96 days, with ASI ranging from 0 to 3 

days (Appendix 5-1).  

The general combining ability mean squares (MSgca) were highly significant (p<0.01) for 

all parameters except for the plant aspect (PA) and ASI which were significant (p<0.05) and 

for AD which were not significant. The specific combining ability mean squares (MSsca) 

were highly significant (p<0.001) for grain yield (GY), plant height (PH) and senescence, 

significant (p<0.05) for EPP, AD, PA and EA and non-significant for ASI and EPO. The 

ratios for sum of squares [(SSgca/ SS(gca + sca)], ranged from 0.29 for AD to 0.88 for EPO. 

The senescence, plant aspect and ear position showed the highest values of the proportion 

of GCA effects to the total observed genetic variability [(SSgca/SStotal)], 0.3, 0.33 and 0.42, 

respectively which can suggest good heritability while EPP, AD and ASI showed the lowest 

proportion of 0.05, 0.05 and 0.08, respectively. In this environment the coefficients of 

determination (R2) varied from 0.62 to 0.95, having the lowest for PA and the highest for 

AD. The grain yield showed the coefficients of determination of 0.90 (Table 5.3). 
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Table 5.3. Mean squares for grain yield and other traits of the 28 diallel cross hybrids evaluated under managed drought during 
2017A and 2018A in Kenya 

Source DF GY EPP AD ASI PH EPO PA EA SEN
ENV 1 247.71*** 4.13*** 2572.89*** 58.82* 33688.34*** 0.05*** - 18.6*** 10.01**
REP(ENV) 4 21.02*** 0.78*** 16.83* 66.35*** 4087.27*** 0.00*** 0.76ns 6.77*** 33.41***
Cross 27 3.23*** 0.06** 66.86*** 23.02* 1460.49*** 0.00*** 1.80*** 1.81*** 10.40***
Cross x ENV 27 1.65*** 0.03ns 129.91*** 27.45** 146.51* 0.00ns - 1.21** 1.16ns
      GCA 7 8.34*** 0.09** 58.97ns 27.76* 3941.91*** 0.02*** 3.77* 4.23** 25.06**
      SCA 20 1.43*** 0.05* 51.49* 12.40ns 591.99*** 0.00ns 1.11* 0.94* 5.27***
      GCA*ENV 7 4.77*** 0.03ns 24.94ns 1.83ns 348.04*** 0.00ns - 2.84*** 3.01*
      SCA*ENV 20 0.56ns 0.02ns 48.82ns 9.13ns 75.97ns 0.00ns - 0.64ns 0.52ns
Error 108 0.49 0.03 5.42 12.10 90.18 0.00 0.56 0.52 1.13
R2 0.90 0.77 0.95 0.63 0.91 0.80 0.62 0.69 0.79
CV 26.51 21.66 3.38 94.34 5.02 4.11 33.04 26.47 18.94
Trial mean 2.65 0.75 70.25 3.03 189.07 0.54 2.27 2.73 5.61
Min 0.37 0.35 66.19 -1.00 149.67 0.49 1.00 2.17 3.75
Max 3.55 0.35 79.57 8.00 210.33 0.58 4.33 4.50 9.00
SSgca/SS(gca + sca) 0.67 0.38 0.29 0.44 0.70 0.88 0.54 0.61 0.62
SSgca/Ssentry 0.67 0.38 0.23 0.31 0.70 0.88 0.54 0.61 0.62
SSsca/Ssentry 0.33 0.62 0.57 0.40 0.30 0.12 0.46 0.39 0.38
SSgca/SStotal 0.11 0.05 0.05 0.08 0.27 0.42 0.33 0.16 0.30

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%; ns = not statistically significant (p > 5%).

GY = grain yield; EPP = ears/plant, AD = days to anthesis; ASI = anthesis-silking interval, PH = plant height; EPO = ear position;
PA = plant aspect; EA = ear aspect; SEN= senascence  
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5.3.1.2. Performance of the hybrids under optimum conditions 
The genotypes under optimum conditions were significantly different and high yielding 

compared to the drought stress environments. Environmental effects and genotype × 

environment (GxE) interaction effects were significant for all the measured parameters. The 

grain yield varied from 2.99 to 6.65 t/ha with an average of 5.37 t/ha. The ASI was lower 

varying from - 0.17 to 2.0 compared to the ASI under drought conditions which showed an 

average of 0.79 days, while the anthesis days varied from 65 to 71 days (Table 5.4). All 

traits showed medium to high coefficients of determination (R2) ranging from 0.60 (for plant 

aspect (PA)) to 0.99 for days to anthesis, except number of ears per plant (EPP) which 

showed a coefficient of determination of 0.50. The coefficient of variation was lower than 20 

in most of the traits except for ASI which was high due to the nature of the trait. Out of the 

28 evaluated hybrids 13 (46.4%) had across environments yield higher than 5.5t/ha 

(Appendix 5-2).  

The general combining ability mean squares (MSgca) were significant at p<0.05 for all traits 

except ear aspect (EA) while the mean squares due to specific (MSsca) combining ability 

were highly significant (p<0.01) for GY, AD, PH, EPO and EA and non-significant for EPP, 

ASI and PA.  MSgca were highly influenced by the environment compared to the MSsca. 

MSsca for EPP, ASI, and EPO were not influenced by the environment. The ratios for sum 

of squares [(SSgca /SS(gca + sca)], ranged from 0.41 for EA to 0.84 for AD. The lowest 

proportion of GCA effects to the total observed genetic variability [(SSgca / SStotal)] was 

0.02 for AD and the maximum was 0.17 for EPO. 
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Table 5.4. Mean squares for grain yield and other traits of the 28 diallel cross hybrids evaluated under optimum conditions 
during 2017A and 2018A in Kenya 

Source DF GY EPP AD ASI PH EPO PA EA
ENV 5 357.61*** 0.20*** 10146.89*** 44.76*** 57885.22** 0.18*** 2.32*** 22.35***
REP(ENV) 12 5.36*** 0.02* 12.97*** 2.60** 357.34** 0.00*** 0.30ns 1.08***
Cross 27 11.12*** 0.02* 57.22*** 5.12*** 3389.32*** 0.01*** 0.59** 2.58***
Cross x ENV 135 2.68*** 0.02* 7.56*** 1.61** 533.11*** 0.00*** 0.86*** 0.66***
      GCA 7 19.44* 0.04* 185.18*** 15.00*** 7121.86* 0.034* 1.06* 4.10ns
      SCA 20 7.70** 0.01ns 12.43*** 1.66ns 2082.93*** 0.00*** 0.42ns 2.05***
      GCA*ENV 35 5.80** 0.02** 19.43*** 2.13** 924.12*** 0.00*** 1.63*** 1.28***
      SCA*ENV 100 1.58** 0.01ns 3.41** 1.42ns 252.31*** 0.00ns 0.59*** 0.44***
Error 324 0.69 0.01 2.35 1.15 125.59 0.00 0.30 0.24

R2 0.92 0.50 0.99 0.62 0.92 0.90 0.60 0.79
CV 15.52 11.62 2.24 135.49 4.94 4.58 20.21 18.02
Trial mean 5.37 0.93 68.56 0.79 226.89 0.50 2.71 2.71
Min 2.99 0.85 65.06 -0.17 189.27 0.43 2.22 1.94
Max 6.65 1.02 71.44 2.00 252.67 0.54 3.00 3.94
SSgca/SS(gca + sca) 0.47 0.55 0.84 0.76 0.54 0.87 0.47 0.41
SSgca/Ssentry 0.45 0.55 0.84 0.76 0.54 0.87 0.47 0.41
SSsca/Ssentry 0.51 0.45 0.16 0.24 0.46 0.13 0.53 0.59
SSgca/Sstotal 0.05 0.04 0.02 0.11 0.12 0.17 0.03 0.08

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%; ns = not statistically significant (p > 5%).

GY = grain yield; EPP = ears/plant; AD = days to anthesis; ASI = anthesis-silking interval, PH = plant height; EPO = ear position
PA= plant aspect; EA= Plant aspect  
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5.3.1.3. Performance of the hybrids under maize weevil infestation 

The results showed differences in maize weevil resistant reactions among the evaluated 

hybrids. The Dobie’s susceptibility index (dSI) was used to group the genotypes into 

different resistance categories ranging from 3.73 to 10.01, with a mean of 8.25. It was 

observed that out of the 28 hybrids evaluated, only one (0.4%) was classified as resistant, 

12 (42.9%) susceptible and 15 (53.6%) highly susceptible. The number of parent mortality 

and the number of final living insects had great influence on weight loss and seed damage. 

Only seven entries (25%) showed less than 50 living insects and only two entries (0.07%) 

showed parent mortality more than 30%. The grain weight loss ranged from 1.42 to 7.99% 

with only five hybrids (17.9%) with less than 2.5% weight loss. Seed damage was higher 

than the grain weight loss, ranging from 11.64 to 34.12%, with 19 hybrids (67.9%) having 

seed damage higher than 20% (Appendix 5-3).  

Among the evaluated hybrids, 14% were flint, 35.7% semi flint, 21.4% semi flint/semi dent 

and 28.6% semi-flint. The protein content among the hybrids varied from 9.09% to 11.40%, 

while the starch ranged from 68.45% to 70.26%. The oil content and the insect medium 

development period was not significantly different among the hybrids. In this environment, 

the coefficients of determination (R2) varied from 0.42 to 0.95, with the lowest being for oil 

content which was not significant. The Dobie’s susceptibility index (dSI), number of living 

insects (living insects), grain texture (TEX), grain starch (STARCH) and grain moisture 

(MOI) showed R2 above 0.8 (Table 5.5). 

The general combining ability mean squares (MSgca) were highly significant (p<0.01) for 

all traits except for the weight loss (WL) and grain moisture (MOI) which were significant at 

5%. (p<0.05). The specific combining ability mean squares (MSsca) were also highly 

significant (p<0.001) for most of the collected traits, excluding seed damage (SD) which 

was significant at 5% (p<0.05) and weight loss and parental mortality which were non-

significant. The grain texture and the protein content showed the highest values of the 

proportion of GCA effects to the total observed genetic variability [(SSgca/SStotal)], 0.38 

and 0.30, while grain moisture and insect parent mortality showed the lowest values with 

0.02 and 0.04 respectively. The ratios for sum of squares [(SSgca/SS(gca + sca)] for all 

traits were above 0.5, where the highest was observed for grain protein content (0.89) and 

the lowest observed on grain weight  (0.51). 
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Table 5.5. Mean squares for post-harvest insect pest parameters due to infestation of maize weevil (S. zeamais) conditions of 
the 28 diallel cross hybrids evaluated during 2017A and 2018A in Kenya 

Source DF SI MDP living MW WL SD PM OIL PROTEIN MOI STARCH TEX
ENV 5 217.19*** 1591.14*** 9.37225*** 0.00072*** 0.00401*** 0.02524*** 28.67*** 34.39*** 364.71** 146.35*** 19.85***
REP(ENV) 12 2.67ns 8.68ns 0.05691ns 0.00017* 0.00018* 0.00028* 3.19ns 0.32ns 0.62* 0.84* 0.92ns
Cross 27 28.18*** 27.56ns 0.82353*** 0.00019*** 0.00068*** 0.00045*** 4.41ns 7.29*** 3.31*** 4.30*** 17.08***
Cross x ENV 135 3.40*** 17.06ns 0.12079*** 0.00009ns 0.00015*** 0.00020ns 3.42ns 0.61*** 1.22*** 0.71*** 0.94***
      GCA 7 72.73*** - 2.14515*** 0.00036* 0.00214*** 0.0011** - 24.73*** 7.34* 11.90*** 43.34***
      SCA 20 12.60*** - 0.36096*** 0.00012ns 0.00016* 0.0002ns - 1.08*** 2.18*** 1.63*** 7.55***
      GCA*ENV 35 2.57* - 0.15276*** 0.00010ns 0.00019*** 0.00035*** - 1.17*** 2.29*** 1.06*** 1.16***
      SCA*ENV 100 3.69*** - 0.1096*** 0.00009ns 0.00014** 0.00014ns - 0.44ns 0.78*** 0.59* 0.47ns
Error 324 1.66 21.61 0.05684 0.00008 0.00009 0.00016 3.38 0.38 0.32 0.45 0.56
R2 0.81 0.61 0.82 0.46 0.67 0.77 0.42 0.79 0.95 0.87 0.82
CV 15.60 10.21 14.59 54.21 20.83 28.48 34.97 5.92 4.37 0.97 28.77
Trial mean 8.25 45.52 64.55 3.82 23.06 24.32 5.26 10.38 12.91 69.51 2.61
Min 3.73 43.94 9.11 1.42 11.64 15.90 4.79 9.09 12.44 68.45 1.00
Max 10.01 50.33 99.11 7.99 34.12 43.33 7.53 11.40 14.40 70.26 4.40
SSgca/SS(gca + sca) 0.67 - 0.68 0.51 0.82 0.64 - 0.89 0.54 0.72 0.67
SSgca/Ssentry 0.67 - 0.68 0.51 0.82 0.64 - 0.88 0.58 0.72 0.66
SSsca/Ssentry 0.33 - 0.32 0.49 0.18 0.36 - 0.11 0.49 0.28 0.33
SSgca/Sstotal 0.18 - 0.14 0.05 0.17 0.04 - 0.30 0.02 0.08 0.38

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%; ns = not statistically significant (p > 5%).

SI= Dobie’s Susceptibility Index; MDP= Median development period; living MW= number of living maize weevil; WL= Weight loss; SD = Seed Damage; 
PM = Parent mortality; Oil= grain Oil content; Protein= grain Protein content; MOI= grain moisture content; Starch=grain Starch content, TEX= grain texture  
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5.3.2. Mean performance for yield, drought and post-harvest 
parameters 

The highest yield under optimum conditions was 6.65 t/ha, observed on CKSBL10011 × 

CKDHL120172 and the trial mean of 5.38 t/ha, while highest grain yield under drought was 

5.44 t/ha observed on CKSBL10011 × CKDHL121230 and trial mean of 2.65 t/ha. The 

single crosses CKSBL10011 × CKDHL120172, CKDHL120172 × CKSBL10060 and 

CKDHL120172 × CKDHL121230 produced high yields both under optimum and drought 

stress conditions. The single cross CKSBL10011 × CKDHL120172 had 6.65 t/ha under 

optimum and 3.55 t/ha under drought, CKDHL120172 × CKSBL10060 yielded 6.44 t/ha 

under optimum and 3.49 t/ha under drought while CKDHL120172 × CKDHL121230 yielded 

6.22 t/ha under optimum and 3.31 t/ha under drought (Table 5.6). CKSBL10011 × 

CKDHL120172 also showed the lowest anthesis and silk interval (ASI). The single cross 

CKSBL10011 × CKSBL10060 had the lowest grain yield under optimum (2.99 t/ha), under 

drought (0.37 t/ha) conditions and the highest score of leaf senescence of 9.0.  

The lowest Dobie’s susceptibility index (dSI) was 3.87 (resistant) and observed on 

CKDHL120731 × CKDHL120517. The mean dSI was 8.25 indicating entries were 

susceptible. The single cross CKDHL120731 × CKDHL120517, apart from having the 

lowest dSI score, also had the highest parental mortality of 43.33%, highest protein content 

of 11.40%, lowest number of living insects of 9.0, lowest seed damage of 11.64% and flint 

grain texture. The parent mortality ranged from 15.90% (CKDHL120172 × CKDHL120731) 

to 43.33% with a mean of 24.32%, protein content ranged from 9.09% (CKSBL10011 × 

CKDHL120172) to 11.40% with a mean of 10.38%, the number of living insects ranged from 

9 to 99 (CKSBL10027 × CKDHL120172) while the seed damage ranged from 11.64 to 

34.12% (CKDHL120172 × CKDHL120731) with a mean of 23.06%.  

The CKDHL120172 × CKDHL120731 also showed the lowest parental mortality. The 

average grain texture of the hybrids was semi flint/semi-dent. The single cross 

CKSBL10027 × CKDHL120172), showed the highest dSI of 10.01, high number of living 

insects (99) and the highest starch content of  70.26 and  lowest parental mortality of 

17.44%. Out of the 28 evaluated hybrids, 24 entries (86%) had good performance under 

both optimum and drought conditions but were susceptible under post-harvest infestation. 

Only one hybrid (4%), CKDHL120731 × CKDHL120517, showed good performance under 

the two field conditions and maize weevil infestation. 
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Table 5.6. Mean of yield of the 28 test hybrids evaluated under optimum, drought and post-harvest resistance parameters 

Optimum
GY opt GY drght ASI SEN SI living MW (#) WL (%) SD (%) PM Protein Starch TEX

1 CKSBL10011 × CKDHL121230 5.44 3.55 0.12 4.58 9.21 74 4.21 29.18 20.37 9.49 69.68 3.60
2 CKSBL10011 × CKSBL10082 4.90 2.59 1.27 6.58 8.09 58 6.19 18.71 24.22 10.49 69.08 2.67
3 CKSBL10011 × CKSBL10060 2.99 0.37 2.17 9.00 9.42 90 4.03 25.37 25.08 9.99 69.99 2.07
4 CKSBL10027 × CKSBL10011 5.27 1.30 2.52 8.25 8.62 66 3.69 24.33 22.56 10.27 69.82 2.13
5 CKSBL10011 × CKDHL120172 6.65 3.26 4.44 4.42 9.21 78 3.85 28.31 19.78 9.09 69.83 4.33
6 CKSBL10011 × CKDHL120731 6.01 2.11 4.00 5.67 8.57 58 3.11 21.66 25.50 10.55 68.88 3.33
7 CKSBL10011 × CKDHL120517 6.39 2.87 2.50 5.00 6.61 36 2.09 15.69 29.68 11.21 68.78 4.20
8 CKDHL121230 × CKSBL10082 5.14 2.97 0.67 5.50 8.75 69 4.02 27.57 24.33 10.37 69.93 2.00
9 CKDHL121230 × CKSBL10060 5.59 2.65 1.67 5.08 8.02 49 2.27 20.04 25.02 10.17 69.33 4.04
10 CKSBL10027 × CKDHL121230 5.55 3.04 9.05 4.92 8.96 81 3.44 24.84 20.89 10.46 69.75 1.07
11 CKDHL120172 × CKDHL121230 6.22 3.31 10.18 4.75 9.47 91 5.09 32.45 21.36 9.62 70.24 3.67
12 CKDHL121230 × CKDHL120731 5.50 3.38 3.10 4.58 7.28 61 2.60 22.53 22.11 10.97 69.03 1.20
13 CKDHL121230 × CKDHL120517 5.46 3.37 2.00 5.17 8.23 62 3.42 21.32 26.56 11.09 70.04 2.53
14 CKSBL10082 × CKSBL10060 4.78 2.39 0.35 6.00 8.41 54 4.20 19.03 25.69 10.27 69.59 3.07
15 CKSBL10027 × CKSBL10082 3.76 1.85 2.07 5.83 8.66 80 3.25 21.26 25.11 10.81 69.67 1.53
16 CKDHL120172 × CKSBL10082 5.95 2.92 2.45 4.83 9.05 70 2.98 27.63 19.34 9.52 69.75 1.93
17 CKSBL10082 × CKDHL120731 5.35 2.79 1.60 4.83 8.67 74 3.78 24.73 24.22 11.02 68.64 1.67
18 CKSBL10082 × CKDHL120517 5.33 2.78 2.90 6.00 6.98 31 2.66 15.52 27.78 11.09 69.31 2.73
19 CKSBL10027 × CKSBL10060 4.32 1.40 1.77 8.75 8.29 77 2.86 21.27 25.00 10.25 69.68 1.87
20 CKDHL120172 × CKSBL10060 6.44 3.49 2.49 4.25 8.55 67 3.18 27.79 21.44 9.16 69.86 4.40
21 CKSBL10060 × CKDHL120731 6.09 2.33 1.67 6.83 7.37 50 2.19 18.75 23.56 10.71 68.45 3.27
22 CKSBL10060 × CKDHL120517 5.70 2.24 2.17 6.67 6.53 36 1.42 14.20 34.49 11.09 68.93 4.07
23 CKSBL10027 × CKDHL120172 5.80 2.76 4.13 4.25 10.01 99 7.15 31.41 17.44 9.90 70.26 2.27
24 CKSBL10027 × CKDHL120731 5.23 2.62 1.67 5.33 8.17 67 7.99 24.41 20.92 10.76 69.03 1.04
25 CKSBL10027 × CKDHL120517 5.01 2.66 0.46 5.42 7.68 48 7.21 16.66 27.09 11.06 69.59 2.13
26 CKDHL120172 × CKDHL120731 5.03 3.03 3.57 3.75 9.73 98 5.45 34.12 15.90 10.20 69.58 1.67
27 CKDHL120172 × CKDHL120517 5.65 3.49 4.00 5.00 8.85 74 2.96 25.20 22.32 9.73 70.15 3.67
28 CKDHL120731 × CKDHL120517 5.00 2.66 2.83 5.92 3.73 9 1.66 11.64 43.33 11.40 69.24 1.00

Min 2.99 0.37 0.12 3.75 3.73 9 1.42 11.64 15.90 9.09 68.45 1.00
Max 6.65 3.55 10.18 9.00 10.01 99 7.99 34.12 43.33 11.40 70.26 4.40

Mean 5.38 2.65 2.78 5.61 8.25 65 3.82 23.06 24.32 10.38 69.51 2.61
StError 0.00 0.14 0.42 0.25 0.24 4 0.32 1.07 1.00 0.12 0.09 0.21

GY opt= Grain Yield under optimu conditions, GY drght= Grain Yield under drought conditions, ASI = anthesis-silking interval, SEN= senascence SI= Dobie’s Susceptibility Index;  
living MW= number of living maize weevil; WL= Weight loss; SD = Seed Damage; PM = Parent mortality; Protein= grain Protein content; Starch=grain Starch content, TEX= grain texture

Entry Cross
Drought Post harvest- Maize weevil infestation
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5.4. Discussion 

5.4.1. Gene action 

The highly significant environmental mean squares observed under drought, optimum and 

maize weevil artificial infestation indicate that the experimental conditions were different, 

with each environment unique and suitable for evaluating the test hybrids, while significance 

of test hybrids suggests that the genetic make-up of these hybrids varied (Allinne et al., 

2009; Aly et al., 2011). Significant environmental effects and genotype × environment 

interactions observed in most recorded traits suggest that results should be described 

separately for each environment to determine which genotypes are adapted to specific 

environments (Appendixes 5.1- 5.6). However, across analysis summary can also be done 

to assess the stability of the genotypes (Gomez and Gomez, 1984; Pimentel-Gomes, 2009; 

Montgomery, 2015). Evaluating hybrids in multiple environments helps to get unbiased and 

accurate phenotypic information. The observed significant (p<0.05) GCA x environment as 

well the SCA x environment in some traits, suggests that wide testing in is required for better 

selection for the parents or or hybrids. 

The genetic variation observed for grain yield under drought and optimum conditions was 

due to the significant contribution of both general and specific combining ability effects 

(MSgca and MSsca, respectively) suggesting that both additive and non-additive gene 

action played a significant role in the phenotypic expression of this trait (Falconer and 

Mackay, 1996; Hallauer, 2007, Acquaah, 2007; Hallauer et al., 2010). Additive and non-

additive gene effects had almost equal contributions under optimum conditions, where the 

ratio [SSgca/SS(gca + sca)], was almost half (0.47), while under drought conditions, the 

additive gene effects were higher than the non-additive effects with a ratio 0.67. The effect 

of both additive and non-additive gene action for GY in maize under optimum conditions 

has been reported by various researchers (Zeinab and Helal, 2014; Abdel-Moneam et al., 

2014; Erdal et al., 2015; Chauque, 2016; Ertino et al., 2017). The significance and 

prevalence of additive effects in governing yield in tropical maize under drought has also 

been observed by several investigators (Betrán et al., 2003b; Derera et al., 2008; Oyekunle 

and Badu‐Apraku, 2014). Betrán et al. (2003b) and Derera et al. (2008) reported that SCA 

effects for grain yield under drought were less important compared to additive genetic 

effects.   
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Significant MSgca and MSsca for number of ears per plant (EPP), plant height (PH), plant 

aspect (PA), ear aspect (EA) and senescence score (SEN) under drought and anthesis 

days (AD), plant height (PH) and ear position (EPO) under optimum conditions indicate that 

they were all under both additive and non-additive genes effects. However, in this study 

based on the ratio [SSgca/SS(gca+sca)] it was observed that PH, EA, senescence under 

drought and AD, EPO under optimum were influenced more by additive genes affects while 

EPP under drought was under non-additive gene effects. The anthesis-silking interval (ASI) 

and EPO under drought and EPP, ASI and PA under optimum were influenced only by 

additive gene effects in this environment, while ear aspect (EA) under optimum and anthesis 

days (AD) under drought were under non-additive gene effects only.   

These findings agree with reports by many researchers including Betrán et al. (2003b); 

Derera et al. (2008); Adebayo et al. (2014) and Chaúque (2016). Non-additive effects for 

ear aspect (EA) under drought have also been reported by Derera et al. (2008). Chaúque 

(2016) observed highly significant additive gene effects under optimum conditions for PH 

and AD, and both additive and non- additive gene effects for PH under drought conditions. 

On the other hand, Betrán et al. (2003b) observed additive effects on the inheritance of ASI, 

senescence and EPP under drought conditions. The EPP has been associated with 

tolerance to drought in many studies since stress leads to barrenness when maize plants 

are affected by drought in the period from just before tassel emergence to the beginning of 

grain filling (Edmeades, 1996).  

The genetic variation observed for post-harvest traits under maize weevil infestation were 

mainly due to the significant contribution of both general and specific combining ability 

effects (MSgca and MSsca, respectively) suggesting that both additive and non-additive 

gene action played a significant role in resistance. Comparable findings have been reported 

by several investigators (Schoonhoven et al., 1975, Widstrom et al., 1975; Widstrom et al., 

1983; Tipping et al., 1989; Derera et al., 1999; Derera et al., 2001a; Derera et al., 2001b; 

Dhliwayo et al., 2005; Dari et al., 2010). Dari et al. (2010) also reported that both additive 

and non-additive gene actions were important for weevil resistance. Although both additive 

and non-additive gene effects were important, based on the ratio of [SSgca /SS(gca + sca)], 

it was observed that additive gene effects were predominant over non-additive. Grain weight 

loss and parent mortality were under the influence of additive gene effects only.  



144 
 

Derera et al. (1999) reported that additive gene action was preponderant over non-additive 

gene action in governing resistance to the maize weevil, whereas Dhliwayo and Pixley 

(2003) reported that additive, non- additive and maternal effects were all important. 

Maternal effects have been reported to be vital for weevil resistance of F1 seed (Dhliwayo, 

2002), while farmers store F2 grain, where maternal effects have generally dissipated 

(Dhliwayo et al., 2005). These results suggest the significance of both additive and non-

additive gene action for weevil resistance in F2 grain and are similar with reports by Derera 

et al. (1999) and Dhliwayo and Pixley (2003). Therefore, the most effective breeding 

strategy for maize weevil resistance would be through selection during line development 

followed by evaluation of specific hybrid combinations among the best identified inbred 

lines. 

The number of living insects, the Dobie’s susceptibility index (dSI) and the seed damage 

revealed high significance of additive gene effects and high values for the ratio [SSgca 

/SStotal], which can be equated to narrow-sense heritability. These findings imply selections 

can be effective in breeding for insect resistance through recurrent selection and pedigree 

methods. The presence of non-additive gene action suggests the importance of dominance 

effects. Similar findings were reported by Tende (2016) for combined stem borer and 

storage insect pest resistance in maize hybrids. 

 
5.4.2. Combining drought and maize weevil resistance in one 
genotype 

The reduction in yield due to drought was about 51% which is classified as moderate 

drought. Bänziger et al. (2000) and Betrán et al. (2003b) classified experiments with yield 

reduction of about 50% as moderate drought stress. To be classified as severe drought 

stress environment, grain yield must be reduced to between 15 – 20% of the yield under 

well-watered environments at the same site and same season (Bolaños and Edmeades, 

1996; Bänziger et al., 2000). Therefore, the drought stress experiment under discussion 

falls on the moderate drought stress side. The existence of entries with good grain yield 

under optimum, drought and good maize weevil resistance suggest that drought tolerance 

and maize weevil resistance can be obtained in maize hybrids with a low yield penalty. 

However, only one (CKDHL120731×CKDHL120517) out of the 28 single cross hybrids can 

be included in this category. This hybrid yielded 2.65 t/ha under drought where the trial 

mean was 2.65 t/ha and 5.0 t/ha under optimum condition where the average yield was 5.37 
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t/ha and had the lowest Dobie’s susceptibility index (dSI) under maize weevil infestation, 

thus making it resistant based on the SI categories, and also showed less WL, SD, living 

insects and high parental mortality. Various entries showed good performance under 

optimum and drought but reacted negatively to maize weevil infestation. This agrees with 

various studies on the maize weevil resistance. Dari et al. (2010) and Derera et al. (2014) 

reported that to develop weevil resistance in a hybrid both parents should be resistant. This 

result also supports the previous studies on availability of sources of maize weevil resistant 

(Mwololo et al., 2012; Matewele, 2014; Tende, 2016). These resistance sources can be 

explored for combined resistance. 

Nine hybrids out of the 28, showed yield higher than 3t/ha under drought and above 5t/ha 

under optimum conditions, also supporting the previous reports about availability of drought 

tolerant sources in tropical germplasm. All those nine hybrids showed good leaf senescence 

(score < 5) but with varied ASI, suggesting stronger linkage between drought and leaf 

senescence compared to drought with ASI. However, this is not in line with Bänziger et al. 

(2000) who suggest equal weight for both traits. This could be attributed to reduced number 

of hybrids evaluated. All of the top nine hybrid yields under drought share at least one 

described drought tolerant line, suggesting that the existence of one drought tolerant inbred 

line in a single cross can make the hybrid tolerant to drought, which is not applicable for the 

maize weevil resistance in this experiment. This is an agreement with results observed by 

Derera et al. (2008). 

 

5.5. Conclusion 
The stressed environments were significantly different from the unstressed environments 

and the significant genotype × environment interaction revealed that the level of 

performance of the hybrids depended on the growing conditions.  

General and specific combining ability effects were significant for grain yield and most of 

the other field and storage traits, indicating importance of both additive and non-additive 

gene action in controlling these traits. However, additive gene action was generally 

predominant in most of the cases.  
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Tolerant to drought was observed in many crosses with only one recognized drought 

tolerant inbred line, while resistance to maize weevil requires a cross with both parents 

recognized as maize weevil resistant inbred lines.  

Combination of drought tolerance and maize weevil resistance was obtained in one single 

cross (CKDHL120731 × CKDHL120517). Development of tropical maize for combined 

drought stress tolerance and maize weevil resistance is possible from these sets of parents 

and it can be faster when the inbred lines are developed for combined drought tolerance 

and maize weevil resistance conditions.  
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6. CHAPTER SIX 
 

Gene action controlling maize lethal necrosis disease and maize 
weevil resistance in tropical maize germplasm  

 

Abstract 
Maize lethal necrosis (MLN) disease and maize weevils (MW) are currently among the main 

maize constraints limiting maize production under small-scale farming systems in African tropical 

environments. The MLN disease can devastate maize in the field, while MW infestations occur 

in storage and both lead to food and seed insecurity. In this study, eight maize inbred lines with 

varying levels of tolerance to MLN disease and MW infestation were crossed in a half-diallel 

design. The resultant 28 F1 crosses and 4 commercial checks were evaluated using an alpha 

lattice design with three replications, under optimum and artificial MLN conditions in Kenya during 

2016 and 2017. Grain samples from the optimum sites were evaluated for MW resistance under 

artificial infestation. Highly significant (p<0.001) genotype and genotype × environment 

interaction effects were observed for MLN scores under artificial MLN infestation; grain yield 

(GY), plant (PA) and ear (EA) aspects under optimum conditions; parent mortality (PM), Dobie’s 

susceptibility index (dSI), number of living insects, weight loss (WL), seed damage (SD), grain 

texture (TEX) and protein content under MW infestation. Highly significant (p<0.001) genotype 

differences were observed for field weight (FW) and GY under MLN infestation. Genetic analysis 

using Griffing’s Method 4, detected significant mean squares (p<0.01) due to general combining 

ability (GCA) only for FW and GY under MLN and WL under maize weevil infestation and highly 

significant mean squares (p<0.001) due to both GCA and specific combining ability (SCA) for 

MLN scores under MLN infestation and GY, PA and EA under optimum growing conditions; PM, 

dSI, number of living insects, SD, TEX and protein content under weevil infestation suggesting 

the importance of both additive and non-additive effects. For other traits under the three 

evaluation conditions, additive gene action was predominant. Three hybrids, 

CKDHL120918×CKSBL10060, CKSBL10060×CKDHL120731 and CML494×CKDHL120731 

showed good performance under the three evaluation conditions and four, 

CML494×CKSBL10082, CML494×CKSBL10060, CML442×CML494 and 

CML494×CKDHL120517 showed good performance only under optimum and weevil infestation. 

The results suggest that breeding for combined MLN and maize weevil resistant can be archived. 

However, the inbred line development should be developed under, the three conditions for better 

selection.   



156 
 

6.1. Introduction 
Several factors including drought, low soil fertility and socio-economic factors contribute to 

low productivity of maize in Africa. From 2011, maize lethal necrosis (MLN) disease has 

become one of the constraints for maize production in Eastern Africa (Mahuku et al., 

2015a).   The MLN is a foliar disease resulting from co-infection by two viruses, which 

include maize chlorotic mottle virus (MCMV) and any other virus from the Potyviridae family, 

such as maize dwarf mosaic virus (MDMV), sugarcane mosaic virus (SCMV) or wheat 

streak mosaic virus (WSMV). In Africa, this disease was first observed in the Rift Valley 

region (Kenya) in 2011 and then it spread to different maize agro-ecological zones, where 

it has caused considerable losses (Wangai et al., 2012). Currently, MLN has also been 

observed in Rwanda, Democratic Republic of Congo, Uganda, Tanzania, Ethiopia and 

South Sudan (Wangai et al., 2012; Adams et al., 2014; Lukanda et al., 2014; Mahuku et al., 

2015b; Flett and Mashingaidze, 2016). It can affect maize plants from seedling to near 

maturity and when the infestation occurs at an early stage, complete yield loss may be 

experienced (Uyemoto, 1983; Wangai et al., 2012). 

Maize weevil Sitophilus zeamais (Motschulsky), on the other hand, is one of the most 

damaging storage pests of maize causing grain losses of 15 to 30% in tropical and 

subtropical regions worldwide (Bergvinson, 2001). This seriously compromises the net yield 

and the next planting season if grain or seed is stored without adequate protection. Control 

methods have focused mainly on the use of chemicals. However, pesticides alone are not 

always practical due to various concerns, including, inadequate financial sources among 

small scale farmers to purchase the chemicals, environmental concerns, restricted 

accessibility of appropriate formulations in rural areas and the development of maize weevil 

insecticide-resistance (Guedes et al., 1995; Ribeiro et al., 2003; Oliveira et al., 2007). 

Resistance to insecticides has been reported by several researchers including Kljajić and 

Perić (2006) who observed resistance of granary weevil Sitophilus granarius (L.) to a wide 

variety of insecticides in Serbia and Montenegro. These insecticides included 

chlorpyrifosmethyl, cypermethrin, deltamethrin, dichlorvos, malathion and pirimphos-

methyl. Some of these are among the widely used insecticides globally, including in sub-

Saharan Africa to control most of the storage pests including the maize weevil. It is, 

therefore, important to incorporate an integrated pest management (IPM) approach, which 

includes development of resistant varieties and complementary techniques that are safe for 
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human use with less pollution to the environment and are easily accessible to small-scale 

farmers in the rural areas of developing countries (Derera et al., 2010). 

Breeding maize varieties with both resistance to maize lethal necrosis and maize weevils 

is, thus, a favourable strategy to guarantee high maize yields and less grain losses in 

storage in tropical countries. Limited MLN studies and numerous laboratory-based storage 

insect pests’ research have shown the availability of genetic variation for these two traits 

under artificial infestation in tropical maize germplasm. Reports on combining ability 

estimates for MLN and maize weevil resistance suggest a predominance of additive gene 

action over non-additive gene action, implying that rapid breeding progress can be archived 

from recurrent selection (Derera et al., 1999; Dhliwayo et al., 2005; Dari et al., 2010; Beyene 

et al., 2017).   

Dhliwayo and Pixley (2003) also reported significant maternal effects in inheritance of 

resistance to maize weevil resistance among maize hybrids. The importance of MLN and 

the maize weevil has increased in maize-growing areas, calling for the development of 

maize genotypes that are high yielding, and possessing both MLN and maize weevil 

resistance. This study, therefore, aimed at breeding for combined resistance to maize lethal 

necrosis disease and maize weevil pest in single cross hybrids and determining the gene 

action controlling this resistance. The findings would be used to devise a strategy for 

multiple stress tolerance/resistance breeding, thus increasing food security and improving 

livelihoods for the small-holder farmers in Africa. 

 
6.2. Materials and Methods  

6.2.1. Germplasm  
Eight tropical maize inbred lines from the International Maize and Wheat Improvement 

Center (CIMMYT) developed from different projects, were crossed in a half diallel mating 

design generating 28 F1 hybrids. The selected parental inbred lines had different levels of 

resistance or tolerance reactions to storage pests, stem borers, viral diseases, and abiotic 

stresses (Table 6.1).  
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Table 6.1. Description and origin of the maize inbred lines used in the diallel-cross to 
generate the 28 F1 single cross hybrids 

Designation Inbred line name Attributes Origin

Parent 1 (P1) CML395 Resistant to MSV CIMMYT- Kenya
Parent 2 (P2) CML442 Drought and Low N tolerant CIMMYT- Kenya
Parent 3 (P3) CKDHL120918 Maize lethal Necrosis (MLN) resistant CIMMYT- Kenya
Parent 4 (P4) CML494 Maize lethal Necrosis (MLN) resistant CIMMYT- Kenya
Parent 5 (P5) CKSBL10082 Stem borer resistant CIMMYT- Kenya
Parent 6 (P6) CKSBL10060 Stem borer resistant CIMMYT- Kenya
Parent 7 (P7) CKDHL120731 Storage pests resistant CIMMYT- Kenya
Parent 8 (P8) CKDHL120517 Storage pests resistant CIMMYT- Kenya  

 

6.2.2. Testing environments and field management 
Crosses were made in June 2016, during the 2016B season at Kenya Agricultural and 

Livestock Research Organization (KALRO), Kiboko (2°15' 50.24'' S, 37°75' 30.11'' E, 975 

masl). The resultant 28 F1 hybrids developed were then evaluated in four different sites in 

Kenya, namely Kiboko, Kakamega, Embu and Naivasha (Table 6.2). Kakamega, Kiboko 

and Embu were used as optimum evaluation sites and the grain samples harvested from 

these sites were evaluated for maize weevil resistance, while Naivasha was the MLN 

disease site. At all sites, the evaluation was done in two main seasons, 2017A and 2018A, 

respectively, resulting in six optimum environments and two MLN disease environments. 

The choice of these sites and the trial management were as described in chapter 4 section 

4.2.2 for optimum and artificial infestation of MLN and chapter 5, section 5.2.4 for post-

harvest insect resistance screening. The agro-climatic conditions for the four sites are 

described in Table 6.2. 

 

Table 6.2. Agro-climatic description of the sites where the diallel-cross hybrids were 

evaluated 

Site Latitude Longitute
Elevation 

m asl
Rain fall         

(mm)
Temperature (°C)              

min        max Soil texture

KALRO- Kiboko  2°15’S  37°75’E 975 530 14.3            35.1 Sandy clay
KALRO- Kakamega 0°16’N 34°45’E 1585 1916 12.8            28.6 Sandy loam
KALRO- Embu 0° 49'S 37° 42'E 1510 1200 14.1           25.0 Clay loam
KALRO/CIMMYT- Naivasha 0° 41'S 36° 23'E 1904 131 8.4           27.6 Clay loam  



159 
 

6.2.3. Experimental design and planting 
The trial consisted of 28 test F1 hybrids, two commercial hybrid checks and two internal 

checks (within CIMMYT breeding program). The trial design was a 4 x 8 α-lattice, with two 

rows per plot, replicated three times, except under MLN infestation were only 1 row plots 

were used. The rows were 4.5 m long, with 19 hills per row, and inter-row spacing of 0.75 

m and intra-row spacing of 0.25 m, corresponding to a plant density of 53,333 plants ha-1. 

In each hill, two seeds were planted and thinned to one plant two weeks after germination, 

except for the border rows which maintained two plants per hill.  

 

6.2.4. Data collection 
Data were collected on a per plot basis using recommended procedures by CIMMYT 

(CIMMYT, 1985) and Magorokosho et al. (2008), excluding the first and the last plants in 

each plot, as they were considered as border plants. Under optimum conditions, data was 

collected on: days to anthesis (AD), days to silking (SD), plant height (PH) and ear height 

(EH), grain weight (GW) per plot, number of plants at harvest (NP), number of ears at 

harvest, ear aspect (EA) and plant aspect (PA). Ear position (EPO) and ears per plant (EPP) 

were calculated or estimated from the collected data while under MLN evaluation sites, four 

(4) scores of MLN disease reaction for early to late stage, field weight (FW), grain yield 

(GY), plant and ear aspects were collected. 

 

The grain yield (GY) in tonnes per hectare (t ha-1) were calculated as follows: 

 
 

The MLN disease assessment was done using rating scores collected four times during the 

growing period at two-week intervals. Score 1 and 2 were considered as MLN-early while 

the score 3 and 4 were considered MLN-late. Based on these scores, resistant hybrids were 

the ones with scores 1- 3, tolerant hybrids had scores 4-5 and susceptible ones had scores 

higher than 5. 

After harvesting of the optimum trials, the grain was prepared for post-harvest evaluation at 

the post-harvest laboratory situated at KALRO-Kiboko (37°42' 50.98'' E, 02°13' 56.56'' S; 

947 masl). Data collection for post-harvest experiments started 24 days after removal of the 

parental insects as described in chapter 5 section 5.2.5 and data was collected on Dobie’s 
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susceptibility index (dSI), weight loss (WL), seed damage (SD), number of living insects 

and some seed properties including protein content, starch and oil.  The classification of the 

genotypes into resistant and susceptible categories, was done using Dobie’s susceptibility 

index (dSI) developed by Pixley (1997), where materials with SI below or equal to 4.0 were 

classified as resistant, 4.1 to 6.0 as moderately resistant, 6.1 to 8.0 as moderately 

susceptible, 8.1 to 10.0 as susceptible and above 10 classified as highly susceptible. 

6.2.5. Analysis of agronomic and post-harvest performance 

For agronomic performance, single and combined environment analyses were carried out 

for the 4×8 α-lattice design (Bänziger et al., 2000) in Fieldbook-IMIS5 (Banziger et al., 2012) 

statistical software developed by CIMMYT, following the REML procedure, mixed model. 

Hybrid effects were considered as fixed while the effects of the rest of the sources of 

variation were random. For post-harvest performance, single as well as combined analyses 

were carried out for the complete randomized design (no block or replication effects), where 

the sources of variances are only the hybrids and the error and the hybrids were considered 

fixed effects.   

The statistical models used for the single and across sites analyses for drought and 

optimum was similar to that described in chapter 4 section 4.2.5.  

The maize weevil parental mortality (%), seed damage (%) and grain weight loss (%) were 

transformed by angular-transformation ( proportionarcsin ) while the data for progeny 

emergence by logarithm transformation base 10,   ( )1(lg10 +x ), where x is the observed 

value, recommended by Gomez and Gomez (1984). These were done to normalize the data 

for analysis but the final results are presented as back transformed means. 

 

6.2.6. Genetic analysis 
Genetic analyses were carried out following the Griffings’ Method IV (which excluded the 

parents and the reciprocal crosses) and model I (fixed) (Griffing, 1956a, Griffing, 1956b). 

The analysis was similar with analysis described in chapter 4 section 4.2.6. The genetic 

analysis was done using only the 28 hybrids that were generated for the half diallel mating 

design. 
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6.3. Results 

6.3.1. Performance and combining ability estimates 

Analysis of variance models significantly (p<0.001) explained the total variation observed 

for all traits in all individual and across environments, except for number of ears per plant 

(EPP) under optimum environment, ear aspect (EA) under MLN infested environments and 

grain starch under maize weevil infestation, which were non-significant. Analysis of variance 

for each environmental condition and post-harvest evaluation (Tables 6.3- 6.5) showed 

highly significant differences among the genotypes in respect of the different traits, 

excluding for EPP under optimum environment, EA under MLN infested environments and 

grain starch under maize weevil infestation.  

Environmental (E) and genotype × environment interaction (GxE) effects were also 

significant for most of the traits except for EPP, MLN score 1 and grain starch where GxE 

were not significant under optimum, MLN and maize weevil infested conditions, 

respectively. The coefficients of determination (R2) for grain yield (GY) ranged from 0.62 

under MLN to 0.87 under optimum. Grand means for GY were 6.03 t/ha under optimum and 

0.32 t/ha under MLN. 

6.3.1.1. Performance under maize lethal necrosis environments 
Due to the severe MLN infestation in the season 2017A, the trials did not reach harvest 

maturity, so the data for field weight (FW), grain yield (GY) and ear aspect (EA) were 

analysed only from the season 2018A. Using an average MLN score from early to late-

stage, it was observed that out of the 28 hybrids evaluated, two (7.1%) were resistant, 16 

(57.1%) were tolerant and 10 (35.7%) were susceptible. For the MLN early stage, the score 

ranged from 2.17 to 5.5 while at the late stage the scores were high ranging from 2.92 to 

7.42. The field weight varied from 0 to 1.44 t/ha with a trial mean of 0.47 while the grain 

yield ranged from 0 to 1.07 t/ha with a trial mean of 0.32 t/ha. Only three hybrids showed 

grain yield above 0.5 t/ha (Appendix 6-1). The ear aspect ranged from 3.3 to 5.0 with a trial 

mean of 4.06. Higher scores for ear aspect meant bad quality since score 1.0 represented 

the best and score 5.0 represented the worst.   

The general combining ability mean squares (MSgca) were highly significant for all traits 

while the specific combining ability mean squares (MSsca) were significant for all other 

parameters excluding FW and GY (Table 6.3). The GCA and SCA effects were significant 

for all MLN scores.  In this environment the coefficients of determination (R2) varied from 
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0.38 to 0.85, having the lowest for EA and the highest for MLN score 4. The ratios for sum 

of squares [(SSgca/ SS(gca + sca)], ranged from 0.66 for GY to 0.86 for MLN score 2. The 

lowest proportion of GCA effects to the total observed genetic variability [(SSgca/SStotal)] 

was 0.38 for MLN score 3 and the maximum was 0.53 for MLN score 2.  

 

6.3.1.2. Performance of maize hybrids under managed optimum 
conditions  

The yields varied from 3.81 to 7.41 t/ha with a trial average of 6.03 t/ha. All significant traits 

showed medium to high coefficients of determination (R2) which ranged from 0.57 to 0.89, 

with PA having the lowest and PH the highest values. Fifteen out of the 28 evaluated hybrids 

(53.6%), showed yield higher than 6.10 t/ha (Appendix 6-2). The plants were generally tall 

averaging 2.30 m but had very good ear position (EPO) at almost half of the plant height 

(Table 6.4) 

The general and specific combining ability mean squares (MSgca and MSsca), were 

significant (p<0.01) for all parameters. MSgca was influenced more by the environment 

compared to the MSsca. The interaction effects of GCA and environment (GCAxE) were 

significant for all recorded traits, while the interaction effects of SCA and environment 

(SCAxE) were significant only for PA. The ratios of sum of squares [(SSgca / SS(gca + 

sca)], ranged from 0.57 for GY to 0.86 for EPO. The lowest proportion of GCA effects to the 

total observed genetic variability [(SSgca / SStotal)] was 0.06 for GY and the maximum was 

0.22 for EPO. 
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Table 6.3. Mean squares for grain yield and other traits of 28 diallel cross hybrids evaluated under MLN artificial infestation during 

2017A and 2018A in Kenya 

Source DF FW GY EA MLN1 MLN2 MLN3 MLN4
ENV 1 - - - 3.43*** 3.72** 18.67*** 8.60***
REP(ENV) 4 0.06ns 0.03ns 0.07ns 0.40ns 2.18*** 1.97** 3.38***
Cross 27 0.30*** 0.15*** 0.53ns 1.76*** 3.97*** 3.89*** 5.86***
Cross x ENV 27 - - - 0.23ns 0.57* 0.95** 0.83***
      GCA 7 0.87*** 0.39** - 5.62*** 13.13*** 10.94*** 16.78***
      SCA 20 0.11ns 0.07ns - 0.42* 0.76** 1.43*** 2.04***
      GCA*ENV 7 - - - 0.26ns 0.80* 1.02* 1.09**
      SCA*ENV 20 - - - 0.22ns 0.49ns 0.93** 0.74**
Error 108 0.09 0.05 0.46 0.21 0.35 0.43 0.34
R2 0.64 0.62 0.38 0.72 0.78 0.77 0.85
CV 63.66 69.01 16.67 14.64 13.35 12.39 9.81
Trial mean 0.47 0.32 4.06 3.15 4.40 5.27 5.98
Min 0.00 0.00 3.33 2.00 2.33 2.83 3.00
Max 1.44 1.07 5.00 4.50 6.50 6.83 8.00
SSgca/SS(gca + sca) 0.74 0.66 - 0.83 0.86 0.73 0.74
SSgca/Ssentry 0.74 0.66 - 0.83 0.86 0.73 0.74
SSsca/Ssentry 0.26 0.34 - 0.17 0.14 0.27 0.26
Ssgca/Sstotal 0.47 0.40 - 0.48 0.53 0.38 0.49
*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%; ns = not statistically significant (P > 5%)

FW= Field weight, GY= Grain Yield, EA= ear aspect, MLN1 - MLN4 = MLN scores  
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Table 6.4. Mean squares for grain yield and other traits of 28 diallel cross hybrids evaluated under optimum conditions during 
2017A and 2018A in Kenya 

Source DF GY EPP PH EPO PA EA
ENV 5 383.46*** 1.87** 69253.01*** 0.223*** 3.400*** 22.324***
REP(ENV) 12 5.44*** 0.22ns 616.29*** 0.002* 0.679* 0.950***
Cross 27 11.88*** 0.33ns 2431.68*** 0.022*** 1.512*** 2.020***
Cross x ENV 135 2.35*** 0.41ns 295.94*** 0.002** 0.598*** 0.789***
      GCA 7 26.23** - 6002.66** 0.073*** 3.677** 5.153**
      SCA 20 6.86*** - 1181.84*** 0.004*** 0.754** 0.918***
      GCA*ENV 35 3.94*** - 543.62*** 0.003*** 0.987*** 2.013***
      SCA*ENV 100 1.79* - 209.25ns 0.001ns 0.462* 0.358ns
Error 324 1.26 0.41 172.06 0.00 0.34 0.28
R2 0.87 0.37 0.89 0.85 0.57 0.76
CV 18.61 66.07 5.73 6.91 21.87 20.68
Trial mean 6.03 0.96 228.94 0.47 2.65 2.57
Min 3.81 0.83 199.67 0.39 2.22 1.89
Max 7.40 1.53 251.00 0.54 3.17 3.39
SSgca/SS(gca + sca) 0.57 - 0.64 0.86 0.63 0.66
SSgca/Ssentry 0.57 - 0.64 0.86 0.63 0.66
SSsca/Ssentry 0.43 - 0.36 0.14 0.37 0.34
SSgca/Sstotal 0.06 - 0.08 0.22 0.10 0.10

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%; ns = not statistically significant (P > 5%)

GY= Grain yield, EPP= ears per plant, PH= Plant height, EPO= ear position, PA= Plant aspect, EA= Ear aspect  
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6.3.1.3. Performance of maize hybrids under maize weevil infestation 

The Dobie’s susceptibility index (dSI) was used to group the genotypes into different 

resistance categories. This index ranged from 3.63 to 9.31, with a trial mean of 7.74, 

revealing differences in maize weevil resistance reaction among the evaluated hybrids. Out 

of the 28 hybrids evaluated, only one (3.6%) was classified as resistant, 18 (64.3%) 

moderately susceptible and nine (32.1%) susceptible. The resistant hybrid, showed 

relatively lower seed damage, lower weight loss and higher parent mortality. The percent 

seed damage (SD) was higher than the percent of grain weight loss (WL), and ranging from 

12.06 to 34.94%, with a mean of 22.25%, while WL ranged from 1.89 to 6.5% with a mean 

of 3.28% (Appendix 6-3). The grain protein content among the hybrids varied from 9.71 to 

12.42%, with a mean of 11.00%, while the grain oil content ranged from 4.62 to 6.08% with 

a mean of 5.25% (Table 6.5).  

The evaluated hybrids were composed of 18% flint, 39% semi-flint, 14% semi flint/semi-

dent, 25% semi dent and 4% dent. The coefficients of determination (R2) varied from 0.41 

to 0.79, with the lowest and non-significant observed for starch and the highest observed 

for the number of living insects.  

The general combining ability mean squares (MSgca) were highly significant (p<0.01) for 

all traits except for parent mortality (PM) which was significant (p<0.05). The specific 

combining ability mean squares (MSsca) were highly significant (p<0.001) for most of the 

recorded parameters, excluding median development period (MDP), weight loss (WL), grain 

oil content and grain protein content which were non-significant. The environment had a 

significant influence on GCA for all recorded traits and had a significant influence on SCA 

only for SI, the number of living insects, weight loss and parent mortality. 

The ratios of the sum of squares [(SSgca/SS(gca + sca)] for all traits were above 0.5, where 

the highest was observed for grain texture (0.91) and the lowest observed for parent 

mortality  (0.53). The grain texture and seed damage showed high values of the proportion 

of GCA effects to the total observed genetic variability [(SSgca/SStotal)], 0.47 and 0.24, 

respectively, while median development period, insect parent mortality and grain oil content 

showed the lowest values with 0.04 and 0.07, respectively.  
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Table 6.5. Mean squares for post-harvest insect pest parameters of the 28 diallel cross hybrids infested with maize weevil (S. 
zeamais) conditions during 2017A and 2018A in Kenya 

Source DF SI MDP living MW WL SD PM OIL PROTEIN STARCH TEX
ENV 5 88.19*** 998.25*** 4.99*** 0.048*** 0.152*** 2.701*** 22.55*** 34.51*** 135.24*** 0.20ns
REP(ENV) 12 4.27*** 2.92ns 0.00 0.009* 0.036*** 0.159*** 0.31ns 1.28ns 20.26ns 0.87ns
Cross 27 23.57*** 18.21*** 0.83*** 0.015*** 0.121*** 0.180*** 1.97*** 8.78*** 22.24ns 14.34***
Cross x ENV 135 2.76*** 8.00* 0.10*** 0.008*** 0.022*** 0.052*** 0.73ns 1.59*** 15.36ns 2.20***
      GCA 7 58.02** 52.27*** 1.89** 0.046*** 0.381*** 0.367* 4.81** 29.44*** - 50.40***
      SCA 20 11.51*** 6.28ns 0.45*** 0.003ns 0.030*** 0.115*** 0.87ns 1.38ns - 1.72**
      GCA*ENV 35 3.66*** 13.33*** 0.14*** 0.007* 0.022** 0.088*** 1.23** 3.71*** - 2.95***
      SCA*ENV 100 2.44*** 6.14ns 0.09*** 0.008*** 0.022*** 0.040** 0.53ns 0.88ns - 0.68ns
Error 324 1.48 6.30 0.05 0.00 0.01 0.03 0.69 0.89 16.30 0.85
R2 0.76 0.76 0.79 0.54 0.66 0.77 0.55 0.70 0.41 0.76
CV 15.74 5.10 13.72 40.91 22.69 32.75 15.69 8.58 5.87 35.93
Trial mean 7.74 49.16 65 3.28 22.25 25.02 5.28 11.00 68.78 2.57
Min 3.63 47.17 7 1.89 12.06 14.72 4.62 9.71 65.29 1.17
Max 9.31 52.00 106 6.50 34.94 57.06 6.08 12.42 70.35 4.56
SSgca/SS(gca + sca) 0.64 0.74 0.59 0.83 0.82 0.53 0.66 0.88 - 0.91
SSgca/Ssentry 0.64 0.74 0.59 0.82 0.82 0.53 0.63 0.87 - 0.91
SSsca/Ssentry 0.36 0.26 0.41 0.17 0.18 0.47 0.33 0.12 - 0.09
SSgca/Sstotal 0.20 0.04 0.17 0.10 0.24 0.07 0.07 0.22 - 0.47

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%; ns = not statistically significant (P > 5%)

SI= Dobie’s Susceptibility Index; MDP= Median development period; living MW= number of living maize weevil; WL= Weight loss; SD = Seed Damage; 
PM = Parent mortality; Oil= grain Oil content; Protein= grain Protein content; Starch=grain Starch content, TEX= grain texture  
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6.3.2. Mean performance for yield, MLN scores and post-harvest 
parameters 

The highest grain yield under optimum conditions was 7.40 t/ha observed for entry 14 

(CML395×CML494), while under MLN infestation the highest grain yield was 1.07 t/ha for 

entry 13 (CKDHL120918×CKSBL10060). The trial mean grain yield under optimum was 

6.03 t/ha and 15 entries (53.6%) yielded higher than this, while under MLN infestation the 

trial mean grain yield was 0.32 t/ha and 12 entries (42.9%) yielded above the trial mean. 

Two entries (7.1%), CKDHL120918×CKSBL10060 and CKDHL120918×CKSBL10082, 

showed resistance to MLN, while 15 (53.6%) were susceptible. Under maize weevil 

infestation, only one entry (3.6%) entry 26 (CKDHL12073×CKDHL120517) showed 

resistance and 16 entries (57.1%) were susceptible.  

A few entries showed good performance under the three evaluation conditions and included 

entry 13 (CKDHL120918×CKSBL10060), entry 11 (CKSBL10060×CKDHL120731) and 

entry 16 (CML494×CKDHL120731). These yielded above the average under optimum 

conditions (above 6.03 t/ha), yielded at least 0.5 t/ha under MLN artificial infestation and 

being classified as tolerant or resistant and they were classified as moderately susceptible 

under maize weevil infestation. Entries 11 and 13 also showed less weight loss under maize 

weevil infestation, while entry 16 showed high parent mortality. 

Entries 2 (CML494×CKSBL10082), 8 (CML494×CKSBL10060), 15 (CML442×CML494) 

and 17 (CML494×CKDHL120517) showed good performance under optimum and under 

maize weevil infestation. They yielded higher than the trial mean (6.03 t/ha) and were 

classified as moderately susceptible under maize weevil infestation. No single entry showed 

good performance under optimum and MLN infestation (Table 6.6).
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Table 6.6. Mean of yield of 28 diallel cross maize hybrids under optimum, MLN and post-harvest maize weevil infestation 

Optimum

GY opt GY MLN MLN early 
stage

MLN late 
stage

MLN score 
avarage SI MDP (d) living 

MW WL (%) SD (%) PM (%) OIL PROTEIN TEX

1 5×6 CKSBL10082 × CKSBL10060 4.96 0.43 3.50 5.08 4.29 6.99 49.00 39 2.22 15.89 30.61 4.97 10.44 2.42
2 4×5 CML494 × CKSBL10082 6.28 0.43 4.00 5.92 4.96 7.64 48.33 54 2.39 15.67 23.89 4.97 11.36 1.83
3 1×5 CML395 × CKSBL10082 5.90 0.12 3.67 6.08 4.88 9.31 47.17 104 4.06 32.83 20.89 5.31 10.34 1.54
4 2×5 CML442 × CKSBL10082 5.76 0.30 4.25 5.92 5.08 7.95 48.83 73 3.67 20.94 22.67 5.19 10.38 4.33
5 5×7 CKSBL10082 × CKDHL120731 5.76 0.47 3.75 5.58 4.67 8.04 48.67 70 2.61 23.44 22.56 5.33 11.22 1.75
6 5×8 CKSBL10082 × CKDHL120517 5.75 0.50 3.50 4.92 4.21 6.87 50.11 42 2.94 19.06 26.22 4.99 11.32 2.67
7 3×5 CKDHL120918 × CKSBL10082 5.40 0.72 2.75 3.92 3.33 7.29 49.17 47 2.56 17.94 22.56 5.61 11.23 1.42
8 4×6 CML494 × CKSBL10060 7.26 0.23 4.00 5.83 4.92 7.48 49.50 60 3.00 21.39 29.78 5.06 10.18 3.83
9 1×6 CML395 × CKSBL10060 7.23 0.12 3.58 6.42 5.00 8.44 47.61 86 4.50 27.89 21.28 5.30 9.71 3.50
10 2×6 CML442 × CKSBL10060 6.95 0.13 4.08 6.33 5.21 8.21 49.00 68 3.17 23.00 22.78 5.94 9.84 4.56
11 6×7 CKSBL10060 × CKDHL120731 6.23 0.49 3.42 5.00 4.21 7.41 49.67 50 2.17 20.06 28.89 5.54 10.69 2.42
12 6×8 CKSBL10060 × CKDHL120517 6.61 0.28 3.75 6.08 4.92 6.95 49.83 44 2.61 14.94 35.83 5.16 11.24 3.17
13 3×6 CKDHL120918 × CKSBL10060 6.14 1.07 2.17 2.92 2.54 7.27 50.00 49 2.44 19.89 22.44 5.51 11.34 2.08
14 1×4 CML395 × CML494 7.40 0.16 3.58 6.33 4.96 9.27 47.83 106 4.06 34.94 16.67 5.20 10.48 2.00
15 2×4 CML442 × CML494 6.84 0.12 4.92 6.58 5.75 6.81 49.33 49 2.06 14.39 26.67 5.14 11.00 4.25
16 4×7 CML494 × CKDHL120731 6.39 0.45 3.75 5.67 4.71 7.03 49.00 43 3.56 18.06 36.44 5.17 11.71 1.67
17 4×8 CML494 × CKDHL120517 6.79 0.18 4.25 6.08 5.17 7.07 49.00 57 2.28 18.06 26.44 4.80 11.47 3.20
18 3×4 CKDHL120918 × CML494 5.75 0.42 3.50 5.33 4.42 7.23 49.50 51 2.67 18.22 23.56 5.57 12.11 1.67
19 1×2 CML395 × CML442 6.25 0.00 4.25 6.58 5.42 9.26 48.33 106 5.50 34.56 20.67 5.02 9.71 4.08
20 1×7 CML395 × CKDHL120731 6.22 0.44 3.83 6.25 5.04 8.99 49.17 104 5.00 32.56 19.33 5.21 10.66 1.24
21 1×8 CML395 × CKDHL120517 6.13 0.07 4.17 5.83 5.00 8.90 48.67 96 4.17 30.89 17.56 4.89 10.21 2.00
22 1×3 CML395 × CKDHL120918 5.41 0.23 2.75 5.17 3.96 9.27 47.83 99 6.50 30.78 14.72 5.42 11.12 1.33
23 2×7 CML442 × CKDHL120731 6.50 0.30 4.58 5.83 5.21 8.37 49.33 75 3.56 23.39 20.33 6.08 11.58 3.92
24 2×8 CML442 × CKDHL120517 3.81 0.00 5.50 7.42 6.46 7.77 48.83 53 2.83 15.56 22.61 4.62 11.19 3.86
25 2×3 CML442 × CKDHL120918 5.85 0.31 3.58 5.50 4.54 8.01 49.33 64 3.78 23.00 24.67 5.50 11.52 3.17
26 7×8 CKDHL120731 × CKDHL120517 4.71 0.18 4.25 5.17 4.71 3.63 52.00 7 2.28 12.06 57.06 5.01 11.63 1.67
27 3×7 CKDHL120918 × CKDHL120731 5.16 0.38 3.25 4.75 4.00 7.85 50.67 67 3.39 25.56 19.33 5.80 12.42 1.17
28 3×8 CKDHL120918 × CKDHL120517 5.44 0.34 3.17 5.00 4.08 7.35 50.67 46 1.89 18.06 24.06 5.40 11.77 1.25

Min 3.81 0.00 2.17 2.92 2.54 3.63 47.17 7 1.89 12.06 14.72 4.62 9.71 1.17
Max 7.40 1.07 5.50 7.42 6.46 9.31 52.00 106 6.50 34.94 57.06 6.08 12.42 4.56
Mean 6.03 0.32 3.78 5.62 4.70 7.74 49.16 65 3.28 22.25 25.02 5.28 11.00 2.57
StError 0.15 0.04 0.13 0.17 0.14 0.22 0.19 5 0.21 1.25 1.52 0.06 0.13 0.21

MLN environment Post-harvest- Maize weevil infestation
Entry Cross Pedigree

traits values: Bold = best entries (1st selection), underlines= good (2nd selection) and italic=   moderate (3rd selection)
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6.4. Discussion 

6.4.1. Environmental influence and gene action for MLN resistance and 
grain yield 

The observed highly significant environmental mean squares and genotype × environment 

interactions under different evaluation conditions indicate that the experimental growing 

conditions or storage conditions were different from season to season or location to 

location. This suggests that results should be described separately for detailed information 

for each environment to determine which genotypes are adapted to a specific environment. 

However, across environment analysis is useful to assess the stability of the genotypes 

(Gomez and Gomez, 1984; Pimentel-Gomes, 2009; Montgomery, 2015). Evaluating hybrid 

in multiple environments helps to get unbiased and accurate phenotypic information. The 

significant interaction of GCA x environment as well the SCA x environment observed, 

suggests that wide testing in target environments is essential in selecting desirable parents 

or hybrids. The Appendixes 6.1 to 6.6 show individual and across environment information 

of the traits means, GCA and SCA. 

The MLN resistance assessed by leaf scores at early and late stages of the maize growth 

revealed the influence of both additive and non-additive gene effects. Although both 

additive and non-additive gene effects play a role in controlling the traits, the additive is 

most important considering the ratio [SSgca / SS(gca + sca)] which for all traits was above 

0.70. The importance of additive over non-additive gene effects on the MLN severity have 

been reported by Beyene et al. (2017) who observed GCA:SCA ratio of 3.5 at early stages, 

and 2.5 at late stage. At the early stages, the hybrids tend to show resistance which is 

broken up with time destroying the old leaves and affecting the new leaves. Therefore, 

rapid progress for MLN disease breeding can be feasible from recurrent selection methods.   

The genetic variation observed for field (unshelled grain) and grain yield under maize lethal 

necrosis infestation was due to the significant contribution of the mean squares due to 

general combining ability (MSgca) suggesting that only additive gene action played an 

important role in the phenotypic expression of these traits, while under optimum conditions 

variation was due to the significant contribution of both MSgca and MSsca suggesting that 

both additive and non-additive gene action played a significant role (Falconer and Mackay, 

1996; Hallauer, 2007; Acquaah, 2007; Hallauer et al., 2010).  Additive and non-additive 
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gene effects were equally important in their contributions under optimum conditions, where 

the ratio [SSgca/SS(gca + sca)], was 0.57, while under MLN conditions, the additive gene 

effects were predominant over non-additive gene effects with  ratios [SSgca/SS(gca + sca)] 

of 0.74 for field weight and 0.66 for grain weight.  

The combined contribution of both additive and non-additive gene action for GY in maize 

under optimum conditions has been reported by various other researchers (Gamble, 1962; 

Stuber and Moll, 1971; Moreno-Gonzalez and Dudley, 1981; Mhike et al., 2011; Chaúque, 

2016). Studies on the genetics of maize lethal necrosis in tropical maize germplasm are still 

very few as the disease in Africa it is relatively new. Beyene et al. (2017) reported a ratio of 

1:1 for GCA/SCA for grain yield under MLN infestation, revealing equal significance of both 

additive and non-additive gene effects in a study on genetic analysis of tropical maize inbred 

lines for resistance to maize lethal necrosis disease. This is contrary to the observations 

made in this study, where additive gene effects were predominant over non-additive gene 

effects. 

6.4.2. Gene action involved in important post-harvest and seed 
biochemical parameters  

The genetic variation observed for Dobie’s susceptibility index (dSI), number of living 

insects,  seed damage, parent mortality and grain texture under maize weevil infestation 

were due to the significant contribution of both mean squares of general (MSgca) and 

specific (MSsca) combining, suggesting that both additive and non-additive gene action 

played a major role while the genetic variation observed for median development period, 

weight loss, grain oil and protein content were only due to contribution of general combining 

ability mean squares indicating that only additive gene action played a role. Although in 

some above-mentioned parameters both additive and non-additive gene effects were 

important, based on the ratio of [SSgca /SS(gca + sca)] it was observed that additive gene 

effects were predominant with the ratio above 0.70 observed. Only the number of living 

insects and parent mortality showed equal influence of both additive and non-additive gene 

effects, having the ratios 0.59 and 0.53, respectively. 

The influence of both additive and non-additive gene effects in maize weevil resistance has 

been reported by various researchers including Derera et al. (1999), Dhliwayo and Pixley 

(2003) and Dari et al. (2010). Derera et al. (1999) reported also that additive gene action 

was more predominant over non-additive gene action in governing resistance to maize 
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weevil while Dhliwayo and Pixley (2003) reported also influence of maternal effects on F1 

seed. However, farmers harvest and store F2 grain, in which maternal effects mostly 

dissipated (Dhliwayo, 2002; Dhliwayo et al., 2005). The presence of non-additive gene 

action emphasizes the need to consider dominance effects. Similar findings were reported 

by Tende (2016) on the genetic analysis of combined stem borer and storage insect pest 

resistance in maize hybrids. Effective breeding for maize weevil resistance can therefore 

be made through the recurrent selection and pedigree methods. This suggests that 

selection should be done during inbred line development followed by evaluating hybrids 

combinations among the superior lines. 

 

6.4.3. Combining maize lethal necrosis and maize weevil resistance in 
same genotype 

Maize lethal necrosis disease is a new and serious threat in Africa. The yield reduction from 

the optimum to MLN in this study was around 95%. Yield loss of around 60% due to this 

disease under small scale farmers in Kenya have been reported (DeGroote et al., 2016). 

In commercial varieties, yield losses of 30 to 100% depending on the stage of the disease 

onset and severity have also been reported (Mahuku et al., 2015a). The existence of 

genotypes with good grain yield under optimum and MLN infestation with acceptable levels 

of resistance under maize weevil infestation identified in this study suggest that 

resistance/tolerance to maize lethal necrosis and maize weevil resistance can be obtained 

in maize hybrids without or with low yield penalty. Although very few hybrids were observed 

in this group, this indicates that a breeding programme targeting the combined traits in a 

single hybrid can be achieved.  

The maize weevil resistant genotypes performed poorly under optimum and MLN infestation 

while the MLN resistant genotypes, in spite of showing moderate Dobie’s susceptibility 

indices (dSI), had lower weight loss and seed damage. The existence of a few maize weevil 

resistant genotypes in this study emphasises the need for both parents to be resistant per 

se, which was found only in inbred lines CKDHL120731 and CKDHL120517. This is in line 

with various research work on maize weevil resistance, which observed that to accomplish 

the highest weevil resistance in a hybrid both parents should be resistant (Dari et al., 2010; 

Derera et al., 2014). Various hybrids showed good performance under optimum growing 
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conditions and were moderately susceptible to the maize weevil but with less weight loss 

and seed damage, supporting the idea that high resistance can be achieved with breeding.  

Availability of resistant sources of maize weevil resistance have been reported by several 

researchers, including Mwololo et al. (2012), Matewele (2014) and Tende (2016). However, 

availability of MLN resistance is still limited, no single hybrid showed good performance 

under MLN infestation besides the two CKDHL120918×CKSBL10060 and 

CKDHL120918×CKSBL10082, mentioned above, which also showed acceptable 

performance under maize weevil infestation with low weight loss, seed damage and 

number of living insects. The limitation of MLN resistance source germplasm in Africa has 

been reported. According to Semagn et al. (2015), since 2013, more than 95,000 maize 

germplasm materials, containing CIMMYT Maize lines (CMLs),  elite inbred lines, 

experimental single cross and three-way hybrids from CIMMYT and International Institute 

of Tropical Agriculture (IITA) and commercial varieties in eastern and southern Africa, 

maize inbred lines with expired Plant Variety Protection certificates (off-PVP) from USA 

have been screened under MLN artificial inoculation at Naivasha, Kenya and high levels of 

susceptibility have been observed, especially on commercial hybrids from East and 

Southern Africa (ESA). 

 

6.5. Conclusion 
General and specific combining ability effects were significant for grain yield and most other 

field and storage traits, indicating the importance of both additive and non-additive gene 

action in controlling these traits. However, additive gene action was generally predominant 

in most of the cases except for grain yield under optimum conditions, where both additive 

and non-additive were equally important. 

 

Inbred lines CKSBL10060 and CKDHL120731, were involved in the crosses which showed 

good performance under the three evaluation conditions while CML494 was involved in all 

the four crosses which performed well under optimum and maize weevil infestation.  

  

Breeding for combined MLN and maize weevil resistant is possible in these sets of parents. 

However, the inbred line development should be done under, the three conditions for better 

selection.   
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7. CHAPTER SEVEN 
 

General overview 
 

7.1. Introduction  

This chapter provides a synopsis of the study on “Inheritance of post-harvest pest resistance 

and genetic analysis of combining drought tolerance, maize lethal necrosis and maize weevil 

resistance in tropical maize germplasm”. The investigation was accomplished through four 

experiments, each of which was addressing an objective. The synopsis reports the key 

objectives and highlights the main findings and their implications for future breeding 

activities for the target stresses.    

 

7.2. Major findings 

7.2.1. Heritability and gene effects controlling post-harvest maize weevil and 
larger grain borer resistance in tropical maize germplasm 

This study aimed at determining the genetic effects influencing the inheritance of resistance 

to S. zeamais and P. truncatus in two crosses from divergent inbred lines for resistance to 

storage pests using generation mean analysis method involving six generations namely;  

two parents (P1 and P2), F1, F2 and backcross generations (BCP1 and BCP2). The results 

showed differences in the storage pest resistance levels in the different generations of the 

two crosses. Additive, dominance and epistasis gene effects were observed for S. zeamais 

resistance in maize, whereas, P. truncatus resistance was under the influence of only 

additive and dominance gene action. Further, moderate narrow-sense heritability estimates 

were observed confirming the involvement of additive and non-additive gene effects in the 

expression of resistance to both insect pests. The additive and pooled dominance × 

dominance effects did not have significant effects in both crosses for all traits under S. 

zeamais infestation while the interaction effects of additive × dominance had significant 

effects. For P. truncatus resistance, the cross which did not fit on the simple additive-

dominance model, did not show significance for additive gene effects but showed 

significance of dominance, interaction of additive × dominance and pooled additive × 
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additive in all traits. For all susceptibility parameters recorded P1 and P2 showed contrasting 

reactions while the other generations showed continuous variations. 

7.2.2. Genetic analyses and potential of combining drought tolerance and 
maize lethal necrosis (MLN) resistance in tropical maize germplasm 

Diallel analysis involving eight inbred lines with varying levels of drought tolerance and 

maize lethal necrosis resistance revealed that the two traits can be combined in hybrids. 

Genotypes and environments were significantly different resulting in significant genotype × 

environment interaction effects for grain yield under stress and optimum conditions. The 

yield reduction due to MLN was 93% of the optimum (6.04 t/ha), while reduction due to 

drought was 67%. Out of the 28 evaluated hybrids, 42.8% were resistant to MLN at the early 

stage and 57.2% tolerant, while at late stages only 3.6% were resistant and 35.7% tolerant, 

suggesting that the breeding should focus more on the late stage MLN scores. Under 

drought, out of 28 hybrids evaluated in the two seasons 67.9% yielded above 2 t/ha, 42.9% 

showed an anthesis-silking interval (ASI) below 4 days and 42.9% had low leaf senescence 

scores, indicating the existence of drought-tolerant hybrids in the set. 

The highest yield under optimum conditions was 7.35 t/ha with trial mean of 6.04 t/ha, under 

MLN infestation the highest grain yield was 2.32 t/ha with the trial mean of 0.43 t/ha while 

under drought conditions the highest was 2.67 t/ha with a trial mean of 1.99 t/ha. The single 

cross CKSBL10011×CKDHL120918 showed the highest yield under drought of 2.01 t/ha, 

the lowest late MLN score under the MLN environment and 5.50 t/ha under optimum 

conditions while CKSBL10011×CML494 was the only entry which showed good 

performance across the three environments. Mean squares due to both general combining 

ability (GCA) and specific combining ability (SCA) were significant for most of the recorded 

traits, including grain yield under all environments, suggesting the importance of both 

additive and non-additive gene effects. However, additive gene action was predominant 

across all evaluation conditions.  

7.2.3. Combining ability for drought tolerance and maize weevil resistance in 
tropical maize germplasm 

This study involved eight parental inbred lines with varied reaction to drought and the maize 

weevil used to generate 28 single cross hybrids in a half diallel mating design and  evaluated 

across six sites under optimum conditions and over two sites under managed drought 
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stress. The grain samples harvested from the optimum sites were evaluated for maize 

weevil resistance under artificial infestation in a post-harvest laboratory. Genotype and 

genotype × environment interaction mean squares for important traits under drought (grain 

yield, days to anthesis and leaf senescence), optimum conditions (grain yield, days to 

anthesis) and maize weevil infestation (Dobie’s susceptibility index, living insects, weight 

loss and seed damage) were significant.  

Out of the 28 evaluated hybrids, 24 entries (86%) showed good performance under optimum 

and drought conditions but had susceptible reactions under post-harvest insect pest 

infestation. Only one hybrid (4%), CKDHL120731 × CKDHL120517, performed well under 

the two field conditions and under maize weevil infestation. Significant mean squares due 

to both general combining ability (GCA) and specific combining ability (SCA) for grain yield 

under drought and optimum conditions and for the key resistance parameters under maize 

weevil infestation were observed indicating the importance of both additive and non-additive 

gene action in controlling these traits. Additive gene action was generally predominant in 

most of the cases. For grain yield under drought, Dobie’s susceptibility index, seed damage 

and living insects under maize weevil infestation, additive gene action was predominant. 

Resistance to drought was observed in many crosses with at least one drought-tolerant 

inbred line parent, while resistance to maize weevil requires a cross with both maize weevil 

resistant inbred line parents. 
  

7.2.4. Gene action controlling important traits under optimum, maize lethal 
necrosis and maize weevil infestation in tropical maize germplasm 

Eight maize inbred lines with varying levels of tolerance to MLN and maize weevil resistance 

were crossed in a half-diallel design generating 28 F1 hybrids. The hybrids were evaluated 

in the field under optimum and artificial MLN conditions in Kenya and after harvesting, grain 

samples from optimum sites were evaluated for maize weevil resistance under artificial 

infestation. Grain yield under MLN infestation was not influenced by the environment.  

Highly significant genotype and genotype × environment interaction effects were observed 

for MLN scores under artificial MLN infestation; grain yield, plant and ear aspects under 

optimum and the key parameters to access maize weevil resistance, namely, parent 

mortality, Dobie’s Susceptibility Index, number of living insects, weight loss, seed damage, 

grain texture and protein content under weevil infestation revealing that the hybrids differed 

and their performance changed significantly with change in growth and storage conditions.  
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Significant mean squares due to only general combining ability (GCA) for grain yield under 

MLN and weight loss under maize weevil infestation, and due to both GCA and specific 

combining ability (SCA) for MLN scores under MLN infestation and grain yield, plant and ear 

aspects under optimum growing conditions and parent mortality, Dobie’s Susceptibility 

Index, number of living insects, seed damage, grain texture and protein content under weevil 

infestation were observed suggesting the importance of both additive and non-additive 

effects. Additive gene action was predominant for most of the traits under the three 

evaluation conditions. Three hybrids, CKDHL120918 × CKSBL10060, CKSBL10060 × 

CKDHL120731 and CML494 × CKDHL120731 showed good performance under the three 

evaluation conditions and four, CML494 × CKSBL10082, CML494 × CKSBL10060, CML442 

× CML494 and CML494 × CKDHL120517 showed good performance only under optimum 

and weevil infestation 

7.3. The implication of the findings in the practical breeding programs 

Drought, maize lethal necrosis and maize weevil infestation can occur simultaneously during 

the main cropping seasons in many tropical environments, causing frequent crop failures 

and grain loss, causing food insecurity among small-scale farmers in Africa. This has raised 

many concerns among farmers and public leadership and triggered exciting debates among 

scientists during recent years. In the past, breeding programs focused on improving 

tolerance or resistance to a single stress in a genotype. However, from a crop improvement 

perspective, breeding varieties with increased resilience to multiple stresses is important to 

meet the food demands for the increasing population in the tropical and subtropical hot and 

water-limited environments. 

The observed genetic variability for combined traits in tropical maize germplasm in this 

study, is important information for breeders since effective selection for a particular trait can 

only be successful when there is genetic variation in the available germplasm. The identified 

superior genotypes across environments can be used immediately in breeding programs, 

especially in sub-Saharan Africa. In addition, the results indicated that the improvement of 

tropical maize for combined stresses is possible and it can be faster when the inbred lines 

and hybrids are developed and evaluated under combined stress environments, than under 

a single stress.  
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The importance of both additive and non-additive gene action, with increased prevalence of 

additive gene action rather than non-additive gene action, especially under stressful 

environments, is an indicator of the feasibility of breeding for tolerance/ resistance to 

combined stresses, and suggesting that recurrent selection can be applied for rapid 

breeding progress. Inbred lines with favourable alleles for grain yield under drought 

tolerance and MLN infestation in the field and with maize weevil resistance in the storage 

were identified. Three inbred lines CKSBL10011, CKDHL120918, CML494, CKDHL120731 

and CKDHL120517 were good combiners and can be good sources of resistance genes in 

breeding for combined drought tolerance, MLN and maize weevil resistance in maize. 

The findings of this research are important for multiple stresses breeding in maize, and will 

act as baseline studies for future research when breeding for combined stresses, especially, 

drought, maize lethal necrosis and post-harvest pests. 
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APPENDICES 

Appendix 4-1. Means of the GY and other traits under across analysis for MLN virus infested environments 
Entry Cross Pedigree MLN1 MLN2 MLN3 MLN4 GY EPP NP PH EPO

1 2×4 CKSBL10011 × CKDHL121230 2.50 3.67 4.67 5.33 0.51 0.77 9.67 138.00 0.65
2 2×8 CKSBL10011 × CML494 3.17 4.83 5.17 5.50 0.59 0.55 9.67 126.67 0.61
3 1×2 CKSBL10027 × CKSBL10011 3.00 3.83 5.00 5.33 0.81 0.97 9.67 156.67 0.62
4 2×5 CKSBL10011 × CML395 3.17 3.83 4.50 5.67 0.45 0.51 7.00 141.83 0.58
5 2×6 CKSBL10011 × CML442 3.33 4.50 5.83 6.50 0.71 0.96 7.67 130.28 0.64
6 2×3 CKSBL10011 × CKDHL120172 2.50 3.67 4.83 5.67 0.54 0.73 9.67 149.67 0.66
7 2×7 CKSBL10011 × CKDHL120918 2.17 2.33 2.83 2.83 2.32 1.52 10.00 175.67 0.57
8 4×8 CKDHL121230 × CML494 3.00 4.67 5.50 6.33 0.78 0.82 10.00 125.00 0.60
9 1×4 CKSBL10027 × CKDHL121230 3.00 4.67 5.50 6.50 0.00 - 9.00 122.50 0.69
10 4×5 CKDHL121230 × CML395 3.00 3.83 5.00 6.17 0.00 - 7.00 116.25 0.64
11 4×6 CKDHL121230 × CML442 3.67 4.83 5.33 6.83 0.00 - 8.33 107.08 0.62
12 3×4 CKDHL120172 × CKDHL121230 2.67 4.00 5.00 6.00 0.00 - 9.33 124.50 0.63
13 4×7 CKDHL121230 × CKDHL120918 2.50 4.00 4.67 5.83 0.00 - 10.00 128.67 0.57
14 1×8 CKSBL10027 × CML494 3.67 4.83 5.50 6.33 0.00 - 8.67 129.58 0.60
15 5×8 CML395 × CML494 2.83 4.17 5.50 6.33 0.80 0.54 10.00 154.33 0.57
16 6×8 CML442 × CML494 4.17 5.50 5.83 7.00 0.00 - 5.67 127.50 0.71
17 3×8 CKDHL120172 × CML494 3.33 4.67 5.33 6.33 0.90 0.51 9.33 136.89 0.62
18 7×8 CKDHL120918 × CML494 2.67 4.00 5.00 6.17 0.88 1.05 9.67 131.33 0.62
19 1×5 CKSBL10027 × CML395 3.17 4.00 5.50 6.83 0.00 - 9.33 156.56 0.67
20 1×6 CKSBL10027 × CML442 3.67 5.00 5.67 6.50 0.00 - 10.33 139.37 0.59
21 1×3 CKSBL10027 × CKDHL120172 2.33 3.67 4.67 5.67 0.16 0.72 9.33 160.67 0.65
22 1×7 CKSBL10027 × CKDHL120918 2.50 3.67 4.67 5.17 0.63 1.06 8.33 145.67 0.64
23 5×6 CML395 × CML442 3.50 5.00 6.00 7.67 0.00 - 3.33 159.67 0.62
24 3×5 CKDHL120172 × CML395 3.50 5.17 6.67 8.50 0.00 - 2.33 163.67 0.62
25 5×7 CML395 × CKDHL120918 2.33 3.00 4.00 5.17 0.93 0.50 10.33 159.67 0.61
26 3×6 CKDHL120172 × CML442 3.33 5.17 6.00 6.67 0.00 - 6.00 121.67 0.57
27 6×7 CML442 × CKDHL120918 3.17 4.67 5.50 6.33 0.52 0.62 9.33 132.00 0.65
28 3×7 CKDHL120172 × CKDHL120918 2.50 3.83 4.83 5.67 0.57 0.72 9.67 141.25 0.51
29 WE6109 WE6109 2.00 3.00 4.17 4.67 0.86 0.91 11.00 172.00 0.91
30 CZH1258 CZH1258 3.33 4.83 5.50 6.83 0.00 - 6.67 133.33 0.66
31 WE1101 WE1101 3.50 5.00 5.83 6.67 0.00 - 5.00 118.57 0.31
32 PHB3253 PHB3253 3.83 5.33 6.50 7.50 0.00 - - - -

Min 2.00 2.33 2.83 2.83 0.00 0.50 2.33 107.08 0.31
Max 4.17 5.50 6.67 8.50 2.32 1.52 11.00 175.67 0.91
Mean 3.03 4.29 5.20 6.14 0.40 0.79 8.43 139.56 0.62
StError 0.09 0.13 0.13 0.18 0.09 0.05 0.37 3.06 0.02

MLN1- MLN4= MLN scores, GY = grain yield; EPP = ears/plant, NP= number of plants, PH = plant height; EPO = ear position  
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Appendix 4-2. Means of the GY and other traits under across analysis for drought environments 
Entry Cross Pedigree GY EPP EA AD ASI PH EPO SEN PA

1 2×4 CKSBL10011 × CKDHL121230 2.40 0.73 2.67 65.50 2.33 168.75 0.47 4.33 2.67
2 2×8 CKSBL10011 × CML494 2.36 0.66 2.67 67.67 1.17 193.08 0.48 4.33 2.00
3 1×2 CKSBL10027 × CKSBL10011 0.62 0.45 4.17 67.17 5.00 169.75 0.58 9.00 3.33
4 2×5 CKSBL10011 × CML395 1.84 0.59 3.00 68.33 5.50 192.67 0.56 5.83 2.33
5 2×6 CKSBL10011 × CML442 2.19 0.63 3.00 70.50 4.00 188.75 0.54 4.83 2.00
6 2×3 CKSBL10011 × CKDHL120172 2.12 0.57 2.67 69.50 7.00 195.75 0.55 4.50 2.00
7 2×7 CKSBL10011 × CKDHL120918 2.01 0.64 2.67 67.50 3.00 178.25 0.51 6.17 2.33
8 4×8 CKDHL121230 × CML494 2.21 0.63 2.83 68.17 2.17 177.00 0.44 4.17 1.00
9 1×4 CKSBL10027 × CKDHL121230 2.27 0.67 2.67 66.67 3.17 170.58 0.50 4.17 1.67
10 4×5 CKDHL121230 × CML395 2.07 0.63 3.00 68.17 4.67 178.00 0.51 4.50 2.00
11 4×6 CKDHL121230 × CML442 2.25 0.55 2.67 68.00 6.33 168.08 0.48 3.83 1.33
12 3×4 CKDHL120172 × CKDHL121230 2.29 0.69 2.67 67.83 5.17 173.08 0.49 4.50 1.67
13 4×7 CKDHL121230 × CKDHL120918 2.26 0.69 2.83 67.67 5.00 166.08 0.49 4.67 2.33
14 1×8 CKSBL10027 × CML494 2.42 0.80 3.00 69.00 2.83 177.42 0.49 4.17 1.33
15 5×8 CML395 × CML494 2.18 0.64 2.67 70.17 5.50 198.33 0.45 4.50 2.00
16 6×8 CML442 × CML494 2.67 0.57 2.67 72.33 4.67 177.08 0.47 4.17 2.00
17 3×8 CKDHL120172 × CML494 2.06 0.54 3.00 70.83 4.33 192.75 0.47 4.50 1.67
18 7×8 CKDHL120918 × CML494 2.26 0.64 2.17 69.33 3.50 183.00 0.46 4.33 2.33
19 1×5 CKSBL10027 × CML395 1.23 0.50 3.67 68.67 7.33 174.50 0.54 5.33 2.67
20 1×6 CKSBL10027 × CML442 1.84 0.75 3.17 70.67 4.83 182.92 0.55 6.50 2.67
21 1×3 CKSBL10027 × CKDHL120172 1.79 0.49 3.00 68.33 4.83 179.67 0.55 3.83 2.00
22 1×7 CKSBL10027 × CKDHL120918 1.90 0.61 2.83 69.50 2.83 174.25 0.50 5.33 2.00
23 5×6 CML395 × CML442 2.22 0.61 2.83 71.33 5.17 187.08 0.64 4.33 2.67
24 3×5 CKDHL120172 × CML395 0.74 0.43 3.83 73.00 5.00 159.33 0.54 4.67 3.00
25 5×7 CML395 × CKDHL120918 1.72 0.50 3.50 69.17 6.83 189.17 0.53 5.17 2.33
26 3×6 CKDHL120172 × CML442 2.08 0.47 3.00 71.67 3.83 190.00 0.59 4.17 1.67
27 6×7 CML442 × CKDHL120918 2.17 0.50 3.00 73.00 2.17 185.08 0.55 4.17 2.00
28 3×7 CKDHL120172 × CKDHL120918 1.78 0.52 3.00 70.50 3.00 187.42 0.53 5.33 2.67
29 WE6109 WE6109 1.95 0.67 3.00 67.83 2.17 187.08 0.50 6.17 1.67
30 CZH1258 CZH1258 1.58 0.53 3.17 69.33 1.83 170.92 0.50 6.00 2.67
31 WE1101 WE1101 1.85 0.53 3.25 72.83 3.20 174.92 0.55 5.17 2.33
32 PHB3253 PHB3253 1.76 0.57 2.79 71.67 4.32 188.00 0.55 5.67 1.67

Min 0.62 0.43 2.17 65.50 1.17 159.33 0.44 3.83 1.00
Max 2.67 0.80 4.17 73.00 7.33 198.33 0.64 9.00 3.33
Mean 1.97 0.59 2.97 69.43 4.15 180.59 0.52 4.95 2.13
StError 0.08 0.02 0.07 0.34 0.28 1.72 0.01 0.18 0.09

GY = grain yield; EPP = ears/plant, EA = ear aspect, AD = days to anthesis; ASI = anthesis-silking interval, PH = plant height
EPO = ear position; SEN= senascence, PA= Plant aspect,  
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Appendix 4-3. Means of the GY and other traits under across analysis for optimum environments 
Entry Cross Pedigree GY EPP EA AD ASI PH EPO PA HC TEX

1 2×4 CKSBL10011 × CKDHL121230 6.43 1.00 2.67 65.06 0.83 222.56 0.46 2.39 10.06 3.33
2 2×8 CKSBL10011 × CML494 6.90 0.97 2.33 67.61 -0.39 238.11 0.48 2.33 4.71 2.67
3 1×2 CKSBL10027 × CKSBL10011 5.37 0.97 2.78 67.56 1.89 225.72 0.52 2.83 2.67 2.00
4 2×5 CKSBL10011 × CML395 6.84 1.07 2.33 69.67 1.67 249.11 0.53 3.06 5.60 2.67
5 2×6 CKSBL10011 × CML442 6.49 0.97 2.78 70.17 1.50 242.47 0.51 2.50 5.92 5.00
6 2×3 CKSBL10011 × CKDHL120172 6.72 1.00 2.22 69.61 1.50 255.17 0.53 3.17 5.97 4.67
7 2×7 CKSBL10011 × CKDHL120918 5.50 0.99 2.89 68.83 -0.44 224.53 0.48 2.83 15.91 2.00
8 4×8 CKDHL121230 × CML494 6.87 1.00 2.56 66.83 -0.78 228.14 0.42 1.78 8.33 2.00
9 1×4 CKSBL10027 × CKDHL121230 5.89 0.98 2.72 65.67 1.44 215.58 0.46 2.39 5.52 1.00
10 4×5 CKDHL121230 × CML395 6.20 1.02 2.28 68.17 1.61 230.94 0.48 2.78 17.46 1.33
11 4×6 CKDHL121230 × CML442 5.81 0.96 2.78 66.50 1.00 211.19 0.46 2.22 7.34 5.00
12 3×4 CKDHL120172 × CKDHL121230 6.69 0.96 2.78 66.56 1.50 229.11 0.48 2.56 13.70 3.67
13 4×7 CKDHL121230 × CKDHL120918 5.29 0.97 2.94 66.67 1.11 204.00 0.45 2.50 17.80 4.33
14 1×8 CKSBL10027 × CML494 6.66 0.98 2.44 69.94 0.28 229.58 0.46 2.22 1.21 1.67
15 5×8 CML395 × CML494 7.05 0.98 2.28 71.50 0.22 245.42 0.46 2.67 11.83 1.67
16 6×8 CML442 × CML494 6.62 1.48 2.78 71.50 0.61 235.31 0.46 2.50 8.39 5.00
17 3×8 CKDHL120172 × CML494 7.35 1.02 2.11 71.44 0.11 249.69 0.46 2.33 10.30 4.67
18 7×8 CKDHL120918 × CML494 6.05 0.96 2.28 70.72 -1.61 222.33 0.43 2.39 8.16 2.00
19 1×5 CKSBL10027 × CML395 5.79 0.98 2.50 69.22 2.61 226.11 0.51 3.06 9.28 1.00
20 1×6 CKSBL10027 × CML442 5.70 1.00 2.44 69.06 2.11 226.36 0.49 2.67 3.38 2.67
21 1×3 CKSBL10027 × CKDHL120172 5.75 0.99 2.39 69.06 2.28 237.33 0.51 2.94 3.49 1.33
22 1×7 CKSBL10027 × CKDHL120918 5.22 0.98 2.56 69.50 0.50 222.47 0.48 2.89 10.92 1.00
23 5×6 CML395 × CML442 6.23 0.97 2.50 71.72 2.44 227.50 0.52 2.94 0.60 5.00
24 3×5 CKDHL120172 × CML395 2.91 0.85 3.89 74.72 3.67 207.72 0.53 3.33 9.04 3.33
25 5×7 CML395 × CKDHL120918 5.68 0.99 2.61 69.94 0.33 225.35 0.51 2.94 13.91 1.00
26 3×6 CKDHL120172 × CML442 6.30 0.96 2.67 71.56 3.00 242.69 0.52 2.89 4.64 5.00
27 6×7 CML442 × CKDHL120918 5.67 0.96 2.50 70.83 0.78 235.42 0.50 2.83 23.65 4.00
28 3×7 CKDHL120172 × CKDHL120918 5.24 0.95 2.89 70.39 0.72 234.42 0.52 3.11 16.16 2.00
29 WE6109 WE6109 6.11 1.50 2.83 65.50 -1.94 224.17 0.47 2.67 29.70 3.33
30 CZH1258 CZH1258 6.38 0.99 2.72 67.39 0.72 226.86 0.47 2.61 12.50 4.67
31 WE1101 WE1101 5.16 0.88 2.94 72.72 1.89 225.33 0.50 2.72 14.22 3.67
32 PHB3253 PHB3253 6.66 0.93 2.89 68.83 2.50 245.61 0.48 2.28 6.35 3.33
Min 2.91 0.85 2.11 65.06 -1.94 204.00 0.42 1.78 0.60 1.00
Max 7.35 1.50 3.89 74.72 3.67 255.17 0.53 3.33 29.70 5.00
Mean 6.05 1.01 2.63 69.20 1.05 230.20 0.49 2.67 9.96 3.00
StError 0.15 0.02 0.06 0.40 0.22 2.12 0.01 0.06 1.14 0.25

GY = grain yield; EPP = ears/plant; EA = ear aspect; AD = days to anthesis; ASI = anthesis-silking interval; PH = plant height; 
EPO = ear position; PA= plant aspect; HC= bad husk cover; TEX= grain texture
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Appendix 4-4. Across and individual site of general combining ability effects for grain yield 

and other traits of 8 maize inbred lines evaluated under maize lethal necrosis infestation at 

Naivasha, Kenya 2017A and 2018A 

Genotype MLN1 MLN2 MLN3 MLN4 GY EPP NP PH
CKSBL10027 0.04 -0.01 0.06 -0.06 - - - -

Across CKSBL10011 -0.21* -0.51*** -0.55*** -0.98*** - - - -
CKDHL120172 -0.15 0.07 0.20 0.30** - - - -
CKDHL121230 -0.13 -0.01 -0.07 0.05 - - - -
CML395 0.07 -0.13 0.17 0.60*** - - - -
CML442 0.63*** 0.82*** 0.67*** 0.80*** - - - -
CKDHL120918 -0.54*** -0.71*** -0.77*** -0.92*** - - - -
CML494 0.29*** 0.47*** 0.28* 0.22 - - - -

Site 5 CKSBL10027 0.17 -0.13 0.01 -0.24 - - - -
CKSBL10011 -0.33* -0.63*** -0.54*** -0.96*** - - - -
CKDHL120172 -0.06 0.26 0.35** 0.15 - - - -
CKDHL121230 -0.17 -0.01 -0.10 0.15 - - - -
CML395 0.06 0.10 0.46*** 0.88*** - - - -
CML442 0.67*** 0.71*** 0.51*** 0.76*** - - - -
CKDHL120918 -0.56*** -0.63*** -0.88*** -0.85*** - - - -
CML494 0.22* 0.32* 0.18 0.10 - - - -

Site 10 CKSBL10027 -0.08 0.10 0.11 0.11 -0.24*** -0.06 0.83* 5.89
CKSBL10011 -0.08 -0.40*** -0.56*** -1.0*** 0.48*** 0.25*** 0.61 7.19*
CKDHL120172 -0.25*** -0.13 0.06 0.44** -0.14** -0.08 -0.67* 3.78
CKDHL121230 -0.08 -0.01 -0.06 -0.06 -0.29*** -0.10 0.61 -18.94***
CML395 0.08 -0.35*** -0.11 0.33* -0.14** -0.12* -1.72*** 12.72***
CML442 0.58*** 0.93*** 0.83*** 0.83*** -0.3*** -0.19*** -1.5*** -9.68**
CKDHL120918 -0.53*** -0.79*** -0.67*** -1.0*** 0.47*** 0.29*** 1.28*** 6.43
CML494 0.36*** 0.65*** 0.39* 0.33* 0.15** -0.01 0.56 -7.39*

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%

MLN1- MLN4= MLN scores 1 at early stage and 4 at late stage; GY= Grain Yield,EPP = ears/plant; NP= number of plants ; PH= Plant Height  
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Appendix 4-5. Across and individual site of general combining ability effects for grain yield 

and other traits of 8 maize inbred lines evaluated under drought conditions in Kenya 2017A 

and 2018A 

Genotype GY EA AD PH EPO SEN
Across CKSBL10027 -0.32* 0.30* -0.84* -5.90 0.01* -

CKSBL10011 -0.08 0.02 -1.48*** 3.76 0.01 -
CKDHL120172 -0.19 0.08 1.10** 2.26 0.02* -
CKDHL121230 0.29 -0.23 -2.17*** -10.48* -0.04*** -
CML395 -0.33 0.30* 0.63 2.44 0.03*** -
CML442 0.24* -0.06 2.08*** 2.42 0.03*** -
CKDHL120918 0.02 -0.12 0.27 -0.20 -0.01 -
CML494 0.36** -0.28* 0.41 5.70 -0.06*** -

Site 4 CKSBL10027 0.05 0.04 -0.97** -2.03 0.02*** -
CKSBL10011 0.05 -0.13 -1.36*** 2.42 0.01* -
CKDHL120172 -0.19* 0.21 0.97** 4.17 0.03*** -
CKDHL121230 0.16* -0.35* -2.25*** -5.83* -0.04*** -
CML395 -0.05 0.21 0.36 2.94 0.03*** -
CML442 -0.05 0.10 2.47*** -2.86 0.03*** -
CKDHL120918 -0.08 0.10 0.14 -2.03 -0.02** -
CML494 0.10 -0.18 0.64* 3.22 -0.07*** -

Site 9 CKSBL10027 -0.69*** 0.56*** -0.71** -9.76*** 0.01 0.75***
CKSBL10011 -0.20 0.17 -1.60*** 5.10** 0.01 0.86***
CKDHL120172 -0.19 -0.06 1.24*** 0.35 0.01 -0.39*
CKDHL121230 0.43** -0.11 -2.10*** -15.13*** -0.04** -0.61**
CML395 -0.61*** 0.39* 0.90*** 1.93 0.03* 0.08
CML442 0.53*** -0.22 1.68*** 7.71*** 0.04** -0.31
CKDHL120918 0.11 -0.33* 0.40 1.63 0.00 0.22
CML494 0.62*** -0.39** 0.18 8.18*** -0.05*** -0.61**

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%

GY = grain yield; EA = ear aspect;  AD = days to anthesis; PH = plant height; EPO = ear position; SEN= senascence  
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Appendix 4-6. Across and individual site of general combining ability effects for grain yield 

and other traits of 8 maize inbred lines evaluated under optimum conditions in Kenya 2017A 

and 2018A 

Genotypes GY AD ASI PH EPO PA
across CKSBL10027 -0.32 -0.83 0.58*** -4.65* 0.00 0.04

CKSBL10011 0.32 -1.08 -0.18 7.76*** 0.02*** 0.06
CKDHL120172 -0.23 1.39 0.86*** 7.51** 0.02*** 0.26***
CKDHL121230 0.15 -3.26*** -0.15 -11.59*** -0.03*** -0.36***
CML395 -0.27 1.66* 0.82*** 0.18 0.02*** 0.34***
CML442 0.09 1.06 0.64*** 1.64 0.01* -0.03
CKDHL120918 -0.61*** 0.31 -1.04*** -7.10** -0.01 0.12*
CML494 0.87*** 0.76 -1.53*** 6.25** -0.04*** -0.42***

Site 1 CKSBL10027 -0.04 -0.83 0.75 3.91 0.00 0.29**
CKSBL10011 0.23 -0.61 -0.47 13.74*** 0.02*** -0.32***
CKDHL120172 -0.79** 1.39* 2.36*** 4.94 0.02** 0.46***
CKDHL121230 1.35*** -2.78*** -1.14** -14.84*** -0.03*** -0.36***
CML395 -1.57*** 1.83** 1.53*** -3.09 0.01** 0.40***
CML442 -0.38 0.11 1.64*** -2.84 0.01 0.13
CKDHL120918 0.41 -0.39 -2.08*** -8.42** -0.01 -0.04
CML494 0.80** 1.28* -2.58*** 6.60** -0.01 -0.54***

Site 2 CKSBL10027 -0.44** -0.58*** 0.71** -9.89*** 0.01** -0.01
CKSBL10011 0.29* -1.47*** 0.38 10.69*** 0.01** 0.43***
CKDHL120172 -0.08 0.47** 0.54* 8.28*** 0.02*** 0.43***
CKDHL121230 0.49** -2.19*** 0.26 -12.39*** -0.02*** -0.57***
CML395 0.10 0.25 0.65** 2.67 0.02** 0.38**
CML442 -0.01 1.69*** 0.82*** 0.28 -0.01* -0.18
CKDHL120918 -0.79*** 0.92*** -1.54*** -3.47* 0.00 -0.07
CML494 0.44** 0.92*** -1.85*** 3.83* -0.04*** -0.40***

Site 3 CKSBL10027 0.05 -1.71*** -0.03 -4.14 0.01 0.03
CKSBL10011 -0.07 -2.15*** 0.03 2.02 0.01* 0.25
CKDHL120172 -0.62** 3.13*** -0.42 1.52 0.03*** 0.03
CKDHL121230 -0.57* -3.71*** -0.25 0.36 -0.04*** -0.03
CML395 0.18 2.85*** 0.36 -2.96 0.04*** 0.08
CML442 0.55* 1.51*** 0.19 4.44 0.03*** -0.03
CKDHL120918 -0.48* 0.01 0.42 1.98 -0.02*** -0.03
CML494 0.97*** 0.07* -0.31 -3.23 -0.06*** -0.31

GY= grain yield, AD= anthesis date, ASI= anthesis-silking interval, 

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%

PH= plant Height, EPO = ear position, PA= plant aspect  

Continuation Appendix 4-6 
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Genotypes GY AD ASI PH EPO PA
Site 6 CKSBL10027 -0.80** -0.72 0.92*** -3.14 0.01 -0.01

CKSBL10011 0.15 -0.39 0.08 8.75*** 0.03*** -0.13
CKDHL120172 0.26 1.17** 0.64* 7.94*** 0.02*** 0.47***
CKDHL121230 0.24 -3.28*** -0.19 -17.31*** -0.04*** -0.74***
CML395 0.51* 2.39*** 0.03 7.78*** 0.04** 0.43***
CML442 -0.42 0.28 0.69** 1.78 0.02** -0.13
CKDHL120918 -1.09*** -0.17 -0.86** -12.78*** 0.00 0.65***
CML494 1.16*** 0.72* -1.31*** 6.97** -0.04*** -0.57***

Site 7 CKSBL10027 -0.72*** -0.75*** 0.92*** -12.32*** 0.01* -0.07
CKSBL10011 0.62*** -0.92*** -0.31* 7.38** 0.02*** 0.04
CKDHL120172 0.13 0.42** 0.97*** 7.38** 0.03*** -0.07
CKDHL121230 0.11 -2.25*** -0.19 -10.60*** -0.03*** -0.24
CML395 -0.44** 0.36* 1.14*** -2.40 0.03*** 0.26
CML442 0.33* 1.36*** 0.69*** 4.32 0.00 0.04
CKDHL120918 -0.58*** 0.97*** -1.58*** -2.38 0.00 0.15
CML494 0.55** 0.81*** -1.64*** 8.63*** -0.05*** -0.13

Site 8 CKSBL10027 0.02 -0.40 0.22 -2.34 -0.01 0.01
CKSBL10011 0.73** -0.96*** -0.78*** 3.99 0.02** 0.07
CKDHL120172 -0.26 1.76*** 1.06*** 14.99*** 0.02** 0.24*
CKDHL121230 -0.73** -5.35*** 0.61** -14.78*** -0.03*** -0.21
CML395 -0.39 2.26*** 1.22*** -0.92 0.03*** 0.46***
CML442 0.45 1.38*** -0.22 1.88 0.02* -0.04
CKDHL120918 -1.10*** 0.54* -0.61*** -17.51*** -0.01 0.07
CML494 1.28*** 0.76** -1.5*** 14.69*** -0.04*** -0.60***

PH= plant Height, EPO = ear position, PA= plant aspect
GY= grain yield, AD= anthesis date, ASI= anthesis-silking interval, 

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%
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Appendix 4-7. Across specific combining ability effects for grain yield and other traits of 8 maize inbred lines evaluated under 

MLN virus infested conditions in Naivasha, Kenya 2017A and 2018A 
Single cross Pedigree MLN1 MLN2 MLN3 MLN4 GY EPP NP EPO

S12 CKSBL10027 × CKSBL10011 0.15 0.11 0.33 0.27 0.13 0.14 -0.30 -0.02
S13 CKSBL10027 × CKDHL120172 -0.57* -0.64** -0.76** -0.67** 0.11 0.22 0.64 0.02
S14 CKSBL10027 × CKDHL121230 0.07 0.44* 0.35 0.41 0.09 -0.25* -0.97 0.04
S15 CKSBL10027 × CML395 0.04 -0.11 0.10 0.19 -0.05 -0.09 1.70* 0.03
S16 CKSBL10027 × CML442 -0.01 -0.06 -0.23 -0.34 0.10 -0.15 2.48** -0.06*
S17 CKSBL10027 × CKDHL120918 -0.01 0.14 0.21 0.05 -0.04 0.18 -2.30** 0.03
S18 CKSBL10027 × CML494 0.32 0.11 0.35 0.08 -0.61 -0.04 -1.25 -0.04
S23 CKSBL10011 × CKDHL120172 -0.15 -0.14 -0.01 0.25 -0.35*** -0.09 1.20 0.05*
S24 CKSBL10011 × CKDHL121230 -0.18 -0.06 0.02 0.16 -0.24* -0.03 -0.08 0.02
S25 CKSBL10011 × CML395 0.29 0.22 0.13 -0.06 -0.12 -0.26* -0.41 -0.04
S26 CKSBL10011 × CML442 -0.10 -0.06 -0.29 0.58* -0.32** 0.25* 0.03 0.01
S27 CKSBL10011 × CKDHL120918 -0.10 -0.69** 0.55* -1.37*** 0.09 0.33** -0.41 -0.02
S28 CKSBL10011 × CML494 0.07 0.61** 0.13 0.16 0.48*** -0.34** -0.02 0.00
S34 CKDHL120172 × CKDHL121230 -0.07 -0.31 -1.01*** -0.45 0.93*** 0.03 0.87 0.01
S35 CKDHL120172 × CML395 0.57* 0.97*** 0.27 1.50*** -0.48*** 0.20 -3.80*** 0.02
S36 CKDHL120172 × CML442 -0.15 0.03 -0.29 -0.53* 0.00 -0.19 -0.36 -0.05
S37 CKDHL120172 × CKDHL120918 0.18 0.22 1.13*** 0.19 -0.15 -0.13 0.53 -0.07**
S38 CKDHL120172 × CML494 0.18 -0.14 -0.01 -0.28 0.01 -0.04 0.92 0.01
S45 CKDHL121230 × CML395 0.04 -0.28 -0.04 -0.59* 0.01 0.11 -0.41 0.01
S46 CKDHL121230 × CML442 0.15 -0.22 0.24 -0.12 -0.19 -0.08 0.70 -0.02
S47 CKDHL121230 × CKDHL120918 0.15 0.47* -0.31 0.61* 0.46*** -0.07 -0.41 -0.03
S48 CKDHL121230 × CML494 -0.18 -0.06 -0.56* -0.03 0.17 0.29* 0.31 -0.03
S56 CML395 × CML442 -0.21 0.06 -0.26 0.16 0.00 0.31** -1.97** -0.01
S57 CML395 × CKDHL120918 -0.21 -0.42* -0.42* -0.62* 0.16 -0.31* 2.25** 0.02
S58 CML395 × CML494 -0.54* -0.44* -0.12 -0.59* 0.36*** 0.03 2.64*** -0.05
S67 CML442 × CKDHL120918 0.07 0.31 -0.44* 0.36 -0.08 -0.13 1.03 0.04
S68 CML442 × CML494 0.24 -0.06 -0.29 -0.12 -0.29** -0.02 -1.91* 0.08**
S78 CKDHL120918 × CML494 -0.10 -0.03 0.33 0.77** -0.18 0.13 -0.69 0.03

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%

MLN1- MLN4= MLN scores 1 at early stage and 4 at late stage; GY= Grain Yield, EPP = ears/plant; NP= number of plants ; EPO = ear position  
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Appendix 4-8. Across specific combining ability effects for grain yield and other traits of 8 

maize inbred lines evaluated under drought conditions in Kenya 2017A and 2018A 
Single cross Pedigree GY EPP EA AD ASI PH SEN

S12 CKSBL10027 × CKSBL10011 -0.99 -0.18* 0.89* 0.19 0.96 -8.75 2.56***
S13 CKSBL10027 × CKDHL120172 0.30 -0.04 -0.33 -1.22 -0.06 2.67 -1.36**
S14 CKSBL10027 × CKDHL121230 0.30 -0.01 -0.36 0.39 -1.01 6.32 -0.81*
S15 CKSBL10027 × CML395 -0.11 -0.07 0.11 -0.42 1.30 -2.68 -0.33
S16 CKSBL10027 × CML442 -0.08 0.15 -0.03 0.14 0.30 5.75 1.22**
S17 CKSBL10027 × CKDHL120918 0.20 0.01 -0.31 0.78 -0.92 -0.29 -0.47
S18 CKSBL10027 × CML494 0.38 0.14* 0.03 0.14 -0.56 -3.03 -0.81*
S23 CKSBL10011 × CKDHL120172 0.39 0.04 -0.39 0.58 2.58* 9.10 -0.81*
S24 CKSBL10011 × CKDHL121230 0.18 0.05 -0.08 -0.14 -1.37 -5.16 -0.75*
S25 CKSBL10011 × CML395 0.24 0.03 -0.28 -0.11 -0.06 5.84 0.06
S26 CKSBL10011 × CML442 0.03 0.04 0.08 0.61 -0.06 1.93 -0.56
S27 CKSBL10011 × CKDHL120918 0.07 0.04 -0.19 -0.58 -0.29 -5.94 0.25
S28 CKSBL10011 × CML494 0.07 -0.01 -0.03 -0.56 -1.76 2.99 -0.75*
S34 CKDHL120172 × CKDHL121230 0.18 0.10 -0.14 -0.39 0.60 0.67 0.67
S35 CKDHL120172 × CML395 -0.74 -0.04 0.50* 1.97* -1.42 -26.00** 0.14
S36 CKDHL120172 × CML442 0.03 -0.04 0.03 -0.81 -1.09 4.68 0.03
S37 CKDHL120172 × CKDHL120918 -0.05 0.02 0.08 -0.17 -1.15 4.72 0.67
S38 CKDHL120172 × CML494 -0.11 -0.03 0.25 0.03 0.55 4.15 0.67
S45 CKDHL121230 × CML395 0.11 0.01 -0.03 0.42 -1.04 5.40 0.19
S46 CKDHL121230 × CML442 -0.28 -0.10 0.00 -1.19 2.13 -4.50 -0.08
S47 CKDHL121230 × CKDHL120918 -0.05 0.04 0.22 0.28 1.58 -3.87 0.22
S48 CKDHL121230 × CML494 -0.44 -0.09 0.39 0.64 -0.90 1.14 0.56
S56 CML395 × CML442 0.31 0.07 -0.36 -0.67 -0.90 1.59 -0.28
S57 CML395 × CKDHL120918 0.03 -0.04 0.36 -1.03 1.55 6.29 0.03
S58 CML395 × CML494 0.15 0.04 -0.31 -0.17 0.58 9.56 0.19
S67 CML442 × CKDHL120918 -0.08 -0.07 0.22 1.36 -1.62 2.22 -0.58
S68 CML442 × CML494 0.07 -0.06 0.06 0.56 1.24 -11.68* 0.25
S78 CKDHL120918 × CML494 -0.12 0.01 -0.39 -0.64 0.85 -3.14 -0.11

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%

GY = grain yield; EPP= number of ears/plant; EA = ear aspect;  AD = days to anthesis;
AD = days to anthesis; PH = plant height; SEN= senascence  
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Appendix 4-9. Across specific combining ability effects for grain yield and other traits of 8 maize inbred lines evaluated under 

optimum conditions in Kenya 2017A and 2018A 
Single cross Pedigree GY EA AD ASI PH EPO PA HC TEX

S12 CKSBL10027 × CKSBL10011 -0.68* 0.28* 0.19 0.40 -7.54 0.01 0.06 0.31 0.36
S13 CKSBL10027 × CKDHL120172 0.25 -0.27* -0.79 -0.25 4.32 -0.01 -0.04 -0.95 -0.70*
S14 CKSBL10027 × CKDHL121230 0.03 0.10 0.47 -0.08 1.67 0.00 0.03 -1.74 -0.37
S15 CKSBL10027 × CML395 0.33 -0.07 -0.89 0.12 0.43 0.00 0.00 4.11 0.41
S16 CKSBL10027 × CML442 -0.11 -0.13 -0.45 -0.20 -0.78 -0.01 -0.02 0.50 -0.53*
S17 CKSBL10027 × CKDHL120918 0.11 -0.06 0.73* -0.13 4.07 -0.01 0.05 -0.72 0.36
S18 CKSBL10027 × CML494 0.07 0.15 0.73* 0.14 -2.17 0.01 -0.07 -1.50 0.47
S23 CKSBL10011 × CKDHL120172 0.58 -0.46** 0.02 -0.27 9.74* 0.00 0.17 -0.86 0.69*
S24 CKSBL10011 × CKDHL121230 -0.08 0.02 0.11 0.07 -3.77 -0.01 0.01 0.41 0.02
S25 CKSBL10011 × CML395 0.74* -0.26* -0.19 -0.07 11.01* 0.01 -0.02 -1.98 0.13
S26 CKSBL10011 × CML442 0.03 0.17 0.91* -0.05 2.91 -0.01 -0.20 0.65 -0.14
S27 CKSBL10011 × CKDHL120918 -0.26 0.25 0.32 -0.32 -6.30 -0.02* -0.03 1.88 -0.59*
S28 CKSBL10011 × CML494 -0.33 0.01 -1.35 0.23 -6.06 0.01 0.02 -0.40 -0.48
S34 CKDHL120172 × CKDHL121230 0.72* -0.03 -0.86 -0.30 3.04 0.00 -0.03 1.97 -0.03
S35 CKDHL120172 × CML395 -2.64*** 1.14*** 2.39* 0.90** -30.12*** 0.00 0.06 -0.61 0.41
S36 CKDHL120172 × CML442 0.40 -0.09 -0.17 0.42 3.39 0.00 -0.02 -2.71 -0.53*
S37 CKDHL120172 × CKDHL120918 0.03 0.09 -0.60 -0.19 3.85 0.01 0.05 0.05 -0.98**
S38 CKDHL120172 × CML494 0.66* -0.37* 0.01 -0.31 5.78 -0.01 -0.19 3.12 1.13***
S45 CKDHL121230 × CML395 0.28 -0.44** 0.48 -0.15 12.20* 0.00 0.12 5.00* -0.92**
S46 CKDHL121230 × CML442 -0.47 0.05 -0.58 -0.58* -9.01* 0.00 -0.06 -2.83 0.13
S47 CKDHL121230 × CKDHL120918 -0.29 0.18 0.33 1.21*** -7.47 0.00 0.06 -1.13 2.02***
S48 CKDHL121230 × CML494 -0.19 0.11 0.05 -0.19 3.33 0.00 -0.12 -1.67 -0.87**
S56 CML395 × CML442 0.37 -0.17 -0.28 -0.10 -4.48 0.00 -0.04 -7.49** 0.91**
S57 CML395 × CKDHL120918 0.51 -0.09 -1.31 -0.54 2.11 0.01 -0.19 -2.94 -0.53*
S58 CML395 × CML494 0.41 -0.11 -0.20 -0.16 8.83* -0.01 0.07 3.91 -0.42
S67 CML442 × CKDHL120918 0.15 -0.21 0.18 0.09 10.71* 0.01 0.06 9.10*** -0.14
S68 CML442 × CML494 -0.38 0.38* 0.40 0.42 -2.74 0.00 0.28* 2.77 0.30
S78 CKDHL120918 × CML494 -0.25 -0.16 0.36 -0.13 -6.98 -0.01 0.01 -6.23* -0.14

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%

GY= grain yield, EA= ear aspect, AD= anthesis date, ASI= anthesis-silking interval, PH= plant Height, 
EPO = ear position, PA= plant aspect, HC= bad husk cover, TEX= grain texture  
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Appendix 5-1. Means of the Grain yield and other traits under across analysis for drought environments 
Entry Cross Pedigree GY EPP AD ASI PH EPO PA EA SEN

1 2×4 CKSBL10011 × CKDHL121230 3.55 0.89 67.17 0.12 190.75 0.49 1.33 2.33 4.58
2 2×5 CKSBL10011 × CKSBL10082 2.59 0.79 79.17 1.27 171.25 0.54 3.33 2.83 6.58
3 2×6 CKSBL10011 × CKSBL10060 0.37 0.35 67.83 2.17 149.67 0.54 4.33 4.50 9.00
4 1×2 CKSBL10027 × CKSBL10011 1.30 0.73 66.89 2.52 184.33 0.57 2.00 3.83 8.25
5 2×3 CKSBL10011 × CKDHL120172 3.26 0.68 68.98 4.44 207.58 0.56 2.67 2.50 4.42
6 2×7 CKSBL10011 × CKDHL120731 2.11 0.66 68.48 4.00 210.33 0.52 1.33 3.00 5.67
7 2×8 CKSBL10011 × CKDHL120517 2.87 0.81 68.83 2.50 208.58 0.57 2.00 2.50 5.00
8 4×5 CKDHL121230 × CKSBL10082 2.97 0.81 79.57 0.67 168.08 0.53 2.67 2.50 5.50
9 4×6 CKDHL121230 × CKSBL10060 2.65 0.81 78.35 1.67 177.67 0.51 1.67 3.00 5.08
10 1×4 CKSBL10027 × CKDHL121230 3.04 0.73 66.19 9.05 175.92 0.51 1.67 3.00 4.92
11 3×4 CKDHL120172 × CKDHL121230 3.31 0.76 73.56 10.18 196.58 0.50 1.67 2.67 4.75
12 4×7 CKDHL121230 × CKDHL120731 3.38 0.80 67.37 3.10 192.25 0.49 1.67 2.33 4.58
13 4×8 CKDHL121230 × CKDHL120517 3.37 0.83 67.17 2.00 182.50 0.53 1.33 2.33 5.17
14 5×6 CKSBL10082 × CKSBL10060 2.39 0.76 79.38 0.35 176.83 0.58 3.00 3.17 6.00
15 1×5 CKSBL10027 × CKSBL10082 1.85 0.69 68.10 2.07 165.42 0.55 3.67 2.83 5.83
16 3×5 CKDHL120172 × CKSBL10082 2.92 0.76 67.87 2.45 184.92 0.57 2.67 2.83 4.83
17 5×7 CKSBL10082 × CKDHL120731 2.79 0.88 68.57 1.60 193.58 0.53 2.33 2.17 4.83
18 5×8 CKSBL10082 × CKDHL120517 2.78 0.83 68.27 2.90 183.50 0.58 2.67 2.50 6.00
19 1×6 CKSBL10027 × CKSBL10060 1.40 0.66 67.27 1.77 174.50 0.57 2.67 3.67 8.75
20 3×6 CKDHL120172 × CKSBL10060 3.49 0.76 67.14 2.49 205.17 0.56 2.00 2.33 4.25
21 6×7 CKSBL10060 × CKDHL120731 2.33 0.78 67.44 1.67 198.00 0.53 2.00 3.00 6.83
22 6×8 CKSBL10060 × CKDHL120517 2.24 0.72 68.50 2.17 189.58 0.56 3.00 2.67 6.67
23 1×3 CKSBL10027 × CKDHL120172 2.76 0.69 68.83 4.13 188.75 0.55 2.00 2.50 4.25
24 1×7 CKSBL10027 × CKDHL120731 2.62 0.82 69.33 1.67 208.67 0.53 2.00 2.17 5.33
25 1×8 CKSBL10027 × CKDHL120517 2.66 0.85 67.88 0.46 190.42 0.58 2.33 2.33 5.42
26 3×7 CKDHL120172 × CKDHL120731 3.03 0.70 71.50 3.57 208.17 0.52 1.67 2.17 3.75
27 3×8 CKDHL120172 × CKDHL120517 3.49 0.74 70.33 4.00 209.25 0.58 1.00 2.17 5.00
28 7×8 CKDHL120731 × CKDHL120517 2.66 0.75 69.17 2.83 201.75 0.52 3.00 2.50 5.92
29 CZH1258 CZH1258 3.06 0.76 69.33 2.33 183.42 0.51 2.00 2.67 4.67
30 CKPH12040 CKPH12040 2.93 0.78 88.17 1.00 194.83 0.56 1.67 2.83 5.50
31 WE1101 WE1101 1.89 0.59 71.83 2.60 187.00 0.56 2.67 3.00 5.08
32 PHB3253 PHB3253 2.50 0.72 71.00 4.00 197.25 0.55 1.67 3.17 4.67

Min 0.37 0.35 66.19 0.12 149.67 0.49 1.00 2.17 3.75
Max 3.55 0.89 88.17 10.18 210.33 0.58 4.33 4.50 9.00
Mean 2.64 0.75 70.61 2.74 189.27 0.54 2.24 2.75 5.53
StError 0.12 0.02 0.72 0.40 2.76 0.00 0.14 0.10 0.23

GY = grain yield; EPP = ears/plant, AD = days to anthesis; ASI = anthesis-silking interval, PH = plant height
EPO = ear position; PA= Plant aspect, EA = ear aspect; PA = plant aspect; SEN= senascence  
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Appendix 5-2. Means of the Grain yield and other traits under across analysis for optimum environments 
Entry Cross Pedigree GY EPP AD ASI PH EPO PA EA

1 2×4 CKSBL10011 × CKDHL121230 5.44 0.85 67.11 1.06 223.63 0.46 2.56 2.94
2 2×5 CKSBL10011 × CKSBL10082 4.90 0.97 67.17 0.39 217.80 0.51 2.83 2.89
3 2×6 CKSBL10011 × CKSBL10060 2.99 0.89 70.56 1.22 189.27 0.51 2.89 3.94
4 1×2 CKSBL10027 × CKSBL10011 5.27 0.94 69.00 1.33 225.50 0.52 2.78 2.78
5 2×3 CKSBL10011 × CKDHL120172 6.65 0.91 70.44 0.83 252.67 0.53 2.72 2.33
6 2×7 CKSBL10011 × CKDHL120731 6.01 0.91 70.00 -0.17 247.17 0.49 2.94 2.33
7 2×8 CKSBL10011 × CKDHL120517 6.39 0.93 69.78 0.22 242.30 0.52 2.56 2.56
8 4×5 CKDHL121230 × CKSBL10082 5.14 0.98 65.06 0.06 205.57 0.49 2.56 3.11
9 4×6 CKDHL121230 × CKSBL10060 5.59 0.94 65.83 1.11 219.40 0.47 2.44 2.78
10 1×4 CKSBL10027 × CKDHL121230 5.55 0.93 67.33 1.33 214.47 0.47 2.56 2.78
11 3×4 CKDHL120172 × CKDHL121230 6.22 0.93 67.56 1.39 227.37 0.48 2.61 2.61
12 4×7 CKDHL121230 × CKDHL120731 5.50 0.91 66.72 0.83 225.17 0.43 2.61 2.44
13 4×8 CKDHL121230 × CKDHL120517 5.46 1.02 65.94 0.89 205.90 0.47 2.22 2.72
14 5×6 CKSBL10082 × CKSBL10060 4.78 0.95 66.28 0.39 215.02 0.52 3.00 2.94
15 1×5 CKSBL10027 × CKSBL10082 3.76 0.96 69.06 0.72 203.53 0.49 2.89 3.33
16 3×5 CKDHL120172 × CKSBL10082 5.95 0.92 69.33 0.17 233.70 0.52 2.72 2.22
17 5×7 CKSBL10082 × CKDHL120731 5.35 0.95 68.00 0.56 229.93 0.47 2.72 2.72
18 5×8 CKSBL10082 × CKDHL120517 5.33 0.95 68.44 0.00 227.17 0.50 2.78 2.67
19 1×6 CKSBL10027 × CKSBL10060 4.32 0.89 66.89 1.67 213.77 0.52 2.72 3.00
20 3×6 CKDHL120172 × CKSBL10060 6.44 0.88 70.06 0.94 244.07 0.52 2.72 1.94
21 6×7 CKSBL10060 × CKDHL120731 6.09 0.89 67.94 0.78 246.10 0.50 2.61 2.44
22 6×8 CKSBL10060 × CKDHL120517 5.70 0.92 68.11 0.67 235.20 0.53 2.61 2.50
23 1×3 CKSBL10027 × CKDHL120172 5.80 0.93 70.00 2.00 240.40 0.50 2.56 2.33
24 1×7 CKSBL10027 × CKDHL120731 5.23 0.95 70.56 0.78 232.60 0.48 2.61 2.67
25 1×8 CKSBL10027 × CKDHL120517 5.01 0.96 69.39 1.33 230.50 0.51 3.00 2.89
26 3×7 CKDHL120172 × CKDHL120731 5.03 0.88 71.17 1.00 232.53 0.48 2.89 2.61
27 3×8 CKDHL120172 × CKDHL120517 5.65 0.91 71.44 0.61 242.83 0.54 2.94 2.50
28 7×8 CKDHL120731 × CKDHL120517 5.00 0.90 70.61 0.06 229.43 0.47 2.78 2.78
29 CZH1258 CZH1258 5.84 0.97 67.61 2.56 224.20 0.47 2.83 2.44
30 CKPH12040 CKPH12040 5.31 0.90 69.28 0.28 221.00 0.49 2.67 2.89
31 WE1101 WE1101 4.68 0.86 72.39 1.78 214.80 0.50 2.89 3.00
32 PHB3253 PHB3253 5.73 0.90 70.28 1.72 237.83 0.49 2.61 2.72

Min 2.99 0.85 65.06 -0.17 189.27 0.43 2.22 1.94
Max 6.65 1.02 72.39 2.56 252.67 0.54 3.00 3.94
Mean 5.38 0.92 68.73 0.89 226.59 0.50 2.71 2.71
StError 0.13 0.01 0.32 0.09 2.66 0.00 0.03 0.07

EPO = ear position; PA= plant aspect; EA = ear aspect
GY = grain yield; EPP = ears/plant; AD = days to anthesis; ASI = anthesis-silking interval; PH = plant height; 
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Appendix 5-3. Means of the Dobie’s susceptibility index (dSI) and other traits under across analysis for maize weevil 

resistance 
Entry Cross Pedigree SI MDP (#) living MW (#) WL (%) SD (%) PM Oil Protein MOI Starch TEX

1 2×4 CKSBL10011 × CKDHL121230 9.21 46 74 4.21 29.18 20.37 5.23 9.49 12.73 69.68 3.60
2 2×5 CKSBL10011 × CKSBL10082 8.09 45 58 6.19 18.71 24.22 5.43 10.49 12.65 69.08 2.67
3 2×6 CKSBL10011 × CKSBL10060 9.42 46 90 4.03 25.37 25.08 5.26 9.99 12.49 69.99 2.07
4 1×2 CKSBL10027 × CKSBL10011 8.62 46 66 3.69 24.33 22.56 5.16 10.27 13.13 69.82 2.13
5 2×3 CKSBL10011 × CKDHL120172 9.21 44 78 3.85 28.31 19.78 5.34 9.09 13.88 69.83 4.33
6 2×7 CKSBL10011 × CKDHL120731 8.57 46 58 3.11 21.66 25.50 5.54 10.55 13.13 68.88 3.33
7 2×8 CKSBL10011 × CKDHL120517 6.61 46 36 2.09 15.69 29.68 5.38 11.21 12.94 68.78 4.20
8 4×5 CKDHL121230 × CKSBL10082 8.75 46 69 4.02 27.57 24.33 4.79 10.37 12.88 69.93 2.00
9 4×6 CKDHL121230 × CKSBL10060 8.02 46 49 2.27 20.04 25.02 5.18 10.17 12.78 69.33 4.04
10 1×4 CKSBL10027 × CKDHL121230 8.96 45 81 3.44 24.84 20.89 5.09 10.46 12.53 69.75 1.07
11 3×4 CKDHL120172 × CKDHL121230 9.47 45 91 5.09 32.45 21.36 4.81 9.62 12.86 70.24 3.67
12 4×7 CKDHL121230 × CKDHL120731 7.28 47 61 2.60 22.53 22.11 7.53 10.97 12.45 69.03 1.20
13 4×8 CKDHL121230 × CKDHL120517 8.23 45 62 3.42 21.32 26.56 5.03 11.09 12.56 70.04 2.53
14 5×6 CKSBL10082 × CKSBL10060 8.41 44 54 4.20 19.03 25.69 5.09 10.27 12.50 69.59 3.07
15 1×5 CKSBL10027 × CKSBL10082 8.66 45 80 3.25 21.26 25.11 5.06 10.81 12.93 69.67 1.53
16 3×5 CKDHL120172 × CKSBL10082 9.05 44 70 2.98 27.63 19.34 5.16 9.52 13.56 69.75 1.93
17 5×7 CKSBL10082 × CKDHL120731 8.67 46 74 3.78 24.73 24.22 5.44 11.02 12.56 68.64 1.67
18 5×8 CKSBL10082 × CKDHL120517 6.98 46 31 2.66 15.52 27.78 5.06 11.09 12.64 69.31 2.73
19 1×6 CKSBL10027 × CKSBL10060 8.29 47 77 2.86 21.27 25.00 5.02 10.25 12.76 69.68 1.87
20 3×6 CKDHL120172 × CKSBL10060 8.55 45 67 3.18 27.79 21.44 5.18 9.16 14.40 69.86 4.40
21 6×7 CKSBL10060 × CKDHL120731 7.37 44 50 2.19 18.75 23.56 5.70 10.71 12.91 68.45 3.27
22 6×8 CKSBL10060 × CKDHL120517 6.53 44 36 1.42 14.20 34.49 5.23 11.09 12.94 68.93 4.07
23 1×3 CKSBL10027 × CKDHL120172 10.01 44 99 7.15 31.41 17.44 5.06 9.90 13.16 70.26 2.27
24 1×7 CKSBL10027 × CKDHL120731 8.17 45 67 7.99 24.41 20.92 5.43 10.76 12.76 69.03 1.04
25 1×8 CKSBL10027 × CKDHL120517 7.68 46 48 7.21 16.66 27.09 4.95 11.06 12.85 69.59 2.13
26 3×7 CKDHL120172 × CKDHL120731 9.73 45 98 5.45 34.12 15.90 5.30 10.20 12.91 69.58 1.67
27 3×8 CKDHL120172 × CKDHL120517 8.85 45 74 2.96 25.20 22.32 4.80 9.73 13.04 70.15 3.67
28 7×8 CKDHL120731 × CKDHL120517 3.73 50 9 1.66 11.64 43.33 4.99 11.40 12.44 69.24 1.00
29 CZH1258 CZH1258 8.69 96 45 0.03 0.31 0.26 5.35 10.37 13.30 68.98 4.79
30 CKPH12040CKPH12040 7.93 50 46 0.03 0.23 0.22 5.17 11.29 12.89 68.92 3.87
31 WE1101 WE1101 9.69 116 44 0.07 0.34 0.22 4.87 9.76 13.59 70.25 2.93
32 PHB3253 PHB3253 10.36 108 45 0.04 0.38 0.16 4.91 9.16 14.00 70.06 3.33

Min 3.73 43.94 9.11 0.03 0.23 0.16 4.79 9.09 12.44 68.45 1.00
Max 10.36 116.44 99.11 7.99 34.12 43.33 7.53 11.40 14.40 70.26 4.79

Mean 8.37 51.42 62.07 3.35 20.21 21.31 5.24 10.35 12.97 69.51 2.75
StError 0.22 3.24 3.62 0.36 1.64 1.68 0.08 0.12 0.08 0.09 0.20

SI= Dobie’s Susceptibility Index; MDP= Median development period; living MW= number of living maize weevil; WL= Weight loss; SD = Seed Damage; 
PM = Parent mortality; Oil= grain Oil content; Protein= grain Protein content; MOI= grain moisture content; Starch=grain Starch content, TEX= grain texture  



196 
 

Appendix 5-4. Across and individual site general combining ability (GCA) effects for grain yield and other traits of 8 maize 

inbred lines evaluated under drought conditions in Kenya 2017A and 2018A 

Genotype GY EPP AD ASI PH EPO PA EA SEN
across CKSBL10027 -0.48 -0.02 -1.74 0.20 -5.92 0.01* 0.07 0.21 0.58**

CKSBL10011 -0.42 -0.06 0.70 -0.24 -0.17 0.00 0.18 0.40 0.70***
CKDHL120172 0.62* -0.03 1.11 1.54* 12.82*** 0.01 -0.38* -0.32 -1.34***
CKDHL121230 0.62* 0.06 -0.21 1.23 -6.63* -0.04*** -0.65*** -0.15 -0.78***
CKSBL10082 -0.04 0.04 2.69 -1.52* -13.32*** 0.015** 0.74*** -0.04 0.05
CKSBL10060 -0.61* -0.07 -1.18 -0.94 -8.68** 0.01* 0.46** 0.54 1.22***
CKDHL120731 0.06 0.02 -0.02 -0.26 14.88*** -0.03*** -0.32 -0.29 -0.40*
CKDHL120517 0.26 0.04 -1.36 -0.01 7.01* 0.02*** -0.10 -0.35 -0.02

Site 4 CKSBL10027 -0.09 0.00 0.03 -0.80 -4.34 0.01 - -0.07 0.58*
CKSBL10011 -0.24 -0.04 0.14 0.58 -4.26 0.00 - 0.21 0.75**
CKDHL120172 0.03 -0.08 1.64*** 2.26*** 11.97*** 0.01 - 0.10 -1.11***
CKDHL121230 0.20 0.08 -1.92*** -0.70 -4.78 -0.03*** - -0.01 -0.22
CKSBL10082 0.24 0.08 -0.92** -1.92*** -7.95** 0.01 - -0.29 -0.28
CKSBL10060 -0.27 -0.07 -1.58*** -1.18* -10.45*** 0.01 - 0.26 1.03***
CKDHL120731 -0.02 -0.02 1.53*** 1.36** 11.58*** -0.02*** - -0.01 -0.47
CKDHL120517 0.16 0.05 1.08*** 0.57 8.24** 0.025*** - -0.18 0.24

Site 8 CKSBL10027 -0.88*** -0.03 -11.40*** 3.09 -7.49*** 0.02*** 0.07 0.49** 0.57*
CKSBL10011 -0.59** -0.08*** 0.93 0.04 3.92* 0.00 0.18 0.60*** 0.65**
CKDHL120172 1.21*** 0.03* -8.24** 3.26 13.67*** 0.01 -0.38* -0.74*** -1.57***
CKDHL121230 1.04*** 0.04** 7.18 0.97 -8.47*** -0.05*** -0.65*** -0.29 -1.35***
CKSBL10082 -0.33 0.01 1.36 0.97 -18.69*** 0.02*** 0.74*** 0.21 0.38
CKSBL10060 -0.96*** -0.07*** 14.36*** -2.50 -6.91*** 0.01* 0.46** 0.82*** 1.40***
CKDHL120731 0.15 0.06*** -10.49*** -0.89 18.17*** -0.03*** -0.32 -0.57** -0.32
CKDHL120517 0.35*** 0.04** -4.38*** 0.08 5.78** 0.02** -0.10 -0.54** -0.28

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%

GY = grain yield; EPP = ears/plant, AD = days to anthesis; ASI = anthesis-silking interval, PH = plant height; EPO = ear position; 
PA= Plant aspect, EA = ear aspect; PA = plant aspect; SEN= senascence  
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Appendix 5-5. Across and individual site general combining ability (GCA) effects for grain 

yield and other traits of 8 maize inbred lines evaluated under optimum conditions in Kenya 

2017A and 2018A 

Genotype GY EPP AD ASI PH EPO PA EA
CKSBL10027 -0.44* 0.01 0.41 0.59*** -4.66 0.00 0.02 0.14*
CKSBL10011 0.00 -0.02 0.69 -0.11 1.67 0.01* 0.05 0.14*
CKDHL120172 0.68*** -0.02 1.68 0.24* 14.21*** 0.02** 0.03 -0.40***
CKDHL121230 0.21 0.01 -2.40* 0.19 -11.13*** -0.04*** -0.23*** 0.07
CKSBL10082 -0.42* 0.03** -1.14 -0.54*** -9.16** 0.00 0.10 0.16*
CKSBL10060 -0.29 -0.02 -0.72 0.20 -4.22 0.02** 0.01 0.10
CKDHL120731 0.09 -0.02 0.84 -0.28* 9.12** -0.02*** 0.03 -0.18*
CKDHL120517 0.15 0.02 0.63 -0.29* 4.17 0.01* -0.01 -0.06

CKSBL10027 -0.32 0.07* 0.68 0.50 -3.22 0.01** 0.13 -0.03
CKSBL10011 -0.18 -0.05 1.72*** -0.27 4.87 0.02*** 0.15 0.09
CKDHL120172 -0.76** -0.09** 2.50*** 0.79* 13.42*** 0.02*** 0.21* 0.15
CKDHL121230 1.41*** 0.03 -3.50*** 0.18 -10.58*** -0.06*** -0.74*** -0.13
CKSBL10082 0.11 0.10** -1.68*** -0.75* -7.23* 0.00 0.01 -0.05
CKSBL10060 0.40 -0.04 -1.22** -0.20 -3.57 0.03*** -0.18 -0.01
CKDHL120731 -0.43 -0.04 1.44*** -0.27 -1.22 -0.03*** 0.32** -0.02
CKDHL120517 -0.24 0.01 0.06 0.01 7.51 0.00 0.10 -0.02

CKSBL10027 -0.80*** 0.01 0.76*** -9.29*** 0.01** -0.07 0.44***
CKSBL10011 -0.46** 0.07 0.32* 4.04 0.00 0.26 0.44***
CKDHL120172 0.86*** 1.18*** 0.21 15.43*** 0.01 0.43** -0.61***
CKDHL121230 0.98*** -2.15*** 0.15 -8.79** -0.03*** -0.57*** -0.17
CKSBL10082 -0.27 -0.76*** -0.68*** -11.43*** 0.01 -0.07 -0.06
CKSBL10060 -0.66*** -0.54** 0.21 -2.43 0.016** 0.10 0.17
CKDHL120731 0.43* 1.24*** -0.57*** 16.21*** -0.02** 0.10 -0.33***
CKDHL120517 -0.07 0.96*** -0.40* -3.74 0.00 -0.18 0.11

CKSBL10027 0.03 -0.02 -0.35 0.82** -2.18 -0.01 -0.03 -0.19
CKSBL10011 0.03 0.02 0.54 -0.13 -5.07 0.01* -0.19* -0.03
CKDHL120172 1.35*** -0.04* 2.93*** 0.15 27.40*** 0.04*** -0.58*** -0.31*
CKDHL121230 -0.78*** 0.06** -2.51*** -0.07 -23.13*** -0.06*** 0.53*** 0.36**
CKSBL10082 -0.69*** 0.01 -2.01*** -0.51* -19.78*** 0.01 0.36*** 0.42***
CKSBL10060 0.00 0.02 -0.96*** -0.01 -6.28* 0.02** -0.14 0.14
CKDHL120731 -0.38* -0.05* 1.10* 0.04 15.68*** -0.05*** 0.03 -0.14
CKDHL120517 0.44** 0.00 1.26** -0.29 13.37 0.03** 0.03 -0.25

Across

Site 1

Site 2

Site 3

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%

GY = grain yield; EPP = ears/plant; AD = days to anthesis; ASI = anthesis-silking interval; PH = plant height
EPO = ear position; PA= plant aspect; EA = ear aspect  
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Appendix 5-5. Continuation 

Genotype GY EPP AD ASI PH EPO PA EA
CKSBL10027 -0.17 -0.04 0.39 -0.04 1.45 -0.01 0.10 0.17
CKSBL10011 0.01 0.01 0.39 -0.15 -0.74 0.00 -0.35** -0.11
CKDHL120172 0.49** 0.05 -0.67 -0.43 2.17 -0.01 -0.24* -0.22*
CKDHL121230 -0.27 -0.02 0.50 0.29 -0.66 0.01 0.15 0.17
CKSBL10082 0.19 0.00 0.33 0.18 4.09 0.00 -0.07 -0.28**
CKSBL10060 -0.49** -0.03 0.11 0.35 -1.63 0.00 0.54*** 0.22*
CKDHL120731 0.03 0.01 -1.11* 0.18 -5.66* -0.01 -0.13 0.17
CKDHL120517 0.22 0.03 0.06 -0.38 12.20 0.00 -0.01 -0.11

CKSBL10027 -0.82*** 0.02 0.15 1.01*** -9.22*** 0.01 -0.14 0.5***
CKSBL10011 0.37** -0.05* 0.43** -0.04 5.20*** 0.01* 0.36* 0.22
CKDHL120172 0.86*** 0.00 1.32*** 0.68*** 12.56*** 0.02*** 0.31* -0.78***
CKDHL121230 0.08 -0.02 -2.13*** 0.01 -12.58*** -0.04*** -0.53*** 0.06
CKSBL10082 -0.69*** 0.05* -1.13*** -0.82*** -12.13*** 0.01* 0.03 0.22
CKSBL10060 -0.86*** -0.02 -0.63*** 0.46** -6.94*** 0.01** -0.14 0.28*
CKDHL120731 0.68*** 0.00 1.32*** -0.93*** 20.45*** -0.02*** -0.08 -0.44***
CKDHL120517 0.38** 0.03 0.65*** -0.38* -0.38* 0.01** 0.19 -0.06

CKSBL10027 -0.48 0.03 1.38*** 0.51** - - 0.14 -0.07
CKSBL10011 0.24 -0.01 0.99*** -0.38* - - 0.08 0.21
CKDHL120172 1.30*** -0.02 2.82*** 0.01 - - 0.08 -0.63***
CKDHL121230 -0.15 0.01 -4.57*** 0.57** - - -0.25* 0.15
CKSBL10082 -1.20*** 0.00 -1.40*** -0.65*** - - 0.31** 0.71***
CKSBL10060 -0.10 -0.03* -1.13** 0.40* - - -0.14 -0.18
CKDHL120731 0.23 0.00 1.10** -0.15 - - -0.03 -0.18
CKDHL120517 0.17 0.02 0.82* -0.32 - - -0.19 -0.01

Site 5

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%

GY = grain yield; EPP = ears/plant; AD = days to anthesis; ASI = anthesis-silking interval; PH = plant height
EPO = ear position; PA= plant aspect; EA = ear aspect

Site 6

Site 7
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Appendix 5-6. Across and individual site general combining ability (GCA) effects for Dobie’s Susceptibility Index and other 

traits of 8 maize inbred lines evaluated under maize weevil infestation in Kenya 2017A and 2018A 

Genotype SI MDP (#) living MW (#) WL (%) SD (%) PM (%) Oil Protein MOI Starch TEX
CKSBL10027 0.43* 0.06 10.89* 1.48* 0.46 -1.88 -0.17 0.14 -0.06 0.22 -1.04***
CKSBL10011 0.33 0.00 1.37 0.07 0.31 -0.51 0.09 -0.26 0.10 -0.07 0.68***
CKDHL120172 1.18*** -0.97 21.12*** 0.65 7.58*** -5.45** -0.18 -0.90 0.57** 0.50*** 0.61***
CKDHL121230 0.36 0.13 5.81 -0.28 2.75* -1.61 0.13 -0.09 -0.25 0.25 -0.04
CKSBL10082 0.14 -0.37 -2.70 0.06 -1.16 0.07 -0.12 0.14 -0.11 -0.09 -0.44***
CKSBL10060 -0.20 -0.39 -4.68 -1.10 -2.49* 1.67 -0.02 -0.17 0.10 -0.10 0.74***
CKDHL120731 -0.71*** 0.80 -5.91 0.01 -0.60 0.88 0.53* 0.49 -0.19 -0.63*** -0.85***
CKDHL120517 -1.53*** 0.73 -25.90*** -0.89 -6.86*** 6.83*** -0.24 0.65 -0.16 -0.08 0.34***

CKSBL10027 0.65* -0.17 20.36 3.30* 1.40 -1.83 0.02 0.38* -0.16* 0.30 -0.99***
CKSBL10011 -0.06 -0.17 -10.86 -1.54 -3.31 -0.83 0.15* -0.45* 0.09 0.12 0.29
CKDHL120172 1.22*** -1.17* 47.14*** 3.18* 9.26** -5.06*** -0.10 -0.93*** 0.29*** 0.94*** 0.01
CKDHL121230 0.24 -0.17 3.31 -0.61 3.28 0.17 -0.13* -0.36 0.06 -0.06 0.46*
CKSBL10082 0.11 -0.33 -2.92 -1.13 0.32 -3.28* 0.11 0.13 -0.16* -0.52* -0.32
CKSBL10060 0.16 0.17 0.75 0.11 0.14 -0.39 0.09 -0.47* 0.16* 0.16 0.79***
CKDHL120731 -0.48* 0.17 -7.69 -1.62 -2.31 3.83* 0.16* 0.39* -0.15* -0.54* -0.88***
CKDHL120517 -1.85*** 1.67** -50.08*** -1.70 -8.78** 7.39*** -0.30*** 1.3*** -0.12 -0.39* 0.625**

CKSBL10027 -0.25 0.17 0.71 4.73 -2.93 -0.81 -0.15*** 0.22* 0.09 0.32** -
CKSBL10011 1.29*** -1.00 13.99* 1.18 3.63* -0.58 0.23*** -0.27** 0.03 -0.04 -
CKDHL120172 0.93* -0.83 7.10 -2.08 5.49** -1.69 -0.01 -0.92*** 0.18 0.67*** -
CKDHL121230 0.38 0.83 2.65 -2.93 1.99 0.86 -0.21*** -0.02 0.02 0.16 -
CKSBL10082 0.34 -0.83 3.15 0.54 -1.67 4.19 -0.02 0.29** 0.15 -0.09 -
CKSBL10060 -0.20 0.00 -2.57 -3.78 -2.19 0.19 0.01 -0.29** -0.09 -0.08 -
CKDHL120731 -1.36*** 0.83 -10.57* 0.96 -0.86 -1.36 0.31*** 0.52*** -0.25* -0.88*** -
CKDHL120517 -1.13** 0.83 -14.46** 1.38 -3.46* -0.81 -0.16*** 0.46*** -0.13 -0.05 -

CKSBL10027 1.03* -0.25 38.90** 1.07 5.12 -2.50 -0.04 0.05 0.07 0.35** -1.26***
CKSBL10011 0.01 -0.42 -8.82 -0.46 -2.20 -1.06 0.38*** -0.24* 0.01 -0.35** 1.01***
CKDHL120172 1.14** -1.42*** 23.63* 1.33* 5.18 -3.94 -0.07 -1.29*** 0.76*** 0.30** 0.74***
CKDHL121230 0.47 0.25 7.79 0.84 1.60 1.06 -0.29* 0.19 -0.51*** 0.45*** -0.54***
CKSBL10082 -0.11 -0.25 -6.82 -0.27 1.10 -2.39 -0.12 0.18 -0.24** 0.24* -0.10
CKSBL10060 -0.09 0.42 -12.21 -1.28 -2.51 -3.72 0.14 -0.04 0.25** -0.27* 0.96***
CKDHL120731 -0.71* 1.08* -2.21 0.33 -0.46 3.50 0.13 0.58*** -0.40*** -0.52*** -0.10***
CKDHL120517 -1.74*** 0.58* -40.26*** -1.57** -7.85** 9.06*** -0.12 0.58*** 0.06 -0.21* 0.18

across

Site 3

Site 2

Site 1

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%

SI= Dobie’s Susceptibility Index; MDP= Median development period; living MW= number of living maize weevil; WL= Weight loss; SD = Seed Damage; 
PM = Parent mortality; Oil= grain Oil content; Protein= grain Protein content; MOI= grain moisture content; Starch=grain Starch content, TEX= grain texture  
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Appendix 5-6. Continuation 

Genotype SI MDP (#) living MW (#) WL (%) SD (%) PM (%) Oil Protein MOI Starch TEX
CKSBL10027 0.65 1.51 4.68 1.84*** 3.94* -5.71 -0.17 -0.23 -0.10 0.08 -1.19***
CKSBL10011 0.53 1.85 7.57* -0.16 1.34 -1.91 -0.09 -0.15 -0.09 0.02 0.70*
CKDHL120172 1.73*** 1.35 12.01*** 0.49 12.08*** -16.97** -0.17 -0.55* 0.04 0.20 0.75**
CKDHL121230 -0.11 -0.38 -0.88 -0.25 -2.91* -4.79 0.22 0.23 -0.07 0.17 0.03
CKSBL10082 0.33 0.29 -5.15 -0.11 -3.06* 2.03 0.00 0.14 -0.04 -0.28 -0.47
CKSBL10060 -0.66 -4.49* -6.93* -1.39** -5.52** 10.00* -0.09 0.08 0.10 -0.06 0.92**
CKDHL120731 -0.81* 1.29 -3.10 0.27 0.22 0.90 0.17 0.04 0.08 -0.43* -1.20***
CKDHL120517 -1.67*** -1.43 -8.21** -0.69* -6.09*** 16.45** 0.11 0.43* 0.07 0.31 0.47*

CKSBL10027 0.49 -0.13 6.19 -0.52 -0.46 0.89 -0.72 0.21** -0.11 0.16* -1.13***
CKSBL10011 0.13 -0.46 0.69 1.22 2.92* 1.00 -0.35 -0.25*** -0.04 0.07 0.93***
CKDHL120172 1.15** -1.79* 17.64*** 0.54 6.70*** -1.11 -0.59 -0.85*** 0.32* 0.63*** 0.93***
CKDHL121230 0.47 0.71 7.86* 0.18 4.34* -1.44 1.44 -0.39*** -0.24 0.41*** 0.15
CKSBL10082 -0.25 -0.96 -7.75* 0.35 -3.92* 1.00 -0.66 0.23*** 0.21 0.00 -0.90***
CKSBL10060 -0.35 1.21* -7.47* -1.02 -3.27* 0.00 -0.43 -0.12 -0.13 -0.29** 0.54*
CKDHL120731 -0.37 0.71 -3.25 -0.23 0.25 0.33 2.06* 0.72*** -0.02 -1.01*** -0.68***
CKDHL120517 -1.29*** 0.71 -13.92** -0.51 -6.55*** -0.67 -0.75 0.45 0.01 0.03 0.14

CKSBL10027 0.01 -0.79 -5.51 -1.56* -4.29* -1.30 0.02 0.20* 0.00 0.07 -0.65***
CKSBL10011 0.04 0.21 5.65 0.19 -0.52 0.29 0.22*** -0.24** 0.61** -0.30 0.46***
CKDHL120172 0.93** -1.96*** 19.21* 0.47 6.80** -3.91* -0.22*** -0.93*** 1.89*** 0.41* 0.63***
CKDHL121230 0.67* -0.46 14.10* 1.09 8.20*** -5.48* -0.17** -0.16 -0.81*** 0.33* -0.27*
CKSBL10082 0.42 -0.13 3.26 0.95 0.29 -1.14 -0.09 -0.07 -0.54* 0.10 -0.43***
CKSBL10060 -0.06 0.38 0.38 0.75 -1.61 3.92* 0.11* -0.22** 0.14 -0.15 0.51***
CKDHL120731 -0.52* 0.71 -8.63 0.33 -0.42 -1.94 0.28*** 0.66*** -0.47* -0.27 -0.54***
CKDHL120517 -1.49*** 2.04*** -28.46*** -2.22** -8.44*** 9.55*** -0.15** 0.76 -0.82** -0.19 0.29**

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%

SI= Dobie’s Susceptibility Index; MDP= Median development period; living MW= number of living maize weevil; WL= Weight loss; SD = Seed Damage; 
PM = Parent mortality; Oil= grain Oil content; Protein= grain Protein content; MOI= grain moisture content; Starch=grain Starch content, TEX= grain texture

Site 7

Site 6

Site 5
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Appendix 5-7. Across specific combining ability (SCA) effects for grain yield and other traits of 8 maize inbred lines evaluated 

under drought conditions in Kenya 2017A and 2018A 

Single Cross Pedigree GY EPP AD ASI PH EPO PA EA SEN
S12 CKSBL10027 × CKSBL10011 -0.45 0.05 -0.89 -0.45 1.35 0.02 -0.52 0.50 1.36***
S13 CKSBL10027 × CKDHL120172 -0.02 -0.02 1.04 -0.62 -7.22 -0.01 0.03 -0.12 -0.60
S14 CKSBL10027 × CKDHL121230 0.25 -0.06 -1.47 3.36* -0.61 -0.01 -0.02 0.22 -0.49
S15 CKSBL10027 × CKSBL10082 -0.27 -0.09 -2.50 0.67 -4.42 -0.01 0.59 -0.06 -0.40
S16 CKSBL10027 × CKSBL10060 -0.15 -0.01 0.11 -0.35 0.03 0.01 -0.13 0.19 1.35**
S17 CKSBL10027 × CKDHL120731 0.40 0.07 2.67 -1.12 10.64 0.00 -0.02 -0.48 -0.46
S18 CKSBL10027 × CKDHL120517 0.24 0.07 1.06 -1.49 0.25 0.01 0.09 -0.25 -0.75
S23 CKSBL10011 × CKDHL120172 0.40 0.02 -1.35 0.62 5.86 0.01 0.59 -0.31 -0.56
S24 CKSBL10011 × CKDHL121230 0.70 0.14 -5.25 -2.29 8.47 -0.01 -0.47 -0.64* -0.95*
S25 CKSBL10011 × CKSBL10082 0.40 0.05 7.35** 0.07 -4.34 -0.02 0.14 -0.25 0.22
S26 CKSBL10011 × CKSBL10060 -1.25* -0.28** -0.11 0.50 -30.56*** -0.01 1.42*** 0.83* 1.47***
S27 CKSBL10011 × CKDHL120731 -0.19 -0.06 -0.82 1.65 6.55 0.00 -0.80* 0.16 -0.25
S28 CKSBL10011 × CKDHL120517 0.38 0.07 1.06 -0.10 12.66 0.01 -0.36 -0.28 -1.29**
S34 CKDHL120172 × CKDHL121230 -0.58 -0.03 2.56 3.79* 1.32 -0.01 0.42 0.41 1.26**
S35 CKDHL120172 × CKSBL10082 -0.31 -0.01 -4.72 -0.51 -3.65 0.00 0.03 0.47 0.51
S36 CKDHL120172 × CKSBL10060 0.83 0.11 -1.67 -1.04 11.96 0.00 -0.36 -0.62* -1.24**
S37 CKDHL120172 × CKDHL120731 -0.30 -0.05 1.98 -1.87 -8.60 0.00 0.09 0.05 -0.13
S38 CKDHL120172 × CKDHL120517 -0.03 -0.03 2.15 -0.37 0.35 0.01 -0.80* 0.11 0.75
S45 CKDHL121230 × CKSBL10082 -0.26 -0.05 5.10 -2.22 -1.04 0.01 0.31 -0.03 0.62
S46 CKDHL121230 × CKSBL10060 -0.01 0.07 3.21 -1.13 3.90 0.00 -0.41 -0.12 -0.96*
S47 CKDHL121230 × CKDHL120731 0.05 -0.03 -1.29 -0.45 -5.07 0.01 0.37 0.05 0.15
S48 CKDHL121230 × CKDHL120517 -0.16 -0.03 -2.86 -1.06 -6.96 0.00 -0.19 0.11 0.36
S56 CKSBL10082 × CKSBL10060 0.39 0.04 0.70 -0.13 9.76 0.01 -0.47 -0.06 -0.88*
S57 CKSBL10082 × CKDHL120731 0.12 0.06 -3.29 0.49 2.96 0.00 -0.36 -0.23 -0.43
S58 CKSBL10082 × CKDHL120517 -0.08 -0.01 -2.64 1.64 0.73 0.00 -0.25 0.16 0.36
S67 CKSBL10060 × CKDHL120731 0.23 0.08 -1.36 1.03 2.73 0.01 -0.41 0.02 0.40
S68 CKSBL10060 × CKDHL120517 -0.05 -0.01 -0.89 1.11 2.18 -0.01 0.37 -0.25 -0.14
S78 CKDHL120731 × CKDHL120517 -0.31 -0.07 2.12 0.26 -9.21 -0.02 1.14** 0.41 0.72

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%

PA= Plant aspect, EA = ear aspect; PA = plant aspect; SEN= senascence
GY = grain yield; EPP = ears/plant, AD = days to anthesis; ASI = anthesis-silking interval, PH = plant height; EPO = ear position; 
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Appendix 5-8. Across specific combining ability (SCA) effects for grain yield and other traits of 8 maize inbred lines evaluated 

under optimum conditions in Kenya 2017A and 2018A 

Single cross Pedigree GY EPP AD ASI PH EPO PA EA
S12 CKSBL10027 × CKSBL10011 0.33 0.02 -0.66 0.06 1.59 0.01 0.00 -0.21
S13 CKSBL10027 × CKDHL120172 0.18 0.01 -0.65 0.38 3.95 -0.02 -0.21 -0.11
S14 CKSBL10027 × CKDHL121230 0.40 -0.02 0.75 -0.24 3.36 0.00 0.06 -0.14
S15 CKSBL10027 × CKSBL10082 -0.76 -0.01 1.22 -0.12 -9.54 -0.01 0.06 0.33*
S16 CKSBL10027 × CKSBL10060 -0.25 -0.02 -1.18 0.00 -4.71 0.01 -0.05 0.05
S17 CKSBL10027 × CKDHL120731 0.19 0.03 0.74 -0.32 1.26 0.00 -0.15 -0.02
S18 CKSBL10027 × CKDHL120517 -0.08 0.00 -0.22 0.24 4.09 0.00 0.29* 0.10
S23 CKSBL10011 × CKDHL120172 0.59 0.02 -0.48 -0.09 9.88 0.01 -0.07 -0.11
S24 CKSBL10011 × CKDHL121230 -0.15 -0.07* 0.26 0.18 6.19 -0.01 0.03 0.02
S25 CKSBL10011 × CKSBL10082 -0.06 0.02 -0.94 0.24 -1.62 0.00 -0.03 -0.11
S26 CKSBL10011 × CKSBL10060 -2.10*** 0.00 2.03 0.34 -35.09*** -0.01 0.12 1.00***
S27 CKSBL10011 × CKDHL120731 0.53 0.01 -0.09 -0.57* 9.49 0.01 0.15 -0.35*
S28 CKSBL10011 × CKDHL120517 0.86 0.00 -0.10 -0.17 9.55 0.00 -0.19 -0.23
S34 CKDHL120172 × CKDHL121230 -0.05 0.01 -0.29 0.17 -2.61 0.00 0.10 0.23
S35 CKDHL120172 × CKSBL10082 0.30 -0.02 0.23 -0.32 1.75 0.01 -0.12 -0.24
S36 CKDHL120172 × CKSBL10060 0.66 0.00 0.54 -0.28 7.17 -0.01 -0.03 -0.47**
S37 CKDHL120172 × CKDHL120731 -1.13* -0.01 0.08 0.26 -17.69** -0.01 0.11 0.46**
S38 CKDHL120172 × CKDHL120517 -0.56 -0.01 0.57 -0.12 -2.45 0.01 0.21 0.25
S45 CKDHL121230 × CKSBL10082 -0.03 0.01 0.03 -0.39 -1.04 0.02* -0.02 0.17
S46 CKDHL121230 × CKSBL10060 0.29 0.02 0.39 -0.07 7.85 0.00 -0.04 -0.10
S47 CKDHL121230 × CKDHL120731 -0.18 -0.01 -0.29 0.14 0.29 0.00 0.10 -0.18
S48 CKDHL121230 × CKDHL120517 -0.28 0.06* -0.85 0.20 -14.04* -0.01 -0.24 0.00
S56 CKSBL10082 × CKSBL10060 0.04 0.01 -0.67 -0.04 2.12 0.00 0.24 -0.02
S57 CKSBL10082 × CKDHL120731 0.29 0.01 -0.27 0.59* 3.08 0.00 -0.12 0.02
S58 CKSBL10082 × CKDHL120517 0.22 -0.02 0.39 0.04 5.25 -0.01 -0.02 -0.14
S67 CKSBL10060 × CKDHL120731 0.91* 0.00 -0.74 0.07 14.31* 0.01 -0.14 -0.21
S68 CKSBL10060 × CKDHL120517 0.45 0.00 -0.36 -0.03 8.35 0.01 -0.10 -0.25
S78 CKDHL120731 × CKDHL120517 -0.62 -0.03 0.57 -0.16 -10.75 -0.01 0.05 0.28

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%

GY = grain yield; EPP = ears/plant; AD = days to anthesis; ASI = anthesis-silking interval; PH = plant height
EPO = ear position; PA= plant aspect; EA = ear aspect  
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Appendix 5-9. Across specific combining ability (SCA) effects for Dobie’s Susceptibility Index and other traits of 8 maize inbred 

lines evaluated under maize weevil infestation in Kenya 2017A and 2018A 

Cross Pedigree SI MDP Living MW WL SD PM Oil Protein MOI starch Tex
S12 CKSBL10027 × CKSBL10011 -0.40 0.75 -11.03 -1.67 0.50 0.62 -0.02 0.00 0.18 0.17 -0.12
S13 CKSBL10027 × CKDHL120172 0.14 -0.44 2.55 1.20 0.31 0.44 0.16 0.27 -0.45 0.03 0.11
S14 CKSBL10027 × CKDHL121230 -0.09 -0.38 -0.63 -1.58 -1.44 0.05 -0.12 0.08 0.01 -0.20 -0.46*
S15 CKSBL10027 × CKSBL10082 -0.17 -0.04 6.88 -2.10 -1.10 2.59 0.09 0.14 0.20 0.04 0.41*
S16 CKSBL10027 × CKSBL10060 -0.20 1.31 6.29 -1.34 0.24 0.89 -0.04 -0.11 -0.19 0.07 -0.45*
S17 CKSBL10027 × CKDHL120731 0.19 -1.21 -2.81 2.69* 1.48 -2.41 -0.18 -0.27 0.09 -0.06 0.28
S18 CKSBL10027 × CKDHL120517 0.52 0.02 -1.26 2.80* 0.00 -2.18 0.11 -0.12 0.16 -0.05 0.23
S23 CKSBL10011 × CKDHL120172 -0.55 -0.22 -8.76 -0.70 -2.64 1.41 0.18 -0.13 0.30 -0.10 0.44*
S24 CKSBL10011 × CKDHL121230 0.27 -0.16 2.55 0.60 3.06 -1.83 -0.24 -0.54** -0.04 0.00 0.35
S25 CKSBL10011 × CKSBL10082 -0.63 -0.32 -5.66 2.24 -3.50 0.34 0.21 0.22 -0.25 -0.26 -0.18
S26 CKSBL10011 × CKSBL10060 1.04* 0.53 28.87* 1.24 4.50* -0.40 -0.07 0.08 -0.59 0.67* -1.95***
S27 CKSBL10011 × CKDHL120731 0.70 -0.49 -2.12 -0.79 -1.11 0.81 -0.33 -0.06 0.30 0.07 0.90***
S28 CKSBL10011 × CKDHL120517 -0.44 -0.09 -3.85 -0.92 -0.81 -0.96 0.27 0.43* 0.09 -0.57* 0.57**
S34 CKDHL120172 × CKDHL121230 -0.32 0.48 -0.20 0.90 -0.94 4.09 -0.38 0.22 -0.38 -0.01 0.49*
S35 CKDHL120172 × CKSBL10082 -0.52 0.15 -12.58 -1.55 -1.85 0.39 0.22 -0.11 0.18 -0.16 -0.84***
S36 CKDHL120172 × CKSBL10060 -0.69 1.00 -13.66 -0.20 -0.36 0.90 0.13 -0.14 0.94* -0.04 0.40
S37 CKDHL120172 × CKDHL120731 1.00* -0.52 18.18 0.97 4.07 -3.85 -0.27 0.29 -0.30 0.05 -0.70***
S38 CKDHL120172 × CKDHL120517 0.94* -0.45 14.45 -0.63 1.42 -3.39 -0.03 -0.41* -0.29 0.23 0.11
S45 CKDHL121230 × CKSBL10082 0.00 0.55 1.68 0.42 2.92 1.54 -0.46 -0.07 0.33 0.27 -0.13
S46 CKDHL121230 × CKSBL10060 -0.39 0.90 -16.68 -0.17 -3.28 0.63 -0.18 0.04 0.02 -0.32 0.69**
S47 CKDHL121230 × CKDHL120731 -0.62 0.38 -3.83 -0.95 -2.69 -1.49 1.62 0.18 -0.03 -0.10 -0.52*
S48 CKDHL121230 × CKDHL120517 1.15* -1.78 17.10 0.77 2.37 -2.99 -0.24 0.08 0.08 0.36 -0.41*
S56 CKSBL10082 × CKSBL10060 0.22 -0.82 -3.28 1.42 -0.38 -0.37 -0.02 -0.09 -0.40 0.28 0.16
S57 CKSBL10082 × CKDHL120731 0.99* 0.05 18.17 -0.10 3.43 -1.05 -0.22 0.00 -0.06 -0.14 0.35
S58 CKSBL10082 × CKDHL120517 0.11 0.45 -5.22 -0.33 0.49 -3.45 0.18 -0.09 0.00 -0.03 0.23
S67 CKSBL10060 × CKDHL120731 0.02 -1.49 -3.96 -0.54 -1.22 -3.31 -0.08 -0.02 0.13 -0.27 0.79***
S68 CKSBL10060 × CKDHL120517 0.00 -1.42 2.42 -0.41 0.49 1.67 0.25 0.23 0.09 -0.39 0.38
S78 CKDHL120731 × CKDHL120517 -2.29*** 3.28* -23.63* -1.28 -3.96 11.30** -0.54 -0.13 -0.13 0.45 -1.10***

SI= Dobie’s Susceptibility Index; MDP= Median development period; living MW= number of living maize weevil; WL= Weight loss; SD = Seed Damage; 
PM = Parent mortality; Oil= grain Oil content; Protein= grain Protein content; MOI= grain moisture content; Starch=grain Starch content, TEX= grain texture

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%
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Appendix 6-1. Means of the GY and other traits under across analysis for MLN virus 

infested environments  
Entry Cross Pedigree MLN1 MLN2 MLN3 MLN4 FW GY EA NP

1 5×6 CKSBL10082 × CKSBL10060 2.83 4.17 5.00 5.17 0.55 0.43 3.67 14.00
2 4×5 CML494 × CKSBL10082 3.17 4.83 5.50 6.33 0.64 0.43 4.00 15.50
3 1×5 CML395 × CKSBL10082 3.17 4.17 5.67 6.50 0.21 0.12 4.33 16.00
4 2×5 CML442 × CKSBL10082 3.50 5.00 5.67 6.17 0.41 0.30 4.00 16.00
5 5×7 CKSBL10082 × CKDHL120731 3.17 4.33 5.17 6.00 0.66 0.47 4.00 15.67
6 5×8 CKSBL10082 × CKDHL120517 3.00 4.00 4.50 5.33 0.66 0.50 3.67 15.83
7 3×5 CKDHL120918 × CKSBL10082 2.50 3.00 3.67 4.17 1.12 0.72 3.33 14.83
8 4×6 CML494 × CKSBL10060 3.33 4.67 5.50 6.17 0.31 0.23 4.67 14.00
9 1×6 CML395 × CKSBL10060 3.00 4.17 5.83 7.00 0.20 0.12 4.67 13.02
10 2×6 CML442 × CKSBL10060 3.33 4.83 5.83 6.83 0.16 0.13 4.48 14.00
11 6×7 CKSBL10060 × CKDHL120731 2.83 4.00 4.83 5.17 0.69 0.49 3.67 15.83
12 6×8 CKSBL10060 × CKDHL120517 3.00 4.50 5.67 6.50 0.38 0.28 4.00 13.50
13 3×6 CKDHL120918 × CKSBL10060 2.00 2.33 2.83 3.00 1.44 1.07 3.33 16.33
14 1×4 CML395 × CML494 2.83 4.33 5.83 6.83 0.24 0.16 4.67 15.33
15 2×4 CML442 × CML494 4.33 5.50 6.33 6.83 0.19 0.12 4.33 14.00
16 4×7 CML494 × CKDHL120731 3.00 4.50 5.33 6.00 0.62 0.45 4.33 17.33
17 4×8 CML494 × CKDHL120517 3.50 5.00 5.83 6.33 0.25 0.18 4.00 12.67
18 3×4 CKDHL120918 × CML494 3.00 4.00 5.00 5.67 0.76 0.42 3.67 16.67
19 1×2 CML395 × CML442 3.50 5.00 5.83 7.33 0.00 0.00 - 13.00
20 1×7 CML395 × CKDHL120731 3.17 4.50 6.17 6.33 0.58 0.44 4.00 14.83
21 1×8 CML395 × CKDHL120517 3.33 5.00 5.33 6.33 0.11 0.07 5.00 11.83
22 1×3 CML395 × CKDHL120918 2.50 3.00 4.50 5.83 0.40 0.23 4.00 14.67
23 2×7 CML442 × CKDHL120731 4.00 5.17 5.50 6.17 0.47 0.30 4.33 13.33
24 2×8 CML442 × CKDHL120517 4.50 6.50 6.83 8.00 0.00 0.00 - 12.83
25 2×3 CML442 × CKDHL120918 3.00 4.17 5.17 5.83 0.38 0.31 3.67 13.83
26 7×8 CKDHL120731 × CKDHL120517 3.67 4.83 5.00 5.33 0.36 0.18 4.00 10.83
27 3×7 CKDHL120918 × CKDHL120731 2.67 3.83 4.50 5.00 0.68 0.38 4.00 17.33
28 3×8 CKDHL120918 × CKDHL120517 2.50 3.83 4.83 5.17 0.58 0.34 3.67 13.67
29 WE6109 WE6109 2.33 3.50 4.33 5.17 0.61 0.40 4.00 13.83
30 CKPH12040 CKPH12040 3.50 5.00 5.67 7.00 0.09 0.05 5.00 13.67
31 DK8031 DK8031 4.00 5.33 6.33 7.33 0.13 0.09 5.00 14.17
32 PHB3253 PHB3253 4.17 5.33 6.17 6.83 0.14 0.09 5.00 15.20

Min 2.00 2.33 2.83 3.00 0.00 0.00 3.33 10.83
Max 4.50 6.50 6.83 8.00 1.44 1.07 5.00 17.33
Mean 3.20 4.45 5.32 6.05 0.44 0.30 4.15 14.49
StError 0.10 0.14 0.14 0.18 0.06 0.04 0.09 0.27

MLN1- MLN4= MLN scores 1. early, 4- late, FW= Field weight, GY= Grain Yield, EA= Ear aspect, NP= number of plants  
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Appendix 6-2. Means of the Grain yield and other traits under across analysis for 

optimum environments 

Entry Cross Pedigree GY EPP PH EPO PA EA
1 5×6 CKSBL10082 × CKSBL10060 4.96 0.97 206.64 0.51 2.72 3.06
2 4×5 CML494 × CKSBL10082 6.28 0.97 221.83 0.43 2.33 2.94
3 1×5 CML395 × CKSBL10082 5.90 0.93 226.97 0.50 3.00 2.39
4 2×5 CML442 × CKSBL10082 5.76 0.95 218.61 0.48 2.56 2.83
5 5×7 CKSBL10082 × CKDHL120731 5.76 0.92 223.53 0.44 2.39 2.83
6 5×8 CKSBL10082 × CKDHL120517 5.75 0.95 221.36 0.49 2.72 2.83
7 3×5 CKDHL120918 × CKSBL10082 5.40 0.93 199.67 0.48 2.72 2.61
8 4×6 CML494 × CKSBL10060 7.26 0.91 226.19 0.44 2.28 2.50
9 1×6 CML395 × CKSBL10060 7.23 0.89 251.00 0.53 2.56 1.89
10 2×6 CML442 × CKSBL10060 6.95 0.92 238.14 0.49 2.22 2.78
11 6×7 CKSBL10060 × CKDHL120731 6.23 0.94 240.39 0.47 2.67 2.28
12 6×8 CKSBL10060 × CKDHL120517 6.61 0.96 234.69 0.54 2.44 2.39
13 3×6 CKDHL120918 × CKSBL10060 6.14 0.96 222.89 0.48 2.67 2.61
14 1×4 CML395 × CML494 7.40 0.94 238.56 0.42 2.33 2.17
15 2×4 CML442 × CML494 6.84 1.53 242.42 0.45 2.50 2.61
16 4×7 CML494 × CKDHL120731 6.39 0.95 235.58 0.39 2.33 2.11
17 4×8 CML494 × CKDHL120517 6.79 0.91 240.14 0.47 2.67 2.50
18 3×4 CKDHL120918 × CML494 5.75 0.95 217.42 0.42 2.28 2.50
19 1×2 CML395 × CML442 6.25 0.88 231.69 0.51 3.17 2.39
20 1×7 CML395 × CKDHL120731 6.22 0.85 243.44 0.47 2.78 1.94
21 1×8 CML395 × CKDHL120517 6.13 0.89 242.81 0.52 2.94 2.28
22 1×3 CML395 × CKDHL120918 5.41 0.91 222.56 0.49 3.00 2.56
23 2×7 CML442 × CKDHL120731 6.50 0.94 233.17 0.46 2.28 2.44
24 2×8 CML442 × CKDHL120517 3.81 1.42 215.22 0.47 3.06 3.39
25 2×3 CML442 × CKDHL120918 5.85 0.93 233.00 0.48 2.78 2.64
26 7×8 CKDHL120731 × CKDHL120517 4.71 0.83 225.00 0.44 2.78 2.83
27 3×7 CKDHL120918 × CKDHL120731 5.16 0.92 228.33 0.45 3.00 2.72
28 3×8 CKDHL120918 × CKDHL120517 5.44 0.93 229.14 0.49 3.17 2.89
29 WE6109 WE6109 6.49 0.00 0.45 1.01 2.61 2.56
30 CKPH1204CKPH12040 5.78 0.06 0.48 0.88 2.89 2.78
31 DK8031 DK8031 5.84 0.94 0.53 0.89 3.22 2.78
32 PHB3253 PHB3253 6.66 2.06 0.47 0.91 2.78 2.56

Min 3.81 0.00 0.45 0.39 2.22 1.89
Max 7.40 2.06 251.00 1.01 3.22 3.39

Mean 6.05 0.94 200.38 0.53 2.68 2.58
StError 0.14 0.06 13.71 0.03 0.05 0.06

GY = grain yield; EPP = ears/plant; PH = plant height; EPO = ear position; PA= plant aspect; EA = ear aspect  
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Appendix 6-3. Means of the Dobie’s susceptibility index (dSI) and other traits under across analysis for maize weevil 

resistance 
Entry Cross Pedigree SI MDP (d) living MW WL (%) SD (%) PM (%) OIL PROTEIN STARCH MOI TEX

1 5×6 CKSBL10082 × CKSBL10060 6.99 49.00 39 2.22 15.89 30.61 4.97 10.44 69.91 12.80 2.42
2 4×5 CML494 × CKSBL10082 7.64 48.33 54 2.39 15.67 23.89 4.97 11.36 69.16 12.97 1.83
3 1×5 CML395 × CKSBL10082 9.31 47.17 104 4.06 32.83 20.89 5.31 10.34 69.31 13.34 1.54
4 2×5 CML442 × CKSBL10082 7.95 48.83 73 3.67 20.94 22.67 5.19 10.38 69.71 12.83 4.33
5 5×7 CKSBL10082 × CKDHL120731 8.04 48.67 70 2.61 23.44 22.56 5.33 11.22 68.73 12.99 1.75
6 5×8 CKSBL10082 × CKDHL120517 6.87 50.11 42 2.94 19.06 26.22 4.99 11.32 69.34 13.12 2.67
7 3×5 CKDHL120918 × CKSBL10082 7.29 49.17 47 2.56 17.94 22.56 5.61 11.23 67.77 13.42 1.42
8 4×6 CML494 × CKSBL10060 7.48 49.50 60 3.00 21.39 29.78 5.06 10.18 69.50 13.29 3.83
9 1×6 CML395 × CKSBL10060 8.44 47.61 86 4.50 27.89 21.28 5.30 9.71 69.48 13.20 3.50
10 2×6 CML442 × CKSBL10060 8.21 49.00 68 3.17 23.00 22.78 5.94 9.84 67.39 13.92 4.56
11 6×7 CKSBL10060 × CKDHL120731 7.41 49.67 50 2.17 20.06 28.89 5.54 10.69 65.29 12.73 2.42
12 6×8 CKSBL10060 × CKDHL120517 6.95 49.83 44 2.61 14.94 35.83 5.16 11.24 69.00 12.86 3.17
13 3×6 CKDHL120918 × CKSBL10060 7.27 50.00 49 2.44 19.89 22.44 5.51 11.34 68.64 13.04 2.08
14 1×4 CML395 × CML494 9.27 47.83 106 4.06 34.94 16.67 5.20 10.48 69.26 13.69 2.00
15 2×4 CML442 × CML494 6.81 49.33 49 2.06 14.39 26.67 5.14 11.00 68.79 12.96 4.25
16 4×7 CML494 × CKDHL120731 7.03 49.00 43 3.56 18.06 36.44 5.17 11.71 68.63 12.78 1.67
17 4×8 CML494 × CKDHL120517 7.07 49.00 57 2.28 18.06 26.44 4.80 11.47 69.48 12.88 3.20
18 3×4 CKDHL120918 × CML494 7.23 49.50 51 2.67 18.22 23.56 5.57 12.11 68.07 13.07 1.67
19 1×2 CML395 × CML442 9.26 48.33 106 5.50 34.56 20.67 5.02 9.71 70.35 13.17 4.08
20 1×7 CML395 × CKDHL120731 8.99 49.17 104 5.00 32.56 19.33 5.21 10.66 69.39 13.00 1.24
21 1×8 CML395 × CKDHL120517 8.90 48.67 96 4.17 30.89 17.56 4.89 10.21 70.03 13.44 2.00
22 1×3 CML395 × CKDHL120918 9.27 47.83 99 6.50 30.78 14.72 5.42 11.12 68.79 13.11 1.33
23 2×7 CML442 × CKDHL120731 8.37 49.33 75 3.56 23.39 20.33 6.08 11.58 66.09 14.25 3.92
24 2×8 CML442 × CKDHL120517 7.77 48.83 53 2.83 15.56 22.61 4.62 11.19 69.90 13.18 3.86
25 2×3 CML442 × CKDHL120918 8.01 49.33 64 3.78 23.00 24.67 5.50 11.52 68.43 13.20 3.17
26 7×8 CKDHL120731 × CKDHL120517 3.63 52.00 7 2.28 12.06 57.06 5.01 11.63 69.06 13.04 1.67
27 3×7 CKDHL120918 × CKDHL120731 7.85 50.67 67 3.39 25.56 19.33 5.80 12.42 67.81 13.06 1.17
28 3×8 CKDHL120918 × CKDHL120517 7.35 50.67 46 1.89 18.06 24.06 5.40 11.77 68.56 12.82 1.25
29 WE6109 WE6109 7.34 48.17 58 0.03 0.21 0.25 5.43 10.88 68.96 12.69 3.42
30 CKPH12040 CKPH12040 7.38 49.33 42 0.02 0.19 0.20 5.11 11.17 69.19 12.99 3.73
31 DK8031 DK8031 8.93 48.00 93 0.04 0.32 0.20 4.76 10.48 69.58 14.37 4.08
32 PHB3253 PHB3253 8.67 48.33 85 0.03 0.29 0.27 5.12 9.78 69.86 13.55 2.83

Min Min 3.63 47.17 6.72 0.02 0.19 0.20 4.62 9.71 65.29 12.69 1.17
Max Max 9.31 52.00 106.33 6.50 34.94 57.06 6.08 12.42 70.35 14.37 4.56

Mean Mean 7.78 49.07 65.21 2.87 19.50 21.92 5.25 10.94 68.86 13.18 2.69
StError StError 0.20 0.17 4.31 0.27 1.70 1.98 0.06 0.12 0.19 0.07 0.19

SI= Dobie’s Susceptibility Index; MDP= Median development period; living MW= number of living maize weevil; WL= Weight loss; SD = Seed Damage;
PM = Parent mortality; Oil= grain Oil content; Protein= grain Protein content; MOI= grain moisture content; Starch=grain Starch content, TEX= grain texture  



207 
 

Appendix 6-4. Across and individual site general combining ability (GCA) effects for grain 

yield and other traits of 8 maize inbred lines evaluated under MLN artificial infestation in Kenya 

2017A and 2018A 

Genotype FW GY MLN1 MLN2 MLN3 MLN4
CML395 - - -0.10 -0.10 0.38** 0.72***
CML442 - - 0.68*** 0.90*** 0.71*** 0.89***
CKDHL120918 - - -0.65*** -1.10*** -1.07*** -1.19***
CML494 - - 0.18* 0.34** 0.40** 0.39***
CKSBL10082 - - -0.13 -0.22* -0.29* -0.36**
CKSBL10060 - - -0.29*** -0.35*** -0.24 -0.33**
CKDHL120731 - - 0.07 0.06 -0.07 -0.31**
CKDHL120517 - - 0.24** 0.48*** 0.18 0.19

CML395 -0.25*** -0.18*** -0.07 0.15 0.40** 0.68***
CML442 -0.28*** -0.18*** 0.82*** 0.88*** 0.68*** 1.13***
CKDHL120918 0.35*** 0.21*** -0.74*** -1.13*** -0.93*** -1.10***
CML494 -0.04 -0.04 0.26* 0.26 0.24 0.24
CKSBL10082 0.17* 0.12* -0.18 -0.18 0.01 -0.15
CKSBL10060 0.08 0.09 -0.40** -0.35* -0.32* -0.54***
CKDHL120731 0.13* 0.08 0.10 0.15 -0.04 -0.26
CKDHL120517 -0.15* -0.11* 0.21* 0.21 -0.04 0.01

CML395 - - -0.13 -0.36** 0.35* 0.76***
CML442 - - 0.54*** 0.92*** 0.74*** 0.65***
CKDHL120918 - - -0.57*** -1.08*** -1.21*** -1.29***
CML494 - - 0.10 0.42*** 0.57** 0.54***
CKSBL10082 - - -0.07 -0.25* -0.60*** -0.57***
CKSBL10060 - - -0.18* -0.36** -0.15 -0.13
CKDHL120731 - - 0.04 -0.03 -0.10 -0.35**
CKDHL120517 - - 0.26* 0.75*** 0.40* 0.36**

FW= Field weight, GY= Grain Yield, MLN1- MLN4= MLN scores 1 at early stage and 4 at late stage 

Site 5

Across 

Site 10

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%
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Appendix 6-5. Across and individual site general combining ability (GCA) effects for grain 

yield and other traits of 8 maize inbred lines evaluated under optimum conditions in Kenya 

2017A and 2018A 

Genotype GY EPP PH EPO PA EA
CML395 0.39 -0.08 9.07** 0.02*** 0.20** -0.39***
CML442 -0.04 0.14* 1.61 0.01 0.00 0.18*
CKDHL120918 -0.51* -0.04 -8.27** 0.00 0.17** 0.09
CML494 0.75 0.07 3.26 -0.05*** -0.31*** -0.11
CKSBL10082 -0.40 -0.02 -14.00*** 0.00 -0.02 0.25***
CKSBL10060 0.53* -0.03 2.89 0.03*** -0.17** -0.08
CKDHL120731 -0.21 -0.07 4.47 -0.03*** -0.06 -0.14
CKDHL120517 -0.50* 0.03 0.96 0.02*** 0.20** 0.19*

CML395 -0.31 -0.08** 8.10*** 0.02*** 0.38** 0.06
CML442 -0.71** 0.00 -0.48 0.01* 0.15 0.39**
CKDHL120918 0.34 0.02 -4.67* 0.00 0.15 -0.67***
CML494 0.68** 0.01 5.97* -0.04*** -0.24* -0.06
CKSBL10082 0.47* 0.10** -8.28*** 0.00 -0.24* 0.00
CKSBL10060 0.92*** 0.04 7.58** 0.02** -0.46*** -0.17
CKDHL120731 -0.15 -0.02 0.52 -0.03*** -0.24* 0.06
CKDHL120517 -1.23*** -0.06* -8.73*** 0.02** 0.49*** 0.39**

CML395 0.58** - 14.17*** 0.03*** 0.22 -0.41**
CML442 0.26 - -0.74 -0.01* -0.06 0.18
CKDHL120918 -0.71** - -1.99 0.01* 0.11 0.40**
CML494 0.55** - -2.74 -0.05*** -0.11 0.03
CKSBL10082 -0.62** - -13.88*** 0.00 -0.17 -0.13
CKSBL10060 0.23 - 1.31 0.02*** 0.17 -0.02
CKDHL120731 -0.18 - 9.20*** -0.01** 0.06 -0.25
CKDHL120517 -0.12 - -5.33* 0.01* -0.22 0.20

CML395 0.24 -0.03 7.17 0.03*** 0.11 -0.10
CML442 0.48 -0.06* 3.48 0.02* -0.17 0.24
CKDHL120918 -0.54 0.04 -14.22** -0.02** -0.06 -0.04
CML494 0.90** 0.03 14.03** -0.06*** -0.06 -0.21
CKSBL10082 -0.74* 0.01 -22.00*** 0.01 0.28 0.29
CKSBL10060 0.84** 0.10*** 6.67 0.04*** 0.00 -0.26
CKDHL120731 -0.58* -0.04 -4.33 -0.05*** 0.00 0.07
CKDHL120517 -0.58* -0.04* 9.17* 0.03*** -0.11 0.01

across 1

Site 1

Site 2

 Site 3

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%

GY = grain yield; EPP = ears/plant; PH = plant height; EPO = ear position; PA= plant aspect; EA = ear aspect  
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Appendix 6-5. Continuation 

Genotype GY EPP PH EPO PA EA
CML395 1.01** 0.01 13.06*** 0.02*** -0.08 -0.94***
CML442 -0.98* -0.02 1.42 0.00 0.14 0.89***
CKDHL120918 -0.67 0.01 -14.36*** 0.00 0.58*** 0.22*
CML494 1.29** 0.02 4.36** -0.03*** -0.64*** 0.00
CKSBL10082 -0.31 0.03 -14.31*** 0.01 0.03 0.78***
CKSBL10060 0.57 -0.03 1.39 0.02*** -0.47*** -0.33***
CKDHL120731 -0.22 0.00 6.58*** -0.02*** -0.14 -0.56***
CKDHL120517 -0.70* -0.03 1.86 0.01** 0.58*** -0.06

CML395 0.16 -0.26 4.84** 0.01 0.21 -0.64***
CML442 0.25 0.77* 1.23 -0.01 -0.07 -0.36***
CKDHL120918 -0.76*** -0.24 -4.58** 0.00 -0.07 0.58***
CML494 0.18 0.26 0.17 -0.05*** -0.46*** -0.03
CKSBL10082 -0.61*** -0.25 -15.05*** -0.01 -0.07 0.25*
CKSBL10060 0.44** -0.27 -0.13 0.04** 0.04 0.19*
CKDHL120731 0.34* -0.25 13.09*** -0.02 0.10 -0.19*
CKDHL120517 0.00 0.24 0.42 0.04** 0.32* 0.19*

CML395 0.64** -0.01 7.08 0.02* 0.36*** -0.33**
CML442 0.45 0.00 4.75 0.02* -0.03 -0.22
CKDHL120918 -0.72** -0.01 -9.78* 0.00 0.31** 0.06
CML494 0.89*** 0.02 -2.25 -0.06*** -0.36*** -0.39**
CKSBL10082 -0.61* 0.00 -10.47* 0.02 0.03 0.33**
CKSBL10060 0.17 -0.01 0.53 0.03** -0.31** 0.11
CKDHL120731 -0.47 -0.01 1.78 -0.05*** -0.14 0.06
CKDHL120517 -0.35 0.02 8.36* 0.02** 0.14 0.39**

Site 7

GY = grain yield; EPP = ears/plant; PH = plant height; EPO = ear position; PA= plant aspect; EA = ear aspect

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%

Site 5

Site 6
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Appendix 6-6. Across and individual site general combining ability (GCA) effects for Dobie’s Susceptibility Index and other 

traits of 8 maize inbred lines evaluated under maize weevil infestation in Kenya 2017A and 2018A 
Genotype SI MDP (#) living MW (#) WL (%) SD (%) PM (%) Oil Protein MOI Starch TEX
CML395 1.55*** -1.25** 0.27*** 0.05*** 0.14*** -0.10*** -0.09 -0.77*** 0.17 0.79* -0.38**
CML442 0.37* -0.18 0.08* 0.01 -0.01 -0.03 0.13 -0.28* 0.27 -0.19 1.70***
CKDHL120918 0.02 0.51 0.01 0.00 0.00 -0.054* 0.30*** 0.75*** -0.07 -0.53 -0.99***
CML494 -0.27 -0.27 -0.05 -0.01 -0.04** 0.01 -0.17* 0.22* -0.08 0.26 0.07
CKSBL10082 -0.01 -0.47 -0.01 -0.01 -0.02 0.00 -0.10 -0.10 -0.09 0.41 -0.34**
CKSBL10060 -0.24 0.09 -0.04 -0.01 -0.02* 0.04 0.08 -0.58*** -0.03 -0.38 0.66***
CKDHL120731 -0.48** 0.73* -0.08** 0.00 0.00 0.06* 0.19* 0.48*** -0.05 -1.06* -0.69***
CKDHL120517 -0.94*** 0.84* -0.17*** -0.02* -0.06*** 0.07** -0.34*** 0.29* -0.12 0.69 -0.03

CML395 1.36*** -0.25 0.28*** 0.06*** 0.16*** -0.04 -0.55 -0.97* -0.36 2.93 -0.55**
CML442 0.34 -0.75* 0.05 0.01 -0.04 0.03 0.70 0.09 1.77* -2.24 1.94***
CKDHL120918 -0.48* -0.42 -0.11* 0.00 -0.01 0.00 0.53 0.57 -0.93 0.75 -1.23
CML494 0.01 -0.25 0.00 0.00 0.00 -0.02 -0.47 0.23 -0.42 1.71 0.23
CKSBL10082 0.00 0.75* 0.03 -0.01 0.02 -0.080* -0.25 -0.42 -0.49 2.45 -0.22
CKSBL10060 0.22 0.08 0.06 -0.02 -0.01 0.01 0.43 -1.47*** 0.66 -2.96 0.69***
CKDHL120731 -0.64* 0.25 -0.14** 0.00 -0.04 0.05 0.52 1.03** 0.26 -4.94* -0.96***
CKDHL120517 -0.81** 0.58* -0.17** -0.03* -0.09** 0.04 -0.90 0.91** -0.48 2.34 0.09

CML395 0.97* -1.32 0.17* 0.00 0.10*** -0.06*** -0.06 -0.98*** 0.20** 0.65** -
CML442 1.17** -1.26 0.22** 0.03 0.04* -0.06*** 0.05 -0.45*** -0.10 0.33* -
CKDHL120918 0.07 1.24 0.03 0.00 0.00 -0.01 0.42*** 1.38*** -0.19 -1.66*** -
CML494 -0.71 -0.60 -0.15* 0.00 -0.06** 0.02 -0.24*** 0.21** 0.01 0.21 -
CKSBL10082 0.27 -0.65 0.04 0.00 0.01 -0.01 -0.05 -0.01 0.02 -0.18 -
CKSBL10060 -0.26 0.01 -0.06 0.01 -0.02 -0.02 0.02 -0.64*** -0.01 0.53** -
CKDHL120731 0.11 2.24** 0.06 -0.02 0.01 0.06*** 0.12** 0.40*** 0.04 -0.32 -
CKDHL120517 -1.62*** 0.35 -0.33*** -0.01 -0.09*** 0.08*** -0.27 0.09 0.03 0.44** -

CML395 1.96*** -1.29*** 0.35*** 0.09*** 0.16*** -0.07* -0.01 -1.20*** 0.37* 0.59*** -
CML442 0.27 0.21 0.06 0.00 0.00 0.01 -0.08 -0.01 0.16 0.08 -
CKDHL120918 0.19 0.04 0.04 0.02 -0.02 0.00 0.43*** 0.91*** 0.06 -0.74*** -
CML494 0.05 -0.29 0.00 -0.03 0.00 0.03 -0.07 -0.11 0.19 -0.10 -
CKSBL10082 0.13 0.04 0.02 -0.04 -0.05 -0.01 -0.12 -0.14 -0.38* 0.26* -
CKSBL10060 -0.53* 0.71* -0.08 -0.03 -0.02 -0.01 0.13 -0.56*** 0.11 -0.19 -
CKDHL120731 -0.64* -0.13 -0.13* 0.02 0.00 0.03 0.07 0.53** -0.21 -0.13 -
CKDHL120517 -1.43*** 0.71* -0.26*** -0.03 -0.06* 0.02 -0.36*** 0.58*** -0.29* 0.23* -

across

Site 1

Site 2

Site 3

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%

SI= Dobie’s Susceptibility Index; MDP= Median development period; living MW= number of living maize weevil; WL= Weight loss; SD = Seed Damage; 
PM = Parent mortality; Oil= grain Oil content; Protein= grain Protein content; MOI= grain moisture content; Starch=grain Starch content, TEX= grain texture  
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Genotype SI MDP (#) living MW (#) WL (%) SD (%) PM (%) Oil Protein MOI Starch TEX
CML395 2.28*** -2.08** 0.35*** 0.08*** 0.17*** -0.22*** 0.11 -0.62* 0.02 0.28 -0.38
CML442 -0.25 0.25 -0.03 -0.01 -0.03 -0.07 -0.18** -0.66* -0.02 0.57*** 2.35***
CKDHL120918 0.47 1.25 0.11* 0.01 0.03 -0.19*** 0.24*** 0.35 -0.05 -0.48*** -1.38***
CML494 -1.02*** 0.25 -0.17*** -0.02 -0.13*** 0.19*** -0.09 0.80** 0.07 -0.45*** 0.01
CKSBL10082 -0.46 -1.08 -0.11* -0.02* -0.04 0.08 -0.06 -0.38 0.06 0.12 -0.60**
CKSBL10060 -0.13 0.25 -0.02 0.00 -0.02 0.15** 0.13* -0.15 -0.06 -0.18 0.96***
CKDHL120731 -0.43 -0.42 -0.08 -0.02 0.00 0.04 0.29*** 0.50 -0.03 -0.66*** -0.88***
CKDHL120517 -0.46* 1.58* -0.04 -0.01 0.02 0.02 -0.44*** 0.15 0.01 0.79*** -0.10

CML395 0.97*** 0.33 0.21*** 0.04* 0.08*** -0.07* 0.00 -0.85*** 0.30 0.67*** -0.64***
CML442 0.59* 0.17 0.13** 0.01 0.02 -0.04 0.02 -0.78*** -0.17 0.44*** 2.47***
CKDHL120918 -0.30 0.50 -0.05 -0.02 -0.01 -0.05 0.36*** 1.67*** 0.23 -1.38*** -1.25***
CML494 -0.01 0.33 0.01 -0.03 -0.02 -0.07* -0.32*** 0.05 0.32 0.35*** 0.03
CKSBL10082 -0.27 -1.00 -0.08* -0.01 -0.03 0.07* -0.07* 0.06 0.08 -0.01 -0.58***
CKSBL10060 -0.33 -1.00 -0.09* -0.03 -0.03 0.05 0.09** -0.59*** -0.06 0.14 0.75***
CKDHL120731 -0.19 1.00 -0.01 0.04* 0.04* 0.06* 0.22*** 0.49*** -0.30 -0.68*** -0.69***
CKDHL120517 -0.46* -0.33 -0.11** 0.00 -0.04* 0.04 -0.30*** -0.06 -0.39* 0.47*** -0.08

CML395 1.73*** -2.88*** 0.29*** 0.03 0.16*** -0.14** -0.09 -0.09 0.36 -0.02 0.03
CML442 0.09 0.29 0.04 0.00 -0.03 -0.06 0.05 0.10 -0.19 -0.05 0.03
CKDHL120918 0.17 0.46 0.05 0.00 0.00 -0.08 -0.12 -0.35 0.56 0.13 -0.08
CML494 0.04 -1.04* -0.02 0.00 -0.01 -0.06 0.17 0.13 -0.55 -0.27 0.03
CKSBL10082 0.26 -0.88* 0.03 0.01 -0.01 -0.04 0.01 0.18 0.17 -0.13 0.03
CKSBL10060 -0.38 0.46 -0.07 0.00 -0.03 0.05 -0.24* -0.13 -0.82 0.44* 0.25
CKDHL120731 -1.06*** 1.46** -0.19*** -0.01 -0.03 0.10* 0.00 -0.02 0.05 0.28 -0.25
CKDHL120517 -0.85*** 2.13*** -0.13** -0.02 -0.07** 0.22*** 0.21* 0.17 0.41 -0.37* -0.03

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%

SI= Dobie’s Susceptibility Index; MDP= Median development period; living MW= number of living maize weevil; WL= Weight loss; SD = Seed Damage; 
PM = Parent mortality; Oil= grain Oil content; Protein= grain Protein content; MOI= grain moisture content; Starch=grain Starch content, TEX= grain texture

Site 4

Site 5

Site 6
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Appendix 6-7. Across specific combining ability (SCA) effects for grain yield and other traits of 8 

maize inbred lines evaluated under MLN virus infested conditions in Naivasha, Kenya 2017A and 

2018A 

Single cross Pedigree FW GY MLN1 MLN2 MLN3 MLN4
S12 CML395 × CML442 0.06 0.04 -0.24 -0.19 -0.52 -0.25
S13 CML395 × CKDHL120918 -0.16 -0.12 0.10 -0.19 -0.08 0.33
S14 CML395 × CML494 0.07 0.06 -0.40 -0.30 -0.22 -0.25
S15 CML395 × CKSBL10082 -0.17 -0.14 0.23 0.09 0.31 0.16
S16 CML395 × CKSBL10060 -0.09 -0.10 0.23 0.23 0.42 0.63*
S17 CML395 × CKDHL120731 0.23 0.22* 0.04 0.14 0.59* -0.06
S18 CML395 × CKDHL120517 0.05 0.04 0.04 0.23 -0.50 -0.56*
S23 CML442 × CKDHL120918 -0.16 -0.04 -0.18 -0.02 0.25 0.16
S24 CML442 × CML494 0.04 0.01 0.32 -0.13 -0.05 -0.42
S25 CML442 × CKSBL10082 0.05 0.03 -0.21 -0.08 -0.02 -0.34
S26 CML442 × CKSBL10060 -0.11 -0.10 -0.21 -0.11 0.09 0.30
S27 CML442 × CKDHL120731 0.15 0.08 0.10 -0.19 -0.41 -0.39
S28 CML442 × CKDHL120517 -0.04 -0.03 0.43* 0.73 0.67* 0.94***
S34 CKDHL120918 × CML494 -0.01 -0.07 0.32 0.37 0.39 0.50*
S35 CKDHL120918 × CKSBL10082 0.14 0.07 0.12 -0.08 -0.25 -0.25
S36 CKDHL120918 × CKSBL10060 0.54** 0.46*** -0.21 -0.61** -1.13*** -1.45***
S37 CKDHL120918 × CKDHL120731 -0.27 -0.23* 0.10 0.48* 0.37 0.52*
S38 CKDHL120918 × CKDHL120517 -0.08 -0.07 -0.24 0.06 0.45 0.19
S45 CML494 × CKSBL10082 0.05 0.03 -0.04 0.31 0.12 0.33
S46 CML494 × CKSBL10060 -0.19 -0.14 0.29 0.28 0.06 0.13
S47 CML494 × CKDHL120731 0.06 0.09 -0.40* -0.30 -0.27 -0.06
S48 CML494 × CKDHL120517 -0.02 0.02 -0.07 -0.22 -0.02 -0.23
S56 CKSBL10082 × CKSBL10060 -0.16 -0.10 0.10 0.34 0.25 -0.12
S57 CKSBL10082 × CKDHL120731 -0.10 -0.06 0.07 0.09 0.25 0.69**
S58 CKSBL10082 × CKDHL120517 0.18 0.17 -0.27 -0.66 -0.66* -0.48
S67 CKSBL10060 × CKDHL120731 0.01 0.00 -0.10 -0.11 -0.13 -0.17
S68 CKSBL10060 × CKDHL120517 -0.01 -0.02 -0.10 -0.02 0.45 0.66**
S78 CKDHL120731 × CKDHL120517 -0.09 -0.11 0.21 -0.11 -0.38 -0.53*

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%

 FW= Field weight, GY= Grain Yield, MLN1 - MLN4= MLN scores from early to late stage  
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Appendix 6-8. Across specific combining ability (SCA) effects for grain yield and other traits of 8 

maize inbred lines evaluated under optimum conditions in Kenya 2017A and 2018A 

Single Cross Pedigree GY EPP PH EPO PA EA
S12 CML395 × CML442 -0.13 -0.15 -7.93 0.01 0.32* 0.03
S13 CML395 × CKDHL120918 -0.50 0.06 -7.19 0.00 -0.03 0.29
S14 CML395 × CML494 0.23 -0.02 -2.72 -0.03* -0.21 0.10
S15 CML395 × CKSBL10082 -0.11 0.07 2.96 0.00 0.17 -0.04
S16 CML395 × CKSBL10060 0.29 0.03 10.09 0.01 -0.13 -0.20
S17 CML395 × CKDHL120731 0.01 0.03 0.96 0.00 -0.02 -0.09
S18 CML395 × CKDHL120517 0.21 -0.03 3.83 0.00 -0.11 -0.08
S23 CML442 × CKDHL120918 0.37 -0.14 10.71 0.01 -0.04 -0.20
S24 CML442 × CML494 0.10 0.36* 8.61 0.02 0.16 -0.03
S25 CML442 × CKSBL10082 0.17 -0.13 2.06 0.00 -0.07 -0.17
S26 CML442 × CKSBL10060 0.44 -0.15 4.70 -0.02 -0.26 0.10
S27 CML442 × CKDHL120731 0.72 -0.10 -1.86 0.01 -0.31* -0.17
S28 CML442 × CKDHL120517 -1.68*** 0.29* -16.29** -0.02* 0.21 0.45**
S34 CKDHL120918 × CML494 -0.52 -0.04 -6.52 0.00 -0.24 -0.05
S35 CKDHL120918 × CKSBL10082 0.28 0.02 -7.01 0.00 -0.08 -0.30
S36 CKDHL120918 × CKSBL10060 0.09 0.07 -0.68 -0.02 0.01 0.03
S37 CKDHL120918 × CKDHL120731 -0.15 0.06 3.18 0.01 0.23 0.20
S38 CKDHL120918 × CKDHL120517 0.42 -0.03 7.50 0.00 0.14 0.04
S45 CML494 × CKSBL10082 -0.10 -0.04 3.63 0.00 0.01 0.23
S46 CML494 × CKSBL10060 -0.05 -0.09 -8.90 -0.01 0.10 0.12
S47 CML494 × CKDHL120731 -0.18 -0.02 -1.09 -0.01 0.05 -0.21
S48 CML494 × CKDHL120517 0.51 -0.14 6.98 0.02* 0.12 -0.15
S56 CKSBL10082 × CKSBL10060 -1.19* 0.06 -11.20 0.01 0.26 0.31
S57 CKSBL10082 × CKDHL120731 0.34 0.04 4.11 0.00 -0.18 0.15
S58 CKSBL10082 × CKDHL120517 0.61 -0.01 5.46 0.00 -0.11 -0.18
S67 CKSBL10060 × CKDHL120731 -0.12 0.08 4.08 0.01 0.24 -0.08
S68 CKSBL10060 × CKDHL120517 0.54 0.01 1.90 0.02 -0.24 -0.29
S78 CKDHL120731 × CKDHL120517 -0.62 -0.09 -9.38 -0.02 -0.02 0.21

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%

GY = grain yield; EPP = ears/plant; PH = plant height; EPO = ear position; PA= plant aspect; EA = ear aspect  
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Appendix 6-9. Across specific combining ability (SCA) effects for Dobie’s Susceptibility Index and other traits of 8 maize inbred 

lines evaluated under maize weevil infestation in Kenya 2017A and 2018A 
Cross Pedigree SI MDP Living MW WL SD PM Oil Protein MOI starch Tex
S12 CML395 × CML442 -0.39 0.61 -0.06 0.00 0.01 0.09 -0.16 -0.08 -0.26 0.37 0.19
S13 CML395 × CKDHL120918 -0.03 -0.59 -0.03 0.02 -0.03 0.00 -0.08 0.14 -0.15 -0.23 0.13
S14 CML395 × CML494 0.25 0.19 0.04 -0.01 0.05 -0.01 0.17 0.03 0.45 -0.54 -0.26
S15 CML395 × CKSBL10082 0.04 -0.27 -0.01 -0.01 0.01 0.06 0.21 0.22 0.10 -0.64 -0.31
S16 CML395 × CKSBL10060 -0.61 -0.38 -0.12 0.00 -0.05 0.00 0.01 0.06 -0.10 0.32 0.65*
S17 CML395 × CKDHL120731 0.18 0.52 0.06 0.00 -0.02 -0.05 -0.19 -0.06 -0.28 0.91 -0.23
S18 CML395 × CKDHL120517 0.56 -0.08 0.12 0.00 0.03 -0.08 0.03 -0.31 0.24 -0.20 -0.16
S23 CML442 × CKDHL120918 -0.11 -0.15 -0.02 0.01 0.01 0.05 -0.22 0.05 -0.16 0.40 -0.12
S24 CML442 × CML494 -1.02** 0.63 -0.20** -0.02 -0.07** 0.03 -0.05 0.08 -0.37 0.02 -0.09
S25 CML442 × CKSBL10082 -0.15 0.33 -0.01 0.00 0.00 0.01 -0.13 -0.24 -0.50 0.75 0.40
S26 CML442 × CKSBL10060 0.34 -0.06 0.07 0.01 0.04 -0.05 0.44* -0.30 0.52 -0.79 -0.38
S27 CML442 × CKDHL120731 0.74* -0.37 0.14* 0.00 0.03 -0.06 0.47* 0.38 0.87 -1.40 0.34
S28 CML442 × CKDHL120517 0.60 -0.98 0.09 0.01 -0.02 -0.07 -0.36 0.12 -0.09 0.66 -0.34
S34 CKDHL120918 × CML494 -0.25 0.10 -0.05 -0.01 -0.02 0.02 0.15 0.14 0.06 -0.41 0.01
S35 CKDHL120918 × CKSBL10082 -0.45 -0.03 -0.09 0.00 -0.03 0.03 0.12 -0.41 0.42 -0.86 0.17
S36 CKDHL120918 × CKSBL10060 -0.25 0.25 -0.05 -0.01 0.00 -0.01 -0.16 0.17 -0.02 0.80 -0.16
S37 CKDHL120918 × CKDHL120731 0.57 0.26 0.13 0.01 0.05 -0.08 0.02 0.18 0.01 0.65 0.27
S38 CKDHL120918 × CKDHL120517 0.53 0.16 0.10 -0.02 0.02 -0.02 0.16 -0.27 -0.15 -0.35 -0.31
S45 CML494 × CKSBL10082 0.18 -0.09 0.02 -0.01 -0.03 -0.02 -0.05 0.24 -0.02 -0.25 -0.47
S46 CML494 × CKSBL10060 0.25 0.52 0.07 0.02 0.04 0.02 -0.14 -0.46 0.25 0.87 0.53*
S47 CML494 × CKDHL120731 0.04 -0.62 0.00 0.02 -0.02 0.05 -0.10 0.01 -0.29 0.55 -0.28
S48 CML494 × CKDHL120517 0.55 -0.73 0.11 0.00 0.04 -0.08 0.02 -0.04 -0.08 -0.22 0.56*
S56 CKSBL10082 × CKSBL10060 -0.50 0.23 -0.11 0.00 -0.03 0.05 -0.25 0.23 -0.16 0.87 -0.47
S57 CKSBL10082 × CKDHL120731 0.79* -0.75 0.15* -0.01 0.04 -0.08 -0.05 -0.16 -0.02 0.64 0.21
S58 CKSBL10082 × CKDHL120517 0.08 0.59 0.04 0.02 0.04 -0.04 0.15 0.13 0.18 -0.50 0.46
S67 CKSBL10060 × CKDHL120731 0.38 -0.31 0.07 -0.02 0.00 -0.03 -0.02 -0.21 -0.35 -2.02* -0.12
S68 CKSBL10060 × CKDHL120517 0.38 -0.24 0.07 0.00 -0.01 0.03 0.13 0.52* -0.14 -0.06 -0.04
S78 CKDHL120731 × CKDHL120517 -2.69*** 1.27 -0.54*** -0.01 -0.08** 0.25*** -0.13 -0.15 0.05 0.68 -0.19

*** = significant at probability of 0.1%; ** = significant at 1%; * = significant at 5%

SI= Dobie’s Susceptibility Index; MDP= Median development period; living MW= number of living maize weevil; WL= Weight loss; SD = Seed Damage; 
PM = Parent mortality; Oil= grain Oil content; Protein= grain Protein content; MOI= grain moisture content; Starch=grain Starch content, TEX= grain texture  
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