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ABSTRACT 

Common bacterial blight (CBB) caused by Xanthomonas axonopodis pv phaseoli L. is   one of 

the major biotic constraints affecting mungbean (Vigna radiata) production globally. In    Kenya, 

it is a major disease in areas where legumes are grown year after year and seeds recycled making 

it more devastating for smallholder legume farmers. The objectives of this study were to; (i) 

identify sources of resistance to common bacterial blight in mungbean genotypes, (ii) 

determine genotype by environment interaction and stability of common bacterial blight (CBB) 

resistance in mungbean germplasm and (iii) validate the resistance of selected resistant 

genotypes from field trials to CBB under artificial inoculation in the greenhouse. Two 

experiments were carried out in this study; the first experiment involved evaluation of 240 

genotypes for CBB resistance in four semi-arid regions of Kenya for two cropping seasons 

(2019 and 2020). In the second experiment, twelve genotypes identified as being resistant from 

experiment one alongside four checks were evaluated under greenhouse conditions to validate 

their resistance. Disease severity was observed for CBB score at 10 days after inoculation 

(DAI), 17 DAI and 31 DAI and expressed as Area Under Disease Progress Curve (AUDPC). 

Results from the field experiments revealed significant main effects for genotype (G), 

environment (E) (combination of cropping season and location) and genotype by environment 

interaction (GE) (p < 0.01) for all the traits.     From GGE analysis, Kambi Ya Mawe (KYM) 

location in SR 2019/2020 was revealed as the most suitable environment for evaluation of CBB 

resistance. Genotypes GBK 004852, GBK 004789, GBK 026986, GBK 004970, GBK 

004961, GBK 004882 and GBK 043573 were identified as high and stable resistance across 

the tested environments. Greenhouse results revealed significant (p<0.01) effects due to main 

effects of genotypes and cropping cycles, respectively, for CBB score at 10 DAI, 17 DAI, 31 

DAI and AUDPC. However, genotype by cropping cycle interaction effect was non-significant 

for all the traits measured. The results confirmed the outcome of the field experiment 

(experiment one) as genotypes GBK 004828, GBK 004890, GBK 022540, GBK 017437, 

GBK 004820, GBK 004789, Local variety, Biashara and GBK 051334 were identified as 

resistant genotypes. The identified genotypes are recommended for use in breeding 

programmes aimed at improving preferred susceptible mungbean varieties for resistance to 

CBB. Besides, such promising genotypes would be submitted for National Yield Trial (NPT) 

for future deployment as resistant varieties. 
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CHAPTER ONE 

GENERAL INTRODUCTION 

1.1  Background information 

Mungbean (Vigna radiata (L.) Wilczek) is an important legume crop for Arid and 

Semi-Arid Lands (ASALs) in the world where it is grown as subsistence and as a cash crop. It 

is grown on more than 6 million hectares worldwide (about 8.5% of the global pulse area). The 

crop is mainly cultivated in hot and dry regions of Southern Europe, Southern United States of 

America and many tropical African countries (AVRDC, 2016). Mungbean production is mainly 

carried out in Asia with India, Burma, Thailand and Indonesia contributing almost 90% of the 

world’s production (AVRDC, 2016). World’s area of mungbean productions is estimated to be 

about 7.3 million ha with an average yield of 721 kg/ha (Nair & Schreinemachers, 2020). 

According to AVRDC (2019), India and Myanmar each contribute 30% while China produced 

about 16% of the world production (5.3 million tonnes). India is rated as the highest consumer 

of mungbean with an increased area of production of 3.8 million ha. Information on mungbean 

production in Africa is scarce though the main production is believed to occur in eastern Africa 

majorly in Kenya and Tanzania (AVRDC, 2019).  

National production of mungbean in Kenya is 122,200 metric tonnes (MT) per year and 

a consumption of 127, 000 MT causing a deficit that is bridged by importing. Machakos County 

accounts for 33% of the national production, Makueni county 23% and Kitui county 22% 

(MoALF, 2015). The high yielding variety gives 1500 kg ha-1 but the average on farm yield is 

416 kg ha-1 (MoALF, 2015). About one million farmers in Kenya cultivate an average of 

260,000 ha. of mungbean yearly. 

In Kenya, mungbean is locally known as Pojo or Ndengu (Kiswahili) and is an 

important grain legume after common bean. However, due to its nutrition value the crop has 

attracted the interest of the small-scale farmers from semi-arid regions of Kenya (Mugo et al., 

2016). There are three types of mungbean grown in Kenya depending on the seed colour; 

yellow, green and black. Although common beans are commonly available as source of 

proteins, they are less adapted to drought conditions as mungbean. Like countries such as India 

and Pakistan, mungbean has great potential as a legume food crop for Semi-Arid areas of Kenya 

as it is used as a subsistence legume crop. Mungbean is easily digested and has been used as 

an alternative source of non-animal protein, iron and zinc (Machocho et al., 2012). Mungbean 

contains vitamin A (94 mg/100 g dw), iron (23 mg/100 g dw), calcium (124 mg/100 g dw) and 

zinc (3 mg/ 100g dw). It is also rich in vitamins B1, B2 and C and niacin (Dahiya et al., 2015). 
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Mungbean has many uses and ways of preparation; it is cooked fresh or dry and its 

dried grains can be prepared by cooking or milling. The crop can be consumed as whole or 

split (Nair et al., 2013). The seed or the flour may be used in a variety of dishes, mainly served 

together with rice or ugali. The crop’s immatured pods and young fresh leaves can be cooked 

and eaten as vegetables (Mogotsi, 2006). Mungbean also produces sprouts, which can be 

consumed directly. Besides being used as source of protein, mungbean can be used to improve 

soil fertility by atmospheric nitrogen fixation with the help of Rhizobium bacteria in its nodules 

and humus hence helps in sustainable agriculture (Patel et al., 2016). With climate change it is 

more adapted to drought conditions and majorly intercropped with cereal crops such as maize 

and sorghum. The yellow types of mungbean generally have low seed yield and are specifically 

grown for hay, green manure and also used as cover crop, hence, has the ability to improve soil 

fertility (Claudius, 2014). 

The average on-farm yield of mungbean in Kenya is 493 kg ha -1 (MoALF, 2015) 

compared to 1081 kg ha -1 in China (Nair & Schreinemachers, 2020). The low yields are due to 

abiotic stresses, pests and diseases, lack of suitable varieties and inappropriate agronomic 

practices (Machocho et al., 2012). Abiotic stresses include salinity, heat and drought. The 

major diseases of mungbean include common bacterial blight (Xanthomonas axonopodis pv. 

phaseoli), Mungbean yellow mosaic virus (MYMV), Anthracnose (Colletotrichum 

lindemuthianum), Powdery mildew (Erysiphe polygoni) and Leaf spot (Cercospora canescens). 

Among the diseases common bacterial blight has been ranked fourth most important legume 

disease in Africa after Yellow Mosaic Virus and can cause yield losses of up to 40% in legumes 

(Opiol et al., 2002). 

Common Bacterial Blight (CBB) causes high yield losses when there is high rainfall, 

humidity and warm temperature conditions (25-35°C). Akhavan et al. (2013) reported that 

maximum development of CBB occurs around 28°C. common bacterial blight disease in 

mungbean can be controlled by foliar spray, cultural and genetic methods. However, the use of 

chemicals is expensive, poses health hazards and is environmentally undesirable. The use of 

host plant resistance is an alternative method to farmers, however, most of the varieties of 

mungbean grown in Kenya are susceptible to common bacterial blight. Landraces have proved 

to be valuable repositories for novel sources of resistance and have successfully been used in 

other crops to obtain resistance genes that have been successfully been deployed in breeding for 

disease resistance (Hegstad et al., 2019). Therefore, in order to increase mungbean yields for 

improved food security in Kenya, there is therefore need to identify mungbean genotypes 

harbouring novel genes that confer resistance against CBB disease (Bett & Banniza, 2014). 
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1.2  Statement of the problem 

Mungbean is majorly produced in Arid and Semi-Arid Lands (ASALs) with erratic 

rainfall making the crop prone to moisture deficiency. There has been a rapid decline in both 

growth and yield of mungbean which is attributed to poor agronomic practices, low soil 

fertility, moisture stress and damage caused by pests and diseases. Pests and diseases cause 

more losses compared to other constraints. Among the mungbean diseases, common bacterial 

blight (CBB) caused by Xanthomonas campestris pv. phaseoli and Xanthomonas fuscans pv. 

Fuscans causes losses of up to 50% of yield globally. The two strains cause undistinguishable 

symptoms on the leaves hence making it difficult to identify the genetic changes from the host 

pathogen interaction. More recently, CBB has been reported to cause high yield losses in semi-

arid regions of Kenya where mungbean is grown. Disease incidence of up to 70% has been 

reported to occur in farmer’s fields in semi-arid regions of Kenya. Although mungbean is 

susceptible to common bacterial blight, some genotypes appear to display     complete resistance. 

However, these genotypes are yet to be identified and confirmed. Therefore, the purpose of this 

study was to identify stable sources of resistance to CBB in mungbean accessions that can be 

used in breeding programmes aimed at developing resistant varieties or directly deployed as 

resistant varieties to farmers. 

 

1.3 Objectives 

1.3.1  General objective 

To contribute to food security enhancement through deployment of resistant mungbean 

varieties to common bacterial blight. 

 

1.3.2  Specific objectives 

(i) To identify novel sources of resistance to common bacterial blight in mungbean 

landraces. 

(ii) To determine genotype by environment interaction and stability of CBB resistance in 

mungbean landraces. 

(iii) To validate the resistance of selected resistant landraces from field trials to CBB         

under artificial inoculation in the greenhouse. 

 

1.4  Hypotheses 

(i) There are no novel sources of resistance to common bacterial blight among the 

a. mungbean landraces. 



4  

(ii) There is no significant genotype by environment interaction and stability of CBB 

resistance in mungbean landraces. 

(iii) There is no resistance among selected resistant landraces from field trials to CBB under 

greenhouse conditions. 

 

1.5  Justification 

Mungbean production is a major contributor to income and nutrition in semi-arid areas 

of Kenya. Since its production is negatively affected by common bacterial blight, identification 

of sources of resistance is a critical step towards breeding for resistant varieties. Host plant 

resistance is a cost-effective strategy and environmentally friendly method for controlling 

common bacterial blight thus improves growth and yield of mungbean. Breeding for resistance 

not only limits parasite damage to the crop, but also safe to the producer, the consumer and the 

environment. In South Africa for example, the use of disease resistant varieties has reduced 

production cost effectively (Fourie et al., 2011). Deployment of resistance genes in the 

mungbean production system would be advantageous to the farmers arising from reduced cost 

of production which is incurred in the management of the disease. In addition, it will be an 

important component of the Integrated Disease Management Programmes aimed at reducing the 

occurrence, severity and incidence of common bacterial blight in mungbean. Genotype by 

environment interaction is also important in breeding programmes in that it helps to determine 

the effect one evironment on genotypic performance across target production regions and 

associated constraints thereby aiding in identification of stable but consistently outstanding 

highly yielding genotypes in different environments.
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CHAPTER TWO 

LITERATURE REVIEW 

2.1  Mungbean 

The genus Vigna where mungbean belongs to is comprised of 100 to 150 species 

comprising both cultivated and wild relatives. Among these species, mungbean is the most 

widely cultivated. This species was known as Phaseolus aureus (L.) before Wilczek gave the 

new name Vigna radiata (L.) Wilczek. It is a leguminous crop with a diploid chromosome 

number of 2n = 22 that belongs to the family fabaceae and primarily an autogamous plant. 

 

2.1.1  Origin and botany of mungbean 

Mungbean is an economically important legume crop in Asia and it is majorly grown 

in South and South east Asia, South America, Australia and some parts of Africa (Kang et al., 

2014). It is native to the Indo-Burma region where it has been cultivated for millennia. The 

mungbean plant is an annual, erect or semi-erect plant varying from one to five feet in height 

(Lambrides & Godwin, 2007). The stems are branched typically of a legume ideotype, 

moderately hairy, sometimes twining at the tips and has a well-developed root system. The 

leaves are alternate, trifoliate with concise to ovate leaflets that are 5-18 cm and 3-15 cm long 

and broad respectively. Its flowers are either pale yellow or greenish in colour and have two 

fused petals that form the keel, anthers and style (Mogotsi, 2006). The pods are cylindrically 

long, hairy and pendulous. They contain 6 - 20 round to oblong-shaped seeds. The seeds are 

smaller than those of other legumes and vary in size depending on the variety and are variable 

in colour which are usually green, yellow or black (Lambrides & Godwin, 2007). The mostly 

cultivated types in Kenya are green and yellow. The plant has a well-developed tap root with 

deeply paced lateral root system. 

 

2.1.2  Climatic requirements for mungbean 

Mungbean takes short time to mature especially when the cropping season is a warm 

season compared to other legumes. Maturity of mungbean depends on the environmental 

conditions. Vir et al. (2016) reported that mungbean takes three months to mature when the 

temperatures are 28-30°C in tropical and subtropical conditions. Mungbean performs well in 

areas with erratic rainfall and can give high yields with as little as 650 mm annual rainfall. It 

can be grown in two seasons under ASAL agro ecology. The rainfall requirement ranges 

between 600 and 1000 mm per annum and does well in well-drained loams or sandy loams 

(Mogotsi, 2006). Saline soils negatively affect growth and development of mungbean because 
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it interrupts nitrogen fixation between root nodules and rhizobia hence limit nitrogen fixation 

(Sehrawat et al., 2013). A study conducted by Podder et al. (2020) revealed that salinity affects 

germination parameters such as germination index and germination percentage by reducing 

osmotic potential hence preventing water uptake by the seeds. Also salinity stress may 

accelerate accumulation of ions which may injure the embryo resulting to germination failure. 

The crop does well in altitudes of 0-1600 m above sea level (USAID, 2013) and thrives well 

in different soil types with pH of 5-8 (Siddique et al., 2006). 

 

2.1.3  Mungbean production in Kenya 

Mungbean is a key pulse crop consumed in Kenya and is grown for both local 

consumption and export. The major producing regions include; eastern, coast, some parts of 

Nyanza, western and Rift valley with eastern leading in production. Major production areas in 

eastern Kenya are; Kitui, Machakos, Makueni and Tharaka Nithi counties (Karimi et al., 2019; 

USAID, 2013). Among the production areas Machakos County accounts for 33% of the 

national production, Makueni County 23% and Kitui County 22% (USAID, 2010). Most of 

Kenya’s mungbean production is carried out by small scale farmers operating with less than 

two hectares of land. Like other legume crops, mungbean can also be intercropped with cereal 

crops such as sorghum and maize (Wambua et al., 2017). 

 

2.1.4  Constraints of mungbean production 

Mungbean production is affected by both abiotic and biotic constraints. Abiotic stresses 

include salinity, heat and drought (Machocho et al., 2012). Salinity delays flowering and 

reduces yield of mungbean (Sehrawat et al., 2013). Results obtained from a trial involving 

response to heat stress evaluation revealed that heat stress especially during reproductive stage 

of the mungbean reduces its yield as a result of poor seed setting (Kaur et al., 2015). In the 

ASAL areas drought is a major limitation to mungbean production especially during flowering 

stage and when drought occurs during this stage it may result to instability and low yields (Kaur 

et al., 2015). Ranawake et al. (2011) reported that when drought occurs before flowering it 

induces early flowering resulting in low seed setting and finally poor yields. Similar results were 

reported by Kumari & Chakraborty (2019). High temperatures exceeding 350C causes stunted 

growth of mungbean seedlings as a result of shoot growth inhibition compared to root growth 

(Kumar et al., 2011). Other abiotic factors affecting production of mungbean in Kenya include; 

steep slopes, poor drainage and high acidity of the soils (Mugo et al., 2016). 

The biotic constraints comprise an array of insect pests and diseases. Insect pests such 
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as bean aphid (Aphis craccivora), bean fly (Ophiomyia phaseoli), whitefly (Bemisia tabaci), 

pod borer (Helicoverpa armigera), grasshopper (Zonocerus variegatus) and green vegetable 

bug (Nezara viridula) affect the production of mungbean by reducing yield (Asawalam & 

Constance, 2018; Swaminathan et al., 2012). Results obtained from an experiment conducted 

by Singh & Singh (2014) to screen mungbean genotypes against major pests, showed that all 

key pests cause equal destruction to the crop as all the genotypes showed susceptibility without 

complete resistance. Similar results were reported by Nadeem et al. (2014) when they screened 

mungbean genotypes against sucking insect pests in natural field conditions. Diseases such as 

common bacterial blight (CBB) (Xanthomonas axonopodis pv. phaseoli), Mungbean yellow 

mosaic virus (MYMV), Anthracnose (Colletotrichum lindemuthianum), Powdery mildew 

(Erysiphe polygoni), Leaf spot (Cercospora canescens), dry rot caused by Macrophomina 

phaseolina and rust affect mungbean production by reducing yield and seed quality (Pande et 

al., 2000). Among the mungbean diseases, common bacterial blight is one of the most important 

constraints affecting seed yield and accounts for up to 40% yield reduction (Opiol et al., 2002; 

Singh & Miklas, 2015). 

 

2.2  History and taxonomy of common bacterial blight (CBB) 

Common bacterial blight is a major disease of arid and semi-arid lands of tropical and 

subtropical production regions of the world (Singh & Schwartz, 2010). The pathogen belongs 

to the Xanthomonadacea and Xanthomonadales genus and order respectively. Additionally, it 

belongs to genus Xanthomonas which is phytopathogenic and has 27 species which cause 

different diseases in different host plants (Vauterin et al., 2000). The identification and naming 

of Common bacterial blight (CBB) started in 1893, however the causal agent was named 

Bacillus phaseoli after successful isolation and identification by Smith in 1987 (Zaumeyer, 

1930). In 1924 Burkholder collected infected leaves of common bean from the fields of 

Switzerland and isolated the variant on the media containing tyrosine to form a brown 

pigmentation hence name the variant as fuscous strain. The causal agent of CBB was renamed 

to Xanthomonas phaseoli in 1939 from the genus Xanthomonas and the observation of gram-

negative rods and yellow mucoid colonies formed. The strains were further grouped into 

fuscous and non-fuscous strains under the name Xanthomonas axonopodis phaseoli where the 

ones that formed brown pigmentation with media containing tyrosine were fuscous strains 

while those that did not form brown pigmentation with media containing tyrosine were non 

fuscous strains (Dye et al., 1980). The pathovar was then transferred from the genus to the 

species Xanthomonas axonopodis and now the name became Xanthomonas axonopodis pv 

phaseoli (Vauterin et al., 1995).  
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2.2.1  Causal agent and symptoms of common bacterial blight 

Common bacterial blight disease is a threat to legume production in tropical and 

subtropical areas around the world (Mkandawire et al., 2004; Singh & Schwartz, 2010). It is a 

foliar disease spread through seeds and is caused by the gram negative, aerobic and motile 

bacterial pathogen Xanthomonas axonopodis pv. Phaseoli and its variant is Xanthomonas 

fuscans subsp. fuscans (Jacques et al., 2005). The two strains cause similar symptoms with 

difference in virulence and prevalence levels (Dancun et al., 2011). CBB symptoms are usually 

seen on the leaves, stems, pods and seeds; symptoms on the leaves are lesions which grow and 

cause the plant to look burned while on pods it causes spots which are circular and brownish 

(Fourie, 2002). The first symptoms of the disease are small water-soaked spots which later 

expand and enlarge and become necrotic in susceptible hosts (Belachew et al., 2015; Harveson, 

2009). Osdaghi (2014) observed small water-soaked spots 10 days after artificially inoculating 

mungbean with CBB causing bacteria followed by necrotic symptoms which were observed 10 

days later. Similar symptoms were reported in common bean in Kenya (Chepkemboi et al., 

2020).  

Pod infection in common bean is characterized water soaked that later discolor to red 

brown. These symptoms are similar to those symptoms caused by halo blight (Pseudomonas 

savastanoi pv. phaseolicola). The pods may shrive and die in susceptible cultivars when there 

is severe infection. The seeds may be directly contaminated when they come in contact with 

contaminated tissues in the field of during threshing when the clean seeds get in contact with 

contaminated seeds (Zaumeyer, 1930). The affected seeds are contaminated by the bacteria and 

change their colour to yellow then brown. The seeds may as well shrive when severely affected 

leading to weak germination and vigour when planted Common bacterial blight symptoms may 

not be seen on the seeds but later noticed when the seeds fail to germinate or when they 

germinate the seedlings become generally weak with light lesions on their stems and cotyledons 

(Belete & Bastas, 2017; Buruchara et al., 2010; Darrasse et al., 2018).This disease reduces seed 

quality through staining and browning (Yu et al., 2012). When environmental conditions (hot 

temperatures and high rainfall) are favourable for CBB development, the seedlings or the whole 

plant may die. Apart from mungbean, other legume crops such as common bean, pigeon pea 

and chickpea are also infected by the same pathogen (Rubiales et al., 2015). 

 

2.2.2  Etiology of common bacterial blight 

The pathogen Xanthomonas axonopodis pv. phaseoli enters the plant through opening 

such wounds on the plants, stomata in leaves and through hydathodes at leaf margins (Karavina 
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et al., 2011; Pernezny & Jones, 2002). This disease can also be transmitted from one plant to 

another when there is a physical contact between wet infected plants and the healthy one. Also 

arthropods can help in transmission of the disease from infected plant to a healthy plant (Perry 

& Paul, 2012). It can enter the seeds through the pedicel and when the infected seed manages 

to germinate the pathogen symptoms are seen on the germinated seedlings. This is an indication 

that the pathogen is transmitted from the seed to the seedling (Jain & Agrawal, 2011). 

 

2.2.3  Epidemiology of common bacterial blight 

Common bacterial blight is a seed borne gram negative rod bacterium that varies in size 

depending on the strain. The size ranges from 0.4 -1.0 μm by 1.2-3.0 μm with a varying cell 

length also depending on the strains (Perry & Paul, 2012). The minimum temperatures required 

for the pathogen to grow are 5-9°C while the maximum temperatures 30°C to 39°C (Belete & 

Bastas, 2017) and more severe losses are caused in warmer temperatures (28°C - 30°C) and 

prevalence of winds under field conditions (Dancun et al., 2011). The pathogen causes severe 

losses when conditions are humid and warm in cowpea (Ganiyu et al., 2017). This disease is 

more severe and can causes yield losses of up to 50% in conducive environments with higher 

moisture conditions (85%) (Viteri & Singh, 2014). High incidence and severity of common 

bacterial blight in the field are favoured by rainfall or overhead irrigation (Akhavan et al., 

2013; Chatterton et al., 2016). A study by Bultreys and Gheysen (2020) revealed that hot 

summer with high rainfall increase the spread of common bacterial blight of common beans in 

the fields of Belgium. 

The pathogen is seed-transmitted, can survive in the soil for a long time and can also 

be transmitted by hosts from different species and weeds (Jacques et al., 2005). It can also 

survive between legume crops in association with crop debris. It grows on host tissues without 

penetrating under favourable conditions then penetrates the plant tissue and then back to the 

crop debris (Dutta et al., 2014). CBB growth and response is affected by plant age, host 

resistance, tissue age, plant vigour and weather (Jacques et al., 2005). The incidence of the 

pathogen is high at flowering stage and it can survive for more than two cropping seasons in 

plant residue whether the residue is in the soil or above the soil common bean (Betete & Bastas, 

2017). 

 

2.2.4  Host range of common bacterial blight 

Common bacterial blight affects a number of legume crops. Reports show that CBB 

affects Common bean (Phaseolus vulgaris), Tepary bean (Phaseolus acultifolius), Runner bean 
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(Phaseolus coccineus), Mungbean (Vigna radiata), Pea (Pisum sativum), Lima bean 

(Phaseolus lunatus) blackgram (Vigna mungo), Rice bean (Vigna umbellata), Soyabean 

(Glycine max) and cow pea (Vigna unguiculata) under natural infection (Durojaye et al., 2019; 

Erdinc et al., 2018; Gilbertson & Maxwell, 1992; Viteri et al., 2014) . Apart from the legume 

crops, infection has been reported in maize (Zea mays), common sunflower (Helianthus 

annuus), peanut (Arachis hypogaea), Redroot pigweed (Amaranthus retroflexus), Ragweed 

(Ambrosia artemisiifolia), white goosefoot (Chenopodium album) and Beet (Beta vulgaris) 

after artificial inoculation of the plants with CBB inoculum (Bradbury, 1986; Chaudhari et al., 

2019).  

 

2.3  Screening of legumes against common bacterial blight 

Field and greenhouse screening of genotypes for disease resistance helps in 

identification of superior genotypes that are resistant to different diseases (Singh & Miklas, 

2015). Screening of legumes against common bacterial blight has been carried out in common 

bean and cowpea with much work done on common beans to identify useful resistance sources 

to CBB. In an attempt to evaluate 110 diverse accessions for CBB resistance in common bean, 

Tumsa et al. (2020) identified nineteen resistant genotypes from the low values of AUDPC, 

disease severity on the leaves and disease severity on the pods. High percentage rates of disease 

parameters (CBB incidence, CBB severity, AUDPC and disease progressing rate) have been 

reported in common bean through field screening (Adila et al., 2021). Chepkemboi et al. (2020) 

reported one and four common bean resistant genotypes under greenhouse and field screening, 

respectively. Fourteen resistant sources against CBB have been reported in common bean from 

evaluation of 83 landraces (Erdinc et al., 2018). Divage (2015) reported six resistant genotypes 

against CBB from a total of 80 genotypes screened under greenhouse conditions. Complete 

resistance to CBB has been reported in cowpea through screening of 103 cowpea accessions 

(Ajeigbe et al., 2008; Durojaye et al., 2019). Alladassi et al. (2018) screened 123 common bean 

genotypes against CBB in screenhouse and under field conditions and reported four resistant 

genotypes in both the two conditions. Genotypes that combine CBB resistance and high seed 

yield in common bean have been reported by Tumsa et al. (2020). Similarly, Adila et al. (2021) 

identified two common bean genotypes that were resistant to CBB and high yielding on a trial 

aimed at identifying common bean resistance and agronomic performance. 
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2.4  Screening of mungbean genotypes against mungbean diseases 

Screening of mungbean against an array of diseases has previous been done although 

limited information exists on screening of mungbean genotypes against common bacterial 

blight of mungbean. So far, significant efforts have been made on screening of mungbean 

genotypes against a number of diseases such as powdery mildew, Anthracnose, Mungbean 

Yellow Mosaic Virus (MYMV) and Cercospora leaf spot (Raje & Rao, 2002). Complete 

resistance to MYMV has been found in mungbean genotypes through gene introgression from 

wild relatives (Pandiyan et al., 2020). Igbal et al. (2011) screened genotypes under field 

conditions against mungbean yellow mosaic virus and identified only four resistant genotypes. 

Similar results have been reported through screening of mungbean genotypes against MYMV 

under field conditions (Dharajiya & Pagi, 2018; Jyothi et al., 2020). Nainu and Murugan (2020) 

reported seven resistant and seventeen moderately resistant mungbean genotypes against 

MYMV screened under field conditions. Disease score, AUDPC and CI have been used to 

identify resistant mungbean genotypes against MYMV (Bag et al., 2014). However, AUDPC 

alone cannot be used to conclude on the type of resistance in the genotypes as some genotypes 

might have low values of AUDPC and show some level of susceptibility to a disease (Forbes 

et al., 2014). Bag et al. (2014) reported that genotypes that were highly resistant or resistant 

against MYMV recorded AUDPC values <650 and CI < 9. AUDPC values of < 1600 signified 

resistance of tomato genotypes against early blight disease (Pandey et al., 2003).  

Resistant genotypes to powdery mildew have been reported in mungbean germplasm 

where out of 374 genotypes screened for resistance to powdery mildew, 119 were resistant 

(Savitharamma & Divya, 2014). Out of 200 mungbean genotypes that were screened for 

resistance to powdery mildew, only one genotype was found to be highly resistant (Kasettranan 

et al., 2009). Complete resistance to Cercospora leaf spot disease of mungbean has not been 

found in many of the research works carried out in field conditions with most existing findings 

revealing there being mixed responses of genotypes mainly moderately resistance, moderately 

susceptible, susceptible and highly susceptible. Kumar et al. (2011) screened 31 mungbean 

genotypes against Cercospora leaf spot under field and polyhouse conditions and reported 

differences in disease resistance where none of the genotypes showed resistance in field but 

eight were resistant in the polyhouse. Hasan et al. (2017) evaluated mungbean genotypes on the 

basis of disease severity to identify genotypes resistant to leaf spot disease and the results 

revealed the presence of considerable genotypic variation among the genotypes. Out of the 

sixteen genotypes evaluated for Cercospora leaf spot disease resistance under field conditions, 

none of them showed complete resistance. Bhaska (2020) reported eight moderately resistant 
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and two highly resistant genotypes to Cercospora leaf spot and powdery mildew, respectively, 

in mungbean. Resistance to soil borne diseases has also been reported in mungbean (Uge et al., 

2020). 

 

2.5  Effects of common bacterial blight on growth and yield of legumes crops 

Common bacterial blight is a limiting factor in growth and production of legumes. 

When it enters the vascular system of the plants, it causes vascular infection that leads to wilting 

hence limited growth (Belete & Bastas, 2017). Yield losses caused by CBB depend on the 

environmental conditions that favour disease development and the type of plant it affects. Yield 

loss of up to 50% has also been reported in conducive environments that favour disease 

development in common bean (Opiol et al., 2002). Osdaghi (2014) reported that the amount of 

yield loss in mungbean is determined by the level of susceptibility of a variety, the degree of 

severity, environmental conditions favouring disease development, age of the plant during 

infection and that pod and seed infection causes high yield losses as compared to infection on 

the leaves. 

 

2.6  Genotype by environment interaction and stability analyses 

Genotype by environment interaction may occur when different plant genotypes are 

grown across different environments or multiple environments (Alam et al., 2014). Thus 

varietal/cultivar selection for improved crop development and crop introduction depend on 

significance of genotype by environment interaction. To establish good breeding objectives 

and make recommendations for areas of optimum genotype adaption, it is necessary to 

understand the nature and magnitude of genotype by environment interaction at all stages of 

crop improvement process (Nath & Dasgupta, 2013). 

Several analysis methods have been proposed for assessment of genotype by 

environment interaction (Finlay & Wilkinson, 1963). Statistical test of significance for the 

interaction component from analysis of variance (ANOVA) from data obtained from multi 

environment trials (MET) data is often used to identify the existence of significant genotype 

by environment interactions and is valid if the error terms from different environments are 

homogeneous (Nath et al., 2013). Site regression analysis (SREG) also called the GGE 

(Genotype main effect plus genotype by environment Interaction) is a linear bilinear model 

that removes the effect of location and expresses the answer as a function of genotype and 

genotype by environment interaction effect (Cornelius et al., 1996). Kumar et al. (2020) 

analyzed agronomic traits data using AMMI biplot analysis and identified early maturing with 
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wide adaptability genotypes in mungbean under rainfed conditions. 

GGE biplot is importantly used when the environment is the main source of variation 

as compared to genotype and genotype by environment interaction from the total variation. 

This model can also be used to determine the mega environments and establish which genotype 

won where. From the analysis crossover interaction can be established when the genotypes are 

ranked across the tested environments (Yan & Hunt, 2002). Results from a multi-environment 

trial using GGE biplot analysis revealed significant genotype by environment interaction for 

grain yield with one genotype showing high yield with stable performance across the locations 

(Asfaw et al., 2012). The additive main effects and multiplicative interaction (AMMI) model 

can also be used in genotype by environment interaction analysis although GGE biplot is more 

superior to it because it shows the mean performance of the genotypes, their stability across 

the tested environments and the individual performance of the genotypes in each of the tested 

environments (Yan et al., 2007).  

Evaluation of genotypes across several environments to establish genotype by 

environmental interactions if important when a simple mega environment is established and a 

simple mega environment is one that has no major crossover genotype by environment 

interactions (Yan et al., 2007). A non-crossover interaction suggests the possibility of finding 

resistance sources with specific adaptability to the target environment when screening 

germplasm for resistance against prevalent diseases of economic importance. Horn et al. (2018) 

reported existence of crossover type of interaction in cowpea for grain yield. A non-crossover 

type of interaction was reported by Pande et al. (2013) on resistance to Ascochyta blight 

(Didymella rabiei) in chickpea. In contrast, Singh et al. (2020) reported existence of both 

crossover and non-crossover type of interactions when evaluating the resistance of mungbean 

to root-knot nematode (Meloidogyne incognita). 

Stability is either static or dynamic. In static stability, genotypes perform the same 

despite being evaluated in different environmental conditions while in dynamic stability 

performance of genotypes changes across the different environmental conditions they are 

evaluated in (Becker 1981). Through research, genotypes that perform well and are stable in 

different environments for both agronomic and disease resistance traits have been identified in 

mungbean and other legume crops such as dry beans, Faba bean, cow pea, pigeon pea, lentile 

and Chick pea (Chand et al., 2014; Farshadfar et al., 2013; Horn et al., 2018; Rubiales et al., 

2014; Sabaghnia et al., 2012; Sharma & Johnson, 2017; Simion et al., 2018; Sreelakshmi et al., 

2010). Results from a multi-environment revealed significance of genotype main effect, 

genotype by environment interaction and their contribution for yield (Ullah et al., 2012). 
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Similar results were reported by Parihar et al. (2017) when they evaluated mungbean genotypes 

in six locations over two years for resistance to mungbean yellow mosaic virus. Akhtar et al. 

(2010) evaluated mungbean genotypes across five locations for grain yield and reported 

significance in genotypes by environment interaction and identified one variety that was stable 

across all the test location locations.  

 

2.7  Genetic diversity and its usefulness in mungbean improvement 

Trait improvement usually depend on the range of genetic diversity available for the 

breeder and amount of variability present in the population for enhanced genetic gain in a 

selection programme. The existence of genetic diversity among mungbean genotypes has 

been reported (Abbas et al., 2010; Abna et al. 2012; Gokulakrishnan et al., 2012). A wide 

genetic variation has been reported on agronomic traits such as days to flowering, days to 

maturity, number of seeds per pod, pod length and 100 seed weight of mungbean when 1232 

mungbean accessions were evaluated (Tripathi et al., 2020). A wide genetic diversity was 

revealed among mungbean germplasm based on microsatellite markers (Chen et al., 2015; 

Gwag et al., 2010). Similar findings have been reported for genetic diversity for mungbean 

resistance to mungbean yellow mosaic virus resistance (Binyamin et al., 2021). Landraces are 

useful sources of genes that can be used to enhance valuable traits in commercial varieties 

(Hegstad et al., 2019). 

 

2.8  Heritability, genetic advance and genetic correlations for disease resistance and 

agronomic traits 

Heritability is an estimation of the proportion of total phenotypic variation attributed to 

genetic inheritance of a trait of economic importance. Arnaud et al. (1994) reported low 

heritability for cmmon bacterial blight resistance in common bean. Begum et al. (2013) 

reported both high and low heritability of agronomic traits of mungbean. High heritability was 

exhibited by days to maturity and 100 seed weight while low heritability for grain yield. 

Similarly, high values of both heritability and genotypic correlations were recorded for 100 

seed weight while low heritability was found for seed yield in mungbean (Sabra et al., 2012). 

For a selection to be successful, heritability accompanied with genetic advance is most 

useful than heritability alone in getting superior genotypes (Begum et al., 2013). Reports in 

mungbean evaluation show different heritability estimates coupled by different genetic 

advance estimates. Mehandi et al. (2013) reported high heritability alongside moderate genetic 

advance when they evaluated mungbean genotypes for agronomic traits. High heritability 
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coupled with high genetic advance was reported among mungbean accessions for grain yield 

(Degefa et al., 2014; Majhi et al., 2020). Soni and Mishra (2020) observed high heritability 

alongside high genetic advance for agronomic traits like seed yield, days to maturity, plant 

stand and plant height with a highly significant positive correlation between seed yield and 

plant height and cluster per plant. Dutt et al. (2020) observed heritability in broad sense above 

60% for days to 50% flowering, days to maturity, plant height, branches per plant, cluster per 

plant, pods per cluster, pods per plant, pod length, seeds per plant, 100 seed weight, yield per 

plant with genetic advance below 50% while low heritability and low genetic advance below 

40% were recorded for harvest index (%). Ahmad et al. (2012) reported high heritability 

alongside low genetic advance for emergence rate, branches per plant, grains per pod, grains per 

plant and yield of mungbean genotypes. High heritability with low genetic advance have been 

reported for agronomic traits such as days to flowering, days to maturity, 100 seed weight and 

grain yield while moderate heritability with low genetic advance was reported for common 

bacterial blight severity in common beans (Gelaw, 2017). 

 

2.9  Breeding for mungbean diseases 

Breeding for resistance to mungbean diseases has been carried for powdery mildew, 

mungbean yellow mosaic virus (MYMV) and Cercospora leaf spot (Karthikeyan et al., 2014; 

Khattak et al., 2008; Raihan et al., 2018; Raje & Rao, 2002). Through these research works, 

resistant genes have been successfully introgressed and resistant varieties deployed 

successfully (Pandiyan et al., 2020).  

 

2.9.1  Breeding for resistance to common bacterial blight in mungbean 

Crops become resistant to pathogens when resistance genes are activated following 

infection by formation of structures and chemicals such as phytoalexins and secondary 

metabolites that are toxic to the pathogens hence improving plants’ immunity system 

(Basandrai et al., 2011). Although limited information exists on breeding for resistance to 

common bacterial blight in mungbean, extensive efforts have been done in breeding for 

resistance to common bacterial blight (CBB) for common bean and cowpea (Cicer arietinum) 

using both conventional and molecular techniques (Yu et al., 2000). Alladassi et al. (2017) 

reported that resistance to common bacteria blight in common bean is controlled by additive 

gene effects. Viteri et al. (2014) identified a new CBB resistance gene in common bean by 

interspecific breeding from tepary bean (Phaseolus acultifolius). Breeding for resistance of 

common bacterial blight in common bean in Tanzania has been achieved through successful 
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introgression of common bacterial blight resistance genes to the adapted varieties by use of 

molecular markers (Tryphone et al., 2012). Evidence exists on the development of CBB 

resistant pinto bean varieties, where quantitative trait loci (QTL) responsible for CBB resistance 

was successfully introgressed into recurrent parent from a donor parent using backcrossing and 

marker assisted selection (Mutlu et al., 2005). Shi et al. (2012) identified sixteen genes that are 

linked to the locus conditioning CBB resistance by a map-based cloning approach where SU91–

CGs10 and SU91–CGs11 had strong associations with CBB resistance in common bean. 

Agbicodo et al. (2010) identified molecular markers associated with bacterial blight resistance 

loci which can be deployed in marker assisted selection of bacterial blight resistance in cowpea. 

 

2.9.2  Breeding for resistance to other diseases of mungbean 

Efforts have been made to pyramid more favourable modifying genes responsible for 

MYMV resistance along with large seed size in mungbean mutants and recombinants 

(Karthikeyan et al., 2014). Three resistant lines of mungbean towards MYMV with high 

yielding ability have been developed successfully (Raihan et al., 2018). Khattak et al. (2008) 

found that MYMV resistance in mungbean is controlled by a major recessive gene and level of 

resistance or susceptibility of a genotype is influenced by modifying genes. Tantasawat et al. 

(2020) found two markers (one ISSR and three ISSR-RGA markers) associated with powdery 

mildew resistance gene in mungbean. QTL associated with MYMV resistance has been 

detected through interspecific cross between mungbean and ricebean (Vigna umbellate) 

(Mathivathana et al., 2020). Chankaew et al. (2010) found that Cercospora leaf spot resistance 

is controlled by a single dominant gene and identified one major QTL for Cercospora leaf spot 

resistance in segregating populations and backcross populations. 

 

2.9.3  Control of CBB using bactericides, botanicals and Integrated Disease 

Management  

Control of CBB has been attempted using bactericides, botanicals and Integrated 

Disease Management practices in common bean, snap bean and cow peas with little work on 

mungbean. Chemical control is usually done using products with copper-based solutions in the 

fields (Schwartz et al., 2005). Vigo et al. (2012) evaluated the effect of bactericides on common 

bacterial blight of snap beans and reported that pyraclostrobin and acibenzolar-S-methyl 

reduced AUDPC of the disease on the leaves. Rhizobacteria isolated from common bean has 

been successfully used to control common bacterial blight in beans with sixty out of 162 used 

Rhizobacteria inhibiting growth of virulent strains of the pathogen (Giorgio et al., 2016; Sallam, 
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2011). Ganiyu et al. (2017) conducted a trial to evaluate effect of plant extracts on common 

bacterial blight of cow pea and reported that plant extracts of Neem (Azadirachta indica) leaf, 

copper leaf (Acalypha wilkisiana) and pawpaw (Carica papaya) leaves combined together 

reduce CBB incidence by 73% with improved yield of cow pea. Viecelli & Moerschbächer 

(2013) observed that manganese based foliar fertilizer reduces CBB by more than 47% 

Biological control such as use of foliar sprays of Bacillus subtilis in common bean 

reduce CBB infection rate, CBB severity, CBB incidence and area under disease progress curve 

effectively (Belete et al., 2021). A study done by Bharti et al. (2020) on use of bioagents to 

control CBB reported that bioagents such as Pseudomonas fluroscences, Acetobacter sp. and 

Bacillus subtilis hinder common bacterial blight growth by 81.26%, 76.72% and 78.95% 

respectively. Use of solid vermicompost at a rate of 10% and 20% reduce CBB development 

by 62% and 54% respectively in common bean (Öztürkci & Akköprü, 2021). When resistant 

varieties, chemical control and cultural practices are integrated together, common bacterial 

blight development reduces and yield of beans increase (Belachew et al., 2015).
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CHAPTER THREE 

GENOTYPE BY ENVIRONMENT INTERACTIONS AND STABILITY OF 

RESISTANCE IN MUNGBEAN (Vigna radiata (L.) LANDRACES AGAINST 

COMMON BACTERIAL BLIGHT (Xanthomonas axonopodis pv. Phaseoli) ACROSS 

SEMI-ARID ENVIRONMENTS 

Abstract 

Common bacterial blight (CBB) of mungbean (Vigna radiata [L.] Wilczek var. radiata) is a 

major limitation to mungbean production in semi-arid areas of the world where mungbean is a 

major crop. Deployment of resistant varieties is a significant sustainable strategy for controlling 

CBB in marginal production systems. The objective of this study was to identify sources of 

resistance and stability of mungbean landraces to CBB attack across drought endemic 

environments. A total of 240 mungbean genotypes were evaluated for CBB resistance and 

performance in agronomic traits in Alpha Lattice Design at four locations for two years 

comprising 2019 and 2020. Residual Maximum Likelihood (REML) analysis revealed 

significant main effects for genotype (G), environment (E) (combination of cropping season 

and location) and genotype-by-environment interaction (GE) (p < 0.01) demonstrating the 

influence of environment on genotypic expression. Genotype main effect plus genotype-by-

environment (GGE) biplot was used for analysis of multi-location trials data based on CBB 

score to determine genotypic stability. From GGE analysis, Kambi Ya Mawe (KYM) location 

in SR 2019/2020 (37o 37' E, 1o 48' S) was revealed as the most suitable environment for 

assessment of CBB resistance. Accessions GBK 004852, GBK 004789, GBK 026986, GBK 

004970, GBK 004961, GBK 004882 and GBK 043573 were selected for high and stable 

resistance across environments. Identification of high and stable resistance sources is a first 

step towards deploying resistance in mungbean breeding programmes against CBB and future 

deployment of resistant cultivars. 
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3.1  Introduction 

Mungbean (Vigna radiata (L.) Wilczek) is an economically important food legume in 

Arid and Semi-Arid Lands (ASALs) of Asia, Africa, South America and Australia (Kang et 

al., 2014). It is a source of non-animal protein and rich in vitamins and iron for human nutrition 

(Dahiya et al., 2015; Kim et al., 2015). Major cultivation occurs in Asia with India and China 

being the largest producing countries. The world’s mungbean production area was 

approximately 7.3 million ha with an output of about 5.3 million tons for the period between 

2015 and 2017. Of which, both India and Myanmar contributed 30% while China produced 

about 16% (AVRDC, 2019 https://avrdc.org/intl-mungbean-network). In Africa, the crop is 

listed among the orphaned crops by the African Orphan Crops Consortium (AOCC) 

(http://africanorhancrops.org/meet-the-crops/) and so far, the information about its production 

is scanty. Nonetheless, the main production is believed to occur in eastern Africa (AVRDC, 

2019). In Kenya, the bulk of mungbean cultivation is largely carried out by smallholder farmers 

under rain-fed conditions and 90% of the production is concentrated in the drier areas of eastern 

Kenya (Karimi et al., 2019). The growing conditions are extremely variable thereby exposing 

the crop to numerous biotic and abiotic constraints leading to reduced seed yield. For the period 

between 2010 and 2014, area under production in Kenya was 260,000 ha with a national 

average production of up to 121,000 metric tonnes against a national of consumption of 

approximately 127,000 metric tonnes which is bridged through imports (MoALF, 2015). On-

farm production ranges from 0.37 - 0.49 t ha-1 (MoALF, 2015) compared to India’s average of 

up to 1.5 t ha-1 (Gupta & Pratap, 2016). 

Among the predominant diseases of mungbean, common bacterial blight (CBB) caused 

by Xanthomonas campestris pv. phaseoli Smith (Dye) (synonym: X. axonopodis pv. phaseoli 

[Smith] (Vauterin et al., 2000) has recently been reported as new disease of mungbean 

(Osdaghi, 2014). Although documentation of economic yield losses arising from CBB is still 

scanty, high disease incidence of up to 70% has been reported from farmers’ fields in semi-arid 

regions of Asia (Osdaghi, 2014). In the recent past, mungbean fields in semi-arid regions of 

Kenya with serious common bacterial blight damage symptoms have been observed and 

subsequently confirmed at Kenya Agricultural and Livestock Organization, Katumani research 

center pathology laboratory. However, formal reports are yet to be published and so far, 

information regarding the damage levels both on-farm and in experimental fields is yet to be 

determined, even so they are significantly high. Common bacterial blight is a seed borne 

disease that reduces seed quality through staining and browning which leads to yield losses 

exceeding 40% in susceptible varieties in a number of leguminous crops (Opiol et al., 2002; 



20  

Saettler, 1989; Singh & Miklas, 2015). Application of bactericides as an option to control the 

disease has largely been curtailed by prohibitive cost to the majority of smallholder farmers in 

resource-constrained farming systems in dry areas of sub-Saharan Africa. Apart from 

environmental hazards, chemical control agents can potentially cause harm to the producers 

and consumers. Therefore, deployment of resistant varieties is a plausible alternative option to 

manage CBB. 

The emergence of new pathotypes (Osdaghi, 2014) and prevalence of high pathogen 

population in the key mungbean producing regions have rendered most commercial varieties 

susceptible to CBB. Major threat to breeding pulse crops against CBB is the lack of availability 

of sources of resistance (Jacques et al., 2005). Until now, efforts attributed to the national grain 

legumes breeding programme at the Kenya Agricultural and Livestock Research Organization 

(KALRO) Katumani with support from the Asian Vegetable Research and Development 

(AVRDC) - World Vegetable Centre, have resulted in release of a number of improved 

varieties in Kenya. However, the selection programme has in past focused more on 

enhancement of seed yield and commercial seed attributes with little or no emphasis on disease 

resistance. Landraces are useful genetic resources for obtaining novel resistance genes to 

endemic diseases (Ddamulira et al., 2014; Piechota et al., 2019; Pietrusinska et al., 2019). 

Although the use of landraces in breeding is known to introduce genetic background of genes 

responsible for reducing crop’s agronomic quality occasioned by linkage drag, such materials 

are quite useful for pre-breeding and germplasm enhancement. Evidence of introgression of 

novel genes into commercial cultivars through selection from populations derived from crosses 

between disease resistant landraces and cultivated varieties exist for a number of crops (Ferreira 

et al., 2012; Hegstad et al., 2019). 

Ceccarelli & Grando (2007) stated that adequate evaluation of diverse genotypes of a 

given crop in a range of environments often introduces genotype (G) by environment (E) (GE) 

interactions of crossover type. Presence of crossover type of GE interactions complicates 

breeder’s selection due to reversal of performance in different target environments. This can 

be managed through either selection of genotypes with wide adaptation to the entire range of 

target environments or alternatively selecting an array of genotypes each specifically adapted 

to a single environment (Ceccarelli & Grando, 2007). Due to extreme variability of marginal 

environments, selection of genotypes with specific adaptation is plausible because it may be 

hard to find a genotype with broad adaptation. Successful identification of superior genotypes 

for semi-arid areas requires use of GE analysis. Several multivariate methods have been used 

to assess GE interactions (Ferreira et al., 2006; Gauch, 2006), however, genotype plus genotype 
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by environment (GGE) biplot method has an advantage over the other available methods 

because it considers both genotype main effects and genotype by environment interactions 

effects, which are the most useful sources of variation in evaluation of different genotypes 

across environments (Malosetti et al., 2013). GGE analysis has been used to positively identify 

genotypic sources of resistance of different diseases in multi-locations and also stable 

genotypes in terms of yield in different crops (Akcura et al., 2017; Chaudhari et al., 2019). This 

study was therefore conducted with the aim of identifying mungbean landraces with resistance 

to common bacterial blight and to determine the stability of the identified landraces against 

CBB attack in drought prone areas. 

 

3.2  Materials and Methods 

3.2.1  Experimental sites  

The field trials were conducted during 2019 and 2020 cropping seasons (years) at four 

locations in semi-arid regions of Kenya. Three sites were at the Kenya Agricultural and 

Livestock Research Organization (KALRO) centers in eastern Kenya region namely; Katumani 

in Machakos county, Kambi ya Mawe sub center in Makueni county and Ithookwe sub center 

in Kitui county. The fourth site was at KALRO Perkerra in Marigat, Baringo county, in the Rift 

Valley region. Geographical coordinates and weather data for the study sites are shown in Table 

3.1. The sites receive annual rainfall range of 730–1068 mm, the altitude ranges from 975 - 

1600 m above the sea level (m.a.s.l) and the temperature ranges from 16 - 30oC. Apart from 

being situated in the key mungbean production areas of the semi-arid regions of Kenya, the 

experimental sites were selected based on historical occurrence of CBB disease hence natural 

hotspots. 
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Table 3.1: Geographical and weather data for the study sites 

Location Longitude Latitude Altitude (m) Mean annual 

rainfall (mm) 

Temperature ( oC) Soil type 

    Max Min  

Katumani 37o 14' E 1o 35' S 1600 730 21 17 Eutricnitrosol 

Ithookwe 37o 49' E 1o 22' S 1122 1068 30 19 Sandy soil 

Kambi Ya Mawe 37o 37' E 1o 48' S 975 675 28 16 Sandy clay 

Perkerra 36° 1' E 0o1' N 1065 671 30 21 Sandy soil 

 Source: Jaetzold et al. (2012) 
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3.2.2  Germplasm 

A set of diverse 240 mungbean genotypes, of which 234 accessions were sourced from 

KALRO Genetic Resources Research Institute (GRRI), gene bank of Kenya and six local 

varieties which were the checks, were obtained from KALRO Katumani and Kenya Seed 

Company. The accessions are conserved germplasm at the gene bank and are previous 

collections from different semi-arid regions across Kenya, hence likely to possess adequate 

genetic variability and valuable traits. Since the germplasm used were obtained from the 

national GeRRI genebank at KALRO, they are generally purified from the original landraces 

and had phenotypic uniformity with each seed type within a landrace receiving a separate entry. 

Therefore, I assumed that I was dealing with mainly single genotypes. Presumably, if any 

heterozygosity was present, then it was possibly captured within the plant samples used for 

data collection. The seed obtained from the gene bank was sufficient for the trials at all sites in 

the first season. Seeds produced from the first season were bulked for each entry without 

subjecting them to any form of selection and used for planting the second season trials. Among 

the local checks, KAT N26 (an old variety) and Dengu Tosha (a newly released variety) were 

included as susceptible checks while a local farmers’ variety named as ‘Local Variety’ was 

used as a resistant check. 

 

3.2.3  Experimental procedure 

The trials were planted in an Alpha Lattice Design with two replicates at all the four 

locations for two cropping seasons. In order to minimize the heterogeneity arising from the 

between block variation within the replications, each replication was subdivided into 20 

homogenous blocks of equal sizes each having 12 experimental units. One seed was sown per 

hill by hand in single row plots measuring 3 m long with an inter-row spacing of 60 cm and an 

inter-plant distance of 10 cm. A basal application of di-ammonium phosphate (DAP) fertilizer 

was done during planting at the rate of 50kg ha-1 to supply 12.5kg N ha-1 and 25kg P2O5 ha-1. 

Plots were kept free from weeds by manual weeding. Thunder (Imidacloprid 100g L-1 + 

Betacyfluthrin 45g L-1) was applied for protection against insect pests. However, no control 

measure was taken against foliar diseases. Surface irrigation available at KALRO Perkerra was 

used to supplement moisture to the crops when needed because the site is predisposed to 

recurrent drought. 
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3.2.4  Field evaluation 

The borders rows and two rows after every 10 experimental units, were planted with a 

susceptible variety KAT N26 in order to monitor uniform disease pressure in the field at all 

sites. All the plants in each experimental plot were used for disease scoring which was done at 

30 days and 45 days after emergence using standard procedures. However, due to low disease 

pressure at 30 days after emergence, the final disease score at 45 days after emergence was 

considered for data analysis. Common bacterial blight severity was scored visually using a 

rating scale of 1 to 9 as described by Duncan et al. (2011) (Table 3.2). Agronomic data were 

collected on days to 90% pods maturity: Average number of days per experimental unit 

counted from emergence to 90% pods maturity on most of the plants (90% pods turning into 

black), hundred seed weight; 100 seeds were randomly counted from dried harvested seeds 

(8% moisture), weighed and their mass recorded and seed yield per hectare; the yield was 

recorded for five plants per plot. 

The disease data were summarized using the percentage disease severity (PDS) formula 

as described by Pranamika and Saikia (2013) and expressed as the area under the disease 

progress curve (AUDPC) as described by Simko and Piepho (2012) before analysis. The PDS 

and AUDPC formulae are provided below; 

𝑃𝐷𝑆% =
∑   

×
×  100%   Equation (1) 

Where, N is the total number of plants and S is the maximum score in the scale 

AUDPC was calculated using the formula below; 

AUDPC = ∑  × (ti +  1 –  ti)    Equation (2) 

Where, yi = an assessment of disease (percentage) at ith observation, ti = time (days) at ith 

observations, t (i+1) is the second assessment date of two consecutive assessments, y (i+1) is 

the disease severity on assessment date t (i+1) and n = the total number of observations  

Percentage disease incidence (PDI) was calculated as follows: 

𝑃𝐷𝐼% = ×  100%       Equation (3) 

Where, X = number of diseased plants and N= total number of plants 
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Table 3.2: Rating scale of percentage lesion area and disease reaction for common 

bacterial blight 

Grade Lesion area (%) Disease reaction 

1 0 Resistant 

3 1-30 Moderately resistant 

5 31-50 Moderately susceptible 

7 51-75 Susceptible 

9 76-100 Highly susceptible 

Source: Duncan et al. (2011) 

3.2.5  Statistical analyses 

Data for AUDPC were log transformed while percent CBB severity and percent CBB 

incidence data were square root transformed to obtain a normal frequency distribution before 

subjecting them to analysis as described by Gomez and Gomez (1984). However, data were 

back-transformed to the original scale for presentation in tables and figures after the analysis. 

Data for Perkerra in long rains (LR) 2019 and Ithookwe in short rains (SR) 2019/2020 cropping 

seasons were discarded, apparently due to absence of disease during the crops’ growth cycle at 

these locations. Likewise, data for Katumani in long rains (LR) 2019 were excluded from the 

analyses owing to crop failure which was occasioned by severe drought. Quantitative data 

collected were subjected to residual (or restricted) maximum likelihood (REML) analysis 

(Patterson & Thompson, 1971) in order to obtain the variance-components using a computer 

software programme, GenStat 15th edition (VSN International, Hemel Hempstead). The 

analysis followed a two-step procedure where data were first fitted for individual environments 

followed by combined analysis over environments. REML analysis was used to partition the 

main effects for genotype (G), environment (E) and genotype-by-environment (GE) interaction 

to illustrate the influence of environment on genotypic expression. Environments were 

described as combination of cropping season and site, with each cropping season in a given 

site being considered as a separate environment as explained by Rubiales et al. (2014). 

Consideration of environment as a combination of locations and cropping seasons was made 

in an attempt to gainfully obtain additional information which could have possibly arisen from 

differential response of genotypes to seasonal fluctuations in disease pressure across the test 

locations. Replications, genotypes and environments were considered fixed terms, while blocks 

nested within replicates and environments were considered random terms in the statistical 

model (Equation 4). Least significant difference (LSD) test was adopted for mean separation 
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using suitable error terms. 

𝑌 = µ + 𝑅𝐼+ 𝐺𝐽 + 𝐸𝐾 + 𝐺𝐸𝑗𝑘 + 𝐵𝑙(𝑘𝑖) + Ԑ𝑖𝑗𝑘𝑙    Equation (4) 

Where, 𝑌𝑖𝑗𝑘𝑙 = observations of experimental unit, µ = the overall mean the experiment, 𝑅𝑖 = the 

ith replicate effect, 𝐺𝑗 = the 𝑗𝑡ℎ genotype effect, 𝐸𝑘 = the 𝑘𝑡ℎ Environment effect, 𝐺𝐸𝑗𝑘 = the 

effect of the interaction between 𝑗𝑡ℎ genotype and 𝑘𝑡ℎ location, 𝐵𝑙(𝑘𝑖) = effect of the 𝑙𝑡ℎ block 

nested within replicates and environments and Ԑ𝑖𝑗𝑘𝑙 = the random error. 

In order to asses genotypic stability and mean performance of mungbean landraces for 

common blight resistance within and across selected target environments in semi-regions, data 

on CBB score were subjected to genotype plus genotype-by-environment interactions (GGE) 

biplot analysis (site regression analysis) (Yan et al., 2000). The GGE model was selected for 

the analysis because of its flexibility in allowing characterization of multiple dimensions of the 

environmental quality variable. Since plant breeders are not interested entirely in GE but rather 

on the total genetic variation, it was therefore plausible to consider the joint effects of the 

genotypic main effect and the GE as a sum of multiplicative terms (Malosetti et al., 2013). The 

model is given by: 

𝑌 = μ + 𝐸 + ∑  𝑏 𝑧 + 𝜀      Equation (5)  

Where Yij = the mean performance of genotype i in environment j, μ = the grand mean, Ej =the 

fixed environment j main effect, the genotype by environment interaction is explained by the K 

multiplicative terms (k = 1 . . . K) with each multiplicative term arising from the product of a 

genotypic sensitivity bik (genotypic score) and a hypothetical environmental characterization 

Zjk (environmental score), whereas εij = the error term.  

Contributions of specific environments in screening mungbean genotypes for resistance 

to CBB was further evaluated via principal component analysis (PCA) using a variance 

covariance matrix. Pearson’s correlation coefficient analysis was used to assess the 

associations among the test environments (Cohen et al., 2014) using the following formula: 

 

𝑟 =
(∑ ) (∑ )(∑ )

[ ∑ (∑ ) 
 )( ∑ (∑ ) ]

     Equation (6) 

 

Where; 𝑟 = Pearson’s correlation coefficient, n = the number of samples, x = the 

independent variable and y is the dependent variable. 
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3.3  Results 

3.3.1  Variance components and genotypic mean performance 

Residual maximum likelihood (REML) analyses for individual environments revealed 

significant main effects (p < 0.01) of genotypes for all agronomic traits measured at all 

environments (appendix 1). Similarly, significant main effects (p < 0.01) of genotype were 

detected for nearly all disease resistance variables across environments alongside significant 

main effects (p < 0.05) for AUDPC at Kambi Ya Mawe (KYM) during both long rains (LR) 

2019 and short rains (SR) 2019/2020 cropping seasons, and for CBB score at KYM during the 

SR 2019/2020 cropping season. 

Combined analyses of variance-components over environments displayed significant 

main effects (p < 0.01) of genotypes and environments for all traits measured based on chi-

squared values generated by Wald test statistics (Table 3.3). Two-way interactions between 

genotype (G) and environments (E) (GE) were also significant (p < 0.01) for all the agronomic 

and disease resistance traits. Therefore, in addition to the fixed main effects of genotype and 

environment, the results illustrate the significance of GE interaction components in explaining 

genotypic performance within and across environments for both agronomic and CBB resistance 

of mungbean genotypes based on the fitted model. 
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Table 3.3: Residual maximum likelihood (REML) table of variance components for mungbean trial data on seven variables of CBB 

resistance and agronomic traits across five environments 

Fixed DF AUDPC CBB score % CBB incidence % CBB severity Days to maturity Seed yield  100 seed  wt 

R 1           21.1     21.7       6.8     34.6         0.1       0.8     13.7 

G 223   276.9***    381.6***   319.9***   299.2***   3308.4***      12.6***  3650.0***  

E 4 1244.5***   446.1***   538.8***   817.2*** 10052.9*** 1409.5***   657.3*** 

GE 892 1120.9***  1053.0*** 1155.5*** 1064.1***   2274.9***  6625.5*** 2270.3***  

Random  Estimate Estimate Estimate Estimate Estimate Estimate Estimate 

σ 2 
B
  0.027 0.243 0.762 0.453 0.617    1075.0 0.042 

σ 2 
E
  0.135 1.063 2.927 2.426 6.828  34494.0 0.387 

SE (B)       0.005      0.043         0.125       0.087        0.188      712.0 0.011 

SE (E)       0.006      0.049         0.134       0.111        0.315  1589.0 0.018 

AUDPC area under disease progress curve, CBB common bacterial blight, R replication, G genotype, E environment, GE genotype-by-

environment interaction, DF degrees of freedom, P probability, σ2
B variance component for block nested with replicates and environments, σ2

E 

variance component for the residual, SE (B) standard error for block nested within replicates and environments, SE (E) standard error for residual 

*** Significant at p<0.001 
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A broad range of responses was exhibited by the test material to CBB attack across 

environments (Tables 3.4 and 3.5). A relatively high disease pressure was attained in most of 

the test locations and years owing to the CBB scores recorded for susceptible check varieties 

Dengu Tosha and KAT N26 ranging from 5 to 7 in nearly all the test environments except for 

KAT N26 at KYM during LR 2019 (Table 3.5). Such levels of disease score for CBB were 

demonstrated by Miklas et al. (2006) for CBB from field trials. Genotypic variation for 

resistance of accessions against CBB was observed, where 56 (23.3%) out of 240 genotypes 

evaluated displayed resistance reaction with CBB scores of ≤ 3.0. Specifically, 20 genotypes 

presented in Table 3.5 registered low CBB score of < 2.5 on a scale of 1-9 compared to the 

resistant local check variety (CBB score 2.5), an indication of a high level of resistance. High 

levels of resistance to CBB were recorded from tepary bean (Phaseolus acutifolius) (Singh & 

Munoz, 1999; Urrea et al., 1999). 

Despite the presence of a high infection level of disease in nearly all the environments, 

confounding effects of disease reaction were experienced at Perkerra LR 2019 and Ithookwe 

SR 2019/2020 due to low disease pressure detected, leading to the exclusion of data from these 

environments from analyses. Generally, a comparable pattern of reaction of mungbean 

landraces against CBB was observed across environments for other disease resistance measures 

such as AUDPC, percent incidence and percent severity (Table 3.4). The trend showed higher 

range and mean values for all disease resistance traits among the genotypes in LR 2019 

environments compared to SR 2019/2020 environments. Ithookwe LR 2019 recorded higher 

values for all the measured disease resistance traits compared to KYM during the same period. 

Precisely, AUDPC range of 112-588 with a mean of 310 and range of 122-794 with a mean of 

357 were recorded at KYM and Ithookwe during LR 2019, respectively. The same pattern of 

disease reaction was repeated at the same environments for CBB mean score, percent CBB 

incidence and percent CBB severity, respectively (Table 3.4). Environmental effect on disease 

reaction was observed where mungbean planted in SR 2019/2020 environments had relatively 

reduced disease pressure. Evidently, Perkerra location which is situated in the Rift Valley 

region experienced lower disease pressure compared to Katumani and KYM locations situated 

in eastern Kenya region during SR 2019/2020. Katumani in SR 2019/2020 recorded the highest 

values for nearly all the disease traits compared to Perkerra during the same cropping season. 

A consistent pattern of disease reaction was recorded for nearly all disease measurement traits. 

In SR 2019/2020, the overall mean for AUDPC was lowest at Perkerra (4) and highest at 

Katumani (148), CBB score was also lowest at Perkerra (1.4) and highest at Katumani (3.1) 

while percent severity was minimal at Perkerra (1) and maximal at Katumani (23). A slight 
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change in pattern of disease prevalence was observe for disease incidence with KYM SR 

2019/2020 recording the highest mean of 26. 

Results demonstrated the existence of genotypic mean variation of mungbean 

accessions for all agronomic traits assessed. Noticeably, the SR cropping seasons recorded 

higher mean seed yield and seed weight compared to the LR seasons across locations with 

exception of Ithookwe LR 2019. High mean seed yield (1485 kg ha-1) was recorded at KYM 

in SR 2019/2020 (1584 kg ha-1), Perkerra in SR 2019/2020 (1104 kg ha-1) and at Ithookwe in 

LR 2019 (1069 ha-1) (Table 3.4). The two leading environments in seed yield performance, 

primarily KYM SR 2019/2020 and Perkerra SR 2019/20200 generally experienced lower 

disease pressure. The trend of yield performance seemed to depend on disease pressure where 

a negative correlation between yield and disease pressure was evident (Figure 3.1a). Accession 

GBK 004794 (1532 kg ha-1) was the only CBB resistant genotype that significantly 

outperformed the best check KAT N26 (1277 kg ha-1) in overall mean seed yield in multi- 

environments. Its yields were comparatively high in all the tested environments except at in KYM 

LR 2019 and Katumani in SR 2019/2020. Likewise, other genotypes appeared to combine seed 

yield with CBB resistance across locations and these included GBK 004852 (1232 kg ha-1), 

GBK 004809 (1198 kg ha-1), GBK 004889 (1193 kg ha-1), GBK 004970 (1174 kg ha-1) and 

GBK 026986 (1162 kg ha-1) (Table 3.5). Results obtained in this study concur with those 

reported by Tar’an et al. (2001) who found disease pressure to be negatively associated with 

seed yield.  

Maturity duration was prolonged for Katumani SR 2019/2020 (90 days) and KYM SR 

2019/2020 (82 days) compared to Ithookwe LR 2019 (73 days) and KYM LR 2019 (71 days) 

cropping seasons in eastern Kenya, respectively, while crops took a shorter time to mature at 

Perkerra SR 2019/2020 (71 days) which is located in the Rift Valley region (Table 3.4). 

However, maturity duration in Perkerra SR 2019/2020 was comparable to the LR 2019 seasons 

in eastern Kenya region which suggested existence of similarity among the environments. 

Maturity appeared to be associated with high seed yield although this could have been 

confounded with a relatively high disease pressure at some environments such as Katumani SR 

2019/2020 where a lower seed yield was recorded despite the crops taking long to mature. It is 

common knowledge that longer period to maturity physiologically tends to result in high seed 

yield. The results also suggested that late maturing plants displayed superior resistance 

compared to their early maturing counterparts (Figure 3.1b). Late maturity was found to be 

related to high levels of resistance to leaf rust and late leaf spot in peanut (Arachis hypogaea 

L.) (Chaudhari et al., 2019). Seed size is an important trait for mungbean commercialization. 
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In this trial, a significant variation of genotypes for phenotypic mean values for hundred seed 

weight was observed, ranging from a minimum of 4.2 g at Perkerra during SR 2019/2020 

cropping season to a maximum of 5.7 g at KYM in SR 2019/2020. However, a clear pattern of 

relationship between seed weight and disease pressure could not be drawn from the observed 

mean values. 

 

 
 
 
 
 
 
 

a) 
 
 
 
 
 
 
 
 
 
 

(b) 
Figure 3.1 Reaction of mungbean landraces against CBB in relation to (a) seed yield and (b) 

days to maturity at five test environments 
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Table 3.4: Range and mean of AUDPC, CBB score, %disease incidence, %disease severity, days to maturity, seed yield and 100 seed 

weight for 240 mungbean genotypes evaluated in seven environments under field conditions 

Environment AUDPC  CBB score % CBB 

incidence 

%CBB 

severity 

Days to maturity Seed yield (kg ha-1) 100 seed wt (g) 

 Range Mean Range Mean Range Mean Range Mean Range Mean Range Mean Range Mean

Ithookwe LR 122-794 357 3-7 4.2 8-80 31 12-61 35 66-81 73 249-2478 1069 3.1-8.3 4.8

Kambi Ya Mawe LR 112-588 310 3-7 3.3 6-74 27 12-66 31 65-79 71 133-1651 729 2.5-9.7 4.9

Kambi Ya Mawe SR 0-575 125 1-6 2.9 0-95 26 0-55 17 72-95 82 715-3191 1584 3.8-9.1 5.7

Katumani SR 0-398 148 1-5 3.1 0-63 24 0-54 23 81-100 90 244-1967 956 3.2-8.1 5.0

Perkerra SR 0-216 4 1-6 1.4 0-42 2 0-55 1 67-72 71 201-2137 1104 2.4-7.3 4.2

AUDPC area under disease progress curve, CBB common bacterial blight, LR long rains March to July 2019, SR short rains October 

2019 to January 2020
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Table 3.5: Mean seed yield and CBB score for top 20 resistant (CBB score <2.5) genotypes and checks evaluated for CBB resistance in 

five environments 

Genotypes Source a  Seed yield (kg ha-1)    CBB Score     

  Ithod

LR

KYMe

LR

KYMe

SR

Katf

SR

Perrg

SR

Overall

Mean

Ithod 

LR 

KYMe

LR

KYMe 

SR 

Katf

SR

Perrg

SR

Overall

mean

GBK 043573 NGBK 189 436 974 784 623 601 2 2 2 2 1 1.8

GBK 004828 NGBK 821 595 1513 1101 501 906 4 3 1 1 1 2.0

GBK 022494 NGBK 496 180 1703 652 928 792 1 3 1 4 1 2.0

GBK 004852 NGBK 2162 640 1682 1028 648 1232 3 3 2 2 1 2.1

GBK 004809 NGBK 1342 781 1846 1277 746 1198 4 3 1 2 1 2.1

GBK 004860 NGBK 1074 539 1477 830 462 876 4 2 2 2 1 2.3

GBK 051334 NGBK 1028 642 1847 1042 344 981 4 2 1 2 1 2.3

GBK 022523 NGBK 1597 866 940 844 391 928 4 3 2 2 1 2.3

GBK 004970 NGBK 2456 749 1369 963 330 1173 2 3 3 3 1 2.3

GBK 026986 NGBK 1586 583 853 1816 973 1162 3 2 3 3 1 2.3

GBK 004890 NGBK 755 491 1420 1083 1107 971 4 2 2 3 1 2.4

GBK 004820 NGBK 731 500 1524 526 760 808 4 3 2 3 1 2.4

GBK 018633 NGBK 248 217 1000 683 366 503 3 4 2 2 1 2.4

GBK 004882 NGBK 459 475 2275 949 832 998 3 3 2 3 1 2.4

GBK 004961 NGBK 381 569 1704 1521 352 905 3 2 3 2 1 2.4

GBK 028718 NGBK 710 334 1589 1462 946 1008 3 4 1 2 1 2.4
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GBK 004889 NGBK 594 965 2693 821 890 1193 4 3 1 2 3 2.4

GBK 004914 NGBK 1339 794 1340 567 396 887 4 4 2 1 1 2.4

GBK 022540 NGBK 194 576 1732 872 502 775 3 3 2 4 1 2.4

GBK 004794 NGBK 2371 584 2832 765 1107 1532 3 2 3 3 1 2.4

Check varieties    

KAT N26b KALRO 1784 530 1350 1847 874 1277 5 4 5 6 6 5.1

Local Varietyc KL 606 550 1263 999 326 749 3 3 3 1 1 2.5

KS20 KSC 725 382 885 948 390 666 5 4 3 1 2 3.0

Biashara KALRO 824 1186 1011 1129 994 1029 4 2 3 3 1 2.6

Karembo KALRO 567 534 2699 869 553 1045 5 3 3 3 1 2.8

Dengu Toshab KALRO 1143 407 1711 974 642 976 7 5 5 6 5 5.7

Mean  1069 729 1586 956 1104 974   4.2    3.3    3.1    2.9    1.4 3.0

LSD (0.05)  371 371 371 371 371 166   2.1    2.1    2.1    2.1    2.1 0.9

 CBB common bacterial blight, LR long rains March to July 2019, SR short rains October 2019 to January 2020 

 a NGBK National Gene Bank of Kenya, KALRO Kenya Agricultural and Livestock Research Organization, KSC Kenya Seed Company, KL 

Kenyan local farmers 

b Susceptible check 

c Resistant check 

d, e, f, g, Names of locations; Itho Ithookwe, KYM Kambi Ya Mawe, Kat Katumani, Perr Perkerra 
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3.3.2  Genotype by environment interactions and stability to common bacterial blight 

resistance 

In order to understand the reaction norms of mungbean genotypes to the test 

environments for common bacterial blight (CBB) resistance, genotype plus genotype by 

environment interactions (GGE) biplot analysis was implemented. The partitioning of 

genotype main effect and GE interactions revealed that the first two principal components (PC1 

and PC2) explained 55% of the total variation based on singular value decomposition (SVD) 

of the environment-centered data (Figure 3.2). Yang et al. (2009) suggested that the first two 

PCs should explain close to 60% of genotype main effect plus GE interaction to be meaningful.    

Graphical view of the scatter plots uncovered the interaction patterns between 

genotypes and environments (Figure 3.2). The long vectors of Kambi Ya Mawe (KYM) and 

Katumani during the short rains (SR) 2019/2020 cropping season (Figure 3.2a), demonstrated 

that they were the most discriminating environments with respect to CBB score. Low 

discriminating ability of Perkerra SR 2019/2020 was possibly due to low levels of disease 

detected. The acute angle between KYM and Katumani SR 2019/2020 further illustrated their 

similarly in discriminating genotypes for disease resistance. Chi-squared test revealed large 

latent roots of 1.07 and 0.99 (non-significant p-value for k = 2) for the first two PCs in 

explaining the quality of different environments in assessing genotypes for CBB resistance as 

portrayed by the results of the principal component analysis (PCA) (Table 3.6). The first 

principal component accounted for 28.6% of the variance and was mainly associated with 

KYM SR 2019/2020 (0.74 loading) and Katumani SR 2019/2020 (0.64 loading). The PCA 

results concur with those obtained from Figure 3.2a regarding the discriminating ability of 

these environments. The second principal component accounted for 26.4% of the variance and 

was associated with Ithookwe LR 2019 (0.60 loading). 

Correlation analysis between test environments revealed significant correlations (p < 

0.01) between Ithookwe LR 2019 and both KYM LR 2019 and Perkerra SR 2019/2020 as well 

as between KYM LR 2019 and Perkerra SR 2019/2020. Despite GGE analysis showing an 

acute angle between KYM and Katumani for SR 2019/2020 environments, the correlation 

between them was not significant. The ranking of environments in relation to the ideal test 

environment is shown in Figure 3.2b. The ranking biplot illustrated that the test environment 

at KYM in SR 2019/2020 which plotted on the border of the inner circle had reasonably high 

disease pressure and was therefore established as the most suitable for genotypic 

evaluation for identification and validation of common bacterial blight resistance. 



36 

 

The vertex genotypes connected by the polygon in Figure 3.2c, were GBK 043573 

(187), Dengu Tosha (158), KAT N26 (214), GBK 004971 (46), GBK 022494 (91), GBK 004828 

(22), GBK 004885 (87) and GBK 004904 (52). The vertex genotypes were the farthest from 

the origin of the GGE biplot signifying that they were either the best or the poorest performers 

for CBB score in some or all the environments based on their direction from origin. More details 

about performance of individual can be obtained in Table 3.5. Nearly all the test environments 

were clustered into one major section of the GGE biplot within which the vertex genotype were 

a susceptible check variety Dengu Tosha (158) and KAT N26 (214) (Figure 3.2c). The genotype 

that scored the farthest left was GBK 0004828 (22) as it had the lowest CBB score in all the 

environments and therefore the most resistant (Table 3.5). Further, the results established that 

the test environments selected for this study represented one mega-environment. This was 

important in identification and validation of superior CBB resistant genotypes for adaptation 

to the target region as such evaluations should be carried out within the mega-environments 

(Yan et al., 2007). 

Genotypes that displayed the least values for percent CBB score and smallest vector 

length from AEA were identified and confirmed as resistant and stable in multi-environments 

(Figure 3.2d). The selected landraces were plotted to the left of the line passing through the 

origin and perpendicular to AEA because they had a lower mean than the mean of all genotypes 

across environments. Accessions GBK 004852 (34), GBK 004789 (20), GBK 026986 (86), 

GBK 004970 (116), GBK 004961 (151), GBK 004882 (106), GBK 043573 (187) and ‘Local 

Variety’ (42) (resistant check) were conceivably resistant and stable genotypes due to their low 

mean phenotypic scores for CBB resistance and short lengths of their vectors orthogonal to the 

AEA. In addition, accessions GBK 004828 (22), GBK 022494 (91) GBK 004809 (69), GBK 

004860 (195), GBK 051334(49) and GBK 022523 (163) (Figure 3.2d and Table 3.5) displayed 

high resistance to CBB but extended vector lengths from AEA point to their unstable 

performance across environments 
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Figure 3.2 GGE biplots of mungbean genotypes based on CBB resistance score in five test 

environments; (a) vector view of GGE biplot showing the relationship and discriminating 

ability of test environments, (b) comparison biplot showing comparison of the tested 

environments, (c) GGE biplot showing a polygon view of a scatter plot of which genotype won 

where, (d) ranking biplot of genotypes for phenotypic mean performance and stability in multi-

environments 

(a) (c) 

(b) (d) 
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Table 3.6: Principal components and contributions for five semi-arid environments in assessment of mungbean genotypes for common 

bacterial blight based on resistance score 

PC Latent 

roots 

Individual 

contribution 

Cumulative 

contribution 

Environment   Latent vectors (loadings) Tests for equality of final k roots  

  PC1 PC2 PC3 k Chi-square DF Probability

1 1.07 28.6   28.6 Ithookwe LR -0.08 0.60 0.40 2 0.5 2                 0.76 

2 0.99 26.4   55.0 Kambi Ya Mawe LR 0.02 0.46 0.24 3 22.7 5 <.001

3 0.78 20.7   75.7 Kambi Ya Mawe SR 0.74 0.35 -0.56 4 51.5 9 <.001

4 0.48 12.7   88.4 Katumani SR 0.64 -0.43 0.62 5 72.8 14 <.001

5 0.43 11.5 100.0 Perkerra SR 0.16 0.36 0.29  

  PC principle component; DF degrees of freedom; LR long rains March to July 2019; SR short rains October 2019 to January 2020 

 

Table 3.7: Correlations among the test environments based on CBB score of all the tested genotypes evaluated at five environments 

 Ithookwe LR Kambi Ya Mawe LR Kambi Ya Mawe SR Katumani SR Perkerra SR 

Ithookwe LR  1     

Kambi Ya Mawe LR  0.252**  1    

Kambi Ya Mawe SR  0.001  0.067 1   

Katumani SR -0.110 -0.066 0.111 1  

Perkerra SR  0.251**  0.215** 0.120 0.058 1 

  LR long rains March to July 2019, SR short rains October 2019 to January 2020 

** Significant at 0.01 level of probability 
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3.4  Discussion 

Genetic improvement of mungbean for adaptation to semi-arid regions is a major 

priority. Progress has so far been made by national and international mungbean breeding 

programmes in enhancing drought resistance alongside key agronomic traits. However, recent 

changes in global climatic patterns have introduced new challenges in mungbean production 

areas which necessitate modification of the breeding objectives to accommodate budding 

concerns. Common bacterial blight (CBB) has recently been reported as a serious disease of 

mungbean in key growing regions of the world (Osdaghi, 2014). In Kenya, the level of 

resistance available in commercial cultivars is low and of little stability across environments. 

Screening for disease resistance is a primary step for identifying promising genotypes that are 

resistant to a particular disease (Singh & Miklas, 2015). Useful sources of resistance to CBB 

have previously been identified from primary, secondary and tertiary genepools of common 

bean (Duncan et al., 2011; Singh & Muñoz, 1999; Urrea et al., 1999). However, information on 

identification of sources of resistance to CBB in mungbean are scanty. 

The role of environment in genotypic expression for disease resistance and agronomic 

performance was explained by the significant genotype by environment (GE) interactions 

observed in this study. Differentiation in disease reaction as revealed by changes in area under 

diseases progress curve (AUDPC), disease score, disease severity, and disease incidence 

appeared to depend on the combination of cropping season and location (Tables 3.4 and 3.5). 

The disease pressure fluctuated depending on the seasonal conditions where we found a general 

trend of long rains (LR) cropping seasons recording increased disease pressure across locations. 

This was evident at Ithookwe and Kambi Ya Mawe (KYM) during the SR of 2019/2020, 

respectively. In contrast, a comparatively reduced disease pressure was observed during the 

short rains 2019/2020 at all the remaining sites. High relative humidity and fluctuating 

temperatures of between 20-30oC favours the disease with temperature near 30oC exacerbating 

the symptoms (Chatterton et al., 2016; Ganiyu et al., 2017; Jacques et al., 2005; Tar’an et al., 

2001; Yu et al., 1998). 

Agronomic performance for days to maturity, seed yield and hundred seed weight 

appeared to be related to variations in environmental conditions and disease pressure. Seed 

yield was suppressed by high disease pressure. Late maturing genotypes had reduced disease 

severity and were largely more productive. Seed weight seemed to be independent of the 

disease pressure. Negative association exist between disease severity and seed yield from field 

trial results (Aggour & Coyne, 1989; Leta et al., 2017; Tar’an et al., 2001). Seed yield 

reduction may also result from susceptibility of the cultivar (Singh & Muñoz, 1999; Singh & 
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Schwartz, 2010). Infected seeds show reduced commercial quality and value (Singh & Muñoz, 

1999). Genotypes GBK 004794, GBK 004852, GBK 004809, GBK 004889,  GBK 004970 and 

GBK 026986 were identified as genotypes that combine high seed yield and CBB resistance. 

Similar results were demonstrated by Tumsa et al. (2020) when they evaluated common bean 

accessions for common bacterial blight resistance in hotspot environments. Genotype by 

environment interaction present in this study was dissected using genotype plus genotype by 

environment interactions (GGE) biplot analysis. The interaction patterns displayed between 

genotypes and environments illustrates that both KYM and Katumani locations in SR 

2019/2020 cropping season (Figure 3.2a) were the most discriminating environments based on 

the length of theirs vectors from the origin of the biplot. The acute angle between these two 

environmental vectors further explains the similarity of the environments in discriminating the 

genotypes. According to Malosetti et al. (2013) a high correlation exists between similar 

environments as opposed dissimilar environments. Low discriminating ability of a few of 

specific environments was possibly attributed to comparatively low levels of disease in 

particular seasons as explained earlier. The ranking of environments based on CBB score 

identified KYM SR 2019/2020 as the most desirable environment for CBB evaluation (Figure 

3.2b). 

Results revealed that the tested environments can be classified into a single mega- 

environments based on CBB score (Figure 3.2a, c) which demonstrated the absence of a 

crossover type of interaction. According to Yan et al. (2007) screening of genotypes for GE 

interactions is meaningful only if it is done in mega environments. A non-crossover type of 

interaction was also reported by Pande et al. (2013) on resistance to Ascochyta blight in 

chickpea. In contrast, mixed results were reported by Singh et al. (2020) on the existence of 

both crossover and non-crossover type of interactions when evaluating the resistance of 

mungbean to root-knot nematode (Meloidogyne incognita). The absence of crossover 

interaction suggests the likelihood of finding resistance sources with specific adaptability to 

the target environment. 

The designated resistant and stable genotypes were GBK 004852, GBK 004789, GBK 

026986, GBK 004970, GBK 004961, GBK 004882, GBK 043573 and ‘Local Variety’ (local 

farmers’ variety used as the resistant check in the present study). These genotypes had low 

mean phenotypic scores for CBB resistance and short lengths of vectors perpendicular to the 

average environment axis (AEA) (Figure 3.2d). Parihar et al. (2017) reported three mungbean 

genotypes with stable resistance to mungbean yellow mosaic virus (MYMV). On the contrary, 

superior mungbean genotypes with high and stable seed yield but low resistance to MYMV 
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across environments were reported by Alam et al. (2014). Numerous research findings have 

been reported on the existence of stable resistance to a number of diseases in other legumes 

including but not limited to common blight in tepary bean (Phaseous acutifolius) (Singh & 

Muñoz, 1999; Urrea et al., 1999), leaf rust and late leaf spot in peanut (Arachis hypogaea) 

(Chaudhari et al., 2019) and ascochyta blight in chick pea (Pande, 2013). The identification of 

highly resistant and stable genotypes offers the possibility of deploying these resistances in 

mungbean breeding programmes and future opportunity to deliver resistant cultivars in target 

regions for effective control of the disease. 

3.5  Conclusions 

Findings of this study revealed sources of resistance existing in mungbean landraces. 

These genotypes were GBK 004852, GBK 004789, GBK 026986, GBK 004970, GBK 004961, 

GBK 004882, GBK 043573 and ‘Local Variety’. To increase the precision of assessment for 

verification of resistance, the resistant genotypes identified in the field need to be evaluated 

under the greenhouse conditions by means of artificial inoculation. Sources of resistance 

identified from diverse germplasm will permit gene pyramiding or combining of resistance to 

widen the genetic base of resistance in mungbean cultivars. Such an undertaking would permit 

effective future deployment of stable CBB resistance in the target production regions and 

enable implementation of a sustainable integrated disease management approach that include 

genetic control. 
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CHAPTER FOUR 

GREENHOUSE SCREENING OF MUNGEBAN GENOTYPES FOR RESISTANCE 

TO COMMON BACTERIAL BLIGHT IN KENYA 

Abstract 

Common bacterial blight (CBB) caused by Xanthomonas campestris pv. phaseoli Smith (Dye) 

and Xanthomonas fuscans subsp fuscans is a serious disease of mungbean (Vigna radiata (L.) 

Wilczek) in semi-arid areas of eastern Africa. Although greater progress has been made in 

identifying sources of resistance to CBB for genetic improvement of a number of legume crops, 

scanty information still exists on sources of resistance in mungbean. This study was carried out 

to validate the resistance of selected mungbean genotypes to CBB under artificial inoculation 

in the greenhouse. Twelve genotypes alongside four checks were arranged in a randomised 

complete block design with three replications. Twenty day old plants were inoculated using 

multiple needle method with inoculum concentration of about 1x108 cfu/ml. Assessment of 

disease reaction was done at 14, 17 and 31 days after inoculation (DAI), followed by 

determination of disease severity for estimation of area under disease progress curve. 

Significant (p<0.01) and (p<0.05) effects of cropping cycles were exhibited for CBB score at 

31 DAI and AUDPC, respectively. Genotypes GBK 004828, GBK 004890, GBK 022540 and 

GBK 017437 were identified as novel sources of resistance based on their low CBB scores. 

Sources of resistance obtained in this study will be useful for regional breeding programmes 

involved in enhancing mungbean lines for resistance against CBB and future deployment of 

resistant varieties. 
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4.1  Introduction 

Common bacterial blight (CBB) is one of the emerging diseases affecting mungbean 

(Vigna radiata (L.) Wilczek) production in semi-arid regions including eastern Africa where 

mungbean is a major crop and it causes over 40% yield loss (Opio et al., 2002; Singh & Miklas, 

2015). It is a seed borne disease caused by the gram negative, aerobic and motile bacterial 

pathogens Xanthomonas campestris pv. phaseoli Smith (Dye) and Xanthomonas fuscans subsp 

fuscans (Burkholder & Starr, 1948). Both the strains form yellow mucoid and convex colonies 

on common media. It is difficult to distinguish the two strains visually as they both cause 

identical symptoms on leaves, pods and seeds (Belete & Bastas, 2017). Despite the fact that 

the two strains of bacteria are genetically different, they cause undistinguishable symptoms on 

the affected plants with both pathogens capable of instigating significant damage on yield and 

seed quality on susceptible varieties (Mahuku et al., 2006). However, the two strains can be 

distinguished in a media containing tyrosine where Xanthomonas fuscans subsp fuscans forms 

brown pigmentation while Xanthomonas campestris pv. phaseoli does not. Also, in MXP 

media, Xanthomonas fuscans subsp fuscans produces dark internal pigment. Reports show that 

there is pathogenic variation between the two strains with X. campestris pv. phaseoli strain 

showing more genetic and pathogenic variation compared to X. fuscans subsp. fuscans strain 

(Belete & Bastas, 2017). The two strains vary in their prevalence and virulence (Dancun et al., 

2011; Mutlu et al., 2008). Lack of information on the difference between the two strains in 

mungbean has made it difficult in identifying changes in genetics of host-pathogen interaction 

and also making it difficult to group the strains. Furthermore, the strain that causes CBB in 

mungbean in Kenya is yet to be confirmed even though it is believed to be Xanthomonas 

campestris pv. phaseoli. 

The information on the amount of losses caused by CBB in mungbean is scarce, 

however, losses of over 40% have been reported on common bean (Phaseolus vulgaris) and 

cow pea (Vigna unguiculata) (Belete & Bastas, 2017). Management of CBB requires an 

integrated disease management strategy approach comprising use of pathogen-free seeds (clean 

seeds) as CBB is a seed borne pathogen, application of bactericide, implementation of crop 

rotation and deep tillage (Belachew et al., 2016). However, these strategies have been less 

effective partly due to variation in sensitivity of pathogenic races (Mahuku et al., 2006). 

Further, the application of bactericide in controlling CBB is a major obstacle, owing to its toxic 

residual effect thus posing a greater harm to the environment and users. Consequently, the 

development of resistant varieties and their subsequent deployment is an economically 

effective, eco-friendly and sustainable strategy, for controlling this widespread pathogen with 
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the potential to minimize further spread and incidence of disease besides yield damage 

(Popović et al., 2012). 

Reports on screening of mungbean germplasm/genotypes either on the field or in the 

greenhouse for CBB resistance are limited. However, sources of resistance have been reported 

from field and screening in cow pea, tepary bean (Phaseolus acultifolius), scarlet runner bean 

(Phaseolus coccineus) and common bean (Phaseolus vulgaris) (Chepkemboi et al., 2020). The 

highest levels of resistance to CBB have been reported in tepary bean, followed by scarlet 

runner bean while moderate resistance has been found in common bean (Miklas et al., 2006; 

Singh & Miklas, 2015). Although most commercial varieties in Kenya largely exhibit 

susceptibility, there is potential of finding sources of resistance from accessions which are in 

custody of the Kenya Agricultural and Livestock Research Organization (KALRO), Genetic 

Resources Research Institute (GeRRI) gene bank. This is because, novel sources of resistance 

to new diseases have been previously found in landraces and wild relatives of a number of 

crops (Hegstad et al., 2019). 

Plant pathology along with plant breeding and genetics research aimed at developing 

resistant cultivars against CBB have partly relied on screening of genotypes at hotspots under 

natural disease infection in the field to identify sources of stable resistance in legumes (Pande 

et al., 2013; Singh et al., 2020). However, when genotypic evaluation for resistance is 

performed using pathogen inoculation either in the field or greenhouse, it limits confounding 

results that could arise from seasonal variation in disease prevalence or uneven distribution of 

disease pathogen across experimental plots that may possibly lead to disease escape, by 

ensuring reasonable and uniform disease spread (Ferreira et al., 2003). This study was therefore 

carried out using artificial pathogen inoculation in the greenhouse in order to confirm the 

resistance of mungbean genotypes which had previously been tested in the field under natural 

infection of CBB. 

 

4.2  Materials and Methods 

4.2.1  Genotypes and experimental procedure 

Twelve selected resistant genotypes (GBK 004828, GBK 004890, GBK 022540, GBK 

017437, GBK 004820, GBK 004789, GBK 051334, GBK 004809, GBK 022494, GBK 

004794, GBK 004970 and GBK 004767) previously identified for high resistance to CBB 

under field conditions in chapter three, two resistant check varieties (Local variety and 

Biashara) and two susceptible checks (Dengu Tosha and KAT N26) were used to screen for 

resistance to CBB in the greenhouse under artificial inoculation. Pots measuring 22 cm in 
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diameter and 24 cm in height were filled with sterile fine tilth soil and arranged in a randomised 

complete block design under greenhouse conditions. Each entry was replicated three times. 

The trial was conducted in two cropping cycles (the experiment was repeated twice). To ensure 

optimal plant population, six seeds were hand sown in each pot which were later thinned to 

two after emergence. A uniform sowing depth of 2.5 cm was adopted. The inter-row spacing 

was 10 cm while the inter-plant distance was 5 cm. The plants were kept free from weeds by 

manual weeding. Insect pests such as thrips (Megalurothrips usitatus), white flies (Bemicia 

tabaci), bean flies (Ophiomyia spp.) and bean aphids (Aphis fabae) were controlled by use of 

Thunder (Imidacloprid 100g / L + Betacyfluthrin 45g/L). 

 

4.2.2  Pathogen isolation and culturing 

Pathogen isolation was carried out according the method described by Nandini (2012). 

Blighted leaves with common bacterial blight were collected from infected plants in the field. 

Small amount of tissues from advanced portion of lesion were removed using a sterile scalpel. 

The tissues were surface sterilized for 3 minutes in a 1:10 dilution of household bleach (5.25% 

active sodium hypochlorite). The tissues were rinsed in sterile water and bloat dried using a 

sterile serviette. The tissues were macerated in distilled water and the resulting suspension was 

streaked onto nutrient agar (NA) and incubated at 27°C for 48 hours then sub cultured and left 

to grow for 24 hours in an incubator (Figure 4.1a). For strain confirmation, the pathogen was 

sub cultured in media containing tyrosine for formation of yellow and convex bacterial 

colonies. Lack of brown pigmentation in the media containing tyrosine (Figure 4.1b) confirmed 

the presence of Xanthomonas campestris pv. phaseoli strain of the pathogen in the mungbean 

plants. 

 

(a)      (b) 

Figure 4.1 Common bacterial blight colonies on; (a) media without tyrosine and (b) media with 
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tyrosine. 

 

4.2.3  Inoculum preparation and inoculation 

Inoculum preparation and screening was done according to method described by Zapata 

(2006). The cultures were washed with sterile distilled water using a loop to dislodge the 

colonies into a beaker containing autoclaved Phosphate buffered saline (0.01 M; pH 7.2) and 

the bacterial concentration adjusted to 1x105 colony-forming units per milliliter (cfu/mL) using 

a spectrophotometer at a wavelength of 620 nm. The suspension was further diluted to obtain 

a final recommended concentration of 1x108 cfu/ml. Twenty-day-old plants were inoculated 

using the multiple needle method as demonstrated in Figure 4.2. 

 
Figure 4.2 Multiple needle method used for CBB inoculation in mungbean 

 

4.2.4  Data collection 

Data were collected on disease severity per genotype at 10, 17 and 31 days after 

inoculation (DAI), respectively. All the plants in each experimental unit were scored for 

common bacterial blight severity by recording the per cent (%) leaf area covered by disease 

through visual estimation, using a rating scale of 1 to 9 percent in Figure 4.3 according to 

Duncan et al. (2011). The final CBB scores were used to group the mungbean genotypes into 

resistance categories. 
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       1=R                     3=MR                          5=MS                      7=S                9=HS                
Figure 4.3: Disease severity visual scale of CBB on mungbean (R-Resistant, MR-Moderately 

Resistant, MS-Moderately Susceptible, S-Susceptible and HS-Highly Susceptible) based on 

the percentage of leaf area with disease. 

 

4.2.5  Statistical analyses  

Data were summarized using the percentage disease severity (PDS) formula in equation 

1 below, as described by Pranamika and Saikia (2013) and expressed as the area under the 

disease progress curve (AUDPC) equation 2 as described by Simko and Piepho (2012).  

PDS% = 
∑𝒊𝒏𝒅𝒊𝒗𝒊𝒅𝒖𝒂𝒍 𝒏𝒖𝒎𝒆𝒓𝒊𝒄𝒂𝒍 𝒓𝒂𝒕𝒊𝒏𝒈

𝑵 ×𝑺
 × 𝟏𝟎𝟎%....................................................Equation (1) 

Where N is the total number of plants and S is the maximum score in the scale 

𝐀𝐔𝐃𝐏𝐂=∑
(𝒚𝒊 𝒚𝒊 𝟏)

𝟐
(𝒕𝒊 𝟏 − 𝒕𝒊)𝑵 𝟏

𝒊 𝟏   ……………………………………...........Equation (2) 

Where, 𝒚𝒊 is the % disease severity on the 𝑖  scoring; 𝒕𝒊 is the number of days from 

sowing to 𝒊𝒕𝒉 scoring; 𝑵 is the total number of scores.  

Data were subjected to combined analysis of variance over cropping cycles using 

Genstat 15th edition (VSN International, Hemel Hempstead) with the following statistical 

model; 

𝑌 =  µ +  𝐶 + 𝐵 ( ) +  𝐺 + 𝐺𝐶 + Ԑ  ……………………………………. Equation (3) 

Where, Yijk is the observations, μ is the overall mean, Ck is the kth cropping cycle effect, 

Bj is the jth block effect nested within the cropping cycle, Gi is the ith effect of the genotypes, 

GCik is the effect of interaction between ith genotype and kth cropping cycle and Ԑijk is the 

residual. 

The coefficient of infection (CI) was calculated by multiplying the final percent disease 

severity and response value of each severity grade as described by Singh and Singh (2000). 

Mean comparisons was done using Tukey’s Studentized Range test procedure at 5% 

probability to separate the different mungbean genotypes using the following formula (Gomez 
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& Gomez, 1984):  

𝒘 = 𝐪𝛂 (𝐏,𝐟𝐞) ×
𝑴𝑺𝑬 

𝒓
……………………………………………………..Equation (4) 

Where, q  ( , ) is the studentized range distribution for k means and fe error degrees of 

freedom, MSE  is the mean square error and r is the number of replicates. 

 

4.3  Results 

4.3.1  Combined analysis of variance 

Combined analyses of variance over the two cropping cycles showed significant (p < 

0.01) main effects of genotypes for CBB score at 10 DAI, 17 DAI, 31 DAI and AUDPC (Table 

4.1). The effect due to cropping cycle was significant (p < 0.01) for CBB score at 17 DAI and 

AUDPC. The main effect of cropping cycle was also significant (p < 0.05) for CBB score at 

31 DAI. Two-way interaction between genotypes and cropping cycles was not significant for 

all the tested traits (Table 4.1). 

 

Table 4.1: Mean squares from combined analysis of variance over two cropping cycles of 

twelve selected genotypes and four checks for CBB score at 10 DAI, 17 DAI, 

31 DAI and AUDPC 

Source of variation DF 10 DAI 17 DAI 31 DAI AUDPC 

Cropping cycle (C)  1   4.167ns   3.375** 13.500*   455815** 

Blocks.Cropping cycle  4   1.458   0.089   0.876     16754 

Genotype (G) 15   2.059**   4.241** 14.260**   311619** 

GxC 15   0.967ns   0.708ns   0.838ns     50803ns 

Residual  60   0.569   0.483   0.642     28024 

CV(%)  19.3 24.0 22.9           29.6 

DF Degree of freedom, DAI days after inoculation, AUDPC area under disease progress curve, 

CV coefficient of variation 

** significant at p<0.01, ns non-significant 

Genotypes varied in their reaction to CBB at 10, 17 and 31 DAI (Table 4.2). The trend 

showed minimal variance among the resistant genotypes, however genotypes GBK 004828 and 

GBK 004890 displayed greater resistance with average CBB scores of approximately 2 

compared to resistant check with a score of 3. Genotypes GBK 022540 and GBK 017437 had 

a final CBB score <3 and were therefore also considered resistant. However, other test 

genotypes GBK 004820, GBK 004789 and GBK 051334 were moderately resistant (Table 4.2) 
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and their performed matched those of resistant check variety (Local Variety) (Figure 4.4a) for 

CBB score. Conversely, the susceptible variety Dengu Tosha (Figure 4.4b) was highly 

susceptible at 31 DAI signifying disease progression over time as observed from 10 DAI. 

Steady increase in disease from day 10 to 31 after inoculation was observed among all the 

genotypes. 

     
(a)                                                                     (b) 
Figure 4.3: (a) Example of a resistant check (Local variety) and (b) susceptible check (Dengu 

Tosha) showing CBB symptoms at 31 days after inoculation.  

Overall, AUDPC values ranged from 315 to 1178 with the genotypes that were highly 

resistant exhibiting low AUDPC values and the susceptible having high values. The lowest 

AUDPC value of 315 was exhibited by GBK 004828 while the highest value of AUDPC of 

1178 was observed on a susceptible check Dengu Tosha (Table 4.2). Genotypes with AUDPC 

values < 600 and CI < 20 indicate resistance or partial resistance. High values for AUDPC > 

600 in this study could probably have arisen from the cumulative progress of the disease in the 

susceptible genotypes. Genotypes GBK 004828, GBK 004890, GBK 022540 and GBK 017437 

were outstanding and were significantly resistant more than the resistant check as they recorded 

AUDPC values <500 and CI < 20. In additional, Genotypes, GBK 051334 (490), GBK 004809 

(397) and GBK 022494 (496) were outstanding and although not significantly more resistant 

than the resistant check from the AUDPC values < 500 (Table 2). Most genotypes showed 

resistance (R) and moderately resistance (MR) (Figure 4.5a) and AUDPC values of 300-600 

(Figure 4.5b). 
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Table 4.2: Means of CBB score rate 10 DAI, 17 DAI, 31 DAI, AUDPC and CI combined 

over two screening cycles 

Genotype 10 DAI 17 DAI 31 DAI AUDPC   CI 

 Grade HR Grade HR Grade HR   

GBK 004828 1.3 bc R 2.0 b R 2.3 c R 315 b 6 

GBK 004890  1.3 bc R 2.3 b R 2.3 c R 368 b 6 

GBK 022540  1.7 abc R 2.3 b R 2.7 c MR 408 b 6 

GBK 017437 1.0 c R 2.3 b R 2.7 c MR 385 b 8 

GBK 004820 1.7 abc R 3.0 b MR 3.0 c MR 560 b 8 

GBK 004789 1.0 b R 2.7 b MR 3.0 c MR 461 b 8 

Local varietya 1.3 bc R 3.0 b MR 3.0 c MR 543 b 8 

Biasharaa 2.0 abc R 3.0 b MR 3.0 c MR 578 b 8 

GBK 051334 1.3 bc  R 2.7 b MR 3.0 c MR 490 b 8 

GBK 004809 1.3 bc R 3.0 b MR 3.3 c MR 397 b 20 

GBK 022494 2.0 abc R 3.0 b MR 3.3 c MR 496 b 20 

GBK 004794 1.7 abc R 3.0 b MR 3.7 c MS 583 b 25 

GBK 004970 2.3 abc R 3.0 b MR 3.7 c MS 642 b 25 

GBK 004767 2.3 abc R 3.0 b MR 3.7 c MS 642 b 25 

KAT N26b 3.0 a MR 4.7 a MS 5.7 b S 992 a 45 

Dengu Toshab 3.0 a MR 5.0 a MS 8.0 a HS 1178 a 80 

Tukey(0.05) 1.4  1.6  1.9       348  

Means followed by the same letter within the same column are not significantly different, DAI 

Days after inoculation, AUDPC Area Under Disease Progress Curve, CI coefficient of 

infection, HR Host reaction, R resistant, MR moderately resistant, MS Moderately 

Susceptible, S Susceptible, HS highly Susceptible,   

a Susceptible check 

b Resistant check 

A simple linear correlation estimated between 10, 17 and 31 days after inoculation 

across the cropping cycles among the genotypes revealed a significant positive correlation (p 

< 0.01) between 17 and 31 days after inoculation (Table 4.3). However, non-significant 

correlation was observed between 10 and 17 days after inoculation as well as between 10 and 

31 days after inoculation.  
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(a) 
 

 
(b) 
Figure 4.4 Distribution of mungbean genotypes for (a) reaction to CBB and (b) AUDPC values 

during two cropping cycles (C1 and C2) in greenhouse conditions. 

 

Table 4.3: Correlation analysis for 10, 17 and 31 days after inoculation (DAI) across two 

cropping cycles 

  10 DAI 17 DAI 31 DAI 

10 DAI 1   

17 DAI 0.202 1  

31 DAI 0.083 0.929** 1 

** Significant at 0.01 level of probability, DAI days after inoculation 
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4.4  Discussion 

Significant main effect of genotype showed the presence of genotypic variation among 

mungbean genotypes for all disease resistance traits measured. Significant difference between 

the cropping cycles could have been attributed to variation in environmental conditions 

experienced in the greenhouse during different screening cropping cycles. However, the non-

significant genotype by cropping cycle interaction for all the traits measured indicated that the 

cropping cycle did not influence the reaction of mungbean genotypes against the pathogen 

hence similarity between screening conditions. Since high temperatures and humidity occurs 

in the greenhouse, it is possible that they could have influenced disease development as seen 

in the level of susceptibility of Dengu Tosha. High temperatures and humidity are known to 

increase the development and infestation of CBB (Ferreira et al., 2003; Ganiyu et al., 2017). 

Hot seasons with high rainfall increases the spread of common bacterial blight in common 

beans hence much attention on the disease should be during these periods (Bultreys & Gheysen, 

2020). 

Measures such as disease score, AUDPC and CI have been used to identify resistant 

mungbean genotypes against mungbean yellow mosaic virus (MYMV) (Bag et al., 2014). 

However, AUDPC alone cannot be used to conclude on the type of resistance in the genotypes 

as some genotypes might have low values of AUDPC and show some level of susceptibility to 

a disease (Forbes et al., 2014). In the current study, genotypes that displayed low CBB score 

<3 at 31 days DAI and CI < 20 as well those that showed low values AUDPC < 600 for common 

bacterial blight were considered to be either resistant or partially resistant because they slowed 

the development of the disease. Results from this study agree with those reported by Bag et al. 

(2014) who reported that genotypes that were highly resistant or resistant against MYMV 

recorded AUDPC values <650 and CI < 9. AUDPC values of < 1600 signified resistance of 

tomato genotypes against early blight disease (Pandey et al., 2003). Genotypes that exhibited 

low percentage values of CBB incidence, CBB severity, AUDPC and disease progressing rate 

were considered resistant while those with high values were susceptible (Adila et al., 2021. 

Similarly, Tumsa et al. (2020) reported that resistant common bean genotypes are those that 

showed low values of AUDPC, CBB severity on the leaves and CBB severity on the pods. 

Most genotypes in the current study displayed CBB score of R to MR and AUDPC values of 

300-600 largely because they had been selected for their resistance from multi-location trials 

under field conditions across locations in semi-arid regions of Kenya in chapter three of this 

document. 

Screening of mungbean genotypes under greenhouse conditions permitted 
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identification of resistant genotypes. Genotypes GBK 004828, GBK 004890, GBK 022540 and 

GBK 017437 displayed high level of resistance while GBK 004820, GBK 004789 were 

moderately resistant. Sources of resistance to CBB disease have been reported from earlier 

findings on germplasm screening with complete resistance being obtained from landraces of a 

number of legumes. For example, high levels of resistance to CBB were reported from 

accessions of tepary bean (Phaseolus acutifolius) (Singh & Munoz 1999; Urrea et al., 1999), 

cowpea (Ajeigbe et al., 2008; Durojaye et al., 2019) and common bean (Alladassi et al., 2018; 

Chepkemboi et al., 2020; Divage, 2015; Erdinc et al., 2018). Novel sources of resistance have 

been previously deployed in breeding for improvement of disease resistance (Hegstad et al., 

2019). The identification of highly resistant genotypes offers the opportunity for deploying 

these resistances in mungbean breeding programmes and subsequent delivery of resistant 

cultivars in semi-arid regions for yield improvement. From the correlation analysis between 

number of days after inoculation, this study demonstrated a positive significant correlation 

between 17 and 31 days after inoculation. Similarly, Alladassi et al. (2018) reported a positive 

significant correlation between 10 and 35 days after inoculation for CBB severity in common 

bean. 

 

4.5  Conclusions  

The resistance levels of genotypes GBK 004828, GBK 004890, GBK 022540, GBK 

017437, GBK 004820, GBK 004789, Local variety, Biashara and GBK 051334 to CBB was 

determined under greenhouse conditions. Specifically, GBK 004828, GBK 004890, GBK 

022540 and GBK 017437 were identified as the most resistant genotypes. The resistance 

observed earlier under field conditions (in chapter three) was replicated in greenhouse with 

artificial inoculation. Resistant genes in these genotypes can be introgressed in local 

commercial varieties through hybridization for development of varieties resistant against CBB. 
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CHAPTER FIVE 

GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS 

5.1  General discussion  

Most of the commercially grown varieties in key mungbean production regions in 

Kenya have been rendered susceptible to common bacterial blight due to emergence of new 

pathotypes and prevalence of the common bacterial blight. However, national grain legumes 

breeding programme at the Kenya Agricultural and Livestock Research Organization 

Katumani has released a number of improved varieties with focus on seed yield with little 

emphasis on disease resistance especially common bacterial blight. This has resulted to lack of 

sources of resistance to common bacterial blight disease in Kenya. Screening of genotypes 

exposed to natural infestation of the pathogen across different environments is important as it 

helps to identify genotypes that are stable and resistant from diverse germplasm (Pande et al., 

2013; Singh et al., 2020). Pathogen inoculation in the field or greenhouse is important as it 

limits confounding results that could arise from seasonal variation that may possibly lead to 

disease escape, by ensuring reasonable and uniform disease spread (Ferreira et al., 2003). 

Results from this study revealed that there was genotypic variation among the genotypes 

for all the tested traits. Twenty genotypes showed low CBB score of < 2.5 compared to the 

resistant local check variety (CBB score 2.5), an indication of a high level of resistance. Results 

further revealed that disease pressure depended on seasonal conditions where high disease 

pressure was experienced in the long rains (LR) cropping seasons while during the short 

rains (SR) cropping seasons the disease pressure was low.  Mungbean performed well in 

short rains (SR) than the long rains (LR) due to low disease pressure experienced in the 

short rains. Also from the results, agronomic performance such as days to maturity and seed 

yield of the genotypes depend on the disease pressure as genotypes that were susceptible took 

short time to mature and high disease pressure suppressed seed yield.  

This study identified Genotypes GBK 004852, GBK 004789, GBK 026986, GBK 

004970, GBK 004961, GBK 004882, GBK 043573 and ‘Local Variety’ as stable and resistant 

genotypes. These genotypes can be used in breeding programmes to deliver resistant varieties for 

the targeted regions. KYM and Katumani SR 2019/2020 cropping seasons were identified as 

the most discriminating environments based on the length of theirs vectors. The study further 

identified KYM SR 2019/2020 as the most desirable environment for CBB evaluation. The 

tested environments were classified into one mega environment as there was non-crossover 

type of interaction and ranking of the environments. Screening in greenhouse conditions using 

artificial inoculation validated the resistance of the selected genotypes from field evaluation. 
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Results revealed that there was genotypic variation among the tested landraces. From the 

findings of this study, it can be concluded that resistant or partially resistant genotypes recorded 

CBB score ≤3.0, AUDPC values <600 and CI <20. Also, the cropping cycle effect could have 

resulted to the variation of distribution of number of genotypes for reaction to CBB and AUDPC 

values. 

 

5.2  Conclusions 

i. Sources of resistance existed among the tested genotypes as the study identified 

resistant genotypes from diverse germplasm.  

ii. The study further identified GBK 004852, GBK 004789, GBK 026986, GBK 004970, 

GBK 004961, GBK 004882, GBK 043573 and ‘Local Variety’ (resistant check) as 

resistant and stable genotypes. These genotypes can be deployed in breeding 

programmes to deliver resistant cultivars in targeted regions.  

iii. Greenhouse findings were in conformity with the field evaluation results as GBK 

004828, GBK 004890, GBK 022540 and GBK 017437 were identified as the most 

resistant genotypes compared to the resistant variety. Resistant genes in these genotypes 

can be introgressed in local commercial varieties through hybridization for 

development of varieties resistant to CBB. 

 

5.3  Recommendations 

i. Stable sources of resistance identified in this study should be used in local and 

potentially regional breeding programmes aimed at developing CBB resistant varieties. 

ii. The resistant and high yielding landraces should be purified and submitted to National 

Performance Trials (NPT) for possible future deployment as resistant varieties. 

iii. Association studies should be conducted to tag the quantitative trait loci (QTLs) 

involved in CBB resistance in mungbean to provide a platform for the implementation 

of molecular breeding tools such as marker assisted selection, genomic wide association 

studies (GWAS), marker assisted backcrossing or alternatively genomic selection for 

accelerated breeding. 

iv. There is need to carry out sequencing to determine the nucleotide order of the DNA 

fragment of CBB of mungbean. 

v. Mode of inheritance of CBB in mungbean should be determined. 
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APPENDICES 
Appendix 1 Residual maximum likelihood (REML) variance component analyses for 

single environment analyses 

 
1 REML variance components analysis for Ithookwe LR 2019 
a) Response variate: Area Under Disease Progress Curve (AUDPC) 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  -0.00020  0.00162 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 0.0390  0.00402 

  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  -341.68  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects   
  
Sequentially adding terms to fixed model 
Fixed term Wald statistic d.f. Wald/d.f. chi pr 
Rep 85.34 1 85.34 <0.001 
Genotype 286.52 223 1.28  0.003 

  
Dropping individual terms from full fixed model 
Fixed term Wald statistic d.f. Wald/d.f. chi pr 
Genotype 286.52 223 1.28  0.003 
Rep 85.30 1 85.30 <0.001 

Standard errors of differences 
  
Average:  0.1969 
Maximum:  0.1974 
Minimum:  0.1969 
 
b) Response variate: CBB Score 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
Sparse algorithm with AI optimisation 
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Estimated variance components 
Random term component s.e. 
Rep.Block  0.160  0.080 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 1.027  0.106 

  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  412.42  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 51.81 1 51.81 <0.001 
Genotype 280.57 223 1.26  0.005 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 280.57 223 1.26  0.005 
Rep 51.99 1 51.99 <0.001 

 
Standard errors of differences 
  
Average:  1.055 
Maximum:  1.062 
Minimum:  1.013 
 
c) Response variate: %CBB Incidence 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  0.086  0.097 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 1.943  0.199 

  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  539.43  221 
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Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald statistic d.f. Wald/d.f. chi pr 
Rep 5.24 1 5.24  0.022 
Genotype 344.37 223 1.54 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald statistic d.f. Wald/d.f. chi pr 
Genotype 344.37 223 1.54 <0.001 
Rep 5.09 1 5.09  0.024 

  
Standard errors of differences 
  
Average:  1.418 
Maximum:  1.420 
Minimum:  1.394 
 
d) Response variate: %CBB severity 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  0.065  0.070 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 1.282  0.132 

  
Deviance: -2*Log-Likelihood 
  
 Deviance d.f. 
  447.71  221   
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 85.35 1 85.35 <0.001 
Genotype 266.95 223 1.20  0.023 
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Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 266.95 223 1.20  0.023 
Rep 85.33 1 85.33 <0.001 

  
Standard errors of differences 
  
Average:  1.154 
Maximum:  1.156 
Minimum:  1.132 
 
e) Response variate: Days to maturity 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  1.860  0.561 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 3.112  0.323 

  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  690.93  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
 
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald statistic d.f. Wald/d.f. chi pr 
Rep 0.01 1 0.01  0.926 
Genotype 918.94 223 4.12 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald statistic d.f. Wald/d.f. chi pr 
Genotype 918.94 223 4.12 <0.001 
Rep 0.01 1 0.01  0.920 

 
Standard errors of differences 
  
Average:  1.890 
Maximum:  1.921 
Minimum:  1.764 
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f) Response variate: Seed yield (kg ha-1) 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  -205.  467. 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 11655.  1208. 

  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  2467.08  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 16.59 1 16.59 <0.001 
Genotype 10431.72 223 46.78 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 10431.72 223 46.78 <0.001 
Rep 15.56 1 15.56 <0.001 

 
Standard errors of differences 
  
Average:  107.0 
Maximum:  108.0 
Minimum:  106.9 
 
g) Response variate: 100 seed weight 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
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Sparse algorithm with AI optimisation 
Estimated variance components 
Random term component s.e. 
Rep.Block  -0.0053  0.0128 

 
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 0.327  0.0337 

 
Deviance: -2*Log-Likelihood 
  
 Deviance d.f. 
  129.84  221   
Note: deviance omits constants which depend on fixed model fitted. 
 
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 45.72 1 45.72 <0.001 
Genotype 1442.97 223 6.47 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 1442.97 223 6.47 <0.001 
Rep 45.89 1 45.89 <0.001 

Standard errors of differences 
  
Average:  0.5667 
Maximum:  0.5716 
Minimum:  0.5663 
 
2 REML variance components analysis for Kambi Ya Mawe LR 2019 
 a) Response variate: Area Under Disease Progress Curve 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  0.00103  0.00235 

  
Residual variance model 
Term Factor Model(order) Parameter             Estimate             

s.e. 
Residual  Identity Sigma2                     0.0497     

0.00512 
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Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  -282.45  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 0.03 1 0.03  0.873 
Genotype 271.27 223 1.22  0.015 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 271.27 223 1.22  0.015 
Rep 0.02 1 0.02  0.877 

  
Standard errors of differences 
  
Average:  0.2248 
Maximum:  0.2250 
Minimum:  0.2228 
 
b) Response variate: CBB Score 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  0.1343  0.0683 

  
Residual variance model 
Term Factor Model(order) Parameter Estimate s.e. 
Residual  Identity Sigma2 0.818  0.0852 

  
Deviance: -2*Log-Likelihood 
  
 Deviance d.f. 
  362.46  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
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Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 2.92 1 2.92  0.087 
Genotype 299.34 223 1.34 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 299.34 223 1.34 <0.001 
Rep 2.91 1 2.91  0.088 

  
Standard errors of differences 
  
Average:  0.9425 
Maximum:  0.9482 
Minimum:  0.9042 
 
c) Response variate: %CBB Incidence 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  0.410  0.190 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 2.194  0.228 

  
Deviance: -2*Log-Likelihood 
  
 Deviance d.f. 
  585.00  221  
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 10.85 1 10.85 <0.001 
Genotype 335.16 223 1.50 <0.001 
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Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 335.16 223 1.50 <0.001 
Rep 10.84 1 10.84 <0.001 

  
Standard errors of differences 
  
Average:  1.548 
Maximum:  1.559 
Minimum:  1.481 
  
d) Response variate: %CBB severity 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  0.147  0.101 

 
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 1.509  0.157 

  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  491.03  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 0.40 1 0.40  0.530 
Genotype 278.19 223 1.25  0.007 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 278.19 223 1.25  0.007 
Rep 0.41 1 0.41  0.524 

  
Standard errors of differences 
  
Average:  1.266 
Maximum:  1.271 
Minimum:  1.228 
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e) Response variate: Days to maturity 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  0.020  0.203 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 4.721  0.486 

  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  729.96  221 
   
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 0.01 1 0.01  0.924 
Genotype 1137.72 223 5.10 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald statistic d.f. Wald/d.f. chi pr 
Genotype 1137.72 223 5.10 <0.001 
Rep 0.01 1 0.01  0.931 

  
Standard errors of differences 
  
Average:  2.177 
Maximum:  2.177 
Minimum:  2.173 
  
f) Response variate:Seed yield (kg ha-1) 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  155.  204. 
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Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 3919.  405. 

 
  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  2235.53  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
 
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 3.28 1 3.28  0.070 
Genotype 7507.22 223 33.66 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 7507.22 223 33.66 <0.001 
Rep 3.39 1 3.39  0.066 

 
Standard errors of differences 
  
Average:  63.58 
Maximum:  63.66 
Minimum:  62.60 
 
 g) Response variate: 100 seed weight 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  0.00035  0.00381 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 0.0891  0.00916 

  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  -155.45  221   
Note: deviance omits constants which depend on fixed model fitted. 
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Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 106.77 1 106.77 <0.001 
Genotype 7909.12 223 35.47 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 7909.12 223 35.47 <0.001 
Rep 106.69 1 106.69 <0.001 

Standard errors of differences 
  
Average:  0.2990 
Maximum:  0.2990 
Minimum:  0.2985 
 
3 REML variance components analysis for Kambi Ya Mawe SR 2020 
 a) Response variate: Area Under Disease Progress Curve 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  -0.0113  0.0091 

 
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 0.265  0.0275 

  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  76.37  221   
Note: deviance omits constants which depend on fixed model fitted. 
 
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 152.21 1 152.21 <0.001 
Genotype 261.56 223 1.17  0.039 
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Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 261.56 223 1.17  0.039 
Rep 150.56 1 150.56 <0.001 

Standard errors of differences 
  
Average:  0.5012 
Maximum:  0.5148 
Minimum:  0.4992 
 
b) Response variate: CBB Score 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  -0.041  0.062 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 1.674  0.173 

 
Deviance: -2*Log-Likelihood 
  
 Deviance d.f. 
  492.19  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
  
 
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 50.97 1 50.97 <0.001 
Genotype 260.65 223 1.17  0.042 

 
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 260.65 223 1.17  0.042 
Rep 50.85 1 50.85 <0.001 
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Standard errors of differences 
  
Average:  1.276 
Maximum:  1.294 
Minimum:  1.275 
 
c) Response variate: %CBB Incidence 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  -0.411  0.174 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 6.146  0.635 

  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  769.49  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 463.42 1 463.42 <0.001 
Genotype 351.44 223 1.58 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 351.44 223 1.58 <0.001 
Rep 434.86 1 434.86 <0.001 

  
Standard errors of differences 
  
Average:  2.352 
Maximum:  2.479 
Minimum:  2.320 
  
d) Response variate: %CBB severity  
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
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Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  -0.241  0.138 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 4.415  0.457 

  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  699.94  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 181.89 1 181.89 <0.001 
Genotype 262.77 223 1.18  0.035 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 262.77 223 1.18  0.035 
Rep 177.26 1 177.26 <0.001 

  
 
Standard errors of differences 
  
Average:  2.022 
Maximum:  2.101 
Minimum:  2.008 
 
e) Response variate: Days to maturity 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  0.26  0.53 
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Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 11.34  1.16 

  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  929.12  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 0.37 1 0.37  0.545 
Genotype 1620.25 223 7.27 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 1620.25 223 7.27 <0.001 
Rep 0.39 1 0.39  0.534 

  
 
Standard errors of differences 
  
Average:  3.401 
Maximum:  3.403 
Minimum:  3.368 
 
f) Response variate: Seed yield (kg ha-1) 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  -169.  268. 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 7217.  743. 

  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  2358.77  221   
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
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 Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 2.12 1 2.12  0.145 
Genotype 14635.60 223 65.63 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 14635.60 223 65.63 <0.001 
Rep 2.31 1 2.31  0.129 

 
Standard errors of differences 
  
Average:  83.86 
Maximum:  84.95 
Minimum:  83.76 
  
g) Response variate: 100 seed weight (g)  
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  -0.0007  0.0132 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 0.306  0.0317 

 
 Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  118.63  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 34.59 1 34.59 <0.001 
Genotype 1414.90 223 6.34 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 1414.90 223 6.34 <0.001 
Rep 34.60 1 34.60 <0.001 
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Standard errors of differences 
  
Average:  0.5528 
Maximum:  0.5534 
Minimum:  0.5528 
 
4 REML variance components analysis for Katumani SR 2020 
 a) Response variate: Area Under Disease Progress Curve (AUDPC) 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  0.0061  0.0105 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 0.200  0.0208 

  
Deviance: -2*Log-Likelihood 
  
 Deviance d.f. 
  30.22  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 36.62 1 36.62 <0.001 
Genotype 325.36 223 1.46 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 325.36 223 1.46 <0.001 
Rep 36.72 1 36.72 <0.001 

  
 
Standard errors of differences 
  
Average:  0.4530 
Maximum:  0.4535 
Minimum:  0.4474 
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b) Response variate: CBB Score 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  0.017  0.061 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 1.290  0.134 

  
Deviance: -2*Log-Likelihood 
  
 Deviance d.f. 
  442.58  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 50.66 1 50.66 <0.001 
Genotype 307.50 223 1.38 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 307.50 223 1.38 <0.001 
Rep 50.75 1 50.75 <0.001 

  
Standard errors of differences 
  
Average:  1.143 
Maximum:  1.143 
Minimum:  1.136 
  
c) Response variate: %CBB Incidence 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
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Estimated variance components 
Random term component s.e. 
Rep.Block  0.139  0.186 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 3.451  0.358 

  
Deviance: -2*Log-Likelihood 
  
 Deviance d.f. 
  666.83  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 43.09 1 43.09 <0.001 
Genotype 315.86 223 1.42 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 315.86 223 1.42 <0.001 
Rep 42.84 1 42.84 <0.001 

  
Standard errors of differences 
  
Average:  1.887 
Maximum:  1.890 
Minimum:  1.858 
 
d) Response variate: %CBB severity 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  0.050  0.166 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 3.413  0.355 
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Deviance: -2*Log-Likelihood 
  
 Deviance d.f. 
  659.72  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 49.49 1 49.49 <0.001 
Genotype 330.19 223 1.48 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 330.19 223 1.48 <0.001 
Rep 49.60 1 49.60 <0.001 

 
Standard errors of differences 
  
Average:  1.859 
Maximum:  1.860 
Minimum:  1.848 
 
e) Response variate: Days to maturity 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  0.76  0.64 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 10.53  1.09 

  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  920.76  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
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Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 3.64 1 3.64  0.056 
Genotype 1005.71 223 4.51 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 1005.71 223 4.51 <0.001 
Rep 3.26 1 3.26  0.071 

  
Standard errors of differences 
  
Average:  3.326 
Maximum:  3.337 
Minimum:  3.245 
 
f) Response variate: Seed yield (kg ha-1) 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 443 (5 units excluded due to zero weights or missing values) 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  -2676.  3771. 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 104410.  10817. 

  
Deviance: -2*Log-Likelihood 
  
 Deviance d.f. 
  2887.93  216 
   
Note: deviance omits constants which depend on fixed model fitted. 
 
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 0.53 1 0.53  0.465 
Genotype 647.65 223 2.90 <0.001 
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Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 647.65 223 2.90 <0.001 
Rep 1.01 1 1.01  0.314 

  
Standard errors of differences for Genotypes 
Average:  321.7 
Maximum:  451.6 
Minimum:  318.1 
 
g) Response variate: 100 seed weight 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  0.0607  0.0420 
  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 0.657  
0.0679 
  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  305.07  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald statistic d.f. Wald/d.f. chi pr 
Rep 1.61 1 1.61  0.205 
Genotype 550.70 223 2.47 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald statistic d.f. Wald/d.f. chi pr 
Genotype 550.70 223 2.47 <0.001 
Rep 1.43 1 1.43  0.233 

  
Standard errors of differences 
  
Average:  0.8347 
Maximum:  0.8386 
Minimum:  0.8108 
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5 REML variance components analysis for Perkerra SR 2020 
 
a) Response variate: Area Under Disease Progress Curve (AUDPC) 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  0.0077  0.0084 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 0.145  0.0151 

  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  -37.67  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 29.83 1 29.83 <0.001 
Genotype 284.85 223 1.28  0.003 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 284.85 223 1.28  0.003 
Rep 29.71 1 29.71 <0.001 

  
Standard errors of differences 
  
Average:  0.3883 
Maximum:  0.3890 
Minimum:  0.3847 
  
b) Response variate: CBB Score 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
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Estimated variance components 
Random term component s.e. 
Rep.Block  0.0212  0.0319 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 0.616  0.0639 

  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  281.59  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 37.69 1 37.69 <0.001 
Genotype 378.98 223 1.70 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 378.98 223 1.70 <0.001 
Rep 37.62 1 37.62 <0.001 

  
 
Standard errors of differences 
  
Average:  0.7956 
Maximum:  0.7965 
Minimum:  0.7904 
 
c) Response variate: %CBB Incidence 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  -0.005  0.062 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 1.413  0.147 
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Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  459.30  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 43.03 1 43.03 <0.001 
Genotype 317.62 223 1.42 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 317.62 223 1.42 <0.001 
Rep 43.07 1 43.07 <0.001 

  
Standard errors of differences 
  
Average:  1.187 
Maximum:  1.188 
Minimum:  1.186 
 
d) Response variate: %CBB severity 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  0.090  0.108 

  
 
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 1.919  0.200 

  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  537.18  221 
   
Note: deviance omits constants which depend on fixed model fitted. 
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Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 29.18 1 29.18 <0.001 
Genotype 322.95 223 1.45 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 322.95 223 1.45 <0.001 
Rep 28.99 1 28.99 <0.001 

  
Standard errors of differences 
  
Average:  1.410 
Maximum:  1.412 
Minimum:  1.398 
  
e) Response variate: Days to maturity 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  -0.054  0.171 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 4.411  0.452 

  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  711.24  221 
 
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 11.40 1 11.40 <0.001 
Genotype 363.89 223 1.63 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 363.89 223 1.63 <0.001 
Rep 11.47 1 11.47 <0.001 
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Standard errors of differences 
  
Average:  2.087 
Maximum:  2.093 
Minimum:  2.086 
  
f) Response variate: Seed yield (kg ha-1) 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 438 (10 units excluded due to zero weights or missing values) 
 
Residual term has been added to model 
  
Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  695.  2431. 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 49967.  5309. 

  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  2673.20  211   
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 18.55 1 18.55 <0.001 
Genotype 455.85 223 2.04 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 455.85 223 2.04 <0.001 
Rep 18.09 1 18.09 <0.001 

Standard errors of differences 
  
Average:  229.4 
Maximum:  318.9 
Minimum:  224.2 
 
g) Response variate: 100 seed weight (g) 
Fixed model: Constant + Rep + Genotype 
Random model: Rep.Block 
Number of units: 448 
  
Residual term has been added to model 
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Sparse algorithm with AI optimisation 
  
Estimated variance components 
Random term component s.e. 
Rep.Block  0.0521  0.0379 

  
Residual variance model 
Term Factor Model (order) Parameter Estimate s.e. 
Residual  Identity Sigma2 0.576  0.0600 

  
Deviance: -2*Log-Likelihood 
 Deviance d.f. 
  275.31  221   
Note: deviance omits constants which depend on fixed model fitted. 
  
Wald tests for fixed effects 
  
Sequentially adding terms to fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Rep 0.46 1 0.46  0.500 
Genotype 684.30 223 3.07 <0.001 

  
Dropping individual terms from full fixed model 
Fixed term Wald 

statistic 
d.f. Wald/d.f. chi pr 

Genotype 684.30 223 3.07 <0.001 
Rep 0.51 1 0.51  0.475 

  
Standard errors of differences 
Average:  0.7805 
Maximum:  0.7831 
Minimum:  0.7698  
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Appendix 2 List of genotypes used and where they were sourced 

Genotype EXP_NAME SOURCE Genotype EXP_NAME SOURCE 
1 GBK 004908 GENE BANK OF KENYA 47 BIASHARA KALRO/WORLDVEG 
2 GBK 004764 GENE BANK OF KENYA 48 GBK 022540 GENE BANK OF KENYA 
3 GBK 004820 GENE BANK OF KENYA 49 GBK 051334 GENE BANK OF KENYA 
4 GBK 004897 GENE BANK OF KENYA 50 GBK 018626 GENE BANK OF KENYA 
5 GBK 004886 GENE BANK OF KENYA 51 GBK 022501 GENE BANK OF KENYA 
6 GBK 004915 GENE BANK OF KENYA 52 GBK 004904 GENE BANK OF KENYA 
7 GBK 004803 GENE BANK OF KENYA 53 GBK 022500 GENE BANK OF KENYA 
8 GBK 004849 GENE BANK OF KENYA 54 GBK 004814 GENE BANK OF KENYA 
9 GBK 004853 GENE BANK OF KENYA 55 GBK 004822 GENE BANK OF KENYA 
10 GBK 004887 GENE BANK OF KENYA 56 GBK 004910 GENE BANK OF KENYA 
11 GBK 004909 GENE BANK OF KENYA 57 GBK 004891 GENE BANK OF KENYA 
12 GBK 004805 GENE BANK OF KENYA 58 GBK 004790 GENE BANK OF KENYA 
13 GBK 004786 GENE BANK OF KENYA 59 GBK 005009 GENE BANK OF KENYA 
14 GBK 004884 GENE BANK OF KENYA 60 GBK 004813 GENE BANK OF KENYA 
15 GBK 004766 GENE BANK OF KENYA 61 GBK 004983 GENE BANK OF KENYA 
16 GBK 004824 GENE BANK OF KENYA 62 GBK 004942 GENE BANK OF KENYA 
17 GBK 004785 GENE BANK OF KENYA 63 GBK 004962 GENE BANK OF KENYA 
18 GBK 016139 GENE BANK OF KENYA 64 GBK 004830 GENE BANK OF KENYA 
19 GBK 004783 GENE BANK OF KENYA 65 GBK 004827 GENE BANK OF KENYA 
20 GBK 004789 GENE BANK OF KENYA 66 GBK 004895 GENE BANK OF KENYA 
21 GBK 004851 GENE BANK OF KENYA 67 GBK 004913 GENE BANK OF KENYA 
22 GBK 004828 GENE BANK OF KENYA 68 GBK 004923 GENE BANK OF KENYA 
23 GBK 004914 GENE BANK OF KENYA 69 GBK 004809 GENE BANK OF KENYA 
24 GBK 004850 GENE BANK OF KENYA 70 GBK 004911 GENE BANK OF KENYA 
25 GBK 004838 GENE BANK OF KENYA 71 GBK 004808 GENE BANK OF KENYA 
26 GBK 004893 GENE BANK OF KENYA 72 GBK 004963 GENE BANK OF KENYA 
27 GBK 004773 GENE BANK OF KENYA 73 GBK 022491 GENE BANK OF KENYA 
28 GBK 004826 GENE BANK OF KENYA 74 GBK 022524 GENE BANK OF KENYA 
29 KAREMBO KALRO/WORLDVEG 75 GBK 004917 GENE BANK OF KENYA 
30 GBK 004966 GENE BANK OF KENYA 76 GBK 004976 GENE BANK OF KENYA 
31 GBK 004787 GENE BANK OF KENYA 77 GBK 004837 GENE BANK OF KENYA 
32 GBK 004947 GENE BANK OF KENYA 78 GBK 004975 GENE BANK OF KENYA 
33 GBK 004775 GENE BANK OF KENYA 79 GBK 004807 GENE BANK OF KENYA 
34 GBK 004852 GENE BANK OF KENYA 80 GBK 004960 GENE BANK OF KENYA 
35 GBK 004772 GENE BANK OF KENYA 81 GBK 004819 GENE BANK OF KENYA 
36 GBK 004924 GENE BANK OF KENYA 82 GBK 004854 GENE BANK OF KENYA 
37 GBK 022545 GENE BANK OF KENYA 83 GBK 004779 GENE BANK OF KENYA 
38 GBK 004788 GENE BANK OF KENYA 84 GBK 004858 GENE BANK OF KENYA 
39 GBK 004933 GENE BANK OF KENYA 85 GBK 004778 GENE BANK OF KENYA 
40 GBK 004939 GENE BANK OF KENYA 86 GBK 026986 GENE BANK OF KENYA 
41 GBK 022497 GENE BANK OF KENYA 87 GBK 004885 GENE BANK OF KENYA 
42 LOCAL KENYA LOCAL 88 GBK 004825 GENE BANK OF KENYA 
43 GBK 004928 GENE BANK OF KENYA 89 GBK 004771 GENE BANK OF KENYA 
44 GBK 004770 GENE BANK OF KENYA 90 GBK 013170 GENE BANK OF KENYA 
45 GBK 004920 GENE BANK OF KENYA 91 GBK 022494 GENE BANK OF KENYA 
46 GBK 004971 GENE BANK OF KENYA 92 GBK 004840 GENE BANK OF KENYA 
93 GBK 004831 GENE BANK OF KENYA 140 GBK 004829 GENE BANK OF KENYA 
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94 GBK 004802 GENE BANK OF KENYA 141 GBK 004859 GENE BANK OF KENYA 
95 GBK 004834 GENE BANK OF KENYA 142 GBK 004833 GENE BANK OF KENYA 
96 GBK 004935 GENE BANK OF KENYA 143 GBK 004919 GENE BANK OF KENYA 
97 GBK 004990 GENE BANK OF KENYA 144 GBK 004821 GENE BANK OF KENYA 
98 GBK 022525 GENE BANK OF KENYA 145 GBK 004832 GENE BANK OF KENYA 
99 GBK 004980 GENE BANK OF KENYA 146 GBK 028718 GENE BANK OF KENYA 
100 GBK 004871 GENE BANK OF KENYA 147 GBK 004938 GENE BANK OF KENYA 
101 GBK 004874 GENE BANK OF KENYA 148 GBK 004810 GENE BANK OF KENYA 
102 GBK 004926 GENE BANK OF KENYA 149 GBK 022532 GENE BANK OF KENYA 
103 GBK 004927 GENE BANK OF KENYA 150 GBK 022522 GENE BANK OF KENYA 
104 GBK 004977 GENE BANK OF KENYA 151 GBK 004961 GENE BANK OF KENYA 
105 GBK 004937 GENE BANK OF KENYA 152 GBK 004930 GENE BANK OF KENYA 
106 GBK 004882 GENE BANK OF KENYA 153 GBK 004806 GENE BANK OF KENYA 
107 GBK 004799 GENE BANK OF KENYA 154 GBK 004932 GENE BANK OF KENYA 
108 GBK 004769 GENE BANK OF KENYA 155 GBK 004889 GENE BANK OF KENYA 
109 GBK 004979 GENE BANK OF KENYA 156 GBK 004890 GENE BANK OF KENYA 
110 GBK 004877 GENE BANK OF KENYA 157 GBK 004873 GENE BANK OF KENYA 
111 GBK 051347 GENE BANK OF KENYA 158 NDENGU 

TOSHA 
KALRO/WORLDVEG 

112 GBK 004801 GENE BANK OF KENYA 159 GBK 004982 GENE BANK OF KENYA 
113 GBK 004777 GENE BANK OF KENYA 160 GBK 051333 GENE BANK OF KENYA 
114 GBK 004879 GENE BANK OF KENYA 161 KS20 KENYA SEED CO. 
115 GBK 004836 GENE BANK OF KENYA 162 GBK 018629 GENE BANK OF KENYA 
116 GBK 004970 GENE BANK OF KENYA 163 GBK 022523 GENE BANK OF KENYA 
117 GBK 004872 GENE BANK OF KENYA 164 GBK 013165 GENE BANK OF KENYA 
118 GBK 022542 GENE BANK OF KENYA 165 GBK 004948 GENE BANK OF KENYA 
119 GBK 004936 GENE BANK OF KENYA 166 GBK 004865 GENE BANK OF KENYA 
120 GBK 004780 GENE BANK OF KENYA 167 GBK 022495 GENE BANK OF KENYA 
121 GBK 026933 GENE BANK OF KENYA 168 GBK 004944 GENE BANK OF KENYA 
122 GBK 004878 GENE BANK OF KENYA 169 GBK 004815 GENE BANK OF KENYA 
123 GBK 004946 GENE BANK OF KENYA 170 GBK 016428 GENE BANK OF KENYA 
124 GBK 022543 GENE BANK OF KENYA 171 GBK 004856 GENE BANK OF KENYA 
125 GBK 004945 GENE BANK OF KENYA 172 GBK 004918 GENE BANK OF KENYA 
126 GBK 004881 GENE BANK OF KENYA 173 GBK 004767 GENE BANK OF KENYA 
127 GBK 004984 GENE BANK OF KENYA 174 GBK 004929 GENE BANK OF KENYA 
128 GBK 004931 GENE BANK OF KENYA 175 GBK 022529 GENE BANK OF KENYA 
129 GBK 022531 GENE BANK OF KENYA 176 GBK 004857 GENE BANK OF KENYA 
130 GBK 004974 GENE BANK OF KENYA 177 GBK 004968 GENE BANK OF KENYA 
131 GBK 004989 GENE BANK OF KENYA 178 GBK 016155 GENE BANK OF KENYA 
132 GBK 004844 GENE BANK OF KENYA 179 GBK 004912 GENE BANK OF KENYA 
133 GBK 004855 GENE BANK OF KENYA 180 GBK 004800 GENE BANK OF KENYA 
134 GBK 022537 GENE BANK OF KENYA 181 GBK 004906 GENE BANK OF KENYA 
135 GBK 004972 GENE BANK OF KENYA 182 GBK 004818 GENE BANK OF KENYA 
136 GBK 004949 GENE BANK OF KENYA 183 GBK 022544 GENE BANK OF KENYA 
137 GBK 004791 GENE BANK OF KENYA 184 GBK 004797 GENE BANK OF KENYA 
138 GBK 004940 GENE BANK OF KENYA 185 GBK 044638 GENE BANK OF KENYA 
139 GBK 044613 GENE BANK OF KENYA 186 GBK 022539 GENE BANK OF KENYA 
187 GBK 043573 GENE BANK OF KENYA 214  KAT N26 KALRO 
188 GBK 004898 GENE BANK OF KENYA 215 GBK 004839 GENE BANK OF KENYA 
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189 GBK 004869 GENE BANK OF KENYA 216 GBK 004943 GENE BANK OF KENYA 
190 GBK 004984 GENE BANK OF KENYA 217 GBK 004845 GENE BANK OF KENYA 
191 GBK 004795 GENE BANK OF KENYA 218 GBK 004863 GENE BANK OF KENYA 
192 GBK 022510 GENE BANK OF KENYA 219 GBK 004901 GENE BANK OF KENYA 
193 GBK 004842 GENE BANK OF KENYA 220 GBK 028539 GENE BANK OF KENYA 
194 GBK 004794 GENE BANK OF KENYA 221 GBK 004846 GENE BANK OF KENYA 
195 GBK 004860 GENE BANK OF KENYA 222 GBK 004903 GENE BANK OF KENYA 
196 GBK 004564 GENE BANK OF KENYA 223 GBK 004861 GENE BANK OF KENYA 
197 GBK 004968 GENE BANK OF KENYA 224 GBK 004868 GENE BANK OF KENYA 
198 GBK 044642 GENE BANK OF KENYA 225 GBK 004902 GENE BANK OF KENYA 
199 GBK 004870 GENE BANK OF KENYA 226 GBK 004967 GENE BANK OF KENYA 
200 GBK 022498 GENE BANK OF KENYA 227 GBK 004900 GENE BANK OF KENYA 
201 GBK 004969 GENE BANK OF KENYA 228 GBK 004864 GENE BANK OF KENYA 
202 GBK 022493 GENE BANK OF KENYA 229 GBK 004796 GENE BANK OF KENYA 
203 GBK 032356 GENE BANK OF KENYA 230 GBK 004985 GENE BANK OF KENYA 
204 GBK 018635 GENE BANK OF KENYA 231 GBK 004899 GENE BANK OF KENYA 
205 GBK 004905 GENE BANK OF KENYA 232 GBK 017437 GENE BANK OF KENYA 
206 GBK 004792 GENE BANK OF KENYA 233 GBK 017456 GENE BANK OF KENYA 
207 GBK 022490 GENE BANK OF KENYA 234 GBK 004798 GENE BANK OF KENYA 
208 GBK 018633 GENE BANK OF KENYA 235 GBK 022538 GENE BANK OF KENYA 
209 GBK 022511 GENE BANK OF KENYA 236 GBK 004862 GENE BANK OF KENYA 
210 GBK 022492 GENE BANK OF KENYA 237 GBK 004841 GENE BANK OF KENYA 
211 GBK 004985 GENE BANK OF KENYA 238 GBK 004867 GENE BANK OF KENYA 
212 GBK 028499 GENE BANK OF KENYA 239 GBK 004793 GENE BANK OF KENYA 
213 GBK 004973 GENE BANK OF KENYA 240 GBK 004916 GENE BANK OF KENYA 
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Appendix 3 Abstract of a paper published from first and second objectives 
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Appendix 4 Research permit 

 


