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ABSTRACT 

Common bean (Phaseolus vulgaris L.) is an important legume crop grown for household 

revenue, food and nutrition security in many parts of the world. Common bean is classified 

into Andean and Middle American gene pools. Most of the beans grown in east and southern 

Africa countries including Zambia are Andean. In the recent years there has been interest in 

Zambia in growing pinto beans, which is a major Middle American market class especially in 

the US, but new to Zambia and most other African countries. The adaptation of pinto beans to 

Zambia isn’t well established especially that the country is prone to drought and anthracnose 

disease.  Anthracnose is the most important disease of common bean in Zambia, which is 

likely to affect production of this market class in a similar way it has affected other currently 

grown market classes. Additionally, drought has become an increasingly important production 

constraint because of frequent drought episodes in bean growing areas caused by climate 

change. Furthermore, production of common bean has been expanding to geographical areas 

that are prone to drought. Identification of pinto beans genotypes that are tolerant to drought 

and resistant to anthracnose could support production and productivity of pinto beans in 

Zambia and other African countries. The objectives of this study were: (i) Evaluate the 

agronomic and morpho-physiological response of selected pinto genotypes to terminal 

drought, and (ii) Determine the response of selected pinto genotypes to seven races of 

Colletotrichum lindemuthianum the causative fungus for anthracnose. A total of 56 pinto bean 

genotypes and 4 checks were evaluated for tolerance to drought and resistance to seven races 

of C. lindemuthianum. Evaluation for drought tolerance was conducted using one pot 

experiment and two field trials. For the pot experiment, Electrolyte leakage and canopy 

temperature depression was measured on the 56 pinto genotypes and 2 checks grown under 

drought stress (DS) and Non-Drought stress conditions. The two field trials for drought 

tolerance were conducted at the University of Zambia (UNZA) and Golden Valley Agriculture 

Research Trust (GART) Research farms under drought stress and non-stress conditions. The 

primary traits measured included pod number, shoot dry weight, seed weight and seed yield. 

The traits computed from these primary traits were harvest index (HI), pod harvest index 

(PHI), yield geometric mean (GM) and yield percentage reduction (YPR). There were 

significant differences among 56 genotypes in all primary and computed traits indicating 

significant genetic differences in their response to drought. The average YPR for GART and 
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UNZA were 43.6% and 58.5%, respectively. The genotypes with highest GM at GART and 

UNZA were NDZ14048-5 (1,200 kg ha-1) and NDZ14048-2 (1,331 kg ha-1), respectively. Seed 

yield was significantly correlated to PHI (r=0.55***) and HI (0.68***) under DS suggesting 

the important role that these two partitioning indices played in the observed drought tolerance 

for some of the genotypes. Therefore, PHI and HI can be used to indirectly select for drought 

tolerance. The genotypes NDZ14048-2 and NDZ14048-5 were particularly outstanding in 

their seed yield performance under both DS and NS conditions. The 56 pinto genotypes and 

checks were evaluated for resistance to races 51, 65, 73, 247, 253, 263 and 1085. Significant 

differences were observed among the 56 pinto genotypes in their reaction to seven races of 

Colletotrichum lindemuthianum. In general, the reaction of the 56 genotypes was skewed 

towards susceptibility except for races 51 and 73. There was no genotype that was resistant to 

all seven races. In general, the genotypes that showed resistance to most of the races were 

those that carried Co-42, which highlighted the importance of this locus to anthracnose 

resistance. The three genotypes NDZ14006-4, NDZ14110-4 and NDZ14043 showed superior 

resistance among the 56 pinto genotypes used in the current study as each was resistant to six 

of the seven races used in the current study. The genotypes NDZ14048-2 and NDZ14048-5 

which showed superior seed yield under both DS and NS, and carry the Co-42 anthracnose 

resistance loci were resistant to five of the seven races used in the current study. The 

combination of high seed yield (under both DS and NS) and anthracnose resistance exhibited 

by NDZ14048-2 and NDZ14048-5 make them ideal for use to enhance the adaptation of pinto 

beans to anthracnose and drought.
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CHAPTER ONE 

INTRODUCTION 

Common bean (Phaseolus vulgaris L.) is an important grain legume grown for primarily for 

direct human consumption (Broughton et al., 2003). Common bean is grown mainly in Latin 

America, Eastern and Southern Africa where it plays a major role in household food and 

nutrition security. It is a source of protein and the essential micronutrients iron and zinc, which 

tend to be deficient in most African diets. Further, common bean is an important source of 

dietary fiber and carbohydrates (Wortmann, 1998). In Zambia, smallholder farmers mostly 

cultivate common bean and its nitrogen fixation ability fits well into the low input farming 

system (Beebe, 2011).  

Several biotic and abiotic stress factors limit the production of common bean (Appiah-Kubi et 

al., 2022). Among the most significant abiotic stress factors include drought, heat stress, 

aluminum toxicity and poor soil fertility. Drought affects about 60 % of the common bean 

growing areas worldwide (White and Singh, 1991). Climate change, which is mostly cited in 

terms of drought risk it poses, affects nearly 73% of common bean producing areas in Africa 

(Farrow and Muthoni-Andriatsitohaina, 2020). Unfortunately, small-scale farmers cannot not 

afford irrigation to mitigate drought. Development and use of drought-tolerant common bean 

varieties is the most cost-effective mitigation strategy for drought. 

Significant genetic variation for drought tolerance exists within common bean primary gene 

pool to support development of drought tolerant varieties (Rao et al., 2013; Dramadri et al., 

2021). Most of this variation is found in the Middle American gene pool (Terán and Singh, 

2002; Beebe et al., 2013). Beans belonging to the Middle American gene pool are classified 

into four races (Meso-American, Durango, Jalisco and Guatemala) based on plant morphology, 

adaptation range and agronomic traits. The Durango race, which includes pinto beans, among 

other market classes has been widely reported to contain drought tolerance and drought-

tolerant genotypes from this race have been used to improve drought tolerance of other market 

classes (Beebe et al., 2012).  

Drought tolerance is genetically complex involving several traits and mechanisms (Schneider 

et al., 1997; Beebe et al., 2013). These traits are essentially categorized into shoot and root 
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traits. The root traits including root depth maximizes water uptake while the shoot traits 

optimize the water use during drought stress. Shoot traits include morphological, physiological 

and agronomic traits. Understanding how these traits relate to seed yield is critical to 

development of selection indices for drought tolerance of common beans. Shoot traits 

including pod harvest index, harvest index, which reflects a genotype ability to mobilize 

assimilates to the pod and seed under drought stress have been reported to be significantly 

associated with seed yield (Assefa et al., 2013; Polania et al., 2016). These partitioning 

efficiency indices have been used to enhance adaptation of beans to drought (Assefa et al., 

2013). Physiological traits including electrolyte leakage (measure of cell membrane integrity) 

and photosynthesis have also been reported to be associated with drought tolerance in legumes 

including common bean (Vasquez-Tello et al., 1990; França et al., 2000).  

Anthracnose caused by Colletotrichum lindemuthianum is a major disease of common bean 

and can cause yield losses of up to 100 % depending on varietal susceptibility and 

environmental conditions (Pastor-Corrales and Tu, 1989). High humidity coupled with cooler 

ambient temperature enhances spread of anthracnose. Anthracnose affects all areal parts of the 

plant including leaves, stems, and pods (Schwartz and Pastor-Corrales, 2005). It is a seed borne 

disease, whose primary mode of transmission is through the planting of infected seed (Ferreira 

et al., 2013). The informal seed system practice of sharing farm-saved seed, which is prevalent 

in many African countries makes control and management of anthracnose challenging in most 

African countries including Zambia. Though anthracnose can be effectively controlled by use 

of fungicides, small-scale cannot afford them and there are health risks associated with their 

use. Therefore, development and use of anthracnose resistant varieties is the most cost-

effective and environmentally friendly management strategy.  

Development of common bean varieties with durable resistance to anthracnose remains 

challenging because of the extensive genetic variability for C. lindemuthianum. To date, over 

182 races characterized (Padder et al., 2019) using a set of 12 race differential cultivars 

(Pastor-Corrales 1991). Extensive genetic variation for C. lindemuthianum has also been 

reported in Zambia (Mungalu et al., 2020). The extensive genetic variability and rapid 

evolution of new races makes it challenging to develop varieties with durable resistance to 

anthracnose. C. lindemuthianum has co-evolved with the Andean and Middle American gene 
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pools, resulting in Andean races that are virulent mostly on Andean genotypes and Middle 

American races that are virulent mostly on Middle American genotypes.  

Resistance to C. lindemuthianum is oligogenically controlled involving mainly major-effect 

resistance locus Zuiderveen et al., 2016. To-date about 13 major effect loci (Co-1 to Co-13) 

have been reported. Resistance provided by these major-effect loci follows gene-for-gene 

action i.e., conferring resistance to specific races (Flor, 1955). These major-effect loci have 

been classified into Andean and Middle American loci. Clusters of resistance (R) genes 

underlie some of the resistance loci such as Co-3 (Oblessuc et al., 2015; Campa et al., 2020). 

Though there is no single gene that confers resistance to all races, the locus Co-42 confers 

resistance to multiple races of C. lindemuthianum. 

Pinto bean, which belongs to the Durango race of the Middle American gene pool is a major 

market class in countries such as the US. Anecdotal evidence suggests that there is a growing 

interest in pinto beans in some African countries such as Tanzania and Zambia. Despite the 

growing interest, Anthracnose and drought may hinder pinto bean production. Currently, there 

is no previous study to determine the response of pinto beans to terminal drought stress and to 

the predominant races of C. Lindemuthianum. Therefore, identification of pinto bean 

germplasm that is adapted to drought and resistant to C. Lindemuthianum is important for 

meeting the varietal needs of the farmers in Zambia of this new market class. Further, 

understanding the relationships between agronomic and morpho-physiological traits could 

support development of selection indices for drought tolerance in pinto beans. This is because 

identification of pinto bean genotypes tolerant to drought and resistant to anthracnose is 

important for the genetic improvement of pinto beans and other market classes for drought 

and anthracnose. 

 

1.1 Study objectives 

1. Evaluate the agronomic and morpho-physiological response of selected pinto genotypes to 

terminal drought stress 

2. Evaluate the response of selected pinto genotypes to seven races (51, 65, 73, 247, 253, 263 

and 1085) of Colletotrichum lindemuthianum  
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1.2 Hypothesis 

• There are some agronomic and morpho-physiological traits play an important role in 

the response of selected pinto genotypes to terminal drought.                                                                     

• There are pinto common bean genotypes that are resistant to the seven races of C. 

lindemuthianum  
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Common bean gene pool, evolutionary relationship and systematics 

The existence of archaeological, botanical, and historical evidences indicate that the common 

bean is a New World crop that originated – 7,000 years back in a long arc from the present 

day northern Mexico through Central America and the Andes mountains to northwest 

Argentina (Broughton et al., 2003). The two taxonomic subdivisions of Phaseolus have been 

described as P.vulgaris var. aborigineus and P.vulgaris var. mexicanus (Delgado-Salinas et 

al., 1993) based on morphological and molecular differentiation. The individuals of this 

important legume are well characterized on the basis of morphological and molecular traits 

into two gene pools; the Andean originating from the Andes mountains of South America 

(Southern Peru, Bolivia and northern Argentina) and Mesoamerican from Central America 

and Mexico with at least seven races (Beebe et al., 2001, Koenig and Gepts. 1989, Valasquez 

and Gepts., 1994). The morphological and agro-ecological adaptation traits have been further 

used to distinguish the races among these gene pool (Singh, et al., 1991). Race structure studies 

demonstrated that members of each race have distinctive and specific physiological, 

agronomic, biochemical and molecular characteristics and diverse from other races in the 

allelic frequencies at specific loci (Singh et al., 1991).  

2.2 Domestication 

Domestication is an outcome of the selection process that leads to increased adaptation of 

plants to cultivation and utilization by humans.  The domesticated common bean originated 

from wild gene pools through independent domestication events (Kwak and Gepts, 2009) at 

two centers of domestications i.e., Mesoamerican and Southern Andes of South America. The 

interspecies diversity in relation to the common bean is organized in Primary, Secondary, 

Tertiary, and Quaternary gene pools.  

The major common bean gene pools have been further divided into races based on plant 

morphology, adaptation range, and agronomy traits. The Mesoamerican gene pool includes 

the races; Durango (prostrate bush types with medium sized seed from the dry highlands 

Mexico), Jalisco (Climbing beans from the moist highlands of central Mexico), and 
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Mesoamerica (small-seeded types, mostly bush habits , from the lowlands, Central America 

and Mexico (Singh et al., 1991)  

The Andean gene pool includes races Peru (predominantly highland climbing beans with mid-

altitude adaptation), Nueva Granada (mostly bush beans with mid-altitude adaptation), and 

Chile (prostrate bush or weak climbers, with temperate adaptation to higher altitudes). Beebe 

et al. (2000) suggested existence of a fourth race – Guatemala in the Mesoamerican gene pool 

(mostly climbing beans from Guatemala and southern Mexico) as well as some systematic 

variation within the races. Mesoamerican cultivars became predominant in the lowlands of 

South America and southwestern United State of America, whereas Andean cultivars became 

predominant in Africa, Europe, and northeastern USA.  

2.3 Domesticated gene pool 

The interspecies diversity in relation to the common bean is organized in primary, secondary, 

tertiary and quaternary gene pools. Intraspecies diversity in the common bean is separated into 

two major gene pools (Andean and Middle American). Cultivars are further divided into races, 

each with their distinctive characteristics (Pathania et al., 2014). Landraces are distinct but 

variable populations, which usually have a local name, lack formal crop improvement, are 

characterized by a specific adaptation to the environmental conditions of the area of cultivation 

(tolerant to the abiotic and biotic stresses of that area), and are closely associated with the uses, 

knowledge, habits, dialects, and cerebrations of the people who developed and contribute to 

grow it. Although landraces are an important component of agrobiodiversity, most of them are 

at risk of extinction because they are grown by small scale farmers and need to be preserved 

in situ and ex situ.   

Both molecular data and screening of germplasm showed that landraces harboring significant 

levels of diversity are not found in advanced breeding gene pools. Therefore, bean breeders 

have actively sought to broaden the domesticated gene pool by crossing with landraces of the 

two gene pools in the centers of origin. Landraces can provide sources of genetic diversity for 

disease and pest resistance and tolerance to abiotic stresses (Beebe et al., 1997), Most of the 

present day bean cultivars have resulted from crosses between closely related cultivars 

belonging to either of the gene pools. Pedigree and Restricted Fragment Length Polymorphism 

(RFLP) data revealed that commercial classes of common bean possess low levels of genetic 
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diversity, presumably because of little or no introduction of genetic diversity from outside 

these classes. Limited diversity in commercial cultivars has serious consequences for bean 

breeding and emphasizes broadening of the cultivated gene pool through effective breeding 

programs.  (Beebe et al., 1997). 

2.4 Diversity in common bean germplasm 

Cultivated common bean is a morphologically diverse crop (Geneva, 1928) and wide 

variations exist for growth habit, pigmentation, pod, seed , phenology, and other characters 

(Leakey, 1988) (Singh., 1991). There are two major groups with   suggested existence of sub-

groups within each of the major Andean and Mesoamerican groups, with distinctive 

morphology, adaptation, and disease resistance. The domestication process has led to a 

reduction in the genetic diversity within each group of the bean gene pools (Sonnante et al., 

1994). Several evolutionary forces played a role in shaping the P.vulgaris genetic diversity, 

which include the introgressive hybridization between P.vulgaris and P.coccineus in 

Mesoamerica, gene flow and selection between wild and domesticated populations, evolution 

of disease resistance (Blair et al., 2012).  Inspite of the germplasm resources available in 

national and international gene banks, only a small proportion of the genetic variability has 

been utilized by bean breeders for the identification and development of high-yielding bean in 

national and international bean breeding programs  (Singh et al., 2001). 

2.5 Global Common bean production 

Common bean is cultivated worldwide and accounts for one-third of cultivated legumes 

(FAOSTAT, 2019). The biggest producers are Brazil, United States of America and Mexico, 

Africa. Common bean is the third most important legume in the world and shows considerable 

variation in seed characteristics, maturation and growth habits (De Ron et al.,2015).  

Common bean is important source of nutrition, especially to the low-income people, in the 

developing countries it is often considered as poor man meat (Tharanathan and 

Mahadevamma.,2003). It’s high levels of protein and carbohydrate make common bean a 

staple in food, and it is an important source of dietary fiber, vitamins and minerals, including 

iron, magnesium, potassium, zinc, selenium and calcium (Broughton et al., 2003, de Almeida 

Costa et al., 2006, Blair et al., 2009, Blair et al., 2016, Ozturk et al., 2009). Common bean 
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consumption reduces the risk of chronic diseases such as cancer, diabetes, cardio vascular 

diseases and obesity (Hayat et al., 2014). It is usually grown with other crops and it matures 

quickly, supply food, income and enhances soil fertility through nitrogen fixation its 

production is constrained by both biotic and abiotic factors.  

2.6 State of Common bean production in Zambia 

Common bean production is ranked second to groundnuts as major legumes produced in 

Zambia. Production areas are cooler, higher altitudes and high rainfall areas of Northern 

Zambia. Most farmers grow landraces for their taste and colour.  Although a number of 

improved varieties have been developed, their adoption rates remain low with most farmers 

growing low yielding landraces with average yields slightly above 500 kg per hectare. The 

constraints affecting common bean production in Zambia are well documented (International 

Center for Tropical Agriculture - CIAT, 1989) and broadly include poor agronomic practices, 

soil fertility, lack of improved cultivars, moisture stress, weed competition and stress caused 

by weed competition as well as pests and diseases. The Ministry of Agriculture in 

collaboration with non-governmental and international organizations (CIAT) and the United 

Nations (e.g Food and Agriculture Organization –FAO, United Nations Development 

Programme – UNDP), have devoted efforts to solve these problems with the aim of ensuring 

house hold food security and increased incomes among small holder farmers. The National 

Agriculture Research Systems (NARS) in Zambia have released ten varieties to date, seven of 

them are bush varieties, two are semi-climbers and one is of climbing type. These varieties 

have high yield potential (1 – 2 tons/hectare) and the bush-type varieties only take two to three 

months to mature. The earliness of bush varieties has enabled many common bean growers in 

the high-rainfall northern region of Zambia to grow at least two bean crops in a single season. 

In terms of management, most of the varieties developed so far are adapted to relatively low 

fertility conditions. However, additional research is still needed in terms of nutritional content 

as well as moisture stress, pest and disease resistance (Hamazakaza et al., 2014).  

2.7 Ecological and production requirements 

The common bean is adapted to temperate and cool tropical climates. In Africa, production is 

concentrated in the cool highlands of central and tropical eastern Africa where beans are the 

most important legume crop. Within the highland areas, the production environment is 
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diverse; the altitudes range from 800 to 2,300 m above sea level. Soil type also varies 

considerably between regions of production. In the major production areas in Ruhengeri 

district of northern Rwanda and to the west of Arusha in northern Tanzania, the soils are 

excellent fertile volcanic soils.  In other production regions highly acidic soils with a pH as 

low as 4.2, are found in the bean producing areas of Mbala district of northern Zambia, in the 

Usambara mountains near Lushoto in Tanzania, and on the Nile Zaire crest of Rwanda. The 

mean temperatures in the principal areas of bean production ranges from 16 to 24 oC and 

annual precipitation in the range 500 – 200 mm., with a bimodal distribution in eastern Africa 

as a result of movements of the intertropical convergence zone. The average annual rainfall 

varies substantially with location and, in some places, particularly in the drier regions at the 

unstable frontiers of rainfall systems, rainfall is markedly variable from year to year (Bunting, 

1961).  The wide variability of production environments results in a wealth of diversity in 

cropping systems as well as in agronomic constraints to bean production 

2.8 Factors that are limiting common bean production 

Constraints to bean productivity vary with region and various other concerns like marginal 

land of farmers in Asia, Africa, and Latin America and the largescale producers commonly 

found in the USA and Europe. For most of farmers in Asia, Africa and Latin America, the 

greatest challenge is to stabilize yield under marginal conditions and using limited technical 

input. Common bean suffers both from abiotic and biotic production constraints (Pathania et 

al., 2014). 

2.9 Abiotic stress 

The principal abiotic stresses that limit common bean grain yield are drought and low soil 

fertility such as low phosphorus availability and aluminum toxicity in  the soil (Marschner, 

1995). These problems tend to occur in combination. Drought is estimated to affect 60 % of 

bean production in the tropics, especially in regions such as Central America and Southern 

Africa (Thung and Rao, 1999) and approximately 67 % of globally cultivated lands are 

affected by Phosphorus deficits (Batjes, 2009). It has been estimated that 50 % of common 

bean production area worldwide suffers moderate to severe Phosphorus limitation (CIAT, 

1998). Low Phosphorus is worsened in strongly acidic or alkaline soils, mainly due to 



10 
 

formation of phosphates complexes with Aluminum and Iron in acidic soils and Calcium 

complexes in alkaline soils (Marschner, 1995).  

In soils with  pH < 5.5 affect more than 50 % of world wide’s potentially arable land (Zhang 

et al., 2016) and up to 60 % of the acid soils in the world occur in developing countries in 

South America, Central Africa and South-East Asia (Gupta et al., 2013).  High temperature 

(>30 ºC Day or 20 ºC night) during anthesis or seed setting at lower elevations (<650m) or at 

higher altitude during summer, especially when relative humidity is low, severely reduces 

bean production. Low temperature (<10 ºC) and frost during the beginning and end of the 

growing season at higher elevations (>2,000 m amsl) significantly lower the yield of beans. 

2.9.1 Climate Change and Crop Production 

The global change in climate will severely affect the United Nations goal to sustainably 

produce adequate food by the year 2050 to provide sufficient nutrition for the projected global 

population of 9.1 billion people. The previous progress in addressing global undernourishment 

with increased food production by agricultural intensification and expansion is under serious 

threat. The change in global climate has a long term impact in form of several abiotic stresses 

(Redden, 2013). The impact will lead to large parts of the world to become drier with extended 

drought periods, more intense heat and erratic rainfall patterns. The anticipated changes will 

extremely affect agriculture as well as the stability and distribution of food supply chain 

(Kellogg, 2019). The major driving factor towards temperature increase and altering 

precipitation patterns is a higher atmospheric carbon dioxide concentration (Kellogg, 2019).  

The hot and drier climatic conditions, resulting in increased evaporative losses, will drive the 

increased demand for more water. Th greater part of the already experiencing chronic soil 

water deficits due to severe drought conditions (Nadeem et al., 2019).  

The impacts of drought and heat stress range from critical physiological, biochemical and 

metabolic pathways severely disrupted (Fahad et al., 2021). Extreme temperatures are strongly 

associated with significant reduction in crop yield relative to precipitation extremes, and 

irrigation partly limits it’s adverse effects of high temperatures  (Vogel et al., 2019). The 

combined effect of drought and heat stress has been established to reduce yields of maize, 

soybean and wheat (Matiu et al., 2017). The physiological characterization of plant responses 

to either drought or heat stress, or the combination of both stresses, have indicated that the 
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combined effect has numerous distinctive characteristics. The recorded effects include 

reduced photosynthesis occurring together with increased respiration and closed stomata 

combined with increased leaf temperature (Maxwell and Johnson, 2000).  

2.9.2 Effect of drought stress on common bean production 

Drought is a major source of yield losses globally and affects about 60% of the common bean 

growing area worldwide (White and Singh, 1991). Climate change, which is most frequently 

cited in term of the drought risk it poses, affects nearly 73 % of common bean producing areas 

in Africa (Farrow & Muthoni-Adriatsitohaina, 2020).  Drought can be defined 

meteorologically as a period of prolonged and abnormal moisture deficiency (Palmer, 1965) 

or insufficiently moisture necessary for a plant to grow normally and complete its life cycle 

(Graham and Ranalli, 1997). Agriculture accounts for 70 % of the fresh water withdrawals 

worldwide, more than any other use category (FAO, 2019). As the population increases, more 

of the world fresh water resources will be needed for direct use by humans, reducing the 

amount that is available for crop production. For optimal growth and high seed yield, long-

season dry beans require about 400 – 500 mm of rain, with rainfall well distributed during the 

first 10 -12 weeks of its growth (Farrow and Muthoni-Adriatsitohaina, 2020).  

Drought stress can be classified into three types, early, terminal or intermittent drought 

(Ludlow and Muchow, 1990). Terminal drought is defined as optimum rainfall until some 

point in the growing season when rainfall greatly diminishes and does not resume for the 

remainder of the season usually occurring during the reproductive period of the crop cycle. 

Terminal drought is becoming an increasingly phenomenon in the major bean growing areas 

of the world. Intermittent drought occurs when periods of rain are limited and erratic during 

the growing season and thus cause periods of stress (Schneider et al., 1997). The majority of 

drought studies use terminal drought as it is much easier to simulate than intermittent drought. 

Regardless of the type of drought, the effects are devastating in much of the developing world 

where common bean are a major subsistence crop and are a major source of protein 

(Broughton et al., 2003). When the common bean experiences intermittent drought at seedling 

stage overall plant growth is adversely affected, whereas terminal drought stress significantly 

limits bean seed yield and seed size during the critical reproductive period (Singh, 2007). 

Terminal drought also negatively affects seed quality when experienced under prolonged 
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periods. The incidence and duration of drought events are expected to increase with climate 

change, therefore the need for approaches to breeding common bean for drought tolerance 

(Beebe et al., 2013). 

Common bean is an excellent crop for breeding for drought tolerance since it has an average 

growing season of less than 100 days and thus has much lower water requirements that many 

other crops (White, 1992). Breeding for drought tolerance can be difficult as the effects are 

complex and plant response is highly variable and based on many interacting factors (Ramirez-

Vallejo and Kelly, 1998). The development of drought resistant crop varieties is a slow and 

very difficult process (Subbarao et al.,1995) and particularly important for common bean, 

because 60% of production area worldwide is prone to some level of drought stress (White 

and Singh, 1991). Genetic diversity for drought tolerance is found in wild, cultivated and 

related bean species and can be utilized when breeding for drought tolerance (Beebe et al., 

2008). 

 In the last 40 years, significant research efforts have been made to better understand common 

bean adaptation to drought and enhance this adaptation to achieve sustainable yields in drought 

years  or in bean producing areas prone to drought (Beebe et al., 2013). Phenotyping studies 

across the world have screened experimental lines for traits such as canopy temperature, root 

morphology, pollen integrity, pod harvest index and normalized difference vegetative index 

(NDVI) to learn more about the characteristics that confer drought tolerance. Normalized 

difference vegetative index quantifies vegetation by measuring the difference between near-

infra red (which vegetation strongly reflects) and red light (which vegetation absorbs) and 

ranges from -1 to +1. In the context of plant physiology, drought tolerance in modern dry bean 

cultivars is more a function of efficient assimilate partitioning to grain as opposed to improved 

photosynthetic rate per unit leaf area. The efficiency indexes such as harvest index and pod 

harvest index were positively associated with drought tolerance (Hageman and Volkenburgh, 

2021). The indices significantly reflected the genotypes ability to remobilize photosynthates 

to  the seed during drought stress and are critical traits associated with mechanisms for drought 

tolerance (Beebe et al., 2013). In view of the high heritability of the identified drought 

associated traits, the two partitioning indices can be used to indirectly select for drought 

tolerance.  
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2.9.3 Drought stress responses 

2.9.3.1 Morphological responses to drought 

The first effect of drought on the plants is the poor germination and impaired seedling 

development and establishment. A number of studies have pointed out the numerous adverse 

impacts of drought stress on germination and seedling development (Farooq et al., 2009). The 

reduction in germination potential, early seedling growth, root and shoot dry weight, 

hypocotyl length, and vegetative growth have been reported in important field crops that 

includes, alfalfa (Medicago sativa L.), rice (Oryza sativa L.) and pea (Pisum sativum L.) under 

drought stress. Plant growth is mainly accomplished through cell division, enlargement, and 

differentiation. Drought stress impairs mitosis and cell elongation which results in poor growth 

(Hussain et al., 2008). Drought constrains the process of cell growth mainly due to the loss of 

turgor pressure (Lazar, 2003). The turgor pressure determines the expansion of the leaves and 

the translocation of assimilates. It has been reported that reduced turgor pressure and slow rate 

of photosynthesis under drought conditions mainly limit the leaf expansion (Rucker et al., 

1995). Total shoot fresh and dry weights are also severely reduced under moisture-limiting 

conditions (Deng et al., 2006). 

2.9.3.2 Morpho-physiological mechanisms of adaptation to drought avoid  

Plants respond and adapt to and survive under drought stress by the induction of various 

morphological, biochemical and physiological responses. Drought tolerance is defined as the 

ability to grow, flower and display economic yield under suboptimal moisture supply (Farooq 

et al., 2009). Drought stress affects the plant water relations at cellular, tissue and organ levels, 

causing specific as well as unspecific reactions, damage and adaptation reactions (Beck et al., 

2007). To cope with the drought, tolerant plants initiate defense mechanisms against water 

deficit (Chaves and Oliveira, 2004). Adaptation to drought encompasses a diversity of 

mechanisms at whole plant, physiological and molecular levels. Manifestation of a single or a 

combination of inherent changes determines the ability of the plant to sustain itself under 

limited moisture supply that enable plants to survive and produce in periods of dry weather. 

The mechanisms of drought resistance are grouped into three categories; drought escape, 

drought avoidance; and drought tolerance.   
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2.9.4 Drought stress escape 

Drought escape is defined as the ability of the crop to complete its life cycle before serious 

soil and crop deficits develop, allowing plants to reproduce before the environment becomes 

too dry.  This mechanism involves rapid phenological development (early flowering ad early 

maturity), developmental plasticity (variation in duration of growth period depending on the 

extent of water deficit), and remobilization of photosynthates to the grain ( Araus et al., 2002). 

Crop duration is interactively determined by genotype and the environment interaction, that 

in turn determines the ability of the crop to escape from climatic stresses including drought 

(Dingkuhn and Asch, 1999). Matching growth duration of plants to soil moisture availability 

is critical to realize high seed yield (Siddique et al., 2000). Drought escape occurs when 

phenological development is successfully matched with periods of soil moisture availability, 

where the growing season is shorter and terminal drought stress predominates (Araus et al., 

2002).  

The time of flowering is a major trait of a crop adaptation to environment, particularly when 

the growing season is restricted by terminal drought and high temperatures. Developing short-

duration varieties has been an effective strategy for minimizing yield loss from terminal  

drought, as early maturity helps the crop to avoid the period of stress (Kumar and Abbo, 2001). 

However, yield is generally correlated with the length of crop duration under favorable 

growing conditions, and any decline in crop duration below the optimum would tax yield 

(Turner et al., 2001). 

2.9.5 Drought stress avoidance 

Drought avoidance consist of mechanism that reduce water loss from plants, due to stomatal 

control of transpiration, and also maintain water uptake through an extensive and prolific root 

system (Turner et al., 2001). Under drought avoidance the plant enhances the ability of the 

crop to maintain relatively high-water tissue water potential, despite a shortage of soil 

moisture. It is achieved through increased rooting depth, an efficient root system and increased 

hydraulic conductance, and by reduction of water loss through reduced leaf conductance, 

reduced absorption of radiation by leaf movement/rolling, and reduced evaporation surface.  
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The root characters such as biomass, length, density and depth are the main drought avoidance 

traits that contribute to final yield under terminal drought environments (Subbarao et al., 

2000). A deep and thick root system is essential for extracting water from considerable depth 

(Kavar et al., 2008). The maintenance of a high tissue water potential is facilitated by 

glaucousness or waxy bloom on leaves, and is therefore considered as a desirable trait for 

drought tolerance (Richards et al., 1986).  

2.9.6 Drought stress tolerance 

Drought tolerance is defined as the ability of the crop to withstand water deficit with low tissue 

water potential. It is achieved through maintenance of turgor through osmotic adjustment (a 

process which induces solute accumulation in the cell), increase in cell elasticity and decrease 

in cell size, and desiccation tolerance by protoplasmic resistance. Osmotic adjustment, osmo-

protection, antioxidation and a scavenging defense system have been the most important bases 

responsible for drought tolerance. Blum (2005) indicated that an effective drought tolerance 

mechanism in crop plants is stem reserve utilization for grain filling under drought stress. 

Plants generally limit the number and area of leaves in response to drought stress just to cut 

down the water budget at the cost of yield loss (Siddique et al.,  2000).  

Since roots are the only source to acquire water from soil, the root growth, it’s density, 

proliferation and size are key responses of plants to drought stress (Kavar et al., 2008). It has 

been well established that plants bearing small leaves are typical of xeric environments. Such 

plants withstand drought very well, albeit their growth rate and biomass are relatively low 

(Ball et al., 1994). Leaf pubescence is a xeromorphic trait that helps protect the leaves from 

excessive heat load. Hairy leaves have reduced leaf temperatures and transpiration (Sandquist 

and Ehleringer, 2003) whilst inter- and intra-specific variation exist for the presence of this 

trait. Under high temperature and radiation stress, hairiness increases the light reflectance and 

minimizes water loss by increasing the boundary layer resistance to water vapor movement 

away from the leaf surface.  

Roots are the key plant organ for adaptation to drought. If tolerance is defined as the ability to 

maintain leaf area and growth under prolonged vegetative stage stress, the main basis of 

variation appears to be constitutive root system architecture that permits the maintenance of 

more favorable plant water status (Nguyen et al., 1997). Evidence suggests that it is quality, 
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i.e., the distribution and structure, and not quantity of roots that determines the most efficient 

strategy for extracting water during the crop growing season.  

Common beans are grown in a wide range of environments where it’s exposed to seasonal 

drought and wide fluctuations in soil moisture availability between years. Hence, the plants 

have evolved several mechanisms to maintain plant water status within reasonable limits for 

normal metabolic functioning under drought stress (Beebe, 2012). It has been established from 

early studies that a set of the same genotypes that were evaluated in several countries indicated 

that local adaptation is an important component of drought resistance (White, 1988). A number 

of shoot and root traits contributed to improved drought adaptation. The uptake of water is 

maximized by optimal root traits whereas, the shoot traits enhance the efficiency use of 

absorbed water for production of grain during drought stress. Loss of leaf area is the most 

important morphological adaptation to drought stress. The development emanates from a 

reduced number of leaves, reduced size of young leaves, inhibited expansion of developing 

foliage, or leaf loss caused by senescence all of which contribute to reduced seed yield 

(Acosta-Gallegos, 1988). Through field screening, some relatively drought-tolerant lines of 

bean germplasm have been identified including BAT 477, A 195, and BAT 1289 (White and 

Singh, 1991). Drought avoidance through greater root length density and deeper soil moisture 

extraction are some of the adaptation traits to moisture stress (Sponchaiado et al., 1989). 

White and Castillo (1992) grafted diverse shoots genotypes onto selected root genotypes of 

common beans and evaluated yield under drought. They found variation with shoot genotype, 

but the effect on growth and yield under drought was found to be small, compared with the 

effect of root genotype. Sanders and Markhart (1992) also used grafting to examine the 

importance and mechanisms of the root system’s effect on leaf water status in P. vulgaris and 

P. acutifolius. They found that the root genotype determined leaf water potential in the most 

stressed plants, and that roots of tepary bean had greater hydraulic conductivity than those of 

common beans. Castonguay and Markhart (1991) measured saturated rates of photosynthesis 

in water-stressed leaves of common and tepary beans, and found that genotypic variance in 

drought tolerance between the two was not related to differences in mesophyll tolerance of 

dehydration. Tepary beans relied more on drought avoidance than on drought tolerance. 

Severe drought impaired nitrogen mobilization, HI and water-use efficiency (WUE) in 
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common bean (Foster et al., 1995). Research work by White (1993) under field conditions 

indicated that WUE (based on carbon isotope discrimination, CID) that was not a promising 

indicator of adaptation to drought. Other physiological traits such as shoot dry weight and leaf 

nitrogen concentration appeared the most promising based on hereditability, strong general 

combining ability effects, and correlations with seed yield across trials (White et al.,1994a, b).  

Phenotypical plasticity is considered to be another mechanism contributing to increased 

performance under drought stress (Acosta-Gallegos and White, 1995). This particular 

attribute, accentuated in photoperiod-sensitive cultivars, allows genotypes to shorten their 

growing cycle dramatically at later planting dates to avoid drought conditions later in the 

growing season.  The breeding programs to improve small seeded cultivars of the race 

Mesoamerica have utilized genes from the valuable Durango race, that have now been 

introgressed into this race. In the Central America, North-eastern Brazil, and the Caribbean, 

lines in the small red, small black, and carioca grains are being developed which present 

double or more yield under severe stress compared to the respective commercial control 

(Beebe et al., 2008). The small seeded bean types are often grown in warmer climates where 

high temperatures exacerbate drought, or under conditions of low fertility or aluminum 

toxicity that can limit vigor and root development. Therefore. tolerance to low fertility, 

especially to low soil phosphorous availability, and heat tolerance should be combined with 

drought resistance.  The combination of drought and low fertility tolerance has proven to be 

useful and practical, since several drought-resistant lines already possesses a relative degree 

of tolerance to low soil phosphorus availability (Beebe, 2008).  

2.9.7 Drought tolerance sources  

The attempts to characterize and screen for drought resistance  has seen researchers utilize 

physiological, biomass, and seed yield traits in drought-stressed (DS) and non-stressed (NS) 

conditions (Pimentel et al., 1999).  Genotype that escape terminal drought may mature early 

enough before onset of severe drought while late maturing genotypes especially indeterminate 

cultivars that facilitate partial recuperation from a mild drought stress during flowering (Nleya 

et al., 2001). Cultivars that tolerate higher temperature and low soil fertility and/or that 

remobilize assimilates and root and shoot reserves to developing pods and seeds during 

drought stress should give higher yield and improve adaptation in arid environments.  
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 In common bean, the documented highest level of drought resistance is found in Durango 

common bean followed by races Mesoamerica and Jalisco   (Terán et al., 2002). Race Durango 

common bean traces its origin in the semiarid central and northern highlands of Mexico 

(Chacón  et al., 2005). Breeding for drought resistance has been ongoing in Mexico, Honduras, 

and Brazil and at CIAT in Colombia for several decades. The greater part of the work has 

involved evaluation of germplasm with parental materials from CIAT and Mexico (Beebe et 

al., 2013). There has been germplasm evaluation in the drought prone region of northern 

Mexico where two sets of germplasm were tested under the typical conditions of insufficient 

and erratic rainfall with the primary trait measured being seed yield.  Drought resistant 

genotypes were identified mainly in the Durango race (type III growth habit) and Mesoamerica 

races (type II and III), whereas genotypes from Jalisco race were susceptible. An addition set 

comprising 800 bush genotypes of the core collection assembled at CIAT were evaluated with 

the finding that  a set of 20 genotypes mostly from the Durango race were classified as drought-

resistant  (Beebe et al., 2013). 

2.9.8 Drought Tolerance Selection indices 

The knowledge of plant responses to drought stress has been of great importance for selection 

of genotypes that are tolerant to adverse environmental conditions (Nouri et al., 2011). 

Selection for drought tolerance genotypes is not easy, due to the occurrence of strong 

interactions between genotypes and environment conditions, as well as, the lack of the 

knowledge in the function and role of different mechanisms of tolerance (Naghavi., 2013). To 

be useful as a selection criterion, traits should be highly correlated with seed yield, have low 

genotype by environment interactions (GE) and highly heritable (Mentreddy et al., 2002, Yuan 

et al., 2002). A comparison of selection indices for dry bean lines grown under drought was 

conducted when bean were grown under drought stress and non-stress conditions and included 

arithmetic mean, geometric mean, drought response index, drought susceptibility index, 

response to drought and percent yield reduction. (Abebe et al., 1998). Abebe et al. (1998) 

found that the arithmetic mean and geometric mean were the best indicators of high yielding 

lines under both stressed and non-stressed conditions and that drought response index is a 

good indicator in stressed environments.  
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Other alternative indices useful for identification of drought tolerant genotypes to water 

stresses have been proposed, such as drought susceptibility index (Fischer and Maurer, 1978), 

Pod harvest index and Harvest index (Klaedtke et al., 2012). Harvest index is the proportion 

of the whole plant mass that is partitioned to the seed and the index is believed to be a good 

indicator for how effectively the plant is able to partition resources between vegetative and 

reproductive growth (Sadok and Sinclair, 2011).  When selecting for yield under drought 

stress, breeders are inadvertently selecting against stay green characteristic and for higher 

partitioning as measured by harvest index (Beebe et al., 2008). On the list of partitioning 

influencing drought indices, harvest index was found to be the most reliable (Ramirez-Vallejo 

and Kelly, 1998). It’s against that background that harvest index is considered a good measure 

of drought resistance or susceptibility among genotypes. Indices play an important role in 

identifying overall drought tolerance of genotypes grown under drought stress environments.   

2.9.9 Shoot traits for drought tolerance 

Drought tolerance indices are an important tool used by breeders to quickly assess the drought 

tolerance of diverse genotypes. By understanding the specific portions of plant agronomic, 

morphological and physiological traits, breeders can gain greater insights into specific 

mechanisms that are critical in drought response. By directly interacting with the environment 

factors throughout the growing season, plant shoots usually show the first visible symptoms 

of drought stress and play a very important role in overall plant productivity. The common  

bean plants have diverse shoots types or growth habits that have been classified into plant 

types I to IV with type I growth habit being determinate, highly branched and exhibit upright 

growth (Singh et al., 1991). Type II plants are indeterminate and upright; type III plants are 

indeterminate, weak stemmed and prostrate and non-climbing; and type IV plants are 

indeterminate, weak stemmed with a strong ability to climb (Singh et al., 1991). When 

different common bean shoot genotypes were grafted onto different root genotypes and their 

performance evaluated under drought stress, the effect of shoot genotype was small in 

comparison with root genotype, but the shoot genotype still played a critical role in overall 

drought tolerance (White and Castillo, 1989). The combination of root traits with shoot-based 

drought tolerance mechanisms in single genotypes should enhance the development of drought 

resistant common bean.  In crop legumes , diverse shoot traits have been used to select drought 
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tolerant genotypes particularly maintenance of green stem was shown to be an important 

criterion for seedling stage drought tolerance in cowpea (Muchero et al., 2008). The slow 

wilting trait have been associated with drought tolerance in soy bean (Sadok et al., 2012).  

 Successful attempts have been made to classify common bean into races based on traits such 

as leaf shape and size, leaf pubescence, length of internodes, number of nodes to flower, flower 

and pod types, days to maturity, seed size and shape and geographic distribution (Kelly et al., 

1987). Determinacy is an important shoot characteristic and determinate types stop growing 

when the plant starts flowering. Whereas indeterminate types grow throughout the season and 

continue to produce leaves and flowers until the sink strength ceases vegetative growth. When 

determinate plants are stressed during the season, flowers and pods abort resulting in 

significant yield reduction. Contrary, indeterminate growth  habit the plant exhibits continuous 

production of flowers and pods, the moment favorable growing conditions have resumed and 

recovery results in less yield loss (Kelly et al., 1987). 

Plants with greater transpiration rates yield more because they are utilizing more water. 

Genotypes that possess the slow wilting trait relies on the interactions between hydraulic 

conductivity in the leaves, the xylem and guard cells. When transpiration is halted, growth 

ceases as photosynthesis is stopped. Hence, slow wilting genotypes have an overall lower 

transpiration rate and therefore a lower yield potential when compared to normal genotypes 

under favorable conditions whereas genotypes lacking this trait have a higher yield potential 

when conditions are idea as they are able to transpire and grow faster (Sadok and Sinclair, 

2011). In geographical regions where drought stress is frequent, the slow wilting trait is quite 

valuable because the genotypes are able to slow the transpiration rate and survive during 

intense drought periods. Conversely, the genotype without this trait tend to completely cease 

transpiring and photosynthesizing under extreme drought stress conditions compared to those 

that possess the trait (Ries et al., 2012).  Selected target shoot traits that are pertinent for 

drought resistance breeding in common beans have been clearly defined; 

• Seed yield 

• Geometric mean 

• Harvest index 

• Pod harvest index 
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• Pod wall biomass proportion% 

• Pod partitioning Index 

• Stem biomass reduction 

• Grain filling index 

• Seed production efficiency 

• Drought Intensity Index 

• Drought Susceptibility Index 

2.9.1.0 Root traits for drought tolerance 

The root architecture is an important component of plant growth and its ability to tolerate 

stresses that includes drought, soil salinity and acidity among others in common bean. Studies 

have demonstrated that the root system has a significant effect on common bean yield under 

drought stress (Trachsel et al., 2011, Adams et al., 2002). Deep rooting has been positively 

correlated with seed yield, crop growth, cooler canopy temperature, and soil water extraction 

in common bean (Sponchiado et al., 1989). In another study, drought tolerant bean genotypes 

were able to extend their roots to a depth of 1.2 m in drought environments whereas sensitive 

genotypes could not extend beyond 0.8 m. (White et al., 1994).  The development of common 

bean varieties with enhanced productivity under limited nutrient and water resources is the 

priority strategy in addressing the challenges of low productivity amongst Small scale 

producers (White and Hammond, 2008), hence root traits could be used for identifying stress 

tolerant genotypes  

2.9.1.1 Leaf cooling trait and drought stress 

 Regulation of canopy temperature is achieved through maintenance of stomatal conductance 

(Porch et al., 2013, Prasad et al., 2017).  It has been proposed that transpirational cooling could 

be used by plant breeders to identify bean genotypes with the thermal plasticity to adapt to 

elevated temperature due to climate change (McClean et al., 2011).  The magnitude of 

transpirational cooling is indicative of plant’s adaptative qualities and has been used by 

breeders to screen for heat tolerance in spring wheat cultivars (Porch and Hall, 2013). There 

is evidence that plants that are adapted in extreme environments are able to strongly regulate 

the temperature of their leaves, decoupling leaf and air temperature. Leaf temperature can 
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exceed air temperature by as high as 20 oC in cooler alpine environments and humid tropics, 

whereas, in hot and dry desert environment , leaf temperature can be 20 oC cooler than ambient 

temperature (Blonder and Michaletz, 2018). The relationship between net radiation and 

evaporative cooling is mediated by leaf thermal traits, including stomatal conductance, size, 

shape, absorptivity, and emissivity (Michaletz et al., 2016). Stomatal conductance is 

influenced by internal and external factors that affect the rate of carbon assimilation and 

transpiration. The simultaneous occurrence of high temperature and drought prompts stomata 

behavior towards a potential trade-off between leaf cooling and water conservation in 

extremely hot non-irrigated field conditions.   There  has been significant progress in 

understanding the role of transpirational cooling in temperature regulation of rice and wheat 

plant; and within species variation has been well documented (Weerakoon et al., 2008).  

2.9.1.2 Cell membrane thermostability 

Cell membrane thermostability (CMT), measured as electrolyte leakage from leaf discs over 

a range of temperature, is a sensitive and rapid method to evaluate heat tolerance in plants   

(Wu and Wallner, 1983). A number of studies have confirmed the effectiveness of CMT 

testing in evaluating genetic variability for heat tolerance among several other agronomic traits 

in fruit and vegetable crops  (Saadalla et al., 1990). Several authors have found that leaf CMT 

highly correlate with fruit set and yield under high temperature conditions (Fokar et al., 1998, 

Martneau et al., 1979, Y, 1979). 

Cell membrane stability, reciprocal to cell membrane injury, is a physiological index widely 

used for the evaluation of drought tolerance (Premachandra et al., 1991). This is a genetically 

related phenomenon since quantitative trait loci for this trait have been mapped in drought 

stressed rice at different growth stages. The causes of membrane disruption are unknown; 

notwithstanding, a decrease in cellular volume causes crowding and increase the viscosity of 

cytoplasmic components (Dhanda et al., 2004). This increases the chances of molecular 

interactions that can cause protein denaturation and membrane fusion.  For model membrane 

and protein systems, a broad range of compounds have been identified that can prevent such 

adverse molecular interactions. Some of these are proline, glutamate, glycine-betaine, 

carnitine, mannitol, sorbitol, fructans, polyols, trehalose, sucrose and oligosaccharides 

(Hoekstra et al.,  2001). Another possibility of leakage from the cell may be due to thermal-
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induced inhibition of membrane -bound enzymes responsible for maintaining chemical 

gradients in the cell (Reynolds, 2001). 

2.1.0 Biotic stress 

The bean crop may be attacked by a wide range of insect pests, diseases, and nematodes. 

Among diseases, the major constraints in bean production are bean anthracnose 

(Colletotrichum lindemuthianum), angular leaf spot (Pseudocercospora griseola), halo blight 

(Pseudomonas phaseolicola) rust (Uromyces phaseoli) bean mosaic virus, Common bacterial 

blight (CBB)  (Miklas et al., 2006). The seed borne diseases are the major issue with bean 

production. The extent of damage and loss depends on the type of cultivar, prevailing 

environments, and above all the production area. The major bean insect pests including 

leafhoppers, thrips, weevils, white flies, bean flies or bean stem maggot (Ophiomyia phaseoli 

and O.spencerella), chrysomelid bettles (Ootheca bennigseni and O.mutabilis, pod borers ( 

Maruca vitrata and Helicoverpa armigera, and mites ( Tetranychus cinnabarinus Boisd, 

Polyphago-tarsonemus latus Banks) attack crops at various stages (Schwartz and Peairs, 

1999). Aphids (Aphis fabae, A. craccivora) are sometimes a problem on beans during dry 

spells, especially in the early stages of crop growth. Among nematodes, the root-knot 

nematodes (Meloidogyne incognita and M. javanica ) can be cause problems in sandy loam 

soils.  Beans are highly susceptible to early weed competition, but their yield is also sensitive 

to late emerging weeds which are favored by crop foliage loss during reproductive stage.  

2.1.1 Common bean production and anthracnose disease 

Anthracnose caused by Colletotrichum lindemuthianum (Sacc. And Magn.) Bri. And Cavi., is 

on of the most serious disease that attacks common bean in cool weathers of latin America 

and Africa. There is documented evidence that yield losses in these regions could occur due 

to seedling, stem, leaf and pod infestations and have been recorded up-to 90 % in susceptible 

genotypes under favorable climatic conditions. When the pathogen attacks the common bean 

leaves, it causes dark brown necrotic lesions and significantly reduces the photosynthetic 

activity (Bassanezi et al., 2001). The yield loss is attributed to early leaf senescence and plant 

death, shrunken seed and an increase in the amount of diseased seed that bears lesions on its 

coat (Schwartz and Corrales, 1989). The infested bean seeds have a repulsive appearance and 

are not popular among consumers and lowers the marketability and thus the anticipated 
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income from sales. Host resistance, cultural and chemical control methods have been 

employed to effectively manage and minimize seed borne infection in the field seed 

production (Yesuf, 2005). The fungus is known to have races that vary from, country, region, 

location, and variety, to another. 

2.1.2 Distribution of common bean anthracnose 

The first description of Anthracnose from plant specimens was conducted in Germany in 1875 

and ever since, the disease is widely distributed throughout the world and has become one of 

the most economic important diseases of common bean. There are more than 25 different races 

of Colletotrichum lindemuthianum identified in Brazil (Thomazella et al., 2002). On the Africa 

continent, the disease is particularly important in Uganda, Kenya, Tanzania, Rwanda, Burundi, 

Ethiopia and D.R. Congo. Despite plant residues contributing to pathogen survival and 

dissemination, the infected seed plays an important role in international distribution of 

pathogen and this is especially so, in African countries where most farmers continuously use 

infected recycled seed thus contributing to the distribution of pathogen (Schwartz and 

Corrales, 1989).  The documented  yield losses in Tanzania are at 40 – 80 %  and are estimated  

to be worth US$ 304 million per annum, whereas in Uganda anthracnose remains an important 

disease in the high altitude and low temperature areas (Mohammed, 2013). In Zambia, 

Anthracnose was first recorded in Northern, Copperbelt, Northwestern and Luapula provinces 

in 1986. The incidence and severity of anthracnose disease in Zambia is highest in region III 

that exhibit’s cool weather, humid and high rainfall followed by regions II and I which 

experiences low humid and rainfall (Zulu, 2005). The incidence and severity of anthracnose 

is relatively higher in region III that exhibits a cool , humid and high rainfall rain season 

(Kachapulula et al., 2010) 

2.1.3 Taxonomy of bean anthracnose 

Colletotrichum lindemuthianum is considered as hemibiotrophic fungus that belongs to 

Kingdom Fungi, Phylum Ascomycota, Subphylum Pezizomycotina, Class Sordariomycetes, 

Subclass Sordariomycetidae, Order Incertae sedis, Family Glomerellaceae, Genus 

Colletotrichum and Subject Colletotrichum lindemuthianum (Sacc. & Magnus) Lams. -Scrib 

(CABI, 2023). 
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2.1.4 Vegetative cycle of bean anthracnose 

The fungus displays a complex life cycle which has various development stages and two 

means of taking food and the distinct development phases enables the fungus to survive. In 

the imperfect form of C. lindemuthianum the reproduction is asexual, and the spores ae 

produced inside arcevulis and immerse in water soluble mucilage (O’connell et al., 1996). The 

fungus is both a saprophyte and biotroph; therefore, the fungus is classified as hemibiotrophic. 

As a saprophyte fungus, the spore germination process begins with the spore adhesion to the 

plant surface under adequate humidity conditions with the required correct aqueous content in 

the spore envelope. The spores of fungus round off by water absorption and active growth and 

is later, the germinating tube is formed, and the hyphae elongates to colonize the substrate.  

Th aerial mycelia appear; then the fungal reproductive structures are formed where the spores 

are stored. Finally, their lifecycle is completed and it starts all over again. (Mohammed, 2013).  

2.1.5 Plant infection and symptoms of common bean anthracnose 

2.1.5.1 Leaf infection and symptoms 

The early signs of infection usually appear on the lower leaf surface along the veins, which 

show a brick red to purplish red discoloration. Subsequently, such discoloration appears on 

the upper leaf surface and simultaneous brown lesions of various sizes, black, brown, or 

purplish red margins, develop around small veins (Schwartz et al., 2005). The course of 

disease development includes vein necrosis appearing first, followed by wilting and bleaching 

often occurs at the tip of the leaflet before spreading over the margin and finally over the blade 

(Beshir, 2003). The fungal pathogen produces cell wall degrading enzymes and low molecular 

weight phytotoxins that may, by killing cells in advance of the invading hyphae, contribute to 

the necrotrophic growth of the pathogen (Bailey et al., 1992) 

2.1.5.2 Pod infection and symptoms 

Infection affects the arial parts of the plant that include the leaves, stems and pods. The stem 

infection is manifested by dark brown eyespots which develop longitudinally along the stems. 

In the young seedling, if the eyespots enlarge,, the stem may break off, but for older stems the 

lesion is limited to an approximate length of 5 -7 mm, and the lesion often has a sunken 

cankerous center (Mohammed, 2013). The infection spreads to the pods with the most striking 



26 
 

disease symptoms being small brown specks on rusty brown spots. The spots enlarge with 

their centers turning brown and many tiny black specks appear randomly on the brown are, 

replacing the brown specks (Bailey et al., 1992). The lesions on the pod usually reach a 

diameter of 5-8 mm, are slightly sunken at the center and have a dark brown or purplish brown 

margin. 

2.1.5.3 Seed infection and symptoms 

Anthracnose transmission to the next crop generation is facilitated through seed infection and 

provides means by which the fungus survives unfavorable weather conditions. The pathogen 

will remain alive on the viable seed, although not all infested and infected seed is capable of 

transmitting the disease (Mohammed, 2013). The variation in seed transmission relates to the 

degree of infestation as well as the severity and site of infection in the seed (Tu, 1983). The 

infection of the seed follows the spread of infection from the pods as such, it has been 

established that the higher the number of pods infected, the higher is the number of seeds 

infected. Anthracnose is displayed as brown to light chocolate-colored spots on infected seed 

coats and in highly infected seed, the lesions may extend into the cotyledons (Mohammed, 

2013) 

2.1.6 Variability of the anthracnose pathogen 

The fungus is known to have many races that vary from country, region and location. Most 

pathogens exhibit a great variability for pathogenicity that arises from sexual mechanisms of 

reproduction leading to recombination of nuclear genes, mutation, or by extra chromosomal 

variation. Colletotrichum lindemuthianum has co-evolved with the Andean and Middle 

American gene pools of Common bean resulting in some races being more virulent on Andean 

than Middle American and vice-versa (Mahuku and Riascos, 2004). The pathogen has high 

genetic variability with over 182 races characterized and reported using a set of 12 differential 

cultivars (Sharma et al., 2019). The high genetic variability of Colletotrichum lindemuthianum 

makes it difficult to develop varieties with durable resistance, and therefore demands 

continuous breeding programs to help identify new sources of resistance. The high variability 

of races across regions leads to genotypes being resistant in a particular region and susceptible 

in other regions (Nalupya et al., 2021). Zulu (2005) characterized 14 races out of 22 isolates 

from 7 districts, Nalupya et al. (2021) characterized three races from three isolates from three 
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districts, and Kachapulula (2010) characterized 10 races out of 10 isolates from 3 districts. 

Sansala et al. 2023 characterized 58 physiological races from 103 isolates from 22 major bean 

growing districts in Zambia  

2.1.7 Host plant resistance 

Management strategies used to minimize seed-borne infection in the seed production field 

include host resistance, cultural, chemical and biological control methods. Host resistance is 

the most effective and efficient method of anthracnose management (Falconí-Castillo et al., 

2003), though it has been complicated by the presence of several races of the fungus, and the 

fact that plants resistant to one race may be susceptible to another. There are nine resistance 

anthracnose genes that have been reported so far in different parts of the world  (Kelly and 

Vallejo, 2004). Previous studies have established that Cultivar AB 136 and G 2333 could be 

used as sources of resistance in bean breeding program as they have been found to be highly 

resistant to different races of C. lindemuthianum found in Africa, North and Central America 

(Mahuku et al., 2002) . In order to determine the effectiveness of resistance to anthracnose, 

varieties must be tested where they are to be grown to establish their tolerance to the locally 

prevalent races. 
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CHAPTER THREE 

MATERIALS AND METHODS 

Two experiments were conducted. Experiment 1 was conducted to determine the response to 

terminal drought stress under and green house conditions, while experiment 2 was conducted 

to assess for C. Lindemuthianum in the green house. 

3.1 Experiment 1: Evaluation for drought tolerance 

3.1.1 Plant materials  

A pinto bean collection comprising 56 pinto varieties and breeding lines were used in objective 

One. These varieties and breeding lines were sourced from public bean breeding programs in 

the USA. Dr. Phillip Miklas of the USDA-ARS, Prosser, Washington, USA assembled the 

collection. The names or codes, and the breeding program from where the genotype was 

sourced is provided in Appendix 10. The genotypes Kabulangeti and SER16 were used as 

drought-susceptible and drought-resistant checks, respectively. Kabulangeti is an Andean 

landrace from Zambia while SER16 is a Middle American breeding line developed by 

the International Center for Tropical Agriculture (CIAT). The 56 pinto genotypes and checks 

were evaluated for response to terminal drought in two field trials and one green house 

experiment conducted in Zambia. 

3.1.2 Trial design and data collection 

The genotypes were evaluated under field and green house conditions. The lay out for each 

trial is explained in details below; 

(a) Field conditions 

Trial design 

Two field trials were conducted in the year 2022 at two locations namely University of Zambia 

(UNZA) Research Farm (hereafter referred to as UNZA trial) and Golden Valley Research 

Trust (GART) (hereafter referred to as GART trial) in Zambia.  Both UNZA and GART trials 

were conducted on soils classified as fine loamy isohyperthermic paleustalf.  
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Both trials were conducted under irrigation between August and November, and there was no 

rainfall during this period. Each trial had two moisture regime treatments namely; drought 

stress treatment (DS) and non-drought stress treatment (NS), separated by a distance of 10 m, 

which was planted with a buffer crop. A Randomized Complete block design with three 

replications was used was used for each moisture regime. The experimental unit comprised of 

two rows that were 4 M long each with an inter-row spacing of 0.5 M.  Basal fertilizer (10N: 

20P: 10K) was applied at planting at a rate of 250 kg ha-1. Adequate water was applied through 

overhead surface irrigation (with sprinklers) to both DS and NS from planting until flowering 

stage. At flowering stage moisture stress was slowly imposed on DS through gradual irrigation 

withdraw (intermittent irrigation) up to mid-pod fill. At mid-pod fill, irrigation was completely 

withdrawn from DS (to simulate terminal drought), but normal irrigation continued for NS 

until physiological maturity. 

     Data collection 

At physiological maturity five plants were randomly selected from each plot, and cut at the 

ground level. Plant samples were placed in the drier set at 60 OC for 72 hours. After samples 

were dried, the primary traits including Shoot Dry Weight (SDW), Pod Number (PN), 

Hundred Seed Weight (HSW) and seed yield were measured and recorded on the five plants. 

Average values per plant for these parameters were calculated and reported. Seed yield was 

measured from the whole plot when crop had reached harvest maturity. The seed yield from 

each plot was adjusted to yield (kg ha-1) at 10% grain moisture content.   

The primary data was used to compute the following secondary traits based on the formulae 

provided in Beebe 2023: 

i. Harvest index 

Computed as seed yield divided by total shoot dry weight multiplied by 100 

ii. Pod harvest index 

Computed as seed dry weight divided by pod weight at harvest multiplied by 100 

iii. Drought intensity index (DII) 

DII = 1 - (Seed Yield from Drought stressed environment/Seed Yield from Non-

Drought stressed environment)  

iv. Geometric mean for seed yield per hectare  
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GM = √( GYNS X GYDS), Genotypes with high GM index will be more desirable 

v. Percent Reduction in Yield due to drought stress for each genotype  

Percent Yield Reduction = (YNS-YDS) * 100 where YNS is yield under non-Drought  

YNS 

environment and YDS is yield under drought stress environment 

 

(b) Green house conditions 

Trial design 

A Completely Randomized Designed with three replications was used in the green house 

experiment conducted at University of Zambia to evaluate the 56 selected pinto genotypes for 

electrolyte leakage (EL) and canopy temperature depression (CTD). The experimental unit 

was a 5 – liter plastic pot that was planted with four seeds. Thinning was conducted at first 

trifoliate stage to leave two seedlings per pot. The experiment had two moisture regime 

treatments namely; drought stress treatment (DS) and non-drought stress treatment (NS).  

Pots under both DS and NS treatment were watered optimally from emergence up to 

flowering. Compound D fertilizer was applied one week after emergence to stimulate plant 

growth vigor. At flowering watering was withdrawn from the DS treatment for 14 days but 

the NS treatment continued to receive optimum watering (Appiah-kubi et al, 2022). 

Data collection 

Canopy Temperature Depression (CTD) was measured using the MultispeQ device on two 

plants in each of the pots just before the leaf tissue samples for electrolyte leakage 

measurements were collected after 14 days of moisture stress. The CTD measurements were 

collected during “full sunshine” and “clear sky “(suitable weather condition for CTD (Ayeneh 

et al, 2002) between 10:00 to 14:30 hours. To take the measurement, the MultispeQ device 

was placed over a central portion of a fully developed young leaf without altering leaf angle 

and avoided casting shadow over either the leaf or the PAR sensor of the MultispeQ. Plant 

leaf samples were collected from both DS and NS treatments after 14 days of imposing 

moisture stress to analyze for electrolyte leakage.  A 10 mm diameter cork borer was used to 

exercise plan leaf tissues.  The plant discs were washed with deionized water to remove surface 
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adhered electrolytes and then plant disc samples were incubated at ambient temperature on a 

rotary shaker at 100 rpm for 24 hours. The initial electrical conductivity (EL_1) was 

determined using WTW Cond 3310 SET 1 conductivity meter (Xylem Analytics Germany 

GmbH). Samples were then autoclaved at 212 oC for 20 minutes and cooled to room 

temperature. Following cooling, the final Electrical Conductivity (EL_2) was determined. 

Electrolyte leakage was expressed as a percentage: (EC_1/EC_2) x 100.  

3.1.3 Data Analysis  

(a)Field conditions 

Data collected was subjected to analysis of variance (ANOVA) per location and also across 

locations (Combined ANOVA) using R-software. In the individual ANOVA, a mixed model 

was followed with genotype and moisture regime being fixed and replication random. The 

model used; 

Statistical analyses on all traits measured in the current study were conducted using R 

software. Normality tests were conducted on residuals for each trait to determine if the data 

for each trait was normally distributed. Normality test results indicated that all traits were 

normally distributed. Initial ANOVA was conducted using R following the statistical model: 

Y = μ + α + k + β+l + α*k + α*l +k*l + α*k*l + e  

Where: Y was the response variable e.g., Yield; μ is the population mean; α was the fixed 

effect of the genotype; k was the fixed effect of water regime (NS or DS); β was the random 

variable effect of a block; α*l was the random effect of interaction between genotype and 

location; α*k was the random effect of the interaction between genotype and water regime; 

α*k*l the random effect of interaction between genotype, location and water regime; k*l was 

the random effect of interaction between location and water regime; e was the residual (error) 

associated with replication and was considered as a random variable that was normally 

distributed with mean =0. The above statistical model showed significant interaction between 

genotype and location for all primary traits. Therefore, the data for each location was re-

analyzed separately using R software following statistical model: 

Y = μ + α + k + β+ α*k +e   
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Where: Y was the response variable e.g., Yield; μ is the population mean; α was the fixed 

effect of the genotype; k was the fixed effect of water regime (NS or DS); β was the random 

variable effect of a block; α*k was the random effect of the interaction between genotype and 

water regime; e was the residual (error) associated with replication and was considered as a 

random variable that was normally distributed with mean =0.  

(b) Green house conditions 

Data for electrolyte leakage and canopy temperature depression was checked for normality, 

and that check showed that the data was normally distributed. ANOVA was conducted 

following statistical model below:  

            Y = μ + α + k + β+ α*k +e  

Where: Y was the response variable e.g., Electrolyte leakage; μ is the population mean; α was 

the fixed effect of the genotype; k was the fixed effect of water regime (NS or DS); α*k was 

the random effect of the interaction between genotype and water regime; e was the residual 

(error) associated with replication and was considered as a random variable that was normally 

distributed with mean =0.  

Genetic correlation analysis between traits measured in the field was conducted using 

multivariate restricted maximum likelihood estimation as described in Holland (2006). 

3.2 Experiment 2: Evaluation for resistance to Anthracnose  

3.2.1 Plant material  

A total of 56 pinto genotypes used in objective One were also used in Objective Two. 

Additionally, two genotypes Kabulangeti and Lusaka, which are Andean landraces from 

Zambia were used as susceptible checks.  Kabulangeti and Lusaka have previously been 

reported to be susceptible to anthracnose (Mungalu et al., 2020; Nalupya et al., 2021). The 

Middle American landrace G2333 was used as a resistant check.   

3.2.2 Trial design and data collection 

Trial design 

The 56 pinto genotypes and checks were inoculated with already characterized races of C. 

lindemuthianum namely races 51, 65, 73, 247, 253, 263 and 1085.  These races were selected 
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from a pool that was previously characterized by Sansala et al (2023). The races were selected 

based on their geographical distribution, virulence and frequency of isolation. This allowed 

for a wide virulence range. Classification of races into either Andean or Middle American was 

based on the reaction of the 12 differential cultivars as described in Mungalu et al., 2020 and 

Nalupya et al., 2021. Briefly, a race that was virulent only on Andean host genotypes was 

classified as Andean while a race virulent only on Middle American host genotypes was 

classified as Middle American. A race that was virulent on both Andean and Middle American 

differentials was classified as mixed race. 

The 56 genotypes and checks were planted on a Styrofoam tray which had 200 wells with each 

well measuring 3 cm long, 3 cm wide and 5 cm deep. The experiment was set up in a 

completely randomized block design with three replications. Each replication had two 

seedlings, therefore, a total of six seedlings per genotype were evaluated.  

Seedlings on Styrofoam trays were grown to the unifoliate (fully expanded primary leaf) stage 

and then inoculated with races 51, 65, 73, 247, 253, 263 and 1085. Inoculation was conducted 

for a single race at time. Inoculated seedlings were transferred to the high humidity (> 90 oC) 

growth chamber where they were maintained for 72 hours. At the end of 72 hours, the 

materials were transferred to the green house and where they were maintained at room 

temperature and humidity for 5 to 7 days to allow for anthracnose disease development.  

Data collection 

The CIAT scale of 1 to 9 was used to decompose anthracnose severity scores. Plants with no 

visible symptoms or few small lesions mostly on primary leaf veins were classified as resistant 

(scale 1-3), seedlings with small lesions mostly on leaves and seedlings stem were considered 

moderately resistant (scale 4-6) and seedlings with numerous or enlarged lesions, with sunken 

cankers on leaves and seedling stem, or dead plants were classified as susceptible (scale 7-9).  

3.1.3 Data Analysis  

Analysis of variance (ANOVA) on Anthracnose reaction severity scores was conducted 

using R Software based on the statistical model; 

Yik = µ + αi + γk + £ik  
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where anthracnose severity score for genotype i in replication k; αi was the fixed effect of 

genotype; γ was the random variable effect of a replication; £ was the random error associated 

with replication k for genotype i.. A test for normality using a Shapiro-wilk normality test 

revealed that data was not normally distributed, therefore the scores for all seven races were 

transformed for use in ANOVA. The average severity scores are reported in the untransformed 

original values. 
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CHAPTER FOUR 

RESULTS 

4.1 Evaluation for drought tolerance 

The analysis of variance for varying moisture regime revealed that the response of the 56 

pinto common bean genotypes and the checks were significantly different (p ≤0.05) for the 

measured traits at GART and UNZA as indicated in Table 4.1. 

4.1.1 Yield, Geometric Yield and Yield Percentage Reduction 

Combined analysis of yield from the two locations showed significant (P<0.05) differences in 

seed yield among genotypes. Under DS the average yield ranged from 266 kg ha-1 (PT16-20) 

to 842 kg ha-1 (NDZ14048-2) with an average of 544 kg ha-1. The average yields for the 

drought tolerant SER 16 and susceptible Kabulangeti checks were 681 kg ha-1 and 469 kgha-

1respectively. Five genotypes (NDZ14048-2, PT16-12-2, PT9-18, PT11-13 and NDZ14006-

4) recorded higher yield than the tolerant check. Yields were higher under non drought stressed 

conditions   from 874 kg ha-1 (NE2-09-8) to 1,731 kg ha-1 (NDZ14048-5), with the average 

being 1,331 kg ha-1. Genotypic effects on yield were significant for both GART and UNZA.  

Yield at GART under DS ranged from 262 kg ha-1 (PT16-20) to 904 kg ha-1 (PT9-18), with 

the average being 592 kg ha-1. The yield for the tolerant check SER16 and susceptible 

Kabulangeti were 698 kg ha-1 and 423 kg ha-1, respectively.  

Yield Percentage Reduction (YPR) from combined analysis of data from two locations ranged 

from 34.6 % (PT9-18) to 68.4 % (PT16-20), with an average of 48.9 %. The YPR for the 

tolerant check SER 16 and susceptible check Kabulangeti were 37.6 % and 57.6 %, 

respectively.  At GART, YPR ranged from 18.9 % (PT9-18) to 68.5% (PT16-20), and the 

average being 43.6%. At UNZA, YPR ranged from 25.6% (PT11-13) to 86.1% (CO-52646), 

with the average being 58.5%. 

Yield geometric mean (GM) from combined data of the two locations ranged from 512 kgha-

1 (NE2-09-8) to 1,102 kg ha-1 (NDZ14048-2). NDZ14048-2 and NDZ14048-5 genotypes had 

higher GM than that of the tolerant check SER16 (1,016 kg ha-1) and susceptible check 

Kabulangeti (700 kg ha-1). GM for GART ranged from 595 kg ha-1 (PT16-20) and 1,201 kg 
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ha-1 (NDZ14048-5), with an average being 891 kg ha-1. At UNZA, GM ranged from 260 kg 

ha-1 (NE2-18-7) to 1,331 kg ha-1 (NDZ14048-2) with average being 686 kg ha-1.  
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Table 4.1. Mean squares from ANOVA for response of the 56 pinto common bean genotypes and checks under drought stress and non-

drought stress condition at GART and UNZA. 

 

Location  SoV     DF PN         SDW  Yield   PHI  HI         100SW    

Year_______________________________________________________________________________________________________________________________ 

GART  Gen   57 60.8*         6176 *    286946*   87.3***   240***            47483 

      

2021  MR      1 1888.5***  378489**                    100316146***            1928.6***         10373***        103286    

Replication     2 163.9*       17521.                5582994***            485.2***          1004***          45906           

Gen: Treatment    57 43.8              6363               163423              62.9.                113                  47270 

Residuals  226 49.0        6359               182537              46.5              96                   48339  

GART  Gen   57 36.0**       2880*                   23683+7***   95.7    153.                87341 

      

2022  MR    1 33.8       42929***                     31756348***            2504.6***         3510***          3728    

Replication   2 242.0***      1215                139399              465.2**            441*               4632           

Gen: Treatment     57 31.2*            2426               98117              119.1.               148.                 91838 

Residuals    226 21.4        1835              128347              91.3              112                  92639 

UNZA  Gen     57 51.9***        9913*                 353092***             312.9*               595***              61 

      

2022  MR      1 421.2***     80294**                    39394504***             955.1*              3901***         3067.3    

Replication     2 10.4       8127              2363331***            2476***           4082***           92.8            

Gen: Treatment    57 32.6*           12307               97329              173                  310                    47  

Residuals    226 23.4      10137             171082              195.6              268                   15.7 

  

Significance codes: *** = p ≤ 0.001, ** = p ≤ 0.01, * = p ≤ 0.05, .  = p ≤ 0.1; SoV = Source of Variation, MR = Moisture regime, DF = Degree of freedom 

Gen = Genotype, PN = Pod number, SDW = Shoot dry weight, PHI = Pod harvest index, HI = Harvest index, 100SW = Hundred seed weight
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4.1.2 Shoot Dry Weight (SDW) 

Combined data analysis showed significant (P<0.05) genotypic effects on shoot dry weight 

(SDW). Under DS, PT11-13 had the highest mean SDW at 108 g compared to PT16-20, which 

had the lowest mean SDW at 50 g. The drought tolerant check SER 16 had a mean SDW of 

75 g under DS.  The drought susceptible check Kabulangeti had a mean SDW of 60 g under 

DS. Under NS, SDW ranged from 80 g (Grand Mesa) to 289 g (PT16-4), with an average of 

130 g. Water treatment effects on SDW were also significant (P<0.05). 

4.1.3 Pod Number (PN) 

Combined data analysis showed significant (P<0.05) genotypic effects on pod number (PN). 

The drought tolerant check SER 16 consistently had a highest mean PN at 16.2 across trial 

sites and moisture regimes. Among the pinto genotypes, PT11-13-B recorded the highest PN 

(15.7) under DS while CO-32330-14 had the lowest mean PN (7.5).  

4.1.4 Harvest Index (HI) 

There was significant (P<0.001) genotypic effect on HI. Under DS, HI ranged from 34.3% 

(CO-52646-14) to 60.2% (NDZ14048-2). The HI for the drought tolerant check SER16 was 

67.5%, which was the highest among genotypes under DS. The HI for the drought susceptible 

check was 52.4%. The water treatment effect on HI was significant. The mean Harvest index 

for all genotypes under NS was 55.2 compared to 47.1 under DS.  

4.1.5 Pod Harvest Index (PHI) 

The genotypic effect on PHI was significant (P<0.05). Under DS, the highest mean PHI was 

recorded for NDZ14048-2 (75.3 %), while the lowest was for CO-52646-14 (57.9 %). The 

PHI for the drought tolerant check SER 16 was 74.3 % while, the drought susceptible check 

Kabulangeti recorded a PHI of 70.63 % under DS.  The genotypes NDZ14048-2 (75.3 %) and 

NE2-18-20 (74.8 %) recorded higher PHI than the drought tolerant check SER16 under DS.  

4.1.6 Hundred Seed Weight (HSW) 

Genotypic effects on HSW at GART were not significant (P>0.05), but where significant for 

UNZA (P<0.05).  The highest HSW at UNZA under DS was recorded for Kabulangeti (43.6 
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g) while the lowest HSW was recorded for PR1572-26 (21.14 g). The HSW under DS for the 

drought tolerant check SER 16 was 30.9 g.  

4.1.7 Genetic Correlations 

Genetic correlation analyses under DS revealed strong correlation between seed yield and the 

partitioning indices PHI (r=0.55***) and HI (r=0.68***) as indicated in Table 4.2. Under NS, 

correlations between seed yield and PHI, HI were also significant, but with reduced correlation 

coefficients. YPR was significantly correlated with partitioning indices PHI (r=0.51***), YPR 

and HI (r=0.53***). Under DS, there was a significant, but weak correlation between seed 

yield and SDW and seed yield was not significantly correlated with HSW.  

Table 4.2. Correlation coefficients for morpho-physiological traits under drought stress 

  PN SDW YIELD PHI HI 100 SW YPR GM 

PN 1.00 
       

SDW 0.23** 1.00 
      

YIELD 0.55*** 0.20** 1.00 
     

PHI 0.26*** 0.14+ 0.55*** 1.00 
    

HI 0.46*** 0.03ns 0.68*** 0.79*** 1.00 
   

100 SW 0.08ns 0.05ns 0.08ns 0.12ns 0.15+ 1.00 
  

YPR -0.26*** -0.06ns -0.64*** -0.51*** -0.53*** -0.06ns 1.00 
 

GM 0.40*** 0.10ns 0.86*** 0.58*** 0.61*** 0.05ns -0.49*** 1.00 

 

Significance code: ns = not significant, + = P ≤ 0.1, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001 

 

Where; PN = Pod Number; SDW = Shoot dry weight; PHI = Pod Harvest Index; HI = Harvest 

index; 100 SW = Hundred seed weight; YPR = Yield percentage reduction; GM = Geometric 

mean  

4.1.8 Relationship Between Seed Yield under Drought Stress and Non-Stress 

The relationship between seed yield under DS and NS was explored to identify genotypes that 

had higher seed yield under both DS and NS. The four quadrants in Figure 4.1 illustrates the 

response of the pinto genotypes and checks under DS and NS, with the genotypes that were 

considered drought tolerant and responsive to ideal moisture conditions falling in the upper-
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right quadrant.  Nineteen genotypes (Figure 4.1) had higher seed yield than average yields of 

all genotypes under DS and NS. Among these 19 genotypes, the genotypes NDZ14048-2 and 

NDZ14048-5 were particularly outstanding in their performance under both DS and NS 

conditions. The drought-tolerant check SER16 also recorded higher seed yield than averages 

seed yields under DS and NS.  

 

Figure 4.1. Seed yield for the 56 pinto genotypes and checks under drought stress and non-

stress conditions. 

4.1.9 Electrolyte leakage (EL) 

 The results for Electrolyte Leakage (EL) are reported in Table 4.3 under DS- EL for drought 

stress EL and NS-EL for non-drought stress EL. EL ranged from 18.6 (P16901) to 83.7 (PT9-

22)) under NS and between 35.15 (Kodiac) to 100.21 (PR1572-26) under DS. The drought-

tolerant check SER 16 ranked second for the lowest EL (19.5) whilst the drought susceptible 

check Kabulangeti ranked 38th for EL at 60.4 compared to other genotypes under NS. 

Under DS, the genotype Kodiac had the lowest electrolyte leakage at 35.1 while PR1572-26 

had the highest (100.2). The drought tolerant check SER 16 ranked second for lowest 

electrolyte leakage at 36.8 whilst the drought susceptible check Kabulangeti ranked 20th at 
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82.5 under DS. Water treatment had a significant effect (p<0.001) on the mean differences in 

EL under NS (53.9) and DS (82.1). 

4.1.10 Canopy temperature depression (CTD) 

The results for Canopy temperature depression (CTD) are indicated in Table 4.3 under DS-

CTD for drought stress CTD and NS-CTD for Non drought stress CTD. CTD ranged from 

1.4oC cooler (P16901) to 5.9oC cooler (NE2-18-15) compared to ambient temperature under 

NS. The CTD for the drought-susceptible check Kabulangeti and drought-tolerant check SER 

16 were 1.6oC cooler and 2.8oC cooler compared to ambient temperature under NS.  CTD for 

the drought-susceptible check Kabulangeti and drought tolerant check SER 16 were 1oC cooler 

and 4.8oC cooler compared to ambient temperature under DS. Among the pinto genotypes, 

PT16-20 had the highest CTD (3.2oC cooler) while NE2-18-38 had the lowest (0.9oC cooler). 

The CTD ranged from 4.77 oC cooler to 0.02 oC cooler compared to ambient temperature 

under DS. 

Table 4.3. Means for electrolyte leakage (EL) and canopy temperature depression (CTD) for 

the 56 pinto genotypes and checks evaluated under drought and non-stress conditions in the 

green house at the University of Zambia. 

Genotype DS_EL NS_EL DS_CTD NS_CTD 

NE2-18-44 78.26 33.18 -2.96 -3.81 

NE2-18-7 86.40 51.14 -1.83 -2.80 

NE2-18-8 86.48 48.43 -1.74 -4.62 

NE2-18-38 82.28 72.97 0.95 -4.31 

NE2-18-12 94.03 66.08 -1.56 -3.61 

NE2-18-15 68.70 57.14 -1.34 -5.89 

NE2-18-20 98.90 74.77 -1.31 -3.37 

NE2-18-23 98.21 61.66 -0.84 -1.71 

PT11-13-B 96.47 60.14 -1.63 -3.72 

PT16-12-1 93.60 80.61 -0.51 -2.45 

PT16-12-2 75.50 82.89 -0.70 -2.54 

PT16-18 87.84 71.39 -2.16 -1.80 

PT11-13-13 87.96 72.72 -0.55 -3.63 

PT16-4 85.15 41.94 -1.44 -2.40 

PT16-7 81.49 67.61 -2.67 -2.42 

PT16-46 75.93 67.61 -0.82 -2.11 

PT16-37 96.06 50.13 -1.83 -2.43 

PT16-22 85.99 62.05 -1.62 -2.30 
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PT16-20 86.57 57.74 -3.18 -2.48 

PT9-22 92.97 83.66 -0.45 -2.54 

PT9-18 86.77 38.79 -0.70 -2.95 

PT9-18-2 70.42 34.31 -0.14 -2.73 

PT16-9 88.42 42.34 -2.13 -2.45 

PT16-10 90.00 43.43 -1.61 -2.71 

PT11-13 89.32 54.03 -1.00 -2.74 

NDZ14006-4 83.13 43.58 -1.84 -1.86 

NDZ14043 54.65 63.72 -0.98 -3.83 

NDZ14048-2 95.20 46.19 -2.81 -3.37 

NDZ14048-5 99.57 28.61 -2.56 -1.80 

NDZ14120 96.93 25.82 -1.32 -2.23 

NDZ14056 92.64 81.16 -0.21 -2.52 

NDZ14086 90.83 73.35 -0.27 -2.70 

NDZ14110-4 83.69 65.69 -0.76 -1.91 

PR1572-10 93.59 59.44 -1.29 -1.90 

P-08166 95.29 29.34 -0.99 -1.99 

PR1572-19 87.45 50.06 -0.90 -2.06 

PR1572-26 100.21 61.12 -0.48 -1.89 

P14814 89.59 44.77 -0.03 -2.37 

P16901 91.41 18.64 -1.34 -1.40 

P16905 56.48 53.68 -0.84 -1.55 

P-08161 85.22 40.55 -0.84 -1.65 

NE2-09-3 60.89 49.67 -2.65 -1.51 

NE2-09-8 68.71 77.65 -2.33 -1.97 

NE2-17-18 89.35 28.88 -2.12 -3.20 

NE2-17-39 97.08 48.35 -2.74 -2.44 

CO-32330-14 79.29 48.60 -1.49 -2.19 

CO-52646-14 97.76 46.24 -0.83 -2.02 

G-08160 93.65 56.55 -2.15 -1.87 

ND040494-4 89.23 54.38 -2.07 -2.36 

Staybright 96.25 43.52 -2.33 -2.27 

ABCP-15 44.16 56.31 -2.93 -1.88 

El Dorado 50.43 81.49 -0.88 -2.20 

Dr Wood 52.78 40.02 -0.64 -2.07 

BelDakMi-RR-5 75.81 75.57 -1.62 -2.13 

Grand Mesa 50.12 32.35 -1.03 -2.32 

Kodiac 35.13 46.08 -0.66 -2.75 

SER 16 36.78 19.49 -4.77 -2.76 

KAB 82.46 60.35 -1.00 -1.57 

Mean 82.06 53.93 -1.44 -2.53 
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Note: 

DS_EL    = Drought and Heat Stress Electrolyte Leakage 

NS_EL    = Non-Drought and Heat Stress Electrolyte Leakage 

DS_CTD    = Drought and Heat Stress Canopy Temperature Depression 

NS_CTD    = Non-Drought and Heat Stress Canopy Temperature 

Depression 

KAB (Kabulangeti)   = Drought susceptibility check 

SER 16    = Drought tolerant check 

 

4.2 Evaluation for resistance to Anthracnose  

The resistant check G2333 showed consistent resistant reaction (<2.0) to all seven races. As 

for the susceptible checks the reaction to the seven races was variable. The first susceptible 

check Kabulangeti was highly susceptible to three races (51, 65 and 247), moderately resistant 

to two races (3.7, 5.7) and resistant to two races (73 and 263). The second susceptible check 

Lusaka was highly susceptible to three races (51, 73 and 247), moderately resistant to three 

races (253, 263 and 1085) and resistant to one race (65). 

There were significant differences among the 56 pinto genotypes in their reaction to races 51, 

65, 73, 247, 253, 263 and 1085. For the 56 pinto genotypes, the highest average virulent score 

(7.8) was for race 263 while the lowest was for race 51. The average virulent scores for races 

65, 73, 247, 253 and 1085 where 7.2, 4.5, 7.4, 6.3 and 7.3, respectively. In general, the 

distribution of the severity scores was skewed towards susceptibility except for races 51 and 

73 (Middle American race). There was no pinto genotype that showed resistance to all seven 

races. The reactions of the genotypes to individual anthracnose races are presented in Figures 

4.2 to 4.8. 

4.2.1 Race 51 

The disease scores of the 56 genotypes for reaction to race 51 were skewed towards resistant 

(Figure 4.2). The results revealed that 35 (63.3%) genotypes were resistant to race 51, with 12 

(21.7%) being moderately resistant and 9 (16.0%) were susceptible. The two local susceptible 

checks Kabulangeti and Lusaka were both susceptible to race 51 while the anthracnose 
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resistant check G2333 was resistant. The range of scores for reaction to race 51 was 1 to 9, 

with an average score of 3.5. Eleven genotypes (NDZ4048-2, NDZ14048-5, NDZ14043, 

PR1572-26, PT11-13, PT16-10, PT16-9, PT9-18, PT9-18-2, PT9-22 and G2333) had a score 

of 1.  

Figure 4.2. Frequency distribution of severity scores for race 51 for the 56 pinto genotypes 

and checks. 

4.2.2 Race 65 

The disease scores of the 56 genotypes for reaction to race 65 were skewed towards susceptible 

(Figure 4.3). Of the 56 genotypes, 11 (20%) genotypes were resistant, one (1.8%) was 

moderately resistant and 44 (78.3%) were susceptible to race 65. The two local susceptible 

checks Kabulangeti and Lusaka were both susceptible to race 65 while the anthracnose 

resistant check G2333 was resistant. The range of scores for reaction to race 65 was 1 to 9, 

with an average score 7.3.  Twelve genotypes (NDZ4048-2, BelDakMi-RR-5, G2333, Lusaka, 

NDZ14006-4, NDZ14043, NDZ14043, NDZ14043, NDZ14048-5, NDZ14056, NDZ14086, 

NDZ14110-4 and PT9-18 had a score of 1. 
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Figure 4.3. Frequency distribution of severity scores for race 65 for the 56 pinto genotypes 

and checks. 

4.2.3 Race 73 

The disease scores of the 56 genotypes for reaction to race 73 were skewed towards resistant 

(Figure 4.4). Of the 56 evaluated, 29 (48.3 %) were resistant, 10 (16.67 %) moderately 

resistant and 21 (35 %) were susceptible to race to the Middle American race 73. The local 

susceptible check Kabulangeti was resistant while the other susceptible check Lusaka was 

susceptible. The resistant check G2333 was resistant. The range of scores for reaction to race 

65 was 1 to 9, with an average score 4.5.  Six genotypes (NDZ14110-4, G2333, NDZ14056, 

NE2-18-12, PT9-22 and NDZ14086) had a score of 1. 
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Figure 4.4. Frequency distribution of severity scores for race 73 for the 56 pinto genotypes 

and checks. 

4.2.4 Race 247 

The disease scores of the 56 genotypes for reaction to race 247 were skewed towards 

susceptible (Figure 4.5). The results revealed that 5 (8.3%) genotypes were resistant, 7 (11.7%) 

were moderately resistant and 48 (80%) were susceptible to race 247. The two local 

susceptible checks Kabulangeti and Lusaka were both susceptible to race 247 while the 

anthracnose resistant check G2333 was resistant. The range of scores for reaction to race 247 

was 1 to 9, with an average score of 7.5.  Three genotypes (NDZ14086, NDZ14006-4 and 

G2333) had score of 1. 
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Figure 4.5. Frequency distribution of severity scores for race 247 for the 56 pinto genotypes 

and checks 

4.2.5 Race 253 

The disease scores of the 56 genotypes for reaction to race 253 were skewed towards 

susceptible (Figure 4.6). Of the 56 evaluated, 13 (21.7 %) were resistant, 8 (13.3 %) 

moderately resistant and 39 (69.6 %) were susceptible to race to the Middle American race 

253. The local susceptible check Kabulangeti was resistant while the other susceptible check 

Lusaka was susceptible. The resistant check G2333 was resistant. The range of scores for 

reaction to race 253 was 1 to 9, with an average score 6.3. Seven genotypes (G2333, 

NDZ14006-4, NDZ14056, NDZ14086, NDZ14110-4, PT9-18 and PT9-18-2) had a score of 

1.  
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Figure 4.6. Frequency distribution of severity scores for race 253 for the 56 pinto genotypes 

and checks. 

4.2.6 Race 263 

The disease scores of the 56 genotypes for reaction to race 263 were skewed towards 

susceptible (Figure 4.7). The results revealed that five (8.3%) genotypes were resistant, one 

(1.7%) were moderately resistant and 50 (90%) were susceptible to race 263. The two local 

susceptible checks Kabulangeti and Lusaka were both moderately resistant to race 263 while 

the anthracnose resistant check G2333 was resistant. The range of scores for reaction to race 

263 was 1 to 9, with an average score of 7.8. Three genotypes (G2333, Kabulangeti and NE2-

18-12) had score of 1. 
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Figure 4.7. Frequency distribution of severity scores for race 263 for the 56 pinto genotypes 

and checks 

4.2.7 Race 1085 

The disease scores of the 56 genotypes for reaction to race 1085 were skewed towards 

susceptible (Figure 4.8). Of the 56 evaluated, 7 (13.3 %) were resistant, 11 (18.3 %) 

moderately resistant and 41 (68.3 %) were susceptible to race 1085. The local susceptible 

check Kabulangeti was resistant while the other susceptible check Lusaka was susceptible. 

The resistant checks G2333 was resistant. The range of scores for reaction to race 1085 was 1 

to 9, with an average score 7.3. Four genotypes (BelDakMi-RR-5, G2333, Grand Mesa and 

Kodiac) had score of 1. 
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Figure 4.8. Frequency distribution of severity scores for race 1085 for the 56 pinto genotypes 

and checks 

The reaction of the 56 pinto genotypes and checks to the seven races and status of genotypes 

that carry anthracnose resistance loci CO-4-2 are also shown in Table 4.4. The results show 

that nine pinto genotypes carry the CO-4-2 and these are NDZ140064-4, PT9-18, NDZ14110-

4, NDZ14056, PT9-18-2, NDZ14086, NDZ14043, NDZ14048-5 and NDZ14048-2. In 

addition to resistant loci CO-4-2, the anthracnose resistant genotype G2333 carry CO-5 and 

CO-7 resistant locus 

Table 4.4. Average severity scores of the 56 pinto genotypes    reaction to seven races of C. 

lindemuthianum and status of genotypes that carry Co-4-2, Co-5-2 and Co-7 

Genotype Race  51 Race 65 Race 73 Race 247 Race 253 Race 263 Race 1085 Co-4-2 Co-5-2 Co-7 

G2333 1 1 2 1 1 1 1  +  + + 

NDZ14006-4 1 1 2 1 1 9 3  +  - - 

PT9-18 1 1 2 5 1 6 4  +  - - 

NDZ14110-4 2 1 2 2 1 3 5  +  - - 

NDZ14056 2 1 1 6 1 9 5  +  - - 

PT9-18-2 1 5 3 7 1 8 6  +  - - 

NDZ14086 3 1 1 1 1 9 6  + - - 

NDZ14043 1 1 2 3 2 8 3  + - - 

NDZ14048-5 1 1 2 6 2 8 4  + - - 

G-08160 1 9 8 8 2 9 9  ­ - - 

NDZ14048-2 1 1 3 7 3 8 6  +  - - 

PR1572-26 1 9 7 8 3 9 9  - - - 

KAB 9 9 2 8 4 1 6  - - - 

NE2-18-12 8 9 1 8 4 1 6  - - - 
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LSK 9 1 9 9 5 4 6 - - - 

PT16-9 1 7 3 7 5 8 9 - - - 

NE2-18-38 4 9 8 9 5 9 9 - - - 

PR1572-10 7 9 2 8 5 9 9 - - - 

NE2-18-8 3 9 5 8 6 7 9 - - - 

PT16-7 4 9 7 9 6 8 9 - - - 

PT11-13 1 9 4 9 7 9 3 - - - 

NDZ14120 2 9 3 6 7 9 5 - - - 

PT16-46 3 9 7 7 7 9 8 - - - 

NE2-17-39 2 9 2 5 7 8 9 - - - 

PT11-13-B 2 9 3 8 7 8 9 - - - 

ND040494-4 3 9 7 9 7 9 9 - - - 

NE2-18-7 3 9 6 7 7 9 9 - - - 

PR1572-19 3 9 4 7 7 9 9 - - - 

PT16-20 2 9 9 9 7 9 9 - - - 

PT16-22 2 9 4 8 7 9 9 - - - 

PT9-22 1 9 1 9 7 9 9 - - - 

CO-32330-14 2 9 2 9 8 8 9 - - - 

NE2-17-18 2 9 7 9 8 8 9 - - - 

P16901 3 9 3 7 8 8 9 - - - 

P16905 4 9 2 7 8 8 9 - - - 

PT16-4 4 9 7 9 8 8 9 - - - 

NE2-18-23 3 9 8 9 8 9 9 - - - 

PT11-13-13 9 9 2 9 8 9 9 - - - 

Staybright 4 9 7 9 8 9 9 - - - 

Kodiac 3 9 2 8 9 8 1 - - - 

BelDakMi-RR-5 3 1 4 3 9 9 1 - - - 

Grand Mesa 3 9 9 9 9 9 1 - - - 

P14814 3 9 6 9 9 8 7 - - - 

El Dorado 6 9 8 9 9 8 9 - - - 

NE2-09-8 3 9 4 9 9 8 9 - - - 

P-08161 9 9 2 8 9 8 9 - - - 

PT16-12-1 5 9 6 9 9 8 9 - - - 

ABCP-15 4 9 7 9 9 9 9 - - - 

CO-52646-14 9 9 9 9 9 9 9 - - - 

Dr Wood 9 9 9 9 9 9 9 - - - 

NE2-09-3 1 9 2 9 9 9 9 - - - 

NE2-18-15 4 9 9 9 9 9 9 - - - 

NE2-18-20 6 9 7 9 9 9 9 - - - 

NE2-18-44 4 9 2 9 9 9 9 - - - 

P-08166 5 9 3 9 9 9 9 - - - 

PT16-10 1 9 4 9 9 9 9 - - - 

PT16-12-2 3 9 7 9 9 9 9 - - - 

PT16-18 9 9 9 9 9 9 9 - - - 

PT16-37 4 9 2 9 9 9 9 - - - 
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Note: 

+ refers to positive resistance allele C0-4-2, CO-5-2 or C0-7 

- refers to negative resistance allele C0-4-2, CO-5-2 or C0-7 

 

Ten genotypes (G2333, NDZ140064-4, PT9-18, NDZ14110-4, NDZ14056, PT9-18-2, 

NDZ14086, NDZ14043, NDZ14048-5 and NDZ14048-2 had C0-4-2, whereas additionally 

G2333 had C0-5-2 and Co-7. 

4.2.8 The effect of CO-42 status on the anthracnose severity score of pinto genotypes 

and checks 

In general, figure 4.9 revealed that the genotypes with Co-42 had a relatively lower anthracnose 

severity score compared to those without Co-42. The overall severity score for genotypes with 

C0-4-2 was 2.9 and the race specific average severity scores were race 51 (1.4), race 65 (1.4), 

race 73 (1.8), race 247 (3.5), race 253 (1.2), race 263 (6.7) and race 1085 (4.1). Whereas, the 

overall average severity score for genotypes without Co-42 was 7.1 with race specific average 

severity scores being race 51 (3.9), race 65 (8.5), race 73 (5.1), race 247 (8.3), race 253 (7.4), 

race 263 (8.2) and race 1085 (8.0). 

 

Figure 4.9: Box plot of anthracnose severity score for genotypes with and without Co-42 
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4.2.9 Reaction of the 56 pinto genotypes and checks to seven races of Colletotrichum 

lindemuthianum 

The results in Table 4.5 revealed a highly significant differential reaction of the 56 pinto 

genotypes to the seven races of Colletotrichum lindemuthianum. The mean severity scores for 

race 51 and 73 were skewed towards resistant while the mean severity scores for races 65, 

247, 253, 263 and 1085 were skewed towards susceptibility.  

Table 4.5. Means and ranges for anthracnose severity scores measured on 56 pinto genotypes 

and checks after being inoculated with seven races of Colletotrichum lindemuthianum in the 

green house at University of Zambia. 

                   

 

 

Checks 

  

Pinto Genotypes 

            Susceptible      Resistant  
   

Race Kabulangeti Lusaka         G2333  Mean  Range ANOVA 

51 9 9  1  
 3.5 ± 0.3 1 – 9 *** 

65 9 1  1   7.2 ± 0.4 1 – 9 *** 

73 2 9  1.6  
 4.5 ± 0.4 1 – 9 *** 

247 8 9  1  
 7.4 ± 0.3 1 – 9 *** 

253 3.7 5  1   6.3 ± 0.4 1 – 9 *** 

263 1 3.7  1  
 7.8 ± 0.3 1 – 9 *** 

1085 5.7     5.7  1    7.3 ± 0.3 1 – 9 *** 

      
 

   

**Significant at the level 0.05 probability level  
 

   
***Significant at the level 0.001 probability level 
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CHAPTER FIVE 

DISCUSSION 

5.1 Objective One: Evaluation for Resistance to Terminal Drought  

Drought and anthracnose are major constraints of common bean production worldwide. In 

Zambia both stresses are wide spread and devastating, therefore evaluation of common bean 

genotypes for tolerance to drought and resistance to anthracnose is important.  

There was significant variation among the 56 genotypes of the parameters measured such as 

yield, YPR and GM. The differences could be attributed to the differential response of 

genotypes to applied moisture regimes and variation in drought intensity indices (GART 2021 

= 0.67, GART 2022 = 0.47 and UNZA 2022 = 0.60).  Drought caused a 48.59 % reduction in 

yield across the field trials. This reduction is consistent with previous studies that have 

reported seed yield reduction of 60 to 99 % due to terminal drought stress (Ambachew et 

al,2015). Genotypes including NDZ14048-2, NDZ14120, PT16-12-2, PT11-13, NE2-18-15, 

NE2-18-12 and PT9-18 showed smaller YPR (< 37.6 %) than the drought tolerant check 

SER16 (37.6 %). These genotypes were considered as being drought tolerant. These genotypes 

can be considered for use to improve the adaptation of pinto beans to drought. A desirable 

genotype is one that produces high seed yield under both drought stress or non-drought stress 

conditions. In the current study, eighteen (18) pinto genotypes had higher yield than average 

seed yields under DS or NS conditions. These genotypes were well adapted to both DS and 

NS conditions. The genotypes NDZ14048-2 and NDZ14048-5 were particularly outstanding 

in their yield performance under both DS and NS and recorded higher yields than the drought 

resistant check SER 16. The genotype NDZ4048-2, which recorded a low YPR (34.6%) and 

had the highest GM (1,102 kg ha-1) and could therefore be selected for germplasm 

improvement based on the two indices. Ramirez and Kelly (1998) recommended a selection 
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strategy for drought tolerance in common bean that is based on the selection for high geometric 

mean followed by selection for low DSI. This study affirms the selection strategy for common 

bean drought tolerance that is based on high geometric mean, lower YPR and DSI. 

Interestingly, NDZ4048-2 was one of the genotypes that showed high HI, suggesting that 

selecting for partitioning efficiency in addition to geometric mean and DSI (recommended by 

Ramirez and Kelly (1998)) could result even in more effective selection for drought tolerance 

in common bean. Identification of agronomic and physiological traits that are strongly related 

with seed yield and possess high heritability is necessary for developing selection indices to 

make phenotypic selection for drought tolerance more effective. In this study, seed yield 

strongly correlated with partitioning indices PHI and HI suggesting that assimilate 

remobilization to the seed from the pod wall and the rest of the plant played a significant role 

in the observed variation for drought tolerance among the 56 pinto genotypes. Previous studies 

have also recommended the use of partitioning indices (PHI and HI) to indirectly selection for 

drought tolerance in other market classes of common beans. The report that selection for 

partitioning indices (PHI and HI) in drought could result in yield gain in both drought and 

non-drought condition makes a very attractive selection criterion for yield improvement 

(Assefa et al., 2013). Ramirez-Vallejo and Kelly (1998) reported a high heritability for HI. 

Selection for HI in addition to geometric mean would result in more effective selection for 

drought tolerance in common bean. 

There was a significant correlation (r=0.73***) between seed yield and SDW under non-

drought stress, however this correlation was weak (r=0.16***) under drought stress. This 

suggests lower prediction value of SDW under drought stress than under NS for the 56 

genotypes used in the current study. This result could have been caused by genotypes that 

could have accumulated shoot biomass but lacked partitioning efficiency of the biomass to 
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seed. The weak correlation between seed yield and SDW but strong correlation between seed 

yield and partitioning indices highlights the importance of jointly selecting for SDW and 

partitioning indices in breeding for adaptation to drought. This further demonstrates that 

selection based on SDW alone may not be effective. There was no significant correlation 

between seed yield and hundred seed weight in the current study indicating the lack of 

usefulness of seed weight in selecting for drought tolerance in the current study. Although 

there was significant correlation between seed yield and PN, the low heritability for PN may 

negate its usefulness in selection for drought tolerance 

The difference in electrolyte leakage between DS (82.1%) and NS (54.2%) was significant 

confirming the significant damage of drought stress on the cell membrane. Additionally, there 

was significant variation among the 56 genotypes in their cell membrane damage caused by 

drought.  In the current study, two pinto beans (Kodiac and ABCP-15) and the drought tolerant 

check SER16 had the lowest electrolyte leakage and highest CTD. A cool canopy is an 

adaptive mechanism of plants to moisture stress and has previously been reported to be 

significantly associated with increased seed yield in wheat under drought stress conditions 

(Blum et al., 1989; Rashid et al., 1999).  

5.2 Objective Two: Evaluation for resistance to Seven Races of C. lindemuthianum 

Of the 56 pinto genotypes evaluated in this study, nine had the Co-42 anthracnose resistance 

allele. The average severity score (2.4) for these nine genotypes was significantly lower than 

the average score (6.2) for the 47 genotypes that did not have the Co-42. The nine genotypes 

with Co-42 provided variable levels of resistance to the seven races suggesting that other host 

resistance genes could have been involved the resistance they showed. It is important to note, 

however, that the resistance allele Co-42 was not effective against all seven races. All nine 

genotypes with Co-42 allele were susceptible to races 251 and 1085 except genotypes 
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NDZ14110-4 and NDZ14006-4, which were moderately (severity score of 3) resistant to races 

251 and 1085, respectively. The resistant check G2333, which also carries Co-42 was the only 

one among genotypes with Co-42 that was resistant to all seven races used in the current study. 

This broad-spectrum resistance in G2333 could be attributed to additional resistance loci Co-

5 and Co-7 that it carries. The susceptibility to races 263 and 1085 of some of the genotypes 

that carries Co-42 underscores the need for pyramiding additional resistance loci such as Co-5 

to confer broad-spectrum resistance to C. lindemuthianum similar to the one observed in the 

resistant check G2333. Race 263 was highly virulent on all the 56 pintos except NE2-18-38 

and the resistant check (G2333). Surprisingly, the susceptible check (Kabulangeti) was 

resistant NE2-18-38. The genotype NE2-18-38, therefore, would be a valuable source of 

resistance for genetic improvement of pinto beans in geographic areas that have race 263. 

However, in areas that have races 51, 65, 247 and 1085 NE2-18-38 would not be an effective 

source of resistance. 

 

The genotype BelDakMi-RR-5 was interesting because it was resistant to five races including 

the highly virulent race 1085, and yet it does not carry Co-42 or any other known major 

anthracnose loci. Future studies aimed at understanding the genetic basis of this observed 

resistance would be worthwhile.  
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CHAPTER SIX 

CONCLUSIONS 

6.1 Conclusion for Objective One 

This study identified significant genetic variation among the 56 pinto genotypes for morpho-

physiological traits under drought stress conditions. The genotype NDZ4048-2 was identified 

as being highly tolerant to drought stress based on its low YPR and its high yield geometric 

mean. The partitioning indices (PHI and HI) were strongly correlated with seed yield under 

drought stress suggesting the important role that partition efficiency played in the observed 

variation for drought tolerance among the 56 genotypes. The high correlation of the 

partitioning indices (PHI and HI) with seed yield and their high heritability (Assefa et al., 

2013, Ramirez-Vallejo and Kelly., 1998), suggests they could be reliably be used in 

combination with other traits to select for drought tolerance. 

6.2 Conclusion for Objective Two 

The genotypes presented variable reaction to the seven races. The most virulent race was 263 

while the least virulent was 51. Except for races 51 and 73 the reaction of the 56 pinto 

genotypes was skewed to susceptibility, which highlighted the lack of resistance in most of 

the pinto beans to the races used in the current study. In general, the genotypes that showed 

resistance to most of the races were those that carried Co-42, thereby highlighted the 

importance of this locus. The three genotypes NDZ14006-4, NDZ14110-4 and NDZ14043 

showed superior resistance among the 56 pinto genotypes used in the current study as each 

was resistant to six of the seven races used in the current study. These three genotypes, which 

all carry Co-42 can be used for genetic improvement of pinto beans for anthracnose resistance. 

None of the 56 pinto genotype that showed resistance to all seven races of C. lindemuthianum 

like the resistant check G2333. This result underscored the importance of pyramiding major 
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loci Co-42 and Co-5. Pyramiding the Andean locus Co-1 can also be considered because most 

of the beans grown in southern African including Zambia are Andean and Andean races or 

mixed races are prevalent.   
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CHAPTER SEVEN 

RECOMMENDATIONS 

Based on the high correlation of the partitioning indices with seed yield, and their higher 

heritability than seed yield, PHI and HI can be used to indirectly select for drought tolerance 

or can be used in combination with other traits to develop a reliable selection index for drought 

tolerance.  

The genotypes NDZ14048-2 and NDZ14048-5 showed superior seed yield under both DS and 

NS, therefore recommend genotype NDZ14048-2 as drought tolerant, and genotype 

NDZ14048-5 as drought tolerant and highly responsive to ideal moisture condition. 

Additionally, these two genotypes carry Co-42 anthracnose resistance locus, and were resistant 

to five of the seven races used in the current study and could be used for direct introduction or 

for genetic improvement of pinto beans for adaptation to drought and resistance to 

anthracnose.  

Three genotypes NDAZ14006-4, NDZ14110-4 and NDZ14043 that carry the CO-4 resistance 

loci showed superior resistance to six of the seven races in the study and could be used for 

genetic improvement of pinto bean for anthracnose resistance. There is also need to pyramid 

anthracnose major resistance loci Co-1, Co-4 or Co-5 in pinto genotypes to provide them with 

durable resistance to multiple races of C. lindemuthianum found in Zambia. 

.  

 

 

 



61 
 

CHAPTER EIGHT 

REFERENCES 

Abebe, A., Brick, M.A. and R.A. Kirkby. 1998. Comparison of selection indices to identify 

productive dry bean lines under diverse environmental conditions. Field Crops 

Research, 58(1), pp. 15–23.  

Acosta-Díaz, E., Acosta-Gallegos, J.A., Trejo-Lopez, C., Padilla-Ramirez, J.S. and M.D. 

Amador-Ramirez. 2009. Adaptation traits in dry bean cultivars grown under 

drought stress. Agricultura tecnica en Mexico 35(4), pp. 419-428. 

Adams, M.A., Bell, T.L. and J.S. Pate. 2002. Phosphorus sources and availability modify 

growth and distribution of root clusters and nodules of native Australian legumes. 

Plant, Cell & Environment, 25(7), pp. 837–850 

Ahmed, F.E., Hall, A.E. and D.A. DeMason .1992. Heat Injury During Floral Development 

in Cowpea (vigna Unguiculata, Fabaceae)’, American Journal of Botany, 79(7), 

pp. 784–791.  

Ahn, Y.-J., Claussen, K. and J. Lynn Zimmerman. 2004. Genotypic differences in the heat-

shock response and thermotolerance in four potato cultivars. Plant Science, 

166(4), pp. 901–911.  

Ambachew, D., Mekbib, F., Asfaw, A., Beebe, S.E and M.W Blair .2015. Trait associations 

in common bean genotypes grown under drought stress and field infestation by 

BSM bean fly. The Crop Journal, 3(4), pp. 305–316.  

Appiah-Kubi, D., Asibuo, J.Y., Butare, L., Yeboah, S., Appiah-Kubi, Z., Kena, A.W., Tuffour, 

H.O. and R. Akromah. 2022. Heat Stress Tolerance: A Prerequisite for the 

Selection of Droughtand Low Phosphorus tolerant common bean for Equotorial 

Tropical Regions Such as Ghana. Plants, 11(18), p.2352 

Tu,J. C., and J. W. Aylesworth. 2017. An effective method of screening white (pea) bean 

seedlings (Phaseolus vulgaris L.) for resistance to Colletotrichum 

lindemuthianum. Phytopathologische Zeitschrift, 99(2), pp. 131-137.  

Araus, J.L., Slafer, G.A., Reynolds, M.P. and C. Royo.2002. Plant Breeding and Drought in 

C3 Cereals: What Should We Breed For? Annals of Botany, 89(7), pp. 925–940.  

Assefa, M., Shimelis, B., Punnuri, S., Scripathi, R., Whitehead, W. and B. Singh. 2014. 

Common Bean Germplasm Diversity Study for Cold Tolerance in Ethiopia. 

American Journal of Plant Sciences, 05(13), pp. 1842–1850.  

Assefa, T., Beebe, S.E., Rao, I.M., Cuasquer, J.B., Duque, M.C., Rivera, M., Battisti, A. and 

M. Lucchin. 2013. Pod harvest index as a selection criterion to improve drought 

resistance in white pea bean. Field Crops Research, 148, pp. 24–33.  

Assefa, T., Rao, I.M., Cannon, S.B., Wu, J., Gutema, Z., Blair, M., Otyama, P., Alemayehu, 

F. and B.Dagne. 2017.Improving adaptation to drought stress in white pea bean 



62 
 

(Phaseolus vulgaris L.): Genotypic effects on grain yield, yield components and 

pod harvest index. Plant Breeding, 136(4), pp. 548–561.  

Bailey, J.A., O'connell, R.J., Pring, R.J. and C. Nash. 1992.Infection strategies of 

Colletotrichum species. Infection strategies of Colletotrichum species., pp. 88–

120.  

Bajji, M., Kinet, J.-M. and S. Lutts.  2002.The use of the electrolyte leakage method for 

assessing cell membrane stability as a water stress tolerance test in durum wheat. 

Plant Growth Regulation, 36(1), pp. 61–70.  

Balardin, R.S. and J.D. Kelly. 1998. Interaction between Colletotrichum lindemuthianum 

races and gene pool diversity in Phaseolus vulgaris. Journal of the American 

Society for Horticultural Science, 123(6), pp. 1038–1047. 

Ball, R.A., Oosterhuis, D.M. and A. Mauromoustakos. 1994.Growth Dynamics of the Cotton 

Plant during Water-Deficit Stress. Agronomy Journal, 86(5), pp. 788–795.  

Bar-Tsur, A., Rudich, J. and B. Bravdo. 1985.High Temperature Effects on CO2 Gas 

Exchange in Heat-tolerant and Sensitive Tomatoes. Journal of the American 

Society for Horticultural Science, 110(4), pp. 582–586.  

Bassanezi, R.B., L.Amorim, A. Beramin Filho, B. Hau, and R D.Berger.  2001.Accounting 

for photosynthetic efficiency of bean leaves with rust, angular leaf spot and 

anthracnose to assess crop damage. Plant Pathology, 50(4), pp. 443–452.  

Batjes, N.H.  2009. Harmonized soil profile data for applications at global and continental 

scales: updates to the WISE database. Soil Use and Management, 25(2), pp. 124–

127.  

Beaver, J.S., Rosas, J.C., Myers, J., Acosta, J., Kelly, J.D., Nchimbi-Msolla., Misangu, R., 

Bokosi, J., Temple, S., Arnaud-Santana, E. and D.P. Coyne. 2003. Contributions 

of the Bean/Cowpea CRSP to cultivar and germplasm development in common 

bean. Field Crops Research, 82(2), pp. 87–102. 

Beck, E.H., Fettig, S., Knake, C., Hartig, K. and T. Bhattarai. 2007. Specific and unspecific 

responses of plants to cold and drought stress. Journal of Biosciences, 32(3), pp. 

501–510.  

Beebe, S., Lynch, J., Galwey, N., Tohme, J. and I. Ochoa. 1997.A geographical approach to 

identify phosphorus-efficient genotypes among landraces and wild ancestors of 

common bean. Euphytica, 95(3), pp. 325–338.  

Beebe, S., Skroch, P.W., Tohme, J., Duque, M.C, Pedraza, F. and J. Nienhuis. 2000. Structure 

of Genetic Diversity among Common Bean Landraces of Middle American Origin 

Based on Correspondence Analysis of RAPD. Crop Science, 40(1), pp. 264–273. 

Beebe, S., Rengifo, J., Gaitan, E., Duque, M.C and J. Tohme. 2001. Diversity and Origin of 

Andean Landraces of Common Bean. Crop Science - crop sci, 41.  



63 
 

Beebe, S., Ramirez, J., Jarvis, A., Rao, I.M., Mosquera, G., Bueno, J.M. and M.W. Blair. 

2011.Genetic Improvement of Common Beans and the Challenges of Climate 

Change. Crop Adaptation to Climate Change. John Wiley & Sons, Ltd, pp. 356–

369.  

Beebe, S. 2012.Common bean breeding in the tropics. Plant Breeding Reviews, 36, pp. 357–

426. 

Beebe, S.E., Rao, I.M., Cajiao, C. and M. Grajales. 2008. Selection for Drought Resistance in 

Common Bean Also Improves Yield in Phosphorus Limited and Favorable 

Environments. Crop Science, 48(2), pp. 582–592.  

Beebe, S.E., Rao, I.M., Blair, M.W. and J.A. Acosta-Gallegos. 2013. Phenotyping common 

beans for adapting to drought. Frontier in Physiology, 4, p.35. 

Berry, J. and O. Bjorkman. 1980.Photosynthetic Response and Adaptation to Temperature in 

Higher Plants. Annual Review of Plant Physiology, 31(1), pp. 491–543.  

Beshir Mohamed, T. 2003. Biology and control of bean anthracnose in Ethiopia (Doctoral 

dissertation,  University of Free State).  

Blair, M.W., Hurtado, N. and P. Sharma. 2012.New gene-derived simple sequence repeat 

markers for common bean (Phaseolus vulgaris L.). Molecular Ecology Resources, 

12(4), pp. 661–668.  

Blonder, B. and S.T. Michaletz. 2018. A model for leaf temperature decoupling from air 

temperature. Agricultural and Forest Meteorology, 262, pp. 354–360.  

Blum, A., 2005.Drought resistance, water-use efficiency, and yield potential—are they 

compatible, dissonant, or mutually exclusive?. Australian Journal of Agricultural 

Research, 56(11), pp. 1159–1168.  

Boyer, J.S., 1996. Advances in Drought Tolerance in Plants. Advances in Agronomy, 56, 187-

219. - References - Scientific Research Publishing  

Broughton, W.J., Hernandez, G., Blair, M., Beebe, S., Gepts, P. and J. Vanderleyden. 2003. 

Beans (Phaseolus spp.) – model food legumes. Plant and Soil, 252(1), pp. 55–128.  

Burke, J.J. and Chen, J. 2015. Enhancement of Reproductive Heat Tolerance in Plants’, PloS 

One, 10(4),  

Čajánek, M., Stroch, M., Lachetova, I., Kalina, J. and V. Spunda. 1998. Characterization of 

the photosystem II inactivation of heat-stressed barley leaves as monitored by the 

various parameters of chlorophyll a fluorescence and delayed fluorescence. 

Journal of Photochemistry and Photobiology B: Biology, 47(1), pp. 39–45. 

Campa, A., Garcia-Fernandez, C. and J.J. Ferreira. 2020. Genome-wide association study 

(GWAS) for resistance to Sclerotinia sclerotiorum in common bean. Genes, 

11(12), p.1496 



64 
 

Chacón S, M.I., Pickersgill, B. and D.G. Debouck. 2005. Domestication patterns in common 

bean (Phaseolus vulgaris L.) and the origin of the Mesoamerican and Andean 

cultivated races. Theoretical and Applied Genetics, 110(3), pp. 432–444.  

Chaves, M.M. and M.M. Oliveira. 2004. Mechanisms underlying plant resilience to water 

deficits: prospects for water-saving agriculture. Journal of Experimental Botany, 

55(407), pp. 2365–2384.  

Chen, H.-H., Shen, Z.-Y. and P.H. Li. 1982. Adaptability of Crop Plants to High Temperatures 

Stress1.Crop Science, 22(4), p. cropsci. 

Cortés, A.J., Monserrate, F.A., Ramirez-Villegas, J., Madrinan, S. and M.W. Blair. 2013. 

Drought Tolerance in Wild Plant Populations: The Case of Common Beans 

(Phaseolus vulgaris L.)’, Plos One, 8(5), p. e62898.  

Darkwa, K., Ambachew, D., Mohammed, H., Asfaw, A. and M.W. Blair. 2016. Evaluation of 

common bean (Phaseolus vulgaris L.) genotypes for drought stress adaptation in 

Ethiopia. The Crop Journal, 4(5), pp. 367–376.  

Delgado-Salinas, A., Bruneau, A. and J.J. Doyle. 1993. Chloroplast DNA phylogentic studies 

in New World Phaseolinae (Leguminosae: Papilionoidae: Phaseoleae). Systematic 

botany (USA).  

Deng, J.M., Wang, G.X., Morris, E.C., Wei, X.P., D.X., Chen, B.M., Zhao, C.M., Liu, J. and 

Y. Wang. 2006. Plant Mass: Density Relationship along a Moisture Gradient in 

North-West China’, Journal of Ecology, 94(5), pp. 953–958.  

Dexter, S.T. 1956. The Evaluation of Crop Plants for Winter Hardiness’, in A.G. Norman (ed.) 

Advances in Agronomy. Academic Press, 8, pp. 203–239. 

Dexter, S.T., Tottingham, W.E. and L.F. Graber. 1930. Preliminary results in measuring the 

hardiness of plants 1. Plant Physiology, 5(2), pp. 215–223.  

Dhanda, S.S., Sethi, G.S. and R.K. Behl. 2004. Indices of Drought Tolerance in Wheat 

Genotypes at Early Stages of Plant Growth. Journal of Agronomy and Crop 

Science, 190(1), pp. 6–12.  

Dingkuhn, M. and F. Asch. 1999. Phenological responses of Oryza sativa, O. glaberrima and 

inter-specific rice cultivars on a toposquence in West Africa. Euphytica, 110(2), 

pp. 109–126.  

Dramadri, I.O., Nkalubo, S.T., Kramer, D.M. and Kelly, J.D. 2021. Genome-wide 

association analysis of drought adaptive traits in common bean. Crop Science 61: 

3232-3253. 

Fahad, S., Hussain, S., Saud, S. and F. Khan. 2016.Exogenously Applied Plant Growth 

Regulators Affect Heat-Stressed Rice Pollens. Journal of Agronomy and Crop 

Science, 202(2), pp. 139–150.  



65 
 

Fahad, S., Bajwa, A.A., Nazir, U., Anjum, S.A., Farooq, A., Zohaib, A., Sadia, S., Nasim, W., 

Adkins, S., Saud, S. and M.Z. Ihsan. 2017. Crop Production under Drought and 

Heat Stress: Plant Responses and Management Options.  Frontiers in Plant 

Science, 8, p. 1147.  

Fahad, S., Sonmez, O., Saud, S., Wang, D., Wu, C., Adnan, M. and V. Turan.  2021. 

Developing Climate-Resilient Crops: Improving Global Food Security and Safety. 

CRC Press. 

Falconí-Castillo, E., Ochoa L., J. and D.L. Danial. 2003.Virulence pattern of Colletotrichum 

lindemuthianum in common bean in Ecuador’.  

Farooq, M., Wahid, A., Kobayashi, N.S.M.A., Fujita, D.B.S.M.A. and S.M.A. Basra. 2009. 

Plant drought stress: effects, mechanisms and management’, Agronomy for 

Sustainable Development, 29(1), pp. 185–212.  

Farrow, A and Muthoni-Andriatsitohaina, R. 2020. Atlas of Common Bean Production in 

Africa: Pan-Africa Bean Research Alliance (PABRA). International Center for 

Tropical Agriculture (CIAT). Nairobi, Kenya 

Farquhar, G.D. and T.D. Sharkey. 1982. Stomatal conductance and photosynthesis. Annual 

review of plant physiology, 33(1), pp. 317–345. 

Ferreira, J.J., Campa, A. and J.D. Kelly. 2013.Organization of genes conferring resistance to 

anthracnose in common bean. Translational genomics for crop breeding: biotic 

stress, 1, pp. 151–181. 

Fischer, R. and R. Maurer. 1978. Drought resistance in spring wheat cultivars. I. Grain yield 

responses. Australian Journal of Agricultural Research, 29(5), p. 897.  

Flint, H.L., Boyce, B.R. and D.J. Beattie. 1967. Index of injury—a useful expression of 

freezing injury to plant tissues as determined by the electrolytic method. Canadian 

Journal of Plant Science, 47(2), pp. 229–230.  

Flor, H.H., 1955. Host-parasite interaction in flaxrust-its genetics and other implications. 

Phystopathology, 45, pp.680-685 

Fokar, M., Nguyen, H.T. and A. Blum. 1998. Heat tolerance in spring wheat. I. Estimating 

cellular thermotolerance and its heritability. Euphytica, 104(1), pp. 1–8.  

FAO (Food and Agricultural Organization). 2019. Statistical database. 

França, M.G.C., Thi, A.T.P., Pimentel, C., Rossiello, R.O.P., Zuily-Fodil, Y. and Laffray, D. 

2000. Differences in growth and water relations among Phaseolus vulgaris 

cultivars in response to induced drought stress. Environmental and Experimental 

Botany, 43(3), pp.227-237. 

Gepts, P. and D. Debouck. 1991.Origin, domestication, and evolution of the common bean 

(Phaseolus vulgaris L.). Common beans: research for crop improvement., pp. 7–

53.  



66 
 

González, A., Lynch, J., Tohme, J.M., Beebe, S.E. and R.E. Macchiavelli. 1995. Characters 

Related to Leaf Photosynthesis in Wild Populations and Landraces of Common 

Bean.  Crop Science, 35(5), pp. 1468-1476 

González, M., Rodriguez, R., Zavala, M.E., Jacobo, J.L., Hernandez, F., Acosta, J., Martinez, 

O.  and J. Simpson. 1998. Characterization of Mexican Isolates of Colletotrichum 

lindemuthianum by Using Differential Cultivars and Molecular Markers’, 

Phytopathology®, 88(4), pp. 292–299.  

Graham, P.H. and P. Ranalli. 1997.Common bean (Phaseolus vulgaris L.). Field Crops 

Research, 53(1), pp. 131–146.  

Greenberg, D.C., Kannaiyan, J., Haciwa, H.C. and M.N. Mbewe. 1986. Estimates of yield 

losses due to various bean diseases in Zambia. In Salema, MP; Minjas, AN (eds.). 

Bean Research Workshop (5, 1986, Morogoro). 

Gregory, P.J. 2006.  Roots and the Architecture of Root Systems.in. Blackwell Publishing, pp. 

18–43.  

Gross, Y. and J. Kigel. 1994.Differential sensitivity to high temperature of stages in the 

reproductive development of common bean (Phaseolus vulgaris L.). Field Crops 

Research, 36(3), pp. 201–212.  

Gupta, N., Gaurav, S.S. and A. Kumar. 2013. Molecular Basis of Aluminum Toxicity in 

Plants: A Review. American Journal of Plant Sciences, 4(12), pp. 21–37.  

Halterlein, A.J., Clayberg, C.D. and I.D. Teare. Influence of high temperature on pollen grain 

viability and pollen tube growth in the styles of Phaseolus vulgaris L.  J. Amer. 

Soc. Hort. Sci., 105, pp. 12–14. 

Hageman, A. and E. Van Volkenburgh. 2021.Sink Strength Maintenance Underlies Drought 

Tolerance in Common Bean. Plants, 10(3), p. 489.  

Halterlein, A.J., Clayberg, C.D. and I.D. Teare. 1980. Influence of High Temperature on 

Pollen Grain Viability and Pollen Tube Growth in the Styles of Phaseolus vulgaris 

L.1. Journal of the American Society for Horticultural Science, 105(1), pp. 12–14. 

Hamazakaza, P. Katungi, E., Ryes, B., Maredia, M.K., Muimui, K.K. and Ojara, M. 2014. 

Assessing accessand adoption of common bean improved varieties in Zambia 

Hayat, I., Ahmad, A., Masud, T., Ahmed, A. and S. Bashir. 2014. Nutritional and health 

perspectives of beans (Phaseolus vulgaris L.) : an overview. Critical reviews in 

food science and nutrition, 54(5), pp.580-592 

Hoekstra, F.A., Golovina, E.A. and J. Buitink. 2001. Mechanisms of plant desiccation 

tolerance: nce in plants and physiological processes. Annual Review of Plant 

Physiology, 8(1), pp. 257–274. 



67 
 

Ingram, D.L. and D.W. Buchanan. 1984.Lethal High Temperatures for Roots of Three Citrus 

Rootstocks. Journal of the American Society for Horticultural Science, 109(2), pp. 

189–193.  

Wortmann, C.S., 1998.Atlas of common bean (Phaseolus vulgaris L.) production in Africa. 

(No. 297). Cali, Colombia: Centro Internacional de Agricultura Tropical (CIAT). 

Ismail, A.M. and A.E.  Hall. 1999. Reproductive-Stage Heat Tolerance, Leaf Membrane 

Thermostability and Plant Morphology in Cowpea. Crop Science, 39(6), pp. 

1762–1768.  

Johnson, W.C., Guzman, P., Mandala, D., Mkandawire, A.B., Temple, S., Gilbertson, R.L. 

and P. Gepts. 1997.Molecular Tagging of the bc-3 Gene for Introgression into 

Andean Common Bean. Crop Science, 37(1), p. 

cropsci1997.0011183X003700010044x.  

Kachapulula, P., Okori, P. and M. Mwala. 2010. Prevalence of bean anthracnose in Zambia 

and diversity of Colletotrichum lindemuthianum in Southern Africa. in Research 

Application Summary In: Second Ruforum Biennial meeting Entebbe, Uganda. 

Kamara, A.Y., Menkir, A., Badu-Apraku, B. and O. Ibikunle. 2003.The influence of drought 

stress on growth, yield and yield components of selected maize genotypes. The 

Journal of Agricultural Science, 141(1), pp. 43–50.  

Kavar, T., Mara, M., Kidric, M., Sustar-Vozlic, J. and V. Meglic. 2008.Identification of genes 

involved in the response of leaves of Phaseolus vulgaris to drought 

stress.Molecular Breeding, 21, pp. 159–172.  

Kaya, M.D. (2006) ‘Seed treatments to overcome salt and drought stress during germination 

in sunflower (Helianthus annuus L.)’, European journal of agronomy. Translated 

by M.D. Kaya et al., v. 24(4), pp. 291–295.  

Kellogg, W.W. 2019. Climate Change And Society: Consequences Of Increasing Atmospheric 

Carbon Dioxide. New York: Routledge. 

Kelly, J.D., Adams, M.W. and G.V. Varner. 1987. Yield stability of determinate and 

indeterminate dry bean cultivars. Theoretical and Applied Genetics, 74(4), pp. 

516–521.  

Kelly, J.D. and V.A. Vallejo. 2004. A Comprehensive Review of the Major Genes 

Conditioning Resistance to Anthracnose in Common Bean. HortScience, 39(6), 

pp. 1196–1207.  

Kelly, J.D. and R.A. Young. 1996. Proposed symbols for anthracnose resistance genes. pp. 

20-24.  

Khan, M., Hussain, M., Raza, A., Farooq, S. and K. Jabran. 2015. Seed priming with CaCl2 

and ridge planting for improved drought resistance in maize. Turkish Journal of 

Agriculture and Forestry, 39(2), pp. 193–203.  



68 
 

Klaedtke, S.M., Cajiao, C., Grajales, M., Polania, J., Borrero, G., Guerrero, A., Rivera, M., 

Rao, I., Beebe, S.E. and J. Leon. 2012. Photosynthate remobilization capacity 

from drought-adapted common bean (Phaseolus vulgaris L.) lines can improve 

yield potential of interspecific populations within the secondary gene pool. Journal 

of Plant Breeding and Crop Science, 4(4), pp.49-61 

Koenig, R. and P.Gepts . 1989. Allozyme diversity in wild Phaseolus vulgaris: further 

evidence for two major centers of genetic diversityTheoretical and Applied 

Genetics, 78(6), pp. 809–817 

Konsens, I., Ofir, M. and J. Kigel. 1991. The Effect of Temperature on the Production and 

Abscission of Flowers and Pods in Snap Bean (Phaseolus vulgaris L.). Annals of 

Botany, 67(5), pp. 391–399.  

Kumar, J. and S. Abbo. 2001. Genetics of flowering time in chickpea and its bearing on 

productivity in semiarid environments.in. Elsevier, pp. 107–138.  

Kwak, M. and P .Gepts. 2009. Structure of genetic diversity in the two major gene pools of 

common bean (Phaseolus vulgaris L., Fabaceae). Theoretical and Applied 

Genetics, 118(5), pp. 979–992 

Lazar, T., Taiz, L. and E. Zeiger. 2003. Plant physiology. 3rd edn.’, Annals of Botany, 91(6), 

pp. 750–751.  

Leakey, C.L.A. 1988. Genotypic and phenotypic markers in common bean. Genetic resources 

of Phaseolus beans., pp. 245–609.  

Levitt, J. 1980. Responses of plants to environmental stresses. Volume II. Water, radiation, 

salt, and other stresses. No. Ed.2). Academic Press. 

Liao, H., Rubio, G., Yan, X., Cao, A., Brown, K.M. and J.P. Lynch.2001. Effect of phosphorus 

availability on basal root shallowness in common bean.  Plant and Soil, 232(1), 

pp. 69–79.  

Lynch, J.P. 2018. Rightsizing root phenotypes for drought resistance. Journal of Experimental 

Botany, 69(13), pp. 3279–3292. 

Mahuku, G.S., Jara, C.E., Cajiao, C. and S. Beebe. 2002. Sources of Resistance to 

Colletotrichum lindemuthianum in the Secondary Gene Pool of Phaseolus vulgaris 

and in Crosses of Primary and Secondary Gene Pools. Plant Disease, 86(12), pp. 

1383–1387. 

Mahuku, G.S. and J.J. Riascos. 2004.Virulence and molecular diversity within Colletotrichum 

lindemuthianum isolates from Andean and Mesoamerican bean varieties and 

regions. European Journal of Plant Pathology, 110, pp. 253–263. 

Marschner, H. 1995.Mineral nutrition of higher plants. 2nd (eds) Academic Press’, New York, 

pp. 15–22. 



69 
 

Martineau, J.R., Specht, J.E., Williams, J.H. and C.Y. Sullivan. 1979. Temperature Tolerance 

in Soybeans. I. Evaluation of a Technique for Assessing Cellular Membrane 

Thermostability1. Crop Science, 19(1), pp. 75-78. 

Mastenbroek, C. (1960) ‘A breeding programme for resistance to anthracnose in dry shell 

haricot beans, based on a new gene.’, Euphytica, 9, pp. 177–84.  

Matiu, M., Ankerst, D.P. and A. Menzel. 2017. Interactions between temperature and drought 

in global and regional crop yield variability during 1961-2014. Plos one, 12(5), p. 

e0178339.  

Maxwell, K. and Johnson, G.N. 2000. Chlorophyll fluorescence—a practical guide. Journal 

of Experimental Botany, 51(345), pp. 659–668.  

Mbiu, J.P., Nchimbia, S., William, M.N. and J.C. Rubyogo. 2020. Assessment of the effects 

of water stress on seed yield of common bean genotypes. African journal of 

agricultural research, 16, pp. 1069–1077.  

McClean, P.E., Burridge, J., Beebe, S., Rao, I.M. and T.G. Porch. 2011. Crop improvement in 

the era of climate change: an integrated, multi-disciplinary approach for common 

bean (Phaseolus vulgaris).  Functional Plant Biology, 38(12), pp. 927–933.  

Melotto, M. and J.D.  Kelly. 2001. Fine mapping of the Co-4 locus of common bean reveals a 

resistance gene candidate, COK-4, that encodes for a protein kinase. Theoretical 

and Applied Genetics, 103, pp. 508–517. 

Mentreddy, R., Mullinix, B.G., Rangappa, M., Cebert, E., Bhagsari, A.S., Sapra, V.T., Joshi, 

J.M. and R.B. Dadson. 2002.Genotype × Environment Interactions and Yield 

Stability of Food-Grade Soybean Genotypes. Agronomy Journal - AGRON J, 

94(1),pp.72-80 

Michaletz, S.T., Weiser, M.D., McDowell, N.G., Zhou, J., Kaspari, M., Helliker, B.R. and 

B.J. Enquist. 2016. The energetic and carbon economic origins of leaf 

thermoregulation. Nature Plants, 2 (9), p. 1-9.  

Miguel, M.A., Widrig, A., Viera, R.F., Brown, K.M. and J.P. Lynch. Basal root whorl number: 

a modulator of phosphorus acquisition in common bean (Phaseolus vulgaris). 

Annals of Botany, 112(6), pp. 973–982 

Miklas, P.N., Kelly, J.D., Beebe, S.E. and M.W. Blair. 2006.Common bean breeding for 

resistance against biotic and abiotic stresses: From classical to MAS breeding. 

Euphytica, 147(1), pp. 105–131. 

Miller, C.R., Ochoa, I., Nielsen, K.L.,Beck, D. and J.P. Lynch. 2003. Genetic variation for 

adventitious rooting in response to low phosphorus availability: potential utility 

for phosphorus acquisition from stratified soils. Functional Plant Biology, 30(9), 

pp. 973–985.  



70 
 

Mohammed, A. 2013. An Overview of Distribution, Biology and the Management of 

Common Bean Anthracnose. Journal of Plant Pathology & Microbiology, 04(08), 

pp. 1-6. 

Monterroso, V.A. and H.C. Wien. Flower and Pod Abscission Due to Heat Stress in Beans. 

Journal of the American Society for Horticultural Science, 115(4), pp. 631–634.  

Muchero, W., Ehlers, J.D. and P.A. Roberts. 2008. Seedling Stage Drought-Induced 

Phenotypes and Drought-Responsive Genes in Diverse Cowpea Genotypes.  Crop 

Science, 48(2), pp. 541–552.  

Müller, F. and Rieu, I. 2016. Acclimation to high temperature during pollen development. 

Plant Reproduction, 29(1), pp. 107–118.  

Mungalu, H., Sansala, M., Hamabwe, S., Mukuma, C., Gepts, P., Kelly, J.D and K. Kamfwa. 

2020.Identification of race-specific quantitative trait loci for resistance to 

Colletotrichum lindemuthianum in an Andean population of common bean.Crop 

Science, 60(6), pp. 2843–2856.  

N. Humbbeling. 1977. The new jota race of Colletotrichum lindemuthianum [Bean 

resistance].’, Annual Report of the Bean Improvement Cooperative. 

Nadeem, M., Li, J., Yahya, M., Sher, A., Ma, C., Wang, X. and L. Qiu. 2019.Research 

Progress and Perspective on Drought Stress in Legumes: A Review. International 

Journal of Molecular Sciences, 20(10), p. 2541.  

Naghavi, M.R., Aboughadareh, A.P. and Khalili, M. 2013.Evaluation of Drought Tolerance 

Indices for Screening Some of Corn (Zea mays L.) Cultivars under Environmental 

Conditions.Notulae Scientia Biologicae, 5(3), pp. 388–393.  

Nalupya, Z., Hamabwe, S., Mukuma, C., Lungu, D., Gepts, P. and K. Kamfwa. 2021. 

Characterization of Colletotrichum lindemuthianum Races in Zambia and 

Evaluation of the CIAT Phaseolus Core Collection for Resistance to 

Anthracnose.Plant Disease, 105(12), pp. 3939–3945.  

Nankishore, A. and A.D. Farrell. 2016. The response of contrasting tomato genotypes to 

combined heat and drought stress.  Journal of Plant Physiology, 202, pp. 75–82. 

Nguyen, H.T., Babu, R.C. and A. Blum. 1997. A. Breeding for Drought Resistance in Rice: 

Physiology and Molecular Genetics Considerations. Crop Science, 37(5), p. 

cropsci1997. 

Nienhuis, J. and S.P. Singh. 1986. Combining Ability Analyses and Relationships Among 

Yield, Yield Components, and Architectural Traits in Dry Bean1.Crop Science, 

26(1), p. cropsci. 

Nleya, T.M., Slinkard, A.E. and A.Vandenberg. 2001. Differential performance of pinto bean 

under varying levels of soil moisture. Canadian Journal of Plant Science, 81(2), 

pp. 233–239.  



71 
 

Nonami, H. (1998) ‘Plant water relations and control of cell elongation at low water 

potentials’, Journal of Plant Research, 111(3), pp. 373–382.  

Nouri, A., Etminan, A., Teixeira da Silva, J.A. and R. Mohammadi. 2011. Assessment of 

Yield, Yield-related Traits and Drought Tolerance of Durum Wheat Genotypes 

(Triticum turjidum var. durum Desf.). Australian Journal of Crop Science, 5(1), 

pp. 8–16.  

Oblessuc, P.R., Francisco, C. and M. Melotto. 2015. The Co-4 locus on chromosome Pv08 

contains a unique cluster of 18 COK-4 genes and is regulated by immune respones 

in common bean. Theoretical and Applied Genetics, 128, pp.1193-1208 

Ochoa, I.E., Blair, M.W. and J.P. Lynch. 2006. QTL Analysis of Adventitious Root Formation 

in Common Bean under Contrasting Phosphorus Availability. Crop Science, 

46(4), pp. 1609–1621.  

O’connell, R.J., Pain, N.A., Hutchison, K.A., Jones, G.L. and J.R. Green. 1996. Ultrastructure 

and composition of the cell surfaces of infection structures formed by the fungal 

plant pathogen Colletotrichum lindemuthianum. Journal of Microscopy, 181(2), 

pp. 204–212.  

Padder, B.A., Sharme, P.N., Awale, H.E. and J.D. Kelly. 2019. Colletotrichum 

lindemuthianum, the causal agent of bean anthracnose. Journal of Plant 

Pathology. 99: 317-330 

Pastor-Corrales, M.A. and J.C. Tu. 1989. Anthracnose. 

Pastor-Corrales, M. A. (1991). Estandarizacion de variedades diferenciales y de designacion 

de razas de Colletotrichum lindemuthianum, Phytopathology, 81 

Pastor-Corrales, M.A., Jara, C. and S.P. Singh. 1998. Pathogenic variation in cources of , and 

breeding for resistance to Phaeoisariopsis griseola causing angular leaf spot in 

common bean. Euphytica, 103(2), pp.161-171 

Pathania, A., Sharma, S.K. and P.N. Sharma. 2014. Common Bean’, in M. Singh, I.S. Bisht, 

and M. Dutta (eds) Broadening the Genetic Base of Grain Legumes. New Delhi: 

Springer India, pp. 11–50.  

Pérez-Harguindeguy, N., Diaz, S., Garnier, E., Lavorel, S., Poorter, H., Jaureguiberry, P., Bret-

Harte, M.S., Cornewell, W.K., Craine, J.M., Gurvich, D.E. and C. Urcelay, C. 

2016. (2016) ‘Corrigendum to: New handbook for standardised measurement of 

plant functional traits worldwide. Australian Journal of Botany, 64(8), pp. 715–

716. 

Pimentel, C., Laffray, D. and P. Louguet. 1999. Intrinsic water use efficiency at the pollination 

stage as a parameter for drought tolerance selection in Phaseolus vulgaris. 

Physiologia Plantarum, 106(2), pp. 184–189.  



72 
 

Polania, J., Poschenrieder, C., Rao, I. and S. Beebe. 2017. Root traits and their potential links 

to plant ideotypes to improve drought resistance in common bean. Theoretical and 

Experimental Plant Physiology, 29(3), pp. 143–154. 

Polania, J.A., Poschenrieder, C., Beebe, S. and Rao, I.M. 2016. Effective Use of Water and 

Increased Dry Matter Partitioned to Grain Contribute to Yield of Common Bean 

Improved for Drought Resistance. Frontiers in Plant Science 7: 660 

Porch, T.G. and A.E. Hall. 2013. Heat Tolerance’, in C. Kole (ed.) Genomics and Breeding 

for Climate-Resilient Crops: Vol. 2 Target Traits. Berlin, Heidelberg: Springer, 

pp. 167–202.  

Prasad, P.V.V., Bheemanahalli, R. and S.V.K. Jagadish. 2017. Field crops and the fear of heat 

stress—Opportunities, challenges and future directions. Field Crops Research, 

200, pp. 114–121. 

Prasad, P.V.V., Boote, K.J. and L.H. Allen 2006. Adverse high temperature effects on pollen 

viability, seed-set, seed yield and harvest index of grain-sorghum [Sorghum 

bicolor (L.) Moench] are more severe at elevated carbon dioxide due to higher 

tissue temperatures’, Agricultural and Forest Meteorology, 139(3), pp. 237–251.  

Premachandra, G.S., Saneoka, H., Kanaya, M. and S. Ogata. 1991. Cell Membrane Stability 

and Leaf Surface Wax Content as Affected by Increasing Water Deficits in Maize.  

Journal of Experimental Botany, 42(2), pp. 167–171.  

Ramirez-Vallejo, P. and , J.D. Kelly .1998.  Traits related to drought resistance in common 

bean. Euphytica, 99(2), pp. 127–136.  

Rangarajan, H., Postma, J.A. and J.P. Lynch. 2018. Co-optimization of axial root phenotypes 

for nitrogen and phosphorus acquisition in common bean. Annals of Botany, 

122(3), pp. 485–499. 

Ranney, T.G. and M.M. Peet. 1994. Heat Tolerance of Five Taxa of Birch (Betula): 

Physiological Responses to Supraoptimal Leaf Temperatures. Journal of the 

American Society for Horticultural Science, 119(2), pp. 243–248.  

Rao, I.M., Beebe, S.E., Polania, J., Grajales, M., Cajiao, C., Grarcia, R., Ricaurte, J. and M. 

Rivera. 2009. Physiological basis of improved drought resistance in common 

bean: the contribution of photosynthate mobilization to grain’, in interdrought III: 

the 3rd international conference on integrated approaches to improve crop 

production under drought-prone environments, pp. 11–16. 

Redden, R. 2013. New Approaches for Crop Genetic Adaptation to the Abiotic Stresses 

Predicted with Climate Change. Agronomy, 3(2), pp. 419–432.  

Reynolds, M.P.  2001.Application of Physiology in Wheat Breeding. CIMMYT. 

Richards, R.A., Rawson, H.M. and D.A. Johnson. 1986. Glaucousness in wheat: its 

development and effect on water-use efficiency, gas exchange and photosynthetic 



73 
 

tissue temperatures. [Symposium paper]’, in Australian Journal of Plant 

Physiology (Australia). Plant Growth, Drought and Salinity, Canberra (Australia). 

Ries, L.L., Purcell, L.C, Carter Jr, T.E., Edwards, J.T. and C.A. King. 2012. Physiological 

Traits Contributing to Differential Canopy Wilting in Soybean under Drought. 

Crop Science, 52(1), pp. 272–281.  

Rodríguez-Guerra, R., Ramirez-Rueda, M.T., De la Vega, O.M. and J. Simpson. 2003. 

Variation in genotype, pathotype and anastomosis groups of Colletotrichum 

lindemuthianum isolates from Mexico. Plant Pathology, 52(2), pp. 228–235. 

Rucker, K.S., Kvien, C.K., Holbrook, C.C. and J.E. Hook. 1995. Identification of Peanut 

Genotypes with Improved Drought Avoidance Traits1. Peanut Science, 22(1), pp. 

14–18. 

Saadalla, M.M., Quick, J.S. and J.F. Shanahan. 1990. Heat Tolerance in Winter Wheat: II. 

Membrane Thermostability and Field Performance. Crop Science, 30(6), p. 

cropsci1990. 

Sadok, W., Gibert, M.E., Raza, M.A.S. and T.R. Sinclair. 2012. Basis of Slow-Wilting 

Phenotype in Soybean PI 471938. Crop Science, 52(3), pp. 1261–1269.  

Sadok, W. and T.R. Sinclair. 2011. Crops Yield Increase Under Water-Limited Conditions: 

Review of Recent Physiological Advances for Soybean Genetic Improvement’, in 

D.L. Sparks (ed.) Advances in Agronomy. Academic Press (Advances in 

Agronomy), pp. v–vii. 

Saed-Moucheshi, A., Hasheminasab, H., Khaledian, Z. and M. Pessarakli. 2015. Exploring 

Morpho-Physiological Relationships among Drought Resistance Related Traits in 

Wheat Genotypes Using Multivariate Techniques. Journal of Plant Nutrition, 

38(13), pp. 2077–2095.  

Sánchez-Reinoso, A., Moreno, G. and H. Restrepo-Diaz. 2019. Evaluation of drought indices 

to identify tolerant genotypes in common bean bush (Phaseolus vulgaris L.). 

Journal of Integrative Agriculture, 19, pp. 99–107.  

Sandquist, D.R. and J.R. Ehleringer. 2003.  Population- and family-level variation of 

brittlebush (Encelia farinosa, Asteraceae) pubescence: its relation to drought and 

implications for selection in variable environments.  American Journal of Botany, 

90(10), pp. 1481–1486.  

Schneider, K.A., Rosales-Sema, R., Ibarra-Perez, F., Cazares-Enriquez, B., Acosta-Gallegos, 

J.A., Ramirez-vallejo, P., Wassimi, N. and J.D. Kelly. 1997. Improving Common 

Bean Performance under Drought Stress. Crop Science, 37(1), pp.  43-50. 

Schwartz, H.F., Steadman, J.R., Hall, R. and R.L. Forster. 2005. Compendium of bean 

diseases. Compendium of bean diseases. (No. Ed.2) American Phytopathological 

Society (APS Press). 



74 
 

Schwartz, H.F. and M.A. Pastor-Corrales. 2005. Anthracnose. in Compendium of Bean 

Diseases. Schwartz, H.F., Steadman, J.R., Hall, R. and  R.L. Forster. eds. APS 

PressSt. Pual Minnesota. pp25-27 

Schwartz, H.F. and M.A.P. Corrales. 1989. Bean Production Problems in the Tropics. CIAT. 

Schwartz, H.F. and F.B. Peairs. 1999. Integrated Pest Management’, in S.P. Singh (ed.) 

Common Bean Improvement in the Twenty-First Century. Dordrecht: Springer 

Netherlands (Developments in Plant Breeding), pp. 371–388.  

Sexton, P.J., White, J.W. and K.J. Boote. 1994. Yield-Determining Processes in Relation to 

Cultivar Seed Size of Common Bean. Crop Science, 34(1), p. cropsci1994. 

Sharma, N., Kumari, N., Sharma, S.K., Padder, B.A. and P.N. Sharma. 2019. Investigating the 

virulence and genetic diversity of Colletotrichum lindemuthianum populations 

distributed in the North Western Himalayan hill states. Journal of Plant 

Pathology, 101(3), pp. 677–688. 

Sharma, P.N., Kumar, A., Sharma, O.P., Sud, D. and P.D. Tyagi. 1999. Pathogenic variability 

in Colletotrichum lindemuthianum and evaluation of resistance in Phaseolus 

vulgaris in the north-western Himalayan region of India’, Journal of 

Phytopathology, 147(1), pp. 41–45. 

Shenkut, A.A. and M.A. Brick. 2003. Traits associated with dry edible bean (Phaseolus 

vulgaris L.) productivity under diverse soil moisture environments. Euphytica, 

133(3), pp. 339–347.  

Sicard, D., Buchet, S., Michalakis, Y. and C. Neema.1997.  Genetic variability of 

Colletotrichum lindemuthianum in wild populations of common bean. Plant 

Pathology, 46(3), pp. 355–365. 

Siddique, M.R.B., Hamid, A. and M.S. Islam. 2000. Drought stress effects on water relations 

of wheat.Botanical Bulletin of Academia Sinica, 41(1), pp. 35–39. 

Singh, S. 2007. Drought Resistance in the Race Durango Dry Bean Landraces and Cultivars’, 

Agronomy Journal - Agron J, 99(5),pp.1219-1225. 

Singh, S.P., Gepts, P. and D.G. Debouck. 1991. Races of Common Bean (Phaseolus vulgaris, 

Fabaceae). Economic Botany, 45(3), pp. 379–396.  

Singh, S.P., Muñoz, C.G. and H. Terán. 2001. Registration of Common Bacterial Blight 

Resistant Dry Bean Germplasm VAX 1, VAX 3, and VAX 4. Crop Science, 41(1), 

pp. 275–276.  

Singh, S.P., Nodari, R. and P. Gepts. 1991. Genetic Diversity in Cultivated Common Bean: I. 

Allozymes. Crop Science, 31(1), p. cropsci1991. 

Singh, S.P. and Schwartz, H.F. 2010. Breeding Common Bean for Resistance to Diseases: A 

Review. Crop Science, 50(6), pp. 2199–2223.  



75 
 

Sonnante, G. 1994. Evolution of genetic diversity during the domestication of common-bean 

(Phaseolus vulgaris L.). Theoretical and Applied Genetics, 89(5), pp. 629–635.  

Sponchiado, B.N., White, J.W., Castillo, J.A. and P.G. Jones. 1989. Root Growth of Four 

Common Bean Cultivars in Relation to Drought Tolerance in Environments with 

Contrasting Soil Types. Experimental Agriculture, 25(2), pp. 249–257.  

Stuart, N.W. 1940. Comparative cold hardiness of scion roots from fifty apple varieties.  

Proceedings. American Society for Horticultural Science, 1939, 37, pp. 330–4.  

Subbarao, G.V., Nam, N.H., Chauhan, Y.S. and C. Johansen. 2000. Osmotic adjustment, water 

relations and carbohydrate remobilization in pigeonpea under water deficits. 

Journal of Plant Physiology, 157(6), pp. 651–659.  

Terán, H. and Shree P. Singh. 2002. Comparison of Sources and Lines Selected for Drought 

Resistance in Common Bean. Crop Science, 42(1), pp. 64–70.  

Terán, H. and Shree P. Singh.2002. Selection for drought resistance in early generations of 

common bean populations. Canadian Journal of Plant Science, 82(3), pp. 491–

497.  

Thomazella, C., Goncalves-Vidigal, M.C., Vidigal Filho, P.S., DE Carvalho Nunes, W.M. and 

J.B. Vida. 2002. Characterization of Colletotrichum lindemuthianum races in 

Paraná state, Brazil. Crop Breeding and Applied Biotechnology, 2, pp. 55–60.  

Thung, M.D. and Rao, I.M. 1999. Integrated management of abiotic stresses.in. Kluwer 

Academic Publishers.  

Trachsel, S., Kaeppler, S.M., Brown, K.M and J.P. Lynch. 2011. Shovelomics: high 

throughput phenotyping of maize (Zea mays L.) root architecture in the field. Plant 

and Soil, 341(1), pp. 75–87.  

Tu, J.C.1983.  Epidemiology of anthracnose caused by Colletotrichum lindemuthianum on 

white bean (Phaseolus vulgaris) in southern Ontario: survival of the pathogen. 

Plant Disease, 67(4), pp. 402–404.  

Turner, N.C., Wright, G.C. and K.H.M. Siddique. 2001. Adaptation of grain legumes (pulses) 

to water-limited environments. Advances in agronomy., 71, pp. 193–231.  

Velasquez, V.L.B. and P. Gepts. 1994. RFLP diversity of common bean ( Phaseolus vulgaris 

) in its centres of origin.Genome, 37(2), pp. 256–263.  

Vasquez-Tello, A., Zuily-Fodil, Y., Thi, A.P. and da Silva, J.V., 1990. Electrolyte and Pi 

leakages and soluble sugar content as physiological tests for screening resistance 

to water stress in Phaseolus and Vigna species. Journal of Experimental 

Botany, 41(7), pp.827-832. 

Vogel, E., Donat, M.G., Alexander, L.V., Meinshausen, M., RAY, D.K., Karoly, D., 

Meinshausen, N. and K. Frieler. 2019. The effects of climate extremes on global 

agricultural yields. Environmental Research Letters, 14(5), p. 054010.  



76 
 

Vollenweider, P. and Günthardt-Goerg, M.S. 2005. Diagnosis of abiotic and biotic stress 

factors using the visible symptoms in foliage. Environmental Pollution, 137(3), 

pp. 455–465. 

Wahid, A., Gelani, S., Ashraf, M. and M.R. Foolad. 2007. Heat tolerance in plants. An 

overview. Environmental and Experimental Botany, 61(3), pp. 199–223.  

Walk, T.C., Jaramillo, R. and J.P. Lynch. 2006. Architectural Tradeoffs between Adventitious 

and Basal Roots for Phosphorus Acquisition. Plant and Soil, 279(1), pp. 347–366. 

Weerakoon, W.M.W., Maruyama, A. and K. Ohba. 2008. Impact of Humidity on 

Temperature-Induced Grain Sterility in Rice (Oryza sativa L). Journal of 

Agronomy and Crop Science, 194(2), pp. 135–140.  

White, J.W., Cstillo, J.A., Ehleringer, J.R., Garcia, J.A.C. and S.P. Singh. 1994. Relations of 

carbon isotope discrimination and other physiological traits to yield in common 

bean (Phaseolus vulgaris) under rainfed conditions. The Journal of Agricultural 

Science, 122(2), pp. 275–284. 

White, J.W. and J.A. Castillo. 1989. Relative Effect of Root and Shoot Genotypes on Yield of 

Common Bean under Drought Stress. Crop Science, 29(2), p. cropsci1989. 

White, P.J. and J.P. Hammond (eds.). 2008. The Ecophysiology of Plant-Phosphorus 

Interactions. Dordrecht: Springer Netherlands (Plant Ecophysiology).  

Wortmann, C.S. (1998) ‘An adaptation breeding strategy for water deficit in bean developed 

with the application of DSSAT3 drybean model’, African Crop Science Journal, 

6(3).pp.215-225. 

Wu, M.-T. and S.J. Wallner. 1983. Heat Stress Responses in Cultured Plant Cells 1: 

Development and Comparison of Viability Tests. Plant Physiology, 72(3), pp. 

817–820.  

Yesuf, M. 2005. Seedborne nature OF Colletotrichum lindemuthianum and its epidemic on 

common beans in the major bean growing areas of Ethiopia. (Doctoral 

dissertation, Kasetsart University). 

Yuan, J., Njiti, V.N., Meksem, K., Iqbal, M.J., Triwitayakorn, K., Kassem, M.A., Davis, G.T., 

Schmidt, M.E. and D.A. Lightfoot. 2002. Quantitative trait loci in Two Soybean 

Recombinant Inbred Line Populations Segregating for Yield and Disease 

Resistance. Crop science, 42, pp. 271–277.   

Zaumeyer, W.J. and Thomas, H.R. 1957. A Monographic Study of Bean Diseases and Methods 

for Their Control. U.S. Department of Agriculture. 

Zhang, M., Ma, Y., Horst, W.J and Z.B. Yang. 2016.Spatial–temporal analysis of polyethylene 

glycol-reduced aluminum accumulation and xyloglucan endotransglucosylase 

action in root tips of common bean (Phaseolus vulgaris). Annals of Botany, 

118(1), pp. 1–9.  



77 
 

Zhou, Y., Lam, H.M. and J. Zhang. 2007. Inhibition of photosynthesis and energy dissipation 

induced by water and high light stresses in rice. Journal of Experimental Botany, 

58(5), pp. 1207–1217. 

Zulu, M. 2005. Race identification and distribution of bean anthracnose in major bean growing areas 

of Zambia. Msc dissertation submitted to the School of Agricultural sciences, University 

of Zambia. Zambia 

 

 



78 
 

APPENDICES 

      

Appendix 1: Germplasm 

Genotype names 

 NE2-18-44 

 NE2-18-7 

 NE2-18-8 

 NE2-18-38 

 NE2-18-12 

 NE2-18-15 

 NE2-18-20 

 NE2-18-23 

 PT11-13-B 

 PT16-12-1 

 PT16-12-2 

 PT16-18 

 PT11-13-13 

 PT16-4 

 PT16-7 

 PT16-46 

 PT16-37 

 PT16-22 

 PT16-20 

 PT9-22 

 PT9-18 

 PT9-18-2 

 PT16-9 

 PT16-10 

 PT11-13 

 NDZ14006-4 

 NDZ14043 

 NDZ14048-2 

 NDZ14048-5 

 NDZ14120 

 NDZ14056 

 NDZ14086 

 NDZ14110-4 

 PR1572-10 

 P-08166 

 PR1572-19 

 PR1572-26 

 P14814 

 P16901 

 P16905 
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 P-08161 

 NE2-09-3 

 NE2-09-8 

 NE2-17-18 

 NE2-17-39 

 CO-32330-14 

 CO-52646-14 

 G-08160 

 ND040494-4 

 Staybright 

 ABCP-15 

 El Dorado 

 Dr Wood 

 BelDakMi-RR-5 

 Grand Mesa 

 Kodiac 

 NDZ14110-4 

 G2333 

 LSK 

 KAB 

 SER 16 


