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ABSTRACT
Common bean (Phaseolus vulgaris L.) production is predisposed to extreme weather variability occasioned by effects of climate change. In sub-Saharan Africa, there is limited access to suitable improved varieties adapted to marginal environments. Root system architecture is central to adaptation of common bean to adverse growing conditions and contribute to enhanced yield. Understanding genetic architecture of root traits and seed yield accumulation is a key step towards successful improvement of common bean for adaptation to marginal environments. The objectives of this study, were to: i) determine stability of common bean genotypes for root traits and yield in marginal environments, ii) determine combining ability and estimate genetic correlations of root and agronomic traits iii) determine the root traits associated with water deficit. The study was carried out under field conditions at three locations in Mozambique and in a greenhouse in Kenya. For the field experiments, forty-nine bean genotypes were evaluated in a simple lattice design with two replications for two cropping seasons. Four elite genotypes were selected and crossed to four local cultivars using North Carolina II design. The F2s derived by selfing F1s without selection, were evaluated for adaptability to multi-environments. Residual maximum likelihood estimates revealed significant (P<0.01) genotype-by-environment interaction effects for root traits and seed yield, demonstrating significance of environment on genotypic expression. Acute angles between vectors of different years at the same locations, established repeatability of environments in evaluating genotypes for root traits and yield. Genotype main effect plus genotype-by-environment biplots established stability of genotypes for root traits and seed yield across locations. Genotypes DAB256, DAB398, AFR398 and Guropequeno had superior overall performance and stability for root traits and seed yield across environments. Significant positive correlation between yield and both deep roots and deep root angles and seed yield was recorded. General and specific combining ability mean squares were significant (P<0.05) for all traits measured. General predictability ratios ranged from 0.47 to 0.68 across locations suggested the significance of both additive and non-additive gene action modulating root traits and seed yield. Significant (P<0.05) bivariate and genetic correlations revealed significant association between root traits and yield. Genotypes AFR398 displayed significant positive GCA effects among its crosses for both root and agronomic traits hence was revealed as a potential germplasm for inclusion in a bean yield improvement programme. Moderate to high narrow sense heritability estimates ranging from 0.43 to 0.67 were obtained, signifying likelihood of good response to selection.  
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[bookmark: _Toc168949627]1.1 Background information
Common bean (Phaseolus vulgaris L.) is cultivated on over 28 million hectares of land, accounting for 78% of land under legumes, with an average seed yield of approximately 715 kg ha-1 worldwide (Binagwa et al., 2018; Broughton et al., 2003; FAO, 2013). World production of dry bean in 2013 and 2014, was 23.4 million tonnes and 25.1 million tonnes, respectively (Sharasia et al., 2017), from which 10.1 million tonnes were produced in Asia, 6.8 million tonnes in America, 6.0 million tonnes in Africa and 0.50 million tonnes in Europe (FAOSTAT, 2016). However, the top producing countries are Myanmar (3.8 million tonnes), Brazil (2.9 million), United State (1.4 million tonnes), Mexico (1.1 million tonnes), China (1.1 million), Uganda (1.0 million) and Kenya (0.85 million tonnes) (Greenfield, 2017). In contrast, Mozambique produces an estimated 65,050 tonnes on approximately 108.4 thousand hectares annually.
Common bean production in sub-Saharan Africa (SSA) is limited by lack of suitable improved varieties that fit within extremely variable conditions presented by small-scale agriculture coupled with adverse impact of climate change which is expected to worsen with global warming. Africa and Asia are the most affected continents by climate variability and drought (Kiprop, 2018). Global population growth and effects of climate change that cause frequent natural catastrophe, impose a threat to food security. A projection of approximately 70% more food needs to be produced to meet future demand for nutrition (Tripathi et al., 2019). With people becoming more conscious of health risks associated unhealthy diets, demand for healthy diets compels reliance on edible legumes as the main supply of dietary protein and minerals to meet the dietary requirements hence the need for intensified production (Celmeli et al., 2018; Cichy et al., 2009; Sozen et al., 2017). Common bean grain as one of the major grain legumes contains about 22 – 24% protein and is rich in vitamins and minerals (Sozen, 2012). 
Severe climatic conditions such as drought, exceedingly high or low temperatures and flooding alongside harsh soil conditions mainly low nutrient supply, salinity, high levels of toxic elements and soil compaction prevalent in SSA, subject crops to stress leading to huge yield losses (Evans, 2009; Pereira, 2016; Rao et al., 2021). For example, phosphorus deficiency alone causes a yield penalty of up to 396,000 tonnes year-1 (FAO, 2018). Extreme weather is the biggest challenge to bean production causing seed yield loss of 60% (Beebe et al., 2013). In spite of these challenges, bean production in the developing countries still takes place under variable agro-ecological conditions (Rao et al., 2021). The average yield in most of the developing countries especially in African countries is low. Kibode and Maredia (2011) reported the average seed yield of common for a number of countries in sub-Saharan including Democratic Republic of Congo, Malawi, Angola, Kenya and Uganda of 540, 490, 280, 490 and 500 kg ha-1, respectively. In general, the average yield for Africa is estimated at below 600 kg ha-1 (Ramirez & Thornton, 2015). The low level of production has been attributed to low levels of soil plant-variable phosphorus and water stress (Beeb et al., 2011; Beeb et al., 2013).
In Mozambique, environmental changes are more severe and cyclical hence affect crop performance causing a seed yield reduction of up to 60% (OECD-FAO, 2016). For instance, in the 2015/2016 cropping season, the changes in agro-ecological conditions caused a yield loss of more than 80% within the Southern, Central and Northern regions. The average rainfall ranges of between 1010 and 1780 mm occur along the coastal areas where the conditions are not favourable for growing beans due to high night temperatures above 20oC and day temperatures above 30oC. In contrast the average precipitations in the bean growing regions are between 610 and 810 mm with an average of about 75 mm per month, however such places are largely semi-arid. In addition, these areas have poor soil fertility (Jochua et al., 2020). 
Common bean is a staple food crop in Mozambique and is a major dietary supply for amino acids such as lysine, cysteine, leucine, valine, histidine and minerals such as iron, zinc, calcium and magnesium, hence doubles as a food security crop, as well a cash crop for many rural households (Hummel et al., 2018). However, there is insufficiency in bean production and Mozambique relies on imports from South Africa, Malawi and Brazil to supplement the deficit (OECD-FAO, 2016). In order to be self-sufficient in bean supply and to meet the local demand, it is plausible to maximum on seed yield. This requires deployment of productive cultivars that are well adapted to the prevailing farming conditions.
Root traits are important for common bean adaptability to diverse and harsh environments. Plants deploy multifaceted adaptive mechanisms to tolerate stresses arising from pressures of fluctuating environmental conditions (Lamers et al., 2020). Genetic improvement of common bean for adaptability to marginal production environment promises to be an efficient, economically feasible and sustainable improvement strategy for enhancing productivity in Mozambique (Evans, 2009). Currently, bean breeding programmes in Mozambique focus on market attribute improvement alongside abiotic and biotic stress tolerance. The predominant market classes are the red market class with tolerance to low nitrogen (N) and phosphorus (P), the sugar market class for high yield under low input and biotic stress, the Calima (red mottled) for high yield under low P, the cream for short cooking time and the black for tolerance to low P and diseases (Margaret et al., 2014). In the recent past, new drought tolerant bean lines were introduced from CIAT but they have not been tested for adaptability to local agro-ecological conditions in Mozambique. These new sources of germplasm could potentially be deployed in breeding programmes to improve farmer preferred bean genotypes through trait introgression of root and agronomic traits. 
Adverse effects of climate change and harsh soil conditions are a serious constraint to common production globally. To address the challenges associated with extreme climatic events as driven by the impact of climate, the breeding programmes in regions of high bean productivity comprising sub-Saharan Africa, southern- and central-America and Asia have embarked on genetic improvement to design common bean ideotypes that possess elasticity to cope with emergent climatic variability and to reduce their vulnerability to these conditions and hence produce acceptable seed yield. 
The current study was conducted to determine the stability of bean root traits under variable environmental conditions and to estimate genetic parameters associates with root trait heritability for tolerance to adversities arising from the impact of climate change. This is because flexibility of root system architecture is significant for plants’ resilience to extreme environments. Understanding of the type of gene action governing root traits will potentially be useful in planning of selection programmes (CIAT, 2013). This study, therefore, aims at determining the genotypic stability of common bean genotype from diverse sources for root traits and gene action controlling root and agronomic traits alongside morpho-physiological mechanisms important for drought adaption to diverse environmental conditions.

[bookmark: _Toc168949628]1.2 Statement of the problem
Hostile climatic and soil conditions pose a major threat to bean production in the Southern and Central regions of Mozambique. Particularly, low average rainfall poorly distributed, low soil fertility, drought and extremely high temperature and topography in key bean growing areas are unconducive for bean production. Common bean is an important nutritious legume crop in Mozambique. However, it is highly threatened by environmental variation in major growing areas of Mozambique where bean seed yield losses of up to 80% have been recorded. Currently, the seed yield losses above 60% resulting from drought and extreme weather are causing significant food shortage thus leading to importation of beans from different countries including South Africa, Malawi and Brazil (OECD-FAO, 2016). Annual projection of bean production for the country stands at 98,600.00 tonne, but due the negative impact of climate change, the overall production is a paltry 63,600 tonnes with food shortage of over 35% (CIAT, 2013; Margaret at al., 2014; MASA, 2013).
Despite availability of improved commercial varieties in Mozambique, farmers still grow local cultivars (landraces). Local cultivars are well adapted but inherently low yielding. Reason for farmers sticking to their local cultivars is because despite new varieties having high yield potential, they are less adapted to new challenges especially from extreme weather variability and were not selected for drought adaptation (CIAT, 2013; ICRISAT, 2013). Root architecture is important for adaption to drought and poor soils, therefore screening for positive root attributes that support good performance is a useful breeding strategy to enhance crop’s elasticity to adverse environments (Asfaw et al., 2017).
Genetic improvement of common bean for adaptability to varied environment through designing cultivars with superior root architecture is the most feasible and cost-effective method for developing resilient genotypes. Genetic gains in traits that contribute to crop’s adaptability and stability will potentially result in enhanced seed yield.
Previous studies on genetic improvement for adaptation to environmental stresses focused more on determining the role of phenotypic and physiological characteristics in drought response (Christopher et al., 2019). Little emphasis has been laid on understanding the role of root traits and related physiological mechanisms for abiotic stress tolerance. Although root traits that improve beans productivity under poor soil fertility and water deficit have been identified, there is need to improve root traits for the synergetic effects (Lynch, 2019). Scanty information exists on the understanding the genetic architecture and heritability of root traits. Genetic correlation between root architecture and agronomic traits is important for formulation a breeding programme.

[bookmark: _Toc168949629]1.3 Objectives
[bookmark: _Toc168949630]1.3.1 Broad objective 
To contribute to food and nutritional security through genetic improvement and assessment of stability of common bean for root traits and seed yield in marginal environments in Central Mozambique.
[bookmark: _Toc168949631]1.3.2 Specific objectives
The specific objectives are to:
i. Identify stable common bean genotypes with superior root and agronomic traits obtained from diverse sources and evaluated in multi-environments in Central Mozambique.
ii. Determine the additive gene action modulating root traits in common bean.
iii. Estimate the heritability of root and agronomic traits as well genetic correlation between root and agronomic traits in common bean.
iv. Determine the important root traits for adaptability under water stressed growing conditions in selected common bean genotypes.
1.4 [bookmark: _Toc168949632]Research hypotheses
i. Ha: There is significant difference among common bean genotypes with superior root and agronomic traits obtained from diverse sources and evaluated in multi-environments in Central Mozambique.
ii. Ha: There is significant effect of additive gene action modulating root traits in common bean.
iii. Ha: Root traits are heritable and are significant genetic correlated with agronomic traits in common bean.
iv. Ha: There is significant differences among selected common bean genotype for root traits adaptability under water stressed growing conditions. 
[bookmark: _Toc168949633]1.5 Justification of the study 
Smallholder farmers in Mozambique are the major producers of common bean. They intercrop bean with cassava and maize as a mitigation strategy towards the effects of climate change so as to ensure food security. Common bean production is prone to extreme environmental changes occasioned by adverse effects of climate change. Similarly, harsh soil conditions arising from low availability of essential nutrients cause seed yield losses in common bean. Available improved varieties are largely sensitive to fluctuations in growing conditions, have low input use efficiency and low resistance to abiotic stresses (CIAT, 2013). The impact of environmental variability can be immediate or long-term, direct or indirect depending on the capacity of households to respond and recover. Mozambique's smallholder farmers are subsistence farmers relying on rainfed cropping systems, with farming plots less than 1.4 hectares, with low use of input and agriculture technologies. Currently, the bean yield is estimated at 0.6 tonnes/ha with yield loss is estimated > 60% due to drought. Such low productivity coupled with high yield loss cause significant food shortage leading to importation of bean from different countries including South Africa, Malawi, Brazil (OECD-FAO, 2016). The potential annual production of common bean in the country is 98,600,000 tonnes on approximately 163, 333 ha, but due to low yield occasioned by extreme growing environment variation, the overall production is 63,600,000 tonnes (ICRISAT, 2013). The smallholder farmers are extremely vulnerable to climate change, and they are not able to respond or recover from climate change-related shocks. Bean improvement forms part of the mitigation strategies to address the impact of climate change on food security.
Developing common bean genotypes with good adaptability and stability to marginal environments and superior agronomic qualities will potentially contribute to improved productivity. High level of adaptability and stability will allow plasticity to climate variability and resilience to variable farming systems found within the mid-altitude areas of Mozambique where high production takes place. This will potentially offer food security to the rural communities and provide better income for smallholder farmers (Burridge et al., 2019). 
Breeding for plant adaptability requires the use of an effective selection strategy among segregating populations that combine high average and sufficient genetic variability and should involve crosses between superior lines (Wagner, 2011). Designing common bean ideotypes with superior root traits is an important breeding objective that will lead to deployment of improved cultivars that will be of benefit to farmers not only in marginal areas but potentially in high potential areas. An understanding of inheritance and gene action underlying root traits will be useful in setting up breeding programmes for common bean improvement for adaptability to diverse environmental conditions (Mourtzinis, 2015). Better understanding of genetic relationship between root characteristics and yield related traits such as root system adaptability, genotype stability and yield can play a significant role in improving selection efficiency and identifying of desired genotypes in the breeding pipeline.
The study was conducted in central Mozambique at Manica Province in Sussundenga, Vnaduzi and Guro Districts, respectively. These experimental sites were carefully selected as representative for areas of highest bean in Mozambique with suitable agro-ecological conditions and varied soil conditions.

[bookmark: _Toc168949634]1.6 Limitation of the study 
The genotypes used for the study were mainly obtained from Centro Internacional de Agricultura Tropical (CIAT) and Instituto de Investigação Agrária de Moçambique (IIAM). These genotypes vary in drought tolerance and are sensitive to varied environmental condition but information regarding their root architecture was scanty. In order to achieve the objectives, the study focused on 49 genotypes which were evaluated in Central Mozambique at only three locations in Sussundenga, Vanduzi and Guro District, respectively. More locations would have provided more information. The test sites vary from one season to another and drought occurs only randomly. Genetic material derived from F2 populations from crosses between exotic drought-tolerant genotypes with locally adapted genotypes were evaluated with their parents and this was because of the difficulty in obtaining enough F1 seed. The primary traits evaluated were root and agronomic traits associated to yield, and the results represented only the targeted populations.
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[bookmark: _Toc168949637]2.1 Origin of bean and botany
Common bean (Phaseolus vulgaris L.) is native to American continent; however, it is now one of the most important crops worldwide. The crop is believed to have originated in South and Central America, after which domestication in the southern and northern ends of each region gave independent origin to the Andean and Mesoamerican domesticates (Andres, 2013). They consist of a wide range of annuals and perennials, mostly found in warm and tropical countries, usually herbs but with a few wild species which are woody at base. They are grown for ornamental but mostly for edible seeds and pods and there are one hundred and fifty to two hundred known species of common bean (Rania et al., 2010).
[bookmark: _Toc168949638]2.1.1 Botany and genetics of bean
Eleven species of the bean of genus Phaseolus are known and cultivated in different parts of the world. The somatic chromosome number of bean is twenty-two chromosomes or 2n = 22 (Rania et al., 2010). Growth habits of the bean crop is either determinate or indeterminate. The flower petal colours vary from blue to purple, pink to red and white. Beans possess compound leaves. The leaf arrangement is alternate with one leaf per node along the stem. The edge of the leaf blade has no teeth or lobes. The flower is bilaterally symmetrical. There are five petals and sepals in the flower with ten stamens (Andres, 2013; Hide et al., 2012). The fruit is dry but does not split open when ripe and the fruit length is 80–200 mm. The primary root starts its development from the radicle at the lower end of the hypocotyl of the embryo. Directly below the hypocotyl, the radicle is as thick as the hypocotyl, then tapering towards the growing point. It is ivory in colour. Lateral roots develop acropetally in four longitudinal rows, spreading in the surface layer of the soil depending on the species (Rania et al., 2010).
[bookmark: _Toc168949639]2.1.2 Life cycle of bean plant 
After the seed germinates and the roots grow, the bean plant begins to push out a single stem. As the stem emerges from the soil, two little leaves emerge. The first leaves to emerge are rounded, and they help the plant to grow quickly into a strong, mature plant. The first pair of leaves provide photosynthesis and they drop off as soon as the mature leaves are produced (Andres, 2013; Hide et al., 2012). Within the leaves, there are special cells containing chlorophyll which transform sunlight into usable energy for the plant. As the plant receives warmth, moisture, sunlight and carbon dioxide, it is able to transform these elements into nutrition for growth and maintenance. The end of the bean plant´s life cycle is flowering. Flowers are the reproductive portion of the plant, and plants begin reproducing as soon as they are able to do so (Rania et al., 2010; Purushothaman et al., 2014). The time it takes a bean plant to flower varies according to the type of bean and variety, but generally within six to eight weeks of germination the flowering takes place. As the flowers are pollinated or fertilized, seed pods develop. During the life cycle, the bean plant requires 300 to 500 mm of water (Beebe et al., 2013). The growth of bean is distributed in four stages namely emergence and early vegetative growth, branching and rapid vegetative growth, flowering and pod formation and pod fill and maturation (Schwartz & Langham, 2010). 
[bookmark: _Toc168949640]2.1.3 Common bean gene pools
The germplasm of common bean is divided into two main gene pools, namely, the Mesoamerican and the Andean (Bitocchi et al., 2012), which diverged from a common ancestor approximately 100,000 years ago (Petry et al., 2015). These two gene pools are characterized by partial reproductive isolation (Bitocchi et al., 2012), with both domesticated and wild landraces. The Mesoamerican gene pool extends from the South-eastern United States to Panama, with the main characteristics being its small seeds (100 seeds can weigh less than 40 g) and predominantly S-type phaseolin. On the other hand, the Andean gene pool is distributed from Colombia to Northern Argentina, with large, broad seeds (100 seeds can weigh more than 40 g) and primarily T-type phaseolin (Crossa et al., 2010; Petry et al., 2015), however, Mesoamerican beans are the most commercially cultivated, including carioca and black varieties. In sub-Saharan Africa the largest growing countries being Kenya, Uganda, Tanzania, RDC Congo, Rwanda, Burundi and Ethiopia (Wortmann, 2009). 
[bookmark: _Toc168949641]2.2 World production and benefits of beans
Common bean is one of the most important legumes crops worldwide that is rich in nutritive value namely: protein, complex carbohydrates, vitamin B components (thiamine, folic acid and niacin) and micro-nutrients iron and zinc. This crop is consumed as fresh, canned, frozen pods, seeds or precooked/ dehydrated seeds and dry seeds packaged (Rania et al., 2010). Consumption patterns vary dramatically by geographic regions and among cultures (Lucia & Angela, 2013). The crop is cultivated extensively in the five continents and spans from 52°N to 32°S latitude, and from near sea level in the continental USA and Europe to elevations of more than 3000 m above sea level (asl) in Andean South America (Lucia & Angela, 2013). The total world production of all the cultivated common bean species was about 23 million tonnes in 2014. The leading countries are American countries, with Brazil, USA, Mexico and Central America producing nearly 50% of the world’s dry beans (FAO, 2013; FAOSTAT, 2010; Margaret et al., 2014). India, China and Myanmar are the major Asian producers while in Europe, cultivation is concentrated in the regions bordering the Mediterranean basin, such as the Iberian Peninsula, Italy and the Balkan states, though the production is not sufficient to cover the whole demand (FAO, 2015). In Africa, the largest producers are Kenya, Uganda, Tanzania, RDC Congo, Rwanda, Burundi and Ethiopia (Wortmann, 2009). 
[bookmark: _Toc168949642]2.2 Background of common bean production in Mozambique
Mozambique is a country with low protein consumption per capita of 39 g per day of which only 5g per day is animal derived (FAO, 2013). Legumes, comprising common bean can provide a cheaper source of protein than meat and two-to-three times the amount of protein than cereals (World Bank, 2012) if produced and consumed in rural areas. The common bean is an important legume in human diets globally; providing protein, iron, zinc, fiber and complex carbohydrates (Gepts et al., 2008) and food for over 400 million people in Africa. Furthermore, common bean is also a very important source of income for small holder farmers. Common bean production in Mozambique increased by 55% between 2002 and 2012, as farmers increasingly realized market potential of the crop and therefore devoted more cropping area of up to 96,500 ha.
More than 80 % of the common bean grain produced in Mozambique is marketed locally, especially in the major urban centers with an estimated demand of 38,000,000 ton. The export market takes up an estimated 6 % of the common bean produced in the country. Highlighting its importance, a recent study ranked common bean as the second most important cash crop after maize in the medium to high altitude bean producing areas of Mozambique (Rusike et al., 2013).
According to survey reports, between 2012 and 2014 common bean was planted on an average area of 102,000ha per year in Mozambique, but the average yield on small holder farmers’ fields is below 550 kg/ha (MASA, 2014) due to the use of local varieties and inappropriate agronomic practices and environment variability. The production of common bean is highest in Niassa province with 35.5%, Manica with 38%) and finally Tete 31.1% where more than 30 % of small-scale farmers produce the crop. Where irrigation is available, farmers can successfully grow bean in second season; deriving food and cash from leaves, fresh pods and the dry grain, making the common bean a reliable income source throughout the year in main growing areas. The main bean producing areas in Mozambique are medium altitude areas of Manica Province (Manica, Sussudenga and Gondola districts, Tete Province (Angonia, Tsangano, Macanga and part of Moatize districts), Zambezia Province (Gurue and Alto Molocue districts) and Niassa Province (Lichinga district) in the main rainy season, while low-lying areas also produce the crop under irrigation in the cool season. On these locations, the bean crop is grown in combination with a number of other crops and regional preferences in grain types exist. Generally, farmers in Southern Africa (including Mozambique) prefer the large seeded cream (manteiga), red-speckled (sugar), red and red-mottled bean types (CIAT, 2013).
Furthermore, farmers are interested in culinary qualities such as cooking time and taste, maturity period, yield and tolerance to pests, diseases and adapted to adverse growing conditions. To address these needs, CIAT in collaboration with IIAM are looking for strategy for developing bean varieties that are highly adaptable to diverse agro-ecologies while meeting the nutrition and market needs

[bookmark: _Toc168949643]2.2.1 Role in food nutrition and economic importance
Nutritionists characterize the common bean as a nearly perfect food because of its high protein content and generous amounts of fiber, complex carbohydrates, and other dietary necessities. A single serving (one cup) of beans provides at least half of the recommended daily allowance of folic acid and vitamin B that is especially important for pregnant women. It also supplies 25 to 30 percent of the recommended levels of iron and meets 25 percent of the daily requirement of magnesium and copper as well as 15 percent of the potassium and zinc (Lucia & Angela, 2013).
For institutions like schools and hospitals, low-income consumers in rural and urban areas, they are an affordable source of high-quality nutrition (Hummel et al., 2018). The crop is highly valued by poor communities because apart from numerous food uses, it can also provide income for farmers and market opportunity, with a high demand both in urban and rural areas (CIAT, 2016). Africa’s bean production is estimated at 6.0 million tonnes and 40% of the production is marketed at retailed market value of $453 million (Hummel et al., 2018).
[bookmark: _Toc168949644]2.2.2 Contribution to improving soil fertility
Biological nitrogen fixation process is the most efficient way to supply large amounts of nitrogen needed by legumes to produce high-yielding crops with high protein content. For the fixation process to occur, legume plants must enter into a "symbiotic" or mutually beneficial partnership with rhizobia. Soon after legume seeds germinate, rhizobia present in the soil or added as seed inoculum invade the root hairs and move through an infection thread toward the root (Wagner, 2011). The bacteria multiply rapidly in the root, causing the swelling of root cells to form nodules (Djanaguiraman et al., 2011; Haile et al., 2012). Nitrogen in the air of soil pores around the nodules is "fixed" by binding it to other elements, and thus, changing it into plant available forms (Lunze et al., 2011). Some of the carbohydrates manufactured by the plant via photosynthesis are transported to the nodules where they are used as a source of energy by the rhizobia. The rhizobia also use some of the carbohydrates as a source of hydrogen in the conversion of atmospheric N (N2) to ammonia (NH3) (Wagner, 2011).
The amount of nitrogen fixed varies according to the legume species and variety. Within a species, the amount of nitrogen is directly related to (dry matter) yield. Most grain legumes can obtain between 50 and 80% of their total nitrogen requirements through biological fixation (Lima et al., 2015). The potential for nitrogen fixation is directly related to rhizobia survival, the extent of effective nodulation and plant growth factors. Any adverse soil condition or environmental stress that affects plant growth is likely to slow down the nitrogen fixation process (Haile et al., 2012). Nitrogen fixation is also affected by the level of available N in the soil. High soil N levels reduce N fixation because legumes will preferentially use most of the available soil N before they begin to fix atmospheric N. Nodule formation will be progressively inhibited as soil nitrate-N levels rise above about 35 kg ha-1 and little fixation will occur with soil nitrate-N levels above 55 kg ha-1 (Lunze et al., 2011).
Legumes have been recognized and valued as "soil building" crops. Growing legumes improves soil quality through their beneficial effects on soil biological, chemical and physical conditions (Lima et al., 2015). When properly managed, legumes will: enhance the N-supplying power of soils, increase the soil reserves of organic matter, stimulate soil biological activity, improve soil structure, reduce soil erosion by wind and water, increase soil aeration, improve soil water-holding capacity and make the soil easier to till. The extent of these soil improvements depends mainly on the type of legume used, the quantity of plant material returned to the soil, and the soil and climate conditions (Wagner, 2011).
[bookmark: _Toc168949645]2.2.3 Abiotic and biotic constraints affecting common bean production 
Common bean production is constrained by several environmental stresses, notably biotic; field pest especially bean fly, post-harvest pests and diseases. It is also affected by abiotic stress; drought, excessive rain/flooding, poor soil fertility, soil compaction, heat and cold stress, each of which causes significant reductions in yield (FAO, 2015). It was estimated that yield loss in tonnes per year due to drought, N deficiency and P deficiency were 396,000, 389,000 and 355,00 tonnes, respectively; while losses due to angular leaf spot, anthracnose and bean stem maggot were 384,000; 328,000 and 297,000 tonnes year-1, respectively (CIAT, 2013). The loss can be magnified when the crop is produced under drought condition and poor soil fertility leading to yield losses in the range of 30 up to 100% (Ramirez & Thornton, 2015).
2.3 Drought resistance mechanisms
Water stress affects physiological and biochemical processes that in turn affect photochemical and photosynthetic activities of plants and consequently agronomic traits (Kwabena, 2016). Plant damage is therefore a consequence of a disturbance of those various processes (Waseem et al., 2011). Moisture effect varies greatly depending on specific drought condition, crop species and the phenological stage of the crop. Soil water affects seed yield and quality of common bean such that even short period of water deficit may adversely decrease growth (Jone et al., 2009). Living cells need to be less or more saturated with water, a condition that is usually not attained (Patil et al., 2014; Waseem et al., 2011). Usually when the plant is subjected to water stress, immediate reduction of photosynthesis occurs and this is possibly due to stomatal closure and reduction in transpiration by the production or mobilization of the phytohormone abscisic acid (ABA), which triggers changes in ion homeostasis in the guard cells which has its ability to induce stomatal closure. Apart from the ABA, various other factors that accumulate during drought and affect the stomatal function are plant hormones namely: auxins, ethylene, brassinosteroids, and cytokinins (Rezene, 2010). A marked reduction in leaf area results from the sensitivity of cell enlargement to small water deficits. Leaf growth (cell enlargement) is generally more sensitive to water stress than to stomatal resistance and carbon dioxide assimilation (Jone et al., 2009; Pradhan et al., 2010). However, the rate of respiration will gradually decrease when compared to photosynthesis rate. In general, a reduction in leaf area will reduce the crops’ growth rate, particularly during the early stages (Waseem et al., 2011).
Drought tolerance, drought escape and avoidance are the main drought resistance mechanisms deployed by plants to cope with drought stress (Waseem et al., 2011). Different mechanisms of drought resistance can be developed by plant such us drought escape, avoidance and drought tolerance (Waseem et al., 2011). Whereas there are no conflicting definitions to drought escape, there are general conflicting definitions for drought tolerance and avoidance (Jone et al., 2009). All this is accomplished through cell division, enlargement and differentiation, and involves genetics, physiological, ecological and morphological events and their complex interaction, which are affected by water deficit (Kwabena, 2016). 
Screening for water deficit is a difficult task because there are many factors associated with drought tolerance (Aman et al., 2016). However, the genotypes with basal root growth angle (BRGA) of more than 45º around the tap root perform better under stress conditions than genotypes with shallow roots; hence reason for suggested use of root as one of the traits in screening for crop adaptability (Aman et al., 2016; Pereira et al., 2012;).
[bookmark: _Toc168949646]2.4 Breeding efforts and strategy for common bean improvement
The bean breeding strategy in Africa is pegged on prioritizing of bean grain (market) types alongside the major biotic and abiotic production constraints. It outlines the technical contributions and responsibilities for various partners led by CIAT, the major breeding programme in Cali-Colombia (PABRA, 2011) and the national bean breeding programmes. It also outlines the proposed breeding objectives and the collaborative linkages with other partner institutions e.g., universities and advanced research institutes (PABRA, 2011). The rationale behind this strategy is that, in the past, bean breeding in Africa followed a monolithic approach where varieties were identified for their superiority in yield or resistance to a single biotic or abiotic stress, with little or no consideration of the grain size or colour or other socio-economic factors (Arunga et al., 2015). Instead, the current approach is grain type-led and is built on the premise that farmers produce beans for food and sale in the larger domestic markets in urban centres, regional and international markets (PABRA, 2011). Breeding programmes generally focus on obtaining high yielding cultivars that are disease and pest resistant and tolerant to drought and low-fertility soils (Rania et al., 2010; Valentini et al., 2011). Sources of genetic variability are available to these programmes in the form of common bean germplasm banks, such as the International Centre for Tropical Agriculture (CIAT), with approximately 36,000 Phaseolus accessions (Petry et al., 2015; Pinheiro et al., 2005).
The current breeding strategy involves local seed producers and grain traders, who help ensure that emerging varieties have much-desired marketing traits (CIAT, 2008, Toaldo et al., 2013). The Participatory Plant Breeding (PPB) and more recently demanded led breeding approach has also led to a change of attitude of researchers towards the criteria to be used for germplasm evaluation during the breeding process. While yield and disease resistance remain important, three other criteria stand out across sites: such as early maturity for drought escape; marketability for domestic and export and the final criterion is cooking time as well as taste (CIAT, 2008). Other techniques have been applied for efficiency of selection and evaluation of line in breeding populations, using selection index in segregating bean populations for various traits (Lima et al., 2015; Pereira et al., 2012). Several other research emphasized constraints that pest and disease attack, deficiencies of moisture and plant available P in soils. A number of international programmes contributed development strategies used to obtain high yielding bean genotype that could resist low moisture, disease and pest attack. However, they did not demonstrate the approaches that are essential for achieving those aims in the presence of low nutrients and moisture content apart from the presence of pest and disease, which are the major problems facing bean production in SSA (Beebe et al., 2013; Camilo et al., 2021; Hillocks et al., 2006). Information on multiple trait introgression that focuses on crop stability, high yield and genetic correlation of root architecture among the key priority traits is limited. Thus, breeding for multiple constraint resistance must deal with both biotic and environmental stresses (Lima et al., 2015).
[bookmark: _Toc168949647]2.4.1 Improvement of common bean for seed yield under drought stress
Seed yield is the main target breeding objective for most common bean breeding programmes. Efforts to improve adaptability of Andean bush beans under low soil moisture have been made by CIAT and national breeding programmes in SSA and Latin America (CIAT, 2008; Margaret et al., 2014). Two-hundred and sixteen elite drought Andean beans (DAB) lines were selected from inter and intra-gene pool crosses. These lines have been distributed to research institutes in SSA for testing with some having already been deployed as drought tolerant varieties in a number of countries. Similar efforts were made in Tanzania where field evaluation of elite lines from selections were carried resulted in identification of seven outstanding varieties (Binagwa et al., 2018). The superior performance of these lines under stress condition was attributed to higher values of harvest index, pod harvest index, leaf area index and canopy biomass possibly due to greater mobilization of photosynthesis to seed with efficient use of water through stomatal control (CIAT, 2008; Deepak et al., 2019). 
Seed yield being a metric trait is controlled by many minor genes and highly influenced by environmental conditions. Additive and non-additive gene were reported to be important for seed yield accumulation under drought stress (Asadi & Dori, 2010; Darkwa et al., 2016). High positive GCA suggests that best progenies can be derived from the crosses of such parents. Low to moderate heritability has been reported for seed yield in common bean under drought conditions (Nkhata et al., 2021). In contrast, Arunga et al. (2015) found high heritability of >60% estimated on family mean basis for seed yield in segregating population under drought stress. Heritability estimate of more than 60% for seed yield is adequate to make progress in phenotypic selection (De Melo et al., 2017; Franco et al., 2001; Mukoko et al., 1994).

[bookmark: _Toc168949648]2.4.2 Improvement of common bean for seed yield under marginal environment
Bean production has to be increased by about 42% in Latin America and 75% in Africa to satisfy the expected demand (Beebe et al., 2013). The projected current demand in China alone is 4.3 million tons, an increase of 22.8% compared to 2016 where the demand was 3.5 million tons (FAO, 2018b). Bean production in the developing countries is often on marginal land, and few developing countries have significant reserves of arable land that can be exploited to bean cultivation. Increased yield per hectare is the best way to meet the world demand rather than expansion of area under cultivation (Iwo et al., 2009; Romanus et al., 2008; Wortman et al., 2009).
Average bean yields in most developing countries are <20% of the yield potential (CIAT, 2016), which indicates that substantial improvement in bean could be realized by increasing yields per unit land area. Increase in productivity can be attributed to genetic gains, greater use of production inputs, better agronomic practices, and more favorable growing environments. It is the combination of all these factors which provide maximum yield per unit of cropped land.
The purpose of most crop breeding programmes is to increase and/or stabilize the harvestable yield per unit of land area grown at a production cost which maximizes returns to growers (Uga et al., 2013). The primary objective of many plant breeders is the development of genotypes that are consistently high yielding over a range of environments. Genotype-by-environment interactions can hinder progress from selection by masking genotypic effects (Yan et al., 2006). Genotype-by-environment interactions are often described as inconsistent differences among genotypes from one environment to another. The inconsistency could be due the difference in responses of the same set of genes to different environments and the expression of different sets of genes in different environments (Wilkus et al., 2018; Yan et al., 2006).
Yield of common bean has been negatively associated with seed size (Robertson, 1959; Rubiales et al., 2014). However, positive relationships were reported between soybean, Glycine max (L.) Merr. seed size and yield (Kunert et al., 2016). On the other hand, Lamers et. al. (2020) reported that number of seeds plant-I and number of pods plant-l were the most important components of bean seed yield.
[bookmark: _Toc168949649]2.4.3 Genetics of root adaptation to multiple stress factors 
Unfavourable growing condition such as low P, heat, drought, salinity stress and other biotic stress factors reduce plant and crop productivity (Rao et al., 2021). Plants depend on their root system for their successful survival and adaptation to environment (Gregory et al., 2009; Puangbut et al., 2009). Because of the importance or root architecture to crop’s adaptation, plant breeders should integrate bean genotypes with superior root traits comprising high level of root number and deep root system capable of exploiting and extracting nutrients and water from different soil levels that increase performance in target agro-ecologies (Bishopp & Lynch 2015; Tenywa, 2014). The improvement of crop with root architecture that can capture moisture and nutrient at different soil level would directly contribute to minimalize food insecurity, yield increases, economic development and would also promote sustainable agriculture (Bishopp & Lynch 2015). However, most research on genetic improvement of root traits in different crop species have been limited to laboratory and or controlled conditions (Gumayao et al., 2012; Uga et al., 2013). Limited information exists understanding the inheritance of root (De Melo et al., 2016; Toaldo et al., 2013; Mukankusi et al., 2011)). 
Sources of tolerance to drought and adaptability were identified in common bean genotypes with a potential of having up to 13 basal roots plant-1, and another 31 genotypes with long and deep roots for adaptability to drought (Jonathan, 2011). Morpho-physiological traits such as proline content, stay-green, root spread and root depth, play major roles in crop’s adaptability to abiotic stresses (Kashiwagi et al., 2006; Patil et al., 2013). 
Genetic architecture of root traits is complex and not well understood, however past research identified important root traits that contribute to common bean adaptation to varied agro-ecology conditions (Lynch, 2019). It is well-known that root-associated acid phosphatases play a crucial role in extracellular organic P utilization. The frequent changes of intracellular activities due to root-associated phosphatases occur under environments with P deficiency. 
Using RNA-sequence, Ojeda-Rivera et al. (2020) performed a transcriptional dissection of wild-type and STOP1 root response to understand its role in regulation of plant response to low P availability, excess iron (Fe), low pH and toxic levels of Al3+ in rice (Oryza sativa L.) The results showed existence of post-transcriptionally and co-ordinately upregulation of STOP1 in the roots of seedlings exposed to single or multi-environment stresses. The regulation of STOP1 turnover, and transcriptionally, via the activation of STOP1-depedent gene expression pathway allowed the roots to adapt better to abiotic stress factors present in acid soils (Crespo-Muñoz  et al., 2018; Ojeda-Rivera et al., 2020).
Expression of Nuclear Migration 1 gene (NMig1) useful in root tolerance to multiple stresses contributed to enhanced root growth and branching (Cortés et al 2020; Velinov et al., 2020). Accumulation of reactive oxygen was less under drought, heat shock and high salinity level, showing that the gene provided protection for plants against abiotic stress. Therefore, NMig1 is possibly a key gene to be considered in breeding crops with improved root system for tolerance to heat, salinity and drought (Liu et al., 2011; Toop et al., 2016; Velinov et al., 2020;).
[bookmark: _Toc168949650]2.4.4 Combining ability and genetic inheritance of root traits in beans genotypes
Genetic improvement of common bean for root architecture has been considered as a sustainable approach for enhancing for crop’s adaptability to marginal environments. Superiority of offspring over the parents for root traits and seed yield arises from genetic gains from selection of recombinant inbred lines obtained from crosses involving parents with superior genetic background (Heng et al., 2018; Vencovsky et al., 2011).
Griffing (1956) presented several methods to study combining ability by using genetic estimates of the parents and offspring in a diallel analysis, represented by General Combining Ability (GCA) and Specific Combining Ability (SCA). The GCA and SCA effect estimate additive and non-additive gene actions, respectively. The GCA effect for each parent should be considered when the breeding goal is to develop superior genotypes while the importance of SCA effect is to give information about offspring performance (Cruz & Regazzi, 1994; Owusu et al., 2020). In general, the SCA effect of a parent with itself has a higher genetic significance suggesting the existence of unidirectional dominance, while a negative value suggests that deviations are frequently positive. The magnitude of SCA is the evidence of existing genetic variability among the parents and their additive values express on the mean value of offspring (Atnaf et al., 2013; Cruz & Vencovskey, 1989; Owusu et al., 2020). The other key estimate is the proportion of phenotypic variation due to genetic component. 
Relatively high value (>0.40) of heritability coefficient (h2) suggests a relationship with additive genetic variance, a lower environmental effect as well as low effect of genotype-by-environment interactions (GEI) (Fehr, 1987; Owusu et al., 2020). The inverse association and predominance of environmental variation on a target trait indicate low selection efficiency (Tasisa et al., 2018). Trait assessment for the segregating population in same year different location or in repeated seasons, provides scientific bases for breeder to define the predominate inherence of the target trait, besides preventing the effect of the segregating generation from being mistaken by the random effect of each location or cropping year (De Melo et al., 2016; Lopes and Reynolds, 2010). Gene action controlling any trait can be determined by the comparative evaluation of the segregating offspring and their progenitors, distinguishing the proportion of genetic effect from the environment effect (De Melo et al., 2018). The key aspect of additivity is the fact that the average of the progenies can be predicted by the average of the parents, or by the phenotypic value of the self-pollinated individual (Chelaifa et al., 2013).
While studying the effect of gene action for root system distribution, Cerutti et al. (2020) found that additive genetic was 0.6 implying that most of observed genetic variation was due to additive gene effect. Successfully selection of superior genotype is influenced by the action of predominant type of gene action, and high contribution of additive gene genetic variance thus suggesting the possibility of genetic gain for the target population, enhancing the possibility of capturing desirable alleles and successfully selection (Bekeko et al., 2018). Therefore, this understanding the broad inference on nature of gene effect for trait under improvement and selection can assist the breeder to determine the best selection strategy to transfer and capture target traits.
Heritability is a useful statistic in crop improvement ordinarily obtained from variance components (Kearsey & Pooni, 1996). Successful genetic improvement depends on the magnitude of the heritability of important trait (Ma-Teresa, et al., 1993). High GCA estimates motivate good level of heritability estimates. Narrow sense heritability estimates the proportion of genetic variation that is attributed to additive genetic variance in a given population moderate to high heritability showed the predominance of additive gene action in inheritance of root traits.
[bookmark: _Toc168949651]2.5 Phenotypic and genetic correlation of agronomic traits in common bean
Understanding the functional relationship between traits and the proportion of the heritability or additive genetic effect that is shared between the traits is imperative for designing selection strategies for a breeding programme (Jomes, 2010). Strong, positive and significant relationship between traits implies that an improvement of one of the traits could influence better performance for specific related traits (Beebe et al., 2013). Some actors have reported that, negative correlation between the traits can be an indication that basing selection of those traits may not bring the desired improvement (Charles, 2019). 
Daniel et al. (2015) studied phenotypic and genetic correlations between seed yield and morphological traits and reported significant associations in different environments. Root traits and pods plant-1 were significantly positively correlated with seed yield in all environments (Daniel et al., 2015). Charles (2019), studied correlations between agronomic traits of sixteen F2 progenies and two parents and reported significant correlations between number of pods plant-1 and yield per plant, however, these traits exhibited a negative and low correlations with days to maturity under watered conditions. In the same study, significant positive correlation was recorded between days to maturity and yield per plant (Charles, 2019; Mendes et al., 2015; Miguel et al., 2013).
Past studies reported significant phenotypic correlations between roots traits and seed yield, signifying the presence of a possible genetic relationship important for understanding the role of root system in influencing yield performance in diverse environments (Gaballah et al., 2021; Gregory et al., 2009). Araújo et al. (2005) found significant genetic and phenotypic correlations between root traits and seed yield among bean genotypes.
[bookmark: _Toc168949652]2.5.1 Bivariate correlations between root traits and yield
Correlation is an important statistic that has been deployed in understanding the nature and strength of the relationship between yield and yield related traits. Such a statistic is useful in decision making hence key for improving the efficiency of genetic selection in plant breeding programmes. Previous studies have already quantified associations between yield and yield components in a number of studies (Casanova et al., 2002; Chandra et al., 2009; Chung et al., 2005; Gravois & Helms, 1992; Huang et al., 2011; Zahid et al., 2006). However, most of these studies used a small sample size, and no detailed assessment of the associations have been attempted to date. To consider the yield and yield components of direct such as seeds per pod, pods per plant and 100 seed weight) and indirect traits such as growth period and plant height and pod length  (Huang et al., 2013; Sakamoto & Matsuoka, 2008), Additionally, a path analysis is also conducted to reveal the direct and indirect effects on trait-yield relationships.
Furthermore, the use of methods for indirect selection of root traits or early evaluation, i.e., before flowering, is also interesting. These methods accelerate the process of selection, immediately discarding undesirable genotypes, which enables focus resources on those potentially superiors (Fritsche-Neto, 2010). The selection of traits easy to measure and identify, strongly correlated with the desired parameter and with high heritability, allows the breeder to achieve greater progress and in the shortest time (Cruz & Carneiro, 2006).
The efficiency of selection can be broadened for certain trait using estimates of genetic parameters, which are fundamental in the plant breeding, since they allow identifying the nature of the action of genes involved in the control of quantitative traits and evaluate the efficiency of different breeding strategies to obtain genetic gains (Cruz & Carneiro, 2006). The estimates of genetic parameters as variances, coefficients of variation, heritability, genotypic, phenotypic and environmental correlations, allow knowing the magnitude of the genetic variability of a population, and the selection gains.
According to Hallauer and Miranda Filho (1988) the correlation estimated by the specific coefficient is important in plant breeding because it quantifies the degree of genetic and non-genetic association between two or more traits, allowing the indirect selection. Cruz and Regazzi (1997) also highlighted the importance of correlations, stating that these associations quantify the possibility of indirect selection gains in correlated traits
The path analysis provides a detailed understanding of the influences of the traits involved in a predetermined diagram and justifies the existence of positive and negative correlations, high and low magnitudes among the studied traits (Silva, 2005). The correlations of cause and effect with grain yield, particularly for common beans, are important tools to assist breeders in defining priority traits for the selection, and the relationship among them, such that allow choosing which genetic changes should be done to increase the yield.
The coefficient of determination (R2) of path analysis model when is high, more than 0.50, characterizing that 50% of the variation in the dependent variable grain yield (GY) in the model is explained by the variables used in the causal diagram. When the direct effects of the variables analyzed are inferior to the residual variable effect, indicate that the variables analyzed in this study are not the main determinants of GY, although they have influence on this trait.
[bookmark: _Toc168949653]2.6 Importance of root traits in adaptability to marginal environments
Root traits moderate the effects of varied growing conditions either by increasing the rate of crop adaptability through increased root-length density or by allowing a greater amount of water extraction and nutrient through increased root length distribution at depth (Aggrawal et al., 2004; Wagner, 2011). By determining the form or geometric configuration of the root system, architectural traits such as growth angle of adventitious may play a significant role in adaptation of crop to varied agro-ecological environments, and can help to understand the genetic relationship between the structure of the root and other yield related traits (Lamers et al., 2020; Lynch, 2013; Mittler, 2006).
Root architecture is likely to be associated with genotypic adaptation to contrasting environments. Bean plants may exhibit increased basal root development in favour of a deeper root system to increase access to water, phosphorus and other nutrients from the deeper soil layers during the critical pod filling phase (insert reliant citation!). In addition to growth angle, the number of adventitious roots may also affect the degree of adaptation of growing condition. Adventitious roots tend to grow in deeper soil horizons and can therefore make a significant contribution to water and mineral uptake from subsoil. It has been reported that taproots, can penetrate up to 0.5 m in beans plants (Christopher at al., 2019). 
[bookmark: bbib0390]Root length density at depth, substantially enhance the capacity of root systems to explore the deep soil layers more effectively. Genotypes expressing high number of adventitious roots combined with a narrow growth angle may ideally be suited to adverse environments. The architecture of a mature beans root system is not only determined by the number and growth angle of adventitious roots that develop from the embryonic primordia present in the seed, but is also affected by the development of taproot or adventitious roots that arise from the basal root of the main shoot and tillers (Lynch, 2013). Distribution of roots that occurs under field conditions and edaphic stresses can also affect the allocation of resources between root classes. The relationships among multiple root phene of practical interest in breeding programmes where simultaneous selection of multiple traits would be desirable (Asfaw et al., 2017). Selection for one trait may cause improvement or deterioration in an associated root phene (Jone et al., 2009). 
In other studies it was reported that under some environmental conditions, increased lateral rooting can reduce allocation of resources to the growth of the taproot and lateral roots arising from basal roots. Similarly, it was observed that there was a negative relationship between root angle and basal root number as well as taproot growth (Walk et al., 2010). These trade-offs in resource allocation to different root classes may create consequences for subsequent vegetative growth and reproduction. Preferential allocation to either lateral root, basal, or taproot classes, coupled with positive feedback between root growth, soil exploration, and resource acquisition, may result in root phenotypes which focus on either shallow or deep soil exploration (Lynch, 2013).
Asfaw et al. (2017) reported positive benefit from increasing root angle on seed yields under drought, low fertility, and non-stress conditions. The strength of this positive effect from increased adventitious rooting was greatest under non-stressed conditions, low fertility, as well as drought, while greater lateral root abundance had less effect on improved seed yields under heat stress (Jone et al., 2009). 
The success of genotypes with increased capacity for deep root angle development may also result from a risk averse strategy where greater root redundancy affords these genotypes the ability to recover from root loss under stressed condition, heat, and biotic stressors. In environments where root loss is a factor, stimulated growth of deep roots angle, may occur in genotypes with greater capacity for lateral root as the excision of roots in bean has been shown to promote the growth of root (Lynch, 2013).
Information on the understanding of genetic relationship between root architecture and yield related traits is scanty. Therefore, this study aims to understand the relationship between root architecture and yield related traits in common bean. The deployment of alternative breeding strategies that improve root traits linked with improved productivity under adverse environment is important (Comas et al., 2013).
Understanding the relative importance of root traits linked to yield is relevant for the formulation of breeding strategies aimed at enhancing bean productivity in diverse environments. Although physiological studies have revealed the role of root length as mechanism for bean adaptation to marginal environments, several other key traits are not yet clearly defined (Beebe et al., 2013). Generally, root system architecture has high sensitivity to changes in environmental quality including soil composition. Assessment of stability of root traits is therefore key for the attainment of agronomic stability in response to environmental changes to allow full genetic potential of crops for optimal yield productivity (Calleja-Cabrera et al., 2020).
Root architecture is the predominant factor that influences efficiency in nutrient and water uptake, because it defines volume of soil that is accessible to roots for exploration under varied environmental conditions (Lynch, 1995).

[bookmark: _Toc168949654]2.7 Genotype-by-environment interactions
Sozen (2018), identified high yielding common bean lines with differential performance under wide-ranging environments. High mean seed yield > 2 tonnes ha-1 was recorded across environments from a number of genotypes. The growing conditions contributed to observed differences as 78.18%, genotype-by-environment interaction component accounted for 16.67% while genotype main effects contributed 11.15% of the total variation present. This indicated that that the growing condition was the key factor affecting the seed yield. The integration of genotype-by-environment interaction (GEI) into cultivar evaluation helps to understudy the adaptation limits of a genotype (Asfaw, 2008). Superior performance of a genotype to specific environments suggests specific adaptation. Evaluation of genotypes in sufficient representative target environments for stability gives insight into impact expected in future deployment for production (Adjei et al., 2002). 
Amane et al. (2016) while exploring possibility of using root traits in screening the International Centre for Tropical Agriculture (CIAT) bean genotypes for stress tolerance to varied environment in Malawi, Zambia and Mozambique, found out that genotypes had more adventitious root number under stressed conditions. The land race accessions G-18255 and G-2686 and genotype SER-83 were outstanding and produced more adventitious roots across drought stress environments suggesting the lack of sensitivity of these genotypes for root traits under marginal conditions (Amane et al., 2016).
Environment and genetic variation are crucial for good evaluation and selection of best performance genotype and adequate test-environment. In the study developed by Yan et al. (2006), reported significant genotype plus genotype-by-environment (GGE) interaction for yield and root traits. Significant GEI interaction effects suggest the necessity to identify genotype with superior root system architecture that can perform well in diverse environments. 
The interaction between genotype and environment was largely responsible for genotypic response across environments and this was exhibited by the high variation accounted for by the first principal (PC1) and second principal (PC2) components.
[bookmark: _Toc168949655]2.8 Genotype response under water deficit in controlled environment 
To improve crop performance under water deficit, it is necessary to understand plant response to limiting conditions. Drought tolerance involves diverse adaptive mechanisms of plants in morphological, physiological, cellular, and metabolic aspects for the purpose of ensuring survival and reproduction (Basu et al., 2016; Hariprasanna et al., 2008). Activation and extending the action of these mechanisms depend on the quantity and the rate of water loss, the duration of the stress, and the stage of plant development. In addition, the simultaneous occurrence of other stresses or unfavorable climate conditions, such as low relative humidity and high solar radiation, can exacerbate the effects of water deficit (Kumar et al., 2015).
Under water deficit conditions, a series of modifications occur in plant development processes such as photosynthesis, respiration, water transport, nutrient uptake, and partitioning of photo assimilates, as well as changes in biomass accumulation. These diverse processes are highly correlated, and each one has a complex and versatile regulatory system, allowing the plant to adapt to and resist large environmental variations (Lambers, 2008). Drought tolerance is a complex trait, that is controlled by many genes and its full expression is affected by the environment. Investigations from a physiological perspective assist understanding of the attributes linked with water deficit and of the complex mechanisms involved (Barlett et al., 2016; Mwadzingeni et al., 2016). Drought stress on reproductive stages constitute a major problem for common bean (Phaseolus vulgaris L.) because it affects flowering and pod-filling processes which are highly drought-sensitive (Dipp et al., 2017)
Breeding for drought tolerance has proved challenging, at least partly because tolerance mechanisms are often environment-specific, and screening methods that integrate the multiple spatial and temporal variations that are relevant to this stress are difficult to establish. Thus, analysis of accessions from germplasm banks is an important step in choosing the best genotypes, considering that a cache of genetic diversity is accessible for the improvement of yield stability resides in the germplasm of crops and their wild relatives. The use of adequate screening tools facilitates and refines the work, allowing plant performance to be predicted, making choices more effective and the breeding process more rapid, and reducing production costs as much as possible (MacCouch et al., 2013; Mickelbart et al., 2015). Phenotypic evaluation of germplasm banks in environments with more realistic conditions is an important factor, and is considered decisive in breeding programmes for obtaining superior genotypes for adaptation to drought.
 
[bookmark: _Toc168949656]2.9 Target trait and how to measure them  
Many drought adaptation traits, such as phenology, root size, and depth, hydraulic conductivity and storage of reserves, are associated with plant development and structure, and are constitutive rather than stress-induced (Chaves et al., 2003). Condon et al. (2004) have suggested that the consequences of various plant traits and environmental conditions have to be evaluated in the specific field environments in which the crop is to be grown. The target shoot and root traits that are pertinent for drought resistance breeding in common beans are described in the next section.

[bookmark: _Toc168949657]2.9.1 Traits measured in greenhouse trials
A number of shoot physiological characteristics are measured in a soil tube screening system assay. These include photosynthetic efficiency, total chlorophyll content (SPAD), stomatal conductance and transpiration rate, leaf temperature (both in the morning and afternoon), and leaf water potential. At the time of harvest (35–45 days after planting and 3 weeks of drought stress), leaf area, shoot biomass distribution (leaf, stem, pod, and root biomass), leaf TNC content, and root characteristics are determined. The soil tube is sliced into 5 layers (0–5, 5–10, 10–20, 20–40, and 40–75 cm). Roots in each soil layer are washed free of soil, and length, diameter, specific root length, and dry weight are determined. Root length and diameter are measured with an image analysis system (WinRHIZO, Regent Instruments Inc.). Root weight is determined after the roots are dried in an oven at 60◦C for 48 h. Rao et al. (2006b) used the above soil tube screening system to evaluate the impact of drought on different genotypes of common beans in terms of root growth and root distribution. 
Results on five genotypes grown in large soil cylinders indicated that SEA 5, BAT 477, and G 21212 were deep rooted compared with BAT 881 and MD 23-24. Terminal drought simulation studies in soil tubes indicated that BAT 477 has the ability to grow tap roots under drought conditions, whereas tap root growth was inhibited in DOR 364. Meanwhile, BAT 477 was found to have vigorous lateral root growth without drought stress (Darkwa et al.; 2016). This constitutive trait may help it to cope with water deficiency, although the lateral root growth of both genotypes was inhibited under the drought conditions tested. Greenhouse evaluation of 30 RILs of the cross of DOR 364 × BAT 477 using the same method for root phenotyping resulted in identification of two RILs (BT 21138-124-1-4 and BT 21138-6-1-1) with greater ability for fine root development at deeper soil depth than the other RILs tested (Kumar et al., 2015). This greenhouse screening technique using soil tubes to determine phenotypic differences in rooting ability under drought stress has been found to be very complementary to field studies to evaluate shoot traits for drought resistance in both parents and advanced lines of common beans.
Androcioli et al. (2020) while evaluating four common bean cultivars under the water-deficit condition in greenhouse found that, pods per plant and total number of seeds per plant decreased significantly in all cultivars. On the other hand, the stress-sensitive and -tolerant cultivars did not differ statistically between the two water regimes for number of seeds per plant. For cultivar IAPAR 81, considered tolerant to water deficit, no differences were observed between the water regimes for the traits seed yield, root volume, and root dry biomass, while for cultivar BAT 477, which is also tolerant, only grain yield and shot dry biomass did not differ statistically in both water regimes. On the other hand, pods per plant, total number of seeds per plant, root volume, root dry biomass, and shot dry biomass of the drought-sensitive cultivars BRS Pontal and IAC Tybatã were significantly affected by drought.
The significant effect of the genotype-by- water deficit interaction on morpho-agronomic traits comprising shoot dry biomass, pods per plant, number of seeds per plant and grain yield indicated a differentiated performance of the genotypes under control and water-deficit conditions. This finding is in agreement with the results of Arruda et al. (2018); Darkwa et al. (2016) and Mazengo et al. (2019), who also reported differential responses of common bean genotypes to stressful and non-stressful water regimes. In the literature, although water deficit is considered to be one of the main limiting factors for the common bean, several studies confirmed the wide genetic variability for drought tolerance.
Asfaw et al. (2017) on his study, found that, all morpho-agronomic traits, except grain weight, were negatively affected by water deficit. In an evaluation of the drought tolerance of 64 water-stressed common bean genotypes, Darkwa et al. (2016), observed reductions of 2% to 29% in yield components. Similarly, Rao et al. (2013), reported a mean grain yield reduction of 31% under drought compared to unstressed conditions. Barrios et al. (2005) confirmed that water deficit reduced the traits pods per plant by 63.3%, total number of seeds per plant by 28.9%, and grain weight by 22.3%. According to Assefa et al. (2019), pods per plant and total number of seeds per plant are the traits most negatively affected by water deficit.
The better adaptation to water deficit has been attributed to a better root architecture system and, consequently, maximized water and nutrient uptake from the soil (Beebe et al., 2013). However, although cultivar BAT 477 stood out with the highest means for grain yield, number of seeds per plant and shoot dry biomass under water deficit, the variables root volume and root dry biomass did not reach highest values. For cultivar IAPAR 81, although grain yield was not significantly reduced under water deficit, most of the evaluated morpho-agronomic traits were affected. This cultivar had been released by Instituto Agronomico do Parana (IAPAR) in 1997 and is still in use, due to its broad adaptation and good tolerance to heat and water deficit (Moda-Cirino et al., 2012). For most physiological traits, the interaction between the factors genotype-by-water deficit-by-time was significant, indicating that, apart from the differential performance of the cultivars in relation to the water regimes, the water deficit duration also influences this performance. In an evaluation of the physiological response of common bean cultivars under water deficit, Rosales (2012, 2013) and Polania et al. (2016) also reported the influence of water deficit period of between 13 and 22 days on the physiological traits and WUE. According to Beebe et al. (2013), physiological traits are important in the characterization of common bean genotypes for drought tolerance, for being intrinsically related to various mechanisms of water deficit adaptation. Under water deficit, cascades of physiological responses are triggered to prevent water loss and plant death (Rosales et al., 2012; Yan et al., 2000). One of the first reactions of plants to water deficit is stomatal closure. In this way, the low stomatal conductance reduces water loss by transpiration, which decreases the CO2 availability in the leaves and, consequently, the photosynthetic rate (Tardieu et al., 2018). In addition, as a consequence of the decreased transpiration, the leaf temperature rises, which could decrease the photosynthetic rate to insufficient levels to replace the carbon used as substrate in the respiration process (Duan et al., 2018). High correlation between morpho-agronomic and physiological traits was observed. The water use efficiency was positively correlated with grain yield (r = 0.97), total number of seeds (r = 0.94), pods per plant (r = 0.88), root dry biomass (r = 0.87), and transpiration (r = 0.87).
[bookmark: _Toc168949658]2.9.2 Challenges and gaps for improving common bean for adaptation to drought 
Although physiological studies have revealed the role of some traits, especially rooting depth and photosynthesis remobilization, the mechanisms behind these traits are not yet defined. Furthermore, the relative importance of root traits is still not understood, for example, the control of root angle (Lynch, 2013). In a species as diverse as common beans, and with the potential that it has for introgression of desirable gene, useful genetic variability may yet be found for other traits and mechanisms that may have a role in drought resistance. Therefore, study of those root traits and mechanisms needs to continue. In addition, screening conditions to optimize the expression of traits need to be fine-tuned, and the relationship between traits and the genetic correction them needs to be explored (Kumar et al., 2015). While initial morphophysiological studies have been promising, these have mostly been in a limited number of RIL populations, all so far created from crosses within the Middle American genepool (Beebe et al., 2006a; Schneider et al., 1997b). 
In the medium to long term, the challenge will be to match root traits and the response mechanisms to specific environments with regard to patterns of drought (terminal versus intermittent), and associated limitations (e.g., low soil fertility, drought and extreme change of the environment). This will need to be an iterative process of identifying genetic diversity, defining the key traits, and testing these across diverse of environments. Great potential exists for improving drought resistance in common beans, exploiting the potential of root architecture and the dry mater those associated with rooting depth and plant vigour (Beebe et al., 2013). 
[bookmark: _Toc168949659]
	CHAPTER THREE
[bookmark: _Toc168949660]STABILITY OF COMMON BEAN (Phaseolus vulgaris L.) GENOTYPES FOR ROOT SYSTEM ARCHITECTURE AND SEED YIELD IN MULTI-ENVIRONMENTS
[bookmark: _Toc168949661]Abstract 
Common bean is a significant pulse crop worldwide but widely grown and consumed in Latin America and sub-Saharan Africa where it is a major source of dietary protein and minerals. Current global production is largely hindered by abiotic stresses due to unfavorable soils and extreme weather events arising from negative effects of climate change. Enhancing root system architecture is a key breeding objective towards developing cultivars suitable for adaptability to hostile production environments. The objective of this study was to identify common bean genotypes with stable root traits and seed yield in a multi-environment trial. Forty-nine genotypes were planted in a simple Lattice design across three locations over two years comprising of six environments based on year-location combinations. Residual maximum likelihood estimates revealed significant (P<0.01) genotype-by-environment interaction effects for root traits and seed yield, demonstrating significance of environment on genotypic expression. Acute angles between vectors of different years at the same locations, established repeatability of environments in evaluating genotypes for root traits and yield. Genotypes DAB256, DAB398, DAB236, AFR398 and Guropequeno had superior overall performance and stability for root traits and seed yield across environments. High positive correlation between yield and both deep roots and deep root angles and seed yield demonstrated the role of root architecture in aiding remobilization of dry matter from vegetative structure to pod filling and seed yield enhancement under varied conditions. Identified genotypes are useful genetic sources for improvement of root traits in common bean for adaptation to drought and heat alongside poor soils.

[bookmark: _Toc168949662]
3.1 Introduction 
Common bean (Phaseolus vulgaris L.) is a major source of dietary protein globally with the bulk of its consumption being in Latin America and sub-Saharan Africa (SSA) (Hillocks et al., 2006). With the current focus on sustainable development, beans offer a great opportunity as a strategic food and nutritional security crop that is cultivated in a wide a range of environments. However, the impact of climate change has negatively affected common bean productivity. This is mainly due to lack of plasticity of most genotypes to cope with the emergent production challenges associated with extremely variable weather conditions. Climate change effects are a major threat to sustainable crop productivity (Evans, 2009; Pereira, 2016). Unfavourable agro-climate conditions attributed to drought and extremely high temperatures alongside harsh soil conditions arising from low nutrient supply cause yield loss of up to 80% in common bean under rain-fed production systems (Beebe et al., 2013; Evans, 2009; Kazai et al., 2019; Pereira, 2016; Rao et al., 2021). The average yield of common bean varies across countries in different regions for example it is about 2,000 kg ha-1 in the United States of America, 1,700 kg ha-1 in China, 1,100 kg ha-1 in Brazil and only 600 kg ha-1 in SSA (Losa et al., 2021). The main reason for relatively very low production in SSA is because of over-dependence on natural conditions with inadequate precipitation, low input application and limited irrigation facilities (Ramirez-Villegas & Thornton, 2015).
Under marginal environments, crops are naturally subjected to perennial combination of multiple stress factors (Mittler, 2006). Crop improvement programmes focus on screening of genotypes to multiple stresses as an initial step towards the development of superior breeding lines. However, this requires an elaborate process of multi-environment field trials as a necessity to profile traits required for designing new varieties. Evaluation of genotypes for adaption to a combination of different stresses is more meaningful if the advanced breeding lines are exposed to multiple stresses presented by the test environments that are similar to actual farming conditions as opposed to traditional screening where plants are only subjected to a single stress condition followed by analysis of different physiological, biochemical and molecular aspects of plant response (Araújo et al., 2015). Extensive testing in carefully selected representative test locations is bound to lead to identification of bean ideotypes that fit within the target production areas and having superior agronomic performance hence likely to enhance productivity.
To realize maximum seed yield, there is need to deploy productive cultivars that are well adapted to the prevailing farming conditions. A good variety should provide maximum yield based on the potential of the production environment and should exploit the full length of the season to give the best performance. Plants deploy complex adaptive mechanisms to tolerate multiple stresses when they are subjected to pressures of extreme environmental conditions (Lamers et al., 2020). Therefore, the deployment of alternative breeding strategies that improve root traits that are linked to improved productivity under marginal conditions is essential (Comas et al., 2013). Specifically, root length, root density, and root angle at the depth of soil with available water and nutrients largely contribute to yield improvement. In environments with limited supply of nutrients and soil moisture, deep root growth and good root angle may increase acquisition of nutrients and water from deep soil surfaces thus can sustain crops’ survival up to maturity (Comas et al., 2013). Breeding for improved adaptation is the most feasible and cost-effective method for developing resilient genotypes adapted to climate change effects comprising drought and extreme temperatures (Kwabena et al., 2016).
Genetic diversity for adaption to varied agro-ecologies has been reported in common bean and different races are known to deploy diverse tolerance mechanisms, with race Durango belonging to the Mesoamerican gene pool being the major source of genes for abiotic stress tolerance (Beebe et al., 2013). Different sources of stress tolerance mechanisms necessitate the deployment of diverse phenotyping approaches to help identify important traits needed for adaptation. However, genetic improvement will be more successful if field crop management is also advanced (Kirkegaard & Hunt, 2010).
Selection of representative environments that match target production environments is vital for obtaining useful and applicable results. Particularly, year-location combinations are important in determining the representativeness of a test environment (Yan et al., 2011). Positive correlation between years in a test location suggests manifestation of repeatability and representativeness of a particular location hence it is plausible to consider inclusion of years in locations in a multi-environment trial (Rubiales et al., 2014; Yan et al., 2011).
Numerous studies on genotype-by-environment interaction (GEI) have been conducted on yield stability, however, a few studies focusing on root traits associated with adaptation to abiotic stresses comprising drought, resilience to climate variability and nutrient deficiency are beginning to emerge (Hoyos-Villegas et al., 2016; Passioura, 2012; Sinclair et al., 2010). When genotypes are evaluated under diverse field conditions to allow adequate identification and selection of superior individuals, their performance can be replicated on-farm with wide-ranging environmental conditions (Beebe et al., 2013). Such an approach helps to improve breeder accuracy and minimizes the error of visual selection because it takes into account GEI rather than selecting genotypes that are adapted in one specific environment or those that are adapted in all targeted environments ignoring the interaction (Beebe et al., 2013; Ceccarelli & Grando, 2007; Hoyos-Villegas et al., 2016). For instance, knowledge of root traits linked to seed yield are important parameters in understanding the response of bean genotypes to water stress adaptability (Chapman et al., 2000) besides the response mechanism to deficiency of nutrients. Genotype and genotype-by-environment (GGE) interaction biplot is a useful tool for the analysis of genotypes’ performance across diverse locations and years (Yan & Kang, 2003; Yan et al., 2007). The objective of this study was to identify elite common bean genotypes from diverse sources with superior seed yield and to assess their phenotypic stability for root traits associated with seed yield accumulation in multiple environments.
[bookmark: _Toc168949663] 3.2 Materials and methods  
[bookmark: _Toc168949664]3.2.1 Study area  
The study was conducted at three varied experimental locations in Manica Province, western Mozambique. The first location was at the Instítuto de Investigação Agrária de Moçambique (IIAM) in Sussundenga District, positioned at a longitude of 33º17´25´´E and a latitude of 19º24´14´´S. The second location was in Vanduzi District positioned at a longitude of 33º16´06´´E and a latitude of 18º57´03´´S with an elevation of 647 m above sea level. The third location was in Guro District and positioned at a longitude of 33º19´58´´E and a latitude of 17º24´13´´S with an altitude of 1255 m above sea level. Mozambique is 70 % lowland; however common beans are largely produced in mid-altitude areas. This is because, bean flowering and pod set are negatively affected by temperatures above 30o C during the days and more than 20o C during the night (Soltani et al., 2019). Therefore, study area was carefully selected as representative for areas of highest bean in Mozambique with suitable agro-ecological conditions and varied soil conditions.
[bookmark: _Toc168949665]3.2.2 Climate Pattern  
A climate analysis for Mozambique, based on analyses of medium-term records of 36 years from 1981 to 2017 of precipitation and temperature, shows an overall reduction in rainfall (IFAD-WFP 2018; WBG 2021). Contrastingly, in the western part of Mozambique mainly in Manica Province where our trials were conducted, there is evidence of increasing trend in seasonal rainfall (Figure 3.1). This slight increase is attribute to increases in the amount of rainfall that occur from December-January which are not compensated by decreases from October-November (Figure 3.2). Reduced peak season is January-March rainfall, and the rains may modestly fall throughout the season leading to earlier starts of the growing season. However, the northern part of Manica Province namely Guro District has shorter growing season of 3 months and relatively drier compared to southern part namely Sussundenga and Vanduzi Districts with longer growing seasons of up to 6 months.
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Figure 3.1: Long term (1982-2016) seasonal rainfall profile for Manica Province of Mozambique. Apart from sizeable variations in amount, the rainfall regime is largely unimodal and limited to the October-May period (https://docs.wfp.org/api/documents/WFP-0000108186/download/).
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Figure 3.2: The Manica Province average seasonal rainfall from 1982 to 2016. Generally, shows a tendency for increasing seasonal rainfall but displays much higher inter-annual variability. Blue line on the chart shows province average seasonal rainfall amount, the red line is a 3 year moving average to highlight broad temporal patterns while the black is a fitted trend line (https://docs.wfp.org/api/documents/WFP-0000108186/download/).
Long term temperature patterns in Mozambique show a marked increase in maximum temperature while no clear trend is visible on minimum temperature across the country (Figures 3.3a and 3.3b). More increase in maximum temperature is experienced within the rainfall season with minimum temperature showing decrease in the second half of the season. In general, an increasing trend in maximum temperature is noticeable in Mozambique (Figure 3.3a). In the contrary, the minimum temperature, shows minimal tendency across the country (Figure 3.3b). The inter-annual variations are more pronounced. Such temperature increases if combined with rainfall deficits can have adverse impacts on crop performance.
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Figure 3.3: All-Mozambique seasonal maximum temperature (a) and all-Mozambique seasonal minimum temperature (b). In yellow (TS) the seasonal temperature, in red (MA) a 5-year moving average and in black (Trend) is a fitted ordinary least squares (OLS) trend line (https://docs.wfp.org/api/documents/WFP-0000108186/download/).
[bookmark: _Toc168949666]3.2.2 Soil Proprieties   
Soil texture analysis revealed that most of the soils in the study area fall in the loam, clay, clay loam and silty loam classes. At depth of 20-40 cm, the sand fraction was 34.80% at Sussundenga, 39.20% at Vanduzi and 37.20% at Guro locations, respectively (Table 3.1). At same depth, silt proportions were 39.20%, 35.20% and 41.20%, at Sussundenga, Vanduzi and Guro, respectively. The clay size was relatively low with percentages of 26.00% at Sussundenga, 25.60% at Vanduzi and 21.60% at Guro, respectively. Overall, the topsoil has high clay, sand and silt content than subsurface layers, suggesting low clay eluviation.
The pH is almost the same in all the three locations and at different depth of 0-20 cm and 20-40 cm and it ranged from 6.22 to 6.25, respectively, which is considered adequate, but can lead to micronutrient deficiencies in Zn and Fe (Table 3.1). Soil organic matter (OM), ranged from 0.29% to 2.01%, the highest value was observed at Vanduzi (2.01%) followed by Guro (1.20%). The OM decreased with depth except at Guro location (Soil lab ISPM, 2019).
Nitrogen (N) portion was relatively high and ranged from 140 to 770 ppm (Table 3.1). Guro had high N at both depths with a mean value of 685 ppm, flowed by Sussundenga with a mean value of 455 ppm and lastly Vanduzi with 305 ppm. The content of Phosphorus (P) in the soil was very low compared with all other macronutrients and ranged from 0.02 to 1.06 ppm. Vanduzi location had better P content (0.10 and 0.91ppm) at both depths, followed by Sussundenga (0.08 and 1.06 ppm) while Guro location presented the lowest P content (0.02 and 0.69 ppm). Potassium (K) content was high in Guro solis with average of 0.61 ppm, and both Sussundenga and Vanduzi had almost the same K content of 0.46 ppm.

Table 3.1: Soil properties of Sussundenga, Vanduzi and Guro location at two depths
	Locations
	Soil texture
	Depth
(cm)
	Chemical properties
	Particle size

	
	
	
	Ph
	N ppm
	P ppm
	K ppm
	O.M (%)
	Sand (%)
	Silt (%)
	Clay (%)

	Sussundenga 
	Silty Loam 
	0-20
	6.24
	140
	0.08
	0.42
	1.00
	28.80
	56.40
	14.80

	Sussundenga 
	Loam 
	20-40
	6.25
	770
	1.06
	0.49
	0.29
	34.80
	39.20
	26.00

	Vanduzi 
	Clay 
	0-20
	6.25
	330
	0.10
	0.43
	2.01
	19.60
	39.60
	40.80

	Vanduzi 
	Loam 
	20-40
	6.25
	280
	0.91
	0.49
	0.51
	39.20
	35.20
	25.60

	Guro
	Clay Loam 
	0-20
	6.22
	740
	0.02
	0.14
	0.82
	26.00
	46.00
	28.00

	Guro
	Loam 
	20-40
	6.22
	630
	0.69
	1.08
	1.20
	37.20
	41.20
	21.60


N, nitrogen; P, phosphorus; K, potassium; pH, hydrogen potential; O.M, organic matter

[bookmark: _Toc168949667]3.2.3 Genotypes for the study
 A total of forty-nine (49) diverse Andean common bean genotypes for the study were sourced from different organizations involved in bean research and these were; International Centre for Tropical Agriculture (CIAT), Instítuto de Investigação Agrária de Moçambique (IIAM), Kenya Agricultural and Livestock Research Organization (KALRO), Egerton University Kenya (EUK) along with local sources in Mozambique. The locally sourced varieties were used as commercial check varieties. The genotypes for the study were chosen on the basis of preferred characteristics by bean farmers and specifically desirable attributes such as fast cooking, marketable seed size and seed colour, tolerance to biotic and abiotic stresses, were prioritized (Table 3.2). Among the selected genotypes, thirty-four (34) were introductions from CIAT, six (6) were newly released local commercial varieties in Mozambique, four (4) were previously released commercial varieties in Mozambique, two (2) were calima (red mottled) market class introduced from Egerton University, and three (3) were introductions from Kenya Agricultural and Livestock Research Organization (Table 3.2).
[bookmark: _Toc168949668]3.2.4 Experimental design and procedure 
The portions of land previously not under any legume crop in the past two seasons was cleared in preparation for cultivation. The trials were planted in the field at three locations, namely Sussundenga, Vanduzi, and Guro districts in Mozambique. The trials were conducted for a period of two years comprising the first cropping season of 2019 and the second season of the year 2020. Before planting, the fields were ploughed and harrowed to the required tilth. The 49 genotypes were planted in a partially balanced 7 x 7 Lattice design with two (2) replications. The experimental unit consisted of 2 rows 3 m long, 60 cm wide and 10 cm spacing between plants within the rows. Di-ammonium phosphate fertilizer supplied to the bean crop during planting at the rate of 50 kg ha-1 to supply 12.5 kg N ha-1 and 25 kg P2O5 ha-1 as a basal application. All the plots were irrigated twice a week for a period of six weeks, thus, applying water at 75% of field capacity (FC) using sprinkler irrigation to allow good establishment of the crop at the vegetative phase. Initial testing of the soil moisture content was done before planting to determine the water holding capacity and also to determine the volume of water to be added at each time. Soil moisture content was monitored every 5 days using the moisture meter reading device TDR 3000. At the reproductive phase, starting at the pod-filing stage, the soil moisture was depleted to 30% of FC, and thereafter irrigation was halted until maturity, thus exposing the genotypes to drought stress (Purushoothaman et al., 2017). Post-emergence and selective herbicides were applied two weeks after germination. Insecticide Cypermethrine 250 EC CCAB was applied at a recommended rate when the plants showed signs of insect attack.
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Table 3.2: Source and attributes of selected common bean genotypes screened for root traits and seed yield 
	Entry No. 
	Genotype 
	Sourcea 
	Attribute 
	Entry No. 
	Genotype 
	Sourcea 
	Attribute

	G46
	Matgrande
	Local 
	High yielding  
	G02
	AFR 398
	CIAT 
	Drought tolerant

	G08
	Catarina
	Local 
	Fast cooking 
	G28
	DAB 398
	CIAT 
	Drought tolerant

	G41
	Gurogrand
	Local
	Marketable class
	G19
	DAB 256
	CIAT
	Drought tolerant

	G03
	Angónia 
	Local 
	Marketable class
	G29
	DAB 402
	CIAT
	Drought tolerant

	G47
	Matpequeno
	Local 
	Locally adapted 
	G39
	DAB 549
	CIAT
	Drought tolerant

	G42
	Guropequeno
	Local 
	First cooking
	G13
	DAB 233
	CIAT
	Drought tolerant

	G49
	Sugar 131
	IIAM
	Marketable class
	G14
	DAB 234
	CIAT 
	Drought tolerant

	G04
	Bonus 
	IIAM 
	High yielding  
	G05
	CAL 143
	CIAT 
	Drought tolerant

	G01
	A22
	IIAM 
	Marketable class
	G25
	DAB 374
	CIAT 
	Drought tolerant

	G48
	NUA 45
	IIAM
	Locally adapted 
	G34
	DAB 525
	CIAT 
	Drought tolerant

	G36
	DAB 534
	CIAT 
	Drought tolerant 
	G12
	DAB 232
	CIAT 
	Drought tolerant

	G18
	DAB 252
	CIAT 
	Drought tolerant
	G38
	DAB 545
	CIAT
	Drought tolerant

	G15
	DAB 236
	CIAT 
	Drought tolerant
	G37
	DAB 541
	CIAT
	Drought tolerant

	G35
	DAB 528
	CIAT 
	Drought tolerant
	G11
	DAB 231
	CIAT
	Drought tolerant

	G32
	DAB 514
	CIAT 
	Drought tolerant
	G20
	DAB 258
	CIAT
	Drought tolerant

	G21
	DAB 267
	CIAT 
	Drought tolerant
	G26
	DAB 380
	CIAT
	Drought tolerant

	G16
	DAB 244
	CIAT 
	Drought tolerant
	G31
	DAB 494
	CIAT
	Drought tolerant

	G24
	DAB 366
	CIAT 
	Drought tolerant
	G30
	DAB 441
	CIAT
	Drought tolerant

	G40
	DAB 555
	CIAT 
	Drought tolerant
	G27
	DAB 396
	CIAT
	Drought tolerant

	G23
	DAB 344
	CIAT 
	Drought tolerant
	G43
	KAT B1
	KALRO
	Drought escaping  

	G17
	DAB 251
	CIAT 
	Drought tolerant
	G45
	KK 8
	KALRO
	High yielding

	G06
	CAL 96
	CIAT 
	Drought tolerant
	G10
	Ciankui
	EU-Kenya
	High yielding

	G33
	DAB 520
	CIAT 
	Drought tolerant
	G09
	Chelalang
	EU-Kenya
	High yielding 

	G22
	DAB 277
	CIAT 
	Drought tolerant
	G44
	KK 15
	KALRO  
	High yielding

	G07
	CAP 2000
	CIAT 
	Drought tolerant
	
	
	
	


aLocal, commercial varieties from local seed companies in Mozambique; CIAT, International Centre for Tropical Agriculture; IIAM, Instítuto de Investigação Agraria de Moçambique (National Agricultural Research Institute of Mozambique); KALRO, Kenya Agricultural and Livestock Research Organization; EU-Kenya, Egerton University, Kenya.

[bookmark: _Toc168949669]3.2.5 Phenotypic data collection
Phenotypic data on root and agronomic traits were recorded from 75 days after planting, at reproductive stage five (R5) or mid-pod filling to harvest maturity (120 days after planting) across all the environments. Basal root length (RL) was measured using a meter ruler at physiological maturity by means of destructive method through carefully digging with the hoe at depth of 30 cm after mustering the soil, pulling out five randomly selected plants (Polania et al., 2012). Basal root growth angle (RA) was measured from the horizontal at physiological maturity from five randomly selected plants using a scoring board. Basal root number (RN) was measured by counting the number of roots from five randomly selected plants. Days to maturity (DM) data were recorded as the number of days from sowing up to physiological maturity of at least 90% of the plants in each plot. Hundred seed weight (HSW) was obtained by counting and weighing 100 seeds randomly selected from each plot using the digital balance in grams. Seed yield data were collected on entry mean bases, using the digital balance with a capacity to measure from 0.01 up to 5000 g scale. Data were corrected based on seed moisture content determined by an electronic seed moisture meter (Dickey John Corporation, U.S.A). Seed yield data were converted to yield per hectare adjusting the level of moisture content as shown in the formula below
     …………………………………………... Equation 3.1
[bookmark: _Toc27065795]where GW= grain weight, factors are derived from the University of Maryland Cooperative Extension (1997); % SSM is standard seed moisture;
[bookmark: _Toc168949670]3.3 Statistical data analyses 
Data were analyzed across environments with each location and each season in every location being considered as a separate environment giving a total of six environments. Year-location combinations were considered in order to determine the repeatability and representativeness of the test locations (Yan et al., 2011). The data were subsequently tested for homogeneity of error variance using Bartlett's test in R environment (R Core Team., 2022). Due to heterogeneity of error variance, residual maximum likelihood estimates (REML) analysis was deployed (Möhring et al., 2015; Olivoto et al., 2019). The data were fitted following the mixed-effects model combined across the six environments in the REML procedure (Möhring et al., 2015; Patterson & Thompson, 1971; Patterson & Williams, 1976). The statistical model was fitted using GenStat 15th edition computer software programme (VSN International, Hemel Hempstead, UK). The statistical model is shown below:
  …………………………………… Equation 3.2
where:  is the response of genotype;  is the overall mean; is the fixed effect of genotype;  is the random effect of environment (year-location combination);  is the random effect of the  replicate in the  environments;  is the random effect of the  incomplete blocks in the  replicate and the  environment;  is random effect of genotype-by-environment interaction; and  is the random error term.
Bivariate correlation between root traits and yield-related traits were fitted using covariance methods based on the model described by Piepho et al. (2018) as follows:
  …………………………………………………………………..Equation 3.3
where  is the bivariate correlation coefficient,  is the covariance between traits 1 and 2, while  and  are the variances of traits 1 and 2, respectively.
Genotype plus genotype-by-environment (GGE) interaction analysis was used to assess genotype (G) main effects and genotype-by-environments interactions (GEI). To show repeatable and non-repeatable GEI based on yearly correlations among locations, environments were considered as location-year combinations (Yan, 2019). The GGE analyses were deployed to identify the best genotypes as well as the discriminative and representativeness of test environments in the multi-environment trial (Malosetti et al., 2013; Olivoto et al., 2020; Yan & Kang, 2003; Yan & Tinker, 2006). The GGE biplot approach separated the two principal components PC1 and PC2, which were also considered primary and secondary effects, respectively. The PCs were created from environment-centered data to singular value decomposition (SVD). The phenotypic performance across-site is graphically presented in GGE biplot (Yan & Tinker, 2006). The model for GGE biplot based on SDV of the first two PC (Yan, 2002) is shown below:
……………………………………………………. Equation 3.4
where yij is the response of genotype  in environment , μ is the overall mean; is the mean value of environment ; , and  with  and  being the numbers of cultivars and environments, respectively;  is the number of principal components (PC) used or retained in the model, with  e, g − 1),  is a scale factor (the single value),  is the product of the cultivar score, is an environment score and ɛij is the residual.
[bookmark: _Toc168949671]3. 4 Results 
[bookmark: _Toc168949672]3.4.1 Mixed model residual maximum likelihood estimates (REML) analysis for multi-environment trial
Bartlett’s test was significant (P<0.01) for all traits measured except days to maturity, thereby revealing presence of heterogeneity of error variance across environments. Residual maximum likelihood estimates (REML) deployed to partition the total variance present into variance components of main effects of genotypes and environments along with genotype-by-environment interactions (GEI) exhibited varied results. Genotype main effect was significant (P<0.001) for basal root length (RL) and basal root number (RN) but was not significant for basal root angle (RA) (Table 3.3). For the agronomic traits, genotype main effect was significant for days to maturity (DTM) and seed yield but there was no genotypic variability for hundred seed weight (HSW) across the six environments. Test for significance for the random effects in the mixed model based on likelihood ratio (LR) revealed significant (P<0.001) environment main effect for nearly all root and agronomic traits except RN while genotype-by-environment interaction (GEI) effect was significant (P<0.01) for all traits measured except RN and DTM (Table 3.3).


Table 3.3: Residual maximum likelihood table of variance components for root and agronomic traits in six environments 
	Root length
	
	Root number

	Fixed term
	Wald statistic
	N.D.F
	D.D.F.
	F statistic
	P
	
	Fixed term
	Wald statistic
	N.D.F
	D.D.F.
	F statistic
	P

	Genotype
	124.16
	48
	238.1
	2.59
	<0.001
	
	Genotype
	120.82
	48
	232.7
	2.52
	<0.001

	Random terma
	Variance
	S.E.
	
	
	P
	
	Random terma
	Variance
	S.E.
	
	
	P

	Env
	10.479
	7.078
	
	
	<0.001
	
	Env
	0
	0
	
	
	0.305

	Rep (Env)
	0.429
	0.383
	
	
	
	
	Rep (Env)
	0.84
	0.83
	
	
	

	Blk (Env.Rep)
	0.778
	0.409
	
	
	
	
	Blk (Env.Rep)
	1.72
	0.77
	
	
	

	Gen.Env
	18.635
	2.004
	
	
	<0.001
	
	Gen.Env
	1.48
	1.17
	
	
	0.099

	Residual
	5.665
	0.519
	
	
	
	
	Residual
	16.31
	1.45
	
	
	

	Root angle
	
	Days to maturity

	Fixed term
	Wald statistic
	N.D.F.
	D.D.F.
	F statistic
	P
	
	Fixed term
	Wald statistic
	N.D.F.
	D.D.F.
	F statistic
	P

	Genotype
	66.35
	48
	237.3
	1.38
	0.061
	
	Genotype
	118.67
	48
	230.4
	2.47
	<0.001

	Random terma
	Variance
	S.E.
	
	
	P
	
	Random terma
	Variance
	S.E.
	
	
	P

	Env
	47.98
	31.01
	
	
	<0.001
	
	Env
	13.54
	8.75
	
	
	<0.001

	Rep (Env)
	0
	0
	
	
	
	
	Rep (Env)
	0
	0
	
	
	

	Blk (Env.Rep)
	2.78
	1.54
	
	
	
	
	Blk (Env.Rep)
	2.49
	1.12
	
	
	

	Gen.Env
	28.16
	4.07
	
	
	<0.001
	
	Gen.Env
	0
	0
	
	
	0.305

	Residual
	27.08
	2.45
	
	
	
	
	Residual
	26.33
	2.37
	
	
	

	Hundred seed weight
	
	Seed yield

	Fixed term
	Wald statistic
	N.D.F.
	D.D.F.
	F statistic
	P
	
	Fixed term
	Wald statistic
	N.D.F.
	D.D.F.
	F statistic
	P

	Genotype
	39.26
	48
	231.1
	0.82
	0.796
	
	Genotype
	165.49
	48
	236.1
	3.45
	<0.001

	Random terma
	Variance
	S.E.
	
	
	P
	
	Random terma
	Variance
	S.E.
	
	
	P

	Env
	116.62
	75.11
	
	
	<0.001
	
	Env
	0.190
	0.125
	
	
	<0.001

	Rep (Env)
	2.11
	2.26
	
	
	
	
	Rep (Env)
	0.003
	0.005
	
	
	

	Blk (Env.Rep)
	4.65
	2.47
	
	
	
	
	Blk (Env.Rep)
	0.001
	0.010
	
	
	

	Gen.Env
	9.27
	4.18
	
	
	0.011
	
	Gen.Env
	0.185
	0.031
	
	
	<0.001

	Residual
	53.88
	4.76
	
	
	
	
	Residual
	0.259
	0.023
	
	
	


N.D.F., numerator degree of freedom; D.D.F., denominator degree of freedom; P, probability, S.E. Standard error, Env, Environment, Rep (Env), replicates nested within environments; Blk (Env.Rep), block nested within replicates and environments; Gen.Env, genotype-by-environment interaction
aTesting of random effects in the mixed model for environment and genotype-by-environment interaction was done using likelihood ratio (LR)
	
[bookmark: _Toc168949673]3.4.2 Phenotypic performance for root architecture and agronomic traits
Phenotypic variation was expressed by the test genotypes for all the root traits along with yield and related agronomic traits measured in all environments (Table 3.4). Even though, genotype did not show significant variability for root angle and hundred seed weight across all environments, they showed variations within individual environments as depicted by significant genotype-by-environment interactions (Table 3.3), The results clearly show that high yielding genotypes with >3.0 t ha-1 comprising DAB398 (3.5 t ha-1), DAB256 (3.3 t ha-1), AFR398 (3.0 t ha-1) and DAB236 (3.0 t ha-1) consistently had deep basal root angles (RAs) of 47.4o , 44.5o, 49.6o and 40.7 across environments, respectively, compared with low yielding genotypes namely DAB520 (1.65 t ha-1), DAB234 (1.61 t ha-1), KATB1 (1.48 t ha-1) and Chelalang (1.28 t ha-1) with basal root angles of  37.9o, 34.3o, 37.0o and 34.9o, respectively. Within individual environments, genotype Chelalang (15.2o) in Guro location in 2019 cropping season (GA) had the shallowest RA while genotype AFR398 (59.0o) had the deepest RA in Sussundenga in 2019 cropping season (SA) (Table 3.4). All the environments showed deep mean RAs except GA (27.2o). 
Genotypes varied significantly for basal root number (RN) across the test sites with most genotypes displaying either consistently low or high performance (Table 3.4). Environments did not influence genotypic performance for RN (Table 3.3) as depicted by a narrow range of means of between 20.3 in Guro location in 2019 and 2020 (GA and GB) and 21.4 in Sussundenga in 2020 (SB) (Table3.4). There was no clear trend in genotypic performance for RN since top ranking genotypes including DAB398 (23.6), DAB256 (17.1), AFR398 (20.4), DAB236 (22.2) and a local check Guropequeno (22.4) displayed similar performance with the losers namely DAB366 (18.5), DAB520 (20.8), DAB234 (19.2) and Chelalang (21.2).


Table 3.4: Best linear unbiased predictions of agronomic and root traits for 49 common bean genotypes in six environments in 2019 and 2020
	Root length (cm)
	
	Root number

	Genotype
	Environment
	
	
	Environment

	
	GA
	GB
	SA
	SB
	VA
	VB
	Mean
	
	GA
	GB
	SA
	SB
	VA
	VB
	Mean

	DAB398
	27.5
	29.9
	20.2
	28.4
	28.4
	21.3
	25.9
	
	23.7
	22.9
	23.9
	23.3
	24.8
	23.2
	23.6

	DAB256
	18.9
	30.3
	14.1
	26.2
	25.0
	22.9
	22.9
	
	17.3
	16.5
	16.6
	16.7
	19.0
	16.8
	17.1

	AFR398
	23.6
	28.9
	18.7
	23.8
	23.6
	24.8
	23.9
	
	19.0
	20.6
	20.0
	20.1
	21.7
	20.9
	20.4

	DAB236
	26.0
	27.6
	24.8
	24.0
	26.6
	22.3
	25.2
	
	21.4
	22.2
	22.2
	21.8
	23.0
	22.4
	22.2

	Guropequenoa
	18.3
	21.5
	22.1
	24.9
	27.9
	28.7
	23.9
	
	23.0
	22.2
	21.4
	22.2
	23.1
	22.5
	22.4

	Bonus
	16.4
	21.7
	12.5
	23.5
	27.4
	19.2
	20.1
	
	19.0
	19.2
	19.6
	19.9
	20.5
	19.5
	19.6

	DAB258
	19.0
	18.6
	20.7
	21.0
	26.1
	22.2
	21.3
	
	17.0
	17.5
	17.2
	16.9
	17.9
	17.8
	17.4

	DAB374
	14.1
	16.3
	20.9
	20.0
	27.6
	12.2
	18.5
	
	22.2
	21.8
	22.3
	21.7
	23.3
	22.1
	22.2

	DAB514
	21.1
	14.2
	16.0
	20.3
	24.8
	12.0
	18.1
	
	20.8
	20.8
	19.9
	21.1
	21.3
	21.1
	20.8

	DAB541
	16.5
	15.3
	18.1
	14.5
	26.0
	13.4
	17.3
	
	22.1
	22.8
	22.4
	23.4
	23.3
	23.1
	22.8

	Matpequenoa
	19.8
	18.9
	24.7
	20.6
	28.6
	20.3
	22.2
	
	22.2
	22.1
	22.4
	21.6
	23.7
	22.3
	22.4

	Angóniaa
	26.4
	14.8
	17.0
	21.2
	26.8
	27.8
	22.3
	
	19.5
	19.5
	19.3
	19.8
	20.8
	19.8
	19.8

	DAB525
	17.1
	18.5
	12.7
	22.7
	24.9
	22.1
	19.7
	
	21.9
	21.7
	21.0
	21.7
	22.9
	21.9
	21.8

	Catarinaa
	21.8
	22.5
	16.1
	26.8
	25.4
	36.7
	24.9
	
	22.0
	23.0
	22.7
	22.8
	23.4
	23.2
	22.9

	A22
	27.2
	16.5
	29.3
	26.5
	26.8
	32.7
	26.5
	
	14.3
	13.9
	13.6
	13.8
	15.2
	14.2
	14.2

	DAB441
	12.0
	17.5
	15.9
	16.0
	26.5
	21.5
	18.2
	
	20.7
	20.9
	21.3
	20.9
	21.9
	21.2
	21.2

	Gurogranda
	22.6
	16.1
	27.7
	10.4
	25.8
	25.8
	21.4
	
	20.8
	20.7
	20.9
	20.5
	22.9
	20.9
	21.1

	DAB344
	14.6
	14.5
	20.7
	25.7
	25.6
	24.9
	21.0
	
	22.0
	22.5
	23.0
	22.7
	23.8
	22.7
	22.8

	DAB380
	14.1
	14.3
	23.4
	17.2
	25.6
	21.5
	19.4
	
	20.7
	20.1
	20.7
	21.1
	21.8
	20.2
	20.8

	DAB232
	19.1
	16.4
	14.9
	15.0
	25.9
	15.2
	17.8
	
	18.5
	16.9
	17.4
	17.4
	18.5
	17.2
	17.7

	DAB277
	11.1
	15.9
	21.8
	13.0
	23.3
	19.5
	17.5
	
	18.5
	18.8
	18.8
	18.8
	20.3
	19.1
	19.1

	DAB534
	13.1
	10.5
	20.8
	22.3
	27.2
	22.7
	19.4
	
	17.7
	16.5
	17.8
	16.5
	18.7
	16.8
	17.3

	Sugar131
	18.7
	15.1
	17.6
	26.7
	28.2
	24.1
	21.7
	
	19.0
	19.1
	19.1
	19.3
	19.0
	19.3
	19.1

	CAL96
	21.9
	16.7
	22.7
	26.6
	28.8
	24.7
	23.6
	
	18.9
	18.7
	18.8
	19.3
	20.9
	19.0
	19.3

	CAP2000
	20.8
	15.5
	15.7
	14.2
	25.1
	10.7
	17.0
	
	19.9
	20.5
	20.4
	20.2
	21.4
	20.1
	20.4

	DAB494
	18.7
	11.7
	21.7
	9.7
	25.4
	11.5
	16.4
	
	22.2
	21.9
	22.9
	23.3
	23.5
	22.2
	22.7

	DAB528
	12.0
	19.8
	16.4
	13.7
	24.7
	26.8
	18.9
	
	19.4
	19.3
	19.4
	19.1
	20.7
	19.6
	19.6

	CAL143
	14.6
	12.9
	16.6
	18.8
	25.6
	18.7
	17.9
	
	18.5
	18.9
	18.8
	18.5
	20.9
	19.2
	19.1

	DAB549
	18.5
	14.0
	13.4
	21.4
	26.2
	15.8
	18.2
	
	18.7
	18.5
	18.7
	19.1
	19.3
	18.8
	18.8

	DAB555
	13.2
	13.4
	16.0
	13.5
	25.7
	10.7
	15.4
	
	18.8
	18.5
	18.6
	18.9
	20.2
	18.8
	19.0

	Matgrandea
	17.8
	16.5
	24.2
	25.9
	25.7
	24.5
	22.4
	
	21.6
	21.1
	22.1
	22.8
	23.4
	24.2
	22.5

	DAB251
	15.4
	20.7
	15.6
	15.3
	25.4
	16.5
	18.2
	
	20.0
	20.6
	20.3
	20.4
	20.4
	20.9
	20.4

	DAB231
	15.3
	15.0
	20.6
	23.4
	27.4
	17.7
	19.9
	
	22.9
	23.5
	23.2
	23.4
	23.7
	23.8
	23.4

	NUA45
	15.4
	11.1
	20.9
	14.8
	25.8
	15.3
	17.2
	
	19.5
	19.6
	19.8
	19.7
	20.7
	19.8
	19.8

	DAB396
	22.2
	11.9
	13.9
	21.3
	28.6
	26.4
	20.7
	
	22.0
	22.2
	21.4
	21.7
	23.4
	23.2
	22.3

	DAB402
	15.5
	17.1
	20.1
	25.3
	20.8
	10.5
	18.2
	
	22.0
	22.5
	22.8
	23.1
	23.2
	22.8
	22.8

	KK8
	15.5
	16.3
	20.7
	32.1
	26.8
	16.3
	21.3
	
	21.4
	22.9
	21.1
	21.8
	23.1
	23.2
	22.2

	KK15
	19.8
	19.3
	20.9
	24.3
	27.5
	18.4
	21.7
	
	16.8
	16.6
	17.2
	16.9
	16.8
	16.9
	16.8

	DAB244
	11.5
	16.2
	19.3
	17.5
	26.4
	16.6
	17.9
	
	21.9
	21.2
	21.8
	22.0
	22.3
	21.4
	21.8

	DAB233
	18.1
	19.3
	22.4
	23.0
	26.8
	16.3
	21.0
	
	19.5
	20.5
	20.7
	20.0
	21.5
	20.6
	20.5

	DAB545
	15.4
	13.7
	15.1
	16.8
	24.2
	20.3
	17.6
	
	21.2
	22.8
	21.6
	23.1
	23.0
	23.1
	22.4

	Ciankui
	11.8
	14.9
	26.4
	24.1
	26.8
	26.9
	21.8
	
	24.1
	23.1
	23.5
	23.1
	23.7
	23.4
	23.5

	DAB267
	11.2
	15.3
	10.4
	14.5
	25.1
	20.9
	16.2
	
	21.8
	22.2
	23.2
	21.5
	23.5
	22.5
	22.4

	DAB252
	14.5
	16.3
	12.6
	12.1
	24.8
	28.0
	18.0
	
	20.6
	20.1
	20.8
	20.2
	20.8
	20.3
	20.5

	DAB366
	10.0
	16.5
	10.1
	11.4
	23.6
	9.3
	13.5
	
	19.0
	17.8
	17.9
	18.2
	19.8
	18.1
	18.5

	DAB520
	8.2
	17.7
	20.0
	23.4
	22.3
	16.0
	17.9
	
	20.6
	20.8
	20.7
	20.1
	21.4
	21.1
	20.8

	DAB234
	11.0
	15.2
	13.1
	14.3
	28.0
	14.2
	16.0
	
	18.5
	18.9
	19.1
	19.0
	20.6
	19.2
	19.2

	KATB1
	13.4
	13.1
	10.2
	12.1
	26.0
	13.4
	14.7
	
	18.4
	18.1
	19.8
	18.1
	20.4
	18.9
	18.9

	Chelalang
	10.0
	12.0
	13.9
	12.1
	25.3
	15.2
	14.7
	
	21.3
	21.3
	20.0
	21.3
	21.7
	21.4
	21.2

	Mean
	17.0
	17.1
	18.4
	19.8
	26.0
	19.9
	19.7
	
	20.3
	20.3
	20.4
	20.4
	21.4
	20.6
	20.6

	S.E.
	1.65
	1.65
	1.66
	1.65
	1.65
	1.65
	1.52
	
	1.60
	1.60
	1.60
	1.60
	1.60
	1.60
	1.22



Table 3.4: Contd’
	Hundred seed weight (g)
	
	Yield (t ha-1)

	Genotype
	Environment
	
	Environment

	
	GA
	GB
	SA
	SB
	VA
	VB
	Mean
	
	GA
	GB
	SA
	SB
	VA
	VB
	Mean

	DAB398
	59.9
	33.2
	51.4
	48.0
	58.5
	52.4
	50.5
	
	2.87
	3.05
	3.59
	3.79
	3.73
	3.97
	3.50

	DAB256
	60.9
	31.9
	51.5
	48.4
	59.1
	49.7
	50.2
	
	2.26
	3.02
	3.62
	3.83
	3.50
	3.56
	3.30

	AFR398
	58.8
	33.1
	52.5
	52.4
	54.4
	52.3
	50.6
	
	2.42
	2.80
	3.55
	3.43
	2.63
	3.43
	3.04

	DAB236
	56.6
	29.9
	45.1
	47.8
	55.7
	46.8
	47.0
	
	2.58
	2.67
	3.60
	3.68
	2.86
	2.75
	3.02

	Guropequenoa
	55.2
	27.3
	43.8
	45.6
	57.3
	46.7
	46.0
	
	1.99
	2.23
	2.95
	2.97
	2.82
	3.80
	2.79

	Bonus
	58.9
	29.4
	48.6
	47.2
	56.1
	50.0
	48.4
	
	1.81
	2.19
	3.23
	2.59
	2.76
	3.26
	2.64

	DAB258
	55.4
	27.1
	50.2
	48.3
	57.8
	49.3
	48.0
	
	1.98
	1.95
	3.61
	2.78
	2.66
	2.73
	2.62

	DAB374
	57.4
	26.4
	46.8
	46.7
	55.3
	45.0
	46.3
	
	1.67
	1.79
	3.45
	3.12
	2.77
	2.75
	2.59

	DAB514
	53.8
	24.6
	44.8
	43.7
	56.4
	46.4
	44.9
	
	2.13
	1.69
	3.15
	2.70
	2.55
	3.17
	2.57

	DAB541
	57.0
	27.8
	46.6
	49.6
	58.2
	52.8
	48.7
	
	1.82
	1.73
	2.83
	2.62
	2.68
	3.42
	2.52

	Matpequenoa
	57.3
	27.5
	44.4
	46.5
	58.3
	48.4
	47.1
	
	2.08
	1.90
	2.92
	2.71
	2.76
	2.68
	2.51

	Angóniaa
	54.2
	25.4
	45.5
	44.2
	58.7
	45.2
	45.5
	
	2.42
	1.60
	2.71
	2.67
	2.64
	2.91
	2.49

	DAB525
	60.7
	30.3
	49.0
	51.4
	59.4
	52.4
	50.5
	
	1.79
	1.93
	2.39
	2.91
	2.50
	3.13
	2.44

	Catarinaa
	60.6
	31.8
	49.4
	51.7
	62.5
	51.7
	51.3
	
	2.04
	2.10
	2.53
	2.84
	2.46
	2.53
	2.42

	A22
	51.9
	21.0
	35.4
	37.6
	48.6
	40.7
	39.2
	
	2.38
	1.68
	2.72
	2.42
	2.51
	2.63
	2.39

	DAB441
	60.8
	28.2
	47.6
	49.0
	55.5
	48.5
	48.3
	
	1.44
	1.82
	3.16
	3.12
	2.62
	2.13
	2.38

	Gurograndea
	52.8
	25.6
	46.7
	44.9
	53.8
	47.4
	45.2
	
	2.13
	1.72
	3.44
	1.82
	2.49
	2.50
	2.35

	DAB344
	55.4
	25.8
	45.6
	46.5
	55.2
	48.8
	46.2
	
	1.56
	1.54
	2.87
	2.84
	2.45
	2.73
	2.33

	DAB380
	59.4
	28.0
	48.5
	47.0
	60.4
	49.5
	48.8
	
	1.56
	1.56
	3.34
	2.37
	2.51
	2.61
	2.33

	DAB232
	57.2
	26.5
	44.9
	45.8
	56.8
	45.8
	46.2
	
	1.87
	1.70
	2.86
	2.47
	2.56
	2.33
	2.30

	DAB277
	58.1
	27.1
	47.6
	47.4
	56.0
	46.5
	47.1
	
	1.33
	1.66
	3.02
	2.34
	2.37
	2.88
	2.27

	DAB534
	53.3
	22.2
	44.0
	42.3
	51.7
	43.3
	42.8
	
	1.44
	1.29
	2.81
	2.51
	2.65
	2.75
	2.24

	Sugar131
	59.2
	26.4
	46.1
	47.0
	55.2
	47.0
	46.8
	
	1.78
	1.52
	2.71
	2.50
	2.62
	2.21
	2.23

	CAL96
	56.0
	27.1
	47.7
	45.4
	59.1
	47.8
	47.2
	
	2.02
	1.61
	3.12
	1.62
	2.67
	2.27
	2.22

	CAP2000
	59.9
	28.7
	46.8
	48.9
	58.2
	43.5
	47.7
	
	2.01
	1.57
	2.94
	2.88
	2.43
	1.42
	2.21

	DAB494
	57.0
	25.3
	47.3
	46.2
	55.6
	45.6
	46.2
	
	1.87
	1.34
	2.97
	2.23
	2.52
	2.32
	2.21

	DAB528
	57.2
	28.4
	44.7
	48.5
	56.3
	50.4
	47.6
	
	1.35
	1.88
	2.81
	1.92
	2.36
	2.72
	2.18

	CAL143
	53.3
	24.8
	44.8
	46.0
	54.9
	48.0
	45.3
	
	1.52
	1.41
	2.81
	2.01
	2.39
	2.86
	2.17

	DAB549
	62.1
	27.9
	47.4
	50.1
	57.2
	48.8
	48.9
	
	1.79
	1.47
	2.01
	2.62
	2.56
	2.51
	2.16

	DAB555
	54.2
	23.1
	42.3
	42.4
	53.0
	43.4
	43.1
	
	1.43
	1.49
	2.86
	2.00
	2.52
	2.59
	2.15

	Matgrandea
	58.0
	26.8
	46.1
	49.6
	58.8
	48.7
	48.0
	
	1.68
	1.60
	2.26
	2.49
	2.40
	2.32
	2.13

	DAB251
	56.4
	28.0
	47.4
	48.7
	58.4
	50.6
	48.3
	
	1.57
	1.92
	1.91
	2.37
	2.46
	2.53
	2.12

	DAB231
	59.3
	27.8
	49.3
	47.1
	57.1
	49.9
	48.4
	
	1.44
	1.50
	2.69
	2.66
	1.62
	2.69
	2.10

	NUA45
	55.8
	23.5
	45.6
	45.1
	50.7
	44.9
	44.3
	
	1.56
	1.26
	2.45
	2.54
	2.68
	2.10
	2.10

	DAB396
	55.6
	24.9
	45.2
	44.8
	57.3
	46.4
	45.7
	
	1.96
	1.26
	2.39
	2.15
	2.64
	2.07
	2.08

	DAB402
	57.4
	27.1
	47.3
	46.8
	57.0
	46.1
	47.0
	
	1.53
	1.65
	2.81
	2.36
	2.04
	1.81
	2.03

	KK8
	55.5
	25.0
	45.5
	41.3
	56.3
	43.9
	44.6
	
	1.49
	1.53
	2.33
	2.03
	2.50
	2.22
	2.02

	KK15
	49.8
	25.4
	43.8
	45.6
	55.8
	44.3
	44.1
	
	1.78
	1.75
	2.30
	2.32
	2.17
	1.68
	2.00

	DAB244
	55.7
	26.0
	44.8
	46.4
	54.9
	47.7
	45.9
	
	1.24
	1.53
	2.31
	1.98
	2.45
	2.28
	1.97

	DAB233
	53.8
	25.0
	45.2
	46.3
	52.9
	45.1
	44.7
	
	1.65
	1.74
	2.49
	1.78
	2.39
	1.72
	1.96

	DAB545
	57.8
	26.1
	47.0
	46.7
	56.9
	46.0
	46.8
	
	1.49
	1.35
	2.66
	2.04
	2.32
	1.84
	1.95

	Ciankui
	57.0
	25.8
	46.1
	44.1
	55.7
	47.1
	46.0
	
	1.16
	1.37
	2.97
	1.53
	1.61
	2.50
	1.86

	DAB267
	55.7
	26.4
	47.3
	45.1
	57.1
	47.4
	46.5
	
	1.24
	1.45
	2.53
	1.99
	2.34
	1.50
	1.84

	DAB252
	59.4
	26.2
	45.4
	44.5
	54.1
	46.0
	45.9
	
	1.36
	1.48
	2.37
	1.78
	2.25
	1.76
	1.83

	DAB366
	56.4
	26.4
	43.3
	44.9
	55.1
	48.6
	45.8
	
	1.10
	1.49
	1.39
	1.59
	2.23
	2.50
	1.72

	DAB520
	59.6
	29.9
	50.8
	50.5
	59.9
	51.6
	50.4
	
	0.87
	1.52
	2.92
	0.88
	2.00
	1.71
	1.65

	DAB234
	57.0
	26.6
	44.2
	49.2
	55.4
	48.4
	46.8
	
	1.06
	1.36
	2.31
	2.16
	1.18
	1.58
	1.61

	KATB1
	54.4
	24.3
	44.9
	41.5
	56.3
	44.5
	44.3
	
	1.18
	1.21
	2.43
	1.11
	1.25
	1.67
	1.48

	Chelalang
	56.3
	25.6
	44.9
	48.0
	56.1
	48.9
	46.6
	
	0.86
	0.98
	1.38
	1.02
	2.11
	1.30
	1.28

	Mean
	57.2
	28.0
	47.0
	47.1
	56.9
	48.4
	47.4
	
	2.01
	2.02
	3.12
	2.86
	2.71
	2.95
	2.61

	S.E.
	3.30
	3.30
	3.30
	3.30
	3.30
	3.30
	4.94
	
	0.29
	0.29
	0.29
	0.29
	0.29
	0.29
	0.23



Table 3.4: Contd’
	Root angle (0)
	
	Days to maturity (d)

	Genotype
	Environment
	
	Environment

	
	GA
	GB
	SA
	SB
	VA
	VB
	Mean
	
	GA
	GB
	SA
	SB
	VA
	VB
	Mean

	DAB398
	44.2
	49.0
	55.0
	44.3
	43.5
	48.3
	47.4
	
	93.0
	99.6
	98.2
	100.7
	91.7
	99.6
	97.1

	DAB256
	30.3
	48.8
	55.2
	45.1
	46.9
	41.0
	44.5
	
	91.2
	98.2
	96.4
	99.1
	90.3
	98.2
	95.6

	AFR398
	35.6
	49.6
	59.0
	57.2
	47.2
	49.1
	49.6
	
	89.0
	95.7
	93.7
	96.2
	87.6
	95.7
	93.0

	DAB236
	34.3
	45.1
	43.5
	48.9
	34.0
	38.4
	40.7
	
	89.9
	95.6
	93.7
	96.8
	87.9
	95.6
	93.2

	Guropequenoa
	27.6
	39.7
	40.9
	44.1
	37.5
	39.3
	38.2
	
	87.7
	93.8
	92.1
	95.0
	85.9
	93.8
	91.4

	Bonus
	26.9
	41.0
	49.8
	44.5
	35.0
	45.1
	40.4
	
	89.9
	95.6
	94.0
	96.9
	88.4
	95.6
	93.4

	DAB258
	29.9
	39.3
	55.0
	48.7
	39.5
	43.3
	42.6
	
	88.9
	94.8
	93.2
	95.7
	87.0
	94.8
	92.4

	DAB374
	24.5
	36.1
	48.0
	46.5
	35.5
	34.2
	37.5
	
	92.5
	98.9
	96.9
	99.9
	90.9
	98.9
	96.3

	DAB514
	30.0
	34.4
	44.9
	41.1
	34.5
	40.1
	37.5
	
	94.7
	100.0
	99.2
	101.4
	92.3
	100.0
	97.9

	DAB541
	29.0
	37.4
	45.3
	51.6
	48.9
	51.5
	44.0
	
	87.5
	93.9
	92.1
	94.7
	85.8
	93.9
	91.3

	Matpequenoa
	28.5
	37.6
	39.9
	44.5
	31.6
	41.3
	37.2
	
	90.0
	96.2
	94.5
	96.8
	87.7
	96.2
	93.6

	Angóniaa
	33.7
	34.4
	46.0
	41.0
	32.4
	35.3
	37.1
	
	91.3
	97.2
	95.1
	98.2
	89.6
	97.2
	94.8

	DAB525
	27.5
	38.7
	46.0
	51.3
	29.5
	45.4
	39.7
	
	93.8
	100.0
	98.6
	101.1
	92.1
	100.0
	97.6

	Catarinaa
	31.3
	41.8
	46.8
	51.3
	39.3
	43.7
	42.4
	
	89.8
	95.8
	94.2
	96.7
	87.6
	95.8
	93.3

	A22
	32.7
	34.5
	31.1
	35.3
	41.3
	35.9
	35.1
	
	92.2
	98.3
	96.0
	99.3
	90.2
	98.3
	95.7

	DAB441
	23.3
	37.7
	45.9
	48.7
	30.6
	39.0
	37.5
	
	90.4
	97.0
	95.4
	98.1
	89.5
	97.0
	94.6

	Gurograndea
	31.9
	33.5
	50.8
	44.9
	39.5
	43.0
	40.6
	
	90.3
	95.9
	94.6
	97.1
	88.5
	95.9
	93.7

	DAB344
	25.4
	35.0
	45.2
	46.8
	40.2
	44.7
	39.6
	
	93.2
	99.5
	97.6
	100.6
	92.3
	99.5
	97.1

	DAB380
	23.4
	33.5
	47.0
	41.4
	24.9
	40.0
	35.0
	
	89.7
	95.5
	94.1
	96.8
	88.0
	95.5
	93.2

	DAB232
	28.9
	36.8
	43.3
	44.6
	44.4
	36.0
	39.0
	
	90.0
	96.1
	94.5
	96.7
	88.3
	96.1
	93.6

	DAB277
	21.8
	35.6
	47.9
	46.1
	30.8
	35.1
	36.2
	
	87.7
	94.2
	92.4
	95.1
	86.5
	94.2
	91.7

	DAB534
	23.5
	34.5
	47.5
	41.2
	37.7
	36.1
	36.8
	
	89.5
	95.6
	94.2
	96.7
	87.5
	95.6
	93.2

	Sugar131
	28.7
	35.8
	46.3
	47.2
	45.5
	38.4
	40.3
	
	92.7
	99.1
	96.7
	100.1
	91.1
	99.1
	96.5

	CAL96
	30.8
	36.5
	49.4
	41.7
	38.2
	39.4
	39.3
	
	91.2
	97.5
	94.9
	98.5
	89.4
	97.5
	94.8

	CAP2000
	29.5
	35.5
	44.5
	49.2
	34.8
	24.4
	36.3
	
	90.6
	96.7
	95.5
	97.9
	89.6
	97.2
	94.6

	DAB494
	28.5
	32.8
	49.9
	45.2
	33.8
	35.9
	37.7
	
	93.1
	99.1
	98.1
	100.3
	91.7
	99.1
	96.9

	DAB528
	27.2
	40.5
	41.0
	49.8
	40.5
	46.5
	40.9
	
	90.1
	95.1
	94.2
	96.1
	87.8
	95.1
	93.1

	CAL143
	25.5
	30.6
	44.8
	47.1
	36.6
	44.4
	38.2
	
	92.1
	98.0
	96.0
	99.0
	89.7
	98.0
	95.5

	DAB549
	29.3
	35.5
	45.4
	51.3
	45.3
	39.9
	41.1
	
	89.3
	95.1
	93.6
	96.2
	87.2
	95.1
	92.8

	DAB555
	26.2
	33.0
	41.5
	40.0
	28.7
	34.9
	34.1
	
	99.7
	105.3
	103.9
	106.8
	97.7
	105.3
	103.1

	Matgrandea
	27.7
	36.4
	43.7
	51.5
	38.6
	40.8
	39.8
	
	90.6
	96.8
	95.1
	98.1
	89.1
	96.8
	94.4

	DAB251
	26.9
	40.6
	46.7
	48.9
	35.6
	46.9
	40.9
	
	88.9
	95.3
	93.5
	96.1
	87.2
	95.3
	92.7

	DAB231
	25.5
	34.3
	50.9
	43.4
	32.8
	43.1
	38.3
	
	93.4
	99.4
	97.4
	100.1
	91.7
	99.4
	96.9

	NUA45
	26.2
	29.7
	49.7
	47.0
	44.9
	38.7
	39.4
	
	89.2
	94.8
	92.9
	95.9
	87.1
	94.8
	92.5

	DAB396
	30.0
	32.0
	44.3
	42.2
	32.9
	38.7
	36.7
	
	89.7
	96.2
	94.6
	96.8
	88.7
	96.2
	93.7

	DAB402
	26.1
	37.6
	48.2
	45.8
	36.8
	35.5
	38.3
	
	88.6
	95.0
	92.9
	96.1
	87.6
	95.0
	92.5

	KK8
	24.7
	35.2
	47.5
	34.8
	38.4
	33.6
	35.7
	
	92.4
	98.3
	96.4
	99.0
	90.7
	98.3
	95.9

	KK15
	29.4
	38.9
	45.0
	48.4
	41.0
	37.5
	40.0
	
	91.5
	97.6
	95.8
	98.6
	89.9
	97.6
	95.2

	DAB244
	22.4
	35.9
	43.1
	46.1
	33.6
	41.6
	37.1
	
	88.3
	94.5
	92.9
	95.6
	86.8
	94.5
	92.1

	DAB233
	27.8
	38.3
	47.6
	49.0
	30.1
	37.3
	38.3
	
	87.6
	94.1
	92.0
	94.7
	86.1
	94.1
	91.5

	DAB545
	25.5
	33.8
	47.5
	45.2
	32.0
	34.7
	36.5
	
	88.0
	94.4
	92.1
	95.1
	86.5
	94.4
	91.8

	Ciankui
	21.5
	33.8
	46.1
	39.2
	28.6
	39.2
	34.7
	
	93.6
	99.3
	97.7
	100.3
	91.5
	99.3
	97.0

	DAB267
	22.4
	35.3
	48.7
	41.5
	41.6
	33.2
	37.1
	
	92.1
	99.2
	97.5
	99.7
	91.0
	99.2
	96.5

	DAB252
	25.4
	39.8
	45.7
	41.9
	42.9
	37.8
	38.9
	
	86.2
	92.5
	90.4
	93.4
	84.5
	92.5
	89.9

	DAB366
	22.1
	37.0
	39.6
	42.6
	42.0
	44.5
	38.0
	
	90.3
	96.8
	95.0
	97.7
	88.7
	96.8
	94.2

	DAB520
	16.3
	37.7
	50.4
	48.7
	51.1
	23.4
	37.9
	
	89.5
	95.6
	93.8
	96.2
	87.4
	95.6
	93.0

	DAB234
	21.3
	34.4
	38.8
	50.8
	32.2
	28.2
	34.3
	
	88.8
	95.0
	93.3
	96.0
	87.4
	95.0
	92.6

	KATB1
	24.4
	34.1
	47.1
	36.4
	44.4
	35.7
	37.0
	
	92.2
	98.1
	96.7
	99.3
	90.6
	97.6
	95.7

	Chelalang
	15.2
	32.1
	41.4
	48.4
	39.5
	32.8
	34.9
	
	91.0
	97.3
	94.5
	98.3
	89.0
	97.3
	94.6

	Mean
	27.2
	37.0
	46.3
	45.6
	37.7
	39.0
	38.8
	
	90.7
	96.8
	95.1
	97.8
	89.0
	96.8
	94.4

	S.E.
	3.23
	3.23
	3.24
	3.23
	3.23
	3.23
	3.23
	
	1.33
	1.33
	1.33
	1.33
	1.33
	1.33
	2.14


GA, Guro location in 2019; GB, Guro location in 2020; SA, Sussundenga location in 2019; SB, Sussundenga location in 2020; VA, Vanduzi location in 2019; Vanduzi location in 2020.
a Local check
b Average standard error

Phenotypic variability existed among the genotypes for basal root length (RL) and ranged from 8.2 cm for genotype DAB 520 at GA to 36.7 cm for Catarina at Vanduzi in 2020 (VB) (Table 3.4). Vanduzi 2019 (VA) had a notable high mean value of 26.0 cm for RL relative to the other environments this was possibly attributed to high moisture content during the growing which caused high root vigour and penetration of the soil. A notable trend consistent with the phenotypic performance for root angle was observed where the best yielding genotypes DAB398, AFR398, DAB236 and the check variety Guropequeno equally had long roots of 23.6 cm, 20.4 cm, 22.2 cm and 22.4 cm, respectively with exception of DAB256 which had relatively shorter basal roots of 17.1 cm long. In contrast, consistently low yielding genotypes DAB366, DAB520, DAB234, KATB1 and Chelalang with 13.5 cm, 19.7 cm, 16.0 cm, 14.7 cm, and 14.7 cm, respectively, had shorter roots. In general, low phenotypic expression of beans for root traits was observed in Guro compared to other locations as revealed by the lowest overall means for years 2019 and 2020 (GA and GB) (Table 3.4). Genotypes with larger and wider root were able to express genotypic stability for other key traits comprising seed yield.
Genotypes significantly varied for their phenotypic performance for seed yield (Table 3.3). As already explained, DAB398, DAB256, AFR398 and DAB236 produced seed yield 3 t ha-1 relative to the best check Guropequeno with a mean yield of 2.8 t ha-1 across the sites (Tables 4). The elite genotypes had longer and deep RAs even though the RNs did not vary significantly. Losing genotypes DAB545, Ciankui, DAB267, DAB252, DAB366, DAB520, DAB234, KATB1 and Chelalang with <2.0 t ha-1 of seed yield had shorter RLs and narrower RAs. Guro location was relatively low yielding in both 2019 and 2020 with a mean environment mean of 2.0 t ha-1, this is because it is relatively drier compared to Sussundenga and Vanduzi.
Phenotypic variation was observed for days to maturity (DTM) (Table 3.3). Despite the fact that environmental main effects were significant, GEI for DTM was insignificant, an indication of existence of limited variation among genotypes in maturity duration across environments (Table 3.4). The maturity duration ranged between 86.1 days for DAB233 in VA to 106.8 days for DAB555 in SB. Across all the location, crops matured earlier in 2019 compared to 2020 with a difference of about one week at both Guro and Vanduzi for both years. However, no clear trend was noticeable between maturity and root traits.
There was insignificant variability among the genotypes for hundred seed weight (HSW) across environments (Table 3.3) even though GEI was significant. Genotypes for this study were largely medium to large seeded with seed size ranging from 21.0 g for A22 in GB environment to 62.5 g for Catarina in VA. Due to low rainfall received in Guro in 2020, the seed size were generally smaller (28.0 g) compared to all the other environments. 
[bookmark: _Toc168949674]3.4.3 Bivariate correlations between root traits and yield
Correlation results showed a strong positive  association between root length (RL) and seed yield (Table 5). This confirms earlier results where high yielding genotypes had long roots. Similalry, root angle (RA) was strongly and positively  correlated Contrastingly, root number was not associated with seed yield as revealed with  which concurs with earlier results reported under section 3.2 where there was no clear pattern of relationship between root number(RN) and seed yield. Strong and postive correlation between seed yeld and both RA and RL suggest the importance of these root architecure in seed yield accumulation in common bean under marginal environmental conditions.



Table 3.5: Variance parameter estimates for root traits and seed yield
	Parameters for root length and seed yield
	Parameters for root number and seed yield
	Parameters for root angle and seed yield

	Parameter
	Estimate
	S.E.
	Parameter
	Estimate
	S.E.
	Parameter
	Estimate
	S.E.

	
	5.717
	1.938
	
	2.560
	0.880
	
	2.710
	2.110

	
	0.128
	0.037
	
	0.128
	0.037
	
	0.128
	0.037

	
	0.816
	
	
	0.054
	
	
	0.969
	

	
	10.478
	7.078
	
	0
	0
	
	47.970
	31.010

	
	0.190
	0.125
	
	0.190
	0.125
	
	0.190
	0.125

	
	0.486
	
	
	0
	-
	
	0.802
	

	
	18.692
	2.009
	
	1.440
	1.160
	
	28.290
	4.070

	
	0.184
	0.031
	
	0.184
	0.031
	
	0.184
	0.031

	
	0.378
	
	
	0.307
	
	
	0.578
	

	
	0.443
	0.383
	
	0.830
	0.83
	
	0
	0

	
	0.002
	0.005
	
	0.002
	0.005
	
	0.002
	0.005

	
	0
	-
	
	-0.270
	
	
	0
	-

	
	0.679
	0.388
	
	1.790
	0.770
	
	2.810
	1.510

	
	0.004
	0.011
	
	0.004
	0.011
	
	0.004
	0.011

	
	0.700
	
	
	-0.674
	
	
	-0.821
	

	
	5.712
	0.524
	
	16.310
	1.450
	
	26.990
	2.440

	
	0.257
	0.023
	
	0.257
	0.023
	
	0.257
	0.023

	
	0.331
	
	
	0.018
	
	
	0.331
	


RL, root length; RN, root number; RA, root angle; YLD, seed yield; S.E., standard error.
 variance component for genotype; , variance component for environment;  variance component for genotype-by-environment. interaction;  variance component for replicates nested within environment; variance component for blocks nested within replicates and environments;  variance component for the residual;  estimated correlation of genotype effects;  estimated correlation of environment effects; estimated correlation of genotype-by-environment interactions effects;  estimated correlation of replicate effects,  estimated correlation of block nested with within replicates and environments effects;  estimated correlation of residuals

[bookmark: _Toc168949675]3.4.4. Genotype main effect plus genotype-by-environment (GGE) analysis for root trait and yield 
Understanding genotype-by-environment interaction (GEI) is important in selection of cultivars that are either specifically or broadly adapted to particular environments. To assess genotypic stability for signficant root traits and seed yield in multi-environments, genotype main effect plus genotype-by-environment (GGE) analyses were deployed. Forty-nine genotypes evalauted at six environments were used for the analyses. Two major root traits comprising root length (RL), root angle (RA) were considered for the analyses) alongside seed yield. However, root number (RN) was excluded from the GGE analysis due to nonsignificant GEI.

[bookmark: _Toc168949676]3.4.5 GGE biplot analysis for seed yield
The differential performance of common bean genotypes across the test environments for seed yield is displayed in GGE biplots as shown in Figure 3.4. The first two principal components acounted for 72.5% of the total variation of the genotype and genotype-by-environemnt interaction based on the singular value decomposition of the environment-centered data. The biplot revealed the discriminative ability and representativeness of the the test environments for evaluation of genotypes for seed yield (Figure 3.4a) The most discrimanting environments were Sussundenga in the first season 2019 (SA) and Vanduzi (VA) in same year owing to their long vectors. In the contrary, Vanduzi in the second year 2020 (VB) and Guro in both years 2019 and 2020 (GA and GB) were the least discriminating and this was probably caused by relatively low and eratic rainfall that was received in these environments. The acute angles between the same locations in different years demonstrated the repeatability and representativeness of these environments.The genotypes on the extreme right of Fig. 4b were the high yielding genotypes comprising of DAB256 (G19), DAB398 (G28), DAB236 (G15) and AFR398 (G2) and Guropequeno (G42) while those on the extreme left were the low yielding genotypes consisting of DAB520 (G33), DAB 234 (G14), KATB1 (G43), Chelalang (G9) and DAB366 (G24). These results concur with results presented in Table 4 which revealed the winnig and the losing genotypes. Among the winning genotypes, DAB 256 (G19) was the most stable in all environemnts as depicted by its shortest vector length from the average environemnt axis (AEA) suggesting wide adaptability (Figure 4b). Other top ranking genotypes for seed yield DAB398 (G28), DAB236 (G15) and AFR398 (G2) and Guropequeno (G42) had long vectors from AEA and were thus considered to be specifically adapted to particular environment. For example, Guropequeno (42) (a check variety) was specifically adapted to VA environment while DAB398 (G28), AFR398 (G2) and DAB 236 (G15) were specifically adapted to Guro location in 2019 and 2020 (Figure 3.4a). Genotypes touching the corners of the polygon in Figure 3.4c plotted furthest from the origin indicating that they were either the winning or the losing genotypes in specific environments which is in agreement with the results in Table 3.4. For example, apart from being ranked the top performer, DAB398 (G28) ranked highest in VA and VB (Figure 3.4c). DAB256 (G19) was the ideal genotype for seed yield as it plotted at the centre of the circle (Figure 3.4d).




  (a)
(b)



 (c)
(d)

Figure 3.4: View of (a) the scatter plot of the discriminative ability versus representativeness of the test environments; (b) the biplot of mean performance versus stability; (c) which one won where with a polygon joining genotypes that are furthest from the biplot origin; (d) the GGE ranking biplot of genotypes in comparison to the ideal genotype for seed yield
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3.4.6. GGE analysis for root angle
Results revealed similarity among environments in their discriminating ability for root angle (RA) (Figure 3.5a). However, only half of the variation of 49.4% of GGE was accounted for by the first two principal components (PC) in the analysis suggesting that the third PC accounted for additional useful variation. Environment VB was not correlated with VA due the presence of a right angle between them, suggesting lack of repeatability for Vanduzi location for evaluating genotypes for RA. However, VA was positively correlated with the other five environments because of the acute angles between them. The length of VB suggests that it was the most discriminating environment for root angle. Genotypes DAB398 (G28), AFR398 (G2), DAB541 (G37) and DAB256 (G19) were the best ranked for root angle (Figure 3.5b). Among the top ranked genotypes, AFR398 (G2) and DAB541 (G37) had the shortest projections from the AEA and therefore were the most consistently well ranked across all environments. According to the results, the vertex genotypes were DAB398 (G28), AFR398 (G2), DAB525 (G34), DAB380 (G26), DAB234 (G14) and DAB520 (G33), implying that they were the best or poorest genotypes for RA because they plotted furthest from the origin of the biplot (Figure 3.5c). Genotype AFR398 (G2) plotted at the center of the circle and was the ideal genotype for RA (Figure 3.5d). 
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 Figure 3.5: View of (a) the scatter plot of the discriminative ability versus representativeness of the test environments; (b) the biplot of mean performance versus stability; (c) which one won where with a polygon joining genotypes that are furthest from the biplot origin; (d) the GGE ranking biplot of genotypes in comparison to the ideal genotype for root angle
[bookmark: _Toc168949678]3.4.7 GGE biplot analyses for root length
The first and second PCs accounted for 61.0% of the total variation of the genotype and genotype-by-environment interaction for root length (RL) (Figure 3.6a). Acute angles between years in same locations suggested repeatability of test environments. Further, the acute angles formed between most of the environments suggested similarity between them. The most discriminating environment was VA and SA. All the genotypes with superior RLs were largely unstable because of their long vector lengths from AEA and these included Catarina (G8), A22 (G1) and DAB398 (G28) (Figure 3.6b). The polygon view of the biplot revealed Catarina (G8), A22 (G1) and DAB398 (G28) as having plotted furthest from the origin in the direction of top performance (Figure 3.6c). No genotype plotted near the ideal genotype at the center of the circle for RL (Figure 3.6d). 
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Figure 3.6: View of (a) the scatter plot of the discriminative ability versus representativeness of the test environments; (b) the biplots of mean performance versus stability; (c) which one won where with a polygon joining genotypes that are furthest from the biplot origin; (d) the GGE ranking biplots of genotypes in comparison to the ideal genotype for root length.	
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3.5 Discussion
Understanding the relative importance of root traits linked to seed yield is relevant for the formulation of breeding strategies aimed at enhancing bean productivity in diverse environments. Although physiological studies have revealed the role of root length (RL) as a mechanism for bean adaptation to marginal environments, several other key traits are not yet clearly defined (Beebe et al., 2013). Generally, root system architecture has high sensitivity to changes in environmental quality including soil composition. Assessment of stability of root traits is therefore key for the attainment of agronomic stability in response to environmental changes to allow expression of full genetic potential of crops for optimal yield productivity (Calleja-Cabrera et al., 2020).
Root architecture is the predominant factor that influences efficiency in nutrient and water uptake, because it defines volume of soil that is accessible to roots for exploration under varied environmental conditions (Lynch, 1995). This study looked at the role of environment in phenotypic expression of root and agronomic traits under field conditions. Specifically, root architectural traits comprising RL, root angle (RA), and root number (RN) alongside seed yield and associated agronomic traits were investigated. The results revealed significant genotype-by-environment interactions (GEI) for root and agronomic traits which demonstrated the importance of locations and cropping seasons in influencing phenotypic expression of root architecture along with seed yield and related agronomic traits. Although years are random and not reproducible, significant positive correlations between years in a test location indicates repeatability and representativeness of the location in evaluating genotypes for stability of major traits (Rubiales et al., 2014; Yan et al., 2011). Root number and days to maturity (DM) appeared to be less effected by effects of year-location combinations due lack of significant GEI. Studies by Asfaw and Blair (2012) reported significant quantitative trait loci (QTL) -by-environment interactions for total and fine RL, suggesting the influence of environment on QTLs controlling RL in common bean. Significant GEI observed for root architectural traits suggest that improving bean productivity under variable environmental conditions will require breeding for targeted traits and growth strategies in a wide range of environments under different management practices especially when crossover type of interaction exists (Passioura 2012). Changes in the environmental conditions trigger significant molecular changes in plants that may include reprogramming of global transcriptomic and alterations in protein profiles, to modify plant growth to the stressing factors of the environment (Calleja-Cabrera, 2020).
Genotypes varied greatly for mean RA across the six environments but greater angles of roots were exhibited at Sussundenga location in both 2019 and 2020 cropping seasons compared to the remaining locations in both years. Genotypes AFR398 and DAB 541 were consistent for deep RAs across environments. Deep root angles allow plants to reach more water and nutrient sources which increases water uptake and enables the leaves to increase their evapotranspiration rate resulting in cooling effect on the canopy temperature thus improving the photosynthetic rate (Calleja-Cabrera, 2020).
Plant cellular water‐deficit stress may occur under conditions of reduced soil water content. Under these conditions, changes in gene expression take place, with up‐ as well as down‐regulation occurring. The changes in gene expression may be regulated directly by the stress conditions or may result from secondary stresses and/or injury responses (Arabidopsis, 2000). Changes in gene expression are induced by a complex series of signal transduction events that have not been clearly delineated. One of the signals involved is abscisic acid (ABA), although there are clearly other signal molecules that have not yet been identified.
Signals that result in changes in gene expression may result from an injury response and/or may be responsible for inducing genes that may have an adaptive function (Arabidopsis, 2000; Barsoni et al., 2001). The function of gene products that have altered abundance during water‐deficit stress may be defined by the ability of the gene product to promote water‐deficit stress survival. Some gene products may be involved in promoting stress tolerance and some may not. Those that are not may be expressed as a result of injury such as a block in metabolism. One of the important challenges is to understand which genes function to promote cellular and whole plant tolerance of water‐deficit stress (Barsoni et al., 2001). 
Gene expression patterns are influenced by the severity, extent and rate or application of the stress (Bray et al., 2000). Gene expression patterns may be altered at the initial step increasing the transcription rate of a specific gene or at subsequent steps that control specific mRNA levels or the translation of a specific mRNA. Together a complex pattern of gene expression is established that is a result of the specific stress conditions. Barsoni et al. (2001) argued that when stress is imposed rapidly a greater number of responses will be injury‐induced than under a slower long‐term application of water‐deficit stress.Significant genotypic differences were observed for RL across environments with genotypes generally displaying longer roots except at Guro location where the roots were shorter. In a separate study, a wide range of diversity and significant genotypic differences were observed for total RL under marginal conditions (Polania et al., 2017a). Generally, a decrease in the length of primary root, number of lateral roots and angle of emergence is expected when roots are exposed to extreme environmental conditions and particularly higher temperature reduces the surface between root and soil, thus hamper nutrient and water uptake (Nagel et al., 2009). Pardales et al. (1999) reported decreases in the number and total length of lateral roots in cassava (Manihot esculentum L.) and sweet potato (Ipomea batatas L.) due to high temperature in the root zone. Genotypes with long roots have an advantage of exploring more essential minerals for plant growth but requires synergy from other components of rooting architecture to be equally responsive in order to enhance crop performance (Sahebi et al., 2018). Genotypic adaptation of common bean to diverse environmental conditions has been reported and different races are known to exhibit different tolerance mechanisms (Beebe et al., 2013).
Genotypes expressed significant variation for most agronomic traits across environments. High mean seed yield was recorded at Sussundenga and Vanduzi compared to Guro. The low mean seed yield in Guro was perhaps because it was a more marginal environment. Drought Andean beans DAB398, DAB256 and DAB236 and AFR398 produced 3 t ha-1 of seed yield thus outperforming the best check Guropequeno, which demonstrated their superior adaptability to marginal environmental conditions. In addition to seed yield, DAB398 DAB256 and AFR398 had superior root architecture. DAB398 and AFR398 were consistently well ranked for both agronomic and root traits across the environments. Polania et al. (2017) identified common bean genotypes with the ability to combine superior grain productivity with better soil nitrogen fixation ability and good root architecture under stress. The performance was attributed to the ability of plants to increase carbon supply to nodules under stress conditions from the stored carbohydrates. The adaptability of identified genotypes was possibly associated with higher basal root number and longer roots promoting better soil exploration including the capability of water acquisition in marginal soil due to the mechanism of the plants displaying different physiological characteristics for environmental adaptability to particular growing conditions (Carneiro et al., 2013; David et al., 2002; Ganapathy et al., 2010). 
The identification of elite genotypes of Andean origin with superior seed yield and root architecture provides a perfect opportunity for improving the large seeded beans which are more preferred despite the fact that they are largely less tolerant to marginal environments compared to Mesoamerican genepool (Beebe, 2012; Bellucci et al., 2014; Blair et al., 2010; Gepts et al., 1988; Wilkus et al., 2018). Generally, most genotypes matured late at Sussundenga in 2019 and 2020 but were early at Guro. Beans were reported to mature early when subjected to abiotic and biotic stress conditions (Ojwang et al., 2010).
Significant positive correlation between root traits and yield demonstrated the role of root architecture in enhancing bean productivity under marginal conditions. Previous studies revealed the presence of a relationship between roots traits and seed yield, hence a significant factor in understanding the role of root architecture in influencing yield performance under environmental disparity (Casquero et al., 2006; Gaballah et al., 2021).
Environment and genetic variation are crucial for good evaluation and selection of best performing genotype under adequate test-environments. In this study, significant genotype plus genotype-by-environment (GGE) interaction were observed for yield and root traits. Significant GEI effects suggest the necessity to identify genotype with superior root system architecture that can perform well in diverse environments. 
The interaction between genotype and environment was largely responsible for genotypic response across environments and this was exhibited by the high variation accounted for by the first principal (PC1) and second principal (PC2) components of the GGE biplots. The total variation of GGE interaction accounted for by PC1 and PC2 were 72.6, 49.4, and 61.0 for seed yield, RA, RL and respectively. PC1 score should be greater than PC2 score and both should explain close to 50% and above of the genotype main effect plus GEI to be significant (Yang et al., 2009). Environments VA and VB were the most discriminating environment for RL, RN and seed yield.
The goal of a bean breeding programme is to develop and release cultivars with superior and stable seed yield performance along with good adaptability traits across environments. In the current study, GGE biplot analyses identified superior genotypes across environments for seed yield, RA and RL, respectively. Genotypes AFR398 (G2) and DAB541 (G37) were the most stable for RA. In contrast, no genotype was sable for RL across the locations. Previous research identified common bean genotypes capable of combining high seed yield with good root system architecture under stress conditions (Polania et al., 2017).
[bookmark: _Toc168949680]3.6 Conclusion 
Five genotypes, DAB256, DAB398, DAB236, AFR398 and Guropequeno (a released variety) are identified for their superior and stable root traits and grain yield across the environments. Thus, strategic in combining deep root system with the capability of remobilizing photosynthesis from vegetative to reproductive structures leading to higher grain yield. The results from this study therefore indicate that superior seed yield of common bean under stress is associated with superior root vigour that helps the plant to access water, and to moderate transpiration rates and vegetative growth. The superior genotypes identified could serve as parents for further improvement of root architecture and enhanced seed yield for deployment in marginal environments. Screening of genotypes was conducted under field conditions which were ideal in identifying genotypes with superior root traits useful for tolerance to marginal environments in target locations for ultimate deployment as productive varieties for farmers. Results identified stable genotypes for both root and agronomic traits in a multi-environment trial (MET) with location-year combinations being considered as environments. Genotypes were revealed as having superior mean performance and stability for root traits and seed yield. Environments were repeatable in evaluating root and agronomic traits based on correlations between years in same locations. Association studies to identify genomic regions linked to QTLs modulating root system architecture and enhanced seed yield would provide a platform for the implementation of marker-enabled breeding to accelerate genetic gains in breeding programmes involved in common bean improvement. 
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CHAPTER FOUR
[bookmark: _Toc168949683]COMBINING ABILITY OF COMMON BEAN (Phaseolus vulgaris L.)  GENOTYPES FOR ROOT TRAITS ACROSS DIVERSE ENVIRONMENTS
[bookmark: _Toc168949684]Abstract 
Root system architecture is important for common bean (Phaseolus vulgaris L.) adaptability to diverse environments. Beans employ complex adaptive root mechanisms for coping with multiple stresses in production environments. Understanding genetic control of root traits is central to improvement of common bean for adaptation to marginal environments. The objectives of this study were to (i) determine combining ability of root and agronomic traits and (ii) estimate the heritability and genetic correlation of root and agronomic traits in common bean. Four bean lines with superior root traits were crossed with four locally adapted varieties in a North Carolina II mating scheme to generate 16 crosses. The 16 F1s were selfed and advance to F2 generation. Eight parents and their F2 progenies were evaluated in an alpha-Lattice design with two replications. General and specific combining ability mean squares were significant (P≤0.05) for all traits measured. General predictability ratios ranged from 0.47 to 0.68 across locations suggesting that both additive and non-additive gene action modulate root traits and seed yield. Positive and significant (P≤0.05) phenotypic and genetic correlations revealed significant association between root traits and yield. Moderate to high heritability estimates of between 0.43 and 0.67 were realized. Such estimates point to possible deployment of a successful selection programme. Genotypes AFR398 displayed significant positive GCA effects among its crosses for both root and agronomic traits hence was revealed as a potential germplasm for inclusion in a bean yield improvement programme.

[bookmark: _Toc168949685]
4.1 Introduction 
Yield enhancement is a target objective of every crop breeding programme. Despite the efforts of most bean breeding programmes to increase yield, achieving high production under varied agro-ecologies still remains a challenge. This is mainly attributed to biotic and abiotic stresses which are currently exacerbated by the adverse effects of climate change. World production of common bean in the past five years was estimated at 25.1 million tonnes per annum. In contrast, yield losses were estimated to be > 66 % (FAO, 2018b; Wortmann et al., 1998). Production challenges associated with agro-climate conditions cause yield losses of up to 80% under rain-fed production systems (Beebe et al., 2013; Kazai et al., 2019). In sub-Saharan Africa (SSA), where the cultivated area under common bean is currently estimated at 682,000 ha, the annual yield loss incurred due to drought/heat stress is significant and is estimated at 781,000 tonnes (Losa et al., 2021). The average yield of common bean in SSA is a paltry 600 kg ha-1, compared to 1,100 kg ha-1 in Brazil, 1,700 kg ha-1 in China and 2,000 kg ha-1 in the United States of America (Losa et al., 2021). In SSA, bean production primarily relies on natural conditions with inadequate precipitation, low input application and devoid of irrigation facilities (Ramirez-Villegas & Thornton, 2015).
Crops produced under adverse conditions experience multiple stress factors (Rao et al., 2021). Exposure of common bean to multi-stresses reduces its ability to reach maximum genetic potential for seed yield. It is therefore necessary to carefully select suitable varieties for cultivation in target agro-ecologies. Specifically, those varieties that have the potential to provide maximum yield achievable even with exposure to multiple stresses are more desired. Bean breeding programmes across the world including those in SSA have made progress in designing and releasing varieties resistant to both biotic and abiotic stresses. Most of these breeding programmes have targeted single stress tolerance such as drought and tolerance to phosphorus deficiency (Asfaw & Blair, 2012; Beebe et al., 2006; Beebe et al., 2013; Burridge et al., 2019; Polania et al., 2017a). However, with the current impact of climate change, beans face multiple production challenges which demands adjustment of breeding objectives to include new cultivar designs that can cope with multiple stresses. Globally, drought is considered the second most limiting factor to bean production after disease (Rao, 2001). However, in SSA abiotic stresses specifically drought and low soil fertility are the most limiting factors to bean production (Beebe, 2012; Losa et al., 2021; Wortmann et al., 1998).
In the recent years, studies have recognized the role of root system architecture in enhancing bean adaptation to multi-stress prone environments (Chen et al., 2019; Lynch, 2019). However, better knowledge of how plant roots adapt to multiple stresses, will allow breeders to define important parameters to target for root-soil interactions to aid in manipulating root system in order to achieve high productivity (Rao et al., 2021). Manipulation of root architecture is therefore promising to be a primary target for breeders to develop more productive cultivars in variable production environments (Rao et al., 2021). Improving root traits is therefore a potential avenue to increase bean yield under marginal environmental conditions. Root traits were positively correlated with increased leaf area (Asfaw & Blair, 2012; Janila et al., 2013) further explaining the role of root system architecture in influencing shoot morphological traits that contribute to high yield. However, genetic control of root architecture in beans is less studied. Inheritance of root traits is complex and controlled by many genes each contributing a small effect. Studies by Asfaw and Blair (2012) identified markers linked to QTLs modulating total root length, fine root length, thicker root length, root length distribution with depth and root biomass among bean populations. Genetic variation exists in common bean for root architecture. Natural variation in root systems can play an important role in improving crop adaptability when grown in extreme environments resulting in high yield (Lynch, 2019). Previous research reported common bean genotypes with high root vigour under water and nutrient stress conditions (Polania et al., 2017a). Water efficient ideotypes showed shallow root system compared to less efficient genotypes under drought conditions (Polania et al., 2017a). 
Heritability in narrow sense for root traits of between 0.19 and 0.61 and between 0.31 and 0.54 were obtained under drought and non-drought stressed conditions, respectively (Asfaw & Blair, 2012). Low to moderate heritability estimates, suggest that the quantitative nature of the inheritance of root traits and their inheritance can be attained through choice of appropriate breeding strategies. Combining ability studies have been used to dissect the genetic effect and character associations in legumes for major traits associated with yield and yield related traits under marginal conditions (Kandalkar, 2005; Nkhata et al., 2021; Ojwang et al., 2011). General combining ability (GCA) effects arise from the predominance of genes with additive effects while significant specific combining ability (SCA) points to the presence of genes with non-additive effects (Griffing, 1956b; Nkhata et al., 2021). Significant GCA coupled with moderate to high heritability are key to the formulation of a breeding strategy and successful selection of superior cultivars with enhanced root system architecture, root vigour and yield. Although phenotyping of root traits under field conditions is complicated by the unpredictable environmental variation and the sensitivity of root architecture to environment conditions, it is still a reliable option for evaluating genotypes under targeted conditions in order to obtain desirable, superior genotypes and valid genetic information. The objective of this study was to determine combining ability and to estimate heritability for root traits of common bean parents under diverse environmental conditions.

[bookmark: _Toc168949686]4.2 Materials and methods  
[bookmark: _Toc168949687]4.2.1 Experimental sites  
The study was conducted at three experimental sites in Mozambique. The first site was at the Instítuto de Investigação Agrária de Moçambique (IIAM) in Sussundenga, located 33º 17´ 25´´ E and 19º 24´ 14´´ S in the Central region of Mozambique. The altitude is 600 m above sea level (m.a.s.l) with an average temperature of 23 ºC. The annual precipitation is 1,571 mm but poorly distributed within one main cropping season starting from mid-November to April (Figure 4.1a) (Edição, 2005). The second site was Vanduzi located at a longitude of 33º 16´ 06´´ E and a latitude of 18º 57´ 03´´ S in the Central Province of Manica. The elevation is 647 m.a.s.l, with an annual precipitation of 1097 mm distributed in one cropping season from December to March, but the rain is unreliable. The average temperature is 24 ºC (Figure 4.1b) (Edição, 2014). The third site was in Guro District in the North province of Manica located at a longitude of 33º 19´ 58´´ E and a latitude of 17º 24´ 13´´ S. The altitude is 1,255 m.a.s.l. Guro is a semi-arid area. The rain falls from November to March. The average annual rainfall is 632 mm and average temperature of 25.8 ºC (Figure 4.1b) (Edição, 2014). All the three sites were selected because they are situated within the major bean growing areas but the cropping seasons vary significantly every year and at each location.

[bookmark: _Toc168949688]4.2.2 Weather pattern and cropping season
The monthly average temperature and rainfall received during the year 2021 are presented in Figure 1. Sussundenga received a total of 1,026 mm, Vanduzi 988 mm and Guro 1,088 mm. The average temperatures were 25.0; 25.7 and 28.9o C for Sussundenga, Vanduzi and Guro location, respectively, (Figure 4.1b). The bean growing season for all the locations starts in February, since it provides the most the suitable agro-ecological condition for the crop. High amount of rainfall was observed between December and February. Within the three months, high levels of rainfall were observed at Sussundenga location with 260; 275 and 183 mm, respectively, followed by Vanduzi with 257; 269 and 158 mm and Guro with 159; 194 and 94 mm, respectively (Figure 4.1a). Interestingly, high temperature was observed at Guro location followed by Vanduzi and finally Sussundenga location had the lowest temperature (Figure 4.1b).
 
Figure 4.1: Annual rainfall distribution (a) and Temperature pattern (b) at three locations in Mozambique during the year 2020/2021
[bookmark: _Toc168949689]4.3 Parental selection and mating design
Eight common bean parents were used for the study. The parents included the drought Andean bean (DAB) genotypes (DAB256, DAB326 and DAB398) and AFR398 obtained from the International Centre for Tropical Agriculture (CIAT), Catarina from Instítuto de Investigação Agrária de Moçambique (IIAM) and local commercial varieties namely Angónia, Guropequeno and Matgrande (Table 4.1). The eight parental lines were selected from a previous field screening based on their genetic diversity and superiority for seed yield and at least one or more root traits specifically root number, root angle, root length (Table 4.1). Other attributes considered were market class preference, drought tolerance and ability to cook fast.
The eight parents were crossed in factorial (North Carolina II) mating design to generate 16 F1 hybrids. Plants were grown in 10-litre buckets measuring 34 cm long, 34 cm wide and 12.5 cm high. Six seeds were planted in each bucket then thinned to four plants. Each parental line had six buckets giving a total of 48 buckets with approximately 192 plants.  The F1 generation from each 16 successfully crosses were selfed to derive F2 seed.


Table 4.1: Root traits and agronomic attributes of parent genotypes crosses in a factorial (North Carolina II) mating design
	Parent
	Source
	Root angle range (o)
	Root length range (cm)
	Root numbers range
	Seed yield range (t ha-1)
	Seed colour
	Other merits

	Angónia 
	Local 
	29.8-47.0
	29.2-32.0
	25.0-28.0
	2.1-2.5
	Cream 
	Marketable class  

	Guropequeno
	Local
	19.2-41.4
	24.9-28.6
	19.0-22.1
	1.1-1.5
	Red mottled
	Marketable class  

	DAB256
	CIAT
	25.8-50.5
	29.0-31.4
	23.0-30.0
	1.9-2.2
	Sugar
	Drought tolerant

	Matgrande
	Local 
	26.6-45.1
	28.2-30.6
	23.0-25.9
	2.2-2.4
	Cream
	Marketable class  

	AFR398
	CIAT 
	28.5-44.4
	28.0-31.5
	24.0-27.0
	1.1-1.7
	Red 
	Drought tolerant 

	Catarina
	IIAM 
	24.1-53.3
	27.9-31.1
	24.0-26.9
	2.2-2.4
	White 
	Fast cooking

	DAB236
	CIAT
	13.4-39.5
	23.6-25.9
	19.0-20.9
	0.4-0.9
	Red mottled
	Drought tolerant

	DAB398
	CIAT 
	10.-38.1
	22.1-26.4
	16.0-18.9
	0.5-0.7
	Red 
	Drought tolerant 


DAB=Drought Andean Bean; CIAT=International Centre of Tropical Agriculture; IIAM=Instítuto de Investigação Agrária de Moçambique (National Agriculture Research Institute of Mozambique)
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[bookmark: _Toc168949690]4.4 Phenotypic evaluation of F2 populations
Sixteen F2 progenies derived from self-pollination of F1s were evaluated alongside eight parents for root and yield related traits during the 2020/2021 long rains at three locations. The genotypes were evaluated under field conditions using an alpha Lattice design with 4 incomplete blocks and 6 experimental unit entries within each incomplete block. Each entry was replicated twice. One seed was planted per hill along the row. The experimental unit consisted of 5 row plots, 3 m long with a spacing of 60 cm wide and 10 cm between plants within the rows. Supplementary irrigation was applied once a week for a period of three weeks to allow good crop. Diammonium phosphate (DAP) fertilizer was applied at the recommended rates of 40 kg ha-1 of N and 80 kg ha-1 of P2O5 at planting. Insecticides and fungicide were applied at recommended rates when the plants showed signs of insect attack and disease symptoms.
At physiological maturity (R7 growth stage), root trait measurements were obtained from parents and their F2 progenies across all the locations from thirty randomly selected plants from outer rows of each experimental unit. Plants were carefully dug out and thereafter the roots were cleaned and separated from the organic debris and straightened by repeated dipping and rinsing in basin of clear water. Basal root length (BRL) was measured using meter ruler, basal root growth angle (BRGA) was measured using the scoring board while basal root number (BRN) was measured by counting the number of roots (Polania et al., 2012). On the other hand, agronomic data were collected from thirty randomly selected plants in the three middle rows in each plot. Number of pods per plant (NPP), were determined by counting the number of pods from each randomly selected plant per plot when 90 % of the pods had changed in colour from green to yellow. All the three middle rows were harvested to obtain the yield (YLD) data on entry mean bases, using a digital balance. The plot mean yield data were converted to kg ha-1. Yield data were corrected based on seed moisture content determined by electronic seed moisture meter (Dickey John Corporation, U.S.A). The level of moisture content was adjusted using the formula described by University of Maryland Cooperative Extension (1997) as shown below.
Yield = [image: ][image: ] ………………………………. Equation 4.1
where: GW = grain weight, % SSM is standard seed moisture.
[bookmark: _Toc168949691]4.5 Statistical and genetic analyses
Statistical analyses to determine variance between parents and their F2 generations across three environments were carried out for all variables. The means of F2 progenies and their parents were subjected to residual maximum likelihood (REML) analysis procedure in GenStat statistical software (VSN International, 2015) by fitting the statistical model shown below.
………………… Equation 4.2
where: Yijklm is response of genotype; μ is overall mean; lj is fixed effect of the jth location; rl (lj) is fixed effect of the lth replicate;  is random effect of kth block nested in the lth replicate in the jth location; gi is fixed effect of the lth genotype; glij is interaction effect of the jth location and ith genotype and ɛijklm is random error term.
Combining ability analysis was done following the procedure described by Comstock and Robinson (1948). To estimate the general combining ability (GCA) and the specific combining ability (SCA) mean squares and effects, a general lineal model (GLM) procedure was used in SAS software (SAS Institute, NC, 2008). Genotype and environment were considered as fixed effect. Combining ability model is given as;
 ………………………….. Equation 4.3 
where:  is mean of specific cross;  is overall mean;  is general combining ability effect of the ith male;  is general combining ability effect of the jth female; is specific combining ability due to interaction effect of the ith male and jth female;  is location effect and  is the random error associated with each observation.
To obtain narrow sense heritability (h2), the proportion of phenotypic variance attributed to additive gene variance was estimated using the formula suggested by Falconer and Mackay (1996) as shown below;
 ………………………………………. Equation 4.4
where  is the additive genetic variance;  is the phenotypic variance;  and  is the GCA mean square of parents, males and females;  is the specific combining ability mean square of the crosses;  is the error mean square.
The relative significance of additive and non-additive gene action was determined using the general predictability ratio (GPR) or Baker’s ratio (Baker, 1978) as follows;
Baker’s ratio =  …………………………….………... Equation 4.5
where,  is additive variance and  is total genetic variance.
Phenotypic correlations between root traits and seed yield were estimated using the Pearson's correlation. Root traits were considered as independent variables while seed yield and number of pods per plant were considered as dependent variables. The correlations were estimated using the formula suggested by Wright (1921).
Genetic corrections among root and agronomic traits were estimated using REML procedures in GenStat software (VSN International, 2015). The estimates were obtained as described by Felix et al. (2012) and the formula is shown below; 
 
where,  is genotypic correlation coefficient between characters x and y;  is the genotypic covariance between characters x and y while  and  are the genetic variances of traits x and y.
The genotypic correlations were tested for significance using the following t-test;
   …………………..…………………………………………………. Equation 4.6
where,  is standard error of genotypic correlations and  is genotypic correlation.
Pearson’s correlation coefficients of mid parent value and F2 performance, GCA effects with per se performance and sum of GCA effects of parents with F2 performance were estimated as described by Schrag et al. (2009) for all traits studied.

[bookmark: _Toc168949692]4.5 Results 
[bookmark: _Toc168949693]4.5.1 Linear mixed model analysis of genotype adaptability and genetic variation in multi-location
The statistical analysis based on residual maximum likelihood for single location data, revealed significant (P<0.05) main effect of genotypes for all root traits, number of pods per plant and yield across all environments (Table 4.2). The variation in test locations was possibly due to differences arising from environmental factors including but not limited to temperature and rainfall distributions during the cropping season.
Combined REML analysis revealed significant genotype mean squares at P<0.05 for all the traits measured (Table 4.3). Significant differences were observed for location main effect for all root traits but not for yield and number of pods per plant. The genotype-by-location interaction (GLI) effects were significant (P<0.01) only for root angle (Table 4.3).

Table 4.2: Linear mixed model analysis of 24 common bean genotypes evaluated at three locations
	Location
	Source
	Df
	Root angle (o)
	Root length (cm)
	Root number
	Seed yield
kg ha-1
	NPP

	Sussundenga 
	Rep
	1
	  1.1
	    3.7
	    1.6
	     0.01
	  7.9      

	
	Genotype
	23
	77.4*
	121.8**
	124.6**
	    358.2**
	    53.0**

	
	
	
	  1.1
	   -0.3
	    0.1
	     -9879
	    -4.7

	
	
	
	11.6
	    2.1
	    5.0
	   104796
	    36.6

	Vanduzi 
	Rep
	1
	  6.5
	    1.4
	    1.0
	        1.2
	    7.9

	
	Genotype
	23
	78.9**
	101.5**
	103.1**
	    254.1**
	   53.0**

	
	
	
	-1.4
	  -0.2
	   1.2
	    6490
	   -4.5

	
	
	
	12.0
	   4.7
	   4.5
	104187
	  37.0

	Guro 
	Rep
	1
	  0.8
	  1.8
	   1.6
	    0.01
	    5.0

	
	Genotype
	23
	167.1**
	91.6*
	103.1*
	3546.3**
	111.0*

	
	
	
	  3.8
	-0.1
	  0.01
	   1041
	   5.7

	
	
	
	13.1
	 5.4
	   4.3
	   7693
	  -0.5


Df=degree of freedom; , block variance component, , error variance; rep, replication; NPP, number of pods plant; * significant at P<0.05; ** significant at P<0.01.

Table 4.3: Linear mixed model analysis for eight parents and their sixteen crosses at three locations
	Source
	Root angle
	Root length
	Root number
	Yield
kg ha-1
	Number of pods per plant

	Rep (Loc).
	 4.8
	4.9
	 4.1
	  3.2
	  21.1

	Location (L)
	533.9**
	11.7*
	42.0**
	  16.6
	    0.3

	Genotype (G)
	231.8**
	226.1**
	313.1**
	1133.8*
	      145.9**

	G X L
	81.6*
	63.2
	19.5
	110.2*   
	  24.7

	
	0.4
	-0.2
	 0.1
	  -3289
	   -3.0

	
	12.8
	4.1
	 4.6
	  74447
	   26.9


, block variance component; , error variance; Df, degree of freedom; bloc, block; * significant at P<0.05; ** significant at P<0.01.

[bookmark: _Toc168949694]4.5.2 Parent and F2 mean performance across locations
Phenotypic variation was observed among the generation means for root traits, yield and number of pods per plant at different locations. Due to non-existent GLI for nearly all the traits, mean data for the generation means from each location were considered separately. Mean root angle (RA) was higher in Sussundenga location and ranged from 30.0 to 50.5o with an overall mean of 44.0o compared to Vanduzi with a mean of 43.6o while Guro had the lowest mean of 27.8o (Table 4.4). Among the F2 progenies, AFR398 x Matgrande cross had the highest mean RA of 49.5o followed by DAB236 x Angonia and DAB256 x Catarina each with 49o. However, these means were not significantly different from top performing parents mainly Angonia with 50.5o and DAB256 with 47.0o. Notably, two crosses AFR398 x Matgrande and DAB236 x Angonia were consistently well ranked across all the test locations. AFR398 x Matgrande had RAs of 47.7o and 41.7o at Vanduzi and Guro, respectively, while DAB236 x Angonia had 48.6o and 39.6o, at the same locations. In the contrary, parents had notable change in rank for RA where DAB398 (53.3o) was topmost at Vanduzi while DAB256 (29.8o) was the best performer at Guro. The F2 progenies derived from Matgrande x DBA 398, Matgrande x DAB256, Guropequeno x DAB236, Catarina x DAB256 and Angonia x DAB236 crosses had higher mean RAs relative to their progenitors (Table 4.4). 
Root length (RL) ranged from 25.3 to 31.8 cm at Sussundenga location, from 22.1 to 32.0 cm at Vanduzi and 23.1 to 34.5 cm at Guro location (Table 4.4). Guro location with mean RL of 29.2 cm was higher than both Vanduzi (28.0 cm) and Sussundenga (28.0 cm). Guro location exhibited long RL, probably due to high average temperature and low rainfall (Figure 4.1). In general, DAB256 x Catarina, DAB256 x Matgrande, DAB398 x Angonia, AFR398 x Angonia and AFR398 x Matgrande were the top ranking for RL progenies across locations. Parental lines AFR398, Catarina, DAB256 and DAB236 were highly ranked for RL across locations.
Root number (RN) ranged from 18.0 to 30.0 at Sussundenga (Table 4.4). F2 progenies derived from DAB236 x Angonia (29.5), DAB256 x Catarina (29.0), DAB256 x Guropequeno (29.5) and AFR398 x Matgrande (29.9) crosses were outstanding at Sussundenga location. However, their performance was not significantly better than the best parent AFR398 which had a mean RN of 30 at the same location (Table 4.4). At Vanduzi location, RN varied from 18.9 to 30.5. The highest mean was recorded for F2 generations between AFR398 x Matgrande with 30.5 followed by DAB256 x Catarina with 29.0. The best parental line in Vanduzi was DAB256 with RN of 28.0. In Guro location, RN ranged from 16.0 to 2.08. The highest RN was observed on F2 genotype AFR398 x Matgrande with a mean of 28.0 followed by DAB256 x Catarina and DAB 236 x Catarina with each mean RN of 26.0. Of interest, AFR398 x Matgrande and DAB236 x Catarina crosses showed superior performance for RN across the three test locations.
Various crosses showed differences in performance for seed yield (Table 4.4). Genotypes that had high mean performances for root angle, root length and root number also showed high mean seed yield and number of pods per plant. Specifically, three crosses namely DAB236 x Angonia, DAB256 x Matgrande and AFR398 x Matgrande were outstanding for all the traits measured across the three test locations. Phenotypic variation was observed for seed yield at Sussundenga location where genotypes AFR398 x Matgrande had the highest seed yield of 3,875.7 kg ha-1, followed by DAB256 x Matgrande with mean yield of 3,550.8 kg ha-1 and DAB236 x Angonia with mean yield of 3,436.2 kg ha-1. Similar performance was observed for genotypes AFR398 x Matgrande, DAB236 x Angonia and AFR398 x Guropequeno performed well at Vanduzi location with seed yield > 3,000.0 kg ha-1. A repeat performance was recorded at Guro location. Among the parental lines, genotype DAB256, Catarina, AFR398 and DAB398 were outstanding for most traits across the locations.

Table 4.4: Genotype means of sixteen F2 populations and their parents at three locations in central Mozambique
	
	Sussundenga location
	Vanduzi location
	Guro location

	Cross 
	Yld
	RA
	RL
	RN
	NPP
	Yld
	RA
	RL
	RN
	NPP
	Yld 
	RA
	RL
	RN
	NPP

	DAB236 x Angonia
	3436.2
	49.0
	28.6
	29.5
	30.6
	3801.8
	48.6
	28.5
	25.5
	30.6
	3619.7
	39.6
	29.5
	23.0
	22.6

	DAB256 x Catarina
	2199.3
	49.0
	31.8
	29.0
	17.9
	1589.7
	47.0
	32.0
	29.0
	17.9
	1670.6
	32.6
	33.0
	26.0
	16.0

	DAB256 x Guropequeno
	1587.7
	44.0
	27.1
	29.5
	12.6
	1670.8
	43.6
	28.5
	26.5
	12.6
	1281.4
	31.1
	29.5
	23.5
	17.6

	DAB256 x Angonia 
	1386.6
	41.0
	25.4
	20.5
	12.3
	2591.3
	40.1
	24.5
	21.5
	12.3
	1772.8
	22.3
	25.5
	19.0
	13.2

	DAB398 x Catarina
	1320.4
	39.4
	25.3
	19.5
	12.7
	1643.7
	37.9
	22.4
	19.5
	12.7
	1861.1
	27.4
	23.5
	17.0
	11.3

	DAB236 x Catarina
	2855.5
	47.5
	30.4
	27.6
	24.1
	2880.1
	46.7
	31.6
	28.9
	24.1
	2326.0
	33.9
	33.1
	26.0
	20.5

	DAB398 x Matgrande
	2143.5
	43.0
	26.8
	23.0
	16.7
	2556.6
	41.2
	27.0
	24.0
	16.7
	1811.1
	24.5
	28.0
	21.0
	16.2

	DAB256 x Matgrande
	3550.8
	47.0
	30.2
	27.0
	26.9
	2528.7
	45.5
	30.5
	27.5
	26.9
	3042.1
	37.6
	32.0
	24.5
	19.5

	DAB398 x Angonia
	2525.6
	30.4
	30.7
	20.4
	16.0
	2526.1
	39.5
	24.3
	21.6
	16.0
	2321.9
	29.9
	25.4
	19.0
	14.2

	DAB236 x Guropequeno
	1920.3
	40.5
	29.7
	20.5
	19.9
	2086.2
	39.5
	24.5
	21.5
	19.9
	1643.6
	24.1
	26.0
	19.0
	13.5

	DAB398 x Guropequeno
	2282.7
	44.0
	27.1
	24.5
	16.1
	2361.3
	43.6
	28.5
	25.5
	16.1
	2177.9
	28.6
	29.5
	22.5
	17.6

	AFR398 x Guropequeno
	2779.0
	46.1
	29.8
	26.5
	19.8
	3155.4
	46.0
	30.6
	28.1
	19.8
	3266.0
	37.0
	31.9
	25.0
	19.3

	AFR398 x Catarina
	2515.3
	44.0
	27.2
	24.0
	15.9
	2206.2
	41.5
	29.0
	26.0
	15.9
	2730.6
	24.1
	30.0
	23.0
	15.5

	DAB236 x Matgrande
	2126.9
	43.0
	26.2
	22.5
	17.6
	2646.9
	41.1
	26.4
	23.1
	17.6
	1954.5
	26.4
	27.9
	20.0
	15.9

	AFR398 x Matgrande
	3875.7
	49.5
	27.2
	29.9
	26.2
	3966.8
	47.7
	33.5
	30.5
	26.2
	3619.1
	41.7
	34.5
	28.0
	22.8

	AFR398 x Angonia
	1645.9
	47.0
	30.1
	27.2
	16.7
	1886.1
	45.8
	31.1
	27.4
	16.7
	2258.5
	25.7
	32.1
	24.5
	20.2

	Parent
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	DAB256
	2404.6
	47.0
	29.2
	26.5
	18.3
	2447.3
	46.1
	30.5
	28.0
	18.3
	1934.3
	29.8
	32.0
	25.0
	19.7

	Angonia
	1362.5
	41.4
	28.6
	21.0
	  9.5
	1464.9
	40.1
	24.9
	22.1
	  9.5
	1058.9
	19.2
	25.9
	19.0
	14.2

	AFR398
	2049.1
	50.5
	31.4
	30.0
	15.8
	2149.3
	49.6
	29.0
	26.0
	15.8
	2133.9
	25.8
	30.0
	23.0
	22.7

	Catarina
	2293.6
	45.1
	28.2
	25.0
	19.0
	2421.0
	43.8
	29.1
	25.9
	19.0
	1942.0
	26.6
	30.6
	23.0
	17.8

	DAB236
	1086.5
	44.4
	28.0
	24.4
	13.7
	1642.6
	42.2
	30.4
	27.0
	13.7
	2179.6
	28.5
	31.5
	24.0
	16.7

	DAB398
	2386.6
	45.1
	27.9
	25.0
	19.5
	2498.5
	53.3
	29.6
	26.9
	19.5
	2282.6
	28.1
	31.1
	24.0
	17.3

	Matgrande
	  923.5
	39.5
	25.9
	19.6
	10.6
	  877.1
	38.7
	23.6
	20.9
	10.6
	  625.5
	13.4
	24.6
	19.0
	12.5

	Guropequeno
	  612.1
	38.1
	26.4
	18.0
	  6.0
	  720.5
	36.8
	22.1
	18.9
	  6.0
	  459.0
	10.1
	23.1
	16.0
	10.8

	Single location mean
	2171.4
	44.0
	28.0
	24.6
	17.3
	2391.2
	43.6
	28.0
	25.1
	17.3
	1984.0
	27.8
	29.2
	22.2
	17.0

	LSD 
	  632.4
	  7.3
	  2.8
	  4.7
	  6.2
	  690.1
	  6.9
	  4.5
	  4.5
	  5.7
	  186.2
	  8.3
	  4.8
	  4.3
	  4.8


  RA, root angle; RL, root length in centimetre; NR, root number; NPP, number of pods per plant; Yld, seed yield in kg ha-1  ; LSD, least significant difference

[bookmark: _Toc168949695]4.5.3 Combining ability analyses and heritability
Mean squares due to general combining ability for male parents (GCAm) were significant (P<0.01) for all traits, whereas general combining ability mean squares for female parents (GCAf) were only significant (P<0.05) for root angle and number of roots plant-1 (Table 4.5). GCAm -by-location (GCAm x L) and GCAf by-location with location (GCAf x L) interactions were non-significant for all traits except root length (Table 4.5). The specific combining anility (SCA) mean squares were significant (P<0.01) for all traits, nonetheless SCA-by-location interactions were non-significant for all traits considered except for root angle.
General combining ability effects of individual parents for each trait are presented in Table 4.6. Parental lines Matgrande, Guropequeno, AFR398, DAB256 and DAB236 had significant positive GCA effects for root angle. Guropequeno and AFR398 showed significant positive GCA effects for root length. Matgrande, Angonia, AFR398 and DAB236 had significant positive GCA effects for root number. Matgrande, AFR398 and DAB236 had significant GCA effect for seed yield while Angonia and AFR398 showed significant effects for number of pods per plant. In contrast, Catarina, DAB398 and DAB256 consistently showed significant low negative GCA effects for nearly all the traits. Interestingly, AFR398 consistently contributed desirable GCA effects for both root and agronomic traits in their crosses suggesting good breeding value.
Narrow sense heritability (h2) and Baker’s ratio are shown in the Table 4.6. In this study, moderate to high narrow sense heritability estimates were realized for all traits and ranged between 0.43 and 0.67 for root architecture, number of pods per plant and seed yield across location (Table 4.6). Baker’s ratios were reasonably large (≥0.60) for all root traits except number of pods per plant.

Table 4.5: Combining ability mean squares for root traits, seed yield and number of pods plant-1 among eight parents across three locations
	Source
	Df1
	Seed yield
   (kg ha-1)
	Root angle (o)
	Root length
(cm)
	Root number
	NPP

	Location (L) 
	2
	  255273.0
	1990.8**
	 13.9**
	  76.4**
	74.7*

	GCAf
	3
	1928255.8**
	   35.1**
	   5.6
	  14.4*
	  8.4

	GCAm
	3
	3802308.8**
	 149.2**
	 67.4**
	119.4***
	78.9**

	SCA
	9
	2521253.8**
	 122.9**
	 39.5**
	  62.0**
	97.9**

	GCAm x L
	6
	  206379.2*
	    7.0
	  7.4*
	    0.7
	  4.2

	GCAf x L
	6
	  167459.5
	    3.9
	  9.2*
	    1.4
	13.4

	SCA x L
	18
	  204123.3**
	  21.0*
	  3.5
	    2.1
	  7.3

	Residual 
	48
	    58626.8
	  13.4
	  3.2
	    4.5
	15.9

	h2
	
	        0.54
	  0.58
	0.63
	  0.67
	0.43

	Baker’s ratio
	
	        0.59
	  0.60
	0.65
	  0.68
	0.47


1Adjusted degree of freedom; NPP, number of pod per plant, GCAf, general combining ability effect for female; GCAm, general combining ability effect for male, SCA, specific combining ability interaction effect for male x female; L, location; GCA x L, GCA-by-location interaction; SCAxL, SCA-by-location interaction; h2, heritability in narrow sense















Table 4.6: General combining ability effects of eight parents for root traits, yield and number of pods per plant at three locations in Mozambique during the 2021 long rains
	Parent
	  Root angle
(o)
	Root length
   (cm)
	Seed yield (kg ha-1)
	Root number
	NPP



	Female

	Matgrande
	2.00*
	-0.30*
	 362.0*
	 1.00*
	-3.01*

	Guropequeno
	0.50*
	 0.99*
	-204.0*
	-1.00*
	 2.01

	Catarina
	-0.50*
	 0.00*
	-208.0*
	 0.00*
	-3.00

	Angonia
	-1.00*
	-1.00*
	   50.0*
	 1.00*
	 3.00*

	SEgi
	1.20
	0.41
	 105.3
	 0.52
	 1.00

	Male 
	

	AFR398
	 2.00*
	 2.00*
	   333.0*
	 2.00*
	 3.00*

	DAB398
	-4.00*
	-2.00*
	  -300.0*
	-3.00*
	-0.01

	DAB256
	 1.00*
	0.00*
	  -250.0*
	-0.04*
	-3.01*

	DAB236
	 1.00*
	-0.50*
	   217.0*
	 1.00*
	  0.01

	SEgi
	 1.16
	 0.41
	   105.4
	 0.52   
	 1.00


SE, standard error; Yld, seed yield in kg ha-1; NPP, number of pods per plant; * significant P<0.05 
[bookmark: _Toc168949696]4.5.4 Phenotypic and genetic correlations
Number of pods per plant were positively and significantly (P<0.05) associated with RA, RL, RN and seed yield (Table 4.7). Similar results were observed between RA and all other traits. At same time RL and RA were positively and strongly (P<0.01) associated with yield (Table 4.7). The result of genetic correlation analysis among traits indicated significant (P<0.05) positive and strong relationship of RA with NPP, RL and seed yield (Table 4.7). Similarly, seed yield was positively and significantly correlated with NPP, RL and RN.








Table 4.7: Phenotypic and genetic correlation coefficient between root traits from eight parent and 16 F2 populations
	Traits 
	NPP
	RA
	RL (cm)
	RN

	
	R
	rgxy
	R
	rgxy
	r
	rgxy
	R
	rgxy

	RA
	0.58**
	  0.69**
	
	
	
	
	
	

	RL (cm)
	0.55**
	0.33*
	0.80**
	0.45*
	
	
	
	

	RN
	0.92**
	-0.13
	0.56**
	0.18
	0.52**
	- 0.12
	
	

	Yld kg ha-1
	0.74**
	0.90**
	0.59**
	0.60**
	0.79**
	0.77**
	0.72**
	0.55**


r, phenotypic correlation; rgxy, genetic correlation; NPP, number of pods per plant; RA, root angle; RL, root length; RN, root number; Yld, seed yield *, **, significant at p<0.05 and p<0.01, respectively

[bookmark: _Toc168949697]4.6 Discussion
Roots are the main plant organs which play a major role in acquisition of nutrients and water from the soil. Root system has a direct impact on plant adaption and response to prevalent environmental conditions. Water stress, limited supply of plant nutrients, excess amounts of toxic elements and salinity are the major abiotic components that constitute unfavourable soil which negatively affect crop yield (Pereira, 2016; Rao et al., 2021). Variation in root architecture among crop genotypes designates their differential responses to abiotic stress factors and consequently their adaptive success (Rao et al., 2021). For example, deep roots with deep angles, large diameter and high density were important for drought avoidance and nutrient acquisition under water stress in common bean (Polania et al., 2017a) and rice (Oryza sativa L.) (Kamoshita et al., 2008). Manipulation of genetic architecture modulating rooting pattern traits in common bean is plausible if breeders manage to design plant ideotypes that combine superior root system architecture with valuable agronomic traits. In the current study, parents and their progenies varied in mean performance for root traits and seed yield across individual locations. The significant difference between genotypes for all root traits and agronomic traits was possibly attributed to environmental variation and genetic diversity existing within the germplasm. Transgressive segregants based on superiority of F2 progenies over their parents were obtained in particular crosses but not all for most of the traits. For instance, DAB236 x Angonia and DAB256 x Matgrande and AFR398 x Matgrande outperformed their parents in nearly all the traits in each individual test location. These were good-by-good crosses which possibly explains their productive success (Kelly et al., 1998). Similarly, four parental lines DAB256, AFR398, Catarina and DAB398 were outstanding in their performance for both root and agronomic traits across the locations. Joshi et al. (2016) reported significant differences between genotypes for root traits where root angle, root length and lateral root were increased or decreased when roots were exposed to varied growing conditions with the most adapted genotypes showing good performance for a number of root traits and seed yield in potato (Solanum tuberosum L.). In related studies, wide adapted bean genotypes combined good root architecture with high yield under extreme environmental conditions were observed and reported (Jochua et al., 2020; Kashiwagi et al., 2006; Polania et al., 2017a). Similarly, deep rooting ability was associated with grain yield under drought stressed conditions in common bean (Polania et al., 2017b).
The non-significant genotype-by-location interactions (GLI) for nearly all traits except for root angle as revealed by REML analysis, suggested similarity among locations in ranking the genotypes. Lack of crossover interaction suggests lack of change in rank among genotypes hence existence of a single mega environment implying that genotypic performance can be replicated across locations. In contrast, Asfaw and Blair (2012) reported significant effect of location in genotypic expression of root traits. Root architecture was found to be sensitive to environmental variation including the soil structure and composition, which allowed the crops to express full genetic background for their adaptability (Calleja-Cabrera et al., 2020; Manschadi et al., 2010;).
Significant general combining ability (GCA) and specific combining ability (SCA) mean squares for both root and yield traits underscored the usefulness of both additive and non-additive gene action in modulating both root architecture and agronomic traits. Further evidence was revealed by moderate to high Baker’s ratios observed, which ranged from 0.47 to 0.68 indicating significant contribution of additive gene in genetic control of the traits. The non-significant GCA-by-environment interactions and also SCA-by-environment interactions indicated lack of environmental influence on determining gene expression for root traits and yield. This could perhaps be explained by similarity of environmental conditions across the locations under which the study was conducted (Figure 4.1a and 4.1b). These results partly agree with those reported in beans where genetic control of root traits under water stress and phosphorus deficiency improved bean yield (Asfaw & Blair, 2012; Beebe et al., 2006; Beebe et al., 2008). However, QTL-by-environment interactions were significant for both root traits and agronomic traits (Asfaw & Blair, 2012; Cortés et al., 2012; Kashiwagi et al., 2005; Mejía-Jiménez et al., 1994). The breeding value of a given parent determines its successful use as a parent in a breeding programme. The per se performance of parents and their respective GCA effects may be indicative of their breeding values. Parents Guropequeno, Angonia, and AFR398 notably showed significant and positive GCA effects for most root and seed yield. Surprisingly, Guropequeno displayed poor performance for yield and most yield traits. In the contrary, DAB256 and DAB398 had good per se performance for nearly all root and agronomic traits but both had poor and negative GCA effects for nearly all traits. This can possibly be explained by lack of significant correlations between the GCA and per se performance (Biradar et al., 2020; Mahesh et al., 2020). Significant GCA effects are primarily explained by additive gene effects or additive-by-additive interactions which relate to presence of favourable alleles and fixable genetic variation. Positive GCA effects were useful in transfer of favourable genes for root distribution in common bean thereby showing clear evidence of presence of additive gene (Cerutti et al., 2020). If genotypes with positive GCA affects are included in a breeding programme there is a high probability of capturing the desirable alleles (Griffing, 1956a). This may also result in less gene integration and higher achievement in selection (Chigeza et al., 2014).
Heritability is a useful statistic in crop improvement ordinarily obtained from variance components (Kearsey & Pooni, 1996). Successful genetic improvement depends on the magnitude of the heritability of important trait (Ma-Teresa, et al., 1993). High GCA estimates motivate good level of heritability estimates. Narrow sense heritability estimates the proportion of genetic variation that is attributed to additive genetic variance in a given population. Moderate to high heritability estimates of between 0.43 and 0.68 from this study (Table 4.6) showed the predominance of additive gene action in inheritance of root traits. Similar estimates of narrow sense heritability were obtained under stressed environment compared to less stressed conditions in common bean (Araújo et al., 2005; Kachiguma et al., 2021). From the results in this study, it can conclude that although genetic factors were important in transmission of root traits and seed yield, environment factors also contributed to phenotypic expression among progenies.
Significant positive genetic and phenotypic correlations obtained showed clear relationship among traits. Significant genetic and phenotypic correlations between bean genotypes for root traits were previously reported (Araújo et al., 2005). The high level of significant association among the root traits and yield traits suggest that root architecture played an important role in seed accumulation as a desirable consequence of crop adaptability to extreme environments. The strong and significant association between root traits and seed yield implies that the selection response of RA or RL can be predicted to enhance seed yield as a result of genotype’s adaptability to the environmental conditions. Negative and non-significant genetic correlation were observed between RN with NPP and RL, might be helpful in explaining the complex patterns between the traits. These results suggested that improvement of one of trait will directly result in significant change on other correlated trait due to their strong relationship. Therefore, positive response of the genotypes for adaptability to varied growing environments may be attributed to genetic factors and compensatory response of existing positive and strong relationship among other traits. These findings are in agreement with those of Jochua et al. (2020) who reported that relationships among the traits contributed to breeding for multiple architectural root system which greatly enhanced plant’s adaptability and acquisition of multiple soil resources.

[bookmark: _Toc168949698]4.7 Conclusion
The study revealed the significance of both GCA and SCA effects suggesting that both additive and non-additive gene actions are responsible in modulating root and seed yield accumulation in common parents. F2 populations from three crosses DAB236 x Angonia, DAB256 x Matgrande and AFR398 x Matgrande were outstanding and consistent across the locations. These populations are potential repositories for good genes for improvement of common bean for root architecture and seed yield and can be subjected to selection under multiple stress conditions to obtain productive cultivars. One parental line AFR398 showed significant positive GCA effects for both root architecture and seed yield accumulation. Moderate to high narrow sense heritability estimates are obtained. Such heritability estimates point to good response to selection. Existence of superior genotypes offers the possibility of exploiting opportunity for developing and subsequently deploying bean cultivars that are well adapted to multiple environments and having high yield for increased production in areas of major cultivation such as Latin America and more prominently in sub-Saharan Africa. The results in this study also confirm that the generic relationship between the root traits measured in diverse environment conditions at reproductive stage seven (R7) are highly associated and can induce for better selection.
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CHAPTER FIVE 
[bookmark: _Toc168949701]EVALUATION OF SELECTED COMMON BEAN (Phaseolus vulgaris L.) GENOTYPES FOR ROOT TRAITS ASSOCIATED WITH TOLERANCE TO WATER DEFICIT IN RAIN-OUT SHELTER
[bookmark: _Toc168949702]Abstract 
Common bean (Phaseolus vulgaris L.) is a key grain-legume crop because it is an important source of protein for low-income households in developing countries. Water deficit is a bottleneck to global common bean production. Concerted breeding efforts between national and international research organization have resulted in development of superior drought tolerant cultivars. However, most of the genetic improvement efforts have been directed towards enhancing physiological mechanisms and drought escape such as earliness with little focus on designing cultivars with greater root system architecture. Roots are crucial for crops’ adaptation and enhanced productivity. This study aims to determine the morpho-physiological traits associated with water deficit in selected bean genotypes with greater attention to root system architecture. Seventy-two (72) treatment combinations comprising twenty-four (24) elite common bean genotypes selected for superior root architecture from experiment one and three watering regimes were evaluated in a completely randomised design (CRD) with three replications. Analysis of variance revealed significant (P<0.05) main effects of genotypes for all traits measured. Total root length ranged from 20.83 to 37.17 cm under low moisture content. Root dry weight increased by 19% under low moisture and high-water use efficiency was observed in genotypes with high ratio of root dry weight. Significant (P<0.05) positive correlation ranging from 0.17 to 0.72 was found between water use efficiency and plant biomass under water stress. Genotypes DAD398, Bonus, DAB236 and CAL143 displayed high mean for root traits revealing their potential as candidates for inclusion in a bean breeding programme.
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5.1 Introduction
Global demand for Common bean consumption is expected to rise because of its importance for human nutrition (Daryanto et al., 2015). World production of dry bean in 2013 and 2014, was 23.4 million tonnes and 25.1 million tonnes, respectively, which was an increment of only 1.7 million tonnes (Sharasia, 2017), from which 10.1 million tonnes were produced in Asia, 6.8 million tonnes in America, 6.0 million tonnes in Africa and 0.50 million tonnes in Europe (FAOSTAT, 2016). The most producing countries are Myanmar (3.8 million tonnes), Brazil (2.9 million), United State (1.4 million tonnes), Mexico (1.1 million tonnes), China (1.1 million), Uganda (1.0 million) and Kenya (0.85 million tonnes) (Greenfield, 2017; Worldatlas, 2019). However, production of common bean is constrained by climate variation mainly water deficit, temperature variation, poor distribution of rainfall and poor availability of water resources (Kunert et al., 2016). Drought is a major abiotic stress affecting bean (Phaseolus vulgaris L.) production worldwide. Yield losses attributed to drought are estimated to be > 66% (CIAT, 2013) and the challenge is expected to increase with global warming or climate change. According to FAO (2018b), drought was reported to cause a yield loss of 396,000 tonnes year-1. Over 50% reduction in food production and farmers’ income by USD 29 billion was attributed to drought, with Africa and Asia being the most affected (Kiprop, 2018). 
Understanding physiological mechanisms involved in plant response to water stress is a major step towards laying strategies for improvement of common bean adaptation to drought conditions. Soil water limitation contribute to decreased physiological performance of crop and can contribute to yield losses depending on the impact (Polania et al., 2017). Knowledge of crop physiology is useful for comprehending the complex system of drought tolerance in plants (Fleury et al., 2010). Such information offers breeders new tools for implementing selection strategies for crop improvement for better crop yield (Tuberosa & Salvi, 2006).
Root traits are a vital component of plant adaptation to drought and influence growth. Root system architecture is highly correlated with drought adaptation, and plays a significant role in drought avoidance hence can potentially be considered as a principal trait in breeding programmes aimed at drought tolerance improvement (Polania et al., 2017). Enhanced root biomass, root length density and rooting depth are principal contributors to drought avoidance (Comas et al., 2013; Resende et al., 2021; Suárez et al., 2020). Plants expressed varied response in root system architecture in rice under moisture stress treatments (Moumeni et al., 2011). Specific root length was positively associated with nitrogen uptake (Lavinsky et al., 2016) but had a negative relationship with root longevity (Byung-Chun et al, 2017). Specific root length further influences resource availability in response to nutrient and water deficit (Foxx & Fort, 2019; Freschet et al. 2015; Margaret et al., 2013). Root morphology such as root length, volume, root water content, root biomass and other related root trait potentially help the ability of crop to extract moisture and nutrients (Rao et al., 2021; Xiong et al., 2020). Studies in wheat found a close link between root growth and shoot growth, therefore the development of deep root architecture should provide adequate support for plant growth where water is a limiting factor to crop production, such as in the semi-arid tropics including SSA (Palta et al., 2011). The potential of roots to absorb moisture from deep soil volume is critical to improve crops’ adaptability, enhanced dry mater and yield as the soil moisture become depleted.
Water-use efficiency is an important element of yield under drought stress and even as a constituent of drought resistance in crops. Plants have evolved to deploy adaptive mechanisms such as water use efficiency to adapt to the adverse effects of drought (Sreeman et al., 2018). High water use efficiency was linked to deeper root system as an important mechanism for crops’ adaptability under water stressed environment (Bodner et al., 2015; Lynch & Brown, 2012). 
Morphological traits influence crops’ tolerance to drought and harsh soil environment and is an indicator of how adaptive genotypes react to water stress (Anjum et al., 2011). Morphological traits influence yield components and are thus important in predicting yield gains (Bilgrami et al., 2018). Water stress affected morphological traits in wheat (Triticum aestivum L.) resulting in decrease in yield (Boussakouran et al., 2019). Water deficit influenced leaf relative water content, leaf water potential, osmotic potential, turgor potential, growth and yield components (Aroca, 2013; Boutraa, 2011). Relative higher water content and chlorophyll content were associated with yield gains under rain-fed conditions (Almeselmani et al. 2013). Plant production under rain-fed conditions can be increased based on the amount of water used per plant, resulting in higher productivity (Boutraa, 2011). 
In the phase of current production challenges, exploration of genetic diversity for root system architecture and related morpho-physiological traits by common bean breeders can create an opportunity for designing crop varieties with superior adaption to variable climatic conditions. The objective of this study was to determine the root traits associated with water deficit in selected bean genotypes as a step towards setting new priorities for breeding drought adapted crop cultivars with acceptable end user qualities.
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5.2 Material and Methods
[bookmark: _Toc168949705]5.2.1 Experimental design and procedures
 To evaluate root characteristics associated with water stress, the experiment was set in the rainout shelter at Egerton University, Kenya. The elite common bean genotypes identified from field evaluation of genotypes for stability of root traits and yield in chapter three were further tested for morpho-physiological mechanisms under rain-out shelter conditions in order to confirm their adaptation to water deficit. A factorial treatment structure with 24 genotypes, 3 watering regime embedded in a completely randomised design (CRD) and replicated 3 times was used. The crops were sown in polyvinyl chloride (PVC) cylinders measuring 120 cm long and 20 cm diameter. The cylinders were placed in 120 cm deep cement pits with a spacing of 0.05 m apart, giving a planting density of 20 plants m-2. The cylinders were filled with an equal mixture (w/w) of mollic-andosols and sand, mixed with Di-ammonium phosphate. The sand was used to decrease the soil bulk density, facilitate root growth and subsequent root extraction through washing (Muruiki et al., 2020). Two seeds of each genotype were sown in the cylinder. Each lysimeter was irrigated with 2000 ml water uniformly (to achieve and maintain 75% of field capacity) on alternating days so as to achieve uniform emergence. Fifteen days (15) after sowing (DAS) stressed environment (DS) was imposed and one seedling was thinned out. 
There were three watering regimes which were imposed: High moisture of 75% of near field capacity-FC, medium moisture of 50% near field capacity and low moisture of 25% near field capacity, this was maintained until the end of vegetative growth (6 to 7 weeks after planting). Every two alternate days, 0.5; 1.0 and 1.5 litres of water were applied for each treatment of high, medium and low moisture levels, respectively. Initial calibration of the soil water was done before planting to determine the ranging of water holding capacity (Muruiki et al., 2020). Diammonium phosphate (DAP) fertilizer was applied at planting time this supply NO3- calculated on the bases of recommended rate of 60 kg ha-1and P2O5 applied at recommended rate of 80 kg ha-1. Insecticide and fungicide were applied when the plants showed symptoms of attack by pests and diseases. The weeding was done by physically uprooting weedy species after they emerge.

[bookmark: _Toc168949706]5.2.3 Data collection  
Water use efficiency (WUE), root and shoot trait data were collected at vegetative stage within 6 to 7 weeks after planting using the destructive sampling method. Roots were extracted from the PVC pipes then the soil particles and other debris were washed out and at the age of 40 days after sowing (DAS) from the lower end of the pipe. After approximately ¾ of the substrate was washed out, the cylinders were erected on a sieve so that the entire root system could be removed. The extracted root system was mostly in one piece with very few small segments of detached roots trapped by the 5 mm sieve (Purushoothaman et al., 2017).
The roots were cleaned and separated from the organic matter and straightened by raising the roots in basin with clear water. The process was done for all the tubes and the roots that were separated from the above ground biomass by cutting at the cotyledonary point and put in paper bags for oven for drying to a constant weight following the procedure described by Burridge (2012).
The recovered roots were then suspended in a transparent tray with 2–3 mm film of water for easy dispersion of roots before scanning. The root system was divided into segments of 10 cm and was placed in the scanning trays. Each root sample was measured using the image analysis system (Win-Rhizo, Regent Instruments INC., Quebec, Canada) following the procedures described by Purushoothaman et al. (2017). The roots were kept for oven drying at 70 ◦C for 72 hours (Burridge, 2012). Shoot dry weight in grams (SDWg) shoots separated from roots after drying in oven at 80 ºC for 72hrs and their weights were recorded as suggested by Burridge (2012). The SDW was used as an indicator of plant growth vigour: Root dry weight in grams (RDWg) scanned roots after drying in oven during 72 hours at 80 ºC, from there weights were recorded. The RDW was used as an indicator for drought tolerance. Root: shoot ratio (R:S) was calculated using root and shoot dry weights which was determined as the ratio of roots dry weight to shoot dry weight. Total dry weight in grams (TDWg) was calculated by combining the SDW and RDW. Total rooting length in cm (TRLcm) was measured using an image analysis system (WinRhizo, Regent Instruments Inc., Canada), as described (Purushoothaman et al., 2017). Root length density (RLD) was measured at the end of experiment from ten randomly selected plants in a plot. Whole plant water use efficiency (WUEWP) was determined by harvesting five plants per plot 3 weeks after planting to determine initial whole plant biomass. Similarly, five plant per plot were harvested 6 weeks after planting to determine whole plant final biomass. Root and shoot were separated and dried in an oven at 70 ºC to obtain dry weight at beginning and at the end of the experiment. Plant water that was consumed over six week was estimated from the daily water application. Relative water content (RWC) was estimated to evaluate plant status under stress.
Estimate of relative water content (RWC) was done as suggested by Morgan (1986):
RWC = [image: ][image: ] …………………………………………………… Equation 5.1
where RWC is relative water content; FW is weight of two leaves from the second trifoliate leaf from the bottom, freshly cut from the bean plant; TW is weight of the two leaves, cut into sections and left to saturate in water for 24 hours and DW is constant weight of the two fresh leaves, cut into sections and dried in an oven at 70 °C. 

Estimation of whole plant water use efficiency (WUE) was done after 7 week using the destructive method seven weeks after planting suggested by Escalona et al. (2013). 
WUEWP (g L-1) =  ……………………………………………… Equation 5.2
where WUEWP (g L-1) is whole plant water use efficiency given in grams per litre, DWFB is dry weight of final biomass after dried in an oven at 70 °C, DWIB is weight of initial biomass and TWA is total water applied.

[bookmark: _Toc168949707]5.2.4 Data analysis
All the quantitative data collected were subjected to combined analysis using general linear model (GLM) based on PROC GLM in SAS computer software version 9.4 and the means separated using Tukey’s Honestly Signiant Difference at 5% probability level. The following statistical model was used for the analysis is presented below:
yijk = μ + gi + wj + gwij + ɛijk 	…………………………………………  Equation 5.3
where yijk is genotype response, μ is overall mean, gi is genotype effect, wj is watering regime effect, gwij is interaction between genotype with watering regime and ɛijk is error term.
The means derived from analysis were used for person’s correlation analysis. The correlations were calculated using formula suggested by Wright (1921) as follows:
 …………………………………………..  Equation 5.4
where r is the correlation coefficient, n is the number of pairs of the score, ∑x𝑦 is the sum of the product of paired score, ∑x is the sum of x scores, ∑𝑦 is the sum of y scores, ∑x2 is the sum of squared x scores, ∑𝑦2 is the sum of squared y scores. 
[bookmark: _Toc168949708]
5.3. Results 
[bookmark: _Toc168949709]5.3.1 Mean squares from the general linear model fitted for agronomic traits
Data analyses for root physiological traits and plant water use efficiency are summarized in Table 5.1. Watering regimes (WatR) were significantly (P<0.05) different for all traits except shoot dry weight (SDW). The statistical analysis revealed significant (P<0.05) main effect of genotype for all traits comprising total root length (TRL); root length density (RLD), root dry weight (RDW), shoot dry weight (SDW), root water content (RWC), water use efficiency (WUE), shoot biomass (SBM) and whole plant biomass (WPB). These results suggested that genotypes expressed phenotypic variation in different watering regimes.  Significant differences (P<0.05) were observed for interaction effect for all traits (Table 5.1).

Table 5.1: Mean squares for morpho-physiological traits of common bean under three different watering regimes
	Source 
	Traits  

	
	Df
	TRL
	RLD
	RV
	RDW
	SDW
	RWC
	WUE
	SBM
	WPB

	Water Regime (WR)
	2
	958.15*
	873.38*
	33.35*
	0.11*
	0.11
	1494.89*
	17.46*
	27.38*
	206.51*

	Genotype (G)
	23
	52.71*
	421.64*
	2.78*
	0.02*
	0.27*
	593.59
	0.10*
	11.77*
	23.97*

	Genotype x Water regime
	46
	76.84*
	1362.80*
	2.74*
	0.01*
	0.14*
	943.77*
	0.09*
	9.20*
	19.37*

	Residual 
	142
	26.97
	10.41
	1.01
	0.004
	0.07
	450.61
	0.03
	3.98
	7.06


LSD, List significant differences; TRL, total root length; RLD, root length density; RDW, root dry weight; SDW, shoot dry weight, RWC, root water content; WUE, water use efficiency; SBM, shoot biomass; WPB, whole plant biomass



[bookmark: _Toc168949710]5.3.2 Genotype mean performance under three different water regimes
Total root length (TRL) ranged from 20.9 to 37.1 cm under low watering regime of 0.5 litre (WR1) (Table 5.2), from 13.61 to 37.39 cm under a watering regime of 1.0 litre (WR2) (Table 5.2) and 15.31 to 33.60 cm in a watering regime of 1.5 litres (WR3) (Table 5.2). WR1 revealed high mean values of 31.3 cm for TRL probably due to low moisture. The WR3 presented lowest mean value of TRL (24.10 cm). Genotypes DAB232, DAB398 and DAB344 were the best performing at WR1 (Table 5.2). Under medium water regime (WR2), genotypes DAB234, DAB256 and DAB380 were superior (Table 5.2). While in water regime 3, the best performing genotypes were AFR398 (33.61 cm); Catarina (31.82 cm) and CAP2000 with 29.09 cm.
Root length density (RLD) varied in three WRs with the mean value of 17.95 cm3, 14.87 cm3 and 14.01 cm3 root density at WR1, WR2 and WR3, respectively. Genotypes with better response in terms of density were AFR398 (23.03 cm), Catarina (24.42 cm) and DAB549 (18.86 cm) at WR1, WR2 and WR3, respectively (Tables 5.2). The five top ranking genotypes a cross all watering regimes were DAB234 with mean of 18.64 followed by DAB256 with 17.26, AFR398 with 17.08 cm3, DAB380 with 16.20 cm3 and DAB528 with 16.133 cm of root density (Table 5.3). 
Root volume (RV) across three WR ranged from 1.30 to 3.46 cm3. At WR1, the highest RV was observed for genotype DAB398 with 5.65 cm3, followed by DAB236 with 4.16 cm3, DAB231 with 3.76 cm3 and DAB380 with 3.71 cm3.  The best genotype at WR2 was DAB234 with RV of 4.16 cm3, DAB380 and DAB256 with 4.69 and 2.41 cm3, respectively, and the overall mean value was 1.92 cm3 (Table 5.3). Finally, at WR3 the highest mean was obtained from Matpequeno followed by Guropequeno, CAP2000 and with RV of 2.21 cm3, 2.07 cm3 and 1.99 cm3, respectively, while approximately eight genotypes performed poorly and had a value below the mean of 1.30 cm3 (Table 5.2).  For all the three watering regimes the top five performing genotype were DAB234 with RV of 3.46 cm3 followed by DAB380 with 3.23 cm3; DAB398 with 3.12 cm3; DAB236 with 2.50 cm3; and A22 with RV of 2.16 cm3 (Table 5.3). 
Root dry weight (RDW) was higher in WR1 (0.28 g), moderate in WR2 (0.23 g) and lower in WR3 (0.20 g). Among the genotypes, DAB398 had the highest mean of 0.48 g in both WR1 and WR2 followed by CAL143 with mean performance of 0.36 g in WR1 (Table 5.2). The top three performing genotypes across water regimes were AFR398, DAB236 and DAB549 with 0.40, 0.30 and 0.28 g, respectively (Table 5.3).
The range of shoot dry weight (SDW) a cross three watering regimes was 0.77 to 1.40 g with overall mean of 1.02 g (Table 5.3). Good response to different watering regimes were observed in both DAB256 (1.40 g) and Bonus (1.39 g). However, the highest value of SDW was observed in genotype Bonus (1.63 g) in WR1. In addition, genotype DAB256 (1.50 g) in both WR2 and WR3 had lower values (Table 5.2). 
Root water content (RWC) varied from all three WRs, and was higher in WR2 with 34.20 g/l and lower in WR1 with 23.97 g/l (Table 5.2). RWC ranged from 9.61 g/l to 39.60 g/l across the three watering regimes (Table 5.3). In general, the outstanding genotypes for RWC were Matpequeno; DAB234; DAB398; DAB528 and A22 with 39.60g/l; 38.99 g/l; 38.82 g/l; 37.83 g/l and 37.00g/l, respectively (Table 5.3). 
Water use efficiency (WUE) among the genotype in all watering regime ranged from 0.87 g/l to 1.58 g/l (Table 5.3). In the WR1 the mean value was 2.21 g/l and the best performing genotypes with high water use efficiency were in DAB236 (3.03 g/l); DAB344 (2.78 g/l) and DAB256 (2.28 g/l). At WR2 high water use efficiency was observed in genotypes DAB234 (1.30 g/l), DAB380 (1.13 g/l) and DAB256 (1.03 g/l). Genotypes Bonus; DAB398 and CAL143 had WUE of 0.81 g/l, 0.62 g/l and 0.55 g/l, respectively (Table 5.2). Genotypes DAB398 (1.58 g/l); CAL143 (1.39 g/l) and DAB256 (1.37 g/l) were the most prominent for water use efficiency (Table 5.2). 
Genotypes varied significantly in terms of shoot biomass (SBM) across all WRs. Top genotypes for SBM across the watering regime were Bonus and DAB256 with 11.11 g, followed by DAB398 with 9.67 g (Table 5.2). While the outstanding genotypes at WR1 were Angonia; Bonus and DAB398 (Table 5.2). Particularly, genotypes Bonus, DAB398 were consistently well ranked for all water regimes. 
Whole plant biomass (WPB), revealed high variability at different water regimes, with values ranging from 0.66 g to 15.45 g. Top genotypes at all the three-watering regimes with means above the checks were DAB398 (15.45 g); DAD256 (14.78 g); and Bonus (13.69 g).

Table 5.2: Mean performance of common bean genotypes under three water regimes 
	Traits

	
	RL cm
	RLD cm
	RV cm3

	Genotype
	WR1
	WR2
	WR3
	WR1
	WR2
	WR3
	WR1
	WR2
	WR3

	A22
	33.67
	23.90
	27.46
	20.12
	12.95
	12.74
	2.61
	1.16
	1.45

	AFR398
	35.45
	24.31
	33.60
	23.03
	14.38
	12.97
	2.83
	0.98
	1.85

	BAD398
	36.78
	29.47
	28.39
	19.05
	15.08
	15.81
	5.65
	2.36
	1.35

	Bonus
	31.81
	26.74
	26.55
	17.97
	23.53
	16.36
	1.85
	2.09
	1.11

	CAL143
	33.83
	28.86
	26.17
	18.61
	10.16
	12.95
	2.97
	1.83
	1.06

	Catarina 
	27.99
	26.17
	31.82
	15.12
	24.42
	14.93
	2.13
	1.45
	1.79

	CAP2000
	31.84
	22.04
	29.09
	16.44
	19.18
	11.21
	2.31
	1.93
	1.99

	DAB234
	30.63
	37.42
	18.70
	20.12
	12.07
	7.48
	2.33
	6.74
	1.32

	DAB236
	34.01
	26.89
	22.78
	18.88
	17.06
	12.91
	4.16
	1.57
	1.78

	DAB256
	34.66
	34.98
	18.49
	18.59
	8.89
	16.89
	1.86
	2.41
	0.84

	DAB344
	36.65
	23.55
	26.23
	20.52
	17.11
	15.27
	3.08
	1.78
	1.41

	DAB374
	35.42
	13.61
	18.49
	19.39
	9.92
	16.68
	2.76
	0.95
	0.61

	DAB380
	35.08
	33.84
	22.68
	16.99
	16.48
	11.48
	3.71
	4.69
	1.28

	DAB232
	37.14
	25.26
	20.54
	18.35
	12.15
	15.98
	3.55
	1.52
	0.60

	DAB525
	33.86
	22.97
	18.93
	20.04
	11.08
	13.37
	2.22
	1.62
	1.14

	DAB528
	29.37
	25.28
	18.59
	17.89
	15.65
	12.01
	3.10
	1.34
	0.80

	DAB534
	26.25
	31.21
	25.41
	19.03
	14.78
	12.09
	1.73
	1.02
	1.40

	DAB549
	28.58
	23.76
	22.91
	17.01
	12.34
	18.86
	2.25
	1.19
	1.77

	DAB555
	26.23
	25.62
	20.05
	12.95
	13.44
	16.34
	2.08
	0.91
	0.90

	DAD231
	34.24
	28.88
	15.31
	14.34
	15.71
	15.27
	3.76
	1.68
	0.81

	Angonia 
	26.53
	31.82
	26.13
	20.09
	18.73
	16.29
	2.92
	1.81
	1.76

	Guropequeno
	20.83
	25.22
	29.75
	18.73
	12.53
	15.68
	1.48
	1.36
	2.07

	Matgrande
	29.43
	23.57
	25.28
	15.08
	18.85
	9.25
	2.38
	1.39
	1.94

	Matpequeno
	20.94
	25.05
	25.05
	12.53
	10.41
	13.31
	1.92
	2.20
	2.21

	Mean
	31.30
	26.68
	24.10
	17.95
	14.87
	14.01
	2.74
	1.92
	1.38


WR1, Water regime with application of 0.5 litre of water two times a week; WR2, Water regime with application of 1.0 litre of water two times a week; WR3, Water regime with application of 1.5 litre of water two times a week; TRL, total root length; RLD, root length density; RV, root volume

Table 5.2: Contd’
	Traits

	
	RDW g/l
	SDWg
	RWC g/l

	Genotype
	WR1
	WR2
	WR3
	WR1
	WR2
	WR3
	WR1
	WR2
	WR3

	A22
	0.26
	0.12
	0.19
	0.98
	0.79
	0.81
	3.21
	10.67
	14.96

	AFR398
	0.27
	0.19
	0.21
	0.89
	1.43
	0.91
	39.88
	25.77
	-12.22

	BAD398
	0.48
	0.48
	0.23
	1.20
	1.32
	0.76
	22.41
	37.32
	56.72

	Bonus
	0.25
	0.26
	0.20
	1.34
	1.63
	1.21
	16.95
	26.54
	36.38

	CAL143
	0.36
	0.20
	0.23
	1.22
	0.79
	0.96
	17.76
	27.72
	62.47

	Catarina 
	0.23
	0.24
	0.20
	0.86
	1.09
	0.58
	8.56
	39.15
	20.33

	CAP2000
	0.21
	0.15
	0.20
	0.99
	0.46
	0.86
	48.99
	-19.24
	38.91

	DAB234
	0.30
	0.16
	0.17
	1.05
	0.81
	1.10
	23.38
	47.94
	45.64

	DAB236
	0.40
	0.23
	0.28
	1.30
	1.13
	1.05
	41.18
	8.17
	24.33

	DAB256
	0.24
	0.35
	0.20
	1.20
	1.50
	1.50
	30.25
	31.82
	30.95

	DAB344
	0.22
	0.18
	0.20
	0.88
	1.29
	1.02
	16.26
	40.79
	23.78

	DAB374
	0.29
	0.26
	0.16
	1.06
	1.34
	0.99
	34.16
	42.83
	32.22

	DAB380
	0.26
	0.33
	0.13
	0.80
	1.02
	0.60
	14.01
	34.38
	55.11

	DAB232
	0.27
	0.19
	0.18
	0.72
	0.51
	1.08
	24.26
	58.57
	-3.27

	DAB525
	0.28
	0.24
	0.23
	0.99
	1.12
	1.03
	18.68
	53.86
	27.12

	DAB528
	0.35
	0.19
	0.18
	0.91
	0.92
	1.03
	41.53
	29.69
	42.27

	DAB534
	0.17
	0.20
	0.23
	0.86
	0.65
	1.41
	14.45
	34.18
	39.71

	DAB549
	0.35
	0.27
	0.21
	0.94
	1.12
	1.22
	7.11
	6.72
	24.29

	DAB555
	0.28
	0.20
	0.13
	1.23
	1.17
	0.75
	38.85
	34.13
	20.44

	DAD231
	0.31
	0.19
	0.11
	0.76
	0.99
	0.82
	31.05
	30.99
	13.56

	Angonia 
	0.24
	0.26
	0.21
	1.13
	1.31
	1.42
	43.83
	33.28
	33.90

	Guropequeno
	0.26
	0.26
	0.30
	1.13
	1.14
	0.76
	8.84
	38.13
	51.08

	Matgrande
	0.25
	0.18
	0.25
	0.88
	0.83
	0.96
	-7.05
	51.74
	42.36

	Matpequeno
	0.20
	0.21
	0.19
	0.76
	1.12
	0.92
	36.76
	47.57
	34.47

	Mean
	0.28
	0.23
	0.20
	1.00
	1.06
	0.99
	23.97
	32.20
	31.48


WR1, Water regime with application of 0.5 litre of water two times a week; WR2, Water regime with application of 1.0 litre of water two times a week; WR3, Water regime with application of 1.5 litre of water two times a week; RDW, root dry weight; SDW, shoot dry weight, RWC, root water content


















Table 5.2: Contd’
	Traits

	
	WUE g/l
	SBMg
	WPBg

	Genotype
	WR1
	WR2
	WR3
	WR1
	WR2
	WR3
	WR1
	WR2
	WR3

	A22
	1.42
	0.84
	0.45
	8.67
	4.33
	6.33
	12.21
	4.90
	8.87

	AFR398
	2.25
	0.88
	0.28
	8.33
	11.00
	5.67
	12.23
	12.19
	8.19

	BAD398
	1.72
	0.64
	0.62
	11.67
	10.33
	7.00
	19.53
	17.41
	9.41

	Bonus
	2.00
	0.98
	0.81
	11.33
	11.33
	10.67
	13.36
	14.82
	12.88

	CAL143
	1.63
	0.93
	0.55
	12.33
	7.33
	7.67
	19.79
	8.79
	9.69

	Catarina
	1.74
	0.66
	0.52
	8.00
	10.00
	5.33
	10.82
	12.70
	7.29

	CAP2000
	1.74
	0.89
	0.50
	8.33
	5.00
	6.67
	12.59
	8.96
	10.17

	DAB234
	2.97
	1.30
	0.46
	9.33
	7.00
	9.00
	11.82
	8.88
	10.72

	DAB236
	3.03
	0.65
	0.47
	12.00
	8.00
	4.33
	18.37
	10.59
	7.25

	DAB256
	2.28
	1.03
	0.41
	11.00
	10.67
	11.67
	15.57
	14.86
	13.91

	DAB344
	2.78
	0.69
	0.50
	7.33
	9.33
	7.00
	9.72
	12.58
	8.66

	DAB374
	1.91
	0.77
	0.32
	9.67
	10.33
	7.67
	15.07
	13.96
	8.53

	DAB380
	1.96
	1.13
	0.55
	7.67
	8.00
	8.00
	11.54
	12.08
	9.76

	DAB232
	1.37
	0.73
	0.63
	7.00
	7.67
	8.67
	9.50
	10.83
	9.46

	DAB525
	1.84
	1.07
	0.63
	7.67
	8.67
	7.33
	13.86
	10.71
	10.18

	DAB528
	1.43
	0.94
	0.36
	8.00
	8.33
	8.00
	14.31
	10.45
	9.51

	DAB534
	2.10
	0.33
	0.43
	7.33
	10.67
	9.33
	9.24
	13.01
	10.87

	DAB549
	2.15
	0.78
	0.46
	8.67
	8.00
	10.33
	16.28
	10.19
	12.86

	DAB555
	0.84
	1.01
	0.51
	10.00
	11.33
	6.00
	14.43
	13.65
	7.04

	DAD231
	1.74
	0.88
	0.39
	9.67
	9.33
	5.67
	14.55
	11.77
	6.07

	Angonia 
	2.35
	1.08
	0.67
	9.67
	11.67
	9.33
	12.82
	15.18
	11.55

	Guropequeno
	0.80
	0.92
	0.41
	8.67
	8.67
	10.00
	13.42
	13.17
	15.61

	Matgrande
	0.14
	0.78
	0.49
	7.67
	9.67
	7.67
	10.93
	12.19
	11.20

	Matpequeno
	1.88
	1.02
	0.34
	7.00
	7.33
	10.67
	11.29
	9.09
	12.30

	Mean
	2.21
	0.87
	0.49
	9.04
	8.92
	7.92
	13.47
	11.79
	10.08


WR1, Water regime with application of 0.5 litre of water two times a week; WR2, Water regime with application of 1.0 litre of water two times a week; WR3, Water regime with application of 1.5 litres of water two times a week; WUE, water use efficiency; SBM, shoot biomass; WPB, whole plant biomass


Table 5.3: Genotype combined mean performance and range of three water regime  
	Genotype
	TRLcm
	RLDcm
	RVcm3
	RDWg/l
	SDWg
	RWCg/l
	WUEg/l
	SBMg
	WPBg

	A22
	28.16
	14.81
	2.16
	0.24
	1.29
	37.00
	1.20
	10.22
	13.18

	AFR398
	31.12
	17.08
	1.89
	0.22
	1.08
	17.81
	1.04
	8.33
	10.87

	BAD398
	31.55
	15.71
	3.12
	0.40
	1.10
	38.82
	1.58
	9.67
	15.45

	Bonus
	28.37
	14.99
	1.68
	0.23
	1.39
	26.62
	1.22
	11.11
	13.69

	CAL143
	29.62
	15.90
	1.96
	0.26
	0.99
	35.98
	1.39
	9.11
	12.76

	Catarina
	28.66
	13.51
	1.79
	0.22
	0.84
	22.68
	0.98
	7.78
	10.27

	CAP2000
	27.66
	15.82
	2.08
	0.19
	0.77
	22.88
	1.03
	6.67
	10.57

	DAB234
	28.92
	18.64
	3.46
	0.21
	0.99
	38.99
	0.98
	8.44
	10.47

	DAB236
	27.89
	15.78
	2.50
	0.30
	1.16
	24.56
	1.29
	8.11
	12.07

	DAB256
	29.38
	17.26
	1.70
	0.26
	1.40
	31.01
	1.37
	11.11
	14.78

	DAB344
	28.81
	15.89
	2.09
	0.20
	1.06
	26.94
	0.92
	7.89
	10.32

	DAB374
	22.51
	11.66
	1.44
	0.24
	1.13
	36.40
	1.24
	9.22
	12.52

	DAB380
	30.53
	16.20
	3.23
	0.24
	0.81
	34.50
	1.05
	7.89
	11.13

	DAB232
	27.65
	14.64
	1.89
	0.21
	0.77
	26.52
	0.91
	7.78
	9.93

	DAB525
	25.25
	14.67
	1.66
	0.25
	1.05
	33.22
	1.13
	7.89
	11.58

	DAB528
	24.41
	16.13
	1.75
	0.24
	0.95
	37.83
	1.14
	8.11
	11.42

	DAB534
	27.62
	15.08
	1.39
	0.20
	0.97
	29.45
	0.97
	9.11
	11.04

	DAB549
	25.08
	16.04
	1.73
	0.28
	1.10
	12.70
	1.29
	9.00
	13.11

	DAB555
	23.97
	14.29
	1.30
	0.20
	1.05
	31.14
	1.17
	9.11
	11.71

	DAD231
	26.14
	15.94
	2.08
	0.20
	0.86
	25.20
	1.14
	8.22
	10.79

	Angonia
	22.34
	12.88
	1.74
	0.19
	0.86
	9.61
	0.87
	6.44
	8.66

	Guropequeno
	25.27
	15.60
	1.63
	0.27
	1.01
	32.68
	1.27
	9.11
	12.07

	Matgrande
	22.09
	14.86
	1.90
	0.23
	0.89
	29.02
	1.04
	8.33
	11.44

	Matpequeno
	23.68
	15.70
	2.11
	0.20
	0.94
	39.60
	1.00
	8.33
	10.89

	Mean 
	26.94
	15.38
	2.01
	0.24
	1.02
	29.22
	1.13
	8.63
	11.78

	Range
	22.09-32.55
	12.88-18.64
	1.30-3.46
	0.19-0.40
	0.77-1.40
	9.61-38.99
	0.87-1.58
	6.44-11.11
	0.66-15.45

	LSD 
	2.26
	1.38
	1.24
	0.08
	0.32
	26.12
	0.22
	0.87
	3.27


TRL, total root length; RLD, root length density; RDW, root dry weight; SDW, shoot dry weight, RWC, root water content; WUE, water use efficiency; SBM, shoot biomass; WPB, whole plant biomass

[bookmark: _Toc168949711]5.4 Correlation Analysis 
The result of phenotypic correlation among the traits revealed significance (P<0.05) positive and strong association among root length density (RLD), total root length (TRL) and root volume (RV). The strong relation among these traits suggests that response to selection of TRL or TRD can be predicted to improve RV, as result of genotype response and adaptability to water stress. Whole plant biomass (WPB) were significant (P<0.05) for all traits except root dry weight (RDW) and shoot dry weight (SDW), revealing that WPB can be enhanced through good selection response of RDW, TRL, RV, root water content (RWC) and shoot biomass (SBM). Negative and non-significant phenotypic correlation were observed among RWC with TRD and TRL. Positive and non-significant association were observed among SBM with all traits (Table 5.4).  

Table 5.4: Correlation analysis between morpho-physiological traits 
	Traits 
	RDW
	RLD
	TRL
	RV
	RWC
	SBM
	SDW

	Root Length Density (TRD)
	0.08
	-
	
	
	
	
	

	Total Root Length (TRL)
	0.02
	0.68*
	
	
	
	
	

	Root Volume (RV) 
	0.03
	0.72*
	0.72*
	
	
	
	

	Root Water Content (RWC)
	-0.11
	-0.09
	-0.07
	0.03
	
	
	

	Shoot Biomass (SBM)
	0.05
	0.04
	0.17
	0.10
	0.26
	
	

	Shoot Dry Weight (SDW)
	0.03
	-0.10
	-0.8
	-0.06
	0.09
	0.01
	

	Whole Plant Biomass (WPB)
	0.09
	0.31*
	0.37*
	0.35*
	0.17*
	0.84*
	0.07


RDW, root dry weight; RLD, root length density; TRL, total root length; RV, root volume; RWC, root water content; SBM, shoot biomass; SDW, shoot dry weight

[bookmark: _Toc168949712]5.5 Discussion 
Understanding the role of root architecture in crop physiology and its contribution to the overall performance of a crop under adverse environmental conditions is critical in mapping out strategies for bean crop improvement to enhance bean productivity in target environments (Calleja-Cabrera et al., 2020). A number of physiological studies so far conducted have demonstrated the importance of root system architecture comprising root length and root density as mechanisms useful for crops’ response to water stressed environment (Beebe et al., 2013). Currently, the relative importance of root traits in relation to overall plant development, biomass and water use efficiency under water stressed environment is less studied (Calleja-Cabrera et al., 2020). This study therefore aimed at understanding the role of watering regimes on the morphological response of root, water use and plant biomass under controlled environment in rain-out-shelter alongside correlation analysis between morpho-physiological traits. The study focused mainly on, total root length (TRL), root length density (RLD), root volume (RV), root water content (RW), shoot dry weight (SDW), water use efficiency (WUE), shoot biomass (SBM) and whole plant biomass (WPB). 
The results revealed significant genotype main effect almost for all traits studied suggesting presence of high genetic variability between genotypes. However, RWC appeared to have low genetic variability between the genotypes due to lack of significance. Significant effect was observed among genotypes under different irrigation intervals on RWC, the water content decreased with the prolonged irrigation interval (Gaballah et al., 2020). However significant genotype-by-environment interactions (GEI) component observed for all morpho-physiological traits studied imply that improving bean productivity under water deficit will demand for targeted trait and production strategies for different environment because of existing cross over type of interactions (Reynolds et al., 2012). 
Most of genotypes presented varied TRL depending on the amount of water applied, therefore the longer roots were observed on the watering regime with low level of water (0.5l).  High level of stress adaptability were observed from bean genotype with deep root system than genotype with shallow roots of less than 30 cm. Long and deep root is useful for avoidance mechanism that contribute significantly to reduce the effect of water deficit in common bean performance (Beeb et al., 2013). Most of the genotypes with high TRL simultaneously presented high TRD such as DAB398, AFR398 and CAL143. Concentration of root system at certain level of soil depth increases the ability of plant to extract the nutrients and moisture from the soil. Pushpam et al. (2018) found that tolerant genotypes had higher root volume (RV), root thickness and deep roots compared with the sensitive ones.
Root dry weight (RDW) ranged from 0.06 to 0.05 g. The high variation presented by WR1 (0.06 and 0.05g) compared with the other watering regimes demonstrated that the level of moisture in the soil played an important role in water acquisition from the soil. Overall moisture stress increased RDW by 19% as compared to high moisture.  In contrast, SDW was decreased by 5.50% under low water (WR1) as compared with SDW of high moisture (WR3) and reduced by 9.17% as compared with moderate water deficit (WR2).  This suggests that soil moisture decrease the shoot dry weight as strategy of crop adaptability to water stress (Muriuki et al., 2020). Most of the genotypes revealed that WUE and SBM are highly linked. Genotype with high level of WUE simultaneously revealed reasonable biomass such as DAB398 with 1.58 g/l of WUE; 9.67g of SBM and 15.45g of WPB, such as genotype Bonus, CAL143 and DAB256, suggesting that those genotypes had high water productivity under water deficit. Water use efficiency indicate an important mechanism of plant resource use with high impact on carbon and water cycle responses to climate change in order for the crop to become more resilient to varied growing conditions (Ito et al., 2012).
The correlation coefficient determines the association between traits. High significant and positive association among trait TRL with RLD, WPB with TRL, RV, and RWD; SBM; SDW suggested that root system and water relation have direct contribution to biomass production and dry matter accumulation which is useful in improvement of plant’s ability to adapt to water stress environment. Similar findings were reported by Beeb et al., (2013).

[bookmark: _Toc168949713]5.6 Conclusion
The study revealed variation between common bean genotypes and water levels. Root dry weight, total root length, root length density and water use efficiency are important measures of drought tolerance. Elite common genotypes with superior root and morphology traits adapted to water stress conditions were identified from the study. Genotypes DAB398, CAL143, DAB256 and CAL143 had superior drought adaptation and were the most outstanding for morpho-physiological traits. The genotypes identified possibly possess genes responsible for directing physiological processes influencing tolerance to drought in common bean. Such information is useful for breeding programmes as alternative tools for implementing reliable selection strategies for common bean improvement for better seed yield. These results provide vital information on morpho-physiological traits to aid breeders in planning effective screening strategies in bean improvement programmes for drought tolerance.
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[bookmark: _Toc17638][bookmark: _Toc168949717]6.1 General Discussion 
Adverse effects of climate change and harsh soil conditions are a serious constraint to common bean production globally. To address the challenges associated with extreme climatic events as driven by the impact of climate, the breeding programmes in regions of high bean productivity comprising sub-Saharan Africa, southern- and central-America and Asia have embarked on genetic improvement to design common bean ideotypes that possess elasticity to cope with emergent climatic variability and to reduce their vulnerability to these conditions and hence produce acceptable seed yield (Rao et al., 2021)
Understanding the relative importance of root traits linked to seed yield is relevant for the formulation of breeding strategies aimed at enhancing bean productivity in diverse environments. Although physiological studies have revealed the role of root length (RL) as a mechanism for bean adaptation to marginal environments, several other key traits are not yet clearly defined (Beebe et al., 2013). The current study was conducted to determine the stability of bean root traits under variable environmental conditions and to estimate genetic parameters associates with root trait heritability for tolerance to adversities arising from the impact of climate change. This is because flexibility of root system architecture is significant for plants’ resilience to extreme environments.
Screening of genotypes was conducted under field conditions and managed drought environment in the rain-out shelter which were ideal in identifying genotypes with superior root traits useful for tolerance to marginal environments in target locations for ultimate deployment as productive varieties for farmers. Similarly, genetic studies were carried out using F2 progenies generated from a North Carolina II (NCII) design, alternatively referred to as Factorial Mating Design. Results identified stable genotypes for both root and agronomic traits in a multi-environment trial (MET) with location-year combinations being considered as environments. Genotypes DAB256, DAB251, DAB398 and AFR398 were revealed as having superior mean performance and stability for root traits and seed yield. Environments were repeatable in evaluating root and agronomic traits based on correlations between years in same locations. 
General combining ability (GCA) effects arise from the predominance of genes with additive effects whereas significant specific combining ability (SCA) points to the presence of genes with non-additive effects (Griffing, 1956b; Nkhata et al., 2021). Significant GCA coupled with moderate to high heritability are key to the formulation of a breeding strategy and successful selection of superior cultivars with enhanced root system architecture, root vigour and seed yield (Nkhata et al., 2021). The significance of additive and non-additive genetic variance was underscored in the inheritance of root traits as given by significant GCA and SCA mean squares. Genotypes displayed significant positive GCA effects among its crosses for both root and agronomic traits hence was revealed as a potential germplasm for inclusion in a bean yield improvement programme.
GCA analysis showed that AFR398 was overall best general combiner for both root traits and seed yield. DAB236 x Angonia and DAB256 x Matgrande and AFR398 x Matgrande F2 populations derived from F1s without selection showed transgressive segregation by outperforming their parents in nearly all the traits in each individual test environment. Significant phenotypic and genetic correlations were found between root and agronomic traits signifying a possible existence of genetic linkage among these traits. Moderate to high heritability estimates of between 0.43 and 0.67 were realized. Such information point to the possibility of setting up a successful selection programme and achievable genetic gains from either a direct or an indirect selection approach for root trait improvement and this is ideally because root traits are difficult to measure.
The study revealed mixed reaction of common bean to moisture stress under different levels of water regimes. Root dry weight, total root length, root length density and water use efficiency were important measures of drought tolerance. High significant and positive association between morpho-physiological traits suggested that root system and water relation have direct contribution to biomass production and dry matter accumulation in common bean.
[bookmark: _Toc168949718]6.2 General Conclusions 
The study identified superior common bean genotypes with stable root architecture and seed yield from a diverse set of germplasm. Genotype DAB256 is highly adapted and simultaneously stable for root angle, root number, and seed yield, while DAB236 is stable for both root length and seed yield. AFR398 was able to combine the stability for key traits including seed yield, root angle, root length and root number.
Significant GCA and SCA effects are established and this suggested that both the additive and non-additive gene action were important for regulating root system architecture and seed yield accumulation in common bean. F2 populations from three crosses DAB236 x Angonia, DAB256 x Matgrande and AFR398 x Matgrande were outstanding and consistent across environments. These populations are potentially harbour good genes for future improvement of common bean for root architecture and seed yield under multiple stress conditions. And Genotype AFR398 showed significant positive GCA effects for root architecture and seed yield. Moderate to high narrow sense heritability estimates are obtained, such heritability estimates point to good response to selection. 
Moderate to high heritability estimates of between 0.43 and 0.67 are realized for root traits. The significant positive phenotypic and genetic correlations confirmed possible association between root traits and seed yield accumulation under hostile environmental conditions. F2 progenies of DAB398 x Catarina and DAB398 x Angonia crosses are prominent and consistent and had better mean for the root traits. Parental lines DAB236 and Matgrande are outstanding in most of the traits studied.
In rain-out shelter experiment, genotypes varied significantly for root traits. Genotypes DAB398, Bonus and DAB256 were identified for superior root architecture. Extant significant genotype-by-water regime interaction for root traits was due to the sensitivity of genotypes to changes in water levels in the soil. The study revealed mixed reaction of common bean to moisture stress under different levels of water regimes. Root dry weight, total root length, root length density and water use efficiency are important measures of drought tolerance. High significant and positive association among root traits and agronomic traits suggested that root system and water relation have direct contribution to biomass production and dry matter accumulation in common bean.

[bookmark: _Toc168949719]6.3 Recommendations
i. Elite lines namely DAB236, DAB256 and AFR398 should be submitted to national performance and testing trial (NPT) process for processing and official release and eventual commercialization or dissemination to farmers in areas prone to effects of climate change.
ii. AFR398 which was discovered to be the good general combiner for both root and agronomic traits should be integrated in breeding programmes as useful source of genes for improving root system architecture and agronomic value. Other breeding methods can be implied such as bulk methods for improvements and select at late generation F5, when the genotypes are achieving high level of homozygosity.
iii. F2 populations from AFR398 x Matgrande, DAB398 x Catarina and DAB398 x Angonia crosses that showed superior performance for root traits and yield should be subjected to selection procedures such as pedigree, single seed descent or bulk breeding methods for possible generation of superior recombinant inbred lines (RILs) possessing positive multiple root and agronomic traits and adapted to variable production environments in Mozambique and potentially in other regions of sub-Saharan Africa. Such an undertaking will contribute for increased food production, food security and improved farmers’ income.
iv. Highly adapted genotype with desirable mechanism of crop physiology to survive in water stressed environment like AFR398, DAB398, Bonus, CAL143, DAB236, DAB344, and DAB256 are recommended for testing on-farm. Genetic material under the custody of the CIAT regional gene bank as well as those possessed by the National Agricultural Research Institute of Mozambique (IIAM) and local communities should be characterized because there is possibility of identifying better adapted, stable and high yield genotype cultivated under adverse growing condition. And root dry weight, total root length, root length density and water use efficiency traits should be deployed in breeding programmes to aid in effective screening of common bean lines for drought tolerance.
v. Association studies to identify genomic regions linked to QTLs modulating root systems architecture and enhanced yield should be conducted to provide a platform for the implementation of marker-enabled breeding to accelerate genetic gains in breeding programmes involved in common bean improvement for adaption to marginal production environments. Also the differential gene expression profile gene expression profiling can be done to create a global picture of cellular function. These profiles can, for example, distinguish between cells that are actively dividing, or how the cells react to a particular environment 
[bookmark: _Toc168949720]6.4 Areas for further studies	
Further studies can be undertaken to understand the adaptation of bean genotypes to low P availability and soil acidity in diverse environments in central Mozambique. The assessment should mainly focus on genetic variation in common bean yield under low-P tropical soils. 
Phenotypic evaluation of elite genotypes identified in the current in the current study should be conducted in more environments in both central and northern Mozambique on-farm together with farmers before presenting for National Performance Variety Trials. Such trials would provide more detailed and precise results.
A genome-wide association study (GWAS) should be conducted to identify SNP markers associated with common beans gene adapted to varied environment and water deficit resistance in the genotypes used for the present study.
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	Entry Name
	G
	M
	F
	Treats 

	
	
	
	
	WatR
	TRL
	RLD
	SBM
	RW
	WPB
	FW
	TW
	DW
	RV
	RDW
	SDW
	TDW
	TWA
	RWC
	WUE

	DAB398xMATGRANDE
	G01
	1
	1
	1
	37.10
	23.47
	8.00
	5.77
	13.77
	1.00
	3.49
	0.44
	4.08
	0.33
	0.73
	1.06
	6.00
	18.36
	2.12

	AFR398xANGONIA
	G02
	2
	4
	1
	34.68
	25.05
	9.00
	4.97
	13.97
	1.00
	2.75
	0.39
	3.56
	0.31
	0.95
	1.26
	6.00
	25.85
	2.12

	DAB398xCATARINA
	G03
	1
	3
	1
	36.40
	21.26
	10.00
	0.96
	10.96
	1.00
	2.66
	0.35
	1.22
	0.20
	1.03
	1.23
	6.00
	28.14
	1.62

	DAB236
	G04
	4
	4
	1
	17.59
	18.17
	6.00
	1.02
	7.02
	1.00
	2.30
	0.28
	1.03
	0.15
	0.51
	0.66
	6.00
	35.64
	1.06

	AFR398xCATARINA
	G05
	2
	3
	1
	17.59
	19.68
	9.00
	1.11
	10.11
	0.10
	2.51
	0.35
	1.20
	0.21
	1.14
	1.35
	6.00
	-11.57
	1.46

	DAB256xCATARINA
	G06
	3
	3
	1
	35.38
	22.46
	7.00
	3.97
	10.97
	0.10
	2.23
	0.34
	3.05
	0.26
	0.74
	1.00
	6.00
	-12.70
	1.66

	MATGRAND
	G07
	1
	1
	1
	33.47
	14.20
	10.00
	3.23
	13.23
	1.00
	3.27
	0.55
	2.53
	0.35
	1.12
	1.47
	6.00
	16.54
	1.96

	DAB256xGLP
	G08
	3
	2
	1
	36.27
	16.34
	7.00
	4.17
	11.17
	0.10
	1.62
	0.25
	3.05
	0.25
	0.70
	0.95
	6.00
	-10.95
	1.70

	DAB398xANGONIA
	G09
	1
	4
	1
	36.65
	22.08
	12.00
	8.76
	20.76
	1.00
	3.17
	0.57
	5.72
	0.53
	1.15
	1.68
	6.00
	16.54
	3.18

	DAB236xMATGRAND
	G10
	4
	1
	1
	33.98
	21.96
	13.00
	3.23
	16.23
	1.00
	3.96
	0.52
	2.45
	0.30
	1.34
	1.64
	6.00
	13.95
	2.43

	GLP
	G11
	2
	2
	1
	35.25
	20.19
	10.00
	3.44
	13.44
	1.00
	2.44
	0.35
	2.67
	0.24
	1.04
	1.28
	6.00
	31.10
	2.03

	DAB256xANGONIA
	G12
	3
	4
	1
	33.28
	16.21
	8.00
	1.85
	9.85
	1.00
	1.77
	0.26
	1.71
	0.17
	0.90
	1.07
	6.00
	49.01
	1.46

	DAB398
	G13
	1
	1
	1
	36.40
	22.27
	11.00
	7.42
	18.42
	1.00
	1.50
	0.58
	4.93
	0.40
	1.12
	1.52
	6.00
	45.65
	2.82

	ANGONIA
	G14
	4
	4
	1
	24.46
	11.23
	10.00
	1.75
	11.75
	1.00
	1.96
	0.30
	1.49
	0.21
	1.19
	1.40
	6.00
	42.17
	1.73

	DAB256xMATGRAND
	G15
	3
	1
	1
	32.14
	22.27
	7.00
	3.41
	10.41
	1.00
	3.96
	0.34
	2.12
	0.28
	0.82
	1.10
	6.00
	18.23
	1.55

	CATARINA
	G16
	3
	3
	1
	33.67
	18.99
	12.00
	1.67
	13.67
	1.00
	2.06
	0.34
	1.52
	0.27
	1.38
	1.65
	6.00
	38.37
	2.00

	DAB236xANGONIA
	G17
	4
	4
	1
	26.68
	10.91
	8.00
	2.27
	10.27
	0.10
	1.47
	0.20
	1.96
	0.23
	0.80
	1.03
	6.00
	-7.87
	1.54

	AFR398xMATGRAND
	G18
	2
	1
	1
	34.43
	13.50
	10.00
	2.84
	12.84
	1.00
	4.25
	0.59
	2.22
	0.29
	1.05
	1.34
	6.00
	11.20
	1.92

	AFR398xGLP
	G19
	2
	2
	1
	35.89
	24.80
	7.00
	5.51
	12.51
	1.00
	1.88
	0.28
	3.97
	0.33
	0.85
	1.18
	6.00
	45.00
	1.89

	DAB256
	G20
	3
	3
	1
	24.07
	19.05
	7.00
	1.29
	8.29
	0.10
	1.85
	0.27
	1.38
	0.14
	0.77
	0.91
	6.00
	-10.76
	1.23

	DAB398xGLP
	G21
	1
	2
	1
	37.67
	23.47
	6.00
	3.91
	9.91
	1.00
	1.89
	0.28
	3.29
	0.25
	0.62
	0.87
	6.00
	44.72
	1.51

	DAB236xCATARINA
	G22
	4
	3
	1
	36.33
	18.80
	8.00
	1.71
	9.71
	1.00
	2.45
	0.40
	2.25
	0.24
	0.94
	1.18
	6.00
	29.27
	1.42

	AFR398
	G23
	2
	2
	1
	34.24
	19.94
	8.00
	2.23
	10.23
	1.00
	2.04
	0.40
	1.77
	0.20
	0.95
	1.15
	6.00
	36.59
	1.51

	DAB236xGLP
	G24
	4
	2
	1
	31.82
	19.37
	11.00
	2.82
	13.82
	1.00
	2.79
	0.37
	2.40
	0.29
	1.22
	1.51
	6.00
	26.03
	2.05


G, genotype; M, male; F, Female; WatR, water regime; TRL, total root length; RLD, root length density; RDW, root dry weight; SDW, shoot dry weight, RWC, root water content; WUE, water use efficiency; SBM, shoot biomass; WPB, whole plant biomass
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Season 2019B
REML variance components analysis for 100SW
 
Estimated variance components
 
Random term	component	s.e.
Rep.Block	 0.064	 0.306
 
Tests for fixed effects
Fixed term        Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep                           2.34	1	2.34	3.8	 0.204
Genotype            1651.86	48	34.60	26.1	 <0.001
 

 REML variance components analysis for NSP
 
Estimated variance components
 
Random term	component	s.e.
Rep.Block	 0.0194	 0.0931
 
Tests for fixed effects
Fixed term        Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep                             0.51	1	0.51	4.0	 0.515
Genotype                  38.69	48	0.81	26.3	 0.741
 
REML variance components analysis NSP
 
Estimated variance components
 
Tests for fixed effects
Fixed term             Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep                                  0.51	1	0.51	4.0	 0.515
Genotype                       38.69	            48	0.81	26.3	 0.741
 

REML variance components analysis for RA
 
Estimated variance components
 Random term	component	s.e.
Rep.Block	 -11.33	 8.07
 
 Tests for fixed effects
Fixed term	Wald statistic	d.f.	Wald/d.f.	chi pr
Rep	27.51	1	27.51	<0.001
Genotype	82.68	48	1.72	 0.001
 
Dropping individual terms from full fixed model
 
Fixed term	Wald statistic	d.f.	Wald/d.f.	chi pr
Genotype	82.68	48	1.72	 0.001
Rep	27.51	1	27.51	<0.001



REML variance components analysis for RL
 
Estimated variance components
 
Random term	component	s.e.
Rep.Block	 3.29	 3.00
  
Tests for fixed effects
Fixed term                        Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep                                            5.92	1	5.92	6.5	 0.048
Genotype                                 54.21	48	1.14	31.7	 0.352
 
Dropping individual terms from full fixed model
 
Fixed term                       Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep                                              5.92	1	5.92	6.5	 0.048
Genotype                                   54.21	48	1.14	31.7	 0.352
 



REML variance components analysis for yield 
 Estimated variance components
 
Random term	component	s.e.
Rep.Block	 0.000572	 0.001064
 
 
Tests for fixed effects
Fixed term                  Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep                                      2.55	1	2.55	4.3	 0.181
Genotype                       3935.66	48	82.82	27.3	 <0.001
 
Dropping individual terms from full fixed model
 
Fixed term                  Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep                                      2.55	1	2.55	4.3	 0.181
Genotype                       3935.66	48	82.82	27.3	 <0.001
 

SEASON 2020B
REML variance components analysis for 100SW
 
Estimated variance components
 
Random term	component	s.e.
Rep.Block	 0.93	 3.09
 
Tests for fixed effects
Fixed term                  Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep                                        2.89	1	2.89	4.9	 0.151
Genotype                           105.99	48	2.22	25.6	 0.016
 
Dropping individual terms from full fixed model
 
Fixed term                   Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep                                     2.89	1	2.89	4.9	 0.151
Genotype                        105.99	48	2.22	25.6	 0.016



REML variance components analysis for NPP
 
Estimated variance components
 
Random term	component	s.e.
Rep.Block	 -0.18	 1.78
 
 
Tests for fixed effects
Fixed term                  Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep                                        2.27	1	2.27	4.6	 0.197
Genotype                           131.42	48	2.74	24.7	 0.004
 
Dropping individual terms from full fixed model
 
Fixed term                   Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep                                        2.27	1	2.27	4.6	 0.197
Genotype                           131.42	48	2.74	24.7	 0.004
 

REML variance components analysis for NSP
 
Estimated variance components
 
Random term	component	s.e.
Rep.Block	 -0.35	 1.23
 
Tests for fixed effects	
Fixed term                    Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep                                      4.11	1	4.11	4.4	 0.106
Genotype                         173.17	48	3.61	24.0	 <0.001
 
Dropping individual terms from full fixed model
 
Fixed term                 Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep                                      4.11	1	4.11	4.4	 0.106
Genotype                         173.17	48	3.61	24.0	 <0.001





REML variance components analysis for RA 
Estimated variance components
 
Random term	component	s.e.
Rep.Block	 0.02	 1.68
 
Tests for fixed effects
Fixed term                    Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep                                             2.28	1	2.28	3.9	 0.207
Genotype                                141.74	48	2.95	23.7	 0.003
 
Dropping individual terms from full fixed model
 
Fixed term                      Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep                                               2.28	1	2.28	3.9	 0.207
Genotype                                  141.74	48	2.95	23.7	 0.003
 



REML variance components analysis for RL
 
Estimated variance components
 
Random term	component	s.e.
Rep.Block	 1.46	 2.43
 
 
Tests for fixed effects
Fixed term                    Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep                                             2.94	1	2.94	5.7	 0.140
Genotype                                  40.15	48	0.84	26.8	 0.704
 
Dropping individual terms from full fixed model
 
Fixed term                     Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep	2.94	1	2.94	5.7	 0.140
Genotype	40.15	48	0.84	26.8	 0.704
 

REML variance components analysis for RN
 

Estimated variance components
 
Random term	component	s.e.
Rep.Block	 4.48	 4.22
 
Tests for fixed effects
Fixed term                        Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep                                              2.08	1	2.08	6.0	 0.199
Genotype                                   55.94	48	1.18	27.4	 0.328
 
Dropping individual terms from full fixed model
 
Fixed term                          Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep                                               2.08	1	2.08	6.0	 0.199
Genotype                                    55.94	48	1.18	27.4	 0.328
 
REML variance components analysis for Yield 
 
Estimated variance components
 
Random term	component	s.e.
Rep.Block	 -0.0024	 0.0179
 
Tests for fixed effects
Fixed term                  Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep                                         2.99	1	2.99	4.6	 0.149
Genotype                            129.74	48	2.71	24.6	 0.005
 
Dropping individual terms from full fixed model
 
Fixed term                  Wald statistic	n.d.f.	F statistic	d.d.f.	F pr
Rep                                          2.99	1	2.99	4.6	 0.149
Genotype                             129.74	48	2.71	24.6	 0.005
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1 | INTRODUCTION

Paul K. Kimurto?® | Pascal P. Okwiri Ojwang? @

Abstract

Root system architecture is important for common bean (Phaseolus vulgaris) adapt-
ability to diverse environments. Beans employ complex adaptive root mechanisms
for coping with multiple stresses in production environments. Understanding genetic
control of oot traits is central to improvement of common bean for adaptation to
marginal environments. The objectives of this study were to (i) determine combining.
ability of root and agronomic traits and (i) estimate the heritabiity and genetic corre-
lation of root and agronomic traits in common bean. Four bean lines with superior
root traits were crossed with four locally adapted varieties in a North Carofina Il mat-
ing scheme to generate 16 crosses. The 16 Fys were selfed and advanced to F gen-
eration. Eight parents and their F, progenies were evaluated in an alpha-Lattice
design with two replications. General and specific combing ability mean squares were.
significant (p < .05) for all traits measured. General predictability ratios ranged from
47 to .68 across locations suggesting that both additive and non-additive gene action
modulate root traits and seed yield. Positive and significant (p < .05) phenotypic and
genetic correlations revealed significant association between root traits and yield.
Moderate to high heritability estimates of between .43 and .67 were realized. Such
estimates point to possible deployment of a successful selection programme. Geno-
type AFR398 displayed significant positive GCA effects among its crosses for both
root and agronomic traits hence a potential candidate genotype for inclusion in a
bean genetic improvement programme for marginal environments.

KEYWORDS

drought. general combining ability, mult-stress factors, root trait, specific combining ability

conditions cause yield losses of up to 80% under rain-fed production
systems (Beebe et al, 2013; Kazal et al, 2019). In sub-Saharan Africa

Yield enhancement is a target objective of every crop breeding pro-
gramme, Despite the efforts of most bean breeding programmes to
increase yield, achieving high production under varied agro-ecologies.
sill emains a challenge. This is mainly attributed to biotic and abiotic
stresses which are currently exacerbated by the adverse effects of cii-
mate change. World production of common bean in the past five -
years was estimated at 25.1 million tonnes per annum. In contrast,
yield losses were estimated to be >66% (FAO, 2018; Wortmann
et al, 1998). Production challenges associated with agro-climate

(SSA), where the cultivated area under common bean is currently esti-
mated at 682,000 ha, the annual yield loss incurred due to drought/
heat stress is significant and is estimated at 781,000 tonnes (Losa
et al, 2022). The average yield of common bean in SSA is a paltry
600 kg ha ", compared with 1100 kg ha* in Brazil, 1700 kg ha* in
China and 2000 kg ha™ in the United States (Losa et al. 2022). In
SSA, bean production primarily refies on natural conditions with inad-
equate precipitation, low input application and devoid of irrgation
facilties (Ramirez-Villegas & Thornton, 2015).
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Common bean is a significant pulse crop worldwide but widely grown and consumed in Latin America and sub-
Saharan Africa where it is a major source of dietary protein and minerals. Current global production s largely
hindered by abiotic stresses due to unfavorable soils and extreme weather events arising from negative effects of

S el onment climate change, Enhancing root system architecture is a key breeding objective towards developing cultivars
ot suitable for adaptability to hostile production environments. The objective of this study was to identify common

bean genotypes with stable root traits and seed yield in a multi-environment trial. Forty-nine genotypes were
planted in a simple Lattice design across three locations over two years comprising of six environments based on
year-location combinations. Residual maximun likelihood estimates revealed significant (P < 0.01) genotype-
by-environment interaction effects for root traits and seed yield, demonstrating significance of environment
on genotypi expression. Acute angles between vectors of different years at the same locations, established
repeatability of environments in evaluating genotypes for root traits and yield. Genotypes DAB256, DAB398,
DAB236, AFR398 and Guropequeno had superior overall performance and stability for root traits and seed yield
across environments. High positive correlation between seed yield and both deep roots and deep root angles of
240 from the horizontal, demonstrated the role of root architecture in aiding remobilization of dry matter from
vegetative structures to pod filling and seed yield enhancement under varied conditions. Identified genotypes are
useful genetic sources for improvement of root traits in common bean for adaptation to drought and heat
alongside poor soils.

1. Introduction up to 80% in common bean under rain-fed production systems (Evans,

2009; Beebe et al., 2013; Kazai et al., 2019; Pereira, 2016; Rao et al.,

Common bean (Phaseolus vulgaris L) is a major source of dietary
protein globally with the bulk of its consumption being in Latin America
and sub-Saharan Africa (SSA) (Hillocks et al., 2006). With the current
focus on sustainable development, beans offer a great opportunity as a
strategic food and nutritional security crop that is cultivated in a wide a
range of environments. However, the impact of climate change has
negatively affected common bean productivity. This is mainly due to
lack of plasticity of most genotypes to cope with the emergent produc-
tion challenges associated with extremely variable weather conditions.
Climate change effects are a major threat to sustainable crop produc-
tivity (Evans, 2009; Pereira, 2016). Unfavourable agro-climate condi-
tions attributed to drought and extremely high temperatures alongside
harsh soil conditions arising from low nutrient supply cause yield loss of
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2021). The average yield of common bean varies across countries in
different regions for example it is about 2000 kg ha~! in the United
States of America, 1700 kg ha™ in China, 1100 kg ha~" in Brazil and
only 600 kg ha~" in SSA (Losa et al., 2022). The main reason for rela-
tively very low prodcuiton in SSA is because of over-dependence on
natural conditions with inadequate precipitation, low input application
and limited irrigation facilities (Ramirez-Villegas and Thornton, 2015).

Under marginal environments, crops are naturally subjected to
perennial combination of multiple stress factors (Mittler, 2006). Crop
improvement programmes focus on screening of genotypes to multiple
stresses as an initial step towards the development of superior breeding
lines. However, this requires an elaborate process of multi-environment
field trials as a necessity to profile traits required for designing new
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