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Variability Study and Genome-Wide Association Mapping for Cooking Time in Some 

Common Bean (Phaseolus vulgaris L.) Genotypes 

ABSTRACT 

Common bean (Phaseolus vulgaris L.)  is an important component of the production systems 
and a major source of protein for the poor in Eastern and Southern Africa. Information on 
genetic variability is prerequisite for further improvement of the crop. However, there is little 
information regarding variability study in the present genotypes of common bean. One of the 
major factors that limit greater utilization of beans is their long cooking times compared to 
other foods. So far, very little is known about the genomic regions involved in determining 
cooking time. The overall objective was to study the extent of genetic variation and 
association among grain yield and yield-related traits as well as to use genome-wide 
association analysis to identify genomic regions involved in determining cooking time. Four 
hundred twenty three genotype were tested in an augmented design at Hawassa Agricultural 
Research Centre in Southern Region of Ethiopia, in 2015. Analysis of variance revealed that 
the genotypes differ significantly for all the characters studied except for leaf chlorophyll 
content, pod harvest index and hundred seed weight. High phenotypic coefficient of variation 
(PCV) and genotypic coefficient of variation (GCV) were recorded for vertical root pulling 
force resistance and number of pod per plant. High GCV along with high heritability and 
genetic advance was obtained for number of pods per plant. Grain yield had positive and 
highly significant phenotypic and genotypic correlation with days to maturity, plant height, 
vertical root pooling force resistance and number of pod per plant. Path analysis revealed 
that plant height, days to maturity and pod per plant shows high and positive direct effect on 
grain yield. These three characters can be considered for selection. The D2 analysis showed 
the 423 genotypes grouped into twenty-one clusters. This makes the genotypes to become 
moderately divergent. The x2 test showed that all inter-cluster squared distance were highly 
significant at P<0.01. Principal component analysis showed that the first four principal 
components explained about 66.19 % of the total variation. In this study high  variation for 
cooking time was observed and eleven common bean genotypes were identified which cook in 
less than 17 min. GWAS showed that, significant SNP associated with cooking time were 
found on chromosomes Pv04, Pv05, and Pv09.The associated markers are possible 
candidates for marker-assisted selection to improve cooking time trait. Further studies of 
common bean genotypes with larger sample size in different location should be conducted on 
common bean variability in order to give confirmative results. The significant markers need 
to be validated in different environments before their use in marker-assisted selection. This 
research serves as an important base for further studies to understand the genetic control of 
cooking time in common bean.  
 
 
Keywords: Association mapping, Common bean, Correlation, Genetic Variability, Marker-
assisted selection. 
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1. INTRODUCTION 

Common bean (Phaseolus vulgaris L.) is one of the most important legumes for direct human 

consumption worldwide (Broughton et al.,2003).The genus Phaseolus contains approximately 

70 species and within this genus, common bean (Phaseolus vulgaris L.) is a diploid (2n = 2x 

= 22) and predominantly self-pollinating species although 3% or more out crossing ratio has 

also been observed (Ibarra-Perez et al., 1997). It is found in two main centers of origin in the 

American continent: the Middle American and the Andean centers (Harlan, 1975). It was 

introduced to the old world by the Spaniards and Portuguese. It is now widespread and 

cultivated as a major food crop in many tropical, subtropical and temperate areas of the 

Americas, Europe, Africa and Asia (Wortmann, 2006).  

Common bean is an important component of the production systems and contributes to the 

national economy as both a food and an export commodity, in both cases serving as a source 

of income and employment to a large supply chain (Tumsa et al., 2014). The country’s export 

earnings from common bean (95.3 million USD) in 2012, exceeds that of other pulses (such 

as lentil, faba bean) (FAO, 2015). The crop provides vital nutrients as a food including 

vitamins, proteins (25%), Starch and minerals and is an excellent source of potassium, 

selenium, molybdenum, thiamine (Maiti and Singh, 2007). The stems of beans are also used 

as fodder for livestock, especially in the dry spell following the main cropping season 

(Wondatir and Mekasha, 2014). As a legume, common bean plants also contribute to soil 

fertility enhancement through atmospheric nitrogen fixation (Broughton et al., 2003).  

Common bean grows from sea level up to 2200 m altitude in places where annual rainfall is 

between 300 and 4300 mm with optimum between 500 and 1500 mm, and where average 

temperatures range between 15°C and 23°C. The common bean grows well on a large variety 

of soils with pH ranging from 4 to 9. It does grow better on well-drained, sandy loam, silt 

loam or clay loam soils, rich in organic content (Ecoport, 2013).  

According to FAO, the global bean production has risen from 15.4 million tonnes (Mt) in 

1984-1986 (3-year-average) up to the record of 22.81 Mt obtained in 2013 (FAOSTAT, 

2015). The current national production of common bean in Ethiopia is estimated at 0.32 

http://www.feedipedia.org/node/16874�
http://www.feedipedia.org/node/16585�
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million hectares; with a total production of 0.51 million tons and average productivity of 1.6 

tons ha−1 (CSA, 2015). This is less than attainable yield (3 to 4 tons ha−1) under good 

management practices (IFPRI, 2010).  

The wide gap in yield is attributed to shortage of improved varieties, low soil fertility, 

drought, disease and insect pest damage especially from the bean stem maggot (BSM) and 

bean weevil (Bruchids). Diseases like common bacterial blight (Xanthomonas campestris 

pvphaseoli) and angular leaf spot (Phaeoisariopsisgriseola) pose a significant harvest loss in 

common bean at farmer’s field in Ethiopia (Habtu et al., 1996; Fininsa and Tefera 2002; 

Fininsa and Yuen 2002). 

Previous research work on genetic variability and associated traits within common bean 

genotype has been widely reported by different researchers. For instance, Kassaye (2006) 

reported high PCV (31.30%) and GCV (22.27%) for pods per plant and the lowest PCV (6.40 

%) and GCV (5.93 %) for days to 90 % physiological maturity. High GCV for harvest index 

(123.98), number of nodes on the main stem (70.04), weight of pods per plant (54.13), grain 

yield per plant (50.33) also reported by Bagheri et al. ( 2015). Sentayehu (1997) reported that 

yield per plant was positively and significantly associated with days to maturity, number of 

primary branches, number of pods per plant, number of seeds per pod, pod length and 

hundred seed weight. Daniel et al (2015) reported that seed yield exhibited positive and 

significant correlations with leaf chlorophyll content, vertical root pulling resistance, pod 

harvest index, pods per plant and seeds per pod at both phenotypic and genotypic levels under 

stress and non-stress conditions. 

In Ethiopia common bean research was started in 1970 (Imru, 1985) by introducing some 

germplasm. Since then much efforts has been made to improve production and productivity of 

the crop as a result many improved varieties have been released. However, for further 

improvement of the crop the knowledge of variability and character association is essential. 

Currently under Ethiopian lowland pulses improvement project, large numbers of common 

bean genotypes are introduced from the USA (USDA collections). Therefore, the present 

study is going to generate information on genetic variability and character association of these 

common beans based on morphological characterization and to fill the following research 
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gaps: The morphological variability and association among characters in these common bean 

genotypes is concerned little has been done.  

Releasing of highly yielding varieties meeting consumer preferences and quality standards is 

an obligatory process.  In terms of consumer preference, the most desirable traits are those 

related to the technical and nutritional qualities of the bean, such as the ease of cooking, a 

good taste, and a soft tegument texture, the ability to produce a thick sauce after cooking and 

a high protein and mineral content (Santos and Gavilanes, 2006). However, cooking time is 

certainly considered to be one of the factors that limit the consumption of beans at home. 

Reduction in cooking time could significantly increase the consumer’s interest in the common 

bean as a food product and have direct and favorable consequences on both production and 

the commercial market. Furthermore, prolonged cooking times may lead to structural changes 

at the cellular level and nutrient loss as well as an increased capital cost for the process 

(Ribeiro et al., 2007; Mesquita et al., 2007).  

Cooking time is influenced by a number of factors, such as planting time, cultivation 

practices, high temperature, high or low humidity during bean growth, harvest time, post-

harvest handling, storage conditions, and processing technology (Rodrigues et al., 2005; 

Bertoldo et al., 2008; Coelho et al., 2008). Studies have shown a high genetic variability in 

cooking time trait in common bean (Cichy et al., 2015; Elia et al., 1997).  

Common beans are a food for which improvements in cooking time would especially be 

valuable (Akibode and Maredia, 2011). It takes 7–11 kg of fuel wood to cook one kg of 

beans, in contrast to one kg of maize flour, which requires less than one kg of fuel wood to 

cook (Adkins et al., 2010). Decreasing the cooking times of dry beans would be especially 

important in areas where beans are consumed as a primary source of protein (Cichy et al., 

2015). 

Cooking time is controlled by a small number of genes (Jacinto-Hernandez et al., 2003) and is 

highly heritable with narrow sense heritability values between 0.74 and 0.90 (Elia et al., 

1997). In the evaluation of bean accessions, five folds (Cichy et al., 2015) two folds (Elia et 

al., 1997) variation in cooking time has been noted. Very few studies have been conducted on 

http://link.springer.com/article/10.1007/s00122-015-2531-z/fulltext.html#CR15�
http://link.springer.com/article/10.1007/s00122-015-2531-z/fulltext.html#CR15�
http://link.springer.com/article/10.1007/s00122-015-2531-z/fulltext.html#CR2�
http://link.springer.com/article/10.1007/s00122-015-2531-z/fulltext.html#CR1�
http://link.springer.com/article/10.1007/s00122-015-2531-z/fulltext.html#CR15�
http://link.springer.com/article/10.1007/s00122-015-2531-z/fulltext.html#CR25�
http://link.springer.com/article/10.1007/s00122-015-2531-z/fulltext.html#CR15�
http://link.springer.com/article/10.1007/s00122-015-2531-z/fulltext.html#CR15�
http://link.springer.com/article/10.1007/s00122-015-2531-z/fulltext.html#CR15�
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the genetic control of cooking time in beans. Accurate determination of cooking time is 

difficult and a restricted number of samples can be processed in a day.  Faster evaluation 

methods and more information on the genetic control are needed by breeders (Cichy et al., 

2015).  

QTL mapping is a key approach for understanding the genetic architecture of traits in plants 

(Holland, 2007). However, QTL mapping using bi-parental population mapping approach can 

evaluate only two alleles at a locus, low mapping resolution due to few recombinations, 

longer time required to develop mapping population (Erena, 2013). The arrival of association 

mapping approaches has overcome some of the limitations of bi-parental mapping 

populations. Genome-wide association (GWAS) is a promising approach for scanning the 

entire genome for detecting marker-trait associations with a large number of markers (Tabor 

et al., 2002). Moreover, GWAS may assist the identification of genomic regions involved in 

determining cooking time (Cichy et al., 2015). 

Knowledge of the genetic variability, naturally occurring diversity in a population helps to 

identify diverse groups of genotypes that can be useful for the breeding program. Little 

attention was given to cooking time improvement in common beans both at national and 

regional bean breeding programs. Keeping the above views in mind, the study was initiated to 

achieve the following objectives: 

  General Objectives 

 To study the variability of common bean genotypes and identify genomic regions 

involved in determining cooking time using genome-wide association study.  

Specific Objectives 

1. To estimate variability of selected common bean genotypes. 

2. To investigate the association among quantitative traits and 

3. To identify simply inherited markers in close proximity to genes affecting cooking 

time. 

http://link.springer.com/article/10.1007/s00122-015-2531-z/fulltext.html#CR15�
http://link.springer.com/article/10.1007/s00122-015-2531-z/fulltext.html#CR15�
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2. LITERATURE REVIEW 

2.1 Origin, Distribution and Taxonomy of Common Bean  

Domestication of common bean took place in two regions distributed from northern Mexico 

to Colombia (Mesoamerican gene pool) and from southern Peru to northwestern Argentina 

(Andean gene pool) (Koinange and Gepts, 1992; Freyre et al., 1996). Once domesticated, the 

common bean was introduced to other regions of the world, whereby both the Mesoamerican 

and the Andean cultivars were dispersed to lowland South America and Africa. The 

Mesoamerican cultivars became predominant in the southwestern United States, while the 

Andean cultivars in Africa, Europe and northeastern United States (Gepts and Debouck, 

1991). Domestication in the two regions led to two distinct gene pools (Singh et al., 1991b; 

Becerra Velasquez and Gepts, 1994) because they arose from two already diverged gene 

pools and selection under domestication (Kwak and Gepts, 2009). The domestication of the 

common bean has altered the form, morphology, and phenology of the plant, especially the 

growth habit, seed size, seed retention, and maturity. During domestication, selection was 

inclined towards smaller, denser plants with short internodes, suppressed climbing ability, 

fewer and thicker stems and larger leaves (Debouck, 1991). The result of the selection was a 

compact growth habit of determinate and indeterminate common bean cultivars. However, the 

most distinct difference between the wild ancestors and the cultivated common bean, are the 

changes in pod size and the seed size, hence the diversity. The cultivated common beans are 

also quite diverse in seed size and edible parts such as the green immature pod and dry seed 

(Debouck, 1991).  

The common bean (Phaseolus vulgaris L.) belongs to the family Fabaceae (Leguminosae) and 

the genus Phaseolus. The genus Phaseolus comprises 70 species. Four sections were 

classified as Chiapasana, Phaseolus, Minkelersia, and Xanthotricha (Debouck, 1991). The 

Phaseolus section includes four of the cultivated Phaseolus species: P. vulgaris L. (common 

bean); P. coccineus L. (runner bean); P. lanatus L. var. lanatus L. (lima bean); and P. 

acutifolius A. gray var. acutifolius (tepary bean). Of the four Phaseolus species, the common 

bean is the most widely grown occupying more than 85% of the production area sown to all 

Phaseolus species worldwide (Singh, 2001). Common beans are classified in the sub-phylum 
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dicotyledons (embryo with two cotyledons, parallel veined leaves and the stem with the 

vascular bundles arranged irregularly and cambium usually present), division Magnoliophyta, 

class Magnoliopsida, family Leguminosae, sub-family Papilionoideae or Fabaceae or 

Lotoideae (pulse family characterized by edible seeds and pods) and order Leguminales. 

Common beans are diploid (2n = 2x = 22) and are self-pollinated (Rutger and Beckham, 

1970; Stoetzer, 1984). 

2.2 Genetic Diversity of Common Bean  

Genetic diversity is a level of biodiversity that refers to the total number of genetic 

characteristics in the genetic makeup of a species (Genetic diversity, n.d.). In addition, it 

refers to any variation in the nucleotides, genes, chromosomes, or whole genomes of 

organisms (Harrison et al, 2004). 

The genetic diversity of common bean is mainly in the seed size, which is divided into three 

groups. The groups include large seeded Andean (>40 g 100-seed weight-1), small seeded 

Mesoamerican (<25 g 100-seed weight-1), and medium seeded/Middle American (25 to 40 g 

100-seed weight-1) gene pools (Evans, 1980). The cultivated gene pools of Andean and 

Mesoamerican origin were further divided into six races: the Andean (all large seeded) have 

the races Chile, Nueva Granada, and Peru; Middle American has the races Durango, Jalisco 

(medium seeded); and Mesoamerican (all small seeded), each of which has its distinguishing 

characteristics and agronomic traits (Singh et al., 1991a). Common bean is also divided into 

two groups based on their edible parts: snap beans (French beans or Haricot beans) are 

consumed as immature pods, and; dry beans are usually consumed as the mature dry seed 

after rehydration. The snap bean cultivars have a thick succulent mesocarp and have reduced 

or no fiber in the green pods and sutures (Myers, 2000). The green pods are used as fresh 

pods, or frozen or canned. There are different market classes of the snap bean cultivars 

determined by the pod shape (flat, oval or cylindrical), color (dark green, light green, yellow 

or purple), and the length of the pod. Among the snap bean cultivars, there is a large variation 

in their growth habits and their adaptation traits (Singh, 2001). Common bean cultivars have 
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also shown large variations in growth habit, phenological traits, seed color, seed size and 

shape, as well as canning and cooking qualities (Voysest and Dessert, 1991).  

2.3 Cooking Time in Common Bean  

Cooking time is one of the most important parameters in evaluating beans for processing 

quality. Fast and uniformly cooking beans are required both for processing and for traditional 

consumption of beans by local producers where firewood is the major source of fuel (Elia et 

al., 1996). Beans may fall into four categories according to their cooking times. These 

categories include soft (with cooking time of 15-19 minutes), normal (20- 30 minutes), semi 

hard (31-35 minutes), and hard (36 minutes or more) (CIAT, 1989). 

For maximum utilization of beans by food-insecure consumers, it is essential to address the 

long cooking times required to make beans palatable. Food-insecure consumers often are also 

faced with limited cooking fuel and firewood. Often, when firewood supplies are limited, 

women change their food consumption patterns and this includes reducing food items that 

have long cooking times, including beans thereby compromising families’ nutritional intakes 

(Browuer et al., 1989). Landraces or varieties that cook quickly are especially valued by 

consumers and fetch a premium price in the marketplace (Correa et al., 2010). The direct 

effects are savings in cooking time and fuel costs, mainly for women, who are responsible for 

cooking (Biran et al., 2004). Adoption of fast cooking varieties reduces the quantities of 

firewood used and the time spent gathering it (Elia et al., 1997; Brouwer et al., 1989). For 

urban consumers, money will be saved on expensive fuels (kerosene, charcoal, electricity, and 

natural gas).  

In many studies involving cooking of dry beans, seeds are often soaked in water to improve 

the hydration characteristics of the seed for uniform cooking. It has been reported that well-

hydrated seeds generally cook more rapidly than the ones containing less water (Elia et al., 

1996). Therefore, water absorption is another important attribute affecting the acceptability of 

beans for processing. In addition to improving the cooking characteristics, high water 
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absorption of bean seeds has economic implication to the processors. Specifically, the 

processors require beans with high hydration ratio for high ‘can yield’ (Ghaderi et al., 1984). 

Elia et al. (1996) have reported significant genetic variations for cooking time, water 

absorption, protein content, and tannin content among bean genotypes. Biochemical analysis 

of different cultivars has also revealed highly significant differences for cooking time (Avila-

Rodriguez et al., 1996). Ghaderi et al. (1984) also reported highly significant differences 

among cultivars in 100 seed weight, color of dry and cooked beans, weight of soaked beans, 

texture, washed drained weight, and processed bean moisture.Elia et al. (1996) have studied 

the genetic control of cooking time and water absorption and found that these traits are under 

the additive genetic control. 

2.4 Genotypic and Phenotypic Variability 

Phenotypic variability is defined as the occurrence of differences among individuals due to 

differences in their genetic composition and of the environment in which they are raised 

(Falconer and Mackay, 1996; Welsh, 1990). Genetic variability is of prime interest to the 

plant breeder because proper management of this diversity can produce permanent gain in the 

performance of the plant and phenotypic variation is made of genotypic value and 

environmental deviation (Welsh, 1990).   

Genotypic and phenotypic conditions are dominant factors for yield formation. Environmental 

conditions are partially controllable, but genotype of the plant can only be changed by 

breeding programs (Akçura et al., 2005).Phenotypic variability is the total variability, which 

is observable that includes both genotypic and environmental variation and hence changes 

under different environmental conditions. Such variation is measured in terms of phenotypic 

variance. In attempting to develop improved varieties, the plant breeder bases his/her 

observation often on the measurement of the phenotype. For plant, breeding to be effective 

there must be phenotypic variation of the desired trait and some of the variation must be 

heritable from generation to generation (Stoskopf et al., 1999).  
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Raffi & Nath (2004) evaluated thirty-one common bean genotypes to study genetic 

variability, heritability and genetic advance for yield and yield component traits.  The highest 

genotypic and phenotypic variances were observed for days to maturity and the lowest 

variation was observed on pod length in common bean. In the case of number of seeds per 

plant the variation between genotypic and phenotypic variance and coefficient of variation 

were found high. According to Singh et al. (1994) yield per plant and days to flowering 

showed the highest and lowest phenotypic and genotypic coefficients of variations, 

respectively in common bean. 

2.5 Heritability 

Heritability is the extent of contribution of genotype to the phenotypic variation for a trait in a 

population and it is ordinarily expressed as the ratio of genetic variance to the total variance, 

i.e., phenotypic variance for a trait. In crop improvement, only genetic component of variation 

is important since only this component is transmitted to the next generation (Singh, 2001).  

Heritability of a character is very high; selection for such character should be easy. This is 

because there would be a close correspondence between the genotypes and phenotypes due to 

the relatively small contribution of the environment effect to the phenotypes. However, for 

characters with low heritability, selection may be considerably difficult or virtually 

impractical due to the masking effect of the environment (Singh and Ceccerelli, 1996).  

In a planned experiment, the broad-sense heritability is computed as: h2bs = VG/VP. This 

reflects all the genetic contributions to a population phenotypic variance including 

additive, dominant, and epistatic (multi-genic interactions), where individuals are directly 

affected by their parents' genotype. Whereas narrow sense heritability due to additive (allelic) 

genetic effects could be computed as h2ns = VA/VP (Falconer, 1989).  

Raffi and Nath (2004) reported high heritability values for days to 50% flowering, days to 

maturity, plant height, number of pods per plant, pod length, number of seeds per plant and 

100 seed weight. Sentayehu (1997) reported very high heritability value for 100-seed weight 

and moderate heritability for number of pods per plant (51%) and number of seeds per plant 

(50%) was recorded. 
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According to Kassaye (2006) the highest heritability values recorded were for seeds per pod 

(65.50%) and hundred seed weight (93.10 %), moderately heritability for pods per plant 

(50.60%) and low value for biological yield (27.80%), seed yield per plant (24.50%) was 

recorded. 

Bagheri et al. (2015) reported a high heritability for number of nodes on the main stem, 

biological yield per plant, weight of pods per plant, chlorophyll florescent, grain yield per 

plant, length seed, harvest index, number of days to 50% flowering, number of days to 50% 

pods and Straw weight. 

2.6 Genetic Advance 

Genetic advance tell us the estimate of the expected gain for a particular character through 

selection (Burton and DeVane, 1953).Genetic advance under selection is a genotypic value, 

which depends on three things (Allard, 1960); genetic variability, heritability and the selection 

intensity applied. Genetic progress would increase with increase in the variance. Therefore, 

the utility of estimates of heritability is increased when they are used in conjunction with the 

selection differential, the amount that the mean of the selected lines exceeds the mean of the 

entire group (Johnson et al., 1955). High amount of genetic advance are suggests of additive 

gene action while low amounts are suggests of non-additive gene action (Singh and 

Narayanan, 1993). 

According to Kassaye (2006), high heritability estimate coupled with high genetic advance as 

percent of mean was observed for 100-seed weight, plant height and number of nodes on the 

main stem. Also  Low heritability was accompanied with low genetic advance as percent of 

mean leaf dimensions, stem diameter, seed yield per plant and biological yield per plant 

.Higher genetic advance values for hundred seed weight (93.76%) and moderate genetic 

advance values for number of primary branches (50.86%) and yield per plant (41.9%) 

(Sentayehu, 1997).  

According to Bagheri et al. (2015) high heritability estimates along with high genetic advance 

as percent of mean was observed for number of nodes on the main stem, weight of pods per 

plant, grain yield per plant, harvest index, straw weight and biological yield pert plant . 
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However, length seed, number of days to 50% flowering and number of days to 50% pods had 

high heritability coupled with low genetic advance.  

2.7 Correlation and Path Coefficient 

2.7.1 Correlation among traits 

Correlation coefficient is a statistical measure, which is used to find out the degree (strength) 

and direction of relationship between two or more variable (Gomez and Gomez, 1984). Three 

types of correlations are conferring in quantitative genetics and these are phenotypic, 

genotypic and environmental correlations. The association between two characters that can be 

directly observed is the correlation of phenotypic values or phenotypic correlations (rp). 

Phenotypic correlations measure the extent to which the two observed characters are linearly 

related. It is determined from measurements of the two characters in a number of individuals 

of the populations. Genetic correlation (rg) is the associations of breeding values (i.e., additive 

genetic variance) of the two characters. Genetic correlation measures the extent to which 

degree the same genes or closely linked genes cause co-variation (simultaneous variations) in 

two different characters. The correlation of environmental deviations together with non-

additive genetic deviations (i.e., dominance and epistatic genetic deviations) is referred to as 

environmental correlations (re) (Singh and Chaudhary, 1977; Falconer and Mackay, 1996). 

Correlations between different characters of crop plants may arise either from genotypic or 

environmental factors. Environmental correlations arise from the effect of overall 

environmental factors that vary at different environments. Correlations due to genetic causes 

are mainly pleiotropic effects of genes and linkage (a phenomenon of genes inherited 

together) between genes affecting different characters. Pleiotropy is the property of a gene, 

which affects two or more characters; as a result, it causes simultaneous variations in the two 

characters when the genes are segregating (Singh, 1993; Falconer and Mackay, 1996).  

Knowledge of correlations that exists between important characters may facilitate the 

interpretation of result obtained and provide the basis for planning more efficient program for 

future (Johnson et al., 1955). Inadequate knowledge of interrelationships among various traits 

and the practice of unilateral selection for agronomic traits frequently end up with less than 
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optimum result in plant breeding (Bhatt, 1973). The practical utility of selecting for a given 

character as a means of improving another depends on the extent to which improvement in 

major characters is facilitated by selection for the indicators. Such improvement depends on 

not only the genotypic correlation but also phenotypic correlation (Johnson et al., 1955b). For 

selection based on yield component to be effective in increasing yield, Sidwell et al. (1967) 

stated that the components should fulfill the following: they should be highly heritable, the 

component should be genotypically independent or genotypic correlation among the 

component should be positive and the component should be physiologically related in a 

positive manner.  

Daniel et al (2015) reported that, seed yield exhibited positive and significant correlations 

with leaf chlorophyll content, vertical root pulling resistance, pod harvest index, pods per 

plant and seeds per pod at both phenotypic and genotypic levels under stress and non-stress 

conditions. Kassaye (2006) reported the positive and significant correlation of seed yield with 
biomass yield (rp = 0.94 and rg = 0. 89) and number of pods per plant (rp = 0.73 and rg = 0.57).  

Singh et al. (1995) reported that seed yield was positively associated with seed size. 

Sentayehu (1997) reported that, yield per plant was positively and significantly associated 

with days to maturity, number of primary branches, number of pods per plant, number of 

seeds per pod, pod length and hundred seed weight. They also reported highly significant and 

negative correlation between hundred seed weight and seed yield per plant. 

Akhshi et al. (2015) showed that seed yield had a strong positive correlation with both seed 

number per plant and seed number per pod. A positive association between grain yield and 

biological yield pert plant were reported by Bagheri et al. (2015).  

2.8  Path Coefficient 

A path coefficient measures the direct influence of one variable upon another and permits the 

separation of correlation coefficient into components of direct and indirect effects. Path 

coefficient analysis specifies the cause and measures the relative importance of the characters, 

while correlation measures only mutual association without considering causation (Dewey 
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and Lu, 1959) and thus helps breeder in determining the yield components and understanding 

cause of association between two variables (Shukla et al., 2006). 

In any breeding program of complex characters such as yield for which direct selection is not 

effective, it becomes essential to measure the contribution of each of the component variables 

to the observed correlation and to partition the correlation into components of direct and 

indirect effect (Giriraji and Vijayakumar, 1974). Path analysis has proven useful in providing 

additional information that describes cause and effect relationships, such as between yield and 

yield components (Gravios and Helm, 1992). It is, therefore, essential to assess the 

importance as well as degree of association of various quantitative characters in order to 

initiate an effective selection program aimed at genetic improvement of crop yield. 

To improve grain yield via selection of its components path coefficient analysis is a useful 

tool for understanding grain yield formation and provides valuable additional information 

about the traits (Garcia et al., 2003).   

Pods per plant and seeds per pod had high positive direct effects on seed yield both under 

stress and non-stress  condition; whereas, pods per plant had the highest indirect effect on 

seed yield through pod harvest index under stress condition as reported by Daniel et al. 

(2015).  

Sentayehu (1997) reported that yield per plant was positively and significantly associated with 

days to maturity, number of primary branches; number of pods per plant, number of seeds per 

pod, pod length, and hundred seed weight. They also reported highly significant and 

negatively correlated between hundred seed weight and seed yield per plant. 

 

Kassaye (2006) reported that number of pods per plant had the highest positive direct effect 

(0.96) on seed yield, followed by 100-seed weight and number of seeds per pod. Internode 

length had low and negative direct effect on seed yield. Pod length, plant height, number of 

nodes on the main stem, days to 50% flowering; days to 90% maturity and protein content 

recorded low positive direct effect, while harvest index exhibited a moderate direct effect. 
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Sadeghi et al. (2011) found that seed number per plant and harvest index had a high positive 

direct effect on seed yield in common bean. Seed number per plant had a positive and 

significant direct effect on seed yield in bean; whereas, seed weight per plant had a negative 

and significant direct effect on the seed yield (Cokkizgin et al., 2013). 

Bagheri et al. (2015) reported that weight of pods per plant had the highest (1.313) direct effect 

on grain yield. The indirect effects of biological yield per plant through weight of pods per plant 

were high (0.85). 

2.9 Clustering 

Clustering is defined as the process of organizing genotypes or individuals into groups whose 

members are similar in some way (Chahal et al., 2002). There are broadly two types of 

clustering methods: 1) Distance-based methods, in which a pair wise distance matrix is used 

as input for clustering analysis. The result can be visualized as a tree or dendrogram in which 

clusters may be identified. And 2) Model-based methods, in which observation from each 

cluster are assumed to be random draws from some parametric model, and inference about 

parameters corresponding to each cluster and cluster membership of each individual are 

performed jointly using maximum-likelihood or Bayesian methods (Johnson and Wichern, 

1992). 

Another important aspect in cluster analysis is determining the optimal number of clusters or 

number of acceptable clusters. In essence, this involves deciding where to “cut” a dendrogram 

to find the true or natural groups. An “acceptable cluster” is defined as “a group of two or 

more genotypes with a within-cluster genetic distance less than the overall mean genetic 

distance and between cluster distances greater than their within cluster distance of the two 

clusters involved” (Mohammadi and Prasanna, 2003). 

The resulting clusters of individuals should then exhibit high internal (within cluster) 

homogeneity and high external (between clusters) heterogeneity. Thus, if the classification is 

successful, individuals within a cluster shall be closer when plotted geometrically and 

different clusters shall be farther apart (Hair et al., 1995). 
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Getachew (2010) grouped 36 common bean accessions into five clusters. Kassaye (2006) 

grouped 114 common bean genotypes into nine clusters, which makes them divergent. Lima 

et al. (2012) determined the genetic diversity of 100 genotypes of common bean and by using 

cluster analysis, eight clusters were determined. Molosiwa et al. (2014) clustered 9 bean 

accessions into three groups based on performance of genotypes. Awan (2014) obtained three 

groups from 13 common bean genotypes, each group having differing number of cultivars 

when analyzing using dendrogram. 

2.10 Principal Component 

Principal components analysis is a method for transforming the variables in a multivariate 

dataset into new variables which are uncorrelated with each other and which account for 

decreasing proportions of the total variance of the original variables. Each new variable is 

defined as a particular linear combination of the original variables. Full accounts of the 

method are given in Everitt and Dunn (2001). Given a data set with p numeric variables, you 

can compute p principal components. Each principal component is a linear combination of the 

original variables, with coefficients equal to the eigenvectors of the correlation or covariance 

matrix. The eigenvectors are customarily taken with unit length. The principal components 

are sorted by descending order of the eigenvalues, which are equal to the variances of the 

components (Michael, 2012). The first step in PCA is to calculate Eigenvalue, which define 

the amount of total variation that is displayed on the PC axes. The first PC summarizes most 

of the variability present in the original data relative to all remaining PCs. The second PC 

explains most of the variability not summarized by the first PC and uncorrelated with the first, 

and so on (Jolliffe, 2002).  

Stoilova et al. (2013) reported variation in 15 Portuguese and 15 Bulgarian common bean 

landraces in which the first four PCs contributed 82.61 % of total variation.Assefa et al. 

(2014), reported that the combination of first three principal components explained more than 

50% of the genotypic variations. Morojele and Mbewe (2015) by using principal component 

analysis identified the characters, which caused major variation among cultivars. Out of 10 

principal components generated from 17 characters, only the first three components that 

constituted 54.57% of the total variation. 
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2.11 Molecular Markers and Mapping  

2.11.1 Marker systems used in crop improvement strategies 

Identification of different genotypes of crop species is essential in characterizing accessions 

of crop species, for registration of newly developed cultivars and to determine the purity of 

varieties (Malik et al., 2008) and this could be achieved through identification, 

characterization and quantification of traits or markers. Traits that serve as genetic markers 

are by definition polymorphic; the more polymorphic the trait, the greater its potential value 

to germplasm management (Seetharam et al., 2009). Markers are entities that are heritable as 

simple Mendelian traits and are easy to score (Schulman et al., 2004). Three marker systems 

could be recognized- morphological, biochemical and molecular marker systems- in crop 

improvement strategies. 

2.11.2 Molecular markers 

Molecular markers are based on naturally occurring polymorphisms in DNA sequences (i.e. 

base pair deletion, substitutions, additions or patterns) (Gupta et al., 1999). They are superior 

to both morphological and biochemical markers because they are relatively, abundant through 

the genome even in a highly- inbred cultivars, completely independent of environmental 

conditions and can be detected at virtually any stage of plant development (O’ Neill et al., 

2003). DNA based markers provide very effective and reliable tool for measuring genetic 

diversity in crop germplasm and studying evolutionary relationships than other available 

techniques for assessing the genetic variability and relatedness among crop germplasm (Malik 

et al., 2008). They can be applied in the identification of cultivars and clones, genetic 

mapping, marker assisted selection (MAS), population genetics, molecular systematics etc 

(Weising et al., 2005). According to Vithanage et al. (1995) molecular markers are ‘land 

marks’ which can be identified on the genome and, therefore, offer the best possible means of 

identifying individuals from biological samples. In recent years, different marker systems 

such as RFLP, RAPD, ISSR, STS, AFLP, SSR, SNPs, and others have been developed and 

applied to a range of crops (FAO, 2003).  
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2.11.3  Single Nucleotide Polymorphism  

SNPs have become the marker of choice for crop genetics and breeding applications because 

of their high abundance in genomes, and the availability of a wide array of genotyping 

platforms with various multiplex capabilities for SNP analysis (Rafalski, 2002). 

The particular germplasm and the number of populations used for the SNP discovery panel 

will affect the levels of SNP polymorphism and allele frequency distribution detected in 

independent populations; this is known as ascertainment bias (Clark et al., 2005). In general, 

the principles underlying the SNP assays involve generating allele-specific products in 

biochemical reactions and identifying the products using detection procedures (Chen and 

Sullivan, 2003; Syvanen, 2001). Currently, a wide variety of SNP genotyping systems that 

use different chemistries and detection systems to assay SNPs are commercially available. 

Moreover, the number of SNP genotypes scored per reaction for each sample ranges from one 

to over one million on different platforms (Perkel, 2008; Ragoussis, 2006). The choice of a 

suitable genotyping platform, thus, will depend on the user’s criteria, including the flexibility 

of the systems, desired data throughput, the applications, and per sample cost (Chen and 

Sullivan, 2003).  

The technological improvements in sequencing and SNP genotyping have resulted in the 

generation of a wealth of information. As the cost continues to drop for whole-genome 

sequencing (Podolak, 2010), genetic mapping and genotyping by re sequencing are now 

possible for plants with complete genomic sequences (Huang et al., 2009). For the majority of 

the crops, however, it is more feasible to develop genome-wide SNP markers using the NGS 

techniques. Such marker resources will be highly valuable for dissecting the genetic 

architecture of complex agronomic traits and facilitating GS. The development of highly 

parallel SNP assays, such as Illumina’s Golden Gate assay with 1536-plex platform (Fan et 

al., 2003), enabled the genome-wide studies previously not feasible for economically 

important crops.  

2.11.4 Quantitative trait loci mapping (QTL)  

In crop plants, the standard mapping populations are derived from crosses between two 
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parents which have contrasting characters of a trait under investigation; for example, drought 

tolerant versus drought susceptible parents. These bi-parental cross populations have been 

used for determining the number, effect size and chromosomal locations of QTL underlying 

agriculturally important quantitative traits. Some of the advantages of bi-parental populations 

include the requirement of relatively fewer markers for genome coverage, no population 

structure and ability to locate QTL regions along chromosomes (Sorrells and Yu, 2009). The 

disadvantages of bi-parental population mapping approach are: only two alleles can be 

evaluated at a locus, low mapping resolution due to few recombinations, longer time required 

to develop mapping population (Erena, 2013). 

Several researchers identified the QTL of different traits in common bean. Daniel et al. (2015) 

identified a total of 11 Quantitative trait loci for pod harvest index, root pulling resistance, 

grain yield and bean stem maggot damage scores in recombinant inbred lines from a cross of 

BAT881 and G21212 using SSR and SNP markers. Asrat et al. (2012) identified a total of 15 

putative QTL for seven rooting pattern traits and four shoot traits from a recombinant inbred 

line population of DOR364 and BAT477. Augusta et al. (2012) worked out QTL mapping for 

the cooking time of common beans. Six significant QTLs with an LOD C 3.0 were found for 

the cooking time of the F2:4 and F2:5 generations. Mukeshimana et al. (2014) recorded a total 

of 14 QTL associated with yield and yield components (number of pods per plant, SW), pod 

harvest index, and phonology (number of days to flower and maturity) were consistently 

identified mainly on six chromosomes (Pv01, Pv03, Pv04, Pv07, Pv08, and Pv09) of the 

eleven common bean chromosomes. Beattie et al. (2003) mapped QTL for number of pods 

per plant on Pv03. Blair et al. ( 2006) reported the identification of QTL in an advanced 

backcross population from a cross of an Andean bean ICA Cerinza with a wild bean accession 

G24404, Quantitative trait loci for pods per plant was mapped on Pv07, Pv09, and Pv11. 

Kamfwa et al. (2013a) conducted the Identification of QTL for Fusarium Root Rot Resistance 

in a resistant line MLB-49-89A of common bean. The major QTL appears to map close to the 

same region of Pv03. A major QTL with a logarithm of odds (LOD) score of 6.1 and R 2 of 

34% was detected between PVBR87 and PVBR109 markers in the K132 population.  
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2.11.5 Association mapping  

The classical method of QTL identification is conducted by a bi-parental QTL mapping 

approach. Association analysis which does not require development of a bi-parental mapping 

population is becoming a common method of QTL mapping mainly due to its high 

resolution, broader allele coverage and cost effectiveness. In this method, diverse lines or 

cultivars can be used for obtaining information on marker-trait associations. It has the 

potential to identify QTL associated with a desired trait and even to detect the causal 

polymorphisms within a gene that are responsible for the difference in two alternative 

phenotypes (Gupta et al., 2005).  

The resolution of QTL is high as only closely linked alleles are in LD due to a long history 

of recombination (Ingvarsson and Street, 2011). Association mapping is also useful for 

establishing associations between haplotype blocks and traits of interest. However, genomic 

locations of QTL detected by the association mapping approach need to be inferred from a 

consensus genetic map and/or physical map for the crop under study. Special mapping 

populations known as Nested Association Mapping (NAM) populations allow simultaneous 

QTL detection and chromosomal position determination (Ersoz and Buckler, 2009).  
 

Association mapping broadly falls into two major classes: (1) genome-wide association 

mapping, which surveys genetic variation in the whole genome using a large number of 

markers to detect regions associated with the phenotype (Zhu et al., 2008); and (2) candidate-

gene association mapping, which relates within candidate gene polymorphisms with 

phenotypic variations of the traits. The choice between whole genome scanning and candidate 

gene approaches depends on the extent of LD in the population and the availability of 

markers. Although genome-wide association is a promising approach for scanning the entire 

genome for detecting marker-trait associations with a large number of markers, the candidate 

gene approach is also important to map targeted genes with known function (Tabor et al., 

2002).The association mapping approach has been used for several crops to identify QTL and 

also to characterize candidate genes (Erena, 2013). 
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Shi et al. (2011) carried out Association mapping of common bacterial blight resistance QTL 

in Ontario bean breeding populations.  Eighteen and 22 markers were significantly associated 

with CBB rating at 14 and 21 days after inoculation, respectively. Fourteen markers were 

significant for both dates and the markers UBC420, SU91, g321, g471, and g796 were highly 

significant. Nemli etal. (2014) conducted Association mapping for five agronomic traits in the 

common bean. Sixty-two marker–trait associations were identified for the five traits.  

2.11.5.1 Candidate genes association mapping 

Candidate-gene association mapping is a hypothesis driven approach to complex trait 

dissection, with biologically relevant candidates selected and ranked based on the evaluation 

of available results from genetic, biochemical, or physiology studies in model and non-model 

plant species (Risch and Merikangas, 1996). Because SNPs offer the highest resolution for 

mapping QTL and are potentially in LD with the causative polymorphism, they are the 

preferential candidate-gene variant to genotype in association studies (Rafalski, 2002).  

Candidate-gene association mapping requires the identification of SNPs between lines and 

within specific genes. Therefore, the most straightforward method of identifying candidate 

gene SNPs relies on the resequencing of amplicons from several genetically distinct 

individuals of a larger association population. Fewer diverse individuals in the SNP discovery 

panel are needed to identify common SNPs, whereas many more are needed to identify rarer 

SNPs. Promoter, intron, exon, and 5′/3′-untranslated regions are all reasonable targets for 

identifying candidate gene SNPs, with non-coding regions expected to have higher levels of 

nucleotide diversity than coding regions. The rate of LD decay for a specific candidate gene 

locus dictates the number of SNPs per unit length (e.g., kb) needed to identify significant 

associations (Whitt and Buckler, 2003). Therefore, the number and base-pair length of 

amplicons required to sufficiently sample a candidate gene locus is almost entirely dependent 

on LD and SNP distribution, with a higher density of SNP markers needed in regions of 

relatively low LD and high nucleotide diversity (Zhu et al., 2008). 

Burt et al. (2015) studied the Identification of Candidate Gene with SNP Marker-Based Fine 

Mapping of Anthracnose Resistance Gene Co-4. Co-42 is the most effective anthracnose 
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resistance gene characterized to date (Balardin and Kelly, 1998). Alleles at the Co–4 locus 

confer resistance to a number of races of C. lindemuthianum. A population of 94 F4:5 

recombinant inbred lines of a cross between resistant black bean genotype B09197 and 

susceptible navy bean cultivar Nautica was used to identify markers associated with resistance 

in bean chromosome 8 (Pv08) where Co–4 is localized. Thirty-two unique annotated 

candidate genes were identified that spanned a physical region of 936.46 kb. 

2.11.5.2 Genome wide association mapping 

Genome-wide association mapping is becoming a widespread method to identify quantitative 

trait loci (QTL). Its benefit over traditional bi-parental mapping approaches depends on the 

extent of linkage disequilibrium (LD) in the mapping population and dense marker coverage 

across the genome (Zhu et al., 2008). 

 

Figure 1: Schematic diagram and contrast of genome-wide association mapping and candidate-gene association 

mapping. 

The inclusion of population structure (Q), relative kinship (K), or both in final association analysis 

depend on the genetic relationship of the association-mapping panel and the divergence of the trait 

examined. E stands for residual variance (Zhu et al., 2008). 

Very few studies have been conducted on genome wide study in common bean. Cichy et al 

.(2015), conducted genome- wide association analysis (GWAS) to identify genomic regions 

influencing cooking time trait, and to test the ability to predict cooking time by raw seed 

characteristics on a panel of 206 P. vulgaris accessions. Based on the result,  

GWAS revealed regions on chromosomes Pv02, Pv03, and Pv06 associated with cooking 
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time. Significant SNPs associated with cooking time were found on chromosomes Pv02, 

Pv03, and Pv06. Kamfwa et al. (2015c) conducted a genome-wide association study (GWAS) 

to explore the genetic basis of variation for symbiotic nitrogen fixation (SNF) and related 

traits in the Andean Diversity Panel (ADP). He reported a Significant SNPs and candidate 

genes for symbiotic nitrogen fixation (SNF) and related traits were identified on Pv03, Pv07 

and Pv09 chromosomes of common bean. 

Perseguini et al. (2016), conducted  Genome-Wide Association Studies of Anthracnose and 

Angular Leaf Spot Resistance in Common Bean and reported Using SNPs, 21 and 17 

significant statistically associations were obtained for Anthracnose and Angular Leaf Spot, 

respectively, providing more associations with this marker. The SSR-IAC167 and PvM95 

markers, both located on chromosome Pv03, and the SNP scaffold00021_89379, were 

associated with both diseases. The other markers were distributed across the entire common 

bean genome, with chromosomes Pv03 and Pv08 showing the greatest number of loci 

associated with ANT resistance. The chromosome Pv04 was the most saturated one, with six 

markers associated with ALS resistance. The telomeric region of this chromosome showed 

four markers located between approximately 2.5 Mb and 4.4 Mb. The results demonstrate the 

great potential of genome-wide association studies to identify QRLs related to ANT and ALS 

in common bean.  

Shi et al. (2011) reported Fourteen markers were significant for both days after inoculation 

(DAI) and five markers were highly significant, including UBC420 and SU91 after 

conducting genome-wide association mapping in a bean breeding population to detect the 

markers associated to CBB resistance. Kamfwa et al. (2015b), after conducting Genome-

Wide association study of agronomic traits in common bean, significant SNP markers 

associated with several agronomic traits were identified. Significant SNPs for seed yield were 

identified on Pv03 and Pv09.  
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3. MATERIALS AND METHODS 

3.1 Experimental Site Description 

The field experiment was conducted at Hawassa Agricultural Research Center, which is 

located in South Nations, Nationalities and People’s Regional State (SNNPR) of Ethiopia. 

The site is located 275 km away from Addis Ababa and found at 7o03’N and 38o30’ E at the 

elevation of 1650m.a.s.l. The bimodal rainfall has an annual mean of 1021 mm with 36.4 and 

51.3% received as "Belg and Meher" seasons rainfall, respectively. The daily average 

maximum and minimum temperatures of the site during the growing season were 26o and 

12.7o, respectively. The soil of the experimental site is clay loam with pH 7.0. 

3.2 Experimental Material 

The experimental material comprised a total of 418 genotypes of Common been including 

five standard checks (REMEDA, TATU, IBADO, DAB302 and DAB489). The experimental 

materials were obtained from Hawassa Agricultural Research Center. The genotypes were 

USDA collections; 94 entries from Africa, 31 from CIAT core collection, 71 from US core 

collection, 69 from Caribbean, 50 from Ecuador, 60 from CIAT Africa, and 48 from Northern 

America. 

3.3  Field Experimental Design and Trial management 

The experiment was carried out from August 2015 to December 2015 of cropping season in an 

Augmented Block Design (ABD) comprising of 21 blocks, where each block contains 21 test 

entries and 5 checks (randomly allocated) with the total of 26 germplasm in each block. Each 

germplasm was sown in two rows with a spacing of 0.4 meter and 0.1m inter row and 

between plant spacing, respectively. Each incomplete block was spaced 1 meter. As per the 

national recommendation, a seed rate of 90-kg/ha i.e. 6.48 g per plot was used. Across both 

the treatments, a total of, 100 kg/ha DAP (Di ammonium Phosphate) fertilizer was applied at 

planting. Hand weeding was used for weed control, and all other agronomic practices were 

undertaken uniformly to the entire plot.  
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3.4 Data collected 

3.4.1. Data collected on plant basis 

3.4.1.1 Number of pods per plant: The number of pods per plant were counted in five 

randomly taken plants and expressed as an average for each plot. 

3.4.1.2 Number of seeds per pod: Counted from five random pods from each of five 

randomly taken plants per plot and expressed as an average of five plants per plot. 

3.4.1.3 Pod harvest index (%): For recording pod harvest index pods were collected from 

five plants per plot at harvest and separated into seeds and pod wall. The pod wall 

was oven dried at 80 ºC for 48 hours while the moisture content of the seeds was 

determined with seed moisture tester and adjusted to 0% moisture content and the 

weights recorded. PHI was then calculated as suggested by Beebe et al. ( 2013). 

 

3.4.1.4 Plant height (cm): Height of five plant of the main stem from the ground level to 

the top of the main stem was measured. 

3.4.1.5 Vertical root pulling force resistance (Ib): Was measured on 3 plants per plot 

using a DS2 digital force gauge (IMADA Inc). 

3.4.1.6 Leaf chlorophyll content: Was measured on ten fully expanded mature plants 

using a SPAD-502 chlorophyll meter 

3.4.2 Data collected on plot basis 

3.4.2.1. Days to 50% flowering: This was taken as the number of days from planting to 

when 50% of the plants in the plot were in bloom. 
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3.4.2.2. Days to 90% maturity: Number of days from sowing to the stage when 90%   

of the plants in a plot have changed the color of their pods from green to lemon 

yellow. 

3.4.2.3. Hundred seed weight: Determined from the average 100-seeds mass at (12-

14%) moisture content of the seed and expressed in grams.  

3.4.2.4. Seed yield per hectare: A dried plant was threshed separately and seeds 

obtained from them were weighted. Yield was corrected based on seed moisture 

content determined with a seed moisture meter. The plot yield was converted to 

yield per hectare after adjusting to 12% moisture content. 

3.4.3 Water uptake and cooking time 

3.4.3.1 Water uptake  

A sub sample of approximately 200 seeds was randomly selected and placed in a 6.5 × 14 cm 

enveloped and stored at room temperature. To equilibrate the moisture content before 

cooking, samples were held in hermetic storage over a saturated salt solution (63 % relative 

humidity) within a controlled atmosphere storage cabinet prior to cooking. When the moisture 

content reached 10–14 %, as it is determined with/by a moisture meter (Moisture Check Plus, 

Deere and Company, Moline, IL), 30 seeds were selected per entry, which were weighed, and 

soaked in (1:4) w/w distilled water for 12 h. Seeds were drained, blotted dry, and weighed 

again to determine percentage of water uptake during soaking with the equation of Cichy et 

al. (2015).  

 

3.4.3.2 Cooking time 

Cooking time was measured on 25 soaked seeds with a Mattson cooker in boiling distilled 

water. The Mattson Cooker consists of a plate with 25 wells for individual seeds and on top of 

each well rests a metal pin (Wang and Daun, 2005). Cooking time was recorded as the time it 

http://link.springer.com/article/10.1007/s00122-015-2531-z/fulltext.html#CR48�
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took for 80 % of the seeds to be completely pierced with an 85 g stainless steel rod with a 2-

mm pin (Cichy et al.2015). 

3.5 Statistical Analysis 

3.5.1 Analysis of variance (ANOVA) 

The quantitative data collected from the location for all the parameters were subjected to 

analysis of variance (ANOVA) using the SAS (v 9.4). TUKEY was employed to identify 

genotypes that are significantly different from each other. The analysis was carried 

out according to the following model (Federer, 1956). 

 

Where: Yij is the observation of treatment i in jth block μ is the general mean, gi is the effect 

of test treatment, cj is the effect of control treatments in jth block,  βj is the  block effects, (ε) 

is the error term. 

Table 1: Skeleton of Analysis of variance (ANOVA) for augmented design 

Source of variation Df SS MS F-value           

Block(adj) (b-1) SSB MSB MSB/MSE 

Trt (adj) (c+g)-1 SSt MSTrt MSt/MSE 

Among-controls (c-1) SSC MSc MSC/MSE 

Among-test (g-1) SSG MSG MSG/MSE 

Test-v-Control 1  SSE/(c-1)(b-1)  

Error (b-1)(c-1)    

Where: b = number of block, C = check varieties, g = genotype, df = degree of freedom, SS = 

sum square, MS = mean square, SSB and MSB are sum square and mean square of blocks, 

respectively; SSG and MSG are sums of squares of genotypes and mean square of genotype, 

respectively; SSC and MSC are sum square and mean square of check variety, respectively; 

SSt and MSt are sum square and mean square of treatment, respectively. 
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3.5.2 Analysis of genetic parameters 

3.5.2.1 Estimation of variance components 

The phenotypic, genotypic and environmental variances and coefficients of variation were 

estimated based on the method suggested by (Singh and Chaudhury 1985).   

Environmental variance (σ2
e) = Error mean square  

Genotypic variance  

Where, MSG is mean square due to genotypes  

            (σ2
e)  is mean square of error  

Phenotypic variance    MsegP += 22 δδ  

Where, σ2g is genotypic variance  

           σ2e is environmental variance.  

Phenotypic coefficient of variation 100∗=
X

PPCV
2δ

 
 

Genotypic coefficient of variation 100∗
Χ

=
g

GCV
2δ

 
 

Where: σ2p =Phenotypic variation 

 σ2g= Genotypic variation and 

 x̄= Grand mean of the characters under study 

3.5.2.2 Broad-sense heritability (h²b) 

Broad sense heritability for all characters was estimated as the ratio of genotypic variance to 

the phenotypic variance and expressed in percentage according to the methods suggested by 

Allard (1999).                                 
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Where, h²b = Heritability in broad sense, σ2p =Phenotypic variation; σ2g= Genotypic variation 

3.5.2.3 Genetic advance under selection (GA) 

The expected genetic advance for each character at 5% selection intensity was estimated using 

the methodology described by Allard (1999) as: 

                                                         

Where: GA = expected genetic advance. 

      h²b = heritability in broad sense and 

      K = the selection differential at 5% selection intensity (K = 2.063), 

      σp= phenotypic variance     

3.5.2.4 Genetic advance as percent of mean 

Genetic advance as percent of mean was calculated to compare the extent of predicted 

advance of different traits under selection, using the following formula: 

 

Where: GAM=Genetic advance as percent of mean. 

             GA=Genetic advance under selection and                                                                  

              x̄=Grand Mean of the trait 

3.5.3 Correlation and path coefficient analysis 

3.5.3.1 Correlation coefficient (r) 

The phenotypic and genotypic correlation coefficient were computed by the method described 

by Singh and Chaundry (1985).
  

Phenotypic correlation is given by
 

 



30 

 

Genotypic correlation is given by 

 

 

Where: rp and rg are phenotypic and genotypic correlation coefficients, respectively.  

pcov x.y and g cov x.y are phenotypic and genotypic and covariance between 

variables x and y, respectively. 

δ2px and δ2gx are phenotypic and genotypic, variances for variable x  

δ2py and δ2gy are phenotypic and genotypic variances for the variable  

The coefficients of correlation were tested using ‘r’ tabulated value at n-2 degrees of 

freedom, at 5% and 1% probability level, where n is the number of treatments 

(genotypes). 

3.5.3.2 Path coefficient analysis 

Path coefficient analysis was computed with the formula provided by Dewey and Lu (1959).  

∑+= PkjrikPijrij *  

Where: rij = mutual association between the independent character i (yield-related trait)  

and dependent character, j (grain yield) as measured by the genotypic 

correlation coefficients Pij = components of direct effects of the independent 

character (i) on the dependent character (j) as measured by the path 

coefficients and  

∑rik pkj = summation of components of indirect effects of a given independent 

character (i) on a given dependent character (j) via all other independent 

characters (k). 

Whereas the contribution of the remaining unknown characters is measured as the residual 

which is calculated as: 
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3.5.4 Cluster analysis 

Clustering was performed using the proc cluster procedure of SAS version 9.4 software (SAS, 

2014) by employing the method of average linkage clustering strategy of the observation. The 

numbers of clusters were determined by following the approach suggested by Copper and 

Miligan (1988). It was done by looking into three statistics namely Pseudo F, Pseudo t2 and 

cubic clustering criteria.  

3.5.5 Genetic divergence analysis 

 Genetic divergence between clusters was determined using the generalized Mahalanobis's D2 

statistics (Mahalanobis, 1936). The analysis was based on all yield contributing characters. In 

matrix notation, the distance between any two groups was estimated from the following 

relationship. 

( ) ( )XjXiSXjXiD ij −−= −12
 

Where D2
ij = the square distance between any two genotypes i and j. 

                       Xi and Xj = the vectors for the values for accession ith and jth genotypes and  

                       S-1 = the inverse of pooled variance covariance matrix within groups. 

Testing the significance of the squared distance values obtained for a pair of clusters was 

taken as the calculated value of χ2 (chi-square) and tested against the tabulated χ2 values at n-

2 degree of freedom at 1% and  5% probability level, where n= number of characters used for 

clustering genotypes.  

3.5.6 Principal component analysis (PCA) 

The genetic divergence calculation of principal component analysis was carried out  using the 

proc princomp procedure of SAS version 9.4 software (SAS, 2014). Statistical inference was 

computed by taking into account all the factors at a time. In this study investigation of suitable 

multivariate technique for analyzing data for all the characters were proposed. The general 

formula to compute scores on the first component extracted (created) in a principal 

component analysis. 
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Where:  PC1 = the subject’s score on principal component 1 (the first component    

             extracted). 

             b1p = the regression coefficient (or weight) for observed variable p, as used in        

             creating principal component 1and 

             Xp = the subject’s score on observed variable p. 

3.5.7 Genome-Wide Association analysis 

Marker genotype data from SNP markers was used in the analysis. Publicly available GBS 

data were used. The 418 genotype were genotyped with the Illumina (Illumina Inc., San 

Diego, CA, USA) BARC Bean6K_3 SNP array of 4,416 SNP markers distributed across the 

11 pairs of common bean chromosomes as described by Cichy et.al, (2015). After filtering a 

minor allele frequency of 2 % or less from 5398 SNP markers, 4,416 SNPs remained for 

GWAS analysis with a mixed linear model (MLM).   

Population structure was accounted for in the model with Principal Component Analysis 

(PCA) using a correlation matrix in the program TASSEL 5.0 (Bradbury et al. 2007) and two 

PCs were included, which explained 39.8% of the variance (PC1 26.5 %, PC2 13.3%). A 

kinship matrix (K) was also included in the association analysis to account for relatedness. 

The QQ plot was generated from the observed and expected LOD scores for each trait. 

Manhattan plot and QQ plot graphics were developed in qqman in R (Turner, 2014). The 

phenotypic data for cooking time and water uptake were collected 2016 field seasons prior to 

Genome-Wide Association. The following MLM equation was used:  

 

Where Y is phenotype, X is SNP, p is the PCA matrix and both X and p represents fixed 

effects, K is the relative kinship matrix value, and e is for residual effects. The cut off used for 

significant SNP markers for each trait were the False Discovery Rate (FDR) (Benjamini and 

Hochberg, 1995) determined in using Bioconductor in R (Gentleman et al. 2004). Candidate 

genes were identified based on proximity to significant SNPs using the P. vulgaris reference 

genome (Schmutz et al., 2014). 

http://link.springer.com/article/10.1007/s00122-015-2531-z/fulltext.html#CR45�
http://link.springer.com/search?dc.title=False+Discovery+Rate+%28FDR%29&facet-content-type=ReferenceWorkEntry&sortOrder=relevance�
http://link.springer.com/article/10.1007/s00122-015-2531-z/fulltext.html#CR4�
http://link.springer.com/search?dc.title=Bioconductor&facet-content-type=ReferenceWorkEntry&sortOrder=relevance�
http://link.springer.com/article/10.1007/s00122-015-2531-z/fulltext.html#CR20�
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4. RESULTS AND DISCUSSION 

4.1 Variability Assessment 

4.1.1 Analysis of variance (ANOVA) 

The analysis of variance (ANOVA) for different characters is presented in Appendix Table 1. 

There were very highly significant differences (P< 0.001) among genotypes for days to 

flowering, days to maturity and grain yield hectare-1 . Characters, like plant height, number of 

seeds pod-1 and root pulling force resistance was significant (p< 0.05) and leaf chlorophyll 

content, pod harvest index and hundred seeds weight were non-significant. 

Among tests, significant difference was observed for days to flowering, days to maturity, 

plant height, number of seeds pod-1 and grain yield hectare-1. Whereas among control group, 

significant differences were observed for all characters except number of pod plant-1, leaf 

chlorophyll content and pod harvest index. Among test versus control, significant difference 

was also observed for days to flowering, days to 90% maturity, leaf chlorophyll, and root 

pulling force resistance and hundred seed weight grain yield hectare-1. 

Rezene et al. (2013) evaluated a total of 49 small red seeded common bean genotypes under 

stresses and none stresses environment. Similar results were reported for days to flowering, 

days to maturity and pods per plant, but opposite results were reported for pod harvest index 

(%), leaf chlorophyll content and hundred seed weight. Semiha and Huseyin (2007) reported 

significant differences among 10 genotypes for 7 morphological traits such as seed yield, 100 

seed weight, pod number plant-1, plant height , seed number pod-1, seed number plant-1 and 

grain yield plot-1.  

4.1.2 Range and mean of different characteristics 

Range and mean for the eight characters are presented in Tables 2. The mean performance of 

some common bean genotype for eight characters is presented in Appendix Table 2. The 

mean values for days to flowering and days to maturity ranged from 42 (ADP0579) to 55 

(ADP0647), 68 (ADP0579) to 78 (ADP0588), respectively. Plant height was varies from 
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18.41 (ADP0785) to 86.7 (ADP0780), number of pod per plant was ranged from5.66 

(ADP0454) to 29.6 (ADP0793). Number of seeds  pod-1 was ranged from 2 (ADP0596) to 6.6 

(ADP0508), vertical root pulling force resistance was ranged from 4.27 (ADP0546) to 73.77 

(DAB489), whereas seed yield hectare-1 (kg) was ranged from 481.07 (ADP0508) to 3873.2 

(ADP0383). About forty six per cent (46.33%) of the genotypes gave above the grand mean 

(1904.497 kg/ha). The broad spectrum in the genotypes mean of days to maturity implies 

great possibility for the development of early maturing variety to be used by the bean growers 

in short rainy season areas such as Rift Valley areas of Ethiopia. In agreement with this 

finding Rezene et al. (2013) reported wide range of variation for days to maturity and pods 

per plant. The finding of Ahmed and kamaluddin (2013) indicated that plant height exhibited 

high variation; whereas days to 50% flowering, 100 seed weight and seed yield (kg/ha) 

showed moderate variation and number of pods/plant, pod length and number of seeds/pod 

showed low variation.  

4.1.3 Phenotypic and genotypic coefficient of variation  

Understanding the amount of genotypic and phenotypic variability that exists in a species is of 

utmost importance in breeding programs. Estimate of phenotypic (σ2
 p), genotypic variance 

(σ2
 g), phenotypic (PCV) and genotypic coefficient of variation (GCV) are presented in Table 

2.  In this study, genotypic and phenotypic coefficients of variation were used to measure the 

variability that exists in common beans. Phenotypic coefficient of variations (PCV) ranged 

from 3.34 for days to 90% maturity to 51.3 for root pulling force resistance. According to 

Deshmukh et al. (1986) PCV and GCV values > 20% regarded as high, PCV and GCV values 

between 10 and 20% medium, PCV and GCV values < 10% low. Accordingly, high values of 

PCV were observed for root pulling force resistance (51.3), number of pod plant-1 (23.7) and 

grain yield (32.85). Moderate PCV (%) values were recorded for plant height (18.24) and 

number of seeds pod-1 (15.2). whereas low PCV values were recorded for days to 90% 

maturity (3.34) and days to flowering (5.62). High PCV were reported by Ahmed and 

kamaluddin (2013) for pant height (32.85), number of pod per plant (24.45) and grain yield 

(41.52) and similarly low PCV value recorded for days to flowering(5.45) in 57 germplasm 

lines of rajmash beans.  
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The genotypic coefficient of variations (GCV) ranged from 2.73 for maturity date to 27.66 for 

root pulling force resistance. High values of GCV were observed for root pulling force 

resistance (27.66) and number of pod plant-1 (20.22). Also moderate GCV value was observed 

for grain yield (17.7). The high values of GCV for root pulling force resistance and number of 

pod plant-1 as well as moderate GCV for grain yield are evident for the presence of high 

genetic variability among the entries that in turn offers good scope for genetic gain by 

selection. Bagheri et al. (2015) reported high GCV for weight of pods per plant (54.13) and 

grain yield per plant (50.33). However, the result disagrees with the results of Raffi and Nath 

(2004) who report low GCV for weight of pods per plant and grain yield per plant. This may 

be due to difference in environments and genetic materials studied. Low GCV values were 

recorded for days to flowering, days to harvest maturity and seed per pod. The low GCV 

values indicate the presence of limited improvement through selection for these characters. 

Phenotypic coefficients of variation were generally higher than genotypic coefficients of 

variation for all traits studied indicating that the influence of growing environments. In most 

of cases, the two values differ slightly indicating less influence of environmental factors. In 

the present study, among all characters, high PCV and GCV values (> 20%) were observed 

for root pulling force resistance and number of pod per plant. 

4.1.4 Estimates of heritability (h2) in broad sense 

In this study, the heritability estimate ranged from 25% number of seeds pod to 72.9% for 

number of pod plant-1 (Table 2). Robinson et al. (1949) classified heritability values as high 

(>60%), moderate (31-60%) and values less than 30% low. Based on this delineation high 

heritability estimates were obtained for days to 90% maturity (66.67%) and number of pod 

per plan (72.9%). According to Singh (2001) if heritability of a character is very high, 

selection for such characters could be fairly easy. This is because there would be a close 

correspondence between the genotype and the phenotype due to the relative small 

contribution of the environment to the phenotype. Nechifor et al. (2011) reported that 

numbers of pod per plant and numbers of seed pod-1 have medium heritability values.  
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Medium heritability estimate was observed for days to flowering (54.93%). Whereas, low 

heritability values were observed for plant height (29.21%), number of seeds pod (25%), root 

pulling force resistance (29.06%), and grain yield (29.04%). For characters with low 

heritability, selection may be considerably difficult or virtually impractical due to the masking 

effect of the environment. Contradictory to the current findings Ahmed and kamaluddin 

(2013) reported high heritability estimates for plant height, pods plant-1 and seed yield under 

temperate conditions in common bean. 

4.1.5 Estimates of expected genetic advance (GAM %) 

Genetic advance expressed as a percentage of the mean ranged from 4.59% for maturity date 

to 35.63% for number of pod per plant (Table 2). Falconer and Mackay (1996) classified 

genetic advance as percent of mean as low (0-10%), medium (10 - 20%) and high (20% and 

above). Accordingly, genetic advance as percentage of mean was high for number of pod per 

plant (35.63) and root pulling resistance (32.06). In addition, the medium value was obtained 

for plant height and grain yield. The low genetic advance as percent of mean was observed for 

days to harvest maturity, days to flowering and number of seed per pod. 

Selection based on those traits with a high genetic advance as percent of means will result in 

the improvement of the performance of the genotypes for the traits. A case in point, it is 

number of pod per plant. This trait also had high heritability. Mudesir et al. (2012) reported 

similar findings for pod per plant in common bean. 

Generally, high GCV along with high heritability and genetic advance was obtained from 

number of pod per plant. High GCV coupled with high heritability and high genetic advance 

for these traits indicated that selection is effective. Similarly, Ahmed and Kamaluddin (2013), 

reported high GCV (23.37%) along with high heritability (91.40%) and genetic advance 

(46.03%) for pod per plant in common bean. High GCV along with high heritability and 

genetic advance provide better information than other parameters alone (Manju et al., 2002). 
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Table 2. Estimate of mean, ranges, Phenotypic (PV) and genotypic (GV) coefficient of variation, broad sense heritability  

and genetic advance as percent of mean for 7 characters of 423 Common bean genotype tested at Hawassa 

Character Mean Range δ2g δ2p 

H2b 

(%) 

GCV 

(%) 

PCV 

(%) 

GA 

(5%) GAM 

Number of pod plant-1 12.83 5.80-29.60 6.74 9.24 72.9 20.22 23.7 4.57 35.63 

Days to harvest maturity (number) 73.37 68.0-78.00 4 6 66.67 2.73 3.34 3.37 4.59 

Days to flowering (number) 47.42 42.0-55.00 3.9 7.1 54.93 4.16 5.62 3.02 6.37 

Plant height (cm) 42.87 8.40-86.70 18.3 61.5 29.76 9.98 18.29 4.81 11.23 

Root pulling force resistance (lb) 17.56 4.27-73.77 25.6 88.1 29.06 27.66 51.3 5.63 32.06 

Seeds per pod (number) 4.16 2.00-6.600 0.1 0.4 25 7.6 15.2 0.33 7.84 

Grain yield (Kg ha1-) 1939.8 529.08-3873.2 117900 406028 29.04 17.7 32.85 381.75 19.68 

 

σ2p, Phenotypic variation; σ2g, Genotypic variation; PCV, Phenotypic coefficient of variation; GCV, Genotypic coefficient 

of variation; h2b,  Broad sense heritability; GA, genetic advance; GAM, Genetic advance as percent of mean. 
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4.2 Association Studies 

4.2.1 Correlation of grain yield with other traits 

The analysis of the relationship among characters and their association with yield is essential to 

establish selection criteria (Singh et al., 1990). Therefore, understanding of interrelationships of 

grain yield and of the magnitudes of genotypic and phenotypic correlations of grain yield and its 

components among yield related traits are highly crucial to utilize the existing variability through 

selection.  

Phenotypic and genotypic correlation estimates between the various characters are indicated in 

Table 3. Grain yield had positive and significant correlation with days to maturity, plant height, 

root pulling force resistance and number of pod per plant at both phenotypic and genotypic 

levels. Grain yield manifested significant and positive association with seeds per pod at 

genotypic level only Therefore, any improvement of these characters would result in a 

substantial increment on grain yield.  These results are in accordance with the findings of Salehi 

et al, (2010).The finding of Daniel et al (2015) showed that common bean grain yield was 

positively and significantly correlated with root pulling force resistance, pod per plant and seeds 

per pod. Akashi et al. (2015) also reported a strong positive correlation of seed yield with seed 

number per plant. Plant height showed significant and positive relation with seed yield as 

reported by Kassaye (2006). However, Daniel et al. (2015) reported a negative and significant 

correlation of days to harvest maturity and plant height with seed yield across locations and over 

stress regimes.  

Grain yield showed significant and negative correlation with days to flowering at both 

phenotypic and genotypic levels. Negative correlation was indicated inverse relationship 

between earliness characters and grain yield that is desirable if stresses such as terminal heat and 

drought are expected. This negative correlation between grain yield and days to flowering is in 

harmony with the finding of Daniel et al. (2015).  
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Table 3: Genotypic (above diagonal) and phenotypic correlation coefficients. 

 DF DHM PLHT SDPD PDPL RPS GYLD 

DF 1 0.913** -0.589** -0.426** 0.084 0.08 -0.272** 

DHM 0.684** 1 0.04 -0.313 0.330** 0.588** 0.422** 

PLHT -0.236** 0.018 1 0.933** 0.511** 0.709** 0.804** 

SDPD -0.158** -0.128** 0.325** 1 0.160** 0.313** 0.115* 

PDPL 0.212** 0.058 0.236** 0.068 1 0.541** 0.777** 

RPS 0.032 0.259** 0.207** 0.084 0.249** 1 0.776** 

GYLD -0.109* 0.186* 0.234** 0.031 0.592** 0.225** 1 

 

t =0.098 (P<0.05) and t =0.128 (P<0.01) for df=n-2, where n is the number of genotypes, DF, 

days to flowering (number); DHM, days to maturity (number); PLHT, plant height (cm); SDPD, 

seeds per pod (number); PDPL, pods per plant (number); RPS, root pulling force resistance (lb); 

GYLD, grain yield (Kg ha1-). 

4.2.2 Correlation among other characters 

Days to flowering showed positive and significant association with days to maturity at both 

phenotypic and genotypic levels. However, it displayed negative and significant association with 

plant height and number of seed per pod at both phenotypic and genotypic levels. It had non-

significant correlation with the rest of the characters.  

Days to maturity also revealed positive and significant association with vertical root puling force 

resistance and number of pod per plant at both levels. Plant height showed positive and 

significant association with seed per pod, pod per plant, vertical root pooling resistance and grain 

yield hectare -1 at both phenotypic and genotypic levels. Similarly, Ahmed and Kamaluddin 

(2013) reported that plant height showed positive and significant association with number of 

pods plant-1 and number of seeds pod-1.   

Seed per pod showed positive and significant association with vertical root pooling resistance at 

genotypic level. The higher resistance to the upward pulling force should be correlated with 
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better anchoring of the root system to the soil, possibly indicating higher root density and deeper 

rooting system. For those traits, which were positively associated, the improvement for one trait 

will simultaneously improve the other trait.  

4.3 Path Coefficient Analysis 

As correlation does not permit partitioning of genotypic and phenotypic correlation coefficients 

in to direct and indirect effects they are further analyzed by path coefficient analysis using grain 

yield as a dependent variable. The genotypic direct and indirect effects of different characters on 

grain yield are presented in Tables 4.  

Path coefficient analysis revealed that day to maturity had the highest positive direct effect on 

yield (1.958) followed by plant height (1.863). The genotypic correlations were also positive and 

significant (r = 0.422and 0.804), respectively. This justifies that there is a true relationship 

between grain yield, plant height and days to harvest maturity and direct selection through these 

traits will be effective. Our finding is in agreement with the findings of Karasu and Oz, (2010), 

where path coefficient analysis revealed that plant height exhibited positive direct effect (0.301) 

on seed yield. However, a negative direct effect was resulted from days to flowering (-1.794), 

seed per pod (-1.388) and vertical root puling resistance (-1.092). The positive genotypic 

correlation of grain yield with seed per pod (0.115) and vertical root puling resistance (0.776) 

was due to the indirect effect of plant height with seed per pod (1.738) and root pulling resistance 

(1.321). This showed there was no true relationship between number of seed per pod, root 

pulling resistance and grain yield. The present finding disagrees with the findings of Daniel et al, 

(2015), where path coefficient analysis revealed that seeds per pod showed a positive direct 

effect of on seed yield under stress conditions. The disagreement of the finding might be 

associated with the stressed environmental condition. 

Days to flowering (1.788), number of pod per plant (0.646) and root puling resistance (1.151) 

exhibited positive genotypic indirect effects via days to harvest maturity. Which suggest the 

merit of days to harvest maturity for improving seed yield. These indirect effects had 

considerable contribution to their total correlations. The genotypic path coefficient analysis also 

revealed that seed per pod (1.738), pod per plant (0.952) and root puling resistance (1.321) had 
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positive indirect effects on seed yield through plant height. Similarly, days to harvest maturity 

(0.101), plant height (0.157) and root puling resistance (0.161) exhibited positive genotypic 

indirect effects via number of pod per plant. Plant height (0.977) and seed per pod (0.706) 

exhibited positive genotypic indirect effects via days to flowering. Thus, both the direct and 

indirect effects revealed the importance of days to harvest maturity, plant height and seed per 

pod for the improvement of seed yield per plot. Similarly Daniel et al, (2015) reported that root 

pulling force resistance showed high indirect effects on seed yield through pods per plant and 

seeds per pod under drought stressed and bean stem maggot infested growing conditions. 

However, plant height (-1.295) and root puling resistance (-0.814) had negative indirect effects 

via number of seed per pod. Similarly, days to flowering (-1.145) had negative indirect effects 

via days to maturity. The path analysis revealed the residual value of 0.45 that means the 

characters in the path analysis expressed the variability in grain yield by 55%. 

Table 4: Path coefficients at genotypic level of direct (diagonal) and indirect effects of the 
characters 

 DF DHM PLHT SDPD PDPL RPS TIE rg 

DF -1.658 1.788 -1.097 0.591 0.026 -0.087 1.386 -0.272** 

DHM -1.514 1.958 0.075 0.434 0.101 -0.642 -1.536 0.422** 

PLHT 0.977 0.078 1.863 -1.293 0.157 -0.774 -1.059 0.804** 

SDPD 0.706 -0.613 1.738 -1.386 0.049 -0.342 1.501 0.115* 

PDPL -0.139 0.646 0.952 -0.222 0.307 -0.591 0.47 0.777** 

RPS -0.133 1.151 1.321 -0.434 0.166 -1.092 1.868 0.776** 

Residual = 0.45 DF, days to flowering (number); DHM, days to harvest maturity (number); 

PLHT, plant height (cm); SDPD, seeds per pod (number); PDPL, pods per plant (number); RPS, 

root pulling force resistance (lb); TIE, total indirect effect; r, is the correlation coefficient with 

seed yield. 

4.4 Cluster Analysis  

Clustering was made to classify quantitative traits into components for the sake of understanding 

the share components contribute to major variation in the study (Appendix Table 3). The 

dendrogram obtained from the cluster analysis grouped the 423 genotypes into 19 group and 2 
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solitaries. This indicates that the tested common bean genotypes were moderately divergence. . 

Darkwa et al. (2016) grouped 64 common bean genotype into four clusters; Kassaye (2006) 

grouped 114 common bean genotypes into nine clusters, which makes them divergent. 

Cluster II had the largest member of all clusters, included 49 (11.58%) genotypes, followed by 

cluster IV that included 47 (11.11%) genotypes. Similarly, cluster 6 and 7 had 38 (8.98%) and 39 

(9.21%) genotypes, respectively. The genotypes found in cluster 1, 2, 3 and 8 that comprised the 

standard checks, might be regarded as having the overall characteristics of the checks variety.  

In contrast, cluster 11, 18, 20 and 21 had the smallest component, constituted of 4 (1%) for 

cluster 18and 11) and 1 genotype (0.24% for cluster 20 and 21). The genotypes used under this 

study were collected from the potential common been producing areas. The pattern of clustering 

revealed that the genotypes collected from same country did not form a single cluster. This 

indicates that geographic diversity is not always related to genetic diversity.  

4.4.1 Mean cluster analysis 

Mean value of the 8 quantitative characters for each cluster group is presented in Table 5. Cluster 

1 was characterized by a medium value of the traits. Cluster 2, 3 and 4 were characterized by all 

traits with a medium value that lied between the lowest and the highest values. Cluster 5 was 

characterized by the shortest plant height with combination of earliest maturity, highest number 

of pod with lowest values seed yield and highest rot puling force resistance value. Cluster 10 was 

characterized by the lowest number of pods per plant with a medium value of other traits that 

lied between the lowest and highest value. Cluster 11 possessed desirable combinations of 

characters; namely, latest maturing and flowering, the highest root puling force resistance, plant 

height, many number of emerged seedlings and seed per pod, pod per plant, highest seed yield. 

Cluster 14 is characterized by the earliest flowering with a medium value that lied between the 

lowest and highest value. Cluster 15 is characterized by the tallest plant height, the latest 

flowering and maturing with fewest numbers of pods and highest grain yield. Cluster 18 and 19 

characterized by the lowest value of root puling resistance and the highest number of pods, 

respectively. Generally, this study revealed that the genotypes included in this study are 
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moderately divergent. Similarly, Getachew (2010) and Kassaye (2006) obtained differences for 

cluster means for different accessions in common bean.  

4.4.2 Genetic divergence 

Based on D2 values the inter cluster distance ranged from 104.80 to 3691.39 (Table 7). The x2 

test for the 21 clusters indicated that there was statistically accepted difference between clusters 

(Table 6). The highest inter-cluster distance was between cluster 5 and 11(D2=3691.39) followed 

by cluster 5 and 14 (D2 = 3404.59), cluster 10 and 11(D2=3249.13), cluster 3 and 14 (D2 = 

3208.10). The minimum being between by cluster 16 and 17 (D2 = 104.80), cluster 17 and 

20(D2=129), cluster 6 and 13 (D2 = 132.8). Parents for hybridization could be selected on the 

basis of large inter-cluster distance (in the present case from cluster 5 and 11) for isolating useful 

recombinants in the segregating generations. Increasing parental distance implies a greater 

number of contrasting alleles at the desired loci, and then to the extent that these loci recombine 

in the F2 and F3 generations following a cross of distantly related parents, the greater will be the 

opportunities for successful selection for any character of yield interest (Ghaderi et al., 1984).  
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Table 5: Mean values of 8 characters for the 21 cluster of 423 common bean genotype at 
Hawassa 

Cluster DF DHM PLHT SDPD PDPL RPS GYLD 

1 46.88 74.5 43.38 4.13 12.22 23.87 3219.02 

2 47.73 73.81 39.56 4.37 13.08 19.31 2007.79 

3 48 73.5 37.17 3.8 13.5 19.76 378.29 

4 46.73 72.27 36.44 4.02 12.01 15.93 1807.61 

5 47 70 29 4.2 14.82 31.73 181.83 

6 47.43 72.84 37.92 4.15 13.21 16.94 1495.99 

7 48.21 72.93 38.61 4.04 11.79 16.43 825.51 

8 47.22 74.02 40.17 4.34 11.41 17.88 2182.3 

9 47.69 73.38 36.17 4.22 13.42 14.76 1184.37 

10 47.43 72.71 35.71 3.74 13.19 10.68 624.14 

11 51 77 40 4.2 12.54 32.1 3873.19 

12 46.61 73.65 39.91 4.17 14.47 20.98 2598.14 

13 47.79 73.18 39.03 4.1 12.81 18.42 1628.81 

14 45.86 74 40 4.11 11.82 22.31 3586.38 

15 48 76 44.33 4.03 11.82 23.51 3364.18 

16 46.3 72.85 39.85 4.21 12.92 15.24 2801.84 

17 46.6 74.2 41.7 4.08 13.13 29.02 2905.67 

18 47.55 73.17 36.1 4.01 12.59 13.78 1365.75 

19 47.41 72.36 36.95 4.47 12.7 16.76 1010.8 

20 48.25 74.25 38.92 4.15 13.66 20.18 3034.45 

21 46.7 73.08 40.47 4.1 12.34 18.43 2404.55 

DF, days to flowering (number); DHM, days to harvest maturity (number); PLHT, plant height (cm); 

SDPD, seeds per pod (number); PDPL, pods per plant (number);RPS, root pulling force resistance (lb); 

GYLD, grain yield (Kg ha1-). 
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Table 6: Mahalanobis distance between groups of common bean genotypes. 
 

Cluster 2 3 4 5 6 7 8 9 10 11 12 13 14 

1 1211.25 2840.74 1411.47 3037.25 1723.06 2393.53 1036.76 2034.69 2594.93 654.25 620.92 1590.23 367.40 

2  1629.51 200.25 1826.05 511.81 1182.28 174.53 823.45 1383.68 1865.45 590.36 378.98 1578.59 

3   1429.33 197.15 1117.71 447.25 1804.02 806.10 246.03 3494.93 2219.86 1250.53 3208.10 

4    1625.88 311.62 982.10 374.72 623.25 1183.48 2065.66 790.57 178.84 1778.79 

5     1314.29 643.97 2000.56 1002.73 442.93 3691.39 2416.37 1447.09 3404.59 

6      670.48 686.32 311.64 871.88 2377.25 1102.16 132.83 2090.40 

7       1356.79 358.87 201.50 3047.72 1772.64 803.30 2760.87 

8        997.95 1558.19 1690.96 415.87 553.49 1404.09 

9         560.24 2688.89 1413.80 444.47 2402.03 

10          3249.13 1974.04 1004.71 2962.26 

11           1275.11 2244.42 287.04 

12            969.34 988.24 

13             1957.57 

 

x2 = 12.592, 16.812and 22.46 at 5%, 1% and 0.1% probability level respectively.  
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Table 6 .Mahalanobis distance between groups of common bean genotypes (continued). 

Cluster 15 16 17 18 19 20 21 

1 145.19 417.30 313.45 1853.32 2208.25 184.71 814.51 

2 1356.41 794.06 897.93 642.07 997.00 1026.66 396.76 

3 2985.90 2423.56 2527.40 987.49 632.52 2656.17 2026.27 

4 1556.62 994.24 1098.15 441.86 796.81 1226.86 596.96 

5 3182.41 2620.09 2723.88 1184.10 829.16 2852.67 2222.80 

6 1868.21 1305.85 1409.73 130.30 485.20 1538.47 908.56 

7 2538.68 1976.33 2080.20 540.25 185.29 2208.94 1579.04 

8 1181.91 619.55 723.46 816.57 1171.51 852.16 222.26 

9 2179.85 1617.48 1721.37 181.39 173.59 1850.10 1220.20 

10 2740.08 2177.70 2281.61 741.62 386.71 2410.33 1780.43 

11 509.11 1071.50 967.55 2507.51 2862.44 838.83 1468.72 

12 766.07 203.79 307.64 1232.42 1587.36 436.32 193.63 

13 1735.39 1173.03 1276.90 263.12 618.02 1405.64 775.74 

14 222.27 784.58 680.75 2220.65 2575.59 551.94 1181.84 

15  562.43 458.57 1998.47 2353.41 329.80 959.66 

16   104.80 1436.09 1791.05 232.68 397.31 

17    1540.00 1894.92 129.15 501.24 

18     354.97 1668.72 1038.82 

19      2023.66 1393.76 

20       629.91 

 

x2 = 12.592, 16.812and 22.46 at 5%, 1% and 0.1% probability level respectively. 
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4.5  Principal Component Analysis 

Principal component analysis (PCA) is one of the multivariate statistical techniques, which is a 

powerful tool for investigating and summarizing underlying trends in complex data structures 

(Legendre and Legendre, 1998). Principal component analysis reflects the importance of the 

largest contributor to the total variation at each axis for differentiation (Sharma, 1998). The first 

step in PCA is to calculate eigenvalues, which defines the amount of total variation that is 

displayed on the PC axes. The PCs with Eigenvalue > 1.0 were used as criteria to determine the 

number of PCs (Kaiser, 1960).  

The principal component analysis revealed that four principal components PC1, PC2, PC3 and 

PC4 with eigenvalues 1.724, 1.547, 1.037 and 1.00, respectively (Table 7). They have accounted 

for 66.19 % of the total variation among genotypes for the eight quantitative traits. The relative 

magnitude of eigenvectors from the first principal component was 21.6% showing that days to 

maturity and days to flowering were the most contributing traits for the total variation. In the 

second principal component (PC2), which contributed 19.3% of the total variation, the most 

predominant characters were vertical root pulling force resistance, plant height, number of seed 

per pod and grain yield. In the same way, 13.0% of the total variability among the tested 

genotypes accounted for the third principal component (PC3) originated from variation in 

number of pod per plant. Number of pod per plant mainly in the fourth principal component 

(PC4) was the major contributors for the total variation. 

The principal component analysis indicated the involvement of a number of traits in contributing 

towards the overall observed diversity. Similarly, Stoilova et al. (2013) reported that variation in 

15 Portuguese and 15 Bulgarian common bean landraces in which the first four PCs contributed 

82.61 % of total variation .Similarly Assefa et al (2014), reported that the combination of first 

three principal components explained more than 50% of the genotypic variations 

 

 

 



48 

 

Table 7: Eigenvectors and eigenvalues of the first four principal components (PCs) of common 
bean genotypes 

Variable PC1 PC2 PC3 PC4 

Days to 90% maturity 0.656 -0.046 -0.010 0.038 

Days to flowering 0.632 0.273 -0.079 0.067 

Plant Height  -0.237 0.541 0.027 0.061 

Number of seeds  pod-1 -0.284 0.313 0.110 0.189 

Number of pod plant-1 -0.043 0.004 -0.576 0.798 

Vertical root pulling force  0.142 0.535 -0.099 -0.154 

Grain yield  hectare-1  0.028 0.477 0.278 0.095 

Eigenvalue 1.724 1.547 1.037 1.02 

Proportion   21.6 19.3 13.0 12.3 

Cumulative  21.59 40.89 53.86 66.19 

 

4.6 Phenotypic Diversity and Genome-wide Association Analysis 

4.6.1 Phenotypic analysis for water uptake and cooking time 

A total of 398 genotypes of common bean were evaluated for water uptake and cooking time 

traits. The analysis of variance (ANOVA) reveled highly significant differences (P< 0.001) 

among the genotypes for water uptake and cooking time (Table 8). The water uptake ranged 

from 51.92% (ADP0722) to147.2 % (ADP0457) with the average value of  112.36%. Whereas, 

cooking time ranged from 14.76 (ADP0367) to 44.86 min (ADP0722). It was observed that the 

overall mean for cooking time was 25.51 min. The result indicated reasonably sufficient 

variation. Similarly, Cichy et al. (2015) reported wide range of variation for cooking time in 

common bean. In addition, Elia et al. (1996) reported significant variations for cooking time and 

water absorption. The current finding disagrees with the finding of Bulti, (2007), who reported 

non-significant differences and inadequate variation among genotypes for cooking time. The low 

variation of cooking time might be due to small number of genotypes (Eight) tested by the 

researcher. 
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4.6.2 Heritability and Correlation Analysis 

The heritability value of the cooking time and water uptake were 39.27 and 64.1. Based on 

Robinson et al. (1949) delineation the estimated heritability values was high for cooking time, 

which suggests cooking time may be under the control of gene. Similarly, Augusta et al. (2012) 

demonstrated in their study a high heritability value for cooking time. 

The correlation analysis revealed that there was a negative correlation between water uptake and 

cooking time trait. Such genotypes that received higher water during soaking got shortest time to 

cook. The causes of slow water absorption might be due to the hard skin of the bean seed. Hard-

shell takes into account the phenolic compounds found in the seed coat that can be oxidized into 

complex polymers that may interact with proteins to yield a hydrophobic material that repels 

water imbibitions (Stanley and Aguilera, 1985). Selection based on the water absorption of 

breeding lines an indirect estimation of its cooking time; it is rapid save resources (Elia et al., 

1996). Several researchers report inverse relationship between cooking time and water uptake 

(Castellanos et al.,1995; Bertoldo et al., 2008 Cichy et al., 2015.). Similarly, Elia et al. (1996) 

reported a negative phenotypic correlation between water uptake and cooking time (-0.78). 

Table 8: Summary of the analysis of variance, heritability, phenotypic and genotypic variance for 
the cooking time and water absorption traits in common bean genotypes. 

Source of variation 
DF 

Water uptake mean 
Square DF 

Cooking time mean 
Square 

Genotype 397 262.09** 397 48.82** 
Error 398 114.19 398 8.12 

C V (%)  9.51  11.30 
σ2g  73.9  19.65 
σ2p   188.19  30.27 

H2b (%)  39.27  64.91 
Mean range  51.92 -147.2 %  14.76 - 44.86 
Grand mean  112.36  25.21 

DF; degrees of freedom, C.V; Coefficient of variation; ** Statistical significance of the F test (P <0.01); 

σ2p =Phenotypic variation; σ2g= Genotypic variation; H2
b= Broad sense heritability 
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4.6.3 Fast cooking beans 

The fast cooking time of the 11 genotypes is presented in Table 9. Out of 398 Common bean 

genotype, 11 genotypes showed fast cooking time which were cooked in less than 17 min. The 

fast cooking genotype originated from CIAT (5), Africa (5) and Ecuador (1). Those genotypes 

which, showed fast cooking time had eight different seed colors, namely: purp cran, yellow, 

cran, white, purple speckled and red mottled. The growth habits of the fast cooking genotypes 

are vine, bush and climber. Cichy et al. (2015) reported that five bean accessions, which cook 

fast. The fast cooked genotypes can be used as parents to develop fast cooking breeding 

populations (recombinant inbred line) for selection.  

Table 9: Identification of the eleven fastest cooking genotypes of the 398 common bean 
genotypes. 

ADP ID  Source  Genotype  Type  Habit  Region  
Cooking 

time(min)  

Water 

uptake (%) 

ADP0367  05IS-0886  G23086  purp cran  Vine  CIAT  14.76 107.79 

ADP0037  OT1122-162  W6 16488  brn  Bush  Africa  14.89 126.99 

ADP0271  05IS-0506  G 13167  white  Bush  CIAT  14.99 124.25 

ADP0093  OT1122-100  MORO  yellow  Vine  Africa  15.77 120.86 

ADP0180  05IS-0007  G 433  cranberry Bush  CIAT  15.85 110.89 

ADP0066  OT1122-54  NJANO  yellow  Vine  Africa  16.26 109.76 

ADP0092  OT1122-99  MORO  yellow  Vine  Africa  16.43 122.87 

ADP0207  05IS-0170  G 4564  j. cattle  Bush  CIAT  16.53 117.98 

ADP0063  OT1122-46  Soya  purp. Spec  Climber  Africa  16.63 104.69 

ADP0206  05IS-0167  G 4499  white  Vine  CIAT  16.74 115.37 

ADP0458  -  INIAP 483  red mottled  Bush  Ecuador  16.79 111.22 
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4.7 Genome-wide Association Analysis 

4.7.1. Genome-wide association analysis for water uptake  

The genotypic data used in this study was dense enough to capture the variability and to study 

the genome wide association mapping (Appendix Fig. 2) as described by Pearson and Manolio. 

(2008). In this study, a total of 10 significant SNP markers were detected above the FDR cutoff 

and the phenotypic effect of SNP marker alleles on the associated characters and the number of 

genotypes carrying each significantly associated marker allele were identified (Table 10 and 

Fig.2). The significant marker trait associations were found on chromosomes Pv04, Pv05, and 

Pv09. The significant markers-trait associations were identified using 10 different SNP markers 

for water uptake with R2 ranging from 5.7 % (ss715646204) to 10.41 % (ss715649806). 

The most significant set of SNPs associated with water uptake were found on chromosome 

Pv04.This group of five SNPs had an R2 of from 5.7 to 10.2 % of the phenotypic variation for 

this trait (Table 10). The significant SNP have minor allele frequencies of less than 0.005. 

The significant markers for water uptake detected on Pv05 explained 14.1% of the variation and 

have minor allele frequencies of less than 0.002. The associations on Pv09 were the most 

significant and also explained the phenotypic variation with marker R2 values of 10.4. The 

significant SNPs detected on Pv09 had minor allele frequency of 0.002. Cichy et al. (2015) 

reported SNP markers that control water uptake in common bean on chromosomes Pv01, Pv03, 

Pv06, and Pv07 by using Genome wide association mapping. Perez-Vega et al. (2010) identified 

a QTL for water uptake on Pv03, based on the location of the nearest marker on that map with 

known sequence (Bng21) the QTL was located to the same chromosome arm. 

The first candidate gene identified was PF14547 on Pv09 that codes for Hydrophobic seed 

protein (Hydrophob_seed). The location of the significant SNP on Pv09 (ss715649806) is 

approximately 0.06 Mb away from the estimated location of the gene, which was consistently 

significant for water absorption (Stanley and Aguilera, 1985). 
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Figure 2. QQ plot for the water uptake data and Manhattan plot of water uptake of 386 genotype with 
4,416 SNP. 

Table 10. GWAS significant markers, genome position, p value, R2, allele and allele frequency, 
and phenotypic effect associated with Water uptake 

SNP Chr Position  P.value MAF R2 (%) Allele   Effect Obs 

ss715650990 4 26314760 1.08E-10 0.0025907 10.4 T -9.6 385 
      C 0.0 1 

ss715650115 4 27464168 1.08E-10 0.0025907 10.4 T -9.6 385 
      C 0.0 1 

ss715649688 4 27781563 1.08E-10 0.0025907 10.4 A -9.6 385 
      G 0.0 1 

ss715647337 4 37280582 1.08E-10 0.0025907 10.4 A -9.6 385 
      C 0.0 1 

ss715646204 4 2757991 1.39E-06 0.0051813 5.7 A -4.9 384 
      G 0.0 2 

ss715647828 5 183765 1.09E-13 0.0025907 14.1 A 10.8 385 
      G 0.0 1 

ss715646633 9 13714826 1.08E-10 0.0025907 10.4 A -9.6 385 
      G 0.0 1 

ss715646638 9 13773940 1.08E-10 0.0025907 10.4 T -9.6 385 
      G 0.0 1 

ss715646279 9 30645670 1.08E-10 0.0025907 10.4 A -9.6 385 
      C 0.0 1 

ss715649806 9 31246392 1.08E-10 0.0025907 10.4 A -9.6 385 
      G 0.0 1 

R2 is the percent of phenotypic variation explained by the SNP marker; MAF, minor allele frequency. 
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4.7.2 Genome-wide association analysis for cooking time  

Significant SNPs associated with cooking time were found on chromosomes Pv04, Pv05, and 

Pv09 (Fig. 3). The most significant set of SNPs associated with cooking time were found on 

chromosome Pv04 and Pv09. on Pv04, the significant SNPs have the same effects on cooking 

time. The four SNPs markers (ss715650990, ss715650115, ss715649688 and ss715647337) had 

3 % of the phenotypic variation. The major allele reduced cooking time by about 9 min and was 

found in 99 % of the genotype (Table 11).  

Few candidate genes of interest potentially are involved in determining cooking time on PV 04. 

One of these genes is CHX10 (CATION/H(+) ANTIPORTER 10-RELATED). The function of 

this gene in Arabidopsis has been related to the directed movement of potassium ions (K+) and 

sodium ions (Na+) into, out of or within a cell, or between cells. It is evidence that monovalent 

cations (Na and K) to interact with pectin, and leading to a structure that is heat-labile (Stanley 

and Aguilera, 1985)  

The significant SNPs on chromosome Pv05 had R2 values of 3.4 % (Table 11) and the major 

allele decreased cooking time by 3 min. The minor allele was found in 28 genotypes. From this 

SNP marker (ss715640177) the minor allele identifies in some genotypes with extended cooking 

times ranging from 28 to 44 min. 

The other majority of significant SNPs associated with cooking time were found on chromosome 

Pv09. This group of four SNPs had an R2 of 9.21 % of the phenotypic variation for this trait 

(Table11) and the major allele, which was found in 99 % of the genotypes, decreased cooking 

time by 9.21 min. 

A candidate gene, which potentially involved in determining cooking time is found on PV 09. 

This gene is pectin esterase/pectin esterase inhibitor 13 (PME 13). It has been related to three 

functions in Arabidopsis. The first function related to the series of events leading to chemical and 

structural alterations of an existing cell wall that can result in loosening, increased extensibility 

or disassembly. The second function is the chemical reactions and pathways  

https://www.google.com.et/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahUKEwjE--fPiKPPAhUIChoKHaUdB_0QFggjMAE&url=http%3A%2F%2Fwww.uniprot.org%2Funiprot%2FQ58P69&usg=AFQjCNHcpomZ3ZN9CJNKE6MUIVdKlcF0Tw&sig2=XWzrBMUURQ6yQ4a1stBU4Q&bvm=bv.133387755,d.d2s�
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resulting in the breakdown of pectin and the third one is, catalysis of the hydrolysis of an ester 

bond by a mechanism involving a catalytically active aspartic acid residue (NCBI). 

The other candidate gene on Pv09 near SNPs associated with cooking time is Naringenin-

chalcone synthase / Flavonone synthase genes. Chlcone synthase (CHS, EC 2.3.1.74) is a key 

enzyme of the flavonoid/isoflavonoid biosynthesis pathway. CHS expression causes acumilation 

of flavonoid and isoflavonoid phytoalexins (Dao et al., 2015). The role of flavonoids is 

responsible for the development of the major pigments (red, blue, and purple pigments in plants) 

in plants. Chalcone synthase gene is involved in flavonoid biosynthesis (Bowles et al. 2005) and 

this gene is of interest because seed coat color (via market class) was correlated with cooking 

time (Cichy et al., 2015) 

For all the above significant SNP markers, the minor allele was found in ADP 0722 accession 

with cooking times 45. 

A little study has been conducted previously for cooking time. In GWAS for cooking time, 

significant SNPs associated with cooking time were identified on chromosomes Pv02, Pv03, and 

Pv06 (Cichy etal.,2015 ). Garcia et al. (2012) identified six QTL on chromosome Pv01and Pv09 

from the evaluation of cooking time on 140 F2:4 segregating families.  

 

Figure 3. QQ plot for the cooking time data and Manhattan plot of cooking time of 386 genotypes with 
4,416 SNP. 
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Table 11. GWAS significant markers, genome position, p value, R2, allele and allele frequency 
associated with cooking time 

SNP Chr Position  P.value MAF R2(%) Allele   Effect Obs 

ss715650990 4 26314760 0.000241 0.002591 3 T 9.21 385 
      C 0.00 1 

ss715650115 4 27464168 0.000241 0.002591 3 T 9.21 385 
      C 0.00 1 

ss715649688 4 27781563 0.000241 0.002591 3 A 9.21 385 
      G 0.00 1 

ss715647337 4 37280582 0.000241 0.002591 3 A 9.21 385 
      C 0.00 1 

ss715646633 9 13714826 0.000241 0.002591 3 A 9.21 385 
      G 0.00 1 

ss715646638 9 13773940 0.000241 0.002591 3 T 9.21 385 
      G 0.00 1 

ss715646279 9 30645670 0.000241 0.002591 3 A 9.21 385 
      C 0.00 1 

ss715649806 9 31246392 0.000241 0.002591 3 A 9.21 385 
      G 0.00 1 

ss715640177 5 3636455 0.000115 0.067358 3.4 G 3.20 358 
      T -8.85E-03 28 

 
R2 is the percent of phenotypic variation explained by the SNP marker; MAF, minor allele frequency. 
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5 . SUMMARY AND CONCLUSION 

The information regarded with the extent and pattern of genetic variability in a population, its 

genetic diversity associated with its quantitative characters and developing high yielding 

common bean varieties with acceptable consumer preference and meeting quality standards is 

one of the top priorities for any breeding strategy and improvement program. In order to generate 

such information, 418 common bean genotype including five standard checks were tested at 

Hawassa Agricultural Research Center with the objective of assessing the genetic variability and 

character associations for 8 morphological characters and identify genomic regions involved in 

determining cooking time using genome-wide association study. 

The analysis of variance revealed the genotypes were significantly different at(p<0.05) for all 

characters except leaf chlorophyll content, pod harvest index  and hundred seed weight. The 

ranges of mean values for most of the characters were large showing the existence of variations 

among the tested genotypes. The value of PCV ranges from 3.34 - 51.3 % while GCV ranges 

between 2.73 - 27.66 %. High PCV and GCV values were observed for vertical root pulling 

force resistance and number of pod per plant. On the other hand, low GCV and PCV values were 

observed for days to flowering and maturity, which suggests the limitation of selection for this 

trait.  

Very high heritability estimates resulted in days to 90% maturity and number of pod per plant. 

However, the broad sense heritability was low for plant height (29.21%), number of seeds pod 

(25%), root pulling force resistance (29.06%), and grain yield (29.04%). High heritability 

coupled with relatively high genetic advance as percent of the mean was observed for number of 

pod per plant. On the contrary, Low heritability was coupled with low genetic advance values 

were observed for seed per pod. Generally, high GCV along with high heritability and genetic 

advance were obtained from a number of pod-1. 

It was observed that yield had positive and significant phenotypic and genotypic association with 

days to maturity, plant height and root pulling force resistance and number of pod per plant. 

Generally, for all characters studied, the genotypic correlation coefficients were greater than the 

phenotypic correlation coefficients. By selecting for these traits, showing positive and significant 
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correlation coefficient with grain yield there is a possibility to increase grain yield of common 

bean. 

Genotypic correlation coefficients of various characters were partitioned in to direct and indirect 

effects. Path coefficient analysis revealed that plant height and days to maturity showed high and 

positive direct effect on grain yield. The correlation coefficient was also positive and significant.  

Since plant height and days to maturity had positive correlation with yield in the process of 

selection much attention should be given to them, as these characters are helpful for indirect 

selection. 

 
The cluster analysis based on D2 analysis on pooled mean of genotypes classified the 423 

genotypes into twenty-one clusters, which makes them to be moderately divergent. There was 

statistically approved difference between most of the clusters.  Each cluster had its own 

characteristic feature for its cluster formation. Cluster II had the largest member of all clusters, 

included 49 (11.58%) genotypes. In contrast, cluster 11, 18, 20 and 2 had the smallest 

component, constituted of 4 (0.95%for cluster 18and 11) and 1(0.24% for cluster 20 and 21) 

genotypes respectively. 

The principal component analysis revealed that four principal components PC1, PC2, PC3 and 

PC4 with eigenvalues 1.724, 1.547, 1.037 and 1.00, respectively, have accounted for 66.19 % of 

the total variation. This result further confirmed the presence of genetic diversity for use in 

improvement plan. 

High variation of cooking time was observed and eleven common bean genotypes (ADP0367, 

ADP0037, ADP0271, ADP0093, ADP0180, ADP0066, ADP0092, ADP0207, ADP0063, 

ADP0206 and ADP0458) were identified for cooking less than17 min. The identified fast 

cooking accession is useful in breeding program. GWAS reveled significant SNPs that 

associated with cooking time was found on chromosomes Pv04, Pv05, and Pv09 for water uptake 

on Pv04, Pv05and Pv09. 

This study, generally, indicated that there was sufficient genetic variability among the genotypes. 

Thus, there is enormous opportunity in the improvement program of the common bean genotypes 
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Therefore; the information generated from this study needs to be used by breeders who are 

interested in improving different traits of the crop.  

For future improvement program, superior genotype for yield and different yield components can 

be selected. Moreover, multiple parent advanced generation inter cross population (MAGIC) can 

bring further improvement in common bean (Andean gene pool) adaptation to drought and low 

soil fertility, with market value for Ethiopia in the future.  

However, all the above conclusions were derived from results of studies conducted within one 

season. Thus, further studies of common bean genotypes with larger sample size in broad 

environments and seasons should be conducted on the common bean variety in order to give 

confirmative results.  

The associated markers are possible candidates for future marker-assisted selection to improve 

cooking time trait. However, the significant markers need to be validated in different 

environments before their use in marker-assisted selection. This research serves as an important 

base for further studies to understand the genetic control of cooking time in pulse crop.  

.  
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Appendix  Table 1. Analysis of variance (Mean squares) for the 12 characters of 423 Common bean genotype. 

            Characters 
Block (adj) 

(df=20) 

Error 

(df=80) 

Trt (adj) 

(df=422) 

Among-

controls (df=4) 

Among-test 

(df=417) 

Test v Control 

(df=1) 

CV 

(%) 

Days to flowering(days) 4.91 3.20 7.10** 92.90** 6.20** 37.10** 10.81 

Days to 90% maturity(days) 5.91 2.00 6.00** 81.70** 22.90** 18.10** 1.93 

Leaf chlorophyll                                         30.00 17.10 19.20NS 0.40NS 19.30NS 83.50* 16.75 

Plant Height (cm)  212.10 43.20  61.50* . 709.40** 53.10 NS 899.30** 15.32 

Number of seeds  pod-1 0.30 0.30 0.40* 2.30** 0.40* 0NS 13.07 

Number of pod plant-1 6.93 2.50 9.24* 36.80* 8.90* 33.50* 12.32 

Vertical root pulling force resistance 55.20 62.50 88.10* 409.90** 83.70NS 608.30** 43.20 

Pod harvest index 51.80 44.20 58.10NS 60.60NS 58.20NS 0.10NS 8.91 

Hundred seed weight(g) 31.40 410 48.20NS 310.90* 44.60NS 563.20* 18.24 

Grain yield  hectare-1 (kg) 1921950.40 288128 406027.90** 1206972.80** 389723.70** 3864133.40** 27.67 
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Appendix Table 2. Mean values of some of the studied common bean genotypes 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DF, days to flowering (number); DHM, days to harvest maturity (number); PLHT, plant height (cm); 

SDPD, seeds per pod (number); PDPL, pods per plant (number);RPS, root pulling force resistance (lb); 

GYLD, grain yield

ACCESSION 

CODE 
DF DHM PLHT PDPL SDPD RPS GYLD 

ADP0383 51 77 40.91 12.54 4.2 32.1 3873.19 

ADP0555 47 73 55.71 12.1 4.2 25.83 3658.6 

ADP0726 45 74 48.11 15.82 4 21.43 3644.67 

ADP0166 43 73 57.91 14.9 6.4 42.7 3618.23 

ADP0613 46 74 45.71 9.06 3.6 8.83 3609.73 

ADP0074 44 75 34.11 10.62 3 25.53 3537.3 

ADP0520 48 75 50.31 12.78 3.8 15.03 3518.69 

ADP0608 48 74 40.51 7.46 3.8 16.8 3517.44 

ADP0122 42 77 39.91 11.9 4 19.7 3461.5 

ADP0620 51 76 46.71 10.26 3.8 24.2 3373.01 

……… …… …… ……  …… …… …… …… 

……… …… …… ……  …… …… …… …… 

ADP0570 48 72 33.11 13.34 3.8 12.6 760.242 

ADP0303 43 69 43.51 7.06 5.4 14.37 759.183 

ADP0515 51 77 26.31 7.58 3.8 5.27 748.708 

ADP0588 42 72 32.51 13.26 3.6 12.03 720.733 

ADP0743 53 76 49.71 18.42 3.6 5.67 713.133 

ADP0510 48 71 44.31 12.18 4 8.73 677.667 

ADP0760 52 76 50.71 13.98 3.6 11.73 610.378 

ADP0010 42 71 34.31 13.58 3.8 10.3 584.511 

ADP0626 47 71 41.71 11.46 3.8 9 533.492 

ADP0206 48 72 36.91 9.5 3.8 17.3 529.083 
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Appendix Table 3. Distribution of 423 common bean genotypes in different clusters group  

Cluster Number of 
Genotypes Accession Code 

 
  ADP0651 ADP0662 ADP0459 ADP0648 ADP0110 ADP0458 ADP0018 ADP0607 ADP0441 ADP0730  
  ADP0716 ADP0269 ADP0750 ADP0470 ADP0595 ADP0481 ADP0770 ADP0102 ADP0453 ADP0076  
1 34 ADP0001 ADP0680 ADP0639 ADP0591 ADP0757 ADP0040 ADP0537 ADP0042 ADP0466 ADP0579  
  ADP0442 ADP0019 IBADO ADP0614        
  ADP0417 ADP0676 ADP0026 ADP0677 ADP0092 ADP0650 ADP0049 ADP0232 ADP0435 ADP0751  
  ADP0479 ADP0560 ADP0572 ADP0054 ADP0737 ADP0089 ADP0060 ADP0084 ADP0208 ADP0279  
2 49 ADP0460 ADP0433 ADP0656 ADP0660 ADP0023 ADP0008 ADP0610 ADP0519 ADP0571 ADP0592  
  ADP0583 ADP0774 ADP0598 ADP0740 ADP0587 ADP0576 ADP0053 ADP0427 DAB302 ADP0469  
  ADP0527 ADP0584 ADP0785 ADP0522 ADP0793 ADP0752 ADP0100 ADP0602 ADP0780   
3 20 ADP0271 ADP0611 ADP0090 ADP0604 ADP0557 ADP0725 ADP0015 ADP0029 ADP0450 ADP0395  
  ADP0718 ADP0392 ADP0741 ADP0212 ADP0512 ADP0633 TATU ADP0242 ADP0428 ADP0472  
  ADP0623 ADP0654 ADP0566 ADP0635 ADP0580 ADP0629 ADP0443 ADP0455 ADP0526 ADP0666  
4 47 ADP0272 ADP0071 ADP0255 ADP0061 ADP0077 ADP0081 ADP0004 ADP0738 ADP0267 ADP0052  
  ADP0622 ADP0106 ADP0030 ADP0586 ADP0675 ADP0661 ADP0590 ADP0720 ADP0105 ADP0657  
  ADP0543 ADP0536 ADP0655 ADP0605 ADP0354 ADP0643 ADP0739 ADP0006 ADP0779 ADP0530  
  ADP0005 ADP0782 ADP0085 ADP0597 ADP0551 ADP0111 ADP0523     
5 11 ADP0617 ADP0670 ADP0471 ADP0620 ADP0436 ADP0464 ADP0225 ADP0775 ADP0125 ADP0121 ADP0556 

  ADP0017 ADP0631 ADP0561 ADP0747 ADP0045 ADP0445 ADP0047 ADP0528 ADP0742 ADP0080  
  ADP0461 ADP0093 ADP0207 ADP0064 ADP0065 ADP0517 ADP0784 ADP0324 ADP0525 ADP0095  
6 38 ADP0050 ADP0609 ADP0101 ADP0063 ADP0683 ADP0638 ADP0792 ADP0529 ADP0119 ADP0753  
  ADP0011 ADP0777 ADP0168 ADP0562 ADP0532 ADP0118 ADP0769 ADP0679    
  ADP0599 ADP0658 ADP0663 ADP0107 ADP0719 ADP0524 ADP0577 ADP0062 ADP0681 ADP0075  
7 39 ADP0437 ADP0190 ADP0103 ADP0003 ADP0665 ADP0721 ADP0545 ADP0664 ADP0678 ADP0736  
  ADP0346 ADP0538 ADP0036 ADP0746 ADP0214 ADP0558 ADP0521 ADP0434 ADP0456 ADP0022  
  ADP0514 ADP0513 ADP0578 ADP0097 ADP0618 ADP0180 ADP0058 ADP0642 ADP0048   
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8 25 ADP0027 ADP0044 ADP0099 ADP0649 ADP0367 ADP0439 REMEDA ADP0012 ADP0550 ADP0098  
  ADP0109 ADP0438 ADP0776 ADP0034 ADP0429 ADP0127 ADP0581 ADP0059 ADP0108 ADP0687  
  ADP0778 ADP0013 ADP0731 ADP0037 DAB489       
9 19 ADP0368 ADP0668 ADP0247 ADP0452 ADP0070 ADP0041 ADP0056 ADP0205 ADP0057 ADP0729  
  ADP0682 ADP0035 ADP0596 ADP0473 ADP0024 ADP0641 ADP0021 ADP0732 ADP0554   

10 32 ADP0014 ADP0213 ADP0544 ADP0659 ADP0516 ADP0625 ADP0647 ADP0467 ADP0606 ADP0646 ADP0480 

  ADP0632 ADP0083 ADP0735 ADP0645 ADP0032 ADP0667 ADP0025 ADP0621 ADP0744 ADP0117 ADP0567 

  ADP0431 ADP0094 ADP0120 ADP0559 ADP0644 ADP0534 ADP0569 ADP0535 ADP0585 ADP0574  
11 4 ADP0520 ADP0608 ADP0074 ADP0122        

12 17 ADP0123 ADP0379 ADP0601 ADP0672 ADP0619 ADP0733 ADP0391 ADP0126 ADP0390 ADP0016  
  ADP0518 ADP0722 ADP0086 ADP0612 ADP0673 ADP0224 ADP0067     

13 33 ADP0087 ADP0748 ADP0468 ADP0531 ADP0624 ADP0773 ADP0483 ADP0745 ADP0199 ADP0781 ADP0475 

  ADP0758 ADP0009 ADP0462 ADP0096 ADP0564 ADP0630 ADP0007 ADP0114 ADP0066 ADP0454 ADP0430 

  ADP0482 ADP0031 ADP0628 ADP0474 ADP0043 ADP0640 ADP0432 ADP0310 ADP0051 ADP0540 ADP0674 

14 15 ADP0345 ADP0717 ADP0186 ADP0734 ADP0055 ADP0549 ADP0038 ADP0072 ADP0088 ADP0457  

  ADP0636 ADP0355 ADP0376 ADP0546 ADP0615       
15 18 ADP0082 ADP0478 ADP0449 ADP0476 ADP0303 ADP0570 ADP0575 ADP0653 ADP0637 ADP0727  

  ADP0515 ADP0589 ADP0113 ADP0791 ADP0588 ADP0743 ADP0028 ADP0510    
16 5 ADP0206 ADP0626 ADP0010 ADP0760 ADP0508       

17 6 ADP0754 ADP0771 ADP0033 ADP0652 ADP0553 ADP0724      
18 4 ADP0555 ADP0726 ADP0166 ADP0613        

19 5 ADP0465 ADP0759 ADP0603 ADP0728 ADP0211       
20 1 ADP0783           

21 1 ADP0383           
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Appendix Figure 1.  Biplot scores of two principal components  

 

Appendix Figure 2 Linkage disequilibrium decay plot generated by 4,416 markers 
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