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Abstract 

 

Characterization of Ethiopian Chickpea (Cicer arietinum L): Genotypic Diversity, 

Population Structure, Cold Tolerance, and Assessment of Change of Variability over Time 

 

Sintayehu Admas, Addis Ababa University, December, 2021 

 

Plant genetic resources are valuable source of desirable agronomic traits that can be used in crop 

improvement. These resources are constantly threatened by both natural and human-caused risks. 

Chickpea (Cicer arietinum L.) germplasm is one of the crops affected by these factors. Regular 

chickpea diversity monitoring in farmers' fields, as well as characterization and evaluation of 

Ethiopian chickpea germplasm in ex-situ, are essential in order to build viable conservation 

strategies and undertake breeding initiatives. However, in Ethiopia chickpea, the above-

mentioned information is limited. As a result, this research began with the general objective of 

determining the diversity of Ethiopian chickpea germplasm and its potential for frost resistance, 

as well as determining the degree to which chickpea on-farm diversity has changed over time. In 

the study, molecular analysis was conducted to determine the genetic diversity, population 

structure, and relationships of 152 chickpea genotypes using simple sequence repeats (SSR) 

markers. There were 133 alleles observed using 23 polymorphic SSR markers, with a mean of 

5.8 alleles per locus. Pairwise population Nei's genetic distance, heterozygosity (0.4), Shannon's 

information index (1.2), Gene Diversity (0.67), polymorphic information content (0.63), and 

percent polymorphism (99.5%) were among the genetic-based statistics used in the study. These 

studies demonstrated that there was high genetic variation within and among chickpea 

genotypes. The 152 genotypes were divided into two groups on UPGMA tree developed based 

on Nei's genetic distances. The exotic genotypes were all grouped together in one cluster, 
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showing that they are distinct from Ethiopian genotypes. However, seed exchange caused 

inconsistencies in the patterns of grouping Ethiopian chickpea genotypes by geographic location. 

Two separate populations were discovered using model-based population structure clustering. 

These findings can be used to create efficient conservation approaches and breeding initiatives to 

enhance the genetic diversity of chickpeas. To assess the potential of Ethiopian chickpea for frost 

resistance, a frost screening study was carried out in a natural field and in controlled conditions. 

Six hundred seventy-three genotypes were characterized for two years (2018/2019 to 2019/2020) 

using an augmented design at Bakelo, Debre Birhan, Ethiopia, a place as national frost screening 

site. A significant (p<0.01) variability amongst genotypes was recorded for all agronomic traits 

considered. In terms of agronomic performance, 94 (12.6%) of the genotypes examined 

outperformed the frost susceptible genotypes. Stem/leaf pigmented genotypes had a better 

response to frost stress than non-pigmented genotypes. The majority of black seeded chickpeas 

were adapted well to frost stress, when compared to brown and white seeded genotypes. 

According to the freezing tolerance rate (FTR) and plant survival rate (SR), 83 (12.3%) and 85 

(12.6%) genotypes were identified as frost tolerant. Grain yield had a significant (p<0.01) 

correlation with FTR, SR, seed shriveling score, stem/leaf pigmentation, and seed color. Based 

on the field experiment genotypes performances, 72 genotypes were selected and evaluated 

further for cold tolerance variability at seedling stage under controlled environment using a 

complete randomized design with two replications. The analysis of variance revealed a 

significant (P<0.01) difference among genotypes for plant height, number of foliage, number of 

primary branches and fresh weight. Cold tolerant genotypes had a higher growth rate than 

susceptible genotypes, which had a slower growth rate or completely failed. According to SR, 31 

(43.1%) genotypes scored above 0.8 values. Based on FTR, 37 (51.4%) and 31 (43.1%) 

genotypes were rated at a score of 1 to 3 in freezing test 1 (T1) and freezing test 2 (T2), 

respectively indicating better frost tolerance than others. Fresh biomass yields had a high 
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negative correlation (p<0.01) with SR, but a substantial positive correlation (p<0.01) with FTR 

value. At seedling stage, based on the combined results of FTR and SR scores, 26 genotypes 

were shown to be cold tolerant genotypes at temperatures as low as -5oC. Therefore, the field and 

controlled environment experiments results revealed that Ethiopian chickpea landraces have a 

good genetic potential for cold tolerance traits for use in breeding programs. In addition, a 

diversity monitoring research was conducted to look into the differences in phenotypic diversity 

between the present (2017) and prior chickpea collections (1979-1983). The experiment was 

conducted using simple lattice design with two replications at Debre Zeit Agricultural Research 

Center for two consecutive years (2018/2019 to 2019/2020). The result showed that chickpea has 

been under genetic erosion ranging from 30.4% to 100% during the last 35 years. During this 

time, estimations of Shannon-Weaver diversity index for black seeded and ivory white seeded 

chickpea kinds have declined from 1.99 to 0.69 and 1.33 to 0.0, respectively. In previous 

collections, 25.8% of black coated genotypes and 6.5% of white coated genotypes were found, 

but these chickpea varieties are now rare (black 6.5%) or unobtainable (white 0.0%). Cluster 

analysis revealed that genotypes clustered according to the time of collections regardless of their 

geographic origins. The genotypes of chickpeas in the current and prior collections were 

different. Landraces of black and white seeded chickpeas were vulnerable to genetic erosion and 

chickpea genotypes at farmer’s field are found to be losing their variability. Black and white 

seeded chickpea are missing at farmers’ fields and are under greater threat of extinction. So, 

implementation of immediate restoration of chickpea landraces is required to recover and 

maintain the lost chickpea landraces in the studied region and we strongly recommended revision 

of the current conservation strategies.  

 

Key words: Chickpea diversity change, Ethiopian chickpea germplasm, Freezing test, Frost 

survival rate, Frost tolerance rate, Genetic erosion, Germplasm characterization, SSR markers 
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Chapter 1 

 

1. Introduction 

 

1.1. Background and Justification 

 

Agriculture in Ethiopia is the foundation of the country's overall socioeconomic structure, and it 

has a significant impact on all other economic sectors and development processes for the 

following reasons: It employs roughly 85% of the population, contributes to about 50% of the 

country's GDP, generates about 90% of the country's export revenues, and supplies around 70% 

of the raw material requirements of agricultural-based domestic businesses (Lulseged Tamene, 

2017).  In Ethiopia, agriculture is carried out in a variety of agroecologies, each of which is 

suited to the cultivation of different crops. Ethiopian highland constitutes around 33% the total 

arable land (Mulugeta Assefa et al., 2014) and mixed farming is the typical agricultural practice 

in this area.  

 

Crop production in the typical highland areas is unprofitable because frost damage is one of the 

most important factors, which constrains farmers from growing many varieties of crops as they 

would in other areas. They solely produce high input requiring cereal crops mainly barley and 

wheat without practicing crop rotation for a long period of time. Earlier, they used to include 

legume crops in the crop rotation to restore the fertility of the soils through nitrogen fixation. The 

current agricultural practices, which are dominantly cereal based, impair soil fertility, resulting in 

lower crop output and contributing to the region's food insecurity challenges. Farmers gradually 
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increase the amount of chemical fertilizer used to enhance grain yield to fulfill rising food 

demands. This farming system causes land degradation, which occurs as a result of excessive 

grazing and over cultivation caused by the use of high agricultural inputs combined with keeping 

a large number of cattle beyond the carrying capacity of the area. The impact of the factors listed 

above is exacerbated in the highland agroecology accompanied by climate change. 

 

Food and nutrition security is becoming a major challenge in Ethiopia due to the country's 

rapidly growing population, which necessitates meeting rising food demand. It is crucial to 

increase crop productivity to meet the growing demand without harming the environment or 

contributing minimally to climate change by implementing climate mitigation and adaptation 

strategies in the agricultural sectors. Reducing climate emissions and increasing carbon 

sequestration in arable soils are two of these techniques (Franzluebbers, 2005; Stagnari et al., 

2017). This emphasizes the significance of sustainable agriculture, and leguminous crops play an 

important role in this regard.  

 

Legume crops offer a wide range of benefits to the society. It has an immense potential to reduce 

malnutrition by providing an abundant sources of protein, fiber, complex carbohydrates, 

vitamins, and minerals (Upadhyaya et al., 2002). Its production does not require a large amount 

of nitrogen fertilizer, which is environmentally friendly and reduces fertilizer costs not only for 

legumes but also for succeeding crops (Siddique et al., 2005; Flowers et al., 2010; Stagnari et al., 

2017). Its production helps to minimize greenhouse gas emissions from agriculture by reducing 

fossil energy usage, increasing carbon immobilization in the soil, and providing essential raw 

material for biorefineries (Franzluebbers, 2005; Stagnari et al., 2017). Legumes like chickpea 

and grass pea also have the potential to thrive on leftover moisture, allowing farmers to engage 

in double cropping (Asnake Fikre et al., 2018) and they have a high market demand both 
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domestically and internationally, which encourages smallholder farmers to produce excess and 

earn additional income to improve their livelihoods and send their children to school. 

 

Significant efforts have been made to improve the country's investment environment in order to 

attract both domestic and foreign direct investments, with a particular focus on the agricultural 

sector, where high-value crops, like legume crops, have been given top priority for intensive 

farming. Furthermore, smallholder farmers have been encouraged to participate in the production 

of these crops in order to be competitive in both domestic and export markets (MoFED, 2016). 

Ethiopia is well-suited to legume crop production due to the country's diverse agroecological 

zones. It has also geographical proximity advantage for easy access to the international market as 

it is close to the Middle East and Europe, where significant volumes of pulses are in demand, 

providing a great potential for Ethiopian pulse growers to export their products for the mutual 

benefit of these countries. Furthermore, Ethiopia has been pursuing a green economy 

development strategy since 2010. Legume crops are critical to achieving these goals by playing a 

key role in the development of sustainable agriculture, which is a concern for many countries 

throughout the world. As a result, investment in the pulse development program will clearly have 

a direct influence on the income of legume growing farmers while also addressing the issue of 

sustainable agriculture. 

 

Among the grain legume, Chickpea (Cicer arietinum L.) is rapidly becoming one of Ethiopia's 

most important export commodity crops, for making foreign exchange profits (Bekele Shiferaw 

and Hailemariam Teklewold, 2007), hence expanding chickpea production into new areas is 

critical. Chickpea production in lowland areas employing irrigation, as well as chickpea 

introduction to selected areas of the Southern Nation, Nationality and People Region (SNNPR) 

have recently showed good results in increasing chickpea production (Nigusie Girma et al., 
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2017). Furthermore, chickpea production could be expanded into ‘dega’ agroecological zones, 

where frost is very common and with an altitudinal range of 2,300 and 3,200 meters above sea 

level based on traditional agroecological divisions (Dereje Gorfu and Eshetu Ahmed, 2003) and 

Chickpea productivity can be increased also in some ‘Woina Dega’ areas (1,500-2,300 m.a.s.l.) 

where its production constrained by cold stress that occurs during the late vegetative and 

reproductive stages (personal communications), if cold tolerant chickpea varieties made 

available to farmers. 

 

Until recently, the national breeding program had not begun breeding for cold tolerance, and no 

cold tolerant variety of chickpea has yet been developed. Lack of setting goals to develop frost 

resistant varieties for frost prone areas is a major limitation of the national chickpea program. In 

Ethiopia, there is a huge potential to expand chickpea production into these frost prone areas of 

the ‘dega’ Ethiopian highlands. It is also very important to introduce chickpea in highland areas 

making it an alternative crop for the farmers which can serve in crop rotation, and also as sources 

for protein for the community. Furthermore, the straw of the crop will serve as a feed for their 

cattle. Therefore, variety development targeting frost prone areas is mandatory to maximize 

chickpea production in highlands of Ethiopia.             

 

Since 1976, the current Ethiopian Biodiversity Institute (EBI), originally called Plant Genetic 

Resources Center, Ethiopia (PGRC/E), has been mandated with exploring, collecting, 

characterizing, and conserving the country's crop genetic resources for sustainable use through 

tapping Ethiopian genetic resources from various agro-ecological zones. Effective crop genetic 

resource conservation in Ethiopia, benefits not only the country, but also all crop-growing 

countries. Until 2020, a total of 68,014 and 6,700 accessions of various field and horticultural 

crops have been conserved for long term in cold rooms and field gene banks, respectively (EBI 
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report unpublished). These germplasms were collected from various locations in Ethiopia. 

Chickpea collections make up only 1,223 accessions of the overall collections out of which, 69% 

and 14% of the chickpeas were collected from 1977 to 1991 and 1992 to 2015, respectively. For 

the remaining 17% the chickpea accessions, no years of collection were reported (Table 1). The 

vast majority of the conserved chickpea germplasm dates back three decades and also regular 

chickpea diversity monitoring has not been undertaken in these areas where these genotypes 

were collected originally to understand how diversity changes over the years in farmers' fields.   

 

Diversity of farmers' varieties must be monitored on a regular basis to determine the state of 

genetic loss or gain (Barry et al., 2008). Because of the changing nature of agricultural 

production systems, the richness and range of diversity of these farmers' varieties are now 

threatened (Mazhar, 1997; Barry et al., 2008). The widespread adoption of modern varieties, 

which are the result of formal plant breeding, is one key aspect (Hammer and Yifru Teklu, 

2008). Genetic erosion is a term used to explain the loss of variety in crops as a result of 

agricultural modernization (Willemen et al., 2007). Genetic erosion is also defined as the loss or 

reduction of genetic variety across and within populations of the same species over time (Jarvis 

et al., 2000), and it is most commonly caused by agricultural, economic, and social changes 

(Jarvis et al., 2000).  

 

Genetic erosion can occur at three different levels: crop, variety, and allele (Willemen et al., 

2007). Individual genes or combinations of genes, such as those present in regionally adapted 

landraces and wild species, can also be lost (Brush et al., 1995). The degree of genetic erosion 

can be assessed using molecular data analysis (Provan et al., 1999), allozyme analysis (Akimoto 

et al., 1999), by comparison of the number of species/cultivars still in use by farmers today to 

those found in previous studies (Hammer et al., 1996), by using the genetic assessment model 
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(Guarino, 1999), and using a risk factor checklist (de Oliveira and Martins, 2002). The data 

gathered through diversity monitoring will aid in identifying harmful evolutionary processes, 

developing appropriate and effective conservation programs, and assessing the success level of 

conservation policies. However, such knowledge is scarce in Ethiopian chickpea productions, 

necessitating immediate action. 

 

In addition to diversity monitoring activities, extensive molecular characterization and evaluation 

for desirable agronomic traits such as disease resistance, insect pest resistance, potassium 

consumption capacity features, and so on are required to make conserved germplasms more 

useful to breeders and farmers (Rao, 2004; Rabara et al., 2015; Castañeda-Álvarez et al., 2016). 

So far, the effort put into germplasm collection is significantly greater than that put into 

germplasm molecular characterization or evaluation. Molecular characterization and evaluation 

should be part of germplasm collections and conservation efforts if these resources are to be used 

effectively in breeding programs (Rao, 2004; Kumar et al., 2016).  

 

Molecular characterizations and evaluation of existing germplasm not only reveal the magnitude 

and pattern of genetic diversity accessible for conservation, but also allow for the identification 

of important genes in the germplasm and the possible progress that can be made through future 

breeding activities (Arumuganathan and Earle, 1991; Hayward and Breese, 1993). Ethiopian 

chickpea has been thoroughly characterized using morpho-phenotypic features based on 

chickpea descriptor lists (Gemechu Keneni et al., 2012a; Nigusie Girma et al., 2017; Sintayehu 

Admas and Gize Abeje, 2017; Vishnyakova et al., 2017; Asnake Fikre et al., 2018; Awol 

Mohammed and Bulti Tesso, 2018), however there has been little work done on describing the 

germplasm at molecular level.  
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The use of molecular data analysis to characterize chickpea germplasm in terms of genetic 

structure, diversity, and linkages of chickpea genotypes is particularly significant for generating 

genetic information that can be used to build efficient conservation strategies and crop breeding 

programs (Choudhary et al., 2012). In terms of germplasm evaluation, Ethiopian chickpea 

germplasms were screened for important traits by limited authors (Yadeta Anbessa and Geletu 

Bejiga, 2002; Gemechu Keneni et al., 2011; Gemechu Keneni et al., 2012a). There have been 

also few studies that investigated the ability of Ethiopian chickpea germplasm to withstand low 

temperatures stressors, which will be addressed in this study. Therefore, the present study 

provided to researchers, students, and farmers a deeper understanding of Ethiopian chickpea 

germplasm in which very little or no information is available so fare. These include the diversity, 

population structure and relationship of chickpea accessions at molecular level, their potential for 

cold tolerance response variability, the status of on-farm diversity changes occur over time, and 

the severity of genetic erosion. 

 

 

 

Table 1. Ethiopian Biodiversity Institute chickpea germplasm collections from 1977 G.C to 2017 G.C 

 

No Year of 
collection  

Collection 
age  

No 
accessions  

  No Year of 
collection  

Collection 
age 

No 
accessions  

1 1977 41 6   16 1992 26 14 
2 1978 40 16   17 1993 25 5 
3 1979 39 38   18 1994 25 16 
4 1980 38 38   19 1995 23 35 
5 1981 37 13   20 1996 22 9 
6 1982 36 209   21 1997 21 48 
7 1983 35 240   22 2001 17 1 
8 1984 34 128   23 2002 16 9 
9 1985 33 21   24 2003 15 6 
10 1986 32 19   25 2004 14 14 
11 1987 31 7   26 2010 8 1 
12 1988 30 77   27 2012 6 2 
13 1989 29 16   28 2014 4 7 
14 1990 28 15   29 2015 3 2 
15 1991 27 3   2-26 Years Old 169 (14%) 

27-41 Years Old 846 (69%)   Unknown collection date 208 (17%) 



8 
 

1.2. Objectives 

 

1.2.1. General objective 

 To study the diversity of Ethiopian chickpea germplasm conserved in situat Ethiopian 

Biodiversity Institute’s gene bank and to analyzeon farm chickpea diversity change over 

time    

 To assess the potential of the Ethiopian chickpea germplasm for cold tolerances, and to 

identify germplasm that could be used to improve chickpea resilience to low temperature 

stress 

 

1.2.2. Specific objectives 

 To assess the nature of genetic structure and the level and patterns of genetic diversity 

and relationships within and between Ethiopian chickpea genotypes, improved chickpea 

varieties and breeding lines by using microsatellite (SSR) markers;   

 To assess the genetic diversity for cold tolerance amongst Ethiopian chickpea genotypes 

under field and controlled environment and  identify cold tolerant genotypes for further 

breeding work; 

 To assess changes in chickpea on-farm genetic diversity and its agronomic performances 

in the Amhara Regional State during a 35-year period, from 1979 (when the first 

collections were made) to 2017 (when the current collections were carried out);  

 To estimate the level and extent of chickpea genetic erosion by evaluating the temporal 

changes of population genetic structure and to provide some suggestions for conservation 

actions in the Amhara Regional State.  
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Chapter 2 

 

2. Literature Review 

 

2.1. The Chickpea Crop 

 

2.1.1. Biology and Plant Growth Habit 

Chickpea (Cicer arietinum L.) is an annual self-pollinated grain legume crop (Muehlbauer and 

Abebe Tullu, 1997; Sajja et al., 2017), with just 0 to 1% chance of cross-pollination (Singh, 

1987). It has a chromosome number of 2n = 2x = 16 (van der Maesen, 1987) and a genome size 

of 740 Mbp (Arumuganathan and Earle, 1991). Chickpea leaves are petiolate and compound, 

with simple leaves in some genotypes (Singh and Diwakar, 1995). The plant has a strong root 

system and is a resilient crop with its roots growing deep up to more than 120 cm in Vertisols 

(Sheldrake and Saxena, 1979). The plant has a strong root system and is a hardy crop (Sheldrake 

and Saxena, 1979). Depending on the compatibility of the growing environment, the crop can 

reach a height of 20-100 cm (Sheldrake and Saxena, 1979). On both sides of the stem are little 

feathery leaves (Muehlbauer and Abebe Tullu, 1997). In most cases, only one seed is produced 

per pod (Van der Maesen et al., 2007).  

 

There are two main types of chickpeas currently grown in Ethiopia, namely desi and kabuli. 

However, rarely pea-shaped chickpea types are also available (Muehlbauer and Tullu, 1997). 

Kabuli seed types (Macrosperma) are large (100-seed mass >25 g), round or ram head, and 

cream-colored. It has medium to tall plant height, large leaflets and white flowers, and it contains 
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no anthocyanin. The desi chickpea types (Microsperma) are characterized by pink, purple or blue 

flower color, darker seeds with a rough seed coat. It has small and angular seed shape. There are 

2-3 ovules per pod, however only 1-2 seeds are generated on average within each pod. The plants 

are anthocyanin-rich and have tiny leaves and purplish blooms. Pea-shaped chickpea type is 

characterized by medium to small seed size and creamy color (Cubero, 1975; Singh and 

Diwakar, 1995; Upadhyaya et al., 2008). Moreover, it may be a result of a cross between desi 

and kabuli types that has resulted in a sort of intermediate types (Muehlbauer and Abebe Tullu, 

1997). Chickpea are well adapted to a subtropical or tropical climate with well drained fertile 

soils having pH of 5.5-8.6 (Muehlbauer and Abebe Tullu, 1997). 

 

2.1.2. Taxonomy 

The genus Cicer belongs to the Fabaceae family and it comprises 46 species, with 10 annual 

species, 36 perennial species (van der Maesen, 1987; Toker et al., 2021).  Due to their different 

physical characteristics, life cycle, and geographic distribution, the annual species are further 

classified as Monocicer and Chamaecicer (van der Maesen, 1987; Muehlbauer, 1993). Only one 

annual species (Cicer chorassanicum) belongs to the Chamaecicer group, whereas nine annual 

species (C. turcicum, C. arietinum, C. reticulatum, C. echinospermum, C. bijugum, C. judaicum, 

C. pinnatifidum, C. yamashitae, C. cuneatum, and C. chorassanicum) belong to the Monocicer 

group (Muehlbauer, 1993; Toker et al., 2021). Cicer arietinum is the only domesticated and 

cultivated species among the 46 species (Millan et al., 2006). Based on investigations of 

cytogenetics and seed protein analysis C. reticulatum is the wild progenitor of the cultivated 

chickpea (Ladizinsky and Adler, 1976), yet a research by Ohri and Pal (1991) did not support 

this claim. The genus belongs to the Cicereae Alef. monogeneric tribe, subfamily Papilionoideae, 

family Leguminoseae (Van der Maesen et al., 2007). It was previously classified as a member of 

the Vicieae Alef legume family (Van der Maesen et al., 2007). 
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2.1.3. Origin and Domestication of Chickpea 

Chickpea is thought to be originated in the South-Eastern Turkey and the adjoining areas of 

Syria because of the widespread presence of chickpea wild relatives, namely C. reticulatum and 

C. echinospermum in these places (Ladizinsky and Adler, 1976; van der Maesen, 1987; Singh 

and Ocampo, 1997). According to Zeven and De Wet (1982), chickpea had different secondary 

centers of diversity in at least four regions: the Near East Region (which includes the Fertile 

Crescent), Hindustani Region (present India and East Pakistan), Central Asian Region 

(Afghanistan, Western Pakistan, Iran, and the former Soviet Union's south), and Mediterranean 

Region (including Lebanon and Palestine). Ethiopia is also regarded as one of the chickpea's 

secondary diversity hotspots (van der Maesen, 1987). 

 

Chickpea was first domesticated in the Middle East before the late Neolithic period (as early as 

3,500 BC) in Turkey, according to archeological findings (Tanno and Willcox, 2006). Even 

chickpea seeds dating back to roughly 7000 BC have been discovered in Syria and Turkey (Van 

der Maesen, 1987). According to Zohary and Hopf (2000), chickpea was domesticated in the 

Fertile Crescent 12,000-10,000 years ago in conjunction with other crops as part of the evolution 

of agriculture. Chickpea was domesticated in Turkey and it eventually spread into the Middle 

East, the Mediterranean region, India and Ethiopia and it has been introduced to Australia, New 

Zealand, the United States and Canada (Ladizinsky, 1975; van der Maesan, 1987).  

 

2.2. Chickpea Cultivation 

 

Chickpea is a part of the West Asian Leolithic crop assemblage, which is related with the origin 

of agriculture in the Fertile Crescent approximately 10,000 years ago. It is one of the oldest 

(older than 9,500 BC) and commonly farmed pulse crops in many nations throughout the world 
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(Lev-Yadun et al., 2000). It is a popular pulse crop grown throughout the tropics, subtropics, and 

temperate zones, including Ethiopia, India, Mexico, Myanmar, Pakistan, and Turkey (Singh, 

1997; Croser et al., 2003). According to data from FAOSTAT (2021) chickpea is the second 

most important legume crop in the world, after dried beans and it is farmed in 50 countries in 

2019. Chickpea was harvested in 14.26 million tons from 13.72 million hectares of land from 

these countries, with an average yield of 1,655.14 kg/ha (FAOSTAT, 2021). Notably, about 

87.3% of the world's chickpea is produced in India (69.7%), Turkey (4.4%), Russian Federation 

(3.5%), Myanmar (3.5%), Pakistan (3.1%) and Ethiopia (3.1%) (FAOSTAT, 2021). In Africa, it 

is primarily grown in East Africa (Sudan, Eritrea, Ethiopia, Kenya, Tanzania) and Malawi in 

tropical Africa, where it is grown in locations with a distinct cool season (Geletu Bejiga and van 

der Maesen, 2006; Asnake Fikre et al., 2021). Amongst the varieties cultivated, Kabuli types are 

primarily planted in the Mediterranean basin and Central Asia (Castro et al., 2011), whereas desi 

varieties are primarily grown in East Africa and India (Malhotra et al., 1987). 

 

Chickpea has been planted in Ethiopia since 1,520 BC (Joshi et al., 2001), and it is presently the 

third largest food legume crop in terms of area covered and production volume next to faba bean 

and haricot bean. It occupies roughly 239,786.13ha (163067.24 ha for desi and 76718.89 ha for 

Kabuli types) of land annually and producing 459,173,187 Kg (330,153,198 from desi and 

129,019,989 from kabuli type chickpea) with an average productivity of 2,025 kg/ha for desi and 

1,682 kg/ha for kabuli type chickpea (CSA, 2019). Amhara (Gonder, Gojam, Wollo, and North 

Shewa Zones) and Oromia (East, West, and Northwest Shewa, and Arsi Zones) contribute 

49.84% and 44.27% of total chickpea production, respectively, while Tigray and SNNPR 

account for roughly less than 6% of total chickpea production (CSA, 2019).  
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Within Ethiopia, chickpea is the second most important export commodity after haricot beans, 

accounting for approximately a quarter of all legume export revenues (Setotaw Ferede et al., 

2018). According to Setotaw Ferede et al. (2018), the local market accounts for 85% of the 

country's total yearly grain trade volume, while the export market accounts for only 15%. During 

the years 2010-2017, Ethiopia exported a total of 456,290 tons of chickpea grain, earning 304.6 

million dollars (Setotaw Ferede et al., 2018). The kabuli variety accounted for more than 56% of 

total export volume, with the desi type accounting for the remainder (Setotaw Ferede et al., 

2018). 

 

2.3. The Importance of Chickpea 

 

The issue of addressing food security is becoming a major challenge in developing countries like 

Ethiopia because of the ever increasing population demand for adequate food. To fulfill rising 

demand, crop production must be increased while causing little or no environmental damage and 

contributing minimally to climate change by applying climate mitigation and adaptation 

techniques (Stagnari et al., 2017). These strategies include reducing climate emissions and 

increasing carbon sequestration in arable soils (Franzluebbers, 2005). This necessitates the 

integration of leguminous crops into the country's agricultural system to ensure sustainable 

agriculture, which leguminous crops play a key part in. Legume crops provide a variety of other 

economic benefits to the society which includes serving as human food, feed, and cash crops, 

while requiring little external inputs and labor-intensive crop.   

 

Grain legumes are sometimes referred to as the poor man's meat (Maya and Maphosa, 2020) 

because they are a cheap and vital source of protein for individuals who cannot afford animal 

protein or who are mostly vegetarian (Upadhyaya et al., 2002).  Furthermore, they are a good 



14 
 

source of minerals (i.e., calcium, phosphorus, magnesium, zinc, and iron), fiber, complex 

carbohydrates, vitamins, unsaturated fatty acids, fiber, and -carotene, all of which can aid in the 

treatment of malnutrition (Güler et al., 2001). Grain legumes are important sources of nutrition, 

and when mixed with cereals, they give a nutritionally balanced amino acid composition with a 

ratio that is close to the ideal requirement for humans (Saxena, 1990). 

 

By humans, grain legumes are prepared and consumed in a variety of ways based on the cultural 

traditions of the various communities. Across India, for example, chickpea grain is crushed into 

flour that may be used to produce a variety of snacks (Hulse, 1991), whereas chickpea is used to 

make stews, soups, and salads in Asia and most of Africa. The seed is also consumed in boiled, 

salted, roasted, and fermented forms (Gecit, 1991). Chickpea grain is used as food in Ethiopia in 

several forms. The green immature seed is eaten as a green vegetable. Chickpea grains consumed 

as ‘Kolo' prepared by soaking in water followed by roasting, or ‘nifro' prepared by boiling the 

grain. Sauces (‘wot') are made with chickpea grain powder (‘shiro'). It's also employed in 

traditional food processing techniques for infant food formulation.   

 

Legume crops have the potential to be one of the most important agricultural export commodity 

crops in terms of export earnings due to high demand in international markets. Nevertheless, 

most grain legumes are consumed locally (Bekele Shiferaw and Hailemariam Teklewold, 2007). 

This is due to low grain production volumes that cannot satisfy local and international markets 

(Setotaw Ferede et al., 2018) leading to weak integration of farmers into the market economy 

(Bekele Shiferaw and Hailemariam Teklewold, 2007). Among grain legumes in Ethiopia, 

advances in chickpea breeding and crop management practices over the last four decades have 

resulted in the development and release of technology that have significantly improved 

productivity, adaptability, and production, ultimately benefiting small holder farmers' livelihoods 
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(Asnake Fikre and Dagnachew Bekele, 2020). Recently, chickpea is a crop that has progressed 

from a basic predecessor to the primary crop of Ethiopian households (Asnake Fikre et al., 

2018). As a result of the aforementioned factor, chickpea production has continuously increased, 

and Ethiopia has risen to become one of the top 10 chickpea producing countries in the world, as 

well as Africa's leading producer (FAOSTAT, 2021).   

 

Legume crops, which serve as rotational crops in cereal-based crop production systems, are 

critical for agricultural systems that provide sustainable crop production. It has various 

advantages for agricultural production systems, including the capacity to raise soil nitrogen 

levels through biological nitrogen fixation, increased weed control, increased yield, and as a 

break crop for cereal diseases (Siddique et al., 2005; Flowers et al., 2010; Stagnari et al., 2017). 

Legume crops are also used for roughage, green manure, hay and silage (Rowland et al., 1994). 

Crop rotation with legumes and cereals can boost cereal output and protein content (Rowland et 

al., 1994). 

 

Chickpea, as one of the legume crops, is vital for soil fertility maintenance and require little 

nitrogen chemical fertilizer. Chickpea crops, for example, may fix nitrogen at rates of up to 140 

kg/ha/year (Flowers et al., 2010), and they require little nitrogen fertilizer since symbiotic N2 

fixation meets 70% of their demand (Siddique et al., 2005). Legume production does not 

necessitate a large amount of nitrogen fertilizer, which is environmentally friendly and reduces 

fertilizer input costs not only for legumes, but also for succeeding crops (Flowers et al., 2010). In 

addition, legumes minimize greenhouse gas emissions from agriculture by reducing fossil energy 

usage, increasing carbon immobilization in the soil, and providing essential raw material for 

biorefineries (Stagnari et al., 2017). 
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2.4. Chickpea Production Constraint 

 

The main problems for chickpea growers are to increase chickpea yield in a consistent manner 

while maintaining acceptable seed quality across years and locations. This is owing to several 

chickpea production limits, which can be classified as biotic and abiotic stresses, as well as the 

crop's restricted genetic potential (Singh et al., 1994) 

 

The major biotic stressors that cause drastic yield reduction and instability are those caused by 

fungal, bacterial and viral diseases, insect pests, parasitic nematodes (Geletu Bejiga et al., 1996; 

Basandrai et al., 2011), and parasitic weeds of chickpea (Cubero et al., 1986). Generally, 5-10% 

and 50-100% yield loss was estimated due the damage incurred by biotic factors (i.e. insect pest, 

diseases or weeds) in temperate and tropical regions, respectively (van Emden, 1988). The most 

destructive foliar and root diseases in chickpea are Ascochyta blight (caused by Ascochyta 

rabiei) and Fusarium wilt (caused by Fusarium oxysporum), both of which cause significant 

yield loss (Singh et al., 2008). Wilt and root rots cause significant crop loss and can have a 

significant impact on chickpea output in the Nile valley and Red Sea countries (Ethiopia, Egypt, 

Sudan, and Yemen) as well as North Africa, especially Tunisia (Geletu Bejiga et al., 1988). 

Chickpea wilt has caused a 30% crop loss in Ethiopia (Meki Shehabu et al., 2008). Pod borer 

(Helicoverpa armigera) and seed beetle or bruchid (Callosobruchus spp.) are the most common 

insect pests that decimate chickpea crops (Winch, 2006). In Ethiopia, pod borer damages more 

than 80% of early-sown chickpea pods (Geletu Bejiga et al., 1996). 

 

Abiotic stressors are one of the most significant negative environmental variables limiting plant 

productivity (Doupis et al., 2011). The most common abiotic stressors affecting chickpea 

production are drought, cold, terminal heat, soil salinity, water logging, soil acidity and soil 
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metal toxicity. These stressors adversely affect chickpea growth and development and ultimately 

lead to physio-morphological, biochemical, and molecular changes in the plant (Ryan, 1997; 

Millan et al., 2006; Potters et al., 2007). According to Ryan (1997), yield losses caused by 

abiotic stress may exceed 6.4 million tons while yield losses due to biotic stresses could reach up 

to 4.8 million tons. Specifically, drought/heat, cold, and salinity-related economic losses in 

chickpea were projected to be 1.3 billion, 186 million, and 354 million US dollars, respectively, 

causing great worry among chickpea-growing countries.  

 

Drought is one of the most significant abiotic factors limiting chickpea production in many parts 

of the globe resulting in up to 40-50% yield reduction (Ahmad et al., 2005; Tuberosa and Salvi, 

2006; Toker et al., 2007). However, in severe drought conditions, full chickpea crop failure can 

occur (Boyer, 1982; Saxena et al., 1993; Singh and Saxena, 1996). A rise in temperature above a 

specific ideal level is known as terminal heat stress (Wahid et al., 2007). Chickpea is a cool-

season crop that can suffer significant production loss if exposed to high temperatures (30-35 oC) 

for a few days during flowering (Saxena et al., 1988). Summerfield et al. (1984) found a 

negative association between high temperature during the reproductive phase and chickpea grain 

yield. Due to its relevance for this PhD research work, low temperature stress will be reviewed in 

better detail in the section below.  

 

2.5. Low Temperature Stress 

 

Chickpea is a chilling-sensitive legume, and one of the most significant hurdles to chickpea 

production is low temperature (Singh et al., 1984). The second most important limiting factor in 

chickpea production is low temperature stress (Sassenrath et al., 1990; McKersie and Bowley, 

1997). Chilling injury occurs when the temperature remains above freezing/frost injury (0°C to 
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15°C) and freezing injury occurs when the temperature drops below freezing point (below -

1.5oC) (Croser et al., 2003; Yadav, 2010; Jha et al., 2014), both of which have overlapping 

effects on chickpea growth and production (Croser et al., 2003; Yadav, 2010; Jha et al., 2014) 

 

2.5.1. Low Temperature Impacts on Agronomical Traits 

The effects of cold temperatures on chickpea crop growth have been studied at various stages of 

the crop, including seed germination, vegetative, flowering, poding, and seed setting. The degree 

of damage varies depending on the chickpea genotypes and the severity of the frost stress. Seed 

germination and seedling emergence are critical for a successful crop establishment; however, 

soil conditions and air temperature influence seed germination (Chen et al., 1983).  

 

According to reports, the minimal soil temperature for chickpea seed germination is 0°C, and any 

temperature below that hinders seed germination (Siddique et al., 1983; Ellis et al., 1986). 

Various authors have found that in chickpea, seed germination percentage and seed development 

stages are extremely sensitive to frost stress, resulting in reduced crop growth and, in some 

sensitive genotypes, in complete plant necrosis and plant mortality (Srinivasan et al., 1998; 

Croser et al., 2003; Maphosa et al., 2020). Although susceptibility to cold is greater at the late 

vegetative stage than at the seedling stage (Singh et al., 1984), chilling stress mostly impacts 

mean germination time among cultivars, which is strongly correlated with shoot length and dry 

weight of the plant (Matthews et al., 2011). Cold temperatures enhance susceptibility to soil-

borne infections during chickpea germination, slowing plant growth and lowering dry matter 

output (Wery et al., 1994). One of the most important causes of physiological damage to seed at 

planting is imbibitional chilling injury when dry seeds imbibe cold water in the field (Cal and 

Obendorf, 1972). 
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Low field temperatures hamper vegetative development and vigor, delay all phenological stages, 

and result in some vegetative damages such as poor crop stand establishment, chlorosis, wilting, 

necrosis of leaf tips, reduced plant height and branches, full leaf curling, and plant death (Croser 

et al., 2003; Nayyar et al., 2005a; Kumar et al., 2010). It also reduces assimilate partitioning to 

the vegetative sections, resulting in a lower harvest index (Siddique and Sedgley, 1986; Saxena, 

1990). When chickpea is subjected to low temperatures throughout its growth period, a 

significant yield loss is encountered (Singh et al., 1993, Croser et al., 2003, Nayyar et al., 

2005a). 

 

Low temperatures can restrict chickpea growth and vigor at all phenological stages, but the 

damage is more severe if it happens during reproductive stages, resulting in a large yield loss 

(Kumar et al., 2010). Particularly, temperature stress at or around flowering is considered a 

major challenge to yield in many chickpea production areas (Srinivasan et al., 1998; Clarke and 

Siddique, 2004; Bakht et al., 2006). This is because, the reproductive stage represents the most 

vulnerable phase resulting in damaging events, such as bud abscission, floral abortion, reduced 

pollen viability and stigma receptivity, inhibited pollen tube growth, poor pod set, infertile pods, 

reduced seed size, deteriorated seed quality and seed yield that substantially limit the production 

potential of this crop (Srinivasan et al., 1998; Croser et al., 2003; Clarke and Siddique, 2004; 

Nayyar et al., 2005a; Kumar et al., 2007; Kumar et al., 2010).  

 

According to Clarke and Siddique (2004), pollen viability and pollen germination on the stigma 

were the key reasons why pod set in chickpea was reduced during low temperature stress. 

Several authors demonstrated also that low temperature did not affect the pistil function, i.e., 

esterase activity; however, pollen tube growth on the styles of sensitive genotypes was restricted 

due to cold temperatures (Savithri et al., 1980; Srinivasan et al., 1999; Clarke and Siddique, 
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2004). Cold stress can cause yield losses of up to 50% or complete plant failure in chickpeas 

(Saxena and Johansen, 1990), depending on the degree of the stress and the genotype's 

sensitivity. 

 

Low temperature also affects nutritional and processing quality of chickpea seed. The quality of 

chickpea seeds is harmed by environmental stressors during seed development (Behboudian et 

al., 2001). Cold stress reduces the rate and duration of grain filling period in chickpeas, resulting 

in smaller seeds (Nayyar et al., 2007; Kaur et al., 2008). Chickpea average seed weight and size 

fell by 41% and 24%, respectively, at 13/5°C compared to 28/17°C, owing to a reduction in seed 

filling duration from 20 days without cold-stress to 14 days with cold-stressed (Nayyar et al., 

2005b). Similarly, in Northern New South Wales, Australia, low post-anthesis temperatures 

lowered yield by 1.3t/ha in 2009 (Moore et al., 2010). 

 

Abiotic stresses such as altered carbohydrate and nitrogen metabolism in source and sink plants 

(Nayyar et al., 2005a), impaired photosynthesis (Nayyar et al., 2005a), senescence of source 

leaves (Yang et al., 2001), hormonal imbalance (Nayyar and Walia, 2004), vascular restrictions, 

and reduced assimilate uptake into seeds can all inhibit seed growth. According to Nayyar et al. 

(2005b), grain sugar concentration increased in chickpeas during cold stress, whereas storage 

proteins, starch, and many amino acids declined. The stage of seed development, however, had 

an impact on the result. When cold stress occurred in late pod-filling stages compared to early 

pod-filling stages, there was a larger loss in carbohydrates, proteins, soluble sugars, fat, crude 

fiber, and store protein fractions (Kaur et al., 2008). Freezing can diminish seed size, most likely 

due to stress circumstances impacting plant resource mobilization. Furthermore, the seed coat 

can become discolored (Croser et al., 2003). 
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2.5.2. Low Temperature Impacts on Physiological and Biochemical Traits 

The effect of low temperature on physiological and biochemical features in chickpea has been 

studied in a number of ways. Frost stress lowers leaf water status and chloroplast membrane 

stability, resulting in the loss of respiration and photosynthesis (Heerden and Krüger, 2000; 

Croser et al., 2003; Yadav, 2010). Ice formation in plant tissues causes severe damage such as 

dehydration and electrolyte imbalances when temperatures drop below freezing (Croser et al., 

2003; Yadav, 2010).  

 

Different modifications in crops, such as soluble carbohydrate content, soluble lipids, protein 

content, and degree of fatty acid content in the shoot cells, have been found in biochemical 

studies to complement cold adaptation (Lee et al., 1997; Bakht et al., 2006; Thakur et al., 2010). 

Frost stress raises the levels of abscisic acid (ABA) and calcium in the frost-resistant plant (Lang 

et al., 1994; Knight et al., 1996), while it lowers the accumulation of starch, proteins, lipids, 

crude fiber, protein fractions (i.e., albumins, globulins, prolamins, and glutelins), sucrose 

accumulation, and enzyme activity levels such as starch synthase, sucrose synthase, and 

invertase in the seeds of freezing sensitive genotypes (Bakht et al., 2006). 

 

Bakht et al. (2013) investigated the applications of ABA to frost-sensitive chickpea and found 

out that it can reduce the effect of low temperature by preventing or lowering cell lysis due to an 

increased level of desaturation fatty acid in plasma membrane, which is an important component 

for cell membrane integrity. Similar findings were reported from Nayyar et al., (2005a) that 

exogenous ABA increases tolerance to cold stress by boosting survival rate through the 

reproductive stage too. The application of glycine betaine at budding and podding stages can 

improve cold tolerance in chickpea by increasing chlorophyll retention, pollen germination, 

pollen viability, pollen tube growth, stigma receptivity, ovule viability flower retention and pod 
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set, which in turn increases seed weight, grain yield, number of seeds/pod and decrease in 

infertile pod (Nayyar et al., 2005a; Kumar et al., 2007). It has also been reported that 

antioxidative enzymes such as catalase, ascorbate peroxidise, glutathione reductase and sucrose 

synthase can protect seeds and pod walls from cold stressors (Kaur et al., 2009). Therefore, the 

manipulation of ABA and glycine betaine contents could improve cold tolerance in chickpea. 

 

2.6. Cold tolerances and Screening Methods 

 

Cold tolerance refers to a genotype's capacity to establish pods and seeds, while limiting 

excessive vegetative development, which results in less lodging, lower pest and disease 

incidence, and a higher harvest index at low temperatures (Saxena et al., 1988). Agronomic, 

physiological, and biochemical techniques have been used to investigate the sensitivity of 

chickpea genotypes to low temperatures at vegetative or reproductive stages in both field and 

controlled environments (Saxena et al., 1988).  

 

Chickpea genotypes responded differently to cold stress at different phonological stages and in 

distinct tissues (lower and upper leaves of the plant canopy, stems, meristems, or roots) (Croser 

et al., 2003). During the evolutionary process, plants develop an adaptation to endure cold, 

known as "cold hardening," which is triggered by low non-freezing temperatures (Levitt, 1980). 

Cold hardening occurs in natural situations when the temperature gradually drops to 0oC over 

several weeks (Levitt, 1980; Croser et al., 2003). Cold hardening, also known as acclimation, is a 

non-heritable alteration of structures and functions as a reaction to cold that reduces damage and 

increases a plant's fitness (Levitt, 1980; Croser et al., 2003). 
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When plants are not acclimated to the cold, they will suffer irreparable harm such as the 

disintegration of cell membrane systems or the loss of photosynthetically active tissue (Chen et 

al., 2014; Menon et al., 2015). Ice forming within the intercellular gaps is the most common 

cause of freezing injury. With lowering temperature, the stiff ice lattice structure expands and 

may penetrate cellular walls and membranes to an amount that normal cell processes cannot 

repair (Andrews, 1996). Many plant species can withstand extracellular ice generation, but 

intracellular ice development is harmful (Guy, 1990). According to Gilmour et al., (1988), cold-

acclimated plants resisted frost stress better than non-acclimated plants. Nezami et al. (2012) 

created a stepwise low temperature acclimatization technique for chickpea seedlings to promote 

acclimation under control conditions, and discovered an increase in vegetative cold tolerance. It 

is unclear whether exposing chickpea plants to low positive temperatures before reproductive 

stages would improve their tolerance to frost occurring at reproductive-stage (Croser et al., 

2003). 

 

The cold tolerance mechanism involves a series of biochemical and physiological changes. 

These include an increase in ABA levels (Morgan and Drew, 1997), increases membrane 

fluidity, an increase in antioxidants and osmotic adjustment (Fridovich, 1986; Buddenhagen and 

Richards, 1988; Wery et al., 1993), super cooling without ice nucleation (Olien and Smith, 

1981), and changes in cell membrane lipid composition (Graham and Patterson, 1982).  

Increased amounts of carbohydrates, soluble proteins, prolines, and organic acids, as well as the 

development of novel protein isoforms and changed lipid membrane composition, are among the 

cellular and metabolic changes that occur during cold adaptation (Hughes and Dunn, 1990).  

 

Identifying cold tolerant chickpea is a necessary component for increasing yield during frost 

seasons, both at freezing and chilling temperatures, which has an impact on the entire crop 
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development process from germination to maturity (Croser et al., 2003). From germination to 

flowering, phenological stages should be taken into account when measuring a genotype's cold 

tolerance. Given the importance of pollen in altering freezing-tolerance, chickpea pollen at the 

gametophytic stage was chosen as an effective visible marker during genotype selection, and 

flower color was chosen as an effective visible marker during genotype selection (Clarke et al., 

2004). 

 

The hardening circumstances have a significant impact on the degree of freezing-tolerance. 

Exposing the plants to a temperature low enough to cause harm and finding either the 

temperature that kills 50% of the plants (LT50) or the percentage of plants that survive is how 

cold tolerance is measured. Re-growth, electrolyte leakage, browning, or chlorophyll 

fluorescence can all be used to calculate the LT50 (lowest test temperature required to kill 50% 

of the plant population) (Levitt, 1980). Because cold injury disrupts cell plasma membranes, 

harm can also be assessed by tissue electrical conductivity or leaking of different chemicals. 

Methods such as vital staining or comparing the ability of plants to re-grow after a recovery time 

are also extensively utilized (Levitt, 1980). 

 

An efficient and repeatable screening process for huge collections of germplasm is required to 

reliably pick accessions and develop innovative inbred lines with enhanced germination under 

cold conditions. To produce cold tolerant cultivars, the impact of cold stress on chickpea during 

the vegetative and reproductive phases must be explored by observing agronomic, physiological, 

and biochemical properties (Kaloki et al., 2019). Several non-destructive approaches for 

evaluating chickpea cold tolerance have also been proposed, including visual scoring of freezing 

damage in leaves, detecting re-growth or leaf conductivity, and evaluating chlorophyll 

fluorescence. In previous investigations, a scoring scale of 1-9 was employed to assess cold 
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stress injury during the early vegetative or seedling stages (Singh et al., 1989) under natural and 

controlled environments. 

 

2.6.1. Natural Field Environments 

Genotypes are tested in the field and chosen once natural frost appears at each phenological crop 

stage, such as germination, seedling, vegetative, or reproductive growth. Srinivasan et al. (1999) 

investigated the morpho-physiological basis for cold tolerance variation in early reproductive 

stages in both field and laboratory environments. They looked at anther dehiscence on the day of 

flower opening, as well as the number of flowers with fully dehiscent anthers, pollen presence, 

and stigma load. The score scale was 1 to 5, with 1 being the lowest and 5 being the highest. The 

cold tolerance of a group of 30 chickpea accessions were assessed in the field under natural 

conditions on a scale of 1 to 9 (Singh et al., 1989), and the scoring was completed after the death 

of the vulnerable check. The problem with field screening is the unpredictability of the severity 

and frequency of low temperatures in the field; it also necessitates land, labor, and, most 

importantly, suitable freezing conditions for seedling screening (Maqbool et al., 2010). This 

method is sometimes referred to as the opportunistic method due to the unpredictability of low 

temperature intensity and frequency (Tóth et al., 2004). 

 

2.6.2. Controlled Environments 

In a controlled setting, such as a greenhouse or a plant growth chamber, artificial freezing 

emulating circumstances can be established. Seedlings as early as the first, second, or third leaf 

stage are sampled and exposed to various freezing temperature ranges to screen for vegetative 

stage low temperature-tolerance. The controlled environment screening method overcomes the 

limitations of the field environment by ensuring that frost stress is induced at the proper 

developmental stage at which chickpea plants are susceptible to frost, and that the stress is 
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evenly distributed across the trial area or the plants (Chen et al., 2009). This screening process 

allows for much more exact control of frost treatment timing and intensity (Wu et al., 2014). It is 

also low-cost, easier, fast, highly repeatable, and avoids many of the issues that occur in the field 

(Nezami et al., 2012). The controlled environment method lacks a real-world environment that 

plants are subjected to in addition to frost damage (GRDC, 2009). For several crops such as 

winter wheat (Zhu et al., 2014), chickpea (Nezami et al., 2012), faba bean (Sallam et al., 2016), 

and field pea (Sallam et al., 2016), this method was employed. Generally, it is advisable to 

employ natural and controlled environment simultaneously to complement the short comings of 

each other and produce reliable information.  

 

2.6.3. QTLs and other Indirect Methods 

This strategy relies on the use of indicators like genes linked to cold tolerance. DNA markers 

may be used for labeling genes that are resistant to freezing and chilling temperatures (Maphosa 

et al., 2020). Most cool-season legumes, such as field pea (Burstin et al., 2001), lentil (Kahraman 

et al., 2004), and faba bean (Arbaoui and Link, 2008), have had quantitative trait loci (QTLs) 

identified for winter hardiness during the vegetative stage. However, few investigations on QTLs 

for cold tolerance in chickpea have been conducted. Mugabe et al. (2019) used single nucleotide 

polymorphism markers and sequencing technologies to map three potential QTLs for cold 

tolerance characteristics for the first time. Chickpea breeders will be able to use marker assisted 

selection in their breeding program to generate frost tolerant genotypes as a result of their 

research. 
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2.7 Genetics of Cold Tolerance in Crops 

 

Studies on the genetics of cold tolerance in chickpea at various phenological phases 

(germination, seedling, vegetative, flowering, podding, grain filling) are limited. Malhotra and 

Singh (1990) investigated the mode of freezing-tolerance inheritance in chickpea seedlings to 

early vegetative stages. They argued that the mode of inheritance is additive x additive and 

dominance x dominance interactions with duplicate epistasis. 

 

Furthermore, the inheritance research revealed that cold tolerance is dominant over sensitivity 

and that it is highly heritable, allowing for visual selection in the field. Due to the high 

heritability of the trait and the small number of genes influencing cold tolerance inheritance, 

Malhotra and Singh (1991) argue that selection in early generations should be effective. 

Selection, according to Singh et al. (1994), should be delayed until the F3 or later generations, 

when dominance effects are diminished and additive and additive additive gene effects are fixed. 

After a few generations of selfing, Crosser et al. (2003) concurred that selection is more effective 

when dominance and epistatic effects are minimized. Mugabe et al. (2019) investigated the QTL 

analysis for cold tolerance in chickpea and discovered three significant QTLs, CT Ca-3.1, CT 

Ca-8.1, and CT Ca-1.1(B) on linkage groups 3, 8, and 1B respectively.  

 

2.8. Chickpea Germplasm Management 

 

Plant genetic resources are the bases for variety development as they contain various agronomic 

and nutritional quality traits. It is mandatory to protect the genetic resources from being lost 

(Upadhyaya et al., 2008). The main goals of genetic conservation is collection of plant genetic 

resources primarily aiming at tapping of cultivated germplasm and their wilds relatives’ from 



28 
 

different agro-ecological regions and conserve these genotypes for sustainable use (Kumar et al., 

2016). So far, in Ethiopia, a large number of germplasm have been collected and conserved in 

Ethiopian Biodiversity Institute gene bank using ex-situ and in-situ conservation strategies 

(Unpublished EBI report, 2021). Ex-situ conservation is performed outside the original habitat of 

plants (Khoury et al., 2010), while in-situ conservation is the maintenance of plant genetic 

resource in their natural habitats that they exist (Meilleur and Hodgkin, 2004). The effort given 

to germplasm collections is however, by far more intense than the effort given to 

characterization, evaluation, and diversity monitoring works in most gene banks (Upadhyaya et 

al., 2008). The number of accessions conserved is growing faster than they can be effectively 

characterized, evaluated, and utilized because of lack of adequate capital resources, and limited 

use of advanced technology. 

 

Characterization is the recording of distinctly identifiable characteristics which are heritable, 

while, evaluation is the recording of a limited number of agronomic traits considered to be 

important in crop improvement (Upadhyaya et al., 2008; Kumar et al., 2016). Adequate 

germplasm characterization and evaluation for agronomic and morphological traits is necessary 

to facilitate utilization of germplasm by breeders. These activities will ensure to establish 

germplasm diagnostic characteristics and identify duplicates, classify groups of accessions using 

sound criteria, identify accessions with desired agronomic traits and select entries for more 

precise evaluation, develop interrelationships between, or among traits and between geographic 

groups of cultivars, and estimate the extent of variation in the collection (Upadhyaya et al., 2008; 

Kumar et al., 2016). These can be achieved by using various techniques, namely morphological 

characterization/evaluation (Hayward and Breese, 1993), biochemical (Tanksley and McCouch, 

1997), and DNA (or molecular) marker analysis (Govindaraj et al., 2015). 
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2.8.1. Morphological Markers 

Morphological markers are based on visually observable characters which can be qualitative or 

quantitative traits. These traits include plant height, number of tillers, maturity days, flower 

color, seed shape, growth habits, pigmentation, etc. It requires an intensive work in the field for 

recording or measuring the phenotypic data. The accuracy of phenotypic data is essentials and it 

can be improved through various techniques like by replicating the trials across locations and 

over years, by using appropriate experimental design and blocking, on data recording and using 

appropriate statistical methods for data analysis (Zhu et al., 2008; Govindaraj et al., 2015). 

 

2.8.2. Biochemical Markers 

Storage proteins and allelic variant of enzymes (isozymes) have been used to assess the genetic 

diversity of plant species (Govindaraj et al., 2015). The variability can be examined using 

electrophoresis and specific staining chemicals. These markers are codominant in nature. They 

have simple inheritance and detect variability at the functional gene level. It can be detected with 

very little plant material. However, there are only a few enzyme markers available, and the 

resolution capacity for genetic diversity analysis is restricted (Govindaraj et al., 2015). 

 

2.8.3. Molecular Markers 

Genotyping has been practiced using different kinds of DNA markers to analyze the genetic and 

molecular variation among and within populations. Molecular markers are located near to genes 

that control the traits and do not affect the phenotypic expression of the given traits. A number of 

DNA markers are available, and they are unaffected by environmental conditions or the stage of 

growth of the plant (Winter and Kahl, 1995). DNA-based molecular markers (such as Restriction 

fragment length polymorphism (RFLP), simple sequence repeat (SSR), random amplified 

polymorphic DNAs (RAPD), and amplified fragment length polymorphism (AFLP) have been 
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widely utilized for molecular characterization (Collard et al., 2005; Baloch et al., 2015). 

However, for a big number of accessions, their analysis technique is arduous and time 

consuming, and some of them have problems with reproducibility among laboratories (Basel et 

al., 2014). Recently, characterization using next generation sequencing (NGS) is being used.  

 

One of the greatest revolutionary influences on biological studies has been the examination of 

entire or partial DNA sequences. It is helpful in understanding the roles, network, and 

evolutionary relationships of genes (Bevan and Uauy, 2013). Genome sequencing costs have 

been reduced in the past several years. It is now inexpensive to gather genome sequence 

information in large numbers of samples in a short period of time, even shorter than any crop’s 

life cycle (Graner and Killian, 2012). The advancement in genome sequencing technology gives 

an opportunity to assess the genetic makeup of an organism, down to base pair resolution with 

fast and cheap methods. Recently, the genomic sequence data have been generated for most 

crops and even reference genome sequences have been developed for key species (Edwards et 

al., 2012). The information is readily available in public databases for free use for different 

studies, like to study sequence variation within species. In addition to this, de novo assembly of 

sequence data can be used to detect all differences at nucleotide level (Henry, 2014). Therefore, 

the opportunities genomic characterization will bring to the conservation and use of plant genetic 

resources have been reported by various scientists for several years (McCouch et al., 2013).  

 

Application of genomics sciences in chickpea have been increasing, and currently, the advanced 

draft genome assembly of a desi type chickpea (Parween et al., 2015) and draft genome sequence 

of Cicer reticulatum L. (the wild progenitor of chickpea) (Gubta et al., 2016) are publically 

available. Kujur et al (2015) identified 44,844 high-quality SNPs by sequencing 92 diverse 

chickpea accessions belonging to a seed and pod trait-specific association panel using reference 
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genome- and de novo-based genotyping-by-sequencing (GBS) assays. They also employed 

genome-wide association study (GWAS) for desi and kabuli type chickpea. Varshney et al. 

(2014) identified 28,000 genes and several million genetic markers from genome sequencing of 

90 chickpea genotypes. This recent advancement in chickpea genomics is beneficial for gene 

bank managers for efficient germplasm conservation and utilization of germplasm, and also for 

breeders.  

 

2.8.4. Population Structure 

Population structure is defined as the arrangement of genetic variation, which is created by the 

combined effects of evolutionary processes such as recombination, mutation, genetic drift, 

demographic history, and natural selection (Tibayrene, 2017). It is a complicated phenomenon, 

and no single statistical analysis can fully reflect to understand the structure of a population. This 

requires a combination of model based statistical methods (Meirmans and Hedrick 2010; 

Lawson, 2018). Many model based population structure analysis are available in order to infer 

historical population changes, including the occurrence of population bottlenecks, admixture 

events, or population divergence dates, however the methods rely on simple population models 

(Evanno et al., 2005). For example, The STRUCTURE software, the Bayesian model-based 

clustering methods, can be used to analyze the presence of population structure, identify separate 

genetic populations, assign individual genotypes to populations, and identify admixed 

individuals (Pritchard et al., 2000). The software assumes a model in which there are K 

populations contributing to individual genotypes with varying proportions. And, it can be 

determined using a web-based Structure Harvester program developed by (Earl and Holdt, 2012). 
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2.9. Chickpea National Breeding Program in Ethiopia 

 

According to Asnake Fikre and Dagnachew Bekele (2020), chickpea breeding in Ethiopia has 

been going on since 1970, and during that time the focus of breeding was on local germplasm. 

Later, the program shifted from indigenous germplasm to exotic/introduced material from other 

sources outside Ethiopia to identify desirable traits. The major agro-morphological traits 

prioritized by the breeding program include productivity, seed size, plant phenology and type, 

and resistance to key biotic and abiotic stressors prevalent in the country; particularly resistance 

to wilt/root rot diseases complex, ascochyta blight, major insect pests, drought, moisture and heat 

stresses. The exotic genotypes have been introduced from international institutes/organizations, 

primarily the International Center for Agricultural Research in the Dry Areas (ICARDA) or the 

International Crop Research Institute for the Semi-Arid Tropics (ICRISAT), as well as 

exchanging material with colleague breeders and breeding programs.  

 

So far, a significant result has been accomplished, with the program developing 27 (13 desi type 

and 14 kabuli type) improved varieties aimed towards the aforementioned goal (MoA, 2018). 

These varieties were developed after years of intensive evaluation and critical selection of 

introduced germplasm lines for a variety of agro-morphological features in a variety of agro-

ecologies and places. This means that the improved varieties released in Ethiopia have an exotic 

genetic background, and Ethiopian chickpea germplasm were used very sparingly, with only 

three old varieties (DZ-10-4 released in 1974, DZ-10-11 4 released in 1974, and Dubie 4 

released in 1978) developed from local germplasm selection (Asnake Fikre and Dagnachew 

Bekele, 2020). It is apparent that the national chickpea breeding program is entirely reliant on 

exotic material for the development of chickpea varieties. This is demonstrated by the fact that 
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the majority of Ethiopia's released varieties can be traced back to ICARDA or ICRISAT 

introductions (MoA, 2018). 

 

The high level of dependence of the national chickpea breeding program on exotic genotypes has 

its own limitations. First, the continuity of receiving germplasm from international research 

organizations may not be sustainable due to a lack of funding to operate the organization as it has 

in the past. Second, the access and benefit sharing of germplasm by all countries may be fully 

implemented in the near future, affecting free access to germplasm internationally. Third, 

improved varieties are being adopted at an increasing rate, which will eventually replace local 

germplasm, resulting in local chickpea genetic degradation. Fourth, breeders' neglect of 

Ethiopian chickpea material results in an inability to assess the merits of Ethiopian genotypes. 

Therefore, these issues should be considered in future chickpea breeding programs, and the use 

of Ethiopian chickpea germplasm should be of equal importance, requiring detailed 

characterization and evaluation, conservation and monitoring of diversity. 
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3.1. Abstract 

 

Evaluation of the genetic diversity and an understanding of the genetic structure and 

relationships of chickpea genotypes are valuable to establish efficient germplasm conservation 

strategies and crop breeding programs. Information is limited, in these regards, for Ethiopian 

chickpea genotypes. Therefore, the present study was carried out to estimate the genetic 

diversity, population structure, and relationships of 152 chickpea genotypes using simple 

sequence repeats (SSR) markers. Twenty three SSR markers exhibited polymorphism producing 
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a total of 133 alleles, with a mean of 5.8 alleles per locus. Analyses utilizing various genetic-

based statistics included pairwise population Nei’s genetic distance, heterozygosity, Shannon’s 

information index, polymorphic information content, and percent polymorphism. These analyses 

exemplified the existence of high genetic variation within and among chickpea genotypes. The 

152 genotypes were divided into two major clusters based on Nei’s genetic distances. The exotic 

genotypes were grouped in one cluster exclusively showing that these genotypes are distinct to 

Ethiopian genotypes, while the patterns of clustering of Ethiopian chickpea genotypes based on 

their geographic region were not consistent because of the seed exchange across regions. Model-

based population structure clustering identified two discrete populations. These finding provides 

useful information to design efficient conservation strategies and breeding programs for 

widening the genetic base of chickpea. 

 

Keywords: Chickpea; Genetic diversity; Population structure; Principal coordinate analysis; 

SSR markers 

 

3.2. Introduction 

 

Chickpea (Cicer arietinum L.) belongs to the family Fabaceae (formerly Leguminoseae) and 

subfamily Faboideae. It is a diploid self-pollinated crop species having chromosome number of 

2n = 2x = 16 (Van der Maesen, 1987; Kujur et al., 2015) with a comparatively small genome 

size of 740 Mbp (Arumuganathan and Earle, 1991). Chickpea is believed to have originated from 

the South Eastern Turkey and the adjoining areas of Syria (Kujur et al., 2015), where chickpea 

was domesticated and later spread to the secondary centers of diversity: north-east Africa, 

Mediterranean Europe and the Indian sub-continent and more recently to Mexico and Chile 

(Harlan, 1992; Van der Maesen et al., 1972; Zohary and Hopf, 2000).Based on the presence of 
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wild relative (Cicer Cuneatum) found in Northern Ethiopia (Yadeta Anbessa and Geletu Bejiga, 

2002) and the Archaeological evidence from Lalibela caves in Ethiopia with seed samples dated 

at over 2500 years (ICB, 2012), Asnake Fikre et al. (2020) suggested for reconsideration of 

Ethiopia as the origin of chickpea. However, with the current consensus, Ethiopia is considered 

as the secondary center of diversity for chickpea (Harlan, 1992). 

 

Chickpea is one of the first domesticated, cool season autogamous grain legume cultivated in 

more than 50 countries in subtropical and temperate regions throughout the world (Upadhyaya et 

al., 2011). Chickpea is also one of the major crops cultivated in Sub-Saharan Africa and its area 

of production and productivity trend has shown steady increases since 1961 because it serves as 

a cash crop, break crop for crop diseases managements, a rotational crop for soil fertility 

restoration, food for human beings, feed for animals, and it is suitable for sustainable 

intensification and to adapt climatic shocks (Asnake Fikre et al., 2020). In Ethiopia, chickpea is 

the third largest food legume crop in sowing area of cultivation and production and the second 

major export commodity next to white pea beans generating nearly 25% of the total legumes 

export earnings (Setotaw Ferede et al., 2018). 

 

Knowledge of genetic diversity, structure and relationship among germplasm collections are vital 

to design appropriate germplasm conservation strategies and potential breeding programs 

(Choudhary et al., 2012). These activities aid in the maintenance of highly diversified germplasm 

which provides ample opportunity to breeders to look for desirable traits for developing new and 

superior varieties. Comprehensive information on genetic diversity and structure can be 

generated from morphological and molecular data. Ethiopian chickpea germplasm have been 

characterized extensively for phenotypic characteristics (Kebede Teshome, 2012; Gemechu 

Keneni et al., 2012a; Nigusie Girma et al., 2017; Sintayehu Admas and Gize Abeje, 2017; 
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Vishnyakova et al., 2017; Asnake Fikre et al., 2018; Awol Mohammed and Bulti Tesso, 

2018).Although morphological markers allow the identification of genetic variation, it is 

disguised by factors in the environment, and minimized by a paucity of discernible 

morphological markers (Park et al., 2009). This shortcoming of phenotypic characterization has 

to be complemented by a molecular approach using molecular markers on which reliable and 

repeatable information can be generated for diversity assessment (Vieira et al., 2016; Powell et 

al., 1996). In chickpea, various markers have been used for diversity analysis which includes 

microsatellite or simple sequence repeats (SSRs), sequence tagged microsatellite markers 

(STMS), expressed sequence tags (ESTs), single nucleotide polymorphism (SNP), cleaved 

amplified polymorphic sequences (CAPS), conserved intron spanning primers (CISP) and 

diversity arrays technology (DArT) markers (Jacked et al., 2001; Varshney, et al., 2006; 

Bharadwaj et al., 2010; Thudi et al., 2011; Upadhyaya et al., 2016).  

 

Simple sequence repeats (SSRs) are short tandem repetitive DNA sequences with a repeat length 

of few (1-6) base pairs which are abundant, dispersed through the genome and are highly 

polymorphic in comparison with other molecular markers (Vieira et al., 2016; Choudhary et al., 

2009). SSRs have been the most widely used markers for genotyping chickpea because they are 

highly informative, co-dominant, reproducible and transferable among related species, multi-

allelic, and have high degree of polymorphism and extensive genome coverage (Powell et al., 

1996; Tadesse Sefera et al., 2011; Choudhary et al., 2012; Gemechu Keneni et al., 2012b). 

Moreover, SSR markers are three times as efficient as dominant markers for intraspecific 

analysis and are as efficient as other dominant markers in detecting interspecific variability 

(Nybom, 2004). In chickpea, large numbers of SSR markers have been characterized, identified 

and utilized extensively to study genetic diversity and relationships to identify genetically 

diverse germplasm with beneficial traits for use in chickpea genome analysis, germplasm 
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characterization, phylogenetic analysis and genetic diagnostics (Powell et al., 1996; Tadesse 

Sefera et al., 2011; Choudhary et al., 2012; Gemechu Keneni, et al., 2012b). Kebede Teshome 

(2012) has tried to establish core collections of Ethiopian chickpea using SNPs markers. The use 

of SSR markers for characterizing Ethiopian Chickpea has been implemented, however, the 

number of genotypes characterized so far were small (Gemechu Keneni et al., 2012b; Tsegaye 

Getahun et al., 2021) in number as compared to the total number of genotypes conserved in the 

Ethiopian Biodiversity Institute (EBI) gene bank. The aim of this study was, therefore, to assess 

the nature of genetic structure and the level of genetic diversity and relationships within and 

between Ethiopian Chickpea genotypes, improved chickpea varieties and breeding lines by using 

25 SSR markers.   

 

3.3. Materials and Methods 

 

3.3.1 Plant materials 

One-hundred fifty-two chickpea genotypes were considered for this study (Table 2). One-

hundred thirty-eight are Ethiopian genotypes, eight are nationally released varieties from 

Ethiopian agricultural research centers and six were breeding lines accessed from the 

International Center for Agricultural Research in the Dry Areas (ICARDA). The genotypes were 

grown at Bakelo Research Station of Debre Birhan Agricultural Research Center in the 

2018/2019 cropping seasons. Two weeks after planting, approximately equal amounts of bulk 

leaf samples (two expanded leaves per plant) were collected from five plants of each genotypes 

as suggested by Gilbert et al. (1999) and then the leaves were stored in plastic locking bags 

containing Silica gel. 
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Table 2. List of chickpea genotypes used for this study 

Region Zone District  # of  
genotype  

Name of genotypes 

Amhar *East Gojjam1  Awabel, Dejen, Enarj enawga, Enemay, 
Goncha siso enese, Guzamn  

 22  228290, 240050, 207728-A, 207736-B,30287-C, 30288-A, 30289-A, 30289-B, 30290-A, 
30300-A, 41021-A, 41029-B, 41080-B, 41086-A, 41222-B, 41222-B, 41228-A, 41230-A, 
41231-B, 41234-C, 41247-A and 41247-B  

*East Gojjam2   Debay telatgen, Hulet ej enese, Mota, 
Shebel berenta, Gonji, Yilmana densa, 
D/dare zuria, Dega damot, Adet  

 23  207638, 212685-B, 212685-B, 215289-A, 30307-D, 30307-D, 30308-B, 30309-A, 30311-
A, 30313-C, 30314-A, 30314-B, 30316-A, 41020-A, 41075-C, 41078-B, 41090-A, 41245-
A, 41257-A, 41258-A, 41265-B, 41270-B and 41320-A 

North Gonder  
 

 Alefa, Belesa, Chilga, Dabat, Debark, 
Este, and Wegera  

 16  207136-A, 207136-A, 207167-A, 207173-B, 207175-A, 207609-B, 207617-A, 225884-A, 
227152-A, 227160-B, 227161-B, 24159-C, 241800-A, 241801-A, 41301-A and 9646-A 

Central Gonder  Gonder  zuria, Kemkem, Mirab belesa, 
Mirab dendia, Misrak belesa  

14 30333, 207753-B, 236475-A, 30317-A, 30318-B, 30319-B, 30326-A, 30326-C, 30334-B, 
30335-B, 30335-B, 30336-B, 30337-A and 41043-B  

North Shewa 
 

 Ankober, Debre Birhan, Efratana 
gidim, Mezezo Mojana, Mama lalo 
midir, Minjarna Shenkora, Siadebr and 
Tegulet  

 22  207652, 215067-B, 215067-C, 235036-B, 235036-C, 237055-B, 30348-C, 41093-C, 
41094-B, Dbarc-black 1, Dbarc-black 2, Dbarc-black 3, Dbarc-red 4, enewari1, enewari2, 
enewari3, enewari4, enewari5, enewari6, enewari7, tegulet1 and tegulet 2 

**Tigray   Rayaazebo, Medebay zana, Axum, 
Maychew and Wukro  

 5  16586-A, 234050-B, 235391-A, 236459-B and 236467-A 

Oromia West Shewa Ambo, Alem gena, Becho, Ejerie (addis 
alem),  Jeldu, Akaki and Ada’a chukala 
and Kersana kondaltiiti  

12 207684, 207712, 207714, 207691-B, 207765-B, 207769-A, 209026-A, 228197-E, 41169-
C, 41200-B, 41200-C and 41206-B  

 Arsi-Bale  Bekoji, Chole, Jeju, Goro, Robe, Robe 
market, and Girawa 

12 207670, 207664-A, 207679-B, 230796-C, 231331-A, 28741-A, 41035-C, 216854-C, 
41136-A, 41030, 41034, and 41153-A 

 **SNNP  Konso special district  1 225741-C 

Exotic 
Genotypes  

ICARDA Genotypes  6 125231***, 128699***, 140294***, 69757***, 70788*** and 9003*** 
Improved Varieties  8  Dalota, Dhara***, Dubie, Ejere***, Mastewal, Minjar, Shahso*** and Teji*** 

*East Gojjam was grouped in two; **Due to small number of genotypes, Tigray collections was grouped with North Wollo collections, Konso and Hareregie 
with Arsi-Bale collections, *** Kabuli types chickpea, while the rest are desi type chickpea 
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3.3.2. DNA extraction and quantification 

Genomic DNA was extracted using the cetyltriethylammonium bromide (CTAB) technique 

(Doyle and Doyle, 1987) with slight adjustments at Ethiopian Biodiversity Institute’s Molecular 

Laboratory. The leaf samples were ground into fine powder using pestle and mortar using 250 μl 

DNA extraction buffers (0.35M sorbitol, 0.1M Tris−HCl (pH 7.6), 0.005M EDTA, and 0.2M 

Tris-HCl, 0.05M EDTA, 2M NaCl and 2% CTAB, mixed in equal amounts). About 100 mg of 

ground leaf sample was transferred to 2 ml microcentrifuge tubes and 750 μl of extraction buffer 

was added. Tubes were maintained at 65oC for one hour followed by chloroform-isoamyl alcohol 

(24:1) extraction. The DNA pellet was air dried and dissolved in 100 μl of 1× TE buffer. The 

quality and quantity of all DNA samples were checked using Nano Drop Spectrometer (ND-

2000). In addition, agarose gel (0.8%) was used for checking the quality of the DNA by taking 

30 genotypes selected systematically based on the result from the NanoDrop. The working DNA 

sample was diluted to obtain a final DNA concentration of 30 - 50 ng μL-1. 

 

3.3.3. Polymerase chain reaction (PCR) and electrophoresis 

PCR reaction and electrophoresis activities were undertaken at Ethiopian Biodiversity Institute’s 

Molecular Laboratory. Twenty-three SSR markers were used to carry out amplifications of the 

target DNA portion (Table 3). The SSR markers were purchased from Invitrogen Thermo Fisher 

from Scientific Life Technologies Europe BV, Nederlaenderna filial Sverige, Lindhagensgatan, 

Stockholm in 2020. The markers were selected based on polymorphic information content (PIC), 

allelic richness and herozygosity reports from various studies (Qadir et al., 2007; Choudhary et 

al., 2009; Choudhary et al., 2012; Tadesse Sefera, et al., 2011; Gemechu Keneni et al., 2012b; 

Amina et al., 2020). These SSR markers were developed from sequence information obtained by 

various authors (Hüttel et al., 1999; Winter et al., 1999; Winter et al., 2000; Sethy et al., 2003; 
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Millan et al., 2006; Qadir et al., 2007; Radhika et al., 2007; Upadhyaya et al., 2008; Choudhary 

et al., 2009; Nayak et al., 2010). The list and description of the primers is indicated in Table 3. 

 

PCR reaction was performed with a Hybaid PCR express thermal cycler (Hybaid, UK) after 

optimizing the amplification conditions for each primer pair in a total volume of 10 μl containing 

50 ng DNA,1.5mM MgCl2, 0.2mM dNTPs, 0.4 mM each of the forward and reverse primers and 

0.05U/μl Taq polymerase. The PCR was programmed at an initial denaturation step of 3 min at 

94°C followed by 35 cycles of 20 s denaturation at 94°C, annealing at 55 to 60°C (depending on 

the primer) for 50 s, initial extension at 72°C for 50 s, and final extension at 72°C for seven 

mins. Before determining polyacrylamide gel staining, the amplified products were checked for 

the reproducibility of PCR products using a 2% agarose gel stained with ethidium bromide in a 

TBE buffer and were visualized on a UVITEC gel doc (UVITEC, UK).  The resolution of PCR 

products was done on 6% polyacrylamide gel in 0.5x TBE buffer with a 6x DNA loading dye. 

Electrophoresis was carried out on a vertical electrophoresis set up using a standard DNA ladder 

(100 bp, Solis Biodyne, Estonia). The vertical electrophoresis was run with 100V for two hrs and 

30mins, and stained using silver staining developed by Huang et al. (2018). Then gel pictures 

were taken using digital camera. The band sizes were determined using UVITEC (UVITEC, 

Cambridge, UK) software. Primer bands that were unclear or absent were sorted and repeated. 

Non-polymorphic, missing, faint and distorted gels were disregarded at scoring and only records 

of 23 primers with clear polymorphic bands were considered for statistical analysis. 
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Table 3. List and description of SSR primers used for the molecular characterization of 152 chickpea genotypes 

SSR 
Locus 

Primer Sequence  (5' to 3') Repeat motif Size (bp) Linkage 
Group 

References 

Forward  Reverse 

CaSTMS 
11  

GTATCTACTTGTAAT
ATTCTCTTCTCT 

ATATCATAAACCCCCC
AC 

(GA)20 232 4 Gemechu Keneni, et al., 2012b 

CESSR 
42  

TGGTTGAAGAAAAGA
AGGTAGTG 

CGGTTCACTAATGCAA
AAACCT 

(ACC)5 298   Choudhary et al., 2009 

CESSR 
62  

ACCAGCTGCTAGACC
TGATGTT 

GCAATAAAACAAAATC
CTCACACC 

(TGA)5, (TAT)3 245   Choudhary et al., 2009 

CESSR 
71  

TTGTAGTTCTCCTCTC
TCTCTCTC 

CATCAAAACCAAACCT
ATGGAG 

(CT)C(CT)8, (CT)6, (CT)11 295   Choudhary et al., 2009 

CESSRD
B 45  

AGATGGTTTGAATGT
TGAGG 

CACTTGACCCTTTGATT
GTT 

(AT)7(AG)5 295   Choudhary et al., 2009 

CESSRD
B 54  

AGTGTTGTGGGTTTC
ATTTC 

TTGATTTGCCAAAGTAC
ACA 

(TTA)5 221   Choudhary et al., 2009 

GA 11  GTTGAGCAACAAAGC
CACAA 

TTCTTGTCTGGTTGTGT
GAGC 

(CT)21 159 3,1, 2, 6 Winter et al., 1999; Gemechu Keneni, et 
al., 2012b 

GA 24  TTGCCAAAACCAATA
ACTCTG 

TCCCTTTTACACAAGGC
CAG 

(GA)19 203 1,2,4 Winter et al., 1999; Gemechu Keneni, et 
al., 2012b 

GA-20  TATGCACCACACCTC
GTACC 

TGACGGAATTCGTGAT
GTGT 

(CT)23 174  2,6 Winter et al., 1999; Bharadwaj et al., 
2011 

NCPGR 
100 

CCATTTTCTACAATCT
CATGTCT 

GTAGAAAGAGCCAAGA
GGCA 

CT)15N42(CT)2CC(CT)5TT(CT)
6AT(CT) 7 

263 1 Gemechu Keneni, et al., 2012b 

NCPGR 
45  

TGTTTTCAAATCAAA
CAGGC 

GATACACACCAAGGCA
CAGT 

(CT)2GTCAT(CT)5CC(CT)2CC(
CT)17 

223 2 Gemechu Keneni, et al., 2012b 

NCPGR 
53  

CCCTCCTTCTTGCTTA
CAAA 

TAATGGTGAACGAATC
ATGG 

(CT)5CA(CT)CA(CT)10CA(CT)
4CA(CT)TA(CT)4GTCA(CT)12 

194 1 Gemechu Keneni, et al., 2012b 

NCPGR 
94  

GGTTTGATGTGTTCTT
GGCT 

CCCTCAATTCCCTCGAT
TTA 

(CT)25 176 5 Gemechu Keneni, et al., 2012b 

SSR 1 TGAATTTTGTTTACCA
CCCCTC 

TTTGGCTTATTCTGTTC
TTCCC 

(AG)20 157   Qadir et al., 2007 

SSR 22 GCTTTCCCTTTACTTC
TTGGGT 

TGCTATTCAAGTCTCCC
TCCTC 

(AATG)5 275   Qadir et al., 2007 

SSR 4 GACAAAACAACCTCC
CAAGAAA 

AACAACGACAACAACA
ACAACG 

(TTG)6 279   Qadir et al., 2007 
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Table 3: Continued.... 
 

SSR 
Locus 

Primer Sequence  (5' to 3') Repeat motif Size (bp) Linkage 
Group 

References 
Forward  Reverse 

SSR 5 GAGCCCTGAAATGAA
GAAAGAA 

CACCTTTGAGCCCTAGT
CTGTT 

(AAAT)5 387   Qadir et al., 2007 

SSR 60 GGTCATGTTGATTTCT
CACCAA 

GAACTTTCCGCACACGT
TATG 

(AAAT)6 337   Qadir et al., 2007 

TA 144  ATTTTAATCCGGTGA
ATATTACCTTT 

GTGGAGTCACTATCAA
CAATCATACAT 

(TAA)27 241 5,6,8 Winter et al., 1999; Gemechu Keneni, et 
al., 2012b 

TA 18  AAATAATCTCCACTT
CACAAATTTTC 

ATAAGTGCGTTATTAGT
TTGGTCTTGT 

(TAA)24 147 7,5,6 Winter et al., 1999; Bharadwaj et al., 
2011; Gemechu Keneni, et al., 2012b 

TR 1  CGTATGATTTTGCCGT
CTAT 

ACCTCAAGTTCTCCGAA
AGT 

(TAA)31 224 5,6 Winter et al., 1999; Gemechu Keneni, et 
al., 2012b 

TR 2  GGCTTAGAGTTCAAA
GAGAGAA 

AACCAAGATTGGAAGT
TGTG 

(TAA)36 210 3 Winter et al., 1999; Gemechu Keneni, et 
al., 2012b 

TR 29  GCCCACTGAAAAATA
AAAAG 

ATTTGAACCTCAAGTTC
TCG 

(TAA)8TAGTAATAG(TAA)32 197–251 7,5,1,3  Winter et al., 1999; Bharadwaj et al., 
2011; Gemechu Keneni, et al., 2012b 
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3.3.4. Scoring SSR data and statistical analysis 

Allelic data were recorded for each of the microsatellites markers for each genotype with the help 

of UVITEC software as well as visually. The allelic data scores locus-based diversity indices 

including the number of alleles (Na), effective number of alleles (Ne), observed heterozygosity 

(Ho), expected heterozygosity (He), Shannon's information index (I), number of privet alleles 

(NPA), fixation index, percent polymorphism and unique alleles were recorded using GenAlEx 

v.6.502 (Peakall et al., 2012). Estimates of genetic differentiation were computed by analysis of 

molecular variance (AMOVA) to partition total genetic variation into within and among 

population subgroups using GenAlEx 6.502 (Peakall et al., 2012). PowerMarker 3.25 (Liu et al., 

2005) was used to estimate major allele frequency (MAF), Gene Diversity (GD), and 

polymorphic information content (PIC). 

 

The allelic data scored was used to analyze principal coordinate analysis (PCoA) using GenAlEx 

v.6.502 (Peakall et al., 2012). Dendrogram tree was constructed based on Nei’s genetic distance 

using PowerMarker 3.25 and the tree was visualized using Molecular Evolutionary Genetic 

Analysis (MEGA 6) (Tamura et al., 2013). Dendrogram was constructed by the unweighted pair-

group method with arithmetic averages (UPGMA) (Nei et al., 1983). The structure of the 

population was analyzed based on the Bayesian model-based clustering method using Structure 

2.3.4 software as suggested by Pritchard et al. (2000). This software assumes a model in which 

there are K populations, which contribute to the genotype of each individual. Burning period of 

50,000 and 100,000 Markov Chain Monte Carlo (MCMC) iterations were used with independent 

replications of 10 times for each K value (K = 1 to 10) assuming an admixture model and 

uncorrelated allele frequencies. A web-based Structure Harvester program (Evanno et al., 2005) 

was employed to determine the most likely value of K for each test (Earl and Holdt, 2012). 
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3.4. Results 

 

3.4.1. Microsatellite repeats locus diversity 

The polyacrylamide gel electrophoresis pictures and the estimated genetic diversity parameters of 

the SSR locus diversity are indicated in Figure 1 and Table 4, respectively. The Visual 

observations on the gels of the amplification products of the respective markers revealed the 

existence of low (Figure 1 A and B) to high (Figure 1 C and D) level of polymorphism in the 

Ethiopian and exotic genotypes depending on the types of primer used. Among 152 chickpea 

genotypes a total of 133 alleles with an average value of 5.8 alleles per SSR were recorded. The 

allelic richness (Na) per locus varied widely among markers, ranging from two (CESSRDB 45, 

SSR22, and SSR 5) to 16 (TR 1). The number of effective alleles (Ne) ranged between 1.3 

(CESSRDB 45) and 7.6 (TR 29), with an overall mean of 3.2. Shannon's information index (I) 

ranged from 0.4 (CESSRDB 45) to 2.1 (TR 1 and TR 29) with mean of 1.2. The average observed 

heterozygosity (0.4) was lower than the expected heterozygosity (0.6) and unbiased expected 

heterozygosity (0.6). The inbreeding coefficient (Fis) and fixation index (Fit) values ranged from 

-1.1 to 1.0 and -1.0 to 1.0, respectively. The major allele frequency varied from 0.11 (TR 29) to 

0.88 (CESSRDB 45) with an average of 0.49. Polymorphic information content (PIC) values 

ranged from 0.19 (CESSRDB 45) to 0.9 (TR 1 and TR 29) with an average of 0.58. Seventeen 

markers (73.1%) had a PIC score of 0.5 and above. Gene diversity values ranged from 0.22 

(CESSRDB 45) to 0.91 (TR 29) with an average of 0.67. Out of the total number of alleles only 

five alleles (0.07% of the total alleles detected) were private alleles observed in locus NCPGR 

100 in genotypes 30307-A from East Gojjam2, TR 1 in genotypes Enewari1 from North Shewa, 

SSR 1 in genotypes enewari1 from North Shewa, SSR1 in genotypes 30347-B from North Wollo 

and NCPGR 94 in genotypes 41030 from Arsi Bale.  
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Figure 1. Polyacrylamide gel electrophoresis pictures obtained with SSR 22 (A), CESSR 42 (B), TR 29 (C) and TR 1 
(D) primers detected in chickpea genotypes. The lane numbers identify serial no of genotypes and M stands for 100 
bp DNA ladder. 

 

Table 4. Estimated genetic diversity parameters of 23 SSR markers in 152 chickpea genotypes 

 Locus Na Ne I Ho He UHe F Ht Fis Fit Fst Nm MAF PIC NPA GD 
CaSTMS 11 5 2.0 0.8 0.0 0.4 0.5 1.0 0.7 1.0 1.0 0.4 0.5 0.49 0.58 0 0.63 
CESSR 42 5 2.7 1.1 0.0 0.6 0.6 1.0 0.8 1.0 1.0 0.2 1.1 0.32 0.71 0 0.75 
CESSR 62 3 1.9 0.7 0.5 0.4 0.4 -0.1 0.5 -0.2 0.1 0.2 0.9 0.59 0.47 0 0.55 
CESSR 71 5 2.8 1.2 0.4 0.6 0.7 0.4 0.7 0.4 0.4 0.1 1.7 0.44 0.67 0 0.71 
CESSRDB 45 2 1.3 0.4 0.5 0.2 0.2 -1.4 0.2 -1.1 -1.0 0.0 6.0 0.88 0.19 0 0.22 
CESSRDB 54 4 1.8 0.7 0.2 0.4 0.4 0.6 0.6 0.6 0.7 0.3 0.7 0.53 0.48 0 0.56 
GA 11 6 2.8 1.2 0.3 0.6 0.6 0.6 0.7 0.5 0.6 0.1 2.0 0.42 0.66 0 0.70 
GA 24 6 2.6 1.2 0.3 0.6 0.6 0.6 0.7 0.6 0.7 0.2 1.3 0.39 0.67 0 0.71 
GA-20 6 3.1 1.3 0.5 0.7 0.7 0.3 0.8 0.3 0.4 0.1 1.5 0.38 0.73 0 0.76 
NCPGR 100 3 1.9 0.7 0.5 0.5 0.5 0.0 0.5 0.0 0.1 0.1 3.1 0.56 0.38 1 0.49 
NCPGR 45 4 2.6 1.1 0.7 0.6 0.6 -0.2 0.7 -0.2 -0.1 0.1 2.6 0.45 0.62 0 0.67 
NCPGR 53 4 2.2 0.9 0.4 0.5 0.5 0.3 0.7 0.3 0.4 0.2 0.9 0.41 0.59 0 0.65 
NCPGR 94 10 3.9 1.5 0.6 0.7 0.8 0.2 0.8 0.2 0.3 0.1 1.9 0.26 0.80 1 0.82 
SSR 1 6 3.2 1.2 0.5 0.7 0.7 0.2 0.7 0.2 0.3 0.1 3.3 0.44 0.66 1 0.70 
SSR 22 2 1.3 0.4 0.3 0.2 0.2 -0.2 0.2 -0.2 -0.2 0.0 7.4 0.85 0.22 0 0.25 
SSR 4 6 4.0 1.5 0.6 0.7 0.8 0.2 0.8 0.2 0.2 0.1 2.9 0.29 0.78 0 0.80 
SSR 5 2 1.8 0.6 0.0 0.4 0.4 1.0 0.5 1.0 1.0 0.2 1.4 0.55 0.37 0 0.49 
SSR 60 6 3.1 1.3 0.4 0.7 0.7 0.4 0.8 0.5 0.5 0.1 1.8 0.33 0.72 0 0.75 
TA 144 3 2.4 0.9 0.0 0.6 0.6 1.0 0.7 1.0 1.0 0.2 1.4 0.35 0.59 0 0.66 
TA 18 8 5.2 1.8 0.6 0.8 0.8 0.3 0.9 0.3 0.3 0.1 3.6 0.20 0.84 0 0.85 
TR 1 16 7.3 2.1 1.0 0.8 0.9 -0.2 0.9 -0.2 -0.1 0.1 3.7 0.14 0.90 2 0.90 
TR 2 9 6.0 1.9 1.0 0.8 0.9 -0.2 0.9 -0.2 -0.2 0.1 4.7 0.22 0.86 0 0.87 
TR 29 12 7.6 2.1 1.0 0.9 0.9 -0.2 0.9 -0.2 -0.1 0.1 4.5 0.11 0.90 0 0.91 
Total 133 73.3 - - - - - - - - - - - - 5 - 
Mean 5.8 3.2 1.2 0.4 0.6 0.6 0.2 0.7 0.3 0.3 0.1 2.6 0.42 0.63 - 0.67 
SE 0.2 0.1 0.0 0.0 0.0 0.0 0.0 0.2 0.1 0.1 0.0 0.4 - - - - 

Key: Na = number of alleles detected per locus; Ne = number of effective alleles; I = Shannon’s Information Index; 
Ho = Observed Heterozygosity; He = Expected Heterozygosity; uHe = Unbiased Expected Heterozygosity; F = 
fixation Index; Ht = Total Expected Heterozygosity; Fis = inbreeding coefficient; Fit = fixation index; Fst = genetic 
differentiation; Nm = Gene flow; MAF = major allele frequency; PIC = Polymorphic Information Center; NPA = 
number of privet alleles; GD = Gene Diversity; and SE is standard error. 
 

3.4.2. Genetic diversity in chickpea genotypes and population 

The genetic diversity indices for chickpea genotypes based on geographic origins is summarized 

in Table 5. The observed numbers of alleles (Na) were in the range of 3.7 (Exotic Genotypes) to 
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5.3 (East Gojjam2). The number of effective alleles (Ne) ranged from 2.7 (Exotic Genotypes) to 

3.6 (East Gojjam2 and North Shewa). Shannon's information index (I) ranged from 1.0 (Exotic 

Genotypes) to 1.3 (East Gojjam 2). The mean of the observed heterozygosity (0.4) is less than 

expected heterozygosity (0.6) and unbiased expected heterozygosity (0.6). The inbreeding 

coefficient (F) estimate ranged from 0.0 (Exotic Genotypes) to 0.3 (North Gonder, Central 

Gonder, North Shewa, North Wollo and West Shewa) with the average of 0.2. The mean 

percentage of polymorphic locus (% P) across population was 99.5% varying from 95.7 to 100%. 

Higher values of number of private alleles (NPA) were observed in population of East Gojjam 2 

(0.04), North Shewa (0.09), North Wollo (0.04) and Arsi-Bale (0.04).  

 

Table 5. Summary of parameters for genetic diversity in chickpea population from different geographic regions 

Populations  Population diversity parameters 
Na Ne I Ho He UHe F % P NPA MAF PIC 

East Gojjam1 4.7 3.3 1.2 0.5 0.6 0.6 0.2 95.7 0.00 0.50 0.55 
East Gojjam2 5.3 3.6 1.3 0.5 0.6 0.6 0.2 100.0 0.04 0.49 0.58 
North 
Gonder  

4.7 3.2 1.2 0.4 0.6 0.6 0.3 100.0 0.00 0.52 0.54 

Central 
Gonder  

4.6 3.0 1.1 0.4 0.6 0.6 0.3 100.0 0.00 0.55 0.51 

North Shewa 5.1 3.6 1.2 0.4 0.6 0.6 0.3 100.0 0.09 0.49 0.57 
North Wollo 4.9 3.2 1.2 0.4 0.6 0.6 0.3 100.0 0.04 0.52 0.55 
West Shewa 4.4 3.1 1.1 0.4 0.6 0.6 0.3 100.0 0.00 0.52 0.54 
Arsi-Bale 4.6 2.9 1.1 0.5 0.6 0.6 0.2 100.0 0.04 0.56 0.52 
Exotic 
Genotypes 

3.7 2.7 1.0 0.5 0.5 0.6 0.0 100.0 0.00 0.54 0.49 

Mean 4.7 3.2 1.1 0.4 0.6 0.6 0.2 99.5 - - - 
SE 0.2 0.1 0.0 0.0 0.0 0.0 0.0 0.5 - - - 
Key: Na = number of alleles detected per locus; Ne = number of effective alleles; I = Shannon’s Information Index; 
Ho = Observed Heterozygosity; He = Expected Heterozygosity; uHe = Unbiased Expected Heterozygosity; F = 
fixation Index; % P = percent polymorphism; NPA = number of private Alleles; MAF = major allele frequency; PIC 
= Polymorphic Information Center and SE = standard error. 
 

 

3.4.3. Analysis of molecular variance (AMOVA) and genetic partitioning 

The AMOVA showed that 88% of the allelic variation was attributed to individual genotypes 

within populations, while only 12% was distributed among populations (Table 6). The local 

population contributed 7% (West Shewa) to 14% (East Gojjam2), while the exotic genotypes 

contributed 7.6% of the total variation. The value of pairwise comparisons of population 

differentiation (Fst) and Gene flow (Nm) among geographical regions of chickpea population are 
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indicated in Table 7. The highest Fst value was observed between exotic genotypes and chickpea 

populations from central Gonder (0.18) and Arsi-Bale (0.18), while the lowest was recorded 

between chickpea genotypes population of North Shewa and Central Gonder (0.05), North Wollo 

(0.05) versus North Shewa, and Arsi-Bale and West Shewa (0.05). Generally the exotic genotypes 

showed high Fst value compared to chickpea genotypes of Ethiopian origin than pairwise 

comparison between chickpea population within Ethiopian origin. Gene flow (Nm) between and 

within geographical regions was recorded from 1.16 (Arsi-Bale versus Exotic Genotypes) to 3.96 

(East Gojjam2 versus North Gonder).  

 
Table 6. Analysis of Molecular Variance (AMOVA) showing the distribution of genetic diversity within and among 
populations of chickpea genotypes from different sources of origins 

Source of 
variations 

Degree 
of 
freedom 

Sum 
square 

Mean 
square 

Variance 
Estimated 
variances 

Proportion of 
explained 
variance in % 

Statistics Value P value 

Among Pops 8 288.993 35.874 0.856 12      
Within Pops 295 2114.224 7.167 7.167 88 PhiPT 0.107 0.001 
East Gojjam1  306.500     12.8      
East Gojjam2  336.413     14      
North Gonder   221.688     9.2      
Central 
Gonder  

 186.607     7.8      

North Shewa  317.682     13.2      
North Wollo  219.313     9.1      
West Shewa  167.500     7.0      
Arsi Bale   177.308     7.4      
Exotic 
Genotypes 

  181.214     7.6      

Total 303 2402.217   8.023 100      
 
Table 7. Pairwise population differentiation (Fst) values above diagonal and gene flow (Nm) below diagonal among 
chickpea populations from different growing geographic areas based on the probability level based on 999 
permutations 

 Population  East 
Gojjam1 

East 
Gojjam2 

North 
Gonder  

Central 
Gonder  

North 
Shewa 

North 
Wollo 

West 
Shewa 

Arsi 
Bale 

Exotic 
Genotypes 

East Gojjam1 0 0.07* 0.08* 0.13** 0.10** 0.14** 0.13** 0.11** 0.16** 
East Gojjam2 3.14 0 0.06* 0.09* 0.07** 0.14** 0.10** 0.09** 0.14** 
North Gonder  2.90 3.96 0 0.13** 0.07** 0.12** 0.11** 0.13** 0.12** 
Central Gonder  1.69 2.57 1.74 0 0.05** 0.10** 0.09** 0.13** 0.18** 
North Shewa 2.25 3.24 3.11 4.87 0 0.05** 0.08** 0.10** 0.16** 
North Wollo 1.57 1.58 1.80 2.19 4.67 0 0.08** 0.11** 0.16** 
West Shewa 1.66 2.37 2.12 2.63 2.96 2.79 0 0.05** 0.15** 
Arsi/Bale 2.05 2.59 1.73 1.75 2.26 2.03 4.35 0 0.18** 
Exotic 
Genotypes 

1.29 1.59 1.75 1.12 1.32 1.33 1.47 1.16 0 
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3.4.4. Principal coordinates analysis (PCoA) 

The multivariate principal coordinate analysis (PCoA) of the molecular data showed that the first 

3 coordinates were important and accounted for 26.6% of the variation; PCs 1 (14.0%), 2 (6.9%), 

and 3 (5.7%). The PCoA plots of PC 1 versus PC 2 using factorial analysis of GenAlEx showed 

the exotic genotypes were clustered in quadrant I entirely, while a wide dispersion of Ethiopian 

genotypes across the four quadrants (Figure 2) was observed without considering their geographic 

origin. Genotypes collected from East Gojjam1 clustered in quadrant III (eight genotypes), and IV 

(13 genotypes) forming small sub-clusters in both quadrants. A single genotype from this zone 

falls in quadrant I. East Gojjam2 collections clustered in quadrant I (8 genotypes), III (3 

genotypes), and IV (12 genotypes) sowing a tendency of forming sub-clusters in each quadrant. 

Genotypes of North Gonder clustered in quadrant I (5 genotypes) and IV (9 genotypes). The 

remaining two genotypes were grouped in cluster II and III. The majority of the genotypes 

collected from Central Gonder were clustered in quadrant III (8 genotypes). The remaining five 

genotypes and one genotype fall in quadrant II and I, respectively. Genotypes of North Shewa 

collection were clustered in quadrant I (3 genotypes), II (7 genotypes), III (10 genotypes), and IV 

(1 genotype). Genotypes from North Wollo formed two sub clusters in quadrant II (12 

genotypes). The remaining one and four genotypes clustered in quadrant I and III, respectively. 

Genotypes from West Shewa were clustered in quadrant I (4 genotypes) and II (8 genotypes).  

Genotypes of Arsi Bale appeared in all quadrants with nearly equal proportion, I (4 genotypes), II 

(3 genotypes), III (2 genotypes), and IV (4 genotypes).  
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Figure 2. Two-dimensional plot obtained from principal coordinate analysis (PCoA) of 152 chickpea 
accessions using 23 SSR markers. 
 

3.4.5. Genetic distance 

The pairwise Nei’s unbiased genetic distances (above diagonal) and unbiased genetic identity 

values (below diagonal) for all the chickpea populations representing the growing regions are 

shown in Table 8. The matrix of pairwise Nei’s unbiased genetic distances between populations 

showed a close genetic distance between North Shewa and Central Gonder populations (0.09), 

North Wollo and North Shewa (0.09), and West Shewa and Arsi-Bale (0.09). On the other hand, 

the largest genetic distance (0.38) was obtained between population of Central Gonder and exotic 

genotypes. Generally, genetic distances between Ethiopian chickpea population and exotic 

genotypes were greater than any other combinations of paired populations within Ethiopia. The 

highest genetic identity value (0.92) was recorded between North Shewa population and Central 

Gonder population and the lowest genetic identity value (0.68) was recorded between Arsi-Bale 

and exotic genotypes. The genetic identity pairwise comparisons within genotypes of Ethiopian 
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origin were more than the comparison between exotic genotypes with genotypes of Ethiopian 

origin. 

 

Table 8.Pairwise Population Matrix of Nei’s unbiased genetic distance (DA) above diagonal and Pairwise Population 
Matrix of Nei Unbiased genetic identity below diagonal among chickpea populations from different origins 

 Populations  East 
Gojjam1 

East 
Gojjam2 

North 
Gonder  

Central 
Gonder  

North 
Shewa 

North 
Wollo 

West 
Shewa 

Arsi-
Bale 

Exotic 
Genotypes 

East Gojjam1 * 0.15 0.15 0.23 0.21 0.25 0.25 0.21 0.34 
East Gojjam2 0.86 * 0.11 0.17 0.15 0.31 0.20 0.17 0.29 
North Gonder  0.86 0.89 * 0.22 0.14 0.25 0.21 0.25 0.26 
Central Gonder  0.77 0.84 0.78 * 0.09 0.19 0.15 0.24 0.38 
North Shewa 0.81 0.86 0.87 0.92 * 0.09 0.16 0.20 0.35 
North Wollo 0.76 0.76 0.78 0.83 0.91 * 0.16 0.20 0.33 
West Shewa 0.76 0.82 0.81 0.86 0.85 0.86 * 0.09 0.29 
Arsi-Bale 0.81 0.84 0.78 0.79 0.82 0.82 0.91 * 0.37 
Exotic 
Genotypes 

0.71 0.75 0.75 0.69 0.71 0.72 0.75 0.68 * 

 

3.4.6. Cluster analysis 

The result from UPGMA based dendrogram shows that nine chickpea populations from different 

geographic origins were grouped into two major clusters (Figure 3). The first cluster contained the 

exotic genotype population, while cluster II consisted of the Ethiopian populations. Cluster II was 

divided into three sub-clusters showing the tendencies of grouping the neighboring regions 

together. The 152 genotypes were divided into two major clusters (Figure 4). Cluster I had 14 

genotypes which were exclusively from the exotic genotypes. Cluster II was further sub divided 

into six distinct sub-clusters with variable number of genotypes in each sub-cluster. Sub-cluster 1 

consisted of 27 genotypes with the following proportions, 22 (81.5%) from East Gojjam 1, two 

(7.4%) from East Gojjam 2, and three (11.1%) from Arsi-Bale. Sub-cluster 2 was composed of 25 

genotypes of which 19 (76%) genotypes were from East Gojjam 2 and six (24%) genotypes from 

North Gonder. Sub-cluster 3 was composed of 14 genotypes of which 9 (64.3%) genotypes were 

from North Gonder, four (28.6%) from North Shewa and one (7.1%) from Arsi-Bale. Sub-cluster 

4 contained 25 genotypes of which two genotypes (8%) were from East Gojjam 2, one genotype 

(4%) from North Gonder, 12 genotypes (48%) from Central Gonder, and 10 genotypes (40%) 
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from North Shewa. Sub-cluster 5 included 9 (64.3%) genotypes from North Wollo, three (21.4%) 

genotypes from West Shewa, and two genotypes (14.3%) from Arsi-Bale. Sub-cluster 6 

represented a heterogeneous group which constituted 33 genotypes of which two (6.1%) 

genotypes were from Central Gonder, 8 (24.2%) genotypes from North Shewa, seven genotypes 

(21.2%) from North Wollo, nine (9%) genotype from West Shewa and seven genotypes (21.2%) 

from Arsi-Bale.  

 

 
Figure 3. UPGMA dendrogram showing the genetic relationships of nine chickpea populations collection areas 
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Figure 4. UPGMA based dendrogram of 152 chickpea genotypes was obtained using 23 SSR markers and 
Nie 1983 frequency based distance (*** Kabuli types chickpea, while the rest are desi type chickpea) 
 
 

3.4.7. Population structure 

The population structure of the 152 chickpea genotypes was analyzed and the results showed that 

the highest peak was observed at K = 2 indicating the presence of two major clusters (Figure 5 

and Table 9). The result from STRUCTURE analysis further confirmed results of the UPGMA 

tree clustering. Based on the probable likelihood of each genotype to be grouped into any of the 

two distinct groups, a total of 85 genotypes (55.9%) were grouped into one of the two 

populations. The first cluster which was of 43 (28.3% of total genotypes) genotypes were grouped 

into population 1, the next 42 (27.6%) into population 2. The remaining 67 genotypes (44.1%) 
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were placed in the admixture group (Table 9). Cluster I was composed of 32.6%, 23.3%, 14% and 

30.2 % East Gojjam1, East Gojjam2, North Gonder and the exotic genotypes, respectively. 

Cluster II was made from 4.8%, 7.1%, 19.0 5%, 19.0%, 26.2%, 14.3 %, 9.5% from East Gojjam2, 

North Gonder , Central Gonder , North Shewa, North Wollo, West Shewa, Arsi-Bale, 

respectively. All population contributed to admixed group with variable proportion ranging from 

1.5% (Exotic Genotypes) to 19.4% (East Gojjam2). 

 

Figure 5. Structure bar plot assigning 152 chickpea genotypes in two groups (K = 2) based on 23 SSR 
markers analyzed by the structure program, showing proportion of the two groups in each zones, where 1 = 
East Gojjam1, 2 = East Gojjam2, 3 = North Gonder, 4 = Central Gonder, 5 = North Shewa, 6 is North 
Wollo, 7 is West Shewa, 8 = Arsi-Bale and 9 = Exotic Genotypes, q=membership coefficient 
 

Table 9. Proportion of membership of each predefined nine populations in each of the clusters obtained at the best K 
(k=2) 

Predefined 
Populations 
 

Total 
Number 
of 
genotypes 

Admixed Cluster 1  Cluster 2   

Number  of 
genotypes 

Proportion 
in %  

Number  of 
genotypes 

Proportion 
in %  

Number  of 
genotypes 

Proportion 
in %  

East Gojjam1 22 8  11.9 14 32.6 0 0.0 
East Gojjam2 23 13 19.4 10 23.3 2 4.8 
North Gonder  16 7 10.4 6 14.0 3 7.1 
Central Gonder  14 6 9.0 0 0.0 8 19.0 
North Shewa 22 12 17.9 0 0.0 8 19.0 
North Wollo 16 5 7.5 0 0.0 11 26.2 
West Shewa 12 6 9.0 0 0.0 6 14.3 
Arsi-Bale 13 9 13.4 0 0.0 4 9.5 
Exotic Genotypes 14 1 1.5 13 30.2 0 0.0 
Total 152 67 44.1  43  28.3 42 27.6  
Average Distance - - - 0.6565 0.6408 
Mean value of Fst - - - 0.0396 0.0904 
Fst is genetic differentiation 
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3.5. Discussion 

 

Efficient germplasm conservation and sustainable utilization requires a clear understanding of the 

genetic structure, diversity, and relationships among chickpea genotypes. This information is also 

helpful for breeders to identify new sources of germplasm harboring valuable alleles for 

improving yield, grain quality, and enhancing the level of resistance in cultivated varieties to 

various biotic and abiotic stresses (Choudhary et al., 2012; Valadez-Moctezuma et al., 2020).  

 

Result from SSR analysis indicated the presence of considerable allelic richness per locus, 

relatively moderate to high PIC (0.63), Ho (0.4) and He (0.6) values, and the presence of private 

alleles. High level of genetic diversity (0.67) indicates the existence of molecular variation among 

the analyzed chickpea genotypes. High PIC values were also reported by Tadesse Sefera et al 

(2011) and Ghaffari et al., (2014) which is in agreement with the present study, however a lower 

number of effective alleles per locus was recorded in the present study in contrast to that of 

Tadesse Sefera et al (2011) and Tsegaye Getahun et al. (2021). This happened because of the 

different number of accessions, different number of loci examined, and the nature of markers used 

in each study. However, comparable results were reported from Gemechu Keneni et al. (2012b). 

The high level of PIC values were an indicator of the efficiency of the markers for diversity 

studies in chickpea genotypes because a locus, with an estimated PIC value greater than 0.50, is 

considered to be highly diverse (Botstein et al., 1980). Nineteen markers had a score of 0.5 and 

above which indicates that these markers are highly informative SSR markers that could be 

employed in genetic diversity studies in chickpea. The ability of SSRs to detect intraspecific as 

well as interspecific variation in chickpea has been demonstrated by many authors (Hüttel et al., 

1999; Choudhary et al., 2012; Agarwal et al., 2015). 
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In this study, loci CaSTMS 11, CESSR 42, CESSRDB 54, GA 11, GA 24, SSR 22, and SSR 5 

exhibited low-level of observed heterozygosity compared to the expected heterozygosity. 

Moreover, the high associated fixation index, implies that high levels of inbreeding among the 

assessed chickpea genotypes, which is expected because chickpea is a self-pollinated crop, 

previously only 0 to 1.58% of out-crossing was reported (Ghaffari et al., 2014). Simultaneously, 

loci CESSR 62, CESSR 71, NCPGR 45, NCPGR 53, NCPGR 94, SSR 1, SSR 4, TA 18, TR 1, 

TR 2, and TR 29 had a high-level of observed heterozygosity and low associated fixation index. 

This indicates that these loci could be associated with the occurrence of higher mutation rates or 

inbreeding depression (Choudhary et al., 2012). The low level of heterozyogosity observed for 

the majority of the SSR markers are in agreement with other studies (Choudhary et al., 2012; 

Gemechu Keneni, et al., 2012b). However, higher level of heterozygosity was also reported for 

some SSR markers (Choudhary et al., 2009; Datta et al., 2015; Hajibarat et al., 2015; Tsegaye 

Getahun et al., 2021). According to Ghaffari et al. (2014), allelic frequency of <0.03 is considered 

as low, 0.03–0.20 considered as common, and > 0.20 considered as most frequent. Based on this 

delineation, rare alleles comprised 7.5% (10 alleles) of all the detected alleles while intermediate 

alleles accounted for 63.9% (85 alleles). The remaining alleles accounted for 28.6% of the allelic 

frequency (38 alleles).   

 

All of the nine chickpea populations had a high percentage of polymorphism among the 

populations with the range of 95.7% to 100% and average of 99.5%. Comparable values of 

Shannon's Information Index were recorded for all populations. A relatively high number of 

alleles, effective alleles, and Shannon's information index were recorded in East Gojjam 2, which 

implies that chickpea genotypes from East Gojjam 2 are more diverse than the remaining 

chickpea collection of other geographic regions. The low-levels of private alleles were recorded in 

East Gojjam 2, North Shewa, North Wollo and Arsi Bale. Matus and Hayes (2012) suggested that 
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the occurrence of unique alleles could be an indication of the relatively high rate of mutation and 

diversity at SSR loci. The occurrence of unique or rare alleles has the potential to serve as a 

source of novel alleles for plant breeding and also provides an immense opportunity for 

generation of comprehensive fingerprint database for establishing genotype identity (Bharadwaj 

et al., 2010). The percentage of polymorphism among Ethiopian chickpea populations discovered 

by Gemechu Keneni et al. (2012b) and Tsegaye Getahun et al. (2021) were lower than the present 

finding. The differences in values for estimated genetic diversity parameters between studies may 

be explained by the different types and numbers of genotypes, different numbers and types of loci 

examined and perhaps the nature of markers used in each study. 

 

AMOVA results indicate much of the variation was accounted for by the variation within 

population, probably undertake high seed exchanges, rather than among populations, suggesting 

that individual variation was more important for chickpea breeding programs. The low-level of 

molecular variation among population indicates that the presence of a high number of shared 

alleles among populations collected from different origins (Mulugeta Atnaf et al., 2017). The 

exotic genotypes contributed 7.6% to the total molecular variation which could provide an 

opportunity to expand the chickpea gene pool of Ethiopian origin, if there is no complete 

replacement of local germplasm with the improved one. A low-level of molecular variation 

among chickpea populations were also reported from Gemechu Keneni et al. (2012b) and 

Tsegaye Getahun et al. (2021) for Ethiopian genotypes and Valadez-Moctezuma et al. (2020) for 

Mexican chickpea. According to the combination of Fst rating by Wright (1977), Fst value of 

0.00 to 0.05 indicates low, 0.05–0.15 indicates moderate, 0.15–0.25 indicates high, and >0.25 

indicates a very high-level of differentiation. Based on this delineation, the Fst score for the 

present study could be rated as low to moderate level of differentiation among populations with 

an increased level of admixtures which is the possible reason for the existence of the low-level of 
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molecular variation among populations. Similar observation was made in cowpea (Selamawit 

Ketema et al., 2020). The lower level of variation among populations might be attributed to 

germplasm exchange among regions and this is further confirmed from the result of pairwise gene 

flow (Nm) values among populations which were scored within the range of 1.12 to 4.87 

exhibiting gene exchange among populations. The Nm value greater than 1 is considered an 

indicator of adequate gene flow among populations (Wright, 1931).  

 

The genetic distance results showed that the genetic distance between each of the Ethiopian 

populations (eight populations) and the exotic population was higher than any pair of 

combinations within Ethiopian populations. This indicates that the genetic similarity between the 

exotic genotype and the Ethiopian populations is low, implying that Ethiopian populations are 

distantly related to exotic genotypes. However, close distance was estimated among Ethiopian 

populations collected from different regions, indicating that the highest genetic similarity was 

existed among Ethiopian chickpea genotypes. These results are in agreement with findings from 

Gemechu Keneni et al. (2012b) and Tsegaye Getahun et al. (2021). In addition, UPGMA 

dendrogram tree of nine chickpea populations based on origins showed tendencies to be grouped 

together which indicates that the patterns of genetic relationships are among proximity areas of 

collections.  

 

PCoA result indicates that the Ethiopian genotypes were uniformly distributed in the four 

quadrants regardless of their geographic origin, while the exotic genotypes were grouped in 

quadrant I forming sub-clusters which are distinct from the local genotypes. Genotypes from East 

Gojjam 2, North Shewa, and Arsi-Bale were highly diverse because they were evenly distributed 

in the three quadrants regardless of their geographic origins.  However, some Ethiopian genotypes 

and the exotic genotypes appeared to follow geographic origins from which the genotypes were 
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obtained. This result is supported by earlier studies using SSR markers (Bharadwaj et al., 2011; 

Choudhary et al., 2012; Gemechu Keneni, et al., 2012b; Tsegaye Getahun et al., 2021). The 

distinct identity of the exotic genotypes could be a consequence of deliberate selection criteria 

followed by the breeders in the development of these varieties (Choudhary et al., 2012). 

 

The dendrogram tree constructed using the UPGMA clustering algorithm, clearly delineated the 

chickpea genotypes into two major clusters, Cluster I and Cluster II. Cluster II was sub-divided 

into six sub-clusters, each consisting of variable number of genotypes. The exotic genotypes were 

grouped in single cluster. Results generated from dendrogram were also in agreement with those 

of the PCoA result. The patterns of genotypes clustering based on their geographic region were 

not consistent meaning that the distribution of genotypes of similar origin into different clusters. 

This indicates that the existence of genotypes diversity within the populations of origin. This 

situation implies no parallelism between genetic diversity and geographical distribution. Similar 

trends were reported by earlier works in chickpea (Choudhary et al., 2009; Valadez-Moctezuma 

et al., 2020). The most probable reason could be seed exchange, and/or trade between farmers, 

leading to gene flow across boundaries within those areas. The dendrogram did not indicate any 

clear divisions between desi and kabuli type chickpea in the exotic genotypes. This may be due to 

the fact that markers used for this experiment were not directly related with the characteristics that 

differentiate kabuli from desi type chickpea (Valadez-Moctezuma et al., 2020). However, various 

authors have reported that the clustering of chickpea genotypes appears to follow geographic 

distribution from where these germplasm lines were obtained (Bharadwaj et al., 2011; Ghaffari et 

al., 2014; Agarwal et al., 2015; Hajibarat et al., 2015). Tadesse Sefera et al. (2011) and Tsegaye 

Getahun et al. (2021) showed SSR markers had the potential in discriminating kabuli genotypes 

with that of desi genotype.  
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Applications of model-based clustering methods in the STRUCTURE software is helpful to 

demonstrate the presence of population structure, identify distinct genetic populations, assign 

individuals to populations, and identifies admixed individuals (Pritchard et al., 2000). In the 

present study, a structured population in chickpea was revealed, and was divided into two groups. 

The analysis of population structure revealed similarity with the results obtained from UPGMA 

clustering. The chickpea genotypes used for this study evolved from two population types 

showing varying degrees of introgression of the two types into respective genotypes. Structure is 

considered to be uniform when more than 80% of the accessions in one group have more than 

80% membership of the group (Pritchard et al., 2000; Choudhary et al., 2012). There were no 

genotypes showing uniform structure with 100% membership in their cluster, indicating that the 

existence of gene flow or introgression was apparent. Gene introgression is critical for breeders 

for variety development programs because it provides essential trait combinations such as 

improved agronomic features, high resilience to environmental challenges, diseases, and insects, 

as well as other benefits such as improved nutritional quality (Choudhary et al., 2012). It is also 

applicable to broaden the genetic base of chickpea genotypes through crossing programs.  

 

3.6. Conclusions and recommendations 

 

The magnitude and pattern of genetic variation was estimated, which indicated that a considerable 

genetic diversity existed in Ethiopia chickpea genotypes. The results also further confirmed the 

efficiency and effectiveness of SSR markers to study genetic diversity in chickpea. This result 

will have a direct applicability for efficient and systematic conservation and sustainable 

utilization of germplasm. For example, conservation strategy should focus on individual 

accessions than population origin or subpopulation, because the molecular variations within 

populations were by far higher than among populations. This result can also assist chickpea 
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breeders in selecting diverse parental materials for crossing activities to take the advantage of 

heterosis value. The results are also helpful for gene bank managers because there are large 

numbers of genotypes clustering in one group collected from the same locality and it seems that 

these genotypes are duplicated genotypes which are the major problems in germplasm 

conservations. To reduce the high amount of redundancy in germplasm collections, techniques 

including deliberate bulking and the establishment of core collections must be implemented. 

Though this work provided preliminary information regarding the existences of genetic diversity, 

studies related to marker traits association are required. Therefore, a comprehensive study to map 

the associations of the markers with agronomic traits of economic importance is highly required. 
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4.1. Abstract 

 

Cold stress is one of the most significant abiotic factors affecting chickpea (Cicer arietinum L.) 

production in the Ethiopian highlands. To investigate the cold tolerance of chickpea, 673 

genotypes (Ethiopian accession, improved varieties and ICARDA genotypes) were characterized 

using an augmented design at Bakelo, Debre Birhan, Ethiopia for two years. A significant 

(p<0.01) variability amongst genotypes was recorded for all agronomic traits considered in 

response to cold stress. Ninety four genotypes better performing over the cold susceptible 

genotypes were identified for agronomic traits. Stem/leaf pigmented genotypes showed a better 

reaction to cold stress than non-pigmented genotypes. The majority of black seeded chickpea 

adapted well under cold stress when compared to brown and white seeded genotypes. According 
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to the freezing tolerance rate (FTR) and plant survival rate (SR), 83 (12.3%) and 85 (12.6%) 

genotypes were identified as cold tolerant. There was a strong correlation (p<0.01) in grain yield 

with FTR, SR, seed shriveling score, stem/leaf pigmentation and seed color. Based on our 

findings, Ethiopian chickpea genotypes have a good genetic potential for cold resistance traits for 

use in future breeding programs.  

 

Key words: chickpea; Ethiopian landraces; frost survival rate; frost tolerance rate; germplasm 

characterization 

 

4.2. Introduction 

 

Chickpea (Cicer arietinum L.) cultivation and utilization are profoundly notable within Ethiopian 

culture and produced by smallholder farmers under rain fed condition (Setotaw Ferede et al., 

2018). The chickpea production in Ethiopia is one of the most widespread legumes in terms of 

both area and volume. Across Ethiopia chickpea cultivation occupies 239,786.13 hectares of land 

annually with an estimated production of 4,5917,318.7 kg (CSA, 2019). Both the land dedicated 

to chickpea production and the volume of production itself has been increasing over the last 

decade in Ethiopia (Asnake Fikre and Dagnachew Bekele, 2020; Asnake Fikre et al., 2018). 

Ethiopia is thus the largest producer, consumer, and exporter of chickpea in Africa, and is among 

the top ten most vital chickpea producers in the world (FAO, 2020).  

 

Chickpea production is suited to areas having vertisol-dominated soil with an altitudinal range of 

1400 to 2300 meters above sea level (Geletu Bejiga et al., 1996). Nevertheless, it is cultivated 

across a wide range of productions zones (Asnake Fikre et al., 2018). Moreover, Ethiopia is 

considered to be the secondary center of diversity hotspot of chickpea amongst major chickpea 
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growing countries (Van der Maesen, 1987). Taking both the immense variability among the 

chickpea germplasm and many agroecological zones as well as the increased demand for animal 

feed and processed foods into consideration (Asnake Fikre et al., 2020; Muoni et al., 2019; 

Bekele Shiferaw and Hailemariam Teklewold, 2007), Ethiopia features great potential to expand 

chickpea production into ‘dega’ agroecological zones, where frost is very common and with an 

altitudinal range of 2,300 and 3,200 meters above sea level based on traditional agroecological 

divisions (Dereje Gorfu and Eshetu Ahmed, 2003). Moreover, chickpea productivity can be 

increased also in some ‘Woina Dega’ areas (1,500-2,300 m.a.s.l.) where its production 

constrained by cold stress that occurs during the late vegetative and reproductive stages (personal 

communications)if chickpea varieties that are resistance to cold stress could be identified. 

 

Chickpea is important for Ethiopian highland cultivation and is preferably sown in early- to mid-

September. Previously, mid-August was considered the appropriate sowing date, but due to the 

“belg” rainy season, chickpea cultivation was heavily impacted by root rot problem. Root rot 

issues can be avoided by planting in mid-September, leading to higher yields. However, the late 

sowing presents a new phenomenon, due to the elevation of highlands, which is cold stress. The 

cold stress takes place late in the podding and flowering stages. Cold stress during these stages 

causes developmental problems such as flower abortion, poor pod set, and impaired pod filling, 

leading to a drastic reduction in yield and quality (Croser et al., 2003). These stressors can be 

classified as chilling (0oC to 12oC) or freezing/frost (<0oC) temperatures (Gogoi et al., 2018; 

Toker et al., 2007). Moreover, temperatures lower than 10°C at flowering can reduce grain yield 

by 15–20% (Chaturvedi et al., 2009). Therefore, the need for improving cold tolerance in 

chickpea has become evident which requires characterization of chickpea germplasm for cold 

tolerance.  
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Determining the nature of genetic diversity and variability existing among chickpea genotypes for 

cold resistance is mandatory to identify promising genotypes that are productive in Ethiopian 

highlands with late sowing dates. However, few studies have been conducted so far in this regard. 

Hence, research is needed to further understand the optimal utilization of landraces as sources of 

novel traits for cold resistant chickpea varietal development. Therefore, the aim of this research is 

to identify chickpea genotypes that are both highly productive and cold resistant through use of 

field screening of genotypes for cold tolerance. The long-term goal is to establish highly 

productive and cold tolerant chickpea varieties supporting Ethiopian highland farmers to enhance 

food security and improve rural livelihoods. 

 

3.1 Material and methods 

 

4.3.1. Experimental Site 

The experiment was conducted at Bakelo, Debre Birhan Agricultural Research Center 

experimental site (Debre Birhan, Ethiopia) for two consecutive growing seasons (2018/19 and 

2019/20). The experimental site is located 147 km away from Addis Ababa at N 09o41'42'' 

latitude and E 39o37'20'' longitude. Its altitude is 2,837 meter above sea level and receives an 

annual mean precipitation of 965.25 mm. The temperature ranges from 6.5oC to 20.1oC with 

mean annual temperature of 13.3oC. The dominant soil type of Bakelo is black vertisol. The daily 

minimum and maximum temperature values are indicated in Figure 6. 
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Figure 6. Daily maximum and minimum temperature of Bakelo, Debre Birhan during 2018/2019 (A) to 
2019/2020 (B) growing seasons (Source: Debre Birhan Agricultural Research Center) 
 

4.3.2. Plant Materials 

A total of 673 genotypes of which 559 (83%) Ethiopian genotypes from the Ethiopian 

Biodiversity Institute (EBI), 83 (12%) elite cold resistant genotypes from the International Center 

for Agricultural Research in the Dry Areas (ICARDA), 28 (4%) improved chickpea varieties 

originated from imported germplasm lines and released from Ethiopian Agricultural Research 

Centers, and three (0.1%) susceptible local checks were screened for their tolerance against cold 

stress under field condition at Bakelo, Debre Birhan, Ethiopia, which is a cold prone area, 

(national and regional cold resistance screening site) (see Appendix 1 for further details). The 

parameters used were freezing tolerance rate, plant survival rate and other cold resistant-related 

agronomic traits. The geographical origin of the Ethiopian chickpea germplasm used in the study 

is indicated in Figure 7. 
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Figure 7. Map showing the geographical distribution of Ethiopian chickpea germplasm 

 

4.3.3. Experimental Design 

The trial was arranged in augmented design. The tested genotypes were sown without 

replications, while the checks were replicated 10 times. Each of the genotypes was sown in two 

rows with 3 m row length and 0.2 m spacing between rows and 0.1 m between plants. 

Diammonium phosphate fertilizer (100 kgha-1) and other appropriate management practices were 

applied. Five individual plants were tagged randomly from each genotype per plot and they were 

used for morphological data collection. Recording agronomic characteristics were conducted 

following the procedure described by chickpea descriptor (IBPGR, ICRISAT and ICARDA 

1993). 

 

4.3.4. Data Collection 

Qualitative and quantitative morphological traits were recorded as per the description in Table 10 
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Table 10. List of qualitative and quantitative characters recorded, their codes and descriptions 

Characters Description 
 
Qualitative traits  
Stem/Foliage Pigmentation (SLP)  0=No Anthocyanin, 1=Low Anthocyanin 2=Medium 

Anthocyanin3=High Anthocyanin 
Seed Color (SC) 1=Black, 2=Brown, 3=White  
Flower Color (FC) 0=White, 1=Pink 
 
Quantitative traits 
Plant Height (cm) (PLH) Average canopy height of five representative plants taken at maturity 

stage 
Days to 50 % Flowering (DTF) Number of days from sowing until 50 % of the plants have started to 

flower 
Days to 50 % Podding (DTP) Number of days from sowing until 50 % of the plants have started to 

podding 
Days to 90 % Maturity (DTM) Number of days from sowing until 90 % of the pods have matured 

and turned yellow 
Number of Primary Branches (NPB) Average number of basal primary branches per plant taken from five 

representative plants 
Number Secondary Branches (NSB) Average number of secondary branches per plant taken from five 

representative plants 
Number of Fertile Pods per Plant (FPPP) Average number of fertile pods taken from five representative plants 

taken at maturity stage 
Number of Infertile Pods per Plant 
(IPPP) 

Average number of infertile pods taken from five representative 
plants taken at maturity stage 

Thousand Seed weight (TSW) Thousand seeds were counted and weighted at 12 % moisture content 
on a 0.1 g sensitive balance in milligram 

Grain Yield (GY in kg ha-1) Dried weight (kg) of seed per plot at 12 % moisture content 
*Freezing tolerance rate (FTR) Scored on 1-9 scale bases (Singh et al., 1989): where, 1= No visible 

symptoms of damage; 2= Highly tolerant, up to 10 % leaflets show 
damage; 3= Tolerant, 11-20 % leaflets show damage; 4= Moderately 
tolerant, 21-30 % leaflets and up to 20 % branches show withering 
and drying, but no killing; 5= Intermediate, 41-60 % of leaflets and 
21-40 % branches show withering and drying, up to 5 % plant killing; 
6= Moderately susceptible, 61-80 % leaflets and from 41-60 % 
branches show withering and drying, 6-25 % plant killing; 7= 
Susceptible, 81-99 % leaflets and 41-80 % branches show withering 
and drying, 26-50% plant killing; 8= Highly susceptible, 100% 
leaflets and 81-99 % branches show withering and drying, 51-99 % 
plant killing; and 9=100 % plant killing 

Plant survival rate (SR) Calculated by dividing the number of surviving plants after the frost 
period by the number of emerged plants after sowing was calculated 
(Heidarvand et al., 2011) 

Seed shriveling score (SSS) Visual measurement and estimating the kernel's condition (1= plump, 
3=intermediate and 5=shriveled 

*= Frost score was recorded when susceptible checks showed sign for frost damages or completely died. 
 

4.3.5. Data Analysis 

The data collected for each trait were subjected to statistical analysis of variance using 

augmentedRCBD R Packages version 0.1.3 (Aravind et al., 2020). The analysis helps us to 

partition the variance into different sources (phenotypic, genotypic and environmental variance) 
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and genetic parameters to see if the difference among genotypes is statistically significant or not 

for each trait considered (Singh and Chaudhary, 1977). Pearson correlation coefficients between 

variable was estimated and tested for significance using MINITAB 10 statistical package 

(MINITAB, 1998).  

 

4.4. Result 

 

4.4.1. The Effect of Cold Stress Agronomic Traits 

The combined ANOVA analysis of the two seasons (2018/19 and 2019/20) gave high value of the 

error term coefficient for recorded traits because the intensity of cold stress differed between the 

two seasons. So, individual ANOVA analysis was performed for the two seasons separately. 

There was a significant difference (p<0.01) among genotypes for plant canopy height, number of 

primary branches, number of secondary branches, fertile pods per plant, infertile pods per plant, 

days to 50% flowering, days to 50% podding, days to 90% maturity, thousand seed weight, and 

grain yield (Table 11).  The Fisher’s least significant difference (LSD) result indicated that there 

was a significant difference (p<0.05) among genotypes for the mean value of agronomic traits 

examined in this study. The wide ranges of mean values were recorded for the traits examined.  

The LSD means and range of values of the traits for chickpea genotypes examined is presented in 

Appendix 2 for further details.   

 

4.4.1.1. Seedling and Vegetative Stage 

The cold stress that occurred in both seasons and genotypes had shown uniform germination and 

seedling establishment (Figure 8A). However, during the vegetative stage, 60 (8.9 %) genotypes 

(One improved variety, Eight EBI genotypes and 51 ICARDA genotypes) were killed by cold 
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stress (Figure 8B) in both growing seasons. The lists of genotypes killed by cold stress are shown 

in Appendix 3.  

 

4.4.1.2. Number of Branches and Plant Height 

The number of primary and secondary branches has been significantly affected by cold stress in 

both seasons where a wide range was recorded. The range of number of primary branches was 0 

to 16.1 in 2018/2019 and 0 to 27.2 in 2019/2020 growing season and for number of secondary 

branches it was 0 to 25.6 in 2018 and 0 to 46.5 in 2019. The majority of the genotypes scored 

below five for primary and secondary branches in both growing seasons. However, 69 (10.3%) 

and 71 (10.6%) genotypes produced better number of primary branch (>7) in 2018/2019 and 

2019/2020 growing seasons, respectively. The response of genotypes to the effect of cold stress 

for plant height development was variable. A wide range of plant height was observed in both 

cropping seasons (20.3 to 58 cm in 2018/2019 and 17.2 to 57 cm in 2019/2020). One hundred two 

(15.2%) and 89 (13.2%) genotypes had a record of less than 35 cm plant height in 2018/2019 and 

2019/2020 cropping season, respectively. Genotypes 132663 (58 cm) and 140294 (57.04 cm) had 

shown better plant height.  

 

4.4.1.3. Reproductive Stages 

Seventeen genotypes (2.5%) (Seven EBI genotypes and 10 from ICARDA) were killed by cold 

stress during reproductive stages (Figure 8C and 8D). The range recorded for days to flower, days 

to pod and days to mature for 2018/2019 growing season were from 47.7 to 87.54, 54.2 to 89.6 

and 118.7 to 160, respectively, while for 2019/2020 cropping season, the mean ranges recorded 

were from 48 to 77.7, 55 to 99.6 and 99.9 to 171.2, respectively. The range of fertile pods per 

plant was 0 to 237.5 and 0 to 162.7 for 2018/12019 and 2019/2020 cropping seasons, 

respectively. The range of infertile pods per plant was 0 to 77.3 and 0 to 116 for 2018/2019 and 
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2019/2020 cropping seasons, respectively. The genotypes 227152-A (237.5) and 41301-B (162.7) 

produced the highest number of fertile pods in 2018/2019 and 2019/2020 cropping seasons, 

respectively (Figure 8F).  

 

4.4.1.4. Thousand Seed Weight and Grain Yield 

The tested genotypes had wide mean performances for thousand seed weight and grain yield in 

both seasons. Most genotypes produced shrived seed (Figure 9). The range of 0 g to 300 g and 0 

kgha-1 to 2,531 kgha-1 were recorded for thousand seed weight and grain yield for 2018/2019 

cropping season respectively, while for 2019/2020 cropping season the range was, 0 to 297 g and 

0 kgha-1 to 2,604 kgha-1, respectively.  

 

4.4.1.5. Seed Color 

The majority of the cold susceptible genotypes showed a faded seed color. Some of the genotypes 

had shown plumped seed with faded seed color.  

 

Table 11. Mean square and mean for the tested traits of 673 (562 EBI genotypes, 83exotic and 28 improved chickpea) 
genotypes grown at Bakelo, Debre Birhan, Ethiopia grown in 2018/2019 (I) and2019/2020(II) 

(I) 
Sources of 
Variation  

 Degree 
of 
freedom  

Type III Mean Squares 
PLH NPB NSB FPPP IPPP DTF DTP DTM TSW GY  

Block 9 0.6ns 0.3ns 1.6ns 168.3ns 35.9ns 4.55ns 14.9ns 3.51ns 5.0ns 7224ns 
Treatment 612 23.5*** 2.2*** 4.9*** 429.4*** 47.6* 8.15* 17.4* 28.57* 814.8*** 154550*** 
Treatment: check 2 0.99ns 0.3ns 0.6ns 35.3ns 277*** 41.6** 61.9** 21.43ns 13.1ns 174411*** 

Treatment: test and 
test vs. Check 

610 24*** 2.2*** 4.9* 430.7*** 46.8* 4.04* 17.2* 28.59* 817.4*** 154485*** 

Residuals  18 0.78 0.43 0.53 84.8 21.6 4.82 7.8 11.59 6.8 8976 
CV  2.32 13.32 20.06 22.88 41.34 4.16 4.57 2.56 3.07 8.72 
Mean  38.35 4.89 3.65 40.31 10.9 52.72 61.22 133.0 87.11 1118.9 
(II) 
Block 9 8.74 2.29ns 0.9ns 295ns 59.6ns 2.1ns 34.4ns 50ns 10ns 7435ns 
Treatment 612 38.4*** 2.2* 3.6* 513** 180*** 22.5*** 29.45* 49.13* 1177*** 253659*** 
Treatment: check 2 8.59ns 0.8ns 1.8ns 211ns 27ns 7.03ns 103.** 65.1ns 75.8* 65909** 
Treatment: test and 
test vs. Check 

610 38.5*** 2.2* 3.6* 514** 180*** 22.6*** 29.21* 49.08* 1180*** 254275*** 

Residuals 18 2.57 1.38 2.56 184 26.3 5 14.49 49.36 16.7 9573 
CV (%)  3.89 21.47 41.33 25.47 16.0 4.09 5.29 5.36 6.78 14.0 
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Table 11: Continued… 
 
Mean  41.39 5.49 3.87 53.76 31.75 54.72 72.19 130.66 61.39 720.0 
Symbols for level of significance:‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05, ns is none significant, PLH=Plant Canopy Height 
(cm), NPB=Number of primary branches, NSB=Number secondary branches, FPPP=Fertile pods per plant, 
IPPP=Infertile pods per plant, DTF=Days to 50% flowering, DTP=Days to 50% podding, DTM=Days to 90% 
maturity, TSW=Thousand seed weight, and GY =Grain yield in kg ha-1 

 

 

 
Figure 8. Cold response in chickpea at different growing stages: chickpea genotypes seedling coverage (A), plant 
death during pre-flowering stage (B), reduced pod setting (C and D) and better pod setting (E and F) 

 

4.4.2. Plant Survival Rate (SR) 

Cold tolerance was assessed using plant survival rate (SR) for 673 diverse chickpea germplasms 

for two growing seasons under field condition (Table 12). It was observed that the SR values 

ranged from 0.0 (60 genotypes) to 0.86 (genotypes 16341-A, 24159-C and 30290-A) and 0.0 (60 

genotypes) to 0.87 (genotype 41167-C) for 2018/2019 and 2019/2020 growing seasons, 

respectively. One hundred fifty seven and 87 chickpea genotypes had shown above 0.8 SR score, 

while the remaining 516 and 586 genotypes were below 0.8 SR score for 2018/2019 and 

2019/2020 growing seasons, respectively. Eighty five genotypes consistently showed SR score 

value above 0.8 in both growing seasons.  
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Table 12. Frost survival rate (SR) of 562 Ethiopian chickpea, 83 exotic and 28 improved chickpea genotypes tested at 
Bakelo, Debre Birhan, Ethiopia, 2018 to 2020 growing seasons 

No 
 

SR Rating 
 

2018/2019 2019/2020 Common 
genotypes for both years 

No of 
Genotypes 

Percentage No of 
genotypes 

Percentage No of 
genotypes 

Percentage 

1  ˃0.8 157 23.3 87 12.9 85 19.6 

2 ˃0.6 to <0.8 273 40.6 199 29.6 155 35.8 

3 ˃0.4- <0.6 136 20.2 213 31.7 96 22.2 

4 ˃0.2- <0.4 33 4.9 60 8.9 23 5.3 

5 <0.2 74 11.0 114 16.9 74 17.1 

Total 673  673  433   

 

 

4.4.3 Freezing Tolerance Rate (FTR) 

Based on FTR, 169 (1-3 score) and 84 (2-3 score) genotypes were described as tolerant to highly 

tolerant, while 504 (4-9) and 590 (4-9) were described as moderately tolerant to highly 

susceptible genotypes during 2018/2019 and 2019/2020 growing seasons, respectively (Table 13). 

Eighty three genotypes were rated within the score of 1-3 consistently in both growing season.  

 

Table 13. Freezing tolerance rate (FTR) of 673 (562 Ethiopian chickpea, 83 exotic and 28 improved) chickpea 
genotypes tested at Bakelo, Debre Birhan, Ethiopia from 2018 to 2020 growing seasons 

No FTR 
Rating 

2018/2019 2019/2020 Common genotypes for both 
years 

No of 
Genotypes 

Percentage No of 
genotypes 

Percentage No of 
genotypes 

Percentage 

1 1 27 4.0 0 0   

2 2 32 4.8 27 4.0   

3 3 110 16.3 57 8.5   

Sub Total  169 25.1 84 12.5 83 15.5 

4 4 261 38.8 154 22.9   

5 5 82 12.2 131 19.5   

6 6 50 7.4 118 17.5   

Sub Total  393 58.4 403 59.9 341 63.9 

7 7 29 4.3 57 8.5   

8 8 20 3.0 25 3.7   

9 9 62 9.2 104 15.5   

Sub Total   111 16.5 186 27.6   

Grand 
Total 

  673  673  424  
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4.4.4. Seed Shriveling Score (SSS) 

The visual shriveling seed score of the genotypes were indicated in Table 14. Two hundred seventy four 

(40.7%) and 389 (57.8%) genotypes developed shriveled seeds (Figure 9A, 9B and 9C), while 399 (59.3%) 

and 2840 (42.2%) genotypes produced medium to high plumped seeds (Score of 1-3: Figure 9D, 9E and 

9F) in 2018/2019 and 2019/2020 cropping seasons, respectively. About 108 (16%) genotypes gave 

plumped seeds consistently in both seasons.  

 

Table 14. Seed shriveling score (1-5) of 673 (562 Ethiopian chickpea, 83 exotic and 28 improved chickpea) 
genotypes tested at Bakelo, Debre Birhan, Ethiopia from 2018 to 2020 growing seasons 

 
No SSS Rate 2018/2019 2019/2020 Common genotypes for 

both years 
No of 
genotypes 

Percentage No of 
genotypes 

Percentage No of 
genotypes 

Percentage 

1 1 145 21.6 47 7.0 33 12.6 

2 2 128 19.0 83 12.3 33 12.6 

3 3 126 18.7 154 22.9 42 16.0 

Sub Total - 399 59.3 284 42.2 108 16 

4 4 177 26.3 194 28.8 78 29.8 

5 5 97 14.4 195 29.0 76 29.0 

Sub Total - 274 40.7 389 57.8 154 22.9 

Total 673 - 673 - - - 

 
 
 

 
Figure 9. Seeds of chickpea genotypes showing different reaction to cold stress (A and B are very shriveled (Score of 
5), C is Shriveled (Score of 4), D is intermediate (Score of 3), E is medium plumped (Score of 2) and F is plumped 
(Score of 1) 

 

4.4.5 Phenotypic Correlation Coefficient 

The phenotypic association of agronomic and cold tolerance related traits was analyzed for each 

genotype and results were obtained as shown in Table 15. Most of the cold tolerance related traits 
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have shown a strong significant relationship with agronomic traits. Grain yield was positively and 

significantly correlated (p<0.01) with fertile pod per plant (0.33 and 0.21), thousand seed weight 

(0.69 and 0.72), SR (0.86 and 0.73), and stem/leaf pigmentation (0.59 and 0.48), while a strong 

negative correlation was seen for infertile pod per plant (-0.7 and -0.6), FTR (-0.70 and -0.6), SSS 

(-0.8 and -0.8), seed color (-0.52 and -0.30), and flower color (-0.43 and -0.21) for 2018/2019 and 

2019/2020 growing seasons, respectively.  

 

Table 15. Phenotypic Pearson’s correlation matrix for 9 traits in chickpea 673 (562 Ethiopian chickpea, 83 exotic and 
28 improved chickpea) genotypes tested at Bakelo, Debre Birhan, Ethiopia from 2018/2019 (above diagonal) to 
2019/2020 (below diagonal) growing seasons 

  PLH NPB NSB FPPP IPPP DTF DTM TSW GY SR FTR SSS FC SLP SC 
PLH 0 0.65**

 0.43** 0.51** -0.3** 0.13** 0.13** 0.64** 0.59** 0.68** -0.66** -0.48** -0.52** 0.36** -044** 

NPB 0.64** 0 0.71** 0.68** 0.01** 0.12** 0.12** 0.35 ** 0.39** 0.43 ** -0.40** -0.31** 0.41 ** 0.28** -0.33 ** 

NSB 0.47** 0.68** 0 0.69** 0.04 ns 0.13** 0.19** 0.18 ** 0.23 ** 0.25 ** -0.25 ** -0.18** 0.20 ** 0.16** -0.17 ** 

FPPP 0.52** 0.69** 0.69** 0 -0.0 ns -0.1 ns 0.12** 0.28** 0.33** 0.37** -0.36** -0.3** 0.28 ns 0.22** -0.26 ** 
IPPP -0.2** 0.17** 0.19** 0.22** 0 0.08*  0.06 ns -0.4** -0.7** -0.6** 0.56** 0.70** 0.1 ns -0.3** 0.11** 
DTF 0.01ns 0.06 ns 0.15** -0.2** -0.1 ns  0.28** -0.0 ns -0.2** -0.2** 0.16** 0.15** -0.4** -0.2** 0.30** 

DTM 0.02ns 0.00 ns 0.06 ns -0.2** -0.1 ns 0.30** 0 -0.0 ns -0.08* -0.08* 0.03 ns 0.01 ns -0.2** -0.1 ns 0.11** 

TSW 0.47** 0.24** 0.22 ** 0.20** -0.5** 0.14** 0.13** 0 0.69** 0.77** -0.76** -0.60** -0.27** 0.32** -0.27** 
GY 0.42** 0.20 ** 0.18 ** 0.21** -0.6** 0.0 ns 0.00 ns 0.72** 0 0.86** -0.84** -0.8** 0.43** 0.59** -0.52** 

SR 0.65** 0.4** 0.3** 0.38** -0.4** 0.0 ns -0.1** 0.66** 0.73* 0 -0.90** -0.79** 0.41** 0.47** -0.47** 
FTR -0.6** -0.36** -0.3** -0.3** 0.44** -0.1 ns 0.09* -0.6** -0.7** -0.9** 0 0.77** -0.37** -0.6** 0.53** 

SSS -0.5** -0.18** -0.2** -0.2** 0.54** -0.1** -0.1 ns -0.8** -0.8** -0.8** 0.75** 0 -0.32ns -0.5** 0.44** 
FC 0.57** 0.46 ns 0.25** 0.41** 0.22** -0.4** -0.2** 0.11* -0.21* -0.3** -0.20** -0.11** 0 0.57** -0.79** 
SLP 0.43** 0.30 ** 0.18 ** 0.31** -0.4** -0.2** -0.1 ns 0.37** 0.48** 0.47** -0.49** -0.51** 0.60** 0 -0.80** 
SC -0.51* -0.4 ** -0.2** -0.3** 0.11** 0.30** 0.18** -0.2ns -0.3** -0.5** 0.40** 0.32** -0.79** -0.8** 0 
ns= non significant; **=Correlation is significant at the 0.01 level (2-tailed); *=Correlation is significant at the 0.05 
level (2-tailed), PLH=Plant Canopy Height (cm), NPB=Number of primary branches, NSB=Number secondary 
branches, FPPP=Fertile pods per plant, IPPP=Infertile pods per plant, DTF=Days to 50% flowering, DTP=Days to 
50% podding, DTM=Days to 90% maturity, TSW=Thousand Seed weight, GY =Grain yield in kg ha-1 , SR= Frost 
survival rate, FTR=Frost tolerance rate, SSS= Seed shriveling score, FC= Flower Color, SLP=Stem/leaf 
pigmentation, and SC=Seed color  
 
 

4.5. Discussions 

 

Chickpea is one of the most important crops used for crop rotation in highland areas to bring 

sustainable production and serves as a source of income for rural Ethiopian farmers. However, 

cold stress is one of the major production constraints that reduces biological yield and affects 

quality of seeds in highland areas. To date, a chickpea variety suited for Ethiopian highland 
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production that is resistant to cold stress has yet to be explored. To address this issue, it is crucial 

to screen chickpea germplasm for cold resistance to identify cold tolerant genotypes. Therefore, in 

the present study, 673 chickpea genotypes were evaluated in field screening trials. The 

performances of the chickpea genotypes in response to cold stress were assessed in natural 

condition and the results obtained are discussed in the following sections.  

 

4.5.1. The Effect of Cold on Agronomic Traits 

The individual ANOVA analysis indicated that there were significant differences among 

genotypes for the recorded traits for both seasons. These differences in performance indicate the 

existences of variability among genotypes for cold tolerance. Similar finding was reported by Mir 

et al. (2019). The LSD mean values significant differences among genotypes and the mean range 

value of the traits further confirmed the existence of variable responses to cold stress among 

genotypes. The responses of genotypes to the effect of cold stresses at each crop stage are 

discussed below because the genotypes responses to the cold damage were variable at each stage.  

 

4.5.1.1. Seedling and Vegetative Stage 

All genotypes performed well in terms of seed germination and seedling establishment. 

Moreover, the genotypes did not show cold stress symptoms or sustain damage in response to 

cold stress, even though, the lowest temperature recorded during this stage was -2.0oC in Sept 

2018 and -8.0oC in Sept 2019 growing seasons. This means that these genotypes had shown good 

tolerance to cold stress at seed germination and seedling development stages. However, most 

authors agree that germination percentage and seedling development are sensitive to cold stress 

which results in poor crop stand establishment, and reduced seedling vigor with stunted growth 

(Croser et al., 2003; Maphosa et al., 2020; Srinivasan et al., 1998).  
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At the vegetative stage, 60 (8.9 %) genotypes were identified as highly susceptible to cold stress 

because they could not resist the cold stress when the minimum temperature of -6.0oC and -12oC 

were recorded in Oct 2018 and Oct 2019, respectively. These genotypes showed poor growth 

development, wilting, chlorosis, necrosis and finally death of the whole plant, which was the 

manifestation of cold stress injury. Similar observations were reported by Croser et al. (2003) and 

Mahajan and Tuteja (2005). The remaining genotypes had shown medium to good reactions to 

cold stress at vegetative stage because the impact of cold stress at this stage was minimal in both 

growing seasons.  

 

4.5.1.2. Number of Branches and Plant Height 

Cold stress significantly reduced the number of primary, secondary branches and plant heights. In 

the current study variable responses of genotypes for cold stress were examined. The cold 

susceptible genotypes produced less number of primary (<5) and secondary branches (5), as well 

as stunted plant height (< 20cm), while the cold tolerant genotypes gave high number of primary 

(<5) and secondary branches (5), and medium to high plant height were recorded (>20cm). In this 

experiment, most genotypes gave good positive reaction for plant height to the cold stress effect 

though cold stress significantly reduced plant height. This is probability because of the duration of 

time of cold stress occurrence was not sufficient to trigger a negative impact on plant 

development. Reduced number of primary and secondary branches, and plant height were 

observed due to cold stress in Nayyar et al. (2005a) and Kumar et al. (2010)  

 

4.5.1.3. Reproductive Stages 

At reproductive stage, cold stress damages were examined in all the genotype with variable 

degree of damage. Because, the minimum temperature reordered during reparative stage 

especially at flowering and podding stages was below 5oC in both seasons which caused flower 
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abortion and pod dropping for genotypes having poor response to cold stress. These cold stress 

symptoms were observed in most cold susceptible genotypes and they produced either empty 

pods or pods containing small shriveled seeds. Similar observation was reported by Gogoi et al. 

(2018) stating that temperature falls below 15oC causes flower and pod abortions. Various authors 

agree that the reproductive stage is more susceptible to cold stress than seedling stages because 

cold stress negatively affects pollen fertility, pod set, number of aborted flowers, total number of 

pods per plant, seed number, size and shape, rate and duration of seed filling which consequently 

reduced biomass and grain yield (Berger et al., 2012; Croser et al., 2003; Gogoi et al., 2018; 

Kumar et al., 2010; Nayyar et al., 2007; Srinivasan et al., 1999). Low temperature stress during 

reproductive development is responsible for the induction of flower abscission, pollen sterility, 

pollen tube distortion, ovule abortion and reduced fruit set leading to reduction in seed yield 

(Sharma and Nayyar, 2014).  

 

4.5.1.4. Thousand Seed Weight and Grain Yield 

Seed development of all genotypes was severely affected by cold stress because minimum 

temperatures of -3.0oC and -4.5oC were recorded during seed development stage in Jan 2019 and 

Jan 2020, respectively. The majority of the genotypes produced shrived seeds. Even those 

genotypes that had better vegetative performances until seed development stage gave shrived 

seed. The current finding is in line with previous studies. Wu et al. (2014) indicated that the 

prolonged period of chilling range of temperatures (0oC to 12oC) at any phenological stage of 

development in chickpea has detrimental effects on final seed yield. Low temperature (0oC to 

12oC) has negative impact on yield and 15-20% yield loss was estimated and temperature below 

15% during flowering leads to flower and pod abortion leading to poor yield (Croser et al., 2003). 

Cold stress affects the source-sink balance by markedly decreasing the source of assimilates for 

grain filling which, in turn, reduces potential yield (Maphosa et al., 2020). Chaturvedi et al. 
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(2009) estimated a yield loss of 15-20% associated with low temperature. Low temperature 

during vegetative stage led to decreased vegetative growth, biomass production and yield in north 

India (Mir et al., 2019; Singh et al., 1993). 

 

4.5.1.5. Seed Color 

The effects of cold stress were examined in seed color development. The susceptible genotypes 

produced seed with a faded seed color. This indicates that cold stress causes seed size and seed 

discoloration in chickpea. Similar observation was made for faba bean (Sallam et al., 2015). This 

happened because cold stress affects the mobilization of plant resources in to seed setting (Croser 

et al., 2003). 

 

4.5.2. Plant Survival Rate (SR) 

A wide range of SR score were recorded for the tested genotypes which indicated that the variable 

repose of the genotypes to cold stress. The value of SR score for the two growing seasons showed 

variation because of the different duration and intensity of cold stress, which occurred in different 

seasons. The cold stress intensity and length of occurrence were more sever in 2019/2020 

growing season than in 2018/2019. So, high value of SR was recorded in 2018/2019 than in 

2019/2020 growing season. In the experimental site, cold stress occurred consistently throughout 

the life cycle of the crop’s development, and hence, the frost survival score were taken at the end 

of each crop stages. The fluctuation of minimum temperature of two different growing seasons 

exhibited a similar pattern of SR value change for all genotypes. Minimum temperature of 

2019/2020 growing seasons was lower than that of 2018/2019 growing season clearly indicating 

that the SR of chickpea is closely associated to the temperature changes. Similar patterns were 

observed also in field pea (Liu et al., 2017). This approach has been employed to screen cold 

tolerance in rapeseed/canola (Fiebelkorn and Rahman, 2016) and field pea (Liu et al., 2017). 
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4.5.3 Freezing Tolerance Rate (FTR) 

Freezing tolerance rate with a rating scale of 1-9 has been used for measuring cold stress injury 

during early vegetative stage or seedling stage in earlier studies (Singh et al. 1989). Based on 

FTR, Eighty three genotypes were rated within the score of 1-3 consistently in both growing 

season. In this experiment, it is observed that the majority of the genotypes that were resistant at 

seedling stages failed to resist cold stress that occurred late at reproductive stage. From this result 

we can conclude that FTR score must be taken throughout crop’s developmental stages. 

Generally, single FTR score may work for areas where cold stress occurs once in the life cycle of 

the crop stages, however, in areas where, cold stress occurs consistently throughout the life cycle 

of the crop, FTR should be scored frequently. In addition, genotypes that showed better FTR 

value gave either shriveled seeds or empty pods. So, FTR cannot be used to evaluate the capacity 

of cold resistance at reproductive stages and the susceptible genotypes will be overlooked by this 

approach. FTR is the most important index used for freezing temperature screening of different 

crops tested at seedling stage (Badeck and Rizza, 2015; Nezami et al., 2012; Srinivasan et al., 

1998; Toker, 2005).  

 

4.5.4. Seed Shriveling Score (SSS) 

According to SSS result, genotypes had shown variable response to cold stress and about 108 

(16%) genotypes produced acceptable seed size, while the remaining genotypes produced shrived 

seeds. This result also supported by the report from (Behboudian et al., 2001) which indicated 

that the cold stress that occur during seed development affect the quality and size of chickpea 

seeds because of the reduced rate and duration of grain filling period (Nayyar et al., 2007; Kaur et 

al., 2008). 
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Visual assessment of seed damage by cold stress was done for all the genotypes for both seasons 

Genotypes that were rated as cold resistant based on SR and FTR indices failed to produce 

plumped seeds, which means that all genotypes that had a better SR and FTR score did not 

produce plumped seed. However, all genotypes that produced plumped seed had a better SR and 

FTR value. From this result, it is plausible to conclude that SR and FTR indices can indicate cold 

resistances at seedling or vegetative stages alone. Therefore, SR and FTR indices will not be 

applicable to screen genotypes for cold resistance at reproductive stage. Visual assessment of cold 

stress damaged seed has been applicable also to screen faba bean genotypes for cold resistance 

variability (Henriquez et al., 2017).  

 

In general, to select promising cold tolerant genotypes, it is advisable to consider cold tolerance 

related traits and agronomic traits together. Genotypes that are consistently selected by all the 

parameters are considered as a promising cold tolerant genotype which can be directly taken by 

farmers or serve as a breeding material for further crop improvement activities. The selected cold 

tolerant genotypes will help to stabilize yield and expand the chickpea production areas into 

Ethiopian highland where chickpea production is not a common practice because of cold stress 

damage. In this study, 94 (51 black, 29 brown and 14 white) genotypes were selected as cold 

tolerant, and the remaining genotypes from intermediate to susceptible. The promising cold 

resistant genotypes were selected with the following criteria i.e. Frost survival rate (>0.75), seed 

shriveling score (1-2), and freezing tolerance rate (1-4). The selected genotypes are listed in Table 

16. 

 
Table 16. List of ninety four cold resistant chickpea genotypes and varieties selected based on SR (>0.75), FTR 
(score of 1,2,3) and seed score (1 and 2) 
 
No Genotype Seed 

Color 
Source   No Genotype Seed 

Color 
Source  No Genotype Seed 

Color 
Source 

1 16341-A Black EBI  33 208994-A Brown EBI  65 30293-A Brown EBI  
2 207674 Black EBI  34 235036-A Brown EBI  66 207739-B Brown EBI  
3 30336-A Black EBI  35 209016-B Black EBI  67 71875 Brown ICARDA 
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Table 16: Continued… 
 
No Genotype Seed 

Color 
Source   No Genotype Seed 

Color 
Source  No Genotype Seed 

Color 
Source 

4 30336-B  Black EBI  36 209022-A Black EBI  68 75095 Brown ICARDA 
5 41004-C Black EBI  37 209026-A Black EBI  69 140941 Brown ICARDA 
6 41036-B Black EBI  38 212589-B Black EBI  70 116451 Brown ICARDA 
7 41051-A Black EBI  39 212914-B Black EBI  71 126302 Brown ICARDA 
8 41081-A Black EBI  40 214731-B Black EBI  72 9427 Red ICARDA 
9 41107-B Black EBI  41 214734-A Black EBI  73 128699 White ICARDA 
10 41133-A Black EBI  42 215067-A Black EBI  74 9632 White ICARDA 
11 41167-C Black EBI  43 215190-A Black EBI  75 10163 White ICARDA 
12 41206-B Black EBI  44 215289-B Black EBI  76 140394 White ICARDA 
13 207608 Black EBI  45 236196-B Black EBI  77 7339 White ICARDA 
14 207622 Black EBI  46 236459-B Black EBI  78 70753 White ICARDA 
15 207638 Black EBI  47 236479-C Black EBI  79 73395 White ICARDA 
16 207640 Black EBI  48 237054-B Black EBI  80 69420 White ICARDA 
17 207648 Black EBI  49 207686 Black EBI  81 132663 White ICARDA 
18 207652 Black EBI  50 207664-A Black EBI  82 9415 White ICARDA 
19 207668 Black EBI  51 30349-B Black EBI  83 Yelebe White EARCs 
20 207670 Black EBI  52 30348-B Black EBI  84 Akaki Red EARCs 
21 207684 Black EBI  53 41127-B Black EBI  85 mariye Red EARCs 
22 207688-A Black EBI  54 207746 Black EBI  86 Natoli Red EARCs 
23 207692 Black EBI  55 207173-C Black EBI  87 Teketay Red EARCs 
24 207712 Black EBI  56 41075-C Brown EBI  88 Kutaye Brown EARCs 
25 207714 Black EBI  57 41093-B Brown EBI  89 Teji White EARCs 
26 207728-A Black EBI  58 41255-B Brown EBI  90 Shola White EARCs 
27 207730 Black EBI  59 207175-A Brown EBI  91 Worku Red EARCs 
28 207748 Black EBI  60 207635-C Brown EBI  92 Harbu White EARCs 
29 208988-A Red EBI 61 30350-B Red EBI 93 Dalota Brown EARCs 
30 209026-B  Red EBI 62 41301-B Red EBI 94 Mastewal Brown EARCs 
31 227152-B  Red EBI 63 207766 Black EBI      
32 30334-C Red EBI 64 207770 Black EBI      
EBI= Ethiopian Biodiversity Institute, ICARDA is International Center for Agricultural Research in the Dry Areas, 
EARCs=Ethiopian Agricultural Research Centers 
 

 

4.5.5 Phenotypic Correlation Coefficient 

All the cold tolerance related traits had shown a strong significant relationship with grain yield. 

Grain yield was found to be positively and significantly correlated with fertile pod per plant, 

thousand seed weight, SR, and stem/leaf pigmentation, implying that enhancing these traits will 

boost yield under cold stress. Grain yield, on the other hand, was negatively and strongly 

correlated with the number of infertile pods per plant, the FTR vale, the SSS, the seed color, and 

the flower. Selection for low value of these traits will be accompanied by an increase in yield 

under cold stress. 
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It was observed that genotypes having strong stem/leaf pigmentation had shown a good 

performance in all agronomic traits and had also a better SR and FTR scores. Similarly, flower 

and seed color had shown also a strong correlation with agronomic performances. Genotypes 

having pink flower and black seed color had better performances than the ones with white flower 

and white seed colored ones. From this result, the selection of genotypes having strong stem/leaf 

pigmentations and genotypes with black seeded chickpea types and pink flower would greatly 

assist plant breeders to develop cold resistant varieties to reduce the risk of cold stress damages. 

Similar findings were reported for chickpea by Mugabe et al. (2019). 

 

4.6 Conclusion and Recommendations 

 

This experiment has shown that the degree of cold stress damage varied at different crop stages. 

The effect of cold stress was not seen on seed germination and seedling establishment. However, 

considerable cold stress damage was observed at vegetative and reproductive stages for most 

genotypes. The capacities of genotypes for cold tolerance were estimated using freezing tolerance 

rate (FTR) and frost survival rate (SR) and their agronomic performances. Eighty three and 85 

genotypes were selected based on FTR and SR, respectively. However, both indices are not able 

to evaluate cold resistance of the genotypes at reproductive stage, if the cold stress occurs 

consistently throughout the crop stages.  

 

Genotypes having good SR and FTR values produced shriveled seed and empty pods due to cold 

stress that occurred later at flowering and seed development stages. Therefore, to select the cold 

tolerant potential genotypes, it is advisable to consider SR and FTR values, pod setting, seed 

shriveling score, and grain yield together. Genotypes that are consistently selected by all these 

parameters are considered as promising cold tolerant genotypes. In addition, in areas where cold 
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stress occurs consistently during the seedling and vegetative stages of the crop only, the selection 

of cold resistance at these stages by considering less FTR and high SR values are enough to select 

promising cold resistant genotypes.  

 

The effect of cold stress to chickpea genotypes are variable depending on seed color type, 

presence and absence of stem/leaf pigmentation and different level of stem/leaf pigmentation. 

Chickpea genotypes with black seeded and/or having strong stem/leaf pigmentation performed 

well for cold stress reaction. From these observations, it can be concluded that stem/leaf 

pigmentation and black seeded color might be linked to a gene that confers cold resistance in 

chickpea. From this experiment, 94 genotypes were identified to be cold tolerant genotypes which 

can be taken by plant breeders for cold tolerant chickpea variety development program attesting 

that Ethiopian chickpea genotypes have a potential source for cold tolerance trait. Identification of 

the mechanism of stem/leaf pigmentation and black seed color for cold resistance is required. 

Also, identification of quantitative trait loci (QTLs) associated with gene controlling cold 

tolerances in chickpea is equally important to aid development of cold tolerant varieties. 
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5.1. Abstract 

 

Chickpea screening for frost tolerance has been conducted by various breeders through both field 

screening protocols under natural conditions and using growth chambers under controlled 

environments. The aim of this study was thus to evaluate the frost tolerance variability of 

Ethiopian chickpea (Cicer arietinum L.) germplasm under controlled environment using growth 

chamber. A total of 72 genotypes were screened for frost tolerance using complete randomized 

design with two replications. The analysis of variance result indicated that there was a significant 

(P<0.01) difference amongst genotypes for seedling height, number of foliage, number of primary 

branch, growth rate, and fresh biomass weight. Based on plant survival rate (SR), 31 (43.1%) 

genotypes scored above 0.8 values. Based on Freezing tolerance rate (FTR), 37(51.4%) and 



86 
 

31(43.1%) genotypes were rated at a score of 1 to 3 in freezing test 1 (T1) and freezing test 2 

(T2), respectively. There was a strong negative correlation between fresh biomass yields with SR 

(-0.75** for T1 and -0.71** for T2 at p<0.01), while a strong positive correlation was observed for 

FTR at a value of 0.74 (p<0.01). Based on the combined result of FTR and SR scores, 26 

genotypes were found to be frost tolerant genotypes at temperature level as low as -5oC at 

seedling stage. Based on our findings, Ethiopian chickpea germplasm has a genetic potential for 

cold tolerance traits for use in breeding programs. 

 

Key words/phrases: Chickpea, Freezing test, Frost screening, Frost tolerant 

 

5.2. Introduction 

 

Plant genetic resources play a significant role in the variety development program by serving as a 

reservoir for enormous genes that confer tolerance to abiotic and biotic stresses and potential 

sources of gene for most important agronomic traits (Rao, 2004). The maintenance of a wide 

array of genetic pool for different crops is the main target for gene bank manager. Cognizant of 

this, the Ethiopian Biodiversity Institute (EBI) has been collecting and maintaining plant genetic 

resources in its gene bank. And, extensive genetic characterization and evaluation of the 

germplasm for agronomic and quality traits are required to make them more useful to breeders 

and farmers (Castañeda-Álvarez et al., 2016). 

 

Chickpea (Cicer arietinum L.) is currently the third largest food legume crop in Ethiopia in terms 

of area coverage and production volume next to faba bean and haricot bean, occupying roughly 

239,786.13ha of land annually and producing nearly 0.5 million tone with an average productivity 

of 2,025 kgha-1 for desi and 1,682 kgha-1 for kabuli type chickpea (CSA, 2019). Currently, 
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chickpea is introduced to lowland areas using irrigation and also to select areas of the Southern 

Nation and Nationality People Region (Nigusie Girma et al., 2017) contributing to the steady 

increase of chickpea production. Furthermore, chickpea production could be expanded to ‘dega’ 

agroecological zones (2,500 to 3,200 m.a.s.l.) where frost is a typical occurrence. The highland 

constitutes 2/3rd of the total cultivated land in Ethiopia (Mulugeta Assefa et al., 2014) and 

chickpea production can be extended to these areas if cold tolerant chickpea varieties made 

available to farmers. 

 

Chickpea is a cold sensitive legume crop and cold stress is the second most important limiting 

factor in its production next to drought (Sassenrath et al., 1990). Cold stress is classified as 

Chilling injury (0°C to 15°C) and freezing/frost injury (below -1.5oC) (Croser et al., 2003; Jha et 

al., 2014), both of which have an overlapping effects on chickpea growth and production (Croser 

et al., 2003; Jha et al., 2014). Low field temperature causes poor seed germination, poor crop 

stand establishment, chlorosis, wilting, necrosis of leaf tips, reduced plant height and branches, 

full leaf curling, and plant death (Croser et al., 2003; Kumar et al., 2010). Moreover, frost stress 

lowers leaf water status and chloroplast membrane stability, resulting in the loss of respiration and 

photosynthesis (Croser et al., 2003; Yadav, 2010).  

 

Cold tolerance is one of the most important pre-requisites to grow cool season legumes in frost 

prone areas. The degree of frost damages varies among genotypes due to differences in their cold 

tolerance capacity. Evaluation of plant germplasm for cold tolerance variability is very crucial to 

identify resistant genotypes. For example, genetic variation of cold tolerance has been reported 

for field pea seedlings (Bourion et al., 2003), chickpea (Kanouni et al., 2009; Nezami et al., 2012; 

Mir et al., 2019).However, there was no documented information regarding the potential of 

Ethiopian chickpea genotypes for cold tolerance variability.   
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Two types of chickpea frost screening protocols; field screening under natural condition and 

under controlled environment using growth chamber have been used by various breeders. The 

natural field screening method is expensive and time consuming, there is unpredictable frost 

severity and irregular low temperature frequency (Maqbool et al., 2010), the lowest temperature is 

not controlled and there are large temporal and spatial variations in the field (Nezami et al., 

2012). However, a controlled environment (using freezing chamber) screening method offers 

much more precise control of the timing and intensity of frost treatment (Wu et al., 2014).  It is 

also inexpensive, quick and highly reproducible (Nezami et al., 2012). Therefore, the objective of 

the study was to screen Ethiopian chickpea genotypes for cold tolerance variability under 

controlled environment using growth chamber and identify cold tolerant genotypes potential to be 

used in chickpea breeding programs or released as cultivars. 

 

5.3. Material and Methods 

 

5.3.1. Plant Materials 

The study was conducted at Ethiopian Biodiversity Institute’s Seed Germination Laboratory from 

October to December, 2021. About 72 genotypes constituting 45 (62.5%) Ethiopian chickpea 

genotypes, 13 (18.1%) genotypes from the International Center for Agricultural Research in the 

Dry areas (ICARDA), and 14 (19.4%) improved chickpea varieties from Debre Zeit Agricultural 

Research Centers were used. The genotypes were selected based on the field performances of 

genotypes showing poor to better reaction to frost stresses at vegetative and grain filling period 

(Sintayehu Admas et al., 2021). 

 

5.3.2. Experimental Design 

A complete randomized design with two replications was used. Ten seeds of each genotype were 

planted in pots with 20 cm internal diameter and 20 cm depth. The pots were filled with 
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homogeneous soil mixture which was prepared by mixing the sub-surface (0-30cm) soil 

thoroughly. The soil was vertisol soil types and collected from the research main station farm of 

Debre Zeit Research Center. The seedlings were thinned to five plants per pot at four leaf stage. 

DAP (100 kgha-1) and other management practices were applied. Each morphological data were 

collected from all the five individual plants.    

 

A modified frost screening protocol using freezing chamber designed by Nezami et al. (2012); 

Zhu et al. (2014), and Mugabe et al. (2019) was used. The plants were grown in lath house for 

two weeks at Ethiopian Biodiversity Institute and moved to the controlled environment chamber 

(Snijders labs climate chambers) for five weeks. Seedlings were subjected to a gradual and 

progressive low temperature acclimation protocol for four weeks. Acclimation treatment started at 

seven days with 7oC days/5oC nights, 11-h a photoperiod (PP) followed by 5oC days/2oC nights, 

10-h PP for 7 days and then at 5oC days/0oC nights, 9-h PP for 14 days with 250 mmol m2s1 levels 

of irradiance. Subsequently, the frost treatment test took place for seven days under 5oC days/-

2°C night, 10-h PP for 3 days, 5oC days/-3°C nights, 10-h PP for 2 days and finally 5oC days/-5°C 

nights, 10-h PP for 2 days. Finally, the pots were allowed to thaw overnight at 4oC and the plants 

were moved back to the in lath house for one week for scoring to conduct freezing test 1: to 

evaluate the re-growth potential of both the foliage and auxiliary buds of the genotypes and 

freezing test 2: to test the viability of the foliage using 1-9 scale as indicated below.  

 

5.3.3. Data Collection 

Seedling height (cm): Average height of five seedlings taken before and after frost treatment 

Number of foliage leaf per plant: Average number of foliage leaf per plant taken from five plants 

before and after frost treatment  

Number of primary branches per plant: Average number of primary branches per plant taken from 

five plants before and after frost treatment 



90 
 

Seedling height growth rate: The ratio of the difference between seedling height before and after 

frost treatment to seedling height of before frost treatment 

Number of foliage leaf growth rate: The ratio of the difference between number foliage leaf per 

plant before and after frost treatment to number of foliage leaf per plant before frost 

treatment.  

Number of primary branches plant growth rate: The ratio of the difference between number of 

primary branches per plant before and after frost treatment to number of primary branches 

per plant before frost treatment.  

Fresh biomass yield (g/plant): Average fresh weight of five plants taken at one week after the end 

of frost treatment  

Freezing tolerance rate (FTR):Visual score of viability of the foliage, and foliage and auxiliary 

buds re-growth scored on 1-9 scale (Fiebelkorn, 2013 cited by Mugabe et al., 2019), 

where, 1=Plant completely green, 2= Plant with minimal freezing damage, 3= Plant at 

least 75% green, 4= Plant between 50 and 75% green tissue, 5= Plant 50% green, 6= Plant 

between 25 and 50% green tissue, 7= Plant 25% green, 8= Plant almost dead but has 

minimal green, and 9= Plant completely dead 

Plant survival rate (SR): Calculated by dividing the number of surviving plants after the frost 

period by the number of emerged plants after sowing following Heidarvand et al., (2011). 

 

5.3.4. Statistical Analysis 

The performances of genotypes were tested for variability of parameters by performing an 

analysis of variance (ANOVA) in a complete randomized design using R-4.1.0 statistical software 

(Thomas et al., 2013). Treatment mean comparison was performed for significance, using a 

Fisher’s least significant difference (LSD) test at 5% probability using R software. Pearson 
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correlation coefficients between variables was estimated and tested for significance using 

MINITAB release 14 statistical software (MINITAB, 1998).  

 

5.4. Results 

 

Based on the analysis of variance, it was found that there were significant differences (p<0.01) 

for frost tolerance among genotypes for seedling height before and after frost treatment, growth 

rate of seedling height during frost treatment, number of foliage before and after frost treatment, 

growth rate of number of foliage during frost treatment, number of primary branches before and 

after frost treatment, growth rate of number of primary branch during frost treatment, and fresh 

weight (Table 17).  

 

Fisher’s least significant difference (LSD) result indicated that the differences among the means 

of the genotypes for a given trait were significant (P<0.05). Wide mean ranges were observed for 

all the collected traits in the genotypes (Table 18). The range for each measurement were as 

follows: 13.1cm to 23.7 cm for seedling height before frost treatment, 0.0 to 25.3 cm for seedling 

height after frost treatment, 0.0 to 0.7 for growth rate of seedling height during frost treatment, 1.7 

to 8.0 for number of foliage before frost treatment, 0.0 to 20.2 for number of foliage after frost 

treatment, 0.0 to 0.8 for growth of number of foliage during frost treatment, 0.0 to 16 for number 

of primary branches after frost treatment, 0.0 to 1.0 for growth rate of number of primary branch 

during frost treatment, and 0.0 to 14.7 for fresh weight.  
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Table 17. Mean square and mean for the tested traits of 72 chickpea genotypes (45 Ethiopian genotypes, 13 elite frost 
resistant genotypes from ICARDA, and 14 improved varieties) grown under controlled environment at Ethiopian 
Biodiversity Institute, 2021 

Sources of 
Variation  

 Degree 
of 
freedom  

Mean Squares 
SH 
BF 

SH 
AF 

GR 
SH 

NF 
BF 

NF 
AF 

GR 
NF 

NPB 
AF 

GR 
NPB 

FW 

Genotypes  71 8.0** 55.8** 0.04** 2.22** 45.43** 0.06** 31.55** 0.27** 26.3** 
Error 72 2.12 7.48 0.01 1.45 3.95 0.01 2.58 0.02 2.94 
SHBF=Seedling height before frost treatment in cm, SHAF= Seedling height after frost treatment in cm, GRSH= 
Growth rate of seedling height during frost treatment, NFBF=Number of foliage before frost treatment, 
NFAF=Number of foliage after frost treatment, GRNF=Growth of number of foliage during frost treatment, 
NPBAF=Number of primary branch after frost treatment, GRNPB=Growth rate of number of primary branch during 
frost treatment, FW=Fresh weight in gm  
 

Table 18. Mean value of quantitative traits of 72 chickpea genotypes (45 Ethiopian genotypes, 13 elite frost resistant 
genotypes from ICARDA, and 14 improved varieties) grown under controlled environment at Ethiopian Biodiversity 
Institute, 2021 

No Acc Types Source PLH 
BF 

PLH 
AF 

GR 
PLH 

NF 
BF 

NF 
AF 

GR 
NF 

NPB 
AF 

GRN 
PB 

FW SR FT1 FT
2 

1 207674 Desi EBI 11.3 22.6 0.50 5.9 18.7 0.7 12.2 1.0 14.7 0.9 2 3 
2 30350-B  Desi EBI 10.6 21.1 0.49 5.4 14.8 0.6 7.4 1.0 10.5 1.0 2 3 
3 41133-A Desi EBI 9.6 21.1 0.55 5.3 18.5 0.7 4.7 1.0 10.6 0.8 2 3 
4 207173-B  Desi EBI 13.1 25.3 0.48 5.4 17.5 0.7 10.4 1.0 13.6 1.0 1 1 
5 207175-A Desi EBI 11.2 20.5 0.46 7.3 19.0 0.6 7.4 1.0 7.5 0.8 1 2 
6 207766 Desi EBI 11.9 22.5 0.47 6.6 20.2 0.7 14.7 1.0 12.0 0.8 1 2 
7 209026-B  Desi EBI 8 17.2 0.53 5.8 11.1 0.5 3.0 1.0 13.2 1.0 1 1 
8 227152-B  Desi EBI 10.3 19.3 0.47 5.2 16.7 0.7 7.3 1.0 10.9 0.8 1 2 
9 41301-B  Desi EBI 8.1 16.4 0.50 5.2 13.7 0.6 6.8 1.0 11.1 1.0 1 2 
10 207746 Desi EBI 7.5 14.5 0.48 5.5 8.0 0.3 1.5 1.0 10.7 1.0 2 3 
11 Teketay Desi DZARC 8.3 16.1 0.48 6.2 17.5 0.7 11.2 1.0 11.1 1.0 1 1 
12 Natoli Desi DZARC 5.0 9.7 0.48 5 8.6 0.4 0.8 0.5 10.2 1.0 2 3 
13 Akaki Desi DZARC 9 19.9 0.55 5.7 13.5 0.6 4 1.0 11.6 1.0 1 1 
14 9427 Kabuli ICARDA 9.1 16.6 0.46 6 12.3 0.5 5.8 1.0 9.2 1.0 1 1 
15 69420 Kabuli ICARDA 7.1 17.2 0.59 5.5 9.9 0.5 0 0.0 11.9 1.0 1 1 
16 Worku Desi DZARC 8.6 20.2 0.58 5.1 10.7 0.5 2.8 1.0 8.8 0.9 3 3 
17 Mariye Desi DZARC 6.2 12.2 0.50 6.0 8.05 0.3 0 0.0 9.0 1.0 1 1 
18 DBB Desi EBI 8.8 17.9 0.51 6.2 13.0 0.5 4.3 1.0 10.0 0.8 2 3 
19 ENR Desi EBI 11.2 21.4 0.48 6.2 19.1 0.7 8.3 1.0 9.1 1.0 2 2 
20 TEGR Desi EBI 9.9 20.8 0.52 6.2 18.1 0.7 10.0 1.0 9.1 1.0 2 3 
21 30334-C Desi EBI 12.8 22.5 0.44 7.7 18.9 0.6 10.9 1.0 13.6 0.8 1 2 
22 207648 Desi EBI 12.2 19.1 0.36 6.3 19.1 0.7 16.0 1.0 13 1.0 1 1 
23 207728-A Desi EBI 10.6 18.0 0.41 5.6 14.0 0.6 5.2 1.0 12.1 1.0 2 2 
24 208988-A Desi EBI 12.1 19.9 0.39 6.4 15.5 0.8 12.4 1.0 14.6 1.0 1 1 
25 Kutaye Desi DZARC 8.3 15 0.45 5.4 14.5 0.6 8.9 1.0 9.3 1.0 1 1 
26 Yelbie Kabuli DZARC 8.4 13.8 0.39 5.9 8.9 0.3 5.6 1.0 9.8 1.0 2 3 
27 Teji Kabuli DZARC 5.7 12.8 0.56 4.2 8.9 0.5 0.5 0.5 10.8 0.7 1 2 
28 Mastewal Desi DZARC 8.9 18.3 0.52 6.4 12.5 0.5 3.5 1.0 12.8 0.7 1 2 
29 Shahso Kabuli DZARC 8.1 19.2 0.58 5.5 15.0 0.7 6.9 1.0 9.4 0.6 1 1 
30 30300-A Desi EBI 12.3 24.2 0.49 6.5 13.5 0.5 7.3 1.0 13.5 0.9 4 5 
31 30309-A Desi EBI 8.1 17.8 0.26 6.1 13.8 0.6 7.0 1.0 5.5 0.6 6 6 
32 41075-C Desi EBI 11.9 20.1 0.41 6.1 12.0 0.5 11.4 1.0 9.4 1.0 4 4 
33 41078-B  Desi EBI 10.3 20.6 0.50 5.6 16.5 0.7 8.8 1.0 9.1 0.6 3 5 
34 41094-C Desi EBI 7.3 14.0 0.47 5.1 15.. 0.7 6.8 1.0 7.9 0.8 4 5 
35 41153-A Desi EBI 11.2 22.4 0.49 5.1 16.6 0.7 5.9 1.0 12.0 0.7 3 4 
36 41282-B  Desi EBI 11.4 20.1 0.44 6.0 16.9 0.6 8.2 1.0 13.8 0.7 3 3 
37 41323-A Desi EBI 10.0 19.9 0.50 5.5 17.0 0.7 9.1 1.0 11.2 0.7 3 5 
38 207167-A Desi EBI 11.8 20.9 0.43 6.9 18.9 0.6 6.5 1.0 10.3 0.8 4 4 
39 207640 Desi EBI 10.4 14.2 0.27 5.1 12.7 0.6 3.8 1.0 10.3 0.7 5 6 
40 207652 Desi EBI 9.5 17.4 0.46 4.5 16.0 0.7 6.7 1.0 9.2 0.9 4 5 
41 207670 Desi EBI 11.4 21.4 0.42 8.0 18.9 0.6 13.5 1.0 12.1 0.7 5 6 
42 209026-A Desi EBI 10.1 19 0.47 5.9 16.3 0.6 6.8 1.0 9.1 0.8 4 5 
43 212477-A Desi EBI 11.0 17.7 0.38 5.8 12.4 0.5 3.9 1.0 12.5 0.6 1 2 
44 241800-A Desi EBI 9.9 18.9 0.48 5.6 15.8 0.7 5.5 1.0 9.8 0.9 3 5 
45 30339-A Desi EBI 10.1 19.3 0.48 6.3 13.1 0.5 5.8 1.0 10.1 1.0 4 5 
46 Minjar Desi DZARC 8.8 17.5 0.50 4.3 12.4 0.7 4.3 1.0 11.2 0.6 3 4 
47 140941 Kabuli ICARDA 10.3 16.6 0.38 6.2 14.2 0.6 9.3 1.0 11.7 0.7 4 4 
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Table 18. Continued.... 

No Acc Types Source SH 
BF 

SH 
AF 

GR 
SH 

NF 
BF 

NF 
AF 

GR 
NF 

NPB 
AF 

GRN 
PB 

FW SR FT1 FT
2 

48 141693 Kabuli ICARDA 8.6 18.7 0.54 6.5 8.2 0.2 0 0.0 1.5 0.5 8 8 
49 125187 Kabuli ICARDA 8.3 14.4 0.71 5.1 10.4 0.5 2.9 1.0 3.7 0.5 8 8 
50 Dubie Desi DZARC 8.1 15.7 0.48 3.9 17.3 0.9 4.2 1.0 10.8 0.6 6 6 
51 140294 Kabuli ICARDA 9.1 16.9 0.47 4.5 7.1 0.4 0 0.0 8.2 0.6 3 5 
52 132663 Kabuli ICARDA 6.6 14.1 0.53 5.3 11.0 0.5 3.6 1.0 5.8 0.8 4 4 
53 Kasech Kabuli DZARC 10.5 0 0 2.2 0 0 0 0.0 0 0.0 9 9 
54 16341-A Desi EBI 12.3 24.1 0.49 5.9 16.8 0.7 10.3 1.0 13.2 0.7 5 6 
55 41081-A Desi EBI 9.2 16.9 0.46 5.1 11.7 0.6 6.1 1.0 5.2 0.5 7 7 
56 207608 Desi EBI 8.3 17.4 0.52 3.9 10.1 0.6 0 0.0 5.1 0.4 8 9 
57 207638 Desi EBI 9.3 19.8 0.53 4.4 14.4 0.8 6.8 1.0 10.4 0.4 7 7 
58 207649-A Desi EBI 6.8 15 0.56 5.0 7.7 0.3 2.1 1.0 8.0 0.5 6 7 
59 207668 Desi EBI 9.7 21.8 0.56 6.1 13.5 0.6 3.7 1.0 10.1 0.7 5 5 
60 209008-A Desi EBI 9.2 18 0.49 5.8 16.6 0.7 9.4 1.0 11.4 0.6 5 5 
61 209016-B  Desi EBI 11.3 20.7 0.46 6.0 15.6 0.6 5.9 1.0 9.5 0.6 5 7 
62 212688-C Desi EBI 10 23.2 0.57 5.4 14.4 0.6 4.7 1.0 10.4 0.7 5 6 
63 215190-A Desi EBI 9.2 19.1 0.53 5.1 12.0 0.6 5.8 1.0 12 0.6 6 7 
64 237054-B  Desi EBI 6.4 16.9 0.62 4.9 11.5 0.6 2.8 1.0 6.9 0.4 7 7 
65 Dimtu Desi DZARC 6.5 16.6 0.61 5.1 11.5 0.6 0.7 0.5 9.6 0.5 6 6 
66 141720 Kabuli ICARDA 11.5 21.4 0.46 6.2 19.0 0.7 9.1 1.0 3.2 0.3 8 8 
67 75095 Kabuli ICARDA 5.6 13.4 0.58 4.3 6.8 0.4 0.0 0.0 6.2 0.0 9 9 
68 209026-A Desi EBI 10 18.9 0.47 5.1 13.0 0.6 4.0 1.0 4.8 0.4 7 8 
69 10163 Kabuli ICARDA 3.7 10.4 0.65 3.0 5.6 0.5 0.0 0.0 1.5 0.4 8 8 
70 8191 Kabuli ICARDA 8.2 0.0 0.0 1.7 0.0 0.0 0.0 0.0 0.0 0.0 9 9 
71 139930 Kabuli ICARDA 6.1 0.0 0.0 4.4 0.0 0.0 0.0 0.0 0.0 0.0 9 9 
72 73221 Kabuli ICARDA 8.2 0.0 0.0 3.9 0.0 0.0 0.0 0.0 0.0 0.0 9 9 
 Mean   9.3 17.3 0.5 5.4 13.1 0.5 5.6 0.8 9.2 - - - 
 ±SE   1.5 2.8 0.1 1.2 2.0 0.1 1.6 0.2 1.9 - - - 
 LSD 

(5%) 
  2.9 5.5 0.2 2.4 3.9 0.2 3.0 0.3 3.8 - - - 

SHBF=Seedling height before frost treatment, SHAF= Seedling height after frost treatment, GRSH= Growth rate of 
seedling height during frost treatment, NFBF=Number of foliage before frost treatment, NFAF=Number of foliage 
after frost treatment, GRNF=Growth of number of foliage during frost treatment, NPBAF=Number of primary branch 
after frost treatment, GRNPB=Growth rate of number of primary branch during frost treatment, FW=Fresh weight, 
SR=Survival rate, FT1 =Freezing test 1, and  FT2=Freezing test 2. SE=pooled standard deviation, LSD=Least square 
difference, EBI=Ethiopian Biodiversity Institute, DZAR=Debre Zeit Agricultural Research Centers, 
ICARDA=International Center for Agricultural Research in the Dry areas 
 

 

The reaction of genotypes to frost as indicated by plant survival rate (SR) is given in Table 19. 

Thirty one genotypes (43.1%) rated more than 0.8 score, while the remaining genotypes rated less 

than 0.8 score (56.9%). Five genotypes scored 0 which means that they were killed by frost stress 

since it had poor tolerance to frost stress. 

 

Table 19. Plant survival rate (SR) of 72 chickpea genotypes (45 Ethiopian genotypes, 13 elite frost resistant 
genotypes from ICARDA, and 14 improved varieties) grown under controlled environment at Ethiopian Biodiversity 
Institute, 2021 

No SR Rating No of genotypes 

1 ˃ 0.8 31 (43.1%) 

2 ˃0.6 to <0.8 22 (30.6%) 

3 ˃0.4 to <0.6 9 (12.5%) 
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Table 19. Continued.... 

4 ˃0.2 to <0.4 5 (6.9%) 

5 <0.2 5 (6.9%) 

Total  72 

 

The result of foliage and auxiliary buds re-growth (Freezing test 1), and foliage viability 

(Freezing test 2) is displayed in Table 20. The majority of the genotypes showed recovery from 

frost damage with variable degrees. Four genotypes did not recover because they were killed by 

the frost. The remaining genotypes recovered with low to high rate (Figure 10). The records of 

leaf damage of the frost susceptible genotypes were severely damaged and all plant leaves died, 

while in tolerant genotypes the leaf damage were nil to medium level (Figure 10). Although the 

foliage of these genotypes had injured foliage following a frost, re-growth occurred from 

auxiliary buds at the stem (Figure 11).The scores were done visually using freezing tolerance rate 

(FTR). The FTR scores were taken at one week after the end of the frost treatments. Thirty seven 

(51.4%) and 31 (43.1%) genotypes showed no or little leaf damage due to frost injury for freezing 

test 1 and freezing test 2 respectively. The remaining genotypes, 35 (48.6%) and 41 (56.9%) 

scored from 4 to 9 at freezing test 1 and freezing test 2, respectively. These genotypes were 

moderately cold tolerant to highly frost susceptible genotypes. 

 

Table 20. Freezing tolerance rate (FTR) of 72 chickpea genotypes (45 Ethiopian genotypes, 13 elite frost resistant 
genotypes from ICARDA, and 14 improved varieties) grown under controlled environment at Ethiopian Biodiversity 
Institute, 2021 

No FTR 
Rating 

No. of genotypes 
(Freezing Test 1) 

No. of genotypes 
(Freezing Test 2) 

1 1 19 (26.4%) 11 (15.3%) 
2 2 10 (13.9%) 10 (13.9%) 
3 3 8 (11.1%) 10 (13.9%) 
Subtotal  37 (51.4%) 31 (43.1%) 
4 4 9 (12.5%) 6 (8.3%) 
5 5 7 (9.7%) 11 (15.3%) 
6 6 5 (6.9%) 7 (9.7%) 
7 7 4 (5.6%) 6 (8.3%) 
8 8 5 (6.9%) 5 (6.9%) 
9 9 5 (6.9%) 6 (8.3%) 
Subtotal  35 (48.6%) 41 (56.9%) 
Total 72 72 
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Figure 10. The reactions of genotypes to frost injury [A (139930) and B (73221) highly frost-susceptible 
genotypes, C (30339-A) moderately cold tolerant genotypes, D (209026-A) and E (Teketay) cold tolerant 
genotypes] 
 

Figure 11. The variable potential of genotypes to the re-growth of the foliage and auxiliary buds one week 
after the end frost treatments [A (973221), B (141693), and C (207649-A) genotypes did not show foliage 
and auxiliary buds re-growth, D (Minjar) genotypes had shown foliage re-growth, E (Akaki) and F (41282-
B) genotypes had shown foliage and auxiliary buds re-growth. The arrow indicates the growing of primary 
branches 
 

The phenotypic association of agronomic and frost tolerance related traits were analyzed based on 

the mean values of the recorded traits of all genotypes and the result is given in Table 21. SR and 

FTR scores were strongly correlated with seedling height before and after frost, growth rate of 

seedling height during frost, number of foliage before and after frost, growth of number of foliage 

during frost, and number of primary branch after frost at p<0.01. 
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Table 21. Phenotypic Pearson’s correlation matrix for 11 traits of 72 chickpea genotypes (45 Ethiopian genotypes, 13 
elite frost resistant genotypes from ICARDA, and 14 improved varieties) grown under controlled environment at 
Ethiopian Biodiversity Institute, 2021 

 Traits SH 
AF 

GR 
SH 

NF 
BF 

NF 
AF 

GR 
NF 

NPB 
AF 

GR 
NPB 

FW SR Test 1 Test 2 

SHBF 0.59** -0.12* 0.51** 0.62** 0.41** 0.71** 0.50** 0.44** 0.29** -0.26** -0.22** 
SHAF   0.65** 0.68** 0.84** 0.79** 0.60** 0.66** 0.69** 0.56** -0.45** -0.42** 
GRSH     0.31** 0.46** 0.59** 0.08ns 0.34** 0.41** 0.41** -0.31** -0.29** 
NFBF       0.68** 0.42** 0.61** 0.55** 0.56** 0.61** -0.52** -0.51** 
NFAF         0.89** 0.80** 0.75** 0.66** 0.57** -0.51** -0.48** 
GRNF           0.65** 0.70** 0.62** 0.47** -0.4** -0.40** 
NPBAF             0.67** 0.55** 0.47** -0.41** -0.39** 
GRNPB               0.60** 0.54** -0.45** -0.43** 
FW                 0.74** -0.75** -0.71** 
SR                   -0.87** -0.85** 
Test 1                     0.98** 
SHBF=Seedling height before frost treatment, SHAF= Seedling height after frost treatment, GRSH= Growth rate of 
seedling height during frost treatment, NFBF=Number of foliage before frost treatment, NFAF=Number of foliage 
after frost treatment, GRNF=Growth of number of foliage during frost treatment, NPBAF=Number of primary branch 
after frost treatment, GRNPB=Growth rate of number of primary branch during frost treatment, FW=Fresh weight, 
SR=Survival rate, Test 2=Freezing test 2, and  Test 1=Freezing test 1 
 
 

5.5. Discussions 

 

In Ethiopia, chickpea is commonly grown in areas having vertisols with an altitude range of 1,400 

to 2,300 m.a.s.l.(Geletu Bejiga et al. 1996).There is still an immense potential to introduce 

chickpea into ‘dega’ agroecological zones (2,500 to 3,200 m.a.s.l.) areas as crop diversification 

scheme. In highland area, however, the existence of frost stress limits crop production. So, to 

bring chickpea as an alternative crop in this area; it requires the improvement of chickpea for frost 

stress tolerance. This requires an extensive germplasm screening to identify frost tolerant 

genotypes. Studying frost tolerance and breeding for cold tolerant chickpea varieties play a 

fundamental role in increasing chickpea production in frost prone areas. To this end, in the 

present study, chickpea genotypes were evaluated under controlled environment using growth 

chamber. The experiment has revealed the response variability of 72 chickpea genotypes with 

respect to frost tolerance stress in two weeks old chickpea seedlings under controlled conditions. 
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The ANOVA result indicated that there was differences among the genotypes in their reaction to 

frost stress was variable, which is an indication of the existence of variability among genotypes 

for frost tolerances. LSD (5%) and mean range value further confirms the presence of a variable 

responses among chickpea genotypes for frost stress similar to results obtained by Mir et al. 

(2019). 

 

SR and FTR results showed that the levels of frost tolerance among different genotypes were 

highly variable. Based on FTR and SR scores most genotypes were found to exhibit moderate 

frost tolerance tested at a temperature of -5oC. A plant survival score was used as an index to 

describe genotypes tolerance to low temperature (Heidarvand et al., 2011). The susceptible four 

genotypes were killed at -2oC, while the remaining genotypes had shown variable number of plant 

deaths which indicates the different capacity of genotypes for frost reactions.  

 

A rating scale of 1-9 has been used for measuring frost stress injury during early vegetative stage 

or seedling stage in earlier studies (Singh et al., 1989). The score was done by visual observation 

of the viability of the foliage, and re-growth of foliage and auxiliary buds. The susceptible 

genotypes did not show foliage and auxiliary bud re-growth at all, in addition the percent of 

damage on foliage and auxiliary buds were severe. However, the frost tolerant genotypes 

displayed better reaction to frost stress and moderate to high foliage and auxiliary bud re-growth 

rate were observed. Freezing and/or chilling range temperatures cause poor establishment, 

reduced vigor resulting in stunted seedlings and retarding plant growth and, in extreme cases, may 

lead to plant death (Croser et al 2003; Maphosa et al., 2020).    

 

Previous studies have reported that, at the seedling stage, long periods of chilling range 

temperatures can retard the growth of the plant and, in severe cases, cause plant death (Croser et 

al., 2003; Maphosa et al., 2020). However, an expected result was observed for 19 genotypes 
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(Table 18, genotype listed from no 54 to 72) in which they showed better growth rate in plant 

height, foliage leaf and primary branch, while their reaction to frost stress were poor with FTR 

score of 5 and above. This happened because these genotypes had performed well during a frost 

treatment of -2oC and -3oC, however when frost treatment temperature dropped to a level of -5oC, 

then, these genotypes could not withstand the frost stress and whole plant death started which 

were manifested a week after the end of frost treatment. 

 

The correlation coefficient result of the agronomic and frost indices showed that there was a 

strong correlation among the characters recorded. FTR score showed a negative strong correlation 

between the traits considered and SR score, while SR score showed a positive strong correlation 

between the recorded traits and FTR value. A strong positive correlation between two traits means 

that increasing one trait would be accompanied by an increasing in the other trait also. But, if the 

correlation is negative, increasing one trait would result in the reduction of the other. Such types 

of traits are governed by a pleiotropic effect of genes or linkage of genes controlling the 

inheritance of two or more characters (Dabholkor, 1992). Similar findings were reported by 

Mugabe et al. (2019). 

 

5.6. Conclusions and Recommendations 

 

Frost tolerant screening of chickpea seedlings in controlled environment using growth chamber 

has enabled the identification of frost tolerant genotypes at an early growth stage. The cold 

tolerant genotypes were selected based on SR and FTR values (Freezing test 1 and freezing test 

2). Genotypes that were consistently rated as cold tolerant genotypes in both indices (SR value of 

≥ 0.8 and FTR score of 1 to 3) were selected. Twenty six chickpea genotypes (Table 18, 

genotypes listed from no. 1 to 26) were identified as cold tolerant genotypes tested at seedling 
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stage which can withstand a temperature as low as -5oC.  Based on these findings, it can be 

concluded that Ethiopian chickpea landraces have genetic potential for frost resistance traits. We 

recommend that these genotypes be used for future cold tolerant cultivar development program 

through implementing multi-locations and multi-year field trials to test the frost tolerance 

adaptation to a more wide range of chickpea growing environments.  
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6.1. Abstract 

 

Information on diversity changes occurring in farmers’ field overtime is very important for 

effective genetic resource conservation and use. Thus, this study was initiated to investigate the 

phenotypic diversity changes between the current (2017) and previous chickpea (Cicer arietinum 

L.) collections (1979-1983) of the Amhara Regional State, Ethiopia. An experiment was 

conducted using simple lattice design with two replications at Debra Zeit Agricultural Research 

Center for two consecutive years (2018/2019 to 2019/2020). Based on qualitative traits analysis, 

almost all genotypes of current and previous collections exhibited low anthocyanin stem 
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pigmentation, angular seed shape, seed rough texture, and semi-erect growth habits. Genetic 

erosion of 30.4% to 100% was recorded in chickpea for the past 35years in the study areas.  

Shannon-Weaver diversity index estimates of black seeded and ivory white seeded chickpea types 

decreased from 1.99 to 0.69 and 1.33 to 0.0 in the past 35 years, respectively. In previous 

collections, 25.8% of black and 6.5% of white coated genotypes were observed, while these 

chickpea types were rare (black 6.5%) or unobtainable (white 0.0%) in current collections. There 

was a significant difference (p<0.05) between mean of current and previous collections for plant 

height, days to 50% flowering and podding, days to 90% maturity, number of primary and 

secondary branches, number of pods per plant, thousand seed weight, and grain yield tested at the 

individual site. T-test results indicated there was a significant difference (p<0.05) between mean 

of current collections and previous collections for most traits tested at the individual site. Cluster 

analysis showed that genotypes were clustered relatively with respect to the time of collections 

and irrespective of their source of origins. Generally, chickpea genotypes of current and previous 

collections were distinct from one another. The current collections lost diversity as compared to 

previous collections. Black and white seeded chickpea landraces were vulnerable to genetic 

erosion and it is recommended to implement immediate restoration of chickpea landraces to 

recover and maintain the lost chickpea landraces in the studied region. 

 

Key words: Chickpea, Chickpea landrace, Genetic erosion, Landraces, Phenotypic diversity 

 

6.2. Introduction 

 

Exploration and identification of plant genetic resources’ hot spot areas across the word has led to 

the identification of the twelve Vavilovian centers of origin/diversity for several domesticated 

crops and their wild and weedy relatives (Vavilov, 1951). In order to safeguard food and nutrition 



102 
 

security for both the present and the future, genetic resources are conserved in more than 1,700 

gene banks established around the world (Singh et al., 2012), with the Ethiopian Biodiversity 

Institute (EBI) representing one of the most important gene banks for sub-Saharan Africa. These 

gene banks, including EBI, conserve more than 7.5 million accessions of various plant species 

collected from different parts of the world in ex-situ gene banks (FAO, 2010). The plant genetic 

recourses have been promoting human health for centuries by delivering food, fiber, medicine, 

shelter etc. In addition, conserved plant genetic resources have the ability to contain genes that 

confer resistance to disease, insect pests, and improved agronomic traits which can give an 

opportunity to plant breeders for a variety of crop improvement options.    

 

Ethiopia possesses diverse soil characteristics, climate, and cultures which provides a suitable 

region to develop a rich genetic resource variation within crop species (Melaku Worede, 1992). 

Because of this, Ethiopia is considered as one of the major Vavilovian centers of origin/diversity 

for several domesticated crops and their wild and weedy relatives (Vavilov, 1951). Chickpea 

(Cicer aritenium L) is among the crops, where Ethiopia is proposed as the secondary center of 

diversity (Van der Maesen, 1987). In the EBI gene bank, 1,223 chickpea accessions have been 

conserved until 2020, with 69 percent collected between 1977 and 1991 and 14 percent collected 

between 1992 and 2015. The remaining 17% genotypes lack information about year of collection. 

Regular chickpea diversity monitoring at farmers’ field is equally important to indicate the 

detrimental evolutionary patterns, set conservation priorities and assesses the impact of 

conservation policies (Barry et al., 2008). Though the genetic diversity created in the farmers’ 

fields over millennia provides the raw material for crop variety improvement (Upadhyaya et al., 

2008), the conservation strategies that have been employed to date are not sufficient resulting in a 

significant loss of plant genetic resources among major crop landraces (i.e. Genetic erosion) (van 

de Wouw et al., 2009).  
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Mazhar (1997) estimated that three-fourths of the genetic diversity of major food crops have been 

exposed to genetic erosion with an annual rate of reduction by one or two percent. In Ethiopia, 

Bayush Tsegaye and Berg (2007) estimated a 77% and 95% loss of tetraploid wheat landraces 

diversity in Ejeri and Akaki districts, respectively. Yifru Teklu and Hammer (2006) reported 

reduction in the use of wheat landraces by farmers in Eastern Ethiopia. Firew Mekbib (2008) also 

reported that there was a genetic erosion of sorghum germplasm amongst individual farmers in 

Eastern Ethiopia. Hailemichael Shewayrga et al. (2008) indicated that some important sorghum 

landraces have disappeared either locally or regionally in the past 30 years. The major factors that 

cause genetic erosion in Ethiopia include: replacement of landraces by other crops, introduction 

and expansion of improved varieties, expansion of economical crops, lack of a mechanism to re-

supply seeds of landraces, decline in size of land holdings, changes in land use and cropping 

patterns, and lack of policy support (Yifru Teklu and Hammer, 2006; Bayush Tsegaye and Berg, 

2007; Hailemichael Shewayrga et al., 2008; Firew Mekbib, 2008).  

 

A significant amount of changes in genetic diversity has occurred in major crops in Ethiopia. In 

chickpea, though a considerable effort has been practiced for ex-situ conservation work, 

information regarding the diversity changes that occur overtime at farmers’ field is minimal. 

Genetic diversity change can be assessed by comparing the level of diversity occurring at time 

zero and a subsequent time at species, varietal, agromorphological and molecular diversity level 

(Barry et al., 2008). Therefore, the objectives of the present study were to (1) To assess changes 

in chickpea on-farm genetic diversity and its agronomic performances  in the Amhara Regional 

State during a 35-year period, from 1979 (when the first collections were made) to 2017 (when 

the current collections were carried out) and (2) estimate the level and extent of chickpea genetic 

erosion by evaluating the temporal changes of population genetic structure and to provide some 

suggestions for conservation actions in the Amhara Regional State. The finding of this study will 
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help to design appropriate conservation strategies to conserve and maintain chickpea germplasm 

for sustainable use of chickpea.   

 

6.3. Material and Methods 

 

6.3.1. Plant Materials 

Twenty-seven chickpea accessions from EBI’s collection were selected based on the year of 

collection from three zones (East Gojjam, North and South Gonder) of Amhara Regional state and 

their subsequent districts representing the major chickpea growing areas of the region. These 

germplasms were collected from 1979 to 1983 and conserved ex-situ for over 35 years. These 

germplasms were not subjected to multiplication or regeneration. Another collection program was 

executed in 2017 in these three zones to recollect chickpea germplasm and 29 chickpea accessions 

were collected in the locations that match the previous collection conducted between 1979 and 

1983. To ensure the matching of locations, reference to the gene bank passport data containing 

information on administrative region, district name, altitude, latitude, and longitude of collection 

sites, including the distance from the nearby town was used. The geographical distribution of the 

germplasm is indicated in Figure 12. Two improved medium sized varieties (Mastewal and 

Worku) of chickpea were also included in the study (Table 22).    

 

The chickpea accessions of current and previous collections naturally exist as a mixture of 

different lines. Before going for characterization, each accession was sorted into nearly 

homogenous genotypes based on seed color, texture, size, and shape. Forty one homogenous 

genotypes were developed from the 29 accessions of current collections, while 93 genotypes were 

developed from 27 accessions of previous collections. These homogenous genotypes (134) were 

used for qualitative trait analysis (For further details see Appendix 4). Eighty one (32 from 
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current, 47 previous collections and two varieties) selected from 134 homogenous genotypes were 

used for quantitative traits analyses.  

Figure 12. Map showing the geographical distribution of chickpea germplasm of current (2017 and 
previous (1979-1983) collections from Amhara Regional State, Ethiopia and the Experimental site 
 

 

Table 22. List of Ethiopia chickpea accessions and its passport data for current (2017) and previous collections (1979 
to 1983) of eight districts of Amhara Regional State, Ethiopia 

No Accession 
Number 

Zone District Latitude Longitude Collection Date 

1 207170 North Gonder  Belesa 12-23-25.85-N 037-55-37.55-E 1983 
2 207166 North Gonder  Belesa 12-25-54.4-N 037-54-09.3-E 1983 
3 241800 North Gonder  Belesa 12-26-23.3-N 037-46-29.1-E 1983 
4 241801 North Gonder  Belesa 12-26-29.9-N 037-45-34.2-E 1983 
5 30319 North Gonder  Belesa 12-23-25.85-N 037-55-37.55-E 2017 
6 30320 North Gonder  Belesa 12-25-54.4-N 037-54-09.3-E 2017 
7 30321 North Gonder  Belesa 12-26-23.3-N 037-46-29.1-E 2017 
8 30322 North Gonder  Belesa 12-26-29.9-N 037-45-34.2-E 2017 
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Table 22: Continued.... 

No Accession 
Number 

Zone District Latitude Longitude Collection Date 

9 30317 North Gonder  Belesa 12-30-52.2-N 038-08-19.6-E 2017 
10 30318 North Gonder  Belesa 12-29-52.3-N 038-07-46.4-E 2017 
11 41046 North Gonder  Chilga 12-32-56.4-N 037-08-14.4-E 1979 
12 207143 North Gonder  Chilga 12-32-23.4-N 037-11-02.3-E 1983 
13 30331 North Gonder  Chilga 12-32-56.4-N 037-08-14.4-E 2017 
14 30332 North Gonder  Chilga 12-32-23.4-N 037-11-02.3-E 2017 
15 41310 North Gonder  Dembia 12-21-08.3-N 037-14-28.3-E 1982 
16 41311 North Gonder  Dembia 12-19-38.1-N 037-13-25.8-E 1982 
17 41306 North Gonder  Dembia 12-28-05.1-N 037-21-56.3-E 1984 
18 227158 North Gonder  Dembia 12-25-00.8-N 037-18-56.1-E 1983 
19 225887 North Gonder  Dembia 12-25-00.8-N 037-18-56.1-E 1983 
20 30325 North Gonder  Dembia 12-21-08.3-N 037-14-28.3-E 2017 
21 30326 North Gonder  Dembia 12-19-38.1-N 037-13-25.8-E 2017 
22 30323 North Gonder  Dembia 12-28-05.1-N 037-21-56.3-E 2017 
23 30324 North Gonder  Dembia 12-25-00.8-N 037-18-56.1-E 2017 
24 227161 North Gonder  Takusa 12-12-04.2-N 037-01-25.2-E 1983 
25 227160 North Gonder  Takusa 12-20-15.8-N 037-03-59.3-E 1983 
26 30327 North Gonder  Takusa 12-12-04.2-N 037-01-25.2-E 2017 
27 30329 North Gonder  Takusa 12-20-15.8-N 037-03-59.3-E 2017 
28 41322 Eastern Gojjam Dejen 10-10-06.4-N 038-08-00.6-E 1982 
29 41324 Eastern Gojjam Dejen 10-11-49.6-N 038-08-26.0-E 1982 
30 41222 Eastern Gojjam Dejen 10-14-34.8-N 038-06-55.9-E 1982 
31 41223 Eastern Gojjam Dejen 10-14-25.5-N 038-13-18.6-E 1982 
32 30287 Eastern Gojjam Dejen 10-10-06.4-N 038-08-00.6-E 2017 
33 30288 Eastern Gojjam Dejen 10-11-49.6-N 038-08-26.0-E 2017 
34 30289 Eastern Gojjam Dejen 10-14-34.8-N 038-06-55.9-E 2017 
35 30293 Eastern Gojjam Dejen 10-14-25.5-N 038-13-18.6-E 2017 
36 41229 Eastern Gojjam Enarji Enawiga 10-41-05.7-N 038-11-10.6-E 1982 
37 236493 Eastern Gojjam Enarji Enawiga 10-41-10.4-N 038-10-28.5-E 1982 
38 41231 Eastern Gojjam Enarji Enawiga 10-43-49.1-N 038-09-36.7-E 1982 
39 30301 Eastern Gojjam Enarji Enawiga 10-41-05.7-N 038-11-10.6-E 2017 
40 30302 Eastern Gojjam Enarji Enawiga 10-41-10.4-N 038-10-28.5-E 2017 
41 30304 Eastern Gojjam Enarji Enawiga 10-43-49.1-N 038-09-36.7-E 2017 
42 41026 Eastern Gojjam Hulet ej enese 11-06-24.5-N 037-47-06.7-E 1979 
43 41078 Eastern Gojjam Hulet ej enese 11-06-24.5-N 037-47-06.7-E 1980 
44 41267 Eastern Gojjam Hulet ej enese 11-06-24.5-N 037-47-06.7-E 1982 
45 41268 Eastern Gojjam Hulet ej enese 11-06-24.5-N 037-47-06.7-E 1982 
46 41269 Eastern Gojjam Hulet ej enese 11-07-18.9-N 037-47-55.3-E 1982 
47 30308 Eastern Gojjam Hulet ej enese 11-06-24.5-N 037-47-06.7-E 2017 
48 30309 Eastern Gojjam Hulet ej enese 11-06-24.5-N 037-47-06.7-E 2017 
49 30310 Eastern Gojjam Hulet ej enese 11-06-24.5-N 037-47-06.7-E 2017 
50 30311 Eastern Gojjam Hulet ej enese 11-06-24.5-N 037-47-06.7-E 2017 
51 30312 Eastern Gojjam Hulet ej enese 11-07-18.9-N 037-47-55.3-E 2017 
52 41295 South Gonder Fogera 11-56-10.4-N 037-42-30.7-E 1982 
53 207145 South Gonder Fogera 11-56-44.4-N 037-42-43.6-E 1983 
54 30339 South Gonder Fogera 11-56-10.4-N 037-42-30.7-E 2017 
55 30340 South Gonder Fogera 11-56-44.4-N 037-42-43.6-E 2017 
56 30341 South Gonder Fogera 11-57-07.5-N 037-42-51.4-E 2017 
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6.3.2. Experimental Site 

The experiment was conducted at Debre Zeit Agricultural Research Center (DZARC) for two 

consecutive cropping seasons (2018/19 to 2019/20). The experimental site is located 47 km South 

East of Addis Ababa (8o 44’N, 38o 58’ E) at an altitude of 1,860 meter above sea level (m.a.s.l.) 

(Figure 12). It receives an annual rainfall ranging from 412.9 to 926.9 mm with an annual mean 

precipitation of 867 mm. The temperature ranges from 9oC to 26oC with mean annual temperature 

of 17.7oC (https://en.climate-data.org/). The dominant soil type is vertisol. 

 

6.3.3. Experimental Design and Data Collection 

Simple lattice design with two replications was used. Genotypes of current and previous 

collection were grown together and assigned to each plot randomly. Each genotype was sown in 

two rows with 3 m row length and 0.2 m spacing between rows and 0.1 m between plants. DAP 

(100 Kgha-1) and other management practices were applied. Five individual plants were tagged 

randomly from each genotype per plot and they were used for morphological data collection. 

Chickpea descriptor (IBPGR ICRISAT and ICARDA, 1993) was used to score five qualitative 

(stem/foliage pigmentation, seed shape, seed testa texture, seed color and growth habit) and nine 

quantitative (plant canopy height, days to 50% flowering, days to 50% podding, days to 90% 

maturity, number of primary branches, number secondary branches, number of pods per plant, 

thousand seed weight and grain yield) traits.     

 

6.3.4. Data Analysis 

The genetic erosion of chickpea genotypes was estimated using the formula suggested by 

Hammer and Laghetti (2005).  
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GE = 100% - GI, where GE is genetic erosion, GI is genetic integrity which is the ratio of the 

number of samples (landraces) collected at different times multiplied by 100.  

 

Qualitative Traits Analyses: The phenotypic frequencies of the qualitative traits were analyzed by 

the Shannon-Weaver diversity Index (H) to assess the diversity changes of each trait over time at 

farmers’ field by zones and region. H was computed using GenStat 16th edition versions 4.2 - 7.1 

14 statistical software (Payne et al., 2013) using the following formula described by Shannon 

(1948). 

 

 , where n is the number of phenotypic classes for a character and pi is the 

proportion of total number of entries in the ith class, ∑ is summation of entries for the ith ''n'' 

phenotypic class trait. The index was standardized to keep its value in the range of 0 to 1, by 

dividing H' by  (Hutcheson, 1970).   

 

Quantitative Traits Analyses: Mean comparison test between current and previous collections 

were conducted for each of the quantitative traits for each collection site (eight sites in total) 

separately using t-test with 95% confidence interval by using MINTAB 14 statistical package 

(MINITAB, 1998). The significance of the difference between the population mean of current and 

previous collection for an individual site was tested using t table, i.e., when the calculated value 

of t-test was more than the tabulated t value, the difference was considered to be significant 

(Armitage et al., 2002). 

 

The standard error of the difference between the two means is estimated using this formula: 
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Degree of freedom (Df) is calculated as;  

 

 

A significance test of the null hypothesis is tested using the statistic  

 

 

The approximate100 (1-α)% confidence limits are given by :  

, 

where;  Z a is the appropriate standardized normal deviate corresponding to the two-sided 

probability α, is mean of sample 1,  is mean of 

sample 2  is variance of sample 1,  is 

variance of sample 2. 

 

The performances of genotypes were tested for significance by performing an analysis of variance 

(ANOVA), using a General Linear Model (GLM) in a simple lattice design, using R statistical 

package (META-R, 2016). Mean separation at 1% or 5% probability level was conducted using 

Dunkan’s Multiple Range Test (DMRT) following Gomez and Gomez (1984).  

 

The statistical parameters such as mean, range, phenotypic, genotypic variance, and coefficient of 

variations were used to quantify the variability of each quantitative morphological trait. The 

phenotypic and genotypic variation and coefficient of variations was calculated following Singh 

and Chaundhary (1985) as follows: 
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 , where r is the number of 

replications, m is the mean value, and s is the seasons 

 

Broad sense heritability (H) expressed as the percentage of the ratio of the genotypic variance to 

the phenotypic variance (Allard, 1960). 

  , where Vg=genotypic variance; Vp=phenotypic variance 

Genetic advance (GA) is the difference between the mean values of the generation obtained from 

the selected population over the mean value of the base population and it was measured using 

genetic advance (GA) (Allard, 1960).  

 

 

, where, m represents the mean value, i represents selection 

differential (varies depending upon the selection intensity and stands at 2.06 for selecting 5% of 

the genotypes (Singh and Chaudhary, 1985) 
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The mean values of all quantitative traits were standardized to the mean of zero and variance of 

unity to avoid bias that comes from the different scale of measurements before cluster and 

principal component analyses (PCA). A dendrogram was constructed using Ward’s agglomerative 

hierarchical minimum variance method (Ward, 1963), employing the MINITAB 14 statistical 

package. Contribution of individual characters towards divergence was estimated according to the 

method described by Singh and Choudhary (1985). Grouping of variety into various clusters was 

completed and average intra and inter cluster distance were estimated. Genetic distance between 

clusters was determined using standardized Mahalanobis D2statistics.  

Mahalanobis D2 were calculated as: 

 

 

 

Where;  is the distance between cases i and j; 

 are vectors of the value 

of the variables for cases I and j 

 

Principal component analyses (PCA) was computed following the formula described by Noirot et 

al. (1996) by using MINITAB 14 software.  

 

The first PCA value (Y1) is given by the linear combination of the variables X1, X2,…Xp 

 

 

The second principal component is calculated in the same way, 

 , 
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This continues until a total of p principal components have been calculated, equal to the original 

number of variables.  

 

6.4. Results 

 

Qualitative Traits Diversity Analyses: The distribution of seed color classes was assessed in three 

districts from East Gojjam, four districts from North Gonder and one district from South Gonder. 

East Gojjam and North Gonder were represented by nearly equal number of genotypes. South 

Gonder was represented by a smaller number of genotypes (five genotypes for current and six 

genotypes for previous) and because of this South Gonder was included in North Gonder.  

 

Qualitative trait diversity was assessed on the 134 homogenous genotypes. Result from the score 

of leaf/stem pigmentation, seed shape and texture, and growth habit, showed that the majority of 

the genotypes exhibited similar score for the respective traits. One hundred twenty-eight 

genotypes (95.5%: 41 from the current, 87 from the previous collections) had a pigmented leaf or 

stem (score 5), angular seed shape (Score 1), rough texture (score 1) and semi-erect growth habit 

(score 4). Hence, these qualitative traits were uniform for most genotypes and were abundant in 

both zones in both collection times. Six genotypes (4.5%: 41324-B, 41026-A, 41267-A, 207170-

A, 41306-B and 41311-A) showed no leaf/stem pigmentation had white smooth coat and showed 

pea-shaped seeds (Figure 13). These characteristics were not observed in current collections and 

occurred at low frequencies in previous collections of the two zones (East Gojjam and North 

Gonder). 

 

The distribution and frequencies of seed color classes and its genetic erosion by zones over years 

were indicated in Table 23. A range of 30.4% to 100% genetic erosion of chickpea genotypes was 



113 
 

recorded at regional level. Highest genetic erosion was recorded for genotypes with white seed 

coat (100%) followed by with black seed coat (91.7%) from 1979 to 2017. Brown, light brown 

and dark brown seed color classes were dominant and distributed with more or less similar 

frequency at regional level. Black and ivory white seed class types occurred in low/nil frequencies 

in both zones. The pattern in the distribution of black (25.8% to 4.9%) and ivory white seed (6.5% 

to 0.0%) class type decreased overtime, while the remaining phenotypic classes increased and 

occurred in more or less similar frequency at regional level overtime.    

 

The Shannon-Weaver diversity index estimates (H) for individual traits, and zones are presented 

in Table 24. The estimates of H were variable for individual traits and zones for current and 

previous collections. In East Gojjam zone, the H’ estimates ranged from 0.64 for ivory white to 

1.08 for light brown in previous collection and 0.0 for ivory white to 1.06 for light brown in the 

current collections. In North Gonder  zone, the H’ estimates ranged from 0.64 for ivory white to 

1.52 light brown in previous collection and 0.0 for ivory white to 1.56 for brown in current 

collection. The estimate of diversity was higher in North Gonder (0.95) than East Gojjam (0.63).  

 

 
Figure 13. Diversity of seed characteristics in Ethiopian chickpea accessions: color (A-Ivory white, B-Brown, C-
Light Brown, D-Dark Brown, and E-Black), texture (A-smooth, and B to E-rough), shape (A-Pea shape, B to E-
Angular) and size (Desi-A to E) 
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Table 23. Seed color classes, weighted mean percentage, genetic integrity (GI), and genetic erosion (GE) of chickpea 
genotypes collections in two zones of the Amhara Regional State, Ethiopia of 1979-1983 and 2017 

Zones Seed color 
types  

Number of genotypes 
collected in 

GI 
  

GE 
  

Percentage of seed 
color class in  

1979 to 1983 2017 1979 to 1983 2017 

East Gojjam 
  
  
  
  

Black 11 0 0.0 100.0 26.2 0.0 
Brown 9 8 88.9 11.1 21.4 47.1 
Light brown 12 5 41.7 58.3 28.6 29.4 
Dark 7 4 57.1 42.9 16.7 23.5 
Ivory white 3 0 0.0 100.0 7.1 0.0 
Total 42 17     

North Gonder  
  
  
  
  

Black 13 2 15.4 84.6 25.5 8.3 
Brown 14 8 57.1 42.9 27.5 33.3 
Light brown 12 8 66.7 33.3 23.5 33.3 
Dark 9 6 66.7 33.3 17.6 25.0 
Ivory white 3 0 0.0 100.0 5.9 0.0 
Total 51 24     

Region 
  
  
  
  

Black 24 2 8.3 91.7 25.8 4.9 
Brown 23 16 69.6 30.4 24.7 39.0 
Light brown 24 13 54.2 45.8 25.8 31.7 
Dark 16 10 62.5 37.5 17.2 24.4 
Ivory white 6 0 0.0 100.0 6.5 0.0 
Total 93 41     

 

Table 24. Shannon diversity index (H) and mean Shannon diversity with standard errors of mean for two zones, 
region and seed color character of 1979-1983 (P) and 2017 (C) collected chickpea genotypes 

Zones  Black Brown  Light  
brown  

Dark  
brown  

Ivory  
white  

H mean 
±SE 

H mean  
± SE 

P C P C P C P C P C P C 
East Gojjam 1.07 0.00 1.00 1.04 1.08 1.06 0.96 1.04 0.64 0.0 0.95±0.08 0.63±0.26 
North Gonder  1.50 0.69 1.47 1.56 1.52 1.49 1.22 1.01 0.64 0.0 1.27±0.17 0.95±0.29 
Region 1.99 0.69 1.95 1.99 1.99 1.99 1.79 1.70 1.33 0.0 1.80±0.13 1.27±0.4 

 

Quantitative Traits Diversity Analyses: The group means values of each quantitative trait were 

tested for the current and previous collections of each individual collection site at 95% confidence 

interval (Appendix 5 for further details). There was a significant difference between current and 

previous collections for the mean value of plant canopy height, days to 50% flowering, days to 

50% podding, days to 90% maturity, number of primary branches, number of secondary branches, 

number of pods per plant, thousand seed weight, and grain yield.  

 

The result of ANOVA indicated that there were significant differences among genotypes for plant 

height, number of primary branch, number of secondary branch, number of pod per plant, days to 
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flowering, days to podding, days to maturity, thousand seed weight, and grain yield at p<0.01 

probability level (Table 25). The effect of genotype by season interaction on the performances of 

genotypes was significant at p<0.01 probability level.  

 
Table 25. Variance for combined analyses over seasons for quantitative traits of 79 chickpea genotypes and two 
improved varieties grown at Debre Zeit  in 2018/219 to 2019/2020 cropping seasons 

Statistic PLH NPB NSB NPPP DTF DTP DTM TSW GY 

Genotype Variance 12.5 3.8 5.3 187.1 7.2 7.8 22.9 269.5 379058.5 
GenxSeason Variance 2.9 0.4 1.0 16.4 5.9 9.0 3.2 55.6 72618.0 
Seasonal Variance 0.1 0.2 0.7 0.7 1.4 1.3 0.1 58.7 132638.2 
Residual Variance 2.7 0.8 0.8 31.7 3.3 4.6 8.5 65.5 56078.4 
Grand Mean 34.5 6.4 8.0 51.7 44.8 56.3 97.2 155.3 1946.6 
CV 4.8 13.7 11.3 10.9 4.0 3.8 3.0 5.2 12.2 
No Replicates 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
No Seasons 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
Genotype significance 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
GenxSeaon significance 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Season significance 0.3 0.1 0.0 0.5 0.1 0.0 0.7 0.0 0.0 
PLH=Plant canopy height (cm), DTF=Days to 50% flowering, DTP=Days to 50% podding, DTM=Days to 90% 
maturity, NPB=Number of primary branches, NSB=Number secondary branches, NPPP=Number of pods per plant, 
TSW=Thousand Seed weight, GY in kg ha-1=Grain yield  
 

The mean values indicated that the differences among most genotypes for a given traits were 

significant (P<0.05). Wide mean ranges were observed for all quantitative traits in the genotypes 

(see Appendix 6 for further details). The range of the record of each measurement were as 

follows: 27.07 to 42.87cm for plant height, 2.97 to 10.14 for number of primary branch, 3.14 to 

11.09 for number of secondary branch, 25.29 to 79.88 for number of pod per plant, 41.82 to 51.46 

for days to flowering, 52.21 to 62.18 for days to podding, 86.29 to 103.87 for days to maturity, 

126.58 to 166.66 gm for thousand seed weight and 1071.13 to 3264.4k g/ha for grain yield. 

 

Mean separation test was done among means of quantitative traits for current and previous 

collections. Three genotypes 30324-A, 30319-A, and 30310-A, all from current collections, 

produced grain yield above the mean value of the best standard checks (Mastewal, 2641 kgha-1) 

and, 22 (15 from current and 7 from previous collections) genotypes  the majority from current 

collections, gave comparable grain yield with the best standard check . None of the genotypes 
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mature later than the standard checks. Regarding thousand seed weight, since the standard checks 

are medium sized chickpea, they showed better thousand seed weight than the other which is desi 

chickpea type, however among the desi type, the majority of current collections produced better 

thousand seed weight than the previous chickpea collections (see Appendix 6 for further details). 

In all districts, most current collected genotypes had shown a significant difference in mean value 

(p<0.05) among previous collected genotypes for plant canopy height, days to flowering, days to 

50% podding, days to maturity, number of primary branches, number secondary branches, 

number of pods per plant, and thousand seed weight and grain yield This further confirms that the 

existence of quantitative traits change over time.     

 

Phenotypic and genotypic coefficients of variation results in the present study indicated that there 

were low to high level of phenotypic coefficient of variations and genotypic coefficient of 

variations. The phenotypic coefficient of variation (PCV) and genotypic coefficient of variation 

(GCV) values were recorded for days to flowering (7.2 and 5.97), days to podding (6.25 and 

4.95), days to maturity (5.76 and 4.92), plant height (11.33 and 10.28), thousand seed weight 

(11.79 and 10.57),  number of primary branch (33.56 and 30.64), number of secondary branch 

(31.02 and 28.9), number of pod per plant (28.6 and 26.45), grain yield (33.89 and 31.63). GCV 

and PCV ranges of 4.92 (days to maturity) to 31.63 (grain yield) and 5.76 (days to maturity) to 

33.89 (grain yield) were estimated, respectively (Table 26).  

 

The heritability of all traits considered for this study was high ranging from 63% to 87%.  

Regarding GA (as % of mean) low to high genetic advance % mean were obtained which ranged 

from 8.08% to 60.81 (Table 26).  
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Table 26. Mean genotypic (GVC) and phenotypic (PCV) coefficients of variation, genotypic (Vg), phenotypic (Vp) 
and environmental (Ve) variances, heritability (H), genetic advance (GA), genetic advance as percent of mean (GA % 
mean) of chickpea genotypes for quantitative traits for 2018/19 to 2019/2020 seasons 

Traits Mean Vp Vg Ve PCV GCV H GA GA % mean 

PLH 34.46 15.23 12.54 2.69 11.33 10.28 0.82 6.62 19.21 
NPB 6.38 4.59 3.82 0.76 33.56 30.64 0.83 3.68 57.62 
NSB 7.99 6.13 5.33 0.81 31.02 28.90 0.87 4.43 55.47 
NPPP 51.71 218.76 187.06 31.70 28.60 26.45 0.86 26.05 50.38 
DTF 44.78 10.40 7.15 3.25 7.20 5.97 0.69 4.57 10.20 
DTP 56.25 12.37 7.76 4.61 6.25 4.95 0.63 4.54 8.08 
DTM 97.24 31.35 22.89 8.46 5.76 4.92 0.73 8.42 8.66 
TSW 155.31 335.04 269.53 65.52 11.79 10.57 0.80 30.33 19.53 
GY 1946.56 435136.96 379058.54 56078.43 33.89 31.63 0.87 1183.75 60.81 
PLH=Plant canopy height (cm), DTF=Days to 50% flowering, DTP=Days to 50% podding, DTM=Days to 90% 
maturity, NPB=Number of primary branches, NSB=Number secondary branches, NPPP=Number of pods per plant, 
TSW=Thousand Seed weight, GY in kg ha-1=Grain yield  
 

The result of hierarchical cluster analyses indicated that the 81 genotypes were grouped into six 

clusters (Figure 14) with variable number of genotypes per cluster (Table 27). The highest 

number of genotypes grouped in Cluster IV (24 genotypes) and the least is in cluster VI (2 

genotypes). Cluster I and III contained 19 and 9 genotypes respectively, and all of them were 

from the previous collections. Cluster II and V were composed of 7 and 20 genotypes 

respectively, and all were from current collections except 207143-B, 241801-C, 41026-B from 

cluster II and 41222-B from cluster V which were from previous collections. Cluster IV contained 

15 genotypes from previous collections and 9 genotypes from current collections. Cluster VI was 

entirely consisted of improved genotypes. Cluster I and VI had biggest squared distance (10.366) 

from each other, while Cluster II and III were closer (2.216) (Table28) to each other. 
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Figure 14. Dendrogram constructed using Ward’s method based on quantitative morphological traits of 79 
chickpea genotypes and two improved chickpea varieties 
 

Table 27. Clustering of 79 chickpea genotypes and two improved chickpea varieties into six clusters using means of 
nine quantitative traits 

Cluster Name No of 
genotypes 

Genotypes 

Cluster I 19 207143-A, 207170-A, 227158-C, 41026-C, 41267-A, 41310-A, 41324-B, 207145-A, 
225887-A, 227161-B, 41078-A, 41295-A, 41310-B, 207145-B, 227158-A, 227161-
C, 41229-A, 41306-B, and 41322-B 
 

Cluster II 7 207143-B, 241801 -C, 30301-C, 30311-A, 30322-B, 30341-A, and 41026-B 
 

Cluster III 9 207166-A, 241801-A, 41223-A, 41231-A, 41231-B, 41268-B, 41269-B, 227160-B 
and 41046-A 
 

Cluster IV 24 225887-B, 30301-A, 30312-A, 30331-B, 41078-B, 41268-A, 41311-B, 236493-A, 
30302-A, 30323-A, 41026-A, 41222-A, 41295-B, 41322-A, 241800-A, 30304-A, 
30323-B, 41046-B, 41223-B, 41311-A, 41324-C, 241800-B, 30309-A, and 30331-A 
 

Cluster V 20 30287-A, 30293-A, 30317-A, 30320-A, 30325-A, 30329-A, 30340-A, 30288-A, 
30308-A, 30318-A, 30321-A, 30326-A, 30332-A, 41222-B, 30289-A, 30310-A, 
30319-A, 30324-A, 30327-A, and 30339-A 
 

Cluster VI 2 Mastewal and Worku 
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Table 28. Pair-wise generalized squared distance among five clusters constituting 79 chickpea genotypes and two 
improved chickpea varieties (Distances) 

  Cluster I Cluster II Cluster  III Cluster IV Cluster V Cluster VI 

Cluster I 0 4.264 6.103 2.806 5.412 10.360 

Cluster II 4.264 0 2.216 2.231 2.314 7.016 

Cluster III 6.103 2.216 0 4.125 3.383 6.050 

Cluster IV 2.806 2.231 4.125 0 2.726 8.362 

Cluster V 5.412 2.314 3.383 2.726 0 6.957 

Cluster VI 10.366 7.0156 6.050 8.362 6.957 0 

 

 

Principal Component Analyses (PCA) result indicated that the first two principal components 

(PCs), with eigen values greater than unity, explained about 81.9% of the total variation among 

accessions for all traits (Table 29). All the quantitative traits considered had contributed a 

comparable relative magnitude of eigenvectors for the first principal component, while number of 

pod per plant, days to flowering, days to podding, and grain yield had major contribution of 

eigenvectors in the second principal component.  

 

Table 29. Eigen value, percentage and cumulative variances and eigenvectors on the first eight principal components 
for quantitative traits in 79 chickpea genotypes and two improved chickpea varieties 

Parameters Principal Components (PCs) 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 

Eigenvalue 5.7824 1.5894 0.6302 0.3372 0.2394 0.2062 0.0975 0.073 
Proportion 0.642 0.177 0.07 0.037 0.027 0.023 0.011 0.008 
Cumulative 0.642 0.819 0.889 0.927 0.953 0.976 0.987 0.995 
Variable Eigenvectors 
PLH -0.367 0.016 0.346 0.088 0.382 -0.703 -0.008 -0.281 
NPB -0.385 -0.119 -0.179 -0.286 -0.119 0.144 0.764 -0.277 
NSB -0.401 -0.139 -0.067 0.007 -0.014 -0.021 -0.026 0.035 
NPPP -0.328 -0.302 0.34 -0.555 -0.403 -0.002 -0.367 0.213 
DTF -0.254 0.605 0.053 -0.05 0.047 -0.087 0.232 0.707 
DTP -0.216 0.642 0.073 -0.22 0.059 0.366 -0.31 -0.503 
DTM -0.358 0.048 0.095 0.71 -0.565 0.077 -0.048 -0.072 
TSW -0.305 -0.032 -0.832 -0.034 0.064 -0.195 -0.348 0.052 
GY -0.341 -0.307 0.141 0.215 0.59 0.547 -0.087 0.191 
PLH=Plant Canopy Height (cm), DTF=Days to 50% flowering, DTP=Days to 50% podding, DTM=Days to 90% 
maturity, NPB=Number of primary branches, NSB=Number secondary branches, NPPP=Number of pods per plant, 
TSW=Thousand Seed weight, GY in kg ha-1=Grain yield  
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6.5. Discussion 

 

The presence of wide genetic variability in cultivated crop species and its wild relatives is 

essential for plant breeders as it provides an opportunity to obtain a diverse form of genes which 

are associated with different types of desirable agronomic and quality traits. Genetic variability 

has reduced due to different manmade and natural calamities leading to genetic loss. The loss and 

gain of genetic variability will have a direct effect on the success of crop variety development. 

Loss of genetic diversity is a major concern especially for countries like Ethiopia which are 

considered as crop centers of origin or diversity. Previously, the amount and extent of genetic loss 

has been assessed for tetraploid wheat and sorghum and a significant amount of genetic erosion 

has occurred in Ethiopia (Yifru Teklu and Hammer, 2006; Bayush Tsegaye and Berg, 2007: Frew 

Mekbib, 2008; Hailemichael Shewayrga, et al., 2008). However, assessment of the amount and 

the extent of phenotypic diversity change of chickpea landraces that occur over time have not 

been estimated until the current study. The aim of the present study was to assess the genetic 

variability of current (collected in 2017) and previous collections (collected from 1979 to 1983) 

of chickpea germplasm and to assess the existence of genetic loss in selected chickpea growing 

areas of the Amhara Regional State, Ethiopia.  

 

Based on qualitative traits characterization, all genotypes did not show variation in stem/leaf 

pigmentation, seed shape, seed texture, and growth habit in both current and previous collections, 

except very few genotypes. These traits are not sufficient enough to see the level of diversity 

within Ethiopian desi type chickpea because the majority of the collections are uniform for these 

traits. Vishnyakova et al. (2017) also indicated that Ethiopian collections have a narrow genetic 

base amongst their qualitative traits, though the Ethiopian collections are unique, primitive type 

and endemic to Ethiopia.   
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Genetic erosion has occurred in all chickpea genotypes with different magnitude. The loss is more 

alarming for black and ivory white coated seed genotypes in all study sites. The frequency and 

Shannon-Weaver diversity index estimates (H) has decreased over time. The current collections 

are more or less uniform in seed color diversity in comparison to the previous collections. In the 

recent collections, no entry with black and ivory white seeds was obtained in most studied areas. 

However, black chickpea seeds are frequently observed in the previous collections. Vavilov 

(1927) also reported the occurrence of black seeded chickpea type in Ethiopia in 1927. White seed 

desi type chickpea existed in previous collection in very rare frequency. Vishnyakova et al. 

(2017) also reported their observation on the presence of white seeded desi chickpea type (pea 

types) from Ethiopian collections though it was rare. The black and ivory white chickpea seeds 

are likely nearing extinction because these types of seeds are either absent or have rare occurrence 

at farmers’ field in the studied districts.  

 

Desi ivory white chickpea seeds are categorized as pea-shaped chickpea type that are thought to 

have developed from a hybrid between desi and kabuli types chickpea (Muehlbauer and Abebe 

Tullu, 1997). Even in 1927, these chickpea types existed in Ethiopia (Vishnyakova et al., 2017). 

To accept the above idea the origin of pea-shaped chickpea, both parents must be found in 

Ethiopia. In the EBI old collections, however, there was no accession or specimens containing 

kabuli types and also there was no report regarding the existence of kabuli chickpea types in 

Ethiopia in 1927. From this observation, two hypotheses can be derived. The first hypothesis is 

that these chickpeas types are exotic to Ethiopian, implying that they were introduced to Ethiopia 

some time before 1927, albeit there is no proof for this.Kabuli chickpea varieties have been 

introduced to Ethiopia since the 1970s, when the chickpea breeding program began (Asnake Fikre 

and Dagnachew Bekele, 2020). The second hypothesis is that kabuli chickpea varieties were 

introduced to Ethiopia some time before 1927, and pea-shaped chickpeas were formed as a result 
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of a cross between kabuli and desi chickpea varieties. Then the kabuli chickpea types disappeared, 

which is really unusual. As a result, more research is needed to gain a better understanding of the 

origin of pea-shaped chickpea. 

 

Generally, it is an unfortunate senario to witness the loss of black seed chickpea from farmers 

within the studied areas. Loss of the black seed means a loss of the health benefits of black 

chickpea. It is well known that desi type chickpea with black seed coats had the highest total 

phenolic, flavonoid, monomeric anthocyanin and proanthocyanidin contents than desi chickpea 

with brown and green seed coats and Kabuli chickpea (Segev et al., 2010; Egan and Wood, 2016; 

Ghosh et al., 2019).  Because of the chemical composition of black chickpea seeds having 

numerous health benefits which include reduction of cholesterol levels. They are rich in iron, a 

powerhouse of phytochemicals which serve as antioxidants potentially preventing cancers, aids in 

digestion, regularizes blood sugar, stimulates weight loss, improves heart health, reduces 

inflammation, cures some skin diseases, reduces white spots in Leukoderma, treats fungal 

infections, arrests hair fall, clears dandruff and prevent grey hair (Nestel et al., 2004; Yang et al., 

2007; Abete et al., 2010; Jukanti et al., 2012; Mollard et al., 2012; Wallace et al., 2016).  

 

Though the black seeded chickpea has a paramount importance to human health benefits, it 

receives less attention among plant breeders in chickpea development programs of Ethiopia and, 

moreover, there is no improved variety released with black seed coat to date. Additionally, the 

EBI gene bank has not implemented the restoration of black seeded chickpea genotypes in its 

original place of collection. It is clear that black seed chickpea faced a major threat of genetic 

erosion at farmers’ level because of the substitution of a diverse set of genetically variable crop 

landraces with few genetically uniform improved varieties and partly because of a negative 

selection. Similar view was also observed during the collection time (in 2017) from traditional 
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healers. Traditional healers claim that the local farmers’ do not keep black seed chickpea. The 

local farmers sorted black seeds from chickpea populations to sell it at a higher price to traditional 

healers. This practice gradually affects the genetic composition of chickpea in the areas resulting 

in reduction of black seed from time to time which can be considered as a negative selection.  

 

Based on t-test, the mean values of each quantitative trait of the current and previous collections 

were significant for individual sites. It is possible to draw information from this result that the 

populations mean values for quantitative traits of chickpea germplasm collected at different times 

are different. This indicates that the current and previous chickpea populations are quite different 

for the mean values for most agronomic triats and the level of diversity between the current 

collection and previous collection are also different.  

 

Results from ANOVA and mean and range values of the analysed traits revealed the presence of 

significant difference among genotypes for the considered traits. The results have shown the 

existence of sufficient variability of agronomic traits among chickpea genotypes. Similar 

observation was reported in prior studies for chickpea (Parameshwarappa et al., 2012; Archak et 

al., 2016). 

 

Result from LSD, from current collections, three genotypes out yielded and 22 genotypes gave 

comparable yield to the best standard check. The majority of current chickpea collections had 

better thousand seed weight than previous chickpea collections. The mean value of quantitative 

traits of current chickpea collections for each individual location are non-significant for most 

locations, while for previous chickpea collections some genotypes showed a significant mean 

difference among the others in all quantitative traits considered which means that genotypes of 

current collection had shown similar performance while previous collection did not. Looking at 
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the performance of genotypes collected in the same locality but collected at different times, the 

performances were different. For example, genotypes 41222-A (previous collection) and 30287-A 

(current collection) collected from the same site from Dejen district gave 1895.7 kg/ha and 

2435.13 kg/ha grain yield, respectively (Appendix 2.2 for details). From these result it is possible 

to conclude that current and previous chickpea populations are quite different and in addition the 

genotypes of current chickpea collection are homogeneous, while the previous collections are 

heterogeneous. 

 

Low yield performances were observed in the previous collections as compared to the current 

collections. These genotypes were grown for this study after 35-38 years of conservation, because 

the genotypes were not subjected to either multiplication or regeneration for 35-38 years. As a 

result of this, the climate might be new to these genotypes when grown for experiment during 

2019/20 which affect their agronomic performances. This is, of course, the drawback of ex-situ 

conservation. Ex-situ conservation does not maintain an evolutionary process that creates new 

germplasms (Hamilton, 1994) which can withstand the changing climate or agricultural 

management practices.  

 

Regarding the current collections, the genotypes have been grown by the farmers for decades so 

that the genotypes may not face adaptation problem. However, due to environmental and human 

selection a loss in heterogeneity has been observed as management and preferential treatment 

among farmers often results in greater uniformity which results in loss of germplasm. Because of 

these reasons gene bank managers recommend in-situ conservation be implemented side by side 

with ex-situ conservation. In-situ conservation will help the evolutionary process to continue and 

allow genetic resources adapt to the changing environments (Horovitz and Feldman, 1991; 
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Hawkes, 1995). Similar findings were observed in other crops (Yifru Teklu and Hammer, 2006; 

Bayush Tsegaye and Berg, 2007; Firew Mekibib, 2008).   

 

Crop genetic population variability arises as a result of the differences in the genetic makeup of 

individuals in the population, the environment and the interaction between genes with the 

environments (Allard, 1960). The variability is estimated using variance of these three 

components. These three variance components can be used to estimate phenotypic (PCV) and 

genotypic (GCV) coefficient of variations. According to Khorgade et al. (1985) PCV and GCV 

values greater than 20% are regarded as high, whereas values less than 10% are considered to be 

low and values between 10% and 20% to be medium. Based on this delineation, among 79 

chickpea germplasms and two improved varieties low level of PCV and GCV values were 

recorded for days to flowering, days to podding, and days to maturity and; medium level for plant 

height, and thousand seed weight; and high level for number of primary branch, number of 

secondary branch, number of pod per plant, and grain yield. The difference between GCV and 

PCV values for each respective quantitative trait are close which indicates that the variation 

observed in the genotypes have a strong genetic bases. The result agreed with reports of various 

authors (Gemechu Kenene et al., 2011; Parameshwarappa et al., 2012; Archak et al., 2016; 

Vishnyakova et al., 2017). 

 

Heritability is an important parameter to see the relationship between genotypic and phenotypic 

variance and estimate the inheritance of quantitative traits by providing the genetic gains that may 

be possible through selection (Pondery and Tiwari, 1983). High heritability estimates alone are 

not sufficient to depend on for selection to improve quantitative traits, rather it must be 

accompanied by substantial amount of GA % mean (Johanson et al., 1955). In this study, 

quantitative traits like plant height, number of primary and secondary branch, number of pod per 
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plant, thousand seed weight and grain yield can be improved through selection with medium to 

high success rates, while days to flowering, days to podding and days to maturity will have a little 

chance to improve through conventional selection from naturally existing genetic variation. High 

degree of heritability and expected genetic advancement of quantitative traits were demonstrated 

among chickpea kabuli types (Upadhyaya et al., 2002; Parameshwarappa et al., 2012; Archak et 

al., 2016).  

 

Cluster analyses grouped all the chickpea genotypes into six distinct clusters having variable 

number of individuals in each cluster. Cluster II and V contained individuals from the majority of 

current collections, while cluster I and III contained individuals solely from previous collection. 

Cluster VI was made entirely from improved genotypes. Genotypes having similar characteristics 

were grouped into the same cluster, while genotypes with different characteristics were grouped at 

different cluster. This indicates that that genotypes grouped in the same cluster had little 

divergence from each other with respect to the traits considered than individuals from different 

clusters. Moreover, genotypes were clustered relatively in respect to time of collection and 

irrespective of their source of origin. Similar grouping of genotypes irrespective of their origin 

was also reported for EBI collections by Gemechu Keneni et al. (2012a).  

 

Based on principal component analyses (PCA), the value of principal components further 

confirms the presence of variation among genotypes and also indicates the level of contribution of 

each studied traits to the total variation. The result will be helpful for breeders to focus on certain 

traits which can be improved through conventional selection. The contribution of each trait to the 

total variation leads to different level of differentiation among the genotypes into different 

clusters. Traits with higher contribution to the total variations are more effective for variety 
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development through selection than that trait that contributes fewer amounts. These results were 

in line with reports from Gemechu Keneni et al. (2013).    

 

6.6. Conclusion and Recommendation 

 

Current collections (2017) and previous collections (1979-1983) are distinct from each other in 

terms of the degree of phenotypic variability and agronomic performances. The genotypes of the 

current collections were more or less homogeneous for the studied traits, while genotypes from 

the previous collection were heterogeneous. The ongoing human selections among the current 

collections made the chickpea germplasm uniform which resulted in the loss of germplasm. Black 

and white seeded chickpea have been lost from farmers’ field within the study area. The majority 

of the current collections performed better in major agronomic performance than the previous 

collections. High heritability coupled with high genetic advance percentages were recorded for 

most quantitative traits which further confirms the existence of high phenotypic variability among 

chickpea germplasms.  

 

The above conclusions were made based on data from eight districts of two Zones in one region. 

To provide a more holistic approach consideration of all major chickpea growing areas of the 

country are required to obtain information at the national level on genetic variability and/or 

genetic erosion. Molecular studies are necessary to complement the phenotypic studies to 

ascertain the genetic distinctness of currently and previously collected chickpea genotypes. 

Immediate implementation of a restoration program is required to restore the lost genotypes in the 

studied districts. Additionally, strengthening on-farm conservation by establishing community 

seed banks in representative chickpea growing areas are required to supply landrace seeds to the 

farmers locally through farmers-to-farmers seed exchange programs.    
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Chapter 7 

 

7. Overall Summary, Conclusions and Recommendations 

 

Chickpea (Cicer arietinum L.) is a major food legume farmed in more than 50 countries in the 

world and in about 50 districts in Ethiopia. It is Ethiopia's third most important legume crop in 

terms of area coverage and production volume, as well as the second most important export 

commodity crop among legume crops, accounting for roughly a quarter of total legume export 

income. Chickpeas are used as a rotation crop, a break crop, a source of protein for the 

community, and animal fodder. Ethiopia is regarded as one of the chickpea's secondary diversity 

hotspots. Recognizing the aforementioned reasons, so far over 1,223 chickpea germplasm 

accessions have been gathered and stored in the Ethiopian Biodiversity Institute gene bank to 

protect the country’s chickpea genetic resources. To establish successful conservation and 

improvement program, characterization and evaluation of the genetic make-up of Ethiopian 

chickpea germplasm accessions as well as a regular chickpea diversity monitoring activity in 

farmers' fields are required. 

 

Plant germplasm is an essential source of important agronomic features that could be utilized in 

varietal development. These genetic resources, on the other hand, are constantly threatened with 

natural and human-caused pressures. Given the critical importance of various plants genetic 

resources to humanity's survival, major conservation and sustainable use measures are essential. 

As a result, many countries have prioritized germplasm conservation by creating their own gene 

banks, resulting in the ex-situ, in-situ, and on-farm conservation of a vast number of accessions. 

Germplasm conservation through maintaining the genetic integrity of the germplasm, as well as 
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the use of genetic resources, are two of the most important operations carried out in the gene 

bank. Germplasm conservation, diversity monitoring, and germplasm utilization efforts should all 

be prioritized equally by researchers, because conservation without utilization and diversity 

monitoring is less meaningful. However, conservation has received more attention than diversity 

monitoring and utilization activities, indicating a research vacuum in the area of germplasm 

monitoring and sustainable utilization. 

 

Crop genetic diversity changes throughout time for a variety of causes, and most crop species, 

whether wild or cultivated, are always at risk of genetic erosion. To measure the genetic loss or 

gain in farmers' fields, these diversity changes must be systematically evaluated on regular basis. 

Intensive germplasm characterization and evaluation are also important activities for efficient 

germplasm conservation and utilization because they provide information such as the magnitude 

and pattern of genetic diversity, as well as identifying economically important traits or genes in 

germplasm that can be used in breeding. Therefore, in the present study, the similarity, 

relationship and structure of chickpea germplasm was assessed, the capacity of Ethiopian 

chickpea germplasm was evaluated against low temperature under control and field environment, 

as well as the level of chickpea diversity change over years was quantified at farmers’ fields. The 

main results achieved are summarized below. 

 

Result from SSR analysis indicated the presence of considerable allelic richness per locus, 

relatively moderate to high PIC, Ho and He values, the presence of private alleles, high level of 

genetic diversity score, and high percentage of polymorphism which were all evidence for the 

existence of molecular variation among the analyzed chickpea genotypes. The results of genetic 

distances, PCoA, and genetic relationship analysis revealed that Ethiopian genotypes differed 

from exotic genotypes. Most of the improved genotypes released in Ethiopia were developed 
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from exotic genotypes. This suggests that exotic germplasm was used for variety development 

rather than local genotypes in the chickpea breeding effort. The examined genotypes evolved 

from two populations identified through population structure analysis, with varied degrees of 

introgression of the two types into respective genotypes. 

 

Concerning the field screening of genotypes for cold tolerance showed that the response to the 

frost effect was variable amongst genotypes as well as each genotype reacted differently at 

different developmental stages. During germination and seedling establishment, most Ethiopian 

genotypes performed well under frost stress. Several genotypes performed well throughout the 

vegetative and reproductive stages, however the majority of genotypes developed frost damage 

symptoms with different degrees. There were a wide range of genotypes' responses to frost 

damage during seed development stages. In both seasons, some genotypes (12.6 percent of the 

genotypes studied) consistently produced seed with a higher thousand seed weight and normal 

seed color. The remaining genotypes produced medium to shriveled seeds with a damaged seed 

coat and a medium to low thousand seed weight. A total of 83 and 85 genotypes were chosen as 

cold tolerant genotypes based on freezing tolerance rate (FTR) and frost survival rate (SR), 

respectively.  

 

Seventy-two genotypes selected from the field experiment were tested for cold tolerance at the 

seedling stage in a growing chamber under controlled conditions. According to the results of the 

SR and FTR values, 26 chickpea genotypes were chosen as cold tolerant genotypes tested at 

seedling stage and were able to survive temperatures as low as -5oC in both indices. The 

remaining genotypes are rated as medium to low cold tolerant genotypes. This result also revealed 

that Ethiopian genotypes had the genetic potential to withstand frost at the seedling stage.      
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Result from on-farm diversity monitoring, the Shannon-Weaver diversity index estimations and 

the distribution and frequency of seed color classes have reduced over time in the study area. The 

black and white seeded chickpea types experienced severe genetic erosion, while the other seed 

color classes had varying degrees of genetic erosion. Furthermore, in terms of the degree and 

amount of variability as well as agronomic performance, chickpea collections from 2017 (current) 

differ from those from 179-1983 (prior). The current collections are more homogeneous than the 

former ones, which were more varied. The likely causes include continual human selections and 

adoption of better cultivars, which have resulted in chickpea germplasm uniformity and 

germplasm losses. 

 

When we examine the response of the 81 chickpea genotypes for cold tolerance at natural 

environment and controlled condition, under natural conditions, all genotypes did not show frost 

symptoms at seedling stages, even though the lower temperature records during this stage were -

2.0oC in Sept 2018 and -8.0oC in Sept 2019 growing seasons. However, four genotypes were 

killed by frost stress at controlled environment when the temperature became -2oC for two 

consecutive days during night time. The possible reason could be due the variable duration of 

frost occurrence at both screening conditions and it was higher under controlled condition which 

was sufficient enough to cause frost damages to the genotypes. Of course, these genotypes were 

likewise killed at vegetative stage under natural environments and rated as frost susceptible. 

About 22 frost tolerant genotypes were selected under both experimental conditions, while three 

genotypes from controlled condition and 20 genotypes from natural condition were selected as 

frost resistant separately. The remaining 27 genotypes were not selected under both experimental 

conditions. From this, we can conclude that it is advisable to use both approaches simultaneously 

to screen the frost resistance potential of chickpea genotypes because both approaches 

complement each other. 
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As a conclusion, First, Ethiopian chickpea genotypes exhibited high molecular variation among 

each other and they are unique to the exotic genotypes.  Second, Ethiopian genotypes have the 

genetic potential for cold tolerance traits for use in chickpea breeding programs. Third, chickpea 

seed color and leaf/steam pigmentation levels were found to have a strong relationship with frost 

tolerance. Fourth, chickpea genotypes with black seed color and/or strong leaf/stem pigmentation 

outperformed genotypes with brown and white seed color and little or no pigmentation. Lastly, 

on-farm diversity of chickpea has reduced over time and specially black and creamy white types 

chickpeas were rare/ absent in the farmers’ field.    

 

From this study it is recommended that  

1. Based on SSR research, it is recommended to use this result for efficient and systematic 

conservation and sustainable utilization of germplasm because it helps to avoid conserving 

duplicate genotypes and can also assist chickpea breeders in selecting diverse parental 

materials for crossing activities to take the advantage of heterosis. Despite the fact that this 

research showed preliminary evidence for the presence of genetic diversity, more research 

into marker trait associations is needed. As a result, a comprehensive investigation is 

needed to map the relationships of the markers with economically important agronomic 

features. 

2. To screen germplasm for cold tolerance, we have to consider the time and the pattern of 

frost occurrence. These details are crucial when choosing cold tolerant screening indices. 

If frost occurs during seedling or vegetative stages, for example, choosing genotypes with 

high freezing tolerance rates (FTR) and frost survival rates (SR) is sufficient to select cold 

tolerant genotypes. FTR and SR values aid in the selection of cold tolerances at the 

seedling or vegetative phases. However neither index can assess genotype cold tolerance 

at the reproductive or seed development stages. It was discovered in this experiment that 
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some genotypes that were chosen as cold tolerant genotypes based on high FTR and SR 

values failed to produce normal seed.  

 

If frost occurs at all phenological stages, it is critical to examine the capacity of cold 

tolerance genotypes at the reproductive and seed development stages. It is also critical to 

consider the FTR value, SR value, number of fertile and infertile pods, seed shriveling 

score, seed color, and thousand seed weight simultaneously in this scenario. As a result, 

genotypes with high FTR and SR values, as well as a large number of fertile pods, a small 

number of infertile pods, a low degree of seed shriveling, and a high thousand seed 

weight, are considered to select promising cold tolerant genotypes. Based on these criteria, 

94 genotypes were identified as cold tolerant genotypes, indicating that Ethiopian 

chickpea genotypes could be a source of frost tolerance. As a result, it is suggested that 

these genotypes be used in future cold tolerant cultivar development programs by 

implementing multi-locations and multi-year field trials to test frost tolerance adaptation 

to a wider range of chickpea growing environments, as well as, as crossing parent material 

for cold tolerance gene sources.  

3. Genotypes with black seed coat color and strong leaf/stem pigmentation performed better 

in frost screening experiments than genotypes with white or brown seed coat color and 

weak or no leaf/stem pigmentation. Seed color and leaf/stem pigmentations are suggested 

as potential indicators for chickpea cold tolerance. Further research into the genetic 

relationship and mechanism between seed color and pigmentations and frost tolerances is 

also required. Furthermore, identification of quantitative trait loci (QTLs) associated with 

gene controlling frost tolerances in chickpea is equally important.   

4. As a pilot study, 8 districts selected from three Zones from one region were studied to see 

how diversity changed over time. However, similar research is needed in other chickpea-
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growing regions across Ethiopia to estimate genetic variability change and/or genetic 

erosion status at the national level.  To determine the genetic distinctness of currently and 

previously collected chickpea genotypes, molecular research must be conducted in 

addition to phenotypic studies. To restore the lost genotypes in the examined districts, an 

immediate restoration program must be implemented. Furthermore, strengthening on-farm 

conservation by establishing community seed banks in representative chickpea-growing 

areas is required to provide local genotype seeds to local farmers through farmers-to-

farmers seed exchange. It is advisable to learn lessons from Ethio Organic Seed Action 

(local NGOs) experiences and achievements and be implemented to the study areas.  
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Appendices 

Appendix 1. List of chickpea genotypes and its passport data for 673 chickpea genotypes (562 EBI collections, 83 

ICARDA genotypes and 28 improved varieties) used for frost resistant screening at D/Brihan Ethiopia from 2018 to 

2020 growing seasons 

 

No EBI Collections           
1 Accession Number Region Zone Woreda/District Latitude Longitude 
2 9643 Tigray Mirabawi Semema 14-11-83-N 38-20-38-E 
3 9646-A Amhara Semen Gonder  Libbo 12-05-28-N 37-45-22-E 
4 9646-C Amhara Semen Gonder  Libbo 12-05-28-N 37-45-22-E 
5 16341-A Oromiya Misrak wellega Nunu qumba 08-49-34-N 36-45-22-E 
6 16341-B  Oromiya Misrak wellega Nunu qumba 08-49-34-N 36-45-22-E 
7 16585-B  Tigray Misrakawi Hawzen 14-01-19-N 39-22-51-E 
8 16586-A Tigray Mehakelegnaw Axum 14-07-37-N 38-45-45-E 
9 16588-A Tigray Mirabawi Tahtay koraro 14-05-07-N 38-39-38-E 
10 16589-A Tigray Mirabawi Asgede tsimbela 13-54-31-N 38-10-42-E 
11 16591-A Amhara Semen Gonder  Maksegnet 12-24-04-N 37-32-20-E 
12 16591-B Amhara Semen Gonder  Maksegnet 12-24-04-N 37-32-20-E 
13 207674 Oromiya Misrak shewa Ada'a chukala 08-43-00-N 38-52-00-E 
14 24159-B Amhara Semen Gonder  Debark 13-07-02-N 37-52-35-E 
15 24159-C Amhara Semen Gonder  Debark 13-07-02-N 37-52-35-E 
16 26918-A SNNP Segen Burji 05-36-61-N 38-24-14-E 
17 30288-A Amhara East gojjam Dejen 10-11-49.6-N 038-08-26.0-E 
18 30288-B Amhara East gojjam Dejen 10-11-49.6-N 038-08-26.0-E 
19 30289-A Amhara East gojjam Dejen 10-14-34.8-N 038-06-55.9-E 
20 30289-B Amhara East gojjam Dejen 10-14-34.8-N 038-06-55.9-E 
21 30290-A Amhara East gojjam Dejen 10-16-10.9-N 038-12-10.2-E 
22 30290-C Amhara East gojjam Dejen 10-16-10.9-N 038-12-10.2-E 
23 30296-A Amhara East gojjam Dejen 10-14-25.5-N 038-13-18.6-E 
24 30300-A Amhara East gojjam Enarji enawiga 10-40-56.5-N 038-11-13.8-E 
25 30300-B Amhara East gojjam Enarji enawiga 10-40-56.5-N 038-11-13.8-E 
26 30301-A Amhara East gojjam Enarji enawiga 10-41-05.7-N 038-11-10.6-E 
27 30301-C Amhara East gojjam Enarji enawiga 10-41-05.7-N 038-11-10.6-E 
28 30302-A Amhara East gojjam Enarji enawiga 10-41-10.4-N 038-10-28.5-E 
29 30302-C Amhara East gojjam Enarji enawiga 10-41-10.4-N 038-10-28.5-E 
30 30307-A Amhara East gojjam Debay tilatgin 10-29-52.8-N 038-00-11.1-E 
31 30307-D Amhara East gojjam Debay tilatgin 10-29-52.8-N 038-00-11.1-E 
32 30309-A Amhara East gojjam Mota 11-06-24.5-N 037-47-06.7-E 
33 30309-C Amhara East gojjam Mota 11-06-24.5-N 037-47-06.7-E 
34 30310-A Amhara East gojjam Mota 11-06-24.5-N 037-47-06.7-E 
35 30314-A Amhara West gojjam Yilmana densa 11-14-30.3-N 037-33-23.7-E 
36 30314-B Amhara West gojjam Yilmana densa 11-14-30.3-N 037-33-23.7-E 
37 30315-C Amhara West gojjam D/dare zuria 11-30-09.4-N 037-30-37.4-E 
38 30316-A Amhara West gojjam D/dare zuria 11-30-03.9-N 037-30-44.6-E 
39 30316-B Amhara West gojjam D/dare zuria 11-30-03.9-N 037-30-44.6-E 
40 30318-B Amhara Central gonder Misrak belesa 12-29-52.3-N 038-07-46.4-E 
41 30319-A Amhara Central gonder Mirab belesa 12-23-25.85-N 037-55-37.55-E 
42 30319-B Amhara Central gonder Mirab belesa 12-23-25.85-N 037-55-37.55-E 
43 30320-C Amhara Central gonder Mirab belesa 12-25-54.4-N 037-54-09.3-E 
44 30324-A Amhara Central gonder Misrak dendia 12-25-00.8-N 037-18-56.1-E 
45 30325-A Amhara Central gonder Mirab dendia 12-21-08.3-N 037-14-28.3-E 
46 30325-C Amhara Central gonder Mirab dendia 12-21-08.3-N 037-14-28.3-E 
47 30326-A Amhara Central gonder Mirab dendia 12-19-38.1-N 037-13-25.8-E 
48 30327-A Amhara Central gonder Takusa 12-12-04.2-N 037-01-25.2-E 
49 30329-A Amhara Central gonder Takusa 12-20-15.8-N 037-03-59.3-E 
50 30329-B Amhara Central gonder Takusa 12-20-15.8-N 037-03-59.3-E 
51 30334-B Amhara Central gonder Gonder zuria 12-22-02.3-N 037-33-35.7-E 
52 30334-C Amhara Central gonder Gonder zuria 12-22-02.3-N 037-33-35.7-E 
53 30335-A Amhara Central gonder Gonder zuria 12-21-21.4-N 037-34-00.4-E 
54 30335-B Amhara Central gonder Gonder zuria 12-21-21.4-N 037-34-00.4-E 
55 30336-A Amhara Central gonder Kemkem 12-06-09.0-N 037-45-43.8-E 
56 30336-B Amhara Central gonder Kemkem 12-06-09.0-N 037-45-43.8-E 
57 30337-A Amhara Central gonder Kemkem 12-05-45.7-N 037-45-30.7-E 
58 30337-C Amhara Central gonder Kemkem 12-05-45.7-N 037-45-30.7-E 
59 30340-A Amhara South gonder Fogera 11-56-44.4-N 037-42-43.6-E 
60 30340-C Amhara South gonder Fogera 11-56-44.4-N 037-42-43.6-E 
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61 30343-A Amhara South Wollo Kobo 12-15-46.5-N 039-36-26.0-E 
62 30345-B Amhara North Wollo Habro 11-28-54.8-N 039-37-15.7-E 
63 30345-C Amhara North Wollo Habro 11-28-54.8-N 039-37-15.7-E 
64 30346-A Amhara North Wollo Habro 11-34-54.6-N 039-39-41.3-E 
65 30346-C Amhara North Wollo Habro 11-34-54.6-N 039-39-41.3-E 
66 30347-A Amhara North Wollo Habro 11-37-17.24-N 039-40-27.6-E 
67 30347-B Amhara North Wollo Habro 11-37-17.24-N 039-40-27.6-E 
68 30348-C Amhara Semen shewa Efratana gidim  10-21-06.9-N 039-56-06.0-E 
69 30350-A Amhara Kemisie Jile tumuga 10-21-06.9-N 039-58-06.0-E 
70 30350-B Amhara Kemisie Jile tumuga 10-21-06.9-N 039-58-06.0-E 
71 30350-C Amhara Kemisie Jile tumuga 10-21-06.9-N 039-58-06.0-E 
72 41001-A Oromiya Misrak shewa Lome 08-55-00-N 39-22-00-E 
73 41003-C Oromiya Arssi Tena 07-44-00-N 39-34-00-E 
74 41004-C Oromiya Mirab shewa Jeldu     
75 41018-B Amhara Semen Gonder  Wegera 11-51-00-N 37-42-00-E 
76 41020-A Amhara Mirab gojam Dega damot     
77 41020-B Amhara Mirab gojam Dega damot     
78 41021-A Amhara Misrak gojam Enarj enawga 10-38-00-N 38-10-00-E 
79 41021-B Amhara Misrak gojam Enarj enawga 10-38-00-N 38-10-00-E 
80 41029-A Amhara Misrak gojam Enarj enawga 10-37-00-N 38-11-00-E 
81 41029-B Amhara Misrak gojam Enarj enawga 10-37-00-N 38-11-00-E 
82 41030-A Oromiya Bale Sinanana dinsho     
83 41036-A SNNP Semen omo Gofa zuria     
84 41036-B SNNP Semen omo Gofa zuria     
85 41036-C SNNP Semen omo Gofa zuria     
86 41043-B Amhara Semen Gonder  Gonder  zuria 12-32-00-N 37-12-00-E 
87 41044-A Amhara Semen Gonder  Gonder  zuria 12-32-00-N 37-12-00-E 
88 41045 Amhara Semen Gonder  Chilga 12-33-00-N 37-04-00-E 
89 41046-B Amhara Semen Gonder  Chilga 12-33-00-N 37-04-00-E 
90 41035 Oromiya Arssi Chole     
91 216854 Oromiya Arssi Bekoji     
92 41057-B Amhara Misrak gojam Enarj enawga 10-41-05.7-N 038-11-10.6-E 
93 41058-A Amhara Misrak gojam Enarj enawga 10-41-05.7-N 038-11-10.6-E 
94 41058-B Amhara Misrak gojam Enarj enawga 10-41-05.7-N 038-11-10.6-E 
95 41073-A Amhara Misrak gojam Hulet ej enese     
96 41073-B Amhara Misrak gojam Hulet ej enese     
97 41074-A Amhara Misrak gojam Hulet ej enese     
98 41074-B Amhara Misrak gojam Hulet ej enese     
99 41075-A Amhara Misrak gojam Hulet ej enese     
100 41075-C Amhara Misrak gojam Hulet ej enese     
101 41076-A Amhara Misrak gojam Hulet ej enese     
102 41076-C Amhara Misrak gojam Hulet ej enese     
103 41077-B Amhara Misrak gojam Hulet ej enese     
104 41078-A Amhara Misrak gojam Hulet ej enese     
105 41078-B Amhara Misrak gojam Hulet ej enese     
106 41079-A Amhara Misrak gojam Enarj enawga 10-41-05.7-N 038-11-10.6-E 
107 41080-A Amhara Misrak gojam Enarj enawga     
108 41080-B Amhara Misrak gojam Enarj enawga     
109 41081-A Amhara Misrak gojam Enarj enawga 10-41-05.7-N 038-11-10.6-E 
110 41086-A Amhara Misrak gojam Guzamn     
111 41086-B Amhara Misrak gojam Guzamn     
112 41089-A Amhara Misrak gojam Shebel berenta     
113 41089-B Amhara Misrak gojam Shebel berenta     
114 41026-C Amhara Misrak gojam Hulet ej enese 11-05-00-N 37-50-00-E 
115 41090-A Amhara Misrak gojam Shebel berenta     
116 41090-B Amhara Misrak gojam Shebel berenta     
117 41091-A Amhara Misrak gojam Shebel berenta     
118 41092-B Amhara Misrak gojam Shebel berenta     
119 41093-B Amhara Semen shewa Ankober 09-35-00-N 39-44-00-E 
120 41093-C Amhara Semen shewa Ankober 09-35-00-N 39-44-00-E 
121 41094-B Amhara Semen shewa Mafudmezezo mojana 09-57-00-N 39-51-00-E 
122 41094-C Amhara Semen shewa Mafudmezezo mojana 09-57-00-N 39-51-00-E 
123 41097-B Amhara Debub Wollo Debresina 10-39-00-N 38-48-00-E 
124 41101-A Amhara Semen shewa Mafudmezezo mojana 09-58-00-N 39-38-00-E 
125 41104-B Amhara Misrak gojam Enemay     
126 41107-A Amhara Semen shewa Mafudmezezo mojana 09-53-00-N 39-51-00-E 
127 41107-B Amhara Semen shewa Mafudmezezo mojana 09-53-00-N 39-51-00-E 
128 41116-A Amhara Debub Wollo Dessie zuria     
129 41121-A Oromiya Misrak shewa Ada'a chukala 08-52-00-N 38-49-00-E 
130 41121-B Oromiya Misrak shewa Ada'a chukala 08-52-00-N 38-49-00-E 
131 41124-C Oromiya Misrak shewa Akaki 08-52-00-N 38-47-00-E 
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132 41127-A Oromiya Misrak shewa Akaki 08-52-00-N 38-47-00-E 
133 41133-A Oromiya Misrak shewa Akaki 08-49-00-N 38-49-00-E 
134 41133-B Oromiya Misrak shewa Akaki 08-49-00-N 38-49-00-E 
135 41136-A Oromiya Misrak shewa Ada'a chukala 08-46-00-N 38-53-00-E 
136 41136-B Oromiya Misrak shewa Ada'a chukala 08-46-00-N 38-53-00-E 
137 41138-A Oromiya Misrak shewa Lome 08-34-00-N 39-19-00-E 
138 41143-B Amhara Semen shewa Minjarna shenkora 09-00-00-N 39-40-00-E 
139 41145-A Amhara Semen shewa Minjarna shenkora 09-00-00-N 39-04-00-E 
140 41153-A Oromiya Misrak shewa Ada'a chukala 08-45-00-N 38-51-00-E 
141 41153-B Oromiya Misrak shewa Ada'a chukala 08-45-00-N 38-51-00-E 
142 41158-A Oromiya Misrak shewa Ada'a chukala 08-45-00-N 38-33-00-E 
143 41163-A Oromiya Misrak shewa Ada'a chukala 08-48-00-N 38-37-00-E 
144 41165-D Oromiya Misrak shewa Ada'a chukala 08-51-00-N 38-56-00-E 
145 41166-A Oromiya Misrak shewa Ada'a chukala 08-46-00-N 38-50-00-E 
146 41167-B Oromiya Misrak shewa Ada'a chukala 08-47-00-N 38-53-00-E 
147 41167-C Oromiya Misrak shewa Ada'a chukala 08-47-00-N 38-53-00-E 
148 41169-A Oromiya Mirab shewa Ejerie(addis alem) 09-01-00-N 38-15-00-E 
149 41173-A Oromiya Mirab shewa Ambo 08-59-00-N 37-50-00-E 
150 41173-D Oromiya Mirab shewa Ambo 08-59-00-N 37-50-00-E 
151 41180-A Oromiya Mirab shewa Ambo 08-59-00-N 37-46-00-E 
152 41180-B Oromiya Mirab shewa Ambo 08-59-00-N 37-46-00-E 
153 41198-A Oromiya Mirab shewa Becho 08-43-00-N 38-19-00-E 
154 41198-B Oromiya Mirab shewa Becho 08-43-00-N 38-19-00-E 
155 41200-B Oromiya Mirab shewa Becho 08-45-00-N 38-19-00-E 
156 41200-C Oromiya Mirab shewa Becho 08-45-00-N 38-19-00-E 
157 41203-B Oromiya Mirab shewa Alem gena 08-54-00-N 38-36-00-E 
158 41203-C Oromiya Mirab shewa Alem gena 08-54-00-N 38-36-00-E 
159 41206-A Oromiya Mirab shewa Alem gena 08-54-00-N 38-36-00-E 
160 41206-B Oromiya Mirab shewa Alem gena 08-54-00-N 38-36-00-E 
161 41206-C Oromiya Mirab shewa Alem gena 08-54-00-N 38-36-00-E 
162 41209-A Amhara Semen shewa Siyadebrina wayu ens 09-46-00-N 39-11-00-E 
163 41209-C Amhara Semen shewa Siyadebrina wayu ens 09-46-00-N 39-11-00-E 
164 41212-B Amhara Semen shewa Moretna jiru 09-53-00-N 39-09-00-E 
165 41221-A Oromiya Semen shewa Wara jarso 10-01-00-N 38-15-00-E 
166 41221-B Oromiya Semen shewa Wara jarso 10-01-00-N 38-15-00-E 
167 41222-A Amhara Misrak gojam Dejen 10-11-00-N 38-09-00-E 
168 41222-B Amhara Misrak gojam Dejen 10-11-00-N 38-09-00-E 
169 41223-A Amhara Misrak gojam Dejen 10-14-00-N 38-08-00-E 
170 41223-B Amhara Misrak gojam Dejen 10-14-00-N 38-08-00-E 
171 41225-B Amhara Misrak gojam Enemay 10-32-00-N 38-09-00-E 
172 41226-A Amhara Misrak gojam Enemay 10-32-00-N 38-09-00-E 
173 41226-B Amhara Misrak gojam Enemay 10-32-00-N 38-09-00-E 
174 41228-A Amhara Misrak gojam Enarj enawga 10-35-00-N 38-10-00-E 
175 41228-B Amhara Misrak gojam Enarj enawga 10-35-00-N 38-10-00-E 
176 41228-C Amhara Misrak gojam Enarj enawga 10-35-00-N 38-10-00-E 
177 41229-A Amhara Misrak gojam Enarj enawga 10-35-00-N 38-10-00-E 
178 41230-A Amhara Misrak gojam Enarj enawga 10-35-00-N 38-10-00-E 
179 41231-A Amhara Misrak gojam Enarj enawga 10-35-00-N 38-10-00-E 
180 41231-B Amhara Misrak gojam Enarj enawga 10-35-00-N 38-10-00-E 
181 41233-B Amhara Misrak gojam Enarj enawga 10-35-00-N 38-10-00-E 
182 41234-B Amhara Misrak gojam Enarj enawga 10-35-00-N 38-10-00-E 
183 41234-C Amhara Misrak gojam Enarj enawga 10-35-00-N 38-10-00-E 
184 41236-A Amhara Misrak gojam Goncha siso enese 10-35-00-N 38-10-00-E 
185 41241-A Amhara Misrak gojam Shebel berenta 10-26-00-N 38-21-00-E 
186 41241-B Amhara Misrak gojam Shebel berenta 10-26-00-N 38-21-00-E 
187 41242-A Amhara Misrak gojam Shebel berenta 10-26-00-N 38-21-00-E 
188 41245-A Amhara Bahir dar special Bahir dar 11-24-00-N 37-06-00-E 
189 41245-B Amhara Bahir dar special Bahir dar 11-24-00-N 37-06-00-E 
190 41247-A Amhara Misrak gojam Enemay 10-24-00-N 38-16-00-E 
191 41247-B Amhara Misrak gojam Enemay 10-24-00-N 38-16-00-E 
192 41250-A Amhara Misrak gojam Shebel berenta 10-28-00-N 38-12-00-E 
193 41251-B Amhara Misrak gojam Shebel berenta 10-28-00-N 38-12-00-E 
194 41255-B Amhara Misrak gojam Debay telatgen 10-30-00-N 38-00-00-E 
195 41256-A Amhara Misrak gojam Debay telatgen 10-30-00-N 38-00-00-E 
196 41257-A Amhara Misrak gojam Debay telatgen 10-30-00-N 38-00-00-E 
197 41258-A Amhara Misrak gojam Debay telatgen 10-30-00-N 38-00-00-E 
198 41258-B Amhara Misrak gojam Debay telatgen 10-30-00-N 38-00-00-E 
199 41261-B Amhara Misrak gojam Enbise sar midir 10-42-00-N 38-08-00-E 
200 41263-A Amhara Misrak gojam Hulet ej enese 11-04-00-N 37-52-00-E 
201 41264-B Amhara Misrak gojam Hulet ej enese 11-04-00-N 37-52-00-E 
202 41265-C Amhara Misrak gojam Hulet ej enese 11-04-00-N 37-52-00-E 
203 41265-B Amhara Misrak gojam Hulet ej enese 11-04-00-N 37-52-00-E 
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204 41266-C Amhara Misrak gojam Hulet ej enese 11-03-00-N 37-51-00-E 
205 41266-A Amhara Misrak gojam Hulet ej enese 11-03-00-N 37-51-00-E 
206 41267-A Amhara Misrak gojam Hulet ej enese 11-04-00-N 37-52-00-E 
207 41268-A Amhara Misrak gojam Hulet ej enese 11-04-00-N 37-43-00-E 
208 41269-B Amhara Misrak gojam Hulet ej enese 11-05-00-N 37-41-00-E 
209 41270-A Amhara Mirab gojam Adet 11-16-00-N 37-29-00-E 
210 41270-B Amhara Mirab gojam Adet 11-16-00-N 37-29-00-E 
211 41278-A Amhara Bahir dar special Bahir dar 11-28-00-N 37-29-00-E 
212 41279-A Amhara Bahir dar special Bahir dar 11-35-00-N 37-21-00-E 
213 41282-A Amhara Bahir dar special Bahir dar 11-35-00-N 37-21-00-E 
214 41282-B Amhara Bahir dar special Bahir dar 11-35-00-N 37-21-00-E 
215 41281-C Amhara Bahir dar special Bahir dar 11-35-00-N 37-21-00-E 
216 41283 Amhara Bahir dar special Bahir dar 11-35-00-N 37-21-00-E 
217 41285-B Amhara Debub Gonder  Dera 11-45-00-N 37-38-00-E 
218 41292-A Amhara Debub Gonder  Kemekem 11-55-00-N 37-41-00-E 
219 41292-B Amhara Debub Gonder  Kemekem 11-55-00-N 37-41-00-E 
220 41294-B Amhara Debub Gonder  Fogera 12-00-00-N 37-45-00-E 
221 41295-A Amhara Debub Gonder  Fogera 12-00-00-N 37-45-00-E 
222 41295-B Amhara Debub Gonder  Fogera 12-00-00-N 37-45-00-E 
223 41301-A Amhara Semen Gonder  Wegera 12-46-00-N 37-37-00-E 
224 41306-A Amhara Semen Gonder  Dembia 12-28-00-N 37-22-00-E 
225 41307-D Amhara Semen Gonder  Gonder  zuria 12-14-00-N 37-16-00-E 
226 41308-A Amhara Semen Gonder  Dembia 12-14-00-N 37-16-00-E 
227 41309-B Amhara Semen Gonder  Dembia 12-14-00-N 37-16-00-E 
228 41310-A Amhara Semen Gonder  Dembia 12-14-00-N 37-16-00-E 
229 41311-A Amhara Semen Gonder  Dembia 12-25-00-N 37-18-00-E 
230 41311-B Amhara Semen Gonder  Dembia 12-25-00-N 37-18-00-E 
231 41320-B Amhara Misrak gojam Debay telatgen 10-17-00-N 38-08-00-E 
232 41320-A Amhara Misrak gojam Debay telatgen 10-17-00-N 38-08-00-E 
233 41322-A Amhara Misrak gojam Dejen 10-07-00-N 38-09-00-E 
234 41323-A Amhara Misrak gojam Dejen 10-07-00-N 38-09-00-E 
235 41323-B Amhara Misrak gojam Dejen 10-07-00-N 38-09-00-E 
236 41323 Amhara Misrak gojam Dejen 10-07-00-N 38-09-00-E 
237 41324-B Amhara Misrak gojam Dejen 10-15-00-N 38-09-00-E 
238 41324-C Amhara Misrak gojam Dejen 10-15-00-N 38-09-00-E 
239 207138-B Amhara Debub Gonder  Kemekem     
240 207143-A Amhara Semen Gonder  Chilga     
241 207145-A Amhara Debub Gonder  Fogera     
242 207149-B Tigray Misrakawi Ganta afeshum     
243 207149-C Tigray Misrakawi Ganta afeshum     
244 207155-C Amhara Semen Gonder  Gonder  zuria     
245 207157-B Amhara Debub Gonder  Lay gayint     
246 207161-C Amhara Semen Gonder  Dabat     
247 207164-A Amhara Semen Gonder  Dabat     
248 207165-B Amhara Semen Gonder  Wegera     
249 207166-A Amhara Semen Gonder  Belesa     
250 207167-A Amhara Debub Gonder  Kemekem     
251 207171-B Amhara Semen Gonder  Wegera     
252 207171-C Amhara Semen Gonder  Wegera     
253 207173-A Amhara Semen Gonder  Wegera     
254 207173-B Amhara Semen Gonder  Wegera     
255 207175-A Amhara Semen Gonder  Dabat     
256 207175-C Amhara Semen Gonder  Dabat     
257 207178-A Amhara Semen Gonder  Dabat     
258 207185-B Amhara Semen Gonder  Wegera     
259 207186-C Amhara Semen Gonder  Dabat     
260 207562-B Tigray Misrakawi Wukro     
261 207607-B Oromiya Semen shewa Gerar jarso 09-37-00-N 38-40-00-E 
262 207607-C Oromiya Semen shewa Gerar jarso 09-37-00-N 38-40-00-E 
263 207608 Oromiya Semen shewa Gerar jarso 09-37-00-N 38-40-00-E 
264 207609-A Amhara Debub Gonder  Este 11-34-00-N 38-07-00-E 
265 207609-B Amhara Debub Gonder  Este 11-34-00-N 38-07-00-E 
266 207617-A Amhara Semen Gonder  Chilga 12-33-00-N 37-04-00-E 
267 207622 Amhara Debub Gonder  Lay gayint 11-44-00-N 38-29-00-E 
268 207623-A Amhara Misrak gojam Hulet ej enese     
269 207623-B Amhara Misrak gojam Hulet ej enese     
270 207624-B Amhara Misrak gojam Hulet ej enese     
271 207635-B Amhara Misrak gojam Hulet ej enese     
272 207635-C Amhara Misrak gojam Hulet ej enese     
273 207636-B Amhara Misrak gojam Hulet ej enese     
274 207637-A Amhara Misrak gojam Hulet ej enese     
275 207637-B Amhara Misrak gojam Hulet ej enese     
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276 207638 Amhara Misrak gojam Hulet ej enese     
277 207639-A Amhara Misrak gojam Enarj enawga     
278 207640 Amhara Misrak gojam Enarj enawga 10-41-05.7-N 038-11-10.6-E 
279 207643-A Amhara Semen shewa Mafudmezezo mojana 09-57-00-N 39-51-00-E 
280 207643-B Amhara Semen shewa Mafudmezezo mojana 09-57-00-N 39-51-00-E 
281 207648 Amhara Debub Wollo Kalu 11-05-00-N 39-45-00-E 
282 207649-A Amhara Semen shewa Mafudmezezo mojana 09-58-00-N 39-38-00-E 
283 207649-B Amhara Semen shewa Mafudmezezo mojana 09-58-00-N 39-38-00-E 
284 207652 Amhara Semen shewa Mafudmezezo mojana 09-53-00-N 39-51-00-E 
285 207668 Oromiya Misrak shewa Akaki 08-53-00-N 38-50-00-E 
286 207670 Oromiya Misrak shewa Akaki 08-49-00-N 38-49-00-E 
287 207679-A Oromiya Misrak shewa Ada'a chukala 08-47-00-N 38-53-00-E 
288 207679-B Oromiya Misrak shewa Ada'a chukala 08-47-00-N 38-53-00-E 
289 207683-A Oromiya Mirab shewa Ambo 08-59-00-N 37-51-00-E 
290 207683-B Oromiya Mirab shewa Ambo 08-59-00-N 37-51-00-E 
291 207684 Oromiya Mirab shewa Ambo 08-59-00-N 37-51-00-E 
292 207688-A Oromiya Mirab shewa Ambo 08-59-00-N 37-51-00-E 
293 207691-A Oromiya Mirab shewa Ambo 08-59-00-N 37-46-00-E 
294 207692 Oromiya Mirab shewa Ambo 08-59-00-N 37-46-00-E 
295 207695-C Oromiya Mirab shewa Ambo 08-59-00-N 37-46-00-E 
296 207711-A Oromiya Mirab shewa Becho 08-44-00-N 38-20-00-E 
297 207711-B Oromiya Mirab shewa Becho 08-44-00-N 38-20-00-E 
298 207712 Oromiya Mirab shewa Becho 08-44-00-N 38-20-00-E 
299 207714 Oromiya Mirab shewa Alem gena 08-54-00-N 38-36-00-E 
300 207715-A Oromiya Mirab shewa Alem gena 08-54-00-N 38-36-00-E 
301 207715-B Oromiya Mirab shewa Alem gena 08-54-00-N 38-36-00-E 
302 207721-B Amhara Semen shewa Moretna jiru 09-53-00-N 39-09-00-E 
303 207728-A Amhara Misrak gojam Enemay 10-32-00-N 38-09-00-E 
304 207729-A Amhara Misrak gojam Enarj enawga 10-35-00-N 38-10-00-E 
305 207729-B Amhara Misrak gojam Enarj enawga 10-35-00-N 38-10-00-E 
306 207730 Amhara Misrak gojam Enarj enawga 10-35-00-N 38-10-00-E 
307 207733-A Amhara Misrak gojam Goncha siso enese 10-35-00-N 38-10-00-E 
308 207735-A Amhara Misrak gojam Goncha siso enese 10-35-00-N 38-10-00-E 
309 207735-B Amhara Misrak gojam Goncha siso enese 10-35-00-N 38-10-00-E 
310 207736-B Amhara Misrak gojam Goncha siso enese 10-35-00-N 38-10-00-E 
311 207737-A Amhara Misrak gojam Hulet ej enese 11-03-00-N 37-51-00-E 
312 207737-B Amhara Misrak gojam Hulet ej enese 11-03-00-N 37-51-00-E 
313 207748 Amhara Semen Gonder  Dabat 12-59-00-N 37-46-00-E 
314 207752-A Amhara Semen Gonder  Dembia 12-14-00-N 37-16-00-E 
315 207753-A Amhara Semen Gonder  Gonder  zuria 12-36-00-N 37-27-00-E 
316 207753-B Amhara Semen Gonder  Gonder  zuria 12-36-00-N 37-27-00-E 
317 207753-C Amhara Semen Gonder  Gonder  zuria 12-36-00-N 37-27-00-E 
318 207766 Oromiya Mirab shewa Jeldu     
319 207769-A Oromiya Mirab shewa Jeldu     
320 207769-C Oromiya Mirab shewa Jeldu     
321 207770 Oromiya Mirab shewa Jeldu     
322 207893-A Tigray Debubawi Alaje     
323 207893-B Tigray Debubawi Alaje     
324 208454-C Amhara Debub Gonder  Este 11-45-00-N 37-35-00-E 
325 208988-A Oromiya Semen shewa Berehna aleltu 09-06-00-N 38-50-00-E 
326 208988-B Oromiya Semen shewa Berehna aleltu 09-06-00-N 38-50-00-E 
327 208994-A Oromiya Mirab shewa Walisona goro     
328 208995-B Oromiya Mirab shewa Walisona goro     
329 208995-D Oromiya Mirab shewa Walisona goro     
330 208997-B Oromiya Mirab shewa Walisona goro     
331 209001-B SNNP Semen omo Offa     
332 209003-B SNNP Semen omo Offa     
333 209008-A SNNP Hadiya Badawacho     
334 209008-B SNNP Hadiya Badawacho     
335 209013-A SNNP Hadiya Badawacho     
336 209014-B Oromiya Misrak shewa Arsi negele     
337 41030 Oromiya Bale Robe     
338 41034 Oromiya Bale Robe market     
339 209016-C SNNP Gurage Meskanena  mareko     
340 209019-A SNNP Gurage Sodo     
341 209022-A Oromiya Mirab shewa Kersana kondaltiiti     
342 209022-B Oromiya Mirab shewa Kersana kondaltiiti     
343 209026-A Oromiya Mirab shewa Kersana kondaltiiti     
344 209026-B Oromiya Mirab shewa Kersana kondaltiiti     
345 209029-C Oromiya Mirab shewa Kersana kondaltiiti     
346 209032-A Oromiya Mirab shewa Kersana kondaltiti     
347 209034-B Oromiya Mirab shewa Kersana kondaltiti     
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348 209034-C Oromiya Mirab shewa Kersana kondaltiti     
349 209038-A Oromiya Mirab shewa Alem gena     
350 209078-A Oromiya Mirab harerge Tulo     
351 209085-A Oromiya Mirab harerge Kuni     
352 209086-A Oromiya Mirab harerge Kuni     
353 209095-A Oromiya Arssi Dodotana sire 08-18-00-N 39-22-00-E 
354 209095-B Oromiya Arssi Dodotana sire 08-18-00-N 39-22-00-E 
355 209105-B Oromiya Bale Goro     
356 209108-A Oromiya Misrak shewa Lome     
357 209112-A Oromiya Misrak shewa Ada'a chukala 08-48-00-N 38-53-00-E 
358 209112-B Oromiya Misrak shewa Ada'a chukala 08-48-00-N 38-53-00-E 
359 209116-B Oromiya Misrak shewa Ada'a chukala 08-48-00-N 38-53-00-E 
360 212477-A Amhara Semen shewa Weremo wajetuna mid 10-14-00-N 39-00-00-E 
361 212589-A Amhara Debub Wollo Kalu 11-25-00-N 39-39-00-E 
362 212589-B Amhara Debub Wollo Kalu 11-25-00-N 39-39-00-E 
363 212685-B Amhara Misrak gojam Shebel berenta 10-31-00-N 38-23-00-E 
364 212688-C Amhara Debub Gonder  Kemekem 12-05-00-N 37-54-00-E 
365 212914-A SNNP Bench maji Dirashe special 05-36-00-N 37-22-00-E 
366 212914-B SNNP Bench maji Dirashe special 05-36-00-N 37-22-00-E 
367 213050-A Amhara Debub Wollo Were ilu     
368 213050-B Amhara Debub Wollo Were ilu     
369 214621-A SNNP Semen omo Humbo     
370 214623-B SNNP Semen omo Offa     
371 214624-A SNNP Semen omo Humbo     
372 214626-C SNNP Semen omo Humbo     
373 214731-B Amhara Debub Wollo Debresina     
374 214734-A Amhara Debub Wollo Kelala     
375 214734-B Amhara Debub Wollo Kelala     
376 214734-C Amhara Debub Wollo Kelala     
377 215033-B Oromiya Borena Teltele     
378 215067-A Amhara Semen shewa Mama midrina lalo mi     
379 215067-B Amhara Semen shewa Mama midrina lalo mi     
380 215067-C Amhara Semen shewa Mama midrina lalo mi     
381 215190-A Amhara Debub Wollo Kalu 11-04-00-N 39-47-00-E 
382 215190-B Amhara Debub Wollo Kalu 11-04-00-N 39-47-00-E 
383 215190-C Amhara Debub Wollo Kalu 11-04-00-N 39-47-00-E 
384 215289-A Amhara Misrak gojam Hulet ej enese     
385 215289-B Amhara Misrak gojam Hulet ej enese     
386 216854-A Oromiya Arssi Bekoji 07-32-00-N 39-18-00-E 
387 225741-C SNNP Bench maji Konso special 06-38-00-N 37-38-00-E 
388 225743-A SNNP Semen omo Gofa zuria 06-39-00-N 37-37-00-E 
389 225879-A Amhara Debub Gonder  Este 11-35-00-N 38-05-00-E 
390 225882-A Amhara Debub Gonder  Este 11-27-00-N 37-59-00-E 
391 225884-A Amhara Semen Gonder  Dembia 12-30-00-N 37-24-00-E 
392 225887-B Amhara Semen Gonder  Dembia 12-32-00-N 37-14-00-E 
393 225888-A Amhara Mirab gojam Bahir dar zuria 11-32-00-N 37-25-00-E 
394 225889-A Amhara Bahir dar special Bahir dar 11-30-00-N 37-31-00-E 
395 225889-C Amhara Bahir dar special Bahir dar 11-30-00-N 37-31-00-E 
396 225890-A Amhara Bahir dar special Bahir dar 11-29-00-N 37-33-00-E 
397 227151-B Amhara Semen Gonder  Debark     
398 227151-C Amhara Semen Gonder  Debark     
399 227151-D Amhara Semen Gonder  Debark     
400 227152-A Amhara Debub Gonder  Kemekem     
401 227152-B Amhara Debub Gonder  Kemekem     
402 227156-A Amhara Semen Gonder  Gonder  zuria     
403 227158-A Amhara Semen Gonder  Dembia     
404 227158-C Amhara Semen Gonder  Dembia     
405 227160-B Amhara Semen Gonder  Alefa     

406 227161-B Amhara Semen Gonder  Alefa     
407 228197-C Oromiya Mirab shewa Becho     
408 228197-D Oromiya Mirab shewa Becho     
409 228197-E Oromiya Mirab shewa Becho     
410 228290-A Amhara Misrak gojam Awabel     
411 228293-A Amhara Misrak gojam Shebel berenta     
412 228294-B Amhara Misrak gojam Hulet ej enese     

413 228299-A Amhara Misrak gojam Hulet ej enese     
414 228301-B Amhara Misrak gojam Enbise sar midir     
415 229962-B Oromiya Bale Ginir     
416 230770-A Oromiya Borena Moyale 05-03-00-N 39-28-00-E 
417 230770-B Oromiya Borena Moyale 05-03-00-N 39-28-00-E 
418 230796-C Oromiya Misrak harerge Girawa 09-08-00-N 41-41-00-E 
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419 231329-B Oromiya Arssi Jeju 08-37-00-N 39-40-00-E 
420 231331-A Oromiya Arssi Jeju 08-37-00-N 39-40-00-E 
421 231331-C Oromiya Arssi Jeju 08-37-00-N 39-40-00-E 
422 234048-A Tigray Mirabawi Medebay zana 14-09-00-N 38-47-00-E 
423 234049-A Tigray Mehakelegnaw Laelay maychew 14-09-00-N 38-45-00-E 
424 234050-B Tigray Mehakelegnaw Laelay maychew 14-11-00-N 38-47-00-E 
425 235032-A Amhara Semen Wollo Guba lafto 11-44-00-N 39-31-00-E 
426 235032-B Amhara Semen Wollo Guba lafto 11-44-00-N 39-31-00-E 
427 235034-C Amhara Semen Wollo Habru 11-04-00-N 39-45-00-E 
428 235036-A Amhara Semen shewa Mafudmezezo mojana 11-3 -00-N 39-45-00-E 
429 235036-B Amhara Semen shewa Mafudmezezo mojana 11-3 -00-N 39-45-00-E 
430 235036-C Amhara Semen shewa Mafudmezezo mojana 11-3 -00-N 39-45-00-E 
431 235391-A Tigray Debubawi Rayaazebo 12-29-00-N 39-38-00-E 
432 235392-B Tigray Debubawi Endamehoni     
433 235392-C Tigray Debubawi Endamehoni     
434 235395-A Tigray Mehakelegnaw Kola temben 13-35-00-N 39-10-00-E 
435 235825-A Amhara Semen Gonder  Alefa 12-23-00-N 37-28-00-E 
436 236194-A Amhara Debub Wollo Kutaber     
437 236194-B Amhara Debub Wollo Kutaber     
438 236196-A Amhara Debub Wollo Tehuledere     
439 236196-B Amhara Debub Wollo Tehuledere     
440 236197-A Amhara Debub Wollo Tehuledere     
441 236197-C Amhara Debub Wollo Tehuledere     
442 236198-A Amhara Debub Wollo Kombolcha     
443 236198-B Amhara Debub Wollo Kombolcha     
444 236459-A Tigray Misrakawi Wukro     
445 236459-B Tigray Misrakawi Wukro     
446 236460-A Tigray Misrakawi Wukro     
447 236463-A Tigray Mehakelegnaw Enticho     
448 236463-B Tigray Mehakelegnaw Enticho     
449 236464-A Tigray Mehakelegnaw Laelay maychew     
450 236464-B Tigray Mehakelegnaw Laelay maychew     
451 236465-A Tigray Mehakelegnaw Adwa 14-08-03-N 38-47-12-E 
452 236465-C Tigray Mehakelegnaw Adwa 14-08-03-N 38-47-12-E 
453 236467-B Tigray Mirabawi Medebay zana     
454 236467-A Tigray Mirabawi Medebay zana     
455 236469-B Tigray Mirabawi Endaselasie     
456 236470-A Tigray Mirabawi Endaselasie     
457 236470-B Tigray Mirabawi Endaselasie     
458 236471-A Tigray Mirabawi Tahtay koraro     
459 236471-B Tigray Mirabawi Tahtay koraro     
460 236475-A Amhara Semen Gonder  Gonder  zuria     
461 236475-C Amhara Semen Gonder  Gonder  zuria     
462 236479-A Amhara Mirab gojam Adet 11-16-00-N 37-29-00-E 
463 236479-C Amhara Mirab gojam Adet 11-16-00-N 37-29-00-E 
464 236481-B Amhara Misrak gojam Enarj enawga 10-41-05.7-N 038-11-10.6-E 
465 236491-A Oromiya Semen shewa Wara jarso     
466 236493-A Amhara Misrak gojam Enarj enawga 10-41-05.7-N 038-11-10.6-E 
467 236882-B Oromiya Semen shewa Hidabu abote     
468 236882-A Oromiya Semen shewa Hidabu abote     
469 237054-A Amhara Semen shewa Minjarna shenkora 08-50-00-N 39-20-00-E 
470 237054-B Amhara Semen shewa Minjarna shenkora 08-50-00-N 39-20-00-E 
471 237055-A Amhara Semen shewa Minjarna shenkora 08-50-00-N 39-20-00-E 
472 237055-B Amhara Semen shewa Minjarna shenkora 08-50-00-N 39-20-00-E 
473 240044-A Amhara Misrak gojam Enemay 10-21-29-N 38-09-36-E 
474 240045-A Amhara Misrak gojam Enemay     
475 240050 Amhara Misrak gojam Enarj enawga 10-29-22-N 38-11-07-E 
476 240054 Amhara Bahir dar special Bahir dar     
477 241800-A Amhara Semen Gonder  Belesa 12-17-00-N 37-44-00-E 
478 241801-A Amhara Semen Gonder  Belesa 12-11-00-N 37-50-00-E 
479 241801-C Amhara Semen Gonder  Belesa 12-11-00-N 37-50-00-E 
480 241802-A Amhara Debub Gonder  Tach gayint 11-33-00-N 38-31-00-E 
481 241804-B Amhara Semen Wollo Bugna 12-02-00-N 39-01-00-E 
482 241804-C Amhara Semen Wollo Bugna 12-02-00-N 39-01-00-E 
483 241804-D Amhara Semen Wollo Bugna 12-02-00-N 39-01-00-E 
484 207687-B Oromiya Mirab shewa Ambo 08-59-00-N 37-51-00-E 
485 207133-A Amhara Semen Gonder  Wegera     
486 207694 Oromiya Mirab shewa Ambo 08-59-00-N 37-46-00-E 
487 30341-A Amhara South gonder Fogera 11-57-07.5-N 037-42-51.4-E 
488 30339-A Amhara South gonder Fogera 11-56-10.4-N 037-42-30.7-E 
489 30338-A Amhara Central gonder Kemkem 12-05-11.1-N 037-45-10.3-E 
490 30311-A Amhara East gojjam Mota 11-06-24.5-N 037-47-06.7-E 
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491 30333 Amhara Central gonder Gonder zuria 12-22-18.2-N 037-33-24.7-E 
492 207686 Oromiya Mirab shewa Ambo 08-59-00-N 37-50-00-E 
493 207664-A Oromiya Misrak shewa Akaki 08-52-00-N 38-47-00-E 
494 30317-A Amhara Central gonder Misrak belesa 12-30-52.2-N 038-08-19.6-E 
495 30323-A Amhara Central gonder Misrak dendia 12-28-05.1-N 037-21-56.3-E 
496 207675-A Oromiya Misrak shewa Ada'a chukala 08-48-00-N 38-37-00-E 
497 30321-A Amhara Central gonder Mirab belesa 12-26-23.3-N 037-46-29.1-E 
498 30313-C Amhara West gojjam Gonji 11-12-38.4-N 037-06-07.2-E 
499 30349-A Amhara Semen shewa Efratana gidim  10-17-39.4-N 039-59-15.7-E 
500 30349-B Amhara Semen shewa Efratana gidim  10-17-39.4-N 039-59-15.7-E 
501 30349-C Amhara Semen shewa Efratana gidim  10-17-39.4-N 039-59-15.7-E 
502 30331-A Amhara Central gonder Chilga 12-32-56.4-N 037-08-14.4-E 
503 30304-A Amhara East gojjam Enarji enawiga 10-43-49.1-N 038-09-36.7-E 
504 30304-B Amhara East gojjam Enarji enawiga 10-43-49.1-N 038-09-36.7-E 
505 30322 Amhara Central gonder Mirab belesa 12-26-29.9-N 037-45-34.2-E 
506 207717-A Oromiya Mirab shewa Alem gena 08-51-00-N 38-30-00-E 
507 207717-B Oromiya Mirab shewa Alem gena 08-51-00-N 38-30-00-E 
508 30332-A Amhara Central gonder Chilga 12-32-23.4-N 037-11-02.3-E 
509 30287-A Amhara East gojjam Dejen 10-10-06.4-N 038-08-00.6-E 
510 30344-A Amhara South Wollo Kobo 12-06-51.5-N 039-37-19.0-E 
511 30308-B Amhara East gojjam Mota 11-06-24.5-N 037-47-06.7-E 
512 30293-A Amhara East gojjam Dejen 10-14-25.5-N 038-13-18.6-E 
513 30312-A Amhara East gojjam Mota 11-07-18.9-N 037-47-55.3-E 
514 30312-B Amhara East gojjam Mota 11-07-18.9-N 037-47-55.3-E 
515 209032-C Oromiya Mirab shewa Kersana kondaltiti     
516 41156-B Oromiya Misrak shewa Ada'a chukala 08-46-00-N 38-31-00-E 
517 207726 Amhara Semen shewa Moretna jiru 09-57-00-N 39-13-00-E 
518 207726- Amhara Semen shewa Moretna jiru 09-57-00-N 39-13-00-E 
519 228196-A Amhara Debub Wollo Debresina     
520 207136-A Amhara Semen Gonder  Wegera     
521 30328 Amhara Central gonder Takusa 12-15-35.5-N 037-05-18.3-E 
522 30348-B Amhara Semen shewa Efratana gidim  10-21-06.9-N 039-56-06.0-E 
523 41156-A Oromiya Misrak shewa Ada'a chukala 08-46-00-N 38-31-00-E 
524 41127-B Oromiya Misrak shewa Akaki 08-52-00-N 38-47-00-E 
525 41026-A Amhara Misrak gojam Hulet ej enese 11-05-00-N 37-50-00-E 
526 30345-D Amhara North Wollo Habro 11-28-54.8-N 039-37-15.7-E 
527 214732-A Amhara Debub Wollo Sayint     
528 214732-B Amhara Debub Wollo Sayint     
529 30287-C Amhara East gojjam Dejen 10-10-06.4-N 038-08-00.6-E 
530 212477-B Amhara Semen shewa Weremo wajetuna mid 10-14-00-N 39-00-00-E 
531 41302-A Amhara Semen Gonder  Wegera 12-46-00-N 37-37-00-E 
532 41059-A Amhara Misrak gojam Hulet ej enese     
533 41059-C Amhara Misrak gojam Hulet ej enese     
534 216855-A Oromiya Arssi Merti 08-34-00-N 39-44-00-E 
535 241800-B Amhara Semen Gonder  Belesa 12-17-00-N 37-44-00-E 
536 207170-A Amhara Semen Gonder  Belesa     
537 41263-B Amhara Misrak gojam Hulet ej enese 11-04-00-N 37-52-00-E 
538 41003-B Oromiya Arssi Tena 07-44-00-N 39-34-00-E 
539 236472-A Tigray Mirabawi Asegede tsimbela     
540 209038-C Oromiya Mirab shewa Alem gena     
541 236472-B Tigray Mirabawi Asegede tsimbela     
542 41301-B Amhara Semen Gonder  Wegera 12-46-00-N 37-37-00-E 
543 207179-B Amhara Semen Gonder  Dabat     
544 30341-B Amhara South gonder Fogera 11-57-07.5-N 037-42-51.4-E 
545 207765-B Oromiya Mirab shewa Jeldu     
546 207746 Amhara Mirab gojam Adet 11-16-00-N 37-29-00-E 
547 207765-A Oromiya Mirab shewa Jeldu     
548 207739-B Amhara Misrak gojam Hulet ej enese 11-04-00-N 37-52-00-E 
549 235034-A Amhara Semen Wollo Habru 11-04-00-N 39-45-00-E 
550 41281-A Amhara Bahir dar special Bahir dar 11-35-00-N 37-21-00-E 
551 30342-B Amhara South Wollo Kobo 12-09-01.6-N 039-37-41.9-E 
552 41169-C Oromiya Mirab shewa Ejerie(addis alem) 09-01-00-N 38-15-00-E 
553 41026 Amhara Misrak gojam Hulet ej enese 11-05-00-N 37-50-00-E 
554 228290 Amhara Misrak gojam Awabel     
555 227161-C Amhara Semen Gonder  Alefa     
556 207691-B Oromiya Mirab shewa Ambo 08-59-00-N 37-46-00-E 
557 30334 Amhara Central gonder Gonder zuria 12-22-02.3-N 037-33-35.7-E 
558 216855 Oromiya Arssi Merti 08-34-00-N 39-44-00-E 
559 41307-E Amhara Semen Gonder  Gonder  zuria 12-14-00-N 37-16-00-E 
560 207173-C Amhara Semen Gonder  Wegera     
561 BBARC-R Amhara Semen shewa Debre birhan zuria 09-43-00-N 39-40-00-E 
562 ENEWARI AMHARA Semen shewa Siadiber ean wayau 09-47-03-N 39-04-07-E 
563 Tegulet AMHARA Semien shewa Ankober 09-33-06-N 39-46-59-E 
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  564 74980 LA NPL Mahakali N28.20 E84.98 
565 69690 LA PRT Portalegre N39 16 W07 25 
566 7129 LA TUR Usak N38 14 E29 05 
567 71875 LA SYR Aleppo N36 08 40 E36 46 50 
568 69757 UM UZB Tashkent N 41 26 E 69 25 
569 116496 LA TUR Canakkale N39 51 24 E27 19 10 
570 73227 LA SYR Aleppo N36 25 40 E37 12 20 
571 73249 LA SYR Hama N35 13 44 E36 51 45 
572 128699 LA MDA Kauschany N 46 38 E 29 24 
573 10165 LA ESP Castilla la Mancha N38 44 W02 00 
574 75095 LA IRN Kermanshahah N34 25 E46 40 
575 70788 LA PAK NWF N34 30 E71 54 
576 9427 LA AZE Nagorno-Karabakh (Xankandi) N39 49 E46 45 
577 140941 LA ARM Syunik 39 30 33 46 20 24 
578 116451 LA TUR Canakkale N40 00 42 E26 51 55 
579 141720 LA ITA Sardinia N 40 13 E 09 09 
580 73327 LA JOR Ma'an N30 11 E35 44 
581 8191 LA IRN Fars N29 45 E51 38 
582 8522 LA AFG Takhar N37 24 E69 48 
583 9003 LA TUR Kutahya N39 50 E29 34 
584 8934 LA TUR Urfa N37 50 E39 46 
585 70551 LA BGR Grad Sofia N42 43 E23 20 
586 70503 LA TUR Mugla N37 20 E28 35 
587 69417 LA CYP Nicosia N35 04 E33 05 
588 140383 CV TJK Khatlon 38.37761 69.20816 
589 6416 LA LBN Biqaa Al Gharbi N33 37 21 E35 48 36 
590 72051 LA TUR Adiyaman N37 37 E38 22 
591 9632 LA IND Himachal Pradesh N30 55 02 E77 06 55 
592 10163 LA ESP Castilla la Mancha N39 15 W01 55 
593 5909 LA IRQ Dahuk N36 46 E43 52 
594 9402 LA TUR Eskisehir N40 02 E30 37 
595 9412 LA TUR Afyon N38 33 E31 13 
596 74000 LA DZA Tiaret N35 30 E01 08 
597 71861 LA SYR Hama N35 17 50 E36 45 00 
598 72130 LA TUR Isparta N37 56 E30 15 
599 9049 LA TUR Corum N40 33 E34 57 
600 72151 LA TUR Denizli N37 49 E29 17 
601 8357 LA ESP Castilla la Mancha N39 58 W04 50 
602 139930 LA AFG Badakhshan Market 36 48.58 
603 140525 LA AZE Ganca N40 40.617 E46 22.666 
604 72034 LA TUR Urfa N37 29 E38 30 
605 71897 LA SYR Al Hasakah N37 03 E41 29 
606 140393 CV TJK Dushanbe 38.56126 69.00889 
607 125231 LA ISR Northern Israel N 32 42 E 35 18 
608 73241 LA SYR Idlib N35 38 E36 37 
609 73396 LA TUR Adiyaman N37 45 E38 24 
610 141693 LA ETH Shewa N09 35 E039 44 12 
611 128407 LA AZE Baku N 40 30 E 50 06 
612 9628 LA IND Himachal Pradesh N31 57 44 E77 06 21 
613 72121 LA TUR Afyon N38 18 E30 11 
614 6454 LA TUN Silyanah N36 19 E09 10 
615 73328 LA JOR Amman N31 47 E35 49 
616 71873 LA SYR Aleppo N36 28 30 E37 43 30 
617 125187 LA UZB Tashkent N41 23 E69 28 
618 75335   SRB Serbia N42 48 E22 25 
619 140119 CV TJK Kulyab 38.09229 69.33821 
620 8935 LA TUR Elazig N38 39 E39 41 
621 74920 LA TUR Afyon N38 36 E30 .3 
622 126302 LA ARM   N39 46 11 E45 17 18 
623 72125 LA TUR Afyon N38 13 E30 10 
624 73397 LA TUR Urfa N37 20 E39 22 
625 9026 LA TUR K. Maras N38 13 E37 12 
626 70753 LA PAK NWF N34 13 E73 08 
627 72124 LA TUR Afyon N38 23 E30 13 
628 8349 LA TUN Zaghwan N36 22 E09 54 
629 73221 LA SYR Aleppo N36 19 00 E37 03 30 
630 72038 LA TUR Adiyaman N37 35 E38 35 
631 69604 LA DZA Tiaret N 35 29 E 01 37 
632 73395 LA TUR Gaziantep N36 54 E37 22 
633 140294 CV TJK Kulyab 37.90795 69.77456 
634 132880 LA GEO T'bilisi N41 50 E44 43 
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Appendix 1: Continued.... 

Crop ID Population type Collect country CProvince Latitude Longitude 
635 69733 LA LBY Yafran N31 58 E12 34 
636 72016 LA TUR Urfa N37 24 E38 37 
637 72036 LA TUR Urfa N37 27 E38 28 
638 5903 LA IRQ As Sulaymaniyah N35 32 20 E44 50 20 
639 69420 LA CYP Nicosia N35 06 E33 06 
640 9058 LA TUR Adiyaman N37 48 E38 35 
641 132663 LA AZE Samaxi Shamakhi region N40 41 44 
642 71853 LA SYR Homs N34 44 E36 43 
643 9415 LA TUR Mardin N37 34 E40 53 
644 9427 LA AZE Nagorno-Karabakh (Xankandi) N39 49 E46 45 
645 75095 LA IRN Kermanshahah N34 25 E46 40 
646 10163 LA ESP Castilla la Mancha N39 15 W01 55 

 

Appendix 1: Continued.... 

 
Improved Varities            
Variety Type Origin Breeding methods Year released   

647 Hora Kabuli ICARDA Introdction and hybridization  2016 EAIR 
648 Teketay Desi ICRISAT Introdction and hybridization  2013 EAIR 
649 Natoli Desi ICRISAT Introdction and hybridization  2007 EAIR 
650 Minjar Desi ICRISAT Introdction and hybridization  2010 EAIR 
651 Dalota Desi ICRISAT Introdction and hybridization  2013 EAIR 
652 Teji Kabuli ICARDA Introdction and hybridization  2005 EAIR 
653 Akaki Desi ICRISAT Introduction and selection  1995 EAIR 
654 Mastewal Desi ICRISAT Introdction and hybridization  2006 EAIR 
655 DZ-10-4 Kabuli Ethiopia Local selection  1974 EAIR 
656 Shola         EAIR 
657 Dhera Kabuli ICARDA Introdction and hybridization  2016 EAIR 
658 Ejere Kabuli ICARDA Introdction and hybridization  2005 EAIR 
659 Acos Dubie Kabuli Mexico Introduction and aaptation  2009 EAIR 
660 Shahso Kabuli ICARDA Introduction and Hybridization  1999 EAIR 
661 Habru Kabuli ICARDA Introdction and hybridization  2004 EAIR 
662 Arerti Kabuli ICARDA Introduction and Hybridization  1999 EAIR 
663 Chefe Kabuli ICARDA Introdction and hybridization  2004 EAIR 
664 Dimtu Desi ICRISAT Introdction and hybridization  2016 EAIR 
665 DZ-10-11 Desi Ethiopia Local selection  1974 EAIR 
666 Fetenech Desi ICRISAT Introdction and hybridization  2006 EAIR 
667 Kasech Kabuli ICRISAT Introduction and Hybridization  2011 EAIR 
668 Akuri Kabuli ICRISAT Introdction and hybridization  2011 EAIR 
669 Worku Desi ICRISAT Introduction and selection  1994 EAIR 
670 Dubie Desi Ethiopia Local selection  1978 EAIR 
671 Kutaye Desi ICRISAT Introdction and hybridization  2005 EAIR 
672 Mariye Desi ICRISAT Introduction and Hybridization  1985 EAIR 
673 Yelbie Kabuli ICRISAT Introduction and Hybridization  2006 EAIR 
674 Kobo Kabuli ICRISAT Introduction and Hybridization  2012 EAIR 
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Appendix 2. Mean value of quantitative and qualitative traits, and SR and FTR scores of 613 chickpea genotypes (554 Ethiopian genotypes, 32 elite frost resistant genotypes 
from ICARDA, and 27 improved) grown at Bakelo, Debre Birhan Ethiopia in 2018/2019 (A) and 2019/2020 (B) growing seasons.  

Genotype
s 

A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B 

PLH NPB NSB FPPP IPPP DTF DTP DTM TSW  GY SR FTR SSS FC SLP SC 
7129 28.5 45.5 4.0 4.8 1.6 3.3 18.8 21.9 7.1 14.7 59.4 76.0 74.9 91.6 133.4 149.5 169.7 170.9 758.1 1747.0 0.6 0.60 6 5 3 3 0 0 0 0 3 3 
9026 51.3 52.0 6.2 5.7 5.4 5.9 102.8 102.8 58.3 16.8 49.4 50.0 74.9 73.2 148.0 143.2 124.4 124.9 1072.0 2208.0 0.8 0.70 4 4 4 2 0 0 0 0 3 3 
9415 51.7 48.7 4.5 3.8 4.4 3.9 36.8 20.0 31.3 25.5 56.4 59.0 84.9 83.9 154.0 161.2 91.4 92.0 975.9 2059.0 0.8 0.81 3 3 2 2 0 0 0 0 3 3 
9427 39.8 48.0 5.6 6.3 1.6 4.1 21.4 24.9 7.9 33.5 51.7 55.0 65.6 73.6 136.7 129.2 173.3 133.0 1178.0 1013.0 0.9 0.75 3 3 1 3 1 1 1 1 2 2 
9632 44.3 45.0 3.2 2.7 2.0 2.5 27.8 27.8 22.3 20.8 52.4 53.0 87.9 86.2 149.0 144.2 85.4 85.9 1662.0 2098.0 0.8 0.82 2 2 2 1 0 0 0 0 3 3 
9643 39.5 52.6 2.7 7.6 0.3 8.8 23.8 147.5 6.8 60.4 51.4 54.7 57.9 74.6 137.4 128.9 87.3 72.5 1208.0 875.9 0.8 0.78 4 4 1 3 1 1 1 1 2 2 
10163 44.0 46.0 2.5 5.8 1.7 5.2 22.8 21.0 6.3 21.5 51.4 77.0 57.9 88.9 131.0 159.2 162.4 163.0 1675.0 2258.0 0.9 0.89 2 2 2 1 0 0 0 0 3 3 
10165 43.5 35.8 4.7 5.9 2.0 5.5 36.1 55.5 11.1 42.4 54.4 74.7 76.9 90.6 135.4 137.9 148.5 137.5 752.6 547.0 0.7 0.59 3 5 2 4 0 0 0 0 3 3 
30322 38.2 38.7 5.8 4.9 5.2 2.4 65.0 38.3 13.9 11.2 53.7 53.0 61.6 72.9 128.4 130.2 91.0 63.2 1168.0 1058.0 0.6 0.59 4 4 3 3 1 1 1 1 2 2 
30328 39.5 47.3 2.3 6.9 0.3 4.5 19.5 36.8 6.1 16.4 55.4 57.7 59.9 73.6 137.4 126.9 86.7 60.3 1132.0 891.9 0.6 0.50 4 4 3 3 1 1 1 1 2 2 
30333 43.5 49.2 5.8 4.5 6.2 2.9 51.3 48.0 12.9 35.0 53.7 55.0 61.6 76.6 129.4 129.2 85.8 63.6 1314.0 985.1 0.8 0.81 3 5 2 3 1 1 1 1 2 2 
30334 38.5 52.9 4.8 7.1 3.5 3.2 40.6 67.7 12.2 39.0 52.7 62.0 59.6 76.6 130.4 127.2 90.0 60.6 1064.0 867.6 0.7 0.75 4 4 1 3 1 1 1 1 2 2 
41026 37.2 38.2 2.8 5.1 1.5 3.2 25.3 52.0 8.6 37.0 51.7 58.0 61.6 82.6 122.4 129.2 78.2 39.9 1274.0 775.1 0.7 0.53 5 7 1 5 1 1 1 1 2 2 
41045 36.3 46.6 4.9 5.0 2.3 4.4 42.8 36.3 7.2 29.5 53.7 52.0 61.6 73.6 131.7 127.2 85.3 55.0 1184.0 548.9 0.7 0.73 4 4 2 3 1 1 1 1 2 2 
41283 30.5 33.6 3.4 5.8 4.2 2.9 39.0 43.7 11.2 37.0 51.7 71.0 59.6 82.6 129.4 136.2 39.6 38.8 652.7 165.1 0.7 0.67 6 6 5 5 1 1 1 1 2 2 
41323 50.0 51.3 7.2 8.3 8.4 9.5 63.5 66.5 58.3 58.4 53.4 55.7 69.9 73.6 130.0 130.9 60.4 59.5 238.4 -8.0 0.6 0.57 5 5 5 4 1 1 1 1 2 2 
69420 38.3 35.7 4.8 4.5 4.4 4.5 40.8 21.4 28.3 19.8 62.4 63.4 85.9 84.2 149.0 151.5 132.4 132.6 995.9 1949.0 0.8 0.79 3 3 2 1 0 0 0 0 3 3 
69757 32.1 41.2 4.2 4.2 1.7 1.0 35.5 22.9 13.6 26.7 58.4 60.0 64.9 69.6 134.0 135.5 75.8 79.3 733.8 650.3 0.3 0.35 6 5 5 4 0 0 0 0 3 3 
70753 44.0 41.0 7.8 7.1 4.7 4.2 25.8 9.0 20.3 24.5 72.4 75.0 69.9 68.9 147.0 154.2 98.4 99.0 993.4 2077.0 0.8 0.76 4 4 2 2 0 0 0 0 3 3 
70788 44.0 43.3 6.8 5.0 3.7 3.1 30.8 30.6 8.6 11.5 54.4 76.0 61.9 82.6 138.0 138.2 87.5 87.1 1632.0 1480.0 0.8 0.71 3 3 4 1 1 1 3 3 2 2 
71875 43.8 50.3 4.2 5.3 0.6 7.1 21.1 50.9 11.9 13.5 53.7 61.0 63.6 81.6 131.7 127.2 157.7 153.0 1618.0 1388.0 0.8 0.76 3 3 2 2 1 1 3 3 2 2 
73227 24.1 22.1 1.1 0.5 0.2 0.8 -3.5 -5.9 -2.9 40.8 53.0 52.4 63.2 60.2 126.7 130.5 67.8 67.2 580.7 562.3 0.3 0.23 7 7 5 5 1 1 1 1 2 2 
73249 31.5 33.2 4.4 4.1 2.2 2.2 13.6 14.0 7.2 38.0 54.7 56.0 71.6 73.6 124.4 125.2 64.6 63.2 251.0 269.6 0.3 0.12 8 9 5 4 1 1 1 1 2 2 
73327 30.1 48.9 6.8 8.5 7.4 7.9 47.2 53.5 33.3 33.5 74.4 74.0 74.9 72.2 150.0 142.9 92.4 96.4 360.9 367.3 0.4 0.34 6 5 5 4 0 0 0 0 3 3 
73328 31.0 39.6 4.8 6.5 3.7 4.2 15.5 21.8 11.3 41.5 64.4 64.0 81.9 79.2 123.0 115.9 31.4 35.4 907.1 913.5 0.5 0.45 6 5 5 4 0 0 0 0 3 3 
73395 53.3 50.3 6.5 5.8 8.7 8.2 75.5 58.7 67.3 21.5 55.4 58.0 74.9 73.9 144.0 151.2 81.4 82.0 975.9 1859.0 0.9 0.85 3 3 2 1 0 0 0 0 3 3 
73396 45.7 46.4 3.2 2.7 5.4 5.9 30.8 30.8 25.3 13.8 58.4 59.0 76.9 75.2 147.0 142.2 88.4 88.9 752.6 2069.0 0.8 0.82 3 3 2 1 0 0 0 0 3 3 
74980 30.0 31.3 6.5 7.6 11. 12 92.5 95.5 24.3 44.9 68.4 70.7 74.9 78.6 127.0 127.9 61.4 60.5 222.1 35.7 0.2 0.10 6 6 5 5 0 0 0 0 3 3 
75095 45.8 42.7 4.9 3.5 6.2 5.2 59.9 34.7 21.9 23.8 63.4 63.0 84.6 78.9 140.0 145.2 134.2 103.6 1912.0 1429.0 0.8 0.75 3 3 4 2 1 1 3 3 2 2 
116451 48.6 39.0 7.4 6.0 6.3 6.2 24.0 25.8 16.7 14.1 62.4 60.0 68.6 62.2 138.4 133.2 155.1 154.3 1465.0 1321.0 0.8 0.76 4 4 2 1 1 1 2 2 2 2 
116496 43.8 43.2 6.9 6.2 9.2 8.0 51.6 30.6 19.6 10.7 62.4 61.0 89.6 89.6 145.0 144.5 110.4 115.3 1560.0 1550.0 0.7 0.72 3 3 2 2 1 1 3 3 2 2 
125231 32.0 37.4 4.2 3.9 2.4 2.5 49.2 29.8 34.3 35.8 52.4 53.4 62.9 61.2 129.0 131.5 96.4 96.6 392.1 345.6 0.6 0.53 6 5 5 4 1 1 1 1 2 2 
126302 53.7 50.7 5.8 5.1 3.4 2.9 60.5 43.7 37.3 21.5 55.4 58.0 74.9 73.9 147.0 154.2 187.4 188.0 1416.0 1299.0 0.8 0.79 3 4 1 2 1 1 1 1 2 2 
128699 43.0 42.0 4.2 5.3 1.0 2.4 27.2 12.3 6.0 8.5 57.4 76.0 68.9 77.6 131.0 129.2 118.6 96.0 1472.0 1234.0 0.8 0.76 4 4 2 2 0 0 0 0 3 3 
132663 58.0 35.0 9.2 8.5 9.4 8.9 85.2 68.4 58.3 22.5 55.4 58.0 70.9 69.9 145.0 152.2 198.4 199.0 939.6 1423.0 0.8 0.81 3 3 2 1 0 0 0 0 3 3 
140294 55.7 57.0 7.5 8.6 6.4 7.5 80.5 83.5 45.3 15.4 58.4 71.7 76.9 82.6 128.0 128.9 90.4 89.5 877.1 1691.0 0.9 0.85 3 3 3 2 0 0 0 0 3 3 
140383 32.2 42.3 4.8 5.9 2.0 3.1 29.5 32.5 23.3 19.4 75.4 77.7 71.9 75.6 130.0 130.9 49.4 48.5 1041.0 1555.0 0.8 0.72 6 5 5 3 0 0 0 0 3 3 
140393 55.7 56.4 5.8 5.3 8.0 8.5 44.8 44.8 37.3 15.8 49.4 50.0 85.9 84.2 148.0 143.2 89.4 89.9 837.1 1373.0 0.8 0.81 3 3 2 1 0 0 0 0 3 3 
140525 30.2 48.4 5.5 6.9 3.0 3.4 26.5 32.0 22.3 38.2 62.4 65.0 86.9 90.9 148.0 150.2 39.4 39.2 147.1 67.7 0.1 0.08 8 9 5 5 1 1 1 1 2 2 
140941 40.0 42.6 5.5 7.5 4.9 4.2 33.0 18.1 2.9 5.5 52.7 74.0 77.6 74.2 136.4 146.9 105.8 103.4 1755.0 1459.0 0.9 0.75 3 3 1 2 1 1 3 3 2 2 
141693 46.3 43.7 8.8 8.5 8.7 8.8 93.2 73.8 29.3 20.8 52.4 53.4 69.9 68.2 137.0 139.5 105.4 105.6 869.6 1823.0 0.7 0.68 4 4 2 2 0 0 0 0 3 3 
207608 37.6 49.6 4.4 7.2 5.3 3.5 36.4 60.1 8.4 18.5 51.4 51.0 61.6 64.2 141.4 118.9 92.0 87.4 1600.0 1551.0 0.9 0.83 2 3 2 2 1 1 3 2 1 1 
207622 38.5 53.0 4.7 5.0 1.6 3.4 27.8 44.3 8.8 9.5 50.4 50.0 56.9 73.6 130.4 164.2 90.1 85.0 1269.0 1160.0 0.9 0.85 2 3 1 1 1 1 2 2 1 1 
207638 38.8 40.6 2.9 6.5 0.6 2.5 39.4 75.1 5.9 18.5 48.7 52.0 58.6 65.2 128.7 120.9 98.1 94.4 1003.0 1131.0 0.9 0.85 2 3 1 1 1 1 2 2 1 1 
207640 41.1 46.8 3.5 6.8 4.5 3.7 52.9 54.9 18.9 13.7 54.4 60.0 62.6 75.6 133.0 128.5 99.0 103.9 1840.0 1266.0 0.9 0.82 1 3 1 1 1 1 3 2 1 1 
207648 35.7 43.4 4.1 5.2 1.9 3.5 10.8 47.8 1.7 14.8 50.0 50.4 56.2 64.2 129.7 128.5 98.4 88.9 1241.0 1223.0 0.9 0.87 1 3 2 2 1 1 3 2 1 1 
207652 40.0 50.4 6.2 7.7 6.2 6.9 76.0 126.5 8.2 11.8 49.7 49.0 55.6 64.2 134.4 133.2 109.2 106.9 1829.0 1394.0 1.0 0.89 1 3 1 1 1 1 3 2 1 1 
207668 37.1 47.0 5.5 5.3 2.2 4.5 19.2 84.8 1.4 17.8 52.0 53.0 57.2 69.2 122.7 123.2 99.2 98.9 1966.0 1921.0 0.9 0.87 1 2 1 2 1 1 3 3 1 1 
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Appendix 2: Continued.... 

Genotype
s 

A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B 
PLH NPB NSB FPPP IPPP DTF DTP DTM TSW GY SR FTR SSS FC SLP SC 

207670 39.7 38.3 5.2 8.2 3.2 3.9 56.7 115.5 8.9 21.5 50.7 48.0 58.6 63.2 136.4 120.9 104.4 104.4 2095.0 2056.0 0.9 0.85 1 2 1 2 1 1 3 3 1 1 
207674 52.0 51.6 4.2 5.9 3.0 3.5 70.2 76.5 27.3 17.5 51.4 51.0 69.9 67.2 126.0 118.9 88.4 92.4 1126.0 1132.0 0.8 0.83 2 3 1 1 1 1 2 2 1 1 
207684 35.1 44.6 3.2 8.2 0.3 2.2 39.4 56.1 4.5 17.5 48.7 50.0 59.6 60.2 128.7 120.9 98.3 100.4 1554.0 1532.0 0.9 0.86 1 3 1 1 1 1 3 2 1 1 
207686 36.5 40.2 5.1 9.9 2.5 4.1 51.0 72.3 6.9 16.2 50.7 55.0 56.6 73.9 127.4 130.2 93.4 86.1 1294.0 1225.0 0.9 0.87 2 3 1 1 1 1 2 2 1 1 
207692 40.5 42.9 4.5 6.5 1.4 2.5 33.5 43.7 5.1 15.0 51.7 55.0 61.2 76.6 136.7 127.2 86.3 85.6 2487.0 1940.0 1.0 0.81 1 2 1 1 1 1 3 3 1 1 
207694 41.2 35.3 5.5 4.3 2.7 1.8 43.8 52.9 8.7 25.8 52.7 53.7 61.2 75.2 134.7 125.2 87.5 41.3 1240.0 960.3 0.7 0.19 4 8 2 5 1 1 1 1 2 2 
207712 36.0 47.6 4.5 6.3 5.9 4.1 48.0 70.9 16.9 3.5 48.7 51.0 56.6 71.6 131.4 129.2 109.2 108.0 2531.0 2604.0 0.9 0.85 2 2 1 1 1 1 3 3 1 1 
207714 47.3 53.5 5.1 4.5 9.8 1.5 146.0 32.7 20.5 17.0 53.7 59.0 61.9 74.6 139.4 129.2 91.6 65.6 1493.0 1240.0 0.8 0.83 1 3 2 2 1 1 3 2 1 1 
207726 20.3 32.8 0.2 3.5 -0.2 2.5 5.0 31.1 -3.1 30.8 50.7 50.4 57.6 69.2 136.4 127.5 48.2 47.6 828.8 780.6 0.8 0.71 8 9 4 3 1 1 1 1 2 2 
207730 35.2 37.8 3.2 5.7 -0.4 3.7 20.8 49.6 2.2 15.5 53.7 52.0 60.6 73.6 131.7 129.2 108.3 106.0 1486.0 1555.0 0.9 0.82 2 3 2 2 1 1 2 2 1 1 
207746 42.5 43.0 4.2 7.0 2.7 4.4 41.2 80.6 9.1 15.5 52.7 53.0 61.2 71.6 138.7 126.2 80.3 81.0 1762.0 1965.0 0.9 0.81 2 2 1 1 1 1 3 3 1 1 
207748 41.6 43.9 5.1 4.5 6.3 2.9 56.0 28.0 18.1 17.0 53.4 59.0 62.6 74.6 141.4 127.2 73.9 70.6 1314.0 1166.0 0.9 0.83 2 3 2 2 1 1 3 2 1 1 
207766 38.8 51.6 3.6 6.6 2.3 4.5 42.1 56.2 8.9 18.4 49.7 58.7 59.6 79.6 131.7 128.9 93.3 72.5 1230.0 1165.0 0.8 0.80 2 3 1 2 1 1 2 2 1 1 
207770 44.2 44.2 4.2 4.0 2.1 1.8 32.2 47.9 5.4 -3.2 51.7 50.7 61.2 62.2 149.7 146.2 80.7 82.5 2008.0 1991.0 0.9 0.84 1 2 2 2 1 1 3 3 1 1 
216855 31.7 38.2 4.2 4.3 2.1 3.1 38.8 30.9 8.7 38.8 51.7 53.7 62.2 75.2 131.7 125.2 39.1 40.6 1015.0 424.0 0.5 0.50 6 6 4 5 1 1 1 1 2 2 
228290 43.2 50.8 5.8 5.8 3.9 5.0 40.6 51.2 13.6 30.7 54.7 59.0 61.6 77.6 129.4 129.5 81.4 68.9 1341.0 867.4 0.7 0.50 3 7 2 3 1 1 1 1 2 2 
240050 38.1 45.2 3.9 4.8 6.5 2.3 37.9 57.2 14.6 32.7 54.4 54.0 65.6 76.6 136.0 129.5 75.2 33.9 737.1 337.4 0.6 0.47 5 6 4 4 1 1 1 1 2 2 
240054 31.5 31.0 4.4 2.8 4.2 -0.1 23.6 3.7 9.2 37.5 51.7 53.0 59.6 70.9 124.4 155.2 40.6 40.0 952.7 272.7 0.1 0.12 8 9 4 4 1 1 1 1 2 2 
16341-A 38.1 42.7 5.5 5.8 6.5 2.2 72.6 33.7 15.3 18.5 53.4 52.0 62.6 64.9 138.0 136.2 93.0 95.0 1925.0 1935.0 0.9 0.86 1 2 1 2 1 1 3 3 1 1 
16341-B 31.1 39.7 3.6 6.3 0.3 3.2 17.8 55.8 4.2 33.8 53.7 51.0 59.6 64.2 124.7 121.2 47.9 39.9 423.5 480.7 0.6 0.57 7 7 4 4 1 1 1 1 2 2 
16585-B 38.5 38.3 5.0 8.3 2.0 6.5 30.8 75.5 12.1 42.4 51.4 54.7 56.9 74.6 126.4 130.9 80.5 43.5 1038.0 873.2 0.7 0.43 4 5 3 4 1 1 1 1 2 2 
16586-A 35.1 36.3 3.2 8.3 4.0 3.7 30.4 89.3 5.9 44.5 51.7 50.0 59.6 73.6 138.7 138.2 102.1 48.0 1234.0 198.9 0.7 0.49 4 5 2 4 1 1 1 1 2 2 
16588-A 42.0 53.3 4.2 7.0 1.2 4.7 36.3 101.6 4.5 17.5 50.7 54.0 59.6 75.6 131.4 138.2 76.6 64.5 1389.0 1085.0 0.7 0.65 4 4 3 3 1 1 1 1 2 2 
16589-A 36.5 38.3 5.0 7.6 4.6 6.8 47.1 76.2 9.1 43.4 53.4 54.7 59.9 87.6 137.4 128.9 71.0 45.5 267.6 -8.0 0.6 0.21 4 6 5 5 1 1 1 1 2 2 
16591-A 35.0 38.6 7.8 5.5 4.2 4.2 33.7 132.5 4.5 37.5 53.7 51.0 60.6 63.2 134.4 121.9 88.6 70.4 1155.0 967.3 0.8 0.70 4 6 2 3 1 1 1 1 2 2 
16591-B 38.3 41.6 3.5 8.3 0.9 4.4 31.7 101.3 3.9 43.5 50.7 54.0 58.6 76.6 128.4 129.2 79.4 36.0 927.1 358.9 0.6 0.56 4 4 3 4 1 1 1 1 2 2 
207133-A 30.5 32.4 3.5 4.2 2.4 2.1 14.5 30.0 7.4 36.2 52.7 53.0 62.2 61.9 131.7 133.2 46.3 47.2 549.9 526.0 0.4 0.31 8 8 5 5 1 1 1 1 2 2 
207136-A 40.3 37.1 6.5 9.2 6.6 4.9 56.0 88.5 12.9 44.5 51.7 51.0 56.6 63.2 134.4 121.9 53.2 50.4 489.6 207.3 0.3 0.13 6 8 5 5 1 1 1 1 2 2 
207138-B  31.5 41.1 4.1 4.2 3.2 3.1 36.6 54.3 9.9 32.2 49.7 55.0 58.6 75.9 153.4 130.2 45.9 46.2 711.0 120.2 0.3 0.32 6 5 4 5 1 1 1 1 2 2 
207143-A 36.1 41.5 3.6 3.7 2.0 2.8 34.1 37.2 7.9 27.8 50.7 51.7 58.6 63.2 136.7 133.2 95.7 64.5 881.0 929.0 0.5 0.26 5 5 4 3 1 1 1 1 2 2 
207145-A 43.3 47.1 3.7 5.6 1.8 0.8 17.0 35.7 12.5 30.2 52.7 54.0 59.9 73.9 133.4 128.2 79.2 53.2 1206.0 610.2 0.9 0.50 3 4 1 3 1 1 1 1 2 2 
207149-B 42.6 46.7 7.4 5.5 7.0 4.5 51.7 64.4 24.4 54.8 53.4 53.4 63.6 68.2 138.4 131.5 99.5 47.6 1084.0 600.6 0.7 0.64 4 5 3 3 1 1 1 1 2 2 
207149-C 32.6 34.6 6.1 4.0 4.8 2.1 32.0 24.2 17.1 32.8 52.7 53.7 60.9 80.2 126.4 126.2 47.2 46.1 941.5 570.3 0.4 0.33 7 7 4 5 1 1 1 1 2 2 
207155-C 38.5 30.7 5.5 2.8 3.7 0.5 27.5 12.7 5.1 37.5 50.7 54.0 61.2 64.9 139.7 154.2 83.6 46.0 1038.0 119.0 0.5 0.51 4 6 1 5 1 1 1 1 2 2 
207157-B 43.6 40.7 4.7 5.2 3.0 3.1 33.0 54.1 11.1 33.8 52.4 50.4 61.6 65.2 138.4 128.5 84.3 46.6 1054.0 796.9 0.7 0.63 5 5 3 3 1 1 1 1 2 2 
207161-C 38.8 44.0 6.0 7.7 3.0 3.4 50.8 54.6 13.8 27.5 49.4 50.0 57.9 73.6 133.4 127.2 98.1 45.0 1016.0 750.1 0.8 0.71 3 4 3 3 1 1 1 1 2 2 
207164-A 36.8 48.6 4.6 8.0 1.3 5.4 35.4 49.9 7.2 29.5 49.7 52.0 57.6 73.6 134.7 138.2 86.9 35.0 722.7 153.9 0.6 0.53 4 7 4 4 1 1 1 1 2 2 
207165-B 38.1 38.2 4.9 4.0 1.3 2.2 40.4 58.2 6.2 35.8 49.7 51.0 58.6 64.2 131.7 121.2 86.1 47.9 398.5 455.7 0.6 0.17 4 8 5 5 1 1 1 1 2 2 
207166-A 41.9 46.8 6.1 5.0 6.8 5.1 35.4 69.9 15.8 26.8 51.7 54.7 59.9 77.2 136.4 123.2 71.2 64.1 866.5 306.5 0.4 0.34 7 8 4 4 1 1 1 1 2 2 
207167-A 37.5 48.3 3.3 5.3 1.6 2.7 35.5 46.6 6.5 32.5 53.4 50.0 57.9 73.6 133.4 127.2 91.3 56.0 1089.0 565.1 0.7 0.68 4 4 3 3 1 1 1 1 2 2 
207170-A 31.6 36.3 4.1 3.5 2.5 1.2 32.6 23.7 8.6 39.5 51.7 51.0 58.6 69.9 130.4 155.2 44.0 45.0 1103.0 106.5 0.5 0.51 6 7 4 5 1 1 1 1 2 2 
207171-B 30.2 30.1 2.5 5.1 0.7 0.5 0.8 23.4 3.7 40.5 51.7 51.0 61.2 62.9 135.7 135.2 41.3 43.0 306.6 145.2 0.4 0.33 7 8 5 4 1 1 1 1 2 2 
207171-C 44.8 39.8 6.1 7.2 5.5 3.4 52.6 51.7 14.6 37.2 49.7 59.0 57.6 73.9 121.4 128.2 76.6 35.2 607.7 140.2 0.6 0.37 4 8 4 5 1 1 1 1 2 2 
207173-A 37.7 44.3 4.5 4.8 1.2 2.5 16.7 49.4 2.2 43.5 48.7 55.0 56.6 72.9 131.4 144.2 130.2 130.0 825.4 466.5 0.7 0.64 4 4 4 2 1 1 1 1 2 2 
207173-B 36.8 42.2 4.5 7.1 5.9 3.2 56.9 67.7 13.3 38.0 54.4 56.0 61.6 74.6 160.0 125.2 81.6 13.6 627.1 290.1 0.6 0.42 4 4 4 5 1 1 1 1 2 2 
207173-C 46.3 46.6 5.5 7.0 5.4 6.1 41.2 40.3 25.3 11.5 71.4 73.0 74.9 80.6 126.0 127.2 80.4 80.0 1185.0 1133.0 0.8 0.81 2 3 2 2 1 1 2 2 1 1 
207175-A 38.4 46.4 6.9 4.5 11 2.5 70.9 39.1 18.9 9.8 54.4 53.4 61.6 68.2 138.0 128.5 101.0 102.6 1583.0 1569.0 0.8 0.75 3 3 1 1 1 1 3 3 2 2 
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Appendix 2: Continued.... 

Genotype
s 

A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B 
PLH NPB NSB FPPP IPPP DTF DTP DTM TSW GY SR FTR SSS FC SLP SC  

207178-A 48.5 51.3 3.9 5.5 0.3 3.2 24.8 86.8 8.9 41.5 51.7 52.0 59.6 69.2 131.7 130.9 95.3 36.4 796.0 347.3 0.6 0.50 4 6 4 4 1 1 1 1 2 2 
207179-B 36.6 33.6 8.1 2.5 7.6 3.5 72.4 36.0 20.4 27.0 53.4 60.0 60.6 74.6 132.4 129.2 75.9 42.6 1005.0 327.5 0.6 0.50 4 6 4 5 1 1 1 1 2 2 
207185-B 38.1 49.6 4.1 5.5 3.5 5.5 45.8 83.5 4.4 12.5 51.0 51.0 54.2 63.2 129.7 118.9 99.2 102.4 1836.0 1361.0 0.8 0.73 3 4 1 2 1 1 3 2 2 2 
207186-C 37.5 33.0 4.0 4.2 2.3 1.9 24.8 61.5 7.1 35.5 52.4 50.0 55.9 63.2 130.4 120.9 94.5 49.4 1169.0 971.0 0.7 0.56 4 7 3 4 1 1 1 1 2 2 
207562-B 27.7 41.8 2.8 3.2 1.0 1.7 27.8 28.2 9.0 22.7 50.4 52.0 55.9 72.6 124.0 162.5 71.8 67.9 613.8 271.1 0.2 0.16 7 9 4 4 1 1 1 1 2 2 
207607-B 42.8 40.8 7.1 4.8 2.9 5.2 36.6 55.7 12.9 35.0 50.7 55.0 59.6 74.6 126.4 125.2 77.8 39.6 999.4 188.8 0.7 0.38 5 5 1 4 1 1 1 1 2 2 
207607-C 40.8 37.2 3.4 4.5 5.2 3.2 38.3 46.7 11.9 36.0 50.7 59.0 56.6 76.6 126.4 127.2 94.2 48.6 807.7 458.8 0.6 0.31 5 5 4 4 1 1 1 1 2 2 
207609-A 42.5 37.5 7.9 6.7 6.7 4.1 65.8 87.5 9.1 48.8 51.7 51.7 60.2 77.2 131.7 141.2 93.1 24.1 1327.0 721.5 0.7 0.38 4 5 2 5 1 1 1 1 2 2 
207609-B 41.5 35.2 7.9 4.0 5.1 0.8 47.5 51.2 6.4 26.8 51.7 51.7 59.2 75.2 139.7 123.2 99.1 45.1 1385.0 390.3 0.7 0.23 4 6 2 5 1 1 1 1 2 2 
207617-A 40.4 30.4 4.5 2.8 2.2 2.5 53.2 32.7 14.3 37.5 56.4 55.0 62.6 70.9 140.0 136.2 79.6 44.0 1254.0 591.5 0.7 0.67 4 6 2 5 1 1 1 1 2 2 
207623-A 34.8 34.3 5.2 5.0 2.3 2.4 34.1 51.3 1.9 24.5 52.7 52.0 59.6 75.6 136.7 127.2 94.1 40.0 1281.0 678.9 0.6 0.56 4 5 2 4 1 1 1 1 2 2 
207623-B 38.1 33.5 3.2 5.2 4.0 4.0 50.1 46.9 12.5 31.7 50.7 54.0 58.6 73.6 126.7 129.5 92.5 49.9 1159.0 392.4 0.7 0.51 4 7 2 5 1 1 1 1 2 2 
207624-B 35.9 42.4 5.1 3.9 3.8 3.5 19.7 27.1 13.5 37.8 53.7 50.4 60.9 69.2 146.4 131.5 63.2 61.6 761.5 443.1 0.2 0.19 8 9 4 4 1 1 1 1 2 2 
207635-B 39.1 52.6 7.5 4.6 6.5 3.1 70.9 56.2 14.9 47.4 53.4 52.7 61.6 73.6 160.0 128.9 72.8 44.5 908.8 497.0 0.6 0.52 5 5 3 3 1 1 1 1 2 2 
207635-C 40.3 34.1 6.1 3.5 3.6 4.1 36.0 14.1 11.7 20.8 52.4 62.4 61.6 84.2 127.4 152.5 89.1 82.7 1400.0 1373.0 0.8 0.75 4 4 1 1 1 1 2 2 2 2 
207636-B 39.8 40.6 5.0 5.6 4.3 8.1 47.1 49.5 11.5 34.4 51.4 52.7 57.9 73.6 130.4 126.9 86.9 44.5 1264.0 282.0 0.6 0.43 4 5 2 5 1 1 1 1 2 2 
207637-A 39.5 37.0 3.5 4.9 1.1 4.5 27.2 93.8 5.7 31.5 52.7 52.0 61.2 67.2 136.7 129.9 90.7 56.4 1270.0 823.5 0.7 0.67 4 5 2 3 1 1 1 1 2 2 
207637-B 36.5 36.7 2.5 5.3 1.1 4.9 2.8 51.8 3.4 39.8 52.7 51.0 63.2 64.2 136.7 123.2 70.7 44.9 804.9 475.7 0.5 0.49 6 6 4 4 1 1 1 1 2 2 
207639-A 36.6 39.2 3.7 4.5 3.5 2.7 24.4 62.6 8.8 34.7 55.7 52.0 64.9 76.6 141.4 130.5 87.2 48.9 1045.0 782.4 0.7 0.67 5 7 3 3 1 1 1 1 2 2 
207643-A 36.5 35.7 3.9 4.7 0.3 4.2 54.4 66.5 9.2 41.8 48.7 51.0 58.6 64.2 136.7 121.2 87.5 45.9 937.7 180.7 0.6 0.14 4 9 3 5 1 1 1 1 2 2 
207643-B 35.2 51.6 4.7 3.6 1.6 2.8 37.5 32.2 10.5 29.4 50.4 52.7 57.9 70.6 133.4 129.9 80.5 71.5 919.3 745.7 0.5 0.40 6 6 4 3 1 1 1 1 2 2 
207649-A 39.5 49.3 4.5 7.0 2.4 5.1 29.5 71.9 3.4 12.5 50.7 51.0 62.2 74.6 134.7 138.2 100.3 101.0 1147.0 1054.0 0.7 0.65 4 4 3 2 1 1 2 2 2 2 
207649-B 37.0 39.0 5.2 7.0 3.2 5.7 30.0 83.3 4.5 42.5 48.7 51.0 57.6 99.6 132.4 126.2 88.6 46.0 622.1 331.4 0.5 0.43 4 5 3 4 1 1 1 1 2 2 
207664-A 48.8 45.6 6.5 7.0 3.4 5.4 58.8 63.9 6.4 17.5 51.7 52.0 61.2 68.6 131.7 127.2 95.1 91.0 1787.0 1890.0 0.9 0.86 1 2 1 1 1 1 3 3 1 1 
207675-A 39.8 34.6 5.9 3.7 3.7 3.8 41.2 49.5 5.7 26.8 54.7 51.7 61.2 75.2 138.7 122.2 83.1 47.1 1395.0 575.3 0.7 0.19 5 6 1 5 1 1 1 1 2 2 
207679-A 38.4 42.8 3.9 2.5 5.2 0.3 43.9 39.6 12.9 29.7 51.4 57.0 61.6 76.6 136.0 127.5 72.4 53.9 1105.0 750.0 0.8 0.75 4 4 1 3 1 1 1 1 2 2 
207679-B 38.0 48.5 4.5 4.2 1.0 2.7 40.2 54.2 10.3 31.7 50.4 57.0 58.9 73.6 131.0 129.5 80.6 53.9 1289.0 589.9 0.7 0.67 4 4 2 3 1 1 1 1 2 2 
207683-A 38.9 47.5 6.1 4.1 7.2 1.2 38.0 43.4 14.1 15.0 53.7 59.0 60.9 82.6 139.4 129.2 88.0 84.6 1193.0 1238.0 0.7 0.71 4 4 3 2 1 1 2 2 2 2 
207683-B 38.6 39.2 6.4 4.5 6.2 2.2 27.0 46.0 10.8 27.0 52.7 59.0 59.9 74.6 139.4 129.2 81.6 37.6 758.2 213.8 0.6 0.46 4 6 4 5 1 1 1 1 2 2 
207687-B 40.8 51.1 4.9 4.9 4.7 2.4 37.5 37.3 13.1 33.2 52.7 62.0 62.2 75.9 141.7 128.2 70.3 32.2 941.6 120.2 0.3 0.21 5 5 4 4 1 1 1 1 2 2 
207688-A 40.3 41.1 8.1 2.9 10 2.5 74.0 81.1 21.1 19.8 53.4 53.4 62.6 68.2 141.4 132.5 114.7 113.6 1382.0 1356.0 0.8 0.81 2 3 1 1 1 1 2 2 1 1 
207691-A 37.7 47.8 5.2 5.5 2.9 4.7 45.0 84.2 7.2 38.7 50.7 52.0 57.6 74.6 134.4 129.5 103.2 105.9 1412.0 839.9 0.9 0.67 3 4 1 2 1 1 1 1 2 2 
207691-B 41.8 35.7 3.4 4.8 2.5 3.9 33.0 58.4 11.9 36.0 49.7 55.0 58.6 76.6 129.4 127.2 75.9 41.6 519.4 130.1 0.6 0.50 3 7 4 5 1 1 1 1 2 2 
207695-C 37.1 46.8 4.2 5.8 0.5 5.3 40.2 53.9 9.6 32.7 51.4 54.0 61.6 76.6 138.0 129.5 85.6 37.9 720.5 357.4 0.6 0.49 3 6 4 4 1 1 1 1 2 2 
207711-A 39.0 43.5 4.2 4.8 4.7 1.7 40.8 34.9 18.0 27.7 48.4 53.0 56.9 73.6 133.0 143.5 75.0 54.1 1077.0 158.6 0.7 0.41 5 5 3 4 1 1 1 1 2 2 
207711-B 37.6 47.4 6.1 5.6 3.8 2.1 27.0 35.7 14.5 35.2 52.7 53.0 58.9 72.9 137.4 128.2 76.8 31.2 1201.0 255.2 0.6 0.59 4 4 3 4 1 1 1 1 2 2 
207715-A 29.5 35.0 4.1 4.0 0.9 0.8 30.3 32.2 13.6 37.8 51.7 51.7 58.6 61.2 130.4 129.2 48.0 49.1 917.7 939.0 0.2 0.15 8 9 4 4 1 1 1 1 2 2 
207715-B 47.5 33.7 4.5 3.8 2.4 -0.1 25.2 6.7 3.4 42.5 51.7 57.0 60.2 68.9 136.7 134.2 63.0 47.0 464.9 145.2 0.5 0.13 4 8 4 4 1 1 1 1 2 2 
207717-A 39.5 42.0 4.5 3.5 2.1 0.2 13.5 23.0 3.7 32.5 49.7 53.0 58.2 69.9 130.7 136.2 95.1 67.0 586.6 284.0 0.5 0.17 4 8 4 4 1 1 1 1 2 2 
207717-B 39.5 36.6 3.0 5.5 2.6 2.2 41.5 40.5 9.8 27.5 54.4 50.0 57.9 63.2 130.4 120.9 98.5 43.5 1028.0 306.0 0.8 0.58 4 5 1 4 1 1 1 1 2 2 
207721-B 41.8 46.2 3.5 8.8 2.1 10 18.2 122.6 7.1 63.7 53.7 54.0 64.2 72.6 136.7 127.5 77.3 44.9 1037.0 678.6 0.7 0.69 5 6 3 3 1 1 1 1 2 2 
207728-A 43.6 51.7 7.4 7.9 9.5 4.1 52.0 72.0 10.8 17.2 51.7 55.0 58.9 74.9 140.4 128.2 82.2 80.2 1500.0 1349.0 0.8 0.81 1 3 1 2 1 1 3 2 1 1 
207729-A 44.1 36.2 10. 3.8 9.5 3.9 83.9 55.0 22.3 35.0 53.4 58.0 62.6 78.6 133.0 139.2 83.2 45.6 1322.0 202.6 0.7 0.43 4 5 2 4 1 1 1 1 2 2 
207729-B 36.1 36.5 5.5 5.1 3.9 1.5 53.9 45.7 11.9 36.0 53.4 55.0 62.6 71.6 138.0 127.2 89.2 58.6 1197.0 371.3 0.7 0.09 4 5 2 4 1 1 1 1 2 2 
207733-A 36.2 50.3 4.0 5.5 2.0 2.2 33.5 57.8 8.1 33.5 54.4 50.0 60.9 65.2 130.4 120.9 84.1 60.4 1326.0 689.8 0.6 0.62 4 4 2 3 1 1 1 1 2 2 
207735-A 38.0 52.6 3.8 5.6 1.9 4.5 27.0 53.5 -0.5 35.9 50.7 54.7 58.6 75.6 133.4 128.9 87.0 30.5 1050.0 389.5 0.7 0.59 5 5 3 4 1 1 1 1 2 2 
207735-B 41.8 40.2 5.4 4.5 6.5 5.2 51.3 78.7 10.9 57.0 50.7 60.0 58.6 80.6 122.4 125.2 85.4 40.6 947.7 183.8 0.6 0.50 4 6 3 4 1 1 1 1 2 2 
207736-B 36.0 38.5 5.5 4.8 3.4 1.3 46.2 49.2 15.3 41.7 52.4 54.0 58.9 73.6 126.0 129.5 77.8 21.4 1467.0 677.4 0.7 0.33 4 6 3 5 1 1 1 1 2 2 
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Genotype
s 

A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B 
PLH NPB NSB FPPP IPPP DTF DTP DTM TSW GY SR FTR SSS FC SLP SC 

207737-A 36.8 33.6 4.1 3.8 3.2 0.7 26.3 8.6 9.9 26.7 51.7 62.0 59.6 82.6 126.4 129.5 87.4 50.9 912.7 521.1 0.5 0.43 6 7 4 5 1 1 1 1 2 2 
207737-B 33.3 36.9 2.5 6.9 1.4 0.8 32.8 26.0 10.0 32.2 49.4 53.0 56.9 75.9 124.0 130.2 48.4 41.2 413.8 120.7 0.2 0.13 7 9 5 5 1 1 1 1 2 2 
207739-B 37.5 41.5 4.1 4.1 3.5 2.9 21.3 62.7 8.9 15.0 51.7 58.0 59.6 94.6 123.4 136.2 226.0 224.6 1354.0 1373.0 0.8 0.78 3 4 1 1 1 1 2 2 2 2 
207752-A 36.6 36.7 3.7 3.5 1.5 1.5 17.0 15.7 8.8 45.5 52.7 54.0 58.9 71.9 129.4 153.2 85.6 49.3 1023.0 444.0 0.6 0.44 5 6 1 4 1 1 1 1 2 2 
207753-A 43.6 45.1 10. 5.2 8.5 5.4 54.0 44.0 23.1 29.2 52.7 55.0 58.9 73.9 129.4 130.2 82.8 57.2 1076.0 551.5 0.6 0.50 4 4 3 3 1 1 1 1 2 2 
207753-B 35.8 38.8 2.9 5.3 1.3 3.8 35.4 52.2 12.5 46.9 48.7 53.7 59.6 73.6 124.7 128.9 87.3 54.7 1189.0 375.7 0.7 0.34 4 6 2 4 1 1 1 1 2 2 
207753-C 32.6 35.0 1.9 0.5 0.4 -0.8 1.5 -5.3 2.4 39.5 50.7 51.0 60.2 54.9 132.7 139.2 46.5 46.8 674.9 613.5 0.4 0.38 8 8 4 4 1 1 1 1 2 2 
207765-A 38.5 41.0 2.5 3.5 1.1 1.2 15.5 25.4 4.4 39.5 50.7 52.0 60.2 63.9 128.7 136.2 97.1 56.0 1442.0 582.7 0.6 0.54 4 4 2 3 1 1 1 1 2 2 
207765-B 41.5 31.0 3.5 2.8 3.4 4.2 34.5 55.7 3.7 58.5 50.7 52.0 61.2 70.9 133.7 154.2 105.9 48.5 1365.0 436.5 0.8 0.54 3 5 2 4 1 1 1 1 2 2 
207769-A 36.0 45.3 5.8 6.5 6.2 3.9 57.3 69.8 7.9 39.5 52.7 51.0 58.6 63.2 134.4 99.9 80.2 51.5 1257.0 391.0 0.7 0.53 4 5 2 4 1 1 1 1 2 2 
207769-C 40.4 39.8 4.2 5.5 5.5 1.3 58.6 27.6 18.6 38.7 51.4 54.0 60.6 71.6 132.0 129.5 62.3 64.9 1369.0 107.4 0.7 0.16 4 9 3 4 1 1 1 1 2 2 
207893-A 37.8 38.7 4.2 5.9 2.0 3.2 33.4 85.8 5.5 6.5 48.7 50.0 59.6 63.2 136.7 118.9 99.3 92.4 1703.0 1431.0 0.8 0.71 3 3 2 2 1 1 3 3 2 2 
208454-C 36.2 37.2 5.1 6.5 2.5 2.9 34.0 44.4 8.9 27.0 49.7 56.0 57.6 75.6 126.4 127.2 83.8 45.4 1128.0 205.1 0.8 0.52 4 5 1 4 1 1 1 1 2 2 
208988-A 39.5 43.8 3.2 3.7 2.1 1.4 12.8 47.9 6.1 36.8 52.7 51.7 61.2 84.2 141.7 123.2 76.3 56.3 1380.0 442.8 0.9 0.78 3 3 1 3 1 1 1 1 2 2 
208988-B 43.5 42.3 3.9 6.2 5.1 3.5 12.5 84.5 5.4 48.5 51.7 50.0 60.2 63.2 130.7 121.9 63.9 56.4 1360.0 686.0 0.7 0.62 3 6 2 3 1 1 1 1 2 2 
208994-A 42.1 38.8 5.5 5.3 5.5 5.4 55.6 52.9 14.6 0.8 54.4 52.7 61.6 62.2 136.0 131.2 88.8 90.9 1299.0 1359.0 0.9 0.78 3 4 1 1 1 1 2 2 2 2 
208995-B 43.5 46.6 4.2 6.9 1.6 2.5 42.1 79.8 5.9 16.5 51.7 52.0 59.6 67.2 126.7 120.9 94.5 72.4 1028.0 1156.0 0.7 0.65 4 4 3 3 1 1 2 2 2 2 
208995-D 41.3 35.7 4.8 6.7 3.2 4.1 41.3 68.3 9.9 27.5 50.7 51.0 57.6 71.6 136.4 129.2 78.6 48.1 1344.0 738.9 0.7 0.56 4 5 2 4 1 1 1 1 2 2 
208997-B 37.0 40.3 5.8 6.3 3.9 4.1 40.3 50.5 3.5 38.8 52.7 53.7 57.6 63.2 128.4 125.2 83.8 43.7 627.1 679.0 0.8 0.85 6 6 4 3 1 1 1 1 2 2 
209001-B 37.1 38.5 3.2 6.5 2.5 1.3 40.9 46.9 11.6 30.7 53.4 53.0 63.6 72.6 138.0 129.5 91.6 35.9 870.5 228.6 0.5 0.43 5 5 4 4 1 1 1 1 2 2 
209003-B 35.8 45.9 6.5 4.1 3.9 3.5 43.9 48.7 13.6 32.0 52.4 53.0 62.6 74.6 134.0 142.2 88.8 34.6 1355.0 115.1 0.8 0.58 4 4 1 4 1 1 1 1 2 2 
209008-A 32.0 36.1 3.8 5.3 5.9 3.1 49.3 47.6 2.5 23.5 51.7 51.0 57.6 73.6 131.4 129.2 43.2 38.0 1289.0 683.9 0.6 0.42 6 6 4 5 1 1 1 1 2 2 
209008-B 38.8 39.9 6.9 7.0 3.0 3.8 52.4 55.5 5.2 -4.2 51.7 52.7 58.6 63.2 131.7 128.2 89.3 68.9 1003.0 1051.0 0.8 0.76 4 4 3 3 1 1 2 2 2 2 
209013-A 37.8 38.8 5.0 5.9 1.3 4.1 52.5 49.8 22.1 37.4 51.4 52.7 57.9 73.6 130.4 126.9 94.5 45.5 1304.0 220.7 0.8 0.63 3 6 1 5 1 1 1 1 2 2 
209014-B 29.8 29.6 2.9 4.2 2.0 2.9 29.4 33.1 6.5 38.5 52.7 52.0 59.6 56.2 124.7 116.9 68.5 70.6 269.3 396.8 0.4 0.33 8 8 5 4 1 1 1 1 2 2 
209016-A 36.1 35.2 6.9 4.1 6.5 1.5 52.9 41.4 16.3 27.0 52.4 55.0 62.6 76.6 133.0 142.2 88.0 42.6 1089.0 113.8 0.6 0.34 4 6 3 5 1 1 1 1 2 2 
209016-B 39.1 49.2 4.2 4.8 1.2 2.2 45.9 61.0 13.3 17.0 52.4 55.0 60.6 74.6 133.0 127.2 87.6 82.6 1137.0 1188.0 0.9 0.85 2 3 1 2 1 1 2 2 1 1 
209016-C 35.4 51.8 5.9 6.8 2.5 3.0 47.9 72.2 26.3 40.7 53.4 52.0 62.6 74.6 136.0 129.5 86.0 66.5 1057.0 849.9 0.7 0.65 4 6 3 3 1 1 1 1 2 2 
209019-A 39.5 36.5 3.7 6.5 3.0 2.7 43.8 52.2 10.5 32.7 52.4 52.0 57.9 74.6 133.4 129.5 88.9 48.1 1203.0 352.4 0.5 0.45 4 6 3 5 1 1 1 1 2 2 
209022-A 39.9 52.5 6.4 4.8 6.5 2.9 58.0 50.0 15.8 18.0 52.7 55.0 60.9 77.6 135.4 126.2 80.0 81.6 2146.0 2191.0 0.9 0.87 2 2 1 2 1 1 3 3 1 1 
209026-A 44.1 35.8 4.6 6.7 2.3 6.7 56.1 97.3 4.9 13.5 49.7 50.0 57.6 73.6 134.7 130.2 108.1 100.0 1583.0 1938.0 0.8 0.81 1 2 1 1 1 1 3 3 1 1 
209026-B 31.8 34.3 5.2 3.5 3.2 0.9 43.9 15.0 13.6 39.5 53.4 55.0 63.6 68.9 136.0 147.2 61.0 63.0 562.1 332.7 0.5 0.48 6 6 4 4 1 1 1 1 2 2 
209029-C 39.1 52.4 5.8 5.0 3.2 8.2 20.5 126.2 1.1 10.8 51.0 49.0 58.2 74.2 126.7 132.2 101.2 100.9 1218.0 1182.0 0.8 0.75 4 4 4 2 1 1 2 2 2 2 
209032-A 37.0 37.3 6.5 9.2 5.2 4.2 62.0 82.1 8.5 40.5 50.7 51.0 56.6 63.2 134.4 120.9 76.6 50.2 847.7 427.3 0.5 0.46 5 5 4 5 1 1 1 1 2 2 
209032-C 33.8 39.7 1.9 6.8 1.6 3.2 18.1 81.7 6.5 43.0 51.7 59.0 59.6 84.6 131.7 138.2 71.7 42.6 779.3 102.6 0.5 0.57 6 6 4 5 1 1 1 1 2 2 
209034-B 39.2 41.3 3.9 3.1 2.4 2.5 28.2 34.0 4.4 35.5 50.7 52.0 59.2 64.9 130.7 144.2 104.3 106.0 1373.0 814.0 0.6 0.59 4 4 2 2 1 1 1 1 2 2 
209034-C 44.5 35.3 3.5 4.3 1.4 2.1 12.8 33.8 6.1 37.9 52.7 53.7 63.2 72.6 137.7 126.9 77.1 45.5 1440.0 364.5 0.8 0.56 3 5 1 4 1 1 1 1 2 2 
209038-A 36.9 30.9 6.1 4.5 5.3 3.8 51.0 38.4 14.1 31.8 53.4 50.4 62.6 64.2 128.4 131.5 76.1 48.6 1440.0 848.1 0.7 0.59 4 5 3 4 1 1 1 1 2 2 
209038-C 40.6 44.1 2.7 4.5 0.6 3.5 18.7 32.8 8.1 37.8 53.4 50.4 63.6 64.2 130.4 131.5 94.1 38.6 870.4 296.9 0.6 0.56 4 5 4 4 1 1 1 1 2 2 
209078-A 20.9 22.5 1.4 0.8 0.5 0.2 3.7 15.7 7.5 38.0 56.7 56.0 64.9 65.6 123.4 123.2 46.2 42.6 201.5 246.3 0.2 0.10 8 9 5 4 1 1 1 1 2 2 

209085-A 39.8 39.4 5.2 7.2 3.7 4.1 51.5 53.7 6.7 34.2 54.7 55.0 63.2 75.9 135.7 128.2 71.1 45.7 1278.0 139.0 0.8 0.45 3 6 1 4 1 1 1 1 2 2 
209086-A 29.4 45.8 6.2 4.8 4.9 1.0 54.9 53.2 18.9 31.7 55.4 54.0 63.6 76.6 138.0 131.5 75.6 66.9 618.8 307.4 0.4 0.31 6 8 4 4 1 1 1 1 2 2 
209095-A 39.8 36.4 4.5 3.9 1.1 2.5 15.5 31.8 5.4 36.9 51.7 52.7 58.2 73.6 130.7 126.9 54.3 44.5 956.6 20.7 0.6 0.53 5 7 4 5 1 1 1 1 2 2 
209095-B 43.5 38.5 3.5 8.3 2.7 6.8 39.8 70.2 9.7 43.8 48.7 53.7 61.2 75.2 136.7 123.2 105.1 39.1 1217.0 170.3 0.5 0.46 4 5 3 5 1 1 1 1 2 2 
209105-B 39.6 32.8 4.1 4.2 5.0 3.5 43.4 27.8 11.4 38.8 51.4 50.4 60.6 65.2 131.4 127.5 84.9 43.6 1344.0 419.4 0.9 0.15 3 9 1 4 1 1 1 1 2 2 
209108-A 30.8 48.3 6.2 6.9 3.0 2.9 57.4 69.8 15.9 47.5 52.7 52.0 58.6 65.2 128.7 155.9 66.3 68.4 946.0 548.5 0.5 0.56 7 7 4 4 1 1 1 1 2 2 
209112-A 42.8 48.0 3.9 6.6 1.4 5.1 13.5 75.2 7.7 48.4 52.7 51.7 61.2 71.6 130.7 128.9 73.3 35.5 1023.0 352.0 0.7 0.57 4 4 3 4 1 1 1 1 2 2 
209112-B 40.2 39.5 4.5 5.0 2.4 4.8 52.5 55.5 7.4 21.8 52.7 53.7 61.2 75.2 134.7 126.2 80.7 34.1 1037.0 187.8 0.7 0.32 4 5 1 5 1 1 1 1 2 2 
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Appendix 2: Continued.... 

Genotype
s 

A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B 
PLH NPB NSB FPPP IPPP DTF DTP DTM TSW GY SR FTR SSS FC SLP SC 

209116-B 40.7 49.0 5.2 6.0 7.6 6.2 54.7 64.2 4.9 36.8 51.7 49.0 56.6 74.2 134.4 132.2 61.0 33.9 715.4 375.7 0.5 0.47 6 6 4 4 1 1 1 1 2 2 
212477-A 37.5 51.6 3.2 7.2 1.6 4.9 26.8 92.8 6.2 16.5 48.7 50.0 57.6 65.2 128.7 120.9 98.1 72.4 968.8 1096.0 0.7 0.73 4 4 3 3 1 1 2 2 2 2 
212477-B 35.8 36.8 3.7 6.9 0.3 4.5 25.1 54.5 8.8 29.5 49.4 50.0 56.9 65.2 130.4 120.9 104.5 52.4 1053.0 867.3 0.7 0.51 4 5 3 4 1 1 1 1 2 2 
212589-A 36.9 43.7 5.7 5.2 6.6 2.8 53.0 53.4 15.7 29.8 52.4 50.4 61.6 65.2 134.4 128.5 144.3 67.6 998.8 945.6 0.6 0.64 5 5 4 3 1 1 1 1 2 2 
212589-B 35.7 44.5 4.4 4.0 4.6 4.4 35.4 42.9 12.1 -0.5 51.4 49.7 59.6 60.2 132.4 129.2 87.9 87.3 1269.0 1216.0 0.8 0.83 2 3 2 2 1 1 2 2 1 1 
212685-B 39.4 46.0 5.5 4.3 6.2 5.2 67.5 81.2 12.1 35.8 52.0 56.0 60.2 72.2 131.7 124.2 76.2 62.9 924.0 272.0 0.5 0.38 7 8 4 4 1 1 1 1 2 2 
212688-C 42.1 46.0 5.8 4.7 -0.6 4.2 14.8 57.8 3.4 15.8 51.0 53.0 57.2 64.2 124.7 123.2 108.2 107.9 1020.0 1984.0 0.7 0.73 3 4 3 2 0 0 0 0 3 3 
212914-A 35.9 38.7 3.4 3.7 0.8 2.5 7.4 80.2 6.8 11.8 51.7 49.0 57.9 64.2 123.4 121.2 81.2 45.9 1286.0 1343.0 0.7 0.67 5 5 4 4 1 1 1 1 2 2 
212914-B 41.3 44.7 8.4 4.2 8.2 2.8 70.0 32.0 21.8 18.2 52.7 55.0 58.9 79.9 137.4 130.2 87.7 85.7 1930.0 1335.0 0.9 0.86 1 3 1 2 1 1 3 2 1 1 
213050-A 27.6 28.5 3.7 3.3 1.5 1.1 20.4 33.9 12.5 37.8 51.7 49.7 67.9 69.2 123.4 121.2 50.4 49.3 304.8 352.3 0.3 0.13 6 9 5 4 1 1 1 1 2 2 
213050-B 38.9 37.8 6.7 5.6 6.8 5.1 59.7 62.0 25.1 44.2 53.7 53.0 61.9 73.9 130.4 128.2 85.6 40.2 1326.0 61.5 0.9 0.43 3 7 1 5 1 1 1 1 2 2 
214621-A 38.4 41.7 5.8 4.3 4.2 2.9 28.2 61.2 6.4 34.8 51.0 50.0 57.2 67.2 128.7 123.2 79.8 47.9 892.3 614.5 0.6 0.60 5 5 4 3 1 1 1 1 2 2 
214623-B 40.4 36.1 4.5 6.0 3.5 3.2 57.2 69.2 5.1 30.8 50.0 50.0 57.2 64.2 129.7 121.2 84.4 47.9 1329.0 884.5 0.9 0.14 3 9 1 4 1 1 1 1 2 2 
214624-A 35.3 34.4 3.8 5.7 6.6 3.4 24.7 50.3 2.2 30.5 49.7 51.0 56.6 75.6 128.4 129.2 75.8 47.0 812.1 211.4 0.7 0.65 6 6 4 5 1 1 1 1 2 2 
214626-C 34.4 41.4 3.8 4.2 -0.2 3.8 7.5 55.4 0.4 36.8 50.0 50.4 55.2 63.2 122.7 128.5 62.6 42.6 792.3 604.4 0.7 0.64 4 4 4 3 1 1 1 1 2 2 
214731-B 36.8 50.0 2.9 4.3 0.0 2.9 32.1 64.2 6.9 16.8 48.7 53.0 57.6 64.2 127.7 121.2 85.7 89.9 1321.0 1778.0 0.9 0.82 2 2 1 2 1 1 3 3 1 1 
214732-A 36.8 39.3 3.6 7.3 0.3 4.4 35.4 66.3 5.5 25.5 49.7 51.0 59.6 75.6 136.7 129.2 93.3 46.0 1108.0 876.4 0.7 0.65 4 6 3 5 1 1 1 1 2 2 
214732-B 37.0 50.0 2.8 7.0 2.2 5.1 12.7 68.3 1.9 26.5 48.7 51.0 57.6 71.6 131.4 127.2 104.2 103.0 783.4 856.4 0.6 0.63 4 4 4 2 1 1 1 1 2 2 
214734-A 36.9 49.7 5.1 7.9 4.2 3.1 25.7 61.7 17.1 12.2 52.7 55.0 59.9 75.9 138.4 128.2 70.8 64.2 1095.0 1136.0 0.8 0.83 2 3 1 2 1 1 3 2 1 1 
214734-B 38.9 34.9 8.1 4.3 4.5 2.8 62.7 46.2 18.1 16.8 55.7 52.7 60.9 77.2 135.4 123.2 76.8 46.9 1110.0 122.8 0.7 0.50 4 5 3 4 1 1 1 1 2 2 
214734-C 40.9 34.9 9.4 6.7 11 6.8 90.7 65.2 32.5 35.8 56.7 52.7 63.9 84.2 135.4 123.2 74.8 45.1 1243.0 147.8 0.7 0.14 4 6 3 5 1 1 1 1 2 2 
215033-B 30.6 38.2 6.1 7.1 4.0 2.5 37.7 46.0 16.1 33.0 53.4 55.0 62.6 76.6 131.4 128.2 62.8 8.6 720.4 322.8 0.6 0.35 4 7 4 5 1 1 1 1 2 2 
215067-A 34.8 50.0 5.2 6.3 -0.7 4.4 23.1 90.3 4.2 11.5 48.7 52.0 57.6 73.6 131.7 127.2 100.5 73.0 1270.0 1339.0 0.9 0.85 2 3 1 2 1 1 2 2 1 1 
215067-B 35.7 39.0 3.8 6.0 0.9 4.1 30.0 49.3 2.9 30.5 51.7 56.0 57.6 71.6 128.4 129.2 86.2 17.4 1347.0 530.1 0.7 0.47 4 5 2 5 1 1 1 1 2 2 
215067-C 32.3 43.7 3.2 5.5 3.2 4.5 23.3 71.1 -0.1 47.8 50.7 50.4 57.6 69.2 124.4 128.5 65.2 64.6 913.4 991.9 0.7 0.64 8 9 4 3 1 1 1 1 2 2 
215190-A 38.4 37.4 8.5 4.5 2.2 5.1 15.2 46.1 3.4 16.8 52.0 51.4 58.2 66.2 126.7 128.5 91.2 90.6 1704.0 1986.0 0.8 0.81 1 2 1 1 1 1 3 3 1 1 
215190-B 29.1 44.1 5.5 7.9 2.5 6.1 14.8 54.4 5.7 28.8 56.0 53.4 62.2 69.2 128.7 139.5 65.2 64.6 976.5 958.1 0.6 0.64 6 6 4 3 1 1 1 1 2 2 
215190-C 38.0 38.4 1.8 2.3 1.0 1.4 25.8 31.5 10.3 28.8 49.4 50.7 56.9 62.2 131.0 128.2 66.4 67.1 840.4 367.3 0.6 0.44 4 5 4 4 1 1 1 1 2 2 
215289-A 38.9 39.9 4.7 6.9 3.5 5.1 27.4 54.0 9.5 33.2 53.7 55.0 58.9 73.9 135.4 143.2 88.0 43.2 1320.0 141.6 0.7 0.49 3 7 2 5 1 1 1 1 2 2 
215289-B 37.6 39.3 3.7 3.5 2.8 0.9 22.4 22.0 13.8 24.5 52.7 54.0 58.9 71.9 129.4 153.2 118.8 112.0 1718.0 1789.0 0.9 0.85 1 2 1 1 1 1 3 3 1 1 
216854-A 39.5 37.3 4.7 9.9 2.6 7.1 38.1 66.2 5.8 39.4 57.4 54.7 57.9 76.6 130.4 128.9 79.7 44.5 892.6 143.2 0.6 0.16 5 9 4 5 1 1 1 1 2 2 
216855-A 36.4 38.3 4.5 5.7 4.9 3.7 16.2 60.9 0.4 13.5 52.0 53.0 58.2 73.6 130.7 126.2 81.0 60.8 1396.0 1230.0 0.7 0.50 4 6 2 3 1 1 1 1 2 2 
225741-C 32.7 31.8 4.1 6.9 2.9 4.8 14.2 47.1 -0.3 31.8 52.0 53.4 59.2 69.2 131.7 128.5 48.2 47.6 1196.0 731.9 0.5 0.51 6 7 4 5 1 1 1 1 2 2 
225743-A 43.4 35.4 6.8 4.7 18 2.2 100.2 31.2 12.7 41.8 53.0 56.0 59.2 71.2 131.7 123.2 86.2 18.9 1072.0 298.2 0.7 0.67 5 6 3 5 1 1 1 1 2 2 
225879-A 23.9 18.8 1.9 1.7 1.5 1.4 19.6 16.9 5.6 31.8 53.4 51.7 69.6 70.2 126.0 121.2 45.6 37.1 220.5 280.7 0.1 0.10 7 9 5 4 1 1 1 1 2 2 
225884-A 42.1 44.7 6.9 2.1 7.2 0.9 74.9 26.7 16.9 41.5 56.4 55.0 66.6 71.9 138.0 156.2 80.4 30.1 1384.0 234.0 0.7 0.25 4 5 2 4 1 1 1 1 2 2 
225887-B 41.5 39.0 3.5 7.7 1.7 7.1 16.2 72.5 5.1 42.8 52.7 53.7 61.2 77.2 138.7 134.2 87.5 47.1 1362.0 876.5 0.6 0.36 4 6 2 4 1 1 1 1 2 2 
225888-A 39.5 40.7 4.0 4.0 2.6 2.4 45.1 49.5 10.1 -0.9 50.4 50.7 57.9 64.2 123.4 121.2 83.3 81.7 1139.0 1139.0 0.8 0.72 4 4 3 2 1 1 2 2 2 2 
225889-A 30.9 39.7 3.8 4.3 0.9 4.5 28.6 79.8 10.2 34.8 49.7 53.0 57.6 64.2 130.4 124.2 46.0 46.9 975.2 1006.0 0.2 0.13 7 9 4 4 1 1 1 1 2 2 
225889-C 35.3 50.4 2.5 6.5 2.2 3.8 33.7 51.8 3.5 47.8 49.7 50.4 56.6 69.2 131.4 128.5 121.2 120.6 1327.0 973.1 0.8 0.72 5 6 2 2 1 1 1 1 2 2 
225890-A 30.6 35.9 3.1 5.7 1.5 5.8 12.7 67.9 9.5 26.8 52.7 53.7 59.9 74.2 122.4 140.2 77.6 29.2 764.8 196.5 0.5 0.48 6 7 4 5 1 1 1 1 2 2 
227151-B 37.7 44.1 5.2 4.5 4.0 2.1 46.2 43.8 9.3 48.8 49.4 53.4 57.9 69.2 131.0 142.5 77.8 47.6 1099.0 710.6 0.5 0.61 6 7 3 3 1 1 1 1 2 2 
227151-C 37.4 40.7 8.1 4.2 8.2 4.1 52.5 36.8 3.4 44.8 50.0 54.4 54.2 64.2 132.7 131.5 72.2 43.1 929.0 509.4 0.5 0.56 6 6 4 4 1 1 1 1 2 2 
227151-D 35.1 40.3 4.1 7.2 0.5 1.9 -1.5 67.5 -4.3 38.5 50.0 50.0 57.2 63.2 129.7 129.9 93.8 45.7 1447.0 477.3 0.7 0.41 3 5 2 4 1 1 1 1 2 2 
227152-A 35.4 32.7 6.1 5.2 4.9 4.5 237.5 37.4 9.1 35.8 50.0 49.4 54.2 61.2 129.7 131.5 48.7 44.9 839.0 313.1 0.4 0.14 7 9 4 4 1 1 1 1 2 2 
227152-B 38.0 50.3 3.5 8.2 1.6 3.9 22.0 71.5 4.5 11.5 48.7 50.0 56.6 62.2 124.4 120.9 94.2 90.4 1137.0 1207.0 0.8 0.74 4 3 1 2 1 1 2 2 2 2 
227156-A 39.0 49.0 3.2 6.3 1.6 4.4 29.0 69.9 0.9 12.5 49.7 51.0 57.6 71.6 131.4 127.2 78.2 68.8 1977.0 1079.0 0.9 0.71 3 4 1 3 1 1 3 2 2 2 
227158-A 38.7 42.4 6.5 4.0 7.2 4.5 47.5 63.2 7.7 35.8 51.0 50.0 57.2 67.2 129.7 123.2 67.8 38.9 1037.0 330.7 0.6 0.37 7 8 3 4 1 1 1 1 2 2 
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Appendix 2: Continued.... 
Genotype
s 

A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B 
PLH NPB NSB FPPP IPPP DTF DTP DTM TSW GY SR FTR SSS FC SLP SC 

227160-B 45.7 48.7 8.8 6.7 6.9 5.5 70.5 99.2 7.7 14.8 53.0 50.0 57.2 64.2 132.7 123.2 84.2 68.8 1384.0 1038.0 0.7 0.64 4 4 2 3 1 1 2 2 2 2 
227161-B 36.4 34.5 4.5 3.8 4.2 1.2 55.6 31.4 13.6 39.0 51.4 59.0 61.6 74.6 133.0 127.2 89.2 46.6 1067.0 105.1 0.7 0.31 4 6 3 4 1 1 1 1 2 2 
227161-C 37.2 38.0 7.4 5.8 5.2 6.0 61.6 132.6 17.6 26.7 66.7 54.0 77.6 73.6 131.4 129.5 89.0 71.5 882.7 893.6 0.6 0.67 4 4 4 3 1 1 1 1 2 2 
228196-A 36.0 42.9 2.9 5.5 -0.4 2.2 25.4 54.8 1.9 36.5 49.7 50.0 58.6 62.2 136.7 120.9 105.3 58.4 1279.0 628.5 0.9 0.69 3 6 1 3 1 1 1 1 2 2 
228197-C 35.1 48.7 6.2 3.8 2.5 2.2 49.9 46.4 12.3 55.5 53.4 55.0 62.6 70.9 160.0 144.2 64.8 34.1 1135.0 390.2 0.7 0.57 4 5 3 4 1 1 1 1 2 2 
228197-D 29.7 32.8 3.1 3.2 2.2 6.5 0.8 29.4 2.7 36.8 52.0 50.4 58.2 67.2 122.7 130.5 45.2 44.6 720.7 145.6 0.4 0.35 7 8 4 5 1 1 1 1 2 2 
228197-E 34.8 32.8 4.8 7.5 1.5 3.5 3.5 38.1 0.4 38.8 51.0 50.4 56.2 64.2 122.7 130.5 55.4 45.6 794.0 446.9 0.6 0.56 5 5 4 4 1 1 1 1 2 2 
228290-A 39.7 37.7 5.8 6.9 6.9 7.8 63.8 79.8 6.4 47.4 54.0 73.7 60.2 78.6 131.7 128.9 82.6 47.5 1101.0 378.2 0.6 0.55 5 5 3 4 1 1 1 1 2 2 
228293-A 35.1 35.0 3.6 6.0 -0.7 3.4 29.4 52.6 2.5 32.5 52.7 52.0 59.6 75.6 133.7 127.2 102.5 39.2 1396.0 333.9 0.6 0.37 4 6 2 5 1 1 1 1 2 2 
228294-B 37.7 48.4 3.8 5.3 4.5 5.2 45.5 92.2 3.4 15.8 52.0 50.0 58.2 64.2 129.7 123.2 104.2 103.9 1075.0 1039.0 0.8 0.75 4 4 3 2 1 1 2 2 2 2 
228299-A 35.0 43.6 3.5 4.5 1.9 3.9 24.3 53.8 1.5 30.5 48.7 50.0 57.6 63.2 134.4 118.9 93.8 67.9 1190.0 954.8 0.6 0.61 4 6 2 3 1 1 1 1 2 2 
229962-B 37.5 37.5 6.1 7.3 5.2 10 41.0 88.2 11.2 55.8 50.7 53.7 58.6 74.2 123.4 126.2 69.4 48.1 792.7 151.5 0.5 0.47 5 7 4 5 1 1 1 1 2 2 
230770-A 39.1 45.2 5.2 5.5 2.5 1.7 40.6 41.6 15.3 30.7 53.4 54.0 60.6 74.6 133.0 129.5 85.6 35.9 802.1 97.4 0.5 0.41 5 5 4 4 1 1 1 1 2 2 
230770-B 39.1 43.2 7.2 5.8 7.5 0.3 79.6 41.6 23.3 29.7 55.4 53.0 66.6 76.6 142.0 129.5 78.8 41.9 915.5 167.4 0.7 0.47 5 6 3 4 1 1 1 1 2 2 
230796-C 35.3 37.3 4.8 6.3 3.6 5.7 25.3 99.3 4.5 65.5 49.7 54.0 56.6 78.6 128.4 127.2 68.2 44.1 948.8 436.4 0.7 0.42 5 6 3 5 1 1 1 1 2 2 
231329-B 36.8 37.1 3.6 7.9 0.3 8.9 32.8 96.5 5.9 46.5 49.7 52.0 57.6 65.2 134.7 118.9 106.1 50.4 837.7 349.8 0.5 0.53 4 7 4 5 1 1 1 1 2 2 
231331-A 31.9 45.4 2.4 3.0 3.3 1.9 17.0 43.5 8.4 39.8 53.4 50.0 63.6 64.2 141.4 121.2 78.3 60.9 1389.0 450.7 0.6 0.38 4 8 3 4 1 1 1 1 2 2 
231331-C 37.6 40.7 6.1 4.9 7.0 2.8 60.7 27.1 16.4 36.8 52.4 51.4 63.6 63.2 133.4 128.5 63.1 37.6 725.4 369.4 0.6 0.53 4 4 4 4 1 1 1 1 2 2 
234048-A 39.5 48.6 3.0 5.7 2.3 5.1 30.5 108.9 8.1 28.5 50.4 50.0 56.9 73.6 126.4 127.2 86.9 62.5 820.6 841.4 0.7 0.71 4 4 4 3 1 1 1 1 2 2 
234049-A 37.5 37.1 3.7 8.5 1.3 9.3 50.1 123.6 7.8 57.7 52.4 54.0 57.9 78.6 137.4 138.5 102.5 49.9 1431.0 303.6 0.8 0.53 3 7 1 5 1 1 1 1 2 2 
234050-B 30.4 41.4 5.1 4.9 2.2 5.5 20.2 51.8 5.7 37.8 51.0 50.4 56.2 66.2 129.7 131.5 65.4 45.6 630.7 571.9 0.7 0.61 6 6 4 3 1 1 1 1 2 2 
235032-A 35.6 32.8 6.7 6.5 12 5.1 72.0 30.4 19.4 35.8 53.4 51.4 63.6 64.2 134.4 128.5 87.9 46.6 558.8 445.6 0.6 0.51 4 5 4 4 1 1 1 1 2 2 
235032-B 35.7 35.7 4.5 6.7 3.2 2.4 41.7 50.9 1.5 28.5 49.7 52.0 57.6 73.6 131.4 127.2 77.8 7.0 1145.0 751.4 0.7 0.46 4 5 3 5 1 1 1 1 2 2 
235034-A 39.0 30.4 3.8 7.5 3.2 4.9 29.7 52.4 3.9 39.5 48.7 55.0 57.6 70.9 131.4 136.2 82.4 48.0 1050.0 267.7 0.6 0.17 4 9 1 5 1 1 1 1 2 2 
235034-C 30.8 45.9 6.2 7.5 3.3 4.5 54.4 84.5 2.5 31.5 48.7 51.0 59.6 63.2 128.7 121.9 78.9 57.4 1249.0 794.8 0.7 0.64 4 5 3 3 1 1 1 1 2 2 
235036-A 40.3 41.4 5.1 2.9 8.6 3.5 59.0 31.8 16.7 19.8 52.4 52.4 61.6 64.2 126.4 131.5 84.7 104.6 1267.0 1087.0 0.8 0.76 4 4 2 2 1 1 1 2 2 2 
235036-B 34.6 34.4 5.1 4.9 5.6 4.5 54.4 61.8 16.4 19.8 53.4 50.4 63.6 64.2 131.4 128.5 71.5 45.6 1060.0 1033.0 0.6 0.65 5 7 4 4 1 1 1 1 2 2 
235036-C 40.6 32.4 6.4 5.9 8.6 1.5 65.7 10.8 13.7 37.8 54.4 52.4 62.6 64.2 128.4 131.5 82.7 16.6 837.1 573.1 0.5 0.51 6 6 4 5 1 1 1 1 2 2 
235391-A 43.1 37.2 3.8 4.7 4.5 5.2 24.5 55.5 4.4 36.8 53.0 53.0 59.2 64.2 122.7 123.2 75.0 39.9 1472.0 118.2 0.9 0.64 3 6 1 5 1 1 1 1 2 2 
235392-B 26.1 17.2 4.1 4.3 1.5 2.4 6.5 29.2 -1.9 27.8 50.0 49.7 59.2 63.2 129.7 128.2 48.2 48.1 580.7 535.7 0.3 0.33 7 7 4 5 1 1 1 1 2 2 
235392-C 42.4 34.7 8.5 8.3 7.2 7.1 96.9 94.2 33.6 9.8 54.4 52.7 63.6 64.2 133.0 128.2 64.4 47.1 1160.0 1221.0 0.9 0.61 3 5 1 4 1 1 1 1 2 2 
235395-A 39.2 38.9 6.9 9.2 5.7 4.8 66.5 86.3 6.7 40.2 52.7 55.0 65.2 73.9 138.7 130.2 93.9 46.2 879.9 149.0 0.6 0.32 4 5 4 5 1 1 1 1 2 2 
235825-A 36.1 49.0 4.8 10 4.9 8.7 47.2 117.6 8.4 68.5 50.0 53.0 54.2 73.6 129.7 129.2 67.0 56.0 1307.0 722.6 0.7 0.69 4 6 3 3 1 1 1 1 2 2 
236194-A 37.1 30.7 4.5 3.1 8.2 2.9 50.2 33.0 11.9 22.5 53.4 53.0 61.6 61.9 136.0 171.2 78.0 42.0 1329.0 976.5 0.6 0.63 3 6 2 4 1 1 1 1 2 2 
236194-B 39.1 46.3 5.2 6.8 6.2 5.5 43.9 76.0 13.9 49.5 53.4 55.0 62.6 71.9 160.0 147.2 75.2 38.9 323.8 191.5 0.5 0.47 5 6 5 4 1 1 1 1 2 2 
236196-A 36.5 41.6 3.7 9.2 1.0 3.9 25.5 98.5 12.5 30.5 52.4 52.0 56.9 71.2 139.4 99.9 77.3 55.4 821.0 813.5 0.6 0.64 4 4 4 3 1 1 1 1 2 2 
236196-B 42.4 42.3 7.2 3.5 12 1.5 100.9 45.0 18.9 25.5 53.4 55.0 62.6 64.9 134.0 147.2 141.0 143.0 1641.0 1758.0 0.9 0.81 1 2 1 2 1 1 3 3 1 1 
236197-A 26.4 23.3 3.2 1.8 0.2 -0.8 19.6 -5.6 8.3 43.5 55.4 55.0 63.6 57.9 126.0 131.2 47.1 49.1 235.5 251.9 0.3 0.25 6 6 5 4 1 1 1 1 2 2 
236197-C 38.1 32.8 4.2 5.5 1.2 5.1 33.2 44.8 11.6 32.8 51.4 53.4 60.6 70.2 138.0 142.5 85.3 44.6 1247.0 778.1 0.9 0.14 3 9 1 5 1 1 1 1 2 2 
236198-A 36.1 31.5 5.5 8.5 0.9 5.5 44.9 61.4 12.9 71.5 52.4 55.0 61.6 70.9 126.0 136.2 84.4 46.0 757.1 125.5 0.4 0.28 5 5 4 4 1 1 1 1 2 2 
236198-B 44.9 41.4 5.4 5.6 4.8 5.4 47.4 51.7 16.1 32.2 51.7 53.0 59.9 73.9 126.4 128.2 77.6 61.2 1103.0 301.5 0.7 0.45 4 7 3 4 1 1 1 1 2 2 
236459-A 42.2 40.3 3.7 7.9 2.3 7.5 56.8 83.5 13.5 46.4 49.4 52.7 57.9 72.6 133.4 128.9 97.7 17.9 1196.0 328.2 0.7 0.43 4 6 1 5 1 1 1 1 2 2 
236459-B 38.5 49.6 3.7 4.3 1.3 3.1 44.8 40.5 7.5 19.4 51.4 52.7 55.9 73.6 123.4 126.9 90.9 83.7 1317.0 1203.0 0.9 0.83 2 3 1 2 1 1 2 2 1 1 
236460-A 38.4 48.6 1.5 7.9 1.5 5.8 2.8 52.5 -3.6 38.4 52.0 54.7 57.2 73.6 134.7 128.9 113.0 62.5 872.3 244.5 0.6 0.46 4 6 4 4 1 1 1 1 2 2 
236463-A 37.5 37.3 2.3 7.9 1.6 11 27.8 119.8 9.1 73.4 53.4 52.7 57.9 73.6 130.4 130.9 98.9 45.5 1056.0 515.7 0.7 0.58 4 5 3 4 1 1 1 1 2 2 
236463-B 39.1 48.5 5.9 5.5 5.0 2.2 35.4 64.4 14.2 35.0 50.7 53.0 57.6 76.6 136.7 127.2 100.9 47.7 977.7 347.6 0.8 0.56 4 4 1 4 1 1 1 1 2 2 
236464-A 37.4 37.2 4.5 7.3 3.9 6.5 19.8 82.8 6.4 11.8 50.0 49.0 58.2 74.2 132.7 124.2 108.2 107.9 1226.0 1191.0 0.7 0.69 4 4 4 2 1 1 2 2 2 2 
236464-B 28.5 40.7 3.4 3.9 4.0 4.1 12.4 27.1 6.1 39.8 53.4 50.4 64.6 65.2 141.4 127.5 78.7 61.6 1432.0 365.6 0.7 0.39 4 8 3 4 1 1 1 1 2 2 
236465-A 37.2 39.3 5.0 6.3 1.6 5.1 57.1 53.8 16.1 37.4 49.4 52.7 57.9 72.6 137.4 128.9 114.9 41.5 1226.0 195.7 0.9 0.35 3 6 1 5 1 1 1 1 2 2 



184 
 

Appendix 2: Continued.... 
 
Genotype
s 

A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B 
PLH NPB NSB FPPP IPPP DTF DTP DTM TSW GY SR FTR SSS FC SLP SC 

236465-C 38.5 48.9 5.3 6.2 3.6 3.2 34.8 75.8 5.5 47.5 51.4 50.0 56.9 65.2 137.4 120.9 105.3 54.4 792.6 741.0 0.6 0.61 4 4 4 3 1 1 1 1 2 2 
236467-A 42.3 39.1 7.4 3.9 12 3.5 82.0 27.1 16.1 34.8 54.4 51.4 62.6 63.2 141.4 128.5 79.9 30.6 870.4 388.1 0.6 0.59 4 4 4 4 1 1 1 1 2 2 
236467-B 41.6 46.1 5.4 3.9 6.0 4.5 49.7 38.4 11.4 38.8 52.4 51.4 59.6 64.2 133.4 131.5 91.5 37.6 1484.0 495.6 0.9 0.51 3 4 1 4 1 1 1 1 2 2 
236469-B 35.6 35.8 5.1 6.2 4.2 2.8 25.0 55.0 6.5 33.2 54.7 55.0 62.9 80.9 139.4 130.2 77.8 10.2 1138.0 184.9 0.8 0.13 4 9 1 5 1 1 1 1 2 2 
236470-A 29.2 40.3 4.3 4.6 0.3 5.5 25.1 51.8 5.1 34.4 51.4 52.7 57.9 73.6 125.4 126.9 67.1 45.5 984.3 74.5 0.6 0.47 4 7 3 5 1 1 1 1 2 2 
236470-B 34.7 45.6 0.8 1.0 0.2 1.1 -10.5 12.2 -1.3 -3.9 60.0 59.7 76.2 80.2 137.7 136.2 127.4 127.3 1321.0 1276.0 0.7 0.76 4 4 2 2 1 1 1 1 2 2 
236471-A 32.8 45.2 3.5 3.5 2.2 1.0 34.6 35.9 9.9 29.7 53.4 54.0 60.6 73.6 136.0 127.5 73.2 33.9 1052.0 172.4 0.7 0.42 4 5 3 4 1 1 1 1 2 2 
236471-B 40.7 42.0 5.2 5.1 4.2 6.5 47.7 47.0 6.9 45.5 49.7 54.0 54.6 69.9 131.4 136.2 85.8 49.0 1345.0 610.2 0.9 0.71 3 4 1 3 1 1 1 1 2 2 
236472-A 32.6 35.4 9.7 5.1 9.0 4.9 66.0 71.7 22.4 59.0 52.4 55.0 62.6 78.6 141.4 129.2 40.8 37.7 777.1 453.6 0.4 0.37 7 8 5 5 1 1 1 1 2 2 
236472-B 36.3 36.6 3.4 4.1 4.3 1.5 26.0 33.7 11.7 40.0 53.4 59.0 63.6 74.6 136.4 127.2 77.5 12.6 1104.0 122.6 0.7 0.33 4 6 1 5 1 1 1 1 2 2 
236475-A 35.7 34.6 3.8 7.5 3.2 7.5 21.0 89.8 1.9 47.5 48.7 50.0 56.6 63.2 128.4 120.9 77.8 51.4 1329.0 257.3 0.9 0.42 3 5 1 4 1 1 1 1 2 2 
236475-C 40.5 38.0 6.3 5.6 3.6 5.1 54.1 69.5 13.5 40.4 52.4 54.7 57.9 73.6 139.4 130.9 96.9 18.0 1406.0 123.2 0.7 0.56 4 7 2 5 1 1 1 1 2 2 
236479-A 35.7 38.7 3.0 7.3 1.3 6.1 25.8 115.8 7.1 43.4 54.4 52.7 56.9 73.6 133.4 130.9 97.3 50.5 916.0 473.2 0.5 0.57 5 6 4 3 1 1 1 1 2 2 
236479-C 37.8 47.5 3.2 3.8 1.6 2.0 47.1 36.9 6.2 10.7 51.7 54.0 58.6 73.6 131.7 129.5 92.1 84.9 1442.0 1480.0 0.8 0.81 2 3 1 1 1 1 3 2 1 1 
236481-B 35.1 37.8 4.1 7.0 2.2 7.9 15.2 102.2 2.4 63.8 55.0 50.0 59.2 64.2 132.7 123.2 93.8 45.9 1401.0 465.7 0.9 0.16 3 9 1 4 1 1 1 1 2 2 
236491-A 38.3 38.3 3.8 5.0 0.2 2.7 30.7 41.9 3.2 32.5 51.7 51.0 56.6 80.6 131.4 129.2 84.6 47.0 1427.0 305.1 0.8 0.57 3 5 1 4 1 1 1 1 2 2 
236493-A 36.8 34.7 2.9 3.3 1.0 2.5 37.8 55.8 7.2 35.8 52.7 53.0 58.6 66.2 127.7 121.2 102.1 46.9 1151.0 503.2 0.7 0.54 4 5 3 4 1 1 1 1 2 2 
236882-A 42.3 34.6 5.7 6.3 6.8 5.8 41.0 47.2 17.5 25.8 51.7 54.7 58.9 77.2 133.4 126.2 81.6 42.4 1268.0 129.0 0.7 0.55 4 6 2 5 1 1 1 1 2 2 
236882-B 43.8 40.4 4.8 9.2 2.5 4.1 38.3 52.7 10.2 33.2 49.7 62.0 57.6 78.9 139.4 128.2 86.2 39.2 837.7 166.5 0.4 0.33 5 7 4 5 1 1 1 1 2 2 
237054-A 31.2 41.4 3.2 4.9 2.7 2.1 39.5 43.7 12.0 30.2 49.4 53.0 57.9 73.9 133.0 130.2 39.4 26.0 623.4 544.0 0.4 0.39 7 8 5 5 1 1 1 1 2 2 
237054-B 37.6 50.3 6.7 5.9 8.6 3.2 43.4 63.8 15.4 18.5 52.4 50.0 60.6 60.2 134.4 121.9 109.5 85.4 1982.0 2009.0 0.8 0.82 1 2 2 2 1 1 3 3 1 1 
237055-A 42.8 34.9 4.9 7.0 2.4 6.8 46.8 54.9 6.1 26.8 50.7 51.7 61.2 74.2 137.7 126.2 86.7 35.7 217.9 200.3 0.4 0.33 3 5 5 5 1 1 1 1 2 2 
237055-B 36.8 37.7 2.6 5.0 0.0 2.5 38.4 62.2 6.9 35.8 48.7 51.0 58.6 69.2 137.7 121.2 99.3 47.9 967.7 382.0 0.7 0.58 5 7 3 5 1 1 1 1 2 2 
240044-A 35.4 35.4 4.8 4.2 2.5 6.1 17.5 48.4 -2.6 32.8 52.0 53.4 59.2 69.2 131.7 131.5 79.4 17.6 1129.0 906.9 0.6 0.58 5 7 3 5 1 1 1 1 2 2 
240045-A 38.5 39.0 3.7 6.9 1.3 5.5 33.8 126.2 6.5 20.4 50.4 52.7 55.9 72.6 133.4 130.9 104.7 101.5 1347.0 1233.0 0.7 0.76 5 5 1 2 1 1 1 1 2 2 
24159-B 39.0 49.3 4.2 7.0 3.9 4.7 44.0 56.9 9.2 15.5 48.7 51.0 56.6 71.6 131.4 127.2 106.2 105.0 1089.0 1079.0 0.8 0.74 4 4 1 2 1 1 1 1 2 2 
24159-C 48.2 38.3 3.2 4.0 2.4 2.1 52.8 29.9 10.4 28.5 49.7 53.0 61.2 74.6 129.7 129.2 101.5 47.0 1463.0 846.4 0.9 0.42 3 6 1 5 1 1 1 1 2 2 
241800-A 44.6 37.2 3.1 3.3 2.2 4.2 26.4 84.8 10.1 32.8 53.7 50.0 61.9 64.2 140.4 122.2 87.5 8.9 1361.0 130.7 0.9 0.13 3 9 1 5 1 1 1 1 2 2 
241800-B 37.1 39.2 7.5 6.1 3.9 3.2 79.6 86.0 20.3 40.0 53.4 57.0 62.6 73.6 133.0 127.2 79.6 54.6 995.5 210.1 0.8 0.42 4 5 1 4 1 1 1 1 2 2 
241801-A 44.4 43.7 3.1 6.5 2.2 5.5 22.2 55.1 3.4 28.8 52.0 50.4 57.2 64.2 126.7 131.5 101.2 100.6 1109.0 1009.0 0.8 0.76 5 5 3 2 1 1 1 1 2 2 
241801-C 37.5 54.3 3.3 8.6 0.3 5.1 29.8 89.2 8.5 17.4 52.4 54.7 57.9 73.6 130.4 130.9 89.3 62.0 1092.0 978.2 0.7 0.66 4 4 4 3 1 1 2 2 2 2 
241802-A 29.8 31.3 3.2 3.9 -0.7 0.8 27.8 28.2 8.2 41.3 51.7 53.7 57.6 60.6 131.7 131.9 66.5 63.7 679.3 614.0 0.3 0.28 7 7 4 4 1 1 1 1 2 2 
241804-B 41.1 35.9 5.2 3.9 7.2 1.8 87.9 35.8 17.9 27.4 52.4 53.7 61.6 73.6 135.0 128.9 79.2 49.5 1355.0 139.5 0.6 0.31 4 6 2 4 1 1 1 1 2 2 
241804-C 37.8 49.8 6.9 4.2 7.2 2.7 69.6 65.9 13.3 32.7 53.4 54.0 60.6 74.6 133.0 129.5 97.6 33.9 1375.0 344.9 0.9 0.47 3 4 1 4 1 1 1 1 2 2 
241804-D 40.8 36.1 8.9 5.2 7.2 3.1 90.2 49.8 16.6 30.8 52.4 51.4 61.6 66.2 133.0 128.5 80.0 40.6 1342.0 830.6 0.7 0.55 4 7 2 4 1 1 1 1 2 2 
26918-A 41.8 34.7 4.9 7.0 3.0 6.4 41.4 68.3 7.9 33.5 50.7 52.0 58.6 73.6 138.7 127.2 85.6 46.0 1323.0 413.9 0.8 0.67 3 6 1 5 1 1 1 1 2 2 
30287-A 36.2 49.0 3.7 6.6 2.0 5.5 34.8 60.2 7.8 34.4 53.4 62.7 57.9 81.6 133.4 130.9 94.5 44.1 1168.0 133.2 0.7 0.56 4 4 3 4 1 1 1 1 2 2 
30287-C 36.8 45.1 4.6 5.6 4.0 4.4 56.1 38.3 14.9 10.2 52.7 55.0 60.6 76.9 134.7 130.2 92.1 66.2 1649.0 1308.0 0.8 0.85 1 5 2 3 1 1 3 1 2 2 
30288-A 37.8 34.9 5.2 4.0 1.6 2.2 35.4 38.5 6.5 27.8 50.7 53.0 59.6 64.2 131.7 121.2 103.7 45.9 1189.0 819.5 0.7 0.42 4 5 2 5 1 1 1 1 2 2 
30288-B 37.8 38.3 4.2 7.5 1.3 8.5 32.8 92.5 9.9 29.5 51.7 57.0 61.6 73.2 136.7 130.9 85.7 54.4 742.7 786.0 0.7 0.64 4 4 4 3 1 1 1 1 2 2 
30289-A 37.6 35.8 5.1 3.9 2.5 3.1 18.7 39.0 7.1 14.2 53.7 63.0 62.9 83.9 137.4 130.2 88.4 50.2 1353.0 1022.0 0.7 0.63 4 6 2 3 1 1 1 1 2 2 
30289-B 38.3 40.2 4.7 4.8 3.3 3.5 41.0 53.0 18.4 16.0 53.4 61.0 62.6 76.6 136.4 129.2 88.3 50.6 1337.0 1003.0 0.8 0.78 4 6 2 3 1 1 1 1 2 2 
30290-A 37.9 45.7 4.4 6.2 2.2 4.8 26.0 47.3 7.5 31.2 55.7 59.0 61.9 81.9 133.4 130.2 93.6 71.3 1270.0 952.0 0.9 0.81 3 6 1 3 1 1 1 1 2 2 
30290-C 30.5 53.3 2.4 6.6 0.2 4.5 16.0 73.8 4.6 45.4 50.7 63.7 59.6 88.6 126.4 130.9 72.2 35.5 977.7 22.0 0.6 0.56 4 4 3 4 1 1 1 1 2 2 
30293-A 36.5 46.1 5.1 6.9 3.2 2.8 48.0 64.0 7.2 14.2 51.7 65.0 60.6 75.9 136.4 128.2 102.0 102.2 1389.0 1343.0 0.8 0.79 3 4 1 2 1 1 1 1 2 2 
30296-A 37.9 31.8 6.4 4.5 3.3 4.1 54.7 54.8 16.7 8.8 53.4 50.4 63.6 68.2 124.4 131.5 66.1 43.6 1345.0 1418.0 0.7 0.61 4 5 3 4 1 1 1 1 2 2 
30300-A 39.3 45.6 4.5 5.3 3.6 4.4 41.0 78.9 3.9 34.5 50.7 51.0 57.6 73.6 128.4 129.2 79.0 34.0 1040.0 236.4 0.7 0.33 5 6 3 4 1 1 1 1 2 2 
30300-B 31.7 35.0 3.8 3.7 2.2 2.1 27.3 29.2 10.2 33.8 51.7 51.7 57.6 60.2 129.4 128.2 47.9 49.2 779.4 800.7 0.5 0.48 6 6 4 4 1 1 1 1 2 2 
30301-A 30.5 35.0 3.9 4.6 2.3 3.8 26.1 26.5 8.5 40.9 50.7 52.7 61.6 64.6 131.7 131.9 49.4 43.5 824.3 759.0 0.3 0.36 7 7 4 4 1 1 1 1 2 2 
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A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B 
PLH NPB NSB FPPP IPPP DTF DTP DTM TSW GY SR FTR SSS FC SLP SC 

30301-C 39.5 40.0 3.3 3.9 2.0 2.5 20.8 22.5 7.8 8.4 52.4 53.7 58.9 63.6 133.4 134.9 92.7 89.5 1729.0 1116.0 0.5 0.52 4 4 4 2 1 1 2 2 2 2 
30302-A 37.1 37.3 2.9 7.9 -0.7 3.5 28.1 95.5 4.9 27.5 48.7 50.0 57.6 65.2 131.7 120.9 104.9 68.4 1094.0 1027.0 0.6 0.62 4 4 3 3 1 1 1 1 2 2 
30302-C 41.1 51.6 4.9 7.9 2.6 4.2 46.8 61.8 22.2 34.5 50.7 52.0 57.6 65.2 131.7 129.9 89.7 56.4 1376.0 629.8 0.8 0.64 3 6 1 3 1 1 1 1 2 2 
30304-A 42.2 36.8 4.1 6.6 4.5 7.4 48.6 70.7 4.9 41.2 51.7 55.0 61.6 75.9 125.4 145.2 67.6 36.2 1256.0 120.2 0.7 0.45 4 7 2 5 1 1 1 1 2 2 
30304-B 39.2 30.3 3.9 1.8 5.7 -0.8 23.8 9.0 4.1 44.5 54.7 53.0 65.2 69.9 135.7 144.2 82.5 18.0 1028.0 419.0 0.6 0.19 4 9 1 5 1 1 1 1 2 2 
30307-A 40.3 34.6 9.1 4.1 7.8 2.9 57.4 42.4 13.5 26.0 53.7 60.0 60.9 76.6 135.4 127.2 69.2 19.6 979.8 127.6 0.7 0.48 4 7 1 5 1 1 1 1 2 2 
30307-D 42.3 34.9 5.1 5.2 5.5 3.1 51.0 32.7 16.1 39.2 51.7 67.0 62.9 83.9 139.4 130.2 80.4 25.7 1333.0 112.7 0.7 0.41 4 5 3 5 1 1 1 1 2 2 
30308-B 34.8 45.5 3.8 3.8 3.5 2.0 26.3 28.9 9.9 28.7 51.7 54.0 58.6 73.6 125.4 129.5 82.6 45.9 1373.0 573.6 0.7 0.67 4 5 2 3 1 1 1 1 2 2 
30309-A 37.0 35.7 2.5 6.7 4.2 3.1 30.3 49.3 5.9 26.5 52.7 53.0 58.6 74.6 131.4 127.2 69.8 48.0 1162.0 725.1 0.9 0.59 3 5 1 4 1 1 1 1 2 2 
30309-C 36.5 34.9 4.6 5.9 3.6 5.9 44.8 100.8 6.9 30.5 48.7 50.0 58.6 63.2 136.7 118.9 83.8 22.9 1094.0 901.0 0.6 0.43 4 5 1 5 1 1 1 1 2 2 
30310-A 31.0 35.2 8.1 3.8 6.2 2.9 80.7 36.4 17.5 47.0 55.7 61.0 63.9 83.6 139.4 129.2 44.0 26.6 379.0 423.8 0.2 0.11 8 9 4 5 1 1 1 1 2 2 
30311-A 38.8 40.0 4.2 3.5 2.4 0.5 16.8 15.4 3.4 31.5 50.7 51.0 60.2 75.9 134.7 144.2 97.9 63.0 1375.0 915.2 0.8 0.63 3 4 1 3 1 1 1 1 2 2 
30312-A 31.9 36.9 6.8 5.2 3.9 3.8 80.0 40.7 17.6 29.2 53.7 55.0 60.6 73.9 129.4 142.2 47.7 24.7 1026.0 541.5 0.6 0.32 6 6 4 5 1 1 1 1 2 2 
30312-B 40.2 40.4 3.4 6.9 2.2 3.8 56.3 49.0 8.9 30.2 51.7 53.0 59.6 72.9 130.4 145.2 83.5 24.6 1211.0 131.5 0.8 0.51 3 7 1 5 1 1 1 1 2 2 
30313-C 45.2 37.0 5.1 6.9 4.9 2.4 90.3 44.3 6.2 31.2 51.7 53.0 59.6 79.9 139.4 127.2 62.5 41.2 1339.0 546.5 0.9 0.51 3 7 1 5 1 1 1 1 2 2 
30314-A 30.1 35.3 4.9 6.7 0.3 3.7 36.4 62.6 8.9 52.5 51.7 55.0 59.6 73.6 131.7 164.2 46.1 15.0 984.3 307.6 0.6 0.15 7 9 4 5 1 1 1 1 2 2 
30314-B 36.3 47.2 4.2 4.8 4.2 3.9 31.7 53.4 3.2 33.0 57.7 61.0 72.6 75.6 131.4 136.2 156.6 31.6 992.1 138.8 0.7 0.59 4 4 3 4 1 1 1 1 2 2 
30315-C 37.5 47.8 4.9 7.8 1.1 5.0 26.2 81.6 8.7 40.7 52.7 76.0 63.2 76.6 136.7 129.5 90.7 35.9 1083.0 174.9 0.7 0.41 4 5 3 4 1 1 1 1 2 2 
30316-A 36.1 35.1 3.6 5.9 3.0 4.2 56.8 70.1 7.2 52.5 51.7 52.0 59.6 74.2 131.7 129.9 69.8 52.4 1404.0 564.8 0.7 0.34 4 8 3 4 1 1 1 1 2 2 
30316-B 35.0 35.6 3.2 5.0 2.9 5.4 20.3 61.3 3.9 34.5 50.7 51.0 58.6 68.6 131.4 126.2 81.4 46.0 1097.0 301.4 0.7 0.56 4 6 3 4 1 1 1 1 2 2 
30317-A 46.5 40.2 3.4 4.1 3.5 2.5 68.3 53.0 19.9 40.0 53.7 59.0 61.6 76.6 129.4 127.2 83.1 18.6 1333.0 383.8 0.9 0.48 3 7 1 5 1 1 1 1 2 2 
30318-B 40.3 39.3 6.8 5.3 3.9 4.4 46.3 69.3 5.2 50.5 52.7 52.0 60.6 73.6 131.4 129.2 84.5 35.0 1370.0 961.4 0.9 0.43 3 6 1 5 1 1 1 1 2 2 
30319-A 42.6 49.1 5.1 6.2 3.0 6.1 37.0 97.8 7.7 33.8 54.4 51.4 63.6 66.2 128.4 131.5 87.5 67.6 985.4 876.9 0.7 0.71 4 4 4 3 1 1 1 1 2 2 
30319-B 38.2 35.1 4.9 5.3 3.7 3.4 30.2 32.5 8.7 32.8 54.7 54.7 65.2 75.2 141.7 123.2 83.9 25.2 1392.0 669.3 0.8 0.14 3 9 1 5 1 1 1 1 2 2 
30320-C 46.3 35.0 11 6.7 11 7.4 98.0 62.9 21.5 37.8 55.7 62.7 64.9 85.2 140.4 125.2 73.4 25.1 1305.0 506.1 0.8 0.34 3 6 1 5 1 1 1 1 2 2 
30321-A 43.5 38.5 6.1 7.7 3.9 3.8 63.3 46.9 8.6 23.8 53.7 69.7 59.6 78.2 130.4 147.2 90.2 41.1 1018.0 79.0 0.6 0.53 4 6 1 5 1 1 1 1 2 2 
30323-A 42.2 34.9 6.1 6.2 5.2 2.0 55.0 44.9 10.9 29.7 51.7 61.0 61.6 74.6 132.4 129.5 83.2 19.9 1224.0 251.1 0.9 0.43 3 5 1 5 1 1 1 1 2 2 
30324-A 36.5 38.7 3.8 5.8 1.5 3.9 27.6 42.0 10.6 28.0 52.7 53.0 61.6 76.6 129.4 127.2 84.2 30.6 852.7 300.1 0.5 0.51 4 4 4 4 1 1 1 1 2 2 
30325-A 35.1 37.7 6.9 9.7 0.3 6.5 49.1 55.2 5.9 32.8 52.7 53.0 59.6 64.2 138.7 121.2 89.5 32.9 1329.0 274.5 0.8 0.41 3 5 1 5 1 1 1 1 2 2 
30325-C 36.5 36.9 4.3 9.9 3.3 6.2 39.5 84.8 13.1 45.5 54.4 50.0 59.9 72.2 130.4 120.9 83.3 51.4 921.0 239.8 0.6 0.55 4 5 4 4 1 1 1 1 2 2 
30326-A 43.7 34.1 5.8 5.9 4.6 3.2 48.0 67.1 4.9 33.5 51.7 50.0 57.6 65.2 131.4 120.9 92.2 51.4 1175.0 664.8 0.6 0.41 4 6 2 4 1 1 1 1 2 2 
30327-A 37.5 39.0 2.3 8.6 1.3 8.8 18.1 126.2 6.8 112.4 58.4 52.7 58.9 72.6 137.4 137.9 102.5 18.0 1246.0 513.2 0.8 0.54 3 7 1 5 1 1 1 1 2 2 
30329-A 38.8 34.8 6.4 6.6 5.9 4.4 81.6 44.3 17.2 30.2 52.7 62.0 61.6 76.9 132.4 131.2 68.2 28.2 1091.0 564.9 0.7 0.45 4 5 3 5 1 1 1 1 2 2 
30329-B 43.7 38.5 4.2 7.8 -0.3 5.2 2.5 64.4 2.3 37.0 57.4 62.0 73.9 92.6 128.0 136.2 64.7 43.6 407.1 331.3 0.3 0.15 7 9 5 4 1 1 1 1 2 2 
30331-A 44.5 37.8 5.4 6.9 4.9 1.4 59.0 58.3 5.9 34.2 51.7 53.0 60.6 75.9 125.4 130.2 80.6 23.5 1048.0 610.0 0.7 0.67 5 6 3 5 1 1 1 1 2 2 
30332-A 29.8 34.7 6.9 6.3 3.4 1.4 44.2 30.2 8.7 27.8 52.7 54.7 65.2 78.2 138.7 123.2 46.3 25.4 604.9 231.3 0.2 0.12 8 9 4 5 1 1 1 1 2 2 
30334-B 35.7 39.6 5.5 7.3 3.9 5.2 45.7 114.2 1.2 56.8 52.7 53.0 60.6 64.2 131.4 123.2 91.0 31.9 1374.0 398.2 0.8 0.54 3 4 1 4 1 1 1 1 2 2 
30334-C 35.5 35.1 4.6 6.5 3.3 2.9 47.4 78.1 6.9 48.5 51.7 50.0 58.6 63.2 136.7 120.9 95.3 59.4 1051.0 738.5 0.8 0.75 4 3 2 3 1 1 1 1 2 2 
30335-A 41.3 46.1 6.1 4.9 8.3 5.5 92.7 60.4 15.7 33.8 53.4 52.4 63.6 64.2 141.4 131.5 102.7 101.6 1305.0 916.9 0.6 0.61 4 4 2 2 1 1 1 1 2 2 
30335-B 37.9 39.8 7.4 8.2 5.5 5.4 25.0 48.0 8.1 14.2 54.7 59.0 60.9 74.9 133.4 130.2 98.2 65.2 1660.0 1283.0 0.7 0.82 3 5 2 3 1 1 3 1 2 2 
30336-A 40.5 35.2 5.5 5.0 2.4 2.4 25.2 35.9 9.1 2.8 54.7 53.7 63.2 75.2 132.7 123.2 75.9 57.1 1309.0 1291.0 0.8 0.85 2 3 2 2 1 1 1 1 1 1 
30336-B 35.7 43.9 5.2 5.9 5.2 2.5 44.0 65.1 6.5 19.5 52.7 50.0 57.6 65.2 131.4 120.9 88.6 97.4 1410.0 1900.0 0.8 0.81 2 2 2 2 1 1 3 3 1 1 
30337-A 45.3 36.0 5.2 6.2 3.6 1.5 73.7 61.5 8.5 36.5 51.7 48.0 59.6 62.2 133.4 118.9 90.2 51.4 1297.0 559.8 0.7 0.57 3 7 2 5 1 1 1 1 2 2 
30337-C 36.2 38.8 4.2 8.9 2.7 13. 22.2 149.8 6.1 59.4 53.7 74.7 62.2 78.6 138.7 137.9 82.7 30.5 906.6 85.7 0.5 0.41 5 6 4 4 1 1 1 1 2 2 
30338-A 40.2 38.2 4.1 6.5 2.2 4.9 26.3 60.7 9.2 36.0 50.7 61.0 59.6 76.6 123.4 129.2 75.0 18.7 806.0 232.6 0.7 0.69 5 6 4 5 1 1 1 1 2 2 
30339-A 30.7 38.2 5.8 5.1 2.2 5.5 45.3 59.0 14.6 46.0 53.7 55.0 61.6 76.6 128.4 129.2 41.8 38.6 792.7 40.1 0.4 0.38 8 8 4 5 1 1 1 1 2 2 
30340-A 37.6 39.7 8.7 3.2 8.0 5.5 91.7 37.4 16.1 38.8 56.4 53.4 63.6 68.2 136.4 131.5 61.7 60.6 957.1 259.4 0.4 0.11 7 9 4 4 1 1 1 1 2 2 
30340-C 32.1 39.4 5.4 7.6 4.2 3.4 24.4 56.0 5.1 36.2 55.7 60.0 62.9 74.9 140.4 130.2 46.0 27.8 1216.0 953.9 0.5 0.33 6 5 4 5 1 1 1 1 2 2 
30341-A 38.2 39.7 6.4 8.5 2.9 3.5 40.0 57.4 11.9 36.0 49.7 60.0 60.6 74.6 123.4 127.2 83.4 23.1 1161.0 192.6 0.6 0.49 4 7 3 5 1 1 1 1 2 2 
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Appendix 2: Continued.... 
 
Genotype
s 

A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B 
PLH NPB NSB FPPP IPPP DTF DTP DTM TSW GY SR FTR SSS FC SLP SC 

30341-B 38.8 43.3 5.2 3.1 4.7 0.5 45.5 25.4 10.1 41.5 49.7 51.0 61.2 68.9 134.7 137.2 77.5 60.0 938.3 572.7 0.6 0.61 6 7 4 3 1 1 1 1 2 2 
30342-B 36.8 37.8 4.2 9.2 5.7 2.4 50.5 49.0 8.4 36.2 52.7 55.0 64.2 75.9 138.7 145.2 61.7 34.4 1342.0 232.8 0.6 0.36 4 5 3 5 1 1 1 1 2 2 
30343-A 35.6 43.1 6.1 5.9 8.3 4.8 47.7 88.1 15.1 13.8 53.4 50.4 63.6 64.2 138.4 131.5 97.7 96.6 1319.0 1224.0 0.8 0.74 3 4 1 2 1 1 2 2 2 2 
30344-A 32.0 38.6 4.9 4.3 4.1 6.5 49.5 69.8 17.4 65.8 52.7 51.0 63.2 64.2 138.7 120.2 45.2 46.9 1068.0 647.7 0.5 0.14 7 9 4 5 1 1 1 1 2 2 
30345-B 35.5 38.7 2.2 2.9 0.3 1.8 14.4 14.8 5.5 7.7 50.7 52.7 57.6 60.6 131.7 131.9 85.3 82.5 1654.0 1289.0 0.7 0.71 3 3 4 1 1 1 3 3 2 2 

30345-C 38.0 33.0 2.8 6.2 1.2 3.5 34.3 57.8 -1.5 32.5 48.7 48.0 56.6 63.2 131.4 118.9 103.4 21.8 1239.0 822.3 0.7 0.59 4 7 2 5 1 1 1 1 2 2 
30345-D 33.2 42.8 4.0 2.5 0.3 1.0 28.1 29.2 5.5 20.7 49.4 54.0 56.9 75.6 130.4 129.5 64.7 65.9 961.0 367.4 0.5 0.45 7 7 4 4 1 1 1 1 2 2 
30346-A 39.6 48.4 4.4 6.0 4.3 4.5 46.7 96.5 17.1 60.8 53.4 50.0 60.6 64.2 140.4 124.2 109.7 108.9 1149.0 989.7 0.8 0.76 4 5 3 2 1 1 1 1 2 2 
30346-C 38.6 47.7 5.7 5.9 5.2 6.1 23.4 66.1 15.5 48.8 51.7 50.4 59.9 65.2 136.4 128.5 97.6 38.6 854.8 523.1 0.6 0.54 5 7 4 4 1 1 1 1 2 2 
30347-A 43.6 43.7 5.4 5.0 8.3 4.5 27.7 90.2 12.7 31.8 53.4 50.0 62.6 68.2 138.4 121.2 84.3 45.9 654.6 610.7 0.6 0.60 5 8 5 3 1 1 1 1 2 2 
30347-B 36.3 39.5 5.4 6.7 3.2 1.8 32.7 54.5 10.8 24.8 52.7 53.7 60.9 75.2 137.4 123.2 76.8 35.2 1343.0 399.0 0.6 0.40 4 6 3 5 1 1 1 1 2 2 
30348-B 37.8 43.8 3.2 4.8 1.6 4.0 32.4 30.6 8.9 11.7 51.7 54.0 59.6 73.6 136.7 129.5 89.3 69.9 1943.0 1379.0 0.8 0.81 1 3 1 2 1 1 3 2 1 1 
30348-C 41.3 37.6 5.8 8.2 4.2 5.9 43.3 92.5 4.2 48.5 51.7 50.0 59.6 63.2 131.4 120.9 80.6 49.4 1062.0 363.5 0.6 0.44 4 7 3 5 1 1 1 1 2 2 
30349-A 38.5 34.8 5.4 4.9 3.2 3.8 35.3 47.7 10.2 24.2 49.7 53.0 58.6 76.9 126.4 127.2 78.2 43.2 919.4 187.7 0.6 0.31 5 5 4 5 1 1 1 1 2 2 
30349-B 39.2 47.1 5.2 5.9 2.4 4.8 33.5 69.3 7.1 16.2 52.7 55.0 62.2 73.9 139.7 131.2 90.7 85.2 1980.0 1989.0 0.9 0.83 1 2 1 2 1 1 3 3 1 1 
30349-C 31.9 33.8 5.9 5.3 7.1 1.8 51.5 38.5 7.4 33.8 52.7 54.7 68.2 75.2 139.7 126.2 80.7 31.3 1405.0 238.7 0.5 0.13 7 9 3 5 1 1 1 1 2 2 
30350-A 32.0 38.7 4.7 9.3 3.6 5.1 39.5 64.5 8.8 48.4 51.4 54.7 56.9 73.6 137.4 126.9 50.8 42.5 927.6 329.6 0.6 0.54 7 7 4 4 1 1 1 1 2 2 
30350-B 37.0 48.5 3.8 4.2 0.9 1.0 21.3 17.9 2.5 27.7 49.7 54.0 57.6 82.6 128.4 129.5 83.8 49.9 1200.0 554.9 0.8 0.78 4 3 2 3 1 1 1 1 2 2 
30350-C 33.3 50.0 5.2 5.0 1.9 3.7 23.3 51.9 2.2 33.5 49.7 53.0 58.6 74.6 124.4 131.2 75.0 36.0 867.1 493.9 0.6 0.58 4 4 4 4 1 1 1 1 2 2 
41001-A 36.4 35.4 5.8 5.7 2.9 2.5 23.5 31.2 -0.3 37.8 50.0 53.0 58.2 64.2 118.7 123.2 85.4 46.9 1067.0 237.0 0.7 0.64 5 6 3 5 1 1 1 1 2 2 
41003-B 34.6 33.5 7.1 4.7 5.5 2.4 50.7 46.5 13.1 25.8 52.7 53.7 57.9 76.2 135.4 134.2 75.6 32.6 724.8 380.3 0.6 0.58 6 7 4 5 1 1 1 1 2 2 
41003-C 36.9 37.2 6.4 3.7 3.2 1.8 50.7 34.5 20.1 8.8 51.7 54.7 58.9 79.2 129.4 126.2 85.6 84.1 1375.0 1105.0 0.8 0.72 3 4 1 1 1 1 2 2 2 2 
41004-C 38.5 52.3 4.7 3.6 0.6 2.1 24.8 35.5 7.5 17.4 49.4 53.7 55.9 73.6 130.4 130.9 93.7 61.3 1899.0 955.7 0.8 0.82 1 3 2 2 1 1 3 2 1 1 
41018-B 40.8 51.5 4.0 6.2 2.6 3.0 40.8 70.2 12.1 41.7 54.4 52.0 59.9 74.6 133.4 129.5 86.1 49.9 991.0 633.6 0.6 0.41 5 5 3 3 1 1 1 1 2 2 
41020-A 38.0 36.2 5.8 3.3 4.6 2.9 38.7 55.8 3.2 34.8 50.7 53.0 57.6 70.2 131.4 123.2 93.4 18.4 960.4 190.7 0.6 0.53 5 6 3 5 1 1 1 1 2 2 
41020-B 36.0 48.9 3.7 6.9 0.3 3.2 20.5 69.8 6.5 32.5 51.4 48.0 56.9 61.2 133.4 118.9 104.5 65.4 804.3 883.5 0.8 0.74 4 4 4 3 1 1 1 1 2 2 
41021-A 35.6 47.1 5.7 6.5 9.3 7.5 35.0 97.1 11.4 33.8 54.4 50.4 62.6 67.2 138.4 131.5 91.9 68.6 889.6 863.1 0.7 0.69 4 5 4 3 1 1 1 1 2 2 
41021-B 38.6 37.2 4.4 5.8 2.5 3.5 14.7 52.0 10.5 39.0 52.7 71.0 60.9 83.6 129.4 127.2 71.2 16.6 874.8 298.8 0.6 0.64 5 6 4 5 1 1 1 1 2 2 
41026-A 38.5 37.0 2.3 5.8 0.6 4.0 25.1 63.2 9.1 35.7 53.4 54.0 57.9 74.6 137.4 129.5 90.5 59.9 1119.0 154.9 0.8 0.41 4 5 1 4 1 1 1 1 2 2 
41026-C 31.2 36.9 3.5 4.9 0.7 1.1 14.8 20.3 12.3 28.2 59.4 62.0 72.9 76.9 128.0 130.2 40.4 34.2 189.1 105.7 0.4 0.18 8 9 5 5 1 1 1 1 2 2 
41029-A 37.3 51.2 7.1 5.3 3.8 5.1 49.7 75.5 18.8 49.8 53.7 53.7 59.9 77.2 122.4 136.2 74.4 35.1 789.8 292.8 0.6 0.54 4 4 4 4 1 1 1 1 2 2 
41029-B 45.3 36.9 4.7 4.6 5.8 3.8 48.4 48.3 11.8 30.2 52.7 55.0 58.9 72.9 135.4 128.2 86.8 63.2 559.8 116.5 0.3 0.29 4 5 4 4 1 1 1 1 2 2 
41030-A 35.8 36.3 3.6 5.9 6.6 1.2 61.8 45.1 12.5 28.5 53.7 50.0 61.6 62.2 134.7 118.9 87.3 51.4 566.0 391.0 0.3 0.27 4 7 4 5 1 1 1 1 2 2 
41036-A 36.8 41.0 7.2 7.1 5.2 3.2 50.2 33.4 15.9 18.5 53.4 52.0 62.6 71.9 132.0 136.2 73.6 61.0 1132.0 970.2 0.8 0.81 4 6 3 3 1 1 1 1 2 2 

41036-B 39.9 47.4 6.7 5.2 4.5 0.8 38.0 30.3 14.8 16.2 53.7 55.0 59.9 73.9 132.4 128.2 90.3 88.3 1219.0 1260.0 0.8 0.81 2 3 1 2 1 1 2 2 1 1 
41036-C 37.1 49.0 5.1 6.3 5.9 4.9 31.5 60.8 4.4 30.8 51.0 50.0 57.2 66.2 132.7 123.2 100.2 99.9 1387.0 844.5 0.7 0.75 4 6 3 2 1 1 1 1 2 2 
41043-B 40.1 37.9 4.2 9.9 3.0 9.5 73.8 137.5 7.2 7.5 51.7 51.0 57.6 71.2 134.7 130.9 105.3 107.4 1495.0 1422.0 0.7 0.72 3 3 2 2 1 1 3 3 2 2 
41044-A 29.6 25.7 3.1 2.5 3.9 4.5 1.8 -0.6 1.4 41.8 54.0 53.4 59.2 56.2 128.7 132.5 45.2 44.6 864.0 845.6 0.2 0.19 7 8 4 4 1 1 1 1 2 2 
41046-B 31.7 38.5 4.2 4.7 3.1 6.4 33.2 67.9 11.1 25.8 53.7 53.7 63.2 75.2 136.7 126.2 47.4 25.6 941.6 146.5 0.5 0.41 6 6 4 5 1 1 1 1 2 2 
41051-A 36.6 42.6 4.3 4.9 2.0 2.8 32.5 32.5 9.8 19.4 52.4 54.7 58.9 74.6 130.4 128.9 84.5 65.5 1147.0 1033.0 0.9 0.83 2 3 2 2 1 1 3 2 1 1 
41051-C 31.8 34.7 4.7 5.3 2.3 2.8 27.5 41.5 7.5 28.4 51.4 52.7 60.9 71.6 132.4 129.9 42.9 18.0 851.0 234.5 0.6 0.52 6 6 4 5 1 1 1 1 2 2 
41057-B 46.1 35.3 5.8 6.7 8.5 7.4 71.2 101.6 15.4 57.5 52.0 53.0 57.2 73.6 130.7 129.2 74.2 45.0 1204.0 292.6 0.7 0.41 4 5 3 4 1 1 1 1 2 2 
41058-A 35.3 37.8 7.5 6.9 2.6 5.1 24.7 73.5 -0.5 30.4 51.7 58.7 58.6 78.6 138.4 137.9 72.6 68.4 1252.0 699.5 0.8 0.81 4 6 2 3 1 1 1 1 2 2 
41058-B 39.0 34.3 3.8 6.3 4.6 3.7 49.0 55.6 10.5 32.5 56.7 52.0 63.6 82.6 131.4 127.2 104.6 46.0 710.4 440.1 0.6 0.51 4 5 4 4 1 1 1 1 2 2 
41059-A 33.1 34.9 7.1 4.2 7.6 3.3 46.0 26.6 12.1 20.7 52.4 62.0 61.6 76.6 130.4 127.5 49.8 20.9 898.8 108.6 0.4 0.13 8 9 5 5 1 1 1 1 2 2 
41059-C 38.7 39.2 7.5 6.8 4.5 5.5 39.5 77.0 6.7 58.0 53.0 63.0 57.2 77.6 120.7 138.2 84.6 43.6 1376.0 565.1 0.7 0.43 4 6 2 4 1 1 1 1 2 2 
41073-A 38.5 36.7 4.0 3.9 3.3 5.5 47.5 58.2 14.1 37.4 53.4 54.7 57.9 74.6 130.4 130.9 97.9 47.5 899.3 222.0 0.5 0.37 4 6 4 4 1 1 1 1 2 2 
41073-B 40.5 48.4 3.8 5.0 1.2 5.2 37.3 93.2 10.9 28.8 49.7 53.0 58.6 64.2 122.4 124.2 90.2 66.9 850.2 880.7 0.6 0.65 5 6 4 3 1 1 1 1 2 2 
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Genotype
s 

A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B 
PLH NPB NSB FPPP IPPP DTF DTP DTM TSW GY SR FTR SSS FC SLP SC 

41074-A 36.6 35.4 6.4 6.2 7.0 6.5 58.7 74.8 17.4 30.8 54.4 50.4 63.6 67.2 142.4 131.5 86.3 48.6 1124.0 840.6 0.7 0.57 4 5 3 4 1 1 1 1 2 2 
41074-B 29.9 37.4 3.8 6.6 2.9 5.1 35.3 42.3 14.2 23.2 51.7 64.0 59.6 75.9 129.4 128.2 46.4 26.7 1373.0 121.5 0.7 0.62 6 6 4 5 1 1 1 1 2 2 
41075-A 40.5 37.1 5.0 4.9 3.0 4.2 28.1 60.8 19.5 34.5 54.4 52.0 59.9 67.2 137.4 120.9 88.5 33.4 849.3 542.3 0.6 0.57 4 4 4 4 1 1 1 1 2 2 
41075-C 38.5 51.6 3.3 5.2 1.0 3.9 26.5 116.8 8.5 59.5 52.4 55.0 58.9 69.2 133.4 129.9 111.7 113.4 1264.0 972.8 0.8 0.78 4 4 2 2 1 1 1 1 2 2 
41076-A 43.3 37.9 7.4 3.8 2.3 2.2 55.4 41.0 22.7 45.0 53.4 60.0 63.6 82.6 131.4 127.2 84.3 12.6 1009.0 135.1 0.7 0.60 5 6 3 5 1 1 1 1 2 2 
41076-C 37.2 36.9 4.1 5.2 2.2 2.4 26.6 45.0 8.2 28.2 49.7 63.0 58.6 75.9 122.4 128.2 71.4 53.2 839.4 661.5 0.6 0.45 4 5 4 4 1 1 1 1 2 2 
41077-B 38.8 48.9 3.2 7.5 1.0 3.2 27.4 76.8 5.2 11.5 50.7 52.0 58.6 67.2 127.7 120.9 86.3 88.4 1433.0 1561.0 0.8 0.75 4 4 3 2 1 1 3 3 2 2 
41078-A 37.1 39.3 7.5 4.8 3.5 1.5 45.2 30.4 12.6 22.5 53.4 55.0 61.6 69.9 140.0 153.2 93.2 62.0 1159.0 1169.0 0.8 0.79 4 5 2 3 1 1 1 1 2 2 
41078-B 40.0 48.3 5.2 5.9 2.2 3.5 40.7 44.1 7.9 32.5 51.7 55.0 56.6 66.2 134.4 120.9 94.6 55.4 1257.0 878.5 0.8 0.84 4 5 2 3 1 1 1 1 2 2 
41079-A 37.6 46.7 3.7 5.5 4.0 1.9 38.7 9.7 8.4 45.5 56.4 53.0 62.6 72.9 139.4 136.2 91.1 32.2 933.8 385.7 0.6 0.55 5 5 4 4 1 1 1 1 2 2 
41080-A 34.5 49.7 5.1 5.3 2.9 4.9 31.0 81.2 7.9 51.8 52.7 51.0 61.6 70.2 129.4 123.2 83.8 36.9 642.7 489.5 0.5 0.51 5 6 4 4 1 1 1 1 2 2 
41080-B 38.9 47.4 3.7 5.9 4.2 7.1 27.7 64.0 15.8 34.2 51.7 64.0 60.9 73.9 126.4 130.2 74.4 34.2 1288.0 319.0 0.7 0.46 4 5 3 4 1 1 1 1 2 2 
41081-A 36.7 47.1 3.8 6.2 2.9 6.1 19.2 81.1 0.7 21.8 54.0 50.4 59.2 64.2 129.7 131.5 96.2 95.6 1751.0 1933.0 0.8 0.80 1 2 2 2 1 1 3 3 1 1 
41086-A 36.6 37.8 6.1 6.9 7.8 4.4 72.4 69.7 20.8 40.2 53.7 54.0 58.9 73.9 130.4 128.2 87.2 38.2 1430.0 474.2 0.7 0.59 4 4 2 4 1 1 1 1 2 2 
41086-B 38.4 45.1 4.1 6.5 4.2 6.8 40.2 48.1 3.1 33.8 50.0 50.4 56.2 64.2 122.7 128.5 75.0 66.6 1249.0 896.9 0.9 0.85 5 6 2 3 1 1 1 1 2 2 
41089-A 38.5 43.2 1.7 1.5 1.0 0.9 26.8 29.7 6.5 35.7 52.4 54.0 55.9 61.6 125.4 125.2 92.5 61.6 937.6 934.6 0.6 0.61 5 6 4 3 1 1 1 1 2 2 
41089-B 37.5 50.2 3.3 5.8 0.3 5.9 23.8 75.4 5.8 56.0 53.4 55.0 57.9 74.6 130.4 127.2 86.5 50.6 1041.0 693.8 0.8 0.50 4 4 1 3 1 1 1 1 2 2 
41090-A 35.1 47.3 3.5 6.5 3.2 3.2 19.2 47.7 -1.3 34.5 54.0 55.0 60.2 72.9 129.7 136.2 98.6 45.0 1417.0 681.5 0.7 0.71 3 4 2 3 1 1 1 1 2 2 
41090-B 36.6 40.7 5.1 4.8 3.0 2.9 37.4 30.4 11.4 40.5 56.4 53.0 64.6 72.9 138.4 136.2 94.7 39.2 1499.0 374.0 0.7 0.55 4 4 2 4 1 1 1 1 2 2 
41091-A 37.1 46.4 6.9 4.9 5.5 3.1 59.6 19.4 10.9 12.8 55.4 53.4 65.6 68.2 136.0 128.5 90.0 66.6 1098.0 1184.0 0.6 0.61 5 6 3 3 1 1 1 1 2 2 
41092-B 31.9 34.4 3.8 4.8 1.5 4.5 6.5 50.0 -2.6 38.0 52.0 62.0 59.2 89.6 118.7 136.2 76.6 48.6 1361.0 775.1 0.6 0.51 6 5 3 4 1 1 1 1 2 2 
41093-B 41.1 51.4 6.2 6.3 4.5 6.5 55.9 115.2 12.6 10.8 53.4 52.0 63.6 69.2 133.0 132.2 91.0 92.9 1288.0 1357.0 0.9 0.76 3 4 1 1 1 1 3 3 2 2 
41093-C 38.1 36.3 6.2 7.9 8.5 6.8 70.2 54.5 11.9 38.4 52.4 63.7 61.6 75.6 140.0 137.9 86.0 27.5 848.8 -81.8 0.5 0.51 5 7 4 5 1 1 1 1 2 2 
41094-B 39.3 40.2 3.7 7.2 4.6 2.0 27.4 56.6 14.1 42.7 52.4 61.0 60.6 74.6 130.4 127.5 91.9 56.9 1294.0 906.1 0.8 0.81 2 3 2 3 1 1 2 2 1 1 
41094-C 36.4 48.0 6.1 3.7 3.2 7.2 30.2 33.8 -0.3 13.8 51.0 74.0 58.2 72.2 129.7 143.2 161.8 131.9 2000.0 1364.0 0.7 0.73 4 4 1 1 1 1 3 3 2 2 
41097-B 33.1 35.4 3.1 6.3 1.9 5.5 22.5 43.8 0.1 35.4 54.0 52.7 63.2 72.6 129.7 126.9 67.4 48.5 652.3 440.7 0.2 0.15 6 9 4 4 1 1 1 1 2 2 
41101-A 38.0 42.2 2.8 4.8 0.4 3.0 28.2 60.2 8.6 33.7 48.4 63.0 56.9 74.6 131.0 130.5 90.6 34.9 1015.0 224.9 0.5 0.50 5 6 4 4 1 1 1 1 2 2 
41104-B 37.3 41.3 6.4 3.5 2.5 0.2 25.4 21.4 10.1 45.5 52.7 55.0 59.9 73.9 129.4 136.2 85.6 31.2 969.8 344.0 0.7 0.57 5 5 3 4 1 1 1 1 2 2 
41107-A 38.0 44.3 3.8 8.0 2.2 7.1 27.3 95.3 1.5 44.5 49.7 53.0 57.6 75.6 134.4 129.2 85.4 37.0 1359.0 277.6 0.7 0.54 4 5 2 4 1 1 1 1 2 2 
41107-B 35.8 52.7 4.2 4.0 0.6 2.2 30.8 54.5 0.9 14.8 51.7 53.0 59.6 64.2 134.7 121.2 100.9 85.5 1654.0 1244.0 0.9 0.87 1 3 1 2 1 1 3 2 1 1 
41116-A 38.5 50.3 3.0 5.3 2.0 5.1 35.8 50.8 10.1 36.4 53.4 54.7 55.9 74.6 133.4 126.9 92.9 65.5 929.3 267.0 0.5 0.51 4 7 4 4 1 1 1 1 2 2 
41121-A 35.8 36.3 3.0 3.9 1.0 3.1 23.5 64.8 9.5 37.4 51.4 52.7 57.9 78.6 130.4 128.9 83.7 10.7 857.6 37.0 0.6 0.62 5 6 4 5 1 1 1 1 2 2 
41121-B 41.2 39.3 4.4 8.3 2.9 5.7 39.0 65.3 14.9 37.5 49.7 54.0 58.6 78.6 139.4 129.2 86.6 54.0 1369.0 807.4 0.8 0.78 4 4 2 3 1 1 1 1 2 2 
41124-C 38.5 50.6 4.7 5.6 2.0 4.5 32.8 62.8 13.5 36.4 54.4 53.7 58.9 75.6 133.4 130.9 104.9 30.5 1459.0 336.3 0.9 0.56 3 6 1 4 1 1 1 1 2 2 
41127-A 36.8 36.1 6.9 7.3 3.0 6.5 54.1 53.5 6.5 45.8 50.7 53.0 58.6 68.2 131.7 121.2 83.7 30.9 401.0 349.5 0.5 0.15 4 9 4 5 1 1 1 1 2 2 
41127-B 38.5 45.2 3.7 3.5 0.6 1.7 24.5 44.9 7.1 14.7 51.4 54.0 57.9 74.6 130.4 129.5 115.7 116.9 1713.0 1902.0 0.9 0.83 2 2 1 1 1 1 3 3 1 1 
41133-A 41.1 38.2 5.1 5.7 4.5 5.9 28.2 86.2 1.7 10.8 50.0 50.0 57.2 64.2 129.7 123.2 122.2 121.9 1667.0 1411.0 0.8 0.81 1 3 1 1 1 1 3 2 1 1 
41133-B 37.4 53.6 2.1 7.3 -0.2 5.1 -1.5 58.2 0.1 44.4 50.0 60.7 58.2 75.6 129.7 126.9 87.8 67.0 1216.0 725.2 0.8 0.78 4 4 3 3 1 1 1 1 2 2 
41136-A 37.6 46.5 8.1 4.8 5.3 2.5 54.7 56.0 22.1 33.0 53.4 55.0 61.6 76.6 134.4 127.2 78.3 50.6 1242.0 506.3 0.7 0.62 5 6 3 3 1 1 1 1 2 2 
41136-B 37.6 43.5 6.7 5.8 10 6.5 56.4 94.7 14.7 47.0 53.4 55.0 60.6 76.6 138.4 127.2 73.1 35.6 817.1 171.3 0.6 0.55 4 4 4 4 1 1 1 1 2 2 
41138-A 39.0 38.5 4.2 5.7 2.9 4.1 15.3 63.6 1.9 30.5 49.7 54.0 58.6 72.6 128.4 129.2 69.0 57.0 907.1 781.4 0.7 0.65 4 4 3 3 1 1 1 1 2 2 
41143-B 38.7 47.0 6.5 5.9 2.5 5.1 28.2 50.2 4.7 36.4 50.0 53.7 58.2 72.6 129.7 126.9 81.0 51.5 1002.0 422.0 0.7 0.61 5 6 3 3 1 1 1 1 2 2 
41145-A 37.6 35.9 7.1 7.0 3.5 3.1 40.7 41.9 9.1 22.8 53.7 53.7 60.9 73.2 140.4 123.2 80.8 39.1 488.2 45.3 0.5 0.40 4 5 4 4 1 1 1 1 2 2 
41153-A 40.6 39.7 5.4 3.2 6.0 5.8 72.7 37.8 15.1 30.8 53.4 53.4 63.6 63.2 127.4 131.5 85.5 45.6 1410.0 754.4 0.7 0.67 4 4 2 3 1 1 1 1 2 2 
41153-B 36.6 42.7 8.1 6.0 5.0 5.5 49.0 37.5 16.4 32.8 52.4 51.0 61.6 70.2 131.4 123.2 91.9 60.0 1335.0 653.2 0.8 0.73 3 4 1 3 1 1 1 1 2 2 
41156-A 32.2 35.1 4.0 7.2 1.0 5.0 28.1 68.6 8.1 51.7 51.4 54.0 55.9 76.6 137.4 129.5 60.9 61.9 791.4 780.7 0.6 0.58 6 5 4 4 1 1 1 1 2 2 
41156-B 43.0 46.3 3.2 5.3 0.6 4.7 34.0 69.6 4.2 43.5 50.7 51.0 58.6 69.6 131.4 126.2 82.6 44.0 1399.0 682.6 0.9 0.76 3 5 1 3 1 1 1 1 2 2 
41158-A 39.8 46.7 4.4 5.9 3.5 2.4 56.3 37.0 16.9 41.2 49.7 55.0 58.6 73.9 122.4 128.2 86.2 64.2 831.0 252.3 0.6 0.55 5 6 4 4 1 1 1 1 2 2 
41163-A 38.7 37.1 4.2 6.5 5.9 4.5 35.3 70.8 4.2 56.5 51.7 50.0 58.6 64.2 134.4 118.9 90.2 69.2 1267.0 1069.0 0.8 0.76 3 4 2 3 1 1 1 1 2 2 
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Appendix 2: Continued.... 
 
Genotype
s 

A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B 
PLH NPB NSB FPPP IPPP DTF DTP DTM TSW GY SR FTR SSS FC SLP SC 

41165-D 32.8 46.7 8.5 5.3 5.5 5.5 58.2 54.2 12.6 11.8 54.4 52.0 63.6 69.2 133.0 123.2 89.0 90.9 1395.0 1258.0 0.7 0.71 3 3 2 2 1 1 3 3 2 2 
41166-A 40.8 48.8 7.5 4.8 5.5 6.7 74.2 56.9 15.6 33.7 55.4 54.0 62.6 74.6 136.0 127.5 75.6 47.9 867.1 580.3 0.8 0.71 5 5 4 3 1 1 1 1 2 2 
41167-B 38.4 34.5 6.5 7.8 5.5 3.2 84.2 44.0 15.6 36.5 53.4 58.0 61.6 66.9 138.0 136.2 75.2 37.2 1327.0 242.7 0.6 0.51 4 4 3 4 1 1 1 1 2 2 
41167-C 37.8 40.3 6.2 3.5 6.2 1.9 56.2 29.4 11.3 17.5 56.4 55.0 63.6 73.9 140.0 159.2 107.0 109.0 1865.0 1873.0 1.0 0.87 1 2 1 1 1 1 3 3 1 1 
41169-A 42.6 41.0 6.1 3.5 3.0 3.9 32.0 43.7 13.7 38.5 55.4 53.0 62.6 69.9 136.4 136.2 86.7 51.0 860.4 551.5 0.7 0.68 4 4 4 3 1 1 1 1 2 2 
41169-C 38.5 44.8 5.0 3.8 3.0 1.0 42.5 32.2 8.8 32.7 49.4 54.0 57.9 73.6 127.4 127.5 95.3 34.9 1356.0 332.4 0.7 0.52 4 4 2 4 1 1 1 1 2 2 
41173-A 37.4 45.7 4.8 4.0 0.5 4.2 7.2 46.5 -0.3 36.8 51.0 49.0 57.2 65.2 128.7 121.2 83.4 45.0 1437.0 370.7 0.6 0.41 5 6 2 4 1 1 1 1 2 2 
41173-D 34.7 40.8 3.5 6.0 1.5 3.1 9.8 56.5 -0.9 27.8 52.0 57.7 58.2 75.2 122.7 139.2 88.2 59.4 1396.0 651.5 0.7 0.65 4 5 2 3 1 1 1 1 2 2 
41180-A 38.6 46.4 8.7 3.7 6.0 4.2 33.0 71.8 10.4 46.8 55.4 49.0 62.6 65.2 141.4 124.2 91.1 35.0 1225.0 473.2 0.6 0.56 4 5 3 4 1 1 1 1 2 2 
41180-B 37.3 46.7 4.1 4.2 3.6 3.1 21.0 45.8 9.4 28.8 52.4 50.4 60.6 65.2 138.4 128.5 86.2 68.6 1010.0 983.1 0.7 0.64 4 4 4 3 1 1 1 1 2 2 
41198-A 41.6 41.5 7.1 6.7 11 10 61.7 69.2 18.1 37.8 51.4 49.7 63.6 64.2 131.4 128.2 84.3 33.1 917.1 464.0 0.5 0.53 4 4 4 4 1 1 1 1 2 2 
41198-B 40.4 34.1 3.5 4.2 2.9 4.1 13.5 27.8 1.4 35.8 51.0 55.4 58.2 63.2 128.7 131.5 69.0 53.6 1344.0 683.6 0.7 0.68 4 4 2 3 1 1 1 1 2 2 
41200-B 38.3 42.2 7.1 6.2 2.8 0.4 55.0 25.3 14.1 14.2 53.7 59.0 59.9 81.9 135.4 144.2 82.8 77.3 1770.0 1411.0 0.8 0.73 3 3 2 2 1 1 3 3 2 2 
41200-C 33.8 38.7 1.9 8.3 -0.7 7.1 23.4 70.6 3.5 44.5 49.7 52.0 57.6 75.6 130.7 129.2 78.1 42.6 371.0 440.1 0.6 0.56 4 4 5 4 1 1 1 1 2 2 
41203-B  38.8 37.1 4.2 4.7 1.3 2.5 28.1 25.8 4.5 42.8 48.7 50.0 57.6 69.2 134.7 121.2 87.4 38.0 422.7 65.7 0.5 0.54 4 7 4 4 1 1 1 1 2 2 
41203-C 39.4 40.6 9.2 9.6 8.5 9.1 71.6 66.2 21.9 19.7 52.4 51.7 62.6 61.6 130.0 128.9 82.4 82.9 1850.0 1297.0 0.8 0.72 3 3 2 2 1 1 3 3 2 2 
41206-A 38.8 42.0 7.5 5.1 7.9 3.9 76.6 47.4 17.6 55.5 55.4 52.0 61.6 62.9 138.0 136.2 85.2 57.0 1182.0 609.0 0.7 0.67 4 6 2 3 1 1 1 1 2 2 
41206-B 37.1 42.4 4.5 4.2 4.9 2.5 50.9 29.8 13.9 19.8 54.4 51.4 62.6 66.2 132.0 128.5 117.0 118.6 1699.0 1998.0 0.9 0.84 1 2 1 1 1 1 3 3 1 1 
41206-C 37.8 45.4 7.5 5.9 5.5 3.5 72.6 43.4 15.3 31.8 53.4 51.4 62.6 66.2 132.0 131.5 89.2 56.6 860.5 733.1 0.7 0.71 4 4 4 3 1 1 1 1 2 2 
41209-A 36.2 45.5 4.5 5.0 2.4 2.8 47.2 49.9 4.7 24.8 53.7 51.7 63.2 74.2 140.7 126.2 75.5 38.1 1267.0 157.8 0.9 0.45 3 4 1 4 1 1 1 1 2 2 
41209-C 37.7 40.3 5.2 5.3 3.9 5.2 37.0 39.2 4.2 31.8 52.7 53.0 60.6 64.2 131.4 123.2 72.6 53.9 1150.0 802.0 0.7 0.56 4 4 3 3 1 1 1 1 2 2 
41212-B 42.8 48.4 5.4 3.3 3.5 5.2 50.0 85.8 12.9 9.8 50.7 49.0 58.6 68.2 119.4 124.2 109.0 109.9 1330.0 1361.0 0.8 0.76 4 4 4 2 1 1 2 2 2 2 
41221-A 36.0 38.8 5.5 5.5 7.4 2.3 87.8 37.6 11.3 32.7 49.4 53.0 55.9 76.6 132.0 145.5 84.6 63.9 1524.0 851.1 0.9 0.67 3 4 1 3 1 1 1 1 2 2 
41221-B 31.2 36.9 5.2 6.6 3.4 3.8 43.2 48.7 36.3 32.2 51.4 54.0 69.9 73.9 128.0 130.2 53.4 53.2 185.9 106.5 0.5 0.45 6 6 5 4 1 1 1 1 2 2 
41222-A 38.2 50.8 5.4 4.2 6.2 4.3 43.0 59.2 9.6 43.7 51.7 62.0 61.6 76.6 126.4 129.5 86.6 43.9 1071.0 779.5 0.8 0.74 4 4 3 3 1 1 1 1 2 2 
41222-B 36.2 44.8 4.4 3.8 4.5 3.7 33.0 42.2 9.9 42.7 52.7 54.0 61.6 74.6 129.4 127.5 90.6 72.9 1349.0 949.9 0.8 0.75 4 4 2 3 1 1 1 1 2 2 
41223-A 39.1 40.7 4.9 2.9 2.9 2.1 63.6 5.1 19.6 32.8 59.4 50.4 66.6 68.2 133.0 128.5 83.6 46.6 1017.0 810.6 0.7 0.71 4 4 3 3 1 1 1 1 2 2 
41223-B 41.4 50.2 7.2 4.2 10 2.3 110.9 28.9 19.3 29.7 54.4 54.0 62.6 76.6 138.0 129.5 88.4 67.7 1315.0 889.9 0.9 0.82 4 5 2 3 1 1 1 1 2 2 
41225-B 38.6 42.2 4.4 3.5 3.6 2.9 34.4 42.7 12.1 26.0 52.4 62.0 60.6 76.6 136.4 136.2 77.5 53.6 1075.0 581.3 0.6 0.63 4 5 3 3 1 1 1 1 2 2 
41226-A 31.5 35.0 9.2 9.0 7.9 7.8 57.9 55.2 18.9 33.8 55.4 53.7 63.6 64.2 130.0 125.2 47.2 39.1 628.8 689.0 0.5 0.45 6 5 4 4 1 1 1 1 2 2 
41226-B 37.5 45.5 8.1 4.5 7.5 3.5 72.0 51.7 17.6 32.0 51.7 58.0 58.6 77.6 129.4 125.2 89.4 27.6 1306.0 488.8 0.6 0.59 4 4 2 4 1 1 1 1 2 2 
41228-A 41.5 49.7 4.1 7.9 2.5 3.1 39.0 50.0 12.2 34.2 52.7 64.0 58.6 80.9 128.4 130.2 89.0 54.2 1434.0 594.0 0.8 0.82 4 5 2 3 1 1 1 1 2 2 
41228-B 40.5 50.7 5.8 4.9 1.9 3.4 43.0 37.0 8.9 36.2 53.7 53.0 61.6 76.9 127.4 131.2 80.2 61.2 1028.0 285.3 0.7 0.57 4 4 3 4 1 1 1 1 2 2 
41228-C 37.5 39.3 3.9 6.9 5.7 5.5 18.5 56.5 0.4 44.4 52.7 62.7 63.2 75.6 136.7 128.9 39.1 15.0 919.9 485.7 0.6 0.56 7 7 4 5 1 1 1 1 2 2 
41229-A 35.3 40.7 6.1 5.9 2.0 2.8 106.4 39.1 18.1 41.8 54.4 51.4 63.6 63.2 136.4 128.5 71.9 33.6 940.4 459.4 0.6 0.55 4 4 4 4 1 1 1 1 2 2 
41230-A 32.8 50.9 6.1 2.8 5.0 3.5 39.7 71.4 13.1 38.0 55.4 64.0 63.6 85.6 138.4 147.2 55.5 36.6 732.1 322.6 0.4 0.41 6 5 4 4 1 1 1 1 2 2 
41231-A 43.6 53.5 3.1 5.1 0.3 3.9 24.4 35.0 8.4 34.0 54.4 61.0 62.6 76.6 124.4 127.2 87.5 36.6 987.1 376.3 0.6 0.54 4 4 4 4 1 1 1 1 2 2 
41231-B 41.6 42.1 5.4 3.5 2.2 1.1 31.7 36.4 14.1 32.8 53.7 52.4 60.9 64.2 140.4 129.5 88.8 44.6 1440.0 756.9 0.7 0.67 4 4 2 3 1 1 1 1 2 2 
41233-B 39.4 41.3 7.9 4.6 6.2 3.5 75.6 35.8 17.3 28.4 53.4 63.7 62.6 73.6 133.0 137.9 82.0 36.5 943.8 3.2 0.6 0.58 5 7 3 4 1 1 1 1 2 2 
41234-B 39.5 52.5 1.3 5.2 0.3 5.3 17.1 45.9 3.8 29.7 54.4 54.0 59.9 77.6 135.4 129.5 94.9 36.9 1089.0 224.9 0.6 0.56 4 6 3 4 1 1 1 1 2 2 

41234-C 37.0 49.5 3.3 4.2 1.6 2.3 33.1 22.6 7.1 21.7 52.4 54.0 57.9 77.6 137.4 129.5 103.3 36.9 1374.0 264.9 0.8 0.49 3 4 1 4 1 1 1 1 2 2 

41236-A 30.7 31.4 5.1 3.5 5.5 2.9 10.2 22.4 -1.6 37.5 53.0 55.0 59.2 70.9 126.7 136.2 79.0 44.0 1077.0 537.7 0.6 0.58 4 5 3 4 1 1 1 1 2 2 
41241-A 39.9 40.8 7.4 4.0 5.2 1.8 44.4 23.9 15.8 31.8 55.7 53.7 62.9 77.2 137.4 123.2 72.0 62.4 1016.0 451.5 0.7 0.14 5 9 3 4 1 1 1 1 2 2 
41241-B 36.9 34.9 5.4 5.0 3.8 3.1 31.0 49.9 10.5 29.8 54.7 60.7 62.9 79.2 135.4 123.2 66.8 36.1 1040.0 856.1 0.7 0.43 4 5 3 4 1 1 1 1 2 2 
41242-A 31.0 47.6 4.5 5.9 6.5 4.1 36.8 51.5 11.7 38.4 54.0 63.7 60.2 78.6 132.7 128.9 74.2 72.5 884.6 726.3 0.7 0.64 6 5 4 3 1 1 1 1 2 2 
41245-A 43.2 40.3 3.5 2.1 1.1 0.5 25.5 22.7 2.4 34.5 52.7 51.0 63.2 74.9 132.7 136.2 93.5 64.0 1400.0 835.2 0.7 0.62 4 4 2 3 1 1 1 1 2 2 
41245-B 48.8 42.7 3.5 3.8 6.1 1.9 48.2 22.4 9.7 37.5 52.7 52.0 63.2 72.9 136.7 136.2 101.1 51.0 1240.0 749.7 0.8 0.81 4 5 2 3 1 1 1 1 2 2 
41247-A 48.8 41.7 6.5 4.8 7.7 2.5 80.2 22.0 6.1 32.5 53.7 52.0 63.2 72.9 140.7 144.2 88.3 69.0 1400.0 802.7 0.8 0.69 3 4 1 3 1 1 1 1 2 2 
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Genotype
s 

A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B 
PLH NPB NSB FPPP IPPP DTF DTP DTM TSW GY SR FTR SSS FC SLP SC 

41247-B 43.5 49.5 6.1 4.8 4.2 2.5 53.0 63.4 16.2 35.0 52.7 60.0 60.6 73.6 129.4 136.2 91.8 28.6 1414.0 261.3 0.9 0.43 3 5 1 4 1 1 1 1 2 2 
41250-A 55.0 35.8 8.2 9.7 5.4 6.1 109.5 108.6 77.3 73.5 52.4 54.0 69.9 75.6 128.0 129.2 97.4 44.0 678.4 626.4 0.7 0.73 4 4 4 3 1 1 1 1 2 2 
41251-B 46.7 50.3 7.5 6.9 10 4.2 96.5 60.1 30.4 33.5 52.0 49.0 58.2 71.2 132.7 121.9 81.0 55.4 1501.0 612.3 0.7 0.55 4 4 2 3 1 1 1 1 2 2 
41255-B 37.4 37.4 4.2 5.2 8.5 4.5 61.9 38.4 18.9 17.8 56.4 53.4 73.6 67.2 133.0 131.5 106.0 105.6 1109.0 1087.0 0.8 0.78 4 4 1 1 1 1 1 1 2 2 
41256-A 41.8 42.7 8.2 3.1 9.9 4.2 83.6 65.7 18.6 16.5 57.4 53.0 63.6 73.9 130.0 144.2 94.0 96.0 1224.0 1240.0 0.8 0.78 4 4 3 2 1 1 2 2 2 2 
41257-A 35.9 50.4 3.7 6.2 4.5 3.4 33.0 50.0 13.8 32.2 54.7 55.0 59.9 73.9 132.4 128.2 85.2 64.2 1425.0 910.9 0.9 0.79 3 4 1 3 1 1 1 1 2 2 
41258-A 35.6 40.0 4.4 5.0 5.5 7.1 23.0 52.5 14.1 25.8 53.7 53.7 60.9 74.2 126.4 140.2 82.4 63.1 1230.0 219.0 0.6 0.57 4 4 2 4 1 1 1 1 2 2 
41258-B 38.6 50.8 4.4 5.7 3.2 2.1 25.4 55.2 15.5 24.8 53.7 53.7 62.9 74.2 122.4 141.2 69.2 65.1 829.8 182.8 0.5 0.53 4 4 4 4 1 1 1 1 2 2 
41261-B 38.7 52.5 5.5 4.2 3.7 1.0 62.8 24.6 13.3 36.7 49.4 52.0 57.9 74.6 126.0 129.5 80.2 62.9 1380.0 947.8 0.8 0.83 4 5 2 3 1 1 1 1 2 2 
41263-A 38.2 46.7 6.8 6.6 2.5 3.4 48.0 58.3 13.2 44.2 49.7 63.0 56.6 81.9 122.4 128.2 86.6 55.2 1003.0 650.8 0.7 0.71 4 4 3 3 1 1 1 1 2 2 
41263-B 37.6 54.7 8.4 9.6 6.8 6.8 41.4 77.0 11.5 52.2 53.7 53.0 60.9 73.9 130.4 128.2 89.6 44.2 1080.0 766.2 0.8 0.76 4 4 1 3 1 1 1 1 2 2 
41264-B 35.6 36.2 3.4 7.0 2.3 5.5 36.7 89.5 11.1 12.8 52.4 49.0 60.6 68.2 136.4 124.2 83.1 63.9 1129.0 1029.0 0.8 0.82 4 4 3 3 1 1 2 2 2 2 
41265-B 44.7 45.3 5.2 6.3 4.2 3.7 51.7 46.3 5.9 26.5 49.7 52.0 57.6 73.6 131.4 127.2 79.8 73.0 985.4 967.2 0.7 0.65 4 4 3 3 1 1 1 1 2 2 
41265-C 43.0 39.5 2.2 4.7 0.9 2.1 29.7 34.6 4.9 42.5 49.7 51.0 58.6 97.6 128.4 126.2 79.0 66.8 1279.0 840.3 0.7 0.64 5 6 2 3 1 1 1 1 2 2 
41266-A 40.2 41.7 2.9 3.8 2.4 3.9 19.5 34.0 3.4 39.5 51.7 53.0 60.2 64.9 136.7 133.2 95.1 58.0 1233.0 557.7 0.7 0.71 4 4 2 3 1 1 1 1 2 2 
41266-C 36.5 35.2 3.2 4.7 0.7 2.1 13.8 40.5 5.4 16.8 52.7 53.7 63.2 75.2 133.7 123.2 86.3 45.1 956.6 107.8 0.6 0.45 5 5 4 5 1 1 1 1 2 2 
41267-A 34.4 53.6 4.8 4.3 0.9 3.1 10.5 57.5 2.1 38.4 51.0 53.7 58.2 72.6 122.7 128.9 85.4 52.5 1006.0 562.0 0.9 0.83 5 5 3 3 1 1 1 1 2 2 
41268-A 37.6 36.9 7.7 6.6 3.8 2.1 42.4 47.7 17.1 42.2 51.7 53.0 57.9 75.9 123.4 146.2 88.0 58.2 1188.0 820.5 0.7 0.58 4 5 2 4 1 1 1 1 2 2 
41269-B 35.8 42.3 3.6 7.3 1.6 8.4 26.8 80.3 8.2 24.5 49.7 52.0 57.6 75.6 136.7 138.2 91.3 65.8 916.0 985.1 0.7 0.67 4 4 5 3 1 1 1 1 2 2 
41270-A 37.1 34.9 7.1 2.3 3.5 1.9 29.8 37.2 2.1 44.8 51.0 53.0 57.2 69.2 122.7 123.2 79.8 46.9 1157.0 255.7 0.7 0.44 4 6 3 4 1 1 1 1 2 2 
41270-B 39.1 49.4 5.5 2.0 5.5 2.5 69.5 38.2 4.1 44.8 52.0 51.0 58.2 64.2 134.7 121.2 81.4 37.9 1497.0 303.2 0.7 0.58 4 4 2 4 1 1 1 1 2 2 
41278-A 43.5 41.6 5.3 5.6 3.0 2.5 56.5 58.8 16.5 39.4 51.4 53.7 57.9 81.6 131.4 130.9 95.3 43.5 1149.0 547.0 0.7 0.69 4 5 3 3 1 1 1 1 2 2 
41279-A 29.8 47.7 3.8 3.8 1.2 3.2 9.2 48.0 1.7 40.5 52.0 55.0 58.2 70.9 126.7 133.2 59.0 57.0 712.3 506.5 0.8 0.75 7 7 4 3 1 1 1 1 2 2 
41281-A 41.5 42.7 4.8 6.2 2.9 3.1 53.6 32.7 16.9 42.2 47.7 55.0 60.6 72.9 126.4 130.2 80.2 56.2 1086.0 696.1 0.7 0.65 5 5 3 3 1 1 1 1 2 2 
41281-C 39.5 47.7 4.9 5.9 3.1 2.4 39.5 36.0 8.7 24.2 50.7 55.0 61.2 81.9 136.7 146.2 78.7 37.2 1073.0 454.0 0.7 0.43 5 6 3 4 1 1 1 1 2 2 
41282-A 41.6 47.0 3.1 4.0 2.3 4.5 19.4 58.8 12.1 36.8 52.4 49.0 60.6 64.2 130.4 121.2 84.3 46.9 927.1 708.2 0.9 0.80 5 5 4 3 1 1 1 1 2 2 
41282-B 35.6 50.4 5.1 4.3 3.3 2.9 37.7 71.2 14.1 39.8 53.4 49.0 60.6 62.2 138.4 124.2 77.1 61.9 905.4 363.2 0.4 0.15 6 9 4 4 1 1 1 1 2 2 
41292-A 38.6 35.8 4.4 5.2 3.2 3.8 33.7 48.0 11.1 34.2 53.7 63.0 60.9 74.9 135.4 128.2 70.0 44.2 1186.0 637.7 0.7 0.47 4 7 3 5 1 1 1 1 2 2 
41292-B 36.6 34.6 5.7 4.7 6.8 1.1 56.0 24.2 21.5 33.8 53.7 57.7 59.9 82.2 136.4 125.2 85.6 38.2 783.2 525.3 0.5 0.15 4 9 4 5 1 1 1 1 2 2 
41294-B 32.7 35.2 5.7 5.1 9.0 8.9 38.4 44.4 15.1 38.0 52.4 52.0 61.6 61.6 136.4 135.2 50.7 47.6 682.1 626.3 0.2 0.15 8 8 4 4 1 1 1 1 2 2 
41295-A 42.2 49.7 4.4 7.6 2.2 5.4 38.6 42.3 13.9 28.2 51.7 59.0 60.6 78.9 124.4 130.2 81.4 51.2 857.7 550.2 0.7 0.67 5 6 4 3 1 1 1 1 2 2 
41295-B 35.0 38.9 3.5 4.0 4.2 4.4 30.7 40.9 3.2 -1.2 50.7 51.7 58.6 64.2 136.4 133.2 64.6 64.5 1200.0 1252.0 0.8 0.81 5 5 1 3 1 1 1 1 2 2 
41301-A 40.3 42.2 5.7 5.8 8.0 0.3 137.0 51.6 30.4 36.7 52.4 53.0 63.6 75.6 136.4 127.5 88.3 40.9 1505.0 375.7 0.9 0.56 3 4 1 4 1 1 1 1 2 2 
41301-B 36.9 39.1 7.7 6.8 11. 6.9 62.4 162.7 16.4 116.0 52.4 55.0 61.6 74.6 134.4 127.2 101.1 62.6 1152.0 933.8 0.8 0.79 4 3 1 3 1 1 1 1 2 2 
41302-A 21.7 21.9 0.8 2.2 0.5 1.5 -5.5 17.8 -4.9 39.5 54.0 52.0 69.2 65.2 126.7 120.9 45.2 18.7 575.7 610.2 0.4 0.12 8 9 5 5 1 1 1 1 2 2 
41306-A 33.2 51.2 2.8 8.1 0.9 3.5 23.6 39.7 8.6 31.0 49.7 53.0 56.6 72.6 156.4 136.2 78.2 49.6 766.0 584.5 0.6 0.63 5 6 4 3 1 1 1 1 2 2 
41307-D 39.5 40.6 3.7 5.3 1.0 3.8 26.8 80.5 5.5 38.4 54.4 52.7 57.9 73.6 139.4 128.9 97.7 49.5 1024.0 444.5 0.8 0.68 4 6 1 3 1 1 1 1 2 2 

41307-E 41.2 48.5 3.1 4.8 1.9 5.2 33.3 69.0 9.2 40.0 49.7 55.0 57.6 74.6 125.4 129.2 86.2 49.6 1389.0 520.6 0.7 0.68 4 4 2 3 1 1 1 1 2 2 
41308-A 43.2 39.8 5.1 6.2 4.9 3.4 45.3 47.3 15.2 28.2 52.7 55.0 60.6 72.9 129.4 130.2 55.3 53.3 1161.0 661.5 0.8 0.41 4 5 1 4 1 1 1 1 2 2 
41309-B 32.4 33.7 4.5 5.5 0.4 2.2 24.2 38.0 7.3 40.5 53.4 51.0 58.9 61.9 131.0 144.2 44.4 45.0 1014.0 130.2 0.5 0.14 8 9 4 5 1 1 1 1 2 2 
41310-A 41.1 53.6 6.9 9.9 6.5 6.8 49.9 65.8 19.9 55.4 56.4 54.7 62.6 73.6 132.0 137.9 79.2 67.2 1010.0 779.8 0.7 0.69 4 6 3 3 1 1 1 1 2 2 
41311-A 36.8 38.8 4.2 4.0 2.1 1.4 21.8 38.9 6.1 15.8 51.7 51.7 61.2 77.2 133.7 123.2 78.7 43.1 904.9 639.4 0.7 0.63 4 4 4 3 1 1 1 1 2 2 
41311-B 39.8 44.7 4.9 3.8 1.7 1.9 23.5 45.0 6.4 33.5 51.7 52.0 61.2 81.9 139.7 136.2 95.5 53.0 998.3 671.5 0.7 0.71 5 5 3 3 1 1 1 1 2 2 
41320-A 36.8 44.8 6.2 5.0 2.4 4.1 23.8 47.2 5.4 16.8 51.7 51.7 63.2 75.2 134.7 123.2 96.3 65.3 1457.0 824.4 0.6 0.62 4 4 2 3 1 1 1 1 2 2 
41320-B 46.2 41.8 3.5 5.0 2.7 4.1 24.8 58.5 5.1 38.8 54.7 53.7 63.2 75.2 138.7 123.2 84.3 56.1 1167.0 538.6 0.6 0.65 4 5 3 3 1 1 1 1 2 2 
41322-A 38.7 41.3 6.8 3.1 4.2 2.2 18.5 26.7 -1.9 37.5 57.0 55.0 60.2 72.9 126.7 136.2 78.6 54.0 1359.0 580.2 0.8 0.81 4 5 2 3 1 1 1 1 2 2 
41323-A 38.0 36.6 4.2 6.2 4.2 4.9 33.3 68.8 2.9 44.5 52.7 50.0 60.6 67.2 128.4 120.9 77.8 41.4 873.8 237.3 0.6 0.42 5 5 4 5 1 1 1 1 2 2 
41323-B 37.2 47.6 4.2 6.9 1.0 4.2 26.1 41.8 5.2 27.5 53.7 57.0 62.6 71.2 136.7 130.9 88.1 42.4 777.7 361.0 0.5 0.51 6 6 4 4 1 1 1 1 2 2 
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Appendix 2: Continued.... 
 
Genotype
s 

A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B A B 
PLH NPB NSB FPPP IPPP DTF DTP DTM TSW GY SR FTR SSS FC SLP SC 

41324-B 35.7 36.9 4.5 8.2 2.9 4.2 13.5 101.8 0.4 13.5 54.0 52.0 60.2 66.2 129.7 120.9 88.6 89.4 1614.0 1314.0 0.9 0.71 3 3 1 2 1 1 3 3 2 2 
41324-C 41.1 37.2 7.2 5.7 9.9 6.9 78.9 115.8 14.3 9.8 55.4 52.0 64.6 61.2 133.0 115.2 107.0 108.9 1590.0 1341.0 0.9 0.74 3 4 1 1 1 1 3 2 2 2 
9646-A 44.6 47.1 4.4 5.2 3.2 3.1 47.0 44.0 11.8 33.2 53.7 55.0 61.9 80.9 139.4 130.2 84.0 60.4 1235.0 822.4 0.8 0.81 4 6 2 3 1 1 1 1 2 2 
9646-C 39.9 34.9 7.7 9.6 8.2 6.8 61.0 78.3 19.8 52.2 55.7 55.0 62.9 75.9 141.4 130.2 78.8 53.2 904.8 523.0 0.6 0.38 5 6 4 4 1 1 1 1 2 2 
Acos 43.0 40.5 1.5 1.5 -0.3 -1.0 5.5 -7.1 3.0 -3.6 52.4 54.0 57.9 62.6 126.0 127.5 87.8 91.3 1537.0 1354.0 0.8 0.81 5 5 4 3 1 1 1 1 2 2 
Akaki 46.8 43.3 4.6 5.5 3.6 5.2 19.1 45.4 7.9 45.5 57.7 57.0 64.6 74.9 136.7 154.2 181.3 180.0 1329.0 842.7 0.8 0.78 3 3 1 3 1 1 1 1 2 2 
akuri 44.3 43.8 3.8 3.8 4.7 4.0 44.8 32.2 38.3 11.7 61.4 63.0 69.9 74.6 128.0 129.5 69.4 72.9 819.6 2036.0 0.8 0.77 4 4 4 2 0 0 0 0 3 3 
Arerti 33.5 35.8 4.3 5.5 2.3 4.0 22.5 34.9 12.8 11.7 68.4 76.0 73.9 84.6 130.4 145.5 80.7 81.9 995.6 1985.0 0.7 0.61 6 5 5 3 0 0 0 0 3 3 
BBARCR 31.2 34.6 4.9 5.3 3.4 3.8 40.7 42.0 23.7 37.8 54.8 53.5 63.1 66.3 135.6 138.7 37.8 32.0 368.5 311.5 0.2 0.15 8 9 4 4 1 1 1 1 2 2 
Chefe 43.5 38.6 5.0 6.0 3.0 3.1 23.5 21.3 10.5 7.2 53.4 54.0 59.9 66.6 130.4 132.2 134.5 131.8 1016.0 1037.0 0.9 0.81 3 3 4 1 0 0 0 0 3 3 
Dalota 47.0 51.2 3.8 6.0 2.4 4.4 41.2 37.9 11.6 8.8 50.4 61.7 59.9 86.2 137.0 145.2 206.2 183.1 1492.0 1163.0 0.9 0.78 3 4 1 2 1 1 1 1 2 2 
Dhara 49.0 39.2 4.8 4.8 4.4 3.7 23.8 11.2 10.0 3.4 52.4 54.0 57.9 62.6 140.0 141.5 217.8 221.3 830.4 1747.0 0.8 0.85 3 3 4 3 0 0 0 0 3 3 
Dimta 47.0 56.6 4.2 5.7 0.7 5.4 25.2 63.3 9.3 14.5 50.4 53.0 58.9 75.6 134.0 129.2 220.6 167.0 2274.0 1419.0 0.8 0.71 3 3 1 1 1 1 3 3 2 2 
dubie 42.7 39.7 5.2 4.5 2.0 1.5 34.5 17.7 23.3 37.5 52.4 55.0 71.9 70.9 137.0 144.2 146.4 147.0 1536.0 919.0 0.9 0.71 3 4 1 3 1 1 1 1 2 2 
DZ-10-11 46.0 53.3 4.8 6.0 1.4 5.7 44.8 95.6 8.0 64.5 51.4 51.0 57.9 76.6 134.0 127.2 113.4 113.0 1545.0 932.6 0.9 0.78 3 4 1 3 1 1 1 1 2 2 
DZ-10-4 43.6 50.5 4.7 5.2 1.3 2.3 43.4 38.9 14.7 10.7 55.4 63.0 63.6 81.6 131.4 129.5 77.7 79.9 1500.0 2036.0 0.8 0.81 2 2 3 2 0 0 0 0 3 3 
Ejere 47.0 38.9 3.8 4.1 2.7 3.2 37.2 41.4 10.3 9.0 51.4 54.0 57.9 62.6 131.0 130.2 103.4 101.6 1699.0 1623.0 0.8 0.78 4 4 4 2 0 0 0 0 3 3 
EnewariR 31.7 36.2 4.7 4.9 3.2 3.0 38.0 44.2 13.2 34.9 50.8 53.6 58.2 71.6 133.8 143.8 40.0 37.1 457.1 191.5 0.2 0.14 9 9 5 4 1 1 1 1 2 2 
fetenech 49.7 50.0 3.2 4.7 2.0 2.7 38.5 37.6 27.3 13.5 52.4 54.0 72.9 78.6 137.0 138.2 101.4 101.0 1106.0 1054.0 0.8 0.75 4 4 3 3 1 1 2 2 2 2 
Harbu 44.5 45.5 3.1 6.1 1.2 2.9 25.6 41.7 11.6 33.0 51.7 58.0 62.6 77.6 125.4 129.2 300.2 296.9 952.7 990.1 0.8 0.81 3 3 2 2 0 0 0 0 3 3 
Hora 44.0 42.5 4.2 6.2 5.7 5.0 18.2 9.9 3.6 40.7 52.4 76.0 58.9 91.6 137.0 150.5 139.4 142.9 927.1 843.6 0.8 0.71 2 2 4 3 0 0 0 0 3 3 
kobo 49.0 36.0 4.8 4.1 6.7 6.2 26.5 9.7 20.3 24.5 55.4 58.0 71.9 70.9 129.0 136.2 68.4 69.0 954.6 1838.0 0.8 0.75 4 4 4 2 0 0 0 0 3 3 
kutaye 41.3 38.3 3.5 2.8 2.4 1.9 60.5 43.7 11.3 15.5 50.4 53.0 62.9 61.9 138.0 145.2 137.4 138.0 1437.0 1320.0 0.9 0.78 3 4 1 1 1 1 2 2 2 2 
mariye 41.0 40.5 5.8 5.8 3.7 3.0 73.5 60.9 43.3 36.7 52.4 54.0 75.9 80.6 128.0 129.5 188.4 191.9 1393.0 976.8 0.9 0.76 3 3 1 3 1 1 1 1 2 2 
Mastewal 48.0 48.5 6.2 5.3 1.4 4.8 18.8 53.5 6.3 8.8 58.4 75.7 63.9 90.2 138.0 147.2 195.4 196.1 2457.0 1488.0 0.8 0.76 3 3 1 1 1 1 3 3 2 2 
Minjar 42.0 47.3 4.5 4.5 0.0 3.5 16.5 46.7 5.6 44.5 52.4 55.0 60.9 74.9 131.0 154.2 135.4 134.0 1397.0 694.7 0.8 0.73 3 4 1 3 1 1 1 1 2 2 
Natoli 50.9 44.5 4.4 3.8 5.0 4.7 64.0 27.6 5.1 29.7 63.4 74.0 74.6 89.6 142.4 129.5 207.5 192.1 1412.0 869.9 0.9 0.75 3 3 1 3 1 1 1 1 2 2 
Shahso 29.8 34.8 5.1 3.0 2.9 3.5 26.2 69.5 9.7 42.8 61.0 51.0 66.2 64.2 136.7 121.2 81.0 73.9 595.7 465.7 0.2 0.20 6 6 4 4 0 0 0 0 3 3 
Shola 43.5 40.3 2.3 2.3 0.3 0.1 21.5 25.9 6.1 -4.9 51.4 51.7 57.9 64.2 126.4 124.2 248.1 246.5 1783.0 2282.0 0.9 0.84 2 2 2 1 0 0 0 0 3 3 
tegulet-R 31.8 34.6 5.0 5.4 3.7 3.5 37.1 35.3 17.9 37.7 53.5 55.0 61.4 65.8 136.7 141.1 38.5 32.8 197.3 156.8 0.2 0.12 9 8 5 5 1 1 1 1 2 2 
Teji 47.5 46.3 2.5 6.2 3.4 6.9 7.2 58.5 6.7 16.5 53.7 55.0 60.2 75.2 132.7 118.9 148.7 109.4 905.4 1967.0 0.9 0.85 3 3 2 1 0 0 0 0 3 3 
Teketay 47.0 37.3 4.5 6.0 2.9 3.4 20.0 23.6 0.2 33.5 52.7 54.0 59.6 65.6 131.4 132.2 124.6 123.4 695.4 768.4 0.8 0.75 4 3 2 3 1 1 1 1 2 2 
worku 53.0 50.0 6.8 6.1 6.7 6.2 85.2 68.4 26.3 20.5 52.4 55.0 76.9 75.9 137.0 144.2 151.4 152.0 1093.0 976.5 0.8 0.75 4 3 1 2 1 1 2 2 2 2 
yelebe 44.7 44.2 4.2 4.2 4.0 3.3 45.5 32.9 36.3 9.7 60.4 62.0 79.9 84.6 126.0 127.5 157.4 160.9 1590.0 1806.0 0.8 0.81 2 2 2 1 0 0 0 0 3 3 
Mean 38.4 41.4 4.9 5.5 3.7 3.9 40.3 53.8 10.9 31.8 52.7 54.7 61.2 72.2 133.0 130.7 87.1 61.4 1119.0 720.0 -  -  -  -  - - - - - - - - 
LSD 1.8 3.3 1.3 2.4 1.5 3.3 19.0 27.9 9.6 10.6 4.5 4.6 5.8 7.9 7.0 14.5 5.4 8.4 195.3 201.7 -  -  -  -  - - - - - - - - 
CV 3.4 5.5 16 27 26 57 28.7 40.2 30.6 16.7 5.0 5.0 5.5 6.7 3.0 6.0 8.1 14.5 33.4 53.5 -  -  -  -  - - - - - - - - 
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Appendix 3. List of 60 chickpea genotypes (51 from ICARDA, 8 EBI collections and one improved variety) killed by frost 
stress during pre-flowering and reproductive stages grown at Debre Birhan Ethiopia for 2018 to 2020 rowing seasons 
 

No Genotype SR FTR SSS FC SLP SC Kiling stage 
1 41285-B 0.00 9 5 1 1 2 Pre-flowering 
2 207175-C 0.00 9 5 1 1 2 Reproductive  
3 207893-B 0.00 9 5 1 1 2 Reproductive  
4 209022-B 0.00 9 5 1 1 2 Reproductive  
5 225882-A 0.00 9 5 1 1 2 Reproductive  
6 227158-C 0.00 9 5 1 1 2 Reproductive  
7 228301-B 0.00 9 5 1 1 2 Reproductive  
8 207726 0.00 9 5 1 1 2 Reproductive  
9 141720 0.00 9 5 1 1 2 Reproductive  
10 69690 0.00 9 5 0 0 3 Pre-flowering 
11 8191 0.00 9 5 1 1 2 Reproductive  
12 8522 0.00 9 5 0 0 3 Pre-flowering 
13 9003 0.00 9 5 0 0 3 Pre-flowering 
14 8934 0.00 9 5 0 0 3 Reproductive  
15 70551 0.00 9 5 0 0 3 Pre-flowering 
16 70503 0.00 9 5 0 0 3 Pre-flowering 
17 69417 0.00 9 5 0 0 3 Reproductive  
18 6416 0.00 9 5 0 0 3 Pre-flowering 
19 72051 0.00 9 5 0 0 3 Pre-flowering 
20 5909 0.00 9 5 0 0 3 Pre-flowering 
21 9402 0.00 9 5 0 0 3 Reproductive  
22 9412 0.00 9 5 0 0 3 Pre-flowering 
23 74000 0.00 9 5 0 0 3 Reproductive  
24 71861 0.00 9 5 0 0 3 Pre-flowering 
25 72130 0.00 9 5 0 0 3 Pre-flowering 
26 9049 0.00 9 5 0 0 3 Pre-flowering 
27 72151 0.00 9 5 1 1 2 Reproductive  
28 8357 0.00 9 5 0 0 3 Pre-flowering 
29 139930 0.00 9 5 0 0 3 Reproductive  
30 72034 0.00 9 5 0 0 3 Pre-flowering 
31 71897 0.00 9 5 0 0 3 Pre-flowering 
32 73241 0.00 9 5 0 0 3 Pre-flowering 
33 128407 0.00 9 5 0 0 3 Pre-flowering 
34 9628 0.00 9 5 0 0 3 Pre-flowering 
35 72121 0.00 9 5 0 0 3 Pre-flowering 
36 6454 0.00 9 5 0 0 3 Pre-flowering 
37 71873 0.00 9 5 0 0 3 Pre-flowering 
38 125187 0.00 9 5 1 1 2 Reproductive  
39 75335 0.00 9 5 0 0 3 Pre-flowering 
40 140119 0.00 9 5 0 0 3 Pre-flowering 
41 8935 0.00 9 5 0 0 3 Pre-flowering 
42 74920 0.00 9 5 0 0 3 Pre-flowering 
43 72125 0.00 9 5 0 0 3 Pre-flowering 
44 73397 0.00 9 5 0 0 3 Pre-flowering 
45 72124 0.00 9 5 0 0 3 Pre-flowering 
46 8349 0.00 9 5 0 0 3 Pre-flowering 
47 73221 0.00 9 5 1 1 2 Reproductive  
48 72038 0.00 9 5 0 0 3 Pre-flowering 
49 69604 0.00 9 5 0 0 3 Pre-flowering 
50 132880 0.00 9 5 0 0 3 Pre-flowering 
51 69733 0.00 9 5 0 0 3 Pre-flowering 
52 72016 0.00 9 5 0 0 3 Pre-flowering 
53 72036 0.00 9 5 0 0 3 Pre-flowering 
54 5903 0.00 9 5 0 0 3 Pre-flowering 
55 9058 0.00 9 5 0 0 3 Pre-flowering 
56 71853 0.00 9 5 0 0 3 Pre-flowering 
57 Kasech 0.00 9 5 0 0 3 Pre-flowering 
58 9427 0.00 9 5 0 0 3 Pre-flowering 
59 75095 0.00 9 5 0 0 3 Pre-flowering 
60 10163 0.00 9 5 0 0 3 Pre-flowering 



192 
 

Appendix 4. Ethiopian chickpea seed coat color diversity and assignment of homogeneous genotypes developed from by 
splitting the individual accession of current (2017) and previous (1979 to 1983) collections based on seed color, texture and 
size 
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1 30287 0 1 0 1 0 2 30287-A, 30287-B East Gojjam Dejen 
2 30288 0 0 1 0 0 1   East Gojjam Dejen 
3 30289 0 0 0 1 0 1   East Gojjam Dejen 
4 30293 0 1 1 0 0 2 30293-A, 30293-B East Gojjam Dejen 
Sub Total  Current 0 2 2 2 0 6     Dejen 
5 41222 0 0 1 1 0 2 41222-A, 41222-B East Gojjam Dejen 
6 41223 1 0 1 0 0 2 41223-A, 41223-B East Gojjam Dejen 
7 41322 1 1 1 0 0 3 41322-A,41322-B,41322-C East Gojjam Dejen 
8 41324 1 1 1 1 1 5   East Gojjam Dejen 
Sub Total Previous 3 2 4 2 1 12     Dejen 
9 30301 0 1 0 1 0 2 30301-A, 30301-B East Gojjam Enarji Enawiga 
10 30302 0 1 0 0 0 1   East Gojjam Enarji Enawiga 
11 30304 0 0 1 0 0 1   East Gojjam Enarji Enawiga 
Sub Total  Current 0 2 1 1 0 4       

12 41229 1 1 1 0 0 3 41229-A, 41229-B, 41229-C East Gojjam Enarji Enawiga 
13 41231 1 1 1 0 0 3 41231-A, 41231-B, 41231-C East Gojjam Enarji Enawiga 
14 236493 1 0 1 1 0 3 236493-A, 236493-B, 236493-C East Gojjam Enarji Enawiga 

Sub Total Previous 3 2 3 1 0 9       
15 30308 0 1 0 0 0 1   East Gojjam Hulet ej enese 
16 30309 0 0 1 0 0 1   East Gojjam Hulet ej enese 
17 30310 0 1 0 0 0 1   East Gojjam Hulet ej enese 
18 30311 0 1 0 1 0 2 30311-A, 30311-B East Gojjam Hulet ej enese 
19 30312 0 1 1 0 0 2 30312-A, 30312-B East Gojjam Hulet ej enese 
Sub Total  Current 0 4 2 1 0 7     Hulet ej enese 
20 41026 1 1 1 1 1 5 41026-A, 41026-B, 41026-C, 41026-D, 41026-E East Gojjam Hulet ej enese 
21 41078 1 1 1 1 0 4 41078-A, 41078-B, 41078-C, 41078-D East Gojjam Hulet ej enese 
22 41267 1 1 1 1 1 5 41267-A, 41267-B, 41267-C, 41267-D, 41267-E East Gojjam Hulet ej enese 
23 41268 1 1 1 1 0 4 41268-A, 41268-B, 41268-C, 41268-D East Gojjam Hulet ej enese 
24 41269 1 1 1 0 0 3 41269-A, 41269-B, 41269-C East Gojjam Hulet ej enese 
Sub Total Previous 5 5 5 4 2 21     Hulet ej enese 
25 30322 0 0 1 0 0 1   North Gonder  Belesa 
26 30317 0 0 1 0 0 1   North Gonder  Belesa 
27 30318 0 1 0 1 0 2 30318-A, 30318-B North Gonder  Belesa 
28 30319 0 0 1 0 0 1   North Gonder  Belesa 
29 30320 0 1 0 0 0 1   North Gonder  Belesa 
30 30321 0 0 0 1 0 1   North Gonder  Belesa 
 Sub Total Current 0 2 3 2 0 7   North Gonder  Belesa 
31 207166 1 1 1 1 0 4 207166-A, 207166-B, 207166-C, 207166-D North Gonder  Belesa 

32 207170 1 1 1 1 1 5 
207170-A, 207170-B, 207170-C, 207170-D, 
207170-E North Gonder  Belesa 

33 241800 1 1 0 1 0 3 241800-A, 241800-B, 241800-C North Gonder  Belesa 

34 241801 1 1 1 0 0 3 241801-A, 241801-B, 241801-C North Gonder  Belesa 

Sub Total Previous 4 4 3 3 1 15   North Gonder  Belesa 
35 30327 0 0 1 0 0 1   North Gonder  Takusa 
36 30329 0 1 0 0 0 1   North Gonder  Takusa 
 Sub Total Current 0 1 1 0 0 2   North Gonder  Takusa 
37 227160 1 1 1 0 0 3 227160-A, 227160-B, 227160-C North Gonder  Takusa 
38 227161 1 0 1 1 0 3 227161-A, 227161-B, 227161-C North Gonder  Takusa 

Sub Total Previous 2 1 2 1 0 6   North Gonder  Takusa 
39 30331 1 1 0 0 0 2 30331-A, 30331-B North Gonder  Chilga 
41 30332 0 1 1 0 0 2 30332-A, 30332-B North Gonder  Chilga 
 Sub Total Current 1 2 1 0 0 4   North Gonder  Chilga 
43 41046 1 1 0 0 0 2 41046-A, 41046-B North Gonder  Chilga 
45 207143 1 1 1 0 0 3 207143-A, 207143-B, 207143-C North Gonder  Chilga 
Sub Total Previous 2 2 1 0 0 5   North Gonder  Chilga 
47 30323 1 0 0 1 0 2 30323-A, 30323-B North Gonder  Dembia 
48 30324 0 0 1 1 0 2 30324-A, 30324-B North Gonder  Dembia 
49 30325 0 1 0 0 0 1   North Gonder  Dembia 
50 30326 0 0 0 1 0 1   North Gonder  Dembia 

 Sub Total Current 1 1 1 3 0 6   North Gonder  Dembia 
51 41306 1 1 1 1 1 5 41306-A, 41306-B, 41306-C, 41306-D, 41306-E North Gonder  Dembia 
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52 41310 1 1 0 1 0 3 41310-A, 41310-B, 41310-C North Gonder  Dembia 

53 41311 1 1 1 1 1 5 41311-A, 41311-B, 41311-C, 41311-D, 41311-E North Gonder  Dembia 
54 225887 1 1 1 1 0 4 225887-A, 225887-B, 225887-C, 225887-D North Gonder  Dembia 
55 227158 0 1 1 0 0 2 227158-A, 227158-B North Gonder  Dembia 
Sub Total Previous 4 5 4 4 2 19   North Gonder  Dembia 
56 30339 0 1 1 1 0 2 30339-A, 30339-B South Gonder  Fogera 
57 30340 0 1 0 0 0 1   South Gonder  Fogera 
58 30341 0 0 1 0 0 2 30341-A, 30341-B South Gonder  Fogera 
 Sub Total Current 0 2 2 1 0 5   South Gonder  Fogera 
59 41295 1 1 1 0 0 3 41295-A, 41295-B, 41295-C South Gonder  Fogera 
60 207145 0 1 1 1 0 3 207145-A, 207145-B, 207145-C South Gonder  Fogera 
Sub Total   1 2 2 1 0 6 South Gonder  Fogera 
Grand 
Total 26 39 37 26 6 134 
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Appendix 5. Mean value significant test of quantitative traits between current (2017) and previous collections (1979 to 
1983) of eight districts of Amhara Regional State using two tailed t-test 
 

Location Traits Current Collection Previous Collection P-Value DF 
N Mean StDev  SE Mean N Mean StDev  SE Mean 

East 
Gojjam-
Dejen 

DTF 16.0 43.0 1.8 0.5 32.0 45.2 4.5 0.8 0.0 44.0 
DTM 16.0 100.9 1.7 0.4 32.0 98.1 4.7 0.8 0.0 43.0 
DTP 16.0 55.6 1.4 0.4 32.0 55.9 5.2 0.9 0.8 39.0 
GY 16.0 2488.0 617.0 154.0 32.0 1835.0 636.0 112.0 0.0 30.0 
NPB 16.0 6.8 0.6 0.2 32.0 5.6 1.7 0.3 0.0 43.0 
NPPP 16.0 67.2 5.8 1.4 32.0 45.2 10.8 1.9 0.0 45.0 
NSB 16.0 10.0 0.4 0.1 32.0 7.5 2.3 0.4 0.0 35.0 
PLH 16.0 35.4 1.0 0.2 32.0 33.7 4.6 0.8 0.1 36.0 
TSW 16.0 165.4 2.4 0.6 32.0 150.7 15.8 2.8 0.0 33.0 

East 
Gojjam- 
Enarji 
Enawiga 

DTF 16.0 44.9 1.8 0.5 16.0 45.6 4.1 1.0 0.6 20.0 
DTM 16.0 98.8 1.9 0.5 16.0 99.9 4.5 1.1 0.4 20.0 
DTP 16.0 54.5 3.1 0.8 16.0 57.6 5.0 1.2 0.0 24.0 
GY 16.0 1915.0 625.0 156.0 16.0 2000.0 828.0 207.0 0.7 27.0 
NPB 16.0 6.6 0.6 0.2 16.0 5.8 2.0 0.5 0.2 17.0 
NPPP 16.0 51.4 3.4 0.8 16.0 47.3 12.2 3.0 0.2 17.0 
NSB 16.0 7.6 0.9 0.2 16.0 8.0 2.5 0.6 0.6 19.0 
PLH 16.0 33.5 1.3 0.3 16.0 35.9 5.9 1.5 0.1 16.0 
TSW 16.0 148.8 7.3 1.8 16.0 149.5 11.3 2.8 0.8 25.0 

East 
Gojjam- 
Hulet Ej 
Enses 

DTF 20.0 42.4 2.3 0.5 36.0 45.7 5.6 0.9 0.0 50.0 
DTM 20.0 97.2 1.8 0.4 36.0 96.5 6.8 1.1 0.6 42.0 
DTP 20.0 53.3 3.0 0.7 36.0 57.4 6.2 1.0 0.0 53.0 
GY 20.0 2464.0 762.0 170.0 36.0 1523.0 560.0 93.0 0.0 30.0 
NPB 20.0 6.8 0.6 0.1 36.0 5.5 2.0 0.3 0.0 44.0 
NPPP 20.0 62.2 6.2 1.4 36.0 46.8 16.6 2.8 0.0 48.0 
NSB 20.0 9.0 0.7 0.2 36.0 6.8 3.0 0.5 0.0 42.0 
PLH 20.0 35.1 1.1 0.2 36.0 34.5 6.2 1.0 0.6 38.0 
TSW 20.0 153.5 7.1 1.6 36.0 146.1 17.6 2.9 0.0 50.0 

North 
Gonder  
-Belesa 

DTF 24.0 44.0 2.3 0.5 24.0 47.1 5.4 1.1 0.0 30.0 

DTM 24.0 99.4 2.5 0.5 24.0 97.4 6.7 1.4 0.2 29.0 
DTP 24.0 56.2 2.1 0.4 24.0 59.3 5.4 1.1 0.0 29.0 
GY 24.0 2658.0 676.0 138.0 24.0 1857.0 635.0 130.0 0.0 45.0 
NPB 24.0 8.4 1.5 0.3 24.0 6.0 1.5 0.3 0.0 45.0 
NPPP 24.0 71.9 7.7 1.6 24.0 48.4 11.4 2.3 0.0 40.0 
NSB 24.0 10.3 0.9 0.2 24.0 8.1 2.3 0.5 0.0 3.0 
PLH 24.0 35.7 1.3 0.3 24.0 35.1 4.7 1.0 0.5 26.0 

TSW 24.0 163.0 4.6 0.9 24.0 153.9 16.1 3.3 0.1 26.0 
North 
Gonder  
-Takusa 

DTF 8.0 43.3 1.7 0.6 12.0 46.4 4.3 1.2 0.0 15.0 
DTM 8.0 103.2 2.6 0.9 12.0 92.8 7.6 2.2 0.0 14.0 
DTP 8.0 54.8 2.3 0.8 12.0 59.3 3.8 1.1 0.0 17.0 
GY 8.0 2656.0 685.0 242.0 12.0 1421.0 416.0 120.0 0.0 10.0 
NPB 8.0 9.6 1.2 0.4 12.0 4.6 2.2 0.6 0.0 17.0 
NPPP 8.0 67.3 3.6 1.3 12.0 42.0 18.5 5.3 0.0 12.0 
NSB 8.0 10.0 0.8 0.3 12.0 5.6 3.3 1.0 0.0 12.0 
PLH 8.0 38.8 0.9 0.3 12.0 33.8 6.5 1.9 0.0 11.0 
TSW 8.0 164.5 2.5 0.9 12.0 144.9 15.5 4.5 0.0 11.0 

North 
Gonder  
-Chiliga 

DTF 12.0 42.0 2.0 0.6 16.0 45.6 4.2 1.1 0.0 22.0 
DTM 12.0 96.8 4.0 1.2 16.0 94.4 6.8 1.7 0.2 24.0 
GY 12.0 2006.0 113.0 32.0 16.0 1883.0 623.0 156.0 0.4 16.0 
NPB 12.0 6.8 0.9 0.3 16.0 6.0 1.9 0.5 0.1 22.0 
NPPP 12.0 59.2 5.4 1.6 16.0 49.5 12.2 3.0 0.0 21.0 
NSB 12.0 8.3 1.0 0.3 16.0 6.9 2.8 0.7 0.1 20.0 
PLH 12.0 35.4 1.0 0.3 16.0 35.7 2.9 0.7 0.7 19.0 
TSW 12.0 157.6 10.2 2.9 16.0 148.3 13.6 3.4 0.1 25.0 

North 
Gonder  
-Denbia 

DTF 20.0 43.4 1.5 0.3 36.0 43.5 3.2 0.5 0.8 53.0 
DTM 20.0 98.2 1.7 0.4 36.0 92.3 5.2 0.9 0.0 46.0 

DTP 20.0 53.8 2.1 0.5 36.0 54.9 4.7 0.8 0.2 52.0 
GY 20.0 2380.0 753.0 168.0 36.0 1287.0 393.0 65.0 0.0 24.0 
NPB 20.0 6.9 0.8 0.2 36.0 4.4 1.5 0.3 0.0 53.0 
NPPP 20.0 50.4 5.7 1.3 36.0 38.5 11.1 1.8 0.0 53.0 
NSB 20.0 9.1 0.9 0.2 36.0 5.7 1.9 0.3 0.0 53.0 
PLH 20.0 36.4 1.6 0.4 36.0 30.6 2.8 0.5 0.0 53.0 
TSW 20.0 165.2 2.0 0.5 36.0 148.4 16.2 2.7 0.0 36.0 

South 
Gonder -
Fogera 

DTF 12.0 46.8 2.5 0.7 16.0 42.8 2.7 0.7 0.0 24.0 
DTM 12.0 99.4 2.1 0.6 16.0 91.9 7.0 1.8 0.0 18.0 
DTP 12.0 57.2 2.1 0.6 16.0 54.6 2.5 0.6 0.0 25.0 
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Appendix 5: Continued.... 

Location Traits Current Collection Previous Collection Current 
Collectio
n 

Previous 
Collectio
n 

N Mean N Mean N Mean N Mean 

South 
Gonder -
Fogera 

GY 12.0 2465.0 775.0 224.0 16.0 1306.0 590.0 147.0 0.0 19.0 
NPB 12.0 9.8 1.0 0.3 16.0 4.8 1.5 0.4 0.0 25.0 
NPPP 12.0 76.4 8.9 2.6 16.0 34.5 10.1 2.5 0.0 25.0 
NSB 12.0 10.7 1.1 0.3 16.0 5.3 2.4 0.6 0.0 21.0 
PLH 12.0 37.3 0.8 0.2 16.0 29.7 4.1 1.0 0.0 16.0 
TSW 12.0 168.0 3.7 1.1 16.0 139.2 15.4 3.9 0.0 17.0 

PLH=Plant Canopy Height (cm), DTF=Days to 50% flowering, DTP=Days to 50% podding, DTM=Days to 90% maturity, NPB=Number of primary 
branches, NSB=Number secondary branches, NPPP=Number of pods per plant, TSW=Thousand Seed weight, GY in kg ha-1=Grain yield  
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Appendix 6. Mean value of quantitative traits of 79 chickpea genotypes and two improved chickpea grown at Debre Zeit  
Ethiopia, in 2018-2020 cropping seasons 
No Genotype PLH NPB NSB NPPP DTF DTP DTM TSW GY Zone District 

1* 30287-A 35.49 6.96 9.85 65.47 43.12 55.82 100.27 164.75 2435.13 E/Gojjam Dejen 
2* 30288-A 35.45 6.71 9.92 63.54 44.11 55.96 101.09 162.99 2611.14 East Gojjam Dejen 
3* 30289-A 34.68 6.67 9.50 65.08 43.12 55.38 100.24 163.64 2666.86 East Gojjam Dejen 
4* 30293-A 35.39 6.53 9.63 69.84 44.11 56.25 100.06 164.67 1983.98 East Gojjam Dejen 
5 41222-A 33.07 4.80 6.34 37.88 42.63 54.23 94.88 159.34 1895.70 East Gojjam Dejen 
6 41222-B 38.48 7.19 9.10 54.81 47.62 55.10 101.95 160.84 2227.68 East Gojjam Dejen 
7 41223-A 38.31 7.73 9.70 59.19 48.88 60.30 99.03 159.40 2462.92 East Gojjam Dejen 
8 41223-B 34.91 5.65 7.93 41.88 44.27 55.38 95.95 154.66 1718.97 East Gojjam Dejen 
9 41322-A 34.58 5.20 8.22 37.79 45.58 56.97 103.48 155.47 2061.45 East Gojjam Dejen 
10 41322-B 30.20 5.56 5.75 44.56 44.15 55.96 94.39 141.81 1324.63 East Gojjam Dejen 
11 41324-B 27.86 4.19 6.08 50.36 42.47 53.65 96.19 133.56 1441.99 East Gojjam Dejen 
12 41324-C 33.40 5.41 7.60 39.85 44.92 56.69 97.67 145.96 1650.02 East Gojjam Dejen 
13* 30301-A 33.44 6.33 7.49 50.68 44.27 53.94 98.76 149.89 1698.88 East Gojjam  Enarji Enawiga 
14* 30301-C 34.57 7.32 8.09 54.37 45.09 56.54 99.42 154.03 2536.81 East Gojjam Enarji Enawiga 
15* 30302-A 33.28 6.49 7.45 49.04 44.92 55.24 98.95 148.49 1721.42 East Gojjam Enarji Enawiga 
16* 30304-A 33.17 6.17 7.51 50.97 45.25 55.24 97.24 146.54 1719.14 East Gojjam Enarji Enawiga 
17 236493-A 35.02 5.77 8.00 49.06 43.62 55.24 97.04 149.20 1723.45 East Gojjam Enarji Enawiga 
18 41229-A 28.66 3.24 4.75 32.79 42.96 55.24 96.81 138.98 1123.42 East Gojjam Enarji Enawiga 
19 41231-A 39.56 7.03 9.48 54.47 47.38 59.00 101.41 157.23 2209.27 East Gojjam Enarji Enawiga 
20 41231-B 39.50 7.46 9.70 54.89 47.21 58.71 102.81 156.01 2920.38 East Gojjam Enarji Enawiga 
21* 30308-A 35.32 6.83 9.28 60.26 42.47 53.94 97.80 158.87 2722.21 East Gojjam Hulet Ej Enses 
22* 30309-A 34.87 6.56 8.66 60.94 42.80 54.08 97.17 155.26 2017.64 East Gojjam Hulet Ej Enses 
23* 30310-A 34.84 7.19 9.52 63.87 42.80 53.94 97.48 156.87 3264.40 East Gojjam Hulet Ej Enses 
24* 30311-A 35.11 6.69 8.77 62.24 45.41 56.54 96.06 146.19 2300.68 East Gojjam Hulet Ej Enses 
25* 30312-A 34.76 6.60 8.35 59.92 42.47 54.23 97.71 151.39 1710.52 East Gojjam Hulet Ej Enses 
26 41026-A 33.66 5.59 7.40 44.04 41.82 52.21 93.61 154.83 1755.21 East Gojjam Hulet Ej Enses 
27 41026-B 35.77 6.51 8.77 58.99 48.19 58.42 102.65 151.44 1728.15 East Gojjam Hulet Ej Enses 
28 41026-C 28.08 3.37 3.65 27.12 45.74 58.42 95.29 126.58 1072.85 East Gojjam Hulet Ej Enses 
29 41078-A 30.05 4.57 4.69 33.42 44.43 57.84 93.83 144.73 1217.57 East Gojjam Hulet Ej Enses 
30 41078-B 34.03 5.20 7.18 43.78 42.31 53.80 92.52 147.08 1815.90 East Gojjam Hulet Ej Enses 
31 41267-A 31.50 4.75 5.22 31.62 43.94 57.70 94.23 133.09 1237.32 East Gojjam Hulet Ej Enses 
32 41268-A 31.83 4.75 5.30 51.45 42.63 53.36 89.91 165.70 1192.41 East Gojjam Hulet Ej Enses 
33 41268-B 42.62 7.62 10.01 63.60 50.16 60.73 103.72 148.00 2103.95 East Gojjam Hulet Ej Enses 
34 41269-B 42.80 8.11 10.16 69.36 49.01 60.01 103.87 154.79 2033.77 East Gojjam Hulet Ej Enses 
35* 30317-A 35.97 8.43 10.43 75.31 43.65 55.59 98.53 163.53 2554.86 North Gonder  Belessa 
36* 30318-A 36.37 9.65 10.45 77.28 44.60 56.54 101.34 163.12 2791.69 North Gonder  Belessa 
37* 30319-A 35.87 8.95 10.41 69.63 43.08 54.85 99.43 165.35 3192.67 North Gonder  Belessa 
38* 30320-A 35.49 7.55 10.32 72.46 43.62 55.88 98.98 161.27 2558.72 North Gonder  Belessa 
39* 30321-A 35.72 7.50 10.30 63.71 43.78 56.40 100.05 160.18 2405.47 North Gonder  Belessa 
40* 30322-B 33.49 7.26 8.37 62.26 46.95 58.16 96.19 158.05 1942.93 North Gonder  Belessa 
41 207166-A 38.55 7.03 9.59 49.21 51.46 62.18 102.00 156.16 2447.51 North Gonder  Belessa 
42 207170-A 30.14 4.66 5.81 41.41 44.27 57.41 87.65 151.61 1145.71 North Gonder  Belessa 
43 241800-A 34.74 5.77 6.76 43.16 44.60 56.25 98.75 151.31 1645.48 North Gonder  Belessa 
44 241800-B 33.37 5.72 8.22 43.57 43.94 55.24 98.31 148.90 1909.47 North Gonder  Belessa 
45 241801-A 38.23 7.01 9.88 55.47 47.13 58.85 98.97 159.55 2332.07 North Gonder  Belessa 
46 241801-C 35.03 6.17 8.42 59.45 46.39 57.99 98.59 157.04 1723.49 North Gonder  Belessa 
47* 30327-A 38.17 9.87 10.23 68.30 42.96 55.38 101.34 164.32 3024.61 North Gonder  Takusa 
48* 30329-A 38.07 8.74 9.35 64.09 44.68 55.38 103.37 162.07 2120.28 North Gonder  Takusa 
49 227160-B 39.51 7.26 9.72 65.54 49.01 60.30 100.23 152.29 1930.84 North Gonder  Takusa 
50 227161-B 30.91 3.47 4.53 34.22 44.27 57.84 92.72 145.16 1403.55 North Gonder  Takusa 
51 227161-C 31.28 3.58 3.49 29.39 44.27 55.96 87.37 141.56 1113.13 North Gonder  Takusa 
52* 30331-A 35.31 6.38 7.82 56.15 42.31 54.23 95.51 155.75 1944.94 North Gonder  Chiliga 
53* 30331-B 34.67 6.13 7.62 55.17 43.78 56.83 94.48 150.88 1938.78 North Gonder  Chiliga 
54* 30332-A 35.69 7.84 9.26 64.64 42.80 54.52 100.69 165.14 2114.17 North Gonder  Chiliga 
55 207143-A 32.92 4.01 4.24 37.02 42.80 53.94 86.29 143.49 1303.33 North Gonder  Chiliga 
56 207143-B 36.44 6.58 7.49 58.31 47.05 58.71 98.34 142.84 1927.97 North Gonder  Chiliga 
57 41046-A 38.01 6.76 9.08 49.48 47.41 59.00 99.37 160.20 2358.37 North Gonder  Chiliga 
58 41046-B 34.84 6.67 7.38 54.63 44.11 55.24 95.06 150.70 1971.49 North Gonder  Chiliga 
59* 30323-A 34.90 6.67 8.35 51.84 44.43 55.82 97.70 163.31 1649.27 North Gonder  Denbia 
60* 30323-B 36.11 6.26 8.04 49.04 43.62 55.10 98.56 164.49 1819.50 North Gonder  Denbia 
61* 30324-A 36.73 7.12 9.37 47.11 44.92 55.38 97.24 165.35 3128.21 North Gonder  Denbia 
62* 30325-A 36.52 7.59 9.39 54.49 42.96 54.23 98.10 162.50 2700.30 North Gonder  Denbia 
63* 30326-A 36.07 6.44 9.70 50.16 43.45 53.65 98.52 163.27 2350.65 North Gonder  Denbia 
64 225887-A 31.79 5.47 5.79 46.31 44.60 58.42 89.29 147.83 1263.65 North Gonder  Denbia 
65 225887-B 33.05 5.86 7.38 37.98 44.76 56.83 96.77 162.35 1810.56 North Gonder  Denbia 
66 227158-A 27.72 3.53 4.31 29.56 42.96 54.95 92.76 130.34 1107.26 North Gonder  Denbia 
67 227158-C 28.27 2.97 4.44 28.85 43.78 54.37 87.81 160.24 1088.66 North Gonder  Denbia 
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Appendix 6: Continued.... 

 

PLH=Plant Canopy Height (cm), DTF=Days to 50% flowering, DTP=Days to 50% podding, DTM=Days to 90% maturity, NPB=Number of primary 
branches, NSB=Number secondary branches, NPPP=Number of pods per plant, TSW=Thousand Seed weight, GY in kg ha-1=Grain yield *=2017 
collection and the remaining are 1979 to 1983 collections  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

No Genotype PLH NPB NSB NPPP DTF DTP DTM TSW GY Zone District 
68 41306-B 30.96 4.35 5.90 50.29 44.11 55.96 91.25 148.26 1245.79 North Gonder  Denbia 
69 41310-A 31.10 4.66 5.77 43.47 44.04 55.10 94.68 146.22 1265.39 North Gonder  Denbia 
70 41310-B 30.33 3.01 5.22 27.79 43.29 53.22 89.26 143.49 1071.13 North Gonder  Denbia 
71 41311-A 33.99 5.18 7.00 43.18 44.92 56.40 96.83 155.00 1684.21 North Gonder  Denbia 
72 41311-B 33.82 5.92 7.47 49.70 43.29 53.94 98.30 150.96 1744.70 North Gonder  Denbia 
73* 30339-A 36.78 10.01 11.09 77.21 45.58 56.69 99.38 166.66 2476.69 South Gonder  Fogera 
74* 30340-A 37.46 10.14 10.58 79.88 45.41 56.11 100.24 165.42 3029.73 South Gonder  Fogera 
75* 30341-A 36.38 8.29 9.46 65.31 47.21 57.55 97.68 166.66 1707.20 South Gonder  Fogera 
76 207145-A 27.93 5.81 5.66 34.38 43.45 55.38 86.72 136.19 1158.40 South Gonder  Fogera 
77 207145-B 31.83 4.39 5.28 37.09 43.29 54.95 92.31 137.99 1223.28 South Gonder  Fogera 
78 41295-A 27.07 3.42 3.14 25.29 43.12 54.81 94.46 137.02 1101.19 South Gonder  Fogera 
79 41295-B 34.58 6.04 8.40 45.80 43.94 55.96 97.04 154.61 2041.91 South Gonder  Fogera 
80 Mastewal 38.9 11.4 13.7 56.6 51.8 62.8 111.2 236.2 2641.0   
81 Worku 35.7 12.6 13.1 50.1 49.3 60.3 103.1 222.9 2255.3   
  Mean 34.46 6.38 7.99 51.71 44.78 56.25 97.24 155.31 1946.56   
  LSD 2.72 1.26 1.63 7.79 3.16 3.62 3.58 12.66 437.17   


